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Abstract 

 

Due to the ever-increasing demand for novel synthetic transformations of organic compounds, 

operationally simple and bench stable alternatives to literature known examples are especially sought after. 

The introduction of a non-toxic and robust functional group, like the alkylgermanium handle, would open 

new possibilities to navigate the chemical landscape. In the two-dimensional space, transition metal 

catalyzed approaches have enabled a multitude of decoration possibilities in the last decades; however, the 

three-dimensional area lacks diverse and efficient transformation possibilities. 

In the first chapter, the C–GeEt3 handle is introduced via a rare base catalyzed remote hydrogermylation 

reaction of alkenes (Scheme 1). The straightforward reaction conditions, combined with commercially 

available starting materials, underscore the operational simplicity of the novel method. Under optimized 

conditions, it was shown that catalytic amounts of LiOtBu and CsF isomerize alkene carbon chains of up to 

eight carbons and subsequently hydrogermylate the internal double bond to the corresponding product in 

a one-pot reaction. This methodology proved effective for a range of substrates, including aromatic systems 

bearing electron-donating and electron-withdrawing substituents, as well as heteroaryl and non-aromatic 

compounds such as allyl phosphine, silane, and Bpin derivatives. Interestingly, different germanium sources 

are viable for the herein reported remote hydrofunctionalzation, whereas analogous hydroborylation or 

hydrosilylation reagents failed to achieve productive results, highlighting the unique reactivity of the 

germanium group.  

Further mechanistic investigations have revealed that upon salt metathesis, the strong base CsOtBu might 

be formed and responsible for the unexpected reactivity. DFT calculations of the relevant pKa values are in 

line with the proposed anionic reaction mechanism, which was also supported by deuterium labeling 

studies. Additionally, ICP-MS analysis and control reactions with various transition metals were conducted 

to exclude the observed reactivity origins from metal contamination.  

 

Scheme 1 | Base catalyzed remote hydrogermylation. Scheme adapted from reference.[1] 

 

 

The second chapter focuses on the full functionalization of the established building block containing three 

different handles on one carbon, namely the C–Cl, C–Bpin and C–GeEt3 group (Scheme 2). In this context, 

several fully decorated compounds were synthesized to demonstrate rapid access to complex structures. 

To achieve this full functionalization various reported transformations of the C–Cl and C–Bpin units were 

applied. During these transformations the alkylgermanium group repeatedly proved its robustness under 

harsh conditions, e.g. organometallic reagents and peroxides, making it an ideal handle within the building 
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block. In these cases, the C–Bpin group was successfully oxidized, (hetero)arylated and vinylated following 

the reported procedures. Beyond known transformations, such as Giese addition and dual photoredox 

catalysis with nickel, additional investigations were carried out to functionalize the C–GeEt₃ moiety. The 

photochemically generated alkyl radical was efficiently trapped by sulfonyl reagents, incorporating nitrile, 

vinyl and alkynyl groups. Furthermore, vinyl sulfonium salts were utilized to unlock a novel Giese type 

addition reaction, where formally an electron rich double bond ends up in the final product, which was 

previously not possible. Notably, when an alcohol in the α-position to the alkylgermanium group was 

present under dual photoredox conditions, the cross-coupled product featured selective oxidation of the 

alcohol to an α-aryl ketone. 

In addition to photochemical transformations, an electrochemical approach was utilized to further expand 

the scope of possible functionalizations, particularly for C–heteroatom bond formations. This method 

provided rapid access to three additional complex structures. 

 

Scheme 2 | Full functionalization sequence of the building block using photo- and electrochemical approaches. 
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Zusammenfassung 

 

Aufgrund der stetig wachsenden Nachfrage nach neuen Synthese- und Transformationsmethoden für 

organische Verbindungen werden insbesondere operationell einfache und robuste Alternativen zu den in 

der Literatur bekannten Methoden gesucht. Die Einführung einer ungiftigen und robusten funktionellen 

Gruppe, wie der Alkylgermaniumgruppe, könnte neue Möglichkeiten zur Erschließung des chemischen 

Raums eröffnen. Während für zweidimensionale Strukturen in den letzten Jahrzehnten zahlreiche 

Funktionalisierungsmethoden durch Übergangsmetallkatalyse entwickelt wurden, mangelt es im 

dreidimensionalen Bereich an vielfältigen und effizienten Transformationsmöglichkeiten. 

Im ersten Kapitel wird die C–GeEt₃ Gruppe durch eine ungewöhnliche basenkatalysierte, remote 

Hydrogermylierung von Alkenen eingeführt (Scheme 3). Die unkomplizierten Reaktionsbedingungen in 

Kombination mit kommerziell erhältlichen Ausgangsmaterialien verdeutlichen die operationelle 

Einfachheit dieser neuartigen Methode. Unter optimierten Bedingungen konnte gezeigt werden, dass 

katalytische Mengen von LiOtBu und CsF in der Lage sind, Alkenketten von bis zu acht Kohlenstoffatomen 

zu isomerisieren und anschließend die interne Doppelbindung in einer One-Pot Reaktion zu 

hydrogermylieren. Diese Methode erwies sich als effektiv für viele verschiedene Substrate, darunter 

aromatische Systeme mit elektronenziehenden und elektronenschiebenden Substituenten sowie 

heteroaromatische und nicht-aromatische Verbindungen wie Allylphosphine, -silane und -Bpin. 

Interessanterweise sind verschiedene Germaniumquellen für diese remote Hydrofunktionalisierung 

geeignet, während analoge Hydroborylierungs- oder Hydrosilylierungsreagenzien keine produktiven 

Ergebnisse erzielten, was die einzigartige Reaktivität der Alkylgermaniumgruppe noch einmal 

unterstreicht. 

Weitere Untersuchungen des Mechanismus zeigten, dass durch Salzmetathese die starke Base CsOtBu 

gebildet wird, die potentiell für die unerwartete Reaktivität verantwortlich ist. DFT-Berechnungen der 

entsprechenden pKa Werte unterstützen den vorgeschlagenen anionischen Reaktionsmechanismus, der 

zusätzlich durch Deuterium Reaktionen bestätigt wurde. Darüber hinaus wurden ICP-MS Analysen sowie 

Kontrollreaktionen mit verschiedenen Übergangsmetallen durchgeführt, um auszuschließen, dass die 

beobachtete Reaktivität auf Metallverunreinigungen zurückzuführen ist. 

 

Scheme 3 | Basenkatalysierte remote Hydrogermylierung. Das Scheme ist angelehnt an die original Quelle.[1] 

 

 

Das zweite Kapitel konzentriert sich auf die vollständige Funktionalisierung einer etablierten Plattform, die 

drei verschiedene funktionelle Gruppen enthält und zwar C–Cl, C–Bpin und C–GeEt₃ (Scheme 4). Um die 
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Vielseitigkeit dieser Plattform zu demonstrieren, wurden mehrere vollständig funktionalisierte 

Verbindungen synthetisiert. Hierbei kamen verschiedene etablierte Methoden zur Funktionalisierung der 

C–Cl und C–Bpin Gruppen zum Einsatz. Während dieser Transformationen erwies sich die 

Alkylgermaniumgruppe wiederholt als äußerst stabil unter harschen Bedingungen, einschließlich der 

Anwendung von metallorganischen Reagenzien und Peroxiden, wodurch sie sich als ideale funktionelle 

Gruppe innerhalb der Plattform auszeichnet. Die C–Bpin Gruppe wurde erfolgreich oxidiert, 

(hetero)aryliert und vinyliert, wie es in der Literatur beschrieben wurde. 

Über bekannte Transformationen wie die Giese Addition und die duale Photoredoxkatalyse mit Nickel 

hinaus, wurden zusätzliche Forschungen zur Funktionalisierung der C–GeEt₃ Gruppe durchgeführt. Das 

photochemisch generierte Alkylradikal wurde effizient durch Sulfonylreagenzien eingefangen, wodurch 

Nitril-, Vinyl- und Alkinylgruppen eingeführt wurden. Zudem konnten mit Vinylsulfoniumsalzen neue Giese 

ähnliche Additionsreaktionen realisiert werden, bei denen formal eine elektronreiche Doppelbindung in 

das Endprodukt überführt wurde, was vorher nicht möglich war. Besonders bemerkenswert ist, dass bei 

Vorhandensein einer Hydroxygruppe in α-Position zum Alkylgermanium, unter dualen 

Photoredoxbedingungen, das mit Arylen gekuppelte Produkt eine selektive Oxidation des Alkohols zur 

α-Aryl Ketogruppe zeigte. 

Neben den photochemischen Transformationen wurde auch ein elektrochemischer Ansatz benutzt, um die 

Auswahl möglicher Funktionalisierungen weiterzuentwickeln, insbesondere für C–Heteroatom Bindungen. 

Diese Methode ermöglichte den schnellen Zugang zu drei weiteren komplexen Strukturen. 

 

Scheme 4 | Vollständige Funktionalisierungssequenz der Plattform mittels Photo- und Elektrochemie. 
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Abbreviations 

 

4CzIPN 1,2,3,5-Tetrakis(carbazol-9-yl)-4,6-dicyanobenzene 

Å Ångström (1 Å = 0.1 nm) 

ACN acetonitrile 

Acr acridinium 

Alk alkyl 

Ar aryl 

B3LYP DFT method (hybrid GGA using Becke’s 3-parameter exchange functional and Lee-Yang-Parr 
correlation functional) 

BF3K Potassium trifluoroborate 

Bpin Boronic acid pinacol ester 

CN cyanide 

CPCM conductor polarizable continuum model (solvation model) 

Cy cyclohexyl 

dba dibenzylideneacetone (trans,trans-1,5-diphenyl-1,4-pentadien-3-one) 

DC Direct current 

DCE 1,2-dichloroethane 

DCM dichloromethane 

def2-TZVP Ahlrichs basis set; split-valence triple-zeta 

DFT density functional theory 

DMAc dimethylacetamide 

DME dimethoxyethane 

DMF N,N-dimethylformamide 

DMI 1,3-Dimethyl-2-imidazolidinone 

DMSO dimethylsulfoxide 

Et ethyl 

GC-MS Gas chromatography mass spectrometry 

h hour 

HF Hartree-Fock 

HPLC High performance liquid chromatography 

ICP Inductively coupled plasma 

iPr iso-propyl (2-propyl) 

L ligand 

LDA Lithium diisopropylamide 

LED Light emitting diode 

Li Lithium 

LiTMP lithium 2,2,6,6-tetramethylpiperidide 

M06L DFT method (metaGGA, Minnesota suite) 

MA Michael acceptor 

Me methyl 

MeOH methanol 

Mes mesityl (2,4,6-trimethylphenyl) 

min minute 

nBu n-butyl (1-butyl) 

NMP N-methyl-2-pyrrolidone 

NMR nuclear magnetic resonance spectroscopy 

OAc acetate 

OTf triflate (trifluoromethanesulfonate) 

Ph phenyl 

phen phenanthroline 

rt Room temperature 

SET Single electron transfer 

tBu tert-butyl 

TBS Tert-butyldimethylsilyl 

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl radical 

TFA Trifluoroacetic acid 

THF tetrahydrofuran 

TM Transition metal 

TMS trimethylsilyl 
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Base catalyzed remote hydrogermylation of olefins 

 

 

 

The results described in this chapter were published in Angewandte Chemie.[1] Experimental work was 

carried out in collaboration with Dr. Aymane Selmani (method development), whose contributions are 

highlighted for the corresponding results. 
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1 Base catalyzed remote hydrogermylation of olefins 

1.1 Introduction 

1.1.1 General introduction of olefins 

An olefin, also called an alkene, describes an organic compound containing one or more double bonds 

between two carbon atoms. Molecules containing double bonds are commonly found in natural products 

(Figure 1A) and are used in a broad range of applications, especially in pharmaceutical, agrochemical and 

food industries.[2] Due to the significant importance of alkene containing compounds in human life,[3] the 

literature presents a vast body of knowledge on olefin synthesis and functionalizations. In view of the 

importance of alkenes, many name reactions for the synthesis of those became well known, e.g. the Cope 

elimination,[4] the Wittig reaction,[5] olefin metathesis[6] or the Heck reaction,[7] just to name a few. Besides 

their application as final products in the above-mentioned fields, olefins act as versatile precursors for 

numerous functionalization reactions (Figure 1B). Well-known examples include Sharpless 

dihydroxylation,[8] cyclopropanation,[9] epoxidation,[10] Diels-Alder cycloaddition,[11] polymerization[12] and 

hydrofunctionalizations,[13] which will be discussed in detail later in the chapter.    

 

Figure 1 | Overview of natural products containing alkenes and transformation possibilities of olefins. 
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1.1.2 Transition metal catalyzed and metal free isomerization of olefins 

Another impactful transformation of olefins is the isomerization of the double bond. In comparison to the 

previously mentioned functionalization methods (Chapter 1.1.1), the double bond isomerization does not 

introduce a new functional group, it simply describes the relocation of the olefin or the change from E- to Z-

isomer or vice versa. Given the high demand industrially for alkene containing compounds,[2] the 

isomerization reaction is an atom-efficient tool to create new compounds within one step. An illustrative 

example of the importance of different isomers is the drug tamoxifen, which is used in breast cancer 

treatments to selectively block estrogen receptors (Figure 2A).[14] In this specific case, the Z-isomer of 

tamoxifen is 100 times more biologically active than the E-isomer,[14] underscoring the importance of 

efficient and selective isomerization methods for olefins. In this regard, it is crucial that the formation of a 

new double bond is both regioselective and stereoselective, as the separation of the different isomers 

remains difficult.[2]  

To achieve selective isomerization of olefins, numerous transition metal catalyzed approaches have been 

published, demonstrating double bond migration over one or more carbon atoms.[15] In this context, 

isomerization over multiple carbon bonds is also referred to as a “chain-walk”, which is mostly shown with 

transition metal catalysts and a few examples of Lewis acidic boranes for longer carbon chains.[16, 17] 

Transition metal catalyzed chain walking can go through different possible mechanisms or even 

combinations of them (Figure 2B).[18] The work reported in the literature primarily focuses on the 1,2- or 

the 1,3-hydride shifts, while our group recently reported a novel approach utilizing a metalloradical 1,3–H 

atom relocation.[2, 19, 20]  

In the 1,2-hydride shift mechanism, the transition metal provides a metal hydride and contains a vacant 

coordination site. The transition metal first coordinates to the π-electrons of the double bond and 

subsequently migrates into the olefin to generate a defined alkyl-metal species. After subsequent β-hydride 

elimination, either the E- or Z-isomer is formed and the process can repeat, allowing the double bond to 

move along the carbon chain.[19, 20]  

In contrast to that, the 1,3-hydride shift inner-sphere mechanism requires two free coordination sites and 

no metal hydride. First, one of the free sites of the metal coordinates to the π-electrons of the double bond, 

followed by allylic C–H activation and oxidative addition to form an η3-allyl metal-hydride complex. This 

complex can collapse either to generate the starting material or the rearranged new product. The outer-

sphere mechanism utilizes a base at one of the free coordination sites of the catalyst, to abstract the allylic 

proton after coordination of the metal to the double bond. This will again form the η3-allyl metal-hydride 

complex, which forms the isomerized product after reductive elimination.[19, 20]  

Additionally, a cationic 1,3-proton shift mechanism has been described for electrophilic transition metal 

complexes, such as Pd(II) complexes.[21] After coordination of the metal to the olefin, a carbonium ion is 

formed which generates a cationic allyl intermediate upon loss of H+. This proton will cleave the metal 

carbon bond to release the catalyst and the isomerized product. All of the described mechanistic steps are 

in equilibrium and the final product is dependent on the metal, ligand and solvent employed.[18]  

Moreover, the Schoenebeck group recently published a novel metalloradical 1,3–H atom relocation using a 

nickel dimer.[2] Computational studies support a homolytic cleavage of the dimer by the solvent or substrate 

to form a Ni(I)-substrate monomer complex, generating a metal-substrate complex with radical character. 
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The H–atom transfer to the nickel center generates an intermediate, which rapidly relocates the hydrogen 

atom, to form the more stable nickel complex. Further experimental and computational data support the 

observed formation of the more stable E-isomer.[2]   

 

Figure 2 | Overview of different transition metal catalyzed isomerization mechanisms. Figure adapted from 
references.[2, 18, 20] 

 

 

Another alternative method to isomerize double bonds is via a base mediated pathway.[19] In particular, the 

base induced isomerization of allylbenzene was extensively studied by Cram and Uyeda in the early 

1960s.[22] Based on their findings, they proposed a mechanism that can proceed via either an intramolecular 
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or intermolecular pathway, depending on the solvent and base used (Scheme 5A). They suggested that the 

model substrate 3-phenyl-1-butene (I) undergoes deprotonation at the benzylic position by the alkoxide 

base to form intermediate II, which represents a coplanar allylic anion system. The abstracted hydrogen 

from the newly formed alcohol (ROH) is hydrogen bonded to the two terminal carbons of the allylic anion. 

Upon collapse of this system, either the starting material can be regenerated, since the abstraction is in 

equilibrium, or the intramolecularly isomerized product (III) can be obtained. Another possibility is that an 

additional molecule of the formed alcohol exchanges with the one in intermediate II and when deuterium 

labeled compounds (ROD) were applied, they could also prove the incorporation of those. If the exchange 

occurs from the front site of II, the same intermediate (IV-front) is generated, whereas exchange from the 

back side results in the enantiomer (IV-back). Both of these allylic anions can then collapse to form either 

the deuterated starting material ((R) or (S) I-d) or the deuterated isomerized product (III-d).[22] 

 

Scheme 5 | Base mediated isomerization of allylbenzene mechanism.[19, 22] 
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Due to the ever-increasing interest in metal free approaches, a few alternative strategies have been explored 

in the literature.[19, 23] Beyond alkoxide bases, a sodium-amide superbase has recently been shown to 

selectively isomerize olefins to their thermodynamically most stable position.[24] In comparison with 

transition metal catalyzed approaches,[15] the longest chain length that has been successfully isomerized is 

4-phenyl-1-butene, with a four carbon chain.[24, 25] Since the only two literature known examples of base 

catalyzed isomerization of 4-phenyl-1-butene require either 175°C or a sodium-amide superbase,[24, 25] 

there remains a need for milder reaction conditions and the ability to isomerize extended carbon chains 

(Scheme 5B). 

One possible alternative are the previously mentioned Lewis acidic boranes, specifically 

tris(pentafluorophenyl)borane B(C6F5)3.[17] Catalytic amounts of this borane were sufficient to efficiently 

isomerize phenyl alkenes from the terminal to the thermodynamically more stable internal isomer. Based 

on these results by Morrill and co-workers, the group of Gellrich demonstrated the utilization of the 

comparable catalyst bis(pentafluorophenyl)borane HB(C6F5)2 as tool for efficient isomerization of olefin 

chains up to 12 carbons.[16] However, a significant drawback of these reactions is the requirement for high 

reaction temperatures, specifically 150°C and 120°C, respectively.  
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1.1.3 Hydrofunctionalization of olefins 

In Chapter 1.1.2, it was mentioned that there are a variety of methods to functionalize olefins, including 

hydrofunctionalization. Generally, hydrofunctionalization describes a powerful way of adding a reagent H–

X (X= C, Si, B, N, Sn, O) across an unsaturated multiple bond of an organic structure (Scheme 6).[26-28] The 

obvious benefits of these types of reactions are the complete incorporation of the reagent, leading to high 

atom economy and consequently the production of minimal amounts of waste. On an industrial scale, 

transition metal catalyzed approaches are primarily used for hydroformylation, -silylation, -boration, -ami

nation,  ̵stannation and others of olefins.[26-28] The generated products are further applied in the production 

of pharmaceuticals, flavors, materials and fine chemicals, emphasizing the importance and impact of 

hydrofunctionalization.[28] During these processes, the employed catalyst, ligands and solvent system are 

crucial for the chemo-, regio- and stereoselectivity of the formed products. In this context, the 

hydrofunctionalization of terminal olefins can result in the formation of two different constitutional isomer, 

the Markovnikov and the anti-Markovnikov products.[29]  

 

Scheme 6 | Hydrofunctionalization of alkenes and alkynes. 

 

 

One of the most prominent hydrofunctionalizations is the hydrosilylation of multiple bonds to form 

industrially relevant silicon coupling reagents or silicon polymers, which are further used as oils, resins and 

rubbers.[30] In these cases, the terminal hydrosilylated, or anti-Markovnikov, product is preferred due to the 

high demand in silicon industries.[28] Interestingly, the first transition metal catalyzed hydrosilylation was 

performed with a platinum catalyst by Speier which was reported in the late 1950s.[31] In 1973, Karstedt 

published a new Platinum catalyst, which outcompeted the previously reported catalysts in activity and 

selectivity.[32] Over the last few decades, research efforts have focused to successfully improve the reactivity 

and selectivity of the transition metal catalyzed hydrosilylation reaction.[28] In consideration of the low 

abundance and high cost of precious metals, first row transition metals like iron, nickel or titanium were 

found to be effective alternatives, even showing improved reactivity or selectivity for specific examples.[30] 

Furthermore, transition metal free approaches were reported to enable the hydrosilylation of olefins, e.g. 

using Lewis acidic B(C6F5)3 or alkali metal fluorides.[33, 34] 

Another industrially relevant hydrofunctionalization reaction is the hydroboration of alkenes and alkynes. 

In these processes, alkyl or vinyl boranes/boronic esters are synthesized for further functionalization in 

Suzuki-Miyaura cross-coupling or other important transformations, such as oxidation to an alcohol or 

amination.[35] The first hydroboration of carbon-carbon multiple bonds was reported by H. C. Brown in 

1956,[36] for which he was awarded the Nobel Prize in 1979. Over the last decades, various transition metal 

catalyzed protocols have been published that control the regio- and enantioselectivity of the formed boronic 
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ester products, which are air- and bench-stable in comparison to their borane counterparts.[28, 35] As 

mentioned previously, efforts have been made to reduce the use of precious transition metals or metal 

catalysts in general and therefore, elegant methods for hydroboration have been published, using Lewis 

acids or base catalyzed approaches.[37-39] 

Comparable attention has also been paid to the hydrostannalation reaction of alkenes and alkynes, due to 

the broad application of organostannanes in further functionalization as Stille cross-coupling reagents.[40] 

In this regard, the synthesis of vinyl stannanes is of more interest than alkyl stannanes. Synthetic methods 

are mostly based on transition metal catalyzed hydrostannalation of carbon-carbon multiple bonds, but 

free-radical methods are also well established.[41] Transition metal free approaches have been described 

with the Lewis acidic B(C6F5)3.[42] In comparison to the already mentioned hydrofunctionalization reagents, 

organotin compounds are very toxic and because of this, novel functionalization methods aim to avoid the 

use of this moiety.  
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1.1.4 Remote hydrofunctionalization of olefins 

The rapid construction of complexity within an undecorated and abundant starting material remains a 

primary goal of synthetic chemistry. In general, catalytic strategies that combine the advantages of 

practicality, atom-efficiency and broad applicability are particularly sought after, especially in the Csp3 

landscape.[43, 44] Within this context, the remote functionalization of alkenes represents a transformative 

approach, enabling the introduction of different functional groups at unactivated Csp3–H positions distal to 

the original reactive site.[18, 20, 45-48] Unlike conventional alkene functionalization methods, the reactive site 

is efficiently traversed along the hydrocarbon chain, allowing chemical modification at a distant position 

and unlocking novel pathways for diverse modifications. In general, a functional group interacts with a 

catalyst, which then facilitates the chain walking on the carbon chain, leading to the remote site and 

subsequently functionalizing this group (Scheme 7). This strategy combines the previously described chain 

walking along the carbon chain with the hydrofunctionalization of the carbon-carbon double bond. Such 

reactions are not only synthetically challenging but also offer versatile platforms for molecular 

diversification, as shown for C–C,[49] C–Si,[50, 51] and C–B[52, 53] bond formations.  

 

Scheme 7 | General overview of a remote functionalization reaction.[18] 

 

 

Literature reported remote hydrofunctionalization reactions mostly rely on the addition of transition metal 

catalysts to perform the isomerization and subsequent hydrofunctionalization steps.[18, 20] Transition metal 

catalysts are therefore instrumental in controlling the efficiency and selectivity of this process, with 

performance highly dependent on metal species, oxidation state and ligand environment. Achieving 

selective olefin isomerization over functionalization is challenging and often requires tailored catalytic 

systems for specific functional groups. Furthermore, the high cost, scarcity and functional group 

incompatibility of certain transition metals, in conjunction with concerns over metal residues in 

pharmaceuticals, highlight the need for metal-free alternatives.[54] One recently published example is the 

borenium catalyzed chain walking with a terminating hydroboration on the thermodynamically most stable 

internal isomer.[54] The resulting borane product has been shown to undergo well-established 

transformations, such as oxidation to an alcohol, opening a broad range of possible functionalizations. Due 

to the previously mentioned benefits of a transition metal free remote hydrofunctionalization approaches, 

further investigations are required to introduce different functional groups. 
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1.1.5 Trialkylgermanium as a versatile moiety  

The trialkylgermanium group would be a suitable candidate for the remote hydrofunctionalization reaction, 

due to the attractive properties of organogermanium compounds; these compounds benefit from being non-

toxic, hydrophobic and bench-stable, in addition to being easy to handle and purify.[55] Historically, 

germanium was discovered by Clemens Winkler in Germany in 1886, which was the reason for the name of 

the new element.[56] In the periodic table of elements, germanium is part of the carbon group together with 

carbon, silicon, tin and lead.[57] Intensive investigations in the last decades have clearly shown that 

organogermanium compounds have unambiguously different properties in chemical and pharmaceutical 

applications, in comparison to their analogues.[58-60] Notable examples of this are the utilization in organic 

light-emitting diodes or the significant increase in biological activity, when a carbon atom was exchanged 

with germanium.[58, 59]  

In the 1970s and 1980s, global breakthroughs were made in the palladium catalyzed cross-couplings of aryl 

halides with aryl stannanes or silanes.[61, 62] At the time, organogermanium compounds did not show any 

productive reactivity under usual Pd(0)/Pd(II) conditions, unless they were exposed to harsh reaction 

conditions.[63] Limited to the underdeveloped reaction conditions for organogermanes, the aryl germane 

was overlooked and outperformed by the aforementioned aryl stannane and silane equivalents.[64] 

In recent years, the reactivity and activation mechanisms of organogermanium compounds have been 

thoroughly investigated by our group.[60] These studies revealed that the trialkylgermanium species are 

prone to electrophilic C–Ge bond activation strategies, utilizing palladium nanoparticles, Pd(II) or Au(I)/Au(III) 

catalysts (Scheme 8A).[65-70] In these findings it was reported that the organogermanium moiety 

chemoselectively reacted in the presence of other well-known cross-coupling partners, such as aryl silane 

or aryl boronic acids and esters, demonstrating orthogonal selectivity. In this context, the 

trialkylgermanium group remains intact under standard cross-coupling conditions, enabling new 

possibilities as shown in the sequential coupling of aryl germanes to rapidly access polyarenes.[71] Besides 

trialkylgermanium aryl functionalizations, recent advances in photochemical transformations of Csp3–

trialkylgermanium compounds have been shown (discussed in detail in Chapter 2).[72, 73]  
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Scheme 8 | Trialkylgermanium functionalization strategies and literature known hydrogermylation approaches.[60] 

 

 

Due to the increasing numbers of different functionalization possibilities, the synthesis of 

trialkylgermanium compounds has led to new methodologies. Accessing the desired trialkylgermanes is 

frequently done by nucleophilic substitution of either the germanium-based nucleophile (e.g. R3GeMgX or 

R3GeZnX) and an alkyl halide, or equivalently organometallic reagents in combination with a germanium 

electrophile (e.g. Et3GeCl).[74-77] To overcome the limitations associated with organometallic reagents, 

further protocols have been reported such as nickel catalyzed reductive coupling of trialkylgermanium 

chlorides with alkyl bromides or photoinduced germyl radical formation, which allows addition to 

olefins.[78-81] Another viable and atom-efficient method is the hydrogermylation of alkenes, which has been 

applied in numerous publications (Scheme 8B).[82-86] In addition to transition metal catalyzed examples, 

Lewis acid catalyzed reactions have been shown to be highly efficient and selective.[87, 88]
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1.2 Base catalyzed remote hydrogermylation of olefins: results and discussion 

1.2.1 Optimization studies 

Expanding on prior findings of the hydrogermylation of terminal olefins with B(C6F5)3,[88] Dr. Aymane 

Selmani from our group discovered a novel base mediated approach. These first results were achieved using 

stoichiometric amounts of LiOtBu and CsF (3.0 equiv. each) in DMI at 80°C for 16 h, with the olefin as 

limiting reagent and 2.5 equivalents of triethylgermanium hydride (Et3GeH). During these studies, Dr. 

Aymane Selmani found that the hydrogermylation selectively takes place at the homobenzylic position of 

styrenes and their derivatives. Interestingly, when the carbon chain of terminal olefins was extended, the 

isomer underwent chain walking to the styrene position, followed by subsequent hydrogermylation. With 

this newly discovered remote hydrofunctionalization in hand, this work focuses on the optimization of 

reaction conditions towards a catalytic approach, scope and the elucidation of the reaction mechanism.  

The model substrate for the optimization studies was 1-(but-3-en-1-yl)-4-fluorobenzene, which furnished 

organogermane 1; this compound must undergo the isomerization to the styrene position before the 

hydrogermylation can take place and the yield could be determined by quantitative 19F NMR analysis. In the 

first optimization sequence, different bases were screened with various alkali metal fluorides (Table 1).  

 

Table 1 | Optimization of bases and alkali fluorides.  

 

Entry Base Alkali fluoride Base loading 19F NMR yield (%)a 

1 LiOtBu CsF 2.0 equiv. 91 

2 NaOtBu CsF 2.0 equiv. 18 

3 KOtBu CsF 2.0 equiv. 56 

4 LiOMe CsF 2.0 equiv. 2 

5 LiOtBu LiF 2.0 equiv. 0 

6 LiOtBu NaF 2.0 equiv. 0 

7 LiOtBu KF 2.0 equiv. 14 

8 LiOtBu RbF 2.0 equiv. 12 

9 KOtBu KF 2.0 equiv. 81 

10 LiOtBu CsF 10 mol% 91 

11 LiOtBu - 10 mol% 0 

12 NaOtBu - 10 mol% 0 

13 KOtBu - 10 mol% 87 

Reaction conditions: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

base (10 mol% - 2.0 equiv.) and alkali fluoride (10 mol% - 2.0 equiv.) and dissolved in anhydrous DMI (1.0 mL, 0.1 M). To the mixture 

were added 1-(but-3-en-1-yl)-4-fluorobenzene (15.0 mg, 0.1 mmol, 1.0 equiv.) and Et3GeH (24.3 μL, 1.5 equiv.). The vial was sealed 

and brought out of glovebox and stirred in a heating block at 80°C overnight. a) After cooling down to room temperature 1,4-

difluorobenzene was added as internal standard for 19F NMR yield determination. Additionally, a small aliquot was taken and analyzed 

by GC-MS measurement. 
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Entries 1-3 show that lithium, sodium and potassium tert-butoxide bases with CsF generate in all three 

cases the desired product, while the highest yield of 91% was obtained using LiOtBu (Table 1). Exchanging 

LiOtBu with LiOMe under similar conditions resulted in only traces of product (entry 4), which leads to the 

assumption that a tert-butoxide base is required for this reaction. Since LiOtBu achieved the highest yield, 

the remaining alkali metal fluorides were screened with this base. As shown in entries 5-8, no product was 

formed with LiF and NaF, while KF and RbF generated the product in low yields. In comparison, KOtBu with 

KF achieved an increased yield of 81%, indicating that the nature of the tert-butoxide base plays a pivotal 

role in this reaction. The dependence of the counter cation of the tert-butoxide base was further probed 

when different bases were used without any alkali metal fluoride and only KOtBu showed product formation 

in 87% yield (entries 11-13). Interestingly, it was found that low base loadings of 10 mol% LiOtBu and CsF 

were sufficient to achieve a selective and high yielding reaction of 91%, culminating in the highest yield 

obtained in this optimization study. These observations lead to the conclusion that an in-situ salt metathesis 

between LiOtBu and CsF may take place to form CsOtBu, resulting in increased reactivity.[89] An in-depth 

discussion on the dependency of the tert-butoxide base and a proposed catalytic cycle will be further 

evaluated in the mechanistic discussion part (Chapter 1.2.5).    

 

Table 2 | Optimization of solvents. 

 

Entry Solvent 19F NMR yield (%)a 

1 DMI 91 

2 DMF 45 

3 DMAc 13 

4 NMP 0 

5 DMSO 66 

6 ACN 0 

7 THF 0 

8 benzene 0 

9 cyclohexane 0 

Reaction conditions: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (0.8 mg, 0.1 equiv.) and CsF (1.5 mg, 0.1 equiv.) and dissolved in anhydrous solvent (1.0 mL, 0.1 M). To the mixture were added 

1-(but-3-en-1-yl)-4-fluorobenzene (15.0 mg, 0.1 mmol, 1.0 equiv.) and Et3GeH (24.3 μL, 1.5 equiv.). The vial was sealed and brought 

out of glovebox and stirred in a heating block at 80°C overnight. After cooling down to room temperature 1,4-difluorobenzene was 

added as internal standard for 19F NMR yield determination. Additionally, a small aliquot was taken and analyzed by GC-MS 

measurement. 

 

Next, solvent screening (as shown in Table 2) was carried out. In this study amide-based solvents (entries 

1-4), polar aprotic solvents (entries 5-7) as well as aromatic and aliphatic solvents (entries 8 and 9), were 

tested. The initially used DMI once again achieved the highest yield, while other amide-containing solvents 

like DMF and DMAc showed decreased yields ranging from 13-45%. When other polar aprotic solvents like 
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DMSO, ACN and THF were tested, only DMSO achieved product formation with a 66% yield. This finding 

aligns with the literature reported reactions with KOtBu in DMSO.[90] Aromatic and aliphatic solvents like 

benzene and cyclohexane were unproductive and did not show any desired product formation. 

 

Table 3 | Optimization of the solvent concentration. 

 

Entry Concentration (M) 19F NMR yield (%)a 

1 0.4 67 

2 0.2 84 

3 0.1 91 

4 0.05 80 

Reaction conditions: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (0.8 mg, 0.1 equiv.) and CsF (1.5 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.05-0.4 M). To the mixture were added 1-

(but-3-en-1-yl)-4-fluorobenzene (15.0 mg, 0.1 mmol, 1.0 equiv.) and Et3GeH (24.3 μL, 1.5 equiv.). The vial was sealed and brought out 

of glovebox and stirred in a heating block at 80°C overnight. After cooling down to room temperature 1,4-difluorobenzene was added 

as internal standard for 19F NMR yield determination. Additionally, a small aliquot was taken and analyzed by GC-MS measurement. 

 

Following this, investigations were made for the optimal reaction concentration with DMI for high yielding 

product formation (Table 3). Besides the initially used concentration of 0.1 M, more concentrated reaction 

mixtures (entries 1 and 2) and a more diluted condition (entry 4) were compared. Interestingly, both 

increasing and decreasing the reaction concentration by half resulted in similar yields of 80-84%, while the 

standard condition still obtained the highest yield. Further reduction in solvent volume led to a decreased 

yield of 67%, emphasizing the necessity of an ideal concentration for optimal yield. A possible reason for 

the decreased yield in a more concentrated reaction could be the lower solubility of the base. 
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Table 4 | Optimization of reaction temperature. 

 

Entry Temperature (°C) 19F NMR yield (%) 

1 room temperature 0 

2 40 0 

3 60 6 

4 80 91 

5 100 89 

6 120 86 

Reaction conditions: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (0.8 mg, 0.1 equiv.) and CsF (1.5 mg, 0.1 equiv.) and dissolved in anhydrous solvent (1.0 mL, 0.1 M). To the mixture were added 

1-(but-3-en-1-yl)-4-fluorobenzene (15.0 mg, 0.1 mmol, 1.0 equiv.) and Et3GeH (24.3 μL, 1.5 equiv.). The vial was sealed and brought 

out of glovebox and stirred in a heating block at the temperature shown overnight. After cooling down to room temperature 1,4-

difluorobenzene was added as internal standard for 19F NMR yield determination. Additionally, a small aliquot was taken and analyzed 

by GC-MS measurement. 

 

After screening the bases, solvents and concentrations it was proceeded with the comparison of different 

temperatures in a range from room temperature to 120°C (Table 4). While at room temperature and 40°C 

no product formation was observed at all, traces of the desired product were obtained at a reaction 

temperature of 60°C. Using a reaction temperature of 80°C, as shown in the initial reaction conditions, the 

highest 19F NMR yield of 91% was obtained. Interestingly, when the reaction temperature was increased to 

100°C and 120°C, a slightly lower yield of 86–89% was achieved, respectively. The elevated temperatures 

might have caused partial deactivation of the catalyst or undesired side reactions involving the olefin. 

Moreover, the obtained 19F NMR yields are very comparable, leading to the conclusion that a reaction 

temperature above 80°C is neither necessary nor beneficial for further yield improvement. 
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Table 5 | Optimization of reaction time.  

 

Entry Time (h) 19F NMR yield (%) 

1 2 0 

2 4 19 

3 6 29 

4 8 56 

5 16 91 

Reaction conditions: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous solvent (3.0 mL, 0.1 M). To the mixture were added 

1-(but-3-en-1-yl)-4-fluorobenzene (45.0 mg, 0.3 mmol, 1.0 equiv.), Et3GeH (72.9 μL, 1.5 equiv.) and 4,4'-difluoro-1,1'-biphenyl was 

added as internal standard for 19F NMR yield determination. The vial was sealed and stirred in a heating block at 80°C and samples 

were taken at every shown time. Additionally, a small aliquot was taken and analyzed by GC-MS measurement. 

 

As a final parameter, the reaction time of the remote hydrogermylation reaction was evaluated over a range 

from 2 to 16 h (Table 5). To provide consistent results, one reaction vial was set up with 4,4'-difluoro-1,1'-

biphenyl as an internal standard, stirred inside the glovebox and samples were taken at the specified times. 

After 2 h of reaction time, no desired product formation was observed by 19F NMR or GC-MS, with most of 

the starting material remaining and only traces of isomerized olefin. After additional 2 h (entry 2), the 

starting material was fully isomerized and a desired product signal was observed by GC-MS analysis. With 

increasing reaction time, the yield also increased to 29% after 6 h (entry 3) and 56% after 8 h (entry 4) of 

stirring. After 16 h (entry 5), the previously mentioned yield of 91% was obtained. Since a longer reaction 

time did not increase the product yield, the standard condition of 16 h was used for all further experiments. 
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1.2.2 Different Germanium sources 

The next reaction parameter to be investigated was the employment of various germanium sources for the 

remote hydrogermylation reaction. First, 1-allyl-4-fluorobenzene was used as a model substrate with 

Et3GeH, Bu3GeH, Et3GeSiMe2Ph and Me6Ge2 as reagents (Scheme 9A). Dr. Aymane Selmani from our group 

previously evaluated these germanium sources and demonstrated their efficacy in generating the desired 

products under non-optimized reaction conditions. Following with the optimized conditions, all reactions 

obtained the desired products, while the best yields were achieved with Et3GeH as the germanium source, 

furnishing 80% (2) with catalytic amounts of base. Bu3GeH demonstrated another germanium hydride that 

can undergo the hydrogermylation reaction selectively at the homobenzylic position, resulting in a high 

yield of 79% (3) with a catalytic amount of base. Besides germanium hydrides, a germanium silane reagent 

(Et3GeSiMe2Ph) was also tested under standard conditions, displaying different reactivity compared to the 

previously mentioned reagents. Dr. Aymane Selmani showed that using 2.0 equivalents of base with this 

reagent led to the desired product in a high yield of 93%, but with only 10% of base, just 10% of the desired 

product (2’) was isolated. Based on these results, it can be concluded that the germanium silane reagent 

requires at least one equivalent of base to be activated and achieve full conversion to the product. Another 

non-hydride species tested was the germanium dimer hexamethyldigermane (Me6Ge2), obtaining a 47% (4) 

yield with catalytic amounts of base. In comparison to the germanium silane reagent, the germanium dimer 

does not require stoichiometric amounts of base for sufficient product formation. This can potentially be 

explained by the literature known formation of a silane tert-butoxide, which was also observed by GC-MS 

analysis and is believed to inhibit further product formation after catalyst removal from the reaction.[91]  

To demonstrate that the shown hydrogermylation reagents are also feasible for longer alkene chains, 

4-phenyl-1-butene was used as another model substrate (Scheme 9B). First, it was confirmed that the 

hydrogermylation with Et3GeH once again obtained the highest yield among these reagents, yielding 92% 

(5). A slightly lower yield of 83% (6) was achieved with Bu3GeH, while the germanium silane reagent 

obtained the expected 10% (5’) yield under catalytic conditions. Applying the germanium dimer Me6Ge2 as 

hydrogermylation reagent resulted in 56% of the desired product (7), following the same trend observed 

with the previous model substrate. Based on the obtained results, Et3GeH remains the most promising 

hydrogermylation reagent and thus was further utilized under standard conditions for the substrate scope 

and mechanistic investigations. The germanium silane and the germanium dimer possibly react via a 

different mechanism and consequently, were not further investigated. 
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Scheme 9 | Evaluation of different germanium sources for the hydrogermylation of alkenes. 

Reaction conditions for A and B: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was 

charged with LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were 

added alkene (0.3 mmol, 1.0 equiv.) and the hydrogermylation reagent (1.5 equiv.). The vial was sealed and brought out of glovebox 

and stirred in a heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly 

subjected to flash column chromatography on silica gel to obtain the desired product. 

 

Besides the germanium sources previously discussed, it was also tested whether different 

hydrofunctionalization agents were compatible under the applied reaction conditions. First, several 

hydrosilylation reagents, such as Et3SiH, PhMe2SiH and Me6Si2 were tested with the model substrate 1-allyl-

3-methylbenzene (Scheme 10A). Although these silanes are structurally similar to the previously tested 

germanes, no desired product formation was observed. In all cases, the formation of a silane tert-butoxide 

species was detected by GC-MS analysis, as previously reported in the literature.[91] The formation of this 

undesired byproduct leads to deactivation of the base catalyst, inhibiting further isomerization of the 

double bond and subsequent hydrofunctionalization. Additionally, 4-phenyl-1-butene was used as starting 

material with the same silanes, as well as PhMe2Si–SiMe2Ph and Me(EtO)2SiH, which led to the same 

unproductive results (Scheme 10B). Even the use of stoichiometric amount of base did not help to achieve 

the desired product formation. 

Similar to hydrosilylation, hydroborylation reagents were tested under standard conditions (Scheme 10). 

For this reason, literature reported hydroborylation reagents such as HBpin and B2pin2 were applied to the 

previously used model substrate, as well as simple styrene. Unfortunately, in all cases the desired product 

did not form under catalytic conditions. Switching to the second model substrate, 4-phenyl-1-butene, also 

resulted in no desired product formation, even when using other borylation reagents such as HBcat and 
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B2cat2. Unlike the silane reagents, the hydroborylation reagents did not show any tert-butoxide based side-

product formation. Consistent with the hydrosilylation results, increasing the amount of base did not 

facilitate the expected product formation. In conclusion, the germanium reagents were shown to 

demonstrate unique reactivity in these transformations, highlighting their potential for future applications.  

 

Scheme 10 | Test reactions for further suitable reagents for the remote hydrofunctionalization. 

 

Reaction conditions for A and B: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was 

charged with LiOtBu (0.8 mg, 0.1 equiv.) and CsF (1.5 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were 

added the alkene (0.1 mmol, 1.0 equiv.) and the hydrofunctionalization reagent (1.5 equiv.). The vial was sealed and brought out of 

glovebox and stirred in a heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was 

analyzed by GC-MS analysis. 
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After an extensive screening process, it was concluded that the optimal reaction conditions for the desired 

product formation were catalytic amounts of LiOtBu and CsF in DMI at 80°C for 16 h, with the olefin as the 

limiting reagent and Et3GeH as germanium source. In the following scope and mechanistic discussions, it 

will always be specified whether catalytic or stoichiometric amounts of base were used in the reaction 

conditions.
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1.2.3 Scope for the base catalyzed remote hydrogermylation 

First, simple styrene derivatives were tested for the hydrogermylation reaction, as no isomerization can 

occur with these substrates. Fortunately, the anti-Markovnikov products from styrene and its derivatives 

were selectively obtained in high yields ranging from 62–87% (Scheme 11), demonstrating the tolerance 

towards electron donating groups as well as fluorine and steric hindrance at the benzylic position. Only 

4-(trifluoromethyl)styrene stood out as an outlier with a low yield of 25%, which might be due to the 

incompatibility of this functional group under the applied reaction conditions, because of its strong electron 

withdrawing effect. 

 

Scheme 11 | Hydrogermylation of styrene and styrene derivatives. 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added styrene 

(0.3 mmol, 1.0 equiv.) and Et3GeH (72.9 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a heating block 

at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash column 

chromatography on silica gel to obtain the desired product.  

 

Expanding the olefin chain to allyl compounds enabled the isomerization of the double bond to the 

thermodynamically more stable position which successfully underwent hydrogermylation at the 

homobenzylic position. By using commercially available allylic compounds, it was possible to demonstrate 

the tolerance of substituents at any position on the aromatic system, as well as several functional groups 

like ethers (18-20), vinyl ethers (21), tertiary amines (22) and halides (23-25) in high yields up to 98% 

(Scheme 12). Specifically, aromatic substitutions with methyl groups at the ortho- and meta- positions 

achieved high yields of 81–92% under catalytic conditions. Additionally, a cyclic alkene example was 

demonstrated with 1,4-dihydronaphthalene, resulting in the desired hydrogermylated product (16). 

Furthermore, important natural products like estragole, safrole and methyl eugenol could be used as 

starting materials for the successful synthesis of the hydrogermylated products (18-20) at the 

homobenzylic position with high yields up to 79% under catalytic conditions. Interestingly, when an allyl 

ether was present in the compound, the expected isomerization to the thermodynamic stable cis alkene was 
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observed,[92] but no hydrogermylation took place on this moiety. Instead, hydrogermylation occurred 

exclusively on the alkene functionality in a high yield of 95% (21). Besides this, tertiary amines were 

demonstrated as functional group in a high yield of 98% under catalytic conditions. As already mentioned 

in the styrene scope, it was showcased that halides, such as fluorides and chlorides, are tolerated under 

catalytic conditions, with isolated yields ranging from 24% to 80% (23-25). 

 

Scheme 12 | Hydrogermylation of allylbenzenes. 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added 

allylbenzene (0.3 mmol, 1.0 equiv.) and Et3GeH (72.9 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a 

heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash 

column chromatography on silica gel to obtain the desired product. 

 

To further enhance the scope, non-aromatic and heteroaryl-allyl systems were demonstrated as potential 

starting material candidates, yielding the desired products in moderate to high yields under catalytic 

conditions (Scheme 13). For compound 26, allyldiphenylphosphine was used as the starting material, which 

was directly oxidized to the phosphine oxide after the hydrogermylation due to its air sensitivity, resulting 

in the desired product in 49% yield. Moreover, allyl-Bpin and allyltriphenylsilane were utilized to generate 

the corresponding hydrogermylated products (27-28) in moderate yields of 45–47%. Remarkably, in 

comparison to the previous examples, these compounds do not contain an aromatic system. Additionally, 

heteroaromatic allylic compounds, such as thiophene (29) and benzothiophene (30), showed moderate to 

high yields of 40-82% under catalytic conditions. 
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Scheme 13 | Hetero- and non-aryl allyl systems for the hydrogermylation reaction. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added the allyl 

substrate (0.3 mmol, 1.0 equiv.) and Et3GeH (72.9 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a 

heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash 

column chromatography on silica gel to obtain the desired product.  

 

Attention was then focused on phenylbutene compounds with an extended carbon chain, which 

demonstrated the occurrence of a remote hydrofunctionalization, since first the isomerization to the 

internal position must occur and then a subsequent hydrogermylation can take place (for more mechanistic 

details, see Chapter 1.2.5). In comparison to the two reported literature procedures on (super)base 

catalyzed isomerization,[24, 25] it was shown that this method is capable of isomerizing phenylbutenes faster 

and under much milder conditions. As shown in the allylbenzene scope, it was demonstrated that several 

functional groups including electron donating alkyl (31,34), ether (32,40), phenyl (33), fluoride (1) and 

sulfide (35) are well tolerated at different positions on the aromatic system, achieving high yields of up to 

90% (Scheme 14). Additionally, this methodology enabled the synthesis of a safrole derivative (37), bearing 

a germanium moiety at the homobenzylic position in 71% yield. Compound 38 yielded in the same product 

with the same yield but were synthesized from two different isomers of a starting material (the previous 

position of the double bond is highlighted in gray), which emphasizes that steric hindrance next to the 

double bond does not prevent the isomerization. Interestingly, when compound 39 was synthesized with a 

starting material containing two possible homobenzylic positions for the hydrogermylation, the primary, 

less hindered position was favored to form the product in 60% yield, while the secondary, more hindered 

position showed only traces of product. Besides the presented phenylbutene substrates, pharmaceutically 

relevant pyridine (41) and quinoline (42) derivatives showed the desired product formation in high yields 

of up to 78%.  
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Scheme 14 | Remote hydrogermylation scope of phenylbutene substrates. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added the allyl 

substrate (0.3 mmol, 1.0 equiv.) and Et3GeH (72.9 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a 

heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash 

column chromatography on silica gel to obtain the desired product.  

 

To further demonstrate the versatility of this novel method, experiments were conducted in which a 1:1:1 

mixture of three different isomers of one olefin was reacted under standard catalytic conditions (Scheme 

15). The model substrate for this reaction was 4-phenyl-1-butene with its two isomers (E/Z)-but-2-en-

1-ylbenzene (E/Z 10:90) and (E/Z)-but-1-en-1-ylbenzene (E/Z 12:88), as E/Z mixtures. With this mixture 

of olefins, it was possible to evaluate the efficiency of the method with both constitutional and 

stereoisomers present in the same reaction. Fortunately, only the desired product (5) was observed and 

isolated in a high yield of 81%, underlining the power and versatility of the new method. This selective 

reactivity is especially interesting for industrial applications, where a broad range of different isomers from 

feedstock could be transformed into a single product without the need for cost intensive separation prior 

to the reaction. 
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Scheme 15 | Selective hydrogermylation of an olefin mixture resulting in one desired product. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added the 1:1:1 

olefin mixture (0.3 mmol, 1.0 equiv.) and Et3GeH (72.9 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in 

a heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash 

column chromatography on silica gel to obtain the desired product.  

 

Since metal catalysts or Lewis acids are necessary in previous literature examples for the isomerization of 

olefin chains longer than four carbons,[24, 25] the chain length limitation of the new method was investigated 

(Scheme 16). In addition to simple isomerization, this approach not only enhances the product value but 

also introduces a functional group at the remote position using the base catalyst. Starting with 5-phenyl-1-

pentene a yield of 74% (43) was achieved with catalytic amounts of base, while stoichiometric amounts 

yielded 81% of the isolated product (as shown by Dr. Aymane Selmani). When 6-phenyl-1-hexene was used 

as the starting material, no product formation was observed with catalytic base loadings, as GC-MS analysis 

indicated that most of the starting material remained unreacted, showing only traces of its isomerized form. 

To enhance reactivity, the same reaction was repeated with 2.0 equivalents of base, resulting in an isolated 

yield of 20% (44). To overcome low conversion issues with increasing chain length, the reaction time was 

extended from 16 h to 72 h for 7-phenyl-1-heptene and 8-phenyl-1-octene with stoichiometric amounts of 

base, obtaining the desired products in 35% (45) and 20% (46) isolated yield, respectively. To demonstrate 

the full potential of this novel protocol, even longer carbon chains, such as 9-phenyl-1-nonene and 10-

phenyl-1-decene, were tested for the remote hydrogermylation. Since previous experiments indicated that 

longer reaction times and stoichiometric amounts of base might be necessary, these two substrates were 

stirred for seven days at 80°C. After this period, the desired products were isolated in low yields of 5–17% 

(compound 47 and 48) and GC-MS analysis of the crude reaction mixture revealed that the major product 

remained the isomerized starting material, which had not yet undergone hydrogermylation. The reaction 

temperature was increased to 120°C and indeed, after just 16 h of reaction time, the desired products (47-

48) were isolated in significantly increased yields of 45% each. Interestingly, in both reactions, a mixture 

of isomerized starting material was isolated in 35–45% yield, suggesting that further isomerization and 

subsequent hydrogermylation might occur with extended reaction time. Notably, when the reaction was 

stirred at 120°C for 72 h, yields further increased to 65% (47) and 54% (48). To the best of our knowledge, 

a base catalyzed remote hydrofunctionalization over such extended carbon chain lengths has not been 

reported before. Comparable transition metal or borenium catalyzed hydroboration methodologies have 
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been published recently, achieving remote functionalization over similar carbon chain lengths. However, in 

the first case they always obtained a mixture of different product isomers, which has never been observed 

during the remote hydrogermylation.[53, 54] 

 

Scheme 16 | Remote hydrogermlyation scope of extended olefin chains. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added the alkene 

(0.3 mmol, 1.0 equiv.) and Et3GeH (72.9 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a heating block 

at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash column 

chromatography on silica gel to obtain the desired product. a) The reaction was conducted with 2.0 equivalents of LiOtBu and CsF. b) 

Reaction time of 72 h. c) Reaction temperature of 120°C. 

