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Abstract

Abstract

Semiconductors play a vital role in our daily life in the digital age. Almost every electronic
device depends on the application of semiconducting materials, and the continuously growing
demand for electric power requires the development of highly efficient alternative energy
sources and storage capacities. However, the design of novel materials relies on
understanding chemical reactions on a molecular level. Here, small-scale model systems
represent an inexpensive possibility to investigate physical and chemical properties of a variety
of substances. Within the binary solid-state phases A.Gei7 and AsGeg (A = alkali metal) the
deltahedral germanium clusters [Ges]* and [Geg]* are contained, which can be seen as
synthons at the border of isolated molecules and solid-state-like structures. Within this thesis
reactions of the four- and nine-atom clusters with main group element compounds and
transition metal complexes are described, yielding functionalized and intermetalloid clusters,

respectively.

The first part of this thesis focuses on reactions of the twofold and threefold silylated clusters
[Geo{Si(TMS)s}2]?~ and [Geo{Si(TMS)s}s]~ with main group element compounds. In comparison
to the bare ion [Geg]* the silylated clusters feature an enhanced solubility as well as a
decreased reductive potential, thus allowing the generation of stable mixed-substituted

clusters.

The reactions of chlorophosphines RRPCI (R, R = alkyl, alkenyl, aryl, aminoalkyl) with the
twofold and threefold silylated clusters yielded the monoanionic species [Geo{Si(TMS)s}.PRR']-
and the charge-neutral cluster [Geo{Si(TMS)s}s{P'Bu{(CH2)sCH=CH,}}], respectively. In
subsequent reactions the anionic cluster species were reacted with silver-carbenes, yielding
the adducts NHCPPPAQ[Geo{Si(TMS)3}.PRR] in which the transition metal either coordinates
to the [Geg] cluster or to the phosphanyl moiety, in dependence of the steric shielding of the
organic ligands R and R'. Indicative for the latter case is the 'J(3'P-'97Ag/'%®Ag) spin-spin

coupling observed in the *'P NMR spectra.

Furthermore, the oxidative-coupling of two [Ges{Si(TMS)s}.]* clusters is reported, yielding the
anionic dimer [Geo{Si(TMS)s}.].2~. Within the reaction the added chloroborane Cy.BCl acts as

an oxide-scavenger as corroborated by the isolation of the boryl ether Cy.B-O-BCys..

The boranyl-decoration of the twofold silylated cluster was achieved upon its reaction with
chloro-1,3,2-diazaborolidines DABR-CI (R =Me, Pr, o-tol). The formed anionic species
[Geo{Si(TMS)3}.DABF]~ were crystallized as the copper-carbene adducts. Quantum chemical
calculations provide the idea of intramolecular frustrated Lewis acid-base pairs, formed by the

attachment of distinct boranyl ligands.



Abstract

Reactions of the anion [Geo{Si(TMS)s}2]> with bromo-1,3,2-diazaborolidines DABR-Br
(R=o-tol, Mes, Dipp) in cyclic ethers vyielded the mixed-substituted clusters
[Geo{Si(TMS)s}2(CH2),0-DABR] (n = 3, 4), comprising incorporated ring-opened ether entities.
In dependency of the applied alkali metal counterion the monoanionic clusters reveal a

structural isomerism concerning the ligand arrangement at the [Geg] cluster core.

In similar experiments the incorporation of imine moieties was observed upon conducting the
reactions in various nitriles RC=N (R' = alkyl, alkenyl, aryl). The obtained deep red species
[Geo{Si(TMS)3},{R'C=N}-DABF|- form in a frustrated Lewis pair-like reaction. In further
experiments the protonation of the incorporated imine moiety was achieved, resulting in the
formation of the green-colored zwitterion [Geg{Si(TMS)s}2{MeC=N(H)}-DAB(II)°*?]. As
corroborated by UV-Vis spectroscopic investigations in combination with quantum chemical
calculations, the bathochromic shift is most probably induced by charge-transfer processes

between the cluster and the iminium entity.

The second part of this thesis discusses reactions of non-functionalized germanide clusters
with organometallic reactants. Reactions of the solid-state precursors AsGeg and A12Geq7 with
zinc organyls in liquid ammonia yielded a series of intermetalloid clusters, such as the dianionic
species [(n*:n3-Ges)(ZNnEt).]*". While the isolated cluster species extend the number of known
four- and nine-atom polyanions coordinating to Zn(ll) fragments, the characterization of various
Zn-amides, which formed as by-products in liquid ammonia, accounts for the detection of

intermediates on the way to intermetalloid Ge-Zn clusters.

Transition metal atoms do not only coordinate to the surface of [Geg] clusters, but are also
incorporated into the cluster shell, thereby generating so called endohedral clusters. The
reaction of KsGeg with a nickel precursor in ethylenediamine generated the doubly-filled cluster
[Ni2@Ge+7]*, which in combination with the cobalt-filled ion [Co.@Ge17]®~ bridges the gap
between known 16- and 18-atom endohedral germanides. The arrangement of the Ge vertex
atoms in the obtained polyanions is discussed with respect to structure motifs derived from

icosahedra.

Usually, alkali metal counterions balance the negative charge of nonagermanide clusters.
However, the counterions can readily be exchanged by reacting the cluster precursors with
magnesium organyls, thus obtaining the compounds [Mg(NacNacVes)(MeCN)4]
[Geo{Si(TMS)3}s] and [K[2.2.2]crypt]aiMg(NacNacMes)(NH3)4o[Ges-Geg] featuring  Mg(ll)
counterions. The presented reactions open the way to the synthesis of compounds which are

not accessible through the application of the respective solid-state precursors.
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Kurzzusammenfassung

Halbleiter sind in unserem heutigen Leben im Digitalzeitalter unabkémmlich. Halbleitende
Materialien finden hierbei in fast allen elektronischen Bauteilen Anwendung, wahrend der
Bedarf an hocheffizienten, alternativen Energiequellen und Speichersystemen aufgrund des
stetig steigenden Energiebedarfs wachst. Fir die Herstellung neuer Materialien ist ein
grundlegendes Verstandnis der chemischen Vorgange auf einer molekularen Ebene nétig.
Das Studium der chemischen und physikalischen Eigenschaften neuer Substanzen anhand
kleiner Modellsysteme bietet hierbei einen kostenglinstigen Ausgangspunkt. Die bindren
Festphasen A1,Ge17 und AsGeg (A = Alkalimetall) enthalten die deltaedrischen Cluster [Ges]*-
und [Geg]*, welche als Bausteine zwischen einzelnen isolierten Molekilen und
festkorperartigen Strukturen angesehen werden kdnnen. In dieser Dissertation werden
Reaktionen der vier- und neunatomigen Cluster mit Hauptgruppenelementverbindungen sowie
Ubergangsmetallkomplexen untersucht, welche in funktionalisierten bzw. intermetalloiden

Clustern resultieren.

Der erste Teil der Arbeit behandelt Reaktionen der zweifach- und dreifach-silylierten Cluster
[Geo{Si(TMS)s}2]> und [GeofSi(TMS)s}s]- mit Hauptgruppenelementverbindungen. Im
Vergleich zu den nicht-funktionalisierten [Geg]-Clustern weisen die silylierten Spezies eine
hoéhere Léslichkeit sowie ein geringeres Reduktionspotential auf, was die Herstellung stabiler,

gemischt-funktionalisierter Spezies erleichtert.

In Reaktionen der Chlorphosphane RR'PCI (R, R' = Alkyl, Alkenyl, Aryl, Aminoalkyl) mit dem
zweifach- und dreifach-silylierten Cluster wurden die Anionen [Geo{Si(TMS)s}.PRR']" bzw. der
neutrale Cluster [Ges{Si(TMS)s}s{P'Bu{(CH)sCH=CH,}}] erhalten. Die anionischen Spezies
wurden in weiteren Reaktionen mit Silbercarbenen umgesetzt, wobei die Addukte
NHCPPPAQ[Geo{Si(TMS)3}.PRR'] erhalten wurden. In den Verbindungen koordiniert das
Ubergangsmetall in Abhéngigkeit von der sterischen Hinderung durch die organischen Reste
R und R entweder direkt an den [Geg]-Cluster oder an die Phosphanylgruppe. Letzterer Fall
fahrt zur Ausbildung von "J(3'P-1"Ag/'%°Ag) Spin-Spin Kopplungen in den *'P NMR Spektren.

Des Weiteren wird die oxidative Kopplung zweier Cluster [Geo{Si(TMS)s}.]>~ unter Bildung des
Dimers [Geq{Si(TMS)s}.].*~ beschrieben. Hierbei dient das zugesetzte Chlorboran Cy.BCl als

Fanger fur Oxidionen, was durch die Isolierung des Diboroxans Cy»B-O-BCy- bestatigt wurde.

Die Funktionalisierung des zweifach silylierten Clusters mit Boranylliganden wurde durch
Reaktionen des Clusters mit Chlor-1,3,2-diazaborolidinen DAB®-CI (R = Me, 'Pr, o-tol) erreicht.
Die gebildeten Anionen [Ges{Si(TMS)3:}.DABR]- wurden als Kupfercarben-Addukte kristallisiert.
Quantenchemischen Berechnungen weisen darauf hin, dass die Anbindung bestimmter

Boranylliganden prinzipiell zur Ausbildung von frustrierten Lewis Sdure-Base Paaren fihrt.

\Y



Kurzzusammenfassung

Die gemischt-substituierten Cluster [Geo{Si(TMS)3}2(CH2),0-DABR|~ (n=3, 4) wurden in
Reaktionen des zweifach silylierten Clusters mit Brom-1,3,2-diazaborolidinen DAB®-Br
(R = o-tol, Mes, Dipp) in zyklischen Ethern hergestellt und beinhalten Ring-gedéffnete
Etherfragmente. In Abhangigkeit von den Alkalimetall Gegenionen wurden verschiedene
Strukturisomere beobachtet, die sich hinsichtlich der Anordnung der Liganden am [Geg]-

Cluster unterscheiden.

In vergleichbaren Experimenten wurde die Inkorporierung von Iminfragmenten beobachtet,
wobei die Reaktionen in verschiedenen Nirtrilen R'C=N (R' = Alkyl, Alkenyl, Aryl) durchgefiihrt
wurden. Die erhaltenen roten Cluster [Geo{Si(TMS)3}2{R'C=N}-DAB"]" bilden sich hierbei nach
einem frustrierten Lewis-Paar Mechanismus. Des Weiteren wurde die Iminfunktion protoniert,
was in der Bildung des griinen Zwitterions [Geo{Si(TMS)s}2{MeC=N(H)}-DAB(I1)?*?] resultierte.
UV-Vis spektroskopische Untersuchungen in Kombination mit quantenchemischen
Berechnungen deuten darauf hin, dass der bathochrome Effekt durch Ladungsibergange

zwischen dem Cluster und dem Iminiumfragment verursacht wird.

Im zweiten Teil der Arbeit werden Reaktionen nicht-funktionalisierter Germaniumcluster mit
Ubergangsmetallkomplexen diskutiert. Reaktionen der Festphasen AsGeg und A12Geq7 mit
Zinkorganylen in flissigem Ammoniak fuhrten zur Bildung einer Reihe intermetalloider Cluster,
wie zum Beispiel des Dianions [(n*:n3-Ges)(ZnEt).]*". Die Isolierung der verschiedenen Cluster
erganzt die Reihe der bereits bekannten vier- und neunatomigen, Zn(ll)-koordinierten
Polyanionen. Des Weiteren wurden verschiedene Zinkamide als Nebenprodukte isoliert,
welche als Zwischenstufen auf dem Weg zu intermetalloiden Ge-Zn Clustern betrachtet werden

konnen.

Ubergangsmetalle kdnnen jedoch nicht nur an den [Geg]-Cluster koordinieren, sondern auch
inkorporiert werden. Dies flhrt zur Bildung sogenannter endohedraler Cluster. Der zweifach
gefllite Cluster [Ni@Ge17]* wurde in einer Reaktion von KsGes mit einem Nickelorganyl aus
Ethylendiamin erhalten und fiillt zusammen mit dem Cluster [Co.@Ge17]® die Liicke zwischen
bekannten 16- und 18-atomigen endohedralen Germaniden. Die Anordnung der Gerlistatome

in den isolierten Anionen wird im Hinblick auf ikosaedrische Strukturmerkmale diskutiert.

Im Allgemeinen finden Alkalimetalle als Gegenionen zu negativ geladenen, neunatomigen
Germaniumclustern Verwendung. Die Gegenionen kdnnen jedoch in Reaktionen der Cluster-
Prakursoren mit Magnesiumorganylen ausgetauscht werden, wobei die Verbindungen
[Mg(NacNacMes)(MeCN)4][Geo{Si(TMS)s}s] und [K[2.2.2]crypt]a[Mg(NacNac“es)(NH3)a4]2
[Geq-Geg] erhalten wurden, welche Mg(ll) lonen enthalten. Die beschriebenen Reaktionen
ebnen den Weg zur Herstellung von Clusterverbindungen, die nicht ausgehend von den

entsprechenden Festphasen zuganglich sind.

\
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1 Introduction

1 INTRODUCTION

1.1 Occurrence, Supply and Applications of Elemental Germanium

1.1.1 Exploitation of Germanium

The element germanium was first isolated by Clemens Winkler (1838-1904) upon reduction of
GeS,, which naturally occurs in the minerals argyrodite AgsGeSs and germanite CusFeGe,Ss.!"!
The natural abundance of Ge in the earth’s crust is low with approximately 0.00014 wt %, while
its lighter homologue Si occurs with 29.5 wt % in the upper continental crust.”? Ge does not
exist in its native state in nature, and the retrieval of pure Ge is a challenging process involving
multiple steps. Flue gasses of the Zn producing industry or coal burning are commonly used
as a starting material for the extraction of Ge due to the relative high concentration of GeO- in
the dust. The recovery of Ge from flue gasses of the Zn manufacturing process initiates with
the extraction of the Ge and Zn oxides from the crude flue gasses by the addition of sulfuric
acid. Upon increasing the pH value the oxides are reformed, and subsequently transferred into
the chlorides GeCls and ZnCl, using hydrochloric acid. The volatile Ge-halide is distilled off and
hydrolyzed to yield pure GeO-, which then is reduced to elemental Ge in a H, gas stream.
Finally, zone melting leads to single crystalline, elemental Ge.l"! The close relation between
the Zn- and the Ge-producing industry is reflected in similar trends concerning the world
production capacity over time (Figure 1). Today, the biggest supplier of Ge is China with a
share of 66 % of the worldwide production of 130 t in the year 2020.5! Despite the fluctuating
price per unit, the capacity in the production of Ge shows an increasing trend over the last

three decades (Figure 1b), closely related to the designation of Ge as an element of strategic
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Figure 1. World production (t/year; red graph) of a) Zn and b) Ge and the corresponding development of the unit
value ($/kg; black graph) in the years 1992-2020.134 6-81
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Today, sustainable chemistry has become a meaningful field of research and the recovery of
elements from decommissioned devices is of great interest, concerning the avoidance of
environmental pollution, for example upon open-pit mining. Also recycling Ge scrap is of
interest as the world production capacity of this semiconductor is limited and the reward is
high. Consequently, today about 30 % of the total Ge amount consumed per year is recovered
from discarded products.®! Working-up Ge-containing waste is a multistep process, which is
highly dependent on the composition of the recycling feed material. In order to separate Ge
from other elements various methods like solvent extraction, ion-exchange, or chelation are
applied. However, due to the low quantity of Ge in many products, the recycling of this element
is a demanding process including the usage of aggressive chemicals and the formation of by-

products.®11

1.1.2 Properties and Applications of Germanium

Due to its semiconducting character and high electron mobility a-Ge (indirect band gap:
0.67 eV)M was used to fashion the first transistors and found application as substrate in GaAs
and GalnP llI-V photovoltaic cells for satellites.!'>'¥ The offered high efficiency is beneficial for
the design of powerful, low-weight modules for use in outer space.!'>'¥! Furthermore, optical
lenses, prisms and windows are produced from Ge and GeO; as both are transparent to
infrared irradiation. Thus, many optical devices like IR spectroscopes or night vision tools rely
on the utilization of this specific element.l" ' The oxide GeO: is known as a fertile catalyst in
the production of polyethylene terephthalate, producing polymers of outstanding white color
and stability towards hydrolysis.['®'"l Even though Ge increases the hardness of certain alloys,
its high production costs prohibit the element to be widely used in metallurgic applications.['?
However, it is of interest concerning scientific aspects. Exemplarily, the intermixing of Ge and
Si leads to solid solutions of the general composition Ge1.Six.['®'® On a nanoscale level this
blending is used to create Ge/Si-based composite materials as thin films or nanocrystals, which
show a tunable composition in combination with interesting properties regarding their
application in telecommunication, as transistors, and detectors.?>2®l Upon shrinking down Ge
to the nanometer size-regime an adjustable photoluminescence of the particles is observed
which is absent in bulk Ge, causing the particles to be of interest for the design of light emitting
devices.?*2% With respect to the energy transition from fossil fuels to renewable power sources
the demand for highly efficient energy accumulators is continuously growing. Here,

investigations also focus on Ge as potential anode material in alkali metal ion batteries.[26-31

All application areas listed above as well as the demand for developing new technologies and
materials fighting climate change require knowledge about the reactivity of the pure element
Ge itself. Therefore, basic research is a necessity to explore the versatile chemical behavior
2
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of the semiconductor Ge towards a range of substances. Investigations on a molecular level
are of special interest as only little amounts of the element are required, and oftentimes small
particles show different physical properties than the element in bulk. As a molecular model
system for the pure element nano-particles might be utilized, however their preparation often
suffers from a broad size distribution as well as difficulties in describing the resulting materials
on an atomic level.®? As an alternative, within this work the Zint/ cluster anion [Geg]*~ is used
as a precursor to investigate targeted reactions of Ge with transition metal complexes and
main group element compounds. The utilized nonagermanide clusters resemble pre-formed,
three-dimensional building blocks, which are prepared in a reliable, straightforward way. Thus,
they reveal a suitable basis for the synthesis of functionalized, extended, or net-like structures.
The obtained products are characterized by single crystal structure determination, revealing
the deepest possible insight into the connectivity of single atoms. Furthermore, consecutive
reactions corroborate the controllable reactivity of the synthesized polyanions, paving the way

for potential future applications.
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1.2 From Elemental Germanium to Molecular Clusters

The discovery of three-dimensional aggregates of (semi)metals featuring metal-metal bonds
and triangular or polyhedral structure motifs, including non-classical bonds between the atoms,
prompted the nomenclature of the respective atom arrangements as clusters.?334 Besides
transition metal-based molecules also main group elements like Ge are prone to arrange
accordingly.B%3% Within this thesis, especially reactions with clusters made of this tetrel
element are investigated. Two major paths towards such clusters exist, which split into a
bottom-up synthesis path utilizing molecular precursors, and a solid-state route starting directly
from the elements. The two methods in principal, as well as the resulting clusters will be

described in the following sections.

1.2.1 Bottom-up Route

So called bottom-up synthesis protocols reveal a prosperous route towards Ge-rich clusters.
The different synthetic approaches lead to a great number of ions and compounds, which can
formally be divided into electron deficient Zintl ions, clusters comprising unsubstituted vertex
atoms, and all saturated, electron-precise cage compounds. In case the cluster features a
higher number of vertex atoms than ligands, and the oxidation state of the cage-forming atoms
lies between 0 and +l, such species are referred to as “metalloid” clusters.?% 4% The analogous
term is applicable for similar compounds of the heavier homologue Sn, whereas Si-rich clusters
are usually referred to as “siliconoids”, irrespective of the formal oxidation state of the Si
vertices.B” 41421 A prerequisite for the latter terminus are unsubstituted cluster atoms solely
bonded to further vertices pointing into one theoretical half-sphere around the “naked” cage
atom (purple atoms in Figure 2). These so called “hemispheroidal” cluster vertices comprise
the formal oxidation state 0, and thus are seen as model systems for the description of bulk

element surfaces.B"!

An important synthesis method towards homonuclear Ge clusters is the disproportionation of
metastable Ge(l) halides with main group element compounds. Via this method clusters like
[Geo{Si(TMS)s}s]- (Figure 2a),™  [Ge{E(TMS)s}s]>> (E=Si, Ge; Figure 2b),1#449
[Ge14Brs(PEt3)4],*5471 or the cubane [Ges{2,6-('Bu0).CsHs}s] (Figure 2c)® are accessible.
Further routes towards molecular clusters are the reductive elimination including the cleavage
of leaving groups, and the reductive coupling of R,GeX.., species (R = organic ligand,
X = halide) in the presence of GeX: salts.*’ Respective examples are the syntheses of the
clusters [Ge1o{SiBus}sl]* P as well as [Ges{N(TMS)Dipp}s],5" and [Ges{CH(TMS)2}e]
(Figure 2d).52 Additionally, the propellane [GesMesg] °° is formed by reductive coupling.
Intriguingly, also heteronuclear propellanes like [Ge;SisMess] (Figure 2e),% [Gex{SnCIR}s]

4
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(R = 2,6-dimesitylphenyl), or [SiR,GesR's] ¢ (R = Bu, R = SiMe'Bu.) are accessible, the
latter species of which dimerizes upon photolysis. Via the application of a reactive diselenide
to GeCl, in the presence of a reducing agent the digermatetrasila-analogue of
hexasilabenzene, [Ge,SisRs] (R = 2,4,6-PrsCsH,), is prepared (Figure 2f).57]

a) b) c)

Ge(TMS),
Si(TMS),
aryl
Ge Ge Gehem

Gehem

Ge
Gehem

d) e)

Mes
CH(TMS), /' aryl
¢ Si T

hem
/ ¢ Si ge' /
Ge Gehem

¢ ¢
¢ ¢ (%

¢

Figure 2. Various clusters obtained from bottom-up synthesis approaches. a) The metalloid Zint/ cluster ion
[Geo{Si(TMS)3}s];31 b) the extended metalloid cluster [Ge1s{Ge(TMS)s}s]*~;[“4l ¢) the cubane [Ges(aryl)s] (aryl =
{2,6-(BuO)2CeH3});#81 d) the fully saturated cage [Ges{CH(TMS)2}s];®@ e) the heteronuclear propellane
[Ge2SisMese];1?4 ) the hexasilabenzene-analogue [Ge2Sis(aryl)s] (aryl = 2,4,6-PrsCesH2).571 Hemispheroidal vertex
atoms GeM®™ are shown in purple.

1.2.2 Solid-State Approach

Intermetallic compounds consisting of an electropositive element (alkali or alkaline earth metal)
as well as an electronegative counterpart (elements of groups 14-16) are referred to as Zintl
phases and oftentimes contain molecular clusters (Zintl ions).[" Such solid-state materials are
usually prepared by reacting the elements in inert containers at high temperatures, which
guarantees high yields and purities of the obtained products. The structures of the obtained
compounds can be described using an ionic bonding concept including a charge separation
between the two elements. Thus, according to the Zintl-Klemm concept, the element accepting
the valence electrons adopts structure motifs observed for isoelectronic, charge-neutral
compounds of the adjacent higher group of the periodic table.*®*% The bonding situation is
evaluated by applying the 8-N rule (N = number of valence electrons). As an example, layers
of threefold bonded formal “Ge™" ions exist in CaGe; in analogy to grey arsenic,* 6" while CaGe

(“Ge?™) exhibits zigzag chains as found in the hexagonal modification of Se or Te.[' 2 Further
5
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formal “Ge?™” entities are observed in the dumbbell of [Gez]*~ (LisNaGe:),’®*! which resembles
molecular oxygen. Intriguingly, the highly charged motif [Ge2]® (‘Ge*”, BaMg.Ge;) forms the
tetrel element analogue to molecular bromine.®¥ Consequently, in Ca,Ge (“Ge*™) isolated Ge
atoms are surrounded by a matrix of cations, mimicking inert gas behavior.%® Even more
complicated structures such as the butterfly-like arrangement of Ge vertices in [Ge4]® (BasGes)
can be explained following the 8-N rule, as a combination of two three-valent (“Ge™) and two

two-valent (“Ge?™”) Ge atoms.®!

a)

[Eq]*

[E]*

QE=siPb ALE;,

Figure 3. Different cluster types in the solid-state phases a) AsEs and b) A12E17 containing either solely [Es]*~ anions
or the anions [E4]*~ and [Eg]* in a 2:1 ratio, respectively. For the illustration the crystallographic data of
a) CsaGeo 71 and b) Na12Ge17 %81 were used.

The obtained polyanionic structures of the electronegative elements in such phases are
versatile and further dumbbells (such as in LisNaGe,)!%* %979 and rings (like in Li12Ge7)"""% are
reported among others."®"1 Prominent examples for solid-state phases containing isolated,
three-dimensional clusters are the compounds AsEs (A = Na-Cs, E = Ge-Pb; Figure 3a)" 7884
and Aq:E:7 (A=Na-Cs, E = Si-Pb; Figure 3b).[t2 881 They contain either solely the Zint/
clusters [Eg]*~ or a 2:1 ratio of the clusters [Es]* and [Eq]*", respectively. Since the polyanionic
clusters are directly obtained from fusing the pure elements at elevated temperature, only
cages of a defined composition are formed, avoiding the need for further purification steps. In
the solid phases AsEs and Aq2E+7, the deltahedral clusters are embedded into a matrix of alkali
metal cations (“metal scissors”)®7-%% and can be transferred into solution without any change

in composition by dissolving the phases in highly polar solvents like liquid ammonia or
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ethylenediamine.®>%°! The high charge-per-atom ratio of the anions [Es]* causes the clusters
to act as escharotic, pre-formed building blocks in subsequent reactions. However, the even
higher charge-per-atom ratio in [E4]*~ anions at the same time limits a controllable chemistry

to a certain extend.

1.2.3 Structure and Bonding in Tetrel Element Zint/ Clusters

By applying the 8-N rule the structure of the [E4]* polyanions (“E™) can be predicted to a
tetrahedral atom arrangement in analogy to white phosphorous. However, the geometry of the
nine-atom tetrel element clusters cannot be solely explained by this simple rule. In lieu, a
correlation between Zintl clusters and borane cage compounds was drawn by applying the
Wade-Mingos concepts.®5-1% |n typical boranes each B atom contributes two electrons for the
bonding within the cluster, while each vertex atom is saturated with a hydrogen atom
(Figure 4a). Similar conditions are estimated for the bonding within isolobal [Es] polyanions,
with the exception that the vertex atoms exhibit a lone pair instead of an E-H termination
(Figure 4b). Thus, the [Eg]* clusters might be described as a nine-fold Lewis base. The
structures of the cage compounds can be predicted by counting the skeletal electrons in the
respective cluster. In the anion [Geg]*~ the electrons sum up to 9 - 2 + 4 = 22, which equals
2(n + 2) electrons (n = number of cluster vertex atoms), and thus results in a nido-cluster
adopting the shape of a mono-capped square antiprism (Cas~symmetric, Figure 4b). An

analogous calculation reveals 12 skeletal electrons for [Ges]* corresponding to a nido-cluster.

a) Y ] b) Q 0

H / G
\Bﬂ\\ /B\\B Ge&:i—GeD
KV KV
WA AN > \
HEZR N oB 2O\~ Ge
- H Ge— )
H \Wa® 7 \ /
B
| Ge
: 0
closo-[BgHg]?> nido-[Geg]*”
C4V C4v

Figure 4. Correlation between a) the borane cluster [BoHg]?~ with hydrogen terminated vertex atoms ['91-102 and b)
the Zintl cluster [Geo]* with emphasis on the free electron pairs at each vertex atom, forming a nine-fold Lewis
base.

The nine-atom tetrel element Zintl clusters are electronically flexible systems, and in solution
a dynamic equilibrium between clusters in different oxidation states and solvated electrons
exists, leading to variously charged species [Geo]™ (n = 2, 3, 4).['%31%4 This fluctuating process
causes highly redox-active solutions. Furthermore, the symmetry of the polyanions is

influenced due to changes in the total number of electrons per cluster. While the Cs,~symmetric
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nido-[Geg]*~ anion (22 skeletal electrons) adopts the shape of a mono-capped square
antiprism, with the diagonals di and d. being almost equal in length (Figure 5a), the closo-
[Geg]?anion (20 skeletal electrons) features a Dss-symmetric cage (Figure 5b).[67. 84, 94-95,105-106]
In the latter case all prisms heights hi-hs are equal. In the threefold negatively charged
paramagnetic cluster [Geg]*~ one of the prism heights is elongated leading to an approximately
Ca-symmetric cluster comprising a distorted tricapped trigonal prism.['"7"1%] The clusters
obtaining the two border symmetries C4, and D3y differ only slightly in energy (< 0.05 eV),

explaining the readily occurring interconversion of one species into another.!10%-110]

a g 4 b) h,

e—\—/L { Ge—\—L
et Ge Sex V% e
\ \\ hs
Ge
nido-[Geg]*~ closo-[Gegl*
mono-capped square antiprism tricapped trigonal prism
Cav Dsp

Figure 5. Structure variation in [Ges]™ (n = 2, 4) cluster anions. a) Mono-capped square antiprism of the nido-
[Geq]* anion featuring C4v symmetry; b) tricapped trigonal prism of the closo-[Geg]*~ anion featuring D3» symmetry.
The square antiprism and the trigonal prism are indicated by red lings.[67. 84, 94-95,105-106]



1 Introduction

1.3 Reactions of [Ges]* and [Ges]* Clusters in Solution

Over the last three decades a rewarding chemistry evolved regarding the fourfold-negatively
charged clusters [E4]*~ and [Eg]* (E = Si-Pb). However, the following chapters will mainly focus
on reactions and structures reported for Ge-containing four- and nine-atom Zintl clusters. While
the reactivity of the tetrahedral cages is almost exclusively limited to a coordination of transition
metals (TM), the nine-atom clusters show a diverse chemistry. Figure 6 summarizes the most

important reactive sites at [Geg] clusters in a generalized, schematic way.

b) F  EGH

/ &G H\ / /G H

‘;:\ i
pislieg 8oy

\\/

D l A: n'-coordination to TM l E: covalently bound proton
B: n°-coordination to TM F: 1% or n*-coordination
A C: n*-coordination to TM G,H of a triel element or Sn
D: encapsulation of TM G: covalently bound tetrel
element
H: covalently bound pentel
element
transition metal decoration main group element decoration

Figure 6. Reactive sites at the [Geg] cluster resulting in a) an interaction of the cage with transition metal complexes
or b) a main group element substitution. In both cases the formation of 2c-2e and multi-center bonds is observed.

Detailed information on the respective reactions will be provided in the following chapters
reviewing relevant literature. The consecutive Chapter 1.3.1 focuses on the reactions of the
bare clusters [Ge4]*~ and [Geg]* towards organometallic precursors, covering the coordination
of the polyanions to transition metals and the encapsulation of transition metals within the
cluster core. The second Chapter 1.3.2 reviews the reactivity of [Geg]*~ clusters towards main
group element-based fragments, including the oxidative coupling of [Geg] entities and the
stabilization of the nine-atom clusters with group 13-15 element substituents. Concluding, the
Chapter 1.4 summarizes the chemistry of silylated [Geg] clusters, comprising the generation of

mixed-functionalized clusters and the attachment of transition metal-based moieties.
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1.3.1 Reactivity of the Bare [Ges]* and [Ges]*- Polyanions towards Transition

Metal Complexes

1.3.1.1 Transition Metal Coordination to Tetrahedral Germanium Clusters

The cluster [Ge4]* features an increased charge-per-atom ratio in comparison to the nine-atom
analogue. Due to the high negative cluster charge the chemistry of these anions is limited to
reactions in highly polar solvents, and to reactants withstanding their immense reductive
potential. The standard reaction protocol involves dissolving the tetrahedra-containing solid-
state phase in the presence of a transition metal complex as well as a sequestering agent in
liquid ammonia. After prolonged crystallization times, single crystalline products may be
obtained, which can be classified in A isolated tetrahedra with a coordinating organometallic
fragment as well as B transition metal bridged tetrahedra. As models for the first type A the
polyanionic species [(n*n3-Ges)(CuMes).]* (Figure 7a),"""l the mixed tetrel element cluster
[{n?:n3-(SisxGex)}(CuMes),]*,['?l and the protonated complex ion [(u2-H)(n?-Ges)ZnPh2]* can
be listed."" Interconnected tetrahedral clusters of type B were isolated in
[{n?-(Sis-«Gex)}Zn{n?-(SisxGex)}]& (Figure 7b).['" Up to this date, the supertetrahedral clusters
[(N*:n%:n?-Ge4)aTMs)* [TM = Zn (Figure 7c), Cd]""®! present the largest cluster assemblies
yielded from [Ges] units, and resemble outstanding examples for the versatile products
obtained upon utilizing molecular precursors as building blocks. Furthermore, specific solid-
state compounds comprise interconnected tetrel element tetrahedra as reported for the phases
CseZnGes and K14ZnGess containing the intermetalloid clusters [(n3-Ges)Zn(n®*-Ge4)]®~ "' and
its structural isomer [(n?-Ges)Zn(n3-Ges)]*,"""!  respectively. Moreover, an infinite
o {AU[(n?-Ge4)]}*> chain of gold-interconnected Ge tetrahedra was discovered in the phase
AsAuGes (A = K-Cs).l'"7]

a) b)
Mes
Cu
Zn
Ge
Si/Ge
type A type B

Figure 7. Structures of the transition metal-coordinated tetrahedral clusters a) [(n%n3-Ges)(CuMes)z]*—;1"1
b) [{n?-(SiaxGex)}Zn{n?-(SiaxGex)]®""4 ¢) [(n%:Nn?:n3-Ges)aZne]*~.'"% In ¢c) atoms and bonds behind the paper plane
are presented in desaturated color for a clearer view of the structure.
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1.3.1.2 Transition Metal Coordination to Nine-Atom Germanium Clusters

The chemistry of non-functionalized [Geg]*~ anions towards transition metal complexes can be
summarized in a straightforward way by dividing the corresponding reaction products into three
categories, which are A the complexation of the tetrel element cluster by an organometallic
fragment, B the interconnection of two nine-atom clusters by one or more TM atoms, and C
the formation of extended cluster spheres through oxidation and their stabilization by
coordinated Ge and TM atoms. Two major reaction types dominate in A and B which are firstly
ligand exchange reactions, including the cleavage of weakly bound organic ligands, and
secondly metathesis reactions, in case negatively charged leaving groups like halides are

abundant in the organometallic precursor.

The pseudo-square plane of the [Geg]* cluster equals six electron donors like the
cyclopentadienyl anion or benzene, and thus is a preferred site for the coordination of transition
metal complexes regarding class A.['"® The n?*coordination of organometallic fragments
resembles an extension of the cluster by one vertex atom, and ten-atom cluster species such
as [(N*Eo) TML]* (TML = NiCO;["' CuP'Pr3, CuPCy3;l'? Zn'Pr, ZnPh, ZnMes;!''8. 121
PdPPhs;'?2 Figure 8a) form. However, in some cases organometallic moieties coordinate to
single cluster vertices mimicking the covalent substitution of the cluster with main group
element-based fragments, as discussed in the forthcoming Chapter 1.3.2. Respective
examples are the charge-neutral compound [(n'-Geg){Zn(NHs)3}2],l'®! and the carbonyl
complexes [(n'-Geg){ TM(CO)s}s]* (TM=Cr, Mo, W; Figure 8b)'?* as well as
[(n":n":n3-Geg){Cr(CO)s}{Cr(CO)s}]*.?% In the latter ion mixed coordination modes of the
chromium carbonyls are found, which is also observed for Cu in the dimer
[{Mes(n":n*-Ges)Cu}2]* (Figure 8c).['*8! These examples nicely illustrate the versatile chemistry

of transition metals towards [Ges] clusters.
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a) b) c)
PPh,

Pd

Ge
Ge

type A
type B

Figure 8. Structures of TM-coordinated [Geo] clusters. a) The ten vertex atom cluster [(n*-Geg)Pd(PPhs)]?-;[122
b) the carbonyl complex-coordinated cluster [(n'-Geg){W(CO)s}s]*~;['?41 ¢) the mixed-coordinated ion
[{Mes(n":n*-Geg)Cu}2]*;'28! d) the polymer chain of & {Hg(n3n'-Geo)}?>~.['?"1 In a) the PPhs ligand is illustrated as a
grey sphere, and in b) the carbonyl ligands are indicated as black spheres for clarity.

The aforementioned Cu-species, as well as oligomeric species such as
[(n*-Ges)Cu(n'-Gee)] [ [(n*-Ges)Cd(n*-Ges)*,I'*® [(n*-Ges)Zn(n":n'-Ges)Zn(n*-Geo)]*,!'**
e {Zn(n*:n'-Geo)}?~ 129 11Zn(n%n3-Geo)}?~ 3% and L {Hg(n®n'-Gey)}*~ (Figure 8d)'?"! populate
the field of TM-interconnected cage compounds in the category B. Furthermore, a rare
dumbbell of Zn(l) was isolated in the ion [(n*-Ges)Zn-Zn(n*-Gey)]®.['* lllustrations of the Zn-

comprising clusters are shown in Figure 29 in Chapter 2.2.1.1.

The stabilizing nature of TM atoms was already pointed out regarding the formation of the
supertetrahedral clusters [(n?:n%n?-Geas)sTMs]* (TM = Zn, Cd; Chapter 1.3.1.1).1'" They do
also facilitate the formation of extended clusters based on [Geg] entities according to type C,
such as in the polyanions [AusGess]® "  [AusGess]® (Figure  9a),!'%?
[(N3-Geo){Ge(PdPPhs)s}]*~ (Figure 9b),*% and [(n3-Ges){Ge(Ni(CO).)s}]* (Figure 9c).['?8]
Within the latter ions not only transition metals interconnect the [Geg] cluster entities, but also
Ge atoms in the formal oxidation state O are participating in the formation of the structure. Due
to the fact that the reported reactions can hardly be monitored in situ, studies rely mostly on
the isolation of cluster intermediates or cleaved organic ligands.!"** However, there is still a
lack of resilient evidence for a general understanding of the reactions occurring in solution,

which requires continuous investigations.
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type C

Figure 9. Extended [Geg] cluster aggregates stabilized by transition metals and Ge atoms. a) [AuzGeas]®—;[132]
b) [(n3-Ges)2{Ge(PdPPh3)s}]*['%1 ¢) [(n3-Ges)2{Ge(Ni(CO)2)3}]*~.l'28 In b) PPhs groups are indicated as grey
spheres, in ¢) carbonyl ligands are illustrated as black spheres, and in b) and c) the interactions between the central
Ge atom and the triangular cluster faces are neglected for clarity.

