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Abstract

The transfer and incorporation of intact unsaturated heavier Group 14 motifs into
organic and inorganic substrates is one major target of the modern Group 14 chemistry
with regard on expanded, possibly conjugated systems in order to gain access to e.g.
novel polymers.

This work aimed to provide for a better understanding in view of the prerequisite
incorporation of several unsaturated donor-coordinated Si2Ge-scaffolds into mono-
and di-functionalized organic systems, all the while retaining a reactive low-valent
heavier Group 14 center. In this context, the isolation of previously proposed highly
reactive unsaturated Si2Ge-intermediates (formed upon reaction of a base-stabilized
heavier silyl substituted version of vinylidene with differently sized anionic
nucleophiles) was achieved.

As disilenides, silicon versions of vinyl anions, have been the preparative point of entry
into the Si2Ge chemistry, the availability of digermenides could be expected to allow
for investigations into the corresponding Ges chemistry. Herein, the synthesis and
isolation of the first fully characterized digermenide is presented, as well as first

reactivity studies toward different organic and inorganic substrates.



Zusammenfassung

Die Ubertragung und Einarbeitung von intakten, ungeséattigten schweren Gruppe 14
Strukturmotiven auf organische und anorganische Substrate ist eines der Hauptziele
der modernen Gruppe 14 Chemie mit Hinblick auf erweiterte, modglicherweise
konjugierter Systeme, die beispielsweise den selektiven Zugang zu neuartigen
Polymeren erlauben.

Diese Arbeit tragt zu einem besseren Verstandnis bezlglich der Einarbeitung
verschiedener ungesattigter Donor-koordinierter Si2Ge-Gerlste in mono- und
difunktionalisierten organischen Systemen bei, die Uber die ganze Zeit hinweg ein
reaktives niedervalentes schweres Gruppe 14 Zentrum beibehalten. In diesem
Zusammenhang gelang die Isolierung von zuvor vorausgesagten hoch reaktiven
ungesattigten Si2Ge-Zwischenprodukten (gebildet in Reaktion eines Basen-
stabilisierten  schweren  Silyl-funktionalisierten  Vinylidene  Analogons  mit
unterschiedlich groRen anionischen Nukleophilen).

Da Disilenide, schwere Versionen von Vinylanionen, den praparativen Zugangspunkt
in die Si2Ge-Chemie bildeten, kdnnte die Verfugbarkeit von Digermeniden eine
Erforschung in die entsprechende Ges-Chemie ermoglichen. Hier wird nun die
Synthese und Isolierung des ersten vollstandig charakterisierten Digermenids
prasentiert, sowie erste Reaktivitatsstudien gegenlber verschiedenen organischen

und anorganischen Substraten durchgeflhrt.
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Foreword

The element germanium has only a low abundance in the Earth’s crust (1.5*10
mass%, position 53) in stark contrast to its lighter congener silicon, which is the second
most abundant element after oxygen (27.7 mass%).'"-3l Postulated in 1871 by Dimitri
Ivanovich Mendeleev as eka-silicon, germanium was discovered in 1886 by Clemens
Winkler and thereby provided considerable support for the Periodic Table of the
Elements.[*" Winkler extracted germanium from the mineral argyrodite (AgsGeSes, 6%
Ge-content), which was found in the silver mine “Himmelfiirst Fundgrube” in Freiberg.
The name of the element refers to the Latin word for Germany, Winkler's homeland.®!
Germanium occurs in low concentrations in rare minerals (2 to 6% Ge-content) or in
sphalerite (ZnS) and therefore extraction processes are complex and expensive.8 |t
was also up to Winkler to synthesize tetraethyl germane, the first organo-germanium
compound.!®

In 1948, germanium's excellent semiconducting properties were demonstrated by the
invention of the first transistor, a triode containing a germanium-block as base
(germanium-transistor).l®! The major application field of germanium in the last decades
is the utilization in high-end technologies e.g. solar modules, satellites, night-vision
devices, IR-optics and especially fiber-optics (Figure 1).2! Another commercial
application is the use of GeO2 as a catalyst for polymerization in the process of

polyethylene terephthalate (PET).['"

15%
semiconductors

25%
IR-optics

Figure 1. Applications of germanium.

Taking all these facts into account, it is evident that germanium chemistry needs to be

further investigated in detail for a most efficient utilization of this scarce element.
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1. Introduction

In 1976, the first heavier alkene analogues were isolated by Lappert ef al.: digermene
1 and distannene 2, although at that time only the structure of distannene 2 was
determined by single-crystal X-ray diffraction.['"'2 The molecular structure in the solid
state of digermene 1 was confirmed by Lappert et al. in 1984.1'3 Notably, both species
show a strongly frans-bent structure with surprisingly long germanium-germanium and
tin-tin bonds, respectively, and — moreover — dissociate in solution to the constituting
carbene-like fragments. These observations raised severe doubts about their doubly-
bonded nature. In 1981, however, West, Michl and Fink achieved a breakthrough by
the synthesis of the stable disilene 3 which is protected by four bulky mesityl
substituents (Scheme 1), but still maintains its dimeric nature in solution.[' The key to
the stability of such unsaturated systems is the kinetic protection by substituents with
carefully chosen steric demand.l'>' In the subsequent decades a variety of different
substituted digermenes!('’l and disilenes!'® (as well as distannenes and even
diplumbenes)l'>-17.19 have been synthesized via different synthetic pathways (see
Chapter 1.4.).

Scheme 1. First heavier Group 14 alkene analogues: digermene 1, distannene 2 (R =
CH(SiMes)2) and disilene 3 (Mes = 2,4,6-Me3-CsHy).

Theory has constantly evolved in parallel and the bonding situation in heavier multiply
bonded compounds is textbook material by now.?% In the following paragraphs,
heavier alkenes will initially be introduced from a theoretical perspective including the
discussion of stabilizing effects in their constituting carbene-like fragments.
Subsequently, an overview of experimentally available unsaturated species of silicon
and germanium will be provided in order of increasing complexity. Thus, the literature
on heavier carbene analogues as well as their base adducts will be reviewed followed
by heavier alkenes and finally mixed systems with both functionalities in a single

molecule.



1.1. Triplet- and Singlet-Tetrylenes

In general, carbenes (:CR2) are neutral compounds possessing a divalent C-atom with
only six electrons in the valence shell. The 2e2c-bonds to the substituents utilize four
of these electrons, leaving two electrons of non-bonding nature. Two electronic states
are relevant for the non-bonding electrons of carbenes: triplet and singlet. While triplet
carbenes have two singly occupied orbitals with parallel spin (diradical character), the
ambiphilic singlet carbenes exhibit two paired electrons in a sp?-type hybrid orbital
(nucleophilic, high s-character) and a vacant p-orbital (electrophilic, Figure 2). The
idealized case for a triplet methylene fragment features a HCH-angle of 180° thus
allowing for two perfectly degenerate p orbitals. In reality, however, triplet carbenes
deviate considerably from linearity due to secondary orbital interactions giving rise to
an angle of 134°. For singlet methylene a HCH-angle of 90° would be ideal, as a pure
p-type interaction with the substituents maximized the s character of the lone pair. In
reality the angle for singlet methylene is with 102° somewhat larger, but still
considerably smaller than the 120° expected on purely steric arguments.

Theoretical calculations predict that the singlet-triplet energy difference AEst for
tetrylene fragments is much higher than in the case of carbenes. For example, the
singlet-triplet energy difference (AEst) for GeH: is predicted to be 21.8 kcal mol' in
contrast to the difference in CH2 which was found to be —14.0 kcal mol-!. This means
the triplet state is lying much higher in energy for carbene-like tetrylene fragments than
the singlet state and consequently leads to the pronounced preference of the singlet

state in heavier Group 14 carbene analogues.!?'-2¢l

idealized real idealized real
H-E-H vacant p-orbital
angle: 90°
H/,,’ H // H //
H H

H H H high s-character
triplet triplet singlet singlet
E E 4_ Ey

+4 L iAEST

JAEST

t

Figure 2. Difference between the ground state of carbenes and heavier tetrylenes (AEst =
ESingIet - ETripIet)-



As steric repulsion at a carbene center maximizes the angle enclosed by the pending
groups, bulky substituents tend to stabilize the triplet state. ldeal substituents to
stabilize singlet tetrylenes preserve the electroneutrality of the tetrylene center: two n-
donor c-attractor groups, for example, create a push, push-mesomeric (lower HOMO)
and pull, pull-inductive (higher LUMO) substitution pattern such as in diamino

tetrylenes.[19:21.27.28]

1.2. Carter-Goddard-Malrieu-Trinquier (CGMT)-Model

In contrast to the planar geometry of alkenes, their heavier congeners incorporating
silicon, germanium, tin or lead into the double bond show a more or less pronounced
deviation from planarity. Therefore, heavier alkene analogues are characterized by a
non-classical electron distribution, which is best described by the Carter-Goddard-
Malrieu-Trinquier (CGMT) model. In this model, the double bond is considered as
formally originating from the combination of two carbene-like fragments.?®-31 In the
case of carbenes themselves, the triplet state is the ground state (singlet state for
methylene: ca. 14 kcal/mol higher in energy).??l When two triplet carbene fragments
are combined, the result is the classical planar double bond, which is typical for alkenes
(Figure 3). In contrast, the singlet state is inherently more stable for heavier carbene
homologues (Chapter 1.1., AEst for SiH2: 16.7 kcal mol™, AEst for GeH2: 21.8 kcal
mol' and AEst for SnH2: 24.8 kcal mol™).32-34 Unlike in the carbon case, a direct
interaction of two tetrylene fragments is not possible due to Coulomb-repulsion
between the lone pairs. Therefore, the formally sp?-hybridized lone pairs of each
tetrylene fragment form a donor-acceptor bond with the empty pz-orbital of the other
fragment resulting in the typically “non-classical’, trans-bent structure known for
heavier alkene analogues. An alternative rationalization of the trans-bending of heavier
double bonds was provided by Power et al. that heavier alkene analogues | can also

be regarded as zwitterionic and/or diradical-species I’ and I’ (Scheme 2).[16.3%]

\R \\RR \\RR
EE=R E-EQ <> EE”Z
R R¢ - R
R R

Scheme 2. Zwitterionic and diradical resonance forms I’ and I’ of heavier alkene analogues I
reported by Power and co-workers (E = heavier Group 14 element, R = bulky substituent).
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Figure 3. Formation of double bonds in case of carbon and heavier Group 14 congeners
according to the CGMT-model.

Three parameters are typically employed to characterize the deviation from planarity
of heavier Group 14 E=E-double bonds (Figure 4):[36]

1) The trans-bent angle & (or cis-bent angle) quantifies the degree of pyramidalization

at the heavier group 14 element atoms.

2) The twist angle t is a measure for dihedral distortion and defined by the normals of
the planes of the E-atoms (E = heavier Group 14 element) and the bonds to the

pending substituents.

R7\0O R
E—E‘:_\é_B ______ E=F crms------- | E'\\\I|-\'\>>
=t 4 =i =AY} EFE~
R\/ R » R\\\\\ )0, R/

trans-bent cis-bent twist

Figure 4. Typical distortion modes for heavier Group 14 E=E-bonds.

The calculated trans-bent angle in H2Ge=GeH: is with &= 34° much higher than in the
calculated disilene case (8= 13°).13738],

In a sense, trans-bending of the double bonds is therefore a direct consequence of the
increased stability of the constituting carbene-like fragments. Nevertheless, even for

the Group 14 elements heavier than silicon these fragments are unstable in molecular
5



form unless gas phase or cold matrix conditions are applied.?*#1 As will be detailed
in the following, additional measures are necessary in order to gain access to
compounds that can be handled under standard laboratory conditions.



1.3. Stable Subvalent Germanium and Silicon-Species

In general the stabilization of tetrylene fragments can be realized by kinetic measures
(extremely bulky substituents) or electronically by inclusion of heteroatoms (N, O, P)
with their inductive and mesomeric effects.[?342431 For example, the first exclusively
monomeric dialkyl germylene (MesSi)sCGeCH(SiMes)2 both in solution and in the solid
state was reported by the Jutzi group.*# A first stable Si(ll)-species was then obtained
by West and co-workers by incorporation of the Si(ll)-center into an N-heterocyclic
framework in analogy to the Arduengo carbenes.*5! While these are examples for the
inframolecular stabilization of heavier carbene analogues, the focus in the following
will rest on the intermolecular stabilization by an external base, more precisely on N-
heterocyclic carbene (NHC)-coordinated low-valent Ge- and Si-species:

In 1991, Arduengo et al. reported for the first time of a crystalline sample of an N-
heterocyclic carbene (NHC) 5.1461 To date a vast number of modified NHCs has been
synthesized with varying substitution pattern as well as various peripheral functional

groups (Scheme 3).147]

cr i NaH/thf .
Ad\JN 2 N/Ad cat. DMSO Ad\N/\N/Ad
\—/ ~H, \—/
- NaCl
4 5

Scheme 3. Synthesis of NHC 5 by deprotonation of 4 reported by Arduengo et al. (Ad =
adamantyl).

The applications of NHCs is a rapidly growing field, 8l especially in transition metal
catalysis,[*®50 organocatalysis,’®'! or in coordination chemistry.®? In addition, a vast
number of donor-stabilized main-group compounds has been reported to date.[5354
Despite the fact that silicon is closer to carbon in the Periodic Table of the Elements,
germanium is in many ways more comparable to carbon. In fact, the introduction of the
popular Allred-Rochow(®%! electronegativity scale was prompted by the observation that
while silane (SiHa4) violently reacts with oxygen, germane (GeHa) is like methane (CHa)
virtually inert to oxidation by excess oxygen at room temperature.[®!

In this light, it is not surprising that many of the newly discovered compound classes in

low-valent Group 14 chemistry were initially described as the germanium species.



1.3.1. NHC-Stabilized Low-Valent Germanium-Species

GeCl2-dioxane was first reported by Nefedov and co-workers in 1966 by reaction of
HGeCls with 1,4-dioxane.5”] Dichloro germylene is stabilized by the coordination of 1,4-

dioxane as Lewis-base to the vacant p-orbital on the germanium(ll)-center (Scheme

4).
0
HGeCI3+[ j — cec,
O .
— 0
GeCl, + [Oj SnH"Buy [ ]
—SnCI”Bu3 O
O - HCI

Scheme 4. Synthesis of GeCl,-dioxane by Nefedov et el.’”! and Lappert et al.l*®

Pioneering contributions to the field of NHC-stabilized germylenes were reported by
Arduengo et al. in 1993 and by Lappert in 2000.15°60 Arduengo made use of Gel2 6 for
the synthesis of the first NHC-stabilized dihalo germylene 7 (Scheme 5), while Lappert

et al. synthesized an NHC-stabilized N-heterocyclic germylene.[5°60l

M
/\N es
&

. .. ~ -
GE + Mes~p~“\-Mes o Med ?9
|l \=/ |l
6 7

Scheme 5. Reaction of Gel, 6 with NHCMes2 |eading to the first dihalo germylene NHC-adduct
7 reported by Arduengo et al. (Mes = 2,4,6-Mes-CsHy).

In 2007, Baines et al. utilized GeCl>-dioxane as starting material for NHC™Pr2Me2.
coordinated dichloro germylene 8 obtained from the replacement of dioxane by
NHCPr2Me2 a5 g stronger o-donor (NHC®2Me2 = 1 3_diisopropyl-4,5-dimethylimidazol-
2-ylidene). Furthermore, by addition of an excess NHCP2Me2 to Gel,:NHCP2Me2 9 an

unique germanium-centered dication 10 was synthesized, which carries a lone-pair of

electrons at the metal-center and a double positive charge (Scheme 6).[61



:GeC|2 ) NHCinzMez NHC’PrzMez
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NHC’PrQMe2
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Scheme 6. Synthesis of Ge**-dication 10 starting from NHC-stabilized GeCl,-adduct 8 via
NHC-coordinated Gelx-adduct 9 (R = NHC™2Ve2 = 1 3-diisopropyl-4,5-dimethylimidazol-2-
ylidene).

In the following years, Baines and co-workers intensely studied the reactions of NHC-
stabilized germylenes and showed that one chlorine-atom of 8 can be substituted

selectively by different groups yielding NHC-germylene-adducts 11-13 (Scheme 7).162-
64]

iPr,Me
Me;SiOTf /NHC o
eI o e
- Me;SiCl 1~
Cl OTf
Pr,Me; 11 i
/NHC NHCPrZMe2
‘Ge 218u0K  “Ge”
Cl C| -2 KCI tBUC‘) /’OtBu
8 12 |
NHdPrzMez
Me,SiBr ‘Ge”
. . 2
-2 Me;SiCl Br Br
13

Scheme 7. Examples for different substituted NHC-stabilized germylenes 11-13 starting from
GeCl-NHCPr2Me2 8 (NHC™2Me2 = 1 3-diisopropyl-4,5-dimethylimidazol-2-ylidene, OTf =
O3SCF3).

In 2007, Baines and co-workers obtained the first example of a stable NHC-
coordinated germylene with two organic substituents 15 by homolytic cleavage of the
Ge=Ge-double bond of Mes2Ge=GeMes2 14 (Scheme 8).%% In the reaction with 2,3-
dimethylbutadiene, the NHC-stabilized germylene 15 plausibly dissociates to the free
NHC and free germylene, which is trapped by 2,3-dimethylbutadiene.
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The same group could also demonstrate that the NHC in the germylene adduct 15 can

be displaced from the Ge(ll)-center by MeLi leading to 16 (Scheme 8).

Mes, Mes . oo . ,NHC/PrzMez |
Ge=Ge -~ 2 'Ge —Mell, | iGeMes,Me
IVIeS/ Mes é_M _ NHCPr2M92
Mes Mes 16
14 15

Scheme 8. Cleavage of the Ge-Ge-double bond in Mes,Ge=GeMes; 14 with NHCPr2Me2 (1,3-
diisopropyl-4,5-dimethylimidazol-2-ylidene) resulting in two NHC-coordinated germylene
fragments 15 (Mes = 2,4,6-Me3-CgHy).

In 2008, by treatment of NHC-stabilized germylene 11 with cryptand [2.2.2], the
synthesis of a cryptand-encapsulated Ge(ll)-cation 17 with concomitant formation of
the cationic dicarbene complex 18 was reported by the Baines group. Dicationic

germanium compound 17 could potentially be a starting material for functionalized Ge-

RS o

species (Scheme 9).[66]

NHC:’PrZMez th
3 ‘Ge” cryptand [2.2.2] 17
1. g I
Cl OTf - . ' -®
1 /PI' Pr\
N N ©
T ey | e
N ¢ N
iPr Pr
18

Scheme 9. Synthesis of cryptand-encapsulated Ge(ll)-cation 17 and monocationic species 18
starting form germylene 11 reported by Baines et al. (NHC®™2Ve2 = 1 3-diisopropyl-4,5-
dimethylimidazol-2-ylidene, OTf = O3SCF3).

A further contribution to germylene chemistry was recently reported by the group of
Aldridge. An acyclic two-coordinate monocationic germylene 20 was synthesized in the

reaction of an NHC-coordinated germylene 19 with the salt Na[BArf4] (Scheme 10).167]
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1~ - NaCl "R
R CI L _
19 20

Scheme 10. Synthesis of [R(NHC)Ge]*-cation 20 starting from NHC-coordinated germylene
19 disclosed by Aldridge et al. (R = CH(SiMes),, Dip = 2,6-Pr2-CsHa, [BAr'4] = 3,5-(CF3)2-CeHs).

Two NHC-stabilized arylhalo germylenes 23a,b with sterically demanding groups were
synthesized by the group of Filippou starting either from NHC-coordinated GeCl2 21 or

from free monomeric arylchloro germylene 22 (Scheme 11).[68.69

Me a
.'Ge/NHC ) + LiAr
1~ - LiCl Ve
cl cl . NHC"™
21 L . '(‘39
'.G/e b e, Cl AI’
22

Scheme 11. Synthesis of arylchloro germylenes 23a,b by Filippou et al. (a: Ar = 2,6-Mes2-
C6H3, Mes = 2,4,6-Me3-CeH2, b: Ar = 2,6-Tip2-C6H3, Tip = 2,4,6-’Pr3-C6H2, NHCMe4 = 1,3,4,5-
tetramethylimidazol-2-ylidene).

A clear highlight of the versatile reactions of Ge(ll)-compounds, which is particularly
relevant for this thesis, was disclosed by Jones and co-workers in 2009. The reduction
of GeCl2'NHCPP2 24 with a Mg(l)-compound yielded the NHC-coordinated Ge(0)2-
species 25, which can also be regarded as zwitterionic 25’ (Scheme 12).[70-73] Although
the classification of 25 (and preceding related species) as being of the formal oxidation
state zero is somewhat contentious,”7% this study together with the earlier report on
related silicon systems (page 15, Scheme 18) provided a tremendous stimulus to low-

valent main group chemistry with numerous other examples to follow.
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v v N Q
2 Ge 2LMONOL . Ge=ger A 0 ©Ge=Ge. Dip
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cl ClI
Dip~N “~N-Dip Dip/N\/
24 25 25'

Scheme 12. Synthesis of NHC-stabilized digermanium(0) 25 by Jones et al. (Dip = 2,6-Pro-
CGH3, L= [N(Mes)CMe]ch, Mes = 2,4,6-M63-CGH2).

For example, the group of Scheschkewitz reported in 2015 the synthesis of a donor-
acceptor coordinated formal Ge(0)2-species 28 starting from Fe(CO)s-
GeCl2-NHCPr2Me2_complex 26 (Scheme 13).176.77]

' JPr
Pr o \@EN

)
N Fe(CO),  x2 N Fe(CO),
;[@»—Ge/\ 2KCs | PY  Ge=Gé : [27]

/ l
N ¢f Cl (0C)FE >\N/P"

Pr . /@
26 ’PF”N?/\
\/L S

N{ Fe(CO)4 N Fe(CO),
Ge Ge:© JPr— . Py’ o:Ge~ Ge ;
(OC)4F@e N (CO)FE >~N
Pr- w)\ ’Pr”N7/\
28 28"

Scheme 13. Synthesis of donor-acceptor coordinated Ge(0)-species 28 (Tip = 2,4,6-'Prs-
CeHa).
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Driess et al. reported the synthesis of a so-called germylone 31 upon reduction of a
bis-carbene stabilized chloro germyliumylidene cation 30 with Na/naphthalene.[”®
Germylone 31 is the first example for a Ge(0)-complex with only one germanium-atom

stabilized by a dicarbene.

(\N ~Dip CN’DiP (\\/N/Dip

( ~. GeCly* [ j (N \CI 2Na/CqyoHg (N "\
. '_ -2 NaCl
<\/7\l _[Oj &j -2 CyoHg a/j
Dip
29 30 31

Scheme 14. Synthesis of germylone 31 reported by Driess et al. starting form ionic precursor
30 (Dip = 2,6-’Pr2-CeH3).

1.3.2. NHC-Stabilized Low-Valent Silicon-Species

In 1995, Kuhn and Kratz reported the first NHC-adduct of a silicon species 32 together
with other derivatives 33 and 34 by simple mixing of the corresponding free chloro

silanes with the free carbene (Scheme 15).I79

N/ / /
. H N N

)I >—> SiCl, )I >;_> SiMe,Cl, )I >:—>SiPh20I2
N\ N\ N\

32 33 34
Scheme 15. Examples for NHC-adducts of Si(IV)-species 32-34.

While the first carbene adduct of a low-valent germanium species was reported as
early as 1993 by Arduengo (page 8, Scheme 5),15% it took until 2009 before Roesky et
al. succeeded in the synthesis of the first stable NHC-stabilized dichloro silylene with
the bulky NHCP®2, The reaction of two equivalents of NHCP®2 with HSiCls via HCI
elimination led to NHC-coordinated silylene 35 beside imidazolium chloride 36
(Scheme 16).[8%
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N ®
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2 [ »: + HSiCl; ———~ [ i 8iCl, + [ Y ¢
N

Dip Dlp D|p
35 36

Scheme 16. Synthesis of the first NHC-stabilized dichloro silylene 35 by Roesky et al. (Dip =
2,6-’Pr2-CsH3).

In the same issue of Angewandte Chemie, Filippou et al. reported on the synthesis of
dibromo silylene 38 stabilized by an NHC upon reduction of ionic precursor 37 with two

equivalents of KCs (Scheme 17).[8]

Dip Dlp @ Dip
2KC
[ > + SiBry —>[ >—S|Br3 pres [ »:— SiBr,
-16C
D|p D|p D|p
37 38

Scheme 17. Synthesis of NHC-stabilized SiBr.-species 38 by the group of Filippou by
reduction of ionic precursor 37 (Dip = 2,6-'Pro-CsH3).

The initial breakthrough in the chemistry of NHC-coordinated low-valent Group14
species, however, was actually the synthesis of a Si(0)2-species 40 coordinated by two
NHCs reported by Robinson in 2008.82 Si(0)2-species 40 can also be regarded as a
zwitterionic 40’ with a negative charge at both silicon centers. The NHC-SiCls-complex
39 was reduced by KCs forming Si(0)2-species 40 (Scheme 18). Recently, the reaction
of disilicon(0) 40 with N2O and O2 led to unique NHC-stabilized Si2O3 and Si2Os-
species 41 and 42 (Scheme 18).183]
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Scheme 18. Synthesis of NHC-stabilized disilicon(0) 40 by Robinson et al. and reactivity
toward N2O and O; resulting in 41 and 42 (Dip = 2,6-'Pr>-CeHs).

In the last years, Filippou and co-workers used NHC-stabilized Si(0)2 40 to study the
electrochemical behavior and reactivity of 40 toward small electrophiles E* (H*, Me™,
Et*) resulting in disilicon(l) compounds.[4-8¢l

In 2013, the group of Driess succeeded in the synthesis of a so-called silylone 44
(Scheme 19) by reduction of precursor 43 with Na/naphthalene, in analogy to their

synthesis of germylone 30 (page 13, Scheme 14).[67]

A \-Di A \-Di A\\-Di
CN ip @ “N-Dip N(;N ip

. _J
(N - SiClz-NHCDlpi (N NG 2NaCigHs .
N_. e N STL 2nack S, (44)
) 7 ¢l 2cH
<\/7\]\ ﬁ\/N\ 10718 </N
Dip Dip Dip
29 43 -20014002
7 NP
N—/ O/(
(L0 @9
NS
N
Dip ©

Scheme 19. Synthesis of silylone 44 and reaction of 44 with 4 eq CO: resulting in silicon
dicarbonate complex 45 reported by Driess et al. (Dip = 2,6-'Pr,-CgHs3).
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Silylone 44 turns out to be a versatile starting material for the synthesis of bis(carbene)
complexes of otherwise elusive silicon species. For instance, the reaction of 44 with
CO:2 results in the isolable molecular silicon dicarbonate complex 45.188 A silicon

dioxide complex was proven to be the intermediate of this reaction.
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1.4. Synthesis of Digermenes, Disilenes and Silagermenes

Lappert’s digermene 1 had been synthesized by reaction of germanium diamide 46
with to equivalents of Li(CH(SiMes)2. While digermene 1 has been characterized as a
heavier alkene in the solid state, it dissociates into two tetrylene fragments 47 in
solution (Scheme 20).'"-"3] In the meantime, the dissociation of digermenes into
tetrylene fragments in solution is a well-established phenomenon, which indicates the
lower bond dissociation energy of the Ge-Ge-double bond in comparison to the Si=Si-

bond.[19:8]

2 LR R R :
. ; - (a—rl ‘Ge
-Ge[N(SIMe3)2]2 2 LIN(SiMes) GG—GQ 2 1~
~ 3)2 R R R '—R
46 1 47

Scheme 20. Synthesis of Lappert’s digermene 1 and illustration of equilibrium in solution into
tetrylene fragments 47 (R = CH(SiMe3)2).

The first stable digermene 49 in solution was reported in 1984 by Masamune and

Williams by irradiation of linear cyclotrigermane 48 (Scheme 21).[90:91]

R. R
Ge
/ \ hv R‘ _ /R
R—GG_G\G-R QG—GQ
RI R R R
48 49

Scheme 21. Synthesis of the first solution stable digermene 49 (R = 2,6-diethylphenyl).

A classical approach for the construction of a Ge=Ge-bond is, like in the case of
disilenes, the simple reduction of dichloro germanes. In 1989, digermenes 51 and 53
were synthesized upon reduction of dichloro germanes 50 and 52 reported by
Masamune.[®'l In 1999, Weidenbruch et al. disclosed the synthesis of digermene 51 by
reaction of germanium diamide 46 with two equivalents of TipLi in analogy to the
synthesis of Lappert’s digermene 1 (Scheme 22).194
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Scheme 22. Synthesis of digermenes 51 and 53 by Masamune et al. and synthesis of
digermene 51 by Weidenbruch and co-workers (Dip = 2,6-'Pr>-CsH3, Tip = 2,4,6-'Pr3-CsH>).

In the same year Ando et al. disclosed a different approach in analogy to the synthesis
of West's disilene 3 without confirming the molecular structure of tetramesityl
digermene 14 in the solid state.[%395%] |n 2007, the group of Baines synthesized
digermene 14 by photolysis of cyclotrigermane 55 and confirmed the predicted

structure of 14 by X-ray diffraction on single crystals (Scheme 23).197.%]

(54) Mes,Ge(SiMez), — v

- Me;SiSiMes
Mes Mes

— Ge=Ge
Mes, Mes Mes Mes

Ge hv
(55) / \ L SR 14
Mes‘?e_G\e'Mes
Mes Mes

Scheme 23. Synthesis of digermene 14 by Ando et al. and the group of Baines (Mes = 2,4,6-
Mes-CsH>).

An example for a symmetrically substituted tetrasilyl digermene was presented by the
group of Sekiguchi. They reduced dichlorodisilyl germane 56 with KCs which afforded
blue digermene 57 (Scheme 24, for the silicon analogue see page 20, Scheme 28,
70b).1%

R Clakc, R R
2 Ge — Ge=Ge

R ¢l R R

56 57

Scheme 24. Synthesis of blue digermene 57 by Sekiguchi and co-workers (R = SiMe'Bus).
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In the last years numerous of examples and synthetic methods for digermenes have
been successfully applied as well as reactivity studies toward different organic and
inorganic substrates have been investigated.['7-100]

In 1981, the first crystalline sample of a disilene was obtained by West et al. by

irradiation of the linear trisilane 58 (Scheme 25).1'4

Mes Mes

Mes,Si(SiMes), — Y > gi=si
-Me3SiSiMe, Mes/ Mes
58 3

Scheme 25. Synthesis of the first stable disilene 3 reported by West, Fink and Michl in 1981
(Mes = 2,4,6-Me3-CsH2).

Masamune and co-workers reported of disilene 61 by irradiation of cyclotrisilane 60,
which in turn had been obtained by reduction of chloro silane §9. In 1987, the same

group used the reductive dehalogenation of silane 62 with Li/naphthalene to synthesize
disilene 63 (Scheme 26).1101.102]

Ar_ Ar
, Li/C4oH / \ r Ar
AI’ZSIC|2 & AI’_Si_Si_AI’$ :Si:Si\
Ar/ \Ar Ar Ar
59 60 61

: R R
. Li/C4oH \ ,
RZSI|2 &» /SI:SI\
R R
62 63

Scheme 26. Synthesis of disilenes 61and 63 by Masamune et al. (Ar = 2,6-Me>-CgH3, R =
(Messi)ch).

The same approach was used by Watanabe and co-workers in the same year by
reduction of Tip2SiCl2 64 with four equivalents of Li/naphthalene resulting in the "almost
air-stable" disilene 65 with an unusual (for a tetraaryl disilene) perfectly planar Si=Si
framework (Scheme 27).[103]
Tip. Cl  LilCyHg TP, Tip
2 S Tm’ /Si:Si\
Tip® Cl ! Tip  Tip
64 65

Scheme 27. Reduction of Tip,SiCl, 64 with Li/naphthalene resulting in disilene 65.
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Further input was provided by the group of Sakurai synthesizing yellow silyl-substituted
disilene 70a by irradiation of the sterically less congested cyclotrisilane 66 (Scheme
28).1'041 In 2004, the group of Sekiguchi obtained disilene 70b in reaction of dilithiated
silane 67 with dibromo silane 68 or by simple reduction of silane 69 with KCs (Scheme
28).1'%%1 Disilene 70a is nearly planar in stark contrast to the significant twisted blue

disilene 70b (t = 54°) due to the steric repulsion of the bulky substituents at both silicon

centers.
R_ .Li Br. R
— S+ s
R. R R R -2 LiBr R Li Br R
Si el 67 68
/ \ _hv Si=SI -——
R-Si—Si-R R R
> \ Br. R
R R 70ab 4KC: 2 i
66 -4 KBr Brr R
-32C 69

Scheme 28. Synthesis of yellow disilene 70a by Sakurai et al., blue disilene 70b by Sekiguchi
and co-workers (66: R = SiMe,Bu, 67, 68, 69: R = SiMe'Bu, 70a: R = SiMe,Bu, 70b: R =
SiMe'Buy).

While stable digermenes and disilenes are well studied compounds, less is known
about the heteronuclear germasilenes. The first germasilene 72 was reported by the
Baines group in 1992 by irradiation of siladigermirane 71 (Scheme 29).['%¢1 An isolable
example was obtained by the group of Sekiguchi who were able to characterize
germasilene 75 in the solid state by reaction of dilithio silane 73 and dichloro germane
74 (Scheme 29).1'%] Further silagermenes were to follow in the last decades and were

summarized in several review articles.[19.108-110]

Rl\ 'Rl
Si 1 )
/ \ hv R\ X /R
R'—(}e—Gg-R' - /SlZGQ
R' R' R' R'
71 72
R__.Li Cl. R R K
Sit Ge ——> Si-Ge
R Li cl” "R -2Licl R/ R'
73 74 75

Scheme 29. Synthesis of germasilenes 72 and 75 presented by the groups of Baines and
Sekiguchi (R = Si'Bus, R’ = Mes).
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1.5. Heavier Analogues of Alkynes: Disilynes and Digermynes

Alkynes play a pivotal role in organic chemistry as building blocks for the construction
of a variety of molecules.['"'-113] The first heavier alkyne analogue, a diplumbyne was
reported by Power and co-workers in 2000.1"14]

Two years later, Power et al. were able to isolate the first digermyne 77 upon reduction
of the bulky chloro germylene 76 with potassium (Scheme 30).1''91 A year later the
same group reported dianionic reduction products e.g. 78 from the reduction of

digermyne 77 with excess lithium (Scheme 30).1116:117]

2_
.. R . R
Ge . ___ 10L \ ,
2 %’ Ge:G\e — Ge=Ge 2Li"
R ClI R R
76 77 78

Scheme 30. First stable digermyne 77 and its reduction product 78 reported by Power et al.
(R = 2,6-Dip2-C6H3; Dip = 2,6-’Pr2-CeH3).

In 2006, Tokitoh et al. synthesized digermyne 80 upon reduction of dibromo digermene
79 with KCs (Scheme 31).[118]

Bbt,  Br Bbt
\ K -
Ge=Ge —»2 ng Ge=Ge

B Bbt _jgo Bbt

79 80

Scheme 31. Synthesis of digermyne 80 reported by Tokitoh et al. (Bbt =2,6-[(Me3Si).CH].-4-
[(Me3Si)3C]-CeH2 ).

Recently, the group of Jones reported the first example of an amido-digermynel''® and
the activation with Hz leading to a hydrido-digermene.[2]

The first stable molecule containing a Si=Si-bond was reported by Sekiguchi et al. in
2004 by reduction of disilane 81 with KCs which yielded disilyne 82. The silicon centers
are protected by extremely bulky silyl substituents, which are responsible for the
stability of the Si-Si-triple-bond (Scheme 32).[121.122]
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Scheme 32. Synthesis of Sekiguchi’s disilyne 82 and reactivity with NHCMe4 |eading to disilyne-
complex 83 reported by Driess and Sekiguchi (Bbi = Si'PrDsiz, Dsi = CH(SiMe3)s).

A remarkable reactivity of disilyne 82 was disclosed by Sekiguchi and Driess in 2010
showing the irreversible reaction of disilyne 82 with NHCMe4 resulting in the polar
disilyne-complex 83 with a trans-geometry of the Si=Si moiety and a lone-pair of
electrons located at one double-bonded silicon-atom (Scheme 32).['%3

In the following years some further examples of disilynes have been reported. Diaryl
substituted disilyne 85 was synthesized in the reaction of dibromo disilene 84 with 2
equivalents BuLi by Tokitoh et al. (Scheme 33).['4l Unsymmetrically substituted
disilyne 87 was obtained by the group of Sekiguchi upon reduction of disilane 86 with
4 equivalents KCs (Scheme 33).[12]

Bbt Br Bbt

§i=g]  —2Buli \SiESi\
BY  Bbt 2B Bbt
84 85
Cl CI R,
4 KC [
Ri—Si-Si-R, —4—KI38> SizSi
r
86 87

Scheme 33. Synthesis of disilynes 85 and 87 (Bbt = 2,6-[(MesSi).CH]>-4-[(Me3Si)sC]-CeHz), R1
= SiNpDsiz, Rz = Si'PrDsiz, Np = CH2'Bu, Dsi = CH(SiMe3).).

It should be noted that in none of these cases, isomerization processes of the heavier
alkynes to the corresponding heavier vinylidene analogues were observed (see
Chapter 1.6.2).
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1.6. Doubly Functionalized Low-Valent Group 14 Systems

1.6.1. Digermenides and Disilenides

A maijor target of the modern low-valent Group 14 chemistry is the incorporation or
transfer of intact unsaturated functionalities to different organic and inorganic moieties
to obtain expanded systems with low-valent Group 14 functionalities.'?6:1271 A
breakthrough in this field was the development of Group 14 vinyllithium analogues,
which will be discussed in the following chapter. Heavier Group 14 vinyl anions Il
feature two functionalities (anionic-center and double-bond). On grounds of the
comparatively weak E=E-bonds, they can also be considered in the mesomeric form

e.g. as silylene silyl-anion of type I’ (Scheme 34).

H H H H
E=E.=—O:E-E
H © H

Scheme 34. Mesomeric resonance structures Il and II’ of heavier vinyl anions.

In 1989, Masamune et al. reduced digermene 53 with Li/naphthalene and isolated a
red crystalline material, which was analyzed as the corresponding digermenide 88 by
NMR and UV/vis spectroscopy. As an X-ray diffraction analyses to confirm the
molecular structure in the solid state could not be obtained, the methanolysis of
proposed digermenide 88 to digermane 89 provided circumstantial evidence (Scheme
35).192

A second synthetic approach was reported by Weidenbruch et al. in 2000 also starting
from a digermene. By reduction of Tip2Ge=GeTip2 51 with lithium in dme, the isolation
of digermenide 90 was equally impossible, but the addition of TipBr to the reaction

mixture resulted in the formation of tetragermabutadiene 92 (Scheme 35).
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Scheme 35. Attempts to synthesize digermenides 88 and 90 by reduction of 53 and 51
presented by Masamune and Weidenbruch (Dip = 2,6-'Pr>-CesHs, Tip = 2,4,6-'Pr3-C¢H>, dme =
1,2-dimethoxyethane).

The proposed digermenide 90 had most likely been formed as an intermediate, which
may have been partially brominated by TipBr to bromo digermene 91 and then finally
reacted with excess of digermenide 90. Tetragermabutadiene 92 was the first example
for a system with conjugated Ge=Ge-double bonds.l'?8 In 2003, Weidenbruch et al.
reported a higher yielding synthesis for tetragermabutadiene 92 starting from
GeClz-dioxane in reaction with TipMgBr and Mg.[129.130]

Inspired by an earlier report on a similar germanium species by the group of Masamune
(Scheme 35), Weidenbruch et al. reduced symmetrical disilene Tip2Si=SiTip2 6510
with two equivalents lithium to obtain disilenyllithium 93 by reductive abstraction of one
aryl substituent.

Tip,  Tip Tip,  Tip Tip,  Tip Tip,  Tip
sisi +2Li-9- el TEEE gy eSS
Tie  Tip TPU T L oo TE Br Tip=8i  Si~Tip
Tip Tip
65 93 94 95

Scheme 36. Weidenbruch’s synthesis of tetrasilabutdiene 95 via proposed intermediate
disilenyllithium 93 (Tip = 2,4,6-'Pr3-CgH>).

As the isolation of the plausible intermediate disilenide 93 failed, again circumstantial
evidence was employed to prove its formation. The addition of MesBr to the reaction
mixture yielded tetrasilabutadiene 95, which was the first example of a Si=Si-double

bond containing conjugated system (Scheme 36).[131
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Seven years later Scheschkewitz was able to isolate and fully characterize
Weidenbruch’s et al. proposed disilenyllithium 93 upon reduction of Tip2SiCl2 64 with
Li-powder in dme (Scheme 37).[132

. Tip Tip
6 Lid \ /
2Tip,SiCl, ——— =  Si=Si
- TipLi Tig'  Li-dme,
-4 LiCl
64 93

Scheme 37. Synthesis of Scheschkewitz’s disilenide 93 (Tip = 2,4,6-Pr3-CsHz, dme = 1,2-
dimethoxyethane).

A few months later, Sekiguchi et al. reported that lithium disilenide 97 is obtained by
reaction of BuLi with the unsymmetrical substituted tetrasilabutadiene 96 (Scheme
38)_[133]

Mes ~ Mes R Mes
Si-Si, ‘BuLi/thf  gj=gi
R-Si  Si-R _-®uwH R Li-thfs
R R
96 97

Scheme 38. Synthesis of Sekiguchi’s disilenide 97 in 2004 (R = ‘Bu,MeSi, Mes = 2,4,6-Me;-
CsHy).

Examples of cyclic substituted disilenides 100a,b were obtained by lwamoto et al. upon

reduction of chloro disilanes 99a,b with KCs (Scheme 39).1134.13%]

RR RR RR
a: 'BuSIiCl, , "
b: MesSiCl .
Si: 3 Si-SIi—CI 4 KCgq/ thf Si=Si
Voo -32C 'K
Cl CI
RR RR RR
98 99a.b 100a,b

Scheme 39. Synthesis of cyclic trialkyl disilenide 100a and aryl substituted dialkyl disilenide
100b presented by Iwamoto et al. (R = SiMes, a: R’ = ‘Bu, b: R’ = Mes = 2,4,6-Me;-CgH>).

In the last decade, disilenides turned out to be suitable building blocks in Group 14
chemistry for a variety of molecules in which the unsaturated Si=Si moiety stays intact

or is converted into another low-valent functionality.[126.136.137]
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1.6.2. Heavier Group 14 Vinylidene Analogues

The simplest unsaturated carbene is vinylidene IV, which constitutes the only electron-
precise isomer of acetylene lll (Scheme 40). In the case of carbon, derivatives have
only been observed in cold matrices!'38-140 or as transition metal complexes, the latter
being known as catalysts of alkene- or alkyne-metathesis.['*-143] Vinylidene IV
provides two highly reactive centers (carbene- and C=C-functionality) and heavier
congeners could therefore serve as suitable building blocks for the synthesis of
unsaturated Group 14 molecules. By extension of the acetylene backbone Il by just
one methyl group, propyne is formally obtained and the number of possible isomers is
drastically increased. In addition to the alkyne and vinylidene isomers V and VI an
open-chained vinyl carbene-type isomer VIl can be envisaged, which is like vinylidene
IV an example for a molecule containing a double functionality. The EsH4 ring-isomers
VIII-X are now possible as well, albeit they would be expected to display a high

reactivity because of the ring strain and the lone-pair of electrons at one E-center.

EHs  H H H
E=E E=E: E=E
HC=CH H H5E H E:
H
I Vv v Vil
H . H
H \ .@ \E®
| /\ /\ /\
g=c: | ME—E~H Mg—£® H-g—p.0
H H H H H H H
\Y Vil IX X

Scheme 40. Acetylene lll, vinylidene IV and isomers V-X arising from chain expansion by one
EHs-group (E = Group 14 element).

The first stable monomeric NHC-coordinated heavier vinylidene analogue,
silagermenylidene 101, was synthesized by Scheschkewitz and co-workers in
2013.'44 The synthetic approach is the straightforward reductive dehalogenation of a
1:1 mixture of Tip2SiCl> 64 and GeClo-NHC™P2VMe2 8 with Li/naphthalene in thf, which
afforded silagermenylidene 101 in 8% yield — low, but respectable for a reductive

heterocoupling reaction (Scheme 41).
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Scheme 41. Synthesis of first stable monomeric NHC-coordinated heavier vinylidene
analogue 101 (Tip = 2,4,6-Prs-CsHz, NHCP2Me2 = 1 3.diisopropyl-4,5-dimethylimidazol-2-
ylidene).

Proof-of-principle for the high synthetic potential of silagermenylidene 101 was
provided by treatment with phenylacetylene, which resulted in the formation of the
base-stabilized cyclic germylene 102 via a regioselective [2 + 2] cycloaddition (Scheme

42).1144]

H
/Tip (I:
Tip—Si [ProMe Tip, M\
p \\Ge/NHC 22 _PhCCH_ . /Si\ \/C—Ph
h Tlp e ~ NHC’PrzMez
101 102

Scheme 42. [2 + 2] Cycloaddition of 101 with phenylacetylene leading to the cyclic germylene
102 (Tip = 2,4,6-'Pr3-CeH2, NHC™2Ve2 = 1 3-diisopropyl-4,5-dimethylimidazol-2-ylidene).

In 2014, an a-chloro-silyl substituted silagermenylidene 104 was synthesized by
Scheschkewitz and co-workers in a reaction of disilenide 93 with GeClz:NHC Pr2Me2 g

The plausible mechanism for the formation of 104 is a salt elimination followed by a
fast 1,3-migration of the chlorine atom from the proposed unobserved transient chloro

disilenyl germylene [103] to the B-silicon atom (Scheme 43).['49]

Tip\ /Tip
Si=si _
T Li|Tip,  [Tip Tip,  [Tip |
:GeCly-NHCP™Me: — 2| si=si ——=Tip SIS NHCPe:
8 Tip G< | Cl Ge
NHC’PrzMez
[103] 104

Scheme 43. Synthesis of NHC-stabilized silagermenylidene 104 (Tip = 2,4,6-Pr3-CeHz,
NHC™2Me2 = 1 3-diisopropyl-4,5-dimethylimidazol-2-ylidene).
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Due to the high degree of functionalization (double bond between Si and Ge, lone pair
at the germanium(ll)-center, base coordination, p-chlorosilyl-group),silyl substituted

silagermenylidene 104 provides various opportunities for further manipulations

(Scheme 44).
@ vacant p-orbital
R"”/’S'G%
R-si" >
AR
Cl lone pair

Scheme 44. Silagermenylidene 104 and its functionalities.

For example, silagermenylidene 104 reacts with nucleophiles leading to different cyclic
NHC-stabilized Si2Ge-systems.['#8] |t has also been demonstrated that 104 can be
used as a ligand in a transition-metal complex.['*5] With regards to expanded systems,
silagermenylidene 104 was reacted with xylyl isocyanide (XyINC) to form an NHC-
coordinated cyclic germylene under mild conditions and the reversibility of the NHC
coordination has been established.['#"] In depth discussion of these findings will follow
in “Results and Discussion” of this thesis in the corresponding chapter.

In 2015, the group of Filippou disclosed an NHC-stabilized phosphasilenylidene 106
which was obtained by the reaction of SiClo:NHCP®2 35 with LiP(Mes*)(SiMes) via the

proposed intermediate 105 followed by a 1,2-elimination of Me3SiCl (Scheme 45).[148]

Cl
' ‘ . L s _ . Dipy
:SiCIZ.NHCDpo LiP(Mes*)SiMe; Mes*—P | ?NH o Mes P\\Si L NHC
. Si - SiMe;Cl A
EC)
Me3S|
35 105 106

Scheme 45. Synthesis of phosphasilenylidene 106 reported by Filippou et al. (Mes* = 2,4,6-
‘Buz-CsH2, NHCPP2 = 1,3-bis(2,6-diisopropylphenyl)imidazolin-2-ylidene, Dip = 2,6-"Pro-CsHs).

In the same year, Filippou et al. also presented another example of a heavier vinylidene
analogue. The NHC-stabilized disilavinylidene 108 was synthesized by a two-electron
reduction of NHC-stabilized silylene 107 with KCs (Scheme 46).'*1 Recently, a
transient base-free disilavinylidene (H2SiSi:) was observed by crossing beams of

atomic silicon with SiH4 in the gas-phase. Based on calculations, it was concluded that
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the highly reactive H2Si=Si: exists in equilibrium with the mono-bridged (Si-(H)SiH) and
di-bridged (Si(H2)Si) isomers.[5]

SDip,
NHC\ ,Tbb
Sl 2 KCg Br—Si NHCSDip2
. -2 KBr \S./
TbbBr,Si Br 16 C o
107 108

Scheme 46. Synthesis of NHC-stabilized disilavinylidene 108 by Filippou et al. (Tbb = 2,6-
[CH-(SiMe3)2]2-4-’Bu-C6H2, NHCSDipz = C[N(2,6"Pr2'C6H3)CH2]2)-

Very recently, the first base-free heavier vinylidene analogue, digermavinylidene 113,
was obtained by Aldridge et al.l'®'.1%2 by a sequence of reactions starting from the

NHC-stabilized borylchloro germylene 110, which in turn had been synthesized from

the borylanion 10953 and GeClo-NHCPr2Me2 8 (Scheme 47).

iPI’zMGQ . . N HdPI'zMez
..Ge,NHC | IIgl b o
1~ + Dip~N " N-Dip _Lic ‘N-8" ¢
cl CI \—/ N N
“Dip
8 109 110

Scheme 47. Synthesis of NHC-stabilized borylchloro germylene 110 by Aldridge et al. (Dip =
2,6-'Pr-CeHs).

Reduction of NHC-stabilized germylene 110 with K or KCs yielded the formal Ge(0)2-
compound 112 similar to dianionic systems reported by the Power group.['16.117.154]
Oxidation of Ge(0)2-compound 112 with [Ph3C][B(CeF5)4] resulted in digermavinylidene
113 with an unique 1,1-disubstitution pattern of the boryl ligands around the Ge2-
fragment. The 1,2-substitution pattern of 112 can be reestablished by reduction of
digermavinylidene 113 by KCs (Scheme 48).
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Scheme 48. Synthesis of base-free digermavinylidene 113 by Aldridge et al. (Dip = 2,6-Pro-
CsHs, LMgMgL = [(HC(MeCMesN);)Mg]2, Mes = 2,4,6-Mes-CsHy).

A further important contribution was reported by Scheschkewitz et al. in 2013 with the
synthesis of an isolable NHC-stabilized disilenyl silylene 116, which dissociates into
free NHCP2Me2 and the corresponding cyclotrisilene 114 in solution (Scheme 49).1551
Disilenyl silylene 116 is a further impressive example that in the case of silicon two
unsaturated functionalities (Si=Si moiety, silylene) can be tolerated when trapped with
an NHC, which are inaccessible in the case of carbon. At low temperature, with the

cyclotrisiliene NHC-adduct 115 a proposed intermediate of ring opening 114 to 116 was

observed.
Tip_ Tip Tip\S (S Tip\S _ S_,Tip
Si , N N
; i / ./ N__~Ip
/SiZ\S L+ NHCPr2Mez —_ /Si—\Si~ NG-)HCIPrzMez — Tip .Si
ip Tip R ™ P
Tip Tip NHC ™2
114 115 116

Scheme 49. Equilibrium between cyclotrisilene 114, NHC and NHC-coordinated disilenyl
silylene 116 (Tip = 2,4,6-Pr-CeHz, NHCP2Me2 = 1 3-diisopropyl-4,5-dimethylimidazol-2-
ylidene).
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2, Aims and Scope

The main target of this work was the construction of unsaturated, highly functionalized
germanium-based building blocks for the incorporation into organic frameworks, most
preferably conjugated systems.

Recently, our group reported on the synthesis of the first two isolable heavier versions
of vinylidene (101 and 104) as donor-acceptor complexes with an NHC. In particular,
the a-chloro silyl substituted silagermenylidene 104 is a versatile precursor due to the

high degree of functionalization (Scheme 50).1144-147]

Tip , Tip, Tip
Tip—Si N HClPr2M82 Tip—Si—Si ProMe;
X P~ N\ NHC
Ge” RS
101 104

Scheme 50. Heavier analogues of vinylidene: silagermenylidenes 101 and 104.

As had been reported previously, 104 readily reacts with nucleophiles. In particular, the
replacement of the chlorine-atom with different organolithium nucleophiles (Chapter
3.1.) should be useful for the construction of extended systems with Si=Ge containing
repeat units. An initial task of this thesis was to develop a better understanding of the
experimental parameters that lead to the formation of the possible isomers Xll to XV

and to investigate the possible differences in reactivity of Xl to XIllIl (Scheme 51).