 

As previously discussed, styrenes, allybenzenes, phenylbutenes and further extended carbon chains were 

shown to react successfully under the applied reaction conditions. In Scheme 17, selected examples of 

incompatible substrates are displayed, which either showed only traces of product (based on GC-MS) or no 

product formation at all. First, trifluoromethyl derivatives in para-positions such as compounds S1-S3 did 

not show any product formation at all and appeared either to decompose or polymerize, as no starting 

material was recovered after the reaction. The incompatibility of the trifluoromethyl group under the 

applied conditions has already been observed with shorter carbon chain compounds 11 and 25. More labile 

aryl halides (e.g. compound S4) than the previously shown fluoride and chloride compounds were not 

tolerated under the standard reaction conditions, which is also reported in literature for aryl bromides.[93] 

GC-MS analysis detected only unreacted starting material and styrene, indicating that cleavage of the carbon 

bromine bond had occurred. In addition to aryl bromides, aryl Bpin derivatives (S5) were also unreactive 

under the usual reaction conditions, leading to no product formation and partial decomposition of the 

starting material. Surprisingly, in compound 27, the alkyl Bpin moiety was well tolerated, yielding in the 

desired product. Other naturally derived products, such as eugenyl acetate (S6), did not form the desired 

products, which might be caused by the incompatibility of the carbonyl group. As described in the following 

mechanistic discussion, the applied base is sufficiently strong to deprotonate the solvent, making it 
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reasonable that it also deprotonates the α-carbonyl position and thus preventing the desired reactivity. In 

Scheme 13, allyl compounds containing heteroatoms in the walking chain were feasible starting materials, 

but if an amine (S7) or sulfide (S8) was present on the olefin chain, no desired products were observed. The 

specific case of allyl-trimethylsilane (S9) showed that it is dependent on the substituents on the silane, if 

the product can be successfully formed or not, since allyltriphenylsilane (28) showed the desired product, 

while the first one decomposed. Furthermore, compounds bearing a substituent at the homobenzylic 

position (S10-S12) were unsuccessful in forming the desired products, possibly due to steric hindrance or 

electronic effects. Beyond the compounds shown, simple linear olefins, such as 1-octene or various Michael 

acceptors failed to yield any products under these conditions.  

 

Scheme 17 | Scope of unsuccessful substrates for the remote hydrogermylation reaction. 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added the alkene 

(0.3 mmol, 1.0 equiv.) and Et3GeH (72.9 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a heating block 

at 80°C overnight. After cooling down to room temperature the crude reaction mixture was analyzed by GC-MS. 
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1.2.4 ICP-MS analysis evaluation 

After successful demonstration of a broad scope of various functional groups and chain lengths up to ten 

carbons, it was proceeded with a detailed investigation of the mechanism underlying the remote 

hydrogermylation reaction. Similar to literature known base catalyzed reactions,[94] the used reagents were 

submitted to an ICP-MS (inductively coupled plasma mass spectroscopy) analysis at the Uniklinik Aachen, 

to verify that the reaction is not catalyzed by trace amounts of transition metals. In Table 6 the tested 

reagents are listed with the detected amounts of transition metals in nanograms per gram (ng/g), which is 

equivalent to parts per billion (ppb).  

 

Table 6 | ICP-MS analysis of the used reagents for the remote hydrogermylation reaction. 

Element 

LiOtBu 

(Alfa 

Aesar) 

CsF 

(chemPUR) 

DMI 

(Sigma) 

4-

phenyl-

1-butene 

(Sigma) 

Et3GeH 

(Alfa 

Aesar) 

Et3GeH 

(self-

made) 

nBu3GeH 

(Sigma) 

Silver < 2 < 2 < 2 < 2 < 20 < 100 < 20 

Cobalt < 2 < 2 < 2 < 2 < 20 < 20 < 20 

Copper < 2 < 2 < 2 < 2 < 20 <20 < 20 

Iron < 8 < 8 < 8 < 8 < 80 < 400 < 80 

Iridium < 2 < 2 < 2 < 2 < 20 56 < 20 

Manganese < 2 < 2 < 2 < 2 < 20 < 20 < 20 

Molybdenum < 2 203 < 2 < 2 < 20 94 < 20 

Nickel < 2 360 < 2 < 2 < 20 < 20 < 20 

Palladium < 2 < 2 < 2 < 2 147 98 < 20 

Platinum < 2 < 2 < 2 < 2 < 20 229 < 20 

Ruthenium < 2 < 2 < 2 < 2 < 20 < 20 < 20 

Titanium < 2 < 2 < 2 9890 < 20 221 < 20 

Zirconium 1360 39300 < 5 < 5 < 20 683 < 20 

Values are given in ng/g which equals parts per billion (ppb). 

 

For this analysis LiOtBu (99.99% trace metal basis) from Alfa Aesar, CsF (99.9%) from chempur, DMI 

(absolute, over molecular sieve, H2O ≤0.04%, ≥99.5%) from Sigma Aldrich, 4-phenyl-1-butene and nBu3GeH 

from Sigma Aldrich, Et3GeH from Alfa Aesar as well as self-made Et3GeH were tested. The ICP-MS analysis 

revealed that the used base catalysts LiOtBu and CsF contained 0.2 ppm molybdenum, 0.3 ppm nickel as 

well as 1.4-39.3 ppm of zirconium, while all other tested transition metals were at the lowest limit of 

detection. The used solvent DMI had no detectable amount of transition metals and our alkene model 

substrate 4-phenyl-1-butene contained around 9.9 ppm of titanium. Interestingly, the comparison of the 

commercially available Et3GeH and the self-made one showed that the latter one contains different traces 

of transition metals, while the commercial material contained around 0.1 ppm of palladium. Furthermore, 

the self-made Et3GeH or the bought one from Sigma Aldrich had no significant change in yield or selectivity. 

Due to the literature reported examples of palladium catalyzed hydrogermylations,[84] nBu3GeH was also 
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tested and as shown in Table 6, only the lowest limit of detection was measured for every transition metal. 

Since in Chapter 1.2.2. it was shown that nBu3GeH leads to the desired product in high yield, these results 

strongly indicate that the reaction is not palladium catalyzed. However, to further prove that the traces of 

transition metals in the bases and germanium hydrides are not responsible for the observed reactivity in 

the remote hydrogermylation reaction, it was decided to conduct several control experiments. 

 

Scheme 18 | Base catalyzed isomerization of terminal to internal olefins. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (2.4 mg, 0.1 equiv.) and CsF (4.6 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture was added the alkene 

(0.3 mmol, 1.0 equiv.) and the vial was sealed and brought out of glovebox and stirred in a heating block at 80°C overnight. After 

cooling down to room temperature, the crude reaction mixture was directly subjected to flash column chromatography on silica gel to 

obtain the desired product. 

 

Table 7 | Control reactions with different catalysts for the isomerization of terminal to internal olefins. 

 

Entry Catalyst GC-MS analysis 

1 NiF2 only starting material 

2 NiI2 only starting material 

3 Ti(OiPr)4 only starting material 

4 ZrCl4 only starting material 

5 Zr(OtBu)4 only starting material 

Reaction conditions: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

the catalyst (0.03 mmol, 0.3 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture was added the alkene (0.1 mmol, 

1.0 equiv.) and the vial was sealed and brought out of glovebox and stirred in a heating block at 80°C overnight. After cooling down to 

room temperature the crude reaction mixture was analyzed by GC-MS. 

 

First, exclusively the isomerization of the alkene was tested without any source of germanium (Scheme 18). 

The control experiments showed that compounds 49 and 50 were isomerized to the expected internal 

olefin products under catalytic conditions, achieving high yields of 80–85%, respectively. The isomerization 

of compound 50 has previously been demonstrated in the literature only with two (super)base catalyzed 
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examples,[24, 25] in which the compound was heated to 175°C and yielded in a mixture of isomers, or by using 

a superbase, emphasizing the efficiency of a novel and much milder method. Applying the same reaction 

conditions with 30% of the observed transition metals nickel, titanium or zirconium instead of LiOtBu and 

CsF, did not isomerize the alkene to the internal product. Because it was also shown in Table 1 that various 

tert-butoxide sources from different suppliers are feasible for the desired product formation, it can be 

postulated that the isomerization reaction is base catalyzed without any contribution from transition 

metals. Since the ICP-MS analysis can only detect transition metals without any information about 

coordinating ligands, the simplest structures were used of the corresponding metals. 

 

Table 8 | Control reactions with different palladium catalysts for the hydrogermylation of alkenes. 

 

Entry Pd catalyst GC-MS analysis 

1 Pd(dba)2 product observed 

2 Pd(dba)2, no bases no product 

3 Pd2(dba)3 product observed 

4 [PdI(µ-I)P(tBu)3]2 product observed 

5 PdCl2 product observed 

6 PdCl2, no bases no product 

7 XantPhos Pd G3 product observed 

Reaction conditions: in an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

[Pd] catalyst (0.01 equiv.) LiOtBu (0.8 mg, 0.1 equiv.) and CsF (1.5 mg, 0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the 

mixture were added the alkene (0.1 mmol, 1.0 equiv.) and Et3GeH (24.3 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox 

and stirred in a heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was analyzed by 

GC-MS. 

 

Since the commercially available Et3GeH contained approximately 0.1 ppm of palladium, several palladium 

catalysts were screened to demonstrate that the observed hydrogermylated product is not generated by the 

trace amounts of transition metal impurities. In this screening, 1 mol% of palladium catalysts with different 

oxidation states (Pd(0) to Pd(II)) and ligand systems were added to the usual reaction conditions, as shown 

in Table 8. Entries 1-3 show Pd0 catalysts, which resulted in the formation of a product with a significantly 

different retention time in GC-MS compared to 5. Remarkably, when LiOtBu and CsF were omitted from the 

reaction mixture, only starting material was recovered and no product formation was observed. Next, the 

established Pd(I) dimer[95] from our group was added to the reaction, resulting in full conversion to the newly 

discovered product 51. Similar results were obtained with the Pd(II) catalysts in entries 5-7, which showed 

formation of the new product and in absence of bases, there was again no product formation. Based on GC-

MS analysis, all reactions generated the same product, which exhibited a different retention time than the 

hydrogermylated compound 5. Indeed, after isolating the detected product using Pd2dba3 as Pd(0) catalyst 

the anti-Markovnikov product on the terminal position was obtained in a high yield of 85% (Scheme 19). 
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For a better comparison, nBu3GeH with no detected trace metal impurities, led to the same terminal product 

(52) in a similar isolated yield of 75%. Interestingly, under these conditions the hydrosilylation with Et3SiH 

was also successful and formed the corresponding product 53 in quantitative yield. The addition of 

palladium might change the reactivity of the silane reagent crucially, as no product formation was observed 

using Et3SiH under the optimized standard conditions. In summary, even if trace amounts of active 

palladium species were present in the Et3GeH, it will lead to the terminal product instead, as shown with 

the base catalyzed conditions. 

 

Scheme 19 | Pd-catalyzed anti-Markovnikov hydrofunctionalization with germanium hydride and silane reagents. 

  

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

Pd2(dba)3 (0.01 equiv.), LiOtBu (0.1 equiv.) and CsF (0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added 

the alkene (0.1-0.3 mmol, 1.0 equiv.) and the hydride (1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a 

heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash 

column chromatography on silica gel to obtain the desired product. 
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1.2.5 Mechanistic investigations 

After excluding that the remote hydrogermylation is catalyzed by trace metal impurities, a detailed 

investigation on the potential mechanism was conducted (Scheme 20). The general reaction mechanism can 

be divided into four steps which will be further elucidated in the following: i) Formation of CsOtBu from 

LiOtBu and CsF in DMI. ii) Deprotonation of Et3GeH by this in-situ formed base to form a cesium stabilized 

triethylgermanium anion and tert-butanol. iii) Simultaneously, the terminal alkene is isomerized by CsOtBu 

to the thermodynamically favored conjugated position and then attacked by the triethylgermanium anion 

on the β-position to form intermediate I. iv) After protonation by tert-butanol or Et3GeH, the desired 

product is obtained and the base catalyst is recovered to close the catalytic cycle.  

 

Scheme 20 | Proposed reaction mechanism for the base-catalyzed remote hydrogermylation. Adapted from 
reference.[1] 

 

 

The first step of the proposed catalytic cycle is the in-situ formation of CsOtBu, a strong base, from 

commercially available reagents LiOtBu and CsF. This observation was already reported by the group of 

Kondo who showed by 133Cs-NMR that the combination of LiOtBu and CsF in DMI at 80°C forms CsOtBu.[89, 

96] This explanation aligns with the previously demonstrated optimization screening where several tert-

butoxide bases with CsF showed the desired product formation, most probably forming CsOtBu in-situ. 

Additionally, KOtBu without CsF showed productive results as well, emphasizing that the tert-butoxide base 

is responsible for the catalytic reactivity. In comparison, sodium and lithium tert-butoxide did not show any 

product formation without CsF, demonstrating that there is a salt metathesis occurring under these 

conditions. This dependence was computationally investigated by the Taillefer group in 2015, who showed 

that the strength of an alkali metal tert-butoxide base is related to stability.[97] In their calculated energy 

diagram, the stability of lithium and potassium tert-butoxide was compared with the free anion in DMF at 

the M06-2X/6-311+G(d,p) level of theory. These calculations were done to prove that KOtBu can 

deprotonate DMF under their applied reaction conditions and why LiOtBu does not show any productive 

results. Based on their explanation LiOtBu might be too stable and thus create a high reaction barrier for 
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the deprotonation, in contrast to KOtBu. After analyzing the trend shown of alkali metal tert-butoxide 

stability and the corresponding ability to deprotonate DMF, the in-situ generated CsOtBu should be even 

more reactive. Since it was demonstrated in the optimization part that DMF is also a suitable solvent for the 

remote hydrogermylation reaction (Chapter 1.2.1.), these findings can be combined for the discussion of 

the potential mechanism (Scheme 20).  

 

In the following, a series of pKa calculations were conducted and the obtained values were compared using 

two different approaches (Figure 3, see SI for details). The first method was a geometry optimization of the 

neutral and anionic molecule at the B3LYP[98]/6-31+G(d)[99] level of theory in DMSO, using Gaussian 16.[100] 

The optimized structure was used to generate an input file for COSMOTherm using Turbomole and then the 

obtained files of the neutral and anionic molecule were used to calculate the corresponding pKa value in 

DMSO.[101] The second method considered the presence of different conformers, using the CREST 

package[102] in xTB[103, 104] to explore the conformational space. The obtained conformers were optimized at 

the M06-2X[105]/def2-TZVPP[106] level of theory and the minimum energy conformer was used for further 

calculations as already described.  

However, the lowest pKa values were obtained for triethylgermanium hydride and tert-butanol with values 

of 29.7 and 29.6, showing no obvious difference in both methods for these molecules (Figure 3). The 

comparison of these two values indicates that the employed CsOtBu should be able to deprotonate either 

the Et3GeH or tert-butanol, at least to a certain degree. While the experimental pKa value of tert-butanol is 

32.2,[107] these calculations should not be interpreted in absolute terms but rather give information of the 

relative pKa values to serve as a means for comparison. To further distinguish, if the utilized solvents can be 

deprotonated on the highlighted positions, the corresponding pKa values were calculated accordingly. For 

either of the methods used, the proton next to the carbonyl group of DMF is the most acidic position 

resulting in the lowest value of 39.5, which is in line with the previously mentioned report.[97] In comparison 

to this, the protons on the N-methyl groups are obviously much less acidic with values around 45.0. In direct 

contrast, the pKa of the N-methyl groups in the standard solvent DMI have a surprisingly lower calculated 

value of 43.3, even though they have a similar scaffold compared to DMF. However, the most acidic position 

in DMI is calculated to be the methylene protons, with a pKa value of 41.9, for both used methods. Since it 

was shown that KOtBu can deprotonate DMF, it is proposed that the theoretically stronger base, or less 

stable CsOtBu, should be able to deprotonate DMI in these reaction conditions too. Combining the calculated 

pKa values with the computational data from the literature, leads to the conclusion, that the in-situ formed 

CsOtBu could deprotonate Et3GeH or the solvent DMI/DMF, to form a triethylgermanium anion or a 

deprotonated solvent and thus form tert-butanol as result (Scheme 20).  
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Figure 3 | Calculated pKa values of the substrates shown in the proposed reaction mechanism.  

 

 

Furthermore, the allylic proton of the model substrate 4-phenyl-1-butene has a calculated pKa value of 34.8 

(or 35.8), which is still lower than the values obtained for the solvents DMF or DMI. With this information 

in hand, it is postulated that the employed base system is capable of deprotonating the allylic proton, 

forming a π-allyl-complex which then either reverts back to the starting material or leads to the migrated 

double bond (Scheme 5). This equilibrium process is repeated until the most thermodynamically stable 

product, in this case the conjugated styrene derivative, is formed. This base catalyzed isomerization 

mechanism was previously proposed by Cram and Uyeda.[22] 

After successful isomerization of the alkene to the thermodynamically favored position, the cesium 

stabilized triethylgermanium anion attacks at the β-position of the styrene derivative to form intermediate 

I, where the negative charge is stabilized by the conjugated system and the cesium counterion. The 

calculated pKa values of 32.9 and 34.6 for the intermediate are, based on the previous results, in line with 

the proposal that the protonation can occur either by the generated tert-butanol and thus recovery the 

active base catalyst or by Et3GeH, to form the desired product (5) and close the catalytic cycle.    
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Scheme 21 | Deuterium labeling studies in DMI with styrene-d8. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (0.1-2.0 equiv.) and CsF (0.1-2.0 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added styrene-d8 

(0.3 mmol, 1.0 equiv.) and triethylgermanium hydride (1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a 

heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash 

column chromatography on silica gel to obtain the desired product. 

    

To further validate the proposed reaction mechanism, several deuterium labeling reactions were performed 

(Scheme 21). When styrene-d8 was used as starting material under standard conditions, but with 2.0 

equivalents of base, an isolated yield of 98% (54) was achieved. Interestingly, it was expected that one 

benzylic proton and one benzylic deuterium would appear in the final product, but contrary to this 

expectation, the benzylic deuterium signal consisted of 25% 1H and 75% 2H, based on 1H NMR. The most 

plausible explanation for this observation is that the excess amount of Et3GeH causes the deuterium proton 

exchange at the benzylic position. Due to this, another experiment with similar conditions was conducted, 

but in this case the equivalents of germanium hydride were reduced to 1.05 and interestingly, the yield 

reduced to 80%, but the ratio of proton and deuterium remained the same. Additionally, the standard 

conditions with catalytic amounts of base were used to observe the similar proton incorporation of 28%, at 

one of the benzylic positions. The combination of these three experiments leads to the conclusion that the 

equivalents of germanium hydride and base are not relevant for the proton/deuterium ratio. The only other 

proton source could be the solvent in this case. 
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Scheme 22 | Deuterium labeling experiments in DMF-d7 with styrene-d8. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

LiOtBu (0.1-2.0 equiv.) and CsF (0.1-2.0 equiv.) and dissolved in anhydrous DMF (0.1 M). To the mixture were added styrene-d8 

(0.3 mmol, 1.0 equiv.) and triethylgermanium hydride (1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a 

heating block at 80°C overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash 

column chromatography on silica gel to obtain the desired product. 

 

Due to this, the same reactions with catalytic and stoichiometric amounts of base were repeated in 

perdeuterated DMF-d7 (Scheme 22). Since it was established in the optimization studies that DMF is a 

suitable solvent, the commercially available deuterated version DMF-d7 was used in some examples 

(deuterated DMI is not commercially available). Indeed, when 2.0 equivalents of bases were used a fully 

deuterated product (55) was obtained in 88% isolated yield, which emphasizes that the solvent in this case 

is also the donor for deuterium. Reducing the amount of base to 10 mol% leads to a product where 16% of 

1H remains at one benzylic position and thus underlines the hypothesis that the solvent is responsible for 

the proton/deuterium exchange, because less tert-butoxide is available to deprotonate the solvent and 

protonate the resulting product. To further prove the proton/deuterium exchange with the solvent, the 

same reaction conditions were used, but with non-deuterated DMF (Scheme 22 bottom). As expected, the 

desired product (54) was obtained with two protons on the benzylic position supporting the hypothesis of 

proton/deuterium exchange with the solvent. The higher percentage of proton/deuterium exchange in DMF 

than in DMI is also in line with the calculated pKa values, which revealed that DMF is much more acidic (39.5 

vs 41.9, for DMF and DMI, respectively). 
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Further examples are shown in Scheme 23A, where the fully deuterated germanium compound 55 was 

applied as starting material, using stoichiometric amount of base in non-deuterated solvents. In DMF, the 

benzylic position was fully protonated (54), while in DMI only 45% of the two benzylic protons were 

exchanged. The observed results are in line with the previously calculated pKa values which indicated that 

DMF is more acidic than DMI and thus easier to deprotonate. The base catalyzed proton/deuterium 

exchange at benzylic positions from solvents is a literature known reactivity,[108] which helped to prove that 

the applied base system is able to deprotonate the used solvents DMI and DMF.  

 

Scheme 23 | Deuterium labeling experiments with deuterated organogermane and radical clock experiment. 

 

Reaction conditions: in an argon-filled glovebox, a 4- or 8-mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with LiOtBu (0.1-2.0 equiv.) and CsF (0.1-2.0 equiv.) and dissolved in anhydrous DMI (0.1 M). a) To the mixture was added the starting 

material (0.1-0.3 mmol, 1.0 equiv.). b) To the mixture were added the alkene (0.3 mmol, 1.0 equiv.) and triethylgermanium hydride 

(1.5 equiv.). The vials were sealed and brought out of glovebox and stirred in a heating block at 80°C overnight. After cooling down to 

room temperature the crude reaction mixture was directly subjected to flash column chromatography on silica gel to obtain the desired 

product. 

 

To further prove that the proposed mechanism is going through an anionic instead of a radical pathway, a 

radical clock experiment was conducted as shown in Scheme 23B. The generation of a germyl radical with 

the base used should be considered possible, since it has been shown that Et3SiH and KOtBu can react in this 

way.[109] To probe this experimentally, a styrene derivative bearing cyclopropane was chosen, because a 

radical based mechanism would result in ring opening and double bond formation. This experiment 
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supports an anionic pathway due to the fact that the hydrogermylation took place as expected, without any 

ring opening and achieving a high yield of 92% (compound 56). 

 

In Chapter 1.2.1., it was shown that KOtBu is a suitable base for the remote hydrogermylation reaction. This 

observation was further investigated by repeating relevant reactions with catalytic amounts of potassium 

tert-butoxide, instead of the in-situ formed cesium tert-butoxide under the standard conditions (Scheme 

24). Initially, it was investigated whether the model substrate 1-(but-3-en-1-yl)-4-fluorobenzene would 

yield the desired product (1) when using stoichiometric amounts of base. Indeed, the desired product was 

achieved in 81% NMR yield while the same reaction with LiOtBu and CsF furnished an NMR yield of 91%. 

Surprisingly, when the catalytic standard conditions were applied, an isolated yield of 87% was achieved, 

which was the same outcome as was previously observed with LiOtBu and CsF. When different germanium 

sources were utilized for the remote hydrogermylation, a significant difference in yields could be observed. 

While Et3GeH resulted in the same isolated yield of 91% (5), nBu3GeH and Me6Ge2 obtained remarkably 

lower yields of 70% (6) and 26% (7), respectively. Interestingly, when 4-trifluoromethyl-styrene was used 

as the starting material, neither catalytic nor stoichiometric amounts of base were successful in achieving 

the desired product (11), which was shown to be successful before with the LiOtBu/CsF combination. In 

contrast, the extended carbon chain of seven carbons units could be isolated in a similar yield of 33% (47). 

Furthermore, the simple isomerization of 4-phenyl-1-butene with catalytic amounts of KOtBu showed only 

traces of the desired internal isomer (52) by 1H NMR, while the major products were undefined side 

products. In contrast, with LiOtBu/CsF a clean reaction with an isolated yield of 80% was achieved. To 

further prove that the reaction with KOtBu proceeds via the same mechanism, the radical clock experiment 

was repeated, resulting in the same product (56) with the same yield, excluding radical formation. In 

general, the reaction works comparably to the standard conditions with most of the shown substrates, but 

different germanium sources as well as selected examples demonstrate that the combination of LiOtBu and 

CsF has clearly increased yields and versatility.  
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Scheme 24 | Comparison of isolated yields with KOtBu as base using previously demonstrated substrates. 

 

Reaction conditions: in an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged with 

KOtBu (0.1 equiv.) and dissolved in anhydrous DMI (0.1 M). To the mixture were added the alkene (0.3 mmol, 1.0 equiv.) and 

triethylgermanium hydride (1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a heating block at 80°C 

overnight. After cooling down to room temperature the crude reaction mixture was directly subjected to flash column chromatography 

on silica gel to obtain the desired product. a) Yield when catalytic amounts of LiOtBu and CsF were used. b) KOtBu (2.0 equiv.) was 

used and stirred for 72 h. c) LiOtBu (2.0 equiv.) and CsF (2.0 equiv.) were used and stirred for 72 h. 
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1.2.6 Summary 

In summary, an operationally simple base-catalyzed remote hydrogermylation reaction of alkenes with a 

broad scope was demonstrated. The detailed optimization studies revealed that the best reaction conditions 

for alkenes are 10 mol% of LiOtBu and CsF in DMI (0.1 M) with 1.5 equivalents of Et3GeH at 80°C for 

16 hours. Under these conditions, terminal alkenes were selectively isomerized to the internal, conjugated 

position and subsequently hydrogermylated at the β-position. If no germanium source was added, the final 

product was the thermodynamically more stable E-isomer with an outstanding selectivity. Interestingly, 

other literature known hydrofunctionalization reagents such as Et3SiH and HBpin did not yield any desired 

product, highlighting the unique reactivity of organogermanium compounds under these conditions due to 

the compatibility of the calculated pKa values. 

The demonstrated substrate scope consists of different carbon chain lengths starting from styrene, 

allylbenzene and phenylbutene up to a maximum chain length of ten carbons, which successfully underwent 

remote hydrogermylation. In this context, a broad range of substrates were well tolerated, containing 

substitutions including methyl, tert-butyl, methoxide, sulfide, tertiary amine, allyl ether, aryl fluoride and 

chloride, para–CF3, as well as heterocycles like thiophene, benzothiophene, pyridine and quinoline. 

Interestingly, functional groups like diphenylphosphineoxide, triphenylsilane and alkyl–Bpin stayed 

untouched. Remarkably, when an olefin mixture of different isomers was applied to the catalytic standard 

conditions, only one product was obtained, which emphasizes the powerful synthetic utility of the remote 

hydrogermylation. 

Besides the broad scope, extensive mechanistic investigations have been conducted. After excluding 

reactivity mediated by transition metal impurities and a radical pathway, an anionic mechanism was 

proposed. In line with literature known reports, the combination of LiOtBu and CsF in-situ generates CsOtBu 

which undergoes the isomerization of the terminal olefin to the internal, more thermodynamically stable 

one. Following this, the base deprotonates the germanium hydride, forming a germanium anion which 

attacks at the β-position, resulting in an intermediate. Followed by the protonation of this intermediate by 

the formed tert-butanol or excess of Et3GeH, the desired product is generated and the catalytic cycle closed, 

regenerating the tert-butoxide again. The proposed mechanism was further supported by pKa calculations 

and deuterium labeling studies, providing strong evidence for the underlying reaction pathway.  
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2 
Orthogonal functionalization in three-dimensional 

chemical space 
 

 

 

The results described in this chapter were published in Angewandte Chemie International Edition and 

Journal of the American Chemical Society.[110, 111] Experimental work was carried out in collaboration with 

Markus Schoetz and Dr. Gurdeep Singh from the Schoenebeck Group (both assisted with method development 

and scope), whose contributions are highlighted for the corresponding results. 
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2 Orthogonal functionalization in three-dimensional chemical space 

2.1 Introduction 

2.1.1 The escape from flatland 

The development of novel therapeutics in pharmaceutical research necessitates a paradigm shift towards 

three-dimensional molecular architectures.[43] The term “escape from flatland” captures the prevailing 

reliance on sp2–rich frameworks in drug discovery and highlights the growing interest in leveraging the 

unexplored structural space of sp3–rich molecules to identify innovative drugs and bioactive compounds.[43] 

This transition is crucial, as the immense diversity of chemical space (estimated at 1060 potential 

candidates)[43] drives the demand for synthetic methodologies that facilitate the efficient construction 

of C – sp3 molecules, while simultaneously enabling the optimization of structure-activity relationships 

through access to diverse analogues.[43] 

The increasing importance of sp3–rich molecules in drug discovery is driven by the objective of enhancing 

the physicochemical characteristics of drug candidates. Medicinal chemistry research has demonstrated 

that a high fraction of sp3 carbons (Fsp3), defined as the ratio of sp3–hybridized carbon atoms to the total 

carbon count, alongside the presence of chiral centers, positively correlates with successful drug 

development.[43] These attributes are associated with improved physicochemical properties, such as greater 

solubility and increased molecular complexity, which are advantageous for biological activity.[43] 

In recent decades, the widespread adoption of high-throughput synthesis has often led to a focus on achiral, 

aromatic compounds, which frequently underperform in clinical settings.[43] In contrast, more structurally 

complex molecules with elevated Fsp3 content and significant chirality have demonstrated not only 

increased success rates in clinical phases but also reduced promiscuity and diminished toxicity risks.[44] 

Addressing toxicity is particularly vital, as it remains one of the leading causes of drug candidate attrition 

in clinical trials.[44] 

 

Figure 4 | The escape from flatland. Adapted with permission from Angew. Chem. Int. Ed. 2024, 63, e202401545. 

 

 

Consequently, developing synthetic strategies that enable the assembly of complex, sp3–rich molecules is 

essential. The aim is to create robust, efficient and modular synthetic approaches that facilitate selective 

functionalization under mild conditions, thereby promoting the development of new drug libraries (Figure 

4).  
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Palladium catalyzed cross-coupling reactions, recognized with the Nobel Prize in Chemistry in 2010, 

revolutionized organic synthesis by enabling efficient C–C bond formation, particularly between sp2–

hybridized carbons.[112] These reactions, including the widely used Suzuki–Miyaura[113], Heck[7] and 

Sonogashira[114] couplings, have significantly impacted both academic and industrial chemistry by offering 

robust and versatile methods for constructing complex molecules. Therefore, it is of utmost importance to 

discover similar approaches for the Csp3–space. 

Developing synthetic strategies to construct complex, three-dimensional molecules remains a fundamental 

challenge in modern organic chemistry. An efficient approach to achieving high molecular complexity 

involves employing modular building blocks equipped with multiple reactive handles. Ideally, these handles 

should exhibit orthogonal reactivity, enabling selective functionalization without cross-reactivity. Despite 

recent advances in photochemically catalyzed formation of Csp3–X bonds,[115] existing methods are often 

limited to single substitution reactions, primarily using simple starting materials to demonstrate feasibility. 

Moreover, the presence of multiple functional handles on a single carbon atom is rarely achieved, as they 

often share similar oxidation windows, leading to competing reactions and compromising selectivity.[115] 

To overcome these challenges, modular approaches that facilitate sequential functionalizations are 

essential. Building blocks bearing multiple, well-defined reactive handles offer a promising solution, 

especially when these handles differ significantly in reactivity and stability. The ideal scenario involves 

orthogonal activation modes, allowing selective transformation without interference from adjacent 

functional groups.[116] Alkylboron derivatives have shown considerable potential in this context, often 

combined with halides or low-reactivity silanes.[117-123] However, despite their utility, the majority of 

current dual functional building blocks incorporate only two reactive sites, limiting structural diversity and 

functional complexity (Figure 5A).[122, 124-126] 

Recent developments have introduced novel platforms that expand modularity beyond dual handle 

systems.[72, 127] For instance, Dr. Aymane Selmani from our group designed one such multifunctional 

handle A,[72] providing a basis for potential full functionalizations. Particularly, a single carbon unit that 

contains Csp3–Ge, Csp3–Bpin and Csp3–halogen to introduce a third dimension of reactivity, enabling more 

diverse functionalization pathways (Figure 5B). During the design of this modular platform, the selection of 

functional groups amenable to orthogonal functionalization was of central importance. Each group has to 

be chosen to enable selective transformation without interfering with other functionalities. These robust 

and non-ionic handles not only enhance stability and operational simplicity but also facilitate the synthesis 

of highly complex, multifunctional molecules. By enabling selective transformations under mild conditions, 

such modular strategies represent a significant advancement toward the rapid construction of intricate 

molecular architectures and the exploration of three-dimensional chemical space.[72] 

The synthesis of such a versatile building block was demonstrated by Dr. Aymane Selmani in the already 

mentioned publication,[72] following an operationally simple two step synthetic pathway to obtain the 

desired building block A in good yields (Figure 5B). In the aforementioned report, a third step to modify the 

C–Cl site to a C–I motif was proposed, however, as part of this work our recent publication demonstrated 

that this modification is not necessary for further downstream functionalizations.[111]  
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Figure 5 | Literature reported building blocks with two and three different handles. Selected examples for the 
diversification of the modular platform. 

 

 

With this modular platform in hand, Dr. Aymane Selmani demonstrated, through selected examples, the 

broad potential of this scaffold for the construction of complex molecular structures (Figure 5C). Initially, 

the Csp3–halogen site was successfully transformed via alkylation, alkenylation and thioether formation, all 

in high yields. One of the alkylated derivatives was further employed to showcase selective functionalization 

of the Csp3–boron moiety through amination and (hetero)arylation reactions. The desired products were 

obtained in high yields, with the C–Ge bond remaining inert under these reaction conditions. Since the 

primary focus of the publication[72] was the development of a novel photoredox catalyzed Giese-type 

addition using trialkylgermanium reagents, two illustrative examples employing the same alkylated 

platform were included. However, beyond these initial transformations, full functionalization of the 
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modular scaffold was not demonstrated and will therefore be the central focus of the present work, as well 

as new methods for the functionalization of the Csp3–Ge moiety. 

With regard to accessing molecular complexity, photochemical transformations enable the successful 

decoration of a variety of different functional groups and hence, the following chapter (Chapter 2.1.2) 

introduces photoredox chemistry as a suitable approach for obtaining numerous transformations of 

established functional groups, including the trialkylgermanium moiety. 
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2.1.2 Photochemical Csp3 functionalizations 

Photochemistry is the study of chemical reactions initiated by light and has significantly contributed to the 

advancement of synthetic methodologies over the past decades. Despite the transformative potential 

offered by photochemistry, the widespread application of light driven chemical processes remained limited 

for many decades.[128] This was primarily due to the challenges associated with employing high energy light 

and the diverse absorption characteristics of organic molecules. Early photochemical transformations, such 

as the [2+2] cycloaddition reactions of natural products under sunlight,[129] highlighted the potential of 

converting photonic energy into chemical energy, attracting the interest of synthetic chemists since their 

discovery.  

The development of efficient photoredox catalysts in recent decades has revolutionized the field,[130] 

allowing for light mediated transformations across a broad spectrum of substrates. Photoredox catalysis, 

which leverages single electron transfer (SET) and energy transfer mechanisms, has emerged as a key 

strategy for driving challenging organic reactions. This innovation has been greatly facilitated by the 

discovery of organometallic and organic catalysts capable of efficiently absorbing visible light, thereby 

bypassing the limitations posed by traditional high energy photochemistry.[131, 132] 

 

When a molecule absorbs light, it transitions from the ground state (S0) to an electronically excited state, 

typically the singlet excited state (S1).[133] Depending on the energy of the absorbed photon, various 

vibrational levels within the excited state can be populated, but rapid relaxation usually leads to the lowest 

vibrational level of S1. From here, the molecule might return to the ground state via radiative processes, 

such as fluorescence or through nonradiative pathways, like internal conversion. Alternatively, a spin-

forbidden intersystem crossing might occur, converting S1 to a triplet excited state (T1), which is typically 

longer lived and might decay via phosphorescence or nonradiative mechanisms.[133] The ability of both S1 

and T1 to participate in bimolecular reactions, including energy transfer and electron transfer, forms the 

foundation of photoredox catalysis. 

 

Building on the fundamental principles of photoexcitation, photoredox catalysts can be broadly categorized 

into inorganic/organometallic and organic systems. Inorganic and organometallic photoredox catalysts, 

particularly those based on ruthenium and iridium complexes, exhibit strong absorption of visible light,[131] 

efficiently transitioning to long lived triplet states through intersystem crossing. These long lived triplet 

states facilitate single electron transfer via metal to ligand charge transfer processes, rendering them highly 

effective as redox mediators.[128] Despite their excellent performance, the practical application of these 

catalysts is often constrained by high costs and their smaller window of excited state redox potentials 

compared to organic systems.[130] 

In contrast, organic photoredox catalysts offer distinct advantages, primarily due to their wider redox 

windows.[130] Operating predominantly via singlet excited states rather than triplets, these catalysts 

typically exhibit shorter lifetimes, but their cost-effectiveness and tunable properties make them highly 

attractive. Among the most widely used organic photocatalysts are acridinium salts and cyanoarenes (e.g. 

4CzIPN),[130] each providing unique reactivity profiles that make them suitable for a variety of synthetic 

transformations. 
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In recent years, the popularity of these organic photoredox catalysts has led to an increased number of 

publications in this area.[133] Notable, the acridinium based catalysts have been extensively applied in 

various transformations[133], which was pioneered and developed by Fukuzumi et. al[134, 135], while first 

applications have been demonstrated by Nicewicz and his co-workers.[136-138] Motivated by this, the 

acridinium based catalysts have been utilized to transform different functional groups like carboxylic 

acids,[139, 140] alkyl and aryl halides,[141, 142] alkenes,[143] alkynes,[144] alkyl boronic acids,[145] alkyl boronic 

esters[146] and their boron trifluoroborates[139] as well as silanes[147, 148] and silicates (Scheme 25).[149] 

Carboxylic acids suffer from the notable drawback of requiring activation with an added base,[150] while 

alkyl silanes can only be functionalized when they are in the benzylic position or in α-position to a 

heteroatom.[147, 148] A well-developed reaction in this context is the Giese addition under photoredox 

conditions.[151] This reaction is a radical based carbon–carbon bond forming reaction, in which a carbon 

centered radical adds to an electron deficient alkene, typically an acrylate or related Michael acceptor. 

Furthermore, the photoredox Giese reaction is valuable as it enables the construction of C–C bonds under 

mild and redox-neutral conditions, avoiding potential side reactions like hydrostannylation and radical 

quenching, when the radical initiator Bu3SnH is used.[152]  

 

Scheme 25 | Literature reported examples of various functional group transformations using acridinium based 
photocatalysts. 

 

 

In the context of acridinium catalyzed transformations, the groups of Schoenebeck[72] and Xiao[73] 

simultaneously developed a Giese type addition reaction using different alkylgermanium species under 

photochemical conditions, to form the desired alkyl radical. These two publications presented similar 

reaction conditions, both employing an acridinium based photoredox catalyst. Our group used cat1, while 

the Xiao group used cat2 for their successful transformation of the alkylgermanium motif (Scheme 26A), 

highlighting that different acridinium based catalysts are feasible for the oxidation of the C–Ge bond. Based 

on a previous study by the Nicewicz group,[153] the structures of both acridinium catalysts used are not 
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optimal for their desired utilization as photocatalyst. Research indicates that cat1 is vulnerable to 

demethylation and nucleophilic attack, which contribute to its degradation and the loss of its 

chromophore's color.[153] Therefore, the modified cat3 was chosen as standard photoredox catalysts for the 

work described in this thesis, with a high excited state potential of +2.08 V and a nearly doubled excited 

state lifetime of 14.4 ns, relative to cat1.[153]  

Besides the Giese type addition of alkyl radicals, the Xiao group demonstrated the successful combination 

of the organogermanium based alkyl radical with metallaphotoredox chemistry using a dual catalyst system 

consisting of the acridinium and a nickel catalyst (Scheme 26B).[73] Under these conditions they were able 

to showcase the Csp3–Csp2 cross-coupling with aryl bromides in high yields. Our group on the other hand 

established building block A and demonstrated the modularity of this platform as described in the previous 

chapter 2.1.1.[72] Furthermore, selective oxidation of cyclohexyl–GeEt₃ was demonstrated in the presence 

of various functional groups, including C–SiEt₃, C–Br, C–I, and C–Bpin, affording the desired product while 

leaving the functionalized additives untouched (Scheme 26C).[72] Additionally, it was shown that electron-

rich aromatic additives did not significantly lower the yield of the Giese type reaction. These 

chemoselectivity tests emphasize the powerful potential of the C–Ge group as modular handle on the 

building block A.  
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Scheme 26 | Acridinium catalysts, dual photoredox catalyzed cross-coupling of alkylgermanes and chemoselectivity 
tests of the C–Ge Giese addition.[72, 73] 

 

 

The mechanism for the acridinium catalyzed Giese type addition is shown in Figure 6. Upon photoexcitation, 

the photocatalyst undergoes SET, oxidizing the alkylgermane to generate a radical cation intermediate. This 

species undergoes homolytic cleavage of the C–Ge bond, facilitated by a nucleophile (MeOH as solvent), 

leading to the formation of germanium byproduct Et3GeOMe (observed in GC-MS) and a carbon-centered 

radical.[72] The latter engages in a radical addition to the electron-deficient alkene, forming a new C–C bond. 

The intermediate radical species is subsequently reduced by the reduced form of the photocatalyst, 

regenerating the active catalytic cycle. The resulting carbanion undergoes protonation, yielding the desired 

product.[72, 73] 
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Figure 6 | Proposed mechanism for the photoredox Giese addition.[72, 73] 
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2.1.3 Electrochemical transformations in the Csp3 regime 

The transition from photochemistry to electrochemistry in organic synthesis is driven by the fundamental 

processes that generate reactive intermediates. While photochemistry utilizes light energy to excite 

electrons and produce radical species, electrochemistry involves the direct application of an electrical 

potential to induce redox transformations. Both methods offer unique pathways for the formation of 

reactive species and have found significant applications in synthetic chemistry.[154-156] 

Electrochemistry has a history dating back to the early 19th century. Although the invention of the Volta Pile 

in 1800 provided the first continuous source of electric current, it was Michael Faraday's work in the 1830s 

that laid the foundation for electrochemistry as a scientific discipline.[155] Faraday's systematic studies led 

to the discovery of key principles such as electrolysis and the introduction of terminology like anode, 

cathode and ion migration. His electrolysis of acetic acid paved the way for one of the earliest and most 

influential electroorganic reactions, namely the Kolbe electrolysis, discovered by Hermann Kolbe in 1847 

(Figure 7A).[157] This reaction demonstrated that the anodic oxidation of carboxylates could generate alkyl 

radicals, leading to the formation of alkanes through radical dimerization. 

One notable extension of Kolbe electrolysis is the Hofer-Moest reaction[158], also known as the interrupted 

Kolbe reaction (Figure 7A). In this process, anodic oxidation of a carboxylic acid generates an alkyl radical, 

analogous to radical formation under photochemical conditions. However, when carbon electrodes are 

employed, the radical undergoes further oxidation to yield a carbocation.[159] This carbocation is then 

attacked by a nucleophile, enabling a broader range of functionalization compared to radical pathways 

alone. 

The industrial relevance of electrochemistry became evident with the development of large scale processes 

such as the Monsanto process for adiponitrile synthesis (Figure 7B).[155] This electrochemical method 

replaced conventional cyanation techniques, offering a more sustainable and efficient approach to 

producing adiponitrile, a key precursor for nylon-6,6.[160] The success of this process underscored the 

advantages of electrochemical transformations, including operational simplicity, selectivity, and scalability. 

Electrochemical setups can generally be categorized into divided and undivided cells.[155] In an undivided 

cell, both the anode and cathode are in the same reaction chamber, allowing for direct electron transfer 

between reaction intermediates. However, in cases where undesired side reactions occur, a divided cell is 

employed, separating the electrodes using a membrane or salt bridge to prevent cross reactions.[154] The 

choice of electrodes and electrolytes further influences reaction efficiency. Common electrode materials 

include carbon-based electrodes,[161] noble metals (e.g. platinum),[162] and transition metals (e.g. nickel).[163, 

164] Electrolytes, typically ionic salts, enhance conductivity and stabilize reactive intermediates. 
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Figure 7 | History and current advances in modern electrochemistry. The divided cell figure was combined from 
references.[155, 165] 

 

 

Recent advances in electrochemical methodologies have expanded the scope of alkyl functional groups 

amenable to the Hofer-Moest, or interrupted Kolbe reaction, enabling selective C–heteroatom bond 

formation (Figure 7C). While alkyl carboxylic acids are widely accessible and have been extensively used in 

electrochemical functionalization, their direct oxidation requires activation. Baran and co-workers have 

developed several methodologies to incorporate carboxylic acids into the interrupted Kolbe reaction, 

demonstrating their utility for C–O, C–N, and C–F bond formations.[166, 167] However, their approach 

necessitates the addition of a base to form a carboxylate with a lower oxidation potential. Alternatively, the 

lower redox potentials of alkyl trifluoroborates enable more efficient oxidation, but their ionic nature 

reduces their modular utility in multistep functionalizations.[110, 161, 168, 169] Although organosilanes and 

organostannanes are viable precursors, they are often hindered by their high oxidation potential or toxicity, 
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respectively.[170-172] In contrast, alkyl germanes offer a promising alternative as their non-ionic and non-

toxic nature ensures improved practical utility. 
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2.2 Orthogonal functionalization in three-dimensional space: results and 

discussion 

2.2.1 Optimization of reaction conditions for alkyl radical formation 

To expand the diversification possibilities, the work in this thesis demonstrates the full functionalization of 

the already established building block with the aid of photo- and electrochemically catalyzed carbon-

germanium bond functionalizations.[110, 111] In this chapter, the robustness and ease of handling of 

organogermanium compounds is demonstrated by sequential functionalization of the carbon-halogen and 

carbon–Bpin moiety, followed by various novel transformation of the trialkyl germanium motif.   

Initially, an optimization screening was conducted of the photoredox catalyzed carbon-germanium bond 

oxidation, as in the previous publications different acridinium photocatalysts as well as slightly different 

reaction conditions were shown.[72, 73] The previously reported acridinium catalysts cat1 and cat2 were not 

further screened in this study for the reasons discussed above. Besides these two catalysts, there is another 

acridinium based photocatalyst cat3, with a slight modification of cat2. The difference between these 

catalysts is that cat3 contains a phenyl group instead of the methyl group on the nitrogen of the acridinium 

scaffold. According to a report from Nicewicz and co-workers,[153] this modification leads to a longer lifetime 

of the excited state and thus lead to more efficient oxidation of the carbon-germanium bond than the 

previously shown ones.  

For this optimization study, cyclohexyltriethylgermane (1.0 equiv.) was used as an alkyl radical source, 2-

(4-fluorobenzylidene)malononitrile (2.0 equiv.) as a Michael acceptor and cat3 (10 mol%) as the 

photocatalyst, resulting in the formation of product 1. These reactions were carried out in a 1:1 mixture of 

acetonitrile and methanol (0.1 M). In the following schemes, cat3 is referred to as [tBu-Acr+-Mes BF4-].  

 

Table 9 | Optimization screening of different wavelengths.  

 

Entry Wavelength (nm) 19F NMR yield (%)a 

1 405 64 

2 425 67 

3 450 75 

4 475 74 

5 Blue LED strip 78 

Reaction conditions: Cyclohexyltriethylgermane (1.0 equiv.), tBu-Acr+-Mes BF4
− (0.1 equiv.), 2-(4-fluorobenzylidene)malononitrile 

(2.0 equiv.), ACN:MeOH (1:1, 0.1 M), rt, 16 h, different wavelength. For detailed description see SI. a) 1,4-difluorobenzene was used as 

an internal standard. 

 

Different wavelengths of light were evaluated as the first parameter to be investigated in this optimization 

run (Table 9). The λmax value of cat3 has been reported to be λ = 420 nm.[153] Therefore, a wavelength range 
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of 405 nm to 475 nm was selected. The lowest wavelength of 405 nm resulted in a 19F NMR yield of 64% 

(entry 1), which is similar to the 67% (entry 2) achieved with a lamp emitting 425 nm light. Increasing the 

wavelength to 450 nm significantly increased the yield to 75% (entry 3), and 74% (entry 4) with 475 nm, 

respectively. Interestingly, when a commercially available blue LED strip was used, an increased NMR yield 

of 78% (entry 5) was observed. Due to the minor margin of error associated with the quantification of yields 

using 19F NMR spectroscopy, the first two and last three entries in this screening can be considered to have 

analogous yields. Thus, 450 nm was used for further screening, because it is the closest to the λmax value.  

 

Table 10 | Optimization screening of the reaction concentration. 

 

Entry Concentration (M) 19F NMR yield (%)a 

1 0.05 69 

2 0.1 75 

3 0.2 85 

Reaction conditions: Cyclohexyltriethylgermane (1.0 equiv.), tBu-Acr+-Mes BF4
− (0.1 equiv.), 2-(4-fluorobenzylidene)malononitrile 

(2.0 equiv.), ACN:MeOH (1:1), rt, 16 h, 450 nm. For detailed description see SI. a) 1,4-difluorobenzene was used as an internal standard. 

 

Secondly, the reaction concentration of the 1:1 acetonitrile and methanol mixture was screened within a 

range of 0.05–0.2 M (Table 10). Entry 1 represents the most diluted reaction, with a doubled volume of 

solvent resulting in a 0.05 M mixture and yielded 69% of the desired product. This represents a decrease in 

yield, relative to the previous standard conditions. Furthermore, when the reaction concentration was 

increased to 0.2 M, an improved NMR yield of 85% (entry 3) was observed. Due to these observations, the 

following optimization studies were conducted under 0.2 M reaction conditions.  

 

Table 11 | Optimization screening of the photocatalyst loading. 

 

Entry Catalyst loading (mol%) 19F NMR yield (%)a 

1 1 69 

2 2 73 

3 5 85 

4 10 85 

Reaction conditions: Cyclohexyltriethylgermane (1.0 equiv.), tBu-Acr+-Mes BF4
− (mol%), 2-(4-fluorobenzylidene)malononitrile 

(2.0 equiv.), ACN:MeOH (1:1, 0.2 M), rt, 16 h, 450 nm. For detailed description see SI. a) 1,4-difluorobenzene was used as an internal 

standard. 
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Thirdly, the photocatalyst loading was evaluated within a range of 1–10 mol% of cat3 (Table 11). 

Interestingly, when the photocatalyst loading was lowered from 10 mol% to 5 mol%, the same 19F NMR 

yield of 85% (entry 3) was obtained as under the previous conditions. A further lowering to 2 mol% resulted 

in a decrease in yield to 73% (entry 2), while lowering it even further led to a yield drop to 69% (entry 1). 

Based on these results, 5 mol% of photocatalyst was used for further optimization screening. 

 

Table 12 | Optimization screening of used equivalents for the Michael acceptor (MA). 

 

Entry Equivalents of MA (%) 19F NMR yield (%)a 

1 1.1 68 

2 1.5 75 

3 2.0 85 

4b 2.0 85 

Reaction conditions: Cyclohexyltriethylgermane (1.0 equiv.), tBu-Acr+-Mes BF4
− (0.05 equiv.), 2-(4-fluorobenzylidene)malononitrile 

(equiv.), ACN:MeOH (1:1, 0.2 M), rt, 16 h, 450 nm. For detailed description see SI. a) 1,4-difluorobenzene was used as an internal 

standard. b) blue LED strips were used as light source, 

 

Finally, the applied equivalents of the Michael acceptor (MA) were screened within a range of 1.1 to 2.0 

equivalents (Table 12). In entry 1, only 1.1 equivalents of the Michael acceptor were used, resulting in a 

decreased 19F NMR yield of 68%. Increasing the loading to 1.5 equivalents resulted in an increase in yield 

to 75% (entry 2), but the highest yield of 85% (entry 3) was obtained under the previous conditions using 

2.0 equivalents of the Michael acceptor. Further increases in equivalents did not further increase the yield 

under these conditions. When the optimized conditions were conducted under blue LED strip light, the same 

high yield of 85% was achieved (entry 4). 

 

Besides the acridinium based photocatalyst, also a recently published photocatalyst called “9-HTXTF” was 

also tested in the literature known Giese addition (Scheme 27).[173] This catalyst is formed in-situ by a 1:1 

combination of thioxanthone (TX) and triflic acid (TfOH), resulting in a strongly oxidizing photocatalyst 

with a potential of +2.53 V. Adapting the conditions from the original publication, this novel catalyst was 

successful in generating the desired product in a lower yield of 50% at 405 nm and 70% using the blue LED 

strip. The results obtained prove that the new catalyst is feasible for the demonstrated reaction, but due to 

the strong acidity of the triflic acid, the handling and functional group tolerance under these conditions are 

not ideal.  
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Scheme 27 | Photocatalyst “9-HTXTF” used in the standard Giese addition. 

 

Reaction conditions: Cyclohexyltriethylgermane (1.0 equiv.), thioxanthone (0.2 equiv.), triflic acid (2.0 equiv.) 2-(4-

fluorobenzylidene)malononitrile (2.0 equiv.), DCM:toluene (1:1, 0.2 M), rt, 16 h. For detailed description see SI. 1,4-difluorobenzene 

was used as an internal standard. 

