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dissertation will be around the synthesis of a new class of trigermanes and tetragermanes. 
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the tetragermanes Et3Ge(GePh2)2GeEt3 and Bun3Ge(GePh2)2GeBun3 were synthesized via 
the hydrogermolysis reaction. These species were characterized by UV/visible 
spectroscopy, cyclic voltammetry, and differential pulse voltammetry. The properties of 
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CHAPTER I 
 

 

INTRODUCTION 

 

In 1886 a report of the new element germanium was published by Clemens Winkler 

after its isolation from the mineral argyrodite.1,2 Germanium mirrored properties similar to 

the predicted element ekasilicon, which meant it lies in group 14 between silicon and tin, 

as was initially predicted by Dmitri Mendeleev in his report The Periodic Law of the 

Chemical Elements published 17 years earlier in 1869.3 Argyrodite was mined in 

Himmelfurst Fundgrube, Freiburg, Germany and was originally thought to contain an 

amalgam of silver and mercury. In his report, Winkler reported that the correct chemical 

composition of argyrodite is Ag8GeS6.4 In the present day, germanium is mainly found in 

ores of sphalerite and can also be isolated from ores of other elements such as lead, copper, 

and silver. With unique optical and electronic properties, germanium is used mainly in 

transistors, fiber optic systems, infrared imaging, and solar cell applications.5 Germanium 

compounds having organic substituents have also been used in semiconductor materials 

such as NOBF4, FeCl3, and SbF5.6  
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Germanium has five naturally occurring isotopes 70Ge, 72Ge, 73Ge, 74Ge, and 76Ge with 

the most abundant isotope being 74Ge having a natural abundance of 36%.7 In 1887 Clemens 

Winkler synthesized the first organogermanium compound tetraethylgermane by reacting 

diethylzinc with germanium tetrachloride giving further insight to the unique metalloid 

properties of germanium.8 While the main group elements such as silicon, germanium, and tin 

can form catenates and other organometallic compounds, germanium has not been as 

extensively studied as the other two elements. Catenated germanium compounds are of 

importance due to their distinctive optical and electrical properties. The optical and electrical 

properties of germanium catenates stem from the delocalization of their bonding electrons 

across the element-element backbone via overlap of their sp3 hybridized molecular orbitals 

which is a phenomenon known as 𝜎-delocalization. While germanium catenates structurally 

resemble saturated hydrocarbons, physically they resemble conjugated unsaturated 

hydrocarbons. The 𝜎-delocalization that occurs in germanium catenates is maximized when 

the element-to-element backbone arrangement is in a trans-coplanar conformation as shown 

in Figure 1.1.7,9,10 

 

 

Figure 1.1: Trans-coplanar conformation of germanium catenates sp3 orbital overlap allowing for 𝜎-delocalization to occur. 

 

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge

Ge



3 
 

Among the heavier group 14 catenates studies on the synthesis, properties, and overall 

chemistry of silicon-silicon and tin-tin catenates are well developed.11–20 Studies of the 

synthesis, physical properties, and overall chemistry on germanium however, are much less 

explored. Compounds containing silicon-silicon and tin-tin bonds can be readily synthesized 

with rational synthetic procedures; however, synthesizing germanium-germanium compounds 

is not as facile. This is in part due to the formation of inseparable compound mixtures as well 

as low reaction yields. Therefore, a means of creating a logical synthetic approach for 

germanium catenates can be considered an area of high interest. Further detailed analysis of 

the physical and structural properties of oligogermanes can be carried out as well through the 

development of new synthetic methods. This chapter will focus on a brief history of germanium 

compounds, past and current synthetic methods for the production of oligogermanes and give 

a brief insight on Chapters II–IV. 

As mentioned previously, the first organometallic germanium compound synthesized 

was Et4Ge. It wasn’t until 1925 that the first oligogermane compound hexaphenyldigermane 

(Ph3GeGePh3) was synthesized.21 Currently there exists a multitude of different synthetic 

methods for the production of germanium-germanium bonds. There is the Wurtz-type coupling 

reaction, the demercuration of germyl mercury compounds, nucleophilic substitution of 

organogermanium halide compounds with organogermanium anions, and reactions of 

Grignard reagents with germanium (IV) halides22–25 The synthesis of Ph3GeGePh3 was done 

through the reaction of Ph3GeCl in the presence of sodium metal, as seen in Scheme 1.1.26  

 

Scheme 1.1: Wurtz coupling of Ph3GeCl with sodium.26 

Ph3GeCl Ge Ge

Ph

Ph

Ph

Ph

Ph

Ph
Reflux, 1h

+ 2 Na
C6H6

- 2 NaCl
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This eventually led to similar types of oligogermanes with varying substituents to be 

synthesized through Wurtz-type coupling reactions.15,27–30 The first alkyl substituted 

digermane to be synthesized was Et3GeGeEt3 by reacting Et3GeBr and sodium metal, then 

subsequently the methyl digermane derivative Me3GeGeMe3 was synthesized in a similar 

fashion but by using potassium instead. Wurtz coupling reactions have been shown to be useful 

in the preparation of small oligogermanes, especially digermanes, however, it is limited in its 

potential due to its inability to prepare higher oligoermanes, as well as low yields, and the 

formation of product mixtures.  

A different synthetic method that was used to synthesize digermanes and also some 

longer oligogermanes is the reaction of germanium halides with Grignard reagents.31–33 This 

method results in the formation of a series of di-, tri-, and tetragermanes with the ability to vary 

reaction conditions to change the product distribution as seen in Scheme 1.2. A caveat on the 

use of Grignard reactions, however, is the uncontrolled nucleophilic attack of the Grignard 

reagents on germanium halides that leads to low yields. It was also established that solvent 

choice plays a role in the reaction in that when diethyl ether or toluene is used as the solvent, 

larger amounts of tri- and tetragermanes to be formed.34 Although this method can allow for 

some higher oligermanes to be produced, it cannot be used to prepare specific oligogermanes.35 

 

Scheme 1.2: PhMgBr is employed to do a series of nucleophilic attacks on GeCl4 to produce a series of oligogermanes.10 

 

It was not until 2005 that a significant improvement in oligogermane synthesis was 

reported by Mochida and co-workers where samarium(II) iodide was used as a reducing agent 
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to form germanium catenates. The use of samarium(II) iodide produced yields of up to 94% 

with high purity, as seen in Scheme 1.3 and Table 1.1, and was a vast improvement over 

previous synthetic methods.36–39 

 

Scheme 1.3. Schematic for the synthesis of a trigermane using germanium halides and samarium (II) iodide.38 

 

Table 1.1 Substituents used in the coupling of germanium halides with Sm (II) Iodide.38 

R3 = Et, R`2 = Ph, 94% R3 = iPr, R`2 = Ph, 30% 

R3 = Me, R`2 = Ph, 87% R3 = Et, R`2 = PhMe, 70% 

R3 = nBu, R`2 = Ph, 87%  

 

The typical samarium(II) iodide reduction reactions are carried out in a mixture of THF and 

hexamethylphosphoric triamide (HMPA). It was found that HMPA plays a key role in the 

reaction by increasing the rate of product formation. The variation of the halide bonded to the 

germanium also has an effect on the reaction rate as well as yield. This trend can be seen in 

Table 1.2. It was also noted that the high efficiency of using samarium(II) iodide versus other 

group 1 metals lies in its mild reduction potential, making it a more practical option as a single-

electron reductant than other species such as sodium or potassium.40 

Table 1.2 Reaction time and yields for various organogermanium halide coupling 
reactions.38 
Germanium Compound Product Elapsed Time (hours) Yield (%) 

Et3GeCl Et3GeGeEt3 24 69 

Et3GeBr Et3GeGeEt3 15 73 

2 R3GeCl + Rʹ2GeCl2
10 eq. SmI2
HMPA/THF R3Ge

Ge
GeR3

R′R′
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Bu3GeCl Bu3GeGeBu3 24 62 

Bu3GeBr Bu3GeGeBu3 15 66 

iPr3GeCl (iPr6Ge2) 24 39 

iPr3GeCl (iPr6Ge2) 15 45 

Ph2MeGeCl Ph2MeGeGeMePh2 12 95 

Ph2MeGeBr Ph2MeGeGeMePh2 1 98 

 

The hydrostannolysis reaction used to couple tin atoms together has proven to be a 

useful method for synthesizing oligostannanes.17,41,42 However, this method did not proceed as 

well with germanium analogues. It was surmised that in order for this reaction to proceed, 

highly electron withdrawing groups on the germanium atom in a germane were needed to 

“activate” the germanium-hydrogen bond and allow the hydrogermolysis reaction to proceed.43 

The hydrogermolysis reaction could then be used to form germanium-germanium bonds in 

hexane at 100oC for one to two hours to form oligogermanes as seen in Scheme 1.4.  

 

Scheme 1.4. The use of an “activated” Ge–H  reacting with a germyl amine to produce a digermane.43,44 

This method of synthesizing oligogermanes was used sparingly due to the necessity of the 

electron withdrawing groups to “activate” the hydrogen, which limited the potential to 

synthesize oligogermanes with varying substituents on the germanium atoms. A list of known 

(C6F5)3Ge H
Et3GeNEt2

Hexane, 100oC, 1 h
- HNEt2

GeGe

Et

Et

Et

C6F5

C6F5

C6F5
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products that have been produced using the “activated” hydrogermolysis reaction are listed in 

Table 1.3.43–45 

Table 1.3 Oligogermanes synthesized using the “activated” hydrogermolysis reaction.43,44 

Germanium Hydrogen Germyl Amine Oligogermane Yield (%) 

(C6F5)3GeH (p-Tol)3GeNMe2 (p-Tol)3GeGe(C6F5)3 66 

(C6F5)2GeH2 (p-Tol)3GeNMe2 ((p-Tol)3Ge)2Ge(C6F5)2 51 

(C6F5)3GeH Ph3GeNMe2 Ph3GeGe(C6F5)3 86 

(C6F5)3GeH Et3GeNEt2 Et3GeGe(C6F5)3 91 

(C6F5)2GeH2 Et3GeNEt2 (Et3Ge)2Ge(C6F5)2 66 

 

In 2006, Weinert and co-workers reported the successful use of the hydrogermolysis 

reaction to synthesize a series of oligogermanes in high purity with yields of 80 – 85%.46 

Similar to the hydrostannolysis reaction, it employed the use of a germyl amine and a 

germanium hydride to form the germanium-germanium bond as seen in Scheme 1.5. The 

reaction was originally attempted in benzene at room temperature and in refluxing benzene or 

toluene but failed to produce a germanium-germanium bond as would typically occur 

successfully in the hydrostannolysis reaction. It was only when the reaction was carried out in 

refluxing acetonitrile (CH3CN) that the oligogermane could be formed after a 48-hour reaction 

time. 

 

Scheme 1.5. The hydrogermolysis reaction used for the synthesis of oligogermanes.46 

Ge H

R

R

R + GeMe2N

R`

R`

R`
CH3CN

85oC, 48 h
- HNMe2

GeGe

R`

R`

R`

R

R
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Unlike the hydrogermolysis reaction that used the “activated” germanium bonded hydrogen, 

this reaction proceeded with both alkyl, aryl, or a combination of both types of substituents as 

long as the solvent used was CH3CN. The question as to why the reaction only proceeded when 

done in CH3CN was later understood when the reaction was done in deuterated acetonitrile 

(CD3CN) and analyzed via 1H NMR spectroscopy. It was discovered that the reaction proceeds 

through the formation of an intermediate	𝛼-germyl nitrile species. Further studies and reactions 

were carried out in order to synthesize the 𝛼-germyl nitrile species independently and confirm 

this theory. This was achieved by reacting a germanium halide compound with 

(cyanomethyl)lithium (LiCH2CN) that is generated from the reaction of lithium 

diisopropylamide and CH3CN as shown in Scheme 1.6.47 

 

Scheme 1.6. Synthesis of the 𝛼-germyl nitrile species intermediate through a nucleophilic attack on a germanium halide.47 

Three separate 𝛼-germyl nitrile species bearing phenyl, tert-butyl, and isopropyl groups were 

synthesized. In these reactions, the formation of the 𝛼-germyl nitrile occurred in 6 hours in situ 

in CD3CN compared to the typical 48-hour reaction time for the hydrogermolysis reaction to 

GeMe2N

R

R

RCH3CN   +

LiNPri2
THF, -78oC

30 min
- HNPri2

LiCH2CN

Ge CH2CN

R

R

R

R3GeCl
THF
- LiCl
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completely form the digermane. This detail lead to the proposal that the formation of the 𝛼-

germyl nitrile is the fast step in the synthesis of the digermane.47 Table 1.4 shows the full list 

of digermanes synthesized by Weinert and co-workers via the hydrogermolysis reaction. 

Table 1.4 Synthesis of digermanes using the hydrogermolysis reaction as reported.46–49  

Reactants Product Yield (%) 𝜆max	(nm)	

Bu3GeNMe2 + Ph3GeH Bu3GeGePh3 83 232 

Et3GeNMe2 + Ph3GeH Et3GeGePh3 84 231 

Bu3GeNMe2 + Me3GeH Bu3GeGeMe3 86 - 

Pri
3GeNMe2 + Ph3GeH Pri

3GeGePh3 91 234 

Bus
3GeNMe2 + Ph3GeH Bus

3GeGePh3 81 244 

Me2PhGeNMe2 + Ph3GeH Me2PhGeGePh3 76 244 

Bui
3GeNMe2 + Ph3GeH Bui

3GeGePh3 79 232 

Hexn3GeNMe2 + Ph3GeH 
 

Hexn
3GeGePh3 43 241 

(C18H37)3GeNMe2 + Ph3GeH 
 

(C18H37)3GeGePh3 50 236 

ButMe2GeNMe2 + Ph3GeH 
 

ButMe2GeGePh3 89 238 

 

The use of the hydrogermolysis reaction has been used for the synthesis of longer 

oligogermanes,50,51 and branched germanes52–55 as well with moderate to high yields, therefore, 

making it a useful method for oligogermane synthesis. To date the longest fully characterized 

oligogermane has been synthesized by reacting HPh2Ge(GePh2)2GePh2H with two equivalents 

of Pr3iGeNMe2 via the hydrogermolysis reaction to produce the hexagermane 

Pr3iGe(GePh2)4GePr3i with a yield of 53%.50 The continued utility of the hydrogermolysis 
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reaction for synthesizing longer discrete branched and linear oligogermanes has made it a 

highly useful tool for germanium-germanium bond synthesis.  

An underlying goal of our research efforts is to further understand how the 𝜎-

delocalization that occurs along the germanium-germanium backbone in oligogermanes leads 

to their unique optical and electrical properties. Chapter II will focus on the synthesis and 

characterizion of a new series of trigermanes along with exploring their unique absorption 

maxima and electrochemistry. Chapter III will focus on the synthesis of polyfunctional phenols 

to be reacted with germanium(II) and germanium(IV) compounds to yield germanium 

aryloxides. Through a series of reactions, the primary goal is to form aryloxide germanium 

hydrides to be used as potential hydrogenating agents. Chapter IV will build upon the studies 

described in Chapter III but will describe the use of chiral auxiliaries to synthesize chiral 

germanium compounds. The reactivity and functionality studies done in Chapter IV should 

lead to new methods of synthesizing chiral germanium species and chiral germylium ions 

where their potential properties will be discussed in further detail. 
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CHAPTER II 
 

 

PREPARATION, ABSORPTION SPECTRA, AND ELECTROCHEMISTRY OF THE 

TRIGERMANES R3GeGePh2GeR3 (R3 = ButMe2, PhMe2, Bun3) AND 

TETRAGERMANES R3Ge(GePh2)2GeR3 (R3 = Et3, Bun3) 

 

 

2.1 Introduction 

Catenated silanes, germanes, and stannanes have shown to possess inherent 𝜎- 

delocalization. This property among the group 14 elements involves electrons in the 𝜎- 

bonding orbital being delocalized across the entirety, or a significant part of, the element-

element backbone as opposed to being localized between two atoms as is commonly found 

in more organic systems.56–60 It is this direct phenomenon of 𝜎-delocalization that leads to 

intriguing properties found in group 14 catenated systems. Their absorption is mainly in 

the ultraviolet (UV) region occurring through an electronic transition from the 𝜎 à 𝜎* 

molecular orbital, and it is likely that their emissive properties stem from the relaxation of 

electrons from the 𝜎* à 𝜎 molecular orbital. The aforementioned electronic properties 

suggest that compounds with 𝜎-delocalization have potential to be used as tunable emissive 

materials or as single molecule conductors.61 
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Oligogermanes are a class of compounds that attribute their physical properties to 

𝜎-delocalization. As such, oligogermanes display absorption, and emission in the UV or 

visible region, and are electronically active in that they can also be oxidized using either 

cyclic or differential pulse voltammetry (CV and DPV). Oligogermanes characteristically 

exhibit one or more irreversible oxidation waves in their CVs and DPVs. Furthermore, the 

emission spectra in both solution and the solid phase of oligogermanes normally have 

maxima in the visible regions.7,10,62–66 

Studies performed on oligogermanes have indicated that both the oxidation 

potentials, as well as the position of their absorption and emission maxima, largely depend 

on both the length of the germanium-germanium backbone and the intrinsic properties of 

the organic substituents that are attached to the germanium-germanium backbone. Whether 

the organic substituents are electron withdrawing or donating play a role in the physical 

properties of the oligogermane. However, the variation of the chain length has been shown 

to have a more significant effect on the spectral and electrochemical properties over the 

variation of substituents. 

