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Abstract 

In light of a threatening climate crisis, the importance of transforming energy-consuming and 

polluting chemical processes towards an eco-friendly and sustainable industry becomes 

progressively evident. The method of choice to reduce the energy demand for a chemical 

transformation is the deployment of a catalyst that decreases the activation energy and, 

therefore, overall energy consumption of a chemical reaction. Most industrial chemical 

processes rely on catalyst systems based on precious transition metals that are often expensive, 

toxic, and suffer from limited availability. A possible alternative to overcome those drawbacks 

is using earth-abundant, inexpensive, and eco-friendly main group element catalysts. Silicon, 

for example, is the second most abundant element in the earth’s crust and is readily available in 

sand, quartz, and other minerals.  

Nevertheless, the catalytic activity of silicon-centered molecules is mainly determined by Lewis 

acidity as no d-orbitals are available, and low-valent oxidation states are highly disfavored. 

Tremendously high Lewis acidities were obtained for silyl cations which prove to be potent 

catalysts in various organic transformations. Another recent strategy is the synthesis of neutral 

silicon-centered Lewis superacids by the installation of strongly electron-withdrawing 

substituents. The so-far reported Lewis superacidic silanes were successfully applied in many 

laboratory-scale reactions. Nonetheless, this research field is still in its infancy.  

In this context, the Ph.D. project at hand was dedicated to synthesizing strongly electrophilic 

silanes and investigating their catalytic potential for industrially relevant reactions. For this 

purpose, perfluorinated pinacolato groups were chosen as they combine steric protection and 

substantial electron withdrawal. The consequent bis(perfluoropinacolato)silane was 

synthesized and isolated as the acetonitrile mono-adduct. Lewis acidity determinations, 

including fluoride ion affinity calculation and Gutmann-Beckett assessment, revealed a high 

potential for catalytic use, which was supported by abstraction experiments that outlined Lewis 

superacidity. Catalytic experiments displayed a high activity for reactions including 

hydrodefluorination, carbonyl reduction and hydrosilylation, and depolymerization of 

polyethylene glycols, while outperforming literature-known catalyst systems. 

For broadening the scope also for softer substrates, the respective “softer” germanium-centered 

analog was synthesized and tested for its reactivity. Again, Lewis superacidity could be proven 

in experiments and by quantum chemical computations revealing a significantly increased 

affinity for the activation of hydrosilanes.  

By abstracting the strongly bound acetonitrile, the liberated bis(perfluoropinacolato)germane 

was isolated and successfully applied as a pre-catalyst for the important hydrosilylation of 
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olefins. The active species in this reaction was identified as a germylene complex formed in 

situ by activating the hydrosilane Et3SiH and subsequent reductive elimination.  

Additional Lewis acidic silanes were synthesized by the installation of perfluorotolyl- and 

perfluorocresolato substituents, as well as a heteroleptic approach using one 

perfluoropinacolato group and two perfluorophenyl groups. The obtained silanes were 

comprehensively characterized, and the Lewis acidities were assessed with the Gutmann-

Beckett method.  
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Zusammenfassung 

In Anbetracht der aktuellen Klimakrise wird die Notwendigkeit, energieaufwändige chemische 

Prozesse in umweltfreundlichere Alternativen für eine nachhaltige Industrie umzuwandeln, 

immer deutlicher. Die wohl am besten geeignet Methode zur Verringerung des Energiebedarfs 

einer chemischen Reaktion ist der Einsatz von Katalysatoren, welche die Aktivierungsenergie 

verringern und somit den Energiekonsum eines Gesamtprozesses herabsetzen. Derzeitige 

chemisch-industrielle Prozesse beruhen meist auf Katalysatorsystemen auf Basis von edlen 

Übergangsmetallen, die oft sehr teuer, gesundheitsschädlich, und meist nur schwer zugänglich 

sind. Eine potenzielle Alternative zur Überwindung dieser Nachteile ist die Verwendung von 

Katalysatoren auf Basis von leicht verfügbaren, kostengünstigen sowie umweltfreundlichen 

Hauptgruppenelementen. Silizium zum Beispiel ist das zweithäufigste Element in der Erdkruste 

und kommt sowohl in Sand, Quarz und verschiedenen anderen leicht abbaubaren Mineralien 

vor.   

Die katalytische Aktivität Silizium-zentrierter Moleküle wird jedoch hauptsächlich von der 

jeweiligen Lewis Säurestärke bestimmt, da keine d-Orbitale zur Verfügung stehen und 

niedervalente Oxidationsstufen für Silizium meist nicht stabil sind. Extrem hohe Lewis 

Säurestärken wurden zum Beispiel für Silyl-Kationen beobachtet, welche erfolgreich als 

Katalysatoren bei einer Vielzahl von organischen Umwandlungen eingesetzt werden konnten. 

Eine weitere neuere Strategie ist die Synthese von neutralen siliziumzentrierten Lewis-

Supersäuren, welche durch den Einbau von stark elektronenziehenden Substituenten hergestellt 

werden können. Die bisher veröffentlichten Lewis-Supersäuren konnten eine Vielzahl von 

Reaktionen im Labormaßstab erfolgreich katalysieren. Trotz der vielversprechenden 

Ergebnisse der letzten Jahre steckt dieses Forschungsgebiet allerdings noch in den 

Kinderschuhen.  

Vor diesem Hintergrund widmet sich die vorliegende Doktorarbeit der Synthese von hoch 

elektrophilen Silanen und der Untersuchung des katalytischen Potenzials dieser Verbindungen 

für industriell relevante Reaktionen. Zu diesem Zweck wurden perfluorierte Pinakolat-Gruppen 

ausgewählt, da sie reaktive Silizium-Zentren durch sterische Abstoßung schützen können und 

gleichzeitig stark elektronenabziehend wirken. Das davon abgeleitete, zweifach substituierte 

Bis(perfluoropinacolato)silan konnte erfolgreich synthetisiert und als das Acetonitril-

Monoaddukt isoliert werden. Die Charakterisierung der Lewis Säurestärke durch Berechnung 

der Fluoridionenaffinität und dem Einsatz der Gutmann-Beckett-Methode zeigte ein hohes 

Potenzial für dessen katalytische Anwendbarkeit auf. Dies wurde darüber hinaus mittels 

Abstraktionsexperimenten bestätigt, die von der Lewis Superazidität der Verbindung zeugten. 
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Weitere Reaktionsexperimente zeigten eine hohe katalytische Aktivität für ausgewählte 

Reaktionen, wie der Hydrodefluorierungsreaktion, der Reduktion und Hydrosilylierung von 

Carbonylen sowie der Depolymerisation von Polyethylenglykolen. Dabei wurde die 

katalytische Aktivität Literatur-bekannter Systeme deutlich übertroffen.   

Um den Anwendungsbereich auch auf weichere Substrate auszudehnen, wurde das 

entsprechende Germanium-Analogon synthetisiert und hinsichtlich dieser Reaktivitäten 

getestet. Auch hier konnte in Experimenten und durch quantenchemische Berechnungen eine 

Lewis-Supersäure nachgewiesen werden, die jedoch eine deutlich erhöhte Affinität zur 

Aktivierung von Hydrosilanen aufweist.  

Durch Abspaltung des molekular gebundenen Acetonitrils konnte das freie 

Bis(perfluoropinacolato)german isoliert und erfolgreich als Präkatalysator für die 

Hydrosilylierung von Olefinen eingesetzt werden. Als aktive Spezies in dieser Reaktion wurde 

ein niedervalenter Germylen-Komplex identifiziert, der in situ bei der Aktivierung des 

Hydrosilans durch das German und anschließender reduktiver Eliminierung gebildet wird.  

Weitere Lewis-saure Silane wurden durch den Einbau von Perfluorotolyl- und 

Perfluorocresolato-Substituenten sowie durch einen heteroleptischen Ansatz mit einer 

Perfluoropinacolato-Gruppe und zwei Perfluorophenyl-Gruppen synthetisiert. Die erhaltenen 

Verbindungen wurden umfassend charakterisiert, und die Lewis-Acidität wurde mit der 

Gutmann-Beckett-Methode bestimmt. 
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1 Introduction 

The reduction of global warming caused by anthropogenic CO2 emissions and its devastating 

effects on humanity has been one of the most discussed political and societal topics ever since 

the Paris Climate Agreement in 2015.[1] As a result, enormous global efforts have been made to 

reduce the amount of emitted greenhouse gasses, e.g., by advancing the electrification of 

individual traffic or the massive expansion of renewable energy sources.[2]  

Despite those recent advances, energy-consuming industrial processes account for almost a 

quarter of global CO2 emissions (11.95 GT in 2016), with the chemical sector contributing to 

an overall global emission of 5.8 % alone.[3] Nevertheless, the chemical industry is an essential 

part of economic systems and plays a vital role in strategies targeting the implications of climate 

change with its indispensable products and materials.[4] However, for a net-zero scenario, 

carbon emissions need to decline firmly in the foreseeable future while production capacities 

are predicted to follow an upward trend.[5] This can only be achieved by providing a sufficient 

renewable power supply for energy-intensive transformations and further improving the overall 

efficiency of industrial chemical processes.[6]  

More than 80 % of industrial chemical goods are manufactured by the use of catalysts, bearing 

a tremendous future potential for carbons reduction through the improvement of catalytic 

processes.[7] For reasons of durability, product separation, and in many cases, the possibility of 

solvent-free conversion, the vast majority of industrial catalysts are heterogeneous.[8] Especially 

shape-selective petrochemical transformations are primarily catalyzed using synthetic zeolites. 

This material comprises microporous acidic aluminosilicates and demonstrates an outstanding 

success story of main group element catalysts since their introduction into refinery technology 

in 1962.[9]  

Homogenous catalysts, on the other hand, are industrially applied when milder reaction 

conditions, high catalyst activities, and selectivity are required.[10] Transition metal-based 

homogenous catalysts account for about 15 % of industrial chemical processes and are used to 

produce bulk-, fine-, and specialty chemicals.[8, 11] One inherent drawback of homogenous 

systems is the challenging separation from product material, often leading to significant catalyst 

losses.[12] Especially for late transition metal catalysts, this is highly disadvantageous 

concerning raw material costs and environmental consequences of releasing heavy metals.[13] 

The Pt-catalyzed olefin hydrosilylation for curing silicone elastomers is a prominent example 

of this effect. With the Pt(0) catalyst completely remaining in the product material, the process 

consumes almost 3 % of the global annual platinum production.[14] In this regard, developing 
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innovative catalyst systems by using earth-abundant, inexpensive, and environmentally friendly 

elements is particularly interesting.  

In recent history, main group element-based catalysts have drawn much attention, introducing 

transition metal-like catalytic properties for a variety of relevant transformations.[15] Especially, 

silyl cations and low valent silyliumylidene species have demonstrated tremendous activity for 

Lewis acid-catalyzed reactions, including Diels-Alder additions, C-H arylations and alkylations 

and even olefin hydrosilylation for siloxane crosslinking.[16] However, cationic systems (like 

silyl cations) face immanent drawbacks caused by undesired counter-ion interactions, low 

functional group tolerance, and limited solubility.[17]   

A recent approach to overcome those limitations is the synthesis of strongly Lewis acidic but 

neutral main group element compounds that are tested for their catalytic properties. Continuous 

research in this field could bring earth-abundant and easily accessible group 14 elements into 

the range of industrial-relevant homogenous catalysis. Nevertheless, this field is in its infancy, 

and creating a valid alternative for transition metals in homogeneous catalysis will require 

continuous research.  
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2 General Concept of Lewis Acidity 

The concept of Lewis acidity was introduced in 1923 by Gilbert N. Lewis, defining bases as 

substances that possess a free pair of electrons that can be donated to form a chemical bond. 

Conversely, acids are substances that accept such a free pair of electrons.[18] Consequently, 

Lewis acids (LAs) form adducts when donor molecules, or in other words, Lewis bases (LBs), 

are present. The affinity of the two molecules to form a Lewis pair strongly depends on 

attractive electrostatic, covalent, and dispersive interactions as well as steric repulsion (Figure 

1).[19]  

 

Figure 1: Left: Lewis acid (LA)-base (LB) pair formation; Right: Schematic depiction of attractive and 

repulsive interactions contributing to Lewis pair formation. Content extracted from reference.[19]  

The affinity of Lewis pairing strongly depends on the nature of the participating molecules, and 

adduct formation is more favorable if both counterparts share similar characteristics regarding 

size and polarizability.[20] Those experimentally found effects led to the development of the hard 

and soft acids and bases (HSAB) concept. 

