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Abstract 

The present work focusses on heteroaromatic alpha silanes that have thus far not been described or 

studied in detail. Synthesis strategies through Grignard and palladium assisted reactions forming these 

silanes were explored and optimised. Additionally, previously not described intermediates of the 

catalytic reaction were studied. 

The physicochemical properties of novel heteroaromatic alpha silanes were researched. The silanes 

were used in the formation of telechelic polymers and the targeted formation of resins. Their 

respective hydrolysis rates were assessed through time resolved rheologic measurements. Upscale 

reactions forming novel alpha silanes were conducted, followed by the use in industrially relevant one 

component room temperature vulcanising silicone formulations. 

 

 

Zusammenfassung 

Die vorliegende Arbeit konzentriert sich auf heteroaromatische Alphasilane, die bisher nicht im Detail 

untersucht wurden. Synthesestrategien durch Grignard- und Palladium- unterstützte Reaktionen zur 

Bildung dieser Silane wurden erforscht und optimiert. Zusätzlich wurden neue Intermediate, die 

während der Katalyse auftreten, erforscht.  

Die neuen heteroaromatischen Alphasilane wurden auf ihre physikochemischen Eigenschaften hin 

untersucht. Die Silane wurden bei der Bildung von telechelen Polymeren und der gezielten Bildung von 

Harzen eingesetzt. Ihre jeweiligen Hydrolyseraten wurden durch zeitaufgelöste, rheologische 

Messungen ermittelt. Es wurden Upscale-Reaktionen zur Bildung neuartiger Alphasilane durchgeführt, 

gefolgt von der Verwendung in industriell relevanten, bei Raumtemperatur vulkanisierenden, 

Einkomponenten-Silikonformulierungen. 
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1 Introduction 

“There is only one thing that makes a dream impossible to achieve: the fear of failure.” 

Paulo Coelho 

 

1.1 Scope of this work 

Reactive silicone monomers are key in one component curing of consumer and commercial grade 

sealants and adhesives due to their versatility, strength and low price. The ongoing research in this 

industrial highly important field has focused on less toxic and more environmentally benign 

compounds in recent years. Increasing monomer reactivity allows reducing and may eliminate the 

usage of catalysts, potentially reducing users' exposure to harmful substances. Consequently, 

industrial synthesis as well as intrinsic properties of the used compounds are of high interest. 

Recent studies have highlighted the "alpha silicon effect", noting that introducing a heteroatom (an 

atom other than carbon, such as oxygen or nitrogen) in alpha position to a siloxane molecule with 

hydrolysable groups significantly increases their hydrolysis rate. The aim of this work is to exploit this 

effect, open a new substance class and explore its applicability in an industrial setting. 

This thesis is divided into three main chapters. The first chapter will provide a theoretical background 

on the usage and chemistry of reactive silicones. The so-called alpha silicon effect and its high potential 

in commercial formulations is introduced. In chapter 2 a new class of compounds and different 

synthesis routes towards them are explored. First common strategies towards silanes are exploited 

proving feasibility of the proposed substance class. This is followed up by establishing a palladium 

catalysed carbon-silicon cross coupling for the target compounds. As no mechanistic data is available 

in literature extensive investigations are undertaken. The following chapter 3 describes the technical 

applicability of such newly synthesised compounds. This includes the downstream usage of silicones 

in polymers and resins as well as their application in commercial formulations and synthesis on an 

industrial scale. Finally, conclusions are summarized and an outlook for future research is provided. 

This thesis highlights the process from idea to application in an industrial environment, closely 

following each development step and tailoring towards commercial relevance. 
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1.2 Silicones 

Silicones are a class of polymers made from the repeating unit [𝑅1
𝑚1𝑅2

𝑚2𝑆𝑖(𝑂)
4−

𝑚1+𝑚2

2

]𝑛, where 

𝑚 =  1 − 3 and 𝑛 ≥ 2. The resulting compounds may be linear, branched or cyclic, exemplary 

structures are shown in Figure 1. The IUPAC definition specifies “silicone” as the linear or branched 

version of polyorganosiloxanes.1 

Silicone polymers have distinctive properties due to organic substituents on an inorganic chain, 

allowing them to be applied as emulsifiers, isolators, resins or elastomers in a broad range of 

applications.2,3 Various industrial applications are known from durable and waterproof adhesives and 

sealants4 to potting compounds in the electronics industry.5 Additionally its high biocompatibility6 

makes it an excellent choice for on- or in-body applications. The unique properties of silicones and 

their resulting applications can be ascribed to the unique silicon-oxygen bond. It has increased bond 

lengths when compared to its carbon-oxygen analogue.7 The Si-O bonding is longer than the C-O 

bonding, which results in a wider Si-O-Si bond angle, allowing for easier rotation of the moieties 

attached to the silicon atoms, leading to the high flexibility of the silicone chains.8 

To differentiate easily between silicones a nomenclature was established. M, D, T and Q indicate the 

number of silicon oxygen bonds present repeating unit within a polymeric chain. The functional group 

can have a significant impact on the physicochemical properties of the resulting molecule. The most 

common functional group in polysiloxanes is methyl, it is thus not indicated further in this 

nomenclature, any functional groups different from methyl are written behind the letter in suffix, such 

as H for hydrogen or Ph for phenyl. M refers to mono-siloxane ((CH3)3SiO0.5), thus three functional 

groups are present, D for di-siloxane ((CH3)2SiO), T for tri-siloxane ((CH3)SiO1.5) and Q for quarternary 

siloxane (SiO2).9 This nomenclature can be used for small molecules, polymers and three-dimensional 

networks such as resins. A practical example is MHMH describing 1,1,3,3-tetramethyldisiloxan, where 

one methyl in each M unit is replaced with a hydrogen.10 

 

Functional group 

   
 

Nomenclature M D T Q 

Scheme 1: Siloxane functional groups and their nomenclature from M to Q. 

 

The versatility and range of silicone products can be attributed to the numerous possible combinations 

of building blocks and organic moieties. Silicone oils and fluids, specifically the common linear 

polyorganosiloxanes of the general structure MDxM, are exemplified by polydimethylsiloxanes 
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(PDMS). On the other hand, highly branched and viscous silicone resins consist of either MQ or DT 

combinations. Due to the bivalent nature of the D unit a cyclic siloxane can be noted according to the 

count of circularly repeating D units as shown in Figure 1. Additionally, this nomenclature allows the 

straightforward description of linear or branched siloxanes. MDM refers to a siloxane oligomer with a 

structure that includes two trimethyl-silyl (M) end groups and one dimethyl-siloxy (D) repeating unit. 

 
Figure 1: Exemplary silicone compounds, illustrating the use of MDTQ nomenclature: Hexamethylcyclotrisiloxane (D3) and 

Octamethyltrisiloxane (MDM). 

 

The term "silicone" was coined by Kipping11 in the early 20th century during his studies of silicon and 

its compounds. Initially referred to as "silicon ketones" or "silicones", these materials were considered 

aggregates rather than polymers due to their limited variety and perceived inertness. Further research 

and characterisation by Kipping laid the foundations for silicon chemistry. In the 1940s, Rochow12 and 

Müller13 independently reported the current state-of-the-art industrial synthesis of 

chloromethylsilanes, enabling the direct synthesis of organohalosilanes. The process is known as the 

direct process. This overcame the previously constrained access to silicone derivatives from silica. After 

a period of secrecy during World War II, these developments allowed the domain of silicones to grow. 

The combination of chloromethane and elemental silicon in the presence of copper at high 

temperatures yields a mixture of different chlorinated methylsilanes. Consecutive hydrolysis yields the 

corresponding silanols which condense to silicones.3 Alternative, less energy-intensive processes are 

the subject of ongoing research.14,15 

The primary reaction in the direct process involves the formation of dimethyldichlorosilane (Scheme 

2). Other methylchlorosilanes are generated as by-products of side reactions, resulting in a mixture of 

silanes which requires purification through complex distillation procedures. Nevertheless, it is feasible 

to adjust the reaction temperature and use promotors to influence the composition of the various 

silanes. Despite these variables, dimethyldichlorosilane remains the main product of the direct 

process.16 

 

Scheme 2: Basic reactions during the direct process where x = a+b+c+d+e+f. Main product formed depends on reaction 

conditions, usually a is formed as the main product.16  

As the Müller-Rochow-process produces highly reactive methyl substituted chlorosilanes these are 

converted to higher value commodity and specialty chemicals. They undergo rapid condensation in the 

presence of water to form silanols. Silanols then condense with themselves, forming siloxanes (Figure 
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2). During this process polydimethyl siloxane, also referred to as PDMS, is formed. The resulting 

polymer bears hydroxy functionalisation on both ends. This is also referred to as α,ω-substituted as 

both the starting point “α” and end “ω” are functionalised with a hydroxy group. Alternatively, cyclic 

siloxanes, such as octamethylcyclotetrasiloxane, in accordance with the above-mentioned 

abbreviation convention referred to as D4 are formed. Smaller cyclic siloxanes such as D3 form in low 

quantities only, as the added ring strain makes them thermodynamically unfavored during the 

formation. Comparing polymeric chains and sterically less strained cyclic siloxanes their entropy is very 

similar.10 Higher rings have similar ring strains, however, are intrinsically unfavored by entropy. It is 

thus not surprising that during the condensation of methylchlorosilanes to siloxanes mainly D4 is 

formed, when differently substituted chlorosilanes are used substituted cyclic siloxanes are obtained. 

 
Figure 2: Condensation of dichlorosilanes with water forming disilanols, which undergo rapid condensation to form linear 

α,ω-hydroxy-substituted polydimethylsiloxane. Where R can be selected from a variety of organic substituents. When R is a 
methyl group the formed polymer can be referred to as polydimethylsiloxane (PDMS). 

 

While silicones are comprised of the above-described substance class they bare unique properties 

making them versatile and important building blocks for industrial and consumer applications. A key 

property is their low thermal conductivity, at about one tenth that of most metals and one third that 

of common thermoplastics such as polyethylene, making them useful materials as insulators in e.g. 

electronics sealing.17 Furthermore, most silicones are classified as nontoxic18 and not releasing harmful 

chemicals when heated or burned.18 Combined with their high flexibility over a high temperature 

range, hydrophobic character and chemical resistance they are the go-to polymer in high demand 

consumer and professional construction applications.19 Depending on the application the final material 

properties can be fine-tuned by varying the polymers side group substitution and composition of the 

end product.  

Ring-opening polymerisation (ROP) of cyclic siloxanes is a key approach for the synthesis of functional 

silicone polymers. The resulting polymers properties can be influenced by choice of polymerisation 

method, reactants and catalyst. Several ROP methods are common, each with their own set of 

reactants and catalysts, offering control over end- and side-group functionalised silicone polymers, as 

well as their key parameters, such as molecular weight and polydispersity index (PDI).20 

A common method is anionic ring-opening polymerisation (aROP) which typically involves monomers 

such as octamethylcyclotetrasiloxane (D4). Cyclic siloxanes are polymerised using strong bases like 

butyllithium or potassium silanolate, serving as initiators by attacking the siloxane ring and opening it 

to form long chains. Functional monomers like 2,4,6,8-tetramethyl-2,4,6,8-

tetravinylcyclotetrasiloxane can be included in the polymerisation process to create block copolymers 
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with specific side group functionalisation, allowing post polymerisation modification of the polymer.21 

The aROP results in polymers with narrow molecular weight distributions (low PDI) due to its “living” 

polymerisation nature. In this case “living” refers to the continuous chain growth without termination 

until all monomers are consumed. The precise control over PDI and ability to introduce well defined 

end groups makes aROP ideal for producing block copolymers. However, the method is restricted due 

to the need for strict reaction conditions, particularly moisture, which may lead to undesirable side 

reactions and chain termination.22 

In contrast cationic ring-opening polymerisation (cROP) offers a different approach to ROP, where the 

polymerisation is initiated by strong acids or Lewis acids, such as trifluoromethanesulfonic acid (TfOH) 

or boron trifluoride etherate (BF3-OEt2).23 These catalyst work by protonating the oxygen atom of the 

cyclic siloxanes, leading to ring-opening and subsequent polymerisation of cycles. The cROP is 

preferred for production of functional polymers with well-defined end groups, allowing the selective 

introduction of end groups through choice of end-capping agent. However, the method can generate 

cyclic oligomers as side products which can be challenging in purification and reduces overall yield for 

polymer. Additionally, cROP lead to higher PDI when compared to aROP due to side reactions. Despite 

this the method is used for its control over molecular weight and end group functionalisation, making 

it suited to produce specialised silicone polymers.24 

Further functionalisation of silicone polymers can be achieved through hydrosilylation, modifying the 

side chains of pre-formed polymers.25 This method uses vinyl-substituted cyclic siloxanes in 

polymerisation and introduces functional groups through hydrosilylation. Commonly platinum based 

catalysts such as Karstedt’s or Speier’s catalyst enable the addition of Si-H binds to the vinyl groups.26 

Due to the high yield of the reaction this method is efficient in the introduction of a wide range of 

functional groups. Depending on the introduced groups material properties of the final polymer such 

as hydrophobicity can be tailored. However, other material properties may be influenced such as 

thermal stability due to the added silicon-ethylene-silicone bridges introduced through hydrosilylation. 

Careful optimisation of the reaction conditions, such as catalyst concentration and temperature, is 

necessary to avoid incomplete reactions or unwanted side products, which can impact molecular 

weight and distribution.27 

Selection of reactants and polymerisation mechanism can play a critical role in determining the key 

characteristics of a silicone polymer, including its molecular weight, polydispersity index and end group 

functionalisation. Anionic ring-opening polymerisation yields polymers with a narrow polydispersity 

and allows for precise control over end group functionalisation due to its “living” nature. In contrast 

cationic ring-opening polymerisation may result in broader polydispersity and formation of cyclic 

oligomers but offers greater flexibility in end group choice. Side-group modification can be achieved 

through hydrosilylation, allowing for the further introduction of diverse functionalities to the polymer, 
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changing its physicochemical properties, such as thermal, chemical, and mechanical performance. 

Overall, the strategic selection of reactants and polymerisation pathways is essential for tailoring the 

properties of silicone polymers.  

 

1.3 Reactive silicones 

There are different subclasses of functional silanes differentiated through their substitution. There are 

two differentiations that can be made within the class of silanes: reactive and non-reactive substituted 

silanes. Non-reactive substitution describes a functionalisation that may not be easily functionalised 

further through reaction. Common substituents would be alkyl- or aryl-silanes. Here the strong carbon 

silicon bond, characterised through its low energy state, does not undergo further reaction easily. 

Reactive substituted silanes may be easily functionalised through chemical modification. Chlorosilanes 

are siloxane species where silicon is bonded to chlorine atoms (Si-Cl). Chlorosilanes are reactive 

intermediates used in the synthesis of silicone compounds. They serve as key precursors in the 

production of functional silanes and silicones. Chlorosilanes can undergo hydrolysis in the presence of 

water to form silanol groups (Si-OH), initiating subsequent condensation reactions (compare Figure 2). 

The choice of specific chlorosilane precursors can influence the final silicone properties and 

functionalities. Silanol, represented as (Si-OH), is a highly reactive siloxane species containing a 

hydroxyl functional group. Silanols can be found as terminal groups in linear silicones or as surface 

functionalities on silicone materials. They readily undergo condensation reactions with other silanol 

groups, leading to the formation of siloxane linkages (Si-O-Si) while releasing water. This condensation 

reaction is central to the cross-linking and curing of silicones. Siloxanes are the fundamental repeating 

unit of silicone polymers. They consist of silicon-oxygen-silicon (Si-O-Si) bonds, forming the backbone 

of silicone structures. They may form various structural varieties, including linear, cyclic, and branched 

forms. The nature and arrangement of siloxane linkages dictate the physical and chemical properties 

of silicone materials, an exemplary hydrolysis and condensation of pathway for reactive silanes is 

shown in Scheme 3. Oximosilanes feature oxime functional groups (N=C(Me)OR) with R representing 

an organic moiety. These silanes are used as coupling agents and surface modifiers, especially in 

adhesives and sealants. Oxime groups can react with metal oxide surfaces, creating strong bonds and 

enhancing adhesion. The resulting oximosilane bonds contribute to improved durability and adhesion 

properties. Alkoxysilanes are siloxane species containing alkoxy functional groups (Si-OR) where R 

represents an organic group. Alkoxysilanes act as cross-linking agents and adhesion promoters. In the 

presence of moisture, alkoxy groups undergo hydrolysis, leading to the formation of silanol groups (Si-

OH). Subsequent condensation reactions among silanol groups generate siloxane linkages, forming a 

silicone network with good mechanical properties as well as not exhibiting any unpleasant olfactory 
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characteristics. Acetoxysilanes feature acetoxy functional groups (Si-OOCCH3) with each silicon atom 

bonded to an acetate group. These silanes are commonly employed as curing agents and cross-linkers 

in silicone sealants and adhesives. When exposed to moisture, acetoxysilanes undergo hydrolysis to 

form silanol groups (Si-OH) and acetic acid (CH3COOH). Condensation reactions among silanol groups 

lead to the formation of a silicone elastomer network. An exemplary hydrolysis and condensation 

pathway using the reactive groups mentioned here is shown in Scheme 3. 

 
Scheme 3: General hydrolysis and condensation of Silanes. Where R1 can be hydrocarbon, aldehyde or imine. 

 

Vinylsilanes are siloxane species where silicon is bonded to vinyl (CH=CH2) functional groups. These 

silanes are notable for their ability to introduce unsaturation into silicone polymers. Vinylsilanes are 

used as cross-linkers in the synthesis of silicone elastomers.28 The vinyl groups readily participate in 

hydrosilylation reactions where they react with silicon-hydrogen (Si-H) bonds in other silane or siloxane 

compounds (Scheme 4). This hydrosilylation process allows for the formation of stable carbon-silicon 

(C-Si) bonds and the creation of three-dimensional silicone networks, enhancing the mechanical 

properties and heat resistance of the resulting silicone materials. The regioselectivity of 

hydrosilylation, such as in the reaction of vinyltrimethoxysilane (VTMO) with hydridosilanes, results in 

the formation of alpha and beta addition products based on catalyst type, steric effects, and reaction 

conditions. The β-product, where the silicon adds to the carbon atom adjacent to the vinyl group, is 

generally favored under standard catalytic conditions, especially with platinum-based catalysts, due to 

a combination of electronic effects and the stabilizing interaction of the intermediate species. 

Alternatively, α-products, where silicon attaches to the terminal carbon of the vinyl group, can be 

selectively obtained using sterically hindered catalysts or under specific reaction conditions, such as 

higher temperatures or with catalysts that alter the electron density of the reactive sites. These 

variations highlight the influence of catalytic systems and molecular geometry on regioselectivity.29,30 

The selective formation of these products is crucial for tailoring the properties of silicone-based 

materials which are widely used in applications ranging from adhesives to high-performance 

elastomers.31 Vinylsilanes play a crucial role in the development of silicone rubber and high-

performance silicone products used in industries ranging from automotive to electronics.28,32,33 

 
Scheme 4: Hydrosilylation of a hydridosilane with a vinylsilane. 
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A combination of reactive and unreactive groups is common and often used to tailor the properties of 

the resulting compound, such as introducing non-reactive groups to polysiloxanes to form chemically 

stable polymers. Additionally, reactivity of the reactive groups may be influenced through all other 

substituents present on the silane centre. A common example is the increase of reactivity of 

alkoxysilanes when substituting with vinyl instead of methyl or ethyl.34–36 

 

1.4 Curing systems 

In silicone curing systems a variety of methods and mechanisms can be used to cross-link organosilicon 

polymers. Generally, silicone systems can be differentiated into the underlying mechanism involved 

during curing. Curing, also referred to as vulcanising, being the formation of a three-dimensional 

network in a silicone mixture.37 This enables their use in a broad range of industrial applications. These 

systems can be categorized based on the environmental conditions required during their curing 

process. Commonly literature differentiates between room temperature vulcanising (RTV) and high 

temperature vulcanising (HTV). The choice of curing method has a direct influence on the cured 

materials properties such as mechanical strength, chemical resistance and thermal stability.38 Room 

temperature vulcanising silicone systems can be categorized into RTV-1 (one-part systems) and RTV-2 

(two-part systems). RTV-1 systems are single component, cured through their reaction with moisture 

from ambient environment while not requiring heating or the addition of components. Contrary RTV-2 

systems consist of two components that must be mixed prior to their application. 

Free radical peroxide induced curing is a common mechanism involved in high temperature vulcanising 

(HTV) silicone. The process is based on the thermal decomposition of organic peroxides, generating 

free radicals in situ, leading to the vulcanisation of the silicone matrix. The process uses elevated 

temperatures to decompose organic peroxides into free radicals which then undergo reaction with 

unsaturated groups, such as vinyl, creating three dimensional networks. The temperature required 

depend on the organic peroxide used and can vary from 120 °C to 200 °C. Common peroxides used are 

benzoyl peroxide and dicumyl peroxide. The choice of peroxide is important as it can have influence 

on curing speed, cross-linking density and the final materials properties such as elasticity. As the 

activation process requires stability at high temperature common uses of peroxide cured silicones are 

in high temperature applications, such as gaskets and O-rings. Additionally, their high temperature 

resistance allows sterilisation, thus use in medical applications.38,39 

Silicones curing upon exposure to (ultraviolet) light are referred to as photoinitiated curing. This curing 

method has applications where rapid or highly localized curing is required. The mechanism of 

photoinitiated curing silicones relies on the absorption of UV light by a photo initiator, decomposition 

of which leads to reactive cations or radicals. These decomposition products then react with the 

polymer forming a cross-linked network. Radicals can be generated in a spatially limited area by 
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selective exposure to light and thus only local generation of reactive species. In this mechanism photo 

initiators are essential, deciding not only the reaction pathway (cation or radical) but also their 

quantum yield and peak absorption wavelength. The number of photons emitted at the photo 

initiators wavelength determines the rate of curing. This type of activation finds application in 

electronics encapsulation and coatings due to the rapid and externally triggered curing of such 

formulations.38,40 

Addition curing silicone systems use two components that can undergo addition reactions upon 

mixing, making them commonly applied in RTV-2 formulations. Most addition curing systems use 

hydrosilylation, the addition reaction between hydridosilanes with unsaturated double bonds in the 

presence of a platinum catalyst. The reactions commonly are active enough to proceed at room 

temperature but can be accelerated at elevated temperature. Due to the addition nature of this 

approach it is highly valued for it relative independence of ambient conditions and absence of volatile 

release. Common platinum-based catalysts are Speier’s catalyst (chloroplatinic acid) and Karstedt’s 

catalyst (Figure 3). The catalysts allow the controlled addition of hydridosilanes to vinyl functional 

silanes, vulcanising the mixture. Fine tuning of the process through the addition of inhibitors allows for 

tailor made products that find application in medical fields, electronics and mold making due to the 

absence of byproducts and precise control over the vulcanisation.38,41 

 

Figure 3: Karsted's and Speier's catalyst, commonly used in hydrosilylation. 

 

Condensation curing is a versatile process that involves a two-component system in which a hydroxyl-

terminated silicone polymer reacts with a cross-linker, typically an alkoxysilane or acetoxysilane. This 

reaction is catalysed by metal complexes and it proceeds with the release of small molecules such as 

water, alcohols or acetic acid as by-products. The cross-linking reaction occurs between the hydroxyl 

groups of the silicone polymer and the alkoxy or acetoxy groups of the cross-linker. The reaction results 

in the formation of a siloxane network and the release of by-products. The curing process can occur at 

room temperature, although elevated temperatures can accelerate the reaction. If all end groups of 

polymers are functionalised with cross-linker water is required for an initial hydrolysis of the silane. In 

one component applications water is used as moisture from ambient conditions, while in two 

component applications water is directly added to the mixture. Tin-based catalysts such as dibutyltin 

dilaurate (DBTDL) are commonly used to promote condensation curing. In some formulations, titanium 

alkoxides may also be employed (see Figure 4). Other metal catalysts, such as platinum or palladium, 

can also be used in RTV-1 silicones but these are less common.42,43 The release of by-products must be 
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carefully managed as their presence can influence the final properties of the silicone elastomer. 

Common applications of condensation curing silicones are found in construction as sealants.38,44 

 

Figure 4: Catalysts dibutyltin dilaurate (DBTDL) and titanium isopropoxide (TIPT), commonly used in RTV-1 silicones. 

 

1.5 Alpha silanes 

In recent years a subclass of reactive organofunctional alkoxysilanes gained interest. Compounds 

bearing a heteroatom substituted methylene linker (α-siloxane, also referred to as α-silane) show a 

dramatic increase in hydrolysis speed for the alkoxy substituents when compared to similarly 

substituted β- or γ-siloxanes. This observed behaviour is referred to as α-effect or silicon α-effect with 

both terms used interchangeably. Due to their unique properties silanes of this structure are used in 

several polymers with cross-linking applications.45,46 The effect was first reported by Whitmore et al. 

in 194647, followed by a long dormant period as no particular interest in siloxanes and as described 

previously no commercially viable synthesis had been established. First usage of compounds of the 

general structure shown in Figure 5 appeared in patents filed in 1968 by Bayer AG48,49, describing high 

reactivity of these compounds when used as moisture curing prepolymers. In 2003 new research 

activity was noted as Wacker AG50,51 and Henkel AG52 filed patents in the field. Interestingly only a 

limited amount of research has been undertaken to understand the α-effect while the cause of this 

effect has been a matter of debate for a long time.53 Early publications attributed the effect to 

intramolecular donor-acceptor interactions between the heteroatom and silicon centre, attributing 

the increase in reactivity when compared to similarly substituted γ-siloxanes to a change in relative 

charge between silane and leaving groups. This assumption was first proven wrong by Mitzel et al.54, 

showing that donor-acceptor behaviour of these compounds can only insufficiently describe the 

observed reactivity increase. While speculating that other factors such as pH, surrounding matrix and 

steric influences are involved in the effect no detailed investigation into their influence was published. 

The first comprehensive relation between theoretical modelling and experimental values was 

published by Berkefeld et al.55,56, describing the discrepancy between theoretical modelling of 

hydrolysis speeds and the observed experimental data generated from synthesised compounds. No 

singular influence on the observed effect could be identified while the combination of several factors 
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such as pD-values* or hydrogen bonding between the functional groups contribute to the overall 

observed increase in reactivity.55 More recent publications came to similar conclusions while using 

different base sets for calculation and additional or different silane derivatives than Berkefeld et al.55,57–

59 

 

Figure 5: Comparison between alpha, beta and gamma substituted, functional silanes, where R can be alkoxy or other 
reactive and non-reactive substituents. X is a heteroatom substituent, such as sulphur or nitrogen. 

 

Furthermore, industrial interest has been shown through the filing of several patents by different 

institutions over the last 30 years.60,61 

Notably, the α-effect in silanes must not be confused with the β-effect in silanes, as they involve 

distinct mechanistic phenomena and synthetic implications. The β-effect refers to a de-silylation 

process that occurs when an electron-donating heteroatom, such as oxygen or nitrogen, is located in 

the β-position relative to the silicon center. This interaction induces negative hyperconjugation, the 

lone pairs on the β-heteroatom interact with the antibonding orbital of the Si-C or Si-H bond. 62–64 This 

weakens the silicon bond, allowing the elimination of the β-substituent. This effect is a cornerstone of 

synthetic strategies, such as the Peterson olefination, where the β-elimination of silane derivatives 

enables the formation of alkenes under acidic or basic conditions, offering control over syn- or anti-

isomer formation depending on reaction conditions (see Figure 6).65 For example, β-silyl alcohols can 

undergo elimination to yield stereoselective alkenes, demonstrating the synthetic utility of the β-

effect.66 In contrast, the α-effect in silanes, involving stabilization effects between a silicon atom and 

an adjacent α-position heteroatom, is less understood and significantly less explored in the context of 

synthetic applications. Due to its extensive use in the formation of C=C bonds and its clear mechanistic 

pathways, the β-effect in silanes is better characterised and applied in organic synthesis compared to 

the underexplored α-effect. 67 

 

Figure 6: Use of β-silicon effect in the Peterson olefination and steering of reaction outcome through reaction condition 
choice.65 

 
* pD values were recorded by Berkfeld et al. in deuterium oxide (“heavy water”), due to the slight differences in 
self-ionisation they are comparable to but not identical with pH values.  
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The main representatives of commercially available α-silanes are derivatives supplied by key chemical 

companies such as Wacker Chemie AG. Examples include trimethoxysilylmethyl derivatives, 

ethoxysilylmethyl derivatives and functionalised silanes with a nitrogen as heteroatom. Generally, 

commercial silanes are supplied with activity in moisture-curing systems and cross-linking reactions. 

For example, Wacker Chemie AG produces α -silanes under the product lines SILRES® and GENIOSIL®68 

which find wide application in adhesives, sealants and surface treatment applications. While such 

reactive compounds are at hand, the functional groups incorporated into commercially available 

α-silanes have remained limited, reflecting only limited scope of structure.68,69 

In conclusion, it is evident that there is a noticeable lack of structural diversity surrounding the α-silane 

scaffold, focussing on methylene linked α-substituted siloxanes, in the current landscape of chemical 

research. While α-silanes have proven to be valuable building blocks in various synthetic 

methodologies, most studies have focused on a limited range of structural variations. This lack of 

diversity has the potential to hinder the exploration of novel chemical space and limit the development 

of innovative applications. To advance our understanding of α-silane chemistry and unlock its full 

potential, it is imperative that future research endeavours embrace a more diverse approach to 

structural design, expanding and understanding boundaries of where and how α-effect plays a role. 

 

1.6 Research question 

Alpha substituted reactive silanes have long been recognized for their unique properties within the 

class of reactive silanes, playing a significant role in facilitating the room temperature vulcanisation of 

silicones and silane modified polymers worldwide. Historically, the use of α-silanes with special 

properties has been limited to methylene-linked compounds (sp³-carbon), constraining their substrate 

and substitution scope. This limitation may find resolution through the incorporation of sp2 linked 

silanes, which opens exciting possibilities for heteroaromatic allyls, heteroaryls, or substituted 

heteroalkyls, a schematic illustration is shown in Figure 7. The inclusion of sp2 centres into α-silanes 

represents a novel approach that offers a thrilling opportunity to explore new horizons within the 

established field of reactive silane-based adhesives and coatings. 

 
Figure 7: Schematic illustration of α-silanes with (sp³-carbon) and sp²-carbon linkages. 

 

The central objective of this thesis is to provide potential synthesis routes towards sp2 α-silanes, given 

the absence of comprehensive descriptions of these compounds in the existing literature. Moreover, 
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the determination of physicochemical parameters for these compounds is of high importance, 

contributing significantly to academic knowledge and understanding of the α-silane class. This research 

effort also encompasses the investigation of mechanistic and material properties, which stand as the 

first of their kind due to the novelty of the group and partial synthesis pathways described. These 

endeavours aim to answer not only academically relevant but also industrially intriguing questions, 

such as the stability of sp2 α-silanes when compared to commercially known silanes, their reactivity 

towards moisture, and ease of manufacturing. 

The second chapter of this thesis shows a selection of sp2-carbon-linked α-silanes and a subclass of the 

same, the state of the art for these silanes, as well as their established synthesis routes. The chapter 

then shows two preferred synthesis routes, through a stoichiometric Grignard reaction and a palladium 

catalysed carbon silicon cross-coupling, optimises these reactions for the target α-silanes, shows their 

scope for the class of selected α-silanes and for the palladium route explores the mechanism. 

Chapter three starts with the isolated α-silanes, uses them in downstream applications for polymer 

endcapping and in resin condensations and explores their physicochemical properties in a variety of 

application related experiments such as use of the silanes in industrially relevant silicone formulations. 

Additionally, the chapter shows the upscale of previously optimised synthesis. 

All steps of this thesis are visualised in Figure 8. Starting with the identification of potential candidates 

(Chapter 2.3), followed by synthesis strategies via Grignard reaction (Step 1 in Figure 8, Chapter 2.4) 

and palladium-catalyzed coupling (Step 2 in Figure 8, Chapter 2.5), ultimately leading to the isolation 

of novel α-silanes. These silanes are subsequently applied (Chapters 3.1, 3.2, 3.3, and 3.5), and their 

scale-up synthesis is described in Chapter 3.4. The flowchart will be updated after each step is 

completed, with visual indicators highlighting the finished steps. 

 

Figure 8: Flow chart presenting the general structure of this thesis. 

Potential α-silane candidates 

1 
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2 mechanism 

application Scale up 





Construction of silicon-carbon bonds towards α-silanes 

15 
 

2 Construction of silicon-carbon bonds towards α-silanes 

2.1 Framework and objectives of the study 

α-Silanes have been introduced in chapter 1.5. The silanes presented there and in the limited literature 

available on the topic derive from a methylene bridged silane. These silanes present a methylene group 

between the silicone and heteroatom. However, no references were found addressing a sp2-based 

carbon linker. This chapter will focus on the synthesis of such silanes from commonly available silanes. 

Different synthesis routes and approaches will be elaborated and shown. Both stoichiometric as well 

as catalytic approaches are considered and explored. The stoichiometric approach is based around 

established chemistry (chapter 2.4), showing the existence of the claimed structures from chapter 2.3. 

While chapter 2.5 shows the modification of a catalytic approach to forming carbon-silicon bonds, 

starting with feasibility and optimisation of the reaction and concluding with a mechanistic 

investigation and proposal of possible reaction mechanism. 

A flowchart is presented in Figure 9. Starting from a sp2 centre linked α-silanes either branched or cyclic 

derivatives can be drawn. When going for a carbon silicon bond formation route using heterocycles as 

the appropriate precursors would allow for more flexibility as their chemistry is well understood. 

Substituted derivatives are commercially available and they simplify the introduction of a sp2 centre in 

alpha position to the silane greatly. Once heterocycles were selected, three common heteroatoms may 

be introduced: sulphur (S), nitrogen (N) and oxygen (O), resulting in thiophenes, pyrroles and furans 

respectively. These three heterocycles and their derivatives may be compared to cyclopentadienyl 

anions, resulting in compliance with Hückel’s rule and exhibiting strong aromatic character. Hückel's 

rule states that a planar, cyclic molecule is aromatic and particularly stable if it contains a conjugated 

system with (4n+2) π-electrons, where n is a non-negative integer. This rule helps predict aromaticity 

in organic compounds.70 Their respective reactivity is influenced by the present heteroatom, with 

increasing electronegativity from furan to thiophene. Furans show typical diene reactivity while pyrrole 

and thiophene show more characteristic SE type reactivity.71 

 

Figure 9: Identification of substructures previously not reported in literature. 
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2.2 Current state of the art 

This chapter touches on the available strategies to synthesis functional silane compounds and 

elucidates the state of the art for silanes of the general structure shown in Figure 9. This will serve as 

a basis for the choice of potentially interesting α-silanes and synthesis strategies towards them. 

 

2.2.1 State of the art for sp2 linked α-silanes 

Using lists of commercially available silanes, the heteroaryl structures derived from the compound 

shown in Figure 9 were reviewed. Literature known derivatives are described in the following. Manoso 

and DeShong72 showed the synthesis of different aryl-triethoxysilanes with a palladium (0) catalyst 

starting from aryl bromide and iodide (Figure 10). Their study reported the successful formation of the 

desired silane products along with the observation of an undesired hydration by-product. Commonly 

the treatment of silicon electrophiles with Grignard or lithium reagents is used for the generation of 

aryl-silanes. Either tetra-alkoxy, chloro-trialkoxy- or tetrachloro-silanes are treated with these species 

to yield the desired product. The authors optimise the Buchwald ligand and demonstrate that the 

oxidative addition of the catalyst into the silane bond is the key intermediate, from which either a 

carbon silicon or carbon hydrogen bond can be formed. The yields are affected by the electron 

properties of the aryl bromides used, with electron-rich aryl bromides yielding higher yields than 

electron-deficient aryl bromides. Additionally, the authors show that para substitution is preferred 

relative to the used halide, while ortho position diminished the yield significantly. Only two additional 

records of thiophene derived silanes are found in the literature, both of which use a Grignard reagent 

to generate the desired compound.72–74 

 

Figure 10: Synthesis of different aryl-triethoxysilanes with a palladium (0) catalyst starting from aryl bromide and iodide 
procedure according to.72 

 

Wolf and Lerebours75 demonstrated the Hiyama type cross coupling of arylsiloxanes with aryl halides 

using a palladium-phosphine catalyst and sodium hydroxide, showing the reaction of furan and 

thiophene trimethoxysilane derivatives with 3-bromopyridine resulting in the appropriate cross 

coupling product. However, no source of the appropriate starting compounds has been disclosed. 

Han et al.76 have shown cross-coupling reactions, using palladium as a catalyst (Hiyama coupling), of 

benzylic ammonium salts and a trimethoxy aryl compound. Here both furan- and thiophene-
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trimethoxysilane were used to perform the cross-coupling reaction with ammonium benzonitrile 

(yielding 4-(furan-2-ylmethyl)benzonitrile and 4-(thiophen-2-ylmethyl)benzonitrile. However, no 

source of the appropriate starting compounds has been disclosed. Erchak et al.77 showed the synthesis 

of alkoxysilanes from a hydridosilane-heterocycles via a methanolysis (Figure 11). Upon treatment with 

methanol hydrogen gas is released. By varying the molar ratio of methanol and starting the silane 

different substitutions on the silane could be achieved. The process itself is described to be 

autocatalytically, requiring no catalyst and only mild conditions.77 

 

Figure 11: Methanolysis of furan-2-ylsilane in dichloromethane resulting in the formation of various furan-2-
ylmethoxysilanes, as presented by Erchak et al.77 

 

Riedmiller et al.74 showed the synthesis of furanyl-alkoxysilanes as an intermediate in the synthesis of 

hydride silanes. Here an unfunctionalised furan was treated with butyl lithium and tetramethyl 

orthosilicate in diethylether to yield di- and tri-substituted alkoxysilanes (Figure 12). Due to the 

simultaneous formation of several substitution products, they were separated through fractioned 

distillation. 

 

Figure 12: Treatment of unfunctionalised furan with butyl lithium and tetramethyl orthosilicate in diethyl ether to yield di- 
and tri-substituted furanyl-alkoxysilanes.74 

 

Fritzsche et al.78 have shown the synthesis of N-methylpyrrolesilanes from N-methylpyrrole (Figure 

13). Treatment with n-butyl lithium gave 2-lithium-N-methyl pyrrole which in turn was reacted with 

tetramethyl orthosilicate to yield the appropriate silane compounds. The concentration of tetramethyl 

orthosilicate had a direct influence on the substitution ratio, ranging from mono to tetra 

N-methylpyrrolesilanes. These in turn were converted to the hydridosilane species using lithium 

aluminum hydride, hoping to find suitable applications as hydrogenation agents and nanoparticle 

stabilizers, due to their thermal, hydrolytic and air stability (when substituted at least twice). It is 

reported that N-methylpyrrole-trimethoxysilane is highly susceptible to hydrolysis when exposed to 

air, indicating the effect anticipated by silanes described in this work.78 
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Figure 13: Treatment of N-methylpyrrole with butyllithium and tetramethyl orthosilicate results in the formation of mono 
(n=1), di (n=2) and tri (n=3) N-methylpyrrole-methoxy silanes as well as tetrapyrrolesilane (n=4). The equivalents, n, can 

range from 1 to 4.78 

 

No further records of heteroaromatic α-silanes were found in literature. As there are only a few 

examples of heteroaromatic α-silanes presented in literature and furthermore in majority of cases 

synthesised either as intermediate or as a Hiyama coupling substrate, little to no records on their 

physicochemical properties or presence of α-silane effect were systematically studied. This thesis 

provides synthesis strategies and a systematic approach in exploring this subclass of α-silanes. 

 

2.2.2 Synthetic strategies targeting functional silanes 

Simple silanes are commonly produced on large scale through e.g. direct process allowing the cheap 

and efficient generation of bulk material. Functionalised silanes such as reactive alkoxysilanes are 

prepared from them. The Grignard reaction is a powerful tool for synthesising functional silanes, see 

Figure 14.79 In this approach an in situ generated organomangesiumhalide (the Grignard reagent) is 

reacted with chloro or alkoxysilanes to form silicon carbon bonds. This method is particularly useful 

for the introduction of organic groups into low functional silanes.80 For more elaborate or 

functionalised silanes both industry and academic literature reports the usage of either Grignard or 

lithium reagents with tetraalkoxy orthosilicate.72 While the reaction has been studied in detail and 

several tolerated groups are known no absolute control over the substitution pattern is reported when 

multi halogen substrates are used. Advantages of this approach are simplicity of the reaction setup, 

conversion of common silane substrates and formation of a wide range of carbon silicon bonds. 

Disadvantages are sensitivity towards moisture, side reactions with substrate or other functional 

groups81, as well as due to their radical intermediates present in situ certain substituents are 

unsuitable. This is an intrinsic limitation of the substrates commonly used in these reactions.82 

For Grignard reactions involving silanes and alkoxysilanes, the choice of organic substituents is crucial 

due to their impact on the formation and stability of radical intermediates during single electron 

transfer (SET) processes. Common substituents include alkyl groups such as methyl (Me), ethyl (Et), 

propyl (Pr) and butyl (Bu). Alkyls can stabilize radicals through hyperconjugation and inductive effect, 

with larger alkyl groups generally providing increased stability.83 Aryl groups, such as phenyl (Ph) and 

substituted aryls like tolyl (Tol), stabilize radical intermediates through resonance delocalization, 

significantly enhancing their stability.84 Alkoxy groups, including methoxy (OMe) and ethoxy (OEt), 

stabilize intermediates through electron-donating effects which is particularly important in 
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alkoxysilanes.85 In alkoxysilanes, both the R group and the OR' groups influence the SET process. Aryl 

or bulky alkyl groups attached to silicon offer additional stabilization to silicon-centred radicals, 

promoting efficient product formation.86 During the reaction of a Grignard reagent with an 

alkoxysilane-like, the Grignard reagent donates an electron to the silicon atom, forming a radical 

intermediate. The stability of this intermediate, determined by the substituents R, R', and OR'', is 

critical for the reaction's efficiency.66 Therefore, the careful selection of substituents in silanes and 

alkoxysilanes is essential for optimising radical stability and achieving desired outcomes in Grignard 

reactions.87 

 

Figure 14: McBee et al.79 reported the reaction of methylmagnesiumbromide with triethyl orthosilicate at 105 °C and 2 h 
forming methyl triethoxy silane and magnesium ethoxy bromide. They did not report which ether was used. 

