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1 INTRODUCTION 

1.1 Aggregation of Lithium Organics 

Since Schlenk, Holtz, and Thal enabled to handle lithium organics under laboratory 

conditions in the early beginning of the last century, these reagents gained importance 

in various fields of research.
[1]

 

In synthetic chemistry lithium organics became one of the most prominent metallation 

and deprotonation reagents and are widely applied.
[2]

 

 

Figure 1-1. Known aggregation motifs of lithium organics. a = oligomer, b = hexamer, c = tetramer, d = 

trimer, e = dimer, f = triple ion, g = contact ion pair (CIP), h = solvent separated ion pair (SSIP); R = 

alkyl, aryl or any organic residue. 

Until now a lot of knowledge was gained on the aggregation state of lithium organics 

in the solid state. The aggregation and deaggregation can be controlled by adding the 

adequate donor base. The infinite solid-state structure of phenyllithium [PhLi]∞
[3]

 (see 

Figure 1-1, a) is broken down, e.g. into the tetramer [(Et2O)LiPh]4
[4]

 (c) in diethyl ether 

(Et2O). While the addition of N,N,N',N'-tetramethylethylene-1,2-diamine (TMEDA) 

leads to the dimer [(TMEDA)LiPh]2
[5]

 (e), the addition of the tridentate donor base 

N,N,N',N'',N''-pentamethyldiethylenetriamine (PMDETA) results in the monomer 

[(PMDETA)LiPh]
[6]

 (g), respectively. From a n-pentane solution n-BuLi crystallizes as 

the hexamer [nBuLi]6
[7]

 (b). Additionally, Strohmann et al. obtained a trimer (d) of 

t-BuLi with 1,2,3-trimethyl-1-3-5-triazacyclohexane by cutting off a hypothetical edge 

of a t-BuLi tetramer (c) (see Scheme 1-1).
[8]
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Scheme 1-1. Deaggregation of tetrameric t-BuLi with triazacyclohexane to the trimer d.[8] 

Wittig was the first to report a so called triple ion in 1958, the lithium lithiate 

aggregate (f) in phenyllithium (Figure 1-1).
[9]

 In [Li{Li(C6H5)2}] one lithium cation acts 

as the coordination center of the complex anion and the second one as the cationic 

counter ion. Since then, many lithium lithiates have been described in which one lithium 

cation is coordinated by two carbanions while the second lithium atom is coordinated by 

solvent molecules. In Figure 1-2 lithium cyclopentadienyl
[10]

 (i, left) and tris(trimethyl-

silyl)methyllithium
[11]

 (j, right) are shown as examples of triple ions. 

 

 

i j 

Figure 1-2. Examples of lithium lithiate compounds. [Li(cp)2(Li(diglyme)3)]
[10] i (left), 

[Li(CSiMe3)2(Li(thf)4)]
[11] j (right). 

Due to its reaction behaviour with aldehydes (vide infra) the tris(trimethylsilyl)-

methyllithium ((Me3Si)3CLi) attracted Reich’s attention. He found out that in an 

ethereal solution (THF : Et2O, 3:2) of tris(trimethylsilyl)methyllithium an equilibrium 
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of the triple ion, the contact ion pair and the separated ion is favoured when adding 

hexamethylphosphoric triamide (HMPA) (Scheme 1-2).
[12]

 

 

Scheme 1-2. Equilibrium between the triple ion a (left), CIP b (center) and SSIP c (right) of (SiMe3)CLi 

(solv = HMPA). 

He proposed a mechanism for the reaction of (Me3Si)3CLi with aldehydes in which 

the formation of the triple ion is crucial to the reaction progress to form the Peterson 

product
[13]

 (Scheme 1-3). In the first step the aldehyde reacts with the triple ion of 

(Me3Si)3CLi. This intermediate dissociates to the SSIP and thus allows a new aldehyde 

to attack the SSIP leading to the desired product, instead of direct formation of the 

product via the intermediate. 

 

Scheme 1-3. Proposed reaction mechanism for the reaction of (SiMe3)3CLi with an electron rich aldehyde 

in the presence of HMPA to form the Peterson product.[12] 

Since not only the SSIPs and CIPs take part in reactions it seems essential that the 

triple ion is present as well. In order to fully understand the reaction pathways of 

lithium organics it will be necessary to further investigate the aggregation states in 

solution as well as in the solid state. Only then the full potential of these highly 

interesting compounds can be accessed. 
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The utilization of donor bases when reacting lithium organics and the consequent 

deaggregation of higher oligomers raised lithium organic chemistry to a new level. 

Reactions that were previously not possible at room temperature or even higher 

temperatures can now be easily performed at ambient conditions by applying donor 

bases, e.g. the metallation of benzene with n-BuLi in hydrocarbons is rather negligibly 

at room temperature. The addition of TMEDA to this reaction mixture, which breaks up 

the higher aggregate (hexamer) of n-BuLi, proceed the lithiation almost quantitative.
[14]

  

Last year, Stalke et al. reported a convenient way for the metallation of toluene to form 

benzyllithium.
[15]

 Hexameric trimethylsilylmethyllithium can easily be deaggregated by 

the O,N-donor base Me2N(CH2)2OMe to form a dimer. This aggregate is able to lithiate 

toluene at the methyl group, opening a promising way for the neat metallation of 

toluene since benzyllithium is a bulk material in many fields. 

In 2004, the next stage of lithium organic chemistry was achieved.
[16]

 Knochel et al. 

propagated the addition of lithium chloride to Grignard reagents
[17]

 forming so called 

Turbo-Grignard reagents. The postulated mechanism of the formation of 

iPrMgCl  LiCl is shown in Scheme 1-4. LiCl inserts into the dimeric aggregate of the 

pure magnesium compound a (left), resulting in the more reactive magnesiate complex 

[iPrMgCl2
-
Li

+
] b (center). This complex is the primordial Turbo-Grignard compound 

and can transform a large variety of aryl- and heteroaryl Grignard reagents from the 

corresponding bromides c (right). 

 

Scheme 1-4. Br/Mg exchange in Turbo-Grignards propagated by LiCl. 

iPrMgCl  LiCl is nowadays commercially available
[18]

 and opened up a new field of 

the application of Grignard reagents in organic synthesis, especially due to their 

tolerance of functional groups.
[19]

 

Mulvey stated “To date only a glimmer of light has been cast on this structural darkness 

and”
[20]

 only a few solid-state structures of Turbo-Grignards have been elucidated.
[21]

 

The understanding of the reaction behaviour of Li/Li or mixed metal reagents is 
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strongly correlated to their aggregation in the solid state and moreover in solution. The 

necessity of the structural information of these highly sensible and demanding 

compounds should be the main topic of research in future investigations. Only then 

more light can be shed on the comprehension of lithium organic chemistry. 

 

1.2 Thiophene 

Thiophene, the sulfur-containing five-membered aromatic heterocycle (Figure 1-3), 

is one of the most versatile scaffolds in various chemical areas, covering a wide range 

from organic synthesis via organometallic chemistry and materials to life science. 

 

Figure 1-3. Thiophene. 

In organic synthesis both carbon atoms next to the sulfur atom are readily accessible 

to derivatization,
[22]

 normally starting from a mono- or di-halogenated or -metallated 

species.
[23]

 Recently a hetero-s-block-metallated thienyl complex, [(TMEDA)2Na,-

Mg(C4H3S)3], was published.
[24]

 Transition metal thienyl complexes were equally 

appealing and have been synthesized in past decades in vast variety. More recently, they 

attracted attention because of their functionality in terms of redox activity, magnetic and 

fluorescent capability and opto-electronical performance.
[25]

 Since the award of the 

chemistry Nobel Prize to Heeger, MacDiarmid, and Shirakawa for the discovery and 

development of conductive polymers in 2000, polythiophenes (PTs) are one of the most 

flourishing areas in materials science.
[26]

 They are key candidates for conducting 

polymers, opto-electronical luminescent layers, sensors, absorber and many other 

applications.
[27]

 Even in anti-cancer therapy 2,3-disubstituted thiophenes function as 

signal attenuators in enzyme tracing,
[28]

 and thienyl-substituted titanocenes show a 

considerably improved cytotoxicity against pig kidney cells.
[29]

 

In all these areas it is essential to get information about the lithiated species in the 

solid state but even more important in solution, because structural changes in solution 

like solvation and aggregation determine the reactivity as well as selectivity and hence 

the product range in organic syntheses and the materials profile of PTs. 2-
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Monometallation needs to be tuned, i.e. favoured or discriminated against 2,5-

dimetallation (Figure 1-4, left), leaving the thienyl group either in a pendent or bridging 

position in the product.
[30]

 Even the 3-position can be favoured above the 2-position and 

substituted first while the other remains metallated (center).
[31]

 

 

Figure 1-4. Metallation of thiophene in 2-, 5-position (left), 3-position (center) and 2-,3-position (right). 

Accordingly, beside the well-established issues of solvation and aggregation, valid 

for any lithium organics, thiophene is a particularly challenging substrate because of 

potential mono- and di-metallation in the 2- and/or 3-position (right). 

 

1.3 Phosphane Ligands in Catalysis 

Phosphane ligands are a key tuner to numerous transition metals used in catalytic 

processes.
[32]

 Ligand design has been in the focus over the last half century and gains 

more and more importance in a large variety of synthetic applications. To most of these 

catalytically active metals a phosphane ligand is introduced to fine tune the electronic 

and steric properties of the complexes to increase their catalytic efficiency. Among 

phosphane ligands, triphenylphosphane is convenient and widely used but several other 

systems are applied. Those tailor-made systems contain ligands that are capable of 

binding the active metal tightly without blocking its catalytic properties.  

Since the requirements in chemistry are very divergent, reaching from a potent 

pharmaceutical to a tough polymeric plastic, almost every metal of the periodic table of 

the elements is applied in organic synthesis to generate the target molecule. 

Transition metals are widely used and show a special capacity in a certain field of 

organic or organometallic reactions.
[33]

 Among the late transition metals palladium 

chemistry is towering out and most rewarded
[34]

 but raising interests in nickel
[35]

, 

copper
[36]

, iridium
[37]

 and gold
[38]

 show that they are in no way inferior to it. 
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1.3.1 Hemilabile Ligands 

In catalytic processes it is very important that the ligand is tightly bonded to the 

active metal atom without blocking the active center to keep the catalyst intact. This can 

be provided by one strongly bonded donor atom and a second weaker bonded donor 

atom. This weaker bonded atom can open a site of the metal atom when a substrate is 

approaching and propagate the bond formation to the active center. 

These specific ligands are so called hemilabile ligands and first mentioned by Jeffrey 

and Rauchfuss.
[39]

 They investigated the donor properties of P,O- and P,N-ligands 

whereas one donor atom–metal bond is cleaved during the catalytic cycle. In these 

complexes the donor atoms vary in their Pearson hardness
[40]

, indispensable in a 

hemilabile ligand. In Scheme 1-5 catalytic cycle with a hemilabile ligand is shown.  

 

Scheme 1-5. Catalytic cycle with a hemilabile ligand. 

In the stable but inactive complex (top) the hemilabile bond is cleaved (I) and a 

vacant coordination site is generated by a primary dissociation step (right). An 

appropriate substrate can bind to the metal atom (II) to form the substrate bonded 

complex (bottom). In the next step (III) another reagent can form a new bond with the 

activated substrate (left). This mostly short-lived species dissociates in a reductive 

elimination (IV) releasing the newly formed product and the weaker donor atom binds 

to the metal atom again. The catalyst is now restored to enter the next catalytic cycle. 
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Many examples of hemilabile ligands and metal complexes containing hemilabile 

ligands have been in the focus of the Stalke group over the last years, either on account 

of their unusual coordination motifs or due to their electronic properties. 

 

Figure 1-5. Examples of hemilabile ligands. 

A tin complex of diphenyl(2-picolyl)phosphane (Figure 1-5, a, left) shows a 

temperature depending hemilabile character in solution. While the tin atom is 

exclusively coordinated by the nitrogen atom at ambient temperature (Figure 1-6, d, 

left) the phosphorus atom coordinates as well when cooled down to 193 K (e, right).
[41]

  

 

Figure 1-6. Coordination modes of diphenyl(2-picolyl)phosphane to tin chloride at ambient temperature 

(d, left) and low temperature (e, right). 

The sulfur or selenium oxidized ligands of a also displays an enhanced hemilabile 

character compared to the known diphenyl(2-picolyl)iminophosphoranes.
[42]

 The 

structural motifs of the anionic ligands (Figure 1-5, b) with a central carbon, nitrogen or 

phosphorus atom, respectively, and 2-pyridyl substituents, e.g. di(2-pyridyl)methyl
[43]

, –

amide
[44]

, and –phosphanide
[45]

 have been investigated. The secondary phosphane di(2-

benzothiazolyl)phosphane (c) is a versatile ligand to coordinate metals in unexpected 

coordination motifs, due to its potential to coordinate in a P-, P,N- or N,N-mode to 

metal ions.
[46]

 The sulfur atoms are also probable donor sites and P,S-, N,S- or S,S-

motifs are possible. These ligands are further feasible to coordinate two metal ions via 

the phosphorus and the nitrogen atom. Ligands, which are capable of coordinating metal 
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atoms with two donor sites “looking” in opposite directions, are so called Janus head 

ligands.
[47]

 The name originates from the ancient roman god Janus, who is embodied 

with two heads facing in opposite directions (Figure 1-7).  

 

Figure 1-7. Bronze coin depicting a laureate Janus (ca. 200 BC).[18] 

The lithiation of di(2-benzothiazolyl)phosphane for example afforded the N,N-coordi-

nated lithium complex f (Scheme 1-6), in which the divalent phosphorus atom of the 

phosphane should be regarded as a potential 4-electron donor. The addition of the soft 

metal manganese led to a coordination polymer g. Two manganese ions are µ-bridged 

by the phosphorus atom and the lithium atom is coordinated by the nitrogen face of the 

Janus head ligand in the same manner as in the starting material f. Furthermore the 

diethyl ether molecules are replaced by the carbon oxide molecules of the manganese 

fragment leading to coordination polymer strains. 

 

Scheme 1-6. Hetero bimetallic Janus head complexe of P(bth)2
-.  
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1.4 Scope 

The main work of this thesis is divided into two parts (Chapter 2 and 3) followed by a 

sum up of main findings and a short outlook in Chapter 4 proceeded by the 

experimental section in Chapter 5. 

Chapter 2 focuses on the elucidation of the aggregation of 2-thienyllithium, methyl-

substituted 2-thienyllithium and 2-furyllithium in the solid state and in solution. The 

addition of an adequate donor base to lithium organics reduces their aggregation. Their 

solid-state structures should be determined by single crystal X-ray diffraction 

experiments and their coordination behaviour in solution by means of multi nuclear 

NMR techniques. For many lithium organics the deaggregation proceeded by going 

from oligomers to monomers, via hexamers, tetramers and dimers. The investigations of 

the established aggregation ladder should take one step further by searching for yet 

unknown, however theoretically predicted, aggregates in between the established rungs 

of the ladder. 

The scope of Chapter 3 is to develop synthetic routes and structurally investigate the 

coordination behavior of bis(2-thienyl)diethylaminophosphane in late transition metal 

complexes using single crystal X-ray diffraction. The study will shine light on different 

coordination geometries by forming complexes with different metals, and it will be 

investigated if different metals coordinate selectively to the soft sulfur or phosphorus 

coordination site. Moreover, the transformation of bis(2-thienyl)diethylaminophosphane 

to the bis(2-thienyl)phosphane, a promising P,S-ligand, is another interest, and the 

effect of variation/elongation of the heterocyclic side arms shall be examined by 

challenging syntheses of heterocyclic substituted phosphanes. 
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2 AGGREGATION OF LITHIATED THIOPHENE  

Prior to this thesis several structures of 2-thienyllithium derivatives have already been 

reported in the literature and structurally described. Firstly, tetramers of 2-thienyl-

lithium with and without donating side-arms in the 5-position, i.e. [(THF)2{Li(C4H2S)-

3-OMe)}4],
[48]

 and [(Et2O)Li{(C4H2S)-5-Me}]4,
[49]

 respectively were reported. 

Additionally there are the dimers, also with and without donating side-arms in the 

3-position, i.e. [(THF)Li{(C4H2S)-3-CH2OMe)S}]2,
[50]

 [(TMEDA)Li·Li{(C4H2S)-

3-CH2NMe2}2],
[51]

 [(THF)Li·Li{(C4H2S)-3-S(NtBu)2S)}]2,
[31]

 

[(TMEDA)Li(C4H3S)]2
[52]

 and [(TMEDA)Li{C4H2S)-3-Br}]2.
[53]

 Furthermore the 

structure of the dimeric 2-lithiated benzothiophene [(TMEDA)Li(C8H5S)]2 has been 

determined.
[54]

 Within my diploma thesis I was able to elucidate the structures of the 

dimer [(THF)2Li(C4H3S)]2 and the first monomer of 2-thienyllithium 

[(PMDETA)Li(C4H3S)]. As confirmed by this series of structures, no clear one-to-one 

relation between donor base and aggregation state can be drawn. 

First of all the synthesis and low-temperature crystallization of 2-thienyllithium 

aggregates 1-5 is described (Scheme 2-1). To study the aggregation state, three different 

oxygen and two nitrogen donor bases have been selected, named Et2O, THF, 

dimethoxyethane (DME), TMEDA, and PMDETA to study the aggregation state. The 

lithium derivatives were obtained by a straightforward reaction of thiophene and n-BuLi 

in a 1:1 stoichiometric ratio in diethyl ether at 0 °C, followed by the addition of the 

donor bases THF, DME, TMEDA or PMDETA, respectively (Scheme 2-1). Indicated 

by the pKa of thiophene (33) compared to that of benzene (44)
[55]

 the heterocycle is 

readily metallated at the carbon atom next to the sulfur atom but 2,5- and 2,3-

dilithiation are also feasible by adding two equivalents of the organolithium compound. 

 

Scheme 2-1. Preparation of 2-thienyllithium derivatives 1-5 via the reaction with n-BuLi at 0 °C in Et2O 

followed by the addition of the respective donor base. 

The results of the deaggregation and structural comparison between the different 2-

thienyllithium molecules are being discussed in the next chapters. Some of the results 
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presented in this chapter arose during the work of Klas Eike Schwarze under my 

guidance. Multidimensional NMR experiments were performed in cooperation with 

Ann-Christin Pöppler and the results were adapted to explain the observations in 

mononuclear NMR spectra. For further details on the NMR experiments see the recently 

published article
[56]

 and the PhD thesis of Pöppler.
[57]
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2.1 Aggregation of 2-Thienyllithium 

2.1.1 [(Et2O)Li(C4H3S)]4 (1) 

The starting point of this investigation was the tetramer which was isolated from the 

parent reaction mixture upon storing the clear solution at 5 °C. As in all further cases 

crystals were selected and transferred to the diffractometer at cryogenic conditions 

applying the XTEMP-2 device.
[58]

 1 crystallizes in the triclinic space group P ̅ with one 

tetramer in the asymmetric unit (Figure 2-1). The four lithium atoms form a tetrahedron, 

the common structural motif for [LiR]4 oligomers.
[59]

 All four almost equilateral Li3 

triangles are μ3-capped by the Cα-atom of the thienyl anion. The average Li–C bond 

length of 2.282(4) Å is within the range found for the similar tetramer 

[(Et2O)Li{(C4H2S)-5-Me}]4 (av. 2.269(14) Å).
[49]

 

 

Figure 2-1. Molecular structure of [(Et2O)Li(C4H3S)]4 (1). Anisotropic displacement parameters are 

depicted at the 50% probability level. Hydrogen atoms and oxygen bound ethyl groups are omitted for 

clarity. Note that the thienyl substituents are rotationally disordered relative to the Li3 plane, indicating no 

clear preference for additional LiS interactions. Selected bond lengths are displayed in Table 2-1. 

