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Abstract

Dehydrogenative coupling of tin trihydrides is a known strategy for the production of
decorated metal nanoparticles. However, the resulting materials are insoluble and
highly air sensitive. Due to the higher element-hydrogen bond energy of germanium,
it promised to be a more stable alternative. Additionally, germanium is an appealing
basis for nanomaterials due to its low toxicity, small bandgap and large excitonic
Bohr radius. This provided motivation to investigate the suitability of germanium
trinydrides as precursors for dehydrogenative coupling towards germanium
nanoparticles.

To this end, aryl-, alkyl-, and (trialkylsilyl)germanium trihydrides were prepared as
starting materials. The suitability of these compounds for dehydrogenative coupling
was investigated under varying conditions. Silylgermanes required the lowest
amount of energy to induce coupling, producing solid polymers within a few hours at
110 °C. Arylgermanes were successfully coupled at 160 °C within a day, or in less
than an hour at 270 °C inside a microwave oven. Alkylgermanium trihydrides did not
form a solid material under any of the tested conditions.

The properties of the materials produced from arylgermanes were comprehensively
investigated with a multitude of methods. These polymers were identified as Ge(0)
nanoparticles, capped by decorating aryl groups. They have sizes of 1-6 nm, which
can be shaped both via the reaction conditions and through etching. A key benefit is
their full dispersibility in THF.

In addition, the ability to invert the reactivity of organolithium bases towards
arylgermanium trihydrides through solvent choice was discovered. Screening
reactions were used to further investigate this reaction system. Additional relevant
factors, such as the steric bulk of the reagents, were found.



Kurzfassung

Die dehydrierende Kopplung von Zinntrihydriden ist eine bekannte Strategie fir die
Herstellung von dekorierten Metallnanopartikeln. Die resultierenden Materialien sind
allerdings unléslich und hochst luftempfindlich. Aufgrund der héheren Element-
Wasserstoff-Bindungsenergie von Germanium war dieses als stabilere Alternative
vielversprechend. Germanium ist auRerdem aufgrund seiner geringen Giftigkeit,
seiner kleinen Bandlicke und seines grofRes exzitonischen Bohrradius eine
attraktive Basis fur Nanomaterialien. Dies lieferte die Motivation, die Eignung von
Germaniumtrihydriden als Edukte fur die dehydrierende Kopplung zu Nanopartikeln
zu untersuchen.

Zu diesem Zweck wurden Aryl-, Alkyl- und (Trialkylsilyl)germaniumtrinydride als
Ausgangsmaterialien hergestellt. Silylgermane bendétigten die geringste Energie, um
die Kopplung einzuleiten, und wurden innerhalb weniger Stunden bei 110 °C zu
festen Polymeren. Arylgermane wurden bei 160 °C innerhalb eines Tages oder in
weniger als einer Stunde bei 270 °C in einem Mikrowellenofen erfolgreich gekoppelt.
Alkylgermaniumtrihydride bildeten unter den getesten Bedingungen keine festen
Materialien.

Die Eigenschaften der aus Arylgermanen hergestellten Materialien wurden mit einer
Vielzahl von Methoden eingehend untersucht. Diese Polymere wurden als Ge(0)
Nanopartikel identifiziert, die mit dekorativen Arylgruppen Uberzogen sind. Sie
haben eine Grol3e von 1-6 nm, die sowohl Uber die Reaktionsbedingungen als auch
durch Atzen beeinflusst werden kann. Ein wesentlicher Vorteil ist ihre vollstandige
Dispergierbarkeit in THF.

Dartber hinaus wurde die Mdglichkeit entdeckt, die Reaktivitdit von
Organolithiumbasen gegeniiber Arylgermaniumtrinydriden durch die Wahl des
Losungsmittels zu invertieren. Zur weiteren Untersuchung dieses Reaktionssystems
wurden Screening-Reaktionen durchgefiihrt. Weitere relevante Faktoren, wie etwa
der sterische Anspruch der Reagenzien, wurden gefunden.
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. Introduction

Nanomaterials have drawn immense interest from the scientific community ever
since Richard Feynman popularized the idea of nanoscale machines in 1959.[1 Their
attraction lies in their unique properties which differ greatly from the bulk material.
Nanomaterials have very high surface to volume ratios, increasing the relevance of
surface properties. Additionally, the small size restricts the movement of subatomic
particles and various quantum mechanical effects become noticeable. As a result,
nanomaterials exhibit changes in reactivity, dispersibility, absorptivity and many
other areas.[?3

A wide array of both potential and realized applications is known for group 14
nanoparticles. Their versatility has seen them included in all areas of modern life,
such as agriculture, food safety, ecology, environmental protection, medicine,
energy storage, solar cells, catalysis, security and fashion.[345-71 Consequently,
these materials are an appealing research target. The focus of our working group is
the preparation and characterization of germanium and tin nanoparticles, as
knowledge about carbon- and silicon-based nanomaterials is quite comprehensive
already.

There are a few different methods to choose from when polymerizing tin and
germanium. Dehydrogenative coupling of the corresponding hydrides was chosen
for our research due to the simplicity of the process and the comparably soft reaction
conditions.[®°] Considerable knowledge had previously been obtained on the
preparation of aryl decorated tin nanoparticles from aryltin trihydrides (ArSnHs) using
a dehydrogenative coupling process. This reaction, particularly when catalyzed with
an amine base, boasts high reaction speeds, low energy requirements and great
yields. In addition, the workup is simple. The particles can be isolated through
centrifugation, filtration or evacuation.[!® However, despite these advantages, the
high reactivity of tin as center metal (caused by the weakness of the Sn-H bonds)
comes with severe drawbacks. The trihydride precursors need to be stored at -80 °C
to prevent degradation, and kept inert at all times.'] While the nanoparticulate
products are temperature stable, they are even more air sensitive, to the point of
pyrophoricity. In addition, the obtained powder is completely insoluble in all common
laboratory solvents. These disadvantages prevent a characterization of the obtained
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nanomaterial beyond descriptions of size, composition and micromorphology.'® The
possibilities for further applications are also severely limited. While interesting
insights were gained into the mechanism of the dehydrogenative coupling reaction
and the relevant factors shaping the outcome, it was ultimately decided that
germanium was the more promising candidate for further research into group 14
nanoparticles.

The goal of this work was to find a suitable method for the preparation of germanium
nanoparticles through dehydrogenative coupling and to characterize the obtained
materials. Various aryl- and silylgermanium trihydrides were to be prepared as
starting materials. A simplified overview of the practical work presented in this thesis
is shown in Scheme 1.

GeC|4

|

ZGeH3

Z:A'r/ \‘Z:SIR3

Ge@Ar Ge@SiR;

|

Material Characterization

Scheme 1: Simplified project overview with original research shown in green



[I. Literature Review

2.1 Organogermanes

2.1.1 History

Organogermanes are defined as compounds with at least one carbon-germanium
bond. Their first representative was prepared in 1887 by Clemens Winkler, after his
discovery of germanium in 1886. He reacted GeCls with Et2Zn to obtain EtsGe.!1?
The following years, low germanium availability caused researchers to focus on its
general properties, occurrences and extraction procedures over chemical aspects.
Interest in the synthetic side of germanium finally picked up again in 1925 with the
discovery of additional germanium sources. Morgan and Drew prepared the
compounds PhnGeBrsn (n=1-4) and PheGe2.'® Their work pioneered the use of
Grignard reagents and Wurtz type couplings in organogermanium chemistry, both of
which remain highly relevant to this day. More tetraorganogermanes,i
organogermanium halides*® and hydrides('¢! soon followed. Kraus and Brown were
the first to synthesize organogermanium polymers, also via a Wurtz type coupling.*”!

Further advances were made by Schwarz et al., who prepared optically active and

heterocyclic germanes.*8l Arylgermanium trihydrides, central to this work, were not
described until much later, in 1963.129

2.1.2 Organogermanium Halides

Germanium halides are the prevalent starting materials for organogermanium
chemistry. A plethora of different reactions is known for the derivatization and further
functionalization of germanium halides. In contrast to the related halosilanes,
halogermanes are not as readily hydrolyzed by water. Only the fully halogenated
GeXs (X=halogene) molecules show notable reactivity towards H20.[20:21
Organogermanium halides generally require an alkaline solution to undergo
hydrolysis.[?22% The halides are also temperature stable and can be purified through
distillation.[?2:24-26]

Preparation procedures typically start with the commercially available tetrahalides
GeXa. The most straightforward way to introduce organic groups is the use of either
Grignard or organolithium reagents (Scheme 2). When used to prepare derivatives
with three or four sterically demanding groups, these methods work selectively.[21:27]
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However, if fewer or smaller organic substituents are desired, the reagents tend to
substitute more halides than intended.

GeX,4 + n RMgX — R,GeXy., + n MgX,
GeX4 + n RLi — R GeXy , + n LiX

Scheme 2: Preparation of organogermanium halides via Grignard or organolithium reagents, n=1-3

Even with carefully optimized stoichiometry and reaction conditions, a product
mixture can often not be avoided.[?42829.30] Reduced yields and a tedious workup are
the consequences. Additionally, germanium halides are subject to spontaneous
halogen exchange reactions. Reacting chlorogermanes with organic bromides, for
example, results in the formation of mixed bromo(chloro)germanes.??23 Depending
on the intended use of the reaction products, this might necessitate additional
purification work, for example through conversion to the corresponding hydrides
followed by chlorination.[?>:311 A method for more selective preparation of arylated
halogermanes via the Grignard route is the intentional generation of tri- or
tetraarylgermanes. Superfluous aryl groups can then be cleaved off with several
methods.[16:28.32 Selectivity can also be increased by replacing GeXs with Ge(OEt)4
as starting material.33-3% The resulting ethoxy(organo)germanes can be easily
converted to the corresponding halogermanes, for example with acetyl chloride or
HCI.134.36] Despite the more selective product formation, Ge(OEt)4 is not as popular
as GeXas precursors, due to its lower accessibility.

The Kozeschkow redistribution, a standard procedure for the selective synthesis of
organotin halides, is unfortunately more complicated in organogermanium
chemistry.37l The reaction requires either an AICIz catalyst or extreme conditions.[38l
Furthermore, because mono- and dihalides RsGeX and R2GeX2 form preferentially,
attempts to synthesize trihalides RGeXs often lead to low yields and product
mixtures.[383°1 Redistribution reactions between GeCls and weaker group 14
reagents according to Scheme 3 have been developed as a workaround. However,
because there is often no use for the secondary product, the atom efficiency of this
process is low.[2540:41]



GeX4 + R4E —_— RGeX3 + R3EX
GeX, + R,SiCl,., —» RGeXs + R,,SiCl,.,

Scheme 3: Redistribution reaction towards organogermanium trihalides, E=Sn, Pb

Another approach for the selective synthesis of trihalides is the insertion reaction of
GeX2*1,4-Dioxane into an organic halide.3342 This offers a way to generate the
target molecule in high yields without side reactions. However, the precursor is once
again less accessible than GeXa, preventing more widespread adoption.

Rochow, who developed the Miller-Rochow process, reported a very similar
synthesis for dimethylgermanium dichloride from Ge(0) (Scheme 4). He also
demonstrated its general applicability for other organic substituents and bromo
derivatives.*3l However, this route is mostly outclassed by other procedures. Only
Me2GeCl: is still occasionally prepared via the Rochow process.

o

Ge + MeCITMeZGeCIZ

Scheme 4: Direct synthesis of Me2GeClz from Ge(0).

Over the past century, researchers have also experimented with some other
synthetic approaches that found only limited adoption by the scientific community.
The proliferation of cheaper, faster and less dangerous methods has rendered them
largely obsolete. Scheme 5 provides an overview of these reactions.

R;GeOGeRj; + 2 HX —— 2 R3;GeX + H,0O
Ph;GeOH + HX —— R3GeX + H,0
R3;GeCl + RPbCl; — R,GeCl, + R,PbCl,
GeCly +Ro,Hg —> RGeCl; + RHgCI
CsGeCl; + Rl — RGeClj; + Csl
EtGel; +Pb/Bi — Et,Gel,

Scheme 5: Less common synthetic strategies towards organogermanium halides[*#16.25:44]

2.1.3 Organogermanium Hydrides
Germanium was crucial to the rise of the semiconductor industry through its role in
the invention of the transistor and semiconductor production via chemical vapor
deposition (CVD) is still the biggest commercial application of germanium
hydrides.*! Originally monogermane (GeHa) had been the compound of choice for

5



thin film production.“8! However, its high toxicity and combustibility have increasingly
lead to the investigation of organogermanes as less problematic replacement.
Various organogermanes (MenGeHa-n, EtnGeHa-n, i-BuGeHs, t-BuGeHs, (GeHs)sCH,
(GeHs)2CH2; n=1-3) have been reported in this role.l*”] Other potential applications
of organogermanium hydrides lie in hydrogen storage, as reducing agents and as
starting materials for a variety of reactions, such as the lithiation and polymerization
utilized in this work.!8l

Synthetic germanium hydride chemistry found its start in 1902 with the preparation
of GeHs. Voegelen used Zink and sulfuric acid as Hz source to convert GeCls to
GeHa.*9 The first organic germanium hydride was synthesized by reacting the
sodium derivative with ammonium bromide (Scheme 6) or water.[*l

PhgGe, + 2 Na — 2 Ph3;GeNa
Ph;GeNa + NH;Br — Ph3;GeH + NH5 + NaBr

Scheme 6: Synthesis of the first organogermanium hydride

Alkali metal germanides remained the reagent of choice for hydride preparation for
quite a while. In a procedure similar to Scheme 6, triethylgermane (EtsGeH) was
synthesized from EtsGe2 and Li.*% The first monoalkylgermanium trihydrides and
various polyalkylgermanium hydrides were prepared with a slight variation of the
method, by quenching alkali metal germanides with alkyl halogenides. An attempt to
access arylgermanium trihydrides via this route failed.>!]

The most important breakthrough in germanium hydride chemistry was the discovery
of lithium aluminum hydride (LiAlH4) by Finholt, Bond and Schlesinger in 1947.152
LiAlH4 is an easily synthesized reducing agent. It is also able to convert various
functionalized germanes, including halogermanes, to hydrides according to Scheme
7. Many new compounds became accessible due to this advancement.[255354]
Hydrogenation with LiAlH4 remains the preferred method for lab scale preparation of
organogermanium hydrides to this day. %

R,GeX4., + LiAIH,4 m R,GeH,_,

Scheme 7: Reduction of halogermanes with LiAlH4



The stability of hydrides RnGeHas-n towards thermal decomposition, hydrolysis and
oxidation increases with the number and steric demand of the R substituents. Their
reactivity in various applications consequently decreases in the same direction. Due
to the very similar electronegativities of Ge and H, the polarity of the bond largely
depends on the other substituents. As such the hydrogen atom can exhibit either
protic or hydridic character.[45.55.56]

Almost all of this work relies on arylgermanium trihydrides (ArGeHs), a subclass of
organogermanium hydrides, as precursors. It should come as no surprise that the
most basic representative of the class, PhGeHzs, was the first to be synthesized.[*? It
is also by far the most common representative (102 references indexed by SciFinder
as of January 2025, followed by 13 for mesitylGeHs). A variety of arylgermanes are
known, almost all of which have been prepared using LiAlH4 (Table 1). Nevertheless,
the overall amount of research into these compounds is relatively low, as they have
not found any widespread applications yet. Many of the available publications focus
on basic properties, such as preparation methods, reactivity, structure and
spectra.[?8:3357.58] Others only utilized them for halide purification (see 2.1.2). Among
the synthetic applications of trihydrides, hydrogermylation, transition metal
complexes and catenation are the most prominent.[29.59.60.61]

Table 1: Synthetic strategies for the first reported preparation of selected Arylgermanes ArGeHs

Aryl Group First Reported Original Preparation Method
Ph 1963(19 ArzHg + GeCls; LiAIH4
p-MeOPh 1968162 Arl + Gelz; LiAIH4

p-XPh (X=F, CI) 19720571 ArMgBr + GeCls; LiAlH4

p-tolyl 1973l ArMgBr + GeCls; LiAlH4

CeFs 1974164 ArGeBrs + LiAlH4

mesityl 19791691 ArMgBr + GeCls, LiAlH4
i-PrsPh 1997211 ArMgBr + GeCla, LiAlH4
8-MeO-1-naphthyl 1998I6¢] Ar2Mg + GeCls; LiAIH4
t-BusPh 2001167 ArLi + GeCls; LiAlH4

a) (ArGeH2)2 + Hz
b) ArGe(OMe)s + LiAlHa

2,6-(2,6-i-Pr2Ph),Ph  200568]

2,6-mesityl2Ph 200869 ArLi + GeCls; LiAlH4
2,6-(2,4,6-PrsPh 2019070l ArLi + GeCls; LiAIH4
1-naphthyl, p-n-BuPh, 555512 ArMgBr + GeCla; LiAIHa
(2,5-; 2,6-; 3,5-)-xylyl

2-naphthyl, o-tolyl, 50550y ArMgBr + GeCla; LiAIHa

p-CF3sPh, p-CHsSiPh



2.2 Silylgermanes

2.2.1 General aspects

Silylgermanes (or, less common, germylsilanes) are compounds of the nature
R3SiGeRs with at least one single bond between germanium and silicone. The name
and basic structure are derived from silylgermane HsSiGeHs. Like Ge-H compounds
(Chapter 2.1.3), the bond polarity is strongly influenced by the other substituents
attached to both Si and Ge, owing to their similar electronegativities. The inclusion
of silicon into germanium compounds can be used to fine tune the band gap and
create new types of semiconducting materials.["%

Ge-C bonds are the backbone of organogermanium chemistry. As a Group 14
element, the potential of germanium for catenation was also expected and confirmed
early on.[*3! Naturally, investigations into Ge-E bonds with the neighboring group 14
elements followed soon. The first silylgermane, EtsSiGePhs, was isolated in 1934
from the reaction of sodium triphenyl germanide with triethylsilicon bromide.l"? This
is yet another example of a compound class where the original synthetic strategy
remains prevalent throughout its history (Scheme 8).

R3;EX + R'3E'M — R3EE'R'3 +MX
Scheme 8: Basic method for forming Ge-Si bonds; E,E’=Ge,Si; X=halogene; M=alkali metal

Over the next three decades, silylgermane chemistry generated only limited interest.
(PhaGe)sSiHI™®l and PhsGeSiPhsl’ were the only newly prepared compounds,
reported in the 50s. Synthesis of the eponymous silylgermane HsSiGeHs was
hindered by the more complicated process and the hazardous nature of the involved
chemicals. It was not isolated until 1963.["% This coincided with a resurgent interest
in silylgermanes. Over the next decades, the classic coupling of halogenides with
alkali metal derivatives, as well as direct Wurtz type couplings, were used to expand
the number of published silylgermanes.l”®! More recent preparation strategies
include the use of Grignard type reagentsl’”l, germylzinc chloridel™® and
electroreductionl”™, or the insertion of a tetrylene species into E-Cl and E-H bonds(®%,
The wide variety of uzilized synthetic strategies and obtained compounds showcase
the scope and diversity of the field.



2.2.2 Sterically Encumbered Alkylsilylgermanes
Alkylsilanes with low steric encumbrance, like MesSiX, are labile groups prone to
solvolysis and other degradation reactions.l®Y This limits their applications. The
stability can be improved considerably with bulkier substituents, for example a
tert-butyl group. The steric shielding hinders access to the silicon. Degradation
reactions are slowed or stopped entirely.

The first tert-butyl silicon compound, t-BuSiCls, was synthesized in 1947 by Tyler
and Sommer. They confirmed it was more stable than other known
alkyltrichlorosilanes.[®2 Their continued research led to the inclusion of the tert-butyl
group in a trialkylsilane: tert-butyl-di-methyl-silyl (henceforth abbreviated as TBDMS)
chloride (Scheme 9).183

Me,SiCl, + t-BuLi — t-BuMe,SiCl + LiCl
Scheme 9: Synthesis of TBDMSCI by Tyler and Sommer83!

TBDMSGe(Me2)Ph, synthesized in 1996, was the first reported silylgermane
containing the group. Sharma et al. used it to stabilize their silyl substituent and allow
for selective replacement of a Ge-Ph bond with Ge-Cl through HCI/AICI3 (Scheme
10).84 The crucial role of the tert-butyl group in stabilizing silylgermanes during aryl
cleavage was later demonstrated in experiments with with triflic acid (TfOH).["!
TBDMS is also used to stabilize digermenes, germyllithiums and strained Ge
containing rings. 8l

\Si—Ge/@ +Hel Al \ \Si—Ge/—CI+
/N VAVARA

Scheme 10: Use of a sterically encumbered (trialkylsilyl)germane by Sharma et al.[84

Trialkylsilanes with two tert-butyl groups are markedly harder to obtain. Attempts to
react t-Bu2SIiCl2 with MeLi or t-BuMeSiCl2 with t-BuLi failed even under harsh
conditions. The enormous steric bulk prevents the substitution of the chloride. The
challenge was solved in 1975, when Doyle and West succeeded in preparing
di-tert-butylmethylsilyl (henceforth abbreviated as DTBMS) hydride DTBMSH
alongside the similarly elusive t-BusSiH.[B8l They demonstrated that, while
electronically beneficial, the steric demand of the second chlorine atom in

9



t-BuzMeSiClz blocks access of the MeLi. Replacing one chlorine with hydrogen
solves the issue, and t-Bu2SiCIH readily reacted with both MeLi and even t-BuLi. The
method was soon improved upon by reversing the order of alkyl substitutions,
reacting MeSiClzH with t-BuLi.BJ DTBMSH is easily brominated with Brz to enable
further reactions.’®” The first use of the group in silylgermane chemistry was once
again to facilitate selective Ge-Ph cleavage.[®! Other applications of DBTMS are
unsurprisingly also similar to those of TBDMS (see above). Especially Lee,
Sekiguchi and varying coworkers have made use of its stabilizing effect to synthesize
new digermenes, germyllithiums and strained rings like the one in Scheme 11.189.90.91]

< \§

/Ge—Ge\SI/

L K

Scheme 11: Cyclo trigermene with bulky trialkylsilyl groups for stabilization(®!
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2.3 Germanium Nanomaterials

2.3.1 Properties and Applications

Germanium is a semiconducting material with a narrow bandgap. Semiconductor
nanocrystals dimensioned smaller than their excitonic Bohr radius experience
guantum confinement. The band gap increases with decreasing size. Optical and
electronic properties become size dependent as a result, making it possible to
fine-tune them.[??2 Germanium has a relatively large excitonic Bohr radius, leading to
strong quantum confinement effects.’sl As a result, increasing nanocrystal sizes
causes a red shift in their absorption, with the larger particles often absorbing the
entire visible spectrum and beyond.[®+-°¢l |n addition, germanium nanocrystals often
feature size dependent photoluminescence.’3%-%8 The low quantum vyields
observed in some of these publications are attributed to surface passivation, defects
and impurities.[%6.99.100] The unique optical and electronic properties of germanium
have led to its inclusion in devices such as solar cells, photodetectors and field effect
transistors.[6:101.102]

As bulk material, germanium is considered non-toxic. Toxicity research into
germanium nanoparticles has produced conflicting results so far.[?899.103] The
surface chemistry appears to play a major role, with cationic particles being more
dangerous, partly due to higher cellular uptake.['%4 However, the overall amount of
research into the biocompatibility of nanogermanium is still low.[1%! Functionalized
particles that combine high cellular uptake and low toxicity would have high potential
in bioimaging and drug delivery applications.[104

Germanium nanoparticles could also possibly overcome a longstanding problem
with lithium ion batteries: The achievable energy density is limited by the 372 mAh/g
maximum capacity of commercial graphite anodes.[*%¢ While germanium has a much
higher theoretical limit of 1600 mAh/g, its 370% volume increase during lithium
intercalation prevents the manufacture of commercial devices. Nanoscale
germanium materials could overcome this problem through buffering the volume
expansion in an encapsulating matrix. The practical viability of this approach was
demonstrated in many experiments.[7:107]
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2.3.2 Preparation

Due to their high importance for modern life, production methods for nanoscale
semiconductors have long drawn immense research interest. As such, plenty of
different methods to generate germanium nanoparticles are known. All
nanomaterials are either assembled from smaller molecules in so called “bottom-up”
processes or freed from the bulk with “top-down” methods. In the case of germanium,
top-down methods are rare. Only a few techniques have been described. For
example, germanium nanoparticles have been prepared by laser ablation and bead
milling, with photoetching being used to further decrease particle size.[%! Bottom-up
procedures can be further categorized into two general approaches: Gas phase and
solution methods, with the gas phase techniques being developed considerably
earlier.