 

In summary, this optimization study resulted in the identification of conditions that formed the target 

compound in a high 19F NMR yield of 85%; this was achieved by employing 5 mol% photocatalyst, 2.0 

equivalents of Michael Acceptor, 0.2 M reaction concentration and either a 450 nm lamp or blue LED strips 

as light source, as both resulted in comparable yields. In the following sub-chapters, the optimized 

conditions were applied whenever possible, but due to the complexity of the compounds shown, the 

reaction conditions vary in small details.  
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2.2.2 Novel Germanium transformations 

Besides the optimization of conditions for the literature known Giese addition of trialkyl germane reagents, 

the work described in this thesis also focuses on novel transformation possibilities of the C–Ge bond. 

Markus Schoetz[111, 174] demonstrated that sulfonyl trapping reagents were discovered as a means of 

functionalizing the generated alkyl radical. These compounds and their reactivity were shown before in 

published reports and adapted well to the standard conditions of our protocol.[175, 176] Following the 

optimized conditions, different sulfonyl trapping reagents were used to demonstrate the successful 

cyanation, vinylation and alkylynation of the C–Ge bond (Scheme 28). The cyanation reaction furnished the 

nitrile containing product in a moderate yield of 37% (2), while the vinylation (3) and alkynylation (4) 

products were formed in lower yields of 20% and 18%, respectively. The low yields of these compounds 

might be because of the organogermanium starting material employed, since in the publication cyclohexyl- 

and adamantyl triethylgermane were converted in high yields up to 88%, e.g. for the azidation.[111] 

Furthermore, the styrene motif in compound 3 is prone to oxidation by photocatalysts, which has been 

previously reported and might also explain the observed low yield.[177] In addition to the compounds which 

were described as part of this thesis, we published also the heteroarylation, thiolation, azidation and 

chlorination of the carbon-germanium bond in high yields (synthesized by Markus Schoetz),[174] 

highlighting the novel diversification possibilities of the organogermane.[111]   

 

Scheme 28 | Novel C–Ge transformations using sulfonyl radical trapping reagents. 

 

Reaction conditions: alkylgermane (1.0 equiv.), tBu-Acr+-Mes BF4
− (0.05 equiv.), sulfonyl trapping reagent (3.0 equiv.), ACN (0.2 M), rt, 

24 h. For detailed description see SI. a) DCE (0.2 M) was used as solvent. 

 

To further expand the repertoire of potential C–Ge bond transformations, investigations were made about 

the compatibility of Silvi and co-workers polarity transduction strategy, to formally introduce electron-rich 

double bonds via Giese addition (Scheme 29).[178] In this recently published method, a system was 

developed which overcomes the limitations of electron-rich double bonds as Michael acceptors by utilizing 

sulfonium salts as electron-poor alkenes and a subsequent substitution with an incoming nucleophile 

results in the formal addition of an electron-rich alkene to the final product. In this publication 4CzIPN was 

used as photocatalyst to generate organoalkyl radicals from carboxylic acids and fortunately similar 

conditions with cat3 [tBu-Acr+-Mes BF4
−] and cyclohexyltriethylgermane revealed a comparable reactivity, 
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resulting in the desired products. Initial results could be successfully shown with 4-methoxybenzenethiol 

(5) and 4-methoxyphenol (6) as nucleophiles to generate the desired, formally electron-rich double bond 

in the final products in good yields. Interestingly, it was observed that the diphenyl sulfonium salt was able 

to generate the desired products with different nucleophiles (–SH, –OH) when cat3 is used, but in the 

original publication 4CzIPN only formed low amounts of the desired product by employing a thiol 

nucleophile. Silvi and co-workers rationalized this outcome by noting that diphenyl sulfonium salts tend to 

cleave under reductive conditions. They therefore replaced the sulfonium ligand with a branched neopentyl 

group, thereby enabling the use of a broader range of nucleophiles for a successful reaction outcome. Since 

the acridinium based photocatalyst (cat3) in this protocol has a lower ground state reduction potential 

of -0.59 V[153] (-1.21 V for 4CzIPN)[179], this undesired reactivity was not observed and the wanted products 

were obtained using either the diphenyl or dineopentyl sulfonium salts, without a significant change in 

yields.  

 

Scheme 29 | Polarity transduction with alkyl germane and various nucleophiles. 

 

Reaction conditions: 1) alkylgermane (1.0 equiv.), tBu-Acr+-Mes BF4
− (0.1 equiv.), vinyl sulfonium salt (1.5 equiv.), ACN (0.2 M), rt, 16 h. 

2) nucleophile (2.5 equiv.), K3PO4 (1.5 equiv.), 80°C, 24 h. For detailed description see SI.  
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2.2.3 Full functionalization sequence of the building block 

In the introduction (Chapter 2.1.1), it was mentioned that our working group established a modular building 

block A, consisting of a C–halogen, C–Bpin and C–Ge group on the same carbon center.[72] This recently 

published paper demonstrated that after functionalization of the C–halide bond with a benzylic group, the 

C–Bpin and C–Ge moieties could subsequently be transformed in an sequential manner.[72] However, the 

full functionalization of this modular platform was not shown. The next logical goal was to explore the true 

potential of this developed platform and investigate which possible decorations of the different functional 

groups can be incorporated to access this remaining goal. In general, rapid access to a broad range of 

complex molecules is highly sought after in organic chemistry, highlighting the endless possibilities of a 

selectively functionalizable building block.[43, 44, 116] 

After a series of test reactions in collaboration with Markus Schoetz,[174] it was determined that the C–halide 

bond must be functionalized in the first place due to its high reactivity and incompatibility with the reaction 

conditions of the other functional groups. The applied derivatization of this handle was mainly focused on 

Grignard reactions, achieving substitution of the Csp3–Cl bond with an alkyl or aryl group. Following this 

step, the C–Bpin unit had to be transformed next, since functionalization of the C–Ge group under 

photoredox conditions is limited to homobenzylic germanium groups.[72] A possible explanation for this 

observation can be the hyperconjugation of the borane group,[180, 181] which leads to a weak α-boron 

nucleophile. In this step, the C–Bpin group was oxidized to the corresponding secondary alcohols or 

underwent (hetero)arylation using Aggarwals method.[182] Fortunately, the trialkylgermanium moiety is 

very robust and stable, which has been shown in previous work and thus remained intact under the 

conditions required to functionalize the other two groups.[81] In the final step of the full functionalization 

sequence, the C–Ge bond was decorated with the established Giese addition and nickel catalyzed arylation 

as well as the novel transformations using vinyl sulfonium salts and sulfonyl trapping reagents. The 

following chapters cover the sequential full functionalization as shown in Scheme 30 and will discuss the 

results obtained in more detail. 

 

Scheme 30 | Sequential full functionalization route of the established building block. Adapted from reference with 
permission. Angew. Chem. Int. Ed. 2024, 63, e202401545. 
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2.2.4 C–Halide functionalization 

Based on Dr. Aymane Selmani’s previous studies and the observations discussed above, the first step of the 

full functionalization sequence has to start with the alkylation of the carbon halide bond using various 

Grignard reagents.[72] In Scheme 31, the successful alkylation with different Grignard reagents is 

demonstrated, resulting in the desired products in high yields. Compound 7 contains a benzylic structure, 

which was already shown by Dr. Aymane Selmani in the previously mentioned publication,[72] but by 

changing the reaction conditions it was possible to obtain a significantly higher yield of 92% (see SI for 

details). A slightly different compound was synthesized using a para-fluorobenzene Grignard, obtaining the 

desired product 8 in a high yield of 83%. Besides the known compound, additionally new alkylated building 

blocks were synthesized, utilizing a linear (9) and a branched (10) butane Grignard reagent achieving the 

desired products in high yields of 70% and 80%, respectively. Additionally, a protected alcohol with a tert-

butyl-silyl group (11, previously synthesized by Markus Schoetz with the same method)[111, 174]  and a simple 

phenyl (12) were successfully used as Grignard reagents to generate the desired products in moderate 

yields. This extended scope demonstrated again that the choice of functionalities on the building block is 

crucial for rapid access to diverse structures, since the C–Bpin and C–Ge groups remained untouched and 

stable under the applied nucleophilic conditions. 

 

Scheme 31 | Csp3–Cl functionalization of the established building block with Grignard reagents.  

 

Reaction conditions: building block A (1.0 equiv.), RMgX (1.2 equiv.), THF (0.2-1.1 M), 0°C to rt, 3-12 h. For detailed description see SI. 

Compound 7 was already synthesized as shown by Dr. Aymane Selmani.[72] Compound 11 was already synthesized as shown by Markus 

Schoetz.[111, 174] 
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2.2.5 C–Bpin functionalizations  

The second step of the functionalization sequence was focused on the C–Bpin moiety. Literature reported 

transformations[182-188] were applied building up on Dr. Aymane Selmani’s findings.[72] A frequently 

employed functionalization of an alkyl C–Bpin handle in synthetic chemistry is the peroxide-promoted 

oxidation to an alcohol,[184] to introduce a heteroatom on the alkyl carbon. As shown in Scheme 32, NaOH 

and H2O2 are added at 0°C to the alkylated building block and after stirring for 12 h, the desired oxidized 

products are obtained in nearly quantitative isolated yields. First, the alkylated compound 7 was oxidized 

to obtain the desired alcohol (13) in high yield of 94%. Following, it was also shown that compounds 9 and 

10 were successfully oxidized, achieving the expected products in excellent yields of 99% for 14 and 95% 

for 15, respectively. Fortunately, compound 11, bearing a protected alcohol, was also selectively oxidized 

resulting in the desired product 16 in 91% yield. These examples further illustrate the robust nature of the 

C–Ge handle, due it’s stability under strongly oxidizing conditions, underlining its potential power for late 

stage functionalizations.  

 

Scheme 32 | Csp3–Bpin oxidation to alcohols. 

 

Reaction conditions: alkyl-Bpin (1.0 equiv.), slow addition of aq. NaOH (3 M, 3.0 equiv.) and H2O2 (30 wt% in H2O, 9.0 equiv.), THF, 0°C 

to room temperature, 12 h. For detailed description see SI. 

 

Another powerful transformation is the (hetero)arylation of C–Bpin, which was published by the group of 

Aggarwal (Scheme 33).[182, 186] Dr. Aymane Selmani already demonstrated the compatibility of these 

conditions with the building block in the previous publication,[72] using compound 7 and furan for the 

heteroarylation. This reaction was repeated and obtained the desired product 17 in moderate yield. In 

addition to this, compound 11 was used for another heteroarylation with furan achieving a high yield of 

82%, resulting in the desired product 18. Furthermore, compound 19 was synthesized according to the 

reported procedure but in significantly lower yield. By showcasing the obtained products, it is again 

demonstrated that the C–Ge group is a suitable functional group to enable orthogonal functionalizations, 

since the reaction conditions include strong organometallic nucleophiles and N-bromo succinimide (NBS), 

which has been earlier shown to brominate aryl germanium species.[189] This methodology can be extended 

to further incorporate heteroaryl or aryl systems into the building block, as shown by Markus Schoetz.[111, 

174]  
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Scheme 33 | Csp3–Bpin heteroarylation. 

 

Reaction conditions: alkyl-Bpin (1.0 equiv.), nBuLi (1.2 equiv.), furan (1.2 equiv.), NBS (1.2 equiv.), THF, -78°C to room temperature. 

For detailed description see SI. Compounds 17 and 19 were synthesized according to Dr. Aymane Selmani’s publication.[72] 

 

Besides the oxidation and (hetero)arylation of Csp3–Bpin moieties, another versatile method that converts 

alkyl Bpin to olefins is called the Zweifel olefination.[183] In this functionalization, a new carbon-carbon bond 

is generated to exchange an olefin from a Grignard or organolithium reagent with the Bpin unit.[188] One of 

the commonly used variations is the introduction of an unsubstituted vinyl group, as first described by the 

group of Aggarwal.[185] In this case, a Csp3–Bpin is treated with excess (4.0 equivalents) of vinyl Grignard to 

form a trivinyl boronate complex. Subsequent addition of I2 and NaOMe leads to a 1,2-metallate 

rearrangement and releases the desired vinylated product.[188] In further studies, they found out that the 

applied vinyl Grignard could be reduced to 1.2 equivalents by switching to a solvent system of DMSO:THF 

in a 1:1 ratio.[190] In this particular example, the formation of a boronate complex with only one vinyl group 

was detected. With this information in hand, investigations were made into possible applications of 

compound 7 (Scheme 34). Conducting the experiment with similar conditions, as shown in the previously 

mentioned publication, resulted only in product traces, based on GC-MS and mostly remaining starting 

material. After a few optimization reactions, it was found that the initial conditions with excess of vinyl 

Grignard, as reported by Aggarwal, achieved the best product formation conditions. Additionally, it was 

necessary to increase the reaction time of the first step to an overnight reaction and in the second step 3.0 

equivalents of iodine instead of 1.2 equivalents were needed. These amended conditions enabled the 

preparation of the olefinated product 20 in 40% yield, when compound 7 was used as starting material. In 

Scheme 34, it was demonstrated that the same reaction with a similar compound resulted in the desired 

product 21, in a slightly higher yield of 50%. The starting material for this product was synthesized by 

Markus Schoetz[174] via the well-known homologation reaction, which was initially found by Matteson and 

further developed by the group of Aggarwal.[191, 192] This reaction describes another possibility to 

functionalize the C–Bpin bond, since a CH2 group is inserted between the carbon and the boron atom, 

extending the chain length of the compound.   
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Scheme 34 | Zweifel Olefination of the alkyl–Bpin group. 

 

Reaction conditions: alkyl-Bpin (1.0 equiv.), vinylMgBr (4.0 equiv.), 0°C to room temperature, THF, overnight. Then I2 (3.0 equiv.), 

NaOMe (3.0 equiv.), THF, 0°C, 30 min. For detailed description see SI. 

 

Finally, the transition metal catalyzed cross-coupling of the Csp3–Bpin unit with an aryl halide was 

demonstrated (Scheme 35). The palladium catalyzed Suzuki-Miyaura[113] coupling of organoboranes and 

aryl halides is of utmost importance in academia and industry, to easily access a variety of biaryls. These 

biaryl systems are highly sought after in pharmaceutical and material industries, underlining the 

importance of this cross-coupling reaction.[187] The group of Crudden developed a variation, where they 

could couple benzylic Bpin compounds with aryl iodides, using the commercially available Pd(dba)2 

catalyst.[187] Since synthesized compound 12 contains a benzylic Csp3–Bpin group, investigations were made 

to prove the compatibility with the neighboring Csp3–GeEt3 group. Fortunately, the reported standard 

conditions showed product formation in GC-MS, but also a lot of remaining starting material as well as 

homocoupling of the aryl iodide. Interestingly, when solvents were switched from dimethoxyethane (DME) 

to THF the observed peak of homocoupled side product significantly decreased. Applying these slightly 

changed reaction conditions to compound 12 resulted in the desired product (22) formation in 38% yield. 

There were no further optimizations made to increase the yield, since the aim was to prove that the 

functionalization of the Bpin handle is possible in presence of the triethylgermanium group, leaving it 

untouched for a potential follow up transformation of the Csp3–GeEt3 moiety.   
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Scheme 35 | Palladium catalyzed cross-coupling of Csp3–Bpin. 

 

Reaction conditions: alkyl-Bpin (1.0 equiv.), iodobenzene (1.5 equiv.), Pd(dba)2 (8 mol%), PPh3 (64 mol%), Ag2O (1.5 equiv.), THF, 

70°C, 24 h. For detailed description see SI. 
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2.2.6 C–GeEt3 functionalizations 

Based upon the previous work of Dr. Aymane Selmani,[72] the work described in this thesis focused on the 

functionalization of the Csp3–GeEt3 handle under photochemical conditions. In this chapter, the desired full 

functionalization of building block A will be demonstrated, with transformations of the germanium group 

in the final sequence. In the previous chapters it was shown that the alkylgermanium group persists through 

harsh reaction conditions and remains untouched during the transformation of the Csp3–Cl and Csp3–Bpin 

handles. Thus, specifically tailored reaction conditions for the Csp3–GeEt3 moiety are needed to selectively 

decorate the desired position of the building block.  

Starting with the well-known Giese addition of alkyl radicals to electron-poor Michael acceptors,[72] the 

successful sequential functionalization to the desired product 23 was shown (Scheme 36A). In this case, the 

applied starting material 15 contains a branched butyl on the Csp3–Cl site and an alcohol on the Csp3–Bpin 

site after oxidation. In comparison to the report mentioned above, it was necessary to switch the Michael 

acceptor as the limiting reagent, due to isolation challenges. Using the Michael acceptor 2-

benzylidenemalononitrile as limiting reagent and compound 15 in slight excess, a yield of 25% of the 

desired product (23) was obtained. The rather low yield is in line with the reported Giese addition of the 

same Michael acceptor using compound 7 as starting material, obtaining the same 25% of yield.[72] Even 

though excess of the germanium containing starting material was used, there was still unreacted Michael 

acceptor left after the reaction. Significantly higher yields could be achieved, when the C–Bpin group 

underwent amination prior to the Michael addition as shown in our publication.[111] Furthermore, 

compounds 20 and 21 were used as starting materials for the photocatalyzed Giese addition. However, the 

desired products were not obtained, leaving the starting materials untouched. As already mentioned in the 

previous chapters, the direct oxidation of the carbon-germanium bond was limited to one specific substrate 

if the C–Bpin handle was not functionalized before. To overcome this limitation, different photocatalysts 

were investigated with higher oxidation potential than the used cat3. In a demonstration example, 

compound 10 was applied under the standard reaction conditions, but in this case the photocatalyst 2,4,6-

triphenylpyrylium tetrafluoroborate (TPP BF4-) with an oxidation potential of +2.55 V was used.[130] The 

switch to a photocatalyst with higher oxidation potential was also not successful in the desired product 

formation, since only starting material was observed in GC-MS. 

Besides the Giese addition, the comparable polarity transduction was shown to be feasible in the full 

functionalization sequence (Scheme 36B). Based on the initial result studies with vinyl sulfonium salts and 

different nucleophiles described in this thesis (Scheme 28), Dr. Gurdeep Singh used these findings to 

successfully demonstrate the addition to a formally electron-rich double bond. For this reaction, compound 

7 was aminated at the Bpin handle to obtain the starting material 2,2,2-trifluoro-N-(2-phenyl-1-

(triethylgermyl)ethyl)acetamide, which was then used to achieve the desired product 24 in 46% yield.[111] 

In addition to the shown thiol nucleophile, it should also be possible to use different alcohols as nucleophiles 

as shown in the initial results.   
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Scheme 36 | Alkyl radical addition to electron-poor and -rich Michael acceptors via Giese type reactions. 

 

Reaction conditions: A) Alkylgermane (1.3 equiv.), 2-benzylidenemalononitrile (1.0 equiv.), tBu-Acr+-Mes BF4
− (0.05 equiv.), 

ACN:MeOH (1:1, 0.2 M), rt, 16 h, 450 nm. B) alkylgermane (1.0 equiv.), tBu-Acr+-Mes BF4
− (5 mol%), vinyl sulfonium salt (1.5 equiv.), 

ACN (0.2 M), rt, 16 h. Then nucleophile (2.5 equiv.), K3PO4 (2.0 equiv.), 80°C, 24 h For detailed description see SI. Compound 24 was 

synthesized by Dr. Gurdeep Singh. 

 

Furthermore, the established dual photoredox nickel catalysis was applied for the demonstration of the full 

functionalization of the building block. In this context, the group of Xiao presented the cross-coupling 

compatibility of alkyl germanium species with aryl bromides under photoredox conditions.[73] Since the 
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publication only showed simple alkyl germanium compounds, a first test reaction was done to determine 

the reactivity of the building block, when another functional group was present next to the alkylgermane. 

Specifically, compound 13 was used as limiting reagent and bromobenzene in excess as the aryl halide 

coupling partner (Scheme 37). The reaction conditions were slightly adjusted to the previously optimized 

reaction conditions in the first chapter (Chapter 2.2.1.), using cat3 in 5–10 mol% as well as 5–10 mol% of 

the nickel catalyst. Surprisingly, the crude GC-MS analysis did not show the desired product mass, but a 

significant peak with a mass of minus two of the expected product. After isolation of the detected compound, 

further analysis revealed that compound 25 was generated in 65% yield. The formation of this α-aryl-

ketone led to the conclusion that the hydroxy group was oxidized to the corresponding ketone. To further 

investigate this observation, aryl bromides with different functional groups on the aromatic ring were used. 

Indeed, the aryl-TMS and the aryl–CF3 compounds were successfully cross-coupled obtaining the 

corresponding α-aryl-ketones in 50% (26) and 42% (27) yield, respectively. 

After the successful demonstration of the compatibility with simple aryl halides, the methodology was 

applied in the synthesis of more complex substrates, using both natural products and drug derivatives for 

the cross-coupling (Scheme 37). In these cases, the natural product or drug was subjected to an 

esterification to generate the corresponding aryl bromide derivative (see SI for further details). The best 

result was obtained when compound 15 and a menthol derivative (synthesized by Dr. Gurdeep Singh) were 

used as starting materials, achieving a yield of 40% (28). Another natural product derivative (29) was 

synthesized, when a fenchol derivative was applied as aryl bromide starting material. However, the yield of 

this product was rather low and the majority of the starting material remained untouched. An unsuccessful 

substrate was identified when the drug derivative of Naproxen was used, which resulted in no desired 

product formation (Scheme 37 bottom). A possible explanation for this lack of reactivity is the structural 

difference of the compounds. While the natural product derivatives were synthesized from alcohol and thus 

the ester group is connected via a carbon-carbon bond with the aryl bromide, the Naproxen drug derivative 

originates from an acid and the ester group linked via a carbon-oxygen bond with the aromatic ring. In 

recent publications, it was demonstrated that aryl methoxy groups can be oxidized and transformed in 

nucleophilic aromatic substitution reactions under photoredox conditions with acridinium based 

catalysts.[193] Based on these observations, it might be hypothesized that the drug derivative follows the 

same mechanism and thus consuming the photocatalyst without regenerating it, resulting in no efficient 

product formation.  
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Scheme 37 | Dual photoredox nickel catalysis. 

 

Reaction conditions: Alkylgermane (1.0 equiv.), arylbromide (1.5-2.0 equiv.), tBu-Acr+-Mes BF4
− (0.05-0.1 equiv.), [NiCl2(phen)] (0.05-

0.1 equiv.), ACN, rt, 24 h, 450 nm.  

 

In Scheme 38, a proposed mechanism is presented for the dual photoredox catalyzed oxidation of benzylic 

alcohols to α-aryl-ketones. The proposed mechanism is based on previously reported findings from Rueping 

and co-workers,[194] in which a similar acridinium photocatalyst (cat1) and a comparable nickel catalyst 

were employed under blue LED light. The shown mechanism for the oxidation of benzylic alcohols is based 

on experimental observations made during the reaction, however, no detailed mechanistic studies, either 

experimental or computational, have been performed to confirm the pathway.  

The proposed catalytic cycle starts with the oxidative addition of the aryl bromide to the nickel complex 

and undergoes energy transfer from the excited state acridinium photocatalyst.[194] Upon visible light 

induced homolytic cleavage, a bromine radical is generated,[195] which undergoes HAT and abstracts a 
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hydrogen atom radical from the benzylic alcohol. The generated benzylic radical combines with the nickel 

complex, which subsequently undergoes β-hydride elimination, to yield the observed α-aryl-ketone 

product. Reductive elimination from the nickel complex produces the corresponding aryl–H, as detected by 

GC-MS, thereby closing the catalytic cycle.[194] It should be noted that, in the absence of supporting 

mechanistic investigations, the exact pathway remains speculative, especially the β-hydride elimination[196] 

step and might differ from the proposed mechanism. 

 

Scheme 38 | Proposed mechanism for the oxidation of benzylic alcohols under oxygen free conditions. Adapted from 
a previously reported mechanism by the Rueping group.[194]  

 

 

Further unproductive reactions are shown in Scheme 39, using different building blocks that still contain 

an unfunctionalized C–Bpin handle. The first reaction employs compound 10 as starting material in 

conjunction with a fenchol derivative for the known cross-coupling reaction (Scheme 39A). Previously, it 

was demonstrated that the fenchol derivative is a suitable candidate for the desired cross-coupling reaction. 

However, in this case, no product formation was observed and the starting material remained untouched. 

To lower the complexity of the starting materials used, the aryl bromide was switched to a simpler one, 

which was also shown to be productive in the previous scheme (Scheme 37). However, even the para–CF3 

substituted aryl bromide showed no desired product formation and the starting material could be 

recovered. Additionally, compound 11 was used as starting material with the same aryl bromide. Similar to 

the previous results, this reaction also led to no desired product formation, without any reaction of the 

starting material. In addition to the results obtained with the usual Giese addition (Chapter 2.2.6.), it can be 

concluded that the unfunctionalized C–Bpin site is also in this case the reason for an unsuccessful oxidation 

of the trialkylgermanium handle.  
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In Scheme 39B the two compounds 13 and 15 have been used to demonstrate the limitations of the sulfonyl 

trapping reagent reaction. The successful cyanation of the C–GeEt3 handle was already showcased in the 

publication,[111] but when the same conditions were applied to the compounds bearing the oxidized C–Bpin 

group, again no desired product formation could be observed. The alkylgermanium starting materials were 

consumed, based on GC-MS, but no product generation could be detected. In comparison to that, under dual 

photoredox nickel cross-coupling conditions these starting materials yielded in the wanted products (25 

and 28).   
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Scheme 39 | Unsuccessful results with the dual photoredox nickel catalysis (A) and sulfonyl trapping reagent (B). 

 

Reaction conditions: A) Alkylgermane (1.0 equiv.), aryl bromide (2.0 equiv.), tBu-Acr+-Mes BF4
− (0.05 equiv.), [NiCl2(phen)] (0.03 

equiv.), ACN, rt, 24 h, blue LED. B) Alkylgermane (1.0 equiv.), sulfonyl trapping reagent (3.0 equiv.), tBu-Acr+-Mes BF4
− (0.05 equiv.), 

DCE, rt, 24 h, blue LED. 

 

In parallel to this work, a novel electrochemical methodology for alkylgermane functionalization has been 

developed by Markus Schoetz,[110, 174] offering a versatile platform for the formation of diverse carbon-

heteroatom bonds, particularly C–O and C–N bonds, which are highly relevant in the pharmaceutical and 

agrochemical industries.[197, 198] In contrast, photochemical approaches predominantly yield new C–C 
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bonds, with only a few exceptions reported, such as chlorination, azidation, and C–S bond formation.[111] 

While the photochemical methods rely on the formation of an alkyl radical, the electrochemical approach 

further oxidizes the radical to a carbocation, which can be utilized for reactions with numerous 

nucleophiles.  

At the outset of this project, Markus Schoetz and Kristina Deckers (technician from our group) carried out 

the optimization of reaction conditions for the successful electrochemical transformation of the 

alkylgermane group with different nucleophiles, generating a broad portfolio of several new carbon bond 

formations. They found that an undivided cell with graphite electrodes, Bu4NClO4 as electrolyte and 

molecular sieves in DCM resulted in the best yields. Building on the successful full functionalization of the 

established building block A, subsequent efforts focused on enabling heteroatom-carbon bond formation 

(particularly C–O and C–P), which was previously unachievable under radical conditions (Scheme 40). 

Following the same sequence as shown before in the photochemical approach, the Csp3–Cl site must be 

functionalized in the first step, with a subsequent transformation of the Csp3–Bpin site. In the examples 

shown compound 17 was utilized, which was previously functionalized with a benzyl Grignard and furan 

as heterocycle. The first example was demonstrated with the alcohol (R)-2-phenyl-1-propanol, resulting in 

the desired product 30 with a yield of 40%. Secondly, the same alkylgermane starting material was used for 

the C–P bond formation using tributyl phosphite and resulted in product 31 in 35% yield. The third 

alkylgermane starting material was synthesized by Annika Hoeppner under the supervision of Markus 

Schoetz, following the reported procedures,[72] which contains a double bond on the alkyl chain as well as a 

protected amine on the Csp3–Bpin site. With this starting material the racemic 2-phenyl-1-propanol was 

used as nucleophile to generate the desired product 32 in an excellent yield of 90%. The furan containing 

starting material resulted in a significantly lower yield than the amine protecting group compound, which 

was not only observed during my studies but as well as for my other colleagues as reported in our 

publications.[110, 111]   

 

Scheme 40 | Electrochemical full functionalization of the building block. 

 

Reaction conditions: Alkylgermane (1.0 equiv.), nucleophile (5.0 equiv.), nBu4ClO4 (0.3 mmol), DCM (3 mL), 4 Å molecular sieve 

(150 mg), rt, 7 mA, 2.8 F/mol. 
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Besides the successfully synthesized substrates, different nucleophiles were identified which were not 

productive in building up a complex molecule structure. Most of the nucleophiles which are unproductive 

showed product formation in moderate to high yields with simpler organogermanium compounds in the 

publication.[110] The generation of either no product, or only trace quantities in the GC-MS analysis, is likely 

due to the increased complexity of the building block bearing various functionalities. Selected examples of 

unproductive nucleophiles and alkylgermanium species are shown in Scheme 41. 

 

Scheme 41 | Unproductive nucleophiles in the electrochemical functionalization of C–GeEt3. 

 

Reaction conditions: Alkylgermane (1.0 equiv.), nucleophile (5.0 equiv.), nBu4ClO4 (0.3 mmol), DCM (3 mL), 4 Å molecular sieve 

(150 mg), rt, 7 mA, 2.8 F/mol. 

 

The same alkylgermane that gave an excellent yield in the previous reaction with an alcohol as nucleophile, 

was unsuccessful with different carbamates or oxazolidinones (I and II). Also, the sulfonamide 

camphorsultam and 17 did not generate the desired product (III) under standard conditions as 

demonstrated in the publication.[110] In this particular case, the sulfonamide could be used as productive 

nucleophile, when the Csp3–Bpin site was functionalized with an amide group in advance.[110] Another 

oxazolidinone containing nucleophile was tested with the drug Metaxalone, a drug prescribed for muscle 

relaxation and pain relief,[199] and the alkylgermane 18 as starting materials. However, compound 18 was 

not suitable for this nucleophile and resulted in no desired product (IV) formation. Interestingly, the 
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compounds obtained after heteroarylation with furan at the Csp3–Bpin site were generating the desired 

products, when alcohol (30) or phosphite (31) were used as nucleophiles (Scheme 40). Another interesting 

nucleophile for the electrochemical transformation of the Csp3–GeEt3 site is the drug Gemfibrozil, which is 

used to treat abnormally high or low blood lipid levels.[200] In this specific case the nucleophile is an acid, 

which showed successful product formation in our publication.[110] Nonetheless, neither building block 19 

nor 22 were suitable candidates for the desired product formation of V and VI, respectively. 
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2.2.7 Alternative approach for a building block achieving full functionalization 

The established building block A represents a compound that contains three different functional groups on 

the same carbon atom. These three handles were shown to be transformed under their own specific 

conditions, allowing rapid access to a variety of complex structures as shown in the previous chapters. 

Although each functional group had to be decorated in a sequential way, building block A was successfully 

demonstrated as versatile linchpin for a diverse substrate scope. Besides this building block, also other 

potential starting platforms were considered as efficient molecules to build up high complexity within a few 

steps. The investigations described in this chapter were conducted in parallel with the preceding studies, 

which led to the examination of photocatalytic oxidation of the C–Ge motif in the presence of the C–Bpin 

group. 

One promising alternative candidate is a building block containing two C–Bpin groups (bis–Bpin) on the 

same carbon as the C–GeEt3 moiety. Similar building blocks like this have been reported in the literature, 

which implemented a silane, stannane or halide instead of the alkylgermane group as described in the 

introduction part (Chapter 2.1.1.).[118, 122, 201-205] Since these functionalities have rather limited possibilities 

to be efficiently transformed, an alternative platform containing a trialkylgermane group might overcome 

their known limitations. This building block was synthesized in a straightforward pathway via one simple 

step, using bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methane and R3GeCl as starting materials. The 

reaction procedure obtaining the desired products in high yields is based on a publication from Matteson 

in the early 1980s.[206] He described the deprotonation of 1,1-diboronic esters and a subsequent reaction of 

the formed carbanion with an alkyl halide using LiTMP in THF. Based on this publication, initial results using 

LDA, instead of LiTMP, showed desired product formation in GC-MS analysis and were used for the synthesis 

in large scales (Scheme 42). The 1,1-diboronic ester bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methane was in every case the starting material for the shown syntheses. By selecting different 

trialkylgermanium chloride species it was possible to synthesize a variety of new building blocks.  

 

Scheme 42 | Synthesis of the alternative bis–Bpin building blocks. 

 

Reaction conditions: bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methane (1.0 equiv.), R3GeCl (1.0 equiv.), LDA (1.1 equiv.), THF 

(0.3 M), 0°C, overnight. 
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First, Me3GeCl and Et3GeCl were used to synthesize the corresponding compounds in satisfying yields of 

70% (33) and 75% (34), respectively. A different alkylgermanium chloride, Me2PhGeCl, was also employed 

in the reaction which furnished the desired product 35 in 57% yield. The last building block was prepared 

from (chloromethyl)triethylgermane, which is also synthesized in the first step of the established building 

block A.[72] Following the same procedure, the wanted compound 36 was synthesized in 73% yield. 

The synthesized building blocks were further applied in the established reaction conditions known to 

decorate the Csp3–Ge site (Scheme 43). Even though it was shown in Dr. Aymane Selmani’s publication[72] 

that the trialkylgermanium group could be photochemically oxidized in presence of the unfunctionalized 

Bpin group, it was not possible to use any other alkyl group than the benzylic Grignard (7) for a successful 

transformation. It was investigated to further explore the reactivity of the Csp3–Ge unit when attached to a 

bis–Bpin on the same carbon. In Scheme 43A, investigations were made about the reaction outcome under 

the established photocatalytic Giese addition conditions. Building blocks 33-35 were not productive under 

the applied conditions, resulting in untouched starting materials. To further prove that the Csp3–Ge moiety 

cannot be oxidized when located on the same carbon atom as two Bpin groups, the reactivity under the dual 

photoredox cross-coupling conditions with the nickel catalyst was evaluated (Scheme 43B). Again, the 

building blocks did not show any desired product formation, leaving the starting materials untouched. A 

candidate for a potentially successful reaction would be building block 36, since in the previously 

mentioned publication it was shown that also primary alkylgermanium groups could be utilized in the Giese 

addition.[72] 

 

Scheme 43 | Photocatalyzed oxidation of the C–Ge bond of the new building blocks. 

 

Reaction conditions: A) Building block (1.0 equiv.), Michael acceptor (2.0 equiv.), tBu-Acr+-Mes BF4
− (0.05 equiv.), ACN:MeOH (1:1, 

0.2 M), rt, 24 h, blue LED. B) Building block (1.0 equiv.), aryl bromide (2.0 equiv.), tBu-Acr+-Mes BF4
− (0.05-0.1 equiv.), [NiCl2(phen)] 

(0.03 equiv.), ACN, rt, 24 h, blue LED. 
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These results are in line with the previous observations that were made, that the C–Bpin handle has to be 

functionalized as a first step. Based on that, it was further continued with different literature reported 

approaches for the functionalization of bis–Bpin groups (Scheme 44).[201, 203] In recent years, various 

methods have been developed to transform one of these groups predominantly into a new carbon-carbon 

bond. Following this pathway, it would be similar to the previously shown building block A, which also had 

to be functionalized first on the C–Cl site with alkyl or aryl Grignard species.  

Several well-known transition metal catalyzed functionalization of bis–Bpin groups are depicted in Scheme 

44A, showing the utilization of a copper and palladium catalyzed approach.[207, 208] In conditions A, CuI is 

used in catalytic amounts with a stoichiometric amount of LiOtBu as base in DMF at elevated 

temperatures.[207] In their publication it was shown, that even substituted 1,1-diborylalkanes were 

efficiently reacted with corresponding alkyl halides to form the product in high yields. When the reaction 

was repeated under the same conditions with building block 34, only protodeborylation of one Bpin group 

was observed in GC-MS analysis. Since the alkyl bromide did not form any of the desired product, it was also 

tested if an aryl bromide would furnish the desired product, but again only protodeborylation of the starting 

material was observed. Switching to the palladium catalyzed Suzuki cross-coupling reaction with aryl 

halides, the literature reported conditions from the Morken group were used (conditions B).[208] In these 

examples building blocks 33-35 were used with an aryl iodide, but no desired product was formed and only 

protodeborylation of one Bpin group was observed in GC-MS.  

Besides these transition metal catalyzed approaches, there are also various other transformations shown 

in literature.[203] For example, the synthesis of vinyl boronates via a boron-Wittig type reaction from a bis–

C–Bpin handle was demonstrated by the group of Morken, based on initial results from Matteson.[209] In this 

example, LiTMP was used to deprotonate the central carbon of the bis–Bpin compound which then reacts 

with an aldehyde to form the desired vinyl boron compound. Following both of their shown reaction 

conditions with building block 34, no desired products could be observed, with the starting material 

remaining untouched (Scheme 44B). The observed lack of product formation could be rationalized by the 

fact that in their publication only linear alkyl substituents were shown and that one example with a tert-

butyl group had only 30% of conversion without a given yield. Based on their results it can be postulated 

that the bulky GeEt3 group might not be suitable under these conditions.   
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Scheme 44 | Different attempts to functionalize the bis–Bpin group. 

 

Reaction conditions: A) Conditions A: Building block (1.0 equiv.), alky or aryl halide (1.2 equiv.), CuI (0.2 equiv.), DMF (0.2 M), 60°C, 

24 h. Conditions B: Building block (1.0 equiv.), aryl halide (1.2 equiv.), Pd(OAc)2 (0.05 equiv.), KOH (15.0 equiv.), dioxane/H2O , rt, 12 h. 

B) top: building block (1.0 equiv.), LiTMP (1.0 equiv.), THF, 0°C, 5 min, then CH2I2 (2.0 equiv.), THF, 0°C to 60°C, 2 h. bottom: building 

block (1.0 equiv.), LiTMP (1.0 equiv.), THF, 0°C, 5 min, then aldehyde (1.2 equiv.), THF, -78°C, 4 h. 

 

Another transition metal free approach was published by the group of Morken on the base mediated 

alkylation of bis–Bpin groups.[210] In these conditions they explored the utilization of stoichiometric 

amounts of NaOtBu in THF at room temperature, to obtain the desired alkylated products in high yields. 

Besides simple bis–Bpin compounds, fully substituted examples were shown to efficiently generate the 

wanted products. In Scheme 45, all synthesized building blocks were used for the previously described 

reaction conditions, applying (5-bromopentyl)benzene as alkylating reagent. Analogous to the already 

shown transformation attempts, building blocks 33 and 34 did not result in the desired products and only 

showed traces of formed products in GC-MS analysis. Once again it was postulated that the bulkiness of the 

substituents might interfere with the alkyl halide and thus inhibit the product formation. Interestingly, 

when building block 35 was used, the desired product 37 was generated in a yield of 23%. The difference 
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between building block 33 and 35 is that one methyl group on the C–Ge moiety was exchanged with a 

phenyl group, which might impact both the steric hindrance and electronic properties of the substrate 

sufficiently, that the desired product formation in moderate yield took place. Fortunately, building block 36 

also formed the desired product 38 in 28% yield, demonstrating two successful examples for the base 

mediated alkylation of the bis–Bpin unit, when a germanium handle is located on the same carbon atom or 

on the neighboring one. 

  

Scheme 45 | The partially successful alkylation of the bis–Bpin unit. 

 

Reaction conditions: Building block (1.0 equiv.), alky halide (2.0 equiv.), NaOtBu (3.0 equiv.), THF (0.15 M), rt, 16 h. 

 

Based on the results obtained with the bis–Bpin building blocks 33-36 it was decided not to continue using 

these alternative platforms for the sequential full functionalization. As demonstrated with compound 37 

and 38, the yields were relatively low and the same structures could be synthesized with significantly higher 

yields from building block A, with an alkyl Grignard reagent. Because of this, no further functionalization 

attempts were conducted on 37 and 38, leaving the bis–Bpin unit as potential alternative to the already 

established building block. 
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2.2.8 Summary 

In summary, the work in this chapter started with the optimization studies of the Giese addition using cat3, 

where various reaction parameters were evaluated, including wavelength, solvent concentration, catalyst 

loading and Michael acceptor equivalents. In addition to this, it was found out that the photocatalyst 

“9-HTXTF” is also feasible for the activation of the carbon-germanium bond to form the desired product. 

However, the yield was lower than that achieved with the acridinium based photocatalyst and not further 

investigated.  

A scope was shown that the C–GeEt3 unit could be efficiently transformed under photoredox conditions by 

trapping the generated alkyl radical (found by Markus Schoetz) with various sulfonyl compounds to 

introduce nitrile, vinyl or alkyne groups. Furthermore, the polarity transduction approach was applied, 

developed by Silvi and co-workers for alkyl carboxylic acids,[178] to demonstrate that the alkylgermanium 

motif is also a feasible functional group for the Giese addition of formally electron rich double bonds. With 

this new functionalization in hand, it is now possible to use electron deficient Michael acceptors for the 

established Giese addition or formally electron rich double bonds for the telescopic approach utilizing vinyl 

sulfonium salts. 

Since the full functionalization of building block A was the primary objective of this chapter, it was 

demonstrated that the alkylgermanium handle had to be functionalized after the C–Bpin, due to low or no 

reactivity in the presence of this functional group. Therefore, a sequential functionalization of the 

established building block had to be followed to achieve rapid access to a variety of complex molecule 

structures. Based on reactivities reported in the literature, the C–Cl handle was functionalized with alkyl 

Grignard reagents to obtain the desired products in high yields. Following on from this, various reported 

functionalizations of the C–Bpin group were applied, such as the quantitative oxidation to alcohols, 

Aggarwal (hetero)arylation, Zweifel olefination as well as the palladium catalyzed Suzuki cross-coupling 

with aryl halides. In the last step, the C–GeEt3 unit was decorated with the established Giese addition[72] and 

the dual photoredox catalysis with nickel,[73] to achieve the full functionalization of the building block. In 

the latter one, it was investigated that compounds in which the C–Bpin group had been previously oxidized 

to an alcohol underwent photoredox catalyzed oxidation under standard conditions, generating the 

corresponding α-aryl ketone. In this context, natural product derivatives like menthol and fenchol were 

shown to be productive under the applied conditions, generating the desired compounds. 

In parallel to that, it was also applied that the C–GeEt3 handle can be oxidized under electrochemical 

conditions (developed by Markus Schoetz) to form a carbocation and react with incoming nucleophiles. 

Following the aim to show the full functionalization of the building block, three different fully decorated 

structures with moderate to high yields were synthesized.   

Finally, an alternative set of building blocks with a bis–Bpin group were synthesized and tested under the 

demonstrated transformation conditions. However, only the base mediated alkylation showed successful 

product formation in rather low yield. The same products could have been synthesized with the established 

building block A under Grignard conditions, with most likely significantly higher yields and therefore no 

further investigations with these building blocks were carried out.    
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3 Supporting Information  

3.1 General experimental details 

Techniques 

All reactions were performed utilizing standard Schlenk techniques under an Argon atmosphere or inside 

a glovebox unless otherwise stated. Glassware and magnetic stir bars were dried in an oven (110 °C) for at 

least 24 hours prior to use. Unless otherwise stated, experiments were carried out at room temperature (25 

± 2 °C). The removal of solvents in vacuo was achieved using a rotary evaporator (bath temperatures up to 

40 °C) at a pressure of 20 mmHg (diaphragm pump), or at 0.1 mmHg (oil pump) on a vacuum line at room 

temperature. 

Solvents, reagents and starting materials 

Unless otherwise stated, all anhydrous solvents were purchased from Sigma Aldrich. Anhydrous 1,3-

dimethyl-2-imidazolidinone (DMI, absolute, over molecular sieve (H2O ≤0.04%), ≥99.5% (GC)) was 

purchased from Sigma Aldrich. Note: DMI with lower purity than 90% and higher contamination of H2O leads 

to low conversion. LiOtBu (99.99% trace metal basis) was purchased from Alfa Aesar and CsF (99.9%) was 

purchased from chemPUR. THF and Et2O were dried using a PS-MD-5 solvent purification system from 

Innovative Technology. Technical grade solvents were distilled prior to use for chromatography and 

extraction. 

Unless otherwise stated, all reagents and starting materials were commercially available and used as 

received. 

Purification 

Thin layer chromatography (TLC) was performed on Macherey Nagel ALUGRAM Xtra SIL G UV254 

aluminium plates with unmodified silica and visualized either under UV light or stained with iodine or 

KMnO4. Flash silica gel column chromatography was performed with silica gel (0.04 – 0.063 mm particle 

size) purchased from Macherey Nagel. Preparative HPLC was performed on a Knauer Azura HPLC 

(employing UV detector 2600, at 254 and 230 nm) using a LiChrosorb Si60 column (Merck, 250 x 25 mm, 7 

µm silica poriosity). 

Characterization 

All 1H, 13C and 19F NMR spectra were recorded on Bruker Avance Neo 600, Varian VNMRS 600 or Varian 

VNMRS 400 or Bruker Avance Neo 400 spectrometers at ambient temperature (unless otherwise specified). 

Chemical shifts (δ) are reported in parts per million (ppm) and were referenced either to residual solvent 

peak (for 1H and 13C spectra) or internally by the instrument after locking and shimming to the deuterated 

solvent (for 19F). Coupling constants (J) are given in Hertz (Hz). Multiplicities of signals in 1H, 19F, and 13C 

NMR were designated as s (singlet), d (doublet), dd (doublet of doublets), dt (doublet of triplets), ddd 

(doublet of doublets of doublets), t (triplet), td (triplet of doublets), q (quartet), p (quintet), h (sextet), hept 

(septet), and m (multiplet). 

Gas chromatography coupled with mass spectrometry (GC-MS) was performed on an Agilent Technologies 

5975 series MSD mass spectrometer under electrospray ionization (EI) mode coupled with an Agilent 
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Technologies 7820A gas chromatograph employing an Agilent 19091s-433 HP-5MS column (30 m x 0.250 

μm x 0.250 μm). High-resolution mass spectrometry (HRMS) was performed using a Thermo Scientific LTQ 

Orbitrap XL spectrometer (ESI), Finnigan MAT 95 (EI) or Bruker Maxis II LC-MS-System (APCI). Low-

resolution masses of known compounds were extracted from their GC-MS chromatograms. IR spectra were 

recorded on a Spectrum 100 spectrometer with a UATR Diamond/KRS-5 crystal with attenuated total 

reflectance (ATR). 

ICP-MS analysis was conducted on an Agilent 8900 Triple Quadrupole (ICP QQQ) at the RWTH Uniklinik 

Aachen. 

Photo- and electrochemistry setup 

All the photochemical reactions were carried out in an EvoluChemTM PhotoRedOxBox (see photo below, 

left) equipped with one EvoluChem 450PF LED lamp (λmax = 450 nm, 30 W) or in a setup made of a foiled 

vessel (135 mm) equipped with a blue LED stripe (1 m, 18.6 W, 465 – 470 nm, λmax = 467 nm), a stirring 

plate, and two cooling fans providing ambient temperature (see photo below, middle). The blue LED stripe 

was purchased from Ledxon® GmbH.[111] 

All electrochemical reactions were performed using an IKA ElectraSyn2.0 instrument equipped with two 

graphite electrodes and a 5mL vial with magnetic stir bar (see photo below, right).[110] 
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3.2 Supporting information for chapter 1 

3.2.1 Optimization of reaction conditions 

All reaction optimization and screening reactions were carried out using the following general procedure: 

 

In an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with LiOtBu (0.1-2.0 equiv.) and CsF (0.1-2.0 equiv.) and dissolved in anhydrous DMI (1.0 mL, 0.1 M). To the 

mixture were added 1-(but-3-en-1-yl)-4-fluorobenzene (15.0 mg, 0.1 mmol, 1.0 equiv.) and Et3GeH 

(24.3 μL, 1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a heating block at 80°C 

overnight. After cooling down to room temperature 1,4-difluorobenzene was added as internal standard for 

19F NMR yield determination. Additionally, a small aliquot was taken and analyzed by GC-MS.  

3.2.2 General procedure A 

 

In an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with LiOtBu (10 mol% – 2.0 equiv.) and CsF (10 mol% – 2.0 equiv.) and dissolved in anhydrous DMI (1.0 mL, 

0.1 M). To the mixture were added the alkene (0.10 – 0.30 mmol, 1.0 equiv.) and Et3GeH (0.15 – 0.45 mmol, 

1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a heating block at 80°C overnight. 

After cooling down to room temperature the crude reaction mixture was directly subjected to flash column 

chromatography on silica gel to obtain the desired product.   

3.2.3 General procedure B 

 

In an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with LiOtBu (10 mol%) and CsF (10 mol%) and dissolved in anhydrous DMI (1.0 mL, 0.1 M) and to the 

mixture was added the alkene (0.10 - 0.30 mmol, 1.0 equiv.). The vial was sealed and brought out of 

glovebox and stirred in a heating block at 80°C overnight. After cooling down to room temperature the crude 

reaction mixture was directly subjected to flash column chromatography on silica gel to obtain the desired 

product. 
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3.2.4 Characterization data of products 

Triethyl(1-(4-fluorophenyl)butan-2-yl)germane (1) 

Prepared, following the general procedure A from 1-(but-3-en-1-yl)-4-

fluorobenzene (45.1 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) 

and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as colorless oil (81.2 mg, 0.26 mmol, 87%). 

Prepared, following the general procedure A from 1-(but-3-en-1-yl)-4-fluorobenzene (45.1 mg, 0.30 mmol) 

with KOtBu (3.4 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as colorless oil (81.4 mg, 0.26 mmol, 87%). 

Rf = 0.84 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.14 – 7.09 (m, 2H), 6.97 – 6.92 (m, 2H), 2.75 (dd, 

J = 14.0, 5.4 Hz, 1H), 2.59 (dd, J = 14.1, 10.3 Hz, 1H), 1.49 – 1.38 (m, 2H), 1.37 – 1.32 (m, 1H), 1.03 (t, J = 7.9 

Hz, 9H), 0.86 (t, J = 7.4 Hz, 3H), 0.77 – 0.71 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 161.3 (d, J = 242.9 

Hz), 138.7 (d, J = 3.1 Hz), 130.2 (d, J = 7.5 Hz), 114.9 (d, J = 21.1 Hz) 36.3, 29.5, 23.2, 13.7, 9.3, 3.9. 19F NMR 

(564 MHz, CDCl3) δ/ppm = -118.18 (s, 1F). HRMS (APCI) calculated for C14H22GeF: 283.0912 [M-CH2CH3]+, 

found: 283.0904. IR (neat): ν/ cm-1 = 2951, 2871, 1878, 1601, 1507. 

Triethyl(1-(4-fluorophenyl)propan-2-yl)germane (2) 

Prepared, following the general procedure A from 1-allyl-4-fluorobenzene (40.9 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (71.3 mg, 0.24 mmol, 80%).  

Prepared, following the general procedure A from 1-allyl-4-fluorobenzene (40.9 mg, 0.30 mmol) with 

LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.) but Et3GeSiMe2Ph (132.8 mg, 

0.45 mmol, 1.5 equiv.) as Germanium source. The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (8.9 mg, 0.03 mmol, 10%).  

Rf = 0.91 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.12 – 7.07 (m, 2H), 6.98 – 6.92 (m, 2H), 2.86 (dd, 

J = 13.7, 4.1 Hz, 1H), 2.40 – 2.33 (m, 1H), 1.38 – 1.30 (m, 1H), 1.05 (t, J = 7.9 Hz, 9H), 0.92 (d, J = 7.3 Hz, 3H), 

0.76 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 161.34 (d, J = 242.9 Hz), 138.38 (d, J = 3.3 Hz), 

130.16 (d, J = 7.8 Hz), 114.9 (d, J = 21.1 Hz) 39.0, 21.5, 15.4, 9.3, 2.9. 19F NMR (564 MHz, CDCl3) δ/ppm = -

118.23 (s, 1F). HRMS (APCI) calculated for C13H20GeF: 269.0755 [M-CH2CH3]+, found: 269.0755. IR (neat): 

ν/ cm-1 = 2947, 2870, 2323, 1881, 1507, 1222. 

Tributyl(1-(4-fluorophenyl)propan-2-yl)germane (3) 

Prepared, following the general procedure B from 1-allyl-4-fluorobenzene 

(40.9 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.), CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.) and tributylgermanium hydride (110.2 mg, 0.45 mmol, 

1.5 equiv.). The title product was obtained after purification by flash chromatography on silica gel (n-

pentane) as a colorless oil (90.4 mg, 0.24 mmol, 79%). 

Rf = 0.74 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.12 – 7.07 (m, 2H), 6.98 – 6.93 (m, 2H), 2.85 (dd, 

J = 13.8, 4.3 Hz, 1H), 2.34 (dd, J = 13.8, 11.5 Hz, 1H), 1.38 – 1.30 (m, 13H), 0.93 – 0.88 (m, 12H), 0.77 – 0.71 
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(m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 161.33 (d, J = 242.8 Hz), 138.43 (d, J = 3.1 Hz), 130.17 (d, J = 

7.7 Hz), 114.91 (d, J = 20.9 Hz), 39.0, 27.8, 26.9, 22.1, 15.4, 13.9, 11.4. 19F NMR (564 MHz, CDCl3) δ/ppm = -

118.3. HRMS (ESI) calculated for C17H28FGe: 325.1381 [M-(CH2)3CH3]+, found: 325.1380. IR (neat): ν/ cm-1 

= 2955, 2860, 1507, 1233, 1080. 

