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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 A12Ge17 and A4Ge9 (A = alkali metal) the 

deltahedral germanium clusters [Ge4]4– and [Ge9]4– 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 

[Ge9{Si(TMS)3}2]2– and [Ge9{Si(TMS)3}3]– with main group element compounds. In comparison 

to the bare ion [Ge9]4– 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 RRlPCl (R, Rl = alkyl, alkenyl, aryl, aminoalkyl) with the 

twofold and threefold silylated clusters yielded the monoanionic species [Ge9{Si(TMS)3}2PRRI]– 

and the charge-neutral cluster [Ge9{Si(TMS)3}3{PtBu{(CH2)3CH=CH2}}], respectively. In 

subsequent reactions the anionic cluster species were reacted with silver-carbenes, yielding 

the adducts NHCDippAg[Ge9{Si(TMS)3}2PRRI] in which the transition metal either coordinates 

to the [Ge9] cluster or to the phosphanyl moiety, in dependence of the steric shielding of the 

organic ligands R and Rl. Indicative for the latter case is the 1J(31P-107Ag/109Ag) spin-spin 

coupling observed in the 31P NMR spectra. 

Furthermore, the oxidative-coupling of two [Ge9{Si(TMS)3}2]2– clusters is reported, yielding the 

anionic dimer [Ge9{Si(TMS)3}2]22–. Within the reaction the added chloroborane Cy2BCl acts as 

an oxide-scavenger as corroborated by the isolation of the boryl ether Cy2B-O-BCy2.  

The boranyl-decoration of the twofold silylated cluster was achieved upon its reaction with 

chloro-1,3,2-diazaborolidines DABR-Cl (R = Me, iPr, o-tol). The formed anionic species 

[Ge9{Si(TMS)3}2DABR]– 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. 
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Reactions of the anion [Ge9{Si(TMS)3}2]2– with bromo-1,3,2-diazaborolidines DABR-Br  

(R = o-tol, Mes, Dipp) in cyclic ethers yielded the mixed-substituted clusters  

[Ge9{Si(TMS)3}2(CH2)nO-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 [Ge9] cluster core. 

In similar experiments the incorporation of imine moieties was observed upon conducting the 

reactions in various nitriles RlC≡N (Rl = alkyl, alkenyl, aryl). The obtained deep red species 

[Ge9{Si(TMS)3}2{RlC=N}-DABR]– 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 [Ge9{Si(TMS)3}2{MeC=N(H)}-DAB(II)Dipp]. 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 A4Ge9 and A12Ge17 with 

zinc organyls in liquid ammonia yielded a series of intermetalloid clusters, such as the dianionic 

species [(η3:η3-Ge4)(ZnEt)2]2–. While the isolated cluster species extend the number of known 

four- and nine-atom polyanions coordinating to Zn(II) 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 [Ge9] clusters, but are also 

incorporated into the cluster shell, thereby generating so called endohedral clusters. The 

reaction of K4Ge9 with a nickel precursor in ethylenediamine generated the doubly-filled cluster 

[Ni2@Ge17]4–, which in combination with the cobalt-filled ion [Co2@Ge17]6– 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(NacNacMes)(MeCN)4] 

[Ge9{Si(TMS)3}3] and [K[2.2.2]crypt]4[Mg(NacNacMes)(NH3)4]2[Ge9-Ge9] featuring Mg(II) 

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 unabkömmlich. Halbleitende 

Materialien finden hierbei in fast allen elektronischen Bauteilen Anwendung, während der 

Bedarf an hocheffizienten, alternativen Energiequellen und Speichersystemen aufgrund des 

stetig steigenden Energiebedarfs wächst. Für die Herstellung neuer Materialien ist ein 

grundlegendes Verständnis der chemischen Vorgänge auf einer molekularen Ebene nötig. 

Das Studium der chemischen und physikalischen Eigenschaften neuer Substanzen anhand 

kleiner Modellsysteme bietet hierbei einen kostengünstigen Ausgangspunkt. Die binären 

Festphasen A12Ge17 und A4Ge9 (A = Alkalimetall) enthalten die deltaedrischen Cluster [Ge4]4– 

und [Ge9]4–, welche als Bausteine zwischen einzelnen isolierten Molekülen und 

festkörperartigen Strukturen angesehen werden können. In dieser Dissertation werden 

Reaktionen der vier- und neunatomigen Cluster mit Hauptgruppenelementverbindungen sowie 

Übergangsmetallkomplexen untersucht, welche in funktionalisierten bzw. intermetalloiden 

Clustern resultieren. 

Der erste Teil der Arbeit behandelt Reaktionen der zweifach- und dreifach-silylierten Cluster 

[Ge9{Si(TMS)3}2]2– und [Ge9{Si(TMS)3}3]– mit Hauptgruppenelementverbindungen. Im 

Vergleich zu den nicht-funktionalisierten [Ge9]-Clustern weisen die silylierten Spezies eine 

höhere Löslichkeit sowie ein geringeres Reduktionspotential auf, was die Herstellung stabiler, 

gemischt-funktionalisierter Spezies erleichtert. 

In Reaktionen der Chlorphosphane RRlPCl (R, Rl = Alkyl, Alkenyl, Aryl, Aminoalkyl) mit dem 

zweifach- und dreifach-silylierten Cluster wurden die Anionen [Ge9{Si(TMS)3}2PRRI]– bzw. der 

neutrale Cluster [Ge9{Si(TMS)3}3{PtBu{(CH2)3CH=CH2}}] erhalten. Die anionischen Spezies 

wurden in weiteren Reaktionen mit Silbercarbenen umgesetzt, wobei die Addukte 

NHCDippAg[Ge9{Si(TMS)3}2PRRI] erhalten wurden. In den Verbindungen koordiniert das 

Übergangsmetall in Abhängigkeit von der sterischen Hinderung durch die organischen Reste 

R und Rl entweder direkt an den [Ge9]-Cluster oder an die Phosphanylgruppe. Letzterer Fall 

führt zur Ausbildung von 1J(31P-107Ag/109Ag) Spin-Spin Kopplungen in den 31P NMR Spektren. 

Des Weiteren wird die oxidative Kopplung zweier Cluster [Ge9{Si(TMS)3}2]2– unter Bildung des 

Dimers [Ge9{Si(TMS)3}2]22– beschrieben. Hierbei dient das zugesetzte Chlorboran Cy2BCl als 

Fänger für Oxidionen, was durch die Isolierung des Diboroxans Cy2B-O-BCy2 bestätigt wurde. 

Die Funktionalisierung des zweifach silylierten Clusters mit Boranylliganden wurde durch 

Reaktionen des Clusters mit Chlor-1,3,2-diazaborolidinen DABR-Cl (R = Me, iPr, o-tol) erreicht. 

Die gebildeten Anionen [Ge9{Si(TMS)3}2DABR]– wurden als Kupfercarben-Addukte kristallisiert. 

Quantenchemischen Berechnungen weisen darauf hin, dass die Anbindung bestimmter 

Boranylliganden prinzipiell zur Ausbildung von frustrierten Lewis Säure-Base Paaren führt. 
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Die gemischt-substituierten Cluster [Ge9{Si(TMS)3}2(CH2)nO-DABR]– (n = 3, 4) wurden in 

Reaktionen des zweifach silylierten Clusters mit Brom-1,3,2-diazaborolidinen DABR-Br  

(R = o-tol, Mes, Dipp) in zyklischen Ethern hergestellt und beinhalten Ring-geöffnete 

Etherfragmente. In Abhängigkeit von den Alkalimetall Gegenionen wurden verschiedene 

Strukturisomere beobachtet, die sich hinsichtlich der Anordnung der Liganden am [Ge9]-

Cluster unterscheiden. 

In vergleichbaren Experimenten wurde die Inkorporierung von Iminfragmenten beobachtet, 

wobei die Reaktionen in verschiedenen Nirtrilen RlC≡N (Rl = Alkyl, Alkenyl, Aryl) durchgeführt 

wurden. Die erhaltenen roten Cluster [Ge9{Si(TMS)3}2{RlC=N}-DABR]– bilden sich hierbei nach 

einem frustrierten Lewis-Paar Mechanismus. Des Weiteren wurde die Iminfunktion protoniert, 

was in der Bildung des grünen Zwitterions [Ge9{Si(TMS)3}2{MeC=N(H)}-DAB(II)Dipp] resultierte. 

UV-Vis spektroskopische Untersuchungen in Kombination mit quantenchemischen 

Berechnungen deuten darauf hin, dass der bathochrome Effekt durch Ladungsübergänge 

zwischen dem Cluster und dem Iminiumfragment verursacht wird. 

Im zweiten Teil der Arbeit werden Reaktionen nicht-funktionalisierter Germaniumcluster mit 

Übergangsmetallkomplexen diskutiert. Reaktionen der Festphasen A4Ge9 und A12Ge17 mit 

Zinkorganylen in flüssigem Ammoniak führten zur Bildung einer Reihe intermetalloider Cluster, 

wie zum Beispiel des Dianions [(η3:η3-Ge4)(ZnEt)2]2–. Die Isolierung der verschiedenen Cluster 

ergänzt die Reihe der bereits bekannten vier- und neunatomigen, Zn(II)-koordinierten 

Polyanionen. Des Weiteren wurden verschiedene Zinkamide als Nebenprodukte isoliert, 

welche als Zwischenstufen auf dem Weg zu intermetalloiden Ge-Zn Clustern betrachtet werden 

können. 

Übergangsmetalle können jedoch nicht nur an den [Ge9]-Cluster koordinieren, sondern auch 

inkorporiert werden. Dies führt zur Bildung sogenannter endohedraler Cluster. Der zweifach 

gefüllte Cluster [Ni2@Ge17]4– wurde in einer Reaktion von K4Ge9 mit einem Nickelorganyl aus 

Ethylendiamin erhalten und füllt zusammen mit dem Cluster [Co2@Ge17]6– die Lücke zwischen 

bekannten 16- und 18-atomigen endohedralen Germaniden. Die Anordnung der Gerüstatome 

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 können jedoch in Reaktionen der Cluster- 

Präkursoren mit Magnesiumorganylen ausgetauscht werden, wobei die Verbindungen 

[Mg(NacNacMes)(MeCN)4][Ge9{Si(TMS)3}3] und [K[2.2.2]crypt]4[Mg(NacNacMes)(NH3)4]2 

[Ge9-Ge9] erhalten wurden, welche Mg(II) Ionen enthalten. Die beschriebenen Reaktionen 

ebnen den Weg zur Herstellung von Clusterverbindungen, die nicht ausgehend von den 

entsprechenden Festphasen zugänglich sind.



Declaration 

VII 
 

Declaration 

The experiments described within this work were performed at the Chair of Inorganic Chemistry 

with Focus on Novel Materials at the Technical University of Munich between June 2018 and 

June 2022. This dissertation is written as a publication-based thesis. All manuscripts which 

were prepared for publication, and manuscripts which were published in peer-reviewed 

journals are included in Chapter 6. Contributions from co-authors to the presented manuscripts 

are explicitly stated in Chapter 6 accompanying the corresponding manuscripts. A complete 

list of these manuscripts containing the bibliographic data for published articles is enclosed in 

Chapter 7. In the introductory Chapter 1 the relevance of this work for research, a review on 

relevant literature, the scope, and the outline of this thesis are presented. The results of each 

manuscript are discussed in Chapter 2, which is divided into the sub-chapters 2.1 (reactions 

of silylated [Ge9] clusters) and 2.2 (reactions of bare [Ge9] clusters). General conclusions are 

drawn in Chapter 3. Details on the experimental procedures and characterization methods are 

provided in Chapter 4. A list of cited literature is given in Chapter 5.



 

VIII 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 



Table of Contents 

IX 
 

TABLE OF CONTENTS 

1 INTRODUCTION ................................................................................................................. 1 

1.1 Occurrence, Supply and Applications of Elemental Germanium ........................... 1 

1.1.1 Exploitation of Germanium .................................................................................... 1 

1.1.2 Properties and Applications of Germanium ............................................................ 2 

1.2 From Elemental Germanium to Molecular Clusters ................................................. 4 

1.2.1 Bottom-up Route ................................................................................................... 4 

1.2.2 Solid-State Approach ............................................................................................. 5 

1.2.3 Structure and Bonding in Tetrel Element Zintl Clusters .......................................... 7 

1.3 Reactions of [Ge4]4– and [Ge9]4– Clusters in Solution .............................................. 9 

1.3.1 Reactivity of the Bare [Ge4]4– and [Ge9]4– Polyanions towards Transition Metal 
____ Complexes ...........................................................................................................10 

1.3.1.1 Transition Metal Coordination to Tetrahedral Germanium Clusters ................10 

1.3.1.2 Transition Metal Coordination to Nine-Atom Germanium Clusters ..................11 

1.3.1.3 Formation of Endohedral Germanium Clusters ..............................................13 

1.3.2 Reactivity of the [Ge9]4– Ion towards Main Group Element Compounds ................16 

1.3.2.1 Oxidative Coupling of [Ge9] Clusters ..............................................................16 

1.3.2.2 Addition of Main Group Element Fragments to [Ge9] Clusters ........................17 

1.4 Reactions of Silylated [Ge9] Clusters in Solution ...................................................22 

1.4.1 Reactivity towards Main Group Element Compounds ...........................................22 

1.4.1.1 Reactions with Group 14 Element Compounds ..............................................22 

1.4.1.2 Reactions with Group 15 Element Compounds ..............................................24 

1.4.2 Reactivity towards Transition Metal Complexes ....................................................25 

1.5 Motivation ..................................................................................................................27 

1.6 Scope and Outline ....................................................................................................28 

2 RESULTS AND DISCUSSION ...........................................................................................31 

2.1 Reactions of the Cluster [Ge9{Si(TMS)3}2]2– with Chloro-Phosphines and Halo-

___Boranes .....................................................................................................................31 

2.1.1 Review of Relevant Literature ...............................................................................32 

2.1.1.1 Attachment of Functional Groups at Silylated [Ge9] Clusters ..........................32 

2.1.1.2 Principles of Lewis Acid-Base Systems ..........................................................34 

2.1.2 Reactions of Silylated [Ge9] Clusters towards Chlorophosphines and 
____ Chloroboranes ......................................................................................................35 

2.1.3 Intermolecular Frustrated Lewis Pairs of the Cluster [Ge9{Si(TMS)3}2]2– and  
____ Bromo-1,3,2-diazaborolidines or Bromo-1,3,2-diazaboroles .................................42 

2.2 Deltahedral [Ge4]4– and [Ge9]4– Anions as Synthons for Intermetalloid Clusters ..53 



Table of Contents 

X 
 

2.2.1 Review of Relevant Literature ...............................................................................54 

2.2.1.1 Reactions of Germanide Zintl Clusters with Zinc Organyls .............................54 

2.2.1.2 Structure Motifs in Endohedral Tetrel Element Clusters .................................55 

2.2.1.3 Counterion-Exchange at Zintl Clusters ...........................................................56 

2.2.2 Synthesis and Characterization of Intermetalloid Germanide Clusters ..................58 

2.2.2.1 Investigations on Potential Intermediates and Reaction Paths Yielding Tetrel 
______Element-Zinc Clusters ....................................................................................59 

2.2.2.2 Synthesis and Structural Characterization of the Endohedral Ions  
______[TM2@Ge17]n– (TM = Co, n = 6; TM = Ni, n = 4) ..............................................61 

2.2.2.3 Synthesis of Germanide Zintl Clusters Comprising Mg2+ Counterions ............63 

3 CONCLUSIONS ................................................................................................................65 

4 EXPERIMENTAL SECTION ..............................................................................................68 

4.1 General Procedures and Equipment .......................................................................68 

4.2 List of Lubricants, Solvents, Chemicals, and Reactants .......................................69 

4.2.1 Lubricants .............................................................................................................69 

4.2.2 Solvents ...............................................................................................................69 

4.2.3 Chemicals.............................................................................................................69 

4.2.4 Reactants .............................................................................................................72 

4.3 Synthesis of Solid-State Precursors .......................................................................74 

4.3.1 Preparation of A4Ge9 (A = K-Cs) ...........................................................................74 

4.3.2 Preparation of K12Ge17 ..........................................................................................74 

4.4 Filtration Techniques ................................................................................................77 

4.4.1 Whatman Filtration at the Schlenk Line ................................................................77 

4.4.2 Filtration Using a Schlenk Frit with Glass Filter .....................................................77 

4.4.3 Filtration through Syringe Filters in the Glove Box ................................................77 

4.5 Condensation of Liquid Ammonia ...........................................................................78 

4.6 Selection and Dissection of Single Crystals for Structure Determination ............79 

4.6.1 Isolation of Single Crystals at Room Temperature ................................................79 

4.6.2 Isolation of Single Crystals at Low Temperature ...................................................79 

4.7 Characterization Methods ........................................................................................81 

4.7.1 Nuclear Magnetic Resonance Spectroscopy (NMR) .............................................81 

4.7.2 Raman Spectroscopy ...........................................................................................81 

4.7.3 Electrospray Ionization Mass Spectrometry (ESI-MS) ..........................................81 

4.7.4 Liquid Injection Field Desorption Ionization Mass Spectrometry (LIFDI-MS) .........82 

4.7.5 UV-Vis Spectroscopy ............................................................................................82 

4.7.6 Powder X-Ray Diffractometry (P-XRD) .................................................................82 



Table of Contents 

XI 
 

4.7.7 Single Crystal X-Ray Diffraction Analysis (SC-XRD) .............................................83 

4.7.8 Energy Dispersive X-Ray Analysis (EDX) .............................................................83 

4.7.9 Elemental Analysis (EA) .......................................................................................83 

4.7.10 Quantum Chemical Calculations .........................................................................84 

5 REFERENCES .................................................................................................................. 85 

6 PUBLICATIONS AND MANUSCRIPTS ............................................................................. 95 

6.1 Enhancing the Variability of [Ge9] Cluster Chemistry through Phosphine 

___Functionalization .........................................................................................................95 

6.2 Oxidative Coupling of Silylated Nonagermanide Clusters .......................................... 182 

6.3 Boranyl‐Functionalized [Ge9] Clusters: Providing the Idea of Intramolecular Ge/B 

___Frustrated Lewis Pairs .............................................................................................. 201 

6.4 Crystal Structure of (1,4,7,10,13,16-hexaoxacyclooctadecane-κ6O6) potassium (2- 

___methylphenylamino)ethyl-2-methylphenylamide ammoniate (1/3.5), [K(18-crown-6)] 

___(o-CH3C6H4)NH(CH2)2N(o-CH3C6H4) · 3.5 NH3, C28H53.5KN5.5O6 ................................ 234 

6.5 FLP-type Nitrile Activation and Cyclic Ether Ring-Opening by Halo Borane 

___Nonagermanide-Cluster Lewis Acid–Base Pairs ....................................................... 246 

6.6 Counterion Related Structural Isomerism in the Nonagermanide Clusters 

___A[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (A = K, Cs) .......................................................... 314 

6.7 Charge-Transfer Processes in Functionalized [Ge9] Clusters Based on the  

___Reversible Formation of a Zwitterion ......................................................................... 348 

6.8 Intermediates and Products of the Reaction of Zn(II) Organyls with Tetrel Element  

___Zintl Ions: Cluster Extension Versus Complexation ................................................... 422 

6.9 Filled Trivacant Icosahedra as Building Fragments in 17-atom Endohedral  

___Germanides [TM2@Ge17]
n− (TM = Co, Ni) ................................................................. 446 

6.10 Nonagermanide Zintl Clusters with Mg2+ Counter Ions ............................................ 476 

6.11 Crystal Structure of N2,N4-dimesitylpentane-2,4-diamine, C23H34N2 ......................... 494 

7 COMPLETE LIST OF PUBLICATIONS ........................................................................... 501 

 

  

 

 

 

 

 



1 Introduction 

1 
 

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 

GeS2, which naturally occurs in the minerals argyrodite Ag8GeS6 and germanite Cu6FeGe2S8.[1] 

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.[2] 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 GeO2 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 GeCl4 and ZnCl2 using hydrochloric acid. The volatile Ge-halide is distilled off and 

hydrolyzed to yield pure GeO2, which then is reduced to elemental Ge in a H2 gas stream. 

Finally, zone melting leads to single crystalline, elemental Ge.[1] 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.[3] 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 

value.[4-5] 

 

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.[3-4, 6-8] 
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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.[3] 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.[9-11]  

1.1.2 Properties and Applications of Germanium 

Due to its semiconducting character and high electron mobility α-Ge (indirect band gap: 

0.67 eV)[1] was used to fashion the first transistors and found application as substrate in GaAs 

and GaInP III-V photovoltaic cells for satellites.[12-14] The offered high efficiency is beneficial for 

the design of powerful, low-weight modules for use in outer space.[12-13] Furthermore, optical 

lenses, prisms and windows are produced from Ge and GeO2 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.[1, 15] The oxide GeO2 is known as a fertile catalyst in 

the production of polyethylene terephthalate, producing polymers of outstanding white color 

and stability towards hydrolysis.[16-17] Even though Ge increases the hardness of certain alloys, 

its high production costs prohibit the element to be widely used in metallurgic applications.[15] 

However, it is of interest concerning scientific aspects. Exemplarily, the intermixing of Ge and 

Si leads to solid solutions of the general composition Ge1-xSix.[18-19] 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.[20-23] 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.[24-25] 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 
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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.[32] As an alternative, within this work the Zintl cluster anion [Ge9]4– 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.[33-34] Besides 

transition metal-based molecules also main group elements like Ge are prone to arrange 

accordingly.[35-39] 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 +I, such species are referred to as “metalloid” clusters.[35, 40] 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.[37, 41-42] 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.[37]  

An important synthesis method towards homonuclear Ge clusters is the disproportionation of 

metastable Ge(I) halides with main group element compounds. Via this method clusters like 

[Ge9{Si(TMS)3}3]– (Figure 2a),[43] [Ge14{E(TMS)3}5]3– (E = Si, Ge; Figure 2b),[44-45] 

[Ge14Br8(PEt3)4],[46-47] or the cubane [Ge8{2,6-(tBuO)2C6H3}6] (Figure 2c)[48] are accessible. 

Further routes towards molecular clusters are the reductive elimination including the cleavage 

of leaving groups, and the reductive coupling of RnGeX4-n species (R = organic ligand, 

X = halide) in the presence of GeX2 salts.[49] Respective examples are the syntheses of the 

clusters [Ge10{SitBu3}6I]+ [50] as well as [Ge6{N(TMS)Dipp}4],[51] and [Ge6{CH(TMS)2}6]  

(Figure 2d).[52] Additionally, the propellane [Ge5Mes6] [53] is formed by reductive coupling. 

Intriguingly, also heteronuclear propellanes like [Ge2Si3Mes6] (Figure 2e),[54] [Ge2{SnClR}3]  
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(R = 2,6-dimesitylphenyl),[55] or [SiR2Ge4Rl
4] [56] (R = tBu, Rl = SiMetBu2) are accessible, the 

latter species of which dimerizes upon photolysis. Via the application of a reactive diselenide 

to GeCl2 in the presence of a reducing agent the digermatetrasila-analogue of 

hexasilabenzene, [Ge2Si4R6] (R = 2,4,6-iPr3C6H2), is prepared (Figure 2f).[57]  

 

Figure 2. Various clusters obtained from bottom-up synthesis approaches. a) The metalloid Zintl cluster ion 
[Ge9{Si(TMS)3}3]–;[43] b) the extended metalloid cluster [Ge14{Ge(TMS)3}5]3–;[44] c) the cubane [Ge8(aryl)6] (aryl =  
{2,6-(tBuO)2C6H3});[48] d) the fully saturated cage [Ge6{CH(TMS)2}6];[52] e) the heteronuclear propellane 
[Ge2Si3Mes6];[54] f) the hexasilabenzene-analogue [Ge2Si4(aryl)6] (aryl = 2,4,6-iPr3C6H2).[57] Hemispheroidal vertex 
atoms Gehem 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).[1] 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.[58-60] 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 CaGe2 in analogy to grey arsenic,[1, 61] while CaGe 

(“Ge2–”) exhibits zigzag chains as found in the hexagonal modification of Se or Te.[1, 62] Further 
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formal “Ge2–” entities are observed in the dumbbell of [Ge2]4– (Li3NaGe2),[63] which resembles 

molecular oxygen. Intriguingly, the highly charged motif [Ge2]6– (“Ge3–”, BaMg2Ge2) forms the 

tetrel element analogue to molecular bromine.[64] Consequently, in Ca2Ge (“Ge4–”) isolated Ge 

atoms are surrounded by a matrix of cations, mimicking inert gas behavior.[65] Even more 

complicated structures such as the butterfly-like arrangement of Ge vertices in [Ge4]6– (Ba3Ge4) 

can be explained following the 8-N rule, as a combination of two three-valent (“Ge–”) and two 

two-valent (“Ge2–”) Ge atoms.[66] 

 

Figure 3. Different cluster types in the solid-state phases a) A4E9 and b) A12E17 containing either solely [E9]4– anions 
or the anions [E4]4– and [E9]4– in a 2:1 ratio, respectively. For the illustration the crystallographic data of  
a) Cs4Ge9 [67] and b) Na12Ge17 [68] were used.  

The obtained polyanionic structures of the electronegative elements in such phases are 

versatile and further dumbbells (such as in Li3NaGe2)[63, 69-70] and rings (like in Li12Ge7)[71-75] are 

reported among others.[76-77] Prominent examples for solid-state phases containing isolated, 

three-dimensional clusters are the compounds A4E9 (A = Na-Cs, E = Ge-Pb; Figure 3a)[67, 78-84] 

and A12E17 (A = Na-Cs, E = Si-Pb; Figure 3b).[82, 84-86] They contain either solely the Zintl 

clusters [E9]4– or a 2:1 ratio of the clusters [E4]4– and [E9]4–, 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 A4E9 and A12E17, the deltahedral clusters are embedded into a matrix of alkali 

metal cations (“metal scissors”)[87-89] 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.[90-95] The high charge-per-atom ratio of the anions [E9]4– causes the clusters 

to act as escharotic, pre-formed building blocks in subsequent reactions. However, the even 

higher charge-per-atom ratio in [E4]4– anions at the same time limits a controllable chemistry 

to a certain extend. 

1.2.3 Structure and Bonding in Tetrel Element Zintl Clusters 

By applying the 8-N rule the structure of the [E4]4– 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.[96-100] In 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 [E9] polyanions, 

with the exception that the vertex atoms exhibit a lone pair instead of an E-H termination 

(Figure 4b). Thus, the [E9]4– 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 [Ge9]4– 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 (C4v-symmetric, Figure 4b). An 

analogous calculation reveals 12 skeletal electrons for [Ge4]4– corresponding to a nido-cluster. 

 

Figure 4. Correlation between a) the borane cluster [B9H9]2– with hydrogen terminated vertex atoms [101-102] and b) 
the Zintl cluster [Ge9]4– 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 [Ge9]
n– (n = 2, 3, 4).[103-104] 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 C4v-symmetric 
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nido-[Ge9]4– anion (22 skeletal electrons) adopts the shape of a mono-capped square 

antiprism, with the diagonals d1 and d2 being almost equal in length (Figure 5a), the closo-

[Ge9]2– anion (20 skeletal electrons) features a D3h-symmetric cage (Figure 5b).[67, 84, 94-95, 105-106] 

In the latter case all prisms heights h1-h3 are equal. In the threefold negatively charged 

paramagnetic cluster [Ge9]3– one of the prism heights is elongated leading to an approximately 

C2v-symmetric cluster comprising a distorted tricapped trigonal prism.[107-108] The clusters 

obtaining the two border symmetries C4v and D3h differ only slightly in energy (< 0.05 eV), 

explaining the readily occurring interconversion of one species into another.[109-110]  

 

Figure 5. Structure variation in [Ge9]n– (n = 2, 4) cluster anions. a) Mono-capped square antiprism of the nido-
[Ge9]4– anion featuring C4v symmetry; b) tricapped trigonal prism of the closo-[Ge9]2– anion featuring D3h symmetry. 
The square antiprism and the trigonal prism are indicated by red lines.[67, 84, 94-95, 105-106] 
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1.3 Reactions of [Ge4]4– and [Ge9]4– Clusters in Solution 

Over the last three decades a rewarding chemistry evolved regarding the fourfold-negatively 

charged clusters [E4]4– and [E9]4– (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 [Ge9] clusters in a generalized, schematic way.  

 

Figure 6. Reactive sites at the [Ge9] 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]4– and [Ge9]4– 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 [Ge9]4– clusters towards main 

group element-based fragments, including the oxidative coupling of [Ge9] 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 [Ge9] 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 [Ge4]4– and [Ge9]4– Polyanions towards Transition 

Metal Complexes 

1.3.1.1 Transition Metal Coordination to Tetrahedral Germanium Clusters 

The cluster [Ge4]4– 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 [(η3:η3-Ge4)(CuMes)2]4– (Figure 7a),[111] the mixed tetrel element cluster 

[{η3:η3-(Si4-xGex)}(CuMes)2]4–,[112] and the protonated complex ion [(µ2-H)(η2-Ge4)ZnPh2]3– can 

be listed.[113] Interconnected tetrahedral clusters of type B were isolated in  

[{η2-(Si4-xGex)}Zn{η2-(Si4-xGex)}]6– (Figure 7b).[114] Up to this date, the supertetrahedral clusters 

[(η2:η2:η2-Ge4)4TM6]4– [TM = Zn (Figure 7c), Cd][115] present the largest cluster assemblies 

yielded from [Ge4] 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 

Cs6ZnGe8 and K14ZnGe16 containing the intermetalloid clusters [(η3-Ge4)Zn(η3-Ge4)]6– [116] and 

its structural isomer [(η2-Ge4)Zn(η3-Ge4)]6–,[111] respectively. Moreover, an infinite  

 �
� {Au[(η2-Ge4)]}3– chain of gold-interconnected Ge tetrahedra was discovered in the phase 

A3AuGe4 (A = K-Cs).[117] 

 

Figure 7. Structures of the transition metal-coordinated tetrahedral clusters a) [(η3:η3-Ge4)(CuMes)2]4–;[111]  
b) [{η2-(Si4-xGex)}Zn{η2-(Si4-xGex)]6–;[114] c) [(η2:η2:η2-Ge4)4Zn6]4–.[115] In c) atoms and bonds behind the paper plane 
are presented in desaturated color for a clearer view of the structure. 



1 Introduction 

11 
 

1.3.1.2 Transition Metal Coordination to Nine-Atom Germanium Clusters 

The chemistry of non-functionalized [Ge9]4– 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 [Ge9]4– 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.[118] The η4-coordination of organometallic fragments 

resembles an extension of the cluster by one vertex atom, and ten-atom cluster species such 

as [(η4-E9)TML]3– (TML = NiCO;[119] CuPiPr3, CuPCy3;[120] ZniPr, ZnPh, ZnMes;[118, 121] 

PdPPh3;[122] 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 [(η1-Ge9){Zn(NH3)3}2],[123] and the carbonyl 

complexes [(η1-Ge9){TM(CO)5}3]4– (TM = Cr, Mo, W; Figure 8b)[124] as well as  

[(η1:η1:η5-Ge9){Cr(CO)5}2{Cr(CO)3}]4–.[125] In the latter ion mixed coordination modes of the 

chromium carbonyls are found, which is also observed for Cu in the dimer  

[{Mes(η1:η4-Ge9)Cu}2]4– (Figure 8c).[126] These examples nicely illustrate the versatile chemistry 

of transition metals towards [Ge9] clusters. 
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Figure 8. Structures of TM-coordinated [Ge9] clusters. a) The ten vertex atom cluster [(η4-Ge9)Pd(PPh3)]3–;[122]  
b) the carbonyl complex-coordinated cluster [(η1-Ge9){W(CO)5}3]4–;[124] c) the mixed-coordinated ion  

[{Mes(η1:η4-Ge9)Cu}2]4–;[126] d) the polymer chain of  �
� {Hg(η3:η1-Ge9)}2–.[127] In a) the PPh3 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  

[(η4-Ge9)Cu(η1-Ge9)]7–,[120] [(η3-Ge9)Cd(η3-Ge9)]6–,[128] [(η4-Ge9)Zn(η1:η1-Ge9)Zn(η4-Ge9)]8–,[129] 

 �
� {Zn(η4:η1-Ge9)}2–,[129]  �

� {Zn(η3:η3-Ge9)}2–,[130] and  �
� {Hg(η3:η1-Ge9)}2– (Figure 8d)[127] populate 

the field of TM-interconnected cage compounds in the category B. Furthermore, a rare 

dumbbell of Zn(I) was isolated in the ion [(η4-Ge9)Zn-Zn(η4-Ge9)]6–.[129] Illustrations 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 [(η2:η2:η2-Ge4)4TM6]4– (TM = Zn, Cd; Chapter 1.3.1.1).[115] They do 

also facilitate the formation of extended clusters based on [Ge9] entities according to type C, 

such as in the polyanions [Au3Ge18]5–,[131] [Au3Ge45]9– (Figure 9a),[132]  

[(η3-Ge9)2{Ge(PdPPh3)3}]4– (Figure 9b),[133] and [(η3-Ge9)2{Ge(Ni(CO)2)3}]4– (Figure 9c).[128] 

Within the latter ions not only transition metals interconnect the [Ge9] cluster entities, but also 

Ge atoms in the formal oxidation state 0 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.[134] However, there is still a 

lack of resilient evidence for a general understanding of the reactions occurring in solution, 

which requires continuous investigations. 

 



1 Introduction 

13 
 

 

Figure 9. Extended [Ge9] cluster aggregates stabilized by transition metals and Ge atoms. a) [Au3Ge45]9–;[132]  
b) [(η3-Ge9)2{Ge(PdPPh3)3}]4–;[133] c) [(η3-Ge9)2{Ge(Ni(CO)2)3}]4–.[128] In b) PPh3 groups are indicated as grey 
spheres, in c) 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 [Ge9] 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 [E9]4–  

(E = Ge-Pb) encloses a cavity of approximately 30 Å3, which is big enough to host TM atoms 

as guests (Ge = 22.1 Å3, Sn = 32.6 Å3, Pb = 37.5 Å3).[89] Until today, no nonasilicide cluster 

with encapsulated TM was reported, which is correlated with the small internal cluster volume  

(Si = 18.4 Å3),[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.[38, 137] A common feature of such molecules is the d10 electron configuration of the 

guest atoms, which therefore adopt oxidation states from -II (Ru) to +I (coinage  

metals).[89, 138-140] 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.[89, 141-142] As 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.[142]  

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  
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(Scheme 1a);[88, 140, 143-145] and B pre-formed empty [E9]4– clusters are filled in solution-based 

experiments by a reaction with a transition metal complex (Scheme 1b).[138, 146]  

 

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 A4E9, and subsequent reactions with TM complexes. (I) extraction of the clusters into solution; (II) filling of 
empty [E9]4– clusters using TM precursors; (III) fragmentation reactions leading to endohedral clusters of higher 
nuclearity. For the illustration the crystallographic data of a) K5-xCo1-xSn9 

[144] and b) Cs4Ge9 
[67] were used.  

While an exhaustive overview on endohedral stannides and plumbides is provided in a recent 

review article,[89] 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.[88, 140, 143, 145] The presence of filled [Co@Ge9]5– clusters 

(Figure 10a) in the solid-state was monitored in one single Ge-containing phase of nominal 

composition “K5Co1.2Ge9” via Raman spectroscopy.[140, 147] The latter anion is readily extracted 

by the addition of liquid ammonia (Scheme 1-I, “extraction”) and potentially prone to undergo 

reactions leading to extended endohedral species as observed for the analogous Sn species 

(Scheme 1-III, “growth”).[140, 143-144] Indeed, just recently the edge-shared doubly filled cluster 

[Co2@(Ge17Ni)]4– has been obtained utilizing the aforementioned solid-state precursor.[148] 
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In contrast, by following the wet-chemical approach depicted in Scheme 1b various endohedral 

germanides are accessible by dissolving K4Ge9 in ethylenediamine (Scheme 1-I, “extraction”) 

and adding TM compounds to the reaction. Exemplarily, the reaction of the polyanion [Ge9]4– 

with Ni(cod)2 yields the cluster [Ni@Ge9]3– (Scheme 1-II, “filling”).[119, 146] If the stoichiometry of 

the reactants is adjusted, the extended cluster [(Ni@Ge9)Ni(Ni@Ge9]4– arises comprising a 

linear Ni-Ni-Ni strand enfolded into two [Ge9] entities (Scheme 1-III, “growth”).[146] 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.[89] 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.[120, 134, 138, 149] However, on the way to the endohedral Ge clusters 

[TM@Ge10]3– (TM = Fe,[150] Co;[151-152] Figure 10b), [TM@Ge12]3– (TM = Co; Figure 10c;[152] 

Ru [153]), and doubly-filled cages such as [TM2@Ge16]4– (TM = Fe,[154] Co [155-156]) as well as 

[Pd2@Ge18]4– [157] (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.[150, 158-159] In 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-e).[89, 134, 139, 160]  

 

Figure 10. Structures of the endohedral Ge clusters a) [Co@Ge9]5–;[140] b) [Co@Ge10]3–;[151] c) [Co@Ge12]4–;[152]  
d) [Co2@Ge16]4–;[156] e) [Pd2@Ge18]4–.[157] The transition metal dumbbells in d) and e) are indicated by dashed lines  
(d: Co-Co = 3.1 Å; e: Pd-Pd = 2.8 Å). 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@{Ge9(NiL)}]n– (L = CO,[119] PPh3,[161] 

n = 2; L = en, C≡CPh,[119] n = 3) might be listed, in combination with the palladium-analogue  

[Ni@{Ge9(PdPPh3)}]2–,[122] which forms in a stepwise reaction comprising the intermediate 

species [Ge9Pd(PPh3)]3–. 
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1.3.2 Reactivity of the [Ge9]4– Ion towards Main Group Element Compounds 

1.3.2.1 Oxidative Coupling of [Ge9] 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 [Ge9]2– [105, 162] as well as paramagnetic 

[Ge9]3– [163-168] ions 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.[104] If an excess of the organic molecules is added, lower negative charges become 

more likely due to steric reasons.[103-105]  

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 [Ge9-Ge9]6– [95, 147, 166, 169-174] (Figure 11a), also the 

trimeric and tetrameric anions [Ge9=Ge9=Ge9]6– [175-177] (Figure 11b) and 

[Ge9=Ge9=Ge9=Ge9]8– [173, 178-179] (Figure 11c) were reported, respectively, featuring two 

cluster-interconnecting bonds. In addtition, a one-dimensional polymer of the formula 

{�Ge9�2–}∞ 
1  [180-181] (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 Å), 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 Å). In specific cases the oxidation is guided by the 

addition of reactants as reported for the reaction of K12Ge17 with Co(dppe)Cl2, yielding a rod-

like [Ge24]4– cluster comprising formally two [Ge9] and one interconnecting [Ge6] unit 

(Figure 11e).[182]  As mentioned in Chapter 1.3.1.2 the structure of oxidatively-grown clusters 

might be further supported by TM atoms such as in [Au3Ge45]9–.[132] 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 [Ge9]2– in solution 

and the formation of the trimeric species.[175]  
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Figure 11. Schematic structures of oxidatively-coupled germanides containing [Ge9] building motifs.  

a) [Ge9-Ge9]6–;[183] b) [Ge9=Ge9=Ge9]6–;[177] c) [Ge9=Ge9=Ge9=Ge9]8–;[179] d) {�Ge9�2–}∞ 
1 ;[181] e) [Ge24]4–.[182] 

 

1.3.2.2 Addition of Main Group Element Fragments to [Ge9] Clusters 

Protonation of the [Ge9] cluster 

The formation of exo-cluster bonds in oxidatively coupled [Ge9] oligomers led to the 

assumption that the nine-atom cluster might be a reactive species towards main group element 

compounds.[184] Indeed, only recently the protonated clusters [HGe9]3– [185] as well as the mixed 

tetrel element cluster [H2(Si/Ge)9]2– [186] were reported (among protonated siliconoids),[186-188] 

featuring protons as the smallest possible substituents. The protons most probably are 

provided by the applied solvents acting as Brønsted 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 [Ge9]4– cluster ion (C4v 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.[79, 185] 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.[187-189] 

 

 

Figure 12. Illustration of changes in the geometry of the [Ge9] cluster upon protonation. a) Structure of the C4v-
symmetric [Ge9]4– ion;[79] b) structure of the protonated cluster [HGe9]3– showing Cs symmetry and a compression 
of one of the cluster corners.[185] Elongated Ge-Ge bonds are indicated in green color, shortened bonds are 
highlighted in red. 

 

Reactivity towards group 13 element compounds 

Considering the [Ge9]4– 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 [Ga2]4+ unit in the cluster  

[(η4-Ge9)Ga-Ga(η4-Ge9)]4–,[190] also the ten-vertex atom closo-cluster [(η4-Ge9)Tl]3– is 

accessible (Figure 13a).[191] 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 [(η1-Ge9)(InPh3)2]4–, a single indium atom bridges two cluster moieties in the cluster 

[(η3-Ge9)In(η3-Ge9)]5–.[128, 192] A combined coordination to and linkage of two [Ge9] entities by 

indium is manifested in the ion [(η2-Ge9)(η2-Ge9)InPh]4– (Figure 13b).[192] The versatile behavior 

of electron deficient group 13 elements towards [Ge9] 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 [Ge9]4– ions, a multitude of 

clusters bearing organic substituents was reported. In a typical reaction alkylchlorides RCl  

[R = tBu,[193] CH2-CH(CH2)2 
[194]] are added to ethylenediamine solutions of the binary solid-

state phase K4Ge9, forming alkylated clusters of the type [Ge9R2]2– or dimeric species  

[R-Ge9-Ge9-R]4–.[193-194] In addition, the aryl substituent Mes might be attached at the [Ge9]4– 
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cluster by a ligand transfer from Ag4Mes4.[195] 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 [Ge9(CH=CH2)]3–,[195] [Ge9(CH=CHCH2NH2)2]2– 

(Figure 13c),[196] or [Ge9(CH=CH2)]24– [197] (among others),[194, 198-199] or so called Zintl 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 

[Ge9-(CH=CH-CH=CH)-Ge9]6– [200] and [R-Ge9-(CH=CH-CH=CH)-Ge9-R]4– (R = CH=CH2;[201] 

C(CH3)=CH-CH=N(CH2)2NH2 
[201-202]). 

 

Figure 13. Varying bonding modes in main group element fragment-decorated [Ge9] cages. Structure of  
a) [(η4-Ge9)Tl]3– with an additional Tl vertex atom;[191] b) [(η2-Ge9)(η2-Ge9)InPh]4– with a doubly η2-coordinating InPh 
moiety;[192] c) the doubly-vinylated cluster [Ge9(CH=CHCH2NH2)2]2–;[196] d) [Ge9(SnCy3)]3– showing a partial 
multicenter bond to the Sn organyl;[103] e) the Sn-bridged dimer [(η3-Ge9)Sn(η4-Ge9)]4–;[203] f) [Ph2Bi-Ge9-BiPh2]2– 

featuring 2c-2e bonds.[184] 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.[103, 204] As key example, the ion [Ge9(SnPh3)]3– might be used, in which the [SnPh3]+ 

fragment is tilted towards a triangular face of the [Ge9] cluster (Figure 13d).[103] True multicenter 

bonds are observed in the Sn-bridged dimer [(η3-Ge9)Sn(η4-Ge9)]4– (Figure 13e).[203] The 

structure of the latter cluster can be described as a closo-[Ge9Sn]2– cluster, which donates two 

electrons to a triangular surface of a second [Ge9]2– anion.[203] 

Even though several main group element decorated [Ge9] 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 [Ge9] 

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 

K4Ge9 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 [Ge9{Si(TMS)3}2]2– (Figure 14a)[205] and 

[Ge9{Si(TMS)3}3]– (Figure 14b),[206] 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 [Si9]4– clusters 

obtained in the solid state phase K12Si17, enabling the syntheses of the clusters [Si9{R}3]– and 

[Si9{R}2]2– [R = Si(TMS)3, SitBu2H; Figure 14a].[207-208] In a similar reaction of iPr3SnCl and 

K4Ge9 the threefold stannylated cluster [Ge9{SniPr3}3]– was formed.[209-210]  

 

Figure 14. Structures of the multiple-functionalized clusters a) [E9{R}2]2– [E = Si, R = SitBu2H, Si(TMS)3; E = Ge,  
R = Si(TMS)3];[205, 207-208] b) [Ge9{Si(TMS)3}3]–;[206] c) [Ge9{P(NiPr2)2}3]–.[211] TMS and NiPr2 groups are indicated as 
grey spheres.  

 

Reactivity towards group 15 element compounds 

In analogy to halosilanes, chlorophosphines such as RRIPCl (R = NiPr2; RI = tBu, NiPr2) are 

utilized to yield the triply phosphanylated anions [Ge9{PRRI}3]– starting from pristine [Ge9]4– 

clusters (Figure 14c).[211-212] 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 [Ge9]4– have been reported, it was the anionic 

cluster [Ph2Bi-Ge9-BiPh2]2– 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).[184] Shortly after, these findings were expanded by the isolation of 

the ions [Ph-Ge9-SbPh2]2– and [Ph2Sb-Ge9-Ge9-SbPh2]4–.[213] 
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1.4 Reactions of Silylated [Ge9] Clusters in Solution 

Due to the straightforward procedure and high yields, the silylation of [E9]4– clusters became 

the functionalization method of choice. Since silylated [Si9] clusters can only be obtained with 

sequestered alkali metal counterions, which is due to the reaction protocol comprising a pre-

extraction of K12Si17 in liquid ammonia, the subsequent chemistry of the siliconoid species is 

limited.[207-208] Therefore, the chemistry of silyl fragment-bearing [Ge9] clusters, has been 

investigated to a greater extend. Such clusters are either obtained by the disproportionation of 

metastable Ge(I) halides in the presence of reactants like LiSi(TMS)3,[43] or silyl groups are 

attached at [Ge9]4– clusters contained in the solid-state phase K4Ge9 via salt metathesis 

reactions utilizing chlorosilanes.[205-206] Generally, both the twofold and threefold silylated 

clusters [Ge9{Si(TMS)3}2]2–
 and [Ge9{Si(TMS)3}3]–, 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 [Ge9{Si(TMS)3}3Et] [214-216] (Figure 15a) and the mixed substituted cluster 

[Ge9{Si(TMS)3}Et]2–,[217] respectively. In the latter ion one hypersilyl group was cleaved upon 

crystallization. Additionally, the introduction of functional alkene moieties was achieved in the 

compounds [Ge9{Si(TMS)3}3R] [R = CH=CH2, (CH)3CH=CH2].[218] Further reactions of the 

cluster [Ge9{Si(TMS)3}3]– with various acyl chlorides RC(=O)Cl (R = Me, iPr, Ph, tBu) yielded 

the complex compounds [Ge9{Si(TMS)3}3{C(=O)R}] (Figure 15b), and for R = tBu a subsequent 

decarbonylation to [Ge9{Si(TMS)3}3
tBu] occurred.[219] 
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Figure 15. Structures of mixed-substituted, silylated [Ge9] clusters. a) [Ge9{Si(TMS)3}3Et];[216]  
b) [Ge9{Si(TMS)3}3{C(=O)tBu}];[219] c) [{Si(TMS)3}2Ge9-SiMe2-C6H4-SiMe2-Ge9{Si(TMS)3}2]2–.[220] 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 [Ge9{Si(TMS)3}2]2–
 and 

[Ge9{Si(TMS)3}3]– in subsequent reactions, further studies focused on altering the silyl 

fragments to increase the variability of the cluster precursors. Resulting species such as 

[Ge9{SiR3}3]– (R = Et, iPr, iBu,[221] Ph [222]) and [Ge9{Si(HtBu2)}3]– [223] show a decreased steric 

shielding compared to three [Si(TMS)3]+ fragments, and might allow reactions which otherwise 

would get hampered by the steric crowding at the [Ge9] core. Furthermore, mixed silylated 

species were prepared by silylation of the Ge atom capping the antiprism in the C2v-symmetric 

anion [Ge9{Si(TMS)3}2]2–, yielding the ions [Ge9{Si(TMS)3}2{SiR3}]– (R = iPr,[223] Ph [224]). By 

applying the rigid dichlorosilane ClSiMe2-C6H4-SiMe2Cl as reactant, two [Ge9{Si(TMS)3}2]2– 

anions were interconnected via a classical silylation reaction (Figure 15c).[220] Furthermore, 

functional alkene moieties were introduced by utilizing the chlorides Ph2RSiCl  

[R = CH=CH2, (CH2)3CH=CH2].[172, 225] The introduced olefin groups are seen as anchor groups 

for a potential immobilization of the clusters on surfaces.[172, 225] 

In addition to Si-based fragments, heavier tetrel element halides are suitable precursors for a 

functionalization of silylated [Ge9] clusters, yielding species like 

[Ge9{Si(TMS)3}2{Ge(TMS)3}]– [226] and [Ge9{Si(TMS)3}3{SnR3}] (R = Ph,[227] nBu [216]). In the 

latter compounds the central Sn atom of the organometallic fragment exhibits a partial 

multicenter bond to a triangular face of the [Ge9] cluster, in analogy to the stannylated cluster 

[Ge9(SnPh3)]3– (Figure 13d).[103, 216, 227]  
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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 [Ge9] cluster became obvious regarding phosphanylation reactions. While 

the crowded anion [Ge9{Si(TMS)3}3]– solely reacts with small chlorophosphines R2PCl (R = iPr, 

Cy; Figure 16a),[228] the higher reductive power of the dianion reduces the latter phosphines 

immediately to R2P-PR2. 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 [Ge9{Si(TMS)3}2(PR2)]– (R = alkyl, 

aminoalkyl, aryl).[212, 228-229] A summary of the introduced phosphanyl groups can be found in 

Figure 16b.  

 

Figure 16. Overview on the variable phosphanylation of silylated [Ge9] clusters. a) Attachment of sterically less 
hindered phosphanyl fragments at the sterically crowded cluster [Ge9{Si(TMS)3}3]–;[228] b) attachment of sterically 
hindered phosphanyl entities at the dianionic cluster [Ge9{Si(TMS)3}2]2–.[212, 228-229]  

An intriguing aspect of the introduction of phosphanyl groups to the [Ge9] 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 

[(η4-Ge9)Tl]3– (Figure 13a),[191] namely [{η4-Ge9{Si(TMS)3}3}Tl].[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 [Ge9] 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 η1-coordination of an organometallic fragment to the cluster via a lone 

pair, B a η3-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 (η5-

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 η1-coordination to silylated clusters according to 

type A. Respective examples are [{η1-Ge9{Si(TMS)3}3}{Ti(MeCN)Cp2}],  

[{η1-Ge9{Si(TMS)3}2}2{TiCp2}]3–,[230] [{η1-Ge9{Si(TMS)3}3}{Cr(CO)5}]– (Figure 17a),[231]  

[{η1-Ge9{Si(TMS)3}3}{FeCp(CO)2}],[232] and [{η1-Ge9{Si(TMS)3}2}4Zn]6–.[123] These cage 

compounds are accessible by reacting the twofold or threefold silylated clusters with the TM 

complexes [Cp2TiCl]2, Cr(CO)5(coe), BrFeCp(CO)2, and ZnCp*2, respectively. 

Regarding type B, several clusters featuring an electrostatic interaction between a triangular 

face of the [Ge9] cluster and the transition metal are reported. Reactions of the threefold 

silylated cluster with the organometallic precursors (dppe)NiCl2,[233] (PiPr3)CuCl,[222] carbene-

TMCl (TM = Cu-Au, carbene = NHC;[234] TM = Cu, carbene = CAAC, MIC [235]), (PR3)AuCl,[236] 

and  ZnCp*2 
[222] yield the respective species [{η3-Ge9{Si(TMS)3}3}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(PPh3)4 
[237] and Ni(cod)2 

[238] with the threefold 

silylated [Ge9] cluster yields the species [TM{η3-Ge9{Si(TMS)3}3}2]n– (n = 2; Figure 17b). Similar 

reaction products form with the TM halides TMCl2 (n = 0; TM = Mn,[233] Zn, Cd, Hg [239]) or the 

organometallic complexes RxTMX (n = 1; TM = Cu,[240] Ag,[234, 240] Au [240-241]). A scarce mixed 

transition metal-decorated cluster was described for [RZn(η3:η3-Ge9R3)Pt(η3:η3-Ge9R3)ZnR] 

[R = Si(TMS)3], which comprises two platinum-bridged, Zn-coordinated [Ge9{Si(TMS)3}3] 

clusters.[242] Furthermore, multiply TM-decorated clusters are found in  

[{η3:η3-Ge9{Si(TMS)3}3}{Ni(dppe)}2]+,[233] [{η3-Ge9{Si(TMS)3}2}(Cu-carbene)2] (carbene = 

NHC,[243] CAAC [235]), and [{η4:η3:η3-Ge9{Si(TMS)3}3}{(cod)Rh}{(cod)Ni}2].[244] 

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 

[Ge9] clusters with the carbenes NHCRCuCl (R = iPr, Dipp; Figure 17c).[245]  



1 Introduction 

26 
 

Exemplarily for category D, an extension of the threefold silylated [Ge9] cluster is reported for 

its reaction with Cr(CO)3(MeCN)3 yielding the closo-cluster [{η5-Ge9{Si(TMS)3}3}{Cr(CO)3}]– 

(Figure 17d), which structure can be described as a distorted bicapped square antiprism.[231] 

Most probably, the η1-coordinated cluster species is formed in a first step, followed by a 

subsequent ligand cleavage, and a partial rearrangement of the Ge vertex atoms.[231, 246] A 

similar cluster geometry is observed in the compounds [{η5-Ge9{Si(TMS)3}3}{TM(PPh3)}Et] 

(TM = Ni,[214] Pd,[215] Pt [214]), which arise from the reaction of the charge-neutral species 

[Ge9{Si(TMS)3}3Et] with organometallic precursors.  

 

Figure 17. Selected structures formed upon the reaction of silylated [Ge9] clusters with transition metal complexes. 
a) η1-coordination of Cr in [{η1-Ge9{Si(TMS)3}3}{Cr(CO)5}]–;[231] b) [Ni{η3-Ge9{Si(TMS)3}3}2]2– featuring two silylated 
clusters linked by a central Ni atom;[238] c) the η4-coordination complex [{η4-Ge9{Si(TMS)3}2}(CuNHCiPr)]–;[245] d) the 
ten-atom closo-cluster [{η5-Ge9{Si(TMS)3}3}{Cr(CO)3}]–;[231] e) the fused silylated [Ge9] cluster [Pd3Ge18{SiiPr3}6]2– 
featuring a Pd3 triangle.[210] 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 [Pd3Ge18{EiPr3}6]2–  

(E = Si, Sn; Figure 17e) was yielded upon reacting the threefold substituted [Ge9] clusters with 

Pd(PPh3)4. In dependency of the central atoms E the substituents either show an eclipsed  

(E = Si) or staggered (E = Sn) arrangement around the cluster.[209-210] Furthermore, the charge-

neutral metalloid cluster [Ge18{Si(TMS)3}6] was prepared by an oxidative fusion of two threefold 

silylated clusters in the presence of an Fe(II) source.[247] 
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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 [Ge9] clusters as models. These clusters resemble pre-formed, three-

dimensional atom arrangements and are obtained from the solid-state phase K4Ge9. As 

outlined in the previous sections, the bare [Ge9]4– 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 [Ge9]4– 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.[248] 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 [Ge9] 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 [Ge9] 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 [Ge9]4– 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 [Ge9{Si(TMS)3}2]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 [Ge9] clusters towards chlorophosphines and 

chloroboranes are discussed. Here, the first section focuses on the introduction of phosphanyl 

fragments [PRRl]+ (R, Rl = alkyl, alkenyl, aryl, aminoalkyl) of varying steric demand to the ion 

[Ge9{Si(TMS)3}2]2–. The emphasis is set on the subsequent coordination of the Lewis basic P 

atom to Ag-carbenes, which is investigated by 1J(31P-107Ag/109Ag) spin-spin coupling 

experiments. Subsequently, the oxidative coupling of two doubly silylated [Ge9] clusters is 

described, which is mediated by the electrophilic alkyl chloroborane Cy2BCl, which acts as an 

oxide-scavenger in the redox process. The reaction of the cluster [Ge9{Si(TMS)3}2]2– with 

chloro-1,3,2-diazaborolidines DABR-Cl leads to the attachment of boranyl fragments [DABR]+ 

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/[Ge9{Si(TMS)3}2]2– 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 [Ge9] 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 Zintl 

phase K12Ge17 with organo-Zn complexes in liquid ammonia are provided, including the 

isolation of the anion [Ge4(ZnEt)2]2– (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 [TM2@Ge17]n– (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 Mg2+ counter cations to bare as well as threefold silylated [Ge9] 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.  

 



1 Introduction 

30 
 

 

Scheme 2. Illustrated Outline and Scope of Chapter 2 summarizing the most important reaction products.
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2 RESULTS AND DISCUSSION 

The following sub-chapters discuss and summarize the results obtained for reactions of 

molecular [Ge9] 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 [Ge9{Si(TMS)3}2]2– with Chloro-

Phosphines and Halo-Boranes  

The isolation of the doubly substituted cluster ion [Ph2Bi-Ge9-BiPh2]2– in the year 2002,[184] 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 [Ge9] clusters.[206] Meanwhile, the application of 

silylated [Ge9] 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,[123, 220] or find application as substrate for catalytically active 

transition metal species.[244] Furthermore, silylated [Ge9] anions were decorated with additional 

main group element fragments featuring functional groups such as alkene[218, 225] or phosphanyl 

moieties.[228-229] 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 

[Ge9{Si(TMS)3}2]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 [Ge9] Clusters 

The silylation of [Ge9]4– clusters with hypersilyl chloride (TMS)3SiCl yielding the cluster ions 

[Ge9{Si(TMS)3}2]2– and [Ge9{Si(TMS)3}3]– became the method of choice for the stabilization of 

the bare nonagermanide cages.[205-206] 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 [Ge9] 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 [Ge9] 

cluster with the properly modified chlorosilane Ph2{(CH2)3CH=CH2}SiCl in a salt metathesis 

reaction,[225] and the SN2-like reaction of the threefold silylated cluster with pentenyl 

bromide.[218] The alkenyl moieties in the resulting molecules 

[Ge9{Si(TMS)3}2{SiPh2{(CH2)3CH=CH2}}]– (Figure 18a) and [Ge9{Si(TMS)3}3{(CH2)3CH=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.[172] However, until this 

date a double bond could not be chemically addressed. 

 

Figure 18. Representation of the alkenyl-bearing species a) [Ge9{Si(TMS)3}2{SiPh2{(CH2)3CH=CH2}}]–;[225]  
b) [Ge9{Si(TMS)3}3{(CH2)3CH=CH2}].[218]  

Generally, the introduction of functional groups to the [Ge9] 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 R2PCl yielded phosphanyl-decorated molecules as depicted in Figure 16.[228] 

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 NHCDippTMCl (TM = Cu-Au) to the cluster. Indeed, a direct coordination of the 
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[NHCDippTM]+ fragment to the P atom was reported for small organic ligands at the central 

pentel element (R = tBu; Figure 19a).[228] The resulting charge-neutral molecules were 

described as zwitterionic species. In contrast, the utilization of sterically demanding 

substituents (R = NiPr2, 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] 

 

Figure 19. Different coordination modes of a Lewis acidic [NHCDippCu]+ fragment to the monoanionic cluster 
[Ge9{Si(TMS)3}2PR2]– (R = tBu, Mes). a) Direct coordination of the Lewis acidic entity to the nucleophilic P atom for 
the small organic ligand tBu, causing the formation of a zwitterionic species;[228] b) coordination of the Cu-carbene 
to a triangular face of the [Ge9] 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 [Ge9] 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 [Ge9{Si(TMS)3}2]2– in a 

controlled manner. However, so far solely the Tl-capped threefold silylated cluster has been 

isolated,[216] while preliminary studies focusing on the application of electron deficient boranyls 

did not lead to unequivocal results.[212] 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 

Brønsted by observing that also other electron pair acceptors than H+ ions are prone to interact 

with electron pair donors.[249-250] 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.[251] 

However, an adduct formation can be precluded by choosing sterically demanding ligands at 

the respective centers. As key example, no reaction between PMes3 and B(C6F5)3 in solution 

is observed.[252] Such sterically hindered reaction systems are referred to frustrated Lewis pairs 

(FLP).[253] Besides the aforementioned intermolecular B/P system also intramolecular FLPs 

such as Mes2P-(CH2)2-B(C6F5)2 exist, combining spatially separated Lewis-active centers in 

one single molecule.[253] Even though FLPs cannot form classical Lewis acid-base adducts, 

they tend to react with a number of substances ranging from gasses like H2, NO, or CO2 to 

olefins, isocyanates, and nitriles (among others).[251, 254-255] In several cases FLPs are capable 

of interacting with solvent molecules, exemplarily leading to a cyclic ether ring-opening 

(Scheme 3a)[256] or the insertion of imine entities between the active centers (Scheme 3b).[257] 

 

Scheme 3. Reactions of B/P FLP systems leading to a) a cyclic ether ring-opening reaction mediated by an 
intermolecular FLP,[256] and b) a cyclization upon imine insertion at an intramolecular FLP.[257] 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.[254, 258] 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=O bond 

activation of ketones is described.[259] An attachment of boranyl groups at a [Ge9] 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 [Ge9] Clusters towards Chlorophosphines and 

Chloroboranes 

 

Chapter 6.1: C. Wallach,‡ F. S. Geitner,‡ W. Klein and T. F. Fässler, Enhancing the Variability 

of [Ge9] Cluster Chemistry through Phosphine Functionalization, Chem. Eur. J. 

2019, 25, 12349. 

Chapter 6.2: C. Wallach, W. Klein and T. F. Fässler, 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. Fässler, Boranyl‐

Functionalized [Ge9] 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. Fässler, Crystal Structure of (1,4,7,10,13,16-

hexaoxacyclooctadecane-κ6O6) potassium (2-methylphenylamino)ethyl-2-

methylphenylamide ammoniate (1/3.5), [K(18-crown-6)](o-CH3C6H4) 

NH(CH2)2N(o-CH3C6H4) · 3.5 NH3, C28H53.5KN5.5O6, 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 [Ge9] 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 

NHCDippAg[Ge9{Si(TMS)3}2PRRI] (R, RI = alkyl, alkenyl, aryl, aminoalkyl) were obtained  

via 31P-107/109Ag 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 Cy2BCl led to an oxidative coupling of two 

silylated clusters yielding the dimer [Ge9{Si(TMS)3}2]22–, the application of electron-richer  

N-heterocyclic chloro-1,3,2-diazaborolidines DABR-Cl (R = alkyl, aryl) caused a direct boranyl-

substitution of the [Ge9] core in the cluster [Ge9{Si(TMS)3}2DABR]–.  
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A schematic representation of the performed experiments and the obtained cluster species is 

provided in Scheme 4.[260] 

 

Scheme 4. Summary of the reactions of silylated [Ge9] clusters towards chlorophosphines and chloroboranes.  
a) Formation of the alkenyl-substituted cluster [Ge9{Si(TMS)3}3{PtBu{(CH2)3CH=CH2}}] (1); b) synthesis of variously 
phosphanylated monoanionic clusters [Ge9{Si(TMS)3}2PRRI]– (2a to 9a); c) formation of the dimer 
[Ge9{Si(TMS)3}2]22– (10a) and the boryl ether Cy2B-O-BCy2 (11), as well as the boranyl-functionalized clusters 
[Ge9{Si(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 [Ge9] cluster can be regarded as functional groups due 

to their Lewis basic properties. Chlorophosphines RRIPCl are readily prepared by the reaction 

of RPCl2 with e.g. a Grignard solution RIMgX (X = Cl, Br).[261-262] The successful synthesis of 

the novel chlorophosphine tBu{(CH2)3CH=CH2}PCl allowed the phosphanyl-functionalization of 

the threefold silylated cluster, yielding the alkenyl-decorated species 

[Ge9{Si(TMS)3}3{PtBu{(CH2)3CH=CH2}}] (1, Scheme 4a).[260] Thus, an alternative route to the 

previously reported introduction of unsaturated hydrocarbon chains using chlorosilanes or 

bromoalkenes (Chapter 2.1.1.1) is presented.[218, 225] The molecular structure of compound 1 

was determined by single crystal diffraction analysis. The [Ge9] core in 1 is best described as 

a slightly distorted C2v-symmetric mono-capped square antiprism, which comprises one 

hypersilyl group at the capping Ge atom as well as two further [Si(TMS)3]+ 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 [Ge9{Si(TMS)3}2PRRI]– (2a to 9a, Scheme 4b). The 

attachment of a P-comprising fragment to the silylated [Ge9] cluster was spectroscopically 

evidenced by a shift of the silyl group protons from formerly δ = 0.17 ppm (thf-d8) for the twofold 

silylated cluster to approximately δ = 0.25 ppm 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. 

 

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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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 NHCDippTMCl (TM = Cu, Ag) 

according to Scheme 5, yielding the adducts 2a-TM to 9a-TM.[260] 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 η3-coordination of the TM to the [Ge9] cluster.[228-229]  

 

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 (1H, 13C, 

29Si, 31P), and the observation of 1J(31P-107Ag/109Ag) 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 31P NMR spectra. Another hint to 

the substitution pattern can be obtained from the shift of the TMS group protons in the 1H NMR 

spectra. While a coordination of the TM-carbene to the phosphine hardly influences the bound 

silyl groups of the monoanions (δ ≈ 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 1J(31P-107Ag/109Ag) spin-spin coupling constants and 1H NMR shifts (thf-d8) 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] 258.7 406.0 422.5 207.8 - - - - 

         
1H 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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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 Cy2BCl was added to a toluene solution of the cluster 

[Ge9{Si(TMS)3}2]2– causing its dimerization yielding the dianion [Ge9{Si(TMS)3}2]22– (10a). Anion 

10a was monitored by ESI-MS spectroscopy (monoanion, m/z 2336.0) and in the solid-state 

in the Cu-carbene adduct {NHCiPrCu[Ge9{Si(TMS)3}2]}2 (10a-CuiPr; Figure 21a). The Cu-

carbene adduct was prepared to enhance the crystallization of the ion 10a, which is an 

oftentimes applied method.[211, 221, 228-229, 243, 245] Compound 10a-CuiPr comprises two 

{NHCiPrCu[Ge9{Si(TMS)3}2]} fragments interconnected via an exo-Ge-Ge bond, which causes 

a Raman band at ṽ = 283 cm-1 (single crystalline sample, Figure 21b).[263] The exo-bond is 

2.4259(8) Å long, which is in agreement to values observed for non-functionalized [Ge9] dimers 

and polymers.[95, 169-171, 183, 264] The shape of the [Ge9] clusters is best described as slightly 

distorted C2v-symmetric mono-capped square antiprisms, which are substituted by two 

hypersilyl groups and an additional cluster entity. The [NHCiPrCu]+ fragment η4-coordinates to 

the pseudo-square plane of the antiprism as described before.[245]  

 

Figure 21. a) Molecular structure of 10a-CuiPr. 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-CuiPr (excitation: 785 nm, 1s/frame, power: 1 mW on sample).  

The oxidative coupling of two silylated clusters most probably is mediated by the chloroborane 

Cy2BCl, which acts as an oxide-scavenger in the reaction. This hypothesis was corroborated 

by the isolation of the side product Cy2B-O-BCy2 (11), which was characterized by 11B NMR 

spectroscopy and single crystal diffraction analysis in accordance to published data.[265-266] 

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 K4Ge9 or KC8. Thus, the formation of KCl is supposed to 

be an important driver during the reaction. 
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In reactions of the twofold silylated cluster with the less Lewis-acidic N-heterocyclic chloro-

1,3,2-diazaborolidines DABR-Cl (R = Me, iPr, o-tol) a boranyl-functionalization of the [Ge9] 

cluster was achieved. The synthesized monoanions [Ge9{Si(TMS)3}2DABR]– (12a to 14a) 

reveal covalent Ge-B exo-bonds (Scheme 4c). The controlled reactivity of the DABR-Cl 

precursors most probably is due to π-backbonding induced by the N atoms in proximity to the 

central B atom, thereby decreasing its electrophilicity.[267] 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 1H NMR 

spectroscopic data the reaction of 12a with NHCDippCuCl yields the doubly Cu-coordinated 

complex [NHCDippCu]2[Ge9{Si(TMS)3}2] upon cleaving the boranyl ligand.[243] Nevertheless, 

single crystals of NHCDippCu[Ge9{Si(TMS)3}2DABR] (13a-Cu and 14a-Cu; Figure 22) were 

obtained. The structure determination corroborated the covalent attachment of boranyl groups 

at the [Ge9] cluster. The Ge-B bond lengths are 2.063(5) Å and 2.055(5) Å, respectively, in 

agreement to published data.[268-270] The shape of the [Ge9] 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.  

 

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 NHCDipp 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 [Ge9] 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 Cy2BCl to the twofold silylated 

cluster mediates its dimerization, an experimental preparation of the latter species was not 
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possible. According to the calculations, the generation of intramolecular frustrated Lewis acid-

base pairs consisting of a [Ge9] 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. 

 

Figure 23. HOMO and LUMO of a) the anion 14a and b) the theoretical species [Ge9{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 [Ge9] 

cluster becomes feasible starting from the bare [Ge9]4– 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)](o-CH3C6H4)NH(CH2)2N(o-CH3C6H4) · 3.5 NH3 was 

obtained from the reaction of K4Ge9 and a halo-diazaborolidine featuring o-tol wingtip 

substituents in liquid ammonia. Most probably the amide formed from contained trace 

impurities of the amine N1,N2-di(o-CH3C6H4)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).[118, 121, 134, 213, 271] A detailed presentation of the amide’s crystal structure is 

enclosed in Chapter 6.4. 
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2.1.3 Intermolecular Frustrated Lewis Pairs of the Cluster [Ge9{Si(TMS)3}2]2– and 

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

 

Chapter 6.5: C. Wallach,‡ F. S. Geitner ‡ and T. F. Fässler, 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,‡ D. M. Dankert ‡ and T. F. Fässler, Counterion Related Structural 

Isomerism in the Nonagermanide Clusters A[Ge9{Si(TMS)3}2(CH2)4O-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. Fässler, 

Charge-Transfer Processes in Functionalized [Ge9] Clusters Based on the 

Reversible Formation of a Zwitterion, manuscript for publication. 

‡: authors contributed equally to this work. 

 

The reactions of the cluster [Ge9{Si(TMS)3}2]2– 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.[272-273] 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 31P NMR shift of Et3P=O 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 DABR-Br and the bromo-1,3,2-diazaborole DAB(II)Dipp-Br [(II): 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 [Ge9{Si(TMS)3}2(CH2)nO-DABR]– (R = o-tol, o-xyl, Mes, 



2 Results and Discussion 

43 
 

Dipp), whereas the application of various nitriles led to the formation of imine-bearing ions 

[Ge9{Si(TMS)3}2{RlC=N}-DABR]– [DAB(II)Dipp; R = o-tol, Mes; Rl = alkyl, alkenyl, aryl]. In 

comprehensive studies the influence of the alkali metal counterion on the arrangement of 

substituents at the [Ge9] cluster was investigated, uncovering two structural isomers of  

A[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (A = K, Cs). Furthermore, the introduced imine moieties are 

prone to protonation yielding the intensively green colored zwitterionic complex 

[Ge9{Si(TMS)3}2{MeC=N(H)}-DAB(II)Dipp], which was analyzed by UV-Vis measurements and 

quantum chemical calculations.  

  



2 Results and Discussion 

44 
 

Cylic ether ring-opening 

A schematic representation of the performed experiments yielding cluster species with 

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

BN

N

R

R

 

Scheme 6. Summary of the reactions of the twofold silylated [Ge9] cluster towards bromoboranes in cyclic ethers. 
a) Formation of the clusters A[Ge9{Si(TMS)3}2(CH2)4O-DABR] (15athf-K to 19athf-K and 17athf-Cs) comprising a ring-
opened tetrahydrofuran (thf) moiety and different counter cations; b) formation of the clusters 
K[Ge9{Si(TMS)3}2(CH2)3O-DABR] (16atmo-K to 19atmo-K) comprising a ring-opened trimethylene oxide (tmo) moiety. 

Reactions of the precursor A2[Ge9{Si(TMS)3}2] (A = K, Cs) with bromo-1,3,2-diazaborolidines 

DABR-Br or  the bromo-1,3,2-diazaborole DAB(II)Dipp-Br in the cyclic ethers tetrahydrofurane 

(thf, Scheme 6a) or trimethylene oxide (tmo, Scheme 6b) yield 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[Ge9{Si(TMS)3}2(CH2)4O-DABR] 

(15athf-K to 19athf-K and 17athf-Cs) and K[Ge9{Si(TMS)3}2(CH2)3O-DABR] (16atmo-K to  

19atmo-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(CH2)4-Br according to 1H and 11B 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 
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state, and a subsequent σ-bond metathesis reaction.[277-279] 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 (iPr2N)2B-Br in thf yield analogous products 

according to ESI-MS analysis. 

 

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 17athf is shifted by 8 masses 

upon conducting the reaction in thf-d8 (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.  

 15athf 16athf 17athf 17athf 18athf 19athf 
NMR ✓ - ✓ ✓ - ✓ 
ESI-MS (thf) ✓ ✓ ✓ ✓ ✓ ✓ 
ESI-MS (thf-d8) ✓ - ✓ - ✓ ✓ 
SC-XRD - - ✓ (-K) ✓ (-Cs) - ✓ (-K) 
       
 - 16atmo 17atmo - 18atmo 19atmo 
NMR - - ✓ - - - 
ESI-MS - ✓ ✓ - ✓ ✓ 
SC-XRD - - ✓ (-K) - - - 
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Figure 24. ESI-MS spectra of the monoanion 17athf prepared in a) thf or b) deuterated thf-d8. 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 17athf-K, 17athf-Cs, 19athf-K, and 17atmo-K 

were stored at -40 °C yielding single crystals suitable for X-ray diffraction analysis. While in 

each compound the [Ge9] 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 [Ge9] 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.[206, 211, 223-225, 228]  Thus, the compounds 17athf-Cs and 17atmo-K comprise the most 

common, symmetric ligand arrangement at the nonagermanide cluster (Figure 25b and d). In 

contrast, the [Ge9] cluster in compounds 17athf-K and 19athf-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 [Ge9] clusters has been described 

before,[214-215, 245] 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 1H NMR spectroscopic studies 

revealed that both clusters 17athf-K and 17athf-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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Figure 25. Molecular structures of clusters comprising ring-opened ether fragments: a) 17athf-K; b) 17athf-Cs;  
c) 19athf-K; d) 17atmo-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 [Ge9] cluster towards bromoboranes in various nitriles. 
a) Formation of the clusters K[Ge9{Si(TMS)3}2{RlC=N}-DABR] (20a-K to 27a-K; RI = alkyl, alkenyl, aryl; R = o-tol, 
Mes, Dipp) comprising an incorporated imine moiety; b) formation of the Cu-carbene adducts 
NHCDippCu[Ge9{Si(TMS)3}2{RlCN}-DABR] (25a-Cui, 26a-Cue, 27a-Cue) featuring an imine-enamine tautomerism; c) 
protonation of the imine moiety in 27a-K yielding the zwitterionic compound 27a-H,  
[Ge9{Si(TMS)3}2{MeC=N(H)}-DAB(II)Dipp]. 
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Reactions of the precursor K2[Ge9{Si(TMS)3}2]  with bromo-1,3,2-diazaborolidines DABR-Br  

(R = o-tol, Mes) or  the bromo-1,3,2-diazaborole DAB(II)Dipp-Br in various nitriles yielded cluster 

species, which comprise incorporated imine fragments. Several nitriles RlC≡N featuring alkyl, 

alkenyl, and aryl side chains were tested towards their reactivity leading to the formation of the 

compounds K[Ge9{Si(TMS)3}2{RlC=N}-DABR] (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 α-position to the terminal N atom (Scheme 9B). Similar findings have been 

reported for the cyclo-addition of nitriles to the geminal FLP tBu2P-CH2-BPh2 based on 

quantum chemical calculations.[257, 280] Reactions with the acyclic borane (iPr2N)2B-Br in MeCN 

yield analogous products according to ESI-MS analysis. 

 

Scheme 9. Proposed reaction path for the formation of the species 20a to 27a.[257, 280] 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 NHCDippCu[Ge9{Si(TMS)3}2{RlCN}-DABR] (25a-Cui, 26a-Cue,  

27a-Cue;  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, 

[Ge9{Si(TMS)3}2{MeC=N(H)}-DAB(II)Dipp], which forms upon protonating the imine function in 

anion 27a with NEt3·HCl (Scheme 8c). The applied characterization methods are summarized 

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

 

  
 

 20a 21a 22a 23a 24a 25a 25a-Cui 26a 26a-Cue 27a 27a-Cue 27a-H 

NMR - - - ✓ - - ✓ - ✓ ✓ ✓ ✓ 
MS (ESI/LIFDI) ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ 

SC-XRD - - - 
✓ 

(-K) 
- - ✓ - ✓ 

✓  
(-K) 

✓ ✓ 

UV-Vis - - - - - - - - - ✓ - ✓ 
 

Repetitive structure motifs are observed in compounds 23a-K, 27a-K, 27a-H, as well as  

25a-Cui, 26a-Cue, and 27a-Cue (Figure 26). Each [Ge9] 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 [Ge9] cluster (Figure 26c). In the Cu-containing 

complexes the TM η3-coordinates the cluster as described before. Intriguingly, in the 

compounds 26a-Cue and 27a-Cue 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-Cui (imine entity).  

 

Figure 26. Molecular structures of clusters comprising incorporated imine or enamine fragments: a) 23a-K;  
b) 27a-K; c) 27a-H; d) 25a-Cui; e) 26a-Cue; f) 27a-Cue. 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 

[Ge9] cluster. On the one side allows the variability of the organic entity Rl 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 NEt3⋅HCl. 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 1H 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 λ = 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 λ = 671 nm upon adding KOtBu to the cluster solution. The obtained results were supported 

by NMR spectroscopic investigations revealing a fading iminium proton signal. 

 

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  
λ = 495 nm (transition S0 → S8, 2.14 eV) and λ = 669 nm (transition S0 → S2, 1.85 eV).[281-285] 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 [281-285] for compound 27a-H are in accordance 

with the experimentally obtained data, revealing absorption maxima at λ = 669 nm (transition 

S0 → S2) and λ = 495 nm (transition S0 → S8, 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 λ = 495 nm.[286] 
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According to the molecular orbital analysis the HOMO is located at the [Ge9] cluster and the 

covalently connected carbon atom, while the LUMO forms the anti-bonding π* 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 S0 → S2 (Figure 28c). 

During the excitation a decreasing electron density at the [Ge9] 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.  

 

Figure 28. Molecular orbitals of 27a-H calculated at the DFT-BP86/TZVP level of theory:[281-285] a) 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 S0 → S2 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 [Ge4]4– and [Ge9]4– Anions as Synthons for 

Intermetalloid Clusters 

Reactions with organometallic complexes are one major 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,[89, 287-290] publications 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.[291] 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[129-130] or catalysts[292] 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 transition 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 [Ge4]4– and [Ge9]4– 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,[293-296] 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 [(η4-Ge9)Zn(η1:η1-Ge9)Zn(η4-Ge9)]8– (Figure 29b)[129] might 

form stepwise via the formation of the doubly Zn-coordinated cluster  

[(η1-Ge9){Zn(NH3)3}2] (Figure 29a),[123] and a subsequent exchange of its NH3 ligands by two 

[Ge9]4– moieties. A second possible reaction path is the substitution of the organic ligands at 

two [(η4-Ge9)ZnR]3– (R = Ph,[118] Mes, iPr [121]; Figure 29d) clusters by a bridging [Ge9]4– anion. 

 

Figure 29. Molecular structures of Zn-coordinated clusters a) [(η1-Ge9){Zn(NH3)3}2];[123]  
b) [(η4-Ge9)Zn(η1:η1-Ge9)Zn(η4-Ge9)]8–;[129] c) [(η4-Ge9)Zn-Zn(η4-Ge9)]6–;[129] d) [(η4-Ge9)ZnR]3– (R = Ph,[118] Mes, 
iPr [121]); e)  �

� {Zn(η4:η1-Ge9)}2–;[129] f) [(η3-Ge9)Zn(η3-Ge9)]6–.[203] Light blue and red spheres represent Ge and Zn 
atoms, respectively, dark blue and grey spheres NH3 molecules and organic ligands. 

As depicted in Figure 29, the chemistry of Zn organyls towards [Ge9]4– anions is very versatile. 

In reactions of [Ge9]4– clusters towards Zn(I) reagents either a formal retention of the Zn-Zn 

single bond in the polyanion [(η4-Ge9)Zn-Zn(η4-Ge9)]6– is observed (Figure 29c), [129] or the 

Zn(I) precursor disproportionates leading to Zn(II)-coordinated clusters (Figure 29a and b). 

These observations account for redox processes in solution, which are not fully understood  
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yet.[123, 129] The utilization of Zn(II) precursors usually results in transition metal bridged anions 

such as  �
� {Zn(η4:η1-Ge9)}2– (Figure 29e)[129] and [(η3-Ge9)Zn(η3-Ge9)]6–  (Figure 29f),[203]  in 

which the Zn ion adopts different coordination modes. The structural isomer of the former 

polymer,  �
� {Zn(η3:η3-Ge9)}2–, was obtained upon exchanging ZnCp*2 by the Zn(I) organyl 

[Zn(NacNacMes)]2.[130]  

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 ZnR2 precursors.[118, 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.[297-298] In recent years, compounds featuring 

core-shell-like building principles have been developed, holding promise for the development 

of drug delivery systems,[299] sensors,[300] and catalysts.[301] 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.[302-304]  

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.[89] While deltahedral transition 

metal-free tetrel element clusters featuring up to ten vertex atoms were reported,[305-307] 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.[138, 157] 

Exemplarily, besides filled (distorted) icosahedra of Ge, Sn, and Pb, also extended clusters 

such as [TM2@Ge16]4– (TM = Fe,[154] Co [155-156]), [Pd2@E18]4– (E = Ge,[157] Sn [308-310]), and 

[Rh3@Sn24]5– [311] 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@Sn9]n– entities 

(TM = Co,[143-144] Ni,[312-313] Rh,[311] Pt [159]) are interlinked by a shared Sn vertex atom 

(Figure 30c). So far, no such germanide analogue has been reported.[147, 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.[89, 134, 290] A key example for the latter 

processes is the formation of the doubly filled dimer [Co2@Sn17]5– from an ethylenediamine 

extract of the solid-state phase K4.79Co0.79Sn9 containing [Co@Sn9]4– clusters.[143] Even though 

filled [Ni@Sn9]4– anions were described in Na12Ni1-xSn17,[145] 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.[315] Exemplarily, the centered vacant 

icosahedral fragment [TM@E8] (cvIC-8, Figure 30d) was monitored in clusters such as 

[Ni2@Sn17]4– (Figure 30c),[312] as well as in the fragmentation products [CpTi(η4-Sn8)]3– 

(Figure 30a) and [{Cp2Ti}2{CpTi}TiSn15]n– (n = 4, 5; Figure 30b). The latter species form in 

reactions of [Sn9]4– clusters with titanium organyls.[134] Generally, an icosahedral atom 

arrangement with approximately equal distances of the TM to each cluster vertex seems 

favourable.[141] 

 

Figure 30. Icosahedral fragments in the molecular structures of a) [CpTi(η4-Sn8)]3–; b) [{Cp2Ti}2{CpTi}TiSn15]n–  
(n = 4, 5);[134] c) [Ni2@Sn17]4–.[312] Repetitive [Sn8] structure motifs in a)-c) are indicated by dashed orange ellipsis.  
d) Illustration of a centered vacant icosahedron according to the nomenclature of Alvarez.[315]  

 

2.2.1.3 Counterion-Exchange at Zintl Clusters 

The major share of isolated and structurally characterized nonagermanide Zintl clusters 

features K+ counterions,[290] while the Zn-coordinated cluster [(η1-Ge9){Zn(NH3)3}2] [123] is one 

of the few exceptions. However, also binary phases such as A4Ge9 and A12Ge17  

(A = Na,[68, 78, 82, 84] Rb,[84] Cs [67, 84]) are 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 [Sn9]4– and [Pb9]4– 

clusters are accessible by reducing elemental tin and lead with lithium in liquid ammonia.[90] 

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 Li4Sn9 so far.[147] 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. Fässler, 

Intermediates and Products of the Reaction of Zn(II) Organyls with Tetrel 

Element Zintl Ions: Cluster Extension Versus Complexation, Dalton Trans. 

