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„The philosopher may very justly be delighted with the extent 

of his views, and the artificer with the readiness of his hands; 

 

but let the one remember that, without mechanical 

performances, refined speculation is an empty dream;  

 

and the other that, without theoretical reasoning, dexterity is 

little more than a brute instinct.” 

 

 

Samuel Johnson (1709–1784) 
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Abstract 

Low-valent species of silicon and germanium play a pivotal role in the chemical vapor 

deposition of the bulk elements and their alloys for semiconductor applications. The 

transition from molecular intermediates to extended unsaturated cluster motifs 

incorporated into the bulk is of particular interest and stable model compounds for 

these species are intensively sought. This thesis investigates the structural behavior 

of such low-valent germanium and germanium-silicon compounds in comparison to 

their well-established silicon congeners. An anionic Si4Ge2 siliconoid is synthesized 

by reduction of a Si4Ge2 benzene and the position of the germanium atoms in the 

scaffold allows mechanistic insight in E6-cluster rearrangements in general (E = 

Group 14 element). The first examples of heavy germanium-containing Group 14 allyl 

chlorides and ,-unsaturated ketones are now accessible from a lithium 

digermenide and show extraordinary resilience against cyclization, a rearrangement 

mode commonly observed for the analogue silicon compounds. The same 

digermenide is used for synthesis of targeted designed asymmetric digermenes, able 

to undergo heavy olefin metathesis by a dissociation-association rearrangement. Two 

symmetric digermenes are synthesized that way and the lack of demand for any 

catalyst is a first in olefin metathesis in general. Extension of the concept now allows 

Heavy Acyclic Metathesis (HADMET) polymerization of a ,-bis(digermene) to the 

first example of a poly(digermene). 
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Zusammenfassung 

Niedervalente Silizium- und Germaniumspezies spielen eine entscheidende Rolle in 

der chemischen Gasphasenabscheidung beider Elemente für Halbleiteranwendungen. 

Der Übergang von molekularen Intermediaten zu ungesättigten Cluster-Motiven, die 

im Festkörper verbleiben, ist von besonderem Interesse und stabile 

Modellverbindungen dieser Spezies werden intensiv gesucht. Die vorliegende Arbeit 

untersucht das strukturelle Verhalten solcher niedervalenter Ge- und Si/Ge-

Verbindungen im Vergleich zu ihren wohlbekannten Si-analoga. Ein anionisches 

Si4Ge2 Silicoid wird durch Reduktion eines Si4Ge2 Benzols hergestellt und die 

Position der Ge-Atome im Gerüst gibt mechanistische Einblicke in E6-Cluster 

Umlagerungen im Allgemeinen (E= Gruppe 14 Element). Die ersten Beispiele für 

schwere Ge-haltige Gruppe-14 Allylchloride sowie ,-ungesättigte Ketone sind nun 

von einem Lithiumdigermenid aus zugänglich und zeigen erstaunliche Resilienz 

gegen Cyclisierung, eine Umlagerungsart, die häufig bei den analogen Si-

verbindungen auftritt. Dasselbe Digermenid wird für die Synthese zielgerichtet 

gestalteter, asymmetrischer Digermene verwendet, die durch eine Dissoziations-

Assoziations-Umlagerung eine schwere Olefin Metathese durchzumachen. Zwei 

symmetrische Digermene wurden so hergestellt und der mangelnde Bedarf an 

Katalysator ist eine Premiere für Olefin-Metathesen. Erweiterung des Konzepts 

erlaubt nun Schwere Acylische Dien Metathese (HADMET) Polymerisierung von ,-

Bis(digermenen) zum Poly(digermen). 



XIV 



 

XV 

List of Publications 

As part of the present dissertation: 

• L. Klemmer, V. Huch, A. Jana, D. Scheschkewitz, An anionic heterosiliconoid 

with two germanium vertices. Chem. Commun. 2019, 55, 10100−10103. 

https://doi.org/10.1039/c9cc04576g. 

 

• L. Klemmer*, Y. Kaiser*, V. Huch, M. Zimmer, D. Scheschkewitz, Persistent 

digermenes with acyl and -chlorosilyl functionalities. Chem. Eur. J. 2019, 25, 

12187−12195. 

https://doi.org/10.1002/chem.201902553. 

*These authors contributed equally. 

 

• L. Klemmer, A.-L. Thömmes, M. Zimmer, V. Huch, B. Morgenstern, D. 

Scheschkewitz, Metathesis of Ge=Ge double bonds. Nat. Chem. 2021, 

https://doi.org/10.1038/s41557-021-00639-9. 

 

 

Others:  

• N. M. Obeid, L. Klemmer, D. Maus, M. Zimmer, J. Jeck, I. Bejan, A. J. P. White, 

V. Huch, G. Jung, D. Scheschkewitz, (Oligo)aromatic species with one or two 

conjugated Si=Si bonds: near-IR emission of anthracenyl-bridged 

tetrasiladiene. Dalton Trans. 2017, 46, 8839−8848. 

https://doi.org/10.1039/c7dt00397h 

 

• D. Nieder, L. Klemmer, Y. Kaiser, V. Huch, D. Scheschkewitz, Isolation and 

reactivity of a digerma analogue of vinyllithiums: a lithium digermenide. 

Organometallics 2018, 37, 632−635. 

https://doi.org/10.1021/acs.organomet.7b00470 

https://doi.org/10.1039/c9cc04576g
https://doi.org/10.1002/chem.201902553
https://doi.org/10.1038/s41557-021-00639-9
https://doi.org/10.1039/c7dt00397h
https://doi.org/10.1021/acs.organomet.7b00470


XVI 

• D. Mandal, D. Dhara, A. Maiti, L. Klemmer, V. Huch, M. Zimmer, H. S. Rzepa, 

D. Scheschkewitz, A. Jana, Mono- and dicoordinate Germanium(0) as a Four-

Electron Donor. Chem. Eur. J. 2018, 24, 2873−2878. 

https://doi.org/10.1002/chem.201800071 

 

• H. Zhao, K. Leszczyńska, L. Klemmer, V. Huch, M. Zimmer, D. Scheschkewitz, 

Disilenyl silylene reactivity of a cyclotrisilene. Angew. Chem. Int. Ed. 2018, 57, 

2445−2449; Angew. Chem. 2018, 130, 2470−2474. 

English version: https://doi.org/10.1002/anie.201711833 

German version: https://doi.org/10.1002/ange.201711833 

 

• H. Zhao, L. Klemmer, M. J. Cowley, M. Majumdar, V. Huch, M. Zimmer, D, 

Scheschkewitz, phenylene-bridged cross-conjugated 1,2,3-trisilacyclopenta-

dienes. Chem. Commun. 2018, 54, 8399−8402. 

https://doi.org/10.1039/c8cc03297a 

 

• H. Zhao, L. Klemmer, M. J. Cowley, V. Huch, M. Zimmer, D, Scheschkewitz, 

Reactivity of a peraryl cyclotrisilene (c-Si3R4) toward chalcogens. Z. Anorg. 

Allg. Chem. 2018, 644, 999−1005. 

http://dx.doi.org/10.1002/zaac.201800182 

 

• A.-C. Andres, J. Beckmann, L. Klemmer, S. Muth, D. Scheschkewitz, M. 

Springborg, Structure and stability of propellane-like E2E’2E’’2H6. J. Mol. Model. 

2018, 24:190. 

https://doi.org/10.1007/s00894-018-3713-9 

 

• A. Maiti, D. Mandal, I. Omlor, D. Dhara, L. Klemmer, V. Huch, M. Zimmer, D. 

Scheschkewitz, A. Jana, Equilibrium coordination of NHCs to Si(IV) species 

and donor exchange in donor-acceptor stabilized Si(II) and Ge(II) compounds. 

Inorg. Chem. 2019, 58, 4071−4075. 

https://doi.org/10.1021/acs.inorgchem.9b00246 

 

https://doi.org/10.1002/chem.201800071
https://doi.org/10.1002/anie.201711833
https://doi.org/10.1002/ange.201711833
https://doi.org/10.1039/c8cc03297a
http://dx.doi.org/10.1002/zaac.201800182
https://doi.org/10.1007/s00894-018-3713-9
https://doi.org/10.1021/acs.inorgchem.9b00246


 

XVII 

• Y. Heider, P. Willmes, D. Mühlhausen, L. Klemmer, M. Zimmer, V. Huch, D. 

Scheschkewitz, A three-membered cyclic phosphasilene. Angew. Chem. Int. 

Ed. 2019, 58, 1939−1944; Angew. Chem. 2019, 131, 1958−1964. 

English version: https://doi.org/10.1002/anie.201811944 

German version: https://doi.org/10.1002/ange.201811944 

https://doi.org/10.1002/anie.201811944
https://doi.org/10.1002/ange.201811944


XVIII 



 

XIX 

Acknowledgements/Danksagung 

 

Ich möchte mich zunächst besonders bei Prof. Dr. David Scheschkewitz für das in 

mich gesetzte Vertrauen bedanken, mir die niedervalente Germaniumchemie als ein 

ebenso anspruchsvolles wie interessantes Thema anzuvertrauen. Seine fordernde 

sowie fördernde Art hat mich stets inspiriert und es mir ermöglicht mich 

wissenschaftlich weiterzuentwickeln. Unsere zahlreichen, intensiven Diskussionen 

werde ich genauso positiv in Erinnerung behalten, wie die gemeinsamen 

Tagungsbesuche und Wanderungen mit der Arbeitsgruppe. 

 

Dr. André Schäfer möchte ich an dieser Stelle herzlich für die Begutachtung dieser 

Arbeit danken. 

 

A special thanks goes to Dr. Diego M. Andrada for being my mentor in terms of 

computational chemistry who never backed out of any discussion and who helped to 

gain various insights. I further wish to thank Dr. Anukul Jana for his support in my 

siliconoid project and his always cheerful and helpful nature. 

 

Ich möchte mich außerdem besonders herzlich bei Bianca Iannuzzi und Dr. Carsten 

Präsang für ihre Unterstützung und Hilfsbereitschaft bedanken, sei es administrativer 

oder wissenschaftlicher Natur. 

 

Ein großes Dankeschön geht an Dr. Volker Huch und Dr. Bernd Morgenstern für 

die Durchführung von Kristallstrukturanalyen, an Dr. Michael Zimmer für seine 

Unterstützung bei allerlei NMR-Experimenten und an Susanne Harling für die 

Durchführung von Elementaranalysen. 

 

Ich möchte mich außerdem beim Team des AK Kickelbick und insbesondere bei Dr. 

Nils Steinbrück, Bastian Oberhausen und Max Briesenick für die Hilfestellung bei 

verschiedensten Festkörper-Analytikverfahren bedanken. 

 

I want to thank Dr. Naim Obeid, Dr. Hui Zhao and Dr. Kinga Leszczynska for the 

nice and successful collaborations within their research projects. 

 

Ich möchte mich bei allen (ehemaligen) Mitarbeitern des AK Scheschkewitz u.a., 

Andreas Adolf, Eveline Altmeyer, Britta Schreiber, Sylvia Beetz, Nadine Poitiers, 

Andreas Kell, Marc Hunsicker, Daniel Mühlhausen, Felix Gerlach, Dr. Andreas 

Rammo, Dr. Paresh K. Majhi, Dr. Harinath Adimulam, Dr. Cem Yildiz, Isabell 

Omlor, Marcel Lambert, Ramona Cullmann und Lena Pesch für die tolle 

Arbeitsatmosphäre und den großen Zusammenhalt im Team bedanken. 



XX 



 

XXI 

Ein großes Dankeschön verdient Anna-Lena Thömmes, die durch ihre ambitionierte 

und fleißige Art einen wichtigen Teil zu meiner Arbeit beigetragen hat und mit der es 

immer Spaß gemacht hat im Labor zusammenzuarbeiten. 

 

Ich möchte mich besonders herzlich bei Dr. David Nieder und Dr. Philipp Willmes 

bedanken, die mich vor einer gefühlten Ewigkeit für die niedervalente 

Hauptgruppenchemie begeistert haben, von denen ich einerseits unglaublich viel 

lernen konnte, mit denen die Zusammenarbeit andererseits immer sehr viel Spaß 

gemacht hat und dir mir bis heute mit Rat zur Seite stehen. 

 

Ein ganz herzliches Dankeschön möchte ich an Alexander „Sascha“ Grandjean, 

Thomas Büttner, Dr. Yannic Heider und Yvonne Kaiser richten, dafür, dass wir 

seit dem ersten Semester zu guten Freunden geworden sind, uns immer tatkräftig 

unterstützt haben und eine super Zeit mit vielen schönen Erinnerungen miteinander 

verbracht haben. Ohne euch hätte ich es nicht geschafft! Yvonne und Yannic gilt ein 

besonderer Dank, für mannigfaltige, aufschlussreiche fachliche Diskussionen, sehr 

unterhaltsame Kaffeepausen und feuchtfröhliche Abende während unserer 

gemeinsamen Promotionszeit. 

 

Es fällt mir schwer meinen Dank für Inga Bischoff in Worte zu fassen, denn ihre 

bodenständige und geduldige Art, ihre bedingungslose Unterstützung und Liebe 

haben aus jedem Tief schnell wieder ein Hoch gemacht und sie hat mir immer den 

Rückhalt gegeben mich ganz und gar dieser Arbeit widmen zu können. Ich liebe dich! 

 

Und wie gewohnt, kommt das Beste zum Schluss: 

 

Ich möchte meinen Eltern Petra und Peter Klemmer und meiner Schwester 

Michelle Klemmer meine endlose Dankbarkeit ausdrücken, dafür, dass sie mich seit 

jeher unterstützen, mich ermutigen, wenn ich Hilfe brauche und mich am Boden 

halten, wenn ich drohe abzuheben. Ohne euch wäre ich nicht der, der ich bin. Danke, 

dass ihr immer für mich da seid, ich liebe euch! 

 



XXII 



 

XXIII 

Content 

 

List of Abbreviations ................................................................................................... 1 

List of Figures ............................................................................................................. 4 

List of Schemes .......................................................................................................... 5 

List of Tables ............................................................................................................ 13 

Preface ..................................................................................................................... 15 

Introduction ............................................................................................................... 17 

1. Silicon and Germanium: Surface and Bulk Features ................................... 17 

1.1. Surface features of crystalline -Si and -Ge ....................................... 19 

1.2. Nanoclusters in amorphous Si, Ge and SiGe........................................ 21 

1.3. The bottom-up approach to Si and Ge materials .................................. 23 

2. Ge1-Systems ............................................................................................... 24 

2.1. GeR2: Germylenes ................................................................................ 27 

2.2. GeR: Germyliumylidenes & Germanylidenides ..................................... 37 

2.3. Ge(0): Germylones ............................................................................... 41 

3. Ge2- and SiGe Systems .............................................................................. 43 

3.1. Ge2R4: Digermenes ............................................................................... 45 

3.2. E2R3: Digermenides & Disilenides......................................................... 54 

3.3. Ge2R2: Digermynes and Digermavinylidenes ........................................ 57 

3.4. Ge(0)2 ................................................................................................... 60 

3.5. GeSiR4: Germasilenes .......................................................................... 60 

3.6. GeSiR2: Germasilynes and Silagermenylidenes ................................... 61 

4. E3-Systems .................................................................................................. 62 

4.1. E3R6: Heavy Propenes & Cyclopropanes .............................................. 62 

4.2. E3R5: Heavyl Allyl cations, radicals & anions ........................................ 63 



XXIV 

4.3. E3R4: Heavy Allenes, Cyclopropenes, Cyclopropylidenes, Vinylidenes & 

Vinylcarbenes .................................................................................................... 64 

4.4. E3R3, ER3R2 & E(0)3 .............................................................................. 66 

5. E4-Systems .................................................................................................. 67 

5.1. E4R6: Heavy butadienes, cyclobutenes & bicyclobutanes ..................... 67 

5.2. E4R4: Tetrahedranes, Cyclobutadienes & their dianions ....................... 68 

6. Unsaturated Cluster compounds ................................................................. 71 

Aims & Scope ........................................................................................................... 77 

Results and Discussion ............................................................................................ 79 

An anionic heterosiliconoid with two germanium vertices ..................................... 79 

Persistent digermenes with acyl and -chlorosilyl functionalities .......................... 84 

Metathesis of Ge=Ge double bonds ...................................................................... 94 

Conclusion & Outlook ............................................................................................. 102 

References ............................................................................................................. 108 

Supporting Information ........................................................................................... 133 

An anionic heterosiliconoid with two germanium vertices (SI) ............................. 133 

Persistent digermenes with acyl and -chlorosilyl functionalities (SI) ................. 161 

Metathesis of Ge=Ge double bonds (SI) ............................................................. 248 

Curriculum Vitae ..................................................................................................... 339 

 



 

1 

List of Abbreviations 

 

ADMET Acylic diene metathesis 

BDE Bond dissociation energy 

BJT Bipolar junction transistor 

cAAC cyclic Alkylaminocarbene 

cal Calory 

cat. Catalytic 

cf. conferatur 

CGMT Carter-Goddard-Malrieu-Trinquier 

Cp Cyclopentadienyl, -C5H5 

Cp* Pentamethylcyclopentadienyl, -C5Me5 

CP/MAS Cross-polarization/Magic angle spinning 

CVD Chemical vapor deposition 

Dep 2,6-Diethylphenyl, -2,6-Et2C6H3 

DFT Density functional theory 

Dip 2,6-Diisopropylphenyl, -2,6-iPr2C6H3 

DLS Dynamic light scattering 

DMAP 4-Dimethylaminopyridine 

dme Dimethoxyethane 

DSC Differential scanning calorimetry 

e.g. exempli gratia 

EPR Electron paragmagnetic resonance 

eq. equivalents 

Et Ethyl, -C2H5 

et al. et alii 

eV Electronvolt 

exc. Excess 

FTIR Fourier-transform infrared 

g Gram 

GPC Gel permeation chromatography 

h Hour 

HADMET Heavy cyclic diene metathesis 



2 

HBT Heterojunction transistor 

HMDS Hexamethyldisilazane 

HOMO Highest occupied molecular orbital 

Hz Hertz 

i.e. id est 

IC Integrated circuit 

iPr Isopropyl, -C3H7 

IR Infrared 

K Kelvin 

L Liter 

LA Lewis-acid 

LB Lewis-base 

LHMDS Lithiumhexamethyldisilazane 

LUMO Lowest unoccupied molecular orbital 

m Meter 

m.p. Melting point 

Me Methyl, -CH3 

Mes Mesityl (2,4,6-trimethyphenyl), -Me3C6H2 

min Minute 

MOSFET Metal-oxide semiconductor field-effect transistor 

nbd Norbornadiene 

nBu n-Butyl, -C4H9 

NHC N-Heterocyclic Carbene 

NHGe N-Heterocyclic Germylene 

NHSi N-Heterocyclic Silylene 

NICS Nucleus-independent chemical shift 

NMR Nuclear megnetic resonance 

NP Nanoparticle 

PES Potential energy surface 

Ph Phenyl, -C6H5 

ppm Parts per million 

PTOE Periodic table of elements 

r.t. Room temperature  

s Second 



 

3 

tBu tert.-Butyl, -C4H9 

TD-DFT Time-dependent density functional theory 

Tf Triflate, -SO3CF3 

TFT Thin-film transistor 

TGA Thermogravimetric analysis 

thf Tetrahydrofurane 

Tip 2,4,6-Triisopropylphenyl, -iPr3C6H2 

TMS Trimethylsilane 

UV/vis Ultraviolet/visible 

VSEPR Valence shell electron pair repulsion 

VT-NMR Variable temperature nuclear magnetic resonance 

Xyl Xylyl (2,6-Dimethylphenyl), -Me2C6H3 

 



4 

List of Figures 

Figure 1: Left: Schematic view of a generalized transistor. Terms at the contacts 

refer to those of a BJT; those in parentheses to those of a MOSFET. 

Semiconductor A and B either refer to oppositely doped versions of the 

same material (n-p junction) or two different materials (heterojunction). 

Right: Overview of junction types used in different transistor architectures.

 ................................................................................................................ 17 

Figure 2: Left: Schematic view of a non-hydrogenated amorphous semiconductor 

with dangling bonds on the internal surfaces of randomly distributed voids. 

