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Each chapter includes a list of authors and the individual contribution of each author is 
described. 
 
Furthermore, all chapters have their own numeration of compounds. The molecular structures 

in the schemes and figures may differ slightly in style. In the beginning of this thesis, a general 

introduction and objectives of the work are presented together with a comprehensive 

conclusion at the end of this thesis. 
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1 Introduction 

1.1  Lewis acids and bases 

The concept of Lewis acids and bases proposed by Gilbert N. Lewis in 1923, represents 

a fundamental principle of chemistry. It elucidates the behavior of substances in various 

chemical reactions. In accordance with this theory, a Lewis acid is defined as an electron 

pair acceptor, while a Lewis base is characterized as an electron pair donor. Lewis acids 

encompass a wide range of chemical species, including metal ions, metal complexes, and 

main group compounds with vacant orbitals capable of accepting an electron pair.1 

Common examples include metal cations such as Ti4+, Ce3+ and Fe3+, or main group 

compounds such as BCl3, AlCl3 and SiCl4. Conversely, Lewis bases encompass molecules 

with lone electron pairs available for donation. Notable Lewis bases include ammonia 

(NH3), water (H2O), and various organic compounds containing nitrogen, oxygen, or sulfur 

atoms. The interaction between Lewis acids and bases typically involves the formation of 

coordinate covalent bonds. In this process, the Lewis acid accepts a lone pair from the 

Lewis base, leading to the formation of a coordinate covalent bond or a Lewis adduct 

(Scheme 1). 

 

 

Scheme 1: A typical example for a Lewis acid / base reaction. 

The strength of the interaction is hereby not only influenced by the Lewis acidity/basicity 

of the individual parts, but also by the ability of the Lewis acid to change its coordination 

sphere.2 This becomes evident when looking at the BF3 Lewis acid in Scheme 1 which 

goes from a trigonal-planar coordination mode, with ideal bonding angles of 180Á between 

the fluorine substituents, to a tetrahedral coordination mode, with ideal bonding angles of 

109.5 Á between the fluorine substituents, once the NH3 Lewis base is bonded to it. When 

more bulky substituents at boron are present the Lewis acidity significantly decreases, due 

to the increased energy demand from the transformation into a tetrahedral form with 

smaller bonding angles. This interaction plays a crucial role in numerous chemical 

processes, including coordination chemistry, catalysis and organic synthesis.3 

Understanding the principles governing Lewis acid-base interactions is essential for 

designing novel catalysts, elucidating reaction mechanisms, and predicting molecular 

behavior in complex systems. Boron, which is located in group 13, is renowned for its 

Lewis acidic properties, particularly in the form of boron trifluoride (BF3), boron trichloride 

(BCl3) and in the last decade especially tris(pentafluorophenyl)borane [B(C6F5)3], and 

related boranes with fluorinated aryl groups.4 These compounds readily accept electron 

pairs from Lewis bases, forming stable adducts and participating in diverse catalytic 

processes. 
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1.2 Silicon-based Lewis acids 

When navigating across the periodic table, to group 14, the tendency to exhibit Lewis 

acidic behavior is slightly lower compared to group 13 elements. Nevertheless, especially 

certain silicon compounds, including silicon tetrahalides, can function as potent Lewis 

acids under appropriate conditions.5 For instance, highly Lewis acidic Si(IV)- and Si(II) 

cations were found to efficiently catalyze Diels-Alder additions, Friedel-Crafts reactions, 

CïF hydrodefluorinations, and even olefin- and carbonyl hydrosilylations (Scheme 2).6  

 

 

Scheme 2: Cationic silicon Lewis acid catalyzed hydrosilylation and enantioselective neutral silicon co-catalyzed aldol 
reaction.7 

The utilization of silicon for potential catalytic applications is highly favorable due to its 

abundance and easy accessibility.8 Lewis acidic silicon compounds can be roughly divided 

into two categories. The first category comprises cationic silylium-based compounds, 

which exhibit high Lewis acidity due to the presence of a vacant p-orbital and their general 

cationic nature. The second category encompasses neutral silanes, which display Lewis 

acidity due to their ability to form higher coordination compounds with sufficiently Lewis 

basic moieties. Neutral Lewis acidic silanes display remarkable versatility in catalytic 

applications, participating in a variety of transformations spanning organic synthesis, 

polymerization, and material science.9 However, traditional neutral silicon acids, such as 

SiCl4, are constrained in their applications due to the highly reactive SiïCl bonds. In recent 

years, this issue has been circumvented by the introduction of geometrically constraining 

and/or perfluorinated alkyl- or aryl groups.10 Greb et al. demonstrated the utility of silicon-

based catalysts in promoting various organic reactions, including Diels-Alder 
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cycloadditions, ring-opening polymerizations, and CïH bond activations.11 One of the first 

examples was published by Tilley and coworkers (Scheme 3).12 

 

 

Scheme 3: Hydrosilylation by a neutral bis(catecholato)-substituted silicon Lewis acid. 

The employed bis(perfluorocatecholato)silane [Si(catF)2] demonstrated remarkable Lewis 

acidity, even surpassing B(C6F5)3, when tested by the Gutmann-Beckett method. 

Futhermore, the hydrosilylation mechanism with Si(catF)2 was found to proceed in an 

entirely different manner than the hydrosilylation process with B(C6F5)3 (Figure 1). It was 

demonstrated that the Si(catF)2-catalyzed hydrosilylation of aldehydes with enantiopure 

silanes is highly dependent on the polarity of the solvent. In the case of unpolar solvents, 

such as cyclohexane, a retention of the stereochemical configuration was observed to be 

predominant (70% ee). As the polarity of the solvent increased, a greater degree of 

racemization was observed. The authors detected, that the 1H-NMR chemical shift of 

Et3SiH does not change upon mixing with Si(catF)2, therefore they were able to propose 

an alternative mechanism (Figure 1). First, the initial stage of the catalytic cycle was found 

to differ from the one observed in B(C6F5)3-catalyzed hydrosilylations.13 Instead of the 

anticipated interaction between the Lewis acid and the silicon hydride, the coordination of 

the Lewis basic aldehyde to Si(catF)2 was identified as the initial step. This is followed up 

by a hydride transfer from the silane to the now highly electron deficient aldehyde. This 

results in the formation of a highly reactive silylium alkoxysilicate intermediate, which 

undergoes rapid siliconïoxygen bond formation, releasing the Si(catF)2 catalyst and 

forming the hydrosilylated product (Figure 1). This step is likely to be the one most heavily 

influenced by solvent effects, leading to the observed loss of stereo information with more 

polar solvents. In contrast, B(C6F5)3-catalyzed hydrosilylations initiate their catalytic cycle 

with the complexation of the SiïH moiety by the Lewis acid, resulting in a positive 

polarization of the silicon atom (Figure 1). This is followed by a nucleophilic attack of a 

Lewis basic moiety, such as an aldehyde or ketone, onto the activated silicon moiety, 

forming an SiïO bond. Subsequent to this, a hydride transfer from the BïH moiety occurs 

onto the electrophilic carbonyl carbon atom, releasing the product and B(C6F5)3. 
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Figure 1: Mechanism of the hydrosilylation of aldehydes with bis(perfluorocatecholato)silane and B(C6F5)3.12,13 

This illustrates the potential of silicon-based Lewis acids in elucidating novel pathways in 

catalysis that remain unexplored. 

1.2.1 Silylium ions 
 

The class of silicon-based Lewis acids with the highest Lewis acidity are the cationic 

silylium ions. In contrast to their smaller group 14 homologues, carbenium ions, silylium 

ions emerged much later, sparking controversial debates regarding their existence in 

condensed phases.14 Despite their delated introduction to the chemical field, the synthetic 

utilization of silylium ions as reactive intermediates and catalysts has recently gained 

momentum, marking a notable shift from their initial obscurity nearly four decades ago.6c,15 

The difficulties encountered in the isolation and characterization of silylium ions in their 

ñfreeò form (Figure 2), coupled with the intricacies of their coordination chemistry, 

contributed to their slow start. 
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Figure 2: The first truly free silylium ion reported by Lambert and coworkers in 1997.16 

The first report on a solvent and counter-anion free silylium ion was reported by Lambert 

and coworkers in 1997. They used the extremely bulky mesityl groups for the steric 

shielding of the vacant p-orbital at silicon (Figure 2).16 Due to the high Lewis acidity 

resulting from their three-coordinate cationic nature, as well as the highly electrophilic 

character of the silylium ion, the selection of a suitable solvent and counter-anion is a 

challenging task. This is because virtually any Lewis base can form a Lewis pair with the 

silylium ion. Consequently, unless adequately shielded, silylium ions are typically stabilized 

by Lewis-basic moieties, resulting in the formation of Lewis-base-stabilized silylium 

cations. 

 

1.2.2 Synthesis of silylium ions 
 

The choice of solvent and counterion represents the most critical aspects in the successful 

synthesis of silylium ions. The advancement of silylium ion chemistry has been paralleled 

by the evolution of weakly coordinating anions (WCAs).6b Only a select few weakly 

coordinating counterions are oxidatively robust, do not serve as a fluorine ions source, and 

are not nucleophilic enough to react irreversibly with silylium ions. Two anions in particular 

have emerged as promising candidates for the synthesis of silylium ions. The 

perfluorinated aryl borate [B(C6F5)4]ï and the perhalogenated closo-dodecaborate 

[B12Cl12]2ï (Figure 3).17 

 

 

Figure 3: The perhalogenated closo-dodecaborate [B12Cl12]2ï and the perfluorinated aryl borate [B(C6F5)4]ï. 

It is important to note that even when using fluorinated WCAs caution must be exercised. 

Compounds with C(sp3)ïF bonds, such as the fluorinated aryl borate [B(ArF)4]ï (ArF = (3,5-

CF3)C6H3), are unstable and decompose through fluoride abstraction by the highly Lewis 

acidic silylium ions, when the latter are not stabilized by Lewis bases.18 In general, the 

perchlorinated closo-borates exhibit greater nucleophilicity towards silylium ions than the 

perfluorinated aryl borate [B(C6F5)4]ï, binding through one of the chlorine atoms to the 

silicon cation.19 However, the superior crystallization properties exhibited by closo-borates 

and closo-carborates, which are imparted to their salts, compensate for the negative 

aspect of slightly higher nucleophilicity. The superior crystallization properties of closo-
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carboranes were effectively demonstrated through the solid-state characterization of the 

elusive SiH3
+ cation by Oestreich and colleagues.20 It is equally, if not more, crucial to 

select an appropriate solvent for the synthesis of silylium ions. Due to the extreme 

electrophilicity of silylium ions, all solvents except simple alkanes act as Lewis bases.6b 

However, the method of synthesis of silylium ions renders alkanes as unsuitable solvents, 

since they are unable to solubilize the reagents. A compromise between the Lewis basicity 

of the solvent and the solubility of the reagents was found in aromatic hydrocarbons, 

halogenated arenes, or even silanes.6b,15b The employed arenes either serve as -́ or ů-

donors, depending on the substituents, resulting in the formation of silylarenium ions,21 

silylated arylhalonium ions22 or bissilylhydronium ions22b,23 (Figure 4). 

 

 

Figure 3: Different solvent adducts with the triethylslilylium ion. 

In general, the fluorinated arenes are more reactive than the chlorinated arenes, due to 

the high fluorophilicity of the silylium cation.24 It is unfortunate that aromatic hydrocarbons, 

halogenated arenes, or silanes are poor solvents for the salt-like nature of silylium ions. 

This often results in long reaction times and the formation of two phases, with the denser 

lower phase containing the silylium ion species. Such oily layers are often challenging to 

purify by recrystallization. The use of solvents with higher basicity, such as ethers and 

nitriles, results in the formation of silyloxonium ions18 and silylnitrilium ions25 (Figure 3), 

rendering them unsuitable for the handling of ñfreeò silylium ion species. Halogenated 

alkanes, such as CH2Cl2, represent an ideal solvent for the chemistry of organic salts. 

Nevertheless, for the synthesis of non-stabilized silylium ions, CH2Cl2 can only be 

employed up to temperatures of ï40ÁC. Extended exposure to temperatures above ï40ÁC 

results in the formation of chlorosilanes and the decomposition of the solvent.18,26 The early 

synthesis of silylium cations were conducted in accordance with established procedures, 

derived from the synthesis of carbocations. These procedures included the heterolytic 

cleavage of SiïX (X = Hal, OAlkyl) bonds. Nevertheless, while these techniques proved 

effective for the synthesis of carbocations, they were unsuccessful for the synthesis of 

silylium cations. One of the difficulties encountered was demonstrated by the attempt at 

synthesizing silylium cations by Olah and colleagues (Scheme 4).27 

 

 

Scheme 4: Attempted synthesis of silylium cations by Olah and coworkers in 1969.27 

The reaction of trimethyl(methoxy)silane with magic acid (HSO3FĀSbF5) in liquid sulfur 

dioxide demonstrated that the highly Lewis acidic environment indeed protonated the 

trimethyl(methoxy)silane, resulting in the formation of trimethyl(fluoro)silane. The 

trimethyl(fluoro)silane interacts with SbF5, yet no silylium cation intermediate could be 
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observed (Scheme 4).27 Despite the absence of evidence for the presence of silylium 

cations in this example, subsequent attempts for the synthesis of silylium cations via the 

cleavage of SiïX (X=Hal, OAlkyl) bonds have identified a bissilylated halonium 

intermediate (1) (Scheme 5).28 

 

 

Scheme 5: Reactivity of the bissilylated halonium ion 1. 

The obtained bissilylated halonium ion 1 slowly decomposes above ï50ÁC forming tri-tert-

butylchlorosilane and the highly reactive tri-tert-butyl silylium cation, which immediately 

abstracts a fluorine atom from the aluminate counter-anion forming the zwitterionic silylium 

fluoroaluminate species 2 (Scheme 5). This demonstrates that halogen moieties, 

particularly fluorine atoms, should be avoided during the synthesis and handling of silylium 

ions. Nowadays the most successful method for synthesizing silylium ions is a specific 

version of the Bartlett-Condon-Schneider hydride transfer29, referred to as the Corey 

reaction.30 The reaction is initiated by the heterolytic cleavage of an SiïH bond by a strong 

electrophile, which is paired with a robust weakly coordinating anion. In the overwhelming 

majority of cases, the electrophile of choice is the triphenylmethylium cation [trityl, Ph3C+]. 

Upon reaction with silanes, the inert side product Ph3CH is formed. This is possible due to 

the thermodynamic driving force involved in the Corey reaction. Due to the more 

electropositive nature of silicon (Pauling electronegativities: (Si) 1.9, (C) 2.6) compared to 

carbon, silyl cations are thermodynamically more stable than carbocations. Ab initio 

calculations indicate that [H3Si]+ is more stable than [H3C]+ by 225 kJ mol-1. Both silylium 

ions and carbocations are stabilized by the same type of substituents, but silicon to a much 

lesser extent. For instance, [Ph3Si]+ is stabilized by 244 kJ mol-1 in comparison to [H3Si]+, 

whereas [Ph3C]+ is more stable than [H3C]+ by 454 kJ mol-1.31 This discrepancy can be 

attributed to the dissimilarities in the dimensions of the 2p orbitals of carbon and the 3p 

orbitals of silicon. In the case of silylium cations, this results in a less efficient overlap of 

orbitals, which in turn leads to less efficient hyperconjugative interactions and resonance 

effects between the central silylium cation and its carbon substituents. The trityl cation can 

be prepared with a variety of different weakly coordinating anions (WCAs). Examples 

include perfluorinated tetraarylborates,32 perhalogenated closo-carborates,33 

perhalogenated closo-borates34 and perfluorinated aluminates.35 The selection of counter-

anion has a crucial influence on the course of the Corey reaction when conducted in 

unpolar solvents (Scheme 6). 
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Scheme 6: Different outcomes of the Corey reaction with the triphenylmethylium cation, depending on the WCA used. 

In unpolar solvents such as toluene, hydride abstraction from triethylsilane with tritylium 

tetrakis(pentafluorophenyl)borate leads to the formation of the solvent-stabilized silylated 

arenium ion 3. The same reaction, when performed with the closo-carborate, yielded the 

anion-stabilized silylium ion 4, owing to the fact that these anions are stronger donors than 

the solvent itself. When both reactions are performed in solvents with a higher polarity, 

such as halogenated arenes, ethers, or nitriles, the outcome of both reaction pathways is 

the same due to both reactions forming the corresponding silylonium ions.6b The reaction 

times are also highly dependent on the choice of counterions. While reactions of tritylium 

salts with perfluorinated arylborate counterions usually proceed within minutes at room 

temperature, reactions with tritylium salts of closo-carborates or closo-borates usually 

extend to a few hours or days of reaction time. In polar solvents, the reaction times of both 

closo-carborates and closo-borates are significantly shortened due to their higher 

solubility, while the reaction times of perfluorinated arylborates are not significantly 

affected.22b,23 Another well-established synthesis pathway for silylium ions is the 

dehydrogenative protolysis by strong Brßnsted acids.20,36 The protonation of di-tert-

butylsilane with Reeds benzenium ion [H(C6H6)] [HCB11H5Br6] results in the evolution of 

dihydrogen and the formation of the corresponding silylium ion (Scheme 7).20 

 

 

Scheme 7: Reaction of Reeds benzenium ion with different silanes.20 

The chemoselectivity of this protonation remains incompletely understood, as evidenced 

by the observation that in the case of di-tert-butylphenylsilane, no dihydrogen is evolved, 

but rather protodesilylation of the phenyl group is observed (Scheme 7). This observation 

is analogous to previously investigated protodesilylations of silanes with trifluoroacetic 
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acid.37 However, when Brookharts acid (H(OEt2)2)[BArF
4] (ArF = 3,5-(CF3)2C6H3) is 

employed in the same reaction, which is typically not a suitable counterion for silylium 

cations due to C(sp3)ïF bond activation, the SiïH group of di-tert-butylphenylsilane is 

selectively cleaved over the phenyl moiety. A crucial aspect to be considered is the solvent 

present. Current research indicates that more polar solvents, such as EtϜO, tend to favor 

the dehydrogenative pathway, whereas unpolar solvents tend to lead to protodesilylation 

of the phenyl group. This protocol is not limited to SiïH or silylated arenes; it can also be 

extended to other SiïC(sp2) bonds.38 

1.2.3 Stabilized silylium ions 
 

Silylium ions, which possess high electrophilicity, are almost always stabilized in some 

manner, even when seemingly non-Lewis basic moieties such as arenes or silanes are 

used as solvents. Consequently, the formation of truly free silylium ions is only possible 

when the highly electrophilic cationic silicon center is shielded from any interactions by 

bulky ligands (see Figure 2). However, the use of bulky ligands results in the inhibition or 

limitation of the catalytic activity of silylium cations.16 Therefore, a finely tuned stabilization 

of silylium ions is necessary in order to allow their practical application in catalysis.15b The 

stabilization of silylium ions can be achieved in two ways: by adding a Lewis base to the 

already solvent-stabilized silylium ions or by preparation of the silylium ion in the presence 

of a stabilizing base either inter- or intramolecularly. Alternatively, the silylium ion can be 

stabilized by an anion. The stabilizing approach presents both advantages and 

disadvantages. One advantage is that less electrophilic reagents are required for the 

preparation of silylium ions. This is exemplified by the case of the preparation of stabilized 

silylium ions through heterolytic cleavage of SiïCl bonds with the silver or sodium salts of 

weakly coordinating anions. This approach is only viable when strongly donating Lewis 

bases are present. Furthermore, solvents such as CHϜClϜ can be employed, which are 

typically incompatible with less stabilized silylium ions.18,39 One disadvantage of this 

methodology is that it may result in a reduction of reaction speed, as the electrophiles 

employed, such as the tritylium cation, do compete with the hydride abstraction process, 

leading to the formation of a Lewis adduct (Scheme 8). 