Germanium nanoparticles were reported at least as early as 1977. In a very
straightforward approach, bulk germanium was evaporated in an inert atmosphere.
As the vapor cooled, nanoparticles of varying sizes started to form.[1% The first
particles with confirmed crystallinity were produced soon after with a very similar
process.[1% However, the technique is limited to pure germanium. Using sputtering
made it possible to generate decorated (Ge@H), alloyed (SixGe1x@H) and matrix
embedded (Ge:SiO2) nanoparticles.*'Y The Ge:SiO: in particular drew immense
interest for the study of quantum effects in nanoparticles.®41121 Another way towards
matrix embedded Ge-NPs is chemical vapor deposition.l!13l All these techniques
have in common that they rely heavily on gas phase processes.

Finally, in 1994, Heath et al. reported an inorganic solution phase synthesis of
germanium nanoparticles through the reduction of chlorogermanes (Scheme 12).
The use of PhGeCls in the reaction mixture served to limit particle growth and prevent
formation of bulk Ge(0).['¥# Reduction of germanium halides has remained a popular
synthetic choice ever since.

GeCl, + PhGeCl; + Na/K — GeNP + NaCl + KCI

Scheme 12: Reduction of chlorogermanes to germanium nanoparticles as reported by Heath et
al.[m14l

GeCls and Gels, as well as GeBrzand Gelz have all been reduced under a variety of
conditions. Most researchers added surfactants rather than substituted germanes to
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limit growth, because it affords higher size and shape control. While halide reduction
usually produces monodisperse particles with narrow size distributions, the need for
strong reducing agents or high reaction temperatures is a considerable
disadvantage. When hydridic reducing agents are used, the unavoidable formation
of the hazardous byproduct GeHs also significantly reduces the yield.[96:98.102,115]

A second widespread approach for liquid phase synthesis of germanium
nanoparticles is the thermal decomposition of various germane precursors. Here,
the dissolved or neat precursor is subjected to high temperatures either in
pressurized reactors or under reflux. Inclusions of organic decomposition products
in the final material can pose a problem with this method, as they are often difficult

to remove.[116.117]

In sol gel processes, only some steps occur in solution. Dissolved precursors are
first hydrolyzed to a polymer. Upon thermal or reductive decomposition,
nanoparticles form inside an encapsulating matrix. If necessary, the matrix can be
removed through etching processes to liberate the particles .[118l

There are also some less common approaches. Subjecting Zintl salts to metathesis
with GeClas or reaction with NH4Br and the spontaneous disproportionation of GeBr
have only seen a handful of uses each.[*191201 Dehydrogenative coupling is even
rarer. Despite being well established for the production of tin nanomaterials, only
some preliminary attempts towards germanium nanomaterials have been reported.
They are discussed in greater detail in chapter 2.4.3.
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2.4 Dehydrogenative Coupling

2.4.1 Overview

Dehydrogenative coupling is a versatile condensation reaction. Both homo- and
hetero-couplings are possible with many elements, including those of group 14. In
carbon-carbon couplings, hydrogen acceptors such as oxygen or peroxides are used
to overcome the high C-H bond energy and increase the thermodynamic
favorability.[*23 The higher group 14 homologues can be coupled while allowing Hz
evolution due to their progressively weaker E-H bonds (Scheme 13).4]

1/2 0, H,0
R;CH + R'3CH >~Z» R,CCR';

RsEH + RG,E'H ——» R,EE'R'
_H2

Scheme 13: Dehydrogenative coupling between group 14 elements; E, E’ = Si, Ge, Sn

While the low bond strengths of higher group 14 elements, especially tin, enable
catalyst free dehydrogenations,[8:122.123] catalyzed syntheses are more common. By
far the most prevalent class of catalysts are transition metal complexes. Initially only
(Ph3P)sRhCI, Wilkinson’s Catalyst, was used in this role.l’?4 However, after the
polymerization of RSiH3 with titanocene was reported to be “orders of magnitude
more active”?%], metallocenes quickly surpassed the rhodium complex in
popularity.[126.127.128] Theijr dominance notwithstanding, numerous other complexes
have been investigated.'? The catalytic mechanism depends on the type of
complex, the center metal and the used trihydride and is still ambiguous in some
cases.[130]

Amine bases also represent a noteworthy group of dehydrogenation catalysts. They
were first used by Neumann and Konig in the polymerization of Ph2SnH2.[*31
Although far less common than transition metals, several benefits make their
consideration worthwhile. Amine bases are cheap, ubiquitous compounds. They are
often volatile liquids, and as such easy to remove during workup. Different catalyst
types also enable conversion of a wider variety of precursors. For example, a
comparative study found that tetramethylethylenediamine (TMEDA) is vastly
superior to Wilkinson’s Catalyst in the polymerization of diaryl- and (alkylaryl)tin
dihydrides.!® The donor capabilities of amine bases were also used to prepare and
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stabilize divalent organostannanes.!*? Two different mechanisms for amine base
catalysis in tin dehydrocouplings have been proposed. According to mechanism |,
the amine initially coordinates to the metal center to promote hydrogen cleavage.
Mechanisms |l proposes that H* abstraction by the amine base is the initial step.
Although some data points towards mechanism II, a definite conclusion cannot be
drawn at this time.[10.132]

In an interesting contrast to the base catalyzed coupling of stannanes, the
polymerization of monophenyl silane PhSiHsz is promoted by the Lewis acidic catalyst
(B(CeFs)s. The initiation is proposed to occur through abstraction of a hydridic H™ by
the borane, mirroring the above described mechanism II. The propagation results in
Ph-H elimination, a further parallel to the corresponding stannanes (see below).[132]

2.4.2 Aryl Decorated Tin Nanoparticles Sn@Ar

The successful utilization of TMEDA to promote dehydrogenative coupling
generated additional interest into amine base catalysts. Especially aryltin trinydrides
sparked the interest of various groups, as they had been largely neglected at that
time. Sindlinger et al. used the very bulky terphenyl as aryl group. The large steric
shield prevented the abstraction of more than one hydrogen. Depending on the
reaction conditions, distannane ArH2SnSnH2Ar, adduct ArSnH(base) or free, dimeric
stannylene [ArSnH]2 were observed.[132]

Smaller aryl groups were investigated by Zeppek as part of her doctoral thesis.
Adding TMEDA to o-tolylSnHs in Et2O produced black, insoluble powder, highly
susceptible to oxidation. An observed lack of powder XRD signals was attributed to
insufficient particle size. The reported correlation length supports this, giving particle
size estimates around 1.5 nm. Of particular note was the discovery of toluene in the
reaction supernatant. The only possible source was elimination of o-tolyl, a stark
mechanistic difference to the polymerization of diaryltin dihydrides. The removal of
aromatic substituents in addition to Hz suggested the presence of “naked” tin atoms,
bound only to other tin atoms. A sub stoichiometric amount of C and H shown by
elemental analysis (EA) and a phase transition at the melting point of Sn(0) in
thermogravimetric analysis (TGA) provided further evidence for this theory. Based
on these results, the obtained material was not reported as polymer network
[o-tolySn]n, but rather as o-tolyl decorated nanoparticles Sn@o-tolyl.[*0
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DFT calculations and in situ UV/Vis were employed to propose a mechanism:
Removal of Hz leads to a dimeric intermediate (detected using 'H NMR). It can
undergo either toluene elimination or hydrogen rearrangement and heterolytic
cleavage. The resulting divalent tin species is unstable and inserts into an Sn-Sn
bond, growing the polymer (Scheme 14).[1]

2 ArSnHj

l'Hz

Hy H,
Ar—Sn—Sn—Ar

7N\

oo 2 oo
HSn——Sn—Ar ArSnH + ArSnHj,

. Ro
R,SnH + RgSnSnR; ————— R3Sn—Sn—3SnR,

Scheme 14: Dehydrogenative coupling mechanism of aryltin trinydrides as proposed by Zeppek, 19
formation of the transition states demonstrated for bulky arylgermanes by Sindlinger et al.['32

The properties of the obtained nanomaterials could be shaped via the reaction
parameters. For example, larger aryl substituents produced bigger particles. Both
solvent and catalyst choice also influenced the size. Lower donor capabilities and
less basic amines were loosely associated with increased aryl cleavage, leading to
additional coupling sites and larger nanoparticles. However, this was sometimes
overshadowed by other factors that were not identified. For example, Pyridine
catalysis resulted in almost complete dearylation, producing by far the largest
particles (2.1 nm) of all investigated bases. A similarly drastic effect was only
reproduced by omitting the catalyst altogether. These thermal dehydrocoupling
reactions lasted anywhere from one (50 °C) to four (RT) weeks. The larger particles
were sufficient in size to produce crystalline scattering signals. Their diffraction
pattern matches that of B-Sn. This demonstrates the presence of ordered Sn(0)
domains within each particle.[10:123.134]

Unfortunately, the high air sensitivity and lack of solubility prevented the use of many
important analytical techniques. GPC, DLS, MS, NMR and UV/Vis were all not
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suitable for the nanoparticles. While TEM was attempted the results were
unsatisfactory. In addition to characterization, the potential for material processing
or functionalization is also hampered by these hurdles. Consequently, research into
aryl decorated tin nanoparticles has lain dormant in recent years.

2.4.3 Dehydrogenative Coupling in Germanium Chemistry

The coupling of monogermane GeHas in an ozonizer by Drake and Jolly in 1962
represents arguably the first use of dehydrogenative coupling in germanium
chemistry (Scheme 15). They obtained degrees of polymerization up to n=9.13%

GeH, — [GeH,],
-H,

Scheme 15: Dehydrogenative coupling of monogermane

Dehydrocoupling of organogermanes was first reported in 1973. The approach is
remarkably similar to the one used for nanoparticle generation in this work (see
below. An amine base was used to abstract both hydrogen and aromatic groups
from an arylgermanium trihydride (Scheme 16). Both oligomers and orange polymer
were obtained, albeit the polymer was not characterized.[*38] Two further coupling
attempts, refluxing of Et2GeH2 over stainless steel wool and heating of Ph2GeH: in
the presence of titanocene only resulted in small oligomers with n<4.1126.137]

RNH,
CpGeH; ———— > Ge,Hg + GesHg + [GeH

]
_ 5H6 xin

Scheme 16: Dehydrocoupling of cyclopentadienyl germane

Pairing a zirconocene catalyst with n-BuLi in the polymerization of PhGeHs finally
produced a polymer with high molecular weights (Mw= 4*103-7*10%Da). The product
was a soluble yellow powder. However, characterization data suggested that the
degree of cross-linking remained low. The material properties were very similar to
those of linear polymers.[*28]

Wolf attempted to apply the process developed for tin nanoparticle synthesis
(Chapter 2.4.2) to germanium. However, this only resulted in colorless powder,
which was not characterized.['38] Further experiments into the dehydrogenative
coupling of arylgermanium trihydrides were undertaken by Traxler as part of his
master’s thesis. Theorizing that the lack of appreciable yield obtained by Wolf was
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due to the higher bond energies of organogermanes compared to organostannanes
(e.g. E-H: 335 kJ/mol in Ph3GeHI*3® vs. 290 kJ/mol in Ph3SnH14%) considerably
harsher conditions were chosen. 1-NaphthylGeHs was successfully decomposed by
heating it to 220 °C for 68 hours to yield ~50% of orange-brown powder. The color
change, as well as the identification of cleaved naphthalene, were taken as strong
indications of successful synthesis of Ge@21-naphthyl nanoparticles (Scheme
17).1241]

1-NaphthylGeH; —229°C

Ge@1-Naphthyl
Scheme 17: Thermal dehydrocoupling of 1-naphthylGeHs

The catalytic properties of TMEDA were investigated in pressurized microwave
reactions, as its boiling point (121 °C) made it unsuitable for thermal decomposition
at 220 °C at room pressure. However, the yields of microwave reactions remained
considerably below those achieved with conventional heating. The presence of
leftover starting material confirmed an incomplete reaction. Full conversion could not
be achieved.41]

The work of Traxler established important baseline facts about the thermal
dehydrocoupling of arylgermanes. The reaction proceeds similar to the process
established for Sn@Ar (see above): In addition to dehydrogenation, aryl groups are
partially eliminated as ArH. Particle sizes can be increased through the use of bulkier
aryl substituents. While TMEDA acts as catalyst, the effect is drastically weaker than
in the tin-based system. Most importantly however, Traxler demonstrated that
Ge@Ar nanoparticles obtained with his process are at least partially dispersible in
many common solvents.[41 Lack of dispersibility was one of the biggest obstacles
in Sn@Ar studies. Overcoming this obstacle demonstrated the high potential of
further research into aryl decorated germanium nanoparticles and was part of the
motivation for my work. It aims to expand knowledge about this synthetic method
and help establish it as a tool for nanomaterial scientists.
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l1l. Results

3.1 Synthesis of Organo- and Organo(halo)germanes

All the organogermanium trihydrides utilized in this work are literature known
compounds. Their synthesis followed well-established procedures.?8l This chapter
will therefore be kept brief.

3.1.1 Grignard Reaction
Preparation via the Grignard route was attempted at least once for all
organogermanes. In the standard variant, aryl bromide was reacted with magnesium
in Et2O or THF, and the resulting Grignard reagent dripped slowly into a cooled
GeCls solution (Scheme 18).128.142]

THF/Et,0

RBr + Mg ——— > RMgBr
reflux
Et,
RMgBr + GeCly ™% RGeX; + MgX;

Scheme 18: Preparation of organogermanium trihalides via Grignard reaction

Yields for p-tolylGeXs (10-20% after hydrogenation and purification) and n-BuGeXs
(traces) were so low that they were preferentially synthesized with different methods
(Chapters 3.1.2 and 3.1.3). The yield for mesitylGeXs was similarly minuscule. After
tracing the problem to insufficient formation of Grignard reagent, the Schlenk
equilibrium was shifted through 1,4-dioxane addition.[*43 This brought the yield in
line with expectations.

3.1.2 Insertion of Germanium Dichloride into 4-Bromotoluene
Because the reaction of GeCls with p-tolyIMgBr resulted primarily in the formation of
di- and tri-substituted derivatives, a more selective route was required. Insertion of
GeCl:z into p-tolylBr produced p-tolylGeXs as sole product (Scheme 19).133 Following
this procedure, overall yields for p-tolylGeHs were improved to 48%. However, the
process is more time consuming than the Grignard reaction, and yields were found
to be sensitive to small changes in temperature and reaction time. Consequently,

19



trinalide preparation via GeClz insertion was not extended to the other aryl
derivatives with more acceptable Grignard yields.

GeCl, + Et;SiH + 1,4-dioxane —IU€NEy GeC),*1 4-dioxane + Et;SiCl + HCI
AICI
GeCly* 1 4-dioxane + p-tolylBr 3 p-tolylGeXs3 + 1,4-dioxane

Scheme 19: Preparation of p-tolylgermanium trihalide via GeCl: insertion

3.1.3 Modified Kozeschkow Redistribution

Similar to p-tolylGeXs, n-BuGeXs (X = Cl, Br) did not form in appreciable amounts
when prepared via the Grignard route. The main issue was once again the
prevalence of additional substitution reactions beyond the first. In this case, a
modified Kozeschkow reaction was used to improve selectivity (Scheme 20).140

4 n-BuBr + 4 Mg + SnCly ——— > n-Bu,Sn + 4 MgBrCI

n-Bu,Sn + GeCly ——— > n-BuGeCl; + n-Bu3SnCl

Scheme 20: Preparation of n-butylgermanium trichloride via alkyl halide exchange

3.1.4 Hydrogenation to Germanium Hydrides
Trihydrides were produced by reacting the obtained trihalides with excess LiAlH4 in
an etheric solvent (Scheme 21).281 A comparison of trihydride yields obtained via the
Grignard route can be found in Table 2, the different aryl groups are depicted in
Scheme 22.

Table 2: Overview of arylgermanium trihydride yields obtained in this work via the Grignard route

Yield [%)] IH shift of GeHs
Compound

(based on GeCls) (CsDs)
phenylGeHs (2) 9.4 4.24 ppm
o-tolylGeHs (3) 23 4.22 ppm
p-tolylGeHs (4) 12 4.28 ppm
2,5-xylylGeHs (5) 66 4.26 ppm
2,6-xylylGeHs (6) 38 4.17 ppm

mesitylGeHs (7) 38 4.20 ppm
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Et,0
RGeXs + LiAlHs —— = RGeH,

Scheme 21: Hydrogenation of crude organogermanium trihalides with LiAlH4

The overall yield was found to depend mostly on steric factors. A methyl group in
ortho position (3) provides shielding for the Ge center during the Grignard reaction,
inhibiting formation of di- and triarylgermanes. A second 0-CHs group (6, 7)
increases the hinderance and consequently the overall yield even further. The
highest yield was recorded for the 2,5-xylyl derivative 5. In comparison, the literature
yield for 3,5-xylylGeHs with two m-CH3 group is more in line with 6 and 7.1241 |t
appears that the the combination of an 0-CHs with an m-CHs group provides optimal
steric shielding to reduce unwanted substitution reactions. The melting point of 7
(>0 °C, relatively high compared to other arylgermanium trihydrides) made it
possible to obtain the previously unreported crystal structure (Figure 1).

wlelo!

phenyl p-tolyl o-tolyl

QL

2,5-xylyl 2,6-xylyl mesityl

Scheme 22: The aryl substituents used in this work
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Figure 1: Extended crystal structure of 7

3.1.5 Chlorination of Arylgermanium Trihydrides

Of the above-described routes towards organogermanium trihalides, only the
modified Kozeschkow reaction (3.1.3) delivers a pure compound. Insertion (3.1.2)
results in mixed chlorides and bromides ArGeXs, and the Grignard route (3.1.1)
produces an even more complicated mixture ArnGeXan (n=1-4, X=CI, Br). While
these crude mixtures generally suffice as intermediates for trihydride synthesis, a
clean trichloride was sometimes desirable for other applications. The preparation of
pure o-tolylGeCls (10) as precursor for deuteration to 12 allowed for more economic
use of the expensive reagent LiAID4. MesitylGeCls (9), solid at room temperature,
was crystallized from toluene to obtain its previously unreported crystal structure
(Figure 2). Additionally, the partially chlorinated derivative o-tolylGe(Cl)Hz2 (11) was
prepared as starting material for dimerization.
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Figure 2: Extended crystal structure of 9

Two different chlorination reagents were used. Reflux in CCls with a palladium
catalyst is a robust way for full chlorination (Scheme 23). The workup is simple.
Catalyst removal via filtration followed by solvent evaporation provides the clean
product.

ccl, Pd
ArGeH, > ArGeCl3

-CHCl,

Scheme 23: Chlorination of arylgermanes with CCl4

Alternatively, trichloroisocyanuric acid (TCCA) can be used as chlorination reagent,
avoiding regulatory and ecological concerns over CCls. Additionally, this method
enables selective monochlorination (Scheme 24).1144 However, side reactions such
as the inadvertent chlorination of THF can occur if the reaction conditions are not
carefully controlled. The workup is also more time consuming compared to
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chlorination with CCls, because THF needs to be replaced with a nonpolar solvent
like n-pentane before filtration.

ArGeH, + 173 TCCA —HF o ArGe(CI)H, + 1/3 Cyanuric Acid

ArGeH, + TCCA —HFE o ArGeCl, + Cyanuric Acid

Scheme 24: Selective monochlorination (top) and full chlorination (bottom) of arylgermanes with
TCCA
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3.2 (Trialkylsilyl)germanes R3SiGeHs!'#!

In addition to the above discussed alkyl- and arylgermanes, (trialkylsilyl)germanium
trinydrides were synthesized as starting materials for dehydrogenative coupling. The
lower Si-Ge bond stability compared to C-Ge had the potential to decrease the
necessary reaction temperature and increase the Ge(0) ratio within the particles.[146]
The influence of a silicone based substituent on the material properties was also of
interest.

Because of the anticipated instability of the Si-Ge bond, the use of bulky trialkylsilyl
substituents seemed prudent (chapter 2.2.2). TBDMSGeHs (TBDMS = t-BuMe2Si-)
and DTBMSGeHs (DTBMS = t-BuzMeSi-) were selected as target compounds. In
addition to dehydrogenative coupling, these silylgermanes could find future use in
transition metal complexes Ge=M or other doubly bonded derivatives Ge=E. Similar
applications for bis(trialkylsilyl)germanes (R3Si)2Ge- have been previously
reported.[147]

The preparation of the target molecules is not as straightforward as for
arylgermanes. Silylgermanium halides have a known propensity towards
a-elimination, increasing in the order (R3Si)3GeX<(R3Si)2GeX2<R3SiGeX3.[90.148,149]
This makes the silylation of GeCls with subsequent LiAlH4 reduction unfeasible.
While the preparation of MesSiGeHs from MesSiX and NaGeHs had been previously
reported, the yields were very low.[**0 The need to prepare NaGeHs by bubbling an
excess of GeHa through sodium in NHs made this approach even less appealing.
Inspired by the solution reported by Lee et al. for a similar problem,!149 a less direct

route was chosen (Scheme 25).

BuLi - RsSiX .
ArGeHz; — ArGe(H,)Li —— R3SiGe(Ar)H,

. 1) Dearylation . LiAIH, .
R3SiGe(Ar)H, — R;3SiGe(Cl)Hy — ™ R3SiGeH;
2) Chlorination

Scheme 25: Synthetic plan towards (trialkylsilyl)germanes R3:SiGeHs
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3.2.1 Silylation of Arylgermanes

A common strategy for the coupling of arylgermanes with silicon halides is metalation
of the former (Scheme 26).[71.84149] Dye to the known instability of germyl lithium
compounds,'5% isolation of this intermediate was not attempted. The full conversion
of 4 to p-tolylGe(H2)Li was instead confirmed by in situ *H NMR of a model reaction:
First THF[ds] and then p-tolylGeHs were condensed into a C. Young NMR tube
charged with solid t-BuLi. Upon thawing, vigorous bubbling and a color change
indicated the reaction start. When the gas formation ceased, a *H NMR spectrum
was taken (Figure 3). The considerable upfield shift of the characteristic Ge-H signal
(2.65 ppm, THF[ds]) when compared to that of 4 (4.28 ppm, CeDs) already provided
strong support for lithiation at the germanium center. This was further demonstrated
through derivatization with methyl iodide. The *H NMR (CsDs) showed characteristic
coupling pattern for both the Ge-H (4.29 ppm, q) and the Ge-CHs (0.50 ppm, t)
signal.

Ar H Ar H
N S Bl N\ /S
cé —» &

é +t-BuH
7/ \,, THF[dg] 7
H H H

Li
Ar H Ar H
\Ge/ J—>CHI \Ge/ + Lil
H/ \L_ THF[dg] H/
[

Scheme 26: Model reaction for the lithiation of arylgermanium trihydrides

The synthetic protocol was adjusted for subsequent reactions to facilitate a bigger
scale. t-BuLi in n-pentane was dripped into p-tolylGeHs in THF under cooling. Slow
addition and thorough mixing are important, because a local t-BuLi excess can cause
nucleophilic substitution of H with t-Bu instead of the desired lithiation.[*52153] After
stirring the clear, yellow solution for two hours, it was mixed with the silyl halide
t-BuMeRSiX in THF and stirred overnight. The solvents were then removed from the
now colorless solution and replaced with n-pentane. Salts were removed by filtration
and the product purified through vacuum recondensation.
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Figure 3: *H NMR (400 MHz, THF[ds]) of p-tolylGe(Hz)Li

For the preparation of TBDMSGe(mesityl)H2, some additional adjustments were
necessary. The steric bulk of the mesityl substituent reduces the reactivity with
organolithium reagents to the point where the competing ether cleavage becomes
an issue. To prevent this side reaction, t-BuLi was replaced with MeLi, which only
reacts very slowly with THF. Of course, the weaker lithium base decreased the
overall reaction speed even further, and the reaction was stirred for two full days at
room temperature to allow for complete conversion of the reagents.