Right: Schematic view of a hydrogenated amorphous semiconductor. 

Dangling bonds are partially saturated. ................................................... 22 

Figure 3: Idealized structure of tetrylenes in the triplet and singlet state. ................ 26 

Figure 4: Electronic structure of GeR+/0/−- species. .................................................. 37 

Figure 5: Non-classical deviations of double bonds, trans-bent  and twist . ......... 44 

Figure 6: Dimerization of triplet and singlet tetrylenes to planar and trans-bent double 

bonds according to the CGMT model. .................................................... 44 

Figure 7: Dependence of the double bond geometry on ES→T according to the 

CGMT model........................................................................................... 45 

Figure 8: Resonance forms of digermynes. ............................................................. 58 

Figure 9: Definition of the hemispheroidality . ........................................................ 75 

 



 

5 

List of Schemes 

Scheme 1: Surface reconstruction processes on the (100) surface of -Si and -Ge. 

Top: View along the [-110] vector; Bottom: View along the [001] vector (E 

= Si, Ge). ............................................................................................... 19 

Scheme 2: Dynamic behavior of buckled dimers on the surface of -Si and -Ge (E 

= Si, Ge). ............................................................................................... 20 

Scheme 3: Reactivity of digermene 1a with carboxylic acids to digermanes 2a-c and 

with highly functionalized acetylene 3 to the intermediate diradical 4 (2a: 

R = tBu; 2b: R = Mes; 2c: R = trans-2-phenylcyclopropyl). ................... 20 

Scheme 4: Reaction of digermene 1a with isonitriles to the intermediate donor-

acceptor complexes 5a-c and subsequent reactions to digermane 6 and 

cyclotrigermane 7 (5a: R = benzyl; 5b: R = tBu; 5c: R = Xyl). ............... 21 

Scheme 5: Simplified processes during the CVD of silanes and germanes to a-Si:H, 

a-Ge:H and a-SiGe:H thin films over intermediate partially hydrogenated 

clusters (E = Si, Ge). ............................................................................. 23 

Scheme 6: Stabilization techniques in low-valent Group 14 chemistry, depicted on 

tetrylenes. Left: Kinetic stabilization via sterically demanding 

substituents: Right: Electronic stabilization of electron-deficient centers 

with strong donors (E = heavy group 14 element, D = donor). .............. 23 

Scheme 7: Group 14 (II)- and (IV)-halides arranged according to their 

reactivity/stability. .................................................................................. 25 

Scheme 8: Synthesis of donor-stabilized germanium(II) halides 8a,b and examples 

of typical germylene reactivity for 8a with donor-exchange to 8c and salt 

metathesis to 9 (8a: X = Cl; 8b: X = Br)................................................. 27 

Scheme 9: Unsaturated NHCs 10a-h, saturated NHCs 11a,b and the electronic 

structure of 10a (10a: R = 1-Ad, R’ = H; 10b: R = R’ = Me; 10c: R = Me, 

R’ = H; 10d: R = iPr, R’ = Me; 10e: R = Mes, R’ = H; 10f: R = Dip, R’ = H; 

10g: R = 4-MeC6H4, R’ = H; 10h: R = 4-Cl-C6H4, R’ = H; 11a: R = Mes; 

11b: R = Dip). ........................................................................................ 28 

Scheme 10: Germanium(II) dichloride NHC complexes 12a,b synthesized via ligand 

exchange. ............................................................................................ 28 

Scheme 11: Synthesis of Ge(II) halide-NHC complexes 12c-h with strongly 

electronegative functionalities from 12a and salt metathesis of 12a to 13 

and 14. ................................................................................................ 29 

Scheme 12: Cleavage of digermenes 1a and 15 to the NHC-stabilized germylenes 

14 and 16 and their diverging reactivity towards boranes to donor-

acceptor stabilized germylene 17 and digermene 15. ......................... 30 



6 

Scheme 13: Synthesis of donor-acceptor stabilized parent-germylenes 18a from 

germanium(II) chloride NHC complex 12b and deposition of 18b to give 

Ge-nanoparticles. ................................................................................ 30 

Scheme 14: Germylenes 19-22, stabilized by chelating O-ligands. (19a: X = Cl; 19b: 

X = I; 21a: R = H; 21b: R = iPr; 22a: R = SiMe3; 22b: R = SiiPr3; 22c: R 

= Me; 22d: R = CH2Ph). ...................................................................... 31 

Scheme 15: Germylenes 23-29, stabilized by chelating N-ligands (23a: X = Cl, R = 

Ph; 23b: X = I, R = Ph; 23c: X = Cl, R = Mes; 23d: X = N3, R = Mes; 

23e: X = H, R = Dip; 23f: X = F, R = Dip; 23g: X = Cl, R = Dip; 23h: X = 

Me, R = Dip; 23i: X = nBu, R = Dip; 23j: X = OH, R = Dip; 24a: X = Cl, 

24b: X = tBu; 24c: X = -C≡CPh; 25a: R = Ph; 25b: R = tBu; 27a: R = 

tBu; 27b: R = NiPr2; 29a: X = Cl; 29b: X = OtBu; 29c: X = N(H)Dip). ... 31 

Scheme 16: Zwitterionic resonance structures of acac-, -diketiminato- and 

amidinato-stabilized germylenes. ........................................................ 32 

Scheme 17: Donor stabilized germylenes 30a-e and 31a-c..................................... 32 

Scheme 18: Complexation of borane by n-donor stabilized germylene 32 to the 

complex 33. ......................................................................................... 33 

Scheme 19: Synthesis of the first donor-free germylene 34 via transmetallation. .... 33 

Scheme 20: Synthesis of dialkylgermylene 35 from 34 or 8a via transmetallation. .. 33 

Scheme 21: Reactions of germylene 35: Insertion to iodogermane 36 and complex 

formation to 37..................................................................................... 34 

Scheme 22: Isolated germylenes 38-42 with different main group substituents (40a: 

X = O, R = Me; 40b: X = NH, R = tBu; 40c: X = S, R = tBu; 42: R = 

CH2
tBu). ............................................................................................... 34 

Scheme 23: Aryl substituted germylenes 43-45 (43a: R = Me; 43b: R = tBu; 45a: R = 

Ph; 45b, 45c, 45d: R = H). .................................................................. 35 

Scheme 24: Monochlorogermylenes 46-50 with sterically demanding substituents 

(47a: Ar = Mes; 47b: Ar = Dip; 47: Ar = Tip; 49a: R = Me; 49b: R = Ph; 

50a: SiR3 = SiMe3, R’ = Me; 50b: SiR3 = SiMe2Ph, R’ = Me; 50c: SiR3 = 

SiPh3, R’ = Me; 50d: SiR3 = SiiPr3, R’ = iPr;)........................................ 35 

Scheme 25: Equilibrium between dihydridodigermene 51 and hydridogermylene 52 

and synthesis of donor-stabilized germylene complex 53 as well as 

isolable hydridogermylenes 54a,b (54a: R’ = Me; 54b: R’ = iPr). ......... 36 

Scheme 26: Stable cyclic germylene 55, NHGes 56-58 and synthesis of six-

membered ring germylene 59 from 23g (57a, 57b: R = tBu; 57c-f: R = 

CH2
tBu). ............................................................................................... 36 

Scheme 27: Bisgermylenes 60-63 and chelate complex 64 (62a: Ar = 2,4,6-Me3C6H2; 

62b: Ar = 2,4,6-(CF3)3C6H2; 63a: R = CH2
tBu, X = -C(CH3)2-; 63b: R = 

CH2
tBu, X = -(CH2)2-; 63c: R = CH2

tBu, X = -(CH2)3-; 63d: R = CH2
tBu, 



 

7 

X = o-C6H4-; 63e: R = CH2
tBu, X = m-C6H4-; 63f: R = Et, X = -(CH2)2-; 

63g: R = Et, X = -(CH2)3-; 63h: R = CH2
tBu, X = -(CH2)5-). .................. 37 

Scheme 28: Synthesis of chlorogermyliumylidenes 65a-f by dismutation of 8a and 

synthesis of 65g via nucleophilic substitution of triflate-functionalized 

chlorogermylene 12g with NHC 10d. Atoms with drawn lone-pairs 

participate in coordination to GeCl+. .................................................... 38 

Scheme 29: Synthesis of donor-stabilized germyliumylidenes 67-69 by dechlorination 

of chlorogermylenes 66a,b, 28 and 50a (66a,b, 67a,b: [X]− = [BArf
4]− (Arf 

= 3,5-(CF3)2-C6H3); 69: [X]− = [Al{OC(CF3)3}4]−). .................................. 39 

Scheme 30: Dimerization of intermediate germyliumylidenes 67c-e to dicationic 

digermynes 70a-c and base-induces cleavage of 70c to 

germyliumylidenes 71a,b ([X]− = [BArf
4]− (Arf = 3,5-(CF3)2-C6H3); 66c, 

67c, 70a: NHC = 10b; 66d,e, 67d,e, 70b,c: NHC = 10d; 71a: NHC = 

10d, B = thf; 71b: NHC = 10d, B = pyridine). ....................................... 39 

Scheme 31: Synthesis of germyliumylidenes 72 and germanylidenide 73 from 23g 

([X]− = [HO(B(C6F5)4)2]−). ..................................................................... 40 

Scheme 32: Reversible one-electron reduction of 23k to 75 (top) and germylene 

radical and anion 76 and 77 stabilized by cyclic alkylaminocarbenes. 41 

Scheme 33: Representation of 57b as germylone 5b' and its deposition to 

amorphous germanium. ....................................................................... 41 

Scheme 34: Synthesis of germylones 78a-d by reduction of chlorogermyliumylidenes 

65a-d. .................................................................................................. 42 

Scheme 35. Synthesis of Ge(II)2+ complex 79. ........................................................ 42 

Scheme 36: Minimum structures I-VI on the PES of homonuclear E2H4 and the non-

minmum structure VII (E = C, Si, Ge, Sn, Pb; elements in parentheses 

indicate local minima on the PES; an asterisk marks the global 

minimum). ............................................................................................ 43 

Scheme 37: Syntheses of digermenes by dimerization of unstable germylenes from 

stable (a) germylenes, (b) cyclotrigermanes, (c) 

bis(trimethylsilyl)germanes and (d) dichlorogermanes. ....................... 46 

Scheme 38: Syntheses of digermenes 1a-e by cleavage of cyclotrigermanes 80a-c 

or bis(trimethylsilyl)germanes 82a-e (1a, 80a, 81a, 82a: R = R’ = Mes; 

1b, 80b, 81b, 82b: R = R’ = Xyl; 1c, 82c, 83c: R = R’ = Dep; 1d, 81d, 

82d: R = Mes, R’ = tBu; 1e, 80e, 81e, 82e: R = R’ = Tip). ................... 46 

Scheme 39: Synthesis of digermenes 1e-h via reductive coupling of 

dichlorogermanes 83a-d (83a: X = Cl, R = R’ = Tip; 83b: X = Cl, R = R’ 

= Tip; 83c: X = Br, R = Tip, R’ = ferrocenyl; 81e, 1e: R = R’= Tip; 81f, 

1f: R = R’= Dip; 81g, 1g: R = Tip, R’ = ferrocenyl). .............................. 47 



8 

Scheme 40: Aryldigermenes 1i-k and their differing dissociation behavior in solution 

(1i, 81i: R = 2,5-tBu2C6H3; 1j, 81j: R = 6-tBu-2,3,4-Me3C6H; 1k, 81k: R = 

2,4,6-((Me3Si)2HC)3C6H2). ................................................................... 47 

Scheme 41:Structurally different digermenes 87a-c from NHSi 84 and NHGes 

57a,g,h (R = tBu; 57a, 85a, 86a, 87a: R’ = tBu; 57g, 85b, 86b, 87b: R’ = 
iPr; 57h, 85c, 86c, 87c: R’ = Xyl). ........................................................ 48 

Scheme 42: Silyl substituted digermenes 88a-e and Tetrakis(trimethylsilyl)digermene 

complexes 89a-c (88a: SiR3 = SiMe2
iPr; 88b: SiR3 = SiMe2

tBu; 88c: 

SiR3 = SiiPr3; 88d: SiR3 = SiMetBu2; 88e: SiR3 = SiMe3; 89a: M = Ti; 

89b: M = Zr; 89c: M = Hf). ................................................................... 49 

Scheme 43: Terphenyl-protected digermenes 90a-c, 91a-c, 92a,b and 93 (90a: R = 

Mes; 90b: R = Dip; 90c: R = Tip; 91a: R = Me; 91b: R = Et; 91c: R = 

Ph; 92a: R = tBu; 92b: R = SiMe3). ...................................................... 49 

Scheme 44: Dihalodigermenes 94a-c and 95a,b (94a: X = Cl, 94b: X = Br; 94c: X = 

Cl; 95a, 96a: Ar = 2,4,6-((Me3Si)2HC)3C6H2; 95b, 96b: Ar = 2,6-

((Me3Si)2HC)2-4-((Me3Si)3C)-C6H2). ..................................................... 50 

Scheme 45: Synthesis of unsymmetric digermene 97 by hydrogermylation of 

pentene with 93. .................................................................................. 50 

Scheme 46: Synthesis of the conjugated tetragermabutadiene 99 from digermenide 

98a. ..................................................................................................... 51 

Scheme 47: Reported cyclic digermenes: Three-membered rings 100a,101; Four-

membered rings 102a-g,103a,b; Five-membered rings 104a-c,105; Six-

membered rings 106-108 (102a: R’ = R’’ = H; 102b: R’ = H, R’’ = Ph; 

102c: R’ = H, R’’ = nBu; 102d: R’ = H, R’’ = Ph; 102e: E = Ge; 102f: E = 

Si; 102g: R’ = 2-MeO-C6H4; 104a: X = O; 104b: X = S; 104c: X = Se). 52 

Scheme 48: Germylene reactivity of bulky 1k with 2,3-dimethylbutadiene and 

triethylsilane to germanes 109 and 110 and 1,2-shift of digermene 1a to 

germylgermylene 111 with subsequent trapping to digermanes 109b 

and 110b. (1k, 81k, 109a, 110a: R = 2,4,6-((Me3Si)2HC)3C6H2; 109b, 

110b: R = GeMes3). ............................................................................. 53 

Scheme 49: Anionic species 98a,b and 112-114 obtainable via reduction of 

digermenes (112: R = SiMetBu2; 113: R = 2,6-Dip2C6H3; 98a,114: R =  

Tip; 98b: R = Dip). ............................................................................... 54 

Scheme 50: Syntheses of digermenides 98a,b and reported reactivity: addition of 

methanol to digermane 115, oxidation to tetragermabutadiene 99 and 

substitution to digermenes 116a,b. ...................................................... 55 

Scheme 51: Synthesis of disilenide 117 and general reactivity towards 

unfunctionalized element halides (X = halogen, R = silyl-, stannyl-, 

phosphino-, aryl). ................................................................................. 55 



 

9 

Scheme 52: Synthesis of bridged tetrasilabutadienes 118a-e from disilenide 117 and 

polyaddition of 118a with 1,4-diethynylbenzene to hybridpolymer 119 (X 

= Br, I).................................................................................................. 56 

Scheme 53: Cyclization of chlorosilyl-, acyl- and vinyldisilenes 120a-d and 122a-d 

(120a, 121a: E = Si, R = Me; 120b, 121b: E = Si, R = Ph; 121c, 121c: E 

= Sn, R = Me; 120d, 121d: E = Si, R = Cl; 122a, 123a: E = O, R = tBu; 

122b, 123b: E = O, R = 1-Ad, 122c, 123c: E = CH2, R = Ph; 122d, 

123d: E = CH2, R = SiMe3). ................................................................. 57 

Scheme 54: Minima on the Ge2H2 PES: double bridged butterfly VIII, vinylidene IX, 

and trans-bent alkyne X. ...................................................................... 57 

Scheme 55: Synthesis of digermynes 124a,b from chlorogermylenes 47b,c, 

metathesis with Mo-Mo triple bonds to complexes 125a,b and 

hydrogenation of 124a to 93, 126 and 127 (M = Li, Na, K; L = Cp(CO)2; 

47b, 93, 124a, 125a, 126, 127: Ar = Dip; 47c, 124b, 125b: Ar = Tip). . 58 

Scheme 56: Reaction of bisgermylenes 128a,b with DMAP to complexes 129a,b. . 59 

Scheme 57: Synthesis of digermynes 130, 131 and digermavinylidene 132 (NHC = 

10d; Ox = [Cp2Fe][BArf
4] (Arf = 3,5-(CF3)2- C6H3) and [Ph3C][B(C6F5)4]).

 ............................................................................................................ 59 

Scheme 58: Synthesis of Ge(0)2 135a-c from germylenes 12b, 133 and 134 (Red. = 

Jones’ Mg or KC8; 12b, 135a: L = 10f; 134, 135c: L = 10d). ............... 60 

Scheme 59: Germasilenes 136-138 (136a: R = Mes, R’ = SiMetBu2; 136b: R’ = 

SiMetBu2, R’ = Mes; 136c: R = R’ = SiMetBu2; 136d,e: R = Mes, R’ = 

SitBu3; 136f: R = R‘ = Mes; 137, 138: SiR3 = SiMetBu2). ..................... 60 

Scheme 60: Trapping of silagermene 136f as methoxysilane 139 and 1,2-aryl shift to 

silylgermylene 140 and subsequent trapping as silylgermane 141. ..... 61 

Scheme 61: Isolated Derivatives of the GeSiR2 hypersurface: silagermyne 142 and 

silagermenylidene 143 (NHC = 10d). .................................................. 61 

Scheme 62: E3R6 isomers: tetrylenes XI, XII, heavy propene XIII and heavy 

cyclopropane XIV. ............................................................................... 62 

Scheme 63: Rearrangement of disilenes 120a,b to cyclotrisilanes 121a,b via inter-

mediary disilanylsilylenes 144a,b (120a, 121a, 144a: R = Me; 120b, 

121b, 144b: R = Ph). ........................................................................... 62 

Scheme 64: Reportes species of the type Si2GeR6:Silylgermasilene 138, bissilyl-

germylenes 16, 145 and 147 as well as disilanylgermylene 146 and 148 

(NHC = 10d; SiR3 = SiMetBu2; 16: R = Cl; 145: R = Ph). .................... 63 

Scheme 65: Synthesis of heavy cyclopentadienide 149 from germasilene 138 as well 

as Ge3-allyl anion 114, -radical 150 and cation 151 (SiR3 = SiMetBu2; 

[X]− = B[(C6F5)4]−). ............................................................................... 63 

Scheme 66: E3R4 isomers XV-XIX ordered by increasing relative energy in the Si3 

system. ................................................................................................ 64 



10 

Scheme 67: Heavy allenes 152-154 (152a: E = E’ = Ge, R = SiMe3; 152b: E = Si, 

E‘ = Ge, R = SiMe3; 152c: E = Ge, E‘ = Si, R = SiMe3; 152d: E = E‘ = Si, 

R = SiMe3; 153: R = 2,6-(CH(SiMe3)2)2-4-C(SiMe3)3-C6H2; 154: R = 

SiMetBu2). ............................................................................................ 64 

Scheme 68: Cyclotrigermenes 100a-c and 155a-f (100a: ER3 = SitBu3; 100b: ER3 = 

GetBu3; 100c: ER3 = SiMetBu2; 155a: X = Si(SiMe3)3; 155b: X = 

Ge(SiMe3)3; 155c: X = Mes; 155d: X = Cl; 155e: X = Br; 155f: X = I). . 65 

Scheme 69: Synthesis of silagermenylidene 157 from reaction of disilenide 117 and 

12a to intermediate disilenylgermylene 156 and its reactivity towards 

organolithium reagents under formation of cyclopropylidenes 158 & 160, 

disilenylgermylene 159a,b and cyclopropene analogue 161 (NHC = 

10d). .................................................................................................... 65 

Scheme 70: Delocalized cyclotrigermenylium cations 162a-g and cyclotrigermenyl-

radical 161 (100a: E = Si; 100b: E = Ge; 162a: E = Si, Ar = Ph; 162b: E 

= Si, Ar = 3,5-(CF3)2C6H3; 162c: E = Ge, Ar = 3,5-(CF3)2C6H3; 162d: E = 

Si, Ar = C6F5; 162e: E = Ge, Ar = C6F5; 162f: E = Si, Ar = 4-

(tBuMe2Si)C6F4; 162g: E = Ge, Ar = 4-(tBuMe2Si)C6F4; 163: Ar = 2,6-

Mes2C6H3). .......................................................................................... 66 