 

 

Scheme 8: Competing reactions in the formation of donor stabilized silylium ions. 

Due to the large ů-donor influence by pnictogen- and chalcogen atoms one may ask the 

question whether these atoms should be classified as silylium ions or rather silylated 

onium ions. Although the ů-electron donation significantly lowers the Lewis acidity of the 

silylium cation, the positive charge remains largely on silicon due to its relatively low 

electronegativity.40 The extent to which the silicon center loses its Lewis acidity is 

contingent upon the type of heteroatom selected and the steric environment surrounding 
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the Lewis acidic silylium cation and the donor Lewis base.40 Consequently, a judicious 

choice of donor-types and steric hinderance enables the tailored tuning of the Lewis acidity 

of silylium ions for Lewis acid catalysis.41 Silylonium ions have been identified as key 

intermediates in transformations mediated by silicon based Lewis acids, whereby the 

energy of the lowest unoccupied orbital of the Lewis basic substrate is lowered by Lewis 

adduct formation.15b A prominent class of reactions following this principle are silylium ion-

promoted deoxygenation reactions (Scheme 9). In these reactions, carbonyl moieties are 

reduced to the corresponding alkyl groups using silanes. It is noteworthy that the reactivity 

of silylonium ion-based Lewis acids differs markedly from that of boron-based Lewis acids, 

which only reduce carbonyl moieties to the corresponding alcohols via a hydrosilylation 

mechanism. In an demonstrative example by Piers and colleagues, acetophenone was 

reduced to ethylbenzene in the presence of catalytic amounts of [Ph3C][B(C6F5)4] (Scheme 

9).42 In conjunction with previous studies conducted by the group of Kira, which reported 

the deoxygenation of benzophenone in the presence of in situ prepared [Ph3C][B(3,5-

(CF3)C6H3)4], a mechanism could be formulated (Scheme 9).43 

 

 

Scheme 9: Deoxygenation of acetophenone and the proposed catalytic cycle of deoxygenations mediated by silylonium 
ions.42,43 

First, the silylium cation 5+, stabilized by a donor moiety, either solvent, hexa-iso-

propyldisiloxane or tri-iso-propylsilane coordinates to the Lewis basic carbonyl function of 

acetophenone. This forms the Lewis adduct 6+, to which a tri-iso-propylsilane molecule 
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can transfer its hydride, possibly assisted by the oxygen atom (transition state 7+). The 

newly formed hexa-iso-propyldisiloxane in is a superb leaving group, therefore leaving the 

oxonium ion 8+ and forming the carbocation 9+. The newly formed carbenium ion 9+ is 

Lewis acidic enough to abstract a hydride from tri-iso-propylsilane, thereby regenerating 

the donor stabilized silylium ion 5+ and forming ethylbenzene in the process.42 The groups 

of M¿ther and Oestreich demonstrated that this catalytic cycle can be modified to yield the 

intermediate alcohol by using silanes with an enhanced hydricity. This enables hydride 

transfer directly to the Lewis adduct 6+ without needing to proceed to the oxonium assisted 

transition state 7+.44 The electrophilic activation of carbonyl groups induced by silylium ions 

can also be transferred to carbon monoxide moieties. In a notable example from 2018, it 

was demonstrated that the electrophilic formylation of arenes was feasible with silylium 

ions and carbon monoxide (Scheme 10). However, the quantum chemical calculations 

indicated that carbon monoxide is not the activated species in this case, but rather the 

silyl-arene cation. This is based on the observation that both the [Et3Si(CO)]+ and 

[Et3Si(OC)]+ cations are more stable than the arene-stabilized cation [Et3Si(C6H6)]+.45 

 

 

Scheme 10: Formylation of benzene mediated by the tri-iso-propylsilylium cation.45 

This formylation reaction reflects nicely, that the reactivity of stabilized silylium ions is 

analogous to that of frustrated Lewis pairs (FLPs). In a certain sense, stabilized silylium 

ions can also be regarded as frustrated Lewis pairs, when both Lewis centers are shielded 

properly from each other. 

 

1.3 Frustrated Lewis Pairs (FLPs) 

 

Over the past few decades, organometallic chemistry has yielded a plethora of 

groundbreaking reactions, made possible by the meticulous selection of ligand systems 

and transition metals. Examples of such applications include hydrogenation catalysis,46 

chiral catalysts for asymmetric synthesis,47 cross-coupling reactions for the formation of 

new CïC bonds48 and metathesis catalysis.49 All of these reactions make use of the 

bifunctional role of transition metals, which possess the capacity to accept electron density 

from a substrate molecule and donate electron density to the anti-bonding orbitals via 

back-bonding. This facilitates the lowering of the activation barrier of substrates, thereby 

rendering them more susceptible to chemical transformations. In main group chemistry, 

the ability to accept electron density, particularly among group 13 elements, has long been 

recognized and has been extensively employed in Lewis acid catalysis (for examples see 

section 1.2). Similarly, the ability to donate electron density into anti-orbitals has also been 

well-documented and utilized in the form of Lewis base catalysis.50 However, combining 

both concepts into a bifunctional role usually results in the formation of a Lewis acid-base 

adduct, which negates the desired effects of both Lewis acid and base. In the mid-2000s, 
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a selection of seminal publications from the group of Douglas W. Stephan emerged, 

successfully combining both concepts, and paving the way for a chemistry which is known 

today as Frustrated Lewis Pairs (FLPs).51 The fundamental concept is relatively 

straightforward: Lewis acids and bases are prevented from combining by geometrical 

and/or steric hindrance (Figure 4). 

 

Figure 4: Representation of the concept of an intramolecular frustrated Lewis pair. 

Nevertheless, it is important to recognize that the synthesis of FLPs is not straightforward. 

It should be noted that not all possible combinations are viable. It is necessary that either 

the Lewis acid or base be sufficiently Lewis acidic or basic, to generate an electric field 

between both moieties strong enough, to enable substrate activation.52 The electric field 

generated by the Lewis acid and base is also highly dependent on the distance between 

both Lewis centers.53 In the event that both Lewis centers are situated at an excessive 

distance from one another, no reaction will occur due to the electric field being insufficient 

or the orbital distance being excessively disparate. Conversely, if both Lewis centers are 

positioned in close proximity, Lewis acid/base adduct formation will occur, once more 

impeding reactivity.51d In the event that all of the aforementioned parameters are met, there 

remains the possibility that the substrates may be unable to reach the reaction center due 

to steric shielding preventing their approach.54 Nevertheless countless successful 

examples were reported in the literature within the last two decades.55 The most successful 

class of FLPs are undoubtedly boron/phosphorus Lewis pairs with numerous examples 

able to catalyze hydrogenation reactions (Figure 5).51b,51d 

 

 

Figure 5: Examples of intra- and intermolecular P/B FLPs hydrogenation catalysts. 

Although intermolecular FLPs are more readily synthesized than intramolecular FLPs, 

typically involving the simple mixing of a Lewis acid like B(C6F5)3 with commercially 



 

13 
 

available bases, the effort expended in synthesis is worthwhile due to the markedly 

enhanced ability of intramolecular FLPs to activate and transfer dihydrogen.54 The 

combination of group 13 and group 15 elements has attracted considerable attention in 

the field of FLP chemistry. This is in stark contrast to combinations with group 14 elements 

such as silicon. As previously mentioned in chapter 1.2.1, silylium cations are strong Lewis 

acids, isolobal to boranes, but with a higher electrophilicity due to the longer silicon-

alkyl/aryl bonds shielding the silylium cation less efficiently. Consequently, they should be 

ideal candidates for the synthesis of new FLPs based on silicon, albeit more difficult to 

shield from Lewis bases. The higher Lewis acidity of the positively charged silylium ion 

compared to boranes should also enhance the reactivity spectrum of the FLPs, making 

the use of lower Lewis basic moieties possible.56 Indeed, the M¿ller group demonstrated 

that the combination of the sterically encumbered silylium ion [Si(C6Me5)3]+ [B(C6F5)4]- with 

the shielded phosphorus Lewis base P(Mes)3 will irreversibly activate H2 at room 

temperature (Scheme 12). However, the selection of the Lewis base was of paramount 

importance, as other employed Lewis bases, such as P(C6F5)3, yielded an unidentifiable 

mixture of products.57 The steric hindrance of silylium-based FLPs is also of particular 

significance, as it can not only result in the quenching of FLP reactivity but also in the 

occurrence of a protonation side reaction (Scheme 12). It is known that trialkyl silylium ions 

can form silylated arenium complexes, which act as Brßnsted acids (Scheme 12).58 

 

 

Scheme 12: Activation of H2 by silicon Lewis acid based FLP and silylated arenium salts behaving as Brønsted acids. 58 

The M¿ller group circumvented this problem by employing highly sterically demanding aryl 

groups, which do not form solvent complexes due to their steric shielding (Scheme 12).59 

The limited current empirical evidence on the mechanism by which FLPs can 

heterolytically cleave dihydrogen provides only an incomplete picture.60 However, two 

main mechanisms have been discussed in the literature based on theoretical and 

computational methods (Figure 6).61 P§pai and colleagues initially proposed a model 

wherein the electron density is transferred from the lone electron pair of the Lewis base 

into the antibonding ů*-orbital of dihydrogen and simultaneously from the bonding ů-orbital 

of dihydrogen into the empty p-orbital of the Lewis acid. These synergistic electron 

transfers result in a weakening of the bond to the point of heterolytic cleavage (Figure 
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6a).62 Subsequent research conducted by Grimme and colleagues demonstrated the 

presence of a substantial electrical field within the encounter complex of frustrated Lewis 

pairs. The computational methods employed demonstrated that a sufficiently strong 

electrical field can split dihydrogen heterolytically, which led to the formulation of the 

electric field theory (Figure 6b).63 This mechanism can allow for a heterolytic pathway, as 

well as a homolytic cleavage pathway, which has also been observed empirically in 

frustrated Lewis pairs.64 Further research utilizing the Localized Molecular Orbital Energy 

Decomposition Analysis (LMOEDA) with the classical FLP model NH3ïBCl3 has 

demonstrated that electrical fields do play a significant role in the initial polarization of the 

H2 molecule. However, their overall contribution in comparison to orbital interactions is 

relatively minor, suggesting that the electrical fields generated by FLPs are not sufficiently 

strong enough to split dihydrogen on their own.60c,65 In conclusion, the current state of 

knowledge is a combination of both the electric field model and the electron transfer model, 

with the electric field model being dominant in the initial polarization of the H2 molecule 

allowing for the subsequent splitting of the HïH bond via the mechanism of the electron 

transfer model.65 

 

 

Figure 6: The two discussed models by which FLPs can activate and split dihydrogen. 

The activation of the dihydrogen molecule is a challenging process due to the low 

polarizability of the HïH bond. In contrast, small unpolar molecules like COϜ are more 

readily fixated, particularly when considering the high oxophilicity of silicon. Nevertheless, 

even in this case, certain challenges do arise, as M¿ller and colleagues have 

demonstrated (Scheme 13).59 

 

 

Scheme 13: Fixation of CO2 by a Si/P FLP (Counterion B(C6F5)4ï omitted for clarity). 

The same silylium ion [Si(C6Me5)3]+ [B(C6F5)4]ï which was employed for dihydrogen 

activation in Scheme 12 with the same solvent and reaction conditions, was employed for 

CO2 fixation aswell. However, in this case triarylphosphanes showed no reaction towards 

CO2. The use of trialkylphosphanes resulted in the fixation of CO2. These findings 

demonstrate that subtle alterations in steric and electronic properties can profoundly 
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influence the reactivity of FLPs. Consequently, further investigation into this topic is 

essential. 

1.3.1 Intramolecular FLPs 
 

As previously mentioned, Frustrated Lewis pairs consist of a Lewis base and acid, which 

are sterically or geometrically restrained from combining into a Lewis acid/base adduct. If 

both Lewis centers are contained within one molecule these species are called 

intramolecular frustrated Lewis pairs. Compared to intermolecular FLPs these species are 

generally more reactive, since intramolecular reactions are always faster than 

intermolecular reactions.54 This makes the intramolecular FLPs the species of choice for 

catalytic applications such as hydrogenations (see Figure 5).51b,51d Steric factors play an 

important role in the design and the reactivity of FLPs (see section 1.3), however when 

intramolecular FLPs are considered another steric factor needs to be taken into 

consideration, which is the ring strain. Consequently, the strength of interaction of a Lewis 

acid with its Lewis basic counterpart within an intramolecular FLP is also dependent upon 

the ring size. In 2015 M¿ller et al. has published a study of the interaction of silylium cations 

with pnictogen Lewis bases (Scheme 14).66 In this study of M¿ller the cyclization reactions 

towards differently sized silylated phosphonium ions were studied. It was found, that the 

cyclization reaction only yielded the desired phosphonium ion ring systems when five-or 

higher membered rings were obtained (Scheme 14). For lower-membered ring systems a 

Lewis acid/base reaction between the Lewis basic phosphine moiety and the Lewis acidic 

tritylium cation [Ph3C]+ was observed (Scheme 14).66 

 

 

Scheme 14: Cyclization reaction of silylated phosphonium ions of different ring sizes. 

The root cause of this discrepancy in reactivity was found to be the thermodynamic 

preference of the Lewis acid/base reaction, over the hydride abstraction, when three-or 

four-membered cyclic phosphonium ions would be the products.66 While smaller, four-

membered ring systems, are known for donors like nitrogen,67 no four-membered ring 

systems, utilizing phosphine chalcogenides as donors for stabilizing silylium ions, are 

known. The smallest ring size synthesized, with Ph3C[B(C6F5)]4 as an hydride abstracting 

reagent, were just five-membered cycles.68 In 2021 our group circumvented this problem 

by employing B(C6F5)3 as an hydride abstracting reagent, finally making access to the four-

membered phosphonium ions possible (Scheme 15).69 
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Scheme 15: Synthesis of four-membered heterocyclic silyl phosphonium sulfide cations. 

Furthermore, light could be shed onto the mechanism by which 

tris(pentafluorophenyl)borane abstracts the hydride from silicon to form the four-

membered ring systems. This was achieved by employing an enantiopure silicon center 

as a stereochemical probe.69 It was found that the hydride abstracting proceeds via an 

backside attack from the P+ïSï donor moiety onto the silicon center. While the mechanism 

was elucidated, little is known about the steric effects making this cyclization to four-

membered phosphonium ions even possible. In the aforementioned example by M¿ller it 

is obvious that ring strain plays a significant role in the cyclization of these systems,66 

however the steric and electronic effects governing these reactions are still unknown. 
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2 Research Objectives 

As previously stated in the introduction, silicon can function as a robust Lewis acid in both 

its tetravalent coordination state and its cationic tricoordinate state. In the cationic silylium 

ion state, partial stabilization by a Lewis base is required to use these highly reactive 

species in catalytic applications. The introduction of a steric separation which allows for 

the stabilization of the silylium ion, but does not fully quench its Lewis acidity, has the 

potential to act as a frustrated Lewis pair, further enhancing the possibility of catalytic 

applications. The objective of the third chapter was to stabilize the highly electrophilic and 

Lewis acidic silylium cation by employing different phosphine chalcogenide Lewis bases. 

The ability to synthesize the four-membered heterocycles is influenced by the presence of 

different types of chalcogens and steric factors. Our objective was to quantify the amount 

of stabilization obtained by different substitution patterns. Furthermore, the question of 

whether ring strain in these four-membered heterocycles contributes to the reduction in 

Lewis base stabilization was examined. In chapter four, this study was extended to 

phosphinimide-stabilized cationic silylium ions. The possibility to introduce another 

substituent when using nitrogen-based donor moieties, different to chalcogen-based donor 

moieties, allowed us to deepen our understanding of steric and electronic factors 

influencing the Lewis acidity at silicon. This also allowed us to introduce a second boron-

based Lewis acid, which competed with the silicon center for the Lewis basic 

phosphinimine electron density. As a result, the electronic destabilization, induced by 

boron Lewis acid competition, of the phosphinimine-silicon interaction could be studied. 

For the first time, this motif of destabilization allowed us to successfully employ these 

species as a catalyst for hydrosilylations. In chapter five neutral silicon-based Lewis acids 

instead of cationic silylium ions were anchored to phosphine sulfides and their interaction 

was studied in terms of Lewis acidity and strength of donor-acceptor interaction. Different 

substituents on silicon were tested for their ability to increase the Lewis acidity at silicon. 