NHC NHC
\ X\ O \ /X
Sist Siesl nHC X 2% P
—Si=Si__NHC  Si=Si /N N\ !\
e* / -.Ge)-/X X~si—si— SI—Si™ \he Si—si-©
3 [\ [\ [\
Xi Xl X1 XIV XV

Scheme 51. Isomers XIl to XV (X = alkyl- or aryl-substituent) of silagermenylidene Xl (X = ClI).

In a second step, this knowledge was to be applied for the incorporation of different
mono- or doubly functionalized organic molecules into the unsaturated scaffold of the
isomeric NHC-coordinated Si2Ge-systems XI-XIll in order to furnish difunctional
precursor molecules that could, at least in principle be employed for the construction

of extended unsaturated Group 14 aggregates (Scheme 52).
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Scheme 52. Proposed reactions of silagermenylidene Xl (X = Cl) and its isomers XII and XIil
with different functionalized organic molecules (X = alkyl or aryl group).

In order to broaden the scope of heavier vinylidenes, the variation of the heavier Group
14 elements constituting the double bond was to be investigated through different
strategies. Although other groups have provided alternative strategies in the meantime
(Chapter 1.6.2.), the two following classes of precursors should be suitable to access

heavier vinylidenes (Scheme 53):

Ar, O Cl_Ar reducing Ar
. . agent —Q;
A/s.\ +-GeCI2[ —5= Ar- SI\ /NHC_Q_’ Ar S'\\G NHC
" NHC [ ) Ge, 38
Cl
17 118 119
Tip,  Tip Tip, T
Ge=Ge S TC, Tip-BeGe  _NHC
Tip Li-dme, Cl Ge
90 120

Scheme 53. Possible precursors for the synthesis of heavier vinylidene analgoues: (1) NHC-
stabilized diaryl silylene 117 (Ar = aryl group), (2) digermenyllithium 90.
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(1) NHC-stabilized diaryl silylene 117 could be reacted with GeCl2-dioxane leading to
NHC-stabilized chloro silyl germylene 118 by a 1,2-shift of a chlorine atom from the
Ge(ll)-center to the adjacent silicon. In a next step, a reduction should in principle lead
to a silagermenylidene.

(2) Digerma analogues of vinyllithium could react with a GeCl2-NHC-adduct to form
germyl digermavinylidene 120 in analogy to the formation of silyl substituted
silagermenylidene 104 (page 27, Scheme 43).

As both types of compounds were unknown in preparative quantities, the third major
task of this PhD thesis was the development of synthetic protocols for the isolation and

full characterization of suitable examples.
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3. Results and Discussion

3.1. Versatile Reactivity of Silagermenylidene 104 toward

Anionic Nucleophiles

In order to exploit its high degree of functionalization, the a-chloro silyl substituted
silagermenylidene 104 had been investigated with regards to various reagents.l'45-147]
With a relatively loosely bound NHC ligand, a vacant p-orbital could be readily made
available for derivatization of 104 by neutral and anionic nucleophiles. Indeed, the
stepwise reaction of heavier vinylidene analogue 104 with two equivalents of NHCMe4
initially resulted in the exchange of the NHC to afford 121. Upon addition of the second
equivalent NHCMe4 the residual chloro-substituent in 121 is expelled as chloride to yield
the ion pair 122. The reaction of 104 with the anionic nucleophile MesLi led to the
formation of the heavier NHC-coordinated cyclopropylidene analogue 123a and
cyclosilagermene 124a (Scheme 54).1'*6] |t had been proposed that the site of the
nucleophilic attack by MesLi could either have been at the Ge(ll)-center or the formal

sp?-silicon center of silagermenylidene 104.

NHC"* NHCMe
\G . \G . Ccl-
NHCVe: A
PrMey R-Si—Si-R R-Si—Si-R
R ,R - NHC R CI R +llch|V|e4
R’,Si_Si\ NHC"PrzMez_ 121 122
Cl \Ge/ NHCPr2Mez
- . . Mes o
104 MesLi Ge /(;e\
L / \ .
He R-SI—Si~Mes * R’/S’i_Si\‘I\C]rDHCI'DrZ'\"'32
R R R R
123a 124a

Scheme 54. Reactions of silagermenylidene 104 with neutral and anionic nucleophiles
resulting in Si.Ge-rings 121-124a (R = Tip).

In the present thesis, a detailed reactivity study of the heavier vinylidene analogue 104
toward anionic nucleophiles of different sizes was therefore to be conducted in order
to shed a light on the mechanism of formation and interconversion of isomers XII-XV
(Scheme 55). Furthermore, the isolation of an NHC-stabilized disilenyl germylene XII,
which was suggested to be a transient intermediate in previous reports by our group
was a target of central importance.[145.146]
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Scheme 55. Isomers XII-XV (X = alkyl or aryl) of silagermenylidene 104.
3.1.1. Dimerization of Marginally Stable Disilenyl Germylene to

Tricyclic SisGe2-Systems: Evidence for Reversible NHC-

Coordination

Recently, NHC-coordinated disilenyl silylene 116 was reported by the group of
Scheschkewitz. The homoleptic cyclotrisilene 114 gives rise to reversible ring opening
by the NHC to disilenyl silylene 116 (Scheme 56).1'%°

Tip, ,Tip Tip, ,Tip
Si ; Si=Si .
' /Si/Z\Si\ o+ NHCT M2 ——» Tip/ .\Si/Tlp
Tip Tip A oo
NHC 2"¢?
114 116

Scheme 56. Equilibrium of homonuclear disilenyl silylene 116 and cyclotrisilene 114.

Attempts to prepare a related disilenyl germylene have so far not met with success:
disilenyl-substituted germanium(ll)chloride [125] was proposed as an unstable
intermediate of the reaction of disilenide 93 with GeClz-dioxane adduct. Although no
spectroscopic evidence for [125] was forthcoming, the in situ-reduction with
lithium/naphthalene yielded the unsaturated heteronuclear cluster 126, which in turn
slowly rearranges to the thermodynamically more stable bridged propellane 127.[1%6]
The related NHC-adduct of chloro disilenyl germylene [103] was invoked as transient
intermediate that undergoes a 1,3-chlorine atom shift to afford the NHC-complex of

silagermenylidene 104 (Scheme 57).[14]
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Scheme 57. Reaction of disilenide 93 with GeClyNHC™2¥e2 8 via [103] to NHC-stabilized
silagermenylidene 104 and reaction of disilenide 93 with GeCl,-dioxane via [125] to
dismutational Ge;Sis isomer 126 which is thermally converted in 127 (R = Tip).

The chloro functionalities of the proposed germylene intermediates [103] and [125]
with their high propensity for migration are likely the key to their instability. It was
therefore investigated whether it is possible to substitute the chloro group by an
electronically and sterically innocent methyl group. As discussed previously in the
context of the reactivity of 104 with bulkier nucleophiles such as mesityl lithium,
nucleophilic attack can either occur at the germanium(ll)-center, the chlorosilyl group
or the formal sp?-silicon center.['4¢l If the nucleophilic attack took place at the Ge(ll)-
center, a subsequent LiCl elimination would result in a Si-Si double bond and thus give
access to the NHC-stabilized disilenyl germylene 128a (Scheme 58).

Therefore, a solution of MeLi (3.0 M in dem) was added to a precooled (-78 °C)
solution of silagermenylidene 104 in toluene-ds. A 2°Si NMR spectrum recorded at

-60 °C reveals only signals of the starting material 104 at 6 = 163.47 and 8.37 ppm

(Figure 8a).
MelLi
R R . -40°C R R
R’S' S| /NHC’PrzMeZ tolue-ne-dg /Si:Si\ /Me
Cl “Ge -tict R Ge
> " '
IPI’QMGQ
104 128a NHC

Scheme 58. Reaction of 104 with MeLi leading to thermally unstable disilenyl germylene 128a
(R=Tip).
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Upon warming to =40 °C, however, two new 2°Si NMR signals appear at § = 90.10 and
85.27 ppm in an approximate ratio of 1:1 (Figure 8b), which is consistent with the
presence of a Si=Si double bond. Almost full conversion is reached at -20 °C (Figure
5).

~-90.10
~85.27

WMMMW

L e e e e e e
150 100 50 0 -50 -100 -150 ppm

Figure 5. °Si NMR spectrum of the low temperature NMR study: intermediate 128a in toluene-
ds at =20 °C.

A multiplet at § =5.70 ppm in the "H NMR spectrum (for comparison 104: septet at
5.41 ppm for CHCH3 of NHC) and a '3C NMR resonance at § = 174.88 ppm are
indicative of the coordination of the NHC to the Ge(ll)-center.['¥4145] These
spectroscopic data (Figure 6 and Figure 7) strongly support the formulation of the initial
reaction product as an NHC-coordinated disilenyl germylene 128a. Unfortunately, all
attempts to isolate 128a failed, even when the entire workup of the crude reaction

mixture was carried out at =10 °C.
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Figure 6. "H NMR spectrum of the low temperature NMR study: proposed intermediate 128a
in toluene-ds at —20 °C (dem: diethoxymethane). The excerpt shows the methine protons of
the NHC which coordinates to 128a.
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Figure 7. *C NMR spectrum of the low temperature NMR study: intermediate 128a in toluene-
ds at —20 °C (dem: diethoxymethane).
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When a sample is further warmed to room temperature, new 2°Si NMR signals at § =
-64.92 and -66.51 ppm (Figure 8d) start growing in, in accordance with the formation
of a three-membered ring. A characteristic '>C NMR signal at 5 = 175.90 ppm proves
the coordination of NHC to the germanium center (see above). On the basis of the
spectroscopic data it is concluded that the product corresponds to 129, the NHC-
adduct of a 2,3-disilagermirene analogous to the previously reported stable example
with the bulkier mesityl group in place of methyl (Scheme 59).1'461 |t cannot be excluded
beyond doubt that the methyl group is intermittently attached to silicon although this is
an unlikely scenario based on the relatively low propensity of methyl groups for
migration. Stable disilagermirenes without base-coordination, but with sterically

demanding substituents at all three ring atoms have been reported.['57-159

Pro,Me
MeLi 20°C NHC\Z Me
R R -40°C R R to e
Si—gi : i 27 °C
R-Si—Si NHCPr2Mez _tol-ds Si=S;i :_ /N
c e TR e R-§i—8i:®
) * \NHdPrzMez R R
104 128a 129

Scheme 59. Reaction of 104 with MeLi leading to intermediate disilenyl germylene 128a and
NHC-adduct of 2,3-disilagermirene 129 (R = Tip).
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Figure 8. Stacked plot of 2°Si NMR spectra of different VT-NMR experiments with identical
starting conditions. Experiment 2: (a) starting material 104 at —-60 °C, (b) 104 and disilenyl
germylene 128a at —40 °C, (c) 128a at —20 °C, (d) mixture of 129 and 131 after 30 h at 27 °C.
Experiment 3: (e) mixture of 129 and 131 after 1 h at 50 °C, (f) mixture of 129 and doubly
bridged tetrahedron 132 after 2 h at 50 °C. Experiment 1: (g) 132 at 27 °C (crystalline sample);
all spectra recorded in toluene-ds.

Well before complete conversion to 129, however, an additional set of signals at higher
field starts appearing in the 2°Si NMR spectrum at § = -82.55 and -96.42 ppm (Figure
8d) with concomitant formation of free NHC. It is speculated that the addition of excess
NHC to 128a may slow down this process (Scheme 60).

Indeed, in a separate NMR experiment in the presence of 3.8 eq of NHC only 2°Si NMR
signals at 6 = —-64.92 and -66.51 ppm for 129 (Figure 9b) were observed even after
heating of the mixture to 50 °C for 5 h. Interestingly, the stability of the disilenyl
germylene 128a (stable for 1 hour at 27 °C) is similarly increased by excess NHC

(Figure 9a) as in the case of disilenyl silylene 116.[5°]

NHdPrgMez
R R R R \ Me
/Si:Si\ Me excess NHC /SiZSi\ Me 50 °C /Ge @no dimerization
R &g R G¢ R-Si—Si
SNHCPMe: " NNHEPrMe: R R
128a 128a: stable for 1 hour 129: stable for 5 hours

at rt with excess NHC at 50 °C with excess NHC

Scheme 60. Treatment of disilenyl germylene 128a with 3.8 eq of NHC resulting in stable 128a
by heating to 50 °C for 30 min (R = Tip).
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Figure 9. Stacked plots of 2°Si NMR spectra of NMR experiments with or without added NHC.
Experiment 4 with 3.8 eq of NHC: (a) after 50 min at 27 °C 128a is still the major component,
(b) after 1 h at 50 °C clean conversion to 129 has occurred. Experiment 3 without added NHC:
(c) after 50 min at 27 °C a mixture of 128a, three-membered ring 129 and chair form of
SisGe2Rs 131 are obtained, (d) after 1 h at 50 °C a mixture of 129 and 131 are observed, (e)
after 2 h at 50 °C a mixture of 129 and SisGe2>Res doubly bridged tetrahedron 132 are observed;
all spectra recorded in toluene-ds (R = Tip).

To prove these findings another sample containing only 128a was warmed to 27 °C
(Figure 9c) and after 50 min at 27 °C three sets of signals were observed in the 2°Si
NMR spectrum: & = 90.07 and 85.40 ppm (128a), 6 = -64.92 and —-66.51 ppm (129)
and 6 = -82.55 and -96.42 ppm (131). The temperature was increased to 50 °C for 1
hour as in the case with 3.8 eq of NHC and two sets of signals (Figure 9d) were
observed at 6 = -64.92 and -66.51 ppm (129) and & = -82.55 and -96.42 ppm (131).
After 2 hours at 50 °C only resonances at 6 = -64.92 and —-66.51 ppm (129) and 6 =
21.97,-37.74 ppm (132) were observed (Figure 9e).

In the absence of excess NHC, keeping the mixture of 128a, 129 and 131 (Figure 9c)
at room temperature overnight results in the complete disappearance of the 2°Si NMR
signals of 129. In addition to the two sharp resonances at 6 = -82.60 and —96.58 ppm,
a second set of broad signals at 6 = 21.97 and —37.74 (132) ppm in the integrated ratio
of 3:3:2:2 (Figure 10) is observed together with a small amount of an unknown CH-
insertion product (2°Si NMR: § = -65.94 ppm, '"H NMR: characteristic singlet for SiH at
d = 5.57 ppm). Insertion into CH bonds is typically observed for highly reactive heavier

main group species.[60.161]
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Scheme 61. Dimerization of heavier NHC-coordinated cyclopropene analogue 129 to tricyclic
SisGez-isomers 131 and 132 via unobserved base free heavier cyclopropene [130] (R = Tip).

It is therefore concluded that the formation of 131 and 132 is preceded by the reversible
dissociation of the NHC from 129 to give the transient (and unobservable) base-free
heavier cyclopropene [130] (Scheme 61). In case of the related homonuclear
cyclotrisiliene 114 the species corresponding to 128a and [130] coexist at room
temperature, which can be attributed to the higher stability of cyclotrisilene 114 due to
sterically more demanding substitution pattern (Tip instead of Me at the low-valent

center).
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Figure 10. 2°Si NMR spectrum of the mixture of tricyclic SisGez-isomers 131 and 132 and an
unknown CH insertion product (Experiment 1).
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The 'H and '3C NMR spectra prove the formation of considerable amounts of free
NHC™®2Me2 ynon standing overnight. After removal of free NHC by sublimation,
crystallization from toluene at -26 °C afforded a few pale red crystals of 131 co-
crystallized with a large amount of colorless crystals of 132.

The X-ray diffraction study on the pale red crystals finally established the connectivity
of the chair-like tetrasila-2,5-digermatricyclohexane 131 (Figure 11). The central four-
membered ring contains the two methyl-substituted germanium centers in 1,3-position
with no apparent Ge-Ge bonding (Ge1-Ge2: 3.1984(4) A). The Ge-Si bond distances
of the central four-membered Si2Gez ring of 131 (between 2.3725(8) A and
2.4174(8) A, folding angle: 165.38°) are similar to those of the unsaturated version 127

with "naked" germanium atoms.[1%6]

Figure 11. Molecular structure of 131-C7Hs in the solid state (ellipsoids are at 30%, hydrogen
atoms, co-crystallized toluene and disorder omitted for clarity). Selected bond lengths [A]: Ge1-
Si1 2.4099(8), Ge1-Si2 2.4174(8), Ge1-Si3 2.4596(8), Ge2-Si1 2.3725(8), Ge2-Si2 2.4163(8),
Ge2-Si4 2.4568(8), Si1-Si3 2.3395(10), Si2-Si4 2.3881(10).
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In contrast, the X-ray diffraction study of the colorless crystals reveals a different
tricyclic system with a remarkable change in connectivity compared to that of 131. The
tetrasila-4,5-digermatricyclo[2.2.0.0%%]hexane 132 is best described as a doubly edge-
bridged tetrahedron with a direct bond between the two germanium atoms (Figure 12).
The Ge1-Ge2 distance of 2.4534(5) A is within the typical range of a single bond.["62.163]
The Si1-Si2 bond in 132 (2.4809(11) A) is significantly longer than in analogous
homonuclear silicon systems, whether unsaturated!'®4 or saturated.['65-1671 The chair-
like isomer 131, the apparent kinetic product of the dimerization of the transient heavier

cyclopropene [130], is unstable in solution and therefore a clean sample could not be

obtained yet.

Figure 12. Molecular structure in the solid state of 132:0.5 C;Hs (thermal ellipsoids are drawn
at 30%, hydrogen atoms and co-crystallized half toluene molecules and disorder are omitted
for clarity). Selected bond lengths [A]: Ge1-Si4 2.4072(8), Ge1-Si1 2.4344(8), Ge1-Ge2
2.4534(5), Ge2-Si3 2.3956(8), Ge2-Si2 2.4398(8), Si1-Si3 2.3993(11), Si1-Si2 2.4809(11),
Si2-Si4 2.4464(11).

Full conversion of 132 is achieved by heating the mixture to 40 °C for two hours,
affording predominantly 132. A similar, albeit photochemical isomerization has been

reported for a homonuclear SisRs derivative (R = Si‘BuMe2) by Kira and co-workers.['6¢]
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In the present heteronuclear case, the change in connectivity of the germanium atoms
from 1,3 in 131 to 1,2 in 132 is in stark contrast to the case of the 1,4-
digermatetrasilabenzene isomer 126, which is thermally converted into the likely global
minimum isomer 127 without such a change in connectivity (Scheme 58).I'%1 A pure
sample of 132 was obtained by crystallization in 63% vyield. Doubly edge-bridged
tetrahedron 132 is stable in benzene solution for at least 4 weeks and thermally stable
up to 220 °C where it decomposes to a mixture of unknown compounds.

The comparison of the 2°Si NMR data of pure 132 with the reaction mixture of 131 and
132, shows that the broad signals at 6 = 21.97 and -37.74 ppm (Figure 8g) belong to
132 and that the signals at 6 = -82.60 and —96.58 ppm must consequently be assigned
to chair-like isomer 131. The 2°Si NMR resonances are comparable to those of
homonuclear derivatives of tricyclohexasilane.['®5-'67] The conclusion at this point is
that the initial attack of the sterically innocent methyl anion exclusively was observed
at the Ge(ll)-center resulting in the NHC-coordinated disilenyl germylene 128a which
was identified by NMR-spectroscopy. The following ring-closure led to the unobserved
heavier cyclopropene analogue [130], which than dimerizes to the two saturated
tricyclic Ge2Sis-scaffolds 131 and 132. Furthermore the reversibility of the NHC

coordination was shown by NMR-spectroscopy.

Meli -20°C NHC\ Me
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R Ge S| . 40 °C 'Si- Ge/ X2 / N\
/\ S /Ge Si. R-SI—Sig
R lGe R-SI Me R R
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132 131 [130]

Scheme 62. Overview of the reaction of silagermenylidene 104 with MeL.i resulting in unstable
disilenyl germylene 128a leading to 129 and [130] which dimerizes to SisGe,-scaffolds 131
and 132 (R = Tip, NHC = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene).
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In order to shed some light on the relative thermodynamic stabilities of 128a, 129, and
[130], Dr. Cem B. Yildiz (now at Aksaray University, Turkey) performed DFT
calculations on truncated model systems (Me instead of Tip substituents; see Figure
13) at the B3LYP/6-31+G(d,p) level of theory. The calculated gain in free energy from
128a-Me to 129-Me of AG = 5.2 kcal mol™" with an activation barrier of AG* = +8.7 kcal
mol~" is fully in line with the observed equilibrium in favor of 129. The dissociation of
NHC from 129-Me to give 130-Me is strongly endergonic in Gibbs energy (AG = +21.7
kcal mol™), albeit the larger Tip groups would likely decrease this value considerably
in the experimental case. Although the dimerization of 130-Me to 131-Me is calculated
to proceed without apparent barrier with a gain in free energy of AG = -64.9 kcal mol™’,
131-Me is still by AG = -25.1 kcal mol™" higher in energy than 132-Me (Figure 13),
which reflects the experimental observation that 131 is formed as a kinetic product
prior to its rearrangement to 132.
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Figure 13. Proposed mechanism and intermediates for the formation of 130-Me using a
simplified model system with methyl groups instead of Tip substituents at B3LYP/6-31+G(d,p)
level of theory. AG energy values at 298 K are given in kcal mol™.[18l
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In summary, we have gathered spectroscopic evidence for two reactive intermediates
on the way toward saturated Ge2Sis dimeric aggregates 131 and 132 with saturated
scaffolds that structurally resemble the recently reported unsaturated Ge2Sis systems.
Initial attack of the sterically innocent methyl anion equivalent at germanium results in
formation of an NHC-stabilized disilenyl germylene 128a, followed by ring-closure to
an NHC-adduct of a heavier cyclopropene 129. The reversibility of the NHC
coordination to 129 is unambiguously proven. The stabilization by excess NHC is a
concept resembling common strategies in the stabilization of catalytically active
species in the transition metal series and we conclude that this approach will also have

an impact in further developments in main group chemistry.

3.1.2. Reaction of Silagermenylidene 104 with EtLi

The observation of NHC-stabilized disilenyl germylene 128a at low temperatures
encouraged us to investigate larger organolithium species as anionic nucleophiles in
order to confer higher stability to the NHC-stabilized disilenyl germylene intermediate

for the purpose of possible isolation (Scheme 63).

NHdPrzMez
R R | EtLi R R \G .
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104 [128b] 123b

Scheme 63. Reaction of 104 with EtLi resulting in Si>Ge-species 123b via the proposed
intermediate disilenyl germylene [128b] (R = Tip).

The addition of EtLi (0.5 M in benzene/cyclohexane) to silagermenylidene 104 at
—-78 °C in toluene solution results in an immediate change in color from pale red to
deep red. Upon warming to room temperature the color turned from red into orange.
The 2°Si NMR spectrum at room temperature shows two signals at 8 = -61.52 and
—-70.09 ppm, indicating that the plausible NHC-coordinated disilenyl germylene [128b]
if formed is already completely converted to a saturated species at room temperature
(Figure 14). Instead, the 2°Si NMR resonances are comparable to the Si2Ge-rings 123a
and 124a with the mesityl-group (123a: 6 = -63.43 and -71.91 ppm, 124a: 5 = -56.08

47



and -78.10 ppm, Scheme 64) as well as for the three-membered ring 129 with the Me-
group (?°Si NMR resonances of 129: § = -64.92 and —66.51 ppm).
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Scheme 64. NHC-stabilized heavier cyclopropylidene analogue 123a and heavier
cyclopropene analogues 124a and 129 (R = Tip).

The ¥C NMR spectrum shows a resonance at & = 173.52 ppm, comparable to the
carbenic C-atom attached to the Ge(ll)-centerin 123a (& = 173.47 ppm),['46l suggesting
that Si2Ge-ring 123b is generated. An isolation of the proposed heavier

cyclopropylidene analogue 123b in a repeat experiment failed.
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Figure 14. 2°Si NMR spectrum of the reaction mixture of 104 with EtLi.
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3.1.3. Synthesis of an Isolable Disilenyl Germylene and Its

Cyclic Isomer

As reported in Chapter 3.1.1., the reaction of MeLi with silagermenylidene 104 affords
methyl-substituted disilenyl germylene 128a as initial product at low temperature,
which could not be characterized in the solid state due to its thermal instability. A
sterically more demanding substituent, however, could provide sufficient inertness to a

disilenyl germylene to allow for its isolation and full characterization.

iPrzMez
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104 128¢ 123c

Scheme 65. Reaction of heavier vinylidene analogue 104 with PhLi resulting in persistent
NHC-coordinated disilenyl germylene 128c and its thermal rearrangement to 123¢ (R = Tip).

Treatment of 104 with one equivalent of the steric more demanding nucleophile PhLi
(1.9 M in n-dibutylether) at =78 °C in toluene induced an immediate change in color
from pale to deep red. After warming to room temperature, the 2°Si NMR signals at & =
95.06 and 73.88 ppm indicate the quantitative conversion to a new product consistent
with the constitution of disilenyl germylene NHC-adduct 128c (Scheme 65). The 'H
NMR spectrum shows a diagnostic broad signal at 6 = 5.69 ppm, which is typical for
the methine protons of the CHMe2 group of a NHCP2Me2 coordinated to a Ge(ll)-

center.[61.14%] |n addition, the '3C NMR resonance at § = 172.91 ppm provides further
support for NHC coordination to the Ge(ll)-center.

Red crystals for X-ray diffraction were initially obtained from a concentrated solution of
128c in toluene at -26 °C. As the co-crystallized toluene molecule turned out to be
disordered in the solid state structure of 128c-toluene, the solvent was changed to
mesitylene (1,3,5-trimethylbenzene). Indeed, red crystals suitable for X-ray diffraction
were obtained after three days at -26 °C without disorder due to the more symmetric
mesitylene molecule (Figure 15). The molecular structure of 128c is in line with the
NMR spectroscopic data and confirms the presence of a Si=Si moiety and the

coordination of the NHC™2Me2 to the Ge(ll)-center. The Si=Si moiety in 128¢ is

moderately twisted (t = 11.4°) and only slightly trans-bent (0, SiTip2 = 3.1°; 6, SiTipGe
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= 1.8°).1'%% As expected, the Ge-Si2 distance corresponds to a typical Ge-Si single
bond (2.4206(6) A). The Ge-C7 bond at 2.056(2) A is comparable to the corresponding
distance of silagermenylidene 104 (2.061 A)I['3 but shorter than that of
GeCl2-NHCPr2Me2 8 (2,106 A).16" The Si=Si bond is with 2.1706(8) A in the typical range

of disilenes!'® and very similar to that of the recently reported NHCP2Me2_adduct of
disilenyl silylene 116 (2.179 A).[159]

Figure 15. Molecular structure of 128c-CgH12 in the solid state (thermal ellipsoids at 30%, H
atoms and co-crystallized mesitylene omitted for clarity). Selected bond lengths [A]: Ge-C7
2.056(2), Ge-Si2 2.4206(6), Si1-Si2 2.1706(8).

The red color of 128c¢ is attributed to the longest wavelength absorption in the UV/vis
spectrum at Amax = 452 nm (¢ = 10900 Lmol-'cm™'), which is identical to that of
silagermenylidene 104 (Amax = 452 nm )43l and blue-shifted in comparison to that of
the NHC-stabilized disilenyl silylene 116 (Amax = 568 nm).l'%] At room temperature in
solution, 128c slowly, but selectively, rearranges to a new species with 2°Si NMR
resonances at 6 = -62.74 and —68.81 ppm, which are very similar to those of previously
reported heavier cyclopropylidene analogue 123a and therefore indicative of the

formation of 123c¢.['%61 Accordingly, the characteristic '*C NMR resonance at$§=172.75
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ppm is retained suggesting that NHC™P2Me2 js still coordinated to the Ge(ll)-center. In
contrast to the mesityl-substituted cases, 123a and 124a (Scheme 64), complete
conversion to 123c requires heating of 128c¢ in toluene to 40 °C for 14 h. Moreover, in
case of 123c no trace of an isomeric cyclization product of type 124a was observed.
Yellow crystals of 123c¢ suitable for X-ray diffraction (Figure 16) were obtained from a

concentrated toluene solution at room temperature after one day.

Figure 16. Molecular structure of 123c¢c-3 C7Hs in the solid state (thermal ellipsoids at 30%, H
atoms and co-crystallized toluene omitted for clarity). Selected bond lengths [A] and angles [°]:
Ge-C1 2.0589(17), Ge-Si1 2.4232(5), Ge-Si2 2.4452(5), Si1-Si2 2.3775(7); C1-Ge-Si1
116.96(5), C1-Ge-Si2 121.69(5), Si1-Ge-Si2 58.46(17).

The molecular structure in the solid state confirms the connectivity of the three-
membered ring of 123¢ predicted on the basis of multinuclear NMR spectroscopy. The
Si1-Si2 bond length (2.3775(7) A) is much shorter than that of the mesityl-substituted
Si2Ge-cyclopropylidene of 123a, (Scheme 64, 123a = Mes: 2.4448 Al'48]), which could
be explained by the sterically more demanding mesityl-group. The Ge-Si bond lengths
of Ge-Si1 2.4232(5) and Ge-Si2 2.4452(5) A in 123c, however, are not significantly
differing (Scheme 64, 123a = Mes: Ge-Si2 2.4319; Ge-Si1 2.4320 Al'4¢)). The distance
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between the Ge(ll)-center and the carbenic carbon of 2.0589(17) A is slightly elongated
suggesting a somewhat weakened NHC-coordination. The yellow color of 123c is due
to the longest wavelength absorption in the UV/vis spectrum at Amax = 438 nm (g =
6400 Lmol~'cm™"), which is slightly blue-shifted in comparison to the mesityl-

substituted version (Amax = 454 nm(1481),

3.1.4. Reaction of Silagermenylidene 104 with MesLi

The spectroscopic evidence for NHC-coordinated disilenyl germylene 128a at -20 °C
and the isolation of the persistent disilenyl germylene 128c, encouraged us to have a
closer look at the reaction of MesLi with 104. The proposed disilenyl germylene had
not been detected at 0 °C in Et20 in the original study, seemingly directly affording the
Si2Ge-species 123a and 124a.l'¥l Changing the solvent and reaction conditions,
however, could have a significant influence on the outcome of the reaction and might

allow for the detection of disilenyl germylene 128d (Scheme 66).
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Scheme 66. Reaction of 104 with MesLi at -78 °C leading to 128d which rearranges to 124a
at room temperature (R = Tip).

A =78 °C cold solution of silagermenylidene 104 in thf-ds was added to a -78 °C cold
solution of MesLi in thf-ds. The mixture was stirred for 2 hours at this temperature to
guarantee a homogenous system because of the low solubility of MesLi. A part of the
reaction mixture is transferred via a precooled glass pipette into an NMR-tube (both
-78 °C).
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Figure 17. 2°Si NMR spectrum of the reaction mixture of 104 with MesLi at =60 °C in thf-ds.
The excerpt shows the signals of disilenyl germylene 128d.

A 2°Si NMR spectrum was recorded at —60 °C and two new signals appeared at & =
86.47 and 83.92 ppm (Figure 17), which were in the typical range of a Si=Si moiety
and in good agreement with the 2°Si NMR data of NHC-stabilized disilenyl germylenes
128a and 128c (128a (Me): 5 = 90.10 and 85.27 ppm; 128¢ (Ph): 5 = 95.06 and 73.88
ppm). A small amount of starting material 104 was detected due to concentration
gradients in the NMR tube (only the downfield shift at 5 = 161.20 ppm was observed).
The 3C NMR spectrum as well as the '"H NMR spectrum show signals typical for the
coordination of an NHC to the Ge(ll)-center ("*C NMR: § = 172.54 ppm (Figure 18), 'H
NMR: & = 5.34 ppm (Figure 19)). In contrast to disilenyl germylenes 128a and 128c,
128d is thermally extremely unstable leading to the disappearance of the 2°Si NMR

signals at —40 °C already.

53



O NI ONNOTNAIT OO ST NIMOWMO oM
OHLWOWFTANDDOAATNOOOMmLWNWHLWOWO ™~ O
NN MO ANAHOONM NN ONAAAOO
OO WOOWOWOLO I TONON0NONNNNNNNN
R B e I e R e B e T e B T R e R e e R e O e O T B e I O e I O e B MR

\ ‘ ORI AT AR A A
i ‘ ‘

190 180 170 160 150 140 130 120 110 100 ppm

Figure 18. Excerpt of the aryl-region of the *C NMR spectrum of the reaction mixture of 104
with MesLi at =60 °C in thf-ds.

5.34

7 6 5 4 3 2 1 0 ppm

Figure 19. "H NMR spectrum of the reaction mixture of 104 with MesLi at =60 °C in thf-ds.
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Upon warming the reaction mixture to room temperature, three resonances in the 2°Si
NMR spectrum are observed at 5 = 4.71 ppm (starting material 104) and two highfield
shifts at 6 = -58.34 and —-80.71 ppm, which are almost identical to those reported for
the heavier NHC-stabilized cyclopropene analogue 124a (Figure 20).[146]

—4.71
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Figure 20. °Si NMR spectrum of the reaction mixture of 104 with MesLi at 27 °C in thf-ds.

The 3C NMR spectrum shows a signal at § = 161.13 ppm (Figure 21), which is close
to the value of the carbenic C-atom of the heavier cyclopropene analogue 124a (6 =
164.53 ppm, 123a: & = 173.47 ppm) confirming our suggestion that isomer 124a was
formed as major product (besides residual starting material 104). The initial formation
of mesityl-substituted disilenyl germylene 128d is in line with the observations for the
reactions of PhLi and MeLi with silagermenylidene 104 and led to the conclusion that
initial nucleophilic attack at low temperature only occurred at the Ge(ll)-center. In case
of disilenyl germylene 128c, the phenyl group is able to shift to the silicon center, which
was not observed in case of 128a or 128d. As the heavier cyclopropylidene analogue

123a was not observed in the reaction mixture under these conditions, unambiguously
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proves that an initial attack of the mesityl-anion at the formal sp?-silicon center is

necessary for its formation.

161.31
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Figure 21. 3C NMR spectrum of the reaction mixture of 104 with MesLi at 27 °C in thf-ds.

The isolation of disilenyl germylene 128d (X = Mes) in a preparative scale under the
same conditions (thf, =78 °C) failed due to its thermal instability. In Table 1, all
important NMR spectroscopic data are listed. The similarity of this data with those of
the isolated disilenyl germylene 128c (R = Ph) leaves no doubt about the NHC-
stabilized disilenyl germylenes 128a (R = Me) and 128d (R = Mes) as the primary
products at low temperature. It must therefore be assumed that the nucleophilic attack
under these conditions takes place at the germanium center of silagermenylidene 104
initially. Most notably, the failure to interconvert between the two cyclic regioisomeric
NHC-adducts of cyclopropylidene analogue 123a and cyclopropene analogue 124a
was confirmed, providing further support for the assumption that the site of initial attack
determines the regiochemistry of the final product.
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Table 1. Summary of diagnostic NMR spectroscopic data of NHC-coordinated disilenyl
germylenes 128a, 128c and 128d (R = Tip).

128a (X = Me, 128c (X = Ph, 128d (X = Mes,
T=-20°C) T=-20°C) T =-60 °C)
29Si NMR [ppm] 90.06 95.04 86.47
Si=Si moiety 85.72 74.40 83.92
3C NMR [ppm] 175.29 172.38 172.54
Carbenic C-atom

3.1.5. Reaction of Silagermenylidene 104 with ‘PrLi

In Chapter 3.1.3. and 3.1.4. evidence was presented that the initial attack of the anionic
nucleophile R-Li in case of R = Mes and R = Ph occurs exclusively at the germanium
center of silagermenylidene 104 at low temperature. Upon warming results in the
uniform isomerization to the NHC-adduct of the heavier cyclopropene isomer 124a (R
= Mes) or the heavier cyclopropylidene analogue 123c¢ (R = Ph). The formation of the
cyclopropylidene isomer 123a at higher temperature can consequently only be due to
an alternate reaction pathway, possibly the nucleophilic attack at the unsaturated
silicon center. The reaction of 104 with 'PrLi should shed light on the initial attack of

organolithium nucleophiles (Scheme 67).

| NHCP"2Ve: i
R R 'PrLi, toluene \ . P, @
si-si e, T80 X A
& P NHe -Licl R-SI—Sipy * R-SI—Si-NHCPe:
3 R R R
104 123d 124b

Scheme 67. Reaction of 104 with 'PrLi resulting in isomers 123d and 124b (R = Tip).

As in case of EtLi, the reaction of 104 with PrLi (0.7 M in n-pentane) at =78 °C in
toluene resulted in a color change from pale red to deep red upon warming to room
temperature. The 2°Si NMR spectrum at room temperature shows two sets of signals
at 6 = -62.26 and -72.66 ppm and 6 = -69.06 and -78.04 ppm, which indicates the
formation of two isomers (Figure 22). This reiterates the findings in case of the MesLi
reaction with silagermenylidene 104 at 0 °C that was reported to afford the two cyclic
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Si2Ge-isomers 123a and 124a (123a: 6 = -63.43 and -71.91 ppm, 124a: 5 = -56.08
and -78.10 ppm, Scheme 64, page 48).1146]
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Figure 22. °Si NMR spectrum of the reaction mixture of 104 with ‘PrLi.

The 3C NMR spectrum reveals one resonance for a carbenic C-atom at § =
164.59 ppm (Figure 23, 124a: 56 = 161.13 ppm) which supports the suggestion that the
heavier NHC-coordinated cyclopropene analogue 124b has been formed as the major
product (ca. 70% based on the integration of 2°Si NMR-signals). The signal for the
carbenic C-atom of the minor product, the heavier NHC-coordinated cyclopropylidene
123d, could not be identified presumably due to the general broadening of such

signals.
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Figure 23. '*C NMR spectrum of the reaction mixture of 104 with ‘PrLi.

Crystallization from a saturated toluene solution afforded orange crystals suitable for
X-ray diffraction. The analysis confirmed the structure deduced from the NMR
spectroscopic data. The NHC-coordinated cyclosilagermene 124b (Figure 24) is
structurally related to 124a. The Si1-C4 bond length is with 1.950(2) A slightly shorter
than in 124a (1.979 A). The Ge-Si (Ge-Si1 2.3937(7) A and Ge-Si2 2.4226(7) A) and
Si-Si bond lengths (Si1-Si2 2.4242(9) A) of 124b are in good agreement with those of
124a (Ge1-Si1 2.4387 A, Ge1-Si2 2.4399 A and Si1-Si2 2.4127 A).I'461 The molecular
structure in the solid state of heavier NHC-stabilized cyclopropylidene isomer 123d
could not be determined by X-ray diffraction. A mechanical separation of both isomers
was impossible in this case and hence clean NMR spectra of 124b could not be

obtained either.
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Figure 24. Molecular structure of 124b in the solid state (thermal ellipsoids at 30%, H atoms
and co-crystallized toluene omitted for clarity). Selected bond lengths [A]: Si1-C4 1.950(2), Ge-
Si1 2.3937(7), Ge-Si2 2.4226(7), Si1-Si2 2.4242(9).

3.1.6. Reaction of Silagermenylidene 104 with SBuLi and ‘BulLi

The reaction of silagermenylidene 104 with sterically demanding alkyl substituents was
the last investigation in this study of anionic nucleophiles. sBuLi and BuLi were chosen
as suitable nucleophiles.

The addition of sBuLi (1.4 M in cyclohexane) at =78 °C to a toluene solution of 104
induced a change in color from pale red to deep red as observed for EtLi or /PrLi
(Scheme 68).

NHG™"* Bu o
R\ ,R SBulLi, toluene . Ge
Si—Si ProMe, g oc o€ had
R/ a \ NH 2 _7 ° tO rt / . + /o ) @ i
/ \Ge/ _ L|C| R//SI—S!\SBU R//SI S!\NHCPF2M62
o R R R R
104 123e 124c

Scheme 68. Reaction of 104 with *BuL.i resulting in Si.Ge-isomers 123e and 124c (R = Tip).

A 2°Si NMR spectrum at room temperature shows two broadened signals at § = —68.25

and -77.47 ppm as well as at 6 = -61.87 and -72.10 ppm (Figure 25) similar to the

reaction of 104 with ‘PrLi (123d: § = -62.26 and —72.66 ppm, 124b: 5 = -69.06 and

-78.04 ppm, Scheme 67, page 57). The '3C NMR spectrum reveals one resonance at

d = 164.61 ppm typical for the coordination of an NHC to the silicon center already
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observed in the case of cyclosilagermene 124a with mesityl (6= 161.13 ppm) and
isomer 124b with 'PrLi (5 = 164.59 ppm) strongly suggesting that 124c was formed as
major product beside isomeric heavier cyclopropylidene 123e (Figure 26). However, all
attempts to isolate 124c failed. The reaction of 104 with ‘BuLi (1.7 M in hexane) led

only to a mixture of unidentified products.

-61.87
-68.25
-72.10
-77.47

.
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Figure 25.2°Si NMR spectrum of the reaction mixture of silagermenylidene 104 with *BulLi.
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Figure 26. Excerpt of the aryl-region of the *C NMR spectrum of the reaction mixture of
silagermenylidene 104 with *BulL.i.
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3.2. Regiodiscriminating Reactivity of Disilenyl Germylene
128c and Its Isomeric Heavier Cyclopropylidene Analogue

123c toward Phenylacetylene and Xylyl Isocyanide

3.2.1. Synthesis of NHC-Coordinated Heavier

Cyclopentenylidene Derivative 133

As described in Chapter 3.1.3., reaction of silagermenylidene 104 with PhLi led to the
formation of persistent disilenyl germylene 128c with subsequent rearrangement to its
isomeric heavier cyclopropylidene analogue 123c. The unprecedented opportunity that
with 128¢ and 123c both the open-chained and cyclic germylene isomers of the net
composition were isolated allows for a systematic comparison of their reactivity
(Scheme 69).

'Pr,Me

R j PhLi R i R AT NHC\GZé' |
%/I/Sl SI\\Ge/NHCPrgMeZ—> I:\)/S|—S|\Ge/|:,|,‘ L R//Si/_\Si\Ph

i ) ™ NHCPe: |

104 128c 123c

Scheme 69. Reaction of NHC-coordinated silagermenylidene 104 with PhLileading to disilenyl
germylene 128c and heavier cyclopropylidene analogue 123c (R = Tip).

The potential of 128c and 123c for further manipulations is based on the simultaneous
presence of the base-stabilized Ge(ll)-center and a further degree of unsaturation,
either manifest as a reactive Si=Si moiety (128c) or a strained three-membered ring
(123c). Disilenyl germylene 128c¢ was treated with one equivalent of phenylacetylene
in toluene at -40 °C (Scheme 70). While slowly reaching room temperature, a color
change from deep to pale red was observed. In the 2°Si NMR spectrum two new signals
at 6= -1.51 and -15.39 ppm indicated the consumption of the Si=Si moiety. In

contrast, the characteristic *C NMR resonance at 8 = 169.45 ppm suggested that

NHC'™Pr2Me2 still coordinates to the germanium(ll)-center.[163]
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R Ge R

/SI:SI\ /Ph -40 °C to rt, toluene /Si \Si\
.Ge\ > Ph \V—/ R
NHdi:’rzMez Ph
128c 133

Scheme 70. Reaction of 128c with phenylacetylene resulting in regioisomeric NHC-
coordinated heavier cyclopentenylidene derivative 133 (R = Tip).

Yellow single crystals were obtained from a saturated toluene solution after three days
at ambient temperature. The X-ray structure analysis (Figure 27) confirmed the
structure of a five-membered ring 133 with an NHC-coordinated Ge(ll)-center and two

tetracoordinate Si-atoms in accordance with the NMR spectroscopic data.

Figure 27. Molecular structure of 133 in the solid state (thermal ellipsoids at 30%, H atoms
omitted for clarity). Selected bond lengths [A] and angles [?]: Ge-C9 2.0496(16), Ge-Si2
2.4189(4), Ge-Si1 2.4236(4), Si2-C1 1.8923(15), Si1-C2 1.9312(16), C1-C2 1.354(2); C9-Ge-
Si2 110.73(5), C9-Ge-Si1 114.43(4), Si2-Ge-Si1 92.34(14).

Surprisingly, the connectivity of the SiSiGe-moiety in 133 with both silicon atoms
directly adjacent to germanium has changed in comparison with 128c. In addition, the

phenyl group in 133 has migrated from germanium to the neighboring silicon center.
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The distance between Ge and the carbenic carbon atom (Ge-C9 2.0496(16) A) is
relatively short in comparison to Marschner's five-membered NHCMé4-coordinated
cyclic germylenes (2.070 and 2.076 A).['83] |n the absence of air and moisture, 133 is
stable for months in the solid state and for several weeks in benzene solution. The
yellow color of 133 is due to the longest wavelength absorption in the UV/vis spectrum
at Amex = 348 nm (¢ = 8800 Lmol~'cm™") and blue-shifted in comparison to heavier
cyclopropylidene analogue 123¢ (Amax = 438 nm, ¢ = 6400 Lmol~'cm™") or similar

compounds.[169]

3.2.2. Synthesis of NHC-Coordinated Heavier
Cyclopentenylidene Analogue 134

According to naive expectation, the cyclopentenylidene derivative 133 obtained from
treatment of the disilenyl germylene 128c (see previous chapter) could have arisen
from the insertion of the C-C triple bond of phenylacetylene into the Si-Si single bond
of isomeric three-membered ring 123c. In order to check this possibility, 123¢c was
treated with one equivalent of phenylacetylene at room temperature, but even after
24 h no discernible reaction took place thus ruling out the intermediacy of 123c in the
generation of 133 from disilenyl germylene 128c (Scheme 71).

'PryMe;

NHC "¢ — R R
L. A
Ge NHC™2*2 Si, R

/ \ toluene, 70 °C, 22 h —Ge SiC
R-S—Si-pp g —/ Fh
R R Ph

123c 134

Scheme 71. Reaction of 123c with phenylacetylene resulting in regioisomeric NHC-
coordinated heavier cyclopentenylidene derivative 134 (R = Tip).

After heating to 70 °C for 22 h, however, a single product is detected alongside about
50% of unreacted 123c. Addition of one further equivalent of phenylacetylene
completes conversion at 70 °C after another 22 h. The single product features 2°Si
NMR signals at 6 = -1.10 and -19.16 ppm, in the typical range of tetracoordinate Si-
atoms, but distinctly different from those of 133. It is well-known that aryl acetylenes
tend to polymerize under similar reaction conditions,['6%170] which explains the excess
of phenylacetylene required for complete conversion of 123c to the new product.

Alongside the diagnostic signal at 6 = 172.01 ppm for the carbenic carbon of Ge-
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coordinated NHC, the 3C NMR spectrum of the product reveals another downfield
signal at & = 187.94 ppm (not observed in 133). It is known that C=CPh moieties
attached to germanium give rise to "*C NMR resonances between § = 173 and 192
ppm in the 130 NMR_[163,169,171]

Red single crystals were obtained from a saturated pentane solution after 18 hours at
room temperature. The analysis by X-ray diffraction determines the constitution of the
new product as the NHC-adduct of five-membered cyclic germylene 134, which — in
contrast to the regioisomeric 133 — features the C-C double bond as directly attached
to the Ge(ll)-center (Figure 28). The bond length between germanium and the carbenic
carbon atom in 134 is with 2.094(2) A significant longer than that of 133 (2.0496(16) A).

Figure 28. Molecular structure of 134 in the solid state (thermal ellipsoids at 30%, H atoms
omitted for clarity). Selected bond lengths [A] and angles [°]: Ge-C9 2.094(2), Ge-Si1
2.5174(7), Si1-Si2 2.4040(9), Si2-C1 1.861(3), Ge-C2 2.004(2), C1-C2 1.359(3).

The red color of 134 is due to the longest wavelength absorption in the UV/vis spectrum
at Amax = 425 nm (¢ = 5500 Lmol~'cm™"), which is strongly red-shifted in comparison to

133 (Amax = 348 nm, £ = 8800 Lmol~'cm™).
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3.2.3. Mechanistic Details for the Formation of 133 and 134

The formation mechanism of 134 would be readily explained by invoking the
intermediacy of open-chained isomer 128c: The disilenyl germylene could plausibly
react in a [2 + 3] cycloaddition reaction, which, however, can virtually be excluded
based on the diametrically opposing regioselectivity during the reaction of isolated
128c (yielding 133 exclusively). In order to clarify the mechanism of the generation of
133 and 134, DFT calculations were carried out by Dr. Cem B. Yildiz (now Aksaray
University, Turkey) on simplified model systems (Me instead of Tip, Ph, and 'Pr; for
details see Chapter 5.4.) at the B3LYP/6-31G(d,p) level of theory. In view of the
detailed studies by Baines and co-workers on the reaction of alkynes with disilenes,!'72
we anticipated that the formal cycloaddition of phenylacetylene to the Si=Si moiety of
disilenyl germylene 128c would be favorable. Indeed, a stepwise, presumably ionic
pathway to the [2 + 2] cycloadduct featuring an exocyclic germylene functionality [135-
Me] was identified for the model reaction of methylacetylene with 128c-Me (Scheme
72). The highest barrier of AG” = 13.0 kcal mol~' is well in line with a reaction occurring
at room temperature (for details see Figure 98 in Chapter 7.2.). An alternative pathway
via a CH addition of methylacetylene to the Si=Si moiety can be excluded on the basis
of the high activation barriers of up to 34.8 kcal mol™" (for details see Figure 101 in
Chapter 7.2.).

NHC
y” NHC NHC
'/G\e /R ..G/ R iy /
R™ si=si R-€ R_Ge R
R R Si—Si, Si Si
+ o R !_' R B — R,/ :_, \R
R'_CEC_H Rl Rl
128c-Me [135-Me] 133-Me
AG: 347 AG: -37.0
NHC NHC
R
\ /Ge R R Ge R
R ' Ay 7 d
N R si—si, siTsi
NHC = :{ | R/ R — R )=/R
AN R' R'
R
[136-Me] [137-Me]

Scheme 72. Plausible mechanism for the formation of 133-Me (R = R' = Me).

67



After formation of the intermediate [135-Me], two competitive pathways can be
considered to obtain product 133-Me: The reaction may either proceed with or without
dissociation of the NHC (Scheme 72). The highest barrier for the pathway without
NHC-dissociation amounts to 31.5 kcal mol™" (for details see Figure 99 in Chapter 7.2.),
a value that is likely even higher in the experimental case due to the bulkier
substituents and thus incompatible with a reaction readily proceeding at room
temperature. In light of the often facile NHC-dissociation in unsaturated heavier main
group systems,[147:155,173,174] the dissociative pathway to 133-Me is a viable alternative
(for details see Figure 100 in Chapter 7.2.). Although the liberation of NHC from [135-
Me] to afford [136-Me] is with AG = 34.7 kcal mol~! quite endergonic it can reasonably
be expected that the steric bulk in the experimental case will lower this value drastically
and thus exert the opposite effect compared to the pathway without NHC-dissociation.
Indeed, the calculations with inclusion of the bulky substituents (R = Tip; R' = Ph in
Scheme 72) decrease the energy difference between [135] and [136] to AE = 16.0 kcal
mol~" (optimization only). After the likely rate-determining dissociation of NHC the ring
expansion of [136-Me] to [137-Me] proceeds smoothly with a much smaller barrier of
AG* = 13.5 kcal mol™ for the required migration of one methyl group from the
germanium center to the adjacent silicon atom as the rate-determining step. The
reassociation of NHC with [137-Me] to give 133-Me is strongly exergonic with AG =
-37.0 kcal mol™! so that the overall pathway is also decidedly exergonic (AG = —-22.8
kcal mol™', Figure 100 in Chapter 7.2.). In order to gauge the influence of the phenyl
group in the experimentally employed acetylene derivative, we have also investigated
the mechanisms for the formation of [135-Ph] and 133-Ph (R = Me; R' = Ph). Except
for the appearance of two new intermediates (for details see: 254-Ph in Figure 104 and
255-Ph in Figure 105 in Chapter 7.2.), only minor differences compared to the methyl
model were observed in pathways and energetics of the reactions with
phenylacetylene (for details see Figure 104, Figure 105 and Figure 106 in Chapter
7.2.).

The formation mechanism of 134 was also investigated with a simplified model system
at the B3LYP/6-31G(d,p) level of theory. As discussed previously, regiomer 134 could
plausibly formed by [2 + 3] cycloaddition of open-chained 128c to phenylacetylene.
This pathway, however, exhibits very high energy barriers with up to 65.0 kcal mol™
(for details see Figure 102 in Chapter 7.2.) thus confirming the exclusion of this option

based on the experiment.
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Conversely, the insertion of methylacetylene to Si-Ge single bond of 123¢c-Me results
in 134-Me in a straightforward manner and the required energy barrier of AG# = 29.7
kcal mol™" is entirely compatible with the reaction conditions of the experimental case,
i.e. heating to 70 °C for 48 h (Scheme 73). Overall, the reaction is strongly exergonic
by AG = -39.1 kcal mol~" (Figure 103).1"68]

NHCi
Gé R R R\S./R
M \ . / I\ .,R' — / I\ .,R'
RI;{/SI_SI‘I;R' AG: 297 NHC_’-.G\e_ ,SLR AG: -74.5 NHC ._G:e_ S LR
+ R R
R'-C=C-H
123c-Me TS17 134-Me

Scheme 73. Mechanistic scenario calculated by DFT calculations for the formation of 134-Me
(R =R"= Me; NHC = 1,3,4,5-tetramethylimidazol-2-ylidene).