Scheme 71: Trigermaallyl anion 164 and the base-stabilized tritetrylene 165 (Ar = 

2,6-Mes2C6H3). .................................................................................... 67 

Scheme 72: E4H6 isomers butadiene XX, cyclobutene XXI and bicyclobutane XXII. 67 

Scheme 73: Synthesis of Ge-containing cyclobutenes 102e,f from heavy cyclo-

propenes 100c, 137 and GeCl2 dioxane 8a (SiR3 = SiMetBu2; 100c, 

102e: E = Ge; 102f, 137: E = Si). ........................................................ 67 

Scheme 74: Bond-stretch isomerization of tetragermacylobutane XXII to the 

diradicaloid XXII'. ................................................................................. 68 

Scheme 75: Isomers XXIII-XVI of E4H4. ................................................................... 68 

Scheme 76: Synthesis of tetrahedrane 167 via reductive coupling of tetrachloro-

digermane 166..................................................................................... 69 

Scheme 77: Zwitterionic Ge4-butterfly 168 and mixed cluster 169. .......................... 69 

Scheme 78: Tetragermacyclobutadienes 170a-c. .................................................... 70 

Scheme 79: Reduction of dichlorocyclobutenes 102e,f to cyclobutadiene dianions 

171a,b and subsequent coordination to complexes 172a,b as well as 

reduction of 102f to bicyclobutane dianion 175a-c over the 

intermediates 173a-c and 174a-c (SiR3 = SiMetBu2; 102e, 171a, 172a: 

E = Ge; 102f, 171b, 172b: E = Si; 173a, 174a, 175a: M = Mg; 173b, 

174b, 175b: M = Ca; 173c, 174c, 175c: M = Sr). ................................ 70 

Scheme 80: Examples of the three classes of germanium clusters (● = Ge; 167: R = 

SitBu3; 176: R = Mn(CO)5; 177: R = CH(SiMe3)2; 178: R = Dep; 179a: R 

= N(SiMe3)2; 179b: R = 2,6-tBuO2C6H3; 180: R = Si(SiMe3)3). ............. 71 



 

11 

Scheme 81: Metalloid Ge-clusters 179a,b, 180 and 183-186 that form regular and 

distorted polyhedra (●  = Ge; dashed bonds indicate transannular 

interactions in bond-stretch bicyclobutane motifs; 179a: R = N(SiMe3)2; 

179b: R = 2,6-tBuO2C6H3; 180: R = Si(SiMe3)3; 183a: R = CH(SiMe3)2;  

183b: R = 2,6-Mes2C6H3; 183c: R = SiMetBu2; 184: R = SiMetBu2; 185: 

R = 2,6-Dip2C6H3; 186: R = N(SiMe3)Dip)............................................ 72 

Scheme 82: Ge10-Ge14 clusters 187-190 ( ●  = Ge; dashed bonds indicate 

transannular interactions in bond-stretch bicyclobutane motifs; bonds 

that are part of a diamond-lattice cutout or of bond-stretch 

bicyclobutanes are emphasized in bold; 187: R = Si(SiMe3)3; 188: R = 

SitBu3; 189: R = FeCp(CO)2, R’ = FeCp(CO); 190a: R = Ge(SiMe3)3; 

190b: R = Si(SiMe3)3). ......................................................................... 73 

Scheme 83: Unsaturated SiGe clusters 191-193 which do not count as metalloid 

clusters (E = Si, Ge; dashed bonds indicate transannular interactions in 

bond-stretch bicyclobutane motifs). ..................................................... 73 

Scheme 84: Synthesis of germanoids 192 and 193 from disilenide 117 and 

germanium dichloride dioxane 8a. ....................................................... 74 

Scheme 85: Bicyclobutane XXII' and germanoids 191a,b & 192 with non-classical 

interactions between hemispheroidally coordinated Ge-atoms. .......... 76 

Scheme 86: Top: Synthetic pathway from disilenide 117 to hexasilabenzene isomer 

195 via intermediate cyclotrisilane 121e and its two rearrangements to 

benzpolarenes 196 and 197. Anionic 197 can be utilized to attach a 

variety of substituents to the cluster scaffold. Bottom: Hypothetical 

reduction product 198 of dismutational benzene isomer 193. ............. 77 

Scheme 87: Proposed metathesis of asymmetric digermenes and suggested 

polymerization of ,-bis(digermenes) to unprecedented 

poly(digermenes). ................................................................................ 78 

Scheme 88: Left: reduction of siliconoids 195 and 196 to two regioisomers of 197. 

Right: Nomenclature for the benzpolarene vertices on the example of 

196. ................................................................................................... 102 

Scheme 89: Reduction of dismutational Si4Ge2 isomer 193 to anionic 

heterosiliconoid 199 with different germanium occupation than 192 and 

subsequent functionalization to silyl-substituted germanoid 200. ...... 103 

Scheme 90: Enantiomers of 199 from the chiral axis through the privo and remoto 

position. ............................................................................................. 103 

Scheme 91: Synthesis of asymmetric digermene 201 and persistent -

chlorosilyldigermenes 202a-c and acyldigermenes 203a-c which do not 

undergo cyclization to the corresponding cyclopropanes 204a-c or 

cyclic Brook germenes 205a-c (202a, 204a: R = R’ = Me; 202b, 204b: 



12 

R = Me, R’ = Ph; 202c, 204c: R = R’ = Ph; 203a, 205a: R = tBu;, 203b, 

205b: R = 2-methylbutan-2-yl; 203c, 205c: 1-Ad). ............................ 104 

Scheme 92: Formation of homoleptic digermene 1e from asymmetric digermenes 

201-203 via Ge-Ge double bond cleavage (R  = chlorosilyl, acyl). .... 105 

Scheme 93: Olefin Metathesis of asymmetric 206a,b via intermediate germylene 81e 

and 208a,b to symmetric digermenes 1e and E-207a,b (206a, E-207a: 

R = 2-(N,N-Me2C6H3)Me2Si-; 206b, E-207b: R = 2-(N,N-Me2C6H3)Ph2Si-

; 208a: R’ = Me; 208b: R’ = Ph). ........................................................ 106 

Scheme 94: HADMET polymerization of ,-bis(digermene) 209 to polydigermene 

210. ................................................................................................... 107 

 



 

13 

List of Tables 

Table 1: Ordering of low-valent germanium-containing molecules, as they will be 

presented in the following chapters. The last chapter does not include an 

additional subdivision (E = Si, Ge). ........................................................... 24 

Table 2: Experimental X-E-X values of Group 14 dihalides determined in the gas-

phase (E = C, Si, Ge, Sn, Pb; X = F, Cl, Br).[132–140].................................. 25 

Table 3: Calculated singlet-triplet gaps for parent tetrylenes (numbers in parentheses 

include relativistic effects). ........................................................................ 26 

Table 4: Structural parameters and dissociation behavior of selected digermenes. . 48 

 



14 



 

15 

Preface 

The roles of the two archetypical semiconductors silicon and germanium for the 

Information Age could not vary more widely, despite both being part of Group 14 in 

the periodic table of elements (PTOE): With 28.2% the second most abundant 

element in earth’s crust,[1] silicon and its compounds constitute the workhorses of 

modern technology, with far reaching applications in semiconductors, photovoltaics, 

construction materials, ceramics and glasses to name just a few.[2,3] This 

unsurpassed impact on today’s society is also reflected in the term “Silicon Age” for 

the late 20th and early 21st century.[4] 

Germanium on the other side leads a modest but therefore all the more specialized 

existence: Discovered only in 1886 as eka-silicon (atomic number: 32) by Clemens 

Winkler, it gave first proof for the predictive power of the then just emerging PTOE.[5–

7] Winkler named the new element after his homeland Germany where it was found 

for the first time in argyrodite, a rare mineral from the “Himmelsfürst Fundgrube 

Freiberg”. The low natural abundance (1.5 ppm)[1] of germanium prevented its earlier 

discovery as there are only 26 defined, extremely rare germanium minerals and the 

remaining germanium is found in minute amounts as impurities in sulfides such as 

sphalerite and wurtzite.[8–10] As a result, the worldwide annual production of 

germanium amounted to manageable 106 to 160 tons between 2016 and 2019.[11–14] 

Despite its scarcity, germanium was the element of choice for the first transistor 

developed by Bardeen[15] because it exhibits superior electronic properties (band gap 

0.67 eV, highest hole-mobility of any known semiconductor[16]). Nowadays, 

germanium finds use in high-tech applications like fiber optics, infrared optics, 

polymerization catalysis, semiconductors, and photovoltaics. This combination of 

rarity and lack of alternatives for important modern and future applications (e.g. 

spintronics[17,18]) makes germanium a so-called “technology-critical element”.[19–21] 

Synergies with silicon in materials like alloys or thin films of hydrogenated amorphous 

a-Si/Ge:H give access to promising technologies like thin-film solarcells,[22–24], 

photonics,[25] high performance transistors[26–29] and quantum computing.[30–32] It is 

therefore of high importance to deepen our understanding of germanium chemistry to 

be able to extract the full potential of the element, its compounds, and materials in 

the future.  
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Introduction 

1. Silicon and Germanium: Surface and Bulk Features 

The transistor ranks among the most important inventions in human history, being an 

electronic component that allows to switch an electric current between two of their 

contacts (“Collector” and “Emitter” or “Source” and “Drain”) by applying voltage to a 

third (“Base” or “Gate”) (Figure 1). Since its first fabrication by Bardeen and 

Brattain[15] in 1947, we witness the far-reaching consequences of this simple property 

everywhere: Realization of logic gates in electric systems formed the basis of the 

combination of numerous transistors into integrated circuits (IC) and enabled 

electronic computations. Development of the metal-oxide-semiconductor field-effect 

transistor (MOSFET)[33] allowed for a stepwise miniaturization of ICs following 

Moore’s Law, which roughly predicts doubling of transistors per area unit on a 

microchip every two years and analogous shrinkage of MOSFETs.[34] The accuracy 

of this empirical prediction condenses in the triumph of ever smaller electronic 

devices with continually higher computing power, from archaic digital calculators to 

cutting-edge high-end smartphones. By this means, the astonishing number of 

approximately 1.3 ∙1022 MOSFETs was manufactured until 2018, making it the most 

frequently produced device in human history.[35] Furthermore, the rise of the internet 

since the 1990s has left deep marks in science, politics, industry and culture, still 

coining society in an unprecedented manner and leaving the transistor as the 

building block of the Information Age. 

 

Figure 1: Left: Schematic view of a generalized transistor. Terms at the contacts refer to 
those of a BJT; those in parentheses to those of a MOSFET. Semiconductor A and B either 
refer to oppositely doped versions of the same material (n-p junction) or two different 
materials (heterojunction). Right: Overview of junction types used in different transistor 
architectures. 
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Since Bardeen’s seminal work dozens of transistor architectures have been 

conceived, united by one operating principle: the exclusively electric switching by 

exploiting the unique electronic properties of semiconductors. The first transistor, for 

instance, was a bipolar junction transistor (BJT) in which two interfaces, called p-n 

junctions, between oppositely doped (p- and n-) areas of germanium are crucial to its 

functioning (Figure 1).[36] While MOSFETs also utilize p-n junctions, the 

heterojunction bipolar transistor (HBT) possesses heterojunctions between two 

entirely different semiconductors, allowing band gap tuning and high switching 

frequencies for application in telecommunication. Thin-film transistors (TFT) possess 

another heterojunction-based architecture related to thin-film solar-cells; the flat 

design makes them well suited for application in displays or small devices. Figure 1 

summarizes the different transistor architectures and the most used Group 14 

semiconductors. Note that crystalline -Si, -Ge and -SiGe are omnipresent in 

conventional transistors, whereas their amorphous counterparts (a-Si, a-Ge and a-

SiGe) are indispensable for thin-film applications. 

The sheer unlimited availability and simple processability of silicon makes it the 

material of choice in most standard semiconductor applications where economic 

factors dominate performance issues. Germanium on the contrary is rare and 

expensive but exhibits the highest hole mobility of all known semiconductors and a 

band gap in the IR,[16] making it suitable for high-end applications like X-Ray 

imaging[37,38] and IR sensors[39] in which cost is of secondary importance. Mixing both 

elements to crystalline or amorphous SiGe not only enhances the performance with 

respect to silicon but the resulting materials can even surpass germanium: 

Transistors based on silicon-germanium alloys (-SiGe) for example, target the 

Terahertz clocking regime and are expected to play a pivotal role in future high-speed 

internet applications and state-of-the-art sensors.[40–45] The spectacular discovery of 

stable hexagonal Si0.2Ge0.8 which is the first Group 14 semiconductor to efficiently 

emit light due to a direct bandgap, opens the door for integrated optoelectronics and 

emphasizes the potential impact of SiGe alloys on prospective technologies.[25] The 

same applies to amorphous SiGe (a-SiGe) the bandgap of which can be fine-tuned to 

the solar spectrum by adjusting the Ge-content.[46,47] Its higher carrier mobility further 

allows for the development of competitive thin-film transistors.[48] 



Introduction 

19 

Semiconductive layers are usually fabricated by chemical vapor deposition (CVD). 

During CVD, a volatile, thermally unstable precursor is evaporated and then 

decomposed either directly in the gas phase or by contact with the hot substrate. For 

depositing silicon and germanium layers, silanes or germanes (EH4, E2H6) are the 

precursors of choice; SiGe can be deposited from parallel CVD of both silanes and 

germanes.[43,47,49,50] The substrates for CVD are mostly wafers of -Si, -Ge or -SiGe 

making their surface characteristics crucial for the deposition behavior. Similarly, the 

junctions in transistors highly depend on interface characteristics of semiconductors 

and in the highly miniaturized MOSFETs the surface atoms are no longer a negligible 

perturbation of the bulk but become the dominant structural feature. It is therefore 

insightful to examine the surface features of crystalline silicon and germanium in the 

following and see how molecular model compounds can help to unravel their reactivity. 

 

1.1. Surface features of crystalline -Si and -Ge 

Substrates for epitaxial CVD are produced by cutting along the (100) plane of an -

Si1−xGex (0 ≤ x ≤ 1) crystal, leaving two unpaired electrons with each surface atom 

which are located in highly reactive “dangling” bonds. To decrease free energy, the 

surface undergoes reconstruction by pairing up surface atoms under formation of a 

cis-bent double-bonded dimer. The dimer tilts in accordance with a Jahn-Teller 

distortion and an uneven structural feature is left on the surface which is referred to as 

the “buckled dimer” and the reconstructed surface as E(100)-c(4x2) (Scheme 1).[51,52] 

 

Scheme 1: Surface reconstruction processes on the (100) surface of -Si and -Ge. Top: 
View along the [-110] vector; Bottom: View along the [001] vector (E = Si, Ge). 
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At room temperature, the buckled dimers on the -Si- and -Ge surface are subject 

to a rapid wiggle motion (Scheme 2)[53,54] which is only quenched in proximity of 

surface defects, due to a higher local anisotropy and therefore higher energetic 

discrimination of one orientation against the other.[52] The rate of the wiggle motion 

on the -Si surface exceeds that on the -Ge surface, hinting towards differing 

activation energies.[54]  

 

Scheme 2: Dynamic behavior of buckled dimers on the surface of -Si and -Ge (E = Si, Ge). 

Structurally, the buckled dimer resembles cis-bent heavy alkenes. Approximations to 

this bonding situation in the molecular case were reported for both silicon[55] and 

germanium.[56] The different kinetics of the  dynamic behavior on the -Si and 

-Ge(100) surfaces fits this interpretation: While disilenes exhibit a shallow Potential 

Energy Surface (PES) and therefore readily undergo conformational changes, the 

trans-bent structure is clearly favored for digermenes, rendering them less fluxionary 

(cf. Section 3.1).[57–59] The structural similarities between surfaces and molecular 

model systems translate directly into parallel chemical behavior as has been 

investigated for germanium by the group of Baines: In close resemblance to what has 

been reported for the Ge(100)-(4x2) surface,[60,61] digermene 1a reacts with carboxylic 

acids[62] and the highly-functionalized acetylene 3[63] to the saturated digermanes 2a-c 

and the diradical intermediate 4, respectively (Scheme 3). 

 

Scheme 3: Reactivity of digermene 1a with carboxylic acids to digermanes 2a-c and with 
highly functionalized acetylene 3 to the intermediate diradical 4 (2a: R = tBu; 2b: R = Mes; 
2c: R = trans-2-phenylcyclopropyl). 
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Treatment of 1a with isocyanides,[64] gives intermediate donor-acceptor complexes 

5a-c, which undergo subsequent reactions to digermane 6 or cyclotrigermane 7, 

depending on the isocyanide (Scheme 4). The formation of structures analogous to 6 

had never been proposed in reactions of isocyanides with Ge(100)-(4x2) but is 

reasonably assumed based on FTIR data.[65] Likewise, treating 1a with nitriles[66] 

resolves the mechanism of Ge(100) functionalization with acrylonitriles,[67,68] 

demonstrating the suitability of digermenes to help gain insight to the surface 

chemistry of germanium.[69,70] 

 

Scheme 4: Reaction of digermene 1a with isonitriles to the intermediate donor-acceptor 
complexes 5a-c and subsequent reactions to digermane 6 and cyclotrigermane 7 (5a: R = 
benzyl; 5b: R = tBu; 5c: R = Xyl). 

 

1.2. Nanoclusters in amorphous Si, Ge and SiGe 

Like their crystalline counterparts, amorphous a-Si, a-Ge and a-SiGe are processed 

via CVD but their immanent disorder renders their properties susceptible to the 

deposition conditions. Detailed knowledge of the processes in both the gas-phase 

and at the substrate surface are therefore required to gain control over short-range 

structures in the bulk as for example dangling bonds on the surfaces of internal voids 

(Figure 2).[71–73] These generate defined states in the band-gap which dictate the 

electronic and optic properties of the material and in fact deteriorate the 

semiconducting behavior due to accelerated charge carrier recombination.[47] 

Significant performance improvement can be reached by introducing hydrogen to the 

bulk (Figure 2) as it eliminates states from the pseudo band-gap by partially saturating 

the dangling bonds.[74,75] The resulting semiconductors (a-Si:H, a-Ge:H & a-SiGe:H) 

are in fact the materials used in industrial thin-film applications as they in particular 

exhibit desirable electronic properties.[37–39,46,48,76–78] 
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Figure 2: Left: Schematic view of a non-hydrogenated amorphous semiconductor with 
dangling bonds on the internal surfaces of randomly distributed voids. Right: Schematic view 
of a hydrogenated amorphous semiconductor. Dangling bonds are partially saturated. 

Other structural features found in a-Si:H, a-Ge:H and a-SiGe:H are partially-

hydrogenated, unsaturated nanoclusters randomly distributed in the bulk.[79–81] 

Theoretical investigations on the silicon system show a dependency between the 

optical properties of such clusters and their size, structure, and hydrogen-content, 

suggesting that these factors play a pivotal role for the material characteristics.[82–84] 

High hydrogen content, for instance, leads to saturated nano-crystallites, while lower 

degrees of hydrogenation induce the presence of unsaturated clusters that exhibit 

higher photoluminescence intensity.[82] Consequently, a hydrogen-content of 10 to 

15% in a-Ge:H was found to yield optimal optoelectronic properties.[85] Complete 

removal of hydrogen leaves silicon nanoclusters covered by dangling bonds, leading 

to inferior optical properties.[82] Based on solid-state simulations, unsaturated silicon 

clusters were proposed as structural features of a-Si as high concentrations of three- 

and five-fold coordinated Si atoms were found in the near-surface domains.[86] 

Experimental validation of these suggestions remains difficult at present, due to 

limited characterization methods of local features in amorphous materials. 