2020, 49, 6191. 

Chapter 6.9: C. Wallach, Y. Selic, B. J. L. Witzel, W. Klein and T. F. Fässler, Filled Trivacant 

Icosahedra as Building Fragments in 17-atom Endohedral Germanides 

[TM2@Ge17]n− (TM = Co, Ni), Dalton Trans. 2021, 50, 13671. 

Chapter 6.10:  C. Wallach, W. Klein and T. F. Fässler, Nonagermanide Zintl Clusters with Mg2+ 

Counterions, Z. Anorg. Allg. Chem. 2022, accepted article, DOI: 

10.1002/zaac.202200065. 

Chapter 6.11:  C. Wallach, W. Klein and T. F. Fässler, Crystal Structure of N2,N4-

dimesitylpentane-2,4-diamine, C23H34N2, single crystal structure 

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

‡: authors contributed equally to this work. 

 

Within this chapter reactions of the bare ions [Ge4]4– and [Ge9]4– 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 K4Ge9 and K12Ge17 from liquid ammonia.[172, 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 [TM2@Ge17]n− (TM = Co, Ni) were obtained either by 

reacting the solid-state phase of nominal composition “K5Co1.2Ge9” with a titanium complex in 

liquid ammonia,[147, 314] or by filling and fusing empty [Ge9]4– ions by the addition of Ni(cod)2 to 

an ethylenediamine solution of K4Ge9, 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 [Ge9]4– clusters 

as well as at the silylated species K[Ge9{Si(TMS)3}3] 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] 

 

Scheme 10. Molecular structures of the polyanions obtained from reactions of zinc organyls with K4Ge9 and A12E17 
(A = K, Rb; E = Si-Sn) in liquid ammonia. a) [(η3:η3-Ge4)(ZnEt)2]2– (28a); b) [(η4-Ge9)(ZnEt)]3– (29a);  
c) [(η2-Sn4)Zn(η2-Sn4)]6– (30a);[172, 316] d) [(ZnPh2)2(μ2-NH2)2]2– (31a); e) {[Zn(μ2-NH2)4][(ZnEt)2(μ2-NH2)2]2}2– (32a);  
f) [ZnPh3]– (33a); g) [ZnMes3]– (34a).[317] 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 K4Ge9 or A12E17 (A = K, Rb; E = Si-Sn) in the presence of ZnR2 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[(η3:η3-Ge4)(ZnEt)2]·2NH3. 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 [(η3:η3-Ge4)(CuMes)2]4–.[111] In addition, the same TM 

fragment η4-coordinates a nonagermanide cluster in the compound  

[K[2.2.2]crypt]3[(η4-Ge9)(ZnEt)]·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 [Ge9] cage, which acts as a 6-electron 

donor and allows the transition metal to reach 18 valence electrons.[118] 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[(η2-Sn4)Zn(η2-Sn4)]·16NH3. Anion 30a is a structural isomer and heavier homologue to the 

previously reported clusters [(η3-Sn4)Zn(η2-Sn4)]6– [294] and [{η2-(Si/Ge)4}Zn{η2-(Si/Ge)4}]6–, 

respectively.[114]  

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(μ2-NH2)2]·8NH3 and [K(18-crown-6)]2{[Zn(μ2-NH2)4][(ZnEt)2 

(μ2-NH2)2]2}·5NH3, respectively. While the species 31a consists of two charge-neutral ZnPh2 

fragments interconnected by two amide ions, in the complex anion 32a a central Zn2+ 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 Zn2+ ion. The Zn2+ ion and the [ZnEt]+ fragments can 

be seen as “activated” species of the ZnR2 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.[103-104] 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 

NH2
– ions.[118, 121] This assumption is corroborated by the isolation of the anionic Zn complexes 

33a and 34a (Scheme 10f and g) in the compounds [K0.8Rb0.2(18-crown-6)][ZnPh3] and  

[K(18-crown-6)][ZnMes3]·NH3·2thf, 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 Zn2+ 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 Ions [TM2@Ge17]n– 

(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] 

 

Scheme 11. Synthesis and molecular structures of the polyanions a) [Co2@Ge17]6– (35a); b) [Co2@Ge10]3–  
(36a);[147, 314] c) [Ni2@Ge17]4– (37a). The quotation marks indicate the nominal composition of the solid-state phase. 
All ellipsoids are presented at a 50 % probability level. In c) the split atom Ge5i 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 
[Ge8] 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.[315] The analogous structure feature in 
anion 37a is indicated in bold. 

According to Raman spectroscopic investigations the solid-state phase of nominal composition 

“K5Co1.2Ge9” comprises filled [Co@Ge9]5– clusters, which can be extracted using liquid 

ammonia.[140] In previous studies, titanium organyls revealed a variable reactivity towards tetrel 

element Zintl clusters,[134] thus the organometallic complex [Cp2Ti(NH3)2]Cl(NH3) was added to 

the liquid ammonia extract of the cobalt-containing solid-state phase. From the reaction 

mixture the anions [Co2@Ge17]6– (35a) and [Co2@Ge10]3– (36a, Scheme 11a and b) were 

isolated in the compounds [K([2.2.2]crypt)]2K4[Co2@Ge17]·15NH3 and  

[K(2.2.2-crypt)]3[Co@Ge10]·9NH3, 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.[151-152] So 

far, the structure motif of two fused cobalt-filled [Ge9] clusters comprising a shared Ge vertex 

in 35a has solely been observed in the corresponding TM-filled stannides.[143-144, 159, 311-312] The 

corresponding Ni-congener [Ni2@Ge17]4– (37a, Scheme 11c) was prepared by reacting finely 

grounded K4Ge9 with Ni(cod)2 in ethylenediamine. The utilized Ni complex is a common 

precursor for the generation of intermetalloid clusters.[119, 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@Ge9] 

entities which are linked via the shared Ge9 atom, or as two [Ge8] tubs which encapsulate an 

almost linear Co1-Ge9-Co2 strand, which is also accordingly found in the published ion  

[Ni2@Sn17]4–.[312] In contrast, the cage-interconnecting Ge5 atom in the Ni-containing cluster 

37a splits in two positions Ge5 and Ge5i (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 [Ge8] 

tub which is interconnected to a trivacant icosahedral entity termed mer-vIC-9 (Scheme 11c 

and d).[315] 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 Mg2+ Counterions 

In analogy to the reactions of nonagermanide clusters with organozinc complexes, magnesium 

organyls were reacted with the precursor K4Ge9 as well as with the threefold silylated cluster 

K[Ge9{Si(TMS)3}3]. The most important results are summarized in Scheme 12. 

 

Scheme 12. Synthesis and molecular structures of the Mg-comprising clusters a) [K[2.2.2]crypt]4 

[Mg(NacNacMes)(NH3)4]2[Ge9-Ge9]·32.58NH3 (38a-KMg); b) [Mg(NacNacMes)(MeCN)4] [Ge9{Si(TMS)3}3]·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 K4Ge9 with the precursor Mg(NacNacMes)I in liquid ammonia yielded compound 

38a-KMg, [K[2.2.2]crypt]4[Mg(NacNacMes)(NH3)4]2[Ge9-Ge9]·32.58NH3, in which two of the six 

K+ counterions were exchanged by [Mg(NacNacMes)(NH3)4]+ complexes. The isolated 

compound comprises a [Ge9-Ge9]6– unit featuring a Ge-Ge exo-bond, and the structure and 

geometry of the dimer is in agreement with previously reported species  

(Scheme 12a).[170-171, 183, 264] The Mg2+ ion is embedded into a slightly distorted octahedral 

sphere of N atoms, formed by the organic ligand and four coordinating NH3 molecules. 

However, due to the spatial separation of the Mg2+ 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 Mg2+ was achieved by reacting the threefold silylated cluster 

with Mg(NacNacMes)I. The formed species 39a-Mg, [Mg(NacNacMes)(MeCN)4] 

[Ge9{Si(TMS)3}3]·MeCN (Scheme 12b), comprises an unaltered [Ge9{Si(TMS)3}3]– cluster,[206] 

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 Mg2+ ions do not directly interact with 

the [Ge9] 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 NHCDippCuCl was performed, yielding the Cu-carbene 

adduct NHCDippCu[Ge9{Si(TMS)3}3],[234] which also forms upon utilizing the K-containing 

precursor K[Ge9{Si(TMS)3}3]. 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(I) complex [Mg(NacNacMes)]2 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)][NacNacMes]·3NH3 and [K[2.2.2]crypt][NacNacMes]·NH3 were 

isolated. The capture of cleaved [NacNacMes]– ligands accounts for reactions taking place in 

solution, however potentially formed Ge species remained elusive.  

During the synthesis of the precursor NacNacMesH few crystals of the fully reduced congener 

N2,N4-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. 

 

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 [Ge9] 

cluster core with main group element fragments, formation of intermetalloid clusters, and 

counterion-exchange at [Ge9] 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 Mg2+ can either 

be performed starting from the bare [Ge9] 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 [Ge9] 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: Cy2BCl > DABR-Br > DABR-Cl. 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 Cy2BCl 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 [Ge9] motifs as building 

blocks has been reported,[95, 147, 166, 169-174, 180-181]  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 DABR-Br an alternative way of attaching ligands at the [Ge9] 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 [Ge9] 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 [Ge9] 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 [Ge9] 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]4– (E = Ge, Sn) and [Ge9]4– 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 ZnR2 

precursor initiates an amide formation with the reaction medium liquid ammonia.[118, 121]  The 

amide anions react with the Zn precursors forming “activated” Zn species, which contain bare 

Zn2+ 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 [Co2@Ge17]6– and [Ni2@Ge17]4–. 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 

[Ge8] 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.[292] 

Reactions of Mg(II) compounds with bare and silylated [Ge9] 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 O2 value < 0.1 ppm, mean H2O 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 P2O5 (H2O 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 5·10-3 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. 

perfluoroalkylether oil Galden LS230 
Solvay Speciality 

Polymers Italy SpA 
single crystal selection at -40 °C 

   
P3 PK 001 108-T Pfeiffer Vacuum GmbH vacuum pump of Schlenk line 
Vorpumpenöl MW-95V Sindlhauser Materials  vacuum pump of NH3 (l) 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 Å and 4 Å), and 

subsequently were stored over molecular sieves (3 Å, VWR). Beforehand, the sieves were 

activated under dynamic vacuum at 500 °C for 12 hours. Et2O was dried over 

Na/benzophenone, ethanol was stirred over Na/diethyl phthalate, and ethylenediamine was 

dehydrated over CaH2 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 
 physical  

    state 
supplier purity [%] storage 

[18]-crown-6 C12H24O6  solid Merck >99 glove box 

[2.2.2]crypt C18H36N2O6  solid Acros Organics 98 glove box 

1,10-phenanthroline C12H8N2  solid Sigma Aldrich >99 bench 

2,4,6-trimethylaniline C9H13N  liquid Alfa Aesar 98 bench 

2,4,6-trimethylphenyl bromide C9H11Br  liquid Alfa Aesar 99 6 °C 

2,6-di(iso-propyl)aniline C12H19N  liquid Merck 92 bench 

2,6-dimethylaniline C8H11N  liquid Acros Organics 99 bench 

2-methylaniline C7H9N  liquid Sigma Aldrich >99 bench 

5-bromopentene C5H9Br  liquid Sigma Aldrich 95 6 °C 

5-hexenenitrile C6H9N  liquid Acros Organics 95 glove box 

acetonitrile C2H3N  liquid Sigma Aldrich 99.9 bench 

acetonitrile-d3 CD3CN  liquid Sigma Aldrich 99.8 glove box 

acetylacetone C5H8O2  liquid Merck >99 bench 

acrylonitrile C3H3N  liquid Sigma Aldrich 99 glove box 

ammonia NH3  gas Westfalen AG 99.999 
gas 
cylinder 

ammonium chloride NH4Cl  solid Grüssing GmbH 99.5 bench 

argon Ar  gas Westfalen AG 99.998 
gas 
cylinder 

benzene C6H6  liquid Sigma Aldrich 99.8 bench 

benzene-d6 C6D6  liquid Sigma Aldrich 99.5 glove box 

benzonitrile C7H5N  liquid Sigma Aldrich >99 glove box 

benzophenone C13H10O  liquid Sigma Aldrich 99 bench 

boron tribromide  BBr3  liquid  Sigma Aldrich 1M in hexane 6 °C 

boron trichloride BCl3  liquid Alfa Aesar 1M in hexane 6 °C 

cesium Cs  solid Prof. F. Kraus - glove box 

calcium hydride CaH2  solid Merck >97 bench 

chloroform-d1 CDCl3  liquid Sigma Aldrich 99.8 glove box 

chlorotris(trimethylsilyl)silane C9H27ClSi4  solid TCI 95 glove box 

copper(I) chloride CuCl  solid Alfa Aesar 97 glove box 

di(1-adamantyl)chlorophosphine C20H30PCl  solid Sigma Aldrich 97 glove box 

diatomaceous earth SiO2/Al2O3  solid Carl Roth - bench 

dichloromethane CH2Cl2  liquid Brenntag - bench 

dicyclohexylchloroborane C12H22BCl  liquid Sigma Aldrich 1M in hexane glove box 

di(cyclooctadiene)nickel(0) C16H24Ni  solid Sigma Aldrich -  -32 °C 

diethylaminodichlorophosphine C4H10NOPCl2  liquid  Alfa Aesar 97 glove box 

diethyl ether C4H10O  liquid Brenntag - bench 

diethylzinc C4H10Zn  liquid Sigma Aldrich 1M in hexane 6 °C 

diethyl phthalate C12H14O4  solid Sigma Aldrich 99 bench 

di(iso-propyl)amine C6H15N  liquid  Sigma Aldrich 99 bench 

di(iso-propyl)ethylamine C8H19N  liquid  Sigma Aldrich >99 bench 

dimethylformamide C3H7NO  liquid Sigma Aldrich 99.8 glove box 

di(ortho-tolyl)chlorophosphine C14H14PCl  solid Alfa Aesar 98 glove box 

dioxane C4H8O2  liquid Acros Organics >99.8 glove box 
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substance sum formula 
 physical  

    state 
supplier purity [%] storage 

diphenylzinc C12H10Zn  solid ABCR 98 glove box 

dodecanenitrile C12H23N  liquid  Sigma Aldrich 99 glove box 

ethylacetate C4H8O2  liquid VWR 99.9 bench 

ethylenediamine C2H8N2  liquid Merck - glove box 

germanium Ge  solid Evochem 99.999 glove box 

glyoxal C2H2O2  liquid Merck 40 % in water bench 

hexanenitrile C6H11N  liquid Sigma Aldrich 98 glove box 

hydrochloric acid HCl  liquid Sigma Aldrich 37 % solution bench 

iodine I2  solid VWR 99.8 glove box 

iodomethane CH3I  liquid Alfa Aesar 99 bench 

iso-butyronitrile C4H7N  liquid  Sigma Aldrich 99 glove box 

iso-propylmagnesium chloride C3H7BrMg  liquid Acros Organics 2M in thf bench 

lithium granula Li  solid 
Rockwood 

Lithium 
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 C10H20O  solid Sigma Aldrich 99 bench 

methanol CH4O  liquid VWR 99.5 bench 

methyllithium CH3Li  liquid Sigma Aldrich 1.6M in Et2O 6 °C 

nitrogen  N2  liquid Air Liquide - dewar 

N,N'-di(iso-propyl)ethylenediamine C8H20N2  liquid Sigma Aldrich 99 bench 

N,N'-dimethylethylenediamine C4H12N2  liquid Sigma Aldrich 98 bench 

n-hexane C6H12  liquid Brenntag - bench 

n-pentane C5H12  liquid Brenntag - bench 

oxygen O2  gas Westfalen AG 99.999 
gas 
cylinder 

paraformaldehyde 
OH(CH2O)nH 

(n = 8-100) 
 solid Merck >95 bench 

phosphorus trichloride PCl3  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 C4H9OK  solid Sigma Aldrich >98 glove box 

propionitrile C3H5N  liquid  Sigma Aldrich 99 glove box 

p-toluenesulfonic acid C7H8O3S  solid Merck >98 bench 

pyridine-d5 C5D5N  liquid Sigma Aldrich >99.5 glove box 

rubidium Rb  solid Prof. F. Kraus - glove box 

silver(I) oxide Ag2O  solid Merck 99 bench 

sodium Na  solid ChemPur 99 glove box 

tert-butyldichlorophosphine C4H9PCl2  liquid Alfa Aesar 98 glove box 

tert-butyl methyl ether C5H12O  liquid Sigma Aldrich 99.8 bench 

tetrahydrofuran C4H8O  liquid Sigma Aldrich 99.9 bench 

tetrahydrofuran-d8 C4D8O  liquid Sigma Aldrich 99.5 glove box 

toluene C7H8  liquid Brenntag - bench 

toluene-d8 C7D8  liquid Sigma Aldrich 99 glove box 
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substance sum formula 
 physical  

    state 
supplier purity [%] storage 

triethylamine C6H15N  liquid VWR 99 bench 

triethylamine hydrochloride C6H16NCl  solid Sigma Aldrich 99 glove box 

trimethylene oxide C3H6O  liquid  Acros Organics 97 6 °C 

trimethylsilyl chloride C3H9SiCl  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 [260].‡ 

reactant sum formula  physical state   preparation 

A4Ge9 (A = K-Cs) A4Ge9 (A = K-Cs) solid Chapter 4.3.1 

DABDipp-Br C26H38BN2Br solid [319] 

DAB(II)Dipp-Br C26H36BN2Br solid [319] 

DABiPr-Cl C8H18BN2Cl liquid [320] 

DABMe-Cl C4H10BN2Cl liquid [320] 

DABMes-Br C20H26BN2Br solid [319] 

DABMes-Cl C20H26BN2Cl solid [319] 

DABo-tol-Br C16H18BN2Br solid [319] 

DABo-tol-Cl C16H18BN2Cl solid [319] 

DABo-xyl-Br C18H22BN2Br solid [319] 
(iPr2N)2BBr C12H28BN2Br liquid [321] 

(iPr2N)2BCl C12H28BN2Cl liquid [321] 
iPr(NiPr2)PCl a C9H21PNCl liquid [322]  
iPrtBuPCl a C7H16PCl liquid [262]  
K12Ge17 K12Ge17 solid Chapter 4.3.2 
K2[Ge9{Si(TMS)3}2] K2Ge9Si8C18H54 solid [205] 
K[Ge9{Si(TMS)3}3] KGe9Si12C27H81 solid [206] 

Mg(NacNacMes)I  C23H29MgN2I solid [323-324] 

NHCDippAgCl C27H36AgN2Cl solid [325-327] 

NHCDippCuCl C27H36CuN2Cl solid [326-327] 

NHCiPrCuCl C9H16CuN2Cl solid [326-327] 
tBuMesPCl a C13H20PCl solid [328]  
tBu(NEt2)PCl a C8H19PNCl liquid [262]  
tBu(NiPr2)PCl a C10H23PNCl liquid [322]  
tBu{(CH2)3CH=CH2}PCl a C9H18PCl 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. Fässler 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)2PCl C10H22PCl  liquid Dr. Felix Geitner Prof. Fässler 
(C6F5)2PCl C12F10PCl  liquid Dr. Felix Geitner Prof. Fässler 
[Cp2Ti(NH3)2]Cl(NH3) C10H19N3TiCl  solid Dr. Felix Geitner Prof. Fässler 
iPr(NiPr2)PCl C9H21PNCl  liquid Dr. Felix Geitner Prof. Fässler 
KC8 KC8  solid M. Sc. Yasmin Selic Prof. Fässler 
“K5Co1.2Ge9” K5Co1.2Ge9  solid Dr. Benedikt Witzel Prof. Fässler 
Mes2BBr C18H22BBr  liquid Dr. Daniel Franz Prof. Inoue 
[NacNacMesMg]2 C46H58N4Mg2  solid – Prof. Jones 
tBu(NiPr2)PCl C10H23PNCl  liquid Dr. Felix Geitner Prof. Fässler 
ZnMes2

 C18H22Zn  solid Dr. Thomas Henneberger Prof. Fässler 
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4.3 Synthesis of Solid-State Precursors 

The solid-state phases K4Ge9, Rb4Ge9, Cs4Ge9, and K12Ge17 were prepared according to 

modified literature procedures.[79, 82, 84] 

4.3.1 Preparation of A4Ge9 (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 Bühler) 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). 

 

Figure 31. Components of a) the stainless-steel autoclave (A-D) and b) the tantalum ampoule (E, F) for the 
synthesis of A4Ge9 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 A4Ge9 or 

K12Ge17, 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.  

 

Scheme 14. Temperature program for the synthesis of the Zintl phases A4Ge9 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 A4Ge9  

(Figure 32a-c) were calculated using the single crystal data of the respective solid-state phases 

and the program WinXPOW (STOE).[67, 79] A theoretical pattern for K12Ge17 was simulated with 

the program Diamond (Crystal Impact GbR) by using the single crystal data of K12Si17 and 

replacing Si with Ge (Figure 32d).[82] 
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Figure 32. Powder X-ray diffractograms of a) K4Ge9; b) Rb4Ge9; c) Cs4Ge9; d) K12Ge17 in the region of 10° to 60° 
2θ. 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 A4Ge9 [67, 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 µm) 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 8·10-4 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.[1] 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) NH3 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; c) Schlenk flask containing a red solution of K4Ge9 in 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).[332] 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. 



4 Experimental Section 

80 
 

 

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, I) 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. 1H and 13C 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 SiMe4, with the 

solvent peaks serving as internal reference.[333] 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 Ionization Mass Spectrometry (ESI-MS) 

ESI-MS spectra were acquired in the negative-ion mode on a Bruker Daltronic HCT mass 

spectrometer (injection speed: 300 µL/h, dry gas temperature 300 °C) using varying capillary 

voltages (1500 V to 4000 V). For the sample preparation approximately 20 µmol 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 Ionization 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.[334] 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.[335] 

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 0.0125 s. 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 Kα1 radiation (λ = 1.54056 Å) 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 Kα1 radiation source (λ = 0.71073 Å). 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 F2 (SHELXL-

2014).[336-337] 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.[338] While the initial structure refinement was performed by myself, Dr. 

Wilhelm Klein (Prof. Fässler, 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[339] 

using either the BP86 [281, 284] or the PBE0 [340-342] hybrid density functional method and polarized 

triple-ζ-valence Karlsruhe basis sets (def2-TZVP for B, K, N, Si, Ge and Ni and def-TZVP for 

C and H).[285] If applicable, a COSMO solvent field was applied to counter the anionic 

charge.[343] 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.[342, 344-345] As initial data sets the atomic coordinates of the single crystal structure 

data were used. Results were visualized using the programs VMD[346] and IboView.[347] 
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Contents and Contributions 

The reactivity of a series of chlorophosphines RRlPCl (R, Rl = alkyl, alkenyl, aminoalkyl, aryl) 

is tested towards the silylated clusters [Ge9{Si(TMS)3}2]2– and [Ge9{Si(TMS)3}3]–. In the course 

of the experiments, a novel chlorophosphine, tBu{(CH2)3CH=CH2}PCl (1), was synthesized 

comprising an unsaturated hydrocarbon chain. Its reaction with the threefold silylated cluster 

yielded the compound [Ge9{Si(TMS)3}3P
tBu{(CH2)3CH=CH2}] (2), which was thoroughly 

characterized by spectroscopic methods as well as single crystal X-ray diffraction analysis. 

Reactions of the twofold silylated cluster with RRlPCl led to the formation of the monoanionic 

species [Ge9{Si(TMS)3}2PRRl]– (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 [Ge9] cluster as 

well as the Lewis basic P atom. Thus, N-heterocyclic carbenes NHCDippMCl (M = Cu, Ag) were 

reacted with the monoanions, leading to the formation of the species 3-MNHCDipp to  

11-MNHCDipp. In dependency of the steric impact of the organic ligands at the phosphine the 

transition metal either coordinates to a triangular face of the [Ge9] cluster (high steric shielding) 

or the metal directly coordinates to the Lewis basic P atom (low steric shielding). Consequently, 

the evaluation of the 31P NMR spectra revealed a singlet or a doublet caused by  

1J(31P-107Ag/109Ag) 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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monoanions 3a to 11a towards the carbene NHCDippAg-Cl were investigated during my PhD 

project, including the acquisition of the spectroscopic data (3a-AgNHCDipp to 11a-AgNHCDipp). 
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Enhancing the Variability of [Ge9] Cluster Chemistry through
Phosphine Functionalization

Christoph Wallach+,[a] Felix S. Geitner+,[a, b] Wilhelm Klein,[a] and Thomas F. F-ssler*[a]

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 [Ge9] cluster compounds, this work expands the

spectrum of mixed-functionalized [Ge9] 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 [Ge9] clus-

ters is reported, including [Ge9{Si(TMS)3}3PRR
I] (R= tBu, RI

=

(CH2)3CH=CH2 ; 2) and [Ge9{Si(TMS)3}2PRR
I]@ (R and RI : alkyl, al-

kenyl, aryl, aminoalkyl ; 3a to 11a, TMS: (trimethyl)silyl). In 2

and 3a, pentenyl functionalization of the [Ge9] clusters was

achieved by reaction of the novel chlorophosphine

tBu{(CH2)3CH=CH2}PCl (1) with silylated [Ge9] clusters. Fur-

thermore, the reactivity of the cluster anions 3a to 11a to-

wards NHCDippMCl (NHCDipp
=1,3-di(2,6-diisopropylphenyl)imi-

dazolylidine; M=Cu, Ag) showed a dependency on the

steric demand of the phosphine either zwitterions (3-

MNHCDipp to 7-MNHCDipp) featuring P–M interactions are

formed, or Ge–M coordination (8-MNHCDipp to 11-MNHCDipp)

occurs. For M=Ag, the formation of zwitterionic complexes

was unequivocally proven by NMR investigations showing
1J(31P-107Ag/109Ag) 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.[1]

Such clusters that consequently contain Si and Ge atoms in ox-

idation state 0 have received considerable attention in recent

years.[2]

Lately, the protonated molecular deltahedral Si and Ge clus-

ters [H2Si9]
2@,[3] [HSi9]

3@,[4] [HGe9]
3@,[5] [HGe4ZnPh2]

4@ [6] as well as

[H2(Si/Ge)9]
2@ [4b] 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-

stable GeI salts with Li[Si(TMS)3] .
[7] Subsequently, more straight-

forward methods for the synthesis of such species were found

in the silylation reactions of [Ge9]
4@ [8] and recently [Si9]

4@ [9] as

well as by the multiple phosphine functionalization of [Ge9]
4@

Zintl anions.[10]

The precursor Zintl phases K12Si17, K4Ge9, and K12Ge17 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 [Si9] and [Ge9] clusters are not only of interest regarding

the synthesis of nanostructured materials but are also interest-

ing ligands with respect to organometallic chemistry.[11] Where-

as only one example has been reported for [Si9] clusters so

far,[9] the chemistry of the related [Ge9] clusters has been ex-

plored in more detail and allows for a more precise decoration

of the clusters. [Ge9] 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 [Ge9] cages were originally

found in the bis-vinylated species [Ge9{CH=CH2}2]
2@[12] or the

tris-silylated cluster [Ge9{Si(TMS)3}3]
@ ,[7, 8a] however, only for the

latter species a prosperous subsequent chemistry evolved, in-

troducing the tris-silylated [Ge9] cluster to organic[1b,13] and

main group element compounds[13,14] or transition metal com-

plexes.[15] Subsequently, further silylated [Ge9] cluster species

bearing various silyl substituents were reported,[15i,j, 16] the
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number of the silyl substituents was varied (twofold substitut-

ed cluster [Ge9{Si(TMS)3}2]
2@),[8b] and tris-stannyl decoration of

[Ge9] was achieved.[17] However, the reactivity of these cluster

species was limited to the [Ge9] cluster core owing to the inert

nature of the attached silyl or stannyl groups. Thus, for a fur-

ther expansion of the [Ge9] clusters chemistry, the introduction

of functional and potentially reactive groups to the [Ge9] core

was necessary. In previous studies, we already achieved the in-

troduction of [PR2]
+ (R=alkyl, aryl, aminoalkyl) groups to tris-

and bis-silylated [Ge9] clusters, leading to neutral species

[Ge9{Si(TMS)3}3PR2] (R= iPr, Cy) or anionic clusters

[Ge9{Si(TMS)3}2PR2]
@ (R= tBu, Mes, NiPr2), respectively. In subse-

quent reactions with the Lewis acidic copper N-heterocyclic

carbene (NHC) complex NHCDippCuCl we found that the anionic

species can interact with [NHCDippCu]+ either via the [Ge9] clus-

ter core, giving [Ge9] cluster Cu-NHC compounds

(NHCDippCu)[Ge9{Si(TMS)3}2PR2] (R=Mes, NiPr2), or with the lone

pair situated at the phosphorous atom under formation of the

zwitterionic compound [(Ge9{Si(TMS)3}2)Bu2P](CuNHC
Dipp). 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

[Ge9{Si(TMS)3}2PR2]
@ can either be described as phosphine-sub-

stituted [Ge9] clusters (R=Mes, NiPr2) or as [Ge9] 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.[18]

In further attempts to obtain [Ge9] clusters with functional li-

gands, pre-silylated [Ge9] cages were decorated with alkenyl

moieties leading to neutral compounds [Ge9{Si(TMS)3}3{(CH2)n@

CH=CH2}] (n=1, 3),[1b] or alkenyl-functionalized silyl groups

were introduced at bis-silylated clusters yielding

[Ge9{Si(TMS)3}2{SiPh2(CH2)n@CH=CH2}]
@ (n=0, 3) and at bare

[Ge9]
4@ clusters resulting in [Ge9{SiPh2(CH2)n@CH=CH2}3]

@ (n=0,

3).[19] Alkenyl substituents may be used as anchor groups with

respect to the attachment of [Ge9]-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 [Ge9]

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 [Ge9] 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.[20] Therefore,

we investigated the synthesis of a novel chlorophosphine com-

prising a pentenyl group and examined its reactivity towards

variously silylated [Ge9] clusters. Furthermore, we synthesized a

series of novel mixed-functionalized cluster anions

[Ge9{Si(TMS)3}2PRR
I]@ (R and RI

=alkyl, aryl, aminoalkyl) and

tested their suitability as ligands for the straightforward syn-

thesis of zwitterionic compounds upon reaction with

NHCDippMCl (M=Cu, Ag).

Results and Discussion

The pentenyl-functionalized chlorophosphine tBu{(CH2)3CH=

CH2}PCl (1) was obtained by the reaction of a freshly prepared

5-bromomagnesium pentene Grignard solution with tBuPCl2 in

diethyl ether. To assure the mono alkenylation of tBuPCl2, 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

[Ge9{Si(TMS)3}3]
@ and the bis-silylated cluster [Ge9{Si(TMS)3}2]

2@

(Scheme 1). For reactions of 1 with [Ge9{Si(TMS)3}3]
@ , the silylat-

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 1H NMR

spectra of the crude product suggested the attachment of a

[tBu{(CH2)3CH=CH2}P]
+ moiety to [Ge9{Si(TMS)3}3]

@ 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 8C, yielding orange, block-shaped

crystals. The single-crystal data confirmed the attachment of

the pentenyl-functionalized phosphine moiety at the [Ge9]

cluster and formation of the neutral compound

[Ge9{Si(TMS)3}3PtBu{(CH2)3CH=CH2}] (2). Compound 2 crystallizes

in the triclinic space group P1̄, with two formula units in the

unit cell. The shape of the [Ge9] cluster core can be described

as a slightly distorted capped square antiprism (C4v symmetry).

The Ge@Ge distances range between 2.4715(6) a (Ge1@Ge2)

and 3.1642(6) a (Ge5@Ge8) with the shortest distances in the

Scheme 1. Reactions of the pentenyl-functionalized chlorophosphine 1 with

the tris-silylated cluster [Ge9{Si(TMS)3}3]
@ (left) or the bis-silylated cluster

[Ge9{Si(TMS)3}2]
2@ (right) yielding neutral species 2 or anion 3a, both carrying

a pentenyl anchor group attached to the [Ge9] cluster via the phosphine

moiety.
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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

2.374 a (Ge9@Si9) and 2.404 a (Ge2@Si1), which are in the

range of previously reported data.[15g,18]

The phosphine group in 2 is disordered (Figure 1c) and at-

tached to a further Ge vertex within the open square of the

[Ge9] 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).[18a, 21]

The observed disorder probably results from the pyramidal in-

version of the ligands bound to the P atom (P1A: Ge1, C28A,

C32A; P1B: Ge1, C28B, C32B). Both individuals of the disor-

dered phosphine moiety point radially away from the center of

the [Ge9] cluster as shown by the angles Ge3-Ge1-P1A of

137.76(5)8 and Ge3-Ge1-P1B of 137.61(8)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-

silylated cluster [Ge9{Si(TMS)3}2]
2@ were carried out in MeCN.

Addition of a solution of 1 in MeCN to an acetonitrile solution

containing the anion [Ge9{Si(TMS)3}2]
2@ 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 [Ge9{Si(TMS)3}2PtBu{(CH2)3CH=CH2}]
@ (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

1 was qualified as a suitable precursor for the introduction of

pentenyl anchor groups at variously silylated [Ge9] clusters

with varying charge and steric shielding of the [Ge9] cluster

core. In further investigations, a series of mixed-functionalized

[Ge9] anions [Ge9{Si(TMS)3}2PRR
I]@ (4a : R: iPr, RI : tBu; 5a : R: tBu,

RI : NEt2 ; 6a : R=RI : 1,1-dimethylpropyl ; 7a : R=RI : 1-adaman-

tyl ; 8a : R: iPr, RI : NiPr2 ; 9a : R: tBu, R
I : NiPr2 ; 10a : R: tBu, R

I :

Mes; 11a : R=RI : o-tolyl) was synthesized and their suitability

to give zwitterionic compounds by reaction with NHCDippAgCl

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 1J(31P-107Ag/109Ag) spin-spin

coupling by 31P NMR spectroscopy. Moreover, the respective

copper compounds with an analogous interaction between

the cluster anions and [Cu-NHCDipp]+ were prepared. The

anionic clusters 4a–11a were obtained by the reaction of the

bis-silylated cages [Ge9{Si(TMS)3}2]
2@ with the respective chloro-

phosphines RRIPCl in acetonitrile, yielding the crude products

as brownish solids in medium to good yield after filtration of

Figure 1. a) Molecular structure of the major individual of compound 2,

showing the slightly distorted C4v-symmetric shape of the [Ge9] 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; Pmajor individual : purple;

Pminor individual : orange; Cmajor individual : black; Cminor individual : yellow; C-double bond:

red; C-TMS: dark gray; H: light gray. For clarity, in figures a), c), 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.

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 8C) 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 8C) 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.
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the reaction mixtures and removal of the solvent in vacuo (in

analogy to 3a).

The anions were characterized by NMR (1H, 31P, 29Si, 13C) 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 (C6F5)2PCl, which is of similar bulkiness to tBu2PCl,

with [Ge9{Si(TMS)3}2]
2@ 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 [Ge9] clusters (all other tested

chlorophosphines had increased donor strength according to

the Tolman electronic parameter).[22] Reactions of 3a to 11a

with NHCDippMCl (M=Cu, Ag) were carried out by adding

MeCN solutions of NHCDippMCl 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 [NHCDippM]+ to the anions 3a to 11a under formation of

the neutral compounds 3-MNHCDipp to 11-MNHCDipp. An indica-

tion whether a zwitterionic compound with P–M interactions

or a [Ge9] 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 [Ge9] cluster

core. If a zwitterionic compound is formed, the silyl group

signal is not significantly shifted. By contrast, the addition of

the [NHCDippM]+ (M=Cu, Ag) fragment to the [Ge9] core, which

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 [Ge9] units, which have been structurally character-

ized by single-crystal X-ray diffraction, and additionally by ESI-

MS and elemental analyses.[18] As an example, the 1H 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-NHCDipp]+

fragment, giving the zwitterionic 3-AgNHCDipp (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-AgNHCDipp. 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 1J(31P-107Ag/109Ag) spin-spin coupling experi-

ments in solution unambiguously confirmed the results de-

rived from the 1H NMR spectra concerning the interactions be-

tween the cluster anions and the [NHCDippM]+ units. 31P NMR

investigations of solutions of 3-AgNHCDipp to 7-AgNHCDipp

showed doublets with 1J(31P-107Ag/109Ag) coupling constants

ranging from 207.8 to 486.2 Hz (Table 1, Table 2), which are in

accordance with previously reported values.[23] By contrast, sol-

utions of complexes 8-AgNHCDipp to 11-AgNHCDipp exhibited

singlet 31P NMR signals proving the absence of Ag@P bonds.

Table 1. 31P NMR shifts of mixed-functionalized cluster anions [Ge9{Si(TMS)3}2PRR
I]@ (3a to 11a) and respective zwitterionic compounds 3-AgNHCDipp to 7-

AgNHCDipp (left) or [Ge9] cluster Ag-NHC compounds 8-AgNHCDipp to 11-AgNHCDipp (right). 1J(31P-107Ag/109Ag) spin-spin coupling constants (Hz) are reported

for 3-AgNHCDipp to 7-AgNHCDipp.
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Owing to 31P-1H spin-spin coupling, the 31P signals show a

slightly visible additional splitting (Table 2). Accordingly, the

anions 3a to 7a are better described as phosphines carrying a

[Ge9] cluster substituent (no significant shift of the silyl groups’

signal upon coordination of [NHCDippM]+ 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 [(Ge9{Si(TMS)3}2)RR
IP](MNHCDipp) 3-MNHCDipp to

7-MNHCDipp comprising P–M interactions. By contrast, anions

8a to 11a can be described as phosphine-substituted Ge clus-

ters as the [Ge9] cluster core directly interacts with the

[NHCDippM]+ moiety (indicated by the high-field shift of the

silyl groups’ signals upon coordination of [NHCDippM]+ (M=Cu,

Ag) and the absence of spin-spin coupling for M=Ag),

under formation of Ge cluster compounds

(NHCDippM)[Ge9{Si(TMS)3}2PRR
I] 8-MNHCDipp to 11-MNHCDipp

(Table 1, Table 2).

Hence, mixed-functionalized [Ge9] 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 [tBu2P]
+ ,[22,24] 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 NiPr2 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-

activity is observed upon introduction of a [(o-tolyl)2P]
+ 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

[Ge9] clusters via the phosphine moiety. The products were

either the uncharged compound [Ge9{Si(TMS)3}3PRR
I] , 2, or the

anionic species [Ge9{Si(TMS)3}2PRR
I]@ , 3a (R= tBu; RI

=

(CH2)3CH=CH2). Moreover, a series of mixed-functionalized

anions [Ge9{Si(TMS)3}2PRR
I]@ (4a to 11a) was synthesized, and

the reactivity of the anions 3a to 11a towards NHCDippMCl

(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-MNHCDipp to

Table 2. 31P NMR spectra of compounds 3-AgNHCDipp to 11-AgNHCDipp in THF-d8 allowing for the determination of the interaction (P@Ag or Ge@Ag) be-

tween the mixed-functionalized cluster anions 3a to 11a and the [NHCDippAg]+ moiety, by using the presence of 1J(31P-107Ag/109Ag) spin-spin coupling as

an indicator.
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7-MNHCDipp (P–M interactions). By contrast, anions 8a–11a can

be regarded as phosphine-substituted Ge clusters, which form

neutral [Ge9] cluster M–NHC compounds 8-MNHCDipp to 11-

MNHCDipp (Ge–M interactions). Besides expanding the spectrum

of mixed-functionalized [Ge9] 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 [Ge9] 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. K4Ge9 was prepared by fusion of stoi-

chiometric amounts of the elements in stainless-steel tubes at

650 8C. The silylated cluster compounds K[Ge9{Si(TMS)3}3] and

K2[Ge9{Si(TMS)3}2] ,
[8b] the chlorophosphines MesPCl2,

[25] iPrtBuPCl,[26]

tBu(NEt2)PCl,
[27] (1,1-dimethylpropyl)2PCl,

[28] iPr(NiPr2)PCl,
[29]

tBu(NiPr2)PCl,
[29] tBuMesPCl,[30] (C6F5)2PCl,

[31] the imidazolium salt
NHCDipp·HCl, and the corresponding coinage metal complexes

NHCDippMCl (M=Cu, Ag) were synthesized according to modified

literature procedures.[32]

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 N2 gas. For diffraction data collection, the single crystals

were fixed on a glass capillary and positioned in a 150 K cold N2

gas stream by using the crystal cap system. Data collection was

performed with a STOE StadiVari (MoKa 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 F2 (SHELXL-2014).[33] 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 1H 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,

with the solvent peaks serving as internal reference.[34] Abbrevia-
tions for signal multiplicities are: singlet (s), doublet (d), triplet (t),

heptet (hept). 29Si NMR spectra were obtained with the 29Si-INEPT-

RD method (RD: refocused with decoupling). In some of the
13C NMR 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 13C NMR spectra of com-

pounds 3-MNHCDipp to 11-MNHCDipp. In the 29Si-INEPT RD spectra of

compounds 8-CuNHCDipp and 9-CuNHCDipp, the SiGe9 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 8C; injection speed:

240 mLh@1), 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 Universit-t Men-

chen. Analyses of C, H, N were performed with a combustion ana-

lyzer (elementar vario EL, Bruker).

Syntheses

tBu{(CH2)3CH=CH2}PCl (1): 5-Bromopentene (5.0 g, 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 Et2O (50 mL) under constant

reflux, and two grains of iodine were added for activation. After

Table 3. Crystallographic data of compound 2.

Compound 2

formula C36H99Ge9Si12P

Fw [gmol@1] 1552.86

space group P1̄

a [a] 9.7899(5)

b [a] 14.9782(5)

c [a] 25.002(1)

a [8] 80.934(3)

b [8] 83.629(3)

g [8] 84.714(3)

V [a3] 3587.5(3)

Z 2

T [K] 123

l [a] MoKa

1calcd [gcm
@3] 1.440

m [mm@1] 3.960

collected reflections 56768

independent reflections 14066

Rint/Rd 0.0568/0.0383

parameters/restraints 618/40

R1 [I>2 s(I)/all data] 0.0396/0.0566

wR2 [I>2 s(I)/all data] 0.0937/0.1041

goodness of fit 1.043

max./min. diff. electron density [ea@3] 0.93/@0.74

CCDC 1831874
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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@1 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 tBuPCl2 (3.60 g, 22.6 mmol, 1.25 equiv) in Et2O (50 mL) at

@78 8C, 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 (9V10@3 mbar, 41 8C), yielding 1 as a

colorless liquid (0.90 g, 23%). 1H NMR (400 MHz, 298 K, CDCl3): d=

5.84–5.75 (m, 1H, CHdb), 5.07–4.08 (m, 2H, CH2(db)), 2.23–1.18 (m,
2H, CH2), 1.87–1.56 (m, 4H, CH2), 1.16 ppm (d, 3JHP=13.0 Hz, 9H,

MetBu) ;
13C NMR (101 MHz, 298 K, CDCl3): d=137.99 (s, CHdb), 115.47

(s, CH2(db)), 34.83 (m, CH2), 32.54 (d, 1JCP=28.6 Hz, CtBu), 29.57 (d,
1JCP=35.2 Hz, CH2), 26.10 (d, 2JCP=16.8 Hz, MetBu), 25.46 (d, 2JCP=

16.8 Hz, MetBu) 24.72 ppm (d, 2JCP=16.0 Hz, CH2) ;
31P NMR

(162 MHz, 298 K, CDCl3): d=128.41 ppm (m, PGe9).

[Ge9{Si(TMS)3}3PtBu{(CH2)3CH=CH2}] (2): K[Ge9{Si(TMS)3}3] (70 mg,

0.049 mmol, 1 equiv) was dissolved in toluene (1 mL), and a tolu-

ene solution (1 mL) of tBu{(CH2)3CH=CH2}PCl (10.6 mg, 0.049 mmol,
1 equiv) was added, yielding a deep-red reaction mixture. After

stirring at room temperature for 1 h, the solvent was removed

under reduced pressure, and the remaining dark-brown solid was

washed with acetonitrile (3V2 mL). Subsequently, the solid was

dissolved in toluene (1 mL), filtered to remove insoluble materials,

and stored in a freezer at @40 8C, yielding the product as orange

crystals (25.9 mg, 35%). 1H NMR (400 MHz, 298 K, C6D6): d=5.94–

5.84 (m, 1H, CHdb), 5.20–5.07 (m, 2H, CH2(db)), 2.28–2.19 (m, 2H,

CH2), 2.19–2.10 (m, 2H, CH2), 1.95–1.82 (m, 2H, CH2), 1.34 (d, 3JHP=

11.4 Hz, 9H, MetBu), 0.47 ppm (s, 81H, MeTMS) ;
13C NMR (101 MHz,

298 K, C6D6): d=138.38 (s, CHdb), 115.53 (s, CH2(db)), 36.05 (d, 1JCP=

13.0 Hz, CH2), 31.46 (d, 2JCP=13.9 Hz, MetBu), 30.26 (d, 3JCP=21.9 Hz,

CH2), 28.78 (d, 1JCP=30.0 Hz, CtBu), 27.93 (d, 2JCP=30.1 Hz, CH2),

3.10 ppm (s, MeTMS) ;
29Si-INEPT NMR (79 MHz, 298 K, C6D6): d=

@8.31 (s, SiTMS), @102.52 ppm (s, SiGe9) ;
31P NMR (162 MHz, 298 K,

C6D6): d=19.46 ppm (m, PGe9) ; elemental analysis calcd (%) for

Ge9Si12P1C36H99 : C 27.83, H 6.42; found: C 27.84, H 6.43.

General procedure for the syntheses of [Ge9{Si(TMS)3}2PRR
I]@@

(3a to 11a)

K2[Ge9{Si(TMS)3}2] was dissolved in MeCN, and the respective chlor-

ophosphine dissolved in MeCN was added. The resulting mixtures
were stirred at room temperature for 1 h, 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

[(Ge9{Si(TMS)3}2)RR
IP](MNHCDipp) (3-MNHCDipp to 7-MNHCDipp)

and (NHCDippM)[Ge9{Si(TMS)3}2PRR
I] (8-MNHCDipp to

11-MNHCDipp) (M=Cu, Ag)

K2[Ge9{Si(TMS)3}2] was dissolved in MeCN, and the respective chlor-

ophosphine dissolved in MeCN was added. The resulting mixtures

were stirred at room temperature for 1 h, before a solution of

NHCDippMCl 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-

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 
 

[Ge9{Si(TMS)3}2PtBu{(CH2)3CH=CH2}]– (3a): K2[Ge9{Si(TMS)3}2] (100 mg, 0.082 mmol, 1 eq.) and 
tBu(CH2)3CH=CH2PCl (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 %).1H NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 7.26 – 7.07 (m, 1H, CHdb), 5.91 – 5.68 (m, 
2H, CH2(db)), 2.26 – 2.11 (m, 2H, CH2), 2.10 – 2.01 (m, 2H, CH2), 1.71 – 1.63 (m, 2H, CH2), 1.14 (d, 3JHP = 11.4 Hz, 
9H, MetBu), 0.26 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 139.23 (s, CHdb), 115.28 (s, CH2(db)), 
36.67 (s, CH2), 36.01 (s, CH2), 31.07 (s, CtBu), 29.47 (s, MetBu), 19.24 (d, 1JCP, CH2), 3.20 (s, MeTMS). 29Si-INEPT 

NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -11.32 (s, SiTMS), -109.61 (s, SiGe9). 31P NMR (400 MHz, thf-d8, 298 K): δ 
[ppm] = 4.11 (m, PGe9). ESI-MS: (negative ion mode, 3500 V, 300 °C): m/z 1306.8 
[Ge9{Si(TMS)3}2PtBu(CH2)3CH=CH2]‒. 

[(Ge9{Si(TMS)3}2)tBu(CH2)3CH=CH2P](AgNHCDipp) (3-AgNHCDipp): K2[Ge9{Si(TMS)3}2] (40.0 mg, 0.033 mmol, 1 
eq.) and tBu(CH2)3CH=CH2PCl (6.9 mg, 0.036 mmol, 1.1 eq.) in MeCN (2 + 1 mL). NHCDippAgCl (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 %). 1H NMR 
(400 MHz, thf-d8, 298 K): δ [ppm] = 7.63 (s, 2H, CHIm), 7.48 (s, 2H, CH Ph(p)), 7.39 (s, 4H, CHPh(m)), 5.73 – 5.61 (m, 
1H, CHdb), 4.98 – 4.85 (m, 2H, CH2db), 2.83 – 2.67 (m, 4H, CHiPr), 2.00 – 1.90 (m, 6H, CH2), 1.45 (s, 12H, MeiPr), 
1.22 (s, 12H, MeiPr), 0.93 (d, 3JHP = 13.7 Hz, 9H, MetBu), 0.23 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ 
[ppm] = 146.26 (s, CPh(o)), 139.31 (s, CHdb), 135.97 (s, CPhN), 131.61 (s, CHPh(p)), 126.38 (s, CHPh(m)), 125.29 (s, 
CHIm), 115.10 (s, CH2db), 36.21 (s, CH2), 30.22 (s, CHiPr), 30.11 (s, MetBu), 29.79 (s, CH2), 29.54 (s, CH2), 26.26 (s, 
CtBu), 24.20 (s, CH3iPr), 3.12 (s, MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.28 (s, SiTMS), -105.59 
(s, SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 11.32 (d, 1JPAg = 258.7 Hz, PGe9). 

 [(Ge9{Si(TMS)3}2)tBu(CH2)3CH=CH2P](CuNHCDipp) (3-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (100 mg, 0.082 mmol, 1 
eq.) and tBu(CH2)3CH=CH2PCl (20.5 mg, 0.107 mmol, 1.3 eq.) in MeCN (2 + 1 mL). NHCDippCuCl (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 %). 1H NMR 
(400 MHz, thf-d8, 298 K): δ [ppm] = 7.56 (s, 2H, CHIm), 7.47 (s, 2H, CH Ph(p)), 7.39 (s, 4H, CHPh(m)), 5.74 – 5.57 (m, 
1H, CHdb), 4.98 – 4.85 (m, 2H, CH2db), 2.87 – 2.72 (m, 4H, CHiPr), 2.01 – 1.87 (m, 6H, CH2), 1.46 (s, 12H, MeiPr), 
1.21 (s, 12H, MeiPr), 0.83 (d, 3JHP = 12.1 Hz, 9H, MetBu), 0.25 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ 
[ppm] = 146.34 (s, CPh(o)), 139.09 (s, CHdb), 136.30 (s, CPhN), 131.63 (s, CHPh(p)), 125.37 (s, CHPh(m)), 125.08 (s, 
CHIm), 115.24 (s, CH2db), 36.48 (s, CH2), 30.18 (s, CHiPr), 29.83 (s, MetBu), 29.67 (s, CH2), 29.49 (s, CH2), 26.19 (s, 
CtBu), 3.14 (s, MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -11.02 (s, SiTMS), -107.01 (s, SiGe9). 31P 

NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 8.33 (m, PGe9). 

[Ge9{Si(TMS)3}2PiPrtBu]– (4a): K2[Ge9{Si(TMS)3}2] (36.8 mg, 0.030 mmol, 1 eq.) and iPrtBuPCl (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 %). 1H 

NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 2.00 (hept, 1H, CHiPr), 1.24 – 1.07 (m, 6H, MeiPr), 1.20 (d, 3JHP = 11.0 Hz, 
9H, MetBu), 0.26 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 32.40 (s, CHiPr), 29.89 (s, MetBu), 
27.40 (s, MeiPr), 26.52 (d, 1JCP = 10.8 Hz, CtBu), 3.18 (s, MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] 
= -11.53 (s, SiTMS), -109.67 (s, SiGe9). 31P NMR (162 MHz, 298 K, thf-d8): δ [ppm] = 35.55 (m, PGe9). ESI-MS (negative 
ion mode, 3500 V, 300 °C): m/z 1280.8 [Ge9{Si(TMS)3}2PiPrtBu]‒. 

[(Ge9{Si(TMS)3}2)iPrtBuP](AgNHCDipp) (4-AgNHCDipp): K2[Ge9{Si(TMS)3}2] (40.0 mg, 0.033 mmol, 1 eq.) and 
iPrtBuPCl (7.4 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCDippAgCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): 
δ [ppm] = 7.68 (s, 2H, CHIm), 7.53 – 7.43 (m, 2H, CHPh(p)), 7.42 – 7.34 (m, 4H, CHPh(m)), 2.76 (s, 4H, CHiPr), 2.44 – 
2.28 (m, 1H, CHiPr), 1.45 (s, 12H, MeiPr), 1.19 (s, 12H, MeiPr), 0.98 – 0.73 (m, 15H, MeiPrP and MetBu), 0.26 (s, 54H, 
MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 146.56 (s, CPh(m)), 136.66 (s, CPhN), 131.60 (s, CHPh(p)), 125.34 
(s, CHPh(o)), 125.27 (s, CHIm), 31.32 (s, MeiPr), 31.24 (MetBu), 29.78 (s, CHiPr), 3.10 (MeTMS).29Si-INEPT NMR (79 
MHz, thf-d8, 298 K): δ [ppm] = -9.25 (s, SiTMS), -105.76 (s, SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 37.83 
(d, 1JPAg = 384.9 Hz, PGe9). 

 [(Ge9{Si(TMS)3}2)iPrtBuP](CuNHCDipp) (4-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (36.8 mg, 0.030 mmol, 1 eq.) and 
iPrtBuPCl (7.4 mg, 0.033 mmol, 1.1 eq.) in MeCN (1 + 1 mL). NHCDippCuCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): 
δ [ppm] = 7.59 (s, 2H, CHIm), 7.51 – 7.46 (m, 2H, CHPh(p)), 7.42 – 7.35 (m, 4H, CHPh(m)), 2.86 (hept, 3JHH = 6.9 Hz, 
2H, CHiPr), 2.78 (hept, 3JHH = 6.9 Hz, 2H, CHiPr), 1.45 (dd, 3JHH = 6.9 Hz, 12H, MeiPr), 1.19 (dd, 3JHH = 6.9 Hz, 12H, 
MeiPr), 0.91 (dd, 3JHH = 6.8 Hz, 6H, MeiPrP), 0.79 (d, 3JHP = 6.8 Hz, 9H, MetBu), 0.27 (s, 54H, MeTMS). 13C NMR (101 
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MHz, thf-d8, 298 K): δ [ppm] = 146.43 (s, CPh(m)), 136.66 (s, CPhN), 131.58 (s, CHPh(p)), 125.48 (s, CHPh(o)), 125.36 
(s, CHIm), 31.47 (s, MeiPr), 31.40 (MetBu), 29.81 (s, CHiPr), 3.12 (MeTMS).29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ 
[ppm] = -9.14 (s, SiTMS), -105.28 (s, SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 32.97 (m, PGe9). 

[Ge9{Si(TMS)3}2PtBu(NEt2)]– (5a): K2[Ge9{Si(TMS)3}2] (44.2 mg, 0.036 mmol, 1 eq.) and tBu(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 %).1H NMR 
(400 MHz, thf-d8, 298 K): δ [ppm] = 3.05 – 2.94 (m, 2H, CH2(NEt2)), 2.93 – 2.82 (m, 2H, CH2(NEt2)), 1.14 (d, 3JHP = 
13.0 Hz, 9H, MetBu), 0.97 (t, 3JHH = 7.1 Hz, 6H, Me(NEt2)), 0.25 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): 
δ [ppm] = 50.58 (s, CH2(NEt2)), 34.97 (d, 1JCP = 30.9 Hz, CtBu), 30.05 (s, MetBu), 15.39 (s, Me(NEt2)), 3.22 (s, MeTMS). 
29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -11.38 (s, SiTMS), -109.96 (s, SiGe9).31P NMR (162 MHz, thf-d8, 
298 K): δ [ppm] = 110.04 (m, PGe9). ESI-MS (negative ion mode, 4000 V, 300 °C): m/z 1309.7 
[Ge9{Si(TMS)3}2PtBu(NEt2)]‒. 

[(Ge9{Si(TMS)3}2)tBu(NEt2)P](AgNHCDipp) (5-AgNHCDipp): K2[Ge9{Si(TMS)3}2] (40.0 mg, 0.033 mmol, 1 eq.) and 
tBu(NEt2)PCl (6.4 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCDippAgCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): δ 
[ppm] = 7.60 (s, 2H, CHIm), 7.52 – 7.45 (m, 2H, CHPh(p)), 7.40 – 7.35 (m, 4H, CHPh(m)), 2.89 (hept, 3JHH = 6.8 Hz, 2H, 
CH2(NEt2)), 2.85 – 2.72 (m, 6H, CHiPr and CH2(NEt2)), 1.49 (dd, 3JHH = 6.8 Hz, 12H, MeiPr), 1.22 (dd, 3JHH = 6.8 Hz, 
12H, MeiPr), 0.98 (d, 9H, 3JHP = 14.8 Hz, MetBu), 0.91 (t, 6H, 3JHH = 6.8 Hz, Me(NEt2)), 0.21 (s, 54H, CH3 TMS). 13C 

NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 146.26 (s, CPh(o)), 136.57 (s, CHPh(p)), 131.38 (s, CPhN), 125.24 (s, CHPh(m)), 
124.97 (s, CHIm), 49.66 (s, CH2(NEt2)), 29.78 (s, CHiPr), 29.54 (s, MetBu), 14.68 (s, Me(NEt2)), 3.16 (s, MeTMS). 29Si-

INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.36 (s, SiTMS), -105.78 (s, SiGe9).31P NMR (162 MHz, thf-d8, 298 K): 
δ [ppm] = 111.15 (d, 1JPAg = 207.8 Hz, PGe9). EA: anal. calcd. for Ge9Si8N3P1AgC53H109: C, 35.25; H, 6.08; N, 2.33; 
found: C, 35.29; H, 6.09; N, 2.27. 

[(Ge9{Si(TMS)3}2)tBu(NEt2)P](CuNHCDipp) (5-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (44.2 mg, 0.036 mmol, 1 eq.) and 
tBu(NEt2)PCl (6.8 mg, 0.047 mmol, 1.3 eq.) in MeCN (1 + 1 mL). NHCDippCuCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): 
δ [ppm] = 7.51 (s, 2H, CHIm), 7.48 – 7.44 (m, 2H, CHPh(p)), 7.40 – 7.50 (m, 4H, CHPh(m)), 2.89 (hept, 3JHH = 6.8 Hz, 
4H, CHiPr), 2.82 – 2.72 (m, 4H, CH2(NEt2)), 1.50 (dd, 3JHH = 6.8 Hz, 12H, MeiPr), 1.19 (dd, 3JHH = 6.8 Hz, 12H, MeiPr), 
0.91 (s, 6H, Me(NEt2) ), 0.89 – 0.84 (m, 9H, MetBu), 0.23 (s, 54H, CH3 TMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] 
= 146.33 (s, CPh(o)), 136.56 (s, CHPh(p)), 131.38 (s, CPhN), 125.34 (s, CHPh(m)), 125.01 (s, CHIm), 49.05 (s, CH2(NEt2)), 
36.98 (s, CtBu), 29.80 (s, CHiPr), 29.47 (s, MetBu), 14.60 (s, Me(NEt2)), 3.19 (s, MeTMS). 29Si-INEPT NMR (79 MHz, thf-
d8, 298 K): δ [ppm] = -11.13 (s, SiTMS), -106.74 (s, SiGe9).31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 108.78 (m, 
PGe9). EA: anal. calcd. for Ge9Si8N3P1CuC53H109: C, 36.14; H, 6.24; N, 2.39; found: C, 36.26; H, 6.32; N, 2.43. 

[Ge9{Si(TMS)3}2P(1,1-dimethylpropyl)2]– (6a): K2[Ge9{Si(TMS)3}2] (61.3 mg, 0.050 mmol, 1 eq.) and (1,1-
dimethylpropyl)2PCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 1.91 – 1.83 (m, 2H, CHamyl), 1.59 – 1.45 (m, 4H, 
CH2(Amyl)), 1.26 (d, 3JHP = 4.5 Hz, 6H, Meamyl-sidechain), 1.23 (d, 3JHP = 4.5 Hz, 6H, Meamyl-sidechain), 0.83 (t, 3JHH = 7.4 
Hz, 6H, Meamyl), 0.25 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 38.17 (s, CH2(Amyl)), 36.12 (d, 
1JCP = 38.9 Hz, Camyl), 31.00 (s, Meamyl), 29.93 (s, Meamyl), 9.60 (s, Meamyl-sidechain), 3.19 (MeTMS).29Si-INEPT (79 MHz, 
thf-d8, 298 K): δ [ppm] = -9.50 (s, SiTMS), -108.11 (s, SiGe9).  31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 52.93 (m, 
PGe9). ESI-MS: (negative ion mode, 3000 V, 300 °C): m/z 1322.8 [Ge9{Si(TMS)3}2P(1.1-dimethylpropyl)2]‒. 

[(Ge9{Si(TMS)3}2)(1,1-dimethylpropyl)2P]Ag(NHCDipp)  (6-AgNHCDipp): K2[Ge9{Si(TMS)3}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). NHCDippAgCl (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 %). 1H-NMR 
(400 MHz, thf-d8, 298 K): δ [ppm] = 7.73 – 7.68 (s, 2H, CHIm), 7.52 – 7.47 (m, 2H, CHPh(p)), 7.41 – 7.36 (m, 4H, 
CHPh(m)), 2.79 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 1.48 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.49 – 1.36 (m, 10H, 
CH2(amyl)/Meamyl), 1.23 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 0.92 (d, 3JHP = 14.6 Hz, 12H, Meamyl-sidechain), 0.27 (s, 54H, 
MeTMS). 13C-NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 146.52 (s, CPh(o)), 136.79 (s, CPhN), 131.65 (s, CHPh(p)), 125.53 
(s, CHIm), 125.29 (s, CHPh(m)), 38.03 (s, Camyl), 36.83 (s, CH2(amyl)), 29.81 (s, CHiPr), 28.31 (Meamyl-sidechain), 8.62 (s, 
Meamyl), 3.10 (MeTMS). 29Si-INEPT (79 MHz, thf-d8, 298 K): δ [ppm] = -9.24 (s, SiTMS), -106.06 (s, SiGe9).31P-NMR 
(162 MHz, thf-d8, 298 K): δ [ppm] = 62.81 (d, 1JPAg = 405.5 Hz, PGe9). 

[(Ge9{Si(TMS)3}2)(1,1-dimethylpropyl)2P]Cu(NHCDipp)  (6-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (61.3 mg, 0.050 
mmol, 1 eq.) and (1,1-dimethylpropyl)2PCl (12.0 mg, 0.050 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCDippCuCl (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 %). 1H-

NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 7.61 (s, 2H, CHIm), 7.51 – 7.47 (m, 2H, CHPh(p)), 7.40 – 7.38 (m, 4H, 
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CHPh(m)), 2.89 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 1.49 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.36 (m, 10H, CH2(Amyl)/Meamyl), 
1.19 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 0.90 (d, 3JHP = 14.5 Hz, 12H, Meamyl-sidechain), 0.27 (s, 54H, MeTMS). 13C-NMR 

(101 MHz, thf-d8, 298 K): δ [ppm] = 146.34 (s, CPh(o)), 136.77 (s, CPhN), 131.56 (s, CHPh(p)), 125.62 (s, CHIm), 125.40 
(s, CHPh(m)), 37.93 (s, Camyl), 36.83 (s, CH2(amyl)), 29.86 (s, CHiPr), 28.56 (Meamyl-sidechain), 8.60 (Meamyl), 3.12 (MeTMS). 
29Si-INEPT (79 MHz, thf-d8, 298 K): δ [ppm] = -11.00 (s, SiTMS), -107.54 (s, SiGe9).31P-NMR (162 MHz, thf-d8, 298 K): 
δ [ppm] = 60.18 (m, PGe9). 

[Ge9{Si(TMS)3}2P(1-adamantyl)2]– (7a): K2[Ge9{Si(TMS)3}2] (61.3 mg, 0.050 mmol, 1 eq.) and (1-adamantyl)2PCl 
(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 %) 
1H NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 2.17 – 1.88 (m, 20H, CH/CH2(adamantyl)), 1.69 (s, 4H, CH/CH2(adamantyl)), 
1.61 – 1.54 (m, 6H, CH/CH2(adamantyl)), 0.26 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 45.05, 
37.97, 37.76, 37.62, 37.57, 37.39 (s, CH2/CHadamantyl), 3.16 (s, MeTMS). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] 
= 57.32 (m, PGe9). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -11.53 (s, SiTMS), -110.03 (s, SiGe9). ESI-MS: 
(negative ion mode, 4000 V, 300 °C): m/z 1450.8 [Ge9{Si(TMS)3}2P(1-adamantyl)2]‒. 

[(Ge9{Si(TMS)3}2)(1-adamantyl)2P]Ag(NHCDipp) (7-AgNHCDipp): K2[Ge9{Si(TMS)3}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). NHCDippAgCl (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 %). 1H NMR (400 MHz, 
thf-d8, 298 K): δ [ppm] = 7.69 (s, 2H, CHIm), 7.54 – 7.45 (m, 2H, CHPh(p)), 7.43 – 7.35 (m, 4H, CHPh(m)), 2.82 (s, 4H, 
CHiPr), 2.07 – 1.40 (m, 30H, CH/CH2(adamantyl)), 1.51 (s, 12H, MeiPr), 1.22 (s, 12H, MeiPr), 0.28 (s, 54H, MeTMS). 13C 

NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 146.55 (s, CPh(o)), 136.93 (s, CPhN),  
131.63 (s, CHPh(p)), 125.75 (s, CHIm), 125.36 (s, CHPh(m)), 44.30, 38.60, 37.14, 29.84 (C/CH/CH2(adamantyl)), 30.04 
(CHiPr), 29.55 (CH2(adamantyl)), 3.09 (MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.22 (s, SiTMS), -
106.32 (s, SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 51.73 (d, 1JP-107Ag= 422.5 Hz, PGe9, 1JP-109Ag= 486.2 
Hz, PGe9). 

[(Ge9{Si(TMS)3}2)(1-adamantyl)2P]Cu(NHCDipp) (7-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (61.3 mg, 0.050 mmol, 1 eq.) 
and (1-adamantyl)2PCl (16.9 mg, 0.050 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCDippCuCl (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 %). 1H NMR (400 MHz, 
thf-d8, 298 K): δ [ppm] = 7.59 (s, 2H, CHIm), 7.52 – 7.48 (m, 2H, CHPh(p)), 7.43 – 7.39 (m, 4H, CHPh(m)), 2.91 (hept, 
3JHH = 6.8 Hz, 4H, CHiPr), 2.02 – 1.44 (m, 30H, CH/CH2(adamantyl)), 1.51 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.20 (d, 3JHH = 
6.8 Hz, 12H, MeiPr), 0.28 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 146.43 (s, CPh(o)), 137.04 
(s, CPhN),  
131.68 (s, CHPh(p)), 125.95 (s, CHIm), 125.52 (s, CHPh(m)), 44.49, 38.79, 37.68, 37.15 (C/CH/CH2(adamantyl)), 30.02 
(CHiPr), 29.93 (CH2(adamantyl)), 3.39 (MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -10.99 (s, SiTMS), -
107.74 (s, SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 48.76 (m, PGe9). 

[Ge9{Si(TMS)3}2PiPr(NiPr2)]– (8a): K2[Ge9{Si(TMS)3}2] (73.6 mg, 0.060 mmol, 1 eq.) and iPr(NiPr2)PCl (13.6 mg, 
0.066 mmol, 1.1 eq.) in MeCN (1.5 + 1 mL). The crude product was obtained as a brown solid (54 mg, 60 %). 
1H NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 3.56 – 3.36 (m, 2H, CHNiPr), 2.09 – 2.01 (m, 1H, CHPiPr), 1.18 (d, 3JHH 
= 6.8 Hz, 6H, MeNiPr), 1.12 (d, 3JHH = 6.9 Hz, 3H, MePiPr), 1.06 (d, 3JHH = 6.9 Hz, 3H, MePiPr), 1.02 (d, 3JHH = 6.8 Hz, 
6H, MeNiPr), 0.25 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 32.24 (d, 1JCP = 24.1 CHiPr), 22.76 
(d, 2JCP = 14.7 Hz, MeiPr), 21.87 (d, 3JCP = 28.9 Hz, MeNiPr2), 3.22 (s, MeTMS). 29Si-INEPT (79 MHz, thf-d8, 298 K): δ 
[ppm] = -9.57 (s, SiTMS), -108.08 (s, SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 69.83 (m, PGe9). ESI-MS: 
(negative ion mode, 3500 V, 300 °C): m/z 1323.8. [Ge9{Si(TMS)3}2PiPr(NiPr2)]‒. 

(NHCDippAg)[Ge9{Si(TMS)3}2PiPr(NiPr2)] (8-AgNHCDipp): K2[Ge9{Si(TMS)3}2] (40.0 mg, 0.033 mmol, 1 eq.) and 
iPr(NiPr2)PCl (6.8 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCDippAgCl (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 %).1H NMR (400 MHz, thf-d8, 298 K): 
δ [ppm] = 7.54 – 7.51 (m, 2H, CHPh(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(iPr)), 2.25 – 2.16 (m, 1H, CHPiPr), 1.55 – 157 (m, 12H, MeNHC(iPr)), 1.23 (d, 3JHH 
= 6.8 Hz, 12H, MeNHC(iPr)), 1.20 – 1.10 (m, 18H, MeNiPr2 and MePiPr), 0.17 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-
d8, 298 K): δ [ppm] = 146.48 (s, CPh(o)), 136.45 (s, CHPh(p)), 131.23 (s, CPhN), 125.13 (s, CPh(m)), 124.57 (s, CHIm), 
31.72 (s, CHiPr/NiPr), 29.77 (s, CHNHC(iPr)), 22.56 (s, MePiPr), 21.20 (s, MeNiPr), 3.18 (MeTMS). 29Si-INEPT NMR (79 
MHz, thf-d8, 298 K): δ [ppm] = -9.49 (s, SiTMS), -105.61 (s, SiGe9).31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 77.38 
(s, PGe9). 

(NHCDippCu)[Ge9{Si(TMS)3}2PiPr(NiPr2)] (8-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (73.6 mg, 0.060 mmol, 1 eq.) and 
iPr(NiPr2)PCl (13.6 mg, 0.066 mmol, 1.1 eq.) in MeCN (1.5 + 1 mL). NHCDippCuCl (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 %).1H NMR (400 MHz, thf-d8, 
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298 K): δ [ppm] = 7.48 – 7.44 (m, 2H, CHPh(p)), 7.39 (s, 2H, CHIm), 7.38 – 7.34 (m, 4H, CHPh(m)), 3.52 – 3.38 (m, 2H, 
CHNiPr2), 2.95 – 2.85 (m, 4H, CHNHC(iPr)), 2.28 – 2.17 (m, 1H, CHPiPr), 1.54 (dd, 3JHH = 6.8 Hz, 12H, MeNHC(iPr)), 1.22 
– 1.16 (m, 24H, MeNHC(iPr)/NiPr2), 1.14 (d, 6H, MePiPr), 0.19 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ 
[ppm] = 146.29 (s, CPh(o)), 136.41 (s, CHPh(p)), 131.21 (s, CPhN), 125.23 (s, CPh(m)), 124.16 (s, CHIm), 29.81 (s, CH 
NHC(iPr)), 22.60 (s, MePiPr), 3.25 (MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.49 (s, SiTMS).31P 

NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 76.49 (m, PGe9). 

[Ge9{Si(TMS)3}2PtBu(NiPr2)]– (9a): K2[Ge9{Si(TMS)3}2] (44.2 mg, 0.036 mmol, 1 eq.) and tBu(NiPr2)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 %). 1H 

NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 3.09 (brs, 1H, CHiPr), 1.18 – 1.02 (m, 12H, MeiPr), 1.12 (d, 3JHP = 13.3 Hz, 
9H, MetBu), 0.25 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 35.15 (d, 1JCP = 32.4 Hz, CtBu), 30.86 
(d, 2JCP = 17.4 Hz, MetBu), 30.68 (s, MeNiPr2), 3.22 (s, MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -
9.59 (s, SiTMS), -108.11 (s, Ge9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 83.12 (m, PGe9). ESI-MS: (negative 
ion mode, 3000 V, 300 °C): m/z 1337.8 [Ge9{Si(TMS)3}2PtBu(NiPr2)]‒. 

NHCDippAg[Ge9{Si(TMS)3}2PtBu(NiPr2)] (9-AgNHCDipp): K2[Ge9{Si(TMS)3}2] (40.0 mg, 0.033 mmol, 1 eq.) and 

tBu(NiPr2)PCl (7.3 mg, 0.033 mmol, 1.1 eq.) in MeCN (1 + 1 mL). NHCDippAgCl (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 %).1H NMR (400 MHz, thf-d8, 298 K): δ 
[ppm] = 7.54 – 7.50 (m, 2H, CHPh(p)), 7.49 – 7.43 (m, 2H, CHIm), 7.40 – 7.34 (m, 4H, CHPh(m)), 2.83 (hept, 3JHH = 
6.8 Hz, 4H, CHNHC(iPr)), 1.54 (d, 3JHH = 6.8 Hz, 6H, MeNHC(iPr)), 1.49 (d, 3JHH = 6.8 Hz, 6H, MeNHC(iPr)), 1.21 (d, 3JHH = 
6.8 Hz, 12H, MeNHC(iPr)), 1.18 – 1.09 (m, 21H, MeNiPr/tBu), 0.17 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): 
δ [ppm] = 146.37 (s, CPh(o)), 136.46 (s, CHPh(p)), 131.26 (s, CPhN), 125.18 (s, CHPh(m)), 124.70 (s, CHIm), 36.06 (s, 
CHPNiPr), 30.78 (s CHNHC(iPr)), 29.75 (MetBu), 3.21 (MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.51 
(s, SiTMS), -105.45(s, SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = 89.59 (s, PGe9). 

NHCDippCu[Ge9{Si(TMS)3}2PtBu(NiPr2)] (9-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (44.2 mg, 0.036 mmol, 1 eq.) and 

tBu(NiPr2)PCl (8.8 mg, 0.040 mmol, 1.1 eq.) in MeCN (1 + 1 mL). NHCDippCuCl (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 %).1H NMR (400 MHz, thf-d8, 298 K): δ 
[ppm] = 7.46 – 7.42 (m, 2H, CHPh(p)), 7.38 (s, 2H, CHIm), 7.37 – 7.34 (m, 4H, CHPh(m)), 2.91 (hept, 3JHH = 6.8 Hz, 4H, 
CHNHC(iPr)), 1.57 (d, 3JHH = 6.8 Hz, 6H, MeNHC(iPr)), 1.50 (d, 3JHH = 6.8 Hz, 6H, MeNHC(iPr)), 1.19 (dd, 3JHH = 6.8 Hz, 
12H, MeNHC(iPr)), 1.15 – 1.11 (m, 21H, MeNiPr/tBu), 0.19 (s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] 
= 146.34 (s, CPh(o)), 136.95 (s, CHPh(p)), 131.23 (s, CPhN), 125.36 (s, CHPh(m)), 124.35 (s, CHIm), 30.77 (s CHNHC(iPr)), 
29.82 (MetBu), 3.31 (MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.52 (s, SiTMS).31P NMR (162 MHz, 
thf-d8, 298 K): δ [ppm] = 88.11 (m, PGe9). 

[Ge9{Si(TMS)3}2PtBu(Mes)]– (10a): K2[Ge9{Si(TMS)3}2] (44.2 mg, 0.036 mmol, 1 eq.) and tBu(Mes)PCl (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 %). 1H-

NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 6.73 (m, 2H, CHMes), 2.56 – 2.46 (m, 6H, MeMes), 2.15 (s, 3H, MeMes), 1.07 
(d, 3JHP = 12.5 Hz, 9H, MetBu), 0.25 (s, 54H, MeTMS). 13C-NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 145.95 (s, CPh(P), 
137.34 (s, CPh(o)), 134.35 (s, CPh(p)), 130.06 (s, CHPh), 33.39 (s, CtBu), 32.27 (s, MetBu), 31.22 (s, Me(o)), 21.09 (s, 
Me(p)), 3.20 (s, MeTMS). 29Si-INEPT (79 MHz, thf-d8, 298 K): δ [ppm] = -11.31 (s, SiTMS), -109.41 (s, SiGe9). 31P-NMR 
(162 MHz, thf-d8, 298 K): δ [ppm] = -19.40 (m, PGe9). ESI-MS: (negative ion mode, 3500 V, 300 °C): m/z 1356.8 
[Ge9{Si(TMS)3}2PtBu(Mes)]‒. 

NHCDippAg[Ge9{Si(TMS)3}2PtBu(Mes)] (10-AgNHCDipp): K2[Ge9{Si(TMS)3}2] (40.0 mg, 0.033 mmol, 1 eq.) and 

tBu(Mes)PCl (7.9 mg, 0.033 mmol, 1 eq.) in MeCN (1 + 1 mL). NHCDippAgCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): 
δ [ppm] = δ 7.55 – 7.52 (m, 2H, CHPh(p)), 7.46 – 7.40 (m, 2H, CHIm), 7.37 – 7.33 (m, 2H, CHPh(m)), 7.27 – 7.22 (m, 
2H, CHPh(m)), 6.90 – 6.84 (m, 2H, CHMes), 2.80 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 2.71 – 2.65 (m, 6H, MeMes), 2.22 (s, 
3H, MeMes), 1.47 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.21 (t, 3JHP = 7.1 Hz, 12H, MeiPr), 1.16 (d, 3JHP = 7.1 Hz MetBu), 
0.17 (s, 54H, MeTMS).13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 146.43 (s, CPh(o)), 138.80 (s, CPhN), 136.43 (s, 
CMes(o)), 131.27 (s, CHPh(p)), 130.43 (s, CHMes), 129.57 (s, CMesP), 129.51 (s, CMes(p)), 125.21 (s, CHIm), 124.55 (s, 
CHPh(m)), 34.48 (s, CtBu), 32.32 (MetBu), 29.77 (CHiPr), 21.06 (s, MeMes(o)), 3.19 (MeTMS). 29Si-INEPT (79 MHz, thf-d8, 
298 K): δ [ppm] = -9.40 (s SiTMS), -104.87 (s, SiGe9).31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = -14.36 (s, PGe9). 
EA: anal. calcd. for Ge9Si8N2P1AgC58H110: C, 37.60; H, 5.98; N, 1.51; found: C, 37.91; H, 6.10; N, 1.56. 

NHCDippCu[Ge9{Si(TMS)3}2PtBu(Mes)] (10-CuNHCDipp): K2[Ge9{Si(TMS)3}2] (44.2 mg, 0.036 mmol, 1 eq.) and 

tBu(Mes)PCl (14.3 mg, 0.054 mmol, 1.5 eq.) in MeCN (1 + 1 mL). NHCDippCuCl (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 %). 1H NMR (400 MHz, thf-d8, 
298 K): δ [ppm] = δ 7.42 – 7.37 (m, 4H, CHPh(m)), 7.37 – 7.32 (m, 2H, CHIm), 7.29 – 7.21 (m, 2H, CHPh(p)), 6.92 – 
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6.85 (m, 2H, CHMes), 2.89 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 2.76 – 2.64 (m, 6H, MeMes), 2.23 (s, 3H, MeMes), 1.50 (d, 
3JHH = 6.8 Hz, 12H, MeiPr), 1.19 (s, 3H, MetBu), 1.16 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.09 – 1.14 (brs, 6H, MetBu), 0.19 
(s, 54H, MeTMS). 13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 146.19 (s, CPh(o)), 138.84 (s, CPhN), 136.38 (s, CMes(o)), 
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, CtBu), 32.09 (MetBu), 29.80 (CHiPr), 21.05 (s, MeMes(o)), 3.28 (MeTMS). 29Si-INEPT (79 MHz, thf-d8, 298 K): δ 
[ppm] = -11.22 (s SiTMS), -105.12 (s, SiGe9).31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = -14.77 (m, PGe9). EA: anal. 
calcd. for Ge9Si8N2P1CuC58H110: 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. 

[Ge9{Si(TMS)3}2P(o-tolyl)2]– (11a): K2[Ge9{Si(TMS)3}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). The crude product was obtained as a brown solid (38 mg, 45 %). 1H 

NMR (400 MHz, thf-d8, 298 K): δ [ppm] = 6.94 – 6.87 (m, 8H, CHo-tolyl), 2.20 (s, 6H, Meo-tolyl), 0.27 (s, 54H, MeTMS). 
13C NMR (101 MHz, thf-d8, 298 K): δ [ppm] = 143.05, 141.35, 136.45, 129.62, 127.24, 125.77 (s, CPh/CHPh), 22.54 
(d,3JCP =19.9 Hz, MePh), 3.18 (s, MeTMS). 29Si-INEPT (79 MHz, thf-d8, 298 K): δ [ppm] = -9.29 (s SiTMS), -107.67 (s, 
SiGe9). 31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = -41.66 (m, PGe9). ESI-MS: (negative ion mode, 4000 V, 300 °C): 
m/z 1362.8 [Ge9{Si(TMS)3}2P(o-tolyl)2]‒. 

NHCDippAg[Ge9{Si(TMS)3}2P(o-tolyl)2] (11-AgNHCDipp): K2[Ge9{Si(TMS)3}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). NHCDippAgCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): δ [ppm] 
= 7.64 – 7.59 (m, 2H, CHPh(m)), 7.55 (s, 2H, CHIm), 7.27 (s, 2H, CHo-tolyl(p)), 7.25 (s, 2H, CHo-tolyl(m)), 7.17 – 7.03 (m, 
6H, CHPh(m)/o-tolyl(o)/o-tolyl(m)), 6.01 – 6.95 (m, 2H, CHPh(p)), 2.78 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 2.39 (s, 6H, Meo-tolyl), 
1.44 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.18 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 0.18 (s, 54H, MeTMS). 13C NMR (101 MHz, 
thf-d8, 298 K): δ [ppm] = 146.43 (s, CPhN), 142.14 (s, Co-tolyl(P)), 140.14 (s, Co-tolyl(o)), 136.47 (s, CHPh(m)), 131.21 (s, 
CHo-tolyl(m)), 130.37 (s, CHo-tolyl(o)), 128.52 (s, CHPh(m)), 126.36 (s, CHPh(p)), 125.13 (s, CHo-tolyl(p/m)), 124.35 (s, CHIm), 
29.73 (s, CHiPr), 22.46 (s, Meo-tolyl), 3.11 (MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.28 (s, 
SiTMS), -105.68 (s, SiGe9).31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = -39.30 (s, PGe9). 