A slightly different energy scheme was introduced by Drago where both electrostatic (hard) and 

covalent (soft) interactions contribute to the overall reaction enthalpy. The energetic gain upon 

Lewis pair formation was described by the following ECW formula (I): 

 

𝛥𝐻 =  𝐸𝐿𝐴 ∙ 𝐸𝐿𝐵  +  𝐶𝐿𝐴 ∙ 𝐶𝐿𝐵 –  𝑊 (I) 

 

H is the enthalpy, E is the electrostatic interaction of the Lewis Acid LA and Lewis Base LB, C 

is the covalent interaction, and W is a constant concerning steric repulsion.[19, 21] Due to the 

large number of influencing variables, a simple classification of Lewis acids using a general 

scale for acid strength is impossible.[19]  

2.1 The HSAB Principle 

The differing affinities of certain Lewis acids and bases to form specific adducts with each other 

was discovered by Ralph G. Pearson roughly 60 years ago. In 1963 he published experimental 

observations as his famous HSAB concept, where a categorization into “hard” and “soft” Lewis 

acids and bases was made.[22] According to this concept, hard acids are acceptors that are small-
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sized, have a high positive charge, and don’t contain free pairs of electrons. Soft acids, on the 

other hand, are large acceptors with low positive charge and unshared electron pairs. The 

mentioned determinants sum up to eighter high electronegativity and low polarizability (hard 

acids) or low electronegativity and high polarizability (soft acids). A similar classification was 

made for donor molecules that are defined as hard bases when they are hard to oxidize and 

possess a high electronegativity as well as low polarizability. Soft bases, consequently, are easy 

to oxidize and hold a low electronegativity and high polarizability (Figure 2). Pearson’s 

observations conclude, “Hard acids prefer to bind hard bases, and soft acids prefer to bind soft 

bases”.  

 

Figure 2: Lewis adduct formation according to the HSAB principle. Orange spheres resemble Lewis 

acids (LA), and blue disks are Lewis bases (LB).  

The initial concept also defines “borderline” acids and bases that do not react as expected and 

form mismatches due to macroscopic effects.[20] Even though the concept was initially 

introduced as a summary of experimental observations, it was soon applied as a theoretical 

approach to explain chemical reactivity in organic synthesis.[23] Especially for catalytic 

applications, the HSAB provided valuable estimations for the selectivity and reactivity of the 

employed catalysts.[24] However, as it was rather meant as an qualitative approach to describe 

the reactivity of certain Lewis acids and bases, the HSAB concept fails to reliably predict 

chemical transformations.[25] Nevertheless, the HSAB concept is true for most adduct 

formations. Yet, it should be used carefully and not overinterpreted, as other influences besides 

polarizability strongly affect adduct formation and chemical reactivity.[26] Therefore, it is still 

valid today in its original denotation but cannot be used as a general measure for the strength 

of Lewis acids or bases.   
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2.2 Lewis Superacidity 

The term superacids was historically used for Brønsted acids stronger than sulfuric acid.[27] Not 

differentiating between Brønsted and Lewis acid, Olah et al. generally defined a superacid as a 

element halide more acidic than anhydrous AlCl3.
[28] Apart from this early definition, the term 

superacid was used in various contexts, including cationic SiF3
+ species in the gas phase,[29] 

silyl cations applied for Diels-Alder reactions,[30] or Lewis acids obtained from Brønsted 

superacids,[31] as summarized in a recent review.[19] All those definitions seem arbitrary and 

focused on a specific reactivity or property of a Lewis acid in a particular circumstance rather 

than giving a general definition. This was changed in 2008 by the Krossing group classifying 

that “Molecular Lewis acids, which are stronger than monomeric SbF5 in the gas phase, are 

Lewis Superacids”. To quantitatively measure and compare the strength of Lewis acids, the 

group used fluoride ion affinity (FIA) values and defined the exceptional Lewis acid SbF5 as 

the benchmark for superacidity.[32] Even though this definition has been widely applied since 

its introduction, it is still not comprehensive as it excludes multidimensional interactions best 

described by the HSAB concept. For example, according to the FIA value, Al(C6F5)3 is a Lewis 

superacid (LSA). Still, its affinity towards soft bases like hydride is significantly minor 

compared to B(C6F5)3, which is a much weaker Lewis acid on the FIA scale. The Greb group 

additionally defined soft Lewis superacids (sLSA) using the hydride ion affinity (HIA) scale to 

compensate for only considering the affinity towards the hard Lewis base fluoride. As a 

benchmark for superacidity, the strong hydride acceptor tris(pentafluorophenyl)borane was 

chosen due to its significance in laboratory catalysis and frustrated Lewis Pair (FLP) 

chemistry.[15b, 33] According to Greb’s definition, “Molecular Lewis acids that have a larger HIA 

than B(C6F5)3 in the gas phase are soft Lewis superacids (sLSA)”.[19] This additional 

classification adds to a more comprehensive definition of Lewis superacids, as depicted in 

Figure 3. 
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Figure 3: Visual depiction of Krossing’s classification of Lewis superacids for molecules with higher 

FIA values than molecular SbF5 and Greb’s comprehensive addition of soft Lewis superacids for 

molecules with higher HIA values than B(C6F5)3. Content extracted from reference.[19] 

2.3 Assessment of Lewis Acidity 

As outlined in the previous sections, a Lewis acid is an electron pair acceptor with the affinity 

to bind donor molecules, also known as Lewis bases. This affinity strongly depends on the 

nature of the considered acid molecule and its counterpart, as the adduct formation depends on 

a multitude of determinants that are not straightforward to predict.[26, 34] Nevertheless, the 

emergence of Lewis acids in chemistry and catalysis created a demand for convenient scales to 

access and compare the strengths of Lewis acids. As a result, a variety of methods were 

developed and applied trying to gauge Lewis acidities in different contexts. The most applied 

methods are either based on the thermodynamic energy gain during adduct formation, 

accessible through ion affinity calculations, or effective electron withdrawal from standardized 

donor molecules, which are used as probes in spectrometric acidity experiments. Furthermore, 

less applied intrinsic properties of uncoordinated Lewis acids can also be used to theoretically 

quantify Lewis acid strength, however they neglect beneficial effects caused by adduct 

formation.[35] Section 2.3 summarizes the main methods used in recent years to determine Lewis 

acid strength in the chemistry of molecular group 13 and 14 compounds.  

2.3.1 Ion Affinities 

Ion affinity values are a versatile method to access the acidity of an acceptor molecule 

concerning a defined Lewis base such as fluoride (FIA), hydride (HIA), or chloride (CIA). In 

principle, the affinity to any ion or substituent can be used to define a one-dimensional measure 

of Lewis acid strength. The most applied measure for Lewis acids is the FIA, which represents 

the reaction enthalpy upon molecular adduct formation between the considered Lewis acid and 

the hard fluoride anion.[36] It, therefore, can be seen as a determinant for hard Lewis acids 

concerning the HSAB principle.[37] 
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Figure 4: Schematic depiction of ion affinity values derived from the reaction enthalpy of Lewis adduct 

formation or negative bond dissociation energies of Lewis adducts.  

 Although different methodologies can be used to obtain FIA values, a computational approach 

considering isodesmic reactions anchored to experimentally or theoretically known fluoride 

bond dissociation energies (of COF3
−/COF2 or Me3SiF/Me3Si+) was established  (Figure 5).[36b, 

36c] As anions are more challenging to compute than neutral or cationic species, more consistent 

FIA values were obtained using the Me3Si+ system as an anchor point. The final FIA values are 

calculated by subtracting the heterolytic fluoride bond dissociation enthalpy of Me3SiF from an 

isodesmic reaction enthalpy of a given substrate with Me3SiF. Consequently, FIA values are to 

be understood as energy values and are usually expressed in kJ mol-1.  

 

Figure 5: Left: Calculation of the FIA of a LA using an isodesmic reaction approach with the 

experimentally defined COF3
−/COF2 anchor system; Right: General XIA calculation method using an 

isodesmic reaction referenced to a Me3SiX/Me3Si+ anchor system. Content obtained from reference.[35, 

38] 

The same isodesmic methodology applies to calculating HIA values and other ion affinities. For 

initial HIA determinations, the experimentally accessible BH4
−/BH3 anchor system was 

introduced.[39] However, modern approaches also use the Me3SiX/Me3Si+ anchor system.[38]  

2.3.2 Spectroscopic Methods 

Apart from gas phase affinity calculations requiring strong computing power and the right level 

of theory, a more practical approach is targeting the effective Lewis acidity of an acceptor 

molecule by adduct formation with certain Lewis bases. The applied donor molecules bind 

strongly to the investigated Lewis acid and can be analyzed by suitable spectroscopic methods 
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as the Lewis acid withdraws electron density from the Lewis base.[35] Potential analytical 

systems use different probe molecules and spectroscopic techniques such as UV-VIS-, 

fluorescence-, IR-, and NMR spectroscopy, among others.[40] The main advantage of those 

methods is the easy applicability on a laboratory scale. Nevertheless, no global or intrinsic 

Lewis acid properties are analyzed. Consequently, values obtained depend strongly on the 

interaction between the studied Lewis acid and the probe molecule used, as well as on the effects 

of physicochemical conditions such as solvent effects.[35] The two most popular indirect scales 

for neutral Lewis acidic molecules (especially boron compounds) are the Gutmann-Beckett and 

Childs methods using 31P and 1H probes for NMR spectroscopy.[41] Recently an additional 

method was introduced, especially for assessing the Lewis acidity of stabilized silyl cations by 

19F NMR spectroscopy presented by the Müller group.[42]  

Gutmann Beckett Method 

The Gutmann-Beckett (GB) method is the most popular NMR spectroscopic method for 

characterizing an acceptor molecule. It uses Et3PO as a 31P NMR probe that readily undergoes 

adduct formation with Lewis acids, leading to an electron withdrawal and therefore deshielding 

of the 31P nucleus. As a result, a distinct downfield shift of the 31P NMR signal can be measured 

that is characteristic for the investigated Lewis acid.[35, 41] The method was initially developed 

by Viktor Gutmann in 1975 for the empirical assessment of the electrophilicity of solvents 

which affects the reactivity of organometallic compounds.[43] For the classification of solvent 

molecules, Gutmann introduced a scale of acceptor numbers (AN) that linearly correlates the 

Δ(31P) NMR shift of Et3PO in the respective solvent to the shifts of Et3PO in hexane (AN = 0) 

and a mixture of SbCl5 in dichloroethane (AN = 100) as defined reference points. The acceptor 

number is then accessible by the linear equation (II) that, according to Gutmann’s original 

publication, can be further simplified yielding equation (III).[44]  

𝐴𝑁 =  
𝛿( 𝑃, 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑥) −  

31 𝛿( 𝑃, ℎ𝑒𝑥𝑎𝑛𝑒)  
31

∆𝛿( 𝑃, 𝑆𝑏𝐶𝑙5)  
31

∙ 100 
(II) 

𝐴𝑁 =  ∆𝛿( 𝑃) 
31 ∙ 2.348 

(III) 

The same methodology was then adapted by Michael A. Beckett in 1996 to investigate the 

Lewis acidity of boron centers and correlated the obtained acceptor numbers to their activity 

for initiating catalytic epoxide polymerizations.[45] This adaptation led to the development of 

the so-called Gutmann-Beckett method, where the Lewis acid of investigation is reacted with 

Et3PO, usually in a non-polar solvent like pentane or dichloromethane. Although the concept 
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of acceptor numbers was of significant relevance for the initial development of the method, 

modern approaches usually only use the Δ(31P) NMR shift of the Lewis adduct concerning the 

shift of uncoordinated Et3PO (Figure 6).[41, 46]  

 

Figure 6: Left: Lewis adduct formation of Et3PO during GB acidity assessment; Right: Schematic 

depiction of the resulting NMR downfield shift due to electron withdrawal from the 31P nucleus.  

Even though the GB method has been widely applied as a measure for Lewis acidity in recent 

years, several drawbacks need to be addressed. The very first impediment is that Et3PO is 

considered a hard Lewis base due to the strong polarization of the P−O bond.[35] Therefore, the 

affinity to bind soft Lewis acids is less pronounced than for hard acids, according to the HSAB 

principle.[22] This issue was addressed in the literature using softer NMR probes such as Et3PS 

or Me3PSe.[44, 47] However, those variants are far less applied than the original GB method. Other 

factors that impact the Lewis pair formation and, therefore, electron withdrawal from the 31P 

nucleus, are the adjustment of an association equilibrium, uncorrelated NMR shielding, 

deformation energies, and London dispersion interactions of the substituents.[35]  

Childs Method 

A further method was developed in 1981 by Ronald F. Childs for the empirical classification of 

Lewis acid catalysts for the complexation of unsaturated nitrile and carbonyl compounds. As 

the initial formation of a substrate-catalyst Lewis pair is a determinant for the chemoselectivity 

of specific reactions, the study’s goal was to give a scale for Lewis acidity, especially regarding 

carbonyl substrates. As a result, an NMR spectroscopic method was developed using the H3 

proton signal of trans-crotonaldehyde as a suitable NMR probe (Figure 7). For the application 

of the method, the Lewis acid of investigation is mixed with t-crotonaldehyde in the non-polar 

solvent dichloromethane, and the reaction mixture is analyzed by 1H NMR spectroscopy. In 

analogy to the GB method, the Δ(1H3) NMR shift referenced to free t-crotonaldehyde is used 

as a scale for the Lewis acidity of the acceptor molecule.[48]  
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Figure 7: Left: Lewis adduct formation of trans-crotonaldehyde with an arbitrary Lewis acid (LA); 

Right: Schematic depiction of the resulting 1H NMR downfield shift due to electron withdrawal from 

the H3 proton.  