Decomposition of silane or germane precursors in the gas-phase during CVD to 

highly unstable anions,[87,88] radicals,[89–92] cations[93–96] or carbene 

analogues[87,89,90,97–106] is presumably followed by subsequent insertion, elimination 

and aggregation reactions that step by step build larger structures of various 

compositions. Both silicon and germanium clusters of different sizes and 

hydrogenation degrees have been experimentally detected in the gas phase by 

applying manifold decomposition techniques,[87,88,105–112] while structural suggestions 

exclusively rely on theoretical results.[113–122] Adsorption of all occurring species to the 

substrate surface is then followed by decomposition and finally film growth (Scheme 5). 
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Detailed knowledge of mechanistic processes and occurring species is therefore 

crucial to control the formed clusters and properties of the deposited material. 

 

Scheme 5: Simplified processes during the CVD of silanes and germanes to a-Si:H, a-Ge:H 
and a-SiGe:H thin films over intermediate partially hydrogenated clusters (E = Si, Ge). 

 

1.3. The bottom-up approach to Si and Ge materials 

High instability of the low-valent Group 14 intermediates in CVD and the 

consequential unselective nature of the occurring reactions set boundaries for 

controlling the deposited semiconductor’s properties. Taming their reactivity usually 

requires sterically demanding and chemically inert substituents which protect the low-

valent center from possible reactants. This “kinetic stabilization” was proposed by 

Jutzi in 1975[123] and has become the key in isolating most low-valent Group 14 

species. Another important stabilization technique that admittedly interferes heavily 

with the electronic structure of the stabilized species, is the saturation of electron-

deficient centers with strong donors (Scheme 6). 

 

Scheme 6: Stabilization techniques in low-valent Group 14 chemistry, depicted on tetrylenes. 
Left: Kinetic stabilization via sterically demanding substituents: Right: Electronic stabilization 
of electron-deficient centers with strong donors (E = heavy group 14 element, D = donor). 
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Interestingly, many of these species are accessible by systematic coupling of smaller 

low-valent Group 14 units to build larger molecules and finally crossing the threshold 

to unsaturated cluster motifs (cf. Chapter 6) known from CVD and amorphous 

semiconductors. This bottom-up approach promises better control over the deposited 

structures and thus the properties of the final material. Hence, the following chapters 

will systematically review low-valent germanium species with increasing number of 

unsaturated Ge centers from germylenes to clusters. Additionally, mixed species that 

contain both low-valent silicon and germanium will be covered as conceptual bridge 

to a-SiGe. The amount of hydrogen induces extraordinary structural changes to the 

cluster cores, which is why every chapter dedicated to a number of “core” atoms will 

be subdivided into sections of number of substituents (Table 1). Silicon species will 

be covered if the heavier congeners are unknown. Explicitly not included are 

non-conjugated anions, radicals, or cations with the general formula GeR3
+/0/-. 

Table 1: Ordering of low-valent germanium-containing molecules, as they will be presented 
in the following chapters. The last chapter does not include an additional subdivision (E = Si, 
Ge). 

Ge1 Ge2 & SiGe E3 E4 Clusters 

GeR2 Ge2R4 E3R6 E4R6  

GeR Ge2R3 E3R5 E4R5  

Ge(0) Ge2R2 E3R4 E4R4  

 Ge2(0) E3R3   

 GeSiR4 E3R2   

 GeSiR2 E3(0)   

 

 

2. Ge1-Systems 

Group 14 elements typically occur in the two oxidation states +IV and +II, with an 

increasing tendency for the latter when going down the group as exemplified by the 

element halides: CCl2 and SiCl2 are highly reactive intermediates,GeCl2 can only be 

isolated when stabilized by donors while SnCl2 and PbCl2 represent the more stable 

oxidation state of tin and lead chlorides. This ordering is found to be reversed for the 

tetrachlorides, rendering CCl4 stable and PbCl4 extremely prone to disproportionation 

(Scheme 7). 
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Scheme 7: Group 14 (II)- and (IV)-halides arranged according to their reactivity/stability. 

This trend is rationalized by the “inert-pair effect”, stating that in the lower rows of the 

PTOE the valence s-orbital becomes less involved in bonding (“inert”) and hence the 

tetravalent bonding mode is increasingly destabilized compared to the divalent one.[124] 

Of several explanations,[125,126] according to Kutzelnigg the 2s-orbital expands further 

from the nucleus to maintain orthogonality to the 1s orbital, while the 2p-orbitals are 

unperturbed. As p-orbitals are localized further from the nucleus than s-orbitals, the 

2p-orbitals overlap effectively with the expanded 2s-orbital, allowing significant mixing 

and hybridization. The np-orbitals in lower rows, however, need to avoid their 

energetically lower congeners, which restores the mismatch in orbital size between ns 

and np orbitals, decreasing the ns-orbital’s tendency towards hybridization.[127] One 

consequence of the inert-pair effect is the decrease in X-E-X bonding angles for E = C 

to Pb (Table 2). The decrease in angles for electronegative halides is explained by 

Bent’s Rule, stating that electronegative substituents favor p-orbitals in their bonds.[128] 

The degree of bending of heavier tetrylenes has been rationalized by a second-order 

Jahn-Teller effect:[129–131] the lowering of symmetry from D∞h to C2v enables favorable 

orbital interactions due to mixing of previously immiscible orbitals. The extent of this 

deformation is therefore reciprocally related to the HOMO-LUMO gap. 

Table 2: Experimental X-E-X values of Group 14 dihalides determined in the gas-phase (E = 
C, Si, Ge, Sn, Pb; X = F, Cl, Br).[132–140] 

X-E-X [°] C Si Ge Sn Pb 

F 105 101 97.2 94 90 

Cl 108 105 100.2  98.7 

Br  109    
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Group 14 (II) compounds are referred to as carbenes, silylenes, germylenes, 

stannylenes and plumbylenes, or more general as tetrylenes which electronic structure 

is in between two borderline cases, the idealized triplet and singlet state (Figure 3). 

 

Figure 3: Idealized structure of tetrylenes in the triplet and singlet state. 

The highly reactive, linear triplet state possesses two singly occupied, degenerate 

p-orbitals with the s-orbital being utilized in the E-R single bonds, requiring 

extraordinarily effective hybridization between s- and p-orbitals only seen in the 

second row of the PTOE. Hence, the parent carbene, despite still being bent with a 

HCH angle of 134°, possesses a triplet ground state,[141–144] whereas the singlet state 

is increasingly favored for heavier parent tetrylenes (Table 3).[59,145–148] In this case, 

the electrons occupy a non-bonding orbital and the remaining vacant p-orbital leaves 

singlet tetrylenes Lewis-amphoteric. The singlet-triplet character also depends on the 

substituents: Bulky substituents force the molecule into an arrangement closer to 

linearity and hence stabilize the triplet state,[149–151] as has been observed for sterically 

extremely encumbered silylenes.[152,153] Similarly, -donating substituents decrease 

the s-character of the tetrylene lone-pair according to Bent’s Rule and therefore 

stabilize the triplet state.[150,154] The opposite is true for -acceptors and for -donors: 

their lone-pair stabilizes singlet tetrylenes via donation into the vacant pz-orbital. 

Table 3: Calculated singlet-triplet gaps for parent tetrylenes (numbers in parentheses include 
relativistic effects). 

ES→T 

[kcal/mol] 
C Si Ge Sn Pb 

 −12.7 

(−10.6) 

16.7 

(16.8) 

21.8 

(24.1) 

24.8 

(23.7) 

34.8 

(39.1) 
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2.1. GeR2: Germylenes 

The intermediate position of germanium in Group 14 renders the oxidations state +II 

stable enough to isolate germylenes as air and moisture sensitive compounds by 

using suitable substituents or Lewis-bases. Hence, early isolated examples of 

germylenes were germanium(II) halide complexes 8a,b which were synthesized by 

thermal treatment of trihalogermanes in the presence of 1,4-dioxane (Scheme 

8).[155,156] Dichlorogermylene 8a undergoes ligand exchange with thf to the 

corresponding complex 8c.[157] Reaction with triflic acid leads to elimination of HCl 

and the formation of the germanium(II) triflate 9.[158] A range of other base-stabilized 

dichlorogermylenes are accessible by ligand exchange and several other weak 

donors have been reported to undergo complex formation with germylenes.[159–164] 

 

Scheme 8: Synthesis of donor-stabilized germanium(II) halides 8a,b and examples of typical 
germylene reactivity for 8a with donor-exchange to 8c and salt metathesis to 9 (8a: X = Cl; 
8b: X = Br). 

Synthesis of the first isolable N-heterocyclic carbenes (NHC) 10a-h and 11a,b by 

Arduengo et al. in the 1990s,[165–169] broadened the scope of applicable Lewis-bases 

significantly. NHCs are singlet carbenes and extraordinarily strong -donors. The 

-donating endocyclic nitrogen atoms stabilize the vacant p-orbital at the carbene 

center efficiently and their -accepting character increases the singlet character of 

the carbene, further enhancing its stability (Scheme 9). In addition, unsaturated NHCs 

10a-h experience a certain amount of 6-aromaticity in the five-membered ring.[170,171] 
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Scheme 9: Unsaturated NHCs 10a-h, saturated NHCs 11a,b and the electronic structure of 
10a (10a: R = 1-Ad, R’ = H; 10b: R = R’ = Me; 10c: R = Me, R’ = H; 10d: R = iPr, R’ = Me; 
10e: R = Mes, R’ = H; 10f: R = Dip, R’ = H; 10g: R = 4-MeC6H4, R’ = H; 10h: R = 4-Cl-C6H4, 
R’ = H; 11a: R = Mes; 11b: R = Dip). 

Since the discovery of NHCs several germylene-NHC complexes have been 

reported: Ligand exchange in germanium(II) dichloride × dioxane complex 8a with 

NHCs 10d or 10f gives the NHC-stabilized germanium(II) dihalides 12a,b (Scheme 

10) and complexation of GeI2 with 10e the corresponding diiodide.[172–175] 

 

Scheme 10: Germanium(II) dichloride NHC complexes 12a,b synthesized via ligand 
exchange. 

Just like dioxane-stabilized 8a, 12a is a valuable precursor in low-valent germanium 

chemistry: the complexes 12c-h, which all bear strongly electronegative 

functionalities at the germanium center can be obtained via substitution of the 

chlorides in 12a (Scheme 11).[173,176] Furthermore, treatment of 12a with metal 

organic reagents in a 1:1 or 1:2 ratio gives the base-stabilized germylenes 13 and 14 

with one and two substituents, respectively, via salt metathesis (Scheme 11).[176,177] 
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Scheme 11: Synthesis of Ge(II) halide-NHC complexes 12c-h with strongly electronegative 
functionalities from 12a and salt metathesis of 12a to 13 and 14. 

Diarylgermylene 14 is also accessible via NHC mediated cleavage of digermene 1a. 

Similarly, addition of NHC 10d induces splitting of functionalized digermene 15 to the 

cyclic germylene 16. While 15 can be reversibly recovered by addition of 

triphenylborane under formation of the NHC-borane adduct, 14 itself reacts as a 

Lewis base with borane to give the donor-acceptor stabilized germylene 17 (Scheme 

12).[178,179] NHC mediated deconstruction of a tetragermacyclobutane to four 

equivalents of the corresponding NHC-stabilized germylene has been reported as 

well.[180] 
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Scheme 12: Cleavage of digermenes 1a and 15 to the NHC-stabilized germylenes 14 and 
16 and their diverging reactivity towards boranes to donor-acceptor stabilized germylene 17 
and digermene 15. 

Employing the same stabilization technique, the group of Rivard succeeded in 

isolating the parent-germylene complex 18a by treatment of 12b with lithium 

borohydride and could deposit elemental germanium nano-particles from complex 

18b, in which a weaker bonded phosphorus ylide stabilizes the germylene (Scheme 

13).[175,181] 

 

Scheme 13: Synthesis of donor-acceptor stabilized parent-germylenes 18a from 
germanium(II) chloride NHC complex 12b and deposition of 18b to give Ge-nanoparticles. 

Instead of external Lewis-bases, it is also possible to utilize intramolecular donors to 

stabilize germylenes: The earliest application of this strategy made use of the rigid 

acac-ligand and allowed isolation of germylenes 19a,b and 20.[182,183] The 

germylenes 21a,b and 22a-d are similarly stabilized by a tropolone and calix[4]arene-

based ligand, respectively (Scheme 14).[182,184] 
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Scheme 14: Germylenes 19-22, stabilized by chelating O-ligands. (19a: X = Cl; 19b: X = I; 
21a: R = H; 21b: R = iPr; 22a: R = SiMe3; 22b: R = SiiPr3; 22c: R = Me; 22d: R = CH2Ph). 

Examples with nitrogen-based ligands include the -diketiminatogermylene 

23-26,[185–194] the amidinato and guanidinatogermylenes 27a,b[195] as well as 28 and 

29a-c in which the germylene is incorporated into five-membered rings (Scheme 

15).[196,197] 

 

Scheme 15: Germylenes 23-29, stabilized by chelating N-ligands (23a: X = Cl, R = Ph; 23b: 
X = I, R = Ph; 23c: X = Cl, R = Mes; 23d: X = N3, R = Mes; 23e: X = H, R = Dip; 23f: X = F, R 
= Dip; 23g: X = Cl, R = Dip; 23h: X = Me, R = Dip; 23i: X = nBu, R = Dip; 23j: X = OH, R = 
Dip; 24a: X = Cl, 24b: X = tBu; 24c: X = -C≡CPh; 25a: R = Ph; 25b: R = tBu; 27a: R = tBu; 
27b: R = NiPr2; 29a: X = Cl; 29b: X = OtBu; 29c: X = N(H)Dip). 
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Germylenes 19-29 owe their stability to electron delocalization across their ligand 

backbone with contributions of zwitterionic resonance formulae as depicted in 

Scheme 16 for acac-, -diketiminato- and amidinato-stabilized systems. 

 

Scheme 16: Zwitterionic resonance structures of acac-, -diketiminato- and amidinato-
stabilized germylenes. 

Chelating ligands interfere with the electronic structure of the original germylene, 

rendering the employment of more innocent donor-substituents advantageous when 

the Ge(II) characteristics are to be preserved. Attachment of a donor to a flexible 

tether as in germylenes 30a-e and 31a-c allows dynamic interaction with the 

germylene and retains stabilization (Scheme 17).[158,198–203] The coordination behavior 

of compounds 30a-e and 31a-c can be experimentally validated in solution by NMR. 

 

Scheme 17: Donor stabilized germylenes 30a-e and 31a-c. 

Germylene 32 undergoes adduct formation with borane to complex 33 (Scheme 

18).[204,205] While 33 exhibits labile coordination of the nitrogen donor to Ge(II), the 

carbene-germylene bonds in NHC-germylene complexes 17 and 18a (Scheme 12, 

Scheme 13) are formed irreversibly. 
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Scheme 18: Complexation of borane by n-donor stabilized germylene 32 to the complex 33. 

Kinetic stabilization is the strategy for expanding the lifetime of Ge(II) species that 

interferes least with the electronic structure. The first isolable diorganogermanium(II) 

species free of external donors was germanocene Cp2Ge. The eponymous 

compound class is not covered here due to the non-classical 2-bonding of each Cp 

group.[206] In 1974 the group of Lappert isolated the first stable donor-free, divalent 

germylene 34 via salt metathesis of 8a and two equivalents of LHMDS (Scheme 

19).[207,208] 

 

Scheme 19: Synthesis of the first donor-free germylene 34 via transmetallation. 

The singlet character of 34 was validated by photoelectron spectroscopy[209] and its 

structure was elucidated in the gas-phase[210] and in the solid state:[211]. Structurally 

similar diaminogermylenes show -donation from the nitrogen lone pairs to the 

adjacent germanium p-orbital, [208,209,212–214] explaining the monomeric nature of 34, 

as isoelectronic dialkylgermylene 35, which is obtained from 8a or 34 (Scheme 20), 

undergoes dimerization to a digermene in the solid state (cf. Section 3.1).[209,215–219] 

 

Scheme 20: Synthesis of dialkylgermylene 35 from 34 or 8a via transmetallation. 
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The reactivity of 35 in solution however, is prototypical of germylenes (Scheme 21):[217] 

The most common reaction type is the insertion into -bonds, like for instance, the 

reaction of 35 with methyliodide to 36. The other dominant reaction type is coordination 

to electrophiles to form complexes such as 37 (cf. formation of 17 and 33). 

 

Scheme 21: Reactions of germylene 35: Insertion to iodogermane 36 and complex formation 
to 37. 

Since the isolation of 34 and 35, a vast number of stable germylenes has been 

reported (Scheme 22): dialkylgermylenes 38 and 39 that remain monomeric in the 

solid state,[220,221] amino-, oxo- and thio-germylenes 40a-c,[222–224] and phosphino- as 

well as silyl-substituted 41 and 42.[225,226]  

 

Scheme 22: Isolated germylenes 38-42 with different main group substituents (40a: X = O, R 
= Me; 40b: X = NH, R = tBu; 40c: X = S, R = tBu; 42: R = CH2

tBu). 

Aryl-substituted germylenes require larger substituents for efficient steric protection 

(Scheme 23). While 43a decomposes at room temperature, 43b was fully 

characterized and is stable for several weeks.[227–230] 44 is stabilized by intramolecular 

through-space interactions between fluorine and germanium.[231] Utilization of sterically 

very demanding terphenyl groups by Power allowed for the isolation of 45a-d.[232–234] 
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Scheme 23: Aryl substituted germylenes 43-45 (43a: R = Me; 43b: R = tBu; 45a: R = Ph; 45b, 
45c, 45d: R = H). 

The use of sterically very demanding groups also enabled the synthesis of 

monochlorogermylenes 46 and 47a-c of which the latter dimerize in the solid state to 

the corresponding digermenes (cf. Section 3.1), a consequence of the reduced steric 

repulsion of only one substituent (Scheme 24).[232,235–237] Chlorogermylenes 48-50 

that remain monomeric in the solid state were reported by Jones and carry even 

bulkier substituents.[164,180,238] 47a-c, 49a,b and 50a-d serve as precursors for 

digermynes (cf. Section 3.3), germyliumylidenes and germanylidenides (cf. Section 

2.2). 

 

Scheme 24: Monochlorogermylenes 46-50 with sterically demanding substituents (47a: Ar = 
Mes; 47b: Ar = Dip; 47: Ar = Tip; 49a: R = Me; 49b: R = Ph; 50a: SiR3 = SiMe3, R’ = Me; 50b: 
SiR3 = SiMe2Ph, R’ = Me; 50c: SiR3 = SiPh3, R’ = Me; 50d: SiR3 = SiiPr3, R’ = iPr;). 

Similar behavior is found for hydridogermylenes: 52 is in equilibrium with digermene 

51 and only stabilized by DMAP to form complex 53. Larger substituents, however, 

allow for the isolation of monomeric hydridogermylenes 54a,b (Scheme 25).[164,239] 
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Scheme 25: Equilibrium between dihydridodigermene 51 and hydridogermylene 52 and 
synthesis of donor-stabilized germylene complex 53 as well as isolable hydridogermylenes 
54a,b (54a: R’ = Me; 54b: R’ = iPr). 

Stabilization of germylenes with adjacent -donors is most effective in planar 

molecules with maximal overlap of the orbitals involved in  backdonation. Planarity 

can be enforced by incorporation into a ring (Scheme 26). The first example of cyclic 

germylenes of this sort was reported by Veith et al. with the four-membered ring 

55.[240] Since then, NHGes 56, 57a-f and 58 have been reported[241–247] and 

dehydrochlorination of -diketiminato chelated chlorogermylene 23g gives germylene 

59.[248] 

 

Scheme 26: Stable cyclic germylene 55, NHGes 56-58 and synthesis of six-membered ring 
germylene 59 from 23g (57a, 57b: R = tBu; 57c-f: R = CH2

tBu). 

Regarding the construction of extended inorganic structures and chelating ligands, 

bisgermylenes are attractive synthetic targets and have been realized as 60-63 

(Scheme 27).[222,249–254] Bis-NHGes 63a-h are particularly interesting as NHGes are 

strong -donors and therefore potential ligands in coordination chemistry and 

catalysis. For example, 63h forms the chelate-complex 64 upon treatment with a 
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molybdenum complex.[254] Other examples of bisgermylenes were synthesized by 

reaction of digermynes with unsaturated organic compounds.[255,256] 

 

Scheme 27: Bisgermylenes 60-63 and chelate complex 64 (62a: Ar = 2,4,6-Me3C6H2; 62b: 
Ar = 2,4,6-(CF3)3C6H2; 63a: R = CH2

tBu, X = -C(CH3)2-; 63b: R = CH2
tBu, X = -(CH2)2-; 63c: R 

= CH2
tBu, X = -(CH2)3-; 63d: R = CH2

tBu, X = o-C6H4-; 63e: R = CH2
tBu, X = m-C6H4-; 63f: R 

= Et, X = -(CH2)2-; 63g: R = Et, X = -(CH2)3-; 63h: R = CH2
tBu, X = -(CH2)5-). 