(1-(4-Fluorophenyl)propan-2-yl)trimethylgermane (4) 

Prepared, following the general procedure B from 1-allyl-4-fluorobenzene 

(40.9 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.), CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.) and hexamethyldigermane (106.0 mg, 0.45 mmol, 

1.5 equiv.). The title product was obtained after purification by flash chromatography on silica gel (n-

pentane) as a colorless oil (36.1 mg, 0.14 mmol, 47%). 

Rf = 0.56 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.13 – 7.07 (m, 2H), 6.99 – 6.92 (m, 2H), 2.80 (dd, 

J = 13.8, 5.3 Hz, 1H), 2.37 (dd, J = 13.8, 10.7 Hz, 1H), 1.20 (dq, J = 13.6, 6.9 Hz, 1H), 0.92 (d, J = 7.3 Hz, 3H), 

0.08 (s, 9H). 13C NMR (151 MHz, CDCl3) δ/ppm = 161.4 (d, J = 242.9 Hz), 138.2 (d, J = 3.2 Hz), 130.2 (d, J = 

7.7 Hz), 114.6 (d, J = 20.9 Hz), 38.7, 23.9, 15.1, -3.9. 19F NMR (564 MHz, CDCl3) δ/ppm = -118.2. HRMS (ESI) 

calculated for C11H16FGe: 241.0442 [M-CH3]+, found: 241.0442. IR (neat): ν/ cm-1 =2956, 2862, 1507, 1224, 

819. 

Triethyl(1-phenylbutan-2-yl)germane (5) 

Prepared, following the general procedure A from but-3-en-1-ylbenzene (39.7 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane) as colorless oil (80.0 mg, 0.27 mmol, 92%). 

Prepared, following the general procedure A from but-3-en-1-ylbenzene (39.7 mg, 0.30 mmol) with LiOtBu 

(2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.) but Et3GeSiMe2Ph (132.8 mg, 

0.45 mmol, 1.5 equiv.) as Germanium source. The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as colorless oil (8.8 mg, 0.03 mmol, 10%). 

Prepared, following general procedure A from a mixture of olefins in a 1:1:1 ratio (39.7 mg, 0.30 mmol) with 

LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was 

obtained after purification by flash chromatography on silica gel (n-pentane) as colorless oil (71.3 mg, 

0.24 mmol, 81%). 

Prepared, following the general procedure A from but-3-en-1-ylbenzene (39.7 mg, 0.30 mmol) with KOtBu 

(3.4 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane) as colorless oil (79.7 mg, 0.27 mmol, 91%) 

Rf = 0. (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.30 – 7.25 (m, 2H), 7.21 – 7.15 (m, 3H), 2.80 (dd, J 

= 13.9, 4.9 Hz, 1H), 2.63 (dd, J = 13.6, 10.3 Hz, 1H), 1.51 – 1.38 (m, 3H), 1.05 (t, J = 7.9 Hz, 9H), 0.88 (t, J = 7.3 

Hz, 3H), 0.76 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 143.2, 129.0, 128.2, 125.7, 37.1, 29.3, 

23.3, 13.7, 9.4, 3.9. HRMS (ESI) calculated for C14H23Ge: 265.1006 [M-CH2CH3]+, found: 265.0999. IR (neat): 

ν/ cm-1 = 3026, 2951, 2871, 1456, 1428. 
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Tributyl(1-phenylbutan-2-yl)germane (6) 

Prepared, following the general procedure A from but-3-en-1-ylbenzene (39.7 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.), CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.) and tributylgermanium hydride (110.2 mg, 0.45 mmol, 1.5 equiv.). The 

title product was obtained after purification by flash chromatography on silica gel (n-pentane) as a colorless 

oil (94.1 mg, 0.25 mmol, 83%). 

Prepared, following the general procedure A from but-3-en-1-ylbenzene (39.7 mg, 0.30 mmol) with KOtBu 

(3.4 mg, 0.03 mmol, 0.1 equiv.) and tributylgermanium hydride (110.2 mg, 0.45 mmol, 1.5 equiv.). The title 

product was obtained after purification by flash chromatography on silica gel (n-pentane) as a colorless oil 

(79.2 mg, 0.21 mmol, 70%). 

Rf = 0.81 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 – 7.24 (m, 2H), 7.20 – 7.15 (m, 3H), 2.79 (dd, 

J = 13.9, 5.3 Hz, 1H), 2.62 (dd, J = 13.9, 10.2 Hz, 1H), 1.51 – 1.40 (m, 2H), 1.40 – 1.28 (m, 13H), 0.90 (t, J = 7.0 

Hz, 9H), 0.87 (t, J = 7.4 Hz, 3H), 0.76 – 0.69 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 143.2, 129.0, 128.2, 

125.7, 37.1, 29.9, 27.8, 27.0, 23.4, 13.9, 13.7, 12.4. HRMS (EI) calculated for C18H31Ge: 321.1632 [M-

(CH2)3CH3]+, found: 321.1631. IR (neat): ν/ cm-1 = 2956, 2858, 1457, 1079. 

Trimethyl(1-phenylbutan-2-yl)germane (7) 

Prepared, following the general procedure A from but-3-en-1-ylbenzene (39.7 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.), CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.) and hexamethyldigermane (106.0 mg, 0.45 mmol, 1.5 equiv.). The title 

product was obtained after purification by flash chromatography on silica gel (n-pentane) as a colorless oil 

(42.3 mg, 0.17 mmol, 56%). 

Prepared, following the general procedure A from but-3-en-1-ylbenzene (39.7 mg, 0.30 mmol) with KOtBu 

(3.4 mg, 0.03 mmol, 0.1 equiv.) and hexamethyldigermane (106.0 mg, 0.45 mmol, 1.5 equiv.). The title 

product was obtained after purification by flash chromatography on silica gel (n-pentane) as a colorless oil 

(19.6 mg, 0.08 mmol, 26%). 

Rf = 0.71 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 – 7.24 (m, 2H), 7.19 – 7.14 (m, 3H), 2.75 (dd, 

J = 13.9, 6.2 Hz, 1H), 2.62 (dd, J = 13.9, 9.7 Hz, 1H), 1.48 – 1.42 (m, 2H), 1.28 – 1.22 (m, 1H), 0.88 (t, J = 7.4 

Hz, 3H), 0.08 (s, 9H). 13C NMR (151 MHz, CDCl3) δ/ppm = 142.9, 129.0, 128.3, 125.7, 36.8, 31.9, 23.3, 13.3, -

2.5. HRMS (ESI) calculated for C12H19FGe: 237.0693 [M-CH3]+, found:237.0691. IR (neat): ν/ cm-1 = 2963, 

2859, 1454, 1234, 819. 

Triethyl(phenethyl)germane (8) 

Prepared, following the general procedure A from styrene (31.2 mg, 0.30 mmol) 

with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). 

The title product was obtained after purification by flash chromatography on silica 

gel (n-pentane) as a colorless oil (60.2 mg, 0.24 mmol, 81%). 

Rf = 0.70 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.30 – 7.26 (m, 2H), 7.21 (d, J = 7.5 Hz, 2H), 7.18 

– 7.15 (m, 1H), 2.69 – 2.65 (m, 2H), 1.09 – 0.99 (m, 11H), 0.74 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 145.6, 128.4, 127.9, 125.7, 31.5, 13.7, 9.1, 4.0. MS (EI) m/z (%): 237 (100) [M-CH2CH3]+, 133 (86), 

105 (80). These data are in agreement with those reported previously in the literature.[87] 
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(4-(tert-Butyl)phenethyl)triethylgermane (9) 

Prepared, following the general procedure A from 4-tert-butylstyrene 

(48.1 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF 

(4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as a colorless oil (72.0 mg, 0.22 mmol, 75%).  

Rf = 0.76 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.31 (d, J = 8.3 Hz, 2H), 7.15 (d, J = 8.3 Hz, 2H), 

2.66 – 2.62 (m, 2H), 1.31 (s, 9H), 1.08 – 1.04 (m, 2H), 1.03 (t, J = 7.9 Hz, 9H), 0.74 (q, J = 7.9 Hz, 6H). 13C NMR 

(151 MHz, CDCl3) δ/ppm = 148.5, 142.6, 127.5, 125.3, 34.5, 31.6, 30.8, 13.6, 9.1, 4.0. HRMS (ESI) calculated 

for C13H21Ge: 293.1319 [M-CH2CH3]+, found: 293.1320. IR (neat): ν/ cm-1 =2955, 2873, 1683, 1300, 1016. 

Triethyl(4-fluorophenethyl)germane (10) 

Prepared, following the general procedure A from 4-fluorostyrene (36.6 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (52.6 mg, 0.19 mmol, 62%). 

Rf = 0.83 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.17 – 7.12 (m, 2H), 6.98 – 6.92 (m, 2H), 2.67 – 

2.61 (m, 2H), 1.06 – 0.99 (m, 11H), 0.73 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 161.2 (d, J = 

242.8 Hz), 141.2 (d, J = 3.2 Hz), 129.2 (d, J = 7.7 Hz), 115.1 (d, J = 21.0 Hz), 30.7, 13.8, 9.1, 4.0. 19F NMR (564 

MHz, CDCl3) δ/ppm = -118.4 (s, 1F). HRMS (ESI) calculated for C12H18FGe: 255.0599 [M-CH2CH3]+, found: 

255.0598. IR (neat): ν/ cm-1 = 2948, 2872, 1507, 1223, 1015. 

Triethyl(4-(trifluoromethyl)phenethyl)germane (11) 

Prepared, following the general procedure A from 4-(trifluoromethyl)styrene 

(51.6 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF 

(4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as a colorless oil (24.3 mg, 0.07 mmol, 24%). 

Rf = 0.74 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.52 (d, J = 8.1 Hz, 2H), 7.31 (d, J = 8.0 Hz, 2H), 

2.74 – 2.68 (m, 2H), 1.08 – 1.00 (m, 11H), 0.75 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 149.7, 

128.2, 128.0 (q, J = 32.3 Hz), 125.4 (q, J = 3.9 Hz), 124.6 (q, J = 272.0 Hz), 31.4, 13.5, 9.1, 4.0. 19F NMR (564 

MHz, CDCl3) δ/ppm = -62.2. MS (EI) m/z (%): 305 (21) [M- CH2CH3]+, 153 (100), 133 (10). These data are 

in agreement with those reported previously in the literature.[80] 

(2,2-Diphenylethyl)triethylgermane (12) 

Prepared, following the general procedure A from 1,1-diphenylethylene (54.1 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (88.7 mg, 0.26 mmol, 

87%).  

Rf = 0.82 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 (dd, J = 8.1, 1.5 Hz, 4H), 7.27 – 7.23 (m, 4H), 

7.17 – 7.12 (m, 2H), 4.09 (t, J = 8.1 Hz, 1H), 1.56 (d, J = 8.1 Hz, 2H), 0.91 (t, J = 7.9 Hz, 9H), 0.53 (q, J = 7.9 Hz, 

6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 147.4, 128.5, 127.6, 126.1, 48.2, 19.6, 9.0, 4.3. MS (EI) m/z (%): 
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313 (100) [M-CH2CH3]+, 209 (49), 133 (40). These data are in agreement with those reported previously in 

the literature.[87] 

Triethyl(1-phenylpropan-2-yl)germane (13) 

Prepared, following the general procedure A from allylbenzene (35.5 mg, 0.30 mmol) 

with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The 

title product was obtained after purification by flash chromatography on silica gel (n-

pentane) as a colorless oil (75.9 mg, 0.27 mmol, 91%).  

Rf = 0.87 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 – 7.26 (m, 2H), 7.19 – 7.14 (m, 3H), 2.90 (dd, 

J = 13.7, 4.2 Hz, 1H), 2.43 – 2.36 (m, 1H), 1.44 – 1.36 (m, 1H), 1.06 (t, J = 7.9 Hz, 9H), 0.94 (d, J = 7.4 Hz, 3H), 

0.77 (q, J = 8.1 Hz, 6H).  13C NMR (151 MHz, CDCl3) δ/ppm = 142.8, 129.0, 128.2, 125.7, 39.8, 21.4, 15.5, 9.3, 

2.9. HRMS (ESI) calculated for C13H21Ge: 251.0850 [M-CH2CH3]+, found: 251.0852. IR (neat): ν/ cm-1 =2947, 

2870, 1456, 1015. 

Triethyl(1-(2-tolyl)propan-2-yl)germane (14) 

Prepared, following the general procedure A from 1-allyl-2-methylbenzene (39.7 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane) as a colorless oil (80.9 mg, 0.28 mmol, 92%). 

Rf = 0.91 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.14 – 7.07 (m, 4H), 2.90 (dd, J = 13.8, 3.7 Hz, 1H), 

2.44 – 2.38 (m, 1H), 2.30 (s, 3H), 1.38 (dqd, J = 11.3, 7.3, 3.8 Hz, 1H), 1.07 (t, J = 7.9 Hz, 9H), 0.94 (d, J = 7.3 

Hz, 3H), 0.80 (q, J = 8.0 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 140.7, 136.1, 130.4, 129.9, 125.8, 125.6, 

36.7, 19.9, 19.6, 15.4, 9.4, 2.9. HRMS (APCI) calculated for C14H23Ge: 265.1006 [M-CH2CH3]+, found: 

265.1005. IR (neat): ν/ cm-1 =3016, 2947, 1458, 1015. 

Triethyl(1-(3-tolyl)propan-2-yl)germane (15) 

Prepared, following the general procedure A from 1-allyl-3-methylbenzene (39.7 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (70.3 mg, 0.24 mmol, 81%).  

Rf = 0.90 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.18 – 7.13 (m, 1H), 7.00 – 6.94 (m, 3H), 2.86 (dd, 

J = 13.6, 4.1 Hz, 1H), 2.39 – 2.32 (m, 4H), 1.42 – 1.34 (m, 1H), 1.08 – 1.04 (m, 9H), 0.94 (d, J = 7.4 Hz, 3H), 

0.77 (q, J = 8.1 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 142.8, 137.7, 129.7, 128.1, 126.4, 126.0, 39.7, 

21.6, 21.3, 15.5, 9.4, 2.9. HRMS (APCI) calculated for C14H23Ge: 265.1006 [M-CH2CH3]+, found: 265.1005. IR 

(neat): ν/ cm-1 = 3052, 2947, 2870, 1601, 1458, 1232. 

Triethyl(1,2,3,4-tetrahydronaphthalen-2-yl)germane (16) 

Prepared, following the general procedure A from 1,4-dihydronaphthalene (39.1 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (54.1 mg, 0.19 mmol, 62%).  
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Rf = 0.72 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.10 – 7.02 (m, 4H), 2.85 – 2.72 (m, 4H), 2.03 – 

1.96 (m, 1H), 1.70 – 1.61 (m, 1H), 1.43 (tdd, J = 12.5, 5.6, 2.7 Hz, 1H), 1.06 (t, J = 7.9 Hz, 9H), 0.80 (q, J = 7.9 

Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 138.1, 137.3, 129.4, 128.9, 125.5, 125.5, 32.2, 30.6, 26.0, 21.6, 

9.4, 2.7. HRMS (APCI) calculated for C14H21Ge: 263.0850 [M-CH2CH3]+, found: 263.0849. IR (neat): ν/ cm-1 = 

2910, 2872, 2324, 1796, 1454, 1014. 

Triethyl(1-(naphthalen-2-yl)propan-2-yl)germane (17) 

Prepared, following the general procedure A from 2-allylnaphthalene (50.5 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (80.8 mg, 0.25 mmol, 82%). 

Rf = 0.89 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.82 – 7.74 (m, 3H), 7.58 (d, J = 1.6 Hz, 1H), 7.44 

(ddd, J = 8.2, 6.8, 1.5 Hz, 1H), 7.41 (ddd, J = 8.1, 6.8, 1.4 Hz, 1H), 7.32 (dd, J = 8.3, 1.8 Hz, 1H), 3.07 (dd, J = 

13.7, 4.1 Hz, 1H), 2.58 – 2.50 (m, 1H), 1.54 – 1.46 (m, 1H), 1.08 (t, J = 7.9 Hz, 9H), 0.96 (d, J = 7.4 Hz, 3H), 0.80 

(q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 140.3, 133.7, 132.1, 127.8, 127.8, 127.7, 127.6, 127.0, 

125.9, 125.1, 39.9, 21.2, 15.4, 9.4, 2.9. HRMS (APCI) calculated for C17H23Ge: 301.1006 [M-CH2CH3]+, found: 

301.1002. IR (neat): ν/ cm-1 = 3052, 2947, 2869, 1906, 1599, 1458. 

Triethyl(1-(4-methoxyphenyl)propan-2-yl)germane (18) 

Prepared, following the general procedure A from 4-allylanisole (44.5 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane/Et2O 98:2) as a colorless oil (56.5 mg, 0.18 mmol, 61%). 

Rf = 0.68 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.07 (d, J = 8.5 Hz, 2H), 6.82 (d, J = 8.6 Hz, 2H), 

3.79 (s, 3H), 2.84 (dd, J = 13.8, 4.3 Hz, 1H), 2.36 – 2.30 (m, 1H), 1.38 – 1.30 (m, 1H), 1.05 (t, J = 7.9 Hz, 9H), 

0.93 (d, J = 7.4 Hz, 3H), 0.76 (q, J = 8.0 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 157.8, 134.9, 129.8, 

113.7, 55.4, 38.9, 21.5, 15.5, 9.4, 2.9. HRMS (APCI) calculated for C14H23GeO: 281.0955 [M-CH2CH3]+, found: 

281.0951. IR (neat): ν/ cm-1 = 2946, 2906, 2870, 1610, 1509, 1245. 

(1-(Benzo[d][1,3]dioxol-5-yl)propan-2-yl)triethylgermane (19) 

Prepared, following the general procedure A from safrole (48.6 mg, 0.30 mmol) 

with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane/Et2O 94:6) as a colorless oil (76.1 mg, 0.24 mmol, 79%). 

Rf = 0.34 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 6.72 (d, J = 7.9 Hz, 1H), 6.65 (s, 1H), 6.60 (d, J = 

7.8 Hz, 1H), 5.92 (s, 2H), 2.82 (dd, J = 13.7, 4.3 Hz, 1H), 2.34 – 2.28 (m, 1H), 1.37 – 1.29 (m, 1H), 1.05 (t, J = 

7.9 Hz, 9H), 0.93 (d, J = 7.4 Hz, 3H), 0.76 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 147.6, 145.6, 

136.8, 121.7, 109.2, 108.0, 100.8, 39.6, 21.6, 15.4, 9.3, 2.9. HRMS (APCI) calculated for C14H21GeO2: 295.0748 

[M-CH2CH3]+, found: 295.0744. IR (neat): ν/ cm-1 = 2947, 2871, 1608, 1244, 1039. 
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(1-(3,4-Dimethoxyphenyl)propan-2-yl)triethylgermane (20) 

Prepared, following the general procedure A from methyl eugenol (53.5 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane/Et2O 94:6) as a colorless oil (57.6 mg, 0.17 mmol, 57%).  

Rf = 0.22 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 6.79 (d, J = 8.0 Hz, 1H), 6.71 – 6.66 (m, 2H), 3.88 

(s, 3H), 3.86 (s, 3H), 2.84 (dd, J = 13.8, 4.5 Hz, 1H), 2.38 – 2.32 (m, 1H), 1.40 – 1.32 (m, 1H), 1.05 (t, J = 7.9 

Hz, 9H), 0.95 (d, J = 7.4 Hz, 3H), 0.76 (q, J = 7.6 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 148.8, 147.2, 

135.5, 120.8, 112.2, 111.2, 56.1, 56.0, 39.5, 21.5, 15.6, 9.4, 2.9. HRMS (ESI) calculated for C17H30O2GeNa: 

363.1350 [M+Na]+, found: 363.1346. IR (neat): ν/ cm-1 = 2945, 2870, 1590, 1458, 1261, 1026. 

(Z)-triethyl(1-(2-(prop-1-en-1-yloxy)phenyl)propan-2-yl)germane (21) 

Prepared, following the general procedure A from 1-allyl-2-(allyloxy)benzene 

(52.3 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane/Et2O 98:2) as a colorless oil (95.4 mg, 

0.28 mmol, 95%). 

Rf = 0.84 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.18 – 7.10 (m, 2H), 6.99 – 6.94 (m, 1H), 6.90 (d, 

J = 8.0 Hz, 1H), 6.34 (d, J = 5.8 Hz, 1H), 4.86 – 4.80 (m, 1H), 2.99 (dd, J = 13.3, 3.5 Hz, 1H), 2.50 – 2.41 (m, 1H), 

1.72 (d, J = 6.7 Hz, 3H), 1.50 – 1.41 (m, 1H), 1.07 (t, J = 7.9 Hz, 9H), 0.94 (d, J = 7.4 Hz, 3H), 0.79 (q, J = 7.9 Hz, 

6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 155.83, 141.66, 132.03, 131.08, 126.98, 122.13, 114.95, 106.45, 

33.90, 20.09, 15.46, 9.57, 9.33, 2.87. HRMS (APCI) calculated for C16H25GeO: 307.1112 [M-CH2CH3]+, found: 

307.1110. IR (neat): ν/ cm-1 = 3044, 2946, 2870, 1668, 1487, 1247. 

N,N-Diphenyl-4-(2-(triethylgermyl)propyl)aniline (22) 

Prepared, following the general procedure A from 4-allyl-N,N-diphenylaniline 

(85.6 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF 

(4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after purification 

by flash chromatography on silica gel (n-pentane/Et2O 98:2) as a clear yellowish oil (130.6 mg, 0.29 mmol, 

98%). 

Rf = 0.80 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.24 – 7.20 (m, 4H), 7.08 – 7.04 (m, 6H), 7.02 – 

7.00 (m, 2H), 6.99 – 6.94 (m, 2H), 2.82 (dd, J = 13.7, 5.0 Hz, 1H), 2.44 – 2.38 (m, 1H), 1.39 (ddd, J = 11.8, 7.7, 

5.0 Hz, 1H), 1.04 (t, J = 7.9 Hz, 9H), 0.99 (d, J = 7.3 Hz, 3H), 0.75 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 148.2, 145.6, 137.8, 129.8, 129.2, 124.9, 123.8, 122.3, 39.4, 21.6, 15.9, 9.4, 3.0. HRMS (ESI) 

calculated for C25H30GeN: 418.1585 [M-CH2CH3]+, found: 418.1581. IR (neat): ν/ cm-1 = 2939, 2866, 1689, 

1589, 1501, 1281. 

Triethyl(1-(4-fluorophenyl)propan-2-yl)germane (23) 

Prepared, following the general procedure A from 1-allyl-4-fluorobenzene (40.9 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 
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0.1 equiv.). The title product was obtained after purification by flash chromatography on silica gel (n-

pentane) as a colorless oil (71.3 mg, 0.24 mmol, 80%). 

Rf = 0.91 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.12 – 7.07 (m, 2H), 6.98 – 6.92 (m, 2H), 2.86 (dd, 

J = 13.7, 4.1 Hz, 1H), 2.40 – 2.33 (m, 1H), 1.38 – 1.30 (m, 1H), 1.05 (t, J = 7.9 Hz, 9H), 0.92 (d, J = 7.3 Hz, 3H), 

0.76 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 161.34 (d, J = 242.9 Hz), 138.38 (d, J = 3.3 Hz), 

130.16 (d, J = 7.8 Hz), 114.9 (d, J = 21.1 Hz) 39.0, 21.5, 15.4, 9.3, 2.9. 19F NMR (564 MHz, CDCl3) δ/ppm = -

118.23 (s, 1F). HRMS (APCI) calculated for C13H20GeF: 269.0755 [M-CH2CH3]+, found: 269.0755. IR (neat): 

ν/ cm-1 = 2947, 2870, 2323, 1881, 1507, 1222. 

(1-(3-Chlorophenyl)propan-2-yl)triethylgermane (24) 

Prepared, following the general procedure A from 1-allyl-3-chlorobenzene 

(45.8 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (46.6 mg, 0.15 mmol, 50%). 

Rf = 0.90 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.21 – 7.17 (m, 1H), 7.17 – 7.13 (m, 2H), 7.03 (d, 

J = 7.4 Hz, 1H), 2.87 (dd, J = 13.9, 4.2 Hz, 1H), 2.36 (ddd, J = 13.6, 11.5, 1.7 Hz, 1H), 1.41 – 1.32 (m, 1H), 1.06 

(t, J = 7.9 Hz, 9H), 0.93 (d, J = 7.3 Hz, 3H), 0.77 (q, J = 7.7 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 145.0, 

134.1, 129.5, 129.0, 127.2, 125.9, 39.5, 21.2, 15.4, 9.3, 2.9. HRMS (APCI) calculated for C13H20GeCl: 285.0460 

[M-CH2CH3]+, found: 285.0457. IR (neat): ν/ cm-1 = 2947, 2870, 2325, 2090, 1864, 1595, 1461. 

Triethyl(1-(3-(trifluoromethyl)phenyl)propan-2-yl)germane (25) 

Prepared, following the general procedure A from 1-allyl-3-

(trifluoromethyl)benzene (55.9 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 

0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained 

after purification by flash chromatography on silica gel (n-pentane) as a colorless oil (25.1 mg, 0.07 mmol, 

24%). 

Rf = 0.91 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.44 (d, J = 7.7 Hz, 1H), 7.41 – 7.36 (m, 2H), 7.33 

(d, J = 7.7 Hz, 1H), 2.94 (dd, J = 13.8, 4.4 Hz, 1H), 2.46 (dd, J = 13.7, 11.7 Hz, 1H), 1.43 – 1.35 (m, 1H), 1.06 (t, 

J = 7.9 Hz, 9H), 0.93 (d, J = 7.3 Hz, 3H), 0.78 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 143.7, 

132.3, 130.6 (q, J = 31.9 Hz), 128.6, 125.5 (q, J = 3.8 Hz), 124.5 (q, J = 272.3 Hz), 122.7 (q, J = 3.8 Hz), 39.7, 

21.2, 15.4, 9.3, 2.9. 19F NMR (564 MHz, CDCl3) δ/ppm = 62.52 (s, 3F). HRMS (APCI) calculated for 

C14H20GeF3: 319.0723 [M-CH2CH3]+, found: 319.0720. IR (neat): ν/ cm-1 = 2950, 2872, 1452, 1327, 1125, 

699. 

Diphenyl(2-(triethylgermyl)propyl)phosphine oxide (26) 

Prepared, following the general procedure A from allyldiphenylphosphine (67.9 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by preparative HPLC 

(ethylacetate, 20 mL/min) as white solid (59.4 mg, 0.15 mmol, 49%). 

Rf = 0. (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.79 – 7.71 (m, 4H), 7.52 – 7.42 (m, 6H), 2.42 – 2.32 

(m, 1H), 2.28 – 2.18 (m, 1H), 1.67 – 1.56 (m, 1H), 1.14 (d, J = 7.3 Hz, 3H), 0.99 (t, J = 7.9 Hz, 9H), 0.78 – 0.71 
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(m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 131.6 (d, J = 7.1 Hz), 131.0 (d, J = 8.1 Hz), 130.8 (d, J = 8.8 Hz), 

128.7 (d, J = 10.6 Hz), 33.1 (d, J = 66.6 Hz), 17.4, 12.9 (d, J = 7.0 Hz), 9.2, 2.6. 31P NMR (243 MHz, CDCl3) 

δ/ppm = 32.18 (s, 1P). HRMS (ESI) calculated for C21H31GePO: 427.1217 [M+Na]+, found: 427.1234. IR 

(neat): ν/ cm-1 = 2950, 2873, 1459, 1435, 1176. 

Note: The phosphine oxidizes quickly to the phosphine oxide. Only the oxide could be isolated. 

Triethyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-2-yl)germane (27) 

Prepared, following the general procedure A from 2-allyl-4,4,5,5-tetramethyl-1,3,2-

dioxaborolane (50.4 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and 

CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after purification 

by flash chromatography on silica gel (n-pentane/Et2O 94:6) as a colorless oil (46.4 mg, 0.14 mmol, 47%). 

Rf = 0.90 (n-pentane/Et2O 94:6). 1H NMR (600 MHz, CDCl3) δ/ppm = 1.35 – 1.27 (m, 1H), 1.26 (s, 6H), 1.25 

(s, 6H), 1.07 (d, J = 7.4 Hz, 3H), 1.02 (t, J = 8.0 Hz, 9H), 1.05 – 0.96 (m, 1H), 0.80 – 0.74 (m, 1H), 0.72 (q, J = 

7.7 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 83.1, 25.2, 24.9, 19.0, 14.8, 9.4, 2.7. HRMS (ESI) calculated 

for C13H28GeBO2: 301.1389 [M-CH2CH3]+, found: 301.1382. IR (neat): ν/ cm-1 = 2946, 2871, 1800, 1355, 

1233. 

Triphenyl(2-(triethylgermyl)propyl)silane (28) 

Prepared, following the general procedure A from allyltriphenylsilane (90.1 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash chromatography on silica gel (n-

pentane) as a milky viscous oil (62.3 mg, 0.14 mmol, 45%). 

Rf = 0.38 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.57 – 7.54 (m, 6H), 7.42 – 7.34 (m, 9H), 1.65 (d, 

J = 13.9 Hz, 1H), 1.44 – 1.33 (m, 2H), 1.01 (t, J = 7.9 Hz, 9H), 0.89 (d, J = 6.9 Hz, 3H), 0.74 (q, J = 7.9 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ/ppm = 136.1, 135.9, 129.4, 127.9, 19.1, 16.7, 14.2, 9.4, 2.6. HRMS (ESI) 

calculated for C25H31GeSi: 433.1401 [M-CH2CH3]+, found: 433.1408. IR (neat): ν/ cm-1 = 3066, 2926, 2326, 

1763, 1426, 1107. 

Triethyl(1-(thiophen-2-yl)propan-2-yl)germane (29) 

Prepared, following the general procedure A from 2-allylthiophene (37.3 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane) as colorless oil (69.9 mg, 0.25 mmol, 82%). 

Rf = 0.80 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.11 (dd, J = 5.1, 1.2 Hz, 1H), 6.91 (dd, J = 5.1, 3.4 

Hz, 1H), 6.78 – 6.75 (m, 1H), 3.06 (dd, J = 14.8, 5.0 Hz, 1H), 2.68 (dd, J = 14.8, 11.2 Hz, 1H), 1.43 – 1.35 (m, 

1H), 1.06 – 1.02 (m, 12H), 0.76 (q, J = 8.0 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 146.2, 126.7, 124.6, 

123.0, 34.0, 22.4, 15.8, 9.3, 2.9. HRMS (ESI) calculated for C11H19GeS: 257.0414 [M-CH2CH3]+, found: 

257.0410. IR (neat): ν/ cm-1 = 2947, 2906, 2870, 1458, 1015. 
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(1-(Benzo[b]thiophen-2-yl)propan-2-yl)triethylgermane (30) 

Prepared, following the general procedure A from 2-allylbenzo[b]thiophene 

(52.3 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF 

(4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after purification 

by flash chromatography on silica gel (n-pentane) as colorless oil (40.2 mg, 0.12 mmol, 40%). 

Rf = 0.81 (n-pentane/Et2O 94:6). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.76 (d, J = 7.9 Hz, 1H), 7.66 (d, J = 7.8 

Hz, 1H), 7.32 – 7.28 (m, 1H), 7.26 – 7.22 (m, 1H), 6.99 (s, 1H), 3.14 (dd, J = 14.8, 3.9 Hz, 1H), 2.77 – 2.71 (m, 

1H), 1.52 – 1.44 (m, 1H), 1.11 – 1.04 (m, 12H), 0.80 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 

147.4, 140.4, 139.6, 124.1, 123.4, 122.8, 122.3, 121.1, 34.9, 21.7, 15.7, 9.3, 2.9. HRMS (ESI) calculated for 

C15H21GeS: 307.0570 [M-CH2CH3]+, found: 307.0567. IR (neat): ν/ cm-1 = 2947, 2870, 1677, 1457, 1014. 

Triethyl(1-(3-tolyl)butan-2-yl)germane (31) 

Prepared, following the general procedure A from 1-(but-3-en-1-yl)-3-

methylbenzene (43.9 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) 

and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as colorless oil (72.3 mg, 0.24 mmol, 78%). 

Rf = 0.86 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.17 – 7.12 (m, 1H), 7.01 – 6.94 (m, 3H), 2.75 (dd, 

J = 13.9, 5.1 Hz, 1H), 2.57 (dd, J = 13.9, 10.3 Hz, 1H), 2.33 (s, 3H), 1.49 – 1.42 (m, 2H), 1.42 – 1.37 (m, 1H), 

1.03 (t, J = 7.9 Hz, 9H), 0.86 (t, J = 7.3 Hz, 3H), 0.75 (q, J = 8.1 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 

143.1, 137.7, 129.7, 128.1, 126.4, 126.0, 37.0, 29.3, 23.3, 21.6, 13.7, 9.4, 3.9. HRMS (ESI) calculated for 

C15H25Ge: 279.1163 [M-CH2CH3]+, found: 279.1164. IR (neat): ν/ cm-1 = 3016, 2950, 1457, 1014. 

Triethyl(1-(3-methoxyphenyl)butan-2-yl)germane (32) 

Prepared, following the general procedure A from 1-(but-3-en-1-yl)-3-

methoxybenzene (48.7 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 

0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was 

obtained after purification by flash chromatography on silica gel (n-pentane/Et2O 98:2) as colorless oil 

(87.2 mg, 0.27 mmol, 90%). 

Rf = 0.85 (n-pentane/Et2O 98:2). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.21 – 7.14 (m, 1H), 6.77 (d, J = 7.6 Hz, 

1H), 6.73 – 6.70 (m, 2H), 3.80 (s, 3H), 2.76 (dd, J = 13.9, 5.1 Hz, 1H), 2.59 (dd, J = 13.9, 10.2 Hz, 1H), 1.50 – 

1.37 (m, 3H), 1.04 (t, J = 7.9 Hz, 9H), 0.86 (t, J = 7.3 Hz, 3H), 0.75 (q, J = 8.0 Hz, 6H). 13C NMR (151 MHz, 

CDCl3) δ/ppm = 159.6, 144.9, 129.1, 121.5, 114.8, 110.9, 55.3, 37.1, 29.2, 23.4, 13.7, 9.4, 3.9. HRMS (ESI) 

calculated for C15H25GeO: 295.1112 [M-CH2CH3]+, found: 295.1122. IR (neat): ν/ cm-1 = 2949, 2871, 2090, 

1763, 1596, 1259, 1153. 

(1-([1,1'-Biphenyl]-3-yl)butan-2-yl)triethylgermane (33) 

Prepared, following the general procedure A from 3-(but-3-en-1-yl)-1,1'-

biphenyl (62.4 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and 

CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as a colorless oil (100.0 mg, 0.27 mmol, 

90%). 
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Rf = 0.55 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.61 – 7.57 (m, 2H), 7.46 – 7.42 (m, 2H), 7.40 (d, 

J = 8.9 Hz, 2H), 7.36 – 7.32 (m, 2H), 7.17 (d, J = 7.5 Hz, 1H), 2.86 (dd, J = 13.9, 4.9 Hz, 1H), 2.69 (dd, J = 13.8, 

10.1 Hz, 1H), 1.54 – 1.42 (m, 3H), 1.05 (t, J = 7.9 Hz, 9H), 0.89 (t, J = 7.2 Hz, 3H), 0.77 (q, J = 8.0 Hz, 6H). 13C 

NMR (151 MHz, CDCl3) δ/ppm = 143.6, 141.7, 141.2, 128.8, 128.6, 127.9, 127.8, 127.3, 127.3, 124.7, 37.2, 

29.4, 23.4, 13.7, 9.4, 4.0. HRMS (APCI) calculated for C20H27Ge: 341.1319 [M-CH2CH3]+, found: 341.1315. IR 

(neat): ν/ cm-1 = 3059, 2950, 2870, 2324, 2111, 1598, 1457. 

(1-(4-(tert-Butyl)phenyl)butan-2-yl)triethylgermane (34) 

Prepared, following the general procedure A from 1-(but-3-en-1-yl)-4-(tert-

butyl)benzene (56.5 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) 

and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as a colorless oil (79.6 mg, 0.23 mmol, 76%). 

Rf = 0.83 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 (d, J = 8.1 Hz, 2H), 7.10 (d, J = 8.1 Hz, 2H), 

2.75 (dd, J = 14.0, 5.1 Hz, 1H), 2.59 (dd, J = 14.0, 10.4 Hz, 1H), 1.49 – 1.43 (m, 2H), 1.43 – 1.36 (m, 1H), 1.31 

(s, 9H), 1.03 (t, J = 7.9 Hz, 9H), 0.87 (t, J = 7.4 Hz, 3H), 0.74 (q, J = 8.0 Hz, 6H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 148.5, 134.0, 128.5, 125.1, 36.4, 34.5, 31.6, 29.3, 23.3, 13.6, 9.4, 3.9. HRMS (APCI) calculated for 

C18H31Ge: 321.1632 [M-CH2CH3]+, found: 321.1634. IR (neat): ν/ cm-1 = 2955, 2870, 2090, 1897, 1459, 1016. 

Triethyl(1-(4-(methylthio)phenyl)butan-2-yl)germane (35) 

Prepared, following the general procedure A from (4-(but-3-en-1-

yl)phenyl)(methyl)sulfane (53.5 mg, 0.30 mmol) with LiOtBu (2.4 mg, 

0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product 

was obtained after purification by flash chromatography on silica gel (n-pentane) as colorless oil (86.6 mg, 

0.26 mmol, 85%). 

Rf = 0.68 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.19 (d, J = 8.2 Hz, 2H), 7.10 (d, J = 8.2 Hz, 2H), 

2.75 (dd, J = 14.0, 5.2 Hz, 1H), 2.57 (dd, J = 14.0, 10.4 Hz, 1H), 2.47 (s, 3H), 1.48 – 1.40 (m, 2H), 1.40 – 1.34 

(m, 1H), 1.04 (t, J = 7.9 Hz, 9H), 0.86 (t, J = 7.4 Hz, 3H), 0.75 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 140.4, 135.0, 129.5, 127.2, 36.5, 29.3, 23.2, 16.6, 13.7, 9.4, 3.9. HRMS (APCI) calculated for 

C15H25GeS: 311.0883 [M-CH2CH3]+, found: 311.0886. IR (neat): ν/ cm-1 = 2937, 2864, 1687, 1503, 1397, 

1284. 

Triethyl(1-(naphthalen-2-yl)butan-2-yl)germane (36) 

Prepared, following the general procedure A from 2-(but-3-en-1-yl)naphthalene 

(54.7 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF 

(4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was obtained after purification 

by flash chromatography on silica gel (n-pentane) as colorless oil (83.0 mg, 0.24 mmol, 81%). 

Rf = 0.79 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.82 – 7.74 (m, 3H), 7.60 (s, 1H), 7.47 – 7.39 (m, 

2H), 7.34 (dd, J = 8.3, 1.8 Hz, 1H), 2.97 (dd, J = 14.0, 4.7 Hz, 1H), 2.77 (dd, J = 13.8, 10.5 Hz, 1H), 1.55 – 1.45 

(m, 3H), 1.06 (t, J = 7.9 Hz, 9H), 0.87 (t, J = 7.3 Hz, 3H), 0.79 (q, J = 8.0 Hz, 6H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 140.7, 133.7, 132.1, 127.8, 127.7 (2C), 127.5, 127.0, 125.9, 125.1, 37.3, 29.1, 23.3, 13.7, 9.4, 4.0. 
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HRMS (APCI) calculated for C18H25Ge: 315.1163 [M-CH2CH3]+, found: 315.1169. IR (neat): ν/ cm-1 = 3052, 

2950, 2327, 1796, 1457. 

(1-(Benzo[d][1,3]dioxol-5-yl)butan-2-yl)triethylgermane (37) 

Prepared, following the general procedure A from 5-(but-3-en-1-

yl)benzo[d][1,3]dioxole (52.9 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 

0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). The title product was 

obtained after purification by flash chromatography on silica gel (n-pentane/Et2O 98:2) as colorless oil 

(71.7 mg, 0.21 mmol, 71%). 

Rf = 0.85 (n-pentane/Et2O 98:2). 1H NMR (600 MHz, CDCl3) δ/ppm = 6.71 (d, J = 7.8 Hz, 1H), 6.69 – 6.65 (m, 

1H), 6.63 – 6.60 (m, 1H), 5.92 (s, 2H), 2.71 (dd, J = 14.0, 5.2 Hz, 1H), 2.53 (dd, J = 14.0, 10.5 Hz, 1H), 1.49 – 

1.41 (m, 2H), 1.36 – 1.30 (m, 1H), 1.04 (t, J = 7.9 Hz, 9H), 0.86 (t, J = 7.4 Hz, 3H), 0.75 (q, J = 7.9 Hz, 6H). 13C 

NMR (151 MHz, CDCl3) δ/ppm = 147.6, 145.5, 137.1, 121.6, 109.2, 108.0, 100.8, 36.8, 29.5, 23.2, 13.7, 9.4, 

3.9. HRMS (ESI) calculated for C15H23GeO2: 309.0904 [M-CH2CH3]+, found: 309.0901. IR (neat): ν/ cm-1 = 

2954, 2872, 1442,1243. 

Triethyl(3-methyl-1-phenylbutan-2-yl)germane (38) 

Prepared, following the general procedure A from (3-methylbut-2-en-1-yl)benzene 

(43.9 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (59.9 mg, 0.20 mmol, 65%).  

Prepared, following the general procedure A from (3-methylbut-3-en-1-yl)benzene 

(43.9 mg, 0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash chromatography on silica 

gel (n-pentane) as a colorless oil (62.1 mg, 0.20 mmol, 68%). 

Rf = 0.68 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.30 – 7.25 (m, 2H), 7.22 – 7.17 (m, 3H), 2.81 – 

2.70 (m, 2H), 1.95 – 1.87 (m, 1H), 1.56 – 1.51 (m, 1H), 1.04 (t, J = 7.9 Hz, 9H), 0.97 (d, J = 6.8 Hz, 3H), 0.91 (d, 

J = 7.0 Hz, 3H), 0.82 – 0.70 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 143.5, 129.0, 128.2, 125.7, 36.1, 

34.2, 28.8, 22.1, 21.8, 9.4, 4.9. HRMS (APCI) calculated for C15H25Ge: 279.1163 [M-CH2CH3]+, found: 

279.1157. IR (neat): ν/ cm-1 = 2944, 2868, 2325, 1696, 1502, 1397. 

Triethyl(2-phenylpentyl)germane (39) 

Prepared, following the general procedure A from pent-4-en-2-ylbenzene (43.9 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane) as a colorless oil (55.3 mg, 0.18 mmol, 60%). 

Rf = 0.75 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.27 – 7.23 (m, 2H), 7.18 – 7.13 (m, 3H), 2.69 – 

2.61 (m, 1H), 1.59 – 1.51 (m, 2H), 1.19 – 1.05 (m, 4H), 0.91 (t, J = 7.9 Hz, 9H), 0.83 (t, J = 7.3 Hz, 3H), 0.60 – 

0.46 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 148.1, 128.3, 127.5, 125.9, 43.1, 42.6, 21.0, 20.4, 14.2, 9.0, 

4.5. HRMS (APCI) calculated for C15H25Ge: 279.1163 [M-CH2CH3]+, found: 279.1158. IR (neat): ν/ cm-1 = 

3062, 3026, 2951, 2871, 1800, 1455, 1014. 
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Triethyl(1-(6-methoxynaphthalen-2-yl)-3-methylbutan-2-yl)germane (40) 

Prepared, following the general procedure A from 2-methoxy-6-(3-

methylbut-3-en-1-yl)naphthalene (67.9 mg, 0.30 mmol) with LiOtBu 

(2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 0.1 equiv.). 

The title product was obtained after purification by flash chromatography on silica gel (n-pentane/Et2O 

98:2) as colorless oil (33.7 mg, 0.09 mmol, 29%). 

Rf = 0.34 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.69 – 7.63 (m, 2H), 7.52 (s, 1H), 7.32 – 7.28 (m, 

1H), 7.14 – 7.08 (m, 2H), 3.91 (s, 3H), 2.90 – 2.81 (m, 2H), 1.95 – 1.85 (m, 1H), 1.63 – 1.57 (m, 1H), 1.02 (t, J 

= 7.9 Hz, 9H), 0.97 (d, J = 6.8 Hz, 3H), 0.90 (d, J = 7.0 Hz, 3H), 0.81 – 0.71 (m, 6H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 157.2, 138.7, 133.0, 129.1, 129.0, 128.2, 126.9, 126.7, 118.7, 105.8, 55.4, 36.0, 34.3, 28.8, 22.2, 21.8, 

9.4, 5.0. HRMS (ESI) calculated for C20H29GeO: 359.1425 [M-CH2CH3]+, found: 359.1423. IR (neat): ν/ cm-1 = 

2951, 2870, 1903, 1604, 1459, 1264. 

2-(2-(Triethylgermyl)butyl)pyridine (41) 

Prepared, following the general procedure A from 2-(but-3-en-1-yl)pyridine (40.0 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane/Et2O 9:1) as colorless oil (58.9 mg, 0.20 mmol, 67%). 

Rf = 0.23 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 8.54 – 8.50 (m, 1H), 7.58 – 7.53 (m, 1H), 7.14 (d, 

J = 7.8 Hz, 1H), 7.08 (dd, J = 7.5, 4.9 Hz, 1H), 2.93 (dd, J = 13.9, 5.8 Hz, 1H), 2.84 (dd, J = 13.9, 10.1 Hz, 1H), 

1.68 – 1.62 (m, 1H), 1.54 – 1.40 (m, 2H), 1.03 (t, J = 7.9 Hz, 9H), 0.85 (t, J = 7.4 Hz, 3H), 0.74 (q, J = 8.2 Hz, 

6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 163.1, 149.3, 136.1, 123.3, 121.0, 39.8, 28.0, 23.8, 13.8, 9.4, 3.8. 

HRMS (ESI) calculated for C15H28GeN: 296.1428 [M-CH2CH3]+, found: 296.1423. IR (neat): ν/ cm-1 = 3068, 

3006, 2950, 2871, 2321, 1900, 1588, 1464. 

8-(2-(Triethylgermyl)butyl)quinoline (42) 

Prepared, following the general procedure A from 8-(but-3-en-1-yl)quinoline 

(55.0 mg, 0.30 mmol) with (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane /Et2O 98:2) as a clear yellow oil (80.5 mg, 

0.23 mmol, 78%). 

Rf = 0.39 (n-pentane/Et2O 98:2). 1H NMR (600 MHz, CDCl3) δ/ppm = 8.91 (dd, J = 4.1, 1.9 Hz, 1H), 8.11 (d, J 

= 8.2 Hz, 1H), 7.65 (dd, J = 8.1, 1.5 Hz, 1H), 7.56 (d, J = 7.0 Hz, 1H), 7.49 – 7.42 (m, 1H), 7.36 (dd, J = 8.2, 4.1 

Hz, 1H), 3.52 (dd, J = 13.7, 5.2 Hz, 1H), 3.29 (dd, J = 13.7, 10.4 Hz, 1H), 1.78 – 1.70 (m, 1H), 1.54 – 1.40 (m, 

2H), 1.05 (t, J = 7.9 Hz, 9H), 0.86 (t, J = 7.4 Hz, 3H), 0.79 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 149.2, 147.4, 142.1, 136.2, 129.2, 128.5, 126.1, 125.8, 120.8, 32.1, 28.6, 23.8, 13.8, 9.4, 4.0. HRMS (ESI) 

calculated for C19H30GeN: 346.1585 [M+H]+, found: 346.1581. IR (neat): ν/ cm-1 = 3042, 2949, 2870, 2326, 

1718, 1459. 
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Triethyl(1-phenylpentan-2-yl)germane (43) 

Prepared, following the general procedure A from pent-4-en-1-ylbenzene (43.9 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 

0.03 mmol, 0.1 equiv.). The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless oil (68.2 mg, 0.22 mmol, 74%). 

Rf = 0.86 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 – 7.24 (m, 2H), 7.19 – 7.15 (m, 3H), 2.79 (dd, 

J = 14.0, 5.5 Hz, 1H), 2.61 (dd, J = 13.9, 9.9 Hz, 1H), 1.48 – 1.41 (m, 1H), 1.42 – 1.26 (m, 3H), 1.25 – 1.17 (m, 

1H), 1.03 (t, J = 7.9 Hz, 9H), 0.81 (t, J = 7.1 Hz, 3H), 0.73 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 143.2, 128.9, 128.2, 125.7, 37.6, 33.3, 27.4, 22.3, 14.6, 9.4, 3.8. HRMS (ESI) calculated for C15H25Ge: 

279.1163 [M-CH2CH3]+, found: 279.1164. IR (neat): ν/ cm-1 = 3063, 3025, 2950, 2109, 1602, 1454, 1014. 

Triethyl(1-phenylhexan-2-yl)germane (44) 

Prepared, following the general procedure A from hex-5-en-1-ylbenzene 

(48.1 mg, 0.30 mmol) with LiOtBu (48.0 mg, 0.60 mmol, 2.0 equiv.) and CsF 

(91.1 mg, 0.60 mmol, 2.0 equiv.). The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as a colorless oil (19.3 mg, 0.06 mmol, 20%). 

Rf = 0.89 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 – 7.24 (m, 2H), 7.18 – 7.15 (m, 3H), 2.79 (dd, 

J = 13.9, 4.6 Hz, 1H), 2.62 (dd, J = 13.6, 9.6 Hz, 1H), 1.47 – 1.36 (m, 3H), 1.30 – 1.24 (m, 1H), 1.23 – 1.13 (m, 

3H), 1.03 (t, J = 7.9 Hz, 9H), 0.83 (t, J = 6.9 Hz, 3H), 0.74 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 143.2, 128.9, 128.2, 125.7, 37.6, 31.4, 30.5, 27.5, 23.1, 14.2, 9.4, 3.8. HRMS (APCI) calculated for C16H27Ge: 

293.1319 [M-CH2CH3]+, found: 293.1326. IR (neat): ν/ cm-1 = 3026, 2924, 2870, 1602, 1494, 1456. 

Triethyl(1-phenylheptan-2-yl)germane (45) 

Prepared, following the general procedure A, but stirring for 72 h, from hept-

6-en-1-ylbenzene (52.3 mg, 0.30 mmol) with LiOtBu (48.0 mg, 0.60 mmol, 

2.0 equiv.) and CsF (91.1 mg, 0.60 mmol, 2.0 equiv.). The title product was 

obtained after purification by flash chromatography on silica gel (n-pentane) as a colorless oil (35.7 mg, 

0.11 mmol, 35%). 

Prepared, following the general procedure A, but stirring for 72 h, from hept-6-en-1-ylbenzene (52.3 mg, 

0.30 mmol) with KOtBu (67.3 mg, 0.60 mmol, 2.0 equiv.). The title product was obtained after purification 

by flash chromatography on silica gel (n-pentane) as a colorless oil (33.2 mg, 0.10 mmol, 33%). 

Rf = 0.85 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 – 7.24 (m, 2H), 7.19 – 7.15 (m, 3H), 2.79 (dd, 

J = 13.9, 5.1 Hz, 1H), 2.62 (dd, J = 13.9, 9.7 Hz, 1H), 1.46 – 1.35 (m, 3H), 1.32 – 1.22 (m, 3H), 1.21 – 1.14 (m, 

3H), 1.03 (t, J = 7.9 Hz, 9H), 0.84 (t, J = 7.2 Hz, 3H), 0.73 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 143.2, 128.9, 128.2, 125.7, 37.6, 32.4, 30.8, 28.8, 27.6, 22.7, 14.2, 9.4, 3.8. HRMS (APCI) calculated for 

C17H29Ge: 307.1476 [M-CH2CH3]+, found: 307.1474. IR (neat): ν/ cm-1 = 2924, 2869, 1455, 1376, 1014. 

Triethyl(1-phenyloctan-2-yl)germane (46) 

Prepared, following the general procedure A, but stirring for 72 h, from 

oct-7-en-1-ylbenzene (56.5 mg, 0.30 mmol) with LiOtBu (48.0 mg, 

0.60 mmol, 2.0 equiv.) and CsF (91.1 mg, 0.60 mmol, 2.0 equiv.). The title 
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product was obtained after purification by flash chromatography on silica gel (n-pentane) as a colorless oil 

(20.9 mg, 0.06 mmol, 20%). 

Rf = 0.77 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 – 7.24 (m, 2H), 7.19 – 7.14 (m, 3H), 2.78 (dd, 

J = 13.9, 5.2 Hz, 1H), 2.61 (dd, J = 14.0, 9.6 Hz, 1H), 1.46 – 1.34 (m, 3H), 1.30 – 1.22 (m, 3H), 1.21 – 1.14 (m, 

5H), 1.03 (t, J = 7.9 Hz, 9H), 0.86 (t, J = 7.2 Hz, 3H), 0.76 – 0.70 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 

143.2, 128.9, 128.2, 125.7, 37.6, 31.9, 30.8, 29.8, 29.1, 27.6, 22.8, 14.2, 9.4, 3.8.  HRMS (APCI) calculated for 

C18H31Ge: 321.1632 [M-CH2CH3]+, found: 321.1630. IR (neat): ν/ cm-1 = 2923, 2868, 1456, 1377, 1014. 