It could be shown that for a set of common Lewis acid catalysts such as BBr3 or TiCl4, the 

observed 1H NMR shifts of the H3 proton correlate on a linear scale with the employed Lewis 

acids. Consequently, the method was applied as a convenient additional measure of Lewis acid 

strengths.[49] Despite its simple application, the method on its own, though, fails to reliably 

predict catalyst activity based on the Δ(1H3) NMR shift as physicochemical interactions affect 

the adduct formation.[50] The method is also restricted for use on exceptionally weak or strong 

Lewis acids due to limited association constants or decomposition of the aldehyde.[51] Because 

of the more covalent C=O bond, crotonaldehyde is considered a softer Lewis base when 

compared to Et3PO, which is why the Childs method can provide a convenient supplementary 

tool for the assessment of Lewis acidity, especially when HSAB influences come into play.[52] 

Determination with p-Fluorobenzonitrile  

Recently the Müller group introduced an additional NMR spectroscopic method for the Lewis 

acidity assessment of stabilized silylium cations. Trivalent silicon cations render among the 

strongest Lewis acids available for chemical transformations.[42] Due to their exceptionally high 

reactivity, they are usually stabilized by weak donor molecules, fine-tuning the Lewis acidity 

of the resulting complex.[53] The group initially gauged the Lewis acidity of a set of donor-

stabilized silylium cations with the Gutmann-Beckett method and obtained inconsistent results 

as some of the stabilizing donor molecules were replaced by the strong Lewis base Et3PO. 

Because the Childs method could not be applied to silyl cations, the Müller group investigated 

the use of p-fluorobenzonitrile as a weaker 19F NMR probe molecule and obtained suitable 

results that align well with calculated FIA values. However, no linear correlation was found.[42]  
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Figure 8: Left: Lewis adduct formation of p-fluorobenzonitrile with an arbitrary Lewis acid (LA); Right: 

Schematic depiction of the resulting 19F NMR downfield shift due to electron withdrawal from the para-

F substituent. 

The method is analogously performed to the previously described NMR experiments as a Lewis 

adduct is formed between the Lewis acid and the probe molecule in a non-coordinating solvent 

like dichloromethane leading to a shift of the recorded 19F NMR signal. Also the 1JC-F coupling 

constant can be used to gauge the Lewis acidity upon adduct formation.[42]  
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3 Silicon and Germanium Lewis Acids in Catalysis 

The field of silicon-centered Lewis acids has been of great interest in recent years. Especially 

silyl cations and Lewis acidic silanes were recognized for their acid strength and applicability 

for homogenous catalysis on a laboratory scale.[54] As silicon is the second most abundant 

element in the earth’s crust, this bears great potential for developing sustainable and cost-

effective catalyst systems to transition towards an eco-friendly chemical industry.[55] Because 

of the tendency to expand its valence shell, forming hypervalent complexes, organosilicon 

compounds and silicon halides were used in traditional Lewis acid-mediated 

transformations.[54b] The catalytic activity of silicon molecules strongly depends on the Lewis 

acidity and steric accessibility of the central element, which can be boosted by the installation 

of electron-withdrawing groups such as triflate (OTf−) or perfluorinated alkyl, alkoxy, or aryl 

substituents.[56] Even more vital Lewis acids are formed by the abstraction of those substituents, 

yielding silylium- or silyliumylidene cations (Si(II) species)[57] that show tremendous activity 

for a variety of chemical transformations.[54a] Silylenes are neutral and ambiphilic silicon(II) 

species that can oxidatively add small molecules such as H2, CO2, NH3 or ethylene among 

others.[58] Nevertheless, cationic and low-valent silicon species are highly elusive and difficult 

to control without the presence of stabilizing donors.[59]  

 

Figure 9: Generalized depiction of silicon- and germanium-centered Lewis acids as low- and tetravalent 

species with and without positive charge. No stabilizing donor-molecules are depicted.  

To overcome this drawback, the synthesis of neutral but highly Lewis acidic silanes, so called 

Lewis superacids, and their application for catalysis has been an uprising research field in recent 

history as outlined explicitly in chapter 3.4.  

Another potential compound class, which is however less researched, are germanium-centered 

Lewis superacids. Due to the position in the periodic table, germanium is easier to polarize and 

more stable in low-valent oxidation states when compared to silicon.[60] This affects the nature 

of the corresponding Lewis acids such as germylium ions,[61] germyliumylidenes,[62] 

germylenes[63] as well as germanes[64]   and enables additional catalytic reactivities that are not 

accessible with silicon-centered Lewis acids alone.  
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3.1 Lewis acidic silanes acting as catalysts 

As silicon is an element of the 14th group with four electrons in its valence shell, it usually 

engages bonds to four other atoms to fulfill the Langmuir-Lewis octet rule.[60, 65] Silicon 

compounds, however, can expand their coordination sphere by forming hypervalent complexes 

that are penta-, hexa-, hepta-, and even octa-coordinated.[66] This effect was first recognized 

independently by Gay-Lussac and Davis in the early 19th century by the coordination of NH3 to  

SiF4 and the observation of the [SiF6]
2− anion.[67] Consequently, even neutral silanes with a 

formally saturated electron octet can act as Lewis acids binding up to four additional donor 

molecules. This unusual behavior was initially explained by the hybridization of the 3p-orbitals 

with the empty 3d-orbitals of silicon.[68] This theory, however, was discharged as the d-orbitals 

are too diffuse to undergo hybridization within a silicon atom.[69] More modern approaches 

explain the affinity to expand the valence shell of late period 3 elements by forming an electron-

rich 3-center 4-electron bond involving the silicon p-orbitals for each additional substituent. 

Therefore, the geometric structures of penta- and hexa-coordinated species are explained by 

sp2- and sp-hybridization of the orbitals involved in the remaining traditional covalent bonds 

(Figure 10).[70]   

 

Figure 10: Depiction of hypervalent bonding of silicon(IV) compounds with arbitrary substituents (R) 

and ligands (L) (a) and the corresponding orbitals (b). Content is taken from literature.[70-71] 

As a result, hypervalent bonds are formed that are linearly oriented around the central silicon 

atom. The hypervalent bonds are elongated and more polarized with a negative charge 

distribution on the p-orbital of the ligands, causing a nucleophilic character.[71] The mechanism 

of hypervalent bonding of group 14 elements is heavily discussed in the literature and generally 

questions a strict obedience to the octet rule.[72] Also, heavier group 14 element complexes (E 
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= Ge, Sn, Pb) show hypervalent tendencies with the same best described by the 3-center 4-

electron theory.[73] Theoretic studies on group 14 halides in the gas phase outline a higher 

stability for hypervalency (hyper coordination) with heaver central elements, which is explained 

by lower reorganization energies.[74] Nevertheless, the ability of neutral silicon molecules to 

bind additional donors leading to an increased bond polarization of the remaining substituents, 

was successfully exploited for several catalytic reactivities as outlined in the following 

chapter.[70]  

3.1.1 Stoichiometric reactions with hypervalent silicon intermediates  

Organosilicon molecules, especially those holding organic and halide substituents, can be 

activated by the additional coordination of a Lewis base.[70] As discussed in the previous 

chapter, the electron density is redistributed among the hypervalent bonds, thus leading to an 

increased nucleophilicity of the attached ligands. This effect was exploited in several reactions 

in synthetic organic chemistry as demonstrated in the following chapter.[71] Two major classes 

of reactions can be divided where stoichiometric amounts of hypervalent silicon intermediates 

are present: 

In the first class, an activated ligand of the silicon intermediate is transferred to an external or 

coordinated substrate.[71] In this case, the employed silicon species acts as an activated 

nucleophile (Figure 11, a). Such reactions include, for instance, the Lewis base-mediated 

reduction of carbonyls, imines, or nitroaromatic compounds with HSiCl3, as demonstrated in 

Figure 11 b and c.[75]  

 

Figure 11: Schematic reduction of carbonyls, ketones, and nitro groups, mediated by the Lewis base 

activation of HSiCl3 (a) with specific examples for the reduction of an imine and nitroaromatic 
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compounds, given in the literature (b and c). Only selected catalysts are shown. Content is taken from 

literature. [71]  

Furthermore, hydride or chloride substituents of chlorosilanes can be transferred to an 

electrophilic substrate, enabling selective epoxide openings catalyzed by the coordination of a  

Lewis basic ligand. The proposed mechanistic cycles of such reactions involve the substrate 

coordinating to the Lewis acidic silicon atom.[76] Moreover, catalytic Lewis base activation can 

achieve the transfer of silicon-bound allyl groups to external carbonyls and imines as well as 

aldol reactions of enoxysilane derivatives. By employing chiral bases, such as chiral 

bisphosphoramides for substrate activation, stereoselectivity can be targeted among the 

reactions mentioned in this paragraph.[71]  

The second class of Lewis base-mediated reactions involving stoichiometric silanes include the 

prior activation of an electrophilic substrate due to coordination to a hypervalent silicon 

intermediate. In this regard, allylations and aldol reactions of carbonyl species can be mediated 

by SiCl4 in the presence of catalytic Lewis bases. In both cases, the chlorosilane is transferred 

to the product molecule and subsequently cleaved off upon aqueous workup. Mechanistic 

investigations for both reaction types outline the coordination of the substrate to the base-

activated chlorosilane intermediate, followed by a subsequent attack of the external 

nucleophile. Figure 12 summarizes the SiCl4-mediated allylation of an aromatic carbonyl by 

forming a hypervalent silyl intermediate, catalyzed by the coordination of a bidentate chiral 

phosphamide, presented in the literature.[77] 

 

Figure 12: Enantioselective allylation of a carbonyl species mediated by chiral Lewis base-activated 

SiCl4. Content is taken from literature sources.[71] 
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Even though these examples demonstrate the necessity of strongly Lewis acidic hypervalent 

silicon species formed as reaction intermediates, the catalytically active species are the 

coordinating Lewis bases.[71]  

3.1.2 Reactions catalyzed by neutral Si(IV)-based Lewis acids 

Besides stoichiometric reaction intermediates forming upon base coordination, Lewis acidic 

silanes such as Me3SiOTf were successfully applied also as catalysts for chemical 

transformations, including aldol-type and allylation reactions. The Noyori group discovered 

that Me3SiOTf catalyzes the stereoselective aldol condensations of acetals and silylenol 

ethers.[78] The initially low catalyst activity could be enhanced by the addition of B(OTf)3, 

forming a partial silyl cation by triflate abstraction (Figure 13, a).[79] With iPr3SiOTf instead of 

Me3SiOTf, even higher conversion and stereoselectivity were achieved (Figure 13, b).[80] 

Me3SiOTf was also successfully used for catalytic allylation of acetals and aldol-type 

condensation between silylenol ethers with imines and carbonyls, without the presence of 

additional co-catalysts, among other reactions (Figure 13, c).[81]  

 

Figure 13: Formation of a silyl cation by the reaction of Me3SiOTf with B(OTf)3 (a) which is used for 

the enantioselective aldol-type condensation between silylenol ethers and aldehydes (b). Reaction (c) 

demonstrates the application of Me3SiOTf in the Lewis acid-catalyzed allylation of 1,1-

dimethoxycyclohexane. Content is taken from literature sources.[54b]  

Other reactions using silanes for catalysis include Diels-Alder reactions and glycosidations. 

Even though these reactions are known explicitly for Lewis acid-mediated  catalysis, only low 

conversions were observed.[54b] Significantly better results for this reaction type were found for 

silyl cations, which are described in chapter 3.2. Further examples of reactions that were 

catalyzed by Me3SiOTf include the reduction of ketones that are masked as acetals in the 
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presence of hydrosilanes or the Baeyer-Villiger-type oxidations of cyclic ketones using bissilyl 

peroxides (Figure 14, a-b).[82] Besides the historic implementation of Lewis acidic triflyl 

silanes, more recently also genuine SiCl4 was successfully used in Aza-Michel additions under 

solvent-free conditions (Figure 14, c).[83]  

 

 

Figure 14: Lewis acid-mediated reduction of ketones and acetal compounds with Me3SiH (a) and the 

Baeyer-Villiger-type ketone oxidation with peroxosilanes (b) in the presence of catalytic Me3SiOTf. 

Section (c) shows the Aza-Michael addition of aniline and methyl acrylate, catalyzed by SiCl4. 