1.3.1.3 Formation of Endohedral Germanium Clusters

In the previous chapter the coordination of transition metals to [Geg] cages was discussed,
leading to coordination complexes or extended clusters with the TM acting as additional vertex
atom in some cases. However, the empty shell of tetrel elements in the poylanions [Eg]*
(E = Ge-Pb) encloses a cavity of approximately 30 A3, which is big enough to host TM atoms
as guests (Ge =22.1 A3, Sn =32.6 A3, Pb = 37.5 A3).89 Until today, no nonasilicide cluster
with encapsulated TM was reported, which is correlated with the small internal cluster volume
(Si = 18.4 A3),[82.86.135-136] and only a few species are reported for slightly larger germanides.
The filled, so called endohedral clusters of Ge to Pb coined the definition of intermetalloid
clusters.?® 1371 A. common feature of such molecules is the d'® electron configuration of the
guest atoms, which therefore adopt oxidation states from -l (Ru) to +l (coinage
metals).[8% 1381401 Formally, no significant electron transfer between the transition metal and the
cluster shell is observed, however the provided d orbitals provoke a stabilization of the whole
cluster.[8: 1411421 Ag key aspects the electrostatic attraction between the TM atom and the
surrounding cluster shell, as well as an interaction of the transition metal’s d orbitals with the

cluster are discussed.[#?]

Filled group 14 element anions are accessible in two distinct synthesis methods: A the
endohedral species are formed in solid-state reactions and subsequently extracted

13
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(Scheme 1a);[88 140. 1431451 gnd B pre-formed empty [Eq]*~ clusters are filled in solution-based

experiments by a reaction with a transition metal complex (Scheme 1b).['38 146]

é»@"ﬂéf

W LV" @’ E " ExiE—_—b//E
@ @fzﬁ i e X
& N \\W

[TM@E,]™

[TM.@E 7)™

“growth"ﬂ(“l)
®
' A - 4-

B . o Y o
f . () ETN () \ E/\’/
“filling“ \ ,/\E@_ /\E
-L E— 7

N/

method A

¢ Job, — \\/ > \//
® /e o, “extraction” LE— -;\E
S
2 . ]
® e © €
5 ‘\%‘ (Ear™ [TM@ESI™
Cal Y
“ © ¢ method B

Scheme 1. Schematic representation of the two methods A and B accessing endohedral clusters by a) the
extraction of filled clusters from solid-state phases, and b) the extraction of empty nine-atom clusters from the
phases A4Eg, and subsequent reactions with TM complexes. (I) extraction of the clusters into solution; (Il) filling of
empty [Eo]* clusters using TM precursors; (l1l) fragmentation reactions leading to endohedral clusters of higher
nuclearity. For the illustration the crystallographic data of a) KsxCo1xSne['#4 and b) Cs4Ges 671 were used.

While an exhaustive overview on endohedral stannides and plumbides is provided in a recent
review article,® this chapter mainly focuses on filled germanides. The solid-state phases
comprising filled cluster entities illustrated in Scheme 1a are usually prepared by alloying the
tetrel element and transition metal in a first step, and subsequently reacting this alloy with alkali
metals at high temperatures. However, solely few Sn-based phases featuring endohedral
clusters are known in neat solids.[ 140. 143. 1451 The presence of filled [Co@Ges]> clusters
(Figure 10a) in the solid-state was monitored in one single Ge-containing phase of nominal
composition “KsCo12Ges” via Raman spectroscopy.l'#? 1471 The latter anion is readily extracted
by the addition of liquid ammonia (Scheme 1-l, “extraction”) and potentially prone to undergo
reactions leading to extended endohedral species as observed for the analogous Sn species
(Scheme 1-lll, “growth”).l140. 143-1441 Indeed, just recently the edge-shared doubly filled cluster

[Co.@(Ge17Ni)]* has been obtained utilizing the aforementioned solid-state precursor.['48]
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In contrast, by following the wet-chemical approach depicted in Scheme 1b various endohedral
germanides are accessible by dissolving KsGeg in ethylenediamine (Scheme 1-I, “extraction”)
and adding TM compounds to the reaction. Exemplarily, the reaction of the polyanion [Geg]*
with Ni(cod); yields the cluster [Ni@Geg]*~ (Scheme 1-II, “filling”).['"® 1461 |f the stoichiometry of
the reactants is adjusted, the extended cluster [(Ni@Geo)Ni(Ni@Geg]* arises comprising a
linear Ni-Ni-Ni strand enfolded into two [Geg] entities (Scheme 1-Ill, “growth”).['*6 However, still
there remain uncertainties on the exact mechanisms occurring upon cluster extension in
solution, and studies mainly rely on the isolation of intermediate species.®¥ Potentially, the
process of cluster-filling starts from the transition metal complex coordinating a pseudo-square
plane of the nine-atom cage, followed by a subsequent ligand cleavage, and a migration of the
metal into the cluster core.['20: 134 138. 1491 However, on the way to the endohedral Ge clusters
[TM@Ge10]* (TM = Fe [0 Co;"51-1%21 Figure 10b), [TM@Ge12]*>~ (TM = Co; Figure 10c;!"%?
Ru ['*%), and doubly-filled cages such as [TM.@Ge1s]* (TM = Fe,l'>4 Co ['551%¢]) as well as
[Pd2@Ge1s]* 1'571 (Figure 10d and e) also fragmentation reactions of the cluster precursor need
to take place, which have not been understood so far. Furthermore, all of the above mentioned
species were obtained by reacting the unfilled nine-atom Ge cluster with TM complexes in
ethylenediamine, with the polar solvent ascribed an active, but uncertain role in cluster
extension processes.['%0 198159 |n addition, many endohedral structures comprise motifs
derived from icosahedra, thus hinting for a preferential, spherical atom arrangement

surrounding the central TM atom (orange ellipses in Figure 10c-g).[89: 134,139, 160]

a) b) c)

Figure 10. Structures of the endohedral Ge clusters a) [Co@Geo]>;I'*% b) [Co@Ge10]*1'5" ¢) [Co@Ge12]*;[1%2
d) [Co2@Ge1s]*1'%1 ) [Pd2@Ge18]*~.l"5"1 The transition metal dumbbells in d) and e) are indicated by dashed lines
(d: Co-Co =3.1 A; e: Pd-Pd = 2.8 A). The reoccurring icosahedral building fragment in c)-e) is indicated by a dashed
orange ellipse.

More exotic endohedral clusters comprise an incorporated guest atom as well as an additional
TM vertex atom. As key examples the anionic species [Ni@{Geg(NiL)}]"~ (L = CO,"" PPh, 161l
n=2; L =en, CECPh,['"® n = 3) might be listed, in combination with the palladium-analogue
[Ni@{Geqs(PdPPh;)}]?-,['?2 which forms in a stepwise reaction comprising the intermediate
species [GegPd(PPhs)]*.
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1.3.2 Reactivity of the [Geg]* lon towards Main Group Element Compounds

1.3.2.1 Oxidative Coupling of [Geg] Clusters

As described in the previous Chapter 1.2.3 the tetrel element clusters reveal a distinct redox
activity in solution and the isolation of diamagnetic [Geg]*~ ['% 162 a5 well as paramagnetic
[Geg]* ["63-1€8] jons accounts for the potential to oxidize the fourfold negatively charged clusters
in highly polar solvents. The preferred adopted charge of the cluster is also related to the
application and the amount of sequestering agents such as 18-crown-6 or [2.2.2]crypt. These
reactants are added to the reaction to enhance the solubility of the cluster-bearing solid-state
phases and support the crystallization. Such reactants form coordination complexes with the
alkali metal ions and increase their effective ion radius to a size in the range of the polyanionic
clusters." |f an excess of the organic molecules is added, lower negative charges become

more likely due to steric reasons.!"%3-1%]

Oxidative processes in solution are not only limited to yield nine-atom clusters of varying
charge, but an abundance of oxidatively coupled Ge clusters has been described. Within these
polyanions two or more clusters are interconnected by the formation of Ge-Ge exo-bonds.
Besides the smallest isolated dimeric unit [Ges-Geg]® [°5 147, 166, 1691741 (Figure 11a), also the
trimeric  and  tetrameric  anions  [Ges=Geo=Gey]® ['">1771  (Figure 11b)  and
[Geo=Ges=Gey=Gey]®~ l'"3 1781791 (Figure 11c) were reported, respectively, featuring two
cluster-interconnecting bonds. In addtition, a one-dimensional polymer of the formula
[Geo]>} 1180181 (Figure 11d) was characterized by single crystal diffraction. While the dimeric
and polymeric moieties feature classical 2c-2e bonds (average Ge-Ge inter-cluster bond
length: 2.486 A\), the trimer and tetramer show a more complex bonding situation including a
delocalization of the bonds, and a thereof resulting elongation of the average
Ge-Ge inter-cluster bond length (2.595 A). In specific cases the oxidation is guided by the
addition of reactants as reported for the reaction of Ki2Ge+7 with Co(dppe)Cl., yielding a rod-
like [Gez]* cluster comprising formally two [Geg] and one interconnecting [Ges] unit
(Figure 11e).1'82 As mentioned in Chapter 1.3.1.2 the structure of oxidatively-grown clusters
might be further supported by TM atoms such as in [AusGeas]®~.['*2 However, until this day, it
is not fully understood which steps are involved in the oxidative linking of clusters. A recent
study draws a correlation between the concentration of the dianionic cluster [Geg]?~ in solution

and the formation of the trimeric species.["
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Figure 11. Schematic structures of oxidatively-coupled germanides containing [Geg] building motifs.
a) [Ges-Geo]®;11831 b) [Geo=Ges=Ges]f-['77] ¢) [Ges=Ges=Ges=Gesls~;179 d) {[Ges]2};1181 e) [Geaa]*.182

1.3.2.2 Addition of Main Group Element Fragments to [Ges] Clusters

Protonation of the [Geg] cluster

The formation of exo-cluster bonds in oxidatively coupled [Geg] oligomers led to the
assumption that the nine-atom cluster might be a reactive species towards main group element
compounds.!'®! Indeed, only recently the protonated clusters [HGeg]*~['®! as well as the mixed
tetrel element cluster [Ha(Si/Ge)o]* '8! were reported (among protonated siliconoids),!'86-188!
featuring protons as the smallest possible substituents. The protons most probably are
provided by the applied solvents acting as Brgnsted acids. Even though protons are scarcely
detectable in X-ray diffraction experiments, their presence is evidenced by geometrical
changes in the cluster shape. Evaluating these modifications represents a first qualitative proof
of a potential protonation. The protonation of the [Geg]*- cluster ion (Cs, symmetry, Figure 12a)
leads to a compression of the hydrogen-bearing corner of the cluster and a resulting shortening
of the bonds between the protonated Ge atom and its direct neighbors in the formerly pseudo-
square plane (Figure 12b). By contrast, the remaining Ge-Ge bonds of the square surface are
elongated resulting in an overall Cs-symmetric cluster.[® 8% Even though the hydrogen atoms
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are localized at certain vertex atoms in the solid-state structures, NMR spectroscopic
investigations of the protonated silicon and tin congeners revealed a dynamic behavior in

solution, accounting for a fast scrambling of the proton across the cluster surface.!'8-18%

a) b)
\\ /H

XQZXJ

AV N

Figure 12. lllustration of changes in the geometry of the [Geg] cluster upon protonation. a) Structure of the Cav-
symmetric [Geg]*~ ion;[" b) structure of the protonated cluster [HGeg]*>~ showing Cs symmetry and a compression
of one of the cluster corners.['83] Elongated Ge-Ge bonds are indicated in green color, shortened bonds are
highlighted in red.

Reactivity towards group 13 element compounds

Considering the [Geg]*~ cluster as a Lewis base (Chapter 1.2.3), its reactivity towards Lewis
acidic centers was anticipated. Indeed, structures containing the heavy group 13 metals Ga-
Tl were isolated: Besides the incorporation of a formal [Ga]** unit in the cluster
[(N*-Geo)Ga-Ga(n*-Gey)]*,l"® also the ten-vertex atom closo-cluster [(n*-Geo)TI]* is
accessible (Figure 13a)."®"! The combination of the nine-atom cluster with indium organyls
resulted in various species. While triphenylindium doubly coordinates the tetrel element cluster
in the ion [(n'-Ges)(InPh3).]*, a single indium atom bridges two cluster moieties in the cluster
[(N3-Geo)In(n*-Gey)]>.l128 1921 A combined coordination to and linkage of two [Geg] entities by
indium is manifested in the ion [(n%-Geg)(n?-Ges)InPh]*- (Figure 13b).l'%? The versatile behavior
of electron deficient group 13 elements towards [Geg] clusters indicates that only the edge of
this field of chemistry has been scratched, and holds promise for further interesting reactions

to be discovered.

Reactivity towards group 14 element compounds

Regarding the chemistry of tetrel element compounds towards [Geg]* ions, a multitude of
clusters bearing organic substituents was reported. In a typical reaction alkylchlorides RCI
[R = Bu,l"® CH,-CH(CH>).["°4] are added to ethylenediamine solutions of the binary solid-
state phase KisGey, forming alkylated clusters of the type [GesR:]>~ or dimeric species

[R-Geo-Geo-R]*.119%319%4 |n addition, the aryl substituent Mes might be attached at the [Geg]*~
18
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cluster by a ligand transfer from AgsMes..['%! Through the application of alkynes like TMS-
C=C-TMS functional vinyl groups are bound to the cluster. The resulting species either reveal
a decoration with vinyl groups as observed in [Geg(CH=CH,)]*~,' [Geg(CH=CHCH2NH),]*
(Figure 13c),l'% or [Geg(CH=CH,)]* ['%71 (among others),!'%* 198199 or 50 called Zint/ triads are
formed. These triads contain three building blocks, namely an interconnecting, conjugated
hydrocarbon chain and two nine-atom Ge cages. Examples are reported in anions such as
[Geg-(CH=CH-CH=CH)-Geg]® 2% and [R-Geo-(CH=CH-CH=CH)-Ges-R]*~ (R = CH=CHj;?°"]
C(CH3)=CH-CH=N(CH),NH, [201-202]y

3 Tl

Ge

d
) Ph

Bi

Ge Ge

Figure 13. Varying bonding modes in main group element fragment-decorated [Geg] cages. Structure of
a) [(n*-Geo)TI]*- with an additional Tl vertex atom;['®'l b) [(n>-Ges)(n?-Geg)InPh]*- with a doubly n?-coordinating InPh
moiety;['92 ¢) the doubly-vinylated cluster [Ges(CH=CHCH2NH2)2]2!'%! d) [Geg(SnCys)]>~ showing a partial
multicenter bond to the Sn organyl;['%! e) the Sn-bridged dimer [(n3-Geo)Sn(n*-Geg)]*~;12%3! f) [Ph2Bi-Geg-BiPh2]>
featuring 2c-2e bonds.['8] In b), d), and f) phenyl groups are indicated as grey spheres, in ¢c) hydrogen atoms are
omitted for clarity.

In contrast to triel elements, organic substituents bind to the cluster under formation of classical
2c-2e bonds, pointing radially away from the center of the cluster. However, deviations from
this rule are observed for stannide substituents which show shorter distances to more than one
cage vertex atom, thus resulting in Ge-Sn bonds featuring a partial multicenter
character.l'03.204 Ag key example, the ion [Geo(SnPh;3)]*~ might be used, in which the [SnPhs]*
fragment is tilted towards a triangular face of the [Geg] cluster (Figure 13d).['% True multicenter
bonds are observed in the Sn-bridged dimer [(n*-Ges)Sn(n*-Gey)]*~ (Figure 13e).2% The
structure of the latter cluster can be described as a closo-[GesSn]?~ cluster, which donates two

electrons to a triangular surface of a second [Geg]?~ anion. 2%

Even though several main group element decorated [Geo] clusters were described, the

synthesis of the species mentioned beforehand suffers oftentimes from low yields and a low
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controllability, thus limiting any subsequent chemistry. By contrast, the silylation of the [Geg]
core proved to be a promising starting point for further reactions. Two or three silyl groups can
be introduced to the cluster, thus reducing the negative charge to minus 2 or 1, respectively.
At the same time, the solubility of the cage compounds icreases. Thus, the salt metathesis of
KsGeg and (TMS)3SiCl in MeCN, under the formation of equimolar amounts of KCl, is a reliable
way to yield the twofold and threefold silylated clusters [Geo{Si(TMS)s}2]>~ (Figure 14a)°! and
[Geo{Si(TMS)s}s]” (Figure 14b),2%! respectively. The degree of silylation is audited by the
applied stoichiometry of the reactants. The reduced cluster charge is concomitant with a
reduced reductive nature, however the clusters still possess unsubstituted reactive sites. Due
to the lower steric shielding of the twofold silylated cluster, this species is exhaustively used
as a fruitful precursor for the synthesis of mixed-substituted clusters (Chapter 1.4.1). The
potential of the stabilization through silylation was transferred to elusive [Sis]* clusters
obtained in the solid state phase Ki2Si17, enabling the syntheses of the clusters [Sis{R}3]” and
[Sis{R}2]* [R = Si(TMS)3, Si'BuzH; Figure 14a].2°72%81 |n a similar reaction of 'PrsSnCl and

KsGey the threefold stannylated cluster [Geo{Sn'Prs}s]~ was formed.[209-210

a) b) c)
TMS NPr,
R T W,
. (=
< Si (™ P
E Ge Ge

g?\‘ 6

Figure 14. Structures of the multiple-functionalized clusters a) [Eo{R}2]*> [E = Si, R = SiBuzH, Si(TMS)3; E = Ge,
R = Si(TMS)3];1205. 207-208] by) [Geo{Si(TMS)3}3] ;121 c) [Geo{P(N'Pr2)2}3]~.2""1 TMS and N'Pr2 groups are indicated as
grey spheres.

Reactivity towards group 15 element compounds

In analogy to halosilanes, chlorophosphines such as RR'PCI (R = NPrz; R' = 'Bu, N'Pry) are
utilized to yield the triply phosphanylated anions [Ges{PRR'}s]~ starting from pristine [Geg]*
clusters (Figure 14c).?""-2'2 Notably, the attachment of phosphanyl groups does not only
account for a stabilizing effect, but also for the introduction of further Lewis basic groups to the
cluster, broadening its chemical reactivity. Even though few further examples for reactions of
group 15 element compounds and the polyanion [Geg]*~ have been reported, it was the anionic

cluster [Ph2Bi-Ges-BiPh2]*~ in which covalent interactions between main group element
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fragments and nine-atom tetrel element clusters extracted from binary solids were reported for
the first time (Figure 13f).['8 Shortly after, these findings were expanded by the isolation of
the ions [Ph-Gegs-SbPh,]?~ and [Ph,Sb-Geg-Geg-SbPh,]*+.[213
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1.4 Reactions of Silylated [Geg] Clusters in Solution

Due to the straightforward procedure and high yields, the silylation of [Eg]*~ clusters became
the functionalization method of choice. Since silylated [Sis] clusters can only be obtained with
sequestered alkali metal counterions, which is due to the reaction protocol comprising a pre-
extraction of K2Sii7 in liquid ammonia, the subsequent chemistry of the siliconoid species is
limited.!207-2%81 Therefore, the chemistry of silyl fragment-bearing [Geg] clusters, has been
investigated to a greater extend. Such clusters are either obtained by the disproportionation of
metastable Ge(l) halides in the presence of reactants like LiSi(TMS)3,*® or silyl groups are
attached at [Geg]* clusters contained in the solid-state phase KiGey via salt metathesis
reactions utilizing chlorosilanes.[?9>2%¢ Generally, both the twofold and threefold silylated
clusters [Geo{Si(TMS)3}.]*>-and [Ges{Si(TMS)s}s], respectively, are escharotic species towards
main group element compounds. The existence of two comparable silylated clusters, variating
with respect to the cluster charge and steric crowding, offers the choice to select the most

suitable cluster precursor for each reaction.

1.4.1 Reactivity towards Main Group Element Compounds

1.4.1.1 Reactions with Group 14 Element Compounds

In analogy to the silylation reaction described in more detail in Chapter 1.3.2.2, the attachment
of further ligands relies on salt metathesis reactions. Amongst them, the reaction of EtBr with
the threefold and twofold silylated nonagermanide cluster led to the formation of the neutral
species [Geo{Si(TMS)3}sEt] 2142181 (Figure 15a) and the mixed substituted cluster
[Geo{Si(TMS)3}Et]*-,12'7] respectively. In the latter ion one hypersilyl group was cleaved upon
crystallization. Additionally, the introduction of functional alkene moieties was achieved in the
compounds [Geo{Si(TMS)s}sR] [R = CH=CH,, (CH);CH=CH].?'® Further reactions of the
cluster [Geo{Si(TMS)s}s]~ with various acyl chlorides RC(=0)CI (R = Me, 'Pr, Ph, ‘Bu) yielded
the complex compounds [Geo{Si(TMS)s}3{C(=0)R}] (Figure 15b), and for R = '‘Bu a subsequent
decarbonylation to [Geo{Si(TMS)s}s'Bu] occurred.?'9
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a) b) c)
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Figure 15. Structures of mixed-substituted, silylated [Geg] clusters. a) [Geo{Si(TMS)s}3EL];!2'6]
b) [Geo{Si(TMS)3}3{C(=0)Bu}];2'" c) [{Si(TMS)s}2Ges-SiMe2-CsHa-SiMe2-Geo{Si(TMS)3}2]%-.22% In a)-c) hydrogen
atoms at the organic ligands are omitted, and hypersilyl groups are indicated as green spheres for clarity. In
c) hydrocarbons are indicated as wire-sticks.

Due to the successful application of the silylated clusters [Geo{Si(TMS)s}.]>~ and
[GeofSi(TMS)3}s]” in subsequent reactions, further studies focused on altering the silyl
fragments to increase the variability of the cluster precursors. Resulting species such as
[Ges{SiRs}s]™ (R = Et, 'Pr, Bu,??1 Ph 222) and [Ges{Si(HBu2)}s]~ ¥*® show a decreased steric
shielding compared to three [Si(TMS)s]* fragments, and might allow reactions which otherwise
would get hampered by the steric crowding at the [Geg] core. Furthermore, mixed silylated
species were prepared by silylation of the Ge atom capping the antiprism in the Cz,~-symmetric
anion [Ges{Si(TMS)3}2]%, yielding the ions [Geo{Si(TMS)s}{SiRs}]” (R = 'Pr,23 Ph 24), By
applying the rigid dichlorosilane CISiMe2-CsH4-SiMe,Cl as reactant, two [Geo{Si(TMS)s}2]*
anions were interconnected via a classical silylation reaction (Figure 15¢).??°! Furthermore,
functional alkene moieties were introduced by utilizing the chlorides Ph2RSICl
[R = CH=CHy, (CH_)3CH=CH].['"2 225 The introduced olefin groups are seen as anchor groups

for a potential immobilization of the clusters on surfaces.!'72 22]

In addition to Si-based fragments, heavier tetrel element halides are suitable precursors for a
functionalization of silylated [Ged] clusters, yielding species like
[GeofSi(TMS)3}{Ge(TMS)s}]~ %! and [Geo{Si(TMS)s}s{SnRs}] (R = Ph,1??1 "Bu 2°]). In the
latter compounds the central Sn atom of the organometallic fragment exhibits a partial
multicenter bond to a triangular face of the [Geg] cluster, in analogy to the stannylated cluster
[Geq(SnPhs3)]*- (Figure 13d).[103.216. 2271
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1.4.1.2 Reactions with Group 15 Element Compounds

The impact of the different steric shielding and cluster charge of the twofold, respectively
threefold silylated [Geg] cluster became obvious regarding phosphanylation reactions. While
the crowded anion [Geo{Si(TMS)s}s]- solely reacts with small chlorophosphines R,PCI (R = 'Pr,
Cy; Figure 16a),??®! the higher reductive power of the dianion reduces the latter phosphines
immediately to R,P-PR.. However, upon increasing the steric demand of the phosphine’s
organic substituents they become stable against reduction, and bind to a vacant position of the
dianionic cluster yielding the functionalized species [Geo{Si(TMS)s}2(PR2)]- (R = alkyl,
aminoalkyl, aryl).22 2282291 A summary of the introduced phosphanyl groups can be found in
Figure 16b.
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Figure 16. Overview on the variable phosphanylation of silylated [Geg] clusters. a) Attachment of sterically less
hindered phosphanyl fragments at the sterically crowded cluster [Geo{Si(TMS)3}s] ;12281 b) attachment of sterically
hindered phosphanyl entities at the dianionic cluster [Geo{Si(TMS)3}]*.[212. 228-229]

An intriguing aspect of the introduction of phosphanyl groups to the [Geg] cluster is that the P
atom features Lewis basic properties due to its lone pair. The successful attachment of
electron-rich groups at the cluster core raises the question whether also electrophilic fragments
could be attached at the silylated cluster to design Lewis acid-base pairs. However, so far only
one such species has been reported, which is the silylated thallium-homologue to the cluster
[(N*-Geo)TI* (Figure 13a),["*" namely [{n*-Geo{Si(TMS)3}s}TI].[216)
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1.4.2 Reactivity towards Transition Metal Complexes

Reactions of transition metal complexes RxTM or RTMX (R = organic ligand; X = halide)
towards silylated [Geg] clusters rely on ligand exchange, salt metathesis, as well as redox
reactions, and might be divided into five sub-categories with respect to the formed products.
These types are A a n'-coordination of an organometallic fragment to the cluster via a lone
pair, B a n3-coordination of the TM to a triangular cluster face, C a coordination of the TM
complex to a square plane, D an incorporation of the TM as an additional vertex atom (n°-
coordination), and E a formation of extended clusters through the application of TM reactants.

For each case an exemplarily cluster is presented in Figure 17.

Certain transition metal complexes form a n'-coordination to silylated clusters according to
type A. Respective examples are [{n"-Geo{Si(TMS)3}sKTi(MeCN)Cp2}],
{Nn'-Geo{Si(TMS)3}}o{TiCp2}*-,220  [{n'-Geo{Si(TMS)s}sHCr(CO)sy-  (Figure 17a),21
[{n"-Geo{ Si(TMS)3}sH{FeCp(CO)2}],**3 and [{n'-Geo{Si(TMS)s}2}4Zn]®-.'"21  These cage
compounds are accessible by reacting the twofold or threefold silylated clusters with the TM
complexes [Cp2TiCl]2, Cr(CO)s(coe), BrFeCp(CO)., and ZnCp*,, respectively.

Regarding type B, several clusters featuring an electrostatic interaction between a triangular
face of the [Geg] cluster and the transition metal are reported. Reactions of the threefold
silylated cluster with the organometallic precursors (dppe)NiClz,?*3 (P'Pr3)CuCl,??? carbene-
TMCI (TM = Cu-Au, carbene = NHC;!#4 TM = Cu, carbene = CAAC, MIC 12*9), (PR3)AuCl,1>3¢!
and ZnCp*;©?? yield the respective species [{n3-Geo{Si(TMS)s}s}TMR]. In case the TM
complex bears proper leaving groups, the interconnection of two silylated clusters via a central
TM becomes feasible. Thus, the reaction of Pd(PPhs)s 3" and Ni(cod).?*® with the threefold
silylated [Geg] cluster yields the species [ TM{n*-Ges{Si(TMS)s}s}2]"~ (n = 2; Figure 17b). Similar
reaction products form with the TM halides TMCI, (n = 0; TM = Mn,1>*3 Zn, Cd, Hg ) or the
organometallic complexes R,TMX (n = 1; TM = Cu,[240 Ag,[234. 2401 Ay [240-241]) ' A scarce mixed
transition metal-decorated cluster was described for [RZn(n%:n3-GegR3)Pt(n%:n3-GegR3)ZNnR]
[R = Si(TMS)3], which comprises two platinum-bridged, Zn-coordinated [Geo{Si(TMS)s}s]
clusters.”*2  Furthermore,  multiply =~ TM-decorated clusters are found in
[{N?:n3-Geo{SI(TMS)s}sH{Ni(dppe)}2]' 2% [{n*-Geo{Si(TMS)s}2}(Cu-carbene);]  (carbene =
NHC,2431 CAAC %), and [{n*n*n3-Geo{Si(TMS)s}s}{(cod)Rh}{(cod)Ni}.].>*4

The latter compound at the same time is an example for the type C, a coordination of a TM
complex to a square plane. An analogous coordination of a Cu-comprising fragment to the
nonagermanide cluster was reported for the reaction of the twofold- and threefold silylated
[Geg] clusters with the carbenes NHCRCuCl (R = 'Pr, Dipp; Figure 17¢).[24%
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Exemplarily for category D, an extension of the threefold silylated [Geo] cluster is reported for
its reaction with Cr(CO)3(MeCN); yielding the closo-cluster [{n*-Geo{Si(TMS)3}s{Cr(CO)s}]-
(Figure 17d), which structure can be described as a distorted bicapped square antiprism.231
Most probably, the n'-coordinated cluster species is formed in a first step, followed by a
subsequent ligand cleavage, and a partial rearrangement of the Ge vertex atoms.[23'": 2461 A
similar cluster geometry is observed in the compounds [{n3-Geo{Si(TMS)s}s}{ TM(PPh;)}Et]
(TM = Ni,2'"Y Pd,l2151 pt 214)  which arise from the reaction of the charge-neutral species

[Geo{Si(TMS)s}3Et] with organometallic precursors.

a) b)
Cr
co
Ge
‘Si(TMS)3
type A
C) ‘ d) e)
NHCPr
Si(TMS) N Cr o 4!_\_/%}
— < \ '\ X
N Pd
Ge Ge
> “siTms), sier,
type C type D type E

Figure 17. Selected structures formed upon the reaction of silylated [Geg] clusters with transition metal complexes.
a) n'-coordination of Cr in [{n'-Geo{Si(TMS)3}s}{Cr(CO)s}1-123'! b) [Ni{n3-Geo{Si(TMS)s}3}2]? featuring two silylated
clusters linked by a central Ni atom;238l ¢) the n*-coordination complex [{n*-Ges{Si(TMS)s}2}(CuNHC™")I-;12451 d) the
ten-atom closo-cluster [{n>-Geo{Si(TMS)3}s}{Cr(CO)3}I-?%"l e) the fused silylated [Geg] cluster [Pd3Ge1s{SiPrs}s]>-
featuring a Pds triangle.?'% For clarity reasons in a)-e) hypersilyl groups are illustrated as green spheres, the
carbonyl groups are drawn as black spheres, and the NHC ligand is shown as a grey sphere.

In contrast to the multitude of structures described before, solely few reports on the formation
of extended silylated clusters of type E exist. Exemplarily, the dianion [Pds;Ge1s{EPrs}s]*
(E = Si, Sn; Figure 17¢e) was yielded upon reacting the threefold substituted [Geyg] clusters with
Pd(PPh3)s. In dependency of the central atoms E the substituents either show an eclipsed
(E = Si) or staggered (E = Sn) arrangement around the cluster.?°-2"% Fyrthermore, the charge-
neutral metalloid cluster [Ge1s{Si(TMS)s}¢] was prepared by an oxidative fusion of two threefold

silylated clusters in the presence of an Fe(ll) source.?*"]
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1.5 Motivation

Finding answers to global challenges like the climate change demands for the development of
new technologies. However, for the potential development of novel materials or applications
an understanding of the processes and chemical reactions occurring on a molecular level is
essential. Thus, model systems are needed, which can be manufactured in a reproducible way
and are easy to fully characterize. This thesis focuses on the reactivity of germanium, which is
studied using molecular [Ges] clusters as models. These clusters resemble pre-formed, three-
dimensional atom arrangements and are obtained from the solid-state phase KsGeg. As
outlined in the previous sections, the bare [Geg]* clusters are valuable building blocks for the
synthesis of novel (extended) structures. However, still there remains a lack of understanding
concerning the reaction conditions and mechanisms yielding such molecules. To address
these open questions, a part of this thesis focuses on the isolation and characterization of
intermetalloid cluster compounds, obtained from reactions in highly polar solvents. By taking a
close look at the isolated structures, common building motifs as well as possible intermediates

are identified, which allow a better understanding of the underlying processes in solution.

Conveniently, the high negative charge of the [Geg]*~ cluster can be tailored by silylating the
cluster core, thus allowing for an in-situ reaction monitoring of the more soluble silylated
clusters. Thus, investigations on the reactions of the twofold silylated cluster with main group
element compounds form the focal point of this thesis. An interesting aspect is the introduction
of triel or pentel element-based fragments to the cluster, as such elements are frequently used
as dopants in semiconducting materials relying on group 14 elements./?*®! At the same time,
the introduction of group 13 and 15 element-based fragments accounts for the introduction of
Lewis acidic as well as basic groups, respectively. Due to its lone pairs at unsubstituted vertex
atoms the [Geg] cluster itself might be regarded as a manifold Lewis base, and the design of
potentially reactive Lewis acid-base pairs becomes conceivable. Those systems are known to
interact with a plethora of molecules in a predictable fashion. Thus, the [Geg] clusters become
reactive species in a reaction system consisting of multiple molecules, possibly allowing for an
alternative way of attaching new substituents at the cluster. This is of special concern as the
potential introduction of, for example, unsaturated moieties adjacent to the cluster might affect
its interaction with visible light. A targeted tuning of the optical properties might be an

interesting aspect in view of designing cluster-based, light harvesting materials.
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1.6 Scope and Outline

Within this thesis, the reactivity of the cluster [Geg]*~ towards transition metal complexes as
well as main group element fragments is investigated. General information on elemental Ge

as well as a review of the relevant literature is provided in the Chapter 1.

The discussion of the results is enclosed in Chapter 2, which is divided into further sub-

chapters.

In Chapter 2.1 the functionalization of the twofold silylated cluster [Geo{Si(TMS)s}2]?>~ with
group 13, 14 and 15 element fragments is outlined, covering the lion’s share of this work. In
the beginning of this section a review of the relevant literature is provided (2.1.1). In the
following sub-chapter 2.1.2 reactions of silylated [Geg] clusters towards chlorophosphines and
chloroboranes are discussed. Here, the first section focuses on the introduction of phosphanyl
fragments [PRR]* (R, R = alkyl, alkenyl, aryl, aminoalkyl) of varying steric demand to the ion
[Geo{Si(TMS)3}2]?". The emphasis is set on the subsequent coordination of the Lewis basic P
atom to Ag-carbenes, which is investigated by 'J(3'P-"97Ag/'®Ag) spin-spin coupling
experiments. Subsequently, the oxidative coupling of two doubly silylated [Geg] clusters is
described, which is mediated by the electrophilic alkyl chloroborane Cy,BCI, which acts as an
oxide-scavenger in the redox process. The reaction of the cluster [Geo{Si(TMS)s}.]>~ with
chloro-1,3,2-diazaborolidines DAB"-CI leads to the attachment of boranyl fragments [DAB®]*
at the cluster, which is discussed with respect to the formation of intramolecular frustrated

Lewis acid-base pairs.

In the consecutive chapter 2.1.3 reactions of the intermolecular frustrated Lewis acid-base-like
system DABR-Br/[Geo{Si(TMS)s},]> are investigated. It is shown that the system is capable of
ring-opening cyclic ethers like thf and incorporating the resulting solvent molecule fragments
between the cluster and the borane entity by the formation of Ge-C and B-O bonds,
respectively. Further studies focus on the influence of the type of the alkali metal counter cation
A" on the substitution pattern of the [Geg] core in the solid-state. In the following section the
observed reactions are transferred to various nitriles, which leads to the interlinking of the
cluster and boranyl moiety by imine fragments. The functionality of the imine fragment is
proven by a reversible protonation of the N atom leading to a zwitterionic species, which is

investigated in UV-Vis measurements and by quantum chemical calculations.

Chapter 2.2 describes the synthesis and chemistry of novel intermetalloid clusters, starting
with a review of relevant literature (2.2.1). Subsequently, insights into the reactions of the Zint/
phase Ki2Gei; with organo-Zn complexes in liquid ammonia are provided, including the
isolation of the anion [Ges(ZnEt).]* (2.2.2.1). The study discusses potential reaction paths in

the solvent, which are derived from the isolation of various Zn-amides and other by-products.
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Furthermore, the syntheses of 17-atom endohedral Ge clusters [TM.@Ge17]™ (TM = Co, Ni)
is presented (2.2.2.2). They bridge the gap between the literature-known filled 16- and 18-atom
germanide clusters, and the structures are discussed with respect to their icosahedral building
fragments. In the consecutive section ion-exchange reactions are described, focusing on the
introduction of Mg?* counter cations to bare as well as threefold silylated [Geg] clusters
(2.2.2.3).

An illustration of the Scope and Outline of Chapter 2 is provided in Scheme 2.

In Chapter 3 the relevance of the obtained results is discussed, and prospects for further

investigations are provided.

In Chapter 4 the experimental details are listed, giving an overview on the utilized starting
materials and chemicals, the applied working techniques, used characterization methods, and

the performed quantum chemical calculations.
Chapter 5 lists the references referred to in the previous chapters.

The publications and manuscripts for publication are enclosed in Chapter 6, including detailed

authors’ contributions to the corresponding manuscripts.