Recent experimental charge density investigations
[60]

 showed that this structural 

motif is also present in [(THF)Li2{H2CS(NtBu)2}]2.
[61]

 Up to now the bonding mode 

and the forces that keep the highly charged Li
+
 cations together are not fully understood. 

It is still controversially discussed to what extent the Li–C contacts are to be considered 

as mainly ionic or show appreciable covalent contributions.
[62]

 On the basis of the 
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experimental charge density distribution the interaction of the carbanion with the Li3 

triangle was determined to be a 4c-2e bond. The carbon atom forms a bond path to each 

of the three lithium atoms. The valence shell charge concentration in the non-bonding 

region of the carbanion, representing the lone-pair, is inclined away from the centre of 

the Li3 triangle towards the lithium atom at the tip of the isosceles triangle. However, no 

bond critical points and thus no direct bonding interactions between the lithium atoms 

could be determined.
[61]

 Due to this predominantly ionic interaction it can rightly be 

assumed that the aggregation found in the solid state is lowered in solution, 

preferentially in polar donating solvents. This makes NMR studies from solution 

particularly important (see Chapter 2.1.4).  

2.1.2 Dimeric Structures of [(THF)2Li(C4H3S)]2 (2), 

[(DME)Li(C4H3S)]2 (3) and [(TMEDA)Li(C4H3S)]2 (4) 

Because of its higher dipole moment and less steric demand THF shows better donor 

properties than diethyl ether towards the lithium atom in lithium organics (1.75 D for 

THF vs. 1.15 D for Et2O).
[63]

 Earlier deaggregation studies have shown that the 

aggregation of lithium organics is usually lowered by adding either steric demand or 

higher dipole moments. In addition, it was recently shown that THF can consecutively 

replace diethyl ether from the coordination of dimeric anthracenyllithium to give 

[(THF)n(Et2O)m{Li(C14H8)R}2] dimers, with n+m=3 or 4.
[64]

 Consequently, the addition 

of THF to a diethyl ether solution of 1 gives crystals of the dimer [(THF)2Li(C4H3S)]2 

(2) (Figure 2-2, left). During my diploma thesis
[65]

 an XRD-experiment was conducted 

and the structural motif for 2 was determined. After recrystallization additional NMR-

studies were performed during this thesis. The structure was verified by an X-ray 

experiment, confirming the same cell parameters. 

Like observed in many dimers the metallated Cα- and lithium atoms form a planar 

four-membered Li2C2 ring. This ring shows alternating shorter (av. 2.174 Å) and longer 

Li–C bonds (av. 2.283 Å), with the shorter bond length occurring at the lithium atom 

which is closer to the SC4H3-ring plane (Li1: 1.11 Å from plane A compared to 1.56 Å 

from plane B) and vice versa (Li2: 1.32 Å from plane A compared to 0.85 Å from plane 

B). This can be explained by predominant σ-bonding to the in-plane lone-pair.
[64, 66]
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2 3 4 

Figure 2-2. Molecular structures of [(THF)2Li(C4H3S)]2(2)[65], [(DME)Li(C4H3S)]2(3) and 

[(TMEDA)Li(C4H3S)]2(4)[52]. Anisotropic displacement parameters for 2 and 3 are depicted at the 50% 

probability level. Hydrogen atoms are omitted for clarity. Note that the thienyl substituents are 

rotationally disordered relative to the LiLi vector, indicating no clear preference for additional LiS 

interactions. Selected bond lengths are displayed in Table 2-1. 

The structure of 3 has been reported in my diploma thesis.
[65]

 Within the XRD 

experiments to confirm the reported structure of freshly grown crystals of 3 and a new 

polymorph of 3 was determined. The structure of [(TMEDA)Li(C4H3S)]2 (4) (Figure 

2-2, right) was determined by Spek and Smeets earlier.
[52]

 Switching the DME donor 

base in [(DME)Li(C4H3S)]2 (3) (center) to TMEDA in 4 has virtually no impact on the 

structural parameters. The shorter Li–C bonds in the four-membered ring are 2.147 Å 

and the longer ones are 2.228 Å. The same is valid for the σ/π-bonding. The distances of 

the lithium atoms to the thienyl ring plane are: Li1: 1.30 Å from plane A compared to 

0.92 Å from plane B and vice versa Li2: 1.26 Å from plane A compared to 1.59 Å from 

plane B. 

Table 2-1. Selected bond lengths [Å] in the solid-state structures of 1 to 5. 

 av. LiLi av. Li–Cα Li–O,N Ref 

1 2.714(5) 2.282(4) 1.975(7)  

2 2.487(3) 2.228(4) 1.979(6) diploma[65] 

3 2.504(4) 2.212(14) 2.002(3)  

4 2.581 2.187 2.164 [52] 

5 – 2.115(3) 2.134(2) diploma[65] 

 

Selected bond lengths of 1-5 were summarized in Table 2-1. A shortening of the Li–

C bonds could be observed from the tetramer (1) via the dimers (2-4) to the monomer 

(5).  
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2.1.3 [(PMDETA)Li(C4H3S)] (5) 

In order to investigate the coordination pattern of [(PMDETA)Li(C4H3S)] (5) in 

solution by means of NMR experiments, new crystals of previously published 5
[65]

 were 

synthesized. As well as for 2 the structure of 5 was verified by XRD experiments as the 

starting point for the NMR investigations elucidated in the next chapter. 

 

Figure 2-3. Molecular structure of [(PMDETA)Li(C4H3S)] (5).[65] 

Providing more than two donor atoms in one donor base changes the aggregation 

state to a monomer. In [(PMDETA)Li(C4H3S)] (5) the lithium atom is coordinated to 

the single Cα-atom in the ring plane like in other lithium aryl monomers (see Figure 

2-3).
[6, 67]

 It is displaced only 0.38 Å from the idealized thienyl plane, and therefore 

bonded exclusively to the in-plane lone pair. The Li–C distance of 2.115(3) Å is the 

shortest in the presented series of 2-thienyllithium structures. Hence, the presented 

structures mirror a trend already observed in a homologous series of other lithium 

organics: the lower the aggregation is, the lower is the number of Li–C contacts, and the 

shorter are the remaining contacts (Table 2-1). The mainly ionic metal cation–carbanion 

attraction is concentrated on one recipient. In the series [PhLi]∞,
[3]

 [(Et2O)LiPh]4,
[68]

 

[(TMEDA)LiPh]2,
[5]

 and [(PMDETA)LiPh]
[6]

 the C–Li distances decrease from 

polymer (2.32 / 2.24 Å) > tetramer (2.33 Å) > dimer (2.24 Å) > monomer (2.14 Å). The 

Li–C distance of the donor-free polymer compared to those of the donor base 

coordinated tetramer increases because the charge density supply of the donor base 

leaves the lithium cation less attractive to the carbanion in the tetramer. The trend is not 
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limited to lithium aryls but is also obviously going from [tBuLi]4
[7]

 (2.25 Å) via 

[(Et2O)LitBu]2
[7]

 (2.18 Å) to [{(–)-sparteine}LitBu]
[69]

 (2.11 Å), respectively. 

2.1.4 Aggregation Study of 1 - 5 in Solution 

In his seminal case study on the relationships between solvation, aggregation and 

reactivity in lithium organic chemistry Collum stated X-ray crystallography provides 

little insight into the thermodynamics of aggregation and solvation.
[70]

 This is 

appropriate as the crystal structure is commonly believed to represent the least soluble 

derivative in the pot and not necessarily the most abundant, let alone the most reactive 

species. Moreover, the least populated species might represent the bottleneck in the 

equilibrium the whole reaction goes through on the course towards the overall product. 

This was elaborated in several studies on various lithium amides in numerous donating 

solvents by sophisticated NMR studies.
[71]

  

At inert gas conditions in an argon glove box crystals of the aggregates 1-4 and the 

monomer 5 were dissolved in the non-donating solvent toluene-d8 and transferred in 

NMR tubes tapped by septa before exposition to the experiment. Starting from the 

challenging, yet well-established solid-state structure any change in the aggregation 

would be detected during the NMR experiment. If no changes occur it would be 

possible to prove the aggregation of the solid state is retained the same in solution.
[72]

 

Firstly, routine 1D (
1
H, 

13
C, 

7
Li) NMR experiments were employed followed by 

sophisticated 2D techniques (
1
H-DOSY, 

1
H,

7
Li-HOESY). Due to the low solubility, all 

NMR spectra of [(Et2O)Li(C4H3S)]4 (1) and [(TMEDA)Li(C4H3S)]2 (4) had to be 

measured with a small excess of the corresponding donor base. Toluene-d8 was chosen 

as solvent as it cannot interfere with the coordination sphere of the lithiated thiophenes 

and the corresponding donor bases. 
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Figure 2-4. Partial 13C{1H} NMR spectra showing the Cα signal of 1-5 in toluene-d8 at room temperature. 

The poor resolution of the spectrum of 4 is caused by the low solubility in toluene-d8. 

In Figure 2-4 the Cα signals of 1-5 are shown. Down field shifting from the 

tetrameric 1 via the dimeric 2-4 to the monomeric species 5 is observed. The 
13

C 

chemical shifts of the Cα-atom have been used as important indicator for organolithium 

aggregation before.
[50, 73]

 An increase of the 
13

C chemical shift value from the tetramer 1 

to the PMDETA-coordinated monomeric structure 5 is observed, thus confirming the 

coordination behaviour found by single crystal XRD-experiments. Furthermore, within 

the dimeric structures 2, 3 and 4, the 
13

C chemical shifts show an intriguing correlation 

with the Li–Cα-distances (Table 2-1). The references above use carbon chemical shifts 

and 
13

C-
6
Li coupling constants to distinguish between different aggregation states. 

Nevertheless, they have not scaled the observed 
13

C chemical shifts to Cα–Li distances 

derived from XRD data, which turned out to be fairly significant for this series of 2-

thienyllithium aggregates, whereas, the corresponding 
1
H and 

7
Li chemical shifts were 

much less reliable and did not follow a clear trend (see Experimental Section). 

Therefore the 
13

C NMR spectra indicate the aggregation of 2-thienyl in non-donating 

toluene-d8. However, the aggregation cannot be confirmed by mononuclear NMR 

spectra only. Fast exchange processes in solution, e.g. equilibria between different 

aggregates may hamper the identification and necessitate further (2D) NMR 

experiments. 

Due to the high solubility, 3 was chosen for a variable temperature NMR study. 
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Scheme 2-2. Partial variable temperature 1H NMR spectra of 3 in toluene-d8 from 298 K (top) to 198 K 

(bottom).  

While slowly cooling down a sample of 3 in toluene-d8 to 198 K it can be noticed 

that the aromatic signals drift to lower field. This observation can be explained by the 

temperature dependency of the resonance frequency of every proton.
[74]

 

Over the whole temperature range, only one set of signals is identified (Scheme 2-2). 

This is consistent with the 
13

C{
1
H} NMR spectra in Figure 2-4. A dynamic equilibrium 

between the monomer and dimer would lead to two sets of signals at low temperature. 

Cooling down near to the freezing point of toluene-d8 (188 K) only one set of 

resonances can be observed.  

 

Scheme 2-3. Partial 13C and 6Li NMR spectra of 0.3 M 2-thienyllithium in THF:Me2O:Et2O (3:2:1) (D = 

dimer, M = monomer) at 133 K.[50b] 

This result is contrary to the NMR studies of Reich et al. on 2-thienyllithium in a 

mixture of THF : Me2O : Et2O (3:2:1) in which a dimer – monomer equilibrium can be 

seen at 133 K (Scheme 2-3).
[50b]

 Obviously the ethereal solution is responsible for the 
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change of aggregation at lower temperature. In the non-donating solvent toluene the 

dimeric structure of 3 is retained. 

While 
1
H, 

13
C and 

7
Li NMR spectroscopy can only indicate the aggregation of a 

series of lithium organics in solution, the sophisticated diffusion ordered spectroscopy 

(DOSY) can estimate the molecular size and aggregation as well as dynamic behavior 

of lithium organics.
[75]

 Therefore we decided to conduct 2D NMR experiments (e.g. 

DOSY and HOESY) of 1-5 in the non-donating solvent toluene-d8.  

 

Figure 2-5. 1H-DOSY spectrum of 5.[56] X-axis: 1H spectrum, y-axis: diffusion coefficient [*10-9 m2/s]. 

If 2-thienyllithium and the donor base form a stable complex protons of both units 

should display the same diffusion coefficient. Nevertheless, the spectra were difficult to 

interpret due to excess of solvent or exchange processes (exemplary spectrum of 5 is 

shown in Figure 2-5). Furthermore in the spectrum of 2 the diffusion coefficient of the 

donor molecules varies significantly from that of the lithiated thiophene. This indicates 

that in solution THF molecules partially dissociate from the lithiated thiophene structure 

possibly leaving Li atoms threefold-coordinated. In principle, higher thiophene 

aggregation would also set free THF molecules - in fact, a dimer-tetramer equilibrium is 

known to exist for n-BuLi in THF solution.
[76]

 This cannot be finally proven by the 

reached low temperatures (193 K) but would be in disagreement with the chemical 

shifts shown in Figure 2-4.  

The aggregation of 1-5 was also investigated using the 
1
H,

7
Li heteronuclear Over-

hauser effect (HOE). Since the crystal structures contain several short proton-lithium 

distances (up to 4 Å), cross-peaks should appear in 
1
H,

7
Li-HOESY spectra that either 

prove or disprove the solid-state structure in solution.
[77]
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Figure 2-6. 1H,7Li-HOESY spectrum of 3.[56] 

An exemplary 
1
H,

7
Li-HOESY spectrum of 3 is shown in Figure 2-6. The 

7
Li 

spectrum of 3 is plotted on the abscissa, the 
1
H NMR spectrum on the ordinate. Cross-

peaks are shown between the lithium and the protons of DME and H3 of the thienyl 

moiety, respectively. 

It could be concluded that the solid-state aggregation of 3-5 is retained upon 

solvation in toluene-d8. Due to the low solubility of 1 cross peaks could be observed, 

but they were not sufficiently strong for really short mixing times, preventing them to 

be included in this comparison.  

Within this NMR study we found out that the TMEDA and PMDETA coordinated 

species 4 and 5 show a higher reactivity compared to 1-3. These two compounds were 

able to lithiate toluene-d8 at room temperature.
[56]

 The lithiated intermediate has not 

been observed in the 
1
H NMR, due to the fast re-metallation of thiophene. The H-2/H-5 

protons of thiophene are significantly more acidic (pKa ~ 33) compared to the methyl 

protons of toluene (pKa ~ 40)
[78]

, leading to the fast Li/H exchange at the lithiated 

methyl group of toluene. Typically, the lithiation of toluene is carried out under rather 

harsh conditions (n-BuLi / TMEDA and high temperatures) and ring (poly)metallation 

occurs as a side reaction.
[79]

 Already mentioned in the introduction milder conditions for 

the lithiation of toluene were reported, recently.
[15]
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2.2 Aggregation of Methyl-substituted 2-Thienyllithium 

2.2.1 [(THF)2Li{(C4H2S)-5-Me}]2 (6), [(DME)Li{(C4H2S)-5-Me}]2 

(7) and [(TMEDA)Li{(C4H2S)-4-Me}]2 (8) 

Based on the knowledge of the aggregation study of 2-thienyllithium in which the 

addition of THF, DME or TMEDA to the tetrameric structure of 1 led to the dimers 2-4, 

and the addition of PMDETA to the monomer 5 another aim was to further study the 

aggregation states of methylated 2-thienyllithium, particularly 5-methyl-2-thienyl-

lithium and 4-methyl-2-thienyllithium. Only one solid-state structure of 5-methyl-2-

thienyllithium, the tetrameric structure of [(Et2O)Li{(C4H2S)-5-Me}]4,
[49]

 has been 

characterized by single crystal X-ray diffraction experiments. A similar approach as in 

the case of 2-thienyllithium was chosen to deaggregate the tetramer in diethyl ether to 

obtain smaller aggregates. Again, the donor bases THF, DME and TMEDA were 

selected and the dimeric structures of [(THF)2Li{(C4H2S)-5-Me}]2 (6), 

[(DME)Li{(C4H2S)-5-Me}]2 (7) and [(TMEDA)Li{(C4H2S)-4-Me}]2 (8) could be 

determined (Figure 2-7). Selected bond lengths of 6-8 are summarized in Table 2-2. The 

structural elucidation of 7 was carried out during my diploma thesis.
[65]

 New crystals 

have been obtained since then and the cell parameters of the crystal have been validated 

by XRD experiments and further analysis of its structure in solution was applied by 

NMR experiments. No new crystals of 5-methyl-2-thienyllithium  TMEDA could be 

obtained, but lithiated 3-methylthiophene yielded suitable crystals of 8 for structural 

analysis. 

6 7 8 

Figure 2-7. Molecular structure of 6, 7[65] and 8. Anisotropic displacement parameters of 6 and 8 are 

depicted at the 50% probability level. Hydrogen atoms are omitted for clarity. The positional disorder in 8 

is explained, vide infra. 
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In accordance with the structural motif that is common between 2 - 4, the dimers 6 -

 8 form a C2Li2 four-membered ring. The THF coordinated dimer 6 crystallizes in the 

triclinic space group P ̅ with half a dimer in the asymmetric unit. The lithium atoms in 

6 are coordinated by two THF molecules and the C atoms of the 5-methyl-2-thienyl 

molecules. The distances in the C2Li2 four-membered ring are almost equidistant (Li–C 

2.241(7) Å and 2.244(7) Å). The structure of 7 showed two slightly shorter C–Li bond 

lengths (Li–C 2.171(4) Å and 2.210(6) Å)
[65]

 compared to 6.  

Due to the methyl group in the 3- instead of the 5-position, it is likely that the 

lithiation of 3-methylthiophene lead to two products, i.e. 4-methyl-2-thienyllithium and 

3-methyl-2-thienyllithium (Scheme 2-4).  

 

Scheme 2-4. Lithiation of 3-methylthiophene. 

The crystal structure of 8 reveals this 2- vs. 5-metallation (Figure 2-8). The C2Li2 

four-membered ring in 8 shows alternating shorter (av. 2.175(18) Å) and longer Li–C 

bonds (av. 2.323(12) Å), similar to [(TMEDA)Li(C4H3S)]2 (4).  