 As mentioned previously, discrete oligogermanes have been known for nearly a 

century, with the first reported compound being Ph3GeGePh3 in 1925.67 The various 

synthetic methods of preparing oligogermanes include Wurtz-type coupling,68,69 the 

nucleophilic attack of germyllithium reagents on germyl halides,70 demurcuration of 

germylmercury compounds,71 the use of germyl Grignard reagents,72,73 reductive coupling 

using SmI2,74,75 and the main synthetic technique used in this project, bond formation via 

the hydrogermolysis reaction occurring between a germyl amine and a germane as shown 

in Schemes 2.1.46,55,76–79 
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Scheme 2.1: The reaction between a germyl amine and a germane in acetonitrile to form a digermane known as the 
hydrogermolysis reaction.46 

The hydrogermolysis reaction has been employed for the synthesis of a wide variety 

of linear, branched, and cyclic oligogermanes. Included in this chapter is the synthesis and 

investigation of the structure/property relationships in the linear trigermanes 

R3GeGePh2GeR3 (R3 = ButMe2, PhMe2, and nBun3) and the tetragermanes 

R3Ge(GePh2)2GeR3 (R3 = Et3 and Bun3), including the analysis of their electrochemistry 

and absorption spectra. The variation of the oxidation potentials and UV/Visible absorption 

maxima with respect to the inductive electron donating ability of the attached organic 

substituents are a focus of these studies.  

2.2 Results and Discussion 

 Commercially available alkyl and aryl substituted germanium chlorides were used 

as the starting materials for synthesizing the germyl amine and germanium hydride 

building blocks in the hydrogermolysis reaction. The reagents R3GeCl (R = Et3, Bun3, 

Me2Ph, ButMe2) were all treated with 1.5 equivalents of lithium dimethyl amide to yield 

the germyl amine that was then purified through a short path distillation. As for the 

hydrides, diphenyl germanium dihydride (Ph2GeH2) was purchased from Gelest and was 

used without further purification.  

The trigermanes ButMe2GeGePh2GeMe2But (1) and PhMe2GeGePh2GeMe2Ph (2) 

were synthesized via the hydrogermolysis reaction. The reactions leading to the final 

Ge H

R

R

R + R`3Ge NMe2
CH3CN

85oC, 48 h R3Ge GeR`3

- HNMe2



14 
 

products (1) and (2) were sluggish, and the overall reaction was found to not be complete 

after the typical reaction time of 48 hours.10,46,47 A potential cause of this could be the 

volatile nature of the germyl amines ButMe2GeNMe2 and PhMe2GeNMe2. Due to the high 

temperature reaction conditions, the germyl amines could be in the gas phase throughout 

the reaction therefore prolonging the desired 𝛼-nitrile species from forming via the reaction 

with CH3CN. 	Even when there was a slight excess of the germyl amine present, the 

reaction mixture still contained unreacted germanium hydride. After 48 hours, a 1H NMR 

spectrum indicated that there were two separate resonances present in the solution mixture, 

one being identified to belong to Ph2GeH2, and the other being unknown. The position of 

this latter resonance was however indicative of a germanium hydride being present. In the 

preparation of (1), a singlet at 𝛿 5.29 ppm was observed in the 1H NMR spectrum of the 

reaction mixture. This resonance was assigned to the hydride of the digermane derivative 

ButMe2GeGePh2H that was forming during the hydrogermolysis reaction. Similarly, in the 

formation of (2) a hydride resonance was also noted after 48 hours. This resonance 

appeared at 𝛿 5.34 ppm in the 1H NMR spectrum and was assigned to the digermane 

derivative PhMe2GeGePh2H. The spectra indicating the two digermane derivative 

resonances of (1) and (2) are shown in Figure 2.1. 
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Figure 2.1: Stacked 1H NMR spectra of the digermane derivatives formed in the synthesis of 1 and 2. 

The desired trigermane (2) could be obtained, however, by adding an additional 

equivalent of the germyl amine in acetonitrile and heating the reaction mixture for an 

additional 24 hours. In the preparation of (1), the desired trigermane product could only be 

obtained after heating for an additional 14 days after adding an additional equivalent of the 

germyl amine. Pure (1) and (2) were obtained by removing the residual 𝛼-germyl	nitrile 

species R3GeCH2CN that remained after the reaction by distillation at 85oC at low pressure 

(0.005 torr). The trigermane Bun3GeGePh2GeBu3n (3) could be isolated using a standard 

reaction time of 48 hours without the need for a large excess of Bun3GeNMe2, and was 

prepared according to the literature procedure.80,81 The overall synthetic pathway for 

obtaining the trigermanes (1) and (2) is shown in Scheme 2.2. 
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Scheme 2.2: Synthesis of the trigermanes 1 and 2.82 

Compounds (1), (2) and (3) were characterized by 1H and 13C NMR spectroscopy 

and their spectra were consistent with their structures in all three cases. Using the organic 

substituents on the germanium atoms as references, the spectra could be taken to assure 

that the solution mixtures did not contain any lingering germyl amine, germanium hydride, 

or 𝛼-nitrile species after a low-pressure distillation purification. The 1H and 13C NMR 

spectra are shown in Figures 2.3 – 2.8. 
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Figure 2.2: 1H NMR spectrum of (1). 

 

Figure 2.2: 13C NMR spectrum of (1). 
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Figure 2.4. 1H NMR spectrum of (2). 

 

Figure 2.5: 13C NMR spectrum of (2). 
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Figure 2.6: 1H NMR spectrum of (3). 

 

Figure 2.7: 13C NMR spectrum of (3). 
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The oxidation potentials of compounds 1 – 3 were obtained using CV and DPV 

analysis in dichloromethane (CH2Cl2) solvent using 0.1 M [Bun4N][PF6] as the supporting 

electrolyte. The CV and DPV traces for 1 – 3 are shown in Figure 2.9 – 2.10 and the 

oxidation potential data that was collected is displayed in Table 2.1. 

Table 2.1 Oxidation potential data for trigermanes 1 – 3.*82 
Compound CV Eox (mV) DPV Eox (mV) 

ButMe2GeGePh2GeMe2But (1) 1737, 2015 1540, 2120 

PhMe2GeGePh2GeMe2Ph (2) 1837 1640 

Bun3GeGePh2GeBun3 (3) 1604, 1918 1520, 2060 
*Errors for the observed oxidation waves are ± 10 mV. 

 
A common trend seen in oligogermanes is that they display an irreversible 

oxidation wave in CV and DPV studies. Although 2 exhibits only a single irreversible 

oxidation wave in both the CV and DPV, it can be seen that the CV and DPV of 1 and 3 

each display two irreversible oxidation waves. A correlation can be made between the 

oxidation potentials of compounds 1 – 3 and the inductive electron donating ability of the 

ligands attached to the germanium-germanium backbone. It has been noted that the 

energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied 

molecular orbital (LUMO) are affected by the electron donating or withdrawing ability of 

the ligands. Between the HOMO and LUMO, the HOMO tends to be affected more 

significantly by the variation of the alkyl substituents while the introduction of aryl 

substituents can have an effect on the energy of the LUMO. In general, however, it is often 

expected that an increase in the inductive electron donating ability of organic substituents 

will cause a destabilization of the HOMO of the oligogermane leading to a more facile 

oxidation. This trend can be seen in Table 2.2. 
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Table 2.2 UV/Visible absorption data for trigermanes.82 
Trigermane 𝜆max (nm) 
Ge3Me8 218 
Ph3GeGe(SiMe3)GePh3 245 
Ph3GeGeMe2GePh3 245 
ButMe2GeGePh2GeMe2But (1) 246 
PhMe2GeGePh2GeMe2Ph (2) 248 
Bun3GeGePh2GeBun3 (3) 249 
Ge3Ph8 249 
Ph3GeGe(PhMe)GePh3 250 
(p-Tol)3GeGePh2Ge(p-Tol)3 251 
(p-Tol)3GeGeMe2Ge(p-Tol)3 251 
Ge3(p-Tol)8 253 
(p-Tol)3GeGe(C6F5)2 Ge(p-Tol)3 258 
(p-F3CC6H4)GeGe(C6F5)2Ge(C6H4CF3-p)3 264 

 

The Taft parameters 𝜎* can be used to quantify the inductive electron donating 

ability of the ligands in the trigermanes synthesized in this chapter.83–85 Of the trigermanes 

that were synthesized, 1 – 3 can be envisioned as a series where replacing the tert-butyl 

group in 1 with phenyl groups will give 2. Similarly, if one were to replace all six of the 

terminal substituents in 1 and 2 with n-butyl groups it would give 3. The 𝜎* value for a 

methyl group is taken as zero, while the 𝜎* values for a Bun, But, and Ph groups are – 

0.166, – 0.300, and + 0.600 respectively. It is also known that negative values are indicative 

of more electron donating groups, while a positive integer is representative of a more 

electron withdrawing substituent.84,85 Taking these values into account, 3 having three n-

butyl groups would be expected to be the easiest to oxidize in comparison to 1 and 2 since 

as they both contain two methyl groups. Between 1 and 2, 2 should be more difficult to 

oxidize due to the phenyl group being inductively electron withdrawing therefore leading 
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to a more stabilized HOMO. This is consistent with the CV and DPV data and give a 

correlation in that the order of ease of oxidation is 3 < 1 < 2. 

 

Figure 2.8: Cyclic voltammetry analysis of 1 (blue), 2 (red), and 3 (green) at a scan rate of 50 mV/sec in CH2Cl2 

solvent with 0.1 M [Bun4N][PF6] as a supporting electrolyte.82 
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Figure 2.9: Differential pulse voltammetry analysis (pulse period = 0.1 sec, pulse width = 0.05 sec) of 1 (blue), 2 (red), 

3 (green) in CH2Cl2 solvent with 0.1 M [Bun4N][PF6] as a supporting electrolyte.82 

All the trigermanes (1 – 3) display one or more irreversible oxidation waves as seen 

in their CV analysis, as is common for not just linear oligogermanes, but also branched 

germanium chains with three to six germanium atoms in the Ge – Ge backbone. As for 

reversible oxidation, no such event has been reported yet even with the use of a 

microelectrode capable of extremely fast scan times. The irreversible nature of the 

oxidation events indicate that a chemical reaction is occurring after the trigermane has been 

oxidized. The trigermanes 1 and 3, both exhibit a second oxidation wave at a higher 

potential. This is likely due to the formation and subsequent oxidation of the digermyl 

radical that forms from the resulting homolytic cleavage of one of the germanium–
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oligogermanes when subjected to electrochemical studies through CV and DPV. Some 

studies have shown reports of oligogermanes having multiple oxidation waves, most 

notably in the series of oligogermanes (p-CH3C6H4)3Ge(GePh2)nGe(p-C6H4CH3)3 (n = 1 or 

2) and Pri3Ge(GePh2)nGePri3 as well as for the branched oligogermane (Bun3Ge)3GePh.63–

65,46,55,76–79,86 Based on pervious bulk electrolysis studies done on the branched 

oligogermane (Bun3Ge)3GePh,55 the decomposition of oligogermanes 1 and 3 is proposed 

to occur as shown in Scheme 2.3. After oxidation, the trigermanes 1 and 3 form a cationic 

species, followed by a homolytic cleavage occurring between two Ge – Ge bonds to yield 

a digermyl radical as well as a germylium species. Based on the close proximity of the two 

oxidation waves in the CV, it is highly unlikely that a positively charged digermane 

fragment exists in the solution and is subsequently oxidized. The oxidation of the 

remaining digermane fragment then occurs to yield a second homolytic cleavage of the 

remaining Ge – Ge bond again yielding a germylium ion and a germylene. Based on the 

reactivity of the germylene, it is expected that it will polymerize while the cationic species 

will abstract a halogen atom from the CH2Cl2 solvent to produce corresponding chlorides 

R3GeCl. Although bulk electrolysis experiments were conducted for the trigermanes 1 and 

3, we were unable to isolate the decomposition products Bun3GeCl and ButMe2GeCl. 

 

Scheme 2.3: Proposed decomposition pathway for trigermanes 1 and 3.82 
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The UV/visible spectra of compounds 1 – 3 in CH2Cl2 are shown in Figure 2.11. 

The absorption maxima (𝜆max) of all three trigermanes are similar with values of 246, 248, 

and 249 nanometers (nm) for 1, 2, and 3 respectively. The values are essentially the same 

within experimental error, and while the 𝜆max for 2 and 3 are well defined, the 𝜆max for 1 

appears as a shoulder. The absorption peaks arise due to an electronic transition between 

the 𝜎-bonding to 𝜎*-antibonding orbitals of the trigermanes, and this is a result of the 𝜎-

delocalization associated with germanium catenates. As shown in Table 2.3, one can make 

a comparison of the 𝜆max values between conjugated organic compounds having similar 

absorption maxima and those of the trigermanes 1, 2, and 3. The absorption maxima for 1 

– 3 are in the range normally observed for trigermanes having organic alkyl or aryl 

substituents as shown previously in Table 2.2. The permethylated trigermane Ge3Me8 has 

an 𝜆max at 218 nm, and this is due to the methyl groups having little to no electron donating 

ability. Trigermanes bearing organic substituents such as n-butyl, phenyl, or para-tolyl 

typically exhibit absorption maxima in the range of 245 – 255 nm. However, when the 

substituents are inductively electron withdrawing such as C6F5– and p-F3CC6H4–, the 𝜆max 

of the trigermanes are red – shifted, due to the stabilization of the 𝜎* - antibonding orbital 

or the LUMO by the perfluorinated aryl ligands.62,87 
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Figure 2.10: Overlaid UV/Visible spectra of trigermanes 1 (blue), 2, (red), and 3 (green) in CH2Cl2 solution.82 

Table 2.3 Absorption maxima (𝜆max) comparison of catenated trigermanes and 
conjugated organic compounds.88 

Trigermane 𝜆max (nm) Organic Compound 𝜆max (nm) 

ButMe2GeGePh2GeMe2But (1) 246 2-Methyl-1,3-butadiene 220 

PhMe2GeGePh2GeMe2Ph (2) 248 1,3-Cyclohexadiene 256 

Bun3GeGePh2GeBun3 (3) 249 1,3,5-Hexatriene 258 

 

The two tetragermanes Et3Ge(GePh2)2GeEt3 (4) and Bun3Ge(GePh2)2GeBun3 (5) 

were synthesized according to Scheme 2.4 again, via the hydrogermolysis reaction. 

Attempted synthesis of ButMe2Ge(GePh2)2GeMe2But and PhMe2Ge(GePh2)2GeMe2Ph 

proved to be unsuccessful even with prolonged heating times of two months nor with the 

addition of excess trialkylgermyl amine. The X-ray crystal structure of 4 was obtained and 

the molecular structure is shown in Figure 2.12. Selected bond distances and angles for 4 

are collected in Table 2.4. 
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Scheme 2.4: Synthesis of tetragermanes 4 and 5.82 

Tetragermane 4 crystallizes with two independent molecules in the unit cell. In 

Molecule 1 the carbon atoms C(1aa) and C(1) on two of the ethyl substituents attached to 

Ge(4)  are disordered with occupancies of 0.5. Molecule 1 has four crystallographically 

unique germanium atoms, and the average bond distance measures 2.4420(6) Å. Both 

terminal Ge – Ge bonds are slightly longer than the central bond by 0.0051 Å. The 

germanium – carbon bond lengths are close to the typical value of ca. 1.95 Å. 