 

New fields of carbon silicon bond formation are photocatalytic silylation and base free coupling 

reactions. Photo-redox catalysis utilizes visible light to activate catalysts, forming carbon silicon bonds 

under mild conditions and enhancing functional group toleration.88 Advantages of this approach are 

mild reaction conditions of the photocatalyst and reduced environmental impact, while their 

disadvantages include the need for specialised equipment and light sensitive catalysts. Base free 

strategies commonly use hypervalent iodine reagents or other organo-catalysts to achieve silylation 

without the need for a base or transition metal catalyst making their advantage align with green 

chemistry principles while being comparably simple. Disadvantages include potential substrate scope 

limitation and low reaction efficiency.89  

Particularly most of them use homogenous rare earth metal catalysts. This allows for the selective 

formation of novel carbon-silicon bonds. In the last two decades substantial progress has been made 

in the field, allowing for the introduction of highly functional groups and more atom economic access 

to compounds previously only accessed at low to no yield.90 A plethora of different strategies has been 

successfully used in literature, most of which have their specific limitations. Most commonly and 

similarly to cross coupling in carbon ruthenium91,92, rhodium82,93–97, palladium72,98–107, iridium108–112 and 

platinum113,114 complexes equipped with phosphine-based ligands are used to form novel carbon 

silicon bonds. An exemplary reaction using palladium is shown in Figure 15. 

 

Figure 15: Manoso et al.72 showed the palladium catalysed carbon-silicon cross-coupling of aryl halides with triethoxysilane 
yielding an aryl-triethoxysilane. A palladium(0) precursor ([Pd(0)]) and tris(o-tolyl)phosphine (P(o-tol)3) at 60 °C for 12 h 

were used. 

 

Using ruthenium91,92 or rhodium82,93–97 complexes in cross-coupling reactions has been extensively 

explored. These catalysts are highly reactive with good selectivity, making them suitable for carbon-
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silicon bond formation. Advantages include robustness of complexes and moderate reaction 

conditions, while disadvantages are high cost of metals, potential environmental implications and 

limitation to alkyl and arylsilanes. Palladium72,98–107 catalysed cross-coupling reactions such as Hiyama 

coupling are among the most studied and widely applied methods for carbon silicon bond formation. 

Palladium catalysts, in conjunction with fluoride ions, can enable the efficient coupling of aryl and vinyl 

halides with organosilanes. Advantages of palladium catalysis include high functional group tolerance, 

excellent yields and established reaction protocols.115 The disadvantages can be high cost of palladium 

and, if present, toxicity of fluoride. Iridium108–112 and platinum113,114 catalysts, although less common 

than palladium, also play a significant role in Si-C bond formation. These catalysts often allow for 

unique reactivity patterns and can be particularly useful for specific substrates. Advantages include 

their ability to catalyse reactions that are challenging with other metals, while disadvantages include 

their rarity and high cost, which limit their widespread use. 

Additionally, several copper mediated synthesis strategies using different activation pathways, such as 

pre-functionalisation of a reactant with a highly active boron leaving group or activation of compounds 

due to intramolecular assisted coordination and directed C-H activation have been shown, most 

notably by the group of M. Oestreich.116–123 Copper catalysts are attractive due to their abundance and 

low cost. Advantages of copper catalysis include cost-effectiveness and the ability to employ mild 

reaction conditions. However, disadvantages include the need for pre-functionalisation of substrates, 

which can generate significant amounts of stoichiometric waste, and limited efficacy with certain 

substrates, such as siloxanes. A comprehensive review on recent advances in the field, including their 

specific limitations, has been published by Wilkinson et al.122 Different compounds can be accessed 

through silylation of various precursors, allowing the synthesis of highly functional compounds. 

Notably the substitution on the silane centre is limited to alkylsilanes with phenyldimethylsilanes most 

prominently used as it results in the highest yields for most procedures. Where different silanes are 

used extensive pre-functionalisation, mostly with boric acid derivatives, is employed, increasing the 

reactivity of the silane centre and raising yields to acceptable levels. 

Silane substituted highly functional organic molecules are commonly used downstream in Hiyama 

cross couplings, allowing a carbon-carbon coupling between the silane functionalised compound and 

aryl, alkenyl or alkyl halides.124 

Another less common synthesis strategy relies on the in situ deprotonation of a carbon-substrate and 

activation of the silane by addition of fluoride sources. The complexation of fluorine with silanes is well 

known to yield pentavalent, highly reactive intermediates and thus significantly activates the silane, 

allowing a C-H activated carbon-silicon bond formation.125–129 Key work has been done by 

Nozawa-Kumada et al.128 demonstrating the successful C-H bond activation in heteroarenes and 

benzenes by using trifluromethyltrimethylsilane and catalytic amounts of fluoride. While direct 
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silylation was shown the publication heavily relies on the usage of rubidium and caesium fluoride and 

is limited to using a highly functional and polar silane substrate. Advantages of in situ deprotonation 

and fluoride activation include the high reactivity of intermediates and the ability to form Si-C bonds 

under mild conditions. However, disadvantages include the use of toxic and expensive fluoride sources 

and limitations in substrate scope, which require careful handling and may restrict the broader 

applicability of this method. According to recent publications nickel130 and iron131 catalysts can also be 

highly effective for cross-coupling reactions, offering less environmentally impactful alternatives to 

palladium-based systems. These advances have paved the way for more sustainable and scalable 

processes in the synthesis of functional silanes, further broadening the scope of their applicability. 

Advantages of these newer catalytic systems may be lower cost and reduced environmental impact, 

as nickel and iron are more abundant and less toxic than palladium. However, yield, selectivity and 

substrate scope are not comparable to those of traditional palladium-based systems. 

Cross coupling strategies are of highest importance as toxic reactive groups required in other strategies 

can be avoided. Additionally, comparably mild reaction conditions allow for a wide range of 

substituents. Most available synthesis strategies are limited to alkyl and aryl functional silanes when 

carbon silicon cross coupling is used, Murata et al.94 where able to show a possible route for sp3 

alkoxysilanes. 

Overall, cross-coupling strategies for carbon-silicon bond-formation has significantly expanded the 

synthetic toolkit available to chemists. A variety of metal catalysts and activation strategies was shown, 

high levels of reactivity and selectivity are possible, enabling the synthesis of a wide range of functional 

silanes. The ongoing advancements in this field continue to address the challenges associated with 

each method, striving towards more efficient, economical and environmentally friendly processes for 

the production of these valuable compounds. 

This is where chapter 2.5 starts out, establishing a reliable, mild and high- yield-method towards 

heteroaryl functionalised alkoxysilanes. Due to the complex nature of the used catalyst, publications 

by Murata et al.99 and Manoso et al.72 were used a starting point. Not only establishing but optimising 

the method towards the generation of aforementioned silanes as well as investigating the underlying 

mechanism of the reaction at hand. As all structures are expected to be highly moisture sensitive all 

substance synthesis and storage was performed under strict exclusion of air and moisture. Inert argon 

gas was dried using phosphorus pentoxide. Common practice of thorough Schlenk technique was 

employed in all processing steps. When solids needed transfer between vessels an argon filled glove 

box was used. All liquid transfers were performed between sealed vessels using syringes with gas 

cushioning or inert syringes. 
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2.3 Identification of promising compounds for synthetic investigation 

Building on the structural limitations imposed by the motif presented in Chapter 2.1, this chapter 

investigates derivatives of the proposed α-silane structure. These theoretical considerations draw on 

well-established findings about reactive alkoxy silanes and highlight potentially valuable derivatives, 

along with their possible applications. 

For a first model study the thiophene derivative will be used as the precursor, it is expected to undergo 

common SE type chemistry without any further complications such as derivatisation on furans. In 

industrial applications using alkoxy derived silanes for usage in curing or as adhesion promoters both 

methoxy and ethoxy groups are applied. While methoxy generally shows higher hydrolysis rates, 

quicker crosslinking and stronger networks, ethoxy produces harmless ethanol, which leaches from 

the cured polymer over time. In some applications methanol vapor can be undesirable. Nevertheless 

it is the most common alkoxy group used in this field.132 Due to its reactivity and abundance in industry, 

methoxy groups have been chosen as the cleavable alkoxy group, as it was possible to easily compare 

it to known compounds. When handling larger amounts (above 100 g) of substance, the use of 

methanol over ethanol derivatives will be reassessed (Chapter 3.4).  

A selection within the group of novel sp²-linked α-silanes has been made exploring all relevant chemical 

properties with sample compounds, all target compounds are presented in Figure 16. The compounds 

will not only be fully characterised but will also be subjected to further experiments in Chapter 3. This 

will provide a broad database of trends in activity, allowing for the comparison of a wide variety of 

influences on the silane. This can help to tailor this class of silanes to a certain application. 
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Figure 16: Overview of all target α-silanes P1-P25†, accessed with varying synthetic approaches in this work. 

 

Variation of the proposed structures may be made on the heterocycle or the silicon centre. 

Substitution is targeted on the most common substitutions used in industrially relevant silanes. A 

common substitution pattern in reactive silanes are trialkoxysilanes, while relevant they do not bear 

an extra substituent on the silico, represented through P1. Other common substitutions are alkyl such 

as methyl (P2). Aryl will be represented by phenyl P3, vinyl by P4. Si-H bonds in silicon-containing 

compounds are polarized towards the hydride. This means that the bond has a partial negative charge 

on the hydrogen (making it hydride-like) and a partial positive charge on the silicon atom. This 

polarization occurs because silicon is less electronegative than hydrogen, resulting in a shift of electron 

density towards the hydrogen atom and changed reactivity, as explored in P5.133 Two additional motifs 

 
† The letter P is used to unambiguously describe the substances made in this work. 
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are proposed as they are common within commercial alkoxysilanes: propylamine (P6) and ethyl 

methacrylate (P7). A comparison between different alkoxy based leaving groups will provide insight 

into reactivity differences. From other publications it is known that a hydrolysis speed in alkoxysilanes 

of OMe > OEt > OiPr is generally observed.134,135 Therefore, an increase in the carbon chain length on 

the alkoxide reduces the reactivity. Compounds P1, P8 and P9 will be synthesised to verify this trend 

for the substances at hand. For an industrial application, the usage of ethoxy- and iso-propoxy-silanes 

is preferred when compared to their respective methoxy derivatives. The methanol released during 

the hydrolysis of such compounds can have a negative health and safety impact. Furthermore, the 

appropriate substrate may be significantly more toxic when comparing methoxy with ethoxy. Since the 

silanes shown in this work are based around the observed α-silane effect a comparison to a beta-silane 

derived compound is aspired. This compound may undergo elimination reactions due to overlap of the 

carbon-silicon and carbon-β-substituent orbital interactions. This is known to eliminate both silane and 

β-substituent as well as undergo silyl shifts via a three membered silyl heterocycle.62–64 This effect 

however is dependent in the tetrahedral angle.63 Accordingly the observed strength for compound P10 

is strongly dependent on the heterocycle distortion. Additionally, 3-position substituted thiophenes 

are known to be highly toxic, thus far the specific toxicity has only been studied by theoretical 

calculation.136 However, compound P10 will be synthesised for comparison. It is advised against the 

usage on an industrial scale. An increased π-system, such as in P11, is expected to yield increased 

reactivity due to delocalization of electron density in the vicinity of the silane. Furthermore, a side 

reaction may occur due to the so-called beta-silicon effect. The steric influence on the heterocycle will 

be explored by the addition of alkyl substituents. The influence is expected to be primarily result from 

their steric nature, since there is only minor inductive effect expected. Compounds P12 to P15 will 

serve as sample compounds. Double substitution and elongated carbon chains are expected to further 

increase the observed effect, when comparing to a mono methyl substitution. Another major influence 

may be based around inductive effects on the heterocycle. A selection of substituents based on their 

electronic properties was made. The selected group must be inert to the chosen reaction conditions. 

Nitrile (P16) and sulfonamide (P17) substituents have been selected to represent a negative inductive 

effect. P18 will serve as a comparative silane for hydrosilylation based polymer modifications in 

conjunction with P4 exploring the differences between alkyl and alkoxy substitution. P18 will not 

exhibit any α-silane effect. A positive inductive effect will be represented by methoxy (P18) 

substitution of the heterocycle. 

All compounds shown thus far are thiophene based, however additional heteroatom substitution will 

be performed. The most common heterocycles furan (P19) and pyrrole (P20) are used. To inhibit 

downstream reactions and make the synthesis of the pyrrole derivative more streamlined it is 

advisable to use a methyl functionalised substrate, effectively surpassing any secondary reactions on 
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the nitrogen atom. Methyl substitution is used for its low steric bulk, little electronic and mesomeric 

implications. Of further interest may be the six membered pyridine substituted silanes (P21), as this 

would be the lightest six membered heterocycle substituted silane possible. As a further derivatization, 

common heteroaryl with more than one heteroatom will be used to study the influence and interaction 

of the two with the silane. N-methyl-imidazole (P22), thiazole (P23) and pyrimidine (P24) will be used 

as common bi-heteroatom aryls. Double substitution of the heterocycle will be performed as well, 

resulting in P25. The introduction of an additional silane centre will yield higher cross-linking density 

when hydrolysis is performed. This may also introduce interesting properties in a final application. The 

resulting compound is expected to have a higher boiling point compared to monosubstituted 

heterocycles, making downstream processing or workup such as distillation more challenging. No 

combination of silane and heteroaryl substitution was undertaken to simplify the resulting structures, 

as well as localize observed effects to one of the compounds substituents.  

There are different synthesis strategies targeting functional alkoxysilanes. During synthesis it is 

important to work under water and moisture exclusion as depending on the alkoxysilane rapid 

hydrolysis may occur upon contact. A common source of functional silanes are mono to tetra 

chlorosilanes. Functional substitutions are either introduced during chlorosilane generation, such as 

the direct process, or via hydrosilylation of chloro-hydrogen-silanes with small molecules. As most 

chlorosilanes are highly corrosive, alcoholysis with the appropriate alcohol towards alkoxy-hydrogen 

silanes is performed, followed by functionalisation via hydrosilylation. A common example is the 

methanolysis of trichlorosilane to trimethoxysilane followed by the platinum catalysed hydrosilylation 

with allylamine forming 3-aminoropyltrimethoxysilane, which is used for a plethora of different 

industrial applications.137 An alternative synthesis uses trimethoxysilane in hydrosilylation with 

allylchloride and subsequent amination with ammonia to form the described aminosilane.138 A 

versatile approach for further functionalisation or introduction of bulky substituents to alkoxysilanes 

is a Grignard-type reaction.139,140 Several Grignard approaches are described: using alkoxy magnesium 

chloride on chlorosilanes, with and without subsequent alcoholysis.141 Also, tetra alkoxysilanes may be 

subjected to Grignard reagents. The substitution pattern of these reactions may be tailored via the 

used equivalents of Grignard reagent, from mono to tri functional siloxanes. When using chloro-

alkoxysilanes a mixture of reaction products, substituting both chloro and alkoxy groups, are isolated. 

The usage of alkoxysilanes functionalised with bulky substituents has also been described in yields up 

to 84 % by Masaoka et al.140 While alkoxysilanes are susceptible to hydrolysis they do not release 

gaseous hydrogen chloride during reaction and are thus easier and safer in handling. Furthermore, the 

commercial supply of functional alkoxysilanes is broad, while functional chlorosilanes are limited. This 

method may yield the targeted structures in a straightforward manner. There are more elaborate cross 

coupling strategies for carbon-silicon bond formation, however they are not as versatile as Grignard 
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reagents and require optimisation towards the targeted compounds, once the compounds are 

established catalytic approaches may use less harsh reaction conditions and produce fewer byproducts 

and waste when compared to Grignard reagents. 

It must be noted that pyridines have unique radical stabilization properties.142 This affects the 

mechanism of Grignard reactions, since the formation a of reactive radical in situ is required. A 

publication by Rammal et al.112 shows the specific formation of carbon silicon bonds between alkyl 

silanes and pyridines. While this is not optimised for siloxanes and is not mentioned in the paper it may 

pose an alternative route to this compound specifically. When approaches accessing other derivatives 

fail on this compound the method of Rammal et al.112 will be employed and adapted, if necessary, for 

the desired structure P21. 

This concludes the identification of potential α-silane candidates in this thesis. The initially presented 

flow chart is thus completed in its first step, the chart is shown below in Figure 17. 

 

Figure 17: Flow chart presenting the general structure of this thesis, with the first step successfully finished.  

 

2.4 Stoichiometric carbon-silicon bond formation 

This chapter describes one of two ways to construct the α-silanes described in this work. It uses the 

Grignard reaction for the formation of the carbon-silicon bond, optimises reaction conditions and 

shows the scope of the optimised reaction for the target silanes disclosed in Chapter 2.3. The 

concentration of all changed parameters was calculated in gram per mol to guarantee comparability 

between all experiments rather than using a constant weight ratio. Additionally, all experiments in this 

chapter were run with minimum one repetition to exclude any outliers and confirm reproducibility of 

the shown results. The individual conversions are reported in appendix A3 while the conversions 

shown in this chapter are arithmetic means from all experiments to aid readability. 

 

2.4.1 Feasibility of stoichiometric carbon-silicon bond formation 

This chapter studies the synthesis of a new subclass of purpose made α-silanes, bearing a sp2 centre in 

α-position. As there are only very few silanes of this structure known in literature, with none being 
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purpose made for applications in curing polymers, exploratory reactions targeting structure P1 were 

conducted. Following the protocol provided by Riedmiller et al.74 synthesis of compound P1 was 

undertaken, establishing potential reaction conditions for further optimisation (Figure 18). 

 

Figure 18: Grignard reaction between 2-bromothiophene and tetramethyl orthosilicate in THF at 66 °C forming mono (P1) 
and di (P26) thiophenyl-alkoxysilane. Procedure in accordance to Riedmiller et al.74 

 

2.4.2 Optimisation of stoichiometric carbon-silicon bond formation 

While initial reactions showed the formation of the desired mono-thiophenylsilane (P1‡), significant 

formation of side product di-thiophenyl-dimethoxysilane (P26) were observed. Table 1 clearly shows 

the dominant formation of mono substituted product P1 when adding silane to thiophene while 

reverse addition leads to a significant increase in bis substitution P26. A detailed investigation of 

conversion, yield and the isolated products such as P1 are available in appendix A3. 

 

Table 1: Grignard reaction of 2-bromothiophene with tetramethyl orthosilicate and magnesium powder in THF at 66 °C. 

Varying the addition order of substrates to the reactor and recording resulting molar ratios between thiophenyl-

trimethoxysilane (P1) and di-thiophenyl-dimethoxysilane (P26). 

 

Addition sequence Molar ratio P1 : P26 

Silane to thiophene 97 : 3 

Thiophene to silane 78 : 22 

 

Classic Grignard reactions generate the active Grignard species in bulk prior to addition of the second 

substrate. As shown in Table 1 the order of addition of reactants to dried tetrahydrofuran (THF) with 

 
‡ The numbering system in this thesis is designed to provide a clear and consistent notation for the compounds 
used and synthesised. Target silanes are denoted as P, heteroaryls as A, and silanes used for synthesis as S. Each 
compound is assigned a specific number to enable straightforward identification. The numbering reflects the 
relationship between reactants and products, such that A1 and S1 lead to P1. While multiple combinations of A 
and S may result in the same product, the numbering ensures that one of the two reactants (A or S) always 
corresponds numerically with the product, maintaining clarity and consistency. Later chapters additionally use 
the letters B for base, L for ligand, M for metal precursor and V for solvent. 
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magnesium powder has a significant impact on product ratio. This is due to the in situ formation of 

active Grignard species through the reaction of 2-bromothiophene with magnesium. When thiophene 

is charged into the reactor first formation of significant amounts of active species is suspected. 

Addition of silane then leads to mono as well as multi substitution of alkoxides. When charging 

2­bromothiophene to a reactor already containing the reactant silane formation of active species can 

be controlled through careful thiophene dosage. The active compound then reacts with the non-

functionalised silane. After progression of addition a second reaction with a silane becomes more 

likely, with overall formation of bis substituted product stays low and less likely, while never reaching 

levels present addition of thiophene to silane. Through careful calculation and dosage of equimolar 

ratios significant formation of undesired multi-substituted silane can be minimised. This theoretical 

assessment was confirmed through experiments in Table 1. 

For initial screening a bromo-functional heteroaryl was used. Subsequently all commercially available 

thiophene halides were screened, optimising for conversion, selectivity and cost of substrates. For 

comparison, reactions with commercially available derivatives containing a halide in 2-position of the 

thiophene were screened as presented in Table 2 

Table 2: Grignard reaction of different 2-halothiophenes with tetramethyl orthosilicate and magnesium powder in THF at 
35 C. Recording the resulting conversions of 2-halothiophenes, selectivity for trimethoxy(thiophen-2-yl)silane and the cost 

of used 2-halothiophene as of 09.05.2024 from “www.fishersci.de”. 

 

2-Halothiophene Conversion [%] Selectivity [%] Cost [€ / kg] 

2-Chlorothiophen A26 24 87 412.00 

2-Bromothiophen A1 52 97 283.00 

2-Iodothiophen A27 57 96 1970.00 

 

Seyferth143 showed comparative conversions between different halide substitutions on alkyls and 

aryls. Highlighting the trend of increase reactivity of ethylene halide with increasing molecular weight 

of the halide, chlorides having significantly less conversion (15 %) than bromides (41 %) and iodides 

(43 %). As astatine is radioactive it does find no significant synthetic application. Fluoride-carbon bonds 

show significantly less reactivity than all other halogen-carbon bonds, making them less interesting for 

this application, while there are Grignard reactions using fluoride substituted substrates, they only find 

use in niche applications.144 Comparing the conversions and selectivity for the desired structure P1 

presented in Table 2 it is evident that bromide A1 and iodide A27 substituted thiophenes are superior 

to chloride A26 substituted. While pricing of chloride and bromide substituted thiophene is 
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comparable, a significant increase in price must be noted for iodide. This makes bromo substituted 

substrates the ideal choice for high yield and low-cost synthesis and is thus used in all further 

experiments if not indicated otherwise. Iodides may be used as fallback in case low yields are achieved 

with bromides. 

During first experiments magnesium powder was used as a magnesium source for active Grignard 

species formation. During first screening temperatures rose by 1 K every two to five seconds, 

potentially leading to heating of the volatile ether and therefore handling of combustible and 

potentially explosive gases. When using all pre-dried substrates, magnesium and solvent, the 

commonly observed initiation times of Grignard reactions were on the scale of minutes. As the activity 

of powdered magnesium was established as too high, reduced activity was desirable to reduce rapid 

temperature increases after initiation. As shown in Figure 19 the use of magnesium shavings has less 

drastic temperature increases with comparable initiation times. While the overall released energy 

during Grignard reaction must be the same, slowed release of energy allows for easier dissipation of 

heat, more time to react to temperature changes by the operator and less drastic cooling. The faster 

temperature rise can be explained through the significantly larger surface of magnesium powder 

compared to shavings. For all subsequent experiments magnesium shavings were used. Additionally, 

a more controlable reaction process is desrible for upscaling the reaction, as shown in Chapter 3.4. 

 

Figure 19: Time resolved temperature during initiation of Grignard reaction between 2-bromothiophene and tetramethyl 
orthosilicate in THF. Comparing magnesium powder and magnesium shavings. 

 

After the addition sequence has been optimised the reaction temperature was screened with the same 

exemplary reaction between 2-bromothiophene and tetramethyl orthosilicate. During Grignard 



Construction of silicon-carbon bonds towards α-silanes 

30 
 

reactions commonly a significant amount of energy is released during bond formation145, indicated by 

a measurable increase in temperature. The reactions temperature was screened up to the boiling point 

(bp) of the used solvent (bpTHF = 66 °C) as indicated in Table 3. The reaction reaches a maximum 

conversion at 45 °C for the mono substituted product P1 of 62 %. The reaction was monitored through 

nuclear magnetic resonance (NMR) At higher temperatures 1H- and 29Si-NMR spectra indicate the 

increasing formation of the double substitution product described during addition order optimisation. 

At lower temperatures remaining substrates were detected. All further experiments were conducted 

at 45 °C. 

Table 3: Temperature screening of the Grignard reaction between 2-bromothiophene and tetramethyl orthosilicate in THF 

and in the presence of magnesium shavings. 

 

Reaction temperature [°C] Crude conversion [%] 

0 41 

25 50 

35 52 

45 62 

55 60 

66 55 

 

Lastly different filtration approaches to remove the stoichiometrically formed methoxy-magnesium-

chloride were explored. Filtration under inert conditions is a straightforward process, involving either 

filtration elements in the flask containing contaminated products or an inert filtration frit, allowing for 

comparable filtration to common lab procedures transferred to an inert setup, without requiring the 

transfer of all reaction equipment into a glove box. When all low volatile compounds are removed, the 

target product, as well as substrates and potential side products are contaminated with the 

stoichiometrically formed magnesium salt described above, forming a highly viscous sludge. This 

sludge makes filtration unsatisfactory, reducing yields significantly. As the salt is barely soluble in 

hydrocarbons146 pentane or heptane were used to extract all compounds from the sludge and 

consequently allowing easier filtration due to dilution of the sometimes viscous compounds. Hexane 

was excluded from these tests due to its toxicity.147 The remaining sludge is then washed, further 

increasing yields (Table 4). As the used solvent for extraction does not significantly influence yields 

heptane was used for its higher boiling point and therefore easier and more safe handling. 
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Table 4: Workup optimisation of the Grignard reaction between 2-bromothiophene and tetramethyl orthosilicate in THF 

and in the presence of magnesium shavings at 45 °C 

Process optimisation Crude yield [%] 

None 21 

Extracting sludge with pentane 53 

Extracting sludge with heptane 56 

Washing sludge with pentane 61 

Washing sludge with heptane 62 

 

2.4.3 Scope of optimised stoichiometric carbon-silicon bond formation 

While optimizing the Grignard synthesis route in the previous chapter 2.4.2 the reproducible synthesis 

of compound P1 was shown. Additional compounds were introduced in 2.3. Synthesis of these 

compounds was performed in accordance with the above optimised procedure. Exploring different 

limitations of the process and due to the unique nature of Grignard reaction converting an alkoxysilane 

to a newly formed carbon-silicon bond thiophene as heteroaryl was introduced to different 

functionalised silanes in Scheme 5. Furthermore, a variety of heteroaryls were converted with 

tetramethyl orthosilicate to the respective α-silanes, presented in Scheme 6. Previous screening of 

halides demonstrated that using iodide-substituted heteroaryls instead of bromide ones can result in 

minor improvements in conversion. To reduce variables in conversion efficiency and show more 

comparable results, trials involving iodide heteroaryls were not included in the summary but were 

added to appendix A3. All shown reactions are averaged from minimum one repetition. In total 53 

experiments were conducted and fully worked up, describing and characterising the majority of 

compounds for the first time. All yields are reported after workup. 
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Scheme 5: Grignard reaction of A1 with various silanes displayed below, including their respective yields. The reaction was 
run with magnesium in THF at 45 °C for 2 h. All yields stated are after workup and isolation for the target silane. 

Conversions and selectivity are reported in appendix A3.  

 

Initially, the presented reaction was optimised for compound P1. Thus, high conversions and purity are 

expected when applying the optimised procedure to it. Furthermore, a high concentration of potential 

reactive alkoxides is present on the used tetramethyl orthosilicate, making the reaction statistically 

more likely. This also increases the chance of multiple substitution of the silane center. As previously 

elaborated, this was minimized through reaction condition optimisation and choice of substrate 

addition, suppressing multiple substitution though in situ generation of active Grignard species and 

excess silane used. Next several silane center substitutions were iterated, keeping thiophene and 

di-alkoxysilane unchanged. Replacing one alkoxy substituent with a non-reactive methyl (P2) 

substituent induces only minor changes to the electronic charge of the silane. However, this 

modification slightly reduces the conversion, likely due to a decrease in the number of reactive sites 

available. Similarly, phenyl (P3) and vinyl (P4) substitution diminish conversions slightly. Contrarily a 

hydrogen substituent (P5) significantly changes the silanes properties. For carbon hydrogen bonds a 

positive polarization of hydrogen can be expected. Due to the lower electronegativity of silicon (1.8) 

compared to carbon (2.5) polarization of bonds with hydrogen (2.1) result in a negative polarization of 

hydrogen, giving them hydride over proton characteristics. Their negative polarization makes them 

susceptible to attack from Grignard reagents, introducing potential for side reaction. It must be noted 
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that hydrides readily release hydrogen upon moisture contact, appropriate safety measures must be 

taken!148 

As there are no reaction rate comparisons between alkoxy and hydrogen substitution on silanes 

available reaction in accordance with Scheme 5 using S5 targeting the formation of P5 was undertaken. 

The conversion was not successful, resulting in a mixture of signals in NMR, likely resulting from 

competing reactions between alkoxy and hydrogen and subsequent polymerisation making further 

workup or analysis not possible. Rerunning the experiment targeting compound P5 through the same 

method did not yield other results. Compound P7 was not found after reaction, rather polymerisation 

of the silane was observed. This can be explained as methyl methacrylate or related structures have 

an activated double bond making them susceptible to nucleophilic attack and free-radical 

polymerisation. The active Grignard species can unintentionally act as free-radical initiators or may 

directly add to the double bond, leading to the polymerisation of methacrylate, rather than conversion 

of silane as observed here.149 Comparing conversions of compound P1 to compounds P8 and P9 a 

decrease in conversion is observed. This phenomenon can be readily elucidated by the progressive 

increase in steric bulk and changes in electron density imposed on the silane center by changing from 

methoxy to ethoxy and iso-propoxy substituents, respectively. This route also allows good access to 

P18, later used in chapter 3. With silane modification completed different substitutions patterns of 

thiophene and several heterocycles were iterated and proven stable as shown in Scheme 6. 
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Scheme 6: Grignard reaction of S1 with various heteroaryl-bromides displayed below, including their respective yields. The 
reaction was run with magnesium in THF at 45 °C for 2 h. All yields stated are after workup and isolation for the target 

silane. Conversions and selectivity are reported in Appendix A3.  

 

Synthesis of compound P10 was approached through the previously described Grignard route with 

little success. The isolated compound readily decomposed under argon atmosphere, represented by a 

change in colour, as well as increasing noise in recorded NMR spectra. This behaviour can be attributed 

to the previously described beta-silicon effect, where an interaction of anti-binding orbitals leads to 

the rapid elimination of silane from the compound. While there were indications of desired silane 

formation found in NMR, decomposition made further analysis challenging. Compounds P11 to P17 

were obtained from their respective substituted and halogenated thiophens to the desired structures 

shown. Conversion differences can be attributed to changes of the electronic situation on the silane 

caused by thiophene substituents. As shown during screening of different halides using iodide rather 

than bromide substituted heteroaryls, small increases in conversion can be achieved. To aid in 

comparability of conversion efficiency trials with iodide heteroaryls were excluded from previous 

overview but included in data shown in the appendix. Again slight increase in conversion was detected, 

however again the prices for iodide heteroaryls is significantly higher than bromines, as exemplary 

shown in Table 2. Using heteroaryl halides with different heteroatoms (A19 to A24) yielded the 

appropriate silanes P19 to P24. The conversions when compared to thiophene derivatives are 



Construction of silicon-carbon bonds towards α-silanes 

35 
 

diminished as shown in Scheme 6. However, where possible the silanes were fully worked up and 

characterised as they are described for the first time. The reduced conversions can be rationalized due 

to the changed electronic nature present in the heteroaryls, thus likely behaving differently than 

thiophene derivatives, for which the used procedure had been optimised. P20 readily decomposes 

after NMR measurement, likely decomposition products are hydrolysis derivatives of the compound, 

appropriate spectra are presented in Appendix A4. This indicates high reactivity of this silane! 

Compound P25 was synthesised in a comparable process to all earlier compounds reported, 

equivalents of substrates were adjusted. Compound P25 was isolated at reduced conversions when 

compared to synthesis of compound P1. As no other side reaction products were detected the 

synthesis was run for 72 h. While overall structure is comparable, electronic differences on the 

heteroaryl, as well as added steric bulk reduce the overall efficiency of the reactionAn exemplary 

characterisation by proton (1H) and inverse gated silicone (29Si-IG) nuclear magnetic resonance (NMR) 

spectroscopy with tailored NMR experiment is described in the following paragraph. The resulting 

spectra of all synthesised and described compounds were recorded and analysed by the same method. 

Their respective shifts and couplings are reported in appendix A3. All five membered mono-heteroaryls 

bare three hydrogen signals, each related to one proton on the heteroaryl. Due to the change from 

halogen to alkoxysilane substituent a shift in these signals is most notable and may be used for quick 

identification of reaction progress. All other present proton signals, such as substituents on the 

heteroaryl or alkoxysilane are present, but do not show significant changes during synthesis. It is 

known that electron rich aromatic systems such as heteroaryls increase the relaxation times of 

protons. Allowing for longer relaxation delays between measurements can solve this, however, short 

time between scans increases throughout. If the relaxation delay and respective excitations are chosen 

too short, protons cannot relax into the ground state before the next excitation takes place. When 

integrating such signals, they do not correlate linearly to the proton’s concentration, showing a value 

smaller than present in the sample. Below a stack of two spectra of the same sample of compound P2 

at 2 seconds and 10 seconds is shown (Figure 20). As the sample had previously been distilled only 

signals related to P2 are expected. With five distinct signals detected (three signals from thiophene, 

one from methoxy and one from methyl) the compounds appear pure. However, the observed signals 

are not integers. In cases where not all thiophene protons achieve full relaxation within shorter delays, 

comparing their integrations directly with methoxy signals provides a useful benchmark. However, 

heterogeneous relaxation among thiophene protons can complicate this comparison. By separately 

evaluating the integration of individual thiophene signals and using methoxy protons as a stable 

reference, deviations for specific thiophene protons at 2 second between scans were observed, which 

are corrected in spectra with 10 seconds between scans. Thus, not all thiophene protons were able to 

relax after two seconds. These findings validate the necessity for 10 seconds wait time between scans 
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for electron-rich aromatic systems to ensure accurate and consistent integration. All subsequent 

measurements of compounds in this work have thus been measured at 10 seconds. In all spectra, the 

signals related to protons 1 and 3 display consistent coupling with proton 2, resulting in identical 

hyperfine structure but distinct chemical shifts attributable to differences in their chemical 

environment. Signals 7.65 ppm and 7.30 ppm can be assigned to protons 1 and 3. Proton 2 exhibits 

coupling and appropriate hyperfine structure to both proton 1 and 3, resulting in signals around 7.45 

ppm. The ratio of thiophene proton to methoxy protons 4 is 1 : 6, as the three protons in each methoxy 

group are chemically equivalent and the methoxy groups are magnetically equivalent, showing a 

singlet at 3.60 ppm in the absence of any nearby coupling partners. A second signal at 3.55 ppm is 

observed in some spectra due to residual methanol that is cleaved during the compound distillation 

process if small amounts of moisture enter the apparatus at low vacuum. 

 

Figure 20: 1H-NMR spectra stack of compound P2 showing changes in relative integration between two seconds (top) and 
ten seconds (bottom) delay time between scans. Signal to proton correlation are illustrated through coloured contours. 

 

The study was performed to explore the synthesis and reactivity of a number of silane compounds and 

in particular how structural changes impact reactivity and conversion rates of silanes in the range. 

Optimisation for compound P1 was successful, but significant challenges met with the subsequent 

compounds, especially when dealing with sterically hindered or electronically different substituents 

on the silane centre. The study requires careful consideration of substituents on the silane compounds 

and their probable interaction with Grignard reagents. It remains for further work to find ways to avoid 

these reactivity problems with different reaction conditions, reagents or protective groups that hinder 
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polymerisation of the unwanted product to stabilize the intermediate or final products for analysis and 

use. It must be noted that the straightforward ability of Grignard reactions to use alkoxides as reactant 

groups allows for high degrees of functionalisation on silanes not accessible through many other 

chemical conversion processes! This concludes the first of two synthesis pathways of this thesis 

targeting α-silane. The initially presented flow chart is thus further completed, the chart is shown 

below in Figure 21. 

 

 

Figure 21: Flow chart presenting the general structure of this thesis, with the first of two synthesis routes completed.  

 

2.5 Catalytic carbon-silicon bond formation 

Catalytic bond formation is fundamental in modern synthetic chemistry. Catalysis can address 

environmental, economic and chemical challenges. By transforming stoichiometric conversions into 

catalytic processes, a general positive environmental impact can be achieved by reducing the amount 

of generated waste and lowering the required process heat. Catalysts can enable atom efficient 

transformations, potentially reducing the overall ecological footprint of the resulting compounds 

through improved resource utilization.150 Economic benefits can be gained by running reactions at 

higher conversions and milder conditions. Streamlining synthesis, reducing energy consumption and 

allowing the use of less expensive substrates making the involved processes more cost effective.151 

Catalysis offers greater chemical control and selectivity during the reaction, opening synthetic 

opportunities with increased efficiency or new strategies to previously inaccessible materials.150,151 

The previous chapter (Chapter 2.4) described the synthesis of novel heteroaryl-silanes using Grignard-

type chemistry. Earlier, Chapter 2.2 presented different strategies for generating the target silanes 

discussed in this work, concluding that carbon–silicon cross-coupling provides an efficient route to 

highly functional silanes, while also addressing the advantages and disadvantages of each approach. 

Building on these findings, this chapter examines the conversion of existing silanes into novel 

heteroaryl-substituted silanes by means of palladium-assisted carbon–silicon cross-coupling reactions. 

Because commercially relevant silanes often have limited functionalisation, the palladium-catalysed 
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methodology was selected for its high atom efficiency, favourable conversions, and compatibility with 

multiple silane substitutions, despite the added cost of using a palladium catalyst. 

This chapter describes a second approach to constructing the α-silanes introduced in this work 

(complementary to the method discussed in Chapter 2.4). The formation of the target silanes via 

palladium-catalysed carbon–silicon cross-coupling is outlined, followed by reaction-condition 

optimization and an overview of the scope of the optimized reaction for the silanes disclosed in 

Chapter 2.3. The underlying catalytic mechanism is also investigated. To ensure consistent 

comparisons among experiments, the concentration of each parameter was calculated in moles per 

gram rather than by weight ratio. Moreover, every experiment was performed at least twice to rule 

out outliers and confirm reproducibility. Individual conversion values are reported in Appendix A3, 

while the conversions featured in this chapter represent arithmetic means to enhance clarity. 

 

2.5.1 Feasibility of catalytic carbon-silicon bond formation 

For a first feasibility study the approach reported by Murata et al.99 was chosen. Here an iodine 

functionalised aryl is coupled to an alkoxy- hydridosilane using a palladium catalyst with a 

tris(2-methylphenyl)phosphane (P(o-tol)3) ligand in an amide solvent. The use of amide solvent is 

deemed essential as it was reported to significantly boost yields from 6 % when using toluene or 31 % 

when using dimethyl sulfoxide (DMSO) to 70 % when using N-methyl-2-pyrrolidone (NMP). 

Furthermore, they reported two competing reactions where either the cross-coupling product or the 

hydrogenated aryl is formed. Where instead of the cross-coupling proceeding between carbon and 

silicon, a hydride transfer from the silane to used aryl is observed, resulting also in the formation of 

hydrogenated aryl halide (Figure 22). Optimisation must be undertaken for the reaction at hand to 

preferably form the desired cross coupling product P1, while supressing the formation of substitution 

between reactants. Previously, suggestions to the mechanism have been made72,99,152 but no 

mechanistic investigations have been reported. The reaction setup and all following reaction setups 

for catalytic carbon-silicon bond formation were performed under strict exclusion of air. All substrates, 

complexes, ligands, bases and solvents were thoroughly dried. Solids were weighted in an argon filled 

glove box and liquids were handled using common Schlenk or purging techniques with dry argon. 
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Figure 22: Competing reaction products during the palladium catalysed carbon-silicon cross coupling between 
2-bromothiophene and trimethoxysilane. Formed products can be the intended cross coupling product P1 and cleaved 

hydrogen bromide or the undesirable substitution of halide with hydride. Reaction was run with 
tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) as precursor, tri(o-tolyl) phosphine (P(o-tol)3 as ligand, N,N-

diisopropylethylamine (i-Pr2Net) as base in N-methyl-2-pyrrolidone (NMP) as solvent for 1 h at 23 °C. 

 

The reaction shown in Figure 22 was run following the method reported by Murata et al.99 and 65.1 % 

conversion of A27 at a selectivity of 68 : 32 for the target silane P1 was recorded. The analysis gathered 

shows the same formation of target silane P1 as well as hydrogenated aryl as a side product as 

indicated by the referenced method, for a detailed description and results see Appendix A3. With these 

results the method was identified as promising but needs further optimisation for the catalytic 

formation of heteroaryl-silanes as investigated in this work. 

The use of palladium in conjunction with a phosphine ligand has been commonly used over the last 

years for carbon-carbon cross-coupling. However, as previously shown the literature examples using it 

in carbon-silicon cross coupling are sparse. The need for an amide solvent is uncommon in such 

chemistry but as a significant boost in yield was shown an interaction with the catalyst either 

molecularly or by polarity is likely.153 

When working with either tri- or tetra-alkoxysilanes their respective toxicity must be noted.154 Both 

silane compounds are marked with bare GHS sentence H330: “lethal if inhaled”. When working with 

these substances appropriate protective equipment and measures must be in place. This is especially 

relevant when working on large scale with these compounds as described in section 3.5 in this work. 

Additionally, trialkoxysilanes bear a silicon hydrogen bond, which, when in contact with water reacts 

to alkoxy silanols, releasing one equivalent of hydrogen gas in the process.146 It must be noted that the 

ignitable range of hydrogen air mixtures is broad, from 4 % to 75 % hydrogen in air, working below 4 % 

hydrogen concentration at any point must be assured through working at moisture free conditions 

elaborated above. Additionally, explosion protection measures such as inert gas atmosphere together 

with electric hydrogen sensors must be in place.155 
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2.5.2 Optimisation of catalytic carbon-silicon bond formation 

The work presented in chapter 2.5.1 has confirmed the potential application of palladium-based 

complexes in sp2-carbon-silane cross coupling the system is optimised iteratively with compound P8 

as a model structure. Potential influences such as substrates, ligands and solvents were investigated. 

Due to the toxicity differences comparing trimethoxy and triethoxysilane optimisation of the reaction 

was conducted with triethoxysilane as a model substrate, resulting in an optimisation of the reaction 

for compound P8 over optimising for compound P1 when compared to chapter 2.4.154 

The concentration of all changed parameters was calculated in mol per gram to guarantee 

comparability between all experiments rather than using a constant weight ratio. Additionally, all 

experiments in this chapter were run with minimum one repetition to exclude any outliers and confirm 

reproducibility of the shown results. The individual conversions are reported in appendix A3 while the 

conversions shown in this chapter are arithmetic means from all experiments to aid readability, while 

the majority of standard deviations is below 10 %, giving good reproducibility of the experiments. 

The influence of halide was shown for the stoichiometric formation of the target compounds through 

Grignard reagents, appropriately halide screening was undertaken for this reaction. The same set of 

commercially available 2-halothiophenes was screened and presented in Figure 23. 