Analogous to the positional disorder in 1-5, a 180° rotation along the C–Li bond 

occurs and four positions of the lithiated thienyl moiety could be. The main domain 

shows the 4-methyl-2-thienyl moiety (A, Figure 2-8 top-left; SOF: 0.85); the 

moderately occupied domain displays the 3-methyl-2-thienyl pendant (D, bottom-right; 

SOF: 0.08). The minor positions are occupied by positional disordered moieties of 4-

methyl-2-thienyllithium and 3-methyl-2-thienyllihtium (B, top-right; SOF: 0.03 and C, 

bottom-left; SOF: 0.04). 
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 A B 

 
 

C D 

Figure 2-8. 2 vs. 5 lithiation of 3-methylthiophene (A= 4-methyl-2-thienyl, SOF: 0.85; B= 4-methyl-2-

thienyl, SOF: 0.03; C= 3-methyl-2-thienyl, SOF: 0.04; D = 3-methyl-2-thienyl, SOF: 0.08). 

The addition of the tridentate N-donor base PMDETA led to the monomeric structure 

of 5-methyl-2-thienyllithium in the solid state, similar to 2-thienyllithium. The structure 

of the monomer [(PMDETA)Li{(C4H2S)-5-Me}] is shown in Figure 2-9 and selected 

bond lengths are summarized in Table 2-2. NMR spectra of crystals dissolved in 

benzene-d6 were already measured during my diploma thesis (Table 2-3 bottom).
[65]

 

 

Figure 2-9. Molecular structure of [(PMDETA)Li{(C4H2S)-5-Me}].[65] 

The PMDETA chelated monomer showed the shortest Li–C bond length as well as 

largest low field shift in the 
13

C NMR spectrum in the series of 6-8. Similar to the trend 
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of the Li–C distances in the aggregates of 2-thienyllithium (1-5) a bond shortening from 

the tetramer to the monomer could be observed in methyl-substituted 2-thienyllithium 

(Table 2-2) indicating again a correlation between the aggregate and bond length. 

Table 2-2. Selected bond lengths [Å] in the single crystal of 6 to 8 and known tetramer and monomer. 

 av. LiLi av. Li–Cα Li–O,N Ref 

tetramer 2.72(2) 2.270(14) 2.024(13) [49] 

6 2.496(11) 2.242(7) 1.959(6)  

7 2.488(5) 2.190(5) 2.007(4) [65] 

8 2.566(10) 2.193(6) 2.153(13)  

monomer – 2.109(3) 2.137(3) [65] 

2.2.2 Aggregation Study of 6 - 8 in Solution 

Dissolving the crystals of 6 - 8 in the non-donating solvent toluene-d8 leads to the 

NMR resonances summarized in Table 2-3. Crystals of the PMDETA coordinated 

monomer [(PMDETA)Li{(C4H2S)-5-Me}] were dissolved in benzene-d6 and the 
1
H and 

13
C NMR spectra were recorded. Taking into account that the resonances in toluene and 

benzene are similar, an analogue trend in the signals of methyl-substituted 2-

thienyllithium compounds can be observed as for 2-thienyllithium. 7 shows a high 

solubility in toluene-d8 similar to that of 3 and was chosen for multiple temperature 
1
H 

NMR experiments.  

 

Scheme 2-5. Low temperature 1H NMR spectra of [(DME)Li{(C4H2S)-5-Me}]2 (7). 
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While slowly cooling down a sample of 7 in toluene-d8 to 198 K it can be noticed 

that the entire set of signals drifts to lower field. As mentioned before, this observation 

follows the temperature dependence of the resonance frequency of every proton.  

At room temperature, only one set of signals can be identified (Scheme 2-5 top). This is 

consistent with the spectra of 3 shown in Figure 2-4. A dynamic equilibrium between 

the monomer and dimer would lead to two sets of signals at low temperature. 

Nevertheless, cooling down near to the freezing point of toluene-d8 (188 K), only one 

set of resonances can be observed. 

A summary of the 
1
H NMR and 

13
C NMR shifts as well as the Li–C distances in the 

structures of 6–8 and the literature-known aggregates are listed in Table 2-3. 

Table 2-3. Selected bond lengths [Å] in the solid-state structures and selected 1H and 13C NMR signals of 

methyl-substituted 2-thienyllithium derivatives. 

  (H3)  (Cα) av. Li– Cα Ref 

[(Et2O)Li{(C4H2S)-5-Me}]4 – – 2.270(14) [49] 

6 –a) –a) 2.242(7)  

7 7.46 172.2 2.190(5)[65]  

8 7.98 176.7 2.193(6)c)  

[(TMEDA)Li{(C4H2S)-5-Me}]2 7.55
b)

 174.8
b)

 – 
[65]

 

[(PMDETA) Li{(C4H2S)-5-Me}] 7.42b) 181.1b) 2.109(3) [65] 

a) crystals of 6 decomposed during NMR sample preparation; b) measured in benzene-d6  c) only major domain; Li-C 2.273(18) all domains included. 

Due to the similar permittivity of toluene (2.38) and benzene (2.28)
[80]

 a comparison 

of the resonances of 6–8 to [(TMEDA)Li{(C4H2S)-5-Me}]2) and [(PMDETA)-

Li{(C4H2S)-5-Me}] is possible. A similar trend in the 
13

C chemical shifts from the 

dimers to the monomer, similar to 1-5, could be observed indicating a comparable 

stability of the solid-state aggregate in solution upon dissolving in toluene-d8 or 

benzene-d6, respectively. 

In accordance with the results in Chapter 2.1, it can be concluded that methyl-

substituted 2-thienyllithium can be deaggregated similar to 2-thienyllithum from the 

tetrameric aggregate in Et2O to dimeric structures (6–8 and [(TMEDA)Li{(C4H2S)-5-

Me}]2) by the addition of the donor bases THF, DME, and TMEDA, respectively. A 

monomer can be obtained if the tridentate donor base PMDETA is applied.
[65]

 An 

influence of the methyl group either in 5- or 4-position on the aggregation was not 

observed. Larger substituents, e.g. tBu- or SiMe3-groups or substitution at the 3-position 

may have a greater influence on the aggregation and lead to different aggregation states.  
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Within this chapter it was shown that 2-thienyllithium as well as methyl-substituted 

2-thienyllithium could be deaggregated by the addition of an adequate donor base. The 

application of diethyl ether led to tetrameric structures (1); THF, DME or TMEDA led 

to dimers (2-4, 6-8). A monomer was obtained from PMDETA, i.e. 5. In the solid state 

a shortening of the C–Li distance from the tetramers to the monomers could be 

observed from SC-XRD experiments in both cases. Upon solvation in non-donating 

solvents, i.e. toluene-d8 and benzene-d6, a trend in the Cα 
13

C chemical shifts to lower 

field from the tetramer to the monomer were observed indicating a structural retention 

in solution. Furthermore, the aggregation of 1-5 in solution could be confirmed by 2D 

NMR experiments (e.g. HOESY, DOSY) and proved the Cα 
13

C chemical shifts as an 

indicator of the aggregation state for this class of lithium organic compound. The Cα 
13

C 

chemical shifts and the average Li–Cα bond lengths are summarized in Table 2-4.  

Table 2-4. Summary of the Cα 
13C chemical shifts [ppm] and average Li–C distances [Å] in 1-8. 

  (Cα) av. Li– Cα Ref 

1 166.8 2.282(4)  

2 170.8 2.228(4) [65] 

3 172.1 2.212(14)  

4 174.1 2.187 [52] 

5 180.1 2.115(3) [65] 

[(Et2O)Li(C4H2S)-5-Me]4 – 2.270(14) [49] 

6 –a) 2.242(7)  

7 172.2 2.190(5)[65]  

8 176.7 2.193(6)c)  

[(TMEDA)Li(C4H2S)-5-Me]2 174.8b) – [65] 

[(PMDETA) Li(C4H2S)-5-Me] 181.1b) 2.109(3) [65] 

a) crystals of 6 decomposed during NMR sample preparation; b) measured in benzene-d6; c) only major domain; Li-C 2.273(18) 

all domains included. 
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2.3 The Pentuple Ion of 2-Thienyllithium (9) 

Based on the knowledge of the structures 1-5 and considering the fact that the rarely 

observed triple ions fill the gap between monomeric and dimeric aggregation, there is 

likely to be an aggregate between the dimer/trimer and the tetramer. Larger aggregates 

are only known for HMPA coordinated amidonitrogen-lithium compounds, i.e. 

[{Li(HMPA)4}{Li5(N=CPh2)6(HMPA)}],
[81]

 or from theoretical calculation of lithium 

chloride cluster.
[82]

 

It turned out that the oxygen containing tridentate donor base diglyme does not form 

the expected monomer (Scheme 2-6, top) or triple ion (center) with 2-thienyllithium. 

The formation of a triple ion itself is unlikely compared to tris(trimethylsilyl)methyl-

lithium ((Me3Si)3CLi) due to the absence of a steric shielding of thienyl groups to the 

exposed central lithium atom. An aggregate which had been hitherto unknown, a 

pentuple ion, was formed (bottom). 

 

Scheme 2-6. Possible products of the lithiation of thiophene via n-BuLi at 0 °C and addition of diglyme: 

monomer (top), triple ion (center), pentuple ion of 9 (bottom). 

[Li(Diglyme)2][(Diglyme)Li2(C4H3S)3] (9) crystallizes in the orthorhombic space 

group Pbca with a complete solvent separated ion pair (SSIP) in the asymmetric unit. 

The anion of the pentuple ion consists of two lithium cations and three anionic thienyl 
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moieties (Figure 2-10). One of the thienyl moieties coordinates both lithium ions in a 

µ-bridging motif similar to the one found in the Li2C2 dimeric arrangement in 2-4. One 

lithium atom is located above the thienyl ring plane and the other one underneath. Each 

of the remaining thienyl anions is bonded to a lithium atom via Cα in a σ-bond manner 

that is frequently found in monomeric lithium organics, e.g. 5. The central diglyme 

oxygen atom bridges both lithium atoms forming a LiCLiO four-membered ring. The 

coordination spheres of the lithium atoms are completed by the terminal oxygen atoms 

of the diglyme. The third lithium atom is chelated by two diglyme molecules forming 

the cation of the SSIP. While the aggregation of 9 can be established unequivocally 

based on the data obtained by the X-ray experiments, it is not feasible to discuss bond 

lengths and angles in detail. The severe positional disorder in the structure is the reason 

for the low scattering power of the crystals.
[83]

 However, a stable refinement using 

chemical restraints and, where necessary, constraints, was possible, vide infra. 

To the best of my knowledge, this structural motif of a pentuple ion, an anion 

consisting of two lithium cations and three carbanions forming the anion of a SSIP, has 

neither been reported as solid-state structure nor in solution up to now. 

a b 

Figure 2-10. Molecular structure of the pentuple ion [2-thienyllithium diglyme]3 (9). Anisotropic 

displacement parameters are depicted at 50 %. Major domain of 9 (a, left); major and minor positions of 9 

(b, right). Hydrogen atoms are omitted for clarity. 
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Suitable crystals of 9 were grown in an ethereal solution. The reaction mixtures were 

stored at temperatures between 0 °C and -80 °C, proving -19 °C to give the best 

conditions for crystallisation. XRD-experiments of 9 were performed on different X-ray 

devices, i.e. an in-house Mo-IµS (INCOATEC MICROFOCUS SOURCE)
[84]

, a Cu-rotating 

anode (Prof. Dr. G. M. Sheldrick, Göttingen), and at the beamline 15 ID-B 

(ChemMatCARS) at the Advanced Photon Source (APS) of the Argonne National 

Laboratory (Chicago). The herein presented structure of 9 was obtained from a data set 

measured on a Mo-IµS.  

As structure 9 only contains light atoms, the use of Cu- instead of Mo-radiation (Cu-

Kα: 1.51043 Å; Mo-Kα: 0.71073 Å) is mandatory to improve the scattering power 

significantly.
[85]

 Therefore a data set was collected on a copper source. Unfortunately, 

the use of copper radiation did not show significant improvement of data quality, which 

can only be explained by poor crystal quality. Eventually, the Cu data set had to be 

discarded in favour of the Mo data set because of the much higher redundancy and 

completeness of the latter. A comparison of the data sets is listed in Table 2-5. 

Table 2-5. Comparison of the data sets collected on Mo-IµS, Cu source and synchrotron. 

criteria Mo-IµS Cu APS 

Wavelength [Å] 0.71073 1.54178 0.3936 

T [K] 100 100 12 

Rint 0.1626 0.0701 0.0971 

Resolution [Å] 0.90 0.85 0.80 

Unique reflexes 5410 4997 7430 

I/sigma 14.99 8.37 11.80 

Completeness [%] 99.7 73.5 98.2 

Redundancy  30.36 3.37 7.77 

R1, (all data) 0.1381 0.1263 0.1786 

wR2 (all data) 0.3630 0.3828 0.4740 

Resid. density [e/Å3] 0.779 / -0.461 0.548 / -0.39 1.36 / -0.72 

 

In hope that the “brightest X-ray beam in the Western Hemisphere”
[18]

 would 

improve the resolution and thus the information provided by the crystal structure, XRD 

experiments were performed at the Advanced Photon Source (APS) of the Argonne 

National Laboratory (Chicago) (Figure 2-11). 
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Figure 2-11. Aerial photo of the Advanced Photo Source.[18] 

Freshly grown crystals from commercially available starting materials were 

measured at helium temperature (12 K) and with synchrotron radiation ( = 0.3936 Å). 

Six data sets of different quality were obtained during this experiment (for key data see 

Table 2-5 right column). The availability of liquid helium for crystal cooling was a 

further advantage that led us to conduct experiments at the APS. It was expected that 

the lower temperature, “freezing” the libration of the atoms in the crystal, would reduce 

the positional disorder of the diglyme molecules in the anion and enables a more exact 

deconvolution of the positional parameters from thermal motion. The application of 

shorter wavelength is counterintuitive to the above mentioned usage of Cu-radiation 

because the scattering power decreases with the used wavelength, but this disadvantage 

of the used radiation is more than compensated by the colossal flux provided by the 

synchrotron beam, which is ~10
10

 times more intense compared to conventional X-ray 

sources. This leads to shorter exposure times especially for very small crystals, 

therefore to shorter experiments and the survival of the air-sensitive crystals is more 

likely. 

After a careful evaluation of the data sets it turned out that the data obtained by the 

IµS-measurement, even compared to the data from APS (Table 2-5, right column), still 

seemed to be best. This is indicated by the stable and reliable refinement and lower 

residual density by including data to the same resolution limit. It can be explained by 

the lower data quality of the APS data set by the observed, however unintended, 

overexposed low angle data. Even with full attenuation and short exposure times it was 

not possible to obtain a smooth diffraction pattern due to the high flux of the beam. This 



32 Aggregation of Lithiated Thiophene 

led to scaling problems because the intensity of the low angle reflections was 

underestimated.  

This unknown aggregation mode was examined via NMR experiments as well. It was of 

great interest, if the intriguing solid-state structure of 9 is retained in solvation as it was 

shown for the other 2-thienyllithium aggregates. 

Crystals of 9 were transferred to NMR tubes under inert conditions and dissolved in 

toluene-d8, similar to the procedure for 1-5. Only one set of signals was detected in the 

1
H NMR spectrum as well as in the 

13
C NMR spectrum. The resonance of the Cα atom 

( = 172.6 ppm) is in the range of the Cα atoms of the dimers 2-4 and no further signal 

set in the 
1
H NMR spectrum appeared at low temperature (203 K) (see Scheme 2-8). 

Again the described temperature dependent shift to low field occurred. 

 

Scheme 2-7. Monomeric (blue) and dimeric (red) subunits of 9. 

Two different signal sets would be expected if the aggregation of the solid state was 

retained in solution. For comparison, the Cα 
13

C chemical shift of the dimer 3 is 

δ = 172.1 and δ = 180.1 ppm for the monomer 5. Two thienyl moieties in 9 are 

coordinated terminally to one lithium cation, showing a monomeric motif (Scheme 2-7, 

blue) and therefore a larger low field shift would be expected. The bridging Cα atom of 

the third thienyl moiety (Scheme 2-7, red) would show a resonance at higher field. 

Nevertheless, the possibility of the resonances to coincide cannot be discarded 

unequivocally, although this serendipity is estimated to be rather unrealistic. This could 

be an indicator for a different aggregation state in solution. A second signal at 180 ppm 

for the monomerically bonded thienyl moiety should be observed if the pentuple ion 

stays intact in solution. Either a fast equilibrium, which cannot be resolved at 203 K, or 

a different aggregate is favored in solution.  
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Scheme 2-8. Low temperature (bottom) and room temperature (top) 1H NMR spectra of 9 in toluene-d8. 

Only the range of the thienyl protons is displayed. 

Two broad signals are found in the low temperature 
7
Li{

1
H} NMR spectrum 

indicating at least two different environments for the lithium cations. This could be a 

hint to a fast exchange between the different thienyl moieties. Surprisingly no signal 

splitting was detected in the 
1
H NMR spectra at the lowest possible temperature. 

To summarize, 2-thienyllithium does not form the anticipated monomer or triple ion 

with the tridentate donor base diglyme but rather an unexpected SSIP, the pentuple ion. 

Three anionic thienyl moieties and two lithium atoms form the anion and a solvent 

separated lithium atom the cation of the solvent separated ion pair (SSIP). Extensive 

crystallization attempts and XRD experiments led to the unequivocally determined 

solid-state structure. Mononuclear NMR studies indicate that the solid-state structure is 

at least not fully retained in solution. Moreover a change of aggregation is supported. A 

deaggregation assumption is buoyed by recently conducted multi-dimensional NMR 

experiments (e.g. HOESY) and support a fast exchange which may involve a dimeric 

structure.
[86]
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2.4 Aggregation of 2-Furyllithium 

The aggregation of 2-furyllithium is far less understood than the aggregation of 2-

thienyllithium and its derivatives. Only two dimeric structures of lithiated benzofuran, 

[(TMEDA)Li(C8H5O)]2
[54]

 and [[(iPr2O)Li(C8H5O)]2]
[87]

 have been structural investi-

gated. Further preliminary results on the aggregation of 2-furyllithium, i.e. 

[{(THF)4Li2(C4H3O)2}]2 and [(Diglyme)Li(C4H3O)]∞ were already presented in my 

diploma thesis (Figure 2-12).
[65]

 The empirical formula of [(THF)4Li4(C4H3O)4] 

indicates a tetrameric aggregation of 2-furyllithium with tetrahydrofuran. On closer 

inspection the structure revealed two furyl-O-bridged dimeric subunits (Figure 2-12 left, 

blue planes) instead of a genuine tetramer, due to the elongated Li–Li distance of the 

isosceles Li3-triangles (av. short Li–Li: 2.538(4) Å; long Li–Li: 3.387(4) Å). 

[(Diglyme)Li(C4H3O)]∞ forms a coordination polymer in the solid state. Two 2-

furyllithium moieties form dimeric subunit, similar to the THF aggregate, in which the 

furyl oxygen and a terminal oxygen of the diglyme coordinate to a neighbouring lithium 

atom of the adjacent dimer (right). 

Furthermore, the solid-state structures of the dimeric 2-lithiated benzofuran 

derivatives [(TMEDA)Li(C8H5O)]2
[54]

 and [(iPr2O)Li(C8H5(Br)O)]2
[87]

 have been deter-

mined. 

 

 

 

 

 

 

a b 

Figure 2-12. Known solid-state structures of 2-furyllithium with THF (a, left; dimeric Li2C2-plane in 

blue) and diglyme (b, right). 