The silyl(aryl)germanes prepared as part of this work are listed in Table 3. They are
air stable liquids with modest temperature stability. However, due to their high boiling
points, decomposition temperatures can be reached even when recondensing under
vacuum. This is especially true for 17 because of the heavy DTBMS substituent. It
cannot be isolated without a high-powered vacuum pump. Even under the specified
conditions, some amount of the decomposition product DTBMSGeH was always
found in the condensate. Any small leakage in the vacuum apparatus can obliterate
the yield. Expecting an even less favorable boiling point, no attempts to couple
DTBMS with the heavier arylgermanes was made. Synthesis of
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DTBMSGe(phenyl)Hz was also skipped, as TBDMSGe(phenyl)Hz (14) had already
demonstrated the low suitability of the phenyl substitutent for the subsequent
dearylation reaction (Chapter 3.2.2).

Table 3: Overview of the silyl(aryl)germanes prepared as part of this thesis

Recondensation

Compound Yield [%] conditions 'H shift of GeH; (CgDs)
TBDMSGe(phenyl)Hz2(14) 55 60 °C, 5.0¥10 mbar 4.26 ppm
TBDMSGe(p-tolyl)Hz (15) 47 80 °C, 7.2*10° mbar 4.29 ppm
TBDMSGe(2,6-xyly)Hz (16) 37 70 °C, 5.0*10- mbar 4.21 ppm
TBDMSGe(mesityl)H2 (18) 45 125 °C, 5.5*10-% mbar 4.23 ppm
DTBMSGe(p-tolyl)H2 (17) 47 160 °C, 5.6*103 mbar 4.35 ppm

The silyl(aryl)germanes have almost identical *H NMR shifts to the corresponding
arylgermanes (Figure 4). GC/MS is thus better suited to verify full conversion of the
starting material.

20 83 = ° -
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Figure 4: 'H NMR (400 MHz, CeDs) of 15 (top) and 4 (bottom)

28



Rare 3Ge NMR shifts of 15 (& = -204.7 ppm) and 17 (5 = -207.3 ppm) were also
obtained, despite the asymmetric nature of these compounds (Figure 5).
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Figure 5: °Ge NMR (CsDs, 24.4 MHz) of 15 (-204.7 ppm, black) and 17 (-207.3 ppm, red)

3.2.2 Chlorodearylation of Silyl(aryl)germanes

The first attempt at the dearylation reaction was once again made by following an
established literature procedure for similar compounds, the selective Ge-Car bond
cleavage of triaryl(silyl)germanes with trifluoromethanesulfonic acid (triflic acid or
TfOH) (Scheme 27).[71.88.149]

Ar R Q Q Ar R
N I I |
Ar7Ge—S|TR + CF; S OH > CFj3 S O0—Ge—Si—R
Ar R || - ArH || Ar R

O O
Ar R
TfO \G S'/ R + NH,CI " "
—Ge—Si—R + > e Ca—Qi
N 4 “TfOH, - NH, Cl Ge—Si R
Ar R

Scheme 27: Reaction of triaryl(trialkylsilyl)germanes with triflic acid and subsequent quenching

29



However, the reaction of TBDMSGe(p-tolyl)Hz (15) with TfOH resulted in
decomposition. Multiple attempts with different solvents (CH2Clz2, CDCls, toluene)
and at different temperatures (-60 to 0 °C) all lead to the same outcome.

Using 'H NMR, both toluene and TBDMSOTf were identified as reaction products.
The removal of these substituents from the germane likely produces a germylene
which subsequently polymerizes and is not accessible to standard analytics
anymore, explaining why no germanium containing decomposition product was
found. The presence of toluene suggests that the intended dearylation reaction does
indeed take place, but is then followed by Ge-Si cleavage. The low stability of
silylgermanium triflates was previously noted by others. However, in these cases in
situ derivatization of the triflate intermediates was sufficient to stabilize the
dearylated products.[/2-88] The even lower stability of TBDMSGe(H2)OTf observed in
the present work can be explained by the lack of additional aryl groups at the
Germanium. This necessitated a different strategy for dearylation.

HCI, combined with catalytic amounts of anhydrous AICls, is another well-established
reagent for selective Ge-Car bond cleavage.8149 To facilitate water exclusion, HCI
is often supplied as gas. However, HCI solutions in Et2O can be commercially
obtained as well. For this thesis, etheric HCI was used as it allows for more precise
dosage and simplifies reaction setups. Initial experiments were conducted in CeDe
to allow for continuous NMR monitoring. It is important to note that charging the
reaction vessel with AICIz and TBDMSGe(p-tolyl)Hz (15) prior to solvent addition
resulted in degradation of the silylgermane and thus needs to be avoided. The Ge-H
resonances allow for convenient identification of the different germane species,
despite the large amounts of undeuterated Et2O. Full conversion of 15 to
TBDMSGe(Cl)H2 (19) took approximately 5 hours. The *H NMR signal of GeHz in the
product exhibited an expected downfield shift (6 = 5.25 ppm) due to the vicinity of
chlorine (Figure 6). The slight difference of the Ge-H shift recorded for 15 in Chapter
3.2.1(4.29 ppm) to the one observed here (4.25 ppm) is because of the Et20.
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Figure 6: 'H NMR (400 MHz, CsDs) monitoring of the AICIls catalyzed reaction between
TBDMSGe(p-tolyl)Hz and HCI (1 M Et20) after 10 min (top), 1 h (middle) and 5 h (bottom).

The isolation of the silyl(chloro)germanes turned out to be a challenge as well. While
the pure product was observed in solution, solvent removal led to decomposition and
formation of several additional compounds. An initial suspicion that this was caused
by direct contact with AICIs (as observed for the starting material) could not be
confirmed. Even after AICIs was precipitated with n-pentane and filtrated off with
Celite®, a mixture formed upon concentrating a solution of TBDMSGe(Cl)H2 (19).
The mixture was subjected to vacuum (RT - 45 °C, 0.012 mbar) to isolate the more
volatile components. The condensate consisted primarily of two distinct compounds,
as shown by 'H (Figure 7) and 2°Si NMR. One compounds was immediately
identified as remainders of 19 by its 'H and ?°Si NMR shifts. The second compound
was indicated by GC/MS to be TBDMSGeHs (21). In order to verify this assumption,
Et20 and LiAIH4 was added to the mixture. After the resulting hydrogenation of 19
only the shifts of suspected 21 remained, confirming the assignment to be correct.
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Figure 7: *H NMR (400 MHz, CeDe) of 19 after solvent removal and recondensation

Based on these results, it seems likely that 19 decomposes through
disproportionation (Scheme 28). The bimolecular process explains why the
decomposition is concentration dependent. The dichloride TBDMSGe(Clz2)H which
should form as a result of this reaction was not found. However, this can be explained
with the low stability of silylgermanium dihalides, discussed in the introduction of this
chapter. The a-elimination product of TBDMSGe(Clz)H, TBDMSCI, was indeed
identified in the reaction mixture.

2 TBDMSGe(Cl)Hy ——— > TBDMSGeH3; + TBDMSGe(Cly)H

Scheme 28: Proposed decomposition reaction for 19

An attempt to find the predicted dichloride with DTBMSGe(Cl)H2 (20) succeeded,
thanks to the additional stability provided by the second t-Bu group. After solvent
evaporation and recondensation of 20, signals for Ge(Cl2)H (7.01 ppm) and GeHs
(3.09 ppm) were found in the 'H NMR (CeDs, Figure 8). Their integrals exhibited the
1:3 ratio predicted by Scheme 28. The shifts for Ge-t-Bu and Ge-Me could not be
assigned due to overlapping signals from the three similar silylgermanes. A 2°Si NMR
showed an expected downfield shift for DTBMSGe(Cl2)H (23.7 ppm) compared to
20 (16.4) and 22 (14.8).
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Figure 8: 'H NMR (400 MHz, Ce¢Ds) of a mixture of DTBMSGe(Clx)Hz-x (x=0-2), obtained through
recondensation

Although the decomposition mixture t-BuMeRSiGe(Clx)Hsx (x=0-2) could
theoretically be converted to t-BuMeRSiGeHs without loss of yield, there are some
problems with that in praxis. t-BuMeRSiGe(Clz2)H decomposes due to its low stability.
Additionally, the low boiling t-BuMeRSiGeHs is removed alongside solvents during
evacuation. To prevent decomposition, the reaction solution was first cooled to
between -20 and -30 °C. The solvents were then removed under vacuum. Either
Et20 (for storage and follow-up reactions) or CsDs (for NMR measurement of the
monochloride) were immediately added before thawing. The lower boiling, less
stable 19 proved impossible to isolate. Some toluene always remained in the mixture
and attempts to remove it fully resulted in considerable product degradation. When
16 or 18 were used as starting material, the produced xylene and mesitylene were
even more difficult to remove. Purification of 20 was considerably easier, and NMR
spectra were obtained with only minor contamination remaining (Figure 9). Due to
the need to immediately redissolve the compounds, yields could not be determined.
Neither 19 nor 20 were stable enough to show up in mass spectra.
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Figure 9: 'H NMR (400 MHz, CeDs) of 20 after solvent removal at low temperatures

The dearylation experiments were initially conducted in benzene, as described in the
literature.[84-14% However, pure Et20 could be shown to be adequate as well. Avoiding
benzene speeds up low temperature solvent removal, lowering the risk of
decomposition (Scheme 29). While reaction solutions without benzene become
biphasic upon HCI addition, full dearylation still occurs overnight under vigorous
stirring. An attempt to further simplify the workup through omittance of AICls was
unsuccessful. Albeit dearylation still occurred at slow rates (~75% conversion after
7 d), a competing decomposition reduced the yield and caused additional impurities.

H R H R
AN / Et,0, AICI, AN /
Ar—Ge—Si—R + HCI > Cl—Ge—Si—R
/ AN - ArH / \

H R H R

Scheme 29: Dearylation and chlorination of aryl(trialkylsilyl)germanium dihydrides

Substrates 15-18 were successfully dearylated to the corresponding
silyl(chloro)germane. Only the phenyl derivative, 14, proved to be unsuitable for this
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reaction. Despite being subjected to the same conditions as the other compounds,
only a minority was converted to the chloro derivative. Most of the starting material
remained unchanged. The phenyl-Ge bond is well known to be more resistant
towards acidic cleavage than other arylgermanes.['>¥ It appears that the present
reaction condition are not sufficient to overcome this higher strength. As a
consequence, DTBMSGe(phenyl)Hz was no longer considered a suitable candidate
for further research, and no attempts to synthesize it were made.

3.2.3 Hydrogenation of Silyl(chloro)germanes
The final step towards the target silylgermanes TBDMSGeHs (21) and DTBMSGeHs
(22) was the well-established LiAIH4 hydrogenation of germanium halides (Chapter
2.1.3). After adding an excess of LiAlH4 to the cooled Et20 solution of 19 or 20, the
hydrogenation occurred without any issues (Scheme 30).

Et,O
t-BuMeRSiGe(CI)H, + LiAIH,—> t-BuMeRSiGeH;
-20 °C

Scheme 30: LiAlH4 reduction of 19 to 21 (R=Me) and 20 to 22 (R=t-Bu)

LiAlH2 hydrogenations are commonly quenched with H20. However, as a new
compound class, nothing is known yet about the hydrolytic stability of
(trialkylsilyl)germanes. To avoid this risk factor, the reaction solution was first
concentrated at reduced pressure (room temperature, 400 mbar) and then
recondensed (30 °C, 0.1 mbar). Based on observations during the recondensation,
the boiling point of TBDMSGeHs (21) was estimated to be between 20-80 mbar at
room temperature. The removal of remaining Et2O was therefore conducted at
100 mbar. Despite being evacuated under these conditions, well below the vapor
pressure of Et20, for several hours, it was impossible to fully remove the solvent.
Analysis of the condensate already showed some loss of product, so the evacuation
was stopped. The formation of a complex between Et2O and the germane could
explain its persistence. In addition to about 9% w/w of Et20, 8% w/w of toluene from
the previous step also remained in the final product (values calculated from *H NMR
integrals, Figure 10). The remaining 83% w/w of the clear, colorless liquid are 21, in
a yield of 32% (based on 15).
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Figure 10: 'H NMR (400 MHz, CsDs) of TBDMSGeHs (21) with residual Et20 and toluene

The room temperature boiling point of DTBMSGeHs (22) was estimated below
10 mbar. Et20 was fully removed from 22 after three hours at 100 mbar, despite this
pressure being insufficient during the isolation of 21. Thanks to the higher boiling
point, no product was lost during evacuation either. 22 was obtained as clear,
colorless liquid in 63% vyield (based on 17). The NMR spectra of the pure product
are shown in Figure 11.

The trihydrides 21 and 22 are stable even at slightly elevated temperatures. They
start degrading when heated above 100 °C (see Chapter 3.4.3). This provided an
additional challenge when high resolution mass spectra were measured. At the
standard injector temperature (280 °C), the trihydride product was not observed. The
thermal degradation products TBDMSH and DTBMSH were found instead. Lowering
the injector temperature to 250 °C was required to obtain mass spectra for 21 and
22. The (trialkylsilyl)germanes need to be stored inertly, as exposure to the
atmosphere causes slow oxidation.
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Figure 11: NMR spectra (CeDs) of DTBMSGeHs (22), top: *H, middle: *3C, bottom: 2°Si
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3.3 Organolithium Reactivity with Arylgermanes

During the scale up of the lithiation of 4 (Chapter 3.2.1), an attempt using n-BuLi and
Et20 failed to deliver the desired product. n-Bu(p-tolyl)GeH2 (23) was formed instead
and identified through 'H NMR (Figure 12) and GC/MS. In general, there are two
main pathways for the reaction of group 14 hydrides with organolithium bases:
nucleophilic substitution and hydrogen metal exchange (Scheme 31).

R3;ER' + LiH
RsEH + R'Li <
R3ELi + R'H
Scheme 31: Possible reactions of organic lithium bases with group 14 hydrides

Nucleophilic substitution is the expected mechanism when reacting silanes with
organic lithium bases.[*%® However, aryl germanes usually undergo hydrogen metal
exchange due the higher electronegativity of germanium.*®! In the rare cases were
nucleophilic exchange between germanium hydrides and organolithium reagents
were observed, it was attributed to the relative concentration of the reagents or order
of addition, which is not sufficient to explain the behavior observed for 4.154.153]
Furthermore, nucleophilic substitution never occurred exclusively in these cases,
some amount of starting material was always lithiated. Further investigations into the
matter were those conducted.
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Figure 12: 'H NMR (400 MHz, CsDs) of 23
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3.3.1 Solvent Dependency of Arylgermane Lithiation

First, the reproducibility of the experiment was verified through a second, intentional
synthesis of 23, which produced the same outcome after a much simpler workup.
There were two obvious differences between the previously observed lithiation
(t-BuLi, THF) and the butylation (n-BuLi, Et2O) of 4: the solvent, and the lithium base.
In addition, the commercially obtained bases also introduce their own solvent (t-BuLi:
n-pentane, n-BuLi: hexanes) in varying concentration into the mixture. Reacting 4
with t-BuLi in Et20 and with n-BuLi in THF were two obvious experiments to gather
more information. In addition, both bases were reacted in n-pentane to provide data
on nonpolar solvents. The result of this investigation (Table 4) clearly showed the
solvent to be the most important factor. THF enforces the full lithiation of the
germane, while n-pentane leads to butylation, resulting in the isolation of
t-Bu(p-tolyl)GeHz (24), in addition to the previously obtained 23 (Figure 13).

Table 4: Reaction products of 4 with two BuLi bases in different solvents

THF Et.O n-pentane
n-BuLi p-tolylGe(H2)Li+n-Bu(p-tolyl)\GeHz  n-Bu(p-tolyl)GeH2 n-Bu(p-tolyl)GeH:
t-BuLi  p-tolylGe(H2)Li p-tolylGe(H2)Li+t-Bu(p-tolyl)GeHz t-Bu(p-tolyl)GeH:

1.09(d) J:0.49Hz 4.8
© r4.0
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7.41(d) J:7.93Hz
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Figure 13: 'H NMR (400 MHz, CeDe) of 24
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This pattern held through additional screenings with the two solvents. The use of
THF always resulted in preferential lithiation, often without side products. Perhaps
even more interesting, the outcomes of Et2O and n-pentane reactions were
remarkably similar to each other, preferentially producing the nucleophilic
substitution product in comparable amounts. It is surprising to see the polar,
complexing Et20 align more closely with nonpolar n-pentane, rather than the similar
etheric solvent THF. The screening reactions also demonstrated the relevance of
steric factors on the outcome.

3.3.2 Steric factors

The outcome of the screenings is visualized in Table 5. It is important to note that
these are only preliminary results. The small scale lowers stoichiometric accuracy,
and the process was simplified to allow a higher throughput, the products were not
isolated in most cases. The influence of steric factors is immediately obvious when
comparing the behavior of the bulkier compounds 6 and 7 to the smaller 4 and 3.
Experiments with a mesityl or xylyl substituent always result primarily in the lithiated
product. This can be explained by the different sizes of lithium and the organic part
of the base. Even for MeLli, the smallest representative, the methyl group needs
considerably more room to approach the germanium center than lithium. It is
consequently not too surprising that steric shielding near the germanium center
promotes the lithiation pathway.

Size differences are also the most likely explanation for the higher rates of
nucleophilic substitution observed with MeLi, compared to the other investigated
bases. MeLi also shows a tendency for double and even triple substitution at the
same germane. Among the larger bases, i-BuLi and PhLi tend to favor nucleophilic
substitution as well, whereas n-, sec- and t-BuLi promoted the hydrogen metal
exchange. However, this cannot be attributed exclusively to sterics, as it seems very
likely that the basicity also shapes the reaction. With multiple factors concurrently at
play, a clear trend cannot be formulated yet.

Inhibiting the approach of RLi to the reaction site naturally also slows down the
conversion. Slow reaction speeds interfere with experiments in etheric solvents, due
to the limited stability of the organolithium reagents. This problem led to low
conversions when investigating aryls with 0-CHs groups in Et20. At the usual
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concentration (~0.5 mol/L) side reactions dominated in the screening of 3 with t-BulLi,
and of 5 with both n- and t-BuLi. Experiments with 5 at a higher concentration
(0.8 moal/l) improved the conversions. With n-BuLi, most of the precursor reacted to
the expected products. For t-BuLi, the improvements were not sufficient. Most of the
reaction mixture consisted of starting material and degradation products. Because
the increase in concentration limits the comparability to the other reactions, the
adjusted experiments were not repeated for 3. After theses issues with 0o-CHs aryl
substituents, screening of the even bigger 7 was limited to reactions with MeLi. While
the reaction in THF proceeded according to expectations, conversion amounts in
Et20 were too low for sensible evaluations.
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Table 5: Dominant product obtained from the reaction of specified aryl germane with specified organolithium base in specified solvent. Products of

lithiation colored blue, products of nucleophilic substitution colored green. Field left blank if a combination was not screened.

Solvent Base
MeLi
n-BulLi
pentane  -BulLj
sec-BulLi
t-BuLi
MeLi
n-BulLi
i-BuLi
sec-BulLi
t-BuLi
PhLi
MeLi
n-BulLi
i-BuLi
sec-BulLi
t-BuLi
PhLi

Et,O

THF

p-tolylGeHs

i-Bu(p-tolyl)Ge(H)Li
sec-Bu(p-tolyl)GeH:2

Me(p-tolyl)GeH:2
n-Bu(p-tolyl)GeH:
i-Bu(p-tolyl)GeH2

sec-Bu(p-tolyl)GeH:
t-Bu(p-tolyl)GeH:z

Ph(p-tolyl)GeH:2

Me(p-tolyl)GeH:2

p-tolylGe(H2)Li
i-Bu(p-tolyl)GeH2
p-tolylGe(H2)Li
p-tolylGe(H2)Li
p-tolylGe(H2)Li

2,6-xylylGeHs
2,6-xylylGe(Hz)Li
2,6-xylylGe(Hz)Li

2,6-xylylGe(H2)Li
2,6-xylylGe(H2)Li + Me(2,6-xylyl)GeH2
2,6-xylylGe(Hz)Li

2,6-xylylGeHs

2,6-xylylGe(H2)Li

2,6-xylylGe(Hz)Li

2,6-xylylGe(H2)Li
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o-tolylGeHs

n-Bu(o-tolyl)GeH2

o-tolylGeHs

mesitylGeHs;

mesitylGeHzs

mesitylGe(H2)Li



3.4 Decorated Germanium Nanoparticles Ge@R
3.4.1 Development of a Robust Coupling Process

Microwave Process

Traxler had previously reported a process for the microwave assisted
dehydrogenative coupling of three germanium trihydrides: 1-naphthylGeHs,
benzylGeHs and 2,5-xylylGeHs (Scheme 32). The process had reliably produced
partially dispersible orange, polymeric material, albeit in low yields.[41

DME, 250 °C

> Ge@R
RGeHj H, RH @

Scheme 32: Dehydrogenative coupling of germanium trinydrides as performed by Traxler44

For this thesis, Traxler's process was reproduced with o-tolylGeHs (3). Heating it for
10 min at 250 °C resulted in the previously reported orange solids. However, the
yields were even lower than anticipated: 5.6% w/w from an uncatalyzed reaction
(25a) and 10% w/w when the reaction was catalyzed with TMEDA (25b). Note that
all nanoparticle yields are given as product weight divided by precursor weight. The
varying amounts of cleaved aryl groups and the non-stoichiometric nature of the
product render a conventional molar yield impractical. In the supernatant of 25a and
25b, large amounts of unreacted 3 were found. The next goal was thus to improve
the yields by fully converting the starting material. Tripling the reaction time to 30 min
(25c, 16% w/w) brought some improvements, but the majority of 3 remained
unreacted. This also demonstrated diminishing returns for extended reaction times,
as the threefold increase had only resulted in a small yield enhancement. Increasing
the temperature further was not an option either, because the upper pressure limit
of the microwave (30 bar) was almost surpassed even under the current conditions
(Figure 14).

Consequently, a way to reduce the pressure inside the reaction vessel was required.
There are two main components to the pressure buildup: Heating the reaction above
the boiling point of the solvent (bpome = 85 °C) sharply raises pressure during the
initial temperature ramp. Cleavage of H2 over the course of the reaction slowly
increases it further, even after the terminal temperature is reached.
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Figure 14: Temperature and pressure development during heating of 25¢

High pressures could potentially also be a contributing factor in the low conversion
rates by progressively slowing the release of further H2. Consistent with this idea,
interrupting the reaction to cool it down and release the built-up H2 before a second
heating cycle improved the yield (25d, 22% w/w). The lower pressure facilitated by
the venting method also enabled an increased reaction temperature of 260 °C (25e,
36% w/w). Unfortunately, the pressure was running up against the 30 bar limit again
(Figure 15) and it seemed likely that with a further temperature increase, solvent
pressure alone would be enough to initiate an emergency shutdown.
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Figure 15: Temperature and pressure development during heating of 25d, cycle 2.

The most straightforward solution was replacement of DME with a higher boiling
solvent. First, toluene was investigated. The improvement in reaction pressure was
immediately notable and, thanks to the even higher temperature, the yield was
improved once again (25f, 56% w/w). However, a different issue occurred. Toluene
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itself is nonpolar and cannot efficiently absorb the microwave radiation. This slowed
heating rates considerably. As a consequence, the microwave programming initiated
the hold time before reaching the target temperature (265 °C). The effect was
particularly pronounced during later cycles where lower amounts of 3 remained
available. The target temperature was never reached throughout these cycles
(Figure 16). Reaction time and temperature thus become impossible to control, and
the reactions are not reproducible. Consequently, toluene was discarded as potential
solvent after only one experiment.
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Figure 16: Temperature and pressure development during heating of 25f, cycle 4.