Chapter 7 provides a list summarizing all peer-reviewed publications and manuscripts

prepared for publication.
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2 RESULTS AND DISCUSSION

The following sub-chapters discuss and summarize the results obtained for reactions of
molecular [Geg] clusters with transition metal complexes as well as main group element
compounds. Details on the general experimental procedures are provided in Chapter 4, while
further detailed information can be excerpted from the corresponding manuscripts and the

accompanying supporting information attached in Chapter 6.

2.1 Reactions of the Cluster [Geo{Si(TMS)3:}2]>> with Chloro-

Phosphines and Halo-Boranes

The isolation of the doubly substituted cluster ion [Ph.Bi-Geg-BiPh,]?~ in the year 2002, in
which covalent interactions between tetrel element Zintl clusters and main group element
entities were reported for the first time, formed the basis for an emerging chemistry in this field.
However, it took about one decade to elaborate an efficient and reliable synthesis strategy to
yield main group element fragment substituted [Gey] clusters.?°®! Meanwhile, the application of
silylated [Gey] clusters as a source for soluble molecular clusters is basis for most follow-up
reactions in this particular field of chemistry. Exemplarily, the clusters can be interconnected
to form extended structures,['?* 22 or find application as substrate for catalytically active
transition metal species.?** Furthermore, silylated [Gey] anions were decorated with additional
main group element fragments featuring functional groups such as alkene!?'®-22°! or phosphanyl
moieties.??-22°1 While unsaturated groups might allow an immobilization of the cluster on
surfaces, the attachment of Lewis basic phosphanyl moieties accounts for the introduction of
electron-donating groups at the cluster, which can address electrophilic organometallic
fragments. In view of the cluster as a manifold Lewis base itself it seems likely that it could
interact with Lewis acidic counterparts. To validate this hypothesis, the doubly silylated cluster
[Geo{Si(TMS)3}2]>~ was reacted with several halogenated alkylboranes and halo-1,3,2-

diazaborolidines, the results of which are discussed in the forthcoming chapters.

In the following chapters, synthesized compounds are successively numbered. The suffix “a”
in the compound number refers to an anionic species, while counterions follow beyond as

element symbols, if applicable.
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2.1.1 Review of Relevant Literature

2.1.1.1 Attachment of Functional Groups at Silylated [Ges] Clusters

The silylation of [Geg]*~ clusters with hypersilyl chloride (TMS)sSiCl yielding the cluster ions
[Geo{Si(TMS)3}2]?~ and [Geq{Si(TMS)s}s]~ became the method of choice for the stabilization of
the bare nonagermanide cages.?°>2%¢l The obtained anions are stable and well soluble
synthons for the generation of mixed-functionalized clusters, thus overcoming the restrictions
of the low solubility and high reductive potential of the unsubstituted cluster anions. An
important step towards the functionalization of [Geg] clusters was taken upon introducing main
group element-based fragments comprising unsaturated hydrocarbon chains to the cluster
core. Here, two different paths evolved comprising the reaction of a doubly silylated [Geg]
cluster with the properly modified chlorosilane Phx{(CH2)sCH=CH2}SiCl in a salt metathesis
reaction,??® and the Sn2-like reaction of the threefold silylated cluster with pentenyl
bromide.? The alkenyl moieties in the resulting molecules
[GeofSi(TMS)3}2{SiPh2{(CH2)sCH=CH_2}}]~ (Figure 18a) and [Geo{Si(TMS)s}3{(CH2)sCH=CH2}]
(Figure 18b) are anticipated to act as anchor groups for the potential immobilization of the
clusters on surfaces or the interconnection of different cluster species.['? However, until this

date a double bond could not be chemically addressed.
a) - b)

(TMS);

(TMS)3 /
Ge / \\
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Figure 18. Representation of the alkenyl-bearing species a) [Geo{Si(TMS)s}{SiPh2{(CH2)3CH=CH2}}]-;122%
b) [Ges{Si(TMS)s}s{(CHz)sCH=CH}].218]

Generally, the introduction of functional groups to the [Geg] cluster core is not limited to the
hydrocarbon chain, but also attached main group elements themselves may act as reactive
centers. The reaction of two- and threefold silylated nonagermanide clusters with
chlorophosphines R.PCl yielded phosphanyl-decorated molecules as depicted in Figure 16.1228
The attachment of a phosphorous atom featuring a free electron pair, and thus Lewis basic
properties, allows for subsequent reactions at the pentel element. A consequent proof of
reactivity is to offer Lewis acidic reagents such as the N-heterocyclic coinage metal-carbene
complex NHCPPPTMCI (TM = Cu-Au) to the cluster. Indeed, a direct coordination of the
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[NHCPPTM]* fragment to the P atom was reported for small organic ligands at the central
pentel element (R='Bu; Figure 19a).?8l The resulting charge-neutral molecules were
described as zwitterionic species. In contrast, the utilization of sterically demanding
substituents (R = N'Pr,, Mes) prohibited such an interaction, leading to a coordination of the
coinage metal entity to a triangular face of the cluster (Figure 19b).[212 229

a) b)
(TMS)3 (TMS),

(TMS)s / (TMS)3 / Dipp
\/

: \Ge \
G \/ g\/ Ge’ Cu‘<Nj,
127 @ N@ Z Dlpp/

Kl%—"”c” i )é(l%k

Figure 19. Different coordination modes of a Lewis acidic [NHCPPPCu]* fragment to the monoanionic cluster
[GeofSi(TMS)3}2PR2]~ (R = 1Bu, Mes). a) Direct coordination of the Lewis acidic entity to the nucleophilic P atom for
the small organic ligand Bu, causing the formation of a zwitterionic species;??®! b) coordination of the Cu-carbene
to a triangular face of the [Geg] cluster for the aromatic Mes ligand due to steric repulsion (indicated by dashed
orange lines).212 229]

While the attachment of nucleophilic moieties to the [Geg] cluster is a rare example for the
introduction of reactive ligands to the cluster, at the same time the question arises whether
Lewis acidic moieties could react with the sevenfold Lewis base [Geo{Si(TMS)s}.]* in a
controlled manner. However, so far solely the Tl-capped threefold silylated cluster has been
isolated,?'®! while preliminary studies focusing on the application of electron deficient boranyls
did not lead to unequivocal results.?'?l One prospect of generating cluster species with discrete
Ge-B exo-bonds is the potential formation of Lewis acid-base pairs, which might show

interesting properties concerning their reactivity.
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2.1.1.2 Principles of Lewis Acid-Base Systems

A century ago, G. N. Lewis expanded the typical proton-centered acid-base concept of
Bregnsted by observing that also other electron pair acceptors than H* ions are prone to interact
with electron pair donors.?4%-2°01 Thus, today the terms Lewis acid and Lewis base refer to
electron accepting and electron donating entities, respectively. The interaction of the
energetically low-lying LUMO at the acceptor and high-lying HOMO at the donor allows for the
formation of a covalent bond between the centers, yielding a Lewis acid-base adduct.?%"
However, an adduct formation can be precluded by choosing sterically demanding ligands at
the respective centers. As key example, no reaction between PMess and B(C¢Fs)s in solution
is observed.?%? Such sterically hindered reaction systems are referred to frustrated Lewis pairs
(FLP).2%% Besides the aforementioned intermolecular B/P system also intramolecular FLPs
such as Mes,P-(CH.)>-B(CeF5)2 exist, combining spatially separated Lewis-active centers in
one single molecule.?>® Even though FLPs cannot form classical Lewis acid-base adducts,
they tend to react with a number of substances ranging from gasses like Hz, NO, or CO; to
olefins, isocyanates, and nitriles (among others).12°" 254255 |n several cases FLPs are capable
of interacting with solvent molecules, exemplarily leading to a cyclic ether ring-opening
(Scheme 3a)2% or the insertion of imine entities between the active centers (Scheme 3b).257]

a) C7 o

t C)
Bu,PH + B(CeF4H)s BU AP N 0-B(CoFaH)s

b)

—N ® A0
BuP” BPh, ——=  BuR  BPh,

=N

Scheme 3. Reactions of B/P FLP systems leading to a) a cyclic ether ring-opening reaction mediated by an
intermolecular FLP,2581 and b) a cyclization upon imine insertion at an intramolecular FLP.[2571 The incorporated
organic fragments of the initially utilized molecules thf and MeCN are illustrated with bold lines for clarity.

The application of transition metal-free FLP systems is of special interest regarding the high
production costs of alternative metal catalysts as well as in terms of the production of heavy
metal-free pharmaceuticals.!?>* 2581 Over the years, multiple element combinations have been
tested for their activity in FLP-based reactions, however no B/Ge system has been reported
so far. The only example given is a bis-amido germylene acid-base pair, which forms an adduct
in the ground state and thus is not considered as a typical FLP, even though a C=0 bond
activation of ketones is described.?*®! An attachment of boranyl groups at a [Geg] cage would
potentially generate a FLP as the cluster core features several lone pair-bearing vertex atoms.
These electron pairs are embedded into a rather rigid shell, thus most likely preventing an

instantaneous adduct formation.
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2.1.2 Reactions of Silylated [Ges] Clusters towards Chlorophosphines and

Chloroboranes

Chapter 6.1: C. Wallach,*F. S. Geitner,* W. Klein and T. F. Fassler, Enhancing the Variability
of [Geg] Cluster Chemistry through Phosphine Functionalization, Chem. Eur. J.
2019, 25, 12349.

Chapter 6.2: C. Wallach, W. Klein and T. F. Fassler, Oxidative Coupling of Silylated
Nonagermanide Clusters, Chem. Commun. 2022, 58, 5486.

Chapter 6.3: C. Wallach,* F. S. Geitner,* A. J. Karttunen and T. F. Fassler, Boranyl-
Functionalized [Geg] Clusters: Providing the Idea of Intramolecular Ge/B
Frustrated Lewis Pairs, Angew. Chem. Int. Ed. 2021, 60, 2648.

Chapter 6.4: C. Wallach, W. Klein and T. F. Fassler, Crystal Structure of (1,4,7,10,13,16-
hexaoxacyclooctadecane-k®0s) potassium (2-methylphenylamino)ethyl-2-
methylphenylamide ammoniate (1/3.5), [K(18-crown-6)](0-CHsCeH4)
NH(CHz)2N(0-CH3CsH4) - 3.5 NHs, C2sHs35KNs50s, single crystal structure

communication submitted for publication in Z. Kristallogr., New Cryst. Struct.

*: authors contributed equally to this work.

Within this chapter the results of the reactions of silylated [Geg] clusters with chlorophosphines
as well as chloroboranes are summarized. The attachment of phosphanyl fragments bearing
an alkene moiety accounts for an alternative way to introduce functional groups to the cluster,
and indirect  insights into the  molecular  structure of the  species
NHCPPPAQ[GeofSi(TMS)3}.PRR'] (R, R'=alkyl, alkenyl, aryl, aminoalkyl) were obtained
via 31P-197109Ag spin-spin coupling NMR spectroscopic investigations. In comparable reactions
chloroboranes of differing Lewis acidity were reacted with the twofold silylated cluster. While
reactions with the highly Lewis acidic chloroborane Cy,BCl led to an oxidative coupling of two
silylated clusters yielding the dimer [Geo{Si(TMS)s}.].?-, the application of electron-richer
N-heterocyclic chloro-1,3,2-diazaborolidines DABR-CI (R = alkyl, aryl) caused a direct boranyl-
substitution of the [Geg] core in the cluster [Ges{Si(TMS)s}.DAB"] .
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A schematic representation of the performed experiments and the obtained cluster species is

provided in Scheme 4.120
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Scheme 4. Summary of the reactions of silylated [Geg] clusters towards chlorophosphines and chloroboranes.
a) Formation of the alkenyl-substituted cluster [Geo{Si(TMS)3}3{PBu{(CH2)sCH=CH2}}] (1); b) synthesis of variously
phosphanylated monoanionic clusters [Geo{Si(TMS)3}2PRR']- (2ato9a); c) formation of the dimer
[Geo{Si(TMS)3)2]2%~ (10a) and the boryl ether Cy2B-O-BCy2 (11), as well as the boranyl-functionalized clusters
[GeofSi(TMS)3}2DABR]- (12a to 14a). In a) and b) newly introduced phosphanyl fragments are highlighted in bold,
in contrast to fragments which have already been published.[212 228-229, 260]
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Reactions towards chlorophosphines

Phosphanyl moieties attached at the [Geg] cluster can be regarded as functional groups due
to their Lewis basic properties. Chlorophosphines RR'PCI are readily prepared by the reaction
of RPCIl, with e.g. a Grignard solution R'MgX (X = Cl, Br).[26-2621 The successful synthesis of
the novel chlorophosphine ‘Bu{(CH.)sCH=CH_}PClI allowed the phosphanyl-functionalization of
the threefold silylated cluster, yielding the alkenyl-decorated species
[Geo{Si(TMS)s}s{P'Bu{(CH2);CH=CH_}}] (1, Scheme 4a).?%% Thus, an alternative route to the
previously reported introduction of unsaturated hydrocarbon chains using chlorosilanes or
bromoalkenes (Chapter 2.1.1.1) is presented.?'8 2251 The molecular structure of compound 1
was determined by single crystal diffraction analysis. The [Geg] core in 1 is best described as
a slightly distorted Ca,~symmetric mono-capped square antiprism, which comprises one
hypersilyl group at the capping Ge atom as well as two further [Si(TMS);]" fragments at the

open square plane of the cluster, to which also the phosphanyl fragment is bound (Figure 20a).

In a similar manner the twofold silylated cluster reacts with chlrorophosphines forming the
phosphanyl-substituted monoanions [Geo{Si(TMS):}.PRR']" (2a to 9a, Scheme 4b). The
attachment of a P-comprising fragment to the silylated [Geg] cluster was spectroscopically
evidenced by a shift of the silyl group protons from formerly & = 0.17 ppm (thf-ds) for the twofold
silylated cluster to approximately &= 0.25ppm for anions 2a to 9a. Furthermore, all
synthesized monoanions in Scheme 4b were characterized by ESI-MS, and Figure 20b

exemplarily shows the mass spectrum of the cluster 2a.

a b -
) CH, ) (TMS); ]

M\KMMHIIIIMMMA |

1200 1300 1310 1320
1 m/z

Figure 20. a) Molecular structure of compound 1. All ellipsoids are presented at a 50 % probability level. Solely the
central Si atoms of the hypersilyl groups are shown, while hydrogen atoms are omitted. b) Schematic illustration of
the ion 2a with the corresponding ESI-MS spectrum (m/z 1306.8, negative-ion mode). The calculated isotope
pattern is presented as black bars.
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2 Results and Discussion

As outlined before, the Lewis basic P center at the cluster is prone to interact with electrophilic
coinage metal NHC-complexes. Therefore, anions 2a to 9a were transferred into the coinage
metal-carbene adducts by reacting them with the precursor NHCPPPTMCI (TM = Cu, Ag)
according to Scheme 5, yielding the adducts 2a-TM to 9a-TM.?% In analogy to the literature,
sterically less hindered phosphanyl groups allow a direct coordination of the TM to the P atom,

while bigger ligands result in a n*-coordination of the TM to the [Geg] cluster.[228-229
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2ato9a e G &76e /
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Scheme 5. Formation of the coinage metal-carbene adducts 2a-TM to 9a-TM in dependency of the steric impact of
the organic ligand at the P atom: a) direct coordination of the TM to the P atom for small ligands R; b) coordination
of the TM to a trigonal cluster face for sterically demanding ligands R.

The formed Cu- and Ag-carbene adducts were characterized by NMR spectroscopy ('H, °C,
28ij, 3'P), and the observation of 'J(3'P-1°"Ag/'%®Ag) spin-spin coupling in 2a-Ag to 5a-Ag
indirectly allows to derive the coordination type of the TM to the monoanionic cluster (Table 1).
In contrast, compounds 6a-Ag to 9a-Ag show singlets in the 3'P NMR spectra. Another hint to
the substitution pattern can be obtained from the shift of the TMS group protons in the '"H NMR
spectra. While a coordination of the TM-carbene to the phosphine hardly influences the bound
silyl groups of the monoanions (6= 0.25 ppm), a distinct up-field shift is monitored for a

coordination of the TM-carbene to a triangular cluster face (Table 1).

Table 1. Summary of 'J(3'P-197Ag/'%°Ag) spin-spin coupling constants and 'H NMR shifts (thf-ds) of the TMS group
protons of the compounds 2a-Ag to 9a-Ag.

2a-Ag 3a-Ag 4a-Ag 5a-Ag | 6a-Ag 7a-Ag 8a-Ag 9a-Ag

1J(P-Ag) [Hz] | 258.7 406.0 4225 207.8 | - - - -

"H NMR shift

of TMS [ppm] 0.23 0.27 0.28 0.21 0.17 0.17 0.17 0.18
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2 Results and Discussion

Reactions towards chloroboranes

Inspired by the versatile chemistry of chlorophosphines, the reactivity of analogous alkyl
chloroboranes towards the twofold silylated cluster was investigated (Scheme 4c). The highly
electrophilic alkyl chloroborane Cy.BCl was added to a toluene solution of the cluster
[Geo{Si(TMS)s}2]* causing its dimerization yielding the dianion [Ges{Si(TMS)s}2]2>~ (10a). Anion
10a was monitored by ESI-MS spectroscopy (monoanion, m/z 2336.0) and in the solid-state
in the Cu-carbene adduct {NHCP'Cu[Geo{Si(TMS)s}2]}2 (10a-Cu’™"; Figure 21a). The Cu-
carbene adduct was prepared to enhance the crystallization of the ion 10a, which is an
oftentimes applied method.2": 221, 228229, 243, 2431 Compound 10a-Cu®™ comprises two
{NHC™"Cu[Geo{Si(TMS)3}.]} fragments interconnected via an exo-Ge-Ge bond, which causes
a Raman band at v = 283 cm™ (single crystalline sample, Figure 21b).?%¥ The exo-bond is
2.4259(8) A long, which is in agreement to values observed for non-functionalized [Geg] dimers
and polymers. [ 169171, 183, 2641 The shape of the [Gey] clusters is best described as slightly
distorted C-symmetric mono-capped square antiprisms, which are substituted by two
hypersilyl groups and an additional cluster entity. The [NHC™'Cu]* fragment n*-coordinates to

the pseudo-square plane of the antiprism as described before.24%)

b)
7 1Gegl I 10a-Cu™|
v Ge-Ge  7(Gey-Si(TMS),
L | 7Si(TMS), /7 Si(TMS),
Si(TMS), | | | |
0 200 400 600 800 1000
10a-Cur Raman shift / cm”

Figure 21. a) Molecular structure of 10a-Cu®". All ellipsoids are presented at a 50 % probability level. For clarity,
solely the central Si atoms of the hypersilyl groups are shown and the carbene ligands as well as hydrogen atoms
are omitted. Trigonal prism bases are indicated by dashed red lines. b) Raman spectrum of a single crystal of
10a-Cu'Pr (excitation: 785 nm, 1s/frame, power: 1 mW on sample).

The oxidative coupling of two silylated clusters most probably is mediated by the chloroborane
Cy2BClI, which acts as an oxide-scavenger in the reaction. This hypothesis was corroborated
by the isolation of the side product Cy.B-O-BCy: (11), which was characterized by "B NMR
spectroscopy and single crystal diffraction analysis in accordance to published data.[265-26¢]
However, neither could the source of oxygen be unequivocally identified, nor did the addition
of stoichiometric amounts of water or the utilization of oxygenated solvents lead to increased
yields of anion 10a. Remarkably, the formation of compound 11 is also observed for the
substitution of the silylated cluster by KsGeg or KCs. Thus, the formation of KCl is supposed to

be an important driver during the reaction.
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2 Results and Discussion

In reactions of the twofold silylated cluster with the less Lewis-acidic N-heterocyclic chloro-
1,3,2-diazaborolidines DABR-CI (R = Me, 'Pr, o-tol) a boranyl-functionalization of the [Geg]
cluster was achieved. The synthesized monoanions [Geo{Si(TMS)s}.DABF|- (12a to 14a)
reveal covalent Ge-B exo-bonds (Scheme 4c). The controlled reactivity of the DAB®-CI
precursors most probably is due to m-backbonding induced by the N atoms in proximity to the
central B atom, thereby decreasing its electrophilicity.?’”] Reactions with the bulky
diazaborolidine DABMes-Cl did not lead to any observable reaction of the precursors even at
elevated temperature, thus hinting for a steric limitation of the reaction. The clusters 12a to 14a
were characterized by NMR spectroscopy and ESI-MS spectrometry. The anions were
transferred into the Cu-carbene adducts for crystallization, however according to '"H NMR
spectroscopic data the reaction of 12a with NHCP*PCuCl yields the doubly Cu-coordinated
complex [NHCPPPCu],[Geo{Si(TMS)s}.] upon cleaving the boranyl ligand.*31 Nevertheless,
single crystals of NHCPPPCu[Geo{Si(TMS)s}.DABF] (13a-Cu and 14a-Cu; Figure 22) were
obtained. The structure determination corroborated the covalent attachment of boranyl groups
at the [Geg] cluster. The Ge-B bond lengths are 2.063(5) A and 2.055(5) A, respectively, in
agreement to published data.?8-27% The shape of the [Gey] clusters is best described as slightly

distorted tricapped trigonal prisms, with each capping Ge vertex bearing either a hypersilyl

ligand or the attached boranyl moiety.

13a-Cu 14a-Cu

Figure 22. Molecular structures of a) 13a-Cu and b) 14a-Cu in two perspectives tilted by approximately 90°. All
ellipsoids are presented at a 50 % probability level. For clarity, only the central Si atoms of the hypersilyl groups are
shown, hydrocarbon fragments are presented as wire-sticks, and hydrogen atoms are omitted. The NHCP*®? ligands
are either completely omitted or the Dipp wingtip substituents are illustrated by grey spheres. Trigonal prism bases
are indicated by red dashed lines.

Quantum chemical calculations for the anions 13a and 14a reveal that the HOMO and the
LUMO both are located at the [Geg] cluster core with an energy gap of 3.8 eV (Figure 23a).
Boron-centered orbitals appear above LUMO+4. For the hypothetical anion with the stronger
Lewis acidic group [Cy2B]* the LUMO is however boron-centered, and the HOMO-LUMO gap
shrinks to 3.4 eV (Figure 23b). However, since the application of Cy>BClI to the twofold silylated
cluster mediates its dimerization, an experimental preparation of the latter species was not
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2 Results and Discussion

possible. According to the calculations, the generation of intramolecular frustrated Lewis acid-
base pairs consisting of a [Geg] moiety and a boranyl substituent in principle is possible.
Nevertheless, it requires a well-balanced choice of the boranyl ligand to achieve a boron-
centered LUMO, while the accompanied electrophilicity of the reactant should not induce side-

reactions.

HOMO (14a) LUMO (14a) HOMO (Cy,B) LUMO (Cy,B)

Figure 23. HOMO and LUMO of a) the anion 14a and b) the theoretical species [Ges{Si(TMS)3}2BCy2]~. Molecular
orbital plots are illustrated in such way that 50 % of the density is enclosed within the isosurface, corresponding to
an isovalue of 0.04 a.u.

Due to the successful formation of Ge-B single bonds a multiple boranyl-decoration of the [Geg]
cluster becomes feasible starting from the bare [Geg]* ions. A variety of
halo-1,3,2-diazaborolidines was tested aiming for a functionalization of the bare
nonagermanide cluster. Even though no substituted cluster species could be isolated from the
experiments, the amide [K(18-crown-6)](0-CH3CeH4)NH(CH2)2N(0-CH3CeH4) - 3.5 NH3 was
obtained from the reaction of KisGey and a halo-diazaborolidine featuring o-tol wingtip
substituents in liquid ammonia. Most probably the amide formed from contained trace
impurities of the amine N',N2-di(o-CHsCsH4)ethylene-1,2-diamine, which serves as reactant in
the synthesis of the respective halo-diazaborolidine. Generally, amide formation is an
oftentimes observed process in polar solvents like liquid ammonia or ethylenediamine
(Chapter 2.2.2.1).1118.121. 134,213, 21 A detailed presentation of the amide’s crystal structure is

enclosed in Chapter 6.4.
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2 Results and Discussion

2.1.3 Intermolecular Frustrated Lewis Pairs of the Cluster [Geo{Si(TMS)3}2]*>- and

Bromo-1,3,2-diazaborolidines or Bromo-1,3,2-diazaboroles

Chapter 6.5: C. Wallach,* F. S. Geitner * and T. F. Fassler, FLP-type Nitrile Activation and
Cyclic Ether Ring-Opening by Halo-Borane Nonagermanide-Cluster Lewis
Acid—Base Pairs, Chem. Sci. 2021, 12, 6969.

Chapter 6.6: C. Wallach,t D. M. Dankert ¥ and T. F. Fassler, Counterion Related Structural
Isomerism in the Nonagermanide Clusters A[Geo{Si(TMS)z}2(CH2)sO-DABMes]

(A = K, Cs), manuscript for publication.

Chapter 6.7: C. Wallach, Y. Selic, F. S. Geitner, W. Klein, A. J. Karttunen and T. F. Fassler,
Charge-Transfer Processes in Functionalized [Geg] Clusters Based on the

Reversible Formation of a Zwitterion, manuscript for publication.

*: authors contributed equally to this work.

The reactions of the cluster [Geo{Si(TMS)s}.]?~ with alkylated chloroboranes and chloro-1,3,2-
diazaborolidines discussed so far revealed that the electrophilicity of the boron center is a
decisive factor for the formation of either oxidatively-coupled clusters or boranyl-decorated
clusters, respectively. While the variation of organic substituents at the B atom from pure
hydrocarbon fragments to amine entities implies a significant change in the electronic
properties due to the introduction of backdonating atoms, a more subtle way is exchanging the
type of halide. As a general means to evaluate the Lewis acidity of haloboranes the principle
of hard and soft acids and bases (HSAB) can be applied.?”>2"3 Consequently, chloro-1,3,2-
diazaborolidines show a reduced electrophilicity of the boron center in comparison to the
respective bromo-species, since the orbital overlap between the empty orbital at the B atom
and the filled bromide orbitals is reduced. A relative quantification of this trend is possible by
determining the acceptor number according to the Gutmann-Beckett method, which relies on
measuring the 3P NMR shift of EtsP=0 upon addition of a Lewis acid, validating the HSAB

concept.[274-276]

Within the following section reactions of the twofold silylated cluster towards bromo-1,3,2-
diazaborolidines DAB®-Br and the bromo-1,3,2-diazaborole DAB(II)®"-Br [(Il): unsaturated
backbone] are described. The two molecules form intermolecular frustrated Lewis pairs,
leading to the incorporation of solvent molecule fragments between the cluster and the boranyl
species. Thus, ring-opened fragments of cyclic ethers like tmo or thf (n=3 or 4) were
integrated in the monoanionic species [Geo{Si(TMS)s}2(CH2),0-DABF]- (R = o-tol, o-xyl, Mes,
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2 Results and Discussion

Dipp), whereas the application of various nitriles led to the formation of imine-bearing ions
[Geo{Si(TMS)3}.{RC=N}-DABR]- [DAB(II)°**; R =o-tol, Mes; R =alkyl, alkenyl, aryl]. In
comprehensive studies the influence of the alkali metal counterion on the arrangement of
substituents at the [Geg] cluster was investigated, uncovering two structural isomers of
A[Geo{Si(TMS)3}2(CH2)s0-DABMs] (A = K, Cs). Furthermore, the introduced imine moieties are
prone to protonation vyielding the intensively green colored zwitterionic complex
[Geo{Si(TMS)s}2{MeC=N(H)}-DAB(II)P*P], which was analyzed by UV-Vis measurements and

guantum chemical calculations.
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2 Results and Discussion

Cylic ether ring-opening

A schematic representation of the performed experiments vyielding cluster species with

incorporated ring-opened ether fragments is provided in Scheme 6.

| -
BL - —
RN N-R (TMS)3 \Ge\//e\;\ee _S(TMS); (TMS)3 o s (TMS),
NG\ See™
- AB /é/ WA WA
) ' Ge=ct70¢ G 6e
Ny N/
a)
o
2 \ 15at".K to 19ath"-K 17at’.Cs
/B\
(TMS)55\ e, S(MMs) N R . R (
GeT [A\Gé \/I/_G/
NP\ ] \eze/ \ )
/\G/ \ M- DAB
Ge"\G\e>Ge
.
Ge 2A
A=K,Cs b)
Br }
R\N/B\N/R (TMS)3 \Ge//G\e\Ge/ (TMSE
= N
WA
- KBr Ge"\\G\e/>Ge
D (tmo) Gé Kt
o 16ai™°-K to 19a'™m°-K
\
B
R—\,""~N (R
NN DABR
o)
A0 AL Segiee |
/B\ /B\ /B\ /B\ /B\ DABR
N N N N N N N N N N
/ \J \J _
15a 16a 17a 182 o

Scheme 6. Summary of the reactions of the twofold silylated [Geg] cluster towards bromoboranes in cyclic ethers.
a) Formation of the clusters A[Geo{Si(TMS)s}2(CH2)s0-DAB#] (15at"-K to 19at"f-K and 17a"-Cs) comprising a ring-
opened tetrahydrofuran (thf) moiety and different counter cations; b) formation of the clusters
K[Geo{Si(TMS)3}2(CH2)30-DABFR] (16a'™°-K to 19at™°-K) comprising a ring-opened trimethylene oxide (tmo) moiety.

Reactions of the precursor A2[Geo{Si(TMS)s}2] (A = K, Cs) with bromo-1,3,2-diazaborolidines
DABR-Br or the bromo-1,3,2-diazaborole DAB(II)?*-Br in the cyclic ethers tetrahydrofurane
(thf, Scheme 6a) or trimethylene oxide (tmo, Scheme 6b) vyield cluster species with
incorporated ring-opened ether fragments. A variety of wingtip substituents at the heterocyclic
ring was tested, resulting in the formation of the compounds A[Geg{Si(TMS)3}2(CH.)4sO-DABF]
(15a"-K to 19a™-K and 17a™-Cs) and K[Ges{Si(TMS)s}2(CH2);0-DABF] (16a'™-K to

19a'™°-K) for reactions performed in thf and tmo, respectively.

Reactivity tests of the used bromoboranes towards thf in absence of any cluster species
yielded the ring-opened species DABR-O(CH,)4+-Br according to "H and ''B NMR spectroscopic
investigations. Cyclic ether ring-opening reactions have been reported for boron-containing

species before, which most likely rely on the formation of a four-membered cyclic transition

44



2 Results and Discussion

state, and a subsequent o-bond metathesis reaction.’?’’-2"%! Consequently, the formation of the
cluster species in Scheme 6 is best described as a nucleophilic attack of the cluster at the
electrophilic carbon atom adjacent to the bromine atom, following a Sn2-like protocol
(Scheme 7). Reactions with the acyclic borane ('PraN).B-Br in thf yield analogous products

according to ESI-MS analysis.
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Scheme 7. Generalized reaction scheme for the formation of cluster species featuring incorporated ring-opened thf
moieties.

The synthesized cluster compounds were characterized by a combination of single crystal
X-ray diffraction analysis, NMR spectroscopy, and mass spectrometry. The incorporation of
ether fragments is well observable in ESI-MS measurements by using deuterated solvents in
the reaction protocol. Exemplarily, the m/z ratio of the monoanion 17a®f is shifted by 8 masses
upon conducting the reaction in thf-ds (Figure 24). A comprehensive overview of the applied

methods is provided in Table 2.

Table 2. Summary of the characterization methods used to analyse the cluster species with incorporated ring-
opened thf and tmo moieties.

1 5athf 1 Gathf 1 7athf 1 7athf 18athf 1 gathf
NMR N - v v - v
ESI-MS (thf) N N N v v v
ESI-MS (thf-ds) v - v - v v
SC-XRD - - v (-K) v (-Cs) - v (-K)
_ 1 Gatmo 1 7atmo _ 18atmo 1 gatmo
NMR - - v - - -
ESI-MS - N N - v v
SC-XRD - - v (K) - - -

45



2 Results and Discussion

a) b)

m/z 1526.8 m/z 1534.8
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Figure 24. ESI-MS spectra of the monoanion 17at"f prepared in a) thf or b) deuterated thf-ds. The mass peaks are
observed at m/z 1526.8 and m/z 1534.8, respectively. The calculated isotope pattern is presented as black bars.

Concentrated toluene solutions of the compounds 17a*-K, 17at"’-Cs, 19a""-K, and 17a'm°-K
were stored at -40 °C yielding single crystals suitable for X-ray diffraction analysis. While in
each compound the [Geg] cluster is substituted by two hypersilyl groups and an organic
fragment, the ligands are attached at different cluster vertices with respect to the trigonal prism.
The [Geg] clusters in the respective species feature Cs symmetry due to varying heights of the
trigonal prism. Usually, the ligands bind to the three Ge vertex atoms capping the trigonal prism
bases.[?06. 211, 223-225, 2281 Thys, the compounds 17a™f-Cs and 17a'™°-K comprise the most
common, symmetric ligand arrangement at the nonagermanide cluster (Figure 25b and d). In
contrast, the [Geg] cluster in compounds 17a*-K and 19a™-K is substituted in an asymmetric
manner with one hypersilyl group and the hydrocarbon chain binding to capping Ge vertices,
while the second hypersilyl ligand is attached at a Ge atom of the trigonal prism base
(Figure 25a and c). Even though structural isomerism at [Gey] clusters has been described
before, 2142152451 no such ligand arrangement has been reported so far. Intriguingly, the alkali
metals in the thf-comprising species feature almost the same coordination sphere of one O
atom, one aromatic ring, and several Ge contacts. Thus, the isomerization cannot be explained
in a straightforward way. Furthermore, variable temperature '"H NMR spectroscopic studies
revealed that both clusters 17a"-K and 17a'f-Cs feature a symmetric substitution in solution,
since solely one signal set was observed in a temperature range from -90 °C to 60 °C.
Consequently, the isomerization should occur during the crystallization process, with the chain
length of the incorporated ether fragment as well as the counter cation playing vital, however
yet unknown roles. In further studies the alkali metal counterions were sequestered during the
reaction using [2.2.2]crypt and 18-crown-6, however the obtained reaction products were
invariant to the adjusted reaction protocol. Quantum chemical calculations might be applied to
compare the energies of the different species, thus aiding a more comprehensive
understanding of the influence of the applied alkali metal and the hydrocarbon chain length on
the substitution pattern.
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a) b)

Mes

17athf-K

c)

Ge  q7atmo.K

°Si(TMS),

Figure 25. Molecular structures of clusters comprising ring-opened ether fragments: a) 17a%*-K; b) 17at-Cs;
c) 19athf-K; d) 17a'™°-K. All ellipsoids are presented at a 50 % probability level. In each figure the wingtip substituent
not coordinating to the alkali metal ion is illustrated as a grey sphere. Solely the central Si atoms of the hypersilyl
groups are shown and hydrogen atoms are omitted. The backbone of the DAB fragments and the wingtip
substituents coordinating the alkali metal ion are shown as wire-sticks. Trigonal prism bases are indicated by red

dashed lines.
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Frustrated Lewis pair-like nitrile activation

The nitrile incorporation between the twofold silylated cluster and bromoboranes was

investigated. An overview of the performed experiments is provided in Scheme 8.
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Scheme 8. Summary of the reactions of the twofold silylated [Geg] cluster towards bromoboranes in various nitriles.
a) Formation of the clusters K[Geo{Si(TMS)s}2{R'C=N}-DAB*] (20a-K to 27a-K; R' = alkyl, alkenyl, aryl; R = o-tol,

Mes,

Dipp) comprising an

incorporated

imine moiety;

b) formation of

the Cu-carbene adducts

NHCPPPCu[Geo{Si(TMS)3}2{RICN}-DAB*] (25a-Cui, 26a-Cu¢, 27a-Cu®) featuring an imine-enamine tautomerism; c)

protonation

of the imine moiety

[GeofSi(TMS)s}2{MeC=N(H)}-DAB(II)P#?].
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2 Results and Discussion

Reactions of the precursor Ky[Geo{Si(TMS)s}.] with bromo-1,3,2-diazaborolidines DABR-Br
(R = o-tol, Mes) or the bromo-1,3,2-diazaborole DAB(I1)°*P-Br in various nitriles yielded cluster
species, which comprise incorporated imine fragments. Several nitriles R'C=N featuring alkyl,
alkenyl, and aryl side chains were tested towards their reactivity leading to the formation of the
compounds K[Geo{Si(TMS)s}.{R'C=N}-DAB"] (20a-K to 27a-K, Scheme 8a).

In contrast to the Sn2-like mechanism observed for the incorporation of ring-opened ether
fragments, the reactions with nitriles follow a frustrated Lewis acid-base-like mechanism.
Indeed, no reaction between the nitrile and the bromoboranes is observed in absence of any
cluster species even at elevated temperature. Only upon adding the twofold silylated cluster
to a solution of the bromoborane in the nitrile a reaction initiates, accounting for a concerted
reaction mechanism. Most probably, the reaction comprises a coordination of the nitrile’s
nucleophilic N atom to the electrophilic B center (non-isolable transition state,
Scheme 9A), and an immediately following attack of the nucleophilic cluster at the electrophilic
carbon atom in a-position to the terminal N atom (Scheme 9B). Similar findings have been
reported for the cyclo-addition of nitriles to the geminal FLP ‘Bu,P-CH»-BPh, based on
quantum chemical calculations.?%”- 8% Reactions with the acyclic borane ('Pr2N).B-Br in MeCN

yield analogous products according to ESI-MS analysis.
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Scheme 9. Proposed reaction path for the formation of the species 20a to 27a.1?5" 2801 A) coordination of the
nucleophilic terminal N atom of the nitrile to the electrophilic boron center forming a non-isolable transition state;
B) nucleophilic attack of the cluster at the electrophilic carbon atom adjacent to the N atom under bromide-cleavage.