 

Figure 23: Catalytic carbon silicon cross coupling of different 2-halothiophenes with triethoxysilane S28. Formed products 
can be the intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with 

hydride. Reaction was run with tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) as precursor, tri(o-tolyl) phosphine 
(P(o-tol)3) as ligand, N,N-diisopropylethylamine (i-Pr2Net) as base in N-methyl-2-pyrrolidone (NMP) as solvent for 1 hour at 

23 °C. Recording the resulting conversions of 2-halothiophenes, selectivity for triethoxy(thiophen-2-yl)silane P8 and the cost 
of used 2-halothiophene as of 09.05.2024 from “www.fishersci.de”. 
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Chloro, bromo and iodo substitutions were chosen because fluoride-carbon bonds show significantly 

less reactivity than all other halogen-carbon bonds, making them less suitable for this application. Due 

to astatine’s radioactive nature it does not find significant synthetic application.156 Comparing the 

conversions and selectivity for the desired structure P8 shown in Figure 23 it is evident that thiophenes 

substituted with bromide A1 and iodide A27 are superior to chloride A26. While pricing of chloride and 

bromide substituted thiophene is comparable, a significant increase in price is noted for iodide. This 

makes using bromo substituted substrates such as A1 the ideal choice for high yield and low-cost 

synthesis. Iodides may be used as fallback in case low conversions are reached. Reports by Seyferth143 

support these findings, highlighting the trend of increased reactivity for ethylene halide with increasing 

molecular weight of the halide, chlorides reaching significantly less conversion than bromides and 

iodides. 

Commercially relevant palladium sources contain palladium either in an atomically activated form as 

single atom or in complexes in either oxidation state zero or two. Alternatively, palladium zero is also 

available as elemental clusters on active carbon or silica, as well as palladium oxide. The usage of the 

required palladium phosphine complexes unfortunately is not possible for all phosphine ligands as 

these complexes commonly are highly air sensitive.  

As an alternative more stable active palladium precursors are used which form the desired palladium 

complex in situ. Palladium sources reported herein were screened in Table 16, using 2-

bromothiophene and triethoxysilane as substrates in N-methylpyrrolidone (NMP) and (2-biphenyl)di-

tert-butylphosphine (JohnPhos) as phosphine ligand, with N,N-diisopropylethylamine (DIPEA) as base. 

The reaction mixtures were worked up and yields calculated from 1H- and 29Si-IG-NMR. A selection of 

palladium precursors was screened as shown in Figure 24. 
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Figure 24: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 

intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 
Reaction was run with various palladiums precursors, (2-biphenyl)-di-tert-butylphosphine (JohnPhos) as ligand, N,N-

diisopropylethylamine (i-Pr2Net) as base in N-methyl-2-pyrrolidone (NMP) as solvent for 16 hours at 70 °C. Recording the 
resulting conversions of 2-bromothiophene A1, selectivity for triethoxy(thiophen-2-yl)silane P8. 

 

The formation of the desired palladium complex is not only observed through analysis but also visible 

during the reaction, indicated by a colour change from yellow liquid and black and white solids to a 

clear, bright yellow to orange solution in the reaction flask. While the used palladium precursors in 

oxidation state zero show decent yield for the reaction at hand the yield is diminished when using 

palladium in oxidation state two. This may indicate the formation of the active complex in the catalytic 

cycle which is only possible in correct oxidation state. Additionally, an in situ formed dormant state is 

formed from the precursor, only forming from one oxidation state. The yield difference between 

Pd2(dba)3 and Pd(dba)2 may be rationalized by absolute mass differences. The used amount of 

precursor for all shown yields was calculated for the mols palladium present in the compound, 

resulting in a lower weight of Pd2(dba)3 if during the complex formation process both palladium centres 

are not equally accessible. The amount of usable palladium may be diminished, potentially resulting in 
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lower yields during the same reaction time. Both clustered palladium sources did not form any desired 

catalyst and thus no yield is reported, indicated by analysis. Furthermore, no characteristic colour 

change to bright yellow orange was observed during the reaction. These finding hints that readily 

soluble palladium precursors are required to generate the intermediate complex present in the actual 

reaction. While Zalesskiy et al.157 stated the potential involvement of palladium nanoparticles sourced 

from partially decomposed Pd2(dba)3 the above findings suggest that such interactions can be ruled 

out due to the inefficiency of using common palladium nanoparticle sources such as Pd / C.158,159 

The silanes developed in this work are interesting not only from an academic but also commercial 

perspective for their properties. To aid potential upscale of the synthesis methods presented here 

factors such as cost must be taken into account as early as possible, e.g. as during screening of cost 

intensive palladium precursors. All costs already saved here do not need to be offset later through 

further optimisation. There are commercially available palladium precursors from which the eight 

most economic were screened for potential application in the investigated reaction. The price per 

palladium atom is calculated from the price of a sample, divided by its weight. Then multiplied by the 

compounds molecular weight, as stated in Table 5. The result is divided by the count of palladium 

atoms present in the compound, adjusting to the actual price per palladium atom. This results in € / 

mol Pd. When assuming all precursors can be used at similar molar loadings lower cost per mol 

palladium (€ / mol Pd) is desirable.  

Table 5: Overview of palladium precursor cost per mol palladium. Calculated based on prices fetched from 
sigmaaldrich.com on 21.01.2022. 

Palladium precursor Cost (€ / g) Molecular weight (g / mol) Cost (€ / mol Pd) 

M1 125.00 224.51 28,063 

M2 143.00 177.33 25,358 

M3 61.50 304.64 18,735 

M4 121.00 365.89 22,136 

M5 87.70 731.71 64,170 

M6 83.80 915.72 38,368 

M7 61.00 575.00 35,075 

M8 49.00 1155.56 56,622 

M9 181.00 122.42 22,158 

M10 (10 wt%) 52.00 106.42 - 

 

A comparison of palladium precursors must be made based on a cost per mol palladium, as for all 

comparison/screening experiments the used amount of precursor was calculated on palladium 

equivalents level. Prices per palladium in this limited overview range from 18,735 € / mol Pd to 

64,170 € / mol Pd. Noteworthy is the small difference between Pd2(dba)3 and Pd(dba)2 when 

comparing price per palladium. Furthermore, seemingly cheap compounds such as Pd(PPh3)4 are 

economically less favourable due to their high overall molecular weight. 



Construction of silicon-carbon bonds towards α-silanes 

44 
 

Cong et al. used  near equivalent amounts of both dibenzylideneacetone palladium sources (Pd2(dba)3 

and Pd(dba)2) in carbon-sulphur and carbon-nitrogen cross couplings, showing converging mechanisms 

between the two in cyclovoltamography.160 Based on the previous findings all further screening was 

performed with Pd(dba)2 as a palladium precursor as it showed better performance in the given 

application, while being the most cost effective for later potential upscales. 

After establishing the source of atomic platinum for the reaction at hand the accompanying ligand was 

iterated to find an optimum as presented in Figure 26. While early publications found the use of 

Buchwald type ligands (Figure 25) beneficial at the time no definitive reasoning could be given why 

they performed well for carbon-silicon cross couplings. Buchwald ligands, also known as Buchwald 

phosphine ligands, are a class of phosphine-based ligands. They are composed of a biaryl backbone 

linked to a phosphine from one of the aryls. The phosphine is further functionalised with aryl or alkyl 

substituents. This subclass was first reported by Buchwald et al.161,162 in the 1990s. They have since 

become a versatile and widely used class of ligands in transition metal catalysed cross-coupling 

reactions, allowing for the efficient formation of carbon-carbon, carbon-nitrogen, carbon-oxygen and 

other carbon-heteroatom bonds. The biaryl backbone plays a critical role in the catalytic activity of 

Buchwald-type ligands as it provides both steric and electronic effects that can influence the reactivity 

and selectivity of the catalyst. The most commonly used Buchwald-type ligands include JohnPhos (L1), 

DavePhos (L2) and XPos (L3) (Figure 25), each of which exhibits unique properties. 

 

 

Figure 25: Left: general structure of Buchwald type ligands. Each R can independently be selected to form a wide variety of 
phosphine-based ligands. Right: structures of exemplary Buchwald type ligands JohnPhos (L1), DavePhos (L2) and XPos (L3). 

 

For example, L3 has a sterically demanding biphenyl backbone which enhances its steric shielding and 

electron-donating ability. L1 has bulky tert-butyl substituents which impart high stability and activity 

in a range of cross-coupling reactions. L2 has a 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl 

backbone which provides high reactivity and selectivity in various palladium-catalysed cross-coupling 

reactions. This class of ligands has found widespread use in a variety of organic reactions, such as 
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palladium-catalysed cross coupling reactions and hydrogenation. In addition, asymmetric ligands are 

available allowing not only stereo- but also enantio-selective reactions.163–165 

The following ligands were screened in conjunction with the previously established palladium source 

Pd(dba)2 M7, 2-bromothiophene A1 and triethoxysilane S8 as substrates in NMP as solvent. Classic 

phosphine ligands and Buchwald type ligands were selected for screening, as previously palladium 

catalysed carbon-silicon cross-coupling has been reported for this class of ligands.72 The reaction was 

again worked up as described before and yields are reported from 1H- and 29Si-IG-NMR. 
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Figure 26: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 

intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 
Reaction was run with various phosphine ligands, M7 as palladium precursor, N,N-diisopropylethylamine (i-Pr2Net) as base 

in N-methyl-2-pyrrolidone (NMP) as solvent for 16 hours at 70 °C. Recording the resulting conversions of 2-bromothiophene 
A1, selectivity for triethoxy(thiophen-2-yl)silane P8. 
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While during the screening of palladium precursors a visual change could be observed when adding 

the precursors to the solution. This is not the case when screening ligands, as they may result in 

significantly different colours. Only the presence or absence of solids after initial solvation could be an 

indication of successful complexation of the palladium precursor. It was observed that without the 

presence of ligand little to no compound got dissolved and thus likely complexed. Observed differences 

between experiments compositions were not statistically relevant. Only analysis after the finished 

reaction measuring concentrations of substrates and product was thus used to determine the 

successful complexation and conversion of the substrates to the desired product. 

From above shown ligands L1, L2 and L4 show good yield and selectivity for the target product. All 

three are Buchwald type phosphine ligands. It is thus likely that the underlying biaryl structure plays a 

critical role in the mechanism of the carbon-silicon cross coupling at hand! To our knowledge no 

mechanistic investigation on the palladium assisted carbon-silicon cross-coupling of an aryl-halide with 

a hydride-silane such as presented in the initially phosphines99 catalysed publication has been reported 

before. Accordingly, the mechanism will be subject to investigation in chapter 2.5.3. There are 

publications on carbon-silicon cross couplings (see 2.2.2) but no reports on the combination aryl-halide 

with a hydride-silane and no reports involving alkoxy silanes.  

Interestingly L3 performed worse when compared to the other Buchwald ligands. There have been 

extensive studies comparing common derivatives. In Buchwald-Hartwig166 Volcano plots of change in 

free energy and logarithmic rate constants of the reaction an optimum is established from theoretical 

calculations. The publication hints towards similar behaviour of L3 and L2, though no studies on 

carbon-silicon cross couplings were made. For different reaction types the comparability is limited. It 

is likely, that L3 limits the rate of a relevant reaction process and favours another, thus leading to the 

observed diminished yields when comparing the two. From this screening L1 is selected for further 

optimisation due to its good commercial availability and slightly increased yield over the other well 

working ligands. L5, L6 and L7 showed high conversion of A1, however the formation of undesired 

hydrogenated aryl was favoured over the formation of target silane P1. This further showcases the 

importance of Buchwald type ligands in this reaction. Compounds L8, L9 and L10 showed some 

conversion of A1, but selectively led to the formation of undesired hydrogenated aryl, making them 

unsuitable for the application.  

During the palladium catalysed reaction between halogen substituted heteroaryls and a silane one 

equivalent hydrogen halide is cleaved as side product. As Brønsted acids can act as hydrolysis catalysts 

for alkoxysilanes an appropriate base must be in place to quench the side product. Additionally, the 

base may not release stoichiometric amounts of water when in contact with the acid, as this would 

introduce significant amounts of moisture into the previously dried reactor, subsequently also 

hydrolysing the alkoxysilane. Nevertheless, such bases were tried as comparison experiments. 
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Additionally, arginine as an available basic amino acid was screened. Lastly, basic amines were tested. 

All used cations were chosen to be potassium limiting the differences in base to the anion, potentially 

reducing overall complexity of the system. All bases were thoroughly dried before use, solids were 

heated above the boiling point of water or the decomposition temperature of water of hydration. 

Liquids were subjected to inert vacuum distillation purifying the compound and removing all residual 

water in the process. This was confirmed for all used bases through Carl-Fischer titration, having water 

contents below 10 ppm.  

 
Figure 27: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 

intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 
Reaction was run with various bases, M7 as palladium precursor, L1 as ligand in N-methyl-2-pyrrolidone (NMP) as solvent 
for 16 hours at 70 °C. Recording the resulting conversions of 2-bromothiophene A1, selectivity for triethoxy(thiophen-2-

yl)silane P8. 

 

First inorganic bases B1 and B2, commonly found in synthetic labs, were screened. When in contact 

with protic acids both potassium carbonate and potassium hydroxide release water. This reflects not 

only in no yield but also during operation in the solidification of the solution. The release of water 

hydrolysis the alkoxysilanes, allowing them to undergo their intended reaction not during contact with 

moisture, but during their in situ formation. This forms a three dimensional, cured network in the 

reactor, destroying the targeted product. No studies on the solubility of B3 in the used solvent were 
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conducted or literature known, however, suspended particles were present throughout the reactions 

progress, indicating little to no solubility. Interestingly it did perform well as a base in the intended 

application. However, a change in product formation was observed, as mainly the undesired 

hydrogenated aryl was formed. B4 was used for its similarity to alkoxy functionalisation on the silane. 

If interactions of alkoxysilanes with the base were present during the reaction an exchange of methoxy 

or ethoxy used in the substrate for tert-butoxy was suspected. However, no such exchange, indicated 

by a shift in tert-butoxy signals in 1H-NMR, was detected. A selection of amine derived bases was 

screened. B5 is readily available and potentially usable as a solvent but did not show satisfactory 

conversions. B6 like arginine contains a guanidine structure motive. While commonly used for its high 

basicity no conversion was detected either. Interaction of guanidine with the used catalyst may play a 

role, when the base acts not only as a hydrogen halide scavenger but interacts with the catalyst itself. 

Next arginine (B7) as a representative basic amino acid containing a guanidine structure motive was 

screened. B8 was used during previous optimisations and performed accordingly. The structurally 

similar B9 contains two amine centres and is known to act as a ligand for some metal ions.167 Observed 

discoloration and lacking yield indicate an interaction of B9 with the catalyst, leading to an undesirable 

state and not forming the target product. 

As described previously an amide is required in the reaction, with NMP being the most optimal one.72 

While early publications could only speculate on the nature of its influence, Rudenko et al.168 showed 

a significant impact of using various amide solvents in the palladium catalysed polymerisation of 

substituted 2-bromothiophenes. Most notably NMP and N,N-diisopropylformamide showed no 

polymerisation of the used compounds, suspecting that added bulk of amide solvents is only beneficial 

to a certain point, from which the palladium centre starts interacting less with the monomers 

π­system, thus reducing the observed proton activation. This effect might be beneficial in the 

stabilisation of a palladium thiophene intermediate, allowing a more efficient attack of the used silane. 

While only known for strictly carbon-based systems, the coordination mode between cyclic and acyclic 

amides is reported to differ, thus allowing other mechanistic availability of the palladium complex and 

resulting other mechanistic behaviour.168,169 Once an optimal solvent is established the mechanistic 

behaviour will be investigated in chapter 2.5.3. 

Manoso et al.72 reported the need for an amide-based solvent during carbon-silicon cross couplings. 

However, they did not provide a conclusive explanation or investigations on why this would be the 

case. With the above optimised reaction parameters at hand solvent influence on the reaction was 

investigated. Common commercially available amides used as solvents were screened. The polar 

aprotic nature of amides allowed for speculation if other solvents with similar properties, such as 

acetonitrile or dimethyl sulfoxide, may be used instead. Thus, including them in the following screening 

shown in Figure 28.  
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Figure 28: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 

intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 
Reaction was run with various solvents, M7 as palladium precursor, L1 as ligand and B8 as base for 16 hours at 70 °C. 

Recording the resulting conversions of 2-bromothiophene A1, selectivity for triethoxy(thiophen-2-yl) silane P8. 

 

All previous screening experiments were conducted using V1 and is listed here for reference. Yield is 

significantly diminished when using V3, residual signals of both substrates are found in the resulting 

products mixture. Gas release during workup hints towards the residual trimethoxysilane being 

converted to trimethoxy silanol, while releasing hydrogen gas, confirming the presence of substrate 

experimentally. V4 forms the target product at 43.1 %, however, additionally hydration of 

2-bromothiophenen to thiophene is detected in NMR, while no residual A1 was found. Combined with 

the observed change in colour during the reaction from orange to green indicates an interaction with 

the palladium complex, likely allowing for previously less relevant reaction pathways to take place. 

When using V5 formation of 41.2 % product is detected. This finding suggests that strongly polar, 

aprotic solvents, rather than amide functionality, are crucial for the reaction. The results were 

supported by 1H NMR analysis, indicating the desired target structure formed. Previous studies have 

proposed that the coordination of the solvent to a palladium complex could be achieved using V5. In 

this regard, Diao et al.170 reported that V5 can coordinate with open coordination spheres of palladium 

(II), forming complexes that are bound to both oxygen and sulphur. The authors observed changes in 

1H-NMR and IR spectra, with free V5 at 2.53 ppm, sulphur-bound V5 at 3.80 - 3.30 ppm, and oxygen-

bound V5 at 3.03 - 2.59 ppm. Interestingly, the degree of V5 incorporation into the complex was 

directly related to its concentration, with mono-incorporation being prominent up to 1 eq. and double 

incorporation at 1.7 eq. This finding aligns with the assumed complexation of V1 in the reaction, 
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suggesting that V5 could replace V1. The use of V5 over V1 is also preferred due to environmental and 

health concerns raised by GlaxoSmithKline (GSK).170,171 

Acetonitrile (V6) was used as a polar aprotic solvent. While it is known that V6 can coordinate to 

palladium complexes via its nitrogen atom, no significant interference or facilitation of the reaction 

mechanism by V6 was observed under the tested conditions.172,173 However, this strong coordination 

can block critical steps in the catalytic cycle, such as substrate binding, oxidative addition, or trans 

metalation, potentially explaining the lack of reactivity. While the substrates, precatalyst, ligand and 

base were well soluble in V6 under the tested conditions, no conversion of substrates was detected, 

suggesting that solubility alone does not account for the lack of reactivity. This further suggests that 

during the carbon-silicon cross-coupling of halogenated heteroaryls and alkoxysilanes the solvent is 

non-innocent, participating in parts of the reaction mechanism and allowing the desired product to be 

formed. Further investigations into the mechanism at hand will be shown in chapter 2.5.3 of this work. 

When assuming V6 is not interacting with the complexes involved in the reaction, but its polar, aprotic 

nature is suited for the reaction small amounts of known working solvent may be added to the reaction 

mixture to form the desired intermediate. As previously mentioned, environmental and health 

concerns were raised for amide solvent, thus reducing their use while allowing the reaction at hand to 

still take place is desirable. Accordingly, 0.5 wt% V1 were added to V6 while keeping the rest of the 

reaction setup and workup procedure. From previously no conversion in pure V6, addition of catalytic 

amounts of V1 conversion of 75.2 % was observed. This strongly indicates the involvement of V1 during 

the reaction mechanism as activity of catalyst is not bound to polarity or non protic behaviour of the 

used solvent, but to the presence of amide solvent. This finding stands in contrast with previous 

reports72 indicating the inexplainable need for amides as solvent. To further elaborate on the likely 

interaction between solvent and intermediary complexes in the reaction mechanism, studies are 

described in chapter 2.5.3 of this work. 

Compound omission studies were conducted, leaving out the individual reagents, but keeping the 

overall reaction setup and workup. Both substrates, catalyst precursor and ligand, base and solvent 

were left out individually. 

Table 6: Compound omission study for the carbon silicon cross coupling reaction of 2-bromophene A1 with triethoxysilane 
S28. Formed products can be the intended cross coupling product P8 and cleaved hydrogen halide or the undesirable 

substitution of halide with hydride. Reaction was run with M7 as palladium precursor, L1 as ligand and B8 as base in V1 for 
16 h at 70 °C. Recording the resulting conversions of 2-bromothiophene A1, selectivity for triethoxy(thiophen-2-yl)silane P8. 

Omitted compound Conversion of A1 [%] 

Reference 91.2 

M8 0.0 

L1 0.0 

B8 0.4 

V1 0.0 
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When leaving out either substrate no product formation is anticipated. When either pre-catalyst or 

ligand are not present during the reaction, no product formation is observed either. Confirming the 

need for both palladium as well as the appropriate ligand. Small amounts of product are detected, 

when leaving out the base during reaction, though over time the reaction mixture solidified. This is 

likely due to high concentration of hydrogen bromide, acting as hydrolysis catalyst, leading to 

crosslinking of the silanes. When exposed to moisture the reactive alkoxysilane will react with itself 

forming three dimensional networks. This indicates some hydrogen bromide can be released from the 

catalytic intermediate without interfering with the catalytic cycle. When leaving out NMP, as it is used 

as solvent during the reaction, little to no stirring is possible, likely not mixing the setup thoroughly. 

Figure 28 showed that using incorrect or non-coordinating solvent no conversion is achieved either. 

In summary palladium precursor, ligand, base and solvent have been screened for the carbon-silicon 

cross coupling reaction of halogenated heteroaryls and trialkoxysilanes assisted by a palladium 

complex system. During these iterations several findings were reported, most noteworthy the 

previously unknown apparent participation of both base and solvent with the reaction mechanism. 

With the optimised reaction conditions at hand the intermediates, as well as complexation of 

substrates, base and solvent is subject of investigation in chapter 2.5.3. 
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2.5.3 Scope of optimised catalytic carbon-silicon bond formation 

This chapter explores the scope of the palladium catalysed carbon-silicon cross-coupling of heteroaryl-

halides and alkoxy silanes with the optimised reaction conditions from chapter 2.5.2. A similar 

approach as in chapter 2.4.3 is followed, here also the reaction conditions had been optimised to give 

good conversions and selectivity for a selected target silane and then expanding the scope to find the 

reactions limitations. Due to the unique nature of the silanes used for the palladium catalysed reaction 

presented in this chapter, only a limited scope of commercially available silanes is available, thus most 

silanes generated through this route have heteroaryl variations. Previous screening of halides 

demonstrated that using iodide-substituted heteroaryls instead of bromide ones can result in minor 

improvements in conversion. To aid in comparison of conversion efficiency, trials involving iodide 

heteroaryls were not included in the summary but were added to appendix A3. All yields are reported 

after workup. 

 

Figure 29: Palladium catalysed carbon-silicon cross-coupling reaction of various aryls with triethoxy silane, including their 
yields. The reaction was run with M7 (palladium precursor), L1 (Ligand), B8 (Base) and V1 (Solvent) for 16 h at 70 °C. All 

yields stated are after workup and isolation for the target silane. Conversions and selectivity are reported in Appendix A3. 

 

Due to the limited selection of available hydrogen silanes all experiments were run with triethoxy 

silane. The formation of target silanes was monitored through NMR. For comparability of all reactions 

the reaction time and concentrations used were kept constant between all runs. While some reported 
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yields were diminished in all cases this is due to low conversion of the starting silane, likely due to an 

optimisation of the reaction for P1. This may be increased with longer reaction times. Interestingly for 

all reactions that formed the target silanes successfully the selectivity of the reaction reported through 

NMR is for all cases 75 % or higher, indicating a good selectivity between the possible reaction products 

for the target silane after the reaction had been optimised in 2.5.2. For comparability of all reactions 

the time and concentrations used were kept constant between all runs. It is evident from the results 

presented in Figure 29 that the palladium catalysed cross coupling of heteroaryls and silanes is 

possible, however, limitations may be imposed depending on the substrate used. While steric bulk 

(A10-A12, A14) does not impact the reaction significantly changes in heteroatom (A19, A24) do not 

lead to the desired cross-coupling product. This is likely to the changed electronic situation on the 

heteroaryl, leading to the preference of a different reaction pathway. Additional experiments with 

silanes S5 and S29 were run resulting in the formation of P1 and P2 (not shown here, see appendix 

A3). This concludes the second synthesis pathways of this thesis targeting α-silane. The initially 

presented flow chart is thus further completed, the chart is shown below in Figure 30. 

 

Figure 30: Flow chart presenting the general structure of this thesis, with the second synthesis route completed. 

 

2.5.4 Mechanistic investigation of optimised catalytic carbon-silicon bond formation 

Mechanistic investigations were undertaken as there currently are no comprehensive studies using 

palladium catalysts on siloxane carbon bond formation. Thus, the stepwise addition of catalyst 

precursors and substrates in optimised solvent is followed by both quantitative 31P-NMR and direct 

injection electron spray ionisation (ESI) mass spectroscopy. Quantitative NMR at reaction temperature 

allows the assessment of relative complex concentrations equivalent to their presence in the studied 

reaction. Identification of catalytically relevant intermediates potentially allows the understanding of 

reaction mechanism and prediction of currently unknown optimisation potential. To prevent the 

potential isotopic exchange between substates and the used deuterated solvent external standards 

were used, by adding sealed ampules filled with deuterated solvent to an NMR tube. This allows the 

shimming and locking of the NMR to the sample without contaminating the sample with deuterium. 

Potential α-silane candidates 

1 

Isolated α-silanes 

2 mechanism 

application Scale up 
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This eliminates proton deuterium exchange between solvent and substrate, allowing following of 

potentially transferred hydrides. Due to the moisture sensitivity of the reactants sealed NMR tubes in 

Youngs style were used. Additionally, reaction solutions can be used directly in NMR and deuterated 

solvent does not need to be dried and degassed thoroughly before each measurement.174,175 

Specialised 31P-1H-HMBC were recorded additionally, allowing the correlation and identification of 

different phosphine containing complex formed. All spectra in this chapter were recorded on an 

Agilent DD2 600 MHz. Mass spectroscopy allows the identification of intermediates independently of 

NMR, potentially confirming the presence of postulated intermediates. Direct injection ESI has been 

chosen as preliminary experiments showed the decomposition or re-equilibration between different 

intermediates during retention time in the high-pressure liquid chromatography connected upstream 

of the ESI. Injection in the ESI directly avoids this problem, while adding complexity to the resulting 

spectra as no separation of compounds before measurements occurs. The isotopic distribution of 

palladium allows the identification of complexes even without separating the intermediates from each 

other.176 Additionally, ESI does not fragment the compounds like electron ionization (EI), further 

simplifying and defining the compound identification.  

With all needed reaction compounds explored and optimised in previous chapters exploration of the 

reaction mechanism was started. A visual representation of the process is shown in Figure 31. The 

reaction sequence starts with the addition of M7 (Pd(dba)2) and L1 (JohnPhos) to V1, potentially 

forming the first complex either in NMP or in acetone with one equivalent of NMP as the need for NMP 

during the reaction was shown in the previous chapters. Addition of both substrates to the first 

complex is undertaken potentially forming two complex species with the oxidative addition of halo-

heteroaryl to palladium agreeing best with literature.177 If the halo-heteroaryl leads to complexation 

the complexes crystallisation may be facilitated using silver triflate, through the precipitation of silver 

halide.178 Through the addition of base and reductive elimination of the target silane the generation of 

a new complex or the starting complex is anticipated. Furthermore, the formation of C1 in acetonitrile 

(ACN) with stoichiometric amounts of V1 is explored. Additionally, halide change using silver triflate 

and addition order of base are explored in the flowchart presented below.  

 

Figure 31: Flowchart of complex isolation steps. Identification and characterisation of each intermediate using NMR. 
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As previous chapters have shown the need for bis-(dibenzylidenaceton)-palladium(0) and JohnPhos 

both are mixed in the presence of NMP (as solvent or equimolar to palladium and ligand in 

acetonitrile), potentially forming the first complex. Figure 32 shows a 31P-NMR stack of 1: Pd(dba)2 and 

JohnPhos in NMP; 2: Pd(dba)2 and JohnPhos in ACN and 1 eq NMP; 3: Pd(dba)2 and JohnPhos with 

triethoxysilane in NMP; 4: Pd(dba)2 and JohnPhos with 2-bromothiophene in NMP.  Spectrum (1) 

shows the addition of Pd(dba)2 and JohnPhos to NMP. 

 
Figure 32: 31P-NMR stack of 1: Pd(dba)2 and JohnPhos in NMP; Pd(dba)2 and JohnPhos in ACN and 1 eq NMP; Pd(dba)2 and 
JohnPhos with triethoxysilane in NMP; Pd(dba)2 and JohnPhos with 2-bromothiophene in NMP at reaction temperature. 

 

The used amount of NMP was iteratively determined adding solvent until all compounds are solved 

and a clear liquid is obtained. Additionally, the solvation was indicated through visual colour change of 

the reaction mixture. The main signal observed in 31P-NMR at 17.80 ppm closely matches literature 

known JohnPhos in deuterated chloroform at 18.334 ppm179, the shift of signal is likely introduced by 

using nonstandard solvent as described above, slightly changing the chemical environment of the 

phosphine centre. An additional signal at 58.99 ppm hints towards the formation of a new phosphine 

species or a phosphine coordinated to palladium, suggesting the formation of a complex, from here 

on referred to as C1§, a likely structure is shown in Figure 34. The formation of C1 relative to free 

 
§ This chapter uses the additional nomenclature C to refer to the suggested palladium complexes. 

                                              
        

 

 

 

 

Pd(dba)2 and JohnPhos in 
NMP 

Pd(dba)2 and JohnPhos in 

ACN and 1 eq NMP 

Pd(dba)2 and JohnPhos 
with triethyoxy silane in 
NMP 

Pd(dba)2 and JohnPhos 
with 2-Bromothiophene 
in NMP 

 

 

 

 

 

1 

 

 

JohnPhos 

C1 

JohnPhos-
Oxide 

C2a 



Construction of silicon-carbon bonds towards α-silanes 

57 
 

JohnPhos is low, further optimisation of reaction ligand and palladium ratios may resolve this. 

Alternatively, the use of other non-amide based, polar and aprotic solvents and addition of 

stoichiometric amounts of amide in relation to the palladium source were studied in spectrum 2 of 

Figure 32. As similar couplings are observed the formation of the same C1 is likely, no changes were 

observed when adding palladium and ligand to pure acetonitrile, again proving the need for amide 

during the formation of C1 and contributing to its likely structure. This observation agrees with the 

report by Scharf et al.180 for CyJohnPhos forming a single palladium species complexed by one 

phosphine ligand and dba. 

With the spectra of the target complex in hand a second experiment with changed solvent was set up. 

First both precursors were mixed and then dissolved in acetonitrile. Little to no solubility of the solids 

was noted and confirmed by NMR, only showing the presence of free JohnPhos in solution. When one 

equivalent NMP regarding the used precursors is added to the mixture all remaining solids dissolved. 

The formation of the target complex was confirmed by NMR (spectrum 2, Figure 32), showing the same 

shift previously reported when NMP was used as a solvent instead. Since the presence of NMP seems 

essential for the formation of the target complex it must interact with it in some way. This confirms 

the previous observations by Manoso et al.72 reporting the need for an amide solvent, as well as the 

solvent screening previously reported in this work. 

To understand the interaction between palladium, ligand and solvent several crystallisation attempts 

were undertaken using varying counter solvents and temperatures while excluding moisture and air 

contamination.181 However, no crystals for X-ray measurements could be obtained. 

For the identification and characterisation of the proposed complex C1 2D-NMR spectra were used 

(Figure 33). For the identification of free JohnPhos matching signals for both the aryl and alkyl 

substituents are found in the spectra. Similar signals are observed for the previously reported signal at 

58.99 ppm with slightly shifted signals for the tert-butyl group. An additional signal is observed for the 

aryl system. Recently, complexation of the lower central carbon atom to palladium at 3.6 Å has been 

reported for CyJohnPhos.180 Assuming similarity between CyJohnPhos and JohnPhos this signal can be 

attributed to the known complexation of the lower aryl ring with palladium and resulting symmetrical 

interaction with the lower aryl ring. The remaining signals are attributed to NMP. Little interaction 

between NMP and the phosphine is observed. Previously dependence of the formed complex was 

reported when using the complex substrates in acetonitrile with stoichiometric amounts of NMP. Since 

little correlation is seen in the 31P-1H-HMBC (Figure 33) the interaction is suspected to be of solvation 

nature or only very weakly coordinating. 
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Figure 33: 31P-1H-HMBC of C1 in NMP. 

 

The solution containing C1 was subjected to direct injection ESI MS, however, no usable spectra were 

recorded, showing the individual substrates only. This is likely due to high bonding length and low 

stability of the intermediates, undergoing decomposition during ionization and in vacuum present 

during MS measurement. With experimental and spectroscopic confirmation for the need of amide 

during initial complex formation and the findings of Scharf et al.180 a structure for C1 is suggested in 

Figure 34, accommodating for both JohnPhos and amide complexation on the palladium centre.  

 
Figure 34: Possible formation of C1 during between JohnPhos (L1) and Pd(dba)2 (M7) in NMP. 

 

To the reaction mixture of C1 in NMP 2-bromothiophene and triethoxysilane are added separately, 

expecting the formation of a new complexes C2a or C2b intermediate with the substrate that reacts 

first during the catalytic cycle. A stack is presented in Figure 32 and their respective spectra pare 
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presented in Appendix A4. One additional signal could be observed when adding triethoxysilane to C1 

at 51.55 ppm (spectrum 3, Figure 32), this would form C2b. The signal corresponds to the literature 

known JohnPhos-Oxide (52.4 ppm in deuterated chloroform),182 potentially formed in the mixture 

from residual oxygen gas dissolved in the substrate. No additional interactions are observed, thus the 

next complexation step in the catalytic cycle of the reaction at hand must not be the complexation of 

tri-alkoxysilane, thus C2b is not formed. However, when adding 2-bromothiophene to the complex 

additional signals at 18.13 ppm and 19.27 ppm are observed next to the previously reported signals 

with reduced intensity compared to before the addition (spectrum 4, Figure 32). Notably, the signal of 

the proposed C1 disappears completely, indicating the full conversion of the complex to a newly 

formed complex, referred to as C2a. Additionally, the signal for JohnPhos-oxide at 51.55 ppm increases 

in intensity too, indicating the oxidation of JohnPhos, again likely from residual oxygen gas dissolved 

in 2-bromothiophene as it had not been degassed, but only dried prior to all experiments. Figure 32 

spectrum 4 shows two additional signals, while one would expect the formation of one new complex 

if the oxidative addition of 2-bromothiophene is the next step in the catalytic cycle. The two observed 

signals can be attributed to two possible isomers formed in situ, as shown in Figure 35. The near equal 

intensity in 31P-NMR indicates the statistic formation of the two isomers, indicating that no steering 

effect of the ligand is present during this reaction step. To allow the elimination of the target product 

the substrates must coordinate in proximity, allowing its elimination. This is only possible when the 

next addition step is steered by the ligand. The open coordination sphere of the planar C2a is partially 

filled by coordinating the biaryl of JohnPhos, a specific property of Buchwald derived ligands. This has 

been reported for other substituted Buchwald ligand derivatives by Milner et al.125 The high yield of 

Buchwald ligands reported in 2.5.2 for the reaction can thus be rationalized by the observed C2a 

allowing a stabilized but open coordination for the next substates complexation. The addition of base 

to C2a does not result in any change in NMR, thus likely is not interacting with either intermediate. 

 
Figure 35: C2a isomers after the addition of 2-bromothiophene to a palladium(0)-JohnPhos complex (C1) in NMP. 

 

Additionally, 31P-1H-HMBC NMR spectra of suspected C2a were recorded (Figure 36). The signals 

attributed to the formation of the two stereoisomers of C2a and the unknown signal were investigated. 

While the concentration of stereoisomers around -20 ppm is low there still is a correlation in the 

spectrum presented below. The 2-bromothiophene used in excess is well visible at 7.42, 7.26 and 
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7.06 ppm.183 The signal at 7.06 ppm can be attributed to the CH alpha to the bridging carbon atom and 

is visible as a coupling in the spectrum shown below, confirming the presence of both phosphine and 

2-bromothiophene on the palladium complex and thus the formation of either complex shown in 

Figure 35. Signals present in the 31P-1H-HMBC at -53 ppm are suspected to be artifacts formed through 

aliasing of signals at 53 ppm.184 This might have been caused by changing the spectral recording of 31P 

component in HMBC from +50 - -50 ppm to +100 - -100 ppm.185 The signals can thus be discarded but 

are shown here to not withhold this information. Additional signals present stem from C1 and its 

formation. 

 
Figure 36: 31P-1H-HMBC of C2a in NMP. 

 

The formation of new phosphine complexes can be confirmed. Furthermore, the complexation of 

bromo-thiophene must be the first step in the catalytic cycle, equivalent of an oxidative addition in 

classic palladium catalysed cross-coupling reactions, further completing the flow chart of Figure 31 and 

confirming the structural suggestion of Figure 35. 

31P-1H-HMBC spectra were also recorded for the proposed complex C3 (Figure 37). The signal observed 

at 29.38 ppm couples with the bis-aryl and alkyl system of JohnPhos and the protons from used 

thiophene but also shows two coupling signals with low intensity signals in 1H-NMR at 5.69 and 6.47 

ppm respectively. The signals cannot be attributed to any protons expected from structures thus far. 

All previously observed signals have been converted to the signal at 29.38 ppm, suggesting either full 

conversion to the compound or precipitation of a new compound. The latter however can be ruled out 
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as visual inspection of the sample did not show any precipitate formation. Commonly 31P-NMR spectra 

are recorded in decoupled mode, supressing any coupling between phosphor and hydrogen. While this 

is beneficial for routine techniques it is not useful in this case. Especially 1J coupling constants in 

phosphor proton coupling are known to be high, such as diethyl phosphonate at 1J31P,1H=691.3 Hz. In 

2020 Kahan et al.186 described the formation of a stable palladium complex intermediate where two 

JohnPhos ligands are protonated, forming a cation and complex to a dimeric halogen containing 

palladium anion. While they were able to generate crystal structures of this complex similar crystals 

for the complex at hand could not be obtained. However, a similar behaviour is expected since in both 

cases JohnPhos is used. Additionally, they reported a chemical shift of 29.8 ppm for the phosphine, 

matching the observed shift from C2a. While the published structure is used as a stable complex in 

carbon-carbon cross couplings it may be a resting state in the mechanism investigated here, forming a 

stable intermediate during synthesis.  

 
Figure 37: 31P-1H-HMBC of C3 in NMP. 

 

When rerunning the phosphor spectrum of C3 in coupled mode, the previously observed singlet at 

29.38 ppm split into a doublet, as shown in Figure 38. The coupling constant measured at J(31P) = 478 

Hz. The previously reported signals at 5.69 and 6.47 ppm were recorded at 243 MHz and yielded a 

J(1H) = 476 Hz coupling. This indicates that likely not two distinct signals are present, but one phosphor-

proton 1J coupling and appropriately one phosphor-proton bond. Weather the structure is essential in 

the mechanism or a byproduct through phosphine protonation due to the lack of base in the 

                                  
        

    

   

   

   

   

   

   

   

   

   

 

  

  

  

  

  

  

  

  

  

   

  
  
 
 
 
 

                       
       
 



Construction of silicon-carbon bonds towards α-silanes 

62 
 

experiment cannot be elucidated. Protonation of Buchwald ligands was reported before and may be 

the reason for the observed conversion improvement when using Buchwald ligands over other 

substituted phosphine ligands known to work in palladium-based carbon-carbon cross-couplings, 

needing this type of Ligand to stabilize the complex through hydrogen transfer. Alternatively, the 

ligand may shuttle the hydrogen halide away from the active complex, deprotonation in a second step 

through the interaction with base, similar to the findings by Ivančič et al.187 and Chernyshev et al.188 

showing the organometallic nucleophile reformation through a hydrogen halide shuttle. Due to the 

ambiguous measurements, no definitive resulting structure can be provided. 

 
Figure 38: 31P-NMR coupled mode (left) and 1H NMR (right) of compound III. Each spectrum showing suspected 1J coupling 

at J(31P) = 478 Hz and J(1H) = 476 Hz. 

 

With the formation of C3 as the next catalytic intermediate it is not jet known at which point 

interaction with base needs to happen. Previous chapters have shown the need for a base during the 

formation of the target silane. Removal of bromide can either happen after 2-bromothiophene 

complexation (C2a) or during the addition of trialkoxysilane (C3). Both complexes were treated with 

B8, potentially forming further complexes (see Figure 31). 

No changes can be seen during the addition of DIPEA to C2a, suggesting no interaction in the 

mechanism also, the formation of C4 can thus be ruled out. Addition of DIPEA to C3 causes significant 

changes to the complex and substrates. From the spectrum previously reported distinct signals of C1 

and a significant amount of JohnPhos-oxide can be correlated. Presence of C1 suggests the 

regeneration of the initial complex after DIPEA addition to C3. This can be rationalized through both 
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the reductive elimination of the target silane, as well as interaction of base with stoichiometrically 

formed hydrogen bromide. JohnPhos-oxide again will be formed due to oxygen dissolved in the used 

substrates. Additionally signals previously attributed to compound P8 are observed, indicating the 

release of the target silane. It is thus evident that hydrogen bromide must be fully formed before it 

can be removed from the catalyst as a reaction byproduct. These spectra unfortunately cannot 

differentiate if formation of hydrogen bromide or elimination of silane happen consecutively or in 

parallel. If a complex C5 is formed during the process, it is too short lived to be detected through NMR. 

To elaborate on the results and provide additional data through X-ray diffraction analysis, complex 

crystallization was undertaken. There are various methods for this. All complex intermediates 

presented here have been subjected to vapor diffusion crystallization with no usable crystals after 

several attempts and methods such as slow solvent addition (see appendix A3). It is suspected that 

due to the unique amide interaction of the complex and thus changed solvation the method could not 

be applied here. Furthermore, due to the presence of bromine in some complex’s reaction with silver 

triflate was run, precipitating highly insoluble silver bromide178, and changing the counterion from 

bromide to triflate to aid in complex formation. Unfortunately, here also no crystals were obtained. 

No additional analysis methods were used to determine this intermediate step. 

In summary C1 formation was shown to require stoichiometric amounts of amide with regards to the 

complex, a new perspective compared to established literature previously speculating the need for 

amide as solvent.99 From C1 the addition of heteroaryl forms complex C2a through oxidative addition, 

two different signals were observed, stemming from two possible stereoisomers formed. Addition of 

silane to C2a forms complex C3. Here the previously not described formation of a protonated 

phosphine species was shown in NMR though its involvement in the catalytic cycle can only be 

speculated. The reductive elimination of the target heteroaryl silane is only observed upon base 

addition, likely due to the hindrance of the mechanism when excess hydrogen halide is present. The 

reductive elimination regenerates C1 completing the catalytic cycle. With the used analysis method, 

no additional complex species could be detected. The flowchart presented in the beginning of this 

chapter has been adapted (Figure 39) highlighting the analytically detected complexes in green and 

those that could not be detected in red.  
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Figure 39: Flowchart of complex isolation steps, with experimental confirmations that were shown in this chapter 
highlighted in green and not confirmed complexes are highlighted red. 