NHCDippCu[Ge9{Si(TMS)3}2P(o-tolyl)2] (11-CuNHCDipp): K2[Ge9{Si(TMS)3}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). NHCDippCuCl (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 %). 1H NMR (400 MHz, thf-d8, 298 K): δ 
[ppm] = 7.61 – 7.56 (m, 2H, CHPh(m)), 7.41 (s, 2H, CHIm), 7.27 (s, 2H, CHo-tolyl(p)), 7.25 (s, 2H, CHo-tolyl(m)), 7.16 – 7.05 
(m, 6H, CHPh(m)/o-tolyl(o)/o-tolyl(m)), 6.99 – 6.94 (m, 2H, CHPh(p)), 2.88 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 2.39 (s, 6H, Meo-

tolyl), 1.50 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.15 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 0.19 (s, 54H, MeTMS). 13C NMR (101 
MHz, thf-d8, 298 K): δ [ppm] = 146.16 (s, CPhN), 142.01 (s, Co-tolyl(P)), 140.51 (s, Co-tolyl(o)), 136.49 (s, CHPh(m)), 131.16 
(s, CHo-tolyl(m)), 130.37 (s, CHo-tolyl(o)), 128.54 (s, CHPh(m)), 126.34 (s, CHPh(p)), 125.19 (s, CHo-tolyl(p/m)), 123.90 (s, 
CHIm), 29.77 (s, CHiPr), 22.65 (s, Meo-tolyl), 3.15 (MeTMS). 29Si-INEPT NMR (79 MHz, thf-d8, 298 K): δ [ppm] = -9.28 
(s, SiTMS), -104.48 (s, SiGe9).31P NMR (162 MHz, thf-d8, 298 K): δ [ppm] = -37.15 (m, PGe9). 
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Crystallographic data 
 

Table S1: Selected distances in compound 2. 

bonds distance [Å] bonds distance [Å] 

Ge1-Ge2 2.4715(6) Ge1-P1A 2.362(2) 

Ge1-Ge4 2.4760(6) P1A-C32A 1.788(6) 

Ge1-Ge5 2.6043(5) P1A-C28A 1.86(2) 

Ge1-Ge6 2.6059(6) C28A-C29A 1.49(3) 

Ge1-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-Ge6 2.6832(6) C33A-C34A 1.536(9) 

Ge2-Ge4 3.5112(6) C34A-C35A 1.501(9) 

Ge3-Ge4 2.5799(6) C35A-C36A 1.328(9) 

Ge3-Ge8 2.6458(6)   

Ge3-Ge7 2.6645(6) Ge1-P1B 2.337(2) 

Ge4-Ge8 2.5305(6) P1B-C32B 1.827(6) 

Ge4-Ge5 2.6713(6) P1B-C28B 1.87(3) 

Ge5-Ge9 2.5048(6) C28B-C30B 1.45(5) 

Ge5-Ge6 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) 

Ge6-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-Si1 2.404(1)   

Ge4-Si5 2.390(1)   

Ge9-Si9 2.374(1)   
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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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NMR spectra 

 

Figure S3: 1H NMR spectrum of compound 1 in CDCl3. 

 

Figure S4: 13C NMR spectrum of compound 1 in CDCl3 (signals marked with * belong to unidentified impurities). 
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Figure S5: 31P NMR spectrum of compound 1 in CDCl3. 

 

Figure S6: 1H NMR spectrum of compound 2 in C6D6. 
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Figure S7: 13C spectrum NMR of compound 2 in C6D6. 

 

Figure S8: 29Si-INEPT-RD NMR spectrum of compound 2 in in C6D6 (signal marked with * belongs to unidentified 
impurity). 
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Figure S9: 31P NMR spectrum of compound 2 in C6D6. 

 

Table S2: 1H NMR shifts of the methyl protons of the silyl groups of the mixed-functionalized cluster anions 
[Ge9{Si(TMS)3}2PRRI]‒ (3a ‒ 11a) and the respective zwitterionic compounds 3-AgNHCDipp – 7-AgNHCDipp (left) or 
Zintl cluster Ag-NHC compounds 8-AgNHCDipp – 11-AgNHCDipp (right). The change of the shift value Δshift upon 
coordination of [NHCDippAg]+ to the cluster anions allows for determination of the coordination mode. 
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Table S3: 1H NMR shifts of the methyl protons of the silyl groups of the mixed-functionalized cluster anions 
[Ge9{Si(TMS)3}2PRRI]‒ (3a ‒ 11a) and the respective zwitterionic compounds 3-CuNHCDipp – 7-CuNHCDipp (left) or 
Zintl cluster Cu-NHC compounds 8-CuNHCDipp – 11-CuNHCDipp (right). The change of the shift value Δshift upon 
coordination of [NHCDippCu]+ to the cluster anions allows for determination of the coordination mode. 

 

 

 

Figure S10: Selected areas of the 1H NMR spectra of compounds 3-AgNHCDipp – 11-AgNHCDipp in thf-d8 allowing 
for the determination of the interaction (P-Ag or Ge-Ag) between the mixed-functionalized cluster anions 3a-11a 
and the [NHCDippAg]+ 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. 

 

 



14 

 

Figure S11: Selected areas of the 1H NMR spectra of compounds 3-CuNHCDipp – 11-CuNHCDipp in thf-d8 allowing 
for the determination of the interaction (P-Cu or Ge-Cu) between the mixed-functionalized cluster anions 3a-11a 
and the [NHCDippCu]+ 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. 

 

 

 

Figure S12: 1H NMR spectrum of compound 3a in thf-d8 (signal marked with * belongs to an unidentified impurity, 
signal marked with ♦ belongs to silicon grease). 
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Figure S13: 13C NMR spectrum of compound 3a in thf-d8. 

 

Figure S14: 29Si-INEPT-RD NMR spectrum of compound 3a in thf-d8. 
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Figure S15: 31P NMR spectrum of compound 3a in thf-d8 (signal marked with * belongs to an unidentified 
impurity). 

 

Figure S16: 1H NMR spectrum of compound 3-AgNHCDipp in thf-d8 (signals marked with * belongs to silicon 
grease, ♦ to unidentified impurities and ◊ to free NHCDippAgCl). 
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Figure S17: 13C NMR spectrum of compound 3-AgNHCDipp in thf-d8 (signals marked with * belongs to silicon 
grease, ♦ to an unidentified impurity). 

 

Figure S18: 29Si-INEPT-RD NMR spectrum of compound 3-AgNHCDipp in thf-d8 (signal marked with * belongs to 
an unidentified impurity). 
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Figure S19: 31P NMR spectrum of compound 3-AgNHCDipp in thf-d8. 

 

 

Figure S20: 1H NMR spectrum of compound 3-CuNHCDipp in thf-d8 (signal marked with * belongs to silicon 
grease). 
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Figure S21: 13C NMR spectrum of compound 3-CuNHCDipp in thf-d8 (signal marked with * belongs to silicon 
grease). 

 

Figure S22: 29Si-INEPT-RD NMR spectrum of compound 3-CuNHCDipp in thf-d8 (signal marked with * belongs to 
an unidentified impurity). 
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Figure S23: 31P NMR spectrum of compound 3-CuNHCDipp in thf-d8 (signals marked with * belong to an 
unidentified impurities). 

 

 

 

Figure S24: 1H NMR spectrum of compound 4a in thf-d8. 
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Figure S25: 13C NMR spectrum of compound 4a in thf-d8. 

 

Figure S26: 29Si-INEPT-RD NMR spectrum of compound 4a in thf-d8. 
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Figure S27: 31P NMR spectrum of compound 4a in thf-d8. 

 

Figure S28: 1H NMR spectrum of compound 4-AgNHCDipp in thf-d8 (signal marked with ♦ belongs to an 
unidentified impurity). 
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Figure S29: 13C NMR spectrum of compound 4-AgNHCDipp in thf-d8. 

 

 

 

Figure S30: 29Si-INEPT-RD NMR spectrum of compound 4-AgNHCDipp in thf-d8. 
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Figure S31: 31P NMR spectrum of compound 4-AgNHCDipp in thf-d8. 

 

 

Figure S32: 1H NMR spectrum of compound 4-CuNHCDipp in thf-d8 (signal marked with * belongs to silicon 
grease). 
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Figure S33: 13C NMR spectrum of compound 4-CuNHCDipp in thf-d8 (signal marked with * belongs to silicon 
grease). 

 

Figure S34: 29Si-INEPT-RD NMR spectrum of compound 4-CuNHCDipp in thf-d8 (signal marked with * belongs to 
silicon grease). 
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Figure S35: 31P NMR spectrum of compound 4-CuNHCDipp in thf-d8. 
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Figure S36: 1H NMR spectrum of compound 5a in thf-d8 (signal marked with * belongs to unidentified impurity). 

 

Figure S37: 13C NMR spectrum of compound 5a in thf-d8. 
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Figure S38: 29Si-INEPT-RD NMR spectrum of compound 5a in thf-d8. 

 

 

 

Figure S39: 31P NMR spectrum of compound 5a in thf-d8. 



29 

 

 

Figure S40: 1H NMR spectrum of compound 5-AgNHCDipp in thf-d8. 

 

Figure S41: 13C NMR spectrum of compound 5-AgNHCDipp in thf-d8. 
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Figure S42: 29Si-INEPT-RD NMR spectrum of compound 5-AgNHCDipp in thf-d8. 

 

 

 

 

Figure S43: 31P NMR spectrum of compound 5-AgNHCDipp in thf-d8. 
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Figure S44: 1H NMR spectrum of compound 5-CuNHCDipp in thf-d8 (signal marked with * belongs to an 
unidentified impurity). 

 

Figure S45: 13C NMR spectrum of compound 5-CuNHCDipp in thf-d8. 
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Figure S46: 29Si-INEPT-RD NMR spectrum of compound 5-CuNHCDipp in thf-d8 (signal marked with * belongs to 
an unidentified impurity). 

 

 

Figure S47: 31P NMR spectrum of compound 5-CuNHCDipp in thf-d8. 
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Figure S48: 1H NMR spectrum of compound 6a in thf-d8. 

 

Figure S49: 13C NMR spectrum of compound 6a in thf-d8. 
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Figure S50: 29Si-INEPT-RD NMR spectrum of compound 6a in thf-d8. 

 

 

Figure S51: 31P NMR spectrum of compound 6a in thf-d8 
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Figure S52: 1H NMR spectrum of compound 6-AgNHCDipp in thf-d8. 

 

Figure S53: 13C NMR spectrum of compound 6-AgNHCDipp in thf-d8. 
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Figure S54: 29Si-INEPT-RD NMR spectrum of compound 6-AgNHCDipp in thf-d8 (signal marked with * belongs to 
silicon grease, signals marked with ♦ belong to unidentified impurities.) 

 

 

Figure S55: 31P NMR spectrum of compound 6-AgNHCDipp in thf-d8. 
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Figure S56: 1H NMR spectrum of compound 6-CuNHCDipp in thf-d8. 

 

 

Figure S57: 13C NMR spectrum of compound 6-CuNHCDipp in thf-d8. 
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Figure S58: 29Si-INEPT-RD NMR spectrum of compound 6-CuNHCDipp in thf-d8. 

 

 

Figure S59: 31P NMR spectrum of compound 6-CuNHCDipp in thf-d8. 
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Figure S60: 1H NMR spectrum of compound 7a in thf-d8 (signal marked with * belongs to bis-silylated cluster 
[Ge9{Si(TMS)3}2]2-, signal marked with ♦ belongs to an unidentified impurity). 

 

Figure S61: 13C NMR spectrum of compound 7a in thf-d8. 
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Figure S62: 29Si-INEPT-RD NMR spectrum of compound 7a in thf-d8 (signal marked with * belongs to an 
unidentified impurity). 

 

 

Figure S63: 31P NMR spectrum of compound 7a in thf-d8 (signals marked with * belong to unidentified impurities). 
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Figure S64: 1H NMR spectrum of compound 7-AgNHCDipp in thf-d8 (signal marked with ♦ belongs to an 
unidentified impurity, signal marked with * belongs to silicon grease). 

 

Figure S65: 13C NMR spectrum of compound 7-AgNHCDipp in thf-d8. 
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Figure S66: 29Si-INEPT-RD NMR spectrum of compound 7-AgNHCDipp in thf-d8 (signal marked with ♦ belongs to 
an unidentified impurity, signal marked with * belongs to silicon grease). 

 

 

 

Figure S67: 31P NMR spectrum of compound 7-AgNHCDipp in thf-d8. 
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Figure S68: 1H NMR spectrum of compound 7-CuNHCDipp in thf-d8 (signal marked with * belongs to an 
unidentified impurity, signal marked with ♦ belongs to silicon grease). 

 

Figure S69: 13C NMR spectrum of compound 7-CuNHCDipp in thf-d8 (signal marked with * belongs to silicon 
grease). 
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Figure S70: 29Si-INEPT-RD NMR spectrum of compound 7-CuNHCDipp in thf-d8 (signal marked with * belongs to 
an unidentified impurity, signal marked with ♦ belongs to silicon grease). 

 

 

 

Figure S71: 31P NMR spectrum of compound 7-CuNHCDipp in thf-d8. 
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Figure S72: 1H NMR spectrum of compound 8a in thf-d8. 

 

 

Figure S73: 13C NMR spectrum of compound 8a in thf-d8. 
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Figure S74: 29Si-INEPT-RD NMR spectrum of compound 8a in thf-d8 (signal marked with * belongs to an 
unidentified impurity). 

 

 

 

Figure S75: 31P NMR spectrum of compound 8a in thf-d8. 
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Figure S76: 1H NMR spectrum of compound 8-AgNHCDipp in thf-d8 (signal marked with * belongs to silicon 
grease). 

 

Figure S77: 13C NMR spectrum of compound 8-AgNHCDipp in thf-d8. 
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Figure S78: 29Si-INEPT-RD NMR spectrum of compound 8-AgNHCDipp in thf-d8 (signal marked with ♦ belongs to 
an unidentified impurity). 

 

Figure S79: 31P NMR spectrum of compound 8-AgNHCDipp in thf-d8. 
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Figure S80: 1H NMR spectrum of compound 8-CuNHCDipp in thf-d8 (signal marked with * belongs to an 
unidentified impurity, signal marked with ♦ belongs to silicon grease). 

 

Figure S81: 13C NMR spectrum of compound 8-CuNHCDipp in thf-d8. 
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Figure S82: 29Si-INEPT-RD NMR spectrum of compound 8-CuNHCDipp in thf-d8 (signal marked with * belongs to an 
unidentified impurity, signal marked with ♦ belongs to silicon grease). The signal of SiGe9 could not be detected for 
unknown reasons. 

 

 

Figure S83: 31P NMR spectrum of compound 8-CuNHCDipp in thf-d8. 
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Figure S84: 1H NMR spectrum of compound 9a in thf-d8. 

 

Figure S85: 13C NMR spectrum of compound 9a in thf-d8. 



52 

 

 

Figure S86: 29Si-INEPT-RD NMR spectrum of compound 9a in thf-d8. 

 

 

Figure S87: 31P NMR spectrum of compound 9a in thf-d8. 

 



53 

 

 

Figure S88: 1H NMR spectrum of compound 9-AgNHCDipp in thf-d8. 

 

 

Figure S89: 13C NMR spectrum of compound 9-AgNHCDipp in thf-d8. 
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Figure S90: 29Si-INEPT-RD NMR spectrum of compound 9-AgNHCDipp in thf-d8. 

 

Figure S91: 31P NMR spectrum of compound 9-AgNHCDipp in thf-d8. 
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Figure S92: 1H NMR spectrum of compound 9-CuNHCDipp in thf-d8. 

 

 

Figure S93: 13C NMR spectrum of compound 9-CuNHCDipp in thf-d8. 
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Figure S94: 29Si-INEPT-RD NMR spectrum of compound 9-CuNHCDipp in thf-d8 (signal marked with * belongs to 
an unidentified impurity). The signal of SiGe9 could not be detected for unknown reasons. 

 

 

Figure S95: 31P NMR spectrum of compound 9-CuNHCDipp in thf-d8. 
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Figure S96: 1H NMR spectrum of compound 10a in thf-d8 (signal marked with * belongs to unidentified impurity). 

 

Figure S97: 13C NMR spectrum of compound 10a in thf-d8. 
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Figure S98: 29Si-INEPT-RD NMR spectrum of compound 10a in thf-d8. 

 

 

Figure S99: 31P NMR spectrum of compound 10a in thf-d8 (signals marked with * belong to unidentified 
impurities). 
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Figure S100: 1H NMR spectrum of compound 10-AgNHCDipp in thf-d8. 

 

 

Figure S101: 13C NMR spectrum of compound 10-AgNHCDipp in thf-d8. 
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Figure S102: 29Si-INEPT-RD NMR spectrum of compound 10-AgNHCDipp in thf-d8. 

 

 

Figure S103: 31P NMR spectrum of compound 10-AgNHCDipp in thf-d8. 
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Figure S104: 1H NMR spectrum of compound 10-CuNHCDipp in thf-d8. 

 

 

Figure S105: 13C NMR spectrum of compound 10-CuNHCDipp in thf-d8. 
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Figure S106: 29Si-INEPT-RD NMR spectrum of compound 10-CuNHCDipp in thf-d8. 

 

 

Figure S107: 31P NMR spectrum of compound 10-CuNHCDipp in thf-d8. 
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Figure S108: 1H NMR spectrum of compound 11a in thf-d8. 

 

 

Figure S109: 13C NMR spectrum of compound 11a in thf-d8. 
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Figure S110: 29Si-INEPT-RD NMR spectrum of compound 11a in thf-d8. 

 

 

Figure S111: 31P NMR spectrum of compound 11a in thf-d8. 
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Figure S112: 1H NMR spectrum of compound 11-AgNHCDipp in thf-d8 (signal marked with * belongs to silicon 
grease, signal marked with belongs to an unidentified impurity). 

 

Figure S113: 13C NMR spectrum of compound 11-AgNHCDipp in thf-d8. 
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Figure S114: 29Si-INEPT-RD NMR spectrum of compound 11-AgNHCDipp in thf-d8 (signal marked with ♦ belongs 
to an unidentified impurity, signal marked with * belongs to silicon grease). 

 

 

Figure S115: 31P NMR spectrum of compound 11-AgNHCDipp in thf-d8. 
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Figure S116: 1H NMR spectrum of compound 11-CuNHCDipp in thf-d8 (signal marked with * belongs to an 
unidentified impurity). 

 

Figure S117: 13C NMR spectrum of compound 11-CuNHCDipp in thf-d8. 
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Figure S118: 29Si-INEPT-RD NMR spectrum of compound 11-CuNHCDipp in thf-d8 (signal marked with * belongs 
to an unidentified impurity, signal marked with ♦ belongs to silicon grease). 

 

 

Figure S119: 31P NMR spectrum of compound 11-CuNHCDipp in thf-d8. 
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ESI-MS spectra 

 
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 [Ge9{Si(TMS)3}2PtBu(CH2)3CH=CH2]-. Besides the molecule peak a signal 
at m/z 1396.4 is detected, which can be assigned to the tris-silylated cluster [Ge9{Si(TMS)3}3]- 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. 

 

 

 

 

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 [Ge9{Si(TMS)3}2PiPrtBu]-. 
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Figure S122: Detailed view of the ESI-MS signal (negative ion mode, 3500 V, 300 °C) of [Ge9{Si(TMS)3}2PiPrtBu]- 

(4a) at m/z 1280.8 obtained from a thf solution. The calculated pattern is shown as black bars. 

 

 

 

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 [Ge9{Si(TMS)3}2PtBu(NEt2)]-. Besides the molecule peak a signal at m/z 

1396.4 is detected, which can be assigned to tris-silylated cluster [Ge9{Si(TMS)3}3]- 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 [Ge9{Si(TMS)3}2PtBu(NEt2)]- (5a) 
at m/z 1309.7 obtained from a thf solution. The calculated pattern is shown as black bars. 

 

 

 
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 [Ge9{Si(TMS)3}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 [Ge9{Si(TMS)3}3]- 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 
[Ge9{Si(TMS)3}2P(1,1-dimethylpropyl)2]- (6a) at m/z 1322.8 obtained from a thf solution. The calculated pattern is 
represented as black bars. 

 

 

 
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 [Ge9{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 [Ge9{Si(TMS)3}3]- 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 [Ge9{Si(TMS)3}2P(1-adamantyl)2]- 

(7a) at m/z 1450.8 obtained from a thf solution. The calculated pattern is represented as black bars. 

 

 

 
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 [Ge9{Si(TMS)3}2PiPr(NiPr2)]-. Besides the molecule peak a signal at m/z 

1396.4 is detected, which can be assigned to the tris-silylated cluster [Ge9{Si(TMS)3}3]- 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 [Ge9{Si(TMS)3}2PiPr(NiPr2)]- 

(8a) at m/z 1323.8 obtained from a thf solution. The calculated pattern is represented as black bars. 

 

 

 
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 [Ge9{Si(TMS)3}2PtBu(NiPr2)]-.  

 



75 

 

 
Figure S132: Detailed view of the ESI-MS signal (negative ion mode, 3000 V, 300 °C) of 
[Ge9{Si(TMS)3}2PtBu(NiPr2)]- (9a) at m/z 1337.8 obtained from a thf solution. The calculated pattern is represented 
as black bars. 

 

 

 
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 [Ge9{Si(TMS)3}2PtBu(Mes)]-. Besides the molecule peak a signal at m/z 

1396.4 is detected, which can be assigned to the tris-silylated cluster [Ge9{Si(TMS)3}3]- 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 [Ge9{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 [Ge9{Si(TMS)3}3]- formed during the ionization 
process (the signals of this species are not present in NMR spectra of 11a).  

 

 

 
Figure S135: Detailed view of the ESI-MS signal (negative ion mode, 4000 V, 300 °C) of [Ge9{Si(TMS)3}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 [Ge9{Si(TMS)3}2]2– clusters in the presence of the borane Cy2BCl 

is reported, yielding the dimeric anion [Ge9{Si(TMS)3}2]22– (1a). Anion 1a was crystallized as 

the Cu-carbene adduct {NHCiPrCu[Ge9{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 ṽ = 283 cm-1 in comparison to the monomeric compound 

NHCiPrCu[Ge9{Si(TMS)3}3] (3). Furthermore, the reaction protocol was successfully reproduced 

using the sterically more demanding Cu-carbene fragment [NHCDippCu]+ (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-O-BCy2, which was obtained as a by-product. 
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Oxidative coupling of silylated nonagermanide
clusters†

Christoph Wallach, Wilhelm Klein and Thomas F. Fässler *

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

[Ge9{Si(TMS)3}2]
2� clusters (TMS = trimethylsilyl) resulting in the

dimeric cluster [Ge9{Si(TMS)3}2]2
2�. The dimer is structurally char-

acterized as the [NHCiPrCu]+ adduct {NHCiPrCu[Ge9{Si(TMS)3}2]}2

[NHCiPr = 1,3-di(isopropyl)imidazolylidine]. The linkage of two

molecular [Ge9{Si(TMS)3}2]
2� anions under formation of an exo

Ge–Ge bond occurs in the presence of Cy2BCl (Cy = cyclohexyl)

and is mediated by trace amounts of oxygen as indicated by the

isolation of the by-product Cy2B-O-BCy2.

Tetrel element clusters have been subject to intensive investigations
within the last years, and great efforts have beenmade to synthesize
extended clusters at the border of isolatedmolecules and solid-state-
like structures. Preferably molecules with low-valent Si and Ge
atoms are used for the formation of larger clusters.1–3 As key
examples, clusters like [Ge9{Si(TMS)3}3]

�,4 [Ge14{E(TMS)3}5]
3� (E = Si,

Ge),5,6 [Ge14Br8(PEt3)4],
7 [Sn9{Si(TMS)3}2]

2�,8 [Sn10{Si(TMS)3}5]
�,9

and [Sn10{Si(TMS)3}6]
10 can be mentioned, which arise upon the

disproportionation reaction of molecular germanium(I) and tin(I)
halides, respectively. The reductive elimination of leaving groups, as
well as the reductive coupling of EX2 salts with organo-halides RxEXy
(R = organic ligand, E = tetrel element, X = halide) are further paths
to clusters such as [Ge10{Si

tBu3}6I]
+,11 [Ge6{N(TMS)Dipp}4] [Dipp =

2,6-di(isopropyl)phenyl],12 [Ge4Sn2R2] [R = (2,6-iPr2C6H3)2C6H3],
13

and the propellane [Ge5Mes6].
14 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 Tip2SiQSiLiTip [Tip =
2,4,6-tri(isopropyl)phenyl], can be used as the basis for themultistep
synthesis of the siliconoid cluster LiSi6Tip5,

15 which subsequently

led to the extended compound Si8Tip5Cp* in a two-step, atom-
precise synthesis.16 Furthermore, the photolysis of the mixed tetrel
element cluster [SiR2Ge4R

l
4] (R = tBu, Rl = SiMetBu2) induced the

interlinking of two propellane molecules via a central Ge atom in
[{SiR2Ge4R

l
2}2Ge], featuring an extended cluster with outstanding

geometry.17

An alternative approach to increase the size of molecular com-
pounds is the coupling of pre-formed building blocks. The solid-
state phase K4Ge9 comprises [Ge9]

4� clusters, which are transferable
into solution without any structural change.18,19 The fourfold
negatively charged clusters are highly redox-active species,20,21 and
numerous structures featuring interconnected [Ge9]

n� units
such as dimers [Ge9–Ge9]

6�,19,22–29 trimers [Ge9QGe9QGe9]
6�,30,31

tetramers [Ge9QGe9QGe9QGe9]
8�,29,32,33 and polymeric

N

1{[Ge9]
2�}34,35 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 [Ge9]
4� ion, silyl groups

are attached at the cluster unit leading to the most prominent
species [Ge9{Si(TMS)3}2]

2� 36 and [Ge9{Si(TMS)3}3]
�.37 In contrast to

the numerous oligomers consisting of coupled bare [Ge9]
n� units,

larger cluster species arising from the direct fusion of silylated [Ge9]
clusters are rare. To the best of our knowledge the oxidation of two
[Ge9{Si(TMS)3}3]

� units in the presence of an Fe(II) salt under
formation of small amounts of [Ge18{Si(TMS)3}6] represents the only
reported example. In this case, however, the original cluster shape is
not retained.38 Though, coupling of two silylated clusters has been
achieved through a bridging silyl ligand, resulting in
[{Si(TMS)3}2Ge9-SiMe2(C6H4)SiMe2-Ge9{Si(TMS)3}2]

2�.39

We recently investigated the functionalization of the dianio-
nic cluster [Ge9{Si(TMS)3}2]

2� with N-heterocyclic chlorobor-
anes, leading to the formation of Ge–B exo-bonds.40

Intriguingly, the electronic saturation at the boron center
seems to play a crucial role here, since in case of the
electron-poor alkyl borane Cy2BCl such a bond formation could
not be observed. However, the reaction of stoichiometric
amounts of [Ge9{Si(TMS)3}2]

2� and Cy2BCl in dioxane yielded
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a deep red solution, indicative of the presence of cluster
species. ESI-MS measurements of the dried reaction residue
in MeCN revealed a mass peak at m/z 2336.0 fitting the
calculated isotope distribution of the oxidatively coupled clus-
ter anion [Ge9{Si(TMS)3}2]2

� (Fig. 1). The detection of mono-
anionic species in ESI-MS spectra is frequently observed for
polyanionic Zintl clusters.41

The 1H NMR spectrum of the re-dissolved reaction residue
shows a characteristic shift of the silyl protons at 0.22 ppm in
CD3CN, which significantly deviates from the shift of the
monomeric reactant [Ge9{Si(TMS)3}2]

2� observed at 0.12 ppm
in the same solvent (NMR spectra are provided in the Support-
ing Information). In the 11B NMR spectrum an up-field shift
from formerly 76.5 ppm (Cy2BCl, C6D6) to 52 ppm is observed.
Crystals of the corresponding salt K2[Ge9{Si(TMS)3}2]2 (1) could
not be obtained due to the repetitive formation of oily residues
upon concentration of the reaction solution. Furthermore,

sequestering of the K+ ions by 18-crown-6 or [2.2.2]cryptand
also did not lead to the formation of single crystalline material.
In previous studies we observed that the addition of N-
heterocyclic carbenes NHCRCu-Cl to monoanionic [Ge9] cluster
species results in NHCRCu-cluster complexes, which tend to
crystallize more easily. Consequently, a solution of the carbene
NHCiPrCu-Cl was added to a MeCN solution of 1 at 0 1C causing
the formation of a light-brown precipitate. After work-up, a few
single crystals of {NHCiPrCu[Ge9{Si(TMS)3}2]}2�2 Et2O, 2, grew
from a concentrated diethyl ether solution. Compound 2 crys-
tallizes in the monoclinic space group I2/c and comprises an 18-
atom Ge cluster (1a), which consists of two [Ge9{Si(TMS)3}2]

�

moieties that are interconnected by a Ge–Ge single bond (Fig. 2;
see also Table S1 (ESI†) and CCDC 2129082).

The linking Ge1–Ge1 bond has a length of 2.4259(8) Å in
agreement with a single bond according to the sum of the
covalent radii of Ge (2.42 Å).42 Comparable values were reported
for [Ge9–Ge9]

6� dimers,19,22–26 while trimeric and tetrameric
[Ge9] units feature slightly longer Ge–Ge exo-bonds.29–33 The
two [Ge9] units are best described as distorted, mono-capped
square antiprisms with one prism height Ge2–Ge4 [4.0500(8) Å]
being significantly elongated compared to the two others [Ge5–
Ge6: 3.1989(8) Å; Ge7–Ge8: 3.1254(8) Å], thus resulting in
approximately C2v-symmetric cluster fragments. The two Ge
cages are tilted towards each other spanning a dihedral angle
of the two planes Ge1 to Ge4 of 75.41. Thus, the orientation of
the two [Ge9] subunits towards each other deviates from the
arrangement of cluster cores in non-functionalized [Ge9–Ge9]

6�

dimers, which is most probably a result of the steric influence
of the attached groups. Ge–Ge, Ge–Si and Ge–Cu bond lengths
agree with previously published data (Table S2, ESI†).22,35,43–45

All substituted Ge vertex atoms form 2c–2e bonds to the
attached hypersilyl groups as well as to the second cluster
entity. Thus, the cluster anion might alternatively be described

Fig. 1 ESI-MS peak corresponding to the [Ge9{Si(TMS)3}2]2
� dimer at m/z

2336.0. Measurements were carried out in diluted MeCN solution
(negative-ion mode, 3500 V, 300 1C). The calculated isotope pattern is
presented as black bars.

Fig. 2 Molecular structure of the dimer {NHCiPrCu[Ge9{Si(TMS)3}2]}2�2 Et2O, 2. Representation of (a) one cluster monomer of the dimer and (b) the
silylated [Ge9–Ge9] cluster unit with attached [NHCiPrCu]+ groups; (c) view along the Ge1–Ge1 bond vector. For clarity reasons, in (a) the second cluster
half is indicated by a grey sphere attached to Ge1, in (b) the NHCiPr ligands as well as the carbon atoms are omitted, and in (c) only the central Si atoms of
the hypersilyl groups are shown while the [NHCiPrCu]+ ligands are not shown. In (a–c) hydrogen atoms and the co-crystallizing Et2O molecules are
omitted, and solely the major-occupied TMS groups at Si5 are drawn. All ellipsoids are presented at a 50% probability level. Prism heights are indicated by
dashed red lines. Crystallographic details are presented in Table S1 (ESI†).
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as a threefold substituted cluster, featuring two silyl groups
plus another cluster as the additional third ligand. The Cu-
carbene fragments are Z

4-coordinated to the pseudo-square
planes Ge1 to Ge4, as described before.45 The trimethylsilyl
groups bound to the central Si5 atom are disordered and were
refined on split positions with site occupation factors of 0.534
and 0.466, respectively (Fig. S1, ESI†).

The Raman spectrum recorded from the single crystal used
for the structure determination is shown in Fig. 3. Beside
signals reminiscent to the monomeric compound NHCiPr

Cu[Ge9{Si(TMS)3}3], 3,45 compound 2 exhibits an additional
signal at ~n = 283 cm�1 which can be attributed to the
cluster-connecting Ge–Ge bond.46 Signals in the region ~n =
380 � 420 cm�1 are in the range of Si–Ge vibrations.46,47

Unfortunately, even though compound 2 had repetitively
formed in different experiments, only very few crystals could
be isolated. Thus, the NMR spectra and elemental analysis had
to be carried out with the crude reaction product, which still
contained inseparable impurities.

By contrast, the reaction of a solution of 1a in MeCN with the
sterically more demanding NHCDippCu–Cl carbene [NHCDipp = 1,3-
bis(2,6-diisopropylphenyl)imidazolylidine] leads, according to NMR

spectroscopic and elemental analysis data, to an analytically pure
polycrystalline powder of {NHCDippCu[Ge9{Si(TMS)3}2]}2 (4). Unit cell
parameters of 4 obtained from single crystals are provided in the
Supporting Information. However, these crystals were too small to
permit a full structure determination, particularly in combination
with large unit cell parameters for this structure, but the isolation of
the two comparable species 2 and 4 accounts for the reproducibility
of the reaction protocol.

The 11B NMR spectrum of the reaction solution leading to 1a

showed a signal at 52 ppm, and, in order to shed light on a
possible formation path of 1a, we tried to isolate the boron-
containing by-product in this solution. In reactions of solid
K4Ge9 and Cy2BCl in dioxane we had observed an analogous
signal and obtained a colorless oil after work-up. The advantage
of utilizing K4Ge9 instead of [Ge9{Si(TMS)3}2]

2� is that solid
K4Ge9 is prepared from the elements in a one-step synthesis,
providing high yields. Thus, we conducted the reaction with the
chloroborane using large amounts of the reactants and were
able to crystallize the oily residue from hexane at �40 1C.
Inspection of the light-yellow crystals revealed the lattice para-
meters previously obtained for Cy2B-O-BCy2 isolated from the
reaction of Cy2BH and H2O.

48 Furthermore, the observed 11B
NMR shift matches with the shift of the closely related boryl
ether Me2B-O-BMe2 (52 ppm).49 Additionally, the mass peak of
the ionization product [Cy2B-O-BCy]

+ was detected in LIFDI-MS
measurements (Fig. S12, ESI†). These observations suggest that
the presence of the chloroborane is essential in mediating the
oxidative coupling process, most probably by accumulating
oxide and transferring its halide to the potassium counter
cation of the [Ge9] cluster, which is summarized in Scheme 1.
In order to search for the origin of the oxygen source, the
solvent dioxane was replaced by dry and degassed toluene to
exclude the solvent as possible oxygen source. As a blank test,
the borane Cy2BCl was stirred over night in toluene, and it
remained unchanged (11B NMR: 76 ppm in C6D6). However, as
soon as K4Ge9 or K2[Ge9{Si(TMS)3}2] is present in the reaction
mixture, the formation of the boryl ether Cy2B-O-BCy2 is
observed (11B NMR: 52 ppm in C6D6). Furthermore, the for-
mation of the ion 1a from toluene was proven by ESI-MS
measurements and 1H NMR spectroscopic investigations. So
far, we cannot prove whether the oxygen stems from accidental
remains of H2O or O2 in the solvent or if small amounts of the
gas are passed over to the reaction via the supernatant gas
phase. Experiments in which stoichiometric amounts of H2O or
oxygenated toluene were applied did not lead to enhanced
yields of 1a, but to the formation of by-products. However,

Fig. 3 Raman spectrum of (a) a single crystal of compound 2 (black
graph) in comparison to (b) the spectrum of NHCiPrCu[Ge9{Si(TMS)3}3]
(3, powder, red graph);45 (c) schematic illustration of compounds 2 and 3.

Scheme 1 Proposed reaction scheme for the formation of the anion 1a and the boryl ether Cy2B-O-BCy2.
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the simultaneous presence of a K-containing species and the
borane is needed to initiate any reaction since the boryl ether is
also formed when KC8 is used instead of a cluster compound.
Thus, the oxophilicity of boron as well as the formation of
insoluble KCl most probably are the main driving forces for the
observed oxidative coupling of the silylated clusters.

Oxidative coupling reactions under formation of Ge–Ge exo-
bonds have frequently been reported for bare [Ge9] clusters without
addition of a specific oxidizing agent.23,29,31,35We report here on the
formation and the crystal structure of the first cluster dimer
{NHCiPrCu[Ge9{Si(TMS)3}2]}2�2 Et2O (2) comprising two silylated
[Ge9] units linked by a Ge–Ge exo-cluster bond. The formation of
2 corresponds to an oxidative coupling of two [Ge9{Si(TMS)3}2]

2�

ions, relying on the presence of the borane Cy2BCl. The isolation of
the boryl ether Cy2B-O-BCy2 as a by-product of the reaction hints for
the role of Cy2BCl as an oxide-scavenger in this redox process. Due
to the negative charge of the ion [Ge9{Si(TMS)3}2]2

2� (1a) further
cluster growth through oxidative coupling is conceivable. Since the
approach of silylating clusters was recently transferred to nonasili-
cide clusters [Si9]

4� yielding the stabilized species [Si9{R}2]
2� and

[Si9{R}3]
� (R = Si(TMS)3, Si

tBu2H),
50,51 oxidative coupling reactions

for the formation of siliconoid clusters1 also become feasible.
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8 C. Schrenk, F. Winter, R. Pöttgen and A. Schnepf, Inorg. Chem., 2012,

51, 8583.
9 C. Schrenk, J. Helmlinger and A. Schnepf, Z. Anorg. Allg. Chem.,

2012, 638, 589.

10 C. Schrenk, I. Schellenberg, R. Pöttgen and A. Schnepf, Dalton
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24 R. Hauptmann and T. Fässler, Z. Kristallogr. – New Cryst. Struct.,

2003, 218, 461.
25 A. Nienhaus, S. D. Hoffmann and T. F. Fässler, Z. Anorg. Allg. Chem.,
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Eur. J., 2018, 24, 19171.
51 L. J. Schiegerl, A. J. Karttunen, W. Klein and T. F. Fässler, Chem. Sci.,
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1. Experimental details 

 

General  

All experiments were performed under oxygen-free, dry conditions under argon atmosphere using 

standard Schlenk or glove box techniques. Glassware was dried prior to usage by repetitively heating it 

in vacuo. The solvents used were obtained from an MBraun Grubbs apparatus. Diethylether was dried 

prior to usage over Na/benzophenone. Toluene was degassed by three cycles of freeze-pumping after 

distilling it over Na/benzophenone. The 1M solution of Cy2BCl in hexane (Sigma Aldrich) was degassed 

by three cycles of freeze-pumping, and anhydrous 1,4-dioxane (stored over molecular sieve) was 

purchased (Sigma Aldrich). All other commercially available chemicals were used without further 

purification. K4Ge9 was prepared by fusion of stoichiometric amounts of the elements in stainless-steel 

tubes at 650 °C. The bis-silylated [Ge9] cluster K2[Ge9{Si(TMS)3}2] and the NHCRCu-Cl carbenes were 

prepared according to modified literature procedures.[1-3] 

 

Single crystal structure determination  

The air- and moisture-sensitive crystal of 2 was transferred from the mother liquor into perfluoroalkyl 

ether oil in an Ar-filled glove box. A glass capillary was used for fixing the crystal, which was 

subsequently positioned in a 150 K cold N2 gas stream for data collection. Data collection was performed 

with a STOE StadiVari diffractometer (MoKα radiation) equipped with a DECTRIS PILATUS 300K 

detector. The structure was solved by Direct Methods (SHELXS-97)[4] and refined by full-matrix least-

squares calculations against F2 (SHELXL-2018).[5] A riding model was used to calculate and refine the 

positions of the hydrogen atoms. All non-hydrogen atoms were refined by applying anisotropic 

displacement parameters. The electron density of the disordered diethyl ether molecules was treated 

with the Platon Squeeze option.[6] Further information of the crystal structure investigation may be 

obtained from the joint CCDC/FIZ Karlsruhe online deposition service: 

https://www.ccdc.cam.ac.uk/structures/? by quoting the deposition number CCDC-2129082. 

 

NMR spectroscopy 

NMR spectra were measured on a Bruker Avance Ultrashield 400 MHz and a Bruker Ultrashield Plus 

500 MHz spectrometer. The 1H NMR and 13C NMR spectra were calibrated using the residual signals of 

the used deuterated solvents. Chemical shifts are reported in parts per million (ppm) relative to TMS, 

with the solvent peaks serving as internal reference.[7] Abbreviations for signal multiplicities are: singlet 

(s), doublet (d), heptet (hept), broad signal (br).  
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Electrospray ionization (ESI) mass spectrometry  

ESI-MS analyses were performed on a Bruker Daltronic HCT mass spectrometer (dry gas temperature: 

300 °C; injection speed: 300 µL/h), and the data evaluation was carried out using the Bruker Compass 

Data Analysis 4.0 SP 5 program (Bruker). Spectra were plotted using OriginPro2021 (Origin Lab) and 

Excel (Microsoft Office 365).  

 

Liquid injection field desorption ionization (LIFDI) mass spectrometry 

LIFDI-MS measurements were performed using an ExactiveTM PlusOrbitrap system from the Thermo 

Scientific Company and a Micromass LCT-QTOF-Micro mass spectrometer at the chair of Inorganic and 

Metal-Organic Chemistry (Prof. Fischer, TUM). The samples were dissolved in toluene and applied on 

a graphite dendrite-coated tungsten wire. As ionization voltage 10 kV were adjusted. Data were acquired 

in the positive ion mode (radical cations)[8] and spectra were plotted using OriginPro2021 (Origin Lab) 

and Excel (Microsoft Office 365). The theoretical isotope distribution was calculated using the web-tool 

enviPat Web 2.4 (https://www.envipat.eawag.ch/). 

 

Raman spectroscopy 

Raman spectra were acquired using an inVia Raman microscope RE04 (Renishaw) equipped with a 

CCD detector. Data were plotted using the programs WiRe 4.2 (Renishaw), Excel (Microsoft Office 365), 

and OriginPro2021 (OriginLab). The cluster NHCiPrCu[Ge9{Si(TMS)3}3] (3) was prepared for comparison 

according to literature procedures.[9] Spectra were recorded with a laser wavelength of 785 nm with a 

total laser power of 0.5 % (laser power on sample: approximately 1 mW) and an exposure time of 

1s/frame. For each measurement 100 frames were accumulated. 

 

Syntheses of compounds 1, 2 and 4 

 

Synthesis of K2[Ge9{Si(TMS)3}2]2  (1)  

To a solution of K2[Ge9{Si(TMS)3}2] (92 mg, 75 µmol, 1 equiv.) in dioxane (2 mL) a 1M solution of Cy2BCl 

in hexane (75 µl, 75 µmol, 1 equiv.) is added via a Hamilton syringe in the glove box. After five minutes, 

a color change from milky-brown to deep red is observed. The reaction mixture is stirred at r.t. over 

night. Subsequently, the solvent is removed under reduced pressure, and the solid residue is re-

dissolved in toluene and filtered using a syringe filter to remove any insoluble salts. After removing the 

solvent under reduced pressure, the residue (23 mg, 9 µmol, 24 % yield concerning [Ge9]) is used to 

acquire ESI-MS and NMR spectra. Due to a repetitively occurring mass gain on the scale (scaling is 

only possible under a non-inert atmosphere), no reliable elemental analysis could be obtained. 
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1H NMR (500 MHz, 298 K, CD3CN): δ [ppm] = 0.22 (s, 54H, CH3 TMS). 13C NMR (126 MHz, 298 K, 

CD3CN): δ [ppm] = 3.03 (s, CH3 TMS). 29Si-INEPT NMR (99 MHz, 298 K, CD3CN): δ [ppm] = -9.51 (s, 

SiTMS), -107.10 (s, SiGe9). ESI-MS: m/z 2336.0 ([Ge9{Si(TMS)3}2]2–). 

 

Synthesis of {NHCiPrCu[Ge9{Si(TMS)3}2]}2 (2) 

To a solution of K2[Ge9{Si(TMS)3}2] (92 mg, 75 µmol, 1 equiv.) in dioxane (2 mL) a 1M solution of Cy2BCl 

in hexane (75 µl, 75 µmol, 1 equiv.) is added via a Hamilton syringe in the glove box. After five minutes, 

a color change from milky-brown to deep red is observed. The reaction mixture is stirred at r.t. over 

night. Subsequently, the solvent is removed under reduced pressure, and the solid residue is re-

dissolved in MeCN. The resulting suspension is filtered to remove solids using a syringe filter. A MeCN 

solution of NHCiPrCu-Cl (18.8 mg, 75 µmol, 1 equiv.) is added to the MeCN solution containing 1 at 0 °C, 

and the formation of a light-brown precipitate is observed. The solvent is removed from the suspension 

under vacuum, and the residue is washed three times with MeCN (3 mL) at 0 °C. Subsequently, the 

crude product is dissolved in Et2O (3 mL), filtered, concentrated, and left at r.t. for crystallization. After 

three days, the formation of a dark precipitate is observed which contains single crystals of 2 suitable 

for single crystal diffraction (yield: approximately 10 crystals). Due to the low crystalline yield, the NMR 

measurements and the elemental analysis were performed with the crude product after washing with 

MeCN. 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.15 (s, 4H, CHNHC), 5.43 (hept, 3JH-H = 7.0 Hz, 4H, CHiPr), 

1.46 (d, 3JH-H = 7.0 Hz, 24H, CH3), 0.32 (s, 108H, CH3 TMS). 13C NMR (100 MHz, 298 K, thf-d8): δ [ppm] 

= 116.07 (s, CHNHC), 52.81 (s, CHiPr), 29.05 (s, CH3), 28.62 (s, CH3), 2.97 (s, CH3 TMS). 29Si-INEPT NMR 

(79 MHz, 298 K, thf-d8): δ [ppm] = -11.07 (s, SiTMS), -107.43 (s, SiGe9). Elemental analysis for 

C54H140Cu2Ge18N4Si16 calcd: C, 23.76; H, 5.17; N, 2.05; found: C, 24.91; H, 5.17; N, 1.84. 

 

Synthesis of {NHCDippCu[Ge9{Si(TMS)3}2]}2 (4) 

The same procedure as for the preparation of 2 is applied using NHCDippCu-Cl (36.4 mg, 

75 µmol, 1 equiv.). After washing the precipitate with MeCN, an analytically pure dark-brown 

powder is obtained (19 mg, 6 µmol, 16 % yield concerning [Ge9]). 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.57 (s, 4H, CH(p)), 7.47 (s, 4H, CH(m)), 7.45 (s, 4H, CH(m)), 

7.40 (s, 4H, CHNHC), 2.92 (hept, 3JH-H = 6.8 Hz, 8H, CHiPr), 1.61 (d, 3JH-H = 6.8 Hz, 24H, CH3), 1.20 (d, 

3JH-H = 6.8 Hz, 24H, CH3), 0.19 (s, 108H, CH3 TMS). 13C NMR (100 MHz, 298 K, thf-d8): δ [ppm] = 146.36 

(s, C(o)), 136.40 (s, CN), 131.59 (s, CH(p)), 125.62 (s, CH(m)), 123.98 (s, CHNHC), 29.92 (s, CHiPr), 26.84 

(s, CH3), 3.44 (s, CH3 TMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -9.51 (s, SiTMS), -103.36 

(s, SiGe9). Elemental analysis for C90H180Cu2Ge18N4Si16 calcd: C, 33.76; H, 5.67; N, 1.75; found: 

C, 33.78; H, 5.69; N, 1.75. Proposed unit cell: a: 26.1 Å, b: 41.2 Å, c: 52.1 Å, α: 90.7°, β: 90.7°, 

γ: 90.1°, V: 55995 Å3. 
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Formation of Cy2B-O-BCy2 

Solid K4Ge9 (100 mg, 123 µmol, 1 equiv.) is weighed in into a Schlenk flask and dioxane or toluene 

(1 mL) is added. To the resulting suspension a 1M solution of Cy2BCl in hexane (123 µl, 123 µmol, 

1 equiv.) is added. The reaction mixture is stirred over night, filtered (yellow filtrate), and the solvent is 

removed under reduced pressure. The remaining oily residue is re-dissolved in hexane (2 mL), and the 

solution is filtered. Subsequently, the volume is reduced to a third of its original amount, and the flask is 

stored at -40 °C for crystallization. After two days the formation of colorless to light-yellow crystals of 

Cy2B-O-BCy2 (8 mg, 21.6 µmol, 35 % yield concerning Cy2BCl) is observed. Determined unit cell: a: 

10.22 Å, b: 12.05 Å, c: 19.76 Å, α: 89.1°, β: 78.3°, γ: 87.3°, V: 2379 Å3 (in analogy to literature 

values).[10] 

Pure Cy2BCl: 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 76.7 ppm. 

Blind test (no K4Ge9): 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 76.4 ppm. 

K4Ge9: 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 52.3 ppm. 

KC8 instead of K4Ge9: 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 49.9 ppm. 
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2. Crystallographic details 

 

 

Table S1. Crystallographic data of compound 2. 

compound 2  

formula C54H144Cu2Ge18N4Si16 ꞏ 2 C4H10O  
fw [gꞏmol−1] 2733.57  
space group I2/c  

a [Å] 16.6540(4)  
b [Å] 27.2393(8)  
c [Å] 27.6288(6)  
α [deg] 90  
β [deg] 103.416(2)  
γ [deg] 90  
V [Å3] 12191.6(5)  

Z 4  
T [K] 150(2)  
λ [Å] 0.71073  

ρcalcd [gꞏcm−3] 1.487   
μ [mm−1] 4.887  

collected reflections 122568  
indep. reflections 11984  

Rint / Rδ 0.0973/0.0354  
parameters / restraints 564/0  
R1 [I > 2 σ(I) / all data] 0.0311/ 0.0546  

wR2 [I > 2 σ(I) / all data] 0.0689/0.0818  
goodness of fit 1.134  

max./min. diff. el. density  
[eꞏÅ−3] 

0.626/-0.484  
 

depository no. CCDC-2129082  
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Table S2. Selected interatomic distances in compound 2. 

atoms distance [Å] atoms distance [Å] 

Ge1-Ge1  2.4259(8) Ge1-Cu  2.4511(7) 
Ge1-Ge2  2.6786(6) Ge2-Cu  2.5392(6) 
Ge1-Ge4  2.6187(6) Ge3-Cu  2.4790(6) 
Ge1-Ge5  2.5570(6) Ge4-Cu  2.6188(7) 
Ge1-Ge6  2.5747(6)   
Ge2-Ge3  2.7100(6) Cu-C1  1.955(4) 
Ge2-Ge6  2.5947(6)   
Ge2-Ge7  2.6168(6)   
Ge3-Ge4  2.6517(6)   
Ge3-Ge7  2.5705(6)   
Ge3-Ge8  2.5769(7)   
Ge4-Ge5  2.6339(6)   
Ge4-Ge8  2.6259(6)   
Ge5-Ge8  2.7867(6)   
Ge5-Ge9  2.5429(6)   
Ge6-Ge7  2.8403(6)   
Ge6-Ge9  2.5192(6)   
Ge8-Ge9  2.5424(6)   
    
Ge3-Si5  2.417(1)   
Ge9-Si1  2.381(1)   

 

 
Figure S1. Representation of one cluster monomer of 2 with emphasis on the split positions of the trimethylsilyl-
groups at Si5. Major species site occupation factor: 0.543, minor species: 0.466. Color code: Simajor: deep green; 
Cmajor: black; Siminor: light green; Cminor: grey. All ellipsoids are presented at a 50 % probability level. The NHC ligand 
is omitted for clarity. Prism heights are indicated by dashed red lines. 
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3. NMR spectra 

 

Figure S2. 1H NMR spectrum (CD3CN) of K2[Ge9{Si(TMS)3}2]2 (1). Asterisked impurities are assigned to the 
cyclohexyl groups of trace amounts of Cy2B-O-BCy2. 

 

 

Figure S3. 13C NMR spectrum (CD3CN) of K2[Ge9{Si(TMS)3}2]2 (1). Asterisked impurities most probably arise from 
the cyclohexyl groups of trace amounts of Cy2B-O-BCy2. 
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Figure S4. 29Si INEPT spectrum (CD3CN) of K2[Ge9{Si(TMS)3}2]2 (1). 

 

 

Figure S5. 11B NMR spectrum (CD3CN) of the reaction solution containing K2[Ge9{Si(TMS)3}2]2 (1) showing the 
signal of the molecule Cy2B-O-BCy2. 



 

S9 
 

 

Figure S6. 1H NMR spectrum (thf-d8) of {NHCiPrCu[Ge9{Si(TMS)3}2]}2 (2). Double-asterisked impurities are 
caused by cyclohexyl groups of trace amounts of Cy2B-O-BCy2; asterisked signals are caused by unidentified 
impurities; signal marked with # is caused by silicon grease. 

 

 

 

Figure S7. 13C NMR spectrum (thf-d8) of {NHCiPrCu[Ge9{Si(TMS)3}2]}2 (2). Double-asterisked impurities are 
caused by cyclohexyl groups of trace amounts of Cy2B-O-BCy2; asterisked signal is caused by an unidentified 
impurity. 
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Figure S8. 29Si INEPT spectrum (thf-d8) of {NHCiPrCu[Ge9{Si(TMS)3}2]}2 (2). Asterisked signal is caused by an 
unidentified impurity; the signal marked with # is caused by silicon grease. 

 

 

Figure S9. 1H NMR spectrum (thf-d8) of {NHCDippCu[Ge9{Si(TMS)3}2]}2 (4).  
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Figure S10. 13C NMR spectrum (thf-d8) of {NHCDippCu[Ge9{Si(TMS)3}2]}2 (4). 

 

 

Figure S11. 29Si INEPT spectrum (thf-d8) of {NHCDippCu[Ge9{Si(TMS)3}2]}2 (4). Asterisked signal is caused by 
an unidentified impurity; the signal marked with # is caused by silicon grease.  
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4. LIFDI-MS spectrum 

 

 
Figure S12. LIFDI-MS spectrum of the ionization product [Cy2B-O-BCy]+ at m/z 287.27 formed during the ionization 
of Cy2B-O-BCy2. The calculated isotope pattern is presented as red bars. 
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Contents and Contributions 

Reactions of the twofold silylated cluster [Ge9{Si(TMS)3}2]2– with N-heterocyclic chloro-1,3,2-

diazaborolidines DABR-Cl (R = Me, iPr, o-tol) yielded the boranyl-functionalized cluster species 

[Ge9{Si(TMS)3}2DABR]– [R = Me (1a), iPr (2a), o-tol (3a)]. The anions were characterized by 

NMR spectroscopy as well as ESI-MS measurements. Anions 2a and 3a were transferred into 

the Cu-carbene adducts NHCDippCu[Ge9{Si(TMS)3}2DABR], 2a-Cu and 3a-Cu, which were 

successfully crystallized. The obtained anions are the first examples for covalent interactions 

between [Ge9] clusters and triel element-based compounds. Intriguingly, the attachment of 

boranyl groups at the cluster can in principle be described as the formation of an intramolecular 

frustrated Lewis acid-base pair, with the boron-comprising entity acting as a Lewis acid, and 

the cluster revealing properties of a manifold Lewis base. This assumption was corroborated 

by quantum chemical calculations for the theoretical anionic molecule [Ge9{Si(TMS)3}2BCy2]– 

(4a). 

Anions 1a to 3a were prepared by me and transferred into the Cu-carbene adducts 2a-Cu and 

3a-Cu for crystallization by Dr. Felix S. Geitner. The single crystal of 2a-Cu was selected, 

measured, and refined by Dr. Felix S. Geitner, the crystal of 3a-Cu by me. The quantum 

chemical calculations were done by Prof. Dr. Antti J. Karttunen (Aalto University, Finland), 

including the design of the graphic representation of the molecular orbital figures. 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. A first preliminary draft of 

the manuscript was authored by Dr. Felix S. Geitner and me in collaboration. Later, I 

restructured and rewrote the manuscript for the final publication. Dr. Felix S. Geitner and Dr. 

Annette Schier proof-read the final version of the manuscript. Dr. Felix S. Geitner compiled 
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data for the Supporting Information, which were collected in cooperation. The publication of 

the manuscript was managed by Prof. Dr. Thomas F. Fässler, the peer-review process 

including corrections was a joined task accomplished by Prof. Dr. Thomas F. Fässler, Prof. 

Antti J. Karttunen and me.  

 

 



Frustrated Lewis Pairs

Boranyl-Functionalized [Ge9] Clusters: Providing the Idea of
Intramolecular Ge/B Frustrated Lewis Pairs

Christoph Wallach+, Felix S. Geitner+, Antti J. Karttunen, and Thomas F. F�ssler*

Dedicated to Professor Herbert W. Roesky on the Occasion of his 85th Birthday

Abstract: The unique three-dimensional structure of spherical,

homoatomic nine-atom germanium clusters opens various

possibilities for the spatial arrangement of functional groups.

Ligands comprising lone pairs have recently been introduced

in the cluster sphere, and we now report the addition of

a boranyl group to the cluster featuring a Ge�B exo-cluster

bond. The reaction of the twofold-silylated cluster [Ge9{Si-

(TMS)3}2]
2� (TMS= trimethylsilyl) with 2-chloro-1,3,2-diaza-

borolidines DABR-Cl leads to the first boranyl-functionalized

[Ge9] clusters [Ge9{Si(TMS)3}2DABR]� (R=methyl (1a), iso-

propyl (2a), ortho-tolyl (3a)). The anions 2a and 3a were

structurally characterized as [NHCDippCu]+ complexes

(NHCDipp
= 1,3-di(2,6-diisopropylphenyl)imidazolylidine)

through single crystal X-ray structure determination. Quan-

tum-chemical calculations manifest the frustrated Lewis pair

(FLP) character of the boranyl-functionalized cluster [Ge9-

{Si(TMS)3}2BCy2]
� (4a).

By fusion of stoichiometric amounts of the elements, the
tetrel Zintl phase K4Ge9 containing soluble [Ge9]

4� ions is
easily accessible. These clusters have shown great potential to
react with main group and transition metal compounds.[1] The
silylation of [Ge9] through a heterogeneous reaction of K4Ge9
with chloro-tris(trimethylsilyl)silane in MeCN has proven to
be a straightforward way to reduce the fourfold negative
cluster charge thereby enhancing the stability and solubility of
the clusters. By variation of the stoichiometry of the reaction,
either bis-silylated [Ge9{Si(TMS)3}2]

2� or tris-silylated [Ge9-
{Si(TMS)3}3]

� (TMS: trimethylsilyl) species are accessible in
high yields.[2] Furthermore, various tris-silylated clusters have
been prepared with silyl groups of different bulkiness.[3] In

similar reactions the tris-stannylated cluster [Ge9(Sn
iPr3)3]

�

can also be obtained.[4] Recently, also ligands with donor
functions have been introduced to the sphere of the [Ge9]
clusters allowing for subsequent reactions with Lewis acids,
leading to charge-neutral zwitterionic cluster compounds
[Ge9{Si(TMS)3}2(

tBu2P)]M(NHCDipp) (M : Cu, Ag, Au).[5] Up
to three ligands with Lewis base groups can be introduced in
form of the tris-phosphanyl-functionalized clusters [Ge9-
(PRRl)3]

� (R: NiPr2 ; Rl : NiPr2;
tBu).[6] These clusters still

possess six or seven unsubstituted cluster vertices with low
oxidation state,[7] and are thus prone to undergo subsequent
reactions.

Owing to the shielding of the [Ge9] core, reactions of the
tris-silylated cluster are limited to the introduction of less
bulky main group element ligands, yielding uncharged cluster
compounds with Ge�C, Ge�P and Ge�Sn exo-cluster bonds
such as [Ge9{Si(TMS)3}3R] [R: Et,[8] (CO)tBu,[9] tBu,[9]

{(CH2)nCH=CH2} (n : 1, 3)
[7c]], [Ge9{Si(TMS)3}3(PRRl)] (R=

Rl : iPr, Cy;[5] R: tBu, Rl : {(CH2)3CH=CH2}
[10]), and [Ge9{Si-

(TMS)3}3SnR3] (R: nBu,[8] Ph[11]). Except for the Sn-containing
species, which (partially) show multicenter Ge�Sn bonds, all
main group element fragments are attached to the [Ge9]
entity via 2-center-2-electron (2c-2e) bonds pointing radially
away from the center of the cluster. The Lewis basic property
of the [Ge9] core is manifested in various isolated transition
metal decorated clusters such as [Ge9{Si(TMS)3}3TiCp2-
(MeCN)], [Cp2Ti(h

1-Ge9{Si(TMS)3}2)2]
3�,[12] [Ge9{Si(TMS)3}3-

Cr(CO)5]
� [13] as well as [Zn(h1-Ge9{Si(TMS)3}2)4]

6�.[14]

Because of the decreased shielding of the [Ge9] cluster
core, the di-anion [Ge9{Si(TMS)3}2]

2� is an attractive candi-
date for subsequent reactions. Upon addition of further halo-
silanes, mixed-substituted [Ge9] clusters of the general
composition [Ge9{Si(TMS)3}2R]� [R: Si(TMS)2SiPh3,

[2a] Si-
(TMS)2Si(

iPr)3,
[3b] SiPh2{(CH2)nCH=CH2}

[16] (n= 1, 3)] are
formed. Using a rigid bis-halo-silane, a connection of two
clusters to the anion [{Si(SiMe3)3}2Ge9-SiMe2-(C6H4)-SiMe2-
Ge9{Si(SiMe3)3}2]

2� is achieved.[17] Comparable to the reac-
tions reported for the tris-silylated species, alkyl-, germanyl-
or phosphanyl-decorated anions [Ge9{Si(TMS)3}Et]

2� (one
Si(TMS)3 group is cleaved upon crystallization),[18] [Ge9{Si-
(TMS)3}2Ge(TMS)3]

� [19] or [Ge9{Si(TMS)3}2(PRRl)]� (R, Rl :
alkyl, aryl, aminoalkyl)[5, 10,20] can be synthesized, revealing
the prosperous chemistry of [Ge9{Si(TMS)3}2]

2� with halo-
main group element compounds.

We have shown that ligands with free electron lone pairs
such as phosphanyl groups (Scheme 1, A) allow for the
attachment of Lewis acidic organometallic fragments,[5, 10,20]

and now focused on the introduction of electron acceptor
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functions to the sphere of the [Ge9] cluster (Scheme 1, B).
Scheschkewitz and co-workers recently reported on the
grafting of silicoinoids of general composition Si6R6 with
[BH3]

� fragments,[21] as well as p-doping such clusters by
a formal exchange of one Si vertex by a boranyl group.[22]

These clusters exhibit unsubstituted vertices and thus are
conceptually related to Zintl ions.[21b] For several reasons we
particularly suspected halo-boranes, 1,3,2-diazaborolidines
(DABs), as promising candidates for this venture. Due to
the straightforward preparation of 2-halo-DABs from BX3

(X : Cl, Br) and diamines, the wingtip substituents can easily
be tuned concerning their bulkiness. Furthermore, the
electron deficiency of the boron center is compensated by
p-donation of the lone pairs of adjacent N atoms into the
boron pz orbital, thereby enhancing the stability of the
compounds. These species have been established as ligands in
complex chemistry reported for the shell-structured ion
[In68{DABDipp}12]

�[23] or in lanthanide boryl compounds.[24]

Furthermore, diazaboroles act as s-donor ligands and have
recently been used to prepare new types of low-valent group
14 element (Si,[25] Ge,[25,26] Sn,[25, 26c,27] Pb[28]) compounds. Such
species are prone to activate small molecules via oxidative
addition (e.g. H2 or further nonpolar E�H bonds; E : B, Si, N,
O), and also insertion reactions into the Ge�B bond (e.g.
phenylacetylene and diphenylacetylene) have been repor-
ted.[26c,e, 27a] Within this work we investigated reactions of the
negatively charged germanide cluster [Ge9{Si(TMS)3}2]

2�

towards DABs, focusing on the generation of a hitherto

unreported boranyl-functionalized cluster species revealing
unprotected Ge atoms in negative oxidation states.

Treatment of solid K2[Ge9{Si(TMS)3}2] with THF or 1,4-
dioxane solutions of DABR-Cl (R: Me, iPr, o-tol, Mes= 2,4,6-
trimethylbenzene) yielded deep red reaction mixtures, which
were stirred for 3–5 h at room temperature. Subsequently, the
mixtures were filtered, and the solvent was removed in vacuo.
The remaining oily solids were treated with hexane, which
was then removed in vacuo to eliminate traces of remaining
solvents (this procedure was repeated twice). The brown (R:
Me, Mes) or ochre (R: iPr, o-tol) residues were investigated
by NMR spectroscopy.

1H NMR examinations indicated the formation of [Ge9-
{Si(TMS)3}2DABR]� [R: Me (1a), iPr (2a) and o-tol (3a)] by
the downfield shift of the cluster�s silyl group protons and the
1:2 ratio of signals assigned to the boranyl moiety and the
cluster�s silyl protons. The formation of 1a–3a (Scheme 2a)
was confirmed by further NMR experiments (11B, 13C and
29Si). In the 11B NMR spectra a significant downfield shift of
the product signal from approx. 27 ppm (thf-d8) (DABR-Cl;
R: Me, iPr, o-tol) to 43.31 ppm (1a), 41.90 ppm (2a) and
42.92 ppm (3a) was observed. Moreover, anions 1a–3a were
detected in ESI MS experiments at m/z 1246.6 (1a), m/z
1302.6 (2a) and m/z 1398.7 (3a) in the negative-ion mode
(Figure 1).

Scheme 1. Different Lewis basic sites at [Ge9] occurring in reported

A[5, 10, 20] and boranyl-functionalized [Ge9] cluster B with FLP character

according to quantum-chemical calculations. The lone pair of only one

Ge atom is shown. C shows a potential mixed-functionalized [Ge9] core

featuring both Lewis acidic and basic moieties.

Scheme 2. a) Overview on the reactivity of K2[Ge9{Si(TMS)3}2] towards

DABR-Cl (R: Me, iPr, o-tol, Mes); b) formation of 2a-Cu and 3a-Cu

upon addition of NHCDippCuCl to 2a and 3a, respectively.

Figure 1. Selected areas of ESI MS spectra of anions 1a-3a. Spectra were recorded from diluted THF solutions of the samples in the negative-ion

mode (3500 V, 300 8C). Calculated isotope patterns are represented as black bars. a) molecule peak of 1a [Ge9{Si(TMS)3}2DAB
Me]� at m/z 1246.6;

b) molecule peak of 2a [Ge9{Si(TMS)3}2DAB
iPr]� at m/z 1302.6; c) molecule peak of 3a [Ge9{Si(TMS)3}2DAB

o–tol]� at m/z 1398.7. The respective

overview spectra can be found in the Supporting Information.
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For crystallization, the crude solids 1a-K to 3a-K con-
taining the K+-salt of 1a to 3a were dissolved in toluene and
filtered. Unfortunately, the purification of 1a-K and 2a-K has
not been successful to date, but [Ge9{Si(TMS)3}2DABo-tol]K
(3a-K) was obtained as an ochre, polycrystalline powder from
concentrated toluene solutions. In analogous reactions of
K2[Ge9{Si(TMS)3}2] with DABMes-Cl no conversion of the
reactants was observed (14 d at room temperature and at
elevated temperature; Scheme 2a). Since the DABMes ligand
has a higher steric demand, we assume that there is a steric
limitation for the introduction of boranyl moieties at [Ge9].

In previous studies we found that neutral species with
a [NHCDippCu]+ moiety as the fourth substituent crystallized
much more easily than the respective anionic species.[6, 20]

Since the isolation of single-crystalline material suitable for
structure determination was not possible from the isolated
solids, we carried out subsequent reactions of 1a-K to 3a-K

with NHCDippCuCl (Scheme 2b). 1a-K to 3a-K were dis-
solved in MeCN and the resulting dark red solutions were
treated dropwise with MeCN solutions of the Cu-NHC
complex, immediately resulting in the precipitation of
brown (1a-Cu) or reddish (2a-Cu, 3a-Cu) solids. In order to
assure complete conversion, the mixtures were stirred at
room temperature for further 30 min, before the supernatant
red solutions were filtered, and the residues were washed with
MeCN. 1H NMR examinations of the solids indicated the
addition of [NHCDippCu]+ to 2a and 3a under formation of
NHCDippCu[Ge9{Si(TMS)3}2DABR] [R: iPr (2a-Cu) and o-tol
(3a-Cu)]. By contrast, the product resulting from the reaction
of 1a with NHCDippCuCl was identified as the previously
published species (NHCDippCu)2[Ge9{Si(TMS)3}2] comprising
two [NHCDippCu]+ moieties.[29] The Ge�B bond cleavage
upon the reaction with the Cu-NHC complex hints for an
increased lability of DAB moieties with smaller wingtip
substituents. Crude materials of 2a-Cu and 3a-Cu were
dissolved in toluene and filtered to remove remaining solids.
The samples were stored in a freezer at �40 8C for crystal-
lization yielding red block-shaped single crystals of 2a-Cu and
3a-Cu suitable for single crystal X-ray diffraction. The
isolated materials were further characterized by elemental
analysis and NMR spectroscopy (1H, 11B, 13C and 29Si).
Compounds 2a-Cu and 3a-Cu crystallize in the monoclinic
space groups P21/n and I2/a, respectively, and show function-
alized clusters and [NHCDippCu]+ moieties in a 1:1 ratio. The
shapes of the [Ge9] cluster cores are best described as slightly
distorted, tricapped trigonal prisms (their heights are empha-
sized by fragmented thick lines between the eclipsed triangles
Ge1 to Ge3 and Ge7 to Ge9, Figure 2), with one prism height
[d(Ge1-Ge7)= 3.584(1) � (2a-Cu) and d(Ge1-Ge7)= 3.682-
(1) � (3a-Cu)] being significantly longer compared to the
others [3.164(2) � (Ge2-Ge8) and 3.283(1) � (Ge3-Ge9) in
2a-Cu and 3.147(1) � (Ge3-Ge9) and 3.166(1) � (Ge2-Ge8)
in 3a-Cu], resulting in C2v-symmetry. The three substituents
(two silyl groups and the DAB moiety) bind to three capping
Ge atoms (Ge4, Ge5 and Ge6; Figure 2). All Ge-Ge and Ge-
Si distances are in the typical range of known functionalized
[Ge9] cluster species.

[2, 30] The DAB ligands in 2a-Cu and 3a-

Cu bind to the [Ge9] cluster through exo-cluster single bonds
between one cluster vertex atom and the B atom, with Ge�B

distances of 2.063(5) � and 2.055(5) �, respectively. The
bond lengths are in the range of previously reported Ge�B
bonds in germaborates,[31] germacarboranes[32] or germyle-
nes.[25, 26b,c,e,33] The [NHCDippCu]+ fragment coordinates one of
the trigonal bases of the prism in an h

3-fashion with Ge-Cu
distances known for analogous complexes.[6, 20,29,34]

The anions 1a–3a and compounds 2a-Cu and 3a-Cu are
the first examples of boranyl-functionalized [Ge9] clusters. In
general, group 13 element decoration of silylated [Ge9]
species is rather rare if compared to the plethora of examples
for group 14 (C-, Si-, Ge-, Sn-based) and group 15 (P) element
substituted [Ge9] clusters. [Ge9{Si(TMS)3}3Tl] is the only
known example of a triel derivative, however, the Tl atom is
included as an additional cluster vertex.[8]

The most interesting aspect about the anions 1a–3a is the
targeted introduction of boranyl groups to the [Ge9] core,
which is an important step on the way to the possible
formation of intramolecular frustrated Lewis acid base pairs
(FLPs). The FLP is formed by the combination of an electron-
deficient electrophilic boranyl ligand and the [Ge9] cluster
core comprising electron lone pairs at each ligand-free Ge
vertex atom with Lewis base properties (Scheme 1, B).

In order to obtain a deeper understanding of the
electronic situation we carried out quantum-chemical calcu-
lations at the DFT-PBE0/TZVP level of theory[35] using the
TURBOMOLE program package.[36] As an initial structure
model for the [Ge9] cluster the single crystal data of
compounds 2a-Cu and 3a-Cu were used, the [NHC-Cu]+

fragments were deleted, and a COSMO solvent field was
applied to counter the anionic charge.[37] As depicted in

Figure 2. Molecular structures of compounds 2a-Cu (a,b) and 3a-Cu

(c,d). Ellipsoids are shown at a 50% probability level. a) Front view on

compound 2a-Cu with the two silyl groups and the DAB ligand

bonding to the capping Ge atoms of the tricapped trigonal prism.

b) Side view on 2a-Cu showing C2v symmetric shape of [Ge9] core

(prism heights are indicated by thick fragmented lines) and coordina-

tion of [NHCDippCu]+ moiety via one of the trigonal prism bases. c) and

d) analogue pictures for compound 3a-Cu. In all pictures protons as

well as toluene solvent molecules are omitted. Moreover, TMS groups

of silyl substituents (a–d) as well as the NHCDipp (a,c) ligand are

omitted and carbon atoms of DAB ligands are shown as black (a,c) or

grey (b,d) wire sticks for clarity. For the same reason the Dipp wingtips

in b) and d) are indicated as grey spheres.
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Figure 3 the HOMO and LUMO of 2a are located at the
[Ge9] cluster, and it is not until LUMO+ 4 that the LUMO
becomes boron-centered (for more MO diagrams see Sup-
porting Information). Similar findings were obtained for
anion 3a. The calculated HOMO–LUMO gaps are 3.8 eV for
anions 1a–3a, which is in a similar range as reported for
1,3,2,5-diazadiborinines (up to 3.7 eV), which are capable of
activating small molecules like CO2, ketones and alkenes.[38]

In order to investigate the impact of the ligand design on the
localization of the HOMO and LUMO, further theoretical
studies were carried out, in which the diazaborolidine ligand
is substituted by a -BCy2 group ([Ge9{Si(TMS)3}2BCy2]

� , 4a).
Indeed, we observed a shift in the localization of the LUMO,
which as for a FLP required becomes boron-based, and the
HOMO–LUMO gap decreases to 3.4 eV. This arrangement of
orbitals could be favorable to facilitate interactions with small
molecules in a frustrated Lewis acid–base type manner, with
the cluster acting as the Lewis base (HOMO) and the boranyl
ligand as the Lewis acid (LUMO). Interestingly, also the

HOMO-2 of 4a, which is energetically only 0.5 eV lower in
energy than the HOMO, allows for another spatial orienta-
tion to interact with a Lewis acid. Investigations on the
targeted synthesis of 4a and other derivatives are ongoing.We
found for example that the sterically more demanding aryl-
borane Mes2BBr remained unreactive in dioxane solution.

At this point it has to be mentioned that Roesky et al.
previously reported an intramolecular Ge/B Lewis pair
which, however, showed Ge�B interactions in the ground
state (no FLP).[33b] Due to their unique reactivity, FLPs have
recently gained a lot of attention with respect to the activation
of small molecules (CO2, H2), and have also been applied as
metal-free hydrogenation catalysts for imines or enamines.[39]

Furthermore, phosphine-borane based FLPs have been
reported to insert sterically demanding azides.[40] These
reports hold promise for further investigations at the here
presented systems. The unique three-dimensional structure of
the [Ge9] core opens further possibilities for the spatial
arrangement of Lewis-acid Lewis-base pairs. In this context
we are currently investigating the addition of a phosphanyl
group adjacent to a boranyl group (Scheme 1, C).

In summary we report on the synthesis of the first boranyl
functionalized [Ge9] clusters [Ge9{Si(TMS)3}2DABR]� [R: Me
(1a), iPr (2a), o-tol (3a)]. The addition of a DAB ligand to the
[Ge9] core is limited by steric factors (no reaction of bulky
DABMes-Cl). Subsequent reactions with NHCDippCuCl led to
the formation of NHCDippCu[Ge9{Si(TMS)3}2DABR] [R: iPr
(2a-Cu) and o-tol (3a-Cu)]. The structural characterization is
in accordance with the spectroscopic data and confirms the
presence of a localized Ge�B exo-cluster bond. Moreover,
Ge�B bond cleavage during the analogous reaction with 1a

reveals an increased lability for DAB ligands with small
wingtips (cleavage of DABMe). Molecular orbital analyses for
the anions 1a–3a using DFT calculations show [Ge9] based
HOMOs and LUMOs. The isolation of the anions 1a–3a
clearly accounts for the possibility of introducing boranyl
moieties to the cluster core. Moreover, quantum-chemical
calculations reveal the possibility of altering the position of
the LUMO by changing the boranyl group to -BCy2 (4a),
which might open the way to [Ge9] cluster-based FLP systems.
Cyclic-ether ring opening and FLP-type nitrile activation of
halo-borane nonagermanide-cluster Lewis acid-base-pairs
will be reported in a forthcoming paper.[41]
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1. General information 

All manipulations were performed under oxygen-free, dry conditions under argon atmosphere 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. K4Ge9 was prepared by fusion of stoichiometric 
amounts of the elements in stainless-steel tubes at 650 °C. The bis-silylated [Ge9] clusters 
[Ge9{Si(TMS)3}2]2-,[1] the chloro-diazaborolidines DABR-Cl (DAB = 2-chloro-1,3,2-diazaborolidine; R = 
Me,[2] iPr,[2] o-tol,[3] Mes[3]), as well as the imidazolium salt NHCDippꞏHCl (NHCDipp = 1,3-di(2,6-
diisopropylphenyl)imidazolylidine)[4] and the respective copper NHC complex NHCDippCuCl[5] were 
prepared according to modified literature procedures.  

 

Single crystal structure determination  

The air- and moisture-sensitive crystals of 2a-Cu and 3a-Cu were transferred from the mother liquor 
into perfluoroalkyl ether oil in an argon filled glove box. For diffraction data collection, the single 
crystals were fixed on a glass capillary and positioned in a 150 K cold N2 gas stream. Data collection 
was performed with a STOE StadiVari diffractometer (MoKα radiation) equipped with a DECTRIS 
PILATUS 300K detector. Structures were solved by Direct Methods (SHELXS-97)[6] and refined by full-
matrix least-squares calculations against F2 (SHELXL-2018).[7] The positions of the hydrogen atoms 
were calculated and refined 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 deposited with the Cambridge Structural database and are available free of 
charge via www.ccdc.cam.ac.uk/data_request/cif. The crystallographic data for compounds 2a-Cu and 
3a-Cu are summarized in Table S1. In compound 3a-Cu the electron density of disordered co-
crystallized toluene molecules was taken care of by the PLATON SQUEEZE function.[8]  

 

NMR spectroscopy 

NMR spectra were measured on a Bruker Avance Ultrashield 400 MHz spectrometer. The 1H NMR 

spectra were calibrated using the residual proton signal of the used deuterated solvents. Chemical 
shifts are reported in parts per million (ppm) relative to TMS, with the solvent peaks serving as internal 
reference.[9] Abbreviations for signal multiplicities are: singlet (s), doublet (d), triplet (t), heptet (hept), 
broad signal (brs).  

 

Electrospray ionization mass spectroscopy  

ESI MS analyses were performed on a Bruker Daltronic HCT mass spectrometer (injection speed: 
240 µL/h), and the data evaluation was carried out using the Bruker Compass Data Analysis 4.0 SP 5 
program (Bruker). Spectra were plotted with OriginPro2016G (Origin Lab) and Excel 2016 (Microsoft). 

 

Quantum-chemical calculations 

Calculations were carried out with the TURBOMOLE program package, using the PBE0 hybrid density 
functional method and polarized triple-ζ-valence Karlsruhe basis sets (DFT-PBE0/TZVP with def2-
TZVP on Ge and Si, def-TZVP on other atoms).[10] Multipole-accelerated resolution-of-the-identity 
technique was used to speed up the calculations.[11] m4 integration grid was used for the numerical 
integration of the exchange-correlation functional. As initial structures the crystal structure data of 
compounds 2a-Cu and 3a-Cu were used. The structures were fully optimized without any symmetry 
constraints. To simulate the anionic nature of the clusters the [Cu-NHC]+ ligand was deleted and a 
COSMO solvent field was applied to counter the anionic charge.[12] The molecular orbitals were 
illustrated using Iboview.[13] 
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2. Syntheses 

K[Ge9{Si(TMS)3}2DABMe] (1a-K): 

In a typical experiment K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol, 1 equiv.) was weighted in a Schlenk 
tube in the glove box and a solution of DABMe-Cl (9.9 mg, 0.075 mmol, 1 equiv.) in thf (3 mL) was 
added, resulting in a deep red solution. After stirring for 3 h at room temperature, the solvent was 
removed in vacuo yielding a brown solid. The solid was treated with hexane (2 ꞏ 3mL) which was 
subsequently removed in vacuo (procedure in order to get rid of residual thf). The obtained brown solid 
was dissolved in toluene (6 mL), the resulting dark brown solution was filtered, and the solvent of the 
filtrate was removed to obtain the crude product as a brown oily solid (41 mg, 0.032 mmol, 43% yield). 
Further purification to obtain an analytical pure product by recrystallization has not been successful to 
date. 1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 3.13 (s, 4H, CH2(Bb)), 2.78 (s, 6H, Me), 0.25 (s, 54H, 
MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 53.46 (s, Me), 38.34 (s, CH2(Bb)), 3.26 (s, 
MeTMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -9.82 (s, SiTMS), -108.11 (s, SiGe9). 11B 

NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 43.41 (brs, BGe9). ESI MS (3500 V, 300 °C): m/z 1246.6 
[Ge9{Si(TMS)3}2DABMe]–. 

 

K[Ge9{Si(TMS)3}2DABiPr] (2a-K): 

In a typical experiment K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol, 1 equiv.) was weighted in a Schlenk 
tube in the glove box and a solution of DABiPr-Cl (14.1 mg, 0.075 mmol, 1 equiv.) in dioxane or thf (3 
mL) was added, leading to a deep red solution. After stirring for 5 h at room temperature, the solvent 
was removed in vacuo yielding a brownish solid. Subsequent dissolution in toluene (18 mL) gave a 
dark red solution, which was filtered to remove remaining solids. Removal of toluene in vacuo and 
treatment of the obtained oily solid with hexane (2 ꞏ 6 mL; addition and evaporation) yielded the crude 
product as brown solid (50 mg, 0.037 mmol, 50% yield). Purification to obtain an analytical pure 
product by recrystallization has not been successful to date. 1H NMR (400 MHz, 298 K, thf-d8): δ 
[ppm] = 4.37 (hept, 3JHH = 6.8 Hz, 2H, CHiPr), 3.13 (s, 4H, CH2(Bb)), 1.02 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 
0.25 (s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 48.00 (s, CHiPr), 42.50 (s, CH2(Bb)), 
21.95 (s, MeiPr), 3.28 (s, MeTMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -9.85 (s, SiTMS), -
108.28 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 41.90 (brs, BGe9). ESI MS (3500 V, 

300 °C): m/z 1302.6 [Ge9{Si(TMS)3}2DABiPr]–. 