Due to the less electrophilic and Lewis acidic nature of neutral silicon Lewis acids 

compared to cationic silylium-based Lewis acids, the thermodynamic and kinetic barriers 

for a reversible donor coordination to the Lewis acid were lowered. Therefore, a reversible 

Lewis acid/base interaction could be observed, which revealed a dynamic equilibrium 

between the tetra- and pentacoordinate states of the Lewis acidic silicon center. Finally, it 

was shown, that this equilibrium is not indefinitely stable and the pentacoordinate silicon 

state undergoes a clean and uncatalyzed dehydrogenative SiïH/NïH coupling forming 

again a tetravalent silane in the process.   

Silanethiols have emerged as potent hydrogen-atom transfer catalysts in radical-chemistry 

over the past two decades. They are particularly useful in polarity-reversal catalysis (PRC), 

replacing one single polarity-mismatching reaction step with two polarity-matching reaction 

steps, thereby significantly enhancing the overall reaction rate. However, their employment 

has been limited to only a few examples. This is in part due to the lack of synthetic 

procedures for this class of built for purpose only compounds, especially considering 

enantiopure silanethiols. The sixth chapter is devoted to the synthesis and characterization 

of novel enantiopure silanethiols and their subsequent application as asymmetric 

hydrogen-atom-transfer catalysts in a deracemization sequence consisting of a hydrogen-

atom transfer, photocatalytic radical-polar crossover, and subsequent protonation for 

benzylic substrates. 
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The objectives of this work can be summarized as follows: 

 

Á Development of an innovative, efficient synthetic pathway towards novel 

phosphine chalcogenide or phosphine imine modified silanes. 

Á Synthesis and characterization of novel neutral silicon Lewis acids and 

investigation of their dynamic Lewis base stabilization behavior. 

Á Synthesis and characterization of novel enantiopure silanethiols, and 

determination of their efficacy as enantioselective catalysts in a deracemization 

sequence for benzylic substrates consisting of an enantioselective hydrogen 

atom transfer followed by a photocatalytic radical-polar crossover and finally 

protonation. 

Á Evaluation of the influence of donor-atom type and steric factors on Lewis base 

stabilization of silylium cations in four-membered heterocyclic rings. 

Á Obtaining detailed information about the bonding situation within four-membered 

phosphine chalcogenide-stabilized silicon centers, and evaluation of crucial 

steric and electronic parameters influencing the stabilization of the Lewis acidic 

silicon center using computational methods.  
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3 Structural and Electronic Effects on Phosphine 

Chalcogenide-Stabilized Silylium Centers in Four-

Membered Heterocyclic Cations 

 

Preface 

A synthetic version of the following chapter has already been published. 

Reprinted (adapted) with permission from A. Falk, J. O. Bauer Inorg. Chem. 2022, 61, 

15576ï15588.  
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3.1 Abstract 

Understanding the interplay of structural and electronic parameters in the stabilization of 

Lewis acidic silicon centers is crucial for stereochemical questions and applications in 

bond activation and catalytic transformations. Phosphine chalcogenide-functionalized (Ch 

= O, S, Se) hydrosilanes having tert-butyl or 2,4,6-trimethoxyphenyl (TMP) substituents on 

the silicon atom were synthesized and the ring-closing reactions to afford the heterocyclic 

four-membered CPChSi cations investigated. Synthetic access was only achieved for the 

sulfur- and selenium-based cations. A thorough study by means of single-crystal X-ray 

structure determination, NMR spectroscopic data, and density functional theory (DFT) 

calculations provided insight into important electronic and structural parameters affecting 

the stability of the intramolecularly stabilized cations. The angular strain within the four-

membered rings appears to be quite balanced in all four-membered CPChSi rings 

investigated. Thermochemical investigations showed that the substituents on the silicon 

and phosphorus atoms play an important role for the strength of the intramolecular ChïSi 

coordination. In the absence of large steric repulsions through bulky substituents (methyl 

groups on silicon, tert-butyl groups on phosphorus), a stability sequence depending on the 

chalcogen atom in the direction Se Ò S < O can be observed. However, the order is 

reversed (O < S < Se) in case of strong repulsions between sterically demanding 

substituents (tert-butyl groups on both silicon and phosphorus atoms). Natural bond orbital 

(NBO) analysis supported the explanations for the observed deshielding trends in 31P NMR 

spectroscopy, and revealed that the OïSi bond is more ionic in nature compared to the Sï

Si and SeïSi bonds, the latter exhibiting higher covalent character due to a more efficient 

charge transfer through an nCh Ÿ pSi interaction. 

3.2 Introduction 

Small inorganic ring systems are an interesting class of compounds and often show 

intriguing electronic properties.1 The chemistry of heterocyclic main-group element 

compounds in which a donor function intramolecularly stabilizes a Lewis acidic center has 

received considerable attention for many years. Initially, the focus of interest was on 

intramolecularly stabilized group 13 elements,2 which gained renewed attention 

particularly in the context of the developments in the field of frustrated Lewis pairs (FLPs).3 

In the last decades, as a result of the exploration of new reactions catalyzed by Lewis 

acidic compounds,4 the potential of the tremendous Lewis acidity of silylium ions has 

increasingly been recognized.5 This significantly affected the development of entirely new 

synthesis methods and stimulated progress in the design of novel silicon-based Lewis acid 

catalysts.6 Now, the scope of catalytic applications using silylium ions covers a wide range 

of transformations.7 Silylium ions stabilized intramolecularly by a Lewis base became 

attractive targets, as this allows their strong Lewis acidity to be tamed and adjusted, and 

stereochemical information to be transferred to the silicon center. Oestreich and co-

workers reported the intramolecular stabilization of a silylium center by sulfur and nitrogen 

donor atoms introduced through dithioacetal and oxazoline functions, respectively, and 

studied the effect of the donor atom on the reactivity.8 M¿ller et al. studied cyclic silylated 

group 15 element onium ions and the dependence of the intramolecular stabilization on 

the ring size and the nature of the pnictogen atom.9 Five- and six-membered cycles were 

synthesized, but no smaller ring sizes could be achieved.9 The study of the intramolecular 

chalcogenïsilicon bond in catalytically active cyclic chalconium ions by the same group 

surprisingly revealed that the SiïO bond was the weakest of the SiïCh interactions (Ch = 

chalcogen).10 Consequently, the oxonium ion was also assigned the highest Lewis acidity 

of all cyclic chalconium ions.11 This concept of intramolecular stabilization of silyl cationic 

centers has also been extended to halogen substituents, which show that the silicon Lewis 



 

28 
 

acidity decreases as the halogen atom gets heavier.12 Other intriguing examples of 

nitrogen-, phosphorus-, oxygen-, and sulfur-stabilized silylium ions have stimulated 

promising applications in bond activation and catalysis.13 In recent years, the 

intramolecular stabilization of silylium ions has been further explored, particularly with 

regard to the generation of stereogenic Lewis acidic silicon centers with defined 

configurations.14,15 Phosphine chalcogenide functions are known for their interesting 

coordinating abilities.16 We recently reported a new type of four-membered heterocyclic 

cations in which the elusive silyl cationic center is intramolecularly stabilized, thus 

generating a configurationally stable stereogenic silicon center.15 The starting compounds 

chosen for these studies were equipped with a P+ïSï moiety that intramolecularly 

promoted the hydride abstraction by B(C6F5)3 (Scheme 1, top). Consistent with a strong 

siliconïsulfur interaction and a strongly tamed Lewis acidity, we classified these cyclic 

cations as phosphonium rather than silylium ions. Starting from a protonated hydrosilane, 

we were also able to generate different substituent patterns on the silicon atom via an 

elimination reaction, which enables an easy switch in chemoselectivity depending on the 

solvent mixture (Scheme 1, bottom).15 

 

 

Scheme 1: Previously reported access toward four-membered heterocycles by our group.15 Top: Stereospecific ring 
formation. Bottom: Solvent-dependent chemoselectivity switching starting from a protonated hydrosilane 

Continuing our research on main group element-based heterocyclic systems,17 we herein 

set out to systematically investigate the structural properties (angular strain, substituent 

effects) and the electronic nature of four-membered heterocyclic CPChSi cations. 

Phosphine chalcogenide-functionalized hydrosilanes were synthesized and their ring-

closing reactions studied. The effect of the chalcogenide of the P+ïChï (Ch = O, S, Se) 

unit and the influence of the substituents bound to the silicon atom (tert-butyl, methyl, and 

2,4,6-trimethoxyphenyl) on the strength of the intramolecular stabilization of a silylium 

center in four-membered cycles were elucidated. Structural, NMR spectroscopic, and 

quantum chemical data were evaluated in detail to provide a comprehensive picture of the 

key parameters affecting the stability of the PïChïSi linkage. 
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3.3 Results and Discussion 

Synthetic Approach, Molecular Structures, and NMR Spectroscopy. We started our 

investigations with the synthesis of the silylated phosphorus(V) chalcogenides 3ï6 

(Scheme 2). The phosphine sulfides 3 and 4 were synthesized according to our previously 

reported procedure15 by direct reaction of the corresponding chlorosilane 1 or 2 with 

LiCH2P(S)(tBu)2 in good yields of 85% and 77%, respectively. For both the phosphine 

oxide 5 and the selenide 6 an alternative synthetic route was employed. First, di-tert-

butylchlorosilane (1) was reacted with freshly prepared LiCH2P(tBu)217,18 followed by 

oxidation of the phosphorus(III) intermediate either with oxygen, resulting in compound 5, 

or using grey selenium to afford compound 6. The two products were obtained in moderate 

(5: 26%) and good (6: 71%) yields over two steps. 

 

 

Scheme 2: Synthesis of silyl phosphine chalcogenides 3ï6 

The phosphine chalcogenides 3ï6 crystallized in the monoclinic crystal system, space 

groups P21/c (3ï5) and P21/n (6) (Figures 1 and 2). All compounds show an enlarged Pï

CïSi angle caused by the high steric demand of the substituents bound to the silicon and 

the phosphorus atom. The (di-tert-butyl)silyl-substituted species 5 (Ch = O), 3 (Ch = S), 

and 6 (Ch = Se) follow a trend of slightly increasing PïCïSi angles [121.02(6)Á < 

123.19(7)Á < 124.3(1)Á] in the same direction as the atomic radii of the chalcogenides and 

the PïCh bond lengths increase [PïO: 1.4958(8) ¡ < PïS: 1.9650(5) ¡ < PïSe 2.1164(7) 

¡]. The bis(2,4,6-trimethoxyphenyl)silane 4 shows the smallest PïCïSi angle with 

118.90(9)Á due to the lower steric demand of the substituents around the silicon atom. 
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Figure 1: Molecular structures of phosphine chalcogenides 3 and 4 in the crystal (displacement ellipsoids set at the 50 % 
probability level). Selected bond lengths (Å) and angles (°) of 3 (123.0(1) K): P(2)ïS(2) 1.9650(5), P(2)ïC(26) 1.824(1), Si(2)ï
C(26) 1.906(1), P(2)ïC(26)ïSi(2) 123.19(7), C(26)ïP(2)ïS(2) 114.34(5). 4 (122.9(1) K): S(1)ïP(1) 1.9699(6), P(1)ïC(1) 
1.8179(6), Si(1)ïC(1) 1.8991(6), P(1)ïC(1)ïSi(1) 118.90(9), C(1)ïP(1)ïS(1) 113.51(6). 

 

 

Figure 2: Molecular structures of phosphine chalcogenides 5 and 6 in the crystal (displacement ellipsoids set at the 50 % 
probability level). Selected bond lengths (Å) and angles (°) of 5 (123.0(1) K): P(1)ïO(1) 1.4958(8), P(1)ïC(1) 1.814(1), Si(1)ï
C(1) 1.893(1), O(1)ïP(1)ïC(1) 114.09(5), P(1)ïC(1)ïSi(1) 121.02(6). 6 (123.0(1) K): P(1)ïSe(1) 2.1164(7), P(1)ïC(1) 
1.822(2), Si(1)ïC(1) 1.905(2), P(1)ïC(1)ïSi(1) 124.3(1), C(1)ïP(1)ïSe(1) 114.45(8). 
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Phosphine sulfide 3 and selenide 6 were easily converted into the corresponding 

heterocyclic phosphoniumïhydroborate ion pairs 7[HB(C6F5)3] and 8[HB(C6F5)3] by 

hydride abstraction with tris(pentafluorophenyl)borane (Scheme 3). After 7 days exposure 

to B(C6F5)3 in pentane, products 7[HB(C6F5)3] and 8[HB(C6F5)3] were directly obtained in 

crystalline form in good yields of 77% and 93%, respectively. It is noteworthy that the 

formation of the cyclic phosphonium ions 7 and 8 from the reactions of compounds 3 and 

6, respectively, using [Ph3C][B(C6F5)4] as hydride abstracting reagent was unsuccessful. 

In contrast, the reaction of the bis(2,4,6-trimethoxyphenyl)-substituted compound 4 with 

[Ph3C][B(C6F5)4] resulted in clean hydride abstraction and gave rise to the ion pair 

9[B(C6F5)4] (Scheme 3). Although in this case the formation of the cyclic cation 9 is also 

possible when using B(C6F5)3, the isolation of the pure product 9[HB(C6F5)3] turned out to 

be much more difficult. 

 

 

Scheme 3: Synthesis of heterocyclic phosphonium chalcogenide cations 7ï9. TMP = 2,4,6-trimethoxyphenyl 

Compared to the corresponding hydrosilanes 3 [ŭ(29Si) = 7.7 ppm] and 4 [ŭ(29Si) = ï40.1 

ppm], the 29Si NMR signals of the sulfur-stabilized silicon atoms are noticeably shifted 

downfield to ŭ = 31.4 ppm for 7[HB(C6F5)3] and to ŭ = ï12.5 ppm for 9[B(C6F5)4], with a 

chemical shift difference [ȹŭ(29Si)] of 23.7 ppm and 27.6 ppm, respectively (Table 1). 

However, the clearly highfield shifted absolute values of the 29Si NMR signals of 

compounds 4 and 9[B(C6F5)4] nicely reflect the influence of the electron rich TMP groups 

in contrast to the tert-butyl groups. The 29Si NMR chemical shift is often taken as a measure 

of the silylium character of a silicon center.6c However, the chemical shift is a function of 

different contributions, with the ring size also influencing the shielding of the 29Si nucleus.19 

At least for related systems like those studied herein, the downfield shift [ȹŭ(29Si)] of the 
29Si NMR signal upon hydride abstraction and ring formation may be regarded as an 

estimate for the electronic stabilization of the Lewis acidic silicon center by the Lewis basic 

chalcogenide functionality. Accordingly, for the formation of the four-membered cyclic 

cations, the phosphine selenide function appears to induce a stronger electron occupation 

of silicon-located orbitals via a covalent ů-type SeïSi bond than the phosphine sulfide 

function, as suggested by the smaller downfield shift of ȹŭ(29Si) = 17.3 ppm between 

compounds 6 [ŭ(29Si) = 8.1 ppm] and 8[HB(C6F5)3] [ŭ(29Si) = 25.4 ppm] compared to the 

sulfur-based compounds. This correlates with the stronger polarizability and the lower 

electronegativity of the selenium atom. Consequently, we expected the PïO function to be 
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the least effective Lewis base of the phosphine chalcogenide series to stabilize the silicon 

center via covalent contributions of the ů-type OïSi bond (see also discussion of the NBO 

calculations below). 

Table 1: Chemical shifts (ŭ in ppm) of 29Si and 31P NMR signals 

Compound ŭ(29Si) ŭ(31P) 

3 7.7 77.4 

7[HB(C6F5)3] 31.4 88.7 

6 8.1 73.8 

8[HB(C6F5)3] 25.4 75.8 

4 ï40.1 78.1 

9[B(C6F5)4] ï12.5 88.6 

5 9.1 58.9 

10 32.0 96.6 

 

Surprisingly, neither the reaction of the phosphine oxide 5 with B(C6F5)3 nor with 

[Ph3C][B(C6F5)4] resulted in hydride abstraction and cation formation, even when heated 

to 50 ÁC. As another strategy to provide the oxygen-containing heterocycle, we considered 

a method, which was recently reported by Beckmann et al. for the generation of pincer-

type phosphine oxide-stabilized silylium centers, and which is based on a reaction of a 

hydrosilane with two equivalents of bromine.20 However, also this approach was 

unsuccessful for our system. Instead, we obtained the hydrogen bromide adduct of the 

brominated intermediate (10) (Scheme 4). 

 

 

Scheme 4: Ring closure attempt using bromine 

 

Ion pairs 7[HB(C6F5)3], 8[HB(C6F5)3], and 9[B(C6F5)4] crystallized in the monoclinic crystal 

system, the former two in the space group P21/c and the latter in the space group P21/n 

(Figure 3). X-Ray diffraction analysis gave insight into some important structural 

parameters. The molecular structures of the heterocyclic cations in the crystalline state 

show a decrease in the PïCïSi bond angle in the direction Se > S [100.0(1)Á (8) > 94.5(3)Á 

(7) å 95.3(4)Á (9)] and hence an increasing deviation from the ideal tetrahedral angle 

around the carbon atom. The PïCh bond lengths in the cyclic cations 7 [PïS: 2.012(7) ¡], 

8 [PïSe: 2.2277(6) ¡], and 9 [PïS: 2.052(1) ¡] differ only slightly from the respective bond 

lengths in the starting compounds 3 [PïS: 1.9650(5) ¡], 6 [PïSe: 2.1164(7) ¡], and 4 [Pï

S: 1.9699(6) ¡] (Figures 1, 2, and 3). 
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Figure 3: Molecular structures of cations 7, 8, and 9 in the crystal (displacement ellipsoids set at the 50 % probability level). 
Counteranions are omitted for clarity. Selected bond lengths (Å) and angles (°) of 7 (122.9(1) K): Si(1)ïS(1) 2.285(7), P(1)ï
S(1) 2.012(7), P(1)ïC(1) 1.840(8), Si(1)ïC(1) 1.954(8), P(1)ïS(1)ïSi(1) 80.6(4), P(1)ïC(1)ïSi(1) 94.5(3). 8 (123.0(1) K): 
Si(1)ïSe(1) 2.3567(6), P(1)ïSe(1) 2.2277(6), P(1)ïC(1) 1.834(2), Si(1)ïC(1) 1.915(2), P(1)ïSe(1)ïSi(1) 77.55(2), P(1)ïC(1)ï
Si(1) 100.0(1). 9 (123.15 K): Si(1)ïS(1) 2.205(1), P(1)ïS(1) 2.052(1), P(1)ïS(1)ïSi(1) 80.00(4), P(1)ïC(1)ïSi(1) 95.3(4). 