 

2.2. GeR: Germyliumylidenes & Germanylidenides 

The parent compounds of monosubstituted germanium species have been observed 

during CVD (cf. Section 1.2.).[87–96] GeH+ (germyliumylidene) and GeH− 

(germanylidenide) are isolobal to borylene and phosphinidene, respectively, while the 

GeH radical represents a germanium(I) species (Figure 4). Sufficient stabilization of 

such species necessarily requires enormous steric bulk at the single substituent of 

GeR+/0/− or Lewis-base coordination to the otherwise extremely reactive low-valent 

germanium centers. 

 

Figure 4: Electronic structure of GeR+/0/−- species. 
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Early examples of chlorogermyliumylidenes GeCl+ were obtained by chloride 

abstraction from GeCl2 dioxane with AlCl3 and GeCl2, respectively and stabilized by 

polydentate [2.2.2]-paracyclophane or crown ethers.[257,258] Highly nucleophilic, 

chelating ligands themselves can induce dismutation of 8a into GeCl3− and GeCl+, a 

strategy employed in the syntheses of 65a-f (Scheme 28).[259–264] Analogously, NHC 

10d expels the triflate group as an anion from 12g to form 65g.[265] 

Chlorogermyliumylidenes are frequently encountered as the chloride substituent 

stabilizes the singlet state shown in Figure 4 and therefore facilitates coordination of 

ligands. They furthermore serve as precursors for mononuclear Ge(0) species, the 

so-called germylones (cf. Section 2.3). 

 

Scheme 28: Synthesis of chlorogermyliumylidenes 65a-f by dismutation of 8a and synthesis 
of 65g via nucleophilic substitution of triflate-functionalized chlorogermylene 12g with NHC 
10d. Atoms with drawn lone-pairs participate in coordination to GeCl+. 

Exchange of chloride in base-stabilized chlorogermylenes against weakly 

coordinating anions gives access to germyliumylidenes 67-69 by treatment of 66a,b 

with Na[BArf
4] (Arf = 3,5-(CF3)2-C6H3), 28 with AgOTf and 50a with Li[Al{OC(CF3)3}4], 

respectively. 69 is further coordinated by DMAP (Scheme 29).[196,266–269] 
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Scheme 29: Synthesis of donor-stabilized germyliumylidenes 67-69 by dechlorination of 
chlorogermylenes 66a,b, 28 and 50a (66a,b, 67a,b: [X]− = [BArf

4]− (Arf = 3,5-(CF3)2-C6H3); 69: 
[X]− = [Al{OC(CF3)3}4]−). 

 

 

Scheme 30: Dimerization of intermediate germyliumylidenes 67c-e to dicationic digermynes 
70a-c and base-induces cleavage of 70c to germyliumylidenes 71a,b ([X]− = [BArf

4]− (Arf = 
3,5-(CF3)2-C6H3); 66c, 67c, 70a: NHC = 10b; 66d,e, 67d,e, 70b,c: NHC = 10d; 71a: NHC = 
10d, B = thf; 71b: NHC = 10d, B = pyridine). 



 

40 

When the same reaction conditions are applied to chlorogermylenes 66c-e with 

sterically less demanding NHCs than those in 66a,b, dimerization of the intermediate 

germyliumylidenes 67c-e to the digermyne dications 70a-c takes place (Scheme 

30).[268,270] 70c was reported to dissociate back into its germyliumylidene monomers 

71a,b upon addition of weak donors such as thf or pyridine. Theoretical investigations 

as well as solid-state X-ray analysis hint towards a significant delocalization of the 

positive charges into the NHC backbones of 67b-e and 70a-c, which can therefore 

also be described as germylenes and digermenes with cationic substituents. 

-Diketiminato stabilized 23g can be either oxidized to cationic germyliumylidene 72 

or reduced to the ring-contracted anionic germanylidenide 73 under concomitant 

release of one equivalent of 74. Cationic 72 can then be deprotonated to get the 

cyclic germylene 59 (Scheme 31).[248,271,272] 

 

Scheme 31: Synthesis of germyliumylidenes 72 and germanylidenide 73 from 23g ([X]− = 
[HO(B(C6F5)4)2]−). 

The related chlorogermylene 23k undergoes reversible one-electron reduction to the 

monovalent radical 75 (Scheme 32).[273] The open-chained monovalent radical 76 

and the germanylidene 77 are stabilized by the coordination of cyclic 

alkylaminocarbenes (cAACs). EPR measurements and DFT calculations, however, 

suggest considerable spin-density at the carbene center of 76. Similarly, according to 

theoretical results 77 is best described as germenide anion 77’.[274,275] 
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Scheme 32: Reversible one-electron reduction of 23k to 75 (top) and germylene radical and 
anion 76 and 77 stabilized by cyclic alkylaminocarbenes. 

 

2.3. Ge(0): Germylones 

The concept of ligand-stabilized Ge(0) atoms was proposed by Arduengo et al. in 

1994 based on photoelectron spectroscopy and bonding analysis of the homologous 

series of N-heterocyclic tetrylenes. According to this study, NHGe 57b might be 

better described as diazabutadiene-stabilized Ge(0) 57b’ (Scheme 33).[276] Indeed, 

57 turns out to be an efficient precursor for the deposition of amorphous Ge-layers in 

CVD,[277] and transfers Ge(0) to other 1,4-diazabutadienes.[278] 

 

Scheme 33: Representation of 57b as germylone 5b' and its deposition to amorphous 
germanium. 

Instead of two covalently bonded substituents Ge(0) complexes experience donation 

of two donors into their two vacant p orbitals. The remaining s and p orbital are fully 

occupied and non-bonding. The presence of one lone-pair each of  and -symmetry 

is comparable to the familiar orbital structure of H2O. Hence, in 2014 Frenking et al. 

suggested the term “germylone” for the germanium case and more general 

“tetrylones” for any Group 14 derivative of this structural motif in contrast to tetrylenes. 
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In the same contribution, it was proposed that heavy Group 14 allenes (cf. Section 

4.3) might also be regarded as tetrylones.[279] Ge(0) species 78a-d  stabilized by 

chelating ligands are synthetically accessible by reduction of 

chlorogermyliumylidenes 65a-d (Scheme 34).[262–264,280] Note that 65d needs to be 

coordinated to an Fe(CO)4 fragment, in order to attain sufficient stability for isolation. 

The reactivity of germylones has been reviewed, including their capability to act as 4-

electron donors.[281–283] 

 

Scheme 34: Synthesis of germylones 78a-d by reduction of chlorogermyliumylidenes 65a-d. 

In analogy to the synthesis of germyliumylidenes via base-induced cleavage of one 

substituent from a germylene, removal of both substituents gives access to 

unsubstituted Ge(II)2+ species (Scheme 35). In this manner, the NHC-stabilized 

dication 79 was obtained by reaction of 12f with 10d as well as the analogous crown-

ether and cryptand-coordinated Ge2+ dications.[173,258,265] 

 

Scheme 35. Synthesis of Ge(II)2+ complex 79. 
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3. Ge2- and SiGe Systems 

In total, six isomers exist on the E2H4 hypersurface (Scheme 36): The double-bonded 

species I and II of which the former has a planar D2h symmetry and the second a 

trans-bent geometry, the tetryltetrylene III, the mono-bridged IV and the double-

bridged V and VI in cis- and trans-orientation, respectively.[284,285] Although the non-

interacting tetrylenes VII are only a saddle point in the parent systems, they can be 

stabilized using strategies as reviewed in the previous chapter (cf. Section 2.1). 

 

Scheme 36: Minimum structures I-VI on the PES of homonuclear E2H4 and the non-minmum 
structure VII (E = C, Si, Ge, Sn, Pb; elements in parentheses indicate local minima on the 
PES; an asterisk marks the global minimum). 

Even though the planarity of olefins is almost dogmatic and entangled with 

fundamental concepts like hybridization or the VSEPR model, isomer I is a saddle 

point for every Group 14 element except carbon. Instead, trans-bent II is the global 

minimum on the silicon and germanium PES. In line with these results, isolated 

heavy double bonds indeed show two deviations from the classical planar double 

bond geometry (Figure 5): out-of-plane bending of the substituents, the so-called 

trans-bending and the dihedral distortion of the substituents, referred to as twisting. 

The trans-bent angle    is defined as the angle between the double bond vector and 

the R-E-R plane while the twist angle  is defined as the angle between the two R-E-

R planes. While trans-bending is an intrinsic property of heavy double bonds in 

general, twisting is a direct consequence of the required bulky substituents’ repulsion. 
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Figure 5: Non-classical deviations of double bonds, trans-bent  and twist . 

Rationalizations for trans-bending[286] reach from a resonating lone-pair,[287] over the 

second-order Jahn Teller effect,[288] to favorable orbital mixing as a consequence of 

smaller HOMO-LUMO gaps.[58,289,290] The most popular explanation, however, is 

given by the model of Carter, Goddard, Malrieu and Trinquier (CGMT) in which 

olefins are described as dimers of the corresponding tetrylene fragments (Figure 

6).[59,289,291–294] 

 

Figure 6: Dimerization of triplet and singlet tetrylenes to planar and trans-bent double bonds 
according to the CGMT model. 

While triplet tetrylenes can approach each other directly to form a planar double bond, 

such an orbital interaction is impossible for singlet tetrylenes. The tilting of the 

bonding planes against each other, however, allows for a double donor-acceptor 

interaction between the lone-pairs and the vacant p-orbitals. Hence, the geometry of 

a double bond is determined by the singlet-triplet gaps ES→T of the constituting 

fragments. Trinquier and Malrieu showed that the relation between ES→T and the 

double bond energy E- can be taken as a predictive indicator for the double bond 

geometry (Figure 7):[292,293] If ES→T  < 0.5 E+, a classical planar double bond 

results; trans-bent structures are encountered if 0.5 E+ < ES→T < E+  and for 

ES→T > E+  no double bond is formed at all. These relationships are of general 
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validity and include asymmetric double bonds but also triply bonded species (in this 

case, characterized by their doublet-quartet splitting). 

 

Figure 7: Dependence of the double bond geometry on ES→T according to the CGMT model. 

The CGMT model rationalizes the global minima on the E2R4 hypersurfaces. Planar 

double bonds I are formed by non-stabilized carbenes as they predominantly possess 

a triplet ground state (negative ES→T). The inert-pair effect accounts for increasing 

ES→T values when descending Group 14, leading to trans-bent disilenes and 

digermenes II, while stannylenes and plumbylenes do not form double bonds at all but 

bridged species V and VI which is reinforced by highly polarized E-H bonds with 

significant electrostatic contributions.[295] Similarly, germylenes with strongly electron-

withdrawing substituents rather dimerize to bridged VI than trans-bent II like observed 

in the gas-phase for GeF2,[296] and in the solid state for alkoxygermylenes.[207] Bent’s 

rule accounts for substituent effects on the singlet-triplet gap ES→T of the carbene-

like fragments and with that on the double bond geometry as electronegative 

substituents induce trans-bent or even dissociation while electropositive moieties 

planarize the double bond.[294,297–299] Most recent theoretical studies indicate 

stabilization of some double bonds by dispersion between the large substituents.[300,301] 

 

3.1. Ge2R4: Digermenes 

In accordance with their description as adducts of germylenes in the CGMT model, 

digermenes are usually synthesized by dimerization of germylenes, which are in turn 

obtained from different precursors (Scheme 37). The majority of isolated digermenes 

is thus symmetric, in the sense of being composed of two identical germylene 

fragments. 
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Scheme 37: Syntheses of digermenes by dimerization of unstable germylenes from stable 
(a) germylenes, (b) cyclotrigermanes, (c) bis(trimethylsilyl)germanes and (d) 
dichlorogermanes. 

Pathway a) is encountered in the dimerization of Lappert’s germylene 35 and 

synthesis of digermene 15 from 16 via removal of stabilizing NHC (Scheme 

12).[179,215,217] The dimerization behavior, however, is markedly different, as 35 is 

stable in solution and only dimerizes in the solid state whereas 15 is immediately 

formed in solution while the donor-free version of 16 cannot be observed. Solution 

stable digermenes 1a-d are accessible via pathways b) and c) (Scheme 38). 

Cyclotrigermanes 80a-c undergo [2+1] cycloreversion to digermenes 1a-c and 

germylenes 81a-c, which in turn dimerize to another half equivalent of 1a-c.[302–304] 

Photolysis of the bis(trisilyl)germanes 82a-e allowed matrix isolation and 

spectroscopic characterization of germylenes 81a-e and digermenes 1a-e.[62,305–307] 

 

Scheme 38: Syntheses of digermenes 1a-e by cleavage of cyclotrigermanes 80a-c or 
bis(trimethylsilyl)germanes 82a-e (1a, 80a, 81a, 82a: R = R’ = Mes; 1b, 80b, 81b, 82b: R = 
R’ = Xyl; 1c, 82c, 83c: R = R’ = Dep; 1d, 81d, 82d: R = Mes, R’ = tBu; 1e, 80e, 81e, 82e: R = 
R’ = Tip). 
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The homoleptic triisopropylphenyl-substituted digermene 1e is also accessible via 

pathway d), the reductive coupling of dichlorogermane 83a, a method that is 

employed as well for the synthesis of  1f-h from 83b-d (Scheme 39).[308–311] Just as 

their less sterically congested analogues 1a-e, 1f-h do not dissociate in solution and 

1h exhibits E-Z isomerism in solution, presumably through rotation about the Ge-Ge 

bond.[312] 

 

Scheme 39: Synthesis of digermenes 1e-h via reductive coupling of dichlorogermanes 83a-d 
(83a: X = Cl, R = R’ = Tip; 83b: X = Cl, R = R’ = Tip; 83c: X = Br, R = Tip, R’ = ferrocenyl; 
81e, 1e: R = R’= Tip; 81f, 1f: R = R’= Dip; 81g, 1g: R = Tip, R’ = ferrocenyl). 

A different behavior is observed in the digermenes 1i-k (Scheme 40): The sterically 

less encumbered 1i retains its structure, whereas 1j dissociates into germylene 

81j.[313,314] The extremely bulky digermene 1k is in equilibrium with its germylene 

81k.[315,316] 

 

Scheme 40: Aryldigermenes 1i-k and their differing dissociation behavior in solution (1i, 81i: 
R = 2,5-tBu2C6H3; 1j, 81j: R = 6-tBu-2,3,4-Me3C6H; 1k, 81k: R = 2,4,6-((Me3Si)2HC)3C6H2). 

The non-trivial relationship between the steric bulk of the substituents and the 

structural characteristics of the resulting digermene becomes obvious in Table 4. 

None of the structural features (Ge-Ge distance, trans-bent angle  or twist angle ) 

nor the dissociation behavior in solution follow any obvious trend, making the choice 

of substituents crucial when designing digermenes. 
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Table 4: Structural parameters and dissociation behavior of selected digermenes. 

 R Ge-Ge [Å]  [°]  [°] Dissociates? 

1a Mes 2.2856(8) 33.4 2.9 no 

1c Dep 2.213 12.4 10.8 no 

1e Tip 2.2894(6) 12.3 13.7 no 

Z-1h Mes/Dip 2.3011(9) 36.3 3.4 no 

1i 2,5-tBu2C6H3 2.3643(4) 47.7 10.9 no 

1j 2-tBu-4,5,6-Me3C6H 2.252 0 20.4 yes 

1k Mes/2,4,6-(CH(SiMe3)2)3C6H2 2.416(2) 21.4 9.0 yes 

 

This is also exemplified by digermenes 87a-c, which are synthesized from NHGes 

57a,g,h and NHSi 84 (Scheme 41). Initial formation of germasilenes 85a-c is 

followed by 1,3-shift to the thermodynamically favorable silylgermylene 86a-c (cf. 

Section 3.5). Depending on the substituent at the NHGe, dimerization to either the Z-

digermene 87a (R = tBu, Ge-Ge: 2.454(2)  Å,  = 41.3°,  = 22.3°), the E-isomer 

87b (R = iPr, Ge-Ge: 2.460(1) Å,  = 47°,  = 63°) or the weakly bonded germylene 

dimer 87c (R = Xyl, Ge-Ge: 4.10 Å) occurs.[317,318] 

 

Scheme 41:Structurally different digermenes 87a-c from NHSi 84 and NHGes 57a,g,h (R = 
tBu; 57a, 85a, 86a, 87a: R’ = tBu; 57g, 85b, 86b, 87b: R’ = iPr; 57h, 85c, 86c, 87c: R’ = Xyl). 
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In a similar manner as the silyl-substituted digermenes 15 and 87a,b mentioned 

previously, compounds 88a-d (Scheme 42) are obtained by reduction of the 

corresponding dichloro precursors. Whereas 88a,c are reported to exhibit no twisting 

about the double bond at all, 88d exhibits a significantly reduced HOMO-LUMO gap 

due to substantial twisting, resulting in its blue color.[319–323] The sterically less 

encumbered digermene 88e is only stable when coordinated to a transition metal 

center under formation of complexes 89a-c.[324,325] All digermenes 88a-d show no 

sign of dissociation in solution, as expected on grounds of the CGMT model. 

 

Scheme 42: Silyl substituted digermenes 88a-e and Tetrakis(trimethylsilyl)digermene 
complexes 89a-c (88a: SiR3 = SiMe2

iPr; 88b: SiR3 = SiMe2
tBu; 88c: SiR3 = SiiPr3; 88d: SiR3 = 

SiMetBu2; 88e: SiR3 = SiMe3; 89a: M = Ti; 89b: M = Zr; 89c: M = Hf). 

A whole class of digermenes has been reported by Power et al., which contain a 

large terphenyl-group at germanium that allows for smaller and more reactive groups 

at the second binding site (Scheme 43). In this way, dihalodigermenes 90a-

c,[162,232,236] dialkyldigermenes 91a-c,[162] diacetylenyldigermenes 92a,b and 

dihydridodigermene 93 were isolated.[326–328] They were synthesized by dimerization 

of in situ generated germylenes and remain intact in solution except for the dichloro-

derivatives 90a-c, which dissociate into germylenes 47a-c (Scheme 24). All these 

digermenes adopt E-geometry in the solid state. 

 

Scheme 43: Terphenyl-protected digermenes 90a-c, 91a-c, 92a,b and 93 (90a: R = Mes; 
90b: R = Dip; 90c: R = Tip; 91a: R = Me; 91b: R = Et; 91c: R = Ph; 92a: R = tBu; 92b: R = 
SiMe3). 
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The terphenyl group is not the only extremely bulky substituent that is capable of 

stabilizing dihalodigermenes: Matsuo et al. isolated 94a-c by employing the rigid 

hydrindacen-4-yl groups Eind and Mind and Tokitoh et al. synthesized 95a,b with 

sterically demanding aryl groups (Scheme 44). In solution, 95a,b are in equilibrium 

with bromogermylenes 96a,b while 94a-c completely dissociate.[339–332] 

 

Scheme 44: Dihalodigermenes 94a-c and 95a,b (94a: X = Cl, 94b: X = Br; 94c: X = Cl; 95a, 
96a: Ar = 2,4,6-((Me3Si)2HC)3C6H2; 95b, 96b: Ar = 2,6-((Me3Si)2HC)2-4-((Me3Si)3C)-C6H2). 

Dihydridodigermenes are accessible via hydrogenation of chlorogermylenes and by 

reaction of the corresponding digermynes with molecular H2 (cf. Section 

3.3).[164,180,256,327,328] Parent digermene and tetrachlorodigermene were furthermore 

obtained using the donor-acceptor approach already employed in the case of 

complex 18a.[333,334] The chloro derivative undergoes growth reactions with GeCl2, 

giving insight into CVD gas-phase processes. 

Only three unsymmetrically substituted digermenes are known (Scheme 45): 

Digermene 97 is obtained by hydrogermylation of cyclopentene with 93 [335] and two 

silyldigermenes can be isolated via salt elimination of a lithium digermenide (cf. 