Triethyl(1-phenylnonan-2-yl)germane (47) 

Prepared, following the general procedure A, but stirring for 72 h and 

heating at 120°C, from non-8-en-1-ylbenzene (60.7 mg, 0.30 mmol) 

with LiOtBu (48.0 mg, 0.60 mmol, 2.0 equiv.) and CsF (91.1 mg, 

0.60 mmol, 2.0 equiv.). The title product was obtained after purification by flash chromatography on silica 

gel (n-pentane) as a colorless oil (70.8 mg, 0.20 mmol, 65%). 

Rf = 0.81 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 – 7.23 (m, 2H), 7.19 – 7.14 (m, 3H), 2.78 (dd, 

J = 13.9, 5.1 Hz, 1H), 2.61 (dd, J = 14.0, 9.6 Hz, 1H), 1.46 – 1.35 (m, 3H), 1.29 – 1.24 (m, 3H), 1.22 – 1.14 (m, 

7H), 1.02 (t, J = 7.9 Hz, 9H), 0.87 (t, J = 7.2 Hz, 3H), 0.73 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 143.2, 128.9, 128.2, 125.7, 37.6, 32.0, 30.8, 30.1, 29.4, 29.1, 27.6, 22.8, 14.2, 9.4, 3.8.  HRMS (ESI) calculated 

for C19H33Ge: 335.1789 [M-CH2CH3]+, found: 335.1788. IR (neat): ν/ cm-1 = 2923, 2865, 1457, 1257, 1020. 

Triethyl(1-phenyldecan-2-yl)germane (48) 

Prepared, following the general procedure A, but stirring for 72 h 

and heating at 120°C, from non-8-en-1-ylbenzene (60.7 mg, 

0.30 mmol) with LiOtBu (48.0 mg, 0.60 mmol, 2.0 equiv.) and CsF 

(91.1 mg, 0.60 mmol, 2.0 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane) as a colorless oil (61.1 mg, 0.16 mmol, 54%). 

Rf = 0.78 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 – 7.25 (m, 2H), 7.20 – 7.16 (m, 3H), 2.80 (dd, 

J = 13.9, 5.1 Hz, 1H), 2.63 (dd, J = 13.9, 9.6 Hz, 1H), 1.48 – 1.35 (m, 3H), 1.32 – 1.27 (m, 3H), 1.25 – 1.16 (m, 

9H), 1.04 (t, J = 7.9 Hz, 9H), 0.89 (t, J = 7.1 Hz, 3H), 0.75 (q, J = 7.9 Hz, 6H).13C NMR (151 MHz, CDCl3) δ/ppm 

= 143.2, 128.9, 128.2, 125.7, 37.6, 32.0, 30.8, 30.1, 29.7, 29.4, 29.1, 27.6, 22.8, 14.3, 9.4, 3.8. HRMS (ESI) 

calculated for C20H35Ge: 349.1945 [M-CH2CH3]+, found: 349.1943. IR (neat): ν/ cm-1 = 2923, 2858, 1494, 

1457, 1014. 

(E)-1-methyl-3-(prop-1-en-1-yl)benzene (49) 

Prepared, following the general procedure B from 1-allyl-3-methylbenzene (39.7 mg, 

0.3 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after column chromatography (n-pentane) 

as a colorless oil (33.6 mg, 0.25 mmol, 85%). 

Rf = 0.82 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.18 (t, J = 7.6 Hz, 1H), 7.16 – 7.11 (m, 2H), 7.01 

(d, J = 7.4 Hz, 1H), 6.39 – 6.35 (m, 1H), 6.26 – 6.19 (m, 1H), 2.33 (s, 3H), 1.87 (d, J = 6.5 Hz, 3H). 13C NMR 

(151 MHz, CDCl3) δ/ppm = 138.1, 138.0, 131.2, 128.5, 127.7, 126.7, 125.6, 123.1, 21.6, 18.6. MS (EI) m/z 
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(%): 132 (85), 117 (100), 91 (20). These data are in agreement with those reported previously in the 

literature.[211] 

(E)-but-1-en-1-ylbenzene (50) 

Prepared, following the general procedure B from but-3-en-1-ylbenzene (39.7 mg, 

0.30 mmol) with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.), CsF (4.6 mg, 0.03 mmol, 

0.1 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane) as a colorless oil (31.7 mg, 0.27 mmol, 80%). 

Rf = 0.82 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.35 (d, J = 7.5 Hz, 2H), 7.29 (dd, J = 7.6 Hz, 2H), 

7.19 (dd, J = 7.3 Hz, 1H), 6.38 (d, J = 15.8 Hz, 1H), 6.27 (dt, J = 15.8, 6.4 Hz, 1H), 2.28 – 2.20 (m, 2H), 1.10 (t, J 

= 7.5 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm = 138.1, 132.8, 128.9, 128.6, 126.9, 126.0, 26.2, 13.8. MS 

(EI) m/z (%): 132 (55) [M]+, 117 (100), 91 (20). These data are in agreement with those reported previously 

in the literature.[212] 

Triethyl(4-phenylbutyl)germane (51) 

In an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a 

magnetic stir bar was charged with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and 

CsF (4.6 mg, 0.03 mmol, 0.1 equiv.) and Pd2dba3 (6.9 mg, 0.008 mmol, 0.025 

equiv.) and dissolved in anhydrous DMI (3.0 mL, 0.1 M). To the mixture were added but-3-en-1-ylbenzene 

(39.7 mg, 0.30 mmol) and Et3GeH (72.8 µL, 0.45 mmol, 1.5 equiv.). The vial was sealed and brought out of 

glovebox and stirred in a heating block at 80°C overnight. After cooling down to room temperature the crude 

reaction mixture was directly subjected to flash column chromatography on silica gel (n-pentane) to obtain 

the desired product as a colorless oil (74.3 mg, 0.25 mmol, 85%). 

Rf = 0.91 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.30 – 7.26 (m, 2H), 7.20 – 7.14 (m, 3H), 2.61 (t, J 

= 7.8 Hz, 2H), 1.63 (p, J = 7.6 Hz, 2H), 1.42 (p, J = 7.7 Hz, 2H), 1.00 (t, J = 7.9 Hz, 9H), 0.77 – 0.66 (m, 8H). 

13C NMR (151 MHz, CDCl3) δ/ppm = 143.1, 128.5, 128.4, 125.7, 35.8, 35.6, 25.1, 11.5, 9.1, 4.1. HRMS (EI) 

calculated for C14H23Ge: 265.1006 [M-CH2CH3]+, found: 265.1007. IR (neat): ν/ cm-1 = 2925, 1495, 1456, 

1015, 696. These data are in agreement with those reported previously in the literature.[213] 

Tributyl(4-phenylbutyl)germane (52) 

In an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a 

magnetic stir bar was charged with LiOtBu (0.8 mg, 0.01 mmol, 0.1 equiv.) and 

CsF (1.5 mg, 0.01 mmol, 0.1 equiv.) and Pd2dba3 (2.3 mg, 0.003 mmol, 0.025 

equiv.) and dissolved in anhydrous DMI (1.0 mL, 0.1 M). To the mixture were added but-3-en-1-ylbenzene 

(13.2 mg, 0.10 mmol) and nBu3GeH (116.2 µL, 0.45 mmol, 1.5 equiv.). The vial was sealed and brought out 

of glovebox and stirred in a heating block at 80°C overnight. After cooling down to room temperature the 

crude reaction mixture was directly subjected to flash column chromatography on silica gel (n-pentane) to 

obtain the desired product as a colorless oil (28.2 mg, 0.07 mmol, 75%). 

Rf = 0.89 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 – 7.26 (m, 2H), 7.19 – 7.15 (m, 3H), 2.62 (t, J 

= 7.8 Hz, 2H), 1.63 (p, J = 7.4 Hz, 2H), 1.43 – 1.36 (m, 2H), 1.32 – 1.29 (m, 12H), 0.88 (t, J = 7.0 Hz, 9H), 0.75 

– 0.65 (m, 8H). 13C NMR (151 MHz, CDCl3) δ/ppm = 143.1, 128.6, 128.4, 125.7, 35.7, 35.6, 27.7, 26.8, 25.1, 
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13.9, 12.7, 12.6. HRMS (EI) calculated for C18H31Ge: 321.1632 [M-CH2CH3]+, found: 321.1631. IR (neat): 

ν/ cm-1 = 3027, 2870, 1456, 1015, 743. 

Triethyl(4-phenylbutyl)silane (53) 

In an argon-filled glovebox, an 8 mL screw-capped glass vial equipped with a 

magnetic stir bar was charged with LiOtBu (2.4 mg, 0.03 mmol, 0.1 equiv.) and 

CsF (4.6 mg, 0.03 mmol, 0.1 equiv.) and Pd2dba3 (6.9 mg, 0.008 mmol, 0.025 

equiv.) and dissolved in anhydrous DMI (3.0 mL, 0.1 M). To the mixture were added but-3-en-1-ylbenzene 

(39.7 mg, 0.30 mmol) and Et3SiH (71.9 µL, 0.45 mmol, 1.5 equiv.). The vial was sealed and brought out of 

glovebox and stirred in a heating block at 80°C overnight. After cooling down to room temperature the crude 

reaction mixture was directly subjected to flash column chromatography on silica gel (n-pentane) to obtain 

the desired product as a colorless oil (73.8 mg, 0.3 mmol, 99%).  

 Rf = 0.35 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 – 7.25 (m, 2H), 7.20 – 7.14 (m, 3H), 2.65 – 

2.57 (m, 2H), 1.69 – 1.58 (m, 2H), 1.39 – 1.32 (m, 2H), 0.92 (t, J = 7.9 Hz, 9H), 0.57 – 0.53 (m, 2H), 0.50 (q, J 

= 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 143.09, 128.53, 128.36, 125.66, 35.84, 35.81, 32.23, 23.77, 

11.36, 7.62, 3.48. MS (EI) m/z (%): 219 (100) [M-CH2CH3]+, 191 (15), 115 (17), 87 (50). 

These data are in agreement with those reported previously in the literature.[214] 

 

3.2.5 Deuterium labeling studies 

Triethyl(2-(phenyl-d5)ethyl-1,1-d2)germane (54) 

 

Prepared, following the general procedure A from styrene-d8 (33.7 mg, 0.30 mmol) with LiOtBu (48.0 mg, 

0.60 mmol, 2.0 equiv.) and CsF (91.1 mg, 0.60 mmol, 2.0 equiv.) in DMF. The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as a colorless oil (71.8 mg, 0.26 mmol, 85%). 

Prepared, following general procedure B from 55 (82.2 mg, 0.3 mmol, 1.0 equiv.) with LiOtBu (48.0 mg, 

0.60 mmol, 2.0 equiv.) and CsF (91.1 mg, 0.60 mmol, 2.0 equiv.) in DMF. The title product was obtained after 

purification by flash chromatography on silica gel (n-pentane) as a colorless oil (74.3 mg, 0.27 mmol, 91%). 

Rf = 0.87 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 2.67 (s, 2H), 1.04 (t, J = 7.9 Hz, 9H), 0.75 (q, J = 

7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 145.4, 127.9 (t, J = 23.6 Hz), 127.5 (t, J = 23.6 Hz), 125.1 (t, 

J = 24.3, 23.5 Hz), 31.2, 12.9 (p, J = 20.0, 19.3, 11.2 Hz), 9.1, 4.0. HRMS (EI) calculated for C12H122H7Ge: 

244.1132 [M-CH2CH3]+, found: 244.1137. IR (neat): ν/ cm-1 = 2948, 2870, 1457, 1379, 1014. 
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Triethyl(2-(phenyl-d5)ethyl-1,1,2,2-d4)germane (55) 

 

Prepared, following the general procedure A from styrene-d8 (33.7 mg, 0.30 mmol) with LiOtBu (48.0 mg, 

0.60 mmol, 2.0 equiv.) and CsF (91.1 mg, 0.60 mmol, 2.0 equiv.) in DMF-d7. The title product was obtained 

after purification by flash chromatography on silica gel (n-pentane) as a colorless oil (72.4 mg, 0.27 mmol, 

88%). 

Rf = 0.85 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 1.03 (t, J = 7.9 Hz, 9H), 0.74 (q, J = 7.9 Hz, 6H). 13C 

NMR (151 MHz, CDCl3) δ/ppm = 145.4, 127.9 (t, J = 24.2 Hz), 127.5 (t, J = 23.7 Hz), 125.1 (t, J = 24.2 Hz), 

30.5 (p, J = 19.7, 19.1, 15.9 Hz), 12.7 (p, J = 19.2, 18.8 Hz), 9.1, 4.0. HRMS (APCI) calculated for C12H102H9Ge: 

246.1258 [M-CH2CH3]+, found: 246.1258. IR (neat): ν/ cm-1 = 2948, 2906, 1458, 1379, 1015. 

 

3.2.6 Radical clock experiment 

(2-Cyclopropyl-2-phenylethyl)triethylgermane (56) 

 

In an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with LiOtBu (0.8 mg, 0.01 mmol, 0.1 equiv.) and CsF (1.5 mg, 0.01 mmol, 0.1 equiv.) and dissolved in 

anhydrous DMI (1.0 mL, 0.1 M). To the mixture were added (1-cyclopropylvinyl)benzene (14.4 mg, 

0.10 mmol) and Et3GeH (24.3 µL, 0.15 mmol, 1.5 equiv.). The vial was sealed and brought out of glovebox 

and stirred in a heating block at 80°C overnight. After cooling down to room temperature the crude reaction 

mixture was directly subjected to flash column chromatography on silica gel (n-pentane) to obtain the 

desired product as a colorless oil (28.0 mg, 0.09 mmol, 92%). 

In an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with KOtBu (1.1 mg, 0.01 mmol, 0.1 equiv.) and dissolved in anhydrous DMI (1.0 mL, 0.1 M). To the mixture 

were added (1-cyclopropylvinyl)benzene (14.4 mg, 0.10 mmol) and Et3GeH (24.3 µL, 0.15 mmol, 

1.5 equiv.). The vial was sealed and brought out of glovebox and stirred in a heating block at 80°C overnight. 

After cooling down to room temperature the crude reaction mixture was directly subjected to flash column 

chromatography on silica gel (n-pentane) to obtain the desired product as a colorless oil (28.1 mg, 

0.09 mmol, 92%). 

Rf = 0.90 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.28 – 7.25 (m, 2H), 7.20 – 7.16 (m, 3H), 1.93 (td, 

J = 9.4, 5.4 Hz, 1H), 1.30 – 1.21 (m, 2H), 1.01 – 0.95 (m, 1H), 0.89 (t, J = 7.9 Hz, 9H), 0.58 – 0.45 (m, 7H), 0.37 

– 0.31 (m, 1H), 0.22 – 0.15 (m, 1H), 0.11 – 0.05 (m, 1H). 13C NMR (151 MHz, CDCl3) δ/ppm = 147.7, 128.3, 
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127.5, 126.1, 48.0, 21.3, 19.4, 9.0, 5.9, 4.5, 4.5. HRMS (EI) calculated for C15H23Ge: 277.1006 [M-CH2CH3]+, 

found: 277.1004. IR (neat): ν/ cm-1 = 2947, 2871, 2326, 1455, 1014. 

3.2.7 Starting material synthesis 

Note: The following compounds were synthesized as previously reported: 

1-allyl-2-(allyloxy)benzene[215], 1-(but-3-en-1-yl)-3-methylbenzene[216], 1-(but-3-en-1-yl)-4-(tert-

butyl)benzene[216], 2-(but-3-en-1-yl)naphthalene[217], 1-(but-3-en-1-yl)-4-fluorobenzene[216], 1-(but-3-en-

1-yl)-3-methoxybenzene[218], (3-methylbut-2-en-1-yl)benzene[219], pent-4-en-2-ylbenzene[220], pent-4-en-

1-ylbenzene[217], hex-5-en-1-ylbenzene[217], hept-6-en-1-ylbenzene[221], oct-7-en-1-ylbenzene[221], non-8-

en-1-ylbenzene[222], dec-9-en-1-ylbenzene[221], 1-(but-3-en-1-yl)-4-(trifluoromethyl)benzene[223], 1-(but-3-

en-1-yl)-4-(trifluoromethoxy)benzene[224], N-(but-3-en-1-yl)-N-methylaniline[225], (2-methylbut-3-en-1-

yl)benzene[226], (E)-(2-methylbuta-1,3-dien-1-yl)benzene[227], (1-cyclopropylvinyl)benzene (synthesized 

by our lab technician Daniela Dreßler). 

Following compounds were synthesized by Dr. Aymane Selmani: 2-methoxy-6-(3-methylbut-3-en-1-

yl)naphthalene[88], 2-(but-3-en-1-yl)pyridine[228], 5-(but-3-en-1-yl)benzo[d][1,3]dioxole, (4-(but-3-en-1-

yl)phenyl)(methyl)sulfane. 

3.2.8 General procedure C 

 

Benzylbromide (2.0-5.0 mmol, 1.0 equiv.) and THF (0.5 M) were added to an oven dried flask under argon 

atmosphere. Then, allylmagnesiumbromide (1.0 M in 2-Me-THF or Et2O, 7.5-10.0 mmol, 1.5-2.0 equiv.) was 

added slowly to the stirring mixture at ambient temperature and left stirring overnight. The reaction 

mixture was quenched by the addition of aqueous NH4Cl, the organic layer was separated and the aqueous 

layer extracted three times with Et2O. The combined organic layers were washed with brine, dried over 

MgSO4, filtered and concentrated under reduced pressure. The product was obtained after column 

chromathrophy on silica gel. 

3.2.9 Characterization data of alkene starting material 

2-allylbenzo[b]thiophene 

Prepared, following the general procedure C from 2-bromobenzo[b]thiophene 

(1.00 g, 4.70 mmol, 1.0 equiv.) and allylmagnesiumbromide (7.05 mL, 7.05 mmol, 

1.5 equiv.). The title compound was obtained after purification by preparative HPLC 

(n-hexane, 20 mL/min) as colorless oil (696.0 mg, 4.00 mmol, 85%). 

Rf = 0.78 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.77 (d, J = 8.0 Hz, 1H), 7.68 (d, J = 7.9 Hz, 1H), 

7.33 – 7.29 (m, 1H), 7.28 – 7.24 (m, 1H), 7.04 (s, 1H), 6.05 (ddtd, J = 16.8, 10.0, 6.7, 1.3 Hz, 1H), 5.23 (dt, J = 

17.0, 1.5 Hz, 1H), 5.17 (dt, J = 10.0, 1.4 Hz, 1H), 3.66 (dt, J = 6.6, 1.3 Hz, 2H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 144.1, 140.3, 139.8, 135.9, 124.3, 123.7, 123.0, 122.3, 121.2, 117.0, 35.2. MS (EI) m/z (%): 174 

(100), 147 (66), 129 (14). These data are in agreement with those reported previously in the literature.[229] 
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3-(But-3-en-1-yl)-1,1'-biphenyl  

Prepared, following the general procedure C from 3-(bromomethyl)-1,1'-

biphenyl (1.235 g, 5.0 mmol, 1.0 equiv.) and allylmagnesiumbromide (7.5 mL, 

7.5 mmol, 1.5 equiv.). The title compound was obtained after purification by flash 

chromatography on silica gel (n-pentane) as colorless oil (344.2 mg, 1.65 mmol, 33%). 

Rf = 0.75 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.61 – 7.58 (m, 2H), 7.46 – 7.41 (m, 4H), 7.38 – 

7.32 (m, 2H), 7.19 (d, J = 7.5 Hz, 1H), 5.94 – 5.85 (m, 1H), 5.08 (dd, J = 17.1, 1.7 Hz, 1H), 5.00 (dd, J = 10.2, 

1.7 Hz, 1H), 2.79 (t, J = 7.9 Hz, 2H), 2.47 – 2.40 (m, 2H). 13C NMR (151 MHz, CDCl3) δ/ppm = 142.5, 141.5, 

141.4, 138.2, 128.8, 127.5, 127.5, 127.3, 127.3, 127.3, 124.9, 115.2, 35.7, 35.6. MS (EI) m/z (%): 208 (86) 

[M]+, 178 (10), 167 (100), 152 (45). These data are in agreement with those reported previously in the 

literature.[230] 

(3-Methylbut-3-en-1-yl)benzene 

Prepared, following the general procedure C from (bromomethyl)benzene (855.2 mg, 

5.0 mmol, 1.0 equiv.) and 2-methylallylmagnesium bromide (0.5 M in THF, 15.0 mL, 

7.5 mmol, 1.5 equiv.). The title compound was obtained after purification by flash 

chromatography on silica gel (n-pentane) as colorless oil (662.7 mg, 4.53 mmol, 91%). 

Rf = 0.50 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.31 – 7.26 (m, 2H), 7.22 – 7.16 (m, 3H), 4.74 (s, 

1H), 4.72 (s, 1H), 2.78 – 2.73 (m, 2H), 2.33 (dd, J = 9.5, 6.9 Hz, 2H), 1.78 (s, 3H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 145.6, 142.4, 128.5, 128.4, 125.9, 110.3, 39.8, 34.4, 22.8. HRMS (APCI) calculated for C11H15: 

147.1168 [M+H]+, found: 147.1176. These data are in agreement with those reported previously in the 

literature.[231] 

8-(But-3-en-1-yl)quinoline 

Prepared, following the general procedure C from 8-(bromomethyl)quinoline (1.0 g, 

4.5 mmol, 1.0 equiv.) and allylmagnesiumbromide (6.75 mL, 6.75 mmol, 1.5 equiv.). 

The title compound was obtained after purification by preparative HPLC (n-

hexane/EtOAc 7:3, 18 mL/min) as colorless oil (305.3 mg, 1.67 mmol, 37%). 

Rf = 0.52 (n-pentane/Et2O 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 8.95 (dd, J = 4.2, 1.8 Hz, 1H), 8.13 (dd, J 

= 8.2, 1.8 Hz, 1H), 7.67 (dd, J = 8.2, 1.5 Hz, 1H), 7.56 (dd, J = 7.0, 1.5 Hz, 1H), 7.47 (dd, J = 8.1, 7.0 Hz, 1H), 

7.39 (dd, J = 8.2, 4.1 Hz, 1H), 5.97 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.07 (dd, J = 17.1, 1.8 Hz, 1H), 4.99 (dd, J = 

10.2, 1.7 Hz, 1H), 3.41 – 3.37 (m, 2H), 2.61 – 2.56 (m, 2H). 13C NMR (151 MHz, CDCl3) δ/ppm = 149.4, 147.0, 

140.7, 138.8, 136.5, 129.0, 128.6, 126.4, 126.2, 120.9, 114.8, 34.8, 31.1. HRMS (ESI) calculated for C13H14N: 

184.1121 [M+H]+, found: 184.1119. IR (neat): ν/ cm-1 = 3070, 2975, 2920, 1639, 1595, 1497. 

(4-(But-3-en-1-yl)phenyl)(trifluoromethyl)sulfane 

Prepared, following the general procedure C from (4-

(bromomethyl)phenyl)(trifluoromethyl)sulfane (1.0 g, 3.68 mmol, 

1.0 equiv.) and allylmagnesiumbromide (5.5 mL, 5.50 mmol, 1.5 equiv.). The 

title compound was obtained after purification by flash chromatography on silica gel (n-pentane) as 

colorless oil (562.1 mg, 2.40 mmol, 66%). 
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Rf = 0.83 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.56 (d, J = 8.0 Hz, 2H), 7.24 (d, J = 8.1 Hz, 2H), 

5.88 – 5.79 (m, 1H), 5.08 – 4.98 (m, 2H), 2.77 – 2.72 (m, 2H), 2.42 – 2.36 (m, 2H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 145.3, 137.6, 136.6, 129.8, 129.8 (q, J = 308.2 Hz), 121.5, 115.6, 35.21 (d, J = 2.9 Hz). 19F NMR (564 

MHz, CDCl3) δ/ppm = -43.1. HRMS (EI) calculated for C11H11F3S: 232.0528 [M]+, found: 232.0533. IR (neat): 

ν/ cm-1 = 3079, 2982, 2932, 1641, 1115. 

2-(2-(but-3-en-1-yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

 Prepared, following the general procedure C from 2-(2-(bromomethyl)phenyl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (1.0 g, 3.36 mmol, 1.0 equiv.) and 

allylmagnesiumbromide (5.1 mL, 5.05 mmol, 1.5 equiv.). The title compound was 

obtained after purification by flash chromatography on silica gel (n-pentane) as 

colorless oil (746.0 mg, 2.89 mmol, 86%). 

Rf = 0.25 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.78 (d, J = 7.5 Hz, 1H), 7.37 – 7.32 (m, 1H), 7.20 

– 7.15 (m, 2H), 5.94 – 5.85 (m, 1H), 5.03 (dd, J = 17.1, 1.8 Hz, 1H), 4.97 – 4.93 (m, 1H), 2.99 – 2.95 (m, 2H), 

2.34 – 2.28 (m, 2H), 1.35 (s, 13H). 13C NMR (151 MHz, CDCl3) δ/ppm = 149.2, 139.0, 136.2, 131.0, 129.4, 

125.2, 114.4, 83.6, 37.6, 35.6, 25.0. MS (EI) m/z (%): 258 (6), 217 (71), 130 (100). These data are in 

agreement with those reported previously in the literature.[232] 

3.2.10 Computational data 

The pKa values were computed at two levels of theory, B3LYP/6-31+G(d) and M06-2X/def2-TZVPP, as 

described below. The calculated values obtained with B3LYP/6-31+G(d) were done without any 

exploration of the conformational space.   

I) First, the CREST package[102] in xTB[103, 104] was used to explore conformational space for both the neutral 

molecules as well as their anions (after deprotonation). If more than 10 conformers were obtained the 

clustering option of CREST was utilized to select the most representative conformers. The number of 

representatives (i.e. clusters) was initially not specified, but set to 10 in those cases where more than 10 

clusters/representatives were formed. 

II) The selected conformers were then further optimized at the DFT level using the Gaussian 16 program 

package (revision A.03).[100] Geometry optimizations were carried out using M06-2X and def2-TZVPP basis 

set on all atoms and accounting for solvation using the SMD model for DMSO. The minimum energy 

conformer of each structure was then used to calculate the pKa using COSMOTherm.[101] Input structures for 

COSMOtherm were generated from single-point energy calculations at the BP86[233, 234]/def2-TZVPD[235] 

level of theory using Turbomole 7.5.1.[236] Figures were created using CYLView.[237]  
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3.2.11 XYZ coordinates and energies of optimized structures 

 

DMI neutral (B3LYP) 

 
C          0.76160        1.49746       -0.09878 
C         -0.00008       -0.70050        0.00011 
C         -0.76156        1.49742        0.09872 
H          1.28049        2.18977        0.56951 
H          1.03178        1.73893       -1.13888 
H         -1.28067        2.18952       -0.56960 
H         -1.03168        1.73893        1.13884 
N          1.10046        0.10793        0.20636 
N         -1.10049        0.10780       -0.20622 
C          2.44821       -0.38041       -0.01925 
H          2.49290       -1.43692        0.25224 
H          2.74540       -0.26813       -1.07347 
H          3.15014        0.18032        0.60559 
C         -2.44826       -0.38039        0.01914 
H         -3.14995        0.17943       -0.60673 
H         -2.49256       -1.43730       -0.25100 
H         -2.74621       -0.26694        1.07306 
O          0.00014       -1.93990       -0.00003 
Zero-point correction = 0.156228 (Hartree/Particle) 
Thermal correction to Energy = 0.164472 
Thermal correction to Enthalpy = 0.165417 
Thermal correction to Gibbs Free Energy = 0.123661 
Sum of electronic and zero-point Energies = -381.176805 
Sum of electronic and thermal Energies = -381.168560 
Sum of electronic and thermal Enthalpies = -381.167616 
Sum of electronic and thermal Free Energies = -381.209372 

 
DMI neutral (M06-2X) 

 
C          0.75668        1.48722       -0.09968 
C         -0.00000       -0.70039       -0.00001 
C         -0.75668        1.48722        0.09968 
H          1.27224        2.17914        0.56323 
H          1.02121        1.72287       -1.13656 
H         -1.27223        2.17915       -0.56323 
H         -1.02120        1.72287        1.13656 
N          1.09193        0.10699        0.20731 
N         -1.09193        0.10699       -0.20730 
C          2.43048       -0.37802       -0.01922 
H          3.13200        0.17576        0.60395 
H          2.47563       -1.43117        0.24700 
H          2.72718       -0.26193       -1.06730 
C         -2.43048       -0.37802        0.01922 
H         -3.13201        0.17586       -0.60385 
H         -2.47567       -1.43113       -0.24713 
H         -2.72714       -0.26206        1.06733 
O         -0.00001       -1.92192        0.00000 
Zero-point correction = 0.156473 (Hartree/Particle) 
Thermal correction to Energy = 0.164804 
Thermal correction to Enthalpy = 0.165748 
Thermal correction to Gibbs Free Energy = 0.123708 
Sum of electronic and zero-point Energies = -381.142907 
Sum of electronic and thermal Energies = -381.134576 
Sum of electronic and thermal Enthalpies = -381.133631 
Sum of electronic and thermal Free Energies = -381.175672 
 

DMI anion C (B3LYP) 

 
C          0.74508        1.61580        0.07189 
C          0.04859       -0.65755        0.04780 
C         -0.76121        1.50290       -0.14716 
H          0.89398        1.77514        1.16621 
H         -1.05728        1.61352       -1.21113 
H         -1.34130        2.22588        0.43894 
N          1.10055        0.18400       -0.16127 
N         -1.09173        0.11332        0.26045 
C          2.46310       -0.27629       -0.06422 
H          2.51502       -1.34635       -0.28446 
H          3.08880        0.27463       -0.77614 
H          2.87306       -0.10726        0.94686 
C         -2.39451       -0.43355       -0.06268 
H         -2.61073       -0.35904       -1.14350 
H         -2.43503       -1.48628        0.22895 

H         -3.17056        0.11644        0.48055 
O          0.07201       -1.91197        0.04820 
Zero-point correction = 0.140602 (Hartree/Particle) 
Thermal correction to Energy = 0.148746 
Thermal correction to Enthalpy = 0.149690 
Thermal correction to Gibbs Free Energy = 0.108221 
Sum of electronic and zero-point Energies = -380.629126 
Sum of electronic and thermal Energies = -380.620982 
Sum of electronic and thermal Enthalpies = -380.620038 
Sum of electronic and thermal Free Energies = -380.661507 
 
 

DMI anion C (M06-2X) 

 
C         -0.73832        1.60627       -0.07962 
C         -0.04982       -0.65695       -0.05086 
C          0.76233        1.48962        0.15002 
H         -0.85821        1.75061       -1.17467 
H          1.04314        1.59688        1.21182 
H          1.34230        2.21299       -0.42535 
N         -1.09253        0.18466        0.15990 
N          1.08338        0.11439       -0.25995 
C         -2.44814       -0.27250        0.06846 
H         -2.49227       -1.34130        0.27086 
H         -3.06890        0.25733        0.79332 
H         -2.86827       -0.09046       -0.92944 
C          2.37430       -0.43621        0.06583 
H          2.58373       -0.37103        1.14194 
H          2.40990       -1.48221       -0.23188 
H          3.15467        0.10850       -0.46638 
O         -0.07302       -1.88949       -0.05160 
Zero-point correction = 0.141552 (Hartree/Particle) 
Thermal correction to Energy = 0.149690 
Thermal correction to Enthalpy = 0.150635 
Thermal correction to Gibbs Free Energy = 0.109129 
Sum of electronic and zero-point Energies = -380.597378 
Sum of electronic and thermal Energies = -380.589240 
Sum of electronic and thermal Enthalpies = -380.588296 
Sum of electronic and thermal Free Energies = -380.629801 
 

DMI anion N (B3LYP) 

 
C          0.89286        1.40220       -0.10382 
C         -0.00108       -0.72995       -0.03766 
C         -0.62200        1.51357        0.10105 
H          1.46883        2.01156        0.59911 
H          1.18979        1.68396       -1.12777 
H         -1.09792        2.27460       -0.52543 
H         -0.86617        1.72662        1.15652 
N          1.15697       -0.02597        0.11648 
N         -1.05985        0.16839       -0.26393 
C          2.51770       -0.57432        0.07342 
H          2.94787       -0.30231       -0.91397 
H          3.10172       -0.00682        0.82007 
C         -2.41511       -0.22515        0.07328 
H         -3.12336        0.43618       -0.43671 
H         -2.58636       -1.25201       -0.25583 
H         -2.60262       -0.16577        1.15945 
O         -0.16823       -1.96513       -0.01012 
Zero-point correction = 0.140586 (Hartree/Particle) 
Thermal correction to Energy = 0.148649 
Thermal correction to Enthalpy = 0.149594 
Thermal correction to Gibbs Free Energy = 0.108403 
Sum of electronic and zero-point Energies = -380.627180 
Sum of electronic and thermal Energies = -380.619117 
Sum of electronic and thermal Enthalpies = -380.618173 
Sum of electronic and thermal Free Energies = -380.659364 
 

DMI anion N (M06-2X) 

 
C         -0.75750        1.50865       -0.11263 
C         -0.07293       -0.68521       -0.03942 
C          0.75006        1.46892        0.11202 
H         -1.00072        1.81058       -1.13864 
H         -1.26933        2.18156        0.57301 

H          0.99492        1.63956        1.16867 
H          1.29845        2.18804       -0.49457 
N         -1.14873        0.12660        0.11558 
N          1.06009        0.10014       -0.26432 
C         -2.54740       -0.29198        0.02493 
H         -2.60853       -1.08018       -0.74018 
H         -2.81873       -0.79093        0.96793 
C          2.35853       -0.42562        0.07712 
H          2.42103       -1.46266       -0.24366 
H          3.13210        0.14905       -0.43250 
H          2.54775       -0.37834        1.15720 
O         -0.05763       -1.91155       -0.01852 
Zero-point correction = 0.141385 (Hartree/Particle) 
Thermal correction to Energy = 0.149586 
Thermal correction to Enthalpy = 0.150530 
Thermal correction to Gibbs Free Energy = 0.108914 
Sum of electronic and zero-point Energies = -380.596606 
Sum of electronic and thermal Energies = -380.588405 
Sum of electronic and thermal Enthalpies = -380.587461 
Sum of electronic and thermal Free Energies = -380.629077 
 

DMF neutral (B3LYP) 

 
O          1.96849        0.08337       -0.00004 
N         -0.33643        0.02332        0.00003 
C         -0.44563       -1.43085        0.00002 
H         -0.99100       -1.76540        0.89050 
H         -0.99005       -1.76548       -0.89102 
H          0.55376       -1.86681        0.00052 
C         -1.58622        0.77521       -0.00003 
H         -1.37725        1.84789        0.00009 
H         -2.17586        0.52938       -0.89111 
H         -2.17610        0.52921        0.89085 
C          0.86286        0.64221        0.00003 
H          0.77753        1.74160        0.00014 
Zero-point correction = 0.102829 (Hartree/Particle) 
Thermal correction to Energy = 0.108951 
Thermal correction to Enthalpy = 0.109895 
Thermal correction to Gibbs Free Energy = 0.073525 
Sum of electronic and zero-point Energies = -248.433839 
Sum of electronic and thermal Energies = -248.427717 
Sum of electronic and thermal Enthalpies = -248.426773 
Sum of electronic and thermal Free Energies = -248.463143 
 

DMF neutral (M06-2X) 

 
O          1.94811       -0.08192       -0.00003 
N         -0.33320       -0.02324        0.00016 
C         -1.57146       -0.76964       -0.00005 
H         -1.35816       -1.83657        0.00046 
H         -2.16123       -0.52526        0.88559 
H         -2.16053       -0.52581       -0.88628 
C         -0.44188        1.41899       -0.00002 
H          0.55383        1.85179       -0.00005 
H         -0.98489        1.75341       -0.88611 
H         -0.98490        1.75366        0.88597 
C          0.85939       -0.63622       -0.00000 
H          0.76711       -1.73201       -0.00005 
Zero-point correction = 0.103250 (Hartree/Particle) 
Thermal correction to Energy = 0.109323 
Thermal correction to Enthalpy = 0.110267 
Thermal correction to Gibbs Free Energy = 0.074095 
Sum of electronic and zero-point Energies = -248.406191 
Sum of electronic and thermal Energies = -248.400119 
Sum of electronic and thermal Enthalpies = -248.399174 
Sum of electronic and thermal Free Energies = -248.435346 
 

DMF anion C (B3LYP) 

 
O          1.95430        0.15303       -0.00006 
N         -0.30980        0.06475        0.00051 
C         -0.36172       -1.39303       -0.00007 
H         -0.88845       -1.77321        0.88891 
H         -0.89015       -1.77217       -0.88848 
H          0.66201       -1.77680       -0.00119 
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C         -1.59781        0.72540       -0.00011 
H         -1.43463        1.80825       -0.00056 
H         -2.19185        0.45540       -0.88856 
H         -2.19226        0.45634        0.88836 
C          0.87111        0.82174       -0.00008 
Zero-point correction = 0.087903 (Hartree/Particle) 
Thermal correction to Energy = 0.094009 
Thermal correction to Enthalpy = 0.094954 
Thermal correction to Gibbs Free Energy = 0.058635 
Sum of electronic and zero-point Energies = -247.903401 
Sum of electronic and thermal Energies = -247.897295 
Sum of electronic and thermal Enthalpies = -247.896350 
Sum of electronic and thermal Free Energies = -247.932669 
 

DMF anion C (M06-2X) 

 
O          1.92747       -0.16129       -0.00001 
N         -0.31271       -0.06504        0.00006 
C         -0.33531        1.37866       -0.00001 
H         -0.85055        1.77308        0.88333 
H          0.69409        1.73171        0.00004 
H         -0.85042        1.77301       -0.88346 
C         -1.59882       -0.70304       -0.00001 
H         -2.18998       -0.43075       -0.88305 
H         -1.45611       -1.78395        0.00008 
H         -2.19013       -0.43062        0.88287 
C          0.86952       -0.82342       -0.00001 
Zero-point correction = 0.088450 (Hartree/Particle) 
Thermal correction to Energy = 0.094513 
Thermal correction to Enthalpy = 0.095457 
Thermal correction to Gibbs Free Energy = 0.059308 
Sum of electronic and zero-point Energies = -247.870571 
Sum of electronic and thermal Energies = -247.864508 
Sum of electronic and thermal Enthalpies = -247.863564 
Sum of electronic and thermal Free Energies = -247.899712 
 

DMF anion N (B3LYP) 

 
O         -1.89745        0.54282       -0.13289 
N          0.49528        0.04992       -0.53224 
C          1.76801        0.47058        0.04504 
H          1.82539        0.32967        1.14091 
H          2.59268       -0.10143       -0.40392 
H          1.93360        1.53507       -0.16689 
C         -0.07078       -1.18779        0.05457 
H         -0.54373       -1.86229       -0.66097 
H          0.52121       -1.69311        0.82446 
C         -0.72622        0.14438        0.35141 
H         -0.44262        0.53702        1.34905 
Zero-point correction = 0.088449 (Hartree/Particle) 
Thermal correction to Energy = 0.093601 
Thermal correction to Enthalpy = 0.094545 
Thermal correction to Gibbs Free Energy = 0.060598 
Sum of electronic and zero-point Energies = -247.889762 
Sum of electronic and thermal Energies = -247.884611 
Sum of electronic and thermal Enthalpies = -247.883667 
Sum of electronic and thermal Free Energies = -247.917614 
 

DMF anion N (M06-2X) 

 
O          1.88386       -0.51834       -0.12474 
N         -0.48649       -0.05036       -0.54217 
C         -1.74371       -0.46584        0.04530 
H         -1.93310       -1.51814       -0.18106 
H         -1.76660       -0.34541        1.13846 
H         -2.57062        0.12299       -0.36420 
C          0.05476        1.17272        0.06431 
H          0.53897        1.85396       -0.62809 
H         -0.56225        1.65460        0.81988 
C          0.72586       -0.15782        0.33862 
H          0.40666       -0.56315        1.31871 
Zero-point correction = 0.089098 (Hartree/Particle) 
Thermal correction to Energy = 0.094161 
Thermal correction to Enthalpy = 0.095105 
Thermal correction to Gibbs Free Energy = 0.061370 
Sum of electronic and zero-point Energies = -247.854880 
Sum of electronic and thermal Energies = -247.849818 
Sum of electronic and thermal Enthalpies = -247.848873 
Sum of electronic and thermal Free Energies = -247.882609 

 

Et3GeH neutral (B3LYP) 

 
Ge        -0.14464       -0.00777       -0.46587 
C         -1.82418       -0.72003        0.30356 
H         -2.13563       -1.57852       -0.30575 
H         -1.58717       -1.11314        1.30128 
C         -2.95940        0.31241        0.39637 
H         -3.22377        0.70971       -0.59222 
H         -3.86937       -0.12647        0.82772 
H         -2.67677        1.16506        1.02666 
C          0.49832        1.53360        0.59977 
H         -0.27208        2.31464        0.57439 
H          0.57029        1.19908        1.64351 
C          1.84845        2.09599        0.12727 
H          2.17309        2.94237        0.74773 
H          2.63802        1.33513        0.17230 
H          1.79564        2.45095       -0.91018 
C          1.25446       -1.40976       -0.51447 
H          2.10649       -1.01703       -1.08410 
H          0.86128       -2.26200       -1.08373 
C          1.71190       -1.86281        0.88224 
H          2.48832       -2.63727        0.82051 
H          2.12860       -1.02727        1.45911 
H          0.88008       -2.27925        1.46466 
H         -0.42573        0.47606       -1.92250 
Zero-point correction = 0.204038 (Hartree/Particle) 
Thermal correction to Energy = 0.215940 
Thermal correction to Enthalpy = 0.216884 
Thermal correction to Gibbs Free Energy = 0.165335 
Sum of electronic and zero-point Energies = -2312.846687 
Sum of electronic and thermal Energies = -2312.834785 
Sum of electronic and thermal Enthalpies = -2312.833841 
Sum of electronic and thermal Free Energies = -2312.885391 
 

Et3GeH neutral (M06-2X) 

 
Ge        -0.15435        0.01785       -0.47342 
C          0.47289       -1.52908        0.57819 
H          0.50159       -1.23464        1.63045 
H         -0.26557       -2.32938        0.49812 
C          1.84571       -2.02094        0.12210 
H          2.60309       -1.24163        0.23047 
H          2.18045       -2.88503        0.69988 
H          1.83184       -2.31571       -0.92954 
C         -1.82261        0.73822        0.29040 
H         -1.58924        1.16865        1.26721 
H         -2.16405        1.56098       -0.34141 
C         -2.91264       -0.32392        0.42584 
H         -3.83659        0.09299        0.83204 
H         -3.15268       -0.77275       -0.54041 
H         -2.59834       -1.13092        1.09052 
C          1.26475        1.38692       -0.50251 
H          0.89165        2.26339       -1.03657 
H          2.10748        1.00303       -1.08138 
C          1.71492        1.76829        0.90734 
H          0.88646        2.16852        1.49546 
H          2.10791        0.90331        1.44626 
H          2.50006        2.52702        0.89040 
H         -0.44297       -0.46617       -1.93018 
Zero-point correction = 0.203756 (Hartree/Particle) 
Thermal correction to Energy = 0.215678 
Thermal correction to Enthalpy = 0.216622 
Thermal correction to Gibbs Free Energy = 0.165277 
Sum of electronic and zero-point Energies = -2315.047985 
Sum of electronic and thermal Energies = -2315.036064 
Sum of electronic and thermal Enthalpies = -2315.035120 
Sum of electronic and thermal Free Energies = -2315.086464 
 

Et3GeH anion (B3LYP) 

 
Ge        -0.18540        0.07523       -0.72742 
C         -1.72775       -0.61111        0.43755 
H         -2.09002       -1.56051        0.01246 
H         -1.32864       -0.84576        1.43713 
C         -2.89710        0.37592        0.57547 
H         -3.33004        0.62388       -0.40486 
H         -3.71616       -0.00907        1.20400 
H         -2.56566        1.32315        1.02446 

C          0.59108        1.40193        0.63311 
H         -0.08667        2.26683        0.69471 
H          0.57383        0.92235        1.62512 
C          2.01412        1.87875        0.30991 
H          2.40803        2.59872        1.04516 
H          2.71634        1.03404        0.27695 
H          2.05800        2.36668       -0.67524 
C          1.14328       -1.47477       -0.45876 
H          2.06247       -1.21406       -1.00589 
H          0.72197       -2.34933       -0.97986 
C          1.49913       -1.85540        0.98655 
H          2.21508       -2.69198        1.04442 
H          1.94975       -1.00940        1.52209 
H          0.60813       -2.15487        1.55397 
Zero-point correction = 0.193592 (Hartree/Particle) 
Thermal correction to Energy = 0.205184 
Thermal correction to Enthalpy = 0.206128 
Thermal correction to Gibbs Free Energy = 0.156006 
Sum of electronic and zero-point Energies = -2312.332462 
Sum of electronic and thermal Energies = -2312.320870 
Sum of electronic and thermal Enthalpies = -2312.319926 
Sum of electronic and thermal Free Energies = -2312.370048 
 

Et3GeH anion (M06-2X) 

 
Ge        -0.00013       -0.00091       -0.59230 
C         -1.75198       -0.25512        0.43170 
H         -1.57163       -0.06000        1.49645 
H         -2.48403        0.48817        0.10104 
C         -2.33451       -1.65630        0.25483 
H         -1.65220       -2.41945        0.63797 
H         -3.29064       -1.79451        0.76917 
H         -2.50150       -1.88372       -0.80228 
C          0.65579        1.64555        0.42836 
H          0.73957        1.39211        1.49283 
H          1.66352        1.91057        0.09390 
C         -0.26967        2.84884        0.25580 
H         -0.38817        3.10712       -0.80077 
H         -1.26956        2.63734        0.64341 
H          0.08948        3.74647        0.76877 
C          1.09817       -1.38890        0.43182 
H          0.82260       -2.39545        0.10197 
H          0.83911       -1.33035        1.49656 
C          2.60260       -1.19082        0.25535 
H          3.20068       -1.94994        0.76907 
H          2.88338       -1.22034       -0.80175 
H          2.92118       -0.21854        0.63987 
Zero-point correction = 0.193518 (Hartree/Particle) 
Thermal correction to Energy = 0.205255 
Thermal correction to Enthalpy = 0.206200 
Thermal correction to Gibbs Free Energy = 0.155627 
Sum of electronic and zero-point Energies = -2314.535289 
Sum of electronic and thermal Energies = -2314.523552 
Sum of electronic and thermal Enthalpies = -2314.522607 
Sum of electronic and thermal Free Energies = -2314.573180 
 

tert-Butanol neutral (B3LYP) 

 
C         -0.00608        0.00000        0.01039 
C          0.67765       -1.26443       -0.52736 
H          0.61290       -1.30748       -1.62097 
H          1.74003       -1.27968       -0.25175 
H          0.20058       -2.16071       -0.11497 
C          0.67752        1.26449       -0.52739 
H          0.61270        1.30754       -1.62100 
H          0.20041        2.16073       -0.11496 
H          1.73991        1.27980       -0.25184 
C         -1.49832       -0.00008       -0.32477 
H         -1.98456       -0.88966        0.09184 
H         -1.98470        0.88936        0.09197 
H         -1.64713       -0.00002       -1.41007 
O          0.05241        0.00003        1.46056 
H          0.98594        0.00001        1.73206 
Zero-point correction = 0.135950 (Hartree/Particle) 
Thermal correction to Energy = 0.142534 
Thermal correction to Enthalpy = 0.143478 
Thermal correction to Gibbs Free Energy = 0.107106 
Sum of electronic and zero-point Energies = -233.560572 
Sum of electronic and thermal Energies = -233.553988 
Sum of electronic and thermal Enthalpies = -233.553043 
Sum of electronic and thermal Free Energies = -233.589415 
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tert-Butanol neutral (M06-2X) 

 
C          0.00780       -0.00000        0.01668 
C          1.49372       -0.00059       -0.29502 
H          1.96953       -0.88676        0.12758 
H          1.65580       -0.00057       -1.37333 
H          1.97023        0.88515        0.12770 
C         -0.65969        1.25279       -0.53574 
H         -0.57991        1.28845       -1.62330 
H         -1.72020        1.26737       -0.27269 
H         -0.18839        2.14578       -0.12263 
C         -0.66072       -1.25218       -0.53588 
H         -1.72125       -1.26591       -0.27282 
H         -0.58098       -1.28779       -1.62344 
H         -0.19016       -2.14561       -0.12288 
O         -0.08520       -0.00005        1.44681 
H         -1.01971        0.00020        1.68101 
Zero-point correction = 0.135980 (Hartree/Particle) 
Thermal correction to Energy = 0.142652 
Thermal correction to Enthalpy = 0.143596 
Thermal correction to Gibbs Free Energy = 0.107057 
Sum of electronic and zero-point Energies = -233.527544 
Sum of electronic and thermal Energies = -233.520872 
Sum of electronic and thermal Enthalpies = -233.519928 
Sum of electronic and thermal Free Energies = -233.556467 
 

tert-Butanol anion (B3LYP) 

 
C          0.00002       -0.00001        0.12880 
C         -0.81214        1.20152       -0.43395 
H         -0.83088        1.23142       -1.53443 
H         -1.84951        1.14873       -0.07539 
H         -0.37793        2.14437       -0.07333 
C         -0.63456       -1.30397       -0.43401 
H         -0.65051       -1.33534       -1.53448 
H         -0.07091       -2.17630       -0.07499 
H         -1.66838       -1.39890       -0.07395 
C          1.44669        0.10251       -0.43397 
H          1.92010        1.02693       -0.07528 
H          2.04579       -0.74533       -0.07416 
H          1.48166        0.10437       -1.53447 
O          0.00006       -0.00003        1.51115 
Zero-point correction = 0.122086 (Hartree/Particle) 
Thermal correction to Energy = 0.128221 
Thermal correction to Enthalpy = 0.129165 
Thermal correction to Gibbs Free Energy = 0.093613 
Sum of electronic and zero-point Energies = -233.065621 
Sum of electronic and thermal Energies = -233.059486 
Sum of electronic and thermal Enthalpies = -233.058542 
Sum of electronic and thermal Free Energies = -233.094094 
 

tert-Butanol anion (M06-2X) 

 
C          0.00025       -0.00026        0.14088 
C         -1.14243       -0.87640       -0.43075 
H         -1.02609       -1.90190       -0.06892 
H         -2.10175       -0.50033       -0.06416 
H         -1.17739       -0.89976       -1.52581 
C          1.32947       -0.54947       -0.43457 
H          1.36670       -0.56305       -1.52969 
H          2.15896        0.06301       -0.06991 
H          1.48387       -1.56986       -0.07253 
C         -0.18975        1.42711       -0.43061 
H          0.61590        2.07081       -0.06627 
H         -0.19562        1.46904       -1.52560 
H         -1.13545        1.83808       -0.06586 
O          0.00320       -0.00149        1.48988 
Zero-point correction = 0.121510 (Hartree/Particle) 
Thermal correction to Energy = 0.127779 
Thermal correction to Enthalpy = 0.128724 
Thermal correction to Gibbs Free Energy = 0.092926 
Sum of electronic and zero-point Energies = -233.009417 
Sum of electronic and thermal Energies = -233.003148 
Sum of electronic and thermal Enthalpies = -233.002204 
Sum of electronic and thermal Free Energies = -233.038001 
 

but-3-en-1-ylbenzene (B3LYP) 

 
C          2.49553        1.30334       -0.07927 
C          1.15783        1.18535        0.31411 
C          0.54420       -0.07310        0.41868 
C          1.30628       -1.21385        0.11833 
C          2.64399       -1.10242       -0.27556 
C          3.24399        0.15845       -0.37609 
H          2.95288        2.28724       -0.15042 
H          0.58287        2.08007        0.54510 
H          0.84745       -2.19770        0.19668 
H          3.21772       -1.99846       -0.49971 
H          4.28414        0.24736       -0.67910 
C         -0.91609       -0.19563        0.79539 
C         -1.84072       -0.20617       -0.44829 
H         -1.20876        0.63853        1.44513 
H         -1.07862       -1.11915        1.36641 
H         -1.70003        0.72373       -1.01444 
H         -1.52535       -1.03239       -1.10241 
C         -3.28925       -0.37921       -0.08065 
C         -4.26045        0.50727       -0.33156 
H         -3.53693       -1.30489        0.44361 
H         -5.29088        0.32709       -0.03325 
H         -4.05633        1.44446       -0.84816 
Zero-point correction = 0.190433 (Hartree/Particle) 
Thermal correction to Energy = 0.199917 
Thermal correction to Enthalpy = 0.200861 
Thermal correction to Gibbs Free Energy = 0.154271 
Sum of electronic and zero-point Energies = -388.107847 
Sum of electronic and thermal Energies = -388.098363 
Sum of electronic and thermal Enthalpies = -388.097419 
Sum of electronic and thermal Free Energies = -388.144009 
 

but-3-en-1-ylbenzene (M06-2X) 

