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1 INTRODUCTION 

1.1 Organometallic Chemistry 

 

1.1.1 Lithiumorganics 



1.1.1.1 Relationship of Structure and Reactivity 



1.1.1.2 Solvent-Separated Ion Pairs (SSIPs) 





  



1.1.2 Alkali Metal Cyclopentadienides (CpMs) 

1.1.2.1 A Short Historical Background 

1.1.2.2 Practical Applications 



1.1.2.3 Properties and Bonding 













1.1.2.4 Aggregation of CpMs in the Solid State and in Solution 







 

 





 



1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy  



1.2.1.1 Heteronuclear Overhauser Enhancement Spectroscopy (HOESY) 

1

𝑟6

   



1.2.2 Overview of Diffusion NMR 



1.2.2.1 Calculating Diffusion Coefficients 

𝐼G = 𝐼0 exp (−
2𝜏

𝑇2
) exp(−(𝛾𝛿𝐺)2𝐷 (∆ −

𝛿

3
))

−
2𝜏

𝑇2



1.2.2.2 Advances in Diffusion NMR 

1.2.2.3 Diffusion-Ordered Spectroscopy (DOSY) 



1.2.3 Molecular Sizes and Weights from Diffusion Coefficients 

𝐷 =
𝑘b𝑇

6π𝜂𝑟S
 



𝐷 =
𝑘b𝑇

𝑐(𝑟solv, 𝑟S) ∙ 𝑓s(𝑎, 𝑏) ∙ π𝜂𝑟S
 

𝑐 =
6

1.5 ∙ (
𝑟solv

𝑟S
) +

1

1+(
𝑟solv
𝑟S

)

𝑐 =
6

1 + 0.695 ∙ (
𝑟solv

𝑟S
)
2.234





1.2.3.1 MW Estimation Using Power Law Approaches 



𝐷 ∝ 𝑀𝑊−𝛼 

𝐷rel,ref =
𝐷ref
𝐷x

log(𝐷) = log(𝐾) −𝛼 ∙ log(𝑀𝑊)







1.3 Scope of this Thesis 





2 RESULTS AND DISCUSSION 

2.1 Improving the External Calibration Curve (ECC)-DOSY-MW 

Estimation Methodology 



2.1.1 New External Calibration Curves for Various Solventsb 

log(𝐷x,norm) = log(𝐷x) + (log(𝐷ref,fix) − log(𝐷ref))
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2.1.1.1 Merged External Calibration Curves 



log(𝐷x,norm) = log(𝐾) −𝛼 ∙ log(𝑀𝑊det)

⇒𝑀𝑊det = 10(
−log(𝐷x,norm) + log(𝐾)

𝛼
)





𝑀𝑊dif = (1 −
𝑀𝑊det

𝑀𝑊calc
)



𝑀𝑊dif = (
𝑀𝑊calc −𝑀𝑊det

𝑀𝑊det
) ∙ 100%
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∙ 𝐷ref,fix =
1

𝐷ref,rel
∙ 𝐷ref,fix
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2.1.1.2 Shape-Optimized External Calibration Curves 
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2.1.2 Molecule Categorization  

𝐈 = [

𝐼xx 0 0
0 𝐼yy 0

0 0 𝐼zz

]

𝜅2 = 1 −
3(𝐼xx𝐼yy + 𝐼xx𝐼zz + 𝐼yy𝐼zz)

(𝐼xx + 𝐼yy + 𝐼zz)
2









𝐒 = [

𝑆xx 0 0
0 𝑆yy 0

0 0 𝑆zz

]

𝑏 = 𝑆zz −
1

2
(𝑆xx + 𝑆yy)

𝑐 = 𝑆yy − 𝑆xx

2.1.3 Theoretical Error Analysisa 

𝑀𝑊det = (
𝐷x𝐷ref,fix
𝐷ref𝐾

)
−
1

𝛼



∆𝑀𝑊det =

√
  
  
  
  
  
  

(
𝑀𝑊det

𝐷ref𝛼
∙ ∆𝐷ref)