In Molecule 2, the central Ge(5)–Ge(5`) bond lies on an inversion center and the 

average Ge – Ge bond distance is 2.4335(6) Å which is slightly shorter than the average 

bond distance found in Molecule 1. Due to the presence of the inversion center in Molecule 

2, this now renders all four germanium atoms in a trans-coplanar configuration. In 

Molecule 1, considering the plane formed by one of the terminal germanium atoms and 

both of the internal germanium atoms, the remaining germanium atom is canted slightly 

out of plane by 6.71(2)o. In Molecule 1, the two Ge – Ge – Ge bond angles average 

116.9(2)o in comparison to Molecule 2, where the single unique Ge – Ge – Ge bond angle 

measures 112.75(2)o, and so the bond angle in Molecule 2 is slightly more acute.  
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Figure 2.11: X-ray crystal structure of 4. Thermal ellipsoids are drawn at 50% probability.82 

Table 2.4 Selected bond distances (Å) and angles (deg) for 4.82 
Molecule 1 Molecule 2 

Ge(1) – Ge(2) 2.4437 (6) Ge(5) – Ge(5`) 2.4319 (7) 
Ge(2) – Ge(3) 2.4386 (6) Ge(5) – Ge(6) 2.4315 (5) 
Ge(3) – Ge(4) 2.4437 (6) Ge(5) – C(41) 1.966 (4) 
Ge(1) – C(29) 1.975 (4) Ge(5) – C(47) 1.970 (4) 
Ge(1) – C(31) 1.967 (4) Ge(6) – C(35) 1.963 (4) 
Ge(1) – C(33) 1.969 (4) Ge(6) – C(37) 1.966 (4) 
Ge(2) – C(17) 1.963 (4) Ge(6) – C(39) 1.962 (4) 
Ge(2) – C(23) 1.973 (4)   
Ge(3) – C(5) 1.973 (4) Ge(6) – Ge(5) – Ge(5`) 112.75 (2) 
Ge(3) – C(11) 1.967 (4) C(41) – Ge(5) – C(47) 108.5 (2) 
Ge(4) – C(2) 1.964 (6) C(35) – Ge(6) – C(37) 107.9 (2) 
Ge(4) – C(3) 1.950 (6) C(35) – Ge(6) – C(39) 108.7 (2) 

Ge(4) – C(2aa) 1.867 (8) C(37) – Ge(6) – C(39) 109.3 (2) 
  Ge(5`) – Ge(5) – C(41) 108.7 (1) 

Ge(1) – Ge(2) – Ge(3) 118.47 (2) Ge(5`) – Ge(5) – C(47) 107.0 (1) 
Ge(2) – Ge(3) – Ge(4) 115.35 (2) Ge(5) – Ge(6) – C(35) 109.5 (1) 
C(29) – Ge(1) – C(31) 108.3 (2) Ge(5) – Ge(6) – C(37) 107.4 (1) 
C(29) – Ge(1) – C(33) 107.5 (2) Ge(5) – Ge(6) – C(39) 113.9 (1) 
C(31) – Ge(1) – C(33) 108.3 (2) Ge(6) – Ge(5) – C(41) 112.7 (1) 
C(17) – Ge(2) – C(23) 107.7 (2) Ge(6) – Ge(5) – C(47) 106.7 (1) 
C(5) – Ge(3) – C(11) 105.7 (2)   
C(2) – Ge(4) – C(3) 106.1 (2)   

C(2) – Ge(4) – C(2aa) 110.2 (5)   
C(3) – Ge(4) – C(2aa) 109.5 (5)   
Ge(1) – Ge(2) – C(17) 106.8 (2)   
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Ge(1) – Ge(2) – C(23) 108.1 (2)   
Ge(2) – Ge(1) – C(29) 108.4 (2)   
Ge(2) – Ge(1) – C(31) 113.2 (2)   
Ge(2) – Ge(1) – C(33) 111.1 (2)   
Ge(2) – Ge(3) – C(5) 110.9 (1)   
Ge(2) – Ge(3) – C(11) 107.9 (1)   
Ge(3) – Ge(2) – C(17) 104.8 (1)   
Ge(3) – Ge(2) – C(23) 110.4 (1)   
Ge(3) – Ge(4) – C(2) 106.1 (2)   
Ge(3) – Ge(4) – C(3) 112.5 (2)   

Ge(3) – Ge(4) – C(2aa) 110.7 (3)   
Ge(4) – Ge(3) – C(5) 106.8 (1)   
Ge(4) – Ge(3) – C(11) 109.9 (1)   

 

The environment at each of the germanium atoms in both Molecules 1 and 2 are 

slightly distorted from the idealized tetrahedral. Among the bond angles in Molecule 2, we 

see that the average Ge – Ge – C and C – Ge – C bond angles are 109.4o and 108.6o, 

respectively. In comparison to Molecule 1, the average Ge – Ge – C and C – Ge – C bond 

angles are 107.9o and 109.1o, respectively. The structure of 4 can be compared to two other 

similar crystallographically characterized linear tetragermanes. Ge4Ph10•2C6H6 (6)73 and 

(p-Tol)3Ge(GePh2)2Ge(p-Tol)3 (7).76 The structure of 6 also contains an inversion center 

and overall is very similar to that of 4, except for some small differences in the bond angles 

and distances. We see that the Ge – Ge – Ge bond angle in 6 is 117.8(1)o and is slightly 

more obtuse than the corresponding angles in 4, while the Ge – Ge bond distances in 6 are 

2.463(2) and 2.461(3) Å and therefore are slightly elongated relative to those in 4. 

In the structure of 7, similarities are again present with this compound while also 

having two crystallographically independent molecules in its unit cell. The Ge – Ge – Ge 

bond angles in the two molecules are 115.53(3)o and 119.9(2)o, with an average value of 

117.2o. The Ge – Ge bond distances in 7 are 2.4490(8) and 2.457(1) Å in one molecule and 

2.460(3) and 2.448(3) Å in the other. It is noted that if three terminal ethyl groups in 4 are 
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replaced either by phenyl groups or p-tolyl groups, this results in only slight changes in the 

Ge – Ge – Ge bond angles among all three molecules as well as a slight elongation of the 

Ge – Ge bond distances in the aryl substituted tetragermanes 6 and 7. 

The effects of varying the substituents on the terminal germanium atoms also 

affects the differential pulse voltammograms of these two tetragermanes. The DPV of 4 

has three clearly defined oxidation waves as shown in Figure 2.13 at 1413, 1695, and 2145 

mV. The three oxidation waves are indicative of three homolytic Ge – Ge bond cleavages 

that occur after the first, second, and third oxidation events. Unlike the trigermanes 1 and 

3, the decomposition of 4 is much more complex in that there are multiple possible 

pathways for the molecule to completely break apart. 

 

Figure 2.12: Differential pulse voltammogram of 4 in CH2Cl2 with [NH4][PF6] as the supporting electrolyte (pulse 

period = 0.1 sec, pulse width = 0.05 sec).82 

In compound 4, after the first oxidation takes place it is likely that one of the 

terminal Ge – Ge bonds is cleaved to yield a germylium ion [Et3Ge]+ and a trigermyl 
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radical. The resulting [Et3Ge]+ species can abstract a chlorine atom from the CH2Cl2 

solvent to form Et3GeCl and the trigermyl radical is then subsequently oxidized. The 

species then continues to decompose via a Ge – Ge bond cleavage, although it is difficult 

to state with certainty how this occurs, since multiple pathways are available for this 

species to decompose. Upon completion of the decomposition, the final products are likely 

Et3GeCl and the subsequent germylene Ph2Ge: that will quickly polymerize. The proposed 

decomposition of 4 is shown in Scheme 2.5. 

 

Scheme 2.5: Proposed decomposition pathway of 4 during the DPV electrochemical sweep.82 

Differential pulse voltammetry studies were also conducted on 5 in CH2Cl2, and it 

was found to only exhibit a single oxidation wave at 1355 mV.89 It was shown that 5 is 

easier to oxidize than 4 due to the presence of n-butyl groups at the terminal germanium 

atoms versus the ethyl groups present in 4. This hypothesis is consistent with the 𝜎* 

parameters for an ethyl group versus a n-butyl group that are – 0.100 and – 0.166 

respectively.83–85 This indicates that an n-butyl group is more inductively donating than an 

ethyl group based on the data presented. 
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 The UV/visible spectra of 4 and 5 in CH2Cl2 solvent are essentially identical within 

experimental error, with 𝜆max values being 253 and 254 nm, respectively.89 The perphenyl-

tetragermane Ge4Ph10 has an oxidation potential of 1644 mV and shows two additional 

oxidation waves at 2060 and 2450 mV.76 These values indicate that the compound is more 

difficult to oxidize than both 4 and 5. Additionally, the absorption maximum for Ge4Ph10 

is 282 nm, which is a substantially large red shift compared to the 𝜆max values for 

compounds 4 and 5, as expected. Of the germanium oligomers synthesized, both 4 and 5 

are more facile to oxidize than the trigermanes 1 – 3, and the oxidation potential in the 

DPV of 5 is 165 mV more negative than trigermane 3 that was observed to be 1520 mV, 

largely due to compounds 3 and 5 differing by one –GePh2– unit. 

2.3 Conclusion 

The two previously unknown trigermanes ButMe2GeGePh2GeMe2But (1) and 

PhMe2GeGePh2GeMe2Ph (2) as well as the tetragermanes Et3Ge(GePh2)2GeEt3 (4) and 

Bun3Ge(GePh2)2GeBun3 (5) were synthesized via the hydrogermolysis reaction. For 

trigermanes 1 and 2, the reactions of the germyl amines ButMe2GeNMe2 and 

PhMe2GeNMe2 with the corresponding hydride Ph2GeH2 were very sluggish and required 

longer reaction times than normal to form these Ge – Ge bonds. 

The spectroscopic and electrochemical properties of 1 and 2 were compared with 

those of the previously synthesized trigermane Bun3GeGePh2GeBun3 (3). The 𝜆max values 

of 1 – 3 in their UV/visible spectra are similar, but their oxidation potentials are measurably 

different. As presumed by the electron donating or withdrawing nature of the substituents 

at the terminal germanium atom in these three compounds, the order of ease of oxidation 

observed was 3 > 2 > 1. In 1 and 3, there are two clear irreversible oxidation waves in their 
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CVs and DPVs indicating that a second species is formed after the first oxidation takes 

place and is stable enough to undergo a second oxidation. Of these stable secondary 

products, it can be postulated that it is likely a digermyl radical that formed by homolytic 

scission of one of the Ge – Ge bonds that then undergoes the second oxidation. In 2 

however, there was only a single oxidation wave in both its CV and DPV. 

The tetragermanes Et3Ge(GePh2)2GeEt3 (4) and Bun3Ge(GePh2)2GeBun3 (5) also 

displayed similar absorption maxima to one another in their UV/vis spectra. However, their 

oxidation potentials were different. The n-butyl substituted tetragermane 5 was found to be 

easier to oxidize than the ethyl substituted tetragermane 4. In 5 it was noted that only a 

single oxidation wave was exhibited in the DPV of 5, while in tetragermane 4 the DPV 

exhibited three irreversible oxidation waves indicating that three successive bond cleavage 

processes are occurring, one after each subsequent oxidation event. The X-ray crystal 

structure of 4 was obtained and constitutes a rare example of a crystallographically 

characterized tetragermane bearing alkyl substituents. 

2.4 Experimental Section 

General Remarks 

All manipulations were carried out under a nitrogen atmosphere using standard 

Schlenk, syringe, and glovebox techniques. Solvents were dried using a Glass Contour 

solvent purification system. The reagents HPh2GeGePh2H,76 ButMe2GeNMe2,79 

Et3GeNMe2,46 Bun3GeNMe2,46 and PhMe2GeNMe290 were prepared using literature 

procedures. The overall synthesis of these compounds can be seen in Schemes 2.6 and 2.7. 

Ph2GeH2 was purchased from Gelest and used without further purification. NMR spectra 

were acquired using a Bruker Avance III spectrometer operating at 400.00 MHz (1H) or 
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100.57 MHz (13C). UV/visible spectra were obtained using an Ocean Optics Red Tide 

USB650UV spectrometer in CH2Cl2 solvent. Electrochemical data (CV and DPV) were 

obtained using a DigiIvy DY2312 potentiostat with a glassy carbon working electrode, a 

platinum wire counter electrode, and a Ag/AgCl reference electrode in CH2Cl2 solution 

using 0.1M [Bun4N][PF6] as the supporting electrolyte. Elemental analyses were conducted 

by Midwest Microlabs.  

 

Scheme 2.6: Synthesis of HPh2GeGePh2H.82 

 

Scheme 2.7: Synthesis of germyl amines with varying substituents.82 

Synthesis of ButMe2GeGePh2GeMe2But (1) 

 A solution of ButMe2GeNMe2 (2.00 g, 9.81 mmol) in acetonitrile (15 mL) was 

added to a Schlenk tube followed by a solution of Ph2GeH2 (1.12 g, 4.90 mmol) in 

acetonitrile (10 mL). The Schlenk tube was then sealed with a Teflon stopper and left in an 

oil bath for 48 hours at 85 °C. The volatiles were removed in vacuo (80 °C, 0.005 torr) and 

1H NMR indicated the formation of ButMe2GeGePh2H. The reaction mixture was re-

dissolved in acetonitrile (25 mL) in a Schlenk tube and additional ButMe2GeNMe2 (1.00 

g, 4.90 mmol) was added. The reaction mixture was left in an oil bath at 100 °C for 14 
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days. The volatiles were removed in vacuo (80 °C, 0.005 torr) to yield 1 as a colorless 

liquid (1.75 g, 65%). 1H NMR (C6D6, 25 °C): δ 7.68 (d, J = 8.1 Hz, 4H, o-C6H5), 7.22 – 

7.13 (m, 6H, m-C5H5 and p-C6H5), 0.90 (s, 18 H, -C (CH3 )3), 0.44 (s, 12H, -CH3) ppm. 

13C NMR (C6D6, 25 °C): δ 140.4 (ipso-C6 H5), 136.2 (o-C6H5), 128.4 (m-C6H5), 128.2 (p-

C6H5), 28.8 (-C(CH3)3), 26.8 (- C(CH3)3), - 3.1 (-CH3) ppm. Anal. Calcd. for C24H40Ge3: 

C, 52.75; H, 7.32. Found: C, 52.67; H, 7.41. 

Synthesis of PhMe2GeGePh2GeMe2Ph (2) 

 A solution of PhMe2GeNMe2 (2.00 g, 8.93 mmol) in acetonitrile (15 mL) was 

added to a Schlenk tube followed by a solution of Ph2GeH2 (1.02, 4.47 mmol) in 

acetonitrile (10 mL). The Schlenk tube that was then sealed with a Teflon stopper and left 

in an oil bath for 48 hours at 85 °C. The volatiles were removed in vacuo (80 °C, 0.005 

torr) to yield a yellow oil that was analyzed by 1H NMR spectroscopy, which revealed the 

presence of PhMe2GeGePh2H. The reaction mixture was re-dissolved in acetonitrile (25 

mL) and additional PhMe2GeNMe2 (1.00 g, 4.46 mmol) was added to the solution. The 

reaction mixture was placed in an oil bath at 100 °C and left for 24 hours. The volatiles 

were removed in vacuo (80 °C, 0.005 torr) to yield the 2 as a yellow liquid (2.02 g, 77%). 

1H NMR (C6D6, 25 °C): δ 7.52 (d, J = 7.6 Hz, 4H, o-aromatics), 7.35 (d, J = 6.8 Hz, 4H, 

o- aromatics), 7.20 – 7.16 (m, 6H, m- aromatics and p-aromatics), 7.13 – 7.09 (m, 6H, m-

aromatics and p- aromatics), 0.54 (s, 12H, -CH3) ppm. 13C NMR (C6D6, 25 °C): δ 141.8 

(ipso-aromatics), 138.7 (ipso-aromatics), 136.0 (o-aromatics), 134.0 (o-aromatics), 128.6 

(m-aromatics), 128.5 (m-aromatics), 128.4 (p- aromatics), 128.2 (p-aromatics), - 1.6 (-CH3) 

ppm. Anal. Calcd. for C28H32Ge3: C, 57.35; H, 5.50. Found: C, 57.26; H, 5.43. 

Synthesis of Et3Ge(GePh2)2GeEt3 (4) 
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 To a solution of HPh2GeGePh2H (0.250 g, 0.549 mmol) in CH3CN (15 mL) was 

added a solution of Et3GeNMe2 (0.224 g, 1.10 mmol) in CH3CN (15 mL) under an 

atmosphere of nitrogen. The reaction mixture was sealed in a Schlenk tube under nitrogen 

and stirred for 48 hours at 85 °C. The acetonitrile was removed in vacuo (80 °C, 0.005 torr) 

and the resulting thick oil was vacuum distilled (80 °C, 0.005 torr) to yield 4 (0.259 g, 

61%) as a white solid. 1H NMR (C6D6, 25 °C): δ 7.72 - 7.56 (m, 8H, meta-C6H5), 7.22 - 

6.88 (m, 12H, ortho-C6H5 and para-C6H5), 1.05 (m, 12H, - CH2CH3), 0.94 (m, 18H, -

CH2CH3) ppm. 13C NMR (C6D6, 25 °C): δ 139.2 (ipso-C6H5), 137.1 (o-C6H5), 136.5 (m-

C6H5), 136.0 (p-C6H5), 10.3 (-CH2CH3), 6.6 (-CH2CH3) ppm. Anal. Calcd. for C36H50Ge4: 

C, 55.91; H, 6.52. Found: C, 55.84; H, 6.44. 

Synthesis of Bun3Ge(GePh2)2GeBun3 (5) 

 To a solution of HPh2GeGePh2H (0.400 g, 0.878 mmol) in CH3CN (15 mL) was 

added a solution of Bun3GeNMe2 (0.506 g, 1.76 mmol) in CH3CN (15 mL) under an 

atmosphere of nitrogen. The reaction mixture was sealed in a Schlenk tube under nitrogen 

and stirred for 48 hours at 85 °C. The acetonitrile was removed in vacuo and the resulting 

thick oil was vacuum distilled (80 °C, 0.005 torr) to yield 5 (0.554 g, 67%) as a white solid. 

1H NMR (C6D6 , 25°C): δ 7.75 - 7.64 (m, 8H, meta-C6H5 ), 7.25 - 7.10 (m, 12H, ortho-

C6H5 and para-C6H5), 1.60 - 0.90 (m, 36H, -CH2CH2CH2CH3), 0.81 (t, J = 6.9 Hz, 18H, -

CH2CH2CH2CH3) ppm. 13C NMR (C6D6, 25°C): δ 139.8 (ipso-C6H5), 137.1 (o-C6H5), 

136.5 (m-C6H5), 136.0 (p-C6H5), 28.9 (-CH2CH2CH2CH3), 26.5 (-CH2CH2CH2CH3, 14.0 

(-CH2CH2CH2CH3), 12.2 (-CH2CH2CH2CH3) ppm. Anal. Calcd. for C48H74Ge4: C, 61.23; 

H, 7.92. Found: C, 61.36; H, 7.84.  

X-ray structure determination of Et3Ge(GePh2)2GeEt3 (4) 
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 Single crystals of C36H50Ge4 (4) were obtained by recrystallization from toluene at 

35°C. A suitable crystal was selected and mounted on a Bruker APEX-II CCD 

diffractometer. The crystal was kept at 100.15 K during data collection. Using Olex2,91 the 

structure was solved with the ShelXS92 structure solution program using Direct Methods 

and refined with the XL92 refinement package using Least Squares minimization. 

Disordered ethyl groups were modeled with substantial restraint on the thermal ellipsoids 

of the terminal methyl groups.   