It was evident that the solvent needed to be both polar and high boiling. These
criteria lead to bis(2-methoxyethyl)ether (diglyme, Scheme 33), an ether similar to
DME. Its boiling point is also far higher than even that of toluene (bpdigyme = 162 °C),
enabling even higher reaction temperatures. The use of diglyme finally facilitated the
coveted full conversion of 3 at 270 °C (259, 76% w/w). The absence of starting
material in the reaction mixture was verified by GC/MS. The difference in yield to
100% is due to the cleavage and subsequent removal of toluene. Heating to 270 °C
in diglyme was also used for the full conversion of 7 to the Ge@mesityl nanomaterial
26a (46% wiw).

O\/\
\O/\/ O/
Scheme 33: Structure of diglyme

Unfortunately, some limitations of the microwave reaction emerged over time.
Because no internal thermometer was available, temperatures were only measured
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externally with an infrared sensor. The microwave keeps applying heat until this
sensor detects the target temperature set by the user. The inhomogeneous reaction
mixtures can cause two reactions nominally conducted at the same temperature to
receive different amounts of thermal energy, limiting reproducibility. Additionally,
because the utilized microwave model was not compatible with inert working
techniques, atmospheric contamination was introduced to varying degrees during
preparation, venting and product transfer.

Reflux Process

The limitations of the microwave provided motivation to investigate reactions under
reflux conditions. ArGeHs, diglyme and, optionally, TMEDA were mixed inside a
Schlenk tube. After refluxing under stirring, the volatiles were removed in vacuo.
Refluxing with TMEDA for one day resulted in incomplete conversion (27a, 48%
w/w), but extending the reaction to three days (27b, 75% w/w) remedied this.

Expanding the process to mesitylgermanium trihydride (7) went less smoothly than
during microwave reactions. An attempt to couple 7 with TMEDA in 24 h of reflux
only lead to a brown liquid (29c). Full conversion required four days of reflux (29a,
54% w/w). Without TMEDA, the yield after four days was still minuscule (29b). Even
with a doubled reaction time of eight days, considerable amounts of starting material
remained (29d, 22% w/w). Due to these results, no 24 h reflux coupling of
2,6-xylylGeHs (5) was attempted. 5 was refluxed for 4 days to generate 28a (59%
wiw).

Unfortunately, all attempts to produce nanoparticles from n-BuGeHs (8) failed.
Overnight reflux in diglyme with TMEDA did not result in an observable color change,
and no product was found after vacuum workup. Even extended reaction times of
three days or one week did not change this result. The problem is the low boiling
point of 8 (74 °C). This prevents the starting material from reaching the high
temperatures required to facilitate dehydrogenative coupling of germanes. An
attempt to circumvent the issue through a pressurized reaction inside a Carius tube
(180 °C) also failed. While this produced small amounts of orange solids, the
reaction mixture also destroyed the seal of the tube. The product was contaminated
with syringe plastic and additives as a result. Alkyl decorated germanium
nanoparticles were not the main focus of this work, hence no further experiments to

46



produce them were conducted. If they become of interest, additional research into a
suitable coupling process will be necessary.

Due to the novelty of the (trialkylsilyl)germanes and their expected differences in
reactivity, several additional experiments were undertaken to establish a suitable
dehydrogenative coupling process. Stirring 21 with TMEDA at room temperature did
not result in any visible reaction. Similarly, refluxing the sample with TMEDA in CeDs
did not produce any evidence of dehydrogenative coupling. However, when diglyme
was used as a solvent instead and the reaction temperature increased to 110 °C, a
color change to yellow occurred within 1 h. The color deepened further with
increasing reaction time. The reaction was terminated after 3 hours because
orange/brown precipitate had begun forming. After removal of volatile components
under reduced pressure, a GC/MS of the residue demonstrated the formation of a
dimer formation (Figure 17).
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Figure 17: Mass spectrum of (TBDMSGeH2)2
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This proves the occurrence of dehydrogenative coupling. Subjecting 22 to the same
conditions produced a similar result, with a color change to orange and the formation
of precipitate as evidence of a reaction taking place. The yields of coupling products
31 and 32 were insufficient for any further characterization. The development of a
facile, reproducible coupling process for (trialkylsilyl)germanes and the
characterization of the resulting materials go beyond the scope of this work.

3.4.2 Mechanism of Nanoparticle Formation[56l

Arylgermanium trihydrides, diglyme and TMEDA are all colorless liquids.
Consequently, at the beginning of the dehydrogenative coupling process the solution
only absorbs in the UV range (Figure 18). The observed peaks are primarily due to
the trihydride (reference spectrum in appendix).
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Figure 18: UV/Vis spectrum of reaction mixture 27e in THF, prior to heating. ¢ = 10 mL/L.

Over time, the solution turns yellow, orange, red and even brown, if it is concentrated
enough (Figure 19). The reason for the change in absorptivity is quantum
confinement of the valence electrons, a size dependent phenomenon discussed in
chapter 2.3.1. The red shifting absorption thus showcases the growing
nanoparticles. After 72 hours at 162 °C, no starting material is left (Chapter 3.4.1,
27b) and the growth slows down notably.
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Figure 19: UV/Vis spectra of 27e after various reaction times. c~10 mg/mL. Intentionally recorded at
concentrations with absorbance>1 to better showcase the blue shifting onset of absorption. 56

In the dehydrogenative coupling of tin trihydrides ArSnHs the polymerization
proceeds via a dimeric intermediate Ar(H2)Sn-Sn(H2)Ar. This intermediate was
isolated in a sterically stabilized compound (Ar = bis-2,6-(2,4,6-triisopropylphenyl)-
phenyl)*32 and also shown in situ for a smaller species (Ar = o-tolyl).l'% To elucidate
the mechanism of germanium couplings *H NMR spectra of 27e were taken. Soon
after the reaction start, signals appear at 5.18 ppm and 4.50 ppm which get more
pronounced over time (Figure 20, top). They were assigned as germanium hydrides
based on their characteristic shifts. The assignment was confirmed by the *H NMR
of 27f produced from deuteride 12 under identical conditions. The spectra are
identical, except for the signals at 5.18 ppm and 4.50 ppm (Figure 20, bottom).
Because the GeH signals do not exhibit the polymer broadening visible both in the
aromatic and the aliphatic region of the spectrum, it can be concluded that they stem
from discreet oligomers. The intensity of the GeH peaks reaches a maximum after
about 24 h and then starts decreasing again, until they eventually disappear (Figure
21).
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Figure 21: *H NMR (400 MHz, CsDs) of 27€72
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Comparison of the observed shifts to literature values for other oligogermanes (Table
6) led to assignment of the signal at 5.18 ppm as a bridging group inside an oligomer,
while the signal at 4.51 ppm was assigned as an oligomeric end group (Scheme 34).
Isolation of the oligomers was attempted via recondensation at 95 °C, 9.6*10-2 mbar.
Only one species was both stable and volatile enough to be isolated by this process.

Table 6: 'H NMR shifts reported for various arylgermanes(t¢l

Substance 8(GeHy) 8(GeH) [ppm]
RsGeH - 5.5-6.8M142
R2GeH:2 4.9-5.8M142] -
H2PhGeGePhH:2 4.40157] i
H2MesGeGeMesH: 4.50160] -
H2PhGeGeHs 4.600159 -
H2(2,6Trip2CeH3)GeSn(2,6-Mes2CsH3) 5.871160] -
(ANP2Ge(H))3 4.70, 4.8801611  4,99[161]
H2PhGe(GeHPh)GePhH:2 4.500158] 5.25158]
PhsGe(GeHPh)GePhs - 5.271162]
[(PhGeH)13(PhGe)2s]n 4.5-5 5[128]
This work 4.50 5.18

§—e|e—§ §—G|e—H

H H
d(GeH) = 5.18 ppm d(GeH,) = 4.51 ppm
Scheme 34: Assignment of observed GeH shifts to two different oligomer moieties

The 'H NMR (Figure 22) of this compound lacks the previously observed signals at
4.51 ppm. The integral ratios (ArH:GeH:ArCHs=4:1:3) also demonstrate the lack of
an end group. The isolated compound is consequently a cyclic oligomer, either the
trimer or the tetramer, the most volatile representatives of the group. Calculations
showed that cyclic structures are energetically favorable for germanium tri- and
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tetramers.[2%3l The boiling point of the dimer can be expected to be considerably
lower than that of cyclic oligomers. If present in the mixture, it should have appeared
in the condensate. Its absence suggests that the dimer is an unstable intermediate
that quickly reacts onward to higher oligomers.

In the dehydrogenative coupling of arylgermanium trinydrides, new Ge-Ge bonds
are not only formed at the expense of Ge-H bonds. Elemental analysis of the
nanoparticles (27a: C: 36.92%, H: 3.73%) shows that Ge-C bonds are also cleaved
([o-tolylGe]n calcd: C: 51.34%, H: 4.31%). Analogous behavior was previously
reported for the dehydrogenative coupling of aryltin trihydrides. While multiple
different removal mechanisms could conceivably occur, the presence of toluene in
the reaction solution indicated that the tolyl group is primarily split off via
a-elimination. No other cleavage products were found.
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Figure 22: 'H NMR (400 MHz, CsDs) of a cyclic oligomer isolated from 27a via recondensation

Comparing a pair of otherwise identical samples with and without TMEDA clearly
demonstrated the catalytic effect of the amine base. The pairs 25a vs 25b and 27a
vs 27c¢ both show more yield for catalyzed reactions, due to higher conversion of

52



starting material in the same time. The catalytic mechanism can be expected to work
along lines similar to those proposed for the analogous stannanes (Chapter 2.4.1).
Either the nitrogen lone pairs of TMEDA coordinate to the metal center and weaken
the Ge-H bonds, or the base abstracts H*, which subsequently reacts with another
hydrogen atom to form Hz. Catalysis of germanes appears to speed up reactions by
a factor of less than two. This is far weaker than the catalytic effect on stannanes,
where reactions that would ordinarily require days or weeks occur in less than an
hour in the presence of TMEDA.

3.4.3 Characterization of Aryl Decorated Germanium Nanoparticles[t58l

Appearance

Figure 23: Appearance of 27a

All nanoparticles Ge@aryl were obtained as orange, red or brown powder (Figure
23). Under an optical microscope, the powder was revealed to be made up by
agglomerated pieces. The size and color of the agglomerates depends on the
treatment of the powder prior to analysis. In the standard isolation procedure, the
nanoparticles were obtained from their diglyme solution through solvent evaporation
and then dumped from the reaction flask into a weighing boat and transferred to a
small vial. When stuck to the flask or the plastic of the weighing boat, the powder
was liberated through scraping with a spatula. This procedure led to transparent
agglomerates with a size of 50—100 um and a deep red coloration (Figure 24). Some
amount of smaller agglomerates, caused by unintentional crushing of bigger pieces
while transferring them, can also be seen. A similar appearance was reported for
germanium nanoparticles obtained via disproportionation of GeBr.[12
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Figure 24: Optical microscopy image of 27a as obtained, taken in dark field mode at various
magnifications

Through application of mechanical force, these agglomerates can be ground to a
fine powder (Figure 25). When powdered, the nanoparticles appear yellow or in
some cases even white in color. This is caused by the shorter optical path length, as
the absorptivity of the powder continuously falls with increasing wave lengths.
Thinner (or more dilute) samples are barely absorbent in the visible range (Figure
26).

Figure 25: Optical microscopy of ground 27a, taken in dark field mode at various magnifications

The same structures found with optical microscopy are also visible under SEM
(Figure 27). The highest magnification (x 50k) reveals the individual nanoparticles
making up the rough agglomerate surface. However, they are not big and
differentiated enough to determine their size from these images. Nanoparticles
synthesized with very short reaction times (via microwave) agglomerate to regular
spherical structures (Figure 28). A similar observation was previously reported for
Sn@o-tolyl. When the material was prepared with short reaction times (through the
addition of TMEDA), spherical agglomerates were the result, whereas long reaction
times led to more irregular structures. 123156l
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Figure 26: UV/Vis spectrum of 27a in THF, c~1 mg/mL
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Figure 27: SEM images of 27a at various magnifications
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Figure 28: SEM images of 25¢g (left), 25i (middle) and 26a (right).

Particle Size

Multiple methods were used to determine the particle size of several Ge@aryl
samples in both the solid and liquid state. Unfortunately, attempts to use TEM for
solid state determinations fell through (Figure 29). A potential reason is the non-inert
sample preparation. While the particles are somewhat resistant to oxidation and
degrade only slowly (see below), TEM necessitates measuring the very edge of an
agglomerate in order to observe only a single layer. It is possible that the vulnerable
agglomerate surface is oxidized much quicker than the rest of the material. A
different explanation is damage caused by the beam itself. A previously reported
failure to resolve Sn@aryl nanopatrticles using TEM was attributed to beam damage
and a resulting degradation of the organic hull.[]

Figure 29: TEM image of the edge of an agglomerate of 27a, jutting out beyond the support grid
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AFM was likewise unusable. When the sample film was prepared from a
concentrated solution, only agglomerates were found. If a more dilute solution was
used, no signals were detected at all.

In lieu of usable TEM data, the solid-state particle size was elucidated via SAXS. A

repeating length in the single nanometer range (correlation length) causes a

scattering peak at small Bragg angles (Figure 30). In small nanoparticles, the

interparticle distance (closely related to the particle diameter) is such a repeating

length. The size of the nanoparticles can therefore be approximated with Equation 1.
21

Equation 1: d = 7

q ... scattering vector, d...particle diameter

incident
beam q [1/nm]
0.0 1.0 2.0 3.0 4.0 5.0
0.4
0.2 particle

scattering

log(intensity)
o
|_\

Figure 30: Powder SAXS curve of 27a

With this method, a particle size of 1.7 nm was calculated for 27a. This value (and
all size values given hereafter) represents the peak of the distribution, as the
particles have a broad range of different diameters.

The size of the final material can be directed through both the chosen aryl substituent
and the reaction conditions. Extending the reaction time to achieve full conversion
unsurprisingly results in an increased size, with 27b having a diameter of 1.8 nm.
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Foregoing the use of TMEDA will also increase the size of the obtained particles.
While 27c¢ gave no scattering signal (Figure 31), most likely due to a broad size
distribution caused by the premature reaction termination, 27d shows a major
increase in size to 2.6 nm. Increased sizes for nanomaterials obtained from
uncatalyzed reactions was also reported for Sn@aryl particles.*34
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Figure 31: Powder SAXS curve of 27c

The reason for this lies in the characteristics of the catalysis: Because it primarily
speeds up hydrogen abstraction, more aryl substituents remain attached. This is
evidenced by elemental analysis (Table 7). With more Ge-C bonds remaining, less
Ge-Ge binding sites are available and the growth is stymied.

Table 7: Elemental analysis of three Ge@aryl pairs synthesized with (left) and without (right)
TMEDA

Compound 27b 27d 28a 28b 29a 29b

C [%] 35.70 32.95| 34.03 28.96| 37.18 28.70
H [%] 3.70 3.22| 339 289 451 383

Increasing the reaction temperature through use of a microwave offers another way
to increase the products’ particle size. The comparison of the microwave reactions
carried out at 240 °C (25h, 2.4 nm), 270 °C (25g, 2.6 nm) and 300 °C (25i, 2.7 nm)
also reveals a general temperature dependence of the diameter. The reason is once
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again the amount of available catenation sites. In this case, additional o-tolyl ligands
are cleaved by the heating of the material beyond its decomposition temperature
(=250 °C, see below).

Finally, the choice of aryl substituent can also drastically influence the size. Here,
bigger groups lead to bigger particles. There are two different effects simultaneously
promoting this result. First, a bigger group of course increases the space
requirements of the organic particle hull. Secondly, the amount of potential Ge-Ge
bindings sites is once again crucial. The bigger substituents are better leaving
groups. They are more easily cleaved from germanium (see below). This also
explains why the size differences are more pronounced in samples synthesized in
the microwave or without TMEDA, where dearylation plays a larger overall role. The
increased removal rate for larger substituents is once again supported by elemental
analysis. It is interesting to note that, counter to this observation, a 24 h reflux
reaction did not produce any isolable solids for mesityl (29c), despite resulting in
decent yields for o-tolyl (27a: 48% wi/w). A possible explanation is, that the initial
oligomerization is more dependent on Hz abstraction, which is sterically hindered by
larger aryl groups and does not benefit from having a better leaving group.
Ge@mesityl formation would then only become faster than Ge@ o-tolyl formation in
the later particle growth stages, hence resulting in a lower degree of polymerization
after 24 hours, but a higher one after 72 hours. The general trends established for
Ge@o-tolyl (temperature and catalyst dependency of nanoparticle diameter) were
reproduced in both Ge@2,6-xylyl and Ge@mesityl. All determined solid state sizes
for the produced nanomaterials are listed in Table 8.

Table 8: SAXS correlation lengths’ (in nm) of the Ge@aryl compounds prepared in this work

Compound a b ¢ d e f g h i

25 nd nd nd 2.3 2.2 29 26 2.4 2.7

26 42 nd -

27 1.7 1.8 nd 2.6 1.8(120h) 1.7 -

28 22 45 -

29 25 6.3 nd 5.2 - - -

“nd”...not determinable; “-“...number/letter combination not used

The hydrodynamic radius Rn of the particles was determined with GPC. The peak
for the Rn distribution of 27a is at 1.4 nm, giving a of 2.8 nm (Figure 32). While this
value is bigger than the particle size found with powder SAXS (1.7 nm), the
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discrepancy is easily explained by the solvation sphere. Additional solvent molecules
are attached to the nanoparticles in their dispersed state, increasing their overall
size. In 279, produced with only 8 h of reflux, the entire distribution is of course
shifted to smaller sizes, with the peak at 1.2 nm.
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Figure 32: GPC elution curve for 27a dispersed in THF[58]

Attempts to calculate Rn were also made via DLS. The shorter preparation and
measurement times would have allowed for the screening of more samples.
Unfortunately, the calculated distributions were much broader than those obtained
from other methods (Figure 33). Additionally, results for the same sample fluctuated
significantly, both within multiple runs under the same conditions (0=39%) and when
comparing the averaged results of measurements under varying conditions
(0=6.0%). The main reason for the unsatisfactory outcome is the small size of
Ge@aryl particles. They are at the lower edge of the range measurable with DLS
(0.3 nm-10 um). Because scattering intensity depends on the particle size by a
power of ~6, the measured intensities are very low. Tiny contaminations with larger
particles caused strong interferences. Several attempts were made to remove all
larger particles: use of glass syringes for both nanomaterial synthesis and sample
preparation to avoid leech-out of syringe materials, filtration (20 nm and 200 nm) and
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surfactant addition (n-BusP). However, the interferences persisted. It is possible that
they are a modelling artifact. The absorption of visible light by the particles poses a
further problem. The resultant energy uptake can cause local temperature hotspots,
resulting in faster convection and smaller calculated sizes.

4

Amount
N

0.1 1 10
Particle size [nm]

Figure 33: DLS of 27a, prepared with glass syringe, filtrated (200 nm), 25 °C, backscatter mode

Plans to monitor the increasing particle sizes during reaction 27e with DLS had to
be discarded because the standard deviation was vastly higher than the expected
size changes between samples. A significant size difference was only observed
between samples from the very beginning and the very end of the reaction (Figure
34). Despite all the issues, the sizes obtained via GPC and DLS provided a
surprisingly reasonable match (27a: DLS=2.7+1.3 nm, GPC=2.8 nm).

In addition to the methods described, the Scherrer equation was used to estimate a
low single digit nanometer size from the powder XRD spectrum of 27a (Figure 38).
While there are some uncertainties attached to each of the applied techniques, the
good overall agreement between them provides high confidence in the obtained
results. The Ge@aryl materials prepared in this work are among the smallest
germanium nanoparticles from solution syntheses. Reported sizes typically begin at
2 nm, but can also be considerably larger.[>%.1171 The small size is crucial for the
exhibition of quantum confinement effects (2.3.1). The relatively broad range within
which Ge@aryl sizes can be tuned (1.7-6.3 nm powder size obtained in this work)
is an additional benefit, due to the strong size dependency of quantum effects.
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Figure 34: DLS of 27e after 4 h and 120 h, prepared with glass syringe, filtrated (200 nm), added
n-BusP surfactant, 25 °C, backscatter mode

Chemical Composition

TOF-MS was employed to gain more specific insights into the chemical makeup than
those provided by elemental analysis. Unfortunately, the standard sample 27a
proved too big and heavy to ionize without fragmentation. No useful data was
gathered in linear mode. While the size range in reflectron mode is not big enough
to capture particles, several smaller tolylnGen clusters were recorded (Figure 35).
These clusters could originate either in fragmentation of larger nanoparticles, or in
the photoionization of smaller oligomers. As the presence of o-tolylsGe shows, the
tolyl groups wander during ionization.

A previously reported mass spectrum for Ge@benzyl nanoparticles from partially
converted benzylGeHs'*! inspired the idea to synthesize smaller nanoparticles
through premature termination of the coupling reaction after 8 hours (279).
Unfortunately, the low yield and unfavorable consistency (sticky, viscous slime)
prevented the gathering of SAXS and EA data. GPC was used to confirm the smaller
size of this material (see above). The idea proved its merit when complete 27g
particles were successfully measured with linear mode TOF-MS (Figure 36).
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At lower m/z ranges, the previously described clusters are found. o-tolylzGeio is once

again the largest cluster, beyond which the ion count enters a continuous decline
until about m/z = 3400. At this point, a sharp rise in the curve shows the presence of
nanoparticles. The peak of the distribution lies at m/z = 4506.4. Based on this weight,
the most common compounds in the sample are of the type o-tolyl21-nGess+nH7+17n.

While no elemental analysis is available for this sample, the best fit for the elemental

analyses of other Ge@o-tolyl compounds is found with n=0-3 (Table 9).

Table 9: Found elemental distribution of 27a and 27¢ alongside calculated values for o-tolyl1-

nGess+nH7+17n compounds with n=0-3.