2

+ (
𝑀𝑊det

𝐾𝛼
∙ ∆𝐾)

2

+ (−
𝑀𝑊det

𝐷x𝛼
∙ ∆𝐷x)

2

+(−
𝑀𝑊det

𝐷ref,fix𝛼
∙ ∆𝐷ref,fix)

2

+ (−
𝑀𝑊det𝑙𝑜𝑔 (

𝐷x𝐷ref,fix

𝐷ref𝐾
)

𝛼2
∙ ∆𝛼)

2

∆𝑀𝑊det,rel =
∆𝑀𝑊det

𝑀𝑊det
 ∙ 100%



∆𝐷 = 𝐷 (
∆log (𝐷)

log (𝐷)
)  ∙ 100%
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2.1.4 Heavy Atoms in the ECC-DOSY-MW Estimation 

𝟒

𝟑
𝝅



𝑀𝐷W = 
𝑀𝑊

∑𝑉vdW
=

𝑀𝑊

∑
4

3
𝜋𝑟𝑣𝑑𝑊,𝑖

3
𝑛

𝑖=1


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𝑋𝑐𝑜𝑟 =
log(𝐷merge)

log(𝐷x,norm)
=  

𝑎

(1 + 𝑒(−𝑘(𝑀𝐷W−𝑥𝑐)))
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2.1.5 MW Estimation Softwarea 







2.2 Structure Elucidation of Alkali Metal Cyclopentadienide Derivatives 

via Diffusion NMR 

2.2.1 Solution State Structures of Alkali Metal Cyclopentadienides (CpMs) in 

Different Solventsa 

2.2.1.1 Solution State Structures of CpMs in THF-d8 
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2.2.1.2 Solution State Structures of CpMs in ammonia and DMSO-d6 


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2.2.2 Solution State Structures of Methylated Alkali Metal Cyclopentadienides in 

THF-d8 



2.2.2.1 Solution State Structure of MeCpLi in THF-d8 


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2.2.2.2 Solution State Structures of Cp Ms in THF-d8 
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2.3 Combined Studies Involving Diffusion NMR to Solve Structural 

Ambiguities 

2.3.1 Solution State Structures of Alkyl Grignard Reagents in THF-d8
a 




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2.3.1.1 External Calibration Curves for Rod-Like (RL) Molecules 
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2.3.1.2 MW Estimation of Alkyl Grignard Reagents from Diffusion Data 
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2.3.1.3  Solution State Structures of the “Turbo”-Grignard Analoguesb 
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2.3.2 Anion and Solvent Coordination Elucidated via DOSY 



2.3.2.1 Coordination of Different Anions to an N-Heterocyclic Carbene in CD2Cl2
a 
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2.3.2.2 Solvent-Anion Exchange of an Acridine-Based System in DMF-d7
a 
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2.3.2.3 Solvation of a Heterocyclic Substituted Methanide in C6D6 
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3 SUMMARY & OUTLOOK 
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4 EXPERIMENTAL PART 

4.1 Techniques and Experiments 

4.1.1 Handling of Air- and Moisture-Sensitive Compounds 

4.1.2 NMR Techniques and Experiments 



4.1.3 DOSY Sample Preparation and Evaluation 



4.1.4 Computation of Principal Moments of Inertia 

4.1.5 Programming in Java 



4.2 Syntheses and Characterizations 

4.2.1 Syntheses and Characterizations of CpMs (M = Li, Na, K, Rb, Cs) 

4.2.1.1 Synthesis and Characterization of CpLi 
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4.2.1.2 Synthesis and Characterization of CpNa 
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4.2.1.3 Synthesis and Characterization of CpK 



4.2.1.4 Synthesis and Characterization of CpRb 



4.2.1.5 Synthesis and Characterization of CpCs 
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4.2.2 Synthesis and Characterization of MeCpLi 

4.2.2.1 Synthesis and Characterization of MeCpLi 
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4.2.3 Syntheses and Characterizations of Cp M (M = Li, K, Cs) 