Crystal data for C36H50Ge4 (M =773.20 g/mol): monoclinic, space group P21 /c (no. 14), a 

= 27.193(1) Å, b = 10.6491(4) Å, c = 18.6622(8) Å, β = 90.853(2)°, V = 5403.5(4) Å3, Z = 

4, T = 100.15 K, μ(MoKα) = 3.327 mm-1, Dcalc = 1.426 g/cm3, 77117 reflections measured 

(2.996° ≤ 2𝛩	≤ 52.834°), 11066 unique (Rint = 0.0588, Rsigma= 0.0434) which were used in 

all calculations. The final R1 was 0.0408 (I > 2σ(I)) and wR2 was 0.0876 (all data). CCDC 

Deposition Number: 2015113. 
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CHAPTER III 
 

 

REACTIONS OF POLYFUNCTIONAL PHENOL AND PHENOXIDE 

SUBSTITUENTS WITH GERMANIUM(II) AMIDES AND GERMANIUM(IV) 

HALIDES FOR HYDROGERMYLATION  

 

 

3.1 Introduction 

 Carbenes have been recognized as important conduits between organic and 

inorganic chemistry. Owing to their unique reactivities, they have been noted to play key 

roles as transient intermediates in complex reactions. Carbene chemistry has been 

extensively studied for decades and is now a well understood area in the field. It is this 

level of exploration and analysis of carbenes that have led researchers to investigate the 

reactivities and similarities of the heavier elements in Group 14. Analogous silylenes 

(R2Si:), germylenes (R2Ge:), stannylenes (R2Sn:), and plumbylenes (R2Pb:) are considered 

to be the heavier analogues of carbenes have great importance in applied chemistry due to 

their differences and similarities to carbenes as well as each other.93,94 Although some 

metalenes may exhibit more reactive properties than others, there are instances where they 

display similar reactivities when reacted with metal carbonyls.
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An example of this is seen in Schemes 3.1 and 3.2 with the stannylene (SnNR2) and the 

germylene (GeNR2) (R = SiMe3) that both undergo a CO ligand substitution with transition 

metal carbonyls.95 

 

Scheme 3.1: Reaction of M(CO)6 (M = Cr, Mo, W) with Sn[N(SiMe3)2]2 to yield a CO ligand substitution.95 

 

Scheme 3.2: Reaction of M(CO)6 (M = Cr, Mo, W) with Ge[N(SiMe3)2]2 to yield a CO ligand substitution.95 

The chemistry centered around germylenes was pioneered by M. Lesbre and J. 

Satagé at the University of Toulouse, France in 1948.96 However, difficulties with their 

characterization and isolation was problematic due to the high reactivity of these 

compounds as well as the meager spectroscopic methods available at the time. The high 

reactivity of these compounds potentially stems from the oxidation state of a germylene 

being +2. A trend is seen in the Group 14 compounds that correlates stability of the +2 

oxidation state with the increasing of the principal quantum number (n). This is noted in 

compounds containing atoms that are towards the bottom of Group 14, such as PbCl2 and 

SnCl2, that are air and moisture stable ionic compounds. As seen in Figure 3.1, two 

electrons exist as a singlet pair in the ns orbital, making the germylene ground state a 

singlet. This electron pair centered in the sp2 orbital can effectively allow for germylenes 

to act as a Lewis base and donate its electron density to other species. These differ from 

Sn[N(SiMe3)2]2
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carbenes which have the ground state found normally in a triplet state.93,94,96 This singlet 

state in germylenes also leaves an empty p-orbital that is susceptible to a nucleophilic 

attack given its Lewis acid character as well. It is noted that in order to stabilize germylenes, 

as well as other Group 14 analogues, there is a requirement of either thermodynamic and/or 

kinetic stabilizing ligands. The physical properties and variety in stabilizing ligands could 

give reason as to why germylenes have been shown to exhibit several structural motifs such 

as monomers, dimers, and polymers.97  

 

Figure 3.1: Differences in the ground states of a carbene and a germylene. 

Currently there exists multiple methods for the synthesis of germylenes. Most of 

these methods involve the use of ultraviolet (UV) irradiation to induce a homolytic 

cleavage of a Ge – Ge bond to produce an alkyl or aryl substituted germylene. This is seen 

in the reaction between tetraphenylgermoles and benzyne which leads to the formation of 

a 7,7–disubstituted – 7–germabenzonorbornadiene intermediate that produces a dialkyl 

substituted germylene and tetraphenylnaphthalene upon heating or by UV irradiation. 

Germylene synthesis using UV irradiation is also known in diaryl and bis(silyl) germanium 

compounds, photochemical deazotization of dimethyldiazidogermane, and the photolytical 
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cleavage of strained cyclogermanes containing Ge – Ge bonds.96 Schemes 3.3 – 3.6 display 

the overall reaction processes for these germylenes. 

 

Scheme 3.3: Germylene formation upon UV irradiation after a reaction between tetraphenylgermoles and benzyne.96 

 

Scheme 3.4: Germylene synthesis via UV irradiation of a bis(silyl) germanium compound.96 

 

Scheme 3.5: Germylene synthesis via photochemical deazotization of dimethyldiazidogermane.96 

 

Scheme 3.6: Germylene synthesis via photolytical splitting of strained cyclogermanes.96 

While there exist several synthetic methods for the production of alkyl and aryl 

substituted germylenes, the isolation and characterization of germylenes, as mentioned 

previously, has proved to be complicated due to the high reactivity of these species and 

Ge
Ph

Ph

Ph

Ph

R R

Ge

R R

Ph

Ph Ph

Ph

R = Me, Et, Bu, Ph, 4-MePh

hv or !

Ph
Ph

Ph
Ph

R2Ge: +

Ar2Ge
SiMe3

SiMe3 hv
:GeAr2 + SiMe3Me3Si

Ar = Ph, 4-MePh, 2,6-Me2Ph, 2,6-Et2Ph, Mes, 2,4,6-Pri
3Ph

Me2Ge
N3

N3 hv
- 3 N2

:GeMe2

Me2Ge GeMe2

hv

Ge
Me2

+ Me2Ge:



42 
 

their ability to undergo rapid polymerization. In order to characterize these compounds, 

they must be isolated either in a hydrocarbon matrix at 77 K, or they can be detected by 

the use of chemical trapping methods using 1,3–dienes or benzil. 

While it has been noted that most germylenes are unstable, there has been success 

in synthesizing germylenes that resist polymerization. This is achieved via the attachment 

of bulky ligands such as amido, aryloxo, arylthiolato, alkyl and aryl groups to the 

germanium(II) center. These ligands have been shown to kinetically and/or 

thermodynamically stabilize the germylene compound such that it does not allow 

polymerization to occur, and they exist in a monomer–dimer equilibrium state or in a 

monomeric state alone.98 Of the variety of ligands used to stabilize germanium(II) 

compounds, the most common are the disyl (CH(SiMe3)2) and trimethylsilylamido 

([N(SiMe3)2]) groups which produce the bis[bis(trimethylsilyl)methyl] germanium (II) and 

bis[bis(trimethylsilyl)amido] germanium(II) germylenes, respectively. Both of these 

germylenes exist as monomers and this is due to the nature of the ligands bonded to the 

germanium(II) center. The absence of 𝛽–hydrogens and the presence of a 𝛽–silicon 

impedes metal–ligand decomposition through a 𝛽–elimination pathway. The bulky ligands 

also inhibit access to the germanium(II) center through steric effects therefore limiting the 

reactivity.  Additionally, these ligands contain a significant number of methyl groups that 

not only provide steric bulk, but also provide the benefit of enhancing the solubility of the 

germylenes in hydrocarbon solvents. The added features of having the ligands listed 

attached to the germanium(II) center have allowed for their manipulation. 

Although the two germylenes mentioned previously are similar in bulk, they are 

synthesized by different methods, exist with different solid–state structures, and have 
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exhibited a wide range of reactivity. The compound bis[bis(trimethylsilyl)methyl] 

germanium(II) (Ge[CH(SiMe3)2]2) can be prepared via the reaction of 

bis(trimethylsilyl)methyl lithium and a germanium(II) amide as seen in Scheme 3.7.99 

 

Scheme 3.7: Synthesis of Ge[CH(SiMe3)2]2 via a reaction of Li[CH(SiMe3)2] and a germanium(II) amide.99 

Ge[CH(SiMe3)2]2 has been shown to be dimeric in the crystalline state as displayed 

in Figure 3.2, but interestingly reacts in solution as if it were monomeric. This behavior 

can be most likely attributed to the weak nature of a Ge – Ge bond. A typical Ge – Ge bond 

measures 2.347(2) Å, which is indicative of a Ge – Ge double bond, while the average Ge 

– C bond distance measure 2.011(3) Å and the Ge – Ge – C bond angles are 113.7(3)o and 

122.3(2)o.100  

2 Li[CH(SiMe3)2]
Ge[N(SiMe3)2]2
Et2O, 0 to -20oC Ge[CH(SiMe3)2]2 + 2 Li [N(SiMe3)2]
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Figure 3.2: X-ray crystal structure of Ge[CH(SiMe3)2]2.100 

The germylene Ge[CH(SiMe3)2]2 has been used in the CH activation of compounds 

including alkanes,101 ethers,101 cyanides,102 amines,103 and ketones104 however, typically 

the reactions require the use of MgCl2 or PhI. Several reaction examples can be seen in 

Schemes 3.8 – 3.12 showing the unique reactivity of Ge[CH(SiMe3)2]2.  
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Scheme 3.8: CH activation of some alkanes and ethers with Ge[CH(SiMe3)2]2 and PhI.101 

 

Scheme 3.9: CH activation of some cyano containing alkyl compounds with Ge[CH(SiMe3)2]2. Reactions were 
performed using MgCl2 or LiCl in THF.102 
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Scheme 3.10: CH activation of compounds containing amine groups with Ge[CH(SiMe3)2]2 in the presence of PhI.103 

 

Scheme 3.11: CH insertion reactions of Ge[CH(SiMe3)2]2 with ketones in the presence of MgCl2.104 
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Scheme 3.12: CH insertion reactions of Ge[CH(SiMe3)2]2 without MgCl2 resulting in OH insertion.104 

Initially reported by Lappert et al, in 1974105 the second most common 

germanium(II) compound utilizes the bulky nature of the electron withdrawing 

trimethylsilylamido ligand to kinetically stabilize the germylene and this compound is 

isolated in a monomeric state. This is likely due to the nitrogen atoms being directly bonded 

to the germanium, and since they have some electron withdrawing ability, can result in an 

electron deficient germanium center rendering the electron lone pair to be less reactive. 

Additionally, another reason for this compound to exist in a monomeric state is that the 

trimethylsilylamido ligands lacks 𝛽-hydrogens and the presence of bulky 𝛽-silicon 

atoms.105–109 

When synthesized, the germylene Ge[N(SiMe3)2]2 exhibits a yellow/orange 

thermochromatic color existing as a liquid at room temperature and becomes colorless 

upon cooling to -192oC. The schematic synthesis of this reaction can be seen in Scheme 

3.13, where germaniumdichloride•1,4–dioxane is reacted with two equivalents of lithium 

hexamethyldisilazane producing the desired germylene as well as two equivalents of 

lithium chloride and 1,4–dioxane.105 
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Scheme 3.13: Synthesis of Germanium Bis[bis(trimethylsilyl)amide].105 

X-ray crystal structure analysis of the germanium (II) amide shown in Figure 3.3 reveals a 

bent geometry with the germanium–nitrogen bond distances measuring 1.873(5) and 

1.878(5) Å while the N–Ge–N angle measures 107.1(2)o.98,109 

 

Figure 3.3: X-ray crystal structure of Ge[N(SiMe3)2]2.98 

While achievable however, the synthesis of Ge[N(SiMe3)2]2 via the reaction of 

germaniumdichloride•1,4–dioxane and lithium hexamethyldisilazane results in only 

moderate yields ranging up to 67%.105 The reason for this resides in the formation of the 

GeCl2独(1,4 - dioxane) + 2 LiN(SiMe3)2 :Ge[N(SiMe3)2]2 + 2 LiCl +
O

O
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highly acidic trichlorogermanium hydride intermediate, shown in Scheme 3.14, that is 

produced during the synthesis of the germanium dichloride•1,4–dioxane precursor 

compound.100,110 

 

Scheme 3.14: Synthesis of the germaniumdichloride•1,4–dioxane precursor compound with the highly acidic 
trichlorogermanium hydride intermediate required for the formation of Ge[N(SiMe3)2]2.110 

 

Efforts to improve on the efficiency and yield of this synthesis route were developed by 

Roskamp et al. where Ge[N(SiMe3)2]2 was synthesized via a stabilized 

triphenylphosphonium–trichlorogermanate intermediate in 1992.110 This method involved 

a multistep synthesis beginning with reacting a solution of triphenylphospine and 

germanium tetrachloride with tributyltin hydride in diethyl ether at room temperature to 

yield the triphenylphosphonium–trichlorogermanate complex as well as tributyltin 

chloride. The triphenylphosphonium–trichlorogermanate was then crystallized out and 

further reacted with triethylamine to yield triethylammonium–trichlorogermanate and 

triphenylphosphine. Lastly, the triethylammonium–trichlorogermanate was reacted with 

three equivalents of lithium hexamethyldisilazane to yield the final product 

Ge[N(SiMe3)2]3 in a 70–77% yield as well as triethylamine, lithium chloride, and 

hexamethyldisilazane as by–products. This reaction scheme is shown in Scheme 3.15. 

Further adding to the efficiency of this reaction was the fact that the stabilized intermediate 

reduced the number of side reactions and most of the final by–products of these reaction 

were volatile allowing for a facile work–up.110 
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Scheme 3.15: Complete synthetic pathway for the formation of Ge[N(SiMe3)2]2.110 

The reactivity of Ge[N(SiMe3)2]2 has been shown to be quite versatile in CH 

insertion and activation reactions, similar to the previous germylene presented 

(Ge[CH(SiMe3)2]2). What has been explored more in the relative ability of Ge[N(SiMe3)2]2 

versus Ge[CH(SiMe3)2]2 is to be used as a ligand for transition metal elements. Studies 

have shown that Ge[N(SiMe3)2]2 can act as a ligand for copper,111 ruthenium,112 nickel,113 

chromium, molybdenum, tungsten, platinum, and palladium.95 A few examples of these 

reactions can be seen in Scheme 3.16. 

 

Scheme 3.16: Example reactions of Ge[N(SiMe3)2]2 with transition metal compounds.95,113 

The ability of Ge[N(SiMe3)2]2 to react with organic compounds and main group 

elements has also been observed, and includes the formation of Ge–Si,114 Ge–O,115 Ge–

N,116 Ge–S,117 Ge–Se,117 and Ge–Te117 bonds. These reaction schemes can be seen in 

Schemes 3.17 – 3.19. 
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Scheme 3.17: Formation of a Ge – Si bond.114 

 

Scheme 3.18: Formation of a Ge–O bond.115 

 

Scheme 3.19: Formation of sulfur, selenium, and tellurium germanium bonds.117 
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Reactions involving transition metal ligand substitution and main group metals 

have demonstrated the unique reactive properties of Ge[N(SiMe3)2]2. However, this species 

has also been applied in the synthesis of germanium (II) aryloxides (aryloxygermylenes). 

Germanium aryloxides contain a single germanium atom bonded to two or more phenolic 

oxygens with the aromatic rings on the oxygen having varying substitution patterns at the 

ortho-, meta-, and para- positions. Typically synthesized via a protonolysis reaction with 

Ge[N(SiMe3)2]2 and two equivalents of a phenol, the product structure is dependent on the 

steric bulk of the ligands bonded to the germanium(II) center. Depending on the degree of 

substitution variability and steric bulk of the phenol, the germanium aryloxide can 

potentially exist in a monomeric or dimeric state. Dimeric species have been prevalent 

when aryl groups are used such as (OC6H2Me3–2,4,6,) or (OC6H3iPr2–2,6).118 Monomeric 

species are formed when the aryl groups that are used are (OC6H3Mes2–2,6),115 

(OC6H2Me–4–But2–2,6),118 and (OC6HPh4–2,3,5,6).118 Reaction schemes for the synthesis 

of these aryl oxide germanium (II) compounds can be seen in Schemes 3.20–3.22. 

 

Scheme 3.20: Dimeric germanium aryloxide synthesis with OC6H2Me3–2,4,6 and OC6H3
iPr2–2,6.118 
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Scheme 3.21: Synthesis of a monomeric germanium aryloxide with OC6H3Mes2–2,6.115 

 

Scheme 3.22: Synthesis of a monomeric germanium aryloxide with OC6HPh4–2,3,5,6 and OC6H3Ph2–2,6.118 

The monomeric germanium(II) aryloxide [Ge(O6HPh4–2,3,5,6)2] has been isolated 

and additionally, the reactivity of this compound can be further explored by reacting it with 

methyl iodide via an oxidative addition of the germanium (II) center into the C-I bond to 

yield a germanium(IV) aryloxide complex [Ge(OC6HPh4–2,3,5,6)2(Me)(I)] as shown in 

Scheme 3.23.118 This compound is only seen as the major product when the ligand bonded 

to the germanium(II) center is OC6HPh4–2,3,5,6 and not with OC6HPh2–2,6. When 

OC6HPh2–2,6 is used, a trisubstituted derivative is formed as shown in Scheme 3.24, and 

it is believed that this derivative is formed with OC6HPh2–2,6 and not OC6HPh4–2,3,5,6 
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germanium(II) center. The trisubstitution is observed after oxidative addition of methyl 

iodide onto the germanium (II) center has occurred, thus making the sole isolation of 

[Ge(OC6HPh2–2,6)2(Me)(I)] quite difficult.89 This has then lead to the exclusive use of 

OC6HPh4–2,3,5,6 as the main ancillary ligands to synthesize the germanium(IV) 

compound [Ge(OC6HPh4–2,3,5,6)2(Me)(I)]. It is expected that the steric and electronic 

properties at the germanium(IV) center can be altered by variation of the methyl group to 

other substituents. The germanium–iodide bond potentially can be reduced to form a 

germanium–hydride species that could then be used as a hydrogermylation reagent for 

alkenes, alkynes, and ketones in the presence or absence or a radical initiator. It is also 

expected that the hydrogenating ability of the hydrides [Ge(OC6HPh4)2(R)(H)] will be 

dependent on the nature of the organic substituent bonded to the germanium(IV) center, 

and also that asymmetric hydrogermylation reactions might be possible under the right 

reaction conditions. The synthetic pathway for the formation of these compounds is shown 

in Scheme 3.25 and the attempted synthesis, characterization, and application will be the 

foci of the following chapters. 