Section 3.2) with the corresponding chlorosilanes.[336] 

 

Scheme 45: Synthesis of unsymmetric digermene 97 by hydrogermylation of pentene with 93. 

The only compound that features conjugation between a Ge-Ge bond and another 

heavy multiple bond is tetragermabutadiene 99 (Scheme 46), which was obtained by 
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Weidenbruch et al. by oxidative coupling of digermenide 98a. The two digermenes 

adopt a s-cis conformation and the -systems of the two double bonds interact 

efficiently according to the pronounced bathochromic shift in the UV/vis spectrum 

compared to all-Tip substituted digermene 1e.[337] 

 

Scheme 46: Synthesis of the conjugated tetragermabutadiene 99 from digermenide 98a. 

In general, compounds with conjugated heavy main group double bonds are rare. 

Several disilenes with large aromatic groups have been reported that exhibit 

interesting spectroscopic properties like electroluminescence or near-IR 

emission.[338–340] Tetrasilabutadienes have been isolated as well as bridged 

derivatives.[340–342] Higher oligomeric species are only known for disilenes (number of 

E=E repeat units, n = 4),[343] phosphenes (n = 21)[344] and diphosphenes (n = 26).[345] 

Naturally the class of poly(ditetrenes) is of extraordinary interest due to the potential 

applications when combining conductive polymers with semiconductive properties of 

silicon and germanium. 

Not only acyclic digermenes have been isolated, also a reasonable number of cyclic 

digermenes is known (Scheme 47). Cyclotrigermene 100a was the first of its kind and 

due to their unique chemistry, the cyclotrigermenes will be covered in a later chapter 

(cf. Section 4.3).[346] Bicyclic compound 101 is inasmuch remarkable as it exhibits an 

inverted double bond geometry, making it resemble the hemispheroidally coordinated 

atoms that are defining for siliconoids (cf. Chapter 6).[120] Theoretical investigations 

further show that its bonding situation is quite unusual as it presumably possesses a 

Ge-Ge -bond but no corresponding -bond. Four-membered ring analogues can be 

roughly divided into cyclobutene analogues 102a-g and cyclobutadiene analogues 

103a,b.[256,310,330,347–350] Five-membered rings are the chalcogenides 104a-c and the 

bicyclic system 105.[310,351,352] Finally, the three-dimensional cage structure 106 as 

well as the digermabenzene analogues 107 and 108 form the group of known six-

membered ring digermenes.[255,352,353] Species with more low-valent silicon and 

germanium atoms in the ring will be discussed in the corresponding chapters. 
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Scheme 47: Reported cyclic digermenes: Three-membered rings 100a,101; Four-membered 
rings 102a-g,103a,b; Five-membered rings 104a-c,105; Six-membered rings 106-108 (102a: 
R’ = R’’ = H; 102b: R’ = H, R’’ = Ph; 102c: R’ = H, R’’ = nBu; 102d: R’ = H, R’’ = Ph; 102e: E = 
Ge; 102f: E = Si; 102g: R’ = 2-MeO-C6H4; 104a: X = O; 104b: X = S; 104c: X = Se). 

Neither compounds 102g, 103a,b nor 108 show conjugation between their double 

bonds and digermabenzene 107 exhibits only weak aromaticity based on a non-planar 

structure and NICS calculations. The -conjugation between light double bonds and 

digermenes is presumably disfavored due to the size difference between the p-orbitals. 
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The reactivity of digermenes is determined by their constitution in solution. Thus, 

digermenes that dissociate exhibit typical germylene reactivity (cf. Section 2.1), and in 

fact, whether a digermene cleaves in solution is often decided based on this reactivity. 

For example, the dissociation of sterically encumbered 1k was assumed based on the 

trapping of fragment 81k with both 2,3-dimethylbutadiene and triethylsilane (reagents 

that typically do not react with Ge=Ge bonds) to yield germanes 109a and 110a 

(Scheme 48). In contrast, the E-Z isomerization of 103h does not appear to proceed 

through germylene 102h, as no reaction with 2,3-dimethylbutadiene occurs. Instead 

the rearrangement may occur through the migration of the substituents. In case of 

digermene 1a the 1,2-shift to germylgermylene 111 was proven by the isolation of 

trapping products 109b and 110b.[62,354] The same was found for 

bis(ferrocenyl)digermene 1g.[311]Occasionally, germylenes can also be trapped by 

coordination of bases, for instance, DMAP in case of dihydridodigermene 64 

(Scheme 25) and pyridine for dichlorodigermene 60c.[162,164] 

 

Scheme 48: Germylene reactivity of bulky 1k with 2,3-dimethylbutadiene and triethylsilane to 
germanes 109 and 110 and 1,2-shift of digermene 1a to germylgermylene 111 with 
subsequent trapping to digermanes 109b and 110b. (1k, 81k, 109a, 110a: R = 2,4,6-
((Me3Si)2HC)3C6H2; 109b, 110b: R = GeMes3). 

Cleavage of otherwise stable digermenes can also be induced by NHCs as in the cases 

of 1a, 15 or 70c, which form NHC-germylene complexes 14, 16 and 71a,b (Scheme 

12, Scheme 30).[178,179,270] Similar reactivity is observed when 1a is treated with an 

anionic NHGa. Interestingly, the treatment of 1a with isocyanides mediates the 

cleavage of the Ge=Ge bond under formation of the corresponding cyclotrigermane 
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without isocyanide incorporation (Scheme 4), while 88d eliminates isoprene under 

these conditions to form a germyl isocyanide.[64,163,321] 

Digermenes that retain the Ge=Ge bond in solution show typical alkene reactivity: 

Several 1,2-additions with polar reagents (e.g. methanol) have been 

reported[62,302,303,308,355–358] and various cycloadditions to carbonyl 

compounds,[66,304,359] C-C multiple bonds,[353,360–362] nitrogen compounds,[64,309,363,364] 

oxygen,[311,316,317] and heavier chalcogens[308,365,366] are known. 

A wide range of different anionic motifs is obtained when digermenes are reduced 

(Scheme 49): From dianions 112 and 113 and digermenides 98a,b (cf. Section 3.2) 

to the four-membered ring system 114 (cf. Section 4.2), which in turn serve as 

precursors for more complex structures.[308,321,337,367] 

 

Scheme 49: Anionic species 98a,b and 112-114 obtainable via reduction of digermenes 
(112: R = SiMetBu2; 113: R = 2,6-Dip2C6H3; 98a,114: R =  Tip; 98b: R = Dip). 

 

3.2. E2R3: Digermenides & Disilenides 

First evidence for a heavy vinyl anion was reported in 1989 by Masamune (Scheme 

50).[308] Reduction of digermene 1f with an excess of lithium/naphthalene in dme 

yields a red microcrystalline substance, which was identified as digermenide 98b 

based on NMR and UV/Vis spectroscopy as well as trapping with methanol to give 

methoxydigermane 115. In analogous manner, reduction of very similar digermene 

1e with two equivalents lithium powder in dme gives the proposed intermediate 98a, 

which is then coupled oxidatively to tetragermabutadiene 99 upon treatment with 

mesityl bromide.[337] The isolation of 98a was achieved in 2018, by reaction of the 

dichlorogermane 83b with 3.3 equivalents of lithium powder and catalytic amounts of 

naphthalene in dme. Digermenide 98a was obtained as extremely air-sensitive orange-

red crystals. Its capability to transfer the digermenyl moiety to substrates was 
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established in proof-of-principle reactions with chlorosilanes to yield asymmetric 

silyldigermenes 116a,b.[336] The further reactivity of 98a remains largely unexplored 

but the comparison to its disilicon congener 117 allows a glimpse on its synthetic 

potential. 

 

Scheme 50: Syntheses of digermenides 98a,b and reported reactivity: addition of methanol to 
digermane 115, oxidation to tetragermabutadiene 99 and substitution to digermenes 116a,b. 

Like 98a, disilenide 117 was first postulated as intermediate in the synthesis of a 

heavy butadiene and is synthesized from the corresponding dichlorosilane (Scheme 

51).[368,369] Since then, several disilenides were reported, none of which, however, 

had the synthetic impact of the Tip-substituted 117.[370–375] 

 

Scheme 51: Synthesis of disilenide 117 and general reactivity towards unfunctionalized 
element halides (X = halogen, R = silyl-, stannyl-, phosphino-, aryl). 

Basic reactivity of 117 includes transmetallation of lithium to other metals,[376,377] and 

direct attachment of unfunctionalized silyl,[369] stannyl,[378] phosphino,[379] and aryl 

groups via salt elimination.[340,380–382] Reaction with aryldihalides makes bridged 
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tetrasilabutadienes 118a-e accessible of which 118a can be used to construct hybrid 

polymer 119 by treatment with 1,4-diethynylbenzene (Scheme 52).[340,342,381,383] 

 

Scheme 52: Synthesis of bridged tetrasilabutadienes 118a-e from disilenide 117 and 
polyaddition of 118a with 1,4-diethynylbenzene to hybridpolymer 119 (X = Br, I). 

The high stability of bonds between silicon and electronegative elements like oxygen 

or chlorine can be exploited to build cyclic structures (Scheme 53). Although 

chlorosilyldisilenes 120a,b can be isolated they readily rearrange to cyclotrisilanes 

121a,b upon heating. Conversely, the postulated but unobserved disilene 

intermediates 120c,d as well as acyl and vinyl disilenes 122a-d appear to rearrange 

immediately to 121b,c and the cyclic silenes 123a-d, respectively.[378,380,384–386] An 

analogous strategy is applied for the synthesis of acyclic and cyclic phosphasilenes 

from 117.[387–389] Besides this already astounding variety of structural motifs, 

disilenide 117 also enables the construction of larger low-valent structures of silicon 

and germanium that may arise as intermediates during CVD, as for example, 

cyclopropenes, vinylidenes, cyclopropylidenes and vinyltetrylenes (cf. Section 4.3) as 

well as siliconoids with between 5 and 11 vertices (cf. Chapter 6). Using a common 

precursor, a preparative connection between electron-precise low-valent SiGe 

species and cluster compounds is established. Digermenide 98a may therefore play 

a similarly pivotal role to further develop the chemistry of mixed silicon-germanium 

systems through the isolation of molecules with hitherto unrealized Si:Ge ratios. 
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Scheme 53: Cyclization of chlorosilyl-, acyl- and vinyldisilenes 120a-d and 122a-d (120a, 
121a: E = Si, R = Me; 120b, 121b: E = Si, R = Ph; 121c, 121c: E = Sn, R = Me; 120d, 121d: 
E = Si, R = Cl; 122a, 123a: E = O, R = tBu; 122b, 123b: E = O, R = 1-Ad, 122c, 123c: E = 
CH2, R = Ph; 122d, 123d: E = CH2, R = SiMe3). 

 

3.3. Ge2R2: Digermynes and Digermavinylidenes 

The Ge2H2 hypersurface exhibits three minima of which derivatives have been 

isolated (Scheme 54): the double bridged butterfly structure VIII is presumably the 

global minimum and has been detected in the gas-phase.[390] The digermavinylidene 

IX is slightly higher in energy and the trans-bent digermyne X the energetically least 

favorable.[391,392] 

 

Scheme 54: Minima on the Ge2H2 PES: double bridged butterfly VIII, vinylidene IX, and 
trans-bent alkyne X. 

The first neutral digermynes 124a,b were prepared by reduction of chlorogermylenes 

47b,c (Scheme 55). Further terphenyl derivatives were obtained in an analogous 

manner. Their reaction with unsaturated compounds yields for example cyclic 

digermenes 103a and 108.[255,335,393–395] Both 124a,b undergo scrambling reactions 

with Mo-Mo triple bonds to the corresponding germylenyl-molybdenum complexes 

125a,b.[396] A landmark achievement was the activation of dihydrogen by 124a to 

form species with varying hydrogenation degree, dihydridodigermene 93, 

tetrahydrodigermane 126 and trihydridogermane 127.[328] Non-terphenyl digermynes 
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with bulky alkylated aryl substituents act as catalysts in the trimerization of carbon-

based alkynes to substituted benzenes.[347,397,398] 

 

Scheme 55: Synthesis of digermynes 124a,b from chlorogermylenes 47b,c, metathesis with 
Mo-Mo triple bonds to complexes 125a,b and hydrogenation of 124a to 93, 126 and 127 (M = 
Li, Na, K; L = Cp(CO)2; 47b, 93, 124a, 125a, 126, 127: Ar = Dip; 47c, 124b, 125b: Ar = Tip). 

The suitability of digermynes for small molecule activation and catalysis was 

rationalized by diradicaloid contributions to the electronic structure (Figure 8).[399] 

 

Figure 8: Resonance forms of digermynes. 

The remaining known digermynes are best described as bisgermylenes based on 

structural arguments (acute R-Ge-Ge angles), reactivity and coordination behavior. 

For example, 128a,b are coordinated by two equivalents of DMAP to form 

bisgermylene complexes 129a,b (Scheme 56).[256] 128a,b and their boryl-substituted 

derivatives further add dihydrogen in either 1,1- or 1,2-fashion.[164,180,400] Base 

coordination of tert.-butylisocyanide to digermyne 124a has been reported as well.[255] 
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Scheme 56: Reaction of bisgermylenes 128a,b with DMAP to complexes 129a,b. 

Reduction of chlorogermylene 66e yields dianionic digermyne 130 or base-stabilized 

digermyne 131 (Scheme 57).[177] As expected, 131 can be further reduced to 130, the 

oxidation of which provides access to digermavinylidene 132, stabilized by 

intramolecular -coordination. Reduction or addition of NHC 10d to 132 recovers 

digermynes 130 and 131, respectively. Transfer of the terminal Ge(0) atom was 

reported for an intramolecularly phosphino-stabilized digermavinylidene[401] and 

overreduction of chlorogermylenes 47a-c also yields mono- and dianionic 

digermynes, stabilized by -interaction, similar to 130.[236,402,403] Conversely, dications 

70a-c require stabilization through NHC coordination (Scheme 30). 

 

Scheme 57: Synthesis of digermynes 130, 131 and digermavinylidene 132 (NHC = 10d; Ox 
= [Cp2Fe][BArf

4] (Arf = 3,5-(CF3)2- C6H3) and [Ph3C][B(C6F5)4]). 
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3.4. Ge(0)2 

In the sequence from digermenes (R2Ge=GeR2) to digermavinylidenes (R2Ge=Ge:), 

the consequent next step is a Ge(0)2 dumbbell, on the way towards bulk germanium. 

Base-stabilized examples 135a-c were synthesized from the corresponding 

coordinated dichlorogermylenes 12b, 133 and 134 (Scheme 58).[174,404,405] While 

135a,b experience donor stabilization exclusively, 135c is further stabilized by both 

- and -coordination of the Ge(0)2 moiety to iron tetracarbonyl fragments. 

 

Scheme 58: Synthesis of Ge(0)2 135a-c from germylenes 12b, 133 and 134 (Red. = Jones’ 
Mg or KC8; 12b, 135a: L = 10f; 134, 135c: L = 10d). 

 

3.5. GeSiR4: Germasilenes 

Only few germasilenes 136-138 are known (Scheme 59),[406–411], which may be due to 

the fact that the global minimum of GeSiH4 is silylgermylene.[412,413] 2-Disilagermirene 

137 is obtained via thermal rearrangement of the corresponding 1-disilagermirene; its 

treatment with phenylacetylene yields the heavier cyclopentadiene analogue 138. 

 

Scheme 59: Germasilenes 136-138 (136a: R = Mes, R’ = SiMetBu2; 136b: R’ = SiMetBu2, R’ 
= Mes; 136c: R = R’ = SiMetBu2; 136d,e: R = Mes, R’ = SitBu3; 136f: R = R‘ = Mes; 137, 138: 
SiR3 = SiMetBu2). 
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Transient germasilene 136f has been trapped as methoxy silane 139 and undergoes 

1,2-shift of a mesityl substituent more readily than its digerma congener 1a to form 

silylgermylene 140, which can be trapped with 2,3-dimethylbutadiene to silylgermane 

141 (Scheme 60).[355,414] Similar rearrangements are probably preceding the 

formation of 109a-c (Scheme 41). In analogy to the parent digermene and the 

tetrachloro derivative, their SiGe analogues were isolated by employing donor-

acceptor stabilization.[415] 

 

Scheme 60: Trapping of silagermene 136f as methoxysilane 139 and 1,2-aryl shift to 
silylgermylene 140 and subsequent trapping as silylgermane 141. 

3.6. GeSiR2: Germasilynes and Silagermenylidenes 

The parent silagermenylidene was predicted to be lower in energy than the 

germasilyne.[416,417] Two representatives of GeSiR2 are known, both requiring donor 

stabilization: Germasilyne 142 and silagermenylidene 143 (Scheme 61).[193,418] 

 

Scheme 61: Isolated Derivatives of the GeSiR2 hypersurface: silagermyne 142 and 
silagermenylidene 143 (NHC = 10d). 

The higher stability of silylgermylene and silagermenylidene in comparison to their 

double and triple bonded isomers, respectively is a direct consequence of the inert-

pair effect as the molecules adopt geometries that lower the oxidation state of 

germanium and increase the oxidation state of silicon. This observation is of general 

validity and will be encountered in the following chapters as well, where the element 

to substituent ratio will constantly decrease. 
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4. E3-Systems 

4.1. E3R6: Heavy Propenes & Cyclopropanes 

Conceivable E3R6 isomers XI-XIV (Scheme 62), either belong to previous categories 

(XI, XII: tetrylenes; XIII: ditetrene) or are saturated in the first place (XIV). 

 

Scheme 62: E3R6 isomers: tetrylenes XI, XII, heavy propene XIII and heavy cyclopropane 
XIV. 

Transient disilanylsilylenes 144a,b are proposed as intermediates during the 

rearrangement of silyldisilenes 120a,b to cyclotrisilanes 121a,b (Scheme 63). The 

intermediacy of 144b received additional support from the isolation of a CH insertion 

product.[385] 

 

Scheme 63: Rearrangement of disilenes 120a,b to cyclotrisilanes 121a,b via intermediary 
disilanylsilylenes 144a,b (120a, 121a, 144a: R = Me; 120b, 121b, 144b: R = Ph). 

While several other stable silyldisilenes are known,[369,373,419–421] Si-Ge species are 

limited to germasilene 138, bissilylgermylenes 16, 145 and 147 as well as 

disilanylgermylenes 146 and 148 (Scheme 64).[179,406,422] Note that the carbene 

analogues require NHC stabilization, as silylgermylenes usually dimerize to 

digermenes (Scheme 42). The only examples of unsaturated SiGe2R6 motifs are the 

silyldigermenes 116a,b (Scheme 50) while pergerma compounds are unknown.[336] 
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Scheme 64: Reportes species of the type Si2GeR6:Silylgermasilene 138, bissilylgermylenes 
16, 145 and 147 as well as disilanylgermylene 146 and 148 (NHC = 10d; SiR3 = SiMetBu2; 
16: R = Cl; 145: R = Ph). 

 

4.2. E3R5: Heavyl Allyl cations, radicals & anions 

Open-chained heavy allyl cations, radicals and anions are unknown, as their saturated 

three-membered ring isomers are predicted to be lower in energy.[423,424] Incorporation 

of the allyl moiety into ring systems, however, renders such isomerizations unfavorable 

as the formation of strained bicyclic systems would be required. Reduction of cyclic 

germasilene 138 thus yields the heavy cyclopentadienide 149 (Scheme 65).[425] 

 

Scheme 65: Synthesis of heavy cyclopentadienide 149 from germasilene 138 as well as 
Ge3-allyl anion 114, -radical 150 and cation 151 (SiR3 = SiMetBu2; [X]− = B[(C6F5)4]−). 
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Similarly, the planar four-membered Ge4-ring allyl anion 114 and the isostructural 

radical 150 are sufficiently stable for isolation (Scheme 65).[337,426] The radical 150 is 

furthermore reversibly converted into the corresponding allyl cation 151,[427] which 

possesses a remarkable electronic structure with a homoaromatic Ge3 unit in which 

the two “terminal” Ge atom interact through space in a similar manner as the 

transannular interaction in heavy bicyclobutanes (cf. Section 5.1). 