4.2.3.1 Synthesis of Cp Li 

4.2.3.2 Synthesis and Characterization of Cp K 



4.2.3.3 Characterization of Cp Cs 



4.2.4 Characterizations of RMgCl (R = Et, iPr, nBu, nHex, nOct, nDec) 

4.2.4.1 Characterization of EtMgCl 
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4.2.4.2 Characterization of iPrMgCl 
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4.2.4.3 Characterization of nBuMgCl 
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4.2.4.4 Characterization of nHexMgCl 
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4.2.4.5 Characterization of nOctMgCl 
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4.2.4.6 Characterization of nDecMgCl 
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4.2.5 Characterization of nBuMgBr 

4.2.5.1 Characterization of nBuMgBr 
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4.2.6 Characterizations of [nBuMgX ∙ LiX] (X = Cl, Br) 

4.2.6.1 Characterization of [nBuMgCl ∙ LiCl] 
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4.2.6.2 Characterization of [nBuMgBr ∙ LiBr] 
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4.2.7 Characterizations of [MX2{(Me2NCH2)2Acr}] (MX2 = ZnBr(DMF), CdBr2) 

4.2.7.1 Characterization of [ZnBr(DMF){(Me2NCH2)2Acr}] 
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4.2.7.2 Characterization of [CdBr2{(Me2NCH2)2Acr}] 
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Absolute Logarithmic Diffusion Coefficients of Model Compounds for Various Solvents 
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ECC-MW Estimations of [nBuMgX ∙ LiX] (X = Cl, Br) 
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ECC-MW Estimations of (IPrPh)X (X = Br, I, OTf, BF4, PF6)a 
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ECC-MW Estimations of (4,6-tBu-NCOC6H2)2CH2 and [M(4,6-tBu-NCOC6H2)2CH] (M = Li, K, Mg)
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NMR Spectra 

1H-DOSY NMR Spectrum of CpLi in Ammonia 

7Li,1H-HOESY NMR Spectrum of CpLi in DMSO 



6 REFERENCES 





















DANKSAGUNG 





CURRICULUM VITAE 

 

 



- 

- 

- 

- 

- 

- 

- 



 

 

 

 


	Table of Contents
	Abbreviations
	1 Introduction
	1.1 Organometallic Chemistry
	1.1.1 Lithiumorganics
	1.1.1.1 Relationship of Structure and Reactivity
	1.1.1.2 Solvent-Separated Ion Pairs (SSIPs)

	1.1.2 Alkali Metal Cyclopentadienides (CpMs)
	1.1.2.1 A Short Historical Background
	1.1.2.2 Practical Applications
	1.1.2.3 Properties and Bonding
	1.1.2.4 Aggregation of CpMs in the Solid State and in Solution


	1.2 Nuclear Magnetic Resonance (NMR) Spectroscopy
	1.2.1.1 Heteronuclear Overhauser Enhancement Spectroscopy (HOESY)
	1.2.2 Overview of Diffusion NMR
	1.2.2.1 Calculating Diffusion Coefficients
	1.2.2.2 Advances in Diffusion NMR
	1.2.2.3 Diffusion-Ordered Spectroscopy (DOSY)

	1.2.3 Molecular Sizes and Weights from Diffusion Coefficients
	1.2.3.1 MW Estimation Using Power Law Approaches


	1.3 Scope of this Thesis

	2 Results and Discussion
	2.1 Improving the External Calibration Curve (ECC)-DOSY-MW Estimation Methodology
	2.1.1 New External Calibration Curves for Various Solvents
	2.1.1.1 Merged External Calibration Curves
	2.1.1.2 Shape-Optimized External Calibration Curves

	2.1.2 Molecule Categorization
	2.1.3 Theoretical Error Analysis
	2.1.4 Heavy Atoms in the ECC-DOSY-MW Estimation
	2.1.5 MW Estimation Software