A coordination of the ring oxygen atom to a neighbouring lithium atom takes place 

in all known structures. This fact, plus the dominating motif of the structure, a C2Li2 
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ring, leading to dimeric subunits was the reason for continuing interest in 2-furyl-

lithium. 

Further investigations indicate a different behaviour of 2-furyllithium (the formation 

of dimeric subunits) in comparison to its heavier homologue 2-thienyllithium, which 

forms with diethyl ether a tetramer (1), with THF, DME, TMEDA, respectively, dimers 

(2-4) and with PMDETA a monomer (5). Unexpected structural motifs of 2-furyllithium 

could be determined, if these donor bases were applied. 

2.4.1 [(PMDETA)2Li6O2{(C4H2O)-5-Me}4] (10) 

In a deaggregation study of 5-methyl-2-furyllithium with the tridentate donor base 

PMDETA the formation of a monomer similar to 5 was expected.  

 

Scheme 2-9. Insertion of peroxide in 5-methyl-2-furyllithium with PMDETA. 

It turned out that the flask was not sealed properly or via incautiousness the reaction 

mixture was exposed to air for a short period of time (Scheme 2-9). Nevertheless, 

colorless crystals of 10 grew after a few days. 10 crystallized in the orthorhombic space 

group Pbca with half the molecule in the asymmetric unit. The whole molecule is 

shown in Figure 2-13.  
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Figure 2-13. Molecular structure of 10. Anisotropic displacement parameters are depicted at the 50% 

probability level. Hydrogen atoms are omitted for clarity. Symmetry equivalent atoms are labeled with A. 

The center of the structure is a peroxide O2
2-

, which is µ-bridged by the lithium 

cation Li1 and its symmetry equivalent Li1A. The O–O bond length of 1.5483(17) Å is 

longer compared to H2O2 (1.453(7) Å)
[88]

 but in the range of O–O distance found in 

reported lithium peroxide inclusion compounds.
[89]

 

The coordination sphere of Li1 is filled up to four by the carbanion of a 5-methyl-2-

furyl moiety (C1) and the oxygen atom of a second 5-methyl-2-furyl molecule (bearing 

C6). The lithium atoms Li2 and Li3 are end-on coordinated to O1 of the peroxide anion. 

Li2 is also bonded to the Cα atom of the C6 bearing 5-methyl-2-furyl ring, N1 of a 

PMDETA molecule and the oxygen atom of a 5-methyl-2-furyl moiety (bearing C1A). 

The coordination sphere of Li3 is completed by the two residual nitrogen atoms of the 

PMDETA molecule (N2 and N3) and O2A (the symmetry equivalent of furyl ring 

bearing C6). Selected bond lengths and angles of 10 are summarized in Table 2-6. 

Table 2-6. Selected bond lengths [Å] and angles [°] of 10. 

O1–O1A 1.5483(17) Li1–O1 1.903(3) 

Li1–C1 2.088(3) Li1–O1A 1.918(3) 

Li2–C6 2.220(3) Li1–O2 1.935(3) 

Li3–C6 2.212(3) Li2–O1 1.977(2) 

Li2–N1 2.174(3) Li3–O1 1.945(2) 

Li3–N2 2.180(3) O1–Li1–O1A 132.21(7) 

Li3–N3 2.151(3) Li2–C6–Li3A 76.13(13) 
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The inclusion of peroxide ions in lithium organics is quite seldom and the formation 

of peroxo anions not yet understood.
[89]

 The source of the peroxide was in most cases 

the exposure to air or not completely degassed solvents or starting materials. In the 

reported complexes either six,
[89e]

 seven,
[89a, 89c]

 eight
[89b]

 or nine
[89d]

 lithium atoms are 

bonded to the peroxide, whereas three or four lithium atoms are µ-bridging coordinated 

to the peroxide. The peroxide anion in 10 is only coordinated by six lithium atoms (two 

in a µ-bridging motif), representing one of the smallest lithium peroxide complexes 

reported so far. In this way the peroxide is shielded and further lithium atoms cannot be 

bonded. In the structures with six or more lithium atoms, the lithium atoms are 

coordinated by nitrogen containing molecules similar to 10. 

The crystals of 10 decomposed during the transfer to NMR tubes and new crystals 

could not be obtained neither from the same batch nor from further synthesis under the 

same conditions. This indicates an insertion of air in the first batch. 

2.4.2 [{Li(DME)2}2Li12{[C4H3O]8[OCH3]6}] (11) 

Similar to 5-methly-2-thienyllithium, 5-methyl-2-furyllithium should form a dimer, 

if DME is applied, but an unexpected DME cleavage took place. 11 was prepared in the 

same way as the 2-thienyllithium compounds. One equivalent n-BuLi was added to 

freshly distilled furan in diethyl ether at 0 °C. After 30 minutes 2 eq. of DME were 

added and stirred for another 30 minutes. The reaction mixture was stored at -20 °C and 

suitable crystals for XRD-experiments were obtained after a few days. 11 crystallizes in 

the orthorhombic space group Pbca with the whole molecule in the asymmetric unit. An 

ether cleavage reaction took place and the resulting, unexpected structure is presented in 

Figure 2-14. 
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Figure 2-14. Isolated structure of the reaction of 2-furyllithium with DME (11). Anisotropic displacement 

parameters are depicted at 50 %. Hydrogen atoms and positional disorder of the DME molecules and 

furyl moieties are omitted for clarity. 

Ether cleavage occurs unintentionally in reactions of alkaline metals with ethers and 

could be avoided by either lowering the reaction temperature or by avoiding the 

presence of α-hydrogen atoms.
[90]

 The methoxy anions in the solid-state structure of 11 

can be explained by a cleavage of DME. A decomposition of diethyl ether would lead to 

ethoxy groups instead. The proposed reaction mechanism of the DME cleavage is 

shown in Scheme 2-10.
[90b]

 

 

Scheme 2-10. Mechanism of the cleavage of DME with n-BuLi.[90b]  

The anion is composed of 12 lithium cations, eight 2-furyl and six methoxy anions. 

Two lithium cations, each coordinated by two DME molecules, form the two 

counterions of the solvent separated ion pair (SSIP). The oxygen atoms of the six 

methoxy groups form a regular octahedron (Figure 2-15). The 12 lithium atoms of the 

SSIP anion are µ-bonded to two methoxy oxygen atoms capping the edges of the 

octahedron and forming a cuboctahedron. The C carbanions of the furyl moieties are 

capping the lithium triangles in a µ3-fashion. This is a common motif in organolithium 
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compounds, e.g. tetramers and hexamers (vide supra). Similar to the structures of 

[{(THF)4Li2(C4H3O)2}]2 and [(diglyme)Li(C4H3O)]∞ the ring oxygen coordinates to a 

neighbouring lithium atom. Four of the furyl moieties are positional disordered leading 

to a coordination number of four to five for the lithium atoms in the anion of 11. 

 

Figure 2-15. Anion of 11.  

While the aggregation of 9 can be established unequivocally based on the data obtained 

by the X-ray experiments, it is not feasible to discuss bond lengths and angles in detail. 

The severe positional disorder in the structure is the reason for the low scattering power 

of the crystals.
[83]

 However, a stable refinement using chemical restraints and, where 

necessary, constraints, was possible. 

In the previously reported structures of 2-furyllithium and 2-benzofuryllithium the 

formation of dimers or dimeric subunits could be observed. Addition of DME or 

PMDETA should lead to a dimeric or a monomeric structure, respectively. The 

structures of 10 and 11 presented herein show varying structural motifs, i.e. a peroxide 

inclusion and a DME ether cleavage. Therefore 2-furyllithium cannot be easily 

compared to its heavier homologue 2-thienlylithium. Further investigation may prove if 

a deaggregation study comparable to the studies on 2-thienyllithium is possible or if 

further uncommon aggregation motifs can be detected. 
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3 LATE TRANSITION METAL COMPLEXES OF 

BIS(2-THIENYL)DIETHYLAMINOPHOSPHANE 

AND MODIFICATIONS 

(C4H3S)2PNEt2 (12) came to scrutiny due to the fact that it contains an amino group 

for the coordination of hard metals. Moreover the central phosphorus as well as the 

sulfur atom of the thienyl group (thi) are expected to coordinate softer metals, in 

particular late transition metals, according to Pearsons concept.
[40]

  

 

Scheme 3-1. Bis(2-thienyl)diethylaminophosphane (12). 

There are many examples of Mn,
[91]

 Re
[92]

, Rh
[93]

 and Os
[94]

 complexes reported in 

the literature investigating the coordination of P–thienyl motifs to get a deeper insight 

into the mechanism of the hydrodesulfurization (HDS) of crude petroleum.
[95]

 

In 2011 the worldwide consumption of petroleum was more than 87 million barrels 

per day (32 thousand million barrels / year).
[96]

 As long as the change to sustainable 

energy, e.g. wind, solar, geothermal energy is not conducted fossil fuels will be the most 

consumed energy and it remains a major task to provide pure and byproduct-free fuels. 

Since Victor Meyer found out that thiophene is one of the impurities in coal tar 

products, i.e. benzene,
[97]

 at the end of the 19
th

 century, a lot of effort was made to 

purify gasoline from sulfur containing compounds (e.g. thiols, thioethers, disulfides, and 

thiophenes). By doing so, catalytic converters can be protected from catalyst 

poisoning.
[98]

  

The interaction of thiophene and its side chain substituted derivatives with (late) 

transition metals have been in focus for several years. Thiophene is a versatile ligand for 

which various coordination modes have been observed (Scheme 3-2).
[99]
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Scheme 3-2. Possible bonding modes of thiophene.[99c] 

Recently, Yang et al. reported the introduction of a PThi2-moiety to stabilize 

germylene ligands as promising precursors for further metal coordination.
[100]

 

Within this chapter the coordination of 12 to different late transition metals is 

presented, as well as the transformation of 12 to bis-(2-thienyl)phosphane (Thi2PH) via 

the chlorine intermediate. Thi2PH is expected to be an even more promising P,S-ligand 

and is envisaged to act as a S,S-; P,S- or μ2-P,S donor. 
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3.1 Late Transition Metal Complexes of (SC4H3)2(NEt2)P 

(12) 

The precursor Cl2PNEt2 can be turned into the P,N,S-ligand (C4H3S)2PNEt2 (12) via a 

Grignard reaction with 2-bromothiophene.
[101]

 The addition of a late transition metal 

salt led to mono- and binuclear metal complexes (Scheme 3-3, left pathway) or it can be 

reduced to bis(2-thienyl)phosphane 19 via bis(2-thienyl)chlorophosphane 20 (right 

pathway).  

 

Scheme 3-3. Synthesis of 12 and reactions performed with this ligand.  

The challenging reduction and the formation of byproducts will be discussed later in 

this chapter. It is noteworthy to mention that a careful separation of the formed 
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magnesium halide salts (MgXY  4 thf (X = Cl, Y = Br)) is crucial to obtain the pure 

compound after performing the Grignard reaction with 2-bromothiophene and 

NEt2PCl2.
[102]

 Repeated washings of the crude product with n-pentane and separation 

from the precipitates led to the pure compound 12. Without this work-up a variety of 

crystals can be obtained containing only magnesium bromide (MgBr2), chloride 

(MgCl2) or bromide and chloride (MgClBr), respectively. Due to their high solubility in 

polar solvents, these undesired salts can be transferred to further reactions, and they 

often crystallize with the desired product, when the solvent is changed. Therefore, it 

was crucial to investigate the magnesium halides with respect to their cell parameters 

and contents to quickly identify these compounds in any product/byproduct mixture. 

With the known cell parameters of the magnesium salts at hand one could assure the 

product unequivocally. 

The metal complexes were obtained by a reaction of 12 with the late transition metal 

salts NiCl2(diglyme), CuCl, [PdCl2  PhCN], [IrCl(COD)]2 and AuCl(SMe2), 

respectively. A general synthesis path was applied to achieve the complexes 13-18 

(Scheme 3-4). The adequate metal salt was dissolved in toluene and 12 was added, the 

reaction mixture stirred until the salt was completely dissolved, stored at -20° C and 

single crystals were obtained after several days. 

 

Scheme 3-4. General reaction scheme for the synthesis of metal complexes of 12. 

The soft late transition metals nickel, copper, palladium, iridium and gold (Figure 3-1) 

were chosen as they were foreseen to be attractive acceptors for the soft donor atoms 

phosphor and sulfur and to study their coordination behaviour towards 12. It was 

expected that no coordination to the hard nitrogen atom would takes place. X-ray 

diffraction was used to determine the crystal structure, hence the coordination geometry, 

of the aggregates formed between 12 and the late transition metals. These results will be 

discussed in the following chapter. 
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Figure 3-1. Section of the periodic table of the elements. 

3.1.1 Nickel(II) Complex of 12 (13) 

Nickel complexes are a powerful tool for C–C bond formations particularly in the 

organic synthesis. The name of Negishi is associated with Ni catalysis, his development 

brought the application of nickel into cross-coupling reactions.
[35a, 35b]

 Phosphanes are 

often used as a ligand in the active complexes to stabilize the metal ion in the oxidation 

state zero. The cross-coupling reactions between Grignard reagents and C(sp
2
)-halides 

reported by Kumada is only one example.
[103]

 

Following Scheme 3-4 for the synthesis of metal complexes of 12, 12 was added to a 

solution of the metal salt in toluene and stirred at room temperature. After completed 

solvation the reaction mixture was stored at -20 °C and green crystals of 13 were 

obtained after several days. The nickel complex 13 crystallizes as a non-merohedral 

twin (BASF: 0.46) in the triclinic space group P ̅. The nickel atom in 13 exhibits a 

distorted tetrahedral geometry and is coordinated by the phosphorus atom of two 

phosphane ligands and two halogen atoms (Figure 3-2). In all complexes, presented in 

this thesis, the halogen position is occupied by Cl or Br, in changing ratios. Bromine 

origins form the uncrystallized Grignard reaction side product or from the metal salt 

used to obtain 13-18. Therefore, metal–halogen bond lengths are not discussed but were 

found to have expected values. The thienyl rings of 12 are, similarly to the 2-

thienyllithium structures 1-5, rotationally disordered along the C–P vector. The site 

occupation factors (SOF) of the positional disorder of the thienyl moieties were given in 

the Crystallographic Section (Chapter 6.5).  

A preference of the orientation of the thienyl rings towards the metal ion is not 

indicated in the solid-state structures. The distance of > 4.0 Å is too large compared to 

distances in literature (~2.3-2.9 Å)
[104]

 to show any interaction between nickel and 

thienyl-sulfur in 13. 
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Figure 3-2. Molecular structure of 13. Anisotropic displacement parameters are depicted at the 50% 

probability level. The toluene solvent molecule, the disorder of the thienyl moieties and chlorine/bromine 

and H atoms are omitted for clarity.  

The P–Ni bond lengths in 13 (av. 2.3105(9) Å) are in the range the P–Ni bond 

lengths of similar compounds, e.g. [(Ph3P)2NiCl2] (2.3180(2) Å)
[105]

 and above the 

average Ni–P distance found in the CSD (Figure 3-3).
[106]

 

 

Figure 3-3. Bond length found in the CSD (P2-Ni-Cl2 fragments). 

The P–C distances (av. 1.797(3) Å) as well as the P–N bond lengths (1.666(2) Å) in 

13 are in the expected range. The P1–Ni1–P2 angle is 105.64(3). The angles at the 

carbon-phosphorus bond are C–P–C 103.04(13)° and C–P–N 107.09(12)°. Therefore 
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tetrahedral geometry indicates a s-character of the lone pair of the phosphorus atom. A 

short P–N bond would support the p-character of the lone pair, but the P–N distance, 

1.666(2) Å, designates a single bond (1.70 Å) instead of a P–N double bond (1.55 Å). 

Table 3-1. Selected bond lengths [Å] and angles [deg] of 13. 

    

P1–Ni 2.3096(9) P1–Ni1–P2 105.64(3) 

P2–Ni 2.3114(9) C1–P1–C5 103.03(13) 

P1–C1 1.796(3) C13–P2–C17 103.05(13) 

P1–C5 1.800(3) C1–P1–N1 103.62(12) 

P1–C13 1.794(3) C5–P1–N1 110.63(12) 

P1–C17 1.799(5) C13–P2–N2 111.13(12) 

P1–N1 1.666(2)  C17–P2–N2 103.00(12) 

P2–N2 1.665(2) SOF Cl/Br 0.74 & 74 

 

3.1.2 Copper(I) Complex of 12 (14) 

Phosphane coordinated copper complexes are widely applied in many fields of 

inorganic and organic synthesis, e.g. the 1,4-reduction of enones.
[36]

 The soft copper(I) 

ion could be coordinated by a phosphorus atom
[107]

 or, for example, by the soft sulfur 

atom of thiophene
[99a, 104c, 108]

. Therefore 12 is a potential ligand to coordinate copper(I) 

ions either via the phosphorus atom or the thiophene sulfur atom. 

Before preparation of a copper(I) complex of 12, the Cu(I) species [(PPh3)2Cu(BH4)] 

was synthesized as reported in literature.
[109]

 [(PPh3)2Cu(BH4)] was dissolved in toluene 

at room temperature and 12 was added with the aim of a ligand exchange resulting in 

the complex shown in Scheme 3-5, but crystallisation attempts were inconclusive until 

now.  

 

Scheme 3-5. Reaction scheme of 12 with [(PPh3)2Cu(BH4)]. 

Therefore, in a second attempt, copper(I) chloride was dissolved in acetonitrile and 

12 was added. The reaction mixture was stirred until the solids were dissolved and 

stored in the freezer. After storage at -20 °C for one week colourless crystals suitable 
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for XRD experiments were formed. The copper(I) complex 14 crystallizes in the 

trinclinic space group P ̅, the asymmetric unit contains one complex. The two copper 

and two µ-bridging halogen atoms form a Cu2X2 (X = Cl, Br) four-membered ring.
[110]

 

Both copper atoms are tetrahedrally coordinated by the phosphorus atom of 12, a 

nitrogen atom of an acetonitrile molecule and the µ-bridging chlorine atoms, 

respectively. The copper atoms in 14 show no interaction (shortest CuS 4.853(3)Å) 

with the sulfur atoms of the thienyl side arms. 

 

Figure 3-4. Molecular structure of 14. Anisotropic displacement parameters are depicted at the 50% 

probability level. The disorder of the thienyl moieties and H atoms are omitted for clarity. 

The P–Cu bond lengths (av. 2.2030(9) Å) are similar to those found in 

[(Ph3P)CuCl(NCMe)]2 (2.172(1) Å)
[110b]

 and in accordance with the mean values for all 

published Cu–P bond lengths (2.257 Å) in the CSD. A comparison of the P–C bond 

length in 13 (av. 1.797(3) Å) to those in 14 (av. 1.809(2) Å showed no differences 

within the triple standard uncertainties, whereas the P–N distance is slightly elongated 

by ~0.02 Å. This is an indication of a minor influence of the metal to the ligand. The 

acetonitrile ligands are 2.062(2) and 2.013(2) Å, away from Cu1 and Cu2, respectively 

(averaged values from a CSD search: av. Cu–NNCMe 2.046 Å). The angles around the 

phosphorus atoms show a tetrahedral geometry similar to 13 (av. C–P–C 101.05(11)° 

and C–P–N 105.93(11)°). Selected bond lengths and angles of the copper(I) complex 

(14) are summarized in Table 3-2 (averaged values in Table 3-5). 
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Table 3-2. Selected bond lengths [Å] and angles [deg] of 14. 