This concludes the mechanistic investigation of the palladium catalysed synthesis targeting α-silane. 

The initially presented flow chart is thus further completed, the chart is shown below in Figure 40. 

 

Figure 40: Flow chart presenting the general structure of this thesis, with the two synthesis routes and mechanistic 
investigation completed. 

 

Through NMR measurements structural information on molecular level can be collected and analysed 

quantitatively, furthermore monitoring peak shift and intensity changes provides easy access to 

reaction rates, aiding in the kinetics studies. Potential downsides may be sample preparation, 

sensitivity problems when using common solvents due to overlapping of signals and access to 

equipment.189,190 The NMR core was heated to the previously established reaction temperature of 

80 °C. Youngs NMR tubes were equipped with external deuterium references and equimolar ratios of 

reactants, added to and kept in the core continuously for 16 h. 31P-NMR spectra are recorded once per 

hour to monitor changes in the complexes present. This setup replicated the laboratory reaction setup 

as close as possible, while allowing the continuous measurement of in situ NMR. A more detailed 

evaluation of the data and their integrals is shown in appendix A4. Unfortunately, after several runs 

no successful recordings of 1H-NMR were possible, however are amended in the appendix.  

Figure 41 shows the time resolved 31P-NMR. Spectra are recorded one-hour apart, monitoring the 

changes to the complexes involved. Initially, major signals present in solution are C1 (58.99 ppm) and 

free JohnPhos (L1, 17.80 ppm), as discussed before. Some minor signals can be observed at 51.55 ppm. 

These had been associated and referenced to JohnPhos-oxide. Over the course of the reaction, each 
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line indicating one hour at 80 °C. No product was allowed to evaporate during this time due to the 

sealed NMR tube. A reduction in signal intensity of C1 with an increase in signal intensity of 

JohnPhos-oxide is observed. This may be rationalized through oxidation of the JohnPhos coordinated 

to palladium only, while non complexed JohnPhos is not subject to oxidation. As both signal intensity 

changes are equal, with constant intensity of free JohnPhos, it must be speculated that the palladium 

of C1 also undergoes changes that prevents a re-complexation with free L1. The temperature of 

reaction may have an influence on the rate of JohnPhos oxidation, while the sealed nature of reaction 

setup prevents additional oxygen entering the system, stopping the ligands oxidations once fully used 

up. As these observed species only correlate to the state of catalyst deactivation, they cannot be used 

to determine the order in catalyst.  

 
Figure 41: Time resolved 31P-NMR of a reaction mixture as optimised in chapter 2.5.2 in this work. Containing equal 

amounts of trimethoxysilane and 2-bromothiophene in NMP. Additionally catalytic amounts of Pd(dba)2 and JohnPhos are 
added. The reaction mixture is kept at 80 °C for 14 h. With -1 starting at 0 h and recording subsequent spectra once per 

hour. 

  

                                           
        

 

 

 

 

 

 

 

 

 

  

  

  

  

  

  



Construction of silicon-carbon bonds towards α-silanes 

66 
 

2.6 Summary 

• This chapter presented the conceptualisation, state of the art and two synthesis routes of 

novel alpha substituted alkoxysilane. 

• Reasoning and research question were presented for a target structure and its derivatives. 

Only two of the structures had previously been reported in literature, with little to no 

physicochemical data available.  

• First exploration using Grignard reaction targeting thiophenyl-trimethoxysilane was shown, 

the reaction was optimised for the given structure varying temperature, stoichiometry, 

addition order of substrates and workup method. The optimised reaction was then used to 

synthesise a range of tri- and di-alkoxy thiophenyl silanes, bearing different alkoxides and 

additional functionalities on the silane centre. For all compounds characterisation, such as 

NMR, IR and MS was recorded for the first time in literature. This process is limited to using 

halogenated heteroaryls stable during SET steps of Grignard reactions and alkoxysilanes 

bearing one additional alkoxide over the target structure. 

• To eliminate the structural limitations, stoichiometric by-product and precise handling of 

reaction conditions imposed by Grignard reactions the catalytic formation of carbon-silicon-

bonds was explored. Reaction conditions were optimised, and several structure derivatives 

synthesised, showing the range of potential substrates of this reaction. Furthermore, 

mechanistic investigations were conducted, elucidating the sequence of substrate interaction 

with complex intermediates and substrate-complex interactions using 2D-31P-1H-NMR spectra, 

highlighting new findings for catalytic cycle of the palladium-based carbon-silicon-bond 

formation using Buchwald ligands and amide solvent. 

• In total the first description of 23 novel alpha substituted alkoxysilanes was successfully 

reported. 

• The findings presented in this chapter lead to one PCT patent application.191 
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3 Application of novel α-silanes in polymeric materials 

While chapter 2 outlined the exploration and synthetic approaches for the preparation of heteroaryl 

derived α-silanes, chapter 3 focuses on potential applications, scalability, commercial relevance, and a 

comparison with commercially available alkoxysilanes. This chapter is divided into five main projects 

that fill in the gap between laboratory research and industrial application. 

Project 1: Functionalisation of polydimethylsiloxanes (PDMS). This project focuses on functionalising 

PDMS at the α,ω-position using the heteroaryl derived α-silanes synthesised in the previous chapters. 

There are two major routes by which functionalisation could be carried out: condensation or 

hydrosilylation. Both methods were elaborately studied to find the most effective way the new 

compounds could be incorporated into PDMS structures. It involves addition reactions on silanol-

terminated PDMS by silanes and condensation, in which Si-O-Si linkages are formed. Hydrosilylation 

involves the vinyl-end-capped PDMS, in which Si-C linkages are formed. Those modifications have been 

done to give the properties that are inherent in the PDMS a boost. These include thermal stability, 

mechanical strength, and chemical resistance. 

Project 2: Partial condensation of silanes towards resins. The second project focuses on the well-

defined, partial condensation of silanes to give rise to resins that may be used as an additive in 

commercial RTV-1 (room temperature vulcanising) silicone formulations. The target here is to achieve 

resins that pose unique characteristics in terms of performance to that of RTV-1 silicones, such as 

improved adhesion, durability, and cure speed. The level of condensation is monitored very closely for 

the control of the balance between reactivity and stability. The optimisation is done to the partial 

condensation process in such a way that there can be achieved consistent quality and performance in 

the resins resultant to make them useful for the industrial applications. 

Project 3: Rheometer assisted time resolved condensation studies. The third project involved carrying 

out time-resolved condensation experiments on a rheometer under controlled temperature and 

humidity conditions. In doing so, these studies measure the transition of the substances from liquid to 

solid, which can give insight into curing behaviour and kinetics. This paper evaluates the performance 

of the new heteroaryl derived α-silanes by comparison of their kinetics with the commercially 

established reactive alkoxysilanes. This study is actually targeted at understanding how these new 

compounds react in different environmental conditions because this forms the basis for their 

applicability in practice. 

Project 4: Synthesis process optimisation for scale-up. In this fourth project, we will consider 

optimisation of the synthesis process for scale-up. The previous project had the yield of up to a 

maximum of 1 gram per run in the synthesis of heteroaryl-derived α-silanes. After several iterations 

and optimisations, the process has been scaled up enormously. The last iteration has done using a steel 



Application of novel α-silanes in polymeric materials 

68 
 

reactor of 20 litres for making compound P4 and compound P8, with a capability of 2 kilograms. This 

scale-up is a crucial step toward industrial applicability, indicating that such compounds can be 

produced in the quantities needed for commercial usage. The production process cost-effectiveness 

and sustainability are also studied during the scalability study. 

Project 5: Application in neutral RTV-1 silicone formulations. This final project will use the newly 

synthesised compounds in the formulation of, and as additives to, commercially important neutral 

RTV-1 silicone formulations. Neutral RTV-1 silicones are widely used in many industries because of 

their adhesion, excellent properties of durability, and easy way of application. These compositions 

further advance the performance of the formulations when the heteroaryl-derived α-silanes are 

included. This is pursued by general testing for comparing the characteristics of the RTV-1 silicones 

added with new additives, which are the cure speed, mechanical strengths, and environmental 

resistance. 

 

3.1 PDMS end group functionalisation 

Building on the α-silanes developed in Chapter 2, this chapter investigates their incorporation into 

polydimethylsiloxane (PDMS) as functional end groups. By leveraging the reactive sites of these silanes, 

PDMS chains can be modified to enhance the polymer’s physical, chemical, or mechanical properties. 

There are different strategies available for the synthesis of PDMS derived polymers. In general end 

groups can be introduced before or after the formation of the polymer. By pre-functionalising an end-

capping agent used during the polymerisation the desired end group is introduced quantitively to each 

polymer chain in α- and ω-position. This approach is desirable as it provides for a reliable and 

quantitative introduction of the end group even at high molecular weights, however the synthesis of 

said end capping agent can be non-trivial and may require the use of less desirable functionalisation 

on the end group. Furthermore, the agent may require highly tuned properties not available when any 

end group is introduced, and the end group must be stable under polymerisation conditions. In 

contrast a functionalisation of a premade, terminated polymer is possible. Here the desired end group 

is introduced by reacting the polymer with the end group precursor. High selectivity and quantitative 

reactions are desired as specially in high molecular weight polymers as the weight concentration of 

end group is low and thus decreases the concentration available for further reactions. In contrast 

issues regarding reactivity and stability during polymerisation are avoided. Using either strategy 

requires the correct end group functional substrate, limiting to commercially available alkoxysilanes 

for condensation and double bond functional silanes for hydrosilylation. Furthermore, the presence of 

residual catalyst from the functionalisation reaction must be considered in downstream processing of 

the functionalised material, such as use in commercial silicone formulations. 
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Two high yield functionalisation strategies are known and are presented in section 1.2 of this work. 

Either condensation towards a silicon-oxygen-silicon bond or hydrosilylation result in almost 

quantitative yield, making them well suited for end group functionalisation. Both strategies can either 

be applied to the end-capping agent or the pre-functionalised PDMS. To aid in comparability of 

methods a polymerisation approach has been chosen that allows the introduction of either silane or 

siloxane end groups. By using tetramethyl-disiloxane and tetramethyl-disiloxanediol respectively in 

ring opening polymerisations of cyclic D4 (Octamethylcyclotetrasiloxane) either end group can be 

introduced into the polymer.192 Both resulting silanes are available commercially, aiding in the 

potential large-scale applicability of the presented process. Alternatively, either tetramethyl-disiloxane 

or tetramethyl-disiloxanediol are functionalised with the end group and then subsequently used in 

polymerisation.192,193 

To establish hydrosilylation conditions preliminary experiments using tetramethyldisiloxane (TMDS) 

and vinyltrimethoxysilane (VTMO, S4) were conducted and later used for all follow up reaction. Both 

chemicals had good availability in the lab making them ideal screening substrates. The close structural 

relation of S4 to compound P4 is assumed sufficient to translate reaction conditions from S4 to new 

silanes presented in this work and limit the amount needed for screening reactions. As highlighted in 

chapter 1.3 the reaction can lead to alpha or beta addition products, shown in Figure 42. 

 
Figure 42: Hydrosilylation of Tetramethyldisiloxane with an alkoxy-vinyl-silane. Vinyltrimethoxysilane (R = OMe, S4) and 

Thiophenyl-vinyl-dimethoxysilane (R = Thiophenyl, P4) were used in this chapter. The reaction was optimised. 

 

The reaction was optimised to yield the beta addition product, resulting in a linear linkage between 

the substrates. A detailed reaction optimisation is described in appendix A3. 

 

Both shown hydrosilylation products were synthesised not only as example compounds, but also to be 

used in ring opening polymerisation (Figure 43), as well as additive in commercially relevant silicone 

formulations. With the required substrates for a functionalised PDMS via ring opening polymerisation 

(ROP) at hand again the S4 product was used for condition exploration. The previously upscaled 

reactions material was used for this, as the precursors for hydrosilylation (S4 and TMDS) both are 

commercially available, while compound P4 was only scaled up at a later stage of this work, see chapter 

3.4 for details. 

For ring opening polymerisation several strategies are known in literature, with the main pathways 

introduced in 1.2 of this work. It must be noted that when working with compounds intended for 

hydrolysis upon moisture contact, such as S4, all handling must be performed under exclusion of water. 

This excludes all strategies involving water as a reactant or solvent. Furthermore, the substrates and 
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catalyst must be dry and not releasing water. This excluded catalysts such as ammonium hydroxide, 

making triflic acid catalysed anionic ring opening polymerisation (aROP) an ideal choice for the 

synthesis of alkoxysilane end group functionalised polydimethylsiloxanes.194,195 

The 29Si-NMR shifts of the used cyclic siloxanes octamethylcyclotetrasiloxane (D4) and 

decamethylcyclopentasiloxane (D5) are known at -19 ppm and repeating units in PDMS at -23 ppm 

allowing for differentiation between substrate and product in NMR.196 Gel permeation 

chromatography (GPC) may be used to determine the weight average molecular weight (Mw) and 

number average molecular weight (Mn) with the associated polydispersity index (PDI). Due to the 

moisture sensitive end groups of the target polymer all measurements must be conducted under 

moisture exclusion, including the solvent for GPC measurements. Else partial polymerisation of the 

end groups cannot be ruled out.197 

Following aROP procedure according to Bezlepknia et al.198 was tried with toluene and dimethyl 

sulfoxide as solvent and triflic acid as catalyst, measuring 29Si-NMR after reaction to check for 

successful ring opening. In all synthesis attempts no significant ring opening of either D4 or D5 to the 

target structure was detected. Figure 43 b) shows the reaction 29Si NMR spectrum of S4 modified TMDS 

from this chapter with D4 and catalytic amounts of triflic acid under inert conditions after 4 h. No 

conversion was detected, all additional signals in the spectrum stem from impurities in D4 and 

prepared modified TMDS. The same reaction conditions result in 65 % conversion when using 

unmodified TMDS yielding Si-H terminated PDMS (Figure 43 a)). 

 

Figure 43: Ring opening polymerisation of a) tetramethyldisiloxane or b) hydrosilylation products from vinylsilanes and 
tetramethyldisiloxane using octamethylcyclotetrasiloxane (D4) and triflic acid (TfOH) as catalyst. Trimethoxysilane (R = OMe) 

and Thiophenyldimethoxysilane (R = Thiophenyl) functionalisation were used in this chapter. 

 

Figure 44: 29Si-NMR spectrum after 4 h at aROP conditions using D4 and TMDS modified with S4 from this chapter. 
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Table 7: aROP of TMDS derivatives at 80 °C using different solvent conditions and triflic acid as catalyst. Conversion 
measured based on 29Si-NMR shift comparing D4 at -19 ppm and PDMS at -23 ppm. 

TMDS derivative Solvent Conversion [%] 

TMDS neat 65 

TMDS Toluene 63 

TMDS DMSO 52 

TMDS-S4 neat 0 

TMDS-S4 Toluene 0 

TMDS-S4 DMSO 0 

TMDS-P4 neat 0 

TMDS-P4 Toluene 0 

TMDS-P4 DMSO 0 

 

When comparing conversions between modified and unmodified TMDS it is evident that either the 

modification or byproducts leftover from the modification hinder the use as a chain terminating agent 

in downstream ring opening polymerisation. TMDS could easily be removed through distillation, while 

used platinum-based catalysts remain in the product mixture. Platinum may have an interaction with 

the used triflic acid, potentially deactivating the ring opening polymerisation. During the 

hydrosilylation described in this chapter both alpha and beta products were detected, though their 

respective influence during ring opening polymerisations can be neglected, the overall change in 

polarity and mobility of the modified TMDS may have an influence on its effectiveness as a chain 

terminating agent, being sterically and electronically more challenged than in unmodified TMDS. Due 

to insufficient conversion reported in Table 7 of functionalised TMDS to end group modified PDMS 

reaction route per Figure 43 was abandoned, using the hydrosilylation intermediate products from 

vinylsilanes and TMDS as additives in later chapters only. 

Alternatively to the functionalisation of chain termination agent used in ROP existing PDMS may be 

end group functionalised either through condensation of a silanol terminated PDMS with an alkoxy 

substituted silane e.g. compound P1 in the presence of a condensation catalyst, such as in Figure 45 

or through hydrosilylation of a silicon hydride terminated PDMS with a vinyl substituted alkoxysilane, 

such as compound P4 in Table 8. It must be noted that theoretically an alkoxy substituted silicone 

hydride and vinyl terminated PDMS yield the same structure, though few alkoxy substituted silicone 

hydrides are commercially available and have not been successfully synthesised within the work 

presented here, thus limiting the scope to vinylsilanes. Using a trialkoxysilane for condensation and 

dialkoxysilane for hydrosilylation in both cases yields an α,ω-dialkoxy-silane-terminated polysiloxane, 

making the products more comparable in subsequent tests. The previously optimised reaction 

conditions for TMDS and S4 were used for the functionalisation of PDMS through hydrosilylation as 

shown in Table 8. TMDS (tetramethyldisiloxane) is chemically similar to PDMS-H2 (α,ω-hydrido-

terminated polysiloxane) with the same chemical structure and a repeating unit n = 1. The longer chain 
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reduces the relative concentration of end group to repeating unit. To accommodate the vinylsilane 

equivalents were adapted to the end groups concentration and used at a molar ratio of 2.2 : 1. For all 

experiments commercially available α,ω-hydrido-terminated polysiloxane with Mw = 2000 
g

mol
 and 

PDI = 1.1 was used, as it has a low number of repeating units (n), thus high end group concentrations, 

aiding in potential conversions to the desired product. 

 

Table 8: Platinum catalysed hydrosilylation of α,ω-hydrido-terminated polysiloxanes (Mw = 2000 
g

mol
, PDI = 1.1) with varying 

concentrations of vinylsilanes at 60 °C, 17 h. Vinyltrimethoxysilane (R = OMe, S4) and Thiophenyl-vinyl-dimethoxysilane (R = 
Thiophenyl, P4) were used. Conversions based on 29Si-NMR shift comparing hydride to alkylsilane, as well as 1H-NMR shifts 

comparing vinyl to ethenyl. Only major previously described and optimised alpha addition products is shown. 

 

Silane Si-H : Vinyl equivalents Conversion [%] 

S4 1 : 1.1 0.0 

S4 1 : 5 1.5 

P4 1 : 1.1 0.0 

P4 1 : 5 0.7 

 

All used equivalents had been calculated for PDMS end groups present (determined through 1H-NMR). 

This aids in comparability between PDMS and TMDS conversions, as well as ensure control over used 

equivalents between batches of PDMS and inherent small variations in molecular weight and end 

group concentration. This adaptation results in using significantly smaller weight percentages of silane 

when comparing the conversion of PDMS to previously presented conversions using TMDS. Dilution of 

the vinylsilanes in the polymers bulk and resulting reduction in absolute concentration may cause this. 

To accommodate the used equivalents had been drastically increased, though without significant 

increase in conversion as shown in Table 8. Due to the nature of this modification route classical work 

up procedures may not be used to remove substrates from the product, such as distillation 

(compounds with high boiling point and only small boiling point differences) or column purification 

(substrate PDMS and resulting modified PDMS with similar retention time differences). As shown in 

Table 8 none of the chosen, previously optimised hydrosilylation conditions resulted in conversions 

useful for further processing or specific analysis of the resulting polymer. 

Lastly condensation of silanol terminated PDMS with trialkoxysilane was undertaken, this is the third 

process for high yielding synthesis of selectively end group modified PDMS with highly functionalised 

alkoxysilanes, such as compound P1, presented in Figure 45. P1 is used here as after condensation with 

it two functional silanes will remain for further condensation. Using dialkoxide α-silanes would leave a 

monofunctional end-group termination, not able to undergo crosslinking through condensation. To 
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increase the processes conversion aminopropyl trimethoxysilane was used as condensation catalyst198 

and commercially available α,ω-hydroxy-terminated polysiloxane with Mw = 10000 g / mol and 

PDI = 1.1.  

 

Figure 45: Condensation of vinyl-trialkoxysilane with α,ω-hydroxy-terminated polysiloxane using (3 
Aminopropyl)trimethoxysilane (AMMO, S6) as catalyst. Vinyltrimethoxysilane (R = OMe, S4) and thiophenyl-

trimethoxysilane (R = Thiophenyl, P1) were used. 

 

NMR (shown in Appendix A4) shows successful condensation of both silanols with S4 and P4 after 2 h. 

No differences in GPC can be observed comparing before and after condensation. This is due to the 

minor differences in overall molecular weight of the polymer chain when adding the two silane units 

to the overall polymers chain length. This conversion shows the successful use of S4 in polymer 

endcapping, which is known, but also the use of P1 resulting in an exemplary α,ω-alpha-silane 

terminated PDMS. This polymer can then be used in condensation applications such as shown in 

chapter 3.5 of this work. While conversions have proven successful, showing the end group 

functionalisation of PDMS with alkoxysilanes this route is limited to substrate silanes bearing one 

alkoxide more than the target count of alkoxides on the final functionalised PDMS, as it is cleaved 

during the reaction. Additionally, a higher alkoxysilane loading is required for full conversion of all end 

groups due to their dilution with the polymer’s backbone and thus resulting in reduced concentration. 

This may be beneficial when compared to using vinyl substituted silanes, as their choice may be more 

limited when compared to the variety of commercially available alkoxysilanes. This route does not 

allow to produce tailor-made end group functionalised PDMS, especially when compared to the pre-

functionalisation of TMDS with subsequent ring opening polymerisation. If the route would work it 

would have allowed for tailor made molecular weights, while the end group functionalisation of PDMS 

either through condensation or hydrosilylation is limited to commercially available substrates. 

To summarize successful and optimised hydrosilylation of 1,1,3,3-tetramethyldisiloxane (TMDS) with 

commercially available and novel vinylsilanes, using the Karstedt catalyst, achieved conversions up to 

95%. Selectivity investigations of hydrosilylation were undertaken and optimised for alpha products. 

Ring-opening polymerisation was straightforward with TMDS, while unsuccessful with vinylsilane 

modified TMDS. Platinum-catalysed hydrosilylation of α,ω-hydrido-terminated polysiloxanes with 

vinylsilanes proved challenging, likely due to the dilution of end groups from the polymer backbone. 

The successful condensation of novel α-silanes with α,ω-hydroxy-terminated polysiloxanes was 

demonstrated. These findings were first published in the PCT patent application WO2023094197A1.199 
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Their physicochemical properties and use in commercially relevant formulations will be further 

investigated in chapter 3.5. 

 

3.2 Condensation towards resins 

Following the methods for preparing and modifying α-silanes described in previous chapters, this 

chapter focuses on the condensation of these silanes to form resinous materials. The influence of 

different substituents, reaction conditions and catalysts on the resulting resins is explored. 

Resins are a broad class of amorphous or semi-crystalline materials that can be natural or synthetic in 

origin. In the context of alkoxysilanes, resins typically refer to the network polymers formed by the 

condensation of silane monomers. These resins can be thermoplastic, where they soften upon heating, 

or thermosetting, where they undergo an irreversible curing process to form a rigid network.200 The 

ability to tailor the chemical structure and network architecture of these resins makes them highly 

versatile for a wide range of applications.201,202 

In industrial terms, a resin is often defined by its end-use properties which include mechanical 

strength, thermal stability, chemical resistance, and adhesion.201,203 The specific properties of a resin 

depend on the monomeric units involved in its synthesis, the degree of cross-linking within the 

network and the nature of any functional groups present in the polymer chain. Thermoplastic resins 

are polymers that soften when heated and harden upon cooling, allowing them to be re-melted and 

reshaped multiple times. This property is due to the absence of cross-linking in their molecular 

structure which consists of linear or branched polymer chains. Common examples include 

polyethylene, polystyrene and polyvinyl chloride.37 However, in the context of silane chemistry, 

thermoplastic resins are less relevant as silane-based systems tend to form cross-linked networks that 

exhibit thermosetting behaviour.204 Thermosetting resins, unlike thermoplastics, undergo an 

irreversible chemical reaction when cured, forming a three-dimensional network. This curing process 

can be initiated by heat or a catalyst. This leads to the formation of covalent bonds between polymer 

chains, resulting in a material that does not melt upon reheating. Examples include epoxy resins, 

phenolic resins, and certain polyurethanes. Silane-based resins typically fall into this category due to 

the cross-linking nature of siloxane bonds formed during condensation reactions.205 

Silane-based resins are a specialised subclass of thermosetting resins, formed through the 

condensation of alkoxysilanes. These resins are distinguished by the presence of silicon-oxygen (Si-O) 

bonds which form the backbone of the siloxane network. The properties of silane-based resins can be 

finely tuned by varying the types of siloxy units within the polymer, leading to materials with a wide 

range of mechanical, thermal and chemical properties.206 Silane-based resins are typically categorized 

based on the types of siloxy units present in their structure. The two most prominent types are MQ 

resins and DT resins, each offering distinct properties and applications. For MDTQ nomenclature 
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explanation see chapter 1.2 of this work. MQ resins are characterised by a combination of 

monofunctional M units (R₃SiO₀.₅) and tetrafunctional Q units (SiO₂), resulting in a highly cross-linked 

three-dimensional siloxane network. The M units act as terminal groups that limit further cross-linking, 

while the Q units provide a robust and highly cross-linked siloxane network. This combination results 

in a resin that is rigid, thermally stable and highly resistant to environmental degradation, including UV 

radiation and oxidation. The extensive cross-linking provided by the Q units also imparts mechanical 

strength, making MQ resins suitable for high-performance applications where long-term durability is 

needed. Due to their robust structure, MQ resins are often employed in coatings, adhesives, and 

encapsulants, particularly in scenarios that demand high resistance to mechanical and chemical 

degradation.206,207 In contrast, DT resins are composed of difunctional D units (R₂SiO) and trifunctional 

T units (RSiO₁.₅), which create a less densely cross-linked structure compared to MQ resins. The D units 

contribute to the formation of linear polymer chains, while the T units introduce some degree of cross-

linking, also referred to crosslinking density. As a result, DT resins are more flexible and exhibit lower 

viscosity, making them easier to process. These resins are needed in applications where elasticity, ease 

of application and reduced brittleness are desired such as flexible coatings, sealants and adhesives. 

The ability to adjust the ratio of D to T units allows for fine-tuning flexibility and mechanical strength, 

allowing DT resins to be tailor made. There are some examples of mixing the two classes, such as MTQ 

and MDQ resins.206,207 The extent of condensation and cross-linking determines the final properties of 

the resin.207,208 The condensation reactions can be catalysed by acids or bases and the rate of these 

reactions can be influenced by factors such as temperature, humidity and the presence of additives. 

Control over these parameters allows for the tailoring of the resin’s properties to meet specific 

application requirements.206,207 DT resins are commonly used as coupling agents and adhesion 

promoters, as well as durability improvement and thus find application in adhesives, coatings and 

sealants.209 MQ resins are used for their silky texture, thermal stability and reinforcing properties in 

cosmetics and coatings.210  

The potential and various applications of silane derived resins have been shown for commercially 

available resins. As the alkoxysilanes presented in this work are novel and not available their behaviour 

and condensation towards resins and determination of their behaviour was explored in this chapter. 

There are known methods for the condensation of reactive silanes towards silanes. Following the 

method shown by Kuo et al.211 acid catalysed condensation of silanes in solvent and in neat conditions 

was undertaken. Neat conditions allow high concentrations of catalysts and used silanes. Solvent 

conditions allow for various concentrations and better heat transfer, while also distributing already 

formed resin nucleation sites. Precise addition of water to the silane is key during the formation of 

reactive resins, limiting further reaction forming an interconnected network. Aqueous hydrogen 

chloride is readily available and allows for different catalyst (HCl) and reactant (H2O) concentrations to 
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be used. MQ and DT resins are common in literature and industry, due to their structural nature it is 

impossible to make thiophenyl substituted Q units, thus DT resins were chosen as condensation 

targets. Thiophenyl triethoxysilane (compound P8) and thiophenylvinyldimethoxysilane (compound 

P4) were chosen as Thet and Dhet units for subsequent condensations (Figure 46), denoting them with 

their heteroaryl substitution in this chapter. Due to their limited availability additional condensations 

were performed with dimethyldimethoxysilane as substitute D unit. 

Characterisation of the formed resins is challenging due to their partial solid and potentially 

inhomogeneous nature of the formed resin. Several methods for the analysis of resins are used. 

Measurement of cross-linking density, directly influencing the mechanical properties of a resin, 

through swelling experiments is a common practice.212 The degree of a suited solvent uptake is 

inversely proportional to the density of the resins network. This however is also sensitive to the type 

of solvent and ambient conditions, making reproducibility challenging. Furthermore, gel permeation 

chromatography (GPC)213 and dynamic viscosity measurements with a rheometer213 can give further 

indications on the materials behaviour. Lastly end group analysis though NMR can aid in 

characterisation, however insolubility of resins can pose a challenge if no solid-state NMR is 

available.214 

 
Figure 46: Condensation of compound P8 (denoted as THet) with compound P4 (denoted as DHet) through the addition of 
water with catalytic amounts of hydrochloric acid at elevated temperature, resulting in the formation of DHetTHet resin. 

 

In accordance with the method presented by Kuo et al.211 a series of experiments were conducted to 

study the reactions of silanes under varying conditions. The experiments were divided into three main 

sets: The first set focused on varying the solvent while keeping the silane concentrations equimolar 

and reacting them with a constant amount of 1M hydrochloric acid at 70 °C for 24 hours. Here it is key 

when running a rection in solvent instead of neat conditions that the solvent must be easy to remove, 

achieved by a low boiling point, to aid in the commercial relevance of the formed resin. In the second 

set, the ratio of silanes was varied while maintaining the same amount of water in THF, with the 

reaction conditions held constant at 60 °C for 24 h. The third set involved varying the amount of 1M 

hydrochloric acid used in the reaction with equimolar silanes in THF, under the same conditions of 

60 °C for 24 h. For this third set, the equivalents were calculated based on the molar sum of reactive 

alkoxy groups to the molar amount of water in the 1M hydrochloric acid. A decrease in this ratio is 

expected to increase the conversion of silanes and thus form a higher molecular weight resin. The 
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results from these experiments, including the measured conversion rates and the molecular weights 

of the resulting products, were analysed to understand the effects of these variables on the reaction 

outcomes. Due to the size of the resulting table, it was moved to appendix A3 and can be viewed there 

as Table 26. 

Initially the solvents influence on the formation of a resin is screened. Interestingly two opposing 

trends are measured. In ethyl acetate low conversion of the alkoxy silanes at high molecular weights 

is observed, while in tetrahydrofuran high conversion at low molecular weights is observed. This trend 

can be rationalised through different polarities of the solvents and resulting differences in water and 

hydrochloric acid solubility215, directly influencing the formation of resins from the used silanes. The 

resulting changes in molecular weight are a direct consequence of this also, as it is likely that some 

silane is water soluble and thus reacts with a significant excess water forming higher molecular weight 

resins. While investigating the molar ratio of D to T units it is evident that the measured molecular 

weight is increased when more D units are present during condensation, while the crosslinking degree 

is reduced with more D units present. Both observations can be rationalized due to the incorporation 

of D units between cross-linking T units in the forming three-dimensional network, increasing the 

amount of repeating D units between each T unit, reducing the density of the formed network. 

Interestingly the changes are only visible in GPC and crosslinking density measurements, with the 

exposed end-groups of the resin remaining unchanged. During the same experiment, a difference in 

conversion can be observed where equimolar ratios of D and T units result in high conversions, while 

increasing amounts of D units reduce the conversion significantly. This can be a result from higher 

relative amounts of reactive alkoxy groups present on T units with different reactivity rates. 

Unsurprisingly the experiments with changed amounts of water showed that increasing the molar ratio 

of water to silanes reduces the amount of free alkoxy groups that can be detected in NM, increasing 

the overall conversion. The same effect is observed for increasing the temperature. 

Through these factors it is straight forward to condense tailor made resins from the α-silane derivatives 

shown in this work with specific ratios of repeating (D) to crosslinking (T) units, molecular weights and 

degrees of unreacted alkoxy silanes depending on the resin’s application. These findings were first 

published in the PCT patent application WO2023156602A1.216 

 

3.3 Rheological characterisation 

Within the framework of this thesis chapter 2 provided an extensive discussion on the synthesis 

strategies on novel α-silanes. Chapters 3.1 and 3.2 focused on the further processing of said silanes. 

This chapter follows on from this work and focuses on the detailed rheological characterisation of the 

synthesised silanes, as well as the resulting polymers and resins. Rheology provides insights to 
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physicochemical and mechanical properties of these compounds on a macroscopic scale.217 This is 

especially important regarding the condensation with water, leading to material property changes. A 

particular focus is placed on the observed changes in storage modulus (G’) and loss modulus (G’’), as 

they indicate the formation of three-dimensional networks. Due to these changes measurements were 

recorded over the span of 24 h, allowing for a tracking of the condensation reactions dynamics and the 

resulting changes in viscoelastic properties.217,218 

Rheology described the science of deformation and flow, providing a framework for understanding 

how materials may respond to applied forces. Rheology distinguishes between viscous behaviour, a 

state where material flows under stress and elastic behaviour, where material deforms but returns to 

its original state once the stress is removed. Key parameters in this field are shear stress and shear 

strain, additionally the frequently used parameter viscosity describes the materials resistance to flow. 

Many materials, including polymers, exhibit viscoelastic behaviour, a combination of both viscous and 

elastic material responses.217 The central parameters to characterise this property are storage modulus 

(G’) and loss modulus (G’’). The storage modulus describes the energy stored in the material during its 

deformation, this corresponds to the materials elastic or “solid-like” properties. The loss modulus 

quantifies the energy dissipated during deformation, corresponding to its viscous or “liquid-like” 

properties. These parameters are not only measurement dependent, such as frequency or 

temperature, but are also intrinsic to a materials molecular structure. In siloxane condensation the 

transition from a predominantly viscous system to one that shows more elastic properties is of 

particular interest. As the silanes reacts with water the resulting condensation reaction forms 

additional siloxane bonds, progressively forming a three-dimensional network. This process is referred 

to as gelation and is typically marked by the crossover point where G’ exceeds G’’, thus the material 

having more “solid-like” character than “liquid-like”. By monitoring the changes in G’ and G’’ in time 

resolved experiments it is possible to correlate chemical reaction of hydrolysis and condensation with 

changes in viscoelastic properties. The transition from a viscous to an elastic state was marked by the 

crossover of G’ and G’’, indicating the formation of a fully developed network. This crossover serves as 

a direct marker of the gelation point, providing a quantifiable measure of the curing process.219 

From G’ and G’’ complex viscosities can be calculated. With the complex viscosity being calculated as 

shown in (1), where G* is shown in (2) and ω is the angular frequency of oscilation that can be extracted 

from the oscilation frequency 𝑓 set for the measurement through (3). 

𝜂∗ =  
𝐺∗

𝜔
 (1) 

𝐺∗ = √𝐺′2 + 𝐺′′2 (2) 

𝜔 = 2𝜋𝑓 (3) 
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The samples used in rheologic investigations were prepared in 2.4.3, 3.1 and 3.2 of this work. As all 

substances were handled under inert atmosphere so far no condensation was observed. The samples 

were transfered to the rheometer and measurements started immidiateley to capture the full range 

of viscoelastic behaviour. As the material is dependend on ambient conditions, especially humidity, all 

samples were handled under controlled ambient conditions to eliminate these variables. A chamber 

surrounding the measurement array, connected to a constant temperature and humidity source was 

used (fluctuations were 23 °C ± 1 °C and 50 % ± 5 %). Previous studies have shown that fluctuations in 

ambient humidity (ranging from 15 % to 70 %) can significantly alter the curing rate of siloxane 

formulations, necessitating strict moisture control. Rheologic measurements were conducted using a 

HAAKE RheoStress 1 equipped with a plate-plate geometry with a diameter of 35 mm at 1 mm gap to 

minimise edge effects. Temperature was controlled using a Peltier system, ensuring constant local 

temperature of the measured material. Instead of a standard plate-plate or plate-cone geometry a 

specialised ring rotor was used. This allows an effective reduction in sample volume subjected to 

diffusion limits while maximising precision of forces recorded that may result from large surface of 

plate to gap ratio. The specialised ring rotor geometry was selected to minimize diffusion-related 

inconsistencies, which are particularly relevant for moisture-sensitive curing systems. This design 

reduces mass transport limitations and ensures a more homogeneous distribution of condensation 

effects. To reduce heat loss through the geometry a combination of high precision steel rotor and a 

ceramic rod with low thermal conductivity was used. The high level setup is shown in Figure 47. 

 

Figure 47: Measurement setup for time resolved rheology measurements using a HAAKE RheoStress 1 (rheometer) 
equipped with rotor and climate chamber (left) a Lauda C 12 (thermostat) connected to the RheoStress 1 peltier element 

(middle) and a dataphysics-instruments HGC 20 (humidity generator, right). 
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Before conducting the time-resolved measurements, a series of preliminary sweeps were performed 

to optimise the measurement parameters. These sweeps were essential to ensure that the selected 

frequency, strain amplitude, and temperature remained well within the linear viscoelastic range of the 

starting material while providing data with a satisfactory signal-to-noise ratio. For example, a strain 

amplitude sweep was carried out at a constant frequency to identify the plateau region where the 

storage (G’) and loss (G’’) moduli remained constant, confirming that the material’s response was 

linear. Similarly, a frequency sweep was executed at a fixed, low strain to evaluate the materials 

behaviour over a range of frequencies, ensuring that the viscoelastic properties were stable and 

reproducible under the chosen conditions. A temperature of 23 °C was maintained during the 

experiments to guarantee controlled humidity levels, which is critical for accurate and consistent 

measurements. Representative examples of these preliminary sweeps, illustrating the identification of 

the linear viscoelastic range and the selection of optimal parameters, are presented and described in 

Appendix A3. At excessively high rotational speeds or frequencies, a non-linear increase in viscosity 

has been observed. At elevated deformation values, oscillatory measurements increasingly resemble 

rotational measurements. This occurs because, under such conditions, a significant portion of the 

measurement time is spent on the acceleration and deceleration phases of oscillation rather than 

within the steady oscillatory amplitude. As a result, the measured response is influenced by transient 

effects rather than the material’s intrinsic viscoelastic properties.220 

In the theoretical limit of infinitely increasing deformation, the oscillatory motion transitions into 

continuous rotation, effectively transforming the measurement into a shear flow experiment rather 

than an oscillatory test. This transition invalidates the fundamental assumptions of oscillatory 

rheology, where strain-controlled deformations should remain within the linear or weakly nonlinear 

viscoelastic regime. Consequently, only oscillatory experiments performed at sufficiently low 

deformation values are appropriate for tracking curing reactions. 

Preliminary experiments identified an optimal parameter range for the subsequent curing studies, with 

deformations between γ = 110 and γ = 3000 and frequencies below 1 Hz. This range ensures that the 

material remains within the measurable viscoelastic regime while avoiding excessive shear-induced 

structural disruptions. Additionally, the sampling rate is reduced to every 30 seconds while averaging 

the measurements during this period so that any fluctuations induced during oscilation are removed. 

Due to the complex nature of the data, plots of each measurement are shown in Appendix A4. Here a 

summary of the plots is provided and key learning are interpreted. The time resolved measurements 

all show an initial induction period, dominated by fluctuations between each datapoint. The induction 

periods are not quantified here. This period is followed by a rapid increase of G’ and G’’, as well as the 

associated complex viscosity η*. While initially G’ values are higher in all measurements a crossover 

point between the two can be seen. Table 9 lists the time between start and crossover point of G’ and 



Application of novel α-silanes in polymeric materials 

81 
 

G’’, as well as resulting viscosity for different silanes. Additionally, Figure 48 shows the viscosities of 

several silanes after fixed time intervals. In some instances a rapid reduction in values was observed, 

physically associated with the formation of gelled particles around the ring rotor, exemplary photos 

are shown in Appendix A3 (Figure 64 and Figure 65). Silanes P1, P8, S2, S4 and S6 were selected to 

provide a comparison of trialkoxy silanes with different substitution patterns. P1 and P8 represent the 

silanes presented in this work. S2, S4 and S6 bare different, common substitutions of trialkoxy silanes. 

Comparing tetraalkoxy silanes or dialkoxy silanes in this test is less ideal due to the different expected 

reactivities, additionally dialkoxy silane can undergo chain elongating, but not crosslinking. 

Table 9: Time resolved rheology measurement of P1, P8, S2, S4 and S6 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz and 
t = 24 h and at 23 °C, 50 % humidity ambient conditions. Table shows the time until cross-over point and viscosity at 

crossover-point [Pas]. 

Silane Time until crossover-point [min] η* at crossover-point [Pas] 

P1 10 0.70 

P8 35 0.73 

S2 110 0.51 

S4 40 0.71 

S6 40 1.63 

 

The data in Table 9 clearly shows differences in time until cross-over point between the different 

silanes. The difference can be correlated to how fast the silane forms a three-dimensional network and 

accordingly how high the hydrolysis rates of these silanes are. While the resolution of the 

measurement limits the significance slightly the general trends are still relevant. S1 shows a 

significantly quicker crossover compared to all other measured silanes, indicative for its reactivity and 

fast formation of a gel-like substance once exposed to ambient conditions, highlighting its reactivity, 

likely induced through the α-effect. Crossover times for P8, S4 and S6 are comparable, this correlates 

with similar reactivity of the silanes, while S2 shows a crossover only after 110 minutes, showing its 

comparatively low reactivity. Additionally, the viscosities at which the crossover occurs are constant 

throughout almost all silanes, with S6 being the exception. The viscosity at crossover can thus not be 

used for a reliable determination of reactivity. The increased viscosity of S6 can be attributed to partial 

hydrolysis of the compound prior to the conducted measurement.  
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Figure 48: Time resolved rheology measurement of P1, P8, S2, S4 and S6 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz 
and t = 24 h and at 23 °C, 50 % humidity ambient conditions. 

 

Figure 48 shows the time resolved changes in viscosity of all measured silanes (P1, P8, S2, S4 and S6). 

All silanes show increases in viscosity, with S2 viscosity significantly lower than the other silanes, this 

can be attributed to the fact that the methyl group substituent in S2 does not contribute to its 

reactivity, thus it can be assumed as a baseline. S4 shows increased reactivity over S2, but results in 

lower viscosity than the other silanes, likely due to a small contribution of the vinyl group to its 

reactivity. S6 is known for its high hydrolysis rates and this phenomenon was confirmed through the 

measurements presented here. Compared to these established silanes, P8 is of similar reactivity. 

However, it must be noted that it is not cleaving methanol, but ethanol. These measurements suggest 

a similar reactivity of P8 as common methanol cleaving silanes, this is potentially interesting for 

applications where methanol free curing is required. Lastly, P1 shows higher resulting viscosity than 

any other silane tested here, confirming the reactivity attributed to these silanes through the α-effect, 

even outperforming the industry standard S4 while being amine free, this can be especially relevant 

for applications where amines cannot be applied, such as in systems using titanates as curing catalysts 

or very sensitive surfaces are contacted.221 In this context, it is particularly relevant that all 

measurements were performed in the absence of a curing catalyst, thereby capturing the intrinsic 
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viscosity changes and corresponding reactivities. These parameters may be subject to variation 

depending on the specific catalyst used in an application-relevant system. 