 

4.3. E3R4: Heavy Allenes, Cyclopropenes, Cyclopropylidenes, 

Vinylidenes & Vinylcarbenes 

The E3R4 hypersurface shows a rich structural diversity (16 conceivable isomers) of 

which the five most frequently observed (XV-XIX, Scheme 66) are in a narrow 8.9 

kcal/mol energy range in the silicon case.[428,429] 

 

Scheme 66: E3R4 isomers XV-XIX ordered by increasing relative energy in the Si3 system. 

The heavy allenes 152-154 are bent (Scheme 67),[430–434] which has been attributed 

to a pronounced tetrylone character of the central atom by Frenking et al.,[279] but is 

equally well rationalized invoking the CGMT model for heavier double bonds. 

Theoretical results suggest a barrierless transition between parent allenes and 

cyclopropylidenes via bond-stretch isomerism similar to the transannular interaction 

in 151.[435] 

 

Scheme 67: Heavy allenes 152-154 (152a: E = E’ = Ge, R = SiMe3; 152b: E = Si, E‘ = Ge, R 
= SiMe3; 152c: E = Ge, E‘ = Si, R = SiMe3; 152d: E = E‘ = Si, R = SiMe3; 153: R = 2,6-
(CH(SiMe3)2)2-4-C(SiMe3)3-C6H2; 154: R = SiMetBu2). 
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The symmetrically substituted cyclotrigermene 100a can be oxidized to the 

corresponding cyclopropenylium cation (cf. Section 4.4), which in turn serves as 

precursor for functionalized cyclotrigermenes 155a-f (Scheme 68).[56,346,436–438] The 

halo-substituted 155d-f display a rapid shift of the halogen across the three different 

positions in the ring. In case of 155f, the conversion into an unsaturated cationic Ge10 

cluster (cf. Chapter 6) is achieved by treatment with potassium iodide in the presence 

of weakly coordinating borate salt. 

 

Scheme 68: Cyclotrigermenes 100a-c and 155a-f (100a: ER3 = SitBu3; 100b: ER3 = GetBu3; 
100c: ER3 = SiMetBu2; 155a: X = Si(SiMe3)3; 155b: X = Ge(SiMe3)3; 155c: X = Mes; 155d: X 
= Cl; 155e: X = Br; 155f: X = I). 

 

 

Scheme 69: Synthesis of silagermenylidene 157 from reaction of disilenide 117 and 12a to 
intermediate disilenylgermylene 156 and its reactivity towards organolithium reagents under 
formation of cyclopropylidenes 158 & 160, disilenylgermylene 159a,b and cyclopropene 
analogue 161 (NHC = 10d). 
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Silylsilagermenylidene 157 constitutes the only example of type XVIII and is obtained 

from disilenide 117 and GeCl2·NHC complex 12a via the suggested intermediate 

disilenylgermylene 156 (Scheme 69).[439] 117 also serves as precursor for 

cyclotrisilenes, persilacyclopropylidenes and a disilenylsilylene.[440–444] Reaction of 

157 with MesLi gives access to cyclopropylidene 158 while treatment with sterically 

less demanding PhLi or MeLi gives the disilenylgermylenes 159a,b, 

respectively.[422,443,445] Open-chained isomers 159a,b undergo subsequent 

rearrangement to either cyclopropylidene 160 or the cyclopropene 161 (Scheme 69). 

The latter can only be isolated as the saturated head-to-head or head-to-tail 

dimerization products as the stabilizing NHC spontaneously dissociates. Treatment of 

157 with the small NHC 10b induces ligand exchange to the chlorosubstituted 

cyclopropylidene.[443] 

 

4.4. E3R3, ER3R2 & E(0)3 

Cyclotrigermenyliumcations 162a-g are synthesized from the corresponding 

cyclotrigermenes 100a,b via oxidation with trityl cations. They show an aromatic 

delocalization of the 2 system across the three-membered ring (Scheme 70).[436,446–

448] Similar conjugation is found in the stable cyclotrigermenyl radical 163.[449] 

Isomeric GeSi2 and Si3 analogues of 163 are postulated to rapidly dimerize to heavy 

benzenes isomers (cf. Chapter 6).[386,450] 

 

Scheme 70: Delocalized cyclotrigermenylium cations 162a-g and cyclotrigermenylradical 
161 (100a: E = Si; 100b: E = Ge; 162a: E = Si, Ar = Ph; 162b: E = Si, Ar = 3,5-(CF3)2C6H3; 
162c: E = Ge, Ar = 3,5-(CF3)2C6H3; 162d: E = Si, Ar = C6F5; 162e: E = Ge, Ar = C6F5; 162f: E 
= Si, Ar = 4-(tBuMe2Si)C6F4; 162g: E = Ge, Ar = 4-(tBuMe2Si)C6F4; 163: Ar = 2,6-Mes2C6H3). 

Further reduction of 163 gives the unusual allyl-like anion 164 (Scheme 71).[449] The 

related neutral Ge3R2 species 165 is formally a trisgermylene, although the electronic 

nature of the central germanium is unclear and might as well be described as a 

germene or a germylone.[451] A triatomic Si(0) species is known as well.[452] 
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Scheme 71: Trigermaallyl anion 164 and the base-stabilized tritetrylene 165 (Ar = 2,6-
Mes2C6H3). 

 

5. E4-Systems 

5.1. E4R6: Heavy butadienes, cyclobutenes & bicyclobutanes 

The homonuclear E4H6 hypersurface exhibits at least 60 possible minimum structures. 

Butadiene XX, cyclobutene XXI and bicyclobutane XXII constitute the usually 

encountered motifs (Scheme 72);[453] their interconversions have been studied in 

most detail in the carbon case.[454–456] For both Si4 and Ge4, the parent system favors 

XXII over XXI and XX while sterically demanding groups reverse this order.[457,458] 

 

Scheme 72: E4H6 isomers butadiene XX, cyclobutene XXI and bicyclobutane XXII. 

Tetragermabutadiene 99 (Scheme 46) was discussed in Section 3.1. The two 

germanium-containing cyclobutenes 102e,f were obtained by treating cyclotrigermene 

100c and cyclic silagermene 137, respectively, with germylene 8a (Scheme 73).[348,349] 

 

Scheme 73: Synthesis of Ge-containing cyclobutenes 102e,f from heavy cyclopropenes 
100c, 137 and GeCl2 dioxane 8a (SiR3 = SiMetBu2; 100c, 102e: E = Ge; 102f, 137: E = Si). 
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Tetragermabicyclobutanes were predicted to exhibit bond-stretch isomerism to XXII’ 

(Scheme 74) with the central Ge-Ge bond replaced by a singlet diradical(oid) 

interaction, closely resembling the through-space interaction in propellane and 

benzpolarene, examples of siliconoids (cf. Chapter 6). The bridgehead germanium 

atoms in XXII’ are furthermore hemispheroidally coordinated, another structural 

property of siliconoids. Tetragermabicyclobutanes therefore manifest the transition 

from electron precise molecules to unsaturated cluster compounds. 

 

Scheme 74: Bond-stretch isomerization of tetragermacylobutane XXII to the diradicaloid 
XXII'. 

The energy gain from bond-stretching increases going down Group 14 from Si4H6 to 

Sn4H6, with Pb4H6 only exhibiting a minimum as XXII’.[459] Nonetheless, several 

examples of bicyclobutanes with Si4-cores have been synthetically realized and 

possess extremely reactive central Si-Si bonds that in two cases even show -

character without an underlying -bond, comparable to 101 (Scheme 47), suggesting 

the validity of the so far merely theoretical predictions in the Ge case.[460–464] 

 

5.2. E4R4: Tetrahedranes, Cyclobutadienes & their dianions 

E4R4 structures range from the three-dimensional cluster tetrahedrane XXIII to the 

planar cyclobutadiene XXVI by successive -bond cleavage to structures XXIV and 

XXV (Scheme 75). 

 

Scheme 75: Isomers XXIII-XVI of E4H4. 
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Tetragermatetrahedrane 167 with bulky supersilyl substituents was obtained by 

reduction of tetrachlorodigermane 166 although the corresponding parent species is 

not a minimum on the Ge4H4 PES (Scheme 76).[465] 

 

Scheme 76: Synthesis of tetrahedrane 167 via reductive coupling of tetrachlorodigermane 166. 

The zwitterionic butterfly compound 168 was synthesized from chlorogermylene 48 

and exhibits two trivalent germanium atoms with opposing charges in the solid states. 

In solution, the structure is fluxional and thus highly symmetric on the NMR timescale, 

due to breaking and rebuilding of the central Ge-Ge bond.[180] The only example of 

type XXV constitutes cluster 169,[120] in which all four Ge atoms are hemispheroidally 

coordinated. 

 

Scheme 77: Zwitterionic Ge4-butterfly 168 and mixed cluster 169. 

Germanium derivatives of cyclobutadiene avoid antiaromaticity by Jahn-Teller 

distortion to rhombic, charge separated systems as in 170a-c (Scheme 78).[332,466,467] 

NICS calculations confirmed the non-aromatic nature of the ring system in 170b. An 

isostructural Si3Ge analogue of 170c has been reported as well.[468] Cyclobutadiene 

dianions 171a,b were obtained by reduction of dichlorocyclobutenes 102e,f (Scheme 

79).[349,469,470] NICS values and structural arguments exclude the presence of 

aromatic ring currents in 171a,b, which are consequently classified as non-aromatic. 

Nonetheless, 171a,b coordinate to transition-metals in a 4-fashion as for example in 

the cobalt complexes 172a,b.[470] Reduction of 102f with alkaline earth metals yields 

bicyclobutane dianions 175a-c (Scheme 79).[471] The mechanism for the formation of 
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175a-c was proposed to proceed through the intermediates 173a-c and 174a-c, in 

analogy to the archetypal cyclobutene-butadiene-bicyclobutane rearrangement 

known from carbon. A similar rearrangement was found for the formal heavy 

butadiene 138 (cf. Section 3.5), which is presumably formed from a transient 

cyclobutene isomer and rearranges to the corresponding bicyclobutane upon 

heating.[407,472] 175a-c can alternatively be prepared by transmetallation of 171b with 

the appropriate alkaline earth metal halides. 

 

Scheme 78: Tetragermacyclobutadienes 170a-c. 

 

 

Scheme 79: Reduction of dichlorocyclobutenes 102e,f to cyclobutadiene dianions 171a,b 
and subsequent coordination to complexes 172a,b as well as reduction of 102f to 
bicyclobutane dianion 175a-c over the intermediates 173a-c and 174a-c (SiR3 = SiMetBu2; 
102e, 171a, 172a: E = Ge; 102f, 171b, 172b: E = Si; 173a, 174a, 175a: M = Mg; 173b, 174b, 
175b: M = Ca; 173c, 174c, 175c: M = Sr). 
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6. Unsaturated Cluster compounds 

A cluster refers in general to a “group of things of the same type that grow or appear 

close together”.[473] In a chemical context no strict definition for clusters exists. Cotton 

suggested that the presence of more metal-metal bonds than metal-ligand bonds is 

the defining characteristic of a cluster.[474] According to this definition, tetrahedranes 

167 and 169 can be regarded clusters. Germanium clusters are classically divided 

into three major groups: 1) saturated, polycyclic germanes; 2) unsaturated clusters 

with element to substituent ratios below 1:1, so-called metalloid clusters, and finally 

3) Zintl-anions (Scheme 80). Polyhedral oligogermanes have the general composition 

GenRm, with n ≤ m, as in tricyclic 176, the heavy benzene isomer prismane 177 or the 

highly symmetric tetrahedrane 167 and cubane 178 with platonic bodies as cluster 

scaffolds.[465,475–477] If n > m,  clusters are classified as metalloid and consequently 

exhibit an average oxidation state of the cluster vertices between zero and +1,[478] as 

in the cases of cubic 179a,b and anionic 180.[479–481] In contrast to oligogermanes, 

metalloid clusters are unsaturated, exhibit non-classical bonding situations and 

unsubstituted, or “naked”, cluster vertices. Formal removal of all substituents from a 

cluster under retention of a few negative charges leads to Zintl-anions, polyanionic 

clusters that typically are confined in the corresponding Zintl-phases, e.g. is the 

crystal structure of Na12Ge17 that contains both 181 and 182 in the anionic lattice.[482] 

 

Scheme 80: Examples of the three classes of germanium clusters (● = Ge; 167: R = SitBu3; 
176: R = Mn(CO)5; 177: R = CH(SiMe3)2; 178: R = Dep; 179a: R = N(SiMe3)2; 179b: R = 2,6-
tBuO2C6H3; 180: R = Si(SiMe3)3). 
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Metalloid germanium clusters are known from Ge5 to Ge18 motifs and with increasing 

number of core atoms the resemblance to crystalline Ge-phases becomes more 

pronounced. While Ge5 183a,b and 184 possess (more or less deviated) tetragonal 

pyramid structures,[483,484] Ge6 185, Ge8 179a,b and Ge9 180 resemble octahedra, 

cubes and tricapped trigonal prisms, respectively (Scheme 81).[479,480,485] The 

structure of Ge6 cluster 186 is in between that of a trigonal prism and an octahedron 

with the two unsubstituted vertices being reminiscent of the buckled dimer on the 

Ge(001)-(4x2) surface (cf. Scheme 1).[486] Anionic cluster 180 was also reported with 

other substituents, dianionic, and coordinated to several transition metals.[487–494] 

183a,b resemble butterfly structure 168 (cf. Section 5.2) but show no dynamic 

behavior in solution. In contrast, 183c undergoes fast flipping of the Ge4-base, 

through the transition state structure 184, which could be isolated in the solid state. 

 

Scheme 81: Metalloid Ge-clusters 179a,b, 180 and 183-186 that form regular and distorted 
polyhedra (● = Ge; dashed bonds indicate transannular interactions in bond-stretch 
bicyclobutane motifs; 179a: R = N(SiMe3)2; 179b: R = 2,6-tBuO2C6H3; 180: R = Si(SiMe3)3; 
183a: R = CH(SiMe3)2;  183b: R = 2,6-Mes2C6H3; 183c: R = SiMetBu2; 184: R = SiMetBu2; 
185: R = 2,6-Dip2C6H3; 186: R = N(SiMe3)Dip). 

Increasing the number of core germanium atoms beyond n = 9 leads to drastic 

changes in the structural characteristics: Instead of regular polyhedra, the larger 

clusters are less symmetric (i.e. more anisotropic) and their scaffold is often formally 

composed from the chimeric combination of smaller polyhedra. Ge10 clusters 187 and 

188 only exhibit Cs symmetry and their structures show some resemblance to cutouts 

from the -Ge diamond-lattice (Scheme 82).[495,496] In contrast, Ge12 cluster 189 

shows the arrangement of the high-pressure phase [Ge(tI4)] (Scheme 82) with the 

central Ge4 ring resembling the biradicaloid bond-stretch isomers of hypothetical 

tetragermabicyclobutanes.[497] The Ge14 clusters 190a,b even possess three such 

moieties, rendering them hexaradicaloids.[498,499] Strongly deviated versions of the 

bond-stretch bicyclobutane are encountered in 183a-c and 186. 



Introduction 

73 

 

Scheme 82: Ge10-Ge14 clusters 187-190 (● = Ge; dashed bonds indicate transannular 
interactions in bond-stretch bicyclobutane motifs; bonds that are part of a diamond-lattice 
cutout or of bond-stretch bicyclobutanes are emphasized in bold; 187: R = Si(SiMe3)3; 188: R 
= SitBu3; 189: R = FeCp(CO)2, R’ = FeCp(CO); 190a: R = Ge(SiMe3)3; 190b: R = Si(SiMe3)3). 

Metalloid germanium clusters are commonly obtained via two different routes: The 

clusters in Scheme 81 are synthesized by reduction of Ge(II) halides or treatment of 

metastable Ge(I) halides with nucleophiles at low temperatures. A second approach 

is the employment of soluble, germanium based Zintl-anions as nucleophiles. With 

this method, functionalization,[493,500–506] linkange,[505,507–512] and catenation[513–516] of 

metalloid germanium clusters were achieved. 

Germanium clusters 191-193 exhibit intriguing electronic properties (Scheme 83): 

The [1.1.1]propellanes 191a,b possess two unsubstituted Ge vertices, the nature of 

their interaction still being disputed. CASSCF calculations predict only a small 

biradicaloid character, whereas experimental studies revealed some examples for 

biradicaloid reactivity. A similar bond and furthermore three-dimensional cluster 

currents are found in the heavy heteronuclear benzene isomer 192, a structural motif 

that has been christened “benzpolarene” to reflect the immense electronic anisotropy 

that extends over the cluster scaffold. 

 

Scheme 83: Unsaturated SiGe clusters 191-193 which do not count as metalloid clusters 
(E = Si, Ge; dashed bonds indicate transannular interactions in bond-stretch bicyclobutane 
motifs). 
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Benzpolarene 192 is synthesized by thermal rearrangement of benzene isomer 193 

(that formally contains a bond-stretch bicyclobutane), which is in turn obtained by 

reduction of the transient disilenylchlorogermylene 194, formed upon treatment of 

lithium disilenide 117 with germanium dichloride × dioxane 8a (Scheme 84). 193 

exhibits a unique type of six-electron delocalization over its central Si2Ge2 ring 

referred to as dismutational aromaticity, because of the variable oxidation state of the 

six vertices. The unsubstituted vertices in both 193 and 192 are occupied by 

germanium atoms, as would be expected in the light of the inert-pair effect. The 

analogous persila-systems are more thoroughly investigated and can be 

functionalized in manifold ways, inter alia: substitution in different cluster positions, 

expansion to Si7 and Si8 clusters, reduction to mono- and dianionic clusters, and 

even incorporation of dopant atoms into the cluster scaffold.[386,517–524] 

 

Scheme 84: Synthesis of germanoids 192 and 193 from disilenide 117 and germanium 
dichloride dioxane 8a. 

The reference to the average oxidation state for the classification of clusters as 

metalloid ignores local metalloid characteristics. This becomes obvious in the clusters 

191-193 which all possess unsaturated vertices, and thus potential diradicaloid 

character (Scheme 83), but do not concur with the definition of metalloid clusters due 

to their average oxidation state equal or greater than +1.[450,525,526] 
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In order to address this shortcoming, the hemispheroidality criterion was established 

in case of silicon-clusters, with those that fit the criterion being referred to as 

“siliconoids”.[527] One may consequently call the analogous germanium clusters 

“germanoids”. For a cluster to qualify as a siliconoid or germanoid, it needs to possess 

at least one unsubstituted vertex that is hemispheroidally coordinated. A quantitative 

criterion for hemispheroidal coordination is defined as follows (Figure 9): The three 

atoms bonded to the vertex in question with the sum of angles closest to 360° define 

a reference plane. The closest distance between the fourth atom (given by the 

normal vector) is defined as negative when the fourth atom resides on the other side 

of the reference plane and otherwise as positive. The thus obtained value is the 

hemispheroidality . A positive value for  indicates hemispheroidal coordination while 

a negative value indicates (distorted) tetrahedral coordination. By this definition, the 

compounds in Scheme 83 as well as all of the above-mentioned metalloid clusters are 

in fact germanoids. Note however, that some cases that meet the criterion of an 

average oxidation state below 1 do not feature any hemispheroidal vertex, as for 

example spiro-bis(cyclotrigermene).[528] The hemispheroidality criterion is also met for 

the atoms of the buckled dimer on Si(100) and Ge(100) and therefore directly links 

the siliconoids and germanoids with surface and bulk characteristics of elemental 

silicon and germanium. 

 

Figure 9: Definition of the hemispheroidality . 

When comparing hypothetical bicyclobutane XXII’ with propellanes 191a,b and 

benzpolarene 192, the structural similarities are obvious (Scheme 85): In all four 

structures, a non-classical interaction between hemispheroidally coordinated 

germanium atoms is found and the fact that bond-stretch bicyclobutane, 
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[1.1.1]propellane and benzpolarene are the global minima of the corresponding 

hypersurfaces is no coincidence, in the light of findings for the analogous silicon 

compounds:[529–537] In fact, the inert-pair effect leads to a destabilization of bond 

angles different from 90° as they require significant hybridization between the 

perpendicular p-orbitals and the s-orbital. Consequently, germanium prefers four-

membered rings with endocyclic 90° angles and the compounds in Scheme 85 

simply maximize the number of endohedral four-membered rings with one in XXII’, 

three in 191a,b and four in 192 with the non-classical bond as a direct consequence 

of this pursuit. 