 Average   

P1–Cu1 2.2041(9) C1–P1–C5 102.07(11) 

P2–Cu2 2.2020(9) C17–P2–C21 100.04(11) 

P1–C1 1.808(2) C1–P1–N1 102.48(11) 

P1–C5 1.814(2) C5–P1–N1 109.07(11) 

P2–C17 1.806(2) C17–P2–N4 102.22(11) 

P2–C21 1.811(2) C21–P2–N4 109.95(11) 

P1–N1 1.680(2) P1–Cu1–N2 106.09(6) 

P2–N4 1.682(2) P2–Cu2–N3 111.56(7) 

Cu1–N2 2.062(2) SOF Cl/Br 97 & 94 

Cu2–N3 2.013(2)   

3.1.3 Palladium(II) Complexes of 12 (15) and (16) 

As mentioned in the introduction, palladium is salient among transition metals in 

organometallic catalysis. Thienyl substituted phosphanes, e.g. Thi3P, in which the 

central phosphorus atom coordinates to the palladium are applied in palladium 

complexes. By replacing triphenylphosphane by thienyl substituted phosphanes, the 

outcome of a reaction can improved.
[111]

 Phosphorus free thiophene ligands stabilized 

palladium complexes are also catalytically active
[112]

, e.g. by promoting the 

isomerization of 1-hexene to internal hexenes (Figure 3-5, left).
[113]

 Besides catalysis 

thiophenes, polythiophenes, and thienyl containing phosphanes are applied in 

conducting polymers
[27, 114]

 (right) as well as palladium based molecular magnets.
[25]

 In 

such molecules a coordination of the thienyl-S to palladium, is often reported. 

             

Figure 3-5. Example of a thienyl-S–Pd coordinated catalyst (left [112]) and polythienylphosphane[114] 

(right) (counter ions omitted for clarity). 
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The coordination of 12 to a palladium(II) species should be investigated and the 

results are presented within this chapter.  

The reaction of 12 with [PdCl2  (PhCN)2] in toluene at room temperature followed by 

storage at -20 °C resulted in the formation of yellow crystals suitable for X-ray 

structural analysis. Two palladium complexes, i.e. 15 and 16, were obtained from 

reactions of different stoichiometries of 1:2 and 1:1 (metal : ligand) for 16 and 15, 

respectively. 15 is a mononuclear complex (Figure 3-6), whereas 16 forms a binuclear 

palladium species (Figure 3-7). The complex formation of a mononuclear or binuclear 

species can be tuned either by stoichiometry
[115]

 or by the choice of solvent.
[116]

 

Nonpolar solvents favour the formation of mononuclear complexes, whereas polar 

solvents promote binuclear species. 

 

Scheme 3-6. Formation of mono- or binuclear Pd-complexes 15 and 16 via change of stoichiometry. 

In both cases the palladium ions are square planar coordinated by halide atoms and 

the phosphorus atom of 12. The mononuclear complex 15 crystallizes as a non-

merohedral twin (BASF: 0.20) in the triclinic space group P ̅ with four independent 

complex halves in the asymmetric unit.  
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Figure 3-6. Molecular structure of 15. Anisotropic displacement parameters are depicted at the 50% 

probability level. Disorder of the thienyl moieties and H atoms are omitted for clarity. Symmetry 

generated atoms labelled with A. 

The palladium atom in 15 shows a square planar coordination by the phosphorus 

atom of two 12 molecules and two halide atoms, each ligand pair in a mutually trans 

orientation. Similar to 13 and 14 the halide positions were occupied by chlorine and 

bromine, respectively. A strict separation and therefore positional refinement of both 

atoms was not possible. For the same reason the M–X (X=Cl,Br) distances are not 

discussed. The average Pd–P bond length (2.3363(7) Å) of the four independent 

complexes fits well into the typical range of complexes of this kind, e.g. 

[((thiPh2)2P)2PCl2]
[117]

(see Table 3-3). Average Pd–P bond length reported to the CSD 

for P–Pd–P fragments is 2.304 Å and fits well to the found values in 15. 

From the stoichiometric reaction of 12 with the palladium precursor crystals of 16 

were obtained after storage at -20° C for a few days. The binuclear palladium complex 

16 crystallizes in the monoclinic space group P21/n with a half molecule in the 

asymmetric unit. A perspective view of the molecular structure is shown in Figure 3-7. 

The difference in the structural motif of 16 compared to 15 is the formation of a Pd2X2 

four-membered ring. The palladium atoms are µ-bridged by two halide atoms and the 

square-planar geometry around each is completed by a halide atom and the phosphorus 

atom of 12, respectively. 
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Figure 3-7. Molecular structure of 16. Anisotropic displacement parameters are depicted at the 50% 

probability level. The solvent molecule toluene, disorder of the thienyl moieties and H atoms are omitted 

for clarity.  

The Pd–P bond length of 2.2078(8) Å is comparable to the P–Pd distance (2.215(1) 

Å) found in [{(C4H8ON)Ph2P}2Pd2Cl2(µ-Cl2)]
[118]

 (Figure 3-8), in which the central 

phosphorus atom is also coordinated by two aryl carbons and an amine nitrogen atom. 

The Pd–P bond length in 16 is significantly shorter (~0.13 Å) compared to 15. This 

could be explained by diminishment of the electron density of the palladium due to the 

three electron withdrawing halide atoms. This bond shortage could also be seen in the 

P–C bond lengths P1-C1 1.780(3) Å and P1–C5 1.784(3) Å which are slightly shorter 

compared to 15 (~0.02 Å). 

 

Figure 3-8. Molecular structure of [{(C4H8ON)Ph2P}2Pd2Cl2(µ-Cl2)].
[118] 

A comparison of the molecular structures determined by single crystal XRD-

experiments showed an accordance of the properties to similar structures in the 
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literature. A remarkable difference between 15 and 16 is the Pd–P distance shortage in 

16.  

Table 3-3. Selected bond lengths [Å] and angles [deg] of 15, 16 and monomer, dimer. 

 15 16 monomer
[117]

 dimer
[118]

 

P–Pd 2.3363(7) 2.2078(8) 2.3387(11) 2.215(1) 

P–C 1.8064(2) 1.782(3) 1.8193(7) 1.806(3) 

P–N 1.658(2) 1.660(2) – 1.676(3) 

C–P–C 99.73(10) 107.97(13) 105.50(3) 108.12 

C–P–N 107.12(10) 103.88(12)  105.88 

Pd–P–N    113.46(9) 

SOF Cl/Br 91/88/85/90 90 & 96  – 

 

3.1.4 Iridium(I) Complex of 12 (17) 

The most prominent field of iridium complexes is the wide application as catalysts in 

hydrogenation reactions. Among these catalysts, a variety of phosphorus based ligands 

can be found.
[119]

 Recently P,N,P-pincer complexes of iridium entered the flourishing 

field of nitrogen formation and nitrogen fixation.
[37f]

 

Single crystals of the iridium complex 17 were obtained by the same procedure as for 

13–16 using [IrCl(COD)]2 as an iridium precursor. 17 crystallizes in the triclinic space 

group P ̅ with the whole complex in the asymmetric unit (Figure 3-9). In the mono 

nuclear complex the iridium(I) atom is coordinated by the phosphorus atom of 12, a 

halide and the cyclooctadiene (COD) ligand.  
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Figure 3-9. Molecular structure of 17. Anisotropic displacement parameters are depicted at the 50% 

probability level. The solvent molecule toluene, disorder of the thienyl moieties and H atoms are omitted 

for clarity. 

Both double bonds of the COD moiety coordinate to the iridium atom. The Ir–C 

distances to the corresponding carbon atoms are Ir1–C13 2.222(3) Å, Ir1–C14 

2.206(2) Å, Ir1–C17 2.128(2) Å, Ir1–C18 2.110(2) Å, i.e. two longer and two shorter 

bonds are present, leading to Ir bond center distance of 2.214(3) Å and 2.119(2) Å, 

respectively. A search in the CSD showed that these values are in the range of other Ir–

COD complexes (Ir–C 2.179 Å).  

Similar to the other complexes a positional disorder of the halide ion occurs (SOF: 

76:24 / Cl:Br). The mass spectrometry analysis of 17 confirms the presence of both 

atoms [m/z: 605.0 for chloride and 649.0 for bromine), but unfortunately, the Cl:Br ratio 

could not be determined. Similar to the previous mentioned complexes 13-16, the two 

thienyl rings show no preference towards the Ir(I) atom. Remarkably, only one of the 

rings showed the typical rotational disorder (SOF: 55:45), whereas the other sulfur atom 

(S1) points away from the iridium ion. 
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Table 3-4. Selected bond lengths [Å] and angles [deg] of 17. 

    

P1–Ir1 2.2893(7) C1–P1–C5 101.6(5) 

P1–C1 1.816(2) C1–P1–N1 110.72(9) 

P1–C5 1.803(10) C5–P1–N1 101.4(6) 

P1–N1 1.6592(18) SOF Cl/Br 76 

Ir1–C13 2.222(2)   

Ir1–C14 2.206(2)   

Ir1–C17 2.128(2)   

Ir1–C18 2.110(2)   

 

Going from nickel(II) via copper(I) and palladium(II) to the softer iridium(I) only a 

coordination of the phosphorus atom is observed. None of these late transition metals 

showed any interaction towards the thienyl-S atoms of 12. The reason for the apparent 

absence of M-S interaction is most likely not that the donor capacity of sulfur much 

weaker compared to that of phosphorus. Instead it is probably due to the pre-orientation 

of the phosphorus and due to the fact that formation of a four-membered metallacycle is 

required for a P,S-coordination to take place (See also Scheme 3-7).  

3.1.5 Gold(I) Complex of 12 (18) 

Since the last decade gold came into focus of chemistry as a versatile and powerful 

noble metal catalyst in organic synthesis. The active catalyst is often coordinated by a 

phosphane ligand
[120]

 and is for example used in the oxidative oxyarylation of 

alkenes.
[121]

  

Furthermore support thienylphosphane-gold interactions the electronic properties in 

conducting polymers.
[122]

 

The gold complex 18 was prepared according to the general scheme using 

AuCl(SMe2) as gold(I) precursor. It crystallizes in the monoclinic space group P21/c 

with one molecule in the asymmetric unit.  
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Figure 3-10. Molecular structure of 18. Anisotropic displacement parameters are depicted at the 50% 

probability level. The disorder of the thienyl moieties and H atoms are omitted for clarity. 

The gold atom is coordinated by a halide atom and the phosphorus atom of 12 in a 

linear fashion (P–Au–Cl 176.89(3)°) widely known for phosphane-gold-halogen 

complexes (Figure 3-13).
[122-123]

 The P–Au distance is 2.2331(6) Å and within the range 

of R3P–Au bond lengths found in the CSD (P–Au av. 2.261 Å). The thienyl moieties 

show positional disorder (both site occupation factors refine to 0.92) due to a rotation 

along the C–P bond. Therefore, the sulfur atoms do not show any preferred orientation 

and no Au–S interaction can be observed (shortest distance 3.574 Å). The gold atoms of 

neighbouring complexes show no aurophilic interactions
[124]

 as found in numerous 

gold(I) compounds
[125]

. The distance between two adjacent gold atoms is >5 Å and 

therefore too large for Au–Au interaction to be present. 

3.1.6 Summary 

In Table 3-5 the average bond lengths and angles of the bis(2-thienyl)diethylamino-

phosphane complexes 13-18 are summarized. A comparison of the bond length and 

angles revealed only small differences on the donor properties of 12 towards these 

selected late transition metals. The P–M distances are in the expected range and a 

coordination of the thienyl sulfur atoms was not observed in any of the compounds.  
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Table 3-5.Summary of averaged bond lengths [Å) and angles [°] in 13-18. 

 13 14 15 16 17 18 

metal Ni Cu Pd Pd Ir Au 

P–M 2.3105(9) 2.2031(9) 2.3363(7) 2.2078(8) 2.2893(7) 2.2331(6) 

P–C 1.7973(3) 1.8098(2) 1.8064(2) 1.782(3) 1.810(3) 1.8010(13) 

P–N 1.666(2) 1.681(2) 1.658(2) 1.660(2) 1.6529(2) 1.6550(12) 

C–P–C 103.04(13) 101.05(11) 99.73(10) 107.97(13) 101.6(5) 102.19(6) 

C–P–N 107.09(12) 105.93(11) 107.12(10) 103.88(12) 106.1(4) 107.92(6) 

P  317.2 312.92 313.97 315.73 313.72 318.02 

N  353.8 351.77 357.61 351.44 359.98 357.83 

SOF: Cl/Br 74 / 74 97 / 94 91/88/85/90    

 

Examples in literature showed, that the coordination of the thienyl-S atom to late 

transition metals, e.g. nickel(II), copper(I), palladium(II), iridium(I), and gold(I), is 

feasible and promising for further investigation. A main reason for the non-

coordination, besides the stronger donor capacity of phosphorus, could be the missing 

pre-coordination of the sulfur atom. The insertion of a linker, e.g. a CH2-group, between 

the phosphorus atom and the thienyl moiety would led to an enlargement of the bite-

angle whereby a P,S-coordination would become more likely (Scheme 3-7).
[126]

 The 

thus formed five-membered metallacycles are less strained than the four-membered 

rings without a linker. 

 

Scheme 3-7. Insertion of a CH2-group between phosphorus and thienyl moiety (left: four-membered ring; 

right: five-membered ring). 

Furthermore a phosphanide ligand of 12 is imaginable to obtain a promising P,S-

Janus head ligand. Therefore 12 has to be transformed into the bis(2-thienyl)phosphane 

via the chlorophosphane. The preliminary results on this are presented in the next 

chapter.  
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3.2 Reduction to Dithienylphosphane (19) 

The preparation of bis(2-thienyl)chlorophosphane (20), starting from 12, was 

performed according to the published method.
[101]

 After filtration of the crude product 

through Celite and removal of n-pentane, 20 was obtained in high yields. Remarkably, 

the formed crystals were suitable for single crystal X-ray analysis, although a structural 

elucidation had not previously been performed. 

 

Figure 3-11. Molecular structure of 20. Anisotropic displacement parameters are depicted at the 50% 

probability level. Hydrogen atoms and disorder of the thienyl rings are omitted. 

Bis(thienyl)chlorophosphane (20) crystallizes in the orthorhombic space group Fdd2 

with two independent molecules in the asymmetric unit. The thienyl groups are 

rotationally disordered similar to the 2-thienyllithium molecules 13-18 (vide supra). The 

P–Cl distance in 20 is 2.10(4) Å and in good accordance with the bond lengths reported 

in literature (2.04 Å from gas phase calculations;
[127]

 and 2.055-2.071 Å in the solid 

state (CSD)). The influence of different aromatic substituents on the P–Cl bond length 

in phosphanes is shown in Table 3-6. Electron-rich aromatic systems like the thienyl 

substituents in 20 strengthen and shorten the P–Cipso bond, which on the other hand 

weakens the P–Cl bond and cause the elongation. This may be an explanation for the 

slightly longer bond length (+0.02 Å) compared to Ph2PCl (gas phase calculation)
[128]

. 

When electron withdrawing groups, e.g. –CF3, are attached to the phenyl substituents 

the P–Cl bond length is shortened (see the Ar’Ar”PCl and Ar2PCl columns in Table 

3-6) to 2.0619(9) Å and 2.061(1) Å, respectively, thus elongated by 0.05 Å compared to 

the bond in 20. 
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Table 3-6. Selected bond lengths [Å] and angles [deg] of 17. 

 20 Ph2PCl
[128]

 Ar’Ar”PCl
[129]

 Ar2PCl
[130]

 

P–Cl 2.1051(14) 2.086(1) 2.061(1) 2.0619(9) 

P–C 1.8025 1.827(1) 1.873(1) 1.856(2) 

Cl–P–C 99.43(13) 102.5 104.73(6) 99.17(7) 

C–P–C 105.90(16) 99.7 102.10(9) 100.37(10) 

T [K] 100 433  150 

 

Another structural feature of 20 is the torsion of the thienyl substituents. The torsion 

angle is calculated to be 55.0(3)° for C5–P1–C1–S1 and -28.6(3) for C1–P1–C5–S2 and 

sums up to 26.4(6). The 
31

P NMR signal of 20 (δ 53.4 ppm in C6D6) with the electron 

rich thienyl substituents is shifted to higher field compared to Ph2PCl (δ 120 ppm).
[131]

 

The isolated bis(2-thienyl)chlorophosphane (20) is sensitive to moisture and air. 

Although the preparation of NMR samples of the isolated 20 has been performed under 

inert atmosphere, oxidation took place and decomposition was observed. It was assured 

by 
31

P NMR of the reaction mixture that the oxidation did not occur during the 

conversion. In comparison with the literature values it was assumed that the observed 

signals (δ 22.35 ppm and 20.88 ppm in C6D6) in the 
31

P NMR spectrum of 20 belong to 

the oxidized phosphanes shown in Scheme 3-8, only detected after the workup, 

therefore effectively distinguished as oxidation source.
[132]

  

 

Scheme 3-8. Possible oxidation products of 20 and 31P NMR shift. 

The reduction of 20 with LiAlH4 was just recently published.
[100]

 A reduction with 

KHBtBu3 is mentioned in the article as well, but no further details were given therein. 

Within this thesis different reducing agents were used to obtain 19. K-selectrid 

(KHBtBu3), diisobutlyaluminium hydride (DIBAL) and lithium borohydride (LiBH4) 

(listed in order of increasing reduction strength)
[133]

 were tested to reduce 20 to 19 

(Scheme 3-9). 
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Scheme 3-9. Reduction scheme. 

Different preparations have been conducted. The dropwise addition of K-selectride 

or DIBAL led to a product mixture of 19 and tetra(2-thienyl)diphosphane 

((2-thienyl)4P2) 21. The addition of LiBH4 in one portion led to phase pure 19, 

confirmed by a 
31

P NMR spectrum of the reaction mixture, unfortunately, however, the 

work up only led to decomposition products. Further approaches were conducted with 

DIBAL and K-selectride which led to mutually identical results. Therefore, further 

attempts were not carried out with K-selectride, due to the comparable results to 

DIBAL. For both DIBAL and K-selctride only one product was quantitatively obtained. 