 
C         -1.95412        1.06618        0.78062 
C         -0.75896        0.45716        1.14538 
C         -0.26789       -0.63705        0.43686 
C         -1.00205       -1.10648       -0.65230 
C         -2.19612       -0.50187       -1.02127 
C         -2.67649        0.58847       -0.30474 
H         -2.32041        1.91430        1.34501 
H         -0.19862        0.83406        1.99325 
H         -0.63299       -1.95804       -1.21299 
H         -2.75446       -0.88340       -1.86670 
H         -3.60796        1.05995       -0.58994 
C          1.04916       -1.26997        0.79590 
H          1.30630       -1.02481        1.82822 
H          0.96646       -2.35574        0.72630 
C          2.18810       -0.80719       -0.13130 
H          3.08599       -1.37543        0.12485 
C          2.46945        0.65568        0.00535 
C          2.30578        1.55214       -0.95836 
H          2.51300        2.60314       -0.79824 
H          1.96009        1.25971       -1.94453 
H          2.80916        0.98482        0.98500 
H          1.93234       -1.04098       -1.16713 
Zero-point correction = 0.191318 (Hartree/Particle) 
Thermal correction to Energy = 0.200614 
Thermal correction to Enthalpy = 0.201558 
Thermal correction to Gibbs Free Energy = 0.155631 
Sum of electronic and zero-point Energies = -388.050560 
Sum of electronic and thermal Energies = -388.041264 
Sum of electronic and thermal Enthalpies = -388.040320 
Sum of electronic and thermal Free Energies = -388.086247 
 

but-3-en-1-ylbenzene anion (B3LYP) 

C          0.74868        0.87167        0.71047 

C          0.48069       -0.48414        0.44483 
C          1.44922       -1.21760       -0.26150 
C          2.63582       -0.61836       -0.70340 
C          2.88483        0.73227       -0.43460 
C          1.93392        1.47468        0.28108 
H          0.01128        1.45747        1.25659 
H          1.26929       -2.27147       -0.46963 
H          3.36796       -1.20830       -1.25100 
H          3.80678        1.19976       -0.77169 
H          2.12008        2.52285        0.50587 
C         -0.84363       -1.11376        0.86045 
C         -1.97099       -0.81432       -0.10710 
H         -1.11171       -0.73378        1.85872 
H         -0.68171       -2.19854        0.97429 
H         -1.88984       -1.28304       -1.09361 
C         -2.84092        0.26190        0.06170 
C         -3.75862        0.86346       -0.81770 
H         -2.80063        0.72049        1.06086 
H         -4.48346        1.58929       -0.45236 
H         -3.92203        0.47056       -1.82344 
Zero-point correction = 0.173743 (Hartree/Particle) 
Thermal correction to Energy = 0.183509 
Thermal correction to Enthalpy = 0.184453 
Thermal correction to Gibbs Free Energy = 0.137699 
Sum of electronic and zero-point Energies = -387.578461 
Sum of electronic and thermal Energies = -387.568695 
Sum of electronic and thermal Enthalpies = -387.567751 
Sum of electronic and thermal Free Energies = -387.614505 
 

but-3-en-1-ylbenzene anion (M06-2X) 

 
C         -2.02955        1.29885        0.21197 
C         -0.78324        0.95114        0.72737 
C         -0.26002       -0.32644        0.54531 
C         -1.02517       -1.25357       -0.16638 
C         -2.27097       -0.91796       -0.67445 
C         -2.77828        0.36584       -0.49001 
H         -2.41276        2.30074        0.36062 
H         -0.20930        1.68225        1.28597 
H         -0.63176       -2.25264       -0.32033 
H         -2.85042       -1.65650       -1.21444 
H         -3.74825        0.63192       -0.88985 
C          1.10682       -0.71577        1.08106 
H          1.44213        0.09551        1.74319 
H          0.97946       -1.60054        1.71112 
C          2.13652       -0.99044        0.01940 
C          2.74844        0.03378       -0.67801 
C          2.57316        1.41401       -0.57708 
H          3.17766        2.08886       -1.16960 
H          1.86684        1.85839        0.11432 
H          3.48489       -0.28557       -1.41793 
H          2.39527       -2.01908       -0.19817 
Zero-point correction = 0.175856 (Hartree/Particle) 
Thermal correction to Energy = 0.185173 
Thermal correction to Enthalpy = 0.186117 
Thermal correction to Gibbs Free Energy = 0.141111 
Sum of electronic and zero-point Energies = -387.529385 
Sum of electronic and thermal Energies = -387.520068 
Sum of electronic and thermal Enthalpies = -387.519124 
Sum of electronic and thermal Free Energies = -387.564130 
 

Triethyl(1-phenylbutan-2-yl)germane neutral 
(B3LYP) 

 
C          3.54728        0.71358       -1.42465 
C          2.37086        1.26804       -0.91344 
C          1.98740        1.05046        0.42027 
C          2.82370        0.26452        1.22805 
C          4.00760       -0.28768        0.72534 
C          4.37294       -0.06720       -0.60625 
H          3.82040        0.89097       -2.46212 
H          1.74350        1.87635       -1.56038 
H          2.54486        0.08202        2.26377 
H          4.63743       -0.89434        1.37153 
H          5.28796       -0.49913       -1.00348 
C          0.73986        1.69307        0.99342 
H          0.59713        1.33484        2.02120 
H          0.92895        2.77556        1.08079 
C         -0.58097        1.50851        0.20458 
H         -0.44402        1.93059       -0.80080 
C         -1.70395        2.30676        0.91427 
H         -2.17447        1.69606        1.69929 
H         -1.24945        3.15872        1.44353 
C         -2.78474        2.86339       -0.02115 
H         -3.31912        2.07163       -0.55285 
H         -3.52599        3.44542        0.54065 
H         -2.33832        3.52591       -0.77426 
C         -0.03161       -1.30980       -1.50195 
H         -0.75565       -1.90542       -2.07294 
H          0.32302       -0.52036       -2.17634 
C          1.14336       -2.19923       -1.06924 
H          0.81080       -3.01704       -0.41803 
H          1.63968       -2.65463       -1.93782 
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H          1.89864       -1.62959       -0.52142 
C         -2.98145       -0.67959       -0.44172 
H         -3.21830       -1.72511       -0.20382 
H         -3.57298       -0.06699        0.25050 
C         -3.37564       -0.38765       -1.89953 
H         -2.86181       -1.06259       -2.59466 
H         -4.45507       -0.51698       -2.05910 
H         -3.12191        0.63615       -2.20063 
C         -0.66092       -1.32414        1.71264 
H         -0.98571       -0.64799        2.51502 
H          0.42983       -1.40424        1.79899 
C         -1.31039       -2.70517        1.89546 
H         -1.01619       -3.16671        2.84837 
H         -2.40516       -2.63897        1.88977 
H         -1.02355       -3.39942        1.09524 
Ge        -1.04920       -0.43506       -0.02427 
Zero-point correction = 0.401724 (Hartree/Particle) 
Thermal correction to Energy = 0.423437 
Thermal correction to Enthalpy = 0.424381 
Thermal correction to Gibbs Free Energy = 0.351095 
Sum of electronic and zero-point Energies = -2700.987937 
Sum of electronic and thermal Energies = -2700.966223 
Sum of electronic and thermal Enthalpies = -2700.965279 
Sum of electronic and thermal Free Energies = -2701.038566 

 
Triethyl(1-phenylbutan-2-yl)germane neutral 
(M06-2X) 

 
C         -4.47067       -1.47937       -0.37467 
C         -3.11199       -1.27629       -0.57239 
C         -2.57798        0.01202       -0.62083 
C         -3.44344        1.09220       -0.46480 
C         -4.80551        0.89515       -0.26591 
C         -5.32377       -0.39205       -0.21960 
H         -4.86636       -2.48673       -0.34494 
H         -2.45223       -2.12811       -0.69549 
H         -3.04405        2.09949       -0.49939 
H         -5.46128        1.74838       -0.14705 
H         -6.38363       -0.54849       -0.06634 
C         -1.09428        0.21141       -0.80279 
H         -0.75877       -0.41076       -1.63563 
H         -0.90500        1.25086       -1.08566 
C         -0.27358       -0.13748        0.45431 
H         -0.47023       -1.18774        0.70165 
C         -0.67616        0.71930        1.65722 
H         -0.46526        1.77239        1.43944 
H         -1.75846        0.65213        1.80606 
C          0.01593        0.31653        2.95370 
H         -0.36965        0.88867        3.79875 
H         -0.14709       -0.74297        3.16510 
H          1.09369        0.48307        2.91049 
C          2.33553        1.81870        0.46428 
H          2.08801        2.06381        1.49973 
H          3.42693        1.80138        0.40490 
C          1.77189        2.87875       -0.48196 
H          2.15864        3.87451       -0.25360 
H          2.02685        2.66050       -1.52136 
H          0.68268        2.92969       -0.41941 
C          1.99875       -0.35505       -1.86131 
H          1.57412       -1.32928       -2.11694 
H          1.45410        0.38436       -2.45304 
C          3.48824       -0.31574       -2.20154 
H          4.04591       -1.06534       -1.63518 
H          3.67134       -0.50554       -3.26149 
H          3.92337        0.65819       -1.96482 

C          2.71162       -1.35614        1.07271 
H          2.48216       -1.26178        2.13580 
H          3.77389       -1.12277        0.96216 
C          2.43043       -2.77899        0.59093 
H          1.37017       -3.02754        0.67877 
H          2.70675       -2.90434       -0.45826 
H          2.98764       -3.52182        1.16597 
Ge         1.68018       -0.00444        0.06017 
Zero-point correction = 0.400931 (Hartree/Particle) 
Thermal correction to Energy = 0.422943 
Thermal correction to Enthalpy = 0.423887 
Thermal correction to Gibbs Free Energy = 0.348378 
Sum of electronic and zero-point Energies = -2703.138742 
Sum of electronic and thermal Energies = -2703.116731 
Sum of electronic and thermal Enthalpies = -2703.115787 
Sum of electronic and thermal Free Energies = -2703.191296 
 

Triethyl(1-phenylbutan-2-yl)germane anion 
(B3LYP) 

 
C          3.85694       -0.36373       -1.34859 
C          2.63373        0.15460       -0.93531 
C          2.38806        0.57004        0.43782 
C          3.51871        0.34486        1.32632 
C          4.72523       -0.17820        0.89100 
C          4.93912       -0.54278       -0.46211 
H          3.97162       -0.65191       -2.39527 
H          1.82967        0.23705       -1.66324 
H          3.40303        0.61361        2.37788 
H          5.53034       -0.31214        1.61544 
H          5.88780       -0.95546       -0.79636 
C          1.19276        1.13119        0.88493 
H          1.09404        1.34045        1.95357 
C         -0.03018        1.39048        0.04367 
H          0.25705        1.54773       -1.00793 
C         -0.76627        2.66711        0.50609 
H         -1.01387        2.57772        1.57469 
H         -0.05655        3.50723        0.43761 
C         -2.03872        3.02817       -0.27341 
H         -2.85279        2.31969       -0.08170 
H         -2.40068        4.02575        0.00658 
H         -1.85074        3.03042       -1.35516 
C         -2.52685       -0.29381       -1.50118 
H         -2.97947       -1.29561       -1.50455 
H         -3.34346        0.41563       -1.32007 
C         -1.86872       -0.01005       -2.86124 
H         -1.04442       -0.70718       -3.06310 
H         -2.58227       -0.10047       -3.69275 
H         -1.44983        1.00359       -2.89841 
C         -2.25183       -0.30756        1.73983 
H         -1.60011       -0.76766        2.49501 
H         -2.42959        0.72350        2.07277 
C         -3.58825       -1.06428        1.65989 
H         -3.44622       -2.10752        1.35261 
H         -4.11028       -1.07566        2.62766 
H         -4.26469       -0.60252        0.92959 
C         -0.13481       -1.88182       -0.14749 
H          0.76265       -1.74095        0.46534 
H          0.21014       -1.94456       -1.18764 
C         -0.86986       -3.17302        0.24483 
H         -0.23530       -4.06138        0.11226 
H         -1.18371       -3.15249        1.29642 
H         -1.77373       -3.32841       -0.35945 
Ge        -1.23134       -0.23017        0.02431 
Zero-point correction = 0.384718 (Hartree/Particle) 

Thermal correction to Energy = 0.406921 
Thermal correction to Enthalpy = 0.407865 
Thermal correction to Gibbs Free Energy = 0.332487 
Sum of electronic and zero-point Energies = -2700.459194 
Sum of electronic and thermal Energies = -2700.436992 
Sum of electronic and thermal Enthalpies = -2700.436048 
Sum of electronic and thermal Free Energies = -2700.511425 

 
Triethyl(1-phenylbutan-2-yl)germane anion 
(M06-2X) 

 
C          1.13849        0.10511        0.69757 
H          0.87008       -0.24630        1.69267 
C          0.06423        0.79097       -0.10458 
H          0.30717        0.72212       -1.17322 
C         -0.14859        2.28710        0.20524 
H         -1.02287        2.66038       -0.34003 
H         -0.37706        2.40547        1.26913 
C          1.05711        3.15077       -0.14922 
H          0.89776        4.19647        0.12209 
H          1.95205        2.80186        0.37021 
H          1.25705        3.11125       -1.22269 
C         -1.99352       -0.74254        1.94731 
H         -2.98106       -1.21174        1.96944 
H         -1.28071       -1.51068        2.25747 
C         -1.95304        0.43928        2.91605 
H         -2.63080        1.23716        2.60317 
H         -2.24059        0.14647        3.92874 
H         -0.95122        0.86905        2.97268 
C         -1.46068       -1.91517       -0.99787 
H         -1.11699       -1.65504       -2.00251 
H         -0.67534       -2.53148       -0.55276 
C         -2.77238       -2.69571       -1.07181 
H         -3.55819       -2.10593       -1.54951 
H         -2.66838       -3.62165       -1.64231 
H         -3.13129       -2.96619       -0.07610 
C         -3.16658        0.76536       -0.64492 
H         -3.27896        1.69089       -0.07474 
H         -4.07493        0.18230       -0.47041 
C         -3.00996        1.07272       -2.13388 
H         -2.93624        0.15413       -2.72103 
H         -3.85188        1.64563       -2.52954 
H         -2.10285        1.65115       -2.32696 
Ge        -1.61734       -0.25129        0.06523 
C          2.43364       -0.15298        0.27427 
C          3.38187       -0.86359        1.10715 
C          2.97577        0.23830       -1.00802 
C          4.66728       -1.13899        0.70783 
H          3.05060       -1.19023        2.08837 
C          4.27172       -0.05802       -1.38462 
H          2.35024        0.79010       -1.69885 
C          5.15642       -0.75004       -0.55186 
H          5.31945       -1.67568        1.39019 
H          4.60984        0.26734       -2.36408 
H          6.16935       -0.97105       -0.85861 
Zero-point correction = 0.384841 (Hartree/Particle) 
Thermal correction to Energy = 0.407222 
Thermal correction to Enthalpy = 0.408166 
Thermal correction to Gibbs Free Energy = 0.331706 
Sum of electronic and zero-point Energies = -2702.613415 
Sum of electronic and thermal Energies = -2702.591035 
Sum of electronic and thermal Enthalpies = -2702.590090 
Sum of electronic and thermal Free Energies = -2702.666550 
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3.3 Supporting information for chapter 2 

3.3.1 General procedure A: Giese-type addition 

 

In an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with the alkyl germane Alkyl-GeEt3 (1.0 equiv.) and [tBu-Acr+-Mes][BF4
−] (5 mol%) in ACN/MeOH (1:1, 

0.2 M). The vial was sealed and brought out of glovebox. Then, the vial was opened under air for five minutes 

and the corresponding alkene (2.0 equiv.) was added. The vial was re-sealed, placed under blue LEDs or 

inside EvoluChemTM PhotoRedOxBox (450 nm) and irradiated for 24 h. The resulting solution was 

concentrated under reduced pressure and the obtained crude residue was purified by flash 

chromatography or preparative TLC on silica gel. 

 

3.3.2 General procedure B: Sulfonyl trapping reagents  

 

In an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with the alkyl germane Alkyl-GeEt3 (1.0 equiv.) and [tBu-Acr+-Mes][BF4
−] (5 mol%) in ACN or DCE (0.2 M). 

The vial was sealed and brought out of glovebox. Then, the vial was opened to air for five minutes and the 

corresponding electrophile (3.0 equiv.) was added. The vial was re-sealed, placed under blue LEDs or inside 

EvoluChemTM PhotoRedOxBox (450 nm) and irradiated for 24 h. The resulting solution was concentrated 

under reduced pressure and the obtained crude residue was purified by flash chromatography or 

preparative TLC on silica gel. 

 

3.3.3 General procedure C: Giese-type addition with polarity transduction  

 

In an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with the alkyl germane Alkyl-GeEt3 (1.0 equiv.), dineopentyl(vinyl)sulfonium trifluoromethanesulfonate 

(1.5 equiv.) and [tBu-Acr+-Mes][BF4
−] (10 mol%) in ACN (0.2 M). The vial was sealed, brought out of 
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glovebox, placed under blue LEDs and irradiated for 16 h. Then, the nucleophile (2.5 equiv.) and K3PO4 (1.5 

equiv.) were added and the reaction mixture was stirred at 80 °C for another 24 h. The resulting mixture 

was concentrated under reduced pressure and the obtained crude residue was purified by flash 

chromatography on silica gel. 

 

3.3.4 General procedure D: alkylation and arylation via nucleophilic substitution  

 

Under Argon, a schlenk-tube was charged with organomagnesium (1.2 equiv.), deluted in anhydrous THF 

(0.3 – 0.5 M) and cooled to 0 °C. Then triethyl(chloro(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)methyl)germane (1.0 equiv.) in THF (0.2 – 1.1 M) or neat was added dropwise. After addition, the reaction 

was slowly allowed to warm to room temperature. After the reaction was complete (as checked by GC-MS 

or TLC, usually 3-12 h), anhydrous ammonium chloride solution was added to quench remaining Grignard 

reagent. The layers were separated and the aqueous phase was extracted three times with Et2O. The 

combined organic layer was washed with brine, dried over MgSO4, filtered and concentrated under reduced 

pressure. The obtained crude was purified by flash chromatography on silica gel. 

 

3.3.5 General procedure E: C-Bpin oxidation  

 

Under argon atmosphere, the alkyl-Bpin starting material (1.0 equiv.) was dissolved in anhydrous THF 

(0.1 M) and the solution cooled to 0 °C. A degassed aqueous NaOH solution (3.0 M, 3.0 equiv.) was added 

dropwise to the reaction solution, followed by the same volume of 30 wt% hydrogen peroxide solution in 

water. After dropwise addition the mixture was allowed to warm up to room temperature and stirred for 

12 h. The reaction was diluted with Et2O and water. The layers were separated and the aqueous phase was 

extracted three times with Et2O. The combined organic layer was washed with brine, dried over MgSO4, 

filtered and concentrated under reduced pressure. The crude residue was purified by flash chromatography 

on silica gel. 

3.3.6 General procedure F: Nickel catalyzed arylation 

 

In an argon-filled glovebox, a 4 mL screw-capped glass vial equipped with a magnetic stir bar was charged 

with the alkyl germane Alkyl-GeEt3 (1.0 equiv.), aryl halide (1.5 – 2.0 equiv.), Ni(phen)Cl2 (5 – 10 mol%) and 

[tBu-Acr+-Mes][BF4
−] (5 – 10 mol%) in ACN (0.1 M). The vial was sealed, brought out of the glovebox, placed 
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under blue LEDs or inside EvoluChemTM PhotoRedOxBox (450 nm) and irradiated for 24 h. The resulting 

mixture was filtered through a short silica pipete column eluting with Et2O, concentrated under reduced 

pressure and the obtained crude residue was purified by flash chromatography or preparative TLC on silica 

gel. 

3.3.7 General procedure G: Electrochemical transformation of alkylgermanes 

 

Under air, an oven dried Electrasyn vial (5 mL) equipped with a magnetic stir bar was charged with the 

alkyl germane Alkyl-GeEt3 (1.0 equiv.), nucleophile (5.0 equiv.), nBu4NClO4 (0.3 mmol, 0.1 M, 102.6 mg, 

3.0 equiv.), 4 Å molecular sieve powder (150 mg) and DCM (3.0 mL). The Electrasyn cap equipped with 

graphite anode and cathode was screwed on the vial. The mixture was pre-stirred for 10 min before 

electrolyzing at a constant current of 7 mA for 2.8 F/mol at 1000 rpm if not stated otherwise. For some 

reactions, a polarity switch every 2 min was applied. The resulting mixture was filtered over a plug of cotton 

(to remove molecular sieves), concentrated under reduced pressure and the obtained crude residue was 

purified by flash column chromatography or preparative TLC on silica gel. 

3.3.8 General procedure H: Synthesis of bis-Bpin building block 

 

Under argon, bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methane (1.0-1.2 equiv.) was dissolved in 

anhydrous THF (0.3 M) and cooled down to 0°C. LDA (1.1-1.3 equiv.) was added slowly and the reaction 

was stirred at the same temperature for 10 min, before the germanium source (1.0 equiv.) was added 

slowly. The reaction mixture was allowed to warm up to room temperature and was stirred overnight. After 

the reaction was complete (as checked by GC-MS), anhydrous ammonium chloride solution was added to 

quench remaining organolithium reagent. The layers were separated and the aqueous phase was extracted 

three times with Et2O. The combined organic layer was washed with brine, dried over MgSO4, filtered and 

concentrated under reduced pressure. The obtained crude was purified by flash chromatography on silica 

gel. 

3.3.9 General procedure I: Alkylation of bis-Bpin compounds 

 

In an argon filled glovebox, the bis-Bpin building block (1.0 equiv.) and alkyl bromide (2.0 equiv.) were 

dissolved in anhydrous THF (0.15 M). NaOtBu (3.0 equiv.) was added to the reaction mixture and the vial 
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was sealed and brought out of glovebox. It was stirred at room temperature for 16 h and afterwards filtered 

through a pad of silica. The solvents were removed and the obtained crude was purified by preparative TLC.  

3.3.10 Characterization data of products 

The following starting materials were synthesized by Markus Schoetz[174]: triethyl(1-(p-

tolyl)ethyl)germane, dineopentyl(vinyl)sulfonium trifluoromethanesulfonate, triethyl(1-phenyl-3-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)propan-2-yl)germane, 2,2,2-trifluoro-N-(3-methyl-1-

(triethylgermyl)but-3-en-1-yl)acetamide (by Annika Hoeppner under Markus Schoetz supervision). 

The following starting materials were synthesized by Dr. Gurdeep Singh: (1R,2S,5R)-2-isopropyl-5-

methylcyclohexyl 4-bromobenzoate. 

The following compound was synthesized according to Dr. Aymane Selmani’s procedure, who recently 

made the same compound: triethyl(1-(furan-2-yl)-2-phenylethyl)germane (17), (1-(3,5-

dimethoxyphenyl)-2-phenylethyl)triethylgermane (19).[72] 

  

2-(Cyclohexyl(4-fluorophenyl)methyl)malononitrile (1) 

Prepared, following general procedure A from cyclohexyltriethylgermane (48.6 mg, 

0.2 mmol, 1.0 equiv.), 2-(4-fluorobenzylidene)malononitrile (68.7 mg, 0.4 mmol, 

2.0 equiv.) and [tBu-Acr+-Mes][BF4
−] (5.7 mg, 0.01 mmol, 5.0 mol%) in ACN:MeOH 

(1:1, 1.0 mL). The title product was obtained after purification by preparative HPLC 

(n-hexane:ethylacetate 7:3, 20 mL/min) as viscous yellowish oil (39.3 mg, 0.15 mmol, 77%). 

Rf = 0.54 (n-pentane/EtOAc 4:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.33 – 7.28 (m, 2H), 7.13 – 7.07 (m, 

2H), 4.18 (d, J = 5.4 Hz, 1H), 2.87 (dd, J = 9.9, 5.3 Hz, 1H), 2.01 – 1.81 (m, 3H), 1.72 – 1.63 (m, 2H), 1.48 – 1.42 

(m, 1H), 1.42 – 1.33 (m, 1H), 1.24 – 1.01 (m, 3H), 0.84 – 0.76 (m, 1H). 13C NMR (151 MHz, CDCl3) δ/ppm = 

163.0 (d, J = 248.1 Hz), 132.5 (d, J = 3.3 Hz), 130.1 (d, J = 8.2 Hz), 116.3 (d, J = 21.6 Hz), 112.2, 111.8, 51.8, 

39.4, 31.2, 30.8, 27.3, 25.9, 25.8. 19F NMR (564 MHz, CDCl3) δ/ppm = -112.9. HRMS (EI) calculated for 

C13H16F: 191.1236 [M-C3HN2]+, found: 191.1230. IR (neat): ν/ cm-1 =2928, 2855, 1604, 1510 1230. MS (EI) 

m/z (%): 256 (4) [M]+, 229 (1), 191 (52), 147 (45), 109 (100).  

 

2-(p-Tolyl)propanenitrile (2) 

Prepared, following the general procedure A from triethyl(1-(p-tolyl)ethyl)germane 

(31.1 mg, 0.10 mmol, 1.0 equiv.), 4-methylbenzenesulfonyl cyanide (54.4 mg, 

0.3 mmol, 3.0 equiv.) and [tBu-Acr+-Mes][BF4
−] (2.9 mg, 0.005 mmol, 5.0 mol%) in ACN 

(1.0 mL). The title product was obtained after purification by preparative TLC (n-pentane/EtOAc 9:1) as a 

colorless oil (5.9 mg, 0.1 mmol, 37%). 

Rf = 0.76 (n-pentane/EtOAc 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.24 (d, J = 7.8 Hz, 2H), 7.19 (d, J = 7.8 

Hz, 2H), 3.86 (q, J = 7.3 Hz, 1H), 2.35 (s, 3H), 1.63 (d, J = 7.3 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm = 

138.0, 134.3, 129.9, 126.7, 121.9, 31.0, 21.7, 21.2. MS (EI) m/z (%): 145 (37) [M]+, 130 (100), 117 (5), 103 

(15), 91 (7). These data are in agreement with those reported previously in the literature.[238] 
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(E)-1-Methyl-4-(4-phenylbut-3-en-2-yl)benzene (3) 

Prepared, following the general procedure A from triethyl(1-(p-

tolyl)ethyl)germane (56.9 mg, 0.20 mmol, 1.0 equiv.), (E)-(2-

(phenylsulfonyl)vinyl)benzene (146.6 mg, 0.6 mmol, 3.0 equiv.) and [tBu-Acr+-

Mes][BF4
−] (5.7 mg, 0.01 mmol, 5.0 mol%) in dichloroethane (1.0 mL). The title product was obtained after 

purification by preparative HPLC (n-hexane/EtOAc 97:3, 18 mL/min) as a colorless oil (8.1 mg, 0.04 mmol, 

18%). 

Rf = 0.25 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.37 – 7.33 (m, 2H), 7.28 (t, J = 7.7 Hz, 2H), 7.21 

– 7.11 (m, 5H), 6.43 – 6.34 (m, 2H), 3.64 – 3.58 (m, 1H), 2.33 (s, 3H), 1.45 (d, J = 7.0 Hz, 3H). 13C NMR (151 

MHz, CDCl3) δ/ppm = 142.8, 137.8, 135.9, 135.6, 129.3, 128.6, 128.5, 127.3, 127.1, 126.3, 42.3, 21.4, 21.1. 

MS (EI) m/z (%): 222 (58) [M]+, 207 (100), 192 (17), 129 (44), 115 (38). These data are in agreement with 

those reported previously in the literature.[239] 

 

1-Methyl-4-(4-phenylbut-3-yn-2-yl)benzene (4) 

Prepared, following the general procedure A from triethyl(1-(p-

tolyl)ethyl)germane (30.1 mg, 0.1 mmol, 1.0 equiv.), 

((phenylethynyl)sulfonyl)benzene (72.8 mg, 0.3 mmol, 3.0 equiv.) and [tBu-Acr+-

Mes][BF4
−] (2.9 mg, 0.005 mmol, 5.0 mol%) in ACN (1.0 mL). The title product was obtained after 

purification by preparative TLC (pentane/Et2O 98:2) as a colorless oil (4.8 mg, 0.1 mmol, 20%). 

Rf = 0.71 (n-pentane/Et2O 98:2). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.46 – 7.41 (m, 2H), 7.34 (d, J = 8.0 Hz, 

2H), 7.28 (dd, J = 5.6, 1.8 Hz, 3H), 7.16 (d, J = 7.7 Hz, 2H), 3.95 (q, J = 7.1 Hz, 1H), 2.34 (s, 3H), 1.56 (d, J = 7.1 

Hz, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm = 140.5, 136.4, 131.8, 129.4, 128.3, 127.8, 127.0, 124.0, 93.0, 

82.4, 32.2, 24.7, 21.2. MS (EI) m/z (%): 220 (58) [M]+, 205 (100), 190 (6), 178 (5), 165 (4). These data are 

in agreement with those reported previously in the literature.[240] 

(2-Cyclohexylethyl)(4-methoxyphenyl)sulfane (5) 

Prepared, following the general procedure B, cyclohexyltriethylgermane 

(49.7 mg, 0.2 mmol, 1.0 equiv.), dineopentyl(vinyl)sulfonium 

trifluoromethanesulfonate (105.0 mg, 0.3 mmol, 1.5 equiv.), and [tBu-Acr+-

Mes][BF4
−] (11.5 mg, 0.02 mmol, 10 mol%) followed by 4-methoxybenzenethiol (61.5 μL, 0.5 mmol, 

2.5 equiv.) and K3PO4 (63.7 mg, 0.3 mmol, 1.5 equiv.) were used to obtain the title product after purification 

by flash chromatography on silica gel (pentane/Et2O 95:5) as colorless oil (27.6 mg, 0.2 mmol, 54%). 

Rf = 0.70 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.32 (d, J = 8.7 Hz, 2H), 6.84 (d, J = 8.8 

Hz, 2H), 3.80 (s, 3H), 2.87 – 2.81 (m, 2H), 1.76 – 1.59 (m, 5H), 1.51 – 1.44 (m, 2H), 1.41 – 1.33 (m, 1H), 1.27 

– 1.11 (m, 3H), 0.92 – 0.83 (m, 2H). 13C NMR (151 MHz, CDCl3) δ/ppm = 158.7, 132.7, 127.1, 114.5, 55.3, 

36.9, 36.9, 33.4, 33.0, 26.6, 26.2. HRMS (EI) calculated for C15H22OS: 250.1386 [M]+, found: 250.1385. IR 

(neat): ν/ cm-1 = 2920, 2848, 1592, 1491, 1241. 
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1-(2-Cyclohexylethoxy)-4-methoxybenzene (6) 

Prepared, following the general procedure B, cyclohexyltriethylgermane 

(48.6 mg, 0.2 mmol, 1.0 equiv.), dineopentyl(vinyl)sulfonium 

trifluoromethanesulfonate (105.0 mg, 0.3 mmol, 1.5 equiv.), and [tBu-Acr+-

Mes][BF4
−] (11.5 mg, 0.02 mmol, 10 mol%) followed by 4-methoxyphenol (62.1 mg, 0.5 mmol, 2.5 equiv.) 

and K3PO4 (63.7 mg, 0.3 mmol, 1.5 equiv.) were used to obtain the title product after purification by flash 

chromatography on silica gel (pentane/EtOAc 95:5) as colorless oil (21.4 mg, 0. mmol, 46%). 

Rf = 0.54 (n-pentane/EtOAc 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 6.86 – 6.80 (m, 4H), 3.94 (t, J = 6.7 

Hz, 2H), 3.77 (s, 3H), 1.79 – 1.73 (m, 2H), 1.71 (dt, J = 12.6, 3.3 Hz, 2H), 1.68 – 1.63 (m, 2H), 1.54 – 1.46 (m, 

1H), 1.30 – 1.13 (m, 4H), 1.01 – 0.92 (m, 2H). 13C NMR (151 MHz, CDCl3) δ/ppm = 153.8, 153.5, 115.6, 114.8, 

66.8, 55.9, 36.9, 34.7, 33.5, 26.7, 26.4. HRMS (EI) calculated for C15H22O2: 234.1614[M]+, found: 234.1614. 

IR (neat): ν/ cm-1 = 2921, 2851, 1507, 1224, 1036. 

Triethyl(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)germane (7) 

 Prepared, following the general procedure D from n-benzylmagnesium chloride 

solution (1.4 M in THF, 2.47 mL, 3.46 mmol, 1.2 equiv.) in additional anhydrous THF 

(10 mL) and (chloro(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl) 

triethylgermane A (966 mg, 2.88 mmol, 1.0 equiv.). The reaction was stirred for 3 h before quenching. The 

title product was obtained after purification by flash chromatography on silica gel (pentane/DCM 4:1) as a 

colorless liquid (1039.9 mg, 2.66 mmol, 92%). 

Rf = 0.88 (n-pentane/Et2O 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.23 – 7.20 (m, 4H), 7.11 – 7.09 (m, 1H), 

2.85 (dd, J = 13.9, 12.6 Hz, 1H), 2.73 (dd, J = 13.9, 3.8 Hz, 1H), 1.12 – 1.07 (m, 21H), 1.02 (dd, J = 12.6, 3.8 Hz, 

1H)), 0.86 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 145.4, 128.4, 128.1, 125.4, 82.8, 32.5, 25.2, 

24.9, 9.2, 4.4. MS (EI) m/z (%): 377 (2) [M-Me]+,363 (100), 279 (50), 263 (67), 235 (90), 133 (45), 104 (35). 

Note: The carbon attached to boron was not observed in 13C NMR.[241] These data are in agreement with 

those reported previously in the literature.[72] This compound was synthesized before by Markus Schoetz 

using the same procedure.[174] 

Triethyl(2-(4-fluorophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)germane (8) 

Grignard formation: In an argon filled glovebox, an oven dried 4 mL vial equipped 

with magnetic stirring bar was charged with 1-(bromomethyl)-4-fluorobenzene 

(15.0 µL, 0.12 mmol, 1.2 equiv.). To this vial was added Mg-turnings (2.9 mg, 

0.12 mmol, 1.2 equiv.) and THF (0,5 mL). One grain of iodine was added and the reaction was heated at 

65 °C for 2 h. 

Alkylation: Prepared, following the general procedure D from the freshly prepared Grignard in THF and 

(chloro(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)triethylgermane A (33.5 mg, 0.10 mmol, 

1.0 equiv.) in anhydrous THF (0.5 mL). The reaction was stirred for 12 h before quenching. The title product 

was obtained after purification by flash chromatography on preparative TLC (pentane/DCM 4:1) as a 

colorless liquid (33.9 mg, 0.08 mmol, 83%). 

Rf = 0.88 (n-pentane(DCM 4:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.17 (dd, J = 8.5, 5.7 Hz, 2H), 6.92 – 6.87 

(m, 2H), 2.81 (t, J = 13.4 Hz, 1H), 2.69 (dd, J = 14.0, 3.9 Hz, 1H), 1.12 – 1.06 (m, 21H), 1.00 – 0.95 (m, 1H), 
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0.85 (q, J = 7.8 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 141.1, 129.66 (d, J = 7.7 Hz), 114.8, 114.6, 82.8, 

31.8, 25.2, 24.9, 9.2, 4.4. 19F NMR (564 MHz, CDCl3) δ/ppm = -118.7. HRMS (ESI) calculated for 

C20H34O2B74GeFNa: 433.1740 [M+Na]+, found: 433.1746. IR (neat): ν/ cm-1 = 2947, 2873, 1508, 1354, 1142. 

Note: The carbon attached to boron was not observed in 13C NMR.[241] 

Triethyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)germane (9) 

Prepared, following the general procedure D from n-butylmagnesium chloride 

solution (2.0 M in THF, 1.1 mL, 2.3 mmol, 1.2 equiv.) in anhydrous THF (5 mL) and 

(chloro(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl) triethylgermane A 

(622.6 mg, 1.9 mmol, 1.0 equiv.). The reaction was stirred for 12 h before quenching. The title product was 

obtained after purification by flash chromatography on silica gel (pentane/DCM 4:1) as a colorless liquid 

(473.5 mg, 1.3 mmol, 70%). 

Rf = 0.37 (n-pentane/DCM 4:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 1.63 – 1.55 (m, 1H), 1.38 – 1.24 (m, 5H), 

1.23 (s, 6H), 1.22 (s, 6H), 1.03 (t, J = 7.9 Hz, 9H), 0.86 (t, J = 7.0 Hz, 3H), 0.78 (q, J = 7.7 Hz, 6H), 0.62 (dd, J = 

12.3, 2.9 Hz, 1H). 13C NMR (151 MHz, CDCl3) δ/ppm = 82.6, 35.8, 31.0, 25.3, 25.0, 23.5, 21.6, 9.2, 4.3. Note: 

The carbon attached to boron was not observed in 13C NMR.[241] HRMS (EI) calculated for C15H32O2B74Ge: 

329.1702 [M-Et]+, found: 329.1697. IR (neat): ν/ cm-1 = 2925, 2872, 1356, 1144, 1013. 

Triethyl(3-methyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)germane (10) 

Prepared, following the general procedure D from isobutylmagnesium bromide solution 

(2.0 M in Et2O, 2.7 mL, 5.4 mmol, 1.2 equiv.) in anhydrous THF (10 mL) and 

(chloro(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)triethylgermane A 

(1496.3 mg, 4.5 mmol, 1.0 equiv.). The reaction was stirred for 4 h before quenching. The title product was 

obtained after purification by flash chromatography on silica gel (pentane/DCM 4:1) as a colorless liquid 

(1270.4 mg, 3.6 mmol, 80%) 

Rf = 0.86 (n-pentane/DCM 4:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 1.64 – 1.58 (m, 1H), 1.52 – 1.42 (m, 1H), 

1.23 (s, 6H), 1.22 (s, 6H), 1.15 – 1.09 (m, 1H), 1.03 (t, J = 7.9 Hz, 9H), 0.87 (d, J = 6.6 Hz, 3H), 0.83 (d, J = 6.6 

Hz, 3H), 0.81 – 0.76 (m, 6H), 0.71 (dd, J = 12.5, 3.1 Hz, 1H). 13C NMR (151 MHz, CDCl3) δ/ppm = 82.6, 35.8, 

31.0, 25.3, 25.0, 23.5, 21.6, 9.2, 4.3. Note: The carbon attached to boron was not observed in 13C NMR.[241] 

MS (EI) m/z (%): 459 (100) [M-Et]+, 359 (86), 331 (41), 211 (26), 169 (58), 133 (37), 101 (18), 73 (17). 

HRMS (EI) calculated for C15H32O2B74Ge: 329.1702 [M-Et]+, found: 329.1698. IR (neat): ν/ cm-1 = 2951, 

2872, 1360, 1144, 1009. 

Tert-butyldimethyl((5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-

(triethylgermyl)pentyl)oxy)silane (11) 

Grignard formation: In an argon filled glovebox, an oven dried 20 mL vial 

equipped with magnetic stirring bar was charged with (4-

bromobutoxy)(tert-butyl)dimethylsilane (917.7 mg, 3.43 mmol, 1.2 equiv.). 

To this vial was added Mg-turnings (96.0 mg, 4.0 mmol, 1.4 equiv.) and THF (8 mL). One grain of iodine was 

added and the reaction was heated at 65 °C for 2 h. 
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Alkylation: Prepared, following the general procedure F from the freshly prepared Grignard in THF and 

(chloro(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)triethylgermane A (958.8 mg, 2.86 mmol, 

1.0 equiv.) in anhydrous THF (10.0 mL). The reaction was stirred for 12 h before quenching. The title 

product was obtained after purification by flash chromatography on silica gel (pentane/DCM 4:1) as a 

colorless liquid (733.8 mg, 1.51 mmol, 53%). 

Rf = 0.45 (n-pentane/EtOAc 20:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 3.58 (t, J = 6.6 Hz, 2H), 1.64 – 1.56 

(m, 1H), 1.54 – 1.45 (m, 2H), 1.45 – 1.30 (m, 2H), 1.22 (d, J = 5.8 Hz, 12H), 1.03 (t, J = 7.9 Hz, 9H), 0.88 (s, 

9H), 0.78 (q, J = 7.9 Hz, 6H), 0.63 (dd, J = 12.3, 3.3 Hz, 1H), 0.03 (s, 6H).13C NMR (151 MHz, CDCl3) δ/ppm = 

82.6, 63.5, 33.0, 29.8, 26.7, 26.1, 25.4, 24.9, 18.5, 9.2, 4.3, -5.1. Note: The carbon attached to boron was not 

observed in 13C NMR.[241] MS (EI) m/z (%): 459 (75) [M-Et]+, 359 (100), 331 (38), 211 (37), 169 (83), 133 

(50). These data are in agreement with those reported previously in the literature.[111] This compound was 

synthesized before by Markus Schoetz[174] using the same procedure. 

Triethyl(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)germane (12) 

Prepared, following the general procedure D from phenylmagnesium bromide solution 

(1.0 M in THF, 0.12 mL, 0.12 mmol, 1.2 equiv.) in anhydrous THF (0.5 mL) and 

(chloro(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl) triethylgermane A 

(33.5 mg, 0.1 mmol, 1.0 equiv.). The reaction was stirred for 12 h before quenching. The 

title product was obtained after purification on preparative TLC (pentane/DCM 4:1) as a colorless liquid 

(22.8 mg, 0.06 mmol, 60%). 

Rf = 0.84 (n-pentane/DCM 4:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.20 – 7.15 (m, 4H), 7.02 – 6.99 (m, 1H), 

2.17 (s, 1H), 1.25 (d, J = 15.5 Hz, 12H), 0.98 (t, J = 7.9 Hz, 9H), 0.79 – 0.73 (m, 6H).13C NMR (151 MHz, CDCl3) 

δ/ppm = 142.1, 128.6, 127.9, 123.3, 83.1, 25.4, 25.1, 9.0, 4.6. Note: The carbon attached to boron was not 

observed in 13C NMR.[241] HRMS (ESI) calculated for C19H33O2B74GeNa: 401.1678 [M+Na]+, found: 401.1686. 

IR (neat): ν/ cm-1 = 2948, 2873, 1456, 1351, 1141. 

 

2-Phenyl-1-(triethylgermyl)ethan-1-ol (13) 

Prepared, following the general procedure E from triethyl(2-phenyl-1-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)germane 7 (1039.9 mg, 2.7 mmol, 

1.0 equiv.). The title product was obtained after purification by flash chromatography 

on silica gel (n-pentane/Et2O 4:1) as a colorless liquid (699.1 mg, 2.5 mmol, 94%). 

Rf = 0.58 (n-pentane/Et2O 4:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.34 – 7.30 (m, 2H), 7.25 – 7.21 (m, 3H), 

3.96 – 3.89 (m, 1H), 2.95 – 2.81 (m, 2H), 1.28 (s, 1H), 1.10 (t, J = 7.9 Hz, 9H), 0.93 – 0.80 (m, 6H).  13C NMR 

(151 MHz, CDCl3) δ/ppm = 139.9, 129.2, 128.8, 126.6, 67.2, 42.0, 9.3, 2.9. HRMS (ESI) calculated for 

C14H24O74GeNa: 305.0931 [M+Na]+, found: 305.0923. IR (neat): ν/ cm-1 = 3529, 3442, 2947, 2871, 1456, 

1017. 
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1-(Triethylgermyl)pentan-1-ol (14) 

Prepared, following the general procedure E from 9 (236.2 mg, 0.66 mmol, 1.0 equiv.). 

The title product was obtained after purification by flash chromatography on silica gel 

(n-pentane/Et2O 95:5) as a colorless liquid (164.5 mg, 0.66 mmol, 99%). 

Rf = 0.13 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 3.76 (dd, J = 10.2, 3.8 Hz, 1H), 1.72 – 

1.64 (m, 1H), 1.62 – 1.55 (m, 1H), 1.55 – 1.47 (m, 1H), 1.41 – 1.25 (m, 3H), 1.07 (t, J = 7.9 Hz, 9H), 0.92 (t, J = 

7.2 Hz, 3H), 0.87 – 0.75 (m, 6H).13C NMR (151 MHz, CDCl3) δ/ppm = 66.9, 35.5, 29.2, 22.7, 14.2, 9.3, 2.8. 

HRMS (EI) calculated for C9H21O74Ge: 219.0799 [M-Et]+, found: 219.0798. IR (neat): ν/ cm-1 = 3388, 2951, 

2871, 2121, 1460, 1014. 

3-Methyl-1-(triethylgermyl)butan-1-ol (15) 

Prepared, following the general procedure E from triethyl(3-methyl-1-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)germane 10 (500.0 mg, 1.4 mmol, 1.0 equiv.). 

The title product was obtained after purification by flash chromatography on silica gel 

(pentane/Et2O 95:5) as a colorless liquid (328.5 mg, 1.3 mmol, 95%). 

Rf = 0.21 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 3.90 (dd, J = 11.7, 2.9 Hz, 1H), 1.88 – 

1.80 (m, 1H), 1.70 (ddd, J = 14.1, 11.6, 4.2 Hz, 1H), 1.24 (ddd, J = 14.1, 9.6, 3.0 Hz, 1H), 1.07 (t, J = 8.0 Hz, 9H), 

0.95 (d, J = 6.7 Hz, 3H), 0.90 (d, J = 6.6 Hz, 3H), 0.85 – 0.73 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 64.4, 

44.8, 24.6, 24.0, 21.3, 9.3, 2.7. HRMS (EI) calculated for C9H22O74Ge: 220.0877 [M-Et+H]+, found: 220.0879. 

IR (neat): ν/ cm-1 = 3396, 2951, 2872, 1461, 1015. 

5-((Tert-butyldimethylsilyl)oxy)-1-(triethylgermyl)pentan-1-ol (16) 

Prepared, following the general procedure E from tert-butyldimethyl((5-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-

(triethylgermyl)pentyl)oxy)silane 11 (472.0 mg, 0.97 mmol, 1.0 equiv.). The 

title product was obtained after purification by flash chromatography on silica gel (n-pentane/Et2O 9:1) as 

a colorless liquid (331.9 mg, 0.9 mmol, 91%). 

Rf = 0.23 (n-pentane/Et2O 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 3.80 – 3.74 (m, 1H), 3.67 – 3.58 (m, 2H), 

1.74 – 1.64 (m, 1H), 1.64 – 1.49 (m, 4H), 1.42 – 1.32 (m, 1H), 1.16 – 1.12 (m, 1H), 1.06 (t, J = 8.0 Hz, 9H), 0.89 

(s, 9H), 0.87 – 0.75 (m, 6H), 0.05 (s, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 66.8, 63.3, 35.6, 32.8, 26.1, 

23.2, 18.5, 9.3, 2.8, -5.1. HRMS (APCI) calculated for C17H41O2 74GeSi: 379.2082 [M+H]+, found: 379.2083. IR 

(neat): ν/ cm-1 = 3435, 2932, 2864, 1463, 1099. 

Tert-Butyl((5-(furan-2-yl)-5-(triethylgermyl)pentyl)oxy)dimethylsilane (18) 

Under argon, a 5 mL Schlenk tube was charged with furan (17.5 µL, 

0.24 mmol, 1.2 eq.) in THF (0.6 mL). The solution was cooled to -78°C and 

nBuLi (0.24 mmol, 1.6 M in hexane, 0.15 mL, 1.2 equiv.) was added 

dropwise. The reaction was stirred for 1 h at this temperature before tert-butyldimethyl((5-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(triethylgermyl)pentyl)oxy)silane 11 (97.4 mg, 0.20 mmol, 

1.0 equiv.) in THF (0.4 mL) was added dropwise. After 1 h of stirring at -78°C, NBS (43 mg, 0.24 mmol, 

1.2 equiv.) in THF (0.6 mL) was added dropwise. The reaction mixture was again stirred for 1 h before 
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saturated Na2S2O3 (2.0 mL) was added to quench the reaction. The obtained mixture was diluted with Et2O, 

the organic layer separated and the aqueous layer extracted three times with Et2O. The combined organic 

layers were washed with brine, dried over MgSO4, filtered and concentrated under reduced pressure. The 

crude residue was purified by flash chromatography on silica gel (pentane/Et2O 98:2) to give the product 

as a colorless liquid (69.9 mg, 0.16 mmol, 82%). 

Rf = 0.59 (n-pentane/Et2O 98:2). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.22 (dd, J = 1.8, 0.9 Hz, 1H), 6.24 (dd, 

J = 3.1, 1.8 Hz, 1H), 5.79 (d, J = 3.1 Hz, 1H), 3.59 – 3.52 (m, 2H), 2.43 (dd, J = 11.7, 4.0 Hz, 1H), 1.87 – 1.78 (m, 

1H), 1.66 – 1.58 (m, 1H), 1.57 – 1.49 (m, 1H), 1.48 – 1.41 (m, 1H), 1.40 – 1.31 (m, 1H), 1.27 – 1.18 (m, 1H), 

0.98 (t, J = 7.9 Hz, 9H), 0.88 (s, 9H), 0.73 (q, J = 7.8 Hz, 6H), 0.02 (s, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 159.26, 139.69, 110.23, 103.12, 63.28, 32.80, 29.56, 27.45, 26.12, 25.91, 18.50, 9.00, 3.72, -5.13. MS (EI) 

m/z (%): 428 (8) [M]+, 267 (8), 250 (10), 209 (16), 161 (100), 133 (69), 131 (51), 105 (15), 73 (15). HRMS 

(ESI) calculated for C21H42O274GeNaSi: 451.2058 [M+Na]+, found: 451.2044. IR (neat): ν/ cm-1 = 2932, 2863, 

2735, 2327, 2107, 1914, 1580, 1503, 1463, 1429, 1384, 1252, 1100, 1009, 972, 835, 775, 713. 

Triethyl(1-phenylbut-3-en-2-yl)germane (20) 

Under Argon, compound 7 (117.3 mg, 0.3 mmol, 1.0 equiv.) was dissolved in THF 

(1.5 mL) and cooled down to 0°C. The vinylMgBr (1.0 M, 1.2 mL, 1.2 mmol, 4.0 equiv.) 

was added dropwise to the reaction and the mixture was allowed to warm up to room temperature and was 

stirred overnight. The mixture was cooled down to 0°C and a solution of I2 (3.0 M in MeOH, 0.9 mmol, 3.0 

equiv.) as well as a suspension of NaOMe (3.0 M in MeOH, 0.9 mmol, 3.0 equiv.) were added in one portion 

and stirred for 30 minutes. The reaction was quenched with aqueous saturated Na2S2O3 (5.0 mL) and 

diluted with Et2O. The organic layer was separated and the aqueous layer extracted three times with Et2O. 

The combined organic layers were washed with brine, dried over MgSO4, filtered and concentrated under 

reduced pressure. The title product was obtained after purification by flash chromatography on silica gel 

(n-pentane) as a colorless liquid (35.0 mg, 0.12 mmol, 40%). 

Rf = 0.75 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.27 – 7.23 (m, 2H), 7.18 – 7.14 (m, 3H), 5.81 – 

5.73 (m, 1H), 4.78 – 4.69 (m, 2H), 2.88 (dd, J = 14.3, 4.2 Hz, 1H), 2.79 (dd, J = 14.2, 11.2 Hz, 1H), 2.29 (td, J = 

10.2, 4.1 Hz, 1H), 1.06 (t, J = 7.9, 1.3 Hz, 9H), 0.83 – 0.77 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 142.4, 

140.5, 128.6, 128.1, 125.6, 111.2, 36.1, 34.5, 9.1, 3.1. HRMS (EI) calculated for C14H2174Ge: 263.0850 [M-

CH2CH3]+, found: 263.0848. IR (neat): ν/ cm-1 = 3330, 2923, 1741, 1369, 1218. 

 

Triethyl(1-phenylpent-4-en-2-yl)germane (21) 

Under Argon, triethyl(1-phenyl-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)propan-2-yl)germane (121.5 mg, 0.3 mmol, 1.0 equiv.) was dissolved in THF 

(1.5 mL) and cooled down to 0°C. The vinylMgBr (1.0 M, 1.2 mL, 1.2 mmol, 

4.0 equiv.) was added dropwise to the reaction and the mixture was allowed to warm up to room 

temperature and was stirred overnight. The mixture was cooled down to 0°C and a solution of I2 (3.0 M in 

MeOH, 0.9 mmol, 3.0 equiv.) as well as a suspension of NaOMe (3.0 M in MeOH, 0.9 mmol, 3.0 equiv.) were 

added in one portion and stirred for 30 minutes. The reaction was quenched with aqueous saturated 

Na2S2O3 (5.0 mL) and diluted with Et2O. The organic layer was separated and the aqueous layer extracted 

three times with Et2O. The combined organic layers were washed with brine, dried over MgSO4, filtered and 
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concentrated under reduced pressure. The title product was obtained after purification by flash 

chromatography on silica gel (n-pentane) as a colorless liquid (45.8 mg, 0.15 mmol, 50%). 

Rf = 0.78 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 – 7.24 (m, 2H), 7.19 – 7.14 (m, 3H), 5.78 – 

5.69 (m, 1H), 5.01 – 4.92 (m, 2H), 2.76 (dd, J = 14.0, 5.7 Hz, 1H), 2.66 (dd, J = 13.9, 10.0 Hz, 1H), 2.24 – 2.12 

(m, 2H), 1.56 – 1.49 (m, 1H), 1.02 (t, J = 7.9 Hz, 9H), 0.74 (q, J = 8.1 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 142.8, 138.9, 129.1, 128.3, 125.8, 115.5, 37.0, 35.2, 27.3, 9.3, 3.9. HRMS (EI) calculated for C15H2374Ge: 

277.1006 [M-CH2CH3]+, found: 277.1005. IR (neat): ν/ cm-1 = 3068, 2907, 1802, 1453, 1012. 