While the anions 20a, 21a, 22a, and 24a were characterized by ESI-MS only, single crystals
of compounds 23a-K and 27a-K were obtained, allowing a complete structure determination
of the contained anions 23a and 27a. Furthermore, the anions 25a to 27a were transferred into
the Cu-carbene adducts NHCPPPCu[Ges{Si(TMS)s},{R'CN}-DABF] (25a-Cu’, 26a-Cue,
27a-Cu®; Scheme 8b), which were crystallized and thoroughly characterized by SC-XRD as
well as LIFDI-MS measurements. The same methods were applied to compound 27a-H,
[Geo{Si(TMS)s}2{MeC=N(H)}-DAB(II)P*P], which forms upon protonating the imine function in
anion 27a with NEt3-HCI (Scheme 8c). The applied characterization methods are summarized

in Table 3.
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2 Results and Discussion

Table 3. Summary of the characterization methods used to analyse the cluster species with incorporated imine

moieties.
LA D g Js @r 1
N~ N N~ N N~ N
/ / \—/
20a 21a 22a | 23a 24a 25a 25a-Cu’ 26a 26a-Cu® | 27a 27a-Cu® 27a-H
NMR - - - N - - N - N v v v
MS (ESI/LIFDI) N4 N4 N4 N4 N N N v N N v v
v N
SC-XRD - - - - - N4 - N v v
(-K) (-K)
UV-Vis - - - - - - - - - N4 - v

Repetitive structure motifs are observed in compounds 23a-K, 27a-K, 27a-H, as well as
25a-Cu’, 26a-Cu®, and 27a-Cu® (Figure 26). Each [Geg] cluster is substituted at Ge atoms
capping the trigonal prism by two hypersilyl groups and an organic ligand comprising the
incorporated former nitrile. The protonated iminium entity in 27a-H was clearly detected in the
difference Fourier electron density map. Thus, the cluster is best described as a zwitterion with
the negative charge distributed over the [Geg] cluster (Figure 26¢). In the Cu-containing
complexes the TM n3-coordinates the cluster as described before. Intriguingly, in the
compounds 26a-Cu® and 27a-Cu® an imine-enamine tautomerism is observed (Figure 26e and
f). However, this structural feature is most probably limited to the solid-state, according to NMR
studies. The enamine-character of the two latter compounds was derived from shortened C=C

versus elongated C-N bond lengths in comparison to compound 25a-Cu' (imine entity).

A SiTms), b)

NEt;-HCI
- KCI
(toluene)

KO'Bu
-HO'Bu
(toluenef/thf)

27a-K 27a-H

f)

25a-Cu’

Figure 26. Molecular structures of clusters comprising incorporated imine or enamine fragments: a) 23a-K;
b) 27a-K; c) 27a-H; d) 25a-Cui; €) 26a-Cu¢; f) 27a-Cus. The reversible transformation of 27a-K in 27a-H is indicated.
All ellipsoids are presented at a 50 % probability level. Solely the central Si atoms of the hypersilyl groups are
shown, hydrogen atoms are omitted, and the wingtip substituents are illustrated as grey spheres. The backbone of
the DAB fragments is shown as wire-sticks. Trigonal prism bases are indicated by red dashed lines.
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UV-Vis spectroscopy and quantum chemical calculations for compound 27a-H

Via the presented nitrile-route in principle up to two functional groups can be introduced to the
[Geg] cluster. On the one side allows the variability of the organic entity R' of the nitrile the
introduction of functional groups such as alkenyl entities, on the other side the imine (or
enamine) moiety is a functional group itself. As described in Scheme 8c, and corroborated by
the isolation of single crystals of 27a-K and 27a-H (Figure 26b and c), the imine entity is readily
protonated by applying the soft acid NEt;-HCI. In contrast to the red potassium salt, the cluster
27a-H forms intensively fir-green colored solutions. The iminium entity was not only
substantiated by single crystal diffraction analysis, but also by the presence of iminium protons
in the "H NMR spectrum as well as by a combined ESI-MS / LIFDI-MS study revealing a mass
difference of exactly one hydrogen atom between the monoanionic cluster 27a and compound
27a-H. Furthermore, the intensively colored clusters were investigated by UV-Vis absorption
measurements as depicted in Figure 27 [note: absorption bands at A = 210 nm in a) and
310 nm in b) are artefacts caused by the solvent]. The reversibility of the protonation was
proven by time-dependent UV-Vis investigations monitoring the decay of the absorption band
at A = 671 nm upon adding KO'Bu to the cluster solution. The obtained results were supported

by NMR spectroscopic investigations revealing a fading iminium proton signal.

a) 0.8 b) 1.5
27a-K 0.0032 pmol/m 27a-H 0.04 pmol/ml
—0.08 umol/ml
0.0043 pmol/ml 71 m "
—0.0054 pmol/ml 0.16 pmol/ml
0.6 0.0064 pmol/m 669 nm* 0.25 pmol/ml
° o 1.0 Se—S, *: calculated
& Q 387 nm
& S .
g 044 -g 437 nm 495 nm
7] @ Si—Ss
© ® /
— 248 nm 0.5
0.2 4
\
0'0 T T T 0'0 T T T T T T
200 400 600 800 1000 300 400 500 600 700 800 900

A/nm Al nm

Figure 27. UV-Vis absorption spectra of a) 27a-K (thf) and b) 27a-H (toluene). In b) the calculated absorption
spectrum obtained at DFT-BP86/TZVP level of theory is presented as turquoise graph, revealing maxima at
A = 495 nm (transition So — Ss, 2.14 eV) and A = 669 nm (transition So — Sz, 1.85 eV).[281-28% For the illustration
the vertical excitation energies of the 30 lowest-energy singlet excited states were used (shortest calculated
wavelength: 396 nm).

The results of time-dependent DFT calculations 2828 for compound 27a-H are in accordance
with the experimentally obtained data, revealing absorption maxima at A = 669 nm (transition
So — S2) and A = 495 nm (transition So — Ssg, Figure 27b, turquoise graph). Typically, time-
dependent DFT methods suffer larger errors with an increasing charge-transfer contribution,

thus explaining the deviation of the calculated absorption band at A = 495 nm.[286]
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According to the molecular orbital analysis the HOMO is located at the [Geg] cluster and the
covalently connected carbon atom, while the LUMO forms the anti-bonding 7™ orbital of the
C=N double bond of the imine moiety (Figure 28a and b). The HOMO-LUMO gap was
calculated to 1.40 eV. Most probably, the green color of compound 27a-H is caused by a
charge-transfer between the cluster and the iminium entity. This hypothesis is supported by
the calculation of the change in the electron density during the excitation So — S, (Figure 28c).
During the excitation a decreasing electron density at the [Geg] cluster (yellow color) is
monitored, while the electron density at the adjacent carbon atom of the imine moiety increases
(red color). A potential explanation for the observed shift in the electron density is the
description of the participating molecule fragment using a mesomeric structure with the positive
charge located at the central carbon atom (Figure 28d). Thus, the excitation induces an

electron density transfer to the electrophilic carbon atom.

a) b) si(tms),
»)

HOMO 27a-H LUMO

d) +
(TMS)3 (TMS);  (TMS); (Tlvls;|
[Geg] [Geg]
€] €]
hv

@ D
—C, >C
\ _H .
oN~ a\“\N/5
é; Dipp Oé .Dipp
/N /N

Dipp’N\/l Dipp’N\/l

Figure 28. Molecular orbitals of 27a-H calculated at the DFT-BP86/TZVP level of theory:[?81-2851 3) HOMO; b) LUMO.
Molecular orbital plots are illustrated in such way that 50 % of the density is enclosed within the isosurface
(approximate isovalue of 0.04 a.u.). c) Electron density difference plots for the So — Sz excitation of 27a-H. During
the excitation yellow color corresponds to a decreasing electron density and red color corresponds to increasing
electron density (approximate isovalue of 0.002 a.u.). d) Proposed mesomeric structure of 27a-H explaining the
observed electron density transfer.
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2.2 Deltahedral [Ges]* and [Geg]* Anions as Synthons for

Intermetalloid Clusters

Reactions with organometallic complexes are one maijor pillar on which the field of deltahedral
Zintl cluster chemistry is based. Owing to the immense number of isolated structures reported
in the literature, in the introductory Chapter 1.3.1 solely the most prominent examples
containing Ge as cluster-forming element are listed. While comprehensive overviews including
the chemistry of Sn and Pb analogues are provided elsewhere,® 287-2%1 pyplications on the
detection of novel intermetalloid clusters and their related chemistry appear on a regular basis,
thus accounting for the timelessness and boundlessness of the research field.?®"! Within such
reports, a major focus lies on the identification of suitable organometallic reactants and reaction
parameters allowing the targeted and reproducible synthesis of extended clusters, which goes
along with the aim to clarify the occurring cluster-formation mechanisms on a molecular level.
Recently, the fabrication of structures like nano-rods!'?®'39 or catalysts®?®? has caught
attention, opening the way for potential future applications of the respective materials.
Nevertheless, mechanistic insights into the processes occurring in solution are rare, thus
requiring persisting research efforts. To challenge this issue, within this thesis reactivity studies
of germanide clusters towards organometallic complexes in polar solvents such as liquid
ammonia as well as ethylenediamine (en) are described. Here, one focus lies on monitoring
potential reaction paths in these media, while another key aspect is isolating and characterizing
novel intermetalloid clusters. Several ftransition metal-coordinated, endohedral, and
counterion-exchanged clusters were identified, which are presented in the following sub-

chapters.
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2.2.1 Review of Relevant Literature

2.2.1.1 Reactions of Germanide Zintl Clusters with Zinc Organyls

Chemical manipulations using the bare [Ges]* and [Geg]* clusters are usually conducted in
polar solvents in the presence of sequestering agents. Even though distinct characterization
methods like NMR spectroscopy in liquid ammonia exist,?%-2%! these techniques are
technically challenging limiting their common applicability. Thus, the in-situ monitoring of
reaction steps and the identification of intermediates is mostly limited to the isolation of single
crystals. By the comparison of structurally characterized species potential reaction paths can
be derived. Exemplarily, the anion [(n*-Ges)Zn(n":n'-Geg)Zn(n*-Gey)]? (Figure 29b)!'?° might
form stepwise via the formation of the doubly Zn-coordinated cluster
[(n'-Geo){ZNn(NH3)s}2] (Figure 29a),['®! and a subsequent exchange of its NH; ligands by two
[Geg]* moieties. A second possible reaction path is the substitution of the organic ligands at
two [(n*-Ges)ZNR]*~ (R = Ph,l""® Mes, 'Pr 'l Figure 29d) clusters by a bridging [Geo]*~ anion.

a)

[Zn{HC(Ph,P=NPh)}],

Figure 29. Molecular  structures  of  Zn-coordinated  clusters a)  [(n'-Ges)}{Zn(NH3)s}];['%!
b) [(n*-Ges)Zn(n':n"-Ges)Zn(n*-Geo)I®~;['?°! c) [(n*-Ges)Zn-Zn(n*-Geo)]t;['?% d) [(N*-Gee)ZnR]*~ (R = Ph,[''8 Mes,
Pri21y; e) & {Zn(n*:n'-Gee)}>12% f) [(n3-Ges)Zn(n3-Ges)]®~.12% Light blue and red spheres represent Ge and Zn
atoms, respectively, dark blue and grey spheres NHs molecules and organic ligands.

As depicted in Figure 29, the chemistry of Zn organyls towards [Geg]*~ anions is very versatile.
In reactions of [Geg]* clusters towards Zn(l) reagents either a formal retention of the Zn-Zn
single bond in the polyanion [(n*-Ges)Zn-Zn(n*-Gey)]®~ is observed (Figure 29c), ['**! or the
Zn(l) precursor disproportionates leading to Zn(ll)-coordinated clusters (Figure 29a and b).
These observations account for redox processes in solution, which are not fully understood
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yet.['3:129 The utilization of Zn(ll) precursors usually results in transition metal bridged anions
such as {Zn(n*:n'-Geq)}?>~ (Figure 29e)l'?” and [(n3-Geq)Zn(n3-Gey)]®~ (Figure 29f),2%1 in
which the Zn ion adopts different coordination modes. The structural isomer of the former
polymer, & {Zn(n*n3-Geq)}*~, was obtained upon exchanging ZnCp*, by the Zn(l) organyl

[Zn(NacNacMes)],.1130

As outlined, Zn-based precursors reveal a very versatile chemistry towards bare germanide
clusters, yielding fascinating structures. Besides the oxidation state of the Zn center and the
attached ligands, also the applied solvent is considered as an important reaction parameter.
As key example, amide formation was observed in some of the aforementioned reactions,
caused most likely by the deprotonation of liquid ammonia or ethylenediamine by negatively
charged organic fragments R-, which were cleaved from the ZnR; precursors.['18 121,134,213, 271]

However, the role of these small anions in the course of the reactions remains ambiguous.

2.2.1.2 Structure Motifs in Endohedral Tetrel Element Clusters

While the Zn-comprising fragments in the latter chapter coordinate to the surface of the
germanide clusters, some TM can be incorporated into the cluster core. Even though no
experimental proof for the incorporation of Zn atoms in germanide clusters has been reported,
its encapsulation was anticipated by calculations.??-2%! |n recent years, compounds featuring
core-shell-like building principles have been developed, holding promise for the development
of drug delivery systems,?*® sensors,*% and catalysts.*°"! However, the targeted synthesis of
onion-like structured materials is a challenging process, involving issues such as island

formation or an unfavored intermixing of components.[202-304

On an atomic level endohedral Zintl clusters (Chapter 1.3.1.3) can be described as core-shell
molecules, with the inner sphere consisting of solely one atom.®° While deltahedral transition
metal-free tetrel element clusters featuring up to ten vertex atoms were reported,2%5-3071 the
addition of an interstitial TM atom allows the formation of extended clusters. Here, the
encapsulated TM is believed to provision additional orbitals for the cluster stabilization.!'38 1571
Exemplarily, besides filled (distorted) icosahedra of Ge, Sn, and Pb, also extended clusters
such as [TM.@Ge1s]* (TM = Fe "> Co 15515€)) - [Pd,@E+s]* (E = Ge,[®"1 Sn 08310l gnd
[Rhs@Sn24]> B exist, comprising fused, multiple-filled shells of tetrel elements. In addition, a
series of doubly filled 17-atom Sn clusters was identified. Here, two [TM@Sno]™ entities
(TM = Co,'43-1441 N;j 3123131 Rpy B pt 199) gre interlinked by a shared Sn vertex atom

(Figure 30c). So far, no such germanide analogue has been reported.l'47- 314
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Despite the structural characterization of many endohedral cluster species, rare evidence on
the formation mechanisms occurring in solution has been provided. It is assumed that the
formation of filled and extended intermetalloid clusters is a multi-step process, involving a
coordination of organometallic fragments to the cluster precursors, a subsequent ligand
cleavage, as well as fragmentation and assembling steps.[8% 1342901 A key example for the latter
processes is the formation of the doubly filled dimer [Co.@Sn+7]°>~ from an ethylenediamine
extract of the solid-state phase Ks79C0079Sng containing [Co@Sng]*~ clusters.['*3 Even though
filled [Ni@Sng]* anions were described in Na12Ni1-«Sn17,1'* no such germanium-based solid

containing filled germanide clusters is known.

The oftentimes occurring icosahedral building fragments in endohedral clusters can be
classified according to the nomenclature of Alvarez.B™ Exemplarily, the centered vacant
icosahedral fragment [TM@Es] (cvIC-8, Figure 30d) was monitored in clusters such as
[Ni2@Sn+7]* (Figure 30c),2'? as well as in the fragmentation products [CpTi(n*-Sns)*
(Figure 30a) and [{Cp.Ti}{CpTi}TiSn1s]™ (n =4, 5; Figure 30b). The latter species form in
reactions of [Sng]* clusters with titanium organyls.l'* Generally, an icosahedral atom
arrangement with approximately equal distances of the TM to each cluster vertex seems

favourable.['41

d)

Sn

cviC-8

Figure 30. Icosahedral fragments in the molecular structures of a) [CpTi(n*-Sng)]*>-; b) [{Cp2Ti}{CpTi}TiSn1s]""
(n = 4, 5);['34 ¢) [Ni2@Sn17]*."2 Repetitive [Sng] structure motifs in a)-c) are indicated by dashed orange ellipsis.
d) lllustration of a centered vacant icosahedron according to the nomenclature of Alvarez.[3'9

2.2.1.3 Counterion-Exchange at Zint/ Clusters

The major share of isolated and structurally characterized nonagermanide Zint/ clusters
features K* counterions,?®® while the Zn-coordinated cluster [(n'-Geg}{Zn(NH3)s},] ['?% is one
of the few exceptions. However, also binary phases such as AsGey and AGesr
(A = Na,68 78 82 8] Rp 841 Cg [67. 84]) gre known, opening a straightforward way to alter the
counterions in the obtained reaction products. Nevertheless, the lithium-containing phases

remain elusive, most likely due to the size-mismatch between the small alkali metal cation and
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the bulky nine-atom cluster. Nevertheless, the Li* counterion-comprising [Sne]* and [Pbg]*
clusters are accessible by reducing elemental tin and lead with lithium in liquid ammonia.l®®
Another possibility is exchanging the counterions of the respective potassium-containing
compounds by Li* ions in solution, which can be achieved by the application of ion-exchange
resins to liquid ammonia extracts of the K-based solid-state phases. Though, this protocol is
limited to the production of LisSng so far.['*"] A targeted exchange of counterions is of interest,
as it opens a forthright way to the characterization and comparison of several closely-related
compounds differing solely concerning their counterions. By this way, insights into the role of
the cations regarding the reactivity of the clusters or the arrangement of substituents at the

cluster core might be obtained.
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2.2.2 Synthesis and Characterization of Intermetalloid Germanide Clusters

Chapter 6.8: C. Wallach,* K. Mayer,* T. Henneberger, W. Klein and T. F. Fassler,
Intermediates and Products of the Reaction of Zn(ll) Organyls with Tetrel
Element Zintl lons: Cluster Extension Versus Complexation, Dalton Trans.
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Icosahedra as Building Fragments in 17-atom Endohedral Germanides
[TM.@Ge17]" (TM = Co, Ni), Dalton Trans. 2021, 50, 13671.

Chapter 6.10: C. Wallach, W. Klein and T. F. Fassler, Nonagermanide Zintl/ Clusters with Mg?*
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10.1002/zaac.202200065.

Chapter 6.11: C. Wallach, W. Klein and T. F. Fassler, Crystal Structure of N2 N*-
dimesitylpentane-2,4-diamine, C23H34N2, single crystal structure

communication submitted for publication in Z. Kristallogr., New Cryst. Struct.
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Within this chapter reactions of the bare ions [Ges]* and [Geg]* with various organometallic
complexes are described. The focus of the conducted experiments is the identification of
potential intermediates and repetitive structural building fragments in different isolated clusters.
However, also the structures of germanium-free by-products are investigated to obtain insights
into reaction processes occurring in solution. Since harsh reaction conditions are applied to
obtain intermetalloid clusters, oftentimes the isolation of single crystalline product species and
intermediates provides the only possibility to elaborate potential reaction paths. In the following
chapter Zn-coordinated germanium tetrahedra as well as nine-atom clusters are described,
which were isolated in combination with several Zn amides from reactions of the solid-state
precursors KsGeg and Ki2Ge17 from liquid ammonia.['72 316-317] Most probably, the formation of
amides plays a key role in the generation of the isolated intermetalloid clusters. Furthermore,
the endohedral 17-atom germanides [TM.@Ge17]™ (TM = Co, Ni) were obtained either by
reacting the solid-state phase of nominal composition “KsCo12Geg” with a titanium complex in
liquid ammonia,["*” 314 or by filling and fusing empty [Geg]* ions by the addition of Ni(cod). to
an ethylenediamine solution of KsGeg, respectively. Both filled cluster anions are discussed
with respect to their building principles, which resemble an atom arrangement in analogy to
icosahedra. In further experiments the potassium counterion-exchange at bare [Geg]* clusters
as well as at the silylated species K[Geo{Si(TMS)s}s] is described, achieved by the application
of magnesium organyls.
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2.2.2.1 Investigations on Potential Intermediates and Reaction Paths Yielding Tetrel

Element-Zinc Clusters

Reactions of deltahedral Zintl clusters with organozinc precursors in liquid ammonia led to the
formation of various intermetalloid clusters and Zn complexes, an overview of which is provided

in Scheme 10.[172 316-317]
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Scheme 10. Molecular structures of the polyanions obtained from reactions of zinc organyls with KsGeg and A12E17
(A=K, Rb; E=Si-Sn) in liquid ammonia. a) [(n%n3-Ges)(ZnEt)}]> (28a); b) [(n*-Geo)(ZNEL)>- (29a);
c) [(N?-Sn4)Zn(n?-Sn4)1%- (30a);1'72 3161 d) [(ZnPh2)2(u2-NH2)2]2 (31a); e) {[Zn(u2-NH2)4][(ZnEt)2(u2-NHz2)2]2}2~ (32a);
f) [ZnPhs]- (33a); g) [ZnMes3]~ (34a).3""] All ellipsoids are shown at a 50 % probability level. Hydrogen atoms,
counterions, and co-crystallizing solvent molecules are omitted for clarity. In e) tetrahedral motifs spanned by amide
ions are indicated by dashed grey lines.

Anions 28a to 34a were isolated from liquid ammonia solutions upon dissolving the solid-state
phases KiGeg or AE17 (A=K, Rb; E=Si-Sn) in the presence of ZnR; species and the
sequestering agents [2.2.2]crypt or 18-crown-6 (Scheme 10). Single crystalline material
containing these anions was collected from the flask after storing the reactions several months
at -70 °C. Anion 28a was obtained in the salt [K[2.2.2]crypt]2[(n®:n3-Ge4)(ZnEt)2]:2NHs. The
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cluster comprises two [ZnEt]* entities coordinating to two opposed triangular surfaces of the
tetrahedron, resulting in a seesaw-like structure (Scheme 10a). A comparable structural motif
has been reported for the related anion [(n*:n*-Ges)(CuMes).]*.l'"""! In addition, the same TM
fragment n*-coordinates a nonagermanide cluster in the compound
[K[2.2.2]crypt]s[(n*-Geg)(ZNnEt)]- 7.4NH3 comprising anion 29a (Scheme 10b). The resulting ten-
atom closo-cluster can either be described as a bicapped square antiprism, or as a
coordination complex of Zn and the square plane of the [Geg] cage, which acts as a 6-electron
donor and allows the transition metal to reach 18 valence electrons.!''® The anions 28a and
29a are relatively stable in solution, corroborated by the detection of the mono-anionic species
in ESI-MS measurements. A complete exchange of the [Cp*]™ ligands at the Zn atom by Sn
tetrahedra was observed in anion 30a (Scheme 10c), which was isolated in the compound
[K]6[(n?-Sn4)Zn(n?-Sn4)]: 16NHs. Anion 30a is a structural isomer and heavier homologue to the
previously reported clusters [(n®-Sn4)Zn(n-Sn,)]® %1 and [{n?-(Si/Ge)s}Zn{n?-(Si/Ge)4}]%,

respectively.['4

In further experiments cluster-free Zn complexes were isolated. Among these were the amides
31a and 32a (Scheme 10d and e), which crystallized in the compounds
[K(18-crown-6)]2[(ZnPh2)2(u2-NH2)2]- 8NH3 and [K(18-crown-6)]2{[Zn(p2-NH2)4][(ZnELt)2
(M2-NH2)2]2}-5NHs, respectively. While the species 31a consists of two charge-neutral ZnPhy
fragments interconnected by two amide ions, in the complex anion 32a a central Zn?* cation
and four [ZnEt]" entities are interconnected by eight amide ions. These form three edge-
sharing tetrahedra, the outer ones of which being capped with two organozinc fragments each.
The central tetrahedron encapsulates a Zn?* ion. The Zn?* ion and the [ZnEt]* fragments can
be seen as “activated” species of the ZnR- precursors. Even though the source of the amide
ions cannot be identified unequivocally, previous investigations regarding amide-formation
referred to the existence of solvated electrons in the cluster containing reaction
solutions.!'%1% These electrons most probably initiate a reductive cleavage of an organic
ligand of the Zn complex. The formed anions R~ abstract a proton from the solvent yielding
NH; ions.[''® 1211 This assumption is corroborated by the isolation of the anionic Zn complexes
33a and 34a (Scheme 10f and g) in the compounds [KosRbo2(18-crown-6)][ZnPhs] and
[K(18-crown-6)][ZnMess]-NHs-2thf, respectively. The organozinc complexes can be described

as traps for cleaved organic ligands R.

Although the molecules described in this section were neither derived from the same
organozinc precursor nor from one single reaction, the isolation of several anionic clusters 28a
to 30a and by-products 31a to 34a containing Zn?* ions, [ZnR]* fragments, and cleaved R~
ligands hints towards stepwise reactions on the way to intermetalloid clusters. The formation

of such cluster species is most probably induced by the formation of intermediate Zn amides.
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2.2.2.2 Synthesis and Structural Characterization of the Endohedral lons [TM.@Ge17]™
(TM=Co,n=6; TM= Ni, n=4)

As outlined in Chapter 1.3.1.3 endohedral clusters are obtained either by solid-state reactions,
followed by an extraction of the filled clusters, or empty clusters are reacted with organometallic
complexes in solution to yield an incorporation of the transition metal. Both reaction protocols

were applied as illustrated in Scheme 11.[147. 314]
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Scheme 11. Synthesis and molecular structures of the polyanions a) [Co.@Ge17]®~ (35a); b) [Co.@Ge10]*~
(36a);1'47. 314 ¢) [Ni2@Ge17]*~ (37a). The quotation marks indicate the nominal composition of the solid-state phase.
Al ellipsoids are presented at a 50 % probability level. In c) the split atom Ge5' is indicated transparently [symmetry
operation (i): 1-x, y, 0.5-z]. Co-crystallizing solvent molecules and cations are omitted. In a) and c) the reoccurring
[Ges] tubs are indicated by dashed orange ellipsis, and trigonal prism bases as red dashed lines. In d) an additional
atom arrangement derived from an icosahedron is schematically presented.®'% The analogous structure feature in
anion 37a is indicated in bold.

According to Raman spectroscopic investigations the solid-state phase of nominal composition
“KsCo12Gey” comprises filled [Co@Geg]® clusters, which can be extracted using liquid
ammonia.l"*% In previous studies, titanium organyls revealed a variable reactivity towards tetrel
element Zintl clusters,*¥ thus the organometallic complex [Cp.Ti(NH3)2]CI(NH3) was added to
the liquid ammonia extract of the cobalt-containing solid-state phase. From the reaction
mixture the anions [Co.@Ge+7]*" (35a) and [Co.@Ge1o]*~ (36a, Scheme 11a and b) were
isolated in the compounds [K([2.2.2]crypt)]2Ks[Co@Ge17]- 15NH3 and
[K(2.2.2-crypt)]s[Co@Ge10]-9NHs, respectively. The latter ion has previously been isolated and
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characterized from ethylenediamine, thus it is not extensively discussed at this point.l's-152 So
far, the structure motif of two fused cobalt-filled [Geg] clusters comprising a shared Ge vertex
in 35a has solely been observed in the corresponding TM-filled stannides.['43-144. 159, 311-312] The
corresponding Ni-congener [Ni@Ge17]* (37a, Scheme 11c) was prepared by reacting finely
grounded KsGeg with Ni(cod), in ethylenediamine. The utilized Ni complex is a common

precursor for the generation of intermetalloid clusters.['1® 313, 318]

Even though the two doubly filled clusters 35a and 37a feature the same number of vertices,
their structures differ from each other. The anion 35a can either be described as two [Co@Gey]
entities which are linked via the shared Ge9 atom, or as two [Geg] tubs which encapsulate an
almost linear Co1-Ge9-Co2 strand, which is also accordingly found in the published ion
[Ni@Sn+7]*~.B'2 In contrast, the cage-interconnecting Ge5 atom in the Ni-containing cluster
37a splits in two positions Ge5 and Ge5' (Scheme 11c). The deviation of Ge5 from an ideal
centered position causes a strongly bent angle Ni1-Ge5-Ni2, and the formation of two distinct
coordination polyhedra encapsulating the Ni atoms. The cluster can be described as a [Ges]
tub which is interconnected to a trivacant icosahedral entity termed mer-vIC-9 (Scheme 11c
and d).B®"® While anion 37a was monitored in ESI-MS measurements, quantum chemical
calculations corroborated the determined structures of the endohedral 17-atom clusters 35a

and 37a to be true local minima.
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2.2.2.3 Synthesis of Germanide Zintl Clusters Comprising Mg?* Counterions

In analogy to the reactions of nonagermanide clusters with organozinc complexes, magnesium
organyls were reacted with the precursor KsGeg as well as with the threefold silylated cluster

K[Geo{Si(TMS)s}s]. The most important results are summarized in Scheme 12.
a)
K4Ge9

-Kl
(NHz (1))

Mg(NacNacMes)|
b)

K[GeoSi(TMS)3}s]
-KI
(MeCN)

Scheme 12. Synthesis and molecular structures of the Mg-comprising clusters a) [K[2.2.2]crypt]s
[Mg(NacNacMes)(NHs)s]2[Geo-Ges]-32.58NHs  (38a-KMg); b) [Mg(NacNaces)(MeCN)s] [GeofSi(TMS)s}s]-MeCN
(39a-Mg). All ellipsoids are presented at a 50 % probability level and co-crystallizing solvent molecules as well as
hydrogen atoms are omitted for clarity. In a) and b) the carbon atoms of the [NacNacMes]- ligands are shown as
wire-sticks for clarity. In a) the four [K[2.2.2]crypt]* counterions are neglected for clarity, and in b) solely the central
Si atoms of the hypersilyl groups are shown.

The reaction of KsGeg with the precursor Mg(NacNacMe®)! in liquid ammonia yielded compound
38a-KMg, [K[2.2.2]cryptls]Mg(NacNacMes)(NH3)4]2[Geo-Geg]-32.58NHs3, in which two of the six
K* counterions were exchanged by [Mg(NacNacV®s)(NH;)s* complexes. The isolated
compound comprises a [Ges-Geg]®~ unit featuring a Ge-Ge exo-bond, and the structure and
geometry of the dimer is in agreement with previously reported species
(Scheme 12a).['70-171. 183, 2641 The Mg?* ion is embedded into a slightly distorted octahedral
sphere of N atoms, formed by the organic ligand and four coordinating NHs molecules.
However, due to the spatial separation of the Mg?* ion to any Ge vertex, no direct interactions
between the cluster and the counterion are observed as for the comparable Zn-comprising

species discussed in Chapter 2.2.1.1.
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A complete ion-exchange of K* by Mg?* was achieved by reacting the threefold silylated cluster
with Mg(NacNacV*)l. The formed species 39a-Mg, [Mg(NacNac"*s)(MeCN)a]
[Geo{Si(TMS)s}s]-MeCN (Scheme 12b), comprises an unaltered [Geo{Si(TMS)s}s]~ cluster, %]
which co-crystallizes with the cationic Mg complex featuring an octahedral coordination sphere
in analogy to 38a-KMg. Again, any direct interactions between the cluster and the organo-
magnesium fragment can be excluded. Even though the Mg?* ions do not directly interact with
the [Gey] clusters, a straightforward way was established to (partially) exchange the cluster’s
counterions by the application of organometallic halides. A reactivity test of compound 39a-Mg
towards the N-heterocyclic carbene NHCP*PCuCl was performed, yielding the Cu-carbene
adduct NHCPPPCu[Geo{Si(TMS)3}5],2*¥ which also forms upon utilizing the K-containing
precursor K[GeofSi(TMS)s}s]. Thus, the influence of the counterion on the reactivity of the

cluster in subsequent reactions seems to play a minor role.

In further studies the reactivity of the Mg(l) complex [Mg(NacNac"*¢)], towards liquid ammonia
solutions containing dissolved germanide clusters was tested. Even though deep red solutions
were obtained, no single crystalline material comprising germanide clusters could be isolated
from the reddish precipitates. Instead, a rapid color change of the reaction solution and of
isolated solid material to brown-green was observed upon opening the reaction flask, indicating
the presence of highly sensitive species. Nevertheless, colorless to light-yellow crystals of the
by-products [K(18-crown-6)][NacNacVes]-3NH; and [K[2.2.2]crypt][NacNac“es]-NH; were
isolated. The capture of cleaved [NacNacVes]- ligands accounts for reactions taking place in

solution, however potentially formed Ge species remained elusive.

During the synthesis of the precursor NacNacV®sH few crystals of the fully reduced congener
N?,N*-dimesitylpentane-2,4-diamine  were obtained, whose crystal structure is

comprehensively discussed in Chapter 6.11.
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3 CONCLUSIONS

Within this thesis reactions of bare and silylated germanium clusters towards main group
element compounds and transition metal complexes are discussed. A generalized overview of
the performed reactions and cross-relations is provided in Scheme 13, including exemplarily

structures of isolated compounds.

counterion-exchange
formation of at bare clusters

intermetalloid clusters /\

7 counterion-exchange
/at functionalized clusters

transition metal decoration
of functionalized clusters

Scheme 13. Generalized overview of reactions discussed in this thesis. For each reaction type one exemplary
molecular structure is presented. Dashed lines resemble cross-relations between the different fields.

The performed experiments can be divided into major fields: functionalization of the [Geg]
cluster core with main group element fragments, formation of intermetalloid clusters, and
counterion-exchange at [Geg] clusters. However, cross relations between the fields exist. As
key example, functionalized nonagermanide clusters react with TM complexes yielding the
respective coinage metal-carbene adducts, as described in several cases. A second cross-
relation applies to the counterion-exchange, since the substitution of K* ions by Mg?* can either
be performed starting from the bare [Geg] clusters or from a cluster species which was
functionalized with silyl groups in a first instance. Closely related is the exchange of
counterions in the solid-state precursor, allowing for instance the synthesis of Cs™-comprising
functionalized clusters. Cross-relations are indicated by dashed lines in Scheme 13.
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In the first section of this thesis reactions of the twofold silylated cluster with chlorophosphines
and chloroboranes are described. In case of the chlorophosphines, various phosphanylated
species were obtained which showed a subsequent reactivity towards coinage metal-carbene
compounds due to their Lewis basic character. Since the silylated [Ges] cluster is described as
a Lewis base itself, the major focus of this thesis is investigating reactions of the cluster
towards electrophilic halo-boranes. The applied boranes can be roughly sorted according to
their Lewis acidity: Cy.BCl > DABR-Br > DABR-CI. Most intriguingly, even small variations in
the chemical composition of the respective boranes lead to severe changes in their reactivity

towards the cluster precursor.

The alkyl chloroborane Cy,BCl acts as an oxide-scavenger in the oxidative coupling of two
twofold silylated clusters under the formation of a Ge-Ge single bond between the cluster
entities. Even though a plethora of oligomeric clusters comprising bare [Geg] motifs as building
blocks has been reported, 9 147. 166. 169-174. 1801811 the oxidation agents yielding such species
have not unequivocally been identified. The presented results illustrate that parameters like
trace amounts of oxygen or water, which cannot be removed from the system even under a
most careful handling of the reactants, can play a vital role in Zintl cluster chemistry. According
to the described observations it is feasible that the intentional application of suitable oxidation
agents could be a potential strategy towards developing targeted routes for the bottom-up

synthesis of extended, oxidatively-coupled tetrel element clusters.

In reactions of the twofold silylated cluster with the less electrophilic bromo-1,3,2-
diazaborolidines DABF-Br an alternative way of attaching ligands at the [Geg] cluster was
introduced. The incorporation of ring-opened ether fragments between the silylated cluster and
the boranyl fragment is based on a Sn2-like reaction mechanism, which is an oftentimes
observed reaction type in this field of chemistry. However, the interlinking of the cluster and
boranyl entity by an imine moiety clearly is due to a frustrated Lewis acid-base-like reactivity.
Via this method up to two functional groups, which are the imine moiety as well as an olefin
group, were introduced to the [Geg] core. The described reaction protocol could in principle be
transferred to other boron-free Lewis acids, thus immobilizing various types of acidic centers
in close proximity to the [Geg] cluster. Furthermore, the straightforward protonation of the imine
moiety led to an intense color change of the compound from red to green, thus accounting for
an alteration of the electronic situation, which was investigated in more detail using a quantum
chemical approach. The tailorable interaction of the cluster with visible light is a first step on
the way to the design of antenna molecules, which could potentially find application in light

harvesting devices.

The application of the least Lewis acidic chloro-1,3,2-diazaborolidines led to the formation of

boranyl-decorated silylated [Ges] clusters. The respective species were obtained in a reliable
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reaction protocol, and quantum chemical calculations revealed that the attachment of specific
boranyl ligands generates intramolecular frustrated Lewis pairs. However, the calculated
species remained elusive on an experimental level. The combined results reveal that the
design and choice of the applied borane reactants is a balancing act between their reactivity
and stability, with small deviations in the electrophilicity imposing a significant influence on the

occurring reactions.

The second part of this thesis focuses on the formation of various intermetalloid germanide
clusters. By reacting solid-state phases containing [E4]* (E = Ge, Sn) and [Geg]* ions with
organozinc complexes, a series of Zn-coordinated clusters and by-products was identified. By
screening the isolated structures for cross-relations, a formation path for the generation of
tetrel element-Zn clusters was proposed: the reductive cleavage of R ions from the ZnR-
precursor initiates an amide formation with the reaction medium liquid ammonia.l''® 1211 The
amide anions react with the Zn precursors forming “activated” Zn species, which contain bare
Zn?* ions or [ZnR]" fragments. Subsequently, these reactants are available for reactions with
the polyanionic clusters. The presented results allow a better understanding of the processes
occurring in solution, which in the future might lead to improved synthesis protocols in the
hardly controllable medium liquid ammonia. Thus, the generation of extended intermetalloid
clusters at the border of isolated molecules and solid-state-like structures might become

feasible.