 

K[Ge9{Si(TMS)3}2DABo-tol] (3a-K): 

In a typical experiment equimolar amounts of K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol, 1 equiv.) and 
DABo-tol-Cl (21.3 mg, 0.075 mmol, 1 equiv.) were weighted in a Schlenk tube in the glove box and 
dioxane or thf (3 mL) was added to obtain a deep red solution. After stirring for 5 h at room 
temperature, the solvent was removed in vacuo, and a yellow-brownish solid was obtained. 
Subsequent dissolution in toluene (18 mL) gave a dark red solution, which was filtered to remove 
remaining solids. Upon concentration the product precipitated as a microcrystalline ochre solid from 
the solution. The mother liquor was filtered off, and the solid was dried in vacuo to yield the product as 
an ochre microcrystalline powder (72 mg, 0.050 mmol, 67% yield). 1H NMR (400 MHz, 298 K, thf-d8): 
δ [ppm] = 7.16-7.11 (m, 2H, CHPh), 7.08-7.04 (m, 2H, CHPh), 7.01-6.90 (m, 4H, CHPh), 3.65 (s, 4H, 
CH2(Bb)), 2.35 (s, 6H, Me), 0.18 (s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 147.03 
(s, CPh(N)), 137.19 (s, CPh(Me)), 131.38 (s, CHPh), 130.60 (s, CHPh), 127.08 (s, CHPh), 125.66 (s, CHPh), 
53.93 (s, CH2(Bb)), 20.14 (s, Me), 3.28 (s, MeTMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = 
-9.99 (s, SiTMS), -108.80 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 42.92 (brs, BGe9). 
Elemental analysis: anal. calcd. for Ge9Si8BC34H72N2K: C, 28.41; H, 5.05; N, 1.95; found: C, 27.53; 
H, 4.87; N, 2.02. ESI MS (3500 V, 300 °C): m/z 1398.7 [Ge9{Si(TMS)3}2DABo-tol]–. 
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NHCDippCu[Ge9{Si(TMS)3}2DABiPr] (2a-Cu): 

In a typical experiment K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol, 1 equiv.) was weighted in into a 
Schlenk tube in the glove box and a solution of DABiPr-Cl (14.1 mg, 0.075 mmol, 1 equiv.) in dioxane 
(3 mL) was added, leading to a deep red solution. After stirring for 5 h at room temperature, the 
solvent was removed in vacuo to leave a brownish solid. The solid was dissolved in 1.5 mL MeCN and 
an acetonitrile solution of NHCDippCuCl (36.5 mg, 0.075 mmol, 1 equiv.) was added dropwise, instantly 
leading to the precipitation of a reddish solid. After stirring for 15 min at r. t., the slightly red 
supernatant solution was filtered off, and the solid was washed with MeCN (2 mL) before it was dried 
in vacuo. Subsequently, the residue was dissolved in toluene (3 mL), and the deep red solution was 
filtered to remove remaining solids and then was stored in a freezer at -40 °C for crystallization. The 
product was obtained as red block-shaped crystals (49 mg, 0.028 mmol, 37%). 1H NMR (400 MHz, 

298 K, C6D6): δ [ppm] = 7.36-7.30 (m, 2H, CHPh), 7.27-7.23 (m, 4H, CHPh), 6.25 (s, 2H, CHIm), 4.40 
(hept, 3JHH = 6.8 Hz, 2H, CHiPr(B)), 3.20 (s, 4H, CH2(Bb)), 2.82 (hept, 3JHH = 7.2 Hz, 4H, CHiPr ), 1.61 (d, 
3JHH = 7.2 Hz, 12H, MeiPr), 1.22 (d, 3JHH = 6.8 Hz, 12H, MeiPr(B)) 1.11 (d, 3JHH = 7.2 Hz, 12H, MeiPr), 
0.41 (s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, C6D6): δ [ppm] = 145.40 (s, CPh(N)-Dipp), 135.50 (s, 
CHPh(p)), 130.63 (s, CPh(iPr)), 124.88 (s, CHPh(m)), 122.24 (s, CHIm), 47.82 (CHiPr(B)), 42.41 (s, CH2(Bb)), 
29.12 (s, CHiPr(NHC)), 25.62 (s, MeiPr), 24.63 (s, MeiPr), 22.32 (MeiPr(NHC)), 3.20 (s, MeTMS). 29Si-INEPT 

NMR (79 MHz, 298 K, C6D6): δ [ppm] = -9.56 (s, SiTMS), -104.67 (s, SiGe9). 11B NMR (128 MHz, 298 K, 

thf-d8): δ [ppm] = 23.82 (brs, BGe9). Elemental analysis: anal. calcd. for Ge9Si8BC53H107N4Cu: C, 
36.31; H, 6.15; N, 3.20; found: C, 37.17; H, 6.37; N, 3.24. 

 

NHCDippCu[Ge9{Si(TMS)3}2DABo-tol] (3a-Cu): 

In a typical experiment equimolar amounts of K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol, 1 equiv.) and 
DABo-tol-Cl (21.3 mg, 0.075 mmol, 1 equiv.) were weighted in into a Schlenk tube in the glove box, and 
dioxane (3 mL) was added to obtain a deep red solution. After stirring for 5 h at room temperature, the 
solvent was removed in vacuo, yielding a yellow-brownish solid. The solid was dissolved in 1.5 mL 
MeCN, and an acetonitrile solution of NHCDippCuCl (36.5 mg, 0.075 mmol, 1 equiv.) was added 
dropwise, instantly leading to the precipitation of a red solid. The slightly red supernatant solution was 
filtered off, and the solid was washed with MeCN (2 mL) before it was dried in vacuo. Subsequently 
the residue was dissolved in toluene (3 mL), and the deep red solution was filtered to remove 
remaining solids before the solution was stored in a freezer at -40 °C for crystallization. The product 
was obtained as red block-shaped crystals (56 mg, 0.030 mmol, 40%). 1H NMR (400 MHz, 298 K, 

C6D6): δ [ppm] = 7.49-7.46 (m, 2H, CHPh), 7.38-7.34 (m, 2H, CHPh), 7.27-7.24 (m, 4H, CHPh), 7.22-
7.19 (m, 2H, CHPh), 7.14-7.11 (m, 4H, CHPh), 6.24 (s, 2H, CHIm), 3.89 (s, 4H, CH2(Bb)), 2.82 (hept, 3JHH 
= 6.9 Hz, 4H, CHiPr ), 2.48 (s, 6H, Meo-tol), 1.64 (d, 3JHH = 6.9 Hz, 12H, MeiPr), 1.13 (d, 3JHH = 6.9 Hz, 
12H, MeiPr), 0.38 (s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, C6D6): δ [ppm] = 145.45 (s, CPh(N)-o-tol), 
145.18 (s, CPh(N)-Dipp), 136.08 (s, CHPh), 135.52 (s, CHPh), 131.32 (CPh(iPr)), 130.77 (s, (CPh(Me)), 130.71 
(s, CHPh), 126.77 (s, CHPh), 126.20 (s, CHPh), 124.82 (s, CHPh), 122.21 (s, CHIm), 53.12 (s, CH2(Bb)), 
29.10 (s, CHiPr), 25.78 (s, MeiPr), 24.65 (s, MeiPr), 19.68 (Meo-tol), 3.27 (s, MeTMS). 29Si-INEPT NMR (79 

MHz, 298 K, C6D6): δ [ppm] = -9.72 (s, SiTMS), -104.65 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ 
[ppm] = 23.36 (brs, BGe9). Elemental analysis: anal. calcd. for Ge9Si8BC61H109N4Cu ꞏ 0.33 tol : C, 
40.42; H, 5.98; N, 2.98; found: C, 40.53; H, 5.95, N, 2.89 (toluene content was calculated according to 
NMR spectrum of the respective sample, Figure S19). 
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3. Results and Discussion 

3.1 Crystallographic data 

 

Table S1. Crystallographic data for compounds 2a-Cu and 3a-Cu. 

Compound 2a-Cu 3a-Cu 

formula Ge9Si8BC53H108N4Cu ꞏ 1 tol Ge9Si8BC61H108N4Cu ꞏ 1.5 tol 

fw [gꞏmol−1] 1845.94 1988.10 

space group P21/n I2/a 

a [Å] 20.5298(9) 26.8283(8) 

b [Å] 20.9024(7) 25.2020(5) 

c [Å] 20.5938(8) 26.9602(7) 

α [deg] 90 90 

β [deg] 102.548(3) 90.959(2) 

γ [deg] 90 90 

V [Å3] 8626.2(6) 18226.0(8) 

Z 4 8 

T [K] 150 150 

λ [Å] Mo Kα Mo Kα 

ρcalcd [gꞏcm−3] 1.421 1.348 

μ [mm−1] 3.474 3.289 

collected reflections 188759 222615 

independent reflections 16949 17896 

Rint / Rδ 0.0756/0.0529 0.1076/0.0705 

parameters / restraints 779/24 785/0 

R1 [I > 2 σ(I) / all data] 0.0366/0.0740 0.0394/0.0843 

wR2 [I > 2 σ(I) / all data] 0.0701/0.0804 0.0672/0.0778 

goodness of fit 0.978 0.917 

max./min. diff. el. density     
[e / Å3] 

0.95/-0.67 0.67/-0.43 

CCDC 1993869 1993870 

 

Figure S1. Structures of compounds 2a-Cu (a) and 3a-Cu (b). For clarity reasons, protons and co-
crystallized toluene molecules are omitted, and all carbon atoms are depicted as black wire sticks. 
Different views on compounds 2a-Cu and 3a-Cu can be found in the manuscript (Figure 2). 

 



 

5 
 

Table S2. Selected bond lengths in compound 2a-Cu. 

bond distance [Å] 

Ge1-Ge2 2.8957(6) 

Ge1-Ge3 2.8266(6) 

Ge1-Ge4 2.5071(6) 

Ge1-Ge5 2.5164(6) 

Ge2-Ge5 2.5363(6) 

Ge2-Ge6 2.4978(6) 

Ge3-Ge4 2.5171(6) 

Ge3-Ge6 2.4943(6) 

Ge4-Ge7 2.5598(6) 

Ge4-Ge9 2.5804(6) 

Ge5-Ge7 2.5673(6) 

Ge5-Ge8 2.5430(6) 

Ge6-Ge8 2.5306(6) 

Ge6-Ge9 2.5638(6) 

Ge7-Ge8 2.6536(7) 

Ge7-Ge9 2.5977(7) 

Ge8-Ge9 2.6739(6) 

Ge1-Cu1 2.4628(6) 

Ge2-Cu1 2.5716(6) 

Ge3-Cu1 2.4914(6) 

Ge4-Si1 2.384(1) 

Ge5-Si5 2.385 (1) 

Ge6-B1 2.063(5) 

Ge1-Ge7 3.584(1) 

Ge2-Ge8 3.164(1) 

Ge3-Ge9 3.283(2) 
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Table S3. Selected bond lengths in compound 3a-Cu. 

bond distance [Å] 

Ge1-Ge2 2.8220(6) 

Ge1-Ge3 2.8534(6) 

Ge1-Ge4 2.5139(6) 

Ge1-Ge5 2.5199(7) 

Ge2-Ge5 2.5229(6) 

Ge2-Ge6 2.4921(6) 

Ge3-Ge4 2.5138(6) 

Ge3-Ge6 2.4968(7) 

Ge4-Ge7 2.5552(7) 

Ge4-Ge9 2.5690(7) 

Ge5-Ge7 2.5632(7) 

Ge5-Ge8 2.5547(6) 

Ge6-Ge8 2.5417(7) 

Ge6-Ge9 2.5413(7) 

Ge7-Ge8 2.6124(7) 

Ge7-Ge9 2.6187(7) 

Ge8-Ge9 2.7396(7) 

Ge1-Cu1 2.4716(6) 

Ge2-Cu1 2.5586(7) 

Ge3-Cu1 2.5405(7) 

Ge4-Si1 2.377(1) 

Ge5-Si5 2.385(1) 

Ge6-B1 2.055(5) 

Ge1-Ge7 3.682(1) 

Ge2-Ge8 3.166(1) 

Ge3-Ge9 3.147(1) 

  



 

7 
 

3.2 NMR spectra 

Figure S2.1H NMR spectrum of 1a-K acquired in thf-d8. 

 
Figure S3. 13C NMR spectrum of 1a-K acquired in thf-d8. 
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Figure S4. 11B NMR spectrum of 1a-K acquired in thf-d8.* excessive reactant; ** unknown side 
product. 

 
Figure S5. 29Si-INEPT NMR of 1a-K spectrum acquired in thf-d8. 
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Figure S6. 1H NMR spectrum of 2a-K acquired in thf-d8. 

 
Figure S7. 13C NMR spectrum of 2a-K acquired in thf-d8. 
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Figure S8. 11B NMR spectrum of 2a-K acquired in thf-d8. Unassigned impurity. 

 
Figure S9. 29Si-INEPT NMR spectrum of 2a-K acquired in thf-d8. 
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Figure S10. 1H NMR spectrum of 3a-K acquired in thf-d8. 

 
Figure S11. 13C NMR spectrum of 3a-K acquired in thf-d8. 
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Figure S12. 11B NMR spectrum of 3a-K acquired in thf-d8. 

 
Figure S13. 29Si-INEPT NMR spectrum of 3a-K acquired in thf-d8. 
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Figure S14. 1H NMR spectrum of 2a-Cu acquired in C6D6. 

 

Figure S15. 13C NMR spectrum of 2a-Cu acquired in C6D6. 
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Figure S16. 11B NMR spectrum of 2a-Cu acquired in thf-d8. *: unknown side product. 

 

 
Figure S17. 29Si-INEPT NMR spectrum of 2a-Cu acquired in C6D6. 
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Figure S18. 1H NMR spectrum of 3a-Cu acquired in C6D6. 
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Figure S19. 1H NMR spectrum of the elemental analysis sample of 3a-Cu acquired in C6D6. For signal 
assignment see Figure S18. 

 

Figure S20. 13C NMR spectrum of 3a-Cu acquired in C6D6. 
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Figure S21. 11B NMR spectrum of 3a-Cu acquired in thf-d8. 

Figure S22. 29Si-INEPT NMR spectrum of 3a-Cu acquired in C6D6. 
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3.3 ESI MS spectra 

Figure S23. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) obtained upon examination of a 
thf solution of [Ge9{Si(TMS)3}2DABMe]- 1a in thf. Besides the signal at m/z 1246.6 (1a), two further 
signals at m/z 1396 {[Ge9{Si(TMS)3}3]-} and m/z 1322 (unidentified species) are observed as side 
products. A detailed view of the signal of anion 1a is provided in the manuscript (Figure 1). 

 

Figure S24. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) obtained upon examination of a 
thf solution of [Ge9{Si(TMS)3}2DABiPr]- 2a in thf (m/z 1302.6). A detailed view of the signal of anion 2a 
is provided in the manuscript (Figure 1). 



 

19 
 

 
Figure S25. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) obtained upon examination of a 
thf solution of [Ge9{Si(TMS)3}2DABo-tol]- 3a in thf (m/z 1398.7). A detailed view of the signal of anion 3a 
is provided in the manuscript (Figure 1). 
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3.4 Quantum chemical calculations at DFT-PBE0/TZVP level of theory 

 

 

Table S4. Molecular orbital energies of anion 1a. 

Orbital Energy [eV] (position) 
HOMO-LUMO gap 3.8 
LUMO+4 -0.160 (DAB) 
LUMO+3 -0.493 ([Ge9]) 
LUMO+2 -0.638 ([Ge9]) 
LUMO+1 -0.689 ([Ge9]) 
LUMO -0.810 ([Ge9]) 
HOMO -4.610 ([Ge9]) 

 

 

 

 

Figure S26. Molecular orbitals at anion 2a. Orbital figures are drawn in such way that 50% of the 
density is enclosed within the isosurface, corresponding to approximately 0.04 a.u. isovalue.  

 

Table S5. Molecular orbital energies of anion 2a. 

Orbital Energy [eV] (position) 
HOMO-LUMO gap 3.8 
LUMO+4 -0.098 (DAB) 
LUMO+3 -0.456 ([Ge9]) 
LUMO+2 -0.618 ([Ge9]) 
LUMO+1 -0.640 ([Ge9]) 
LUMO -0.778 ([Ge9]) 
HOMO -4.577 ([Ge9]) 
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Figure S27. Molecular orbitals at anion 3a. Orbital figures are drawn in such way that 50% of the 
density is enclosed within the isosurface, corresponding to approximately 0.04 a.u. isovalue. 

 

 

Table S6. Molecular orbital energies of anion 3a. 

Orbital Energy [eV] (position) 
HOMO-LUMO gap 3.8 
LUMO+5 -0.113 (DAB) 
LUMO+4 -0.202 (DAB) 
LUMO+3 -0.476 ([Ge9]) 
LUMO+2 -0.489 ([Ge9]) 
LUMO+1 -0.656 ([Ge9]) 
LUMO -0.742 ([Ge9]) 
HOMO -4.516 ([Ge9]) 
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Figure S28. Molecular orbitals at the theoretical anion 4a. Orbital figures are drawn in such way that 
50% of the density is enclosed within the isosurface, corresponding to approximately 0.04 a.u. 
isovalue. 

 

 

Table S7. Molecular orbital energies of the theoretical anion 4a. 

Orbital Energy [eV] (position) 
HOMO-LUMO gap 3.4 
LUMO+2 -0.693 ([Ge9]) 
LUMO+1 -0.706 ([Ge9]) 
LUMO -1.197 (B) 
HOMO -4.567 ([Ge9]) 
HOMO-1 -4.873 ([Ge9]) 
HOMO-2 -5.042 ([Ge9]) 
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6.4 Crystal Structure of (1,4,7,10,13,16-hexaoxacyclooctadecane-

κ6O6) potassium (2-methylphenylamino)ethyl-2-methylphenylamide 

ammoniate (1/3.5), [K(18-crown-6)](o-CH3C6H4)NH(CH2)2N(o-CH3C6H4) 

· 3.5 NH3, C28H53.5KN5.5O6  

 

Christoph Wallach, Wilhelm Klein and Thomas F. Fässler 

 

Crystal structure communication submitted for publication in: Z. Kristallogr., New Cryst.  

Struct. 

 

Contents and Contributions 

The single crystal structure of the compound [K(18-crown-6)](o-CH3C6H4)NH(CH2)2N(o-

CH3C6H4) · 3.5 NH3 is reported. The compound was obtained as a by-product of the reaction 

of the bromo-1,3,2-diazaborolidine DABo-tol-Br with K4Ge9 in liquid ammonia in the presence of 

18-crown-6 as sequestering agent. The synthesis and single crystal selection was performed 

by me. Dr. Wilhelm Klein refined the single crystal structure data. The manuscript for 

publication was written by me and submitted for publication by Dr. Wilhelm Klein. 
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Crystal Structure of (1,4,7,10,13,16-hexaoxacyclooctadecane-κ6O6) potassium (2-

methylphenylamino)ethyl-2-methylphenylamide ammoniate (1/3.5), [K(18-crown-6)](o-

CH3C6H4)NH(CH2)2N(o-CH3C6H4) · 3.5 NH3, C28H53.5KN5.5O6  

 
Christoph Wallach, Wilhelm Klein and Thomas F. Fässler  

 

Technische Universität München 
Department Chemie, Lichtenbergstr. 4 
85747 Garching, Germany 

e-mail: thomas.faessler@lrz.tum.de 

 

 

 

 

 

Abstract 

C28H53.5KN5.5O6, monoclinic, Pc (no. 7), a = 18.7986(12) Å, b = 8.3431(6) Å, 

c = 22.4638(16) Å, α = 90°, β = 100.554(5)°, γ = 90°, V = 3463.6(4) Å3, Z = 4, Rgt(F) = 0.0712, 

wRref(F
2) = 0.2229, T = 150 K. 
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Table 1. Data collection and handling. 

Crystal: Yellow sphere, 0.2 × 0.2 × 0.1 mm  
Wavelength: Mo Kα radiation (0.71073 Å) 
µ: 0.197 mm-1 
Diffractometer, scan mode: STOE StadiVari, ω 
2θmax: 52° 
N(hkl)measured, N(hkl)unique 40821, 13144 
Criterion for Iobs, N(hkl)gt: Iobs > 2 σ(Iobs), 10077 
N(param)refined: 750 
Programs: X-Area,[1] SHELXS,[2] SHELXL-2014,[3] Diamond[4] 

 

 

Source of material 

The title compound was obtained as an unintended side product from a synthesis aiming at 

functionalized Zintl cluster compounds.[5] All reactions were performed under the exclusion of 

oxygen and moisture using standard Schlenk line and glove box techniques. Glyoxal (Merck), 

BBr3 (Sigma Aldrich) and o-methylanilin (Sigma Aldrich) were used without further purification. 

1,4,7,10,13,16-hexaoxa-cyclooctadecane (18-crown-6; Merck) was purified by sublimation.  

2-bromo-1,3-di-o-tolyl-1,3,2-diazaborolidine (DABo-tol-Br) was prepared according to a 

published procedure.[5-6] K4Ge9 was prepared by fusing stoichiometric amounts of the elements 

in stainless-steel tubes at 650 °C. Liquid ammonia was dried over sodium metal for two hours 

prior to condensing it onto the reaction mixture. K4Ge9 (80 mg, 98.7 µmol, 1 equiv.),  

DABo-tol-Br (32.5 mg, 98.7 µmol, 1 equiv.), and 18-crown-6 (47.0 mg, 177.7 µmol, 1.8 equiv.) 

were weighed into a Schlenk tube and liquid ammonia (2 mL) was condensed onto the 

reactants, causing the formation of a red solution. Yellow spherical crystals of the title 

compound were isolated from the reaction mixture after 9 months. An exact yield could not be 

determined due to the experimental setup. 

 

Experimental details 

A single crystal was selected under a microscope equipped with a light source using a cooling 

table.[7] Subsequently, the crystal was transferred under liquid nitrogen to the diffractometer 

(STOE StadiVari) equipped with a PILATUS 300K detector (DECTRIS) and a Mo Kα radiation 

source (λ = 0.71073 Å). For the data collection the crystal was cooled in a 150 K cold stream 

of dry nitrogen. The single crystal structure was determined by direct methods using the 

program SHELXS-97.[2] Structure refinements were performed by full-matrix least-squares 

calculations against F2 (SHELXL-2014).[3] A riding model was used to calculate and refine the 

hydrogen atoms, except for the hydrogen atoms at N2 and N4 which were located from the 

difference Fourier map and were refined with independent positional and isotropic 

displacement parameters. No similar strong residual electron densities could be detected at 
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N1 and N3. Other elements than hydrogen were refined with anisotropic displacement 

parameters. 

 

Discussion 

The title compound (1) consists of an ion pair of the cationic coordination complex  

[K(18-crown-6)]+ and the [(o-CH3C6H4)NH(CH2)2N(o-CH3C6H4)]– anion, and crystallizes 

including 3.5 molecules of ammonia per formula unit. 1 crystallizes in the monoclinic space 

group Pc with 4 formula units per unit cell, the asymmetric unit is formed by two formula units. 

The anion is the amide of N1,N2-di(o-CH3C6H4)ethylene-1,2-diamine, which serves as reactant 

in the synthesis of the bromo-1,3,2-diazaborolidine DABo-tol-Br.[6] Most probably, trace amounts 

of N1,N2-di(o-CH3C6H4)ethylene-1,2-diamine remained in the synthesized precursor  

DABo-tol-Br, which were transferred into the reaction mixture in liquid ammonia by weighing in 

the precursor. Even though an exact formation mechanism for the generation of the amide 

cannot be determined, the generation of amides in liquid ammonia or ethylenediamine is an 

oftentimes described process.[8-11] 

The two crystallographically independent anions (1a, 1b) are quite similarly species. The 

interatomic distances of the central ethanediamine groups [C1-C2 1.517(11) Å, C17-C18 

1.531(10) Å, C1-N1 1.451(9) Å, C3-N3 1.459(8) Å, C2-N2 1.461(10) Å, C18-N4 1.464(9) Å] 

clearly indicate single bonds. Also, the torsion angles of the two amine substituents around the 

C1-C2 and C17-C18 bonds of ethane of 55.6° and 54.9°, respectively, are in the expected 

range for this. In contrast, the N-C bonds to the aryl groups of 1.343(9) Å (N1-C3), 1.403(9) Å 

(N2-C10), 1.353(9) Å (N3-C19), and 1.390(9) Å (N4-C26) are significantly shorter, also shorter 

than those in related compounds such as o-methylaniline (N-C 1.447 Å),[12] suggesting a partial 

double bond character, which is even slightly stronger expressed for the negatively charged N 

atom. This is supported by the torsion angles of the substituents of the N-C(aryl) bond, which 

are nearly planar around the amide N atom at 179.3° (1a) and 179.5° (1b), and deviate only 

slightly from planarity even with a protonated N atom [156.9° (1a) and 166.5° (1b)]. The relative 

inclination of the planes of the aromatic rings is 33.7° (1a) and 41.3° (1b). 

The potassium cations are coordinated by [18]crown-6 molecules and are located in the 

molecular plane. The mean interatomic distances K-O, C-O, and C-C were determined to 

2.814 Å, 1.431 Å, and 1.506 Å, respectively. Additionally, there are ammonia molecules on 

both sides of the crown ether ring planes, which partly coordinate the cations. For K2, two NH3 

molecules are observed at distances of 2.852(9) Å (N8) and 2.871(9) Å (N9), forming an almost 

linear H3N-K-NH3 unit with an angle of 168.6(3)°. K1 is coordinated by an NH3 molecule at 

2.851(8) Å, while on the opposite side of the molecule there are NH3 molecules at a greater 

distance from the K+ ion, which form hydrogen bonds to oxygen atoms of the crown ether 
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molecule.[13] The longish anions are arranged with their major extension roughly along the 

crystallographic c (1a) or a axis (1b) and stacked in the b direction, respectively. The cation 

complexes and the solvent molecules are located in the channels parallel to b formed in this 

way. 

Table 2. Fractional atomic coordinates and equivalent isotropic displacement parameters (Å2). Hydrogen atoms are 

not included. 

 x y z Ueq 

N1 0.0377(3) 0.7889(7) 0.1739(3) 0.0422(12) 

C1 0.0781(4) 0.6477(9) 0.1624(3) 0.0474(16) 

C2 0.0683(4) 0.5156(8) 0.2067(3) 0.0459(15) 

N2 0.0892(3) 0.5747(8) 0.2686(3) 0.0451(13) 

C3 0.0432(3) 0.9153(8) 0.1380(3) 0.0402(14) 

C4 0.0050(4) 1.0635(9) 0.1467(3) 0.0472(16) 

C5 0.0092(4) 1.1952(9) 0.1101(3) 0.0480(16) 

C6 0.0492(4) 1.1947(9) 0.0638(3) 0.0520(17) 

C7 0.0872(4) 1.0581(10) 0.0546(3) 0.0501(17) 

C8 0.0843(3) 0.9210(8) 0.0900(3) 0.0444(15) 

C9 -0.0393(5) 1.0667(10) 0.1956(4) 0.059(2) 

C10 0.0796(4) 0.4788(8) 0.3179(3) 0.0448(15) 

C11 0.0742(3) 0.5489(9) 0.3738(3) 0.0461(15) 

C12 0.0652(4) 0.4476(10) 0.4214(4) 0.0545(18) 

C13 0.0620(5) 0.2828(10) 0.4155(4) 0.0589(19) 

C14 0.0691(4) 0.2147(9) 0.3614(4) 0.0560(19) 

C15 0.0769(4) 0.3102(9) 0.3124(4) 0.0497(16) 

C16 0.0758(5) 0.7287(9) 0.3804(4) 0.0568(19) 

N3 0.5433(3) 0.1425(7) 0.1096(3) 0.0415(12) 

C17 0.5542(4) 0.2994(8) 0.0840(3) 0.0426(14) 

C18 0.4921(4) 0.4121(8) 0.0912(3) 0.0458(15) 

N4 0.4243(3) 0.3337(7) 0.0639(3) 0.0435(13) 

C19 0.5945(3) 0.0323(8) 0.1040(3) 0.0423(14) 

C20 0.5888(4) -0.1278(8) 0.1273(3) 0.0426(14) 

C21 0.6411(5) -0.2421(10) 0.1236(4) 0.0558(18) 

C22 0.7006(5) -0.2101(11) 0.0989(5) 0.068(2) 

C23 0.7090(4) -0.0556(12) 0.0758(5) 0.068(2) 

C24 0.6566(4) 0.0612(10) 0.0765(4) 0.0539(18) 

C25 0.5251(4) -0.1643(9) 0.1570(4) 0.0557(18) 

C26 0.3578(4) 0.4100(8) 0.0596(3) 0.0410(14) 

C27 0.2938(4) 0.3162(8) 0.0449(3) 0.0425(14) 

C28 0.2276(4) 0.3958(10) 0.0356(3) 0.0515(17) 

C29 0.2218(4) 0.5615(9) 0.0416(4) 0.0539(18) 

C30 0.2843(4) 0.6516(9) 0.0581(4) 0.0525(17) 

C31 0.3521(4) 0.5769(8) 0.0674(3) 0.0451(15) 

C32 0.2985(4) 0.1345(9) 0.0411(3) 0.0501(16) 
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K1 0.36436(7) 0.21464(19) 0.32711(7) 0.0464(4) 

O1 0.2405(3) 0.1667(7) 0.2405(2) 0.0561(13) 

O2 0.3322(3) 0.4312(6) 0.2290(2) 0.0510(12) 

O3 0.4354(2) 0.5128(6) 0.3322(2) 0.0459(11) 

O4 0.4864(2) 0.2713(6) 0.4198(2) 0.0447(11) 

O5 0.3968(3) -0.0033(6) 0.4244(2) 0.0469(11) 

O6 0.2963(3) -0.0873(6) 0.3183(2) 0.0516(12) 

C33 0.2344(4) 0.2585(12) 0.1868(4) 0.060(2) 

C34 0.2570(4) 0.4279(11) 0.2027(4) 0.059(2) 

C35 0.3594(5) 0.5892(10) 0.2397(4) 0.060(2) 

C36 0.4361(5) 0.5814(9) 0.2742(4) 0.0563(18) 

C37 0.5048(4) 0.5150(9) 0.3708(4) 0.0546(18) 

C38 0.4989(4) 0.4388(9) 0.4301(4) 0.0508(17) 

C39 0.4814(4) 0.1898(9) 0.4748(3) 0.0510(17) 

C40 0.4673(4) 0.0143(10) 0.4617(4) 0.0546(18) 

C41 0.3819(5) -0.1664(9) 0.4057(4) 0.0571(19) 

C42 0.3044(5) -0.1755(10) 0.3736(4) 0.061(2) 

C43 0.2227(4) -0.0832(12) 0.2878(4) 0.063(2) 

C44 0.2183(4) 0.0027(12) 0.2285(4) 0.067(2) 

N5 0.2640(4) 0.3465(12) 0.3948(4) 0.080(2) 

N6 0.4340(4) 0.1482(9) 0.2097(3) 0.0642(18) 

N7 0.5315(6) -0.0043(13) 0.3260(5) 0.098(3) 

K2 0.78874(8) 0.29735(19) 0.38429(7) 0.0499(4) 

O7 0.7129(3) 0.2303(7) 0.2689(2) 0.0539(12) 

O8 0.8028(3) -0.0090(7) 0.3326(2) 0.0550(12) 

O9 0.8911(3) 0.0873(6) 0.4417(2) 0.0494(11) 

O10 0.8481(3) 0.3504(6) 0.5069(2) 0.0507(12) 

O11 0.7696(3) 0.5970(6) 0.4397(3) 0.0574(13) 

O12 0.6743(3) 0.5073(6) 0.3320(2) 0.0545(12) 

C45 0.7085(5) 0.0657(11) 0.2523(4) 0.061(2) 

C46 0.7824(5) -0.0086(11) 0.2680(4) 0.062(2) 

C47 0.8761(5) -0.0672(12) 0.3506(5) 0.070(2) 

C48 0.8910(5) -0.0722(10) 0.4191(4) 0.064(2) 

C49 0.9022(4) 0.0896(10) 0.5060(3) 0.0552(19) 

C50 0.9141(4) 0.2596(12) 0.5280(4) 0.060(2) 

C51 0.8576(4) 0.5139(10) 0.5244(4) 0.0576(19) 

C52 0.7858(5) 0.5990(10) 0.5049(4) 0.062(2) 

C53 0.7044(5) 0.6816(11) 0.4166(5) 0.072(3) 

C54 0.6902(5) 0.6696(10) 0.3485(5) 0.069(2) 

C55 0.6578(5) 0.4885(12) 0.2670(4) 0.066(2) 

C56 0.6450(4) 0.3130(12) 0.2523(4) 0.062(2) 

N8 0.8899(4) 0.4399(14) 0.3199(5) 0.101(3) 

N9 0.6663(4) 0.1920(12) 0.4337(4) 0.087(3) 

N10 0.8830(4) 0.6655(9) 0.2025(4) 0.0683(19) 
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N11 0.7914(5) 0.3377(13) 0.1559(4) 0.094(3) 

 

 

Table 3. Anisotropic atomic displacement parameters (Å2). 

 U11 U22 U33 U12 U13 U23 

N1 0.042(3) 0.042(3) 0.040(3) -0.002(2) 0.000(2) 0.003(2) 

C1 0.039(3) 0.052(4) 0.048(4) -0.006(3) 0.002(3) 0.005(3) 

C2 0.042(3) 0.039(3) 0.056(4) -0.006(3) 0.007(3) 0.000(3) 

N2 0.045(3) 0.037(3) 0.051(3) -0.001(3) 0.004(2) 0.000(3) 

C3 0.031(3) 0.044(3) 0.040(3) -0.003(3) -0.006(2) -0.002(3) 

C4 0.042(3) 0.049(4) 0.048(4) -0.011(3) 0.001(3) -0.006(3) 

C5 0.044(3) 0.044(4) 0.051(4) -0.009(3) -0.004(3) -0.002(3) 

C6 0.052(4) 0.050(4) 0.048(4) 0.003(3) -0.006(3) -0.010(3) 

C7 0.042(3) 0.061(5) 0.047(4) -0.008(3) 0.006(3) -0.013(3) 

C8 0.038(3) 0.044(4) 0.048(4) -0.004(3) -0.002(3) 0.001(3) 

C9 0.062(5) 0.043(4) 0.075(5) -0.009(4) 0.017(4) 0.002(3) 

C10 0.035(3) 0.042(4) 0.054(4) 0.003(3) 0.001(3) 0.002(3) 

C11 0.034(3) 0.049(4) 0.053(4) 0.001(3) -0.001(3) -0.001(3) 

C12 0.049(4) 0.060(5) 0.052(4) 0.001(3) 0.002(3) -0.006(3) 

C13 0.054(4) 0.055(5) 0.064(5) 0.012(4) 0.003(4) -0.003(4) 

C14 0.053(4) 0.040(4) 0.074(5) 0.010(4) 0.009(4) 0.002(3) 

C15 0.050(4) 0.043(4) 0.053(4) 0.003(3) 0.002(3) 0.003(3) 

C16 0.062(5) 0.049(4) 0.056(4) -0.008(3) 0.002(4) -0.005(4) 

N3 0.038(3) 0.039(3) 0.043(3) 0.002(2) -0.005(2) 0.002(2) 

C17 0.039(3) 0.038(3) 0.047(4) 0.005(3) -0.002(3) -0.002(3) 

C18 0.043(3) 0.041(4) 0.049(4) 0.001(3) -0.002(3) -0.002(3) 

N4 0.038(3) 0.036(3) 0.053(3) 0.000(3) -0.001(2) 0.001(2) 

C19 0.035(3) 0.042(3) 0.045(4) -0.006(3) -0.005(3) 0.000(3) 

C20 0.047(4) 0.039(3) 0.039(3) -0.007(3) -0.002(3) 0.001(3) 

C21 0.065(5) 0.045(4) 0.051(4) -0.002(3) -0.005(3) 0.014(4) 

C22 0.052(4) 0.066(6) 0.082(6) -0.009(5) 0.004(4) 0.024(4) 

C23 0.046(4) 0.074(6) 0.084(6) -0.014(5) 0.013(4) 0.009(4) 

C24 0.043(4) 0.057(5) 0.061(5) 0.005(4) 0.007(3) 0.002(3) 

C25 0.061(4) 0.041(4) 0.063(5) 0.002(3) 0.005(4) 0.001(3) 

C26 0.044(3) 0.037(3) 0.039(3) 0.004(3) 0.002(3) 0.006(3) 

C27 0.044(3) 0.044(4) 0.038(3) 0.001(3) 0.003(3) 0.002(3) 

C28 0.041(4) 0.059(5) 0.053(4) 0.001(3) 0.002(3) 0.001(3) 

C29 0.049(4) 0.047(4) 0.060(5) 0.009(3) -0.003(3) 0.012(3) 

C30 0.058(4) 0.039(4) 0.058(4) 0.001(3) 0.007(3) 0.010(3) 
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C31 0.052(4) 0.033(3) 0.048(4) 0.002(3) 0.003(3) 0.003(3) 

C32 0.045(4) 0.049(4) 0.053(4) -0.004(3) 0.001(3) -0.004(3) 

K1 0.0431(7) 0.0475(8) 0.0431(8) 0.0017(6) -0.0066(6) -0.0022(6) 

O1 0.043(3) 0.076(4) 0.043(3) -0.013(3) -0.006(2) 0.003(2) 

O2 0.051(3) 0.051(3) 0.047(3) 0.000(2) -0.001(2) 0.014(2) 

O3 0.044(2) 0.044(3) 0.048(3) 0.002(2) 0.003(2) 0.000(2) 

O4 0.045(2) 0.043(3) 0.042(2) -0.004(2) -0.003(2) 0.000(2) 

O5 0.049(3) 0.037(2) 0.051(3) 0.001(2) -0.001(2) 0.004(2) 

O6 0.047(3) 0.053(3) 0.052(3) -0.007(2) 0.003(2) -0.014(2) 

C33 0.045(4) 0.083(6) 0.044(4) -0.002(4) -0.009(3) 0.016(4) 

C34 0.053(4) 0.075(6) 0.044(4) 0.002(4) -0.007(3) 0.028(4) 

C35 0.084(6) 0.047(4) 0.046(4) 0.005(3) 0.005(4) 0.015(4) 

C36 0.071(5) 0.045(4) 0.054(4) 0.002(3) 0.013(4) -0.009(4) 

C37 0.041(4) 0.044(4) 0.075(5) -0.004(4) 0.001(3) -0.006(3) 

C38 0.048(4) 0.041(4) 0.056(4) -0.006(3) -0.009(3) 0.001(3) 

C39 0.047(4) 0.057(4) 0.043(4) -0.003(3) -0.006(3) 0.000(3) 

C40 0.046(4) 0.054(4) 0.058(5) 0.009(4) -0.006(3) 0.003(3) 

C41 0.073(5) 0.043(4) 0.055(4) 0.000(3) 0.012(4) 0.003(4) 

C42 0.078(6) 0.056(5) 0.051(4) -0.004(4) 0.015(4) -0.018(4) 

C43 0.047(4) 0.075(6) 0.067(5) -0.015(4) 0.009(4) -0.018(4) 

C44 0.043(4) 0.087(6) 0.063(5) -0.026(5) -0.008(3) -0.012(4) 

N5 0.062(4) 0.107(7) 0.076(5) -0.007(5) 0.021(4) -0.002(4) 

N6 0.062(4) 0.061(4) 0.068(4) 0.007(3) 0.007(3) 0.021(3) 

N7 0.128(9) 0.081(6) 0.091(7) 0.002(5) 0.032(6) 0.001(6) 

K2 0.0481(8) 0.0501(9) 0.0451(8) 0.0021(7) -0.0082(6) 0.0032(7) 

O7 0.044(3) 0.065(3) 0.046(3) 0.000(2) -0.009(2) -0.006(2) 

O8 0.047(3) 0.061(3) 0.055(3) -0.006(3) 0.004(2) 0.003(2) 

O9 0.046(2) 0.047(3) 0.051(3) 0.003(2) -0.003(2) 0.002(2) 

O10 0.039(2) 0.056(3) 0.052(3) -0.005(2) -0.004(2) 0.007(2) 

O11 0.050(3) 0.051(3) 0.068(3) -0.002(3) 0.001(2) 0.005(2) 

O12 0.047(3) 0.053(3) 0.057(3) 0.012(2) -0.007(2) 0.002(2) 

C45 0.068(5) 0.065(5) 0.046(4) -0.009(4) -0.002(4) -0.018(4) 

C46 0.074(5) 0.063(5) 0.049(4) -0.006(4) 0.012(4) -0.008(4) 

C47 0.054(5) 0.060(5) 0.092(7) -0.016(5) 0.002(4) 0.009(4) 

C48 0.054(4) 0.054(5) 0.076(6) 0.001(4) -0.007(4) 0.013(4) 

C49 0.051(4) 0.067(5) 0.043(4) 0.010(4) -0.005(3) 0.008(4) 

C50 0.039(4) 0.088(6) 0.044(4) -0.004(4) -0.011(3) 0.014(4) 

C51 0.057(4) 0.059(5) 0.051(4) -0.007(4) -0.006(3) -0.007(4) 

C52 0.066(5) 0.048(4) 0.074(6) -0.010(4) 0.015(4) 0.003(4) 
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C53 0.049(4) 0.052(5) 0.109(8) -0.008(5) -0.002(5) 0.012(4) 

C54 0.056(4) 0.051(4) 0.089(7) 0.017(4) -0.017(4) 0.001(4) 

C55 0.053(4) 0.079(6) 0.062(5) 0.027(4) -0.004(4) 0.007(4) 

C56 0.041(4) 0.088(6) 0.050(4) 0.009(4) -0.010(3) 0.003(4) 

N8 0.050(4) 0.134(9) 0.113(8) 0.034(7) 0.001(4) -0.006(5) 

N9 0.060(5) 0.103(7) 0.099(7) 0.028(5) 0.012(4) 0.015(4) 

N10 0.065(4) 0.070(5) 0.073(5) -0.005(4) 0.018(4) 0.000(4) 

N11 0.098(6) 0.104(7) 0.080(6) 0.012(5) 0.019(5) -0.043(5) 

 

Table 4. Geometric parameters (Å, º). 

Atoms  Distances Atoms Distances 

N1—C3 1.343(9) C26—C27 1.423(10) 

N1—C1 1.451(9) K1—N6 3.201(7) 

C1—C2 1.517(11) O1—C33 1.416(10) 

C2—N2 1.461(10) O1—C44 1.441(11) 

N2—C10 1.403(9) O2—C35 1.418(10) 

N2—H2 0.80(9) O2—C34 1.429(9) 

C3—C8 1.437(10) O3—C36 1.426(9) 

C3—C4 1.461(10) O3—C37 1.427(9) 

C4—C5 1.382(11) O4—C39 1.427(9) 

C4—C9 1.495(11) O4—C38 1.429(8) 

C5—C6 1.392(11) O5—C41 1.437(9) 

C6—C7 1.380(11) O5—C40 1.440(9) 

C7—C8 1.400(11) O6—C43 1.426(9) 

C10—C11 1.406(11) O6—C42 1.429(10) 

C10—C15 1.412(10) C33—C34 1.500(13) 

C11—C12 1.398(11) C35—C36 1.509(12) 

C11—C16 1.507(10) C37—C38 1.499(12) 

C12—C13 1.382(12) C39—C40 1.508(11) 

C13—C14 1.370(13) C41—C42 1.504(12) 

C14—C15 1.389(12) C43—C44 1.502(14) 

N3—C19 1.353(9) K2—O9 2.743(5) 

N3—C17 1.459(8) K2—O7 2.777(5) 

C17—C18 1.531(10) K2—O10 2.810(5) 

C18—N4 1.464(9) K2—O8 2.840(6) 

N4—C26 1.390(9) K2—O11 2.845(6) 

N4—H4 0.87(10) K2—N8 2.852(9) 

C19—C24 1.439(10) K2—O12 2.855(5) 

C19—C20 1.446(10) K2—N9 2.871(9) 

C20—C21 1.383(10) O7—C45 1.422(10) 

C20—C25 1.505(11) O7—C56 1.439(9) 

C21—C22 1.363(13) O8—C46 1.432(10) 

C22—C23 1.408(14) O8—C47 1.446(10) 
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C23—C24 1.388(11) O9—C49 1.421(9) 

C26—C31 1.410(9) O9—C48 1.424(10) 

C27—C28 1.392(10) O10—C51 1.422(10) 

C27—C32 1.522(10) O10—C50 1.457(9) 

C28—C29 1.395(11) O11—C53 1.427(9) 

C29—C30 1.388(11) O11—C52 1.440(11) 

C30—C31 1.399(10) O12—C54 1.421(11) 

K1—O1 2.777(5) O12—C55 1.443(10) 

K1—O3 2.816(5) C45—C46 1.504(13) 

K1—O6 2.816(5) C47—C48 1.514(14) 

K1—O5 2.823(5) C49—C50 1.505(13) 

K1—O2 2.829(5) C51—C52 1.516(12) 

K1—O4 2.842(5) C53—C54 1.506(15) 

K1—N5 2.851(8) C55—C56 1.510(14) 

    

Atoms  Angles [°]  Atoms  Angles [°]  

C3—N1—C1 115.4(6) C33—O1—K1 116.5(5) 

N1—C1—C2 110.1(6) C44—O1—K1 116.4(4) 

N2—C2—C1 109.6(6) C35—O2—C34 112.7(6) 

C10—N2—C2 120.5(6) C35—O2—K1 116.3(4) 

N1—C3—C8 126.0(6) C34—O2—K1 111.3(5) 

N1—C3—C4 119.3(6) C36—O3—C37 112.9(6) 

C8—C3—C4 114.7(6) C36—O3—K1 113.6(4) 

C5—C4—C3 120.7(6) C37—O3—K1 114.2(4) 

C5—C4—C9 121.5(7) C39—O4—C38 111.2(5) 

C3—C4—C9 117.8(7) C39—O4—K1 112.5(4) 

C4—C5—C6 122.7(7) C38—O4—K1 111.6(4) 

C7—C6—C5 118.6(7) C41—O5—C40 112.1(6) 

C6—C7—C8 121.0(7) C41—O5—K1 112.3(4) 

C7—C8—C3 122.4(6) C40—O5—K1 115.5(4) 

N2—C10—C11 120.5(6) C43—O6—C42 111.7(6) 

N2—C10—C15 120.5(7) C43—O6—K1 113.6(5) 

C11—C10—C15 119.0(7) C42—O6—K1 115.1(4) 

C12—C11—C10 118.1(7) O1—C33—C34 109.4(6) 

C12—C11—C16 122.0(7) O2—C34—C33 109.4(6) 

C10—C11—C16 119.9(7) O2—C35—C36 109.1(6) 

C13—C12—C11 122.5(8) O3—C36—C35 108.7(6) 

C14—C13—C12 119.2(8) O3—C37—C38 109.0(6) 

C13—C14—C15 120.4(7) O4—C38—C37 108.0(6) 

C14—C15—C10 120.7(8) O4—C39—C40 109.4(6) 

C19—N3—C17 114.8(6) O5—C40—C39 108.8(6) 

N3—C17—C18 110.1(6) O5—C41—C42 108.0(6) 

N4—C18—C17 107.7(6) O6—C42—C41 109.3(6) 

C26—N4—C18 121.8(6) O6—C43—C44 109.1(6) 
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Table 4 continued    

N3—C19—C24 125.0(7) O1—C44—C43 108.7(7) 

N3—C19—C20 119.6(6) O9—K2—O7 120.41(17) 

C24—C19—C20 115.5(6) O9—K2—O10 61.41(15) 

C21—C20—C19 120.9(7) O7—K2—O10 171.96(17) 

C21—C20—C25 121.3(7) O9—K2—O8 60.49(15) 

C19—C20—C25 117.7(6) O7—K2—O8 60.48(16) 

C22—C21—C20 122.4(8) O10—K2—O8 119.50(16) 

C21—C22—C23 119.0(7) O9—K2—O11 119.33(16) 

C24—C23—C22 120.7(8) O7—K2—O11 120.05(17) 

C23—C24—C19 121.4(8) O10—K2—O11 59.50(16) 

N4—C26—C31 122.1(6) O8—K2—O11 177.01(18) 

N4—C26—C27 118.4(6) O9—K2—N8 91.7(2) 

C31—C26—C27 119.4(6) O7—K2—N8 83.5(2) 

C28—C27—C26 117.8(6) O10—K2—N8 104.4(2) 

C28—C27—C32 121.8(6) O8—K2—N8 92.7(3) 

C26—C27—C32 120.4(6) O11—K2—N8 90.3(3) 

C27—C28—C29 122.9(7) O9—K2—O12 174.89(17) 

C30—C29—C28 119.0(7) O7—K2—O12 61.30(17) 

C29—C30—C31 120.2(7) O10—K2—O12 116.16(16) 

C30—C31—C26 120.6(7) O8—K2—O12 120.22(17) 

O1—K1—O3 119.13(17) O11—K2—O12 59.65(16) 

O1—K1—O6 60.64(17) N8—K2—O12 93.3(2) 

O3—K1—O6 177.69(16) O9—K2—N9 99.5(2) 

O1—K1—O5 118.98(17) O7—K2—N9 89.3(2) 

O3—K1—O5 120.24(15) O10—K2—N9 82.6(2) 

O6—K1—O5 60.62(15) O8—K2—N9 91.4(3) 

O1—K1—O2 60.91(17) O11—K2—N9 85.7(3) 

O3—K1—O2 59.98(15) N8—K2—N9 168.6(3) 

O6—K1—O2 119.14(16) O12—K2—N9 75.5(2) 

O5—K1—O2 179.56(16) C45—O7—C56 112.9(6) 

O1—K1—O4 176.92(16) C45—O7—K2 115.8(4) 

O3—K1—O4 60.64(14) C56—O7—K2 115.1(5) 

O6—K1—O4 119.73(15) C46—O8—C47 110.4(6) 

O5—K1—O4 60.56(14) C46—O8—K2 112.6(5) 

O2—K1—O4 119.58(15) C47—O8—K2 110.1(5) 

O1—K1—N5 83.0(2) C49—O9—C48 111.4(6) 

O3—K1—N5 89.6(2) C49—O9—K2 115.4(4) 

O6—K1—N5 92.6(2) C48—O9—K2 118.4(4) 

O5—K1—N5 84.6(2) C51—O10—C50 110.7(6) 

O2—K1—N5 95.8(2) C51—O10—K2 115.4(4) 

O4—K1—N5 94.0(2) C50—O10—K2 113.5(4) 

O1—K1—N6 79.33(17) C53—O11—C52 111.9(7) 

O3—K1—N6 85.63(18) C53—O11—K2 116.4(5) 

O6—K1—N6 92.08(18) C52—O11—K2 115.8(4) 



6 Publications and Manuscripts 

245 
 

Table 4 continued    

O5—K1—N6 117.63(17) C54—O12—C55 111.3(6) 

O2—K1—N6 61.94(16) C54—O12—K2 111.7(4) 

O4—K1—N6 103.62(17) C55—O12—K2 110.8(5) 

N5—K1—N6 156.4(2) O7—C45—C46 109.2(6) 

C33—O1—C44 112.3(6)   
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Contents and Contributions 

The reaction of the twofold silylated cluster [Ge9{Si(TMS)3}2]2– with bromo-1,3,2-

diazaborolidines DABMes-Br or the bromo-1,3,2-diazaborole DAB(II)Dipp-Br in the cyclic ethers 

trimethylene oxide or tetrahydrofuran (n = 3 or 4, respectively) yielded the monoanionic species 

[Ge9{Si(TMS)3}2(CH2)nO-DABR]– (2a to 5a). Further organic wingtip substituents at the  

DABR-Br precursors were tested (R = o-tol, o-xyl, Dipp), as well as the acyclic bromo-borane 

(NiPr2)2B-Br revealing the same reactivity. The formed anions were investigated by ESI-MS 

analysis and the anions 3a to 5a were crystallized as the potassium salts [DAB(II)Dipp, n = 4 

(4a); R = Mes, n = 4 (3a), n = 3 (5a)]. Further ESI-MS studies were conducted using deuterated 

tetrahydrofuran as solvent, and indeed the mass peaks of the respective monoanionic species 

shifted to higher values. To obtain insights into the reactions leading to the incorporation of 

ring-opened ether fragments, all bromo-boranes were reacted with thf in absence of any cluster 

species, and the formation of the ring-opened molecules DABR-O(CH2)4-Br was observed in 

1H NMR spectroscopic investigations. Consequently, the observed reactions can be explained 

as a two-step mechanism, involving the formation of ring-opened bromides and a subsequent 

SN2-like attack of the cluster. In contrast, the bromo-boranes reveal no reactivity towards other 

polar molecules like acetonitrile. However, upon adding the twofold silylated cluster to a 

mixture of the bromo-diazaborolidine DABMes-Br and acetonitrile, the formation of the species 

[Ge9{Si(TMS)3}2{MeC=N}DABMes]– (6a) was observed. The incorporation of an imine entity was 

further proven by single crystal structure analysis as well as in ESI-MS deuteration 

experiments. Due to the inertness of the bromo-diazaborolidine towards the nitrile, the 

incorporation of the imine is supposed to follow a frustrated Lewis acid-base-like mechanism, 

with the cluster acting as Lewis base and the borane as Lewis acid. 
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FLP-type nitrile activation and cyclic ether ring-
opening by halo-borane nonagermanide-cluster
Lewis acid–base pairs†

Christoph Wallach,‡ Felix S. Geitner‡ and Thomas F. Fässler *

Even though homoatomic nine-atom germanium clusters are known for two decades, their chemical

properties are still rarely investigated. We now discovered that Zintl ion main group-element clusters

possess a reactive lone pair of electrons, and we show a new pathway to bind ligands with functional

groups to the [Ge9] cluster core through Ge–C bond formation. We report on the reactivity of

[Ge9{Si(TMS)3}2]
2� (TMS ¼ trimethylsilyl) towards a series of Lewis acidic bromo-boranes. The reaction of

[Ge9{Si(TMS)3}2]
2� and DABo-tol

–Br (DAB ¼ 1,3,2-diazaborolidine; o-tol ¼ 2-methylphenyl) resulted,

depending on the reaction protocol, either in the formation of [Ge9{Si(TMS)3}2DAB
o-tol]� (1a) with direct

Ge–B interactions, or in [Ge9{Si(TMS)3}2(CH2)4O–DABo-tol]� (2a) featuring a ring-opened thf moiety. Ring

opening reactions occur for all bulkier DABR
–Br [R: o-xyl (2,6-dimethylphenyl), Mes (2,4,6-

trimethylphenyl), Dipp (2,6-diisopropylphenyl)], DAB(II)Dipp–Br and acyclic (iPr2N)2BBr without Ge–B bond

formation as shown for the structural characterization of the ring-opened products of thf (3, 4) and

trimethylene oxide (5). In contrast to thf, the activation of CH3CN requires the simultaneous presence of

Lewis-acid and Lewis-basic reactants allowing the formation of [Ge9{Si(TMS)3}2CH3C]N–DABMes]� (6a).

Within the presented compounds, 3 and 4 show an unusual substitution pattern of the three ligands at

the [Ge9] core in the solid state. The [Ge9] cluster/borane systems correspond to intermolecular

frustrated Lewis pairs (FLPs), in which the [Ge9] cluster with several lone pairs represents the Lewis base,

and the borane is the Lewis acid.

Introduction

Main group element compounds and especially frustrated

Lewis pairs (FLPs) have recently emerged in the eld of small

molecule activation. FLPs rely on a spatial separation of the

Lewis-acidic and -basic sites preventing adduct formation and

are known to interact with a plethora of different molecules

including gasses, unsaturated systems or solvent molecules

featuring polarizable bonds.1–4 For the latter, as examples the

main group assisted opening of cyclic ethers5–9 or the reaction

with nitriles,10–15 which is oen accompanied by ring formation,

can be quoted.

Recently, the idea that transition-metal free [Ge9] clusters

might serve as Lewis base in Ge/boron based FLPs was put to

front16 and metal-functionalized [Ge9]-Zintl clusters have been

employed as homogeneous catalysts, in which the Ge atoms

serve as a “support” for the catalytically active transition

metal.17 Homoatomic anionic nine-atom germanium clusters

offer indeed a framework for a spatial arrangement of various

functional groups and possess at least six Ge atoms with lone

pairs pointing to the outside of the cage, resembling an overall

six-fold Lewis base. Nonagermanide clusters are accessible in

high yields and purity via fusion of stoichiometric amounts of K

and Ge forming the Zintl phase K4Ge9
18,19 containing discrete,

extractable [Ge9]
4� anions.20–23 In heterogeneous reactions

organic main group element fragments are bound to the [Ge9]

core enhancing its solubility and stability. Thus, by treatment

of solid K4Ge9 with stoichiometric amounts of an

acetonitrile solution of chloro-tris(trimethylsilyl)silane the two-

and three-fold silylated clusters [Ge9{Si(TMS)3}2]
2� 24 and

[Ge9{Si(TMS)3}3]
� 25 are obtained, respectively. The transfer of

this method to elusive [Si9] clusters in the phase K12Si17 yielding

[Si9{SiR3}2]
2�, [Si9{SiR3}3]

� (R ¼ TMS, tBu2H),26,27 [Si9H2]
2�,28

and [Si9H]3� 29,30 shows the huge potential of this synthetic

protocol using polar intermetallic compounds (Zintl phases) as

precursors.

The addition of functional groups such as silyl frag-

ments24,31–35 to bare [Ge9] allowed for a stabilization and
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enhanced solubility of the cluster. Thus, mixed substituted

clusters featuring various group 14 element fragments became

accessible.36–41 However, the attachment of phosphanyl-moie-

ties42–45 to [Ge9] showed that the clusters can be decorated with

more interesting Lewis basic functional groups. Similarly of

interest is the addition of a ligand comprising an electron-

decient boranyl moiety by our group.

The boranyl functionalization of [Ge9] clusters was achieved

by the reaction of [Ge9{Si(TMS)3}2]
2� with the heterocyclic

chloro-boranes DABR
–Cl (R: Me, iPr, o-tol; DAB: 1,3,2-diazabor-

olidine) yielding the anions [Ge9{Si(TMS)3}2DAB
R]�, thus

introducing Lewis acidic moieties to the cluster. In fact,

quantum chemical calculations corroborated the anion

[Ge9{Si(TMS)3}2BCy2]
� (Cy: cyclohexyl) to be an intramolecular

frustrated Lewis acid–base pair (FLP), and its reactivity towards

small molecules has been anticipated.16 Within the system

B/Ge, a bis-amido germylene-based Lewis acid/base-related pair

is the only reported example, to the best of our knowledge. Since

a Ge–B adduct is formed in the ground state, it does not

correspond to a typical FLP, but nevertheless, a cleavage of the

C]O bond of ketones or isocyanates has been observed.46

Triggered by the variety of reactions reported for FLP systems

and on the basis of our recent achievements in combining

boranes and [Ge9] clusters, we now investigated the reactivity of

[Ge9{Si(TMS)3}2]
2� as an appropriate Lewis base in combination

with sterically hindered boron-based electrophiles, focusing on

the reactivity towards molecules with polar groups. As boranes

we applied the cyclic species DABR
–Br (R: iPr, o-tol, o-xyl, Mes,

Dipp) and DAB(II)Dipp–Br [(II): unsaturated backbone] as well as

acyclic (iPr2N)2BBr, which (according to the acceptor number

(AN) determined by the Gutmann–Beckett method) show an

increased electrophilicity compared to the chloro-species used

for the synthesis of the reported boranyl-functionalized clus-

ters, thus featuring prerequisites for the formation of (reactive)

FLPs.16,47–49 Within the presented reactions the transition metal-

free Zintl ions can be regarded as an active component in small

molecule activation.

Results and discussion
Ring-opening of tetrahydrofuran

The reaction of equimolar amounts of [Ge9{Si(TMS)3}2]
2� and

DABo-tol
–Br in 1,4-dioxane selectively yields anionic

[Ge9{Si(TMS)3}2DAB
o-tol]� (1a). Besides the respective peak at

m/z 1398.7 observed in the mass spectrum (Fig. S46†), the NMR

data are congruent to the reaction product featuring a Ge–B

bond as already reported for the reaction with DABo-tol
–Cl

(Fig. 1a).16

In thf as solvent for the reaction, the 1H NMR spectrum of

the solid residue shows the presence of two distinct species,

which are identied as anions 1a and [Ge9{Si(TMS)3}2(CH2)4O–

DABo-tol]�, 2a (d ¼ 0.24 ppm, thf-d8) in a 60 : 40 ratio (Fig. 1b).

This ratio changes to 15 : 85 performing the reaction at 35 �C. At

higher temperature we observe formation of [Ge9{Si(TMS)3}3]
�.

To selectively yield anion 2a, the bromo-borane is dissolved in

thf in a rst step and the bis-silylated cluster is added in

a subsequent step leading to one single peak at m/z 1470.8

(Fig. S49†) in the ESI MS and the observation of one signal set in

the 1H NMR spectrum.

Aer redissolving the residues of analogous reactions per-

formed in deuterated thf, an ESI mass peak atm/z 1478.8 (2a-d8)

is observed, indicative of the formation of the thf ring-opened

species in which a –(CD2)4O– moiety is attached to the [Ge9]

cluster ion (Fig. S51†). It is noteworthy that pure 1a does not

react with thf under ring-opening. Using the sterically more

hindered borane DABMes
–Br resulted in a complete conversion

of the reactants to one single species within 3 h at room

temperature in thf, as shown by 1H NMR investigations.

Recrystallization of the crude product from toluene at �40 �C

yielded red crystals suitable for single crystal X-ray diffraction,

which were identied as K[Ge9{Si(TMS)3}2(CH2)4O-DAB
Mes], 3

(Fig. 2a and 3a).

The anion 3a originates from thf ring-opening and insertion

between the cluster and the boranyl ligand through Ge–C and

B–O bond formation, respectively. The formation is conrmed

by ESI MS spectra obtained from the intermediate solid prod-

ucts of the reaction using thf and thf-d8 as solvents, resulting in

Fig. 1 (a) Reactivity of [Ge9{Si(TMS)3}2]
2� towards DABR

–Br (R: o-tol,
Mes) depending on the reaction conditions. (b) Selected areas of the
1H NMR spectra of mixtures of 1a and 2a (top), pure 1a (middle) and
pure 2a (bottom). All spectra were acquired in thf-d8.
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mass peaks at m/z 1526.8 (3a; Fig. 2a) and m/z 1534.8 (3a-d8,

Fig. 2b), respectively.

Similar reactions of [Ge9{Si(TMS)3}2]
2� with DAB(II)Dipp–Br

yielded the respective anion [Ge9{Si(TMS)3}2(CH2)4O–

DAB(II)Dipp]� (4a), with observed molecule peaks at m/z 1608.8

(4a, Fig. S57†) and m/z 1616.8 (4a-d8, Fig. S59†). Full conversion

of the reactants occurs upon stirring the reaction mixture for

three weeks at 35 �C (at r. t. no reaction is observed at all due to

the increased steric demand of the Dipp rest if compared to

a Mes group).50 A more convenient access to 4a was found by

heating a solution of DAB(II)Dipp–Br in thf to 70 �C for 2 days,

followed by the addition of [Ge9{Si(TMS)3}2]
2�. Compound 4, K

[Ge9{Si(TMS)3}2(CH2)4O-DAB(II)
Dipp], was obtained by recrystal-

lization of the crude material from toluene solution at �40 �C.

Compounds 3 and 4 crystallize in the triclinic space group

P�1. In both compounds the bis-silylated clusters carry an

additional ligand that comprises a ring-opened thf molecule

which is further attached to the boranyl group through the

oxygen atom. The [Ge9] cluster cores are best described as dis-

torted tricapped trigonal prisms with three different prims

heights (Ge2–Ge4, Ge5–Ge6 and Ge7–Ge8) and thus CS

symmetry (Fig. 3a, b and d). All three substituents (one alkyl

group and two silyl groups) form classical 2-center-2-electron

(2c-2e) exo-bonds to single Ge vertices of the [Ge9] cluster

cores, with Ge–Ge, Ge–Si and Ge–C distances being in accor-

dance with reported values (Table 1).24,25,51–53 The alkyl group

(–(CH2)4O–) and one of the silyl groups (Si1–Si4) are attached at

Ge atoms capping the trigonal prism,25,34,43,44 whereas the

second silyl group (Si5–Si8) does not bind to the third capping

atom Ge9, but to Ge5 instead, which is an atom of the trigonal

prism base. This feature deviates from the typical substitution

pattern in [Ge9] clusters presented in Fig. 3e. Isomerization with

Fig. 2 Selected areas of ESI MS spectra (thf, negative-ion
mode, 3500 V, 300 �C) of 3a and 3a-d8. (a) Molecule peak of
[Ge9{Si(TMS)3}2(CH2)4O–DABMes]� (3a) at m/z 1526.8; (b) molecule
peak of [Ge9{Si(TMS)3}2(CD2)4O–DABMes]� (3a-d8) at m/z 1534.8.
Calculated isotope patterns are shown as black bars. Overview spectra
are provided in the ESI.†

Fig. 3 Molecular structures of compounds 3–5 with uncommon (in 3 and 4) and common (in 5) substitution patterns of the [Ge9] core. All
ellipsoids are shown at a 50% probability level. For clarity protons, co-crystallized solvent molecules and TMS groups are omitted. Mes and Dipp
fragments are shown as grey spheres, and carbon atoms of DAB and DAB(II) moieties are presented as black wire sticks. (a) Molecular structure of
3with–(CH2)4O–moiety; (b) molecular structure of 4with–(CH2)4O–moiety; (c) molecular structure of 5with–(CH2)3O–moiety; emphasis on
(d) less common and (e) common substitution isomer of the [Ge9] core in the anions 3a–6a (trigonal prisms are indicated by bold red lines).
Selected bond lengths and crystallographic data of 3–5 are presented in the ESI.†

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 6969–6976 | 6971
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respect to the ligand arrangement has been observed before.54–56

However, NMR investigations of 3 in solution suggest

a symmetrically decorated [Ge9] cage with chemically and

magnetically identical silyl groups (Fig. S32†). Even upon cool-

ing of the NMR sample to�90 �C no splitting of the main signal

could be observed, nevertheless a minor species (approx. 5%)

showing a signal splitting could be monitored reaching its

coalescence at 70 �C. Due to the low concentration we believe

the latter signal is caused by an impurity. The asymmetric

substitution in 3 and 4 could result from packing effects, and

thus a rearrangement of the [Ge9] cluster substituents or cluster

vertex atoms might occur during crystallization.

The charge balancing potassium cations of 3a and 4a coor-

dinate to two Ge vertices of the [Ge9] unit and to the oxygen

atom of the ring-opened ether (Fig. 3a and b). An inuence of

the K+ cations on the course of the reaction was ruled out, since

similar experiments, in which the cations were sequestered by

18-crown-6 or [2.2.2]-cryptand gave the same products.

However, the coordination could play a role concerning which

possible ligand arrangement at the [Ge9] clusters is found in

crystals of 3 and 4.

These species resemble intermolecular frustrated Lewis

pairs (FLPs) consisting of the bis-silylated [Ge9] cluster (Lewis

base) and the bromo-borane (Lewis acid). The formation of 3

and 4 reveals a new and very promising route to attach further

ligands at the silylated [Ge9] cluster. Currently, the formation of

[Ge9]–C bonds is limited to vinylation reactions, and a direct

alkylation of the [Ge9] cluster using alkyl-halides or acyl-chlo-

rides36,39 suffering either from low yields or limitation to neutral

cluster species.38

The cleavage of endocyclic C–O bonds has been reported for

boron based Lewis acids57,58 as well as for non-electron-decient

boron subphthalocyanine, proposing the formation of a four-

membered ring intermediate and subsequent s-bond metath-

esis.59,60 Therefore we tested the reactivity of the boranes DABR
–

Br towards thf in the absence of any cluster species. Indeed,

NMR investigations (1H, 11B; Fig. S5 to S16†) of the residues

obtained by stirring DABR
–Br (R: o-tol; Mes) or DAB(II)Dipp–Br in

thf at room temperature or 70 �C, respectively, revealed thf ring-

opening under formation of DABR
–O–(CH2)4–Br. As observed

for anions 2a to 5a the 11B NMR shis for the ring-opened

species are only slightly up-eld shied if compared to the

Table 1 Selected bond lengths and prism heights h (both in Å) in compounds 3–6. Additional bond lengths are presented in the ESI

3 4 5 6

h1 3.976(1) 3.918(1) 3.429(1) 3.370(1)
h2 2.759(2) 2.815(2) 3.525(1) 3.663(1)
h3 2.932(1) 2.934(1) 3.295(1) 3.201(1)
hlong/hshort 1.44 1.39 1.07 1.14
Ge–Geshort 2.5038(8) (Ge1–Ge2) 2.5046(8) (Ge1–Ge2) 2.5031(9) (Ge6–Ge9) 2.5128(7) (Ge3–Ge7)
Ge–Gelong 2.9322(8) (Ge7–Ge8) 2.9324(8) (Ge7–Ge8) 2.715(1) (Ge4–Ge8) 2.7396(7) (Ge4–Ge8)
Ge1–C1 1.995(5) 2.007(5) 1.984(6) 1.997(4)
Ge3–Si1 2.396(2) 2.392(2) 2.381(2) 2.369(1)
Ge5–Si5 or Ge9–Si5 2.395(2) 2.403(2) 2.383(2) 2.381(1)

Scheme 1 Possible formation path for compounds 2–4 through (a) reaction of DABR
–Br (R: o-tol, Mes) and DAB(II)Dipp–Br with thf yielding ring-

opened DABR
–(CH2)4O–Br and (b) subsequent reaction with [Ge9{Si(TMS)3}2]

2�. Detailed reaction parameters are provided in the ESI.†

6972 | Chem. Sci., 2021, 12, 6969–6976 © 2021 The Author(s). Published by the Royal Society of Chemistry

Chemical Science Edge Article

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 0

7
 A

p
ri

l 
2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 4

/2
7
/2

0
2
2
 8

:2
4
:5

1
 A

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1sc00811k


DAB-reactants, indicating a similar chemical shielding of B.

Upon the addition of [Ge9{Si(TMS)3}2]
2� species 2a to 4a are

formed (Scheme 1), as shown by ESI MS experiments. Reactions

with the less hindered DABo-xyl
–Br, DABDipp

–Br (saturated

backbone) and acyclic (iPr2N)2BBr led to the corresponding

ring-opened products (Table 2), whereas in reactions with the

analogous chloro-boranes DABR
–Cl no ring opening of thf was

observed (with and without [Ge9{Si(TMS)3}2]
2�), which we

assign to the lower Lewis acidity47–49 of the chloro-borane, and

Cl� being a worse leaving group than Br�.61

Ring-opening of trimethylene oxide

The reaction of [Ge9{Si(TMS)3}2]
2� with DABMes

–Br in tmo

(trimethylene oxide) accordingly leads to the formation of

[Ge9{Si(TMS)3}2(CH2)3O–DAB
Mes]� (5a). Isolation of single crys-

tals allowed the structural characterization and revealed the

formation of K[Ge9{Si(TMS)3}2(CH2)3O–DAB
Mes] (5). ESI MS data

of 5a (m/z 1512.8, Fig. S61†), and NMR spectroscopic investiga-

tions corroborate the structure in solution. Compound 5 crys-

tallizes in the triclinic space group P�1. The [Ge9] cluster core can

be best described as a tricapped trigonal prism with three

different prims heights and CS symmetry. All Ge–Ge, Ge–Si and

Ge–C distances are in the range of the bond lengths observed in

3 and 4 (Table 1). In contrast to the asymmetric substitution

pattern of the [Ge9] cluster in 3 and 4, the three substituents in 5

bind to the capping Ge atoms of the tricapped trigonal prismatic

[Ge9] core, as typically observed for tris-substituted [Ge9] species

(Fig. 3c and e).25,34,43,44 Apparently, the slightly shorter alkyl chain

changes the favoured structure in the solid state, and the

potassium counter ion coordinates solely to the oxygen atom of

the alkyl substituents and not to Ge vertices of the [Ge9] cluster.

Reactions of [Ge9{Si(TMS)3}2]
2� with further bromo-boranes

in tmo resulted in the formation of analogous species, which

were characterized by ESI MS only (the spectra are shown in the

ESI†). However, no selective ring-opening reaction could be

observed for the reaction of tmo and various boranes DABR
–Br,

instead the formation of various unidentied products was

observed in the NMR spectra. This indicates that a targeted

opening of tmo is only feasible if Lewis basic and acidic moie-

ties are simultaneously present. The results of these experi-

ments show that the insertion of different cyclic ethers between

the di-anionic cluster and several bromo-boranes corresponds

to an easy route for Ge–C bond formation in [Ge9] cluster

chemistry (Table 2). Additional NMR spectra (1H, 11B, 13C, 29Si)

of compounds 2 to 5 are provided in the ESI.†

Activation of CH3CN

In contrast to thf the activation of CH3CN requires the simul-

taneous presence of Lewis-acid and Lewis-basic reactants. A

Fig. 4 (a) Molecular structure of compound 6 with –(CH3)CN–
moiety. All ellipsoids are shown at a 50% probability level. For
clarity protons, co-crystallized solvent molecules and TMS
groups are omitted. Mes fragments are indicated by grey spheres,
and carbon atoms of the DAB moiety are presented as black
wire sticks; (b) and (c) selected areas of ESI MS spectra (MeCN,
negative-ion mode, 3500 V, 300 �C) of 6a and 6a-d3; (b) molecule
peak of [Ge9{Si(TMS)3}2CH3C]N–DABMes]� (6a) at m/z 1495.8; (c)
molecule peak of [Ge9{Si(TMS)3}2CD3C]N–DABMes]� (6a-d3) at m/z
1498.8. Calculated isotope patterns are shown as black bars. Overview
spectra are given in the ESI.†

Table 2 Insertion of ring-opened ethers between [Ge9{Si(TMS)3}2]
2�

and the respective borane, based on ESI MS studies (spectra presented
in the ESI)

Reactant/solvent

R: o-tol (2) R: o-xyl
o-xyl Mes (5)

Mes (3) Dipp
Dipp(4)

R: Dipp R: Dipp

Insertion observed No insertion observed

© 2021 The Author(s). Published by the Royal Society of Chemistry Chem. Sci., 2021, 12, 6969–6976 | 6973
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reaction of the nitrile was only observed in the presence of

[Ge9{Si(TMS)3}2]
2� and DABMes

–Br in acetonitrile solution,

resulting in the anion [Ge9{Si(TMS)3}2CH3C]N–DABMes]� (6a,

Fig. 4a). By contrast, stirring acetonitrile solutions of DABMes
–Br

at r. t. or at 70 �C overnight did not lead to any reaction, as

shown by NMR spectroscopy (Fig. S19 and S20†). However, upon

the addition of [Ge9{Si(TMS)3}2]
2�, compound 6 is rapidly

formed, as indicated by a shi of the silyl group protons from

0.16 ppm (bis-silylated [Ge9] cluster) to 0.25 ppm in the 1HNMR

spectrum, a 11B shi from 26 ppm to 18 ppm indicating an

increased shielding of B and ESI MS investigations (6a at m/z

1495.8, 6a-d3 at m/z 1498.8; Fig. 4b and c).

Hence, in contrast to the reactions with the cyclic ether thf,

for which a ring opening reaction is already observed in the

presence of the respective bromo-borane, MeCN insertion

exclusively occurs in the presence of a Lewis acid–base pair

(Scheme 2). Recrystallization of the crude product from toluene

at room temperature yielded orange needles suitable for single

crystal X-ray diffraction of K[Ge9{Si(TMS)3}2CH3C]N–DABMes]

(6). Compound 6 crystallizes in the monoclinic space group P21.

The [Ge9] core has the shape of a tricapped trigonal prism with

one prism height signicantly elongated compared to the two

others, resulting in C2v symmetry (Table 1). As observed in 5, the

three substituents (one imine ligand and two silyl groups) bind

to the capping Ge atoms of the cluster. The short bond d(C1–

N1): 1.273(6) Å and the distorted trigonal planar coordination of

C1 by Ge1, N1 and C2 [angles range between 114.2� (Ge1–C1–

C2) and 124.4� (N1–C1–C2)] conrm the C]N double bond.12

The potassium counter ion is coordinated by the imine nitrogen

atom N1 and one Ge vertex atom (Ge5) of the [Ge9] cluster core.

Analogous ESI MS experiments for the boranes DABR
–Br (R: o-

xyl, Dipp), DAB(II)Dipp–Br and (iPr2N)2B–Br indicated insertion

of the nitrile moiety between cluster and boranyl ligand only

under simultaneous presence of both reactants. The results can

be understood in terms of previous publications, which suggest

a step-wise reaction path for the cyclo-addition of nitriles or

azides to the intramolecular, geminal FLP tBu2P–CH2–BPh2.
12,62

According to quantum chemical calculations the nitrile activa-

tion is initiated by the coordination of the terminal N atom

of MeCN to the electrophilic boron center (intermediate),

followed by the nucleophilic attack of the phosphorus' lone

pair at the electrophilic C atom of the nitrile. In analogy, we

assume that the [Ge9{Si(TMS)3}2]
2�/DAB system forms a transi-

tion state (Scheme 2), and the reaction occurs according to

a frustrated Lewis acid–base-type displacement reaction. These

results are further corroborated by the observation that

mixtures of [Ge9{Si(TMS)3}2]
2� and the acyclic chloro-borane

(iPr2N)2B–Cl readily react with MeCN under formation of

[Ge9{Si(TMS)3}CH3C]N–B(NiPr2)2]
� (chloro-boranes are less

Scheme 2 Possible reaction path in analogy to the literature for the formation of 6a through an intermediate activation of acetonitrile by the
Lewis acid (➀), subsequent attack of [Ge9{Si(TMS)3}2]

2� at the electrophilic C atom of the acetonitrile molecule (②) and product formation under
cleavage of Br�.12,62

Fig. 5 Different substitution isomers of [Ge9]. Common substitution
pattern with (a) two exo-bonded silyl groups at Ge atoms capping the
trigonal prism;24,36,55 and (b) three ligands capping the trigonal
prism.25,34,35,43,44,65 Novel substitution isomers with (c) two silyl groups55

and (d) three ligands binding to different cluster vertices (this manu-
script). Trigonal prisms are indicated by red lines. NHC

iPr: 1,3-bis(iso-
propyl)imidazolylidene; NHCMes: 1,3-bis(2,4,6-trimethylphenyl)
imidazolylidene.
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Lewis acidic than their bromo-congeners), whereas this cluster/

borane pair does not open cyclic ethers. This contrasts the

ndings made for analogous mixtures of [Ge9{Si(TMS)3}2]
2� and

cyclic DABR
–Cl (R: o-tol, Mes), which do not react with MeCN.

The difference in the reactivity of the respective cyclic and

acyclic chloro-boranes can be explained by the signicantly

increased Lewis acidity of the acyclic (iPr2N)2B–Cl compared to

that of the cyclic DABR
–Cl (R: o-tol, Mes) system. This is caused

by a decreased electron density donation to the empty B pz-type

orbital due to the low barrier of the torsion about the B–N bond

in the acyclic molecule.63,64 Therefore, the Lewis acidity can be

estimated to follow the sequence DABR
–Br > (NiPr2)2–BCl >

DABR
–Cl.

Conclusions

We reported on the reactivity of [Ge9{Si(TMS)3}2]
2� towards

several bromo boranes DABR
–Br. The reactions of the bis-

silylated [Ge9] cluster with DABo-tol
–Br reveal the tunability of

this system, yielding either selectively the anion 1a with direct

Ge–B bond formation, or a participation of solvent molecules in

the reaction. Anion 2a is formed via the intermediate DABo-tol
–

O(CH2)4–Br, which subsequently reacts with [Ge9{Si(TMS)3}2]
2�.

Moreover, we found that boranes with sterically demanding

ligands such as DABR
–Br (R: o-xyl, Mes, Dipp), DAB(II)Dipp–Br or

(iPr2N)2B–Br, which cannot bind to [Ge9{Si(TMS)3}2]
2�, can also

give species analogous to 2a by ring opening of thf or tmo.

By contrast, the insertion of CH3CN takes place in analogy to a

frustrated Lewis acid–base concept, since a reaction is observed

only in the presence of both reactants [Ge9{Si(TMS)3}2]
2�

(Lewis base) and DABR
–Br (R: o-xyl, Mes, Dipp), DAB(II)Dipp–Br

or (iPr2N)2B–Br (Lewis acid).

The structures of compounds 3 to 6 reveal another inter-

esting aspect of the substitution pattern in spherical

homoatomic germanium clusters: compounds 3 and 4 show

an unusual substitution pattern of the [Ge9] cores in the solid

state (Fig. 5), which is different from that in solution, indi-

cating a rearrangement of the substituents upon

crystallization.

To the best of our knowledge these systems are the rst

examples for intermolecular Ge/B frustrated Lewis acid–base

pairs comprising nine-atom germanide clusters capable of

reacting with small molecules. Currently, further investiga-

tions on the activation of small molecules by these germanide

cluster/bromo-borane systems are carried out in our

laboratories.
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Experimental details 

General. All manipulations were performed under oxygen-free, dry conditions under argon atmosphere 
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. K4Ge9 was prepared by fusion of stoichiometric 
amounts of the elements in stainless-steel tubes at 650 °C. The silylated [Ge9] clusters 
[Ge9{Si(TMS)3}2]2-,1 the halo-diazaborolidines DABR-Br (DAB = 2-bromo-1,3,2-diazaborolidine; R = o-
tol. o-xyl, Mes, Dipp),2 2-bromo-1,3,2-diazaborole DAB(II)Dipp-Br,2 and (iPr2N)2B-X (X: Cl, Br) were 
synthesized according to modified literature procedures.3  

Single crystal structure determination. The air- and moisture-sensitive crystals of 3 to 6 were 
transferred from the mother liquor into perfluoroalkyl ether oil under inert gas atmosphere in a glove box. 
For diffraction data collection, the single crystals were fixed on a glass capillary and positioned in a 150 
K cold N2 gas stream using the crystal cap system. Data collection was performed with a STOE StadiVari 
diffractometer (MoKα radiation) equipped with a DECTRIS PILATUS 300K detector. Structures were 
solved by Direct Methods (SHELXS-97) and refined by full-matrix least-squares calculations against F2 
(SHELXL-2014 or SHELXL-2018).4 The positions of the hydrogen atoms were calculated and refined 
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 deposited 
with the Cambridge Structural database and are available free of charge via 
www.ccdc.cam.ac.uk/data_request/cif. The crystallographic data for compounds 3 to 6 are summarized 
in Table S3. In compound 4 disordered solvent molecules have been taken care of by the Platon 
squeeze function.5 

NMR spectroscopy. NMR spectra were measured on a Bruker Avance Ultrashield 400 MHz 
spectrometer. Chemical shifts are reported in parts per million (ppm) relative to TMS, with the solvent 
peaks serving as internal reference.6 Abbreviations for signal multiplicities are: singlet (s), doublet (d), 
triplet (t), heptet (hept), broad signal (brs).  

Elemental analysis. Elemental analyses were carried out in the microanalytical laboratory of the 
Chemistry Department of Technische Universität München. Analyses of C, H, N were performed in a 
combustion analyzer (EURO EA, HEKA tech). 

Electron Spray Ionization Mass Spectrometry (ESI MS). Sample preparation was performed under 
inert conditions using a glove box. Data collection was performed using a Bruker Daltronic HTC mass 
spectrometer (dry gas temperature: 300 °C; injection speed 240 µl/h), and the data were processed 
using the Bruker Compass Data Analysis 4.0 SP 5 program (Bruker). The spectra were plotted using 
Excel 2016 (Microsoft) and OriginPro2016G (Origin Lab). Simulated spectra are always shown as black 
bars. 

Syntheses.  