C [%]
H [%]

27a

27c

36.92 39.27

3.73

4.08

37.69
3.71
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Figure 36: Linear mode TOF-MS of 27158l

The metallic character of the nanoparticles was confirmed by XPS (Figure 37). The
main peak in the 3d spectrum is at an energy of 30 eV, consistent with a Ge(0) and
Ge(l) oxidation state.l641651 The Ge(ll) 3d peak has been reported at 32.6 and
32.8 eV. The absence of a corresponding peak precludes the presence of Ge(ll) in
the samples.l164168] The presence of Ge(0) was confirmed by the energy of the Ge
2p32 peak.l88 A low-intensity shoulder on the high binding energy side of the
Ge 2pa2 peaks originates from Ge(l).[*34]
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Figure 37: High resolution Ge 3d (left) and Ge 2p (right) XPS spectra for various Ge@ o-tolyl materials

The metallic character, as well as the presence of nanocrystalline domains, was also
confirmed with powder XRD (Figure 38). While it would initially appear that the
sample does not match the a-Ge reference, this is due to the small size of the
crystalline domains. The resulting broad peaks cause an overlap between the
scattering signals of the 0|2|2, 1|1|3 and 2|2|2 planes. Similar spectra with
overlapping signals have been previously reported for small a-Ge domains.[96:117]
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Figure 38: Powder XRD spectrum of 27a, overlaid with a reference spectrum for a-Gell67]

The small size of the crystalline domains provided motivation for high temperature
annealing experiments, in the hopes of expanding them. Base on the thermal data
for Ge@o-tolyl (Figure 43), three annealing temperatures were selected: Slightly
below the decomposition temperature (220 °C), the onset of decomposition (240 °C)
and the endpoint of thermal decomposition (500 °C). The sample of 27a treated with
220 °C underwent a small size increase (SAXS: 1.7 nm - 1.8 nm). This is expected
for Ge@o-tolyl produced with 24 h of reflux, as the presence of smaller oligomers
provides additional growth potential. The annealed sample has the same size as
Ge@o-tolyl after 72 h of reflux (27b). Other changes in material characteristics were
not observed. The sample treated with 240 °C exhibited the same size increase to
1.8 nm. In addition, a weight loss of about 25% was recorded, and the resulting
material had become indispersible in all investigated solvents. Treatment at 500 °C
similarly caused weight reduction and loss of dispersibility. The annealing at 500 °C
resulted in sharper XRD peaks (Figure 39). It appears that the anticipated expansion
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of crystalline a-Ge domains did indeed occur. However, the improvement was small
and the resulting XRD spectrum still exhibits overlapping peaks. Due to the only
marginal improvements in crystallinity and the concurrent loss of dispersibility,
annealing was not pursued any further.
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Figure 39: Powder XRD spectrum of 27a, annealed for 4 h at 500 °C

WAXS spectra show the same a-Ge diffractions found with powder XRD, even
though they are less pronounced (Figure 40). The measured 26 values can be
converted to g values with Equation 2, giving q=17 nm* and 34 nm for the two
relevant peaks. Powder WAXS was used to confirm the presence of a-Ge domains
in all nanoparticulate samples, as it is cheaper and faster than powder XRD.
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Figure 40: Powder WAXS curve of 27a

An attempt was also made to investigate the bonding situation using FT-IR. First,
spectra of both trihydride and trideuteride starting material were gathered to
establish a baseline (Figure 41). The Ge-D vibration (1482 cm™) is shifted to lower
wavenumbers from Ge-H (2062 cm™), as expected for heavier isotopes. The spectra
for different nanomaterials are largely identical (Figure 42). Neither differences in
substituent, nor in synthetic method cause any major changes. More subtle
differences are hard to determine due to the strong background across the entire
spectrum. Difference in the fingerprint area between Ge@mesityl and the various
Ge@o-tolyl materials are due to the additional CHs groups in the former. Apart from
that, the bonding situation in the various Ge@aryl nanomaterials is very similar.
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Figure 41: FT-IR spectra of 3 and 12
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Figure 42: FT-IR spectra of several Ge@aryl samples

Stability and Reactivity

The nanopatrticles’ behavior under elevated temperatures was investigated with

STA-MS. The curve produced for 27a is shown in Figure 43. Several characteristic

fragments were tracked alongside COz2, H20 and OH streams: m/z=91 [C7H7]*, 77

[CsH4]* and 65 [CsHs]™. An initial increase in mass occurs due to oxidation and

hydrolysis with residual H2O and COgz, as well as a loss of lift. The thermal

degradation starts at about 250 °C, indicated by both mass loss and an increase in

ion streams for all tracked masses. Accordingly, the particles are largely safe from
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thermal degradation at reflux temperatures. The same thing is not true for microwave
reactions. All temperatures used to couple 3 in the microwave are close to or above
the decomposition temperature. This explains the observed differences in size and
carbon content (see above). The terminal mass after STA-MS is about 70%. The
germanium content of 27a is slightly lower at about 60% according to its elemental
analysis (C: 36.92%, H: 3.73%), but the lack of a reliable 100% mass baseline and
the different temperatures of STA-MS and EA can account for this discrepancy.
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Figure 43: STA-MS for 27a

Very similar decomposition behavior was reported for a crosslinked phenylgermane
polymer obtained from the dehydrogenative coupling of PhGeHs under zirconocene
catalysis. Using TGA, Choi and Tanaka observed an onset of decomposition at
250 °C, and full loss of all organic content at 580 °C. They also observed extrusion
of fragments Ph2Ge and PhsGe, in line with the o-tolylsGe fragment observed during
mass spectroscopy. 128l

The STA-MS diagram for 29a (Figure 44) depicts thermal degradation beginning at
a lower temperature of ~220 °C. The maximum mass loss is also recorded at a
considerably lower temperature. This explains the much lower organic content of
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26a (C: 14.56%, H: 2.53%) compared to 25¢g (C: 28.96%, H: 2.89%) despite the use
of identical reaction conditions. It is also supports the above proposed theory that
larger aryl substituents lead to bigger nanoparticles because they are more easily
removed and thus provide higher growth potential.
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Figure 44: STA-MS for 29a

In order to test the atmospheric stability of the particles, a sample of 25g was
removed from the glovebox and exposed to air. The UV/Vis spectrum (Figure 45)
shows the progressive oxidation of the sample over the course of three days. This
causes an expected decrease in absorption at higher wavelengths, as Ge(0)
domains become smaller due to being partially oxidized to Ge(lV), and the size
dependent absorption shifts to smaller wave lengths. Below wavelengths of 250 nm,
the absorption increases. This is consistent with the reported UV/Vis spectrum for
GeOz2, which displays almost no absorption above 300 nm, but very strong optical
absorption at about 220 nm. After longer air exposure, the particles lost their full
dispersibility, preventing further UV/Vis monitoring. Because oxidation causes the
uptake of additional weight in the form of oxygen, an observed decrease in the
relative carbon content (28.96%->27.28%) was to be expected. The powder size
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(SAXS) remained essentially unchanged at 2.6 nm. While no GeO: refractions were
found with either WAXS or IR (Figure 46), this is likely due to insufficient size of the
oxidized domains.
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Figure 45: UV/Vis of 25g after different air exposure durations, at a concentration of ~100 mg/L
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Figure 46: IR spectrum of 25¢g after different air exposure durations

A separate sample (27b) was brought into contact with degassed H20. Due to the
hydrophobic nature of the particles (Figure 47) vigorous stirring had to be employed
to ensure sufficient contact. Despite that, no change was observable after three
days.
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Figure 47: Hydrophobic nanopatrticles 27b in contact with H20

The patrticles were therefore kept in contact with the water for a full month, before
H20 was removed under reduced pressure. Despite the long contact time, the
observed changes were minimal. The particles remained fully dispersible in THF.
Only a small decrease in carbon content (35.70%->34.11%) and size (SAXS:
1.8 nm—>1.7 nm) was detected. It is safe to conclude that the particles are quite
resistant towards H20 exposure.

Oxidation of Ge(0) to GeO2 and subsequent dissolution in H20 can be utilized for
post synthetic size control of germanium nanoparticles. Such a process was reported
by Kim et al..[88 Their method was successfully applied to Ge@o-tolyl nanoparticles,
despite the differences in size and composition. Oxidation with H202 followed by
dissolution of the GeO2 with H20 led to a decrease in size (SAXS: 1.9 nm—->1.3 nm)
which corresponds to 62% volume reduction (Figure 48). Of course, the lower overall
sample volumes, smaller particle sizes and presence of organic substituents
complicate the procedure compared to the literature reported one. Precise size
control through the use of calculated H202 amounts is not feasible here.
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Figure 48: Powder SAXS curve of 27e12 after H202/H20 etching.

During the earliest stages of research into Ge@aryl particles, the residual Ge-H
bonds found in some samples (i.e. 27a, 27e24, also see Figure 20) were thought to
be part of the actual nanomaterial, rather than discreet oligomers. This led to an
attempt to leverage them for functionalization of the particles via a hydrogermylation
reaction. 3-chloro-1-propene was used In excess as reagent, and
azobisisobutyronitrile (AIBN) as initiator. After refluxing the reaction overnight and
removing all volatile components under vacuum, no visual changes were observed.
However, a *H NMR (Figure 49) revealed that in addition to the Ge-H bonds, almost
all o-tolyl groups had been removed. New signals had appeared in their stead. The
shifts of these new signals are in the expected range for a chloropropylene germane.
They exhibit strong polymer broadening, indicating that the chloropropylene is
indeed attached to the nanoparticles. The substituent exchange can also be seen in
the IR spectrum (Figure 50). The newly appeared peak at 2923 cm™ is consistent
with C-H stretching vibrations while the signal at 1450 cm is the corresponding C-H
bending vibration.
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Figure 49: 'H NMR spectra (CsDs, 400 MHZz) for 27a (bottom) and 33 (top)

0,98
0,96
0,94
0,92

0,9
0,88

0,86
0,84
0,82
08 l

0,78

0,76 ‘ f
0,74
0,72
0.7
0,68
0,66
0,64
0,62
0.6
0,58
0,56
0,54
0,52
0.5
0,48

4000 3800 3600 3400 3200 3000 2800 2600 2400 2200 2(3?0 1800 1600 1400 1200 1000 800 600

Wavenumbers [em ]

Transmittance

Figure 50: Overlay of AT-IR spectra for 27a (black) and 33 (red)
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It appears that instead of the intended hydrogermylation, the nanoparticles were
subjected to a radical substitution reaction (Scheme 35). This discovery is actually
superior to the intended outcome. Replacing the numerous o-tolyl groups allows for
a far more extensive functionalization of the particles compared to the relatively few
remaining Ge-H bonds. Additionally, as is now understood, the Ge-H signals stem
from oligomers. Consequently, the nanoparticles would not have been functionalized
by a hydrogermylation reaction. The possibility to replace almost all aryl groups
without compromising the particle structure shows great promise for future
functionalization attempts.

Cl THF
Ge@o-tolyl + /\/ BN - Ge@C3H4Cl + toluene

Scheme 35: Surface derivatization of Ge@o-tolyl via radical substitution
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V. Conclusion and Outlook

In this work, a reliable and reproducible dehydrogenative coupling process for the
preparation of aryl decorated germanium nanoparticles Ge@Ar from arylgermanium
trinydrides ArGeHs was developed. A cyclic oligomer intermediate [ArGeH]n (n=3, 4)
was isolated from the reaction mixture and characterized with *H NMR. Upon further
growth, some aromatic groups are removed in addition to dehydrogenation. This
results in “naked” Ge atoms, connected exclusively to other Ge atoms. Remaining
aryl groups decorate the formed nanopatrticles (Scheme 36).

_H2

GeHy—> |
A

Scheme 36: Dehydrogenative coupling of arylgermanium trihydrides to aryl decorated germanium
nanoparticles

The presence of metallic Ge(0) in these particles was demonstrated with XPS, and
even the formation of nanocrystalline a-Ge domains could be proven with XPS and
WAXS. Particle sizes obtained in this work range from 1.4 nm to 6.3 nm. Varying the
aryl group of the starting material showed that larger aryls are more easily cleaved,
leading to bigger sizes. The size can be further shaped through the choice of reaction
conditions or H202 etching. All Ge@Ar materials exhibit strong, size dependent
absorption in the visible spectrum, due to quantum confinement of their electrons.
Their full dispersibility in common solvents is crucial for many characterization
techniques. It also enables the use of material processing techniques, such as spin
coating, that would not be possible otherwise. Preliminary functionalization
experiments with the nanoparticles showed great promise. The decorating o-tolyl
groups were successfully replaced with propylene chloride, facilitated by AIBN.
However, the resulting material still needs to be characterized more thoroughly. Also
of interest would be the replacement of o-tolyl groups with a halogen via a
dearylation reagent such as TfOH or HCI/AICIs. Investigating the behavior of more
exotic arylgermane precursors is another potential research avenue. For example,
by having two germane moieties attached to the same aromatic ring, it could serve
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as a spacer, presumably causing a subsequently prepared polymer to have a very
different structure. Finally, characterizing the electronic properties of the Ge@Ar
particles would be a worthwhile endeavor.

In addition to experiments with the well-established arylgermanes, (t-BuMe2Si)GeHs
(21) and (t-Bu2MeSi)GeHs (22) were synthesized as novel precursors for
dehydrogenative coupling. A synthetic strategy was developed to circumvent the
inherent instability of the required (trialkylsilyl)halogermane precursors. The
promising prospects of (trialkylsilyl)germanes for dehydrogenative coupling were
demonstrated through thermal degradation experiments. The next steps in this field
require the development of a robust coupling process for the (trialkylsilyl)germanes
and the comprehensive characterization of the resulting material. The preparation of
the silylgermane starting materials could also be further optimized to improve yields
and increase availability of the starting material for coupling experiments.

The reactivity of organolithium bases towards arylgermanium trihydride was
discovered to strongly depend on the used solvents. Reactions carried out in THF
or with very bulky substituents preferentially lead to a metal/hydrogen exchange,
producing the lithiated germane. Reactions in Et20 or n-pentane, on the other hand,
result in a nucleophilic substitution, causing the alkylation or arylation of the germane
(Scheme 37). Steric factors also play a role in this system, with larger substituents
pushing the reaction more towards metal/hydrogen exchange. All reactions were
performed with commercially obtained solutions of organolithium reagents, so result
interpretation is complicated by concentration differences and introduction of a
second solvent into the system. Further research into organolithium reactivity should
thus begin by reproducing the results in clean reactions with a single solvent and
consistent reagent concentrations.

<QF ArGe(H,)Li + RH
ArGeHj + RLi 3
£10) R(ArGeH, + LiH
,L'Dentane ( ) 2

Scheme 37: Solvent dependency in reactions of arylgermanium trihydrides with organolithium
bases
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V. Experimental

5.1 General Aspects

Most air and moisture sensitive reactions were carried out using standard Schlenk
technique under an argon atmosphere. Cases where a glovebox was used instead
are specified. The argon was pre-dried with a catalytic tower from Air Liquide. Et20,
THF, DCM, toluene, benzene and n-pentane were dried using a ready-made system
from “Innovative Technology Inc.”. THF was additionally distilled over LiAlH4 for
further drying and removal of the stabilizer. 1,4-Dioxane was dried over a potassium
mirror and deoxygenated with three freeze-pump cycles. CCls, dimethoxy ethane
(DME) and diglyme were dried over a molecular sieve (3 A), the latter two were
additionally deoxygenated overnight with an N2 stream. Crystalline t-BuLi was
obtained through slow solvent evaporation from commercial t-BuLi solution inside a
glovebox. All solvents and chemicals not specified either here or in the synthetic
section (Chapter 5.3) were obtained from commercial sources and used as received.

5.2 Analytics

NMR Spectroscopy

NMR spectra were obtained on either a Varian INOVA 300 MHz with RS2D Pulse
console (*H, '3C), or a Bruker AV-400FT (*H, 3C, ?°Si) or a Jeol ECZ 400 with
Royalprobe™ HFX (*H, 3C, 2°Si) or a Bruker Avance Neo 700 SB with 5 mm BBO
probe (®Ge). The spectra were referenced using residual undeuterated solvent. The

shifts are given relative to MesSi (*H, 13C, 2°Si) or MesGe ("3Ge). The abbreviations
d, t, g, and m are used to indicate duplets, triplets, quartets and multiplets,
respectively. Spectra were processed and analyzed using JEOL Analytical Software
Network (Jason) for *H, 3C and 2°Si, and MestreNova for "3Ge.

Gas Chromatography — Mass Spectrometry (GC/MS)

Gas chromatographies were run with helium as carrier gas (0.92726 mL/min) on an
Agilent Technologies 7890A system with a HP5 column (30 m x 0.25mm X
0.025 um). Samples were injected manually with a syringe at an injector temperature
of 250 °C, and chromatographed starting at 40 °C (hold 2 min), ramped up to 300 °C
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(20 °C/min), then held another 10 min. Mass spectra were measured with an Agilent
Technologies 5975C mass detector in full scan mode (50-500 m/z).

High Resolution Mass Spectrometry (HRMS)

Direct analysis in Real Time (DART) MS were measured on a JEOL AccuTOF CS
(JMS-T100CS). GC/HRMS were measured on a JMS-T2000GC (AccuTOFTM
GC-Alpha) with an 8890 GC system (column: DB-5MS, 30 m x 0.25 mm x 0.25 pm)
and a 7693A autosampler from Agilent. GC conditions: inlet at 250 °C; He at a

constant flow rate of 1.0 mL/min, split ratio 10; temperature program: 40 °C for 3 min,
heating to 250 °C at a rate of 20 °C/min, isothermal at 250 °C for 4 min. Data was
analysed on MassLynx 4.1.

Time of Flight — Mass Spectrometry (TOFMS)
Matrix assisted laser desorption ionization (MALDI) and laser desorption ionization

(LDI) TOFMS were carried out on a Waters micro MX. lons were generated by
irradiation just above the threshold laser power (laser: wavelength 337 nm, operated
at a frequency of 5Hz). Approximately 100-150 spectra were averaged. For
MALDI-TOF-MS samples were prepared by mixing a solution of DCTB (2-[(2E)-3-(4-
tertbutylphenyl)-2-methylprop-2-enylidene]malononitrile; c=10 mg/mL in THF) and a
solution of the sample (c=0.05 mg/mL in THF) in a ratio of 10:5 (v/v). 0.5 uL of the
resulting mixture were deposited on the sample plate (stainless steel) and allowed
to dry under ambient conditions. For LDI-TOF-MS 0.5 pL of product solution were
deposited directly on the MALDI target. The data was analyzed with MassLynx 4.1.

Simultaneous Thermal Analysis — Mass Spectrometer Coupling (STA-MS)
The thermal behavior was investigated with a STA449F1A coupled to a QMS 403c
mass spectrometer. Brief air exposure was unavoidable during sample preparation,

but the heating itself was performed under an inert N2 atmosphere. The samples
were analyzed at temperatures from 30 °C to 600 °C, with a heating rate of 5 °C/min.
Characteristic mass fragments were selected for tracking based on their intensities
in a GC/MS of the corresponding monomer.

Small- and Wide-Angle X-ray Scattering (SAXS and WAXS)
Samples were filled into a VarioStage (Anton Paar) inside a glovebox and secured

with an adhesive tape (Scotch® Magic™ Tape). The sample holder was carried from
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the glovebox to the instrument inside an argon filled bucket. The measurements
were carried out at room temperature in transmission mode on a SAXS-Point 2.0
(Anton Paar, Graz). Radiation was generated by a micro-X-ray source (Primux 100,
Anton Paar, Graz) producing Cu-Ka radiation (154.2 nm) at 50 W. Detection was
performed by a 2D X-ray detector (EIGER R 1M, Dectris, Switzerland). SAXS was
recorded at 542 mm sample-detector distance, WAXS at 77 mm. Measurement data
was processed with Microsoft Excel.

Powder X-ray Diffraction (XRD)
Powder XRD experiments were carried out on XRDynamic 500 diffractometer from

Anton Paar with a Cu-Ka X-ray source. 20 angles were collected from 12° to 100°.

X-ray Crystallography

Single crystal X-ray data was collected at 100 K on a Bruker Kappa Apex Il CCD
diffractometerl®® using Mo-Ka radiation (A=0.71073 A). The unit-cell constants and
the orientation matrices were determined by the program CELL_NOW.[1" Data
integration was carried out using SAINT.'6% Empirical absorption corrections were
applied using SADABS.['"1 The structures were solved with use of the intrinsic
phasing option in SHELXTHI?2 and refined by the full-matrix least-squares
procedures in SHELXL2173] as implemented in the program SHELXLE.'" The
space group assignments and structural solutions were evaluated using
PLATON.[1791 Non-hydrogen atoms were refined anisotropically. Hydrogen atoms
were located in a difference map for 7 and located in calculated positions for 9.
Centroids and planes were determined by features of the programs Mercury*7l and
Diamond.l*771 All crystal structure representations were made with the program
Diamond™7” with all non-carbon atoms displayed as 30% ellipsoids. CIF files were
edited, validated and formatted either with the programs encifer,[78 pubICIF,17? or
Olex2.1180

X-ray Photoelectron Spectroscopy (XPS)

XPS measurements were performed using a Supra+ device (Kratos, Manchester,
UK) using an Al-Ka excitation source. The spectra were calibrated based on the
C-C/C-H peak at 284.8 eV in the C 1s spectra. The powder samples were attached
to the carbon tape and placed on a Si wafer. The Si wafer was attached to the sample
holder. Measurements were performed at a takeoff angle of 90° on a spot size of
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300 by 700 microns and a pass energy of 20 eV. Data acquisition and processing
were performed using ESCApe 1.5 software (Kratos).

Optical Microscopy

Digital optical microscopy was done on an Olympus DSX1000 equipped with
DSX10-XLOB objectives and various illumination techniques.

Scanning Electron Microscopy (SEM)

Prior to scanning electron microscopy, the samples were sputtered with a 10 nm
thick iridium layer to guarantee good electrical conductivity. For this kind of sample
preparation, a high vacuum magnetron sputter coater from Leica ACE600 was used.
The samples were analyzed in the Zeiss Ultra 55 SEM with field emission gun using
3 keV electron energy. For acquiring the surface sensitive high-resolution images,
the In-lens secondary electron detector at small working distances (about 3 mm) was
used.

Transmission Electron Microscopy (TEM)

Nano-structural details of selected particles were analyzed by transmission electron
microscopy (TEM) using a FEI Tecnai F20 operated at an acceleration voltage of
200 kV. The microscope was fitted with a Schottky field emission gun and an
ultra-Scan CCD camera for high-resolution imaging. The images were processed
with Digital Micrograph software. The TEM grids were prepared by the standard
preparation procedure for powder samples. The sample particles were suspended
in alcohol and dropped onto a copper TEM grid which was covered with a holey
carbon support film.

Dynamic Light Scattering (DLS)
DLS plots were measured on a Litesizer 500 from Anton Paar in a glass cuvette at

25 °C in side scatter mode. The obtained data was evaluated with the program
Kalliope and plotted using Microsoft Excel.

Gel Permeation Chromatography (GPC)

Gel permeation chromatography (GPC) was done on equipment provided by WGE
Dr. Bures. The system was operated with THF (separating columns were from
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MZ-Gel SD plus, linear 5y; Rl detector SEC 3010). Poly(styrene) standards
purchased from Polymer Standard Service were used for calibration.

Infrared Spectroscopy

All samples were measured as powder in substance on a Bruker ALPHA FT-IR
spectrometer in attenuated total reflection mode and a diamond sample stage. The
measurements were set up using OPUS and evaluated using Spectragryph.[18l

Ultraviolet-visible spectroscopy (UV/Vis)

The UV/Vis absorption spectra were measured in THF at the specified concentration.
A background measurement was taken first using pure THF, and automatically
subtracted from all subsequent measurements. Samples and blanks were mounted
with 1 cm thickness under an inert atmosphere in quartz glass cuvettes. The spectra
were acquired on an Agilent Technologies Cary 60 UV/Vis spectrophotometer. The
gathered data was processed using Spectragryph.[181]

Elemental Analysis (EA)

Samples for elemental analysis were prepared and weighed inside a glovebox. The
CHN contents were then measured on a VARIO Micro Cube from Heraeus.

5.3 Synthetic Procedures
5.3.1 Organogermanes

ArGeXs via Grignard Reaction

The aryl bromide was dissolved in dry Et2O or THF. About 10% of this solution were
immediately added to a suspension of Mg in dry Et2O or THF. After the reaction had
started, the rest of the solution was slowly added over the course of 30 min. The
mixture was subsequently refluxed for another 2 h. Excess Mg was filtrated off
through a Schlenk frit with Celite® and the obtained brown solution was transferred
into a dropping funnel atop a flask with GeClas in dry Et2O. While cooling the flask to
-70 °C, the Grignard solution was dripped into it over the course of 2 h and the
reaction was stirred overnight. The next day, the solution was quenched with HCI.
The layers were separated, the aqueous layer extracted with Et20, the combined
organic layers dried over Na2SO4 and filtrated. Solvents were removed at the
rotovap. Residual aryl bromide was removed through evacuation. The formation of
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ArGeXs was verified by GC/MS. No further purification was undertaken,
consequently neither yield nor NMR spectra were recorded.

phenylGeXs: Reaction of Mg (12.01g, 494 mmol) in dry THF (50 mL),
bromobenzene (67.19g, 427 mmol) in dry THF (100 mL) and GeCls (93.5 g,
436 mmol) in dry Et20 (100 mL). Quenched with 4 M HCI (200 mL). Extracted with
Et20 (2x50 mL). Bromobenzene removed at 40 °C, 1 mbar. MS (El, 70 eV): m/z(%)
255.9(31) [M]*, 220.9(54) [M — CI]*, 112.0(100) [CeHsCI]*, 77.1(51) [CeHs]".

o-tolylGeXs: Reaction of Mg (10 g, 411 mmol) in dry Et20 (50 mL), 2-bromotoluene
(58.3 g, 341 mmol) in dry Et2O (200 mL) and GeCls (75.2 g, 351 mmol) in dry Et20
(100 mL). Quenched with 4 M HCI (200 mL). Extracted with Et2O (3x100 mL).
2-bromotoluene removed at room temperature, 0.1 mbar. MS (El, 70 eV): m/z(%) =
269.9(14) [M]*, 233.9(49) [M — HCI]*, 90.0(100) [C7Hs]".

p-tolylGeXs: Reaction of Mg (21.0 g, 864 mmol) in dry THF (50 mL), 4-bromotoluene
(125 g, 731 mmol) in dry THF (200 mL) and GeCls (165 g, 768 mmol) in dry Et2O
(500 mL). Quenched with 4 M HCI (500 mL). Extracted with Et2O (2x250 mL).
4-bromotoluene removed at 40 °C, 0.5 mbar. MS (El, 70 eV): m/z(%) = 269.9(34)
[M]*, 234.9(32) [M — CI]*, 91.1(200) [C7H7]".