In a similar direction points the isolation and characterization of the 17-atom endohedral
species [Co.@Ge17]° and [Ni.@Ge17]*. The clusters do not only bridge the gap between
known endohedral 16- and 18-atom germanides, but also nicely illustrate that two congeners
of a similar sum formula do not necessarily obtain the same structure. Both anions feature
[Ges] tubs as building fragments, which is an oftentimes observed feature in endohedral
clusters. The development of a targeted and reliable synthesis strategy yielding such cluster
fragments could pave the way to the synthesis of endohedral species of defined compositions,

which might find application as synthons in catalytic reactions.!?%2

Reactions of Mg(ll) compounds with bare and silylated [Geg] clusters uncovered a
straightforward way to (partially) exchange the counter ions at the respective clusters. It can
be assumed that further organometallic alkaline earth metal complexes are feasible to act in
an analogous way, which allows the systematic characterization of a row of substances
deviating concerning their counterions. The exchange of the ions might impact the reactivity or
solubility of the respective compounds. Furthermore, the solution-based ion-exchange allows
the synthesis of clusters which would otherwise not be accessible due to the absence of the

respective solid-state precursors.
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4 EXPERIMENTAL SECTION

4.1 General Procedures and Equipment

All manipulations were conducted under the exclusion of moisture and oxygen if not stated
otherwise. Therefore, experiments were performed using standard Schlenk line techniques
and an Ar-filled glove box (MBraun MB 200B, mean O; value < 0.1 ppm, mean H20 value
< 0.1 ppm). The Ar gas used for operating the Schlenk line and the liquid ammonia device was
purified from trace amounts of oxygen and moisture by passing it over columns filled with a
heated BTS catalyst (70 °C), silica gel (“orange gel” indicator), as well as P,Os (H-O indicator).
Furthermore, the Schlenk line was equipped with a mercury overpressure release vent and a
RZ 5 rotary vane pump (Vacuubrand), reaching an average pressure of 5-10° mbar (Pfeiffer
Vacuum Single Gauge). Reactions were performed in Schlenk tubes (volume: 20 mL to
200 mL) or Schlenk flasks (volume: 100 mL to 1000 mL) made of borosilicate glass. The flasks
were sealed either with rubber septa or glass stoppers, the latter of which were lubricated using
high-vacuum resistant grease. All reaction containers were heated prior to usage under
dynamic vacuum at 650 °C using a heat gun (Steinel). The procedure was repeated three
times, and after each cycle the flasks were purged with Ar after cooling down to r.t. Glass ware
was cleaned in a KOH/isopropanol bath (100 g/L) over night, and subsequently rinsed three
times with deionized water. Further technical equipment like Teflon-coated magnetic stirring
bars, spatula, Teflon tubings, syringe filters, Whatman filters, metal cannulas, NMR tubes,
Pasteur pipettes, storage containers, agate mortars, tantalum ampoules, and steel autoclaves
were stored in a drying oven (Binder ED115) at 120 °C for at least one hour before using it. All
consumables were purchased from VWR. Experiments were stirred using a magnetic stirrer
RCT basic (IKA Labortechnik) equipped with an integrated heating plate and a temperature
sensor ETS-D4 (IKA Labortechnik). Oil baths were used for performing experiments at
elevated temperature or distillations, while cooling was achieved using a water/ice bath (0 °C)
or an isopropanol/dry ice bath (-78 °C). Solid and liquid reactants were weighed in using an
analytical scale Entris 2241-1S or TE214S (Sartorius) in the glove box. Solvents were
transferred between flasks either by using a syringe and a rubber septum or a Teflon tube. In
the latter case, both flasks were sealed with rubber septa which were punctured with the tubing.
The septum of one flask was equipped with an additional steel cannula to allow a pressure
compensation, and the solvent was passed over by applying an Ar overpressure to the storage
flask.
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4.2 List of Lubricants, Solvents, Chemicals, and Reactants

4.2.1 Lubricants

In Table 4 the lubricants used for sealing glass ware as well as oils for selecting single crystals

and operating the vacuum pumps are listed.

Table 4. List of used lubricants.

grease/oil supplier usage

high vacuum grease Dow Corning Schlenk flask

PTFE grease Carl Roth Schlenk flask

Ramsay grease soft Leybonol Schlenk line

Lithilen grease Leybonol Schlenk flasks containing liquid

ammonia and ethylenediamine

perfluoroalkylether oil, viscosity: 1800 cSt ABCR single crystal selection at r.t.

. Solvay Speciality . . o
perfluoroalkylether oil Galden LS230 Polymers Italy SpA single crystal selection at -40 °C
P3 PK 001 108-T Pfeiffer Vacuum GmbH vacuum pump of Schlenk line
Vorpumpendl MW-95V Sindlhauser Materials vacuum pump of NHs (I) Schlenk line

4.2.2 Solvents

The solvents MeCN, thf, hexane, and toluene were obtained from a solvent purification system
MB-SPS (MBraun) equipped with columns containing molecular sieves (3 A and 4 A), and
subsequently were stored over molecular sieves (3 A, VWR). Beforehand, the sieves were
activated under dynamic vacuum at 500 °C for 12 hours. Et;O was dried over
Na/benzophenone, ethanol was stirred over Na/diethyl phthalate, and ethylenediamine was
dehydrated over CaH: prior to distilling all the respective solvents. Liquid ammonia was dried

at least for one hour over sodium metal before usage.

4.2.3 Chemicals

Unless otherwise stated all commercially available chemicals were used without further
purification. Chemicals were stored either on the bench at r.t., in an Ar-filled glove box, in a
fridge at 6 °C (Lovibond EX490), or in a freezer at -32 °C (Liebherr GN2613). Table 5 gives a

summary on the used basic chemicals.
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Table 5. List of purchased chemicals used within this work.

substance sum formula pl;):::zal supplier purity [%] storage
[18]-crown-6 C12H2406 solid Merck >99 glove box
[2.2.2]crypt C1sH36N206 solid Acros Organics 98 glove box
1,10-phenanthroline C12HsN2 solid Sigma Aldrich >99 bench
2,4,6-trimethylaniline CoH13N liquid Alfa Aesar 98 bench
2,4,6-trimethylphenyl bromide CoH11Br liquid Alfa Aesar 99 6°C
2,6-di(iso-propyl)aniline C12H19N liquid Merck 92 bench
2,6-dimethylaniline CsH11N liquid Acros Organics 99 bench
2-methylaniline C7Hs9N liquid Sigma Aldrich >99 bench
5-bromopentene CsHoBr liquid Sigma Aldrich 95 6°C
5-hexenenitrile CsHoN liquid Acros Organics 95 glove box
acetonitrile C2oHsN liquid Sigma Aldrich 99.9 bench
acetonitrile-ds CDsCN liquid Sigma Aldrich 99.8 glove box
acetylacetone CsHgO2 liquid Merck >99 bench
acrylonitrile CsHsN liquid Sigma Aldrich 99 glove box
ammonia NH3 gas Westfalen AG 99.999 Sjl?nder
ammonium chloride NH4CI solid Grtissing GmbH 99.5 bench
argon Ar gas Westfalen AG 99.998 gjl?n der
benzene CeHe liquid Sigma Aldrich 99.8 bench
benzene-ds CesDs liquid Sigma Aldrich 99.5 glove box
benzonitrile C7HsN liquid Sigma Aldrich >99 glove box
benzophenone C13H100 liquid Sigma Aldrich 99 bench
boron tribromide BBrs3 liquid Sigma Aldrich 1M in hexane 6 °C
boron trichloride BCls liquid Alfa Aesar 1M in hexane 6 °C
cesium Cs solid Prof. F. Kraus - glove box
calcium hydride CaH2 solid Merck >97 bench
chloroform-d; CDCls liquid Sigma Aldrich 99.8 glove box
chlorotris(trimethylsilyl)silane CoH27CISia solid TCI 95 glove box
copper(l) chloride CuCl solid Alfa Aesar 97 glove box
di(1-adamantyl)chlorophosphine C20H30PCl solid Sigma Aldrich 97 glove box
diatomaceous earth SiO2/Al203 solid Carl Roth - bench
dichloromethane CHzCl2 liquid Brenntag - bench
dicyclohexylchloroborane C12H22BClI liquid Sigma Aldrich 1M in hexane glove box
di(cyclooctadiene)nickel(0) C16H24Ni solid Sigma Aldrich - -32°C
diethylaminodichlorophosphine C4H1oNOPCI2  liquid Alfa Aesar 97 glove box
diethyl ether C4H100 liquid Brenntag - bench
diethylzinc CsH10Zn liquid Sigma Aldrich 1M in hexane 6 °C
diethyl phthalate C12H1404 solid Sigma Aldrich 99 bench
di(iso-propyl)amine CsH1sN liquid Sigma Aldrich 99 bench
di(iso-propyl)ethylamine CsH1oN liquid Sigma Aldrich >99 bench
dimethylformamide CsH/NO liquid Sigma Aldrich 99.8 glove box
di(ortho-tolyl)chlorophosphine C14H14PCI solid Alfa Aesar 98 glove box
dioxane C4HgO2 liquid Acros Organics >99.8 glove box
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substance sum formula phs)t(::;al supplier purity [%] storage
diphenylzinc C12H10Zn solid ABCR 98 glove box
dodecanenitrile C12H2sN liquid Sigma Aldrich 99 glove box
ethylacetate C4HgO2 liquid VWR 99.9 bench
ethylenediamine C2HsN:2 liquid Merck - glove box
germanium Ge solid Evochem 99.999 glove box
glyoxal C2H202 liquid Merck 40 % in water bench
hexanenitrile CsH11N liquid Sigma Aldrich 98 glove box
hydrochloric acid HCI liquid Sigma Aldrich 37 % solution bench
iodine I2 solid VWR 99.8 glove box
iodomethane CHsl liquid Alfa Aesar 99 bench
iso-butyronitrile CsH7N liquid Sigma Aldrich 99 glove box
iso-propylmagnesium chloride CsH7BrMg liquid Acros Organics 2M in thf bench
lithium granula Li solid LRI?;ZV;OOd 97 glove box
lithium chloride LiCl solid Sigma Aldrich 99.9 glove box
magnesium sulfate MgSO4 solid VWR 99.8 bench
magnesium turnings Mg solid ChemPur 99.9 bench
menthol C10H200 solid Sigma Aldrich 99 bench
methanol CH4O liquid VWR 99.5 bench
methyllithium CHaLi liquid Sigma Aldrich 1.6min Et20 6 °C
nitrogen N2 liquid Air Liquide - dewar
N,N"-di(iso-propyl)ethylenediamine  CsH20N2 liquid Sigma Aldrich 99 bench
N,N-dimethylethylenediamine CaH12N2 liquid Sigma Aldrich 98 bench
n-hexane CsH12 liquid Brenntag - bench
n-pentane CsH12 liquid Brenntag - bench
oxygen 02 gas Westfalen AG 99.999 gjl?n der
OH(CH20)-H )
paraformaldehyde (n = 8-100) solid Merck >95 bench
phosphorus trichloride PCls liquid Merck >99 glove box
potassium K solid ChemPur 98 glove box
potassium hydride KH solid Merck 35 wt% in oil bench
potassium hydroxide KOH solid Sigma Aldrich >85 bench
potassium tert-butoxide C4HoOK solid Sigma Aldrich >98 glove box
propionitrile CsHsN liquid Sigma Aldrich 99 glove box
p-toluenesulfonic acid C7Hs03S solid Merck >98 bench
pyridine-ds CsDsN liquid Sigma Aldrich >99.5 glove box
rubidium Rb solid Prof. F. Kraus - glove box
silver(l) oxide Ag20 solid Merck 99 bench
sodium Na solid ChemPur 99 glove box
tert-butyldichlorophosphine C4HoPCl2 liquid Alfa Aesar 98 glove box
tert-butyl methyl ether CsH120 liquid Sigma Aldrich 99.8 bench
tetrahydrofuran C4HsO liquid Sigma Aldrich 99.9 bench
tetrahydrofuran-ds C4DsO liquid Sigma Aldrich 99.5 glove box
toluene CrHs liquid Brenntag - bench
toluene-ds C7Ds liquid Sigma Aldrich 99 glove box
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substance sum formula phs)t(:::al supplier purity [%] storage
triethylamine CsH1sN liquid VWR 99 bench
triethylamine hydrochloride CsH16NCI solid Sigma Aldrich 99 glove box
trimethylene oxide CsHesO liquid Acros Organics 97 6°C
trimethylsilyl chloride CsHoSiCl liquid Sigma Aldrich >99 bench
zinc chloride ZnCl2 solid Alfa Aesar 98 glove box

4.2.4 Reactants

Table 6 summarizes the synthesized reactants used within this thesis. In case the preparation
of the respective reactant involved multiple steps solely the final product is given. All reactants

were stored at r.t. in an Ar-filled glove box.

Table 6. List of reactants used in this thesis. a: for synthesis of chlorophosphines see Reference 20

reactant sum formula physical state preparation
AsGeg (A = K-Cs) AsGeg (A = K-Cs) solid Chapter 4.3.1
DABPPP_Br C26H3sBN2Br solid [319]
DAB(Il)PPp-Br C26H36BN2Br solid [319]
DABP'-CI CsH1sBN2Cl liquid [320]
DABMe-C| C4H10BN2CI liquid [320]
DABMes-Br C20H26BN2Br solid [319]
DABMes-C| C20H26BN2Cl solid [319]
DAB®-Br C16H18BN2Br solid [319]
DABe-C| C16H18BN2CI solid [319]
DAB-Br C1sH22BN2Br solid [319]
(‘PraN)2BBr C12H28BN2Br liquid [321]
(PraN)2BCI C12H28BN2CI liquid [321]
Pr(N/Pr2)PCI 2 CoH21PNCI liquid (2]
PriBuPCl 2 C7H16PCI liquid 262]
K12Ge1r Ki2Ge17 solid Chapter 4.3.2
K2[Geo{Si(TMS)s)2] K2GegSigC1sHs4 solid [208]
K[Geo{Si(TMS)3}3] KGesSi12C27Hs1 solid [206]
Mg(NacNacVMes)| Ca23H20MgN2l solid [323-324]
NHCPrPAQCI C27H36AgN2CI solid [325-327]
NHCPrPCuCI C27H36CuN2Cl solid [326-327]
NHCPCuCl CoH16CuN2CI solid [326-327]
‘BuMesPCl 2 C13H20PClI solid [328]
Bu(NEt2)PCl 2 CsH1sPNCI liquid [262)
Bu(NPr2)PCl 2 C10H23PNCI liquid [322]
Bu{(CH2)3sCH=CH2}PCl 2 CoH1sPCI liquid [329]
ZnCp*2 C20H30Zn solid [330]

. The corresponding alkyl, alkenyl, aminoalkyl, and aryl substituted chlorophosphines were prepared during my

Master's thesis.
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Table 7 summarizes reactants that were synthesized and generously provided for usage by

colleagues at the Technical University of Munich (Prof. Fassler and Prof. Inoue), and by Prof.

Jones, Monash University, Australia. All samples were stored at r.t. in an Ar-filled glove box.

Table 7. List of reactants used in this thesis provided by colleagues.

reactant sum formula physical state producer chair
(1,1-dimethylpropyl)2PClI C10H22PClI liquid Dr. Felix Geitner Prof. Fassler
(CsFs5)2PCI C12F10PClI liquid Dr. Felix Geitner Prof. Fassler
[Cp2Ti(NH3)2]CI(NH3) C10H19N3TiICl solid Dr. Felix Geitner Prof. Fassler
Pr(NPr2)PCI CoH21PNCI liquid Dr. Felix Geitner Prof. Fassler
KCs KCs solid M. Sc. Yasmin Selic Prof. Fassler
“KsCo1.2Gey” KsCo1.2Geg solid Dr. Benedikt Witzel Prof. Fassler
Mes2BBr C1sH22BBr liquid Dr. Daniel Franz Prof. Inoue
[NacNacMesMg]2 CasHssNsMg2 solid - Prof. Jones
Bu(N'Pr2)PCI C1oH23PNCI liquid Dr. Felix Geitner Prof. Fassler
ZnMes: CigH22Zn solid Dr. Thomas Henneberger  Prof. Fassler
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4.3 Synthesis of Solid-State Precursors

The solid-state phases KsGeg, RbsGeg, CssGeq, and Ki2Gesr were prepared according to

modified literature procedures.[’® 82 84

4.3.1 Preparation of AsGes (A = K-Cs)

Elemental A (K: 1.052 g; Rb: 2.286 g; Cs: 3.575 g; 26.9 mmol, 1 equiv.) was weighed into a
stainless-steel tube, and subsequently finely grounded Ge powder (3.999 g, 55.1 mmol,
2.1 equiv.) was added. Afterwards, the steel tube was inserted into a stainless-steel autoclave
which was closed with a screw cap (Figure 31a). The autoclave was set in a corundum tube
(length: 60 cm, diameter: 3.8 cm, wall thickness: 0.5 cm), which was evacuated and purged
with Ar before. The tube was sealed with a glass cap featuring a connected rubber balloon for
pressure regulation. After a repeated flushing of the corundum tube with Ar it was vertically
placed into a tube furnace Loba 1200-42-600-1-OW (HTM Reetz GmbH).

4.3.2 Preparation of K12Ge17

A tantalum ampoule (Figure 31b) was rinsed stepwise in acetone, acetic acid, deionized water,
and again acetone in an ultra-sonication bath (30 min each). Afterwards, the bottom of the
ampoule was welded on the tantalum tube (length: 60 mm, diameter: 10 mm, wall thickness:
0.5 mm) by using an electric arc furnace MAM 1 (Edmund Biihler) in the glove box. Elemental
K (1.146 g, 29.3 mmol, 1 equiv.) was weighed into the ampoule, and subsequently finely
grounded Ge powder (3.018 g, 41.5 mmol, 1.4 equiv.) was added. The reaction container was
sealed by welding a tantalum lid on top of it using the arc furnace. The ampoule was inserted
in a quartz glass tube, which was sealed with a glass cap and evacuated afterwards. The tube
was vertically inserted into a tube furnace Loba 1200-42-600-1-OW (HTM Reetz GmbH).

a) b)
F
20 mm 10 mm 70 mm ! ° _
f— 1 | {
. —
A) B) c) E) 60 mm

Figure 31. Components of a) the stainless-steel autoclave (A-D) and b) the tantalum ampoule (E, F) for the
synthesis of AsGeg and K12Ge17, respectively. A) screw cap with thread, B) stamp, C) reaction tube, D) steel
autoclave with inner thread; E) tantalum ampoule, F) tantalum lids.
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Using an automatic temperature control system S 14083 (Eurotherm Deutschland GmbH) the
reaction containers were heated with a rate of 2 K/min to 650 °C or 800 °C for AsGeg or
Ki2Ge+7, respectively (Scheme 14). The temperature was kept for 48 h before the samples
were cooled down to r.t. at a rate of 1 K/min.

A,Geg: 650 °C
K12Ge17: 800 °C

& 48 h 7
& <%y
/)
,ﬁ@ Z
r.t. r.t.
A, Ge A4Ge9 or K12Ge17

Scheme 14. Temperature program for the synthesis of the Zint/ phases AsGeg and K12Ge17.

Subsequently, the reaction containers were transferred into the glove box and the obtained
solid products were removed from the autoclaves by scratching with a spatula. With the help
of an agate mortar the Zintl phases were finely grounded, and a sample was filled into a Mark
capillary (Hilgenberg GmbH, diameter: 0.5 mm, wall thickness: 0.01 mm, length: 80 mm),
which was sealed with some molten wax (Max Wax pen). For determining the phase purity, a
powder X-ray diffractogram was collected. The theoretical powder patterns for AsGeg
(Figure 32a-c) were calculated using the single crystal data of the respective solid-state phases
and the program WinXPOW (STOE).[67- 1 A theoretical pattern for K12Ge17 was simulated with
the program Diamond (Crystal Impact GbR) by using the single crystal data of K2Sii; and
replacing Si with Ge (Figure 32d).1%?
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Figure 32. Powder X-ray diffractograms of a) KsGeg; b) RbsGeg; c) CssGeyg; d) Ki2Ge17 in the region of 10° to 60°
26. The collected data is presented as black graphs, the calculated reflexes are presented as red columns. For the
calculation of the theoretical diffraction patterns the crystal structure data of AsGeg [ 79 and K12Si17 82 were used.
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4.4 Filtration Techniques

4.4.1 Whatman Filtration at the Schlenk Line

A Whatman glass filter (Whatman GD 1UM) was wrapped around a Teflon tubing (VWR,
diameter: 1 mm or 4 mm) and fixed with 10 cm of Teflon tape (VWR). Afterwards, the filter was
dried for 2 hours in the drying oven. Subsequently, the reaction flask and the collecting flask
were interconnected with the filtration unit, which was led through rubber septa. An Ar
overpressure was applied to the Schlenk flask containing the suspension, causing a transfer
of the neat filtrate through the filter into the empty flask. To allow a pressure compensation the
septum of the collecting flask was punctured with a steel cannula. The filtration technique is

best suited for volumes between 2 mL to 5 mL and a coarse precipitate.

4.4.2 Filtration Using a Schlenk Frit with Glass Filter

A Schlenk frit with incorporated glass filter was equipped with a 1 cm thick layer of
diatomaceous earth (Carl Roth), and excessively dried under dynamic vacuum at 650 °C.
Subsequently, the reaction flask was connected to the frit and the whole apparatus was slowly
turned upside-down. At the collecting flask a static vacuum was applied leading to an enhanced
filtration performance. The filtration technique is best suited for volumes greater than 50 mL

and a fine precipitate.

4.4.3 Filtration through Syringe Filters in the Glove Box

In the glove box a syringe filter with PTFE membrane (VWR, diameter: 25mm, pore size:
0.25 ym) was connected to a syringe containing the suspension. The stamp of the syringe was
pressed down and the filtrate was collected in a flask. The filtration technique is best suited for

volumes between 5 mL to 20 mL and a fine precipitate.
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4.5 Condensation of Liquid Ammonia

As stated in the introduction, the highly charged Ge clusters dissolve in polar solvents like
liquid ammonia. Figure 33 gives a schematic illustration of the experimental setup for the
condensation of gaseous ammonia. A NH3 gas cylinder was connected to a Schlenk line which
was entirely made of glass. The whole Schlenk line was three times evacuated to a pressure
below 8:10“ mbar, and subsequently flushed with Ar. A dewar containing dry ice and
isopropanol was attached to one of the cooling traps, and the gaseous ammonia was
condensed into the trap under a static vacuum. The cooling trap itself contained a piece of
sodium metal (3 g) to remove any water traces from the condensed ammonia. An indicator for
water-free liquid ammonia is the blue color of the solvent, resulting from the formation of
solvated electrons.[ The solvent was stored at least one hour over the alkali metal before

usage.

All solid reactants were weighed into a Schlenk flask in the glove box, and the sealed flask
was connected to the Schlenk line by flushing the interconnecting glass newels several times
with Ar. The reaction flasks were placed in a dry ice/isopropanol bath, a static vacuum was
applied to the whole Schlenk apparatus, and all vents to the cooling trap containing liquid
ammonia were opened. In a last step, the dewar was removed from the cooling trap and
approximately 3 mL to 5 mL ammonia was transferred via the gas phase (static vacuum) into
the cooled connected reaction flasks. The experiments were stored in a freezer at either -40 °C
(Elcold UNI31/EL31L) or -70 °C (Thermo Electron Corporation ULT 1790-3-V34) to allow a
slow crystallization process. It is important to handle flasks containing liquid ammonia under
permanent cooling below -34 °C to prevent a rapid and potential harmful evaporation of the

solvent.[331

Figure 33. a) Experimental setup for the condensation of gaseous ammonia. A) NHs gas cylinder, B) pressure
gauge, C) mercury overpressure releases, D) cooling trap containing Na metal and condensed ammonia, E) glass
newel featuring an adapter for Schlenk tubes, F) vacuum pump, G) Ar supply; b) cooling trap containing Na metal
and condensed ammonia; ¢) Schlenk flask containing a red solution of KsGegin liquid ammonia.
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4.6 Selection and Dissection of Single Crystals for Structure

Determination

4.6.1 Isolation of Single Crystals at Room Temperature

Crystallization experiments which were stored at r.t. were monitored for the formation of
crystalline material at regular time intervals. If solid components were observed, the Schlenk
tube was transferred into the glove box. Under the inert atmosphere the crystals were
transferred onto a microscope plate with perfluoralkylether oil (ABCR, viscosity: 1800 cSt).
With the help of an integrated microscope (Leica MZ6) and a light source (Leica KL1500LCD)
crystals suitable for single crystal diffraction were selected. The crystals were mounted on
glass capillaries (diameter 0.3 mm, length 2 cm) through adhesion, which were then fixated
with wax in brass tubes (diameter 3 mm, length 3 cm). The selected crystals were transferred

to the diffractometer in an Ar-filled glass cap.

4.6.2 Isolation of Single Crystals at Low Temperature

Crystallization experiments which were stored at -40 °C or -70 °C (especially valid for liquid
ammonia) were carefully monitored for the formation of crystalline material on a regular basis.
If crystals were observed, the Schlenk tube was transferred into a dewar containing an
isopropanol/dry ice bath. For the selection of single crystals a cooling table was used, which
was designed according to the setup of Kottke and Stalke (Figure 34).2%2 The installation
consisted of a small Schlenk line featuring an Ar supply and a vacuum source.
Perfluoralkylether oil (Galden LS230) was dispersed on a microscope plate, which was
subsequently cooled to approximately -40 °C. The cooling was achieved by a dewar filled with
liquid nitrogen, which was positioned below the glass plate, as well as a cold stream of nitrogen
gas applied from above. The gaseous stream was cooled down by leading it through a copper
newel in a liquid nitrogen filled dewar. Solids were extracted from the reaction vessel using a
spatula and transferred into the cold oil. Crystals suitable for single crystal diffraction were
selected under a microscope (Leica M80) and mounted on the glass loop of the crystal cap
(Hampton research). The crystal cap was transferred under liquid nitrogen to the diffractometer

using a metal pincer.
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N,

4
A)

vacuum Ar
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J]

o

Figure 34. Schematic illustration of the experimental setup for selecting single crystals at low temperature using a
cooling table.332 A) N2 supply, B) dewar containing liquid nitrogen, C) copper newel, D) glass plate with oil and
crystalline material, E) microscope with light source, F) dewar containing dry ice and isopropanol, G) Schlenk flask,

H) connection to a vacuum pump, |) Ar supply.
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4.7 Characterization Methods

4.7.1 Nuclear Magnetic Resonance Spectroscopy (NMR)

NMR spectra at ambient temperature were measured on a Bruker Avance Ultrashield 400 MHz
spectrometer and a Bruker Ultrashield Plus 500 MHz spectrometer. Variable temperature
measurements were carried out using a Bruker DRX 400 MHz spectrometer. 'H and *C NMR
spectra were calibrated using the residual proton or carbon signal of the used deuterated
solvents. Chemical shifts are reported in ppm (parts per million) relative to SiMes, with the
solvent peaks serving as internal reference.3¥! The samples were prepared in an Ar-filled
glove box in air-tight J-Young tubes equipped with a Teflon screw cap (Deutero). Signal
multiplicities are abbreviated as follows: singlet (s), doublet (d), triplet (t), heptet (hept),
multiplet (m), broad signal (br). Spectra were plotted using MestReNova 12 (Mestrelab

Research).

4.7.2 Raman Spectroscopy

Raman spectra were acquired on an inVia Raman microscope RE04 (Renishaw) equipped
with a CCD detector. For the sample preparation the compound (powder or single crystal) was
transferred into a Mark capillary (Hilgenberg GmbH, diameter: 0.3 mm, wall thickness:
0.01 mm, length: 80 mm), which was sealed with a small piece of wax (Max Wax pen). Data
evaluation was performed using the program WiRe 4.2 (Renishaw), and spectra were plotted
using Excel (Microsoft 365) and OriginPro 2021 (OriginLab). Details on the parameters of the

measurements can be found in the respective manuscripts.

4.7.3 Electrospray lonization Mass Spectrometry (ESI-MS)

ESI-MS spectra were acquired in the negative-ion mode on a Bruker Daltronic HCT mass
spectrometer (injection speed: 300 pL/h, dry gas temperature 300 °C) using varying capillary
voltages (1500 V to 4000 V). For the sample preparation approximately 20 umol of the
compound was dissolved and filtered using a syringe filter. The sample solution was taken up
in a Hamilton syringe (VWR) and transferred to the ESI-MS device. Data evaluation, including
the calculation of the theoretical isotope pattern, was performed with the program Compass
Data Analysis 4.0 SP 5 (Bruker), and spectra were plotted using Excel (Microsoft 365) and
OriginPro 2021 (OriginLab).
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4.7 4 Liquid Injection Field Desorption lonization Mass Spectrometry (LIFDI-MS)

An Exactive PlusOrbitrap system (Thermo Fisher Scientific) equipped with an ion source from
Linden CMS GmbH was used for the acquisition of LIFDI-MS spectra.®* For the sample
preparation the compound was dissolved in toluene and filtered through a syringe filter in the
glove box. The solution was applied on a graphite-dendrite coated tungsten wire and an
ionization voltage of 10 kV was adjusted. The resulting radical cations were observed in the
positive-ion mode. Data evaluation was performed with the program Thermo Exactive Plus 2.9
SP3 (Thermo Fisher Scientific). Spectra were plotted using Excel (Microsoft 365) and
OriginPro 2021 (OriginLab). The theoretical isotope pattern was calculated using the website
enviPat Web 2.4.13%°

4.7.5 UV-Vis Spectroscopy

Data acquisition was performed using a Cary 60 UV-visible spectrophotometer (Agilent
Technologies). For the sample preparation a standard solution of the respective compound
was prepared, and a Hamilton syringe (VWR) was used to dilute defined volumes of the
standard to an exact total volume of 3 mL. Spectra were recorded in rubber septum-sealed
quartz glass cuvettes (STARNA GmbH, diameter: 12.5 mm, height: 45 mm, volume: 3.5 ml,
beam path: 10 mm) with a step size of 1 nm in the range of 200 nm to 900 nm. An automatic
baseline correction was performed by recording the absorption data of the pure solvent. Kinetic
studies were performed using an integrated magnetic stirrer and a stirring bar inside the
cuvette (2500 rpm). The sample was excited using a defined wavelength, the second reactant
was added through a rubber septum, and the absorption was measured as a function of time
every 0.0125s. Data evaluation was performed using the programs Cary WinUV Scan
Application and Cary WinUV Kinetics Application (Agilent Technologies). Spectra were plotted
using Excel (Microsoft 365) and OriginPro 2021 (OriginLab).

4.7.6 Powder X-Ray Diffractometry (P-XRD)

Powder diffraction data were acquired with Cu Ka4 radiation (A = 1.54056 A) using a STOE
STADI P diffractometer equipped with a Ge monochromator, a Cu collimator (slit diameter:
0.3 mm), and a MYTHEN 1K detector (DECTRIS). For the sample preparation the solid-state
phases were finely grounded and filled into Mark capillaries (Hilgenberg GmbH, diameter:
0.3 mm, wall thickness: 0.01 mm, length: 80 mm), which were sealed with some molten wax
(Max Wax pen). Measurements were performed in the Debye-Sherrer geometry and data
evaluation was performed using the program WinXPOW (STOE). Spectra were plotted using
OriginPro 2021 (OriginLab).
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4.7.7 Single Crystal X-Ray Diffraction Analysis (SC-XRD)

Single crystal selection and dissection was performed according to Chapter 4.6. Subsequently,
the crystal cap or the brass tube with the attached crystal was mounted to the goniometer head
under a stream of cold N2 gas (150 K). The single crystal diffraction data were collected using
a StadiVari diffractometer (STOE) equipped with a PILATUS 300K detector (DECTRIS) and a
Mo Ka; radiation source (A = 0.71073 A). Fast SC-XRD measurements (30 min) were
performed in a first step to examine the lattice parameters of the compound. The parameters
were compared to the chair-internal database and the database ConQuest (The Cambridge
Crystallographic Data Center) before the measurement was started. An optimized run list for
an extended measurement was calculated using the program X-Area (STOE & Cie GmbH).
The same program was used for the data evaluation comprising the determination of the unit
cell, the reflex integration, and a first internal refinement. The single crystal structures were
determined by direct methods using the program SHELXTL and SHELXS-2014. Structure
refinements were performed by full-matrix least-squares calculations against F? (SHELXL-
2014).3%-337 A riding model was used to calculate and refine the positions of hydrogen atoms.
Other elements than hydrogen were refined with anisotropic displacement parameters. The
electron density of heavily distorted solvent molecules was eliminated by using the PLATON
squeeze function.!®3® While the initial structure refinement was performed by myself, Dr.
Wilhelm Klein (Prof. Fassler, TUM) provided help in case of any crystallographic problems and
finalized the structure refinements for publications. The crystallographic information files (cif)
of most of the structures discussed within this thesis may be obtained from the Cambridge

Structural Database following the link www.ccdc.cam.ac.uk/data_request/cif.

4.7.8 Energy Dispersive X-Ray Analysis (EDX)

Energy dispersive X-ray spectra were acquired using a TM-1000 tabletop scanning electron
microscope (Hitachi). For the sample preparation the compound (powder or single crystal) was
applied onto a carbon sticky tape (PLANO GmbH) in the glove box and the sample was

transferred to the EDX device in a closed glass.

4.7.9 Elemental Analysis (EA)

Elemental analysis was performed in the micro-analytical laboratory of the Chemistry
Department of the Technical University of Munich. For the determination of the C, H, and N

content a combustion analyser (HEKAtech EURO EA) was used.
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4.7.10 Quantum Chemical Calculations

Quantum chemical calculations were performed with the TURBOMOLE program package!®*9
using either the BP86 [28'- 2841 or the PBEOQ 34%-342 hybrid density functional method and polarized
triple-C-valence Karlsruhe basis sets (def2-TZVP for B, K, N, Si, Ge and Ni and def-TZVP for
C and H).”® |f applicable, a COSMO solvent field was applied to counter the anionic
charge.?* Excited states were calculated using time-dependent DFT (TD-DFT).[282-283]
Multipole-accelerated resolution-of-the-identity technique was used to speed up the
calculations.[®42 344-345] Ag injtial data sets the atomic coordinates of the single crystal structure

data were used. Results were visualized using the programs VMDP*! and IboView.B4"!
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Contents and Contributions

The reactivity of a series of chlorophosphines RR'PCI (R, R' = alkyl, alkenyl, aminoalkyl, aryl)
is tested towards the silylated clusters [Geo{Si(TMS)3}2]>~ and [Geo{Si(TMS)s}s]™. In the course
of the experiments, a novel chlorophosphine, ‘Bu{(CH2);CH=CH,}PCI (1), was synthesized
comprising an unsaturated hydrocarbon chain. Its reaction with the threefold silylated cluster
yielded the compound [Ges{Si(TMS)3}sPBu{(CH2)sCH=CH}] (2), which was thoroughly
characterized by spectroscopic methods as well as single crystal X-ray diffraction analysis.
Reactions of the twofold silylated cluster with RR'PCI led to the formation of the monoanionic
species [Geo{Si(TMS)3}.PRR']- (3a to 11a), which were analyzed by NMR spectroscopy as well
as ESI-MS analysis. The anions 3a to 11a still comprise reactive sites at the [Geg] cluster as
well as the Lewis basic P atom. Thus, N-heterocyclic carbenes NHCP*PMCI (M = Cu, Ag) were
reacted with the monoanions, leading to the formation of the species 3-MNHCP*P to
11-MNHCP*?. In dependency of the steric impact of the organic ligands at the phosphine the
transition metal either coordinates to a triangular face of the [Gey] cluster (high steric shielding)
or the metal directly coordinates to the Lewis basic P atom (low steric shielding). Consequently,
the evaluation of the 3'P NMR spectra revealed a singlet or a doublet caused by
JR'P-197Ag/'®Ag) spin-spin coupling, respectively. The spectroscopic data indirectly allow to
distinguish between the different coordination modes the coinage metal carbene adopts

towards the phosphanyl-substituted cluster.
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The experimental work was done in two periods: a) the preparation of compounds 1 and 2 as
well as the preparation of various chlorophosphines, anions 3a to 11a, and their reaction
towards the carbene NHCPPPCu-Cl (3a-CuNHCP*P to 11a-CuNHCP*P) was performed as part
of my Master’'s thesis, which was supervised by Dr. Felix S. Geitner. b) Reactions of the
monoanions 3a to 11a towards the carbene NHCPPPAg-Cl were investigated during my PhD
project, including the acquisition of the spectroscopic data (3a-AgNHCP*? to 11a-AgNHCP?P),
All experimental work was performed by me. Dr. Felix S. Geitner selected a suitable single
crystal of compound 2 and performed the initial structure refinement. Dr. Wilhelm Klein finalized
the single crystal structure refinement for publication. Elemental analysis data were acquired
by Ulrike Ammari and Bircan Dilki in the microanalytical laboratory of the Chemistry
Department of the Technical University of Munich. Dr. Kerstin Mayer and Dr. Felix S. Geitner
partially supported the ESI-MS measurements. A first version of the manuscript was prepared
by Dr. Felix S. Geitner and was included in his PhD thesis. During my PhD project | synthesized
the Ag-carbene complexes and collected the NMR spectroscopic data. Furthermore, | rewrote
the manuscript refocusing on the P-Ag spin-spin coupling, and included the additional data,
figures and tables. Dr. Felix S. Geitner and Dr. Annette Schier proof-read the final version of
the manuscript. The publication of the manuscript was managed by Prof. Dr. Thomas F.
Fassler, the peer-review process including corrections was a joined task accomplished by Prof.