The 
31

P NMR spectrum showed only one signal ( -38.7 ppm) and the proton decoupled 

31
P NMR spectrum also showed a singlet. The mass spectra revealed the obtained 

product to be tetra(2-thienyl)diphosphane (m/z 393.9) formed through phosphane 

coupling. Single crystals of tetra(2-thienyl)diphosphane were isolated and a cell 

parameter comparison confirmed the previously reported structure.
[100]

 The reaction 

setup was changed to avoid the formation of the diphosphane. A solution of DIBAL in 

diethyl ether was prepared to have a reductive milieu and 20 was added dropwise. The 

resulting 
31

P NMR spectrum showed a dublet at δ -90.6 ppm (JH-P = 227.7 Hz) in 

accordance with the 
1
H NMR spectrum displaying a dublet at δ 5.47 ppm (JH-

P = 227.7 Hz). The mass spectrometry analysis (m/z 197.0) identified the main product 

to be Thi2PH (19) but phosphane coupling occurred as well in an est. ratio of 1:3. The 

high field shift of the 
31

P NMR signal of 19 compared to diphenylphosphane 

(δ -41.1 ppm)
[131]

 could be explained by the electron richer thienyl substituents. These 

results are in accordance with the recently reported analytical data.
[100]

 

It can be assumed that in the beginning of the reaction between 20 and DIBAL only 

19 is formed, and no coupling takes place when 20 is added drop wise. At the end of the 

reaction the concentration of 19 rises and further addition of 20 lead to the unsolicited 

diphosphane. Furthermore it was observed that the vigorous stirring of the reaction 

mixture has a positive effect on the formation of 19. 
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The results of this study with different reducing agents show that quantitative 

formation of 19 is supported by application of stronger reducing agents, i.e. LiBH4 or 

DIBAL. Furthermore the aqueous work up
[134]

 led to the oxidized species 22. A 

distillation after removal of the precipitates, as reported
[100]

 should lead to higher yields. 

Primary distillations led to the decomposition of bis(2-thienyl)phosphane. Alternatively, 

it could be tested if it would be possible to solve the crude product in a nonpolar 

solvent, e.g. n-pentane, to precipitate and separate the formed salts and byproducts to 

purify the product. 

Single crystals of bis(2-thienyl)phosphinic acid (thi2P(O)OH, 22) were grown 

immediately after work up. 22 crystallizes in the monoclinic space group P21/n with one 

molecule in the asymmetric unit. The molecules of 22 form a coordination chain via 

hydrogen bonding between the hydroxyl proton and the oxygen atom (O2A) of an 

adjacent molecule (Figure 3-12). The position could be determined from the density 

difference map, and the O1–H1 bond length refined to 0.90(1) Å and the length of the 

hydrogen bonding O1–HO2A to 1.61(3) Å. The O1O2A distance of 2.51 Å is within 

the range of an O–HO distance observed in P–O containing molecules found in the 

CSD. The P1–O1 bond length is shortened to 1.5514(12) Å (lit.: 1.62 Å
[135]

) and the P1–

O2 bond length is elongated to 1.4973(12) Å (lit.: 1.47 Å
[135]

), due to a weakening of 

the O1–H1 bonding and the formation of a hydrogen bonding between H1 and O2A.
[136]

 

 

Figure 3-12. Molecular structure of 22. Hydrogen bonds between O1–H1O2A lead to 1D chains. 

Anisotropic displacement parameters are depicted at the 50% probability level. Other hydrogen atoms and 

disorder of the thienyl moieties are omitted. Symmetry operation of O2A (-x+3/2,y-1/2,-z+1/2). 
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Remarkably, the rotational disorder along the C–P vector of the thienyl groups is 

relatively small compared to the disorder in 13-18. The SOFs refined to 0.948 for the 

ring bearing S1 and 0.957 for the ring bearing S2, respectively.  
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3.3 Sidearm Engineering of P,S-Ligand Systems 

A further aim of this thesis was the extension and derivatisation of the phosphane 

ligands side arms. The insertion of a methylene bridge in the side chain of a five-

membered heterocyclic substituted phosphane would lead to a special kind of 

hemilabile ligand, so called Janus head ligand (Scheme 3-10). 

 

Scheme 3-10. Side chain elongation and donor sites of Janus head type methylene bridged five-

membered heterocyclic substituted phosphanes. Left: without methylene bridge, center: neutral methylene 

bridge, right: anionic ligand. 

Janus head ligands are capable of coordinating metal atoms with donor sites pointing in 

opposite directions (examples are shown in Chapter 1.3.1). 

Linder et al. introduced a synthesis of bisfurfurylphenylphosphane(Scheme 3-10 

center).
[137]

 The reaction was carried out via a phosphonium salt and followed by a 

reduction with LiAlH4. The drawbacks of this strategy were the non-commercial 

starting materials, i.e. furfurylbromide or furfurylchloride. 

Within this chapter the approach of a one-pot synthesis of bisfurfurylphenylphosphane 

will be presented. Some of the results presented in this chapter arose during the work of 

Jan Enno Gerkens under my guidance. The commercially available starting material 

furfuryl alcohol (2-furanmethanol) was chosen and transformed to the chloride. A 

possible reaction scheme to synthesize the Janus head ligand is shown in Scheme 3-11. 

 

Scheme 3-11. Possible reaction path from the alcohol to bisfurfurylphenylphosphane. 

An elegant way to chlorinate alcohols is the reaction with thionylchloride (SOCl2) under 

ambient conditions.
[138]

 The gaseous side product SO2 can be easily removed and the 
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evolving HCl can be caught by a base. The addition of a base is crucial to the reaction to 

avoid a ring opening of the acid sensitive furfuryl alcohol.  

First reactions were carried out with triethylamine as a proton scavenger. Shortly after 

the addition of SOCl2, the reaction mixture turned from slightly blue to black. After 

removal of the salt and solvent the desired product could not be identified. 

Akamanchi reported the usage of benzotriazole as base, due to its endothermic salt 

formation and the facile recycling via NaOH treatment after filtration.
[139]

 According to 

the article a stock solution of thionyl chloride and benzotriazole in dry DCM was 

prepared and slowly added to furfuryl alcohol in solution. The reaction mixture turned 

yellow and a precipitate was formed. After filtering and washing of the filtrate, as 

required according to the procedure, the precipitate turned brown. Again the furfuryl 

chloride could not be identified in the product mixture.  

A closer look on the possible reaction mechanism of the chlorination may reveal the 

reason for the failure. A SN2 (Scheme 3-12, left pathway) or an internal nucleophilic 

substitution (SNi) (right) is feasible.  

 

Scheme 3-12. Proposed SNi-reaction mechanism of the chlorination of furfuryl alcohol. 

In the presence of a base, e.g. Et3N, the chlorination of the furfuryl alcohol could occur 

in a SN2-reaction mechanism. The reason for the failure of the reaction could be 

explained by the steric hindrance in the back attack of the chloride by the formed 

intermediate (Scheme 3-12, SN2-pathway). The drawback in the SNi-reaction 

mechanism could be explained by the formation of a carbocation. The instable primary 

carbocation could not be sufficiently stabilized by the heteroaromatic system of the 
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furan moiety. This explanation is buoyed by the chlorination of the more aromatic 2-

thienyl-methanol under similar conditions.
[140]

  

Furthermore the Appel-reaction
[141]

 was carried out to transform the furfuryl alcohol into 

a halide.
[142]

  

 

Scheme 3-13. Apple-reaction of furfuryl alcohol to furfuryl chloride.[142] 

The equimolar consumption of PPh3 is a disadvantage of the Apple-reaction because of 

its apparent atom inefficiency. Moreover the high toxicity and the carcinogenic 

potential of CCl4 are the drawbacks of this reaction and milder conditions would have 

been preferred. Nevertheless, the furfuryl chloride could be isolated after distillation of 

the crude product in moderate yields. 

The first ambitious attempts of the carbon–phosphorous coupling were carried out by an 

in situ dilithiation of phenylphosphane
[134, 143]

 and the addition of furfuryl chloride 

(Scheme 3-14). Synthetic examples in literature showed, that the dilithiation of aryl 

substituted phosphanes is feasible,
[134, 143]

 although the dimetallation to phosphinides is 

rather doubtful and almost impossible.
[144]

  

 

Scheme 3-14. In situ lithiation of PhPH2 (I) and the reaction with furfuryl chloride (II) to yield 

bisfurfurylphenylphosphane. 

The reaction mixture was stirred for two hours and the precipitants were filtered off. 

After the removal of the volatile compounds the crude product was filtered again and a 

clear brownish liquid was obtained. The 
31

P NMR spectrum of the crude product 

showed a signal at  -23.90 ppm, which belongs, according to the literature, to 

bisfurfurylphenylphosphane, as well as further unidentified side products.
[137]

 The 

recommended work up by Lindner, to dissolve the crude product in hexane, filtration 
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and recrystallization did not work as reported. Varying the solvent volume and cooling 

down to -44° C did not improve the work up as well. 

In further reactions to obtain bisfurfurylphenylphosphane, the reaction mixture was only 

filtered, the solvent removed, and the crude product was used for further reactions. 

The mass spectrometrical analysis of the crude product showed that the oxidized 

product (m/z = 286) and a coupling product of the phosphane (m/z = 378) were formed. 

The coupling product, a diphosphane, could be formed since the lithiation did not occur 

in one step, as previously anticipated (shown in Scheme 3-14), but a single substituted 

phosphane rather reacted with the lithiated one to form the diphosphane (Scheme 3-15). 

 

Scheme 3-15. Possible formation of the diphosphane. 

3.3.1 [{(FurPh)2P2}Au2Cl2(FurPhPH)] (23) 

Initial coordination reactions with the crude product and different metal salts, e.g. 

NiCl2, (Me2S)AuCl, and PbCl2, were undertaken to study if bisfurfurylphenylphosphane 

binds to the metal atom via the phosphorus atom, alike 13-18, or a coordination of the 

furyl group takes place as well.  

The metal salts were dissolved in toluene and two equivalents of bisfurfurylphenyl-

phosphane were added. The reaction mixtures turned yellow-orange in all cases and was 

stirred over night at room temperature. After storage at -44 °C for several days, the 

solvent was partly removed and the reaction mixture was again stored at -44 °C. Only 

the reaction with the gold salt yielded crystals after three weeks. The crystallization for 

the nickel and lead batch have been inconclusively until today. 
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The Au(I)-complex [{(FurPh)2P2}Au2Cl2(FurPhPH)] (23) crystallizes in the triclinic 

space group P ̅ with half the molecule in the asymmetric unit. The complete molecule 

is shown in Figure 3-13. 

 

Figure 3-13. Molecular structure of [{(FurPh)2P2}Au2Cl2(FurPhPH)] (23). Anisotropic displacement 

parameters are depicted at the 50% probability level. Hydrogen atoms, solvent molecule toluene and 

disorder of the furfuryl moieties are omitted. 

Unfortunately only the byproducts of the crude product of bisfurfurylphenylphosphane 

coordinate to the gold atoms. The gold atoms are coordinated by the phosphorus atoms 

of the diphosphane, forming a P4Au2-six-membered ring in a chair conformation. The 

trigonal pyramidal coordination sphere of the Au(I) atoms is completed by a chlorine 

atom and the phosphorus atom of a (Fur)PhPH molecule, a further byproduct of the 

unsuccessful formation of bisfurfurylphenylphosphane. The P–Au–P angles are in a 

range of 115-119°, the P–Au–Cl angles are in the range of 95-103°, respectively. 

Therefore the coordination geometry of the gold atom could be described as trigonal 

pyramidal instead of a distorted tetrahedral coordination. The Au–P bond lengths 

(2.365(12) Å) are in the range of Au–P distances in trigonal pyramidal coordinated gold 

complexes (average value in the CSD: 2.358 Å).  

A CSD search revealed complexes which contain Au–P2–Au motif
[145]

, and only of 

them contains a P4Au2-six-membered ring
[146]

, but with a [Cp2Mo2(CO)4(µ,η
2
-P2) 

fragment (Figure 3-14) instead of a diphosphane as in 23. 
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Figure 3-14. P4Au2-six-membered ring.[146] 

Hence by coincidence a new coordination motif for diphosphane-gold complexes was 

found. This was formed instead of the desired potential Janus head ligand, where a 

coordination of the phosphorus atom and the oxygen atoms of the furyl moiety was 

expected. Obtaining the desired product requires improvement by stepwise lithiation of 

PhPH2 and addition of furfurylchloride to avoid formation of the byproduct. 

Unfortunately the structure of 23 only showed coordination by the unsolicited 

byproducts.  

Moreover, this failed reaction reflects another sorely proof for the impossibility of 

the in situ dilithiation of a phosphane as previously stated by Wright et al.
[144, 147]

 

 

3.3.2 Furfuryloxy- and 2-Thienylmethoxy substituted 

Phosphonous Diesters 

An alternative route to those described in the previous section for the synthesis of a 

furyl or thienyl substituted Janus head ligand should be investigated. Arduengo showed 

the reaction of dichlorophenylphosphane with phenol derivates to form 

phenylphosphonous diester.
[148]

 The P–O coupling was proceeded by a base supported 

reaction (Scheme 3-16). 

 

Scheme 3-16. Synthesis of a phenylphosphonous diester by Arduengo.[148] 
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Furthermore Koole et al. showed the synthesis of phenylbis(tetrahydrofurfuryloxy)-

phosphane by the coupling of furfuryl alcohol with dichlorophenylphosphane (Scheme 

3-17).
[149]

 

 

Scheme 3-17. Synthesis of phenylbis(tetrahydrofurfuryloxy)phosphane.[149] 

This reaction scheme was used as inspiration and modified to form the phosphonous 

diester with furfuryl alcohol or 2-thienyl-methanol instead of tetrahydrofurfuryl alcohol 

(Scheme 3-17). The introduction of the P–O bond should help to build a thienylmethyl- 

or furfuryl-substituted ligand, designed to act as a Janus head ligand which could 

coordinate hard and soft metals through its two donor sites and the enlarged bite angle 

in comparison with ligands presented earlier in this chapter.  

 

Scheme 3-18. Synthesis of furfuryloxy- and 2-thienylmethoxy subistuted phosphonus diester. 

Furfuryl alcohol or 2-thienyl-methanol, respectively, and NEt3 were dissolved in 

diethylether and dichlorophenylphosphane was added dropwise at -78° C. The formed 

precipitate was isolated, the solvent removed and the crude product, an oil, was 

obtained. The oil was then filtered again to remove the newly precipitated ammonium 

chloride and the residue was dissolved in n-pentane which led to further precipitation of 

ammonium chloride. The 
31

P NMR analysis showed several signals, indicating an 

incomplete reaction. Mass spectrometry revealed both products to be formed. m/z 302 

and 334, respectively, for the furfuryloxy- and 2-thienylmethoxy phophonus diesters 

within the crude product mixture. 

The procedure was changed to obtain a complete reaction. Therefore, dichlorophenyl-

phosphane was dissolved in diethyl ether and a solution of furfuryl alcohol and NEt3 in 

diethyl ether was added dropwise at 0° C. Subsequently the reaction mixture was heated 

to reflux for several hours. The above mentioned problems during the purification 
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occurred again. A distillation of the crude product led to its decomposition. Again the 

1
H and 

31
P NMR spectra of the reaction products showed the formation of unidentified 

byproducts.  

 

In conclusion, insertion of a methylene bridge in thienyl and furyl substituted 

phosphane exhibited more difficulties than expected. Early problems in the preparation 

of the starting materials from commercially available alcohols to halides were often the 

drawback in the synthesis. Furthermore the work up strategies reported in literature 

were not straightforward and pure compounds could not be isolated.  

Nevertheless it seems that these phosphanes have the characteristics to be promising 

Janus head ligands and further investigation into finding a convient way to access these 

ligands should take place. The oxygen is likely to be the most promising ligand in 

comparison with sulfur containing derivates, due to its better donor capability. Insertion 

of the methylene group would open a further coordination site when metallated, similar 

to the anionic PhPPic2
[47b]

 and Ph2Pic
[42c]

 ligands.  
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4 SUMMARY AND OUTLOOK 

Extensive structural investigations of 2-thienyllithium and its derivatives were realised 

in the course of this thesis. The resulting aggregates were characterised by single crystal 

X-ray diffraction experiments as well as multinuclear NMR experiments, yielding 

information about the aggregation in the solid state and solution, respectively. It could 

be shown that in the solid state the tetramer [(Et2O)Li(C4H3S)]4 (1) forms dimers when 

treated with THF, DME and TMEDA, and a monomer when subjected to PMDETA. 

For the given system 
13

C NMR experiments indicate the aggregation state in solution by 

the downfield shift of the C signal from the tetramer to the monomer. With more 

significant 2D NMR, i.e. HOESY and DOSY experiments it could be confirmed that the 

structures of 3-5 of the solid state are maintained upon dissolving in toluene.
[56]

  

Future work must now prove if the solid-state structure of further lithium organics and 

mixed organometallic compounds is also retained in solvation by conducting similar 

combined single crystal X-ray diffraction experiments / NMR studies.  

The first evidence on the reactivity has been given by the metallation of toluene-d8 

within the NMR experiments of 4 and 5 and proves the influence of a donor base to 

increase the reactivity of lithium organics.  

5-Methyl-2-thienyllithium shows a very similar aggregation behaviour compared to 

2-thienyllithium in the solid state and in solution, relying on the 
1
H and 

13
C shifts. The 

next step is the improvement of the crystallization conditions to obtain freshly grown 

crystals and conduct sophisticated 2D NMR experiments, i.e. HOESY and DOSY. Only 

then the aggregation in solution can be determined unequivocally and thoroughly 

compared to 2-thienyllithium aggregates. 

Light was shed on a new aggregate of 2-thienyllithium with diglyme. The first solid-

state structure of the first lithium-carbon pentuple ion is presented and another 

uncharted area on the map of the aggregations of lithiumorganics is explored (Scheme 

4-1). 
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Scheme 4-1. The lithium lithiate 9. 

Various single crystal X-ray diffraction experiments with Mo-, Cu- and synchrotron 

radiation at 100 K and 12 K were performed. The highly disordered molecules in the 

single crystal reduce the diffraction quality of the crystals. It is questionable if further 

crystallization attempts will lead to better quality. 

2D NMR experiments must prove which aggregate is formed in solution, due to the 

fact, that mononuclear NMR spectra only indicate a change of aggregation upon 

dissolving in toluene-d8. Furthermore, theoretical calculations might be helpful to 

confirm the aggregate formed in solution. 

Two new aggregates of 2-furyllithium were isolated and their structures were 

determined by single crystal X-ray diffraction experiments during this thesis. While one 

of the aggregates performs an ether cleavage of DME and forms methoxy bridged 

Li12-cuboctahedrons the other one inserts a peroxide anion into its solid-state structures. 

Within this work it was also possible to synthesize complexes of bis(2-thienyl)-

diethylaminophosphane with late transition metals. All complexes have in common that 

the metal ion is exclusively coordinated by the phosphorous atom. Neither the sulfur 

containing side chain nor the nitrogen atom coordinates to a metal atom. 

Furthermore, the detailed reduction to the more promising Janus head ligand Thi2PH is 

presented. Improvements in the purification are necessary to obtain the pure ligand in 

high yields and test is donor properties.  

First insights on the insertion of a methylene group in thienyl and furyl subsituted 

phosphanes are presented. These ligands are auspicious candidates to act as a neutral or, 

if deprotonated, anionic Janus head ligands. 



Experimental Section 73 

5 EXPERIMENTAL SECTION 

5.1 General Procedures 

All experimental manipulations were performed either in an inert gas atmosphere of 

purified dry nitrogen with standard Schlenk techniques
[1b, 150]

 or in an argon glove box. 

The glassware was dried at 140 °C, assembled hot and cooled down under vacuum. All 

solvents were dried over sodium, potassium or sodium-potassium alloy, distilled and 

degassed prior to use. The chemicals and solvents were commercially purchased, dried, 

freshly distilled before use and stored under inert atmosphere. The n-butyllithium, 

which was kindly contributed by the ROCKWOOD LITHIUM GmbH, was filtered through 

Celite before use and the concentration was determined by titration with diphenylacetic 

acid.
[151]

 

5.1.1 Synthesis of Lithiated Heterocycles 

A solution of one equivalent of n-BuLi (1.51 M in n-hexane) was added at 0 °C to a 

solution of the heterocycle (1 eq.) in 20 mL diethyl ether over 30 minutes. An excess of 

donor base (2.5 eq.) was added, followed by constant stirring for another 30 minutes. 