Benzhydryltriethylgermane (22) 

Prepared, following modified literature known procedure:[187] In glovebox, three 4 mL 

vials were charged with a total amount of triethyl(phenyl(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)methyl)germane 12 (90. mg, 0.24 mmol, 1.0 equiv.), iodobenzene 

(73.4 mg, 0.36 mmol, 1.5 equiv.), Pd(dba)2 (11.5 mg, 0.02 mmol, 0.08 equiv.), 

triphenylphosphine (40.3 mg, 0.15 mmol, 0.64 equiv.), silver oxide (Ag2O, 83.4 mg, 0.36 mmol, 1.5 equiv.) 

and dissolved in THF (2.4 mL, 0.1 M). The vials were taken out of glovebox and stirred in a heating block at 

70°C for 24 h. The vials were collected and filtered through a small silica pad and solvents were removed 

under reduced pressure. The title product was obtained after purification by preparative TLC (n-pentane) 

as a colorless oil (30.2 mg, 0.09 mmol, 38%).  

Rf = 0.87 (n-pentane). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.30 – 7.24 (m, 8H), 7.17 – 7.13 (m, 2H), 3.88 (s, 

1H), 0.96 (t, J = 7.9 Hz, 9H), 0.82 (q, J = 8.5, 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 143.6, 128.5, 

128.4, 125.0, 43.2, 9.0, 4.7. HRMS (EI) calculated for C17H2174Ge: 299.0845 [M-CH2CH3]+, found: 299.0848. 

IR (neat): ν/ cm-1 = 3059, 2948, 1596, 1491, 1014. 

2-(2-Hydroxy-4-methyl-1-phenylpentyl)malononitrile (23) 

Prepared, following the general procedure A from 15 (88.9 mg, 0.4 mmol, 1.3 equiv.), 

2-benzylidenemalononitrile (45.9 mg, 0.3 mmol, 1.0 equiv.) and [tBu-Acr+-Mes][BF4
−] 

(11.5 mg, 0.02 mmol, 5.0 mol%) in ACN:MeOH (1:1, 4.0 mL). The title product was 

obtained after purification by column chromatography (pentane/Et2O 7:3) as a white 

solid (12.2 mg, 0.1 mmol, 25%). 

Rf = 0.33 (n-pentane/Et2O 7:3). 1H NMR (600 MHz, CDCl3) δ/ppm =7.42 – 7.38 (m, 3H), 7.33 – 7.29 (m, 2H), 

4.43 (d, J = 10.9 Hz, 1H), 4.36 – 4.28 (m, 1H), 3.21 (dd, J = 10.9, 3.1 Hz, 1H), 1.74 – 1.65 (m, 1H), 1.56 (d, J = 

6.1 Hz, 1H), 1.17 – 1.05 (m, 2H), 0.93 – 0.89 (m, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 133.7, 129.3, 129.3, 

129.2, 112.6, 112.4, 69.0, 51.9, 44.7, 26.7, 24.8, 23.2, 22.2. HRMS (ESI) calculated for C15H18ON2Na: 265.1311 

[M+Na]+, found: 265.1312. IR (neat): ν/ cm-1 = 3497, 2953, 2175, 1454, 1079. 

These data are in agreement with those reported previously in the literature.[242] 

1,2-Diphenylethan-1-one (25) 

Prepared, following the general procedure F from 2-Phenyl-1-

(triethylgermyl)ethan-1-ol 7 (33.5 mg, 0.12 mmol, 1.0 equiv.), bromobenzene (37.7 

mg, 0.24 mmol, 2.0 equiv.), Ni(phen)Cl2 (1.9 mg, 0.01 mmol, 0.05 equiv.) and [tBu-

Acr+-Mes][BF4
−] (3.4 mg, 0.01 mmol, 0.05 equiv.) in ACN (1.0 mL). The title product 
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was obtained after purification by preparative TLC (pentane/EtOAc 9:1) as a white solid (15.2 mg, 

0.08 mmol, 65%). 

Rf = 0.38 (n-pentane/EtOAc 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 8.04 – 8.00 (m, 2H), 7.58 – 7.54 (m, 

1H), 7.49 – 7.44 (m, 2H), 7.35 – 7.31 (m, 2H), 7.29 – 7.25 (m, 3H), 4.29 (s, 2H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 197.7, 136.8, 134.7, 133.3, 129.6, 128.8, 128.8, 128.8, 127.0, 45.7. MS (EI) m/z (%): 196 (4) [M]+, 

105 (100), 77 (25).These data are in agreement with those reported previously in the literature.[243] 

2-Phenyl-1-(4-(trimethylsilyl)phenyl)ethan-1-one (26) 

Prepared, following the general procedure F from 2-Phenyl-1-

(triethylgermyl)ethan-1-ol 7 (61.7 mg, 0.22 mmol, 1.0 equiv.), (4-

bromophenyl)trimethylsilane (100.8 mg, 0.44 mmol, 2.0 equiv.), 

Ni(phen)Cl2 (6.8 mg, 0.02 mmol, 0.1 equiv.) and [tBu-Acr+-Mes][BF4
−] (12.6 

mg, 0.02 mmol, 0.1 equiv.) in ACN (2.0 mL). The title product was obtained after purification by column 

chromatography (pentane/Et2O 95:5) as a viscous yellow oil (29.5 mg, 0.11 mmol, 50%). 

Rf = 0.27 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.97 (d, J = 8.0 Hz, 2H), 7.61 (d, J = 7.9 

Hz, 2H), 7.35 – 7.30 (m, 2H), 7.29 – 7.26 (m, 3H), 4.28 (s, 2H), 0.28 (s, 9H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 198.0, 147.5, 136.8, 134.8, 133.7, 129.6, 128.8, 127.7, 127.0, 45.7, -1.2. MS (EI) m/z (%): 253 (18) [M-

CH3]+, 177 (100), 149 (16). These data are in agreement with those reported previously in the literature.[244] 

2-Phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one (27) 

Prepared, following the general procedure F from 2-Phenyl-1-

(triethylgermyl)ethan-1-ol 7 (58.8 mg, 0.21 mmol, 1.0 equiv.), 1-bromo-4-

(trifluoromethyl)benzene (94.5 mg, 0.42 mmol, 2.0 equiv.), Ni(phen)Cl2 

(6.5 mg, 0.02 mmol, 0.1 equiv.) and [tBu-Acr+-Mes][BF4
−] (12.0 mg, 0.02 

mmol, 0.1 equiv.) in ACN (2.0 mL). The title product was obtained after purification by column 

chromatography (pentane/Et2O 95:5) as a yellowish solid (23.3 mg, 0.09 mmol, 42%). 

Rf = 0.40 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 8.10 (d, J = 8.1 Hz, 2H), 7.72 (d, J = 8.2 

Hz, 2H), 7.37 – 7.32 (m, 2H), 7.29 – 7.24 (m, 3H), 4.31 (s, 2H). 13C NMR (151 MHz, CDCl3) δ/ppm = 196.7, 

139.4, 134.5, 133.9, 129.5, 129.1, 129.0, 127.3, 125.9 (q, J = 3.9 Hz), 46.0. Note: Due to low resolution one 

quartet and one carbon signal are not visible. 19F NMR (564 MHz, CDCl3) δ/ppm = -63.2. MS (EI) m/z (%): 

264 (5) [M]+, 173 (100), 145 (30). These data are in agreement with those reported previously in the 

literature.[245] 

(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 4-(3-methylbutanoyl)benzoate (28) 

Prepared, following the general procedure F from 3-Methyl-1-

(triethylgermyl)butan-1-ol 15 (49.4 mg, 0.2 mmol, 1.0 equiv.), 

(1R,2S,5R)-2-isopropyl-5-methylcyclohexyl 4-bromobenzoate (101.8 

mg, 0.3 mmol, 1.5 equiv.), Ni(phen)Cl2 (6.2 mg, 0.02 mmol, 0.1 equiv.) 

and [tBu-Acr+-Mes][BF4
−] (11.5 mg, 0.02 mmol, 0.1 equiv.) in ACN 

(2.0 mL). The title product was obtained after purification by column 

chromatography (pentane/Et2O 19:1) as a colorless oil (26.8 mg, 0.1 mmol, 40%). 
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Rf = 0.32 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 8.13 – 8.09 (m, 2H), 8.00 – 7.97 (m, 

2H), 4.98 – 4.92 (m, 1H), 2.85 (d, J = 6.9 Hz, 2H), 2.34 – 2.25 (m, 1H), 2.16 – 2.10 (m, 1H), 1.97 – 1.90 (m, 1H), 

1.77 – 1.71 (m, 2H), 1.61 – 1.53 (m, 2H), 1.18 – 1.08 (m, 2H), 1.00 (d, J = 6.7 Hz, 6H), 0.95 – 0.90 (m, 7H), 

0.80 (d, J = 7.0 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm = 199.9, 165.4, 140.6, 134.6, 129.9, 128.1, 75.6, 

48.0, 47.4, 41.1, 34.4, 31.6, 26.7, 25.3, 23.8, 22.9, 22.2, 20.9, 16.7. HRMS (EI) calculated for C21H29O3: 

329.2111 [M-Me]+, found: 329.2111. IR (neat): ν/ cm-1 =2955, 2870, 1715, 1270, 1107.  

(1R,2R)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl 4-(3-methylbutanoyl)benzoate (29) 

Prepared, following the general procedure F from 3-Methyl-1-

(triethylgermyl)butan-1-ol 15 (24.7 mg, 0.1 mmol, 1.0 equiv.), (1R,2R)-

1,3,3-trimethylbicyclo[2.2.1]heptan-2-yl 4-bromobenzoate (50.6 mg, 

0.15 mmol, 1.5 equiv.), Ni(phen)Cl2 (1.5 mg, 0.01 mmol, 0.05 equiv.) and 

[tBu-Acr+-Mes][BF4
−] (2.9 mg, 0.01 mmol, 0.05 equiv.) in ACN (1.0 mL) 

and a small amount of DCE (0.1 mL) to dissolve the bromobenzoate. The title product was obtained after 

purification by column chromatography (pentane/Et2O 95:5) as a viscous colorless oil (5.8 mg, 0.02 mmol, 

17%). 

Rf = 0.30 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 8.15 – 8.12 (m, 2H), 8.02 – 7.99 (m, 

2H), 4.64 (d, J = 1.9 Hz, 1H), 2.86 (d, J = 6.9 Hz, 2H), 2.33 – 2.27 (m, 1H), 1.92 (dddd, J = 12.3, 8.3, 5.7, 2.1 Hz, 

1H), 1.82 – 1.78 (m, 2H), 1.70 – 1.65 (m, 1H), 1.53 (ddd, J = 12.6, 6.3, 2.2 Hz, 1H), 1.28 – 1.25 (m, 1H), 1.24 – 

1.21 (m, 1H), 1.19 (s, 3H), 1.12 (s, 3H), 1.00 (d, J = 6.7 Hz, 6H), 0.84 (s, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm 

= 199.9, 166.2, 140.7, 134.4, 129.9, 128.2, 87.4, 48.8, 48.6, 48.0, 41.6, 40.0, 29.9, 27.0, 26.1, 25.3, 22.9, 20.4, 

19.6. HRMS (APCI) calculated for C22H31O3: 343.2268 [M+H]+, found: 343.2272. IR (neat): ν/ cm-1 = 2956, 

2874, 1719, 1689, 1272.  

2-(2-Phenyl-1-((R)-2-phenylpropoxy)ethyl)furan (30) 

Prepared, following the general procedure G from triethyl(1-(furan-2-yl)-

2-phenylethyl)germane 17 (25.3 mg, 0.08 mmol, 1.0 equiv.) and (R)-2-

phenyl-1-propanol (54.4 mg, 0.4 mmol, 5.0 equiv.). The title product was 

obtained as a mixture of diastereomers (d.r. of 1:1 according to 1H NMR) 

after purification by HPLC (n-hexane/EtOAc 9:1) as a colorless liquid (9.3 mg, 0.03 mmol, 40%). 

Rf = 0.20 (pentane/EtOAc 9:1).1H NMR (600 MHz, CDCl3) δ/ppm = 7.40 (dd, J = 1.8, 0.8 Hz, 1H), 7.38 (dd, J 

= 1.8, 0.8 Hz, 1H), 7.26 – 7.22 (m, 6H), 7.21 – 7.10 (m, 12H), 7.07 – 7.04 (m, 2H), 6.29 (dd, J = 3.2, 1.8 Hz, 1H), 

6.28 (dd, J = 3.2, 1.8 Hz, 1H), 6.13 (dd, J = 3.2, 0.9 Hz, 1H), 6.10 (dd, J = 3.2, 0.9 Hz, 1H), 4.43 (dd, J = 7.8, 6.1 

Hz, 1H), 4.39 (dd, J = 7.6, 6.2 Hz, 1H), 3.53 (dd, J = 9.2, 5.6 Hz, 1H), 3.43 – 3.36 (m, 2H), 3.25 (dd, J = 9.2, 8.0 

Hz, 1H), 3.18 – 3.02 (m, 4H), 2.96 – 2.88 (m, 2H), 1.19 (d, J = 6.9 Hz, 3H), 1.18 (d, J = 7.0 Hz, 3H). 13C NMR 

(151 MHz, CDCl3) δ/ppm = 154.4, 144.6, 144.5, 142.2, 138.3, 138.3, 129.6, 129.5, 128.4, 128.2, 128.2, 127.5, 

126.4, 126.3, 126.3, 110.1, 108.1, 108.0, 76.8, 76.5, 75.0, 74.9, 41.2, 41.1, 40.2, 40.0, 18.5, 18.3. HRMS (ESI) 

calculated for C21H22O2Na: 329.1512 [M+Na]+, found: 329.1510. IR (neat): ν/ cm-1 = 3061, 2959, 2920, 1602, 

1495, 1452, 1333, 1077. 
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Dibutyl (1-(furan-2-yl)-2-phenylethyl)phosphonate (31) 

Prepared, following the general procedure G from triethyl(1-(furan-2-yl)-2-

phenylethyl)germane 17  (43.0 mg, 0.13  mmol, 1.0 equiv.) and tributyl phosphite 

(162.7 mg, 0.65 mmol, 5.0 equiv.). The title product was obtained after 

purification by column chromatography (pentane/EtOAc 8:2) as a colorless liquid 

(16.6 mg, 0.05 mmol, 35%). 

Rf = 0.30 (pentane/EtOAc 8:2). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.32 (s, 1H), 7.21 – 7.18 (m, 2H), 7.17 – 

7.13 (m, 1H), 7.03 (d, J = 7.0 Hz, 2H), 6.27 (s, 1H), 6.16 – 6.13 (m, 1H), 4.04 – 3.94 (m, 3H), 3.88 – 3.81 (m, 

1H), 3.48 (ddd, J = 22.6, 11.5, 3.9 Hz, 1H), 3.35 (ddd, J = 13.0, 8.7, 3.8 Hz, 1H), 3.21 (ddd, J = 13.9, 11.5, 8.1 

Hz, 1H), 1.64 – 1.58 (m, 2H), 1.58 – 1.52 (m, 2H), 1.36 (dp, J = 22.7, 7.5 Hz, 4H), 0.91 (dt, J = 15.0, 7.4 Hz, 6H). 

13C NMR (151 MHz, CDCl3) δ/ppm = 149.4 (d, JC-P = 8.6 Hz), 141.9 (d, JC-P = 3.3 Hz), 139.1 (d, JC-P = 15.6 Hz), 

128.8, 128.4, 126.5, 110.8 (d, JC-P = 3.0 Hz), 108.9 (d, JC-P = 7.4 Hz), 66.5 (d, JC-P = 6.9 Hz), 66.1 (d, JC-P = 7.2 

Hz), 40.7 (d, JC-P = 140.9 Hz), 34.9 (d, JC-P = 1.9 Hz), 32.7 (d, JC-P = 6.0 Hz), 32.7 (d, JC-P = 5.8 Hz), 18.9, 18.8, 

13.8, 13.8. 31P NMR (243 MHz, CDCl3) δ/ppm = 24.8 (s, 1P). (Note: The product contains traces of tributyl 

phosphite starting material (based on 31P NMR) due to purification challenges.) MS (EI) m/z (%): 364 (5) 

[M]+, 273 (7), 217 (12), 207 (14), 170 (100), 163 (16), 91 (10), 81 (12). HRMS (ESI) calculated for 

C20H29O4NaP: 387.1696 [M+Na]+, found: 387.1685. IR (neat): ν/ cm-1 = 2959, 2874, 1462, 1263, 1022, 907. 

2,2,2-Trifluoro-N-(3-methyl-1-(2-phenylpropoxy)but-3-en-1-yl)acetamide (32) 

Prepared, following the general procedure G from 2,2,2-trifluoro-N-(3-

methyl-1-(triethylgermyl)but-3-en-1-yl)acetamide (69.0 mg, 0.2 mmol, 

1.0 equiv.) and 2-phenylpropan-1-ol (136.2 mg, 1.0 mmol, 5.0 equiv.). The 

title product was obtained as a mixture of diastereomers (d.r. of 1:1.5 

according to 1H and 19F NMR) after purification by HPLC (n-hexane/EtOAc 7:3) as a colorless liquid 

(57.7 mg, 0.18 mmol, 90%). 

Rf = 0.55 (pentane/EtOAc 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.32 – 7.28 (m, 2H), 7.23 – 7.18 (m, 

3H), 6.37 (d, J = 8.2 Hz, 1H major), 6.25 (d, J = 8.6 Hz, 1H minor), 5.35 (dt, J = 9.4, 5.8 Hz, 1H minor), 5.30 (dt, 

J = 9.4, 5.8 Hz, 1H major), 4.89 – 4.87 (m, 1H minor), 4.87 – 4.84 (m, 1H major), 4.74 – 4.73 (m, 1H minor), 

4.73 – 4.70 (m, 1H major), 3.70 – 3.56 (m, 2H), 3.04 – 2.94 (m, 1H), 2.42 – 2.28 (m, 2H), 1.73 (t, J = 1.1 Hz, 

3H minor), 1.69 (t, J = 1.1 Hz, 3H major), 1.27 (d, J = 7.0 Hz, 3H major), 1.27 (d, J = 7.0 Hz, 3H minor). 13C 

NMR (151 MHz, CDCl3) δ/ppm = 157.2 (d, J = 37.4 Hz), 157.2 (d, J = 37.2 Hz), 144.0, 143.8, 140.1, 140.1, 

128.5, 128.5, 127.5, 127.4, 126.7, 115.8 (d, J = 288.5 Hz),114.9, 114.9, 79.6, 79.5, 75.1, 75.0, 43.4, 43.3, 40.1, 

40.0, 23.2, 23.1, 18.4, 18.1. Note: Due to insuficient resolution only the middle “doublets” of the expected 

quartets of the C=O and CF3 moiety could be observed in 13C NMR. 19F NMR (564 MHz, CDCl3) δ/ppm = -

76.11 (s, 3F, minor), -76.12 (s, 3F, major). HRMS (EI) calculated for C7H9ONF3: 180.0631 [M-C9H11O]+, found: 

180.0631. IR (neat): ν/ cm-1 = 2967, 2920, 1710, 1542, 1163, 698. 

(Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)trimethylgermane (33) 

Prepared, following the general procedure H from bis[(pinacolato)boryl]methane 

(2090.2 mg, 7.8 mmol, 1.2 equiv.) and trimethylchlorogermane (0.81 mL, 6.5 mmol, 
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1.0 equiv.). The title product was obtained after purification by column chromatography (pentane/Et2O 9:1) 

as colorless oil (1750.7 mg, 4.55 mmol, 70%). 

Rf = 0.25 (n-pentane/Et2O 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 1.22 (s, 12H), 1.21 (s, 12H), 0.26 (s, 1H), 

0.25 (s, 9H). 13C NMR (151 MHz, CDCl3) δ/ppm = 82.7, 25.2, 24.7, 0.3. HRMS (EI) calculated for 

C15H31O4B274Ge: 371.1615 [M-CH3]+, found: 371.1610. IR (neat): ν/ cm-1 = 2978, 2930, 1320, 1143, 1069.  

(Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)triethylgermane (34) 

Prepared, following the general procedure H from bis[(pinacolato)boryl]methane 

(3386.0 mg, 12.6 mmol, 1.0 equiv.) and triethylchlorogermane (2.09 mL, 12.6 mmol, 

1.0 equiv.). The title product was obtained after purification by column chromatography 

(pentane/Et2O 95:5) as colorless oil (4016.6 mg, 9.14 mmol, 75%). 

Rf = 0.45 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 1.21 (s, 12H), 1.19 (s, 12H), 1.04 (t, J = 

7.9 Hz, 9H), 0.85 (q, J = 7.9 Hz, 6H), 0.30 (s, 1H). 13C NMR (151 MHz, CDCl3) δ/ppm = 82.6, 25.2, 24.7, 9.1, 

6.3. HRMS (ESI) calculated for C19H40O4B274GeNa: 451.2217 [M+Na]+, found: 451.2211. IR (neat): ν/ cm-1 

=2976, 2944, 1461, 1318, 1143.  

(Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)dimethyl(phenyl)germane (35) 

Prepared, following the general procedure H from bis[(pinacolato)boryl]methane 

(2411.7 mg, 9.0 mmol, 1.2 equiv.) and chlorodimethyl(phenyl)germane (1.06 mL, 

7.5 mmol, 1.0 equiv.). The title product was obtained after purification by column 

chromatography (pentane/Et2O 9:1) as white solid (1900.9 mg, 4.25 mmol, 57%). 

Rf = 0.28 (n-pentane/Et2O 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.54 – 7.51 (m, 2H), 7.32 – 7.27 (m, 3H), 

1.15 (s, 12H), 1.11 (s, 12H), 0.55 (s, 1H), 0.52 (s, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 142.3, 133.5, 

128.3, 127.8, 82.8, 25.1, 24.6, -1.2. HRMS (EI) calculated for C20H33O4B274Ge: 433.1771 [M-CH3]+, found: 

433.1775. IR (neat): ν/ cm-1 = 2978, 2927, 1303, 1139, 1074.  

(2,2-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)triethylgermane (36) 

Prepared, following the general procedure H from bis[(pinacolato)boryl]methane 

(3215.6 mg, 12.0 mmol, 1.2 equiv.) and (chloromethyl)triethylgermane (2092.9 mg, 

10.0 mmol, 1.0 equiv.). The title product was obtained after purification by column 

chromatography (pentane/Et2O 9:1) as white solid (3224.9 mg, 7.32 mmol, 73%). 

Rf = 0.30 (n-pentane/Et2O 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 1.22 (s, 24H), 0.99 (t, J = 7.9 Hz, 9H), 

0.94 (d, J = 6.9 Hz, 2H), 0.75 (t, J = 6.8 Hz, 1H), 0.69 (q, J = 7.9 Hz, 6H). 13C NMR (151 MHz, CDCl3) δ/ppm = 

83.1, 24.9, 24.9, 9.1, 5.6, 4.0. HRMS (EI) calculated for C18H37O4B274Ge: 413.2084 [M-CH2CH3]+, found: 

413.2083. IR (neat): ν/ cm-1 = 2977, 2946, 1462, 1352, 1139.  

Dimethyl(phenyl)(6-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexyl)germane (37) 

 Prepared, following the general procedure I from (Bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)dimethyl(phenyl)germane 

(134.0 mg, 0.30 mmol, 1.0 equiv.) and (5-bromopentyl)benzene 

(110.8 µL, 0.6 mmol, 2.0 equiv.). The title product was obtained after purification by preparative TLC 

(pentane/Et2O 96:4) as colorless oil (33.3 mg, 0.07 mmol, 23%). 
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Rf = 0.78 (n-pentane/Et2O 96:4). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.49 – 7.46 (m, 2H), 7.35 – 7.28 (m, 

3H), 7.28 – 7.23 (m, 2H), 7.19 – 7.12 (m, 3H), 2.55 (t, J = 7.7 Hz, 2H), 1.63 – 1.50 (m, 3H), 1.41 – 1.32 (m, 2H), 

1.32 – 1.23 (m, 3H), 1.17 (d, J = 21.3 Hz, 12H), 0.79 (dd, J = 12.1, 3.2 Hz, 1H), 0.44 – 0.39 (m, 6H). 13C NMR 

(151 MHz, CDCl3) δ/ppm = 143.1, 141.4, 133.6, 128.5, 128.4, 128.3, 127.9, 125.7, 82.8, 36.1, 33.1, 31.6, 29.2, 

26.6, 25.3, 24.9, -2.9, -3.7. HRMS (EI) calculated for C25H36O2B74Ge: 453.2015 [M-CH3]+, found: 453.2018. IR 

(neat): ν/ cm-1 = 3063, 2977, 2924, 1456, 1143. 

Triethyl(7-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)heptyl)germane (38) 

Prepared, following the general procedure I from (2,2-Bis(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)triethylgermane (132.2 mg, 

0.30 mmol, 1.0 equiv.) and (5-bromopentyl)benzene (110.8 µL, 0.6 mmol, 

2.0 equiv.). The title product was obtained after purification by preparative TLC (pentane/Et2O 96:4) as 

colorless oil (38.3 mg, 0.08 mmol, 28%). 

Rf = 0.70 (n-pentane/Et2O 96:4). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.29 – 7.24 (m, 2H), 7.17 (d, J = 7.4 Hz, 

3H), 2.62 – 2.56 (m, 2H), 1.64 – 1.57 (m, 2H), 1.45 – 1.28 (m, 6H), 1.24 (d, J = 3.6 Hz, 12H), 1.07 – 1.02 (m, 

1H), 1.00 (t, J = 7.9 Hz, 9H), 0.88 (dd, J = 13.7, 7.5 Hz, 1H), 0.74 – 0.66 (m, 7H). 13C NMR (151 MHz, CDCl3) 

δ/ppm = 143.1, 128.5, 128.4, 125.7, 82.9, 36.1, 34.8, 31.6, 29.8, 29.1, 25.1, 24.9, 12.9, 9.2, 4.6. HRMS (EI) 

calculated for C23H40O2B74Ge: 433.2328 [M-CH2CH3]+, found: 433.2328. IR (neat): ν/ cm-1 = 3026, 2925, 

1457, 1374, 1143. 

3.3.11 Starting material synthesis 

(1R,2R)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl 4-bromobenzoate 

In a round bottom flask, 4-bromobenzoic acid (1005.1 mg, 5.00 mmol, 

1.0 equiv.), (1R)-endo-(+)-fenchyl alcohol (771.3 mg, 5.00 mmol, 1.0 equiv.), 

N,N'-dicyclohexylcarbodiimide (1134.8 mg, 5.50 mmol, 1.1 equiv.) and 4-

dimethylaminopyridine (30.5 mg, 0.25 mmol, 0.05 equiv.) were dissolved in 

anhydrous DCM (40 mL) and stirred at room temperature overnight. The precipitate was filtered off and 

the filtrate was added to a saturated aqueous solution of NaHCO3. After three extractions with DCM, the 

organic phases were combined, washed with brine and dried over MgSO4, before the solvents were removed 

under reduced pressure.  The title product was obtained after purification by column chromatography 

(pentane/Et2O 95:5) as a white solid (1061.7 mg, 3.15 mmol, 63%). 

Rf = 0.73 (n-pentane/Et2O 95:5). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.92 (d, J = 8.1 Hz, 2H), 7.59 (d, J = 8.0 

Hz, 2H), 4.61 (s, 1H), 1.93 – 1.86 (m, 1H), 1.81 – 1.74 (m, 2H), 1.66 (d, J = 10.4 Hz, 1H), 1.56 – 1.48 (m, 1H), 

1.26 (d, J = 10.4 Hz, 1H), 1.21 (d, J = 12.9 Hz, 1H), 1.18 (s, 3H), 1.10 (s, 3H), 0.83 (s, 3H). 13C NMR (151 MHz, 

CDCl3) δ/ppm = 166.3, 131.9, 131.2, 129.8, 128.0, 87.2, 48.8, 48.5, 41.6, 40.0, 29.9, 27.0, 26.0, 20.4, 19.6. 

HRMS (ESI) calculated for C17H21O2BrNa: 359.0617 [M+Na]+, found: 359.0619. IR (neat): ν/ cm-1 = 2956, 

2871, 1712, 1587, 1268.  
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4-Bromophenyl-(S)-2-(6-methoxynaphthalen-2-yl)propanoate 

 In a round bottom flask, 4-bromophenol (415.2 mg, 2.40 mmol, 

1.0 equiv.) and (S)-2-(6-methoxynaphthalen-2-yl)propanoic 

acid (555.3 mg, 2.40 mmol, 1.0 equiv.), N,N'-

dicyclohexylcarbodiimide (544.7 mg, 2.64 mmol, 1.1 equiv.) and 

4-dimethylaminopyridine (14.6 mg, 0.12 mmol, 0.05 equiv.) were dissolved in anhydrous DCM (30 mL) and 

stirred at room temperature overnight. The precipitate was filtered off and the filtrate was added to a 

saturated aqueous solution of NaHCO3. After three extractions with DCM, the organic phases were 

combined, washed with brine and dried over MgSO4, before the solvents were removed under reduced 

pressure. The title product was obtained after purification by column chromatography (pentane/Et2O 9:1) 

as a white solid (809.1 mg, 2.10 mmol, 88%). 

Rf = 0.52 (n-pentane/Et2O 9:1). 1H NMR (600 MHz, CDCl3) δ/ppm = 7.77 – 7.72 (m, 3H), 7.48 (dd, J = 8.5, 1.5 

Hz, 1H), 7.43 (d, J = 8.9 Hz, 2H), 7.20 – 7.12 (m, 2H), 6.88 (d, J = 8.8 Hz, 2H), 4.09 (q, J = 7.2 Hz, 1H), 3.93 (s, 

3H), 1.69 (d, J = 7.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) δ/ppm = 173.0, 158.0, 150.0, 135.0, 134.0, 132.5, 

129.5, 129.1, 127.6, 126.3, 126.1, 123.4, 119.3, 119.0, 105.8, 55.5, 45.7, 18.6. HRMS (ESI) calculated for 

C20H17O3BrNa: 407.0253 [M+Na]+, found: 407.0252. IR (neat): ν/ cm-1 = 2980, 2938, 1760, 1602, 1481.  

 

 



 

147 
 

 

 

 

 

4 
Literature 

  



Literature 

148 

4 Literature 

[1] E. Ahrweiler, A. Selmani, F. Schoenebeck, 'Base-Catalyzed Remote Hydrogermylation of Olefins', Angew. Chem. 
Int. Ed. 2025, n/a, e202503573. 

[2] A. Kapat, T. Sperger, S. Guven, F. Schoenebeck, 'E-Olefins through intramolecular radical relocation', Science 
2019, 363, 391-396. 

[3] S. A. Chernyak, M. Corda, J.-P. Dath, V. V. Ordomsky, A. Y. Khodakov, 'Light olefin synthesis from a diversity of 
renewable and fossil feedstocks: state-of the-art and outlook', Chem. Soc. Rev. 2022, 51, 7994-8044. 

[4] A. C. Cope, T. T. Foster, P. H. Towle, 'Thermal Decomposition of Amine Oxides to Olefins and 
Dialkylhydroxylamines', J. Am. Chem. Soc. 1949, 71, 3929-3934. 

[5] G. Wittig, G. Geissler, 'Zur Reaktionsweise des Pentaphenyl-phosphors und einiger Derivate', Justus Liebigs 
Ann. Chem. 1953, 580, 44-57. 

[6] N. Calderon, H. Y. Chen, K. W. Scott, 'Olefin metathesis - A novel reaction for skeletal transformations of 
unsaturated hydrocarbons', Tetrahedron Lett. 1967, 8, 3327-3329. 

[7] R. F. Heck, J. P. Nolley, Jr., 'Palladium-catalyzed vinylic hydrogen substitution reactions with aryl, benzyl, and 
styryl halides', J. Org. Chem. 1972, 37, 2320-2322. 

[8] E. N. Jacobsen, I. Marko, W. S. Mungall, G. Schroeder, K. B. Sharpless, 'Asymmetric dihydroxylation via ligand-
accelerated catalysis', J. Am. Chem. Soc. 1988, 110, 1968-1970. 

[9] H. E. Simmons, R. D. Smith, 'A NEW SYNTHESIS OF CYCLOPROPANES FROM OLEFINS', J. Am. Chem. Soc. 1958, 
80, 5323-5324. 

[10] N. Prileschajew, 'Oxydation ungesättigter Verbindungen mittels organischer Superoxyde', Berichte der 
deutschen chemischen Gesellschaft 1909, 42, 4811-4815. 

[11] O. Diels, K. Alder, 'Synthesen in der hydroaromatischen Reihe', Justus Liebigs Ann. Chem. 1928, 460, 98-122. 
[12] G. W. Coates, P. D. Hustad, S. Reinartz, 'Catalysts for the Living Insertion Polymerization of Alkenes: Access to 

New Polyolefin Architectures Using Ziegler–Natta Chemistry', Angew. Chem. Int. Ed. 2002, 41, 2236-2257. 
[13] S. W. M. Crossley, C. Obradors, R. M. Martinez, R. A. Shenvi, 'Mn-, Fe-, and Co-Catalyzed Radical 

Hydrofunctionalizations of Olefins', Chem. Rev. 2016, 116, 8912-9000. 
[14] B. M. Ford, L. N. Franks, A. Radominska-Pandya, P. L. Prather, 'Tamoxifen Isomers and Metabolites Exhibit 

Distinct Affinity and Activity at Cannabinoid Receptors: Potential Scaffold for Drug Development', PLOS ONE 
2016, 11, e0167240. 

[15] D. Fiorito, S. Scaringi, C. Mazet, 'Transition metal-catalyzed alkene isomerization as an enabling technology in 
tandem, sequential and domino processes', Chem. Soc. Rev. 2021, 50, 1391-1406. 

[16] R. S. Phatake, T. Müller, A. Averdunk, U. Gellrich, 'Bis(pentafluorophenyl)borane-catalyzed E-selective 
isomerization of terminal alkenes to internal alkenes', Org. Chem. Front. 2023, 10, 1128-1133. 

[17] B. A. Kustiana, S. A. Elsherbeni, T. G. Linford-Wood, R. L. Melen, M. N. Grayson, L. C. Morrill, 'B(C6F5)3-Catalyzed 
E-Selective Isomerization of Alkenes', Chem. Eur. J. 2022, 28, e202202454. 

[18] A. Vasseur, J. Bruffaerts, I. Marek, 'Remote functionalization through alkene isomerization', Nat. Chem. 2016, 
8, 209-219. 

[19] M. Hassam, A. Taher, G. E. Arnott, I. R. Green, W. A. L. van Otterlo, 'Isomerization of Allylbenzenes', Chem. Rev. 
2015, 115, 5462-5569. 

[20] H. Sommer, F. Juliá-Hernández, R. Martin, I. Marek, 'Walking Metals for Remote Functionalization', ACS Cent. 
Sci. 2018, 4, 153-165. 

[21] A. Sen, T. W. Lai, 'Catalytic isomerization of alkenes by palladium(II) compounds. An alternative mechanistic 
view', Inorg. Chem. 1981, 20, 4036-4038. 

[22] D. J. Cram, R. T. Uyeda, 'Electrophilic Substitution at Saturated Carbon. XXII. Intramolecular Hydrogen Transfer 
Reactions in Base-Catalyzed Allylic Rearrangements', J. Am. Chem. Soc. 1964, 86, 5466-5477. 

[23] R. Manikandan, R. S. Phatake, N. G. Lemcoff, 'Metal-Free Photochemical Olefin Isomerization of Unsaturated 
Ketones via 1,5-Hydrogen Atom Transfer', Chem. Eur. J. 2022, 28, e202200634. 

[24] A. Tortajada, G. L. Righetti, A. McGinley, M. Mu, M. García-Melchor, E. Hevia, 'Alkene Isomerisation Catalysed 
by a Superbasic Sodium Amide', Angew. Chem. Int. Ed. 2024, 63, e202407262. 

[25] M. Newcomb, R. S. Vieta, 'Base-assisted carbon-Claisen rearrangement of 4-phenyl-1-butene', J. Org. Chem. 
1980, 45, 4793-4795. 

[26] M. D. Greenhalgh, A. S. Jones, S. P. Thomas, 'Iron-Catalysed Hydrofunctionalisation of Alkenes and Alkynes', 
ChemCatChem 2015, 7, 190-222. 

[27] M. Beller, J. Seayad, A. Tillack, H. Jiao, 'Catalytic Markovnikov and anti-Markovnikov Functionalization of 
Alkenes and Alkynes: Recent Developments and Trends', Angew. Chem. Int. Ed. 2004, 43, 3368-3398. 

[28] J. V. Obligacion, P. J. Chirik, 'Earth-abundant transition metal catalysts for alkene hydrosilylation and 
hydroboration', Nature Reviews Chemistry 2018, 2, 15-34. 

[29] W. Markownikoff, 'I. Ueber die Abhängigkeit der verschiedenen Vertretbarkeit des Radicalwasserstoffs in den 
isomeren Buttersäuren', Justus Liebigs Ann. Chem. 1870, 153, 228-259. 

[30] Y. Nakajima, S. Shimada, 'Hydrosilylation reaction of olefins: recent advances and perspectives', RSC Adv. 2015, 
5, 20603-20616. 

[31] J. L. Speier, J. A. Webster, G. H. Barnes, 'The Addition of Silicon Hydrides to Olefinic Double Bonds. Part II. The 
Use of Group VIII Metal Catalysts', J. Am. Chem. Soc. 1957, 79, 974-979. 

[32] R. J. Hofmann, M. Vlatković, F. Wiesbrock, 'Fifty Years of Hydrosilylation in Polymer Science: A Review of 
Current Trends of Low-Cost Transition-Metal and Metal-Free Catalysts, Non-Thermally Triggered 
Hydrosilylation Reactions, and Industrial Applications', Polymers 2017, 9, 534. 



Literature 

149 

[33] X. Wang, Z.-X. Yu, W.-B. Liu, 'Formal Hydrotrimethylsilylation of Styrenes with Anti-Markovnikov Selectivity 
Using Hexamethyldisilane', Org. Lett. 2022, 24, 8735-8740. 

[34] M. Rubin, T. Schwier, V. Gevorgyan, 'Highly Efficient B(C6F5)3-Catalyzed Hydrosilylation of Olefins', J. Org. 
Chem. 2002, 67, 1936-1940. 

[35] S. J. Geier, C. M. Vogels, J. A. Melanson, S. A. Westcott, 'The transition metal-catalysed hydroboration reaction', 
Chem. Soc. Rev. 2022, 51, 8877-8922. 

[36] H. C. Brown, 'Hydroboration—a powerful synthetic tool', Tetrahedron 1961, 12, 117-138. 
[37] Y. Wu, C. Shan, J. Ying, J. Su, J. Zhu, L. L. Liu, Y. Zhao, 'Catalytic hydroboration of aldehydes, ketones, alkynes and 

alkenes initiated by NaOH', Green Chem. 2017, 19, 4169-4175. 
[38] D. H. Ma, A. K. Jaladi, J. H. Lee, T. S. Kim, W. K. Shin, H. Hwang, D. K. An, 'Catalytic Hydroboration of Aldehydes, 

Ketones, and Alkenes Using Potassium Carbonate: A Small Key to Big Transformation', ACS Omega 2019, 4, 
15893-15903. 

[39] Q. Yin, S. Kemper, H. F. T. Klare, M. Oestreich, 'Boron Lewis Acid-Catalyzed Hydroboration of Alkenes with 
Pinacolborane: BArF3 Does What B(C6F5)3 Cannot Do!', Chem. Eur. J. 2016, 22, 13840-13844. 

[40] N. D. Smith, J. Mancuso, M. Lautens, 'Metal-Catalyzed Hydrostannations', Chem. Rev. 2000, 100, 3257-3282. 
[41] R. Sommer, H. G. Kuivila, 'Addition of organotin hydrides to internal olefins', J. Org. Chem. 1968, 33, 802-805. 
[42] V. Gevorgyan, J.-X. Liu, Y. Yamamoto, 'Hydrostannation of C–C multiple bonds with Bu3SnH prepared in situ 

from Bu3SnCl and Et3SiH in the presence of Lewis acid catalysts', Chem. Commun. 1998, DOI 
10.1039/A706187K, 37-38. 

[43] F. Lovering, J. Bikker, C. Humblet, 'Escape from Flatland: Increasing Saturation as an Approach to Improving 
Clinical Success', J. Med. Chem. 2009, 52, 6752-6756. 

[44] F. Lovering, 'Escape from Flatland 2: complexity and promiscuity', MedChemComm 2013, 4, 515-519. 
[45] R. Breslow, 'Centenary Lecture. Biomimetic chemistry', Chem. Soc. Rev. 1972, 1, 553-580. 
[46] R. Breslow, 'Biomimetic control of chemical selectivity', Acc. Chem. Res. 1980, 13, 170-177. 
[47] D. B. Grotjahn, C. R. Larsen, J. L. Gustafson, R. Nair, A. Sharma, 'Extensive Isomerization of Alkenes Using a 

Bifunctional Catalyst:  An Alkene Zipper', J. Am. Chem. Soc. 2007, 129, 9592-9593. 
[48] I. Franzoni, C. Mazet, 'Recent trends in Pd-catalyzed remote functionalization of carbonyl compounds', Org. 

Biomol. Chem. 2014, 12, 233-241. 
[49] F. Chen, K. Chen, Y. Zhang, Y. He, Y.-M. Wang, S. Zhu, 'Remote Migratory Cross-Electrophile Coupling and Olefin 

Hydroarylation Reactions Enabled by in Situ Generation of NiH', J. Am. Chem. Soc. 2017, 139, 13929-13935. 
[50] X. Jia, Z. Huang, 'Conversion of alkanes to linear alkylsilanes using an iridium–iron-catalysed tandem 

dehydrogenation–isomerization–hydrosilylation', Nat. Chem. 2016, 8, 157-161. 
[51] T. Kochi, K. Ichinose, M. Shigekane, T. Hamasaki, F. Kakiuchi, 'Metal-Catalyzed Sequential Formation of Distant 

Bonds in Organic Molecules: Palladium-Catalyzed Hydrosilylation/Cyclization of 1,n-Dienes by Chain 
Walking', Angew. Chem. Int. Ed. 2019, 58, 5261-5265. 

[52] X. Chen, Z. Cheng, J. Guo, Z. Lu, 'Asymmetric remote C-H borylation of internal alkenes via alkene 
isomerization', Nat. Commun. 2018, 9, 3939. 

[53] X. Yu, H. Zhao, S. Xi, Z. Chen, X. Wang, L. Wang, L. Q. H. Lin, K. P. Loh, M. J. Koh, 'Site-selective alkene borylation 
enabled by synergistic hydrometallation and borometallation', Nat. Catal. 2020, 3, 585-592. 

[54] Z. Zhu, W. C. Chan, B. Gao, G. Hu, P. Zhang, Y. Fu, K. S. Ly, Z. Lin, Y. Quan, 'Borenium-Catalyzed “Boron Walking” 
for Remote Site-Selective Hydroboration', J. Am. Chem. Soc. 2025, 147, 880-888. 

[55] L. G. Menchikov, M. A. Ignatenko, 'Biological Activity of Organogermanium Compounds (A Review)', Pharm. 
Chem. J. 2013, 46, 635-638. 

[56] C. Winkler, 'Germanium, Ge, ein neues, nichtmetallisches Element', Berichte der deutschen chemischen 
Gesellschaft 1886, 19, 210-211. 

[57] A.-C. Han, X.-G. Zhang, L.-L. Yang, J.-B. Pan, H.-N. Zou, M.-L. Li, L.-J. Xiao, Q.-L. Zhou, 'Rhodium-catalyzed 
enantioselective C−Ge bond formation by carbene insertion: Efficient access to chiral organogermanes', Chem 
Catalysis 2024, 4, 100826. 

[58] S. Fujii, Y. Miyajima, H. Masuno, H. Kagechika, 'Increased Hydrophobicity and Estrogenic Activity of Simple 
Phenols with Silicon and Germanium-Containing Substituents', J. Med. Chem. 2013, 56, 160-166. 

[59] A. Nyga, T. Kaihara, T. Hosono, M. Sipala, P. Stachelek, N. Tohnai, S. Minakata, L. E. de Sousa, P. de Silva, P. Data, 
Y. Takeda, 'Dual-photofunctional organogermanium compound based on donor–acceptor–donor 
architecture', Chem. Commun. 2022, 58, 5889-5892. 

[60] T. Rogova, E. Ahrweiler, M. D. Schoetz, F. Schoenebeck, 'Recent Developments with Organogermanes: their 
Preparation and Application in Synthesis and Catalysis', Angew. Chem. Int. Ed. 2024, 63, e202314709. 

[61] Y. Hatanaka, T. Hiyama, 'Cross-coupling of organosilanes with organic halides mediated by a palladium 
catalyst and tris(diethylamino)sulfonium difluorotrimethylsilicate', J. Org. Chem. 1988, 53, 918-920. 

[62] D. Milstein, J. K. Stille, 'A general, selective, and facile method for ketone synthesis from acid chlorides and 
organotin compounds catalyzed by palladium', J. Am. Chem. Soc. 1978, 100, 3636-3638. 

[63] S. F. Wnuk, P. I. Garcia, Z. Wang, 'Radical-Mediated Silyl- and Germyldesulfonylation of Vinyl and (α-
Fluoro)vinyl Sulfones:  Application of Tris(trimethylsilyl)silanes and Tris(trimethylsilyl)germanes in Pd-
Catalyzed Couplings', Org. Lett. 2004, 6, 2047-2049. 

[64] J.-P. Pitteloud, Z.-T. Zhang, Y. Liang, L. Cabrera, S. F. Wnuk, 'Fluoride-Promoted Cross-Coupling of 
Chloro(mono-, di-, or triphenyl)germanes with Aryl Halides in “Moist” Toluene. Multiple Transfer of the 
Phenyl Group from Organogermane Substrates and Comparison of the Coupling Efficiencies of 
Chloro(phenyl)germanes with their Corresponding Stannane and Silane Counterparts', J. Org. Chem. 2010, 75, 
8199-8212. 



Literature 

150 

[65] C. Fricke, G. J. Sherborne, I. Funes-Ardoiz, E. Senol, S. Guven, F. Schoenebeck, 'Orthogonal Nanoparticle 
Catalysis with Organogermanes', Angew. Chem. Int. Ed. 2019, 58, 17788-17795. 

[66] A. Dahiya, M. D. Schoetz, F. Schoenebeck, 'Orthogonal Olefination with Organogermanes', Angew. Chem. Int. Ed. 
2023, 62, e202310380. 

[67] A. Dahiya, A. G. Gevondian, F. Schoenebeck, 'Orthogonal C–O Bond Construction with Organogermanes', J. Am. 
Chem. Soc. 2023, 145, 7729-7735. 

[68] G. J. Sherborne, A. G. Gevondian, I. Funes-Ardoiz, A. Dahiya, C. Fricke, F. Schoenebeck, 'Modular and Selective 
Arylation of Aryl Germanes (C−GeEt3) over C−Bpin, C−SiR3 and Halogens Enabled by Light-Activated Gold 
Catalysis', Angew. Chem. Int. Ed. 2020, 59, 15543-15548. 

[69] A. Dahiya, C. Fricke, F. Schoenebeck, 'Gold-Catalyzed Chemoselective Couplings of Polyfluoroarenes with Aryl 
Germanes and Downstream Diversification', J. Am. Chem. Soc. 2020, 142, 7754-7759. 

[70] C. Fricke, A. Dahiya, W. B. Reid, F. Schoenebeck, 'Gold-Catalyzed C–H Functionalization with Aryl Germanes', 
ACS Catal. 2019, 9, 9231-9236. 

[71] T. Kreisel, M. Mendel, A. E. Queen, K. Deckers, D. Hupperich, J. Riegger, C. Fricke, F. Schoenebeck, 'Modular 
Generation of (Iodinated) Polyarenes Using Triethylgermane as Orthogonal Masking Group', Angew. Chem. Int. 
Ed. 2022, 61, e202201475. 

[72] A. Selmani, M. D. Schoetz, A. E. Queen, F. Schoenebeck, 'Modularity in the Csp3 Space─Alkyl Germanes as 
Orthogonal Molecular Handles for Chemoselective Diversification', ACS Catal. 2022, 12, 4833-4839. 

[73] Q.-H. Xu, L.-P. Wei, B. Xiao, 'Alkyl-GeMe3: Neutral Metalloid Radical Precursors upon Visible-Light 
Photocatalysis', Angew. Chem. Int. Ed. 2022, 61, e202115592. 

[74] W. Kitching, H. Olszowy, K. Harvey, 'Organogermyl anion chemistry: free-radical involvement in reactions with 
alkyl bromides', J. Org. Chem. 1981, 46, 2423-2424. 

[75] S. Langle, F. David-Quillot, A. Balland, M. Abarbri, A. Duchêne, 'General access to para-substituted styrenes', J. 
Organomet. Chem. 2003, 671, 113-119. 

[76] W. Xue, W. Mao, L. Zhang, M. Oestreich, 'Mechanistic Dichotomy of Magnesium- and Zinc-Based Germanium 
Nucleophiles in the C(sp3)−Ge Cross-Coupling with Alkyl Electrophiles', Angew. Chem. Int. Ed. 2019, 58, 6440-
6443. 

[77] W.-T. Jiang, S. Yang, M.-Y. Xu, X.-Y. Xie, B. Xiao, 'Zn-mediated decarboxylative carbagermatranation of aliphatic 
N-hydroxyphthalimide esters: evidence for an alkylzinc intermediate', Chem. Sci. 2020, 11, 488-493. 

[78] N.-X. Xu, B.-X. Li, C. Wang, M. Uchiyama, 'Sila- and Germacarboxylic Acids: Precursors for the Corresponding 
Silyl and Germyl Radicals', Angew. Chem. Int. Ed. 2020, 59, 10639-10644. 

[79] K. Ram Bajya, M. Kumar, A. Ansari, S. Selvakumar, 'Sulfonamide as Photoinduced Hydrogen Atom Transfer 
Catalyst for Organophotoredox Hydrosilylation and Hydrogermylation of Activated Alkenes', Adv. Synth. Catal. 
2023, 365, 976-982. 

[80] K. Yoshizawa, B.-X. Li, T. Matsuyama, C. Wang, M. Uchiyama, 'Visible-Light-Driven Germyl Radical Generation 
via EDA-Catalyzed ET–HAT Process', Chem. Eur. J. 2024, 30, e202401546. 

[81] A. E. Queen, A. Selmani, F. Schoenebeck, 'Hydrogermylation of Alkenes via Organophotoredox-Initiated HAT 
Catalysis', Org. Lett. 2022, 24, 406-409. 

[82] M. K. Sahoo, D. Kim, S. Chang, J.-W. Park, 'Regioselective Access to α-Vinylsilanes and α-Vinylgermanes by 
Cobalt-Catalyzed Migratory Hydrofunctionalization of 2-Alkynes', ACS Catal. 2021, 11, 12777-12784. 

[83] W. Lin, L. You, W. Yuan, C. He, 'Cu-Catalyzed Enantioselective Hydrogermylation: Asymmetric Synthesis of 
Unnatural β-Germyl α-Amino Acids', ACS Catal. 2022, 12, 14592-14600. 

[84] Z. Zhao, F. Zhang, D. Wang, L. Deng, 'Advances in Transition-Metal-Catalyzed Hydrogermylation of Alkenes and 
Alkynes', Chin. J. Chem. 2023, 41, 3063-3081. 

[85] H. Stachowiak-Dłużyńska, M. Gruszczyński, M. Kubicki, G. Hreczycho, 'Pt(II) complexes bearing P,N-donor 
ligands as catalysts in chemoselective hydrosilylation, hydrogermylation, and hydroboration of terminal 
alkenes', J. Catal. 2024, 433, 115494. 

[86] Z. Qiu, H. Deng, C. N. Neumann, 'Site-Isolated Rhodium(II) Metalloradicals Catalyze Olefin 
Hydrofunctionalization', Angew. Chem. Int. Ed. 2024, 63, e202401375. 

[87] S. Keess, M. Oestreich, 'Access to Fully Alkylated Germanes by B(C6F5)3-Catalyzed Transfer Hydrogermylation 
of Alkenes', Org. Lett. 2017, 19, 1898-1901. 

[88] A. Selmani, F. Schoenebeck, 'Anti-Markovnikov Hydrogermylation of Alkenes via Lewis Acid Catalysis', 
Synthesis 2023, 55, 1792-1798. 

[89] M. Shigeno, I. Tohara, K. Sasaki, K. Nozawa-Kumada, Y. Kondo, 'Combined Brønsted Base-Promoted CO2 
Fixation into Benzylic C–H Bonds of Alkylarenes', Org. Lett. 2022, 24, 4825-4830. 

[90] M. Sai, 'KOBu/DMSO Catalytic System for Isomerization of Allylic Alcohols to Ketones', Eur. J. Org. Chem. 2022, 
2022, e202200052. 

[91] F. Palumbo, S. Rohrbach, T. Tuttle, J. A. Murphy, 'N-Silylation of Amines Mediated by Et3SiH/KOBu', Helv. Chim. 
Acta 2019, 102, e1900235. 

[92] T. J. Prosser, 'The Rearrangement of Allyl Ethers to Propenyl Ethers', J. Am. Chem. Soc. 1961, 83, 1701-1704. 
[93] A. Kumar, B. S. Bhakuni, C. D. Prasad, S. Kumar, S. Kumar, 'Potassium tert-butoxide-mediated synthesis of 

unsymmetrical diaryl ethers, sulfides and selenides from aryl bromides', Tetrahedron 2013, 69, 5383-5392. 
[94] A. A. Toutov, W.-B. Liu, K. N. Betz, A. Fedorov, B. M. Stoltz, R. H. Grubbs, 'Silylation of C–H bonds in aromatic 

heterocycles by an Earth-abundant metal catalyst', Nature 2015, 518, 80-84. 
[95] C. Fricke, T. Sperger, M. Mendel, F. Schoenebeck, 'Catalysis with Palladium(I) Dimers', Angew. Chem. Int. Ed. 