	2.2 Structure Elucidation of Alkali Metal Cyclopentadienide Derivatives via Diffusion NMR
	2.2.1 Solution State Structures of Alkali Metal Cyclopentadienides (CpMs) in Different Solvents
	2.2.1.1 Solution State Structures of CpMs in THF-d8
	2.2.1.2 Solution State Structures of CpMs in ammonia and DMSO-d6

	2.2.2 Solution State Structures of Methylated Alkali Metal Cyclopentadienides in THF-d8
	2.2.2.1 Solution State Structure of MeCpLi in THF-d8
	2.2.2.2 Solution State Structures of Cp*Ms in THF-d8


	2.3 Combined Studies Involving Diffusion NMR to Solve Structural Ambiguities
	2.3.1 Solution State Structures of Alkyl Grignard Reagents in THF-d8
	2.3.1.1 External Calibration Curves for Rod-Like (RL) Molecules
	2.3.1.2 MW Estimation of Alkyl Grignard Reagents from Diffusion Data
	2.3.1.3  Solution State Structures of the “Turbo”-Grignard Analogues

	2.3.2 Anion and Solvent Coordination Elucidated via DOSY
	2.3.2.1 Coordination of Different Anions to an N-Heterocyclic Carbene in CD2Cl2
	2.3.2.2 Solvent-Anion Exchange of an Acridine-Based System in DMF-d7
	2.3.2.3 Solvation of a Heterocyclic Substituted Methanide in C6D6



	3 Summary & Outlook
	4 Experimental Part
	4.1 Techniques and Experiments
	4.1.1 Handling of Air- and Moisture-Sensitive Compounds
	4.1.2 NMR Techniques and Experiments
	4.1.3 DOSY Sample Preparation and Evaluation
	4.1.4 Computation of Principal Moments of Inertia
	4.1.5 Programming in Java

	4.2 Syntheses and Characterizations
	4.2.1 Syntheses and Characterizations of CpMs (M = Li, Na, K, Rb, Cs)
	4.2.1.1 Synthesis and Characterization of CpLi
	4.2.1.2 Synthesis and Characterization of CpNa
	4.2.1.3 Synthesis and Characterization of CpK
	4.2.1.4 Synthesis and Characterization of CpRb
	4.2.1.5 Synthesis and Characterization of CpCs

	4.2.2 Synthesis and Characterization of MeCpLi
	4.2.2.1 Synthesis and Characterization of MeCpLi

	4.2.3 Syntheses and Characterizations of Cp*M (M = Li, K, Cs)
	4.2.3.1 Synthesis of Cp*Li
	4.2.3.2 Synthesis and Characterization of Cp*K
	4.2.3.3 Characterization of Cp*Cs

	4.2.4 Characterizations of RMgCl (R = Et, iPr, nBu, nHex, nOct, nDec)
	4.2.4.1 Characterization of EtMgCl
	4.2.4.2 Characterization of iPrMgCl
	4.2.4.3 Characterization of nBuMgCl
	4.2.4.4 Characterization of nHexMgCl
	4.2.4.5 Characterization of nOctMgCl
	4.2.4.6 Characterization of nDecMgCl

	4.2.5 Characterization of nBuMgBr
	4.2.5.1 Characterization of nBuMgBr

	4.2.6 Characterizations of [nBuMgX ∙ LiX] (X = Cl, Br)
	4.2.6.1 Characterization of [nBuMgCl ∙ LiCl]
	4.2.6.2 Characterization of [nBuMgBr ∙ LiBr]

	4.2.7 Characterizations of [MX2{(Me2NCH2)2Acr}] (MX2 = ZnBr(DMF), CdBr2)
	4.2.7.1 Characterization of [ZnBr(DMF){(Me2NCH2)2Acr}]
	4.2.7.2 Characterization of [CdBr2{(Me2NCH2)2Acr}]