In a fundamental theoretical 31P NMR investigation by Letcher and van Watzer, the 31P-

NMR chemical shift was found to be predominantly influenced by asymmetric electronic 

occupation of orbitals located at the phosphorus atom, which should be less pronounced 

for tetravalent phosphorus compounds than for trivalent posphines.21 The phosphine 

chalcogenide moiety corresponds to the picture of a polarized PïCh ů-bond, which is 

superimposed by an nCh Ÿ ů*PïC hyperconjugative interaction. This bonding situation is a 

result of theoretical bond analyses22 and expressed in the zwitterionic P+ïChï notation. 

Following from this, the siliconïchalcogen interaction in our cyclic cations has only a 

marginal influence on the electronic occupation of phosphorus-centered orbitals in the 

case of the PïS bond and even a negligible influence in case of the PïSe bond; this can 

be seen from the small 31P NMR chemical shifts toward lower field upon ring formation, 

changing from 77.4 ppm to 88.7 ppm [ȹŭ(31P) = 11.3 ppm, 3 Ÿ 7] and from 73.8 ppm to 

75.8 ppm [ȹŭ(31P) = 2.0 ppm, 6 Ÿ 8] (Table 1). Also the TMP substituents at the silicon 

atoms have no dramatic influence on the 31P NMR chemical shifts [ȹŭ(31P) = 10.5 ppm, 4 

Ÿ 9]. In contrast, the protonation of the PïO function (see Scheme 4) leads to a much 

stronger deshielding of the phosphorus atom, which is evident from the significant 31P NMR 

downfield shift of ȹŭ(31P) = 37.7 ppm between compounds 5 [ŭ(31P) = 58.9 ppm] and 10 

[ŭ(31P) = 96.6 ppm]. Previous results in our group15 showed that the 31P NMR 

spectroscopic data of a protonated PïS function can be used as a good estimate for a 

silylated PïS function incorporated in a four-membered ring. The observed chemical shift 

differences [ȹŭ(31P)] in the direction O >> S > Se correlate very well with the supposed 

change in hyperconjugative nCh Ÿ ů*PïC contributions (see also discussion of the NBO 

calculations below). Based on the 31P NMR spectroscopic findings, we therefore assume 

that the PïCh ů-bond in all phosphine-chalcogenide functions remains largely unaffected 

upon coordination to the silicon center and that changes in hyperconjugative nCh Ÿ ů*PïC 

contributions are likely responsible for an asymmetric electronic occupation at the 31P 

nucleus in our tetravalent phosphorus compounds.21 This effect should indeed be grater 

for the PïO22b than for the PïS and PïSe bonds22c. In general, the 2JSiïP coupling constants 

increase when the phosphine chalcogenide functionality binds to a Lewis acidic center 

either intra- or intermolecularly (Table 1). Upon tetracyclic ring formation, this change 

ȹ(2JSiïP) is somewhat more pronounced with sulfur [ȹ(2JSiïP) = 1.7 Hz, 3 Ÿ 7] than with 

selenium [ȹ(2JSiïP) = 1.0 Hz, 6 Ÿ 8] and appears to be greater as more aryl groups are 

bound to the silicon atom; some ȹ(2JSiïP) values of similar systems, all of which have 
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(tBu)2PïS functions, reflect this latter trend: Si(tBu)2 (1.7 Hz) < Si(tBu)Ph15 (7.3 Hz) < 

Si(TMP)2 (14.6 Hz). For the absolute value of the 2JSiïP coupling constants in the ring 

systems, it should be taken into account that the SiïP coupling can also occur via the Pï

ChïSi linkage.17 The 77Se NMR spectroscopic parameters are most affected through the 

ring formation. The 77Se NMR spectrum of the selenium-based starting compound 6 shows 

a doublet at ï381.6 ppm and a 1JPïSe coupling constant of 717.6 Hz (Table 1). The 77Se 

NMR signal, although more highfield-shifted due to the aliphatic phosphorus-bound 

substituents, and the 1JPïSe coupling constant are in the expected region, typical for 

phosphine selenides.20 Upon ring formation, the 1JPïSe coupling constant drops down by 

more than half to a value of 323.6 Hz in 8[HB(C6F5)3], accompanied by a significantly large 

downfield shift ȹŭ(77Se) of ï381.6 ppm to ŭ(77Se) = ï72.9 ppm. These changes are much 

more pronounced in the systems studied herein than in the case of the formation of five-

membered rings with a pincer-type coordination of the PïSe moiety to a silylium center 

reported by Beckmann et al.20 The decrease in the 1JPïSe coupling constant may also be 

attributed to an elongation of the PïSe bond upon ring formation. In general, the 77Se 

nucleus as an NMR probe for the direct ChïSi interaction indicates a particularly strong 

intramolecular coordination of the phosphine chalcogenide function to the silicon center. 

Thermochemistry and Structural Properties. Quantum chemical calculations on the 

M062X/6-311+G(d,p) level of theory23 allowed also structural insight into the hitherto 

experimentally inaccessible oxygen analogue (11) in comparison with the heavier sulfur 

(7) and selenium (8) species of the chalcogenide series. First, we calculated the Gibbs 

energy (ȹG) required to break the intramolecular ChïSi coordination within the cyclic 

cations 11 (Ch = O), 7 (Ch = S), and 8 (Ch = Se) to form the open, trigonal planar silylium 

ions 11-o, 7-o, and 8-o (Figure 4). This can be regarded as a good measure of the strength 

of the intramolecular coordination in the corresponding cyclic cations considering the sum 

of both structural and electronic contributions. Our computational investigations showed a 

clear increase in the stabilization energy (ring-opening energy) of the ChïSi linkage of the 

all-tert-butyl-substituted cyclic cations in the order OïSi (+29.6 kcal molï1) < SïSi (+34.2 

kcal molï1) Ò SeïSi (+34.9 kcal molï1). This order of stability is consistent with the trend 

also found for ChïSi bonds in chalconium ions.10,11 For the TMP-substituted cyclic cation 

9, an energy of only +26.5 kcal molï1 for the opening of the SïSi linkage was calculated, 

since one ortho-methoxy group of a TMP ring weakly stabilizes the silyl cationic center, 

resulting in an oxonium species (9-o) with a distorted trigonal pyramidal coordination 

around the silicon atom (Figure 4). 
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Figure 4: Gibbs energies (ȹG) [kcal molï1] for the ring-opening as a measure of the stabilization provided by the 
intramolecular coordination of the phosphine chalcogenide function to the silylium center, calculated on the M062X/6-
311+G(d,p) level of theory.23 TMP = 2,4,6-trimethoxyphenyl. 

All cyclic cores of the three cations (11, 7, and 8) form a nearly perfect plane, which forces 

the two pairs of bulky tert-butyl groups on the phosphorus and silicon atoms into an 

unfavorable ecliptic arrangement (Figure 5). With respect to the corresponding 

hydrosilanes, the PïCh bond lengths decrease only slightly by about the same amount in 

all three cyclic cations (5 Ÿ 11: 0.114 ¡; 3 Ÿ 7: 0.106 ¡; 6 Ÿ 8: 0.101 ¡). The angle 

around the heterocyclic carbon atom is strongly dependent on the chalcogenide of the Pï

Ch function (Table 2). The calculated oxygen analogue (11) exhibits the smalles PïCïSi 

bond angle of 86.4Á, caused by the short PïO (1.618 ¡) and OïSi (1.773 ¡) bond lengths, 

which is far beyond the PïCïSi angles of the cyclic sulfur- and selenium-based cations 7 

(96.6Á) and 8 (100.1Á), and even below an orthogonal geometry (Table 2). For comparison, 

the calculated OïSi bond length in cation 11 of 1.773 ¡ is approximately 0.1 ¡ shorter than 

the OïSi distance found in the molecular structure of a zwitterionic four-membered CPOSi 

heterocycle with a penta-coordinate silicon atom reported by Mitzel et al.24 These structural 

properties cause a substantial steric repulsion between the bulky tert-butyl groups on the 

phosphorus and silicon atoms in cation 11, thereby weakening the intramolecular donorï

acceptor interaction. This may be an important reason for the easier opening of the OïSi 

bond compared to the SïSi and SeïSi bonds within the four-membered CPChSi 

heterocycles (see Figure 4). Unlike the PïCïSi angle, the PïChïSi angle increases in the 

opposite direction (Se < S < O) with angles far below 90Á within the selenium- (77.2Á) and 

sulfur-based cations (80.4Á) and an angle of 99.5Á within the oxygen analogue (Table 2). 
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Figure 5: Optimized structures of the phosphine chalcogenide-functionalized hydrosilanes and the cyclic all-tert-butyl cations. 
M062X/6-311+G(d,p).23 

  

Table 2: Structural properties of the phosphine chalcogenide-functionalized hydrosilanes and cyclic cationsa 

Compound 
PïCh bond 
length [Å] 

ChïSi bond 
length [Å] 

PïCïSi angle [°] PïChïSi angle [°] 

5 (Ch = O) 1.504  125.1  

11 (Ch = O) 1.618 1.773 86.4 99.5 

13 (Ch = O) 1.616 1.751 85.1 97.5 

3 (Ch = S) 1.981  123.0  

7 (Ch = S) 2.087 2.262 96.6 80.4 

14 (Ch = S) 2.089 2.227 94.8 79.1 

6 (Ch = Se) 2.138  123.9  

8 (Ch = Se) 2.239 2.396 100.1 77.2 

15 (Ch = Se) 2.237 2.363 97.6 75.4 
a[M062X/6-311+G(d,p)].23 
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This can in fact result in a quite balanced ring strain in all three cations, given that the 

second-row elements (carbon and oxygen) tend to have angles as close as possible to the 

tetrahedral angle, while the heavier elements (sulfur and selenium) prefer angles closer to 

90Á. This means that, for example, in cation 11 the ring strain caused by an unfavorably 

small PïCïSi angle is partially counterbalanced by a larger PïOïSi angle. We therefore 

hypothesized that the steric repulsion between the space-filling tert-butyl groups might be 

the main reason for the found stability order (O < S < Se) of the all-tert-butyl-substituted 

four-membered cyclic CPChSi cations. To further support this hypothesis, we exchanged 

the tert-butyl groups on the silicon atom for methyl groups and calculated the ring-opening 

energy (Figure 6). The successive exchange of the two tert-butyl groups by two methyl 

groups in the oxygen-based cation led to a remarkable increase in stability (ring-opening 

energy) of the four-membered cyclic cations from +29.6 kcal molï1 for 11 to +41.8 kcal 

molï1 for 12 to +47.6 kcal molï1 for 13, which now even surpasses that of the dimethyl-

substituted sulfur- and selenium-based cations (14 Ÿ 14-o: +44.9 kcal molï1; 15 Ÿ 15-o: 

+43.5 kcal molï1). This leads to an inverted chalcogenide-dependent stability order (Se Ò 

S < O) and indeed confirms an intrinsically stronger intramolecular interaction between 

silicon and oxygen. Incidentally, the structural parameters of the cyclic four-membered 

core do not differ significantly from the all-tert-butyl derivatives (Table 2). Hence, 

disproportionately large steric repulsions between bulky groups on the phosphorus and 

silicon atoms of the CPOSi heterocycle, caused by the short PïO and OïSi bond lengths, 

can significantly counteract the greater inherent stability of the OïSi interaction compared 

to the SïSi and SeïSi interactions. This stability trend follows the one reported for 

phosphine chalcogenide-stabilized silylium centers in pincer-type bonding modes.20 

 

 

Figure 6: Gibbs energies (ȹG) [kcal molï1] for the ring-opening to estimate the effect of steric repulsion on the strength of the 
intramolecular coordination within the four-membered cyclic CPChSi cations. M062X/6-311+G(d,p).23 

NBO Calculations. Table 3 summarizes the results of the natural bond orbital (NBO) 

analysis25 performed on the M062X/6-311+G(d,p) level of theory23 allowing for an 

investigation of inductive and hyperconjugative electronic bonding components26 within 

the heterocyclic cations. As a comparison of the three pairs of compounds 5/11 (Ch = O), 

3/7 (Ch = S), and 6/8 (Ch = Se) shows, the natural atomic charges on the phosphorus 

atom (QP) do not change significantly upon intramolecular coordination (row 3 in Table 3). 

The same applies to the bond ionicity values (iPCh) (row 1 in Table 3), with the PïO bond 

being in general much more ionic (5/11: iPO = 0.493/0.564) than the PïS (3/7: iPS = 

0.028/0.118) and PïSe bonds (6/8: iPSe = 0.064/0.037). This corresponds to the 

electrovalent bonding situation as expressed in the zwitterionic notation P+ïChï (Ch = O, 
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S, Se), in qualitative agreement with atoms-in-molecules (AIM) studies on PïCh bonds,22b,c 

and shows that the inductive charge distribution along the PïCh ů-bond is only marginally 

affected through the ChïSi interaction.27 In general, the ChïSi bonds of the cyclic cations 

are for all chalcogen atoms more polar than the PïCh bonds, as is evident from the bond 

ionicities (rows 1 and 2 in Table 3), and which is the reason for the preferential opening of 

the ChïSi bond in reactions with nucleophilic reagents. However, the negative charge of 

the chalcogen atom (QCh) decreases noticeably for sulfur and selenium upon ring 

formation, but remains almost constant for oxygen (row 4 in Table 3). This means that 

significant charge transfer from a chalcogen lone electron pair to the silicon-located empty 

p-orbital through an nCh Ÿ pSi interaction only occurs with the phosphine sulfide and 

selenide functions and increases the covalent character of the ChïSi ů-bond in cations 7 

(Ch = S) and 8 (Ch = Se), in accordance with the higher polarizability of the heavier sulfur 

and selenium atoms. This can also be seen at the significantly higher s-character of the 

natural hybrid (hO) on the oxygen atom contributing to the OïSi bond (40.3%) compared 

to the s-character of hS and hSe participating in the SïSi (22.5%) and SeïSi bonds (19.8%) 

(row 6 in Table 3). The higher ionic nature of the OïSi interaction24 is also reflected in the 

far greater ionicity value of the OïSi bond (iOSi = 0.781) and the higher positive charge of 

the silicon atom (QSi = 2.193) in cation 11 compared to 7 (QSi = 1.899) and 8 (QSi = 1.843) 

(rows 2 and 5 in Table 3). These findings are in line with the results of experimental and 

theoretical studies on the nature of OïSi bonds incorporated in ring systems.20,28 

 

 

In addition, second-order perturbation theory analysis gave an estimate for the loss of 

nCh Ÿ ů*PïC hyperconjugative stabilization energy (E(2)) upon intramolecular ChïSi 

coordination (row 8 in Table 3). This loss (ȹE(2)) is greatest in the case of the OïSi 

coordination with 53.73 kcal molï1, from ï74.0 kcal molï1 in hydrosilane 5 to ï20.27 kcal 

molï1 in cation 11, and decreases in the series S (ȹE(2) = 44.92 kcal molï1) > Se (ȹE(2) = 

40.23 kcal molï1). This rather than inductive effects from PïCh ů-bond contributions might 

be an explanation for the observed deshielding trend in 31P NMR spectroscopy21 in the 

direction O >> S > Se (31P NMR data for the oxygen analogue refer to the protonated Pï

O function of compound 10) (see Table 1 and discussion of the 31P NMR chemical shifts 

above). 

Reactivity. Finally, we set out to investigated the Lewis acidity of the sulfur- and selenium-

containing cations 7, 8, and 9 with reference to the Lewis acidity scale based on diagnostic 

NMR spectroscopic parameters of the interaction with para-fluorobenzonitrile (p-FBN).11 

Table 3: Results of the natural bond orbital (NBO) calculations regarding bond polarity parameters, hybridization, and 
hyperconjugative properties of the phosphine chalcogenide-functionalized hydrosilanes and cyclic cationsa 

Property 5 (Ch = O) 11 (Ch = O) 3 (Ch = S) 7 (Ch = S) 6 (Ch = Se) 8 (Ch = Se) 

iPCh
b 0.493 0.564 0.028 0.118 0.064 0.037 

iChSi
b  0.781  0.518  0.458 

QP
c 2.063 1.988 1.477 1.530 1.405 1.473 

QCh
c ï1.148 ï1.169 ï0.633 ï0.401 ï0.564 ï0.263 

QSi
c 1.602 2.193 1.611 1.899 1.610 1.843 

hCh (% s) d  sp1.48 (40.3)  sp3.44 (22.5)  sp4.00 (19.8) 

hSi (% s) d  sp4.47 (17.8)  sp5.04 (16.4)  sp5.17 (16.1) 

E(2) (nCh Ÿ ů*PïC)e ï74.0 ï20.27 ï64.34 ï19.42 ï56.67 ï16.44 
a[M062X/6-311+G(d,p)].23 bBond ionicities (iPCh, iChSi) of the PïCh and ChïSi bonds (iAB = |cA

2 ï cB
2| with cA and cB being NBO 

polarization coefficients). cNatural atomic charges (QP, QCh, QSi) at atoms P, Ch, and Si . dNatural hybrid types (hCh, hSi) and their 
% s-character at atoms Ch and Si in the ChïSi bond. eHyperconjugative stabilization energy estimates (E(2) in kcal molï1) from the 
second order perturbation theory analysis for the nCh Ÿ ů*PïC interactions. 
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While no interaction between the cation and p-FBN was observed in the 19F NMR spectrum 

when using 9[B(C6F5)4], treatment of the ion pairs 7[HB(C6F5)3] and 8[HB(C6F5)3] with one 

equivalent of p-FBN each resulted in a reaction (Scheme 5). According to NMR 

spectroscopic analysis, the reaction products were unambiguously identified as the 

hydrosilylated nitriles 16 and 17, respectively, and the boraneïnitrile adduct11 18 which 

were formed in an approximate 1:1 ratio with half an equivalent of unreacted starting 

material (either 7[HB(C6F5)3] or 8[HB(C6F5)3]) left. B(C6F5)3-catalyzed reductive silylation 

of nitriles to afford imines and amines,29 and denitrogenation of aromatic nitriles30 have 

been reported previously. Notably, the six-membered cyclic siloxane-based cations in 

combination with hydroborate counterions, which were recently synthesized in our group,17 

did not show a hydrosilylation reaction with p-FBN, indicating a higher Lewis acidity of the 

four-membered cyclic cations and also supporting the previously observed robustness of 

the siloxane-based systems.17 

 

 

Scheme 5: Hydrosilylation of para-fluorobenzonitrile (p-FBN) by ion pairs 7[HB(C6F5)3] and 8[HB(C6F5)3] 

3.4 Conclusions 

Four phosphine chalcogenide-functionalized hydrosilanes (3ï6) (Ch = O, S, Se) having 

tert-butyl or 2,4,6-trimethoxyphenyl (TMP) substituents bound to the silicon atom were 

synthesized and characterized by single-crystal X-ray structure determination. Only the 

sulfur and selenium based cyclic cations (7ï9) could be obtained via ring-closing reaction 

with either B(C6F5)3 (access to all three cations 7ï9) or [Ph3C][B(C6F5)4] (access only to 

cation 9) and their molecular structures investigated by X-ray crystallography. 