Although most of the mentioned stoichiometric and catalytic transformations involving Lewis 

acidic silanes were studied in the late 20th century, the chemistry of silane-based Lewis acids is 

experiencing a resurgence in recent years. Silanes containing electron-withdrawing 

perfluorinated alkyl groups and hypervalent silicon complexes were initially used for the 

trifluoromethylation of electrophilic organic substances such as aldehydes or ketones.[84] When 

multiple trifluoromethyl groups are installed, highly thermolabile compounds were obtained 

that rapidly decomposed.[85]  

Nevertheless, isolable and highly Lewis acidic silanes were recently obtained by the Hoge 

group when using perfluoroethyl (CF3CF2-) substituents. The group demonstrated the direct 

synthesis of several perfluoroethyl-substituted silanes and stable fluorosilicate species. The 

challenging synthesis of the elusive Si(CF2CF3)4 was achieved by the direct fluorination of 

preformed Si(C2F5)3C2H5 with F2 (Figure 15, a). According to DFT calculations at the 

B3LYP/6-311+ +G(2d) level of theory, the compound holds an exceptionally high FIA of 
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420 kJ mol-1.[56c, 86] With several main group element Lewis acids in hands, the Hoge group 

investigated the applicability of those compounds for the catalytic hydrogen transfer reaction 

of 1,3,5-trimethylcyclohexa-1,4-diene, showing significant activity (Figure 15, c).[87] This 

catalytic disproportionation reaction is known to be catalyzed by the benchmark Lewis acid 

B(C6F5)3.
[88] Another strategy to enhance the activity of Lewis acids is the use of frustrated 

Lewis pairs (FLP), where adduct formation is sterically blocked.[89] The Mitzel group followed 

this approach by introducing an alkyl-bridged intramolecular Lewis-pair with an electrophilic 

silicon center that holds three perfluoroethyl groups (Figure 15, b). The reported FLP compound 

readily reacted with CO2 and SO2 forming a heterocyclic adduct and even activated dihydrogen 

under ambient conditions.[56d]  

 

Figure 15: First synthesis of the stable and highly electrophilic Si(C2F5)4 by fluorination (a) and the 

installation of an intramolecular frustrated Lewis base pair based on a neutral Si(IV) Lewis acid (b). 

Section (c) shows the catalytic application of perfluoroalkyl substituted silanes for the intermolecular 

hydrogen transfer reaction of 1,3,5-trimethylcyclohexa-1,4-diene.  

3.2 Silylium ions  

Silylium ions (R3Si+) are tricoordinate Si(IV) species that hold only six valence electrons and 

are positively charged. Because of the electron deficiency, the silicon atom is tremendously 

Lewis acidic.[54a] In contrast to the well-established carbenium ions (R3C
+), the first isolable 

free silylium ion was reported about two decades ago.[17, 90] Because of the larger size of the 

silicon atom and less orbital overlap with its substituents, the positive charge on the silicon 

center is less stabilized by - and hyperconjugation compared to the lighter carbenium 

species.[16a] As a result, silylium ions readily bind Lewis bases, even when they are non-

nucleophilic or only weakly coordinating. For this reason, the solvent and counter ion choice 

as well as the steric protection of the silyl center are substantial for synthesizing donor-free 
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silylium cations. Without steric protection, intra- or intermolecularly stabilized silyl cations 

form via Lewis pairing with present donor molecules (Figure 16).[54a]  

 

 

Figure 16: Examples of free silylium ions without donor-acceptor interaction (a), -type solvent 

coordination (b), and intramolecular -type stabilization (c). Content is taken from literature sources.[16a] 

The Lewis acidity of the resulting donor-stabilized silyl cations is, however, diminished when 

compared to free ions due to the partial electron transfer of the donor molecule to the vacant p-

orbital of the silicon atom. The magnitude of this effect strongly depends on the respective 

donor-acceptor interaction.[91] An experimental scale for assessing the resulting Lewis acid 

strength of donor-stabilized silyl cations was recently introduced by the Müller group using p-

fluorobenzonitrile as an NMR probe (Chapter 2.3.2).[42] Donor-stabilized silyl cations are still 

highly electrophilic complexes with tremendous activity for catalytic transformations in various 

Lewis acid-mediated reactions.[54a, 92]  

 

 

Figure 17: Increasing catalyst activity for the Diels-Alder addition of methyl acrylate and cyclohexa-

1,3-diene (a) with increasing Lewis acidity of neutral Lewis acidic silanes and stabilized silyl cations, 

used as the reaction catalyst (b). Figure inspired by literature source.[16a] 

The potential of silyl cations to outperform well-established neutral silane-based catalysts can 

be illustrated by the challenging Diels-alder cycloaddition of methyl acrylate and 1,3-
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cyclohexadiene (Figure 17). The reactivity for this reaction increases with the increasing Lewis 

acidity of the employed catalyst molecule.[16a] While only minor reactivity for this reaction was 

obtained using neutral Lewis acidic silanes Me3SiOTf and Me3SiN(Tf)2,
[93] low catalyst 

loadings of donor-stabilized silyl cations furnished fast and quantitative conversion, even at low 

temperatures.[94]  

Other testimonial applications display the self-regeneration of the silyl cation from 

stoichiometrically employed hydrosilanes. Such catalytic reactions include the C-F 

hydrodefluorination of sp3 carbons with hydrosilanes (Figure 18, a),[95] the hydrosilylation of 

olefins (Figure 18, b),[96] carbonyls and imines,[97] aldol-type Mukaiyama-Michael as well as 

Hosomi-Sakurai reactions.[98] Beyond that, the challenging C(sp2)-F activation is also 

accessible with silyl cations, allowing for selective catalytic intramolecular C-H arylation 

reactions (Figure 18, c).[99] Intermolecular C-H arylation and alkylation reactions can also be 

successfully catalyzed by self-regenerating silyl cations (Figure 18, d).[100] A unique reaction 

exclusively catalyzed by silyl cations is the disilylation of alkenes with Me6Si2 yielding 1,2-

bissilylated products (Figure 18, e).[101]  

 

 

Figure 18: Selected examples of organic reactions catalyzed by self-generating silylium ions, including 

C-F hydrosilylation (a), C-H arylation (b) and alkylation (c), olefin hydrosilylation (d), and alkene 

disilylation (e). Content is taken from literature sources.[16a] 

Illustrated by those examples, it is evident that the catalyst activity correlates strongly with the 

Lewis acidity of the employed catalyst. Consequently, potent catalyst molecules could be 
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obtained by further increasing the electrophilicity of neutral, so-called Lewis superacidic 

silanes. 

3.3 Silyliumylidene cations  

Another highly Lewis acidic compound class that was successfully used for catalysis are 

silyliumylidene cations.[102] As indicated by their names, silyliumylidenes are a chimera of 

divalent silylenes (Si(II) species) and silylium ions. Therefore, the resulting central Si(II) atom 

is mono-valent and holds one additional lone pair of electrons and a cationic charge. The highly 

electrophilic silicon center bears two additional vacant p-orbitals, usually coordinated by donor 

molecules such as N-heterocyclic carbenes (NHCs) for stabilization. As low valent Si(II) 

centers are elusive species due to the undesired oxidation state,[103] the first silyliumylidene 

species L-1 was only isolated in 2004 by the Jutzi group,[57] which was about two decades after 

the synthesis of the respective germanium derivative L-2 (Figure 19).[104]  

 

 

Figure 19: First reported isolable silyliumylidene species L-1 and the related germylium ylidene species 

L-2 that was isolated 24 years earlier in 1980, as well as NHC-stabilized parent silyliumylidene L-3 

synthesized in 2017.[57, 104-105]  

The remarkable catalytic properties of silyliumylidene L-1 were first reported in 2011 for the 

C-O ring-closing metathesis of ethyleneglycol diethers.[106] In this reaction, catalytic amounts 

between 0.5 – 10 mol% were sufficient for the oligoether fragmentation yielding 1,4-dioxane 

as the main reaction product. A proposed mechanistic cycle suggested the coordination of two 

ether fragments to the strongly electrophilic silicon center. This further leads to the cleavage of 

the aliphatic ether bonds and yields the formation of cyclic 1,4-dioxane units (Figure 20, c).[106] 

The tremendous catalytic potential of silyliumylidenes was further recognized by the WACKER 

Chemie AG, that recently reported on the applicability of L-1  for the hydrosilylation of olefins 

and alkynes, which are essential reactions for the industrial curing of silicone elastomers. In a 

model reaction setup with terminal -methylstyrene and pentamethyl disiloxane as hydride 

sources, catalyst loadings of only 0.013 mol% of L-1 efficiently catalyzed the quantitative 

formation of the anti-Markovnikov hydrosilylation product. This translates to a turnover 

number (TON) of about 80,000, which ranges among the TONs of industrially applied Pt-

catalysts. In the presence of siloxane species, L-1 additionally showed reactivity for the Piers-
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Rubinsztajn reaction at slightly elevated temperatures (Figure 20, e). Exploiting both 

reactivities, silyliumylidene L-1 was introduced as an efficient catalyst for the temperature-

induced crosslinking of silicone elastomers.  

 

 

Figure 20:  Exemplary catalytic applications of Jutzi’s silyliumylidene species L-1 for the C-O 

metathesis of oligoethers (a), the hydrosilylation of alkenes (b), and the Piers-Rubinsztajn reaction or 

siloxanes (e). The figure further shows the proposed mechanistic cycles for the C-O metathesis of 

dimethoxyethane (DME) (c) as well as for the olefin hydrosilylation (d).[16b, 106]  

A recent publication even demonstrates the outstanding applicability of the air-stable 

germylium ylidene species L-2 and related derivatives for the catalytic olefin hydrosilylation 

in the presence of oxygen.[62a] Other silicone cross-linking strategies using main group element 

catalysts L-1 and L-2 include the oxidative hydrosilane coupling with stoichiometric carbonyls 

or ketones present.[107] Apart from highly versatile silyliumylidene L-1, also the NHC-stabilized 

parent silyliumylidene L-3  was successfully applied for the catalytic reduction of carbonyls, 
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ketones, pyridine derivatives, and even carbon dioxide with borohydrides. While hydroboration 

of a variety of carbonyl substrates with pinacol borane (HBpin) was accomplished with catalyst 

loadings of 10 mol% at ambient conditions, hydroboration of ketones, substituted pyridines, 

and CO2 required reaction temperatures of 90 °C.[108]  

Those examples outline the tremendous catalytic potential of low valent Si(II) cations. 

However, the low stability of silyliumylidenes against moisture and air, and the immanent 

drawbacks that come along with ionic compounds, hamper the potential application on an 

industrial scale. As discussed in the following chapter, a possible alternative is synthesizing 

highly Lewis acidic but neutral Si(IV) Lewis superacids.   

3.4 Neutral Lewis Superacidic Silanes 

Bis(perfluorocatecholato)silane  

The journey of Lewis superacidic silanes started just recently with the synthesis of the 

bis(perfluorocatecholato)silane L-4 and its implementation for the catalytic hydrosilylation and 

silyl cyanation of electron-deficient aldehydes by the groups of Tilley and Bergman in 2015. In 

their publication, the groups gauged the Lewis acidity of L-4 with the Gutmann-Beckett 

method, revealing a (31P) chemical shift of 35.9 ppm. This shift is only minorly increased 

compared to the non-fluorinated derivative L-5 ((31P) = 32.5 ppm).[109]  

 

Figure 21: Si(C6F5)4 and catecholate-based Lewis acidic silanes investigated by the groups of Tilley and 

Bergman for the hydrosilylation of electron-deficient carbonyls.[109] 

Nevertheless, L-4 demonstrated remarking activity for the catalytic hydrosilylation of p-

nitrobenzaldehyde with Et3SiH, while no considerable conversion was obtained for L-5 and the 

silicon derivative of famous tris(pentafluorophenyl)borane L-6 (Figure 21). A consecutive 

reactivity study outlined the applicability of L-4 for a broad substrate scope, including sterically 
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congested silanes, such as iPr3SiH, that are inactive in case of B(C6F5)3-mediated catalysis.[109-

110] Reactivity experiments with hydrosilanes revealed no interaction of the Lewis acid with the 

soft hydride moiety, as it is the case for B(C6F5)3. Consequently, the proposed hydrosilylation 

mechanism starts with activating the carbonyl substrate by coordinating the Lewis acidic silicon 

center. This hypothesis was additionally supported by a reactivity study on the hydrosilylation 

of p-nitrobenzaldehyde with enantiopure R-methyl-(1-naphthyl)phenylsilane. While 

predominant stereochemical retention was observed in benzene (70 % ee), racemization 

facilitated in more polar solvents, such as o-dichlorobenzene (40 % ee) and dichloromethane 

(12 % ee). The additional use of the phase transfer catalyst [NBu4][BArF] further amplified this 

effect. Consequently, two competing mechanistic cycles were proposed, depending on the 

polarity of the employed chemical environment (Figure 22).[109] 

 

Figure 22: Enantioselective hydrosilylation of p-nitrobenzaldehyde with R-methyl-(1-naphthyl)-

phenylsilane catalyzed by L-4 (a) and the proposed mechanistic cycles in polar and non-polar 

environments (b). Figure inspired by literature source.[109] 

The cycles involve the formation of an alkoxy silicate intermediate with a silylium counter ion. 