3.2.4. Synthesis of Cyclic Germylene 138

In view of the unexpected reactivity of disilenyl germylene 128c¢ and its cyclic isomer
123c toward phenylacetylene (see Chapter 3.2.1. and 3.2.2.), we sought to clarify
whether the observed regiospecific additions to the C-C triple bond can also be

observed in case of isocyanides (Scheme 74).

NHdPr2Meg
/Si:Si\ _Ph toluene, 40 °C to rt R;Si/Ge\Si:R
R Ge ~  PH \—/ R
ProMe; Ph
128c NHC 133
NHQ:PrzMez }® . R\ /R
2 NHCP2e: Si,_ R
of toluene, 70 °C, 22 h Ge s
RI’?,S'_S'\‘Ph B o
123c 134

Scheme 74. Reaction of 128¢ and 123c with phenylacetylene resulting in regioisomeric NHC-
coordinated heavier cyclopentenylidene derivatives 133 and 134 (R = Tip).
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On the one hand isocyanides spontaneously insert into strained heavier Group 14
cycles,[47:175-177] on the other hand they readily react with Si-Si double bonds.['78-180]
As in the case of the reactions with phenylacetylene, treatment of 128c with one
equivalent of xylyl isocyanide led to selective conversion to a new product 138 in 2

hours at room temperature (Scheme 75).

R R R Ph '
SI=SI pn ? I-2Nr(13 S N N NHC™
od 2 TN=c Joe
\ N HdPI’zMez R/SI\R
128c 138

Scheme 75. Reaction of 128¢ with xylyl isocyanide resulting in NHC-coordinated heavier cyclic
germylene 138 (R = Tip).

Two 2°Si NMR signals in the typical region of tetracoordinate silicon atom are observed
at § = —1.74 and -3.92 ppm as well as one '*C NMR resonance at § = 169.33 ppm
confirming the coordination of the NHC to the germanium(ll)-center. Single crystals
suitable for X-ray diffraction were obtained from a saturated toluene solution at room
temperature after 12 hours. The X-ray analysis confirms the four-membered ring
connectivity, which exactly reiterates the counter-intuitive regioselectivity observed in
the case of the reaction of 128c with phenylacetylene (Figure 29). The exocyclic imino
functionality of 138 is situated between the two silicon atoms. The Ge-C10 bond length
is with 2.020(3) A longer than observed for cyclic germylene 139 (1.986 A, Scheme
76).

R R ,
R R | Si_ NHCT
R-SITSL  NHC™e + CN —  N=C_ Ge.
Cl Ge Xyl si
‘ R Cl
104 139

Scheme 76. Reaction of silagermenylidene 104 with xylyl isocyanide resulting in cyclic
germylene 139 (R = Tip).

The Si-Ge and Si-C bond lengths of 138 are nearly the same as those in germylene
139.[147]
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Figure 29. Molecular structure of 138 in the solid state (thermal ellipsoids at 30%, H atoms
omitted for clarity). Selected bond lengths in [A]: Ge-C10 2.020(3), Ge-Si1 2.3862(8), Ge-Si2
2.4018(7), Si1-C1 2.020(3), Si2-C1 1.965(3), C1-N1 1.286(3).

In order to clarify whether similar mechanistic pathways as in the phenylacetylene case
are active in the reaction of 128c¢ with xylyl isocyanide, the formation of 138 was also
addressed by DFT computations (Dr. Cem B. Yildiz, Aksaray University). We assumed
the intermediacy of the germylene functionalized iminodisilirane [140-Ph] and indeed
the largest energy barrier to its formation in a formal [1 + 2] cycloaddition is calculated
to AG# = +6.3 kcal mol™" (Scheme 77). After formation of intermediate [140-Ph], the
reaction undergoes a cyclization step to form 138-Ph in a stepwise fashion including
the necessary migration of one methyl group from the germanium to the silicon atom.
The overall pathway is found to be strongly exergonic by the AG = —44.2 kcal mol™

(for details see Figure 108 in Chapter 7.2.).
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Scheme 77. Calculated mechanism for the reaction of 128¢c-Ph to 138-Ph (R = R’ = Me).

Despite its carbene-like character, xylyl isocyanide reiterates the reactivity of the C-C

triple bond of phenylacetylene toward 128c perfectly.
3.2.5. NHC-Abstraction from 138 with BPhs

In the case of germylene 139, it was reported that the NHC can be abstracted with
BPhs as Lewis-Acid to yield digermene 141a (Scheme 78), which eluded spectroscopic

characterization due to its near-insoluble nature.['47]

X2
R R - RR CILR
\ e ProM BPh - )
/Si )[\IHC e toluenea, rt Si \Si Xyl _
= N 7N 7N 4 IPFQMGQ
/N—C\ /Ge.. ProMe /N:C\ /Ge:Ge\ /C:N +2 BPh3'NHC
oo S NHCTE xyl” s Si
R \Cl toluene, rt R/ \CI F\’/ ‘R
139 141a

Scheme 78. NHC-abstraction from germylene 139 resulting in digermene 141a (R = Tip).

The prospect to gain access to a similarly extended system 141b without chlorine-
functionality encouraged us to investigate the behavior of the chlorine-free 138 toward
BPhs. It was anticipated that the absence of a polar Si-Cl bond may result in a more
soluble derivative 141b (Scheme 79).

RPN o, o, R Ph R R
Sic oy, toluene, rt S S Xyl ProMe,
N=c( Ge. —#—  N=C| Ge=G§ JC=N +2BPhyNHC
v s ' s s
R R R R R Ph
138 141b

Scheme 79. Proposed synthetic pathway for the NHC-abstraction from germylene 138 leading
to digermene 141b (R = Tip).
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Germylene 138 was dissolved in toluene and added to a solution of BPhs in toluene
and stirred for 2 days at ambient temperature. The 2°Si NMR spectrum reveals a
downfield shift at 6 = 103.12 ppm and a resonance at 6 = —4.14 ppm (Figure 30), which
indicates the formation of an unsaturated silicon atom, a finding most likely

incompatible with the formation of digermene 141b.
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Figure 30. *Si NMR spectrum of the reaction mixture of the NHC-abstraction from cyclic
germylene 138 resulting in heavier cyclobutene analogue 142.

R Ph , I?
Pr,Me;, .
Xyl /SI\ ~ NHC Xyl Si
"N=c_ Ge B, TN=c Ge-Ph
R R R R
138 142

Scheme 80. NHC-abstraction from germylene 138 leading to cyclobutene isomer 142 (R =
Tip).
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The "H NMR spectrum shows the formation of BPhs-NHCP2Me2 (for complete NMR
spectroscopic data see Chapter 5.7.4., Figure 31). The typical resonance for the
carbenic C-atom coordinated to the Ge(ll)-center in germylene 138 at 6 = 169.33 ppm
was not detected anymore in the '3C NMR spectrum of 142. The '3C NMR downfield
shift at 6 = 207.62 ppm is attributed to the C-atom of the imino-moiety (Figure 32).
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Figure 31. "H NMR spectrum of the reaction mixture of the NHC-abstraction from cyclic
germylene 138 resulting in heavier cyclobutene analogue 142.
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Figure 32. *C NMR spectrum of the reaction mixture of the NHC-abstraction from cyclic
germylene 138 resulting in heavier cyclobutene analogue 142.

These observations led us to the conclusion that no dimerization process to digermene
141b displayed in Scheme 79 has taken place. Instead of the formation of the heavier
cyclobutene analogue 142 is proposed as reaction product (Scheme 80). The phenyl
group has most likely shifted back to the germanium-atom.

The predicted structure could not be confirmed in the solid state because only the
byproduct BPhs-NHCP2Me2 crystallized from the reaction mixture. Cyclobutene
analogue 142 is not stable in solution and after 2 days at -26 °C, 142 decomposes to

several unidentified products.
3.2.6. Synthesis of Cyclic Germylene 143

To clarify whether the regiospecific reaction observed for heavier cyclopropylidene
analogue 123c and phenylacetylene, can be transferred to the reaction of 123c and
xylyl isocyanide, a 1:1 reaction was carried out at room temperature. Again no reaction
was observed for 24 hours at ambient temperature and heating to 75 °C for 6 hours
was necessary to complete the reaction to afford cyclic germylene 143 (Scheme 81).

Similar to the synthesis of NHC-coordinated cyclopentenylidene analogue 134, an 1.5-
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fold excess of xylyl isocyanide was necessary for full conversion due to the tendency

of isocyanides to polymerize at higher temperatures.['8']

] FQMGQ R Ph
NHC\P ) Xyl-NC Si
Ge’ 75 °C, 6 h ~ ANUR
/ \ —_— /N—C\ /SI\
R-Si—Si-pp Xyl Gé R
R R \NHCiDrzMez
123c 143

Scheme 81. Reaction of 123¢ with xylyl isocyanide resulting in NHC-coordinated heavier cyclic
germylene 143 (R = Tip).

Red single crystals of 143 suitable for X-ray diffraction were obtained from a saturated
pentane solution at room temperature after 16 hours. Again regioselective formation of
a four-membered ring 143 was observed where the exocyclic imino functionality is
directly adjacent to the NHC-coordinated Ge(ll)-center (Figure 33).

Figure 33. Molecular structure of 143 in the solid state (thermal ellipsoids at 30%, H atoms
omitted for clarity). Selected bond lengths in [A]: Ge-C10 2.0446(19), Ge-C1 2.0019(18), Ge-
Si2 2.4350(6), Si1-Si2 2.4089(7), Si1-C1 1.9438(19), C1-N1 1.289(2).
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The Ge-C10 bond length is with 2.0446(19) A longer than observed for cyclic
germylene 139 (1.986 A)l'47l and germylene 138 (2.020 A) obtained in the reaction of
disilenyl germylene 128c and xylyl isocyanide.

In line with more pronounced conjugative effects, the longest wavelength in the UV/vis
absorption spectrum of red 143 is bathochromically shifted to Amax = 522 nm (¢ = 3200
Lmol~'em™") in comparison to germylene 138 (Amax = 290-320 nm, broad shoulder).
Despite its carbene-like character, xylyl isocyanide reiterates the reactivity of the C-C
triple bond of phenylacetylene toward 123c perfectly and a similar mechanistic
scenario is proposed.

In conclusion, the NHC-coordinated disilenyl germylene 128c and its rearrangement
product 123c, a heavier cyclopropylidene analogue, were isolated and
crystallographically analyzed. They show an unexpected regioselectivity in their
reactions with either phenylacetylene or xylyl isocyanide. While the open-chained
disilenyl germylene 128c rapidly reacts even below room temperature, the three-
membered ring isomer 123c¢ requires prolonged heating to about 70 °C in order to
generate the regiomeric products with near perfect selectivity. The counter-intuitive
connectivities of five-membered cyclic germylenes 133 and 134 (phenylacetylene
reactions) and four-membered cyclic germylenes 138 and 143 (xylyl isocyanide) are
rationalized on the basis of DFT calculations on model species for 133 and 134. The
behavior of 128c is governed by an initial fast reaction at the Si=Si moiety but
subsequently requires dissociation of the NHC as the rate-determining step to form
133. Conversely, the formation of 134 plausibly proceeds in a concerted manner via
the insertion of the C-C triple bond of phenylacetylene into the Si—-Ge single bond of
three-membered ring 123c.

The selective access to isomeric heterocycles which incorporate germanium(ll)-
centers with simple unsaturated organic reagents offers significant opportunities for
the incorporation of these cycles as building blocks of extended systems. Moreover, in
the light of the current interest in main group catalysis, this study adds to the
understanding of viable (possibly competing) reaction pathways that may be active in
alkyne activation.

77



3.3. Reactivity of Silagermenylidenes 101 and 104, Disilenyl
Germylene 128c and Its Cyclic Isomer 123c toward Bis-

Functionalized Organic Substrates

3.3.1. Reactivity of Silagermenylidenes 101 and 104, Disilenyl
Germylene 128c and Its Cyclic Isomer 123c toward Bis-
Alkynes

3.31.1. Reactivity of Silagermenylidene 101 toward Bis-Alkynes

As already reported,!'#4 silagermenylidene 101 reacts with phenylacetylene to cyclic
germylene 102 demonstrating the potential of the Si-Ge double bond of heavier
vinylidenes for formal [2 + 2] cycloadditions. The reactivity of acetylenes toward heavier
double bonds and carbene analogues is well-known.['82-1851 \While in organic chemistry
thermal [2 + 2] cycloadditions are considered to be symmetry-forbidden (although in a
strict sense this is only true for concerted reactions), such reactions are fairly common

place in the case of disilenes or digermenes (Scheme 82).1144.172]

A
R
—qi j R, /C\
R S,\\ /NHCPrZMeZ PhCCH S| >C—Ph
Ge R \Ge\ iProM
o -+ TNHC™
101 102

Scheme 82. Reaction of 101 with phenylacetylene leading to cyclic germylene 102 (R = Tip).

Through the use of bridged bis(alkynes) the application of the reaction principle
illustrated in Scheme 82 could grant access to bis(germylenes). If the cleavage of the
coordinating NHC by an appropriate scavenging reagent could be effectuated such
bis(germylenes) would be ideal precursors for (possibly conjugated) materials
incorporating unsaturated germanium centers.

In order to test this hypothesis, silagermenylidene 101 was reacted with half an
equivalent of 1,4-diethynylbenzene at room temperature (Scheme 83).
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Scheme 83. Reaction of silagermenylidene 33 with 1,4-diethynylbenzene (R = Tip).

The "H NMR spectrum after 24 hours at room temperature shows several signals in
the typical regions of vinylic protons from & = 8.58 to 8.25 ppm (cyclic germylene 102:
& = 8.57 ppm) suggesting a mixture of diastereomers (Figure 34).1'44 However, in the

29Si NMR spectrum no resonance could be observed.
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Figure 34. '"H NMR spectrum of the reaction mixture of silagermenylidene 101 with 1,4-
diethynylbenzene.

In an attempt to form a meta-phenylene-bridged bis-germylene, the heavier vinylidene

analogue 33 was reacted with half an equivalent of 1,3-diethynylbenzene at room
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temperature in toluene solution (Scheme 84). After 16 hours, the 2°Si NMR spectrum
shows two resonances at 6 = —-38.92 (br) and -39.16 ppm (Figure 35), which on
grounds of the similarity of chemical shifts suggests the presence of cyclic germylenes
akin to 102 (5 = —39.12 ppm).[144]

NHdPrzMez
*+ ‘e
R Ge
R tol, rt Sl
. i 01
RS NHCT™e: 4 05— ZL R
Ge «1 1 R
. :Ge—Si;
\ bR
NHC’PI‘QMSZ
101 145

Scheme 84. Reaction of 101 with 1,3-diethynylbenzene (R = Tip).

Again a product mixture of diastereomers of 145 is the likely explanation for the
presence of two signals (formation because of two chiral Ge(ll)-atoms). The mediocre

signal-noise ratio is due to the poor solubility of 145 in CsDe.
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Figure 35. °Si NMR spectrum of the reaction mixture of silagermenylidene 101 with 1,3-

diethynylbenzene. The excerpt shows the region of proposed diastereomers of 145.
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3.31.2. Reactivity of Silagermenylidene 104 toward Bis-Alkynes

In order to explore whether the Si=Ge-bond of «a-chloro-silyl substituted
silagermenylidene 104 shows a similar reaction behavior as observed for
silagermenylidene 101, reactions with bis-acetylenes were studied in view of extended

(possibly conjugated) systems (Scheme 85).

,R R\ ,R
R—Si NHdezMez _Si—Si ProMe,
\ R \ NHC
Ge” ¢ e
101 104

Scheme 85. Silagermenylidene 101 and silyl-functionalized silagermenylidene 104 (R = Tip).

The 1:0.5 reaction of silagermenylidene 104 with 1,4-diethynylbenzene in toluene at
60 °C induced a change in color from red to deep purple (Scheme 86). The '"H NMR
spectrum shows complete consumption of the bis-alkyne with ca 50% of starting
material 104 remaining after 3 hours, which could be explained by polymerization

processes of alkynes at similar temperature.['70]

NHdPrgMez
R é ; (é:!’R
N 4 e ’ I\
*,SiWSif R
104 R-gj Ge R (146)
+ tol R¢ Y
05 — // \\ — 60 C, 3 h + NHCPFQMGQ
\—/ R R
,\Si—Si Pro,Me 104
RCI/ \\Ge/NHsz( )

Scheme 86. Reaction of 104 with 1,4-diethynylbenzene resulting in 146 together with starting
material 104 (R = Tip).

The 2°Si NMR spectrum shows two new resonances at 8 = 3.82 and -43.90 ppm
together with starting material 104 (6 = 7.34 ppm, downfield shift 6 = 162.50 ppm not
visible, Figure 36). The 2°Si NMR resonance of the highfield shifted silicon atom & =
-43.90 ppm is comparable to the signal of cyclic germylene 102 (6 = -39.12 ppm, page
78, Scheme 82), which led to the suggestion that a similar heavier cyclobutene ring

with an extra silyl group had been formed (Scheme 86, compound 146).
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The 3C NMR spectrum displays a resonance for the carbenic C-atom of 104 at § =
178.37 ppm and an additional signal for the carbenic C-atom of the proposed
phenylene-bridged cyclic germylene 146 at § = 171.54 ppm.['4%l |n the alkenyl- and
alkyne-region, four signals are observed at 6 = 129.15, 128.38, 125.51 and 121.93
ppm which are not comparable to those of cyclic germylene 102 (5 = 173.50 (PhC=C)
and 154.87 ppm (C=CH)). An exact assignment of these signals to the corresponding
carbon-atoms was not possible (Figure 37). Unfortunately, it was also not possible to
bring the reaction to completeness and to obtain a pure sample of 146, which could
be, as described above, due to polymerization processes of alkynes under similar

conditions (excess of bis-alkyne leads to decomposition of 104 at 60 °C).l'7°
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Figure 36. 2°Si NMR spectrum of the reaction mixture of silagermenylidene 104 and bis-alkyne.
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Figure 37. 3C NMR spectrum of the reaction mixture of silagermenylidene 104 and bis-alkyne.

In another experiment the reaction was stopped after 50% (determined by 'H NMR
spectroscopy) of 104 had been consumed in the reaction with 1,4-diethynylbenzene.
The solvent was evaporated and the reaction mixture filtered from pentane. A
concentrated solution was stored at room temperature, which afforded small purple
crystals suitable for X-ray diffraction of 146 (Figure 38) together with a precipitate of

the heavier vinylidene analogue 104.
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[

Figure 38. Molecular structure of racemic mixture of 146 in the solid state (thermal ellipsoids
at 30%, H atoms and co-crystallized pentane omitted for clarity). Selected bond lengths [A]:
Ge-C6 2.078(8), Ge-Si1 2.4959(19), Si1-Si2 2.403(3), Si2-Cl 2.124 (2), C1-C2 1.351(9).

The molecular structure of 146 revealed the proposed structure of two cyclic
germylenes with an exocyclic chloro silyl-group linked by a phenyl group. Bis-
germylene 146 crystallizes as the meso form exclusively, which is most likely due to
steric reasons (relative configuration 1S*, 2R*). The two chloro silyl-groups attached to
each of the Si2GeCz-units are pointing in opposite directions as well as the NHCs at
the Ge(ll)-center and thus minimize the steric interactions. The germanium-carbon
bond length involving the NHC is 2.078(8) A and thus in the typical range of an NHC
coordinated to a Ge(ll)-center (2.061 to 2.106 A).[61.143]

3.3.1.3. Reaction of Disilenyl Germylene 128c and Its Cyclic Isomer 123c
with 1,3-Diethynylbenzene and 1,4-Diethynylbenzene

Disilenyl germylene 128c was also reacted with 1,3-diethynylbenzene and 1,4-
diethynylbenzene with the aim of generating extended conjugated systems with either
ferro- or antiferromagnetic linking unit. The reactions of 128c at room temperature in
benzene solution or at low temperature in toluene (-78 °C to rt) resulted in the

formation of a complex mixture (multiple 2°Si NMR resonances, Scheme 87).
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Scheme 87. Reaction of 128¢ with 1,3-diethynylbenzene and 1,4-diethynylbenzene (R = Tip).

Furthermore, the heavier cyclopropylidene analogue 123c showed no discernable
reaction with 1,3-diethynylbenzene and 1,4-diethynylbenzene in benzene solution,
even after heating for 8 hours to 70 °C (Scheme 88), which led to a slow decomposition
of 123c. The bis-alkynes again (see Chapter 3.3.1.2.) disappeared suggesting a

polymerization reaction under these reaction conditions.['7%

N H C;PrzMez %
Geé =

/N 70 °C. benzene  unidentified product mixture
R-SI—Si-ph ’ - '
R R
123c 123¢

Scheme 88. Reaction of 123¢ with 1,3-diethynylbenzene and 1,4-diethynylbenzene (R = Tip).
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3.3.2. Reactivity of Silagermenylidene 104, Disilenyl Germylene
128c and Its Heavier Cyclopropylidene Analogue 123c
toward Bis-lsocyanides 147-149

3.3.2.1. Reactivity of Silagermenylidene 104 toward Durylene Bis-
Isocyanide 147

Recently, our group reported the generation of germylene 139 under mild

conditions.[147]

R\ 'R iProMe
R R 65 °C, S| )[\IHC 2Me
Si—Si i 16 h AN
R-SITSI NHC"™* + CN ~Jeh N=c{ ¢,
cl Ge Xyl Si
R ClI
104 - 139
R R - RR CILR
. Prae,  BPh . N
/Si )NHC e tolueng, rt Si Si Xyl '
- N " —— 7N 7N\ 4 IPI'QMGQ
’N_C\ /Ge" iPr,Me /N:C\ /Ge:Ge\ /C:N +28Ph3'NHC
Xyl si NHCPMez ) si si
R CI toluene, rt R Cl R R
139 141a

Scheme 89. Reaction of silagermenylidene 104 with xylyl isocyanide leading to germylene
139 and abstraction of NHC with BPhs resulting in digermene 141a (R = Tip).

As the abstraction of the coordinating NHC from germylene 139 by BPhs led to the
extensively conjugated dimerization product 141a with a Ge-Ge-double bond (Scheme
89),'47] an investigation of the behavior of 104 toward bis(isocyanides) was prompted.
In order to obtain extended (possibly conjugated) systems 150-152, silagermenylidene
104 was treated with the bis-isocyanides of the conjugated linking unit 147-149
(Scheme 90).
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Scheme 90. Proposed reaction pathway for the formation of bis-germylenes 150-152 formed
in the reaction of 104 with bis-isocyanides of 147-149 (R = Tip).

Therefore, the 1:0.5 reaction of heavier vinylidene analogue 104 with durylene bis-
isocyanide 147 was investigated because of its close structural similarity to xylyl

isocyanide (Scheme 91).

R R 65°6 4h  unidentified mi
_Si—Si Pr,Me, , unidentified mixture
%I/ \\G NHC + 0.5 CN NC —#—> of products
e
104 147

Scheme 91. Reaction of 104 with durylene bis-isocyanide leading to an unidentified mixture
of products (R = Tip).

At room temperature no reaction was observed after 24 hours in benzene solution and
the reaction mixture needs to be heated to 65 °C for 4 hours. The 2°Si NMR spectrum
of the reaction mixture shows four resonances at 6 = 119.91, 80.82, 37.38 and
-6.56 ppm (Figure 39), which are significantly differing from the 2°Si NMR resonances
of germylene 139 (8 = 5.6 and —13.5 ppm).['*7] This observation led to the conclusion
that the steric demand in the sphere of the durylene-substituent is probably too high
preventing the formation of the targeted bis-germylene 150. The '3C NMR spectrum
reveals many unidentified resonances, while no signal for a carbenic carbon-atom was

observed (Figure 40).
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Figure 39. 2°Si NMR spectrum of the reaction mixture of 104 with durylene bis-isocyanide 147.
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Figure 40. "*C NMR spectrum of the reaction mixture of 104 with durylene bis-isocyanide 147.
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3.3.2.2. Reactivity of Silagermenylidene 104 toward 4,4'-Diisocyano-
3,3',5,5'-tetramethyl-1,1'-biphenyl 148

In order investigate if an additional phenylene-group in the linking unit would lead to a
sufficient decrease in steric strain in order to allow for the formation of a biphenylene-
bridged bis-germylene 151, silagermenylidene 104 was reacted with 0.5 eq of the bis-

isocyanide 148 in benzene solution (Scheme 92).

NC
CI R R
CGHG Si iPr,Me,
60 °C, 48 h _. | ,NHC
104+0.5O *eCN (Conee e
’PrzMeZS|
O NHC  R'R R C
NC
148 151

Scheme 92. Reaction of 104 with biphenyl-bis-isocyanide 148 (R = Tip).

As in the previous cases, the reaction needed prolonged heating to 60 °C for two days
to reach full conversion to a new product. The color changed from red to deep purple,
which was taken as a first indication for the presence of a conjugated system. The 2°Si
NMR spectrum shows broadened resonances (probably more than one set of signals
due to the general possibility of the formation of diastereomers of 151 or
polymerization/oligomerization processes of the proposed product 151 with itself) at &
= 3.74 and -14.96 ppm (Figure 41) which are coincide with the 2°Si NMR signals of
cyclic germylene 139 (6 = 5.6 and -13.5 ppm).
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Figure 41. °Si NMR spectrum of the reaction mixture of 104 with biphenyl bis-isocyanide 148.
The excerpt shows the enlarged area for the resonances of the proposed product 151.

Furthermore, by simple comparison of the 'TH NMR spectra of the crude reaction
mixture of silagermenylidene 104 and biphenyl bis-isocyanide 148 with a pure sample
of cyclic germylene 139 allowed us to disclose certain similarities in the 'H NMR
spectra (Figure 42). The methine protons of the NHC are in the same range for both
products (between & = 5.3 and 6 ppm) as well as the CHs-groups at the phenyl group
(139: 5 = 2.6 ppm, 151: 5 = 2.7 ppm). The signals in the '"H NMR spectrum of proposed
bis-germylene 151 (Figure 42a) are somewhat broadened possibly due to the overlap
of several diastereomers in the proposed NHC-coordinated bis-germylene 151. A
further explanation could be the formation of a polymeric or oligomeric system due to

the higher temperature for a longer period of time (60 °C for 2 days).
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Figure 42. Excerpts of '"H NMR spectra: (a) reaction mixture of 104 with biphenyl bis-
isocyanide 148, (b) pure sample of cyclic germylene 139.

Due to the general broadening of the 13C signals of the carbenic C-atoms coordinated
to the Ge(ll)-center it is not surprising that these signals were not detected in the '3C

NMR spectrum (typical region from & = 165 to 175 ppm, Figure 43).[63.144.147]
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Figure 43. *C NMR spectrum of the reaction mixture of 104 with biphenyl bis-isocyanide 148.

A further problem is the formation of the imidazolium chloride salt 153 (proven by 'H
NMR spectroscopy and X-ray diffraction, Scheme 93), which is produced immediately
after workup and thus attempts to isolate a product out of the reaction mixture failed
(workup at -20 °C).

Cl
Pr5 2N
CI R R N™ N7 (153
i NHdDrz % after ﬁ ( )
*Ge C N O O N= C G _ workup _ +
’PrzMe28| .
C 5 R R CI mixture of
unidentified
151 decomposition
products

Scheme 93. Formation of imidazolium chloride 153 from the mixture of diastereomers of 151
(R =Tip).
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3.3.2.3. Reactivity of Silagermenylidene 104 toward Bis-(4-Isocyano-3,5-
dimethylphenyl)methane 149

The conjugation between the two initially formed germylene-fragments in the reaction
of biphenyl bis-isocyanide 148 with silagermenylidene 104 might be the reason for the
instability of the diastereomers of 151. The conjugation of the cyclic germylene-
fragments was deliberately interrupted by the introduction of a methylene-group

between the two bridging phenylene-groups of bis-isocyanide 148 (Scheme 94).
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Scheme 94. Reaction of 104 with methylene bridged bis-isocyanide 149 (R = Tip).

Heating the heavier vinylidene analogue 104 and bis-isocyanide 149 to 60 °C in
benzene solution yielded an unidentified mixture of products. However, cautious
heating to 40 °C for 9 days resulted in the formation of a single product.

The 2°Si NMR spectrum reveals two broadened resonances (possibly more than one
set of signals due to diastereomer formation of 152) at 5 = 4.05 and —14.53 ppm (Figure
44) well in line with the resonances of germylene 139 and bis-germylene 151 (151: 6 =

3.74 and -14.96 ppm, 139: 6 = 5.6 and —-13.5 ppm).
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Figure 44. 2°Si NMR spectrum of the reaction mixture of 104 with methylene-bridged bis-
isocyanide 149. The excerpt shows the enlarged are for the resonances of the proposed
product 152.

Once more, the '"H NMR spectrum shows similarities to the cyclic germylene 139
(Figure 45). The general broadening of the 'TH NMR spectrum can be attributed to the
formation of a mixture of diastereomers of 152. It is speculated (see the reaction of 104
with bis-isocyanide 148, page 89, Scheme 92) that a mixture of diastereomers of
methylene-bridged cyclic bis-germylene 152 was obtained. Another possibility could
be the formation of isocyanide-based polymers, because of the general tendency of
such bigger aggregates to oligomerize/polymerize under similar conditions (prolonged
heating for 9 days).['8"]

It was not possible to isolate a product from the reaction mixture. The imidazolium
chloride 153 was again formed after 2 days at —-26 °C together with a mixture of
unidentified decomposition products. The chlorine-atom at the silicon-atom is most

likely the reason for the instability of the phenylene-bridged systems 151 and 152.
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Figure 45. Excerpts of 'H NMR spectra: (a) reaction mixture of 104 with methylene-bridged
bis-isocyanide 149, (b) pure sample of cyclic germylene 139.

3.3.24. Reaction of Disilenyl Germylene 128c with Bis-(4-Isocyano-3,5-
dimethylphenyl)methane 149

In Chapter 3.3.2.2. and 3.3.2.3., it was proposed that the chlorine functionality as well
as high reaction temperatures might be the key to the instability of the mixture of
diastereomers of phenylene-bridged bis-germylenes 151 and 152. The NHC-stabilized
disilenyl germylene 128c was shown to react with xylyl isocyanide to give cyclic
germylene 138 under much milder conditions than both the silagermenylidene 104 and
the cyclic isomer 123c. The assumption seemed justified that the milder reaction

conditions thus possible might prevent side reactions such as polymerization.
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Scheme 95. Reaction of 128¢ with xylyl isocyanide and methylene-bridged bis-isocyanide 149
resulting in germylene 138 and mixture of diastereomers of 154 (R = Tip).

Indeed, the reaction of disilenyl germylene 128c with the methylene-bridged bis-
isocyanide 149 at room temperature in benzene results in an immediate change in
color from red to deep purple (Scheme 95). A 2°Si NMR spectrum indicates four
broadened resonances at 6 = -2.03, -2.22, -4.22 and -4.28 ppm (cyclic germlyene
138: 6 = -1.74 and -3.92 ppm, Scheme 95) suggesting a formation of a mixture of

diastereomers of 154 (Figure 46).
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Figure 46. 2°Si NMR spectrum of the reaction mixture of 128c with methylene-bridged bis-

isocyanide 149. The excerpt shows the enlarged region for the resonances of the proposed
product 154.

The 'H NMR spectrum shows a typical resonance at § = 5.16 ppm for the coordination

of an NHC to the Ge(ll)-center (cyclic germylene 138: 6 = 5.42 ppm, Figure 47).
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Figure 47. '"H NMR spectrum of the reaction mixture of 128c with methylene-bridged bis-
isocyanide 149.

The '3C NMR spectrum reveals a resonance for a carbenic carbon-atom coordinated
to a Ge(ll)-center at 5 = 169.48 ppm (Figure 48) comparable to those of the reaction of
disilenyl germlyene 128c with xylyl isocyanide (6 = 169.33 ppm, Scheme 95, page 96).
Unfortunately, the crystallization attempt from a concentrated hexane solution at

-26 °C did not afford any crystalline material.
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Figure 48. *C NMR spectrum of the reaction mixture of 128¢ with methylene-bridged bis-
isocyanide 149 (labelled: signals of coordinated NHC).

3.3.2.5. NHC-Abstraction from the Mixture of Diastereomers of Bis-
Germylene 154 with BPhs

Although no crystalline material of 154 was obtained, 154 is stable in hexane solution
for at least 48 hours, most likely because of the phenyl group instead of the chlorine
functionality at the chiral Si-atom. This allowed us to abstract the NHC from the

proposed mixture of diastereomers of 154 (Scheme 96).
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Scheme 96. NHC-abstraction from 154 with BPhs resulting in proposed heavier bis-
cyclobutene 155 (R = Tip).
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The 2°Si NMR spectrum reveals two new sharp main resonances at 5 = 103.38 and
—4.34 ppm together with an impurity at 5 = =11.92 ppm (Figure 49). The 2°Si NMR data
are similar to those of the proposed product of the NHC-abstraction from cyclic
germylene 138 (6 = 103.12 and —4.14 ppm, Scheme 97).

R Ph Il?

o PrzMEZ .

Xyl /Sl 4~ NHC Xyl Si
"N=C_ Ge — 8P, N Ge-ph

si - BPhyNHC N

R R R R

138 142

Scheme 97. Formation of heavier cyclobutene analogue 142 by NHC-abstraction from 138 (R
= Tip).

—103.38
434
~-11.92

T R e T T T T
150 100 50 0 -50 -100 -150 ppm
Figure 49. Si NMR spectrum of the reaction mixture of the NHC-abstraction from phenylene-

bridged cyclic bis-germylene 154 resulting in heavier phenylene-bridged bis-cyclobutene
analogue 155.
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The 'H NMR spectrum indicates the formation of BPhs-NHC-adduct (see Figure
50).01741

BPh3-NHC BPh3-NHC

T KA

MMM ——
85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 0.5 ppm

Figure 50. "H NMR spectrum of the reaction mixture of the NHC-abstraction from phenylene-
bridged cyclic bis-germylene 154 resulting in heavier phenylene bridged bis-cyclobutene
analogue 155.

The 3C NMR spectrum shows no more resonance for the carbenic carbon-atom at &
= 169.48 ppm observed in 154. It is again proposed that the phenyl-group shifted back
to the germanium-atom thus forming a Si=Ge-bond, which would explain only two
resonances in the 2°Si NMR spectrum in contrast to the signal sets of diastereomers
of starting material 154 (no more stereocenters in bis-cyclobutene analogue 155). This
observation provides some support for the above proposed theory of diastereomer
formation for 151 and 152. Another important factor are polymerization processes of
the formed products or the bis-isocyanides with themselves at higher temperatures.['81]

Unfortunately, single crystals to confirm this hypothesis could not be obtained.
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3.3.2.6. Reaction of Heavier Cyclopropylidene 123c with Durylene Bis-
Isocyanide 147

The similar reactivity of disilenyl germylene 128c and its isomeric heavier
cyclopropylidene analogue 123c toward xylyl isocyanide encouraged us to also

investigate reactions of 123c with bis-isocyanides.

Ph\ 'R )[\IHC’PrzMeg
Si ‘Ge
R. - /TR
s c=N N=c ik
R \G/- \S_/ R
toluene p; & b '\
75 QC, 22 h iPrzMez R Ph
123¢c +CN NC —— NHC
156
+
147 123c

Scheme 98. Reaction of 123¢ with durylene bis-isocyanide 147 (R = Tip).

The reaction of cyclopropylidene analogue 123c with 0.5 eq of durylene bis-isocyanide
147 afforded a change in color from yellow to deep red after heating for 22 hours to
75 °C. The 3C NMR spectrum reveals two new resonances in the range for the
coordination of an NHC to a Ge(ll)-center at § = 168.85 and 168.71 ppm.[61.63,144,145]
Bis-isocyanide 147 was completely consumed but starting material 123c (6 = -62.74
and —68.83 ppm) was still detected in the 2°Si NMR spectrum in addition to two new
resonances at 6 = —-7.09 and -45.91 ppm (Figure 52) comparable to those of the
reaction of 123c with xylyl isocyanide (6 = -7.06 and 6 = -45.21 ppm, Scheme 81,
page 76). A second half of an equivalent of bis-isocyanide 147 was added and again
heated to 75 °C were the reaction stopped. It was not possible to bring the reaction to
completeness by additionally heating for 20 hours to 75 °C, only bis-isocyanide 147
disappeared which could be due to polymerization processes at this temperature.['8]

102



215.92

1 | T | \ | ‘ | |
210 200 190 180 170 160 150 140 ppm

Figure 51. Excerpt of the '*C NMR spectrum of the reaction mixture of 123c with bis-
isocyanide 147.
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Figure 52. 2°Si NMR spectrum of the reaction mixture of 123c with bis-isocyanide 147.
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3.3.2.7. Reaction of Heavier Cyclopropylidene 123c with Bis-(4-lsocyano-
3,5-dimethylphenyl)methane 149

Because the reaction of durylene bis-isocyanide 147 and NHC-coordinated
cyclopropylidene analogue 123c was incomplete, 123¢c was reacted with 0.5 eq of
methylene-bridged bis-isocyanide 149 and heated the mixture up to 75 °C (Scheme
99). After 22 hours the bis-isocyanide 149 was consumed and remaining starting

material detected.

benzene, R\Si/ I\C—N Q
75 °C - -
123¢+ N O —— R g O
7 .
O NHC e NHCPr2Me:

NC AN
e
r-Si—si’ R
149 157 PH R

Scheme 99. Reaction of methylene bridged bis-isocyanide 149 with cyclopropylidene
analogue 123c (R = Tip).

Adding another half equivalent of bis-isocyanide 149 resulted most likely in a mixture
of diastereomers of 157 with 2°Si NMR resonances at & = -6.72, -7.28, -45.05, —45.30,
-45.58 and -45.75 ppm which are comparable to the reaction of heavier
cyclopropylidene analogue 123c and xylyl isocyanide (6 = —-7.06 and -45.21 ppm,
Scheme 81, page 76). The 2°Si NMR resonances at 5 = —=62.74 and —68.80 ppm can
be assigned to starting material 123c (Figure 53).
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Figure 53. 2°Si NMR spectrum of the reaction mixture of 123c with phenylene-bridged bis-
isocyanide 149.
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3.4. Reactions of Arylsilanes with NHCs

3.4.1. Attempts to Synthesize NHC-Stabilized Diaryl Silylenes

vs. Backbone Activation of NHCs

Since the isolation of the first crystalline NHC, the chemistry of functionalized NHCs is
a rapidly evolving topic across the whole fields of chemistry.l#6.48] Several NHCs with
silyl-functionalities at the backbone have been reported,#”:18-191 e g. Robinson’s
trimethylsilyl functionalized NHC 159 which was synthesized by a salt elimination
reaction of anionic NHC 158 with MesSiCl (Scheme 100).['% A different route which
gave access to silyl functionalized NHC 160 was reported by the group of Roesky
starting from NHC-stabilized dichloro silylene 35 (Scheme 100).['81 An example for a
phosphino functionalized NHC 161 was reported by Bertrand et al. in 2010 also starting
from NHC 158.[188]

. R . thf . N .
Dip~N"“N-DiP 4 Me,sicl ——  Dip~y"N-Dip

_ _LiCl _
Li Me;Si
158 159
sicl,
_ o _ tol, <78°C  Dip—py” py-Di
Dipp~N~N-DiPP + AdNy ——> PTN" NP
N —IN2
HNAJCL,Si
35 160
_ . _ 1) PPh,CI _ .t _
Dip~N~">N-Dip 2) KHMDS Dip~N~N-Dip
Y= - LiCl ):/
Li Ph,P
158 161

Scheme 100. Examples for backbone functionalized NHCs 159 to 161 reported by the groups
of Robinson, Roesky and Bertrand.

All these modifications were possible when the C-C-double bond of the NHC
possesses two protons. Functionalization at the backbone is still unknown when the

C=C-bond is substituted with two methyl-groups.
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Examples of NHC-stabilized arylhalo silylenes were reported by the groups of Filippou
and Tokitoh using different approaches (Scheme 101). Filippou and co-workers
reacted chloro silanes 162a,b with NHCMe4 to obtain NHC-coordinated silylenes
163a,b.[%8 Tokitoh et al. were able to cleave the double bond of 1,2-dibromodisilene
84 with NHCMe4 and identified arylbromo silylene 165 by NMR spectroscopy.['9?

Cl
. benzene (j +
CI\Si'H + 2\N/\N/ _r0C, gt + TNOONT
A Cl H Ar/ \NHCM H
162a,b 163a,b 164
Bbt.  Br A eois0ec B .
\S._S. 2 N N _— Si
/ 1= I\ + — / \ Me
BY  Bbt H Bbt "NHC™
84 165

Scheme 101. Synthesis of Filippou’s NHC-stabilized arylchloro silylenes 163a,b (a: Ar = CsHs-
2,6-Mes;y, b: Ar = CgHs-2,6-Trip2) and Tokitoh’s NHC-coordinated arylbromo silylene 165 (Bbt
= 2,6-[(MG3Si)zCH]2-4-[(Me3Si)3C]-C6H2).

While an NHC-coordinated disilyl silylene 167 was reported by the group of Sekiguchi

in 2012, the related diaryl silylenes still remain unknown (Scheme 102).11%3

2 KCq

o R Sl
-78 °Ctort 3 .

—»
R5Si” ‘r H 2 KBr RS N,
16C /N
166 N

Scheme 102. Synthesis of NHC-coordinated disilyl silylene 167 by the group of Sekiguchi (R
= Bu).

In 2014, the group of Inoue reported the synthesis of an NHC-stabilized silyliumylidene
in reaction of TerSiHCI2 (Ter = 2,6-Mes2-CsH3) and 3 eq of NHCPr2Mez [194]

This chapter should shed a light on the reactions of different arylchloro silanes with
different NHCs. It was expected that abstraction of chlorine or protons from silanes of
type XVI with NHCs as bases could lead to diaryl silylenes XVIII or in case of NHC

activation to functionalized NHC derivatives (XVII, Scheme 103).
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Scheme 103. Reactions of different SiAr2X2 XVI with NHCs: formation of NHC-coordinated
silylene XVIII vs. functionalization of NHCs XVII (R = aryl group, X = H or ClI).

3.41.1. Reaction of Tip2SiCl2 64 with NHCPr2Me2

Silagermenylidene 101 was formed in a reductive dehalogenation of Tip2SiCl2 64 and
GeCl2-NHCPr2Me2 8 with 4 eq Li/naphthalene in thf, which led not only to the targeted
heavier vinylidene analogue 101, but also to the symmetrical disilene 65 and free

NHCPr2Me2 g5 unwanted side products (Scheme 104).170.103.144]

4LiCiHg NP
Tip,SiCly +:GeCly NHC —thf > TP7SK  NHC + Tip,Si=SiTip, + NHC
-4 LiCl Ge
64 8 101 65

Scheme 104. Synthesis of heavier vinylidene analogue 101 with side products 65 and NHC
(NHC = NHC'Pr2Me2 = 1 3_diisopropyl-4,5-dimethylimidazol-2-ylidene).

In order to avoid the unselective and harsh reduction conditions in the synthesis of
silagermenylidene 101, an alternative route was conceived with NHC-stabilized diaryl
silylenes as suitable precursors. The reaction of a hitherto unknown diaryl silylene such
as 117 with GeCl2-dioxane could lead to an NHC-stabilized chlorosilyl germylene 118
by a 1,2-shift of a chlorine atom from the Ge(ll)-center to the adjacent silicon. In a next
step, a reduction of the formed Si-Ge-scaffold 118 could afford silagermenylidenes in

a more selective way (Scheme 105).
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Scheme 105. Proposed reaction pathway as alternative for the synthesis of
silagermenylidenes (Ar = aryl group).

In order to synthesize NHC-stabilized diaryl silylene 168 the bulky dichloro silane 64
was reacted with two equivalents of NHCP2Me2 jn benzene solution in the hope of

abstraction of the two chlorine atoms (Scheme 106).

cl ClI

benzene - ) )
Tip ’Pr\,‘:l)\NJPr

Tip. ClI Pre Ny 70 °C :

p\Si/ + 2 Pr N N Pr T /\SI. +

Tig'” Cl H TiE gy H
64 168 169

Scheme 106. Reaction of Tip,SiCl, 64 with 2 eq NHCPr2Me2,

Since no reaction was observed at room temperature after 3 hours the sample was
heated to 75 °C. After 3 days at this temperature the reaction mixture remained
unchanged which leads to the conclusion that the steric demand of the NHC™2Me2 gnd

the bulky aryl substituents at the silane 64 effectively prevents the abstraction of the
chlorine atoms by the NHC. Consequently, the steric demand of the NHC was reduced

in the subsequent experiment.
3.4.1.2. Reaction of Tip2SiCl2 64 with NHCMe4

In a further attempt to obtain NHC-coordinated diaryl silylene 170, Tip2SiCl2 64 was
reacted with two equivalents of the sterically less demanding NHCMe4 in toluene

solution starting at =78 °C (Scheme 107).

.. toluene T Cl )C\l
Tip, .Cl N y— -78°c Py - —
o w2 NONT Dl T + NN
Tip” Cl H e et H
64 170 171

Scheme 107. Reaction of Tip.SiCl, 64 with 2 eq NHCMe4,
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After warming up to room temperature, no reaction was observed and stirring was
continued for 14 hours at room temperature and the color turned from colorless into
red in the course of warming to room temperature. Recording a 2°Si NMR spectrum of
the reaction mixture displays seven resonances between 6 = 1.98 and -49.04 ppm. All
attempts to isolate a product from the reaction mixture by crystallization from a

concentrated toluene solution failed.
3.4.1.3. Reduction of Tip2SiCl2 64 with NHCPr2Me2

The reduction of Tip2SiCl2 64 with 2 eq of Li/naphthalene in the presence of the o-
donating NHC™Pr2Me2 should in principle be a possibility to trap a transient diaryl silylene

SiTip2 as NHC adduct 168 (Scheme 108).

2 Li/C1oHg . L
-78 °C QT Pr-n>N-Pr
Tip,Si=SiTip, + 2 N N
2 LiCl P2 P2 —
. ip\ PN _ipr 65
Tip,SiCl, + 2 N N
64 H 2LilCiHs  Tip,
-78 °C Si’
T TR Ny erae:
-2 LiCl NHC

168

Scheme 108. Reduction of Tip2SiCl. 64 with 2 eq Li/C1oHs in the presence of 2 eq NHC/PraMe2
resulting in 65 and free NHC™P2Me2,

The reduction was carried out at =78 °C in thf and upon warming to room temperature
a 'H NMR sample indicates the selective conversion into symmetrical disilene 65 (*°Si
NMR shift at 5 = 52.87 ppm), while the NHC™P2Me2 remained unaffected by the reduction
conditions confirming that the attempted synthesis of NHC-stabilized diaryl silylene 168

failed under these conditions.
3.41.4. Reaction of Tip2SiHCI 172 with NHCPr2Me2

Attempts to abstract two chlorine atoms from Tip2SiCl2 64 with NHCPr2Me2 and NHCMe4

were unsuccessful (Chapter 3.4.1.1. and 3.4.1.2.). The abstraction of two chlorine
atoms is usually realized under reductive conditions. Roesky et al. and the group of

Filippou utilized 2 eq of NHC to abstract HCI from chloro silane precursors (Scheme
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101, page 107).[8:80 Following their example, Tip2SiHCI 172 was treated with 2 eq of

NHCPr2Me2 g5 base.

. benzene Tip Cl
T| H I - N /l' rt, 2h . i \+ 2N ,iP
p/\SI, + 9 Pr N N Pr /\SI . N Pr N /_ N r
Tlp CI H Tlp \NHCiPrzMeg H
172 168 153

Scheme 109. Reaction of Tip2SiHCI 172 with 2 eq of NHCPr2Me2,

Indeed, when Tip2SiHCI 172 was reacted with 2 eq of NHCP2Ve2 in benzene solution
the color turned orange, indicating that in contrast to the lack of conversion of Tip2SiCl2
64 with 2 eq of NHCP2Me2, 3 reaction had taken place (Scheme 109). An 'H NMR
spectrum after two hours stirring at room temperature shows residual free NHCPr2Me2
strongly suggesting that the proposed ratio of 2:1 was inadequate. The 2°Si NMR
spectrum reveals a mixture of at least four products with chemical shifts at 6 = -22.02,
-28.52, -36.72 and —-48.22 ppm, which are very roughly in the range expected for the
targeted NHC-stabilized silylene (*°*Si NMR resonance of NHCMe4-coordinated
Si(Si('Bus))2 at § = -128.9 ppm, NHCPP-stabilized dihalo silylene complexes SiX2 (5 =
19.1 ppm [X = CI], 5 = 10.1 ppm [X = Br]), NHCMe4-coordinated arylchloro silylenes
163a,b (06 = 1.34 ppm, a: Ar = CeH3-2,6-Mesz2; 6 = 0.77 ppm, b: Ar = CsH3-2,6-
Trip2).168.80.81.193] The 295 NMR chemical shift at § = —22.02 ppm can be assigned to
arylchloro silane 172. However, no signal for a carbenic C-atom of an NHC-stabilized
silylene is observed in the '3C NMR spectrum (typical *C NMR chemical shifts for the
carbenic C-atom to Si(ll)-centers: NHCMe4-coordinated Si(Si(‘Bus))2 167 at & = 172.6
ppm, NHCMe4-coordinated arylchloro silylenes 163a,b (8 = 165.2 ppm, a: Ar = CeHas-
2,6-Mes2, 5 = 166.7 ppm, b: Ar = CeHs-2,6-Trip2).168193] Attempts to isolate any of the

products from the reaction mixture failed.

3.41.5. Reaction of Mes2SiHCI 173 with NHCPr2Me2

In case of Tip2SiHCI 172, the abstraction of HCI with 2 eq of NHCP2Me2 g5 base failed
which might be attributed to the presence of the bulky Tip-substituents. Therefore, the
sterically less congested Mes2SiHCI 173 was treated with an excess of the NHCPr2Me2

(2.2 eq) in benzene solution (Scheme 110).
111



Cl

Mes H P benzene  Pr— > -Pr Pr—oNN-Pr
si 422 TNTONTPT P N N, T NT N
e S = W=
SiHMes,
173 174 153

Scheme 110. Reaction of Mes,SiHCI 173 with 2.2 eq of NHCP2Me2,

After one hour at room temperature the reaction was complete and a white precipitate
formed. Aside from signals for excess NHCP2Me2 3 'TH NMR sample shows a triplet at
8 = 5.27 ppm (3Jn, 1 = 5 Hz, 'Jsi, 1 = 98 Hz), which is in the typical range for protons
attached to the silicon-center (Figure 54).

The uniform "H NMR spectroscopic data with well-defined ratio of integrals is indicative
of the presence of a single product.l'®! Furthermore, the white precipitate is soluble in
CDCIs and identified as the imidazolium chloride 153 ("H NMR chemical shift of proton
between 9 and 10 ppm; Figure 55).11%]
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Figure 54. 'H NMR spectrum of the reaction mixture of Mes,SiHCI 173 with 2.2 eq of
NHCP2Me2. The excerpts show the SiH resonance at § = 5.27 ppm and the CHz-group at § =
2.54 ppm.
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The 2°Si NMR spectrum reveals a resonance at § = =33.72 ppm (Figure 56) which
confirms the formation of a single product beside the systematically formed
imidazolium chloride 153 (identified by "H NMR spectroscopy, Figure 55) and excess
of NHCPr2Mez2,

$ OWFT NSO MO ™M 0 oM
. [IoINToINTORNTO RS IS I A N O O
2 R N
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1 10 9 8 7 6 5 4 3 2 1 ppm

Figure 55. '"H NMR spectrum of the reaction mixture of the white precipitate formed in the
reaction of Mes,SiHCI 173 with 2.2 eq of NHCP2Mez,
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Figure 56. 2Si NMR spectrum of the reaction mixture of Mes,SiHCI 173 with 2.2 eq of
NHCIPrZMeZ.