The solution was then cooled to -78° C. The crystals thus formed were filtered, washed 

twice with pre cooled n-hexane (-78° C) and finally dried in vacuo. 

This general method was applied for the synthesis of all presented compounds (1-11) 

with varying batch size for each reaction or product if not stated otherwise. 

 

5.2 Spectroscopic and Analytic Methods 

NMR spectra were recorded on a Bruker Avance DRX 500 MHz, 300 MHz or 

Avance III (300 MHz) spectrometer. Chemical shifts  are given in ppm, whereas the 

coupling constant J has the unit Hz. Tetramethylsilan served as external standard of 
1
H 

NMR and 
13

C{
1
H} NMR spectra; the remaining solvent protons of the deuterated 

solvents represent the internal standard.
[152]

 The multiplets were abbreviated as 

described in the following: br = broad signal, s = singlet, d = doublet, dd = doublet of 

doublets, ddd = doublet of doublets of doublets, m = multiplet. All spectra were 
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recorded at ambient temperature if not mentioned otherwise. The obtained chemical 

shifts were assigned according to Scheme 5-1. 

 

Scheme 5-1. Labeling scheme of NMR signals. 

5.3 Elemental Analyses 

Elemental analyses were carried out by the Analytische Labor des Instituts für 

Anorganische Chemie der Georg-August-Universität Göttingen with an Elementar 

Vario EL3. Some of the determined values of the air and moisture sensitive compounds 

deviate more than 1.0% from the calculated ones. This can be explained by the 

instability of the compounds when handled outside of a Schlenk flask or glove box, the 

loss of solvent molecules during the drying of the sample in vacuum or the inclusion of 

argon from canning the samples in an argon glove box. 

 

5.4 Mass Spectrometry 

EI-MS spectra were recorded on a MAT 95, 70 eV. The m/z-values of the ions and 

selected molecular fragments are described due to the isotopes with the highest natural 

abundance. 

 

5.5 Synthesis and Characterization  

5.5.1 Synthesis of [(Et2O)Li(C4H3S)]4 (1) 
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Colourless crystals of 1 were obtained after a few days.  

Yield: 2.4 g, 52 %. C32H52Li4O4S4 (M = 656.74 g/mol).
 

1
H NMR (300.13 MHz, tol-d8):  7.80 (d, 

3
JHH = 4.3 Hz, 1 H, H5), 7.63 (d, 

3
JHH = 2.7 Hz, 1 H, H3), 7.33 (dd, 

3
JHH = 4.3 Hz, 

3
JHH = 2.8 Hz, 1H, H4), 3.19 (q,

 3
JHH = 7.0 Hz 6 H, 

CH3), 0.96 (t, 
3
JHH = 7.0 Hz 4 H, CH2). 

13
C NMR (75.48 MHz, tol-d8):  166.9 (C2), 137.5 (C5), 133.1 (C3), 128.1 (C4), 

65.7 (CH3), 15.1 (CH2). 

7
Li NMR (116.64 MHz, tol-d8):  2.7 (s). 

Elemental Analysis: Calcd: C, 49.21; H, 2.96; S, 29.22. Found: C, 

58.52; H, 7.98; S, 19.53. 

5.5.2 Synthesis of [(THF)Li(C4H3S)]4 (2) 

 

Colourless crystals of 2 were obtained after a few days. 

Yield: 1.2 g, 18.5 %. C24H38Li2O4S2 (468.54 g/mol).
 

1
H NMR (300.13 MHz, tol-d8):  7.88 (d, 

3
JHH = 4.3 Hz, 1 H, H5), 7.70 (dd, 

3
JHH = 2.7 Hz, 

4
JHH = 2.4 Hz, 1 H, H3), 7.430 (dd, 

3
JHH = 4.28 Hz, 

3
JHH = 2.76 Hz, 1H, H4), 3.41 (m, 

8 H, OCH2), 1.39 (m, 8 H, CH2). 

13
C NMR (75.48 MHz, tol-d8):  170.9 (C2), 137.2 (C5), 131.6 (C3), 127.7 (C4), 

65.7 (OCH2), 25.7 (CH2). 

7
Li NMR (116.64 MHz, tol-d8):  1.9 (s). 



76 Experimental Section 

5.5.3 Synthesis of [(DME)Li(C4H3S)]4 (3) 

 

Colourless crystals of 3 were obtained after a few days. 

Yield: 3.6 g, 79 %. C16H26Li2O4S2 (360.39 g/mol).
 

1
H NMR (300.13 MHz, tol-d8):  7.95 (dd, 

3
JHH = 4.3 Hz, 

4
JHH = 0.4 Hz, 1 H, H5), 

7.69 (dd, 
3
JHH = 2.8 Hz, 

4
JHH = 0.4 Hz, 1 H, H3), 

7.57 (dd, 
3
JHH = 4.4 Hz, 

3
JHH = 2.8 Hz, 1 H, H4), 

3.02 (s, 6 H, CH3), 2.72 (s, 4 H, CH2). 

13
C NMR (75.48 MHz, tol-d8):  172.1 (C2), 136.5 (C5), 130.7 (C3), 127.5 (C4), 

70.1 (CH3), 58.8 (CH2). 

7
Li NMR (116.64 MHz, tol-d8):  1.7 (s). 

Elemental Analysis: C, 52.34; H, 7.49; S, 17.08. Found: C, 53.32; H, 

7.27; S, 17.79. 

 

5.5.4 Synthesis of [(TMEDA)Li(C4H3S)]2 (4) 

 

Colourless crystals of 4 were obtained after a few days. 

Yield: 2.8 g, 49 %. C20H38Li2N4S2 (412.55 g/mol).
 

1
H NMR (300.13 MHz, tol-d8):  7.92 (d, 

3
JHH = 5.0 Hz, 1 H, H5), 7.66 (sbr, 1 H, 

H3), 7.50 (d, 
3
JHH = 4.8 Hz, 1 H, H4), 2.28 (s, 12 H, 

CH3), 2.09 (s, 4 H, CH2). 
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13
C NMR (75.48 MHz, tol-d8):  174.4 (C2), 137.2 (C5), 130.8 (C3), 127.4 (C4), 

58.4 (CH2), 46.0 (CH3). 

7
Li NMR (116.64 MHz, tol-d8):  2.0 (s). 

5.5.5 Synthesis of [(PMDETA)Li(C4H3S)] (5) 

 

Colourless crystals of 5 were obtained after a few days. 

Yield: 3.4 g, 47 %. C13H26LiN3S (263.3 g/mol).
 

1
H NMR (300.13 MHz, tol-d8):  7.95 (dd, 

3
JHH = 4.2 Hz, 

4
JHH = 0.4 Hz, 1 H, H5), 

7.64 (dd, 
3
JHH = 4.2 Hz, 

3
JHH = 2.7 Hz, 1 H, H4), 

7.49 (dd, 
3
JHH = 2.7 Hz,

 4
JHH = 0.4 Hz, 1 H, H3), 

2.11 (s, 3 H, NCH3), 2.01 (s, 12 H, N(CH3)2), 1.86 

(br,
 
8 H, CH2). 

13
C NMR (75.48 MHz, tol-d8):  180.1 (C2), 137.5 (C5), 133.3 (C3) 126.8 (C4), 

57.3 (Me2NCH2), 53.9 (CH2NMe), 45.9 (N(CH3)2), 

44.6 (NCH3). 

7
Li NMR (116.64 MHz, tol-d8):  2.1 (s). 

5.5.6 Synthesis of [(THF)2Li{(C4H2S)-5-Me}]2 (6) 

 

Only a few crystals of 6 were isolated and the structure could be determined by single 

crystal X-ray analysis. 

Cyrstals decomposed when transferred to NMR tubes. 
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5.5.7 Synthesis of [(DME)Li{(C4H2S)-5-Me}]2 (7) 

 

Colourless crystals of 7 were obtained after a five days. 

Yield: 0.15 g, 67 %. C18H30Li2O4S2 (669.42 g/mol).
 

1
H NMR (500.13 MHz, tol-d8):  7.46 (dd, 

3
JHH = 2.6 Hz, 1 H, H2), 7.18 (m, 1 H, 

H3), 3.09 (s, 6 H, CH3), 2.85 (s, 4 H, CH2), 2.16 (d, 

3
JHH = 0.9 Hz, 3 H, H5).  

13
C NMR (125MHz, tol-d8):  172.2 (C1), 144.2 (C2), 136.7 (C3), 127.2 (C4), 

70.4 (CH2), 58.8 (CH3), 15.4 (C5). 

Elemental Analysis: C, 55.66; H, 7.78; S, 16.51. Found: C, 54.79; H, 

8.02; S, 15.74. 

5.5.8 Synthesis of [(TMEDA)Li{(C4H2S)-4-Me}]2 (8) 

 

Colourless crystals of 8 were obtained after several days. 

Yield: 1.12 g, 27 %. C18H30Li2O4S2 (338.44 g/mol)
 

1
H NMR (500MHz, tol-d8):  7.98 (d, 

3
JHH = 4.2 Hz, 1 H, H4), 7.43 (d, 

3
JHH = 4.1 Hz, 1 H, H2), 2.88 (s, 3 H, CH3), 2.56 (s, 

4 H, CH2), 1.99 (s, 12 H, CH3).  

13
C NMR (125MHz, tol-d8):  176.7 (C1), 146.2 (C3), 131.7 (C2), 129.9 (C4), 

127.3 (CH2), 46.4 (CH3), 21.5 (C5).  
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Elemental Analysis: C, 58.23; H, 9.28; N, 13.58; S, 15.54. Found: C, 

59.82; H, 10.40; N, 12.67; S, 14.35. 

5.5.9 Synthesis of [Li(Diglyme)2][(Diglyme)Li2(C4H3S)3](9) 

 

To a solution of thiophene (1.0 mL, 12.7 mmol) in 10 mL diethyl ether a solution of one 

equivalent of n-BuLi (2.5 M in n-hexane) was added at 0 °C over 10 minutes and stirred 

for another 15 min. An excess of diglyme (2.5 eq.) was added followed by constant 

stirring for another 20 minutes. The solution was then stored at -19° C. The crystals thus 

formed were used for the X-ray analysis or transferred to septum tapped NMR-tubes or 

the tubes were molten off for the NMR experiments. 

Note: The reaction can be performed in various concentrations and scales to obtain 9, 

but the crystallisation at -19° C is crucial. At lower (-40 / -80 °C) or higher (-12 – 0°C) 

temperatures crystals of lower quality or powdery solids were formed 

Crystals of 9 were only stable in their mother liquor and could not be isolated dryly. 

1
H NMR (300.13 MHz, tol-d8):  7.97 (d, 

3
JHH = 4.1 Hz, 1 H, H4), 7.71 (d, 

3
JHH = 

2.7 Hz, 1 H, H2), 7.58 (dd, 
3
JHH = 4.2 Hz, 

3
JHH = 

2.8 Hz, 1 H, H3), 3.20 (m, 8 H, CH2), 3.10 (s, 6 H, 

CH3).  

13
C NMR (75.48 MHz, tol-d8):  

172.6 (C1), 136.9 (C2), 130.7 (C4), 127.6 (C3), 71.5 

(CH2), 69.9 (CH2), 58.7 (CH3) ppm. 

7
Li NMR (116.64 MHz, tol-d8):  1.85. 
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5.5.10 Synthesis of Thi2PNEt2 (12) 

 

The synthesis of 12 was performed according to the literature.
[101]

 To a suspension of 

Mg turning (16.7 g, 0.689 mmol, 2.50 eq.) was added a solution of 2-bromothiophene 

(99.7 g, 0.611 mmol, 57.3 mL, 2.22 eq.) in thf (40 mL) drop wise until the reaction 

started. The residual solution was added under retaining of the reflux over an hour, 

cooled down and stirred overnight. The unreacted magnesium turnings were removed 

(P2 frit) and the precipitate rinsed with n-pentane (4 x 50 mL). The filtrate was cooled 

to 0° C and NEt2PCl2 (47.8 g, 275 mmol, 40.0 mL, 1.00 eq.) was added drop by drop 

and allowed to warm to r.t. overnight. To remove the precipitate n-pentane (200 mL) 

were added and the solids removed (P2 frit) and rinsed with n-pentane (5 x 50 mL). All 

volatile solvents were removed under reduced pressure and the residual filtered over 

Celite (P4 frit) and rinsed with n-pentane (3 x 15 mL). 12 was obtained after removal of 

the solvents as a yellow oil. 

Yield: 41.3 g, 56 %. M = 269.37 g/mol 

1
H NMR (300.13 MHz, C6D6): δ 7.17 (m, 4 H, H3, H5), 6.82 (ddd, 

3
JHH = 4.8 Hz, 

3
JHH = 3.5 Hz, 

4
JPH = 1.2 Hz, 2 H, H4), 3.08 (dq, 

3
JPH = 10.7 Hz, 

3
JHH = 7.1 Hz, 4 H, CH2), 0.90 (t, 

3
JHH = 7.1 Hz, 6 H, CH3).  

13
C NMR (75.48 MHz, C6D6):  143.14 (d,

 1
JPC = 30.3 Hz, C2), 133.47 (d,

 

2
JPC = 23.8 Hz, C3), 130.45 (d,

 3
JPC = 2.2 Hz, C5), 

127.81 (d,
 3

JPC = 5.9 Hz, C4), 44.18 (d,
 

2
JPC = 15.8 Hz, CH2), 14.44 (d,

 3
JPC = 3.8 Hz, 

CH3).  

31
P NMR (121.49 MHz, C6D6): δ 38.69 (pt, 

3
JPH = 10.7 Hz, 

3
JPH = 4.6 Hz). 
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5.5.11 Synthesis of [(SC4H3)2(NEt2)PNiCl2]  (C7H8) (13) 

 

To NiCl2(diglyme) (0.60 g, 1.4 mmol) in toluene (15 mL) was added 12 (0.74 g, 

1.4 mmol). Light-green crystals could be isolated after several days at -20 °C. 

1
H NMR (300.13 MHz, C6D6):  7.79 ((ddd, 

3
JHH = 7.8 Hz, 

3
JHH = 3.5, 

4
JHH = 1.1, 

2H, H5), 7.05 (dd, 
3
JHH = 4.8, 

3
JHH = 2.3 Hz, 2H, 

H4). 6.73 (ddd, 
3
JHH = 4.9 Hz, 

3
JHH = 3.6, 

4
JHH 

=1.5 , 1H, H3), 3.31 (dq, 
3
JPH = 14.0 Hz, 

3
JHH = 7.0 Hz, 4H, NCH2CH3), 0.95 (t, 

3
JHH = 7.0 Hz, 6 H, NCH2CH3).  

31
P NMR (121.49 MHz, C6D6):  38.8. free ligand 

Elemental Analysis: C, 42.60; H, 4.83; N, 4.18, S, 17.38. Found: C, 

43.13; H, 4.83; N, 4.19; S, 17.19. 

EI-MS: m/z (%): 442 [MBr/Cl-L]
+
, 362 [MCl-L-Cl]

+
, 329 [MCl-L-

Cl2]
+
, 269.0 [Thi2PNEt2]

+
, 197.0 [Thi2P]

+
, 115.0 

[PThi]
+
. 

 

5.5.12 Synthesis of [(SC4H3)2(NEt2)PCuCl(MeCN)]2 (14) 

 

To CuCl (0.10 g, 10.0 mmol) in acetonitril (15 mL) was added 12 (2.7 g, 10.0 mmol). 

colorless crystals could be isolated after seven days at -20 °C. 

1
H NMR (300.13 MHz, C6D6):  7.80 (ddd, 

3
JHH = 7.8 Hz, 

3
JHH = 7.4, 

4
JHH = 1.1, 

1H, H5) 7.06 (dt, 
3
JHH = 4.8, 

4
JPH = 1.2 Hz, 1H, 

H4), 6.74 (ddd, 
3
JHH = 4.9 Hz, 

3
JHH = 3.6, 
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4
JHH = 1.5, 1H, H3), 3.33 (q, 

3
JPH = 14.0 Hz, 2H, 

NCH2CH3), 0.95 (t, 
3
JHH = 7.0 Hz, 3 H, NCCH3).  

31
P NMR (121.49 MHz, C6D6):  30.9. 

Elemental Analysis: C, 40.85; H, 4.65; N, 6.81, S, 15.58. Found: C, 

38.62; H, 4.39; N, 3.98; S, 16.48. 

 

5.5.13 Synthesis of [{(SC4H3)2(NEt2)P}2PdCl2] (15) 

 

To PdCl2(NCPh)2 (0.79 g, 2.93 mmol) in toluene (25 mL) was added 12 (2.24 g, 

5.8 mmol). Orange crystals could be isolated after seven days at -20 °C. 

 

Unfortunately, only a few crystals could be isolated, therefor no further analysis was 

conducted. 

5.5.14 Synthesis of [(SC4H3)2(NEt2)PCl]2  (C7H8) (16) 

 

To PdCl2(NCPh)2 (0.53 g, 0.93 mmol) in toluene (15 mL) was added 12 (0.37 g, 

0.93 mmol). Orange-red crystals could be isolated after seven days at -20 °C. 

1
H NMR (300.13 MHz, C6D6):  7.93 (ddd, 

3
JHH = 6.8 Hz, 

3
JHH = 3.3, 

4
JHH = 1.1, 

1H, H5), 7.06 (dd, 
3
JHH = 4.9, 

4
JPH = 1.2 Hz, 1H, 

H4), 6.75 (ddd, 
3
JHH = 4.6 Hz, 

3
JPH = 1.7, 

4
JHH = 0.9, 1H, H3), 3.31 (dq, 

3
JPH = 14.0 Hz, 

3
JHH = 7.0 Hz, 2H, NCH2CH3), 1.03 (t, 

3
JHH = 7.1 Hz, 3 H, NCH2CH3), 
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31
P NMR (121.49 MHz, C6D6):  38.8. free ligand 

5.5.15 Synthesis of [(SC4H3)2(NEt2)PIrCl(COD)]  (C7H8) (17) 

 

To [IrCl(COD)]2 (0.01 g, 0.015 mmol) in toluene (5 mL) was added 12 (0.008 g, 

0.03 mmol). Orange crystals could be isolated after seven days at -20 °C. 

31
P NMR (121.49 MHz, C6D6):  38.8. free ligand,  

EI-MS: m/z (%): 649.0 [MBr]
+
, 605.0 [MCl]

+
, 577.0 [MBr–NEt2]

+
, 

566.0 [MBr–Thi]
+
, 534.0 [MCl–NEt2]

+
, 496.0 [MCl–

COD]
+
, 458.9 [MBr-COD-Thi]

+
, 269.0 

[Thi2PNEt2]
+
, 197.0 [Thi2P]

+
, 115.0 [PThi]

+
, 91.0 

[Tol–H]
+
. 

5.5.16 Synthesis of [(SC4H3)2(NEt2)PAuCl] (18) 

 

Unfortunately, only a few crystals could be isolated. 