The study is limited by the gelation of the material under investigation. In some instances, the gelled 

material is expelled from the rotor as small chunks, rendering it unavailable for measurement. This 

phenomenon is visually observable as the expulsion of chunks. Additionally, the data reveal a rapid 

decrease in viscosity accompanied by erratic fluctuations in the signal, further indicating measurement 

disruptions. This phenomenon is inherent to the measurement and in most cases only evident at 

significant viscosities, usually in the area of high G’’ where plastic deformation is predominant. 

This chapter successfully demonstrated the correlation between the curing behaviour of selected 

novel α-silanes, as well as known reference silanes and their viscoelastic properties measured over a 

24-hour period under standardised conditions. After an initial phase dominated by measurement 

oscillations, a clear increase in viscosity was observed. The evolution of the key parameters, G’ (storage 

modulus) and G’’ (loss modulus), revealed an initial predominance of viscous behaviour, followed by a 

transition to predominantly elastic behaviour as evidenced by the crossover point where G’ exceeds 

G’’. By comparing the crossover points across the different silanes it was possible to assess their 

relative reactivities and curing characteristics. Notably, the α-silane derivatives from this work 

exhibited faster crossover points and more rapid increases in viscosity, while their initial viscosities 

remained comparable to those of the reference silanes. These results confirm the proposed α-effect 

in the silane curing process. 

 

3.4 Large-scale synthesis 

While the previous chapters focussed on the conception, synthesis and application of a novel class of 

reactive siloxanes this chapter focusses on the large-scale synthesis of the previously presented 

compounds. Screening experiments for both Grignard and catalyst-based reaction have been 

performed on 250 mg scale. For characterisation and application in the previous chapters selected 

compounds have been synthesised on 10 g scale. This was enough for physicochemical 

characterisations and application in e.g. resin formation. These results are satisfactory reactions on 

10 g scale but are not industrially relevant. Thus, subsequent upscale experiments of the Grignard 

route described in chapter 2.4 were performed in close cooperation with Henkel AG. Substantial work 

on the large-scale safety of Grignard reactions has been published by Kryk et al.145 While large scale 

Grignard reactions are frequently performed by students and in pharmaceutical synthesis222 when not 

performed with proper preparation and precautions they can pose a substantial risk. Major problems 

occur when the reaction start is delayed due to trace impurities, such as water. Additionally, 

accumulation of organo-halide can lead to side reactions as well as unexpected consecutive 
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exothermic reactions.145 While it is common in industrial synthesis to prepare a detailed operation 

procedure, with Grignard reaction it is vital to have applicable methods in case of a delayed reaction 

start or strong exothermic behaviour.223 Additionally, methods must be in place to safely interrupt the 

reaction at any point and if necessary, abort the setup. Online monitoring of the setup can aid in 

assessing the reactions behaviour in situ. It is advised to use a reflux condenser to allow an efficient 

and safe control of spontaneous exothermic bursts, however a process under reflux conditions 

requires monitoring of flow rates as conventional temperature measurements of the reactor do not 

give information over internal temperature increase. Additionally, cooling jacket inlet and outlet 

temperatures can be used to determine the heat balance of the reaction when a closed system is used. 

Since closed pressure systems make reaction setups more challenging the reaction at hand will be 

performed at atmospheric pressure using a reflux condenser but below the solvents boiling point, 

recording inlet and outlet temperatures. The condenser is thus used as a safety requisite rather than 

an active component in the process. The influence of water content on the initiation time has been 

investigated and found to be directly correlated.224 During processing, the water content of substrates, 

solvents and the reactor must be kept as low as possible. While substrates and solvents can be acquired 

dry or dried on preparative scale in a laboratory the reactor needs to be prepared separately. Tilstam 

and Weinmann225 reported water contents of 20 ppm after rinsing with solvent and blowing with dry 

inert gas, followed by keeping a slight positive pressure on the reactor to avoid any air leaking in. They 

furthermore reported different strategies on magnesium preparation. The usage of magnesium 

turnings is reported advantageous over powder as the reduced surface is oxidised less and can result 

in lower activity. While it may seem counterintuitive as reduced activity will increase reaction time, 

but also prevents so called runaway reactions.226 Furthermore turnings are less pyrophoric than 

powder, a relevant factor when handling considerable quantities of the substance. The oxide layer can 

be reduced by the addition of a mineral acid or pure iodine, else mechanical stress induced by stirring 

in the reactor can break the tunings and thus expose non oxidised surfaces when performed after 

reactor drying.225 A fall back strategy during large scale production can be the simultaneous 

preparation of a small batch reactor in a laboratory and transfer to the large scale reactor which 

immediately consumes all residual water and thus initiates the reaction. This is generally applied when 

the reactor batch won’t start after a predefined period of time.225 It is important to note that there are 

significant toxicity differences between ethoxy and methoxysilanes and when handling large amounts 

(over 100 g) this must be factored in.154 Thus, the following synthesis will be conducted with the slightly 

less reactive ethoxysilane. When no ethoxy based replacement is commercially available the methoxy 

derivative is used (see Figure 50). 
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With all precautions at hand an upscale of general reaction procedure A to 3 kg was planned and 

conducted in cooperation with Henkel AR. Synthesising compound P1 and P4 in a 20 L steel reactor in 

an upscale plant (Figure 49). 

 

Figure 49: 20 L steel reactor at Henkel AG equipped with oil jacked, mechanical stirring and reflux condenser. Several 

temperature probes and an inspection glass allow insights to the reactions progress. 

 

Safety procedures and precautions were prepared and closely followed. The reaction apparatus was 

placed in a floor mounted fume hood and only entered wearing personal protective equipment, as 

well as a full-face gas mask equipped with AXBEKP3 filter. The steel reactor is equipped with an oil 

filled jacket cooler connected to a oil-water heat exchanger, a high efficiency water cooled reflux 

condenser and mechanical stirring. The reactor is pre-dried at 80 °C and 1.5 mbar for 4 h and then 

rinsed with acetone three times and blown dry with nitrogen gas. The appropriate amount of 

magnesium shavings was pre-dried at 280 °C and 1.0∗10⁻3 mbar for 1 h and transferred into the 

reactor, the setup was allowed to cool down to ambient temperature at a nitrogen pressure of 

1.05 bar, preventing any moisture contamination. 600 mg Iodine were charged into the reactor and 

left to etch while stirring for 30 minutes, followed by 10 L THF. Tetra ethoxysilane was added to the 

reaction mixture and 7 vol% of the to be added 2-Bromothiophene are dosed using a peristaltic pump. 

After 34 minutes an increase in temperature from 26 °C to 46 °C is observed. This increase in 

reflux condenser 

charge funnel 

oil jacked 

mechanical stirrer 
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temperature is likely linked to the initiation of the reaction, however the temperature of circulating oil 

kept increasing to 37 °C, with no reduction in temperature after no further addition. This is likely due 

to the inefficient heat exchange between oil and water run in the setup, as it is designed to act as a 

thermostat rather than a cryostat. After this problem was resolved the reaction would not restart even 

after dosing a total of 4 vol% 2-Bromothiophene. Per previously defined code of conduct a previously 

prepared small-scale Grignard (10 g) setup was initiated and once active as indicated by a rise in 

temperature, transferred to the steel reactor. The remaining 2-bromothiophene was dosed at 5 ml per 

minute not exceeding 46 °C core temperature. After the addition was finished, the reactor was heated 

to 60 °C for 1 h. The reflux condenser is swapped for a Claisen bridge and THF is distilled off at 40 °C 

and 210 mbar, leaving a grey residue. A slurry was formed with the addition of 4 L dry n-Heptane and 

transferred to a dry flask under nitrogen. The slurry was filtered using a PALL high-pressure plate filter 

and POR3 equivalent plates227 at 6 bar nitrogen. The resulting liquid was distilled at 45 °C at 30 mbar. 

NMR signals are identical to previously reported signals in this work. The resulting product was isolated 

at a gross yield of P8 at 81 % and at 76 % purity. An identical reaction setup and procedure was used 

in the large-scale synthesis of compound P4, resulting in a slightly yellow, clear liquid containing 

compound P4 at of 87 % yield and at 79 % purity. In both cases the major impurity is the used silane. 

 

Figure 50: Grignard reaction of 2-bromothiophene and an alkoxy silane with magnesium shavings in tetrahydrofuran (THF) 
at 45 °C for 2 h at 3 kg scale. Silane S8 (R = Ethyl, R’ = Ethoxy) was used to yield P8, S4 (R = Methyl, R’ = Vinyl) was used to 

yield P4. 

 

The increase in yield when performing the reactions on large scale when compared to the small batch 

setups used throughout this thesis at around 250 mg is attributed to less loss during the washing and 

filtration step, loosing less overall material in the filter material and a more efficient phase separation. 

To sum up the reported upscales the developed method is robust enough to be upscaled several 

powers and still yield satisfactory results. While chemically the reaction did work out well the added 

procedural overhead must not be neglected, as substantial preparations and 4 days of continuous work 

by at least two people in parallel is needed for smooth and safe processing. The preparation and 

running of upscales as presented here pose a great challenge but are equally rewarding especially 

when a compound that was first isolated on milligram scale less than six month ago is produced on 

kilogram scale. The successful upscale allowed for broad testing of different applications analogue to 

industrially relevant products, reported in section 3.5 of this work. 

Like the Grignard based approach the previously reported and optimised catalytic setup was scaled up 

to 500 g in a double walled glass reactor. As prerinsing the reactor with acetone worked well this setup 
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was subjected to similar preparation as previously reported. Rinsing with acetone was followed by 

heating and vacuum, cooling down under nitrogen atmosphere. Workup has been performed in 

accordance with representative procedure B. The reaction proceeded as expected and formed the 

target compound at sufficient yield. The only challenge that must be overcome during reaction setup 

is the limited stability of the used palladium precursor when in contact with air, potentially limiting its 

applicability in bigger upscale reactions. The presented methods result in good yield and form the 

product at excellent selectivity. The reaction time and volume needed to produce comparable amount 

of pure compound is significantly lower, allowing for high turnover times and less running cost in 

commercial application. As per optimisation experiments and first scaleups batch reactors were used. 

For more industrially relevant applications a pilot plant using a more elaborate reactor setup may be 

used. While the experiments reported here have shown the feasibility and provided initial material for 

physical, application related testing a commercial application will require the large-scale production of 

the shown compounds.228  

Panov et al. showed the beneficial use of methoxy and ethoxy cleaving alkoxysilanes in Grignard 

reactions, as the formed alkoxy magnesium halide complexes with the in situ formed Grignard reagent 

instead of the Grignard reagents with themselves, significantly increasing the reactivity. The effect is 

proposed to be caused by the electron donating nature and no steric hindrance of the two smallest 

alkyloxy derivatives.229 

This concludes the successful scale up of the optimised reactions presented in chapter 2.4 and 2.5 from 

small laboratory to industrial scale. With the necessary precautions it was possible to transfer gained 

knowledge from laboratory to industrial scale and produce substantial amounts of novel α-silanes that 

can be used in downstream applications, such as presented in chapter 3 of this work. Furthermore, 

this concludes the flow chart presented in the beginning of this work as shown in Figure 51. 

 
Figure 51: Flow chart presenting the general structure of this thesis with the upscale of both reaction routes completed. 

 

3.5 Application of novel α-silane derivatives in commercial RTV-1 curing formulations 

In this chapter all previously described silane derivatives were applied in commercially relevant silicone 

RTV-1 formulations. A formulation in the field of silicone adhesives and sealants is considered a mixture 
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of its components. The differences in silicone curing technology were established in chapter 1.4 of this 

work. The silicone used for this work is a RTV-1 system curing via the hydrolysis of alkoxysilanes to 

form a three dimensional network and thus curing the system. The system at hand is applied 

throughout a plethora of ambient conditions and surfaces. The system is made from a MW 

100.000 g/mol bis hydroxide end capped PDMS, in this section referred to as “PDMS”. The PDMS is 

then end group functionalised though condensation with a trialkoxyvinylsilane. Most commonly 

vinyltrimethoxysilane is used, such compounds are referred to as “crosslinker”. These T units are 

reacted with the hydroxy end groups of PDMS to form polymer functionalised with reactive end groups 

that will undergo condensation in the presence of moisture eventually and in the presence of a curing 

catalyst. A common catalyst in the industry and used in the examples of this section is dioctyl-tin-

dilaurate. A so-called “plasticiser” comprised of a variety of different bis-methyl end capped PDMS is 

added to the formulation making it more pliable once fully cured. In contrast to the PDMS plasticisers 

are not chemically bonded into the polymer matrix during curing. Lastly additional compounds are 

added to potentially increase the adhesion to different substrates. Such formulations are commonly 

sold in polyethylene cartridges, in some cases in coated aluminium foil bags or aluminium cartridges, 

giving them better shelf life due to higher moisture barrier properties of these materials. From these 

containers formulations are applied with a specialised cartridge gun, commonly available in home 

improvement stores, dispensing the material through a nozzle onto the to be sealed surface. A 

schematic depiction of a cartridge is shown in Figure 52.  

 

Figure 52: Exemplary schematic composition of a silicone cartridge composed of rough relative amounts of polymer, oil, 
crosslinker, catalyst, filler and additives. 

 

The advantages of silicone-based formulations have been explained throughout this work. Their key 

benefits are broad temperature applicability, resistance to moisture and radiation. However, they also 

face challenges that are addressed in commercial formulations through the inclusion of additives and 

modification of the used polymers. A few exemplary challenges are shown here. High curing times can 

cause a vertically applied product to sag and leave an inhomogeneous seal, additionally high curing 

times leave the material susceptible to damage. Similarly, the time of material to form a “skin”, a first 

layer of material that has transitioned from pasty to flexible solid, is relevant. Before the formation of 

a skin the material can be worked, however is again susceptible to damage. Compatibility with other 

materials can be challenging dependent on the leaving group used in the formulation. Commonly 

acetoxy cleaving systems have good adhesion to surfaces, while the through condensation release 
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acetic acid can interact and subsequently damage pH sensitive surfaces such as copper230 or marble.231 

Other leaving groups while inert to substrates can have reduced adhesion to surfaces. 

Lastly formulations, especially when sold as end-user or consumer products must comply the locally 

applicable standards, such as regulation concerning the Registration, Evaluation, Authorization and 

Restriction of Chemicals (REACH)232 in Europe and United States Food and Drug Administration (FDA)233 

in the US. 

Any resulting physicochemical effects are recorded through a standardised testing regime. Tested 

parameters include skin over time (SOT), colour, tack free surface after 24 h, hardness after 1 day and 

7 days and adhesion to various testing substrates through bead peel tests. Skin over time is measured 

in minutes after application of the composition to a surface. It represents the time required for the 

transition of the compositions surface from liquid to gel, visually shown through a change in material 

stringing when touched to forming a coherent film, not adhering when touched. Colour is assessed by 

measuring the materials surface colour in the CIELAB (L*a*b) colour space.234 When working on 

formulas intended for consumer applications often only the b component of colour is reported, as the 

b component is representative for yellow in the materials colour, directly correlating to the amount of 

yellowing a formula shows. Tack free refers to the absence of extractable or sticking compounds in a 

formula according to ASTM C679235, desirably after 24 hours, especially important for consumer 

products where dust and other particles may adhere to the materials surface. Shore A per 

ASTM D2240236 refers to the resistance of a materials surface to indentation or penetration by a 

standardised probe with defined shape and force, where the depth of indentation is anti-proportional 

to a unitless scale from 0 to 100, with full penetration at 0. Shore A is commonly used to refer to a 

material hardness, measured here after 1 day and 7 days to represent the materials initial hardness 

during curing and final hardness, assuming full curing after 7 days. Peel tests in accordance with 

ISO 11339237 are conducted to measure the cured formulas adherence to various substrates, indicating 

coherence failure of the formula or adherence failure to the surface, after applying increasing forces. 

Coherence failures at high required forces are desirable.238 For the purpose of comparison cohesion 

and adhesion failures are translated to numeric values 1-10. Where 1 indicates no adhesion, 5 indicates 

strong adhesion with beginning cohesion failure and 10 indicates adhesion failure with high force 

required.  

To refine adhesion, skin formation and curing speed the base formulations are adapted and where 

necessary modified with additives. The compounds previously described in this work, as well as the 

modified PDMS and resins described in chapters 3.1 and 3.2, were incorporated in an exemplary 

formulation of the general composition shown in Table 10, more details available in Appendix A3. 

Targeting a reduction in skin formation times, improvement of adhesion and increase in curing speed. 
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Table 10: General composition of a representative formula used to assess the performance of silanes described in this work. 

Compound Relative amount 

PDMS 80 

Plasticiser 10 

Silica 5 

Crosslinker 4.9 

Catalyst 0.1 

 

The compounds are worked into readymade formulations through rapid contactless mixing, at the 

stated concentrations. To explore the impact of the novel silanes described in this work they were 

compared to the performance of the baseline formulation. To aid in comparability an additional 

experiment is shown with a commercially available silane at the same concentration. The silanes 

performance was evaluated in a formulation closely related to commercially available products to aid 

in industrially relevant applicability. Figure 53 shows the impact of adding 1 wt% of selected silanes 

from this work compared to the currently available baseline. 

 

Figure 53: Use of a representative silicone formulation and measurement of associated physical parameters skin over time 
(SOT) (lower is better), cure through (higher is better), Shore A after one and seven days (higher is better), and adhesion on 

various substrates (higher is better) as baseline as well as stated silanes as additives. 

 

With the baseline established comparison of various additives to the formula indicates several trends 

between the addition of a common vinylsilane S4, P1 and P4, as well as P2 and P3. In all instances 

adding S4 slightly improves the performance of the baseline formula, indicating that through the 

addition of a reactive silane performance can be improved, however in most cases improvements are 

minor. Comparing the baseline performance and S4 to values measured after the addition of 1 wt% P1 

or P4 improved physical parameters are observed throughout the series with significant SOT 
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reductions indicating high reactivity and ability to rapidly form a skin and most notably significantly 

improved adhesion on the chosen model substrates especially on PMMA, a plastic where the baseline 

shows no adhesion. Compared to the high reactivity and improved adhesion of P1 and P4 the series 

using P2 and P3 shows minor changes in reactivity but results in a similar adhesion improvement 

compared to previously tested silanes. This test indicates that through the careful choice of heteroaryl 

silane from this work the material properties of a silicone formula can be tailored.  

In a second iteration the functional PDMS described in 3.1 of this work end-group-functionalised with 

both S4 (vinyltrimethoxysilane) and P1 were incorporated into the baseline formula from Table 10 as 

1 wt% additives with their respective performance shown in Figure 54. 

 
Figure 54: Use of a representative silicone formulation and measurement of associated physical parameters skin over time 
(SOT) (lower is better), cure through (higher is better), Shore A after one and seven days (higher is better), and adhesion on 

various substrates (higher is better) as baseline as well as PDMS functionalised with S4 and S1 from 3.1 of this work. 

 

The assessment of using end-group functionalised PDMS in a reference formulation no significant 

differences between either the different PDMS derivatives nor to the baseline was observed. This 

might be associated to the low amount of material used in this study. 

The tests above clearly indicate a positive influence of the silanes described in this work when added 

to an RTV-1 silicone formulation at 1 wt%, additionally this effect was shown to go beyond the use of 

a common commercially available silane. Interestingly reactivity differences between the silanes from 

this work had an influence on the time to form a skin and shore hardness, while all silanes showed a 

beneficial effect on the formulation’s adhesion. The addition of an end group functionalised PDMS did 

not show significant improvement in these parameters. These findings were first published in the PCT 

patent application WO2023156603A1.239 Lastly this concludes the initially presented flowchart with 

the last step of this thesis, the application of novel α-silanes as shown in Figure 55. 
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Figure 55: Flow chart presenting the general structure of this thesis, all steps completed. 

 

3.6 Summary 

• This chapter showed the use of novel alpha substituted alkoxysilane in a variety of applications 

highlighting the usability and suggested reactivity increasing effect associated with these 

silanes. 

• End-group functionalisation of PDMS was successfully presented and polymers isolated. 

• The silanes presented in chapter 2 of this work were successfully transferred to resins through 

controlled hydrolysis. Additionally, the silanes reactivity was studied through rheologic 

investigations, confirming the increased reactivity of the silanes when compared to 

structurally similar commercially used counterparts. 

• Scalability of production using the route optimised in 2.4 was shown, including associated 

safety considerations. Showing the first large scale synthesis of compounds P1 and P4 

introduced in this work. 

• The use and effects of the isolated silanes, as well as the postprocessed compounds made 

through polymer modification and condensation in commercially relevant RTV-1 silicone 

formulations was shown. Confirming the positive impact of these silanes on reactivity and 

adhesion. 

• The findings presented in this chapter lead to three PCT patent applications.199,216,239 
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4 Conclusion and Outlook 

α-Silanes are a relevant specialty class of reactive silanes, making use of the α-silane effect that 

significantly increases the reactivity and hydrolysis rate of reactive leaving group. This work is the first 

comprehensive study of sp2 linked α-silanes. Due to the size of the substance class a preselection to 

the subclass of heteroaryl derived alkoxy silanes was made. This work comprehensively showed the 

design, synthesis and application of a novel class of α-silanes and confirmed the presence of an α-silane 

effect in their reactivity. 

Chapter 2 showed the conceptualisation of this subclass, aiming to synthesise a variety of silanes, 

covering a broad range of likely material properties, as well as chemical derivatives to show the scope 

of this subclass. Two different synthesis strategies, stoichiometric Grignard reaction and palladium 

assisted carbon-silicon cross-couplings, were employed to synthesis the silanes in an efficient manner. 

Both reaction approaches were optimised for the target silanes and their respective scope was 

explored. Due to the wide variety of commercially available substrates and use of an alkoxy leaving 

group for the carbon-silicon bond-formation in the Grignard approach a broader scope could be 

achieved. Contrary, the catalysed approach uses Si-H containing substrates, limiting the approach to 

structural derivatives that are available with silane modification. Nevertheless, a high conversion, high 

selectivity catalysed approach allowed efficient access to a large variety of heteroaryl substituents. All 

α-silanes described herein were isolated through fractioned distillations and most were first described 

and characterised in this work. 

Chapter 3 described the use of the silanes presented in chapter 2 in polymer end-group 

functionalisation, condensation towards resins and the use of the silanes, as well as these downstream 

products in commercially relevant formulations, resulting in increased reactivity and adhesion of the 

formulas. Furthermore, the reactivity of the silanes was confirmed through rheological investigations 

observing the increased hydrolysis rate when compared to chemically similar silanes. Moreover, given 

the demonstrated scalability and safety considerations, there is a clear pathway for industrial 

stakeholders to adopt these materials in large-scale manufacturing processes. Over time, these 

advances could contribute to more durable, higher-performance silicone-based products in sectors 

ranging from construction to electronics, reinforcing the significance of α-substituted alkoxysilanes as 

a versatile and impactful class of materials. 

From the findings of this work a total of four PCT patent applications were filed.191,199,216,239 

Additional work extending the scope beyond heteroaryl derived sp2 linked α-silanes may open up 

additional pathways and possibilities to new, reactive silanes. Mechanistic studies could benefit from 

advanced characterisation techniques, such as in situ spectroscopy and computational modelling, to 
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gain even deeper insights into reaction pathways and potentially identify entirely new transformation 

routes. 

  



 

95 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“And, when you want something, all the universe conspires in helping you to achieve it.” 

Paulo Coelho 

 



References 

96 
 

5 References 

1. Moss, G. P., Smith, P. A. S. & Tavernier, D. Glossary of class names of organic compounds and 

reactive intermediates based on structure (IUPAC recommendations 1995). Pure and Applied 

Chemistry 67, 1307–1375 (1995). 

2. Kroschwitz, J. I. & Howe-Grant, M. Kirk-Othmer Encyclopedia of Chemical Technology. John 

Wiley and Sons, New York vol. 7 (Wiley-VCH, 1991). 

3. Modjarrad, K. & Ebnesajjad, S. Handbook of Polymer Applications in Medicine and Medical 

Devices. (Elsevier, 2013). 

4. Eduok, U., Faye, O. & Szpunar, J. Recent developments and applications of protective silicone 

coatings: A review of PDMS functional materials. Prog Org Coat 111, 124–163 (2017). 

5. Flowers, G. L., Faubion, B. D., Montague, J. L. & Switzer, S. T. Selected Physical and Thermal 

Properties of Various Formulation of Silicone Potting Compounds. (1980). 

6. Fallahi, D., Mirzadeh, H. & Khorasani, M. T. Physical, mechanical, and biocompatibility 

evaluation of three different types of silicone rubber. J Appl Polym Sci 88, 2522–2529 (2003). 

7. Mark, J. E. Some Interesting Things about Polysiloxanes. Acc Chem Res 37, 946–953 (2004). 

8. Yilgör, E. & Yilgör, I. Silicone containing copolymers: Synthesis, properties and applications. Prog 

Polym Sci 39, 1165–1195 (2014). 

9. Burger, C. & Kreuzer, F.-H. Polysiloxanes and Polymers Containing Siloxane Groups. in Silicon in 

Polymer Synthesis 113–222 (Springer, 1996). 

10. O’lenick, A. J. Basic Silicone Chemistry-A Review. J Surfactants Deterg 3, 229–236 (2000). 

11. Kipping, F. S. The bakerian lecture organic derivatives of silicon. Proc R Soc Lond A Math Phys 

Sci 159, 139–148 (1937). 

12. Rochow, E. G. The direct synthesis of organosilicon compounds. J Am Chem Soc 67, 963–965 

(1945). 

13. Müller, R. Verfahren zur Herstellung von Kohlensoff-Silicium-Halogenverbindungen. vol. 5348 

(1942) 5348. 

14. Enthaler, S. Iron-catalyzed depolymerization of polysiloxanes to produce 

dichlorodimethylsilane, diacetoxydimethylsilane, or dimethoxydimethylsilane. J Appl Polym Sci 

132, 41287 (2015). 

15. Yu, C. Preparation method for preparing octamethylcyclotetrasiloxane by using liquid methane. 

vol. CN109096322A (2018) CN109096322A. 

16. Holleman, A. F., Wiberg, N. & Wiberg, E. Lehrbuch der Anorganischen Chemie. Lehrbuch der 

Anorganischen Chemie (2007). 



References 

97 
 

17. Tritt, T. M. Thermal Conductivity Theory, Properties and Application. Kluwer Academic/Plenum 

Publication, New York 111, 1009–1010 (1965). 

18. Pieńkowska, K. M.-. Safety and Toxicity Aspects of Polysiloxanes (Silicones) Applications. in 

Concise Encyclopedia of High Performance Silicones 243–251 (John Wiley & Sons, Ltd, 2014). 

19. Shit, S. C. & Shah, P. A review on silicone rubber. National Academy Science Letters 36, 355–

365 (2013). 

20. Rodriguez, M. et al. Catalytic activity of N-heterocyclic carbenes in ring opening polymerization 

of cyclic siloxanes. J Organomet Chem 692, (2007). 

21. Cai, G. P. & Weber, W. P. Synthesis of polymethyl(trimethylsiloxy)siloxane by anionic ring-

opening polymerization of 1,3,5-trimethyl-1,3,5-tris(trimethylsiloxy)cyclotrisiloxane. 

Macromolecules 33, (2000). 

22. Kress, J. D., Leung, P. C., Tawa, G. J. & Hay, P. J. Calculation of a reaction path for KOH-catalyzed 

ring-opening polymerization of cyclic siloxanes. ACS Symposium Series 729, (1999). 

23. Kennedy, J. P. & Squires, R. G. Fundamental studies on cationic polymerization IV-Homo- and 

co-polymerizations with various catalysts. Polymer (Guildf) 6, (1965). 

24. Vairon, J.-P. & Spassky, N. Industrial Cationic Polymerizations: An Overview. Cationic 

Polymerizations (CRC Press, 1996). 

25. Safa, K. D., Tofangdarzadeh, S. & Hassanpour, A. Facile route to synthesis of functionalised 

poly(methylalkoxy)siloxane under mild and aerobic conditions in the presence of platinum 

catalysts. J Organomet Chem 694, 4107–4115 (2009). 

26. Islamova, R. M. et al. bis-Nitrile and bis-Dialkylcyanamide Platinum(II) Complexes as Efficient 

Catalysts for Hydrosilylation Cross-Linking of Siloxane Polymers. Molecules 21, 311 (2016). 

27. Nakajima, Y. & Shimada, S. Hydrosilylation reaction of olefins: recent advances and 

perspectives. RSC Adv 5, 20603–20616 (2015). 

28. Esteves, A. C. C. et al. Influence of cross-linker concentration on the cross-linking of PDMS and 

the network structures formed. Polymer (Guildf) 50, 3955–3966 (2009). 

29. Wang, D. et al. Markovnikov Hydrosilylation of Alkynes with Tertiary Silanes Catalyzed by 

Dinuclear Cobalt Carbonyl Complexes with NHC Ligation. J Am Chem Soc 143, 12847–12856 

(2021). 

30. Trost, B. M. & Ball, Z. T. Alkyne hydrosilylation catalyzed by a cationic ruthenium complex: 

Efficient and general trans addition. J Am Chem Soc 127, 17644–17655 (2005). 

31. Marciniec, B., Maciejewski, H. & Rosenthal, U. Catalysis of hydrosilylation Part XXV. Effect of 

nickel(O) and nickel(II) complex catalysts on dehydrogenative silylation, hydrosilylation and 

dimerization of vinyltriethoxysilane. J Organomet Chem 484, 147–151 (1994). 



References 

98 
 

32. Uehara, H., Saitoh, M., Morita, R., Akiyama, E. & Yamanobe, T. In situ NMR measurement of 

novel silicone elastomer obtained by cross-linking of silicones having phenylene backbone and 

hyperbranched molecular architectures. Macromolecules 47, 888–896 (2014). 

33. Troegel, D. & Stohrer, J. Recent advances and actual challenges in late transition metal 

catalyzed hydrosilylation of olefins from an industrial point of view. Coord Chem Rev 255, 1440–

1459 (2011). 

34. Mittal, K. L. Silanes and Other Coupling Agents, Volume 5. (CRC Press, 2009). 

35. Lung, C. Y. K. & Matinlinna, J. P. Aspects of silane coupling agents and surface conditioning in 

dentistry: An overview. Dental Materials 28, 467–477 (2012). 

36. B, I., Gunasekhar, R., Sathiyanathan, P. & Arun, A. P. Chemistry and Applications of 

Organosilanes – An Overview. ECS Trans 107, 14539–14546 (2022). 

37. Encyclopedia of Polymer Science and Technology. Encyclopedia of Polymer Science and 

Technology (Wiley, 2002). doi:10.1002/0471440264. 

38. Wang, D., Klein, J. & Mejía, E. Catalytic Systems for the Cross-Linking of Organosilicon Polymers. 

Chem Asian J 12, 1180–1197 (2017). 

39. Baquey, G., Moine, L., Degueil-Castaing, M., Lartigue, J. C. & Maillard, B. Decomposition of Di-

tert-butyl peroxide in siloxane: An approach of the free radical cross-linking of silicones. 

Macromolecules 38, 9571–9583 (2005). 

40. Zhang, W. et al. Synthesis of UV rapid curing silicone coatings via photoinitiated thiol-ene click 

polymerization for pressure-sensitive adhesive. Polymer (Guildf) 283, 126222 (2023). 

41. Lin, S. B. Addition-cured silicone adhesive technology: Vinyl silicone crosslinker. J Appl Polym 

Sci 54, 2135–2145 (1994). 

42. Robeyns, C., Picard, L. & Ganachaud, F. Synthesis, characterization and modification of silicone 

resins: An “Augmented Review”. Prog Org Coat 125, 287–315 (2018). 

43. Elias, H.-G. Macromolecules Volume 2: Synthesis, Materials, and Technology. (Springer, Boston, 

MA, 1984). 

44. Jurásková, A., Olsen, S. M., Dam-Johansen, K., Brook, M. A. & Skov, A. L. Reliable Condensation 

Curing Silicone Elastomers with Tailorable Properties. Molecules 2021, Vol. 26, Page 82 26, 82 

(2020). 

45. Stanjek, V. & Weidner, R. Silicon for the Chemical and Solar Industry X. Øye, HA, Brekken, H., 

Nygaard, L., Eds 1–12 (2010). 

46. Daiss, J.-O. & Stohrer, J. Binders Based on Polymers Containing Alpha-Silane Groups. (2009) 

WO2009147024A1. 

47. Sommer, L. H., Bailey, D. L., Strong, W. A. & Whitmore, F. C. New Alpha and Beta Chloroalkyl 

Silanes. Further Studies on the Alpha Silicon Effect. J Am Chem Soc 68, 1881–1883 (1946). 



References 

99 
 

48. Goelitz, H.-D. & Simmler, W. Silylsubstituierte Carbamidsaeurederivate. (1970) DE1812564. 

49. Goelitz, H.-D., Degener, H., Oertel, G., Simmler, W. & Schmelzer, H.-G. Silylsubstituierte 

Harnstoffderivate. (1970) DE1812562. 

50. Schindler, W., Stanjek, V. & Pachaly, B. Rapid-cure, one-component mixtures, which contain 

alkoxysilane-terminated polymers. (2006) WO2003018658A1. 

51. Schindler, W., Bauer, A., Stanjek, V. & Pachaly, B. Alcoxy cross-linking, single-component, 

moisture-hardening materials. (2003) WO2003014226A1. 

52. Bachon, T., Schmidt, J., Tamcke, T. & Gawlik, P. Alpha-ethoxysilane modified polymers, their 

preparation and use. (2011) WO2007048538A1. 

53. Feshin, V. P., Romanenko, L. S. & Voronkov, M. G. The α-Effect in Organic Compounds of Group 

IVB Elements. Russian Chemical Reviews 50, 248 (1981). 

54. Mitzel, N. W. et al. (Dimethylaminomethyl) trifluorosilane, Me2NCH2SiF3—A Model for the α-

Effect in Aminomethylsilanes. Chemistry–A European Journal 11, 5114–5125 (2005). 

55. Berkefeld, A. et al. Silicon α-Effect: A Systematic Experimental and Computational Study of the 

Hydrolysis of Cα-and Cγ-Functionalized Alkoxytriorganylsilanes of the Formula Type ROSiMe2 

(CH2) n X (R= Me, Et; n= 1, 3; X= Functional Group). Organometallics 33, 2721–2737 (2014). 

56. Berkefeld, A. Der Silicium-α-Effekt: Experimentelle Untersunchungen der Hydrolyse von Cα- 

und Cγ-funktionalisierten Alkoxytriorganylsilanen. Fakultät für Chemie und Pharmazie vol. 

doctoral thesis (Würzburg, 2013). 

57. Waerder, B. et al. Pentafluoroethyl-substituted α-silanes: model compounds for new insights. 

Dalton Transactions 44, 13347–13358 (2015). 

58. Ehbets, J. et al. Synthesis and Hydrolysis of Alkoxy(aminoalkyl)diorganylsilanes of the Formula 

Type R2(RO)Si(CH2)nNH2 (R = Alkyl, n = 1–3): A Systematic Experimental and Computational 

Study. Eur J Inorg Chem 2016, 1641–1659 (2016). 

59. Xu, H., Gao, Y., Liu, Z. & Bei, Y. Theoretical Investigation of the Hydrolytic Mechanism of α-

Functionalized Alkoxysilanes as Effective Crosslinkers and the Difficulty of Deep Vulcanization 

in RTV Silicone Rubber. Materials 11, 1526 (2018). 

60. Che, G., Zhai, T., Luo, D., Xiong, T. & Wang, Y. Alpha-Silane Coupling Agent and Application 

Thereof. (2019) US20190031689A1. 

61. Li, Z. et al. Catalyst for polymerization of olefins comprising thienyl-substituted silanes. (2011) 

WO2012142732A1. 

62. Lambert, J. B., Wang, G. T., Finzel, R. B. & Teramura, D. H. Stabilization of positive charge by. 

beta.-silicon. J Am Chem Soc 109, 7838–7845 (1987). 

63. Beļaunieks, R., Puriņš, M. & Turks, M. Manifestation of the β-Silicon Effect in the Reactions of 

Unsaturated Systems Involving a 1, 2-Silyl Shift. Synthesis (Stuttg) 52, 2147–2161 (2020). 



References 

100 
 

64. Lambert, J. B. et al. The β effect of silicon and related manifestations of σ conjugation. Acc Chem 

Res 32, 183–190 (1999). 

65. Ager, D. J. The Peterson Olefination Reaction. Organic Reactions 1–223 (2004). 

66. Cheng, C. & Hartwig, J. F. Catalytic Silylation of Unactivated C-H Bonds. Chem Rev 115, 8946–

8975 (2015). 

67. Roberts, D. D. & McLaughlin, M. G. Strategic Applications of the β-Silicon Effect. Adv Synth Catal 

364, 2307–2332 (2022). 

68. Wacker AG. Versatility Starts Here: a-Hybrids for Elastic Sealing and Bonding. Adhesives and 

Sealants Flyer (2011). 

69. Silane-Modified Polymers - Wacker Chemie AG. https://www.wacker.com/cms/en-

us/products/product-groups/silane-modified-polymers/silane-modified-polymers.html. 

70. Hückel, E. Quantentheoretische Beiträge zum Benzolproblem - I. Die Elektronenkonfiguration 

des Benzols und verwandter Verbindungen. Zeitschrift für Physik 70, 204–286 (1931). 

71. Krohn, K. & Wolf, U. Fünfring-Heterocyclen mit einem Heteroatom. in Kurze Einführung in die 

Chemie der Heterozyklen 32–56 (Teubner Studienbücher Chemie, 1994). 

72. Manoso, A. S. & DeShong, P. Improved synthesis of aryltriethoxysilanes via palladium (0)-

catalyzed silylation of aryl iodides and bromides with triethoxysilane. Journal of Organic 

Chemistry 66, 7449–7455 (2001). 

73. Lv, N., Chen, Z., Liu, Y., Liu, Z. & Zhang, Y. Cobalt-Catalyzed Aerobic Oxidative C-H/C-H Cross-

Coupling of Unactivated Arenes for the Synthesis of Biaryls. Org Lett 20, 5845–5848 (2018). 

74. Riedmiller, F., Jockisch, A. & Schmidbaur, H. Studies of silylfurans, furylsilanes, and 

silylthiophenes: structure of 2, 5-disilylthiophene. Organometallics 18, 2760–2765 (1999). 

75. Wolf, C. & Lerebours, R. Palladium− Phosphinous Acid-Catalyzed NaOH-Promoted Cross-

Coupling Reactions of Arylsiloxanes with Aryl Chlorides and Bromides in Water. Org Lett 6, 

1147–1150 (2004). 

76. Han, C. et al. Palladium-Catalyzed Hiyama Coupling of Benzylic Ammonium Salts via C–N Bond 

Cleavage. J Org Chem 84, 16308–16313 (2019). 

77. Erchak, N. P., Olszewska, E. & Lukevics, E. Methanolysis of 2-furylsilane. Chem Heterocycl 

Compd (N Y) 46, 617–619 (2010). 

78. Fritzsche, R. et al. New organosilanes based on N-methylpyrrole–Synthesis, structure and 

characterization. J Organomet Chem 755, 86–92 (2014). 

79. McBee, E. T., Roberts, C. W., Judd, G. F. & Chao, T. S. Reaction of Grignard Reagents with Alkoxy-

silanes at Elevated Temperatures. J Am Chem Soc 77, 1292–1293 (1955). 

80. Fessenden, R. J. & Fessenden, J. S. Organic Chemistry. (Brooks/Cole Publishing Company, 1998). 

81. Eaborn, C. Organometallic Compounds of the Group IV Elements. (Elsevier, 1973). 



References 

101 
 

82. Murata, M., Ishikura, M., Nagata, M., Watanabe, S. & Masuda, Y. Rhodium (I)-catalyzed 

silylation of aryl halides with triethoxysilane: practical synthetic route to aryltriethoxysilanes. 

Org Lett 4, 1843–1845 (2002). 

83. Matsui, J. K., Lang, S. B., Heitz, D. R. & Molander, G. A. Photoredox-Mediated Routes to Radicals: 

The Value of Catalytic Radical Generation in Synthetic Methods Development. ACS Catal 7, 

2563–2575 (2017). 

84. Studer, A. & Curran, D. P. Catalysis of Radical Reactions: A Radical Chemistry Perspective. 

Angewandte Chemie International Edition 55, 58–102 (2016). 

85. Zhang, X., Fang, J., Cai, C. & Lu, G. Recent advances in synthesis of organosilicons via radical 

strategies. Chinese Chemical Letters 32, 1280–1292 (2021). 

86. Chatgilialoglu, C., Ferreri, C., Landais, Y. & Timokhin, V. I. Thirty Years of (TMS)3SiH: A Milestone 

in Radical-Based Synthetic Chemistry. Chem Rev 118, 6516–6572 (2018). 

87. Komiyama, T., Minami, Y. & Hiyama, T. Recent Advances in Transition-Metal-Catalyzed 

Synthetic Transformations of Organosilicon Reagents. ACS Catal 7, 631–651 (2017). 

88. Nicewicz, D. A. & MacMillan, D. W. C. Merging photoredox catalysis with organocatalysis: The 

direct asymmetric alkylation of aldehydes. Science (1979) 322, 77–80 (2008). 

89. Wirth, T. Hypervalent Iodine Chemistry in Synthesis: Scope and New Directions. Angewandte 

Chemie International Edition 44, 3656–3665 (2005). 

90. Xu, Z., Huang, W.-S., Zhang, J. & Xu, L.-W. Recent Advances in Transition-Metal-Catalyzed 

Silylations of Arenes with Hydrosilanes: C–X Bond Cleavage or C–H Bond Activation 

Synchronized with Si–H Bond Activation. Synthesis (Stuttg) 47, 3645–3668 (2015). 

91. Chauvier, C., Godou, T. & Cantat, T. Silylation of O–H bonds by catalytic dehydrogenative and 

decarboxylative coupling of alcohols with silyl formates. Chemical Communications 53, 11697–

11700 (2017). 

92. Bähr, S. & Oestreich, M. The electrophilic aromatic substitution approach to C–H silylation and 

C–H borylation. Pure and Applied Chemistry 90, 723–731 (2018). 

93. Iglesias, M. et al. Preferential α-Hydrosilylation of Terminal Alkynes by Bis-N-Heterocyclic 

Carbene Rhodium (III) Catalysts. Adv Synth Catal 357, 350–354 (2015). 

94. Murata, M. et al. Synthesis of aryltriethoxysilanes via rhodium (I)-catalyzed cross-coupling of 

aryl electrophiles with triethoxysilane. Tetrahedron 63, 4087–4094 (2007). 