Thermochemical studies on the ring-opening energy of tert-butyl- and methyl-substituted 

heterocyclic CPChSi cations demonstrated that the steric repulsion between the bulky tert-

butyl groups on the silicon and phosphorus atoms becomes crucial for the oxygen-based 

cation in such a way that the SiïO bond was found to be the easiest to open among the 

all-tert-butyl-patterned cations 11, 7, and 8. However, in the absence of significant steric 

repulsion the stability of the intramolecular ChïSi interaction indeed decreases as the 

chalcogenide atom becomes heavier (O > S Ó Se). Although the small PïCïSi angle could 

be well balanced by a larger PïOïSi angle in the cyclic product, the unfavorable bending 

may potentially adversely affect the activation barrier of the PïO-assisted hydride 

abstraction, thereby complicating access to the oxygen-based cation 11. 31P NMR 

spectroscopy shows a small (Ch = S) or a negligible (Ch = Se) effect of the ChïSi 

interaction on the 31P NMR chemical shifts toward lower field. However, this effect seems 

to be greatest in the oxygen case, as assumed by 31P NMR data of the isolated protonated 

species 10. Bond polarity parameters from the NBO calculations correspond to a 
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zwitterionic bond description (P+ïChï) of the phosphine chalcogenide group and show 

almost no changes in the inductive charge distribution along the PïCh ů-bond upon ring 

formation thus assuming the loss of hyperconjugative nCh Ÿ ů*PïC stabilization as a 

measure for the deshielding trend in the 31P NMR spectra (O >> S > Se). Instead, a clearly 

increasing ů-type nCh Ÿ pSi charge transfer (i.e. an increasing covalent character of the 

ChïSi bond) in the direction O < S < Se within the cyclic cations was found. As another 

important result, the found TMP-substituted oxonium species 9-o has potential for further 

development and electronic optimization en route to a cooperatively working functional 

cation that might act as a frustrated Lewis pair. 
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3.6 Synthesis and Characterizations 

3.6.1 General remarks 
 

All experiments were performed in an inert atmosphere of purified nitrogen by using 

standard Schlenk techniques or an MBraun Unilab 1200/780 glovebox. Glassware was 

heated at 600 ÁC prior to use. Dichloromethane (DCM), hexane, pentane, tetrahydrofuran 

(THF), and toluene were dried and degassed with an MBraun SP800 solvent purification 

system. nȤButyllithium (2.5 M or 1.6 M solution in hexane, Merck KGaA), tert-butyllithium 

(1.6 M solution in pentane, Merck KGaA), di-tert-butylchlorosilane (97%, Merck KGaA), di-

tert-butylmethylphosphine (97%, Merck KGaA), trichlorosilane (99%, Merck KGaA), 1,3,5-

trimethoxybenzene (Ó99%, Merck KGaA), and sulfur (99%, Merck KGaA) were used as 

received without further purification. (Di-tert-butylphosphanyl)methyllithium,1,2 di-tert-

butylmethylphosphine sulfide,3 tris(pentafluorophenyl)borane,4 and tritylium 

tetrakis(pentafluorophenyl)borate5 were synthesized according to reported literature 

procedures. C6D6, CD2Cl2, and 1,2-dichlorobenzene (1,2-C6H4Cl2) used for NMR 

spectroscopy were dried over 3 ¡ molecular sieves and degassed by a standard freeze-

pump-thaw procedure. NMR spectra were either recorded on a Bruker Avance 300 (300.13 

MHz), a Bruker Avance 400 (400.13 MHz) or on a Bruker Avance III HD 400 (400.13 MHz) 

at 25 ÁC. Chemical shifts (ŭ) are reported in parts per million (ppm). 1H and 13C{1H} NMR 

spectra are referenced to tetramethylsilane (SiMe4, ŭ = 0.0 ppm) as external standard, 

with the deuterium signal of the solvent serving as internal lock and the residual solvent 

signal as an additional reference. 11B{1H}, 19F{1H}, 31P{1H}, 77Se{1H}, and 29Si{1H} NMR 

spectra are referenced to BF3ĿOEt2, CFCl3, 85% H3PO4, SeMe2, and SiMe4, respectively. 

For the assignment of the multiplicities, the following abbreviations are used: s = singlet, 

bs = broad singlet, d = doublet, t = triplet, bq = broad quartet, m = multiplet. For simplicity, 

multiplets of order higher than one are described by approximating them to the closest 

first-order type. High-resolution mass spectrometry was carried out on a Jeol AccuTOF 

GCX and an Agilent QȤTOF 6540 UHD spectrometer. Elemental analyses were performed 
on a Vario MICRO cube apparatus. 
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3.6.2 Synthesis of compound 2 
 

 

n-Butyllithium (4.0 mL of a 2.5 M solution in hexane, 10 mmol, 1.0 equiv.) was slowly added 

to a solution of 1,3,5-trimethoxybenzene (1.68 g, 10 mmol, 1.0 equiv.) in 100 mL THF at ï

80 ÁC. The reaction mixture was stirred in the cooling bath for 2 h and further 30 min at 

room temperature. Then, all volatiles were removed in vacuo. The resulting yellowish 

powder was washed once with 50 mL of hexane and dried in vacuo. Then, the powder was 

dissolved in 100 mL THF and cooled to ï80ÁC. Trichlorosilane (0.505 mL, 5.0 mmol, 0.5 

equiv.) was added to this solution and the mixture stirred for 24 h at room temperature. 

Then, all volatiles were removed in vacuo. The resulting solid was suspended in DCM and 

filtered using a P3-Frit with added CeliteÈ. All volatiles of the filtrate were removed in vacuo 

and the resulting crude oil purified via Kugelrohr distillation (200 ï 215 ÁC oven 

temperature, 1.3Ā10ï3 mbar). Compound 2 was obtained as a colorless oil. Yield: 1.2 g (3.0 

mmol, 60%).  

1H NMR (400.13 MHz, C6D6, 298 K): ŭ 6.67 (s, 1H, SiH), 6.02 (s, 4H, CHmeta), 3.33 [s, 6H, 

C(OCH3)para], 3.32 [s, 12H, C(OCH3)ortho]. 

13C{1H} NMR (100.61 MHz, C6D6, 298 K): ŭ 166.7 [s, C(OCH3)ortho], 164.4 [s, C(OCH3)para], 

103.2 (s, Cipso), 90.8 (s, CHmeta), 55.0 [s, C(OCH3)ortho], 54.4 [s, C(OCH3)para]. 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): ŭ ï26.0 (s, SiH). 

HR(EI)-MS: Calcd m/z for C18H23ClO6Si [M]+: 398.0946. Found: 398.0934. 
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Figure S1: 1H NMR (400.13 MHz, C6D6, 298 K) of compound 2. TMP = 2,4,6-trimethoxyphenyl. 

 

 
Figure S2: 13C{1H} NMR (100.61 MHz, C6D6, 298 K) of compound 2. 
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Figure S3: 29Si{1H} NMR (79.49 MHz, C6D6, 298 K) of compound 2. 

 

3.6.3 Synthesis of compound 3 
 

 

n-Butyllithium (5.15 mL of a 1.6 M solution in hexane, 8.24 mmol, 1.2 equiv.) was slowly 

added to a solution of di-tert-butylmethylphosphine sulfide (1.44 g, 7.49 mmol, 1.1 equiv.) 

in 15 mL pentane at 0 ÁC. The reaction mixture was allowed to stir for 24 h at room 

temperature. Then, the solvent was removed via filtration and the remaining white powder 

dried in vacuo. The powder was dissolved in 20 mL THF and cooled to ï80 ÁC. Then, di-

tert-butylchlorosilane (1.33 g, 7.42 mmol, 1.0 equiv.) was added, the solution allowed to 

warm to room temperature and stirred for 24 h. Then, all volatiles were removed in vacuo, 

the residue suspended in hot hexane and filtered. Crystals suitable for single-crystal X-ray 

diffraction analysis were obtained from the filtrate at ï30 ÁC. The crystalline compound 3 

was isolated via filtration, washed twice with 5 mL pentane and dried in vacuo. Yield: 2.1 

g (6.3 mmol, 85%). 
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1H NMR (400.13 MHz, C6D6, 298 K): ŭ 4.16 (m, 1H, SiH), 1.24 {d, 3JPïH = 14.6 Hz, 18H, 

PS[C(CH3)3]2}, 1.23 (d, 2JPïH = 14.4 Hz, 2H, SiCH2PS), 1.14 {s, 18H, Si[C(CH3)3]2}. 

13C{1H} NMR (100.61 MHz, C6D6, 298 K): ŭ 39.1 {d, 1JCïP = 43.1 Hz, PS[C(CH3)3]2}, 30.0 

{s, Si[C(CH3)3]2}, 28.0 {d, 2JCïP = 1.6 Hz, PS[C(CH3)3]2}, 19.5 {d, 3JCïP = 2.5 Hz, 

Si[C(CH3)3]2}, 4.0 (d, 1JCïP = 32.5 Hz, SiCH2PS). 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): ŭ 7.74 (d, 2JSiïP = 8.4 Hz, SiCH2PS). 

31P{1H} NMR (162.04 MHz, C6D6, 298 K): ŭ 77.4 (s, SiCH2PS). 

EI-MS: Calcd m/z for C17H39PSSi [M]+ǐ: 334.23. Found: 277.1594 [M ï C4H9]+ǐ. 

CHN Analysis: Calcd for C17H39PSSi: C, 61.01; H, 11.75. Found: C, 61.06; H, 11.52. 

 

 

Figure S4: 1H NMR (400.13 MHz, C6D6, 298 K) of compound 3. 
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Figure S5: 13C{1H} NMR (100.61 MHz, C6D6, 298 K) of compound 3. 

 

 
Figure S6: 29Si{1H} NMR (C6D6, 298 K) spectrum of compound 3. 
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Figure S7: 31P{1H} NMR (162.04 MHz, C6D6, 298 K) of compound 3. 

 

3.6.4 Synthesis of compound 4 
 

 

n-Butyllithium (0.33 mL of a 2.5 M solution in hexane, 0.752 mmol, 1.0 equiv.) was slowly 

added to a solution of di-tert-butylmethylphosphine sulfide (144 mg, 0.752 mmol, 1.0 

equiv.) in 15 mL pentane at 0 ÁC. The reaction mixture was allowed to stir for 4 h at room 

temperature. Then, the solvent was removed via filtration and the remaining white powder 

dried in vacuo. The powder was dissolved in 10 mL THF and cooled to ï80 ÁC. In a 

separate Schlenk flask, compound 2 (300 mg, 0.752 mmol, 1.0 equiv.) was dissolved in 5 
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mL THF and then slowly added to the previously prepared solution of the powder in THF. 

The reaction mixture was stirred for 24 h at room temperature. Then, all volatiles were 

removed in vacuo. The oily residue was washed twice with 10 mL of hexane. The resulting 

white powder was suspended in DCM and filtered over a P3-frit with added CeliteÈ. The 

solvent of the filtrate was removed to obtain compound 4 as a white powder. Yield: 323 mg 

(0.58 mmol, 77%). Colorless crystals of compound 4 suitable for single-crystal X-ray 

diffraction analysis were obtained by recrystallization from hot toluene. 

1H NMR (400.13 MHz, C6D6, 298 K): ŭ 6.14 (dd, 3JPïH = 5.6 Hz, 3JHïH = 3.0 Hz, 1H, SiH), 

6.07 (s, 4H, CHmeta), 3.40 [s, 12H, C(OCH3)ortho], 3.35 [s, 6H, C(OCH3)para], 2.35 (dd, 2JPïH 

= 12.8 Hz, 3JHïH = 3.0 Hz, 2H, SiCH2PS), 1.35 {d, 3JPïH = 14.3 Hz, 18H, PS[C(CH3)3]2}. 

13C{1H} NMR (100.61 MHz, C6D6, 298 K): ŭ 166.7 [s, C(OCH3)ortho], 163.9 [s, C(OCH3)para], 

105.2 (s, Cipso), 91.3 (s, CHmeta), 55.3 [s, C(OCH3)ortho], 54.7 [s, C(OCH3)para], 38.3 {d, 1JCïP 

= 42.6 Hz, PS[C(CH3)3]2}, 27.9 {d, 2JCïP = 1.7 Hz, PS[C(CH3)3]2}, 8.7 (d, 1JCïP = 36.0 Hz, 

SiCH2PS). 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): ŭ ï40.1 (d, 2JSiïP = 5.2 Hz, SiCH2PS). 

31P{1H} NMR (162.04 MHz, C6D6, 298 K): ŭ 78.1 (s, SiCH2PS). 

HR(ESI)-MS: Calcd m/z for C27H43NaO6PSSi [M + Na]+: 577.2293. Found: 577.2185. 

CHN Analysis: Calcd for C27H43O6PSSi: C, 58.46; H, 7.81. Found: C, 57.77; H, 7.80. 

 

 

Figure S8: 1H NMR (400.13 MHz, C6D6, 298 K) of compound 4. 
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Figure S9: 13C{1H} NMR (100.61 MHz, C6D6, 298 K) of compound 4. 

 

 
Figure S10: 29Si{1H} NMR (79.49 MHz, C6D6, 298 K) of compound 4. 
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Figure S11: 31P{1H} NMR (162.04 MHz, C6D6, 298 K) of compound 4. 

 

3.6.5 Synthesis of Di-tert-butyl[(di-tertbutylsilyl)methyl] 

phosphine 
 

 

Di-tert-butylchlorosilane (0.811 mL, 4.01 mmol, 1.0 equiv.) was dissolved in 50 mL THF 

and cooled to ï80 ÁC. Then, a freshly prepared solution of (di-tert-

butylphosphanyl)methyllithium (666 mg, 4.01 mmol, 1.0 equiv.) in 20 mL THF was cooled 

to ï80 ÁC and slowly added to the previously prepared solution of di-tert-butyl(chloro)silane 

in THF via teflon cannula. The reaction mixture was allowed to stir at room temperature 

for 24 h. Then, all volatiles were removed in vacuo and the residue dissolved in DCM. The 

resulting suspension was filtered through a P3-frit with added CeliteÈ. All volatiles of the 

filtrate were removed in vacuo and the resulting oil purified via Kugelrohr distillation (80 ï 

90 ÁC oven temperature, 1.8Ā10ï3 mbar). Di-tert-butyl[(di-tert-butylsilyl)methyl]phosphine 

was obtained as a colorless oil. Yield: 994 mg (3.28 mmol, 82%). 
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1H NMR (400.13 MHz, C6D6, 298 K): ŭ 3.86 (dd, 3JPïH = 5.3 Hz, 3JHïH = 3.5 Hz, 1H, SiH), 

1.15 {d, 18H, 3JPïH = 10.5 Hz, P[C(CH3)3]2}, 1.14 {s, 18H, Si[C(CH3)3]2}, 0.68 (dd, 3JHïH = 

3.5 Hz, 2JPïH = 1.4 Hz, 2H, SiCH2P). 

13C{1H} NMR (100.61 MHz, C6D6, 298 K): ŭ 32.4 {d, 1JCïP = 26.4 Hz, P[C(CH3)3]2}, 30.0 {d, 
2JCïP = 14.0 Hz, PS[C(CH3)3]2}, 29.6 {d, 4JCïP = 2.8 Hz, Si[C(CH3)3]2}, 20.0 {d, 3JCïP = 2.6 

Hz, Si[C(CH3)3]2}, ï1.1 (d, 1JCïP = 46.6 Hz, SiCH2P). 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): ŭ 7.7 (d, 2JSiïP = 8.4 Hz, SiCH2P). 

31P{1H} NMR (162. 04 MHz, C6D6, 298 K): ŭ 22.4 (s, SiCH2P). 

HR(EI)-MS: Calcd m/z for C17H39PSi [M]+: 302.2553. Found: 302.2553. 

 

 

Figure S12: 1H NMR spectrum (C6D6, 298 K) of di-tert-butyl[(di-tert-butylsilyl)methyl]phosphine. 
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Figure S13: 13C{1H} NMR spectrum (C6D6, 298 K) of di-tert-butyl[(di-tert-butylsilyl)methyl]phosphine. 

 

 
Figure S14: 31P{1H} NMR spectrum (C6D6, 298 K) of di-tert-butyl[(di-tert-butylsilyl)methyl]phosphine. 
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Figure S15: 29Si{1H} NMR (C6D6, 298 K) spectrum of di-tert-butyl[(di-tert-butylsilyl)methyl]phosphine. 