In a non-polar environment, the catalyst is cleaved off by forming a new Si−O bond before a 
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rotation of the silyl group, which leads to the retention of the stereo center. In a more polar 

environment, the rotation of the silyl group causes racemization.[109] 

Bis(perchlorocatecholato)silane  

Despite this tremendous catalytic activity, L-4 does formally not justify as a Lewis superacid 

by Krossing’s definition[32] as quantum chemical calculation revealed only an FIA value of 

490 kJ mol-1 that is below molecular SbF5 (FIA: 501 kJ mol-1).[111] To further enhance the Lewis 

acidity of this compound class, the Greb group replaced the fluoride substituents on the 

catecholato fragments with less electron back-donating chlorides and obtained the first true 

Lewis superacidic silane L-7 with a calculated FIA of 507 kJ mol-1. The compound was 

synthesized from perchlorinated catechol (H2catCl) and HSiCl3 in acetonitrile solution. Because 

of the enhanced Lewis acidity, compound L-7 could only be obtained as the acetonitrile bis-

adduct via this route (Figure 23). The donor-free form L-7* was isolated by an alternative 

strategy, using the Oestreich SiH4 surrogate (L-8) in a toluene solution.[111] A recent publication 

furthermore reports the successful synthesis of L-7* from H2catCl and HSiCl3 in 

dichloromethane solution by employing substoichiometric amounts of n-butylsulfone to 

facilitate the elimination of H2 and HCl.[112]  

 

Figure 23: Synthesis of Lewis superacid L-7 as the acetonitrile bis-adduct and donor-free synthesis 

routes for polymeric L-7* reported by the Greb group.[111-112]  

An in-depth structural study on catecholato silanes using advanced analytical techniques and 

high-level quantum chemical calculations revealed an oligomeric to polymeric appearance of 

the donor-free Lewis acid L-7* (Figure 23).[113] Experimental Lewis acidity assessments were 

conducted with the monomeric L-7∙(MeCN)2 for solubility reasons. The Gutmann-Beckett 

method revealed a (31P) shift of 35.0 ppm for the Et3PO mono-adduct, which is slightly 

diminished compared to L-4 (35.9 ppm).[109, 111] In a subsequent publication, a slightly increased 

 (31P) shift of 36.7 ppm was found for L-7 in the same solvent.[114] The ultimate proof for the 
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compounds’ superacidity was provided experimentally by the abstraction of a fluoride 

substituent from [SbF6]
− in a dichloromethane solution (Figure 24, a). While this reaction is, of 

course, affected by solvent interactions, the results align well with the computed superacidity 

for the single molecule, according to Krossing’s definition.[32] Further abstraction experiments 

with KF, Ph3CCl, and [Me3SiF2]
 − demonstrated the formidable Lewis acidity of L-7, yielding 

mono- and bis-substituted silicate species L-9 – L-11 that were characterized by SC-XRD 

structure analysis. The tremendous FIA of compound L-7 was successfully used for the catalytic 

hydrodefluorination of 1-adamantylfluoride with Et3SiH or PMHS (Figure 24, b). This reaction 

proceeds via the initial activation of the C(sp3)-F bond by the Lewis superacid. Complete 

conversion was obtained after 15 hours at room temperature, using catalyst loadings of 

10 mol% in tetrachloroethane solution.  

 

Figure 24: Abstraction experiment with L-7∙(MeCN)2 proofing tremendous Lewis acidity by the 

formation of mono- and bis-substituted silicate addition products (a) and catalytic hydrodefluorination 

of 1-fluoroadamantane with Et3SiH using 10 mol% of L-7∙(MeCN)2 as catalyst (b).[111] 

Despite the catalytic applicability for the hydrodefluorination of sp3 carbons, the acetonitrile 

bis-adduct L-7∙(MeCN)2 was further successfully employed to capture CO2 by carbamate 

formation in the presence of amines. Penta- or hexaoxo-coordinate silicon complexes were 

obtained depending on the engaged base.[115]  

The catalytic C-O ring-closing metathesis of ethylene glycol diethers with donor-free L-7* 

further highlighted the catalytic applicability of neutral Lewis superacids. Complete conversion 

of 1,5-dimethoxypentane to the cyclization product tetrahydropyran and dimethylether was 

observed by using a catalyst loading of 5 mol% L-7* at 115 °C in o-dichlorobenzene solution 

(Figure 25, a).[116] The activity significantly outperformed the benchmark system Fe(OTf)3, 

given in the literature, which achieved a conversion of only 85 % by using a catalyst loading of 
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20 %.[117] A similar trend was observed for the more challenging substrate diglyme, which leads 

to catalyst deactivation by chelating the active Lewis acidic center. Quantitative conversion to 

the cyclization product 1,4-dioxane was observed with a catalyst loading of 10 mol% of L-7*. 

With 5 mol% of the catalyst, the reaction stopped at a conversion of 43 %, indicating the 

deactivation of the active species. Further reactivity screenings also demonstrated the 

applicability of L-7* for the degradation of polymeric ethyleneglycol dimethylether (PEG-

DME) with a molar mass of ~2000 g/mol. Again, catalyst loadings of 5 – 10 mol% were 

sufficient to afford conversions of 84 – 99 % at 60 °C within 19 h in dichloromethane solution, 

thus successfully introducing neutral Lewis acidic silanes for the degradation catalysis of 

commodity plastics.[116] Even for the more challenging polypropyleneglycol derivative, a 

conversion of about 25 % was achieved, which is remarking as no reactivity with secondary 

ethers was reported for Fe(OTf)3.
[117]  

 

Figure 25: C-O ring-closing metathesis of 1,5-dimethoxypentane, diglyme, and PEG-DME, catalyzed 

by L-7 (a). Energetic profile of the initiating degradation cascade by mono- and bi-coordination of 18-

crown-6 to L-7 (b) and stabilization energies of mono- and multi-dentate coordination of diglyme (c).[116]  

To understand the high reactivity of L-7*, quantum chemical calculations were performed for 

the degradation of 18-crown-6 with formal monomeric L-7. These insightful computations 

suggested a monodentate coordination of one etheric oxygen to the Lewis acidic silicon center 

before a zwitterionic transition state is formed that initiates fragmentation cascade by an 

intramolecular SN2 attack. The activation barrier between the mono-coordinated adduct and the 

zwitterionic transition state has a G of 19.8 kcal mol-1 and is, therefore, energetically 
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accessible (Figure 25, b). However, the competing twofold coordination, or chelation, of the 

silicon center by two etheric oxygen moieties leads to increased adduct stabilization. In this 

case, the energy barrier between the chelated adduct and the zwitterionic transition state is 

significantly enlarged (G = 26.9 kcal mol-1), causing decreased catalyst activity. Further 

calculation on multidentate coordination of diglyme to Lewis acids including L-7, Fe(OTf)3, 

and AlCl3, revealed a strong tendency for bi- and tridentate substrate coordination. This leads 

to heavily stabilized adducts in the case of Fe(OTf)3 and AlCl3, explaining the poor catalyst 

performance compared to L-7 (Figure 25, c).[116]  

Bis(perbromo)- and bis(pertrifluoromethylcatecholato) silanes 

According to the Hammett theory, less -overlap of the halide substituents on the catechol ring 

should furnish even more electrophilic silicon centers.[118] Therefore the Lewis acidity of fully 

substituted bis(catecholato)silanes should be further enhanced by replacing chloride (m = 0.37) 

with even less electron back-donating bromide (m = 0.39) or CF3 groups (m = 0.43).[119] 

Following this theory, the Greb group successfully synthesized both compounds, L-12 and L-

13, as the respective solvent adducts and found Lewis acidity values exceeding those of L-7 in 

terms of FIA and the Gutmann-Beckett assessment.[114, 120] Compound L-12 was synthesized in 

analogy to L-7 from perbrominated catechol and HSiCl3 in acetonitrile. Consequently, the 

Lewis acid was obtained as the twofold coordinated solvent-adduct L-12∙(MeCN)2.
[114]  
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Figure 26: Synthesis of Lewis superacids L-12∙(MeCN)2 and of L-13∙(sulfolane)2 as the solvent bis-

adducts (a) and experimentally confirmed Lewis superacidity by ion abstraction experiments yielding 

fluoride and chloride substituted pentavalent silicate species L-14 and L-15 (b).[114, 120] 

For L-13, the synthesis started from veratrole, which was converted into 

tetrakis(trifluoromethyl)guaiacol (guaCF3) in a 3-step synthesis. A subsequent conversion with 

HSiCl3 in a mixture of sulfolane and benzene furnished the successful synthesis of L-

13∙(sulfolane)2 (Figure 26, a).[120] No isolation of the donor-free form was reported in both 

cases.  

Lewis acidity determination by the Gutmann-Beckett method revealed a slightly increased 

shifts of the phosphorus signal in the region of Lewis superacidic L-7. For mono-coordinated 

L-12∙OPEt3, a chemical shift of (31P) = 36.8 ppm was detected (36.7 ppm for L-7∙OPEt3). 

The obtained shift for L-12 corresponds well with the calculated FIA value of 538 kJ mol-1, 

which easily surpasses the fluoride affinity of the first reported neutral Lewis superacid L-7 

(507 kJ mol-1).[114] Even stronger Lewis acidity values were observed for L-13, which holds a 

(31P) shift of  38.9 ppm and a computed FIA of 584 kJ mol-1. Interestingly, L-13 also displays 

a tremendously high affinity for softer hydride ions, outlined by a calculated HIA of 

559 kJ mol-1. This value exceeds the hydride affinity of B(C6F5)3 (HIA: 471) and is therefore 

considered a hard and soft Lewis superacid, according to the definition given by Greb.[19, 120] 

While no further reactivity investigations were conducted for L-12, the Lewis superacidity of 
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L-13∙(sulfolane)2 was again demonstrated by successful abstraction experiments with 

[Ph4P][SbF6] and Ph3CCl, yielding the respective fluoride- and chloride substituted pentavalent 

silicate anions L-14 and L-15 (Figure 26, b).[120] 

 

Figure 27: Selected reactions successfully catalyzed by L-13∙(sulfolane)2, including reductive ether 

formation of carbonyls (b), ketone and phosphine oxide defunctionalization (c and d), as well as a 

carbonyl-olefin metathesis reaction (e).[120] 

When tested for its activity to catalyze the literature-known hydrosilylation of carbonyls, L-

13∙(sulfolane)2 selectively furnished the reduction of electron-deficient as well as electron-rich 

carbonyls, yielding the respective dialkyl ethers. Already a catalyst loading of  1 mol% was 

sufficient to give quantitative yields at ambient conditions using Et3SiH as a reducing agent. 

The same conditions applied for benzophenone led to efficient defunctionalization of the 

ketone, giving the 1,1-diphenylmethane as the reaction product (Figure 27, b). Even more 

challenging substrates such as acetophenone, cyclohexanone, Et3PO, and Ph3PO led to efficient 

defunctionalization with L-13∙(sulfolane)2 as a catalyst, but with access of the PhSiH3 and 

harsher reaction conditions required (Figure 27, b-c). A further testimonial of the versatile 

applicability of neutral Lewis acid catalysts was given by a successful carbonyl-olefin 

metathesis (Figure 27, d), which success critically depends on a sufficient Lewis acidity of the 

employed catalyst.[120]  

Bis(perfluoro-N-phenyl-o-amidophenolato)silane 

Another goal for relevant catalytic applicability is the activation of dihydrogen. This was 

achieved using the Lewis acidic bis(perfluoro-N-phenyl-o-amidophenolato)silane in an FLP-

type reaction approach.[121] The perfluorinated ortho-aminophenol ligand was chosen to prevent 

the silicon center from oligomerization while providing sufficient electron withdrawal to form 

a neutral Lewis superacid. The silane was synthesized as the donor-adduct L-16∙NHMe2 from 
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HSi(NMe2)3 and perfluoro(N-phenyl-o-aminophenol) (amFPhFH2) which was prepared from 

perfluorobenzene in three reaction steps. The abstraction of NHMe2 to form the monomolecular 

L-16 was ultimately achieved by the abstraction with HNTf2 in toluene (Figure 28, a).  

Contrastingly to the previously described catecholato silanes, compound L-16 possesses an 

excellent solubility in non-polar solvents. It therefore could be characterized including 29Si 

NMR spectroscopy giving a 29Si shift at  = -40.6 ppm. Ion affinity calculations showed an FIA 

of 494 kJ mol-1 and HIA of 449 kJ mol-1, which is close to superacidty in both cases. Lewis 

acidity assessment by the Gutmann-Beckett method revealed a 31P NMR shift of (31P) = 

32.8 ppm for the monocoordinated Et3PO adduct, which is slightly decreased but in the range 

as for the parent biscatecholatosilane L-5 (32.5 ppm).[109] Nevertheless, the manuscript stated 

that superacidity could be confirmed by the fluoride abstraction from [PPh4][SbF6] in 

dichloromethane. However, only the chloride abstraction from Ph3CCl is found in the provided 

supporting information.[121]  

Due to the steric protection, L-16 was successfully applied for the cleavage of H2 in the presence 

of sterically congested 1,2,2,6,6-pentamethylpiperidine (pmp) (Figure 28, b) to form the ionic 

activation product L-17. No interaction with H2 was found for other bases such as NTBu3, 

NiPr2Et, 2,2,6,6-pentamethylpiperidine, and the N-heterocyclic carbenes at various 

conditions.[121] The catalytic applicability of L-16 as a superacid was further demonstrated for 

the C-O ring-closing metathesis of diglyme, showing a conversion of 81 % with a catalyst 

loading of only 3 mol% (Figure 28, c). Compared to benchmark system L-7*, the enhanced 

reactivity of L-16 was explained by the silane center's steric protection, blocking undesired 

catalyst deactivation due to substrate chelation.[116]  
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Figure 28: Synthesis of donor-free Lewis superacid L-17 (a) and its implementation for the FLP-type 

activation of H2 in the presence of pmp (b), as well as for the catalytic C-O ring-closing metathesis of 

diglyme (c).[116, 121]  

Silicon tetrakis(trifluoromethanesulfonate) 

Another strategy that yielded an exceptionally strong hard and soft Lewis superacidic silane 

was the installation of four OTf− groups on a silicon center. The respective Si(OTf)4 (L-18) was 

obtained from the reaction of SiI4 and AgOTf in dichloromethane on a multi-gram scale. The 

Gutmann-Beckett assessment revealed a tremendous (31P) shift of 51.2 ppm for the 

monocoordinated Et3PO adduct. Further characterization by ion affinity calculations showed  

FIA of 521 kJ mol-1 and HIA of 547 kJ mol-1, surpassing the border for Lewis superacidity in 

both cases. The calculated affinity values were additionally confirmed by abstraction 

experiments with [Ph4P][SbF6] and even [HPMes3][HB(C6F5)3], proofing a hard and soft Lewis 

superacidic nature. Because of the lability of the Si−OTf bond, only stoichiometric substitution 

reactions with CF3-substituted benzenes were carried out, demonstrating the exchange of 

fluoride and triflate groups. Despite the extraordinary high (31P) GB shift and Lewis acidity 

by FIA and HIA values, no catalytic transformations were reported for L-18 due to the lability 

of the complex. The currently reported neutral Si(IV) Lewis superacids are summarized in 

Figure 29. 