95. Tobisu, M., Kita, Y., Ano, Y. & Chatani, N. Rhodium-catalyzed silylation and intramolecular 

arylation of nitriles via the silicon-assisted cleavage of carbon− cyano bonds. J Am Chem Soc 

130, 15982–15989 (2008). 

96. Yamanoi, Y. & Nishihara, H. Direct and selective arylation of tertiary silanes with rhodium 

catalyst. J Org Chem 73, 6671–6678 (2008). 



References 

102 
 

97. Lim, K. M.-H. & Hayashi, T. Rhodium-Catalyzed Asymmetric Arylation of Allyl Sulfones under the 

Conditions of Isomerization into Alkenyl Sulfones. J Am Chem Soc 137, 3201–3204 (2015). 

98. Plueddemann, E. P. Nature of Adhesion Through Silane Coupling Agents. in Silane Coupling 

Agents 115–152 (Springer, Boston, 1991). 

99. Murata, M., Suzuki, K., Watanabe, S. & Masuda, Y. Synthesis of arylsilanes via palladium (0)-

catalyzed silylation of aryl halides with hydrosilane. J Org Chem 62, 8569–8571 (1997). 

100. Yamanoi, Y. Palladium-catalyzed silylations of hydrosilanes with aryl halides using bulky alkyl 

phosphine. J Org Chem 70, 9607–9609 (2005). 

101. McNeill, E., Barder, T. E. & Buchwald, S. L. Palladium-catalyzed silylation of aryl chlorides with 

hexamethyldisilane. Org Lett 9, 3785–3788 (2007). 

102. Li, H., Grasa, G. A. & Colacot, T. J. A Highly Efficient, Practical, and General Route for the 

Synthesis of (R3P)2Pd(0): Structural Evidence on the Reduction Mechanism of Pd(II) to Pd(0). 

Org Lett 12, 3332–3335 (2010). 

103. Blakemore, D. C. & Marples, L. A. Palladium (0)-catalysed cross-coupling of 2-

trimethylsilylpyridine with aryl halides. Tetrahedron Lett 52, 4192–4195 (2011). 

104. Wang, L. & Duan, Z. Formation of silacycles via metal-mediated or catalyzed Si-C bond cleavage. 

Chinese Science Bulletin 58, 307–315 (2013). 

105. Yu, J., Liu, J., Shi, G., Shao, C. & Zhang, Y. Ligand-Promoted Oxidative Cross-Coupling of Aryl 

Boronic Acids and Aryl Silanes by Palladium Catalysis. Angewandte Chemie 127, 4151–4154 

(2015). 

106. Lu, M.-Z. et al. Directed Palladium (II)-Catalyzed Intermolecular Anti-Markovnikov 

Hydroarylation of Unactivated Alkenes with (Hetero) arylsilanes. Org Lett 22, 9022–9028 

(2020). 

107. Fukui, K., Saito, H., Shimokawa, J. & Yorimitsu, H. Palladium-Catalyzed Silylation of Aryl 

Chlorides with Bulky Dialkoxydisilanes. Synlett 31, 1328–1332 (2020). 

108. Rubio-Pérez, L. et al. A well-defined NHC–Ir (III) catalyst for the silylation of aromatic C–H bonds: 

substrate survey and mechanistic insights. Chem Sci 8, 4811–4822 (2017). 

109. Minami, Y., Komiyama, T. & Hiyama, T. Straightforward Synthesis of HOMSi Reagents via sp2 

C–H Silylation. Chem Lett 44, 1065–1067 (2015). 

110. Ishiyama, T. et al. Aromatic C–H silylation of arenes with 1-hydrosilatrane catalyzed by an 

iridium (i)/2, 9-dimethylphenanthroline (dmphen) complex. Org Biomol Chem 11, 8162–8165 

(2013). 

111. Murai, M., Nishinaka, N. & Takai, K. Iridium-Catalyzed Sequential Silylation and Borylation of 

Heteroarenes Based on Regioselective C− H Bond Activation. Angewandte Chemie International 

Edition 57, 5843–5847 (2018). 



References 

103 
 

112. Rammal, F. et al. Photochemical C–H Silylation and Hydroxymethylation of Pyridines and 

Related Structures: Synthetic Scope and Mechanisms. ACS Catal 10, 13710–13717 (2020). 

113. Hamze, A., Provot, O., Alami, M. & Brion, J.-D. Platinum oxide catalyzed silylation of aryl halides 

with triethylsilane: An efficient synthetic route to functionalized aryltriethylsilanes. Org Lett 8, 

931–934 (2006). 

114. Murata, M., Fukuyama, N., Wada, J., Watanabe, S. & Masuda, Y. Platinum-catalyzed aromatic 

C–H silylation of arenes with 1, 1, 1, 3, 5, 5, 5-Heptamethyltrisiloxane. Chem Lett 36, 910–911 

(2007). 

115. Chuit, C., Corriu, R. J. P., Reye, C. & Young, J. C. Reactivity of Penta-and Hexacoordinate Silicon 

Compounds and Their Role as Reaction Intermediates. Chem. Rev 93, 1371–1448 (1993). 

116. Weickgenannt, A. & Oestreich, M. Silicon-and Tin-Based Cuprates: Now Catalytic in Copper! 

Chemistry–A European Journal 16, 402–412 (2010). 

117. Delvos, L. B., Vyas, D. J. & Oestreich, M. Asymmetric Synthesis of α-Chiral Allylic Silanes by 

Enantioconvergent γ-Selective Copper (I)-Catalyzed Allylic Silylation. Angewandte Chemie 

International Edition 52, 4650–4653 (2013). 

118. Sawamura, M. & Ito, H. Carbon-Boron and Caarbon-Silicon Bond Formation. in Copper-

catalyzed asymmetric synthesis (eds. Alexakis, A., Krause, N. & Woodward, S.) (John Wiley & 

Sons, 2014). 

119. Xue, W., Qu, Z.-W., Grimme, S. & Oestreich, M. Copper-catalyzed cross-coupling of silicon 

pronucleophiles with unactivated alkyl electrophiles coupled with radical cyclization. J Am 

Chem Soc 138, 14222–14225 (2016). 

120. Xue, W. & Oestreich, M. Copper-catalyzed decarboxylative radical silylation of redox-active 

aliphatic carboxylic acid derivatives. Angewandte Chemie International Edition 56, 11649–

11652 (2017). 

121. Zhang, L. & Oestreich, M. Copper-Catalyzed Cross-Coupling of Vinyliodonium Salts and Zinc-

Based Silicon Nucleophiles. Org Lett 20, 8061–8063 (2018). 

122. Wilkinson, J. R., Nuyen, C. E., Carpenter, T. S., Harruff, S. R. & Van Hoveln, R. Copper-catalyzed 

carbon–silicon bond formation. ACS Catal 9, 8961–8979 (2019). 

123. Scharfbier, J., Gross, B. M. & Oestreich, M. Stereospecific and Chemoselective Copper-Catalyzed 

Deaminative Silylation of Benzylic Ammonium Triflates. Angewandte Chemie International 

Edition 59, 1577–1580 (2020). 

124. Hiyama, T. How I came across the silicon-based cross-coupling reaction. J Organomet Chem 653, 

58–61 (2002). 

125. Milner, P. J., Yang, Y. & Buchwald, S. L. In-depth assessment of the palladium-catalyzed 

fluorination of five-membered heteroaryl bromides. Organometallics 34, 4775–4780 (2015). 



References 

104 
 

126. Sasaki, M. & Kondo, Y. Deprotonative C–H Silylation of Functionalized Arenes and Heteroarenes 

Using Trifluoromethyltrialkylsilane with Fluoride. Org Lett 17, 848–851 (2015). 

127. Ma, Y., Wang, B., Zhang, L. & Hou, Z. Boron-catalyzed aromatic C–H bond silylation with 

hydrosilanes. J Am Chem Soc 138, 3663–3666 (2016). 

128. Nozawa-Kumada, K. et al. Deprotonative Silylation of Aromatic C–H Bonds Mediated by a 

Combination of Trifluoromethyltrialkylsilane and Fluoride. J Org Chem 82, 9487–9496 (2017). 

129. Cypryk, M., Gostyński, B. & Pokora, M. Hydrolysis of trialkoxysilanes catalysed by the fluoride 

anion. Nucleophilic vs. basic catalysis. New Journal of Chemistry 43, 15222–15232 (2019). 

130. Edwin Raja, G. C., Irudayanathan, F. M., Kim, H. S., Kim, J. & Lee, S. Nickel-Catalyzed Hiyama-

type Decarboxylative Coupling of Propiolic Acids and Organosilanes. Journal of Organic 

Chemistry 81, 5244–5249 (2016). 

131. Sherry, B. D. & Fürstner, A. The promise and challenge of iron-catalyzed cross coupling. Acc 

Chem Res 41, 1500–1511 (2008). 

132. Andrew, W. Applied Plastics Engineering Handbook. Applied Plastics Engineering Handbook 

(Second Edition) vol. 2 (William Andrew Publishing, 2017). 

133. Nandi, P. K., Misra, A. & Sannigrahi, A. B. Ab-initio SCF study of the nature of bonding in neutral 

and cationic silicon hydrides and analogous carbon compounds. Proceedings of the Indian 

Academy of Sciences - Chemical Sciences 106, 315–326 (1994). 

134. Brinker, C. J. & Scherer, G. W. Sol-Gel Science: The Physics and Chemistry of Sol–Gel Processing. 

(1990). 

135. Plueddemann, E. P. Silane Coupling Agents. Silane Coupling Agents (1991). 

136. Russom, C. L., Bradbury, S. P., Broderius, S. J., Hammermeister, D. E. & Drummond, R. A. 

Predicting modes of toxic action from chemical structure: Acute toxicity in the fathead minnow 

(Pimephales promelas). Environ Toxicol Chem 16, 948–967 (1997). 

137. Pan, Z., Liu, M., Zheng, C., Gao, D. & Huang, W. Study of Karstedt’s Catalyst for Hydrosilylation 

of a Wide Variety of Functionalized Alkenes with Triethoxysilane and Trimethoxysilane. Chin J 

Chem 35, 1227–1230 (2017). 

138. Kropfgans, F., Rauleder, H., Schwarz, C. & Korte, H.-J. Verfahren zur Herstellung von 

Aminoalkylsilanen. (2002) EP1209162A2. 

139. Yoshinori, T. & Yasushi, S. Method of producing organic silicon compound. (2013) 

JP2013133315A. 

140. Masaoka, S., Banno, T. & Ishikawa, M. Versatile method for introduction of bulky substituents 

to alkoxychlorosilanes. J Organomet Chem 691, 182–192 (2006). 

141. Ryan, J. W. Redistribution and Reduction Reactions of Alkoxysilanes. J Am Chem Soc 84, 4730–

4734 (1962). 



References 

105 
 

142. Rieder, S. et al. Radical chain monoalkylation of pyridines. Chem Sci 12, 15362–15373 (2021). 

143. Seyferth, D. The grignard reagents. Organometallics 28, 1598–1605 (2009). 

144. Ashby, E. C. & Nackashi, J. The preparation of organomagnesium fluorides by organometallic 

exchange reactions. J Organomet Chem 72, 11–20 (1974). 

145. Kryk, H., Hessel, G., Schmitt, W. & Tefera, N. Safety aspects of the process control of Grignard 

reactions. Chem Eng Sci 62, 5198–5200 (2007). 

146. Almenara, N. et al. Hydrogen Tunneling in Catalytic Hydrolysis and Alcoholysis of Silanes. 

Angewandte Chemie International Edition 61, e202204558 (2022). 

147. U.S. Environmental Protection Agency. TOXICOLOGICAL REVIEW OF N-HEXANE In Support of 

Summary Information on the Integrated Risk Information System (IRIS). www.epa.gov/iris 

(2005). 

148. Gilman, H. & Zuech, E. A. Some Selective Reactions of the Siliconhydrogen Group with 

Organometallic Compounds. J Am Chem Soc 79, 4560–4561 (1957). 

149. Smith, M. B. March’s Advanced Organic Chemistry: Reactions, Mechanisms, and Structure. 

(John Wiley & Sons, 2020). 

150. Doble, M. & Kruthiventi, A. K. Chapter 3. in Green Chemistry and Engineering 53–67 (Academic 

Press, 2007). 

151. Hartwig, J. F. Catalyst-controlled site-selective bond activation. Acc Chem Res 50, 549–555 

(2017). 

152. Maegawa, Y., Nagano, T., Yabuno, T., Nakagawa, H. & Shimada, T. Preparation of functionalized 

aryl (diallyl) ethoxysilanes and their palladium-catalyzed coupling reactions giving sol–gel 

precursors. Tetrahedron 63, 11467–11474 (2007). 

153. Hiyama, T. & Oestreich, M. Organosilicon Chemistry: Novel Approaches and Reactions. (John 

Wiley & Sons, 2020). 

154. Altmann, S. & Rgen Pfeiffer, J. The Hydrolysis=Condensation Behaviour of 

Methacryloyloxyalkylfunctional Alkoxysilanes: Structure-Reactivity Relations. Monatshefte f€ u 

ur Chemie 134, 1081–1092 (2003). 

155. Schröder, V., Emonts, B., Janßen, H. & Schulze, H. P. Explosion Limits of Hydrogen/Oxygen 

Mixtures at Initial Pressures up to 200 bar. Chem Eng Technol 27, 847–851 (2004). 

156. Wilbur, D. S. Enigmatic astatine. Nature Chemistry 2013 5:3 5, 246–246 (2013). 

157. Zalesskiy, S. S. & Ananikov, V. P. Pd 2(dba) 3 as a precursor of soluble metal complexes and 

nanoparticles: Determination of palladium active species for catalysis and synthesis. 

Organometallics 31, 2302–2309 (2012). 

158. Mao, Z., Gu, H. & Lin, X. Recent Advances of Pd/C-Catalyzed Reactions. Catalysts 2021, Vol. 11, 

Page 1078 11, 1078 (2021). 



References 

106 
 

159. Janiak, T. & Okal, J. Effectiveness and stability of commercial Pd/C catalysts in the 

hydrodechlorination of meta-substituted chlorobenzenes. Appl Catal B 92, 384–392 (2009). 

160. Cong, M., Fan, Y., Raimundo, J. M., Tang, J. & Peng, L. Pd(dba)2 vs Pd2(dba)3: An in-depth 

comparison of catalytic reactivity and mechanism via mixed-ligand promoted C-N and C-S 

coupling reactions. Org Lett 16, 4074–4077 (2014). 

161. Old, D. W., Wolfe, J. P. & Buchwald, S. L. A Highly Active Catalyst for Palladium-Catalyzed Cross-

Coupling Reactions:  Room-Temperature Suzuki Couplings and Amination of Unactivated Aryl 

Chlorides. J Am Chem Soc 120, 9722–9723 (1998). 

162. Wolfe, J. P., Singer, R. A., Yang, B. H. & Buchwald, S. L. Highly active palladium catalysts for 

Suzuki coupling reactions. J Am Chem Soc 121, 9550–9561 (1999). 

163. Kendall, A. J., Zakharov, L. N. & Tyler, D. R. Steric and Electronic Influences of Buchwald-Type 

Alkyl-JohnPhos Ligands. Inorg Chem 55, 3079–3090 (2016). 

164. Dorel, R., Grugel, C. P. & Haydl, A. M. The Buchwald–Hartwig Amination After 25 Years. 

Angewandte Chemie International Edition 58, 17118–17129 (2019). 

165. Surry, D. S. & Buchwald, S. L. Biaryl Phosphane Ligands in Palladium-Catalyzed Amination. 

Angewandte Chemie International Edition 47, 6338–6361 (2008). 

166. Anand, M. & Nørskov, J. K. Scaling relations in homogeneous catalysis: Analyzing the buchwald-

hartwig amination reaction. ACS Catal 10, 336–345 (2020). 

167. Hevia, E. et al. Isolation and characterisation of the mixed-metal alkyl amide [(TMEDA)Na(μ-

Bu)(μ-TMP)Mg(TMP)], an unexpected chelate-trapped intermediate in the formation of inverse 

crowns. Chemical Communications 2422–2423 (2004). 

168. Rudenko, A. E. & Thompson, B. C. The effect of amide solvent structure on the direct arylation 

polymerization (DArP) of 2-Bromo-3-hexylthiophene. J Polym Sci A Polym Chem 53, 2494–2500 

(2015). 

169. Wakioka, M., Nakamura, Y., Wang, Q. & Ozawa, F. Direct Arylation of 2-Methylthiophene with 

Isolated [PdAr(μ-O2CR)(PPh3)]n Complexes: Kinetics and Mechanism. Organometallics 31, 

4810–4816 (2012). 

170. Diao, T., White, P., Guzei, I. & Stahl, S. S. Characterization of DMSO Coordination to Palladium(II) 

in Solution and Insights into the Aerobic Oxidation Catalyst, Pd(DMSO)2(TFA)2. Inorg Chem 51, 

11898–11909 (2012). 

171. Henderson, R. K. et al. Expanding GSK’s solvent selection guide - embedding sustainability into 

solvent selection starting at medicinal chemistry. Green Chemistry 13, 854–862 (2011). 

172. Yagyu, T., Aizawa, S. I., Hatano, K. & Funahashi, S. Crystal Structures and Acetonitrile Exchange 

of Palladium(II) Complexes with Bis(3-aminopropyl)amine and Diethylenetriamine. Effects of 

Ion-Pair Formation. Bull Chem Soc Jpn 69, 1961–1967 (1996). 



References 

107 
 

173. Borriello, C., Centore, R. & Roviello, G. Hydrolysis of Pd(II)-bound acetonitrile: Molecular and 

crystal structure of the syn isomer of the dinuclear (1,10-phenanthroline)palladium(II) complex 

bridged with acetamido groups and of its acetonitrile solvate. Inorg Chem Commun 8, 755–758 

(2005). 

174. Wilson, B. Synthesis and Characterisation of Cerium Based Nanocomposites. (University of 

Glasgow, 2022). 

175. Richards, S. A. & Hollerton, J. C. Essential Practical NMR for Organic Chemistry. Essential 

Practical NMR for Organic Chemistry (Wiley, 2010). 

176. Chevrin, C. et al. Allylic Substitution Mediated by Water and Palladium:  Unusual Role of a 

Palladium(II) Catalyst and ESI-MS Analysis. Organometallics 23, 4796–4799 (2004). 

177. Kania, M. J., Reyes, A. & Neufeldt, S. R. Oxidative Addition of (Hetero)aryl (Pseudo)halides at 

Palladium(0): Origin and Significance of Divergent Mechanisms. J Am Chem Soc 146, 19249–

19260 (2024). 

178. Dhakal, B., Bohé, L. & Crich, D. Trifluoromethanesulfonate Anion as Nucleophile in Organic 

Chemistry. Journal of Organic Chemistry 82, 9263–9269 (2017). 

179. Zhang, D. et al. Photooxidation of Mixed Aryl and Biarylphosphines. Org Lett 12, 3100–3103 

(2010). 

180. Scharf, L. T., Rodstein, I., Schmidt, M., Scherpf, T. & Gessner, V. H. Unraveling the High Activity 

of Ylide-Functionalized Phosphines in Palladium-Catalyzed Amination Reactions: A Comparative 

Study with CyJohnPhos and PtBu3. ACS Catal 10, 999–1009 (2020). 

181. Hudspeth, J. M. & Goossens, D. J. Vapour diffusion growth and characterisation of fully 

deuterated triglycine sulphate (ND2CD2COOD)3D2SO4. J Cryst Growth 338, 177–180 (2012). 

182. Kendall, A. J., Salazar, C. A., Martino, P. F. & Tyler, D. R. Direct conversion of phosphonates to 

phosphine oxides: An improved synthetic route to phosphines including the first synthesis of 

methyl JohnPhos. Organometallics 33, 6171–6178 (2014). 

183. Mohy El Dine, T., Erb, W., Berhault, Y., Rouden, J. & Blanchet, J. Catalytic Chemical Amide 

Synthesis at Room Temperature: One More Step Toward Peptide Synthesis. J Org Chem 80, 

4532–4544 (2015). 

184. Salamon, A. W. & Fielder, K. J. Nuclear Magnetic Resonance of Polymeric Materials. Handbook 

of plastics analysis 385–488 (2003) doi:10.1201/9780203911983-14. 

185. Claridge, T. D. W. High-Resolution NMR Techniques in Organic Chemistry: Third Edition. High-

Resolution NMR Techniques in Organic Chemistry: Third Edition 1–541 (2016). 

186. Kahan, R., Pikat, M. & Seechurn, C. Complexes. (2020) EP4076741A1. 



References 

108 
 

187. Ivančič, A., Košmrlj, J. & Gazvoda, M. Elucidating the reaction mechanism of a palladium-

palladium dual catalytic process through kinetic studies of proposed elementary steps. 

Communications Chemistry 2023 6:1 6, 1–14 (2023). 

188. Chernyshev, V. M. & Ananikov, V. P. Nickel and Palladium Catalysis: Stronger Demand than Ever. 

ACS Catal 12, 1180–1200 (2022). 

189. Niessen, W. M. A. Progress in liquid chromatography–mass spectrometry instrumentation and 

its impact on high-throughput screening. J Chromatogr A 1000, 413–436 (2003). 

190. Rößler, M., Huth, P. U. & Liauw, M. A. Process analytical technology (PAT) as a versatile tool for 

real-time monitoring and kinetic evaluation of photocatalytic reactions. React Chem Eng 5, 

1992–2002 (2020). 

191. Zhao, L. et al. Heteroatom-Containing Silane Compound. (2022) WO2022038058A1. 

192. Hoffman, J. J. & Leir, C. M. Tetramethylammonium 3-aminopropyl dimethylsilanolate—

aminopropyl dimethylsilanolate—a new catalyst for the synthesis of high purity, high molecular 

weight α,ω-bis(aminopropyl) polydimethylsiloxanes. Polym Int 24, 131–138 (1991). 

193. Zheng, P. & McCarthy, T. J. A surprise from 1954: Siloxane equilibration is a simple, robust, and 

obvious polymer self-healing mechanism. J Am Chem Soc 134, 2024–2027 (2012). 

194. Weber, W. P. & Cai, G. Anionic and Cationic Ring-Opening Polymerization of 2,2-Divinyl-4,4,6,6-

tetramethylcyclotrisiloxane. Synthesis of Regular Poly[2,2-bis(perfluoroalkyl-1‘H,1‘H,2‘H,2‘H-

dimethylsilylethyl)-4,4,6,6- tetramethyltrisiloxanes] by Chemical Modification of Regular 

Poly(2,2-divinyl-4,4,6,6-tetramethyltrisiloxane). Macromolecules 34, 4355–4360 (2001). 

195. Chojnowski, J., Rubinsztajn, S., Fortuniak, W. & Kurjata, J. Synthesis of highly branched 

alkoxysiloxane-dimethylsiloxane copolymers by nonhydrolytic dehydrocarbon 

polycondensation catalyzed by tris(pentafluorophenyl)borane. Macromolecules 41, 7352–7358 

(2008). 

196. Protsak, I. S. et al. A 29Si, 1H, and 13C Solid-State NMR Study on the Surface Species of Various 

Depolymerized Organosiloxanes at Silica Surface. Nanoscale Res Lett 14, 1–15 (2019). 

197. Biela, T., Duda, A. & Penczek, S. Control of Mn, Mw/Mn, end-groups, and kinetics in living 

polymerization of cyclic esters. Macromol Symp 183, 1–10 (2002). 

198. Bezlepkina, K. A., Milenin, S. A., Vasilenko, N. G. & Muzafarov, A. M. Ring-Opening 

Polymerization (ROP) and Catalytic Rearrangement as a Way to Obtain Siloxane Mono- and 

Telechelics, as Well as Well-Organized Branching Centers: History and Prospects. Polymers 

2022, Vol. 14, Page 2408 14, 2408 (2022). 

199. Gutacker, A. et al. Polyorganosiloxane having Heteroatom-Containing Silyl Group. (2023) 

WO2023094197A1. 



References 

109 
 

200. Pape, P. G. Adhesion Promoters: Silane Coupling Agents. Applied Plastics Engineering 

Handbook: Processing and Materials 503–517 (2011) doi:10.1016/B978-1-4377-3514-7.10029-

7. 

201. Shapagin, A. V. et al. Epoxyorganosilane Finishing Compositions for Fibrous Fillers of 

Thermosetting and Thermoplastic Binders. Polymers (Basel) 14, 59 (2021). 

202. Xu, Q. et al. Novel Multifunction Epoxy Thermoset Designed by Manipulating the Silicon-

Oxidation Flexible-Rigid Network Topology: Toughening, Strengthening, and Acid/Alkali 

Resistance. Ind Eng Chem Res 62, 14743–14754 (2023). 

203. Irfan, M. H. Chemistry and Technology of Thermosetting Polymers in Construction Applications 

(Springer-Science, 1998). 

204. J.A. Brydson. The Historical Development of Plastics Materials. Plastics Materials (1999). 

205. Yang, J., Bai, Y., Sun, J., Lv, K. & Lang, Y. Recent advances of thermosetting resin and its 

application prospect in oil and gas drilling and production engineering. Geoenergy Science and 

Engineering 230, 212222 (2023). 

206. Heilen, W. & Herrwerth, S. Silicone Resins and Their Combinations. Silicone Resins and their 

Combinations (Vincentz Network, 2015). 

207. Liu, Y. Silicone Dispersions. Silicone Dispersions vol. 1 (CRC Press, 2017). 

208. Indumathy, B. et al. A Comprehensive Review on Processing, Development and Applications of 

Organofunctional Silanes and Silane-Based Hyperbranched Polymers. Polymers 2023, Vol. 15, 

Page 2517 15, 2517 (2023). 

209. Sano, K., Kanematsu, H. & Tanaka, T. Overview of Silane-Based Polymer Coatings and Their 

Applications. in Industrial Applications for Intelligent Polymers and Coatings 493–509 (Springer, 

2016). 

210. Kosaka, M., Nakano, T., Kanaori, K., Imoto, H. & Naka, K. Preparation of molecularly well-

defined silicone resins based on trifluoropropyl-substituted trisilanol and their thermal, 

mechanical, and UV-resistance properties. Polymer Journal 2024 56:5 56, 481–489 (2024). 

211. Kuo, C. F. J. & Chen, J. B. Study on the synthesis and application of silicone resin containing 

phenyl group. J Solgel Sci Technol 76, 66–73 (2015). 

212. Halvorson, R. H., Erickson, R. L. & Davidson, C. L. The effect of filler and silane content on 

conversion of resin-based composite. Dental Materials 19, 327–333 (2003). 

213. Rodrigues, V. C. M. B. et al. Development and Study of a New Silane Based Polyurethane Hybrid 

Flexible Adhesive—Part 1: Mechanical Characterization. Materials 16, (2023). 

214. Matinlinna, J. P. & Vallittu, P. K. Silane Based Concepts on Bonding Resin Composite to Metals. 

J Contemp Dent Pract 8, (2007). 



References 

110 
 

215. Meng, F. T., Ma, G. H., Qiu, W. & Su, Z. G. W/O/W double emulsion technique using ethyl 

acetate as organic solvent: effects of its diffusion rate on the characteristics of microparticles. 

Journal of Controlled Release 91, 407–416 (2003). 

216. Gutacker, A. et al. Heteroatom-Containing Silane Resins. (2023) WO2023156602A1. 

217. Czakaj, J., Sztorch, B., Pakuła, D. & Przekop, R. E. The Influence of Monofunctional Silanes on 

the Mechanical and Rheological Properties of Hot Melt Butyl Rubber Sealants. Applied Sciences 

2025, Vol. 15, Page 1105 15, 1105 (2025). 

218. Koohestani, B., Ganetri, I. & Yilmaz, E. Effects of silane modified minerals on mechanical, 

microstructural, thermal, and rheological properties of wood plastic composites. Compos B Eng 

111, 103–111 (2017). 

219. Yrieix, M. & Majesté, J. C. Correlation of silane grafting density with rheological properties of 

silica filled rubber: Coupling of flow and temperature. Eur Polym J 94, 299–310 (2017). 

220. Luo, C. & Sommer, J. U. Disentanglement of linear polymer chains toward unentangled crystals. 

ACS Macro Lett 2, 31–34 (2013). 

221. Picard, L., Phalip, P., Fleury, E. & Ganachaud, F. Chemical adhesion of silicone elastomers on 

primed metal surfaces: A comprehensive survey of open and patent literatures. Prog Org Coat 

80, 120–141 (2015). 

222. Silverman, G. S. & Rakita, P. E. Handbook of Grignard Reagents. (CRC Press, 1996). 

223. Holm, T. Thermochemistry of grignard reagents. Enthalpies of formation of alkylmagnesium 

bromides and of alkyl bromides. J Organomet Chem 56, 87–93 (1973). 

224. Tuulmets, A. & Heinoja, K. Influence of Inhibitors on Initiation of Grignard Reaction. Nature of 

Induction Period. Organic Reactivity 27, 42–62 (1990). 

225. Tilstam, U. & Weinmann, H. Activation of Mg metal for safe formation of Grignard reagents on 

plant scale. Org Process Res Dev 6, 906–910 (2002). 

226. Yue, M.-H., Sharkey, J. J. & Leung, J. C. Relief vent sizing for a Grignard reaction. J Loss Prev 

Process Ind 7, 413–418 (1994). 

227. ISO 4793:1980 Laboratory Sintered (Fritted) Filters — Porosity Grading, Classification and 

Designation. https://www.iso.org/standard/10772.html. 

228. Luyben, W. L. Reactor Basics. in Chemical Reactor Design and Control 1–30, 197–249 (Wiley, 

2007). 

229. Panov, D., Tuulmets, A. & Nguyen, B. T. Impact of reaction products on the Grignard reaction 

with silanes and ketones. J Organomet Chem 691, 4076–4079 (2006). 

230. Ko, C. K. & Lee, W. G. Effects of pH variation in aqueous solutions on dissolution of copper oxide. 

Surface and Interface Analysis 42, 1128–1130 (2010). 



References 

111 
 

231. Spile, S., Suzuki, T., Bendix, J. & Simonsen, K. P. Effective cleaning of rust stained marble. Herit 

Sci 4, 1–10 (2016). 

232. Understanding REACH - ECHA. https://echa.europa.eu/regulations/reach/understanding-

reach. 

233. U.S. Food and Drug Administration. https://www.fda.gov/. 

234. Monogarova, O. V., Oskolok, K. V. & Apyari, V. V. Colorimetry in Chemical Analysis. Journal of 

Analytical Chemistry 73, 1076–1084 (2018). 

235. ASTM C679 - Test Method for Tack-Free Time of Elastomeric Sealants. 

http://www.astm.org/cgi-bin/resolver.cgi?C679-15R22 (2022). 

236. ASTM D2240 - Test Method for Rubber Property; Durometer Hardness. 

http://www.astm.org/cgi-bin/resolver.cgi?D2240-15 (2015). 

237. ISO 11339 - Adhesives — T-Peel Test for Flexible-Toflexible Bonded Assemblies. 

https://standards.iteh.ai/catalog/standards/sist/cb46771a-a93b-41e9-9436-

2c1b5473f920/iso- (2022). 

238. ISO 11339:2022 Adhesives — T-Peel Test for Flexible-to-Flexible Bonded Assemblies. 

https://www.iso.org/standard/82657.html. 

239. Gutacker, A. et al. Curable Polymer Composing Heteroatom-Containing Silane Compounds. 

(2023) WO2023156603A1. 

240. Yoshikawa, M., Wakabayashi, R., Tamai, M. & Kuroda, K. Synthesis of a multifunctional 

alkoxysiloxane oligomer. New Journal of Chemistry 38, 5362–5368 (2014). 

  



Appendix 

112 
 

Appendix 

A1 Equipment and testing methods 

Equipment: 

All presented reaction were, if not indicated otherwise, performed under moisture free conditions and 

argon gas using Schlenk techniques for liquid and a glovebox for solid handling. All gasses were dried 

by passing them through a Sicapent® (phosphorus pentoxide with moisture indicator on inert carrier 

material) filled column. All equipment used was pre-heated in an oven to 80 °C, assembled hot and 

subjected to three vacuum (at least 1.0 x 10^-2 mbar)-argon filling cycles. 

Vacuum was measured using a CVC 3000 Vacuubrand directly attached to a Rettberg PTFE vacuum 

distributor and a Vacuubrand RZ 9 rotary vane pump. Highly moisture or air sensitive compounds were 

handled under argon in a MBraun LABmaster pro ECO glovebox, controlled by a Siemens Simatic HMI. 

Sppedmixing is conducted using a Hauschild SpeedMixer® DAC 400. 

NMR-Spectroscopy: 

If not indicated otherwise NMR spectra were measured on a Bruker AV 300 (1H = 300 MHz, 

13C = 75 MHz, 29Si = 60 MHz) and AV 400 (1H = 400 MHz, 13C = 101 MHz, 29Si = 79 MHz, 31P = 162 MHz) 

instrument with deuterated solvents. All 2D spectra presented in this work were recorded on an 

Agilent DD2-600 MHz (1H = 600 MHz, 13C = 151 MHz, 29Si = 119 MHz, 31P = 243 MHz). 

If not indicated otherwise all samples were measured at room temperature (297 K). Chemical shifts 

are reported in parts per million (ppm). All spectra were calibrated using the chemical shift of the used 

deuterated solvent and where applicable automatically calculated from the recorded 1H spectra. 

MS: 

MS spectra were recorded using Agilent 6890/5973 (GC-MS), Agilent 7890/5977 (GC-MS), Agilent 

1260/6130 Quadrupol (LC-MS) or Agilent 1200/6210 Time-of-Flight (LC-MS) 

GPC: 

Gel permeation chromatography was carried out on a HP1090 II with DAD detector at 40 °C using 

toluene as an eluent. The samples were passed through three PSS SDV gel columns with molecular 

weight ranges of 102, 103 and 104 g∙mol-1 at a flow rate of 0.9 ml∙min-1. The device was calibrated 

using polystyrene standards. 

Elemental analysis: 

All analysis was prepared and conducted by the analytics department at Leibnitz Institute for Catalysis 

e.V. A Leco TruSpec-932 was used for hydrogen, carbon, nitrogen and sulphur. Silicon and palladium 

were detected using a Perkin-Elmer Analyst 300 via atomic absorption spectroscopy. 
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Infrared Spectroscopy: 

Infrared spectra were measured using ATR (attenuated total reflection) technique on a Bruker Alpha 

FT-IR-Spectrometer. All samples were directly applied to the diamond detector window. Absorption is 

reported in wave numbers cm−1 and measured in the range of 7000 − 375 cm−1. 

Viscosimetry: 

Rheological measurements on samples were performed using a RheoStress 1. Either CR-Mode 

(controlled rate) at 25.00 °C or a self-developed method running time resolved CD-Mode (controlled 

deformation). The appropriate method is stated at each report. CR-Mode experiments were 

performed using a C35/1 ° Ti L cone-plate geometry from ThermoScientific. CD-Mode experiments 

were performed using a ring-rotor PR35-27 plate-plate geometry with circular cut-out eliminating mass 

transport limitations during time resolved experiments. 
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A2 Materials 

If not indicated otherwise, all reagents were obtained from commercial suppliers and used without 

further purification. All solvents were obtained from commercial suppliers in p.a. or HPLC quality. 

 

The following chemicals were obtained from Acros Organics; 1,1,3,3-Tetramethyldisiloxane, 1-Methyl-

2-pyrrolidone (dried, under septum and over molecular sieves), Acetone, Chloroform, 

Dichloromethane, Dimethylformamide, Dimethylsulfoxide, Ethanol, Methanol, n-Heptane, n-Hexane, 

n-Pentane, Tetrahydrofuran (stabilized), Tetrahydrofuran (dried, stabilized, under septum and over 

molecular sieves), Toluene, Toluene (dried, under septum and over molecular sieves). 

 

From Alfa Aesar Platinum on carbon was acquired. 

 

The following chemicals were purchased from ChemPUR: 2-Iodothiophene, 

Chloromethyl(dimethyl)methoxysilane, Methoxydimethylvinylsilane, Thiophene. 

 

All deuterated solvents were purchased from Deutero and Eurisotop; Acetic acid-d4, Chloroform-d, 

Dichloromethane-d2, Ethanol-d6, Methanol-d3, Methanol-d4, Tetrahydrofuran-d4, Toluene-d8. 

 

All chemicals listed below were acquired from fisher scientific: 2,5-Dibromo-3-methylpyridine, 2-

Acetyl-5-bromothiophene, 2-Bromo-3-methylthiophene, 2-Bromo-3-thiophenecarboxylic acid, 3-

Bromo-4-methylthiophene, 3-Bromofuran, 5-Chloro-2-furaldehyde, stabilized with 2% ethanol, 5-

Chlorothiophene-2-sulfonamide, Methyldiethoxysilane, N-Ethyldiisopropylamine, 

Tetramethylammonium iodide, Tri(o-tolyl)phosphine, Triethoxy silane, trifluoromethanesulfonic acid. 

 

The following chemicals were acquired from MilliporeSigma: [1,1′-

Bis(diphenylphosphino)ferrocene]dichloropalladium(II), complex with dichloromethane, 2,5-

Dibromothieno[3,2-b]thiophene, 2,6-Dichloropyridine, 2-Iodo-1-methyl-1H-imidazole, 2-Bromo-1H-

imidazole, 2-Bromo-3,5-dimethylthiophene, 2-Bromo-5-dodecylthiophene, 2-Bromobenzothiophene, 

2-Bromopyrimidine, 2-Bromothiazole, 5-Chloro-2-thiophenecarbonitrile, 2-Thienyllithium, 

Allylpalladium(II) chloride dimer, Bis(triphenylphosphine)palladium(II) dichloride, 

Cyclopentadienyllithium, Isopropylmagnesium chloride solution, Palladium(II) chloride, Palladium(II) 

acetate, Platinum(IV) oxide, Tetrakis(triphenylphosphine)-palladium(0), Sodium tetrakis[3,5-

bis(trifluoromethyl)phenyl]borate, Tetramethyl-orthosilicate, Trichlorosilane, 

Tris(dibenzylideneacetone)dipalladium(0), 2,5-Dibromo-3-methylthiophene. 
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The following chemicals were acquired from Tokyo Chemical Industry: 1,1'-

Bis(diphenylphosphino)ferrocene 1-Methyl-2-pyrrolidone, 2-(Di-tert-butylphosphino)biphenyl, 2,3-

Dihydrofuran, 2-Bromo-5-methylthiophene (stabilized with Copper chip + NaHCO3), 2-Bromofuran 

(stabilized with CaO), 2-Dicyclohexylphosphino-2',4',6'-triisopropylbiphenyl, 3,4-Dihydro-2H-pyran, 3-

Sulfolene, 4-Formylmorpholine, Bis(dibenzylideneacetone)palladium(0), Chlorotriethoxysilane, N,N-

Diisopropylethylamine, N,N-Dimethylacetamide, Silver trifluoromethanesulfonate, Tetramethylurea, 

Trichlorovinylsilane. 

 

A3 Experiments and compound analysis. 

If not stated otherwise all experiments have been repeated at least once, averaging the resulting yields 

from all experiments. 

 

Synthesis of alpha heteroaryl substituted siloxanes 

 

Representative procedure A: 

 

X = O, N, S; R1, R2, R3 = alkyl or aryl; R4 = alkyl, aryl, alkoxide; R = alkyl 

Figure 56: Reaction equation of representative procedure A. Reaction between a brominated, substituted heteroaryl with a 
substituted alkoxy silane in presence of magnesium in tetrahydrofuran (THF). 

 

A three-neck round-bottom flask equipped with cooling condenser, dropping funnel, magnetic stir bar 

and a stopper is charged with magnesium chips (150 mmol, 1.5 eq, 3.6465 g) and flame-dried under 

reduced pressure and filled with dry argon. A crystal of iodine is added, etching the surface of the 

magnesium. Tetrahydrofuran (150 ml) followed by a silane of the general formula shown above is 

added to the flask (150 mmol, 1.5 eq). The stopper is swapped for a thermometer. To the dropping 

funnel 2-halogen heteroaryl (100 mmol, 1 eq) is added. While stirring, 10 vol% 2-bromothiophene is 

added to the flask in one portion. An increase in temperature is observed. Dropping is continued while 

maintaining a temperature between 40 °C and 50 °C. After the addition heating is turned on for 2 h. 

The tetrahydrofuran is distilled off, leaving a wet grey solid. Hexane (150 ml) is added to the flask and 

the solid is suspended, turning the colour from grey to white. The solids are filtered, and hexane is 

distilled off yielding a crude product at 10 – 75 %. Clean product is obtained by the means of vacuum 

distillation at 1.0 * 10-3 mbar at oil temperatures stated below. 
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Representative procedure B: 

 

X = O, N, S; R1, R2, R3 = alkyl or aryl; R4 = alkyl, aryl, alkoxide; R = alkyl 
Figure 57: Reaction equation of representative procedure B. Reaction between a brominated, substituted heteroaryl with a 

substituted alkoxy, hydro silane. Catalysed by Pd(dba)2, JohnPhos and DIPEA in NMP. 

 

A three-neck round-bottom flask is equipped with cooling condenser, two stoppers and a magnetic stir 

bar.  The apparatus is flame dried under reduced pressure and filled with dry argon. 

Bis(dibenzylideneacetone)palladium(0) (Pd(dba)2, 0,03 mmol, 3 mol%, 17.3 mg) and 2-(di-tert-

butylphosphino)biphenyl (JohnPhos, 0.06 mmol, 6 mol%, 17.9 mg) are weight into sample vials in a 

glovebox and subsequently transferred to the apparatus under air exclusion. One stopper is swapped 

for a septum. N-Methyl-2-pyrrolidone (99 mmol, 40 eq, 4.00 ml) is transferred from the storage 

container to the apparatus via an argon purged needle. Stirring in turned on, after a clear, dark red 

solution is obtained halogenated heteroaryl of the general formula shown above (1.00 mmol, 1 eq) is 

added, followed by N,N-diisopropylethylamine (3.00 mmol, 3 eq, 0.3877 g). To this an alkoxy silane 

(1.50 mmol, 1.5 eq) of the general formula shown above is added slowly. If applicable observations are 

reported for each compound. An oil-bath is added, and the reaction solution heated to 60 °C and 

stirred for 16 h. The flasks contents are transferred to a separatory funnel and washed five times with 

pentane (5x 6 ml), washing the flask several times. The pentane phase is counter washed with 

deionized water. Any observations are reported for each compound. The pentane phase is dried over 

magnesium sulphate and low volatiles are removed on a rotary evaporator yielding a crude product at 

35 – 95 &. If necessary, vacuum distillation is performed identically with representative procedure A. 

 

Synthesis of trimethoxy(thiophen-2-yl)silane (P1)  

 
Compound P1 was synthesised according to representative procedure A with 22.833 g S1 and 16.303 g 

A1, distilling at 85 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 

18.593 g of pure compound P1 were isolated. 