Dr. Thomas F. Fassler and me.
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Enhancing the Variability of [Ge,] Cluster Chemistry through

Phosphine Functionalization

Christoph Wallach*,”” Felix S. Geitner*,” ® Wilhelm Klein,” and Thomas F. Fassler*®

/Abstract: The synthetic approach towards molecules that
contain Ge atoms with oxidation state 0, and which are ex-
clusively connected to other Ge atoms, is explored by using
anionic clusters extracted from binary solids. Besides provid-
ing a novel variable method for the introduction of alkenyl
moieties to [Ge,] cluster compounds, this work expands the
spectrum of mixed-functionalized [Ge,] cluster anions, which
are suitable for the straightforward synthesis of zwitterionic
compounds upon coordination to metal cations. In detail,
the synthesis of a series of mixed-functionalized [Ge,] clus-
ters is reported, including [Gey{Si(TMS);};PRR] (R=tBu, R'=
(CH,);CH=CH,; 2) and [Ge,{Si(TMS);},PRRT™ (R and R'": alkyl, al-
kenyl, aryl, aminoalkyl; 3a to 11a, TMS: (trimethyl)silyl). In 2

-

\

and 3a, pentenyl functionalization of the [Ge,] clusters was
achieved by reaction of the novel chlorophosphine
tBu{(CH,);CH=CH,}PCI (1) with silylated [Ge,] clusters. Fur-
thermore, the reactivity of the cluster anions 3a to 11a to-
wards NHCPPPMCI (NHCPPP = 1,3-di(2,6-diisopropylphenyl)imi-
dazolylidine; M=Cu, Ag) showed a dependency on the
steric demand of the phosphine either zwitterions (3-
MNHCP?P to 7-MNHCP*P) featuring P-M interactions are
formed, or Ge-M coordination (8-MNHC®"® to 11-MNHCP*P)
occurs. For M=Ag, the formation of zwitterionic complexes
was unequivocally proven by NMR investigations showing
YJG'P-"Ag/'®°Ag) spin-spin coupling.

/

Introduction

Molecular cluster species of silicon and germanium resemble
the structural and electronic properties of nano-scale particles
as well as of silicon and germanium surfaces. They typically
contain one or more unsubstituted Si or Ge atoms, which in
addition are exclusively bound to atoms of the same type."
Such clusters that consequently contain Si and Ge atoms in ox-
idation state 0 have received considerable attention in recent
years.”

Lately, the protonated molecular deltahedral Si and Ge clus-
ters [H,Sigl*~,"*! [HSi]*~" [HGe >, [HGe,ZnPh,]*~ © as well as
[H,(Si/Ge),]*~ " have been obtained, closing the structural gap
to hydrogen-terminated Si and Ge particles and surfaces. A
major breakthrough for the synthesis of nine-atom clusters
containing up to seven uncoordinated Si or Ge atoms was ach-
ieved some years ago through the co-condensation of meta-
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stable Ge' salts with Li[Si(TMS),].”? Subsequently, more straight-
forward methods for the synthesis of such species were found
in the silylation reactions of [Ge,]*” ® and recently [Si]*” ™ as
well as by the multiple phosphine functionalization of [Ge,]*
Zintl anions."

The precursor Zintl phases K;,Si,;, K,Gey, and K;,Ge;; contain
nine-atom silicide and germanide clusters and are easily acces-
sible from the elements in quantitative yield by solid-state re-
actions. With respect to their straightforward synthesis and
their interesting electronic properties (fourfold negative
charge, however, their shape can be explained by the Wade-
Mingos rules for electron-deficient cage compounds), the in-
cluded [Siy] and [Ge,] clusters are not only of interest regarding
the synthesis of nanostructured materials but are also interest-
ing ligands with respect to organometallic chemistry.""’ Where-
as only one example has been reported for [Siy] clusters so
far,”” the chemistry of the related [Ge,] clusters has been ex-
plored in more detail and allows for a more precise decoration
of the clusters. [Ge,] cages bearing multiple organic or main
group element substituents are interesting owing to their de-
creased charge, which makes them soluble in standard sol-
vents (MeCN and THF) and decreases their reductive nature at
the same time. Examples for such [Ge,] cages were originally
found in the bis-vinylated species [Ge,{CH=CH,},]*""? or the
tris-silylated cluster [Ge4{Si(TMS);};]17,7-% however, only for the
latter species a prosperous subsequent chemistry evolved, in-
troducing the tris-silylated [Geg] cluster to organic™'¥ and
main group element compounds™ ' or transition metal com-
plexes."™ Subsequently, further silylated [Ge,] cluster species
bearing various silyl substituents were reported,’*"'% the

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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number of the silyl substituents was varied (twofold substitut-
ed cluster [Ge,{Si(TMS);},]27),® and tris-stannyl decoration of
[Gey] was achieved."” However, the reactivity of these cluster
species was limited to the [Gey] cluster core owing to the inert
nature of the attached silyl or stannyl groups. Thus, for a fur-
ther expansion of the [Ge,] clusters chemistry, the introduction
of functional and potentially reactive groups to the [Ge,] core
was necessary. In previous studies, we already achieved the in-
troduction of [PR,]* (R=alkyl, aryl, aminoalkyl) groups to tris-
and bis-silylated [Ge,] clusters, leading to neutral species
[Ge,{Si(TMS);}:PR,] - (R=iPr,  Cy) or anionic  clusters
[Ge,{Si(TMS);},PR,]™ (R=1tBu, Mes, NiPr,), respectively. In subse-
quent reactions with the Lewis acidic copper N-heterocyclic
carbene (NHC) complex NHCPPPCuCl we found that the anionic
species can interact with [NHC®™PCu] ™ either via the [Geg] clus-
ter core, giving [Gey] cluster Cu-NHC compounds
(NHCPPPCu)[Gey{Si(TMS)3},PR,] (R=Mes, NiPr,), or with the lone
pair situated at the phosphorous atom under formation of the
zwitterionic  compound  [(Geg{Si(TMS)3},)Bu,PI(CUNHCP®?). In
this context, the steric impact of the phosphine substituents
appears to be the decisive factor for the course of the reaction
(smaller substituents: P-Cu; larger substituents: Ge-Cu). Ac-
cording to these findings, anionic mixed-functionalized clusters
[GeofSi(TMS);},PR,]™ can either be described as phosphine-sub-
stituted [Ge,] clusters (R=Mes, NiPr,) or as [Ge,] cluster-substi-
tuted phosphines (R=tBu). The latter species allows for the
straightforward synthesis of zwitterionic compounds upon co-
ordination to a transition metal cation, which might be of in-
terest regarding catalytic applications."®

In further attempts to obtain [Ge,] clusters with functional li-
gands, pre-silylated [Ge,] cages were decorated with alkenyl
moieties leading to neutral compounds [Gey{Si(TMS);};{(CH,),—
CH=CH,}1 (n=1, 3)," or alkenyl-functionalized silyl groups
were introduced at  bis-silylated  clusters  yielding
[Geo{Si(TMS);}1,{SiPh,(CH,),—CH=CH.}1~ (n=0, 3) and at bare
[Ge,]*™ clusters resulting in [Gey{SiPh,(CH,),—~CH=CH,}]~ (n=0,
3)." Alkenyl substituents may be used as anchor groups with
respect to the attachment of [Ge]-rich clusters at nanoparticles
and other surfaces or for the linkage of the clusters to build up
nanostructured materials. The requirements for optimal anchor
groups are an easy, straightforward introduction at the [Ge,]
clusters, a variable applicability (e.g., for bis- and tris-silylated
cluster compounds), and an exposed position of the reactive
terminal double bond upon the attachment to the [Ge,] clus-
ter. Alkenyl-functionalized phosphine groups fulfil most of the
demands for such an anchor group (easy and variable intro-
duction). To assure an exposed nature of the reactive double
bond, a functionalized chlorophosphine with a long alkenyl
chain is needed. However, reports on alkenyl-functionalized
chlorophosphines are very rare, and all reported molecules
were only substituted with short alkenyl chains.?” Therefore,
we investigated the synthesis of a novel chlorophosphine com-
prising a pentenyl group and examined its reactivity towards
variously silylated [Ge,] clusters. Furthermore, we synthesized a
series  of novel mixed-functionalized cluster anions
[Ge{Si(TMS);1L,PRR'™ (R and R'=alkyl, aryl, aminoalkyl) and
tested their suitability as ligands for the straightforward syn-
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thesis of zwitterionic reaction with

NHCPPPMCI (M =Cu, Ag).

compounds upon

Results and Discussion

The pentenyl-functionalized chlorophosphine tBu{(CH,);CH=
CH,}PCI (1) was obtained by the reaction of a freshly prepared
5-bromomagnesium pentene Grignard solution with tBuPCl, in
diethyl ether. To assure the mono alkenylation of tBuPCl,, a
slight excess (1.25 equiv) of the dichlorophosphine was used.
Purification of 1 was achieved by vacuum distillation, giving
compound 1 as a colorless liquid in medium yield. In the next
step, we reacted compound 1 with the tris-silylated cluster
[Gey{Si(TMS) 1]~ and the bis-silylated cluster [Gey{Si(TMS)s},]*~
(Scheme 1). For reactions of 1 with [Ge,{Si(TMS);}5]7, the silylat-

s~

CI 1
KIGeq{Si(TMS) 3)5/ el \Kz[Geg{Sl (TMS)3}5]

A( f/‘ (TMS)

N P Si(TMS))
(TMS)sSi~. Ge\G _Si(TMS)3 &\37Ge/\
S
Ge7Ge L.
neutral “Gé anionic
Ge\ // |
| P
Si(TMS), / \ Ai
2 3a

Scheme 1. Reactions of the pentenyl-functionalized chlorophosphine 1 with
the tris-silylated cluster [Ge,{Si(TMS);};]~ (left) or the bis-silylated cluster
[Geo{Si(TMS);},1*~ (right) yielding neutral species 2 or anion 3a, both carrying
a pentenyl anchor group attached to the [Ge,] cluster via the phosphine
moiety.

ed cluster was dissolved in toluene, and a toluene solution of
1 was added. The resulting deep-red reaction mixture was
stirred at room temperature for 1 h before the solvent was re-
moved in vacuo, and the remaining brownish solid was
washed with MeCN to remove excess reactants. The 'H NMR
spectra of the crude product suggested the attachment of a
[tBu{(CH,);CH=CH,}P]* moiety to [Ge4{Si(TMS);};]~ according to
the observed signal ratio. Subsequently, the solid was dis-
solved in toluene, filtered to remove insoluble materials, and
stored in a freezer at —40°C, yielding orange, block-shaped
crystals. The single-crystal data confirmed the attachment of
the pentenyl-functionalized phosphine moiety at the [Ge,]
cluster and formation of the neutral compound
[Ge,{Si(TMS);};PtBu{(CH,);CH=CH.}] (2). Compound 2 crystallizes
in the triclinic space group P1, with two formula units in the
unit cell. The shape of the [Ge,] cluster core can be described
as a slightly distorted capped square antiprism (C,, symmetry).
The Ge—Ge distances range between 2.4715(6) A (Gel—Ge2)
and 3.1642(6) A (Ge5-Ge8) with the shortest distances in the
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open square and the longest distances in the Ge-capped
square. The hypersilyl groups are attached at two opposite Ge
vertices (Ge2 and Ge4) within the open square of the cluster
and at the capping Ge atom (Ge9) with distances between
2374 A (Ge9-Si9) and 2.404 A (Ge2-Si1), which are in the
range of previously reported data.'*9'®

The phosphine group in 2 is disordered (Figure 1¢) and at-
tached to a further Ge vertex within the open square of the
[Gey] cluster. The two individuals with occurrences of 56.9%
(P1A) and respectively 43.1% (P1B) show Ge—P distances of
2.362(2) A (Ge1—-P1A) or 2.337(2) A (Ge1-P1B), which are also
in the range of reported Ge—P single bonds (Figure 1).'82"
The observed disorder probably results from the pyramidal in-
version of the ligands bound to the P atom (P1A: Gel, C28A,
C32A; P1B: Gel, C28B, C32B). Both individuals of the disor-
dered phosphine moiety point radially away from the center of
the [Ge,] cluster as shown by the angles Ge3-Gel-P1A of
137.76(5)° and Ge3-Ge1-P1B of 137.61(8)".

The functional pentenyl group has an exposed position and
is not encumbered by any other ligands (space filling model),
which might allow for further reactions at the alkenyl site
(Figure 1, Supporting Information). Reactions of 1 with the bis-

Si9

Si9 Si9

Figure 1. a) Molecular structure of the major individual of compound 2,
showing the slightly distorted C,,-symmetric shape of the [Ge,] cluster core
and the attachment of all ligands through two center-two electron (2c-2e)
exo bonds. All ellipsoids are shown at the 50% probability level. b) Space fill-
ing model of compound 2, showing the exposed nature of the double bond
of the pentenyl group. c) and d) represent the disordered phosphine moiety
of compound 2 in isotropical atom presentation, with c) being the individual
of major occurrence. Color code: Ge: blue; Si: green; P orindwvidual: PUrple;
Prinorindividual: ©raNG€; Cryjorinaiviaual’ PIACK; Crinorinaiviauar® Yellow; C-double bond:
red; C-TMS: dark gray; H: light gray. For clarity, in figures a), ¢), and d) the
TMS groups of the hypersilyl groups as well as all protons are omitted; in a)
and b) only the major individual of the disordered phosphine group is
shown. Selected distances of 2 are provided in the Supporting Information.
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silylated cluster [Ge{Si(TMS);},]>~ were carried out in MeCN.
Addition of a solution of 1 in MeCN to an acetonitrile solution
containing the anion [Ge,{Si(TMS);},]*~ resulted in a deep-red
reaction mixture, which was stirred at room temperature for
1 h, before it was filtered to remove all solids, and then the sol-
vent was removed in vacuo. The NMR examination of the ob-
tained brownish solid revealed the formation of the mixed-
functionalized anion [Gey{Si(TMS),;},PtBuf{(CH,);CH=CH,}]~ (3a)
according to the observed signal ratio. In ESI-MS examinations,
the molecule peak of 3a was monitored at m/z: 1306.8
(Figure 2). Hence, the pentenyl-functionalized chlorophosphine

1290 1300 1310 1320
m/z

1370

Figure 2. ESI-MS spectra of the anions a) 3a and b) 10a. Spectrum a) was re-
corded from THF solution in the negative ion mode (3500 V, 300 °C) showing
the signal of the molecule peak of 3a at m/z: 1306.8. Spectrum b) was ob-
tained from THF solution in negative ion mode (3500 V, 300 °C) showing the
molecule peak of 10a at m/z: 1356.8. Calculated patterns are presented as
black bars. All other ESI-MS spectra are provided in the Supporting Informa-
tion.

1 was qualified as a suitable precursor for the introduction of
pentenyl anchor groups at variously silylated [Ge,] clusters
with varying charge and steric shielding of the [Ge,] cluster
core. In further investigations, a series of mixed-functionalized
[Ge,] anions [Ge,{Si(TMS);},PRR~ (4a: R: iPr, R'": tBu; 5a: R: tBu,
R': NEt,; 6a: R=R" 1,1-dimethylpropyl; 7a: R=R'": 1-adaman-
tyl; 8a: R: iPr, R": NiPr,; 9a: R: tBu, R'": NiPr,; 10a: R: tBu, R":
Mes; 11a: R=R": o-tolyl) was synthesized and their suitability
to give zwitterionic compounds by reaction with NHC®PPAgCl
was tested (for NMR spectra, see the Supporting Information,
Table 2). The formation of the zwitterions (P—Ag interactions)
can be seen by the occurence of 'JE'P-'“Ag/'®Ag) spin-spin
coupling by *'P NMR spectroscopy. Moreover, the respective
copper compounds with an analogous interaction between
the cluster anions and [Cu-NHCPP]* were prepared. The
anionic clusters 4a-11a were obtained by the reaction of the
bis-silylated cages [Ge,{Si(TMS);},]*~ with the respective chloro-
phosphines RR'PCI in acetonitrile, yielding the crude products
as brownish solids in medium to good vyield after filtration of

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
e Europe

the reaction mixtures and removal of the solvent in vacuo (in
analogy to 3a).

The anions were characterized by NMR ('H, *'P, #Si, '*C) and
ESI-MS investigations (monitoring of molecule peaks). All NMR
and ESI-MS spectra are presented in the Supporting Informa-
tion. Interestingly, the reactions of the electron-poor chloro-
phosphine (C4Fs),PCl, which is of similar bulkiness to tBu,PCl,
with [Gey{Si(TMS);},]*~ were not successful and resulted in un-
identified products. This indicates that a certain basicity of the
applied chlorophosphines is mandatory for the successful syn-
thesis of mixed-functionalized [Ge,] clusters (all other tested
chlorophosphines had increased donor strength according to
the Tolman electronic parameter).”?? Reactions of 3a to 11a
with NHCPPPMCl (M=Cu, Ag) were carried out by adding
MeCN solutions of NHCPPPMCI to freshly prepared solutions
containing the respective anions 3a to 11a in MeCN, which re-
sulted in the immediate formation of brownish precipitates.
The supernatant solutions were filtered off, the residues were
washed with MeCN, and the resulting red to brown solids
were examined by NMR spectroscopy, proving the attachment
of [NHC®™M]* to the anions 3a to 11a under formation of
the neutral compounds 3-MNHCP" to 11-MNHCP"P. An indica-
tion whether a zwitterionic compound with P-M interactions
or a [Gey] cluster M-NHC compound (Ge-M interactions) has
been formed, is given by the chemical shift of the methyl pro-
tons of the silyl groups, which is very sensitive with regard to
the number of substituents directly bound to the [Ge,] cluster
core. If a zwitterionic compound is formed, the silyl group
signal is not significantly shifted. By contrast, the addition of
the [NHCPPPM] ™ (M =Cu, Ag) fragment to the [Ge,] core, which
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increases the number of ligands at the cluster, leads to a signif-
icant high-field shift of the respective signals (Table S2,
Table S3 in the Supporting Information). This correlation has
been observed from the NMR data of similar phosphine-func-
tionalized [Ge,] units, which have been structurally character-
ized by single-crystal X-ray diffraction, and additionally by ESI-
MS and elemental analyses."® As an example, the 'H NMR
signal of the silyl group of the anion 3a shows only a small
shift from 0.26 to 0.23 ppm upon addition of the [Ag-NHCP?P]*
fragment, giving the zwitterionic 3-AgNHC" (Table S2, Fig-
ure S10 in the Supporting Information). By contrast, a non-neg-
ligible shift of —0.08 ppm is observed for the respective signal
of 8a upon the formation of neutral 8-AgNHC®". In all cases,
the coordination of M™ to a triangular face of the cluster re-
sults in a shift to 0.17 or 0.18 ppm, whereas for P-Ag interac-
tions, a fluctuation within +0.04 ppm around 0.25 ppm is ob-
served. Comparable correlations are observed for Cu™ contain-
ing complexes (Table S3, Figure S11 in the Supporting Informa-
tion).

Results of the "JC'P-'Ag/'®Ag) spin-spin coupling experi-
ments in solution unambiguously confirmed the results de-
rived from the "H NMR spectra concerning the interactions be-
tween the cluster anions and the [NHC®PPM]* units. *'P NMR
investigations of solutions of 3-AgNHCP" to 7-AgNHCP®?
showed doublets with 'JG'P-'Ag/'Ag) coupling constants
ranging from 207.8 to 486.2 Hz (Table 1, Table 2), which are in
accordance with previously reported values.” By contrast, sol-
utions of complexes 8-AgNHCPP to 11-AgNHCPPP exhibited
singlet *'P NMR signals proving the absence of Ag—P bonds.

Table 1. *'P NMR shifts of mixed-functionalized cluster anions [Ge4{Si(TMS);},PRR']~ (3a to 11a) and respective zwitterionic compounds 3-AgNHC"*? to 7-
AgNHCP*® (left) or [Ge,] cluster Ag-NHC compounds 8-AgNHC"® to 11-AgNHC"®® (right). JC'P-'"’Ag/'®Ag) spin-spin coupling constants (Hz) are reported
for 3-AgNHCP?? to 7-AgNHCP*®,
i), Si(TMS)3 SiTMS)s SiTMS);
(TMS),Si (TMS);Si (TMS);Si )sSi
Ge_\ge\:Ge Ge\g‘?;ee Ge'gq;Ge e’fgbtee\
G'v," e G'n,‘, e % Gy e\\(\l GL \A _Ag—NHCD'pp
/) % [ Nde  Gb AN "
Ge S Ge G & Ge-2 Ge -
Gle Gie Gle Gle
R. ® Di
P P:—~Ag—NHCPPP B b
R™ R R g R R rDR
[ppm] doublet, [ppm] 1UEIP-197Ag/1%0Ag) [Hz) [ppm] singlet, [ppm]
3 NpNnF 41 11.32 258.7 8 ff\p’N\r 69.83 7738
3a 3-AgNHCPiPP PY 8a 8-AgNHCPIPP
4 ’;\PJ\ 3555 37.83 384.9 ,f bl
P 4a 4-AgNHCDIPP 9 \p’Nj/ 83.12 89.59
¢ o % 9-AgNHCDPP
5 ~pNo- 110.04 11.15 207.8
B 5a 5.AgNHCDiPP
J</ 10 f{P -19.40 -14.36
6 p 52.93 62.81 4055 P4 108 10-AgNHCPIPP
)ﬁ 6a 6-AgNHCDiPp
/@ 1 ’JJ)\P\/© -41.66 -39.30
7 p 57.32 5173 JEP-197Ag) = 4225 1a 11-AgNHCPipp
7a 7-AgNHCPiPP 1JG31P-19Ag) = 486.2
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Table 2. *'P NMR spectra of compounds 3-AgNHC""? to 11-AgNHC®®® in THF-d; allowing for the determination of the interaction (P-Ag or Ge—Ag) be-
tween the mixed-functionalized cluster anions 3a to 11a and the [NHC®*PAg]" moiety, by using the presence of 'JC'P-'Ag/'®Ag) spin-spin coupling as

an indicator.
_ /Si(TMS)3 Si(TMS)3
(TMS)Si (TMS)3Si 4,
Ge_\Gé;Ge Ge-R~Ge
,Ge™, TGET YN
¢ : A Ag—NHCPPP
AR x_((l;% ob/ et
S 7 Ge——=Ge
Gle “Gé
®
R pis Ag-NHCOPP b
R 4 \R‘
TJ(P-Ag)=258.7Hz , N Y
3 SpNF AN s SSpN
)< B e L 0 T T N g C \|/
6 15 1a 13 12 11 i 8 8 7 )\ At B oA
-
Lo R R T e e
1 (ppm)
1J(P-Ag) = 384.9 Hz A
oA
4 APJ\ — /w \ e — h ‘
)< s 4 4 38 3 3 32 30 8 9 ;)\P'Nj/
1 (ppm) )< » - e
P-AQ) = 2078 Hz ) | I R R
5 rrr\P,N\/ w/' W i
y < TR R T DR M e :
1 (ppm) M
J(P-Ag) = 406.0 Hz SO AL I———
6 ;{PJ</ o a1 a2z a3 a4 s e 7 -8 19
L g e
f1 (ppm) g
TJ(P-17Ag) = 422.5 Hz I j@ [
1J(P-199Ag) = 422.5 Hz 1 °°p I
7 ~p p " a N . S —
| 35 36 37 38 -39 40 -a1 a2 a3 -ae
( | f1 (ppm)
oA YA AARA Nk Sy R
60 s8 56 S4 52 so 48 46 44 42
f1 (ppm)

Owing to *'P-'H spin-spin coupling, the *'P signals show a
slightly visible additional splitting (Table 2). Accordingly, the
anions 3a to 7a are better described as phosphines carrying a
[Gey] cluster substituent (no significant shift of the silyl groups’
signal upon coordination of [NHC®"PM] " for M=Cu, Ag as well
as the occurrence of spin-spin coupling for M=Ag), which are
suitable ligands for the synthesis of the zwitterionic com-
pounds  [(Ges{Si(TMS);}1,)RRPIIMNHC®®P)  3-MNHC®*  to
7-MNHCP?P comprising P-M interactions. By contrast, anions
8a to 11a can be described as phosphine-substituted Ge clus-
ters as the [Ge,] cluster core directly interacts with the
[NHC®PM]" moiety (indicated by the high-field shift of the
silyl groups’ signals upon coordination of [NHC®PPM]* (M =Cu,
Ag) and the absence of spin-spin coupling for M=Ag),
under formation of Ge cluster compounds
(NHCPPPM)[Geo{Si(TMS);1L,PRRT  8-MNHC”™  to  11-MNHCP®P
(Table 1, Table 2).

Hence, mixed-functionalized [Ge,] cluster anions with phos-
phine groups bearing one tert-butyl group and another smaller
ligand (3a to 5a), as well as phosphine moieties with slightly
larger 1,1-dimethylpropyl (6a) or 1-adamanytl groups (7a), if
compared with [tBu,P]",?*?* are suitable precursors for the
straightforward synthesis of zwitterionic compounds upon co-
ordination to a transition metal cation. By contrast, more bulky
substituents such as NiPr, or Mes do not allow for P-M interac-
tions even with the second substituent at phosphorus being a
smaller tert-butyl (9a, 10a) or iso-propyl group (8a). Similar re-
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activity is observed upon introduction of a [(o-tolyl),P]* unit
(11a).

Electronic effects seem to not be a decisive factor for the
formation of either a zwitterionic or a neutral compound, as
the aminoalkyl phosphines 8a and 9a only differ from 5a by
an enlarged alkyl group. However, this small steric deviation
enables a nucleophilic attack of the phosphine’s lone pair of
5a at the ML™ fragments. These findings confirm that the
steric effect of the phosphines’ substituents dominates the
electronic factors with respect to the coordination of M* to
the P atom and in consequence the formation of zwitterionic
organometallic complexes.

Conclusion

In this work, we report the synthesis of a novel pentenyl-func-
tionalized chlorophosphine (1), which allows for the introduc-
tion of an exposed alkenyl anchor group at variously silylated
[Geg] clusters via the phosphine moiety. The products were
either the uncharged compound [Gey{Si(TMS);};PRR], 2, or the
anionic  species [Geo{Si(TMS);},PRR]~, 3a (R=tBu; R'=
(CH,);CH=CH,). Moreover, a series of mixed-functionalized
anions [Gey{Si(TMS);},PRRT™ (4a to 11a) was synthesized, and
the reactivity of the anions 3a to 11a towards NHC"*"MCI
(M=Cu, Ag) was tested. The anions 3a to 7a reacted as Ge
cluster-substituted phosphines and are suitable ligands for
the formation of zwitterionic compounds 3-MNHCP? to
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7-MNHCP?P (P-M interactions). By contrast, anions 8a-11a can
be regarded as phosphine-substituted Ge clusters, which form
neutral [Geg] cluster M-NHC compounds 8-MNHCP® to 11-
MNHCP®P (Ge-M interactions). Besides expanding the spectrum
of mixed-functionalized [Ge,] clusters suitable for the synthesis
of zwitterionic compounds upon coordination of a coinage
metal cation (3a to 7a), the obtained results confirm that the
steric impact of the phosphine substituents rather than the
phosphines’ electronic properties is the decisive factor for the
formation of mixed-functionalized [Ge,] clusters.

Experimental Section
General

All manipulations were performed under oxygen-free, dry condi-
tions under argon atmosphere by using standard Schlenk or glove-
box techniques. Glassware was dried prior to use by heating it in
vacuo. The solvents used were obtained from an MBraun Grubbs
apparatus. All other commercially available chemicals were used
without further purification. K,Ge, was prepared by fusion of stoi-
chiometric amounts of the elements in stainless-steel tubes at
650°C. The silylated cluster compounds K[Ge,{Si(TMS);};] and
K,[Ge{Si(TMS);},1,% the chlorophosphines MesPCl,,? iPrtBuPCl,2
tBu(NEt,)PCl,?” (1,1-dimethylpropyl),PC|,*® iPr(NiPr,)PCl 12
tBu(NiPr,)PCL?" tBuMesPCI,B? (C4F,),PCLE" the imidazolium salt
NHCPPP.HCI, and the corresponding coinage metal complexes
NHCPPPMCI (M=Cu, Ag) were synthesized according to modified
literature procedures.®”

Single-crystal structure determination

The air- and moisture-sensitive crystals of 2 were transferred from
the mother liquor into cooled perfluoroalkyl ether oil under a cold
stream of N, gas. For diffraction data collection, the single crystals
were fixed on a glass capillary and positioned in a 150K cold N,
gas stream by using the crystal cap system. Data collection was
performed with a STOE StadiVari (Mo, radiation) diffractometer
equipped with a DECTRIS PILATUS 300 K detector. The structure
was solved by direct methods (SHELXS-2014) and refined by full-
matrix least-squares calculations against F> (SHELXL-2014).5% The
positions of the hydrogen atoms were calculated and refined by
using a riding model. Unless stated otherwise, all non-hydrogen
atoms were treated with anisotropic displacement parameters. The
supplementary crystallographic data for this paper have been de-
posited with the Cambridge Structural database and are available
free of charge via www.ccdc.cam.ac.uk/data request/cif. The crys-
tallographic data for compound 2 is summarized in Table 3. In
compound 2, the phosphine group attached to the cluster is disor-
dered and was refined on split positions. The carbon atoms 32A/B
or 36A/B were refined with identical room coordinates and the
carbon atoms C28A/B, C32A/B, C34A/B, C36A/B were refined with
identical anisotropic vibrational parameters. Furthermore, some of
the carbon atoms of the phosphine moiety were treated with ISOR
restraints (C29A, C35A/B, C36A/B).

NMR spectroscopy

NMR spectra were measured with a Bruker Avance Ultrashield
400 MHz spectrometer. The 'H spectra were calibrated by using
the residual proton signal of the used deuterated solvents. Chemi-
cal shifts are reported in parts per million (ppm) relative to TMS,
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Table 3. Crystallographic data of compound 2.
Compound 2
formula C36HooGeoSiy,P
F., [gmol™'] 1552.86
space group P1
alAl 9.7899(5)
b Al 14.9782(5)
c[A] 25.002(1)
a ] 80.934(3)
Bl 83.629(3)
v [ 84.714(3)
Vv [A%] 3587.5(3)
z 2
T K] 123
2 [A] Moy,
Peaica [gem 7] 1.440
w [mm™'] 3.960
collected reflections 56768
independent reflections 14066
Ri/Rs 0.0568/0.0383
parameters/restraints 618/40
R, [I>2 o(l)/all data] 0.0396/0.0566
WR, [I>2 a(l)/all data] 0.0937/0.1041
goodness of fit 1.043
max./min. diff. electron density [e A~3] 0.93/-0.74
CCDC 1831874

with the solvent peaks serving as internal reference.®¥ Abbrevia-
tions for signal multiplicities are: singlet (s), doublet (d), triplet (t),
heptet (hept). 2°Si NMR spectra were obtained with the *Si-INEPT-
RD method (RD: refocused with decoupling). In some of the
CNMR spectra, the methyl groups of the Dipp substituents of
the NHC ligand overlapped with the THF solvent signal and could
therefore not be properly assigned. The carbene carbon signals as
well as the methyl carbon signals of the NHC's iso-propyl groups
could not be monitored in any of the *C NMR spectra of com-
pounds 3-MNHCP*? to 11-MNHCP®?, In the *Si-INEPT RD spectra of
compounds 8-CuNHC® and 9-CuNHCP®P, the Si.., signal could
not be detected. All recorded NMR spectra are provided in the
Supporting Information.

Electrospray ionization mass spectrometry (ESI-MS)

ESI-MS analyses were performed with a Bruker Daltronic HCT mass
spectrometer (dry gas temperature: 300°C; injection speed:
240 uLh™"), and the data evaluation was carried out by using the
Bruker Compass Data Analysis 4.0 SP 5 program (Bruker). Spectra
were plotted by using OriginPro2016G (Origin Lab) and Excel 2016
(Microsoft). All obtained ESI-MS spectra are provided in the Sup-
porting Information.

Elemental analyses (EA)

Elemental analyses were carried out at the microanalytical labora-
tory of the Chemistry Department of Technische Universitat Min-
chen. Analyses of C, H, N were performed with a combustion ana-
lyzer (elementar vario EL, Bruker).

Syntheses

tBu{(CH,);CH=CH,}PCl (1): 5-Bromopentene (5.0g, 33.5 mmol,
1 equiv) was added dropwise to a suspension of magnesium shav-
ings (4.0 g, 164.0 mmol, 4.9 equiv) in Et,0 (50 mL) under constant
reflux, and two grains of iodine were added for activation. After
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complete addition of the halide, the mixture was heated at reflux
for a further 3.5 h. The concentration of the obtained Grignard so-
lution was determined to be 0.6 molL ™' by titration of menthol
using 1,10-phenanthroline as indicator. Subsequently, the Grignard
solution (30 mL, 18.1 mmol, 1 equiv) was dropwise added to a so-
lution of tBuPCl, (3.60 g, 22.6 mmol, 1.25 equiv) in Et,0 (50 mL) at
—78°C, before the cooling was removed and the reaction solution
was allowed to warm to room temperature. Addition of hexane
(30 mL) led to the formation of a colorless precipitate, and the re-
sulting suspension was stirred at room temperature overnight. The
mixture was filtered to remove all solids, and the solvent was re-
moved in vacuo to yield the crude product. Purification was ach-
ieved by vacuum distillation (9x 1073 mbar, 41°C), yielding 1 as a
colorless liquid (0.90 g, 23%). 'H NMR (400 MHz, 298 K, CDCl,): 6 =
5.84-5.75 (m, 1H, CHg), 5.07-4.08 (m, 2H, CHygy), 2.23-1.18 (m,
2H, CH,), 1.87-1.56 (m, 4H, CH,), 1.16 ppm (d, *J;p=13.0 Hz, 9H,
Me,,); *C NMR (101 MHz, 298 K, CDCL,): 6 =137.99 (s, CH,), 115.47
(s, CHyey), 34.83 (M, CH,), 32.54 (d, Jp=28.6 Hz, Cy,), 29.57 (d,
Jep=35.2 Hz, CH,), 26.10 (d, Yep=16.8 Hz, Me,), 25.46 (d, Jep=
16.8 Hz, Meg,) 24.72ppm (d, %p=16.0Hz, CH,); *PNMR
(162 MHz, 298 K, CDCl,): 6 =128.41 ppm (m, Pgco).
[Geo{Si(TMS);};PtBuf(CH,);CH=CH,}] (2): K[Gec{Si(TMS);};] (70 mg,
0.049 mmol, 1 equiv) was dissolved in toluene (1 mL), and a tolu-
ene solution (1 mL) of tBu{(CH,);CH=CH,}PCl (10.6 mg, 0.049 mmol,
1 equiv) was added, yielding a deep-red reaction mixture. After
stirring at room temperature for 1h, the solvent was removed
under reduced pressure, and the remaining dark-brown solid was
washed with acetonitrile (3x2 mL). Subsequently, the solid was
dissolved in toluene (1 mL), filtered to remove insoluble materials,
and stored in a freezer at —40°C, yielding the product as orange
crystals (25.9 mg, 35%). '"H NMR (400 MHz, 298 K, C¢Dg): 0 =5.94-
5.84 (m, 1H, CHgyy), 5.20-5.07 (M, 2H, CHygy), 2.28-2.19 (m, 2H,
CH,), 2.19-2.10 (m, 2H, CH,), 1.95-1.82 (m, 2H, CH,), 1.34 (d, Jp=
11.4 Hz, 9H, Meg,), 0.47 ppm (s, 81H, Mey,); “CNMR (101 MHz,
298 K, CDg): 0 =138.38 (s, CHgy), 115.53 (5, CHyq), 36.05 (d, Jp=
13.0 Hz, CH,), 31.46 (d, *Jo»=13.9 Hz, Mey,), 30.26 (d, *Jcp=21.9 Hz,
CH,), 2878 (d, Jep=30.0Hz, Cg,), 27.93 (d, Yp=30.1 Hz, CH,),
3.10 ppm (s, Meqys); PSiHINEPT NMR (79 MHz, 298 K, C,Dy): 6=
—831 (s, Sipws), —102.52 ppm (s, Siges); *'P NMR (162 MHz, 298 K,
CeDg): 0=19.46 ppm (M, Pg.); elemental analysis calcd (%) for
Ge,Si;,P;CagHog: C 27.83, H 6.42; found: C 27.84, H 6.43.

General procedure for the syntheses of [Gey{Si(TMS);},PRR']~
(3ato 11a)

K,[Geo{Si(TMS);},] was dissolved in MeCN, and the respective chlor-
ophosphine dissolved in MeCN was added. The resulting mixtures
were stirred at room temperature for 1h, before the solutions
were filtered to remove all solids, and the solvents were removed
in vacuo to yield the crude compounds 3a-11a as brownish
solids.

General procedure for the syntheses of
[(Geo{Si(TMS);},)RR'PI(MNHCP"?P) (3-MNHCP"®? to 7-MNHCP"P)
and (NHCPPPM)[Ge,{Si(TMS);},PRR'] (8-MNHCP*? to
11-MNHCP"P) (M =Cu, Ag)

K,[Ges{Si(TMS),},] was dissolved in MeCN, and the respective chlor-
ophosphine dissolved in MeCN was added. The resulting mixtures
were stirred at room temperature for 1h, before a solution of
NHCPPPMCI in MeCN was added dropwise, resulting in the forma-
tion of red to brown precipitates. The supernatant solutions (slight-
ly orange) were filtered, and the solids were washed with acetoni-
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trile. Subsequently, the solids were dissolved in toluene and filtered
to remove insoluble materials, before the solvent was removed to
yield the crude products as red to brown solids.