 

Figure 29: Summary of Lewis superacids reported before and during this Ph.D. project (a), the obtained 

Gutmann-Beckett shifts, and the calculated FIA and HIA values collected in table (b).[109, 111, 114, 120-122] 

3.5 Neutral Germanium Lewis Superacids in Catalysis 

While the catalytic applications of low-valent germylenes,[63] germylene-metal complexes,[123] 

germyliumylidene cations,[62, 107] as well as germylium cations[61] have attracted much attention 

in recent years (Figure 30), the research on neutral Lewis acidic germanes has hardly been 

touched so far.  
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Figure 30: Selected examples of germylenes, germylene-metal complexes, germyliumylidenes and 

germylium cations successfully tested for catalytic applications in the literature.[61c, 62b, 63a, 123c]  

Nevertheless, the Greb group recently published Lewis superacidic germane L-19, holding two 

perchlorinated catecholato substituents.[64b] In contrast to the respective silane homolog, L-19 

showed unlimited stability in water, which is impressively demonstrated by its synthesis from 

GeO2 and H2catCl in H2O at ambient reaction conditions. The corresponding Lewis acid was 

isolated in almost quantitative yields (94 %) as the H2O-adduct L-19∙(H2O)4 after solvent 

removal and purification in dichloromethane (Figure 31, a). SC-XRD structure analysis of L-19 

recrystallized from H2O solution gave the bis-aqua complex with two H2O molecules in the 

trans-position and two co-planar perchlorocatecholato groups. The unit cell contained four 

additional water molecules bound via hydrogen bridges forming two (H2O)3 clusters. Storing 

L-19∙(H2O)4 in acetonitrile/dichloromethane or acetone solution over molecular sieves (3 Å) 

yielded the water-free, but bis-solvent-coordinated complexes L-19∙(MeCN)2 and 

L-19∙(acetone)2. In contrast to the related silicon derivative L-7∙(MeCN)2, Lewis acidity 

determination by the Gutmann-Beckett method was hampered by the favored formation of the 

Et3PO-bis-adduct L-19∙(OPEt3)2, which gave (31P) shifts of 24.6 ppm and 20.1 ppm for the 

cis- and trans-coordination product.[64b] In a subsequent publication, the Bains group achieved 

the formation of the monocoordinated product L-19∙OPEt3 showing an associated (31P) shift 

of 37.7 ppm.[64a]  

The calculation of the ion affinity values revealed an FIA of 504 kJ mol-1 and an HIA of 555 

kJ mol-1, justifying L-19 as the first hard and soft Lewis superacid based on a neutral germane. 

Lewis superacidity was further demonstrated also in experiment by the formal fluoride 

abstraction of L-19∙(MeCN)2 from [PPh4][SbF6] and hydride abstraction from 

[tBu3PH][HB(C6F5)3] (Figure 31, b).[64b]  



3. Silicon and Germanium Lewis Acids in Catalysis – Dissertation Florian Tschernuth 

34 

 

 

Figure 31: Synthesis of Lewis superacid L-19∙(H2O)4 and L-19∙(MeCN)2 from GeO2 and H2catCl in 

water (a) and experimentally confirmed Lewis superacidity by fluoride and hydride ion abstraction from 

[PPh4][SbF6] and [tBu3PH][HB(C6F5)3] (b).[64b] 

The reaction progress was traced by multinuclear NMR spectroscopy, suggesting the formation 

of the respective fluoride-substitute pentavalent germanate species L-20 in the case of 

[PPh4][SbF6]. This was proven by the selective formation of the same germanate anion from 

the reaction of L-19∙(MeCN)2 with KF and 18-crown-6. In the case of [tBu3PH][HB(C6F5)3], 

the successful hydride abstraction was traced by the formation of the acetonitrile-BCF 

adduct.[64b]  

Because of the tremendous Lewis acidity, water-free L-19∙(MeCN)2  was successfully tested 

for various catalytic reactions. For the hydrodefluorination of 1-fluoroadamantane catalyst 

loadings down to only 0.05 mol% were sufficient to catalyze quantitative conversion at ambient 

conditions, translating to a formidable TON of almost 1,900 (Figure 32, a). When tested for the 

hydrosilylation of aliphatic and aromatic aldehydes, L-19∙(MeCN)2 efficiently catalyzed the 

formation of the respective hydrosilylation product with Et3SiH (Figure 32, b). No reductive 

ether formation was observed, as it was the case for L-13∙(sulfolane)2. However, an analogous 

reactivity was found for the catalytic olefin-carbonyl metathesis reaction of a -ketoester, 

yielding the respective cyclization product in quantitative yield after 20 h at room temperature 

(Figure 32, c). In addition, the Friedel-Crafts type dimerization of 1,1-diphenylethylene was 

found for L-19∙(MeCN)2, showing almost 50 % conversion after 24 h at 50 °C when using a 

catalyst loading of 5 mol% (Figure 32, d). In the presence of the dihydrogen surrogate 1,4-
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cyclohexadiene, no Friedel-Crafts dimerization, but reduction of 1,1-diphenylethylene was 

observed, quantitatively yielding 1,1-diphenylmethane after 1 h at room temperature with a 

catalyst loading of 10 mol% (Figure 32, e). 

 

Figure 32: Selected reaction catalyzed by the Lewis superacidic germane L-19∙(MeCN)2 including 

hydrodefluorination of 1-fluoroadamantane (a), carbonyl hydrosilylation of aromatic and aliphatic 

carbonyls (b), an olefin-carbonyl metathesis reaction (c), the Friedel-Crafts dimerization (e) and transfer 

hydrogenation (e) of 1,1-diphenylethylene.[64b] 

An additional research article contributed to this compound class with an in-depth study on the 

Friedel-Crafts dimerization of -methylstyrene catalyzed by Lewis superacidic germanes.[64a] 

For this purpose, different solvent-coordinated bis(perchlorocatecholato)germanes 

L-19∙(Donor)2, as well as the brominated derivatives L-21∙(Donor)2, were synthesized from 

perchlorinated quinone and GeCl2∙dioxane, or from H2catBr and GeCl4 (Figure 33, a) and 

comprehensively analyzed regarding their Lewis acidity and catalytic potential. Additionally, 

the 3,5-di-tert-butyl-substituted derivative L-22∙(Donor)2 was synthesized, but no catalytic 

reactivity investigations were conducted for this compound due to its insufficient Lewis acidity. 

Calculations revealed FIA values of 508, 513, and 433 kJ mol-1 for L-19, L-21, and L-22, 

respectively.[64a] For L-19, the value is slightly shifted compared to the preceding article 

published by the Greb group (FIA: 504 kJ mol-1), which is explained by a different calculation 

method.[64b] Non-halogenated L-22 possessed only a diminished Lewis acidity, which ranks 

among the value calculated for the parent bis(catecholato)germane (FIA: 415 kJ mol-1).  

Lewis acidity determination using the Gutmann-Beckett method demonstrated the influence of 

the adduct-forming donor-molecule (MeCN or THF) on the obtained (31P) shift. It was shown 
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that substoichiometric amounts of Et3PO lead to the substitution of only one donor-molecule, 

yielding an octahedral complex, with one Et3PO and one solvent molecule coordinating to the 

germanium center. The obtained Gutmann-Beckett shifts for the monocoordinated adducts with 

remaining MeCN were (31P) = 37.7 ppm, 37.9 ppm, and 32.3 ppm for L-19, L-21, and L-22, 

respectively. 

 

Figure 33: Water-free synthesis routes for the donor-coordinated Lewis acidic germanes L-19∙(Donor)2, 

L-21∙(Donor)2, and L-22∙(Donor)2 (a) and Friedel-Crafts dimerization of -methylstyrene efficiently 

catalyzed by L-22∙(Donor)2 (b). (Donor = MeCN, THF, Et2O).[64a] 

As already demonstrated by the Greb group L-19∙(MeCN)2 efficiently catalyzed the Friedel-

Crafts dimerization of 1,1-diphenylethylene. This reactivity was now analyzed for the 

dimerization of -methylstyrene, as the intended hydrosilylation with Et3SiH was not 

successful. Instead, rapid dimerization of the olefin occurred. Targeted catalytic studies using  

L-19∙(Donor)2 and L-21∙(Donor)2 with loadings of 5 mol% in toluene-d8 revealed the efficient 

dimerization of -methylstyrene to the three structural isomers A, B, and C.[64a] The observed 

catalyst activity for this reaction was comparable to that of transition metal-based systems 

presented in the literature.[124] The best result was obtained for Lewis superacid L-21∙(MeCN)2, 

selectively forming dimerization product C in quantitative yields. For L-21∙(THF)2 and 

L-21∙(Et2O)2 as well, sufficient conversion was detected; however, different ratios of the 

dimerization products were obtained (Figure 33, b). The presence of additional Et3SiH severely 

affected the conversion but increased the selectivity for product A. DFT calculations were 

performed to understand the product formation, suggesting three different mechanisms 

involved, where the monocoordinated Lewis acid acts as the active species.[64a]  
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Another publication analyzed the catalytic photoredox alkylation of primary amines using 

Lewis acidic germanes such as Ph2GeCl2 as effective co-catalysts facilitating the reaction. 

Despite the reactivity of chlorogermanes, only trace amounts to no conversion was obtained 

when compound L-19∙(H2O)n was used as a co-catalyst.[125] Nevertheless, the potential 

applicability of Lewis superacidic germanes for catalytic transformations remains a promising 

research field, that together with silicon-based Lewis superacids will contribute to the 

development of efficient and industrially relevant catalytic processes for a more sustainable 

future.  
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4 Assignment of the Ph.D. project  

As outlined in the previous chapters, the synthesis of neutral Lewis superacidic silanes as well 

as germanes and their application for homogenous catalysis is an emerging research field that 

contributes with fundamental research to developing sustainable industrial processes. To date, 

this research is predominantly defined by perhalocatecholato-based Lewis acids that, lack 

sufficient solubility in most used non-polar solvents and require donor-stabilization to prevent 

oligo- or polymerization.[113] As outlined by the Greb group, however, an ideal Lewis superacid 

catalyst should feature a set of defined characteristics that include the following selection:[19] 

• Superior Lewis acidity 

• Thermal stability 

• Strongly bound and inert ligands 

• Solubility and solvent tolerance 

• Tunable steric properties 

In this context, we aimed to install perfluorinated pinacolate (pinF) as a potent alternative to 

catecholates, enabling the formation of highly electron-deficient silanes while providing 

sufficient kinetic stabilization by steric protection. 

 

Figure 34: Targeted Lewis acids that should be synthesized and analyzed in this Ph.D. project.  

The synthesis strategy should start from perfluorinated pinacol (H2pinF) and SiCl4, as a direct 

synthesis from poisonous perfluoro acetone appeared too dangerous. Consequently, the 
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synthesis of the bis-substituted Lewis superacid Si(pinF)2 and its consecutive analysis regarding 

its Lewis acidity was the first target of this Ph.D. project. In addition to the bidentate pinacolato-

based systems also monodentate perfluorotolyl- (TolF) and perfluorocresolato (OTolF) groups 

should be investigated for the synthesis of Lewis acidic silanes (Figure 34). 

Due to the strong coordination of polar solvent molecules, reaction optimization and solvent 

abstraction is a significant challenge in synthesizing strongly Lewis superacidic compounds. 

With a reliable synthetic protocol at hand, the obtained Lewis acids should be prepared on a 

gram-scale, comprehensively analyzed, and tested for their catalytic potential. The obtained 

reactivities should be compared to the perhalocatecholato-based benchmark systems, 

researched within the groups of Tilley and Berman,[109] Baines,[64a] and Greb.[64b, 111, 114, 116, 120-

121]  

 

Figure 35: Additional scope of this project, including a consecutive Lewis acidity assessment in 

experiment and by computational methods, and the screening for potential applicability in relevant 

catalytic transformations (a-c).   