 

Scheme 85: Bicyclobutane XXII' and germanoids 191a,b & 192 with non-classical 
interactions between hemispheroidally coordinated Ge-atoms. 

Metalloid clusters 189 and 190a,b, which contain the bond-stretch bicyclobutane 

once and three times respectively, presumably gain stability by this effect as well, 

inducing hexaradicaloid character in 190a,b. The presence of dangling bonds on the 

surface of crystalline germanium and in the bulk of amorphous germanium can be 

therefore traced back to intrinsic atomic properties of germanium, with the bent 

germylenes, trans-bent digermenes, preference of silagermenylidene over 

germasilanylidene and frequent encounters with bicyclobutanes in unsaturated 

clusters as molecular manifestations on the way to the bulk. 
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Aims & Scope 

As outlined in the introduction, low-valent germanium containing systems of varying 

size are highly susceptible to constitutional isomerizations due to the usually flat 

potential energy surfaces. Especially, the reduction of the dismutational Si4Ge2 isomer 

193 to the anticipated anionic heterosiliconoid (or germanoid) 198 isostructural to 

benzpolarenide 197 (Scheme 86) promises insight into rearrangement processes of 

heavy benzene isomers in general: The positions of the germanium atoms in the 

resulting cluster scaffold should allow for mechanistic conclusions that might be 

extended to the all-silicon systems and facilitate design of homo-and heteronuclear 

siliconoids in the future. Hence, isolation and characterization of the reduction 

product of 193 is a first goal of this work, in order to promote targeted cluster design. 

 

Scheme 86: Top: Synthetic pathway from disilenide 117 to hexasilabenzene isomer 195 via 
intermediate cyclotrisilane 121e and its two rearrangements to benzpolarenes 196 and 197. 
Anionic 197 can be utilized to attach a variety of substituents to the cluster scaffold. Bottom: 
Hypothetical reduction product 198 of dismutational benzene isomer 193. 
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The pivotal role of disilenide 117 in the construction of both homo- and heteronuclear 

siliconoids emerges from Scheme 86 and raises the question if its heavy analogue 

digermenide 98a could grant access to cluster compounds with unprecedented Si/Ge 

ratios or even pure germanoids. Digermenide 98a has recently been employed for 

the straightforward synthesis of asymmetric digermenes but its reactivity remains 

unexplored otherwise.[538–540] A second goal of this work is therefore a comparison 

between the isomerization behavior of reported functionalized disilenes obtained 

from disilenide 117 (cf. Scheme 53) with analogous digermenes accessible from 

digermenide 98a. If the digermenes retain an open-chained structure, they will 

constitute unprecedented peripherally functionalized Ge-Ge double bonds with 

potential synthetic value. In case of similar reactivity, the resulting germacycles 

(particularly chloro-substituted cyclopropane analogues) would pave the way for 

unprecedented germanoids, in analogy to the silicon case. 

The third major objective of this work is the establishment of a metathesis protocol for 

asymmetric digermenes: Digermenide 98a gives exclusive access to Ge-Ge double 

bonds consisting of two different germylene fragments. As digermenes in general are 

relatively prone towards cleavage of the Ge-Ge double bond, this might allow for an 

unprecedented reaction type in which an unsymmetric digermene splits into the 

corresponding germylenes which then could homocouple to yield two symmetric 

digermenes (Scheme 87). This metathesis reaction might furthermore be exploited 

for the polymerization of suitable ,-bis(digermenes) to poly(digermenes), a class of 

compounds which is sought extensively and which would constitute one of the first 

examples of polymers with heavy multiple bonds in the repeating unit in general. 

 

Scheme 87: Proposed metathesis of asymmetric digermenes and suggested polymerization 

of ,-bis(digermenes) to unprecedented poly(digermenes). 



Results and Discussion 

79 

Results and Discussion 

An anionic heterosiliconoid with two germanium vertices 

 

L. Klemmer, V. Huch, A. Jana, D. Scheschkewitz, Chem. Commun. 2019, 55, 

10100−10103. 

https://doi.org/10.1039/c9cc04576g. 

 

Reproduced by permission of the Royal Society of Chemistry. 

 

The above cited article was published by The Royal Society of Chemistry (RCS) 

under the terms of a standard license to publish. 

(https://www.rsc.org/globalassets/05-journals-books-databases/journal-authors-

reviewers/licenses-copyright-permissions/royal-society-of-chemistry-licence-to-

publish.pdf). 

Copyright © 2019 The Authors. 

 

The results described within this article are additionally concluded and put into 

context in the Conclusion and Outlook chapter. 

 

Contributions of the Authors: 

Lukas Klemmer: Lead: Conceptualization, Visualization, Investigation, Methodology, 

Data Curation, Formal Analysis, Writing ─ Review and Editing of the supporting 

information, Theoretical studies, Synthesis, and characterization of heterosiliconoids; 

Supporting: Writing ─ Review and Editing of the manuscript. 

Volker Huch: Lead: X-ray analysis. 

Anukul Jana: Lead: Writing ─ Review and Editing of the manuscript; Supporting: 

Project administration, Supervision, Acquisition of funding and resources. 

David Scheschkewitz: Lead: Project administration, Supervision, Acquisition of 

funding and resources; Supporting: Conceptualization, Writing ─ Review and Editing.

https://doi.org/10.1039/c9cc04576g
https://www.rsc.org/globalassets/05-journals-books-databases/journal-authors-reviewers/licenses-copyright-permissions/royal-society-of-chemistry-licence-to-publish.pdf
https://www.rsc.org/globalassets/05-journals-books-databases/journal-authors-reviewers/licenses-copyright-permissions/royal-society-of-chemistry-licence-to-publish.pdf
https://www.rsc.org/globalassets/05-journals-books-databases/journal-authors-reviewers/licenses-copyright-permissions/royal-society-of-chemistry-licence-to-publish.pdf


 

80 



Results and Discussion 

81 



 

82 



Results and Discussion 

83 

 



 

84 

Persistent digermenes with acyl and -chlorosilyl 

functionalities 

 

L. Klemmer*, Y. Kaiser*, V. Huch, M. Zimmer, D. Scheschkewitz, Chem. Eur. J. 2019, 

25, 12187−12195. 

https://doi.org/10.1002/chem.201902553. 

*These authors contributed equally. 

 

The above cited article was published as an “Open Access” article under the terms of 

a Creative Commons Attribution−NonCommercial−NoDerivs License. 

(https://creativecommons.org/licenses/by-nc-nd/4.0/). Copyright © 2019 The Authors. 

Published by Wiley-VCH Verlag GmbH & Co. KGaA 

 

The results described within this article are additionally concluded and put into 

context in the Conclusion and Outlook chapter. 

 

Contributions of the Authors: 

Lukas Klemmer: Lead: Conceptualization, Visualization, Writing ─ Review and 

Editing, Investigation, Methodology, Data Curation, Formal Analysis, Theoretical 

studies, Synthesis and characterization of silyldigermenes; Supporting: 

Characterization of acyldigermenes, VT-NMR. 

Yvonne Kaiser: Lead: Synthesis and characterization of acyldigermenes; 

Supporting: Conceptualization, Visualization, Writing ─ Review and Editing, 

Investigation, Methodology, Data Curation, Formal Analysis. 

Volker Huch: Lead: X-Ray analysis. 

Michael Zimmer: Lead: CP/MAS NMR and VT-NMR. 

David Scheschkewitz: Lead: Project administration, Supervision, Acquisition of 

funding and resources; Supporting: Conceptualization, Writing ─ Review and Editing. 

https://doi.org/10.1002/chem.201902553
https://creativecommons.org/licenses/by-nc-nd/4.0/


Results and Discussion 

85 



 

86 



Results and Discussion 

87 



 

88 



Results and Discussion 

89 



 

90 



Results and Discussion 

91 



 

92 



Results and Discussion 

93 



 

94 

Metathesis of Ge=Ge double bonds 

 

L. Klemmer, A.-L. Thömmes, M. Zimmer, V. Huch, B. Morgenstern, D. Scheschkewitz, 

Nat. Chem. 2021, https://doi.org/10.1038/s41557-021-00639-9. 

 

The results described within this article are additionally concluded and put into 

context in the Conclusion and Outlook chapter. 

 

Contributions of the Authors: 

Lukas Klemmer: Lead: Conceptualization, Visualization, Writing ─ Review and 

Editing, Investigation, Methodology, Data Curation, Formal Analysis, Theoretical 

studies, Synthesis and Characterization of molecular compounds, Synthesis and 

characterization of polymers. 

Anna-Lena Thömmes: Supporting: Synthesis and characterization of 

bis(digermene), Synthesis and characterization of polymers, Writing ─ Review and 

Editing. 

Michael Zimmer: Lead: CP/MAS NMR. 

Volker Huch: Lead: X-Ray analysis. 

Bernd Morgenstern: Supporting: X-Ray analysis 

David Scheschkewitz: Lead: Project administration, Supervision, Acquisition of 

funding and resources; Supporting: Conceptualization, Writing ─ Review and Editing. 

 

https://doi.org/10.1038/s41557-021-00639-9


Results and Discussion 

95 



 

96 



Results and Discussion 

97 



 

98 



Results and Discussion 

99 



 

100 



Results and Discussion 

101 



 

102 

Conclusion & Outlook 

Just before the start of the experimental work towards this PhD thesis, reduction of Si6-

benzpolarene 196 was carried out in our lab and instead of 197 a positional isomer 

was isolated.[519,541] To differentiate between both isomers, our group established a 

nomenclature for the four positions in the benzpolarene scaffold (Scheme 88): the 

nudo position refers to the two unsubstituted (‘naked’) vertices, privo (‘empty’) to the 

bridging SiR2 moiety between the nudo-vertices, indicating the strong electronic 

deshielding this position is exposed to, ligato (‘bound’) to the SiR groups and remoto 

(‘remote’) to the remaining bridging SiR2 tether.[527] The diverging reduction products 

of 195 and 196 excluded 196 as an intermediate in the synthesis of ligato-197 and 

indicated that 196 and ligato-197 are formed from 195 via different mechanisms.  

 

Scheme 88: Left: reduction of siliconoids 195 and 196 to two regioisomers of 197. Right: 
Nomenclature for the benzpolarene vertices on the example of 196. 

During the thermal rearrangement of Si4Ge2 isomers 193 to 192, the germanium 

atoms in the dismutational isomer end up in the nudo positions of the benzpolarene 

scaffold, hence maintaining their unsubstituted character. The two-electron reduction 

of 193 was therefore topic of the first part of this PhD thesis and surprisingly the 

isolated and characterized ligato-benzpolarenide anion 199 (being the first anionic 

heterosiliconoid) exhibits a different positioning of the germanium atoms than the 

neutral 192 (Scheme 89): Instead of both nudo-positions, germanium occupies one 

nudo-vertex and the anionic ligato position. 



Conclusion & Outlook 

103 

 

Scheme 89: Reduction of dismutational Si4Ge2 isomer 193 to anionic heterosiliconoid 199 
with different germanium occupation than 192 and subsequent functionalization to silyl-
substituted germanoid 200. 

Formation of 199 via a cyclobutene-butadiene-bicyclobutane rearrangement (cf. 

Section 5.1) is another example for the guiding effect of subunits on the structure of 

siliconoids (and germanoids) as outlined in the introduction: the bicyclobutane motif is 

favored for heavy Group 14 elements and the central Si2Ge2 unit in 199 even 

resembles the bond-stretch isomer XXII’ (Scheme 85). The usage of germanium 

atoms as mechanistic probes in siliconoid chemistry is further established beyond the 

synthesis of 192 by this work. Recent investigations in our group strive for insight into 

formation of larger clusters by employing this technique. The proof-of-principle 

reaction of 199 with SiCl4 to yield the trichlorosilylsubstituted germanoid 200 is 

furthermore a first step towards the construction of larger unsaturated Si/Ge clusters. 

 

Scheme 90: Enantiomers of 199 from the chiral axis through the privo and remoto position. 

Another interesting property of 199 is the inherent axial chirality of its cluster core 

which was also observed in saturated benzpolarane scaffolds and leads to the 

existence of two enantiomers of 199 (Scheme 90).[389,445] Heterosiliconoid 199 is thus 

“chiral-at-cage”, a feature that is particularly sought after in the case of 

carboranes.[542] Even though 199 is obtained as racemic mixture and its reactivity 
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was examined towards SiCl4 only, it still provides an outlook towards application of 

chiral siliconoids in stereoselective conversions and even catalysis.[523] 

Considering the vast follow-up chemistry that disilenide 117 continues to bring to the 

forth (cf. Introduction and the first part of this thesis), the further development of the 

chemistry of digermenide 98a was a logical step, after only proof-of-principle 

reactions had been carried out previously (Scheme 50). Especially salt metathesis 

with halogen bearing compounds was expected to act as a tool for introducing 

various substituents to the Ge-Ge double bond periphery, similar to the silicon 

congener. As described in the second part of this thesis, it was possible by this 

procedure to isolate the first digermenes with A2Ge=GeAB substitution pattern 201 

and to functionalize digermenes with -chlorosilyl as well as acyl groups, rendering 

the compounds 202a-c and 203a-c as the first reported heavy Group 14 analogues 

of allylchlorides and ,-unsaturated ketones, respectively (in collaboration with 

Yvonne Kaiser from our group; Scheme 91). 

 

Scheme 91: Synthesis of asymmetric digermene 201 and persistent -chlorosilyldigermenes 
202a-c and acyldigermenes 203a-c which do not undergo cyclization to the corresponding 
cyclopropanes 204a-c or cyclic Brook germenes 205a-c (202a, 204a: R = R’ = Me; 202b, 
204b: R = Me, R’ = Ph; 202c, 204c: R = R’ = Ph; 203a, 205a: R = tBu;, 203b, 205b: R = 2-
methylbutan-2-yl; 203c, 205c: 1-Ad). 

Their relationship with these prominent organic functionalities makes 202a-c and 

203a-c attractive targets for future reactivity studies: The chloride group in 202a-c 

might undergo subsequent salt metathesis or be removed reductively/oxidatively to 

form the corresponding allyl anions and cations, respectively. Acyldigermenes 203a-c 

could furthermore be treated with the entire toolbox of carbonyl chemistry, as for 

instance the Wittig-reaction and their strong polarization and high reactivity might 

enable them to activate otherwise unreactive small molecules. 



Conclusion & Outlook 

105 

The results of this part of the thesis reveal several important consequences for the 

further development of digermenide chemistry and its use for the synthesis of 

germanoids: First, the inherent lower tendency towards cyclization is restricting the 

synthesis of germanium analogues of cyclotrisilane 121e, a vital precursor in the 

synthesis of benzpolarene 196 (Scheme 86). This might be circumvented by other 

synthetic pathways, as Si4Ge2 benzene 193 is synthesized via the intermediate 

disilenylgermylene 194 (Scheme 84). Second, digermenide 98a is extraordinarily 

redox active and forms tetragermabutadiene 99 upon reaction with a lot of different 

reagents (including atmospheric oxygen), instead of undergoing salt metathesis. This 

represents an even greater challenge for the synthesis of germanoid precursors which 

require highly halogenated reagents with accordingly low-lying LUMOs. The suitability 

of 98a for the synthesis of germanoids is therefore at least questionable without novel 

synthetic approaches as preliminary results with SiCl4 hint towards unselective 

reaction. Third and last, the observation that all solution samples of 201-203 contained 

the homoleptic digermene 1e after several days, despite their entirely different 

electronic structure, strengthened our assumption that asymmetrically substituted 

digermenes in general should qualify for metathesis reactions and the olefin 

disproportionation in particular, as 1e was apparently formed through dissociation of 

diarylgermylene 81e from 201-203 (Scheme 92). In these cases, however, the 

functionalized germylene fragments decomposed due to their immanent instability. 

 

Scheme 92: Formation of homoleptic digermene 1e from asymmetric digermenes 201-203 
via Ge-Ge double bond cleavage (R  = chlorosilyl, acyl). 

The third part of this thesis therefore aimed at the design of a substituent that would 

stabilize the otherwise elusive functionalized germylene fragment to enable the first 

example of heavy olefin metathesis. Our strategy of choice employed intramolecular 

n-donation to the vacant p-orbital of germanium as outlined in Section 2.1. Based on 

the observation from the second part of this thesis that digermenide reacts selectively 

with monochlorosilanes (isolation of 201) we designed 2-(N,N-

dimethylanillino)dimethylchlorosilane and 2-(N,N-dimethylanillino)diphenylchloro-
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silane as suitable reagents that indeed reacted selectively with digermenide 98a to 

the asymmetric digermenes 206a,b. Metathesis to 1e and the symmetric digermenes 

E-207a,b is triggered thermally and was shown to proceed over germylene 

intermediates 208a,b , just as anticipated (Scheme 93). 

 

Scheme 93: Olefin Metathesis of asymmetric 206a,b via intermediate germylene 81e and 
208a,b to symmetric digermenes 1e and E-207a,b (206a, E-207a: R = 2-(N,N-
Me2C6H3)Me2Si-; 206b, E-207b: R = 2-(N,N-Me2C6H3)Ph2Si-; 208a: R’ = Me; 208b: R’ = Ph). 

The metathesis of 206a,b does not only constitute the first example of a synthetically 

useful metathesis of heavy double bonds, it is also the first olefin metathesis in 

general which does require on the presence of a catalyst. The employed strategy of 

stabilizing the intermediate germylene with a tethered donor group might therefore 

also be expanded towards organic olefin metathesis and help to get rid of transition 

metal catalysts in specific cases. Both synthesis of Tip2Ge=GeTipR-type digermenes 

via salt metathesis from 98a and metathesis of exactly those to symmetric 

digermenes provide unprecedented synthetic routes to digermenes and add 

significantly to the accessible set of functionalized Ge-Ge double bonds. E-207b 

furthermore equilibrates with its isolable isomer Z-207b and both compounds 

represent the only reported example of a fully characterized E-Z-isomer couple of 

digermenes. 

The extension of the successful metathesis approach towards ,-bis(digermene) 

209 culminated in the synthesis of poly(digermene) 210 (Scheme 94) which is the 

first Heavy Group 14 polyene and one of only a handful reported examples for 

polymers with heavy doubly bonds in their repeating unit. Due to the conceptional 

similarity with the organic Acyclic Diene Metathesis (ADMET) we coined the term 

Heavy ADMET or HADMET for this type of metathesis polymerization. 
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Scheme 94: HADMET polymerization of ,-bis(digermene) 209 to polydigermene 210. 

Poly(digermene) 210 proved challenging to analyze with standard polymer analytics 

due to its poor solubility hence several new methods were developed in order to 

determine its polymerization degree: Quantification of the released amount of 1e via 

1H NMR spectroscopy gave Xn = 23 indirectly while end-group analysis in a 13C 

CP/MAS NMR of isolated 210 estimated Xn= 21. The latter method was priorly 

evaluated on the molecular test compound E-207a. Both values compare well with the 

degree of polymerization determined from DLS which is between Xn = 26 and Xn = 31. 

Future studies will focus on increasing the solubility of 210 to provide more analytical 

data which should allow optimization of the polymerisation process and properties. For 

this target either post-functionalization of the polymer or designed spacers with 

solubility mediating alkyl groups might be suitable and further allow longer chain 

lengths due to delayed chain termination by precipitation. In a long-term perspective 

the material properties of 210 and related polymers should be of high interest as no 

comparable materials are known and they constitute a first step in combining the 

properties of organic conductive polymers with semiconductor characteristics. In this 

context incorporation of dopant atoms like boron and phosphorus as well as 

electrochemical investigations promise further advancement. 

It is interesting to note that while the first part of this thesis was built primarily on the 

chemical similarity between silicon and germanium in order to gain mechanistic 

insight, the second part demonstrated the consequences of their subtle differences 

as diverging reactivities. The third part then made use of exactly these differences to 

employ germanium-based compounds in reactions that were not possible with the 

corresponding silicon analogues. Hence, the present thesis makes use of a wide 

spectrum of germanium-silicon interactions in low-valent compounds and it will be 

crucial for future developments to deepen the understanding of especially the 

differences between both elements in order to unfold their full synthetic potential. 
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