All experimental details can be found in the Supporting Informa-
tion.
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Experimental details

[Geof Si(TMS)3}2P'Bu{(CH2)sCH=CH2}]- (3a): K:[GeofSi(TMS)s}2] (100 mg, 0.082 mmol, 1 eq.) and
Bu(CH2)sCH=CH2PCI (20.5 mg, 0.107 mmol, 1.3 eq.) in MeCN (2 + 1 mL). The crude product was obtained as a
brown solid (72 mg, 65 %).'"H NMR (400 MHz, thf-dg, 298 K): & [ppm] = 7.26 — 7.07 (m, 1H, CHab), 5.91 — 5.68 (m,
2H, CHz(dp)), 2.26 —2.11 (m, 2H, CH2), 2.10 — 2.01 (m, 2H, CH2), 1.71 — 1.63 (m, 2H, CH2), 1.14 (d, 3Jkp = 11.4 Hz,
9H, Memu), 0.26 (s, 54H, MeTtums). 1*C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 139.23 (s, CHdb), 115.28 (s, CHz(dn)),
36.67 (s, CHz), 36.01 (s, CHz), 31.07 (s, Cmu), 29.47 (s, Memu), 19.24 (d, 'Jcp, CH2), 3.20 (s, Metms). 2°Si-INEPT
NMR (79 MHz, thf-dg, 298 K): & [ppm] = -11.32 (s, Sitms), -109.61 (s, Siges). 3'P NMR (400 MHz, thf-ds, 298 K): &
[opm] = 411 (m, Pges). ESI-MS: (negative ion mode, 3500 V, 300°C): m/z 1306.8
[Geo{Si(TMS)a}2PBu(CHz2)sCH=CH2]".

[(Ges{Si(TMS)3}2) Bu(CH2)sCH=CH2P](AgNHCPirPP) (3-AgNHCPPP): Ko[Geo{Si(TMS)s}2] (40.0 mg, 0.033 mmol, 1
eq.) and Bu(CHz2)sCH=CH2PCI (6.9 mg, 0.036 mmol, 1.1 eq.) in MeCN (2 + 1 mL). NHCPPPAgCI (21 mg, 0.039
mmol, 1.2 eq.) in MeCN (2 mL). The crude product was obtained as a pale brown solid (23 mg, 39 %). '"H NMR
(400 MHz, thf-ds, 298 K): 6 [ppm] = 7.63 (s, 2H, CHim), 7.48 (s, 2H, CH pn(p), 7.39 (s, 4H, CHph(m), 5.73 — 5.61 (m,
1H, CHab), 4.98 — 4.85 (m, 2H, CHaw), 2.83 — 2.67 (m, 4H, CHper), 2.00 — 1.90 (m, 6H, CH2), 1.45 (s, 12H, Mepr),
1.22 (s, 12H, Mepr), 0.93 (d, 3Jup = 13.7 Hz, 9H, Mesu), 0.23 (s, 54H, MeTus). 1*C NMR (101 MHz, thf-as, 298 K): &
[ppm] = 146.26 (s, Cpn(g), 139.31 (s, CHab), 135.97 (s, Cpnn), 131.61 (s, CHen(p), 126.38 (s, CHeh(m), 125.29 (s,
CHim), 115.10 (s, CHaab), 36.21 (s, CH2), 30.22 (s, CHpr), 30.11 (s, Memu), 29.79 (s, CHz), 29.54 (s, CH2), 26.26 (s,
Cmu), 24.20 (s, CHsprr), 3.12 (s, MeTums). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -9.28 (s, Sitms), -105.59
(s, Siges). 3'P NMR (162 MHz, thf-ds, 298 K): 6 [ppm] = 11.32 (d, 'Jrag = 258.7 Hz, Pges).

[(Geo{Si(TMS)3}2)Bu(CH2)3CH=CH2P](CuNHCP?P) (3-CuNHCPPP): Ko[Ges{Si(TMS)s}2] (100 mg, 0.082 mmol, 1
eq.) and Bu(CH2)sCH=CH2PCI (20.5 mg, 0.107 mmol, 1.3 eq.) in MeCN (2 + 1 mL). NHCP®PPCuCl (39.6 mg, 0.082
mmol, 1 eq.) in MeCN (2 mL). The crude product was obtained as a dark brown solid (75 mg, 52 %). 'H NMR
(400 MHz, thf-ds, 298 K): 6 [ppm] = 7.56 (s, 2H, CHim), 7.47 (s, 2H, CH pn(p), 7.39 (s, 4H, CHph(m), 5.74 — 5.57 (m,
1H, CHab), 4.98 — 4.85 (m, 2H, CH2gp), 2.87 — 2.72 (m, 4H, CHpr), 2.01 — 1.87 (m, 6H, CH2), 1.46 (s, 12H, Mepr),
1.21 (s, 12H, Mepr), 0.83 (d, 3Jup = 12.1 Hz, 9H, Mesu), 0.25 (s, 54H, MeTms). *C NMR (101 MHz, thf-ds, 298 K): &
[ppm] = 146.34 (s, Cpn(g), 139.09 (s, CHab), 136.30 (s, Cenn), 131.63 (s, CHen(p), 125.37 (s, CHph(m), 125.08 (s,
CHim), 115.24 (s, CHadab), 36.48 (s, CH2), 30.18 (s, CHpr), 29.83 (s, Memu), 29.67 (s, CHz), 29.49 (s, CH2), 26.19 (s,
Cmu), 3.14 (s, Metwms). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -11.02 (s, Sitms), -107.01 (s, Sice9). 3P
NMR (162 MHz, thf-ds, 298 K): & [ppm] = 8.33 (m, Paes).

[Geo{Si(TMS)3}2P'PrBu]- (4a): Kz[Geo{Si(TMS)s}2] (36.8 mg, 0.030 mmol, 1 eq.) and PrBuPCl (7.4 mg,
0.033 mmol, 1.1 eq.) in MeCN (1 + 1 mL). The crude product was obtained as a brown solid (29 mg, 74 %). 'H
NMR (400 MHz, 298 K, thf-a): & [ppm] = 2.00 (hept, 1H, CHpr), 1.24 — 1.07 (m, 6H, Mewr), 1.20 (d, 3Jup = 11.0 Hz,
9H, Memu), 0.26 (s, 54H, MeTms). 13C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 32.40 (s, CHpr), 29.89 (s, Memsu),
27.40 (s, Mepr), 26.52 (d, 'Jep = 10.8 Hz, Csu), 3.18 (s, Metms). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm]
=-11.53 (s, Sitms), -109.67 (s, Siges). 3'P NMR (162 MHz, 298 K, thf-as): & [ppm] = 35.55 (m, Pgeo). ESI-MS (negative
ion mode, 3500 V, 300 °C): m/z 1280.8 [Geo{Si(TMS)s}2PPrBul-.

[(Geo{Si(TMS)3}2) PriBuP](AgNHCPPP) (4-AgNHCPiPP): K5[Geo{Si(TMS)3}2] (40.0 mg, 0.033 mmol, 1 eq.) and
PrBuPCI (7.4 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCP®PAgCI (20.8 mg, 0.039 mmol, 1.2 eq.) in MeCN
(1 mL). The crude product was obtained as a bright brown solid (17 mg, 29 %). "H NMR (400 MHz, thf-ds, 298 K):
0 [ppm] = 7.68 (s, 2H, CHim), 7.53 — 7.43 (m, 2H, CHpn(p), 7.42 — 7.34 (m, 4H, CHph(m)), 2.76 (s, 4H, CHpr), 2.44 —
2.28 (m, 1H, CHpr), 1.45 (s, 12H, Mepr), 1.19 (s, 12H, Mepr), 0.98 — 0.73 (m, 15H, Merr and Mesu), 0.26 (s, 54H,
Metwms). 3C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 146.56 (S, Cph(m), 136.66 (s, Cpnn), 131.60 (s, CHph(p), 125.34
(s, CHph(9), 125.27 (s, CHim), 31.32 (s, Mesrr), 31.24 (Memu), 29.78 (s, CHprr), 3.10 (MeTms).2°Si-INEPT NMR (79
MHz, thf-ds, 298 K): & [ppm] = -9.25 (s, Sitms), -105.76 (s, Siges). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = 37.83
(d, "Jpag= 384.9 Hz, Pgeo).

[(Geo{Si(TMS)3}2)’Pr'iBuP](CUNHCPP) (4-CUNHCPPP): Ko[Geo{Si(TMS)s}2] (36.8 mg, 0.030 mmol, 1 eq.) and
PriBuPCI (7.4 mg, 0.033 mmol, 1.1 eq.) in MeCN (1 + 1 mL). NHCP®PPCuCl (14.6 mg, 0.030 mmol, 1 eq.) in MeCN
(1 mL). The crude product was obtained as a bright brown solid (35.1 mg, 67 %). '"H NMR (400 MHz, thf-ds, 298 K):
6 [ppm] = 7.59 (s, 2H, CHim), 7.51 — 7.46 (m, 2H, CHpn(p), 7.42 — 7.35 (m, 4H, CHpn(m)), 2.86 (hept, 3JuH = 6.9 Hz,
2H, CHpr), 2.78 (hept, 3dhn = 6.9 Hz, 2H, CHpr), 1.45 (dd, 3Jhn = 6.9 Hz, 12H, Mewr), 1.19 (dd, 3JuH = 6.9 Hz, 12H,
Mepr), 0.91 (dd, 3JuH = 6.8 Hz, 6H, Meprp), 0.79 (d, 3Jup = 6.8 Hz, 9H, Memsu), 0.27 (s, 54H, MeTus). 3C NMR (101

2



MHz, thf-ds, 298 K): & [ppm] = 146.43 (s, Crn(m), 136.66 (s, Cenn), 131.58 (s, CHpnp), 125.48 (s, CHen(o), 125.36
(s, CHim), 31.47 (s, Mer), 31.40 (Memy), 29.81 (s, CHr), 3.12 (Metws).2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): &
[ppm] = -9.14 (s, Sitms), -105.28 (s, Sices). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = 32.97 (m, Pac).

[Geo{Si(TMS)3}2P'Bu(NEt2)]~ (5a): K2[Geo{Si(TMS)s}2] (44.2 mg, 0.036 mmol, 1 eq.) and Bu(NEt2)PCl (6.8 mg,
0.047 mmol, 1.3 eq.) in MeCN (1 + 1 mL). the crude product was obtained as a brown solid (24 mg, 50 %)."H NMR
(400 MHz, thf-dg, 298 K): & [ppm] = 3.05 — 2.94 (m, 2H, CHzer), 2.93 — 2.82 (m, 2H, CHznew), 1.14 (d, 3Uhp =
13.0 Hz, 9H, Me®u), 0.97 (t, 3k = 7.1 Hz, 6H, Menew), 0.25 (s, 54H, MeTus). 1*C NMR (101 MHz, thf-ds, 298 K):
8 [ppm] = 50.58 (s, CHzNete)), 34.97 (d, 'Jep = 30.9 Hz, Cmu), 30.05 (s, Memu), 15.39 (s, Menew), 3.22 (s, MeTus).
29Gi-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -11.38 (s, Sitms), -109.96 (s, Siges).2'P NMR (162 MHz, thf-ds,
298 K): 0 [ppm] = 110.04 (m, Pges). ESI-MS (negative ion mode, 4000 V, 300°C): m/z 1309.7
[GeofSi(TMS)3}2P Bu(NEt2)]~.

[(Ges{Si(TMS)3}2) Bu(NEt2)P](AgNHCPPP) (5-AgNHCPPP): Ko[Geo{Si(TMS)s}2] (40.0 mg, 0.033 mmol, 1 eq.) and
Bu(NEt2)PCI (6.4 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCPPPAgCI (20.8 mg, 0.039 mmol, 1.2 eq.) in
MeCN (1 mL). The crude product was obtained as a red solid (15 mg, 26 %). 'TH NMR (400 MHz, thf-ds, 298 K): 6
[ppm] = 7.60 (s, 2H, CHim), 7.52 — 7.45 (m, 2H, CHpn(p), 7.40 — 7.35 (m, 4H, CHpn(m), 2.89 (hept, 3JuH = 6.8 Hz, 2H,
CHzNEt), 2.85 — 2.72 (m, 6H, CHpr and CHznEt), 1.49 (dd, 3Jun = 6.8 Hz, 12H, Meprr), 1.22 (dd, 3JiH = 6.8 Hz,
12H, Mesprr), 0.98 (d, 9H, 3Jhp = 14.8 Hz, Memu), 0.91 (t, 6H, 3UhH = 6.8 Hz, MenEetw), 0.21 (s, 54H, CHs Tms). 13C
NMR (101 MHz, thf-ds, 298 K): & [ppm] = 146.26 (s, Cen(o)), 136.57 (s, CHpnh(p), 131.38 (s, Cein), 125.24 (s, CHen(m)),
124.97 (s, CHim), 49.66 (s, CH2onNEew), 29.78 (s, CHirr), 29.54 (s, Memu), 14.68 (s, Menew), 3.16 (s, MeTwms). 2°Si-
INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -9.36 (s, Sitms), -105.78 (s, Sices).3'P NMR (162 MHz, thf-ds, 298 K):
8 [ppm] = 111.15 (d, 'Urag = 207.8 Hz, Pges). EA: anal. calcd. for GesSisNaP1AgCssH109: C, 35.25; H, 6.08; N, 2.33;
found: C, 35.29; H, 6.09; N, 2.27.

[(Ges{Si(TMS)3}2) Bu(NEt2)P](CUNHCPPP) (5-CUNHCPPP): K2[Geo{Si(TMS)s}2] (44.2 mg, 0.036 mmol, 1 eq.) and
Bu(NEt2)PCl (6.8 mg, 0.047 mmol, 1.3 eq.) in MeCN (1 + 1 mL). NHCPPPCuCl (17.5 mg, 0.036 mmol, 1 eq.) in
MeCN (1 mL). The crude product was obtained as a red solid (23.1 mg, 36 %). 'H NMR (400 MHz, thf-ds, 298 K):
6 [ppm] = 7.51 (s, 2H, CHim), 7.48 — 7.44 (m, 2H, CHpn(p), 7.40 — 7.50 (m, 4H, CHph(m), 2.89 (hept, 3JiH = 6.8 Hz,
4H, CHpr), 2.82 — 2.72 (m, 4H, CH2Net), 1.50 (dd, 3Jun = 6.8 Hz, 12H, Mesprr), 1.19 (dd, 3Jun = 6.8 Hz, 12H, Meprr),
0.91 (s, 6H, MenEet) ), 0.89 — 0.84 (m, 9H, Memu), 0.23 (s, 54H, CHs Tms). '3C NMR (101 MHz, thf-ds, 298 K): & [ppm]
= 146.33 (s, Cprn(0), 136.56 (s, CHpn(p), 131.38 (s, Cpnn), 125.34 (s, CHph(m), 125.01 (s, CHim), 49.05 (s, CH2(Neto)),
36.98 (s, Ciu), 29.80 (s, CHprr), 29.47 (s, Memu), 14.60 (s, Mene), 3.19 (s, Metus). 22Si-INEPT NMR (79 MHz, thf-
ds, 298 K): & [ppm] = -11.13 (s, Sitms), -106.74 (s, Siges).3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = 108.78 (m,
Paes). EA: anal. calcd. for GegSisN3P1CuCs3sH1o9: C, 36.14; H, 6.24; N, 2.39; found: C, 36.26; H, 6.32; N, 2.43.

[Geof Si(TMS)3}2P(1,1-dimethylpropyl)2]- (6a): Ko[GesfSi(TMS)s}2] (61.3 mg, 0.050 mmol, 1 eq.) and (1,1-
dimethylpropyl)2PCI (12.0 mg, 0.050 mmol, 1 eq.) in MeCN (1 + 1 mL). The crude product was obtained as a brown
solid (32 mg, 47 %). 'TH NMR (400 MHz, thf-ds, 298 K): & [ppm] = 1.91 — 1.83 (m, 2H, CHamyl), 1.59 — 1.45 (m, 4H,
CHz(amyp), 1.26 (d, 3Jup = 4.5 Hz, 6H, Meamyisidechain), 1.23 (d, 3Jup = 4.5 Hz, 6H, Meamyi-sidechain), 0.83 (t, 3JhH = 7.4
Hz, 6H, Meamy)), 0.25 (s, 54H, Metus). 13C NMR (101 MHz, thf-cs, 298 K): & [ppm] = 38.17 (s, CHz(amy)), 36.12 (d,
1Jcp = 38.9 Hz, Camyl), 31.00 (s, Meamyl), 29.93 (s, Meamyi), 9.60 (s, Meamyisidechain), 3.19 (MeTus).2Si-INEPT (79 MHz,
thf-ds, 298 K): & [ppm] = -9.50 (s, Sitms), -108.11 (s, Sices). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = 52.93 (m,
Paes). ESI-MS: (negative ion mode, 3000 V, 300 °C): m/z 1322.8 [Ges{Si(TMS)3}2P(1.1-dimethylpropyl)2]~.

[(Ges{Si(TMS)3}2)(1,1-dimethylpropyl)2P]JAg(NHCPPP) (6-AgNHCPPP):  Ko[Geof{Si(TMS)s}2] (40.0 mg, 0.033
mmol, 1 eq.) and (1,1-dimethylpropyl)2PCl (8.3 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCP*PAgCI (20.8 mg,
0.039 mmol, 1.2 eq.) in MeCN (2 mL). The crude product was obtained as a brown solid (8 mg, 13 %). '"H-NMR
(400 MHz, thf-ds, 298 K): 6 [ppm] = 7.73 — 7.68 (s, 2H, CHim), 7.52 — 7.47 (m, 2H, CHpn(p), 7.41 — 7.36 (m, 4H,
CHphm), 2.79 (hept, 3un = 6.8 Hz, 4H, CHpr), 1.48 (d, 3Jhn = 6.8 Hz, 12H, Meprr), 1.49 — 1.36 (m, 10H,
CHaz(amyy/Meamy), 1.23 (d, 3JhH = 6.8 Hz, 12H, Mepr), 0.92 (d, 3Jup = 14.6 Hz, 12H, Meamyi-sidechain), 0.27 (s, 54H,
Metwms). 13C-NMR (101 MHz, thf-ds, 298 K): & [ppm] = 146.52 (s, Cph(q)), 136.79 (s, Cpnn), 131.65 (s, CHpn(p), 125.53
(s, CHim), 125.29 (s, CHph(m)), 38.03 (s, Camy1), 36.83 (s, CHz@myy), 29.81 (s, CHppr), 28.31 (Meamyi-sidechain), 8.62 (s,
Meamyl), 3.10 (MeTms). 2°Si-INEPT (79 MHz, thf-ds, 298 K): & [ppm] = -9.24 (s, Sitms), -106.06 (s, Siges).*'P-NMR
(162 MHz, thf-dg, 298 K): & [ppm] = 62.81 (d, 'Jpag = 405.5 Hz, Pges).

[(Geo{Si(TMS)3}2)(1,1-dimethylpropyl)2P]JCu(NHCPPP) (6-CuNHCPPP):  Ko[Geof{Si(TMS)s}2] (61.3 mg, 0.050
mmol, 1 eq.) and (1,1-dimethylpropyl)2PCI (12.0 mg, 0.050 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCPPrCuCl (24.3
mg, 0.050 mmol, 1 eq.) in MeCN (1 mL). The crude product was obtained as a brown solid (27.3 mg, 32 %). 'H-
NMR (400 MHz, thf-dg, 298 K): & [ppm] = 7.61 (s, 2H, CHim), 7.51 — 7.47 (m, 2H, CHpn(p), 7.40 — 7.38 (m, 4H,
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CHph(m), 2.89 (hept, 3JuH = 6.8 Hz, 4H, CHpr), 1.49 (d, 3JhH = 6.8 Hz, 12H, Mepr), 1.36 (m, 10H, CH2amy)/Meamyl),
1.19 (d, 3UhH = 6.8 Hz, 12H, Meprr), 0.90 (d, SUkp = 14.5 Hz, 12H, Meamyl-sidechain), 0.27 (s, 54H, Metms). *C-NMR
(101 MHz, thf-dg, 298 K): & [ppm] = 146.34 (s, Cph(s), 136.77 (s, Cprtn), 131.56 (s, CHpn(p), 125.62 (s, CHim), 125.40
(s, CHph(m)), 37.93 (s, Camyl), 36.83 (s, CH2@my), 29.86 (s, CHrr), 28.56 (Meamyt-sidechain), 8.60 (Meamyl), 3.12 (MeTms).
29G-INEPT (79 MHz, thf-ck, 298 K): 5 [ppm] = -11.00 (s, Sitws), -107.54 (s, Sices).3'P-NMR (162 MHz, thi-cs, 298 K):
0 [ppm] = 60.18 (M, Paes).

[Geo{Si(TMS)3}2P(1-adamantyl)2]~ (7a): K2[Ges{Si(TMS)s}2] (61.3 mg, 0.050 mmol, 1 eq.) and (1-adamantyl)2PCI
(16.9 mg, 0.050 mmol, 1 eq.) in MeCN (1 + 1 mL). The crude product was obtained as a brown solid (58 mg, 78 %)
TH NMR (400 MHz, thf-ds, 298 K): & [ppm] = 2.17 — 1.88 (m, 20H, CH/CHz(adamanty)), 1.69 (s, 4H, CH/CHz@adamantyy),
1.61 — 1.54 (m, 6H, CH/CHa(adamantyy), 0.26 (s, 54H, Metus). '*C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 45.05,
37.97, 37.76, 37.62, 37.57, 37.39 (s, CH2/CHadamantyl), 3.16 (s, Metms). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm]
=57.32 (M, Pges). 2°Si-INEPT NMR (79 MHz, thf-dg, 298 K): & [ppm] = -11.53 (s, Sitms), -110.03 (s, Siges). ESI-MS:
(negative ion mode, 4000 V, 300 °C): m/z 1450.8 [Geo{Si(TMS)3}2P(1-adamantyl)2]~.

[(Ges{Si(TMS)3}2)(1-adamantyl)2P]Ag(NHCPiPP) (7-AgNHCPiPP): Ko[Ges{Si(TMS)s}2] (40.0 mg, 0.033 mmol, 1 eq.)
and (1-adamantyl)2PCl (11.0 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCP®rAgCI (20.8 mg, 0.039 mmol, 1.2
eq.) in MeCN (2 mL). The crude product was obtained as a bright brown solid (15 mg, 23 %). 'H NMR (400 MHz,
thf-ds, 298 K): & [ppm] = 7.69 (s, 2H, CHim), 7.54 — 7.45 (m, 2H, CHpn(p), 7.43 — 7.35 (m, 4H, CHpn(m), 2.82 (s, 4H,
CHpr), 2.07 — 1.40 (m, 30H, CH/CHz(adamantyy), 1.51 (s, 12H, Mewr), 1.22 (s, 12H, Meprr), 0.28 (s, 54H, Metums). 13C
NMR (101 MHz, thf-ds, 298K): o&[ppm] = 14655 (s, Crno), 136.93 (s, Cem),
131.63 (s, CHen(p), 125.75 (s, CHim), 125.36 (s, CHenm), 44.30, 38.60, 37.14, 29.84 (C/CH/CHz(adamanty)), 30.04
(CHppr), 29.55 (CHz(adamanty), 3.09 (MeTwms). 22Si-INEPT NMR (79 MHz, thf-as, 298 K): & [ppm] = -9.22 (s, Sitms), -
106.32 (s, Siges). 3'P NMR (162 MHz, thf-dg, 298 K): & [ppm] = 51.73 (d, 'p-107ag= 422.5 Hz, Pgeg, 1Up-100ag= 486.2
Hz, Pae9).

[(Ges{Si(TMS)3}2)(1-adamantyl)2P]Cu(NHCPiPP) (7-CuNHCPPP): Ko[Ges{Si(TMS)s}2] (61.3 mg, 0.050 mmol, 1 eq.)
and (1-adamantyl)2PCI (16.9 mg, 0.050 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCPPPCuCl (24.3 mg, 0.050 mmol, 1
eq.) in MeCN (1 mL). The crude product was obtained as a bright brown solid (62 mg, 66 %). 'H NMR (400 MHz,
thf-ds, 298 K): & [ppm] = 7.59 (s, 2H, CHim), 7.52 — 7.48 (m, 2H, CHpnh(p), 7.43 — 7.39 (m, 4H, CHph(m), 2.91 (hept,
3JiH = 6.8 Hz, 4H, CHppr), 2.02 — 1.44 (m, 30H, CH/CH2(adamantyy), 1.51 (d, 3JhH = 6.8 Hz, 12H, Mepr), 1.20 (d, 3UkH =
6.8 Hz, 12H, Mepr), 0.28 (s, 54H, MeTms). 3C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 146.43 (s, Cpn(o), 137.04
(s, Crphn),
131.68 (s, CHen(p), 125.95 (s, CHim), 125.52 (s, CHenhm), 44.49, 38.79, 37.68, 37.15 (C/CH/CHz(adamanty)), 30.02
(CHppr), 29.93 (CHz(adamanty)), 3.39 (MeTms). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -10.99 (s, Sitms), -
107.74 (s, Siges). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = 48.76 (M, Pae9).

[Geof Si(TMS)3}2PPr(NPr2)]- (8a): K2[Geo{Si(TMS)s}2] (73.6 mg, 0.060 mmol, 1 eq.) and ‘Pr(NPrz)PCI (13.6 mg,
0.066 mmol, 1.1 eqg.) in MeCN (1.5 + 1 mL). The crude product was obtained as a brown solid (54 mg, 60 %).
TH NMR (400 MHz, thf-ds, 298 K): & [ppm] = 3.56 — 3.36 (m, 2H, CHnier), 2.09 — 2.01 (m, 1H, CHp#r), 1.18 (d, 3uhn
= 6.8 Hz, 6H, Menipr), 1.12 (d, 3uhH = 6.9 Hz, 3H, Meppr), 1.06 (d, 3UhH = 6.9 Hz, 3H, Meppr), 1.02 (d, 3JhH = 6.8 Hz,
6H, Menipr), 0.25 (s, 54H, MeTwms). 3C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 32.24 (d, "Jcr = 24.1 CHprr), 22.76
(d, 2Jcp = 14.7 Hz, Mepr), 21.87 (d, 3Jcp = 28.9 Hz, Menirr2), 3.22 (s, MeTms). 2°Si-INEPT (79 MHz, thf-as, 298 K): &
[ppm] = -9.57 (s, Sitms), -108.08 (s, Siges). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = 69.83 (m, Pges). ESI-MS:
(negative ion mode, 3500 V, 300 °C): m/z 1323.8. [Geo{Si(TMS)a}2PPr(NPrz)]-.

(NHCPiPPAg)[Geo{Si(TMS)s}2P'Pr(N/Pr2)] (8-AgNHCP®P): Ko[Geo{Si(TMS)s}z] (40.0 mg, 0.033 mmol, 1 eq.) and
Pr(N‘Pr2)PCI (6.8 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCPPPAGCI (20.8 mg, 0.039 mmol, 1.2 eq.) in
MeCN (2 mL). The crude product was obtained as an orange solid (14 mg, 53 %)."H NMR (400 MHz, thf-a, 298 K):
5 [ppm] = 7.54 — 7.51 (m, 2H, CHeh(p), 7.50 — 7.44 (m, 2H, CHim), 7.40 — 7.33 (m, 4H, CHph(m), 3.49 — 3.38 (m, 2H,
CHnipr2), 2.89 — 2.77 (m, 4H, CHnHc(Pr), 2.25 — 2.16 (m, 1H, CHppr), 1.55 — 157 (m, 12H, Mennc(pn), 1.23 (d, 3dhH
= 6.8 Hz, 12H, Menrc(ey), 1.20 — 1.10 (m, 18H, Menpr2 and Mepr), 0.17 (s, 54H, MeTus). 1*C NMR (101 MHz, thf-
ds, 298 K): & [ppm] = 146.48 (s, Crh(o), 136.45 (s, CHen(p), 131.23 (s, Crrn), 125.13 (s, Cehm), 124.57 (s, CHim),
31.72 (s, CHpinrr), 29.77 (s, CHNHePr), 22.56 (s, Mepirr), 21.20 (s, Menirr), 3.18 (Metwms). 2°Si-INEPT NMR (79
MHz, thf-ds, 298 K): & [ppm] = -9.49 (s, Sitms), -105.61 (s, Sices).3'P NMR (162 MHz, thf-cb, 298 K): 5 [ppm] = 77.38
(s, Pae9).

(NHCPiPPCu)[Geof Si(TMS)3}2PPr(NPr2)] (8-CuNHCPPP): Ko[Geo{Si(TMS)s}2] (73.6 mg, 0.060 mmol, 1 eq.) and
Pr(N'Pr2)PCl (13.6 mg, 0.066 mmol, 1.1 eq.) in MeCN (1.5 + 1 mL). NHCPPPCuCl (29.2 mg, 0.060 mmol, 1 eq.) in
MeCN (1.5 mL). The crude product was obtained as an orange solid (57.0 mg, 53 %)."H NMR (400 MHz, thf-as,
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298 K): 0 [ppm] = 7.48 — 7.44 (m, 2H, CHpn(p), 7.39 (s, 2H, CHim), 7.38 — 7.34 (m, 4H, CHpn(m)), 3.52 — 3.38 (m, 2H,
CHnipr2), 2.95 — 2.85 (m, 4H, CHNHc(Pr), 2.28 —2.17 (m, 1H, CHppr), 1.54 (dd, 3JiH = 6.8 Hz, 12H, Menkciry), 1.22
—1.16 (m, 24H, MenHciPrynipr2), 1.14 (d, 6H, Meprr), 0.19 (s, 54H, Metums). '3C NMR (101 MHz, thf-ds, 298 K): &
[ppm] = 146.29 (s, Cen(o), 136.41 (s, CHpn(p), 131.21 (s, Cenn), 125.23 (s, Crh(m), 124.16 (s, CHim), 29.81 (s, CH
NHC(Pn), 22.60 (s, Merrr), 3.25 (Metwms). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -9.49 (s, Sitms).3'P
NMR (162 MHz, thf-ds, 298 K): 6 [ppm] = 76.49 (m, Paeo).

[Geof Si(TMS)3}2PBu(N’Pr2)]- (9a): Ko[Ges{Si(TMS)s}2] (44.2 mg, 0.036 mmol, 1 eq.) and Bu(N'Pr2)PCl (8.8 mg,
0.040 mmol, 1.1 eq.) in MeCN (1 + 1 mL). The crude product was obtained as a brown solid (39 mg, 78 %). 'H
NMR (400 MHz, thf-ds, 298 K): & [ppm] = 3.09 (brs, 1H, CHper), 1.18 — 1.02 (m, 12H, Mepr), 1.12 (d, 3Jhp = 13.3 Hz,
9H, Memu), 0.25 (s, 54H, Metums). '*C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 35.15 (d, 'Jcp = 32.4 Hz, Csmu), 30.86
(d, 2Jcp = 17.4 Hz, Memu), 30.68 (s, Menirr2), 3.22 (s, Metws). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -
9.59 (s, Sitms), -108.11 (s, Geo). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = 83.12 (m, Pges). ESI-MS: (negative
ion mode, 3000 V, 300 °C): m/z 1337.8 [Geo{Si(TMS)z}2PBu(NPr2)].

NHCPiPPAg[Geo{Si(TMS)3}2PBu(N'Prz)] (9-AgNHCPPP): Ko[Ges{Si(TMS)s)2] (40.0 mg, 0.033 mmol, 1 eq.) and
Bu(NPrz2)PCl (7.3 mg, 0.033 mmol, 1.1 eq.) in MeCN (1 + 1 mL). NHCP®PAgCI (20.8 mg, 0.039 mmol, 1.2 eq.) in
MeCN (2 mL). The crude product was obtained as a red solid (10 mg, 16 %)."H NMR (400 MHz, thf-ds, 298 K): &
[ppm] = 7.54 — 7.50 (m, 2H, CHpn(p), 7.49 — 7.43 (m, 2H, CHim), 7.40 — 7.34 (m, 4H, CHpn(m)), 2.83 (hept, 3JiH =
6.8 Hz, 4H, CHnwc(Pn), 1.54 (d, 3Jhn = 6.8 Hz, 6H, Mennc(rn), 1.49 (d, 3Jhm = 6.8 Hz, 6H, Mennc(ry), 1.21 (d, 3diH=
6.8 Hz, 12H, Mentc(py), 1.18 — 1.09 (m, 21H, Menprau), 0.17 (s, 54H, MeTms). 13C NMR (101 MHz, thf-dg, 298 K):
0 [ppm] = 146.37 (s, Crn(o)), 136.46 (s, CHpn(p), 131.26 (s, Crin), 125.18 (s, CHpPh(m)), 124.70 (s, CHim), 36.06 (s,
CHenirr), 30.78 (s CHNHe(Pr), 29.75 (Memu), 3.21 (Metwms). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -9.51
(s, Sitms), -105.45(s, Siaes). 'P NMR (162 MHz, thf-dg, 298 K): & [ppm] = 89.59 (s, Pges).

NHCPPPCu[Ges{Si(TMS)3}2PBu(N‘Pr2)] (9-CUNHCPiPP): K3[GeofSi(TMS)3}2] (44.2 mg, 0.036 mmol, 1 eq.) and
Bu(NPr2)PCI (8.8 mg, 0.040 mmol, 1.1 eq.) in MeCN (1 + 1 mL). NHCP®PPCuCl (17.5 mg, 0.036 mmol, 1 eq.) in
MeCN (1 mL). The crude product was obtained as a red solid (42.9 mg, 67 %)."H NMR (400 MHz, thf-ds, 298 K): &
[ppm] = 7.46 — 7.42 (m, 2H, CHepn(p), 7.38 (s, 2H, CHim), 7.37 — 7.34 (m, 4H, CHpn(m), 2.91 (hept, 3Jhn = 6.8 Hz, 4H,
CHnHc(P), 1.57 (d, 8kH = 6.8 Hz, 6H, Mennc(Pn), 1.50 (d, 3UkhH = 6.8 Hz, 6H, Mentc(py), 1.19 (dd, 3JuH = 6.8 Hz,
12H, MenHc(pn), 1.15 — 1.11 (m, 21H, Menpyru), 0.19 (s, 54H, Metwms). 13C NMR (101 MHz, thf-ds, 298 K): & [ppm]
= 146.34 (s, Cpn(), 136.95 (s, CHpn(p), 131.23 (s, Crnn), 125.36 (s, CHph(m)), 124.35 (s, CHim), 30.77 (s CHnHc(Py),
29.82 (Megmu), 3.31 (Metums). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -9.52 (s, Sitms).3'"P NMR (162 MHz,
thf-ds, 298 K): 0 [ppm] = 88.11 (M, Pgeo).

[GeofSi(TMS)3}2PBu(Mes)]~ (10a): K2[Geo{Si(TMS)s}2] (44.2 mg, 0.036 mmol, 1 eq.) and Bu(Mes)PCI (14.3 mg,
0.054 mmol, 1.5 eq.) in MeCN (1 + 1 mL). The crude product was obtained as a brown solid (35 mg, 69 %). 'H-
NMR (400 MHz, thf-ds, 298 K): & [ppm] = 6.73 (m, 2H, CHwes), 2.56 — 2.46 (m, 6H, Mewmes), 2.15 (s, 3H, Mewes), 1.07
(d, 3Jnp = 12.5 Hz, 9H, Me®u), 0.25 (s, 54H, MeTwms). '*C-NMR (101 MHz, thf-ds, 298 K): & [ppm] = 145.95 (s, Crn(p),
137.34 (s, Cpn()), 134.35 (s, Cpn(p)), 130.06 (s, CHpn), 33.39 (s, Cmu), 32.27 (s, Memu), 31.22 (s, Me(9), 21.09 (s,

ep), 3.20 (s, Metms). 2°Si-INEPT (79 MHz, thf-ds, 298 K): & [ppm] = -11.31 (s, Sitms), -109.41 (s, Siges). 3'P-NMR
(162 MHz, thf-ds, 298 K): 0 [ppm] = -19.40 (m, Pges). ESI-MS: (negative ion mode, 3500 V, 300 °C): m/z 1356.8
[Geo{Si(TMS)a}2PBu(Mes)]~.

NHCPPPAg[Ges{Si(TMS)3}2PBu(Mes)] (10-AgNHCPPP): K[Geo{Si(TMS)s}2] (40.0 mg, 0.033 mmol, 1 eq.) and
Bu(Mes)PCI (7.9 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCPPPAgCI (20.8 mg, 0.039 mmol, 1.2 eq.) in
MeCN (2 mL). The crude product was obtained as a bright red solid (9 mg, 15 %). "TH NMR (400 MHz, thf-gk, 298 K):
O [ppm] = & 7.55 — 7.52 (m, 2H, CHpn(p), 7.46 — 7.40 (m, 2H, CHim), 7.37 — 7.33 (m, 2H, CHpnh(m), 7.27 — 7.22 (m
2H, CHph(m), 6.90 — 6.84 (m, 2H, CHuwes), 2.80 (hept, 3k = 6.8 Hz, 4H, CHpr), 2.71 — 2.65 (m, 6H, Mewes), 2.22 (s,
3H, Mewmes), 1.47 (d, 3JuH = 6.8 Hz, 12H, Mepr), 1.21 (1, 3Jup = 7.1 Hz, 12H, Mepr), 1.16 (d, 3P = 7.1 Hz Mesu),
0.17 (s, 54H, MeTms).’*C NMR (101 MHz, thf-dg, 298 K): & [ppm] = 146.43 (s, Cpn(g), 138.80 (s, Crnn), 136.43 (s,
Cwes(0), 131.27 (s, CHpn(p), 130.43 (s, CHwmes), 129.57 (s, Cmesp), 129.51 (s, Cwmes(p), 125.21 (s, CHim), 124.55 (s,
CHph(m), 34.48 (s, Cu), 32.32 (Memsu), 29.77 (CHpr), 21.06 (S, Mewmes(9), 3.19 (MeTums). 22Si-INEPT (79 MHz, thf-cs,
298 K): 6 [ppm] = -9.40 (s Sitms), -104.87 (s, Siges).3'"P NMR (162 MHz, thf-ds, 298 K): & [ppm] = -14.36 (s, Pges).
EA: anal. calcd. for GesSisN2P1AgCssH110: C, 37.60; H, 5.98; N, 1.51; found: C, 37.91; H, 6.10; N, 1.56.