 

3.6.6 Synthesis of compound 5 
 

 

Di-tert-butyl[(di-tert-butylsilyl)methyl]phosphine (449 mg, 1.48 mmol, 1.0 equiv.) was 

dissolved in 10 mL toluene. Then, a drying tube filled with orange silica gel beads and dry 

sodium hydroxide was attached. The tube was opened to air and the solution vigorously 

stirred for 72 h. Then, all volatiles were removed in vacuo. The resulting colorless oil was 

dissolved in 3 mL pentane and cooled to ï30 ÁC. The formed colorless crystals of 

compound 5 were suitable for single-crystal X-ray diffraction analysis. Yield: 150 mg (0.47 

mmol, 32%). 

1H NMR (400.13 MHz, C6D6, 298 K): ŭ 4.08 (m, 1H, SiH), 1.18 {d, 3JPïH = 13.0 Hz, 18H, 

PO[C(CH3)3]2}, 1.14 {s, 18H, Si[C(CH3)3]2}, 1.01 (dd, 2JPïH = 12.6 Hz, 3JHïH = 3.0, 

SiCH2PO). 
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13C{1H} NMR (100.61 MHz, C6D6, 298 K): ŭ 36.9 {d, 1JCïP = 61.1 Hz, PO[C(CH3)3]2}, 29.4 

{s, PO[C(CH3)3]2}, 27.6 {s, Si[C(CH3)3]2}, 19.3 {d, 3JCïP = 2.3 Hz, Si[C(CH3)3]2}, 2.6 (d, 1JCï

P = 47.1 Hz, SiCH2PO). 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): ŭ 9.1 (d, 2JSiïP = 8.3 Hz, SiCH2PO). 

31P{1H} NMR (162.04 MHz, C6D6, 298 K): ŭ 58.9 (s, SiCH2PO). 

HR(ESI)-MS: Calcd m/z for C18H39OPSi [M + H]+: 319.26. Found: 319.2586. 

CHN Analysis: Calcd for C17H39OPSi: C, 64.1; H, 12.3. Found: C, 63.65; H, 12.2. 

 

 

Figure S16: 1H NMR spectrum (C6D6, 298 K) of compound 5. 
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Figure S17: 13C{1H} NMR spectrum (C6D6, 298 K) of compound 5. 

 

 
Figure S18: 31P{1H} NMR spectrum (C6D6, 298 K) of compound 5. 
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Figure S19: 29Si{1H} NMR (C6D6, 298 K) spectrum of compound 5. 

 

3.6.7 Synthesis of compound 6 
 

 

Di-tert-butyl[(di-tert-butylsilyl)methyl]phosphine (680 mg, 2.25 mmol, 1.0 equiv.) was 

dissolved in 5 mL DCM at room temperature. The solution was then cooled to ï30 ÁC. 

Grey selenium (177.5 mg, 2.25 mmol, 1.0 equiv.) was added and the solution allowed to 

stir at room temperature for 72 h. Then, the solution was filtered and all volatiles of the 

filtrate removed in vacuo. Colorless crystals of compound 6 suitable for single-crystal X-

ray diffraction analysis were obtained by recrystallization from 1 mL hexane at ï30 ÁC. 

Yield: 737 mg (1.93 mmol, 86%). 

1H NMR (400.13 MHz, C6D6, 298 K): ŭ 4.16 (m, 1H, SiH), 1.37 (dd, 2JPïH = 14.9 Hz, 3JHïH 

= 2.4 Hz, 2H, SiCH2PSe), 1.25 {d, 3JPïH = 14.9 Hz, 18H, PSe[C(CH3)3]2}, 1.14 {s, 18H, 

Si[C(CH3)3]2}. 
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13C{1H} NMR (100.61 MHz, C6D6, 298 K): ŭ 38.2 {d, 1JCïP = 34.8 Hz, PSe[C(CH3)3]2}, 29.8 

{s, Si[C(CH3)3]2}, 27.9 {d, 2JCïP = 1.9 Hz, PSe[C(CH3)3]2}, 19.1 {d, 3JCïP = 2.6 Hz, 

Si[C(CH3)3]2}, 3.4 (d, 1JCïP = 25 Hz, SiCH2PSe). 

29Si{1H} NMR (79.49 MHz, C6D6, 298 K): ŭ 8.1 (d, 2JSiïP = 8.2 Hz, SiCH2PSe). 

31P{1H} NMR (162.04 MHz, C6D6, 298 K): ŭ 73.8 (s, SiCH2PSe). 

77Se{1H} NMR (76 MHz, C6D6, 298 K): ŭ ï381.6 (d, 1JPïSe = 717.6 Hz, PSe). 

HR(ESI)-MS: Calcd m/z for C17H40PSeSi [M + H]+: 383.1797. Found: 383.1797 [M + H]+. 

CHN Analysis: Calcd for C17H39PSeSi: C, 53.3; H, 10.3. Found: C, 53.29; H, 10.21. 

 

 

Figure S20: 1H NMR spectrum (C6D6, 298 K) of compound 6. 
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Figure S21: 13C{1H} NMR spectrum (C6D6, 298 K) of compound 6. 

 

 
Figure S22: 29Si{1H} NMR (C6D6, 298 K) spectrum of  compound 6. 
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Figure S23: 31P{1H} NMR spectrum (C6D6, 298 K) of compound 6. 

 

 
Figure S24: 77Se{1H} NMR spectrum (C6D6, 298 K) of compound 6. 
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3.6.8 Synthesis of compound 7[H(B6F5)3] 
 

 

Compound 3 (150 mg, 0.448 mmol, 1,0 equiv.) and tris(pentafluorophenyl)borane (230 

mg, 0.448 mmol, 1.0 equiv.) were dissolved in 3 mL pentane at room temperature. The 

solution was stirred until all solids were dissolved. Then, the stir bar was removed and the 

solution allowed to react undisturbed for 7 d. During this time, colorless crystals of 

compound 7[HB(C6F5)3] suitable for single-crystal X-ray diffraction analysis slowly formed. 

Yield: 115.3 mg (0.345 mmol, 77.1%). 

1H NMR (400.13 MHz, C6D6/1,2-C6H4Cl2, 298 K): ŭ 1.98 (d, 2JPïH = 12.2 Hz, 2H, SiCH2PS), 

1.06 {d, 3JPïH = 18.4, 18H, PS[C(CH3)3]2}, 0.9 {s, 18H, Si[C(CH3)3]2}. 

13C{1H} NMR (100.61 MHz, C6D6/1,2-C6H4Cl2, 298 K): ŭ 40.6 {d, 1JCïP = 21.2 Hz, 

PS[C(CH3)3]2}, 28.5 {s, Si[C(CH3)3]2}, 27.2 {d, 2JCïP = 2.3 Hz, PS[C(CH3)3]2}, 23.7 {s, 

Si[C(CH3)3]2}, 8.9 (d, 1JCïP = 20.4 Hz, SiCH2PS). 

29Si{1H} NMR (79.49 MHz, C6D6/1,2-C6H4Cl2, 298 K): ŭ 31.4 (d, 2JSiïP = 10.1 Hz, SiCH2PS). 

31P{1H} NMR (162.04 MHz, C6D6/1,2-C6H4Cl2, 298 K): ŭ 88.7 (s, SiCH2PS). 

19F{1H} NMR (376.66 MHz, C6D6/1,2-C6H4Cl2, 298 K): ŭ ï132.1 (s, 6H, CFortho), ï163.5 (bs, 

3H, CFpara), ï166.1 (s, 6H, CFmeta). 

11B{1H} NMR (128.43 MHz, C6D6/1,2-C6H4Cl2, 298 K): ŭ ï25.7 (s, BH). 

CHN Analysis: Calcd for C35H39BF15PSSi: C, 49.66; H, 4.64. Found: C, 48.77; H, 4.07. 
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Figure S25: 1H NMR spectrum (C6D6 + 1,2-dichlorobenzene, 298 K) of compound 7[HB(C6F5)3]. 

 

 
Figure S26: 13C{1H} NMR spectrum (C6D6 + 1,2-dichlorobenzene, 298 K) of compound 7[HB(C6F5)3]. 
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Figure S27: 29Si{1H} NMR spectrum (C6D6 + 1,2-dichlorobenzene, 298 K) of compound 7[HB(C6F5)3]. 

 

 
Figure S28: 31P{1H} NMR spectrum (C6D6 + 1,2-dichlorobenzene, 298 K) of compound 7[HB(C6F5)3]. 
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Figure S29: 19F{1H} NMR spectrum (C6D6 + 1,2-dichlorobenzene, 298 K) of compound 7[HB(C6F5)3]. 

 

 
Figure S30: 11B{1H} NMR spectrum (C6D6 + 1,2-dichlorobenzene, 298 K) of compound 7[HB(C6F5)3]. 
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3.6.9 Synthesis of compound 8[HB(C6F5)4] 
 

 

Compound 6 (160 mg, 0.419 mmol, 1.0 equiv.) and tris(pentafluorophenyl)borane (215 

mg, 0.419 mmol, 1.0 equiv.) were dissolved in 3 mL pentane at room temperature. The 

solution was stirred and gently heated to 40 ÁC until all solids were dissolved. Then, the 

stir bar was removed and the solution allowed to react undisturbed for 7 d. During this 

time, colorless crystals of compound 8[HB(C6F5)3] suitable for single-crystal X-ray 

diffraction analysis slowly formed. Yield: 149 mg (0.391 mmol, 93.4%). 

1H NMR (400.13 MHz, CD2Cl2, 298 K): ŭ 3.59 (bq, 1H, 1JBïH = 87.1 Hz, BH), 2.69 (d, 2JPïH 

= 14.9 Hz, 2H, SiCH2PSe), 1.57 {d, 3JPïH = 18.7 Hz, 18H, PSe[C(CH3)3]2}, 1.30 {s, 18H, 

Si[C(CH3)3]2}. 

13C{1H} NMR (100.61 MHz, CD2Cl2, 298 K): ŭ 40.9 {d, 1JCïP = 16.7 Hz, PSe[C(CH3)3]2}, 

29.7 {s, Si[C(CH3)3]2}, 28.1 {d, 2JCïP = 2.4 Hz, PSe[C(CH3)3]2}, 24.5 {s, Si[C(CH3)3]2}, 11.5 

(d, 1JCïP = 18.5 Hz, SiCH2PSe). 

29Si{1H} NMR (79.49 MHz, CD2Cl2, 298 K): ŭ 25.4 (d, 2JSiïP = 9.2 Hz, SiCH2PSe). 

31P{1H} NMR (162.04 MHz, CD2Cl2, 298 K): ŭ 75.8 (s, SiCH2PSe). 

77Se{1H} NMR (76 MHz, CD2Cl2, 298 K): ŭ ï72.9 (d, 1JPïSe = 323.6 Hz, PSe). 

19F{1H} NMR (376.66 MHz, CD2Cl2, 298 K): ŭ ï133.7 (s, 6H, CFortho), ï164.6 (bs, 3H, 

CFpara), ï167.4 (s, 6H, CFmeta). 

11B{1H} NMR (128.43 MHz, CD2Cl2, 298 K): ŭ ï25.65 (s, BH). 

HR(ESI+)-MS: Calcd m/z for C35H38PSeSi [Cation]: 381.1645. Found: 381.1725. 

CHN Analysis: Calcd for C35H39BF20PSeSi: C, 47.05; H, 4.40. Found: C, 46.93; H, 4.59. 
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Figure S31: 1H NMR spectrum (CD2Cl2, 298 K) of compound 8[HB(C6F5)3]. 

 

 
Figure S32: 13C{1H} NMR spectrum (CD2Cl2, 298 K) of compound 8[HB(C6F5)3]. 
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Figure S33: 29Si{1H} NMR spectrum (CD2Cl2, 298 K) of compound 8[HB(C6F5)3]. 

 

 
Figure S34: 31P{1H} NMR spectrum (CD2Cl2, 298 K) of compound 8[HB(C6F5)3]. 
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Figure S35: 77Se{1H} NMR spectrum (CD2Cl2, 298 K) of compound 8[HB(C6F5)3]. 

 

 
Figure S36: 19F{1H} NMR spectrum (CD2Cl2, 298 K) of compound 8[HB(C6F5)3]. 
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Figure S37: 11B{1H} NMR spectrum (CD2Cl2, 298 K) of compound 8[HB(C6F5)3]. 

 

3.6.10 Synthesis of compound 9[B(C6F5)4] 
 

 

Compound 4 (150 mg, 0.270 mmol, 1.0 equiv.) and tritylium tetrakis(pentafluorophenyl) 

borate (249 mg, 0.270 mmol, 1.0 equiv.) were dissolved in 5 mL DCM. The resulting 

solution was stirred for 30 min at room temperature. Then, all volatiles were removed in 

vacuo and the resulting oil was washed twice with 5 mL hexane. Colorless crystals of 

compound 9[B(C6F5)4] suitable for single-crystal X-ray diffraction analysis were obtained 

from a solution of the oil in 3 mL DCM layered with pentane at room temperature. Yield: 

216 mg (0.175 mmol, 65%). 

1H NMR (400.13 MHz, CD2Cl2, 298 K): ŭ 6.10 (s, 4H, CHmeta), 3.81 [s, 6H, C(OCH3)para], 

3.80 [s, 12H, C(OCH3)ortho], 2.78 (d, 2JPïH = 10.1 Hz, 2H, SiCH2PS), 1.38 {d, 3JPïH = 17.7 

Hz, 18H, PS[C(CH3)3]2}. 
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13C{1H} NMR (100.61 MHz, CD2Cl2, 298 K): ŭ 166.4 [s, C(OCH3)para], 166.0 [s, 

C(OCH3)ortho], 99.4 (s, Cipso), 91.2 (s, CHmeta), 56.2 [s, C(OCH3)ortho], 56.0 [s, C(OCH3)para], 

38.7 {d, 1JCïP = 24.8 Hz, PS[C(CH3)3]2}, 26.1 {d, 2JCïP = 2.0 Hz, PS[C(CH3)3]2}, 12.9 (d, 1JCï

P = 24.6 Hz, SiCH2PS). 

29Si{1H} NMR (79.49 MHz, CD2Cl2, 298 K): ŭ ï12.5 (d, 2JSiïP = 19.8 Hz, SiCH2PS). 

31P{1H} NMR (162.04 MHz, CD2Cl2, 298 K): ŭ 88.6 (s, SiCH2PS). 

19F{1H} NMR (376.66 MHz, CD2Cl2, 298 K): ŭ ï133.0 (s, 8F, CFortho), ï163.6 (t, 4F, 3JFïF = 

20.3 Hz, CFpara), ï167.4 (t, 8F, 3JFïF = 17.2 Hz, CFmeta). 

11B{1H} NMR (128.43 MHz, CD2Cl2, 298 K): ŭ ï16.9 (s, B). 

HR(ESIï)-MS: Calcd m/z for C24BF20 [M]ï: 678.9773. Found: 678.9829. 

CHN Analysis: Calcd for C51H42BF20O6PSSi(0.45ĀCH2Cl2): C, 48.6; H, 3.4. Found: C, 

48.63; H, 3.45. 

 

 

Figure S38: 1H NMR spectrum (CD2Cl2, 298 K) of compound 9[B(C6F5)4]. TMP = 2,4,6-trimethoxyphenyl. 
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Figure S39: 13C{1H} NMR spectrum (CD2Cl2, 298 K) of compound 9[B(C6F5)4]. 

 

 
Figure S40: 29Si{1H} NMR spectrum (CD2Cl2, 298 K) of compound 9[B(C6F5)4]. 
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Figure S41: 31P{1H} NMR spectrum (CD2Cl2, 298 K) of compound 9[B(C6F5)4]. 

 

 
Figure S42: 19F{1H} NMR spectrum (CD2Cl2, 298 K) of compound 9[B(C6F5)4]. 
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Figure S43: 11B{1H} NMR spectrum (CD2Cl2, 298 K) of compound 9[B(C6F5)4]. 

 

3.6.11 Synthesis of compound 10 
 

 

Bromine (0.1 mL, 1.95 mmol, 2.0 equiv.) was added to a solution of compound 5 (311 mg, 

0.976 mmol, 1.0 equiv.) in 2 mL DCM. The mixture was stirred for 24 h at room 

temperature. Then, all volatiles were removed in vacuo. The remaining oil was washed 

three times with 3 mL of pentane to obtain compound 10 as a white powder. Yield 540 mg 

(0.96 mmol, 99%). 

1H NMR (400.13 MHz, CD2Cl2, 298 K): ŭ 12.19 (bs, 1H, OH), 1.64 [d, 2JPïH = 13.8 Hz, 2H, 

SiCH2P(OH)], 1.53 {d, 3JPïH = 15.7 Hz, 18H, P(OH)[C(CH3)3]2}, 1.19 {s, 18H, Si[C(CH3)3]2}. 

13C{1H} NMR (100.61 MHz, CD2Cl2, 298 K): ŭ 38.1 {d, 1JCïP = 50.5 Hz, P(OH)[C(CH3)3]2}, 

28.4 {s, Si[C(CH3)3]2}, 27.7 {d, 2JCïP = 1.0 Hz, P(OH)[C(CH3)3]2}, 24.0 {d, 3JCïP = 1.9 Hz, 

Si[C(CH3)3]2}, 2.9 [d, 1JCïP = 58.9 Hz, SiCH2P(OH)]. 
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29Si{1H} NMR (79.49 MHz, CD2Cl2, 298 K): ŭ 32.0 [d, 2JSiïP = 12.9 Hz, SiCH2P(OH)]. 

31P{1H} NMR (162.04 MHz, CD2Cl2, 298 K): ŭ 96.6 [s, SiCH2P(OH)]. 

HR(ESI+)-MS: Calcd m/z for C17H39BrOPSi [M]+: 397.1669. Found: 397.1663. 

CHN Analysis: Calcd for C17H39Br2OPSi: C, 42.68; H, 8.22. Found: C, 42.41; H, 7.99. 

 

 

Figure S44: 1H NMR spectrum (CD2Cl2, 298 K) of compound 10. 
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Figure S45: 13C{1H} NMR spectrum (CD2Cl2, 298 K) of compound 10. 