K[Ge9{Si(TMS)3}2DABo-tol] (1): In a typical experiment equimolar amounts of K2[Ge9{Si(TMS)3}2] (92 
mg, 0.075 mmol. 1 equiv.) and DABo-tol-Br (24.7 mg, 0.075 mmol, 1 equiv.) were weighted into a Schlenk 
tube in the glove box, and dioxane (3 mL) was added to obtain a deep red solution. After stirring for 5 h 
at room temperature, the solvent was removed in vacuo yielding an ochre solid. Subsequent dissolution 
in toluene (15 mL) gave a dark red solution, which was filtered. Upon concentration, the product 
precipitated as microcrystalline solid from the solution. The mother liquor was filtered-off, and the solid 
was dried in vacuo to yield the product as a dark yellow microcrystalline powder (65 mg, 0.045 mmol, 
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60 % yield). 1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.16-7.11 (m, 2H, CHPh), 7.08-7.04 (m, 2H, 
CHPh), 7.01-6.90 (m, 4H, CHPh), 3.65 (s, 4H, CH2(Bb)), 2.35 (s, 6H, Me), 0.18 (s, 54H, MeTMS). 13C NMR 
(101 MHz, 298 K, thf-d8): δ [ppm] = 147.03 (s, CPh(N)), 137.19 (s, CPh(Me)), 131.38 (s, CHPh), 130.60 (s, 
CHPh), 127.08 (s, CHPh), 125.66 (s, CHPh), 53.93 (s, CH2(Bb)), 20.14 (s, Me), 3.28 (s, MeTMS). 29Si-INEPT 

NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -9.99 (s, SiTMS), -108.80 (s, SiGe9). 11B NMR (128 MHz, 298 K, 
thf-d8): δ [ppm] = 42.92 (brs, BGe9). Elemental analysis: anal. calcd. for Ge9Si8BC34H72N2K: C, 28.41; 
H, 5.05; N,1.95; found: C, 27.53; H, 4.87; N, 2.02. ESI MS: m/z 1398.7 [Ge9{Si(TMS)3}2DABo-tol]-.  

K[Ge9{Si(TMS)3}2(CH2)4O-DABo-tol] (2): In a typical experiment DABo-tol-Br (24.7 mg, 0.075 mmol, 1 
equiv.) was weighted into a Schlenk tube in the glove box, and thf (1.5 mL) was added to obtain a 
colorless solution, which was stirred for 2 h at room temperature, before equimolar amounts of 
K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol. 1 equiv.) were added, and then the solution was stirred for 
another 3 h at room temperature. Subsequently, the solvent was removed in vacuo, and hexane (2 ꞏ 5 
mL) was added to the residue and removed in vacuo. Thereafter, the residue was dissolved in toluene 
(3 mL) and filtered. Removal of toluene yielded the product as a dark-brown oily solid. Purification by 
recrystallization from toluene solution was not successful so far. 1H NMR (400 MHz, 298 K, thf-d8): δ 
[ppm] = 7.22-7.18 (m, 2H, CHPh), 7.15-7.09 (m, 4H, CHPh), 6.95-6.91 (m, 2H, CHPh), 3.61 (s, 4H, CH2(Bb)), 
3.25-3.22 (m, 2H, CH2-O), 2.34 (s, 6H, Me), 1.25-1.20 (m, 4H, CH2), 1.12-1.07 (m, 2H, CH2-Ge), 0.24 
(s, 54H, MeTMS).13C NMR (101 MHz, 298 K, thf-d8): Due to the presence of impurities a reliable 
assignment of the signals was not possible. 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -9.65 
(s, SiTMS), -108.65 (s, SiGe9).11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 23.14 (brs, BO). ESI MS: m/z 
1470.8 [Ge9{Si(TMS)3}2(CH2)4O-DABo-tol]-, 1478.8 [Ge9{Si(TMS)3}(CD2)4O-DABo-tol]-. 

Synthesis of K[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (3): In a typical experiment equimolar amounts of 
K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol. 1 equiv.) and DABMes-Br (29 mg, 0.075 mmol, 1 equiv.) were 
weighted into a glass vial in the glove box, and thf (3 mL) was added to obtain a deep red solution. After 
stirring for 3 h at room temperature, the solvent was removed in vacuo yielding a brown oil. Addition and 
subsequent removal of hexane (2 ꞏ 4 mL) yielded a brownish/red solid. Dissolution in toluene (3 mL) 
gave a dark red solution, which was filtered and concentrated to one third of its original volume. 
Placement in a freezer at -40 °C yielded the product as a red microcrystalline powder (45 mg, 0.028 
mmol, 38 % yield). 1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.84 (s, 4H, CHPh), 3.42 (s, 4H, CH2(Bb)), 
3.14 (m, 2H, CH2-O), 2.30 (s, 12H, Me(o)), 2.23 (s, 6H Me(p)), 1.19-1.14 (m, 4H, CH2), 1.09-1.03 (m, 2H, 
CH2-Ge), 0.24 (s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 140.98 (s, CPh(N)), 137.09 
(s, CPh(o)), 134.91 (s, CPh(p)), 129.65 (s, CHPh), 64.32 (s, CH2-O), 49.34 (s, CH2(Bb)), 36.66 (s, CH2), 31.79 
(s, CH2), 21.37 (s, MePh(p)), 18.75 (s, MePh(o)), 11.14 (s, CH2-Ge) 3.23 (s, MeTMS). 29Si-INEPT NMR (79 
MHz, 298 K, thf-d8): δ [ppm] = -9.67 (s, SiTMS), -108.69 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ 
[ppm] = 23.82 (brs, BO). Elemental analysis: anal. calcd. for Ge9Si8BC42H88N2OK: C, 32.22; H, 5.67; 
N,1.79; found: C, 32.25; H, 5.40, N, 1.78. ESI MS: m/z 1526.8 [Ge9{Si(TMS)3}2(CH2)4O-DABMes]- or 
1534.8 [Ge9{Si(TMS)3}2(CD2)4O-DABMes]-.  

Synthesis of K[Ge9{Si(TMS)3}2(CH2)4O-DAB(II)Dipp] (4): In a typical experiment equimolar amounts of 
K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol. 1 equiv.) and DAB(II)Dipp-Br (35 mg, 0.075 mmol, 1 equiv.) were 
weighted into a Schlenk tube in the glove box, and thf (2 mL) was added to obtain a deep red solution. 
After stirring for three weeks at 35 °C, the solvent was removed in vacuo, yielding a brown oil. Addition 
and subsequent removal of hexane (3 ꞏ 6 mL) yielded a brown solid. Dissolution in toluene (2 mL) gave 
a dark red solution, which was filtered. The solution was concentrated to half of its original volume and 
stored in a freezer at -40 °C for crystallization, yielding the product as red block-shaped crystals (18.5 
mg, 0.011 mmol, 15 % yield). 1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.23-7.18 (s, 2H, CHPh(p)), 
7.16-7.13 (m, 4H, CHPh(m)), 5.87 (s, 2H, CHBb), 3.25-3.16 (m, 6H, CHiPr + CH2-O), 1.22 (d, 3JHH = 6.8 Hz, 
12H, MeiPr), 1.18 (d, 3JHH = 6.8 Hz, 12H, MeiPr), 1.16-1.14 (m, 4H, CH2), 1.07-1.03 (m, 2H, CH2-Ge), 0.22 
(s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 147.24 (s, CPh(N)), 139.49 (s, CHPh(p)), 
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127.84 (s, CPh(iPr)), 123.82 (s, CHPh(m)), 117.57 (s, CHBb), 65.47(s, CH2-O), 36.43 (s, CH2), 31.57 (s, CH2), 
29.28 (s, CHiPr), 26.43 (s, MeiPr) , 24.46 (s, MeiPr), 11.17 (s, CH2-Ge), 3.23 (s, MeTMS). 29Si-INEPT NMR 
(79 MHz, 298 K, thf-d8): δ [ppm] = -9.67 (s, SiTMS), -108.72 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): 
δ [ppm] = 20.66 (brs, BO). ESI MS: m/z 1608.8 [Ge9{Si(TMS)3}2(CH2)4O-DAB(II)Dipp]- or m/z 1616.8 
[Ge9{Si(TMS)3}2(CD2)4O-DAB(II)Dipp]-. 

Synthesis of K[Ge9{Si(TMS)3}2(CH2)3O-DABMes] (5): In a typical experiment equimolar amounts of 
K2[Ge9{Si(TMS)3}2] (123 mg, 0.100 mmol. 1 equiv.) and DABMes-Br (38.5 mg, 0.100 mmol, 1 equiv.) were 
weighted into a Schlenk tube in the glove box, and trimethyleneoxide (1.5 mL) was added to obtain a 
deep red solution. After stirring for 3.5 h at room temperature, the solvent was removed in vacuo yielding 
a brown oil. Addition and subsequent removal of hexane (4 ꞏ 4 mL) yielded a brown solid. Dissolution in 
toluene (2 ꞏ 5 mL) gave a dark red solution, which was filtered and concentrated to half of its original 
volume, before it was placed in a freezer at -40 °C. Overnight a brown oil separated from the solution, 
which was removed by filtering-off the supernatant solution. The latter was placed in the freezer at -40 °C 
again, yielding orange block-shaped crystals of the product (26 mg, 0.017 mmol, 17 %). 1H NMR (400 
MHz, 298 K, thf-d8): δ [ppm] = 6.82 (s, 4H, CHPh), 3.40 (s, 4H, CH2(Bb)), 3.04 (t, 3JHH = 7.0 Hz, 2H, CH2-
O), 2.29 (s, 12H, Me(o)), 2.21 (s, 6H Me(p)), 1.39-1.29 (m, 2H, CH2), 0.83-0.77 (m, 2H, CH2-Ge), 0.23 (s, 
54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 140.98 (s, CPh(N)), 138.46 (s, CPh(o)), 134.79 
(s, CPh(p)), 129.63 (s, CHPh), 68.59 (s, CH2-O), 49.35 (s, CH2(Bb)), 38.73 (s, CH2), 31.33 (s, CH2), 21.54 
(s, MePh(p)), 18.81 (s, MePh(o)), 6.87 (s, CH2-Ge) 3.23 (s, MeTMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-
d8): δ [ppm] = -9.66 (s, SiTMS), -108.69 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 23.06 
(brs, BO). Elemental analysis: anal. calcd. for Ge9Si8BC41H86N2OK ꞏ 0.9 tol: C, 34.62; H, 5.75; N,1.72; 
found: C, 34.25; H; 5.68, N, 1.71 (toluene content of the microcrystalline solid was determined by 1H 
NMR spectroscopy). ESI MS: m/z 1512.8 [Ge9{Si(TMS)3}2(CH2)3O-DABMes]-. 

Synthesis of K[Ge9{Si(TMS)3}2CH3C=N-DABMes] (6): In a typical experiment equimolar amounts of 
K2[Ge9{Si(TMS)3}2] (92 mg, 0.075 mmol. 1 equiv.) and DABMes-Br (38.5 mg, 0.100 mmol, 1 equiv.) were 
weighted into a Schlenk tube in the glove box, and MeCN (3 mL) was added. After stirring for 5 h at 
room temperature, the solvent was removed in vacuo yielding a brown oil. Addition and subsequent 
removal of hexane (2 ꞏ 5 mL) yielded a brown solid. Dissolution in toluene (2 mL) gave a dark red 
solution, which was filtered. The solution was concentrated to half of its original volume and stored at 
room temperature yielding orange needle-shaped crystals. The supernatant solution was filtered-off, 
and the solid was washed with hexane (5 ꞏ 2 mL) and dried in vacuo (49 mg, 0.032 mmol, 43 %). 1H 

NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.74 (s, 4H, CHPh), 3.49 (s, 4H, CH2(Bb)), 2.32 (s, 12H, Me(o)), 
2.20 (s, 6H Me(p)), 1.78 (s, 3H, MeMeCN), 0.25 (s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ 
[ppm] = 141.07 (s, CPh(N)), 137.22 (s, CPh(o)), 134.08 (s, CPh(p)), 129.59 (s, CHPh), 50.21 (s, CH2(Bb)), 20.08 
(s, MePh(o)), 19.29 (s, MePh(p)), 3.24 (s, MeTMS). Signal of C=N could not be detected probably due to low 
concentration of sample. 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -9.53 (s, SiTMS), -107.27 
(s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 18.38 (brs, BO). Elemental analysis: anal. calcd. 
for Ge9Si8BC40H83N3K: C, 31.31; H, 5.45; N, 2.74; found: C, 31.90; H, 5.41; N, 2.71. ESI MS: m/z 1495.7 
[Ge9{Si(TMS)3}2(CH3)C=N-BNMes]-, 1498.7 [Ge9{Si(TMS)3}2(CD3)C=N-BNMes]-. 
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Activation of thf with DABR-Br and (iPr2N)2B-Br 
 

In a typical experiment 100 µmol of the diazaborolidine DABR-Br, DAB(II)Dipp-Br or (iPr2N)2B-Br was 
weighted into a Schlenk tube, and thf (2 mL) was added. After the reaction time (Table S1) the solvent 
was removed in vacuo yielding a colorless or light brown (DABDipp-Br and DAB(II)Dipp-Br) oil, which was 
dissolved in C6D6 and investigated by NMR spectroscopy (1H, 11B). Respective NMR spectra are 
presented below (see Figures S5-S16). 

Table S1. Reaction conditions for thf ring-opening reactions induced by different bromo-boranes. 

 [mg] reaction time [h] temperature 
(iPr2N)2B-Br 29.1 3 r.t. 
DABo-tol-Br 32.9 1 r.t. 
DABo-xyl-Br 35.7 3 r.t. 
DABMes-Br 38.5 3 r.t. 
DABDipp-Br 46.9 69 70 °C 

DAB(II)Dipp-Br 46.7 69 70 °C 
 

(iPr2N)2B-O-(CH2)4-Br 

1H NMR (400 MHz, 298 K, C6D6): δ [ppm] = 3.63 (t, 3JHH = 6.7 Hz, 2H, CH2-O), 3.34 (hept, 3JHH = 6.6 
Hz, 4H, CHiPr), 3.03 (t, 3JHH = 6.7 Hz, 2H, CH2-Br), 1.81-1.73 (m, 2H, CH2), 1.56-1.49 (m, 2H, CH2), 1.13 
(d, 3JHH = 6.6 Hz, 24H, CH3iPr). 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 26.00 (brs). 

DABo-tol-O-(CH2)4-Br 

1H NMR (400 MHz, 298 K, C6D6): δ [ppm] = 7.14-7.06 (m, 4H, CHPh), 7.00-6.96 (m, 2H, CHPh), 6.79-
6.73 (m, 2H, CHPh), 3.34 (s, 4H, CH2(Bb)), 3.26 (t, 3JHH = 6.8 Hz, 2H, CH2-O), 2.72 (t, 3JHH = 6.8 Hz, 2H, 
CH2-Br), 2.36 (s, 6H, Me), 1.38-1.29 (m, 2H, CH2), 1.13-1.04 (m, 2H, CH2). 11B NMR (128 MHz, 298 K, 
C6D6): δ [ppm] = 23.71 (brs). 

DABo-xyl-O-(CH2)4-Br 

1H NMR (400 MHz, 298 K, C6D6): δ [ppm] = 7.04-6.97 (m, 6H, CHPh), 3.26 (s, 4H, CH(Bb)), 3.19 (t, 3JHH 
= 6.9 Hz, 2H, CH2-O), 2.67 (t, 3JHH = 6.9 Hz, 2H, CH2-Br), 2.37 (s, 12H, CH3(o)), 1.35-1.27 (m, 2H, CH2), 
1.05-0.98 (m, 2H, CH2). 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 23.42 (brs). 

DABMes-O-(CH2)4-Br 

1H NMR (400 MHz, 298 K, C6D6): δ [ppm] = 6.85 (s, 4H, CHPh), 3.31 (s, 4H, CH2(Bb)), 3.26 (t, 3JHH = 6.8 
Hz, 2H, CH2-O), 2.69 (t, 3JHH = 6.8 Hz, 2H, CH2-Br), 2.39 (s, 12H, Me(o)), 2.16 (s, 6H, Me(p)), 1.41-1.32 
(m, 2H, CH2), 1.10-1.01 (m, 2H, CH2).11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 23.58 (brs). 

DABDipp-O-(CH2)4-Br 

1H NMR (400 MHz, 298 K, C6D6): δ [ppm] = 7.21-7.17 (m, 4H, CH(m)), 7.16-7.13 (m, 2H, CH(p)), 3.61 
(hept, 3JHH = 6.8 Hz, 4H, CHiPr), 3.43 (s, 4H, CH(Bb)), 3.29 (t, 3JHH = 6.9 Hz, 2H, CH2-O), 2.67 (t, 3JHH = 
6.9 Hz, 2H, CH2-Br), 1.37 (d, 3JHH = 6.9 Hz, 12H, CH3iPr), 1.33 (d, 3JHH = 6.9 Hz, 12H, CH3iPr), 1.27-1.23 
(m, 2H, CH2), 1.11-1.03 (m, 2H, CH2). 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 23.69 (brs). 

DAB(II)Dipp-O-(CH2)4-Br 

1H NMR (400 MHz, 298 K, CDCl3): δ [ppm] = 7.44-7.28 (m, 4H, CH(m)), 7.24 (s, 2H, CH(p)), 5.98 (s, 2H, 
CH(Bb)), 3.39 (t, 3JHH = 6.2 Hz, 2H, CH2-O), 3.29-3.21 (m, 4H, CHiPr), 3.20-3.16 (m, CH2-Br, 2H), 1.66 
(pent, 3JHH = 7.0 Hz, 2H, CH2), 1.44-1.38 (m, 2H, CH2), 1.29 (d, 3JHH = 5.2 Hz, 12H, CH3iPr), 1.28 (d, 3JHH 
= 5.2 Hz, 12H, CH3iPr). 11B NMR (128 MHz, 298 K, CDCl3): δ [ppm] = 20.94 (brs). 
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Reactivity of DABMes-Br towards MeCN 

In a typical experiment 100 µmol of the diazaborolidine DABMes-Br was weighted into a Schlenk tube, 
and MeCN (2 mL) was added. After the reaction time (Table S2), the solvent was removed in vacuo, 
yielding a colorless solid, which was dissolved in C6D6 and investigated by NMR spectroscopy (1H, 11B). 
Furthermore, 100 µmol of the diazaborolidine DABMes-Br and 100 µmol MeCN were combined in a J-

Young NMR tube, and the reaction was monitored directly in C6D6. Respective NMR spectra (including 
the spectrum of pure reactant DABMes-Br) are presented below (see Figures S17-S20). 

Table S2. Reaction conditions for investigating the reactivity of DABMes-Br towards MeCN. 

 [mg] reaction time [h] temperature 
DABMes-Br 38.5 16 r.t. 
DABMes-Br 38.5 16 70 °C 

 

DABMes-Br 

1H NMR (400 MHz, 298 K, C6D6): δ [ppm] = 6.83 (s, 4H, CHPh), 3.31 (s, 4H, CH2(Bb)), 2.33 (s, 12H, 
Me(o)), 2.14 (s, 6H, Me(p)). 11B NMR (128 MHz, 298 K, C6D6): δ [ppm] = 25.97 (brs). 

The residues of the reaction of DABMes-Br with MeCN at r. t. or 70 °C as well as the in situ investigation 
of the borane and MeCN in C6D6 show no additional or shifted signals in the NMR spectra, manifesting 
that no reaction occurs (in absence of [Ge9] cluster; Figures S19 and S20). 

 

ESI MS sample preparation 

Insertion of tetrahydrofurane (thf) and trimethyleneoxide (tmo) 

Equimolar amounts of K2[Ge9{Si(TMS)3}2] and DABo-xyl-Br or (iPr2N)2B-Br (0.020 mmol) were weighted 
into a glass vial in the glove box, and thf / thf-d8 or tmo (0.5 mL) was added to obtain a deep red solution. 
The mixture was stirred for 3 h at room temperature, before it was transferred to a Schlenk tube, and 
the solvent was removed in vacuo. Subsequently, the obtained residues were diluted with thf and 
investigated by ESI MS. The respective spectra are presented below. 

Equimolar amounts of K2[Ge9{Si(TMS)3}2] and DAB(II)Dipp-Br or DABDipp-Br (0.020 mmol) were dissolved 
in thf / thf-d8 or tmo (0.5 mL) and stirred at 35 °C for 3 weeks. Alternatively, a solution of the respective 
bromo-borane in thf can be heated to 60 °C for 2 d before K2[Ge9{Si(TMS)3}2] is added. In this case 
complete conversion of the reactants occurs overnight. Subsequently, the solvent was removed in 

vacuo, and the obtained residues were diluted with thf and investigated by ESI MS. The respective 
spectra are presented below. 

 

Activation of acetonitrile 

Equimolar amounts of K2[Ge9{Si(TMS)3}2] and DABo-xyl-Br or (iPr2N)2B-Br (0.020 mmol) were weighted 
into a glass vial in the glove box, and MeCN / MeCN-d3 (0.5 mL) was added to obtain a deep red solution. 
The mixture was stirred for 3 h at room temperature, before it was transferred to a Schlenk tube, and 
the solvent was removed in vacuo. Subsequently, the obtained residues were diluted with MeCN and 
investigated by ESI MS. The respective spectra are presented below. 

Equimolar amounts of K2[Ge9{Si(TMS)3}2] and DAB(II)Dipp-Br or DABDipp-Br (0.020 mmol) were dissolved 
in MeCN / MeCN-d3 (0.5 mL) and stirred at 40 °C for 4 d. Subsequently, the solvent was removed in 

vacuo, and the obtained residues were diluted with MeCN and investigated by ESI MS. The respective 
spectra are presented below. 
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Crystallographic data of compounds 3 – 6 

Table S3. Crystallographic data of compounds 3 - 6. 

Compound 3  4  5  6  

formula 
Ge9Si8BC42H88N2OK ꞏ 

1.5tol 
Ge9Si8BC48H98N2OK ꞏ 

2tol 
Ge9Si8BC48H94N2OK 

Ge9Si8BC40H83N3K ꞏ 
1tol 

fw [gꞏmol−1] 1703.28 1831.49 1643.19 1626.16 

space group P1 P1 P1 P21 

a [Å] 14.7094(7) 16.402(1) 14.666(1) 13.7573(4) 

b [Å] 16.9327(6) 16.841(1) 15.460(2) 9.2613(3) 

c [Å] 18.7377(9) 17.542(1) 18.062(2) 28.424(1) 

α [deg] 65.966(3) 92.419(6) 65.417(7) 90 

β [deg] 67.528(4) 107.892(5) 82.365(7) 94.438(3) 

γ [deg] 88.951(3) 102.920(6) 88.648(8) 90 

V [Å3] 3886.2(3) 4462.2(6) 3688.9(6) 3610.6(2) 

Z 2 2 2 2 

T [K] 150 150 150 150 

λ [Å] Mo Kα Mo Kα Mo Kα Mo Kα 

ρcalcd [gꞏcm−3] 1.456 1.363 1.479 1.496 

μ [mm−1] 3.638 3.174 3.830 3.911 

collected 
reflections 

74106 96277 77184 78148 

indep. reflections 15237 17531 14484 14199 

Rint / Rδ 0.0695/0.0482 0.0848/0.1019 0.0878/0.0599 0.0405/0.0258 

parameters / 
restraints 

682/6 785/0 656/0 648/1 

R1 [I > 2 σ(I) / all 
data] 

0.0435/0.0836 0.0443/0.1025 0.0475/0.0915 0.0253/0.0296 

wR2 [I > 2 σ(I) / 
all data] 

0.0880/0.1113 0.0727/0.0871 0.0937/0.1195 0.0556/0.0574 

goodness of fit 1.115 0.901 1.084 1.031 

max./min. diff. el. 
density  

[e ∙ Å-3] 

1.45/-1.26 0.78/-0.61 0.81/-0.89 0.43/-0.36 

CCDC 1993875 1993876 1993877 1993878 
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Figure S1. Molecular structure of compound 3. All ellipsoids are shown at a 50 % probability level. For clarity, protons and co-crystallized solvent 
molecules are omitted. Carbon atoms of silyl groups and of the DABMes moiety are presented as black wire sticks. For crystallographic data and 
selected bond lengths of 3 see Tables S3 and S4. 

 

Table S4. Selected bond lengths in compound 3. 

bond distance [Å] 

Ge1-Ge2 2.5038(8) 
Ge1-Ge4 2.5675(7) 
Ge1-Ge5 2.5339(8) 
Ge1-Ge6 2.7612(8) 
Ge2-Ge3 2.5503(8) 
Ge2-Ge6 2.6985(9) 
Ge2-Ge7 2.6740(8) 
Ge3-Ge4 2.5460(8) 
Ge3-Ge7 2.6127(8) 
Ge3-Ge8 2.5899(8) 
Ge4-Ge5 2.6750(8) 
Ge4-Ge8 2.7432(8) 
Ge5-Ge6 2.7587(8) 
Ge5-Ge8 2.6063(8) 
Ge5-Ge9 2.5437(8) 
Ge6-Ge7 2.6926(8) 
Ge6-Ge9 2.6077(8) 
Ge7-Ge8 2.9322(8) 
Ge7-Ge9 2.5900(9) 
Ge8-Ge9 2.6804(9) 
Ge1-C1 1.995(5) 
Ge3-Si1 2.396(2) 
Ge5-Si5 2.395(2) 

Ge2-Ge4 3.976(1) 
Ge5-Ge6 2.759(2) 
Ge7-Ge8 2.932(1) 
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Figure S2. Molecular structure of compound 4. All ellipsoids are shown at a 50 % probability level. For clarity, protons and co-crystallized solvent 
molecules are omitted. Carbon atoms of silyl groups and the DAB(II)Dipp moiety are presented as black wire sticks. For crystallographic data and 
selected bond lengths of 4 see Tables S3 and S5. 

 

Table S5. Selected bond lengths in compound 4. 

bond distance [Å] 
Ge1-Ge2 2.5046(8) 
Ge1-Ge4 2.5577(8) 
Ge1-Ge5 2.5334(8) 
Ge1-Ge6 2.7429(9) 
Ge2-Ge3 2.5394(7) 
Ge2-Ge6 2.6699(8) 
Ge2-Ge7 2.6825(9) 
Ge3-Ge4 2.5361(8) 
Ge3-Ge7 2.6202(8) 
Ge3-Ge8 2.5758(8) 
Ge4-Ge5 2.6690(8) 
Ge4-Ge8 2.7555(9) 
Ge5-Ge6 2.8140(8) 
Ge5-Ge8 2.6048(7) 
Ge5-Ge9 2.5188(8) 
Ge6-Ge7 2.6876(7) 
Ge6-Ge9 2.6027(8) 
Ge7-Ge8 2.9324(8) 
Ge7-Ge9 2.5919(8) 
Ge8-Ge9 2.6825(8) 
Ge1-C1 2.007(5) 
Ge3-Si1 2.392(1) 
Ge5-Si5 2.403(2) 
Ge2-Ge4 3.918(1) 
Ge5-Ge6 2.815(2) 
Ge7-Ge8 2.934(1) 

 



 

S9 
 

 
 
Figure S3. Molecular structure of compound 5. All ellipsoids are shown at a 50 % probability level. For clarity, protons and co-crystallized solvent 
molecules are omitted. Carbon atoms of silyl groups and the DABMes moiety are presented as black wire sticks. For crystallographic data and selected 
bond lengths of 5 see Tables S3 and S6. 

 
Table S6. Selected bond lengths in compound 5. 

bond distance [Å] 

Ge1-Ge2 2.528(1) 
Ge1-Ge4 2.5237(9) 
Ge1-Ge5 2.524(1) 
Ge1-Ge6 2.519(1) 
Ge2-Ge3 2.5074(9) 
Ge2-Ge6 2.692(1) 
Ge2-Ge7 2.692(1) 
Ge3-Ge4 2.5516(9) 
Ge3-Ge7 2.5473(9) 
Ge3-Ge8 2.5326(9) 
Ge4-Ge5 2.665(1) 
Ge4-Ge8 2.715(1) 
Ge5-Ge8 2.6612(9) 
Ge5-Ge9 2.555(1) 
Ge6-Ge7 2.6825(9) 
Ge6-Ge9 2.5031(9) 
Ge7-Ge9 2.5563(9) 
Ge8-Ge9 2.5518(9) 
Ge1-C1 1.984(6) 
Ge3-Si1 2.381(2) 
Ge9-Si5 2.383(2) 

Ge2-Ge4 3.429(1) 
Ge5-Ge6 3.525(1) 
Ge7-Ge8 3.295(1) 
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Figure S4. Molecular structure of compound 6. All ellipsoids are shown at a 50 % probability level. For clarity, protons and co-crystallized solvent 
molecules are omitted. Carbon atoms of silyl groups and the DABMes moiety are presented as black wire sticks. For crystallographic data and selected 
bond lengths of 6 see Tables S3 and S7. 

 
Table S7. Selected bond lengths in compound 6. 

bond distance [Å] 

Ge1-Ge2 2.5332(7) 
Ge1-Ge4 2.5360(7) 
Ge1-Ge5 2.5573(7) 
Ge2-Ge3 2.5232(7) 
Ge2-Ge6 2.6599(7) 
Ge2-Ge7 2.7213(7) 
Ge3-Ge4 2.5267(7) 
Ge3-Ge7 2.5128(7) 
Ge3-Ge8 2.5532(7) 
Ge4-Ge5 2.6679(7) 
Ge4-Ge8 2.7396(7) 
Ge5-Ge8 2.6347(7) 
Ge5-Ge9 2.5308(7) 
Ge6-Ge7 2.6637(7) 
Ge6-Ge9 2.5300(7) 
Ge7-Ge9 2.5541(7) 
Ge8-Ge9 2.5619(7) 
Ge1-C1 1.997(4) 
Ge3-Si1 2.369(1) 
Ge9-Si5 2.381(1) 

Ge2-Ge4 3.370(1) 
Ge5-Ge6 3.663(1) 
Ge7-Ge8 3.201(1) 
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NMR spectra 

 

Figure S5. 1H NMR spectrum of (iPr2N)2B-(CH2)4-Br acquired in C6D6.* silicon grease. 

 

Figure S6. 11B NMR spectrum of (iPr2N)2B-O-(CH2)4-Br acquired in C6D6. 
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Figure S7.1H NMR spectrum of DABo-tol-O-(CH2)4-Br acquired in C6D6.* silicon grease; ** unknown side product(s). 

 

 
Figure S8.11B NMR spectrum of DABo-tol-O-(CH2)4-Br acquired in C6D6. Impurity is caused by unidentified species. 
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Figure S9.1H NMR spectrum of DABo-xyl-O-(CH2)4-Br acquired in C6D6.* silicon grease. 

Figure S10.11B NMR spectrum of DABo-xyl-O-(CH2)4-Br acquired in C6D6. Impurity is caused by an unidentified species. 
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Figure S11.1H NMR spectrum of DABMes-O-(CH2)4-Br acquired in C6D6. * silicon grease; ** unknown side product(s). 

 
Figure S12.11B NMR spectrum of DABMes-O-(CH2)4-Br acquired in C6D6. Impurity is caused by an unidentified species. 
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Figure S13.1H NMR spectrum of DABDipp-O-(CH2)4-Br acquired in C6D6. * silicon grease; ** unknown side product. 

 

Figure S14.11B NMR spectrum of DABDipp-O-(CH2)4-Br acquired in C6D6. 
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Figure S15.1H NMR spectrum of DAB(II)Dipp-O-(CH2)4-Br acquired in C6D6. * silicon grease; ** unknown side product. 

 

Figure S16.11B NMR spectrum of DAB(II)Dipp-O-(CH2)4-Br acquired in C6D6. 
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Figure S17.1H NMR spectrum of DABMes-Br acquired in C6D6 (before MeCN application). 

 

 

Figure S18.11B NMR spectrum of DABMes-Br acquired in C6D6 (before MeCN application). 
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Figure S19.1H NMR spectra of DABMes-Br acquired in C6D6: a) pure reactant DABMes-Br; b) residue of the reaction of DABMes-Br and MeCN at r.t. 
for 16 h; c) residue of the reaction of DABMes-Br and MeCN at 70 °C for 16 h; d) in situ monitoring of a combination of DABMes-Br and MeCN 
(equimolar amounts). Signal integration according to Figure S17. 

 

Figure S20.11B NMR spectra of DABMes-Br acquired in C6D6: a) pure reactant DABMes-Br; b) residue of the reaction of DABMes-Br and MeCN at r.t. 
for 16 h; c) residue of the reaction of DABMes-Br and MeCN at 70 °C for 16 h; d) in situ monitoring of a combination of DABMes-Br and MeCN 
(equimolar amounts). 
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Figure S21. 1H NMR spectrum of compound 1 acquired in thf-d8. 

  
Figure S22. 13C NMR spectrum of compound 1 acquired in thf-d8. 
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Figure S23.29Si-INEPT NMR spectrum of compound 1 acquired in thf-d8. 

 
Figure S24. 11B NMR spectrum of compound 1 acquired in thf-d8. Impurity is caused by an unidentified species. 
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Figure S25. 1H NMR spectrum of compound 2 acquired in thf-d8. Asterisked signals are caused by unknown impurities. 

 

Figure S26. 29Si-INEPT NMR spectrum of compound 2 acquired in thf-d8. Asterisked signal caused by silicon grease. 
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Figure S27. 11B NMR spectrum of compound 2 acquired in thf-d8. Impurity is caused by unidentified species. 

 
Figure S28. 1H NMR spectrum of compound 3 acquired in thf-d8. 
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Figure S29. 13C NMR spectrum of compound 3 acquired in thf-d8. 

 
Figure S30. 29Si-INEPT NMR spectrum of compound 3 acquired in thf-d8. 
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Figure S31. 11B NMR spectrum of compound 3 acquired in thf-d8. Impurity is caused by an unidentified species. 

 

 
Figure S32. Selected area of VT (variable temperature) 1H NMR spectra of compound 3 acquired in tol-d8.  
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Figure S33.1H NMR spectrum of compound 4 acquired in thf-d8. 

 

 

Figure S34.13C NMR spectrum of compound 4 acquired in thf-d8. 
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Figure S35.29Si-INEPT NMR spectrum of compound 4 acquired in thf-d8. Impurity is caused by unidentified species. 

 
Figure S36.11B NMR spectrum of compound 4 acquired in thf-d8. 
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Figure S37.1H NMR spectrum of compound 5 acquired in thf-d8. 

 
Figure S38.13C NMR spectrum of compound 5 acquired in thf-d8. Asterisked signal is caused by unknown impurity. 
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Figure S39.29Si-INEPT NMR spectrum of compound 5 acquired in thf-d8. 

 

 

Figure S40.11B- NMR spectrum of compound 5 acquired in thf. 
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Figure S41.1H NMR spectrum of compound 6 acquired in thf-d8. 

 
Figure S42.13C NMR spectrum of compound 6 acquired in thf-d8.* toluene; ** unknown impurity. 
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Figure S43.29Si-INEPT NMR spectrum of compound 6 acquired in thf-d8. 

 

 

 

Figure S44: 11B NMR spectrum of compound 6 acquired in thf-d8. Asterisked signal is caused by glass of NMR tube. 
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ESI MS spectra 

Table S8. Overview of performed ESI MS investigations of reactions of the cluster [Ge9{Si(TMS)3}2]2- with different boranes in thf (deuterated, non-

deuterated), tmo and MeCN (deuterated, non-deuterated). 

 thf tmo MeCN 

DABo-tol-Br 
deuterated and 
non-deuterated 

- - 

DABMes-Br 
deuterated and 
non-deuterated 

non-deuterated 
deuterated and 
non-deuterated 

DAB(II)Dipp-Br 
deuterated and 
non-deuterated 

non-deuterated 
deuterated and 
non-deuterated 

DABDipp-Br 
deuterated and 
non-deuterated 

non-deuterated 
deuterated and 
non-deuterated 

DABo-xyl-Br non-deuterated non-deuterated non-deuterated 

(iPr2N)2B-Br 
deuterated and 
non-deuterated 

no insertion of tmo 
between cluster and 

borane observed 

deuterated and 
non-deuterated 

 

  

Figure S45. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2DABo-tol]- (1a). The molecule peak of 1a is 
detected at m/z 1398.7. A detailed view of the signal of anion 1a is provided in Figure S46.  

 



 

S32 
 

 

Figure S46. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2DABo-tol]- (1a) at m/z 1398.7. 

 

Figure S47. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of thf diluted reaction mixture of [Ge9{Si(TMS)3}2]2- and DABo-tolBr in thf-d8. Thf-
d8 was added to a mixture of the reactants. The detected signals can be assigned to [Ge9{Si(TMS)3}2DABo-tol]- (1a; m/z 1398.7) and 
[Ge9{Si(TMS)3}2(CD2)4O-DABo-tol]- (2a-d8; m/z 1478.8). 
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Figure S48. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)4O-DABo-tol]- (2a). The molecule peak 
of 2a is detected at m/z 1470.8. A detailed view of the signal of anion 2a is provided in Figure S49. 

 

 

Figure S49. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)4O-DABo-tol]- (2a) at m/z 1470.8. 
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Figure S50. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CD2)4O-DABo-tol]- (2a-d8). The molecule peak 
of 2a-d8 is detected at m/z 1478.8. A detailed view of the signal of anion 2a-d8 is provided in Figure S51. 

 

 

Figure S51. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CD2)4O-DABo-tol]- (2a-d8) at m/z 1478.8.  
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Figure S52. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)4O-DABMes]- (3a). The molecule peak 
of 3a is detected at m/z 1526.8. A detailed view of the signal of anion 3a is provided in Figure S53. The signal detected at m/z 1396 can be assigned 
to [Ge9{Si(TMS)3}3]-, which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S53. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)4O-DABMes]- (3a) at m/z 1526.8.  
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Figure S54. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CD2)4O-DABMes]- (3a-d8). The molecule peak 
of 3a-d8 is detected at m/z 1534.8. A detailed view of the signal of anion 3a-d8 is provided in Figure S55.  

 
Figure S55. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CD2)4O-DABMes]- (3a-d8) at m/z 1534.8.  
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Figure S56. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)4O-DAB(II)Dipp]- (4a). The molecule peak 
of 4a is detected at m/z 1608.8. A detailed view of the signal of anion 4a is provided in Figure S57. The signal detected at m/z 1396 can be assigned 
to [Ge9{Si(TMS)3}3]-, which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S57. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2) 4O-DAB(II)Dipp]- (4a) at m/z 1608.8. 
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Figure S58. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CD2)4O-DAB(II)Dipp]- (4a-d8). The molecule 
peak of 4a-d8 is detected at m/z 1616.8. A detailed view of the signal of anion 4a-d8 is provided in Figure S59. The signal detected at m/z 1396 can 
be assigned to [Ge9{Si(TMS)3}3]-, which is formed during the ionization process in the mass spectrometer.  

 

 

 

Figure S59. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CD2)4O-DAB(II)Dipp]- (4a-d8) at m/z 1616.8. 
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Figure S60. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)3O-DABMes]- (5a). The molecule peak 
of 5a is detected at m/z 1512.8. A detailed view of the signal of anion 5a is provided in Figure S61. The signal detected at m/z 1396 can be assigned 
to [Ge9{Si(TMS)3}3]-, which is formed during the ionization process in the mass spectrometer.  

 

 

 

Figure S61. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)3O-DABMes]- (5a) at m/z 1512.8. 
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Figure S62. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a MeCN solution of [Ge9{Si(TMS)3}2CH3C=N-DABMes]- (6a). The molecule 
peak of 6a is detected at m/z 1495.8. A detailed view of the signal of anion 6a is provided in Figure S63.  

 

 

 

Figure S63. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CH3C=N-DABMes]- (6a) at m/z 1495.8. 
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Figure S64. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a MeCN solution of [Ge9{Si(TMS)3}2CD3C=N-DABMes]- (6a-d3). The molecule 
peak of 6a-d3 is detected at m/z 1498.8. A detailed view of the signal of anion 6a-d3 is provided in Figure S65.  

 

 

Figure S65. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CD3C=N-DABMes]- (6a-d3) at m/z 1498.8. 
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Figure S66. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)3O-DAB(II)Dipp]-. The molecule peak is 
detected at m/z 1594.8. A detailed view of the signal is provided in Figure S67. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S67. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)3O-DAB(II)Dipp]- at m/z 1594.8.  
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Figure S68. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a MeCN solution of [Ge9{Si(TMS)3}2CH3C=N-DAB(II)Dipp]-. The molecule peak 
is detected at m/z 1577.8. A detailed view of the signal is provided in Figure S69.  

 

Figure S69. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CH3C=N-DAB(II)Dipp]- at m/z 1577.8.  
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Figure S70. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a MeCN solution of [Ge9{Si(TMS)3}2CD3C=N-DAB(II)Dipp]-. The molecule peak 
is detected at m/z 1580.8. A detailed view of the signal is provided in Figure S71.  

 

 

Figure S71. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CD3C=N-DAB(II)Dipp]- at m/z 1580.8.  
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Figure S72. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)4O-DABDipp]-. The molecule peak is 
detected at m/z 1610.8. A detailed view of the signal is provided in Figure S73. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

Figure S73. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)4O-DABDipp]- at m/z 1610.8.  
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Figure S74. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CD2)4O-DABDipp]-. The molecule peak is 
detected at m/z 1618.8. A detailed view of the signal is provided in Figure S75. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S75. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CD2)4O-DABDipp]- at m/z 1618.8.  
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Figure S76. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)3O-DABDipp]-. The molecule peak is 
detected at m/z 1596.8. A detailed view of the signal is provided in Figure S77. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S77. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)3O-DABDipp]- at m/z 1596.8.  
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Figure S78. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2CH3C=N-DABDipp]-. The molecule peak is 
detected at m/z 1579.8. A detailed view of the signal is provided in Figure S79. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S79. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CH3C=N-DABDipp]- at m/z 1579.8.  
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Figure S80. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2CD3C=N-DABDipp]-. The molecule peak is 
detected at m/z 1582.8. A detailed view of the signal is provided in Figure S81. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S81. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CD3C=N-DABDipp]- at m/z 1582.8.  
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Figure S82. ESI MS spectrum (negative mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)4O-DABo-xyl]-. The molecule peak is detected 
at m/z 1506.8. A detailed view of the signal is provided in Figure S83. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, which 
is formed during the ionization process in the mass spectrometer.  

 

Figure S83. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)4O-DABo-xyl]-at m/z 1506.8.  
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Figure S84. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)3O-DABo-xyl]-. The molecule peak is 
detected at m/z 1484.8. A detailed view of the signal is provided in Figure S85. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S85. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)3O-DABo-xyl]- at m/z 1484.8.  
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Figure S86. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2CD3C=N-DABo-xyl]-. The molecule peak is 
detected at m/z 1470.8. A detailed view of the signal is provided in Figure S87. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

 

Figure S87. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CD3C=N-DABo-xyl]- at m/z 1470.8.  
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Figure S88. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CH2)4O-B(NiPr2)2]-. The molecule peak is 
detected at m/z 1432.8. A detailed view of the signal is provided in Figure S89. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

Figure S89. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CH2)4O-B(NiPr2)2]- at m/z 1432.8.  
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Figure S90. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2(CD2)4O-B(NiPr2)2]-. The molecule peak is 
detected at m/z 1440.8. A detailed view of the signal is provided in Figure S91. The signal detected at m/z 1396 can be assigned to [Ge9{Si(TMS)3}3]-, 
which is formed during the ionization process in the mass spectrometer.  

 

Figure S91. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2(CD2)4O-B(NiPr2)2]- at m/z 1440.8.  
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Figure S92. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2CH3C=N-B(NiPr2)2]-. The molecule peak is 
detected at m/z 1401.8. A detailed view of the signal is provided in Figure S93.  

 

 

Figure S93. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CH3C=N-B(NiPr2)2]- at m/z 1401.8.  
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Figure S94. ESI MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of [Ge9{Si(TMS)3}2CD3C=N-B(NiPr2)2]-. The molecule peak is 
detected at m/z 1404.8. A detailed view of the signal is provided in Figure S95.  

 

 

Figure S95. Detailed view on ESI MS signal of [Ge9{Si(TMS)3}2CD3C=N-B(NiPr2)2]- at m/z 1404.8.  
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Contents and Contributions 

The reaction of the twofold silylated cluster [Ge9{Si(TMS)3}2]2– with the bromo-1,3,2-

diazaborolidine DABMes-Br in thf yields the mono-anion [Ge9{Si(TMS)3}2(CH2)4O-DABMes]– (1a). 

Within this species a ring-opened ether moiety is contained. In a previous study we observed 

an asymmetric ligand arrangement at the [Ge9] core for the potassium salt 

K[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-K). Within this manuscript the influence of the counterion 

on the substitution pattern is evaluated by preparing the cesium analogue 1-Cs. Indeed, in the 

latter species a symmetric substitution of the nine-atom Ge cluster is observed, and the crystal 

structures of 1-K and 1-Cs are discussed comparatively. Furthermore, the species  

1-Li and 1-Rb are prepared, however no single crystalline material is obtained. In additional 

experiments it is shown that the application of sequestering agents to the reaction solution of 

the cluster and the diazaborolidine does not have any influence on the formation of the 

aforementioned compounds containing 1a. 

The experimental work leading to the isolation of the compounds 1-Li, 1-Rb, and 1-Cs was 

performed by M. Sc. Dominik M. Dankert as a part of his Master’s thesis, which I supervised. 

Furthermore, he collected the NMR spectroscopic data. ESI-MS measurements were 

performed by me. Additionally, I selected a suitable single crystal of 1-Cs, measured it, and 

conducted the refinement of the single crystal structure data. The manuscript was written by 

me, including the processing of the acquired spectra. EDX analysis was performed by Maria 

Müller (Prof. Fässler, TUM). Elemental analysis data were acquired by Ulrike Ammari and 

Bircan Dilki in the micro-analytical laboratory of the Technical University of Munich. 

Temperature-dependent NMR spectra were recorded by M. Sc. Nicole Willeit and M. Sc. Kevin 

Frankiewicz. 
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A[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (A = K, Cs) 
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Abstract 

The majority of known structures of threefold functionalized [Ge9] clusters corresponds to 

slightly distorted tricapped trigonal prisms, with substituents binding to the capping Ge atoms. 

However, few exemptions exist deviating from this rule, yet the reasons why are not fully 

understood. Herein we report the synthesis and structure determination from single crystals of 

the compound Cs[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Cs, TMS = trimethylsilyl, DAB = 1,3,2-

diazaborolidine, Mes = 2,4,6-trimethylphenyl). The compound contains the anion 1a, 

[Ge9{Si(TMS)3}2(CH2)4O-DABMes]–, in which the arrangement of ligands at the [Ge9] cluster 

significantly differs to the one in the same anion observed in the previously reported potassium-

species (1-K). Thus, we report on the first isomer pair of the anion 1a. Variable temperature 

NMR studies for 1-K and 1-Cs account for a reversible isomerization upon crystallization. 

According to further NMR spectroscopic investigations, sequestering the alkali metal 

counterions during the reaction does not affect the formation of the anion 1a. 

 

Introduction 

The Zintl phase K4Ge9 is readily obtained from the reaction of the elements at elevated 

temperature and contains bare [Ge9]4– clusters.[1] Thus, the solid-state precursor offers access 

to defined molecular building blocks, which show a variable reactivity due to their high negative 

charge. In recent years, many investigations focused on reactions of the clusters towards 

transition metal complexes, and the attachment of main group element fragments has been 

reported.[2-4] One major achievement was the silylation of [Ge9]4– clusters, yielding the twofold 

and threefold silylated clusters [Ge9{Si(TMS)3}2]2– and [Ge9{Si(TMS)3}3]–, respectively.[5-8] The 

silylated species show an enhanced solubility as well as a decreased reductive potential, 

enabling targeted reactions. Furthermore, the stabilization via silylation was recently 

transferred to elusive [Si9]4– clusters.[9-10] Starting from silylated [Ge9] clusters, mixed-

functionalized species such as phosphanyl-[11-14] and boranyl-decorated clusters were 

prepared.[15] These functionalizations account for the introduction of reactive sites comprising 
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Lewis basic and Lewis acidic functions, respectively. Intriguingly, the nine-atom clusters show 

a broad variety of reactive sites. Exemplarily, transition metals can either be encapsulated into 

the cluster core after cleaving their organic ligands,[2] or organometallic fragments decorate the 

cluster in various coordination modes (η1-η5).[3-4] Due to the lack of valence d orbitals, the 

bonding of main group element fragments to the cluster core is usually limited to the formation 

of 2-centre-2-electron bonds, with few exceptions existing for triel element based 

substituents [16-18] and Sn organyls,[18-19] exhibiting partial multi-centered bonds.  

The (distorted) symmetry of substituted nine-atom germanium clusters is usually best 

described as a mono-capped square antiprism or as a tricapped trigonal prism. The former 

case results in a C4v-symmetric cluster (d1/d2 = 1.00), while a D3h symmetry of the nine-atom 

cluster is adopted in the ideal latter case (h1 = h2 = h3).[20] As soon as ligands bind to the [Ge9] 

cluster, the vertex atoms are deflected from their original positions and the symmetry is 

distorted, which can be quantified by the description of the ratio of the diagonals d1/d2 and the 

heights h1-h3 of the trigonal prism (Figure 1a and b, Table 1).  

 

Figure 1. Different substitution patterns of the [Ge9] core. a) Two ligands binding to the free pseudo-square face of 

the [Ge9] cluster;[6] b) three ligands binding to Ge vertex atoms capping the trigonal prism;[5] c) two ligands binding 

to the capped square face of the [Ge9] cluster;[21] d) asymmetric substitution of the trigonal prism with one silyl ligand 

binding to the trigonal prism base.[22] The square antiprism in a) and b) as well as the trigonal prism in b) and d) are 

indicated by red lines. 

 

In case of the twofold silylated cluster, two ligands are attached at Ge atoms of the pseudo-

square plane, causing an elongation of one diagonal, and the [Ge9] cage becomes 

approximately C2v-symmetric (Figure 1a, Table 1).[6, 23] In the threefold silylated cluster, a 

distorted C2v-symmetry is observed due to the shortening of one prism height in comparison 



6 Publications and Manuscripts 

317 
 

to the two others (Figure 1b, Table 1).[5, 7, 23-24] The two latter described substitution patterns 

are the most common ones in [Ge9] cluster chemistry. Deviations from the typically observed 

substitution patterns are observed exemplarily in the ion NHCDippCu[Ge9{Si(TMS)3}2]– 

[NHCDipp = 1,3‐bis(2,6‐di-iso-propylphenyl)imidazoleylidine], in which the two hypersilyl groups 

bind to Ge atoms of the capped square plane of the antiprism. Most likely, this feature is 

induced by the high steric demand of the Dipp wingtip substituents of the Cu-carbene  

(Figure 1c).[21] The cluster core features a slightly distorted C4v symmetry.  

In case of the cluster featuring three substituents, either all substituents are of one kind, or two 

groups are identical while the third group is different. Table 1 provides an overview on the 

trigonal prism heights h1 to h3 and the ratio of the diagonals d1/d2 (determined at the site of the 

longest prism height) in several published, mixed-substituted anions. In the table h3 refers to 

the prism height which is opposed to the different third ligand. In some cases the prism heights 

significantly differ from each other, and the cluster is best described as CS-symmetric. As key 

example, the functionalized clusters [Ge9{Si(TMS)3}2{SiPh2CH=CH2}]– and 

[Ge9{Si(TMS)3}2{SiPh2{(CH3)3CH=CH2}]– can be quoted, in which the ligands are attached at 

Ge vertices capping the trigonal prism.[7]  

 

Table 1. Overview of trigonal prism heights and the ratio of the diagonals in several published, mixed-substituted 

anionic clusters and anion 1a. As reference the data for the twofold and threefold silylated clusters are included. h3 

refers to the prism height opposed to the third introduced ligand. The approximate symmetry of the [Ge9] core is 

given. a: values for each [Ge9] core are presented; b: values for a second possible orientation of the trigonal prims 

in the cluster are given. 

anion h1 [Å] h2 [Å] h3 [Å] d1/d2 sym ref 

[Ge9{Si(TMS)3}2]2–  2.881 2.884 3.987 1.26 ~C2v [6] 

[Ge9{Si(TMS)3}3]–  3.138 3.517 3.529 1.00 ~C2v [5] 

[Ge9{Si(TMS)3}{Si(TMS)2(SiPh3)}2]– 3.296 3.411 3.349 1.07 ~D3h [23] 

[Ge9{Si(TMS)3}2{SiPh2CH=CH2}]–  3.337 3.780 3.036 1.12 CS [7] 

[Ge9{Si(TMS)3}2{SiPh2{(CH3)3CH=CH2}]–  3.146 3.733 3.249 1.20 CS [7] 

[Ge9{Si(TMS)3}2-SiMe2-C6H4-SiMe2Ge9{Si(TMS)3}2]2– a  3.341 3.663 3.144 1.06 ~C2v [24] 

3.302 3.606 3.176 1.05 ~C2v [22] 

[Ge9{Si(TMS)3}2PtBu2]– 3.620 3.658 3.070 1.06 ~C2v [11] 

[Ge9{Si(TMS)3}2MeC=N-DABMes]–  3.370 3.663 3.201 1.07 ~C2v [22] 

[Ge9{Si(TMS)3}2(CH2)3O-DABMes]–  3.429 3.525 3.295 1.01 ~D3h [22] 

[Ge9{Si(TMS)3}2(CH2)4O-DAB(II)Dipp]– b 2.814 3.916 2.932 1.22 ~C2v [22] 

 2.605 2.688 3.210 1.22 ~C2v  

[Ge9{Si(TMS)3}2(CH2)4O-DABMes]– (1a in 1-K)b 2.759(1) 3.976(1) 2.932(1) 1.26 ~C2v [22] 

 2.606(1) 2.693(1) 3.163(1) 1.26 ~C2v  

[Ge9{Si(TMS)3}2(CH2)4O-DABMes]– (1a in 1-Cs) 3.386(1) 3.691(1) 3.183(1) 1.09 ~C2v  
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In a recent study we investigated the Lewis acid-base-like incorporation of solvent molecule 

fragments between the silylated cluster [Ge9{Si(TMS)3}2]2– and the bromo-1,3,2-diazaborole 

DAB(II)Dipp-Br as well as the bromo-1,3,2-diazaborolidine DABMes-Br. As reaction products the 

compounds K[Ge9{Si(TMS)3}2(CH2)4O-DAB(II)Dipp] and K[Ge9{Si(TMS)3}2(CH2)4O-DABMes]  

(1-K) were obtained, respectively, comprising the ring-opened thf fragment -(CH2)4O-.[22] A 

schematic structure of the anion 1a, [Ge9{Si(TMS)3}2(CH2)4O-DABMes]–, is depicted in  

Figure 1d. The single crystal structure determination of 1-K revealed an asymmetric 

substitution of the cluster, with one hypersilyl group binding to a Ge atom of the trigonal prism 

base (Figure 2a). The same observation applies for the utilization of the borane DAB(II)Dipp-Br. 

The observed asymmetric substitution of the cluster results in a heavily distorted C2v-symmetric 

cluster core (Table 1). The reasons for the asymmetric substitution of the [Ge9] core remained 

unclear. A potential influence might be ascribed to the counterion K+, as it coordinates to the 

cluster as well as to the oxygen atom of the ring-opened ether fragment, thus potentially 

inducing a preferential substitution pattern.  

In order to investigate the role of the cation in more detail, we intended to synthesize the ion-

exchanged cluster series A[Ge9{Si(TMS)3}2(CH2)4O-DABMes] for A = Li, K, Rb, and Cs (1-Li to 

1-Cs). For 1-Cs we obtained single crystals that allowed for the structure determination of the 

anion 1a in the Cs-congener. Within 1-Cs the cluster ion forms a structural isomer concerning 

the ligand arrangement observed for the cluster moiety in compound 1-K. 

 

Results and discussion 

Two distinct reaction protocols were used for the synthesis of compounds 1-Li to 1-Cs. 

Whereas for K-Cs the corresponding A4Ge9 phases were used as precursors, the 

corresponding Li4Ge9 phase is not accessible, demanding for an alternative synthesis route. 

As an initial step, the synthesis of 1-Li comprises the production of compound 1-K, which is 

readily obtained by stirring the twofold silylated cluster K2[Ge9{Si(TMS)3}2] and DABMes-Br in 

thf for three hours.[22] The formed compound 1-K comprises a ring-opened thf-moiety, which is 

incorporated between the cluster and the borane in a reaction comprising two steps. In a first 

step, the bromoborane DABMes-Br initiates a ring-opening reaction with thf, yielding the 

intermediate species DABMes-O(CH2)4-Br. Subsequently, the silylated cluster attacks the 

electrophilic C atom adjacent to the Br atom in a SN2-like reaction. Under formation of KBr the 

respective cluster is formed.[22] For the synthesis of 1-Li, 2.5 equivalents of LiCl are added to 

a thf solution of 1-K to alter the counterions. The exchange is driven by the approximately 150-

times higher solubility of LiCl in thf compared to KCl (49.58 mg/mL versus 0.30 mg/mL, 

respectively).[25] Qualitative EDX-analysis data (Figure S20) account for a successful 

substitution of K+ by Li+, while 1H NMR spectroscopic investigations reveal that the anion 1a 
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remained intact during the ion-exchange. Unfortunately, solutions of 1-Li are not stable over 

time and decompose under the formation of unidentified, insoluble materials, prohibiting single 

crystal growth. In principle the reaction protocol could be transferred to yield the species  

1a-Na, however no suitable Na salt featuring a much higher solubility than the corresponding 

K-salt in thf was found. An incomplete ion-exchange would result in a cluster featuring a mixed-

alkali metal counterion sphere, thus no further investigations in this direction were performed. 

In analogy to Li the 4:9 phase of Na and Ge is not accessible via solid-state reactions, 

prohibiting the reaction protocol applied for 1-K to 1-Cs.  

In contrast, the solids A4Ge9 are readily obtained for A = K, Rb, and Cs by fusing the elements 

at 650 °C, and the contained [Ge9]4– clusters can be transferred into the silylated species 

A2[Ge9{Si(TMS)3}2] by the heterogeneous reaction with two equivalents of (TMS)3SiCl in 

MeCN.[6] However, the heavier the alkali metal is, the longer reaction times are required to 

achieve a stoichiometric silylation of the [Ge9] cage (K: 6d, Rb: 10d, Cs: 14d). The compounds 

A[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-K to 1-Cs) were prepared in analogy to the protocol 

reported before.[22] Regardless of the respective counterions, all acquired 1H NMR spectra 

showed the same set of signals, revealing one characteristic sharp singlet of the TMS group 

protons, indicating a D3h-symmetric cluster in solution (δ = 0.24 ppm, thf-d8). Furthermore, 

elemental analyses, EDX spectroscopy, as well as ESI-MS measurements corroborate the 

syntheses of the respective species (see Supporting Information). While the single crystal 

structure of 1-K has already been reported,[22] reasonable amounts of red needles formed from 

a concentrated toluene solution of 1-Cs. However, for 1-Rb this procedure was not successful. 

Compound 1-Cs crystallizes in the triclinic space group P1 with two formula units per unit cell 

(Table S2). The structure of the cluster is best described as a distorted trigonal prism with three 

Ge atoms capping the rectangular prism faces. The capping Ge atoms (Ge1, Ge3, Ge9) form 

exo-bonds to the Si and C atoms of the hypersilyl and –(CH2)4O-DABMes ligands, respectively. 

The distortion of the prism is expressed by the three different prism heights h1 = 3.386(1) Å,  

h2 = 3.691(1) Å, and h3 = 3.183(1) Å (Table 1). Due to the strong elongation of h2 (Ge5-Ge6), 

the cluster can also be regarded as a distorted mono-capped square antiprism with the ratio 

of the diagonals Ge5-Ge6/G1-Ge9 = 1.09, resulting in a distorted C2v-symmetric cluster core. 

One mesityl group of the scorpio-like ligand DABMes shows a η6-coordination to the Cs atom. 

The coordination sphere of Cs is completed by a η3-coordination to the Ge1-Ge2-Ge4 

triangular face of the cluster, with Cs-Ge distances of approximately 4.0 Å, and a coordination 

to the O atom of the ring-opened ether fragment (Cs-O = 3.168(3) Å, Table 2). 

Assuming a related underlying trigonal prism for the ligand arrangement at 1-K, a different 

substitution pattern results (Figure 2a).[22] One of the hypersilyl ligands and the  

–(CH2)4O-DABMes fragment are attached at Ge vertices capping the trigonal prism as in 1-Cs. 
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However, the second hypersilyl ligand binds to a Ge vertex atom of the trigonal prism base. 

The asymmetric substitution is expressed in a highly distorted C2v-symmetry, derived from the 

prism heights h1 = 3.976(1) Å and h2 = 2.759(2) Å. The ratio of the diagonals is  

Ge2-Ge4/Ge1-Ge3 = 1.26, thus the cluster should not be described as C4v-symmetric. Due to 

the strongly elongated prism height Ge2-Ge4, an alternative trigonal prism could be chosen, 

with prism heights Ge1-Ge3 = 3.163(1) Å, Ge5-Ge8 = 2.606(1) Å, and Ge6-Ge7 = 2.693(1) Å, 

resulting in a less distorted C2v-symmetry. However, for a more convenient comparison of the 

species 1-K and 1-Cs the analogous prisms are indicated in Figure 2. Other Ge-Ge, Ge-Si, 

and Ge-C bond lengths in are in accordance with the ones reported for compound 1-Cs  

(Table 2 and S3). In analogy to 1-Cs, the K+ cation coordinates to the oxygen atom of the ring-

opened thf fragment and to one aromatic mesityl ring of the boranyl ligand. The number of Ge 

vertices in proximity to the alkali metal cation differs with two and three for 1-K and 1-Cs, 

respectively (Figure 2).  

 

Figure 2. a) Molecular structure of compound 1-K (literature)[22] in a standard ball and stick illustration; b) molecular 
structure of 1-Cs. In b) all ellipsoids are presented at a 50 % probability level. In a) and b) hydrogen atoms and co-
crystallizing solvent molecules are omitted for clarity. In both molecules the mesityl group which is not coordinating 
to the alkali metal cation is indicated as a grey sphere. The coordination spheres of the alkali metal counterions are 
indicated by dashed grey lines. Prism heights are labelled h1 to h3 and corresponding distances are included in 
Table 1 and 2. The Ge atoms capping the trigonal prisms are indicated in purple for a better visibility, and the 
trigonal prisms are indicated by red lines. A full ellipsoid plot of 1-Cs is presented in Figure S1. 
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Table 2. Selected interatomic distances in compounds 1-K (literature)[22] and 1-Cs. 

atoms distance [Å] (1-K) distance [Å] (1-Cs) 

Ge1-C1 1.995(5) 1.976(4) 
Ge3-Si1 2.396(2) 2.380(1) 
Ge5-Six 2.395(2) (Si5) 2.383(1) (Si9) 

Ge-Geshort 2.504(1) (Ge3-Ge4) 2.521(1) (Ge3-Ge4) 
Ge-Gelong 2.761(1) (Ge2-Ge7) 2.728(1) (Ge4-Ge8) 

Ge2-Ge4 (h1) 3.976(1) 3.386(1) 
Ge5-Ge6 (h2) 2.759(2) 3.691(1) 
Ge7-Ge8 (h3) 2.932(1) 3.183(1) 

A-O 2.855(4) 3.168(3) 

A-Ge1 4.631(1) 4.057(1) 
A-Gex 3.536(1) (Ge6) 4.001(1) (Ge2) 
A-Gex 3.540(1) (Ge7) 3.913(1) (Ge4) 

A-Cmesityl (mean) 3.280 3.544 

 

In our previous article we anticipated the chain lengths of the ring-opened ether molecule as a 

possible reason for the alteration of the substitution pattern, since the chemical similar species 

[Ge9{Si(TMS)3}2(CH2)3O-DABMes]–, which comprises a shorter hydrocarbon chain of solely 

three CH2 units, showed a symmetrical substitution pattern contrasting 1-K. Taking the new 

observations into consideration, this assumption might not describe the entire truth. Indeed, 

also the character of the counter cation seems to play a role. However, besides the varying 

number of Ge vertices nearby the alkali metal cation in 1-Cs no significant differences are 

observed in comparison to 1-K. Even upon taking the orientation of the unit formulas in the 

unit cell into consideration, no explanation for an alternating substitution pattern can be derived 

(Figure S3). Thus, it is assumed that the isomerization indeed is a process occurring during 

the crystallization, comprising either a migration of Ge vertex atoms or a scrambling of the 

substituents across the cluster surface.  

Although an asymmetric substitution is observed for 1-K in the solid-state, the silyl group 

protons do not show any splitting in the 1H NMR spectrum over a temperature range from  

-90 °C to 60 °C in thf-d8.[22] In order to investigate whether the ligand rearrangement is a 

reversible process, compound 1-K was reproduced in good quantities. According to a complete 

single crystal structure analysis, the crystals were identical to the ones reported before.[22]  

Subsequently, the supernatant toluene solution was removed from the crystals via a syringe, 

and the still slightly toluene-wet crystals were dissolved in thf-d8 (no drying of the residue was 

performed to avoid any possible rearrangement upon removal of toluene from the crystal 

structure). However, the isomerization seems to be a reversible process, which is only 

observable in the solid-state, as again no splitting of the TMS group protons was observed in 

the 1H NMR spectra of crystalline material (-90 °C to 60 °C, Figure S18). The same 

observations hold true for the symmetrically substituted compound 1-Cs, whose TMS proton 

signal does not change upon lowering the temperature (Figure S19). Based on these 

observations one must assume the cluster rearrangement or the exchange of ligands at -90 °C 
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is still faster than the time-resolution of the NMR device. Quantum chemical calculations might 

reveal insights into the reasons for the observed preferential ligand arrangements by 

comparison of the energy differences between certain optimized geometries. 

In order to investigate whether the alkali metal counterion influences the formation of the 

species 1-K to 1-Cs, studies using the sequestering agents 18-crown-6 and [2.2.2]cryptand as 

complexation agents for the cations were conducted. Hereby, either the precursors 

A2[Ge9{Si(TMS)3}2] (A = K, Rb, Cs) were stirred with sequestering agents in thf for one hour 

before the bromo-borane was added, or all solid compounds were weighed into a Schlenk 

tube, and subsequently dissolved in thf. For 1-Rb [2.2.2]cryptand was used as sequestering 

agent, while 18-crown-6 was used in case of 1-Cs, since Cs forms “exclusive” complexes with 

[2.2.2]cryptand in which the Cs+ ions partially remain solvated.[26-28] The recorded 1H NMR 

spectra reveal that the formation of the products 1-K to 1-Cs is independent of the reaction 

path, and the soluble products comprising the anions 1a are identical to the ones formed in 

absence of complexation agents. This is especially indicated by the unaltered shift of the silyl 

group protons, which are observed at a chemical shift of δ = 0.24 ppm in thf-d8, irrespective to 

the application of any sequestering agent. The successful complexation of the alkali metal 

cations by the sequestering ethers is corroborated by the shift of their initial signals. In 

conclusion, the experiments account for a minor role of the alkali metal cations regarding the 

formation of compounds 1-K to 1-Cs. Figure 3 gives an overview of the acquired 1H NMR 

spectra (thf-d8) of sequestered and non-sequestered cluster species.  
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Figure 3. 1H NMR spectra (thf-d8) of [2.2.2]cryptand, 18-crown-6, 1-K to 1-Cs, and the respective species featuring 

sequestered alkali metal cations in the region from δ = 5.4 ppm to 0.2 ppm. The asterisked signal belongs to an 

unidentified impurity. 

 

Conclusion 

The comparison of the single crystal structures of the compounds  

A[Ge9{Si(TMS)3}2(CH2)4O-DABMes]  [A = K (1-K), Cs (1-Cs)] revealed a decisive role of the 

alkali metal counterion on the ligand arrangement at the [Ge9] cluster in the solid-state. 

However, the formed reaction product 1a generally is irrespective from the applied alkali metal 

cations. Temperature dependent 1H NMR investigations account for a symmetrical substitution 

of anion 1a in solution for both compounds. Thus, the asymmetric substitution pattern in the 

K-species is most probably a characteristic limited to the solid-state. Hence, the isomerization 
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can be described as a reversible process. However, the exact reason and mechanism for the 

rearrangement is still not fully understood and is subject to ongoing studies in our laboratories. 
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1. Experimental details 

General 

All manipulations were performed under the exclusion of moisture and oxygen by utilizing 
standard Schlenk and glove box techniques under Argon atmosphere. All used solvents were 
obtained from a MBraun Grubbs solvent purification system. Glassware was dried at 650 °C 
under dynamic vacuum prior to usage. [2.2.2]cryptand (Acros Organics) was dried over night 
by applying a dynamic vacuum. 18-crown-6 (Merck) was sublimated before usage. The solid-
state precursors A4Ge9 (A = K, Rb, Cs) were prepared by fusion of the elements at 650 °C in 
stainless-steel autoclaves. The preparation of the respective silylated compounds 
A2[Ge9{Si(TMS)3}2] followed the route for the preparation of the K-species with adjusted 
reaction times (K: 6d, Rb: 10d, Cs: 14d).[1] The bromo-1,3,2-diazaborolidine DABMes-Br was 
prepared according to literature procedures.[2] All other chemicals were used without further 
purification. 

 

Single crystal structure determination 

A concentrated toluene solution of 1-Cs was stored at r.t. for three days until the growth of 
crystals was detected. The flask was transferred into a glovebox and the moisture- and air-
sensitive crystals were transferred into perfluoralkyl ether oil. Suitable single crystals were 
isolated under a microscope and fixed on glass capillaries. The data collection was performed 
using a STOE StadiVari diffractometer (MoKα radiation) equipped with a DECTRIS PILATUS 
300K detector, with the crystal positioned in a 150 K cold N2 gas stream. Direct methods 
(SHELXS-97)[3] were used to solve the structure, and the structure refinement was performed 
by full-matrix least-squares calculations against F2 (SHELXL-2018).[4] Anisotropic 
displacement parameters were set for all non-hydrogen atoms. The positions of hydrogen 
atoms were modelled using a riding model.  

 

NMR spectroscopy 

All spectra were acquired on a Bruker Avance Ultrashield 400 MHz spectrometer. The 
calibration of the 1H NMR and 13C NMR spectra was performed by using the residual proton 
and carbon signals of the respective deuterated solvents. The solvent peaks serve as internal 
reference and the chemical shifts are reported in parts per million (ppm) relative to TMS.[5] 
Signal multiplicities are reported as followed: singlet (s), triplet (t), multiplet (m), broad signal 
(br). 

 

ESI-MS spectrometry  

A Bruker Daltronic HCT mass spectrometer (dry gas temperature: 300 °C; injection speed: 
300 µL/h) was used for the data acquisition. The collected data were evaluated using the 
Bruker Compass Data Analysis 4.0 SP 5 program (Bruker), and spectra were plotted using 
OriginPro2021 (Origin Lab) and Excel (Microsoft 365).  
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Elemental analysis 

The analyses were performed by the microanalytical laboratory of the Chemistry Department 
of the Technical University of Munich. The C, H, and N content was analyzed using a 
combustion analyzer (EURO EA, HEKA tech). 

 

EDX spectroscopy 

For the data collection a Hitachi TM-1000 tabletop scanning electron microscope device was 
used. The respective samples were stuck on a carbon sticky tape under Ar atmosphere, and 
the samples were transferred to the EDX device in a closed glass. 

 

Syntheses 

Li[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Li) 

In a first step the K-compound 1-K (99.6 mg, 63.6 µmol, 1 equiv.) is prepared in analogy to the 
literature.[6] Afterwards, compound 1-K is dissolved in toluene and filtered to remove trace 
amounts of the bis-silylated cluster as well as other insoluble salts. Subsequently, a flask is 
loaded with LiCl (6.7 mg, 159 µmol, 2.5 equiv.) and a thf solution of compound 1-K is added. 
The suspension is stirred for 3 h at r.t. and afterwards filtered. The solvent is removed from the 
reaction solution under dynamic vacuum, the residue is re-dissolved in toluene (2 mL), and the 
solution is filtered to remove any remaining inorganic salts. NMR spectroscopy and elemental 
analysis were performed from the dried filtrate since no crystalline material was obtained. 
However, NMR sample solutions of the cluster species featuring Li+ counter ions are not stable 
and decompose within few hours, thus only the data of the 1H NMR spectrum are reported 
here. Yield: 49 mg, 32 µmol, 45 %. 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.84 (s, 4H, CHMes), 3.42 (s, 4H, CH2 DAB), 3.14 (t, 
2H, 3JH-H = 5.9 Hz, CH2 thf), 2.30 (s, 12H, CH3 Mes(o)), 2.23 (s, 6H, CH3 Mes(p)), 1.21-1.15 (m, 4H, 
CH2 thf), 1.09-1.03 (m, 2H, CH2 thf), 0.24 (s, 54H, CH3 TMS). ESI-MS: m/z 1526.08 (1a). 
Elemental analysis: anal. calcd. for LiC42H88BGe9N2OSi8: C, 32.90; H, 5.79; N, 1.83; found: 
C, 33.66; H, 6.16; N, 1.71. 

 

K[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-K) 

The synthesis is performed in analogy to the literature procedure. The acquired NMR spectra 
are in accordance to the ones reported.[6] Crystals were grown at r.t. from a concentrated 
toluene solution, and the single crystal structure determination revealed the same substitution 
pattern and lattice parameters as described before.[6] 

 

Rb[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Rb) 

The procedure closely follows the synthesis of 1-K.[6] Rb2[Ge9{Si(TMS)3}2] (98.9 mg, 75 µmol, 
1 equiv.) is used as precursor substituting the K-species. NMR spectroscopy and elemental 
analysis were performed from the dried reaction residue since no crystalline material was 
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obtained. Yield: 37 mg, 23 µmol, 30 %. Due to the lack of crystalline material, the elemental 
analysis data deviate from the ideal values. 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.84 (s, 4H, CHMes), 3.43 (s, 4H, CH2 DAB), 3.15 (t, 
2H, 3JH-H = 6.1 Hz, CH2 thf), 2.31 (s, 12H, CH3 Mes(o)), 2.24 (s, 6H, CH3 Mes(p)), 1.21-1.15 (m, 4H, 
CH2 thf), 1.09-1.03 (m, 2H, CH2 thf), 0.24 (s, 54H, CH3 TMS). 13C NMR (101 MHz, 298 K, thf-d8): 
δ [ppm] = 141.00 (s, CMes(N)), 137.13 (s, CMes(o)), 134.96 (s, CMes(p)), 129.71 (s, CHMes), 64.35 (s, 
CH2-O), 49.36 (s, CH2 DAB), 36.66 (s, CH2), 31.78 (s, CH2), 21.36 (s, CH3 Mes(p)), 18.75 (s,  
CH3 Mes(o)), 11.11 (s, CH2 Ge), 3.24 (s, CH3 TMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8):  
δ [ppm] = -9.65 (s, SiTMS), -108.62 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 23.22 
(br, B DAB). ESI-MS: m/z 1526.8 (1a). Elemental analysis: anal. calcd. for 
RbC42H88BGe9N2OSi8: C, 31.30; H, 5.50; N, 1.74; found: C, 32.84; H, 5.69; N, 2.21. 

 

Cs[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Cs) 

The procedure closely follows the synthesis of 1-K.[6] Cs2[Ge9{Si(TMS)3}2] (106.1 mg, 75 µmol, 
1 equiv.) is used as precursor substituting the K-species. NMR spectroscopy and elemental 
analysis were performed from the dried crystalline material. Yield: 56 mg, 34 µmol, 45 %. 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.86 (s, 4H, CHMes), 3.43 (s, 4H, CH2 DAB), 3.15 (t, 
2H, 3JH-H = 6.0 Hz, CH2 thf), 2.31 (s, 12H, CH3 Mes(o)), 2.24 (s, 6H, CH3 Mes(p)), 1.21-1.16 (m, 4H, 
CH2 thf), 1.10-1.04 (m, 2H, CH2 thf), 0.24 (s, 54H, CH3 TMS). 13C NMR (101 MHz, 298 K, thf-d8): 
δ [ppm] = 141.00 (s, CMes(N)), 137.20 (s, CMes(o)), 135.08 (s, CMes(p)), 129.74 (s, CHMes), 64.38 (s, 
CH2-O), 49.36 (s, CH2 DAB), 36.61 (s, CH2), 31.80 (s, CH2), 21.33 (s, CH3 Mes(p)), 18.74 (s,  
CH3 Mes(o)), 11.08 (s, CH2 Ge), 3.23 (s, CH3 TMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8):  
δ [ppm] = -9.60 (s, SiTMS), -108.49 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 23.32 
(br, B DAB). ESI MS: m/z 1526.8 (1a). Elemental analysis: anal. calcd. for 
CsC42H88BGe9N2OSi8: C, 30.40; H, 5.35; N, 1.69; found: C, 30.08; H, 5.06; N, 1.44. 

 

Reactions with sequestered counter ions A+ (A = K, Rb, Cs) 

To further investigate the influence of the counter ion on the reaction, sequestering agents 
were used to mask the alkaline metal ions during the formation of the products 1-K to 1-Cs. 
Two different reaction protocols were applied: a) the bis-silylated cluster was stirred for 1 h 
with the sequestering reactant before the addition of DABMes-Br, and b) the silylated cluster, 
the sequestering agent and the bromo-borane were dissolved simultaneously in thf. Indeed, 
the product species formed are independent from the protocol. Due to the varying sizes of the 
alkali metal ions, different sequestering agents are used, which are [2.2.2]cryptand for Rb+ and 
18-crown-6 for Cs+ (Cs+ is not fully encapsulated in the free sphere of the cryptand molecule).[7] 
K+ forms stable coordination complexes with both organic molecules, and thus was tested 
twice as a reference. 

 

Protocol a)  

In a typical reaction A2[Ge9{Si(TMS)3}2] (50 µmol, 1 equiv.) is stirred with the sequestering 
agent (100 µmol, 2 equiv.) for 1 h in thf (2 mL). Afterwards, the borane DABMes-Br (19.3 mg, 
50 µmol, 1 equiv.) is added to the reaction flask, and the solution is stirred overnight. 
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Subsequently, the reaction solution is filtered, and the solvent is removed under vacuum. The 
obtained solid residue is dissolved in thf-d8 and a 1H NMR spectrum is recorded. 

 

Protocol b)  

In a typical reaction A2[Ge9{Si(TMS)3}2] (50 µmol, 1 equiv.), the sequestering agent (100 µmol, 
2 equiv.), and the borane DABMes-Br (19.3 mg, 50 µmol, 1 equiv.) are dissolved in thf (2 mL), 
and the solution is stirred overnight. Subsequently, the reaction solution is filtered, and the 
solvent is removed under vacuum. The obtained solid residue is dissolved in thf-d8 and a 1H 
NMR spectrum is recorded. 

 

Table S1. Weighed samples for the reactions with sequestering agents. 

compound m [mg] n [µmol] equiv. 

K2[Ge9{Si(TMS)3}2] 61.4 mg 50 1 
Rb2[Ge9{Si(TMS)3}2] 66.0 mg 50 1 
Cs2[Ge9{Si(TMS)3}2] 70.7 mg 50 1 

DABMes-Br 19.3 mg 50 1 
18-crown-6 26.4 mg 100 2 

[2.2.2]cryptand 37.6 mg 100 2 

 

 

[K(18-crown-6)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.84 (s, 4H, CHMes), 3.66 (s, 24H, CH2 crown), 3.42 
(s, 4H, CH2 DAB), 3.14 (t, 2H, 3JH-H = 6.0 Hz, CH2 thf), 2.30 (s, 12H, CH3 Mes), 2.24 (s, 6H,  
CH3 Mes), 1.20-1.15 (m, 4H, CH2 thf), 1.10-1.04 (m, 2H, CH2 thf), 0.24 (s, 54H, CH3 TMS). 

 

[K([2.2.2]cryptand)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.85 (s, 4H, CHMes), 3.63 (s, 12H, CH2 crypt), 3.61-
3.55 (m, 12H, CH2 crypt), 3.42 (s, 4H, CH2 DAB), 3.15 (t, 2H, 3JH-H = 5.8 Hz, CH2 thf), 2.62-2.59 (m, 
12H, CH2 crypt), 2.31 (s, 12H, CH3 Mes), 2.24 (s, 6H, CH3 Mes), 1.21-1.16 (m, 4H, CH2 thf), 1.11-
1.07 (m, 2H, CH2 thf), 0.25 (s, 54H, CH3 TMS). 

 

[Rb([2.2.2]cryptand)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.85 (s, 4H, CHMes), 3.62 (s, 12H, CH2 crypt), 3.58-
3.55 (m, 12H, CH2 crypt), 3.42 (s, 4H, CH2 DAB), 3.15 (t, 2H, 3JH-H = 5.8 Hz, CH2 thf), 2.60-2.57 (m, 
12H, CH2 crypt), 2.31 (s, 12H, CH3 Mes), 2.24 (s, 6H, CH3 Mes), 1.21-1.15 (m, 4H, CH2 thf), 1.11-
1.05 (m, 2H, CH2 thf), 0.25 (s, 54H, CH3 TMS). 

 

[Cs(18-crown-6)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 6.85 (s, 4H, CHMes), 3.64 (s, 24H, CH2 crown), 3.42 
(s, 4H, CH2 DAB), 3.15 (t, 2H, 3JH-H = 5.7 Hz, CH2 thf), 2.30 (s, 12H, CH3 Mes), 2.24 (s, 6H,  
CH3 Mes), 1.21-1.15 (m, 4H, CH2 thf), 1.10-1.05 (m, 2H, CH2 thf), 0.24 (s, 54H, CH3 TMS). 
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2. Crystallographic details 

Table S2. Crystallographic data of compound 1-Cs. 

Compound 1-Cs 

formula CsC42H88BGe9N2OSi8⋅tol 

fw [g·mol−1] 1751.02 

space group P1 

a [Å] 14.797(3) 

b [Å] 15.777(3) 

c [Å] 19.386(4) 

α [deg] 113.10(3) 

β [deg] 95.10(3) 

γ [deg] 109.90(3) 

V [Å3] 3782.6(9) 

Z 2 

T [K] 150 

λ [Å] 0.71073 

ρcalcd [g·cm−3] 1.537 

μ [mm−1] 4.155 

collected reflections 38451 

indep. reflections 14030 

Rint / Rδ 0.0464/0.0566 

parameters / restraints 669/0 

R1 [I > 2 σ(I) / all data] 0.0355/0.0711 

wR2 [I > 2 σ(I) / all data] 0.0602/0.0676 

goodness of fit 0.978 

max./min. diff. el. density  

[e ∙ Å-3] 
1.267/-0.578 

CCDC not yet assigned 
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Table S3. Selected bond lengths and torsion angles in compound 1-Cs in comparison to compound 1-K 
(literature).[6] 

bond distance [Å] (1-K) distance [Å] (1-Cs) 

Ge1-Ge2 2.5038(8) 2.5565(8) 
Ge1-Ge4 2.5675(7) 2.543(1) 
Ge1-Ge5 2.5339(8) 2.526(1) 
Ge1-Ge6 2.7612(8) 2.5269(9) 
Ge2-Ge3 2.5503(8) 2.540(2) 
Ge2-Ge6 2.6985(9) 2.6544(9) 
Ge2-Ge7 2.6740(8) 2.728(1) 
Ge3-Ge4 2.5460(8) 2.5213(9) 
Ge3-Ge7 2.6127(8) 2.526(1) 
Ge3-Ge8 2.5899(8) 2.5573(9) 
Ge4-Ge5 2.6750(8) 2.6502(8) 
Ge4-Ge8 2.7432(8) 2.704(1) 
Ge5-Ge6 2.7587(8) 2.704(1) 
Ge5-Ge8 2.6063(8) 2.667(1) 
Ge5-Ge9 2.5437(8) 2.5301(8) 
Ge6-Ge7 2.6926(8) 2.677(1) 
Ge6-Ge9 2.6077(8) 2.548(2) 
Ge7-Ge8 2.9322(8) 3.183(1) 
Ge7-Ge9 2.5900(9) 2.5381(8) 
Ge8-Ge9 2.6804(9) 2.577(1) 
Ge1-C1 1.995(5) 1.976(4) 
Ge3-Si1 2.396(2) 2.380(1) 
Ge5-Six 2.395(2) (Si5) 2.383 (1) (Si9) 

Ge2-Ge4 (h1) 3.976(1) 3.386(1) 
Ge5-Ge6 (h2) 2.759(2) 3.691(1) 
Ge7-Ge8 (h3) 2.932(1) 3.183(1) 

A-O 2.855(4) 3.168(3) 

A-Ge1 4.631(1) 4.057(1) 
A-Gex 3.536(1) (Ge6) 4.001(1) (Ge2) 
A-Gex 3.540(1) (Ge7) 3.913(1) (Ge4) 

A-Cmesityl (mean) 3.280 3.544 

   

torsion angle angle [°] (1-K) angle [°] (1-Cs) 

Ge1-Ge2-Ge4-Ge3 173.5 146.9 
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Figure S1. Full ellipsoid plot of the molecular structure of compound 1-Cs. All ellipsoids are presented at a 50 % 
probability level. Hydrogen atoms as well as the co-crystallizing toluene molecule are omitted. The trigonal prism is 
indicated by thick red lines, and the coordination sphere of the Cs+ ion is indicated by dashed grey lines.  