2021, 60, 3355-3366. 



Literature 

151 

[96] M. Shigeno, K. Sasaki, K. Nozawa-Kumada, Y. Kondo, 'Double-Carboxylation of Two C–H Bonds in 2-
Alkylheteroarenes Using LiO-t-Bu/CsF', Org. Lett. 2019, 21, 4515-4519. 

[97] M. Pichette Drapeau, I. Fabre, L. Grimaud, I. Ciofini, T. Ollevier, M. Taillefer, 'Transition-Metal-Free α-Arylation 
of Enolizable Aryl Ketones and Mechanistic Evidence for a Radical Process', Angew. Chem. Int. Ed. 2015, 54, 
10587-10591. 

[98] P. J. Stephens, F. J. Devlin, C. F. Chabalowski, M. J. Frisch, 'Ab Initio Calculation of Vibrational Absorption and 
Circular Dichroism Spectra Using Density Functional Force Fields', J. Phys. Chem. 1994, 98, 11623-11627. 

[99] R. Krishnan, J. S. Binkley, R. Seeger, J. A. Pople, 'Self‐consistent molecular orbital methods. XX. A basis set for 
correlated wave functions', J. Chem. Phys. 1980, 72, 650-654. 

[100] M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone, G. A. 
Petersson, H. Nakatsuji, X. Li, M. Caricato, A. V. Marenich, J. Bloino, B. G. Janesko, R. Gomperts, B. Mennucci, H. 
P. Hratchian, J. V. Ortiz, A. F. Izmaylov, J. L. Sonnenberg, Williams, F. Ding, F. Lipparini, F. Egidi, J. Goings, B. 
Peng, A. Petrone, T. Henderson, D. Ranasinghe, V. G. Zakrzewski, J. Gao, N. Rega, G. Zheng, W. Liang, M. Hada, 
M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, K. 
Throssell, J. A. Montgomery Jr., J. E. Peralta, F. Ogliaro, M. J. Bearpark, J. J. Heyd, E. N. Brothers, K. N. Kudin, V. 
N. Staroverov, T. A. Keith, R. Kobayashi, J. Normand, K. Raghavachari, A. P. Rendell, J. C. Burant, S. S. Iyengar, J. 
Tomasi, M. Cossi, J. M. Millam, M. Klene, C. Adamo, R. Cammi, J. W. Ochterski, R. L. Martin, K. Morokuma, O. 
Farkas, J. B. Foresman, D. J. Fox, Gaussian 16, Revision A.03, 2016, Gaussian, Inc., Wallingford, CT. 

[101] F. Eckert, A. Klamt, COSMOtherm, Version C3.0, Release 17.01, 2016, COSMOlogic GmbH & Co. KG, Leverkusen 
(Germany), (http://www.cosmologic.de). 

[102] P. Pracht, F. Bohle, S. Grimme, 'Automated exploration of the low-energy chemical space with fast quantum 
chemical methods', Phys. Chem. Chem. Phys. 2020, 22, 7169-7192. 

[103] C. Bannwarth, S. Ehlert, S. Grimme, 'GFN2-xTB—An accurate and broadly parametrized self-consistent tight-
binding quantum chemical method with multipole electrostatics and density-dependent dispersion 
contributions', J. Chem. Theory Comput. 2019, 15, 1652-1671. 

[104] S. Grimme, 'Exploration of Chemical Compound, Conformer, and Reaction Space with Meta-Dynamics 
Simulations Based on Tight-Binding Quantum Chemical Calculations', J. Chem. Theory Comput. 2019, 15, 2847-
2862. 

[105] Y. Zhao, D. G. Truhlar, 'The M06 suite of density functionals for main group thermochemistry, thermochemical 
kinetics, noncovalent interactions, excited states, and transition elements: two new functionals and systematic 
testing of four M06-class functionals and 12 other functionals', Theor. Chem. Acc. 2008, 120, 215-241. 

[106] F. Weigend, R. Ahlrichs, 'Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence 
quality for H to Rn: Design and assessment of accuracy', Phys. Chem. Chem. Phys. 2005, 7, 3297-3305. 

[107] W. N. Olmstead, Z. Margolin, F. G. Bordwell, 'Acidities of water and simple alcohols in dimethyl sulfoxide 
solution', J. Org. Chem. 1980, 45, 3295-3299. 

[108] L. Tie, X.-H. Shan, J.-P. Qu, Y.-B. Kang, 'α-Trideuteration of methylarenes', Org. Chem. Front. 2021, 8, 2981-2984. 
[109] W.-B. Liu, D. P. Schuman, Y.-F. Yang, A. A. Toutov, Y. Liang, H. F. T. Klare, N. Nesnas, M. Oestreich, D. G. 

Blackmond, S. C. Virgil, S. Banerjee, R. N. Zare, R. H. Grubbs, K. N. Houk, B. M. Stoltz, 'Potassium tert-Butoxide-
Catalyzed Dehydrogenative C–H Silylation of Heteroaromatics: A Combined Experimental and Computational 
Mechanistic Study', J. Am. Chem. Soc. 2017, 139, 6867-6879. 

[110] M. D. Schoetz, K. Deckers, G. Singh, E. Ahrweiler, A. Hoeppner, F. Schoenebeck, 'Electrochemistry-Enabled C-
Heteroatom Bond Formation of Alkyl Germanes', J. Am. Chem. Soc. 2024, 146, 21257-21263. 

[111] E. Ahrweiler, M. D. Schoetz, G. Singh, Q. P. Bindschaedler, A. Sorroche, F. Schoenebeck, 'Triply Selective & 
Sequential Diversification at Csp3: Expansion of Alkyl Germane Reactivity for C−C & C−Heteroatom Bond 
Formation', Angew. Chem. Int. Ed. 2024, 63, e202401545. 

[112] C. C. C. Johansson Seechurn, M. O. Kitching, T. J. Colacot, V. Snieckus, 'Palladium-Catalyzed Cross-Coupling: A 
Historical Contextual Perspective to the 2010 Nobel Prize', Angew. Chem. Int. Ed. 2012, 51, 5062-5085. 

[113] N. Miyaura, K. Yamada, A. Suzuki, 'A new stereospecific cross-coupling by the palladium-catalyzed reaction of 
1-alkenylboranes with 1-alkenyl or 1-alkynyl halides', Tetrahedron Lett. 1979, 20, 3437-3440. 

[114] K. Sonogashira, Y. Tohda, N. Hagihara, 'A convenient synthesis of acetylenes: catalytic substitutions of 
acetylenic hydrogen with bromoalkenes, iodoarenes and bromopyridines', Tetrahedron Lett. 1975, 16, 4467-
4470. 

[115] S. Crespi, M. Fagnoni, 'Generation of Alkyl Radicals: From the Tyranny of Tin to the Photon Democracy', Chem. 
Rev. 2020, 120, 9790-9833. 

[116] P. Ball, "Navigating chemical space", can be found under 
https://www.chemistryworld.com/features/navigating-chemical-space/8983.article, 2015, (accessed April 
7, 2025). 

[117] F. Banchini, B. Leroux, E. Le Gall, M. Presset, O. Jackowski, F. Chemla, A. Perez-Luna, 'Stereoselective Double 
Functionalization of Geminated C(sp3)-Organodimetallic Linchpins', ChemCatChem 2024, 16, e202301495. 

[118] T. Fang, L. Wang, M. Wu, X. Qi, C. Liu, 'Diborodichloromethane as Versatile Reagent for Chemodivergent 
Synthesis of gem-Diborylalkanes', Angew. Chem. Int. Ed. 2024, 63, e202315227. 

[119] A. Marotta, H. Fang, C. E. Adams, K. Sun Marcus, C. G. Daniliuc, J. J. Molloy, 'Direct Light-Enabled Access to α-
Boryl Radicals: Application in the Stereodivergent Synthesis of Allyl Boronic Esters', Angew. Chem. Int. Ed. 
2023, 62, e202307540. 

[120] H. A. Sharma, J. Z. Essman, E. N. Jacobsen, 'Enantioselective catalytic 1,2-boronate rearrangements', Science 
2021, 374, 752-757. 

http://www.cosmologic.de/
https://www.chemistryworld.com/features/navigating-chemical-space/8983.article


Literature 

152 

[121] D. J. Blair, S. Chitti, M. Trobe, D. M. Kostyra, H. M. S. Haley, R. L. Hansen, S. G. Ballmer, T. J. Woods, W. Wang, V. 
Mubayi, M. J. Schmidt, R. W. Pipal, G. F. Morehouse, A. M. E. Palazzolo Ray, D. L. Gray, A. L. Gill, M. D. Burke, 
'Automated iterative Csp3–C bond formation', Nature 2022, 604, 92-97. 

[122] W. W. Chen, N. P. Fernández, M. D. Baranda, A. Cunillera, L. G. Rodríguez, A. Shafir, A. B. Cuenca, 'Exploring 
benzylic gem-C(sp3)–boron–silicon and boron–tin centers as a synthetic platform', Chem. Sci. 2021, 12, 
10514-10521. 

[123] T. W. Reidl, J. S. Bandar, 'Lewis Basic Salt-Promoted Organosilane Coupling Reactions with Aromatic 
Electrophiles', J. Am. Chem. Soc. 2021, 143, 11939-11945. 

[124] Y. e. You, S. Ge, 'Cobalt-Catalyzed One-Pot Asymmetric Difunctionalization of Alkynes to Access Chiral gem-
(Borylsilyl)alkanes', Angew. Chem. Int. Ed. 2021, 60, 20684-20688. 

[125] J. Kim, S. H. Cho, 'Access to Enantioenriched Benzylic 1,1-Silylboronate Esters by Palladium-Catalyzed 
Enantiotopic-Group Selective Suzuki–Miyaura Coupling of (Diborylmethyl)silanes with Aryl Iodides', ACS 
Catal. 2019, 9, 230-235. 

[126] S.-Z. Sun, R. Martin, 'Nickel-Catalyzed Umpolung Arylation of Ambiphilic α-Bromoalkyl Boronic Esters', Angew. 
Chem. Int. Ed. 2018, 57, 3622-3625. 

[127] A. Puggioli, L. Jiang, A. G. Herraiz, L. J. Nannini, K. de la Vega-Hernández, A. Rey-Blanco, A. Diéguez-Vázquez, S. 
Cañellas, M. G. Suero, 'Late-Stage Photoredox-Catalyzed Aryl C–H Bond Diazomethylation with Atomic Carbon 
Reagents', J. Am. Chem. Soc. 2025, DOI 10.1021/jacs.5c00045. 

[128] A. Y. Chan, I. B. Perry, N. B. Bissonnette, B. F. Buksh, G. A. Edwards, L. I. Frye, O. L. Garry, M. N. Lavagnino, B. X. 
Li, Y. Liang, E. Mao, A. Millet, J. V. Oakley, N. L. Reed, H. A. Sakai, C. P. Seath, D. W. C. MacMillan, 
'Metallaphotoredox: The Merger of Photoredox and Transition Metal Catalysis', Chem. Rev. 2022, 122, 1485-
1542. 

[129] G. Ciamician, P. Silber, 'Chemische Lichtwirkungen', Berichte der deutschen chemischen Gesellschaft 1908, 41, 
1928-1935. 

[130] N. Holmberg-Douglas, D. A. Nicewicz, 'Photoredox-Catalyzed C–H Functionalization Reactions', Chem. Rev. 
2022, 122, 1925-2016. 

[131] C. K. Prier, D. A. Rankic, D. W. C. MacMillan, 'Visible Light Photoredox Catalysis with Transition Metal 
Complexes: Applications in Organic Synthesis', Chem. Rev. 2013, 113, 5322-5363. 

[132] C. Pac, Y. Miyauchi, O. Ishitani, M. Ihama, M. Yasuda, H. Sakurai, 'Redox-photosensitized reactions. 11. 
Ru(bpy)32+-photosensitized reactions of 1-benzyl-1,4-dihydronicotinamide with aryl-substituted enones, 
derivatives of methyl cinnamate, and substituted cinnamonitriles: electron-transfer mechanism and 
structure-reactivity relationships', J. Org. Chem. 1984, 49, 26-34. 

[133] N. A. Romero, D. A. Nicewicz, 'Organic Photoredox Catalysis', Chem. Rev. 2016, 116, 10075-10166. 
[134] S. Fukuzumi, K. Ohkubo, T. Suenobu, K. Kato, M. Fujitsuka, O. Ito, 'Photoalkylation of 10-Alkylacridinium Ion 

via a Charge-Shift Type of Photoinduced Electron Transfer Controlled by Solvent Polarity', J. Am. Chem. Soc. 
2001, 123, 8459-8467. 

[135] S. Fukuzumi, H. Kotani, K. Ohkubo, S. Ogo, N. V. Tkachenko, H. Lemmetyinen, 'Electron-Transfer State of 9-
Mesityl-10-methylacridinium Ion with a Much Longer Lifetime and Higher Energy Than That of the Natural 
Photosynthetic Reaction Center', J. Am. Chem. Soc. 2004, 126, 1600-1601. 

[136] D. S. Hamilton, D. A. Nicewicz, 'Direct Catalytic Anti-Markovnikov Hydroetherification of Alkenols', J. Am. Chem. 
Soc. 2012, 134, 18577-18580. 

[137] T. M. Nguyen, D. A. Nicewicz, 'Anti-Markovnikov Hydroamination of Alkenes Catalyzed by an Organic 
Photoredox System', J. Am. Chem. Soc. 2013, 135, 9588-9591. 

[138] A. J. Perkowski, D. A. Nicewicz, 'Direct Catalytic Anti-Markovnikov Addition of Carboxylic Acids to Alkenes', J. 
Am. Chem. Soc. 2013, 135, 10334-10337. 

[139] T. Chinzei, K. Miyazawa, Y. Yasu, T. Koike, M. Akita, 'Redox-economical radical generation from organoborates 
and carboxylic acids by organic photoredox catalysis', RSC Adv. 2015, 5, 21297-21300. 

[140] J. D. Griffin, M. A. Zeller, D. A. Nicewicz, 'Hydrodecarboxylation of Carboxylic and Malonic Acid Derivatives via 
Organic Photoredox Catalysis: Substrate Scope and Mechanistic Insight', J. Am. Chem. Soc. 2015, 137, 11340-
11348. 

[141] T. Wan, L. Capaldo, D. Ravelli, W. Vitullo, F. J. de Zwart, B. de Bruin, T. Noël, 'Photoinduced Halogen-Atom 
Transfer by N-Heterocyclic Carbene-Ligated Boryl Radicals for C(sp3)–C(sp3) Bond Formation', J. Am. Chem. 
Soc. 2023, 145, 991-999. 

[142] M. M. Hossain, A. C. Shaikh, J. Moutet, T. L. Gianetti, 'Photocatalytic α-arylation of cyclic ketones', Nature 
Synthesis 2022, 1, 147-157. 

[143] D. J. Wilger, J.-M. M. Grandjean, T. R. Lammert, D. A. Nicewicz, 'The direct anti-Markovnikov addition of mineral 
acids to styrenes', Nat. Chem. 2014, 6, 720-726. 

[144] Z. Zhu, S. Qian, D. A. Nicewicz, 'Divergent Functionalization of Alkynes Enabled by Organic Photoredox 
Catalysis', Synlett 2023, 34, 1023-1028. 

[145] F. Lima, L. Grunenberg, H. B. A. Rahman, R. Labes, J. Sedelmeier, S. V. Ley, 'Organic photocatalysis for the radical 
couplings of boronic acid derivatives in batch and flow', Chem. Commun. 2018, 54, 5606-5609. 

[146] F. Lima, U. K. Sharma, L. Grunenberg, D. Saha, S. Johannsen, J. Sedelmeier, E. V. Van der Eycken, S. V. Ley, 'A 
Lewis Base Catalysis Approach for the Photoredox Activation of Boronic Acids and Esters', Angew. Chem. Int. 
Ed. 2017, 56, 15136-15140. 

[147] K. Nakajima, M. Kitagawa, Y. Ashida, Y. Miyake, Y. Nishibayashi, 'Synthesis of nitrogen heterocycles via α-
aminoalkyl radicals generated from α-silyl secondary amines under visible light irradiation', Chem. Commun. 
2014, 50, 8900-8903. 



Literature 

153 

[148] M. Uygur, T. Danelzik, O. García Mancheño, 'Metal-free desilylative C–C bond formation by visible-light 
photoredox catalysis', Chem. Commun. 2019, 55, 2980-2983. 

[149] T. Morofuji, Y. Matsui, M. Ohno, G. Ikarashi, N. Kano, 'Photocatalytic Giese-Type Reaction with Alkylsilicates 
Bearing C,O-Bidentate Ligands', Chem. Eur. J. 2021, 27, 6713-6718. 

[150] D. M. Kitcatt, S. Nicolle, A.-L. Lee, 'Direct decarboxylative Giese reactions', Chem. Soc. Rev. 2022, 51, 1415-1453. 
[151] B. Giese, J. A. González-Gómez, T. Witzel, 'The Scope of Radical CC-Coupling by the “Tin Method”', Angew. Chem. 

Int. Ed. Engl. 1984, 23, 69-70. 
[152] A. L. Gant Kanegusuku, J. L. Roizen, 'Recent Advances in Photoredox-Mediated Radical Conjugate Addition 

Reactions: An Expanding Toolkit for the Giese Reaction', Angew. Chem. Int. Ed. 2021, 60, 21116-21149. 
[153] A. Joshi-Pangu, F. Lévesque, H. G. Roth, S. F. Oliver, L.-C. Campeau, D. Nicewicz, D. A. DiRocco, 'Acridinium-

Based Photocatalysts: A Sustainable Option in Photoredox Catalysis', J. Org. Chem. 2016, 81, 7244-7249. 
[154] N. E. S. Tay, D. Lehnherr, T. Rovis, 'Photons or Electrons? A Critical Comparison of Electrochemistry and 

Photoredox Catalysis for Organic Synthesis', Chem. Rev. 2022, 122, 2487-2649. 
[155] M. Yan, Y. Kawamata, P. S. Baran, 'Synthetic Organic Electrochemical Methods Since 2000: On the Verge of a 

Renaissance', Chem. Rev. 2017, 117, 13230-13319. 
[156] Y. Wang, S. Dana, H. Long, Y. Xu, Y. Li, N. Kaplaneris, L. Ackermann, 'Electrochemical Late-Stage 

Functionalization', Chem. Rev. 2023, 123, 11269-11335. 
[157] H. Kolbe, 'Beobachtungen über die oxydirende Wirkung des Sauerstoffs, wenn derselbe mit Hülfe einer 

elektrischen Säule entwickelt wird', Journal für Praktische Chemie 1847, 41, 137-139. 
[158] H. Hofer, M. Moest, 'Ueber die Bildung von Alkoholen bei der Elektrolyse fettsaurer Salze', Justus Liebigs Ann. 

Chem. 1902, 323, 284-323. 
[159] S. D. Ross, M. Finkelstein, 'Anodic oxidations. V. Kolbe oxidation of phenylacetic acid and 1-

methylcyclohexaneacetic acid at platinum and at carbon', J. Org. Chem. 1969, 34, 2923-2927. 
[160] M. M. Baizer, 'Recent developments in organic synthesis by electrolysis', Tetrahedron 1984, 40, 935-969. 
[161] S. Y. Go, H. Chung, S. J. Shin, S. An, J. H. Youn, T. Y. Im, J. Y. Kim, T. D. Chung, H. G. Lee, 'A Unified Synthetic 

Strategy to Introduce Heteroatoms via Electrochemical Functionalization of Alkyl Organoboron Reagents', J. 
Am. Chem. Soc. 2022, 144, 9149-9160. 

[162] Z.-W. Hou, Z.-Y. Mao, H.-B. Zhao, Y. Y. Melcamu, X. Lu, J. Song, H.-C. Xu, 'Electrochemical C−H/N−H 
Functionalization for the Synthesis of Highly Functionalized (Aza)indoles', Angew. Chem. Int. Ed. 2016, 55, 
9168-9172. 

[163] C. Song, K. Liu, Z. Wang, B. Ding, S. Wang, Y. Weng, C.-W. Chiang, A. Lei, 'Electrochemical oxidation induced 
selective tyrosine bioconjugation for the modification of biomolecules', Chem. Sci. 2019, 10, 7982-7987. 

[164] P. G. Richards, B. Coles, J. Heptinstall, D. J. Walton, 'Electrochemical modification of lysozyme: Anodic reaction 
of tyrosine residues', Enzyme Microb. Technol. 1994, 16, 795-801. 

[165] N. Tanbouza, T. Ollevier, K. Lam, 'Bridging Lab and Industry with Flow Electrochemistry', iScience 2020, 23. 
[166] J. Xiang, M. Shang, Y. Kawamata, H. Lundberg, S. H. Reisberg, M. Chen, P. Mykhailiuk, G. Beutner, M. R. Collins, 

A. Davies, M. Del Bel, G. M. Gallego, J. E. Spangler, J. Starr, S. Yang, D. G. Blackmond, P. S. Baran, 'Hindered dialkyl 
ether synthesis with electrogenerated carbocations', Nature 2019, 573, 398-402. 

[167] T. Sheng, H.-J. Zhang, M. Shang, C. He, J. C. Vantourout, P. S. Baran, 'Electrochemical Decarboxylative N-
Alkylation of Heterocycles', Org. Lett. 2020, 22, 7594-7598. 

[168] K. Ohtsuka, S. Inagi, T. Fuchigami, 'Electrochemical Properties and Reactions of Oxygen-Containing 
Organotrifluoroborates and Their Boronic Acid Esters', ChemElectroChem 2017, 4, 183-187. 

[169] M. Tanigawa, Y. Kuriyama, S. Inagi, T. Fuchigami, 'Electrochemical Properties and Reactions of Sulfur-
Containing Organoboron Compounds', Electrochim. Acta 2016, 199, 314-318. 

[170] T. Nokami, T. Watanabe, N. Musya, T. Suehiro, T. Morofuji, J.-i. Yoshida, 'Electrochemical synthesis of dendritic 
diarylcarbenium ion pools', Tetrahedron 2011, 67, 4664-4671. 

[171] J.-i. Yoshida, S. Isoe, 'Electrochemical oxidation of α-silylcarbamates1', Tetrahedron Lett. 1987, 28, 6621-6624. 
[172] J.-i. Yoshida, M. Watanabe, H. Toshioka, M. Imagawa, S. Suga, 'Selective electrochemical oxidation of 

heteroatom compounds having both silicon and tin on the same carbon as electroauxiliaries', J. Electroanal. 
Chem. 2001, 507, 55-65. 

[173] W.-J. Kang, B. Li, M. Duan, G. Pan, W. Sun, A. Ding, Y. Zhang, K. N. Houk, H. Guo, 'Discovery of a Thioxanthone–
TfOH Complex as a Photoredox Catalyst for Hydrogenation of Alkenes Using p-Xylene as both Electron and 
Hydrogen Sources', Angew. Chem. Int. Ed. 2022, 61, e202211562. 

[174] Schoetz, Markus D., "Oxidative functionalization of aryl and alkyl germanes", PhD thesis, RWTH Aachen, Aachen, 
2025. 

[175] K. A. Margrey, W. L. Czaplyski, D. A. Nicewicz, E. J. Alexanian, 'A General Strategy for Aliphatic C–H 
Functionalization Enabled by Organic Photoredox Catalysis', J. Am. Chem. Soc. 2018, 140, 4213-4217. 

[176] R. Mao, S. Bera, A. C. Turla, X. Hu, 'Copper-Catalyzed Intermolecular Functionalization of Unactivated C(sp3)–
H Bonds and Aliphatic Carboxylic Acids', J. Am. Chem. Soc. 2021, 143, 14667-14675. 

[177] Y. Liu, S. Battaglioli, L. Lombardi, A. Menichetti, G. Valenti, M. Montalti, M. Bandini, 'Visible-Light Photoredox 
Catalyzed Dehydrogenative Synthesis of Allylic Carboxylates from Styrenes', Org. Lett. 2021, 23, 4441-4446. 

[178] S. Paul, D. Filippini, M. Silvi, 'Polarity Transduction Enables the Formal Electronically Mismatched Radical 
Addition to Alkenes', J. Am. Chem. Soc. 2023, 145, 2773-2778. 

[179] A. Münch, L. Weihrich, N. Knoblauch, J. Seibel, 'Employing Click Chemistry to Expand the Scope of the Metal-
Free Donor-Acceptor-Type Photocatalyst 4CzIPN', Eur. J. Org. Chem. 2023, 26, e202300279. 



Literature 

154 

[180] J. C. Walton, A. J. McCarroll, Q. Chen, B. Carboni, R. Nziengui, 'The Influence of Boryl Substituents on the 
Formation and Reactivity of Adjacent and Vicinal Free Radical Centers', J. Am. Chem. Soc. 2000, 122, 5455-
5463. 

[181] N. Kumar, R. R. Reddy, N. Eghbarieh, A. Masarwa, 'α-Borylalkyl radicals: their distinctive reactivity in modern 
organic synthesis', Chem. Commun. 2020, 56, 13-25. 

[182] M. Odachowski, A. Bonet, S. Essafi, P. Conti-Ramsden, J. N. Harvey, D. Leonori, V. K. Aggarwal, 'Development of 
Enantiospecific Coupling of Secondary and Tertiary Boronic Esters with Aromatic Compounds', J. Am. Chem. 
Soc. 2016, 138, 9521-9532. 

[183] G. Zweifel, H. Arzoumanian, C. C. Whitney, 'A convenient stereoselective synthesis of substituted alkenes via 
hydroboration-iodination of alkynes', J. Am. Chem. Soc. 1967, 89, 3652-3653. 

[184] J. L. Stymiest, V. Bagutski, R. M. French, V. K. Aggarwal, 'Enantiodivergent conversion of chiral secondary 
alcohols into tertiary alcohols', Nature 2008, 456, 778-782. 

[185] G. Dutheuil, M. P. Webster, P. A. Worthington, V. K. Aggarwal, 'Stereocontrolled Synthesis of Carbon Chains 
Bearing Contiguous Methyl Groups by Iterative Boronic Ester Homologations: Application to the Total 
Synthesis of (+)-Faranal', Angew. Chem. Int. Ed. 2009, 48, 6317-6319. 

[186] A. Bonet, M. Odachowski, D. Leonori, S. Essafi, V. K. Aggarwal, 'Enantiospecific sp2–sp3 coupling of secondary 
and tertiary boronic esters', Nat. Chem. 2014, 6, 584-589. 

[187] C. M. Crudden, C. Ziebenhaus, J. P. G. Rygus, K. Ghozati, P. J. Unsworth, M. Nambo, S. Voth, M. Hutchinson, V. S. 
Laberge, Y. Maekawa, D. Imao, 'Iterative protecting group-free cross-coupling leading to chiral multiply 
arylated structures', Nat. Commun. 2016, 7, 11065. 

[188] R. J. Armstrong, V. K. Aggarwal, '50 Years of Zweifel Olefination: A Transition-Metal-Free Coupling', Synthesis 
2017, 49, 3323-3336. 

[189] C. Fricke, K. Deckers, F. Schoenebeck, 'Orthogonal Stability and Reactivity of Aryl Germanes Enables Rapid and 
Selective (Multi)Halogenations', Angew. Chem. Int. Ed. 2020, 59, 18717-18722. 

[190] R. J. Armstrong, W. Niwetmarin, V. K. Aggarwal, 'Synthesis of Functionalized Alkenes by a Transition-Metal-
Free Zweifel Coupling', Org. Lett. 2017, 19, 2762-2765. 

[191] K. M. Sadhu, D. S. Matteson, '(Chloromethyl)lithium: efficient generation and capture by boronic esters and a 
simple preparation of diisopropyl (chloromethyl)boronate', Organometallics 1985, 4, 1687-1689. 

[192] R. P. Sonawane, V. Jheengut, C. Rabalakos, R. Larouche-Gauthier, H. K. Scott, V. K. Aggarwal, 'Enantioselective 
Construction of Quaternary Stereogenic Centers from Tertiary Boronic Esters: Methodology and Applications', 
Angew. Chem. Int. Ed. 2011, 50, 3760-3763. 

[193] N. E. S. Tay, D. A. Nicewicz, 'Cation Radical Accelerated Nucleophilic Aromatic Substitution via Organic 
Photoredox Catalysis', J. Am. Chem. Soc. 2017, 139, 16100-16104. 

[194] L. Huang, M. Rueping, 'Direct Cross-Coupling of Allylic C(sp3)−H Bonds with Aryl- and Vinylbromides by 
Combined Nickel and Visible-Light Catalysis', Angew. Chem. Int. Ed. 2018, 57, 10333-10337. 

[195] B. Saxena, R. I. Patel, A. Sharma, 'Visible light-induced bromine radical enhanced hydrogen atom transfer 
(HAT) reactions in organic synthesis', RSC Sustainability 2024, 2, 2169-2189. 

[196] V. Arun, L. Roy, S. De Sarkar, 'Alcohols as Fluoroalkyl Synthons: Ni-catalyzed Dehydrogenative Approach to 
Access Polyfluoroalkyl Bis-indoles', Chem. Eur. J. 2020, 26, 16649-16654. 

[197] E. Vitaku, D. T. Smith, J. T. Njardarson, 'Analysis of the Structural Diversity, Substitution Patterns, and 
Frequency of Nitrogen Heterocycles among U.S. FDA Approved Pharmaceuticals', J. Med. Chem. 2014, 57, 
10257-10274. 

[198] M. D. Delost, D. T. Smith, B. J. Anderson, J. T. Njardarson, 'From Oxiranes to Oligomers: Architectures of U.S. 
FDA Approved Pharmaceuticals Containing Oxygen Heterocycles', J. Med. Chem. 2018, 61, 10996-11020. 

[199] R. V. S. Nirogi, V. N. Kandikere, M. Shukla, K. Mudigonda, W. Shrivastava, P. V. Datla, 'Quantification of 
Metaxalone in Human Plasma by Liquid Chromatography Coupled to Tandem Mass Spectrometry', J. Anal. 
Toxicol. 2006, 30, 245-251. 

[200] L. Araujo, N. Villa, N. Camargo, M. Bustos, T. García, A. d. J. Prieto, 'Persistence of gemfibrozil, naproxen and 
mefenamic acid in natural waters', Environmental Chemistry Letters 2011, 9, 13-18. 

[201] Y. Lee, S. Han, S. H. Cho, 'Catalytic Chemo- and Enantioselective Transformations of gem-Diborylalkanes and 
(Diborylmethyl)metallic Species', Acc. Chem. Res. 2021, 54, 3917-3929. 

[202] S. Paul, K. K. Das, D. Aich, S. Manna, S. Panda, 'Recent developments in the asymmetric synthesis and 
functionalization of symmetrical and unsymmetrical gem-diborylalkanes', Org. Chem. Front. 2022, 9, 838-852. 

[203] W. Jo, J. H. Lee, S. H. Cho, 'Advances in transition metal-free deborylative transformations of gem-
diborylalkanes', Chem. Commun. 2021, 57, 4346-4353. 

[204] R. Nallagonda, K. Padala, A. Masarwa, 'gem-Diborylalkanes: recent advances in their preparation, 
transformation and application', Org. Biomol. Chem. 2018, 16, 1050-1064. 

[205] C. Hwang, Y. Jang, Y. Jung, J. Seo, K. Shin, S. H. Cho, 'Diverse Synthesis of (Thio)ethers and (Thio)esters Using 
Halodiborylmethane as a Transformable C1 Building Block', Org. Lett. 2024, 26, 7010-7014. 

[206] D. S. Matteson, R. J. Moody, 'Deprotonation of 1,1-diboronic esters and reactions of the carbanions with alkyl 
halides and carbonyl compounds', Organometallics 1982, 1, 20-28. 

[207] Z.-Q. Zhang, C.-T. Yang, L.-J. Liang, B. Xiao, X. Lu, J.-H. Liu, Y.-Y. Sun, T. B. Marder, Y. Fu, 'Copper-
Catalyzed/Promoted Cross-coupling of gem-Diborylalkanes with Nonactivated Primary Alkyl Halides: An 
Alternative Route to Alkylboronic Esters', Org. Lett. 2014, 16, 6342-6345. 

[208] C. Sun, B. Potter, J. P. Morken, 'A Catalytic Enantiotopic-Group-Selective Suzuki Reaction for the Construction 
of Chiral Organoboronates', J. Am. Chem. Soc. 2014, 136, 6534-6537. 



Literature 

155 

[209] J. R. Coombs, L. Zhang, J. P. Morken, 'Synthesis of Vinyl Boronates from Aldehydes by a Practical Boron–Wittig 
Reaction', Org. Lett. 2015, 17, 1708-1711. 

[210] K. Hong, X. Liu, J. P. Morken, 'Simple Access to Elusive α-Boryl Carbanions and Their Alkylation: An Umpolung 
Construction for Organic Synthesis', J. Am. Chem. Soc. 2014, 136, 10581-10584. 

[211] M.-D. Su, Y.-F. Liu, Z.-W. Nie, T.-L. Yang, Z.-Z. Cao, H. Li, W.-P. Luo, Q. Liu, C.-C. Guo, 'Regioselective Synthetic 
Approach to Higher Alkenes from Lower Alkenes with Sulfoxides in the Fe3+/H2O2 System via Direct 
Alkylation or Arylation of the Csp2–H Bond on the C═C Bond of Alkenes', J. Org. Chem. 2022, 87, 7022-7032. 

[212] S. Xia, D. Cao, H. Zeng, L.-N. He, C.-J. Li, 'Nickel-Catalyzed Stereoselective Alkenylation of Ketones Mediated by 
Hydrazine', JACS Au 2022, 2, 1929-1934. 

[213] H. Kondo, Y. Yamanoi, H. Nishihara, 'Preferential carbene insertion into Ge–H vs. other heavier group 14 
hydridesviasamarium carbenoids', Chem. Commun. 2011, 47, 6671-6673. 

[214] W. Liu, W. Lu, L. Yang, X. Wu, Z. Zhang, 'Rhodium-catalyzed anti-Markovnikov hydrosilylation of alkenes', 
Tetrahedron 2022, 109, 132632. 

[215] S. Mandal, J. Banerjee, S. Maity, S. K. Chattopadhyay, 'Sequential Two-Fold Claisen Rearrangement, One-Pot 
Ring-Closing Metathesis and Cross-Metathesis as a Route to Substituted Benzo[b]azepine-2-one, 
Benzo[b]azepine and Benzo[b]oxepine Derivatives', Helv. Chim. Acta 2021, 104, e2000216. 

[216] R. Liu, Z.-H. Lu, X.-H. Hu, J.-L. Li, X.-J. Yang, 'Monocarboxylation and Intramolecular Coupling of Butenylated 
Arenes via Palladium-Catalyzed C–H Activation Process', Org. Lett. 2015, 17, 1489-1492. 

[217] Q.-Y. Meng, T. E. Schirmer, K. Katou, B. König, 'Controllable Isomerization of Alkenes by Dual Visible-Light-
Cobalt Catalysis', Angew. Chem. Int. Ed. 2019, 58, 5723-5728. 

[218] H. Deguchi, K. Hanaya, T. Sugai, S. Higashibayashi, 'Intramolecular cyclization of m-homoprenylphenols 
through oxidative nucleophilic aromatic substitution', Chem. Commun. 2023, 59, 748-751. 

[219] W.-L. Xu, H. Zhang, Y.-L. Hu, H. Yang, J. Chen, L. Zhou, 'Metal-Free Dehydrogenative Diels–Alder Reactions of 
Prenyl Derivatives with Dienophiles via a Thermal Reversible Process', Org. Lett. 2018, 20, 5774-5778. 

[220] E. Bergamaschi, F. Beltran, C. J. Teskey, 'Visible-Light Controlled Divergent Catalysis Using a Bench-Stable 
Cobalt(I) Hydride Complex', Chem. Eur. J. 2020, 26, 5180-5184. 

[221] Q. Ge, J. Meng, H. Liu, Z. Yang, Z. Wu, W. Zhang, 'Palladium-Catalyzed Long-Range Isomerization of Aryl Olefins', 
Chin. J. Chem. 2022, 40, 2269-2275. 

[222] A. J. Kennedy, T. P. Mathews, Y. Kharel, S. D. Field, M. L. Moyer, J. E. East, J. D. Houck, K. R. Lynch, T. L. Macdonald, 
'Development of Amidine-Based Sphingosine Kinase 1 Nanomolar Inhibitors and Reduction of Sphingosine 1-
Phosphate in Human Leukemia Cells', J. Med. Chem. 2011, 54, 3524-3548. 

[223] Y.-F. Wang, Y.-R. Gao, S. Mao, Y.-L. Zhang, D.-D. Guo, Z.-L. Yan, S.-H. Guo, Y.-Q. Wang, 'Wacker-Type Oxidation 
and Dehydrogenation of Terminal Olefins Using Molecular Oxygen as the Sole Oxidant without Adding Ligand', 
Org. Lett. 2014, 16, 1610-1613. 

[224] L. Zhou, L. Li, S. Zhang, X.-k. Kuang, Y.-Y. Zhou, Y. Tang, 'Catalytic Regio- and Enantioselective Remote 
Hydrocarboxylation of Unactivated Alkenes with CO2', J. Am. Chem. Soc. 2024, 146, 18823-18830. 

[225] K. Torii, A. Kawakubo, X. Lin, T. Fujihara, T. Yajima, Y. Obora, 'Palladium-Catalyzed Difunctionalization of 1,3-
Diene with Amine and Disilane under a Mild Re-oxidation System', Chem. Eur. J. 2021, 27, 4888-4892. 

[226] M. V. Barysevich, V. V. Kazlova, A. G. Kukel, A. I. Liubina, A. L. Hurski, V. N. Zhabinskii, V. A. Khripach, 
'Stereoselective synthesis of α-methyl and α-alkyl ketones from esters and alkenes via cyclopropanol 
intermediates', Chem. Commun. 2018, 54, 2800-2803. 

[227] J. Vaith, D. Rodina, G. C. Spaulding, S. M. Paradine, 'Pd-Catalyzed Heteroannulation Using N-Arylureas as a 
Sterically Undemanding Ligand Platform', J. Am. Chem. Soc. 2022, 144, 6667-6673. 

[228] J. J. Gladfelder, S. Ghosh, M. Podunavac, A. W. Cook, Y. Ma, R. A. Woltornist, I. Keresztes, T. W. Hayton, D. B. 
Collum, A. Zakarian, 'Enantioselective Alkylation of 2-Alkylpyridines Controlled by Organolithium 
Aggregation', J. Am. Chem. Soc. 2019, 141, 15024-15028. 

[229] R. Matsubara, A. C. Gutierrez, T. F. Jamison, 'Nickel-Catalyzed Heck-Type Reactions of Benzyl Chlorides and 
Simple Olefins', J. Am. Chem. Soc. 2011, 133, 19020-19023. 

[230] A. Shiozuka, K. Sekine, T. Toki, K. Kawashima, T. Mori, Y. Kuninobu, 'Photoinduced Divergent Deaminative 
Borylation and Hydrodeamination of Primary Aromatic Amines', Org. Lett. 2022, 24, 4281-4285. 

[231] J. C. Siu, J. B. Parry, S. Lin, 'Aminoxyl-Catalyzed Electrochemical Diazidation of Alkenes Mediated by a 
Metastable Charge-Transfer Complex', J. Am. Chem. Soc. 2019, 141, 2825-2831. 

[232] Y. Lee, S.-y. Baek, J. Park, S.-T. Kim, S. Tussupbayev, J. Kim, M.-H. Baik, S. H. Cho, 'Chemoselective Coupling of 
1,1-Bis[(pinacolato)boryl]alkanes for the Transition-Metal-Free Borylation of Aryl and Vinyl Halides: A 
Combined Experimental and Theoretical Investigation', J. Am. Chem. Soc. 2017, 139, 976-984. 

[233] A. D. Becke, 'Density-functional exchange-energy approximation with correct asymptotic behavior', Phys. Rev. 
A 1988, 38, 3098-3100. 

[234] J. P. Perdew, 'Density-functional approximation for the correlation energy of the inhomogeneous electron gas', 
Phys. Rev. B 1986, 33, 8822-8824. 

[235] D. Rappoport, F. Furche, 'Property-optimized Gaussian basis sets for molecular response calculations', J. Chem. 
Phys. 2010, 133, 134105. 

[236] TURBOMOLE V7.5.1 2021, a development of University of Karlsruhe and Forschungszentrum Karlsruhe 
GmbH (1989-2007), TURBOMOLE GmbH (since 2007); available from https://www.turbomole.org. 

[237] C. Y. Legault, CYLview, Version 1.0b, 2009, Université de Sherbrooke, (http://www.cylview.org). 
[238] X. Shu, Y.-Y. Jiang, L. Kang, L. Yang, 'Ni-Catalyzed hydrocyanation of alkenes with formamide as the cyano 

source', Green Chem. 2020, 22, 2734-2738. 

https://www.turbomole.org/
http://www.cylview.org/


Literature 

156 

[239] C. Wang, Y. Guo, X. Wang, Z. Wang, K. Ding, 'Ni-Catalyzed Regioselective Hydroarylation of 1-Aryl-1,3-
Butadienes with Aryl Halides', 2021, 27, 15903-15907. 

[240] R. Li, F. Ouyang, Y. Bai, R. Tang, G. Yu, B. Wei, 'Modular and Selective Access to Functionalized Alkynes and 
Allenes via the Intermediacy of Propargylic Acetates', Org. Lett. 2023, 25, 2543-2547. 

[241] B. Wrackmeyer, 'Organoboron Chemistry' in 'Modern Magnetic Resonance', Ed. G. A. Webb, Springer, 
Dordrecht, 2006, pp. 455-457. 

[242] B. Wang, C. Ascenzi Pettenuzzo, J. Singh, G. E. McCabe, L. Clark, R. Young, J. Pu, Y. Deng, 'Photoinduced Site-
Selective Functionalization of Aliphatic C–H Bonds by Pyridine N-oxide Based HAT Catalysts', ACS Catal. 2022, 
12, 10441-10448. 

[243] L. Zou, X. Wang, S. Xiang, W. Zheng, Q. Lu, 'Paired Oxidative and Reductive Catalysis: Breaking the Potential 
Barrier of Electrochemical C(sp3)−H Alkenylation', Angew. Chem. Int. Ed. 2023, 62, e202301026. 

[244] N.-N. Li, M. Li, J.-N. Gao, Z. Zhang, J.-B. Xie, 'Revisiting the Mg/TMSCl/Dipolar Solvent System for Dearomatic 
Silylation of Aryl Carbonyl Compounds: Substrate Scope, Transformations, and Mechanistic Studies', J. Org. 
Chem. 2022, 87, 10876-10889. 

[245] J. Huang, X. Yan, Y. Xia, 'Directing Group-Free Formal Suzuki–Miyaura Coupling of Simple Ketones Enabled by 
Activation of Unstrained C−C Bonds', Angew. Chem. Int. Ed. 2022, 61, e202211080. 

 


	1 Base catalyzed remote hydrogermylation of olefins
	1.1 Introduction
	1.1.1 General introduction of olefins
	1.1.2 Transition metal catalyzed and metal free isomerization of olefins
	1.1.3 Hydrofunctionalization of olefins
	1.1.4 Remote hydrofunctionalization of olefins
	1.1.5 Trialkylgermanium as a versatile moiety

	1.2 Base catalyzed remote hydrogermylation of olefins: results and discussion
	1.2.1 Optimization studies
	1.2.2 Different Germanium sources
	1.2.3 Scope for the base catalyzed remote hydrogermylation
	1.2.4 ICP-MS analysis evaluation
	1.2.5 Mechanistic investigations
	1.2.6 Summary


	2 Orthogonal functionalization in three-dimensional chemical space
	2.1 Introduction
	2.1.1 The escape from flatland
	2.1.2 Photochemical Csp3 functionalizations
	2.1.3 Electrochemical transformations in the Csp3 regime

	2.2 Orthogonal functionalization in three-dimensional space: results and discussion
	2.2.1 Optimization of reaction conditions for alkyl radical formation
	2.2.2 Novel Germanium transformations
	2.2.3 Full functionalization sequence of the building block
	2.2.4 C–Halide functionalization
	2.2.5 C–Bpin functionalizations
	2.2.6 C–GeEt3 functionalizations
	2.2.7 Alternative approach for a building block achieving full functionalization
	2.2.8 Summary


	3 Supporting Information
	3.1 General experimental details
	Techniques
	Solvents, reagents and starting materials
	Purification
	Characterization
	Photo- and electrochemistry setup

	3.2 Supporting information for chapter 1
	3.2.1 Optimization of reaction conditions
	3.2.2 General procedure A
	3.2.3 General procedure B
	Triethyl(1-(4-fluorophenyl)butan-2-yl)germane (1)
	Triethyl(1-(4-fluorophenyl)propan-2-yl)germane (2)
	Tributyl(1-(4-fluorophenyl)propan-2-yl)germane (3)
	(1-(4-Fluorophenyl)propan-2-yl)trimethylgermane (4)
	Triethyl(1-phenylbutan-2-yl)germane (5)
	Tributyl(1-phenylbutan-2-yl)germane (6)
	Trimethyl(1-phenylbutan-2-yl)germane (7)
	Triethyl(phenethyl)germane (8)
	(4-(tert-Butyl)phenethyl)triethylgermane (9)
	Triethyl(4-fluorophenethyl)germane (10)
	Triethyl(4-(trifluoromethyl)phenethyl)germane (11)
	(2,2-Diphenylethyl)triethylgermane (12)
	Triethyl(1-phenylpropan-2-yl)germane (13)
	Triethyl(1-(2-tolyl)propan-2-yl)germane (14)
	Triethyl(1-(3-tolyl)propan-2-yl)germane (15)
	Triethyl(1,2,3,4-tetrahydronaphthalen-2-yl)germane (16)
	Triethyl(1-(naphthalen-2-yl)propan-2-yl)germane (17)
	Triethyl(1-(4-methoxyphenyl)propan-2-yl)germane (18)
	(1-(Benzo[d][1,3]dioxol-5-yl)propan-2-yl)triethylgermane (19)
	(1-(3,4-Dimethoxyphenyl)propan-2-yl)triethylgermane (20)
	(Z)-triethyl(1-(2-(prop-1-en-1-yloxy)phenyl)propan-2-yl)germane (21)
	N,N-Diphenyl-4-(2-(triethylgermyl)propyl)aniline (22)
	Triethyl(1-(4-fluorophenyl)propan-2-yl)germane (23)
	(1-(3-Chlorophenyl)propan-2-yl)triethylgermane (24)
	Triethyl(1-(3-(trifluoromethyl)phenyl)propan-2-yl)germane (25)
	Diphenyl(2-(triethylgermyl)propyl)phosphine oxide (26)
	Triethyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)propan-2-yl)germane (27)
	Triphenyl(2-(triethylgermyl)propyl)silane (28)
	Triethyl(1-(thiophen-2-yl)propan-2-yl)germane (29)
	(1-(Benzo[b]thiophen-2-yl)propan-2-yl)triethylgermane (30)
	Triethyl(1-(3-tolyl)butan-2-yl)germane (31)
	Triethyl(1-(3-methoxyphenyl)butan-2-yl)germane (32)
	(1-([1,1'-Biphenyl]-3-yl)butan-2-yl)triethylgermane (33)
	(1-(4-(tert-Butyl)phenyl)butan-2-yl)triethylgermane (34)
	Triethyl(1-(4-(methylthio)phenyl)butan-2-yl)germane (35)
	Triethyl(1-(naphthalen-2-yl)butan-2-yl)germane (36)
	(1-(Benzo[d][1,3]dioxol-5-yl)butan-2-yl)triethylgermane (37)
	Triethyl(3-methyl-1-phenylbutan-2-yl)germane (38)
	Triethyl(2-phenylpentyl)germane (39)
	Triethyl(1-(6-methoxynaphthalen-2-yl)-3-methylbutan-2-yl)germane (40)
	2-(2-(Triethylgermyl)butyl)pyridine (41)
	8-(2-(Triethylgermyl)butyl)quinoline (42)
	Triethyl(1-phenylpentan-2-yl)germane (43)
	Triethyl(1-phenylhexan-2-yl)germane (44)
	Triethyl(1-phenylheptan-2-yl)germane (45)
	Triethyl(1-phenyloctan-2-yl)germane (46)
	Triethyl(1-phenylnonan-2-yl)germane (47)
	Triethyl(1-phenyldecan-2-yl)germane (48)
	(E)-1-methyl-3-(prop-1-en-1-yl)benzene (49)
	(E)-but-1-en-1-ylbenzene (50)
	Triethyl(4-phenylbutyl)germane (51)
	Tributyl(4-phenylbutyl)germane (52)
	Triethyl(4-phenylbutyl)silane (53)

	3.2.5 Deuterium labeling studies
	Triethyl(2-(phenyl-d5)ethyl-1,1-d2)germane (54)
	Triethyl(2-(phenyl-d5)ethyl-1,1,2,2-d4)germane (55)

	3.2.6 Radical clock experiment
	(2-Cyclopropyl-2-phenylethyl)triethylgermane (56)

	3.2.7 Starting material synthesis
	3.2.8 General procedure C
	3.2.9 Characterization data of alkene starting material
	2-allylbenzo[b]thiophene
	3-(But-3-en-1-yl)-1,1'-biphenyl
	(3-Methylbut-3-en-1-yl)benzene
	8-(But-3-en-1-yl)quinoline
	(4-(But-3-en-1-yl)phenyl)(trifluoromethyl)sulfane
	2-(2-(but-3-en-1-yl)phenyl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane

	3.2.10 Computational data
	3.2.11 XYZ coordinates and energies of optimized structures

	3.3 Supporting information for chapter 2
	3.3.1 General procedure A: Giese-type addition
	3.3.2 General procedure B: Sulfonyl trapping reagents
	3.3.3 General procedure C: Giese-type addition with polarity transduction
	3.3.4 General procedure D: alkylation and arylation via nucleophilic substitution
	3.3.5 General procedure E: C-Bpin oxidation
	3.3.6 General procedure F: Nickel catalyzed arylation
	3.3.7 General procedure G: Electrochemical transformation of alkylgermanes
	3.3.8 General procedure H: Synthesis of bis-Bpin building block
	3.3.9 General procedure I: Alkylation of bis-Bpin compounds
	3.3.10 Characterization data of products
	2-(Cyclohexyl(4-fluorophenyl)methyl)malononitrile (1)
	2-(p-Tolyl)propanenitrile (2)
	(E)-1-Methyl-4-(4-phenylbut-3-en-2-yl)benzene (3)
	1-Methyl-4-(4-phenylbut-3-yn-2-yl)benzene (4)
	(2-Cyclohexylethyl)(4-methoxyphenyl)sulfane (5)
	1-(2-Cyclohexylethoxy)-4-methoxybenzene (6)
	Triethyl(2-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)germane (7)
	Triethyl(2-(4-fluorophenyl)-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)germane (8)
	Triethyl(1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pentyl)germane (9)
	Triethyl(3-methyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)butyl)germane (10)
	Tert-butyldimethyl((5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-5-(triethylgermyl)pentyl)oxy)silane (11)
	Triethyl(phenyl(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)germane (12)
	2-Phenyl-1-(triethylgermyl)ethan-1-ol (13)
	1-(Triethylgermyl)pentan-1-ol (14)
	3-Methyl-1-(triethylgermyl)butan-1-ol (15)
	5-((Tert-butyldimethylsilyl)oxy)-1-(triethylgermyl)pentan-1-ol (16)
	Tert-Butyl((5-(furan-2-yl)-5-(triethylgermyl)pentyl)oxy)dimethylsilane (18)
	Triethyl(1-phenylbut-3-en-2-yl)germane (20)
	Triethyl(1-phenylpent-4-en-2-yl)germane (21)
	Benzhydryltriethylgermane (22)
	2-(2-Hydroxy-4-methyl-1-phenylpentyl)malononitrile (23)
	1,2-Diphenylethan-1-one (25)
	2-Phenyl-1-(4-(trimethylsilyl)phenyl)ethan-1-one (26)
	2-Phenyl-1-(4-(trifluoromethyl)phenyl)ethan-1-one (27)
	(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl 4-(3-methylbutanoyl)benzoate (28)
	(1R,2R)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl 4-(3-methylbutanoyl)benzoate (29)
	2-(2-Phenyl-1-((R)-2-phenylpropoxy)ethyl)furan (30)
	Dibutyl (1-(furan-2-yl)-2-phenylethyl)phosphonate (31)
	2,2,2-Trifluoro-N-(3-methyl-1-(2-phenylpropoxy)but-3-en-1-yl)acetamide (32)
	(Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)trimethylgermane (33)
	(Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)triethylgermane (34)
	(Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)methyl)dimethyl(phenyl)germane (35)
	(2,2-Bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)ethyl)triethylgermane (36)
	Dimethyl(phenyl)(6-phenyl-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)hexyl)germane (37)
	Triethyl(7-phenyl-2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)heptyl)germane (38)

	3.3.11 Starting material synthesis
	(1R,2R)-1,3,3-Trimethylbicyclo[2.2.1]heptan-2-yl 4-bromobenzoate
	4-Bromophenyl-(S)-2-(6-methoxynaphthalen-2-yl)propanoate



	4 Literature