 

 
Figure S46: 29Si{1H} NMR spectrum (CD2Cl2, 298 K) of compound 10. 
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Figure S47: 31P{1H} NMR spectrum (CD2Cl2, 298 K) of compound 10. 
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3.6.12 Reactions of Cyclic Silyl Phosphonium Ions with para 

Fluorobenzo-nitrile (p-FBN) 
 

Compounds 7[HB(C6F5)3], 8[HB(C6F5)3], and 9[B(C6F5)4], respectively, (0.05 mmol, 1.0 

equiv.) and p-FBN (0.05 mmol, 1.0 equiv.) were dissolved in 0.5 mL dichloromethane-d2 

and loaded into a Young-type NMR tube. The tube was left at room temperature for 2 h 

before subjecting the samples to NMR measurements. 

7[HB(C6F5)3]: Hydrosilylation of p-FBN was observed. Additional singals were identified as 

unreacted 7[HB(C6F5)3] (  ) and the tris(pentafluorophenyl)boraneïp-FBN adduct (  ). 

1H NMR (400.13 MHz, CD2Cl2, 298 K): ŭ 9.65 (s, 1H, N=CH), 7.83 (m, 2H, CHAr), 7.13 (m, 

2H, CHAr), 1.34 [s, 9H, P(S)C(CH3)3], 1.31 [s, 9H, P(S)C(CH3)3] (hidden under singlet of 

7), 1.16 {s, 18H, Si[C(CH3)3]2}. 31P{1H} NMR (162.04 MHz, CD2Cl2, 298 K): ŭ 78.5. 19F{1H} 

NMR (376.66 MHz, CD2Cl2, 298 K): ŭ ï109.6 (s, 1H). 

8[HB(C6F5)3]: Hydrosilylation of p-FBN was observed. Additional singals were identified as 

unreacted 8[HB(C6F5)3] (  ) and the tris(pentafluorophenyl)boraneïp-FBN adduct (  ). 

1H NMR (400.13 MHz, CD2Cl2, 298 K): ŭ 9.69 (s, 1H, N=CH), 7.83 (m, 2H, CHAr), 7.13 (m, 

2H, CHAr), 1.37 [s, 9H, P(Se)C(CH3)3], 1.33 [s, 9H, P(Se)C(CH3)3], 1.17 {s, 18H, 

Si[C(CH3)3]2}. 31P{1H} NMR (162.04 MHz, CD2Cl2, 298 K): ŭ 73.8. 19F{1H} NMR (376.66 

MHz, CD2Cl2, 298 K): ŭ ï109.5 (s, 1H). 

9[B(C6F5)4]: The 19F{1H} NMR spectrum shows no interaction between cation 9 and p-FBN. 

The 19F{1H} NMR spectrum clearly shows free p-FBN at ï103.2 ppm and unreacted 

9[B(C6F5)4] (  ). 
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Figure S48: 1H NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 7[HB(C6F5)3] with p-FBN. 

 

 
Figure S49: 31P{1H} NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 7[HB(C6F5)3] with p-FBN. 
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Figure S50: 19F{1H} NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 7[HB(C6F5)3] with p-FBN. 

 

 
Figure S51: 11B{1H} NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 7[HB(C6F5)3] with p-FBN. 
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Figure S52: 1H NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 8[HB(C6F5)3] with p-FBN. 

 

 
Figure S53: 31P{1H} NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 8[HB(C6F5)3] with p-FBN. 
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Figure S54: 19F{1H} NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 8[HB(C6F5)3] with p-FBN. 

 

 
Figure S55: 11B{1H} NMR spectrum (CD2Cl2, 298 K) of the reaction of compound 8[HB(C6F5)3] with p-FBN. 
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Figure S56: 19F{1H} NMR spectrum (CD2Cl2, 298 K) of compound 9[B(C6F5)4] and p-FBN. 
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3.6.13 Single-crystal X-ray diffraction 
 

The crystals were selected and measured either on a SuperNova Dualflex diffractometer 

equipped with a TitanS2 detector {4, 7[HB(C6F5)3], and 9[B(C6F5)4]} or on a XtaLAB 

Synergy R, DW system, equipped with a HyPix-Arc 150 detector {3, 5, 6, and 

8[HB(C6F5)3]}. Data collection and reduction were performed with CrysAlisPro {Version 

1.171.41.90a for 7[HB(C6F5)3] and 1.171.41.93a for all other compounds}.6 An analytical 

numeric absorption correction using a multifaceted crystal model, based on expressions 

derived by Clark and Reid,7 and an empirical absorption correction using spherical 

harmonics, implemented in SCALE3 ABSPACK scaling algorithm, was applied for 

compound 7[HB(C6F5)3]. A numerical absorption correction based on Gaussian integration 

over a multifaceted crystal model, and an empirical absorption correction using spherical 

harmonics, implemented in SCALE3 ABSPACK scaling algorithm was applied for all other 

compounds. Using Olex2,8 the structures were solved with ShelXT9 and a least-square 

refinement on F2 was carried out with ShelXL10. All non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms at the carbon atoms were located in idealized positions 

and refined isotropically according to the riding model. Hydrogen atoms at the boron and 

silicon atoms were located from the difference Fourier map and refined without restraints. 

The figures in the paper were created with CrystalExplorer 17.5,11 the figures in the 

Supporting Information were created with Olex28. X-ray crystallographic data can be found 

in the Supporting Information. 

Compound 3: The asymmetric unit contains two molecules. 

Compound 4: The asymmetric unit contains one molecule. 

Compound 5: The asymmetric unit contains one molecule.  

Compound 6: The asymmetric unit contains one molecule. One tert-butyl fragment is 

disordered over two positions and split into two parts with occupancies of 60:40. 

Compound 7[HB(C6F5)3]: The asymmetric unit contains two molecules. Two tert-butyl 

fragments are disordered over two positions and split into two parts with occupancies of 

50:50. SADI, SIMU, and DFIX restraints were used to model the disorder of one of the two 

CPSSi rings (occupancies of 50:50). 

Compound 8[HB(C6F5)3]: The asymmetric unit contains one molecule. 

Compound 9[B(C6F5)4]: The asymmetric unit contains one molecule. The sulfur atom and 

the ïCH2ï moiety are each disordered over two positions and split into two parts with 

occupancies of 80:20. 
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Table S1: Crystallographic data for compounds 3, 4, and 5. 

 

Compound 3 4 5 

Data Set 

(internal naming) 
AF109 AF140 AF99 

CCDC Number 2184165 2184166 2184167 

Formula C17H39PSSi C27H43O6PSSi C17H39OPSi 

ɟcalc. / g·cm-3 1.072 1.232 1.049 

µ/mm-1 2.580 2.153 1.726 

Formula Weight 334.60 554.73 318.54 

Color clear colorless clear colorless clear colorless 

Shape plate block block 

Size/mm3 0.16 × 0.09 × 0.04 0.77 × 0.28 × 0.18 0.27 × 0.14 × 0.08 

T/K 123.01(10) 122.97(10) 123.0(1) 

Crystal System monoclinic monoclinic monoclinic 

Space Group P21/c P21/c P21/c 

a/Å 10.8678(2) 10.16340(10)  15.5121(3) 

b/Å 25.1588(3) 14.39300(10) 10.9551(2) 

c/Å 15.7629(2) 20.46580(10) 11.9723(2) 

Ŭ/° 90 90 90 

ɓ/° 105.845(2) 92.3280(10) 97.383(2) 

ɔ/° 90 90 90 

V/Å3 4146.14(11) 2991.30(4) 2017.66(6) 

Z 8 4 4 

Z' 2 1 1 

Wavelength/Å 1.54184 1.54184 1.54184 

Radiation Type Cu KŬ Cu KŬ Cu KŬ 

2Ūmin/° 6.806 7.512 5.744 

2Ūmax/° 146.686 159.578 149.88 

Measured Refl. 63772 52297 24736 

Independent Refl. 8172 5335 4112 

Rint 0.0374 0.0598 0.0185 

Parameters 393 341 197 

Restraints 0 0 0 

Largest Peak 0.38 0.50 0.31 

Deepest Hole ī0.40 ī0.33 ī0.28 

GooF 1.031 1.067 1.049 

wR2 (all data) 0.0855 0.1057 0.0801 

wR2 0.0842 0.0977 0.0794 

R1 (all data) 0.0340 0.0371 0.0305 

R1 0.0321 0.0371 0.0295 
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Table S2: Crystallographic data for compounds 6 and 7[HB(C6F5)3]. 

 

Compound 6 7[HB(C6F5)3] 

Data Set 

(internal naming) 

AF178 AF_118c_mP_abs_ana 

CCDC Number 2184168 2184169 

Formula C17H39PSeSi C35H39BF15PSSi 

ɟcalc. / g·cm-3 1.199 1.483 

µ/mm-1 3.578 2.374 

Formula Weight 381.50 846.59 

Color clear colorless clear colorless 

Shape plate block 

Size/mm3 0.18 × 0.15 × 0.03 0.374 × 0.12 × 0.032 

T/K 123.00(11) 122.98(11) 

Crystal System monoclinic monoclinic 

Space Group P21/n P21/c 

a/Å 8.76170(10) 21.5658(4) 

b/Å 19.5303(2) 18.3748(3) 

c/Å 12.42490(10) 21.8159(5) 

Ŭ/° 90 90 

ɓ/° 96.3390(10) 118.683(3) 

ɔ/° 90 90 

V/Å3 2113.13(4) 7584.1(3) 

Z 4 8 

Z' 1 2 

Wavelength/Å 1.54184 1.54184 

Radiation Type Cu KŬ Cu KŬ 

2Ūmin/° 8.472 6.706 

2Ūmax/° 148.784 133.77 

Measured Refl. 39472 48673 

Independent Refl. 4180 13307 

Rint 0.0607 0.0523 

Parameters 214 1100 

Restraints 0 110 

Largest Peak 0.87 0.41 

Deepest Hole ī1.04 ī0.37 

GooF 1.076 1.052 

wR2 (all data) 0.1196 0.1338 

wR2 0.1147 0.1230 

R1 (all data) 0.0496 0.0669 

R1 0.0432 0.0492 
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Table S3: Crystallographic data for compounds 8[HB(C6F5)3] and 9[B(C6F5)4]. 

 

Compound 8[HB(C6F5)3] 9[B(C6F5)4] 

Data Set 

(internal naming) 

AF182 AF171new 

CCDC Number 2184170 2184171 

Formula C35H39BF15PSeSi C51H42BF20O6PSSi 

ɟcalc. / g·cm-3 1.560 1.598 

µ/mm-1 2.948 2.206 

Formula Weight 893.62 1232.77 

Color clear colorless clear colorless 

Shape hexagonal block 

Size/mm3 0.23 × 0.07 × 0.06 0.23 × 0.15 × 0.07 

T/K 123.01(10) 123.15 

Crystal System monoclinic monoclinic 

Space Group P21/c P21/n 

a/Å 18.7778(2) 9.69440(10) 

b/Å 12.15670(10) 36.1757(3) 

c/Å 17.8431(2) 14.61320(10) 

Ŭ/° 90 90 

ɓ/° 110.8870(10) 90.8070(10) 

ɔ/° 90 90 

V/Å3 3805.49(7) 5124.37(8) 

Z 4 4 

Z' 1 1 

Wavelength/Å 1.54184 1.54184 

Radiation Type Cu KŬ Cu KŬ 

2Ūmin/° 5.038 7.778 

2Ūmax/° 150.038 133.364 

Measured Refl. 38896 45394 

Independent Refl. 7578 8906 

Rint 0.0507 0.0485 

Parameters 500 761 

Restraints 0 12 

Largest Peak 0.38 0.41 

Deepest Hole ī0.78 ī0.33 

GooF 1.086 1.029 

wR2 (all data) 0.0985 0.0972 

wR2 0.0954 0.0938 

R1 (all data) 0.0422 0.0417 

R1 0.0360 0.0372 
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Compound 3 

Hydrogen atoms (except SiïH) omitted for clarity. 

 

 

 

 

 

  

Selected Bond Lengths in Å Selected Bond Angles in ° 

P(2)ïS(2) 1.9667(5) Si(2)ïC(26)ïP(2) 122.63(7) 

P(2)ïC(26) 1.8249(5) S(2)ïP(2)ïC(27) 109.40(5) 

P(2)ïC(27) 1.8756(15) S(2)ïP(2)ïC(26) 115.11(5) 
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Compound 4 

Hydrogen atoms (except SiïH) omitted for clarity. 

 
 

Selected Bond Lengths in Å Selected Bond Angles in ° 

S(1)ï P(1) 
 

1.9699(6) C(1)ï P(1)ï S(1) 
 

113.51(6) 

P(1)ï C(1) 
 

1.8179(16) P(1)ï C(1)ï Si(1) 
 

118.90(9) 

Si(1)ï C(1) 
 

1.8991(16) C(5)ï Si(1)ï C(1) 
 

114.64(7) 

Si(1)ï C(4) 
 

1.8847(18) C(5) ïSi(1)ï C(4) 
 

109.21(7) 

Si(1)ï C(5) 
 

1.8830(17) C(1)ï P(1)ï C(3) 
 

104.31(8) 
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Compound 5 

Hydrogen atoms (execpt SiïH) omitted for clarity. 

 

 

Selected Bond Lengths in Å Selected Bond Angles in ° 

P(1)ïO(1) 1.4958(8) O(1)ïP(1)ïC(1) 114.09(5) 

P(1)ïC(2) 1.8639(12) P(1)ïC(1)ïSi(1) 121.01(6) 

P(1)ïC(1) 1.8147(11) C(1)ïP(1)ïC(2) 105.59(5) 

P(1)ïC(3) 1.8631(12) C(1)ïSi(1)ïC(5) 105.81 

Si(1)ïC(1) 1.8930(12)   

Si(1)ïC(5) 1.9087(13)   

Si(1)ïC(4) 1.9045(12)   
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Compound 6 

Hydrogen atoms (except SiïH) omitted for clarity. 

 

 

 

Selected Bond Lengths in Å Selected Bond Angles in ° 

Se(1)ïP(1) 2.1163(7) C(1)ïP(1)ïSe(1) 114.46(8) 

Si(1)ïC(1) 1.905(2) P(1)ïC(1)ïSi(1) 124.31(14) 

P(1)ïC(1) 1.823(3) C(1)ïSi(1)ïC(5) 105.44(12) 
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Compound 7[HB(C6F5)3] 

Hydrogen atoms omitted for clarity. 

 

 

 

Selected Bond Lengths in Å Selected Bond Angles in ° 

Si(1)ïS(1) 2.285(7) C(1)ïSi(1)ïS(1) 86.5(4) 

Si(1)ïC(2) 1.887(8) C(1)ïP(1)ïS(1) 98.2(4) 

P(1)ïS(1) 2.012(7) P(1)ïS(1)ïSi(1) 80.6(4)  

P(1)ïC(1) 1.840(8) P(1)ïC(1)ïSi(1) 94.5(3) 
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Compound 8[HB(C6F5)3] 

Hydrogen atoms omitted for clarity. 

 

 

Selected Bond Lengths in Å Selected Bond Angles in ° 

Se(1)ïP(1) 2.2277(6) P(1)ïSe(1)ïSi(1)
  

77.55(2) 

Se(1)ïSi(1) 2.3567(6)  C(1)ïP(1)ïSe(1)
  

94.27(7) 

P(1)ïC(1) 1.834(2) C(1)ïSi(1)ïSe(1) 88.17(7) 

Si(1)ïC(1) 1.915(2) P(1)ïC(1)ïSi(1)
  

100.01(10) 
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Compound 9[B(C6F5)4] 

Hydrogen atoms omitted for clarity. 

 

 

Selected Bond Lengths in Å Selected Bond Angles in ° 

P(1)ïS(1) 2.0522(14) P(1)ïS(1)ïSi(1) 80.00(4) 

Si(1)ïS(1) 2.2059(13) P(1)ïC(1)ïSi(1) 95.3(4) 

P(1)ïC(1) 1.792(9) C(1)ïSi(1)ïS(1) 88.0(3) 

Si(1)ïC(1) 1.912(9) C(1)ïP(1)ïS(1) 96.3(3) 
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3.6.14 Details on quantum chemical calculations 
 

Optimization in the gas phase and additional harmonic vibrational frequency analyses 

were performed with the software package Gaussian 09 (Revision E.01) on the M062X/6-

311+G(d,p) level of theory without symmetry restrictions.12 The GJF input files and the 

figures of the optimized structures were created with the program GaussView version 

5.0.9.13 For the ground state structures, the vibrational frequency analysis showed no 

imaginary frequency in the harmonical approximation. Natural bond orbital (NBO) analysis 

has been performed on the geometries optimized at the M062X/6-311+G(d,p) level of 

theory with the Gaussian NBO Version 3.1. Ring-opening energies (ȹG) are given based 

on the sum of electronic and thermal free energies (Gibbs energies) at 298.15 K in kcal 

molï1. The reaction enthalpies (ȹH) of the isodesmic reactions (see the Supporting 

Information) are given based on the sum of electronic and thermal enthalpies (enthalpies) 

at 298.15 K in kcal molï1. The total electronic energies (SCF), the sum of electronic and 

zero-point energies (ZPE), the sum of electronic and thermal enthalpies (enthalpies) at 

298.15 K, the sum of electronic and thermal free energies (Gibbs energies) at 298.15 K, 

and the Cartesian coordinates of the calculated systems can be found in the Supporting 

Information. The Hartree units were converted as follows:14 1 Hartree = 2625.4995 kJ molï

1, 1 cal = 4.184 J. 
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Table S4: Total electronic energies (SCF), sum of electronic and zero-point energies (ZPE), and sum of electronic and thermal 
free energies (Gibbs energies) at 298.15 K of the optimized structures. 