The primary reactions of interest include C(sp3)−H hydrodefluorination reactions, carbonyl 

hydrosilylation, defunctionalization of ketones with hydrosilanes, and the degradation of oligo 

and polyethylene glycol diethers. In addition, the obtained catalysts should be scouted for olefin 

hydrosilylation activity in analogy to Jutzi’s famous silyliumylidene cation, as this challenging 

reaction was not yet achieved with neutral Lewis acidic silanes.[16b, 57]  
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Because of well-known HSAB influences on the reactivity of Lewis acids for hard and soft 

substrates, additionally, the germanium-centered derivatives should be synthesized, starting 

with Ge(pinF)2, and tested for their catalytic potential. Due to the “softer” germanium atom, the 

obtained germanes should significantly differ in terms of reactivity when compared to their 

respective silicon analogs. As a benchmark reactivity in this regard, the activation of fluoro- 

and hydrosilanes should be tested for the obtained Lewis superacids. 

 

! ATTENTION ! 

The perfluoropinacol (H2pinF) majorly used as a precursor to perfluoropinacolato substituents 

in this work is ACUTELY TOXIC by SKIN CONTACT and INHALATION.[126] 

 

Lithiated perfluoropinacol (Li2pinF) appeared to be explosive by applying mechanical stress 

(scratching with a spatula) when residual amounts of n-butyllithium were present. 
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5 Bis(perfluoropinacolato)silane: A Neutral Silane Lewis Superacid 

Activates Si−F Bonds 

Journal:  Angewandte Chemie International Edition, 2021, 60, 25799 –25803.  

Publisher:  Wiley-VCH GmbH 

Authors:  Florian S. Tschernuth, Thaddäus Thorwart, Lutz Greb, Franziska Hanusch, and 

Shigeyoshi Inoue* 

Status:  Communication, published 27. September 2021 

DOI:   10.1002/anie.202110980 (Original Version)[127] 

  10.1002/ange.202110980 (German Version)[128] 

Reproduced with open access permission. 

Content: In this publication, perfluoropinacol (H2pinF) was used to form a novel Lewis 

superacidic silane. The synthesis strategy started from the reaction of lithiated perfluoropinacol 

(Li2pinF) with SiCl4 in acetonitrile solution leading to the initial formation of the pentavalent 

lithium chlorosilicate salt Li[Si(pinF)2Cl]. A similar result was obtained when HSiCl3 was used 

instead of SiCl4. However, the respective hydrosilicate species Li[HSi(pinF)2] was formed in 

this case. Heating the obtained Li[Si(pinF)2Cl] to 110 °C led to the liberation of the neutral 

silane by LiCl elimination. The liberated Lewis acid was collected by sublimation at 0.02 mbar 

as the acetonitrile mono-adduct Si(pinF)2∙MeCN.  

With the synthetic strategy at hand, Si(pinF)2∙MeCN was synthesized on a gram-scale and 

analyzed for its Lewis acidity and catalytic behavior. Consecutive ATR-IR and Gutmann-

Beckett analysis revealed a Lewis acidity in the range of literature-known perfluoro- and 

perchlorocatecholato-based Lewis superacids L-4 and L-7. Lewis superacidity was proven in 

experiment by the successful fluoride abstraction from Ag[SbF6], forming a stable pentavalent 

fluorosilicate species [FSi(pinF)2]
−. Ultimately the superior Lewis acidity of Si(pinF)2∙MeCN 

was demonstrated by the fluoride abstraction from Et3SiF, leading to the formation of 

acetonitrile-stabilized silyl cation, which was confirmed by crystal structure analysis. 

Additionally, calculated FIA and HIA values supported the experiments.  

Furthermore, Si(pinF)2∙MeCN was successfully tested for the catalytic hydrodefluorination of 

1-fluoroadamantane with Et3SiH, the hydrosilylation of electron-deficient benzaldehydes, the 

reductive ether formation of methylated benzaldehydes, and the reductive defunctionalization 

of benzo- and acetophenone with Et3SiH.   

*Florian S. Tschernuth planned and prepared all synthesis and experiments for this publication and wrote the manuscript and 

Supporting Information. Franziska Hanusch was responsible for the SC-XRD measurement and refinement of the crystal 

data. Thaddäus Thorwart and Lutz Greb provided quantum chemical computations. The research was performed under the 

direct supervision of Prof. Shigeyoshi Inoue.   

https://onlinelibrary.wiley.com/authored-by/Thorwart/Thadd%C3%A4us
https://onlinelibrary.wiley.com/authored-by/Greb/Lutz
https://onlinelibrary.wiley.com/authored-by/Hanusch/Franziska
https://onlinelibrary.wiley.com/authored-by/Inoue/Shigeyoshi
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6 Catalytic Degradation of Aliphatic Ethers using the Lewis Superacidic 

Bis(perfluoropinacolato)silane 

Journal:  ChemCatChem, 2023, 15, e202300281.[129]  

Publisher:  Wiley-VCH GmbH 

Authors:  Florian S. Tschernuth, Lukas Bichlmaier, and Shigeyoshi Inoue* 

Status:  Research Article, published 21. March 2023 

DOI:   10.1002/cctc.202300281 

 Reproduced with open access permission. 

Content:  In this study, the previously synthesized Lewis superacid Si(pinF)2∙MeCN (vide 

supra) was tested for the catalytic C-O ring-closing metathesis to degrade oligo- and 

polyethyleneglycol diethers and derivatives. The research was inspired by a preceding work of 

the Greb group that demonstrated the importance of selective mono-coordination of the etheric 

substrate to the Lewis acidic center for the catalyst activity.[116] The study showed that in the 

case of di- and polydentate chelation, the reaction conversion is significantly decreased due to 

strong thermodynamic stabilization of the catalyst molecule.  

According to that reasoning, Si(pinF)2∙MeCN should exhibit increased activity for the catalytic 

ether fragmentation because the sterically congested Lewis acidic center only enables 

monodentate donor coordination. In fact, the reactivity assessment for the C-O bond metathesis 

of 1,5-dimehtoxypentane and diglyme displayed an excellent catalytic behavior, selectively 

yielding the respective cyclization products in quantitative yields while outperforming 

literature-known catalyst systems. Nevertheless, further studies with tetra- and 

polyethyleneglycol dimethylether (TEG-DME / PEG-DME) revealed fast catalyst deactivation, 

which was explained by competing nucleophilic attacks during the fragmentation cycle that 

either led to reaction progress or irreversible side-reactions. Deactivation was more pronounced 

in the case of longer-chained substrates because the catalytic process involves nucleophilic 

attacks on less favored secondary carbon centers instead of the more accessible primary 

carbons.  

Furthermore, a potential pentaoxo-coordinated reaction intermediate was synthesized by the 

cleavage of Et2O in the presence of  Si(pinF)2∙MeCN. The formed silicate species was obtained 

as the respective triethyloxonium and N-ethyl acetonitrilium species and comprehensively 

characterized, including multinuclear NMR and SC-XRD analysis. 

 

*Florian S. Tschernuth planned and prepared all synthesis experiments for this publication and wrote the manuscript as well 

as Supporting Information. Lukas Bichlmaier contributed by the reliable execution of repetitive catalytic fragmentation 

experiments, which was part of his master’s thesis. Prof. Shigeyoshi Inoue directly supervised the research.  

https://onlinelibrary.wiley.com/authored-by/Inoue/Shigeyoshi
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7 Tuning the Lewis Acidity of neutral Silanes using perfluorinated Aryl- 

and Alkyl Substituents 

Journal:  European Journal of Inorganic Chemistry (EurJIC)[130] 

Publisher:  Wiley-VCH GmbH 

Authors:  Florian S. Tschernuth, Lukas Bichlmaier, and Shigeyoshi Inoue* 

Status:  Research Article, published 24. July 2023 

DOI:   10.1002/ejic.202300388 

Reproduced with open access permission. 

Content:  This research article issues the synthesis and characterization of novel Lewis 

acidic silanes by the installation of electron-withdrawing perfluorotolyl (TolF = p-C6F4CF3) and 

perfluorocresolato (OTolF = p-OC6F4CF3) groups onto neutral Si(IV) centers. First, the 

tetrasubstituted Si(TolF)4 was synthesized from SiCl4 and BrC6F4CF3 by lithiation with nBuLi. 

The obtained silane was fully characterized, including crystal structure analysis, illustrating a 

slightly distorted tetrahedral geometry. Lewis acidity assessment with the Gutmann-Beckett and 

Childs methods revealed no significant Lewis acidity, which was in stark contrast when 

compared to the trivalent boron analog (B(TolF)3), which is outlined in the literature.[131] The 

respective threefold-substituted hydrosilane derivative HSi(TolF)3 was synthesized starting 

from HSiCl3 using a similar synthetic strategy to rule out a potential negative influence of steric 

repulsion. The silane was obtained in a yield of  26 % and thoroughly analyzed. Crystal 

structure analysis revealed the successful formation HSi(TolF)3, showing a slightly distorted 

tetrahedral geometry. Again, no Lewis acidity could be observed with the Gutmann-Beckett and 

Childs NMR methods. To boost the electrophilicity of the Si atom, additional oxygen bridges 

were installed, leading to the synthesis of Si(OTolF)4 from SiCl4 and LiOC6F4CF3 in acetonitrile. 

In this case, the Gutmann-Beckett analysis gave a (31P) shift of 29.2 ppm, revealing strong 

Lewis acidity. No Childs shift could be observed, however.  

Furthermore, a heteroleptic silane was synthesized using one perfluoropinacol (pinF) and two 

perfluorophenyl (PhF) substituents. The respective target compound Si(PhF)2pinF was 

synthesized from Si(PhF)2Cl2 and Li2pinF in 66 % yield and comprehensively analyzed. A 

subsequent Gutmann-Beckett assessment revealed a significantly increased Lewis acidity 

compared to heteroleptic Si(PhF)4. Again, no Childs shift was obtained, questioning the overall 

suitability of this method for silane-based Lewis acids.  

*Florian S. Tschernuth planned and prepared synthesis experiments for this publication and wrote the manuscript as well as 

Supporting Information. Lukas Bichlmaier planned and designed syntheses during his aster’s thesis. Sebastian Stigler 

performed the  SC-XRD measurement and refinement of the crystal data. Prof. Shigeyoshi Inoue directly supervised the 

research.  

https://onlinelibrary.wiley.com/authored-by/Inoue/Shigeyoshi
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Unique Reactivity towards Hydrosilanes 

Journal:  Dalton Transactions 

Publisher:  Royal Society of Chemistry (RSC)[132] 

Authors:  Florian S. Tschernuth, Arseni Kostenko, Sebastian Stigler, Anna Gradenegger 

and Shigeyoshi Inoue* 

Status:  Research Article, accepted on the 14. November 2023 

DOI:   DOI: 10.1039/D3DT03626J 

Reproduced from Ref. 132 with permission from the Royal Society of Chemistry. 

Content: The presented article draft displays the synthesis of a hard and soft Lewis 

superacidic germane holding two pinF groups. The respective germane was synthesized from 

GeCl4 using a similar strategy to the previously published silane derivative and obtained as the 

acetonitrile mono-adduct Ge(pinF)2∙MeCN. Structural analysis revealed a similarly penta-

coordinated germanium center holding two pinF groups and one acetonitrile molecule. The 

strong solvent coordination was initially suggested by ATR-IR analysis outlining a distinct 

blueshift of the C≡N stretching vibration. The pronounced Lewis acidity of the germanium 

center was further proven by the Gutmann Beckett method displaying a (31P) shift of 

38.8 ppm and calculated affinity values of 491 kJ mol-1 (FIA) and 536 kJ mol-1 (HIA), 

qualifying Ge(pinF)2 as a soft Lewis superacid. Consecutive fluoride and hydride abstraction 

experiments from Ag[SbF6] and [HP(Mes)3][HB(C6F5)3] successfully yielded the respective 

pentavalent fluoro- and hydro-germanate species, thus proving hard and soft Lewis superacidity 

in experiment. The intensely bound acetonitrile was removed with surplus B(C6F5)3 and 

subsequent sublimation giving access to the liberated germane Ge(pinF)2 and also silane 

Si(pinF)2 species. The obtained Lewis acids were comprehensively analyzed in both cases 

revealing a tetrahedral tetrel center with no additional donor coordination. In contrast to 

Si(pinF)2, the softer Ge(pinF)2 was able to activate Et3SiH to yield the germylene Ge(pinF) and 

a mono-silylated pinacol side product or the pentavalent hydro germanate anion next to a 

MeCN-coordinated silyl cation, depending on the employed solvent. Hydrosilylation 

experiments with -methylstyrene and Et3SiH revealed an inversed temperature depending 

catalytic activity of the formed self-coordinated germylene unit. In-depth DFT calculations for 

various temperatures additionally supported the mechanism.  

*Florian S. Tschernuth planned and prepared all experiments for this publication and wrote the manuscript as well as 

Supporting Information. Arseni Kostenko performed all DFT calculations and wrote parts of the manuscript and SI regarding 

calculations. Sebastian Stigler measured SC-XRD and refined the crystal data. Anna Gradenegger contributed with 

experiments within her mater’s project and Prof. Shigeyoshi Inoue directly supervised the research.  

https://onlinelibrary.wiley.com/authored-by/Inoue/Shigeyoshi
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9 Summary and Outlook  

The main objective of this Ph.D. project was dedicated to the utilization of the bidentate 

perfluorinated pinacolato substituents to form neutral but strongly electrophilic silicon- and 

germanium-centered molecules. The corresponding tetrasubstituted Lewis acids could be 

exclusively synthesized in acetonitrile solution starting from lithiated perfluoropinacol Li2pinF. 