2,5-xylylGeXs: Reaction of Mg (2.80 g, 115 mmol) in dry THF (25 mL), 2-bromo-
p-xylene (18.2 g, 98.3 mmol) in dry THF (100 mL) and GeCls (22.4 g, 104 mmol) in
dry Et20 (70 mL). Quenched with 4 M HCI (150 mL), extracted with Et20 (2x50 mL).
2-bromo-p-xylene removed at room temperature, 9.2*10° mbar. MS (El, 70 eV):
m/z(%) = 283.9(27) [M]*, 248.9(10) [M — CI]*, 105.1(100) [CsHg]*.

2,6-xylylGeXs: Reaction of Mg (5.07 g, 209 mmol) in dry THF (50 mL), 2-bromo-
m-xylene (26.3 g, 142 mmol) in dry THF (150 mL) and GeCls (32.0 g, 149 mmol) in
dry Et20 (100 mL). Quenched with 2.5 M HCI (250 mL), extracted with Et2O (2x100
mL). 2-bromo-m-xylene removed at romm temperature, 5.3*10 mbar. MS (El, 70
eV): m/z(%) = 283.9(14) [M]*, 247.9(37) [M — HCI]*, 104.1(100) [CsHs]*

MesitylGeCls, crude

Magnesium (2.62 g, 108 mmol) was suspended in dry THF (25 mL). 20% of a
solution of bromo-mesitylene (18.1 g, 90.9 mmol) in dry THF (100 mL) were
immediately added to the magnesium. The mixture was brought to reflux with a heat
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gun to start the reaction, after which the rest of the bromo-mesitylene solution was
added dropwise over 30 min. After complete addition, a heating mantle was added
to keep the reaction at reflux for another 2 hours, then dry 1,4-dioxane (25 mL) was
added at room temperature. The reaction was brought to reflux again for 30 min,
then the heating mantle was removed and the suspension allowed to cool to room
temperature. The supernatant was filtrated off through a cannula, the precipitated
MgBr2 was washed once with THF (20 mL). The solution with the Grignard reagent
was dripped into a solution of GeCls (20.6 g, 95.9 mmol) in dry THF (100 mL) over
the course of 2 hours while cooling to -75 °C. After warming to room temperature,
the solution was briefly brought to reflux using a heating mantle, then immediately
allowed to cool to room temperature again. The solvents were removed in vacuo and
replaced with n-pentane (40 mL), which was filtrated via cannula. The residue was
washed twice more with pentane (2x10 mL), then the solvent was evaporated to
produce a yellow powder. Residual bromo-mesitylene was removed through
evacuation at 80 °C, 0.01 mbar. Yield was not determined due to the crude nature
of the product.

MS (EI, 70 eV): m/z(%) = 297.9(22) [M]*, 261.9(48) [M — HCI]*, 118.1(100) [CoH10]*.

p-tolylGeXs via GeClz insertion
GeCls (13.46 g, 62.8 mmol), EtsSiH (10.79 g, 93.8 mmol), 1,4-dioxane (13.8 mL,
14.3 g, 162 mmol) and dry toluene (31 mL) were mixed in a flask. They were refluxed

for 44 hours under stirring. After cooling to room temperature, the resulting
suspension was filtrated and the collected colorless crystals dried to yield 10.23 g
(70%) of GeCl2*1,4-dioxane. The GeCl2*1,4-dioxane (10.23 g, 44.2 mmol) was
mixed with AICl3 (0.348 g, 2.61 mmol) and suspended in 4-bromotoluene (180 mL)
at 30 °C. Then the mixture was heated to 120 °C overnight. After being allowed to
cool to about 50 °C, AICIs was removed through filtration. 4-Bromotoluene was
subsequently condensed off at 43 °C, 0.5 mbar to yield 11.67 g (84%) of yellow
solution. The product mixture consists of various mixed trihalides, therefore no NMR
spectra were taken.

MS (EI, 70 eV): m/z(%) = 269.9(34) [M]*, 234.9(32) [M — CIJ*, 91.1(100) [C7H7]*.
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n-BuGeCls (1)

About 20% of 1-bromobutane (127 g, 927 mmol) dissolved in dry Et2O (150 mL)
were added to Mg (24.75 g, 1.02 mol) suspended in dry Et2O (50 mL),. After the
reaction had started, the rest of the bromobutane solution was added over 20 min.

Additional dry Et2O (250 mL) was added and the reaction stirred overnight. It was
subsequently filtrated through Celite® directly into a flask containing SnCls (46.75 g,
179 mmol) in dry Et20 (250 mL) while cooling to 0 °C. After removing the ice bath,
the solution was stirred once more overnight, then quenched with H20 (400 mL).
The phases were separated, the aqueous phase extracted twice more with Et20
(2x200 mL) and the combined organic phases dried over Na2SOa4. The solvents were
removed at the rotovap to yield 54.2 g (87%) n-BuaSn as clear, colorless liquid. The
n-BusSn (54.2 g, 156 mmol) was mixed with GeCls (33.7 g, 157 mmol) inside a
Carius tube and heated to 215 °C for six hours. After cooling back down, residual
GeC4 was removed under vacuum (room temperature, 10 mbar). Then 22.46 g
(61%) of 2 were isolated as clear colorless liquid through recondensation (70 °C,
17 mbar).

IH NMR (CsDs, 400 MHz): & = 1.35-1.20 (m, 4 H, CH2), 0.99 (m, 2 H, CHz), 0.63 (t,
3 H, 3Jun = 7. Hz, CHs) ppm. MS (El, 70 eV): m/z(%) = 199.9(14) [M — HCIJ",
178.8(55) [M — CaHs]*, 163.9(50) [M — 2 HCIJ*, 108.9(35) [GeCl]*, 57.1(100) [CaHo]*.

ArGeHs

Mixed halides ArGeXs (X=CI, Br) were dissolved in dry Et20. Freshly ground LiAlH4
was added portion wise while cooling with an ice bath. After complete addition, the
ice bath was removed and the mixture stirred for two more hours. The flask was then
put into an ice bath again and the excess of LiAlH4 was quenched with dilute
aqueous H2S0a4. The organic phase was transferred into a separate flask containing
CaClz via cannula and the aqueous phase was extracted with Et2O. The combined
organic phases were then filtrated into a third flask via cannula and the solvents were
removed under vacuum. The product was isolated as colorless liquid through
recondensation.

phenylGeHs (2): Crude phenylGeXs obtained via Grignard reaction of
bromobenzene (67.1 g, 427 mmol) and GeCls (93.5, 436 mmol), dissolved in dry
Et20 (125 mL), reacted with LiAIH4 (15.17 g, 400 mmol), quenched with H2SO4 (5%,
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105 mL), extracted with Et2O (2x50 mL). Recondensed at room temperature,
9.8*103 mbar. Yield: 6.24 g (9.4% based on GeCls). *H NMR (CsDs, 400 MHz): & =
7.33(d, 1 H, 3J4-H = 1.8 Hz, Ar-H), 7.31 (d, 1 H, 3Jx.H = 2.2 Hz, Ar-H), 7.14-7.05 (m,
4 H, Ar-H), 4.24 (s, 3 H, GeHs) ppm. 13C{H} NMR (CsDs, 101 MHz): 5 = 135.7, 131.3,
129.2, 128.6 ppm. m/z(%) = 152.0(100) [M]*, 79.1(79) [CeH7]".

o-tolylGeHs (3): Crude o-tolylGeXs obtained via Grignard reaction of 2-bromotoluene
(58.3 g, 341 mmol) and GeCls (75.2 g, 351 mmol), dissolved in dry Et2O (100 mL),
reacted with LiAlHs (14.0 g, 369 mmol), quenched with H2SO4 (1%, 100 mL),
extracted with dry Et2O (3x50 mL). Recondensed at room temperature, 0.03 mbar.
Yield: 12.8 g (22.5% based on GeCls). *H NMR (CsDs, 300 MHZz): 8 = 7.38 (d, 1 H,
3JHH =6.9 Hz, Ar-H), 7.11 (dd, 1 H, 3J4.H =7.5 Hz, 7.00-6.94 (m, 2 H, Ar-H), 4.22 (s,
3 H, GeHs), 2.16 (s, 3 H, Ar-CHs) ppm. 13C{H} NMR (CeDs, 75.5 MHz): & = 143.5,
136.8, 131.7,130.0, 129.6, 125.9, 23.1 ppm. MS (El, 70 eV): m/z(%) = 166(58) [M]*,
150.9(9) [M — CHgs]*, 91.1(100) [C7H7]*. EA calcd. for C7H10Ge: C: 50.41%, H: 6.04%.
Found: C: 51.53%; H: 5.66%. UV-Vis (THF): Amax (€)=274 (400), 267 (450).

p-tolylGeHs (4): a) Crude p-tolylGeXs obtained via Grignard reaction of
4-bromotoluene (125 g, 731 mmol) and GeCls (165 g, 768 mmol), dissolved in dry
Et20 (200 mL), reacted with LiAlH4 (27.2 g, 717 mmol), quenched with H2SO4 (1%,
250 mL), extracted with Et20O (3x100 mL). Isolated at room temperature, 5*10-2 mbar.
Yield: 15.8 g (12.3% based on GeCls). b) Crude p-tolylGeXs (11.67 g, 37.1 mmol)
obtained via GeCl: insertion, dissolved in dry Et2O (90 mL), reacted with LiAlHa
(2.67 g, 70 mmol), quenched with H2SO4 (1%, 80 mL), extracted with Et20
(3x20 mL). Recondensed at 40 °C, 1 mbar. Yield: 5.03 g (81% based on p-tolylGeXs,
47.6% based on GeCls). *H NMR (CsDs, 400 MHz): & = 7.28 (d, 2 H, 3J1-H = 7.7 Hz,
Ar-H), 6.94 (d, 2 H, 3Ju.1 = 7.6 Hz, Ar-H), 4.28 (s, 3 H, GeHs), 2.06 (s, 3 H, Ar-CHzs)
ppm; 13C{H} NMR (CsDs, 101 MHz): 5 = 138.9, 135.7, 129.5, 127.5, 21.4 ppm. MS
(El, 70 eV): m/z(%) = 166.0(68) [M]*, 151.0(10) [M — CH3]*, 91.1(100) [C7H7]".

2,5-xylylGeHs (5): Crude 2,5-xylylGeXs obtained via Grignard reaction of 2-bromo-
p-xylene (18.2 g, 98.3 mmol) and GeCls (22.4 g, 104 mmol), dissolved in dry Et20
(150 mL), reacted with LiAIH4 (3.83 g, 101 mmol), quenched with H2SOa4 (1%,
150 mL), extracted with Et2O (2x50 mL). Isolated at room temperature,
8.9*10° mbar. Yield: 14.8 g (66.2% based on GeCls). 'H NMR (CsDs, 300 MHz): & =
7.25 (s, 1 H, Ar-H), 6.94 (d, 2 H, 3Ju-+1 = 7.7 Hz, Ar-H), 4.26 (s, 3 H, GeHs), 2.27 (s,
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3 H, Ar-CHa), 2.21 (s, 3 H, Ar-CHs) ppm; 3C{H} NMR (CeDs, 75.5 MHz): & = 140.0,
137.2, 134.6, 131.0, 130.3, 129.1, 22.3, 20.4 ppm. MS (El, 70 eV): m/z(%) =
180.0(64) [M]*, 105.1(100) [CsHs]*, 91.1(96) [C7H]".

2,6-xylylGeHs (6): Crude 2,6-xylylGeXs obtained via Grignard reaction of
2-bromo-m-xylene (26.3 g, 142 mmol) and GeCls (32.0 g, 149 mmol), dissolved in
dry Et2O (100 mL), reacted with LiAlH4 (5.24 g, 138 mmol), quenched with H2SO4
(1%, 150 mL), extracted with Et2O (2x50 mL). Isolated at room temperature,
9.8*103 mbar. Yield: 10.12 g (37.6% based on GeCls). 'H NMR (CsDs, 400 MHz):
0=7.04(t, 1 H, 3J1n = 7.6 Hz, Ar-H), 6.88 (d, 2 H, 3JuH = 7.6 Hz, Ar-H), 4.17 (s,
3 H, GeHs), 2.24 (s, 6 H, Ar-CH3) ppm. MS (El, 70 eV): m/z(%) = 180.0(34) [M]*,
165.0(9) [M — CHa]*, 107.1(100) [CsH11]*

mesitylGeHs (7): Crude mesitylGeCls obtained via Grignard reaction of
bromo-mesitylene (18.1 g, 90.9 mmol) and GeCls (20.6 g, 95.9 mmol), dissolved in
dry Et2O (125 mL), quenched with H2SOa4 (4%, 125 mL), extracted with Et20
(2x30 mL). Isolated at room temperature, 9.1*10-3 mbar. Yield: 7.18 g (38.4% based
on GeCls). IH NMR (CsDs, 300 MHz): 8 = 6.71 (s, 2 H, Ar-H), 4.20 (s, 3 H, Ge-H),
2.26 (s, 6 H, Ar-CHg), 2.11 (s, 3 H, Ar-H) ppm; 3C{H} NMR (CeDs, 75.5 MHz): & =
143.6, 138.6, 128.4, 128.2, 24.0, 21.0 ppm. MS (El, 70 eV): m/z(%) = 194.1(23) [M]*,
179.0(7) [M — CHa]*, 121.1(100) [CoH13]".

n-butylGeHs (8)
1(11.5 g, 48.7 mmol) was dissolved in dry diglyme (50 mL). LiAlH4 (3.4 g, 89.6 mmol)
was added while cooling to -25 °C. The resulting suspension was stirred overnight.

The product was isolated as colorless liquid (5.17 g, 80%) by condensing it directly
out of the reaction mixture at 80 °C, 200 mbar.

IH NMR (CsDs, 400 MHz): & = 3.57 (t, 3 H, 3Ju.n = 3.40 Hz, GeHs), 1.32-1.17 (m,
4 H, CHz), 0.82-0.78 (m, 5 H, CH2&CHs) ppm; MS (El, 70 eV) m/z(%) = 102.9(63)
[C2HsGeH]*, 74.9(100) [GeH]*, 57.1(79) [CaHg]*.

MesitylGeCls (9)
7 (6.11 g, 31.4 mmol) was dissolved in CCls (15 mL), then a spatula tip of palladium

(=10 mg) was added. The reaction was refluxed overnight. After cooling back to room
temperature, palladium was filtrated off via cannula and the solvent removed in
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vacuo to yield 9 (4.12 g, 44%) as colorless powder. To grow an X-ray crystal, some
product (1 g) was dissolved in toluene (5 mL) at 80 °C. The solution was allowed to
slowly cool to room temperature, then placed inside a fridge. After one week,
colorless crystals were observed.

1H NMR (CsDs, 300 MHz): = 6.40 (s, 2 H, Ar-H), 2.40 (s, 6 H, Ar-CHs), 1.86 (s, 3 H,
Ar-CHs) ppm: 23C{H} NMR (CDCls, 75.5 MHz): & = 143.3, 143.6, 130.7, 129.1, 23.9,
21.2 ppm. MS (EI, 70 eV): m/z(%) = 297.9(22) [M]*, 261.9(48) [M — HCIJ*, 118.1(100)
[CoH10]".

o-tolylGeCls (10)
3 (3.60 g, 21.5 mmol) was dissolved in dry THF (50 mL) and cooled to 0 °C. TCCA
(6.00 g, 25.8 mmol) was added portion-wise over 30 min. After an additional 30 min

at 0 °C, the cooling bath was removed and the reaction stirred overnight. The solvent
was removed in vacuo and replaced with n-pentane (20 mL), then the mixture was
filtrated through a cannula. The residue was washed twice with n-pentane
(2x10 mL). The solvents were removed again to yield 4.10 g (71%) of 10 as clear
colorless liquid.

IH NMR (CsDs, 300 MHz): & = 7.54 (d, 1 H, 3Jun = 7.6 Hz, Ar-H), 6.96 (dd, 1 H,
3Jun = 7.4 Hz, Ar-H), 6.85-6.70 (m, 2 H, Ar-H), 2.32 ppm; 3C{H} NMR (CeDs,
75.5 MHz): & = 142.1, 133.8, 133.3, 132.5, 131.8, 126.5, 22.0 ppm. MS (El, 70 eV):
m/z(%) = 269.8(20) [M]*, 233.9(67) [M — HCI]*, 90.0(100) [C7Hs]*. EA calcd. for
C7H7GeCls: C: 31.13%, H: 2.61%. Found: C: 33.04%; H: 2.86%.

o-tolylGe(Cl)H2 (11)
3 (1.22 g, 7.29 mmol) was dissolved in dry THF (30 mL). The solution was cooled to

-80 °C and TCCA (0.57 g, 2.43 mmol) was added in small portions, with each portion
delayed until the previous one had fully dissolved. After complete addition, the
reaction vessel was kept inside the cooling bath overnight, and the two of them were
allowed to slowly warm to room temperature together. The solvent was removed in
vacuo and replaced with n-pentane (20 mL). The mixture was filtrated through a
cannula and the solvent removed through evacuation once again to yield 1.41 g
(96%) of 11 as clear, colorless liquid.
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1H NMR (CsDs, 400 MHz): & = 7.32 (d, 1 H, 3Ju-n = 7.4 Hz, Ar-H), 7.06 (dd, 1 H,
33y = 7.5 Hz, Ar-H), 6.94 (t, 1 H, 3Jnn = 7.4 Hz, Ar-H), 6.88 (d, 1H, 3Ju-+ = 7.6 Hz,
Ar-H), 5.62 (s, 2 H, Ge-H), 2.15 (s, 3 H, Ar-CHz) ppm; $3C{H} NMR (CeDs, 101 MH2z):
5 = 142.6, 134.6, 132.5, 131.1, 129.9, 125.8, 21.7 ppm. MS (DI, 70 eV): m/z(%) =
202.0(25) [M]*, 165(24) [C7H7Ge]*, 93.1(100) [C7Hg]*.

o-tolylGeDs (12)
10 (3.96 g, 14.7 mmol) was dissolved in dry Et2O (15 mL) and cooled to 0 °C. LiAlD4
(1.51 g, 36.0 mmol) was added and the resulting suspension stirred for 2 h at room

temperature. Then the reaction was cooled to 0 °C again and quenched with
aqueous H2S04 (1%, 20 mL). The phases were separated, the aqueous phase
extracted twice more with Et20 (2x10 mL), the combined organic phases dried over
CaClz and the solvent removed in vacuo. The product was isolated by
recondensation (room temperature, 9.5*10-° mbar) to yield 1.73 g (69.6%) of clear
colorless liquid.

I1H NMR (CsDs, 400 MHz): & = 7.37 (d, 1 H, 3Jun = 7.2 Hz, Ar-H), 7.11 (dd, 1 H,
3Jun= 7.5 Hz, Ar-H), 7.00-6.95 (m, 2 H, Ar-H), 2.16 (s, 3 H, Ar-CHs) ppm;
13C{H} NMR (CsDs, 101 MHz): & = 143.5, 136.8, 131.7, 129.9, 129.5, 125.8,
23.1 ppm. IR: v"=3100-2800 (br), 1590 (w), 1482 (vs), 1447 (m) cm™. m/z(%) =
167.0(80) [M]*, 152.0(11) [M — CH3]*, 95.1(100) [C7HsDs]*. EA calcd. for C7H7GeDs:
C: 50.41%, H: 6.04%. Found: C: 49.45%; H: 5.29%.

Attempted preparation of (o-tolylGeH>2)2

Magnesium (0.71 g, 29.1 mmol) was heated under vacuum inside a Schlenk flask.
After cooling to room temperature, 11 (1.47 g, 7.29 mmol) was added, then the mix
was heated to 60 °C. First dry THF (1 mL), then 1,2-dibromoethane (0.1 mL, 0.22 g,
1.2 mmol) were added. The reaction was cooled to 40 °C, and more THF (3 mL) was
added. The reaction was stirred overnight, then cooled to room temperature and
filtrated through a cannula. The residue was washed twice with Et20 (2x5 mL) and
the obtained solution extracted with HCI (5 M, 10 mL). The aqueous phase was
extracted three times with Et20 (3x5 mL), the combined organic phases were dried
over Na2SO4 and the solvents removed under reduced pressure to yield small
amounts of clear, colorless liquid. Analytics (GC/MS, NMR) showed that a mixture
of various coupling and rearrangement products had been obtained.
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5.3.2 Silylgermanes

Me(p-tolyl)GeHz via p-tolylGe(Hz)Li
A C. Young NMR tube was charged with crystalline t-BuLi (9.0 mg, 0.14 mmol) inside

a glovebox. After removal from the box, the bottom of the tube was cooled with Nz(1),
evacuated, and THF[ds] (0.6 mL) condensed inside. Then the tube was submerged
further in the N2(l) and p-tolylGeHs (22 mg, 0.13 mmol) condensed inside as well.
The tube was closed while still evacuated and gradually thawed from top to bottom,
allowing the p-tolylGeHsz and the majority of the THF[ds] to liquefy and mix before
coming into contact with the t-BuLi. After thawing fully, the tube was occasionally
shaken to mix the components, until no more gas bubbles were forming. Then the
tube was subjected to three freeze-pump cycles to remove the formed butane. After
flushing the tube with nitrogen, a *H NMR spectrum was measured.

p-tolylGe(Hz)Li: 1H NMR (THF[ds], 400 MHz): & = 6.81 (d, 2 H, 3Ju-+ = 7.6 MHz, Ar-H),
6.09 (d, 2 H, 3Jnn = 7.2 Hz), 2.65 (S, 2 H, GeH2), 1.55 (s, 3 H, Ar-CHa) ppm.

Next, the tube was frozen once more, Mel (0.23 g, 1.6 mmol) condensed inside and
the tube shaken to mix the components. After 30 min, another 'H NMR spectrum
was measured.

Me(p-tolyl)GeH2: *H NMR (THF[ds], 400 MHz): 8 = 7.35 (d, 2 H, 3Jn-H = 7.9 Hz, Ar-H),
7.13 (d, 2 H, 33n-n = 7.5 Hz, Ar-H), 4.29 (q, 2 H, 3Jun = 3.8 Hz, GeHa), 2.29 (s, 3 H,
Ar-CHz), 0.50 (t, 3 H, 3J11 = 3.8 Hz, Ge-CHs) ppm.

t-Bu2MeSiBr (13)
13 was prepared following a literature procedure.*82l MeSiHCI2 (9.99 g, 87.6 mmol)

was dissolved in dry n-pentane (25 mL) and cooled to 0 °C. t-BuLi in n-pentane
(2.9 M, 94 mL, 179 mmol) was added over 30 min. The ice bath was removed and
the reaction stirred for 40 h. Stirring was stopped and the suspension allowed to
settle, then the supernatant was filtrated off via cannula. The solvent was removed
in vacuo and t-Bu2MeSiH was isolated by recondensation (room temperature,
0.01 mbar) as 8.975 g (56.6 mmol, 66%) of clear, colorless liquid.

This liquid was dissolved again in dry n-pentane (45 mL) and cooled to -40 °C. An
exhaust tube was attached, then Brz (10.5 g, 66.0 mmol) added dropwise through a
septum, until the orange coloration persisted. The clear, orange solution was stirred
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for 3 h at room temperature. The volatiles were removed at room temperature,
10 mbar, and the product recondensed (85 °C, 10 mbar) to produce 13 as clear,
colorless crystals in a yield of 10.35 g (77%).