NHCPPPCu[Ges{Si(TMS)3}2P'Bu(Mes)] (10-CuNHCP?P): Ko[Geo{Si(TMS)s}2] (44.2 mg, 0.036 mmol, 1 eq.) and
Bu(Mes)PCI (14.3 mg, 0.054 mmol, 1.5 eq.) in MeCN (1 + 1 mL). NHCP®PPCuCl (17.5 mg, 0.036 mmol, 1 eq.) in
MeCN (1 mL). The crude product was obtained as a bright red solid (41.0 mg, 61 %). "H NMR (400 MHz, thf-ds,
298 K): 6 [ppm] = & 7.42 — 7.37 (m, 4H, CHph(m)), 7.37 — 7.32 (m, 2H, CHim), 7.29 — 7.21 (m, 2H, CHpn(p), 6.92 —
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6.85 (m, 2H, CHuwes), 2.89 (hept, 3JuH = 6.8 Hz, 4H, CHpr), 2.76 — 2.64 (m, 6H, Mewes), 2.23 (s, 3H, Mewes), 1.50 (d,
SJhH = 6.8 Hz, 12H, Mewr), 1.19 (s, 3H, Memu), 1.16 (d, 3Jhn = 6.8 Hz, 12H, Mepr), 1.09 — 1.14 (brs, 6H, Memsu), 0.19
(s, 54H, MeTwms). *C NMR (101 MHz, thf-ds, 298 K): & [ppm] = 146.19 (s, Cph(), 138.84 (s, Crhn), 136.38 (S, Cwmes(0)),
131.23 (S, CHPh(p)), 130.46 (S, CHMes), 129.63 (S, CMesP), 129.50 (S, CMes(p)), 125.31 (S, CHIm), 124.19 (S, CHPh(m)),
34.50 (s, Cmu), 32.09 (Memu), 29.80 (CHprr), 21.05 (s, Memes(o), 3.28 (MeTus). 2°Si-INEPT (79 MHz, thf-ds, 298 K): &
[ppm] = -11.22 (s Sitms), -105.12 (s, Sices).3'P NMR (162 MHz, thf-ag, 298 K): & [ppm] = -14.77 (M, Pges). EA: anal.
calcd. for GesSisN2P1CuCssH110: C, 38.52; H, 6.13; N, 1.55; found: C, 40.29; H, 6.34; N, 1.57. The deviation of C
and H content is probably caused by remaining toluene.

[Geo{Si(TMS)3}2P(0-tolyl)2]~ (11a): Ko[Geo{Si(TMS)s}2] (73.6 mg, 0.060 mmol, 1 eq.) and (o-tolyl)2PCI (14.9 mg,
0.060 mmol, 1 eq.) in MeCN (1.5 + 1 mL). The crude product was obtained as a brown solid (38 mg, 45 %). 'H
NMR (400 MHz, thf-ds, 298 K): & [ppm] = 6.94 — 6.87 (m, 8H, CHo-taiy), 2.20 (s, 6H, Meo-oly), 0.27 (s, 54H, Metwms).
13C NMR (101 MHz, thf-dg, 298 K): & [ppm] = 143.05, 141.35, 136.45, 129.62, 127.24, 125.77 (s, Cpn/CHpn), 22.54
(d,3Jop =19.9 Hz, Mern), 3.18 (s, Metws). 22Si-INEPT (79 MHz, thf-ds, 298 K): & [ppm] = -9.29 (s Sitms), -107.67 (s,
Siges). 3'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = -41.66 (M, Pges). ESI-MS: (negative ion mode, 4000 V, 300 °C):
m/z 1362.8 [Ges{Si(TMS)3}2P(o-tolyl)2] .

NHCPiPP Ag[Geo{Si(TMS)3}2P(o-tolyl)2] (11-AgNHCPPP): Ko[Ges{Si(TMS)s}2] (40.0 mg, 0.033 mmol, 1 eq.) and (o-
tolyl)2PCl (8.1 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCP®PAgCI (20.8 mg, 0.039 mmol, 1.2 eq.) in MeCN
(2 mL) The crude product was obtained as a brown solid (7 mg, 11 %). 'TH NMR (400 MHz, thf-as, 298 K): & [ppm]
=7.64 — 7.59 (m, 2H, CHpn(m), 7.55 (s, 2H, CHim), 7.27 (s, 2H, CHo-tolyi()), 7.25 (s, 2H, CHo-tolyi(m)), 7.17 — 7.03 (m,
6H, CHPh(my/o-tolyl(oy/o-tolyi(m)), 6.01 —6.95 (m, 2H, CHph(p), 2.78 (hept, 3k = 6.8 Hz, 4H, CHpr), 2.39 (s, 6H, Meo-tolyl),
1.44 (d, 3hH = 6.8 Hz, 12H, Mepr), 1.18 (d, 3Jun = 6.8 Hz, 12H, Mepr), 0.18 (s, 54H, Metwms). '*C NMR (101 MHz,
thf-ds, 298 K): 6 [ppm] = 146.43 (s, Crnn), 142.14 (s, Co-tolyi(p)), 140.14 (s, Co-tolyi(0), 136.47 (s, CHpn(m), 131.21 (s,
CHo-tolyi(m)), 130.37 (s, CHo-tolyi(0)), 128.52 (s, CHph(m)), 126.36 (s, CHph(p), 125.13 (s, CHo-tolyip/m)), 124.35 (s, CHim),
29.73 (s, CHpr), 22.46 (s, Meotol), 3.11 (Metus). 2°Si-INEPT NMR (79 MHz, thf-ds, 298 K): & [ppm] = -9.28 (s,
Situms), -105.68 (s, Sices).*'P NMR (162 MHz, thf-ds, 298 K): & [ppm] = -39.30 (s, Pges).

NHCPPPCu[Ges{Si(TMS)3}2P(o-tolyl)2] (11-CuNHCP®P): Ko[Ges{Si(TMS)s}2] (73.6 mg, 0.060 mmol, 1 eq.) and (o-
tolyl)2PCl (14.9 mg, 0.060 mmol, 1 eq.) in MeCN (1.5 + 1 mL). NHCP®*CuCl (29.2 mg, 0.060 mmol, 1 eq.) in MeCN
(1.5 mL) The crude product was obtained as a brown solid (40.1 mg, 37 %). 'TH NMR (400 MHz, thf-ds, 298 K): &
[ppm] = 7.61 — 7.56 (M, 2H, CHen(m), 7.41 (s, 2H, CHim), 7.27 (s, 2H, CHouolin), 7.25 (8, 2H, CHoxoyi(m), 7.16 — 7.05
(m, 8H, CHph(myo-tolyl(o)/o-tolyi(m)), 6.99 — 6.94 (m, 2H, CHpn(p), 2.88 (hept, 3Jun = 6.8 Hz, 4H, CHerr), 2.39 (s, 6H, Meo-
wyl), 1.50 (d, 3k = 6.8 Hz, 12H, Mepr), 1.15 (d, 3 = 6.8 Hz, 12H, Mepr), 0.19 (s, 54H, Metus). 1*C NMR (101
MHz, thf-c, 298 K): & [ppm] = 146.16 (s, Crin), 142.01 (S, Cotoyi)), 140.51 (S, Corolyiie)), 136.49 (s, CHpn(m), 131.16
(S, CHotolyi(m), 130.37 (S, CHo-tolyi(0), 128.54 (s, CHpn(m), 126.34 (s, CHph(), 125.19 (s, CHoolyipm), 123.90 (s,
CHim), 29.77 (s, CHpr), 22.65 (S, Meo-oly), 3.15 (MeTums). 2Si-INEPT NMR (79 MHz, thi-ds, 298 K): & [ppm] = -9.28
(s, Sitms), -104.48 (s, Sices).3'P NMR (162 MHz, thi-ds, 298 K): & [ppm] = -37.15 (M, Paeo).



Crystallographic data

Table S1: Selected distances in compound 2.

bonds distance [A] bonds distance [A]
Gel-Ge2 2.4715(6) Gel-P1A 2.362(2)
Gel-Ged 2.4760(6) P1A-C32A 1.788(6)
Gel1-Geb5 2.6043(5) P1A-C28A 1.86(2)
Gel-Ge6 2.6059(6) C28A-C29A 1.49(3)
Gel-Ge3 3.6324(6) C28A-C30A 1.59(3)
Ge2-Ge7 2.5307(6) C28A-C31A 1.50(1)
Ge2-Ge3 2.5908(6) C32A-C33A 1.521(8)
Ge2-Geb 2.6832(6) C33A-C34A 1.536(9)
Ge2-Ged 3.5112(6) C34A-C35A 1.501(9)
Ge3-Ged 2.5799(6) C35A-C36A 1.328(9)
Ge3-Ge8 2.6458(6)

Ge3-Ge7 2.6645(6) Gel-P1B 2.337(2)
Ged-Ge8 2.5305(6) P1B-C32B 1.827(6)
Ged-Ge5 2.6713(6) P1B-C28B 1.87(3)
Ge5-Ge9 2.5048(6) C28B-C30B 1.45(5)
Ge5-Geb 2.9186(6) C28B-C31B 1.57(2)
Ge5-Ge8 3.1642(6) C28B-C32B 1.51(4)
Ge6-Ge9 2.5220(6) C32B-C33B 1.485(8)
Geb6-Ge7 3.0469(6) C33B-C34B 1.52(1)
Ge7-Ge9 2.5354(6) C34B-C35B 1.52(1)
Ge7-Ge8 2.7862(6) C35B-C36B 1.339(9)
Ge8-Ge9 2.5339(6)

Ge2-Sit 2.404(1)

Ge4-Si5 2.390(1)

Ge9-Si9 2.374(1)




Figure S1: Space filling model of compound 2 (with minor phosphine individual), showing the exposed nature of the
double bond of the pentenyl group. Hydrocarbon chain is shown in black, and the carbon atoms connected by the
double bond (C35B and C36B) are presented in red. The respective picture of the major individual is provided in

the manuscript.

Figure S2: Full ellipsoid plots of compound 2. Ellipsoids are shown at a 50 % probability level. Compound 2 with
the major individual of the disordered phosphine group (left) and with the minor individual of the phosphine group

(right). For clarity all protons are omitted.
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Table S2: 'TH NMR shifts of the methyl protons of the silyl groups of the mixed-functionalized cluster anions
[Geo{Si(TMS)3}2PRR'- (3a — 11a) and the respective zwitterionic compounds 3-AgNHCPPP — 7-AgNHCPiPP (left) or
Zintl cluster Ag-NHC compounds 8-AgNHCPPP — 11-AgNHCP®P (right). The change of the shift value Ashift upon
coordination of [NHCPPPAg]* to the cluster anions allows for determination of the coordination mode.

i), Sims)s /Si(TMS)a SiTMS)3
TMS)3Si TMS):Si TMS)3Si (TMS),Si
( )3 \Ge ~Ge ( )3 @e G5 (8 ):] \ge GJ QG;G
AR ) i b
e
Ge-2_Ge e 0 de /Ge
e Gle le
| R.
Pi—s Ag—NHCDPP P\ P
PR R 2 R™ R R™ R
[ppm] [ppm] Ashift [ppm] [ppm] Ashift
) _ Y
3 PP 0.26 023 -0.03 8 f‘P’NT/ 025 017 -0.08
A 3a 3-AgNHCPiPP PN 8a 8-AgNHCDIPP
4 E&PJ\ 0.26 0.26 0.00 2 Y
P 4a 4-AgNHCPPP 9 ‘p’N\r 0.25 017 -0.08
Pe 9a 9-AgNHCDiPP
5 Sp N~ 0.25 0.21 -0.04
K 5a 5-AgNHCPPP
J</ 10 ’;\P 0.25 0.17 -0.08
& 0.25 027 0.02 A d0a 10-AgNHCEPP
/ﬁ 6a 6-AgNHCPiPP
6 1 fj‘n: : 0.27 0.18 -0.09
7 ~p 0.26 0.28 0.02 a 11-AgNHCPiPP
Ta 7-AgNHCDiPP
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Table S3: 'TH NMR shifts of the methyl protons of the silyl groups of the mixed-functionalized cluster anions
[Geo{Si(TMS)3}2PRR'- (3a — 11a) and the respective zwitterionic compounds 3-CuNHCPPP — 7-CuNHCPiPP (left) or
Zintl cluster Cu-NHC compounds 8-CuNHCPPP — 11-CuNHCP*P (right). The change of the shift value Ashift upon
coordination of [NHCPPPCu]* to the cluster anions allows for determination of the coordination mode.
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[ppm] [ppm] Ashift [ppm] [ppm] Ashift
) P Y
3 sfrp/‘\/\/ 0.26 0.25 - -0.01 8 f\p,Nj/ 0.25 019 006
A 3a 3-CuNHCPiPP PN 8a 8-CuNHCPPP
4 E&PJ\ 0.26 0.27 0.01 2 Y
4a 4-CuNHCPiPP 9 ‘p’N\r 025 0.19 -0.06
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Figure S10: Selected areas of the 'TH NMR spectra of compounds 3-AgNHCP®P — 11-AgNHCPPP in thf-ds allowing
for the determination of the interaction (P-Ag or Ge-Ag) between the mixed-functionalized cluster anions 3a-11a
and the [NHCPPPAg]* moiety, using the shift of the silyl groups” methyl proton signals as indicator. Dashed line is
positioned at a chemical shift value of 0.25 ppm.
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Figure S11: Selected areas of the 'H NMR spectra of compounds 3-CuNHCPiPP — 11-CuNHCP*P in thf-ds allowing
for the determination of the interaction (P-Cu or Ge-Cu) between the mixed-functionalized cluster anions 3a-11a
and the [NHCPPPCu]* moiety, using the shift of the silyl groups” methyl proton signals as indicator. Dashed line is
positioned at a chemical shift value of 0.25 ppm. Asterisked signal belongs to silicon grease impurity.
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Figure S12: 'H NMR spectrum of compound 3a in thf-ds (signal marked with * belongs to an unidentified impurity,
signal marked with ¢ belongs to silicon grease).
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Figure S13:3C NMR spectrum of compound 3a in thf-ds.
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Figure S15: 3P NMR spectrum of compound 3a in thf-ds (signal marked with * belongs to an unidentified

impurity).
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Figure S16: "H NMR spectrum of compound 3-AgNHCP®P in thf-ds (signals marked with * belongs to silicon
grease, # to unidentified impurities and ¢ to free NHCPPPAQCI).
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Figure S17: 13C NMR spectrum of compound 3-AgNHCP'®P in thf-ds (signals marked with * belongs to silicon
grease, ¢ to an unidentified impurity).
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Figure S18: 2°Si-INEPT-RD NMR spectrum of compound 3-AgNHCPP in thf-ds (signal marked with * belongs to

an unidentified impurity).
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Figure S19: 3P NMR spectrum of compound 3-AgNHCPPP in thf-ds.
858 8 3 N 8 € I I ]
NN~ n < o~ -~ -~ -~ o o o
S/ AV

a
T™S_ TMS
TMs TMs $i~TMS
™s-8 ./
Ge<' R =Ge

; Ge‘/\
IDAS

c
—Ge
g é/ Q\é
iPr ]

!

N—:©
Cu—< ]j
i N

'Pr
@"Pr

J/k g f A
7 T an T s I T an I’y
o< « - o fo23 2] N < o)
2N ] ~ < o < o N o
— N < (=] N < Lol - - B o)
T T T T T T T T T T T T T T T T T
8.0 75 7.0 6.5 6.0 5.5 5.0 45 35 3.0 25 2.0 15 1.0 05 0.0

4.0
1 (ppm)

Figure S20: 'H NMR spectrum of compound 3-CuNHCP®P in thf-ds (signal marked with * belongs to silicon

grease).
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Figure S21: 18C NMR spectrum of compound 3-CuNHCP®P in thf-ds (signal marked with * belongs to silicon
grease).
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Figure S22: 2°Si-INEPT-RD NMR spectrum of compound 3-CuNHCP®P in thf-ds (signal marked with * belongs to

an unidentified impurity).
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Figure S24: 'TH NMR spectrum of compound 4a in thf-ds.
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Figure S26: 2°Si-INEPT-RD NMR spectrum of compound 4a in thf-ds.
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Figure S27: 3'P NMR spectrum of compound 4a in thf-ds.
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Figure S28: 'H NMR spectrum of compound 4-AgNHCP®P in thf-ds (signal marked with ¢ belongs to an
unidentified impurity).
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Figure S29: 13C NMR spectrum of compound 4-AgNHCPiPP in thf-ds.
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Figure S30: 2°Si-INEPT-RD NMR spectrum of compound 4-AgNHCP®P in thf-ds.
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Figure S31: 3'P NMR spectrum of compound 4-AgNHCPiPP in thf-ds.
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Figure S32: 'TH NMR spectrum of compound 4-CuNHCP®P in thf-ds (signal marked with * belongs to silicon
grease).
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Figure S33:13C NMR spectrum of compound 4-CuNHCP®P in thf-ds (signal marked with * belongs to silicon

grease).
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Figure S34: 2°Si-INEPT-RD NMR spectrum of compound 4-CuNHCPiPP in thf-ds (signal marked with * belongs to

silicon grease).
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Figure S35: 3'P NMR spectrum of compound 4-CuNHCP®P in thf-ds.
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Figure S36: "H NMR spectrum of compound 5a in thf-ds (signal marked with * belongs to unidentified impurity).
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Figure S37: 13C NMR spectrum of compound 5a in thf-ds.
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Figure S39: 3'P NMR spectrum of compound 5a in thf-ds.
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Figure S41: 13C NMR spectrum of compound 5-AgNHCP®P in thf-ds.
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Figure S42: 2°Si-INEPT-RD NMR spectrum of compound 5-AgNHCP®P in thf-ds.
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Figure S43: 3'P NMR spectrum of compound 5-AgNHCPiPP in thf-ds.
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Figure S45: 13C NMR spectrum of compound 5-CuNHCPPP in thf-ds.
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Figure S46: 2°Si-INEPT-RD NMR spectrum of compound 5-CuNHCPPP in thf-ds (signal marked with * belongs to
an unidentified impurity).
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Figure S47: 3'P NMR spectrum of compound 5-CuNHCPiPP in thf-ds.
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Figure S49: 3C NMR spectrum of compound 6a in thf-ds.
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Figure S50: 2°Si-INEPT-RD NMR spectrum of compound 6a in thf-ds.

52.93

T™S,_ TMS
a Tis, Tus Si~TMS
TMS-Si

T T T T T T T T

T T T
140 120 100 80 60 40 20 0
1 (ppm)

Figure S51: 3'P NMR spectrum of compound 6a in thf-ds
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Figure S52: 'TH NMR spectrum of compound 6-AgNHCPPP in thf-ds.
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Figure S53: 3C NMR spectrum of compound 6-AgNHCPPP in thf-ds.
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Figure S54: 2°Si-INEPT-RD NMR spectrum of compound 6-AgNHCPPP in thf-dg (signal marked with * belongs to

silicon grease, signals marked with ¢ belong to unidentified impurities.)

iz T™MS_ TMS
v TMs TMs $i~TMS
TMS-Si

Ge/\' ?;Ge

i/}Ge
é// \\< .
Ges —Ge
g
Ge i
¥ DA
a
P Ag— I
i N

'Pr
@/ipf

T T T T T T T T T T T T T
140 120 100 80 60 40 20 0
f1 (ppm)

Figure S55: 3'P NMR spectrum of compound 6-AgNHCPiPP in thf-ds.
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Figure S56: 'H NMR spectrum of compound 6-CuNHCP®P in thf-ds.
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Figure S57: 13C NMR spectrum of compound 6-CuNHCP®P in thf-ds.
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Figure S58: 2°Si-INEPT-RD NMR spectrum of compound 6-CuNHCPP in thf-ds.
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Figure S59: 3'P NMR spectrum of compound 6-CuNHCPPP in thf-ds.
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Figure S60: '"H NMR spectrum of compound 7a in thf-ds (signal marked with * belongs to bis-silylated cluster
[Geo{Si(TMS)3}2]?, signal marked with ¢ belongs to an unidentified impurity).
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Figure S61: 13C NMR spectrum of compound 7a in thf-ds.
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Figure S62: 2°Si-INEPT-RD NMR spectrum of compound 7a in thf-ds (signal marked with * belongs to an

unidentified impurity).
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Figure S63: 3'P NMR spectrum of compound 7a in thf-ds (signals marked with * belong to unidentified impurities).
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Figure S64: 'H NMR spectrum of compound 7-AgNHCP®P in thf-ds (signal marked with ¢ belongs to an
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i @ & o5 a 3 8% z3f 2
3 o & od ™S T 25 =233 ]
™S TMS $
TMS—Si\Gé st
GeZ\ *. =Ge
\f'Ge‘/\ L
s \ e
VAN .
«be
Gé- —Ge st
~ ,/ g b
Ge ; f
\ Pr N— g
adamantyl
p—ro— ]
2 2 @,’Pr 2 3 R
= o | |
c adamantyl
b
d a
12‘5,8 I 12‘5,6 ‘ 12‘5.4 30.0 298 296
1 (ppm) 1 (ppm)
§ adaman&
f e A J
u kel / LN i
1‘50 1‘45 1:10 ]‘35 1‘30 1‘25 llZO 1‘15 lllO 165 1‘00 9‘5 E;U 8'5 80 7‘5 ]:D 65 5‘0 5‘5 50 4‘5 40 3‘5 30 2‘5 2’0 1I5 10 I5 6

1 (ppm)
Figure S65: 3C NMR spectrum of compound 7-AgNHCPPP in thf-ds.
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Figure S66: 2°Si-INEPT-RD NMR spectrum of compound 7-AgNHCP®P in thf-ds (signal marked with # belongs to

an unidentified impurity, signal marked with * belongs to silicon grease).
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Figure S67: 3P NMR spectrum of compound 7-AgNHCP*P in thf-ds.
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Figure S68: 'H NMR spectrum of compound 7-CuNHCP®P in thf-ds (signal marked with * belongs to an
unidentified impurity, signal marked with ¢ belongs to silicon grease).
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Figure S69: 13C NMR spectrum of compound 7-CuNHCPiPP in thf-dg (signal marked with * belongs to silicon
grease).
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Figure S70: 2°Si-INEPT-RD NMR spectrum of compound 7-CuNHCPPP in thf-dg (signal marked with * belongs to

an unidentified impurity, signal marked with ¢ belongs to silicon grease).
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Figure S71: 3'P NMR spectrum of compound 7-CuNHCPP in thf-ds.
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Figure S73: 3C NMR spectrum of compound 8a in thf-ads.
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Figure S77: 13C NMR spectrum of compound 8-AgNHCP®P in thf-ds.
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Figure S78: 2°Si-INEPT-RD NMR spectrum of compound 8-AgNHCP®P in thf-dg (signal marked with ¢ belongs to

an unidentified impurity).
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Figure S79: 3P NMR spectrum of compound 8-AgNHCPiPP in thf-ds.

48



b : oz 5@ 2
S\ , C e \/
Pr h
C g
N_ N
T i
AN
Ge. 4(
Ge=——Ge
TMS X ) N— f
TMS / \ ; {
G/I\Ge{ GeR b
TMS b
3 1 z z
t |
d b /bll
A A M
3.‘50 3]45 3.‘40 2.‘25 2.‘20 ‘2 I
1 (ppm) 1 (ppm) 1 (ppm) \
h (o] *
ile : iL
e e d
P an T BE oo ¥
8‘.0 ;.5 7‘.0 6r.5 6‘.0 5’.5 5‘.0 AJ.S 4‘.0 3‘.5 .0 2‘ 5 2‘.0 1’ 5 1‘.0 0’.5 OI.O
1 (ppm)
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Figure S81: 3C NMR spectrum of compound 8-CuNHCP'PP in thf-ds.
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Figure S83: 3'P NMR spectrum of compound 8-CuNHCPiPP in thf-ds.
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Figure S85: 3C NMR spectrum of compound 9a in thf-ds.
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Figure S87: 3'P NMR spectrum of compound 9a in thf-ds.
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Figure S89: 13C NMR spectrum of compound 9-AgNHCPPP in thf-ds.
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Figure S90: 2°Si-INEPT-RD NMR spectrum of compound 9-AgNHCP®? in thf-ds.
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Figure S91: 3'P NMR spectrum of compound 9-AgNHCPP in thf-ds.
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Figure S95: 3'P NMR spectrum of compound 9-CuNHCPiPP in thf-ds.
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Figure S96: 'TH NMR spectrum of compound 10a in thf-ds (signal marked with * belongs to unidentified impurity).
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Figure S97: 3C NMR spectrum of compound 10a in thf-ds.
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Figure S101: 3C NMR spectrum of compound 10-AgNHCP*P in thf-ds.
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Figure S102: 2°Si-INEPT-RD NMR spectrum of compound 10-AgNHCP*P in thf-ds.
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Figure S103: 3'P NMR spectrum of compound 10-AgNHCP®P in thf-ds.
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Figure S105: 3C NMR spectrum of compound 10-CuNHCP®P in thf-ds.
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Figure S107: 3'P NMR spectrum of compound 10-CuNHCPiPP in thf-ds.
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Figure S109: 3C NMR spectrum of compound 11a in thf-ds.

63



—-9.29

Q
—
=
¢
@

-107.67
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Figure S111: 3'P NMR spectrum of compound 11a in thf-ds.
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Figure S113: 3C NMR spectrum of compound 11-AgNHCP®P in thf-ds.
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Figure S114: 2°Si-INEPT-RD NMR spectrum of compound 11-AgNHCP®P in thf-ds (signal marked with ¢ belongs
to an unidentified impurity, signal marked with * belongs to silicon grease).
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Figure S115: 3'P NMR spectrum of compound 11-AgNHCP®P in thf-ds.
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Figure S116: 'H NMR spectrum of compound 11-CuNHCPIPP in thf-dg (signal marked with * belongs to an
unidentified impurity).
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Figure S117: 3C NMR spectrum of compound 11-CuNHCP*P in thf-ds.
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Figure S118: 2°Si-INEPT-RD NMR spectrum of compound 11-CuNHCP®P in thf-ds (signal marked with * belongs
to an unidentified impurity, signal marked with ¢ belongs to silicon grease).
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Figure S119: 3'P NMR spectrum of compound 11-CuNHCPiPP in thf-ds.
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ESI-MS spectra
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Figure S120: Overview ESI-MS (negative ion mode, 3500 V, 300 °C) obtained from a thf solution of compound 3a,
showing the molecule peak at m/z 1306.8 [GeofSi(TMS)3}2PBu(CH2)sCH=CH:]". Besides the molecule peak a signal
at m/z 1396.4 is detected, which can be assigned to the tris-silylated cluster [Geo{Si(TMS)s}s]" formed during the
ionization process (the signals of the species are not present in NMR spectra of 3a). A detailed view of the signal
of anion 3a is shown in the manuscript.
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Figure S121: Overview ESI-MS (negative ion mode, 3500 V, 300 °C) obtained from a thf solution of compound 4a,
showing the molecule peak at m/z 1280.8 [Geo{Si(TMS)s}PPrBu]-.
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Figure S122: Detailed view of the ESI-MS signal (negative ion mode, 3500 V, 300 °C) of [Geo{Si(TMS)s}PPrBu]
(4a) at m/z 1280.8 obtained from a thf solution. The calculated pattern is shown as black bars.
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Figure S123: Overview ESI-MS (negative ion mode, 4000 V, 300 °C) obtained from a thf solution of compound 5a,
showing the molecule peak at m/z 1309.7 [Geo{Si(TMS)a}2PBu(NEt2)]". Besides the molecule peak a signal at m/z
1396.4 is detected, which can be assigned to tris-silylated cluster [Geo{Si(TMS)s}s]” formed during the ionization
process (the signals of the species are not present in NMR spectra of 5a).
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Figure S124: Detail view of ESI-MS signal (negative ion mode, 4000 V, 300 °C) of [GeofSi(TMS)3}2PBu(NEt2)] (5a)
at m/z 1309.7 obtained from a thf solution. The calculated pattern is shown as black bars.
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Figure S125: Overview ESI-MS (negative ion mode, 3000 V, 300 °C) obtained from a thf solution of compound 6a,
showing the molecule peak at m/z 1322.8 [Ges{Si(TMS)s}2P(1,1-dimethylpropyl)2]. Besides the molecule peak a
signal at m/z 1396.4 is detected, which can be assigned to the tris-silylated cluster [Geo{Si(TMS)s}s]" formed during
the ionization process (the signals of this species is not present in NMR spectra of 6a).
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Figure S126: Detail view of ESI-MS signal (negative ion mode, 3000 V, 300 °C) of
[Geo{Si(TMS)s}2P(1,1-dimethylpropyl)2] (6a) at m/z 1322.8 obtained from a thf solution. The calculated pattern is
represented as black bars.
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Figure S127: Overview ESI-MS (negative ion mode, 4000 V, 300 °C) obtained from a thf solution of compound 7a,
showing the molecule peak at m/z 1450.8 [Geo{Si(TMS)3}2P(1-adamantyl)2]". Besides the molecule peak a signal at

m/z 1396.4 is detected, which can be assigned to the tris-silylated cluster [Ges{Si(TMS)s}s]" formed during the
ionization process (the signals of this species are not present in NMR spectra of 7a).
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Figure S128: Detail view of ESI-MS signal (negative ion mode, 4000 V, 300 °C) of [Ges{Si(TMS)s}2P(1-adamantyl)2]
(7a) at m/z 1450.8 obtained from a thf solution. The calculated pattern is represented as black bars.
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Figure S129: Overview ESI-MS (negative ion mode, 3500 V, 300 °C) obtained from a thf solution of compound 8a,
showing the molecule peak at m/z 1323.8 [Ges{Si(TMS)3}2P'Pr(N/Pr2)]". Besides the molecule peak a signal at m/z
1396.4 is detected, which can be assigned to the tris-silylated cluster [Ges{Si(TMS)s}s] formed during the ionization
process (the signals of this species are not present in NMR spectra of 8a).
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Figure S130: Detailed view of the ESI-MS signal (negative ion mode, 3500 V, 300 °C) of [Geg{Si(TMS)s}2PPr(NPrz)]
(8a) at m/z 1323.8 obtained from a thf solution. The calculated pattern is represented as black bars.
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Figure S131: Overview ESI-MS (negative ion mode, 3000 V, 300 °C) obtained from a thf solution of compound 9a,
showing the molecule peak at m/z 1337.8 [Geo{Si(TMS)s}2PBu(NPr2)]-.
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Figure S132: Detailed view of the ESI-MS signal (negative ion mode, 3000 V, 300 °C) of
[Ges{Si(TMS)3}2PBu(NPrz2)] (9a) at m/z 1337.8 obtained from a thf solution. The calculated pattern is represented

as black bars.
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Figure S133: Overview ESI-MS (negative ion mode, 3500 V, 300 °C) obtained from a thf solution of compound 10a,
showing the molecule peak at m/z 1356.8 [Ges{Si(TMS)a}2PBu(Mes)] . Besides the molecule peak a signal at m/z
1396.4 is detected, which can be assigned to the tris-silylated cluster [Ges{Si(TMS)s}s] formed during the ionization

process (the signals of this species are not present in NMR spectra of 10a). The detailed view of the mixed-
functionalized cluster’s signal is given in the manuscript.
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Figure S134: Overview ESI-MS (negative ion mode, 4000 V, 300 °C) obtained from a thf solution of compound 11a,
showing the molecule peak at m/z 1362.8 [Ges{Si(TMS)3}2P(o-tolyl)2]. Besides the molecule peak a signal at m/z

1396.4 is detected, which can be assigned to the tris-silylated cluster [Ges{Si(TMS)s}s] formed during the ionization
process (the signals of this species are not present in NMR spectra of 11a).
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Figure S135: Detailed view of the ESI-MS signal (negative ion mode, 4000 V, 300 °C) of [Ges{Si(TMS)s}2P(o-tolyl)2]
(11a) at m/z 1362.8 obtained from a thf solution. The calculated pattern is represented as black bars.
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The oxidative coupling of two [Ges{Si(TMS)s}2]*~ clusters in the presence of the borane Cy,BClI
is reported, yielding the dimeric anion [Ges{Si(TMS)s}2]2>~ (1a). Anion 1a was crystallized as
the Cu-carbene adduct {NHCP'Cu[Geo{Si(TMS)3}2]}2 (2). The interconnecting exo Ge-Ge bond
could not only be traced in the single crystal structure, but also in Raman experiments revealing
an additional band at 7=283cm’ in comparison to the monomeric compound
NHCP'Cu[Ges{Si(TMS)s}3] (3). Furthermore, the reaction protocol was successfully reproduced
using the sterically more demanding Cu-carbene fragment [NHCPPPCu]* (4). Most probably,
the oxidative coupling is mediated by trace amounts of oxygen or water and the borane acting
as an oxide-scavenger. This assumption is corroborated by the isolation of the boryl ether

Cy2B-0-BCy,, which was obtained as a by-product.

The preparation of compounds 1 to 4 was done by me. Furthermore, | measured and evaluated
the NMR spectra, the ESI-MS spectrum, and the Raman spectrum. The LIFDI-MS spectrum
was acquired by M. Sc. Maximilian Muhr (Prof. Fischer, TUM), | evaluated and plotted the
collected data. The elemental analysis was performed by Ulrike Ammari and Bircan Dilki in the
microanalytical laboratory of the Chemistry Department of the Technical University of Munich.
The single crystal of 2 was selected and measured by me, including the initial structure
refinement. Dr. Wilhelm Klein finalized the single crystal structure refinement for publication.
The manuscript was authored by me, including the creation of figures, tables, and schemes.
Dr. Wilhelm Klein and Dr. Annette Schier proof-read the manuscript. The publication of the
manuscript was managed by Prof. Dr. Thomas F. Fassler, the peer-review process including
corrections was a joined task accomplished by Prof. Thomas F. Fassler, Dr. Wilhelm Klein and

me.
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Polyhedral main group element clusters of tetrel elements are
discussed as suitable building units to form atom-precise nano-
structures. Herein we report the oxidative coupling of two
[Geo{Si(TMS)3},1%~ clusters (TMS = trimethylsilyl) resulting in the
dimeric cluster [Geo{Si(TMS)s},1,%". The dimer is structurally char-
acterized as the [NHCP'Cul* adduct {NHCP"CulGeo{Si(TMS)s},]}>
[INHC™ = 1,3-di(isopropyl)imidazolylidine]. The linkage of two
molecular [Geo{Si(TMS)s},]2~ anions under formation of an exo
Ge-Ge bond occurs in the presence of Cy,BCl (Cy = cyclohexyl)
and is mediated by trace amounts of oxygen as indicated by the
isolation of the by-product Cy,B-O-BCys,.

Tetrel element clusters have been subject to intensive investigations
within the last years, and great efforts have been made to synthesize
extended clusters at the border of isolated molecules and solid-state-
like structures. Preferably molecules with low-valent Si and Ge
atoms are used for the formation of larger clusters."” As key
examples, clusters like [Geo{Si(TMS)5}5] ", [Ge1{E(TMS),)s]*~ (E=Si,
Ge),>® [GeyyBrg(PEty)y],” [SnofSi(TMS)sh,]7~,°  [SnyofSi(TMS)3}5],°
and [Sn;o{Si(TMS);}¢]'* can be mentioned, which arise upon the
disproportionation reaction of molecular germanium(i) and tin(1)
halides, respectively. The reductive elimination of leaving groups, as
well as the reductive coupling of EX, salts with organo-halides R.EX,
(R = organic ligand, E = tetrel element, X = halide) are further paths
to clusters such as [Ge;{Si'Bugel]’,"" [Ges{N(TMS)Dipp},] [Dipp =
2,6-di(isopropyl)phenyl],”* [Ge,Sn,R,] [R = (2,6-Pr,CeHs),CoHs),"
and the propellane [GesMesg]."* However, the products of such
reactions are usually hard to predict. As a well predictable exception,
molecules containing Si and Ge atoms with low oxidation states, as
for example the highly reactive disilenide Tip,Si—SiLiTip [Tip =
2,4,6-tri(isopropyl)phenyl], can be used as the basis for the multistep
synthesis of the siliconoid cluster LiSigTips,"> which subsequently

Department Chemie, Technische Universitdt Miinchen, LichtenbergstrafSe 4,

85747 Garching, Germany. E-mail: thomas.faessler@Irz.tum.de

1 Electronic supplementary information (ESI) available: Details on the experi-
mental procedures, crystallographic details, NMR spectra, LIFDI MS spectrum.
CCDC 2129082. For ESI and crystallographic data in CIF or other electronic
format see DOI: https://doi.org/10.1039/d2cc01250b
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led to the extended compound SigTipsCp* in a two-step, atom-
precise synthesis.'® Furthermore, the photolysis of the mixed tetrel
element cluster [SiR,Ge,R,] (R = ‘Bu, R' = SiMe'Bu,) induced the
interlinking of two propellane molecules via a central Ge atom in
[{SiR,Ge,R}},Ge], featuring an extended cluster with outstanding
geometry."”

An alternative approach to increase the size of molecular com-
pounds is the coupling of pre-formed building blocks. The solid-
state phase K,Ge, comprises [Geo]' ™ clusters, which are transferable
into solution without any structural change.'®" The fourfold
negatively charged clusters are highly redox-active species,”**' and
numerous structures featuring interconnected [Geg]*” units
such as dimers [Geo-Geo]®,"***2° trimers [Gey—Geo—Geg]*,*>*"
tetramers  [Gey—=Ge=Ges=Geo" ,>****  and  polymeric
o {[Ges] }**** chains have been described. However, the oxidized
cluster species have been obtained only in low yields and from
highly polar solvents like ethylenediamine, and the oxidation agents
have not been unequivocally identified.

In order to enhance the solubility of the [Ge,]*™ ion, silyl groups
are attached at the cluster unit leading to the most prominent
species [Geg{Si(TMS);},]*~ 2® and [Geo{Si(TMS)5}5]~.*” In contrast to
the numerous oligomers consisting of coupled bare [Ges|*™ units,
larger cluster species arising from the direct fusion of silylated [Geo]
clusters are rare. To the best of our knowledge the oxidation of two
[Geo{Si(TMS);}5]” units in the presence of an Fe(n) salt under
formation of small amounts of [Ge,4{Si(TMS