Compound P1 was synthesised according to representative procedure B with 183.3 mg S5 and 

163.0 mg A1. 186.3 mg of P1 at a purity of 89 % were isolated. 

The analytical data were found to be identical within experimental between representative procedure 

A and B. This confirms that the same compound was obtained regardless of the synthetic route. Key 

characterisation data are summarized below. 

 
1H NMR (400 MHz, CDCl3 24 °C, ppm) δ = 7.77 (ddd, J = 12.2, 4.6, 0.9 Hz, 1H), 7.54 (dd, J = 3.4, 1.0 Hz, 

1H), 7.31 (ddd, J = 4.6, 3.4, 1.0 Hz, 1H), 3.67 (s, 6H). 13C NMR (101 MHz, CDCl3, 24 °C, ppm) δ = 137.34, 

132.39, 128.49, 128.46, 50.70. 29Si NMR (79 MHz, CDCl3, 24 °C, ppm) δ = -57.77. EA (% measured 
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(calculated)), C7H12O3SSi: C 41.018 (41.15), H 5.9186 (5.92), S 15.92 (15.69), Si 8.02 (13.75). MS (ESI-

TOF): (m/z [M + H]+ measured (calculated)): 205.03; found: 205.0014. 

 

Synthesis of dimethoxy(methyl)(thiophen-2-yl)silane (P2) 

 
Compound P2 was synthesised according to representative procedure A with 20,433 g S2 and 16.303 g 

A1, distilling at 63 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 

14.783 g of pure compound P2 were isolated. 

Compound P2 was synthesised according to representative procedure B with 106.2 mg S29 and 

163.0 mg A1. 148.2 mg of P2 at a purity of 78 % were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.67 (dd, J = 4.6, 0.9 Hz, 1H), 7.43 (dd, J = 3.4, 0.9 Hz, 1H), 

7.23 (dd, J = 4.6, 3.4 Hz, 1H), 3.60 (s, 6H), 0.42 (s, 3H). 13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 

136.13, 132.62, 131.82, 128.32, 50.80, -3.93. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -17.99. EA (% 

measured (calculated)), C7H12O2SSi: C 44.703 (44.65), H 6.4246 (6.42), S 16.97 (17.02), Si 11.39 (14.91). 

MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 189.03; found: 188.9976. 

 

Synthesis of dimethoxy(phenyl)(thiophen-2-yl)silane (P3) 

 
Compound P3 was synthesised according to representative procedure A with 29.744 g S3 and 16.303 g 

A1, distilling at 142 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

17.853 g of pure compound P3 were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.67 (dd, J = 4.6, 0.9 Hz, 1H), 7.43 (dd, J = 3.4, 0.9 Hz, 1H), 

7.23 (dd, J = 4.6, 3.4 Hz, 1H), 3.59 (s, 6H), 0.42 (s, 3H). 13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 

137.29, 134.78, 134.71, 132.33, 131.96, 130.88, 130.66, 128.29, 127.99, 51.12. 29Si NMR (79 MHz, 

CD2Cl2, 24 °C, ppm) δ = -32.41. EA (% measured (calculated)), C12H14O2SSi: C 57.62 (57.56), H 5.62 

(5.64), S 12.82 (12.80), Si 11.41 (11.22). MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 251.05; 

found: 250.8624. 

 

Synthesis of dimethoxy(thiophen-2-yl)(vinyl)silane (P4) 
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Compound P4 was synthesised according to representative procedure A with 22.235 g S4 and 16.303 g 

A1, distilling at 116 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

22.971 g of pure compound P4 were isolated. 

 
1H NMR (400 MHz, CD2Cl2, 24 °C, ppm) δ = 7.69 (dd, J = 4.6, 1.0 Hz, 1H), 7.46 (dd, J = 3.4, 1.0 Hz, 1H), 

7.25 (dd, J = 4.6, 3.4 Hz, 2H), 6.24 (dd, J = 14.7, 4.6 Hz, 1H), 6.15 (dd, J = 20.0, 14.7 Hz, 1H), 6.03 (dd, J 

= 20.0, 4.6 Hz, 1H), 3.62 (s, 6H). 13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 137.74, 136.88, 132.19, 

130.88, 130.80, 128.25, 50.88. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -33.17. EA (% measured 

(calculated)), C8H12O2SSi: C 47.703 (47.97), H 6.0512 (6.04), S 15.76 (16.00), Si 11.39 (14.02). MS (ESI-

TOF): (m/z [M + H]+ measured (calculated)): 201.03; found: 200.4689. 

 

Synthesis of dimethoxy(thiophen-2-yl)silane (P5) 

 
Compound P5 was not successfully synthesised via procedure A with 18.330 g S5 and 16.303 g A1. 

Recorded NMR spectra are presented in the spectra section of appendix A4. 

 

Synthesis of 3-(dimethoxy(thiophen-2-yl)silyl)propan-1-amine (P6) 

 
Compound P6 was synthesised according to representative procedure A with 26.894 g S6 and 16,303 g 

A1, distilling at 160 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

2.360 g of pure compound P6 were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.41 (dd, J = 7.1, 1.6 Hz, 1H), 7.36 – 7.32 (m, 1H), 7.08 (dd, 

J = 7.1, 4.8 Hz, 1H), 3.56 (s, 6H), 2.73 (p, J = 6.3 Hz, 2H), 1.60 (s, 2H), 1.15 (t, J = 6.2 Hz, 2H), 1.05 (t, J = 

8.3 Hz, 2H). 13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 136.25, 132.13, 129.15, 127.11, 51.30, 44.23, 

26.84, 9.14. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -18.03. EA (% measured (calculated)), 

C9H17NO2SSi: C, 46.20 (46.72), H 7.42 (7.41), N 3.14 (6.05), S 14.10 (13.86), Si 14.02 (12.14). MS (ESI-

TOF): (m/z [M + H]+ measured (calculated)): 232.07; found: 233.0023. 

 

Synthesis of 3-(dimethoxy(thiophen-2-yl)silyl)propyl methacrylate (P7) 
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Compound P7 was not synthesised successfully. In both reaction runs the reaction mixture of S7 and 

A1 solidified and turned brown during the reaction. Spectra are presented in A4. No material 

containing signals in 29Si NMR could be isolated after solidification. 

 

Synthesis of triethoxy(thiophen-2-yl)silane (P8) 

 
Compound P8 was synthesised according to representative procedure A with 31.250 g S8 and 16.303 g 

A1, distilling at 106 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

20.008 g of pure compound P8 were isolated. 

Compound P8 was synthesised according to representative procedure B with 246.3 mg S28 and 

163.0 mg A1. 222.0 mg of P8 at a purity of 91 % were isolated. 

 
1H NMR (400 MHz, CD2Cl2, 24 °C, ppm) δ = 7.59 (dd, J = 4.6, 0.9 Hz, 1H), 7.38 (dd, J = 3.4, 0.9 Hz, 1H), 

7.14 (dd, J = 4.6, 3.4 Hz, 1H), 3.78 (q, J = 7.0 Hz, 6H), 1.15 (t, J = 7.0 Hz, 9H). 13C NMR (101 MHz, CD2Cl2, 

24 °C, ppm) δ = 136.34, 133.37, 129.41, 127.19, 59.35, 18.34. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) 

δ = -61.44. EA (% measured (calculated)), C10H18O3SSi: C 48.726 (48.75), H 7.3521(7.36), S 13.18 (13.01), 

Si 7.62 (11.40). MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 247.07; found: 247.0193. 

 

Synthesis of triisopropoxy(thiophen-2-yl)silane (P9) 

 
Compound P9 was synthesised according to representative procedure A with 39.816 g S9 and 16.303 g 

A1, distilling at 155 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

3.462 g of pure compound P9 were isolated. 

 
1H NMR (400 MHz, CD2Cl2, 24 °C, ppm) δ = 7.72 (dd, J = 4.6, 0.9 Hz, 1H), 7.51 (dd, J = 3.4, 0.9 Hz, 1H), 

7.27 (dd, J = 4.6, 3.4 Hz, 1H), 3.81 (t, J = 6.6 Hz, 6H), 1.70 – 1.56 (m, 6H), 0.96 (t, J = 7.4 Hz, 9H). 13C NMR 

(101 MHz, CD2Cl2, 24 °C, ppm) δ = 137.19, 132.27, 129.52, 128.17, 67.75, 22.34, 13.81. 29Si NMR (79 
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MHz, CD2Cl2, 24 °C, ppm) δ = -61.61. EA (% measured (calculated)), C13H24O3SSi: C 53.987 (54.13), H 

8.4231 (8.39), S 10.87 (11.11), Si 6.61 (9.74). MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 

288.12; found: 288.0384. 

 

Synthesis trimethoxy(thiophen-3-yl)silane (P10) 

 
Compound P10 was synthesised according to representative procedure A with 3.125 g S8 and 1.630 g 

A10, distilling at 102 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 

0.306 g of compound P10 were isolated. Rapidly decomposed after 72 h in a sealed ampule. (See listed 

NMR in A4 after decomposition) 

Compound P10 was synthesised according to representative procedure B with 246.3 mg S28 and 

163.0 mg A10. 149.4 mg of P10 at a purity of 87.5 % were isolated. Rapidly decomposed after 72 h in 

a sealed ampule. (See listed NMR in A4 after decomposition) 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.24 (dd, J = 5.1, 3.2 Hz, 1H), 7.19 (dd, J = 3.2, 1.3 Hz, 1H), 

6.96 (dd, J = 5.1, 1.4 Hz, 1H), 3.73 (q, J = 7.0 Hz, 6H), 1.13 (t, J = 7.0 Hz, 9H). 13C NMR (101 MHz, CD2Cl2, 

24 °C, ppm) δ = 129.86, 126.84, 122.82, 109.87, 58.99, 17.91. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) 

δ = -81.91. MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 247.07; found: 246.8681. 

 

Synthesis of benzo[b]thiophen-2-yltrimethoxysilane (P11) 

 
Compound P11 was synthesised according to representative procedure A with 3.125 g S8 and 2.130 g 

A11, distilling at 180 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 

1.669 g of 84 % pure compound P11 were isolated. 

Compound P11 was synthesised according to representative procedure B with 246.3 mg S28 and 

213.0 mg A11. 174.0 mg of P11 at a purity of 82.6 % were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.88 – 7.72 (m, 2H), 7.63 (ddd, J = 20.4, 2.1, 1.0 Hz, 1H), 7.32 

– 7.23 (m, 2H), 3.86 – 3.80 (m, 6H), 1.20 – 1.14 (m, 9H). 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) 

δ = -40.17, -62.04. EA (% measured (calculated)), C14H20O3SSi: C 55.01 (56.72), H 6.91 (6.80), S 9.1 

(10.81), Si 10.14 (9.47). MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 297.09; found: 298.6387. 
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Synthesis of trimethoxy(5-methylthiophen-2-yl)silane (P12) 

 
Compound P12 was synthesised according to representative procedure A with 3.125 g S8 and 1.771 g 

A12, distilling at 89 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

1.417 g of 94 % pure compound P12 were isolated. 

Compound P12 was synthesised according to representative procedure B with 246.3 mg S28 and 

177.1 mg A12. 177.1 mg of P12 at a purity of 90. % were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.25 (d, J = 3.3 Hz, 1H), 6.88 (d, J = 3.2, 1H), 3.87 (q, J = 0.5 

Hz, 6H), 2.54 (s, 3H), 1.24 (t, J = 0.5 Hz, 9H). 13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 141.54, 136.28, 

130.29, 125.58, 59.35, 18.34, 15.75. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -88.89. EA (% measured 

(calculated)), C11H20O3SSi: C 45.78 (50.73), H 7.73 (7.74), S 10.04 (12.31), Si 11.41 (10.78). MS (ESI-TOF): 

(m/z [M + H]+ measured (calculated)): 261.09; found: 261.0006. 

 

Synthesis of trimethoxy(4-methylthiophen-2-yl)silane (P13) 

 
Compound P13 was synthesised according to representative procedure A with 2.283 g S1 and 1.771 g 

A1, distilling at 105 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

1.218 g of pure compound P13 were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.13 – 7.08 (m, 1H), 6.72 – 6.68 (m, 1H), 3.57 (s, 9H), 2.25 

(s, 3H). 13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 135.65, 135.45, 128.13, 122.08, 50.89, 15.46. 29Si 

NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -66.82. EA (% measured (calculated)), C8H14O3SSi: C 45.3 (44.01), 

H 6.41 (6.46), S 12.70 (14.68), Si 14.05 (12.86). MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 

218.34; found: 217.9467. 

 

 

Synthesis of (4,5-dimethylthiophen-2-yl)trimethoxysilane (P14) 

 
Compound P14 was synthesised according to representative procedure A with 2.283 g S1 and 1.911 g 

A14, distilling at 150 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 

1.113 g of pure compound P14 were isolated. 
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Compound P14 was synthesised according to representative procedure B with 183 mg S5 and 111 mg 

A4. 184.5 mg of P14 at a purity of 86.2 % were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 6.99 (s, 1H), 3.57 (s, 6H), 2.23 (s, 3H), 2.18 (s, 3H) 13C NMR 

(101 MHz, CD2Cl2, 24 °C, p pm) δ = 137.24, 133.57, 129.22, 123.63, 50.86, 13.21, 12.88. 29Si NMR 

(79 MHz, CD2Cl2, 24 °C, ppm) δ = -72.15. EA (% measured (calculated)), C9H16O3SSi: C 45.84 (46.52), H 

6.97 (6.94), S 15.09 (13.80), Si 14.04 (12.09). MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 

234.06; found: 234.2583. 

 

Synthesis of (5-(sec-butyl)thiophen-2-yl)trimethoxysilane (P15) 

 
Compound P15 was synthesised according to representative procedure A with 2.283 g S1 and 2.191 g 

A15, distilling at 105 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 

1.312 g of pure compound P15 were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.08 (d, J = 7.6 Hz, 1H), 6.88 – 6.83 (m, 1H), 3.57 (s, 9H), 2.74 

(td, J = 7.3, 0.9 Hz, 2H), 1.61 (tt, J = 7.3, 6.0 Hz, 2H), 1.38 (dtd, J = 13.4, 7.3, 6.1 Hz, 2H), 0.94 (t, J = 7.3 

Hz, 3H).13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 145.80, 135.79, 127.90, 125.22, 50.88, 31.64, 31.34, 

22.26, 13.78. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -64.80.  

 

Synthesis of 5-(trimethoxysilyl)thiophene-2-carbonitrile (P16) 

 
Compound P16 was synthesised according to representative procedure A with 2.833 g S1 and 1.88 g 

A16, distilling at 100 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 

1.016 g of pure compound P16 were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.47 (d, J = 7.6 Hz, 1H), 7.23 (d, J = 7.6 Hz, 1H), 3.57 (s, 9H). 
13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 136.40, 133.79, 131.56, 114.84, 110.59, 50.87. 29Si NMR 

(79 MHz, CD2Cl2, 24 °C, ppm) δ = -66.10. 

 

Synthesis of 1-(5-(trimethoxysilyl)thiophen-2-yl)ethan-1-one (P17) 
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Compound P17 could not be separated from the reaction mixture resulting from the representative 

procedure A with 2.293 g S1 and 2.050 g A17. 

Compound P17 was synthesised according to representative procedure B with 183 mg S5 and 205 mg 

A17. 

Separation of S1 or S5 and P17 through fractioned distillation was not successful. Likely NMR shifts are 

shown below. Furthermore, the appropriate spectra are shown in A4. 
 

29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -88.8. 

 

Synthesis of dimethyl(thiophen-2-yl)(vinyl)silane (P18) 

 
Compound P18 was synthesised according to representative procedure A with 1.743 g S18 and 1.63 g 

A1, distilling at 75 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation apparatus. 1.683 g 

of pure compound P18 were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.48 (dd, J = 4.6, 0.9 Hz, 1H), 7.14 (dd, J = 3.4, 0.9 Hz, 1H), 

7.05 (dd, J = 4.6, 3.3 Hz, 1H), 6.15 (dd, J = 20.2, 14.6 Hz, 1H), 5.97 – 5.84 (m, 1H), 5.64 (dd, J = 20.2, 3.7 

Hz, 1H), 0.25 (s, 6H). 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -14.26. EA (% measured (calculated)), 

C8H12SSi: C 58.7 (57.08), H 6.98 (7.19), S 17.4 (19.05), Si 8.91 (16.7). MS (ESI-TOF): (m/z [M + H]+ 

measured (calculated)): 168.04; found: 168.0492. 

 

Synthesis of 1-methyl-2-(trimethoxysilyl)-1H-pyrrole (P19) 

 
Compound P17 could not be separated from the reaction mixture resulting from the representative 

procedure A with 2.293 g S1 and 1.600 g A19. 

Compound P17 was synthesised according to representative procedure B with 183 mg S5 and 160 mg 

A19. 

Separation of S1 or S5 and P17 through fractioned distillation was not successful. Likely NMR shifts are 

shown below. Furthermore, the appropriate spectra are shown in A4. 

 

Synthesis of furan-2-yltrimethoxysilane (P20) 
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Compound P20 was synthesised according to representative procedure A with with 3.125 g S8 and 

1.771 g A20, distilling at 65 °C oil bath and 1.0 ∗ 10−3 mbar through a short path distillation 

apparatus. 967 mg of 69 % pure compound P12 were isolated. 

Compound P20 was synthesised according to representative procedure B with 246.3 mg S28 and 

177.7 mg A20. 143.6 mg of P20 at a purity of 74.3 % were isolated. 

The compound readily decomposed after synthesis, as shown in the NMR spectra presented in A4. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.69 (dd, J = 1.7, 0.6 Hz, 1H), 6.88 (dd, J = 3.3, 0.6 Hz, 1H), 

6.43 (dd, J = 3.3, 1.6 Hz, 1H), 3.87 (q, J = 7.0 Hz, 6H), 1.28 – 1.16 (m, 9H). 29Si NMR (79 MHz, CD2Cl2, 

24 °C, ppm) δ = -66.79.  

 

Synthesis of 2-(trimethoxysilyl)pyridine (P21) 

 
Compound P21 was not successfully synthesised according to representative procedure A. The 

reaction mixture solidified during reaction using 2.283 g S1 and 1.580 g A21. 

Compound P21 was not successfully synthesised according to representative procedure B. The 

reaction mixture solidified during reaction using 183.3 mg S5 and 158  mg A21. 

 

Synthesis of 1-methyl-2-(trimethoxysilyl)-1H-imidazole (P22) 

 
Compound P22 was synthesised according to representative procedure A with 2.283 g S1 and 1.61 g 

A22, distilling at 96 °C oil bath and 1.0 ∗  10−3 mbar through a short path distillation apparatus. 

1.153 g of pure compound P22 were isolated. 

Compound P22 was synthesised according to representative procedure B with 183 mg S5 and 161 mg 

A22. 93.1 mg of P22 at a purity of 79.5 % were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.23 (d, J = 3.7 Hz, 1H), 7.19 (d, J = 3.7 Hz, 1H), 3.76 (s, 3H), 

3.67 (s, 9H). 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -64.94. EA (% measured (calculated)), 

C7H14N2O3Si: C 49.05 (41.56), H 5.99 (6.98), N 12.07 (13.85), Si 15.75 (13.88). MS (ESI-TOF): (m/z [M + 

H]+ measured (calculated)): 203.08; found: 203.1071. 

 

Synthesis of 2-(trimethoxysilyl)thiazole (P23) 
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Compound P23 was synthesised according to representative procedure A with 2.283 g S1 and 1.64 g 

A23, the compound did not distil at elevated temperature but decomposed. 312 mg of crude 

compound P23 were at a purity of 38% were generated. 

Compound P23 was not successfully synthesised according to representative procedure B. The 

reaction was run using 183.3 mg S5 and 164 mg A24. Only starting substrates are detected. 

 
1H and 29Si NMR spectra were recorded. Due to the impurity of material no peaks are reported here. 

The corresponding spectra are presented in A4. 

 

Synthesis of 2-(trimethoxysilyl)pyrimidine (P24) 

 
Compound P24 was not successfully synthesised according to representative procedure A. The 

reaction mixture solidified during reaction using 2.283 g S1 and 1.589 g A24. 

Compound P24 was not successfully synthesised according to representative procedure B. The 

reaction mixture solidified during reaction using 183.3 mg S5 and 158  mg A24. 

 

Synthesis of 2,5-bis(trimethoxysilyl)thiophene (P25) 

 
Compound P25 was synthesised according to representative procedure A with 4.566 g S1 and 2.419 g 

A25 the reaction time was increased to 72 h, distilling at 195 °C oil bath and 1.0 ∗  10−3 mbar through 

a short path distillation apparatus. 922 mg of pure compound P25 were isolated. 

Compound P25 was synthesised according to representative procedure B with 366.6 mg S5 and 242 mg 

A25. 78.5 mg of P25 at a purity of 84.1 % were isolated. 

 
1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.49 (s, 2H), 3.57 (s, 18H).29Si NMR (79 MHz, CD2Cl2, 24 °C, 

ppm) δ = -59.89. EA (% measured (calculated)), C10H20O6SSi2: C 32.1 (37.01). H 6.21 (6.21), S 7.45 (9.88), 

Si 12.43 (17.31). MS (ESI-TOF): (m/z [M + H]+ measured (calculated)): 324.05; found: 324.0506. 

 

Synthesis of dimethoxydi(thiophen-2-yl)silane (P26) 

 
P26 was not specifically synthesised but was isolated from P1 through fractioned distillation after 

running procedure A targeting P1. 
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1H NMR (300 MHz, CD2Cl2, 24 °C, ppm) δ = 7.67 (dd, J = 4.6, 0.9 Hz, 1H), 7.43 (dd, J = 3.4, 0.9 Hz, 1H), 

7.23 (dd, J = 4.6, 3.4 Hz, 1H), 3.60 (s, 6H). 13C NMR (101 MHz, CD2Cl2, 24 °C, ppm) δ = 136.13, 132.62, 

131.82, 128.32, 50.80. 29Si NMR (79 MHz, CD2Cl2, 24 °C, ppm) δ = -17.99. 

 
Table 11: Overview table of compounds P1 to P25 acquired through process A. Molecular weights were calculated using 

ChemDraw, isolated grams were measured, conversion calculated from expected over measured weight, selectivity 
assessed through NMR of the worked-up product. Yield is calculated as the product of conversions and selectivity. 

Compound 
MW compound 
[g/mol] after isolation [g] Conversion [%] Selectivity [%] Yield [%] 

P1 204.32 18.593 91.0 100 91.0 

P2 188.32 14.783 78.5 100 78.5 

P3 250.39 17.853 71.3 100 71.3 

P4 200.33 18.370 91.7 100 91.7 

P5 174.29 0.000 0.0 0 0.0 

P6 231.39 2.360 10.2 100 10.2 

P7 300.44 0.000 0.0 0 0.0 

P8 246.40 20.008 81.2 100 81.2 

P9 288.48 3.462 12.0 100 12.0 

P10 20432 0.306 1.5 100 1.5 

P11 254.37 16.687 65.6 100 65.6 

P12 218.34 14.170 64.9 100 64.9 

P13 218.34 12.183 55.8 100 55.8 

P14 232.37 11.131 47.9 100 47.9 

P15 260.42 13.125 50.4 100 50.4 

P16 229.33 10.159 44.3 100 44.3 

P17 311.44 0.000 - - - 

P18 168.33 14.712 87.4 100 87.4 

P19 201.30 0.000 - 100 0.0 

P20 188.25 9.676 51.4 69 35.5 

P21 199.28 0.000 0.0 100 0.0 

P22 202.29 1.153 5.7 100 5.7 

P23 205.30 3.121 15.2 38 5.8 

P24 200.27 0.000 0.0 100 0.0 

P25 324.49 9.216 28.4 100 28.4 
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Table 12: Overview table of compounds P1 to P25 acquired through process B. Molecular weights were calculated using 
ChemDraw, isolated grams were measured, conversion calculated from expected over measured weight, selectivity 
assessed through NMR of the worked-up product. Yield is calculated as the product of conversions and selectivity. 

Compound 
MW compound 

[g/mol] after isolation [mg] 
Conversion 

[%] 
Selectivity 

[%] 
Yield 
[%] 

P1 204.32 186.3 91.2 92 83.9 

P2 188.32 145.2 77.1 78 60.1 

P8 246.40 222.0 90.1 91 82.0 

P10 204.32 149.4 73.1 87.5 64.0 

P11 254.37 174.0 68.4 82.6 56.5 

P12 218.34 177.1 81.1 90.8 73.6 

P14 232.37 184.5 79.4 86.2 68.4 

P17 311.44 0.0 - - - 

P19 201.30 0.0 0.0 100 0.0 

P20 188.25 143.6 76.3 74.3 56.7 

P21 199.28 0.0 0.0 0 0.0 

P22 202.29 93.1 46.0 79.5 36.6 

P24 200.27 0.0 0.0 0 0.0 

P25 324.49 78.5 24.2 84.1 20.4 

 

Temperature screening for initial Grignard reaction optimisation 
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Table 13: Grignard reaction of different 2-halothiophenes with tetramethyl orthosilicate and magnesium powder in THF at 
35 C. Recording the resulting conversions of 2-halothiophenes, selectivity for trimethoxy(thiophen-2-yl)silane and the cost 

of used 2-halothiophene as of 09.05.2024 from “www.fishersci.de”. 

 

2-Halothiophene Conversion [%] Selectivity [%] Cost [€/kg] 

2-Chlorothiophen A26 24 87 412.00 

2-Bromothiophen A1 52 97 283.00 

2-Iodothiophen A27 57 96 1970.00 

 
Table 14: Temperature screening of the Grignard reaction between 2-bromothiophene and tetramethyl orthosilicate in THF 

and in the presence of magnesium shavings. 

 

Reaction temperature [°C] Crude conversion [%] 

0 °C 41 

25 °C 50 

35 °C 52 

45 °C 62 

55 °C 60 

66 °C 55 

 
Table 15: Workup optimisation of the Grignard reaction between 2-bromothiophene and tetramethyl orthosilicate in THF 

and in the presence of magnesium shavings at 45 °C. 

Process optimisation Crude yield [%] 

None 21 

Extracting sludge with pentane 53 

Extracting sludge with heptane 56 

Washing sludge with pentane 61 

Washing sludge with heptane 62 
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Procedure in agreement with Murata et al. for initial feasibility of palladium catalysed carbon-silicon 

cross coupling between a heteroarylhalide and a trialkoxysilane 

 

Figure 58: Competing reaction products during the palladium catalysed carbon-silicon cross coupling between 
2-bromothiophene and trimethoxysilane. Formed products can be the intended cross coupling product P1 and cleaved 

hydrogen bromide or the undesirable substitution of halide with hydride. Reaction was run with 
tris(dibenzylideneacetone)dipalladium (Pd2(dba)3) as precursor, tri(o-tolyl) phosphine (P(o-tol)3 as ligand, N,N-

diisopropylethylamine (i-Pr2Net) as base in N-methyl-2-pyrrolidone (NMP) as solvent for 1 h our at 23 °C. 

 

A three-neck round-bottom flask is equipped with cooling condenser, two stoppers and a magnetic stir 

bar.  The apparatus is flame dried under reduced pressure and filled with dry argon. 

Tris(dibenzylideneacetone)dipalladium(0) M6 (0.08 mmol, 80 mg) and tri(o-tolyl)phosphine L7 

(0.03 mmol, 91 mg) are weight into sample vials in a glovebox and subsequently transferred to the 

apparatus under air exclusion. One stopper is swapped for a septum. N-Methyl-2-pyrrolidone (20 ml) 

is transferred from the storage container to the apparatus via an argon purged needle. 

2-iodothiophene A27 (1.00 mmol, 1.00 g) is added, followed by N,N-diisopropylethylamine (15 mmol, 

2.6 ml). To this trimethoxysilane S5 (7.5 mmol, 1.24 g) is added slowly. The solution is stirred for 1 h at 

23 °C. The flasks contents are transferred to a separatory funnel and washed five times with pentane 

(5x 6 ml), washing the flask several times. The pentane phase is counter washed with deionized water. 

The pentane phase is dried over magnesium sulphate and low volatiles are removed on a rotary 

evaporator. Conversion of A27 is recorded at 65.1 % with a selectivity of the reaction for P1 of 68 %. 

Furthermore, following the same procedure concentrations and weight ins of M6, L7, V1, B8 and S5 

two additional halo-thiophenes were screened. 2-Bromothiophene A1 (1.00 mmol, 210 mg) and 2-

Chlorothiophene A26 (1.00 mmol, 119 mg) were used. A1 resulted in 150 mg P1 (61 % conversion and 

70 % selectivity), A26 resulted in 76 mg P1 (31 % conversion and 68 % selectivity) 

 

Representative procedure C 

 

Palladium source screening was conducted according to general procedure B. Using different 

palladium precursors (0.03 mmol, 3 mol%) together with 2-(di-tert-butylphosphino)biphenyl 

(JohnPhos, 0.06 mmol, 6 mol%, 17.9 mg) dissolved in N-methyl-2-pyrrolidone (99 mmol, 40 eq, 4.00 

ml). To this 2-bromothiophene (1.00 mmol, 1 eq, 163 mg), N,N-diisopropylethylamine (3.00 mmol, 

3 eq, 0.3877 g) and triethoxysilane (1.00 mmol, 1 eq, 0,246 g) are added. From here general procedure 

B is resumed. The used palladium precursors and weighed samples are reported below. 

 



Appendix 

130 
 

Table 16: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 
intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 

Reaction was run with various palladiums precursors (2-biphenyl)-di-tert-butylphosphine (JohnPhos) as ligand, N,N-
diisopropylethylamine (i-Pr2Net) as base in N-methyl-2-pyrrolidone (NMP) as solvent for 16 hours at 70 °C. Recording the 

resulting conversions of 2-bromothiophene A1, selectivity for triethoxy(thiophen-2-yl)silane P8. 

 

Palladium precursor IUPAC name  Weighed 

sample [mg] 

Conversion of S28 

[%] 

Purity of P8 

Palladium(II)-acetate M1 6.74 41.3 82.6 

Palladium(II)-acetate M1 6.74 38.6 78.2 

Palladium(II)-chloride M2 5.32 10.5 6.1 

Palladium(II)-chloride M2 5.32 13.8 8.0 

Palladium(II)-bis(acetylacetonate) M3 3.14 - 30.4 

Palladium(II)-bis(acetylacetonate) M3 3.14 - 33.2 

(1,1-'Bis(diphenylphosphino)ferrocene) 

palladium(II) dichloride 

M4 
22.0 57.0 0.0 

(1,1-'Bis(diphenylphosphino)ferrocene) 

palladium(II) dichloride 

M4 
22.0 40.9 0.0 

Allylpalladium chloride dimer M5 5.49 - 69.2 

Allylpalladium chloride dimer M5 5.49 - 72.7 

Tris(dibenzylideneacetone)dipalladium(0) M6 27.5 89.1 79.0 

Tris(dibenzylideneacetone)dipalladium(0) M6 27.5 89.3 87.0 

Bis-(dibenzylidenaceton)-palladium(0) M7 17.3 74.6 91.2 

Bis-(dibenzylidenaceton)-palladium(0) M7 17.3 71.2 78.9 

Tetrakis(triphenylphosphine)palladium(0) M8 34.7 6.1 8.4 

Tetrakis(triphenylphosphine)palladium(0) M8 34.7 5.4 10.1 

Palladium monoxide M9 3.67 0.0 0.0 

Palladium monoxide M9 3.67 0.0 0.0 

Palladium on carbon M10 31.9 0.0 0.0 

Palladium on carbon M10 31.9 0.0 0.0 
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Representative procedure D 

Representative experiments from procedure C established Pd(dba)2 as the best palladium precursor. 

Consequently, the used ligands were screened. Phosphor ligand screening was conducted according 

to general procedure B. Using bis(dibenzylideneacetone) palladium(0) together with different 

phosphor-based ligands (0.06 mmol, 6 mol%) dissolved in in N-methyl-2-pyrrolidone (99 mmol, 40 eq, 

4.00 ml). To this 2-bromothiophene (1.00 mmol, 1 eq, 163 mg), N,N-diisopropylethylamine (3.00 

mmol, 3 eq, 0.3877 g) and triethoxysilane (1.00 mmol, 1 eq, 0,246 g) are added. From here general 

procedure B is resumed. The used phosphor-based ligands and weighed samples are reported below. 

 
Table 17: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 

intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 
Reaction was run with various phosphine ligands, Pd(dba)2 P7 as palladium precursor, N,N-diisopropylethylamine (i-Pr2Net) 

as base in N-methyl-2-pyrrolidone (NMP) as solvent for 16 hours at 70 °C. Recording the resulting conversions of 2-
bromothiophene A1, selectivity for triethoxy(thiophen-2-yl)silane P8. 

 
UIPAC Name  Abbreviation  Weighed 

sample [mg] 

Conversion 

of A1 [%] 

Selectivity 

for P8 [%] 

Di-(1-adamantyl)-n-

butylphosphin 

L5 cataCXium A 

 

21.5 44.3 0 

Di-(1-adamantyl)-n-

butylphosphin 

L5 cataCXium A 

 

21.5 45.1 0 

2-Dicyclohexylphosphino-2′-

(N,N-dimethylamino)-biphenyl 

L2 DavePhos 

 

23.6 77.6 68.9 

2-Dicyclohexylphosphino-2′-

(N,N-dimethylamino)-biphenyl 

L2 DavePhos 

 

23.6 81.2 66.8 

1,1′-

Bis(diphenylphosphino)ferrocen 

L8 Dppf 

 

33.3 10.3 0.0 

1,1′-

Bis(diphenylphosphino)ferrocen 

L8 Dppf 

 

33.3 9.6 0.0 

1,3-

Bis(diphenylphosphino)propan 

L10 Dppp 
 

24.7 8.5 0.0 
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UIPAC Name  Abbreviation  Weighed 

sample [mg] 

Conversion 

of A1 [%] 

Selectivity 

for P8 [%] 

1,3-

Bis(diphenylphosphino)propan 

L10 Dppp 
 

24.7 7.9 0.0 

(2-Biphenylyl)-di-tert-

butylphosphin 

L1 JohnPhos 

 

17.9 73.1 84.6 

(2-Biphenylyl)-di-tert-

butylphosphin 

L1 JohnPhos 

 

17.9 72.9 83.2 

1-[2-(Diphenylphosphino)-

ferrocenyl]-

ethyldicyclohexylphosphin 

L9 JosiPhos 

 

38.4 9.2 0.0 

1-[2-(Diphenylphosphino)-

ferrocenyl]-

ethyldicyclohexylphosphin 

L9 JosiPhos 

 

38.4 8.6 0.0 

Tricyclohexylphosphine L6 PCy3 

 

16.8 40.1 33.8 

Tricyclohexylphosphine L6 PCy3 

 

16.8 48.6 20.0 

Tris(o-tolyl)phosphine L7 P(o-tol)3 

 

28.0 38.7 41.2 

Tris(o-tolyl)phosphine L7 P(o-tol)3 

 

28.0 37.7 39.7 

2-Dicyclohexylphosphino-2′,6′-

diisopropoxybiphenyl 

L4 RuPhos 

 

28.6 80.2 50.0 

2-Dicyclohexylphosphino-2′,6′-

diisopropoxybiphenyl 

L4 RuPhos 

 

28.6 79.6 8.9 

2-Dicyclohexylphosphin-2′,4′,6′-

triisopropylbiphenyl 

L3 Xphos 

 

38.4 13.2 0 

2-Dicyclohexylphosphin-2′,4′,6′-

triisopropylbiphenyl 

L3 Xphos 

 

38.4 41.7 49.1 
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Representative procedure E 

Representative experiments from procedures C and D established Pd(dba)2 and JohnPhos. Solvent 

screening was conducted as follows. Bis(dibenzylideneacetone) palladium(0) (0.03 mmol, 3 mol%, 17.3 

mg) together with (2-biphenylyl)-di-tert-butylphosphin (0.06 mmol, 6 mol%, 17.9 mg) dissolved in 

different bipolar, aprotic solvents (99 mmol, 40 eq). To this 2-bromothiophene (1.00 mmol, 1 eq, 

163 mg), N,N-diisopropylethylamine (3.00 mmol, 3 eq, 0.3877 g) and triethoxysilane (1.00 mmol, 1 eq, 

0,246 g) are added. From here general procedure B is resumed. The used solvent and its volume are 

reported below. 

 
Table 18: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 

intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 

Reaction was run with various solvents, M7 as palladium precursor, L1 as ligand and B8 as base for 16 hours at 70 °C. 

Recording the resulting conversions of 2-bromothiophene A1, selectivity for triethoxy(thiophen-2-yl)silane P8. 

 

UIPAC Name  sample volume [ml] Yield [%] Purity [%] Note 

Dimethyl sulfoxide V5 4.37 41.2 23.6  

Dimethyl sulfoxide V5 4.37 45.8 87.6  

N,N-Dimethylacetamide V2 5.70 1.2 27.7  

N,N-Dimethylacetamide V2 5.70 8.5 59.8  

N-Formylmorpholine V4 6.21 30.4 60.6 Green 

N-Formylmorpholine V4 6.21 55.8 40.2 Green 

N-Methyl-2-pyrrolidone V1 4.00 74.6 91.2  

N-Methyl-2-pyrrolidone V1 4.00 71.2 78.9  

Tetramethylurea V3 7.36 12.9 62.0 Gas release 

Tetramethylurea V3 7.36 8.7 75.2 Gas release 

Acetonitrile V6 5.17 0.0 0.0  

Acetonitrile V6 5.17 0.0 0.0  

Aceonitrile + 0.5 wt% N-Methyl-2-

pyrrolidone 

V6 + 

0.5 wt% V1 5.18 74.2 67 

 

Aceonitrile + 0.5 wt% N-Methyl-2-

pyrrolidone 

V6 + 

0.5 wt% V1 5.18 76.2 77 

 

 

Representative procedure F 

Representative experiments from procedures C, D and E established Pd(dba)2, JohnPhos and NMP. 

Base screening was conducted as follows. Bis(dibenzylideneacetone) palladium(0) (0.03 mmol, 3 mol%, 

17.3 mg) together with (2-biphenylyl)-di-tert-butylphosphin (0.06 mmol, 6 mol%, 17.9 mg) dissolved 
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in in N-methyl-2-pyrrolidone (99 mmol, 40 eq, 4.00 ml). To this 2-bromothiophene (1.00 mmol, 1 eq, 

163 mg), a base (3.00 mmol, 3 eq) and triethoxysilane (1.00 mmol, 1 eq, 0,246 g) are added. All bases 

were subjected to Carl-Fischer titration before they were used and water contents below 10 ppm were 

confirmed. From here general procedure B is resumed. The used base and weighed samples are 

reported below. 

 
Table 19: Catalytic carbon silicon cross coupling of 2-bromophene A1 with triethoxysilane S28. Formed products can be the 

intended cross coupling product P8 and cleaved hydrogen halide or the undesirable substitution of halide with hydride. 
Reaction was run with various bases, M7 as palladium precursor, L1 as ligand in N-methyl-2-pyrrolidone (NMP) as solvent 
for 16 hours at 70 °C. Recording the resulting conversions of 2-bromothiophene A1, selectivity for triethoxy(thiophen-2-

yl)silane P8. 

 

UIPAC Name  Weighed sample 

[mg] 

Yield [%] Purity [%] 

1,5,7-triazabicyclo[4.4.0]dec-5-ene B6 417.6 0.0 0.0 

1,5,7-triazabicyclo[4.4.0]dec-5-ene B6 417.6 0.0 0.0 

Arginine B7 522.6 50.2 10.0 

Arginine B7 522.6 46.9 11.2 

N,N-Diisopropylethylamine B8 387.7 91.7 86.1 

N,N-Diisopropylethylamine B8 387.7 90.7 87.8 

Potassium carbonate B1 414.6 0.0 0.0 

Potassium carbonate B1 414.6 0.0 0.0 

Potassium hydroxide B2 168.3 0.0 0.0 

Potassium hydroxide B2 168.3 0.0 0.0 

Potassium tert-butoxide B4 288.3 0.0 0.0 

Potassium tert-butoxide B4 288.3 0.0 0.0 

Pyridine B5 237.3 0.0 0.0 

Pyridine B5 237.3 0.0 0.0 

Tetramethylethylenediamine B9 348.6 21.0 0.0 

Tetramethylethylenediamine B9 348.6 24.8 0.0 

Tripotassium phosphate B3 690.8 80.2 2.4 

Tripotassium phosphate B3 690.8 75.6 3.1 
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Complex intermediate isolation and characterisation with reaction conditions established in 

representative procedures B to F. 

 
Isolation of complex C1 procedure A 

Bis(dibenzylideneacetone)palladium(0) (0.06 mmol, 1 eq, 34.5 mg) and (2-biphenylyl)-di-tert-

butylphosphin (0.06 mmol, 1 eq, 17.9 mg) are added to an inert Schlenk tube. N-Methyl-2-pyrrolidone 

(6.46 mmol, 100 eq, 640 yl) is added resulting in a red solution. Analysis is prepared by sampling into 

an inert Young-NMR-tube. Benzene-d6, sealed in a glass capillary, is added as in internal standard. 

Additionally direct injection ESI-MS is submitted. A vapor diffusion apparatus is prepared with dry, 

degassed diethyl ether. The remaining reaction volume is transferred into the freshly prepared 

apparatus and kept still for 2 weeks. Colorless needles were observed after 10 days. A 1H-NMR 

measurement revealed pure JohnPhos as the main compound in the needle. 
31P NMR (121 MHz, CD2Cl2, 80 °C, ppm) δ = 58.99. EA no usable data could be generated through EA 

MS (ESI-TOF): no usable data could be generated through MS. 

 

Isolation of complex C1 procedure B 

Bis(dibenzylideneacetone) palladium(0) (0.06 mmol, 1 eq, 34.5 mg) and (2-biphenylyl)-di-tert-

butylphosphin (0.06 mmol, 1 eq, 17.9 mg) are added to an inert Schlenk tube. Acetonitrile (6.46 mmol, 

100 eq, 206.8 yl) and N-methyl-2-pyrrolidone (0.06 mmol, 1 eq, 6.13 yl) are added resulting in a red 

solution. An NMR sample is prepared by sampling into an inert Young-NMR-tube. Benzene-d6, sealed 

in a glass capillary, is added as in internal standard. Resulting NMR shifts are identical with shifts 

resulting from isolation of complex C1 procedure A. The remaining reaction volume is transferred into 

the freshly prepared apparatus and kept still for 2 weeks. After 14 days amorphous black solid 

precipitated from solution while discoloration was observed. No crystals were isolated. 