IH NMR (CsDs, 400 MHz): & = 1.00 (s, 18 H, C-CHs), 0.32 (s, 3 H, Si-CH3) ppm:
29Si{H} NMR (CeDs, 39.5 MHz): & = 42.0 ppm. MS (EI, 70 eV): m/z(%) = 236.1(5)
[M]*, 181.0(28) [M — t-Bu]* , 139.0(100) [Me2SiBr]*, 57.1(25) [t-Bu]*.

t-BuMeRSiGe(ArH2
ArGeHs was dissolved in THF in a Schlenk tube with a glass stir bar and cooled

to -40 °C. t-BuLi in n-pentane was added dropwise with a syringe. The mixture was
stirred for 30 min while cooling, then another 90 min at room temperature. In the
meantime, a second flask was prepared containing either TBDMSCI or DTBMSBr in
THF. This flask was cooled to -30 °C, then a syringe was used to slowly add the
clear, yellow solution that had formed in the first flask. After stirring overnight, the
volatiles (solvents, excess silicon halides) were removed at room temperature,
0.1 mbar. n-pentane was added to the residue and the obtained suspension was
filtrated through a cannula into a separate flask. The solids were washed with more
n-pentane. Then the solvents were evaporated under vacuum once again and the
product was purified by recondensation. The obtained clear, colorless solution was
evacuated one last time (30 °C, 0.1 mbar) to remove thermal degradation products.

TBDMSGe(phenyl)H2 (14): Reaction of 2 (2.58 g, 16.9 mmol) in dry THF (15 mL),
t-BuLi (1.9 M, 9.5 mL, 18.03 mmol) and TBDMSCI (2.56 g, 17.0 mmol) in dry THF
(17 mL). Filtration with dry n-pentane (2x15 mL). Isolation at 60 °C, 5.0*10° mbar.
Yield: 2.48 g (55%). 'H NMR (CsDs, 400): 5 = 7.49 (m, 2 H, Ar-H), 7.14 (m, 3 H,
Ar-H), 4.26 (s, 2H, GeHz), 0.91 (s, 9 H, C-CHs), 0.11 (s, 3 H, Si-CHs) ppm.
13C{H} NMR (CeDs, 101 MHz): & = 136.1, 128.6, 128.3, 27.1, 18.0, 4.4 ppm.
29Si{H} NMR (CeDs, 39.5 MHz): d = 3.6 ppm. MS (El, 70 eV): m/z(%) = 268.1(3) [M]*,
209.0(11) [M — t-Bu, — H2]*, 151.0(12) [phenylGe]*; 115.1(21) [TBDMS]*, 73.1(100)
[MesSi]™.

TBDMSGe(p-tolyl)Hz2 (15): Reaction of 4 (8.9 g, 53.4 mmol) in dry THF (50 mL),
t-BuLi (1.9 M, 30 mL, 57 mmol) and TBDMSCI (8.2 g, 54 mmol) in dry THF (30 mL).
Filtration with dry n-pentane (50+2x30 mL). Isolation at 80 °C, 7.2*103 mbar. Yield:
7.11 g (47%). 15 was alternatively also synthesized under similar conditions with
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n-BuLiat 0 °C, to a yield of 32%. *H NMR (CsDs, 400): & = 7.46 (d, 2 H, 3J1-n = 7.8 Hz,
Ar-H), 7.00 (d, 2 H, 3Jun = 7.4 Hz, Ar-H), 4.29 (s, 2 H, Ge-H), 2.10 (s, 3 H, Ar-CH3),
0.92 (s, 9 H, C-CHa), 0.13 (s, 6 H, Si-CHs) ppm; 1¥C{H} NMR (CeDs, 101 MHZz): d =
137.8, 136.1, 131.1, 129.5, 27.1, 21.4, 18.0, -4.4 ppm; 2Si{H} NMR (CeDs,
39.5 MHz): 5 = 3.4 ppm; *Ge NMR (CsDs, 24.4 MHz): & = -204.7 ppm. IR: v-=3100-
2800 (br), 2062 (vs), 1590 (w), 1475 (m), 1447 (m) cm™t. HRMS (DART): m/z calcd.
for CisH23GeSi 281.0781 [M — H]*, found 281.0791. EA calcd. for CisH23GeSi:
C: 55.56%, H: 8.61%. Found: C: 53.00%; H: 8.64%.

TBDMSGe(2,6-xylyl)Hz2 (16): Reaction of 5 (502 mg, 3.3 mmol) in dry THF (4 mL),
t-BuLi (1.9 M, 2 mL, 3.8 mmol) and TBDMSCI (0.45 g, 3.0 mmol) in dry THF (4 mL).
Filtration with dry n-pentane (5+2x2 mL). Isolation at 70 °C, 5.0*10-3 mbar. Yield:
0.36 g (37%). *H NMR (CsDs, 400): & = 7.06 (dd, 1 H, 3Jn+ = 8.1, 6.9 Hz, Ar-H), 6.96
(d, 2 H, 3Jnn = 7.5 Hz, Ar-H), 4.21 (s, 2 H, Ge-H), 2.37 (s, 6 H, Ar-CHz), 0.92 (s, 9 H,
C-CHa), 0.09 (s, 6 H, Si-CHz3) ppm; **C{H} NMR (CsDs, 101 MHz): & = 143.5, 135.1,
128.4, 127.5, 26.9, 25.3, 18.0, -3.9 ppm; 2°Si{H} NMR (CsDs, 39.5 MHz): & =
4.2 ppm. MS (El, 70 eV): m/z(%) = 296.1(4) [M]*, 239.1(2) [M — t-Bu]*, 179.0(20)
[xylylGe]*, 115.1(20) [TBDMS]*, 105.1(13) [xylyl]*, 73.1(100) [MesSi]*.

DTBMSGe(p-tolyl)Hz2 (17): Reaction of 4 (1.17 g, 7.02 mmol) in dry THF (10 mL),
t-BuLi (1.9 M, 2 mL, 7.6 mmol) and DTBMSBr (1.8 g, 7.6 mmol) in dry THF (10 mL).
Filtration with n-pentane (10+2x5 mL). Isolation at 160 °C, 5.6*102 mbar. Yield:
1.06 g (47%). *H NMR (CesDs, 400): 6 = 7.49 (d, 2 H, 3Jn.H = 7.6 Hz, Ar-H), 7.00 (d,
2 H, 3Jnn = 7.5 Hz, Ar-H), 4.35 (s, 2 H, Ge-H), 2.10 (s, 3 H, Ar-CHa), 1.02 (s, 18 H,
C-CHa), 0.15 (s, 3 H, Si-CHz) ppm; **C{H} NMR (CsDs, 101 MHz): & = 137.7, 136.2,
132.1, 129.5, 29.2, 21.4, 20.9, -7.2 ppm; 2°*Si{H} NMR (CsDs, 39.5 MHz): & = 13.0
ppm; 3Ge NMR (CeDs, 24.4 MHz) & = -207.3 ppm. HRMS (El): m/z calcd. for
C16H30GeSi 324.1328 [M]*, found 324.1308. EA calcd. for CisH30GeSi: C: 59.47%,
H: 9.36%. Found: C: 58.99%, H: 9.05%.

TBDMSGe(mesityl)H2 (18)
7 (1.776 g, 9.12 mmol) was dissolved in dry THF (10 mL) in a Schlenk tube equipped
with a glass stir bar. MeLi in Et20 (1.6 M, 6.5 mL, 10.4 mmol) was slowly added while

stirring at O °C. The reaction was allowed to warm to room temperature and stirred
for 2 d. TBDMSCI (1M in dry THF, 10.5 mL, 10.5 mmol) was added and the mixture
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stirred for another day. Next, volatiles (solvents and excess TBDMSCI) were
removed under vacuum (room temperature, 0.1 mbar). The residue was suspended
in dry n-pentane (10 mL) and the suspension filtrated through Celite®. The filter cake
was washed twice more with n-pentane (2x5 mL). The n-pentane was removed
again under reduced pressure and the remaining clear, colorless liquid was
recondensed (125 °C, 5.5*10° mbar). The condensate was evacuated one last time
(60 °C, 0.01 mbar) to remove traces of unreacted 7 and thermal degradation product
TBDMSH. This left pure 18 as clear colorless liquid in a yield of 1.25 g (45%).

IH NMR (CeDs, 400): & = 6.80 (s, 2 H, Ar-H), 4.23 (s, 2 H, GeH2), 2.39 (s, 6 H,
Ar-CHzs), 2.14 (s, 3 H, Ar-CHzs), 0.94 (s, 9 H, C-CH3s), 0.11 (s, 6 H, Si-CH3) ppm;
13C{H} NMR (CsDs, 101 MHz): 3 =143.3, 137.6, 131.1, 128.5, 27.0, 25.1, 21.2, 18.1,
-3.9 ppm; 2°Si{H} NMR (CesDs, 39.5 MHz): & = 4.0 ppm; MS (El, 70 eV): m/z(%) =
310.1(5) [M]*, 253.1(2) [M — t-Bu]*, 194.0(47) [mesitylGeH]*, 119.1(21) [mesityl]*,
115.1(10) [TBDMS]*, 73.1(100) [MesSi]*.

Attempts at Dearylation of TBDMSGe(p-tolyl)Hz with TFOH

Attempt A: TfOH (18 pl, 0.20 mmol) was added to 9 (52 mg, 0.18 mmol) in dry CH2Cl2
(2 mL) at 0 °C. After stirring for 1 h, LiCl (79 mg, 1.9 mmol) was added and the
mixture stirred over the weekend. Afterwards, the obtained suspension was pushed

through a syringe filter and the solvents removed under vacuum to produce a mixture
of yellow solid and colorless liquid (93 mg).

Attempt B: TfOH (32 pl, 0.362 mmol) was added dropwise to 9 (104 mg, 0.369 mmol)
in dry CH2Cl2 (1 mL) at O °C. After stirring for 1 h, the solvent was removed under
vacuum and replaced with Et2O (1 mL). Then LiAIH4 (1 spatula tip, ~20 mg,
~0.5 mmol) was added and the mix stirred 1 h. Et2O was removed (room
temperature, 200 mbar), then product isolation was attempted through
recondensation (room temperature, 0.01 mbar). However, no condensate could be
obtained.

Attempt C: TFOH(16 ul, 0.181 mmol) was added to 9 (57 mg, 0.20 mmol) in CDClIs
(0.7 mL) at 0 °C. The reaction was monitored with regular *H NMR spectra.

Attempt D: TFOH(18 pl, 0.20 mmol) was added to 9 (63 mg, 0.22 mmol) in dry toluene
(2 mL) at -40 °C. After stirring for 1 h, MeLi (1.04 M in Et20, 0.25 mL, 0.251 mmol)
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was added while still cooling to -40 °C. Next, the mixture was allowed to warm to
room temperature. Et2O was removed (room temperature, 100 mbar) and CeDs
(2 ml) was added to facilitate NMR measurements.

Attempt E: TFOH(16 pl, 0.18 mmol) was added to 9 (60 mg, 0.21 mmol) in dry toluene
at -60 °C. After stirring for 1 h, MeLi (1.04 M in Et20, 0.25 mL, 0.251 mmol) was
added while still cooling to -60 °C. The cooling bath was removed and the mixture
allowed to warm to room temperature. Et2O was evaporated (room temperature,
100 mbar) and replaced with CeDs (1 ml) to facilitate NMR measurements.

Neither the triflate TBDMSGe(OTf)H2 nor any of its derivatization products were
found in any of the above attempts. Instead, the degradation product TBMDSOTf
was identified: 'H NMR (CDCls, 400 MHz): & = 1.01 (s, 9 H, C-CH3), 0.46 (s, 6 H,
Si-CHs), consistent with reported values.[18]

TBDMSGe(ChH2(19), NMR scale monitoring

A C. Young NMR tube was charged with CsDs (0.7 mL) and AICIs (13.6 mg,
0.102 mmol) inside a glovebox. After addition of 15 (72 mg, 0.26 mmol) the tube was
removed from the glovebox. Then HCI (1 M in Et20, 0.25 mL, 0.25 mmol) was
injected to start the reaction. The compounds in the mixture were monitored via their
characteristic GeH2 resonance in *H NMR (CsDs, 400 MHz): & = 5.25 (s, 2 H,
Ge(ChH2), 4.25 (s, 2 H, Ge(tolyl)H2) ppm.

t-BuMeRSiGe(ChH2
A flask was charged with t-BuMeRSiGe(Ar)Hz in Et20. HCI in Et2O was added,
immediately followed by AICIs. The mixture was stirred overnight, then n-pentane

was added and the precipitated AICls removed by filtration through Celite®. The filter
cake was washed with more n-pentane and the combined filtrate solutions stored
without further workup. The solvents were only removed directly before further use
and replaced either with CeDs (for NMR spectroscopy) or Et2O (for follow-up
reactions).

TBDMSGe(Cl)H2 (19): a) Reacted 14 (2.48 g, 9.36 mmol) in dry Et2O (5 mL), HCI
(2 M, 5.5 mL, 11 mmol) and AICIs (0.250 g). Filtrated with n-pentane (10+10 mL). b)
Reacted 15 (1.87 g, 6.64 mmol) in dry Et20 (5 mL), HCI (2 M, 3.8 mL, 7.6 mmol) and
AICI3 (0.167). Filtrated with n-pentane (10+2x5 mL). Solvents removed at -20 °C,
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1 mbar. c) Reacted 16 (1.12 g, 3.08 mmol) in dry Et2O (10 mL), HCI (2 M, 2 mL,
4 mmol) and AICIz (0.110 g). Filtrated with dry n-pentane (10+10 mL). Solvents
removed at -20 °C, 1 mbar. d) Reacted 18 (1.12 g, 3.66 mmol) in dry Et2O (4 mL),
HCL (2 M, 2 mL, 4 mmol) and AICIs (0.131 mg). Filtrated with dry n-pentane
(10+10 mL). Solvents removed at -20 °C, 1 mbar. *H NMR (CsDs, 400 MHZ): d =
5.25 (s, 2 H, Ge-H), 0.77 (s, 9 H, C-CHs3), 0.05 (s, 6 H, Si-CHz) ppm; **C{H} NMR
(CsDs, 101 MHZz): d = 26.8, 18.2, -5.9 ppm; ?°Si{H} NMR (CeDs, 39.5 MHz): & =
8.8 ppm.

DTBMSGe(Cl)H2z (20): Reacted 17 (1.0 g, 3.1 mmol) in dry Et2O (4 mL), HCI (2 M,
1.8 mL, 3.6 mmol) and AICIs (136 mg). Filtrated with dry n-pentane (10+2x5 mL).
Solvents removed at -25 °C, 0.1 mbar. *H NMR (CsDs, 400 MHz): & = 5.38 (s, 2 H,
Ge-H), 0.92 (s, 18 H, C-CHs), 0.10 (s, 3 H, Si-CHz) ppm; 2°Si{H} NMR (CsDs,
39.5 MHz): 6 =16.4 ppm.

t-BuMeRSiGeHs
LiAlH4 was added to a solution of t-BuMeRSiGe(CIl)Hz in Et20 at -20 °C. The reaction
was stirred overnight at RT, then concentrated by evacuating it to 400 mbar for 1 h.

Then the entire mixture was recondensed (30 °C, 0.1 mbar) and the remaining Et20
removed at 100 mbar to leave a clear, colorless liquid.

TBDMSGeHs (21): 19 [unknown amount obtained from 15 (1.87 g, 6.64 mmol)] in
Et2O (20 mL), LiAlH4 (740 mg, 14.3 mmol). Obtained 0.49 g of mixture: 21 (83%
w/w), Et20 (9% w/w), toluene (8% wiw). Yield: 32% based on 15.*H NMR (CsDes,
400 MHz): & = 3.06 (s, 3 H, Ge-H), 0.88 (s, 9 H, C-CHs3), 0.09 (s, 6 H, Si-CHzs) ppm;
13C{H} NMR (CsDs, 101 MHz): & = 26.4, 17.2, -4.2 ppm; 2Si{H} NMR (CsDs,
39.5 MHz): & = 4.4 ppm. HRMS (EI): m/z calcd. for CeH18GeSi 192.0389 [M]*, found
192.0382.

DTBMSGeHs (22): 20 [unknown amount obtained from 17 (1.0 g, 3.1 mmol)] in Et2O
(10 mL), LiAlH4 (470 mg, 12.4 mmol). Yield: 0.45 g (63% based on 17). H NMR
(CeDs, 400 MHz): & = 3.10 (s, 3 H, Ge-H), 0.98 (s, 18 H, C-CH3), 0.11 (s, 3 H,
Si-CHz) ppm; ¥C{H} NMR (CsDs, 101 MHz) & = 28.8, 20.3, -6.8 ppm; 2°Si{H} NMR
(CeDs, 39.5 MHz): 6 = 14.8 ppm. HRMS (El): m/z calcd. for CoH22GeSi 232.0702
[M — Hz]*, found 232.0708.
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5.3.3 RLi reactivity studies

n-Bu(p-toly)GeH2 (23)
a) Unintentional synthesis: 4 (384 mg, 2.3 mmol) was dissolved in dry Et20 (2.5 mL).

n-BuLi in hexanes (1.51 M, 1.6 mL, 2.4 mmol) was added dropwise at 0 °C. A yellow
suspension formed, which was allowed to warm to room temperature and stirred for
an additional hour, before being added dropwise to a solution of TBDMSCI (403 mg,
2.67 mmol) in dry THF (3 mL) at -20 °C. After complete addition, the reaction was
stirred for 1 h at 0 °C, then overnight at room temperature. The solvents were
replaced with n-hexane (3 mL), and the mixture pushed through a syringe filter. The
residue was washed once with hexane (3 mL), then the solvents were removed
under vacuum to leave a colorless liquid.

b) Intentional synthesis: 4 (503 mg, 3.01 mmol) was dissolved in dry Et20 (3 mL).
The solution was cooled to 0 °C and n-BuLi in hexanes (1.51 M, 2 mL, 3.02 mmol)
was added dropwise. The resulting yellow suspension was stirred for 1 h, then the
solvents were removed in vacuo and the product was isolated through
recondensation (50 °C, 0.012 mbar). Yield: 401 mg (59.5%) of clear, colorless liquid.

1H NMR (CsDs, 400 MHz): & = 7.40 (d, 2 H, 3Jun = 8.0 Hz, Ar-H), 7.02 (d, 2 H, 3Jr.n =
7.7 Hz, Ar-H), 4.55 (t, 2 H, 3Ju+ = 3.2 Hz, GeH2), 2.11 (s, 3 H, Ar-CHz), 1.38-1.46
(m, 2 H, CH2), 1.22-1.31 (m, 2 H, CH2), 1.01-1.07 (m, 2 H, CH2), 0.81 (3, 3 H, 3Jn.n =
7.3 Hz, CH3) ppm; ¥C{H} NMR (CsDs, 101 MHz) d = 138.6, 135.3, 131.7, 129.4,
29.2, 26.0, 21.4, 13.9, 11.8 ppm. HRMS (DART): m/z calcd. for C11H17Ge 223.0542
[M — H]*, found 223.0555. EA calcd. For Ci11HisGe: C: 59.27%, H: 8.14%. Found:
C: 59.15%, H: 8.75%.

t-Bu(p-tolylGeHz (24)
4 (542 mg, 3.3 mmol) was dissolved in dry n-pentane (4 mL) and cooled to -85 °C.

While stirring with a glass bar, t-BuLi in n-pentane (1.9 M, 2 mL, 3.8 mmol) was
added over 5 min. The cooling bath was removed and the yellow suspension allowed
to warm to room temperature. It was stirred for another hour, then the mixture was
filtrated through a cannula, the solvents were removed under reduced pressure, and
the product was isolated through recondensation a (45 °C, 6.3*10-® mbar) as clear,
colorless liquid (0.27 g, 33%).

97



'H NMR (CsDs, 400 MHZz): & = 7.41 (d, 2 H, 3Jn-+ = 7.9 Hz, Ar-H), 7.02 (d, 2 H, 3Jx-H
= 8.0 Hz, Ar-H), 4.57 (s, 2 H, GeHy), 2.11 (s, 3 H, Ar-CH3), 1.09 (s, 9 H, C-CH3s) ppm;
13C{H} NMR (CsDs, 101 MHz) d = 138.7, 135.9, 131.5, 129.4, 29.0, 22.4, 21.4 ppm.
MS (EI, 70 eV): m/z(%) = 224.1(10) [M]*, 166.0(100) [M - t-Bu]*, 91.1(50) [C7H7]",
57.1(56) [CaHq]".

Screening Reactions

All screening reactions followed the same general process: ArGeHs was dissolved
in dry solvent and cooled to -40 °C. A slight excess of RLi solution (MeLi in Et20,
n-Buli in hexanes, sec-BuLi in cyclohexane/hexane, i-BuLi in n-heptane, t-BuLi in
n-pentane, PhLi in Bu20O) was added dropwise while stirring with a glass stir bar.
After complete addition, the reaction was first stirred for 30 min at -40 °C, then for
another 90 min while being allowed to warm to room temperature. Then the reaction
was cooled again to -40 °C, and TBDMSCI (1 M in THF) was added in excess as
derivatization reagent for GC/MS analysis (note: while there are many cheaper and
faster options for derivatization, TBDMSCI was chosen because the so produced
compounds were useful precursors for (triarylsilyl)germanium trihydride synthesis).
The solvents were replaced with n-pentane, the mixture was filtrated, and the
resulting clear solution was analyzed on the GC/MS. Where only the silylated
product was present, it was isolated through vacuum removal of the solvents,
followed by recondensation. Table 10 shows which starting materials were used for
each screening reaction, Table 11 lists the relative peak areas for all germanium
containing compounds found in a GC/MS (El, 70 eV) of each reaction mixture after
the experiment. Compounds were identified either by their retention time (tr) and
fragmentation pattern.

Ar = p-tolyl: 4 (tr = 5.15 min): m/z(%) = 166.0(68) [M — Hz]*, 91.9(100) [C7H7].
Me(p-tolyl)GeH2 (tr = 6.10 min): m/z(%) = 182.0(28) [M]*, 165.0(100) [C7H:Ge]",
91.1(53) [C7H7]*. Me2z(p-tolyl)GeH (tr = 6.62 min): m/z(%) = 196(19) [M]*, 181(100)
[M — CHa]*, 165(24) [C7H7Ge]*, 91.1(41) [C7H7]*. i-Bu(p-tolyl)GeH: (tr = 8.05 min):
m/z(%) = 222.1(6) [M — Hz]*, 165.0(21) [C7H7Ge]*, 132.0(69) [M — C7Hs]*, 91.1(100)
[C7H7]*. sec-Bu(p-tolyl)GeH2 (tr = 8.08 min): m/z(%) = 224.1(7) [M]*, 165.0(100)
[C7H7Ge]*, 91.1(53) [C7H7]*. 15 (tr = 9.61 min): m/z(%) = 282.1(3) [M]*, 166.0(19)
[C7H7GeH]", 73.1(100) [MesSi]*. i-Buz(p-tolyl)GeH (tr = 9.73 min): m/z(%) =
280.1(<1) [M]*, 223.1(18) [M — CaHq]*, 167.0(100) [C7H7GeH2]*, 91.1(21) [C7H7]".
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phenyl(p-tolyl)GeH: (tr = 10.02 min): m/z(%) = 244.1(56) [M]*, 165.0(99) [C7H7Ge]",
151.0(100) [CeHsGe]*, 91.1(100) [C7H7]*. p-tolyl2GeH2 (tr = 10.63 min): m/z(%) =
257(28) [M — H]*, 166(100) [C7H7GeH]*, 91.1(99) [C7H7]*. TBDMSGe(i-Bu, p-tolyl)H
(trR = 10.92 min): m/z(%) = 338.2(6) [M]*, 222.1(98) [M — TBDMSH]*, 165(100)
[C7H7Ge]*, 73.1(96) [MesSi]*. Me(p-tolyl2)GeH (tr = 10.96 min): m/z(%) = 271.1(15)
[M — HJ*, 257.1(100) [M — CHs]*, 180(61) [M — C7Hs]*, 165(78) [C7H7Ge].
TBDMSGe(phenyl, p-toly)H (tr = 12.64 min): m/z(%) 358.2(5) [M]*, 280.0(1)
[M — CeHe]*, 242.0(100) [M — TBDMSH]*, 167.1(20) [C7H7GeH2]*, 73.1(45) [MesSi]*.
phenylz(p-tolyl)GeH (tr = 13.08 min): m/z(%) = 319.1(20) [M — H]*, 242.0(80)
[M — CeHe]*, 228(100) [M — C7Hs]*, 167.1(50) [C7H7GeHz]*, 151(53) [CeHsGe]".
p-tolylsGeH (tr = 13.98 min): m/z(%) = 347.1(15) [M — H]*, 256.1(100) [M — C7Hs]*,
165.0(42) [C7H7Ge]", 91.1(32) [C7H7]".