 

Scheme 3.23: Oxidative addition of methyl iodide onto the germanium (II) center.118 
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Scheme 3.24: Formation of a tris substituted germanium aryloxide complex with OC6HPh2–2,6 as the supporting 

ligand.89 

 

Scheme 3.25: Overall reaction scheme for the synthesis of the germanium aryloxide [Ge(OC6HPh4)2(R)(H)] for 
hydrogermylation of an alkene. 

3.2 Results and Discussion 
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tetraphenylphenol (1b). Lastly, the brominated phenol is reacted with nbutyl lithium at -

78oC in tetrahydrofuran (THF) and quenched with methanol to yield compound 1c.  

 

Scheme 3.26: Synthetic pathway for obtaining compounds 1a,1b, and 1c.119 

While this synthetic pathway did produce the desired phenol in high yields of up to 80%, 

obtaining compound 1c in a pure form was a consistent problem. In the final step, 

compound 1b was never fully debrominated to the desired phenol as shown by the 1H NMR 

spectra in Figure 3.4, which resulted in a 1:4 ratio of compounds 1b and 1c respectively. 

A resonance at 𝛿 5.00 ppm due to the hydroxyl group on 1b is present as well as a resonance 

at 𝛿 5.23 ppm belonging to the hydroxyl group of 1c. Due to the chemical similarities of 
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Figure 3.4: 1H NMR spectrum displaying the hydroxyl group resonances of compounds 1b and 1c. 

This problem of purity was resolved by using a different synthetic route constructed by 

Yates and co-workers120 that used similar methods, but a different stoichiometry. Similar 

to the steps shown in Scheme 3.26 the addition of Br2 was carefully measured out as one 

equivalent to prompt a tautomerization reaction in compound 1a that induces aromatization 

of the center ring and shifts equilibrium to the products allowing the enol product to form. 

As long as there is no more than one equivalent of Br2 in the solution mixture, the reaction 

proceeds to exclusively form compound 1c without any traces of the brominated compound 

1b, as shown in the 1H NMR in Figure 3.5. 
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Figure 3.5: 1H NMR spectrum of compound 1c. 

With the successful formation of the precursor for the ancillary ligands, the next 
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Successful formation of the germylene aryloxide [(OC6HPh4)2Ge:] (2) was detected using 

1H NMR spectroscopy with the disappearance of the hydroxy resonance at 𝛿 5.24 ppm as 

well as the –SiMe3 resonance at 𝛿 0.3 ppm. Based on previous	studies done by Weinert and 

co-workers,118 the oxidative addition of methyl iodide to compound 2 would produce the 

compound [(OC6HPh4)2Ge(Me)(I)] (3). An indication of a successful germanium-methyl 

bond is seen in the 1H NMR spectra in the range of 𝛿 –0.5 to –0.2 ppm based on previous 

results using a germanium aryloxide having 2,6–diphenylphenoxy ligands.89 These results, 

however, could not be reproduced. While there appeared to be a negative singlet resonance 

4.84.95.05.15.25.35.45.55.65.75.85.96.06.16.26.36.46.56.66.76.86.97.07.17.27.37.47.5

f1	(ppm)

1
.0
0

1
3
.8
5

9
.0
0

1
.0
1

5
.2
4

6
.9
2

6
.9
4

6
.9
6

6
.9
6

6
.9
8

6
.9
8

6
.9
9

6
.9
9

7
.0
0

7
.0
1

7
.0
2

7
.0
3

7
.0
4

7
.0
4

7
.1
6

C
6
D
6

7
.2
3

7
.2
4

7
.2
4

7
.2
5

7
.2
6

7
.2
6

7
.3
2



59 
 

well within the range expected for a germanium–methyl bond, as shown in Figure 3.6, the 

hydroxy resonance as well as the trimethyl silyl resonance did not diminish. While the 

reaction appears to proceed at room temperature, it was clear that the hydroxy resonance 

and trimethylsilyl resonances were still not diminishing in intensity even after the reaction 

mixture was refluxed. Hexane washes as well as a low pressure (0.001 torr) kugelrohr 

distillation were performed in an attempt to remove any unwanted impurities or starting 

material as well as to isolate compound 3, but this also proved to be unsuccessful. 

 

Figure 3.6: 1H NMR spectrum of the mixture of 3, 1c, and Ge[N(SiMe3)2]2 after attempted isolation and purification. 

Other phenols were also reacted with Ge[N(SiMe3)2]2 in an attempt to gain a better 

understanding as to why the reactions with compound 1c were not producing the intended 

product, as well as to provide different steric attributes on the germylene species. The 

commercially available 2,4,6–tri–tert–butylphenol and 2,6–di–tert–butyl–4–ethylphenol 
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were reacted with Ge[N(SiMe3)2]2 to form the products [(OC6H2But3)2Ge:] (4) and 

[(OC6H2But2Et)2Ge:] (5) as shown in Scheme 3.27.  

 

Scheme 3.27: Attempted synthesis scheme of compounds 4 and 5. 

The 1H NMR spectra of these products again indicated that the hydroxy resonance persisted 

as well as the trimethylsilyl resonance. There also appeared to be several new resonances 

that may be attributed to the formation of both 4 and 5; however, these compounds could 

not to be purified or isolated. Multiple tert–butyl resonances were present in the 1H NMR 

spectra of 4 and 5 indicating that both the desired product as well as staring material were 

present. Based on further analysis of the spectra as shown in Figures 3.7 and 3.8, it was 

deduced that Ge[N(SiMe3)2]2 had been oxidized or hydrolyzed in some manner rendering 

it unavailable for protonolysis reactions with phenols.  
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Figure 3.7: 1H NMR spectrum of the product from the attempted synthesis of compound 4. 
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Figure 3.8: 1H NMR spectrum of the product from the attempted synthesis of compound 5. 
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deprotonate the hydroxy group thereby localizing the electron density around the oxygen 

and creating a stronger nucleophile in the process. Once the reaction mixture stopped 

producing H2 gas, an orange solid remained likely owing to the increased conjugation 

throughout the phenyl rings of the compound (K+O-C6HPh4) (1d). Compound 1d was then 

dissolved in THF and added dropwise via an addition funnel to a solution of C3H5GeCl3 in 

THF to yield compound 6. This reaction scheme as shown in Scheme 3.28. 

 

Scheme 3.28: Preparation of compound 1d using potassium hydride for the nucleophilic attack on C3H5GeCl3 for the 
formation of compound 6. 

The 1H NMR spectrum of the product revealed several resonances that appeared downfield 

indicating the reaction may have produced several unknown products. Due to the 

nucleophilic nature of the allyl substituent, possible side reactions could have occurred and 

causing several products to form. This was noted in the 1H NMR spectra as there were 

several multiplets ranging from 𝛿 4.4 ppm to 𝛿 5.9 ppm. Due to this uncertainty, a definitive 

conclusion could not be made on whether compound 6 was produced. The spectra are 

shown in Figure 3.9. The singlet at 𝛿 5.25 ppm also suggests that compound 1d may have 

been protonated in the process of the nucleophilic attack. 
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Figure 3.9: 1H NMR spectrum of the attempted synthesis of 6. 

With the possibility of several compounds being produced in this reaction and a possible 

reformation of compound 1c, the allyl germanium trichloride was deemed not useful for 

nucleophilic attacks and was not considered any further. Instead, phenylgermanium 

trichloride (PhGeCl3) was used in an attempt to introduce a greater steric hinderance around 

the germanium(IV) center and allow compound 1d to only attack twice. Similar to the 

allylgermanium trichloride, the phenoxide salt was dissolved in THF and added dropwise 

to a solution of PhGeCl3 in THF. The presumed product [(OC6HPh4)2Ge(Ph)(Cl)] (7) was 

then reacted with lithium aluminum hydride to produce [(OC6HPh4)2Ge(Ph)(H)] (8). The 

reaction scheme can be seen in Scheme 3.29.  
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Scheme 3.29: Synthetic pathway for the attempted synthesis of 7 and 8. 

Compound 8 was characterized using 1H NMR spectroscopy to reveal what appeared to be 

an uncharacteristically upfield hydride resonance at 𝛿 4.24 ppm as shown in Figure 3.10. 

The peak also appeared to be small in comparison to the phenyl region and was 
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resonance was in fact a dichloromethane impurity. To investigate this, slow evaporation of 
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crystals for x-ray diffraction that could confirm the substitution pattern that was achieved 
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compound 1c upon X-ray crystallographic analysis.  
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Figure 3.10: 1H NMR spectrum of the suspected compound 8. 

3.3 Conclusion 

Formation of compound 2 using synthetic techniques that have been previously 

reported did not produce the intended result. While it was clear that a germanium–methyl 
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circumstances, a new synthetic pathway was attempted with the goal of producing the same 

intended germanium aryloxide. 

The results that were realized during the attempted synthesis of sterically 

encumbered germanium aryloxides has shown that using the anion of 1c for nucleophilic 

attacks on germanium(IV) compounds is too reactive to produce a single dominant product. 

This was noted primarily when C3H5GeCl3 was used as there were multiple resonances 

appearing in the 1H NMR spectra. This may be in due part to the lack of rigidity associated 

with compounds 1c as well as 1d, owing to the rotation of the phenyl rings. This lack of 

rigidity may be a reason as to why there may appear to be mono-, di-, and tri- substitution 

of the chloride atoms on C3H5GeCl3. 

This did not appear to be the case when the compound PhGeCl3 was used instead 

of C3H5GeCl3. This may be related to the phenyl group being much larger and sterically 

bulkier than the allyl group, suggesting that a more sterically hindered compound is needed 

for a di–substitution to occur exclusively. While the reduction of compound 7 to form 

compound 8 does appear to form a hydride due to a resonance at 𝛿 4.24 ppm in the 1H 

NMR spectrum of the products, there is still a level of uncertainty pertaining to how close 

it is in the region of being CH2Cl2. Proceeding with the next step of reacting compound 8 

with an alkene did not seem reasonable seeing as there were multiple indistinguishable 

products present. 

Overall, the experiments performed made it clear that a more rigid ligand, 

potentially with bidentate properties, would be a more suitable option for a di–substitution 

to occur exclusively. Such rigidity is found in binaphthol compounds and can be attributed 
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to the axial chirality contributing to a more stable compound that resists racemization. 

Using binaphthol as a ligand will be the focus of the following chapter. 

3.4 Experimental Section 

General Remarks 

 Handling and manipulation of air and moisture sensitive compounds were carried 

out under a nitrogen atmosphere using standard Schlenk, syringe, and glovebox techniques. 

Solvents were dried using a Glass Contour solvent purification system. Compounds that 

are not sensitive to air or moisture were done on a benchtop using standard glassware. The 

reagents C3H5GeCl3, PhGeCl3, LiAlH4, iodomethane, bromine, potassium hydride, 2,4,6–

tri–tert–butylphenol, 2,6–di–tert–butyl–4–ethylphenol, and Ge[N(SiMe3)2]2 were 

purchased from Gelest and were used without further purification. Preparation of 2,3,5,6 – 

tetraphenylphenol was prepared according to the procedure of Yates and the spectral data 

matched with Hoveyda’s reports.119,120 NMR spectra were acquired using Bruker Avance 

III spectrometer operating at 400.0 MHz (1H) or 100.57 MHz (13C). 

Synthesis of Compound 1a 

 This procedure was based on Hoveyda’s report.119 An oven-dried round bottomed 

flask was charged with a magnetic stir bar along with 1,3–diphenylacetone (5.0 g, 23.78 

mmol) and dissolved in 25 mL of methanol. To this solution (E)–1,3–diphenyl–2–

propanone (4.95 g, 23.78 mmol) was also added and allowed to dissolve. Excess sodium 

methoxide in methanol (20 mL of 25 wt. %) was then added dropwise to the solution and 

monitored via thin layer chromatography for consumption of the starting material. Upon 

completion, the now yellow solution was refluxed for 18 hours after which the solution 

was black with a white precipitate. The crude reaction mixture was cooled in an ice bath, 
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filtered through a single sided glass frit, and washed with cold methanol. The white 

precipitate was recrystallized from a hot toluene/methanol mixture to give white crystals. 

Filtration and washing with cold toluene yielded 6.99 g (73%) of 2,3,5,6–tetraphenyl–2–

cyclohexanone. 1H NMR (C6D6, 25oC): 𝛿 [ppm] 7.25 – 7.23 (2H, aryl), 7.10 – 6.89 (18H, 

aryl), 3.70 (d, J = 12.4 Hz, 1H, CH ortho to carbonyl), 3.54 – 3.48 (m, 1H, CH meta to 

carbonyl), 2.89 – 2.76 (m, 2H, CH2 para to carbonyl). 13C NMR (C6D6, 25oC):	𝛿 [ppm] 

198.10, 152.0, 146.72, 142.82, 138.45, 137.77, 136.69, 131.55, 129.88, 128.76, 128.62, 

128.58, 128.44, 128.20, 127.8, 127.59, 126.99, 126.80, 126.71, 59.61, 47.79, 40.95.  

Synthesis of 1b 

  This procedure was based on Hoveyda’s report.119 An oven-dried round-bottomed 

flask was charged with a stir bar and compound 1a (1.5 g, 3.75 mmol) along with 25 mL 

of glacial acetic acid. Br2 (0.5 mL, 9.76 mmol) was added dropwise and the reaction was 

refluxed for 14 hours after which the solution was a bright orange color. The flask was 

allowed to cool, and 50 mL of deionized H2O was added followed by a filtration through a 

single sided glass frit. The filtration gave a pale–yellow solid that was recrystallized from 

a hot toluene/methanol mixture to yield 1.34 g (75%) of 4–bromo–2,3,5,6–

tetraphenylphenol as white crystals. 1H NMR (C6D6, 25oC): 𝛿 [ppm] 7.22 – 7.20 (5 H, 

aryl), 7.02 – 6.81 (15 H, aryl), 5.00 (s, 1H, OH). 13C NMR (C6D6, 25oC): 𝛿 [ppm] 152.01, 

143.45, 141.75, 138.33, 137.89, 131.04, 130.76, 129.42, 128.50, 127.39, 124.50, 122.92. 

Synthesis of 1c 

 This procedure was based on the procedure of Yates.120 An oven-dried round-

bottomed flask was charged with a stir bar and compound 1a (3.5 g, 8.74 mmol) along with 

50 mL of glacial acetic acid. Br2 (0.45 mL, 8.74 mmol) was added dropwise and the 
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reaction was refluxed for 9.5 hours. Upon completion the compound, was cooled in an ice 

bath and filtered through a single sided glass frit to reveal a white solid. The white solid 

was washed several times with deionized H2O and was recrystallized in hot toluene to yield 

3.34 g (95%) of 2,3,5,6–tetraphenylphenol as white crystals. 1H NMR (C6D6, 25oC): 𝛿 

[ppm] 7.32 (s, 1H, central aryl CH), 7.24 (m, 8H, aryl), 7.04 – 6.82 (12H, aryl), 5.24 (s, 

1H, OH). 13C NMR (C6D6, 25oC): 𝛿 [ppm] 150.45, 142.88, 141.20, 136.0, 131.50, 130.14, 

128.65, 127.92, 127.52, 126.68, 126.25, 124.52. 

Synthesis of 1d 

 An oven-dried Schlenk flask was charged with a stir bar, compound 1c, (1.13 g, 

2.84 mmol) along with 15 mL of THF, and stirred to dissolve the solid. A separate oven-

dried Schlenk flask was charged potassium hydride (3 equivalents, 30 wt. %, 1.15 g) along 

with a stir bar, 15 mL of THF, and was cooled to 0o C in an ice bath. With both flasks under 

a flow of nitrogen gas, quick vacuum pulls were utilized to cannulate compound 1c into 

the potassium hydride solution dropwise with vigorous stirring and a needle to vent off H2 

gas. Once the formation of H2 gas had stopped, the reaction was filtered through a double–

sided frit under a nitrogen atmosphere and the volatiles were removed in vacuo. The 

product was washed with hexane to remove excess mineral oil from the potassium hydride 

and revealed to be an orange solid with a mass of 1.16 g (93%). 1H NMR (C6D6, 25oC): 𝛿 

[ppm] 7.38 (m, 5H, aryl), 7.19 (s, 2H, aryl), 7.05 (dd, J = 8.3, 6.8 Hz, 5H, aryl), 7.00 – 6.92 

(m, 2H, aryl), 6.88 (s, 1H, aryl), 6.75 (t, J = 7.5 Hz, 4H, aryl), 6.62 (t, J = 7.3 Hz, 2H, aryl). 