The 3C NMR spectrum shows carbenic C-atom resonances at § = 207.63 and 207.50
ppm (Figure 57). The signal at & = 207.50 ppm is due to the excess of NHCP2Me2 The
lowfield '3C NMR chemical shift of the second signal at & = 207.63 ppm strongly

suggests that the formation of an uncoordinated NHC as resonances of coordinated
carbenic carbon atoms of NHCs are typically observed between 6 = 165 and 173

ppm_[68,193]
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Figure 57. 8C NMR spectrum of the reaction mixture of Mes,;SiHCI 173 with 2.2 eq of
NHCP2Me2_ The excerpt shows the signals of the carbenic C-atoms of 173 and NHC™Pr2Me2,

The *C DEPT 135 NMR spectrum clearly shows a negative resonance at § = 13.40
ppm indicating the presence of a CHz2-group at the C-C-double bond (value for the
CHa-groups in NHC™™2Me2 at 5 = 8.89 ppm in 13C NMR spectroscopy) in the product
(Figure 58). This signal correlates in the 2D '3C/"H HMQC spectrum with the doublet
(integrated 2H) at & = 2.54 ppm in the "H NMR spectrum, which corroborates the
assignment of this signal to the CHz2-group (Figure 59). The 2D ?°Si/"H NMR correlation
spectra show a clear cross signal between the resonance at 6 = -33.72 ppm and the
CH2-group at & = 2.54 ppm in the "H NMR spectrum, which proves the bonding of the

methylene-fragment to the silicon-atom (Figure 60).
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Figure 58. *C DEPT 135 NMR spectrum of the reaction mixture of Mes,SiHCI 173 with 2.2 eq

of NHCPr2Mez

2.8 2.6 2.4 2.2 2.0 1.8 F2[ppm]

Figure 59. Selected area of the 2D 1"fC/1H HMQC correlation spectra of the reaction mixture
of Mes,SiHCI 173 with 2.2 eq of NHCPr2Vez,
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Figure 60. Selected area of the 2D NMR 2°Si/'H correlation spectra of the reaction mixture of
Mes,SiHCI 173 with 2.2 eq of NHCPr2Vez,

Taking all information gained from the different types of NMR spectra into account led
us to the suggestion that the backbone modified carbene 174 is the product of the

reaction by activation of a methyl-group at the C-C-double-bond of the NHC™2Me2,
Unfortunately all attempts to crystallize the product failed, even when the reaction was

carried out in the correct stoichiometric ratio of 2:1.

3.4.1.6. Reaction of Mes2SiHCI 173 with NHCMes2

According to the NMR spectroscopic data, the reaction of Mes2SiHCI 173 with 2.2 eq
of NHCPr2Me2 |ed most likely to the activation of the methyl-group at the backbone of
NHCPr2Me2 gand resulted finally in the functionalized NHC 174 (Scheme 110, page 112).

In order to explore whether a sterically more demanding NHC would avoid this
activation, Mes2SiHCI 173 was reacted with 2.2 eq of NHCMes2 in benzene solution at

room temperature (Scheme 111). As observed for all reactions of this type an

immediate change in color from colorless to orange takes place.
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Scheme 111. Reaction of Mes,SiHCI 173 with 2.2 eq of NHCMes2,
After one hour at room temperature the reaction was completed and the '"H NMR
spectrum shows a singlet at 6 = 5.63 ppm, which was taken as a first hint for the

formation of a backbone modified NHC 175 (Figure 61).
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Figure 61. "H NMR spectrum of the reaction mixture of Mes,SiHCI 173 with 2.2 eq of NHCMes2,

The 2°Si NMR spectrum reveals two new resonances at & = =24.05 and -50.95 ppm

(Mes2SiHCI 173: 6 = =19.24 ppm) in a ratio of 19:81 (Figure 62).
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Eigg{ﬂeesfz 2Si NMR spectrum of the reaction mixture of Mes,SiHCI 173 with 2.2 eq of
The 3C NMR spectrum displays a resonance at 5 = 158.19 ppm, which might be
attributed to a carbenic C-atom of an NHC-stabilized diaryl silylene 176 because the
downfield shifts of the quaternary aryl signals of the precursors Mes2SiHCI 173 and
NHCMes2 gre with & = 139.9 ppm and 144.3 ppm (greatest downfield shift in the '3C
NMR spectrum for both compounds) far away from this value (Figure 63).[197.19€]
Furthermore there is no cross signal of the resonance at 6 = 158.19 ppm in the 2D
13C/"H HMQC or HMBC correlation spectra. The 2D 2°Si/"H NMR correlation spectrum
clearly indicates that the signal at 6 = -=50.95 ppm correlates with the signal at 6 = 5.63
ppm in the '"H NMR spectrum and therefore belongs most likely to the backbone
modified NHC 175 (Figure 64).

In conclusion the reaction of Mes2SiHCI 173 with 2.2 eq of NHCMes2 |gd to the backbone
modified NHC 175 to about 81%. The other 19% could reasonable be attributed to an
NHC-stabilized silylene 176, but unambiguous confirmation for its formation could not
be obtained.
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Figure 63. Excerpt of the aryl-region in the *C NMR spectrum of the reaction mixture of

Mes,SiHCI 173 with 2.2 eq of NHCMesz2,
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Figure 64. Selected area of the 2D 2°Si/"H NMR correlation spectra of the reaction mixture of

Mes,SiHCI 173 with 2.2 eq of NHCMes2,
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3.4.2. Attempts to Synthesize NHC-Stabilized Aryichloro

Silylenes vs. Backbone Activation of NHCs
3.4.21. Reaction of TipSiClz 178 with NHCMes2

The reaction of TipSiClz 178 with 2 eq of NHCMes2 could in principle lead to the NHC-
coordinated arylchloro silylene 180 or could form the backbone functionalized NHC
179 (Scheme 112).

Cl
e
? Mes\N—NfMes . Mes\ﬁé_\NfMes
ClLTipSi” H H H
Mes - n-Mes 179 177
TipSiCly + 2 0 N NTES |
H H Tip, . cr ¢l
178 Si- . .
» : Mes Mes\N)\NMes

cl’ .
7—N )—(
MeS’N\,/\H H H
H
180 181

Scheme 112. Proposed reaction pathways for the reaction of TipSiCls 178 with 2 eq of
NHCMes2,

The addition of the colorless benzene solution of the trichloroaryl silane 178 to a
suspension of 2 eq of the NHCMes2 in benzene solution induced an immediate change

in color to deep red with concomitant formation of a precipitate (Scheme 113).

Cl
A Mes\N/"\NfMes bertnzf?]e Mes\N/“\NfMes MeS\K/\NfMes
TipSiCl; + 2 _ — \—{ + \—{
H H ClyTipSi H H H
178 179 177

Scheme 113. Reaction of TipSiCl; 178 with 2 eq of NHCM®s2 |eading to functionalized NHC
179.

Complete conversion in a new product was observed after four hours at room
temperature. The aryl-protons of the Tip-group are located at 8 = 7.11 ppm in the 'H
NMR spectrum (Figure 65). Only one signal for a proton at a C-C-double bond is

observed at 6 = 7.08 ppm suggesting backbone substituted carbene 179 as product,
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which is highfield shifted in contrast to the silyl-functionalized NHC 160 reported by

Roesky et al. (5 = 7.45 ppm) or Ghadwal’s silyl functionalized NHC 182 (5 = 7.25-7.44
ppm).[186.191,196,198]

sicl,
* tol, -78 °C
Dip~pN N/Dlp +AdN3T> Dlp\N N/Dlp
\—/ 2 —
HNAJCI,Si
35
tol, -78 °C
Dip~N N/Dlp + Ph,SiCl, o Dip~pN N/Dlp
Li Ph,CISi
158 182

Scheme 114. Silyl-substituted NHC 160 reported by Roesky et al. (Ad = adamantly, Dip = 2,6-
'Pr.CsHs) and silyl functionalized NHC 182 synthesized by the group of Ghadwal.

The aryl protons for the two mesityl-groups are also chemical inequivalent and result
in two resonances at 6 = 6.84 and 6.74 ppm in the integrated ratio of 1:1. Furthermore
the resonances of the methine protons at the Tip-group reveal the expected sets of
two septets at 6 = 3.81 and 2.70 ppm in a ratio of 2:1. The CHs-groups of the mesityl-
substituents at the nitrogen atoms of the functionalized carbene 179 display different
chemical shifts between § = 2.25 and 2.10 ppm in the "H NMR spectrum, which is most
likely due to the silyl-group in the backbone (Figure 65).
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Figure 65. "H NMR spectrum of the reaction mixture of TipSiCl; 178 with 2 eq of NHCMes2,
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The 2°Si NMR spectrum shows one new resonance at 8 = =10.19 ppm (TipSiClz 178:
29Si NMR: § = -4.09 ppm, NHC 160: § = —=30.01 ppm, NHC 182: 5§ = -9.19 ppm)
indicative for a tetracoordinate silicon atom (Figure 66).[186.191.19%] An excerpt of the 2D
29Si/"H NMR correlation spectra show a cross signal between the 2°Si NMR resonance
at 8 = -10.19 ppm and the proton of the C-C-double bond at & = 7.08 ppm, which
supports the structure suggestion as backbone modified NHC 179 (Figure 67).
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Figure 66. 2°Si NMR spectrum of the reaction mixture of TipSiCl; 178 with 2 eq of NHCMes2,
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Figure 67. Selected area of the 2D 2°Si/"H NMR correlation spectra of the reaction mixture of
TipSiCl; 178 with 2 eq of NHCMes2,
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A resonance that could be attributed to the carbenic C-atom was not observed in the
13C NMR spectrum (Figure 68) most likely due to the measured range which is not
sufficient to detect the NCN resonance (measured only up to 220 ppm, NCN for 160:
224.21 ppm, NCN for 182: 225.12 ppm).
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Figure 68. 3*C NMR spectrum of the reaction mixture of TipSiCl; 178 with 2 eq of NHCMes2,
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3.4.2.2. Reaction of TipSiCls 178 with NHCPrzMe2

In the context for the targeted synthesis of an NHC-stabilized arylchloro silylene the
reaction of TipSiClsz 178 with NHC™2Me2 should clarify the question if an activation of

the methyl-group in the backbone of the NHC is preferred, leading to 183 or if an NHC-
stabilized silylene 184 can be obtained (Scheme 115).

L cr
, ’Pr\;:E—’Pr . /Pr\p_ipr
SiTipCl,
TipSiCly + 2 PF-NTNPT 183 153
Ti - Cl
178 Por ’PC|+ X
9 cl ., JPr+ N7 NFT

SN N —
"Pr’N7/\ H
184 169

Scheme 115. Proposed reaction pathways for the reaction of TipSiCls 178 with 2 eq NHCPr2Me2;
backbone activation of NHC"P2Me2 ys. chlorine abstraction.

The treatment of TipSiCls 178 with two equivalents of NHC™P2Ve2 in benzene induced

a change in color from colorless to deep red after 10 min at room temperature (Scheme
116).

cl
) e benzene ) e
IPr i\l o ' IPI’\ PN —IPI' , . .
TipSiCly + 2 TN NPT 85°C.6h, NN e P
/N C|2Tip3i\ﬁ =
SiTipCl,
178 185 153

Scheme 116. Synthesis of disilyl carbene 185.

The 2°Si NMR spectrum reveals the formation of a single product at 8 = 7.42 ppm. The
sample was heated for 6 hours to 55 °C to complete the reaction. The formation of the
imidazolium chloride 153 was observed together with free NHC™2Me2 which excluded

the formation of an NHC-coordinated arylchloro silylene 184 simply by stoichiometric

considerations.
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Furthermore, a second resonance for a carbenic carbon-atom at 6 = 211.01 ppm
beside the signal of the free NHCP2Me2 js detected, which gave hints for the formation
of a backbone modified NHC. The '3C DEPT 135 NMR spectrum displays no negative
signal, excluding the presence of a methylene-group in the formed molecule. The
excess of NHCP2Me2 was sublimed under reduced pressure and the red residue
dissolved in hexane. After filtration from warm hexane, the mother liquor was
concentrated and stored at —26 °C for one week affording red crystals suitable for X-
ray diffraction analysis. Surprisingly, the molecular structure disclosed the
unprecedented NHC 185 with two SiTipClz-units at one methyl-group in the backbone
(Figure 69).

Figure 69. Molecular structure of 185 in the solid state (ellipsoids are at 30%, hydrogen atoms
omitted for clarity). Selected bond lengths [A]: N1-C2 1.370(2), N2-C2 1.355(3), N1-C3
1.413(3), N2-C4 1.391(3), C1-C3 1.513(3), Si1-C1 1.884(2), Si2-C1 1.904(2), Si1-Cl1
2.0559(7), Si1-CI2 2.0680(7), Si2-CI3 2.0548(7), Si2-Cl4 2.0668(7), C3-C4 1.353(3).

The N1-C2 bond distance of 185 is slightly longer (1.370(2) A) than the N2-C2 bond
distance (1.355(3) A) most likely due to the steric requirements of the two silyl groups

at the C1 position. The N2-C2 bond length is the same when compared to the N1-C1
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bond in free NHCP2Ve2 (1,355 A). The double bond between C4-C3 is with 1.353(3) A
in good agreement with the double bond in free NHC™2Me2 (1,351 A). The C1-C3 bond
is with 1.513(3) A longer than in the case of the free carbene (1.491 A), which can be
attributed to the silicon atoms at the C1 carbon atom.l2%0 |n the UV/vis absorption
spectrum of 185 a broad shoulder is observed (between 4 = 480 and 420 nm). A
second absorption band is detected at Amax = 278 nm (¢ = 4700 Lmol~'cm™). Silyl
functionalization at the C=C-bond of NHCP®P2 gre literature known, whereas disilyl
modified NHC 185 is the first example for a silyl functionalization at the methyl-group
of the backbone.['86:191]

If the reaction is carried out in the right stoichiometry (TipSiCls : NHCPr2Me2 2:3) the
reaction proceeds slower and prolonged heating for 4 days at 60 °C was necessary to
obtain a conversion of about 85% (determined by 'H NMR spectrum). The mechanism
of the reaction could be rationalized by a first formation of the pentacoordinated
NHCP2Me2_TipSiCls complex [186], which are already known for NHCs and cAACs
(cyclic alkyl amino carbenes) with SiR4 (R = Cl, Br or 1).[146.196.201] |n g second step a
molecule of free NHCP2Me2 would abstract a proton of a methyl-group in the backbone
of the activated NHC-complex [186] (Scheme 117). The formed carbanion in
intermediate [187] at the CH2-unit could now attack the silicon-center at a TipSiCls-
molecule leading to intermediate [188] with elimination of the imidazolium chloride 153.
In a next step the needed excess of free NHCP2Me2 could again abstract a proton from
the substituted methyl-group in the backbone of the NHC-complex [188] forming the
carbanion complex [189]. The fact that no free TipSiCls is left in the reaction mixture
would allow complex [189] to eliminate TipSiCls, which thus could be attacked by the
carbanion of formed silyl functionalized NHC [190] finally resulting in the disilyl
functionalized NHC 185 by elimination of 153.
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Scheme 117. Proposed mechanistic scenario for the formation of disilyl functionalized NHC
185.
3.4.3. Reactivity of Disilyl Carbene 185
3.4.31. Reduction Attempt of Disilyl Carbene 185 with 2 eq KCs

The unprecedented formation of the doubly backbone chlorosilyl functionalized NHC
185 offers the opportunity for reduction attempts with the aim to obtain bis-carbene 193
or silirene functionalized carbene 194. These functionalized NHCs could be either

obtained by step wise reduction over 191 and 192 or by reductive dehalogenation of

185 (Scheme 118).
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Scheme 118. Proposed reduction products of disilyl carbene 185.

To gain a first impression of the reduction behavior of disilyl carbene 185, the reduction
with 2 eq of KCs at =50 °C in thf was investigated (Scheme 119). The reaction mixture

was slowly allowed to warm to room temperature.

'Pr~-N"N-Pr Tip )= _
. 2 KCg, thf - Cl=g;j o
_50° ip-q;” . S
cLTipsi— N 20 gtr oS < STip TI%‘I/SI\Si
'Pr/N\._/N"Pr
185 191 192

Scheme 119. Reduction of disilyl functionalized carbene 185 with 2 eq KCs.
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The 2°Si NMR spectrum shows four resonances at 5 = —=10.49, -15.87, —28.36 and
-31.28 ppm, which are in the typical region of tetracoordinate silicon-atoms (Figure
70).

-28.36
-31.28

-10.49
—-15.88

dl

T L e s
150 100 50 0 -50 -100 -150 ppm

Figure 70. 2°Si NMR spectrum of the reaction mixture of the reduction of 185 with 2 eq KCs.

The 'H NMR spectrum reveals a mixture of products indicating a series of signals in
the aryl-region, as well in the alkyl region. The '3C NMR spectrum confirms these
observations showing numerous of aryl resonances at 6 = 130-140 ppm. The carbenic
C-atom was not detected which is an indication that the two proposed reduction
products 191 and 192 had not been formed. Unfortunately it was not possible to
separate and analyze any one of the formed products.

3.4.3.2. Reduction Attempt of Disilyl Carbene 185 with Na/K

The fact that the stepwise reduction of functionalized NHC 185 with 2 eq of KCs was
not possible, we investigated a complete reductive dehalogenation with an excess
Na/K in thf/toluene solution which directly could lead to the proposed bis-carbene 193
or silirene functionalized NHC 194 (Scheme 120).
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Scheme 120. Reduction of disilyl functionalized carbene 185 with Na/K.

Since there was no reaction after 2 hours at room temperature, the reaction mixture
was heated up to 60 °C for 12 hours. The "H NMR spectrum reveals only one small
signal in the aryl region at 6 = 7.00 ppm indicating a decomposition of functionalized
NHC 185 (Figure 71).
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Figure 71. '"H NMR spectrum of the reaction mixture of disilyl functionalized carbene 185 with
Na/K.

The 3C NMR spectrum shows some broadened signals, whereas the 2°Si NMR
spectrum only reveals one resonance at 6 = —-68.58 ppm (Figure 72). These
observations excluded the formation of the desired dimerization product 193 or the
functionalized NHC 194. It was not possible to separate a product from the reaction

mixture by crystallization form a concentrated hexane solution at room temperature.
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Figure 72. 2°Si NMR spectrum of the reaction mixture of disilyl functionalized carbene 185
with Na/K.

Attempts to synthesize one of the proposed reduction products 191-194 with the
reducing agents Li/naphthalene (2 and 4 eq), KCs (4 eq), Mg-powder, Li-powder and
Jones Mg(0)"? failed and led to an unidentified mixture of products (Scheme 121). No

further investigations on reductions attempts were carried out.

Pr—p N-Pr ,
N_N rw unidentified mixture of products
Cl,TipSi
SiTipCl,
185

Scheme 121. Reduction attempts of disilyl carbene 185 with different reducing agents
(Li/naphthalene (2 and 4 eq), KCs (4 eq), Mg-powder, Li-powder and Jones Mg(0)) leading to
a complex mixture of products.
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3.4.3.3. Reaction of Disilyl Carbene 185 with BH3-SMe2

To see if the functionalized NHC 185 can be utilized as a complexation reagent, it was
treated with BHs-SMez in toluene at room temperature which resulted in the conversion
into a single product (Scheme 122). After workup, a concentrated hexane solution was
stored at room temperature to afford colorless crystals which were analyzed by NMR-

spectroscopy in order to exclude the formation of imidazolium chloride 153.

©BH,
iPr\NAN'/Pr BH3'SM€2 iPr\N)%N'iPr
— toluene, rt, 2 h . 9
CIJipSiﬁ -SMe, CIJipSiﬁ
SiTipCl, SiTipCl,
185 195

Scheme 122. Reaction of disilyl carbene 185 with BH3-SMe..
The 2°Si NMR spectrum shows one resonance at 8 = 7.46 ppm (Figure 73) nearly
identical when compared to disilyl backbone functionalized carbene 185 (& = 7.42

ppm).

—7.46

R e e e
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Figure 73. 2°Si NMR spectrum of the colorless crystals of disilyl carbene 185 with BH;-SMe,.
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In the "3C NMR spectrum the resonance of the carbenic C-atom disappeared in line
with the formation of the Lewis-acid-base complex 195 (Figure 74). The two
resonances at 6 = 49.81 and 49.51 ppm can be attributed to the CH-atoms of the iso-
propyl groups of carbene 195. However, the signal of the C2-atom attached to the
boron-center could not be detected in the '3C NMR spectrum due to coupling of this C-

atom to the quadrupolar "B nucleus (Figure 74).
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Figure 74. *C NMR spectrum of the colorless crystals of disilyl carbene 185 with BHz-SMe..
The excerpt shows the alkyl-region.

The "B NMR spectrum shows not the expected quartet for the BH3-group, instead of
a single broadened resonance at 6 = —=32.79 ppm (Figure 75) is observed which is in

good agreement with the NHC™2Me2.BHs-complex 196 reported by Kuhn et al. (''B
NMR: 6 = -34.12 ppm, Scheme 123).1202]
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Scheme 123. Synthesis of NHC-BH3; complex 196 reported by Kuhn et al.l2%2!
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Figure 75. "B NMR spectrum of the colorless crystals of disilyl carbene 185 with BH3* SMe-.
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3.44. Synthesis of NHC-Coordinated Disilyl Germylene 200

In order to synthesize a suitable precursor for the efficient and mild formation of
silagermenyildene 199 the synthesis of silyl chloro germylene 198 was targeted. As a
precursor silyl anion 197 was synthesized upon reduction of silane 173 with 10 eq of
Li-powder in thf at 0 °C according to a literature procedure (Scheme 124).12%1 |n the
next step, a solution of silyl anion 197 in thf at =70 °C was added to a =70 °C cold

suspension of GeClz-NHCPr2Me2 8 in thf and an immediate color change from colorless

to orange was observed.

10 eq Li _
° 'Pr,Me
Mes,SiHCI %L Mes, SiHLi(thf)o(OEty)g 75 + :GeCl,"NHC o
-Li
173 197 8
A % lB
Mes H Mes _NHC™*
Mes—Si PraMe; _Qi Pr,Me, g
S e < pase Mes=Si, ~NHC Meszsi/q'e SiMes;
Ge Ge | 1
a -baseHCI RS H H
Cl
199 198 200

Scheme 124. Synthesis of silyl anion 197 and proposed reaction pathway of silyl anion 197
with GeCly:NHCP2Me2 8 to precursor 198 and subsequent elimination of HCI with a base
resulting in silagermenylidene 199 (pathway A) and obtained disilyl germylene 200 (pathway
B).

After work up a 2°Si NMR spectrum indicates a mixture of products with one major
signal at 6 = —38.07 ppm (Figure 76), which would be in good agreement with the
targeted NHC-stabilized silyl chloro germylene 198 (Scheme 124). The 3C NMR
spectrum shows one resonance at 6 = 172.55 ppm typical for the coordination of an

NHC to a Ge(ll)-center.[6"
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Figure 76. 2°Si NMR spectrum of the reaction mixture of silyl anion 197 with GeCl,-NHCPr2Me2
8.

The "H NMR spectrum reveals a typical septet for an NHC coordinated to a Ge(ll)-
center at 6 = 6.09 ppm and a singlet for a SiH at 6 = 6.37 ppm in an integrated ratio of
2:2 excluding the formation of the proposed product 198 (Scheme 124), which
otherwise should be in an integrated ratio of 2:1. This led to the conclusion that a
reaction in a 2:1 ratio had taken place and a disilyl germylene 200 stabilized by an
NHC was formed. Yellow single crystals suitable for X-ray diffraction were obtained
from a saturated toluene solution after three days at room temperature. The molecular
structure reveals the connectivity of the expected NHC-coordinated bis-silyl germlyene
200 (Figure 77).

To prove the formation of germylene 200, the reaction was repeated in the right
stoichiometry (2:1) which afforded germylene 200 in 61% yield (Scheme 125).
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Scheme 125. Synthesis of NHC-stabilized bis-silyl germylene 200.

The 2°Si NMR spectrum of a pure sample of bis-silyl germylene 200 shows a resonance
at 6 = -38.07 ppm, which means that germylene 200 is formed as major product (ca.
80%, determined by 2°Si NMR spectroscopy) in the reaction of silyl anion 197 with
GeCl2-NHCPr2Me2 8 in a ratio of 1:1 (Figure 76).

Figure 77. Molecular structure of 200 in the solid state (ellipsoids are at 30%, hydrogen atoms
omitted for clarity). Selected bond lengths [A]: Ge-C2 2.101(3), Ge-Si1 2.4380(8), Ge-Si2
2.4590(9), Si1-H1 1.40(2), Si2-H2 1.35(3).
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All attempts to synthesize the NHC-coordinated silyl germylene 198 by this route failed
(different addition of reagents, reaction at room temperature, comproportionation
reaction with GeClz:NHCPr2Me2),

The Ge-C2 distance is with 2.101(3) A at the longer end for the coordination of an NHC
to the Ge(ll)-center (2.061-2.106 A)6"1451 and longer than in Marschner's bis-silyl
germylene 221 (2.089 A, Scheme 126).2° The Ge-Si bond lengths are with 2.4380(8)
A and 2.4590(9) A shorter when compared to Marschner’s bis-silyl germylene 221
(2.484 and 2.502 A), which could be attributed to the less steric congestion imposed
by the silyl groups (only two mesityl groups and one proton) attached to the

germanium(ll)-center.

Pr-N__
N
iProMe, /.\'/ 'PI’
2 (Me;Si)sSiK + :GeCly-diox. NHC - -
(Me3Si);Si” 2 Si(SiMes)3
201 202

Scheme 126. Synthesis of Marschner’'s NHC-stabilized bis-silyl germylene 202.

Germylene 200 is thermally stable at 80 °C for 3 days before an unselective
decomposition was observed. In the UV/vis absorption spectrum of 200 a broad

shoulder is observed (between 4 = 420-300 nm).

3.441. Abstraction of the NHC from Bis-Silyl Germylene 200

The abstractions of the NHC™P2Me2 from low-valent Group 14 centers with BPhs as

Lewis-acid have been demonstrated by Cui et al. or recently by our group (Scheme
127)_[147,174]

140



AI’\ NHci:PrzMez Ar\
_N. ¥ BPh, N,
MesSI™ SR L Tengnne MeST SR
H Ar o H Ar
203 204
R R - RR CLR
\ g ProM BPh . )
Si NHC 2" tolueng, rt Si \Si Xyl v
SN\ JSON. /TN / Pr,Me,
N=C__Ce. ——= N=C{ Ge=G§ =N +2BPhyNHC
X 3 NHCT= xyl” si Si
R/ \C| toluene, rt R/ \Cl R/ \R
139 141a

Scheme 127. Abstraction of NHC from NHC-stabilized phosphasilene 203 with BPhs resulting
in 204 and from cyclic germylene 139 leading to digermene 141a (Ar = 2,6-'Pr.C¢Hs, Ar' = 2,6-
M682C6H3, R = Tip).

In view of the comparatively weak bond between the carbenic C-atom and germanium
(2.101(3) A), 200 was treated with 1 eq of BPhs in toluene aiming at digermene 205
(Scheme 128). Since there was no reaction after heating to 70 °C for 2 hours, a repeat
reaction of 200 with the stronger Lewis-acid B(CsFs)s in benzene solution was
investigated (Scheme 128). The bis-silyl germylene 200 was completely consumed

after 30 min at room temperature.

BPhs, tol _ _
_ = 70°c  MesyHSI, SiHMes,
Pr-N__N Ge=Ge
'2- SiPr Mes,HSi SiHMes,
Ge 205
Mes,Si” =" "SiMes,
H H BCsFs)s  ynidentified prodcut
200 mixture

Scheme 128. Abstraction of NHC™2Ve2 from 200 with BPhs and B(CeFs)s resulting in a
unidentified product mixture.

The 2°Si NMR spectrum shows five resonances in the range of § = -7.66 and -47.32
ppm. The ¥C NMR resonance for the carbenic C-atom has disappeared and the
formation of the B(CsF5)s-NHC-adduct is observed. Attempts to isolate any of the

products by crystallization failed.
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o2Hat man es nun im Germanium an sich schon mit
einem sehr merkwiirdigen Elemente zu thun, dessen
Studium hohen Genuss gewéadhrt, so bildet die
Ergrindung seiner Eigenschaften noch insofern eine
ungewoOhnlich fesselnde Aufgabe, als sie thatsichlich
zum Priifstein des menschlichen Scharfsinns wird.“

Clemens Winkler, "Mittheilungen Uber des Germanium.
Zweite Abhandlung", J. Prak. Chem. 1887, 36, 177-209.
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3.5. Isolation of a Digerma Analogue of a Vinyl Anion

3.5.1. Synthesis and Characterization of Digermenide 90

As detailed in the introductory Chapter 1.6.1. “Digermenides and Disilenides”, a
digerma analogue of a vinyl anion has not yet been fully characterized. Especially an
X-ray structure of a digermenide remains to date unknown. The lighter congeners, the
disilenides, are prominent building blocks in modern Group 14 chemistry for a variety
of molecules in which the unsaturated Si=Si moiety remains intact or is converted into
another low-valent functionality.[126.136.137]

In 1989 Masamune et al. isolated a red microcrystalline material, which was proposed
to be digermenide 88, on the basis of 'H NMR data and a quenching reaction with
MeOH.1%2l About a decade later, Weidenbruch and co-workers proposed digermenide
90 as an unisolated intermediate on the way to tetragermabutadiene 92 (Scheme
129).1128]

Dip, Dip . Dip, Dip
‘Ge=Ge LiC1oRe, dme ‘Ge=Ge_ + DipLi
Dip Dip Dip Li-dme,
53 88
Tip\ ;I'ip

Tip Tip . Tip Tip Ge—Ge

\ 2 Li, d \ - .

9e=G/¢ '_—Tne> GeZG/@ S——— | 4 Ge-Tip
Tip Tip ~TPL g Li Tp  Tig

51 90 92

Scheme 129. Proposed digermenide 88 by Masamune et al. and digermenide 90 by the group
of Weidenbruch.

In order to fully characterize a digermenide, the major focus in this part of the thesis
laid on the development of a reproducible synthesis for lithium digermenide 90. In
analogy to disilenide 93, lithium digermenide 90 could be an equally potent building
block for the synthesis of heavier vinylidene analogues or multiple unsaturated heavier
Group 14 scaffolds. Consequently, the synthetic approach was inspired by the
synthesis of disilenide 93 by Scheschkewitz.['3? Tip2GeX2206 and Tip2GeCl2 50 were
synthesized as potential reduction precursors (Scheme 130).
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Tip, /Tip
Tipo,GeX, Tip,GeCl, 53e=G§
Tip Li-dme,
206 50 90

Scheme 130. Dihalo germane precursors 206 (X = Cl, Br), 50 and digermenide 90.

3.5.1.1. Synthesis of Reduction Precursors Tip2GeX2 206 and Tip2GeCl2 50

In contrast to the synthesis of Tip2SiCl2 64, TipLi and GeCls cannot be converted
straightforward into Tip2GeCl2 50 (Scheme 131). A plausible reason could be the high
reduction potential of the organolithium compound, which would incorporate redox

processes into the reaction sequence leading to side products.

sicl, 2P Tin.sicl
4 Slcr P2oibh

64
2 TipLi
GeCI4 —H— Tlp2G6C|2
-2 LiCl 50

Scheme 131. Reaction of SiCls and GeCls with TipLi.

Instead, the Grignard reagent TipMgBr was synthesized in a reaction of TipBr with Mg-
shavings in thf. TipMgBr (2.2 eq) was added to a solution of GeCl4 in benzene at room
temperature, which resulted in a mixture of dihalo germanes 206.°% Additional heating
for 10 hours to reflux completed the reaction to Tip2GeX2 206 (Tip2GeClz, Tip2GeCIBr
and Tip2GeBr2) together with the formation of TipH and TipBr (Scheme 132).[209]

TipBr M-t 5 5 TipMgBr %» Tip,GeCl, + Tip,GeCIBr + Tip,GeBr, + TipH
%2 N )+ TipBr
Y
TiszeXZ
206

Scheme 132. Synthesis of Tip.GeX, 206 (Tip.GeCl,, Tip.GeCIBr and Tip.GeBry).

TipH and TipBr were distilled off in high vacuum. The residue contained a mixture of
Tip2GeCl2:Tip2GeCIBr:Tip2GeBrz in an approximate ratio of 3:44:53 (determined by 'H
NMR spectroscopy, Figure 78). Hydration of Tip2GeXz2 206 with LiAlH4 in thf afforded
Tip2GeH2 207, which was subsequently chlorinated by CCls with a catalytic amount of
AIBN to afford Tip2GeCl2 50 following a literature protocol (Scheme 133).929]
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LiAIH,4 thf CCly, AIBN

Tip,GeXsy Tip,GeHy, ——— Tip,GeCl,
206 207 50

Scheme 133. Hydration of Tip.GeX, 206 (X = ClI, Br) to 207 with subsequent chlorination to
Tip.GeCl, 50.

Diaryldichloro germane 50 was additionally purified by Kugelrohr-distillation (150-160
°C, 4.5*10 2 mbar) to obtain 70% of pure 50.°%
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Figure 78. 'H NMR spectrum of the reaction mixture of Tip.GeX. 206
(Tip2GeCl.:Tip.GeCIBr:Tip.GeBr, 3:44:53). The excerpt shows the aryl protons of the mixture
of diaryldihalo species 206.

3.5.1.2. Reduction of Tip2GeX2 206 with Li

In a first reduction attempt the mixture of Tip2GeX2 206 (additionally purified by
crystallization from diethyl ether at -78 °C) was treated with 3.5 equivalents of Li-
powder in dme at 0 °C (Scheme 134).
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3.5 Lildme, 0 °C TIP, ,Tip

TipoGeXo, YT 53e=Gg . + unidentified products
-2 TipLi Tip Li-dme;
206 90

Scheme 134. Reduction of Tip.GeX; 206 (X = Cl, Br) with 3.5 eq Li-powder in dme.

The 'H NMR spectrum (Figure 79) indicates a mixture of products, containing TipLi
(6=6.99 (s), 2.84 (sept), 1.24 (d) ppm) and GeH-species (6 = 6.02 (s), 6.26 (s), 6.48
(s) ppm), as well as signals of coordinated dme molecules to a likely anionic reaction
product (6 = 3.10 (s), 3.06 (s) ppm).
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Figure 79. '"H NMR spectrum of the crude reaction mixture from the reduction of Tip.GeX. 206
with 3.5 eq Li. The excerpt shows different GeH-species.

After filtration from pentane, the reaction mixture was frozen in liquid nitrogen and upon

warming to room temperature the formation of a red microcrystalline precipitate was

observed. The "H NMR spectrum of the red precipitate (Figure 80a) displays a strong

similarity to the "H NMR spectrum of disilenide 93 (Figure 80b). Both "H NMR spectra

show three signals in a ratio of 1:1:1 in the aryl region. Furthermore, the signals of the
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two coordinated dme-molecules are nearly identical to those of disilenide 93.
Therefore, it is suggested that digermenide 90 had been formed, although in a poor
yield of 2%. Attempts to grow single crystals from hexane at room temperature failed

and led to unidentified decomposition products.
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Figure 80. Comparison of '"H NMR spectra: (a) red precipitate from reduction of Tip.GeX. 206
with 3.5 eq Li-powder, (b) disilenide 93.

3.5.1.3. Reduction of Tip2GeCl2 50 with Li

In a further reduction attempt, pure Tip2GeCl2 50 (4.5 mmol) was reduced with 4 eq of
Li-powder in dme at 0 °C according to the literature synthesis of disilenide 93. In the
process of warming to room temperature a heat development was observed and the
"H NMR spectrum shows the same set of signals as displayed in Figure 80a together

with TipLi and a second anionic product (Scheme 135).

4 Li/dme Tip /Tip

Tip,GeCl, % §\5e=G<§ + unidentified black crystals
B Tip Li-dme,
- TipLi
50 90

Scheme 135. Reduction of Tip.GeCl, 50 with 4 eq of Li-powder affording digermenide 90 and
unidentified black crystals.
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After filtration from pentane and storing a concentrated pentane solution at —-26 °C for
14 hours afforded a small amount of red crystals beside a large amount of almost black
crystals.

The 'H NMR spectrum reveals again the signals of proposed digermenide 90 displayed
in Figure 80b together with the signals which were assigned to the unidentified black

crystals (Figure 81).
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Figure 81. "H NMR spectrum of the crystals from the reduction of Tip.GeCl, 50 with 4 eq Li
(labelled: unidentified black crystals).

Unfortunately both types of crystals were not suitable for X-ray diffraction. At room
temperature the crystals were unstable in solution and after three weeks of storing the
mixture of both species at ambient temperature afforded orange block-like crystals.
Surprisingly, the result of the X-ray analysis revealed the steric congested GeTipsH
209 (Scheme 136, Figure 82). The "H NMR spectrum of 209 shows a typical resonance
for a GeH at § = 6.27 ppm.[°3
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Ti P, /Tip

99:G$ proton
Tip Li-dme, rt, 3 weeks abstraction
90 —O > Tip;Ge: OMdMe, 1 GeH
+
unidentified black crystals [208] 209

Scheme 136. Rearrangement of digermenide 90 and unidentified black crystals to form triaryl
germane 209.

The formation of the triaryl germane 209 is most likely a rearrangement product of
digermenide 90 and the unidentified black crystals over the long period of time in
solution (Scheme 136). An initial formed GeTips-radical [208] could have abstracted a

proton from dme molecules to finally afford 209.

Figure 82. Molecular structure of 209 in the solid state (ellipsoids are at 30%, hydrogen atoms
omitted for clarity). Selected bond lengths [A]: Ge-H1 1.68(4), Ge-C1 1.9745(18), Ge-C16
1.9599(19), Ge-C31 1.9714(17).
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The sum of angles at the germanium center of 348° indicates a significantly more
planar coordination environment than expected for a tetracoordinate species, which
could be interpreted as support for the absence of a fourth substituent and therefore
would suggest that 209 was actually a radical species. However, the very fact that a
H NMR spectrum with the ordinary chemical shift range can be obtained clearly proves
the absence of unpaired electrons. Moreover, the '"H NMR reveals a characteristic
signal for a germanium-bonded hydrogen at 6 = 6.27 ppm. The Ge-C bond distances
of 209 are with 1.9599(19) to 1.9745(18) A shortened in comparison to GeMessH 211
(Scheme 137) of Lambert et al. (2.031-2.06 A).[2%6 Significant shorter is the Ge-H bond
length with 1.68(4) A when compared to GeMessH 211 (2.047 A), which could be

rationalized by the more electron donating effects of the Tip-substituents.

. ClGeMes
SnPh 3
_/_ 3+ PhLi W_/_GGMGS::, + GeMeS3H

- LiCl
210 21

Scheme 137. Synthesis of GeMessH 211 as byproduct in the synthesis of allyltrimesityl
germane 210.

The orange color of 209 is due to the longest wavelength absorption in the UV/vis
spectrum at Amax = 437 nm (e = 1800 Lmol~'cm™") and unusual colorful when compared
to the colorless trimesityl silane or trimesityl germane.l?°62071 Conversely, when the
same reaction was carried out in a smaller scale (1 mmol), only Tip2Ge=GeTip2 51
beside a small amount of proposed digermenide 90 was observed, even when the

reaction mixture was stirred for 4 days at room temperature (Scheme 138).1208]

4 Li/dme

. 0°Ctort TI p\ /TIp Tlp\ /Tlp
Tip,GeCly —— Ge=Ge +  Ge=Ge
] Li-dme,  Tip Tip
- TipLi
50 90 51

Scheme 138. Reduction of Tip.GeCl. 50 with 4 eq of Li-powder affording proposed
digermenide 90 and digermene 51 (1 mmol scale).
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3.5.1.4. Synthesis of Digermenyllithium 90

In both reductions, described in Chapter 3.5.1.2. (Scheme 134, page 146) and Chapter
3.5.1.3. (Scheme 135, page 147), the formation of digermenide 90 was strongly
supported by 'H NMR spectroscopic data, although isolation in a good yield as well as
growing single crystals of 90 to confirm the molecular structure by X-ray diffraction
analysis failed.

In order to avoid the heat generation, observed during the reduction of Tip2GeCl2 50
with 4 equivalents of Li in dme (Scheme 135), 50 was reacted at -78 °C with 3.3
equivalents of Li-powder in dme in presence of a catalytic amount naphthalene (0.004

mol%) to initiate the reduction at lower temperature (Scheme 139).

6.6 Li, dme Tip Tip
-78°Ctort \
2 Tip,GeCl, ——2%  Ge=Gé
AU g Lidme
~2 TipLi P 2
50 90

Scheme 139. Synthesis of digermenide 90 upon reduction of diaryldichloro germane 50 with
3.3 eq Li and cat. amount of naphthalene.

Upon warming to room temperature, a '"H NMR sample indicates the clean conversion
into proposed digermenide 90, also isolated in Chapter 3.5.1.2. (Figure 80a, page 147),
beside TipLi and LiCl. Excess dme was evaporated in high vacuum and filtered from
pentane. The “Li NMR spectrum shows one resonance at § = =0.22 ppm. A diluted
pentane solution was stored at —26 °C for 14 hours to afford red crystals suitable for
X-ray diffraction analysis. The X-ray analysis confirmed the predicted molecular
structure as digermenyllithium 90 (Figure 83). The Li-atom is coordinated by two dme
molecules in the same fashion as observed for disilenide 93. The Ge=Ge moiety in 90
is slightly more twisted (t = 19.9°) than in Tip2Ge=GeTip2 51 (1 = 14°) and the trans-
bent angles (0, GeTip2 = 7.1°; 6, GeTipLi = 12.8°) are comparable to those of
Tip2Ge=GeTip2 51 (6, GeTip2 = 12°) but only slightly trans-bent in comparison to
Mes2Ge=GeMes2 14 (0, GeMes2 = 33°).[97208 The Ge1-Ge2 double bond length is with
2.284(6) A nearly the same as in Mes2Ge=GeMes: 14 (2.286 A) and significant longer
when compared to Tip2Ge=GeTip2 51 (2.213 A).7208] The distances between
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germanium and carbon (1.986(3)-2.031(4) A) are slightly shorter when compared to
Power’'s Ge-dianion 78 (2.060 A, Scheme 140).209]

Li, Et,0 Li, Ar
2ArGeCl —— (/3e=G¢
-2 LiCl Arl LI
76 78

Scheme 140. Synthesis of dianion 78 (Ar’ = 2,6-Dip2-CeHs, Dip = 2,6-Pr2-CeHs).

The Ge-Li bond length is with 2.842(7) A in the typical range (average Ge-Li bonds:
2.55-2.91 A).[209-211]

Figure 83. Molecular structure of digermenyllithium 90-2 dme in the solid state (ellipsoids are
at 30%, hydrogen atoms omitted for clarity). Selected bond lengths [A]: Ge1-Ge2 2.2840(6),
Ge1-C1 2.031(4), Ge1-Li 2.842(7), Ge2-C16 2.003(3), Ge2-C31 1.986(3).
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The red color of digermenide 90 is due to the longest wavelength absorption in the
UV/vis spectrum at Amax =435 nm (e = 11800 Lmol~'cm™") and slightly blue-shifted when
compared to Dip2Ge=GeDip(Li) 88 reported by Masamune et al. (Amax = 458 nm (¢ =
4000 Lmol~'ecm™).92 Digermenide 90 melts at 135-138 °C under conversion into
Tip2Ge=GeTip2 51 together with a mixture of unidentified decomposition products. The
synthesis is reproducible in a scale from 1 to 6 mmol of Tip2GeCl2 50 (average yield of
90: 36-48%).

3.5.1.5. Reduction of Tip2GeX2 206 with Li and Cat. Amount of Naphthalene

With the reproducible synthesis of digermenide 90 in hand, reduction of Tip2GeX2 206
under the same conditions as reported in Chapter 3.5.1.4. was investigated to

circumvent the hydration and chlorination step of Tip2GeX2 206 to Tip2GeCl2 50.

6.6 Li, dme .
Tip

° Ip
-78°Ctort \
2 Tiszexz TIC|0> SBeZG(/\a
2 TipLi Tip Li-dme,

206 90

Scheme 141. Reduction of 206 with Li in the presence of cat. amount of naphthalene (X = ClI,
Br).

Unfortunately, this synthetic pathway (Scheme 141) indicated a mixture of products.
The heavier vinyllithium analogue 90 was isolated only in poor yields of 5%, suggesting
that the chlorinated species Tip2GeCl2 50 in presence of Li/cat. naphthalene is crucial

for the targeted digermenyllithium 90.
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3.5.2. Reactivity of Digermenide 90

3.5.2.1. Reaction of Digermenide 90 with PhX (X = Cl, Br, I)

In order to gain a first impression of the reaction behavior of heavier vinyllithium
analogue 90, the reaction with Phl was carried out (Scheme 142), which yielded in
case of disilenide 93 the unsymmetrically substituted disilene 213 (Scheme 143).212

. . . . Ti Ti
Tip, /Tlp Phl, C¢Dg, 1t Tip, /Tlp ge—éep
SBeZGQ : Ge=Ge + Tip-nZ N i
Tip Li-dme, - Ll Tip Ph Ge Ge~llP
Tip Tip
20 212 92
80% 20%

Scheme 142. Reaction of 90 with Phl leading to Tip.Ge=GeTipPh 212 and
tetragermabutadiene 92.

When Phl was added at room temperature to an NMR tube containing digermenide
90, the major product (80%, determined by 'H NMR spectroscopy) was the
unsymmetrically substituted digermene 212, beside the oxidation product of

digermenide 90, tetragermabutadiene 92 (Figure 84).

Tip Tip
Phl, C(.;HS, rt /\Si:Si\
-kl Tip  Ph
Tio,  Tip 213
Si=Si _ . .
TP Li-dme, P P
93 i
IPhl, CgHg, 1t 11P
L
-2 Lil Tip
Si=si
Tip Tip
214

Scheme 143. Reaction of 93 with Phl to Tip,Si=SiTipPh 213 and reaction of 93 to phenylene-
bridged tetrasilabutadiene 214.
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The reaction was repeated in a larger scale, which again yielded tetragermabutadiene

92 as major product, which prevented the isolation of 212.
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Figure 84. '"H NMR spectrum of an NMR-scale reaction of digermenide 90 with Phl leading to
Tip.Ge=GeTipPh 212 and tetragermabutadiene 92 (integrated: signals of 212). The excerpt
shows the aryl-protons of compound 212.

A plausible mechanism could start with a halogenation of digermenide 90 leading to
intermediate Tip2Ge=GeTipX 215, which than reacted with a further equivalent of
digermenide 90 to finally obtain tetragermabutadiene 92 (Scheme 144). Weidenbruch
et al. already proposed this mechanistic scenario in the synthesis of
tetragermabutdiene 92.1'281 More likely, a radical mechanism can be considered in
which an electron is transferred from digermenide to the aromatic system. In a
subsequent step two digermenyl-radicals would combine to tetragermabutadiene 92.
The reaction of digermenide 90 was also repeated with PhCl and PhBr which

selectively led to the oxidation product 92.
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Tip,  Tip ppx TiR, TP, 41 Ge—Ge
Ge=Ge. —> Ge=Ge +—> Tlp\Gg \Ge’T'P
Tlp iX Tip/ X -LiX \
Li* Tip Tip
90 215 92

Scheme 144. Proposed mechanism for the formation of tetragermabutadiene 92 in the
reaction of 90 with PhX via intermediate 215 (X = Cl, Br or |).

3.5.2.2. Synthesis of Phenylene-Bridged Tetragermabutdiene 216

The reaction of disilenide 93 with 1,4-diiodobenzene had reportedly afforded para-
phenylene-bridged tetrasilabutadiene 214 selectively (Scheme 143).2'2 In case of
germanium, tetragermabutadiene 92 was the hitherto only known system with
conjugated Ge-Ge-double bonds.['?8] With regards to expanded and conjugated
systems, digermenide 90 was reacted with 0.5 equivalents of 1,4-diiodobenzene in
benzene at room temperature. The oxidation product 92 was once more observed as
side product, albeit the major product was identified as the desired phenylene-bridged
tetragermabutdiene 216 in this case (Scheme 145). The 'H NMR spectrum of 216 is
nearly identical when compared to the '"H NMR spectrum of the phenylene-bridged
tetrasilabutadiene 214.2'2 The similarity of the "H NMR spectra in this reaction is in
line with the previous observed trend that the germanium systems display similar

splitting patterns as the corresponding silicon-species.

Tip, Tip
Ge=Ge Tip  Tip
Tip Tip Tip LA
Se=Gb 0.5 IPhl N //Ge Ge,
=€ P Tip-~ Ti
Tis  Lidme, 2L Tip G% Tife '
9e=G<§ P
Tip Tip
90 216 92
70% 30%

Scheme 145. Synthesis of para-phenylene-bridged tetragermabutadiene 216 beside oxidation
product 92.
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In a repeat reaction intensely red colored single crystals suitable for X-ray diffraction
were obtained from a saturated pentane solution at room temperature, confirming the
proposed structure of para-phenylene-bridged tetragermabutadiene 216. Co-
crystallized tetragermabutadiene 92 was separated mechanically. The Ge=Ge moiety
in 216 is slightly twisted (t = 10.8°) and strongly trans-bent (6, GeTip2 = 33.5°; 0,
GeTipPh = 43.3°) and comparable to tetragermabutadiene 92 (06, GeTip2 = 31.1° and
35.4°).'28 The Ge1-Ge2 double bond length is with 2.3132(4) A longer than the Ge1-
Ge2 distance in digermenide 90 (2.284(6) A) and in Tip2Ge=GeTip2 51 (2.213 A), but
shorter than observed for tetragermabutadiene 92 (2.344 and 2.357 A).['28.208] The red
color of 216 is due to the longest wavelength absorption in the UV/vis spectrum at Amax
= 480 nm (¢= 41300 Lmol'cm™") and blue-shifted when compared to heavier
butadiene analogue 92 (Amax = 560 nm (¢ = 12800 Lmol~'cm™") or the phenylene-
bridged tetrasilabutadiene 214 (Amax =508 nm (¢ =28200 Lmol~'cm™)). Compound 216
decomposes slowly in benzene solution at room temperature over the period of 16
hours to an unidentified product mixture. Melting of 216 at 207-210 °C afforded a

mixture of decomposition products.
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Figure 85. Molecular structure of phenylene-bridged tetragermabutdiene 216 in the solid state
(ellipsoids are at 30%, hydrogen atoms omitted for clarity). Selected bond lengths [A]: Ge1-
Ge2 2.3132(4), Ge1-C1 1.948(2), C1-C2 1.401(3), C2-C3 1.386(3).
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3.5.2.3. Reaction of Digermenide 90 with GeCl>:NHCP2Me2 8  and

GeClz-dioxane

Silagermenylidene 104 was formed in a reaction of disilenide 93 with GeCl>-NHCPr2Me2
8 and is a remarkable precursor for several multiple functionalized Si and Ge
containing compounds.l'45-147] Digermenide 90 represents a potential building block for

the synthesis of a homonulcear heavier vinylidene analogue 120 (Scheme 146).
Tip\ /Tip
/Si:Si\
Tip g Li  Tip Tip

\

Ti //Si_Si NHdezMez
T
i 104
GeClyNHC ™2Me2 ——
8
Tip, /Tip
T, Tp Tips®87G8  NHC™Me:
Ge=Ge Cl Ge
e L 120
90

Scheme 146. Synthesis of silagermenylidene 104 and attempted synthesis of homonuclear
heavier analogue 120.

The 1:1 reaction of digermenide 90 and GeClo:NHC™2Me2 8 at -78 °C in toluene

afforded a complex product mixture which was not further followed due to the limited
NMR active species involved in the reaction.

Given the fact that heavier vinylidene analogue 120 could not be obtained via the
synthetic route described in Scheme 146, GeCl2-dioxane was reacted in a 1:1 ratio
with digermenide 90 at —78 °C in toluene to target the base-free vinylidene analogue
217 (Scheme 147).

toluene, Ti Ti
Tlp\ /Tlp -78°Ctort Ipé. —G/ Ip
Ge=Ge + ‘GeCly dioxane ——#—— Tip~ ¢ 2%
Tip Li-dme, -Licl Cl Ge
- dioxane
%0 217

Scheme 147. Reaction of 90 with GeCl,-dioxane.
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As the reaction in Scheme 146, germyl digermavinylidene 217 could not be obtained.
Instead of the selective formation of tetragermabutadiene 92 was observed. A base-
free digermavinylidene 113 was recently reported by the group of Aldridge (Scheme
148).1151]

Dip-<
'\\1/\5 %\N—Dip
K®@ B\N . /N\B,
_ G _G/ Dip _ 2 [PhaClIB(CoFs)a] Dip \

Dip, ~ /°e=%e U > Dip. Ge=Ge:
N ©) -2 KB(CgF5)4 \ /
NBR@ N-B
%N\Dip &N~ ip

112 113

Scheme 148. Synthesis of recently reported base-free digermavinylidene 113 by Aldridge et
al. (Dip = 2,6-’Pr2-CeH3).

3.5.2.4. Reaction of Digermenide 90 with GeCl4

1,1,2-Trichlorocyclotrisilane is the key precursor on the way to a dismutational
hexasilabenzene isomer.?'3l An analogous reaction was carried out with digermenide
90 and GeCls to target cyclotrigermane 218 (Scheme 149), which could be a starting

material for the synthesis of hexagermabenzene analogues.

| | cl, Cl
Tip,  Tip GeCly /Gt-i
Ge=Ge Cl~ i
Ty  Lidme, -LiCl Ge—Ge™'P
Tip Tip
90 218

Scheme 149. Reaction of GeCls with digermenide 90.