In the case of silicon, a solid residue was collected after the solvent was stripped off which was 

identified as Li[Si(pinF)2Cl] (1), the formal LiCl addition product to Si(pinF)2 with residual 

coordinating acetonitrile. Several analytical tools, including SC-XRD analysis, confirmed the 

formation of the pentavalent silicate anion. When using HSiCl3 instead of SiCl4, a similar 

reaction occurred, selectively yielding Li[HSi(pinF)2] (2) as the main reaction product with 

additional solvent coordination. Compound 2∙(MeCN)2 was crystallized from a statured 

chloroform solution, proving the formation of a pentavalent hydrosilicate anion with a twofold 

acetonitrile-coordinated lithium counterion. 

 

Figure 36: Synthetic strategies for obtaining Lewis acidic silane 3∙MeCN and germane 4∙MeCN, both 

obtained as the acetonitrile mono-adduct by thermolysis from preformed lithium chlorosilicate 

1∙(MeCN)2 and chlorogermanate species.  

Heating compound 1∙(MeCN)2 to 110 °C at 0.02 mbar led to LiCl elimination, releasing the 

neural silane as the acetonitrile mono-adduct 3∙MeCN, which was collected as a colorless solid. 

No LiH elimination was observed in the case of 2∙(MeCN)2. 
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When applying the synthetic strategy to GeCl4, a complex product mixture was obtained that 

could not be fully structurally analyzed. Nevertheless, the presence of pentavalent 

chlorogermanate species was expected. Heating the obtained mixture to 150 °C in vacuum again 

led to the liberation of the acetonitrile mono-coordinated germane 4∙MeCN which was collected 

by sublimation. Both tretrel compounds were fully characterized by NMR, IR, and SC-XRD 

analysis, revealing strong coordination of the remaining acetonitrile molecule. In both cases, a 

distinct blueshift of the C≡N vibrations could be observed with respect to free acetonitrile. 

Initial attempts to remove the donor molecule remained unsuccessful. Consequently, the solvent 

adducts (3∙MeCN and 4∙MeCN) were analyzed regarding their Lewis acidity by several 

literature methods. The Gutmann-Beckett assessment for 3∙MeCN revealed the substitution of 

MeCN by Et3PO, yielding product 3∙OPEt3 with a (31P) shift of 35.8 ppm. No double 

coordination was observed. In the case of the bigger germanium derivative 4∙MeCN, however, 

twofold substituted 4∙(OPEt3)2 was predominantly formed. By employing substoichiometric 

Et3PO amounts, the mono-coordinated adduct 4∙OPEt3 was obtained, showing a (31P) shift 

of 38.8 ppm. Both compounds displayed a tremendously high Lewis acidity compared to the 

perhalocatecholato-substituted silanes and germanes investigated by the Greb and Baines 

groups.  

The strongly coordinating acetonitrile could be removed with a slight excess of B(C6F5)3 in 

saturated benzene solution yielding the donor-free compounds 3 and 4 by crystallization (Figure 

37, a). The pure Lewis acids were then obtained by slowly sublimating the crystalline 

precipitate in vacuum. Consecutive analysis by NMR and elemental analysis confirmed the 

quantitative removal of acetonitrile and  B(C6F5)3. In both cases, single crystals suitable for 

structural analysis were obtained by slow sublimation at 40 °C in an argon atmosphere. The 

donor-free Lewis acids displayed a slightly distorted tetrahedral geometry of the central tetrel 

element, substituted with two pinF groups (Figure 37, b). No remaining donor coordination nor 

ring opening to form oligomeric species was observed.  
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Figure 37: Crystal structures of acetonitrile-coordinated and donor-free Lewis superacids 3 and 4 with 

ellipsoids plotted at a 50% probability level.  

Further Lewis acidity investigation by quantum chemical calculations revealed a similar hard 

Lewis acidity according to the FIA values of 474 kJ mol-1 for 3 and 492 kJ mol-1 for 4. In the 

case of soft Lewis acidity, compound 4 displayed a significantly enhanced HIA of 536 kJ mol-1, 

officially qualifying the germane a soft Lewis superacid by Greb’s definition.[19] In the case of 

the harder silane 3, a decreased HIA value of 444 kJ mol-1 was obtained, which perfectly aligns 

with the HSAB principle.  

Both compounds were analyzed for Lewis superacidity by abstraction experiments in solution. 

For this purpose, 3∙MeCN and 4∙MeCN were separately reacted with Ag[SbF6] in acetonitrile 

solution, quantitatively forming the pentavalent fluorosilicate and fluorogermanate anions. The 

corresponding fluoride-substituted anions were independently synthesized by the reaction of 

the Lewis acids with KF and fully characterized. Consequently, 3∙MeCN and 4∙MeCN were 

considered experimentally confirmed Lewis superacids in solution.  

Hydride abstraction experiments from [HPMes3][HB(C6F5)3] showed no reaction for 3∙MeCN, 

which aligns with the previously calculated decreased HIA value. In stark contrast, the soft 

Lewis superacid 4∙MeCN readily reacted with [HPMes3][HB(C6F5)3] to release neutral 

B(C6F5)3 by hydride abstraction. Consequently, silane 3 could be considered an exclusively 

hard Lewis acid, whereas germane 4 is a hard and soft Lewis superacid.  

The investigated differences in ion affinities directly translate to the reactivity of the Lewis 

acids for activating fluoro- and hydrosilanes. The hard Lewis superacid 3∙MeCN readily reacted 

with Et3SiF via fluoride abstraction, forming a MeCN-coordinated silyl cation with a 

fluorosilicate counterion (5). However, no reaction wit Et3SiH was observed, even at elevated 

temperatures. In the case of 4∙MeCN, a surplus of Et3SiF was required to obtain sufficient 

fluoride abstraction due to an unfavorable reaction equilibrium. With softer Et3SiH, in contrast, 

rapid hydride abstraction was observed, yielding a MeCN-stabilized silyl cation with a 

hydrogermane counterion (6) in acetonitrile solution, or a ring-opened hydrogermane species 
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that immediately decomposed to give a pinacol substituted germylene (7) and mono-silylated 

perfluoropinacol (8) in dichloromethane.  

 

Figure 38: Reaction of Lewis superacid 3∙MeCN with Et3SiF, selectively yielding ionic fluorosilicate 

species 5 while no reaction with Et3SiH was observed (a) and the reaction of soft Lewis superacid 4 with 

Et3SiH to form an ionic hydrosilicate species 6 in acetonitrile or germylene 7 in DCM (b).  

As activation of hydrosilanes is a crucial step for olefin hydrosilylation, donor-free 4 was tested 

for the catalytic conversion of -methylstyrene with Et3SiH and displayed tremendous activity, 

quantitatively yielding the anti-Markovnikov hydrosilylation product after 18 h at -35 °C with 

a catalyst loading of only 5 mol% (Figure 39, a). Consecutive mechanistic investigations by 

stoichiometric reaction experiments and high-level quantum chemical computations suggested 

germylene 7 to be the active catalyst, which forms a highly active dimeric push-pull complex 

at low temperatures. Therefore, Lewis superacid 4 can be considered a pre-catalyst. Only 

neglectable conversion was obtained for this reaction in the case of hard Lewis superacid 3. No 

conversion could be observed in the presence of acetonitrile. Without the hydrosilane, however, 

both Lewis superacids rapidly catalyzed the Friedel-Crafts dimerization of -methylstyrene 

(Figure 39, b). The hard Lewis superacid 3∙MeCN on the other hand, qualified as an efficient 

catalyst for the C(sp3)-F hydrodefluorination reaction, which was demonstrated by the 

conversion of 1-fluoroadamantane with Et3SiH. Quantitative conversion selectively yielding 

adamantane and Et3SiF was observed already with only 1 mol% of  3∙MeCN (Figure 39, c). 

Further catalytic reactions included the successful hydrosilylation of electron-deficient p- and 

o-nitrobenzaldehydes (Figure 39, d), the reductive ether formation of benzaldehyde and 
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methylated benzaldehyde (Figure 39, e), and the dihydrodeoxygenation of aceto- and 

benzophenone with Et3SiH using 5 mol% of 3∙MeCN. 

 

Figure 39: Selected catalytic reactions of Lewis superacids 3 and 4 derived from the tremendous 

fluoride and hydride affinities. The experiments include successful olefin hydrosilylation (a), Friedel-

Crafts dimerization (b), hydrodefluorination (c), carbonyl hydrosilylation (d), and carbonyl reduction 

with hydrosilanes (e).   

A further testimonial of the bright potential for the application of silicon-based catalysts is the 

degradation of oligomeric and polymeric ethylene glycol diethers. As outlined by a recent study 

from the Greb group, Lewis superacids such as L-7* and L-16 efficiently catalyze the 

degradation of oligoethylenglycol derivatives by strong coordination of the ether bond to the 

Lewis acidic center triggering C-O bond cleavage.[116] In fact, Lewis superacid 3∙MeCN was 

even more potent for this transformation as the sterically shielding pinF substituents block 

catalyst deactivation by substrate chelation. For this reason, 3∙MeCN is the most efficient 

catalyst for the C-O ring-closing metathesis of 1,1-dimethoxypentane and diglyme known to 

the literature, quantitatively yielding cyclic reaction products tetrahydropyran and 1,4-dioxane 

after 20 h at 80 °C with a catalyst loading of only 1 mol% (Figure 40, a). Additional 

experiments with tetraethylenegylcol dimethylether (TEG-DME) and polyethyleneglycol 

diethers (PEG-DME) displayed quantitative fragmentation, yielding 1,4-dioxane. However, 

decreased turnover numbers were observed in the case of longer chained substrates because of 

successive catalyst deactivation. This effect could be explained based on Greb’s previous 

mechanistic investigations suggesting a nucleophilic attack of a generated alcoholate on a 

secondary carbon atom after forming the pentaoxosilicate intermediate. The attack targets a 

primary carbon atom in the case of diglyme and 1,5-dimethoxypentane. In contrast, in the case 
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of longer chained substrates, this carbon is sterically less accessible because of an additional 

substituent. For this reason, the probability of side reactions that irreversibly lead to catalyst 

deactivation is more pronounced. The suggested formation of a pentaoxosilicate intermediate 

was additionally supported by the SC-XRD structure obtained from the reaction of 3∙MeCN 

with Et2O, leading to ether cleavage. The obtained triethyloxonium pentaoxosilicate species 

was thoroughly analyzed by multinuclear NMR spectroscopy. In acetonitrile solution, the 

triethyloxonium decomposes by forming an N-ethyl acetonitrilium cation and Et2O (Figure 40, 

a). This did not affect the corresponding ethoxy bis(perfluoro-pinacolato) silicate species.  

 

Figure 40: Successful application of 3∙MeCN in the C-O ring-closing metathesis of 1,1-

dimethoxypentane, diglyme, and PEG-DME (a) and the cleavage of Et2O (b) yielding the fully 

characterized potential pentaoxosilicate reaction intermediate holding either a triethyloxonium (9) or an 

N-ethyl acetonitrilium counterion (10).  

After the significant success of bisperfluoropinacolato substituents for the synthesis of highly 

Lewis acidic complexes, the ligand scope was further extended by investigating p-

perfluorotolyl (TolF) and perfluorocresolato (OTolF) groups for the synthesis of Lewis acidic 

silanes. In the case of tetrasubstituted Si(TolF)4 (11), no considerable Lewis acidity was found 

using the Gutmann-Beckett method, even though the successful synthesis was proven by crystal 

structure analysis. The same result was observed for less sterically congested HSi(TolF)3 (12), 

displaying a slightly distorted tetrahedral geometry. The contrary was observed when adding 

four additional oxygen bridges. Consequently, in the case of Si(OTolF)4 (13), a Gutmann-

Beckett shift of (31P) = 29.2 ppm was observed, qualifying compound 13 as a strong Lewis 

acid. No change could be detected by employing the Childs method. An additional silane (14) 

holding one perfluoropinacolato substituent and two perfluorophenyl (PhF) groups was 

synthesized and comprehensively characterized. In this case, a slightly diminished but 
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comparable Gutmann-Beckett shift of  (31P) = 27.2 ppm was obtained, demonstrating the 

ability to tailor the Lewis acidity of silanes by employing heteroleptic substituents.  

 

Figure 41: Additional Lewis acidic silanes 11-14 were synthesized by installing TolF, pOTolF, and pinF 

groups with the obtained Gutmann-Beckett 31P NMR shifts obtained by Et3PO mono-coordination.  

The striking catalytic activity of perfluoropinacolato-substituted silane 3 and germane 4 

demonstrated the formidable potential of neutral main group element-based Lewis superacids 

for a broad range of chemical transformations, including olefin hydrosilylation and polymer 

degradation reactions. The conducted fundamental research contributes to the field of neutral 

silicon- and germanium-based homogenous catalysts and may enable the development of eco-

friendly and industrially relevant catalysts for a more sustainable and eco-friendly chemical 

industry in the future.  
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