 

 

Figure S2. Schematic comparison of the substitution pattern of the [Ge9] cluster in compounds a) 1-K (literature)[6] 

and b) 1-Cs. Atoms are presented as standard balls. In a) the asymmetric substitution pattern is caused by Si5 
binding to Ge5 which is part of a trigonal prism base. In b) all ligands bind to Ge vertex atoms capping the trigonal 
prism. Ge atoms capping the trigonal prism are indicated in turquoise for clarity and the trigonal prisms are indicated 
by red lines. The prism heights h1 – h3 are summarized in Table S3. 
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Figure S3. Arrangement of the unit formulas in the unit cells of a) 1-K (literature)[6]  and b) 1-Cs. Atoms are 

represented as standard balls. The co-crystallizing toluene molecules were neglected for clarity, as they do not 
exhibit a coordination to any other groups or atoms. The Mes groups not taking part in any coordination are indicated 
by grey spheres, while the coordination spheres of the alkali metal cations are indicated by dashed grey lines. 
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3. NMR spectra 

NMR spectra of compounds 1-Li, 1-Rb and 1-Cs 

 

Figure S4. 1H NMR spectrum of Li[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Li) acquired in thf-d8. The asterisked signal 
is assigned to silicon grease. Signals indexed with # belong to an unidentified impurity. 

 

 

Figure S5. 1H NMR spectrum of Rb[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Rb) acquired in thf-d8. The asterisked 
signal is assigned to Rb2[Ge9{Si(TMS)3}2]. Signals indexed with # belong to an unidentified impurity. 
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Figure S6. 13C NMR spectrum of Rb[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Rb) acquired in thf-d8. The asterisked 
signal is assigned to Rb2[Ge9{Si(TMS)3}2]. Signals indexed with # belong to an unidentified impurity. 

 

 

 

Figure S7. 29Si INEPT spectrum of Rb[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Rb) acquired in thf-d8. The asterisked 
signals are assigned to Rb2[Ge9{Si(TMS)3}2].  
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Figure S8. 11B NMR spectrum of Rb[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Rb) acquired in thf-d8. The broad, 
asterisked signal is caused by the glass of the NMR tube.  

 

 

 

Figure S9. 1H NMR spectrum of Cs[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Cs) acquired in thf-d8. The asterisked 
signal is assigned to Cs2[Ge9{Si(TMS)3}2]. The signal indexed with # belongs to an unidentified impurity. 
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Figure S10. 13C NMR spectrum of Cs[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Cs) acquired in thf-d8. Signals indexed 
with # belong to an unidentified impurity. 

 

 

Figure S11. 29Si INEPT spectrum of Cs[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Cs) acquired in thf-d8.  
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Figure S12. 11B NMR spectrum of Cs[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Cs) acquired in thf-d8. The broad, 
asterisked signal is caused by the glass of the NMR tube.  
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Reactions with sequestered counter ions A+ (A = K, Rb, Cs) 

 

Figure S13. 1H NMR spectrum of [K(18-crown-6)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] acquired in thf-d8. The 
asterisked signal is assigned to K2[Ge9{Si(TMS)3}2]. Excessive solvent from the reaction is indexed as thf. The 
signal intensity of the crown ether’s CH2 groups might be influenced by an interference with signals arising from 
remaining thf. 

 

Figure S14. 1H NMR spectrum of [K([2.2.2]cryptand)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] acquired in thf-d8. The 
signals marked with # are caused by unidentified impurities. Excessive solvent from the reaction is indexed as thf. 
The second signal of thf-d8 at δ = 3.58 ppm overlaps with the cryptand’s signal i. 
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Figure S15. 1H NMR spectrum of [Rb([2.2.2]cryptand)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] acquired in thf-d8. The 
signals marked with # are caused by unidentified impurities. Excessive solvent from the reaction is indexed as thf. 
The second signal of thf-d8 at δ = 3.58 ppm overlaps with the cryptand’s signal i. 

 

 

Figure S16. 1H NMR spectrum of [Cs(18-crown-6)][Ge9{Si(TMS)3}2(CH2)4O-DABMes] acquired in thf-d8. The 
asterisked signal is assigned to Cs2[Ge9{Si(TMS)3}2]. Excessive solvent from the reaction is indexed as thf. The 
signal intensity of the crown ether’s CH2 groups might be influenced by an interference with signals arising from 
remaining thf. 
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Figure S17. Stacked 1H NMR spectra of the sequestering agents [2.2.2]cryptand and 18-crown-6, and the cluster 
species 1-K to 1-Cs featuring sequestered alkali metal ions. All spectra were acquired in thf-d8. Only the most 
intense signals were assigned to the cluster species. 
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Variable temperature NMR data of 1-K  

For the sample preparation compound 1-K was synthesized, and crystallized from toluene at 
r.t. The single crystal structure and the correlated asymmetric substitution pattern was verified 
by a complete single crystal structure determination, and is in accordance to the structure 
reported before.[6] For the sample preparation single crystalline material of 1-K was collected 
directly from the mother liquor (without removing any remaining toluene traces under vacuum) 
and dissolved in thf-d8. The temperature-dependent 1H NMR spectra reported in the previous 
manuscript were acquired from non-single crystalline material (solid residue of the reaction), 
consequently the substitution pattern was not verified before the data acquisition.  

 

Figure S18. Temperature-dependent, stacked 1H NMR spectra of compound 1-K acquired from single crystalline 
material in thf-d8. No signal splitting of the protons of the hypersilyl groups is detected. 
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Variable temperature NMR data of 1-Cs 

For the sample preparation dried, single crystalline material of compound 1-Cs was dissolved 
in thf-d8. 

 

Figure S19. Temperature-dependent, stacked 1H NMR spectra of compound 1-Cs acquired from single crystalline 
material in thf-d8. No signal splitting of the protons of the hypersilyl groups is detected.  
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4. EDX spectra 

 

Figure S20. Qualitative EDX spectra of the compounds a) 1-Li; b) 1-K; c) 1-Rb and d) 1-Cs. In a) the Li atoms 
cannot be detected due to the measurement setup and spectrometer. However, the absence of K atoms accounts 
for a successful synthesis of 1-Li. In c) signals of Rb and Si overlap. 
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5. ESI-MS spectrum of 1a 

The ESI-MS spectra of 1a in 1-Li to 1-Cs equal each other, thus here only the spectrum 

acquired from a thf solution of 1-Cs is presented exemplarily.  

 

Figure S21. ESI-MS spectrum (negative-ion mode, 3500 V, 300 °C) of a thf solution of  
Cs[Ge9{Si(TMS)3}2(CH2)4O-DABMes] (1-Cs). The molecule peak of [Ge9{Si(TMS)3}2(CH2)4O-DABMes]- (1a)  is 
detected at m/z 1526.8. A detailed view of the signal is provided in Figure S22. The signal at m/z 902.2 belongs to 
[Ge9{Si(TMS)3}]-, the signal at m/z 1396.6 is assigned to [Ge9{Si(TMS)3}3]-. The signal at m/z 1326.2 is caused by 
an unidentified species. 

 

 

Figure S22. Detailed view of the ESI-MS signal of [Ge9{Si(TMS)3}2(CH2)4O-DABMes]- (1a) at m/z 1526.8.  
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Contents and Contributions 

The reaction of the twofold silylated cluster K2[Ge9{Si(TMS)3}2] with the bromo-1,3,2-

diazaborole DAB(II)Dipp-Br in acetonitrile yielded the red species K[Ge9{Si(TMS)3}2{MeC=N}-

DAB(II)Dipp] (1-K). The incorporated imine moiety could readily be protonated by the application 

of stoichiometric amounts of the acid NEt3·HCl, and the deep green zwitterionic compound 

[Ge9{Si(TMS)3}2{MeC=N(H)}-DAB(II)Dipp] (1-H) was obtained. The intensely colored cluster 

species both were investigated by UV-Vis absorption spectroscopy, and in a combined UV-Vis 

and NMR spectroscopic study the reversible formation (deprotonation) of the compound 1-H 

was investigated by the application of the base KOtBu. Quantum chemical calculations 

revealed that charge-transfer processes between the cluster and the antibonding π*-orbital of 

the attached imine moiety occur, most probably causing the intense green color. In further 

studies the solvent acetonitrile was substituted by a row of various nitriles, leading to the 

incorporation of different imine moieties between the cluster core and the boranyl moiety. The 

resulting species were investigated using ESI-MS spectroscopy. A special focus was set on 

the introduction of the long-chain imines bearing a hexyl and hexenyl chain. The monoanionic 

species were crystallized in combination with the MeCN-incorporated congener as the Cu-

carbene salts NHCDippCu[Ge9{Si(TMS)3}2{RlCN}-DABR] [DAB(II)Dipp, Rl = Me (1b-Cu); R = Mes, 

Rl = (CH2)4CH3 (2a-Cu); (CH2)3CH=CH2 (3b-Cu)]. The corresponding species feature an imine-

enamine tautomerism and were characterized by single crystal X-ray diffraction analysis and 

LIFDI-MS measurements. The developed reaction protocol allows for the variable introduction 

of two functional groups in close proximity to the [Ge9] cluster, which are the imine moiety and 

an alkenyl moiety, respectively. 

The experimental work leading to the isolation of compounds 1-K, 1-H, as well as 1b-Cu,  

2a-Cu, and 3b-Cu was performed by me, including the acquisition and evaluation of 

spectroscopic data and the selection of single crystals. I measured the single crystals and 

performed the initial structure refinement. Dr. Wilhelm Klein finalized the single crystal structure 

refinement for publication. The crystallization of compounds 1-K and 1-H was technically 

supported by Dr. Felix S. Geitner. LIFDI-MS measurements were performed by Dr. Max Schütz 

and M. Sc. Maximilian Muhr (Prof. Fischer, TUM), I evaluated and plotted the acquired data. 
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The UV-Vis absorption spectra and kinetic data were collected by me, M. Sc. Lukas 

Niederegger (Prof. Hess, TUM) provided support regarding the technical setup for the 

measurements. Variable temperature NMR data were acquired by M. Sc. Philip Keil (Dr. 

Hadlington, TUM). 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. M. Sc. Yasmin Selic and Prof. Dr. Antti J. Karttunen (Aalto University, Finland) did the 

quantum chemical calculations. The molecular orbital figures and electron density difference 

plots were created by me. The manuscript was authored by me, including the creation of 

figures, tables, and schemes. M. Sc. Yasmin Selic, Dr. Wilhelm Klein, and Prof. Dr. Antti J. 

Karttunen proof-read the final version of the manuscript.  
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Abstract 

Deltahedral tetrel element Zintl clusters form intensively colored solutions. Few information on 

the underlying coloring-effects is provided and usually the color of the clusters cannot be 

tailored in a straightforward way. Herein, we report the synthesis of the red cluster ion 

[Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp]– (1–; TMS = trimethylsilyl; DAB(II) = 1,3,2-diazaborole; 

(II) = unsaturated backbone; Dipp = 2,6-di-iso-propylphenyl) comprising an incorporated imine 

fragment. The imine entity in 1– is readily protonated by stoichiometric amounts of NEt3⋅HCl 

yielding the deep green, zwitterionic cluster [Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] (1-H). 

UV-Vis investigations combined with time-dependent density functional theory calculations 

account for a charge-transfer process causing the observed bathochromic shift. Further 

investigations reveal that the iminium entity can be deprotonated, implying a reversible 

formation of the zwitterion 1-H. In addition, the imine moiety acts as a carrier for organic 

fragments such as alkyl, alkenyl, and aryl groups, thus enabling the attachment of various 

functional groups at the nine-atom cluster. Three of the resulting species were transferred into 

the Cu-carbene adducts NHCDippCu[Ge9{Si(TMS)3}2{RlCN}-DABR] [DAB(II)Dipp, Rl = CH3  

(1b-Cu); DABMes, Rl = CH3(CH2)4 (2a-Cu), CH2=CH(CH2)3 (3b-Cu); NHCDipp = 1,3-bis(2,6-di-

iso-propylphenyl)imidazolylidine; DAB = 1,3,2-diazaborolidine; Mes = 2,4,6-trimethylphenyl]. 

In the obtained Cu-coordinated clusters, an imine-enamine tautomerism is observed in the 

solid-state. 

 

Introduction 

The chemistry of main group element clusters has been subject to intensive investigations 

within recent years, aiming for the synthesis of novel materials at the border of solid-state-like 

structures and isolated molecules.[1-7] Reactions of the tetrel element clusters [E9]4–, which are 

extracted from the binary phases A4E9 or A12E17 (A = alkali metal, E = Si-Pb),[8] form one major 
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pillar in this field. The nine-atom clusters can be transferred into solution without changes in 

their inherent structure,[9-10] and serve as molecular three-dimensional precursors in 

subsequent reactions. Besides the isolation of intermetalloid clusters, which form in reactions 

of [E9]4– clusters with transition metal complexes,[1-3]  investigations mainly focus on the 

reactivity of [E9]4– (E = Si, Ge) clusters towards main group element compounds. Due to their 

fourfold negative charge, the nine-atom clusters feature a highly reducing potential and a low 

solubility in many solvents. Just recently, the isolation of several protonated nine-atom clusters 

has been reported, bearing the smallest possible ligand for a charge reduction.[11-15] Another 

strategy to overcome the mentioned limitations was found in the silylation of the silicide and 

germanide clusters using chlorosilanes, yielding species such as [E9R2]2– and [E9R3]–  

(E = Si,[16-17] Ge;[18-20] R = Si(TMS)3, SitBu2H). Due to the straightforward production of the 

twofold silylated [Ge9] cluster, its mediocre steric shielding, and the remaining negative charge 

of -2, a prosperous chemistry evolved using the dianion [Ge9{Si(TMS)3}2]2– as a precursor. 

Thus, mixed-functionalized clusters bearing covalently bound group 13,[21] 14,[20, 22-23] or  

15 [24-26] element-based fragments became accessible, leading for example to a coupling of 

two cluster entities via a rigid silane.[27] The decoration of the twofold silylated cluster with 

phosphanyl fragments accounts for the introduction of Lewis basic groups to the cluster,[24-26] 

and also the threefold phosphanylated species [Ge9{P(NiPr2)}3]– has been reported.[28] In 

addition, the bare [Ge9] cages can be functionalized with organic ligands, leading to the 

formation of vinylated cluster species such as [Ge9(CH=CH2)]24–,[29] or so called Zintl triads 

form.[30-32] The latter clusters consist out of two [Ge9] clusters interconnected by a conjugated 

hydrocarbon chain, exemplarily found in the ion [R-Ge9-(CH=CH-CH=CH)-Ge9-R]4– 

(R = CH=CH2).[31]  

Upon dissolving the aforementioned cluster species usually red to brown solutions are 

obtained, which color is indicative for Zintl clusters in solution. In rare cases the formation of 

green species was reported, caused by the oxidation of bare germanide clusters to species of 

higher nuclearity, such as the polyanionic tetramer [Ge9=Ge9=Ge9=Ge9]8–.[33-35] Furthermore, a 

correlation between the optical properties of deltahedral germanides and fullerenes was 

drawn.[36] However, a targeted synthesis of oxidized bare [Ge9] species is oftentimes hampered 

by the formation of by-products and low yields. Consequently, investigating the optical 

properties of silylated clusters accounts for an alternative. Indeed, femto-second pump probe 

absorption spectroscopy of the cluster [Ge9{Si(TMS)3}3]– revealed a photoexcitation-induced 

transfer of one cluster electron to the solvent or ligand environment, thereby generating a 

transient [Ge9]0 species.[37-38] Similar findings were reported for the transition metal decorated 

species [Ge9{Si(TMS)3}3FeCp(CO)2], which formally can be described as a combination of a 

[Ge9]0 and an Fe(I) entity, formed by a reversible electron transfer between the cluster core 

and the Fe(II) ligand.[39] Furthermore, the absorption maximum of a transition metal decorated 
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silylated [Ge9] cluster depends on the number of coordinated metal atoms, as shown for the 

cluster [PtZn2Ge18{Si(TMS)3}8] forming violet solutions.[40]  

Due to the observed interesting physical properties of silylated [Ge9] clusters we aimed for the 

introduction of a π-system near the cluster core, thus potentially allowing charge transfer 

processes between the negatively charged cluster and the ligand sphere. Only recently, we 

have reported the attachment of imine moieties at the twofold silylated cluster, accounting for 

the introduction of such an unsaturated organic moiety.[41] Upon taking the imine-comprising 

anion [Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp]– (1–) as basis for further reactions, the protonation 

of the imine function did not only lead to the generation of a new zwitterionic cluster  

[Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] (1-H), but also to a simultaneous color change from 

initially deep red to fir green, respectively. 1-H was investigated by a combined UV-Vis 

spectroscopic/quantum chemical calculations study, accounting for charge-transfer processes 

between the [Ge9] cluster and the iminium entity. In further experiments we introduced imine 

moieties bearing various organic ligands to the cluster by exchanging the applied nitrile used 

as solvent. Several of the resulting species were isolated as Cu-carbene adducts 

NHCDippCu[Ge9{Si(TMS)3}2{RlCN}-DABR] (1b-Cu, 2a-Cu, 3b-Cu). 
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Results and discussion 

The following Scheme 1 provides an overview of the performed reactions and the obtained 
reaction products, which will be discussed in the following sections. 
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Scheme 1. Overview of the performed reactions and resulting products. a) Synthesis of anion 1– starting from 
[Ge9{Si(TMS)3}2]2– and the bromo-diazaborole DAB(II)Dipp-Br; b) protonation of anion 1– by NEt3⋅HCl yielding 1-H; 
c) reaction of anion 1– with the Cu-carbene NHCDippCuCl forming the adduct 1b-Cu; d) variation of the incorporated 
imine moiety by applying different nitriles yielding the non-isolable ions “2–” and “3–”, which were transferred into 
the Cu-carbene adducts 2a-Cu and 2b-Cu. The Cu-comprising species show an imine-enamine tautomerism in the 
solid-state resulting in the tautomers a-Cu (imine) and b-Cu (enamine). 
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Synthesis of 1– and 1-H 

The reaction of the twofold silylated cluster [Ge9{Si(TMS)3}2]2–  with equimolar amounts of the 

sterically hindered bromo-1,3,2-diazaborole DAB(II)Dipp-Br [(II) = unsaturated backbone] in 

MeCN yielded the compound [Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp]– (1–), bearing an 

incorporated imine fragment between the cluster and the boranyl moiety (Scheme 1a).[41] The 

proposed reaction mechanism follows a frustrated Lewis acid-base-like reaction, in which the 

nitrile’s N atom coordinates to the empty pz orbital of the borane in a first step, forming an non-

isolable transition state. In a second step, the cluster attacks the electrophilic C atom adjacent 

to the N atom, causing a Ge-C and a N-B bond formation under cleavage of Br–.[41] The mass 

peak of 1– was monitored in ESI-MS measurements at m/z 1577.9 (Figure S28). In the 1H NMR 

spectrum a shift of the singlet of the hypersilyl group protons from δ = 0.16 ppm 

([Ge9{Si(TMS)3}2]2–) to 0.22 ppm (thf-d8) was observed, with the protons of the cluster, the 

boranyl entity, and the incorporated imine fragment showing a 1:1:1 ratio (Figure S6).  

Interestingly, solutions containing anion 1– instantly turn green when exposed to moisture. 

Consequently, we reacted a toluene solution of 1– with equimolar amounts of the soft acid 

NEt3⋅HCl, yielding a green reaction solution over night (Scheme 1b). In 1H NMR investigations 

a shift of the signal from δ = 0.22 ppm (1–) to 0.28 ppm (thf-d8, 1-H) was observed, and the 11B 

NMR signal shifted from δ = 22.3 ppm to 18.6 ppm, indicating the formation of a new species 

(Figures S6 to S13). Furthermore, an iminium proton was detected in the 1H NMR spectrum at 

δ = 9.82 ppm, hinting for the species [Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp], 1-H. The 

protonation of the imine moiety, which shows the structural feature of a Schiff base is a suitable 

way to prove the functionality of the respective group in anion 1–.[42] 

The potassium salt of 1– (1-K) and compound 1-H were obtained as red and green crystals 

from diethyl ether and hexane solutions, respectively, with the unit formula comprising two 

diethyl ether molecules and one hexane molecule. Both compounds crystallize in the 

monoclinic space group P1 with two formula units per unit cell, and the single crystal structure 

determination corroborated the anticipated molecular formula of 1– and 1-H (Figure 1,  

Table S1). In compound 1-H, the iminium hydrogen atom was derived from the difference 

Fourier electron density map and was refined freely. The shape of the [Ge9] cores in 1-K and 

1-H is best described as distorted tricapped trigonal prisms, with one prism height Ge7-Ge8 

being shortened compared to the two others (Ge2-Ge4 and Ge5-Ge6), resulting in slightly 

distorted C2v-symmetric cluster cores (Tables 1 and S3). The two hypersilyl groups and the 

imine fragment bind to the Ge atoms capping the trigonal prism. In each compound one of the 

hypersilyl groups is disordered, which is illustrated in detail in the Supporting Information 

together with full ellipsoid plots of the molecules (Figures S1 and S2). All Ge-Ge and Ge-Si 

bond lengths are in accordance with previously reported data.[18-19, 41]  
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Figure 1. Molecular structure of a) 1-K and b) 1-H. All ellipsoids are shown at a 50 % probability level. For clarity 
the TMS groups of the hypersilyl ligands, hydrogen atoms, and co-crystallizing solvent molecules are omitted. The 
Dipp wingtips are illustrated as grey spheres. In a) and b) only the major occupied hypersilyl group Si5 is presented. 
Trigonal prismatic bases are indicated by red lines. Full ellipsoid plots of the structures are provided in the 
Supporting information (Figures S1 and S2). 

 

In 1-H the bond Ge1-C1 is 1.912(3) Å long which is shorter than in 1-K [Ge1-C1 = 1.985(5) Å]. 

A comparison of the Ge-C bond length in 1-H with previously reported [Ge9] cluster species 

comprising Ge-C exo-bonds reveals the bond in 1-H is the shortest one occurring in such 

clusters. The Ge-C contact coming closest to this value is 1.918(9) Å in a minor conformer 

within the crystal structure of the Zintl triad [Ge9-CH=CH-CH=CH-Ge9]6–.[30] However, the  

Ge-C bond in 1-H is significantly longer than a Ge=C double bond, usually adapting values of 

around 1.8 Å, and is in range with various reported Ge-C single bonds.[43-46] The bond C1=N1 

in 1-H is elongated if compared to 1-K (Table 1), but still in the range of a formal C=N double 

bond.[47] Slightly elongated C=N bonds have previously been reported for molecules 

comprising cationic iminium moieties.[48] The C=N double bond character in 1-K and 1-H is 

confirmed by the only slightly distorted trigonal planar coordination of C1 by Ge1, N1, and C2, 

featuring a dihedral angle ωC2-C1-Ge1-N1 of approximately 180° (Table 1). 

 
Table 1. Selected distances and angles in compounds 1-K, 1-H, 1b-Cu, 2a-Cu, and 3b-Cu. R = organic ligand at 
imine-side chain. **: H atom refined with a restrained distance (HFIX command). 

distance [Å] 1-K 1-H 1b-Cu 2a-Cu 3b-Cu 
Ge1-C1 1.985(5) 1.912(3) 1.947(9) 2.03(1) 1.97(1) 
C1-N1 1.280(6) 1.325(4) 1.38(1) 1.25(1) 1.39(1) 
C1-C2 1.501(7) 1.487(4) 1.33(1) 1.50(1) 1.35(1) 
B1-N1 1.448(6) 1.464(4) 1.45(1) 1.42(2) 1.46(1) 

angle [°]      
N1-C1-Ge1  120.3(3)  118.6(2)  116.1(7)  123.9(9)  114.8(8)  
C2-C1-Ge1  115.1(3)  122.3(2)  119.6(8)  114.6(9)  122.5(8)  
C2-C1-N1  124.6(4)  119.1(3)  124.4(9)  121.4(1)  122.6(1)  
C1-N1-B1 126.0(4)  137.2(3)  135.8(8)  137.7(1)  130.9(1)  
C1-C2-R  109.5(4)  109.5(3) 120.1(4)** 113.6(9)  128.5(1)  

ωC2-C1-Ge1-N1 180 179.8 180 177.1 179.4 



6 Publications and Manuscripts 

 

356 
 

Formally, compound 1-H can be described as a zwitterion with the negative charge delocalized 

over the [Ge9] cluster core and the positive charge localized at the nitrogen atom of the iminium 

moiety. Furthermore, it is the first transition metal-free, charge neutral [Ge9] cluster bearing 

only three substituents. The mass peak of the charge neutral compound 1-H was detected in 

LIFDI-MS measurements at m/z 1578.9 (Figure S41), revealing a mass difference of exactly 

one hydrogen atom in comparison to anion 1–.[49] 

 

UV-Vis Investigations and Quantum Chemical Calculations 

To obtain more information about the bathochromic shift induced by protonating the imine 

functionality, UV-Vis studies of 1– and 1-H in solution were carried out. For anion 1– a broad 

absorption band is observed at a wavelength of λ = 248 nm (5.0 eV, thf, Figure 2a). Compound 

1-H features broad absorption bands at λ = 387 nm and 437 nm (3.2 eV and 2.8 eV), and a 

maximum absorption peak at λ = 671 nm (1.85 eV, toluene, Figure 2b). The respective 

extinction coefficients were determined to 40,286.2 l⋅mol-1⋅cm-1 (1–) and 14,237.0 l⋅mol-1⋅cm-1 

(λ = 671 nm) for compound 1-H (Figures S45 and S46). The absorption maximum of compound 

1-H at λ = 671 nm in the red area of the electromagnetic spectrum causes its visible green 

complementary color. 

 

Figure 2. a) UV-Vis absorption spectra of red solutions of anion 1– in thf showing a shoulder at λ = 248 nm (5.0 eV); 

b) UV-Vis absorption spectra of green solutions of compound 1-H in toluene showing signals at λ = 387 nm  

(3.2 eV), λ = 437 nm (2.8 eV), and λ = 671 nm (1.85 eV). The calculated absorption spectrum of 1-H, obtained at 

DFT-BP86/TZVP level of theory,[50-54] is presented as pink graph and shows maxima at λ = 495 nm (2.14 eV, 

transition S0 → S8) and λ = 669 nm (1.85 eV, transition S0 → S2). The calculated spectrum is based on the vertical 

excitation energies of the 30 lowest-energy singlet excited states (the shortest calculated wavelength was 396 nm). 

 

It is noteworthy, that the absorption maximum of anion 1– does not significantly differ from the 

maxima observed for the pure precursor DAB(II)Dipp-Br, the reactant [Ge9{Si(TMS)3}2]2–, or 

species with incorporated ether molecules (Figures S48-S53). Thus, the observed absorption 

bands cannot be assigned to any distinct excited state of the monoanionic cluster. In Figure 2, 
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peaks at approximately λ = 210 nm (thf) and λ = 310 nm (toluene) are artefacts caused by the 

absorption of the solvent. 

 

To investigate the electronic properties of 1-H, we optimized the geometry of the compound 

starting from the single crystal structure data and calculated the 30 lowest-energy vertical 

excitations using density functional theory (DFT-BP86/TZVP level of theory and time-

dependent DFT, TD-DFT).[50-54] The most intense signals in the calculated absorption spectrum 

are observed at λ = 669.0 nm (1.85 eV, transition S0 → S2; Figure 2b, pink graph) and  

λ = 495 nm (2.14 eV, transition S0 → S8). The longer-wavelength absorption band matches 

well with the experimentally observed maximum at λ = 671 nm. The shorter-wavelength 

absorption at λ = 495 nm is red-shifted by approximately 0.3 eV in comparison to the 

experimentally observed shoulder at λ = 437 nm. The S0 → S8 excitation is more delocalized 

compared to the S0 → S2 excitation (Figures S59 and S60), and TD-DFT typically shows larger 

errors when the extent of charge-transfer increases.[55] The red species 1– absorbs light of 

wavelengths below 350 nm, and a detailed TD-DFT investigation of the high-energy excited 

states was not carried out. 

The molecular orbital analysis revealed that the HOMO of compound 1-H is based at the [Ge9] 

core and extends to the atom C1, which is covalently bound to the cluster (Figure 3a). The 

LUMO is mostly located at the atoms C1 and N1, thus forming the anti-bonding π* orbital of 

the C=N double bond (Figure 3b). The HOMO-LUMO gap was calculated to 1.40 eV  

(λ = 886 nm). 

  

Figure 3. Molecular orbitals of 1-H calculated at the DFT-BP86/TZVP level of theory. a) Representation of the 
HOMO distributed over [Ge9] and C1; b) representation of the LUMO forming the antibonding π* orbital of the C=N 
double bond. Molecular orbital plots are drawn in such way that 50 % of the density is enclosed within the isosurface, 
corresponding approximately to an isovalue of 0.04 a.u. Additional illustrations with ligands drawn in full are provided 
in Figure S61. 

 

According to the molecular orbital analysis a charge transfer from the formally negatively 

charged cluster into the antibonding π* orbital of the imine moiety is theoretically feasible. 
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Indeed, TD-DFT calculations reveal that the electron density at the [Ge9] moiety is reduced 

during the S0 → S2 excitation (λ = 669 nm), while the electron density at the C1 atom increases. 

The electron density change during the excitation is presented in Figure 4a and b, in which 

yellow and red color indicate decreasing and increasing electron density, respectively. Figure 

4c shows a schematic Lewis formula and a postulated mesomeric structure of compound 1-H. 

Via the formulation of a proposed resonance structure (non-isolable) the electron density 

transfer during the S0 → S2 excitation can be estimated. According to the scheme, the electron 

density is transferred from the cluster and the adjacent N atom to the electrophilic central C1 

atom, which features a formal positive charge in the border structure. During the calculated  

S0 → S8 transition (λ = 495 nm) a similar change in the electron density at the atom C1 is 

observed, however here also the boranyl ligand, which is a spectator ligand in the S0 → S2 

excitation, is participating by donating electron density into the system. Further graphical 

illustrations of the excitations can be found in the Supporting Information (Figure S59 and S60). 

In conclusion, the absorption maximum of 1-H in the red region of the electromagnetic 

spectrum and the corresponding lowest-energy excited state at λ = 669 nm make the 

compound an interesting starting point for further investigations targeting the design of light-

harvesting cluster compounds. 

 

Figure 4. Electron density difference plots for the S0 → S2 excitation of compound 1-H (calculated λ = 669 nm). a) 
and b) represent the same electronic transition from a different perspective (rotated by approximately 45°). During 
the electronic transition, red color corresponds to increasing electron density and yellow color corresponds to 
decreasing electron density. The isovalue of the electron density isosurfaces is 0.002 a.u. and hydrogen atoms are 
omitted for clarity. c) represents perspective b) as a schematic Lewis formula revealing a potential mesomeric 
structure, which is used to illustrate the change in electron density during the excitation.  

 

Reversible Zwitterion Formation 

As depicted in Scheme 1b the formation of the zwitterionic species 1-H by protonation of anion 

1– is a reversible process. The reaction of a green toluene solution of 1-H with equimolar 

amounts of the base KOtBu led to a color change from formerly green to red within few minutes. 

1H NMR spectroscopic investigations in C6D6 corroborated the reformation of the monoanionic 

cluster 1– upon adding a thf-d8 solution of the base to the green complex in a NMR tube. 
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Indicative for the reversibility of the protonation are the decay of the NH signal intensity at 

δ = 9.95 ppm, and the unambiguous shift of the hypersilyl group protons from δ = 0.47 ppm  

(1-H) to 0.51 ppm (1–) (Figure S54). Furthermore, the degradation of the green color was 

measured in time-resolved UV-Vis absorption experiments. Here, the decay of the absorption 

at a continuous excitation with light of λ = 671 nm was monitored upon the injection of a KOtBu 

solution to a stirred toluene solution of 1-H (Figure 5a).  

 

Figure 5. a) Time-dependent absorption spectrum of 1-H recorded at a constant excitation wavelength of 671 nm. 
At t = 0.4 min 5 equivalents KOtBu are added to the stirred solution. b) Plot for the determination of the rate constant  
k (-30.7 min-1). Recorded data is presented in black, the linear regression is indicated by a red line. 

 

The initial absorption was measured for approximately half a minute to assure no self-

degradation occurred, before the base-containing solution was added, leading almost 

instantaneously to a drop in the absorption intensity. The addition of 5 and 10 equivalents of 

KOtBu yielded almost identical time-dependent degradation curves (Figure S56). Thus, it is 

assumed that the reaction for the addition of 5 equivalents approximately follows a kinetic of 

pseudo-first order. Consequently, the rate constants k were derived from the equation  

A = A0e-kt by plotting ln(A/A0) over t, and performing a linear regression  

(A = absorption, k = rate constant, t = time; Figures 5b and S57).[56] The rate constant adopts 

values of -26.5 min-1 (mean value of three measurements) and -30.6 min-1 (single 

measurement), for the application of 5 and 10 equivalents of KOtBu respectively. The 

respective approximate half-lifes are ln(2)/k = 1.6 s and 1.3 s, respectively. In conclusion, the 

basicity of the OtBu– anion is larger than the basicity of the imine moiety in 1-H. For comparison, 

bare [Sn9]4– clusters show a larger basicity than OtBu–, since the species [Sn9-H]3– is not 

deprotonated by the same base.[11] 

 

 

 



6 Publications and Manuscripts 

 

360 
 

Variation of the Imine Moieties 

The incorporation of an imine moiety between the cluster and the boranyl ligand offers the 

possibility for a variable introduction of organic ligands to the [Ge9] cluster core. As a proof of 

concept, the insertion of different imine fragments was achieved in reactions of the bromo-

diazaborolidines DABR-Br (R = o-tol, Mes) with the precursor [Ge9{Si(TMS)3}2]2– in various 

nitriles. An overview of the tested combinations is provided in Table 2. 

 

Table 2. Overview of the tested nitriles for the incorporation of imine groups featuring various organic ligands 
between the twofold silylated cluster and the boranyl fragment. A schematic representation of the resulting 
monoanionic species is provided. 

 

 

The successful incorporation of propionitrile, iso-butyronitrile, dodecanenitrile, benzonitrile, 

hexanenitrile, and hexenenitrile was proven by ESI-MS investigations monitoring the mass 

peaks of the resulting monoanionic species (Figures S27-S40). Thus, a reliable reaction 

protocol for the attachment of different functional groups at the [Ge9] cluster was introduced. 

Interestingly, the application of acrylonitrile did not lead to an incorporation of the nitrile 

between the cluster and the borane, but to the formation of colorless fumes and an entirely 

solid, so far unidentified reaction product. 

The reaction with hexanenitrile and hexenenitrile was investigated in more detail. Due to the 

high boiling point of the nitriles it was not possible to isolate the corresponding monoanions 

[Ge9{Si(TMS)3}2{RlC=N}-DABMes]– [Rl = CH3(CH2)4, “2–”; CH2=CH(CH2)3, “3–”; Scheme 1d] in 

analogy to anion 1–. Instead, oily residues were obtained after removal of the solvents under 

vacuum. Purifying these residues by washing was prevented through the high solubility of the 

ions in solvents of different polarity (MeCN to hexane). In previous studies, we have shown 

that the addition of Cu-carbenes NHCDippCuCl to anionic cluster species leads to the formation 

of neutral Cu-carbene adducts, which crystallize more readily.[21, 28, 57-58] To prove that the 

ligand arrangement at the [Ge9] core is not altered upon the coordination of a Cu-carbene 
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fragment, a MeCN solution of 1– was reacted with NHCDippCuCl, forming the adduct 

NHCDippCu[Ge9{Si(TMS)3}2{CH2=C–N(H)}-DAB(II)Dipp] (1b-Cu, Figure 6a). In analogous 

reactions the adducts 2a-Cu, NHCDippCu[Ge9{Si(TMS)3}2{CH3(CH2)4–C=N}-DABMes] 

(Figure 6b), and 3b-Cu, NHCDippCu[Ge9{Si(TMS)3}2{CH2=CH(CH2)2CH=CH–N(H)}-DABMes] 

(Figure 6c), were isolated. For the synthesis of the compounds, the respective nitrile was 

removed from the reaction mixture of the diazaborolidine and the twofold silylated cluster under 

vacuum. Subsequently, the residues were dissolved in MeCN and the neutral Cu-adducts were 

crushed out as brown precipitates by the addition of a MeCN solution of NHCDippCuCl.  

Single crystals of all three Cu-containing compounds grew from concentrated solutions of the 

complexes, with the crystallographic data presented in the Supporting Information (Tables S2 

and S3). In the compounds 1b-Cu, 2a-Cu, and 3b-Cu an imine-enamine tautomerism is 

observed (tautomers a and b), resulting in enamines comprising shortened C1-C2 bonds and 

elongated C1-N1 bonds in 1b-Cu and 3b-Cu, while in 2a-Cu typical bond lengths of an imine 

entity are observed (Table 1). According to 1H NMR spectroscopic investigations, the enamine 

character of 1b-Cu and 3b-Cu is most probably limited to the solid-state. However, the exact 

reasons for the deviation between the compounds 1b-Cu and 3b-Cu to 2a-Cu are not fully 

understood, yet. 1b-Cu and 2a-Cu crystallize in the triclinic space group P1, while 3b-Cu 

adopts the monoclinic space group C2/c. In all Cu-carbenes the [Ge9] cores are best described 

as distorted tricapped trigonal prisms with approximate C2v symmetry. Similar to the ligand 

arrangement in compounds 1-K and 1-H the ligands are bound to the three Ge atoms capping 

the trigonal prism. Ge-Ge and Ge-Si bond lengths are in accordance with the two latter 

compounds. The coinage metal coordinates to the triangular plane Ge4-Ge5-Ge8 in a η3-

coordination as typically observed, revealing Ge-Cu distances in agreement with published 

data.[21, 28, 57-58] Furthermore, the approximately trigonal planar arrangement of the atoms  

C2-C1-Ge1-N1 observed in 1-K and 1-H is maintained in the Cu adducts (Table 1). The 

terminating C=C double bond in 3b-Cu was refined on a split position (site occupation 

C5A/C6A: 0.62; C5B/C6B: 0.38). The double bond character of the alkene functionality is 

manifested by the bond lengths C5A=C6A = 1.27(9) Å, which is shortened compared to the 

aliphatic bond C5-C6 in 2a-Cu [1.44(2) Å]. However, due to severe disorder, the minor species 

B shows a non-reliable bond length of C5B=C6B = 1.4(2) Å. 

The formation of the compounds 1b-Cu, 2a-Cu, and 3b-Cu was further corroborated by 1H 

NMR spectroscopic investigations showing a 1:1:1 ratio of the cluster in relation to the boranyl 

and NHCDipp ligands. It is noteworthy, that a splitting of the NMR signals of the hypersilyl groups 

and the boranyl ligand in 3b-Cu is observed, accounting either for a dynamic exchange of 

cluster substituents over the cluster surface or a scrambling of vertex atoms, which processes 

have been described before.[11, 13, 59-62] Variable temperature 1H NMR data show a coalescence 
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of the signals at approximately 60°C (Figure S26). However, the solid-state structure of 3b-Cu 

contrasts an asymmetrical substitution pattern in analogy to 1b-Cu and 2a-Cu. LIFDI-MS 

measurements (Figures S42 to S44) revealed the molecular mass peaks at m/z 2029.1  

(1b-Cu), m/z 2003.1 (2a-Cu), and m/z 2001.1 (3b-Cu).  

 

Figure 6. Molecular structures of a) 1b-Cu, b) 2a-Cu, and c) 3b-Cu representing solely the major occupation of C5 
and C6 (site occupation factor 0.62). All ellipsoids are shown at a 50 % probability level. For clarity reasons the 
TMS groups of the hypersilyl ligands as well as hydrogen atoms and co-crystallizing solvent molecules (1b-Cu: two 
toluene; 2a-Cu: one hexane; 3b-Cu: two C6D6) are omitted. The wingtip substituents Dipp and Mes are represented 
as grey spheres. The NHC ligands are omitted for clarity. Trigonal prismatic bases are indicated by red lines. Full 
ellipsoid plots of the structures are provided in the Supporting information (Figures S3-S5). 

 

Conclusions 

Herein we describe the reversible formation of the metal-free Zintl cluster zwitterion 1-H by 

protonation of the imine functionality in anion 1–. The intense green color of 1-H is most 

probably caused by charge-transfer processes between the cluster and the antibonding π* 

orbital of the imine moiety as corroborated by quantum chemical calculations. Furthermore, 

the isolation of 1b-Cu, 2a-Cu, and 3b-Cu accounts for a variable introduction of organic 

moieties to the [Ge9] cluster core in a one-pot synthesis strategy, starting from the respective 

nitriles, the twofold silylated cluster and a bromo-diazaborolidine. The Cu-carbene adducts 

exhibit an imine-enamine tautomerism in the solid-state, leading to two tautomers a and b, 

which is not fully understood yet, and subject to ongoing investigations in our laboratory. The 

presented reactions allow for the introduction of up to two functional groups at the [Ge9] cluster, 

which are the enamine/imine entity as well as an olefin group. Tailoring the electronic situation 

at the imine fragment is subject of forthcoming studies, aiming for a targeted control of the 

light-absorbing properties of the cluster compound, which can be seen as a first step on the 

way to the design of cluster-based light harvesting molecules. 
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1. Experimental details 

General  

All manipulations were performed under dry, oxygen-free conditions under argon atmosphere 
using standard Schlenk or glove box techniques. Glassware was dried prior to use by heating 
it in vacuo. The solvents were obtained from an MBraun Grubbs apparatus. [2.2.2]cryptand 
(Merck) and NEt3·HCl (Sigma Aldrich) were dried overnight in vacuo prior to usage. Et2O and 
thf were dried over Na/benzophenone and distilled prior to usage. All other commercially 
available chemicals were used without further purification. K4Ge9 was prepared by fusion of 
stoichiometric amounts of the elements in stainless-steel tubes at 650 °C. The twofold silylated 
cluster K2[Ge9{Si(TMS)3}2],[1] the bromo-1,3,2-diazaborole DAB(II)Dipp-Br and bromo-1,3,2-
diazaborolodine DABR-Br (R = o-tol, Mes),[2-3] the imidazolium salt  NHCDipp·HCl, as well as the 
respective NHC complex NHCDippCuCl [4-5] were prepared according to modified literature 
procedures.  

 

Single crystal structure determination  

The air- and moisture-sensitive crystals of 1 to 3 were transferred from the mother liquor into 
perfluoroalkyl ether oil in an argon filled glove box. For diffraction data collection, the single 
crystals were fixed on a glass capillary and positioned in a 150 K cold N2 gas stream.[6] Data 
collection was performed with a STOE StadiVari diffractometer (MoKα radiation) equipped with 
a DECTRIS PILATUS 300K detector. Structures were solved by Direct Methods (SHELXS-97) 
and refined by full-matrix least-squares calculations against F2 (SHELXL-2018).[7] The 
positions of the hydrogen atoms were calculated and refined 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 deposited with 
the Cambridge Structural database and are available free of charge via 
www.ccdc.cam.ac.uk/data_request/cif by quoting the deposition numbers CCDC 2161506  
(1-K), CCDC 2161507 (1-H), CCDC 2161508 (1b-Cu), CCDC 2161509 (2a-Cu), and CCDC 
2161510 (3b-Cu). The crystallographic data of compounds 1 to 3 are summarized in Table S1 
and S2.  

In compound 1-K the atoms of one hypersilyl ligand were refined at two split positions each 
with site occupation factors of 57.7 % and 42.3 %, respectively. Another SiMe3 group of the 
second hypersilyl ligand and one CH3 unit of an iPr group also show some disorder and were 
refined including ISOR and DFIX restraints. One diethyl ether molecule, coordinating the K+ 
ion, was located from the electron density map and could be refined including ISOR restraints. 
A second ether molecule could not be stabilized during the refinement and, thus, its electron 
density was treated with the Platon Squeeze function.[8] In 1-H again one hypersilyl group is 
disordered and was refined at split positions (s.o.f.: 83.5 %/16.5 %) including ISOR restraints 
for three C atoms. One hexane solvent molecule was treated with Platon Squeeze. In 1b-Cu 
one iPr group is refined at split positions (s.o.f.: 64.5 %/35.5 %) and one of their methyl groups 
as well as several atoms of the toluene solvent molecules had to be restrained with ISOR 
commands. In 3b-Cu the two terminal C atoms of the alkyl chain are refined at split positions 
(s.o.f.: 62.0 %/38.0 %) and were fixed including one DFIX restraint. Additional ISOR restraints 
were applied for two methyl-C atoms of different iPr groups and some atoms of the co-
crystallizing benzene molecules.   
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NMR spectroscopy 

NMR spectra were measured on a Bruker Avance Ultrashield 400 MHz spectrometer. The 1H 
NMR and 13C NMR spectra were calibrated using the residual signals of the used deuterated 
solvents.[9] Chemical shifts are reported in parts per million (ppm) relative to TMS, with the 
solvent peaks serving as internal reference. Abbreviations for signal multiplicities are: singlet 
(s), doublet (d), triplet (t), heptet (hept), broad signal (br).  

 

Ultraviolet-visible spectroscopy 

UV-Vis spectra were recorded on an Agilent Cary 60 UV-Visible spectrophotometer at the 
Chair of Bioinorganic Chemistry (Prof. Hess, TUM). The absorption spectra were recorded with 
a step size of 1 nm. Before the measurements, the absorption spectra of the respective 
solvents were recorded and used for the automated baseline correction in the measuring 
program Cary WinUV Scan Application (Agilent Technologies).  

For kinetic studies the solutions were stirred with a magnetic stirring bar inside the cuvette at 
approximately 2500 rpm. The solutions were excited with a wavelength of 671 nm and the 
absorption was recorded every 0.0125 s, while the base KOtBu was injected. Data evaluation 
was performed using the Cary WinUV Kinetics Application (Agilent Technologies) and spectra 
were plotted using the programs OriginPro2021 (Origin Lab) and Excel (Microsoft 365). 

 

Electrospray ionization mass spectrometry  

ESI-MS analyses were performed on a Bruker Daltronic HCT mass spectrometer (injection 
speed: 240 µL/h, negative-ion mode, 300 °C dry gas temperature) in thf. The data evaluation 
and the calculation of the theoretical isotope distribution was carried out using the Bruker 
Compass Data Analysis 4.0 SP 5 program (Bruker). Spectra were plotted using OriginPro2021 
(Origin Lab) and Excel (Microsoft 365). 

 

Liquid injection field desorption ionization (LIFDI) mass spectrometry 

LIFDI-MS measurements were performed using an ExactiveTM PlusOrbitrap system from the 
Thermo Fisher Scientific company equipped with an ion source from Linden CMS at the Chair 
of Inorganic and Metal-Organic Chemistry (Prof. Fischer, TUM).[10] The samples were 
dissolved in toluene in an Ar filled glovebox and applied on a graphite dendrite-coated tungsten 
wire. As ionization voltage 10 kV were adjusted. Spectra were acquired in the positive ion 
mode (radical cations). The theoretical isotope distribution was calculated using enviPat Web 
2.4 on https://www.envipat.eawag.ch/. 

 

Elemental analysis  

Elemental analyses were carried out in the microanalytical laboratory of the Chemistry 
Department of the Technische Universität München. Analyses of C, H and N were performed 
in a combustion analyzer (EURO EA, HEKA tech). 
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2. Syntheses of compounds 1 to 3  

 

Synthesis of K[Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp] ⋅ 2 Et2O (1-K) 
In a typical experiment equimolar amounts of K2[Ge9{Si(TMS)3}2] (92.0 mg, 0.075 mmol, 1 eq.) 
and DAB(II)Dipp-Br (35.0 mg, 0.075 mmol, 1 eq.) were weighed into a Schlenk tube in the glove 
box, and MeCN (2 mL) was added. After stirring for 4 d at 40 °C, the solvent was removed in 
vacuo yielding a brown oil. The residue was treated with diethyl ether (3 · 3 mL, addition and 
removal under vacuum), yielding a brown solid. Subsequently, the solid was dissolved in 
diethyl ether (3 mL) giving a dark red solution. Upon slow evaporation of the solvent at room 
temperature, orange block-shaped crystals of the product 1-K were formed (62 mg, 38 µmol, 
51 %).  

 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.13-7.08 (m, 2H, CHDAB(p)), 7.06-7.03 (m, 4H, 
CHDAB(m)), 5.99 (s, 2H, CHDAB-N), 3.21 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 1.83 (s, 3H, MeMeCN), 
1.21 (d, 3JHH = 6.8 Hz, 12H, MeDAB), 1.11 (d, 3JHH = 6.8 Hz, 12H, MeDAB), 0.22 (s, MeTMS). 13C 

NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 146.97 (s, CDAB-N), 139.83 (s, CDAB(o)), 127.16 (s, CH 

DAB(m)), 123.76 (s, CH DAB(p)), 118.63 (s, CHDAB-N), 66.37 (s, CMeCN), 43.42 (s, MeMeCN), 28.89 (s, 
MeDAB), 15.75 (s, CHiPr), 3.22 (s, MeTMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -
9.65 (s, SiTMS), -107.64 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 22.29 (br). 
Elemental analysis (filtered over hexane): anal. calcd. for Ge9Si8BC46H93N3K · 0.25 hex: C, 
34.83; H, 5.94; N, 2.57; found: C, 34.83; H, 6.18; N, 2.53. ESI-MS: m/z 1577.8 (1–). 

 

Synthesis of [Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] ⋅ hex  (1-H)  
In a typical experiment equimolar amounts of K2[Ge9{Si(TMS)3}2] (92.0 mg, 0.075 mmol, 1 eq.) 
and DAB(II)Dipp-Br (35.0 mg, 0.075 mmol, 1 eq.) were weighed into a Schlenk tube in the glove 
box and MeCN (2 mL) was added. After stirring for 4 d at 40 °C, the solvent was removed in 
vacuo yielding a brown oil (crude product 1-K). The residue was redissolved in toluene (2 mL) 
and added via a syringe filter to solid NEt3·HCl (10.3 mg, 0.075 mmol, 1 eq.). Stirring at room 
temperature overnight resulted in a deep green solution, which was filtered to remove 
remaining solids, before the solvent was removed in vacuo. The obtained green residue was 
treated with hexane (2 · 5 mL, addition and removal under vacuum) yielding a green solid. 
Dissolution in hexane (3 mL) and storage in a freezer at -40 °C gave dark green crystals of the 
product (36 mg, 24 µmol, 32 %).  

 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 9.82 (s, 1H, NH), 7.42-7.37 (m, 2H, CHDAB(p)), 
7.32-7.28 (m, 4H, CHDAB(m)), 6.37 (s, 2H, CHDAB-N), 2.78 (hept, 3JHH = 6.8 Hz, 4H, CHiPr), 1.27 
(s, 3H, MeMeCN), 1.16 (d, 3JHH = 6.8 Hz, 24H, MeDAB), 0.28 (s, MeTMS). 13C NMR (101 MHz, 298 
K, thf-d8): δ [ppm] = 146.42 (s, CDAB-N), 136.58 (s, CDAB(o)), 129.71 (s, CHDAB(p)), 125.19 (s, 
CHDAB(m)), 120.44 (s, CHDAB-N), 34.85 (s, MeMeCN), 29.48 (s, CHiPr), 24.53 (s, MeDAB), 3.02 (s, 
MeTMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -8.56 (s, SiTMS), -98.24 (s, SiGe9). 
11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 18.58 (br). Elemental analysis: anal. calcd. for 
Ge9Si8BC46H94N3: C, 35.00; H, 6.00; N, 2.66; found: C, 35.38; H, 6.06; N, 2.78. LIFDI-MS: m/z 

1578.9. 
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Synthesis of NHCDippCu[Ge9{Si(TMS)3}2{CH2=C–N(H)}-DAB(II)Dipp] ⋅ 2 tol (1b-Cu) 
In a typical experiment MeCN solutions (2 mL each) of 1-K (81 mg, 0.050 mmol, 1 eq.) and 
CuNHCDippCl (24.3 mg, 0.050 mmol, 1 eq.) were prepared. The latter solution was added 
dropwise to the red MeCN solution containing 1-K under permanent shaking of the flask. 
Immediately, the formation of a light brown precipitate was observed. The precipitate was 
allowed to settle for 15 minutes, and subsequently the remaining orange supernatant solution 
was filtered off. The residue was washed with MeCN (3 · 3 mL), and afterwards remaining 
trace amounts of MeCN were removed under dynamic vacuum. The residue was redissolved 
in toluene (3 mL), the deep red solution was filtered, concentrated to half of its original volume, 
and stored in a freezer at -40 °C for crystallization. Dark red single crystals of the product  
1b-Cu were obtained after three weeks (58 mg, 29 µmol, 39 %).  

 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.35 (s, 2H, CHDAB(p)), 7.32-7.29 (m, 2H, 
CHCuDipp(p)), 7.27-7.23 (m, 4H, CHDAB(m)), 7.22 (s, 2H, CHCuDipp-N), 7.18-7.16 (m, 4H, CHCuDipp(m)), 
5.99 (s, 2H, CHDAB-N), 3.19 (hept, 3JHH = 6.9 Hz, 4H, CHDAB-iPr), 2.82 (hept, 3JHH = 6.9 Hz, 4H, 
CHCu-Dipp-iPr), 2.31 (s, 3H, MeMeCN), 1.42 (d, 3JHH = 6.9 Hz, 12H, MeCuDipp), 1.28 (d, 3JHH = 6.9 Hz, 
12H, MeDAB), 1.19 (d, 3JHH = 6.9 Hz, 12H, MeDAB), 1.14 (d, 3JHH = 6.9 Hz, 12H, MeCuDipp), 0.15 
(s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 147.04 (s, CCuDipp-N), 146.30 (s, 
CDAB-N), 139.52 (s, CDAB(o)), 136.34 (s, CHCuDipp(m)), 131.00 (s, CHDAB(m)), 127.72 (s, CHCuDipp-N), 
125.19 (s, CHCuDipp(p)), 124.06 (s, CHDAB(p)), 119.13 (s, CHDAB-N), 43.30 (s, MeMeCN), 29.65 (s, 
MeCuDipp-iPr), 29.05 (s, MeDAB-iPr), 3.22 (s, MeTMS). 29Si-INEPT NMR (79 MHz, 298 K, thf-d8): 
δ [ppm] = -9.53 (s, SiTMS), -104.60 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 20.31 
(br). Elemental analysis: anal. calcd. for Ge9Si8BC73H129CuN5 ⋅ 2 tol: C, 43.16; H, 6.50; N, 
3.45; found: C, 43.69; H, 6.47; N, 3.63. LIFDI-MS: m/z 2029.1.  

 

Synthesis of NHCDippCu[Ge9{Si(TMS)3}2{CH3(CH2)4–C=N}-DABMes]⋅ hex (2a-Cu) 
In a typical experiment equimolar amounts of K2[Ge9{Si(TMS)3}2] (92.0 mg, 0.075 mmol, 1 eq.) 
and DABMes-Br (37.3 mg, 0.097 mmol, 1.3 eq.) were weighed into a Schlenk tube in the glove 
box, and hexanenitrile (2 mL) was added. After stirring over night, the solvent was removed in 
vacuo yielding a brown oil. The residue was redissolved in MeCN (2 mL) and filtered. To the 
filtrate a MeCN solution (1 mL) of CuNHCDippCl (36.5 mg, 0.075 mmol, 1 eq.) was added, 
leading to the formation of a light brown precipitate. The obtained solid was washed with MeCN 
(3 · 3 mL), and subsequently dried under reduced pressure. The light brown powder was 
dissolved in hexane (2 mL) leading to a red solution, which was filtered, concentrated, and 
kept for crystallization at r.t. After two days, single crystals of 2a-Cu suitable for single crystal 
diffraction were obtained (55 mg, 27 µmol, 37 %). 

 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.78 – 7.65 (m, 4H, CHCuDipp(m)), 7.31 (s, 2H, 
CHCuDipp-N), 7.24-7.22 (m, 4H, CHDAB(m)), 7.21 (s, 2H, CHCuDipp(p)), 6.81 (s, 2H, CH2 DAB-N), 2.80 
(hept, 3JHH = 6.9 Hz, 12H, CH iPr), 2.38 (s, 12H, MeDAB), 2.24 (s, 6H, MeDAB), 1.33 (d, 3JHH = 6.9 
Hz, 12H, MeCuDipp), 1.12 (d, 3JHH = 6.9 Hz, 12H, MeCuDipp), 0.90 – 0.84 (m, 8H, CH2 hexanenitrile), 
0.76 (t, 3JHH = 7.3 Hz, 3H, Mehexanenitrile), 0.17 (s, 54H, MeTMS). 13C NMR (101 MHz, 298 K, thf-
d8): δ [ppm] = 146.26 (s, CCuDipp-N), 141.10 (s, CDAB-N), 137.29 (s, CCuDipp(o)), 136.33 (s, CDAB(o)), 
134.32 (s, CDAB(p)), 131.01 (s, CHCuDipp-N), 129.79 (s, CHCuDipp(p)), 125.25 (s, CHDAB(o)/CuDipp(o)), 
124.01 (s, CH2 DAB-N), 50.54 (s, Chexanenitrile), 32.09 (s, CH iPr), 29.99 (s, Me iPr), 23.76 (s, CH2 
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hexanenitrile), 23.00 (s, CH2 hexanenitrile), 21.26 (s, MeDAB), 20.43 (s, CH2 hexanenitrile), 19.83 (s, MeDAB), 
14.53 (s, CH2 hexanenitrile), 11.79 (s, Mehexanenitrile), 3.28 (s, MeTMS). 29Si-INEPT NMR (79 MHz, 
298 K, thf-d8): δ [ppm] = -9.56 (s, SiTMS), -104.81 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): 
δ [ppm] = 23.32 (br). Elemental analysis: anal. calcd. for Ge9Si8BC71H127CuN5: C, 42.56; H, 
6.39; N, 3.50; found: C, 42.79; H, 6.59; N, 3.38. LIFDI-MS: m/z 2003.1. ESI-MS: m/z 1551.8 
[Ge9{Si(TMS)3}2{CH3(CH2)4C=N}-DABMes]- (2–). 

 

Synthesis of NHCDippCu[Ge9{Si(TMS)3}2{CH2=CH(CH2)2CH=CH–N(H)}-DABMes] ⋅ 2 C6D6 

(3b-Cu) 

In a typical experiment equimolar amounts of K2[Ge9{Si(TMS)3}2] (92.0 mg, 0.075 mmol, 1 eq.) 
and DABMes-Br (37.3 mg, 0.097 mmol, 1.3 eq.) were weighted into a Schlenk tube in the glove 
box, and hexenenitrile (2 mL) was added. After stirring over night, the solvent was removed in 
vacuo yielding a brown oil. The residue was redissolved in MeCN (2 mL) and filtered. To the 
filtrate a MeCN solution (1 mL) of CuNHCDippCl (36.5 mg, 0.075 mmol, 1 eq.) was added, 
leading to the formation of a dark brown precipitate. The obtained solid was washed with MeCN 
(3 · 3 mL), and subsequently dried under reduced pressure. The light brown powder was 
redissolved in deuterated benzene (1 mL) forming a red solution, which was filtered, 
concentrated, and kept for crystallization at r.t. After four days, single crystals of 3b-Cu suitable 
for single crystal diffraction were obtained (49 mg, 24 µmol, 32 %). 

In the 1H NMR spectrum the signal intensity of the aromatic protons is slightly too low, the 
reason why is not fully understood. However, all other signal intensities are congruent with the 
results of the single crystal structure determination and LIFDI-MS measurements. Two CH2 
groups of the imine hydrocarbon chain are hidden by the methyl groups of the [NHCDippCu]+ 
fragment. In the 13C NMR spectrum not all C atoms of the imine hydrocarbon chain could be 
identified, and the signal assignment was partially hampered by a signal splitting of the DABMes 
moiety. 

 

1H NMR (400 MHz, 298 K, thf-d8): δ [ppm] = 7.41-7.31 (m, 4H, CHCuDipp(m)), 7.29 (s, 1H, 
CHCuDippN), 7.26  (s, 1H, CHCuDippN), 7.24-7.21 (m, 2H, CHCuDipp(p)), 7.17-7.08 (m, 4H, CHDAB(m)), 
6.89 (s, 2H, CH2 DAB-N), 6.76 (s, 2H, CH2 DAB-N), 5.69-5.44 (m, 1H, CHhexenenitrile), 4.84-4.68 (m, 
2H, CH2 hexenenitrile), 2.76 (hept, 3JHH = 6.9 Hz, 4H, CHCuDipp), 2.37 (d, 3JHH = 7.1 Hz, 12H, MeDAB), 
2.28 (s, 3H, MeDAB), 2.23 (s, 3H, MeDAB), 1.71-1.67 (m, 2H, CH2 hexenenitrile), 1.36 (d, 3JHH = 6.9 
Hz, 6H, MeCuDipp), 1.27 (d, 3JHH = 6.9 Hz, 6H, MeCuDipp), 1.11 (d, 3JHH = 6.9 Hz, 12H, MeCuDipp), 
0.18 (s, 27H, MeTMS), 0.16 (s, 27H, MeTMS). 13C NMR (101 MHz, 298 K, thf-d8): δ [ppm] = 146.19 
(CCuDipp-N), 141.52 (CDAB-N), 140.81 (CCuDipp(o)), 140.35 (s, CHhexenenitrile), 137.58 (CDAB(o)), 137.41 
(CDAB(o)), 136.32 (CDAB(p)), 136.19 (CDAB(p)), 131.26 (CHCuDipp(m)), 130.96 (CHCuDipp(m)), 129.97 
(CH2 DAB-N), 125.28 (CHDAB(m)), 125.05 (CHDAB(m)), 124.16 (CHCuDipp-N), 123.75 (CHDipp(p)), 113.79 
(s, CH2 hexenenitrile), 51.24 (s, Chexenenitrile), 34.75 (s, CH2 hexenenitrile), 32.52 (s, CHiPr), 29.65 (s, MeiPr), 
21.32 (s, MeDAB), 21.18 (MeDAB), 19.82 (MeDAB), 3.37 (s, MeTMS), 3.23 (s, MeTMS). 29Si-INEPT 

NMR (79 MHz, 298 K, thf-d8): δ [ppm] = -9.54 (s, SiTMS), -9.69 (s, SiTMS), -104.53 (s, SiGe9),  
-105.16 (s, SiGe9). 11B NMR (128 MHz, 298 K, thf-d8): δ [ppm] = 14.63 (br). Elemental analysis: 
anal. calcd. for Ge9Si8BC71H125CuN5: C, 42.61; H, 6.30; N, 3.50; found: C, 41.97; H, 6.10; N, 
3.40. LIFDI-MS: m/z 2001.1. ESI-MS: m/z 1549.8 [Ge9{Si(TMS)3}2{CH2=CH(CH2)3C=N}-
DABMes]- (3–). 
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3. Crystallographic details 

 

Table S1. Crystallographic data of 1-K and 1-H. 

compound 1-K  1-H  

formula C46H93BGe9KN3Si8 ⋅ 2 Et2O  C46H94BGe9N3Si8⋅ hex  

fw [g·mol−1] 1690.29  1578.08  

space group P1�   P1�  

a [Å] 13.0188(5)  9.7366(3)  

b [Å] 13.3953(6)  16.2389(5)  

c [Å] 24.370(1)  25.2269(7))  

α [°] 100.647(4)  91.344(2)  

β [°] 95.564(3)  96.901(2)  

γ [°] 96.878(3)  98.417(3)  

V [Å3] 4115.6(3)  3913.7(2)  

Z 2  2  

T [K] 150(2)  150(2)  

λ [Å] Mo Kα  Mo Kα  

ρcalcd [g·cm−3] 1.424  1.412  

μ [mm−1] 3.439  3.558  

collected reflections 82563  72763  

indep. reflections 16169  15330  

Rint / Rδ 0.0548/0.0379  0.0477/0.0307  

parameters / restraints 771/167  720/117  

R1 [I > 2 σ(I) / all data] 0.0485/0.0769  0.0301/0.0440  

wR2 [I > 2 σ(I) / all data] 0.1054/0.1199  0.0656/0.0726  

goodness of fit 1.015  1.045  

max./min. diff. el. density  

[e·Å−3] 
1.52/-1.40 

 
0.58/-0.66 

 

depository no. CCDC 2161506  CCDC 2161507   
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Table S2. Crystallographic data of 1b-Cu, 2a-Cu, and 3b-Cu. 

compound  1b-Cu 2a-Cu 3b-Cu 

formula 
 C73H129BCuGe9N5Si8  

⋅ 2 tol 
C71H127BCuGe9N5Si8  

⋅ hex 
C71H125BCuGe9N5Si8  

⋅ 2 C6D6 

fw [g·mol−1]  2213.45 2089.32 2168.41 

space group  P1� P1� C2/c 

a [Å]  13.3505(7) 13.7268(3) 56.227(1) 

b [Å]  15.350(1) 14.6165(4) 13.2997(3) 

c [Å]  29.600(2) 27.3953(8) 28.5604(6) 

α [°]  79.344(5) 75.936(2) 90 

β [°]  88.017(5) 84.735(2) 103.903(2) 

γ [°]  66.280(4) 73.107(2) 90 

V [Å3]  5452.5(6) 5100.4(2) 20731.9(8) 

Z  2 2 2 

T [K]  150(2) 150(2) 150(2) 

λ [Å]  Mo Kα Mo Kα Mo Kα 

ρcalcd [g·cm−3]  1.348 1.360 1.390 

μ [mm−1]  2.761 2.947 2.903 

collected reflections  107634 86840 189918 

indep. reflections  21410 19902 19584 

Rint / Rδ  0.2091/0.1775 0.1795/0.1403 0.2077/0.1260 

parameters / restraints  1045/60 916/0 1003/43 

R1 [I > 2 σ(I) / all data]  0.0739/0.1837 0.0878/0.1681 0.0810/0.1680 

wR2 [I > 2 σ(I) / all data]  0.1324/0.1685 0.2009/0.2425 0.1707/0.2055 

goodness of fit  1.015 1.019 1.057 

max./min. diff. el. density  

[e·Å−3] 

 
0.78/-0.81 1.93/-1.10 0.99/-0.70 

depository no.  CCDC 2161508 CCDC 2161509 CCDC 2161510 
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Table S3. Selected distances and angles in compounds 1 to 3. *: H atom refined without restraints; **: H atom 
refined with a restrained distance (HFIX command). R = organic ligands at the imine side-chain. H2 = hydrogen 
atom at C2. 

Compound 1-K 1-H 1b-Cu 2a-Cu 3b-Cu 

bond distance [Å] distance [Å] distance [Å] distance [Å] distance [Å] 

Ge1-Ge2 2.5278(8) 2.5570(6) 2.541(2) 2.554(2) 2.554(2) 
Ge1-Ge4 2.5312(8) 2.5292(5) 2.487(2) 2.512(2) 2.499(2) 
Ge1-Ge5 2.5365(8) 2.5533(6) 2.516(2) 2.501(2) 2.504(2) 
Ge1-Ge6 2.5340(8) 2.5567(5) 2.558(2) 2.529(2) 2.561(2) 
Ge2-Ge3 2.5217(7) 2.5342(4) 2.571(2) 2.583(2) 2.563(2) 
Ge2-Ge6 2.6633(8) 2.5724(5) 2.695(2) 2.730 (2) 2.692(2) 
Ge2-Ge7 2.6714(8) 2.7253(5) 2.613(2) 2.642(2) 2.598(2) 
Ge3-Ge4 2.5398(8) 2.5496(4) 2.512(2) 2.503(2) 2.507(2) 
Ge3-Ge7 2.5508(8) 2.5670(4) 2.568(2) 2.549(2) 2.562(2) 
Ge3-Ge8 2.5436(8) 2.5486(4) 2.538(2) 2.511(1) 2.520(2) 
Ge4-Ge5 2.6491(9) 2.5861(4) 2.991(2) 2.991(1) 3.012(2) 
Ge4-Ge8 2.6989(9) 2.7192(4) 2.813(2) 2.806(2) 2.812(2) 
Ge5-Ge8 2.540(1) 2.7337(5) 2.828(2) 2.823(2) 2.837(2) 
Ge5-Ge9 2.4986(8) 2.5481(5) 2.505(2) 2.509(2) 2.506(2) 
Ge6-Ge7 2.6654(8) 2.7134(4) 2.673(2) 2.620(2) 2.644(2) 
Ge6-Ge9 2.4986(8) 2.5464(5) 2.563(2) 2.571(2) 2.570(2) 
Ge7-Ge9 2.5587(8) 2.5623(5) 2.556(2) 2.560(2) 2.560(2) 
Ge8-Ge9 2.5392(9) 2.5563(4) 2.535(2) 2.530(2) 2.517(2) 

Ge1-C1 1.985(5) 1.912(3) 1.947(9) 2.03(1) 1.97(1) 

Ge3-Si1 2.369(1) 2.3790(8) 2.385(3) 2.388(3) 2.381(3) 
Ge9-Si5(A/B) 2.472(4) (A)  

2.283(5) (B) 
2.370(3) (A)  
2.43(2) (B) 

2.387(3) 2.380(3) 2.391(3) 

Ge2-Ge4 3.562(1) 3.732(1) 3.483(2) 3.133(2) 3.398(2) 
Ge5-Ge6 3.515(1) 3.760(1) 3.227(2) 3.363(2) 3.247(2) 
Ge7-Ge8 3.212(1) 3.052(1) 3.430(2) 3.575(2) 3.463(2) 

C1-C2 1.501(7) 1.487(4) 1.33(1) 1.50(1) 1.35(1) 
C1-N1 1.280(6) 1.325(4) 1.38(1) 1.25(1) 1.39(1) 
B1-N1 1.448(6) 1.464(4) 1.45(1) 1.42(2) 1.46(1) 
B1-N2 1.447(6) 1.421(4) 1.42(1) 1.41(2) 1.39(2) 
B1-N3 1.436(6) 1.422(4) 1.44(1) 1.42(2) 1.44(2) 

Cu-Ge4 - - 2.508(2) 2.517(2) 2.547(2) 
Cu-Ge5 - - 2.549(2) 2.534(2) 2.530(2) 
Cu-Ge8 - - 2.535(2) 2.475(2) 2.475(2) 

      

atoms angle [°] angle [°] angle [°] angle [°] angle [°] 

C1-C2-R  109.5  109.5  120.1(4) ** 113.6(9)  128.5(1)  

C1-C2-H2  109.5  109.5  119.3(5) ** 108.9 115.0(4) ** 

C2-C1-N1  124.6(4)  119.1(3)  124.4(9)  121.4(1)  122.6(1)  
C2-C1-Ge1  115.1(3)  122.3(2)  119.6(8)  114.6(9)  122.5(8)  
N1-C1-Ge1  120.3(3)  118.6(2)  116.1(7)  123.9(9)  114.8(8)  

C1-N1-B1  126.0(4)  137.2(3)  135.8(8)  137.7(1)  130.9(10)  
C1-N1-H1  - 113(2) * 112.1(4) ** -  113.9(4) ** 
B1-N1-H1  - 110(2) * 112.0(4) ** -  114.0(6) ** 
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Figure S1. a) Full ellipsoid plot of compound 1-K; b) representation of the split position in 1-K (site 
occupation factor of species A: 0.577, B: 0.423). All ellipsoids are presented at a 50 % probability level. 
Hydrogen atoms and co-crystallizing ether molecules are omitted for clarity. In b) the imine moiety, the 
boranyl ligand as well as the TMS groups at Si1 are omitted for clarity. Trigonal prismatic bases are 
indicated by dashed red lines. 

 

 

Figure S2. a) Full ellipsoid plot of compound 1-H; b) representation of the split position in 1-H (site 
occupation factor of species A: 0.835, B: 0.165). All ellipsoids are presented at a 50 % probability level. 
Hydrogen atoms are omitted for clarity. In b) the imine moiety, the boranyl ligand as well as the TMS 
groups at Si1 are omitted for clarity. Trigonal prismatic bases are indicated by dashed red lines. 
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Figure S3. a) Ellipsoid plot of compound 1b-Cu with emphasis on the boranyl ligand (neglect of NHC 
ligand); b) ellipsoid plot of compound 1b-Cu with emphasis on the NHC ligand (neglect of TMS groups, 
the boranyl ligand and the incorporated imine), and representation of the split position of one iPr group 
(site occupation factors of 0.355 in grey and 0.645 in black). All ellipsoids are presented at a 50 % 
probability level. Hydrogen atoms and co-crystallizing toluene molecules are omitted for clarity. Trigonal 
prismatic bases are indicated by dashed red lines. 

 

 

 

Figure S4. a) Ellipsoid plot of compound 2a-Cu with emphasis on the boranyl ligand (neglect of NHC 
ligand). One Mes wingtip is shown in grey for a better visibility of the hydrocarbon chain; b) ellipsoid plot 
of compound 2a-Cu with emphasis on the NHC ligand (neglect of TMS groups, the boranyl ligand and 
the incorporated imine). All ellipsoids are presented at a 50 % probability level. Hydrogen atoms and the 
co-crystallizing hexane molecule are omitted for clarity. Trigonal prismatic bases are indicated by 
dashed red lines. 
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Figure S5. a) Ellipsoid plot of compound 3b-Cu with emphasis on the boranyl ligand (neglect of NHC 
ligand). One Mes wingtip is shown in grey for a better visibility of the hydrocarbon chain; the majority 
species of C5 and C6 is shown (A: site occupation factor of 0.62); b) ellipsoid plot for the minor species 
of Ge5 and Ge6 (B: site occupation factor of 0.38); c) ellipsoid plot of compound 3b-Cu with emphasis 
on the NHC ligand (neglect of TMS groups, the boranyl ligand and the incorporated imine). All ellipsoids 
are presented at a 50 % probability level. Hydrogen atoms and co-crystallizing benzene molecules are 
omitted for clarity. Trigonal prismatic bases are indicated by dashed red lines. 
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4. NMR spectra 

Figure S6. 1H NMR spectrum of 1– in thf-d8. 

 

Figure S7. 13C NMR spectrum of compound 1– in thf-d8. 
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Figure S8. 29Si INEPT NMR spectrum of compound 1– in thf-d8. 

 

Figure S9. 11B NMR spectrum of compound 1– in thf-d8. 
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Figure S10. 1H NMR spectrum of compound 1-H in thf-d8. 

Figure S11. 13C NMR spectrum of compound 1-H in thf-d8. 
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Figure S12. 29Si INEPT NMR spectrum of compound 1-H in thf-d8. The impurity is caused by silicon 
grease. 

Figure S13. 11B NMR spectrum of compound 1-H in thf-d8. The impurity is caused by the glass of the 
NMR tube. 
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Figure S14. 1H NMR spectrum of compound 1b-Cu in thf-d8. 

 

 

Figure S15. 13C NMR NMR spectrum of compound 1b-Cu in thf-d8. 
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Figure S16. 29Si INEPT NMR spectrum of compound 1b-Cu in thf-d8. The impurity is caused by silicon 
grease. 

 

Figure S17. 11B NMR spectrum of compound 1b-Cu in thf-d8. The asterisked signal is caused by the 
glass of the NMR tube. 
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Figure S18. 1H NMR spectrum of compound 2a-Cu in thf-d8. The asterisked signals are caused by 
unidentified impurities. 

 

Figure S19. 13C NMR spectrum of compound 2a-Cu in thf-d8. 
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Figure S20. 29Si INEPT NMR spectrum of compound 2a-Cu in thf-d8. The asterisked signal is caused 
by an unknown impurity. 

 

Figure S21. 11B NMR spectrum of compound 2a-Cu in thf-d8.  
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Figure S22. 1H NMR spectrum of compound 3b-Cu in thf-d8. The asterisked signals are caused by 
unidentified impurities. The intensities of the aromatic protons are slightly too low as described in the 
synthesis protocol. 

 

Figure S23. 13C NMR spectrum of compound 3b-Cu in thf-d8. The asterisked signals are caused by 
unidentified C atoms. Not all C atoms of the imine hydrocarbon chain could be unequivocally identified. 
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Figure S24. 29Si INEPT NMR spectrum of compound 3b-Cu in thf-d8. The asterisked signal is caused 
by an unidentified impurity. 

 

Figure S25. 11B NMR spectrum of compound 3b-Cu in thf-d8.  
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Figure S26. Variable temperature 1H NMR spectra of compound 3b-Cu in thf-d8 from -80 °C to 60°C. 
The signal set at approximately δ = 0.15 ppm is caused by the split hypersilyl group protons. The 
asterisked signal belongs to an unidentified impurity. 
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5. Mass spectra 

 

The following figures contain the overview ESI-MS mass spectra, as well as the selected areas 
with the mass peaks of the nitrile incorporated cluster species. Additional signals are caused 
by the ionization of the cluster anions, and ionization products were identified using the ESI-
MS software. All spectra were acquired in the negative-ion mode in diluted thf solution 
(injection speed: 240 µL/h, 300 °C dry gas temperature). The theoretical isotope distribution 
was simulated with the Bruker Compass Data Analysis 4.0 SP 5 program. 

 

Table S4. Overview on tested nitriles for the successful incorporation between the cluster 
[Ge9{Si(TMS)3}2]2- and the respective bromo-diazaborolidine, summarizing the corresponding ESI-MS 
mass peaks. 

 

anion nitrile diazaborolidine ESI-MS mass peak m/z 

1– 
 

DAB(II)Dipp-Br 1577.9 

2– 
 

DABMes-Br 1551.8 

3– 
 

DABMes-Br 1549.8 

- 
 

DABo-tol-Br 1454.0 

- 

 

DABo-tol-Br 1467.3 

- 

 

DABMes-Br 1557.8 

- 
 

DABo-tol-Br 1580.1 
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Figure S27. ESI-MS overview spectrum of the solution containing the anion [Ge9{Si(TMS)3}2{CH3C=N}-
DAB(II)Dipp]- (1a) at m/z 1577.9. Ionization products: [Ge9{Si(TMS)3}2{Si(TMS)2}]- at m/z 1323.6; 
[Ge9{Si(TMS)3}3]- at m/z 1396.5. 

 

 

 

Figure S28. ESI-MS signal of [Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp]- (1–) at m/z 1577.9. Calculated 
isotope pattern is presented as red bars. 
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Figure S29. ESI-MS overview spectrum of the solution containing the anion  
[Ge9{Si(TMS)3}2{CH3(CH2)4C=N}-DABMes]- (2–) at m/z 1551.8. Ionization products: [Ge9{Si(TMS)3}]- at 
m/z 901.2; [Ge9{Si(TMS)3}2{Si(TMS)2}]- at m/z 1323.6; [Ge9{Si(TMS)3}3]- at m/z 1396.5. 

 

 

 

Figure S30. ESI-MS signal of [Ge9{Si(TMS)3}2{CH3(CH2)4C=N}-DABMes]- (2–) at m/z 1551.8. Calculated 
isotope pattern is presented as red bars. 
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Figure S31. ESI-MS overview spectrum of the solution containing the anion  
[Ge9{Si(TMS)3}2{CH2=CH(CH2)3C=N}-DABMes]- (3–) at m/z 1549.8.  Ionization products: [Ge9{Si(TMS)3}]- 
at m/z 901.2; [Ge9{Si(TMS)3}2{Si(TMS)2}]- at m/z 1323.6; [Ge9{Si(TMS)3}3]- at m/z 1396.5. 

 

 

 

Figure S32. ESI-MS signal of [Ge9{Si(TMS)3}2{CH2=CH(CH2)3C=N}-DABMes]- (3–) at m/z 1549.8. 
Calculated isotope pattern is presented as red bars. 
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Figure S33. ESI-MS overview spectrum of the solution containing the anion  
[Ge9{Si(TMS)3}2{CH3CH2C=N}-DABo-tol]- at m/z 1454.0. Ionization products: 
[Ge9{Si(TMS)3}2{CH3CH2C=N}]- at m/z 1204.4; [Ge9{Si(TMS)3}3]- at m/z 1396.5. 

 

 

 

Figure S34. ESI-MS signal of [Ge9{Si(TMS)3}2{CH3CH2C=N}-DABo-tol]- at m/z 1454.0. Calculated isotope 
pattern is presented as red bars. 
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Figure S35. ESI-MS overview spectrum of the solution containing the anion  
[Ge9{Si(TMS)3}2{(CH3)2CHC=N}-DABo-tol]- at m/z 1467.3. Ionization products: [Ge9{Si(TMS)3}2{C4H8O}]- 
at m/z 1220.9; [Ge9{Si(TMS)3}2{Si(TMS)2}]- at m/z 1323.6; [Ge9{Si(TMS)3}3]- at m/z 1396.5. 

 

 

 

Figure S36. ESI-MS signal of [Ge9{Si(TMS)3}2{(CH3)2CHC=N}-DABo-tol]- at m/z 1467.3. Calculated 
isotope pattern is presented as red bars. 
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Figure S37. ESI-MS overview spectrum of the solution containing the anion [Ge9{Si(TMS)3}2{PhC=N}-
DABMes]- at m/z 1557.8. Ionization products: [Ge9{Si(TMS)3}2{PhC=N}]- at m/z 1252.3; 
[Ge9{Si(TMS)3}2{Si(TMS)2}]- at m/z 1323.6; [Ge9{Si(TMS)3}3]- at m/z 1396.5. 

 

 

 

 

Figure S38. ESI-MS signal of [Ge9{Si(TMS)3}2{PhC=N}-DABMes]- at m/z 1557.8. Calculated isotope 
pattern is presented as red bars. 
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Figure S39. ESI-MS overview spectrum of the solution containing the anion  
[Ge9{Si(TMS)3}2{CH3(CH2)9C=N}-DABo-tol]- at m/z 1580.1. Ionization products: 
[Ge9{Si(TMS)3}2{Si(TMS)2}]- at m/z 1323.6; [Ge9{Si(TMS)3}3]- at m/z 1396.5. 

 

 

 

Figure S40. ESI-MS signal of [Ge9{Si(TMS)3}2{CH3(CH2)9C=N}-DABo-tol]- at m/z 1580.1. Calculated 
isotope pattern is presented as red bars.  
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Table S5. Overview on LIFDI-MS mass peaks of neutral cluster compounds with incorporated imine 

moiety. 

 

compound nitrile diazaborolidine LIFDI-MS mass peak m/z 

      1-H 
 

DAB(II)Dipp-Br 1578.9 

      1b-Cu 
 

DAB(II)Dipp-Br 2029.1 

      2a-Cu 
 

DABMes-Br 2003.1 

      3b-Cu 
 

DABMes-Br 2001.1 

 

 

 

 

 

Figure S41. LIFDI-MS signal of [Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] (1-H) at m/z 1578.9. 