13C NMR (C6D6, 25oC): 𝛿 [ppm] 152.02, 142.79, 136.80, 136.0, 129.31, 127.85, 127.52, 

123.20, 120.03. 

Attempted synthesis of 2 
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Under a nitrogen atmosphere, a vial equipped with a stir bar was charged with 15 

mL of benzene, and compound 1c, (3.00 g, 7.53 mmol). The mixture was stirred to dissolve 

the solid. In a second vial, Ge[N(SiMe3)2]2 (1.41 g, 3.58 mmol) was dissolved in 10 mL of 

benzene. The solution of compound 1c was added dropwise to the vial containing 

Ge[N(SiMe3)2]2 with stirring and allowed to react for 12 hours. The solution was then 

transferred to a Schlenk flask, and the volatiles were removed in vacuo. After NMR 

analysis showed there was still staring material present, the mixture was redissolved in 25 

mL of benzene and left to reflux for 12 hours. After removal of the volatiles again, a white 

solid was left that was analyzed via NMR spectroscopy to show that starting material was 

still present in the mixture. The mixture was washed with hexane and was distilled at low 

pressure (0.001 torr) in an effort to purify product that may have formed. The mixture could 

not be separated. The partially formed compound 2 was still reacted further to determine if 

there were trace amounts of the desired germylene produced. 

Attempted synthesis of 3 

 Under a nitrogen atmosphere compound 2 (0.09 grams, 0.1 mmol) was charged to 

a vial along with 5 mL of benzene and a stir bar. To this solution, methyl iodide (15 mg, 

0.1 mmol) that had previously been dried over molecular sieves and MgSO4, was added 

dropwise and left to react for 12 hours. Removal of the volatiles in vacuo revealed a white 

solid with a resonance indicative of a germanium–methyl bond however starting material 

was still present in the mixture. The mixture was distilled at low pressure (0.001 torr) as 

well as washed with hexane in an effort to purify the desired product 3. The mixture could 

not be separated. The impure compound 3 was not reacted further. 

Attempted synthesis of 4 
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 Under a nitrogen atmosphere Ge[N(SiMe3)2]2 (1.0 g, 2.54 mmol) was charged to a 

vial along with 10 mL of hexane and a stir bar. The mixture was stirred to dissolve the 

solid. A solution of 2,4,6–tri–tert–butylphenol (1.4 grams, 5.33 mmol) in 10 mL of hexane 

was added dropwise to the solution containing the germylene with stirring and left to react 

for 12 hours. The solution was transferred to a Schlenk flask, and the volatiles were 

removed in vacuo to reveal a yellow solid. NMR spectroscopic analysis showed starting 

material was still present along with multiple tert–butyl resonances indicating there may 

be product in the mixture. The mixture was washed with hexane, filtered, and distilled at 

low pressure (0.001 torr), but pure compound 4 could not be separated.  

Attempted synthesis of 5 

 Under a nitrogen atmosphere Ge[N(SiMe3)2]2 (1.0 g, 2.54 mmol) was charged to a 

vial along with 10 mL of hexane and left to dissolve. A solution of di–tert–butyl–4–

ethylphenol (1.26 g, 5.37 mmol) in 10 mL of hexane was added dropwise to the solution 

containing the germylene with stirring and left to react for 12 hours. The solution was 

transferred to a Schlenk flask, and the volatiles were removed in vacuo to reveal a white 

solid. NMR spectroscopy analysis showed starting material was still present. The ethyl 

resonances also appeared as multiplets and there were multiple tert–butyl resonances as 

well indicating that some product may be present. The mixture was washed with hexane, 

filtered, and distilled at low pressure (0.001 torr), but pure 5 could not be separated. 

Attempted synthesis of 6 

C3H5GeCl3 (252 mg, 1.15 mmol) was charged to an oven-dried Schlenk flask, along 

with a stir bar and 10 mL of THF under a nitrogen atmosphere. In an oven-dried addition 

funnel was placed a solution of compound 1d (1.00 g, 2.3 mmol) in 10 mL of THF. The 
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addition funnel was attached to the opening of the Schlenk flask and allowed to slowly drip 

into the solution of C3H5GeCl3 with vigorous stirring and left to react for 12 hours. Upon 

completion the volatiles were removed in vacuo to reveal a white solid. NMR spectroscopy 

revealed several multiplets suggesting the reaction produced several unknown compounds. 

Compound 6 was not reacted any further. 

Synthesis of 7 

 PhGeCl3 (200 mg, 0.78 mmol) was charged to an oven dried Schlenk flask under a 

nitrogen atmosphere along with a stir bar and 10 mL of THF. In an oven dried addition 

funnel was placed a solution of compound 1d (682 mg, 1.56 mmol) in 10 mL of THF. The 

addition funnel was attached to the opening of the Schlenk flask, allowed to slowly drip 

into the solution of PhGeCl3 with vigorous stirring, and left to react for 12 hours. Upon 

completion the volatiles were removed in vacuo to reveal 560 mg (74%) as a white solid. 

1H NMR (C6D6, 25oC): 𝛿 [ppm] 7.24 – 6.85. 

Synthesis of 8 

 Compound 7 (500 mg, 0.51 mmol) was charged to a vial under a nitrogen 

atmosphere along with a stir bar and 10 mL of THF. LiAlH4 (30 mg, 0.79 mmol) was added 

directly to the vial containing compound 7 slowly with vigorous stirring. The solution was 

left to react overnight for 12 hours and upon completion was transferred to a Schlenk flask 

where the volatiles were removed in vacuo. A hot benzene extraction was done followed 

by a filtration through a double–sided glass frit with celite. The volatiles were once again 

removed in vacuo to reveal 400 mg (83%) as a white solid. 1H NMR (C6D6, 25oC): 𝛿 [ppm] 

7.24 – 6.85, 4.24.
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CHAPTER IV 
 

 

SYNTHESIS, CHARACTERIZATION, AND FUNCTIONALITY STUDIES OF A C2–

SYMMETRICAL CHIRAL GERMANIUM SPECIES FOR 

HYDROGERMYLATION AND GERMYLIUM ION FORMATION 

 

 

4.1 Introduction 

The formation of chiral main group compounds has been explored due to the fact 

that they may be used for other potentially powerful synthetic processes. Radical reactions 

involving chiral tin compounds in particular have developed significantly due to the 

compounds produced and proceed with high stereoselectivity.121,122 This can be attributed 

mainly to the stereocontrol of the compound and is accomplished through the use of chiral 

auxiliaries linking to the radical center.123 Stereocontrol of a tin compound can occur via 

an atom- or group–transfer reaction between a prostereogenic radical and a chiral radical 

to produce a new chiral tin compound. Through this method, a chiral tin compound can be 

converted to a tin hydride compound and can exist as a nonracemic mixture through the 

intermediacy of diastereomeric transition states. 
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Through the use of tin hydride compounds, free-radical based processes can be used to 

create a multitude of compounds some of which include the tandem construction of multi-

ring systems of biological importance.124–126  

Formation of chiral main group compounds have also been realized through the use 

of chiral auxiliaries. The axially chiral binaphthyl compound has been used extensively as 

an auxiliary ligand in main group chiral compounds. Being first pioneered by Curran et al 

in 1996, the use of a bidentate chiral binaphthyl ligand was used to synthesize a chiral tin 

hydride compound through a stepwise synthetic method displayed in Scheme 4.1.  

 

Scheme 4.1: Synthesis of the chiral tin hydride compound (S)-4,5-Dihydro-4-methyl-3H-dinaphtho[2,-c: l ',2'-
e]stannepin.127 

The chiral tin hydride was then used in the reduction of (R) – (–) –1,2–diphenylpropan–1–

one, as shown in Scheme 4.2, under a variety of different reaction conditions bearing low 

to moderate yields, and varying enantiomeric excess (ee) values that are collected in Table 

4.1.127 

 

Scheme 4.2: A chiral tin hydride is employed for the reduction of (R) – (–) –1,2–diphenylpropan–1–one.127 
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Entry Conditions Yield (%) Ee (%)a 

1 AIBN, 80oC 70 11 

2 AIBN, - 78oC 54 20 

3 Et3B, - 78oC, airb 12 30 

4 Et3B, - 78oC, airc 13 32 

5 Et3B, - 78oC, N2d 45 25 

6 Et3B, - 78oC, aire 35 11 

7 Et3B, - 78oC, airf 30 41 

Table 4.1. Reaction conditions, yields, and enantiomeric excess results for the reduction of (R) –  

(–) –1,2–diphenylpropan–1–one using a chiral tin hydride. a) Determined by chiral HPLC. b) 

Addition of 30% Et3B every 2 h for 16 h. c) Addition of 30% Et3B every 30 min for 4 h. d) 

Addition of 30% Et3B every 10 min for 90 min. e) Addition of Et3B (10 eq) together with the other 

reagents f) Addition of 30% Et3B every 1 min for 30 min, then 1 h at -78oC.127 

 

The results produced from these experiments led other research from Schiesser128 and 

Metzger129 to further explore the free-radical reactivity associated with chiral tin hydride 

compounds. 

More studies were performed on the free-radical reactivity of tin hydrides, but now 

with the inclusion of Lewis acids. As is typical in many enantioselective reductions, the 

addition of a Lewis acid or an increase in steric bulk of the reagent or the substrate, can 

lead to advances in enantioselectivity. This was seen in studies done by Hoshino who 

reported an 88% yield and a 62% ee with the reduction of an iodo-coumarin with Bu3SnH 

in the presence of a chiral Lewis acid (Scheme 4.3).130 
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Scheme 4.3: Reduction of methoxymethyl–𝛼–iodolactone in the presence of a chiral Lewis acid giving a 62% ee.130 

Further reduction studies were performed with enantiopure chiral tin hydrides by Schiesser 

in which several Lewis acids were screened across an array of substrates reporting 

enantioselectivities in excess of up to 90%.128 Selected reactions with yield and ee 

percentage can be seen in Table 4.2. 

Tin hydride Substrate Lewis Acid Product Ee, Conv. 
(%) 

 
   

86, 75 

    

90, 73 

   
 

96, 75 

 

 

MgBr2 

 

92, 96 

 

 
MgI2 

 

95, 76 

O O

I
O

N

OBn
N

OBn
MgI2/Et2O

nBu3SnH, CH2Cl2, -78oC O O

H
O

Sn(H)Ph

2

Ph
O

OEt
Br

Mn
N N

Cl
O ButBut

But But

**

O Ph
O

OEt
H

NMe2

Sn(H)men2

Ph
O

OEt
Br

Mn
N N

Cl
O ButBut

But But

**

O
Ph

O

OEt
H

Me2(H)Sn
Ph

O

OEt
Br Mn

N N

Cl
O ButBut

But But

**

O

Ph
O

OEt
H

Sn(H)Ph

2

Ph
O

OEt
Br

Ph
O

OEt
H

Sn(H)Ph

2

COOEt
Br

MeO

COOEt
H

MeO



78 
 

 
 

MgI2 

 

99, 96 

Table 4.2 Selected reduction reactions performed by Schiesser with chiral tin compounds in the 

presence of Lewis acids in toluene at -78oC.128 

 

The continued use of stannanes has proven to be ubiquitous when used as 

stereoselective radical reducing agents, either alone or in conjunction with chiral Lewis 

acids. However, continued studies using these reagents have also led to unfortunate 

difficulties with their isolation, stability, and potential toxicity. In order to circumvent these 

complications, efforts were placed into the development of silicon and germanium 

containing hydrides for free-radical reductions.131–133 The use of trialkylsilanes were 

initially proposed for free-radical reductions due to their ability to abstract halogen atoms 

more efficiently than stannanes, however, their ability to support radical chain reactions 

was not as prevalent as stannanes.134 This property stems from the fact that silanes are poor 

hydrogen atom donors toward alkyl radicals unless subjected to high temperatures.135 This 

problem was mitigated with the synthesis of a branched silyl compound ((Me3Si)3SiH) that 

lowered the bond dissociation energy of the silicon–hydrogen bond to 79 kcal/mol 

therefore allowing it to perform radical chain reductions of alkyl halides in a manner 

similar to stannanes.132 The reaction scheme and results of these reactions is shown in 

Scheme 4.4 and in Table 4.3. 
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Scheme 4.4. Synthesis of the permethylated silyl hydride for halide reduction.132 

RX Method Reaction time, h Yield, RH (%, via 
GC) 

C18H37Cl A 5 93 

 

A 2.5 95 

 

A 0.25 100 

PhCH2Br B 1.0 100 
C16H33Br A 0.5 100 
C16H33Br B 1.0 100 
C18H37I A 0.1 100 

Table 4.3 Reduction of organic halides by tris(trimethylsilyl)silane. Method A: Photolysis of 

samples in quartz tubes containing equimolar amounts (ca. 0.2 m) of RX and (Me3Si)3SiH in 

hydrocarbon or monoglyme solvent. Method B: Reaction initiated with benzoyl peroxide at 50 °C, 

no solvent.132 

 

Being first reported in 1965 by Gilman and co-workers,136 the compound 

tris(trimethylsilyl)silane ((Me3Si)3SiH) was not further analyzed until nearly 20 years later. 

This analysis revealed (Me3Si)3SiH to be a strong hydrogen donor capable of sustaining 

radical chain reduction of organic substrates similarly to tin hydride compounds. Several 

substrates were screened that included halides,132,137 selenides,132,137 thiono esters,138–140 

isocyanides,138 acid chlorides,137 and sulfides with a heteroatom in the 𝛽-position.141,142 

The reduction reactions and products are shown in Scheme 4.5 and followed similar 
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reaction procedures as noted in Table 4.3, with the inclusion of a radical initiator involving 

higher temperatures in either toluene or benzene. More importantly, however, the results 

of these reactions, as well as the reagent (Me3Si)3SiH and its by-products, proved to be less 

toxic than the corresponding tin containing compounds.140 

 

Scheme 4.5: A series of reduction reactions involving (Me3Si)3SiH.137 

The reductions involving (Me3Si)3SiH as a new reagent, along with perceived 

results of lowered levels of toxicity, allowed for further analysis of other main group 
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elements such as germanium to be explored. With the use of chiral auxiliaries, a series of 

chiral germanium compounds have been synthesized by Curran143 and Schiesser131 and rate 

studies were carried out with data supporting the reduction of organic compounds through 

radical chain processes was obtained. Similar to silicon, the germanium based chiral 

compounds mimic the reduction ability that is known for tin-based compounds. While 

Curran has synthesized these compounds through the use of reduction techniques to 

generate a germanium-sulfur bond, that was shown to improve the stability of these chiral 

compounds when compared to germanium-carbon bonds, Schiesser has explored the 

synthesis of these compounds through the use of uncontrolled Grignard reactions with 

bulky substituents to generate a germanium-carbon bond. The reaction schemes for these 

compounds are shown in Scheme 4.6 and while Schiesser’s method does produce the 

desired chiral germanium hydride species, the overall yield of these compounds suggest 

that Curran’s method of synthesis is more sustainable. As displayed by Curran, obtaining 

a chiral germanium hydride species can be done in two steps and the data collected in Table 

4.4 shows the hydrides have radical chain reduction capabilities. 

 

Scheme 4.6: In Scheme 4.6a, the reaction schematic can be seen for synthesizing a chiral germanium hydride species 
through a series of reductions. In Scheme 4.6b, the reaction schematic can be seen for synthesizing a different chiral 

germanium hydride species through the use of Grignard reactions.131,143 
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Hydride Conformer R Group Temperature 

(oC) 

Initiator Yield (%) Ee (%) 

(R) H –78 Et3B/Ar 97 20 (R) 

(R) H –78 Et3B/hv 96 26 (R) 

(R) TMS –78 Et3B/Ar 70 41 (S) 

(S) TMS –78 Et3B/O2 41 40 (R) 

Table 4.4 Selected radical chain induced reduction of iodo-organic species.143 

 

While the use of sulfur-containing chiral auxiliaries is primarily focused on the 

synthesis of chiral germanium hydrides, an avenue that has not been explored is the use of 

oxygen groups on the chiral auxiliaries to form a germanium-oxygen bond. The use of 

oxygen groups rather than sulfur to attach to germanium could potentially have an impact 

in solubility, reactivity, and characterization of these chiral germanium species. This new 

method of using germanium(IV) halides versus a germanium(II) species also presents a 

more facile method for the formation of the desired hydride species without the unwanted 

formation of side-products or an incomplete reaction. The focus of this chapter will be the 

synthesis, characterization, and functionalization studies associated with reacting a axially 

chiral binaphthol compound with a germanium(IV) species and forming a chiral 

germanium complex. This chapter will also advance on a proposed mechanism for the 
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formation of a chiral germanium complex, as well as its susceptibility to form a germylium 

ion, in an effort to lead into future studies associated with chiral Lewis acid-base adducts.  

4.2 Results and Discussion 

 Synthesis of the binaphthol ligand began with the enantiopure commercially 

available binaphthol as either the R or S conformer. Due to the probability of potential 

polymerization occurring during the formation of the desired chiral germanium species, 

functionalization of the binaphthol ligand was performed in an effort to make the 

compound bulkier. This was accomplished by first protecting the hydroxy groups with 

trimethylchlorosilane, followed by using nbutyllithium (nBuLi) to deprotonate and lithiate 

the 3 and 3ʹ-positions of the now protected binaphthol compound. After these first two 

steps, the lithiated compound was reacted with trimethylchlorosilane again to add 

trimethylsilyl (TMS) groups onto the 3 and 3ʹ-positions followed by the subsequent 

deprotection of the oxygens. The final product was compared to other literature reports and 

was confirmed to be pure.144 The stepwise reaction scheme for the binaphthol compound 

can be seen in Scheme 4.7. 