 

Isolation of complex C2a 

To the solution resulting from Isolation of C1 procedure A 2-bromothiophene (0.06 mmol, 1 eq, 5.81 yl) 

is added and stirred at 60 °C for 30 minutes. Analysis is prepared by sampling into an inert Young-NMR-

tube. Benzene-d6, sealed in a glass capillary, is added as in internal standard. Additionally direct 

injection ESI-MS is submitted. The remaining reaction volume is transferred into the freshly prepared 

apparatus and kept still for 2 weeks. After 14 days amorphous black solid precipitated from solution 

while discoloration was observed. No crystals were isolated. 
31P NMR (121 MHz, CD2Cl2, 80 °C, ppm) δ = 19.27, 18.13. EA no usable data could be generated through 

EA MS (ESI-TOF): no usable data could be generated through MS. 
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Isolation of complex C2b 

To the solution resulting from Isolation of C1 procedure A triethoxy silane (0.06 mmol, 1 eq, 11.1 yl) is 

added and stirred at 60 °C for 30 minutes. Analysis is prepared by sampling into an inert Young-NMR-

tube. Benzene-d6, sealed in a glass capillary, is added as in internal standard.  
31P NMR (121 MHz, CD2Cl2, 80 °C, ppm) δ = 51.55 (JohnPhos Oxide182). EA no usable data could be 

generated through EA MS (ESI-TOF): no usable data could be generated through MS. 

 

Isolation of complex C2-OTf 

To the solution resulting form Isolation of C2a a silver salt (0.06 mmol, 1 eq) is added in the dark and 

stirred under light exclusion for 30 minutes. Analysis is prepared by sampling into an inert Young-NMR-

tube. Benzene-d6, sealed in a glass capillary, is added as in internal standard. The remaining reaction 

volume is transferred into the freshly prepared apparatus and kept still for 2 weeks. After 14 days 

amorphous black solid precipitated from solution while discoloration was observed. No crystals were 

isolated. 

 

Isolation of complex C3 

To the solution resulting from Isolation of C2a triethoxy silane (0.06 mmol, 1 eq, 11.1 yl) is added and 

stirred at 80 °C for 30 minutes. Analysis is prepared by sampling into an inert Young-NMR-tube. 

Benzene-d6, sealed in a glass capillary, is added as in internal standard. The remaining reaction volume 

is transferred into the freshly prepared apparatus and kept still for 2 weeks. After 14 days amorphous 

black solid precipitated from solution while discoloration was observed. No crystals were isolated. 
1H NMR (300 MHz, CD2Cl2, 80 °C, ppm) δ = 6.13 (d, J = 471.9 Hz, 1H). 31P NMR (121 MHz, CD2Cl2, 80 °C, 

ppm) δ = 29.41 (d, J = 477.8). EA: no usable data could be generated through EA. MS (ESI-TOF): no 

usable data could be generated through MS. 

 

Isolation of complex C4 

To the solution resulting from Isolation of C2a N,N-diisopropylethylamine (0.18 mmol, 3 eq, 30.6 yl) is 

added and stirred at 60 °C for 30 minutes. . Analysis is prepared by sampling into an inert Young-NMR-

tube. Benzene-d6, sealed in a glass capillary, is added as in internal standard. 

No changes compared to C2a signals can be observed in NMR. 

 

Isolation of complex C5 

To the solution resulting from Isolation of C3 N,N-diisopropylethylamine (0.18 mmol, 3 eq, 30.6 yl) is 

added and stirred at 60 °C for 30 minutes. . Analysis is prepared by sampling into an inert Young-NMR-

tube. Benzene-d6, sealed in a glass capillary, is added as in internal standard. 
31P NMR (121 MHz, CD2Cl2, 80 °C, ppm) δ = 19.27, 18.13 MS (ESI-TOF): no usable data could be 

generated through MS. 

 

Detailed investigation on PDMS endgroup substitution 

Detailed investigations on this reaction were run, identifying the reaction products, as well as 

optimising for bet product formation. Time resolved experiments were conducted, sampling every 30 

minutes, starting at t0 with the addition of catalyst and followed using proton NMR. (Figure 59). 
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Figure 59: Stacked NMR spectra of hydrosilylation of S4 with TMDS, recorded every 30 minutes (t1-t3) and after 17 h (t4) 

after platinum on silica addition. 

 

Experiments were conducted with equal amounts of S4 to TMDS to attain mono substituted product. 

At t0 the resulting spectrum is a mixture of substrate signals. Signals present at 0.19 ppm are attributed 

to methyl-silane-groups in TMDS showing doublet multiplicity due to its single proton-silicon bond. At 

t4 additional signals are present between 0.03 ppm and 0.24 ppm are present as expected when a 

successful conversion to either α- or β-substituted product shown in Figure 42 is successful. As the 

conducted test were designed to yield mono substituted TMDS some double substitution may be 

present, explaining additional signals found in the same area. Due to broad peaks and limited 

resolution of the used device no differentiation between signals was undertaken. Signals at 3.58 ppm 

show methoxy substituted silane, presence of S4, with additional signals at 3.49 ppm relating to free 

methanol. During the reaction process integrals between both signals were recorded, while stating 

with 6 % methanol at t0 24 % methanol at t4 were recorded. The evident reactivity of S4 at the given 

conditions is high enough to react with moisture, partially hydrolysing the substrate on formed 

product. All reactions were performed under inert conditions, using dried argon as protecting gas. 

However, deuterated solvent used for NMR analysis was not dried and used as is, likely introducing 

moisture into the system, after a sample had been taken. This is further supported by the decrease in 

observed hydrolysis from t2 to t3. However, since this would involve a great deal of effort, it was not 

done due to the low impact during screening reactions. Lastly the consumption of S4 is indicated by 

the reduction of integrals value of signals attributed to S4 vinyl group at 5,82 - 5,91, 6,00 - 6,06 and 

6,15 - 6,20 ppm.240 This corresponds to an increase in signal integrals attributed to the resulting 

carbon-silicon bond formed. To calculate the conversion the products integrals are summed and 

divided by the sum of integrals of product, vinyl and silane signals is multiplied by 100 yielding % 

conversion. Integrals from Figure 59 were taken and collected in Table 20. 

t0

t1

t2

t3

t4
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Table 20: Time resolved conversion of hydrosilylation of TMDS with S4 using platinum on carbon. 

Spectrum Conversion [%] 

t0 14.6 

t1 98.1 

t2 98.4 

t3 98.7 

t4 98.9 

 

High conversion at 98.1 % after 30 minutes reaction time (t1) is noted and used in downstream 

experiments as this is sufficient for further testing and streamlines reaction times significantly. 

Conversion at t0 was expected to be 0.0 %. However, 14.6 % was recorded, this is attributed to the 

reaction progressing at room temperature until the NMR measurement is performed. While samples 

had been filtered using a syringe filter, residual platinum may further catalyse the reaction during 

waiting times. Samples had been taken after the addition of platinum on carbon to measure the 

reactions actual t0 and not spectra before all additions are made as the presence of all chemicals 

present during the reaction may alter the resulting chemical shifts slightly. Else simple overlay of all 

substrates may be used. 

Reaction conditions with and without solvent were compared. Reactions without solvent were run 

with all substrates and catalyst present. Toluene was chosen as solvent, as it was suspected to not 

interact with either catalyst or substrates during the reaction run, while allowing for a wide 

temperature range without the solvent evaporating. 20 equivalents of solvent were used relative to 

the substrates. With and without solvent reactions at room temperature (RT, 23 °C) and elevated 

temperature (60 °C) were conducted. The respective conversions after 17 h (t4 spectrum for room 

temperature and no solvent from Figure 59 and Table 5) are listed in Table 21. All spectra show the 

above-described reduction in S4 vinyl signal integral and subsequent increase of signals associated 

with the formed methylene groups.  
Table 21: Conversions after 17 h of platinum catalysed hydrosilylation of TMDS with S4 at different reaction conditions. 

Conditions Conversion [%] 

RT, neat 98.9 

RT, Toluene 91.4 

60 °C, neat 99.4 

60 °C, Toluene 87.0 

 

The increased yield of reactions run in neat conditions makes these conditions more favourable, 

especially when the same setup is applied to higher molecular weight polymers, decreasing the 

concentration of reactive groups. Furthermore, neat conditions do not require the removal of solvent, 

but can be worked up by simple filtration, removing the catalyst. No further workup is required due to 

the almost stoichiometric conversion of substrates. Added workup steps for reactions run with toluene 

likely diminished the conversion further.  

It must be noted that spectra taken from reactions run at 60 °C result in less differentiable signals after 

17 h reaction time in 1H-NMR between 0.00 ppm and 0.25 ppm (Figure 60). These signals are 

associated with TMDS methyl groups. As shown in Figure 42 two products may form during the 

reaction, resulting from alpha and beta hydrosilylation. The signals multiplicity and integration from 

reactions run at 60 °C, doublets integrating for 2H each, are attributed to the alpha product. It can be 

concluded that elevated temperatures lead to more selective alpha hydrosilylation for the given 
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substrates, making product identification easier. For all further reactions, if not indicated otherwise 

run in this chapter neat conditions at 60 °C for 17 h were chosen. The reaction was scaled up from 1 g 

to 25 g, gradually adding S4 to TMDS, keeping the temperature below 60 °C. The reaction showed a 

conversion of 99.4 %, providing sufficient substrate for further reactions described in this chapter. 

 
Figure 60: Platinum catalysed hydrosilylation of S4 with TMDS after 17 h at 60 °C (top) and RT (bottom). 

 

With the optimised reaction conditions at hand, hydrosilylation of compound P4 with TMDS in 

accordance to Figure 42 was undertaken. Again, a decrease in vinyl and increase in signals associated 

to formed methylene groups in 1H-NMR spectra is recorded. The conversion at 92.5 % is slightly 

diminished when compared to hydrosilylation of S4 with TMDS. This is likely due to the added steric 

bulk of compound P4, with its rotation hindered thiophene compared to methoxy substituent in S4. 

Here again a differentiation of alpha and beta products could be seen in the 1H-NMR spectra after the 

reaction both in the heteroaromatic region of thiophene, as well as the formed carbon-silicon bond. 

Interestingly the hydrosilylation lead to sufficient chemical shift differences to not only differentiate 

between substrate and product, but also between alpha and beta product, depicted in Figure 61, 

showing 87.3 % alpha and 12.6 % beta product. Hydrosilylation conditions were successfully 

established and reaction presented in Figure 42 was successfully shown. 
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Figure 61: 1H-NMR region 7.1-7.7 ppm of the reaction product between P4 and TMDS. 

The corresponding spectra are available in Appendix A4 

 

Representative procedure G 

A three-neck round-bottom flask equipped with cooling condenser, magnetic stir bar and a stopper is 

flame dried, filled with dry argon and charged with decamethylcyclopentasiloxane (D5, 168.57 mmol, 

50.000 g). Optionally a solvent is added (100 ml). A chain termination agent according to the table 

below is added (49.45 mmol). The mixture is stirred and heated to 80 °C, trifluoromethanesulfonic acid 

(0.11 mmol, 10 µl) are added. The reaction is left to stir for 2 h and then quenched with sodium 

bicarbonate (19.05 mmol, 1.600 g). The mixture is filtered and subjected to distillation at 120 °C and 

10 mbar. Resulting polymers analysis is listed in the table below. 

 
Table 22: : aROP of TMDS derivatives at 80 °C using different solvent conditions and triflic acid as catalyst, stating the weighed 
samples for the TMDS-derivatives. Conversion measured based on 29Si-NMR shift comparing D4 at -19 ppm and PDMS at -23 
ppm, Mn and PDI according to GPC measurement.  

Entry chain termination 

agent 

solvent Weighed sample 

[g] 

Conversion 

[%] 

Mn 

[g/mol] 

PDI 

1 TMDS Neat 6.642 65 3429 1.14 

2 TMDS Toluene 6.642 63 3581 1.21 

3 TMDS DMSO 6.642 52 3492 1.18 

4 TMDS-S4 Neat 21.302 0 - - 

5 TMDS-S4 Toluene 21.302 0 - - 

6 TMDS-S4 DMSO 21.302 0 - - 

7 TMDS-P4 Neat 26.454 0 - - 

8 TMDS-P4 Toluene 26.454 0 - - 

9 TMDS-P4 DMSO 26.454 0 - - 

 

Representative procedure H 

To a reaction vial silanes P4 and P8 are consecutively added in the below stated amounts and 

equivalents (always summing to 2 mmol). Furthermore, 2 ml of the stated solvent is added. Lastly the 

stated amount of 1 M aqueous hydrochloric acid (HClaq) is added. The vials are closed, and the mixture 

is stirred at the stated temperature for 24 h. Lastly the vials are opened and further stirred at the same 

temperature for 2 h. Actual weights and resulting molar ratios are listed in Table 26. Samples are taken 

from the vials and subjected to analysis. Analysis results are listed in Table 26. Exemplary GPC and NMR 

spectra are shown in Appendix A4. 
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Amplitude sweep on a Thermo Scientific HAAKE RheoStress 1 

A Thermo Scientific HAAKE RheoStress 1 equipped with a stainless-steel base and titanium ring-rotor 

(inner diameter 22 mm, outer diameter 30 mm) plate-plate geometry is equipped with a nitrogen 

purge chamber and is heated to 23 °C. The amplitude sweep mode was selected and conducted in the 

ranges stated below. After calibration a sample of compound S1 is added to the plate and 

measurements are started. The resulting amplitude sweep is presented below with logarithmic axis. 

 
Figure 62: Amplitude sweep of S1 at 𝜏 = 1-2000 Pa, f = 0,1 Hz. 

 

Table 23: Raw data of amplitude sweep of S1 at 𝜏 = 1-2000 Pa, f = 0,1 Hz. 

SegIndex τ in Pa δ in ° G' in Pa G" in Pa |η*| in 
Pas 

1 0.914 89.979 0.000006 0.0172 0.0274 

2 1.369 89.082 0.000272 0.0170 0.0270 

3 2.051 88.288 0.000502 0.0168 0.0267 

4 3.066 87.803 0.000640 0.0167 0.0266 

5 4.577 87.650 0.000683 0.0166 0.0265 

6 6.837 87.461 0.000737 0.0166 0.0265 

7 10.207 87.364 0.000765 0.0166 0.0265 

8 15.240 87.292 0.000788 0.0167 0.0265 

9 22.750 87.304 0.000788 0.0167 0.0267 

10 33.973 87.324 0.000787 0.0168 0.0268 

11 50.741 87.432 0.000764 0.0170 0.0272 

12 75.828 87.578 0.000734 0.0173 0.0276 

13 113.404 87.824 0.000678 0.0178 0.0284 

14 169.860 88.223 0.000580 0.0187 0.0298 

15 254.998 88.939 0.000377 0.0203 0.0324 

16 383.684 89.857 0.000058 0.0234 0.0373 

17 577.974 88.226 0.000893 0.0288 0.0459 

18 870.464 86.519 0.002282 0.0375 0.0598 

19 1309.692 85.086 0.004375 0.0509 0.0813 

20 1967.747 84.135 0.007311 0.0712 0.1139 
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It can be assumed that significant deformations are not relevant for uncured systems such as the test 

substance investigated in this study. However, for curing polymeric systems, minimizing deformation 

is desirable to maintain structural integrity. At strain levels exceeding γ = 3000, a nonlinear response 

of the measured parameters becomes evident. Additionally, achieving high deformations requires 

correspondingly high oscillation amplitudes, as the oscillatory motion must be completed within the 

preset frequency. At higher deformation levels, the system transitions beyond the viscoelastic regime, 

making further analysis irrelevant for the intended application. Moreover, excessive deformation can 

lead to polymer chain disentanglement, thereby altering the material’s response.220 Consequently, 

measurements at deformation levels exceeding this threshold were not conducted. 

 

Frequency sweep on a Thermo Scientific HAAKE RheoStress 1 

A Thermo Scientific HAAKE RheoStress 1 equipped with a stainless-steel base and titanium ring-rotor 

(inner diameter 22 mm, outer diameter 30 mm) plate-plate geometry is equipped with a nitrogen 

purge chamber and is heated to 23 °C. The frequency sweep mode was selected in the range 

𝜏 = 26.74 Pa, f = 0,01 - 100 Hz. After calibration a sample of compound S1 is added to the plate and 

measurements are started. The resulting frequency sweep is presented below with logarithmic axis. 

 
Figure 63: Frequency sweep of S1 with 𝜏 = 26.74 Pa, f = 0,01 - 100 Hz. 
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Table 24: Raw data of frequency sweep of S1 with 𝜏 = 26.74 Pa, f = 0,01 - 100 Hz. 

SegIndex τ in Pa δ in ° G' in Pa G" in Pa |η*| in Pas 

1 26.717 89.798 0.000006 0.0017 0.0274 

2 26.695 89.648 0.000016 0.0026 0.0279 

3 26.646 89.483 0.000034 0.0038 0.0280 

4 26.542 89.232 0.000075 0.0056 0.0281 

5 26.321 88.853 0.000164 0.0082 0.0281 

6 25.863 88.306 0.000355 0.0120 0.0281 

7 24.968 87.426 0.000793 0.0176 0.0281 

8 23.311 86.193 0.001722 0.0259 0.0281 

9 20.656 84.364 0.003745 0.0379 0.0282 

10 17.125 81.660 0.008156 0.0556 0.0283 

11 13.426 77.667 0.017961 0.0821 0.0288 

12 10.327 73.234 0.037809 0.1255 0.0306 

13 8.282 67.126 0.084901 0.2012 0.0348 

14 5.507 55.405 0.173866 0.2521 0.0332 

15 4.420 42.516 0.385649 0.3536 0.0387 

16 3.572 32.896 0.769091 0.4975 0.0461 

17 4.568 1.002 2.391231 0.0418 0.0820 

18 2.966 18.744 3.359406 1.1400 0.0829 

19 3.551 29.329 7.911232 4.4449 0.1444 

20 5.479 17.735 26.817980 8.5767 0.3053 

21 1.463 47.131 13.677610 14.7348 0.1485 

22 2.366 3.799 61.828609 4.1056 0.3119 

23 9.100 34.396 365.905914 250.5058 1.5205 

24 33.953 4.535 1985.224976 157.4758 4.6522 

25 42.591 30.524 5380.075195 3172.1589 9.9402 

26 43.232 19.066 4931.141113 1704.3140 8.3037 

 

Frequency sweeps show stable and reproduceable results for 1 Hz and lower, this seems to be 

independent from the stress set for the measurement. The spectrum shown is a function of frequency. 

G’ and G’’ follow linear dependencies below 1 Hz and constant behavior of the resulting viscosity η. 

Therefore, measurements below 1 Hz are investigated further. 

 

Representative procedure I 

A Thermo Scientific HAAKE RheoStress 1 equipped with a stainless-steel base and titanium ring-rotor 

(inner diameter 22 mm, outer diameter 30 mm) plate-plate geometry is equipped with a nitrogen 

purge chamber and is heated to 23 °C. Continuous oscillation mode is selected based on the 

parameters established in representative procedures H and I and run at γ = 150, 0.1 Hz and 24 h. The 

sampling rate is set to average over 5 minutes (collecting several full oscillations each). Additionally, a 

humidity chamber and humidity generator and controller (dataphysics-instruments HGC 20) are used 

on the rotor contact area continuously generating a stream of 50 % humidity and 23 °C air. 

Measurements are presented in Appendix A4 as graphs as there are several hundred datapoints 

collected per measurement, |η*| is calculated through (3). From the data polynomial fits correlating 

datapoint # with values are available and presented below: 

P1: 

𝐺‘(𝑷𝟏) = 0.00000021 ∗ #^3 − 0.00006 ∗ #^2 + 0.0041 ∗ # + 0.2959; 𝑅2 = 0.985 
𝐺’’(𝑷𝟏) = 0.00000315 ∗ #^3 − 0.0007 ∗ #^2 + 0.0579 ∗ # + 0.1428; 𝑅2 = 0.992 
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P8: 

𝐺’(𝑷𝟖) = 0.0000002 ∗ #^3 − 0.000048 ∗ #^2 + 0.003798 ∗ # + 0.29625; 𝑅2 = 0.989 

𝐺’’(𝑷𝟖) = 0.00000168 ∗ #^3 − 0.0003 ∗ #^2 + 0.0343 ∗ # + 0.0661; 𝑅2 = 0.995 

S2: 

𝐺’(𝑺𝟐) = 0.00000013 ∗ #^3 − 0.00002 ∗ #^2 + 0.0015 ∗ # + 0.1985; 𝑅2 = 0.993 

𝐺’’(𝑺𝟐) = 0.00000148 ∗ #^3 − 0.000282 ∗ #^2 + 0.0139 ∗ # + 0,0364; 𝑅2 = 0.989 

S4: 

𝐺’(𝑺𝟒) = 0.0000002 ∗ #^3 − 0.00004 ∗ #^2 + 0.0019 ∗ # + 0.2981; 𝑅2 = 0.992 

𝐺’’(𝑺𝟒) = 0.00000145 ∗ #^3 − 0.000251 ∗ #^2 + 0.031 ∗ # + 0.0593; 𝑅2 = 0.996 

S6: 

𝐺’(𝑺𝟔) = 0.00000013 ∗ #^3 − 0.00001 ∗ #^2 + 0.0011 ∗ # + 0.6989; 𝑅2 = 0.993 

𝐺’’(𝑺𝟔) = 0.00000195 ∗ #^3 − 0.000379 ∗ #^2 + 0.04596 ∗ # + 0.3544; 𝑅2 = 0.910 

 

From this data the crossover-times of all silanes can be extracted through G’ = G’’ (See Table 26). 

 
Table 25: Time resolved rheology measurement of P1, P8, S2, S4 and S6 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz and 
t = 24 h and at 23 °C, 50 % humidity ambient conditions. Table shows the time until cross-over point and viscosity at crossover-
point [Pas]. 

Silane Time until crossover-point [min] η* at crossover-point [Pas] 

P1 10 0.70 

P8 35 0.73 

S2 110 0.51 

S4 40 0.71 

S6 40 1.63 

 

In some instances, the formation of gelled particles under the ring rotor and the expulsion is observed. 

This is accompanied by fluctuations in data. An exemplary particle expulsion is shown in Figure 64. The 

corresponding rotor is shown in Figure 65. 
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Figure 64: Thermo Scientific HAAKE RheoStress 1 peltier plate with particles expelled by the ring rotor (not shown). 

 

Figure 65: Thermo Scientific titanium ring-rotor with gelled particles after 24 h measurement. 
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Table 26: Overview table for representative procedure I listing weighed samples P4 and P8, used solvent, amount of 1M 
hydrochloric acid, the molar ratio between P4, P8 and water, as well as the temperature of the reaction. Resulting GPC 
measurements, swelling degree as the quotient Q of the resins weight after and before swelling, as well as bound, residual 
methoxy content from NMR. 

 

 



Appendix 

147 
 

Upscale of reaction procedure A 

Run 1 

The previously reported reaction procedure A has been upscaled as described in 3.4. The appropriate 

reaction procedure, including noted reaction temperatures is reported here. 

A reaction setup as described per representative procedure A containing tetraethoxy-silane and 

2-bromothiophene is prepared in a laboratory neighboring the scale-up plant. To a round bottom flask 

243 g magnesium shavings are added and heated to 280 °C at 1.0 * 10-3 mbar for 1 h. In parallel a 

custom-made double wall stainless steel reactor is washed with acetone and then dried at 1.5 mbar 

and 80 °C jacket temperature for 4 h. The reactor is flushed with dry nitrogen and the above-described 

shavings transferred und a nitrogen blanket, followed by the addition of 10 L dry THF. 

2.23 kg tetraethoxy silane are charged into the reactor. 644 ml 2-bromothiophene is prepared in a 

round bottom flask, connected to a variable speed peristaltic pump. Dosing is turned on to 50 ml per 

minute, adding a total of 45 ml. After 34 minutes an increase of reactor temperature from 26 °C to 

46 °C is noted. The jacket temperature is noted to rise to maximum 37 °C. After 2 h no significant 

cooling of cooling fluid was noted. Dosing was continued at 10 ml per minute. No temperature increase 

is observed. The setup according to representative procedure A is initiated with 10 ml Thiophene, 

observing a temperature rise from 25 °C to 48 °C. The flasks content was transferred under nitrogen 

to the steel reactor. Dosing into the reactor was continued at 5 ml per minute, noting a maximum 

temperature of 46 °C. After addition was finished the jacket temperature was increased to 60 °C for 

1 h. Distillation from the reactor was carried out through a Claisen analogous bridge at 40 °C at 

210 mbar, leaving a grey residue. The residue is transferred to a dry 6 L multi-neck round bottom flask. 

The reactor is washed with 4 L dry heptane. The resulting slurry is filtered through a dry 29.3 cm PALL 

high pressure filter equipped with a POR 3 filter disc. The resulting liquid is distilled at 45 °C and 

30 mbar. Yielding 1.509 kg slightly yellow, clear liquid. The product is subjected to fractioned 

distillation and NMR results are equivalent to couplings reported for P8. 

 

Run 2 

An identical setup as described in run 1 was used, instead of tetraethoxy-silane 1.48 kg vinyl-

trimethoxy-silane was used. Again 45 ml 2-bromothiophene were dosed to the reactor. The thermostat 

installed within the jacket loop of the reactor had been upgraded between the runs allowing for more 

efficient heat exchange. The reactor temperature is reported to rise from 28 °C to 35 °C initially, cooling 

to 30 °C within 4 minutes. The prepared reaction according to representative procedure A was not 

used. 2-bromothiopehen addition was resumed, taking 2.5 h total. From here the workup reported in 

run 1 is continued. Yielding 1.135 kg (87 %) slightly yellow, clear liquid. NMR shows 79 % purity. The 

product is subjected to fractioned distillation and NMR results are equivalent to couplings reported for 

P4. 

 

Addition of novel α-silanes to representative commercial formulation 

To a 200 ml PP mix cup for a Hauschild SpeedMixer® 80 g 80.000 cSt α-ω-OH-polydimethylsiloxane 

followed by 10 g 1.000 cSt α-ω-methyl-polydimethylsiloxane, 5 g of fumed silica and 4.9 g vinyl-

trimethoxy silane (S4) are added. The cup is closed and inserted into a Hauschild SpeedMixer® DAC 

400. After 1 minute mixing at 2000 rpm the cup is opened, 0.1 g dioctyltin dilaurate as catalyst are 

added and the cup is subjected to mixing for 2 minutes at 100 mbar and 2000 rpm forming the 

reference sample. To this 1 wt% of material stated in the table below may be added. The resulting 

mixture is applied on a HDPE sheet at a thickness of 2 mm and left to cure for up to 7 days at 23 °C and 

50 % humidity. The required time to form a skin is measured using a spatula. Tack free time is 
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determined after 24 h through ASTM C679.235 Shore A values of the film are recorded according to 

ASTM D2240 after 1 and 7 days.236 Additionally, samples for peel tests were applied to the substrates 

stated below as a bead and left to cure for 7 days at 23 °C and 50 % humidity and measured according 

to ISO 11339.237 Additions of silanes from this work are listed in table and polymers formed in this work 

are added and measured according to table.  
Table 27: To the representative mixture described above one weight percent of the stated silanes were added and tests 
conducted to the stated standards at controlled ambient conditions. The resulting measurement values are tabulated 

below. 

Entry Baseline S4 P1 P2 P3 P4 

SOT [min] 20 18 8 19 16 10 

Cure through [mm / 24 h] 2.36 2.47 3.31 2.68 2.59 3.82 

Shore A [1 d] 13 14 10 13 14 9 

Shore A [7 d] 22 23 24 23 20 25 

Adhesion Glas 8 9 9 8 8 9 

Adhesion Aluminum 6 7 9 7 6 9 

Adhesion Brass 4 4 8 7 7 8 

Adhesion Concrete 2 2 8 6 7 8 

Adhesion PMMA 1 2 7 6 6 8 

 
Table 28: To the representative mixture described above one weight percent of a PDMS functionalised with the stated 

silane are added and tests conducted to the stated standards at controlled ambient conditions. The resulting measurement 
values are tabulated below. 

Entry Baseline PDMS-S4 PDMS-S1 

SOT [min] 20 19 22 

Cure through [mm / 24 h] 2.36 2.41 2.45 

Shore A [1 d] 13 14 10 

Shore A [7 d] 22 22 21 

Adhesion Glas 8 8 8 

Adhesion Aluminium 6 6 7 

Adhesion Brass 4 5 5 

Adhesion Concrete 2 1 2 

Adhesion PMMA 1 3 4 
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A4 Spectra 

 
Figure 66: 1H NMR (300 MHz, CDCl3) spectrum of trimethoxy(thiophen-2-yl)silane (P1). 

 
Figure 67: 13C NMR (75 MHz, CDCl3) spectrum of trimethoxy(thiophen-2-yl)silane (P1). 
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Figure 68: 29Si NMR (60 MHz, CDCl3) spectrum of trimethoxy(thiophen-2-yl)silane (P1). 

 
Figure 69: 1H NMR (300 MHz, CDCl3) spectrum of dimethoxy(methyl)(thiophen-2-yl)silane (P2). 
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Figure 70: 13C NMR (75 MHz, CDCl3) spectrum of dimethoxy(methyl)(thiophen-2-yl)silane (P2). 

 

Figure 71: 29Si NMR (60 MHz, CDCl3) spectrum of dimethoxy(methyl)(thiophen-2-yl)silane (P2). 
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Figure 72: COSY (300 MHz, CDCl3) spectrum of dimethoxy(methyl)(thiophen-2-yl)silane (P2). 

 
Figure 73: 1H NMR (300 MHz, CDCl3) spectrum of dimethoxy(phenyl)(thiophen-2-yl)silane (P3). 
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Figure 74: 13C NMR (75 MHz, CDCl3) spectrum of dimethoxy(phenyl)(thiophen-2-yl)silane (P3). 

 
Figure 75: 29Si NMR (60 MHz, CDCl3) spectrum of dimethoxy(phenyl)(thiophen-2-yl)silane (P3). 
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Figure 76: COSY (300 MHz, CDCl3) spectrum of dimethoxy(phenyl)(thiophen-2-yl)silane (P3). 

 

Figure 77: 1H NMR (300 MHz, CDCl3) spectrum of dimethoxy(thiophen-2-yl)(vinyl)silane (P4). 
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Figure 78: 13C NMR (75 MHz, CDCl3) spectrum of dimethoxy(thiophen-2-yl)(vinyl)silane (P4). 

 
Figure 79: 29Si NMR (60 MHz, CDCl3) spectrum of dimethoxy(thiophen-2-yl)(vinyl)silane (P4). 
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Figure 80: COSY (300 MHz, CDCl3) spectrum of dimethoxy(thiophen-2-yl)(vinyl)silane (P4). 

 
Figure 81: 1H NMR (300 MHz, CDCl3) spectrum of dimethoxy(thiophen-2-yl)silane (P5). 
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Figure 82: 29Si NMR (60 MHz, CDCl3) spectrum of dimethoxy(thiophen-2-yl)silane (P5). 

 
Figure 83:  1H NMR (300 MHz, CDCl3) spectrum of 3-(dimethoxy(thiophen-2-yl)silyl)propan-1-amine (P6). 
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Figure 84: 13C NMR (75 MHz, CDCl3) spectrum of 3-(dimethoxy(thiophen-2-yl)silyl)propan-1-amine (P6). 

 
Figure 85: 29Si NMR (60 MHz, CDCl3) spectrum of 3-(dimethoxy(thiophen-2-yl)silyl)propan-1-amine (P6). 
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Figure 86: : 1H NMR (300 MHz, CDCl3) spectrum of synthesis targeting 3-(dimethoxy(thiophen-2-yl)silyl)propyl methacrylate 

(P7). 

 
Figure 87: 29Si NMR (60 MHz, CDCl3) spectrum of synthesis targeting 3-(dimethoxy(thiophen-2-yl)silyl)propyl methacrylate 

(P7). 
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Figure 88: 1H NMR (300 MHz, CDCl3) spectrum of triethoxy(thiophen-2-yl)silane (P8). 

 
Figure 89 13C NMR (75 MHz, CDCl3) spectrum of triethoxy(thiophen-2-yl)silane (P8). 
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Figure 90: 29Si NMR (60 MHz, CDCl3) spectrum of triethoxy(thiophen-2-yl)silane (P8). 

 
Figure 91: 1H NMR (300 MHz, CDCl3) spectrum of triisopropoxy(thiophen-2-yl)silane (P9). 
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Figure 92: 13C NMR (75 MHz, CDCl3) spectrum of triisopropoxy(thiophen-2-yl)silane (P9). 

 
Figure 93: 29Si NMR (60 MHz, CDCl3) spectrum of triisopropoxy(thiophen-2-yl)silane (P9). 
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Figure 94: 1H NMR (300 MHz, CDCl3) spectrum of triethoxy(thiophen-3-yl)silane (P10). 

 
Figure 95: 13C NMR (75 MHz, CDCl3) spectrum of triethoxy(thiophen-3-yl)silane (P10). 
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Figure 96: 29Si NMR (60 MHz, CDCl3) spectrum of triethoxy(thiophen-3-yl)silane (P10). 

 
Figure 97: 1H NMR (300 MHz, CDCl3) spectrum of triethoxy(thiophen-3-yl)silane after 72 h in sealed ampule. 
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Figure 98: 29Si NMR (60 MHz, CDCl3) spectrum of triethoxy(thiophen-3-yl)silane after 72 h in sealed ampule. 

 
Figure 99: 1H NMR (300 MHz, CDCl3) spectrum of benzo[b]thiophen-2-yltriethoxysilane (P11). 

                                                                  
        

 
 
  
 

 
 
  
 

 
 
  
 

  
 
  
 

  
 
  
 

  
 
  
 

  
 
  
 

                              
        

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  
 

 
  

 

 

 

   



Appendix 

166 
 

 

Figure 100: 13C NMR (75 MHz, CDCl3) spectrum of benzo[b]thiophen-2-yltriethoxysilane (P11). 

 
Figure 101: 29Si NMR (60 MHz, CDCl3) spectrum of benzo[b]thiophen-2-yltriethoxysilane (P11). 
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Figure 102: 1H NMR (300 MHz, CDCl3) spectrum of triethoxy(5-methylthiophen-2-yl)silane (P12). 

 
Figure 103: 13C NMR (75 MHz, CDCl3) spectrum of triethoxy(5-methylthiophen-2-yl)silane (P12). 
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Figure 104: 29Si NMR (60 MHz, CDCl3) spectrum of triethoxy(5-methylthiophen-2-yl)silane (P12). 

 
Figure 105: 1H NMR (300 MHz, CDCl3) spectrum of trimethoxy(4-methylthiophen-2-yl)silane (P13). 
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Figure 106: 13C NMR (75 MHz, CDCl3) spectrum of trimethoxy(4-methylthiophen-2-yl)silane (P13). 

 
Figure 107: 29Si NMR (60 MHz, CDCl3) spectrum of trimethoxy(4-methylthiophen-2-yl)silane (P13). 
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Figure 108: 1H NMR (300 MHz, CDCl3) spectrum of (4,5-dimethylthiophen-2-yl)trimethoxysilane (P14). 

 
Figure 109: 13C NMR (75 MHz, CDCl3) spectrum of (4,5-dimethylthiophen-2-yl)trimethoxysilane (P14). 
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Figure 110: 29Si NMR (60 MHz, CDCl3) spectrum of (4,5-dimethylthiophen-2-yl)trimethoxysilane (P14). 

 
Figure 111: 1H NMR (300 MHz, CDCl3) spectrum of (5-(sec-butyl)thiophen-2-yl)trimethoxysilane (P15). 
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Figure 112: 13C NMR (75 MHz, CDCl3) spectrum of (5-(sec-butyl)thiophen-2-yl)trimethoxysilane (P15). 

 
Figure 113: 29Si NMR (60 MHz, CDCl3) spectrum of (5-(sec-butyl)thiophen-2-yl)trimethoxysilane (P15). 
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Figure 114: 1H NMR (300 MHz, CDCl3) spectrum of 5-(trimethoxysilyl)thiophene-2-carbonitrile (P16). 

 
Figure 115: 13C NMR (75 MHz, CDCl3) spectrum of 5-(trimethoxysilyl)thiophene-2-carbonitrile (P16). 
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Figure 116: 29Si NMR (60 MHz, CDCl3) spectrum of 5-(trimethoxysilyl)thiophene-2-carbonitrile (P16). 

 
Figure 117: 1H NMR (300 MHz, CDCl3) spectrum of 1-(5-(trimethoxysilyl)thiophen-2-yl)ethan-1-one (P16). 
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Figure 118: 13C NMR (75 MHz, CDCl3) spectrum of 1-(5-(trimethoxysilyl)thiophen-2-yl)ethan-1-one (P17). 

 
Figure 119: 29Si NMR (60 MHz, CDCl3) spectrum of 1-(5-(trimethoxysilyl)thiophen-2-yl)ethan-1-one (P17). 
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Figure 120: 1H NMR (300 MHz, CDCl3) spectrum of dimethyl(thiophen-2-yl)(vinyl)silane (P18). 

 
Figure 121: 29Si NMR (60 MHz, CDCl3) spectrum of dimethyl(thiophen-2-yl)(vinyl)silane (P18). 
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Figure 122: 1H NMR (300 MHz, CDCl3) spectrum of triethoxy(furan-2-yl)silane (P20). 

 
Figure 123: 29Si NMR (60 MHz, CDCl3) spectrum of triethoxy(furan-2-yl)silane (P20). 
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Figure 124: 1H NMR (300 MHz, CDCl3) spectrum of triethoxy(furan-2-yl)silane after 72 h. 

 

Figure 125: 29Si NMR (60 MHz, CDCl3) spectrum of triethoxy(furan-2-yl)silane after 72 h. 
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Figure 126: 1H NMR (300 MHz, CDCl3) spectrum of 1-methyl-2-(trimethoxysilyl)-1H-imidazole (P22). 

 
Figure 127: 29Si NMR (60 MHz, CDCl3) spectrum of 1-methyl-2-(trimethoxysilyl)-1H-imidazole (P22). 
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Figure 128: 1H NMR (300 MHz, CDCl3) spectrum of 2,5-bis(trimethoxysilyl)thiophene (P25). 

 
Figure 129: 29Si NMR (60 MHz, CDCl3) spectrum of 2,5-bis(trimethoxysilyl)thiophene (P25). 
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Figure 130: 1H NMR (300 MHz, 80 °C, CDCl3) spectrum of complex C1. 

 

Figure 131: 13C NMR (76 MHz, 80 °C, CDCl3) spectrum of complex C1. 
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Figure 132: 31P NMR (121 MHz, 80 °C, CDCl3) spectrum of complex C1. 

 

Figure 133: 31P NMR (121 MHz, 80 °C, CDCl3) spectrum of complex C1. Formed with one equivalent acetonitrile. 
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Figure 134: 31P-1H-HMBC of C1 in NMP. 

 

Figure 135: 31P NMR (121 MHz, 80 °C, CDCl3) spectrum of complex C2a. 
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Figure 136: 31P-1H-HMBC of C2a in NMP. 

 

Figure 137: 31P NMR (121 MHz, 80 °C, CDCl3) spectrum of complex C2b. 
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Figure 138: 1H NMR (300 MHz, 80 °C, CDCl3) spectrum of complex C3. 

 

Figure 139: 31P NMR (121 MHz, 80 °C, CDCl3) spectrum of complex C3. 
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Figure 140: 31P-1H HMBC (80 °C, CDCl3) spectrum of complex C3 

 

Figure 141: 31P NMR (121 MHz, 80 °C, CDCl3) spectrum of complex C5. 
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Figure 142: Time resolved 1H-NMR of the bis(dibenzylidenaceton)palladium and JohnPhos in N-methylpyrrolidone cross-
coupling of triethoxysilane and 2-bromothiophene. The reaction mixture was kept at 80 °C for 15 h, with spectrum -1 

starting at 0 h and recording subsequent spectra once per hour. 
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Figure 143: Time resolved 31P-NMR of the bis(dibenzylidenaceton)palladium and JohnPhos in N-methylpyrrolidone cross-
coupling of triethoxysilane and 2-bromothiophene. The reaction mixture was kept at 80 °C for 15 h, with spectrum -1 

starting at 0 h and recording subsequent spectra once per hour. 

 

Figure 144: Visualization of time resolved 31P-NMR of the bis(dibenzylidenaceton)palladium and JohnPhos in N-
methylpyrrolidone cross-coupling of triethoxysilane and 2-bromothiophene. The reaction mixture was kept at 80 °C for 15 

h, with spectrum -1 starting at 0 h and recording subsequent spectra once per hour. 
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Figure 145: Raw GPC diagram for the conversion listed in Table 26, entry 1 showing the elution volume plotted against the 
relative refractive index detector response. 

 

Figure 146: GPC diagram extracted from Figure 145 using a polystyrene-based calibration. 
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Figure 147: Exemplary 1H NMR (300 MHz, CDCl3) spectrum of conversion listed in Table 26, entry 1. 

 

Figure 148: Exemplary 29Si NMR (60 MHz, CDCl3) spectrum of conversion listed in Table 26, entry 1. 
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Figure 149: 1H NMR (300 MHz, CDCl3) spectrum of 3,3,11,11-tetramethoxy-6,6,8,8-tetramethyl-2,7,12-trioxa-3,6,8,11-
tetrasilatridecane. 

 

Figure 150: 29Si NMR (60 MHz, CDCl3) spectrum of 3,3,11,11-tetramethoxy-6,6,8,8-tetramethyl-2,7,12-trioxa-3,6,8,11-
tetrasilatridecane. 
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Figure 151: 1H NMR (300 MHz, CDCl3) spectrum of 3,11-dimethoxy-6,6,8,8-tetramethyl-3,11-di(thiophen-2-yl)-2,7,12-trioxa-
3,6,8,11-tetrasilatridecane. 

 

Figure 152: 29Si NMR (60 MHz, CDCl3) spectrum of 3,11-dimethoxy-6,6,8,8-tetramethyl-3,11-di(thiophen-2-yl)-2,7,12-trioxa-
3,6,8,11-tetrasilatridecane. 
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Figure 153: Time resolved rheology measurement of P1 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz and t = 24 h and at 
23 °C, 50 % humidity ambient conditions. 

 

Figure 154: Time resolved rheology measurement of P8 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz and t = 24 h and at 
23 °C, 50 % humidity ambient conditions. 
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Figure 155: Time resolved rheology measurement of S2 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz and t = 24 h and at 
23 °C, 50 % humidity ambient conditions. 

 

Figure 156: Time resolved rheology measurement of S4 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz and t = 24 h and at 
23 °C, 50 % humidity ambient conditions. 
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Figure 157: Time resolved rheology measurement of S6 on a HAAKE RheoStress 1 with γ = 150, f = 0.1 Hz and t = 24 h and at 
23 °C, 50 % humidity ambient conditions. 
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Figure 158: Overview of all abbreviated compounds in this work denoted with P. 
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Figure 159: Overview of all abbreviated compounds in this work denoted with S. 

 
Figure 160: Overview of all abbreviated compounds in this work denoted with A. 
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Figure 161: Overview of all abbreviated compounds in this work denoted with M. 

 
Figure 162: Overview of all abbreviated compounds in this work denoted with L. 
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Figure 163: Overview of all abbreviated compounds in this work denoted with B. 

 

Figure 164: Overview of all abbreviated compounds in this work denoted with V. 
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