Ar = o-tolyl: 3 (tr = 5.33): m/z(%) = 166(58) [M]*, 150.9(9) [M — CHa]*, 91.1(100)
[C7H7]*. n-Bu(o-tolyl)GeH2z (tr = 8.38 min): m/z(%) = 224.1(11) [M]*, 165.0(100)
[C7H7Ge]*, 91.1(56) [C7H7]*. t-Bu(Cz2Hs, o-tolyl)\GeH (tr = 8.76 min): m/z(%) =
252.1(4) [M]*, 193.0(21) [CoH11Ge]*, 119.1(100) [CoH11]*. n-Bu(C2Hs, o-tolyl)GeH
(tr = 9.28 min): m/z(%) = 252.1(6) [M]*, 195.0(14) [M — CaHs]*, 165.0(3) [C7H:Ge]*,
119.1(100) [CoH11]*. TBDMSGe(o-tolyl)Hz (tr = 9.69 min): m/z(%) = 282.1(4) [M]*,
165.0(16) [C7H-Ge]*, 115.1(19) [TBDMS]*, 73.1(100) [MesSi]*. n-Buz(o-tolyl)\GeH
(tr = 10.22 min): m/z(%) = 280.0(3) [M]*, 223.1(28) [M — CaHg]*, 167.0(100) [C7Hs]",
91.1(33) [C7H7]. o-tolyl2GeH2 (tr = 10.58 min): m/z(%) = 258.1(24) [M]*, 166.0(96)
[C7Hs]*, 91.1(100) [C7H7]*. o-tolyl2(C2Hs)GeH (tr = 11.30 min): m/z(%) = 286.1(11)
[M]*, 194.0(6) [CeH12Ge]*, 165.0(17) [C7H7Ge]*, 119.1(100) [CoHi1], 91.1(31)
[C7H7]*.

Ar = 2.6-xylyl: 5 (tr = 6.59 min): m/z(%) = 180.0(34) [M]*, 165.0(9) [M — CHg]*,
107.1(100) [CsHi1]*. Me(2,6-xylyl)GeH2 (tr = 7.22 min): m/z(%) = 196(29) [M],
179.0(100) [CsHeGe]", 105.1(42) [CsHo]*. Me2(2,6-xylyl)GeHz (tr = 7.73 min):
m/z(%) = 210.1(22) [M]*, 195.0(100) [M — CHs]*, 178.9(15) [CsHeGe]*, 105.0(37)
[CsHo]*. t-Bu(2,6-xylyl)GeH:z (tr = 8.62 min): m/z(%) = 238.1(10) [M]*, 179.0(100)
[CsHoGe]*, 105.1(56) [CsHo]*. n-Bu(2,6-xylyl)GeHz (tr = 9.15 min): m/z(%) =
238.1(13) [M]*, 179(100) [CsHoGe]*, 105.1(38) [CsHs]*. TBDMSGe(2,6-xylyl)H2 (tr =
10.40 min): m/z(%) = 296.1(4) [M]*, 178.9(18) [CsHeGe]*, 73.1(100) [MesSi]".
TBDMSGe(Me, 2,6-xyly)Hz (tr = 10.71 min): m/z(%) = 308.2(5) [M]*, 194.0(64)
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[M — TBDMSH]*, 179.0(87) [CsHsGe]*, 73.1(100) [MesSi]*. 2,6-xylyl.GeH:z (ir =
11.81 min): m/z(%) = 286.1(24) [M]*, 180.0(100) [CsHsGeH]*, 105.1(98) [CsHs]*.

Ar = mesityl: 7 (tr = 7.40 min): m/z(%) = 194.1(23) [M]*, 179.0(7) [M — CHgs]*,
121.1(100) [CoHas3]*. Me(mesityl)GeHz (tr = 7.97 min): m/z(%) = 210.1(8) [M],
193.0(28) [CoH11Ge]*, 121.1(12) [CoHas]". TBDMSGe(mesityl)Hz (tr = 10.90 min):
m/z(%) = 310.1(4) [M]*, 253.0(2) [M — CaHgo]*, 194(46) [CoH12Ge]*, 73.1(100)
[MesSi]*. TBDMSGe(Me, mesity)H tr = 11.16 min): m/z(%) = 324.1(6) [M],
208.1(57) [C10H14Ge]*, 193.0(100) [CoH11Ge]*, 73.1(100) [MesSi]*:

Table 10: List of screening reactions

Nr. ArGeHs Base (amount) Solvent (volume)
S1 4 (3.4 mmol) i-BuLi (1.7 M, 2 mL, 3.4 mmol) Pentane (4 mL)
S2 4 (3.1 mmol) sec-BuLi (1.3 M, 2.4 mL, 3.1 mmol) Pentane (4 mL)
S3 4 (3.6 mmol) MelLi (1.6 M, 2.4 mL, 3.8 mmol) Et2O (5 mL)
S4 4 (3.7 mmol) i-BuLi (1.7 M, 2.2 mL, 3.7 mmol) Et20 (5 mL)
S5 4 (2.7 mmol) sec-BuLi (1.3 M, 2.1 mL, 2.7 mmol) Et20 (4 mL)
S6 4 (3.5 mmol) PhLi (1.9 M, 2.0 mL, 3.6 mmol) Et2O (4 mL)
S7 4 (3.6 mmol) MeLi (1.6 M, 2.4 mL, 3.8 mmol) THF (5 mL)
S8 4 (3.7 mmol) i-BuLi (1.7 M, 2.2 mL, 3.7 mmol) THF (5 mL)
S9 4 (3.7 mmol) sec-BuLi (1.3 M, 2.8 mL, 3.6 mmaol) THF (5 mL)
S10 4 (3.5 mmol) PhLi (1.9 M, 2.0 mL, 3.8 mmol) THF (4 mL)
S11 3(2.65 mmol) n-BuLi (2.5 M, 1.2 mL, 3.00 mmol) Et20 (4 mL)
S12 3(2.03 mmol) t-BuLi (1.9 M, 1.2 mL, 2.28 mmol) Et20 (3 mL)

S13 6 (2.08 mmol) MeLi (1.6 M, 1.4 mL, 2.24 mmol)
n-BuLi (1.6 M, 0.7 mL, 1.12 mmol + 2.5 M, 0.5 mL,

1.25 mmol; total: 1.2 mL, 2.37 mmol)
t-BuLi (1.9 M, 1 mL, 1.90 mmol)

Pentane (4 mL)

S14 6 (1.64 mmol) Pentane (4 mL)

S15 6 (1.87 mmol) Pentane (4 mL)

S16 6 (1.74 mmol) MeLi (1.6 M, 1.2 mL, 1.92 mmol) Et2O (4 mL)
S17 6 (2.88 mmol) n-BuLi (1.6 M, 1.4 mL, 2.24 mmol + 2.5 M, 0.3 mL, EtO (4 mL)
0.6 mmol; total. 1.7 mL, 2.84 mmol)
S18 6 (6.35 mmol) n-BuLi (2.5 M, 2.6 mL, 6.50 mmol) Et20 (5 mL)
S19 6 (1.62 mmol) t-BuLi (1.9 M, 0.9 mL, 1.71 mmol) Et20 (3 mL)
S20 6 (6.64 mmol) t-BuLi (1.9 M, 3.6 mL, 6.84 mmol) Et20 (5 mL)
S21 6 (1.93 mmol) MelLi (1.6 M, 1.4 mL 2.24 mmol) THF (4 mL)
S22 6 (1.84 mmol) n-BuLi (2.5 M, 0.8 mL, 2.00 mmol) THF (4 mL)
S23 6 (2.78 mmol) t-BuLi (1.9 M, 2.0 mL, 3.80 mmaol) THF (5 mL)
S24 7 (1.63 mmol) MelLi (1.6 M, 1.1 mL, 1.76 mmol) Et20 (4 mL)
S25 7 (1.67 mmol) MelLi (1.6 M, 1.2 mL, 1.92 mmol) THF (4 mL)
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Table 11: Relative GC area [%] for germanium containing products of screening reactions.
Germanium free compounds omitted.

Nr. ArG R(Ar)GeH, TBDMSGe(Ar)H, R.ArGe TBDMSGe(R, Ar,GeH, Other Ge

S1 12 7 26 <1 <1 <1 4
S2 0 59 30 0 0 0 0
S3 <1 55 0 26 0 0 0
S4 0 52 2 32 4 0 4
S5 5 64 24 0 0 0 0
S6 0 52 4 14 17 0 0
S7 <1 42 <1 9 0 <1 2
S8 3 45 30 11 2 0 1
S9 3 20 71 0 0 0 0
S10 <1 24 42 0 0 0 0
S11 0 79 7 1 0 0 2
S12 12 10 22 0 0 5 18*
S13 2 22 <1 2 0 0 <1
S14 5 83 0 0 0 0
S15 8 8 15 0 0 6 3
S16 O 9 12 2 3 2 <1
S17 38 0 0 0 0 <1 2
S18 2 8 64 0 0 10 0
S19 38 0 0 0 0 3 1
S20 28 0 13 0 0 36 0
S21 0 90 0 0 0 0
S22 0 86 0 0 0 0
S23 <1 0 100 0 0 0 0
S24 46 11 3 0 0 0 0
S25 3 0 67 0 4 0 0

*Very high number of “Other Ge” in S12 due to t-Bu(Cz2Hs)GeH: (1%), t-Bu(CzHs, o-tolyl)GeH (10%),
o-tolyl2(C2Hs)GeH (5%). The origin and position of the two additional carbon atoms is not clear. They
are also present in much lower amounts in S11.

5.3.4 Nanoparticle Preparation

Ge@Ar via Microwave

For these experiments, a Microwave Synthesis Reactor Monowave 300 from Anton
Paar was used. A microwave vial (10 mL) was charged with ArGeHs, solvent and, if
specified, TMEDA. The vial was closed with a sealed cap and put into the microwave.
The vial was heated to the target temperature as fast as possible, held there for the
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indicated time, then cooled to 50 °C before being automatically vented to the
atmosphere. The contents of the microwave vial were transferred into a Schlenk
flask with a Pasteur pipette, and the vial was washed once with the solvent used for
the reaction (5 mL). Then all volatiles were removed under vacuum (50 °C, 0.5 mbar)
and collected in a separate flask for supernatant analysis. The colored residue was
transferred into a glovebox for storage. Due to cleavage of varying amounts of aryl
groups and the resulting non-stoichiometric material, yields are given as product
weight divided by precursor weight. Calculated EA values are not provided for the
same reason.

Ge@o-tolyl (microwave) (25):

25a: 3 (0.18 g, 1.1 mmol), dry DME (2 mL). 250 °C, 10 min. Yield: 0.010 g (5.6%
w/w) of orange powder.

25b: 3 (0.16 g, 0.959 mmol), dry DME (1.5 mL), TMEDA (0.111 g, 0.959 mmol).
250 °C, 10 min. Yield: 0.016 g (10% w/w) of orange powder.

25c: 3 (0.192 g, 1.15 mmol), dry DME (2 mL), TMEDA (0.16 g, 1.3 mmol). 250 °C,
30 min. Yield: 0.031 g (16% wi/w) of orange powder.

25d: 3 (0.450 g, 2.70 mmol), dry DME (4 mL), TMEDA (0.31 g, 2.7 mmol). 250 °C,
3x15 min. Yield: 0.100 g (22% w/w) of red powder.

25e: 3 (0.423 g, 1.54 mmol), dry DME (4 mL), TMEDA (0.31 g, 2.7 mmol). 260 °C,
2x15 min. Yield: 0.151 g (36% wi/w) of red/brown powder.

25f: 3 (0.435 g, 2.61 mmol), dry toluene (4 mL), TMEDA (0.31 g, 2.7 mmol). <265 °C,
4x15 min. Yield: 0.242 g (56% wi/w). EA found: C: 34.07%; H: 3.09% of red/brown
powder.

259: 3 (0.426 g, 2.55 mmol), dry diglyme (4 mL), TMEDA (0.31 g, 2.7 mmol). 270 °C,
2x15 min. Yield: 0.327 g (77% w/w) of black powder. EA found: C: 28.96%, H: 2.89%.

25h: 3(0.418 g, 2.51 mmol), dry diglyme (4 mL), TMEDA (0.31 g, 2.7 mmol). 240 °C,
4x20 min. 0.290 g (69% w/w) of black powder. EA found: C: 29.47%, H: 3.04%.

25i: 3(0.485 g, 2.88 mmol), dry diglyme (4 mL), TMEDA (0.31 g, 2.7 mmol). 300 °C,
2x10 min. Yield: 0.208 g (42% w/w) of black powder. EA found: C: 25.31%, H: 2.65%.
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Ge@mesityl (microwave) (26):

26a: 7 (0.39 g, 2.0 mmol), dry diglyme (2.7 mL), TMEDA (0.23 g, 2.0 mmol). 270 °C,
2x15 min. Yield: 0.180 g (46%) of black powder. EA found: C: 14.56%, H: 2.53%.

26b: 7 (0.52 g, 2.7 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g, 2.7 mmol). 210 °C,
2x15 min. Yield: 0.049 g (9.4%) of orange liquid.

Ge@Ar via reflux
A Schlenk tube was charged with ArGeHs and dry diglyme. If TMEDA was used, the

volume of diglyme was reduced by the same amount to keep ArGeHs concentration
consistent. An oil bath was pre-heated to 180 °C, then the Schlenk tube was
submerged in it to start the reflux. The reaction was heated for the indicated time,
after which the oil bath was removed. The flask was allowed to cool down a bit, then
volatiles were removed under reduced pressure (50 °C, 0.5 mbar) and collected in
a separate flask for supernatant analysis. The colored residue was transferred into
a glovebox for storage. Due to cleavage of varying amounts of aryl groups and the
resulting non-stoichiometric material, yields are given as product weight divided by
precursor weight. Calculated EA values are not provided for the same reason.

Ge@o-tolyl (reflux) (27):

27a: 3 (0.44 g, 2.6 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g, 2.7 mmol), 24 h.
Yield: 211 mg (48% wi/w) of orange powder. EA found: C: 36.92%, H: 3.73%.

27b: 3 (0.44 g, 2.6 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g, 2.7 mmol), 70 h.
Yield: 330 mg (75% wi/w) of red powder. EA found: C: 35.70%, H: 3.70%.

27c: 3 (0.44 g, 2.6 mmol), dry diglyme (4 mL), 24 h. Yield: 83 mg (19% w/w) of
orange powder. EA found: C: 39.27%, H: 4.08%.

27d: 3 (0.44 g, 2.6 mmol), dry diglyme (4 mL), 92 h. Yield: 260 mg (59% w/w) of
brown powder. EA found: C: 33.63%, H: 3.18%.

27e: 3(2.44 g, 14.6 mmol), dry diglyme (18 mL), TMEDA (1.54 g, 13.3 mL). Aliquots
(2 mL) removed after 0 h (27e0), 4 h (27e4), 6 h (27e6), 12 h (27€e12), 24 h (27e24),
48 h (27e4s), 72 h (27e72) and 120 h (27e120). Volatiles were removed from each
aliquot (30 °C, 0.1 mbar), after which the material was left as film on the flask walls
ranging from pale yellow (27eo0) to deep red (27ei20) in color. A yield was not
determined. EAz7e120 found: C: 39.4%, H: 3.83%.

103



27f: 12 (0.44 g, 2.6 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g, 2.7 mmol), 24 h.
Yield: 234 mg (53% wi/w) of orange powder. EA found: C: 37.96%, H: 3.74%.

279: 3 (0.44 g, 2.6 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g, 2.7 mmol), 8 h.
Yield: 78 mg (18% w/w) of sticky yellow film on the flask walls.
Ge@2,6-xylyl (reflux) (28):

28a: 5 (0.421 mg, 2.33 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g, 2.7 mmol),
92 h. Yield: 249 mg (59% wi/w) of brown powder. EA found: C: 34.03%, H: 3.39%.

28a: 5 (435 mg, 2.41 mmol), dry diglyme (4 mL), 94 h. Yield: 93 mg (21% w/w) of
black flakes.
Ge@mesityl (reflux) (29):

29a: 7 (0.52 g, 2.7 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g, 2.7 mmol) 94 h.
Yield: 283 mg (54% wi/w) of brown powder. EA found: C: 37.18%, H: 4.51%.

29b: 7 (0.52 g, 2.7 mmol), dry diglyme (4 mL), 92 h. Yield: 54 mg (10% w/w) of
black flakes. EA found: C: 28.7%, H: 3.83%.

29c: 7 (0.52 g, 2.7 mmol), dry diglyme (4 mL), TMEDA (0.31 g, 2.7 mmol) 24 h.
Yield: Small amounts of brown liquid, weight not determined.

29d: 7 (0.52 g, 2.7 mmol), dry diglyme (4 mL), 192 h. Yield: 116 mg (22% w/w) of
black powder. EA found: C: 25.2%, H: 3.35%.

Ge@n-butyl (30)

Attempt 1: Reflux: 8 (0.41 g, 3.1 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g,
2.7 mmol), 24 h. No product obtained.

Attempt 2: Reflux: 8 (0.41 g, 3.1 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g,
2.7 mmol), 72 h. No product obtained.

Attempt 3: Carius tube: 8 (0.41 g, 3.1 mmol), dry diglyme (3.6 mL), TMEDA (0.31 g,
2.7 mmol). 180 °C, 16 h. Yield: Orange material intermixed with O-ring plastic.
Weight not determined.
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Ge@TBDMS (31)
21 (0.23 g, 1.20 mmol) was mixed with dry diglyme (2 mL) and TMEDA (0.16 g,
1.34 mmol) in a Schlenk flask with a reflux condenser and an overpressure bubbler

(+0.1 bar). The mixture was heated to 120 °C for 3 h. At this point the reaction was
stopped, because brown solids had begun precipitating. After the flask had cooled
down again, volatiles were removed (room temperature, 0.1 mbar) leaving behind
small amounts of brown powder. The collected volatile fraction was further
concentrated for GC/MS analysis under vacuum (room temperature, 1.2 mbar).

Supernatant: MS (El, 70 eV): m/z(%) = 378.1(0.1) [M — 2 Hz]* (calcd. for
C12H30Ge2Siz 378.03), 190.0(9) [TBDMSGeH]*, 115.1(11) [TBDMS]*, 73.1(100)
[MesSi]*.

Ge@DTBMS (32)
22 (0.100 g, 0.429 mmol) was mixed with dry diglyme (2 mL) and TMEDA (0.16 g,
1.3 mmol) in a Schlenk flask with a reflux condenser and an overpressure bubbler

(+0.1 bar). The mixture was heated to 110 °C. A yellow color was noticeable within
1 h. After 3 h of heating, the mixture was a deep orange and solids had started
precipitating. Heating was stopped and the flask left to cool down. Volatiles were
then removed under reduced pressure (room temperature, 1 mbar), leaving behind
small amounts of orange solids.

5.3.5 Nanoparticle modification

H202 etching of Ge@o-tolyl
A Schlenk tube was charged with 27e120 (0.160 mg). H202 (0.165 mL, 30% w/w in
H20, 1.61 mmol) was added, and the reaction was stirred for 90 min. The solution

turned from red to orange over the duration. At this point the reaction was diluted
with degassed H20 (2 mL), which caused precipitation of red powder, and stirred
overnight. The powder had redissolved in the morning and the color of the solution
had changed to yellow. The solvents were removed under vacuum and the solids
resuspended in dry THF. The solution was filtrated through a cannula and THF was
evaporated under reduced pressure to yield 98 mg of pale yellow powder.
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Functionalization of Ge@o-tolyl with 3-chloro-1-propene (33)

A Schlenk flask was charged with dry THF (10 mL) and 27a (0.05 g, 0.3 mmol).
3-chloro-1-propene (93 mg, 1.2 mmol) and AIBN (8 mg) where added and the
reaction was refluxed overnight. Then the volatiles were removed under vacuum

(room temperature, 0.1 mbar) to yield 32 mg of orange powder.

Annealing of Ge@o-tolyl

A sample of 27a (40 mg) was transferred into a ceramic dish. The ceramic dish was
put into a glass tube under nitrogen, which was put into a tube furnace (Carbolite
GHA 12/600). The sample was heated to a temperature of 220 °C, 240 °C or 500 °C
for 4 hours. After cooling back down to room temperature, the sample was

transferred into a Schlenk tube and evacuated (room temperature, 0.01 mbar) to
remove any potential degradation products.
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Appendix
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Figure 51: UV/Vis spectrum of 3 in THF. ¢c=1.83 mg/L.
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Figure 52: GPC elution curve for 279 dispersed in THF
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Table 12: Crystallographic data and details of measurements for compounds 9 and 7 Mo
Ka (A=0.71073A). R1= 3/ |Fol- |Fc|/|Z|Fd; wR2 = [Ew(F02-F22)2/sw(F02)2]1/2

Compound AT1165 - 2,4,6- AT1168 - 2,4,6-mesitylGeH3
Formula CoH11Cl:Ge CoH14Ge
Fw (g mol?) 298.12 194.79
a(A) 7.0358(6) 8.1103(8)
b (A) 8.3017(7) 7.0333(7)
c (A 10.5145(9) 8.3740(9)
a(®) 73.172(3) 90

B(°) 75.640(3) 104.400(4)
v () 85.454(3) 90

V (A3 569.46(8) 462.66(8)
z 2 2

Crystal size (mm)
Crystal habit
Crystal system
Space group

dcaic (Mg m-3)

p (mm-t)

T (K)

26 range (°)
F(000)

Tmin, Tmax

Rint

No. of measured,
independent and observed

[I > 20(1)] reflections
independent reflections

No. of parameters,
Apmax, Apmin(e A3)
R1, wR2 (all data)

R1, wR2 (>20)

0.16 x 0.14 x 0.12
Block, colourless
Triclinic

P-1

1.739

3.35

100(2)

2.6-33.2

296

0.550, 0.747
0.047

51532, 4332, 4172

4332

121,0

0.79, -0.43
R1=0.0183
WR2 = 0.0465
R1=0.0171
wWR2 = 0.0458

0.17 x 0.15 x 0.09
Block, colourless
Monoclinic
P21/m

1.398

3.24

100(2)

2.5-33.3

200
0.622,0.747
0.076

14507, 871, 841

871

95, 2

0.50, -0.60
R1=0.0301
wR2 = 0.0807
R1 =0.0294
wR2 = 0.0799
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Figure 54: Crystal structure diagram for 9. All non-carbon atoms shown as 30% shaded ellipsoids.
Hydrogen atoms omitted for clarity.

Ge

Figure 55: Crystal structure diagram for 7. All non-carbon atoms shown as 30% shaded ellipsoids.
Hydrogen atoms not metal-bound omitted for clarity.
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Figure 56: Powder SAXS curve of 25d
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Figure 57: Powder SAXS curve of 25e
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Figure 58: Powder SAXS curve of 25f
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Figure 59: Powder SAXS curve of 25g
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Figure 60: Powder SAXS curve of 25h
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Figure 61: Powder SAXS curve of 25i
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Figure 62: Powder SAXS curve of 26a
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Figure 63: Powder SAXS curve of 27b
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Figure 64: Powder SAXS curve of 27d
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Figure 65: Powder SAXS curve of 27e120
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Figure 66: Powder SAXS curve of 27f
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Figure 67: Powder SAXS curve of 28a
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Figure 68: Powder SAXS curve of 28b
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Figure 69: Powder SAXS curve of 29a
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Figure 70: Powder SAXS curve of 29b
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Figure 71: Powder SAXS curve of 29d
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Figure 72: Powder SAXS curve of 27e12 after etching with H202
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