 

Scheme 4.7: Overall reaction schematic for the synthesis of the chiral auxiliary ligand 3,3'-bis(trimethylsilyl)-[1,1'-

binaphthalene]-2,2'-diol. 

When analyzed via 1H NMR the final product exhibited a single upfield resonance at 𝛿 

0.47 ppm with an integration of 18 hydrogens that can be assigned to the -SiMe3 group, as 

shown in Figure 4.1. 
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Figure 4.1: 1H NMR spectrum of 3,3'-bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol. 

This is observed as a singlet and not a doublet due to the C2 symmetry of the compound. 

With the successful formation of the desired chiral auxiliary ligand precursor, a series of 

different germanium (IV) compounds were reacted with both the R and S conformers of 

the binaphthol derivative with and without the TMS groups. Phenylgermaniumtrichloride, 

benzylgermaniumtrichloride, and methylgermaniumtrichloride were all used for the 

formation of chiral germanium compounds. Using synthetic methods similar to those of 

Curran,143 the germanium (IV) compounds were reacted with both the R and S enantiopure 

TMS-substituted and unsubstituted binaphthol ligands at 0o C, with the dropwise addition 

of excess triethylamine. Upon addition of the triethylamine a white solid immediately 

precipitated out of solution which was confirmed to be triethylamine hydrochloride 
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indicating the reaction was producing the desired chiral species. The overall schematics for 

these reactions can be seen in Scheme 4.8. 

 

Scheme 4.8: The reaction conditions for producing the desired chiral germanium species with different germanium(IV) 
compounds and variations at the ortho positions of the binaphthol. 

While the reactions did produce a series of different chiral germanium species, there 

were irregularities observed in the synthesis of compounds 2a and 2b. Based on the 1H 

spectroscopic data, there appear to be multiple methyl and TMS resonances indicating that 

several different products were formed. This also suggests that the reaction for compounds 

2a and 2b could have undergone a tri-substitution on the germanium(IV) center. A 

perceived reason for this possible outcome stems from the fact that the methyl group on 

the germanium(IV) center is not as large or bulky as a benzyl or a phenyl group. Therefore, 

this suggests that the size of the R` group plays a role in the reaction in that it can allow for 

only a di-substitution to occur on the germanium center and prevents a tri-substitution from 

occurring. Based on this hypothesis, the reaction of methylgermaniumtrichloride with the 

binaphthol compound would yield a mixture of both the desired chiral species 2a and 2b 

as well as a tri-substituted derivative, examples of which are shown in Figure 4.2. 
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Figure 4.2: Compound A represents the desired chiral germanium species and compound B which is a possible by-
product. 

Due to the high air and moisture sensitivity, similar chemical properties and solubility, and 

high boiling point the purification of compounds 2a and 2b proved to be too difficult using 

column chromatography, low pressure distillation, or solvent extraction. For these reasons, 

compounds 2a and 2b were not reacted further. 1H NMR analysis of compounds 3a and 3b 

appeared to be consistent with the intended result however, upon integration of the 

resonances the spectra did not give the expected relative intensities of the peaks. In order 

to solve this problem, attempted recrystallization of compounds 3a and 3b were carried out 

from a series of different solvents in order to form crystals suitable for X-ray 

crystallography. These attempts did not give suitable crystals using either polar solvents, 

nonpolar solvents, or the combination of both and as such the products could not be isolated 

in pure form. This led to compounds 3a and 3b not being reacted any further. 

The formation of compounds 1a and 1b proceeded the most efficiently with little 

to no starting material left upon completion of the reaction, and their 1H NMR spectra 

agreed with the expected structure of the product. As expected with the TMS group 

resonances, the signal of the -SiMe3 resonance in compound 1a was converted into two 

singlets that each integrated to 9 hydrogens indicating the desired product had formed. The 

splitting of the singlet could be noted in Figure 4.3 where the two new TMS resonances 
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now appeared at 𝛿 0.50 ppm and 𝛿 0.19 ppm and there does not appear to be any other 

residual TMS resonances indicating the reaction produced the intended chiral germanium 

species exclusively.  

 

Figure 4.3: 1H NMR spectra of compound 1a. 

Based on the 1H NMR spectra indicating compound 1a had formed successfully, the solid 

was dissolved in a 1:1 mixture of acetonitrile and hexane in an effort to obtain suitable 

crystals for X-ray crystallography analysis. Suitable crystals were obtained after one week 

of slow evaporation, and a crystal structure was acquired confirming compound 1a was 

synthesized successfully and is shown in Figure 4.4 as an ORTEP diagram with relevant 

bond distances (Å) and bond angles (o) in Table 4.5. 
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Figure 4.4: ORTEP crystal structure of compound 1a. 

 

Bond Lengths (Å) Bond Angles (deg) 

Ge(1)-Cl(1) 2.1354(9) O(1)-Ge(1)-Cl(1) 101.40(7) 

Ge(1)-O(1) 1.779(2) O(1)-Ge(1)-C(1) 114.78(12) 

Ge(1)-O(2) 1.773(2) O(2)-Ge(1)-Cl(1) 111.12(7) 

Ge(1)-C(1) 1.902(3) O(2)-Ge(1)-O(1) 106.48(9) 

O(1)-C(26) 1.399(3) O(2)-Ge(1)-C(1) 110.95(12) 
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O(2)-C(7) 1.404(4) C(1)-Ge(1)-Cl(1) 111.68(10) 

  C(26)-O(1)-Ge(1) 116.41(18) 

  C(7)-O(2)-Ge(1) 115.49(19) 

  C(2)-C(1)-Ge(1) 119.7(2) 

  C(6)-C(1)-Ge(1) 119.7(3) 

  O(2)-C(7)-C(8) 116.1(3) 

  C(16)-C(7)-O(2) 119.5(3) 

  C(17)-C(26)-O(1) 119.0(3) 

Table 4.5 Selected bond distances (Å) and angles (deg) for compound 1a. 

 

The average Ge-O bond distance in compound 1a is 1.776 Å which is consistent with that 

expected for germanium(IV)-oxygen single bonds since they range between 1.8 to 2.0 Å. 

The germanium-carbon bonds are also consistent with other reported structures, as well as 

the germanium-chloride bond length.10,145–150 Further analysis of the crystal structure of 

compound 1a reveals that the geometry around the germanium atoms reflects a distorted 

tetrahedral structure with the angles between the C(1)-Ge(1)-O(1), and O(2)-Ge(1)-Cl(1) 

being larger than 109o (114o and 111o respectively). These angles are larger than normal 

due to the steric bulk of the phenyl ring causing angles O(1)-Ge(1)-Cl(1) and O(2)-Ge(1)-

O(1) to accommodate the steric bulk and be significantly smaller (101o and 106o 

respectively). Due to the sterics, this increases the angles between the aromatic carbons 

C(7), C(16), C(17), and C(26) of the seven membered ring to average 117o giving the ring 

a slight distortion. 

With the now complete characterization of compound 1a, the next step in the 

synthetic process was to reduce the germanium-chloride species to a germanium-hydride 

species so it could be used as a hydrogermylation agent. This was first done by reacting 
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compound 1a or 1b with a solution of lithium aluminum hydride (LiAlH4) in THF at 0oC. 

This reaction is typically used for the formation of germanium hydrides; however, when 

analyzed via 1H NMR spectroscopy the spectra revealed the presence of only one resonance 

belonging to the residual protio solvent present in the deuterated solvent (C6D6). The lack 

of resonances in the spectra suggested that the product was not soluble in nonpolar organic 

solvents and as such did not produce the intended product. The predicted product formation 

following the reduction of compound 1a and 1b with LiAlH4 was assumed to be a salt of 

the binaphthol compound and is shown in Scheme 4.9. 

 

Scheme 4.9: Possible product formation following the reaction of compound 1a with LiAlH4. 

Due to the high reactivity of LiAlH4 it appeared that LiAlH4 was reducing both the 

germanium-chloride bond as well as cleaving the germanium-oxygen bond due to the 

oxophilicity of the aluminum. This was consistent with the absence of signals in the 1H 

NMR spectrum when using an organic deuterated solvent, and when the polar solvent, 

(D3C)2SO, was used there were no visible hydride resonances in the NMR spectra. 
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Due to the results obtained from using LiAlH4, it was decided to use a slightly less 

reactive reducing agent such as lithium borohydride (LiBH4). Under the same reaction 

conditions LiBH4 was added to a solution of compound 1a or compound 1b in THF at 0o 

C. Upon analysis of the reaction via NMR spectroscopy, it was revealed that there was no 

reaction, and the product was only the starting material compound 1a or 1b. The reaction 

scheme for this reaction is shown in Scheme 4.10. Due to these failed experiments, a series 

of reducing agents with varying reactivities were tested to find the best potential reagent to 

form the chiral germanium hydride species. 

 

Scheme 4.10: Attempted synthesis of the chiral germanium hydride using LiBH4. 

The next reducing agent that was used was Bu3nSnH under two different conditions, 

in an effort to form the chiral germanium hydride species. Due to the steric nature of 

Bu3nSnH and its ability to undergo radical chain reduction reactions, it was perceived that 

it would be reactive enough to only reduce the germanium-halide bond and not interact 

with the germanium-oxygen bond. One reaction was done with a radical initiator while 

another was left to react for 5 days and upon NMR analysis it was revealed that both 

conditions failed to produce the chiral germanium hydride species and only showed the 

unreacted starting material compound 1a or 1b. The reaction scheme for this reaction is 

shown in Scheme 4.11. 
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Scheme 4.11: Attempted synthesis of the chiral germanium hydride species under different reaction conditions with 
Bu3nSnH. 

Diisobutylaluminum hydride (DIBAL-H) was then used in an effort to synthesize 

the desired chiral germanium hydride species. Compound 1a or 1b was dissolved in dry 

benzene, and to a solution of DIBAL-H was added dropwise and left to react overnight. 

After a low pressure kugelrohr distillation (0.001 torr) a white solid remained, which was 

the analyzed via NMR spectroscopy. The results of this reaction revealed that DIBAL-H 

had cleaved the germanium-oxygen bond similar to LiAlH4 to yield a binaphthol species 

with an oxygen-aluminum bond. It was then surmised that any aluminum containing 

reducing agent will cleave the germanium-oxygen bond while also reducing the 

germanium-chloride bond. It can be deduced that the oxophilicity of the aluminum, 

coupled with the ring strain brought upon the binaphthol compound, will consistently 

cleave the germanium-oxygen bond no matter how sterically hindered the reducing agent 

is. The overall scheme of this reaction is shown in Scheme 4.12. 
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Scheme 4.12: The attempted synthesis of the desired chiral germanium hydride species using DIBAL-H as a reducing 
agent. 

The final reducing agent that was used in an attempt to synthesize the desired chiral 

germanium hydride was potassium hydride (KH). KH was added slowly to a stirring 

solution of compound 1a in THF at 25oC, and while initially the reaction appeared to be 

producing the intended hydride species, it was realized quickly that upon formation of the 

hydride species it was quickly being reduced by the unreacted KH in the solution to a form 

a green germanium anionic salt species (compound 4a). The reaction lasted one hour, and 

it was noted that H2 gas was being released until the reaction was complete, and the green 

color persisted. It was then confirmed that all of the germanium hydride species had been 

consumed by KH when a 1H NMR spectra revealed no visible hydride species. However, 

due to the unexpected formation of compound 4a that can now act as a strong nucleophile, 

it was postulated that compound 4a can do a nucleophilic attack on a proton source to form 

the desired chiral hydride species (compound 5). Therefore, compound 4a was then reacted 

with ammonium chloride in THF at 70o C for 12 hours. Upon completion of the reaction 

and analysis via 1H NMR spectroscopy, a hydride resonance was observed at 𝛿 5.35 ppm 

along with a hydroxy resonance at 𝛿 4.85 ppm. This mixture of resonance signals suggested 

that upon introduction of a proton source, the reaction was competitive between 

protonating the germanium-oxygen bond to reform the binaphthol compound as well as 

protonation of germanium to form compound 5. This mixture of compounds again proved 
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to be impossible to purify due to the similarities of both compounds as well as its high 

sensitivity to air and moisture. The overall reaction scheme for these reactions is shown in 

Scheme 4.13. 

 

Scheme 4.13: Compound 1a reacting with KH to produce compound 4a, followed by a competitive reaction with 
NH4Cl that produces compound 5 and the binaphthol compound. 

Due to the number of failed reduction attempts, a new synthetic pathway was 

postulated where phenylgermaniumtrichloride was reduced to yield 

phenylgermaniumtrihydride (PhGeH3), then using by using CuCl2 the compound can 

selectively be rechlorinated to produce phenylgermaniumdichloro hydride 

(PhGe(H)Cl2).151 Upon complete formation of PhGe(H)Cl2, the compound can then be 

reacted with the chiral binaphthol species to yield compound 5 without the use of reducing 

agents that can cleave the germanium-oxygen bond. This reaction scheme is shown in 

Scheme 4.14. 
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Scheme 4.14: A proposed reaction scheme for the synthesis of PhGe(H)Cl2 that can then be reacted with the binaphthol 
species to form compound 5.151 

However, due to PhGe(H)Cl2 having two chlorides bonded to the germanium(IV) center, 

the pKa of the hydride could be low enough due to the chlorides and may potentially be 

deprotonated by Et3N and undergo a competitive reaction between the hydroxy groups and 

PhGe(H)Cl2. To test this theory, PhGe(H)Cl was synthesized under the same conditions as 

PhGe(H)Cl2 and then was reacted with Et3N to determine if this could occur. Using a 

method developed by Kunai,151 PhGe(H)Cl was reacted with Et3N in THF at 25oC, and 

upon addition of Et3N a white precipitate was immediately formed that was then confirmed 

to be Et3NHCl. The overall scheme for this reaction is shown in Scheme 4.15. Due to the 

results of the previous reaction, it was surmised that the compound PhGe(H)Cl2 would 

undergo a competitive reaction with binaphthol to form compound 5 with this method. 

PhGeCl3

Al
H H

H
H

Li

THF, 0oC, 12 h
PhGeH3

4 CuCl2
0.17 CuI, Toluene

Reflux 9 days

PhGe(H)Cl2

OH
OH

R

R

PhGe(H)Cl2
Et3N, THF, 0oC, 12 h

R = SiMe3
R or S

- Et3NHCl

O
O

R

R

Ge
H

Ph

5



96 
 

 

Scheme 4.15. Formation of Ph2Ge(H)Cl followed by a reaction with Et3N to yield a germylene and Et3NHCl.151 

Nonetheless, the results of the reaction between PhGe(H)Cl and Et3N to form a 

germylene and Et3NHCl did reveal a unique property that gave further insight to the 

mechanism followed when forming compound 1a. It was determined that the germanium-

chloride species will readily dechlorinate to form a germylium ion before quickly 

polymerizing via a germylene formation. The proposed mechanism for this reaction is 

shown in Scheme 4.16. This information allowed for another proposed mechanism to be 

developed for the formation of compound 1a which is shown in Scheme 4.17. What was 

initially thought to be a SN2 nucleophilic type attack brought upon by the deprotonation of 

the binaphthol species has now been suggested to be more of a SN1 type reaction. While 

Et3N does deprotonate the hydroxy group to form Et3NH+, the germanium(IV) species will 

readily dechlorinate to provide the chloride counter anion for Et3NH and form a germylium 

ion before being attacked by the deprotonated hydroxy group. This process repeats once 

more and is then completed to yield compound 1a.  
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Scheme 4.16: Proposed mechanism for the reaction between PhGe(H)Cl and Et3N. 

 

Scheme 4.17: Proposed mechanism for the formation of compound 1a undergoing a SN1 type reaction. 

The ability of a germanium compound to readily dechlorinate itself and form a 

germylium ion under ideal conditions proposed a new projected avenue for the synthesis 

of compound 5 as well as new functionality studies. With this newly discovered property, 

compound 1a was reacted with the Lewis acid AlCl3, in an effort to observe if the chloride 

will readily occupy the empty p-orbital on AlCl3 and form a chiral germylium ion Lewis 

acid-base adduct. Upon addition of AlCl3 the color of the reaction immediately changed 

from colorless to dark brown, indicating that the chloride had occupied the p-orbital of 
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AlCl3 and a germylium ion had formed. While we are unaware of other possible 

characterization techniques other than X-ray crystallography that can definitively show a 

germylium ion has formed, we have attempted to obtain a crystal structure of the 

compounds through slow evaporation in toluene. After one week the vessel revealed large 

yellow crystals unfortunately, these crystals were revealed to only be the starting material 

compound 1a. It was postulated that the dechlorination reaction of compound 1a underwent 

an equilibrium reaction between dechlorination and rechlorination where the starting 

material was heavily favored due to its stable uncharged state. This reaction is shown in 

Scheme 4.18.  

 

Scheme 4.18: Proposed equilibrium reaction occurring when compound 1a reacts with AlCl3. 

Our current attempts to obtain suitable crystals have taken this into account and we are 

attempting to isolate the chiral germylium Lewis acid-base adduct as a single crystal. The 

theory is that due to the ring being so structurally rigid it should allow for the formation of 

a chiral Lewis acid that resists racemization, even upon formation of the germylium ion. 