Calculated isotope pattern is presented as red bars. 
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Figure S42. LIFDI-MS signal of CuNHCDipp[Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp] (1b-Cu) at m/z 

2029.1. Calculated isotope pattern is presented as red bars. 

 

 

 

 

 

 

Figure S43. LIFDI-MS signal of CuNHCDipp[Ge9{Si(TMS)3}2{CH3(CH2)4C=N}-DABMes] (2a-Cu) at m/z 

2003.1. Calculated isotope pattern is presented as red bars. 
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Figure S44. LIFDI-MS signal of CuNHCDipp[Ge9{Si(TMS)3}2{CH2=CH(CH2)3C=N}-DABMes] (3b-Cu) at 
m/z 2001.1. Calculated isotope pattern is presented as red bars. 
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6. UV-Vis spectra 

 

Absorption spectra 

For the measurements an Eppendorf pipette was used to measure the volume of the standard 
solution and to fill up the cuvette to a total volume of exactly 3 ml. The standard solutions were 
prepared according to the following table. The syntheses of K[Ge9{Si(TMS)3}3] and of the 
compounds containing ring-opened ether fragments is described elsewhere.[11-12] Note that the 
signals at λ = 211 to 221 nm (thf) and λ = 301 nm (toluene) are artefacts caused by the 
absorption of the solvent. 

 

Table S6. Overview on the preparation of standard solutions for UV-Vis measurements and 
corresponding maximum absorption wavelength λ of the respective compounds. 

 

 

 

 

 

 

  

Compound mass 

[mg] 

thf 

[ml] 

toluene 

[ml] 

λ [nm] 

K[Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp] 

(1-K) 
1.3 5  248 

[Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] 

(1-H) 
1.3  1 387, 437, 

671 

[Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] 

(1-H) 
4.2 1  433, 656 

DABMes-Br 1.5 1  246, 328 

DAB(II)Dipp-Br 1.5 1  247, 327 

K2[Ge9{Si(TMS)3}2] 2.3 5  236 

K[Ge9{Si(TMS)3}3] 2.3 5  259 

K[Ge9{Si(TMS)3}2{(CH2)4-O}-DAB(II)Dipp]  1.9 5  258 

K[Ge9{Si(TMS)3}2{(CH2)4-O}-DABMes] 1.8 5  238 

K[Ge9{Si(TMS)3}2{(CH2)3-O}-DABMes] 1.3 5  240 
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 [Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp]– (1–) 

 

 

 

Figure S45. UV-Vis absorption spectra (recorded in thf) and determination of the extinction coefficient 
at λ = 248 nm of [Ge9{Si(TMS)3}2{CH3C=N}-DAB(II)Dipp]– (1–). 
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[Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] (1-H, toluene) 

 

 

 

Figure S46. UV-Vis absorption spectra (recorded in toluene) and determination of the extinction 
coefficient at λ = 671 nm of [Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] (1-H). 
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[Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] (1-H, thf) 

 

 

 

Figure S47. UV-Vis absorption spectra (recorded in thf) and determination of the extinction coefficient 
at λ = 656 nm of [Ge9{Si(TMS)3}2{CH3C=N(H)}-DAB(II)Dipp] (1-H).  
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DABMes-Br and DAB(II)Dipp-Br 

 

 

Figure S48. UV-Vis absorption spectra (recorded in thf) of DABMes-Br (left) and DAB(II)Dipp-Br (right). 

 

 

 

 

K2[Ge9{Si(TMS)3}2] 

 

 

Figure S49. UV-Vis absorption spectra (recorded in thf) and determination of the extinction coefficient 
at λ = 236 nm of K2[Ge9{Si(TMS)3}2]. 

 

  



6 Publications and Manuscripts 

405 
 

K[Ge9{Si(TMS)3}3] 

 

 

Figure S50. UV-Vis absorption spectra (recorded in thf) and determination of the extinction coefficient 
at λ = 259 nm of K[Ge9{Si(TMS)3}3]. 

 

 

 

K[Ge9{Si(TMS)3}2{(CH2)4-O}-DAB(II)Dipp] 

 

 

Figure S51. UV-Vis absorption spectra (recorded in thf) and determination of the extinction coefficient 
at λ = 258 nm of K[Ge9{Si(TMS)3}2{(CH2)4-O}-DAB(II)Dipp]. 
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K[Ge9{Si(TMS)3}2{(CH2)4-O}-DABMes] 

 

 

Figure S52. UV-Vis absorption spectra (recorded in thf) and determination of the extinction coefficient 
at λ = 238 nm of K[Ge9{Si(TMS)3}2{(CH2)4-O}-DABMes]. 

 

 

 

K[Ge9{Si(TMS)3}2{(CH2)3-O}-DABMes] 

 

 

Figure S53. UV-Vis absorption spectra (recorded in thf) and determination of the extinction coefficient 
at λ = 240 nm of K[Ge9{Si(TMS)3}2{(CH2)3-O}-DABMes]. 
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7. Kinetic studies 

 

The protonation of the red species 1– to yield 1-H (deep green, Figure 53b) is reversible. The 
stepwise addition of defined amounts of KOtBu leads to decreasing amounts of the protonated 
species 1-H until solely 1– remains in solution (C6D6).  

 

For the reaction set-up 1-H (13 mg, 8.3 µmol) was weighed in a J-Young tube and 0.4 ml C6D6 

was added. A standard solution of KOtBu (1 mg, 9.0 µmol) in 0.1 ml of C6D6 and 10 µl thf-d8 

was prepared. 20 µl of the KOtBu solution was added to the green solution in the NMR tube 
and a 1H NMR spectrum was recorded (Figure 53c). The ratio of 1-H:1– can be determined by 
integrating the silyl group protons (1–: δ = 0.51 ppm; 1-H: δ = 0.47 ppm). The rest of the 
standard solution was added to the NMR tube, and the 1H NMR spectrum shows a full 
deprotonation of 1-H yielding 1– (Figure S53d). 

 

 

Figure S54. Reversible protonation of 1– in C6D6. a) 1H NMR spectrum of anion 1– in C6D6; b) formation 
of 1-H by addition of 1 eq. NEt3·HCl to the reaction solution; c) addition of 0.2 eq. KOtBu to a solution of 
1-H in C6D6; d) full conversion of 1-H into 1– upon addition of 1 eq. KOtBu. 
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Scheme 1. Reversible formation of the zwitterion 1-H by addition of NEt3⋅HCl to 1–, and subsequent 
deprotonation by KOtBu. 

 

 

Figure S55. UV-Vis cuvettes with a solution of 1– after the deprotonation using KOtBu (left), and before 
the deprotonation (1-H, right). The yellowish color of 1– is a concentration effect, in higher concentrations 
1– is deep red. 

 

The deprotonation of 1-H can also be monitored in the UV-Vis spectrometer. A standard 
solution of 1-H (2.6 mg, 1.6 µmol) in 2 ml toluene was prepared. For each measurement 300 µl 
of the standard solution was transferred in the cuvette, 2.7 ml of toluene was added, and the 
cuvette was sealed with a rubber septum. A second standard solution of KOtBu (2.7 mg, 
24 µmol) in 1 ml thf was prepared. For the measurements the following volumes of the KOtBu 
standard solution were used. 
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Table S7. Summary of the used volumes of the standard KOtBu solution for the deprotonation of 1-H in 
UV-Vis studies. 

  

 

 

 

 

 

For the measurements the absorption at a 671 nm excitation wavelength was continuously 
recorded. The respective amount of KOtBu solution was taken up in a Hamilton syringe and 
added via the septum in one single shot directly into the stirred green solution of 1-H. The 
injection led to strong absorption bands at approximately t = 0.4 min caused by the needle of 
the syringe disturbing the beam path. The corresponding spike-signals were deleted for 
plotting the data. A time-dependent decrease of the absorption was observed (Figure S55). 
The measurement for 5 eq. was repeated three times (A-C). 

 

 

 

Figure S56. Time-dependent absorption spectra of 1-H recorded at an excitation wavelength of 671 nm 
and addition of 1, 5, or 10 eq. of KOtBu. Small spikes are caused by the jumping stirring bar. 

 

 

A reaction of pseudo-first order is assumed for the addition of 5 and 10 eq. of KOtBu as the 
slopes of the curves are almost identically. By applying the equation A = A0e-kt the rate constant 
k is determined from the plot of ln(A/A0) over t and performing a linear regression  
(A: absorption, k: rate constant, t: time, Figure S56).[13] 

 

equivalents volume KOtBu standard [µl] 

1 10 

5 50 

10 100 
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Table S8. Summary of the calculated rate constants for the deprotonation of 1-H for different equivalents 
of KOtBu investigated by UV-Vis measurements. 

equivalents rate constant k [min-1] 

5 (A) -30.7 

5 (B) -27.3 

5 (C) -21.5 

10 -30.6 

 

 

 

 

 

 

Figure S57. Plots for the determination of the rate constant k. Recorded data is presented in black, 
linear regression is indicated by red lines. 
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The addition of a mixture of equimolar amounts of KOtBu and [2.2.2]cryptand to a green 
solution of 1-H led to an instant colour change to red. The rate constant was determined to 
approximately -500 min-1. However, the collected data should only be seen as approximate 
values as the data collection was limited by the time resolution of the UV-Vis spectrometer. 

 

 

Figure S58. Absorption spectrum and linear regression for the deprotonation of 1-H by addition of a 
mixture of KOtBu and [2.2.2]cryptand (5 eq. each). Recorded data is presented in black, linear 
regression is indicated by the red line. Small spikes are caused by the jumping stirring bar. 
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8. Computational details 

 

Quantum chemical calculations were carried out for compound 1-H with the TURBOMOLE 
program package,[14] using the PB86 hybrid density functional method (DFT-BP86),[15-16] and 
polarized triple-ζ-valence Karlsruhe basis sets (def2-TZVP for Ge, Si, B, and N and def-TZVP 
for C and H).[17] Multipole-accelerated resolution-of-the-identity technique was used to speed 
up the calculations.[18-20] m4 integration grid was applied for the numerical integration of the 
exchange-correlation functional. The initial geometry of the compound 1-H was taken from the 
crystal structure. Concerning the split position of the hypersilyl group, only the group with the 
larger site occupancy factor of 0.835 was considered. The geometry of the compound was fully 
optimized at the DFT-BP86/TZVP level of theory without any symmetry constraints. Ge-Ge 
distances vary between 2.59 Å and 2.74 Å in the optimized structure. The Ge-C1 and C1-N 
distances are 1.94 Å and 1.35 Å, respectively. The HOMO-LUMO gap at the optimized 
geometry is 1.40 eV. 

 

The first vertical excitation energies of the 30 lowest-energy singlet excited states of 1-H were 
calculated at the optimized S0 geometry using time-dependent DFT (TD-DFT).[21-22] The most 
intense excitations in the calculated absorption spectrum were observed at λ = 495 nm 
(2.14 eV, transition S0 → S8) and λ = 669.0 nm (1.85 eV, transition S0 → S2). The VMD program 
was used to visualize the electron density difference plots of the singlet excitations.[23] The 
molecular orbitals of compound 1-H were illustrated using IboView.[24] We also carried out TD-
DFT calculations on the anion 1– (experimental absorption maxima at λ = 211 nm and λ = 248 
nm) to confirm that the calculations did not provide similar excited states as in 1-H. 
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Figure S59. Electron density difference plots for the S0 → S2 excitation of compound 1-H (calculated 
λ = 669 nm). a) and b) show the same molecule from different perspectives with neglected TMS groups 
and Dipp-ligands (above) or the full molecule (below). During the electronic transition, the red color 
corresponds to increasing electron density and yellow color corresponds to decreasing electron density. 
The isovalue of the electron density isosurfaces is 0.002 a.u. and hydrogen atoms are omitted for clarity. 
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Figure S60. Electron density difference plots for the S0 → S8 excitation of compound 1-H (calculated 
λ = 495 nm). a) and b) show the same molecule from different perspectives with neglected TMS groups 
and Dipp-ligands (above) or the full molecule (below). During the electronic transition, the red color 
corresponds to increasing electron density and yellow color corresponds to decreasing electron density. 
The isovalue of the electron density isosurfaces is 0.002 a.u. and hydrogen atoms are omitted for clarity.    
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Figure S61. Full plot of a) the HOMO and b) the LUMO of 1-H. Furthermore, alternative orientations of 
c) the HOMO and d) the LUMO of 1-H are presented. Orbital figures are drawn in such way that 50 % 
of the density is enclosed within the surface, corresponding approximately to an isovalue of 0.04 a.u.  
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To exclude that the imine ligand causes the intensive absorption band at λ = 671 nm for 1-H, 
we optimized the structure of the ligand fragment [DABDippN(H)=CHCH3]+ at the DFT-
BP86/TZVP level of theory and calculated its lowest-energy singlet excited states. Within the 
cation, the [Ge9] cluster moiety was replaced with a hydrogen atom. 

 

Figure S62. Optimized structure of the H-terminated ligand fragment [DABDippN(H)=CHCH3]+. 

 

 

 

Figure S63. UV-Vis absorption spectra (recorded in toluene) of compound 1-H and the calculated 
lowest-energy singlet vertical excitations for the H-terminated ligand fragment [DABDippN(H)=CHCH3]+. 
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Optimized Cartesian coordinates of 1-H in XYZ format. 

161 

 

Compound 1-H, DFT-BP86/TZVP 

 

H 21898788 -819671 74986750 

C 53759330 7798351 76424216 

H 59259355 12025603 84968713 

H 43399366 11415751 77008657 

H 58242399 11800748 67207557 

C 21682227 -10529304 70170493 

N 28555168 -21481411 75719343 

C 15182580 -14345334 58851296 

B 26058040 -32904015 67152460 

C 35166067 -19949140 88414310 

H 9087937 -8414402 52118553 

N 17513671 -27935749 56581014 

N 29499199 -47167237 67553338 

C 47665401 -13311409 88947300 

C 28803262 -24727961 100115960 

C 12077084 -34985599 45281842 

Ge 39079844 -74030840 71172727 

C 39109433 -54783878 73226976 

H 23136935 -52635198 61643017 

C 53823440 -11876029 101462763 

C 54441155 -7614712 76513970 

C 35481498 -23128630 112355406 

C 14962366 -31132306 99937580 

C 19941152 -36391951 33596482 

C -1004648 -40339507 46133248 

Ge 16204130 -86484093 71831670 

Ge 49514167 -88243605 90288181 

Ge 62126516 -85554542 67555501 

Ge 28911932 -83760937 49219891 

C 49962290 -48123145 81025150 

H 63487249 -6844586 102118145 

C 47874496 -16801596 113070005 

H 48873112 -11240036 67747050 

C 69044667 -12287330 75040111 

H 30809728 -26834929 121499382 

H 11688229 -31729143 89456848 

C 4756590 -22318861 107419760 

C 15069378 -45447002 105606215 

C 14431568 -43399666 22771274 

C 33936848 -30465634 32422295 
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C -6028940 -47216085 34988394 

C -9692753 -38680935 58555947 

Ge 29784597 -104239407 84885642 

Ge 25736579 -108997646 59498987 

Ge 52923409 -110381494 74585149 

Ge 48791061 -100312161 50880429 

H 58012359 -55198305 83334521 

H 46176610 -44056503 90540192 

H 54160704 -39626429 75391548 

H 52886576 -15653045 122697834 

H 69869800 -23245866 75122568 

H 75393932 -8408909 83142950 

H 73246155 -8643925 65549296 

H 7306266 -21442829 118088937 

H -5312152 -26700776 106736281 

H 4366591 -12170560 103211009 

H 18087511 -45575279 116185095 

H 21949052 -51984881 100065018 

H 5020535 -49870510 104978077 

H 20328675 -44677446 13674759 

C 1588120 -48770181 23422814 

H 36299608 -25625057 42011314 

C 34503323 -19585651 21516883 

C 44560146 -41337430 29939542 

H -16070697 -51472745 35416687 

H -3475682 -34038405 66355189 

C -21502848 -29152417 55807713 

C -14710941 -52185147 63998595 

Si 19434084 -118958316 101273352 

Si 58428745 -112335043 32011176 

H -2486142 -54226864 14893943 

H 44507075 -15015928 21173497 

H 27168112 -11615696 23401269 

H 32410153 -23792189 11566222 

H 44344212 -49054684 37763952 

H 54624412 -36892757 29778323 

H 42993035 -46355022 20276263 

H -27436603 -27637454 64948719 

H -28188486 -33265822 48093993 

H -18027837 -19319457 52328608 

H -20310636 -50674836 73346732 

H -6415394 -59097895 66077976 

H -21467656 -57160767 56883477 

Si 25362754 -109992902 122573359 

Si 27203290 -141352884 98592827 

Si -4146325 -117550299 97796467 

Si 65574266 -133896153 39325894 
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Si 76760981 -99180102 24271506 

Si 41601808 -114306739 15177896 

C 14830370 -117945006 136237568 

C 22561370 -91267737 123084581 

C 43615142 -113363088 126406745 

C 21073033 -152089847 113020463 

C 46104269 -142248947 98393326 

C 20568681 -148654714 82420601 

C -13025350 -130676900 108272451 

C -8763997 -120502706 79673905 

C -10678498 -100498970 102898934 

C 70122808 -144658784 24341591 

C 51839055 -142678119 48933257 

C 80820185 -132555917 50495144 

C 86434539 -108568885 10891117 

C 88791797 -95056454 38299632 

C 70507048 -82888186 16854698 

C 49404965 -120357614 -1054004 

C 33146291 -97734963 11635454 

C 28332101 -126789656 20383057 

H 42772487 -144023019 42868075 

H 17962557 -114115155 146084633 

H 15870075 -128889526 136417549 

H 4154141 -115608274 135006162 

H 25368559 -87336596 132989887 

H 12053022 -88628397 121238199 

H 28697244 -86136645 115532853 

H 45698209 -124129262 127227801 

H 46383260 -108672221 135985963 

H 50189583 -109227862 118618386 

H 25269313 -148733438 122617100 

H 24244040 -162532230 111481799 

H 10118955 -152010467 113928653 

H 50465026 -138619147 107810622 

H 50372314 -136245790 90220562 

H 49318934 -152696152 96985550 

H 9606598 -149526521 82562869 

H 24715008 -158737791 80828504 

H 23340421 -142459361 73766033 

H -10609431 -129808038 118961904 

H -10421340 -140864486 105050772 

H -23932729 -129536797 107184465 

H -19714613 -120068192 78504634 

H -5365764 -130333278 76118423 

H -4360926 -112888018 73069816 

H -9297638 -98646586 113650202 

H -21460604 -99809538 100730527 
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H -5604440 -92452595 97374678 

H 73928027 -154411062 27787424 

H 77916386 -140037739 18112764 

H 61393002 -146581760 17934349 

H 49055888 -136978012 57922608 

H 55285340 -152633193 52166279 

H 83621787 -142542585 54216385 

H 78856386 -126150628 59217626 

H 89485757 -128440631 45118449 

H 90957705 -117762937 14889501 

H 94605591 -102244544 7058647 

H 80089897 -111386129 2368132 

H 93039979 -104105549 42871297 

H 83874443 -89282871 46271823 

H 97136553 -89010139 34389932 

H 64417754 -77282161 24093785 

H 64382084 -84580100 7880417 

H 79030936 -76537036 13952264 

H 54799040 -129853221 197452 

H 56471380 -112990159 -5144718 

H 41518257 -121937738 -8588213 

H 40305269 -90133867 8199082 

H 28096423 -93745171 20558092 

H 25557406 -99059211 3753054 

H 23782031 -124069026 30024553 

H 32445663 -136944611 21336537 

H 20316557 -127121375 12827669 
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organyls ZnR2 (R = Et, Cp*, Ph, Mes) obtained from liquid ammonia are described. In a series 

of experiments, the Zn-coordinated cluster species [(η3:η3-Ge4)(ZnEt)2]2– (1a),  

[(η2-Sn4)Zn(η2-Sn4)]6– (2a), and [(η4-Ge9)(ZnEt)]3– (3a) were isolated. Furthermore, the amides 

[(ZnPh2)2(μ2-NH2)2]2– (4a) and {[Zn(μ2-NH2)4][(ZnEt)2(μ2-NH2)2]2}2– (5a) were characterized, in 

combination with cleaved organic ligands R– in the anions [ZnR3]– [R = Ph (6a), Mes (7a)] and 

[Cp*]– (8a). While the characterized cluster species extend the number of known four- and 

nine-atom polyanions coordinating to Zn(II), the crystallization of various cluster-free by-

products accounts for the detection of intermediates on the way to intermetalloid tetrel element-

Zn clusters. By comparing the structure motifs in the isolated species, a potential reaction 

sequence was derived. Most probably, in liquid ammonia amides form, which coordinate to the 

ZnR2 precursors. This coordination weakens the Zn-R bonds, which subsequently are cleaved, 

allowing for the addition of the [ZnR]+ fragment to tetrel element cluster anions. Generally, an 
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Intermediates and products of the reaction of Zn(II)
organyls with tetrel element Zintl ions: cluster
extension versus complexation†

C. Wallach,‡ K. Mayer,‡ T. Henneberger, W. Klein and T. F. Fässler

The discovery of low-valent Zn compounds resulted in the renaissance of organometallic Zn complexes.

Polyhedral clusters of tetrel elements can interact with Zn atoms either as Lewis donors or by incorpor-

ation of the Zn atoms as additional cluster vertices. Herein we report the reactions of ZnR2 (R = ethyl (Et),

pentamethylcyclopentadiene (Cp*), phenyl (Ph) and 1,3,5-trimethylbenzene (Mes)) with Zintl ions of the

types [E4]
4− (E = Ge, Sn) and [Ge9]

4− in liquid ammonia. Besides the desired Zintl ion complexes, inter-

mediates were isolated that give insight into the reaction of organo Zn compounds in liquid ammonia.

Three ions, [(η3:η3-Ge4)(ZnEt)2]
2− (1a), [(η2-Sn4)Zn(η

2-Sn4)]
6− (2a) and [(η4-Ge9)(ZnEt)]

3− (3a), were

obtained and characterized by means of single crystal X-ray diffraction analysis. Furthermore, amides

[(ZnPh2)2(µ2-NH2)2]
2− (4a) and {[Zn(µ2-NH2)4][(ZnEt)2(µ2-NH2)2]2}

2− (5a) were formed during the reactions,

together with the addition products [ZnPh3]
− (6a) and [ZnMes3]

− (7a) and an anion [Cp*]− (8a), suggesting

the following reaction sequence: in liquid ammonia the Zintl anions form amides, which then serve as

ligands for ZnR2 molecules. The NH2
− ligands weaken the corresponding Zn–R bonds, and thus bond

cleavage and the addition of the Zintl anion to the Zn ion can take place, additionally promoted by the

trapping of the leaving group R− by unreacted Zn organyls with the formation of [ZnR3]
−.

Introduction

Regarding the syntheses of novel materials, Zintl phases have
become a steadily growing field of interest over the last few
decades. Compounds that contain well-defined small atomic
clusters are especially suitable for a bottom-up approach to
obtain well-defined mixed atomic clusters.1–6 A series of reac-
tions are known to build up larger structures by atom-wise
cluster extension.1,7 For Ge-containing species, a prosperous
chemistry has been established, covering the whole field from
organo-substituted clusters8–11 over cage compounds carrying
main group element fragments,12–19 to transition metal-substi-
tuted cluster species.3 The decoration of anionic element clus-
ters with organic ligands or main group element fragments
usually results in species with 2c–2e exo cluster bonds, whereas
the substitution with transition metal fragments more often
leads to coordination complexes with delocalized multicen-

tered bonds (although some exceptions like covalently bonded
Fe and Cr units in silylated clusters, have been reported).20,21

Manifold reactions of pre-formed Zintl clusters in ethylenedi-
amine or NH3(l) with main group element compounds and with
transition metal complexes, which might lead to a cluster exten-
sion, have been reported. The extension of mono-capped square-
antiprismatic [E9] clusters mainly occurs on the easily accessible
square plane of the cage, leading to heteroatomic ten-atomic
closo clusters as favored products. The examples are [(η4-E9)M]n−

(E = Si, M = Zn;22 E = Ge, M = Tl,23 Sn,24 Cu,25 Zn;22,24,26 Ni,27

Pd;28 E = Sn, M = Cd,29 Ir,30 Cu, Ag, Au,31 Zn,22,26 Cr,32,33 Mo,33,34

W;33,34 E = Pb, M = Cd,29 Ir,35 Zn,22,26 Cr,36 Mo,34 W34).
Subsequently, the closo fragments can form dimers via hetero-
atoms, which are prone to stabilize the unusual formal oxidation
states of the M atoms, as e.g. in [(η4-E9)M-M(η4-E9)]

6− (E = Ge, M =
Zn(I);37 E = Pb, M = Cd(I)38). Alternatively, the coordination sphere
of the transition metal atom can become saturated by a second
cluster unit, resulting in dimers such as [(η4-Ge9)Cu(η

1-Ge9)]
7−

(ref. 25) and [(η4-Sn9)Ag(η
1-Sn9)]

7−.31 In comparison with [E9]
4−

clusters, [E4]
4− tetrahedra exhibit an even higher reductive poten-

tial, and they are less soluble due to an increased charge-to-atom
ratio. To date, solution-based reactions of preformed four-atomic
clusters have therefore been limited to liquid ammonia, and so
far only derivatives with coordinative bonds to transition metals
have been observed. In a standard procedure the corresponding

†Electronic supplementary information (ESI) available: Crystallographic details
and structures of compounds 1–8, mass spectrum of 3a. CCDC
1982121–1982128. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/D0DT01096K
‡Authors contributed equally to this work

Department Chemie, Technische Universität München, Lichtenbergstraße 4, 85747

Garching b. München, Germany. E-mail: thomas.faessler@lrz.tum.de
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A12E17 phase with the pre-formed Zintl cluster units is dissolved
in liquid ammonia in the presence of a sequestering agent and a
transition metal complex. The resulting products contain either
isolated tetrahedra carrying a transition metal fragment, or tran-
sition metal-bridged tetrahedra. The examples for the former
species are [(η3:η3-E4)(CuMes)2]

4− (E = Si;39 Ge40) as well as a
mixed tetrel element cluster [{η3:η3-(Si4−xGex)}(CuMes)2]

4− (ref. 41)
and a protonated species [(µ2-H)(η2-Ge4)ZnPh2]

3−,42 in which the
proton bridges an edge of the [Ge4] tetrahedron. Transition
metal-bridged tetrahedra are found e.g. in polyanions [(η2-Sn4)Au
(η2-Sn4)]

6− (ref. 43) and [(η2-Sn4)Zn(η
3-Sn4)]

6−.44 In the latter
anions the ligands of the organo Zn species are replaced with
tetrahedral clusters, and the original formal oxidation number of
Zn remains unchanged. Organo Zn compounds have played an
important role as reactants in Zintl cluster chemistry for many
years now. Besides the beforehand mentioned clusters [(η4-E9)
Zn]3− and [(η4-Ge9)Zn-Zn(η

4-Ge9)]
6−, dimeric [(η4-Ge9)Zn(η

3-Ge9)]
6−

and its structural isomer [(η3-Ge9)Zn(η
3-Ge9)]

6−, trimeric [(η4-Ge9)
Zn(η1:η1-Ge9)Zn(η

4-Ge9)]
8− and polymeric 1

1
[Zn{µ2(η

1:η4-Ge9)}]
2−

anions are also formed upon the reaction with various organo Zn
reagents.24,37 Even though there are numerous reports on the iso-
lation of novel products, information on how the organo metal
compounds react in liquid ammonia is rare. Due to its high
polarity and its ability to dissolve Zintl phases, liquid NH3 is an
often applied solvent in Zintl cluster chemistry. However, moni-
toring such reactions is difficult and thus information on the
reaction pathways and mechanisms is limited. Reactions have
been monitored directly by solution-based NMR spectroscopy,
which is still far away from being a routine method.45–48 We now
study the reaction of ZnR2 for R = Et, Cp*, Ph and Mes with the
Zintl ions [E4]

4− (E = Ge, Sn) and [Ge9]
4− in liquid ammonia and

report the anion [(η3:η3-Ge4)(ZnEt)2]
2− (1a), which represents the

first tetrel atom tetrahedron connected to two organo Zn frag-
ments. In addition, we present the anion [(η2-Sn4)Zn(η

2-Sn4)]
6−

(2a) together with the Zn-expanded nine-atomic cluster anion
[(η4-Ge9)(ZnEt)]

3− (3a), all of which are formed upon the reaction
of Zintl phases with Zn(II) compounds in liquid ammonia.
Furthermore, we describe two Zn amides (4a and 5a) which,
together with the anionic species [ZnPh3]

− (6a), [ZnMes3]
− (7a)

and [Cp*]− (8a), are formed upon the reaction of Zn(II) complexes
in liquid ammonia. They represent suitable intermediates and
by-products allowing a better understanding of possible reaction
paths in liquid ammonia as a solvent.

Results and discussion
Synthesis of compounds 1–8

All compounds have been synthesized by the dissolution of
the corresponding powdered Zintl phase together with either
[2.2.2]crypt or 18-crown-6 as sequestering agents and a Zn(II)
source in liquid ammonia.§ Single crystals were obtained after
several months of storage of the reaction mixtures at −70 °C.

Crystal structure of

[K([2.2.2]crypt)]2[(η
3:η3-Ge4)(ZnEt)2]·2 NH3 (1)

Single crystals of compound 1 were obtained from a reaction
of K12Ge17 with ZnEt2. 1 crystallizes with the space group P1̄.
The single crystal structure determination reveals two organo-
metallic ZnEt fragments that coordinate in an η

3-mode to two
triangular faces of the [Ge4] tetrahedron. Apart from Zn, only
Cu and Cd units are known to form this coordination mode
with tetrahedral anions, e.g. in [(η3:η3-Si4)(CuMes)2]

4− and
[Cd3(η

2:η3-Ge3P)3]
3−.39,49 In [(η3:η3-Ge4)(ZnEt)2]

2− (1a) the two
Zn atoms are sharing a Ge–Ge edge of the tetrahedron, leading
to a strongly elongated edge with a Ge1–Ge2 distance of
2.9279(4) Å (Fig. 1), which is much longer than the other Ge–
Ge distances between 2.4714(4) Å (Ge3–Ge4) and 2.6046(4) Å
(Ge2–Ge4). The anion 1a can be described as three face-
sharing tetrahedra, Ge1–Ge2–Ge3–Ge4, Ge1–Ge2–Ge3–Zn1 and
Ge1–Ge2–Ge4–Zn2, with the two Zn-containing ones being
strongly distorted. This distortion is mainly caused by the
elongation of the edges Ge3–Zn1 (2.7096(5) Å) and Ge4–Zn2
(2.6822(5) Å), whereas the other Ge–Zn distances are much
shorter and range from 2.5134(4) Å (Ge2–Zn2) to 2.5267(4) Å
(Ge1–Zn2). Overall the Ge–Ge and the Ge–Zn distances are in
accordance with previously reported ones.37,50 A seesaw-like
structural motif of Ge1–Zn1–Ge2–Zn2 with a torsion angle of
ωGe1–Zn1–Ge2–Zn2 = 129.667(4)° is also found in the analogous
MesCu derivative [(η3:η3-Ge4)(CuMes)2]

4−, although with a, in
this case, much larger angle ωGe1′–Cu1–Ge2′–Cu2 = 150.35°
(Fig. 1b and c). Due to the tilt of the Zn atoms towards the

Fig. 1 (a) Structure of 1a, showing the η
3-coordination mode of the

organo Zn ligands to the [Ge4] cluster core. All ellipsoids (except H) are

shown at a 50% probability level. Color code: Ge: blue; Zn: orange; C:

black; H: grey; (b) and (c): schematic representation of the structural

relationship of 1a (b) and [(η3:η3-Ge4)(CuMes)2]
4− (c).40 (d) ESI-MS spec-

trum of {[K([2.2.2]crypt)][Ge4(ZnEt)]}
− in MeCN (negative ion mode, 2500

V, 300 °C). The calculated pattern is shown as black bars.

§ [2.2.2]crypt: 4,13,16,21,24-hexaoxa-1,10-diazabicyclo[8.8.8]hexacosane;
18-crown-6: 1,4,7,10,13,16-hexaoxacyclooctadecane.
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Ge1–Ge2 edge the coordination is more η
2 in character,

whereas an η
3-character is observed in the case of the Cu

complex (the Ge–Cu distances are between 2.457(1) and
2.520(1) Å). In solution a mono-substituted cluster is observed.
After the removal of liquid ammonia from the reaction mixture
of K4Ge4, ZnEt2 and [2.2.2]crypt and extraction of the residue
with MeCN, ESI-MS investigations showed signals corres-
ponding to the anion {[K([2.2.2]crypt)][Ge4(ZnEt)]}

− at m/z
802.0 (Fig. 1d).

Crystal structure of [K]6[(η
2-Sn4)Zn(η

2-Sn4)]·16 NH3 (2)

The reaction of K12Sn17 with ZnCp*2 leads to the formation of
crystals of 2. Compound 2 crystallizes in the space group P1̄ and
contains a dimer of two [Sn4] clusters that are bridged by a Zn
atom. The Sn–Zn distances in the anion [(η2-Sn4)Zn(η

2-Sn4)]
6−

(2a, Fig. 2) range from 2.7258(8) Å (Zn1–Sn6) to 2.7611(8) Å (Zn1–
Sn2); the Sn–Sn bond distances vary from 2.8827(6) Å (Sn6–Sn8)
to 3.0785(6) Å (Sn1–Sn2). These values are in agreement with pre-
viously reported ones, e.g. in the anions [(η4-Sn9)ZnR]

3− (R =
C6H5,

22 Mes, iPr26). Transition metal-bridged clusters are not
exclusively formed in solution, but can also be observed after
direct fusion of the elements, as shown in [(η3-Ge4)Zn(η

3-Ge4)]
6−

of the phase Cs6ZnGe8
51 and in its structural isomer [(η2-Ge4)Zn

(η3-Ge4)]
6− found in K14ZnGe16.

40 A η
2
–η

2-coordination mode has
been found in the corresponding Au complexes and in the
mixed tetrel element cluster [(η2-(Si/Ge)4)Zn(η

2-(Si/Ge)4)]
6−

obtained from liquid ammonia.43,52 Even though all Zn–Sn and
Sn–Sn distances are in the same range (deviation <0.08 Å), the
structural isomer [(η3-Sn4)Zn(η

2-Sn4)] (2b)
44 reveals another type

of coordination mode. The Zn atom in 2a coordinates to two
edges, which are almost perpendicular to each other
(ωSn1–Sn2–Sn6–Sn5 = 82.231(1)°), and the tetrahedral [Sn4] units
coordinate in an almost linear manner to the Zn atom, with
angles to the center of gravity of the tetrahedra (ct) of 174.832(3)°
(∡(ctSn1–to–Sn4–Zn–ctSn5–to–Sn8)) and 173.651° (∡(ctSn1–Sn1–Sn2–Sn3–
Zn–ctSn4–Sn5–Sn5–Sn6)) for 2a and 2b, respectively. Due to the high
instability of the acetonitrile extract, ESI-MS measurements could
not be carried out, unfortunately. Instead, a Sn mirror was
formed in the injection needle almost immediately.

Crystal structure of [K([2.2.2]crypt)]3[(η
4-Ge9)(ZnEt)]·7.4 NH3 (3)

Crystals of compound 3 were isolated from the reaction
mixture of K4Ge9 and ZnEt2 in liquid ammonia. 3 contains the
anion [(η4-Ge9)(ZnEt)]

3− (3a) with the [ZnEt]+ moiety capping

the pseudo square plane of the Ge cage (Fig. 3). The formation
of 3a corresponds to the substitution of one ethyl group of the
organo Zn compound with the [Ge9] cluster. As in similar com-
pounds such as [(η4-E9)ZnR]

3− (E = Si–Pb, R = Ph; E = Ge, R =
Mes, iso-propyl),22,26 3a exhibits only a slightly distorted C4v-
symmetric cage with almost equal diagonal lengths of the
open square (dGe1–Ge3/dGe2–Ge4 = 1.01).53 The Zn atom coordi-
nates to the almost planar open square Ge1–Ge4 (ωGe1–Ge4 =
0.4°) with Zn–Ge distances in the range between 2.5922(1) Å
(Ge3–Zn1) and 2.6436(1) Å (Ge1–Zn1), and Ge–Ge distances
between 2.5470(1) Å (Ge2–Ge7) and 2.7961(1) Å (Ge2–Ge3),
which agree with the corresponding values of previously
reported Ge–Zn clusters such as [(η4-Ge9)Zn–Zn(η

4-
Ge9)]

6−.24,37,50 The cluster can be described either as a ten
vertex closo cluster or as a species, in which the square plane
of 3a acts as a 6-electron-donor, resulting in 18 valence elec-
trons for Zn. Such ten-atomic [(η4-E9)M]n− (E = tetrel element,
M = metal) closo clusters are well known.24,25,32 After the
removal of liquid ammonia from the reaction mixture of
K4Ge9, ZnEt2 and [2.2.2]crypt, ESI-MS spectra were recorded in
MeCN, which showed signals at m/z = 746.2, corresponding to
the mass of 3a (Fig. S11†).

Fragmentation of the Zn organyls in NH3(l)

Reactions in liquid ammonia require long times due to the low
temperatures. NMR investigations of the reactions of Zintl ions
in this solvent were carried out by the group of Korber, but
organometallic intermediates have not been described as
yet.44,47,48 However, the detection or even isolation and charac-
terization of such intermediates and/or by-products may shed
some light on the reaction mechanisms. Recently, the charac-
terization of a series of anions found upon the formation of
transition metal complexes of homoatomic tin clusters in solu-
tion suggested that the transition metal complex might step-

Fig. 2 Structure of 2a, showing the two-fold coordination mode of the

Zn atom to both [Sn4] clusters. All ellipsoids are shown at a 50% prob-

ability level. Color code: Sn: blue; Zn: orange.

Fig. 3 Structure of 3a showing the only slightly distorted C4v-sym-

metric shape of the [Ge9] cluster core. All ellipsoids (except H) are

shown at a 50% probability level. Color code: Ge: blue; Zn: orange; C:

black; H: grey.
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wise release ligands in liquid ammonia solution. In the reac-
tion mixtures of Cp2TiCl2 and K4Sn9 the species [TiCp2(η

1-Sn9)
(NH3)]

3−, [TiCp(η4-Sn8)]
4− and [Ti(TiCp)(TiCp2)2Sn15]

n− (n = 4
or 5) were observed, and they - with Cp2Ti, CpTi and the bare
Ti - contain all possible fragments of Cp2TiCl2.

54

From the reaction of K12Ge17 with ZnPh2 in the presence of
18-crown-6 crystals of the Zn amide complex, [K(18-crown-
6)]24a·8 NH3 (4) containing the anion [(ZnPh2)2(µ2-NH2)2]

2−

(4a) (Fig. 4) has been isolated. 4a is an amide adduct of an
uncharged ZnPh2 molecule which corresponds to a dimer, in
which two ZnPh2 molecules are bridged by two NH2

− ligands.
The Zn and N atoms build up a square plane (ωZn1–N1–N1i–Zn1i =
180.00(4)°) with an almost ideal angle of 90° (∡(Zn1–N1–Zn1i)
= 91.36(3)°) and with Zn–N distances of 2.104(4) Å (Zn–N) and
2.045(4) Å (Zn–Ni). Both Zn atoms still carry two phenyl
ligands with significantly elongated Zn–C distances of 2.046(4)
Å (Zn–C13) and 2.034(4) Å (Zn–C19) when compared to 1.94
and 1.95 Å in ZnPh2, respectively.

55 From a similar reaction of
K12Ge17 with ZnEt2 in liquid ammonia, which led to the for-
mation of 1a and 3a, we were able to also isolate the dark
column-shaped crystals containing the amide complex [[Zn(µ2-
NH2)4][(ZnEt)2(µ2-NH2)2]2]

2− (5a) which crystallizes as the
corresponding K(18-crown-6) salt (Fig. 5). The compound crys-
tallizes in the space group P1̄, and the anion contains four
[ZnEt]+ fragments (Zn2 to Zn5) and one bare Zn2+ ion (Zn1) in
which both Et ligands are stripped off. The five Zn atoms are
linked by bridging N atoms of eight amide ligands. Thus all
Zn-containing units of the ion arise from the release of one or
two ethyl ligands, respectively. The structure can also be
described as a linear arrangement of three edge-sharing
[(NH2)4]

4− tetrahedra, with the central one encompassing a
Zn2+ ion (tetrahedral angles between 106.10(3)° and
112.39(1)°). Two faces of the two outer tetrahedra (tetrahedral
angles 105.54 (3)° to 114.25(4)°) are bridged by two ZnEt frag-
ments each. The Zn–N distances range from 2.038(2) Å (Zn1–
N2) to 2.089(2) Å (Zn2–N6), and the Zn–C distances range from
2.031(2) Å (Zn4–C29) to 2.052(3) Å (Zn2–C25) and are thus
elongated with respect to the ones in ZnEt2 (Zn–C: 1.948(5)

Å).56 The formation of amides from liquid ammonia is not yet
fully understood. It may occur through the deprotonation of
NH3 by cluster anions acting as the corresponding base,47,48,57

or the clusters may act as reducing reagents. However, the for-
mation of amides in liquid ammonia solution may be impor-
tant for the release of the organic substituents on the Zn atom,
which are then replaced with the amides. This can be seen as
an initial step before a nucleophilic attack of the Zintl cluster
occurs. Thus, 5a is a potential intermediate towards the for-
mation of 1a and 3a allowing the formation and transfer of
Zn–R units to the clusters. Assuming comparable reactivities
of other Zn(II) compounds like ZnCp*2, the formation of tran-
sition metal-bridged ions like [(η2-Sn4)Zn(η

2-Sn4)]
6− (2a) also

becomes reasonable. From similar reactions of organo Zn
compounds in liquid ammonia two further compounds were
isolated, which give evidence that the Zn organyls can also act
as a trap for the leaving group R−, thereby giving [ZnPh3]

− (6a)
and [ZnMes3]

− (7a). These anions were found in the salt
[K0.8Rb0.2(18-crown-6)][ZnPh3] (6) with sequestered alkali metal
cations, and in [K(18-crown-6)][ZnMes3]·NH3·2 thf (7) (Fig. 6).

Fig. 4 Structure of the Zn amide 4a. All ellipsoids (except H) are shown

at a 50% probability level. Color code: Zn: orange; N: green; C: black; H:

grey. Symmetry operation: i: −(1 − x), (1 − y), and (1 − z).

Fig. 5 (a) Structure of the Zn amide 5a. All ellipsoids are shown at a

50% probability level. Color code: Zn: orange; N: green; C: black.

Protons are omitted for clarity. Tetrahedra built by NH2
− fragments are

indicated by the dashed lines. (b) Schematic representation of the

anion 5a.

Fig. 6 Structures of the Zn adducts [ZnR3]
− 6a and 7a. All ellipsoids are

shown at a 50% probability level. Color code: Zn: orange; C: black.

Protons are omitted for clarity.
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The Zn–C bonds range from 2.013(1) Å (Zn–C13) to 2.030(8) Å
(Zn–C25) in 6a and from 2.041(3) Å (Zn–C13) to 2.047(3) Å (Zn–
C31) in 7a. The bonds are elongated with respect to the ones
in the beforehand mentioned ZnPh2 and ZnMes2 (Zn–C:
1.9422(2) Å).58 The Zn–C bonds are slightly tilted out of the
ideal plane [6a: ωC25–Zn–C19–C13 = 172.345(2)°; 7a:
ωC13–Zn–C22–C31 = 179.363(3)°]. Furthermore, upon the reaction
of the Zintl phase with the nominal composition “K5Co1.2Ge9”
with ZnCp*2 in liquid ammonia, single crystals of [K(18-crown-
6)][Cp*]·2 NH3 (8) were isolated. Compound 8 contains the ion
[Cp*]−, which originates from the Zn organyl and was stabil-
ized by a [K(18-crown-6)]+ counter ion. These findings indicate
that the Zn(II) reactants dissociate in liquid ammonia and then
become available for further reactions like complexation (1a–
3a) and amide and adduct formation (4a–7a). The structure of
8 together with crystallographic details for compounds 1–8 is
shown in the ESI.†

Experimental section

All manipulations were carried out under oxygen-free, dry con-
ditions in an argon atmosphere using standard Schlenk or
glove box techniques. Glassware was dried prior to use by
heating it in vacuo. Liquid ammonia was dried over sodium
metal and subsequently condensed onto the reactants. ZnEt2
(Aldrich, 1 m in hexane) and ZnPh2 (ABCR, 99%) were used
without further purification. [2.2.2]Crypt (Acros, 98%) was
dried in vacuo for 8 h prior to use. 18-Crown-6 (Merck) was sub-
limated in vacuo prior to use. ZnCp*2

59 and ZnMes2
60 were

prepared according to the literature. The preparation of the
solid phase precursors K4Ge9 and K12E17 (E = Ge, Sn) was done
by fusion of the stoichiometric amounts of the elements in
stainless-steel tubes at 650 and 800 °C, respectively. Mixed
phases K6Rb6Si17 and K12Si8Ge9 were prepared by fusion of the
elements in sealed tantalum ampules at 800 °C. The Zintl

phase with the nominal composition “K5Co1.2Ge9” was pre-
pared according to the literature.61

Single crystal structure determination

All air-, moisture- and temperature-sensitive crystals were
transferred from the reaction vessel to cooled perfluoroalkyl
ether oil (<−30 °C) under a cold stream of N2 gas. For data col-
lection, the single crystals were mounted on loops and posi-
tioned under a cooled N2 gas stream. Data collection was per-
formed using an STOE StadiVari diffractometer with a
DECTRIS PILATUS 300 K detector or an Oxford Diffraction
Xcalibur3 diffractometer equipped with a Sapphire 3 detector
(both instruments operating with Mo Kα radiation). The struc-
tures were solved by direct methods (SHELXS-2014) and
refined by full-matrix least-squares calculations against F2

(SHELXL-2014).62 For the determination and refinement of the
positions of the hydrogen atoms a riding model was applied.
All non-hydrogen atoms were refined with anisotropic displa-
cement parameters. Crystallographic data for 1–8 are given in
the ESI.†

General procedure for the syntheses of compounds 1–8

In a glove box the solid phase was weighed into a dried
Schlenk tube together with the sequestering agent and the
Zn(II) reagent. Afterwards, the tube was connected to the
Schlenk line, and 2–3 mL pre-dried ammonia was condensed
into the reaction vessel using an isopropanol/dry ice bath.
The reaction mixtures were stored at −70 °C for crystalliza-
tion. Due to the thermal sensitivity of the crystals owing to
the rapid loss of ammonia, the yields are only approximate
values.

[K([2.2.2]crypt)]2[(η
3:η3-Ge4)(ZnEt)2]·2 NH3 (1). K12Ge17

(128 mg, 75 µmol, 1 eq.), ZnEt2 (12 mg, 100 µmol, 1.3 eq.) and
[2.2.2]crypt (51 mg, 135 µmol, 1.8 eq.). One block-shaped,
orange crystal of 1 could be isolated from the red reaction solu-
tion after 16 months. ESI-MS: (negative ion mode, 2500 V,
300 °C): m/z 802.0 {[K([2.2.2]crypt)][Ge4(ZnEt)]}

−.
K6[(η

2-Sn4)Zn(η
2-Sn4)]·16 NH3 (2). K12Sn17 (373 mg,

150 µmol, 1 eq.), ZnCp*2 (25 mg, 75 µmol, 0.5 eq.) and [2.2.2]
crypt (51 mg, 135 µmol, 0.9 eq.). Dark-red needles of 2 could
be isolated from the red reaction solution after 16 months
(yield approx. 60%).

[K([2.2.2]crypt)]3[(η
4-Ge9)(ZnEt)]·7.4 NH3 (3). K4Ge9 (61 mg,

75 µmol, 1 eq.), ZnEt2 (12 mg, 100 µmol, 1.3 eq.) and [2.2.2]
crypt (51 mg, 135 µmol, 1.8 eq.). Block-shaped, orange-brown
crystals of 3 could be isolated from the red reaction solution
after 4 months (yield approx. 10–20%). ESI-MS: (negative ion
mode, 2500 V, 300 °C): m/z 746.2 [Ge9(ZnEt)]

−.
[K(18-crown-6)]2[(ZnPh2)2(µ2-NH2)2]·4 NH3 (4). Route 1:

K12Ge17 (128 mg, 75 µmol, 1 eq.), ZnPh2 (49 mg, 225 µmol, 3
eq.) and 18-crown-6 (36 mg, 135 µmol, 1.8 eq.). One orange
crystal of 4 could be isolated from the red reaction solution
after 7 weeks.

Route 2: K12Si17 (71 mg, 75 µmol, 1 eq.), ZnPh2 (49 mg,
225 µmol, 3 eq.) and 18-crown-6 (36 mg, 135 µmol, 1.8 eq.).
One orange crystal of 4 could be isolated from the red reaction
solution after 8 months.

[K(18-crown-6)]2{[Zn(µ2-NH2)4][(ZnEt)2(µ2-NH2)2]2}·5 NH3 (5).

K12Ge17 (128 mg, 75 µmol, 1 eq.), ZnEt2 (12 mg, 100 µmol, 1.3
eq.) and 18-crown-6 (36 mg, 135 µmol, 1.8 eq.). Dark column-
shaped crystals of 5 could be isolated from the red reaction
solution after 23 months (yield approx. 10%).

[K0.8Rb0.2(18-crown-6)][ZnPh3] (6). K6Rb6Si17 (92 mg,
75 µmol, 1 eq.), ZnPh2 (99 mg, 450 µmol, 6 eq.) and 18-crown-
6 (71 mg, 270 µmol, 3.6 eq.). One red crystal of 6 could be iso-
lated from the red reaction solution after 13 months.

[K(18-crown-6)][ZnMes3]·NH3·2thf (7). K12Si8Ge9 (101 mg,
75 µmol, 1 eq.), ZnMes2 (23 mg, 75 µmol, 1 eq.) and 18-crown-
6 (36 mg, 135 µmol, 1.8 eq.). The reaction solution was stored
overnight at −40 °C, stirred for 3 h and then layered with 1 mL
of thf. One yellow crystal of 7 could be isolated from the red
reaction solution after 3 weeks.

[K(18-crown-6)][Cp*]·2NH3 (8). “K5Co1.2Ge9” (50 mg,
55 µmol, 1 eq.), ZnCp*2 (18.5 mg, 55 µmol, 1 eq.) and
18-crown-6 (26.1 mg, 99 µmol, 1.8 eq.). One spherical yellow
crystal was isolated from the red reaction solution after
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11 months. The crystal was found to be isostructural with
[K0.3Rb0.7(18-crown-6)][Cp*]·2NH3.

63

Discussion and conclusions

We report the synthesis and characterization of a series of
Zn(II)-containing Zintl anions, [(η3:η3-Ge4)(ZnEt)2]

2− (1a), [(η2-
Sn4)Zn(η

2-Sn4)]
6− (2a) and [(η4-Ge9)(ZnEt)]

3− (3a). Furthermore,
two Zn amides, [(ZnPh2)2(µ2-NH2)2]

2− (4a) and [[Zn(µ2-
NH2)4][(ZnEt)2(µ2-NH2)2]2]

2− (5a), and simple adducts [ZnPh3]
−

(6a) and [ZnMes3]
− (7a) are found in the course of the reac-

tions, which allow a deeper insight into the formation of Zn
Zintl cluster complexes. Even though not all products were iso-
lated with the same Zn derivatives, the assembly of all these
different species and fragments in the reaction mixtures
together with their structural similarities emphasized in
Scheme 1 gives evidence for the following potential reaction
sequence: the organo Zn compounds ZnR2 give the NH2

−

complex 4a in which the Zn–C bond is weakened. Upon reac-
tion with other ZnR2 molecules and NH2

− units 5a–7a can be
formed with the release of ligands [R]− (8a). Thus, the addition
of a Zintl anion to the Zn atom and complex formation as in
2a and 1a as well as 3a, respectively, can occur, accompanied
by the release of the NH2

− units and the R− ligands. The trap-
ping of the leaving group R− by a Zn atom of an intact Zn
organyl or a sequestered ion as in 6a, 7a and 8, respectively,
supports this reaction path. Therefore, the formation of amide
complexes might promote the ligand exchange on the Zn
atom. During the formation of 1a to 3a, however, no intermedi-
ate Zn amide complexes were isolated according to Scheme 1.
Thus, further investigations are needed to find out whether

the intermediate ions 4a and 5a can be prepared in good
yields from liquid ammonia also in the absence of a Zintl

phase. Preliminary results have shown that adding an excess
of Zn organyls to the reaction mixtures seems to enhance the
reactivity of the organo Zn compounds. This will be the
subject of forthcoming investigations.
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Table S1: Crystallographic details for compounds 1 – 8.  
Compound  1  2  3  4 

formula unit  C40H88N6O12K2Ge4Zn2  H18N6K6Sn8Zn  C56H135.2N13.4O18K3Ge9Zn  C32H99N13O12K2Zn5 
fw [g∙mol−1]  1344.46  1522.03  2120.64  1263.29 

space group  P1  P1  P1  P1 
a [Å]  11.8577(4)  9.6916(6)  14.6139(7)  11.554(2) 
b [Å]  14.5738(5)  12.2418(7)  14.9181(6)  14.140(3) 
c [Å]  18.8964(7)  18.6684(8)  23.6002(8)  18.988(4) 
α [°]  80.349(3)  99.120(4)  97.552(3)  89.02(3) 
β [°]  74.590(3)  90.067(4)  91.645(3)  77.37(3) 
γ [°]  69.598(3)  94.894(5)  117.312(3)  87.11(3) 
V [Å3]  2940.45(2)  2178.7(2)  4508.7(3)  3023.2(1) 
Z  2  2  2  2 

T [K]  150(2)  120(2)  150(2)  150(2) 
λ [Å]  0.71073  0.71073  0.71073  0.71073 

ρcalcd  [g∙cm−3]  1.518  2.320  1.562  1.388 
μ [mm−1]  3.017  5.635  3.416  2.148 

collected reflections  80187  50041  93046  69261 
independent reflections  11534  8378  17700  11852 

Rint / Rδ  0.0515/0.247  0.0912/0.0626  0.0891/0.0574  0.0192/0.114 
parameters / restraints  597/12  289/0  913/0  611/12 
R1 [I > 2 σ(I) / all data]  0.0304/0.0396  0.0322/0.0494  0.0509/0.0793  0.0267/0.0340 
wR2 [I > 2 σ(I) / all data]  0.0704/0.0761  0.0667/0.0694  0.1210/0.1374  0.0613/0.0668 

goodness of fit  1.062  0.919  1.022  1.104 
max./min. diff. el. density [e∙Å−3]  2.262/‐1.382  1.311/‐0.935  1.012/‐0.880  0.768/‐0.572 

depository no.   CCDC 1982121   CSD 1982122   CCDC 1982123   CCDC 1982124  

         

Compound  5  6  7  8 

formula unit  C48H96N10O12K2Zn2  C30H39O6K0.84Rb0.16Zn  C47H76NO8KZn  C22H45N2O6K 
fw [g∙mol−1]  1214.28  607.38  887.55  472.70 

space group  P1   Pca21  P21/c  Pbca 

a [Å]  11.963(5)  21.842(2)  15.7570(5)  10.1910(2) 
b [Å]  12.328(5)  7.2588(15)  13.1722(5)  16.1458(3) 
c [Å]  12.683(6)  18.322(3)  23.6712(8)  32.8773(9) 
α [°]  107.43(4)  90  90  90 
β [°]  106.66(4)  90  94.486(3)  90 
γ [°]  104.16(3)  90  90  90 
V [Å3]  1594.0(1)  2904.9(8)  4898.0(3)  5409.7(2) 
Z  1  4  4  8 

T [K]  120(2)  120(2)  120(2)  150(2) 
λ [Å]  0.71073  0.71073  0.71073  0.71073 

ρcalcd [g∙cm−3]  1.265  1.389  1.204  1.161 
μ [mm−1]  0.942  1.269  0.635  0.231 

collected reflections  16857  30260  55312  148069 
independent reflections  6272  5705  9472  5311 

Rint / Rδ  0.0828/0.1765  0.1990/0.3101  0.0706/0.1068  0.0382/0.0115 
parameters / restraints  344/0  343/72  552/0  295/0 
R1 [I > 2 σ(I) / all data]  0.0510/0.1097  0.0540/ 0.1647  0.0455/0.0950  0.0353/0.0422 
wR2 [I > 2 σ(I) / all data]  0.1003/0.1106  0.0902/ 0.1059  0.1018/0.1107  0.0939/0.0987 

goodness of fit  0.768  0.655  0.840  1.021 
max./min. diff. el. density [e∙Å−3]  0.913/‐0.608  0.826/‐0.486  0.659/‐0.489  0.354/‐0.313 

CCDC  CCDC 1982125   CCDC 1982126   CCDC 1982127   CCDC 1982128  
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Crystal structures of 1 – 8 and selected bond lengths of 1a – 8a 

[K([2.2.2]crypt)]2[(ZnEt)2(η3,η3‐Ge4)]∙2 NH3 (1)  

 

Figure S1: Crystal structure of compound 1, view along [ 00]. All ellipsoids are shown at a 50 % probability level as octants. 
Color code: Ge: blue; Zn: orange; K: purple; C: black. The clusters are shown as polyhedra. Ammonia molecules as well as 
protons are omitted. Cryptand molecules are presented as wire/stick for clarity.  

 

Table S2: Selected bond lengths in 1.  

  Atoms  Bond lengths [Å]    Atoms  Bond lengths [Å]   
  Ge1 – Ge2   2.9279(4)    Ge3 – Ge4  2.4714(4)   
  Ge1 – Ge3   2.5859(4)    Ge1 – Ge4  2.5970(4)   
  Ge2 – Ge3   2.5976(4)    Ge2 – Ge4  2.6046(4)   
  Ge1 – Zn1   2.5159(4)    Ge1 – Zn2  2.5267(4)   
  Ge2 – Zn1   2.5177(4)    Ge2 – Zn2  2.5134(4)   
  Ge3 – Zn1   2.7096(5)    Ge4 – Zn2  2.6822(5)   
  Zn1 – C37  2.009(3)    Zn2 – C39  2.004(3)   
  C37 – C38  1.534(4)    C39 – C40  1.523(6)   
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[K]6[(η2‐Sn4)Zn(η2‐Sn4)]∙16 NH3 (2)  

 

Figure S2: Crystal structure of compound 2, view along [ 00]. All ellipsoids are shown at a 50 % probability level. Color code: 
Sn: blue; Zn: orange; K: purple. The clusters are shown as polyhedra. Ammonia molecules are omitted for clarity.  

 

Table S3: Selected bond lengths in 2.  

  Atoms  Bond lengths [Å]   Atoms  Bond lengths [Å]   
  Zn1 – Sn1  2.7450(8)    Zn1 – Sn5  2.7512(8)   
  Zn1 – Sn2  2.7611(8)    Zn1 – Sn6  2.7258(8)   
  Sn1 – Sn2  3.0785(6)    Sn5 – Sn6  3.0723(6)   
  Sn1 – Sn3  2.9038(6)    Sn5 – Sn7  2.8964(6)   
  Sn1 – Sn4  2.9071(6)    Sn5 – Sn8  2.9033(6)   
  Sn2 – Sn3  2.9100(6)    Sn6 – Sn7  2.8998(6)   
  Sn2 – Sn4  2.8904(6)    Sn6 – Sn8  2.8827(6)   
  Sn3 – Sn4  2.9492(6)    Sn7 – Sn8  2.9402(6)   
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[K([2.2.2]crypt)]3[(η4‐Ge9)(ZnEt)]∙8 NH3 (3)  

 

Figure S3: Crystal structure of compound 3, view along [ 00]. All ellipsoids are shown at a 50 % probability level. Color code: 
Ge: blue; Zn: orange; K: purple; C: black. The clusters are shown as polyhedra. Ammonia molecules as well as protons are 
omitted, cryptand molecules are presented as wire/stick for clarity.  

 

Table S4: Selected bond lengths in 3.  

  Atoms  Bond lengths [Å]   Atoms  Bond lengths [Å]   
  Ge1‒Zn   2.6437(9)    Ge5‒Ge9  2.5813(8)   
  Ge2‒Zn   2.6001(8)    Ge6‒Ge9  2.6001(8)   
  Ge3‒Zn   2.5921(9)    Ge7‒Ge9  2.5645(8)   
  Ge4‒Zn   2.6105(8)    Ge8‒Ge9  2.5733(8)   
  Ge1‒Ge2   2.7643(8)    Ge5‒Ge6  2.8036(8)   
  Ge2‒Ge3   2.7962(8)    Ge6‒Ge7  2.8131(8)   
  Ge3‒Ge4   2.7868(8)    Ge7‒Ge8  2.8612(8)   
  Ge4‒Ge1   2.7493(8)    Ge8‒Ge5  2.8465(8)   
  Ge1‒Ge5   2.5590(7)    Ge3‒Ge7  2.5591(7)   
  Ge1‒Ge6   2.5717(7)    Ge3‒Ge8  2.5494(7)   
  Ge2‒Ge6   2.5692(7)    Ge4‒Ge5  2.5742(7)   
  Ge2‒Ge7   2.5478(7)    Ge4‒Ge8  2.5590(8)   
  Zn‒C1   2.015(5)    C1‒C2   1.515(7)   
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[K(18‐crown‐6)]2[(ZnPh2)2(µ2‐NH2)2]∙8 NH3 (4)  

 

Figure S4: Crystal structure of compound 4, view along [ 00]. All ellipsoids are shown at a 50 % probability level. Color code: 
N: green; Zn: orange; K: purple. Ammonia molecules as well as protons are omitted, crown ether molecules as well as phenyl 
groups are presented as wire/stick for clarity.  

 

Table S5: Selected bond lengths in 4 (Symmetry operation: i: ‐ (1‐x), (1‐y), (1‐z)).  

Atoms  Bond lengths [Å] 
Zn‒N  2.104(4) 
Zn‒Ni  2.045(4) 
Zn‒C13  2.046(4) 
Zn‒C19  2.034(4) 
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[K(18‐crown‐6)]2{[Zn(µ2‐NH2)4][(ZnEt)2(µ2‐NH2)2]2}∙5 NH3  (5)  

Figure S5: Molecular structure of the pentanuclear Zn complex 5a. All ellipsoids are shown at a 50 % probability level. Color 
code: Zn: orange; N: light blue; C: black; H: grey.  

 

Figure S6: Crystal structure of compound 5, view along [ 00]. All ellipsoids are shown at a 50 % probability level. Color code: 
N: green; Zn: orange; K: purple. Ammonia molecules as well as protons are omitted, crown ether molecules as well as ethyl 
groups are presented as wire/stick for clarity.  
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Table S6: Selected bond lengths in 5. 

  Atoms  Bond lengths [Å]    Atoms  Bond lengths [Å]   
  Zn1 – N1   2.0550(2)    Zn1 – N3  2.042(2)   
  Zn1 – N2   2.038(2)    Zn1 – N4  2.052(2)   
             
  Zn2 – N1  2.0649(2)    Zn4 – N3  2.081(2)   
  Zn2 – N5   2.060(2)    Zn4 – N7  2.080(2)   
  Zn2 – N6   2.089(2)    Zn4 – N8  2.075(2)   
  Zn3 – N2   2.077(2)    Zn5 – N4  2.063(2)   
  Zn3 – N5   2.075(2)    Zn5 – N7  2.0778(2)   
  Zn3 – N6   2.080(2)    Zn5 – N8  2.084(2)   
             
  Zn2 – C25   2.052(3)    C25 – C26  1.534(4)   
  Zn3 – C27   2.047(2)    C27 – C28  1.580(3)   
  Zn4 – C29   2.031(2)    C29 – C30  1.515(4)   
  Zn5 – C31  2.039(2)    C31 – C32  1.534(3)   
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[K0.8Rb0.2(18‐crown‐6)][ZnPh3] (6)  

 

Figure S7: Crystal structure of compound 6, view along [0 0]. All ellipsoids are shown at a 50 % probability level. Color code: 
Zn: orange; K/Rb: purple; C: black. Protons are omitted, crown ether molecules as well as phenyl groups are presented as 
wire/stick for clarity.  

 

Table S7: Selected bond lengths in 6.  

Atoms  Bond lengths [Å] 
Zn‒C13  2.013(1) 
Zn‒C19  2.018(2) 
Zn‒C25  2.030(8) 
C16‒C17  1.343(2) (shortest C‒C) 
C13‒C14  1.420(2) (longest C‒C) 
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[K(18‐crown‐6)][ZnMes3]∙NH3∙2 thf (7)  

 

 

 

Figure S8: Crystal structure of compound 7, view along [ 00]. All ellipsoids are shown at a 50 % probability level. Color code: 
Zn: orange; K: purple; C: black. Protons, NH3 as well as thf molecules are omitted, crown ether molecules as well as mesityl 
groups are presented as wire/stick for clarity.  

 

Table S8: Selected bond lengths in 7.  

Atoms  Bond lengths [Å] 
Zn‒C13  2.041(3) 
Zn‒C22  2.042(3) 
Zn‒C31  2.047(3) 
C33‒C34  1.382(4) (shortest C‒C) 
C25 C29  1.521(4) (longest C‒C) 
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[K(18‐crown‐6)][Cp*]∙2 NH3 (8)  

 

  

Figure S9: Molecular structure of 8a in a) side view and b) top view. All ellipsoids are shown at a 50 % probability level. C: 
black; K: purple; O: red. Ammonia molecules as well as protons are omitted.  

 

  

Figure S10: Crystal structure of compound 8, view along [100]. All ellipsoids are shown at a 50 % probability level. Color code: 
K: green; C: black; O: red; N blue. Protons are omitted for clarity.  
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Table S9: Selected bond lengths in 8. 

  Atoms Bond lengths [Å]   Atoms  Bond lengths [Å]   
  K‒O1  2.9647(10)    C13‒C14  1.415(2)   
  K‒O2  3.1146(11)    C14‒C15  1.415(2)   
  K‒O3  2.9132(12)    C15‒C16  1.407(2)   
  K‒O4  2.8872(11)    C16‒C17  1.413(2)   
  K‒O5  3.0673(11)    C17‒C13  1.412(2)   
  K‒O6  2.9768(11)    C13‒C18  1.505(2)   
  K‒C13  3.0278(13)    C14‒C19  1.506(2)   
  K‒C14  3.1194(13)    C15‒C20  1.507(2)   
  K‒C15  3.1531(13)    C16‒C21  1.506(2)   
  K‒C16  3.0744(14)    C17‒C22  1.504(2)   
  K‒C17  2.9941(14)         
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ESI‐MS spectra 

ESI‐MS  analyses  were  performed  on  a  Bruker  Daltronic  HCT  mass  spectrometer  (dry  gas 
temperature: 300 °C; injection speed: 240 µL/h), and the data evaluation was carried out using 
the Bruker Compass Data Analysis 4.0 SP 5 program (Bruker). Data evaluation was performed 
using OriginPro2016G (Origin Lab) and Excel 2016 (Microsoft). The sample preparation was as 
follows:  

Reaction for anion 1a: Onto a mixture of K4Ge4 (35 mg, 80 µmol, 1 eq.), ZnEt2 (160 µL, 160 
µmol,  2  eq.)  and  [2.2.2]crypt  (53.1  mg,  140  µmol,  1.8  eq.)  2  mL  of  liquid  ammonia  are 
condensed. 

Reaction for anion 3a: Onto a mixture of K4Ge9 (40 mg, 50 µmol, 1 eq.), ZnEt2 (100 µL, 100 
µmol,  2  eq.)  and  [2.2.2]crypt  (33.5  mg,  90  µmol,  1.8  eq.)  2  mL  of  liquid  ammonia  are 
condensed. 

After the addition of ammonia, the obtained dark red solutions were stirred at ‐78 °C for 4 h 
using a glass stirring bar and subsequently stored in a freezer at ‐40 °C for 2 weeks. Afterwards, 
the solvent was evaporated, the residue extracted with acetonitrile (1 mL), and the obtained 
solution  was  injected  into  the  measuring  device  after  filtration.  Due  to  slow  molecular 
dynamics at  ‐40 °C product formation  is a  long  lasting process and signal‐to‐noise ratios of 
such  ESI‐MS  measurements  are  usually  low.  However,  signals  at  m/z  802.0 
{[K([2.2.2]crypt)][Ge4(ZnEt)]}– (ionization product of 1a, negative‐ion mode, 2500 V, 300 °C) 
and m/z 746.2 for [Ge9(ZnEt)]– (3a, negative‐ion mode, 2500 V, 300 °C) could be detected and 
are in good accordance to the theoretical isotope distribution (black bars in Figures 1 and S11). 
Sn‐containing samples could not be measured due  to  their high  instability which  led  to an 
immediate metal mirror formation in the injection needle. 

 

 

Figure S11: ESI‐MS spectrum of [Ge9(ZnEt)]– (3a) in MeCN (negative‐ion mode, 2500 V, 300 °C) monitoring the molecule peak 
at m/z 746.2. The calculated pattern is presented as red bars. Due to the low concentration of 3a in the injected solution, the 
signal to noise ratio was low. 
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atoms in which the transition metals are encapsulated resembles an icosahedral atom 
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Filled trivacant icosahedra as building
fragments in 17-atom endohedral germanides
[TM2@Ge17]

n− (TM = Co, Ni)†

Christoph Wallach, Yasmin Selic, Benedikt J. L. Witzel, Wilhelm Klein and

Thomas F. Fässler *

The syntheses and the characterization of two 17-atom endohedral

Ge clusters, [Co2@Ge17]
6− (1a) and [Ni2@Ge17]

4− (2a), are reported.

The anions 1a and 2a, which close the gap between the known 16-

and 18-atom Ge clusters, are investigated by single crystal X-ray

diffraction and by quantum chemical calculations. The structures

mark a new example on the pathway for cluster growth towards

larger clusters with icosahedral symmetry. Furthermore, the

[Co@Ge10]
3− anion (3a) is obtained from liquid ammonia.

Bare tetrel element clusters endohedrally filled with transition
metals prompted the definition of intermetalloid clusters.1

Such clusters resemble atom arrangements occurring in inter-
metallic compounds and lie at the borderline of molecules
and solid state structures.1–5 In recent years several examples
of tetrel element-based structures have been reported, most
often obtained from homoatomic nine-atom clusters as start-
ing units. Even though endohedrally filled, nine-atom clusters
are scarcely known in the solid such as in K5CoSn9,

6,7

K13CoSn17, Na12Ni1−xSn17,
8 K12Pd1−xSn17, and K4RhPb9,

9 they
are generally obtained from solution by reacting bare tetrel
element clusters [E9]

4− (E = Ge, Sn, Pb) with transition metal
complexes. The smallest so prepared [TM@E9]

x− clusters com-
prise Ru,10,11 Co,11 Ni,12 or Cu13 atoms in a d10 electron con-
figuration with cluster charges between 6- and 3-. Impressive
examples of larger clusters such as [Rh3@Sn24]

5−,14

[Au8Pb33]
6−, [Au12Pb44]

8−,15 and [Au3Ge45]
8− (ref. 16) demon-

strate the possibility for a bottom-up synthesis.2,4,17 The
mechanism of cluster growth is still under debate, however, a
stepwise synthesis, in which a transition metal complex is
added to the Zintl cluster and the ligand is cleaved sub-
sequently, seems reasonable. This possible reaction path is
corroborated by the isolation of intermediates on the way

to binary Au–Pb clusters15 or to larger Ti–Sn clusters
such as [(η5-C5H5)2Ti(η

1-Sn9)]
2−, [(η5-C5H5)Ti(η

4-Sn8)]
3− and

[{(η5-C5H5)2Ti}2{(η
5-C5H5)Ti}Sn15]

n−.18 Furthermore, a cluster
growth through fragmentation is frequently observed resulting
in anions of the types [TM@En]

x− (n = 10, 11, 12) and
[TM2@Em]

x− (m = 16, 17, 18)2,4 with the known examples
[Co2@Ge16]

4−,19,20 [Fe2@Ge16]
4−,21 [Pd2@Ge18]

4−,22 and the
17-atom Sn cages containing Co,6,7 Ni,23 Rh,14 and Pt.24

Whereas many structures of dimeric 17-atom endohedral Sn
cluster have been reported, that support the step-wise cluster
growth mechanism, no Ge species comprising 17 Ge atoms has
been described. We carried out experiments from two different
starting points to achieve its synthesis. On the one hand we fol-
lowed the established procedure of the reaction of [Ge9]

4− with
Ni(cod)2 in ethylenediamine,12,25,26 on the other hand we
induced the fusion of pre-formed filled [Co@Ge9]

5− clusters11 in
liquid ammonia. The two approaches resulted in the first endo-
hedrally filled [TM2@Ge17]

n− anions [TM = Co (1a) and Ni (2a)
with n = 6 and 4, respectively]. Quantum chemical calculations
corroborate the experimentally obtained structures as energetic
minima.

A finely ground alloy of nominal composition “K5Co1.2Ge9”,
that according to Raman spectroscopy comprises filled clus-
ters,11 was dissolved in liquid ammonia in the presence of
[Cp2Ti(NH3)2]Cl(NH3). After several months black crystals of
[K([2.2.2]crypt)]2K4[Co2@Ge17]·15NH3 (1) were isolated from
the reaction mixture. Compound 1 crystallizes in the monocli-
nic space group P21/c and contains the doubly filled 17-vertex
atom polyanion [Co2@Ge17]

6− (1a). The structure of anion 1a

can be described as two fused distorted [CoGe9] entities
sharing one vertex atom (Ge9). The nine atom clusters corres-
pond to tri-capped trigonal prisms with two strongly elongated
prism heights (Ge5–Ge8, Ge6–Ge7 and Ge10–Ge13, Ge11–
Ge12) forming two rectangular faces (Ge5–Ge8 and Ge10–
Ge13) with a dihedral angle of 14.0° between the planes, that
are merged by the shared face-capping atom Ge9. Alternatively,
the anion can be viewed as two [Ge8] tubs (Ge1–Ge8 and Ge10–
Ge17) that align around a central Co–Ge–Co strand (Fig. 1a).

†Electronic supplementary information (ESI) available: Experimental details,
crystallographic data, ESI MS spectra, computational details. CCDC
2081217–2081219. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/d1dt03078g
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A similar coordination has been observed before for a [Sn8]
unit in [(η5-C5H5)Ti(η

4-Sn8)]
3− (Fig. 1c), and for isoelectronic

17-atom stannides with the incorporated transition metals
Ni23 and Rh.14 Furthermore, [Ge8] tubs are found in the β-
structure isomer of [Co2@Ge16]

4−,20 however, in this anion the
tubs are fused via a shared square plane instead of an inter-
connecting vertex atom. In all [E17] units the [E8] tubs are
rotated with respect to each other by approximately 90°.
Similar to the interatomic distances between the tetrel atom
and the transition metal in the known [TM2@Sn17]

n− entities,
in 1a the Co–Ge distances of the Co–Ge–Co strand are the
shortest with 2.1924(9) Å (Co1) and 2.1998(9) Å (Co2). Other
Ge–Co bond lengths range from 2.393(1) Å (Ge10–Co2) to
2.4618(9) Å (Ge3–Co1) and are slightly larger than those in
[Co@Ge9]

5− (ref. 11) and also than the sum of the covalent radii
of Ge and Co of 2.32 Å.27 Ge–Ge distances in 1a and the
volumes of the cluster halves are in accordance with the recently
reported Co-filled [Ge9] cage [Co@Ge9]

5− (Tables S2 and S4†).11

To verify the structure of anion 1a as the energetic
minimum (Table S7†), we performed quantum chemical calcu-
lations on a PBE0/def2-TZVP level of theory by using a
Conductor-like Screening Model (COSMO) with default
parameters.28–32 For the bare [Co2@Ge17]

6− anion the calcu-
lated structure shows S4 symmetry with a linear arrangement
of the Co–Ge–Co strand (Fig. S7†). However, when the non-
sequestered potassium ions are included with fixed positions,
an optimized structure with a Co–Ge–Co angle of 168.9° in
{K4[Co2@Ge17]}

2− is found, which is in good accordance with
the experimental data of 166.9° (Fig. 1b, Tables 1 and S4†).
The effect of the counter ions on the structure, and especially
the bending of the TM–E–TM dumbbell was recently examined
by Liu et al. for the [Rh2@Sn17]

6− anion (Rh–Sn–Rh =
163.9°).14

Unfortunately, no Ti-containing product could be identified
yet, thus leaving the mechanism of the formation of 1a

unclear. However, if just the precursor “K5Co1.2Ge9” is dis-
solved in liquid ammonia solely crystals containing the anion

[Co@Ge9]
5− are obtained.11 The reaction mixture from which

compound 1 was isolated also contained the ammoniate [K
(2.2.2-crypt)]3[Co@Ge10]·9NH3 (3) with the [Co@Ge10]

3− anion
(3a), which has been obtained before from ethylenediamine
solutions.33,34 Further details on compound 3 are included in
the ESI.†

The [Ni2@Ge17]
4− anion (2a, Fig. 2a) in [K([2.2.2]crypt)]4-

[Ni2@Ge17]·en (2) is formed upon the reaction of K4Ge9 with
Ni(cod)2 in en. Compound 2 crystallizes in the monoclinic
space group C2/c. The structure of the anion 2a deviates from
that of anion 1a because of a different position of the shared
Ge vertex atom (Ge5). In 2a it is located next to a twofold sym-
metry axis through the Ni atoms, thus causing a split into Ge5
and Ge5i (50% site occupation each). This feature was mani-
fested in repeated single crystal structure determinations of
crystals isolated from different experiments and persisted even

Fig. 1 (a) Structure of the [Co2@Ge17]
6− anion (1a) including coordinating non-sequestered K+ cations with emphasis on the arrangement of the

two [Ge8] tubs around a central, bent Co–Ge–Co strand; all ellipsoids are presented at a 50% probability level; (b) DFT-optimized structure

of the {K4[Co2@Ge17]}
2− anion based on the single crystal structure data; trigonal prismatic bases are indicated as red dashed lines. (c) Structure of

[(η5-C5H5)Ti(η
4-Sn8)]

3− containing a corresponding [Sn8] tub coordinated to a Ti(C5H5) moiety.18

Table 1 Comparison of angles TM–E–TM, interatomic distances and

dihedral angles between the rectangular planes in the anions 1a and 2a

and in other 17-atom filled cages reported in the literature. The initial

structures used for the optimization are given in brackets

∢ (TM–E–TM)/°

Distance of
central cage-
connecting
atom to atoms of
the rectangular
plane/Å

Dihedral
angle
between
rectangular
planes/°

1a [Co2@Ge17]
6− 166.9(1) 2.8983(9)–2.9763(9) 14.0

1a optimized
([Co2@Ge17]

6−)
180 2.804–2.812 0.0

1a optimized
({K4[Co2@Ge17]}

2−)
168.9 2.8885–2.9150 11.7

2a [Ni2@Ge17]
4− 148.8(2) 2.484(5)–3.422(2) 0.0

2a optimized
([Ni2@Ge17]

4−)
146.5 2.7018–3.8457 14.7

[Ni2@Sn17]
4− (ref. 23) 180 3.1177(3)–3.1364(3) 0.0

[Rh2@Sn17]
6− (ref. 14) 163.9 2.9333(5)–3.2486(5) 13.9
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upon varying the temperature during data collection (120 K
and 150 K). The split position, which persists also when the
structure is refined in the non-centrosymmetric space group
Cc, leads to two different coordination polyhedra of the Ni
atoms. Two sets of symmetry equivalent Ge6 to Ge9 atoms
together with Ge5 form a polyhedron that derives from a tri-
capped trigonal prismatic Ge9 cluster in which one capping
atom Ge5 has longer distances to two of the Ge atoms [2.993
(1) Å (Ge5–Ge6) and 3.224(2) Å (Ge5–Ge7i)]. Furthermore, Ge5
completes the atoms Ge1 to Ge4 forming a [Ge8] tub (as
observed in 1a) to a trivacant icosahedron mer-vIC-9 corres-
ponding to a hypho-icosahedron according to the nomencla-
ture of Alvarez (Fig. 2c).35

The single crystal data of 2 were used for the optimization
of the structure of the anion. For the initial structure the split
position was deleted, and Ge5 was set in an ideal center
forming a linear Ni–Ge–Ni unit. However, in the optimized
structure Ge5 is deflected from its initial position featuring a
comparable orientation as observed in the experiment
(Fig. 2b). The calculated interatomic distances Ge–Ge and Ni–
Ge range from 2.567 Å to 2.938 Å and 2.205 Å to 2.461 Å,
respectively, and are in accordance with those in the experi-
mentally determined structure (Table S4†). The Ni–Ge5–Ni
angle of 148.8° (calculated: 146.5°) deviates significantly from
the linear Ni–Sn–Ni arrangement in the isoelectronic
[Ni2@Sn17]

4− anion (Table 1).23 The volumes of the two cluster
halves are almost identical and comparable to the volumes in
anion 1a (Table S4†). However, in the calculated structure the
formerly coplanar surfaces Ge3–Ge4 and Ge6–Ge7 are tilted
towards each other with a dihedral angle of 14.7°. To verify Ge
as the element connecting the [Ge8] tubs, we also optimized
the theoretical structure of [Ni3@Ge16]

4− using the crystal
structure data of 2a and replacing Ge5 by Ni. The so obtained
optimized structure shows no similarity to anion 2a, thus indi-
cating Ge (rather than Ni) at the respective position in the
anion structure (Fig. S8†), which is in congruence with ESI MS
measurements.

Anion 2a was detected in the solid precipitate as well as in
the filtered reaction solution in ESI MS measurements at m/z
1352.5 ([Ni2@Ge17]

−) and m/z 1767.8 ([K([2.2.2]
crypt)][Ni2@Ge17]

−), as shown in Fig. 3. Further signals at m/z
1410.5, m/z 1482.4, m/z 1825.7, and m/z 1899.6 were observed,
which fit the masses of the anions [Ni3@Ge17]

−, [Ni3@Ge18]
−

(known species),36 [K([2.2.2]crypt)][Ni3@Ge17]
−, and [K([2.2.2]

crypt)][Ni3@Ge18]
−, respectively (Fig. S4†).

Although the appearance of various anions in the ESI MS
experiment could result from the ionization process, it might
also account for the presence of an equilibrium in the reaction
solution. Furthermore, at m/z 843.1 a signal is observed which
might originate from a reaction of a nine-atom cluster with a
single Ge atom after its split from another [Ge9] cluster during

Fig. 2 (a) Structure of the [Ni2@Ge17]
4− anion (2a) showing the trivacant icosahedron (Ge1–Ge5) as well as the coordinating [Ge8] tub (Ge6–Ge9);

symmetry operation (i): 1 − x, y, 0.5 − z; all ellipsoids are presented at a 50% probability level; (b) DFT-optimized structure of the [Ni2@Ge17]
4− anion

based on the single crystal structure data; trigonal prismatic bases are indicated as dashed red lines; (c) schematic representation of a trivacant ico-

sahedron mer-vIC-9 resembling the orientation of the vertices Ge1–Ge5 in the anion 2a. The vacant positions of the icosahedron are indicated by

dashed lines.35

Fig. 3 Selected areas of ESI MS spectra of the anion 2a (dimethyl-

formamide, negative-ion mode, 2000 V, 300 °C); (a) molecule peak of

[Ni2@Ge17]
− (2a) at m/z 1352.5; (b) molecule peak of [K([2.2.2]

crypt)][Ni2@Ge17]
− at m/z 1767.8. Calculated isotope patterns are pre-

sented as black bars.
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the formation of [Ni2@Ge17]
4− (Fig. 4 and S5†). It was

described earlier, that a larger Ni(cod)2 excess leads to high
yields of [Ni3@Ge18]

4− ions with significant structural differ-
ences compared to the anion 2a (Fig. 4 and S2†).36 However,
since the former anion was also detected in the precipitate of
the reaction yielding 2a by ESI MS measurements, the exact
impact of the stoichiometry is not yet clear (Fig. S4†).