 

Optimized 
structure 

Method/Basis SCF [Hartree] ZPE [Hartree] Enthalpies [Hartree] 
Gibbs energies 
[Hartree] 

3 M062X/6-311+G(d,p) ï1700.21613515 ï1699.682649 ï1699.653755 ï1699.736307 

5 M062X/6-311+G(d,p) ï1377.25146864 ï1376.716884 ï1376.688135 ï1376.770587 

6 M062X/6-311+G(d,p) ï3703.58621649 ï3703.053442 ï3703.024138 ï3703.108197 

7 M062X/6-311+G(d,p) ï1699.41413545 ï1698.888000 ï1698.859354 ï1698.941193 

7-o M062X/6-311+G(d,p) ï1699.35656381 ï1698.832531 ï1698.803304 ï1698.886695 

8 M062X/6-311+G(d,p) ï3702.78598079 ï3702.260322 ï3702.231394 ï3702.313736 

8-o M062X/6-311+G(d,p) ï3702.72538148 ï3702.202670 ï3702.172957 ï3702.258148 

9 M062X/6-311+G(d,p) ï2534.13475422 ï2533.474363 ï2533.431440 ï2533.548238 

9-o M062X/6-311+G(d,p) ï2534.09212785 ï2533.431936 ï2533.388952 ï2533.505941 

11 M062X/6-311+G(d,p) ï1376.44969776 ï1375.920598 ï1375.892713 ï1375.972372 

11-o M062X/6-311+G(d,p) ï1376.39549123 ï1375.870860 ï1375.841621 ï1375.925326 

12 M062X/6-311+G(d,p) ï1258.55928712 ï1258.117595 ï1258.093233 ï1258.166426 

12-o M062X/6-311+G(d,p) ï1258.48907985 ï1258.050018 ï1258.025106 ï1258.099582 

13 M062X/6-311+G(d,p) ï1140.65370204 ï1140.298325 ï1140.277579 ï1140.343543 

13-o M062X/6-311+G(d,p) ï1140.57521941 ï1140.222249 ï1140.201123 ï1140.267706 

14 M062X/6-311+G(d,p) ï1463.61045055 ï1463.258223 ï1463.236483 ï1463.305686 

14-o M062X/6-311+G(d,p) ï1463.53990628 ï1463.188183 ï1463.166815 ï1463.234073 

15 M062X/6-311+G(d,p) ï3466.98034553 ï3466.628006 ï3466.606335 ï3466.674690 

15-o M062X/6-311+G(d,p) ï3466.90960133 ï3466.558560 ï3466.536873 ï3466.605525 

16 M062X/6-311+G(d,p) ï904.818788550 ï904.636248 ï904.622565 ï904.674788 

17 M062X/6-311+G(d,p) ï1227.77348112 ï1227.591306 ï1227.577665 ï1227.630418 

18 M062X/6-311+G(d,p) ï3231.14440360 ï3230.963615 ï3231.003752 ï3231.003752 

19 M062X/6-311+G(d,p) ï76.4208162283 ï76.399190 ï76.395410 ï76.416823 

20 M062X/6-311+G(d,p) ï399.376110262 ï399.360663 ï399.356871 ï399.380213 

21 M062X/6-311+G(d,p) ï2402.73943169 ï2402.725402 ï2402.721599 ï2402.746481 

22 M062X/6-311+G(d,p) ï485.088298023 ï484.964073 ï484.953754 ï484.997449 

23 M062X/6-311+G(d,p) ï808.035108100 ï807.914615 ï807.904081 ï807.948356 

24 M062X/6-311+G(d,p) ï720.902557718 ï720.606112 ï720.588802 ï720.646772 

25 M062X/6-311+G(d,p) ï1043.85124249 ï1043.558613 ï1043.541021 ï1043.600000 

26 M062X/6-311+G(d,p) ï3047.21686451 ï3046.925045 ï3046.907355 ï3046.966972 

27 M062X/6-311+G(d,p) ï536.664556078 ï536.536182 ï536.526949 ï536.567523 

28 M062X/6-311+G(d,p) ï859.615152060 ï859.490698 ï859.481126 ï859.522988 

29 M062X/6-311+G(d,p) ï772.500427745 ï772.200253 ï772.183537 ï772.240152 

30 M062X/6-311+G(d,p) ï1095.45317975 ï1095.156635 ï1095.139874 ï1095.196572 

31 M062X/6-311+G(d,p) ï3098.82008767 ï3098.525140 ï3098.507977 ï3098.566170 

CH4 M062X/6-311+G(d,p) ï40.4967860493 ï40.451680 ï40.447869 ï40.468994 
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Figure S57: Isodesmic reactions to estimate the angular strain in the four-membered heterocyclic cations and the interaction 
energy between the R1 and R2 groups, calculated on the M062X/6-311+G(d,p) level of theory. 

 

Table S5: Reaction enthapies (ȹH) [kcal molï1] of the isodesmic reactions of Figure S56, calculated on the M062X/6-
311+G(d,p) level of theory. 

 

Ch R1 R2 ȹH [kcal molï1] 

O Me Me ï9.3 

S Me Me ï1.7 

O tBu tBu ï22.7 

S tBu tBu ï10.5 

Se tBu tBu ï9.1 
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4 Development of a weak SiïN linkage in four-membered 

cyclic CPNSi phosphonium ions. 
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4.1 Abstract 

The synthesis and reactivity of novel four-membered silyl cycles containing a 

phosphinimine moiety as a stabilizing donor group are presented. The compounds 

presented in this chapter are based on previously published silyl phosphonium 

chalcogenide heterocycles.1 The similarities and differences of these new ring compounds 

in reactivity and steric strain are elaborated. In contrast to phosphine chalcogenides, 

phosphinimine donor moieties allow for further modification of donor strength by the 

influence of steric or electronic parameters. This was exploited for the synthesis of 

phosphinimine donor atoms with strongly electron-withdrawing boranes attached. 

4.2 Introduction 

Phosphinimines, also known as iminophosphoranes, and their respective deprotonated 

forms, called phosphinimides, have long been recognized as potent ligand systems in 

transition metal chemistry.2 Over the course of decades, research has led to the 

development of tailored phosphinimine-based ligand systems, particularly for titanium 

complexes, which have been utilized as highly effective olefin polymerization catalysts.3 

Building on this success, subsequent research focused on the implementation of these 

powerful ligand systems into complexes of main group elements.4 The Meyer group 

demonstrated that phosphinimines possess catalytic potential, exhibiting imine/imine and 

imine/carbodiimine cross-metathesis.5 In main group phosphinimide complexes two 

terminal bonding modes either in the monomeric or dimeric form can occur (Scheme 1).6 

 

 

Scheme 1: Different types of bonding modes in main group element phosphinimines.6,7 

Phosphinimines are valued in main group chemistry for their broad range of applications 

and bonding modes. In 2007, the Stephan group published a study that revealed a broad 

range of coordination modes in boron-substituted phosphinimines. It was discovered that 

sterically demanding substituents tend to favor the monomeric coordination form, which 

was of significant importance for the design of the systems presented in this chapter.7 
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Scheme 2: Rational behind the chosen design motifs and applications of similar systems. 
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Furthermore phosphinimines are known for their high Lewis basicity, which is beneficial for 

their use as one part of a frustrated Lewis pair (FLP).8 This is due to the fact that the 

strength, meaning the ability to effectively polarize unpolar molecules, of a frustrated Lewis 

pair is in part described as the combination of the relative Lewis acid/base strengths of the 

individual parts.9 In 2007, the Stephan group employed phosphinimines as Lewis bases in 

combination with the strongly Lewis acidic bis(pentafluorophenyl)borane as frustrated 

Lewis pairs. The substrates were found to be capable of splitting methanol and 

trimethylamine hydrochloride in an FLP-type manner, thereby demonstrating the viability 

of phosphinimines as donor moieties in FLPs (Scheme 2, A).10 Very recently, Kato, M¿ller, 

and Maerten demonstrated that imine-stabilized silylium ions exhibit remarkable stability 

compared to other stabilized silylium ions. Additionally, the high Lewis acidity of the silicon 

center rendered them efficient hydrosilylation and allylsilylation catalysts (Scheme 2, B).11 

This illustrated the profound impact of carefully chosen stabilizing moieties in achieving a 

delicate balance between reactivity and stability, a quality essential for applications in 

catalysis. Building upon the knowledge of phosphinimide complexes containing silicon, our 

attention was drawn to the exploration of stabilized silylium ions containing a Lewis basic 

phosphinimide moiety as a Lewis basic center.7 Combination of both concepts requires 

the elaboration of new synthetic pathways towards these novel type of ring systems. Our 

goal was the study of the structural properties and the reactivity profile of these novel ring 

systems (Scheme 2, C). These ring systems can be considered FLPs, as they contain a 

Lewis basic center, the phosphinimine, and a Lewis acidic center, the silylium ion. 

However, not all systems will exhibit this property and certain design choices have to be 

taken in order to fulfill the desired reactivity. First and foremost a steric hinderance has to 

be introduced between the intracyclic Lewis acidic silicon center and the Lewis basic 

phosphinimine moiety (Figure 1). 

 

 

Figure 1: Design of the four-membered cations and their proposed implications on the system. 

This serves to diminish the donor-acceptor interaction through steric repulsion. In our case 

this was achieved by the bulky, but easily introducible, SiMe3 moiety on the Lewis basic 

side. The Lewis acidic silicon side was shielded by progressively more spatially demanding 

methyl, iso-propyl and tert-butyl groups in order to gauge the effect of direct steric repulsion 

on the system. Since our design allows for all atoms to be within a four-membered ring 

system, the interaction between the phosphinimine and the silicon atom can be further 

deteriorated by rising ring strain through a steric clash between the tert-butyl groups of the 
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phosphorus atom and the alkyl moieties bound to the intracyclic silicon atom. Further 

modifications, by replacement of the SiMe3 moiety on the Lewis basic nitrogen atom, were 

meant to not only allow for steric repulsion, but also for introduction of electronic factors in 

order to further diminish the interaction between the phosphinimine moiety and the ring 

bound silicon atom. Herein, we report the rational synthesis towards these systems, the 

steric and electronic factors influencing these systems and the reactivity of these systems 

in regard to catalytic applications and FLP activity. 
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4.3 Results and Discussion 

Our investigations started with the preparation of the phosphinimine donor moiety. In order 

to ensure comparability with previously published structures, the di-tert-

butyl(methyl)phosphine scaffold was chosen.1 The benefit of this scaffold is the high steric 

demand of the tert-butyl groups, which serve to inhibit the formation of dimeric structures 

when boron Lewis acids are attached. Compound 1 was obtained from di-tert-

butyl(methyl)phosphine and trimethylsilyl azide in a Staudinger oxidation (Scheme 3).12 

Heating at 70 ÁC extruded dinitrogen and formed the final product 1. Heating is required, 

since the Staudinger oxidation proceeds via a phosphazide intermediate, which forces the 

bulky substituents to come into close proximity during the decomposition process (Scheme 

3).13 

 

 

Scheme 3: Mechanistic pathway of the Staudinger oxidation with subsequent formation of 1. 

Subsequent attempts to replace the bulky trimethylsilyl moiety with the even more bulky 

adamantyl residue were unsuccessful, as the reaction terminated at the intermediate 

phosphazide (Figure 2). Although using a longer reaction time and higher temperatures, 

compared to the synthesis of compound 1, only di-tert-

butyl(methyl)phosphaadamantylazide (12) was obtained as crystals from the reaction 

mixture. 

 

 

Figure 2: Reaction scheme from which the crystals were obtained and molecular structure of the di-tert-
butyl(methyl)phosphadamantylazide (12) in the crystal (displacement ellipsoids set at the 50 % probability level). Selected 
bond lengths (Å) and angles (°): P(1)ïN(1) 1.636(2), N(1)ïN(2) 1.373(3), N(2)ïN(3) 1.266(3), P(1)ïN(1)ïN(2) 108.53(2), 
N(1)ïN(2)ïN(3) 113.3(2), N(2)ïN(3)ïC(1) 112.4(2). 
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Single-crystals of the intermediate 12 were obtained and analyzed by single-crystal X-ray 

diffraction analysis (Figure 2). The NïN bonds [N(1)ïN(2) 1.373(3) ¡, N(2)ïN(3) 1.266 (3) 

¡] are slightly shortened due to a partial double bond character. This obstacle in the 

synthesis of adamantyl substituted phosphinimides, as well as the inability to modify the 

phosphinimide substituent in later steps lead us to abandon this synthesis pathway and 

return our attention back to the trimethylsilyl-patterned structure 1. We chose to retain the 

trimethylsilyl moiety, as no complications were observed during the synthesis and the 

trimethylsilyl moiety can be easily replaced by other functional groups, thereby extending 

the tunability of our final system.4a,14 The synthesis of the silylated phosphinimines started 

with the literature known lithiation of 1 (Scheme 4).15 These can then be easily coupled to 

various chlorosilanes to afford the products 2, 3 and 4 in moderate to good yields (Scheme 

4). The reason for choosing different chlorosilanes was their increasing steric crowding 

from methyl- to iso-propyl to tert-butyl groups. It is noteworthy that a downfield shift can be 

observed at the 29Si nucleus in the NMR spectrum with increasing steric demand of the 

substituents. 

 

 

Scheme 4: Synthesis of silylated phosphinimines 2-4. 

While compounds 2 and 3 were obtained as colorless oils, compound 4 was obtained in a 

single-crystalline form and subjected to single-crystal X-ray structural analysis (Figure 3). 
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Figure 3: Molecular structure of compound 4 in the crystal (displacement ellipsoids set at the 50 % probability level). Selected 
bond lengths (Å) and angles (°): P(1)ïN(1) 1.538(2), N(1)ïSi(2) 1.665(2), Si(1)ïC(1)ïP(1) 118.85(13), P(1)ïN(1)ïSi(2) 
160.92(15). 

Compound 4 crystallized in the space group P21/n and exhibits two molecules in the 

asymmetric unit. Due to the high steric demand of the tert-butyl groups the Si(1)ïC(1)ï

P(1) angle is enlarged with a value of 118.858(13)Á. However, the Si(1)ïC(1)ïP(1) angle 

is smaller than the same angle in related all tert-butyl-substituted systems with phosphine 

oxide-, sulfide-, and selenide donors.1a The P(1)ïN(1) [1.538(2) ¡] bond length is within 

the range observed in other tert-butyl substituted phosphinimines [tBu3PNSiMe3 Ā B(C6F5)3, 

PïN 1.637(4) ¡; (tBu3PN)2BH, PïN 1.535(7) ¡] , and is slightly enlarged to the PïO bond 

length observed in a all-tert-butyl substituted silylphosphineoxide system 

[tBu2P(O)CH2Si(tBu2)H, PïO 1.4958(8) ¡].1a,4a,6b,7 The P(1)ïN(1)ïSi(2) [160.92(15)] bond 

angle is notably expanded from the ideal 120 Á trigonal planar angle. This is due to steric 

repulsions between the trimethylsilyl group and the di-tert-butyl moiety of the 

phosphinimine.  The phosphinimide fragment [R3P+ïNï]ï is isoelectronic to the siloxide 

fragment R3SiOï, which makes the trimethylsilyl-phosphinimine ([R3P+ïNï]ïSiMe3) moiety 

isoelectronic to the disiloxane bond (R3SiOïSiMe3), which shows a significant decrease in 

the basicity of the oxygen atom.16 It is also known that disiloxane bonds form almost linear 

bond angles. However, due to a less efficient n(N)Ÿů*(PR) orbital overlap of the 

phosphinimide fragment [R3P+ïNï]ï the ([R3P+ïNï]ïSiMe3) fragments are of higher basicity 

compared to their isoelectronic relatives.2,4b This effect also leads to a more bent P(1)ï

N(1)ïSi(2) angle. The synthesis of the four-membered CPNSi cycles required the use of 

a strong Lewis acid for hydride abstraction. The reactions of compounds 2 and 3 with 

tritylium tetrakis(pentafluorophenyl)borate resulted in the smooth hydride abstraction and 

the formation the of four-membered heterocyclic CPNSi cycles 5[B(C6F5)4] and 6[B(C6F5)4] 

(Scheme 5, top). However, in the case of the tert-butyl derivative 4, no hydride abstraction 

occurred with tritylium tetrakis(pentafluorophenyl)borate nor with 

tris(pentafluorophenyl)borane, both of which have previously been successfully employed 

as hydride abstraction reagents to provide four-membered cyclic cations.1 In light of these 

observations, we tried to make use of a reported dehydrogenative approach by protonation 

with a strong Brønsted acid, [H(OEt2)2][B(C6F5)4], and subsequent H2 release (Scheme 5, 

bottom).1b,17,18 
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Scheme 5: Top: Synthesis and selected spectroscopic values of cationic cycles 5[B(C6F5)4] and 6[B(C6F5)4]. Bottom: 
Synthesis of 7[B(C6F5)4] by protonation and attempted dehydrogenative ring closure. 

Unfortunately, this approach was also unsuccessful to achieve the corresponding tert-

butyl-equipped ring, instead the protonated intermediate 7[B(C6F5)4] was the only product 

that could be isolated and analyzed by single-crystal X-ray diffraction analysis (Figure 4). 

Upon hydride abstraction, the 31P NMR signals of 5[B(C6F5)4] [ŭ(31P) = 89.2 ppm] and 

6[B(C6F5)4] [ŭ(31P) = 90.1 ppm] are noticeably shifted downfield compared to their 

precursors 2 [ŭ(31P) = 27.7 ppm] and 3 [ŭ(31P) = 26.1 ppm], which clearly shows the 

electron-withdrawing capability of the intracyclic silicon moiety attached to the nitrogen 

donor. In a previous publication we determined, that the change in 31P NMR downfield shift 

[ȹŭ(31P)] observed upon formation of four-membered cations based on chalcogen-

substituted phosphorus donors can be traced back to a change in hyperconjugative 

nCh Ÿ ů*PïC contributions and that this effect is greatest for phosphine oxides. The PïN 

bond in phosphinimines [R3P+ïNï]ïR can, like phosphine chalcogenides, be best 

described as a polarized PïN ů-bond which is superimposed by an nN Ÿ ů*PïC 

hyperconjugative interaction.19 The large change in 31P shift from 2 to 5[B(C6F5)4] [ȹŭ(31P) 

= 61.5 ppm] and 3 to 6[B(C6F5)4] [ȹŭ(31P) = 64 ppm] can therefore be expected since the 

[R3P+ïNï]ï moiety is isoelectronic to the [R3P+ïOï] fragment, where also the biggest 

change in [ȹŭ(31P)] is expected.1 A downfield shift trend can also be observed when the 
29Si NMR signals of the hydrosilanes 2 [ŭ(29Si) = ï15.3 ppm] and 3 [ŭ(29Si) = 3.0 ppm] are 






























































































































































































































































































































































































