In analogy to the synthesis of 1,1,2-trichlorocyclotrisilane, five equivalents of GeCls
were added to a solution of digermenyllithium 90 in hexane at room temperature. The
"H NMR spectrum indicates a mixture of unidentified products. Changing the solvent
to toluene as well as the use of 1 eq GeCls also afforded a reaction mixture, even when
the reaction was done at —78 °C. Notably, the default oxidation product of digermenide
90, the tetragermabutadiene 92, was not observed in these reactions.
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3.5.2.5. Reaction of Digermenide 90 with BH3-SMe2

To further shed a light on the general reaction behavior of digermenide 90, the 1:1
reaction was carried out with BH3-SMe2 at room temperature in benzene solution

(Scheme 150). The color turned immediately to pale yellow.

Tip,  Tip BHsSMe, TP, TiP
Ge=Ge oo L §e=Ce
Tig Lidme, SV  Tip  ~BHj

+
Li-dme,
90 219

Scheme 150. Reaction of digermenyllithium 90 with BH;-SMe; leading to open-chained
product 219.

A "H NMR spectrum indicates free SMe2. The ''B NMR spectrum shows a broad signal
at §=-32.99 ppm and the 7Li NMR spectrum a resonance at &=-0.59 ppm (90:
6 =-0.22 ppm) indicating the formation of a single product. After filtration, a
concentrated pentane solution is stored at =26 °C for 14 hours to afford orange/yellow
single crystals suitable for X-ray diffraction. The analysis revealed the molecular
structure of the first example of a digermenyl borate 219 (Figure 86). The Ge=Ge
moiety in 219 is slightly twisted (t = 9.8°) and moderate trans-bent (0, GeTipz2 = 27.1°;
0, GeTipBHs3 = 28.8°) and comparable to Mes2Ge=GeMes:2 14 (6, GeMes2 = 33°). The
Ge1-Ge2 double bond length is with 2.285(3) A close to the Ge1-Ge2 distance in
digermenide 90 (2.284(6) A) and shorter when compared to phenylene-bridged
tetragermabutadiene 216 (2.3132(4) A). The Ge-B bond length is with 2.074(4) A
shorter when compared to the saturated germyl borate 221 reported by Mochida et al.
(2.138-2.145 A, Scheme 151).1214]

"Lirthfs
GeEtiLi —2-™ » BPhsGeEt,
220 221

Scheme 151. Synthesis of germyl borate 221 reported by Mochida and co-workers.
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Figure 86. Molecular structure of digermenyl borate 219 in the solid state (ellipsoids are at
30%, hydrogen atoms omitted for clarity). Selected bond lengths [A]: Ge1-Ge2 2.285(3), Ge1-
B 2.074(2), B-H1 1.15(3), B-Li 2.503(4).

Digermenyl borate 219 is unstable in pentane solution at room temperature and
decomposes over the period of 8 hours to unidentified GeH-species. Melting of 219 at
125-127 °C afforded, as observed for digermenide 90, Tip2Ge=GeTip2 51 beside
unidentified decomposition products.

The orange color of digermenyl borate 219 is due to the longest wavelength absorption

in the UV/vis spectrum at Amax = 438 nm (¢ = 8900 Lmol~'cm™") and nearly identical to

that of digermenide 90 (Amax =435 nm (¢ = 11800 Lmol~'cm™)).
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3.5.2.6. Reaction of Digermenide 90 with Ph2aNBCI:

The reaction of Pha2NBCI2 and digermenyllithium 90, should in principle form boryl
digermene 222 with an additional chlorine functionality allowing for further manipulation
(Scheme 152).

Tlp\ /Tlp Cl,BN(Ph), Tlp\ /Tlp Tlp\ /Tlp
Ge=Ge — = Ge=Ge - ClI-Ge-Ge
Tig Li-dme, ~HC Tip B-N(Ph), Tis  'B—N(Ph),
Cl
90 222 223

Scheme 152. Reaction of digermenide 90 with PhoNBCI, resulting in boryl digermene 222 in
equilibrium with germyl boragermene 223.

The 1:1 reaction of digermenide 90 with Ph2NBCI2 in benzene solution at room
temperature shows a uniform conversion into a new product (as determined by H

NMR spectroscopy, Figure 87).

NOIT - OUANONMNATIMN—-—OOTANOOMNNOOIT N © 0O
mrmOCOARRAOAMNMCONANNNNTT T OO0 ®®
SO LOPO T T T T T T T T 9992

Figure 87. '"H NMR spectrum of the crude reaction mixture of digermenide 90 with PhoNBClI>
after 5 min at room temperature.
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Filtration from pentane and storing a concentrated solution at room temperature

afforded yellow single crystals suitable for X-ray diffraction (Figure 88).

5%

Y

=l X7

Figure 88. Molecular structure of 90% 222 and 10% of 223 in the solid state (ellipsoids are at
30%, hydrogen atoms omitted for clarity). Selected bond lengths [A]: Ge1-Ge2 2.301(2), Ge1-
B 2.059(16), Ge2-Cl1b 2.225(3), B-Cl1a 1.786(3), B-N 1.399(2).

Despite crystals of apparently high quality, the refinement resulted in appreciable
residual electron density near Ge2 in approximately 2.2 A distance and thus in line with
a typical Ge-Cl single bond.[61-62671 This may indicate the superposition of two isomeric
species 222 and 223 in the solid state resulting from a 1,3-chlorine shift, which would
be reminiscent of the irreversible 1,3-amino shift suggested for a plausible phosphino-
substituted disilene intermediate [224] to lead to the phosphasilene 225-E/Z (Scheme
153).1219]
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Scheme 153. Reaction of 93 with (Me2N).PClI resulting in phosphasilene 225-E/Z.

In Figure 88 the chlorine atom Cl1a from the proposed boragermene 223 is displayed,
whereas the second component of the smaller boron atom could not be detected. On
the basis of the refined occupation numbers for Cl1a and Cl1b, the functionalized
aminochloroboryl digermene 222 is present to 90% and the germyl boragermene 223
would account for the remaining 10%.

After dissolving the crystalline material of 222 and 223 in CsDs the "H NMR spectrum
is nearly identical to the spectrum of the crude reaction mixture (Figure 89). In order to
resolve the suspected equilibrium of the species 222 and 223, a low-temperature NMR
was recorded. As had been the case at room temperature, no ''B NMR signal could
be detected at —50 °C either. In the '"H NMR spectrum at =50 °C the broad signals
present at room temperature are resolved better, especially in the region of the CH
signals of the isopropyl groups (Figure 90). Although this '"H NMR spectrum appears
to indicate the presence of a major and a minor species, the ratio between them could
not be determined due to severe overlap of the signals and therefore no correlation be
established to the one deduced from the occupation numbers found in the solid state
by X-ray diffraction analysis.
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Figure 89. "H NMR spectrum of the crystalline material of 222 and 223. The excerpt shows
the signals of a CH at the isopropyl-groups of the Tip-substituents.
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Figure 90. '"H NMR spectrum of the crystalline material of 222 and 223 at (=50 °C in toluene-
ds). The excerpt shows the signals of a CH at the isopropyl-groups of the Tip-substituents.
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It is not possible to thermally convert 222 to 223. Heating a sample of 222 and 223 to
80 °C for 3 days indicated nearly the same 'H NMR resonances together with some

decomposition products.

3.5.2.7. Reaction of Digermenide 90 with (‘Pr2N)2PCI

The investigations concerning the reactivity of digermenide 90 toward Group 13 and
Group 14 reagents have been described in the last chapters. The reactions of
disilenide 93 with diamino chloro phosphines led to a variety of phosphino disilenes or
phosphasilenes depending on the size of the substituent at the amino-groups.[215-217]
Therefore, the reaction of 90 with (PraN)2PCI was investigated to target phosphino

digermene 226 and possibly related species (Scheme 154).

Tipée_GéTip CIP(NPT,), Tipée:GéTip
Tig  Lidme, “HC Tip'  P(NPry),
20 226

Scheme 154. Reaction of digermenide 90 with ('Pr.N),PCI to phosphino digermene 226.

In a first attempt, digermenyllithium 90 was treated with one equivalent of ('Pr2N)2PCI
in benzene at room temperature. The 3'P NMR spectrum shows three main signals at
d=134.7, 83.6 and 81.00 ppm (Figure 91). The signal at 5 = 134.7 can be assigned to
a slight excess of the starting material (Pr2N)2PCl and the major signal in the 3'P
resonance at 6 = 81.00 ppm was a hint for the formation of phosphino digermene 226.
While alkyl and aryl substituted phosphino disilenes reported by Scheschkewitz et al.
can be found in the range of 5 = 8.9 to —45.7 ppm in the 3'P NMR spectrum,?'6] the 3'P
signals of amino-substituted phosphino disilenes were more deshielded (*'P NMR:
Tip2Si=SiTipP(NPh2)2: § = 104.5 ppm; Tip2Si=SiTipP(N'Pr2)2: § = 58.4 ppm).l2152171 Due
to the fact that these reactions are unprecedented only a theoretical study about
phosphino digermenes were investigated by Li and Su in 2012.12'8 Unfortunately, it

was not possible to obtain single crystals for structural confirmation in the solid state.
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Figure 91. ®'P NMR spectrum of the reaction mixture of 90 with (‘PrN).PCI.

3.5.2.8. Reaction of Digermenide 90 with (Me2N)2PCI

Phosphasilene 225 was obtained when disilenide 93 was reacted with (Me2N)2PCI.
The analogous reaction in case of digermenyllithium 90 was expected to afford the

corresponding phosphagermene (Scheme 155).

Tlp\Si-Si'Tlp (M, Tlp\Si-siTlp - TiEE\Si—siTlp
I - LiCl o U0
TP L | Tig  P(NMey), Me,N  PNMe,
93 [224] 225-F/7
Tip Tip Tip,Tip Tip, TiP Tip
o= EE@E&?&, Ge=Ge AL
% -icl T P-NMe e GerGe _
Tip Li-dme, pM N 2 MeoN P—NMe,
€
90 227 228

Scheme 155. Reaction of 90 with (Me2N).PClI resulting in phosphino digermene 227.
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The 1:1 reaction of 90 with (Me2N)2PCl in CeDs at room temperature shows one major
signal in the 3'P NMR spectrum at § = 112.5 ppm beside some smaller amounts of
byproducts (Figure 92), which is an indication for the formation of an amino substituted
phosphino digermene 227 (Scheme 155). In this case the amino group apparently
remained attached to the phosphorus atom and was thus not shifted to the 3-Ge-atom
as had been observed in case of the formation of phosphasilene 225 reported by
Scheschkewtiz and co-workers.[?'5 While polarized phosphasilenes (3'P NMR shift for
225-E/Z at = 344.8 and 336.2 ppm) typically show 3'P NMR signals in the range from
d = 336.2 to 389.3 ppm, a phosphagermene reported by Sekiguchi et al. gave rise to
an even more deshielded 3'P resonance at 5 = 416.3 ppm (Figure 92). The observed
3P NMR shift at relatively highfield therefore excludes the formation of

phosphagermene 228.1215219]

.20
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Figure 92. *'P NMR spectrum of the reaction mixture of digermenide 90 with (Me2N),PCI.

Unfortunately, no single crystals for X-ray diffraction analysis could be obtained in order

to confirm the molecular structure of 227 in the solid state.
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3.5.2.9. Reaction of Digermenide 90 with P(NHCPr2Me2),BPh4

In case of disilenide 93 the reaction with P(NHCP2Me2y,BPhs led to cyclic
phosphasilene 230 with the NHC®2Me2 coordinated to the silicon-center (Scheme
156).12201 The reaction of digermenide 90 with P(NHC™2Me2),BPh4 could therefore in

principle result in a similar three-membered ring with the NHCP2Me2 |ocated at the

phosphorous (231) or the germanium-center (232) after the reaction (Scheme 156).

I / Pr2M62
Tip,  Tip AIREYC T'p\/s \/N He
./SI_SI ): >/P\</ :( Tlp\S|— o
Tip Li-dme, @ T
iPripr ©gph ip
93 229 4 230
Tip
Ge
Tip-g{
Pr "Pr T ONHCMe:
Tip,  Tip N NS Tip g1 ©
Ge=Ge />/P\<’ —
Ti Li- dme N
P 2 ® /Pr /Pr T|p\ /NHCPrZNIez
©BPh, L—» = e
90 229 T'p‘Ge—
T|p
232

Scheme 156. Proposed reaction of digermenide 90 with P(NHC™2Me2),BPh, and reaction of
disilenide 93 with P(NHC™2Me2),BPh, resulting in 230.

The reaction of digermenyllithium 90 and P(NHC™2Me2),BPhs in toluene at room
temperature indeed led to a change in color from deep red to orange. The 3'P NMR
spectrum reveals a new resonance at 6 = —187.5 ppm (Figure 93), which is downfield
shifted in contrast to the silicon-species 230 (3'P NMR resonances at § = —252.2 and
-267.9 ppm). However, the "H NMR spectra of 230 and the proposed cyclic products
231 and 232 are completely different from each other (Figure 94). The splitting pattern
of compound 230 (Figure 94b) differs significantly in the region of CH protons at the
isopropyl groups of the NHC and Tip-substituents (Figure 94a).l221 A white precipitate
formed, which was identified by '"H NMR spectroscopy as LiBPha. In the 'H and 3C
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NMR spectrum no free NHCP2Me2 js detected, but an exact assignment was not
possible due to signal overlaps. After one day at room temperature, a slow
decomposition of the product was apparent from new resonances in the 3'P NMR
spectrum growing in at 6 = —289 to 292 ppm. Unfortunately, despite repeated attempts,

crystallization of the product from a saturated pentane solution at —26 °C failed.

-187.54

o

T T T T T T T T T T T T T T T T T T T
450 400 350 300 250 200 150 100 50 0 -50 -100 -150 -200 -250 -300 -350 -400 ppm

Figure 93. *P NMR spectrum of the reaction mixture of digermenide 90 with
P(NHC™2Me2),BPh,.
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Figure 94. Comparison of 'H NMR spectra excerpts (without alkyl region): (a) reaction mixture
of digermenide 90 with P(NHC®™2“e2),BPh,, (b) pure sample of NHC-stabilized cyclic
phosphasilene 230.

3.5.2.10. Reaction of Digermenide 90 with NHC/Pr2Mez

In 2007 Baines et al. reported the cleavage of the Ge-Ge-double bond of the
symmetrical tetramesityl digermene 14 with 2 eq of NHCP2Me2 which led to the

formation of two NHC-coordinated germylenes 15 (Scheme 157).[69]

M M N Hé)P e

es, es PrMes A

Mes Mes Mes Mes
14 15

Scheme 157. Cleavage of symmetrical digermene 14 by 2 eq NHCPr2Me2 resulting in 2 eq of
NHCPr2Me2_coordinated diaryl germylenes 15.

Encouraged by these results, digermenyllithium 90 was treated with 2 eq of NHC™r2Ve2

in CeDe at room temperature with the aim to obtain unprecedented lithio germylene as
NHC complex 233 alongside diaryl germylene/NHC adduct 234 (Scheme 158). In the

'H NMR spectrum, however, no discernible change in the splitting pattern of the
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structure motive of digermenide 90 was observed after the addition, except of the

typical signal set of the NHCPr2Me2 (Figure 95). For the proposed NHC-stabilized
germylenes 233 and 234 two distinguishable multiplets for the methine protons of the

coordinated NHCs are expected due to the different substituents at both Ge(ll)-centers.

The coordination of NHCP2Ye2 tg g Ge(ll)-center can almost be excluded displaying
only one multiplet for the methine protons of the NHC at 6 = 4.34 ppm (5H), which is
not in the typical range for a NHC-stabilized germylene in the "H NMR spectrum (typical

chemical shifts for methine protons of a NHC™"2Me2_coordinated to Ge(ll)-center in the
"H NMR spectrum: § = 5-6 ppm!62.63.65.144,145,147] "for NHC-stabilized germylene 15: & =
5.73 ppmi69),

Tip, Tip . CeDg, 1t Dtz HEMe |
Ge=Ge + 2NHCPMe2 4 o ' '
Tip Li-dme, %
Tip Li-dme, Tip Tip

90 233 234

Scheme 158. Proposed synthetic pathway for the cleavage of the Ge=Ge-bond in 90 with 2
eq of NHC™2e2 resulting in 233 and 234.

Furthermore, three resonances for the aryl-protons of the Tip-substituents were
observed at 56 = 7.10, 7.09 and 7.08 ppm in the integrated ratio of 2:2:2 (Figure 95),
suggesting that NHC-coordinated lithio germylene 233 and diaryl germylene 234 had
not been formed (expected integrated ratio for the aryl-protons of 233 and 234 should
be 2:4). In contrast, the signals of dme at 6 = 3.22 and 3.09 ppm suggest the at least
partial liberation of dme from the lithium cation (free dme 6 = 3.33 and 3.12 ppm, dme
coordinated to the Li-center in digermenide 90: 6 = 2.93 and 2.84 ppm). Apparently, a
rapid exchange of NHC and dme in the coordination sphere of the Li-countercation of
digermenide 90 takes place.” It is literature known that NHCs can coordinate to Li-

centers.[222.223]

*NMR at variable temperature to back this assertion could not be carried out at the time of these experiments due to technical
difficulties as well as the imminent move to new laboratories.

172



N O O A MO NO WA O
— — OLWOVWOTOMHOMHMmMAN
\ Y/ =N\
710ppm 48 46 44
M\ LA U\m J
""""" R N B B I I I I
8 7 6 5 4 3 2 1 0 ppm

Figure 95. '"H NMR spectrum of the reaction mixture of digermenide 90 with 2 eq of of

NHCP2Me2 The excerpts show the aryl-region and signals of the methine protons for the NHC
and of the Tip-groups.

To prove if an excess of NHCP2M2 could cleave the Ge=Ge-bond, two further
equivalents NHC™2M°2 were added to the reaction mixture of digermenide 90 and
NHC™2Me2 4t room temperature. After addition the mulitplet of the methine proton of
the NHC™"2Me2 has shifted from & = 4.34 ppm to & = 4.18 ppm and the dme signals
shifted from § = 3.22 and 3.09 ppm to & = 3.28 and 3.10 ppm in the "H NMR spectrum
(Figure 96¢) and thus even close to the chemical shifts of free dme. The aryl region,
however, still shows three signals for the aromatic protons of the Tip-substituents that
the changed ration of NHC™™Y2 allows for probing, which of these species is more
strongly coordinated to the Li-center.

Indeed, after evaporation of the solvent, the signals of dme had almost completely
disappeared and a broad signal for the methine protons of the NHCP2Me2 s detected
at § = 4.14 ppm in the "H NMR spectrum (Figure 96d). Additionally, the aryl protons of
the Tip-group are not observed in the previous ratio of 2:2:2, instead two sharp signals
are observed at § = 7.15 and 7.09 ppm in the integrated ratio of 2:4. The Li NMR
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spectrum shows one resonance at 5 = 2.50 ppm (’Li NMR spectrum of digermenide
90: 6 = —-0.18 ppm). This could be taken as indication for the formation of NHC-
stabilized diaryl germylene 234 and NHC-stabilized lithio germylene 235 with 2 eq of

NHC™2Me2 coordinated to the Li-atom instead of two dme molecules (Scheme 159).

ProMe;, iPrZMeZ
NHC
To,  Tip et HONGe NGe
\Ge:Gé + 4 NHClPrzMe2 i, ‘//, + 2 ;
./ N L. . 'Li.(NHCPrZMGZ)
Tip Li-dme, Tip Tip Tip 2
90 234 235

Scheme 159. Reaction of digermenide 90 with 4 eq of of NHCP2Ve2 resulting in proposed NHC-
stabilized germylenes 234 and 235.

The broad resonance of the methine protons of the NHC could be due to a fast

exchange of the coordinated NHC-species.

(d) NHC
dme
(c) NHC
i N AL g
dme
(b) NHC
dme
@ A ) L
7.|O 6.‘5 6!0 5.[5 510 4!5 4.‘0 3{5 3.‘0 215 ppm‘

Figure 96. Excerpts of '"H NMR spectra: (a) digermenide 90, (b) 90 + 2 eq NHCiPr2M92, (c) after
addition of to 2 further eq NHC™2Ve2 to (b), (d) after evaporation of dme from the reaction
mixture in (c) resulting most likely in NHC-stabilized germylenes 234 and 235.
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To further study the behavior of the proposed mixture of NHC-stabilized germylenes

234 and 235 toward additional NHCiPrZMeZ, the addition of two more equivalents was
carried out (6 eq added overall). In the '"H NMR spectrum, the methine protons of the

NHC are shifted from 6 = 4.14 ppm to 6 = 4.05 ppm approaching the signal for free

NHCP2¥e2 gt § = 4.00 ppm. In the aryl region again three signals in the ratio 2:2:2 are
observed for the aromatic protons of the Tip-groups at 6 = 7.14, 7.11 and 7.09 ppm,
which corresponds to the pattern typically observed for the digermenide precursor 90.
These observations may indicate that the digermenide scaffold has reassembled,
which might be explained by the formation of a solvent-separated ion pair 236 by the
excess of NHC (Figure 97b). The phosphinidene-like anionic fragment 236 would be
expected to highly reactive so that a reassociation with the GeR2 counterpart 234 might
be favorable (Scheme 160).

PrM Pr,Me,
N Ciez - NHC . Tip, Tip ProMe,
C‘B.e + Ge — 9e=Gef + 2NHC
L Pr,M o Ti ' i
Tip Li(NHC"*"); Tip Tip P “Li-(NHC™?%?),
236 234 237

Scheme 160. Proposed reassociation for digermenide 237 by solvent-separated ion pair 236
and GeTip.-fragment 234.

Recently, during her Master Thesis Yvonne Kaiser isolated the anionic Ges-compound

iProMe2

238 in which three equivalents of NHC effectuate complete separation of a Li*-

cation from the counteranion (Scheme 161).[224]
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Scheme 161. Rearrangement of digermenide 90 to Ges-anion 238.
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Figure 97. Excerpts of '"H NMR spectra: (a) mixture of proposed NHC-coordinated germylenes
234 and 235, (b) after addition of to 2 further eq NHC®2Me2 to the mixture of 234 and 235, (c)
after addition of excess dme to the reaction mixture of (b).
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To prove whether the proposed NHC-coordination to the Li-center is reversible an

excess of dme was added to the mixture. The '"H NMR spectrum shows the formation

of free NHCPr2Me2 (methine proton of CHMe2-group at 6 = 4.00) together with dme at &
= 3.31 and 3.12 ppm which are close to the values of free dme (6 = 3.33 and 3.12

ppm). This observation confirms the suggestion that dme and the NHCPr2Ve2 compete

with each other about the coordination sphere around the Li-center (Figure 97c).

A repeat reaction of digermenide 90 and 3 equivalents of NHC™2Me2 was carried out in
benzene at room temperature to isolate the solvent separated ion pair 237. A
concentrated pentane solution was stored at room temperature. Unfortunately no
crystals could be obtained to determine the structure in the solid state.

Analogous observations were made for the smaller NHCMe4 and digermenyllithium 90.
As mentioned above, a low temperature NMR study could shed a light on the presence
of NHC-stabilized germylene 234 and lithio germylene 235, so that a definite
conclusion of the suitability of NHCs for the dissociation of digermenide 90 cannot be
drawn at this point. An alternative pathway for the cleavage of the Ge-Ge-double bond
could be reactions of digermenide 90 with other types of carbenes, e.g. cyclic alkyl
amino carbenes (cAACs), which are stronger o-donors and weaker m-acceptors

compared to NHCs.[22%]
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4, Summary and Outlook

Vinylidene is the only electron precise isomer of acetylene, but so far derivatives have
only been observed in cold matrices and as ligands in transition metal complexes.['38-
1431 Recently, our group reported on the synthesis of the first two isolable heavier
versions of vinylidene as donor-acceptor complexes with an N-heterocyclic
carbene.l*145 |n particular, o-chlorosilyl-substituted silagermenylidene 104 is a
versatile precursor due to the high degree of functionalization.[46.147]

On ground of this preceding studies, silagermenylidene 104 was reacted with different
types of anionic nucleophiles. Reaction of 104 with MeLi led to the formation of Ge2Si4
dimeric aggregates 131 and 132 with saturated scaffolds that structurally resemble the
recently reported unsaturated Ge:2Sis-systems.['5¢l |nitial attack of the sterically
innocent methyl anion equivalent at the Ge(ll)-center results in formation of an NHC-
stabilized disilenyl germylene 128a, followed by ring-closure to an NHC-adduct of a
heavier cyclopropene 129. Addition of an excess of NHC stabilizes the both
intermediates and demonstrates the reversibility of rate-determining initial equilibria

involving NHC dissociation (Scheme 162).

-20 °C
NHC
R R veli R R to \ Me
R-SIS|, NHC_40°C_ 5iogl nHe 2 badl -
cr’ é.e R ée Me R-SI—Si; -
104 128a 129
+NHC1L—NHC
_ Ve _
R
R 'Yle B R Me SI/R Gle
\ _/Ge*/SI\ R _ 40°C rée X 2 S'/—\\S'
/SI\S% Si '~R /C\ae Si R I\R
R ll\ e R’S'\ Me R R
R |\/|e R - -
132 131 [130]

Scheme 162. Reaction of silagermenylidene 104 with MeLi resulting in Ge>Sis-isomers 131
and 132 via spectroscopically observed intermediates 128a and 129 (R = Tip = 2,4,6-'Pr3-C¢Ho,
NHC = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene).
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In contrast to the small Me-group, it was anticipated that a sterically more demanding
substituent could provide sufficient inertness to a disilenyl germylene to allow for its
isolation and full characterization. Indeed, reaction of 104 with PhLi afforded selectively
NHC-coordinated disilenyl germylene 128c¢ which rearranges at higher temperatures
to heavier cyclopropylidene analogue 123c. Both isomers were isolated and
crystallographically analyzed. Furthermore, it was possible to spectroscopically
characterize disilenyl germylene 128d at low temperatures by change of the reaction
conditions of 104 with the steric bulky nucleophile MesLi.

On grounds of the reactivity of 104 with xylyl isocyanide, the isomeric compounds 128c
and 123c were reacted with organic substrates.!'4”] Both isomers show an unexpected
regioselectivity in their reactions with either phenylacetylene or xylyl isocyanide. While
the open-chained disilenyl germylene 128c rapidly reacts even below room
temperature, the three-membered ring isomer 123c requires prolonged heating to
about 70 °C in order to generate the regiomeric products with perfect selectivity. The
counter-intuitive connectivities of five-membered cyclic germylenes 133 and 134
(phenylacetylene reactions) and four-membered cyclic germylenes 138 and 143 (xylyl
isocyanide) are rationalized on the basis of DFT-calculations on model species for 133
and 134. The behavior of 128c is governed by an initial fast reaction at the Si=Si
moiety, but subsequently requires dissociation of the NHC as the rate determining step
to form 133. Conversely, the formation of 134 plausibly proceeds in a concerted
manner via the insertion of the C-C triple bond of phenylacetylene into the Si-Ge single

bond of three-membered ring 123c (Scheme 163).

R R NHC
\ ’ A
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Scheme 163. Reactivity of isomer Si.Ge-compounds 128c and 123c toward phenylacetlyene
and xylyl isocyanide resulting in five- and four-membered ring systems 133, 134 and 138 and
143 (C, = PhCCH, XyINC, R = Tip = 2,4,6-Pr;-CeH2, NHC = 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene).
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The selective access to isomeric heterocycles which incorporate Ge(ll)-centers with
simple unsaturated organic reagents offers significant opportunities for the
incorporation of these cycles as building blocks of extended systems. The
incorporation of these low-valent compounds into doubly-functionalized organic
moieties was therefore investigated. Silagermenylidene 104 was reacted with xylyl
isocyanide resulting in cyclic NHC-stabilized germylene.l'*”] Durylene bis-isocyanide
was reacted with 104 while structurally closely related to xylyl isocyanide.
Unfortunately a mixture of unidentified products was obtained. The expansion of the
linking-unit was therefore investigated using bis-isocyanide 148 with an additional
phenylene-group between the two CN-moieties and with 149 in which the conjugation
of the system is interrupted by a CHz2-group (Scheme 164). Both reactions resulted,
when cautiously heated, most likely in a mixture of diastereomeric products, which

could unfortunately not be isolated as pure compounds.

unidentified mixture
of products

0.5 CN4§\;§*NC

151

Scheme 164. Reaction of 104 with bis-isocyanides (R = Tip, NHC = 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene).
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The same bis-isocyanides were utilized for the reaction of disilenyl germylene 128c
and its cyclic isomer 123c. Also in this case no crystalline material was obtained to
confirm the suggested molecular structures in the solid state.

In order to synthesize unknown NHC-coordinated diaryl substituted silylenes as
precursors for low-valent Group 14 systems, different chlorosilanes were reacted with
differently sized NHCs. The outcome of these reactions gave hints for the backbone
activation of the NHCs by NMR-spectroscopy. In the reaction of TipSiCls and 2 NHCs
an unprecedented double activation of a methyl-group at the backbone of the NHC
occurred resulting in disilyl functionalized NHC 185. Furthermore, 185 was reduced

with different reducing agents which only led to the formation of an unidentified product

mixture.
iPr\N/”\N,iPr I-Pr 2 ,'P iPrCI+4\ —iPr
2 ﬁ NN r N \BZE
TipSiCls CIJipSiﬁ
SiTipCl,
178 185 153

Scheme 165. Synthesis of unique doubly-backbone functionalized NHC 185.

As stated in Chapter 1.6.1. heavier versions of disilenides have not been isolated to
date.l%2128 Dye to this fact, a part of this work focused on the synthesis and full
characterization of a digermenide. As starting point Scheschkewitz’s approach for the
synthesis of disilenide 93['32 was adopted: Tip2GeCl2 50 was reduced with 3.3
equivalents of Li-powder at low temperatures with a catalytic amount of naphthalene
which selectively formed digermenide 90 in ca. 50% yield as red crystalline material.
Digermenyllithium 90 was characterized by X-ray diffraction which is line with the 'H
NMR data unambiguously proving the formation of the heavier Group 14 vinyllithium

analogue 90 (Scheme 166).

6.6 Li, dme
cat. C10H8 \
_ 78°Ctort 1P TP
2 Tip,GeCly, —— Ge=Ge
SALCH g Lidme
-2 TipLi P 2
50 920

Scheme 166. Synthesis of the first isolated and fully characterized digermenide 90.
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The reactivity of 90 was investigated toward different organic and inorganic substrates.
The reaction of 90 with Phl led to the formation of the oxidation product
tetragermabutadiene 92 isolated by Weidenbruch and co-workers as major
compound.['?l Conversely, in case of the doubly functionalized 1,4-diiodobenzene the
main product of the reaction was the first example of a phenylene-bridged
tetragermabutadiene 216 in analogy to the phenylene-bridged silicon analogue 214
synthesized by our group in 2007.2'2 Furthermore, digermenyl borate 219 could be
isolated. Reactions of 90 with GeCls or GeCl2-NHC 8 gave an unidentified mixture of
products (Scheme 167). Within the timeframe of this thesis, it was also not possible to
homolytically cleave the Ge-Ge-double bond of digermenide 90 in two NHC-stabilized
germylene fragments with NHCs adopting the procedure reported by the Baines
group.%% In future experiments maybe a stronger s-donor could be utilized to cleave

the double bond in 90, for instance cAACs.[225]

Tip Tip Tie ~ Tip
N A Ge—Ge
Ge—G? +Tip‘ 3 A\ Ti
Ti  Ph Ge _GeTlP
Tip Tip
212 92
~ Lil| Phl Tip, Tip
Ge=Ge
| | Tip,  Tip Tip
Tip, Tip ) X
Ge=G<e Hy'SMe, S;e:G/? 0.5 II':’hI |
Tig  oBHs Tip Li-dme, U . _G/Tlp
DLi-dme 90 FETEe
2 Tip Tip
219 2 dmel 3 NHCT 216
Tip, /Tip
Ge=CGe
T|p T_i‘(NHCIPrZMeZ):S
237

Scheme 167. Reactivity of digermenyllithium 90 toward different organic and inorganic
substrates.
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In conclusion, the solid state structure of digermenide 90 has been confirmed and the
reactivity was studied toward different organic and inorganic substrates leading to
unprecedented structure motives with intact Ge=Ge-bonds.
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»,Selbst heute, nachdem, allerdings unter namhaften
Verlusten, wohl an hundert Gramm Germanium durch
meine Hiande gegangen sind, vermag ich dieses Element

noch nicht vollkommen zu beherrschen...“

Clemens Winkler, "Mittheilungen uUber des Germanium.
Erste Abhandlung", J. Prak. Chem. 1886, 34, 177-229.
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5. Experimental Section

5.1. General

All experiments were carried out under a protective atmosphere of argon (5.0 supplied
by PraxAir) applying standard Schlenk or glove-box techniques. All glassware was
cleaned with KOH/isopropanol/H20 bath, neutralized and kept in a drying oven at
120 °C prior to use. All setups were evacuated and purged with argon three times. The
high vacuum was generated with a slide vane rotary vacuum pump RZ 6 by
Vacuubrand.

5.2. Solvent purification

Solvents were refluxed over sodium/benzophenone (diethyl ether, tetrahydrofuran,
1,2-dimethoxyethane) or sodium/benzophenone/tetra(ethylene glycol)dimethyl ether
(hexane, benzene, toluene) distilled and stored under argon or taken directly from a
solvent purification system (Innovative Technology PureSolv MD7). CesDs, toluene-ds,
thf-ds were dried over potassium, refluxed and distilled under argon.

5.3. Analytical Methods

NMR analysis: NMR-spectra were recorded on a Bruker Avance Il 300 spectrometer.
H and '3C NMR spectra were referenced to external SiMeas using the residual signals
of the deuterated solvent ('H) or the solvent itself ('3C). 2°Si{'"H} NMR spectra were
referenced to external SiMes. All chemical shifts are reported in parts per million (ppm).
Coupling constants are reported in Hertz (Hz) and are given in the usual notation that
"Jx-y means a coupling of nucleus X over n bonds with nucleus Y. Coupling constants
are determined from satellite signals. The multiplicity and shape of the observed
signals are given as s = singlet, d = doublet, t = triplet, quart = quartet, sept. = septet,
m = multiplet, br = broad signal.

CHN analyses were performed on an Elementar Vario Micro Cube.

UVl/vis absorption spectra were measured at a Perkin-Elmer Lambda 35
spectrometer using quartz cells with a path length of 0.1 cm.

Melting points were determined under argon in sealed NMR tubes and are
uncorrected.

5.4. Computational Details

All theoretical calculations were carried out using the Gaussian09 suite of

programs.[??6l The proposed mechanisms and intermediates for the formation of 133-

Me, 134-Me and 143-Ph were calculated using simplified model system with methyl

groups instead of Tip, Ph, and ‘Pr groups (Figure 98-Figure 108). The B3LYP/6-
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31G(d,p) was chosen as level of theory due to dramatic raise in the computational
costs with higher level of theories. Frequency analyses were performed to determine
the character of optimized structures as minima or transition states. The relative Gibbs
free energies are given in kcal/mol. The chemical reaction channels have been
checked by the intrinsic reaction coordinate (IRC) method to verify the energy profiles
at the B3LYP/6-31G(d,p) level of theory for the processes from transition states to
intermediates, by using the second-order Gonzalez-Schlegel method.l??72281 The
electronic absorption spectrum for 133-Me, 134-Me, 138-Me, and 143-Me was
predicted with using the optimized geometry at time-dependent density functional
theory (TD-DFT) method in solution (heptane) at B3LYP/6-31+G(d,p) level of theory.
The GaussView 5.0 program was employed for visualization of the final geometries of
the optimized structures.[?2°]

5.5. Starting Materials

5.5.1. General Starting Materials

General abbreviations for substituent’s:

iPr
R= iPr Mes = Ph= @
iPr
NHCY*> _ Mes - -Mes NHCP el PToN NPT i~ Sy~

= =\ =\

Commercially purchased chemicals

- used without further purification: PhLi (1.9 M in n-dibutyl ether), MeLi (1.6 M in
Et20), MeLi (3.1 M in diethoxymethane), EtLi (0.5 M in benzene/cyclohexane),
iPrLi (0.7 min n-pentane), tBuLi (1.7 M in hexane), sBuLi (1.4 M in cyclohexane),
xylyl isocyanide, LiAlH4, 1,3-diethynylbenzene, 1,4-diethynylbenzene, 1,3-
diisopropyl-2-thiourea, acetoin, 1-hexanol, potassium, sodium, lithium
(granules, rod. diam. 12.7 mm, 99.9% trace metal basis), tributyltinhydrid,
ethanol, Mg-shavings, BHs-SMe: (all Sigma-Aldrich), 3,3',5,5'-tetramethyl-[1,1'-
biphenyl]-4,4'-diamine, 4,4'-methylenebis(2,6-dimethylaniline) (Alfa Aesar)

- purified prior to use: Phenylacetylene, 1,4-dioxane, SiCls, GeCls and CCls, Phl
were purchased from Sigma Aldrich, distilled and stored under argon until use.
Naphthalene and 1,4-diiodobenzene were sublimed prior to use.
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Starting materials supplied by the group:

TipBr, MesLi, Tip2SiHCI, TipSiCls, Mes2SiHCI, NHCMe4, NHCMes2  A|IBN, ZnClz, BPhs,

Fe2COso, Li-powder, Pd(PPhz3)s, BPhsP(NHCPr2Mez2),

bis[dimethylamino]chlorophosphane, dichloro(N,N-diphenylamino)borane,

bis[diisopropylamino]chlorophosphane, 1,2-bis(isocyano)-2,3,4,5-tetramethylbenzene

5.5.2. Synthesis of 1,3-Diisopropyl-4,5-dimethylimidazole-2(3H)-
thione

S

S o A

iPr” \”/ ~iPro+ )J\( 1-hexanol, 12 h, rf> lPr\N N//Pr

S H

OH
C7H1gN2S C4Hs0, C11H2oN2S
160.28 g mol”!  88.11 g mol™ 212.36 g mol”’

1,3-Diisopropyl-4,5-dimethylimidazole-2(3H)-thione was prepared following a
procedure of Kuhn and Kratz.[?3% To a solution of 31.66 g of 1,3-diisopropylthiourea
(200 mmol) in 500 mL of 1-hexanol 17.45 mL of 3-hydroxybutan-2-one (17.62 g, 200
mmol) are added by a funnel in one go. The reaction mixture is heated to reflux for 12
h applying a water separator for the collection of reaction water. A 1:1 mixture of
H20:ethanol (ca. 200 mL) causing a white solid to precipitate. The precipitate is re-
crystallized to afford white needles of the thione. After filtration, the needles are washed
with H20 (3*50 mL) to yield 20.48 g (50%) of pure thione.

1H NMR (300.13 MHz, CDCls, 300 K): 5 = 5.64 (br, 2H, CH(CHs)2 of NHCS), 2.20 (s,
6H, CHs of NHCS), 1.46 (d, 12H, CH(CHs)2 of NHCS) ppm.

5.5.3. Synthesis of 1,3-Diisopropyl-4,5-dimethylimidazole-2-

ylidene

S
iPr\N)LN’iPr 3eq K, thf, 8 h, g iPr\N/”\N’iPr

C11HoN2S K C11HgoN2
212.36 gmol"  39.10 g mol”" 180.30 g mol"!

NHCPr2Me2 was prepared following a procedure of Kuhn and Kratz.1229 K (12.62 g, 321

mmol, 3 eq) is transferred to a Schlenk-flask (1 L) and 600 mL of thf are added by
cannula. The reaction mixture is heated for 8 hours to reflux during which the color
turns turquoise. After cooling to r.t. the suspension is cannulated over a big glass frit
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with a 5 cm layer of celite. After filtration (ca. 8 h), the thf is evaporated and the
colorless solid dried in high vacuum (1h, 2*1072 mbar) to yield 17.26 g (90%) of pure
NHCPr2Mez,

1H NMR (300.13 MHz, CeDs, 300 K): & = 3.96 (sept, 2H, CH(CHs)2 of NHC), 1.74 (s,
6H, CHs of NHC), 1.51 (d, 12H, CH(CHs)2 of NHC) ppm.

5.5.4. Synthesis of Germanium(ll)chloride-dioxane Complex
(1:1)
0O 0]
Et,O:h 0°C  ‘Ge -

GeCly + [ j *omBugSnH e e [ j

O cl c ©
ClyGe C4HgO2 C12H2gSn C4HgO,Cl,Ge
214.43 gmol' 88.11 gmol™'  291.07 g mol™” 231.64 g mol’

GeCl2-dioxane was prepared following a procedure of the Lappert’s group.[%8 To a 1:1
solution of 100 mL diethyl ether and 100 mL n-hexane 36.88 g GeCl4 (0.172 mol, 19.62
mL) and 19.96 g 1,4-dioxane (0.34 mol, 29 mL) were added and cooled with an ice-
bath. Dropwise addition of 46 mL "BusSnH (50 g, 0.172 mol) to the mixture results in
formation of a white precipitate. After stirring for 30 min the solvent was decanted by
cannula. The white (or sometimes pale yellow) powder was washed with n-hexane
(2*30 mL) to afford pure GeClz-dioxane. The mother liquor can be stored at ambient
temperature to afford colorless needles of GeClz2-dioxane after three weeks. Yield:
overall 28.74 g (73%).

TH NMR (300.13 MHz, CeDs, 300 K): = 3.18 (s, 6H, dioxane) ppm.
5.5.5. Synthesis of Ge(ll)chloride-NHC Complex 8 (1:1)

Pr
G9 . diox 4+ iPr\N/\N’iPr benzene, rt Ge<— < :( 8)

‘ %, _ - dioxane
cl Cl = c:u,F,r

C4H8020I2Ge C11 H20N2 C11 H20N20|2Ge
231.64 g mol’  180.30 g mol™’ 323.84 g mol™”

GeCl2:NHC™Pr2Me2 8 was prepared following a procedure of Baines and co-workers.[6']
To a suspension of 6.89 g GeClz2-dioxane (30 mmol) in 10 mL benzene a solution of
5.3 g NHC™2Me2 (30 mmol) in 20 mL benzene is added by cannula. During stirring of
the clear, light orange solution for 30 min at ambient temperature a white precipitate
formed. The addition of 200 mL of hexane completes the precipitation. After filtration
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the white solid is washed with pentane (2*30 mL) and dried in high vacuum (2 h, 2*1072
mbar) to afford 8.6 g (93%) of pure GeClz-NHCPr2Me2,

H NMR (300.13 MHz, CeDs, 300 K): & = 5.47 (br, 2H, CH(CHs)2 of NHC), 1.55 (s, 6H,
CHs of NHC), 1.18 (d, 12H, CH(CHs)2 of NHC) ppm.

5.5.6. Synthesis of Dichlorobis(2,4,6-triisopropylphenyl)silane
64

X2
SiCl,
-2 LiCl
C15H23Br C19H33LiO C30H4GC|28i
283.25 gmol™'  283.25 g mol”’ 505.68 g mol!

TipBr %‘lﬁpu(oaz) Tip,SiCl,

TipLi and Tip2SiCl2 were prepared following a modified literature procedure by Smit
and Bickelhaupt.['% Li-granules (19.2 g, 3.9 eq) are stirred intensely in a 2 L Schlenk-
flask at r.t and 1.6 L Et20 is added and again intensely stirred. To the suspension of
Li-granules in Et20, 202.38 g degassed TipBr (180 mL, 0.71 mol) are added slowly at
room temperature. After the addition of ca. 50 mL of TipBr the Et20 begins slightly to
boil and is therefore shortly cooled (ca. 5 min, not cooled to r.t.) with an ice bath. The
color changes to greenish-brown and after complete addition the mixture is stirred
overnight under argon. A hydrolyzed sample indicates 87 % (TipH/TipBr) conversion.
The mixture is filtered via a big reverse frit to yield an orange solution. The solvent is
evaporated in high vacuum and the residue is dried carefully until an off-white solid is
obtained (ca. 20 h at 2*1073 mbar), which is used without further purification. 1.2 L of
toluene is added to the dried TipLi (contains 13% TipBr). To the beige suspension 30
mL of SiCls (0.45 eq) are added dropwise within 45 min under ice-cooling (important,
first substitution generates heat) and stirring is continued for two additional days at r.t.
The toluene is removed under reduced pressure. The 13% TipBr are distilled off under
reduced pressure (2*1072 mbar, 160 °C). The crude yield is 131.47 g (95%) of
Tip2SiClz. The solid is digested with 530 mL of pentane to obtain a pale yellow solution,
which is filtered over a thin layer of celite with filter paper. Crystallization from pentane
at -80 °C (14 h) yields 70 g (53%) Tip2SiCl2 which contains small impurities. A second
crystallization from pentane (4 mL pentane/g Tip2SiCl2) at -80 °C yields 60 g of pure
Tip2SiCl2 (44%).

TH NMR (300.13 MHz, CDCl3, 300 K): 8 = 6.99 (s, 4H, TipH), 3.68 (sept, 4H, CH(CHa)2
of Tip), 2.85 (sept, 2H, CH(CHs3)2 of Tip), 1.21 (d, 12H, CH(CH?s)2 of Tip), 1.02 (d, 24H,
CH(CHs):2 of Tip) ppm.
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5.5.7. Synthesis of Silyl Anion 197

10eqLi
CIHSiMes, %» Mes,SiHLi(thf)2(OEt,)g 75
-LI
C1gHo3CISI CaoH4704LiSi
302.92 g mol”’ 490.73 g mol’!
173 197

Mes2SiHLi(thf)2(OEt2)o.7s was synthesized according to a modified literature
procedure.l?%3 A precooled (0 °C) solution of 10.83 g of Mes2SiHCI (0.0358 mol) in 50
mL of thf was added through a dropping funnel over 30 min to the suspension of 2.48
g Li-powder (0.358 mol, 10 eq) in 12 mL of thf and cooled down to 0 °C. The reaction
mixture turned green and was stirred for 1Th 30 min while acquiring a brownish tone.
The thf was evaporated at 0 °C and dried in high vacuum (2 h, 2*1072 mbar). The black
residue was dissolved in 50 mL toluene and filtered. The toluene was evaporated and
the black solid washed with pentane (5*40 mL). The almost black powder was
dissolved in 60 mL of diethyl ether. The light orange solution was stored at —80 °C to
obtain 10.24 g (60%) of 197 as an off-white powder.

TH NMR (300.13 MHz, CsDs, 300 K): § = 6.92 (s, 4H, Mes-H), 4.73 (s, 1H, Si-H), 3.39-
3.35 (m, 8H, CH20 of coordinated thf), 3.21 (q, 3H, CHz of coordinated Et20), 2.69 (s,
12H, 0-CHs), 2.27 (s, 6H, p-CH3), 1.27-1.18 (m, 8H, CH:2 of coordinated thf), 1.03 (t,
4H, CHs of coordinated Et20) ppm. 3C NMR (125.76 MHz, CsDs, 300 K): & = 146.01,
143.94 (MesCquart), 133.99, 127.99 (MesCH), 68.44 (CH20 of coordinated thf), 65.92
(CHz2 of coordinated Et20), 25.76, 25.36 (CHs of Mes), 21.33 (CHs of coordinated thf),
15.28 (CHz of coordinated Et20) ppm. 2°Si NMR (125.76 MHz, CeDs, 300 K): § =-72.20

ppm.
5.5.8. Synthesis of 1,1,2-Tris(2,4,6-
triisopropylphenyl)disilenyllithium 93

6Lidme Tip.  Tip
2 Tip,SiCl, =9, Si=Si
-4UCh T Li.dme
-2 TipLi 2
64 93
C30H46C|2Si C53H89LiO4Si2
505.68 g mol! 853.40 g mol’

Disilenide 93 was prepared following a modified procedure of Scheschkewitz.['3?]
Tip2SiCl2 (60 g, 0.12 mol) is mixed with 3.54 g Li-powder (0.52 mol, 4.3 eq) and 400
mL dme are added quickly under intense stirring and ice-cooling. After stirring for 14
hours, the dme is removed under reduced pressure and dried carefully (2 h, 2*1072
mbar). The red solid is dissolved in 600 mL of hexane and filtered from hot hexane (ca.
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50 °C). The clear intense red solution is stored at r.t. (no concentration of the hexane).
After 16 hours at ambient temperature red crystals of disilenide 93 are obtained in 25
g (48%) yield.

TH NMR (300.13 MHz, CeDe, 300 K, TMS): & = 7.14 (s, 2H, m-TipH), 7.10 (s, 2H, m-
TipH), 7.08 (s, 2H, m-TipH), 4.86-4.75 (m, 4H, CH(CHs)2 of Tip), 4.28 (br, 2H,
CH(CHs)2 of Tip), 2.92 (s, 12H, dme), 2.85 (s, 8H, dme), 2.88-2.72 (m, 3H, CH(CHs)2
of Tip), 1.47 (d, 16H, CH(CHs)2 of Tip), 1.42 (d, 6H, CH(CHs)2 of Tip), 1.33 (d, 6H,
CH(CHs)2 of Tip) 1.26, 1.22, 1.16 (each d, overall 32H, CH(CHs)2 of Tip) ppm.

5.5.9. Synthesis of Silagermenylidene 101

: Tip
4 LI/CO10H8 Tip—Si/ PrMe;
2 Tip,SiCly + :GeCly NHC™e: T2 200 Be* NHC
64 8 101
C30H46C|28i C11 H20N2CI2Ge C41 HeeGesti
505.68 g mol”"  323.84 g mol'! 687.71 g mol!

Silagermenylidene 101 was prepared following a literature procedure of
Scheschkewitz and co-workers.l'44 A solution of Li/naphthalene (freshly prepared from
221 mg Li-granules (31.84 mmol) and 4.90 g C1oHs (38.25 mmol) in 65 mL thf) is added
dropwise to a solution of 4.04 g Tip2SiClz (7.96 mmol) and 2.56 g of GeClz-NHCPr2Me2
(7.96 mmol) in 100 mL of thf at -80 °C. The red reaction mixture is slowly allowed to
warm to r.t. and stirred for 12 hours at ambient temperature. All volatiles are removed
under reduced pressure at 70°C and the residue is dissolved in 200 mL of hexane.
After filtration the solution is stored —80 °C overnight. The mother liquor is separated
from an oily precipitate and concentrated to about 30 mL. After 20 hours at -26 °C
yellow crystals of Tip2Si=SiTip2['% are formed from which the mother liquor is
separated again and stored at —80°C. After 16 hours a red precipitate is formed and
separated from the mother liquor to afford 420 mg of silagermenylidene 101 (8%).

TH NMR (300.13 MHz, CeDs, 300 K): § = 7.21 (br, 2H, TipH), 7.05 (br, 2H, TipH), 6.03
(br, 2H, CH(CHs)2 of NHC), 5.20-3.80 (br, 4H, CH(CHs3)2 of Tip), 2.91-2.70 (m, 2H,
CH(CHs)2 of Tip), 1.62 (br, 6H, CH(CH?s)2 of Tip), 1.55 (s, 6H, CH3 of NHC), 1.27 (d,
6H, CH(CHs)2 of Tip), 1.21 (d, 6H, CH(CH?s)2 of Tip), 1.31-0.91 (m, 30H, CH(CH?)2 of
Tip and CH(CH?s)2 of NHC) ppm.
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5.5.10. Synthesis of Silagermenylidene 104

Tip Tip Tip Tip

/\Si:Si + GeCly- NHCP"Me: —>t0|ue_nfi’c_|78 < Tip/:Si_Si/\ NHCP™2Me:
Tip Li-dme, _2 dme Cl \(359/
93 8 104
Cs3HggLiO4Siz C41HyoN,Cl,Ge CseHgoClGeN,Si,
853.40 g mol’ 323.84 g mol™’ 954.59 g mol’

Silagermenylidene 104 was prepared following a literature procedure of the group of
Scheschkewitz.['*% Tip2Si=SiTipLi-dme2 93 (6.79 g, 7.96 mmol) is dissolved in 40 mL
of toluene and cooled to =78 °C (an immersed thermometer is recommended to check
the actual temperature). In the same manner, 2.58 g GeCl2-NHC™2Me2 (27 .96 mmol)
are dissolved in 20 mL of toluene and also cooled to —=78 °C. The red colored solution
of Tip2Si=SiTipLi-dme2 93 is added by cannula to the suspension of GeClz-NHCPr2Me2,
The color changed immediately from pale red to dark red. The reaction mixture is
allowed to slowly warm to room temperature (ca. 3 hours) and stirred for additional 12
hours. The toluene is distilled off in vacuum and dried (2 h, 2*1072 mbar). The pale red
solid is diluted with 200 mL of n-hexane and filtered. Upon reduction of the volume of
n-hexane to about half a red solid begins to precipitate. At this point the evaporation of
n-hexane is stopped and the flask is kept at room temperature for 14 hours. The mother
liquor is decanted with a cannula and the red solid is washed with n-pentane (2*15
mL). The solid is dried in high vacuum for 2 hours to afford 4.9 g (65%) of
silagermenylidene 104. The volume of the mother liquor (including the 30 mL of
pentane) is reduced to a third and the flask is kept at =26 °C for 24 hours to afford red
crystalline needles in 20% (1.5 g) yield (purification see first crystallization step).
Overall yield: 6.4 g of 104 (85%).