Within this work we describe the synthesis and characteriz-
ation of two 17-atom Co- and Ni-filled Ge cluster dimers,
thereby closing the gap between the 16- and 18-atom endohe-
dral Ge clusters. Quantum chemical calculations confirm the
experimentally determined structures as true local minima.
Furthermore, the choice of the transition metal seems to be a
decisive factor for the formation of either more spherical
[TM@Ge9]

n− clusters as observed in 1a or of a less symmetrical
arrangement of Ge atoms as observed in 2a, which is the basis
for ongoing experiments in our laboratories.
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1. Experimental details 

 

General 

All experiments were carried out under oxygen-free, dry conditions using standard glove box and 

Schlenk line techniques. Glassware was dried prior to use by heating it in vacuo. The solid-state phase 

K4Ge9 is prepared by fusion of stoichiometric amounts of the elements in a stainless-steel autoclave at 

650 °C. The phase of nominal composition “K5Co1.2Ge9”1 and the titanyl complex [Cp2Ti(NH3)2]Cl(NH3)2 

are prepared according to the literature. Ni(cod)2 (Sigma Aldrich, stored at -30 °C under Ar) is used 

without further purification. Liquid ammonia was dried over sodium metal, and [2.2.2]crypt (Merck) was 

dried overnight applying dynamic vacuum before usage. Ethylenediamine (en) was dried over CaH2 at 

120 °C for two days prior to distillation, toluene was obtained from an MBraun Grubbs apparatus and 

stored over molecular sieve. 

 

ESI MS analysis 

ESI MS analyses were performed on a Bruker Daltronic HCT mass spectrometer (dry gas temperature: 

300 °C; injection speed: 300 µL/h), and the data evaluation was carried out using the Bruker Compass 

Data Analysis 4.0 SP 5 program (Bruker). Spectra were plotted using OriginPro2016G (Origin Lab) and 

Excel 2016 (Microsoft).  

 

EDX analysis  

EDX measurements were performed using a Hitachi TM-1000 tabletop spectroscope. Data evaluation 

was performed using the SWIFT-ED-TM program (Oxford Instruments). 

 

Single crystal structure determination  

Air- and moisture-sensitive crystals of 1 and 3 were transferred from the mother liquor into cooled 

perfluoroalkyl ether oil and isolated from polycrystalline material under a cooled stream of nitrogen.3 

Crystals of 2 were selected under a microscope in the glove box. For diffraction data collection, the 

single crystals were mounted on a glass capillary and positioned in a 150 K cold N2 gas stream. Data 

collection was performed with a STOE StadiVari diffractometer (Mo Kα radiation) equipped with a 

DECTRIS PILATUS 300K detector. Structures were solved by Direct Methods (SHELXS-97) and refined 

by full-matrix least-squares calculations against F2 (SHELXL-2014 or SHELXL-2018).4 The hydrogen 

atoms were positioned in calculated positions and refined using a riding model. Unless stated otherwise, 

all non-hydrogen atoms were treated with anisotropic displacement parameters. Cluster volumes were 

calculated using VESTA.5 Further details of the crystal structure investigations may be obtained from 

the joint CCDC/FIZ Karlsruhe online deposition service: https://www.ccdc.cam.ac.uk/structures/? by 

quoting the depository numbers CCDC-2081217 (1), CCDC-2081218 (2), and CCDC-2081219 (3). The 

crystallographic data for compounds 1 - 3 are summarized in Table S1.  
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Quantum chemical calculations 

Quantum chemical calculations were performed with the TURBOMOLE program package,6 using the 

PBE0 hybrid density functional method7, 8 and polarized triple-ζ-valence Karlsruhe basis sets (DFT-

PBE0/TZVP with def2-TZVP on Ge and Ni/Co).9 Multipole-accelerated resolution-of-the-identity 

technique was used to speed up the calculations.10-12 m4 integration grid was applied for the numerical 

integration of the exchange-correlation functional. As initial structures the data of the crystal structure 

determinations of compounds 1a and 2a were used. The structures were optimized without any 

symmetry constraints. A COSMO solvent field was applied to counter the anionic charge.13 

 

Synthesis of compounds 1 – 3 

[K([2.2.2]crypt)]2K4[Co2@Ge17] ∙ 15 NH3 (1) 

“K5Co1.2Ge9” (100 mg, 0.113 mmol, 1 equiv.), [Cp2Ti(NH3)2]Cl(NH3) (28 mg, 0.113 mmol, 1 equiv.) and 

[2.2.2]crypt (76.8 mg, 0.204 mmol, 1.8 equiv.) were weighed into a Schlenk tube. Subsequently liquid 

ammonia (5 mL) was condensed onto the solid mixture leading to the formation of a deep red solution. 

A black crystal suitable for single crystal X-ray diffraction could be isolated after 6 months. 

 

[K([2.2.2]crypt)]4[Ni2@Ge17] ∙ en (2) 

The synthesis generally followed the method applied by Sevov and co-workers for the synthesis of the 

cluster unit [Ni3@Ge18]4-.14 

K4Ge9 (121.6 mg, 150.1 mmol, 1 equiv.), Ni(cod)2 (90.8 mg, 330.1 mmol 2.2 equiv.) and [2.2.2]crypt 

(169.4 mg, 450.0 mmol, 3 equiv.) were weighted into a Schlenk tube, and en (2.5 mL) was added via a 

syringe. After stirring the reaction for 2 h, the dark suspension was filtered over a glass filter-packed 

pipette, and the resulting filtrate was carefully layered with toluene (2 mL). After two month of 

crystallization time, small amounts of brown, block-shaped single crystals were collected (crystalline 

yield approximately 5 % based on the [Ge9] precursor). 

ESI MS: m/z 1352.5 for [Ni2@Ge17]– and m/z 1767.8 for [K([2.2.2]crypt)][Ni2@Ge17]–. EDX: K, Ni, Ge 

(qualitative). 

 

[K(2.2.2-crypt)]3[Co@Ge10] ∙ 9 NH3 (3) 

A black crystal of 3 suitable for single crystal X-ray diffraction was isolated after 5 months from the same 

reaction solution from which [K([2.2.2]crypt)]2K4[Co2@Ge17] ∙ 15 NH3 (1) was isolated one month later. 

Since crystals can only be isolated from liquid ammonia one after another it is not entirely clear if the 

10-atom cluster formed simultaneously with anion 1a or if 1a formed due to opening the reaction flask. 
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2. Crystallographic details 

 

Table S1. Crystallographic data of compounds 1 – 3. 

Compound 1  2 3 

formula K6N19O12C36H117Co2Ge17 K4N10O24C74H152Ni2Ge17 K3N15O18C54H134CoGe10 

fw  / gꞏmol−1 2594.97 3073.9 2184.89 

space group P21/c C2/c P1 

a / Å 19.6865(6) 27.8606(5) 12.414(2) 

b / Å 32.1696(10) 16.5164(2) 16.140(2) 

c / Å 15.3982(4) 27.9518(4) 25.212(3) 

α / deg 90 90 72.851(9) 

β / deg 110.634(2) 117.468(1) 89.887(9) 

γ / deg 90 90 70.505(9) 

V / Å3 9126.2(5) 11412.2(3) 4524.1(9) 

Z 4 4 2 

T / K 150 150(2) 150(2) 

λ / Å 0.71073 0.71073 0.71073 

ρcalcd /gꞏcm−3 1.889 1.789 1.604 

μ /mm−1 6.181 4.932 3.649 

collected reflections 277912 155284 15796 

indep. reflections 17914 11191 13148 

Rint / Rδ 0.1763/0.0555 0.0487/0.0183 0.0965/0.1500 

parameters / restraints 834/6 614/19 910/104 

R1 [I > 2 σ(I) / all data] 0.0472/0.0683 0.0714/0.0873 0.0757/ 0.1618 

wR2 [I > 2 σ(I) / all data] 0.1053/0.1142 0.1525/0.1648 0.1682/0.2110 

goodness of fit 1.028 1.071 0.902 

max./min. diff. el. density /  

eꞏÅ−3 
1.553/-1.455 4.568/-3.875 1.280/-1.651 

CCDC  2081217  2081218  2081219  
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[K([2.2.2]crypt)]2K4[Co2@Ge17] ∙ 15 NH3 (1) 

 

Table S2. Selected interatomic distances and angles in anion 1a. 

Atoms distance / Å  atoms distance / Å 

Ge1-Ge2 2.6374(9) Ge1-Co1 2.4317(9) 
Ge1-Ge3 2.8083(9) Ge2-Co1 2.4421(9) 
Ge1-Ge4 2.6244(9) Ge3-Co1 2.4618(9) 
Ge1-Ge5 2.9199(9) Ge4-Co1 2.4484(9) 
Ge1-Ge6 2.8851(9) Ge5-Co1 2.4021(10) 
Ge2-Ge3 2.6682(9) Ge6-Co1 2.3940(9) 
Ge2-Ge6 2.7221(9) Ge7-Co1 2.4167(10) 
Ge2-Ge7 2.6768(9) Ge8-Co1 2.3934(9) 
Ge3-Ge4 2.6963(10) Ge9-Co1 2.1924(9) 
Ge3-Ge7 2.7359(9) Ge9-Co2 2.1998(9) 
Ge3-Ge8 2.7664(10) Ge10-Co2 2.3927(10) 
Ge4-Ge5 2.7229(9) Ge11-Co2 2.4041(9) 
Ge4-Ge8 2.6719(10) Ge12-Co2 2.4184(10) 
Ge5-Ge6 2.6099(9) Ge13-Co2 2.3932(9) 
Ge5 Ge9  2.9316(9) Ge14-Co2 2.4528(10) 
Ge6-Ge9 2.8983(9) Ge15-Co2 2.4481(9) 
Ge7-Ge8 2.6264(9) Ge16-Co2 2.4412(9) 
Ge7-Ge9 2.9589(9) Ge17-Co2 2.4385(10) 
Ge8-Ge9 2.9763(9)   
Ge9-Ge10 2.9301(9)   
Ge9-Ge11 2.9376(9)   
Ge9-Ge12 2.9303(9)   
Ge9-Ge13 2.9056(9)   
Ge10-Ge11 2.6510(9)   
Ge10-Ge14 2.7027(9)   
Ge10-Ge15 2.7903(9)   
Ge11-Ge17 2.6637(9)   
Ge12-Ge13 2.6061(9) atoms angle / deg 
Ge12-Ge17 2.6638(9) Co1-Ge9-Co2  166.9(1) 
Ge13-Ge14 2.7351(10)   
Ge13-Ge16 2.8129(9)   
Ge14-Ge15 2.6567(10)   
Ge14-Ge16 2.6609(10)   
Ge15-Ge16 2.7542(9)   
Ge15-Ge17 2.7170(10)   
Ge16-Ge17 2.6751(9)   
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[K([2.2.2]crypt)]4[Ni2@Ge17] ∙ en (2) 

Atoms Ge5, C38 and N6 were refined using an ISOR (0.01) command; the distance between C38 and 

N6 was restrained with a DFIX (1.5) command. 

The high maximum and minimum difference electron density is mainly located in close distance around 

Ge5 indicating a more complex disorder than described by the present refinement. However, a 

refinement with the Ge5 atom at more than the given split positions was not successful. A refinement 

with other elements than Ge (e.g. Ni) on position Ge5 resulted in worse reliability factors.  

 

Table S3. Selected interatomic distances and angles in 2a. Symmetry operation (i): 1-x, y, 0.5-z.  

atoms distance / Å atoms distance / Å 

Ge1-Ge2 2.683(1) Ge1-Ni1 2.433(1) 
Ge1-Ge2i 2.676(1) Ge2-Ni1 2.462(1) 
Ge1-Ge3 2.869(1) Ge3-Ni1 2.411(1) 
Ge1-Ge4 2.825(1) Ge4-Ni1 2.422(1) 
Ge1-Ge1i 2.713 (2) Ge5-Ni1 2.236(3) 
Ge1-Ge2i 2.676(1) Ge5-Ni2 2.144(3) 
Ge1i-Ge2 2.676(1) Ge6-Ni2 2.390(1) 
Ge1i-Ge2i 2.683(1) Ge7-Ni2 2.390(1) 
Ge1i-Ge3i 2.869(1) Ge8-Ni2 2.435(1) 
Ge1i-Ge4i 2.825(1) Ge9-Ni2 2.394(1) 
Ge2-Ge3 2.667(1) Ni1-Ni2 4.215(2) 
Ge2-Ge4i 2.725(1)   
Ge2i-Ge4 2.725(1)   
Ge2i-Ge3i 2.667(1)   
Ge3-Ge4 2.622(1)   
Ge3-Ge5i 2.735(5)   
Ge3i-Ge5 2.735(5)   
Ge3i-Ge4i 2.622(1)   
Ge4-Ge5i 2.501(4)   
Ge4i-Ge5 2.501(4)   
Ge5-Ge7 2.415(4)   
Ge5-Ge6i 2.799(6)   
Ge5i-Ge6 2.903(6)   
Ge5i-Ge7i 2.411(4)   
Ge6-Ge7 2.589(1)   
Ge6-Ge8 2.657(1) atoms angle / deg 
Ge6-Ge9 2.896(1) Ni1-Ge5-Ni2 148.4(1) 
Ge6i-Ge7i 2.589(1) Ni1-Ge5i-Ni2 148.4(1) 
Ge6i-Ge8i 2.657(1)   
Ge6i-Ge9i 2.896(1)   
Ge7-Ge8i 2.706(2)   
Ge7i-Ge8 2.706(2)   
Ge7i-Ge9i 2.833(2)   
Ge8-Ge9 2.696(2)   
Ge8-Ge9i 2.681(1)   
Ge8i-Ge9 2.681(1)   
Ge8i-Ge9i 2.696(2)   
Ge9-Ge9i 2.704(2)   
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Figure S1. Different views of anion 2a. a) Emphasis on the [Ge8] tubs forming the cluster and representation of the 
split position of Ge5 (site occupation factor of 0.5 each). b) Structure of anion 2a emphasizing the single split 
positions. All atoms are represented with anisotropic displacement parameters at a 50 % probability level. Symmetry 
operation (i): 1-x, y, 0.5-z. 
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The novel cluster 2a and the reported anion [Ni3@Ge18]4- 14 show building principles similar to a C4v 

symmetric [Ge9] cluster (Figure S2).15 However, the vertex atoms are dislocated from their original 

positions, which is caused by the incorporated Ni atoms resulting in elongated Ge-Ge distances. The 

longest distance between Ge atoms in the bare [Ge9] cage (characterized from solid state) can be found 

between Ge5A-Ge6A with 2.88 Å15 which is significantly shorter than the distances Ge6i-Ge7 (3.89 Å) in 

[Ni2@Ge17]4- or Ge5B-Ge6B (3.66 Å) in [Ni3@Ge18]4-.15 Figure S2 gives a comparison of the different 

structural motifs. The most prominent difference between [Ge9]4-, 2a and [Ni3@Ge18]4- is that in the latter 

ion one Ge atom (drawn in yellow) is tilted out of the former pseudo square plane. This observation can 

be evaluated by measuring the dihedral angles of the plane which are ωGe1A-Ge2A-Ge3A-Ge4A = 1.8°  

([Ge9]4-); ωGe5i-Ge7i-Ge6-Ge8 = 1.7° (2a); ωGe1B-Ge2B-Ge3B-Ge4B = 44.0° ([Ni3@Ge18]4-).  

 

Figure S2. Representation of structural similarities and differences between a) [Ge9]4-,[15] b) the novel cluster 2a 
([Ni2@Ge17]4-) and c) the known anion [Ni3@Ge18]4- [14] with respect to the position of one vertex atom (with yellow 
color) of the pseudo square plane in [Ge9]. Symmetry operation (i): 1-x, y, 0.5-z. 
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Table S4. Summary of interatomic distances, angles and cluster volumes in the anions 1a and 2a in comparison 
to literature data. 

 

  

 d(E–E) / Å d(TM–E) / Å 
∢ (TM–E–TM) 

/ deg 

dihedral angle of 
rectangular 
planes / deg 

volume / Å3 

1a [Co2@Ge17]6–  
2.606(1) – 
2.938(1) 

2.192(1) – 
2.462(1) 

166.9(1) 14.0 
26.68/ 
26.82 

1a optimized 
(K4[Co2@Ge17]2–) 

2.631 – 
2.938 

2.184 – 
2.446 

168.9 11.7 
26.35/ 
26.34 

2a [Ni2@Ge17]4–  
2.415(4) – 
2.903(6) 

2.144(3) – 
2.462(1) 

148.4(1) 0.0 
26.71/ 
25.86 

2a optimized 
([Ni2@Ge17]4–) 

2.567 – 
2.938 

2.205 – 
2.461 

146.5 14.7 
26.75/ 
26.69 

[Co@Ge9]5– 1 
2.683 – 
2.811 

2.331 – 
2.374 

– – 26.40 

[Ni@Ge9]3– 16  
2.558 – 
2.876 

2.254 – 
2.410 

– – 
25.17/ 
25.67 

[Ni2@Sn17]4– 17 
2.971 – 
3.209 

2.382 – 
2.740 

180 0.0 – 

[Rh2@Sn17]6– 18 
2.933 – 
3.247 

2.498 – 
2.761 

163.9 13.9 – 
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[K(2.2.2-crypt)]3[Co@Ge10] ∙ 9 NH3 (3)  

Compound 3, [K(2.2.2-crypt)]3[Co@Ge10] ∙ 9 NH3, was isolated from the same reaction solution anion 

1a has been obtained from before. The anion features the pentagonal prismatic ion [Co@Ge10]3– (3a) 

which has been obtained previously from reactions in en solutions.19, 20 

 

Figure S1. Structure of anion 3a featuring D5h symmetry. All ellipsoids are presented at a 50 % probability level. b) 
Structure of the anion [Ge10]2– with D4d symmetry.[21,22] c) Structure of the anion [Ni@Pb10]2– with D4d symmetry.[23] 

 

 

The formation of a pentagonal prism for the Co-filled anion is rather unexpected, as both the 

empty [Ge10]2– 21, 22 as well as the corresponding Ni-filled Pb23 cluster feature deltahedral closo-

clusters, i.e. doubly capped square antiprisms with D4d symmetry (Figures S3b and c). 

Theoretical considerations revealed that a size effect has to be taken into account as a possible 

reason for the formation of the pentagonal prism around the larger Co– anion as compared to 

the smaller Ni0 atoms or even unoccupied voids.24 As the h/e ratio (h: height of prism; e: lengths 

of edges of the pentagonal surfaces) is close to 1, a polyhedron with D5h symmetry results. 

 

Table S5. Summary of interatomic distances in 3a, the previously published [Co@Ge10]3– anions[21]  and the empty 
anion [Ge10]2–.[19,20] 

 
d(Ge–Ge)edge / 

Å 

d(Ge–Ge)height  

/ Å 

d(Co–Ge)  

/ Å 

volume  

/ Å 
hmax/emin symmetry 

3a [Co@Ge10]3– 
2.501(2) – 

2.538(2) 

2.583(2) – 

2.621(2) 

2.494(2) –

2.516(2) 
28.58 1.05 D5h 

[Co@Ge10]3– 19 2.502 – 2.527 
2.600 –  

2.622 
2.479 – 2.525 28.55 1.05 D5h 

[Co@Ge10]3– 20 2.508 – 2.530 
2.596 –  

2.609 
2.488 – 2.514 28.45 1.04 D5h 

[Ge10]2– 21 2.543 – 2.822 – – 26.95 – D4d 
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Table S6. Selected interatomic distances in 3a. 

atoms distance / Å atoms distance / Å 

Ge1-Ge2 2.511(2) Ge1-Co 2.511(2) 
Ge1-Ge5 2.538(2) Ge2-Co 2.503(2) 
Ge1-Ge6 2.593(2) Ge3-Co 2.494(2) 
Ge2-Ge3 2.536(2) Ge4-Co 2.501(2) 
Ge2-Ge7 2.605(2) Ge5-Co 2.512(2) 
Ge3-Ge4 2.518(2) Ge6-Co 2.509(2) 
Ge3-Ge8 2.611(2) Ge7-Co 2.516(2) 
Ge4-Ge5 2.523(2) Ge8-Co 2.512(2) 
Ge4-Ge9 2.621(2) Ge9-Co 2.507(2) 
Ge5-Ge10 2.583(2) Ge10-Co 2.512(2) 
Ge6-Ge7 2.513(2)   
Ge6-Ge10 2.516(2)   
Ge7-Ge8 2.520(2)   
Ge8-Ge9 2.523(2)   
Ge9-Ge10 2.501(2)   
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3. ESI MS sample preparation and spectra of 2a 

ESI MS spectra of the reaction mixture were performed from (A) the solid precipitate and (B) the reaction 

solution after two months (Figure S4). 

A: The supernatant solution was removed using a syringe, and the remaining dark precipitate was 

subsequently dissolved in dmf, filtered through a syringe filter and injected into the ESI MS. 

B: An aliquot of the reaction solution (en) was diluted with dmf, filtered through a syringe filter and 

injected into the ESI MS. 

 

Figure S2. A: ESI MS spectrum of the precipitate of the reaction of K4Ge9, Ni(cod)2 and [2.2.2]crypt recorded in 
dmf (negative ion mode, 2000V, 300 °C); B: ESI MS spectrum of the reaction solution of the reaction of K4Ge9, 
Ni(cod)2 and [2.2.2]crypt recorded in dmf (negative ion mode, 2000V, 300 °C). The following molecule peaks are 
monitored: a) [Ni2@Ge17]- (m/z 1352.5), b) [Ni3@Ge17]- (m/z 1410.3), c) [Ni3@Ge18]- (m/z 1482.4), d) 
[K([2.2.2]crypt)][Ni2@Ge17]- (m/z 1767.8), e) [K([2.2.2]crypt)][Ni3@Ge17]- (m/z 1825.5), and f) 
[K([2.2.2]crypt)][Ni3@Ge18]- (m/z 1899.4). Calculated isotope patterns are presented as black bars. 
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Figure S5. A: ESI MS spectrum of the precipitate of the reaction of K4Ge9, Ni(cod)2 and [2.2.2]crypt recorded in 
dmf (negative ion mode, 2000V, 300 °C); a) - f) see Figure S4; g) K3[Ge10]- (m/z 843.1). Calculated isotope pattern 
is presented as black bars.  
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4. EDX analysis 

 

 

Figure S6. Qualitative EDX spectra of compound 2. The red and blue lines resemble two point measurements at 
different crystal sites. 

 

Single crystals of 2 were isolated from a heterogeneous/amorphous precipitate, thus hampering a 

quantitative EDX analysis. For compounds 1 and 3, which were obtained from reactions in liquid 

ammonia, EDX measurements were not possible.  
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5. Computational details 

 

Table S7. Summarized results of the structure optimization based on the single crystal diffraction data. 

initial structure 
optimized 
symmetry 

 

total 
molecular 

energy / eV 

HOMO-
LUMO 

gap / eV 

TM-Ge-TM 
(optimized) 

/ deg 

TM-Ge-TM 
(experimental) 

/ deg 

MO 
number 

electrons 
(total) 

lowest 
vibration 

frequency 
/ cm-1 

[Co2@Ge17]6-  s4 -1035966.5 2.95770 180.00 166.79 906 604 15.60 

K4[Co2@Ge17]2- d2d -1101243.8 2.83937 168.86 166.79 1038 676 21.00 

[Ni2@Ge17]4-  c1 -1042795.9 2.85455 146.51 148.34 906 604 19.99 

 

 

 

 

 

 

Figure S7. DFT-optimized structure of the anion [Co2@Ge17]6- with a linear arrangement of the strand Co-Ge-Co 
caused by the neglect of K+ cations. 
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Additional DFT calculations were carried out to investigate the character of the element connecting the 

[Ge8] tubs in 2a. Based on the results of the single crystal structure data of anion 2a, the atom Ge5 was 

substituted by Ni, and the fourfold negative charge was kept. The structure refinement revealed a fused 

structure not congruent to the initial crystal structure data corroborating the interconnecting atom to be 

Ge (rather than Ni). 

 

Figure S8. DFT-optimization for the theoretical anion [Ni3@Ge16]4-. a) Initial structure with substitution of the cage-
connecting atom Ge5 by Ni (derived from the single crystal structure data of anion 2a); b) optimized structure of the 
theoretical anion [Ni3@Ge16]4-. 
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Atomic coordinates and vibrational data 

 

[Co2@Ge17]6- 

atomic coordinates 

Ge 1.3560329 -0.0065502 4.1144867 

Ge -0.0033006 2.1565276 3.2407876 

Ge -1.3560329 0.0065502 4.1144867 

Ge 0.0033006 -2.1565276 3.2407876 

Ge 1.9151593 -1.3239414 1.5770737 

Ge 1.9311641 1.2776155 1.5819224 

Ge -1.9151593 1.3239414 1.5770737 

Ge -1.9311641 -1.2776155 1.5819224 

Ge -0.0000000 0.0000000 0.0000000 

Ge -1.2776155 1.9311641 -1.5819224 

Ge 1.3239414 1.9151593 -1.5770737 

Ge 1.2776155 -1.9311641 -1.5819224 

Ge -1.3239414 -1.9151593 -1.5770737 

Ge -2.1565276 -0.0033006 -3.2407876 

Ge 0.0065502 1.3560329 -4.1144867 

Ge -0.0065502 -1.3560329 -4.1144867 

Ge 2.1565276 0.0033006 -3.2407876 

Co 0.0000000 0.0000000 2.1571425 

Co 0.0000000 -0.0000000 -2.1571425 

 

Vibrational spectrum 

mode symmetry wave number IR intensity selection rules 
 

 
cm-1 kJ/mol IR RAMAN 

1 
 

-0.00 0.00000 - - 

2 
 

-0.00 0.00000 - - 

3 
 

0.00 0.00000 - - 

4 
 

0.00 0.00000 - - 

5 
 

0.00 0.00000 - - 

6 
 

0.00 0.00000 - - 

7 e 15.60 0.09165 YES YES 

8 e 15.60 0.09165 YES YES 

9 b 39.38 0.07528 YES YES 

10 e 46.44 0.10409 YES YES 

11 e 46.44 0.10409 YES YES 

12 a 69.87 0.00000 NO YES 

13 e 74.44 0.52083 YES YES 

14 e 74.44 0.52083 YES YES 
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15 a 79.90 0.00000 NO YES 

16 b 89.72 0.04484 YES YES 

17 b 92.77 0.55718 YES YES 

18 e 94.13 0.03654 YES YES 

19 e 94.13 0.03654 YES YES 

20 a 103.01 0.00000 NO YES 

21 a 106.89 0.00000 NO YES 

22 e 108.44 0.62780 YES YES 

23 e 108.44 0.62780 YES YES 

24 b 116.51 0.20393 YES YES 

25 a 117.16 0.00000 NO YES 

26 b 120.38 2.89831 YES YES 

27 a 130.90 0.00000 NO YES 

28 b 132.78 0.60244 YES YES 

29 e 134.53 0.00145 YES YES 

30 e 134.53 0.00145 YES YES 

31 a 140.08 0.00000 NO YES 

32 b 140.53 0.19622 YES YES 

33 e 146.45 1.52459 YES YES 

34 e 146.45 1.52459 YES YES 

35 e 156.64 11.52067 YES YES 

36 e 156.64 11.52067 YES YES 

37 b 169.46 38.75330 YES YES 

38 e 172.09 14.52318 YES YES 

39 e 172.09 14.52318 YES YES 

40 b 196.97 0.16824 YES YES 

41 a 197.63 0.00000 NO YES 

42 e 200.39 2.23392 YES YES 

43 e 200.39 2.23392 YES YES 

44 a 201.79 0.00000 NO YES 

45 b 208.70 2.26865 YES YES 

46 e 213.54 1.84934 YES YES 

47 e 213.54 1.84934 YES YES 

48 a 215.36 0.00000 NO YES 

49 b 227.57 1.99460 YES YES 

50 a 230.09 0.00000 NO YES 

51 b 270.72 2.54305 YES YES 

52 e 314.98 18.18693 YES YES 

53 e 314.98 18.18693 YES YES 

54 e 361.12 47.18061 YES YES 

55 e 361.12 47.18061 YES YES 
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56 a 385.67 0.00000 NO YES 

57 b 469.37 210.07783 YES YES 

 

K4[Co2@Ge17]2- 

atomic coordinates 

Ge -4.1476467 1.1478481 -1.1047862 

Ge -3.7933833 -1.3499229 -0.3649102 

Ge -3.3706738 -0.7446066 -2.9360878 

Ge -2.3011043 1.7170288 -2.8905459 

Ge -1.5589924 2.3185322 -0.3637549 

Ge -2.4855640 0.4455914 1.1855808 

Ge -1.5362855 -2.2340971 -1.4746022 

Ge -0.6224152 -0.3491917 -3.0323931 

Ge -0.0047280 -0.1101668 -0.1938808 

Ge 1.3016870 -2.2939703 1.1859579 

Ge 0.2367783 -0.4346780 2.6843332 

Ge 1.5038194 2.3070523 0.3570030 

Ge 2.6301866 0.5446762 -1.2077902 

Ge 3.6890702 -1.4367933 0.2901374 

Ge 3.0992784 -0.9319332 2.8163964 

Ge 4.0327310 1.0369305 1.1481984 

Ge 2.0452610 1.5252809 2.8538726 

Co -1.9760046 0.0887625 -1.1120958 

Co 1.8402390 0.0141906 0.9680420 

K -1.9491870 -3.2011548 1.9705887 

K 1.0426230 2.7972752 -3.2719113 

K 1.8398530 -2.7809648 -2.4087313 

K -1.1038570 3.0171852 3.1623387 

 

Vibrational spectrum 

mode symmetry wave number IR intensity selection rules 

  
cm-1 kJ/mol IR RAMAN 

1 
 

-0.00 0.00000 - - 

2 
 

-0.00 0.00000 - - 

3 
 

-0.00 0.00000 - - 

4 
 

-0.00 0.00000 - - 

5 
 

0.00 0.00000 - - 

6 
 

0.00 0.00000 - - 

7 a 21.00 0.48817 YES YES 

8 a 27.20 0.42934 YES YES 

9 a 33.89 3.39896 YES YES 
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10 a 36.18 0.52749 YES YES 

11 a 38.27 11.77906 YES YES 

12 a 44.94 10.66707 YES YES 

13 a 47.18 2.76524 YES YES 

14 a 51.44 0.23684 YES YES 

15 a 53.29 1.42739 YES YES 

16 a 54.16 0.12685 YES YES 

17 a 65.50 1.69950 YES YES 

18 a 67.94 6.39345 YES YES 

19 a 72.03 5.16110 YES YES 

20 a 72.84 10.82004 YES YES 

21 a 74.51 7.77268 YES YES 

22 a 75.33 7.09274 YES YES 

23 a 79.74 0.86834 YES YES 

24 a 81.17 11.84953 YES YES 

25 a 86.26 25.55502 YES YES 

26 a 87.40 15.42050 YES YES 

27 a 89.79 5.92656 YES YES 

28 a 90.46 26.98226 YES YES 

29 a 95.13 3.06232 YES YES 

30 a 97.80 21.21377 YES YES 

31 a 99.74 17.01889 YES YES 

32 a 101.29 1.20026 YES YES 

33 a 105.50 2.25921 YES YES 

34 a 108.51 2.68477 YES YES 

35 a 112.47 1.86096 YES YES 

36 a 116.77 0.08316 YES YES 

37 a 118.13 0.42756 YES YES 

38 a 121.24 1.37018 YES YES 

39 a 135.75 0.13492 YES YES 

40 a 139.97 0.06879 YES YES 

41 a 143.89 1.82066 YES YES 

42 a 146.70 2.77360 YES YES 

43 a 147.00 3.68836 YES YES 

44 a 150.73 4.87695 YES YES 

45 a 152.13 1.65690 YES YES 

46 a 154.96 4.10554 YES YES 

47 a 155.86 8.30558 YES YES 

48 a 157.74 7.38886 YES YES 

49 a 166.07 20.57558 YES YES 

50 a 173.51 11.11562 YES YES 
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51 a 176.58 12.21596 YES YES 

52 a 192.63 0.59006 YES YES 

53 a 199.41 0.64662 YES YES 

54 a 200.61 2.23459 YES YES 

55 a 200.89 2.41250 YES YES 

56 a 202.73 3.42174 YES YES 

57 a 202.92 4.72449 YES YES 

58 a 205.49 0.64645 YES YES 

59 a 205.73 0.69155 YES YES 

60 a 212.36 0.06783 YES YES 

61 a 225.70 1.78546 YES YES 

62 a 231.98 0.12192 YES YES 

63 a 257.33 2.05690 YES YES 

64 a 306.44 14.69350 YES YES 

65 a 307.60 16.05865 YES YES 

66 a 357.09 30.51728 YES YES 

67 a 360.51 44.07716 YES YES 

68 a 364.50 14.13907 YES YES 

69 a 439.63 206.04614 YES YES 

 

[Ni2@Ge17]4- 

atomic coordinates 

Ge -0.0904626 -4.1806707 -1.2621903 

Ge 1.3164729 -1.9778556 -2.0699121 

Ge 2.0740268 -3.4016310 0.1189707 

Ge -2.2431026 -3.1242658 0.0219819 

Ge -0.1132455 -4.0208440 1.4541951 

Ni -0.0140932 -2.1074819 -0.0234505 

Ge 0.5300271 -0.0048490 -0.4000329 

Ge -1.3106530 -1.6574565 -1.9998425 

Ge 1.2160596 -1.5190146 1.9508433 

Ge -1.3511541 -1.3833792 1.8200824 

Ge 1.8396178 1.7179305 1.5537735 

Ge 2.2296747 1.9970337 -1.0588110 

Ni 0.0309564 2.1033835 0.0080404 

Ge -1.7555836 1.4723244 -1.4566859 

Ge -1.9635036 1.3717833 1.0997029 

Ge 1.2370543 4.1888995 0.2276000 

Ge -0.3135678 3.1451307 2.2033691 

Ge 0.1401941 3.3726097 -2.0938694 

Ge -1.4587175 4.0083528 -0.093764 
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Vibrational spectrum 

mode symmetry wave number IR intensity selecti on rules 

  
cm-1 kJ/mol IR RAMAN 

1 
 

-0.00 0.00000 - - 

2 
 

0.00 0.00000 - - 

3 
 

0.00 0.00000 - - 

4 
 

0.00 0.00000 - - 

5 
 

0.00 0.00000 - - 

6 
 

0.00 0.00000 - - 

7 a 19.99 0.44780 YES YES 

8 a 27.30 0.01066 YES YES 

9 a 35.75 0.07010 YES YES 

10 a 39.89 0.11450 YES YES 

11 a 47.34 0.02792 YES YES 

12 a 63.65 0.34392 YES YES 

13 a 65.57 0.01710 YES YES 

14 a 75.35 0.46010 YES YES 

15 a 81.34 0.15045 YES YES 

16 a 87.39 0.03589 YES YES 

17 a 91.02 0.53639 YES YES 

18 a 92.53 0.42975 YES YES 

19 a 98.96 1.10198 YES YES 

20 a 99.47 1.36175 YES YES 

21 a 102.84 0.28583 YES YES 

22 a 103.35 0.60777 YES YES 

23 a 109.13 1.94384 YES YES 

24 a 112.94 0.07222 YES YES 

25 a 122.76 3.14962 YES YES 

26 a 129.37 0.02850 YES YES 

27 a 130.73 0.89868 YES YES 

28 a 132.42 0.01696 YES YES 

29 a 138.98 0.47940 YES YES 

30 a 141.25 3.54189 YES YES 

31 a 141.92 1.42124 YES YES 

32 a 142.52 0.15646 YES YES 

33 a 143.86 0.16772 YES YES 

34 a 146.19 0.36600 YES YES 

35 a 148.16 0.56555 YES YES 

36 a 152.52 3.70365 YES YES 

37 a 153.35 3.79684 YES YES 



22 
 

38 a 167.58 6.42386 YES YES 

39 a 169.25 5.89241 YES YES 

40 a 192.79 0.77813 YES YES 

41 a 193.01 0.61960 YES YES 

42 a 196.53 0.19297 YES YES 

43 a 198.99 2.97817 YES YES 

44 a 200.80 0.55939 YES YES 

45 a 202.78 2.25243 YES YES 

46 a 204.32 0.40238 YES YES 

47 a 205.81 0.26254 YES YES 

48 a 211.82 0.01377 YES YES 

49 a 221.79 2.80620 YES YES 

50 a 227.18 0.09801 YES YES 

51 a 251.85 0.00653 YES YES 

52 a 286.04 7.41579 YES YES 

53 a 287.14 11.01077 YES YES 

54 a 330.32 21.64704 YES YES 

55 a 330.91 28.75105 YES YES 

56 a 337.96 0.68157 YES YES 

57 a 405.96 82.97496 YES YES 
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Nonagermanide Zintl Clusters with Mg2+ Counter Ions

Christoph Wallach,[a] Wilhelm Klein,[a] and Thomas F. Fässler*[a]

Dedicated to Professor Cameron Jones on the Occasion of his 60th Birthday.

Ion exchange processes are rarely investigated with respect to
tetrel element Zintl clusters. We now discovered that the
addition of Mg complexes to nonagermanide anions compris-
ing K+ counter cations results in an exchange of the alkali ions
by alkaline earth cations. Upon stirring K[Ge9{Si(TMS)3}3] (TMS=
trimethylsilyl) and Mg(NacNacMes)I (NacNacMes=N,N’-bis(2,4,6-
trimethylphenyl)-β-diketiminate) in MeCN the product
[Mg(NacNacMes)(MeCN)4][Ge9{Si(TMS)3}3]·MeCN is formed. Reac-
tions of Mg(NacNacMes)I with K4Ge9 in liquid ammonia as a

solvent yielded [K[2.2.2]crypt]4[Mg(NacNac
Mes)(NH3)4]2

[Ge9�Ge9] · 32.58 NH3 featuring a mixed alkali/alkaline earth
metal cationic sphere and an oxidative coupling of the [Ge9]

4�

clusters. From comparable reactions of [Mg(NacNacMes)]2 with
K4Ge9 or K12Ge17 in liquid ammonia crystals of [K-
[2.2.2]crypt][NacNacMes] ·NH3 and [K(18-crown-6)][NacNacMes] · 3
NH3, respectively, were isolated. All compounds were charac-
terized by means of single crystal structure determination.

Introduction

The usage of main group element clusters obtained from Zintl

phases in solution has developed to an attractive synthetic
strategy for the generation of extended atom-precise metalloid
and intermetalloid clusters.[1] Zintl phases that contain alkali
metals as the electropositive component serve as precursors,
and the clusters can be isolated from solution with the help of
alkali metal sequestering agents. In case of the tetrel element
clusters the phases A4E9 and A12E17 comprising an alkali metal
(A) matrix with embedded tetrel element clusters [E9]

4� (E=Ge,
Sn, Pb) and a combination of [E4]

4� and [E9]
4� (E=Si, Ge, Sn, Pb)

clusters, respectively, are especially suitable starting materials
for further reactions due to the good solubility of the nine-atom
clusters.[1a,2]

For the nine-atom clusters a prosperous chemistry has
evolved, and the discrete polyanions have been used as
cornerstones in the synthesis of filled, substituted, and
extended cage compounds.[1–3] The [E9]

4� clusters are transferred
into solution without changes concerning their inherent
structure.[4] In recent years, the protonation of such clusters has
been described in species like [HE9]

3� (E=Si,[5] Ge,[6] Sn[7]),
[H2Si9]

2�[8] and [H2(Si/Ge)9]
2�[5a] bearing the smallest possible

ligand. However, the cage compounds also form covalent 2-
centre-2-electron bonds to main group element compounds

resulting in multi-decorated species such as [Ge9{Si(TMS)3}2]
2�,[9]

[Ge9{R}3]
� (R=Si(TMS)3;

[10] SiHtBu2)
[11] and [Ge9{PRR

l}3]
� (R=NiPr2;

Rl= tBu, NiPr2).
[12] Particularly the twofold silylated [Ge9] cluster

has served as a precursor for the generation of mixed-
substituted cluster species, exemplarily enabling the linking of
two cluster entities by a bridging silyl ligand,[13] and only
recently the introduction of Lewis basic phosphanyl[14] and
Lewis acidic boranyl groups[15] to the respective dianion has
been reported. Apart from the described reactions, extended
cluster species might arise from a partial oxidation of the nine-
atom polyanions in solution yielding interconnected cages with
covalent E�E bonds. The simplest example is the dimeric
germanide [Ge9�Ge9]

6�, which consists of two bridged [Ge9]
3�

units.[4a,16] A similar connectivity is found in polymeric∞1[Ge9]
2�.[17] Further oligomeric anions show multi-intercon-

nected cages like [Ge9=Ge9=Ge9]
6�[18] or [Ge9=Ge9=Ge9=Ge9]

8�.[19]

Despite the many isolated representatives the mechanism of
cluster oxidation is not fully understood yet. However, it is
postulated that the solutions contain various species [Ge9]

n�

(n=2–4) together with solvated electrons, which could account
for redox reactions and the formation of the described Ge
oligomers.[2]

Over the last decades a huge number of solid-state phases
containing group 14 element polyanions other than [E4]

4� and
[E9]

4� has been reported. Thus, dumbbells of Si or Ge are
described in phases like Li7Si2

[20] or Li3NaGe2,
[21] and structure

motifs like five-[22] or six-membered[23] tetrel element rings, as
well as a butterfly-like atom arrangement of [E4]

6� moieties (E=
Si,[24] Ge[25]) in the solids Ba3E4 have been found. Furthermore,
planar polyanionic Si12 units are observed in the solid state in
Ca7Mg7.5�δSi14.

[26] All of these tetrel element building blocks of
the solid-state phases could in principle be used as precursors
for subsequent reactions, but reactions with Zintl phases
comprising alkaline earth metals are rare. As a scarce example,
Si and Ge nano-sheets are obtained upon deintercalation of the
alkaline earth ions from the phases CaE2 (E=Si, Ge),[27] that
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comprise a layer structure, and serve as substrate in following
reactions.[28]

Even though numerous compounds with negatively
charged nine-atom tetrel element clusters have been isolated
from solution, they all contain to the best of our knowledge
alkali metal counter ions. Due to the lack of solid-state
precursors with [E9]

4� anions in combination with alkaline earth
metals, we investigated ion exchange reactions starting from
the potassium germanides K4Ge9 and K12Ge17 and organic Mg
salts as ion exchanging reactants.

Results and discussion

Reactivity of Mg(II) organyls towards [Ge9] Zintl clusters

The reaction of K[Ge9{Si(TMS)3}3] (1a-K) with a three-fold excess
of the Mg(II) species Mg(NacNacMes)I in MeCN yields a milky
deep orange suspension. After filtration and storage of the
concentrated filtrate overnight, crystals of compound 1a-Mg,
[Mg(NacNacMes)(MeCN)4][Ge9{Si(TMS)3}3] ·MeCN, suitable for sin-
gle crystal diffraction were obtained. Compound 1a-Mg

(Figure 1) is the ion-exchanged analogue of the K-containing
silylated [Ge9] precursor. A full ellipsoid plot of compound
1a-Mg can be found in Figure S1.

The structure of the anion [Ge9{Si(TMS)3}3]
� (1a) is best

described as a C2v-symmetric tricapped trigonal prism (Figure 1,
dashed red lines) with prism heights Ge2�Ge4, Ge5�Ge6 and
Ge7�Ge8 of 3.485(1) Å, 3.344(1) Å and 3.415(1) Å, respectively.
All Ge�Ge and Ge�Si distances are in agreement with the

reported ones in compound 1a-K.[10] The Mg2+ ion is embedded
in an octahedral matrix of N atoms provided by the
[NacNacMes]� ligand and the solvent molecules [2.114(3) Å
(Mg�N2) to 2.223(3) Å (Mg�N6)]. The Mg�N distances are in
accordance with those in the octahedral complex [Mg(NH3)6]

2+

[2.1969(1) Å].[29] The octahedral coordination of the Mg2+ cation
by polar groups is very common, and also present e.g. in
[Mg(H2O)6]

2+ and in protein chemistry.[30] Ge atoms are not
located in the first coordination sphere of the Mg2+ ion, and,
regarding the shortest distance of 6.305(1) Å between Mg and
Ge atoms (Mg�Ge4), any direct interactions can be excluded.
Compound 1a-Mg was further investigated by NMR spectro-
scopy (1H, 13C, 29Si) and by elemental analysis. The 1H NMR
spectrum (Figure S2) unambiguously shows the presence of the
[NacNacMes]� ligand and the silylated cluster in a 1 :1 ratio, while
Mg was monitored in qualitative EDX measurements (Figure S6).
The elemental analysis is in accordance with the formula
C56H119Ge9MgN5Si12, matching the sum of the single units
[Ge9{Si(TMS)3}3]

�, [Mg(NacNacMes)]+, and three MeCN molecules.
The different number of solvent molecules is most probably
due to excessive drying of the solid in vacuo prior to the
analysis.

The reactivity of 1a-Mg was tested by dissolving the
compound in thf-d8 and the addition of a thf-d8 solution of the
N-heterocyclic carbene NHCDippCu�Cl [NHCDipp

=1,3-di(2,6-
diisopropylphenyl)imidazolylidine]. The 1H NMR spectrum re-
vealed the same signals as reported for the reaction of 1a-K
and NHCDippCu�Cl, indicating the analogous formation of
(NHCDippCu)[Ge9{Si(TMS)3}3].

[31] Hence, the counter ion seems to
play a minor role in the tested reaction. Despite the straightfor-
ward formation of 1a-Mg, no clean ion exchange reaction with
the closely related dianionic species [Ge9{Si(TMS)3}2]

2� could be
observed, and the 1H NMR spectra of the reaction outcome
showed a vast, so far unidentified mixture of products.

Further investigations focused on the reactivity of the Mg(II)
organyl towards bare [Ge9]

4� clusters in liquid ammonia. Block-
shaped dark brown crystals of [K[2.2.2]crypt]4
[Mg(NacNacMes)(NH3)4]2[Ge9�Ge9] · 32.58 NH3 (2a-KMg) were iso-
lated after several months. Compound 2a-KMg crystallizes in
the triclinic space group P�1 with two formula units per unit cell
and contains a dimeric [Ge9�Ge9]

6� unit (2a, Figure 2a), four
cationic [K[2.2.2]crypt]+ moieties, and two [Mg-
(NacNacMes)(NH3)4]

+ molecules (Figure 2d). Four of the 34 co-
crystallizing ammonia molecules are only partially occupied
(N26: 0.79 and N27: 0.50), resulting in an overall number of
32.58 NH3 molecules per unit cell. The 18-atom [Ge9�Ge9]

6�

cluster consists of two [Ge9] moieties which are interconnected
by a Ge�Ge exo-bond between two vertices of the pseudo
square planes of the cages [d(Ge1�Ge1i)=2.531(1) Å]. The
symmetry of the [Ge9] moieties is best described as capped
square antiprisms with a slightly distorted C4v symmetry. The
deviation is best expressed by the ratio of the diagonal length
of the open square face Ge1�Ge2�Ge3�Ge4 given by dGe2�Ge4 :
dGe1�Ge3=1.09 and the dihedral angle ωGe1�Ge2�Ge4�Ge3=0.5°. The
exo-bond Ge1�Ge1i is almost collinear to the shorter diagonal
of the square planes (Figure 2b). Analogous [Ge9] dimers have
previously been reported in anions isolated from ethylenedi-

Figure 1. Structure of the formula unit of 1a-Mg. All ellipsoids are
shown at a 50% probability level. The tricapped trigonal prism is
indicated by dashed red lines. TMS groups, hydrogen atoms and
the co-crystallized MeCN molecule are omitted, and the carbon
atoms of the [NacNacMes]� ligand are shown as wire-sticks for clarity.
A plot showing all atoms as ellipsoids can be found in the
Supporting Information (Figure S1).

Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

RESEARCH ARTICLE

Z. Anorg. Allg. Chem. 2022, e202200065 (2 of 7) © 2022 The Authors. Zeitschrift für anorganische und allgemeine Chemie published by Wiley-VCH GmbH.



amine, N,N-dimethylformamide, or liquid ammonia.[16b,c,e,f]

Ge�Ge distances are in accordance with those in the latter
dimeric species.

Compound 2a-KMg comprises a mixed alkali/alkaline earth
metal cationic sphere with four [2.2.2]crypt-sequestered K+ ions
and two [Mg(NacNacMes)(NH3)4]

+ units balancing the negative
charge of the germanide dimer. The Mg2+ cations are found in
distances above 4.839(2) Å (Mg�Ge2) to the nearest Ge atoms
(Figure 2c), which is approximately double the sum of the
covalent radii.[32] The Mg2+ cation is coordinated by two N
atoms of the bidentate ligand [NacNacMes]�, and the octahedral
ligand environment is completed by four additional NH3

molecules (Figure 2d). The Mg�N distances range from
2.200(5) Å (Mg�N2) to 2.241(5) Å (Mg�N5) with the shortest
bonds between Mg and N atoms of the β-diketiminate ligand.
With an almost planar torsion angle of the equatorial plane of
the octahedron of coordinating N atoms ωN2�N1�N4�N6=175.4°,
approximate rectangular angles Nx�Mg�Ny and an almost linear
arrangement of N3�Mg�N5 (aN3�Mg�N5=171.4°), the symmetry
deviates only slightly from a perfect octahedron (Supporting
information Table S2). However, the reason for the dimerization
of the [Ge9] clusters in solution still remains unclear.

Reactivity of Mg(I) organyls towards [Ge9] Zintl clusters

Due to their steric shielding β-diketiminates are often applied
as ligands for the stabilization of unusual oxidation states such
as in [Mg(NacNacDipp)]2 (Dipp=2,6-diisopropylphenyl)[33] or
[Zn(NacNacMes)]2,

[34] and the reaction of the Zn(I) organyl with
K4Ge9 in ethylenediamine yielded the polymeric anion∞1[Zn{trans-μ2(η

3:η3-Ge9)}]
2�.[35] Since [Mg(NacNacMes)]2 immedi-

ately leads to an unidentified, insoluble species when exposed
to ethylenediamine, we studied its reactivity towards liquid
ammonia. The Mg(I) compound was weighed into a Schenk
tube, and two milliliters of ammonia were condensed on top of
it. Even though the reactant does not dissolve in liquid
ammonia, a color change from initially bright yellow to orange-
red was observed, which might be caused by the coordination
of NH3 molecules to Mg. After storing the suspension for one
day at �40 °C the solvent was evaporated, thereby restoring
the former yellow color. The 1H NMR spectrum of the product
does not significantly differ from that of the initial reactant
(Figure S5), thus corroborating the stability of the organo-
metallic compound in NH3 (l). Subsequently, we investigated
the reactivity of [Mg(NacNacMes)]2 towards Zintl phases in liquid
ammonia. After several months the formation of solids was
observed. However, attempts to isolate crystals from the

Figure 2. a) Molecular structure of anion 2a; b) top view of the molecular structure of 2a with indication of the collinear arrangement of
the cluster-connecting exo-bond (Ge1�Ge1i; dashed black line) and the diagonals of the square planes (indicated by dashed red lines); c)
arrangement of 2a and the counter ions [Mg(NacNacMes)(NH3)4]

+; d) molecular structure of the cationic fragment [Mg(NacNacMes)(NH3)4]
+

emphasizing the octahedral coordination of Mg(II). All ellipsoids are shown at a 50% probability level. In c) the backbone of the
[NacNacMes]� ligand is shown as wire-sticks, and Mes groups as grey spheres for clarity. Hydrogen atoms are omitted in c) and d). Symmetry
operation (i): 1–x, 1–y, 1–z.
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reddish precipitate were hampered by a rapid degradation of
the solid material upon opening the reaction flask, indicated by
a color change to brown-green. Nevertheless, we were able to
isolate the side-products [K[2.2.2]crypt][NacNacMes] ·NH3 (3) as
well as as [K(18-crown-6)][NacNacMes] · 3 NH3 (4) as yellow or
colorless crystals, respectively (Figure 3). Both compounds
crystallize in the space group P�1 with two formula units per unit
cell. The C�N distances in the [NacNacMes]� moieties as well as
the K�O distances in the cryptand and crown ether are in
agreement with previously reported data.[36] The experiment
which resulted in the formation of 3 also contained crystals of
the known ammoniate [K[2.2.2]crypt]3[Ge9] · 8 NH3 as a by-
product, which comprises [Ge9]

3� anions – the paramagnetic
monomer of 2a.[37]

Conclusion

The two anionic Zintl clusters [Mg(NacNacMes)(MeCN)4]
[Ge9{Si(TMS)3}3] ·MeCN (1a-Mg) and [K[2.2.2]crypt]4
[Mg(NacNacMes)(NH3)4]2[Ge9�Ge9] · 32.58 NH3 (2a-KMg) with ei-
ther pure alkaline earth metal or mixed alkali/alkaline earth
metal counterions were obtained via counter ion exchange
starting from potassium germanide precursors by offering a
Mg(II) source. In both cases the alkaline earth metal does not
directly coordinate to the Ge cluster, which contrasts observa-
tions made for analogous Zn compounds. When a Mg(I)
compound is used, oxidized [Ge9]

3� clusters and the side
products [K[2.2.2]crypt][NacNacMes] ·NH3 (3) and [K(18-crown-6)]
[NacNacMes] · 3 NH3 (4) were isolated. The transfer of the herein
presented reactions to analogous Si- and Sn-based Zintl clusters
and the influence of the counter ion on the solubility of the
clusters is under current investigation in our laboratories.

Experimental details

General considerations

All experiments were carried out under a dry, oxygen-free
atmosphere using standard glove box and Schlenk-line techniques.
Glassware was dried by heating it at 650 °C in vacuo. MeCN (VWR)
was purified in a MBraun solvent purification system and stored
over molecular sieves. The solid phases K4Ge9 and K12Ge17 were
prepared by fusion of stoichiometric amounts of the elements at
elevated temperatures in a stainless-steel autoclave and a tantalum
ampule, respectively. K[Ge9{Si(TMS)3}3] and NHCDippCu�Cl were
prepared according to literature procedures.[10,38] Liquid ammonia
was dried over sodium metal, and [2.2.2]crypt (Merck) was dried
overnight applying dynamic vacuum before usage. 18-Crown-6
(Merck) was purified by sublimation before usage. Mg(NacNacMes)I
was prepared according to modified literature procedures, and
[Mg(NacNacMes)]2 was generously donated by Prof. C. Jones, Monash
University, Australia.[33,39]

Single crystal structure determination

The air- and moisture-sensitive crystals of 2–4 were transferred
from the mother liquor into cooled perfluoroalkyl ether oil and
isolated from polycrystalline material under a cooled stream of
nitrogen.[40] Crystals of 1a-Mg were transferred in and isolated
under perfluoroalkyl ether oil at room temperature in a glove box.
For diffraction data collection, the single crystals were mounted on
a glass capillary and positioned in a 150 K cold N2 gas stream. Data
collection was performed with a STOE StadiVari diffractometer
(MoKα radiation) equipped with a DECTRIS PILATUS 300 K detector.
Structures were solved by Direct Methods (SHELXS-97)[41] and
refined by full-matrix least-squares calculations against F2 (SHELXL-
2014 or SHELXL-2018).[42] The positions of the hydrogen atoms were
calculated and refined 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 deposited with the Cambridge Structural
database and are available free of charge via www.ccdc.cam.ac.uk/
data_request/cif. The crystallographic data for compounds 1–4 are
summarized in Table 1.

Figure 3. Structure of the formula unit of a) compound 3 and b) compound 4. All ellipsoids are shown at a 50% probability level. The co-
crystallizing NH3 molecules and hydrogen atoms are omitted for clarity.
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NMR spectroscopy

1H and 29Si INEPT NMR spectra were measured on a Bruker Avance
Ultrashield 400 MHz spectrometer; the 13C NMR spectrum was
measured on a Bruker Avance HD 400 MHz spectrometer. The 1H
NMR and 13C NMR spectra were calibrated using the residual signals
of the used deuterated solvent. Chemical shifts are reported in
parts per million (ppm) relative to TMS, with the solvent peaks
serving as internal reference.[43] Singlets are abbreviated with (s).

Elemental analysis

The elemental analysis was carried out in the microanalytical
laboratory of the Chemistry Department of the Technical University
of Munich. Analyses of C, H and N were performed in a combustion
analyzer (EURO EA, HEKA tech).

Syntheses

[Mg(NacNacMes)(MeCN)4][Ge9{Si(TMS)3}3] ·MeCN (1a-Mg)

Solid K[Ge9{Si(TMS)3}3] (28.7 mg, 20.0 μmol, 1 equiv.) and
Mg(NacNacMes)I (29.1 mg, 60 μmol, 3 equiv.) were weighed into a
Schlenk tube, and MeCN (1 mL) was added. The orange suspension
was stirred for three days, filtered, and after reduction of the
volume of the filtrate stored for crystallization at r.t. Overnight,
orange needle-shaped crystals suitable for single crystal diffraction
were obtained (23.9 mg, 12.2 μmol, 61%).

1H NMR (400 MHz, 298 K, C6D6): d [ppm]=6.83 (s, 4H, CHMes(m)), 4.93
(s, 1H, CHNacNac), 2.18 (s, 12H, CH3 Mes), 1.66 (s, 6H, CH3 Mes), 1.45 (s, 6H,
CH3 NacNac), 0.51 (s, 81H, CH3 TMS).

13C NMR (101 MHz, 298 K, C6D6): d
[ppm]=147.30 (s, CMes-N), 133.34 (s, CMes(p)), 132.14 (s, CMes(o)), 129.21
(s, CHMes(m)), 118.07 (s, CNacNac), 95.03 (s, CHNacNac), 24.29 (s, CH3 Mes),

20.89 (s, CH3 NacNac), 18.90 (s, CH3 Mes), 3.26 (s, CH3 TMS).
29Si-INEPT

NMR (79 MHz, 298 K, C6D6): d [ppm]=�9.46 (s, SiTMS), �107.01 (s,
SiGe9). Elemental analysis: anal. calcd. for C56H119Ge9MgN5Si12: C,
35.82; H, 6.39; N, 3.73; found: C, 35.11; H, 6.44; N, 3.51.

[K[2.2.2]crypt]4[Mg(NacNacMes)(NH3)4]2[Ge9�Ge9] · 32.58 NH3

(2a-KMg)

Equimolar amounts of K4Ge9 (80.0 mg, 99.0 μmol, 1 equiv.) and
Mg(NacNacMes)I (55.2 mg, 99.0 μmol, 1 equiv.) were weighed in into
a Schlenk tube. After the addition of [2.2.2]crypt (66.9 mg,
178.2 μmol, 1.8 equiv.) liquid ammonia (2 mL) was condensed onto
the solid mixture, instantly causing the formation of a red solution.
The flask was stored at �70 °C. One dark brown, block-shaped
single crystal of 2a-KMg was obtained after 8 months.

[K[2.2.2]crypt][NacNacMes] ·NH3 (3)

K4Ge9 (70.0 mg, 90.0 μmol, 1 equiv.) and [Mg(NacNacMes)]2 (32.1 mg,
45.0 μmol, 0.5 equiv.) were weighed in into a Schlenk tube. After
the addition of [2.2.2]crypt (58.6 mg, 160.0 μmol, 1.8 equiv.) liquid
ammonia (2 mL) was condensed onto the solid mixture, instantly
causing the formation of a red solution with remaining yellow
solids. The flask was stored at �40 °C. Several colorless spherical
crystals of 3 were obtained after 18 months. Due to the
experimental setup an exact yield could not be determined.

[K(18-crown-6)][NacNacMes] · 3 NH3 (4)

K12Ge17 (100.0 mg, 59.0 μmol, 1 equiv.), 18-crown-6 (31.0 mg,
117.0 μmol, 2 equiv.) and [Mg(NacNacMes)]2 (25.2 mg, 35.0 μmol,
0.6 equiv.) were weighed in into a Schlenk tube. Subsequently,
liquid ammonia (2 mL) was condensed onto the solid mixture,

Table 1. Crystallographic data of compounds 1–4.

compound 1a-Mg 2a-KMg 3 4

formula C60H125Ge9MgN7Si12 C118H323.74Ge18K4Mg2N52.58O24 C41H68KN5O6 C35H62KN5O6

fw [g ·mol�1] 1959.70 4376.44 766.10 687.99
space group P�1 P�1 P�1 P�1
a [Å] 15.5673(6) 15.8617(3) 12.6685(5) 11.5238(9)
b [Å] 16.2296(7) 17.2066(4) 13.3496(6) 12.7793(9)
c [Å] 20.6144(9) 20.2740(4) 27.8011(13) 13.9201(11)
α [deg] 90.658(3) 89.173(2) 80.259(3) 95.485(6)
β [deg] 94.783(3) 70.622(2) 86.359(3) 104.540(6)
γ [deg] 108.461(3) 80.298(2) 71.456(3) 92.242(6)
V [Å3] 4919.1(4) 5140.1(2) 4393.1(3) 1971.0(3)
Z 2 2 2 2
T [K] 150(2) 150(2) 150(2) 150(2)
λ [Å] 0.71073 0.71073 0.71073 0.71073
1calcd [g · cm

�3] 1.323 1.414 1.158 1.159
μ [mm�1] 2.895 2.738 0.169 0.181
collected reflections 93691 122523 81650 37380
indep. reflections 19301 20152 17271 7735
Rint/Rδ 0.0613/0.0433 0.1248/0.0560 0.0539/0.0458 0.0605/0.0479
parameters/restraints 842/0 978/0 989/0 432/0
R1 [I>2 σ(I)/all data] 0.0376/0.0633 0.0604/0.0846 0.0382/0.0673 0.0423/0.0765
wR2 [I>2 σ(I)/all data] 0.0778/0.0893 0.1365/0.1543 0.0876/0.0982 0.0960/0.1108
goodness of fit 1.032 1.150 1.016 1.017
max./min. diff. el. density
[e ·Å�3]

0.562/-0.413 1.431/-1.003 0.248/-0.219 0.257/-0.280

deposition no. CCDC-2117110 CCDC-2117111 CCDC-2117112 CCDC-2117113
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instantly causing the formation of a red solution with remaining
yellow solids. The flask was stored at �70 °C. Several colorless
spherical crystals of 4 were obtained after 24 months. Due to the
experimental setup an exact yield could not be determined.
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1. Crystallographic details 

Table S1. Selected interatomic distances and angles in 1a‐Mg. 

atoms  distance [Å]  atoms  angle [deg] 
Ge1‐Ge2  2.5475(6)  N1‐Mg‐N3  94.9(1) 
Ge1‐Ge4  2.5297(6)  N1‐Mg‐N4  97.8(1) 
Ge1‐Ge5  2.5355(6)  N1‐Mg‐N5  175.4(1) 
Ge1‐Ge6  2.5347(5)  N1‐Mg‐N6  92.2(1) 
Ge2‐Ge3  2.5258(5)  N2‐Mg‐N1  88.8(1) 
Ge2‐Ge6  2.6924(6)  N2‐Mg‐N3  99.1(1) 
Ge2‐Ge7  2.7016(5)  N2‐Mg‐N4  94.4(1) 
Ge3‐Ge4  2.5328(5)  N2‐Mg‐N5  94.0(1) 
Ge3‐Ge7  2.5352(5)  N2‐Mg‐N6  176.3(1) 
Ge3‐Ge8  2.5345(6)  N4‐Mg‐N3  161.5(1) 
Ge4‐Ge5  2.6723(6)  N4‐Mg‐N5  84.3(1) 
Ge4‐Ge8  2.6758(5)  N4‐Mg‐N6  81.9(1) 
Ge5‐Ge8  2.6421(5)  N5‐Mg‐N3  82.1(1) 
Ge5‐Ge9  2.5379(5)  N5‐Mg‐N6  84.1(1) 
Ge6‐Ge7  2.6602(5)     
Ge6‐Ge9  2.5353(6)  N1‐N3‐N4‐N5  170.6(1) 
Ge7‐Ge9  2.5429(6)  N1‐N2‐N6‐N5  173.9(1) 
Ge8‐Ge9  2.5309(5)     
       
Ge2‐Ge4  3.485(1)     
Ge5‐Ge6  3.344(1)     
Ge7‐Ge8  3.415(1)     
       
Ge1‐Si1  2.3745(9)     
Ge3‐Si5  2.3701(9)     
Ge9‐Si9  2.369 (1)     
       
Ge4‐Mg  6.305(1)     
Ge5‐Mg  6.323(1)     
Ge8‐Mg  6.346(1)     
       
Mg‐N1  2.121(3)     
Mg‐N2  2.114(3)     
Mg‐N3  2.220(4)     
Mg‐N4  2.210(4)     
Mg‐N5  2.219(3)     
Mg‐N6  2.223(3)     

 

 



 

S2 
 

 

 

Figure S1. Full ellipsoid plot of  compound 1a‐Mg. a) Structure of monoanionic  [Ge9{Si(TMS)3}3]
‐  (1a); b)  structure of  the 

cationic fragment [Mg(NacNacMes)(MeCN)4]
+. Co‐crystallizing MeCN molecules and hydrogen atoms are omitted for clarity.  

Trigonal prism bases are indicated by dashed red lines.   



 

S3 
 

Table S2. Selected interatomic distances and angles in 2a‐KMg. Symmetry operation (i): 1‐x, 1‐y, 1‐z. 

atoms  distance [Å]  atoms  angle [deg] 
Ge1‐Ge1i   2.531(1)  N1‐Mg‐N3  87.7(2) 
Ge1‐Ge2   2.5470(9)  N1‐Mg‐N4  176.1(2) 
Ge1‐Ge4   2.5251(9)  N1‐Mg‐N5  100.4(2) 
Ge1‐Ge5   2.6205(9)  N2‐Mg‐N1  85.2(2) 
Ge1‐Ge6   2.6341(9)  N2‐Mg‐N3  90.0(2) 
Ge2‐Ge3   2.6123(9)  N2‐Mg‐N4  96.9(2) 
Ge2‐Ge6   2.6761(9)  N2‐Mg‐N5  93.7(2) 
Ge2‐Ge7   2.5624(9)  N2‐Mg‐N6  177.2(2) 
Ge3‐Ge4   2.6397(9)  N3‐Mg‐N4  89.1(2) 
Ge3‐Ge7   2.6162(9)  N3‐Mg‐N5  171.4(2) 
Ge3‐Ge8   2.6319(9)  N4‐Mg‐N5  82.8(2) 
Ge4‐Ge5   2.6871(9)  N6‐Mg‐N1  92.3(2) 
Ge4‐Ge8   2.5653(9)  N6‐Mg‐N3  91.3(2) 
Ge5‐Ge6   2.788(1)     
Ge5‐Ge8   2.7750(9)  Ge1‐Ge2‐Ge4‐Ge3  179.5(1) 
Ge5‐Ge9   2.5798(9)  N1‐N2‐N6‐N4  175.4(1) 
Ge6‐Ge7   2.7463(9)  N1‐N3‐N5‐N4  179.3(1) 
Ge6‐Ge9   2.5794(9)     
Ge7‐Ge8   2.8436(9)     
Ge7‐Ge9   2.5779(9)     
Ge8‐Ge9   2.585(1)     
       
Ge1‐Ge3  3.489(1)     
Ge2‐Ge4  3.804(1)     
       
Ge2‐Mg  4.839(2)     
Ge4‐Mg  4.866(2)     
Ge5‐Mg  5.504(2)     
Ge6‐Mg  4.915(2)     
       
Mg‐N1   2.207(5)     
Mg‐N2   2.200(5)     
Mg‐N3   2.222(5)     
Mg‐N4   2.236(5)     
Mg‐N5   2.241(5)     
Mg‐N6   2.206(6)     
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Table S3. Selected interatomic distances in 3. 

atoms  distance [Å] 
K1‐O1   2.878(1) 
K1‐O2   2.783(1) 
K1‐O3   2.817(1) 
K1‐O4   2.856(2) 
K1‐O5   2.833(1) 
K1‐O6   2.827(1) 
K1‐N1   3.047(1) 
K1‐N2   3.022(1) 

 

 

Table S4. Selected interatomic distances in 4. 

atoms  distance [Å] 
K1‐O1   2.918(1) 
K1‐O2   2.823(1) 
K1‐O3   2.855(1) 
K1‐O4   2.868(1) 
K1‐O5   2.888(1) 
K1‐O6   2.857(1) 
K1‐N1   2.837(1) 
K1‐N3   3.134(2) 
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2. NMR spectra of compound 1a‐Mg 

 
Figure S2. 1H NMR spectrum of 1a‐Mg acquired in C6D6. Asterisked signal is assigned to silicon grease; signal marked with # 
belongs to an unidentified impurity. 

 
Figure S3. 13C NMR spectrum of 1a‐Mg acquired in C6D6. Asterisked signal is assigned to silicon grease; signal marked with # 
belongs to an unidentified impurity. 



 

S6 
 

 
Figure S4. 29Si INEPT spectrum of 1a‐Mg acquired in C6D6. The signal marked with # belongs to an unidentified impurity. 

 

 

3. NMR spectrum of [Mg(NacNacMes)]2 after treatment with NH3 (l) 

 
Figure S5. 1H NMR spectra acquired in C6D6 of a) [Mg(NacNacMes)]2 and b) [Mg(NacNacMes)]2 after treatment with NH3 (l). The 
asterisked signal in b) marks an unidentified impurity. 
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4. EDX spectra of compounds 1 – 4 

 
Figure S6. Qualitative EDX spectra of single crystalline material of a) 1a‐Mg; b) 2a‐KMg; c) 3 and d) 4. In d) signals of Ge are 
observed which are assigned to remaining impurities on the crystal’s surface. 
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6.11 Crystal Structure of N2,N4-dimesitylpentane-2,4-diamine, 

C23H34N2 

 

Christoph Wallach, Wilhelm Klein and Thomas F. Fässler 

 

Crystal structure communication submitted for publication in: Z. Kristallogr., New Cryst.  

Struct. 

 

Contents and Contributions 

The single crystal structure of the organic compound N2,N4-dimesitylpentane-2,4-diamine is 

reported. The compound was obtained as a by-product during the synthesis of the reactant 

NacNacMesH. The synthesis and single crystal selection was performed by me. Dr. Wilhelm 

Klein refined the single crystal structure data. The manuscript for publication was written by 

me and submitted for publication by Dr. Wilhelm Klein. 
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Crystal Structure of N2,N4-dimesitylpentane-2,4-diamine, C23H34N2  

 
Christoph Wallach, Wilhelm Klein and Thomas F. Fässler 

 

Technische Universität München 
Department Chemie, Lichtenbergstr. 4 
85747 Garching, Germany 

e-mail: thomas.faessler@lrz.tum.de 

 

 

 

Abstract 

C23H34N2, monoclinic, C2/c (no. 15), a = 15.2448(11) Å, b = 8.2189(5) Å, c = 16.7350(16) Å, 

α = 90°, β = 103.133(7)°, γ = 90°, V = 2042.0(3) Å3, Z = 4, Rgt(F) = 0.0438, wRref(F
2) = 0.1277, 

T = 150 K. 
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Table 1. Data collection and handling. 

Crystal: Colorless block, 0.2 × 0.2 × 0.1 mm  
Wavelength: Mo Kα radiation (0.71073 Å) 
µ: 0.064 mm-1 
Diffractometer, scan mode: STOE StadiVari, ω 
2θmax: 60° 
N(hkl)measured, N(hkl)unique 34500, 2983  
Criterion for Iobs, N(hkl)gt: Iobs > 2 σ(Iobs), 2179 
N(param)refined: 122 
Programs: X-Area,[1] SHELXS,[2] SHELXL-2014,[3] Diamond[4] 

 

 

Source of material 

All reactions were performed under ambient conditions. Few single crystals of  

N2,N4-dimesitylpentane-2,4-diamine (1, mesityl = 2,4,6-trimethylphenyl) were obtained as a by-

product during the preparation and crystallization of NacNacMesH [N,N’-di(2,4,6-

trimethylphenyl)-β-diketiminate].[5] The ligand NacNacMesH was prepared according to a 

modified literature procedure.[6] Acetylacetone (Merck), 2,4,6-trimethylaniline (Alfa Aesar), and 

p-toluenesulfonic acid (Merck) were used without further purification. Acetylacetone (5 g, 

50 mmol, 1 equiv.) and 2,4,6-trimethylaniline (13.5 g, 100 mmol, 2 equiv.) were dissolved in 

toluene (200 mL) and cooled in an ice bath. Subsequently, p-toluenesulfonic acid (8.6 g, 

50 mmol, 1 equiv.) was added to the flask. After stirring the reaction mixture for 15 h at 110 °C, 

the solvent was removed under reduced pressure. The solid precipitate was dissolved in 

dichloromethane (100 mL) and the organic phase was extracted with a saturated potassium 

carbonate solution. The aqueous phase was re-extracted twice with dichloromethane and the 

solvent was removed from the combined organic phases under vacuum. The crude product 

was recrystallized from methanol. Few colorless crystals of 1 were obtained as a by-product 

besides the main product NacNacMesH.  

 

Experimental details 

The single crystal of 1 was selected under a microscope equipped with a light source in an Ar-

filled glove box. Subsequently, the crystal was transferred under Ar to the diffractometer (STOE 

StadiVari) equipped with a PILATUS 300K detector (DECTRIS) and a Mo Kα radiation source 

(λ = 0.71073 Å). For the data collection the crystal was cooled in a 150 K cold stream of dry 

nitrogen. The single crystal structure was solved by direct methods using the program 

SHELXS-97.[2] Structure refinements were performed by full-matrix least-squares calculations 

against F2 (SHELXL-2014).[3] A riding model was used to calculate and refine the positions of 

hydrogen atoms, except for the hydrogen atom bound to nitrogen which was located from the 

difference Fourier map and was refined with free positional and isotropic displacement 
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parameters. Other elements than hydrogen were refined with anisotropic displacement 

parameters. 

 

Discussion 

N2,N4-dimesitylpentane-2,4-diamine 1 crystallizes in the monoclinic space group C2/c with four 

molecules per unit cell and all atoms at general 8f Wyckoff positions except for C1 at a 4e site 

which lies on a twofold axis, defining one molecule half as asymmetric unit. It represents the 

fully reduced congener to the organic compound NacNacMesH (2), which serves as a ligand in 

e.g. magnesium organyls.[7-8] However, due to the absence of any reducing agent in the 

reaction mixture the formation of compound 1 cannot be explained in a straightforward way. 

Structurally similar compounds like N2,N4-di(iso-propylphenyl)-3,3-dimethylpentane-2,4-

diamine (3) have been reported before,[9-10] some of which were prepared by the reduction of 

the corresponding aryl-diimines with LiAlH4.[11] Diamines obtained via this route have been 

applied as ligands for the generation of nickel complexes, which are used as catalytic species 

in the polymerization of polyethylene.[11] 

The presence of amine moieties was corroborated not only by evaluating the difference Fourier 

electron density map, revealing hydrogen atoms adjacent to the nitrogen atoms, but also by 

comparing the C-C and C-N bond lengths of 1 to the compounds 2 and 3.[8-9] The backbone of 

compound 1 comprises solely C-C and N-C single bonds [C1-C2 = 1.5364(13) Å,  

N-C2 = 1.4749(14) Å, N-C4 = 1.4237(13) Å] in analogy to molecule 3. In contrast, the backbone 

of the unsaturated compound 2 reveals shortened C=C and N=C double bonds of 1.397 Å and 

1.324 Å (mean values), respectively.[8] The NH groups form neither intramolecular not 

intermolecular hydrogen bonds of relevant strength, also no π-π interactions between the 

mesityl residues indicated by the parallel orientation of the aryl rings are present.  

 

Table 2. Fractional atomic coordinates and isotropic or equivalent isotropic displacement parameters (Å2).  

 x y z Uiso*/Ueq 

C1 0.5000 0.64420(18) 0.2500 0.0228(3) 

H1A 0.4481 0.7154 0.2266 0.027* 

H1B 0.5519 0.7154 0.2734 0.027* 

C2 0.52311(7) 0.54381(13) 0.18010(7) 0.0238(2) 

H2 0.4696 0.4754 0.1552 0.029* 

C3 0.54380(9) 0.65475(16) 0.11294(8) 0.0356(3) 

H3A 0.5923 0.7302 0.1372 0.053* 

H3B 0.4897 0.7167 0.0875 0.053* 

H3C 0.5626 0.5883 0.0711 0.053* 

N 0.59849(6) 0.43451(11) 0.21606(6) 0.0235(2) 
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Table 2 continued    

H1 0.6455(11) 0.499(2) 0.2479(11) 0.044(4)* 

C4 0.63402(7) 0.32711(12) 0.16458(6) 0.0202(2) 

C5 0.58201(7) 0.19841(13) 0.12242(7) 0.0223(2) 

C6 0.62219(8) 0.08763(13) 0.07811(7) 0.0246(2) 

H6 0.5864 0.0026 0.0490 0.030* 

C7 0.71248(8) 0.09742(13) 0.07514(7) 0.0251(2) 

C8 0.76200(7) 0.22660(14) 0.11607(7) 0.0253(2) 

H8 0.8235 0.2370 0.1139 0.030* 

C9 0.72504(7) 0.34183(13) 0.16031(7) 0.0223(2) 

C10 0.48513(8) 0.17106(15) 0.12607(8) 0.0311(3) 

H10A 0.4457 0.2356 0.0833 0.047* 

H10B 0.4765 0.2044 0.1800 0.047* 

H10C 0.4703 0.0554 0.1173 0.047* 

C11 0.75574(10) -0.03149(16) 0.03248(8) 0.0360(3) 

H11A 0.8068 0.0158 0.0141 0.054* 

H11B 0.7115 -0.0729 -0.0151 0.054* 

H11C 0.7770 -0.1210 0.0707 0.054* 

C12 0.78280(8) 0.47986(16) 0.20280(8) 0.0322(3) 

H12A 0.8428 0.4731 0.1910 0.048* 

H12B 0.7882 0.4721 0.2621 0.048* 

H12C 0.7549 0.5840 0.1828 0.048* 

 

 

Table 3. Anisotropic atomic displacement parameters (Å2).  

 U11 U22 U33 U12 U13 U23 

C1 0.0213(6) 0.0190(6) 0.0292(8) 0.000 0.0082(6) 0.000 

C2 0.0229(5) 0.0237(5) 0.0261(5) 0.0013(4) 0.0079(4) 0.0033(4) 

C3 0.0401(7) 0.0353(6) 0.0361(7) 0.0072(5) 0.0181(6) 0.0141(5) 

N 0.0239(4) 0.0248(4) 0.0224(5) 0.0042(3) 0.0063(4) -0.0015(3) 

C4 0.0221(5) 0.0201(5) 0.0189(5) 0.0018(4) 0.0054(4) 0.0009(4) 

C5 0.0226(5) 0.0213(5) 0.0220(5) 0.0000(4) 0.0033(4) 0.0023(4) 

C6 0.0286(5) 0.0208(5) 0.0225(5) -0.0001(4) 0.0018(4) -0.0012(4) 

C7 0.0295(5) 0.0245(5) 0.0209(5) 0.0072(4) 0.0049(4) -0.0003(4) 

C8 0.0224(5) 0.0291(5) 0.0247(5) 0.0039(4) 0.0062(4) -0.0007(4) 

C9 0.0223(5) 0.0238(5) 0.0206(5) -0.0001(4) 0.0044(4) -0.0015(4) 

C10 0.0255(5) 0.0301(6) 0.0385(7) -0.0067(4) 0.0089(5) -0.0048(5) 

C11 0.0421(7) 0.0322(6) 0.0336(7) 0.0123(5) 0.0084(6) -0.0070(5) 

C12 0.0239(5) 0.0359(6) 0.0375(7) -0.0057(5) 0.0086(5) -0.0117(5) 
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Table 4. Geometric parameters (Å, º). Symmetry code: (i) -x+1, y, -z+1/2. 

Atoms  Distances  Atoms  Distances  

C1—C2 1.5364(13) C6—C7 1.3909(15) 

C1—C2i 1.5364(13) C6—H6 0.9500 

C1—H1A 0.9900 C7—C8 1.3897(16) 

C1—H1B 0.9900 C7—C11 1.5104(15) 

C2—N 1.4749(14) C8—C9 1.3972(14) 

C2—C3 1.5348(15) C8—H8 0.9500 

C2—H2 1.0000 C9—C12 1.5111(16) 

C3—H3A 0.9800 C10—H10A 0.9800 

C3—H3B 0.9800 C10—H10B 0.9800 

C3—H3C 0.9800 C10—H10C 0.9800 

N—C4 1.4237(13) C11—H11A 0.9800 

N—H1 0.953(17) C11—H11B 0.9800 

C4—C9 1.4108(14) C11—H11C 0.9800 

C4—C5 1.4110(14) C12—H12A 0.9800 

C5—C6 1.4001(15) C12—H12B 0.9800 

C5—C10 1.5088(15) C12—H12C 0.9800 

    

Atoms  Angles [°]  Atoms  Angles [°]  

C2—C1—C2i 115.03(12) C5—C6—H6 118.8 

C2—C1—H1A 108.5 C8—C7—C6 117.25(10) 

C2i—C1—H1A 108.5 C8—C7—C11 121.48(11) 

C2—C1—H1B 108.5 C6—C7—C11 121.21(11) 

C2i—C1—H1B 108.5 C7—C8—C9 122.66(10) 

H1A—C1—H1B 107.5 C7—C8—H8 118.7 

N—C2—C3 112.95(9) C9—C8—H8 118.7 

N—C2—C1 107.98(8) C8—C9—C4 119.24(10) 

C3—C2—C1 111.06(10) C8—C9—C12 119.75(9) 

N—C2—H2 108.2 C4—C9—C12 121.02(9) 

C3—C2—H2 108.2 C5—C10—H10A 109.5 

C1—C2—H2 108.2 C5—C10—H10B 109.5 

C2—C3—H3A 109.5 H10A—C10—H10B 109.5 

C2—C3—H3B 109.5 C5—C10—H10C 109.5 

H3A—C3—H3B 109.5 H10A—C10—H10C 109.5 

C2—C3—H3C 109.5 H10B—C10—H10C 109.5 

H3A—C3—H3C 109.5 C7—C11—H11A 109.5 

H3B—C3—H3C 109.5 C7—C11—H11B 109.5 

C4—N—C2 119.94(9) H11A—C11—H11B 109.5 

C4—N—H1 110.1(10) C7—C11—H11C 109.5 

C2—N—H1 107.7(10) H11A—C11—H11C 109.5 

C9—C4—C5 119.10(9) H11B—C11—H11C 109.5 

C9—C4—N 119.43(9) C9—C12—H12A 109.5 

C5—C4—N 121.30(9) C9—C12—H12B 109.5 

C6—C5—C4 119.25(9) H12A—C12—H12B 109.5 
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Table 4 continued    

C6—C5—C10 118.33(10) C9—C12—H12C 109.5 

C4—C5—C10 122.37(10) H12A—C12—H12C 109.5 

C7—C6—C5 122.47(10) H12B—C12—H12C 109.5 

C7—C6—H6 118.8   
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