	5 Appendix
	Table of Contents
	Categorization of Model Compounds
	Principal Moments of Inertia of Model Compounds
	Absolute Logarithmic Diffusion Coefficients of Model Compounds for Various Solvents
	ECCs and Normalized Diffusion Coefficients of Model Compounds for Various Solvents
	ECCs and Model Compounds for DMSO-d6
	ECCs and Model Compounds for DMSO-d6 at Different Temperatures (Compact Spherical Molecules)
	ECCs and Model Compounds for Cyclohexane-d12
	ECCs and Model Compounds for CDCl3
	ECCs and Model Compounds for CD2Cl2
	ECCs and Model Compounds for C6D6
	ECCs and Model Compounds for CD3OD
	ECCs and Model Compounds for CD3CN
	ECCs and Model Compounds for THF-d8 (Rod-Like and Brominated Rod-Like Molecules)

	Theoretical Error Analysis of Model Compounds for Various Solvents
	Molar Van-Der-Waals Densities (MDW) of Model Compounds
	ECC-MW Estimations of CpM Derivatives (M = Li, Na, K, Rb, Cs)
	ECC-MW Estimation of CpLi in THF and DMSO
	ECC-MW Estimation of CpNa in THF and DMSO
	ECC-MW Estimation of CpK in THF and DMSO
	ECC-MW Estimation of CpRb in THF and DMSO
	ECC-MW Estimation of CpCs in THF and DMSO
	ECC-MW Estimation of MeCpLi in THF
	ECC-MW Estimation of Cp*K in THF
	ECC-MW Estimation of Cp*Cs in THF
	Molar Van-Der-Waals Densities (MDW)

	ECC-MW Estimations of RMgX (R = Et, iPr, nBu, nHex, nOct, nDec; X = Cl, Br)
	ECC-MW Estimation of EtMgCl in THF
	ECC-MW Estimation of iPrMgCl in THF
	ECC-MW Estimation of nBuMgCl in THF
	ECC-MW Estimation of nHexMgCl in THF
	ECC-MW Estimation of nOctMgCl in THF
	ECC-MW Estimation of nDecMgCl in THF
	ECC-MW Estimation of nBuMgBr in THF
	Molar Van-Der-Waals Densities (MDW)

	ECC-MW Estimations of [nBuMgX ∙ LiX] (X = Cl, Br)
	ECC-MW Estimation of [nBuMgCl ∙ LiCl] in THF
	ECC-MW Estimation of [nBuMgBr ∙ LiBr] in THF
	Molar Van-Der-Waals Densities (MDW)

	ECC-MW Estimations of (IPrPh)X (X = Br, I, OTf, BF4, PF6)
	ECC-MW Estimation of (IPrPh)Br in Dichloromethane
	ECC-MW Estimation of (IPrPh)I in Dichloromethane
	ECC-MW Estimation of (IPrPh)OTf in Dichloromethane
	ECC-MW Estimation of (IPrPh)BF4 in Dichloromethane
	ECC-MW Estimation of (IPrPh)PF6 in Dichloromethane
	Molar Van-Der-Waals Densities (MDW)

	ECC-MW Estimations of (4,6-tBu-NCOC6H2)2CH2 and [M(4,6-tBu-NCOC6H2)2CH] (M = Li, K, Mg)
	ECC-MW Estimation of the (4,6-tBu-NCOC6H2)2CH2 Ligand in Benzene
	ECC-MW Estimation of [Li(4,6-tBu-NCOC6H2)2CH] in Benzene
	ECC-MW Estimation of [K(4,6-tBu-NCOC6H2)2CH] in Benzene
	ECC-MW Estimation of [MgCl2(4,6-tBu-NCOC6H2)2CH] in Benzene
	ECC-MW Estimation of [MgBr2(4,6-tBu-NCOC6H2)2CH] in Benzene
	ECC-MW Estimation of [Mg((4,6-tBu-NCOC6H2)2CH)2] in Benzene
	Molar Van-Der-Waals Densities (MDW)

	NMR Spectra
	1H-DOSY NMR Spectrum of CpLi in Ammonia
	7Li,1H-HOESY NMR Spectrum of CpLi in DMSO


	6 References
	Danksagung
	Curriculum Vitae