"H NMR (300 MHz, CeDs, 300 K, TMS): 5 = 7.08 (s, 4H, Tip-H), 7.03 (s, 2H, Tip-H),
5.38 (sept, 2H, CH(CHs)2 of NHC), 4.47-3.96 (m and br, altogether 6H, CH(CH3)2 of
Tip) 2.83-2.65 (m, 3H, CH(CH?3)2 of Tip), 1.52 (s, 6H, CH3 of NHC), 1.33-1.11 (br and
m, altogether 48H, CH(CH?s)2 of Tip), 1.01 (d, 6H, CH(CHs)2 of Tip), 0.85 (d, 12H,
CH(CHs)2 of NHC).
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5.5.11. Durylene-bis-Isocyanide

CN NC

147
C12H12N>
184.24 g mol™

Durylene-bis-isocyanidel?32321 147 was supplied by the group, which was
contaminated by traces of diisopropylamine and recrystallized from a saturated CH2Cl2
solution at =26 °C for 14 hours. The crystalline material was additionally purified by
sublimation on a cooling finger (2.6*1072 mbar, 50 °C, 3 h).

H NMR (300 MHz, CsDs, 300 K, TMS): & = 1.91 (s, 12H, PhCHs) ppm.
5.5.12. Synthesis of 4,4'-Diisocyano-3,3',5,5'-tetramethyl-1,1'-

biphenyl 148
KOH, CHCl,
N )N en )= e
148
C1eH20N2 C1gH16N2
240.35 g mol™” 260.34 g mol™”’

4,4'-diisocyano-3,3',5,5'-tetramethyl-1,1'-biphenyl 148 was synthesized according to a
modified literature procedure of Scott and co-workers.[?33 3,3' 5 5'-tetramethyl-[1,1'-
biphenyl]-4,4'-diamine (3.0 g, 12.5 mmol ) is dissolved in 200 mL of CH2Cl2 and a 45%
aqueous KOH solution (200 ml) is added. A two-phase-system formed, with the organic
layer on top. Butyl-triethyl-ammonium chloride (14.7 mg, 61.5 uymol) and 13.4 mL of
chloroform (20.0 g, 0.17 mol) are added and the reaction is refluxed at 45 °C for 72
hours. The mixture is diluted with 400 mL of distilled water, washed twice with distilled
water and once with aqueous saturated NaCl solution. The remaining organic phase
is dried under vacuum. The yellow residue is purified by crystallization at -80 °C from
CH2Cl2 giving yellow crystals. The crude product is further purified by sublimation in
high vacuum (5*1072 mbar, 140 °C, 5 h) on a cooling finger (=78 °C) to obtain 0.49 g
(15% yield) of 148 as white crystalline powder.

TH NMR (300 MHz, CsDs, 300 K, TMS): & = 6.82 (br s, 4H, Xyl-H), 2.14 (s, 12H, Me-
H) ppm.
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5.5.13. Synthesis of Bis(4-lsocyano-3,5-dimethylphenyl)methane
149

HaN Q KOH, CHCl; CN Q

NH, NC
149
C47H2oN> C1oH1gN2
254.38 g mol™” 274.37 g mol”’

Bis(4-isocyano-3,5-dimethylphenyl)methane 149 was synthesized according to a
modified literature procedure of the group of Villinger.*4 4,4'-methylene-bis(2,6-
dimethylaniline) (750 mg, 2.95 mmol) and 50 mg BuEtsNCI (0.22 mmol) are dissolved
in 725 mg of CHCIs (6.07 mmol) and 25 mL of CH2Cl2. The mixture is heated to reflux
for 6 hours. After cooling down to r.t. 250 mL of H20 are added and the organic phase
is separated. The aqueous phase is extracted three times with CH2Cl2 (40 mL). The
combined organic phases are dried over MgSO4 and filtered over celite. The solvent is
evaporated and the brownish residue dissolved in 5 mL of CH2Cl2 by slight warming.
The solution is stored at —26 °C to afford colorless crystals of 149 in 18% (133 mg)
yield.

"H NMR (300 MHz, CDCls, 300 K, TMS): § = 6.87 (s, 4H, Xyl-H), 3.82 (s, 2H, -CH>-),
2.38 (s, 12H, CHs of Xyl) ppm.
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5.6. Versatile Reactivity of Silagermenylidene 104 toward

Anionic Nucleophiles

5.6.1. Reaction of Silagermenylidene 104 with MeLi: Synthesis
of Tricyclic SisGez Chair-lsomer 131 and Doubly-Bridged

SisGez Tetrahedral Isomer 132

Exp. 1:
MeLi -20°C NHC\ Me
R\ ,R -40°C R R to Gé@
R-SI=SI_NHC ot Si=si . *Z7°C /N0
" “NHC
104 128a 129
+ NHC ﬂ- NHC
R Me
e & 2h R Me gi-R Ge
R _/Ge-/SI\ . 40 °C \Si-Ge// X2 / N\
’SI\Si/_\ /SI‘R /_,GQ_\Si\ R//SI_SI‘R
R 5 G\e R-SI Me R R
R Me R
132 131 [130]

A solution of MeLi (1.6 M in Et20, 0.76 mL, 1.216 mmol, 1 eq) is added slowly (2 min)
to a cold toluene solution (5 mL, =78 °C) of silagermenylidene 104 (1.16 g, 1.215
mmol). The reaction mixture is allowed to warm to room temperature and the solvent
is immediately evaporated. The red solid is dried in high vacuum for one hour and
dissolved in n-pentane (20 mL). After filtration with a reverse frit, all volatiles were
removed again and free NHC™2Me2 js sublimed from the crude product at 5x107® mbar
for 12 hours at ambient temperature. The residue is dissolved in toluene and a very
concentrated solution is stored at =26 °C. A few pale red crystals of compound 131
and a large amount of colorless crystals of 132 suitable for X-ray diffraction are
obtained after three days alongside an unidentified impurity with a SiH bond.

Due to its instability in solution, we were unable to obtain a pure sample of 131 despite
repeated attempts. Conversely, a pure sample of 132 can be obtained by heating the
reaction mixture of 131 and 132 to 40 °C for 2 hours. Crystallization from a saturated
toluene solution at room temperature for one day affords colorless crystals of 132. The
total yield (3 crops) of 132 is 0.60 g (63%).
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Selected data of chair-like isomer 131 (extracted from spectra of mixtures with 132
and an unknown CH insertion product)

M R\ R
RMe _si~
Si-Gé |
/_,C\ae\—Si\
R-S e R

R
131

"H NMR (300.13 MHz, CeDs, 300 K): 8 =5.57 (1H, SiH of unknown CH insertion
product, "Jnsi = 96 Hz) ppm. 13C NMR (75.56 MHz, CsDs, 300 K): 5 = 157.35, 157.08,
156.33, 155.89, 155.82, 155.12 155.04, 151.02, 149.98, 149.65, 149.44, 135.37,
133.53, 131.13, 122.69, 121.46, 120.60 (ArC), 121.22 (NC(CH3)=C(CH3)N of free
NHC), 49.84 (CH(CHs)2 of free NHC), 36.98, 36.50, 34.97, 34.88, 34.81, 34.73, 34.37,
31.33 (CH(CHs)2 of Tip), 29.04, 27.87, 26.62, 26.01, 25.86, 24.84, 24.49, 23.51
(CH(CH3)2 of Tip), 24.64 (CH(CHs)2 of free NHC), 8.39 (CHs of free NHC), 5.89
(GeCHs) ppm. 2°Si NMR (59.62 MHz, CeDs, 300 K): & = -82.55 (131), -96.42 (131)
and -65.94 (unknown CH insertion product; SiH, 'J sih = 96 Hz) ppm. Note: Due to
considerable overlap of the occasionally broad signals of 131 with those of 132 the 'H
NMR is beyond interpretation.

Data of doubly edge-capped tetrahedral isomer 132 (obtained from a pure crystalline

sample)

I /.
R\Si/Ge—/SI\Si\\“R

/ ~
R \Si¥é R

| \
R Me
132

MP: > 225°C. "TH NMR (300.13 MHz, CeDs, 300 K): § = 7.13 (m, toluene), 7.11 (br, 5H,
TipH), 7.06 (br, 4H, TipH), 7.02 (m, toluene), 6.92 (s, 3H, TipH), 4.43 (br, 3H, CH(CHs3)2
of Tip), 3.87-3.79 (m, 6H, CH(CHs)2 of Tip), 3.20 (br, 4H, CH(CH3)2 of Tip), 2.90-2.62
(m, 8H, CH(CHs)2 of Tip), 2.11 (s, toluene), 1.46-1.30 (m, 42H, CH(CHs)2 of Tip), 1.24-
1.14 (m, 64H, CH(CH?>)2 of Tip), 0.35 (br, 12H, CH(CHa)2 of Tip and GeCH?3) ppm. 13C
NMR (75.56 MHz, CsDs, 300 K): 6 = 156.66 (br), 154.73 (br), 154.25, 149.51, 149.38,
149.27, 139.12 (br), 135.32 (br) (ArCquart), 128.17 (masked by CsDs), 123.95, 123.72,
123.12, 122.83, 121.66 (br) (ArCH), 37.87 (br), 35.71, 35.62, 34.57, 34.48, 30.48
(CH(CHs)2 of Tip), 28.70, 25.47, 25.19 (br), 24.95, 24.64, 24.14, 24.10, 23.96
(CH(CHBa)2 of Tip), 0.35 (GeCHs3) ppm. 2°Si NMR (59.62 MHz, CeDs, 300 K): & = 21.97,
-37.74 ppm. Note: Due to the broadness of the signals the 2°Si NMR signals cannot
be assigned by a 2°Si-HMBC correlation. Element. anal.: Calcd. for Co2H144Ge2Sis -
1.5 C7Hs: C, 74.80; H, 9.55. Found: C, 73.86; H, 9.79.
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Exp. 2: Low temperature NMR study of the reaction of 104 with MeLi and preparation
of a solution of NHC adduct of disilenyl germylene 128a

MeLi (3.0 m in DEM, 106 uL, 0.318 mmol, 1 eq) was added to a cold solution (=78 °C)
of 104 (303 mg, 0.317 mmol) in toluene-ds (2 mL) in a Schlenk-flask. One third of the
solution was transferred via a pre-cooled glass pipette into a pre-cooled NMR-tube at
—78 °C (the remainder was stored at —78°C for use in experiments 3 and 4, see below).

The following distinct 2°Si NMR spectra were obtained in the process of warming the
sample to ambient temperature:

e at 213 K only starting material 104 with signals at 8 = 163.47 and 8.37 ppm is
observed.

e at 253 K two new resonances at § = 90.07 and 85.40 ppm appeared in the 2°Si
NMR which correspond to disilenyl germylene 128a.

o after 30 h at room temperature the signals of 6 had completely disappeared and
only resonances of 129 at 6 = -64.92 and -66.51 ppm and 131 at 6 = -82.55
and -96.42 ppm could be detected.

Data of disilenyl germylene 128a

R R
si=si NHC
R Ge-Me

128a

TH NMR (300.13 MHz, toluene-ds, 253 K, TMS): § = 7.12-6.95 (m, 6H, overlap with
toluene-ds, TipH), 5.70 (m, 2H, CH(CHs)2 of NHC), 4.54 (s, 2H, OCHO, dem), 4.12-
3.91 (m, 5H, CH(CHs)2 of Tip), 3.46 (q, 4H, OCH2CHs, dem), 2.82-2.62 (m, 4H,
CH(CHs)2 of Tip), 1.65 (br, 3H, GeCH3) 1.51 (s, 6H, CH3 of NHC), 1.37-1.13 (m, 44H,
CH(CHs)2 of Tip and CH(CH?s)2 of NHC, overlap with dem: t, 6H, CH3), 0.96-0.92 (m,
6H, CH(CH3)2 of Tip), 0.84-0.70 (m, 18H, CH(CHs)2 of Tip) ppm. '3C NMR (75.56 MHz,
toluene-ds, 253 K, TMS): & = 174.88 (NCN), 155.03, 154.39, 153.77, 153.50, 149.24,
148.91, 148.21, 138.92, 138.82, 137.98, 125.94, 122.26, 121.77, 121.40, 121.30,
121.06 (ArylC of Tip and NC(CH3)=C(CH3)N of NHC), 94.94 (OCH20, dem), 62.91
(OCH2CHs, dem), 52.09 (CH(CHs)2 of NHC), 37.42, 37.02, 36.65, 34.92, 34.66, 34.47,
28.26, 26.13, 25.02, 24.55, 24.43, 24.34, 24.26, 24.19, 24.11, 21.54, 21.19, 20.06
(CH(CHs3)2 of Tip and CH(CHs)2 of NHC), 1543 (OCH2CHs, dem), 9.91
(NC(CH3)=C(CH3)N of NHC), 4.07 (GeCHs) ppm. 2°Si NMR (59.62 MHz, toluene-ds,
253 K, TMS): 6 = 90.11, 85.29 ppm.
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Exp. 3: Heating of a mixture of 128a, 129 and 131 to 323K in the absence of additional
NHC

The following distinct 2°Si NMR spectra were obtained in the process of warming the
sample from 300 K to 323 K:

e warming of the sample to 300 K showed after 50 min three sets of signals in the
29Si NMR: & = 90.07 and 85.40 ppm (128a), 8 = —64.92 and —66.51 ppm (129)
and 8 = —-82.55 and -96.42 ppm (131).

e the temperature is increased to 323 K and two sets of signals were observed at
d =-64.92 and -66.51 ppm (129) and 6 = -82.55 and -96.42 ppm (131).

e after 2 hours at 323 K only resonances at 6 = -64.92 and -66.51 ppm (129) and
0 =21.97,-37.74 ppm (132) were observed.

Exp. 4: NMR study of 128a with 3.8 equivalents of additional NHC and synthesis of
intermediate 129 (NHC adduct of germadisilacyclopropene [130])

A cold solution of 128a (-48 °C) is added via syringe in a NMR tube containing NHC
(3.8 eq) at room temperature:

e a29Si NMR of the mixture of 128a and the free NHC was recorded at 300 K and
only the signals of 128a were observed even after 50 min at ambient
temperature.

e the temperature was raised to 323 K and a nearly full conversion of 6 was
reached after 1 hour at this temperature. The 2°Si NMR indicated that the
mixture predominantly contained 129.

e a 'H NMR clearly shows that neither of compounds 131 and 132 are formed,
even if the mixture is heated for 5 hours to 323 K. Without additional NHC, 128a
rearranges after 1h at 323 K to 129 and 131.

Data of NHC adduct 129 of germadisilacyclopropene

NHC, e

r-Si—si”
R

129

H NMR (300.13 MHz, toluene-ds, 323 K, TMS): 5 = 5.66 (sept, CH(CHa)2 of NHC),
1.75 (s, CH(CHs)2 of NHC) ppm. 13C NMR (75.56 MHz, toluene-ds, 323 K, TMS): & =
175.90 (NCN), 156.65, 154.71, 154.45, 154.19, 149.41, 149.27, 149.15, 148.79,
147.72, 140.44, 135.53, 126.36, 123.82, 123.60, 122.75, 122.32, 122.00 (AryIC of Tip
and NC(CH3)=C(CHz)N of NHC), 53.24 (CH(CHa)2 of NHC), 36.54, 35.61, 35.52,
34.59, 34.36, 28.57, 25.49, 25.34, 25.16, 24.97, 24.83, 24.05, 23.92 (CH(CH3)2 of Tip
and CH(CH3)2 of NHC), 10.66 (NC(CH3)=C(CH3)N of NHC), 1.68 (GeCHs) ppm. Note:
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The 'H and *C NMR spectra of a relatively pure sample of 129 are dominated by the
excess NHC used for the stabilization of this species. Therefore, only characteristic
resonances of compound 129 are given due to significant overlaps with the dominating
NHC and dem signals. 2°Si NMR (59.62 MHz, toluene-ds, 323 K, TMS): § = -64.73,
-66.49 ppm.

5.6.2. Reaction of Silagermenylidene 104 with EtLi

NHCiPrzMeg
R R ,_ EtLi e
R//S|—S|\\ /NHCsz'V'ez 78 Clort /N
Ge -cl - R-SI—Si-gt

R R

104 123b

A solution of EtLi (0.5 M in benzene/cyclohexane, 0.355 mL, 0.18 mmol, 1 eq) is added
to a solution of 170 mg 104 (0.18 mmol) in 2 mL of toluene at —=78 °C. The color turned
in the process of warming to r.t. from pale red to orange/yellow. The solvent is
evaporated in high vacuum and filtered from 10 mL of hexane. All crystallization
attempts failed (r.t. or —26 °C in pentane or toluene).

29Gj NMR (59.62 MHz, CsDs, 300 K, TMS): 5 = —61.52 (SiTip2), =70.09 (SiTip) ppm.

5.6.3. Synthesis of Disilenyl Germylene 128c

Ré' S:R , PRLi R R
R-SI=Si_  NHC"™Me2-78 ‘Ctort  Gj=S;
' ge* Lol R \Ge/Ph
D! e
NHCiPFQMeg
104 128c
C56H89C|G9N28i2 062H93GeN28i2
954.59 g mol! 995.24 g mol™

A solution of PhLi (1.9 M in nButyl20, 0.605 mL, 1.15 mmol, 1 eq) is added quickly to
a —78 °C cold solution of 1.10 g 104 (1.15 mmol) in 5 mL of toluene. At —40 °C the
color of the pale red solution turned into deep red. A '"H NMR spectrum indicates a full
conversion into a new product. The reaction mixture is allowed to warm to =10 °C and
the solvent is removed immediately. The red solid is dried for 2 hours in high vacuum
(2*1072 mbar) and afterwards diluted in 100 mL of pentane. After filtration of the deep
red solution at ca. —20 °C, the pentane is evaporated to approximately a third of volume
and stored at —-26 °C. After two days at this temperature, an orange microcrystalline
precipitate of 128c is formed in 768 mg (67%) yield. Red single crystals of 128c
suitable for X-Ray diffraction are obtained from a concentrated toluene or mesitylene
solution after three days at -26 °C.
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MP: 128-131°C (full conversion into 123c). 'TH NMR (300.13 MHz, toluene-ds, 300 K,
TMS): 6= 7.97 (br, 2H, PhH), 7.17-6.93 (m, 9H, overlap with toluene-ds, TipH and
PhH), 5.69 (br, 2H, CH(CHs3)2 of NHC), 4.88-4.79 (m, 1H, CH(CHs)2 of Tip), 4.43 (br,
1H, CH(CHs)2 of Tip), 4.05-3.82 (m, 4H, CH(CH3)2 of Tip), 2.78-2.64 (m, 3H, CH(CH?3)2
of Tip), 1.57-1.53 (m, 9H, CH(CH?s)2 of Tip and CHs of NHC), 1.37-1.29 (m, 18H,
CH(CHs)2 of Tip and CH(CH?s)2 of NHC), 1.20-1.13 (m, 24H, CH(CHs)2 of Tip and of
CH(CHs)2 of NHC), 0.90-0.84 (m, 6H, CH(CH?3)2 of Tip and of CHs of NHC), 0.76-0.65
(m, 16H, CH(CHs):2 of Tip), 0.50 (d, 6H, CH(CHs)2 of Tip) ppm. "TH NMR (300.13 MHz,
toluene-ds, 253K, TMS): 6 = 8.13 (br, 2H, PhH), 7.24-6.87 (m, 9H, overlap with toluene-
ds, TipH and PhH), 5.76 (br, 2H, CH(CHs)2 of NHC), 4.99 (br, 1H, CH(CH?3)2 of Tip),
4.53 (br, 1H, CH(CHs)2 of Tip), 4.06 (br, 2H, CH(CHs3)2 of Tip), 3.83 (br, 2H, CH(CHs3)2
of Tip), 2.76-2.65 (m, 3H, CH(CHs)2 of Tip), 1.64 (d, 3H, CHs of NHC), 1.47-1.38 (m,
22H, CH(CHs)2 of Tip and CH(CH?s)2 of NHC), 1.23-1.15 (m, 22H, CH(CH?3)2 of Tip and
of CH(CH3)2 of NHC), 0.91-0.87 (m, 6H, CH(CHs)2 of Tip and of CH3 of NHC), 0.62-
0.48 (m, 22H, CH(CHs)2 of Tip) ppm. 13C NMR (75.56 MHz, toluene-ds, 253 K, TMS):
5=172.91 (br, NCN), 156.26, 155.16, 154.34, 154.10, 149.31, 149.21, 148.85, 139.53,
138.64, 138.01, 136.87 (ArCgquart), 153.91 (NCCN), 137.73, 129.28, 128.34, 127.64,
125.33 (masked by toluene-ds), 126.43, 122.87, 121.85, 121.75, 121.21 (ArCH), 54.14
(br, CH(CHs)2 of NHC), 38.56, 37.70, 37.21, 36.28, 35.04 (CH(CHas)2 of Tip), 27.74,
26.20, 24.97, 24.70, 24.55, 24.46, 24.30 (masked by toluene-ds), 24.12, 23.88, 23.71,
21.29 (CH(CHs)2 of Tip and NHC), 20.35 (masked by toluene-ds, CH(CHs)2 of Tip),
34.67, 23.00, 14.53 (n-pentane), 9.89 (CHz of NHC) ppm. 2°Si NMR (59.62 MHz,
toluene-ds, 253 K, TMS): 6 = 95.06 (SiTip2), 73.88 (SiTip) ppm. UV/vis (hexane): Amax
=452 nm (¢ = 10900 Lmol~'cm™), 373 nm (¢ = 13900 Lmol~'cm™"), 308 nm (¢ = 14200
Lmol~'cm™"). Element. anal.: Calcd. for Ce2H94GeN2Si2-0.25 C7Hs (1019.3): C, 75.12;
H, 9.49; N, 2.75. Found: C, 74.66; H, 9.29; N, 2.65.

5.6.4. Synthesis of Heavier Cyclopropylidene Analogue 123c

R R NHC;PQMez
Si=Si Gé
PP\ Ph /

R ! 40°C,14 h /N

€ - ——— R-Si—Si-py
NHdPrZMeZ R R
128c 123c
062H93GeN28i2 C62H93G6N28i2
995.24 g mol’ 995.24 g mol’!

A solution of 700 mg of 128¢ (0.70 mmol) in 4 mL of toluene are heated for 14 hours
to 40 °C (NMR study). The solvent was evaporated to dryness. After filtration of the
yellow solid from 40 mL of hexane, the solvent is concentrated to the half of volume
and a yellow microcrystalline precipitate of 123c is obtained in 574 mg (82%) yield after
three days at room temperature. The precipitate is separated from the mother liquor
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and dissolved in 2 mL of toluene. Storing at room temperature for two days afforded
orange crystals of 123c suitable for X-Ray diffraction.

MP: 179-181 °C (decomposition). "H NMR (300.13 MHz, CeDs, 300 K, TMS): § =7.70
(br, 2H, PhH), 7.30 (br, 2H, TipH), 7.24 (br, 1H, PhH), 7.14-7.00 (m, 4H, TipH and PhH
overlay with co-crystallized toluene), 6.87 (br, 3H, TipH), 6.00-5.81 (m, 3H, CH(CHs3)2
of Tip and CH(CHs)2 of NHC), 4.59 (sept, 1H, CH(CHs)2 of Tip), 4.33 (sept, 1H,
CH(CHas)2 of Tip), 4.06-3.96 (m, 2H, CH(CHs)2 of Tip), 3.69 (sept, 1H, CH(CHs3)2 of Tip),
2.99-2.73 (m, 3H, CH(CHs)2 of Tip), 2.12 (CHs of co-crystallized toluene), 1.83 (d, 3H,
CH(CHBa)2 of Tip), 1.68 (br, 3H, CH(CH5)2 of Tip), 1.58-1.52 (m, altogether 12H, 6H of
CH(CHB3)2 of Tip and 6H CHs of NHC), 1.40-1.19 (m, altogether 36H, 24H of CH(CHs)2
of Tip and 12H of CH(CHs)2 of NHC), 1.09 (br, 3H, CH(CHs)2 of Tip), 0.87 (d, 3H,
CH(CHs)2 of Tip), 0.75 (br, 3H, CH(CHs)2 of Tip), 0.63-0.58 (br, 12H, CH(CH?s)2 of Tip)
ppm. 1¥C NMR (75.56 MHz, CeDs, 300 K, TMS): 6= 172.75 (NCN), 157.64, 155.97,
155.21, 154.62, 154.11, 149.24, 148.99, 148.02, 147.68 (br), 142.17, 141.26,
(ArCquart), 156.54 (br, 2C, NCCN), 137.88, 129.33, 128.56, 125.69 (toluene), 136.79,
128.24, 127.91 (masked by CeDe), 126.64, 122.59, 122.37, 121.98, 121.48, 121.14,
121.03 (ArCH and PhCH), 54.05, 53.52 (br, CH(CHs)2 of NHC), 37.74, 36.29, 36.19,
34.94,34.81,34.73, 34.64, 34.57, 34.15 (CH(CHs3)2 of Tip), 30.07, 28.38, 27.73, 27 .43,
27.04, 25.59, 25.12, 24.74, 24.53, 24.45, 24.41, 24.38, 24.31, 24.22, 23.84, 23.46,
22.52,22.23, 21.44, 20.15 (CH(CHs3)2 of Tip and NHC), 10.85, 10.42 (br, CH3 of NHC)
ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K, TMS): 6 = -62.74 (SiTip2), —-68.81 (SiTip)
ppm. UV/vis (hexane): Amax = 438 nm (¢ = 6400 Lmol~'cm™"), 370 nm (¢ = 11100
Lmol~'cm™), 311 nm (¢ = 14200 Lmol~'cm™), 272 nm (¢ = 21700 Lmol~'cm™).
Element. anal.: Calcd. for Ce2H94GeN2Si2-0.3 C7Hs (1023.9): C, 75.19; H, 9.49; N,
2.74. Found: C, 74.27; H, 9.47; N, 2.90.

5.6.5. Synthesis of Heavier Cyclopropylidene Derivative 123d
and NHC-Coordinated Cyclosilagermene 124b

NG iPr
R R iF;;Li, (;otlue?e, \Gé' (\3 e@

-Si—Si iProMe, 78 °Ctort. /N ay |
%I/ I I\\Ge)/NHC roMeo T» R//SI_SI\\IPr + R//SI—SK\'\C?HC'PrZMeZ
e R R R R

104 123d 124b

A solution of /PrLi (0.7 M in n-pentane, 1 mL, 0.7 mmol, 1 eq) is added in one go to 663
mg of 104 (0.7 mmol) in 5 mL of toluene at —78 °C. The reaction mixture is stirred in
the thawing cooling bath until it reached room temperature and stirred at ambient
temperature for 14 hours. The solvent is removed under reduced pressure and the red
solid is dissolved in 20 mL of hexane. After filtration with a filter-tipped cannula, the
hexane is concentrated to about 5 mL. The saturated solution is stored for one day at
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room temperature affording crystals suitable for X-Ray diffraction of 124b. The overall
yield of the 1:1 mixture of 123d and 124b is 0.353 g (56%).

Note: A multinuclear NMR evaluation of the isomers is due to signal overlaps of both
isomers not possible.

298i NMR (59.62 MHz, CeDs, 300 K, TMS): § = -62.26, -69.06, —72.66, —78.04 ppm.

5.6.6. Low Temperature NMR Study of Silagermenylidene 104
with MesLi
R R , MesLi R R Meséé@
R//SI_SI\\ /NHC’PrzMez -78 C, thf‘dg /S|:S|\ Mes ( ) rt / \ - @ i
Cl Ge R &¢ R-Si—Si-NHCPMe:
a R \ iPrzMez R R
104 1284 NHC 124a

A -78 °C cold solution of 100 mg 104 (0.105 mmol) in 0.5 mL of thf-ds was added to a
—78 °C cold solution of 14 mg of MesLi (0.105 mmol) in 1.5 mL thf-ds in a 10 mL round
bottom flask under argon atmosphere. The mixture was stirred for 2 hours to guarantee
a homogenous system. A part of the reaction mixture was transferred via a cold glass
pipette into a cold NMR-tube (both =78 °C). A 2°Si NMR was recorded at 213 K and
two new signals of 128d appeared at 6 = 86.47 and 83.92 ppm together with a small
amount of 104 (only the downfield shift at 161.20 ppm is visible). The '*C NMR as well
as the "H NMR spectrum shows signals typical for the coordination of an NHC to the
Ge(ll)-center ("3C NMR: § = 172.54 ppm, "H NMR: 5.34 ppm). At 253 K and 273 K no
signals were detected in the 2°Si NMR. Warming the reaction mixture to room
temperature shows three resonances: 4.71 ppm (starting material 104) and two
highfield shifts at -=58.34 and —80.71 ppm which belong to compound 124a. The '3C
NMR shows a signal at 56 = 161.13 ppm which was assigned to the carbenic atom of
124a.0'46]

Note: Due to overlaps with starting material 104 and the broad resonances in *C NMR
only characteristic signals for the coordination of the NHC of compound 124a was
evaluated.

1H NMR (300.13 MHz, CsDs, 300 K, TMS): & = 5.34 (br, 2H, CH(CHz)2 of NHC) ppm.
13C NMR (75.56 MHz, CeDs, 300 K, TMS): & = 172.54 (s, NCN) ppm. 22Si NMR (59.62
MHz, CeDs, 300 K, TMS): & = 86.47, 83.92 ppm.
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5.6.7. Reaction of Silagermenylidene 104 with sec-BulL.i

NHdPI‘zMeg SBU @
R . :R , SBuLi, toluene, \Gé' G&
R-Si—Si /NHc'PrZ'V'eZ -78°Ctort. / \ + /N @
Cl Ge _Licl R-SI—Sisgy  R-SISi-NHC M
2 R R R R
104 123e 124c

A solution of sec-BuLi (1.4 M in cyclohexane, 0.16 mL, 0.22 mmol, 1 eq) was added to
a -78 °C cold solution of 209 mg 104 (0.22 mmol) in 3 mL of toluene. The color
changed during the warming process from pale red to orange/yellow. The solvent was
evaporated in high vacuum and filtered from 10 mL of hexane. All crystallization
attempts failed (r.t. or —26 °C in pentane or toluene).

298§ NMR (59.62 MHz, CsDs, 300 K, TMS): 6 = —68.25, -=77.47 ppm and -61.87, -72.10
ppm.

5.6.8. Reaction of Silagermenylidene 104 with tert-BuL.i
R R fBuLi, toluene,
R’,Si_Si\\ /NHCiPrzMeZ M» unidentified mixture of products
Cl Ge - LiCl
104

A solution of tert-BuLi (1.7 m in hexane, 0.16 mL, 0.27 mmol, 1 eq) was added to a
-78 °C cold solution of 260 mg 104 (0.27 mmol) in 3 mL of toluene. The reaction
mixture was slowly allowed to warm up to rt. The color changed at r.t. from pale red to
orangel/yellow. The solvent was evaporated in high vacuum and filtered from 10 mL of
hexane. All crystallization attempts failed (r.t. or =26 °C in pentane or toluene).

298j NMR (59.62 MHz, CeDs, 300 K, TMS): § = 7.73 (starting material), =72.45, —76.62
ppm.
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5.7. Reactivity of Disilenyl Germylene 128c and Its Isomeric
Heavier Cyclopropylidene Analogue 123c toward

Phenylacetylene and Xylyl Isocyanide

5.7.1. Synthesis of Heavier Cyclopentenylidene Derivative 133

NHdezMez

Rce }Q R (ie" R

/SI:SI\ ,Ph -40°Ctort, toluene /\Si/ \Si:
Rse -  Ph \—/ R
[Pl'zMez Ph
128c NHC 133
062H93G6N28i2 C70H100G€N28i2
995.24 g mol’ 1098.38 g mol’’

To a —-20 °C cold solution of 855 mg of 128¢ (0.896 mmol) in 4 mL of toluene, 98.5 pL
phenylacetylene (92 mg, 0.902 mmol, 1 eq) are added by a microliter syringe. The
reaction mixture is allowed to warm to room temperature and is stirred for 2 hours at
ambient temperature. The solvent is evaporated to dryness and the residue is digested
in 60 mL of hexane. After filtration, the hexane is concentrated to the half of volume
and a yellow microcrystalline precipitate of 133 in 583 mg (59%) is obtained. Yellow
single crystals of 133 suitable for X-ray diffraction are obtained from a saturated
toluene solution after 3 days at room temperature.

MP: >220 °C (decomposition). 'TH NMR (300.13 MHz, CsDs, 300 K, TMS): § = 7.85 (s,
1H, PhC=CH), 7.63 (br, 1H, CH(CH3)2 of NHC), 7.36 (br, 1H, PhH), 7.19 (br, 4H, ArH),
7.16 (br, 2H, masked by CsDs, ArH ), 7.07-6.83 (m, 8H from PhH, TipH and 1H from
CH(CHs)2 of Tip), 6.79 (br, 1H, PhH), 5.03 (sept, 1H, CH(CHs)2 of NHC), 4.69 (sept,
1H, CH(CH3)2 of Tip), 3.87-3.61 (m, 4H, CH(CH?3)2 of Tip), 2.92-2.67 (m, 3H, CH(CHs3)2
of Tip), 1.80-1.74 (m, 9H, CH(CHa)2 of Tip), 1.61-1.38 (m, 16H, CH(CH3)2 of Tip and
CHs and CH(CHs)2 of NHC), 1.31-1.19 (m, 26H, CH(CH?s)2 of Tip), 0.90 (br, 3H,
CH(CHs)2 of Tip), 0.68 (br, 3H, CH(CH?s)2 of Tip), 0.60 (d, 3H, CH(CHs)2 of Tip), 0.51
(d, 3H, CH(CH5)2 of Tip), 0.46-0.42 (m, 6H, CH(CHs)2 of Tip), 0.30 (br, 3H, CH(CH53)2
of Tip), 0.16 (d, 3H, CH(CH3)2 of Tip) ppm. 3C NMR (75.56 MHz, CsDs, 300 K, TMS):
d = 169.45 (NCN), 166.17 (HC=CPh), 162.50 (HC=CPh), 156.26, 156.02, 155.36,
154.92, 154.18, 152.76, 152.73, 148.75, 148.38, 148.31, 148.24, 142.36, 138.54,
137.71 (ArCquart), 128.60, 128.52, 128.18, 128.05, 127.97, 127.73, 127.67, 125.32
(ArCH, 5C’s masked by CesDs), 126.32 (br, 2C, NCCN), 122.97, 122.83 (br), 122.69,
122.47,121.63, 120.91 (PhCH), 56.78, 53.22 (CH(CHs)2 of NHC), 35.42, 35.28, 34.65,
34.49, 34.11, 33.41, 33.03 (CH(CHas)2 of Tip), 28.57, 27.59, 25.64, 25.50, 25.27, 25.11,
24 .56, 24.47, 24.36, 24.32, 24.18, 23.77, 22.03, 21.33, 20.16 (CH(CHs)2 of Tip and
NHC), 10.41, 10.01 (CH3 of NHC) ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K, TMS): §
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= -1.51 (SiTip2), —15.39 (SiTipPh) ppm. UVlvis (hexane): Amax = 348 nm (¢ = 8800
Lmol~'cm™"). Element. anal.: Calcd. for C7oH100GeN2Si2 (1098.7): C, 76.55; H, 9.18,
N, 2.55. Found: C, 75.70; H, 9.32; N, 2.31.

5.7.2. Synthesis of Heavier Cyclopentenylidene Analogue 134
ProMe,
W e )RR
Ge' N HC’PTQMGQ S|\ 3 R
/ N\ toluene, 70 °C, 22 h > Ge SiLo,
R-S1—Si-pp - —
Ph
123c 134
062H93G6N28i2 C70H100G6N28i2
995.24 g mol’ 1098.38 g mol’

To a solution of 570 mg 123c¢ (0.572 mmol) in 4 mL of toluene 126 pL phenylacetylene
(117 mg, 1.145 mmol, 2 eq) are added by a microliter syringe at room temperature.
The reaction begins to proceed by heating to 70 °C (tested by NMR-study). After 22
hours at this temperature the reaction is completed. All volatiles are removed under
reduced pressure and a pale red solid remains. The product is dissolved in 35 mL of
warm hexane and filtered. Concentrating the solvent to approximately the third
afforded a red precipitate. Separating the solid from the mother liquor and dissolving
in 2.5 mL warm pentane afforded cubic red crystals suitable for X-Ray diffraction after
18 hours at room temperature. The total yield (3 crops) of 123c is 492 mg (77%).

MP: 202-204 °C (decomposition). TH NMR (300.13 MHz, CsDs, 300 K, TMS): § = 8.13
(br, 2H, PhH), 7.87 (s, 1H, PhC=CH), 7.49 (br, 2H, H-PhC=CH), 7.26 (br, 1H, PhH),
7.24-7.19 (m, 2H, TipH and PhH), 7.15-6.92 (m, 8H, TipH, PhH and 1H, CH(CH3)2 of
NHC), 6.86 (br, 1H, PhH), 6.78 (br, 1H, PhH), 5.29 (sept, 1H, CH(CHs)2 of Tip), 5.10
(sept, 1H, CH(CH3)2 of Tip), 4.33-4.13 (m, 2H, CH(CHs3)2 of Tip and CH(CHz3)2 of NHC),
3.72 (sept, 1H, CH(CHs)2 of Tip), 3.44 (sept, 1H, CH(CHs)2 of Tip), 3.00 (sept, 1H,
CH(CHs)2 of Tip), 2.88-2.62 (m, 3H, CH(CHs3)2 of Tip), 1.81 (d, 3H, CH(CH?s)2 of NHC),
1.62-1.52 (m, 15H, CH(CH?3)2 of Tip and CHs of NHC), 1.39-1.14 (m, 32H, CH(CH&)2 of
Tip, CHs of NHC and co-crystallized pentane), 0.88 (co-crystallized pentane), 0.69 (d,
3H, CH(CHs)2 of Tip), 0.41-0.38 (m, 6H, CH(CH?s)2 of Tip), 0.30-0.24 (m, 9H, CH(CHs)2
of Tip), 0.05 (d, 3H, CH(CH3)2 of NHC), 0.01 (d, 3H, CH(CH?3)2 of NHC) ppm. *C NMR
(75.56 MHz, CsDs, 300 K, TMS): 6 = 187.94 (HC=CPh), 172.01 (NCN), 158.22, 156.50,
155.25, 154.84, 153.77, 152.47, 152.12, 149.05, 148.49, 147.50, 145.94, 139.97,
133.80 (ArCquart), 145.21 (HC=CPh), 145.50, 137.40, 128.34, 127.57, 127.32, 125.66
(ArCH), 127.09, 126.23 (NCCN), 123.37, 123.14, 122.97, 122.57, 122.42, 122.22
(PhCH), 54.16, 52.39 (CH(CHs)2 of NHC), 38.65, 36.59, 36.27, 35.98, 35.86, 34.72,
34.65, 31.13 (CH(CHs)2 of Tip), 28.51, 27.48, 26.69, 26.40, 26.26, 25.80, 25.41, 25.36,
24.68, 24.54, 24.21, 24.18, 24.13, 24.06, 24.04, 23.77, 23.52, 21.59, 21.19, 20.60
(CH(CH3)2 of Tip and NHC), 34.46, 22.72, 14.28 (CHs and CH2 of co-crystallized
pentane),10.59, 10.01 (CH3 of NHC) ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K, TMS):
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d=-1.10 (SiTip2), —=19.16 (SiTipPh) ppm. UVlvis (hexane): Amax= 425 nm (¢ = 5500
Lmol~'cm™"). Element. anal.: Calcd. for C7oH100GeN2Si2'0.25 CsH12 (1116.4): C,
76.65; H, 9.3, N, 2.51. Found: C, 76.65; H, 8.93; N, 2.48.

5.7.3. Synthesis of Cyclic Germylene 138

R R R Ph |
Si=S;j Xyl-NC Qi ProMe
R/S' S'\ /Ph r_ty_’ >h Xyl\ _ /Sl\ ~ NHC 2Vlez
.g-‘,e —_— N—C\ /Ge
\NHdPrzMez /SI\
R R
128c 138
062H93G9N28i2 C71H103G€N3Si2
995.24 g mol™ 1127.43 g mol’

To a -20 °C cold solution of 542 mg 128¢ (0.568 mmol) in 3 mL of toluene, 75 mg of
xylyl isocyanide (0.572 mmol, 1 eq) in 1 mL of toluene are added by syringe. The color
changed immediately from deep red to deep purple. The reaction mixture is allowed to
warm to room temperature and stirred for 1 hour at ambient temperature. The solvent
is evaporated to dryness and the residue is diluted in 40 mL of hexane. After filtration,
the hexane is concentrated to about 3 mL. The dark purple solution is frozen in liquid
nitrogen and stored at room temperature. After one day purple needles of 138 are
obtained (103 mg). Storing the mother liquor at room temperature for 2 days afforded
again purple needles (157 mg). The total yield of 138 (2 crops) is 263 mg (41%).
Dissolving the purple solid in toluene (concentrated solution, ca. 1.3 mL) afforded after
one day at room temperature purple crystals of 138 suitable for X-ray diffraction.

MP: 163-165 °C (decomposition). TH NMR (300.13 MHz, CsDs, 300 K, TMS): §=7.73
(br, 1H, CH(CHs)2 of NHC), 7.29-7.19 (m, 3H, PhH and TipH), 7.03-6.68 (m, 10H, TipH,
PhH and XylH), 6.56 (br, 1H, CH(CHs)2 of Tip), 6.41 (d, 1H, ArH), 5.16 (br, 1H,
CH(CHs)2 of NHC), 4.36 (br, 1H, CH(CHs)2 of Tip), 4.09-4.01 (m, 2H, CH(CHs3)2 of Tip),
3.70 (br, 1H, CH(CHas)2 of Tip), 3.52 (br, 1H, CH(CHs)2 of Tip), 3.29 (impurity: t, n-
dibutyl ether from 128c), 2.86-2.66 (m, 4H, CH(CHz3)2 of Tip), 2.60 (s, 3H, CH3 of Xyl),
1.86-1.60 (m, 22H, CH(CH3)2 of Tip, CH(CHs)2 of NHC and CHs of NHC), 1.39-1.12
(m, 54H, CH(CH3)2 of Tip, CH(CHs)2 of NHC, CHs of NHC and co-crystallized n-
hexane), 0.92-0.79 (m, 13H, CH(CHs)2 of Tip and co-crystallized n-hexane), 0.53-0.24
(m, 21H, CH(CHs)2 of Tip) ppm. 13C NMR (75.56 MHz, CeDs, 300 K, TMS): & = 169.33
(NCN), 156.68, 155.63, 154.85, 153.68, 152.16 (br), 148.70, 148.46, 144.62, 141.49
(br), 139.18, 138.75 (ArCquart and XyIN=C), 128.44, 128.20, 122.90, 122.51, 121.93,
120.75 (ArCH), 127.70 (NCCN), 127.01 (NCCN), 57.07, 53.13 (CH(CHs)2 of NHC),
36.14, 35.36, 34.60 (br), 34.44, 33.22, 32.78, 30.39 (CH(CHs)2 of Tip), 28.68, 26.78
(br), 25.57, 24.21 (br), 20.61, 18.61 (CH(CHs)2 of Tip and NHC), 21.19, 19.72 (CHs of
Xyl), 31.97, 23.05, 14.35 (CH2 and CHs of co-crystallized hexane), 10.36, 10.09 (CHs
of NHC) ppm. 2°Si NMR (59.62 MHz, CeDs, 300 K, TMS): § = -=1.74 (SiTip2), -3.92

206



(SiTipPh) ppm. UVlvis (hexane): Amax= br sh from 290-320 nm. Element. anal.: Calcd.
for C71H103GeNsSi2-0.25 CsH14 (1148.9): C, 75.79; H, 9.34; N, 3.66. Found: C, 75.41;
H, 9.27; N, 3.63.

5.7.4. NHC-Abstraction from Cyclic Germylene 138

R Ph | R
H Pr. Me, .

Xyl Si_ _NHC™ Xvl SI\\

"N=c Ge _ P YN Ge-Ph

N - BPhyNHC i’

R R R R

138 142

A solution of 93 mg BPhs (0.38 mmol, 1 eq) in 3 mL of toluene are added by syringe to
430 mg of 138 (0.38 mmol) in 3 mL of toluene and stirred for one day at room
temperature. The color changed from light purple to dark green. After removing of the
solvent in high vacuum, the green residue is filtered from 20 mL of hexane. The hexane
is concentrated and stored at —26 °C for 3 days only affording BPhs-NHC™2Me2 gdduct
as colorless crystals. All crystallization attempts failed due to the instability of the
formed product and co-crystallizing BPhaNHC™Pr2Me2[174] gdduct. Other attempts with
ZnClz instead of BPhs as Lewis-acid failed.

Note: The NMR-spectra gets evaluated from an NMR-scale reaction (100 mg of 142):

"H NMR (300.13 MHz, CeDs, 300 K, TMS): & = 8.00-7.97 (m, 2H,PhH), 7.25 (s, 2H,
TipH), 7.23-7.18 (m, 3H, PhH), 7.08 (s, 2H, TipH), 6.81 (s, 2H, TipH), 6.67 (br, 2H,
XylH), 6.45 (t, 1H, XylH), 4.21 (sept, 2H, CH(CHs)2 of Tip), 3.51 (sept, 3H, CH(CHs3)2
of Tip), 3.29 (impurity: t, n-dibutyl ether), 2.87-2.56 (m, 4H, CH(CHz)2 of Tip), 2.32 (s,
3H, CHs of Xyl), 1.56-1.29 (m, 24H, CH(CHs)2 of Tip), 1.22-1.14 (m, 18H, CH(CH3)2 of
Tip), 1.07 (d, 6H, CH(CH?s)2 of Tip), 1.03 (d, 6H, CH(CHs)2 of Tip), 0.88 (impurity: t, n-
dibutyl ether) ppm. 13C NMR (75.56 MHz, CeDs, 300 K, TMS): § = 207.62 (XyIN=C),
157.26, 156.46, 154.29, 153.72 (br), 151.93 , 151.45, 151.14, 139.98, 138.95 (br)
(ArCquart), 136.83, 133.48, 131.57 (br), 130.22, 129.27, 128.44, 128.59, 127.86,
122.92, 122.09, 121.63, 120.67 (ArCH), 70.78 (impurity: n-dibutyl ether), 36.68, 37.82
(br), 35.42, 34.78, 34.73 (CH(CHs)2 of Tip), 25.93, 25.41, 24.86, 24.24, 24.14
(CH(CHs):2 of Tip), 23.87, 23.85 (CHs of Xyl), 32.46, 19.88, 14.19 (impurity: n-dibutyl
ether) ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K, TMS): = 103.12, -4.14 ppm.

BPh3-NHCPr2Me2; 14 NMR (300.13 MHz, CeDs, 300 K, TMS): & = 7.67-7.62 (m, 6H,
ArH), 7.32-7.26 (m, 6H, ArH), 7.18 (d, 3H, ArH), 5.01 (sept, 2H, CH(CH3)2 of NHC),
1.57 (s, 6H, CHa of NHC), 0.72 (d, 12H, CH(CH:)2 of NHC) ppm. 13C NMR (75.56 MHz,
CeDs, 300 K, TMS): 5= 135.80, 125.22, 124.43 (ArC) 127.34 (NCCN), 49.49 (CH(CH3)2
of NHC), 20.93 (CH(CHa)2 of NHC), 10.42 (CHs of NHC) ppm.['74]
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5.7.5. Synthesis of Cyclic Germylene 143

[PrMe; R Ph
NHQ« . 1.5 eq Xyl-NC Si
Gé 75°C, 6 h AR
/ \ —_— /N—C\ /SI\
R-SI—Si-pp Xyl Ge R
R \NHdPrZMeg
123c 143
C62H93G9N28i2 C71H103GeN3Si2
995.24 g mol” 1127.43 g mol™

A solution of 503 mg 123c¢ (0.505 mmol) and 99 mg xylyl isocyanide (0.755 mmol, 1.5
eq) in 4 mL of toluene are heated to 75 °C (NMR-study). After 6 hours the reaction is
completed. All volatiles are removed under reduced pressure and a red solid remains.
The product is dissolved in 20 mL of hexane and filtered. The hexane is evaporated in
vacuum and the red solid is dried in high vacuum (8 h, 6x107% mbar). Afterwards 1.5
mL of pentane is added to the red mortared solid and slightly warmed until everything
is dissolved again. Red single crystals of 143 suitable for X-ray diffraction are obtained
after 16 hours at room temperature. The yield is 212 mg (36 %).

MP: 145-148 °C (full conversion into starting material 123c). "H NMR (300.13 MHz,
CsDs, 300 K, TMS): 6 = 8.44 (br, 2H, PhH), 7.34-7.29 (m, 3H, TipH), 7.18-7.14 (br, 1H,
TipH, overlap with CeDs), 7.10-7.05 (m, 3H, XylH), 6.93-6.88 (m, 2H, TipH and PhH),
6.79-6.70 (m, 3H, TipH and PhH), 6.43 (sept, 1H, CH(CH3)2 of NHC), 5.68 (sept, 1H,
CH(CHs)2 of Tip), 5.15 (sept, 1H, CH(CHa)2 of Tip), 4.31-4.19 (m, 2H, CH(CHs)2 of Tip
and CH(CHs)2 of NHC), 3.84 (sept, 1H, CH(CH3)2 of Tip), 3.72 (sept, 1H, CH(CHs3)2 of
Tip), 3.47 (sept, TH, CH(CHs)2 of Tip), 2.86-2.62 (m, 3H, CH(CHs)2 of Tip), 2.48 (s, 3H,
CHs of Xyl), 2.16-2.15 (m, 4H, CH(CHs)2 of NHC and CHs of Xyl), 1.75 (d, 3H, CH(CH?3)2
of Tip), 1.66-1.62 (m, 6H, CH(CH?s)2 of Tip), 1.57 (d, 3H, CH(CH5)2 of Tip), 1.48 (s, 3H,
CHs of NHC), 1.45 (d, 3H, CH(CHs)2 of Tip), 1.37 (d, 3H, CH(CH3)2 of NHC), 1.34 (s,
3H, CHs of NHC), 1.26-1.34 (m, 24H, CH(CH?s)2 of NHC, CH(CH3)2 of Tip and CH: of
co-crystallized pentane), 1.04 (d, 3H, CH(CHs)2 of Tip), 0.88 (CHs of co-crystallized
pentane), 0.70 (d, 3H, CH(CHz)2 of Tip), 0.66 (d, 3H, CH(CH?s)2 of Tip), 0.48-0.34 (m,
12H, CH(CH3)2 of Tip), 0.08-0.02 (m, 6H, CH(CH?3)2 of NHC). 13C NMR (75.56 MHz,
CsDs, 300 K, TMS): 6 = 214.58 (XyIN=C), 169.56 (NCN), 156.67, 155.37, 155.20,
155.16, 153.85, 151.78, 150.80, 149.02, 148.66, 147.90, 146.16, 139.76, 137.31,
136.65, 133.18, 123.44 (ArCquart), 139.55, 129.16, 128.36, 127.70, 127.38, 126.81
(ArCH), 127.15 (NCCN), 126.96 (NCCN), 123.75, 123.21, 122.93, 122.61, 122.41,
122.36, 122.31 (ArCH), 55.57, 52.51 (CH(CHs)2 of NHC), 38.95, 35.86, 35.48, 35.13,
34.66, 34.61, 33.84, 31.50 (CH(CHs)2 of Tip), 27.88, 27.79, 27.11, 26.26, 25.22, 25.06,
24.75, 24.61, 24.54, 24 .44, 24.24, 24 .21, 24.18, 24.05, 23.99, 23.55, 21.93, 21.33,
21.10, 20.78, 19.62, (CH(CHs)2 of Tip and NHC), 20.40 (CHs of Xyl), 34.43, 22.72,
14.28 (CH2 and CHs of co-crystallized pentane),10.23, 9.94 (CH3s of NHC) ppm. 2°Si
NMR (59.62 MHz, CeDs, 300 K, TMS): 8 = -7.06 (SiTipz2), —45.21 (SiTipPh) ppm.
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UVivis (hexane): Amax = 347 nm (¢ = 16400 Lmol'cm™), 442 nm (¢ = 3400
Lmol~'cm™), 522 nm (¢ = 3200 Lmol'cm™). Element. anal.: Calcd. for
C71H103GeNsSi2-0.25 CsH12 (1145.44): C, 75.87; H, 9.44; N, 3.61. Found: C, 75.49; H,
9.22; N, 3.62.
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5.8. Reactivity of Silagermenylidenes 101 and 104, Disilenyl
Germylene 128c and Its Cyclic Isomer 123c toward Bis-

Functionalized Organic Substrates

5.8.1. Reaction of Silagermenylidene 101 with 14-
Diethynylbenzene

NHdPrzMez
R R cg Y R
: i toluene, rt . e ,
R-SI\\ /NHCPrZMeZ _,_0_5}@ = /Si\//—Q—@SL
Ge — R ._Gﬁ R
NHdPrzMez
101 144

A solution of 28 mg of the bis-alkyne (0.228 mmol) in 2 mL toluene were quickly added
at room temperature to a solution of 300 mg of 101 (0.435 mmol) in 5 mL toluene. After
a few minutes the color changed from red to dark purple. The mixture was stirred for 1
day at ambient temperature. The solvent was evaporated and the solid dried in high
vacuum (2 h at 8*10~3 mbar). The solid was digested in 30 mL of hexane and filtered.
All crystallization attempts failed due to the formation of at least four products.