After a thorough literature search, we were unable to find any compounds similar to the 

one presented involving germanium atoms. We believe this new compound could present 

a novel avenue for germylium ion small molecule activation or catalysis. Our goal with 

this newly formed adduct is to explore the functionality of the germylium ion by attempting 

to do anionic exchange reactions, to form compound 5 with potentially milder reducing 
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agents such as LiBH4 or sodium borohydride (NaBH4) that are more susceptible to react 

with germylium ions, and to perform mechanistic studies with Friedel-Crafts reactions to 

selectively replace the chloride on the germanium with other organic compounds. The 

outline for these reactions is shown in Scheme 4.19. 

 

 

Scheme 4.19. Proposed experiments that can be performed on a germylium ion species to explore its functionality. 
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result in only di-substitution. While full characterization of compound 3a and 3b could not 

be achieved, compound 1a was successfully characterized and is an example of a new 

chiral germanium compound.  

Attempted reduction of the germanium-chloride bond to a germanium-hydride 

bond in compound 1a proved to be unsuccessful after multiple attempts with different 

reducing agents of varying reactivity. It was found that the combination of a distorted 

tetrahedral geometry on the germanium, oxophilic reducing agents, and ring strain all 

played a role in the decomposition of compound 1a. The reducing agents screened were 

either too reactive, not reactive enough, or produced inseparable mixtures of the intended 

product and starting materials. Alternative synthetic pathways were attempted with the goal 

of synthesizing compound 5; however, due to the reaction conditions these alternative 

routes were not feasable. Although, it was through trial and error that further insight into a 

second proposed mechanism and several unique properties were discovered with regard to 

germanium-chloride bonds. 

The proposed formation of a chiral germylium ion Lewis acid-base adduct has yet 

to be reported, and is in the process of being fully characterized. Proposed functionality 

studies performed on this compound indicate the potential for the formation of compound 

5 for hydrogermylation with milder reducing agents such as NaBH4, Friedel-Crafts 

mechanistic studies, as well as anionic exchange reactions. Overall, the possibility of 

isolating a chiral germylium ion represents a rare example of the ability of germanium 

compounds to undergo unique transformations and potentially exhibit small molecule 

activation reactions or catalytic reactions. 

4.4 Experimental Section 
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General Remarks 

Handling and manipulation of air and moisture sensitive compounds were carried 

out under a nitrogen atmosphere using standard Schlenk, syringe, and glovebox techniques. 

Solvents were dried using a Glass Contour solvent purification system and were further 

dried with molecular sieves. Compounds that are not sensitive to air or moisture were done 

on a benchtop using standard glassware. The compound 1,1`-bi-2-naphthol for both the R 

and S conformations were purchased enantiopure from Gelest and were used without 

further purification. NMR spectra were acquired using a Bruker Avance III spectrometer 

operating at 400.0 MHz (1H) or 100.57 MHz (13C). 

Table 4.6 Crystallographic data for compound 1a 

Empirical formula C32H33ClGeO2Si2 

Formula weight 613.80 

Temperature 100.0K 

Wavelength 0.71073 Å 

Crystal system Orthorhombic 

Space group P212121 

Unit cell dimensions a = 8.3282(14) Å, a= 90°. 
b = 10.3916(17) Å, b= 90°. 
c = 35.481(6) Å, g = 90°. 

 
Volume 3070.6(9) Å3 

Density 1.328 Mg/m3 

Absorption coefficient 1.190 mm-1 

F(000) 1272 

Crystal Ssize 0.31 x 0.29 x 0.18 mm3 

Theta range for data collection 2.042 to 28.278° 

Index ranges -11<=h<=10, -13<=k<=13, -44<=l<=47 
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Reflections collected 26087 

Independent reflections 7581 [R(int) = 0.0573] 

Completeness to theta = 25.242° 99.9 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 0.7457 and 0.6530 
 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7581 / 0 / 349 
 

Goodness-of-fit on F2 1.023 
 

Final R indices [I>2sigma(I)] R1 = 0.0347 
wR2 = 0.0725 

R indices (all data) R1 = 0.0399 
wR2 = 0.0741 

Absolute structure parameter 0.016(5) 

Largest diff. peak and hole 0.631 and -0.326 e.Å-3 

 

Synthesis of 2,2'-bis((trimethylsilyl)oxy)-1,1'-binaphthalene (R or S) 

 1,1`-Bi-2-naphthol (2.00 g, 6.98 mmol) was charged to an oven-dried Schlenk flask 

along with 15 mL of dry THF and a magnetic stir-bar. In a separate oven-dried Schlenk 

flask equipped with a stir bar, chlorotrimethylsilane (2.15 eq, 1.91 mL, 15.02 mmol) was 

charged along with 15 mL of THF and then cannulated slowly into the solution of 1,1`-bi-

2-naphthol and cooled to 0o C with stirring. To the solution was added Et3N (4 eq, 3.89 

mL, 27.92 mmol) dropwise and the reaction was left to react overnight. Upon completion, 

the reaction was filtered through a double-sided frit with celite to remove Et3NHCl and the 

volatiles were removed in vacuo to yield 2,2'-bis((trimethylsilyl)oxy)-1,1'-binaphthalene 

as a yellow oil for the S conformation and as a clear oil for the R conformation. (2.85 g, 

94%). 1H NMR (C6D6, 25 °C): 𝛿 7.72 (dt, J = 7.6 Hz, 4H, aryl), 7.39 (dt, J = 8.4, 1.0 Hz, 

2 H, aryl), 7.22 – 7.12 (m, 4H, aryl), 7.09 – 6.99 (m, 2 H, aryl), -0.11 (s, 18H, -SiMe3). 
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Synthesis of 3,3'-bis(dilithio)-2,2'-bis((trimethylsilyl)oxy)-1,1'-binaphthalene (R or S) 

 2,2'-Bis((trimethylsilyl)oxy)-1,1'-binaphthalene (2.85 g, 6.62 mmol) was charged 

to an oven-dried Schlenk flask equipped with a stir bar along with 15 mL of dry diethyl 

ether (Et2O) and the solution was cooled to 0oC. In a separate oven-dried Schlenk flask 

equipped with a stir bar, nBuLi (2.5 M, 4 eq, 10.6 mL) was charged and left to stir. After 5 

minutes, the nBuLi solution was cannulated dropwise to the solution of 2,2'-

bis((trimethylsilyl)oxy)-1,1'-binaphthalene with vigorous stirring and left to react 

overnight. Upon completion of the reaction, the solution was filtered through a double-

sided fritz, washed with hexane, and the volatiles were removed in vacuo. The final product 

yield was 1.95 g (66%) as a brown crystalline solid for both the R and S conformation that 

was only slightly soluble in deuterated benzene. As such the 1H NMR could not be 

accurately taken. 

 

Synthesis of 3,3'-bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol (R or S) 

 3,3'-Bis(dilithio)-2,2'-bis((trimethylsilyl)oxy)-1,1'-binaphthalene (2.05 g, 4.63 

mmol) was charged to an oven-dried Schlenk flask equipped with stir bar along with 15 

mL of dry Et2O and left to dissolve for 5 minutes. To an addition funnel was added 

chlorotrimethylsilane (1.08 g, 9.96 mmol) under an inert atmosphere and this was fitted to 

the top of the Schlenk flask containing 3,3'-bis(dilithio)-2,2'-bis((trimethylsilyl)oxy)-1,1'-

binaphthalene solution. Trimethylchlorosilane was added dropwise to the solution and the 

reaction was left to react for 2 hours where upon completion was quenched with 25 mL of 

6M HCl in an ice bath. The solution as then filtered and extracted 3 times with 20 mL 
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quantities of Et2O, dried with MgSO4, filtered through a cotton plug, and then filtered again 

through a silica plug. The volatiles were removed in vacuo to yield a white fluffy solid for 

the R conformation and a light-yellow fluffy solid for the S conformer (1.97 g, 98%). 1H 

NMR (C6D6, 25 °C): 𝛿 8.14 (s, 2H, aryl), 7.72 (d, J = 7.9 Hz, 2H, aryl), 7.13 (dd, J = 9.9, 

1.2 Hz, 3H, aryl), 7.00 (ddd, J = 8.4, 7.0, 1.4 Hz, 3H, aryl), 4.85 (s, 2H, -OH), 0.47 (s, 18H, 

-SiMe3). 13C NMR (C6D6, 25 °C): δ 157.67 (C), 146.72 (CH), 138.29 (C), 135.06 (C), 

129.93 (C), 128.94 (CH), 124.41 (CH), 124.06 (CH) 120.98 (CH), 110.16 (C), -0.73 (-

CH3). 

Synthesis of compounds 1a (R or S) 

3,3'-Bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol (1.00 g, 2.32 mmol) was 

charged to an oven dried Schlenk flask along with a stir bar, 15 mL of dry THF, and left to 

dissolve for 5 minutes. In a separate oven dried Schlenk flask was charged 

phenylgermaniumtrichloride (0.6 g, 2.35 mmol) along with 15 mL of dry THF, and a stir 

bar. The solution of phenylgermaniumtrichloride was cannulated into the solution of 3,3'-

bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol, and Et3N (1.25 mL, 9.29 mmol) was 

added dropwise to the solution causing an immediate precipitation of Et3NHCl. The 

reaction was left to react overnight and upon completion was filtered and the volatiles were 

removed in vacuo to yield a white solid for both the R and S conformations (1.39 g, 97%). 

1H NMR (C6D6, 25 °C): 𝛿 8.19 (s, 1H, aryl), 8.08 (s, 1H, aryl), 7.73(dd, J = 7.8, 4.5 Hz, 

3H, aryl), 7.33 (dd, J = 8.2, 1.3 Hz, 3H, aryl), 7.26 (d, J = 9.5 Hz, 1H, aryl), 7.19 – 7.08 

(m, 4H, aryl), 6.78 (t, J = 7.7 Hz, 2H, aryl), 0.50 (s, 9H, -SiMe3), 0.19 (s, 9H, -SiMe3). 

 

Synthesis of 1b 
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 [1,1'-Binaphthalene]-2,2'-diol (477 mg, 1.67 mmol) was charged to an oven dried 

Schlenk flask equipped with a stir bar, 15 mL of dry THF was added and the mixture was 

left to dissolve for 5 minutes. In a separate oven-dried Schlenk flask was charged 

phenylgermaniumtrichloride (0.4 g, 1.67 mmol) along with 15 mL of dry THF, and a stir 

bar. The solution of phenylgermaniumtrichloride was cannulated into the solution of [1,1'-

binaphthalene]-2,2'-diol, and Et3N (0.46 mL, 6.66 mmol) was added dropwise to the 

solution causing an immediate precipitation of Et3NHCl. The reaction was left to react 

overnight and upon completion was filtered and the volatiles were removed in vacuo to 

yield a white solid for both the R and S conformations (730 mg, 93%). 1H NMR (C6D6, 25 

°C): 𝛿 7.77 – 7.63 (m, 1H, aryl), 7.61 (t, J = 4.5 Hz, 3H, aryl), 7.54 – 7.41 (m, 3H, aryl), 

7.40 – 7.31 (m, 1H, aryl), 7.16 (s, 1H, aryl), 7.10 (ddd, J = 8.2, 6.7, 1.2 Hz, 2H, aryl), 6.94 

(dddt, J = 12.9, 10.8, 9.2, 4.2, Hz, 4H, aryl), 6.85 – 6.70 (m, 1H, aryl), 6.29 (t, J = 7.7 Hz, 

1H). 

 

Attempted synthesis of 2a 

 3,3'-Bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol (444 mg, 1.03 mmol) was 

charged to an oven dried Schlenk flask along with a stir bar, 15 mL of dry THF, and left to 

dissolve for 5 minutes. In a separate oven dried Schlenk flask was charged 

methylgermaniumtrichloride (200 mg, 1.03 mmol) along with 15 mL of dry THF, and a 

stir bar. The solution of methylgermaniumtrichloride was cannulated into the solution of 

3,3'-bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol, and Et3N (0.57 mL, 4.12 mmol) was 

added dropwise to the solution causing an immediate precipitation of Et3NHCl. The 
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reaction was left to react overnight and upon completion was filtered and the volatiles were 

removed in vacuo to yield a brown solid for both the R and S conformations (0.49 g, 87%). 

 

Attempted synthesis of 2b 

 [1,1'-binaphthalene]-2,2'-diol (368 mg, 1.29 mmol) was charged to an oven dried 

Schlenk flask along with a stir bar, 15 mL of dry THF, and left to dissolve for 5 minutes. 

In a separate oven dried Schlenk flask was charged methylgermaniumtrichloride (250 mg, 

1.29 mmol) along with 15 mL of dry THF, and a stir bar. The solution of 

methylgermaniumtrichloride was cannulated into the solution of [1,1'-binaphthalene]-2,2'-

diol, and Et3N (0.72 mL, 5.14 mmol) was added dropwise to the solution causing an 

immediate precipitation of Et3NHCl. The reaction was left to react overnight and upon 

completion was filtered and the volatiles were removed in vacuo to yield a white solid for 

both the R and S conformations (440 mg, 84%). 

 

Attempted synthesis of 3a 

 3,3'-bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol (500 mg, 1.16 mmol) was 

charged to an oven dried Schlenk flask along with a stir bar, 15 mL of dry THF, and left to 

dissolve for 5 minutes. In a separate oven dried Schlenk flask was charged 

benzylgermaniumtrichloride (313 mg, 1.16 mmol) along with 15 mL of dry THF, and a stir 

bar. The solution of benzylgermaniumtrichloride was cannulated into the solution of 3,3'-

bis(trimethylsilyl)-[1,1'-binaphthalene]-2,2'-diol, and Et3N (0.65 mL, 4.64 mmol) was 

added dropwise to the solution causing an immediate precipitation of Et3NHCl. The 

reaction was left to react overnight and upon completion was filtered and the volatiles were 
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removed in vacuo to yield a white sticky solid for both the R and S conformations (660 mg, 

91%). 

 

Attempted synthesis of 3b 

 [1,1'-binaphthalene]-2,2'-diol (519 mg, 1.81 mmol) was charged to an oven dried 

Schlenk flask along with a stir bar, 15 mL of dry THF, and left to dissolve for 5 minutes. 

In a separate oven dried Schlenk flask was charged benzylgermaniumtrichloride (490 mg, 

1,81 mmol) along with 15 mL of dry THF, and a stir bar. The solution of 

benzylgermaniumtrichloride was cannulated into the solution of [1,1'-binaphthalene]-2,2'-

diol, and Et3N (1.01 mL, 7.25 mmol) was added dropwise to the solution causing an 

immediate precipitation of Et3NHCl. The reaction was left to react overnight and upon 

completion was filtered and the volatiles were removed in vacuo to yield a white solid for 

both the R and S conformations (810 mg, 93%). 

 

Synthesis of compound 4a 

 To an oven-dried Schlenk flask was charged compound 1a (220 mg, 0.35 mmol) 

along with 15 mL of dry THF and a stir bar. In a separate Schlenk flask was charged with 

KH (30 wt %, 240 mg, 5.98 mmol) and washed with excess amounts of hexane to remove 

unwanted mineral oil. Once the mineral oil was removed, the excess hexane was removed 

in vacuo and to the Schlenk flask was charged 20 mL of dry THF and a stir bar. With 

flowing nitrogen and a needle vent, compound 1a was cannulated dropwise into the 

solution of KH and left to react for 1 hour. As the reaction proceeded, visible bubbles could 

be seen coming out of the solution and the color of the solution began to turn green. Upon 
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completion, the solution was filtered through a double-sided frit and the volatiles were 

removed in vacuo to yield a green solid for both the R and S conformation (190 mg, 95%). 

1H NMR (C6D6, 25 °C):	𝛿 8.35 (s, 1H, aryl), 7.99 – 6.79, 6.62 (t, J = 7.5 Hz, 1H) 0.50 (s, 

9H, -SiMe3), -0.17 (s, 9H, -SiMe3). 

Synthesis of compound 4b 

 To an oven-dried Schlenk flask was charged compound 1b (220 mg, 0.46 mmol) 

along with 15 mL of dry THF and a stir bar. In a separate Schlenk flask was charged with 

KH (30 wt %, 300 mg, 7.48 mmol) and washed with excess amounts of hexane to remove 

unwanted mineral oil. Once the mineral oil was removed, the excess hexane was removed 

in vacuo and to the Schlenk flask was charged 20 mL of dry THF and a stir bar. With 

blowing nitrogen and a needle vent, compound 1b was cannulated dropwise into the 

solution of KH and left to react for 1 hour. As the reaction proceeded, visible bubbles could 

be seen coming out of the solution and the color of the solution began to turn orange. Upon 

completion, the solution was filtered through a double-sided fritz and the volatiles were 

removed in vacuo to yield an orange solid for both the R and S conformation (180 mg, 

90%). 1H NMR (C6D6, 25 °C):	𝛿	7.74 – 6.75. 

Attempted synthesis of compound 5 

 To an oven-dried Schlenk tube was charged compound 4a (190 mg, 0.30 mmol) 

along with a stir bar, ammonium chloride (240 mg, 0.457 mmol) and 20 mL of dry THF. 

The solution was placed in an oil bath at 70oC for 18 hours and left to react. Upon 

completion the reaction was filtered, and the volatiles were removed in vacuo to yield a 

white solid for both the R and S conformations. This was attempted with both the TMS 

substituted and non-substituted binaphthol chiral auxiliary. 
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Synthesis of Ph2Ge:and Et3NHCl 

 In an oven-dried flask was placed PhGe(H)Cl (100 mg, 0.38 mmol), 5 mL of dry 

THF, and a stir bar. Et3N (1.0 mL, 7.17 mmol) was added dropwise and upon addition 

Et3NHCl immediately began to precipitate out of solution indicating the reaction was 

forming Ph2Ge: as well.
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