Note: In the 29Si NMR no resonances were detected.

H NMR (300.13 MHz, CsDs, 300 K, TMS): & = 8.63 (s, HC=CPhC=CH), 8.56 (s,
HC=CPhC=CH), 7.98 (s, HC=CPhC=CH), 7.94 (s, HC=CPhC=CH) ppm.
5.8.2. Reaction of Silagermenylidene 101 with 1,3-

Diethynylbenzene

NHdPI’zMez
* + °.
R R\S_,Ge
: i s I /
RS NHC™ 405 = ere. 1, R (145)
Ge ~
101 \ ",Ge"s\i'R
NHdPrgMeg

Silagermenylidene 101 (50 mg, 0.073 mmol) was dissolved in 1 mL toluene and 5 uL
of the bis-alkyne (5 mg, 0.037 mmol) were added. After a few minutes the color
changed from red to dark purple. The mixture was stirred for 1 hour at ambient
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temperature. The solvent was evaporated and the NMR data showed a mixture of
products.

TH NMR (300.13 MHz, CsDs, 300 K, TMS): & = 8.58 (s, HC=CPhC=CH), 8.52 (s,
HC=CPhC=CH) ppm. 2°Si NMR (59.62 MHz, CeéDs, 300 K, TMS): 5 = -38.92 (br),
-39.16 ppm.

5.8.3. Reaction of Silagermenylidene 104 with 1,4-
Diethynylbenzene

NHdPrzMez
104 Y.

* oo NS N> R
_60°C Si_ Si, + 104
R-g; Ge R
0.5== =] R’ I *
Cl H ;
NHCPrzMez

146

A solution of 27 mg of the bis-alkyne (0.217 mmol, 0.5 eq) in 3 mL of toluene are added
via syringe to 415 mg of 104 (0.434 mmol) in 4 mL of toluene. The mixture is heated
for 2 hours to 60 °C. A NMR sample showed a mixture of products (product and staring
material). An excess of the bis-alkyne is added (54 mg, 1 eq) and the mixture is heated
again for 3 hours to 60 °C. The solvent of the reaction mixture (containing starting
material and product) is evaporated in high vacuum and filtered from 50 mL pentane.
The pentane is concentrated and stored at room temperature to afford a few single
crystals suitable for X-ray diffraction of 146 together with precipitated of 104 in a ratio
of ca. 1:1.

In a further attempt to obtain a pure sample of 146, a 3 fold excess (100 mg) of the bis-
alkyne was reacted with 500 mg of silagermenylidene 104 (0.52 mmol) in 10 mL of
toluene at 60 °C for 3 hours. After ca. 50% of silagermenylidene 104 was consumed
the reaction stopped and it was not possible bring the reaction to completeness even
by adding 3 eq of the bis-alkyne, because of the general tendency of acetylenes to
polymerize under similar reaction conditions.

13C NMR (75.56 MHz, CsDs, 300 K, TMS): 5 = 178.37 (NCN), 171.54 (NCN) ppm. 2Si
NMR (59.62 MHz, CsDs, 300 K, TMS): & = 7.34 (starting material 104), 3.82, -43.90
ppm.
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5.8.4. Reaction of Silagermenylidene 104 with Durylene-bis-
Isocyanide 147

NC C|\ ,R R\ ,R iPr.Me
/Si Si )[\lHC 22
. AN /7 '\
104+ 0.5 — /Ge\ /C:N N:C\ /Ge_.
NHC"2Me: Si Si
NC R R R CI

150

A solution of 535 mg 104 (0.56 mmol) and 52 mg durylene-bis-isocyanide (0.28 mmol,
0.5 eq) in 4 mL of benzene is heated to 65 °C for 4 hours. The color turned from red to

brownish during the reaction process. An NMR sample showed an unidentified product
mixture.

Note: "TH NMR and 3C NMR could not be evaluated due to signal overlaps.

298§ NMR (300 MHz, CeDs, 300 K, TMS): 5 = 119.91, 80.82, 37.38, -6.56 ppm.

5.8.5. Reaction of Silagermenylidene 104 with Bis-lsocyanide
148
NC

CeHs C'

O 60°C, 48 h \ '

104 + 0.5 — e C N O O N= C\ /G
NHCszMez SI *S

R R R Cl

151
NC

N HCPrzMez

A solution of 960 mg 104 (1.00 mmol) and 131 mg bis-isocyanide 147 (0.5 mmol) in
10 mL of benzene are heated to 60 °C for 2 days. The color changed during the
reaction process from red to intense purple. The solvent is evaporated in high vacuum
and 150 mL of hexane are added to the purple solid. The solution is heated to 60 °C
and filtered while hot. The solvent is concentrated to ca. 5 mL. All crystallization
attempts failed (only colorless needles are obtained after 3 days at —26 °C, which are
identified as 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium chloride 153).

NMR data of the purple solid:

1H NMR (300 MHz, CsDs, 300 K, TMS): & = 7.42-6.45 (m, altogether 14H, TipH and
Xyl-H), 5.91 (br, 1H, CH(CHs)2 of NHC), 5.77 (br, 1H, CH(CHs)2 of NHC), 4.36 (sept,
1H, CH(CHa)2 of Tip), 3.90-3.66 (m, 2H, CH(CHa)2 of NHC), 3.51 (sept, 4H, CH(CHa).
of NHC), 2.89-2.44 (m, 9H, CH(CHs)2 of NHC and Xyl-CHs), 2.17 (s, 1H, Xyl-CHs), 2.09
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(s, 1H, Xyl-CHs), 1.80 (s, 1H, Xyl-CHs), 1.76-1.39 (m, altogether 24H, CH(CHs)2 of Tip
and CHs of NHC), 1.39-0.94 (m, 70H, CH(CH?5)2 of Tip and CH3 of NHC), 0.94-0.70 (m,
12H, CH(CHs)2 of Tip), 0.62 (d, 6H, CH(CHa)2 of Tip), 0.49 (d, 6H, CH(CHs)2 of Tip),
0.25 (d, 4H, CH(CHa)2 of Tip) ppm. 3C NMR spectrum is beyond interpretation. 2°Si
NMR (300 MHz, CeDs, 300 K, TMS): & = 3.74 (br), —14.96 (br) ppm.

NMR data of 1,3-diisopropyl-4,5-dimethyl-1H-imidazol-3-ium chloride 153:

H NMR (300 MHz, CDCl3, 300 K, TMS): & = 11.01 (s, 1H, N-CH-N), 4.56 (sept, 2H,
CH(CHa)2), 2.29 (s, 6H, CH3 of NHC), 1.76 (d, 12H, CH(CHs)2) ppm.

5.8.6. Reaction of Silagermenylidene 104 with Bis-lsocyanide
149

NC

O CI R
Si
CeHs, o

9d, 40 °C p
—_—

104 + 05 NHCP ez Si
() a
N R
“c—si-R
CN 152 [ e,
R-PITG
CI NHC’PQMGQ

A solution of 506 mg 104 (0.53 mmol) and 74 mg of bis-isocyanide 149 (0.26 mmol) in
9 mL of toluene are heated to 40 °C for 9 days. The color changed during the process
of reaction from red to intense purple. The solvent is evaporated in high vacuum and
100 mL of pentane are added to the purple solid. The solution is filtered while hot (40
°C). The solvent is concentrated to ca. 2 mL. All crystallization attempts failed (only
colorless needles are obtained after 3 days at —-26 °C, which are identified as
imidazolium chloride 153).

NMR data of the purple solid:

"H NMR (300 MHz, CeDs, 300 K, TMS): § = 7.42-6.45 (m, altogether 14H, TipH and
Xyl-H), 5.91 (br, 1H, CH(CHs)2 of NHC), 5.77 (br, 1H, CH(CHs)2 of NHC), 4.36 (sept,
1H, CH(CH3)2 of Tip), 3.90-3.66 (m, 2H, CH(CH3)2 of Tip), 3.51 (sept, 4H, CH(CHa)2 of
Tip), 2.89-2.44 (m, altogether 9H, CH(CHs)2 of Tip and Xyl-CH?s), 2.09 (s, 3H, Xyl-CHs),
1.80 (s, 3H, Xyl-CH3), 1.76-1.39 (m, altogether 24H, CH(CHs)2 of Tip and CHs of NHC),
1.39-0.94 (m, 70H, CH(CHs)2 of Tip and CHs of NHC), 0.94-0.70 (m, 12H, CH(CHs)2
of Tip), 0.62 (d, 6H, CH(CHs)2 of Tip), 0.49 (d, 6H, CH(CHs)2 of Tip), 0.25 (d, 4H,
CH(CHs)2 of Tip) ppm. 3C NMR spectrum is beyond interpretation. 2°Si NMR (300
MHz, CeDs, 300 K, TMS): & = 4.05 (br), -14.53 (br) ppm.
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5.8.7. Reaction of Disilenyl Germylene 128c with Bis-Isocyanide
149

. o , X/
128¢c + 0.5 NHdPrzMez§[
() .
N, R
“c—si-R
CN 154 | s,
R-$I—Ce
Ph NHCiPrzMez

A solution of 22 mg methylene-bridged bis-isocyanide 149 (0.08 mmol, 0.5 eq) in 2 mL
of benzene is added by syringe to a solution of 160 mg 128c (0.16 mmol) in 2 mL of
benzene at room temperature. The color changed immediately from deep red to deep
purple and is stirred for 3 hours at ambient temperature. The solvent is evaporated to
dryness and the purple residue dissolved in 15 ml of hexane. After filtration, the hexane
is concentrated (ca. 2 mL). The solution is stored at —26 °C for 3 days without the
formation of crystalline material.

Note: The NMR-spectra contains a mixture of diastereomers and therefore only
characteristic resonances in the "H NMR (without integration) and the 3C NMR of the
mixture are listed due to signal overlaps:

TH NMR (300.13 MHz, CsDs, 300 K, TMS): 5 = 7.73 (br, PhH), 7.26-6.56 (m, TipH, PhH
and XylH), 5.16 (m, CH(CHs)2 of NHC), 4.35 (br, CH(CHs)2 of Tip), 4.04 (br, CH(CHs)2
of Tip), 2.82-2.80 (m, CH(CHs)2 of Tip), 2.53 (br s, CH3 of Xyl), 1.83-0.25 (CH(CH?s)2 of
Tip, CH(CH3)2 of NHC and CHs of NHC) ppm. *C NMR (75.56 MHz, CeDs, 300 K,
TMS): 6=169.49 (br, NCN), 57.07, 53.07 (CH(CHs)2 of NHC), 10.36, 10.39, 10.12 (CH3
of NHC) ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K, TMS): 6 = -2.03, -4.22 and -2.22,
-4.28 (broad signals) ppm.
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5.8.8. NHC-Abstraction from Cyclic Bis-Germylene 154

Ph,R R
Si Si
N BPhs N
£e C=N - BPhyNHC Ph-Ge C=N O
Pr,Me; /S|\ /SI\
R R R R

N R N R

R-Si—Ge, Si=Ge
Ph i R Ph
NHCPrZMez
154 155

A solution of 21 mg BPh3 (0.088 mmol) in 2 mL of benzene is added by syringe to a
solution of 100 mg 154 (0.044 mmol) in 2 mL of benzene at room temperature. The
color changed immediately from deep purple to green and is stirred for 1 hour at
ambient temperature. A "H NMR indicated the formation of BPhs-NHC®"2Me2 gnd full
conversion into a new product.

"H NMR (300.13 MHz, CsDs, 300 K, TMS): § = 8.01-7.98 (m, 4H, 0-PhH), 7.25 (s, 4H,
TipH), 7.23-7.13 (m, 6H, PhH), 7.08 (s, 4H, TipH), 6.85 (s, 4H, TipH), 6.49 (br, 4H,
XylH), 4.23 (sept, 4H, CH(CHs)2 of Tip), 3.53 (sept, 6H, CH(CHs3)2 of Tip), 3.26 (s, 2H,
CH- of Xyl2), 2.85-2.58 (m, 8H, CH(CHz3)2 of Tip), 2.29 (s, 9H, CHs of Xyl), 2.23 (s, 3H,
CHs of Xyl), 1.34-1.03 (m, CH(CHSs)2 of Tip) ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K,
TMS): 6 =103.38, —4.34, —11.92 (impurity) ppm.

BPh3-NHCPr2Me2: 1H NMR (300.13 MHz, CsDs, 300 K, TMS): & = 7.67-7.62 (m, 6H,

ArH), 7.32-7.26 (m, 6H, ArH), 7.18 (d, 3H, ArH), 5.01 (sept, 2H, CH(CH3)2 of NHC),
1.57 (s, 6H, CHa of NHC), 0.72 (d, 12H, CH(CHs)2 of NHC) ppm 1174
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5.8.9. Reaction of Heavier Cyclopropylidene 123c with Durylene-
bis-lsocyanide 147

NHdPr2Me2
Ph\S:R 2
*Sl ‘Ge
R.... /< _.R
Si_ =N N=c{_ st
o R */Ge,- «Sj
oluene, /N
75°C, 22 h NHC’Przwlez R Ph
123c +CN NC — 156
+
123c

A solution of 87 mg 123c¢ (0.10 mmol) and 7 mg 147 (0.05 mmol, 0.5 eq) in 2 mL of
toluene were heated to 75 °C (NMR-study). After 22 hours a second equivalent of 147
was added to the mixture due to the incompleteness of the reaction. Further warming
for 2 days to 75 °C afforded a product mixture.

29Si NMR (59.62 MHz, CsDs, 300 K, TMS): 8 = -7.09 and -45.91, -62.73 and —68.83
(starting material 123c¢) ppm.

5.8.10. Reaction of Heavier Cyclopropylidene 123c with Bis-
Isocyanide 149

NC
Ph R
O R\ / \
123¢c + 05 benzene, it R~ '\ /
NHCszMez ﬂ NHCszMez
CN

CGe

157 R’S'_S'
Ph R

A solution of 100 mg 123¢ (0.10 mmol) and 14 mg 149 (0.05 mmol, 0.5 eq) in 2 mL of
toluene were heated to 75 °C (NMR-study). After 22 hours a second equivalent of 149
was added to the mixture due to the incompleteness of the reaction. Further warming
for 2 days to 75° C afforded a product mixture.

29Si NMR (59.62 MHz, CsDs, 300 K, TMS): § = -6.72 (br), —=7.28 (br), -45.05, —45.30,
-45.58, -45.75, -62.74 and -68.80 (starting material 123c) ppm.
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5.9. Reactions of Arylsilanes with NHCs

5.9.1. Attempts to Synthesize an NHC-Stabilized Diaryl Silylene

ip PN ip 2 Li/CqoHg ip N iP
Tip,SiCly + 2 N NN _78°C _ Tip,Si=SiTip, + 2 "N N

64 J\ 2 65 VRN

Tip2SiCl2 (419 mg, 0.83 mmol) and 150 mg NHC™r2Me2 (0.83 mmol) were dissolved in
10 mL Et20 and cooled down to =78 °C. Freshly prepared Li/C10Hs (2 eq, 11.5 mg Li-
granules and 260 mg C+oHs) in 15 mL thf was added by cannula to the mixture. The
mixture was slowly allowed to warm up to room temperature. A NMR sample indicated

the formation of Tip2Si=SiTip2l'%% while the NHCPr2Me2 was unaffected by the reduction
conditions.

5.9.2. Attempts to Synthesize an NHC-Stabilized Diaryl Silylene

170
.. toluene Tip cr Cl
Tip, Cl Ny~ T8°C : <Ny
Psi” 4 2 TNTONT D /\Si'\ + N”'N
2 — . _
T CI H e et H
64 170 171

Tip2SiCl2 (400 mg, 0.79 mmol) was dissolved in 5 mL of toluene and added to a solution
of 216 mg NHCMe4 (1.74 mmol, 2.2 eq) in 5 mL toluene at =78°C. The mixture was
allowed to slowly warm up to room temperature and stirred for ca. 14 hours at room
temperature. The color turned from colorless into red. A NMR sample indicated a
product mixture.

29Si NMR (59.62 MHz, CeDs, 300K, TMS): & = 1.98, —0.55, -28.08, -37.68, —38.07,
-40.66, —-49.04 ppm.

5.9.3. Reaction of Mes2SiHCI with NHCPraMe2
Cl
MeS\ _,H "Pr\N/”\NJ'Pr b?:jzf;e iPr\N/\N/iPr iPr\Klé\N/"Pr
Si +22 BRLTILEN _ + _
Mes” Gl H ﬁ H
SiHMes,
173 174 153

Mes2SiHCI (1.00 g, 3.30 mmol) is dissolved in 10 mL of benzene and added to a
solution of 1.31 g NHCP2Me2 (7.26 mmol, 2.2 eq) in 10 mL benzene at room
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temperature. After addition the color changed immediately from colorless to orange
with concomitant formation of a white precipitate. The mixture is stirred for 1 hour while
the orange color gets more intense. The benzene is evaporated in high vacuum and
the excess of NHC™r2Me2 syblimed at room temperature (2*10-3 mbar for 3 hours). The
oily residue is dissolved in 50 mL of toluene and filtered. The white residue from the
filtration is identified as imidazolium chloride 153. The filtrate is concentrated to ca. 5
mL and stored at —26 °C for 4 days. No crystals are formed, only a white solid is
obtained (rests of imidazolium salt). All crystallization attempts failed (conc. Et20, thf
or flourobenzene solution from r.t. to =26 °C). It was also not possible to crystallize the
product with a stoichiometry of 1:2.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 6.65 (s, 4H, MesH), 5.27 (t, 1H, SiH,
1Uhsi = 98 Hz), 3.91 (m, 2H, CH(CH3)2 and HC(CHa)2 [close to SiMes2H] of NHC), 2.53
(d, 2H, CH2SiMes2H of NHC), 2.20 (s, 12H, 0-CHs of Mes), 2.07 (s, 6H, p-CHs of Mes),
1.48-1.45 (m, 12H, CH(CH3)2 of NHC), 1.29 (s, CHs of NHC) ppm. 3C NMR (75.56
MHz, CeDs, 300 K, TMS): 6 = 207.63 (NCN), 144.66, 139.36, 130.27, (ArCquart), 129.23
(ArCH), 122.28 (NCCCHsN), 121.62 (NH(SiCIMes)CCCCHsN), 48.51, 48.12
(CH(CHs)2 of NHC), 24.94, 24.59, 23.52, 21.12 (CHs of Mes), 13.40 (Mes2HSiCH2 of
NHC), 8.53 (CHs of NHC) ppm. 2°Si NMR (59.62 MHz, CeDs, 300 K, TMS): § = -33.72
(H2CSiMes2H) ppm.

Note: It was not possible to sublime out the complete excess of the NHCPr2Me2,
NMR data of the imidazolium chloride 153:

1H NMR (300 MHz, CDCls, 300 K, TMS): 5 = 11.01 (s, 1H, N-CH-N), 4.56 (sept, 2H,
CH(CHs)2), 2.29 (s, 6H, CH3 of NHC), 1.76 (d, 12H, CH(CHs)2) ppm.

5.9.4. Reaction of Tip2SiHCI with NHC'Przme2
. benzene Tip Cl
Tio. H iPr_ AN rt, 2h . iPr_t .. _ip
p/\Si, w2 PONTONPT 2 /\Si' L N/_N r
Ti p Cl H Tlp \N HO PrMe, H
172 168 153

Tip2SiHCI (305 mg, 0.63 mmol) was dissolved in 10 mL benzene and added to a
solution of 234 mg NHCP2Me2 (1.29 mmol, 2.2 eq) in 10 mL benzene at room
temperature. After addition the color changed immediately from colorless to deep
orange with concomitant formation of a white precipitate. The mixture was stirred for 2
hours. The benzene was evaporated in high vacuum and the excess of NHCPr2Me2 yas

sublimed-off at room temperature (51072 mbar for 1 h). The NMR data showed a
product mixture. The white precipitate was identified as a mixture of Tip2SiHCI,
imidazolium chloride 153 and the NHC™Pr2Me2,

298j NMR (59.62 MHz, CeDs, 300 K, TMS): § = —22.02, -28.52, -36.72, -48.22 ppm.
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5.9.5. Reaction of Mes,SiHCI with NHCMes:

. N Mes
Mes—« . Mes ber:\z1et|11e Mes N~ N Mes \S'.°
173+ 2 N_N ’ - — SN
HHH NHC"*3HCl Mes,HSi H ©S  NHCMe=
175 176
81 : 19

Mes2SHiCl (50 mg, 0.17 mmol) was dissolved in 2 mL benzene and added to a solution
of 100 mg NHCMes2 (0.33 mmol, 2.2 eq) in 2 mL benzene at room temperature. After
addition the color changed immediately from colorless to orange with concomitant
formation of a white precipitate. The NMR data showed a product mixture.

13C NMR (59.62 MHz, CeDs, 300 K, TMS): § = 158.81 ppm.
298j NMR (59.62 MHz, CsDs, 300 K, TMS): 5 = —24.04 (19%), —=50.95 (81%) ppm.
5.9.6. Reaction of TipSiCl; with NHCMes2

Cl
X benzene ..
Mes-n-"ni-Mes N + )
TipSiCly + 2 es NN r,4h Mes-N"“N-Mes — Mes-{ 7 N-Mes

\—{ \—{
H H Cl,TipSi” H H H
178 179 177

TipSiCls (500 mg, 1.48 mmol) is dissolved in 6 mL of benzene and added to the off-
white suspension of 897 mg NHCMes2 (2.96 mmol, 2 eq) in 6 mL benzene at room
temperature. After addition the color turned to dark red with concomitant formation of
a precipitate. The mixture is stirred for 4 hours at ambient temperature. A NMR sample
indicated full conversion into a new product. The benzene is evaporated in high
vacuum (5*10~3mbar for 1 h). The residue is dissolved in 80 mL of hexane and filtered.
All attempts to crystallize the product failed (conc. toluene, thf or diethyl ether solution
from -26 °C to r.t.).

TH NMR (300.13 MHz, CsDs, 300 K, TMS): & = 7.11 (s, 2H, TipH), 7.08 (s, 1H,
TipCl2SiC=CH), 6.84 (s, 2H, MesH), 6.74 (s, 2H, MesH), 3.81 (sept, 2H, 0-CH(CHs)2
of Tip), 2.70 (sept, 1H, p-CH(CHs)2 of Tip), 2.25 (s, 6H, 0-CHs of Mes), 2.16 (s, 3H, p-
CHs of Mes), 2.14 (s, 3H, p-CHs of Mes), 2.10 (s, 6H, 0-CHs of Mes),1.20 (d, 12H, o-
CH(CH?>)2 of Tip), 1.56 (d, 6H, p-CH(CH3)2 of Tip) ppm. 3C NMR (75.56 MHz, CeDes,
300 K, TMS): 6 = NCN: not detected, 157.26, 153.22, 138.51, 138.36, 137.97, 137.67
(ArCquart), 136.45, 135.21, 129.25 (ArCH), 134.06 (NTipCl.SiCCHN), 122.82
(NTipCI2SiCCHN), 121.62, 34.62, 33.78 (CH(CHs)2 of Tip), 25.25, 23.80 (CH(CH3)2 of
Tip), 21.20, 21.02, 18.67, 18.05 (CH3s of Mes) ppm. 2°Si NMR (59.62 MHz, CeDs, 300
K, TMS): 8=-10.19 ppm.
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5.9.7. Synthesis of Disilyl Carbene 185

Cl
TipSiCl; + 2 iPr\N/”\N—"Pr é’?gé?%eh "Pr\N/'_'\N—"Pr . ipr\ﬁé\N,iPr
/N C|2Tip3i\ﬁ =X
SiTipCl,
178 185 153
C41H66C|4N28i2
782.94 g mol’

TipSiCls (500 mg, 1.48 mmol) and 560 mg NHC™2Me2 (3 11 mmol, 2.1 eq) are dissolved
together in 3 mL of benzene and heated to 55 °C for 6 hours. In the course of the
reaction the solution turned from colorless into dark red. The solvent is evaporated and
the excess of NHCP2Me2 syblimed-off in high vacuum (21072 mbar, 50 °C). The red
solid is dissolved in 40 mL of hexane and filtered over reverse frit with a 5 cm layer of
celite. Again the solvent is evaporated to dryness and the residue dissolved in 60 mL
of hexane. The hexane is heated to approximately 50 °C and filtered while hot. The
solution is concentrated to a third of volume. At this stage a red precipitated has
formed. The solution is stored overnight at =26 °C. After 24 hours the mother liquor is
separated from the red solid, which includes 450 mg of 185 (39%) together with small
amounts of impurities. Red single crystals of 185 are obtained from a diluted hexane
solution of the red solid after storing at -26 °C for one week. The crystalline yield is
177 mg (15%).

MP: 74-77°C (rearrangement to unknown SiH-insertion product). '"H NMR (300.13
MHz, CeDs, 300 K, TMS): & = 7.11 (s, 4H, TipH), 4.15 (sept, 1H, CH(CHs)2 of NHC),
3.91 (m, 2H, CH(CHs)2 of NHC and HC((SiTipCl2))2), 3.73 (sept, 4H, 0-CH(CHs3)2 of
Tip), 2.66 (sept, 2H, p-CH(CHs)2 of Tip), 2.39 (s, 3H, CHs of NHC), 1.48 (d, 6H,
CH(CHs)2 of NHC), 1.40 (d, 6H, CH(CH?s)2 of NHC), 1.31 (d, 12H, p-CH(CHs)2 of Tip),
1.27 (d, 12H, 0-CH(CH?s)2 of Tip), 1.11 (d, 12H, 0-CH(CH3)2 of Tip) ppm. 3C NMR
(75.56 MHz, CsDs, 300 K, TMS): 6 =211.01 (NCN), 156.99, 153.15, 126.54, (ArCquart),
128.35 (masked by CsDe), 123.33 (ArCH), 125.58 (NCCCHsN), 117.07
(NH(SIiCl2Tip)2CCCCHsN), 48.21, 47.36 (CH(CHs)2 of NHC), 31.08 (CH(SiCl2Tip)2 of
NHC), 35.00, 34.45 (CH(CHs)2 of Tip), 26.21, 25.93, 25.13, 24.52, 23.69, 23.64
(CH(CHBa)2 of Tip), 12.85 (CH3 of NHC) ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K, TMS):
8 = 7.42 (SiTipClz2) ppm. UVlvis (hexane): Amax = 278 nm (¢ = 4700 Lmol'cm™).
Element. anal.: Combustion analysis did not yield satisfactory results presumably due
to the oxygen sensitivity of 185.
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5.9.8. Reaction of Disilyl Carbene 185 with BH3-SMe:

©BH;4
Pr-N" NPT BH3-SMe; Pr-N"SN-Pr
— toluene, rt, 2 h | ®
Cl,TipSi Cl,TipSi

SiTipCl, SiTipCl,

185 195
C41HgsCl4N,Siy C41HgoBCI4N,Si,
782.94 g mol™” 796.77 g mol™

BH3-SMe2 (29 uL, 0.38 mmol) was added to a solution of 300 mg 185 (0.38 mmol) in
4 mL of toluene. The red color of the reaction mixture changed after 10 min to pale
yellow and was stirred for an additional hour. The toluene was removed in high vacuum
and the yellow foam was dried (1 h, 2*1072 mbar). After adding 10 mL of hexane, a
concentrated solution was stored at r.t. to afford colorless crystals of 195 after 4 days
in 84 mg yield. Due to the small amount of crystals only a NMR-study could be carried
out.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): & = 7.10 (s, 4H, TipH), 4.35-4.31 (m, 1H,
CH(CHs)2 of NHC), 4.09-3.88 (m, 2H, CH(CHs)2 of NHC and HC((SiTipCl2))2), 3.61
(sept, 4H, 0-CH(CHs3)2 of Tip), 2.65 (sept, 2H, p-CH(CHs3)2 of Tip), 2.35 (s, 3H, CHs of
NHC), 1.68 (d, 6H, CH(CHs)2 of NHC), 1.26 (d, 12H, 0-CH(CH5)2 of Tip), 1.25 (d, 12H,
p-CH(CHs):2 of Tip), 1.21 (d, 6H, CH(CHs)2 of NHC), 1.10 (d, 12H, o-CH(CH?s)2 of Tip)
ppm. "B NMR (96.29 MHz, CsDs, 300 K, TMS): § = =32.94 (br, -BH3) ppm. *C NMR
(75.56 MHz, CeDs, 300 K, TMS): 6 = 157.03, 153.70, 127.44, (ArCquart), 128.19
(masked by CeDs), 123.56 (ArCH), 125.78 (NCCCHsN), 122.71
(NH(SIiCl2Tip)2CCCCHsN), 49.81, 49.51 (CH(CHs)2 of NHC), 35.09 (CH(SiCl2Tip)2 of
NHC), 34.45, 33.41 (CH(CHs)2 of Tip), 26.00, 25.15, 25.10, 23.72, 23.67, 23.59
(CH(CHBa)2 of Tip), 15.30 (CH3s of NHC) ppm. 2°Si NMR (59.62 MHz, CsDs, 300 K, TMS):
d=7.46 (SiTipCl2) ppm.

5.9.9. Reduction Attempts of Disilyl Carbene 185

iPren NPT ,
N_N fM‘ unidentified mixture of products

Cl,TipSi
SiTipCl,
185

A -50 °C cold solution of 640 mg (0.82 mmol) of disilyl carbene 185 in 10 mL thf are
added to a suspension of 464 mg of KCs (3.33 mmol, 4.4 eq) in 5 mL of thf at =50 °C.
The reaction mixture is slowly allowed to warm to room temperature over a period of 6
hours. The color changed from pale red to intense red in process of warming. The
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solvent is evaporated and the dark residue filtered from 40 mL hexane. The hexane is
concentrated to a third of volume and stored at —26 °C. No crystals could be obtained.

Note: No NMR data can be evaluated: In the 2°Si NMR no resonance was detected,
while the "H and 3C NMR was broadened that no signal assignment was possible.

A series of reduction experiments were investigated with the following reducing agents:
2 and 4 eq Li/CioHs, 4 eq KCs, 4 eq NazFeCO4, Mg-powder, Na, K, Jones
Magnesium(l). All reductions showed the same outcome as described above.

5.9.10. Reduction Attempts of Disilyl Carbene 185 with 2 eq KCs

A -50 °C cold solution of 530 mg (0.68 mmol) of disilyl carbene 185 in 5 mL thf were
added to a suspension of 183 mg of KCs (1.35 mmol, 2 eq) in 5 mL of thf at -=50 °C.
The reaction mixture was slowly allowed to warm to room temperature over a period
of 6 hours. The solvent was evaporated and residue filtered from 20 mL hexane. The
29Si NMR indicated a mixture of several products. The hexane was concentrated to a
third of volume and stored at room temperature. No crystals were obtained, not even
from a very concentrated hexane solution at =26 °C.

29Si NMR (59.62 MHz, CeDs, 300 K, TMS): 5§ = -10.49, -15.87, —28.36, -31.28 ppm.
5.9.11. Reduction Attempts of Disilyl Carbene 185 with Na/K

A solution of 250 mg (0.32 mmol) of NHC 185 and an excess of Na/K (48 mg/90 mg
K, ca 6eq) were suspended in 4 mL of thf/toluene. The reaction mixture was heated to
60 °C for 12 hours. The solvent was evaporated in high vacuum and the remaining
solid dissolved in hexane. After filtration a concentrated hexane solution was stored at
room temperature which did not afford single crystals.

29Si NMR (59.62 MHz, CeDs, 300 K, TMS): § = —68.58 ppm.
5.9.12. Synthesis of Bis-Silyl Germylene 200

Nw

iPr iPr—

\ \/Nlpr
2 Mes,SiHLi(thf),(OEt,)g 75 + -G9<_;<N]< thf, -70°Cto 1t G’;
e N -Licl Mes,Si” > SiMes;
Pr H H
197 8 200
C30H47O3LiSi C11 H20NQC|2GG C47H66N28i2Ge
490.73 g mol™” 323.84 g mol! 787.85 g mol!

A precooled solution of 500 mg Mes2SiHLi(thf)2(OEt2)o.75 (1.05 mmol) in 10 mL of thf is
added at =70 °C by cannula to a solution of 171 mg GeCl-NHC™2Me2 (0.53 mmol) in
20 mL of thf. The colorless solution immediately turned orange. At 0 °C the reaction is

complete and the solvent is evaporated in high vacuum. The residue is dissolved in 40
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mL of hexane. After filtration the solvent is reduced to a third of the volume to afford a
yellow precipitate of 200. Single crystals of 200 suitable for X-ray diffraction are
obtained from a saturated toluene solution after three days at rt. Yield: 253 mg (61%).

MP: 217-220 °C (Formation of unidentified GeH-species). 'H NMR (300.13 MHz, CeDs,
300 K): 6=6.71 (s, 8H, Mes-H), 6.37 (s, 2H, Si-H), 6.09 (hept, 2H, CH(CH3)2 of NHC),
2.52 (s, 24H, 0-CHs), 2.15 (s, 12H, p-CHs), 1.53 (s, 6H, CH3s of NHC) , 0.94 (d, 12H,
CH(CHs)2 of NHC) ppm. 3C NMR (125.76 MHz, CsDs, 300 K): 5 = 172.55 (NCN),
145.40, 137.09 (ArCgquart), 128.94 (ArCH), 126.63 (NCCCHa3N), 54.05 (CH(CHa)2 of
NHC), 24.82, 21.41, 21.17 (CH3s of Mes), 10.16 (CHs of NHC) ppm. 2°Si NMR (125.76
MHz, CeDs, 300 K): 5 = —-38.06 ppm. UV/vis (thf): Amax= 320 nm (¢ = 5300 Lmol~'cm™").
Element. anal.: Calcd. for C47HesN2Si2Ge: C, 71.65; H, 8.44; N, 3.56. Found: C, 71.68;
H, 8.39; N, 3.48.

5.9.13. Abstraction of NHC from Bis-Silyl Germylene 200

iPr-N
'Z-VN\iPr
Ge B(CeFs)3  unidentified prodcut
Mes,Si” " "SiMes; mixture
H H
200

A solution of 230 mg (0.44 mmol) B(CsF5)s3 in 2 mL of benzene was added to solution
of 350 mg (0.44 mmol) bis-germylene 200 in 3 mL of benzene at room temperature.
The solvent was removed in high vacuum after 30 min stirring at room temperature.
The residue was filtered from 20 mL of hexane and a concentrated solution was stored
at room temperature. It was not possible to grow single crystals from the reaction
mixture.

298§ NMR (125.76 MHz, CsDs, 300 K): 6 = -7.66, —12.49 -29.17, -42.56, —47.32 ppm.
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5.10. Synthesis and Reactivity of Digermenide 90

5.10.1. Synthesis of Dihalodiaryl germanes 206

TipBr M&f 5 5 TipMgBr —S8%% » Tip,GeCl, + Tip,GeCIBr + Tip,GeBr, + TipH
~MaX _ /) +TipBr
Yo
TipoGeXy
206
C45Hp3Br C15H23Mg C3oH4eX2Ge
283.25 g mol! 227.65 g mol”’ 617 g mol™ (average)

TipMgBr and Tip2GeX2 206 were synthesized according to modified literature
procedures.[?3205] Magnesium shavings (4.78 g, 0.2 mol, 1.2 eq) are treated with heat
under reduced pressure and afterwards suspended in 200 mL of thf. A solution of 47
g degassed TipBr (0.17 mol) and 50 mL of thf are added slowly through a dropping
funnel. After adding ca. 75% of the TipBr-solution, a heat development is observed and
the mixture is heated for 2 hours to reflux to complete the reaction. After cooling down
to rt, stirring is continued for 1 hour and a "H NMR spectrum of a hydrolyzed sample
indicated full conversion into TipH.

TipH: "H NMR (300 MHz, CsDs, 300 K): 8 = 7.00 (s, 3H, ArH), 2.82 (sept, 3H, CH(CH3)2
of Tip), 1.24 (18H, CH(CH3)2 of Tip) ppm.

The yellow Grignard reagent solution (TipMgBr, 2.2 eq) in thf is slowly added to a
solution of 8.8 mL GeCls (16.56 g, 0.08 mol) in 100 mL of benzene. After heating to
80 °C for 17 hours and cooling down to r.t., a '"H NMR spectrum indicated full
conversion. The reaction mixture is quenched by addition of 50 mL of 10%-HCI-
solution. The aqueous phase is extracted with diethyl ether (3 x 100 mL). The
combined organic layers are dried over MgSO4 and evaporation of the solvent afforded
a yellow oily mass (Tip2GeClz, Tip2GeCIBr, Tip2GeBrz, TipBr, TipH). TipBr and TipH
are distilled of in high vacuum (2*1072 mbar, 160 °C). The residue contained a mixture
of three  bis-arylgermaniumdihalides in an  approximately ratio of
Tip2GeCl2:Tip2GeCIBr:Tip2GeBr2 (3:44:53) in a yield of 43 g (approximate average
molar mass: 617 g*mol! based on the integration of TipH signals from a '"H NMR
spectrum; yield based on this mass: 88%, 0.07 mol).

Note: Due to signal overlaps of the mixture of dihalodiarylgermanes, only characteristic
signals in the aromatic region are given.

Tip2GeClz, Tip2GeCIBr, Tip2GeBrz2: 'TH NMR (300 MHz, CsDs, 300 K): & = 7.07 (s, 4H,
TipH of Tip2GeCly), 7.05 (s, 4H, TipH of Tip2GeBrCl), 7.03 (s, 4H, TipH of Tip2GeBr2)

ppm.
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5.10.2. Synthesis of Bis(2,4,6-triisopropylphenyl)germane 207

Tip,GeX, LAt Tip,GeH,

206 207
C3oHasX2Ge C3oHasGe
617 g mol™” 481.34 g mol™

Tip2GeH2 was synthesized according to a modified literature procedure of Baines and
co-workers.[?9% A 0 °C cold solution of the diaryl-substituted germanium halides (43 g,
0.07 mol, Tip2GeCl2: Tip2GeCIBr: Tip2GeBr2 3:44:53) in 130 mL of thf is added to a
0 °C cooled suspension of 5.3 g LiAlH4 (0.14 mol) in 50 mL of thf. After addition the
cooling bath is replaced and the reaction mixture is heated for 4 hours to reflux to
complete the reaction. Slow addition of ca. 200 mL of 10%-HCI solution quenched the
excess of LiAlH4. The organic phase is separated and the aqueous phase extracted
three times with diethyl ether (3*100 mL). The combined organic phases are dried over
MgSOa. After distilling off the organic solvents, 207 is obtained as a pale yellow oll
(with small amount of impurities) in 31.6 g (94%) yield.

TH NMR (300 MHz, CeDs, 300 K): 8 = 7.13 (s, 4H, ArH), 5.58 (s, 2H, GeH), 3.52 (sept,
4H, 0-CH(CHz3)2 of Tip), 2.78 (sept, 2H, p-CH(CHs3)2 of Tip), 1.21 (d, 12H, p-CH(CHs)2
of Tip), 1.20 (d, 24H, o-CH(CH?s)2 of Tip) ppm.

5.10.3. Synthesis of Diaryldichloro germane 50

Tip,GeH, 224 AN 1 GeCl,
207 50
CaoH4sGe C30H46Cl,Ge
481.34 g mol’ 550.22 g mol”

Tip2GeCl2 was synthesized according to modified literature procedures.®®l®2l To a
solution of 31.6 g Tip2GeH2 207 (0.066 mol) in 150 mL of CCls a small amount of AIBN
is added. The reaction mixture is refluxed for 3 hours. After cooling down to r.t.,, a 'H
NMR spectrum indicated full conversion into a new product. Purification of the crude
34 g of Tip2GeCl2 (0.062 mol) by Kugelrohr-distillation (150-160 °C, 4.5*1072 mbar)
afforded 25.6 g (70%) of pure 50 (yield based on GeCls: 58%)

1H NMR (300 MHz, CeDs, 300 K): & = 7.07 (s, 4H, ArH), 3.40 (sept, 4H, 0-CH(CHa)2 of
Tip), 2.68 (sept, 2H, p-CH(CHa)2 of Tip), 1.17-1.12 (m, 36H, CH(CH3)2 of Tip) ppm. 13C
NMR (75 MHz, CeDs, 300 K): & = 153.01, 152.23 (TipCauart), 136.21, 122.98 (TipCH),
34.58, 33.77 (CH(CHa)2 of Tip), 24.49, 23.91 (CH(CHs)2 of Tip) ppm.

225



5.10.4. Synthesis of (2,4,6-Triisopropylphenyl)digermenyllithium

6.6 Li,dme
cat. C10H3 . .
. 78°Ctort 1P, /1P
2 Tip,GeCly ———— Ge=Ge
ALC g Lidme
-2 TipLi P 2
50 920
C3oH4ClGe C53H89LiO4G62
550.22 g mol’ 942.49 g mol’

Dry, =70 °C cold viscous dme (8 mL) is added by cannula to a finely dispersed (stirred
for 30 min in the cooling bath to homogenize the components) and —70 °C cold mixture
of 1.036 g 50 (1.88 mmol), 1 mg naphthalene (cat. amount) and 43 mg of Li-powder
(6.2 mmol, 3.3 eq). The off-white suspension is slowly allowed to warm up. At =58 °C
the color turned to light green. In the further warming process the color changes to
dark green (-46 °C) and finally turned into dark red (-23 °C). The reaction mixture is
allowed to slowly warm up to r.t. and stirred for 30 min at ambient temperature. A 'H
NMR spectrum indicated a complete conversion into a new product. Insoluble parts
are filtered off in a first filtration. Dme is evaporated to dryness and the sticky deep red
residue is dried in high vacuum (ca. 1 hour at 7x1072 mbar) until the residue turned into
an orange solid. The solid is dissolved in 50 mL of pentane and the deep red solution
is filtered again (to filter off TipLi and LiCl). The pentane is concentrated to ca. 40 mL
and stored at —26 °C. After 14 hours red crystals of 90 are obtained in 45% (450 mg)
yield.

Yield: 38%-45% (scale: 1-6 Q)
MP: 135-138 °C (conversion into Tip2Ge=GeTip2 and unidentified product mixture)

1H NMR (300.13 MHz, CsDs, 300 K, TMS): & = 7.17 (s, 2H, m-TipH), 7.12 (s, 2H, m-
TipH), 7.11 (s, 2H, m-TipH), 4.71-4.56 (m, 4H, CH(CHa)2 of Tip), 4.22 (br, 2H,
CH(CHa)2 of Tip), 2.93 (s, 12H, dme), 2.84 (s, 8H, dme), 2.96-2.76 (m, 3H, CH(CH3)2
of Tip), 1.42 (d, 16H, CH(CHs)2 of Tip), 1.35 (d, 6H, CH(CHs)2 of Tip), 1.35 (d, 6H,
CH(CHs)2 of Tip) 1.27, 1.24, 1.20 (each d, overall 32H, CH(CH3)2 of Tip) 0.87 (tr,
pentane) ppm. ’Li NMR (116.59 MHz, CsDs, 300 K, Li* aq): § = =0.22 ppm. *C NMR
(75.56 MHz, CsDs, 300 K, TMS): 5 = 155.40, 153.82, 153.69, 152.66 (br), 152.48,
152.08, 147.33, 146.7, 145.49 (TipCquart), 128.33 (masked by CesDs), 121.44, 120.63,
120.06 (TipCH), 70.47 (CHz of dme), 59.17 (CH3 of dme), 36.68, 36.17, 35.35, 35.03,
34.78, 34.66 (CH(CHa)2 of Tip), 26.52 (br), 25.21 (br), 24.90, 24.76, 24.63, 24.39
(CH(CHs)2 of Tip), 22.72 (pentane), 14.27 (pentane) ppm. UV/vis (hexane): Amax= 435
nm (¢ = 11800 Lmol~'cm™"), 356 nm (¢ = 5600 Lmol~'cm™"). Element. anal.: Calcd. for
Cs3HsoGezLiO4 (942.5): C, 67.54; H, 9.52. Found: C, 67.56; H, 9.03.
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5.10.5. Reaction of Tip2GeXz 206 with 4 eq Li-Powder with C1oHs

6.6 Li,dme
cat. C10H8 . .
, -78 °Ctort. Tip, _ /1P , -
Tip,GeXy Lo ?e—GQ + unidentified products
- 2 TipLi Tip Li-dme2
206 90

Tip2GeX2 (5.4 g, average molar mass: 617 g*mol', 8.75 mmol) was mixed together
with 200 mg of Li-powder (28.89 mmol, 3.3 eq) and 2 mg of naphthalene. The flask
was cooled down to =70 °C and stirring was continued for 30 min. 40 mL of dry dme
were also cooled down to =70 °C and transferred to Tip2GeX2, Li and naphthalene. In
the process of warming the color changed to dark red. A 'H NMR indicated the
formation of digermenide beside unidentified by-products. After filtration from 200 mL
of pentane, the solution was concentrated to a third of volume and stored at —26 °C.
After 14 hours a red microcrystalline precipitate of digermenide 90 has been formed in
5 % (207 mgq) yield.

5.10.6. Reaction of Tip2GeX2 206 with 3.5 eq Li-Powder

: o TIP, Tip
Tip,GeXy 3%3 53e=G/¢ + unidentified products
- 2 TipLi Tlp Li'dmez
206 90

Tip2GeX2 (4.2 g, average molar mass: 617 g*mol', 6.81 mmol) was mixed together
with 165 mg of Li-powder (23.82 mmol, 3.5 eq). The reaction was cooled to 0 °C and
30 mL of dry dme were added. The color changed immediately to dark red. A '"H NMR
sample indicates a mixture of products. After filtration from 150 mL pentane the solution
was concentrated to ca. 30 mL and is frozen in liquid nitrogen. In the process of
warming to room temperature a red precipitate of digermenide 90 has been formed in
2% (64 mgq) yield.

5.10.7. Reaction of Tip2GeCl. 50 with 4 eq Li-Powder without C1oHs

4 Lildme . .
ocCort 1P TIP _—
Tip,GeCl, Lo Ge=Ge + unidentified black crystals
- TipLi Tip/ Li-dme,
50 90

Tip2GeCl2 50 (3 g, 4.54 mmol) and 151 mg of Li-powder (22 mmol, 4 eq) were finely
dispersed in a Schlenk-flask and stirred for 30 min at r.t. Dry dme (15 mL) was added
by cannula under ice cooling to 50 and Li-powder. The reaction mixture turned
immediately to dark green. After stirring for 15 min under ice cooling, a heat
development was observed while the mixture turned into dark red. Stirring was
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continued for 30 min in the thawing ice bath. The solvent was removed in high vacuum
and the remaining solid dried (2 h, 2*1072mbar). After filtration from 300 mL of pentane,
a concentrated solution was stored at -26 °C which formed red and almost black
crystals after 20 hours. The red crystals were assigned to digermenide 90 while the
black crystals were an unidentified, anionic compound. When the mother liquor was
stored at r.t. orange crystals of GeTipsH 209 were obtained after 3 weeks in % (67 mg)
yield.

Note: only main signals of the black crystals are listed due to signal overlaps.

1H NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.08 (s, TipH), 4.05 (sept, CH(CHa)2 of
Tip), 0.98 (d, CH(CHs)2 of Tip).

Tip Tip rt., 3 weeks

\ /
Ge=Ge + unidentified black crystals — Q= Tip,GeH
Tip Li-dme, 209
90
CaeH74Ge
699.73 g*mol’
GeTipsH 209:

MP: 180-183 °C (Decomposition). TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.12
(s, 6H, TipH), 6.27 (s, 1H, GeH), 3.53 (sept, 3H, CH(CHs3)2 of Tip), 3.31 (sept, 3H,
CH(CHas)2 of Tip), 2.76 (sept, 3H, CH(CHs)2 of Tip), 1.48 (d, 9H, CH(CHs)2 of NHC),
1.31 (d, 9H, CH(CHs)2 of NHC), 1.18 (d, 22H, CH(CH3)2 of Tip), 1.06 (d, 9H, CH(CH?3)2
of Tip), 0.84 (d, 9H, CH(CH3)2 of Tip) ppm. 3C NMR (75.56 MHz, CsDs, 300 K, TMS):
5 = 154.62, 154.49, 150.14, 135.94 (ArCquart), 128.35, 122.45, 121.66 (ArCH), 35.85,
34.59, 33.91 (CH(CHs)2 of Tip), 25.80, 24.86, 24.57, 24.13 (CH(CHs)2 of Tip), 22.72
(pentane), 14.27 (pentane) ppm. UVlvis (hexane): Amax = 349 nm (¢ = 5200
Lmol~'cm™), 437 nm (¢ = 1800 Lmol~'cm™"). Element. anal.: Calcd. for CssH74Ge
(699.73 g/mol) : C, 78.96; H, 10.66. Found: C, 78.37; H, 10.24.

5.10.8. Reduction Attempt of Digermenide 90 with 2 eq Li-Powder

Dry, =50 °C cold dme (8 mL) was added by cannula to a finely dispersed and -50 °C
cold mixture of 360 mg 50 (0.38 mmol), 3 mg naphthalene (cat. amount) and 6.4 mg
of Li-powder (0.92 mmol, 2.4 eq). The red colored mixture was slowly allowed to warm
to room temperature and stirring was continued for 14 hours. A 1TH NMR spectrum
indicates the formation of a product mixture. The solvent was evaporated and filtered
from 20 mL pentane.
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5.10.9. Reduction of Tip2GeClz 50 with 4.4 eq of Li-Powder

Dry, =70 °C cold dme (20 mL) was added by cannula to a finely dispersed and =70 °C
cold mixture of 1.12 g 50 (2.06 mmol), 10 mg naphthalene (cat. amount) and 62 mg of
Li-powder (8.96 mmol, 4.4 eq). The mixture was slowly allowed to warm to room
temperature. The color turned into dark red. The solvent was evaporated and the black
solid filtered from 30 mL of pentane. The pentane solution was stored at —26 °C for 14
hours to obtain 250 mg (26%) of digermenide 90.

5.10.10. Reaction of Digermenide 90 with GeCl.-dioxane

. . toluene, i i
Tip,— Tip , .78 °Ctort e T
Ge=Ge + ‘:GeCly, dioxane g T //Ge—Ge\\ .
Tig Li-dme, ~ doxane P-Ge GeTip
Tip Tip
90 92
CgoH135Ge4

1510.61 g mol”

A solution of 156 mg 90 (0.17 mmol) in 3 mL of toluene is added to a solution of 38 mg
GeClz-dioxane (0.17 mmol) in 3 mL of toluene. The color changed immediately from
pale red to intensely green. After stirring for 30 min the solvent is evaporated to dryness
and the nearly black solid is dissolved in 15 mL of pentane. After filtration, the pentane
is concentrated to ca. 2 mL and the blue solution is stored at r.t. After 2 days at ambient
temperature dark green crystals of tetragermabutadiene 92['?8 are obtained in 40 mg
(15%) yield. When the reaction is repeated at low temperatures, the outcome stays the
same.

"H NMR (300.13 MHz, CsDs, 300 K, TMS): § =7.19, 7.04, 6.96, 6.92, 6.88, 6.69 (each
d, each 2H, TipH), 5.54-4.34 (m, 4H, CH(CHz3)2 of Tip), 3.66-3.44 (m, 4H, CH(CHs3)2 of
Tip), 3.32 (sept, 4H, CH(CHs3)2 of Tip), 2.74-2.55 (m, 6H, CH(CHs3)2 of Tip), 1.79-1.69
(m, 12H, CH(CH3)2 of Tip), 1.37-1.29 (m, 20H, CH(CHs)2 of Tip), 1.18-1.05 (m, 38H,
CH(CHs)2 of Tip and CH- of co-crystallized pentane), 0.87 (t, 6H, CHs of co-crystallized
pentane) 0.57 (dd, 12H, CH(CHs):2 of Tip), 0.46 (d, 6H, CH(CHs)2 of Tip), 0.33 (d, 6H,
CH(CHs)2 of Tip), 0.25 (d, 6H, CH(CH?s)2 of Tip) ppm.
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5.10.11. Synthesis of 1,4-Bis{1’,2’,2’-[tris(2,4,6-
triisopropylphenyl)]}digermenylbenzene 216

Tip, /Tip
Ge=Ge Ti Ti
. . ./ P Ip
Tip, Tip 051Phi TP Ge—ée\
peCe. 2ol P Tiogd Se-Tip
Tip Li-dme, /Tip ll' Tid
Ge=Ge P P
Tip Tip
90 216 92
CosH142Ge4

1586.71 g*mol’

A solution of 584 mg 90 (0.62 mmol) in 3 mL of benzene is added to a solution of 102
mg 1,4-diiodobenze (0.31 mmol) in 3 mL of benzene. The color changed immediately
from pale red to dark red. After stirring for 10 min the solvent is evaporated to dryness
and the deep red residue is dissolved in 15 mL of pentane. After filtration, the pentane
is concentrated to ca. 2 mL and the dark red solution is stored at r.t. After 14 hours at
ambient temperature square like red crystals of 216 are obtained among of dark green
crystals of tetragermabutadiene 92.1'281 The red crystals are separated mechanically to
afford 36 mg (7%) of 216.

MP: 207-210 °C (transformation into different GeH-species). 'TH NMR (300.13 MHz,
CeDs, 300 K, TMS): 6 = 7.18, 7.08, 7.06 (each s, each 4H, TipH), 6.95 (s, 4H, CeHa),
3.86 (sept, 4H, CH(CHs)2 of Tip), 3.80-3.63 (m, 8H, CH(CHs)2 of Tip), 2.90-2.61 (m,
6H, CH(CHs)2 of Tip), 1.34 (d, 12H, CH(CHs)2 of Tip), 1.27 (d, 16H, CH(CH?3)2 of Tip),
1.21-1.10 (m, 88H, CH(CHs)2 of Tip and CH- of co-crystallized pentane), 0.87 (t, 6H,
CHs of co-crystallized pentane) ppm. 3C NMR (75.56 MHz, CsDs, 300 K, TMS): § =
154.32, 153.87, 152.61, 149.86, 147.36, 145.69, 141.88 (TipCquat and PhCquart),
134.85, 128.39 (masked by CsDs), 122.70 (br), 122.44 (br), 122.16 (br, TipCH and
PhCH), 38.35, 38.16, 34.84, 34.77, 34.64, (CH(CHs)2 of Tip), 25.96, 24.90 (br), 24.77,
24.69, 24.62, 24.34, 24.30, 24.20, 24.09 (CH(CHs)2 of Tip), 34.55, 22.72 (pentane),
14.27 (pentane) ppm. UV/vis (hexane): Amax=480 nm (¢ = 41300 Lmol~'cm™"), 367 nm
(¢ =8100 Lmol~'cm™). Element. anal.: Combustion analysis did not yield satisfactory
results presumably due to the oxygen sensitivity of 216.
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5.10.12. Synthesis of Boryl Digermene 222

Tip, Tip CBN(Ph), TP, TP Tip, ~ Tip
Ge=Ge — SBe=Ge\ -— CI—SBe—Ge\
Tig  Lidme, ~H¢  Tip  B-N(Ph), TP 'B-N(Ph),
Cl
90 222 223

A solution of 80 mg dichloro(N,N-diphenylamino)borane (0.32 mmol) in 2.5 mL of
benzene is added to a solution of 300 mg 90 (0.32 mmol) in 2.5 mL of benzene at room
temperature. After addition the color changed immediately from red to orange. After
stirring for 30 min at ambient temperature, the solvent is evaporated to dryness in high
vacuum and dried for ca. 2 hours (5*1072 mbar). Filtration from 15 mL of pentane and
storing a diluted solution (ca. 5 mL) at r.t. for 4 days afforded orange-yellow crystals of
222 suitable for X-ray diffraction in 45 mg (15%) yield. A second crop afforded 35 mg
(11%) of 222 (overall yield 80 mg (26%)).

MP: 178-181 °C (conversion into Tip2Ge=GeTip2 and decomposition of CIBNPh2-
group). '"H NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.38-7.19 (m, 4H, TipH and
N(PhH)2), 7.16-6.71 (m, 12H, TipH and N(PhH)2, overlap with CeDs), 4.26-3.55 (br, 5H,
CH(CHs)2 of Tip), 2.88-2.62 (m, 4H, CH(CHs)2 of Tip), 1.74-0.40 (m, 54H, CH(CH?s)2 of
Tip) ppm. 13C NMR (75.56 MHz, CsDs, 300 K, TMS): § = 154.06 (br), 152.61, 150.28,
149.95, 149.81, 148.56 (br), 147.45 (TipCquart), 140.65, 137.36, 129.34, 129.27,
128.36, 127.91, 127.83, 127.64, 127.37, 127.04 (masked by CsDs), 126.56, 126.41,
122.17 (br), 121.68 (br), (PhCH and TipCH), 38.53 (br), 38.17 (br), 36.91, 34.69(br),
34.57 (br) (CH(CHs)2 of Tip), 24.51 (br), 24.23 (br), 24.07 (br) (CH(CHs)2 of Tip) ppm.
Element. anal.: Calcd. for Cs7H79Ge2BCl (969.8): C, 70.59; H, 8.21; N, 1.44. Found:
C, 70.38; H, 8.32; N, 1.29.

Note: Due to the broadness of the "B resonance because of equilibrium effects no
signal was detected.

5.10.13. Synthesis of Digermenyl Borate 219

Tip, Tip BHSM Tip, Tip
Ge:Gé 3—Se£ S;e:Gé
Tip Lidme, ~SMe2  Tig'  oBH;,
®DLi-dme,
920 219
C53H89GezBLiO4
953.3 g mol’

To a solution of 258 mg 90 (0.27 mmol) in 4 mL of benzene, 26 uL BH3-DMS (20.5 mg,
0.27 mmol) were added via a microliter syringe at r.t. The reaction mixture turned
immediately from red to yellow and was stirred for 5 min at ambient temperature. The
solvent was evaporated to dryness in high vacuum and dried for 30 min (3*10 2 mbar).
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Filtration from 25 mL of pentane and storing a diluted solution (ca. 5 mL) at =26 °C for
1 day afforded yellow crystals of 219 suitable for X-ray diffraction in 54 mg (20%) yield.

MP: 125-127 °C (decomposition). "H NMR (300.13 MHz, CsDs, 300 K, TMS): § = 7.11
(s, 4H, TipH), 7.08(m, 2H, TipH), 4.30-4.27 (br, 4H, CH(CH?a)2 of Tip), 4.03 (sept, 2H,
CH(CHs)2 of Tip), 2.92 (s, 12H, dme), 2.83 (s, 8H, dme), 2.86-2.68 (m, 3H, CH(CH3)2
of Tip), 1.36-1.09 (m, 72, CH(CH?s)2 of Tip and CH-z of co-crystallized pentane), 0.87 (t,
6H, CH:3 of co-crystallized pentane) ppm. 7Li NMR (116.59 MHz, CeDs, 300 K, Li* aq):
8 = -0.59 ppm. "B NMR (96.29 MHz, CeDs, 300 K, TMS): & = -=32.99 (br q) ppm. 3C
NMR (75.56 MHz, CesDs, 300 K, TMS): 8 = 153.89 (br), 153.36, 152.84, 148.26, 148.08,
147.97 (br), 145.85 (TipCquart), 135.94, 128.27 (masked by CsDs), 121.77 (br), 121.32
(br), 120.69 (br, TipCH), 70.25 (CH2 of dme), 59.02 (CHs of dme), 37.19 (br), 36.88
(br), 36.74, 34.91(br), 34.74 (br), 34.61 (CH(CHs3)2 of Tip), 25.28 (br), 25.02 (br), 24.69,
2452, 24.29 (CH(CHs)2 of Tip) ppm. UVlivis (hexane): Amax = 438 nm (¢ = 8900
Lmol~'cm™"). Element. anal.: Calcd. for CssHseGe2BLiO4 (953.3): C, 66.78; H, 9.41.
Found: C, 66.10; H, 9.38.

5.10.14. Reaction of Digermenide 90 with Phl

. : , : Tip  Tip
Ti Ti Ti T :
R =L S S e
Tig  Li-dme, U rg e PGS . GeTP
Tip Ip
90 212 92

To a solution of 21.5 mg 90 (0.023 mmol) in 0.5 mL of CeDs in @ NMR-tube, 2.55 uL
Phl (0.023 mmol) were added by microliter syringe. The color changed immediately
from pale red to yellow/green. After 10 min a '"H NMR sample indicated a mixture of
tetragermabutadiene 92 and digermene 212 in an approximate ratio about 20:80
(NMR). A repeat reaction in a larger scale under the same conditions (0.157 mmol) led
to a mixture of unidentified products and tetragermabutadiene 92 as main product.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.33-7.30 (m, 2H, 0-PhH), 7.22 (s, 2H,
TipH), 7.13 (s, 2H, TipH), 7.09 (s, 2H, TipH), 6.96-6.88 (m, 3H, m-PhH and p-PhH),
4.01-3.63 (m, 6H, CH(CH3)2 of Tip), 2.84-2.62 (m, 3H, CH(CHz)2 of Tip), 1.25-1.09 (m,
54H, CH(CHs)2 of Tip) ppm.

5.10.15. Reaction of Digermenide 90 with PhX (X=CI, Br)

General procedure: Digermenide 90 (100 mg, 0.053 mmol) and the corresponding
haloarenes (0.053 mmol) are each dissolved in benzene (3 mL). The benzene solution
of 90 is transferred by syringe to the benzene solution of the haloarenes. The color
changed immediately from pale red to dark green, indicating the formation of
tetragermabutadiene 92 (NMR: approximate ratio 9:1).['28]
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5.10.16. Reaction of Digermenide 90 with GeCl4

To a =78 °C cold solution of 150 mg 90 (0.16 mmol) in 3 mL of toluene, 91 uL GeCls
(0.8 mmol) was added via microliter syringe. The reaction mixture was slowly allowed
to warm to room temperature (ca. 5 hours). In the course of warming the color changed
from intense red to orange. After stirring at room temperature for 12 hours the solvent
was evaporated and dried (2 h, 3*1072 mbar). A NMR sample indicated a mixture of
unidentified products.

Note: 'H and 3C NMR data were due to signal overlaps beyond interpretation.

5.10.17. Reaction of Digermenide 90 with P(l)-Source 229

i - Ti
iPriPr ® p

Tip Tip ' benzene, rt '
s N e N ) Ge
Ge=Ge ¥ :jif%/ﬁ\<’]£: - LiBPh, Tip-al N
Tlp L|-dme2 N N _ NHCIP&M% (/36 .P\ Pr,Me,
, .y . y NHC
iPriPr Tip ®
BPh,
90 229 231

A solution of 248 mg 90 (0.26 mmol) in 4 mL of benzene was transferred to a
suspension of 187 mg BPh4sP(NHC™2Me2); (0.26 mmol) in 4 mL of benzene at room
temperature. The color changed immediately from pale red to orange and a white
precipitate was formed (LiBPh4). After stirring for 30 min at ambient temperature, the
solvent was evaporated to dryness and an orange foam retained which was dissolved
in 25 mL of pentane. After filtration, the pentane was concentrated to ca. 2 mL and the
solution was stored at r.t. No crystals were obtained after 4 days at rt. Storing the
concentrated pentane solution at =26 °C for 3 days also afforded no crystalline
material.

Note: 'H and 3C NMR data are due to signal overlaps beyond interpretation.

31P NMR (121.5 MHz, CeDs, 300 K, TMS): & = -187.54 ppm.
5.10.18. Reaction of Digermenide 90 with (Me2N)2PCI

Tip Tip Tip, Tip
s CIP(NMey), _
e TN TR
Tip Li-dme, " TIpM N,P—NMez
€2
90 227

To a solution of 22 mg 90 (0.023 mmol) in 1 mL of benzene 3.4 pL
bis[dimethylamino]chlorophosphane (0.023 mmol) were added by microliter syringe at
room temperature. The color changed immediately from pale red to dark red. After 10
min of stirring at ambient temperature the color changed again from dark red to orange.
The solvent was evaporated and the sample dried in high vacuum.
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Note: 'H and 3C NMR data are due to signal overlaps beyond interpretation.

3P NMR (121.5 MHz, CeDe, 300 K, TMS): & = 112.53 (main signal), number of
unidentified side products in the range from 104-23 ppm.

5.10.19. Reaction of Digermenide 90 with (‘Pr2N).PCI

Tip Tip ; Tip,  Tip
L/ ClP(N Prg)g Ge=Ge
Ge=Ge. - LiCl Tip P(N/P
Tip Li-dme, P (NPro)2
90 226

A solution of 5 mg bis[diisopropylamino]chlorophosphane (0.018 mmol) in 0.25 mL of
CeDs were added to a solution of 17 mg of 90 (0.018 mmol) in 0.25 mL of CsDs. The
phosphane was added to 90. The color changed immediately from pale red to dark
red.

Note: 'H and '*C NMR data are due to signal overlaps beyond interpretation.

3P NMR (121.5 MHz, CeDs, 300 K, TMS): § = 134.73, 83.57, 80.95 ppm.
5.10.20. Reaction of Digermenide 90 with 2-6 eq of NHC™Pr2Mez

. . ipr Pr,Me
Tip, Tip , CoDe rt NH(';DzMe2 . NHC. .
Ge=Ge  + XNHCPMe 8L NGe Ge

./ S D +
Tip Li-dme,

. K i . C'T'
X =26 eq Tip Li-dme;  Tip Tip
90 233 234

A solution of 30 mg of digermenide 90 (0.032 mmol) in 0.5 mL CeDs (0.5 mL) was
added to 11.5 mg of NHC™2Me2 (0.064 mmol, 2eq). There was no change in color
observed, even after heating for 12 hours at 60 °C.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.12 (s, 2H, m-TipH), 7.10 (s, 2H, m-
TipH), 7.10 (s, 2H, m-TipH), 4.69-4.58 (m, 4H, CH(CHa)2 of Tip), 4.42-4.32 (m, 4H,
CH(CHs)2 of NHC), 4.20 (br, 2H, CH(CHs)2 of Tip), 3.22 (s, 8H, dme), 3.01 (s, 12H,
dme), 2.95-2.71 (m, 3H, CH(CHz3)2 of Tip), 1.67 (s, 12H, CHs of NHC), 1.48-1.45 (m,
12H, CH(CHs)2 of Tip), 1.35 (d, 14H, CH(CH?s)2 of Tip), 1.30-1.16 (m, 66H, CH(CHs)2
of Tip and CH(CH3)2 of NHC) ppm. ’Li NMR (116.59 MHz, CsDs, 300 K, Li* aq): § =
2.06 ppm.

2 further equivalents of NHCP2Me2 were added to the same sample which results in a
slight shift of the "H NMR signals.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.12 (s, 2H, m-TipH), 7.10 (s, 2H, m-

TipH), 7.09 (s, 2H, m-TipH), 4.73-4.64 (m, 4H, CH(CHs)2 of Tip), 4.20-4.16 (m, 10H,

CH(CHs)2 of NHC and Tip), 3.28 (s, 8H, dme), 3.10 (s, 12H, dme), 2.96-2.73 (m, 3H,

CH(CHs)2 of Tip), 1.72 (s, 24H, CH3 of NHC), 1.38 (br, 74H, CH(CH?3)2 of Tip and NHC),
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1.29 (d, 12H, CH(CHAs)2 of Tip), 1.22 (d, 12H, CH(CH?3)2 of Tip) ppm. Li NMR (116.59
MHz, CeDs, 300 K, Li* aq): 6 = 2.50 ppm.

The CsDs was evaporated and dried in high vacuum for 3 hours at 3*1073 mbar
resulting in a small change of the chemical shifts.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.14 (s, 2H, m-TipH), 7.09 (s, 4H, m-
TipH), 4.71-4.62 (m, 4H, CH(CHs)2 of Tip), 4.14 (br, 10H, CH(CHs)2 of NHC and Tip),
2.98-2.71 (m, 3H, CH(CHs)2 of Tip), 1.67 (s, 24H, CHs of NHC), 1.39-1.38 (m, 86H,
CH(CHB3)2 of Tip and NHC), 1.31 (d, 14H, CH(CH?s)2 of Tip), 1.22 (d, 14H, CH(CH?s)2 of
Tip) ppm. "Li NMR (116.59 MHz, CsDs, 300 K, Li* aq): § = 2.90 ppm.

Again 2 further equivalents of NHC™2Me2 (6 eq overall) were added to the same sample
which results in a slight shift of the 'TH NMR signals.

1H NMR (300.13 MHz, CeDs, 300 K, TMS): & = 7.14 (s, 2H, m-TipH), 7.11 (s, 2H, m-
TipH), 7.09 (s, 2H, m-TipH), 4.74-4.67 (m, 4H, CH(CHa)2 of Tip), 4.21 (br, 2H,
CH(CHs)2 of Tip), 4.05 (br, 14H, CH(CHs)2 of NHC and Tip), 2.99-2.73 (m, 3H,
CH(CHs)2 of Tip), 1.67 (s, 42H, CHs of NHC), 1.44-1.40 (m, 112H, CH(CHs)2 of Tip and
NHC), 1.31 (d, 14H, CH(CHs)2 of Tip), 1.22 (d, 14H, CH(CHs)2 of Tip) ppm. "Li NMR
(116.59 MHz, CsDs, 300 K, Li* aq): & = 2.76 (br) ppm.

To the sample with 6 eq of NHC™2Me2 0.1 mL dme were added to result in a different
set of NMR data (Note: "H NMR evaluated without integration).

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.05 (s, m-TipH), 7.04 (s, m-TipH), 7.01
(s, m-TipH), 4.75-4.66 (m, CH(CHs)2 of Tip), 4.20 (br, CH(CHs)2 of Tip), 4.00 (sept,
CH(CHs)2 of NHC), 3.32 (s, dme), 3.12 (s, dme), 2.86-2.71 (m, CH(CHs)2 of Tip), 1.76
(s, CHs of NHC), 1.43 (d, CH(CHs)2 of NHC), 1.34, 1.30, 1.23, 1.18, 1.08 (each d
CH(CH?>)2 of Tip) ppm. “Li NMR (116.59 MHz, CsDs, 300 K, Li* aq): 8 = 0.98 ppm.

5.10.21. Reaction of Digermenide 90 with 3 eq of NHC'Pr2Me2

Tip, /Tip ,- Tip, /Tip
Ge=Ge  + 3NHCP™Me 29, Ge-ge .
Tip Li-dme, Tip Li-(NHC 2"%%),
90 237

A solution of 500 mg of digermenide 90 (0.53 mmol) in 10 mL CsHe was added to a
solution of 286 mg NHC™2Me2 (1,59 mmol, 3 eq) in 5 mL CesHes. The solvent is

evaporated in high vacuum and filtered from 30 mL of pentane. Unfortunately no
crystalline material could be obtained after storing at room temperature from a
concentrated pentane solution.

1H NMR (300.13 MHz, CeDs, 300 K, TMS): & = 7.12 (s, 2H, m-TipH), 7.10 (s, 2H, m-
TipH), 7.09 (s, 2H, m-TipH), 4.73-4.64 (m, 4H, CH(CHs)2 of Tip), 4.20-4.16 (m, 10H,
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CH(CHs)2 of NHC and Tip), 2.96-2.73 (m, 3H, CH(CHa)2 of Tip), 1.72 (s, 24H, CHs of
NHC), 1.38 (br, 74H, CH(CHs)2 of Tip and NHC), 1.29 (d, 12H, CH(CHs)2 of Tip), 1.22
(d, 12H, CH(CHs)2 of Tip) ppm. Li NMR (116.59 MHz, CeDs, 300 K, Li* aq): 5 = 2.90

ppm.
5.10.22. Reaction of Digermenide 90 with 2-6 eq of NHCMe4

A solution of 40 mg 90 (0.042 mmol) in 0.5 mL CeDs was added to 13 mg of NHCMe4

(0.084 mmol, 2eq). There was no change in color observed, even after heating for 12
hours at 60 °C.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.14 (s, 2H, m-TipH), 7.13 (s, 2H, m-
TipH), 7.12 (s, 2H, m-TipH), 4.78 (sept, 4H, CH(CHzs)2 of Tip), 4.23 (br, 2H, CH(CH3)2
of Tip), 3.29 (s, 8H, dme), 3.22 (s, 12H, CH3=C of NHC), 3.10 (s, 12H, dme), 2.98-
2.73 (m, 3H, CH(CHa)2 of Tip), 1.46 (s, 12H, CHsN of NHC), 1.38 (br, 10 H, CH(CH?3)z2
of Tip), 1.34, 1.30, 1.24, 1.19 (each d, 12H, CH(CH?3)2 of Tip) ppm. “Li NMR (116.59
MHz, CeDs, 300 K, Li* aq): 6 = 2.89 ppm.

Two further equivalents of NHCMe4 were added to the same sample which results in a
slight shift of the '"H NMR signals.

1H NMR (300.13 MHz, CeDs, 300 K, TMS): & = 7.16 (s, 2H, m-TipH, masked by CsDs),
7.12 (s, 2H, m-TipH), 7.10 (s, 2H, m-TipH), 4.98-4.83 (m, 4H, CH(CHa)2 of Tip), 4.40
(br, 2H, CH(CHs)2 of Tip), 3.33 (s, 8H, dme), 3.32 (br s, 24H, CH3=C of NHC), 3.12 (s,
12H, dme), 2.98-2.75 (m, 3H, CH(CHs)2 of Tip), 1.60 (s, 24H, CHsN of NHC), 1.38 (d,
18 H, CH(CHs)2 of Tip), 1.34, 1.24, 1.21 (each d, 12H, CH(CHs)2 of Tip) ppm. 7Li NMR
(116.59 MHz, CeDs, 300 K, Li* aq): 5 = 2.33 ppm.

Again 1 further equivalent of NHCMe4 (5 eq overall) was added to the same sample
which results in a slight shift of the '"H NMR signals.

TH NMR (300.13 MHz, CeDs, 300 K, TMS): § = 7.15 (s, 2H, m-TipH), 7.10 (s, 2H, m-
TipH), 7.08 (s, 2H, m-TipH), 5.02-4.86 (m, 4H, CH(CHs)2 of Tip), 4.44 (br, 2H,
CH(CHs)2 of Tip), 3.34 (br s, 40H, CH3=C of NHC), 3.32 (s, 8H, dme), 3.11 (s, 12H,
dme), 2.98-2.81 (m, 3H, CH(CHs)2 of Tip), 1.61 (s, 40H, CH3N of NHC), 1.46-1.18 (m,
70 H, CH(CH?s)2 of Tip) ppm. “Li NMR (116.59 MHz, CsDs, 300 K, Li* aq): 6 = 1.90 ppm.

Heating of the sample to 60 °C with 5 eq of NHCMe4 resulted in unknown decomposition
products.
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7.2. Computational Details
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Figure 98. First proposed mechanism and intermediates for the formation of 135-Me from
128c-Me + Ac using simplified model system with methyl groups instead of Tip, Ph, and 'Pr

groups at B3LYP/6-31G(d,p) level of theory, respectively. AG energy values at 298 K are given
in kcal mol™.
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Figure 99. Proposed mechanism and intermediates for the formation of 133-Me from NHC
coordinated system using simplified model system with methyl groups instead of Tip, Ph, and

'Pr groups at B3LYP/6-31G(d,p) level of theory, respectively. AG energy values at 298 K are
given in kcal mol™".
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Figure 100. Proposed mechanism and intermediates for the formation of 133-Me from NHC
free system using simplified model system with methyl groups instead of Tip, Ph, and 'Pr
groups at B3LYP/6-31G(d,p) level of theory, respectively. AG energy values at 298 K are given
in kcal mol™.
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Figure 101. Alternative mechanism and intermediates for the formation of 135-Me from 128c-
Me + Ac using simplified model system with methyl groups instead of Tip, Ph, and 'Pr groups

at B3LYP/6-31G(d,p) level of theory, respectively. AG energy values at 298 K are given in kcal
mol™".
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Figure 102. Unfavoured mechanism due to high energy barriers and intermediates for the
formation of 134-Me from [2 + 3] addition of 128c-Me + Ac using simplified model system with
methyl groups instead of Tip, Ph, and 'Pr groups at B3LYP/6-31G(d,p) level of theory,
respectively. AG energy values at 298 K are given in kcal mol™".
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Figure 103. Proposed mechanism and intermediates for the formation of 134-Me from
insertion of Ac to Si-Ge single bond of 123c-Me using simplified model system with methyl
groups instead of Tip, Ph, and 'Pr groups at B3LYP/6-31G(d,p) level of theory, respectively.
AG energy values at 298 K are given in kcal mol™.
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Figure 104. First proposed mechanism and intermediates for the formation of 135-Ph from
128c-Me + phenylacetylene using simplified model system with methyl groups instead of Tip,
Ph, and 'Pr groups at B3LYP/6-31G(d,p) level of theory, respectively. AG energy values at 298

K are given in kcal mol™".
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Figure 105. First two steps of the alternative mechanism for the formation of 135-Ph from
128c-Me + phenylacetylene using simplified model system with methyl groups instead of Tip,
Ph, and 'Pr groups at B3LYP/6-31G(d,p) level of theory, respectively. AG energy values at 298

K are given in kcal mol™".

259



NHC NHC
H cNg'(': H3C\Ge/ H3C‘®e/ ‘ : Germanium
3C-Ge /. CH o
“si—siCHs Hac-SE--8i H3Ce~3i/ Ngi O & : silicon
HaC' \—/ CHs \—/ 'CHs _ S oh, ® :Cuicn
Ph Ph PH
J :Hydrogen
4 Q : NHC
@ :Phenyl
+29.8
9
9
Ge
HsC. / \_.CHj
H C,Sl SI\CH
3 A=/ 3
Ph
9
-47.2
133-Ph TS5-Ph 242-Ph

Figure 106. Proposed mechanism and intermediates for the formation of 133-Ph from NHC
coordinated system using simplified model system with methyl groups instead of Tip, Ph, and
'Pr groups at B3LYP/6-31G(d,p) level of theory, respectively. AG energy values at 298 K are
given in kcal mol™.
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Figure 107. Proposed mechanism and intermediates for the formation of 134-Ph from insertion
of phenylacetylene to Si-Ge single bond of 123c-Me using simplified model system with methyl
groups instead of Tip, Ph, and 'Pr groups at B3LYP/6-31G(d,p) level of theory, respectively.
AG energy values at 298 K are given in kcal mol™.
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Figure 108. Proposed mechanism and intermediates for the formation of 138-Ph from insertion
of phenylacetylene to Si-Si double bond of 128c-Me using simplified model system with methyl

groups instead of Tip, Ph, and 'Pr groups at B3LYP/6-31G(d,p) level of theory, respectively.
AG energy values at 298 K are given in kcal mol™.
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7.3. Absorption Spectra

7.3.1. UV/vis Spectra and Determination of ¢ for Disilenyl

Germylene 128c

2
—6x107*M
1.8 —7x10':M
8x10 4I\a’l
1x103M
1.4 4
<
351,24
j
(]
2
2 11
=
<
0.8
0,6 4
0.4 1
0,2 4
0 T T T T T T —
250 300 350 400 450 500 550

Wavelength [nm]

Figure 109. UV/vis spectra of disilenyl germylene 128¢ in hexane at different concentrations
(6x107* = 1x107% mol/L).
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Figure 110. Determination of ¢ (10100 M~'cm™") through a graphical draw of absorptions (A =
452 nm) of 128c¢ against their concentrations.
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Figure 111. Determination of £ (13900 M~'cm™") through a graphical draw of absorptions (A =
373 nm) of 128c against their concentrations.
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Figure 112. Determination of £ (14200 M~'cm™") through a graphical draw of absorptions (A =
308 nm) of 128c¢ against their concentrations.
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7.3.2. UV/vis Spectra and Determination of ¢ for Heavier

Cyclopropylidene Analogue 123c
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Figure 113. UV/vis spectra of cyclopropylidene 123c in hexane at different concentrations
(3x10™* — 7x10™* mol/L).
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Figure 114. Determination of ¢ (6400 M~'cm™) through a graphical draw of absorptions (A =
438 nm) of 123c¢ against their concentrations.
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Figure 115. Determination of ¢ (11100 M~'cm™") through a graphical draw of absorptions (A =
370 nm) of 123¢ against their concentrations.
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Figure 116. Determination of £ (14200 M~'cm™") through a graphical draw of absorptions (A =
311 nm) of 123c¢ against their concentrations.
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Figure 117. Determination of ¢ (21700 M~'cm™) through a graphical draw of absorptions (A =
272 nm) of 123c against their concentrations.
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7.3.3. UVivis Spectra and Determination of ¢ for Heavier

Cyclopentenylidene Derivative 133
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Figure 118. UV/vis spectra of 133 in hexane at different concentrations (4x10™* — 8x10™
mol/L).

0,8

0,7 -
y = 882.42x

06 - R? = 0.999

0,5 -
0,4 -

0,3 -

Absorbance A

O T T T T 1
0 0,0002 0,0004 0,0006 0,0008 0,001

Concentration C [mol/L]

Figure 119. Determination of ¢ (8800 M~'cm™) through a graphical draw of absorptions (A =
348 nm) of 133 against their concentrations.
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UV-VIS Spectrum
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Figure 120. Calculated UV/vis spectrum of 133-Me at B3LYP/6-31+G(d,p) level of theory
(solvent = hexane); figure produced by Cem B. Yildiz, Aksaray University, Turkey.
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7.3.4. UV/vis Spectra and Determination of ¢ for Heavier

Cyclopentenylidene 134
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Figure 121. UV/vis spectra of 134 in hexane at different concentrations (5x10™* — 9x107*

mol/L).
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Figure 122. Determination of ¢ (5500 M~'cm™") through a graphical draw of absorptions (A =

425 nm) of 134 against their concentrations.
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UV-VIS Spectrum
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Figure 123. Calculated UV/vis of spectrum 134-Me at B3LYP/6-31+G(d,p) level of theory
(solvent = hexane); figure produced by Cem B. Yildiz, Aksaray University, Turkey

270



7.3.5. UV/vis Spectra and Determination of ¢ for Cyclic

Germylene 138
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Figure 124. UV/vis spectra of 138 in hexane at different concentrations (1x10™3 — 5x10™
mMol/L); Amax = 290-320 (br sh) nm.
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Figure 125. Calculated UV/vis spectrum of 138-Me at B3LYP/6-31+G(d,p) level of theory
(solvent = hexane); figure produced by Cem B. Yildiz, Aksaray University, Turkey.
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7.3.6. UV/vis Spectra and Determination of ¢ for Cyclic

Germylene 143
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Figure 126. UV/vis spectra of 143 in hexane at different concentrations (1x1073 — 6x10™
mol/L).
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Figure 127. Determination of ¢ (3200 M~'cm™") through a graphical draw of absorptions (A =
522 nm) of 143 against their concentrations.
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Figure 128. Determination of ¢ (3400 M~'cm™") through a graphical draw of absorptions (A =
442 nm) of 143 against their concentrations.
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Figure 129. Determination of £ (16400 M~'cm™") through a graphical draw of absorptions (A =
347 nm) of 143 against their concentrations.
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Figure 130. Calculated UV/vis spectrum of 143-Me at B3LYP/6-31+G(d,p) level of theory
(solvent = hexane); figure produced by Cem B. Yildiz, Aksaray University, Turkey.

274



7.3.7. UV/vis Spectra and Determination of ¢ for Disilyl Carbene
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Figure 131. UV/vis spectra of 185 in hexane at different concentrations (1x1073 — 6x10™
mol/L).
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Figure 132. Determination of ¢ (4700 M~'cm™) through a graphical draw of absorptions (1 =
278 nm) of 185 against their concentrations.
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7.3.8. UV/vis Spectra and Determination of ¢ for Bis-Silyl
Germylene 200
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Figure 133. UV/vis spectra of 200 in thf at different concentrations (1x107 — 6x10™* mol/L).
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Figure 134. Determination of £ (5300 M"'cm™) through a graphical draw of absorptions (1 =
320 nm) of 200 against their concentrations
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7.3.9. UV/vis Spectra and Determination of ¢ for Triaryl Germane
209
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Figure 135. UV/vis spectra of 209 in hexane at different concentrations (1x1073 — 6x10™
mol/L).
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Figure 136. Determination of £ (5200 M~'cm™") through a graphical draw of absorptions (A =
349 nm) of 209 against their concentrations.
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Figure 137. Determination of £ (1800 M 'cm™") through a graphical draw of absorptions (A =
437 nm) of 209 against their concentrations.
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7.3.10. UV/vis Spectra and Determination of ¢ for Digermenide 90
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Figure 138. UV/vis spectra of 90 in hexane at different concentrations (9x10™* — 5x10™* mol/L).
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Figure 139. Determination of £ (11800 M~'cm™") through a graphical draw of absorptions (A =
435 nm) of 90 against their concentrations.
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Figure 140. Determination of £ (5600 M 'cm™") through a graphical draw of absorptions (A =
356 nm) of 90 against their concentrations
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7.3.11. UV/vis Spectra and Determination of ¢ for Phenylene-

Bridged Tetragermabutadiene 216
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Figure 141. UV/vis spectra of 216 in hexane at different concentrations (9x10™* — 5x107*
mol/L).

3,1 -
y=4127,2x

2,6 - R%=0,9835

2,1 -

1,6 -

Absorbance A

1,1 -

0,6 -

0,1 T T T T 1
0,00025 0,00035 0,00045 0,00055 0,00065 0,00075

Concentration C [mol/L]

Figure 142. Determination of £ (41300 M~'cm™) through a graphical draw of absorptions (A =
480 nm) of 216 against their concentrations.

281



06 -
0,55 -
05 -
045 -
04 -
035 |
03 |
0,25 -
02 -
0,15 -

0,1 T T T T 1
0,00025 0,00035 0,00045 0,00055 0,00065 0,00075

Concentration C [mol/L]

Absorbance A

Figure 143. Determination of £ (8100 M 'cm™") through a graphical draw of absorptions (A =
367 nm) of 216 against their concentrations.
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7.3.12. UV/vis Spectra and Determination of ¢ for Digermenyl
Borate 219
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Figure 144. UV/vis spectra of 219 in hexane at different concentrations (6x10* — 1x1073
mol/L).

1 .
09 - y= 894,68X
R?=0,9929

0,8 -
0,7 -
0,6 -
0,5 -
0,4 -
0,3 -
0,2 -

0,1 T T T T 1
0,0005 0,0006 0,0007 0,0008 0,0009 0,001

Concentration C [mol/L]

Absorbance A

Figure 145. Determination of £ (8900 M 'cm™") through a graphical draw of absorptions (A =
438 nm) of 219 against their concentrations.
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7.4. X-ray Structure Determination

7.41. Crystal Data and Structure Refinement for Chair-lsomer
SisGe2 131

|dentification code sh3530

Empirical formula C92 H144 Ge2 Si4, C7 H8

Formula weight 1599.74

Temperature 152(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=16.3223(6) A o =71.4780(19)°.

b=17.6076(7) A B =77.6430(18)°.
c=18.3797(8) A y=67.4580(17)°.

Volume 4600.3(3) A3

Z 2

Density (calculated) 1.155 Mg/m3

Absorption coefficient 0.749 mm-"

F(000) 1732

Crystal size 0.303 x 0.248 x 0.210 mm?3
Theta range for data collection 1.297 to 27.210°.

Index ranges -20<=h<=20, -22<=k<=22, -23<=|<=23
Reflections collected 77965

Independent reflections 20276 [R(int) = 0.0508]
Completeness to theta = 25.242° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7455 and 0.7011

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 20276/ 49/ 1051

Goodness-of-fit on F2 1.024

Final R indices [I>2sigma(l)] R1 =0.0488, wR2 = 0.1187

R indices (all data) R1=0.0828, wR2 = 0.1344
Extinction coefficient n/a

Largest diff. peak and hole 1.332 and -0.616 e.A®
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7.4.2. Crystal Data and Structure Refinement for Doubly-Bridged
Tetrahedron SisGe2 132

|dentification code sh3557

Empirical formula C92H144 Ge2 Si4 x 0.5 C7 H8
Formula weight 1557.70

Temperature 133(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=33.8499(14) A o =90°.

b =26.2285(14) A B =97.911(2)".
c=20.2919(8)A y=90°.

Volume 17844.3(14) A3

Z 8

Density (calculated) 1.160 Mg/m?3

Absorption coefficient 0.771 mm-’

F(000) 6760

Crystal size 0.389 x 0.230 x 0.046 mm3
Theta range for data collection 1.215 to 26.502°.

Index ranges -42<=h<=42, -32<=k<=32, -25<=I<=15
Reflections collected 136792

Independent reflections 18398 [R(int) = 0.0917]
Completeness to theta = 25.242° 99.9 %

Absorption correction Semi-empirical from equivalents
Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 18398 / 110/ 987
Goodness-of-fit on F? 1.011

Final R indices [I>2sigma(l)] R1 =0.0463, wR2 = 0.0951

R indices (all data) R1 =0.0883, wR2 = 0.1105
Extinction coefficient n/a

Largest diff. peak and hole 0.873 and -0.653 e.A3
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7.4.3. Crystal Data and Structure Refinement for Disilenyl

Germylene 128c

|dentification code sh3676aa

Empirical formula C62 H94 Ge N2 Si2 x C9 H12
Formula weight 1116.34

Temperature 122(2) K

Wavelength 0.71073 A

Crystal system Trigonal

Space group R-3

Unit cell dimensions a=37.7343(15) A a=90°.

b =37.7343(15) A B = 90°.
c=253233)A  y=120°.

Volume 31226(4) A3

Z 18

Density (calculated) 1.069 Mg/m?3

Absorption coefficient 0.514 mm-’

F(000) 10908

Crystal size 0.332x0.277 x 0.172 mm3
Theta range for data collection 1.017 to 27.150°.

Index ranges -48<=h<=48, -48<=k<=48, -32<=[<=32
Reflections collected 134431

Independent reflections 15353 [R(int) = 0.0592]
Completeness to theta = 25.242° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7455 and 0.7015

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 15353/9/723

Goodness-of-fit on F? 1.078

Final R indices [I>2sigma(l)] R1 =0.0526, wR2 = 0.1180

R indices (all data) R1=0.0814, wR2 = 0.1275
Extinction coefficient n/a

Largest diff. peak and hole 0.719 and -0.604 e.A3

286



7.4.4. Crystal

Data and Structure Refinement for

Cyclopropylidene Analogue 123c

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3540

C62 H93 Ge N2 Si2 x 3 C7 H8
1271.55

173(2) K

0.71073 A

Triclinic

P-1

Heavier

a=15.9617(17) A o= 114.148(5)°.
b =16.6009(18) A B = 112.883(5)°.

¢ =17.9948(19) A
3790.4(7) A3

2

1.114 Mg/m3
0.478 mm-"

1378

1.451 x 0.723 x 0.354 mm?
1.414 to 30.504°.

v = 96.575(5)°.

-22<=h<=22, -23<=k<=23, -25<=I<=25

81062

22760 [R(int) = 0.0332]

100.0 %

Semi-empirical from equivalents
0.7460 and 0.6433

Full-matrix least-squares on F?
22760/0/786

1.042

R1 =0.0493, wR2 = 0.1414
R1 =0.0672, wR2 = 0.1525
n/a

1.713 and -0.735 e.A3
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7.4.5. Crystal Data and Structure Refinement for Si.Ge-Ring

124b

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3546

C74 H127 Ge N2 Si2
1173.54

162(2) K

0.71073 A
Monoclinic

P21/c
a=13.6295(7) A
b =19.7334(10) A
c =21.4547(10) A
5714.5(5) A3

4

1.364 Mg/m?3
0.628 mm-"

2580

0.643 x 0.298 x 0.084 mm3

1.408 to 27.182°.

-17<=h<=17, -23<=k<=25, -25<=I<=27
50447

12692 [R(int) = 0.0631]

100.0 %

Semi-empirical from equivalents
0.7455 and 0.6859

Full-matrix least-squares on F?
12692 /0/629

1.010

R1 =0.0456, wR2 = 0.1020

R1 =0.0828, wR2 = 0.1160

n/a

1.324 and -0.421 e.A3

o =90°.
B =97.980(3)°.
v =90°.
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7.4.6. Crystal

Data and Structure Refinement for

Cyclopentenylidene Derivative 133

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3548
C77 H108 Ge N2 Si2
1190.42

163(2) K
0.71073 A
Triclinic

P-1
a=11.4319(5) A

Heavier

o= 100.5120(10)°.

b =14.6466(5) A B=92.0450(10)°.

¢ =21.5014(9) A
3519.7(2) A3

2

1.123 Mg/m3
0.511 mm-’
1288

0.557 x 0.372 x 0.307 mm?3
1.421 to 28.892°.

v = 95.2650(10)°.

-15<=h<=15, -19<=k<=17, -29<=I<=29

64193

18283 [R(int) = 0.0294]

99.6 %

Semi-empirical from equivalents
0.7458 and 0.7090

Full-matrix least-squares on F?
18283 / 244 / 1143

1.028

R1 =0.0385, wR2 = 0.0941

R1 =0.0533, wR2 = 0.1015
n/a

0.606 and -0.446 e.A3
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7.4.7. Crystal Data and Structure Refinement for Heavier

Cyclopentenylidene Analogue 134

|dentification code sh3607

Empirical formula C70 H110 Ge N2 Si2 x 1.25(C5 H12)
Formula weight 1188.47

Temperature 143(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a=12.6352(3) A a=90°.

b =23.8472(6) A B=101.5350(10)".
c=255287(7) A y=90°.

Volume 7536.8(3) A3

YA 4

Density (calculated) 1.047 Mg/m3

Absorption coefficient 0.477 mm-’

F(000) 2586

Crystal size 0.517 x 0.509 x 0.378 mm3
Theta range for data collection 1.180 to 28.596°.

Index ranges -17<=h<=16, -31<=k<=32, -34<=I<=31
Reflections collected 75564

Independent reflections 19229 [R(int) = 0.0316]
Completeness to theta = 25.242° 100.0 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7457 and 0.6890

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 19229 /42 /763
Goodness-of-fit on F? 1.107

Final R indices [I>2sigma(l)] R1=0.0571, wR2 = 0.1648

R indices (all data) R1=0.0789, wR2 = 0.1777
Extinction coefficient n/a

Largest diff. peak and hole 1.135 and -0.460 e.A3
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7.4.8. Crystal Data and Structure Refinement for Cyclic

Germylene 138

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3579

C71H104 Ge N3 Si2 x 0.5 C7 H8
1173.39

143(2) K

0.71073 A

Monoclinic

P21/n

a=127844(8)A a=90°.
b=227467(13) A B=94.490(3)°.
c=23.4180(11) A y=90°.
6789.1(7) A3

4

1.148 Mg/m?3

0.529 mm-"

2540

0.927 x 0.066 x 0.038 mm?
1.250 to 26.431°.

-10<=h<=15, -28<=k<=28, -29<=I<=24
50088

13888 [R(int) = 0.0829]

100.0 %

Semi-empirical from equivalents
0.7454 and 0.6187

Full-matrix least-squares on F?
13888 /0/771

1.010

R1 =0.0523, wR2 = 0.0960

R1 =0.1008, wR2 = 0.1096

n/a

0.475 and -0.484 e.A®
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7.4.9. Crystal Data and Structure Refinement for Cyclic

Germylene 143

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3675

C71 H103 Ge N3 Si2 x 2(C5 H12)
1271.62

152(2) K

0.71073 A

Monoclinic

P21/n

a=13.2550(5)A «=90°.
b=254218(8) A B =101.111(2)°.
c=23.7680(8) A y=090°.
7858.9(5) A3

4

1.075 Mg/m3

0.462 mm-"

2776

0.696 x 0.404 x 0.260 mm3

1.185 to 29.658°.

-18<=h<=18, -35<=k<=34, -29<=|<=33
90578

22144 [R(int) = 0.0325]

100.0 %

Semi-empirical from equivalents
0.7459 and 0.7079

Full-matrix least-squares on F?
22144/ 305/ 887

1.042

R1 =0.0523, wR2 = 0.1323

R1 =0.0723, wR2 = 0.1430

n/a

0.867 and -0.593 e.A?
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7.4.10. Crystal Data and Structure Refinement for Phenylene-
Bridged Bis-Germylene 146

|dentification code sh3470

Empirical formula C122 H182 CI2 Ge2 N4 Si4

Formula weight 2033.15

Temperature 152(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P -1

Unit cell dimensions a=13.0560(7) A o =99.027(3)°.
b=13.1770(6) A B=91.770(3)°.
c=21.8439(10) A v=92.430(3)°.

Volume 3705.4(3) A3

Z 1

Density (calculated) 0.911 Mg/m3

Absorption coefficient 0.511 mm-’

F(000) 1096

Crystal size 0.259 x 0.178 x 0.038 mm3

Theta range for data collection 0.945 to 26.371°.

Index ranges -16<=h<=16, -15<=k<=16, -27<=I<=27

Reflections collected 39440

Independent reflections 13272 [R(int) = 0.0873]

Completeness to theta = 25.242° 88.8 %

Absorption correction Semi-empirical from equivalents

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 13272/ 180 / 669

Goodness-of-fit on F? 1.440

Final R indices [I>2sigma(l)] R1 =0.0894, wR2 = 0.2602

R indices (all data) R1=0.1747, wR2 = 0.2849

Extinction coefficient n/a

Largest diff. peak and hole 1.128 and -0.504 e.A3
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7.4.11. Crystal

Carbene 185

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Data and Structure Refinement for

sh3504

C41 H64 Cl4 N2 Si2
782.92

133(2) K
0.71073 A
Monoclinic

P 21/n
a=9.6076(3) A
b =16.3497(5) A
c =27.6262(8) A
4317.5(2) A3

4

1.204 Mg/m3

0.360 mm-1

1680

0.267 x 0.164 x 0.113 mm?
1.449 to 27.151°.

o =90°.

v =90°.

Bis-Silyl

B=95.7776(12)°.

-12<=h<=11, -20<=k<=20, -35<=I<=32

36632

9534 [R(int) = 0.0547]

100.0 %

Semi-empirical from equivalents
Full-matrix least-squares on F?
9534 /0/698

1.009

R1 =0.0405, wR2 = 0.0811

R1 =0.0681, wR2 = 0.0910
n/a

0.371 and -0.257 e.A3

294



7.4.12. Crystal Data and Structure Refinement for Disilyl

Germylene 200

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3463a

C47 H66 Ge N2 Si2

787.78

153(2) K

0.71073 A

Monoclinic

P21/n

a = 14.2024(10) A o = 90°.
b =15.1956(12) A B = 93.956(2)°.
¢ =20.3915(15) A y =90°.
4390.3(6) A3

4

1.192 Mg/m3

0.785 mm-"

1688

0.532 x 0.203 x 0.092 mm?3
1.673 to 27.103°.

-18<=h<=15, -19<=k<=19, -26<=I<=26
39764

9697 [R(int) = 0.0497]

100.0 %

Milti-scan

Full-matrix least-squares on F?
9697 / 189/ 525

1.014

R1 =0.0443, wR2 = 0.0967
R1=0.0775, wR2 = 0.1086

n/a

0.411 and -0.312 e. A3
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7.4.13.

Germane 209

Identification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Crystal Data and Structure Refinement for Triaryl

sh3694

C45 H70 Ge
683.60

222(2) K
0.71073 A
Orthorhombic
Pbcn
a=227691(9) A
b =20.9403(9) A
¢ =19.0560(8) A
9085.7(7) A3

8

0.999 Mg/m3
0.699 mm-"
2976

0.593 x 0.472 x 0.420 mm3

1.321 to 31.616°.

-33<=h<=33, -30<=k<=30, -19<=I<=28
168472

15176 [R(int) = 0.0336]

100.0 %

Semi-empirical from equivalents
0.7462 and 0.6599

Full-matrix least-squares on F?

15176 / 5/ 449

1.121

R1 =0.0469, wR2 = 0.1428

R1 =0.0734, wR2 = 0.1657

n/a

0.955 and -0.494 e.A®

o =90°.
B =90°.
v =90°.
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7.4.14,

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume
Z

Density (calculated)

Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission

Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Crystal Data and Structure Refinement for Digermenide 90

sh3701

C53 H89 Ge2 Li O4
942.36

122(2) K

0.71073 A

Triclinic

P-1

a=10.6247(7) A

b =11.6930(8) A
c=22.6251(17) A

o= T77.769(4)°.
B = 86.480(4)°.
v =80.451(4)°.
2708.0(3) A®

2

1.156 Mg/m®

1.149 mm-1

1012

0.180 x 0.123 x 0.089 mm3

0.921 to 26.632°.

-13<=h<=13, -14<=k<=14, -28<=|<=28
42528

11149 [R(int) = 0.0787]

99.9 %

Semi-empirical from equivalents
0.7454 and 0.6973

Full-matrix least-squares on F
11149 / 54 | 564

1.014
R1=0.0528, wR2 = 0.1065
R1=0.1080, wR2 = 0.1246

n/a

0.881 and -0.449 e A
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7.4.15. Crystal Data and Structure Refinement for Phenylene-

Bridged Tetragermabutadiene 216

|dentification code sh3717

Empirical formula C96 H142 Ge4 x C5 H12
Formula weight 1658.59

Temperature 132(2) K

Wavelength 0.71073 A

Crystal system Monoclinic

Space group C2/c

Unit cell dimensions a=33.389(3) A a=90°.

b =16.0281(11) A B = 100.565(6)°.
c =18.0745(12) A v = 90°.

Volume 9508.7(12) A3

YA 4

Density (calculated) 1.159 Mg/m3

Absorption coefficient 1.295 mm"

F(000) 3552

Crystal size 0.300 x 0.229 x 0.112 mm3
Theta range for data collection 1.241 to 27.926°.

Index ranges -43<=h<=43, -21<=k<=21, -23<=I<=23
Reflections collected 69755

Independent reflections 11331 [R(int) = 0.0405]
Completeness to theta = 25.242° 99.8 %

Absorption correction Semi-empirical from equivalents
Max. and min. transmission 0.7456 and 0.6886

Refinement method Full-matrix least-squares on F?
Data / restraints / parameters 11331/39/512
Goodness-of-fit on F? 1.050

Final R indices [I>2sigma(l)] R1 =0.0391, wR2 = 0.0968

R indices (all data) R1 =0.0568, wR2 = 0.1043
Extinction coefficient n/a

Largest diff. peak and hole 0.747 and -0.514 e A3
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7.4.16. Crystal Data and Structure Refinement for Digermenyl

Borate 219

|dentification code sh3730

Empirical formula C53 H89 B Ge2 Li O4 x C5 H12

Formula weight 1025.31

Temperature 293(2) K

Wavelength 0.71073 A

Crystal system Triclinic

Space group P-1

Unit cell dimensions a=13.2371(8) A o =74.390(2)°.
b =13.2748(8) A B =85.281(3)°.
¢ =20.3077(13) A v=65.726(3)°.

Volume 3131.4(3) A3

Z 2

Density (calculated) 1.087 Mg/m?3

Absorption coefficient 0.998 mm-’

F(000) 1106

Crystal size 0.743 x 0.536 x 0.182 mm3

Theta range for data collection 1.042 to 31.626°.

Index ranges -19<=h<=19, -19<=k<=19, -28<=I<=29

Reflections collected 75930

Independent reflections 20713 [R(int) = 0.0329]

Completeness to theta = 25.242° 99.5 %

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7462 and 0.6310

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 20713 /84 / 666

Goodness-of-fit on F? 1.032

Final R indices [I>2sigma(l)] R1 =0.0424, wR2 = 0.1051

R indices (all data) R1=0.0701, wR2 = 0.1181

Extinction coefficient n/a

Largest diff. peak and hole 1.210 and -0.553 e A3
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7.4.17.

Crystal Data and Structure Refinement for

Digermene 222 and Isomer 223

|dentification code
Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [I>2sigma(l)]

R indices (all data)

Extinction coefficient

Largest diff. peak and hole

sh3727

C57 H79 B Cl Ge2 N
969.65

122(2) K

0.71073 A
Monoclinic

P21/n
a=14.9475(7) A
b=17.3173(8) A

¢ =20.9587(10) A
5425.2(4) A3

4

1.187 Mg/m?3

1.192 mm-’

2056

0.548 x 0.278 x 0.212 mm3
1.525 to 34.928°.

o =90°.

v =90°.

-24<=h<=23, -27<=k<=24, -33<=|<=33

167845

23568 [R(int) = 0.0419]

100.0 %

Semi-empirical from equivalents
0.7468 and 0.6564

Full-matrix least-squares on F?
23568 /0 / 587

1.039

R1=0.0418, wR2 = 0.1021

R1 =0.0624, wR2 = 0.1100
n/a

1.214 and -1.187 e.A

300

B = 90.032(3)°.

Boryl