5.5.17 Synthesis of Thi2PCl (20) 

 

Through a solution of 12 (21.3 g, 79 mmol, 25.3 mL) in pentane (500 mL) gaseous 

HCl was passed at 0 °C for 30 – 45 minutes. The precipitated Et2NH · HCl was filtered 
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off and washed with pentane (3 × 20 mL). The solvents were removed under reduced 

pressure and the pure product obtained as slightly yellow crystals.
[101]

  

Yield: 18.04 g, 98 %. M = 232.69 g/mol 

1
H NMR (300.13 MHz, C6D6):  7.23 (ddd, 

3
JPH = 6.7 Hz, 

3
JHH = 3.5 Hz, 

4
JHH = 1.1 Hz, 2 H, H3), 7.03 (dd, 

3
JHH = 4.9 Hz, 

4
JHH = 1.1 Hz, 2 H, H5), 6.57 (ddd, 

3
JHH = 5.0 Hz, 

3
JHH = 3.5 Hz, 

4
JPH = 1.6 Hz, 2 H, H4). 

13
C{

1
H} NMR (75.48 MHz, MHz, C6D6): 

  139.89 (d,
 1

JPC = 47.4 Hz, C2), 135.48 (d,
 

2
JPC = 36.1 Hz, C3), 133.19 (d,

 3
JPC = 1.3 Hz, C5), 

127.03 (d,
 3
JPC = 8.5 Hz, C4). 

31
P{

1
H} NMR (121.49 MHz, C6D6):  53.42 (s). 

5.5.18 Synthesis of Thi2PH (19) 

 

Route A 

K-selectride or DIBAL (5 mmol) was added to 20 (1 g, 5 mmol) in Et2O (50 mL) within 

30 min at -78° C. The reaction mixture was stirred overnight and precipitates removed 

(P3 frit, Celite), rinsed with (3 x Et2O, 4 mL) and solvents removed under vacuo. Major 

product: 21. 

Procedure was adapted for LiBH4. The addition in portion yielded 19. 

Route B 

20 (7.05 g, 30.4 mmol, 1 eq) in Et2O (25 mL) was added slowly to a solution of DIBAL 

(4.75 g, 33.4 mmol, 1.1 eq.) in Et2O (30 mL) at -78° C and allowed to warm up 

overnight. The formed salts were filtered (P4 frit, Celite), washed with Et2O (3x5 mL) 

and all volatile compound removed under vacuo. The reaction yielded 19 and the 

byproduct 21. 
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1
H NMR (300.13 MHz, C6D6):  6.95 (dd, 

3
JHH = 3.6 Hz, 

4
JHH = 1.2 Hz, 2 H, H3), 

6.73 (dd, 
3
JHH = 5.1 Hz, 

4
JHH = 1.2 Hz, 2 H, H5), 

6.64 (dd, 
3
JHH = 5.1 Hz, 

3
JHH = 3.6 Hz, 2 H, H4), 

5.46 (d, 
1
JPH = 222.0 Hz, 1 H, PH).  

1
H{

31
P} NMR (300.13 MHz, CDCl3):  7.31 (ddd, 

3
JHH = 3.5 Hz, 

4
JHH = 1.2 Hz, 

4
JHH = 1.1 Hz, 2 H, H3), 7.16 (m, 2 H, H5), 7.01 

(m, 2 H, H4), 5.54 (m, 1 H, PH). 

 

13
C{

1
H} NMR (75.48 MHz, MHz, C6D6): 

  135.54 (d, 
1
JPC = 120.8 Hz, C2), 130.93 (s,

 
C5), 

127.72 (m,
 
C3), 127.55 (m, C4).   

13
C{

1
H} NMR (75.48 MHz, CDCl3):  35.49 (d,

 1
JPC = 133.7 Hz, C2), 135.30 (d,

 

2
JPC = 27.5 Hz, C3), 127.12 (d,

 3
JPC = 8.4 Hz, C4), 

123.52 (m, C5). 

31
P NMR (78.48 MHz, C6D6):  −90.63 (dt, 

1
JPH = 227.7 Hz,

 3
JPH = 5.9 Hz). 

31
P{

1
H} NMR (78.48 MHz, CDCl3):  −90.24 (dt, 

1
JPH = 229.4 Hz,

 3
JPH = 6.0 Hz). 

ESI-MS (Et2O): m/z (%): 197 [M]
-
 (100), 213 [M+O] (60), 232 [M+Cl] (35) 

 

5.5.19 Characterization of Thi4P2 (21) 

 

Crystals of 21 were isolated from a reduction reaction and NMR experiments 

performed. An initial XRD-experiment verified the cell parameter. 

1
H NMR (400.13 MHz,C6D6):  7.19 (dd, 

3
JHH = 3.5 Hz, 

4
JHH = 1.1 Hz, 4 H, H3), 

7.03 (dd, 
3
JHH = 5.0 Hz, 

4
JHH = 1.1 Hz, 4 H, H5), 

6.64 (dd, 
3
JHH = 5.0 Hz, 

3
JHH = 3.5 Hz, 4 H, H4). 
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1
H{

31
P} NMR (400.13 MHz, CDCl3):  7.51 (m, 4 H, H3), 7.19 (dd, 

3
JHH = 3.5 Hz, 

4
JHH = 1.1 Hz, 4 H, H5), 6.96 (dd, 

3
JHH = 4.9 Hz, 

3
JHH = 3.5 Hz, 4 H, H4). 

13
C{

1
H} NMR (75.48 MHz, C6D6):  135.21 (d,

 2
JPC = 27.5 Hz, C3), 131.94 (d,

 

1
JPC = 24.2 Hz, C2), 131.10 (m, C5), 127.41 (m, 

C4). 

13
C{

1
H} NMR (75.48 MHz, CDCl3):  135.36 (d,

 3
JPC = 15.8 Hz, C5), 132.16 (m, C3), 

131.87 (d,
 1
JPC = 23.6 Hz, C2), 127.54 (m,

 
C4). 

31
P{1H} NMR (78.48 MHz, C6C6):  −38.61 (s). 

31
P{1H} NMR (78.48 MHz, CDCl3):   −36.66 (s). 

ESI-MS (Et2O): m/z (%): 393.9 [M]
-
 (23). 

 

5.5.20 Characterization of Thi2P(O)OH (22) 

 

Thi2(O)OH (22) was isolated as a byproduct in the reaction to form 19. A few single 

crystals of 22 were isolated from aqueous workup and XRD experiments performed.  

31
P{1H} NMR (78.48 MHz, C6D6):   22.35 (20.88 (thi)2P(O)Cl) 

 

5.5.21 Synthesis of Furfuryl chloride 

 

Route A: 

To a solution of furfuryl alcohol (2.0 mL, 23 mmol, 1 eq.) in DCM (35 ml) thionyl 

chloride (1.7 mL, 24 mmol, 1 eq) was added drop wise and the reaction mixture turned 
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blue. After the addition of NEt3 (3.3 mL, 24 mmol, 1 eq) in small portions the mixture 

was stirred for 24 h. 

The procedure was repeated at dry ice cooling as well as a combined addition of thionyl 

chloride and NEt3 to furfuryl alcohol. From none of these reactions furfuryl chloride 

could have been isolated. 

 

Route B: 

Solution I: Thionyl chloride (5.5 mL, 75 mmol) and benzotriazole (8.93 g, 75 mmol) 

were dissolved in DCM (50 mL). 

To a solution of furfuryl alcohol (0.18 ml, 2.0 mmol, 1 eq.) in DCM (40 mL) solution I 

(3.75 mL, 2.5 mmol, 1.3 eq.) was added at 0 °C. The reaction mixture turned yellow and 

a colourless precipitate was filtered off after 20 min. After evaporation of the solvent 

the residual filtrate turned black. The product could not be identified. 

Varying the concentrations of the starting materials did not improve the outcome of the 

reaction. 

 

Route C: 

A mixture of PPh3 (130 mmol, 34.1 g, 1.3 eq.), furfuryl alcohol (100 mmol, 8.7 mL, 

1 eq) in CCl4 (90 mL) was heated to reflux for one hour. After cooling to RT n-pentane 

(100 mL) was added and a precipitate was formed. The precipitate was filtered and 

washed a few times with n-pentane (total 50 mL). The solvents were removed under 

reduced pressure. A distillation at 12 mbar yielded the product as a colourless liquid. 

Yield: 3.5 mL, 35 %.b.p.: 32 °C (12 mbar) [Lit.
[142]

:28-30 °C (6 mbar)] 

1
H NMR (300.13 MHz, C6D6):  6.93 (s, 1H, Haryl), 5.86 (m, 2H, Haryl), 4.02 (s, 

2H, CH2). 

13
C NMR (75.48 MHz, C6D6):  (ppm) 143.3 (Caryl), 110.7 (Caryl), 109.5 (Caryl), 

37.11 (CH2). 

ESI-MS (Et2O): m/z (%): 116.9 (32) [M]
+
, 81 (23) [M-Cl]

+
, 54 (44). 
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5.5.22 Synthesis of Bis(furfuryl)phenylphosphane 

 

To phenylphosphin (1.65 mL, 15 mmol, 1.0 eq) in Et2O (20 mL) n-BuLi (2.3 eq.) 

was added dropwise at 0° C. After 30 min furfurylchloride (3.0 mL, 30 mmol, 2 eq.) 

was added, stirred for 2 h and filtrated (2x, Celite). Removal of the solvent yielded a 

brownish oil. 

The work up was changed: The residue was solved in n-pentane and placed in a 

supersonic bath. 

1
H NMR (300.13 MHz, C6D6):  4.02 (s, CH2), 5.69-6.12 (m), 6.82-6.98 (m). 

31
P NMR (121.49 MHz, C6D6):  -23.63 (-26.8, unindentified sideproduct). 

ESI-MS (Et2O): m/z (%): 116.9 (32) [M]
+
, 81 (23) [M-Cl]

+
, 54 (44). 

5.5.23 Synthesis [{(FurPh)2P2}Au2Cl2(FurPhPH)] (23) 

 

 

Bis(furfuryl)phenylphosphane (crude product, 0.12 g) and AuCl(SMe2) were 

dissolved in toluene (10 mL) and stored at -44° C. Single suitable crystals of 23 were 

isolated. 

Crystallization attempts with NiCl2 and PbCl2 were inconclusive until today. 
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5.5.24 Synthesis of Furfuryloxy- and 2-thienylmethoxy 

substituted phosphonous diesters 

 

Route A: 

To a solution of alcohol (40 mmol, 2 eq.) and NEt3 (5.5 mL, 40 mmol, 2 eq) in Et2O 

(10 mL) PhPCl2 (2.7 mL, 20 mmol, 2 eq.) was added dropwise at 0° C. The reaction 

mixture was stirred for 48 h, filtered and volatile compound in vacuo removed. The 

residue was solved in n-pentane and filtered. Both compounds were isolated as crude 

oils. 

Route B: 

To PhPCl2 (1.4 mL, 10 mmol, 1 eq.) in Et2O (10 mL) a solution of the alcohol 

(20 mmol, 2 eq.) and NEt3 (2.8 mL, 20 mmol, 2 eq.) was added slowly. Subsequently 

the reaction mixture was heated to reflux for 2 h, filtered and the residue dissolved in n-

pentane. Both compounds were isolated as crude oils. 

 

Furfuryloxy substituted phosphonous diester 

ESI-MS (Et2O): m/z (%): 302 (1) [M]
+
, 222 (30) [M-fur]

+
, 126 (24), 97 (68), 

81 (100) [fur]. 

2-Thienylmethoxy substituted phosphonous diester  

ESI-MS (Et2O): m/z (%): 334 (10) [M]
+
, 253 (30), 238 (96) [M-thiMe], 194 

(100), 173 (40). 

31
P and 

1
H NMR spectra showed a mixture of products for both compounds. 
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6 CRYSTALLOGRAPHIC SECTION 

6.1 Crystal Application 

Single crystals were taken from the mother liquor using standard Schlenk techniques 

and placed in perfluorinated polyether oil on a microscope slide. An appropriately sized 

crystal of high quality was selected under a polarization microscope (for detection of 

twinning and the presence of satellites) with help of the X-TEMP2 cooling device.
[58]

 It 

was mounted on a glass fiber or MITEGEN
©

 MICROMOUNT glued to the magnetic pin of 

the goniometer head in a way that it was completely coated with the perfluorinated 

polyether oil.
[4]

 Oil and crystal were shocked-cooled in the cold gas stream of an open 

flow nitrogen cooling device attached to the diffractometer. The amorphous frozen oil 

served as glue and protected the sensitive compounds along with the nitrogen gas 

stream from moisture and oxygen. 

 

6.2 Data Collection and Processing 

All compounds were measured on a BRUKER D8 Goniometer platform, equipped with 

an APEX II CCD X-ray detector. The compounds were measured using either an IμS
[84]

 

or on a rotating anode turbo X-ray source. Both use mirrors as monochromator optics, 

which supplies very intense and brilliant MoKα radiation (λ = 0.71073 Å). All crystals 

were centered optically using a video camera after being placed on the diffractometer. 

All data sets measured at 100 K and Mo wavelength, if not otherwise stated. 

Data set of 9 was measured on a Bruker three circle diffractometer equipped with a 

SMART 6000 detector using CuKα radiation (λ = 1.54178 Å). The Data was measured 

at 100 K. 

Data of 9 were collected using synchrotron radiation with a wavelength of 0.3936 Å at 

sector 15 ID-B of ChemMatCARS at the APS, Argonne, USA. The beam line is 

equipped with a BRUKER D8 Goniometer platform, and the diffracted beam was 

collected on a APEX II CCD X-ray detector. Data sets were measured at 12 K. 

Data collection was controlled with the APEX2 software package.
[153]

 A test run 

(matrix scan) was recorded prior to each experiment to check the crystal quality, to get a 
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rough estimate of the cell parameters, and to determine the optimum exposure time. All 

scans of the data collections were performed in an ω-scan mode with a step-width of 

0.3° or 0.5° at fixed ϕ-angles. 

The determination of the unit cells and orientation matrices were performed with the 

tools supplied in the APEX2 software package. The collected frames were integrated 

with SAINT
[154]

 using the 3d profiling method described by Kabsch.
[155]

 All data sets 

were corrected for absorption and scaled using SADABS
[156]

 or TWINABS.
[157]

 XPREP
[158]

 

was used to determine the space group prior to the absorption correction, as this is 

crucial for a correct treatment. SADABS and TWINABS refine an empirical model 

function by symmetry-equivalent reflections. Setup of the files for structure solution 

and refinement was performed with XPREP. 

 

6.3 Structure Solution and Refinement 

The structures were solved with direct methods or Patterson superposition procedure 

using SHELXS.
[159]

 Data were merged according to the determined symmetry with 

SHELXL.
[159]

 All refinements were performed on F
2
 with SHELXL implemented in the 

SHELXLE GUI.
[160]

 If not stated otherwise, the hydrogen atoms of the compounds were 

refined isotropically on calculated positions using a riding model. The positions were 

geometrically optimized and the Uiso were constrained to 1.2 Ueq (1.5 for methyl carbon) 

of the pivot atom. The position of certain hydrogen atoms (e. g. OH groups) were found 

with difference Fourier analysis of the rest electron density. If not stated otherwise, the 

hydrogen bond lengths were restrained to a sensible value and the Uiso were constrained 

as mentioned above. In all refinements the function M(pi, k) (Eq. 7-1) was minimized 

using the weights w defined in Eq. 7-2. 

 

Eq. 7-1.          ∑ [ |    |
  |     |

 ]      

 

Eq. 7-2.  w-1        
                              (

    
        

 

 
) 

 

The results of the refinements were verified by comparison of the calculated and the 

observed structure factors. Commonly used criteria are the residuals R1 (Eq. 7-3) and 

wR2 (Eq. 7-4). The wR2 is more significant, because the model is refined against F
2
. 
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Eq. 7-3.     
∑||    | |     ||

∑|    |
 

 

Eq. 7-4.      √
∑      

       
   

∑ (    
 )

   

Additionally, the goodness of fit (GoF or S), a figure or merit showing the relation 

between deviation of Fcalc from Fobs and the over-determination of refined parameters is 

calculated (Eq. 7-5). 

 

Eq. 7-5.    √
∑       

       
    

     
 

 

The residual densities from difference Fourier analysis should be low. Due to the 

model restrictions the residuals are normally found in the bonding regions. Higher 

residuals for heavy scatterers are acceptable as they arise mainly from absorption effects 

and Fourier truncation errors due to the limited recorded resolution range. The highest 

peak and deepest hole from difference Fourier analysis are listed in the crystallographic 

tables. 

Additionally, the orientation, size and ellipticity of the ADP show the quality of the 

model. Ideally, the ADPs should be oriented perpendicular to the bonds, be equal in size 

and show little ellipticity. All graphics were generated and plotted with the XSHELL or 

MERCURY
[161]

 software and at 50 % probability level. 

 

6.4 Treatment of Disorder 

Structures containing disordered fragments were refined using constraints and 

restraints. The geometries of chemically equivalent but crystallographically independent 

fragments can be fitted to each other by distance restraints. Especially the 1,2 distances 

(bond lengths) and 1,3 distances (bond angles) are set to be equal within their effective 

standard deviations. This is helpful for refining disordered positions as the averaging of 

equivalent fragments implements chemical information and stabilizes the refinement. 

Restraints affecting the anisotropic displacement parameters are often essential for 

the anisotropic refinement of disordered atomic positions. The rigid bond restraints 

(DELU in SHELXL)
[162]

 fit the components of the anisotropic displacement parameters 
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along the bonds within esds. Similarity restraints (SIMU in SHELXL)
[162]

 adjust the 

ADPs of neighbouring atoms within a certain radius to be equal according to their esds. 

The thienyl groups are refined using 1,2- and 1,-3-distance (SADI, SAME, 

respectively) and rigid bond (SIMU, DELU and RIGU) restraints to stabilize the model 

refinement. An exemplary pattern is given below to describe the positional disorder of 

S1 and C2: 

DELU C1 > C4′ or replaced by new restraint RIGU 
SIMU 0.01  C1 > C4′ 

FVAR 1 0.50 

SAME C1 S2′ > C4′ 

SAME C5 > C8 if another thiophene is present 
C1 2    X   Y   Z   10.0 

PART 1 21 

S1  2   X   Y   Z   21.0 

C2  1   X   Y   Z   21.0 

C3  1   X   Y   Z   21.0 

C4  1   X   Y   Z   21.0 

PART 2 -21 

S1′ 2   X   Y   Z  -21.0 

C2′ 1   X   Y   Z  -21.0 

C3′ 1   X   Y   Z  -21.0 

C4′ 1   X   Y   Z  -21.0 

PART 0 
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6.5 Crystallographic Details 

The crystallographic data for the compounds 2 and 5 have been published in my 

diploma thesis. Minor changes to improve the refinement were applied before the 

structures were deposited in the CSD. CCDC numbers are given in Table 6-1. 

Table 6-1. CCDC numbers of previously published structures. 

Molecule CCDC No. 

2 [(THF)2Li(C4H3S)]2 833248 

5 [(PMDETA)Li(C4H3S)] 833250 
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6.5.1 [(Et2O)Li(C4H3S)]4 (1) 

 

Scheme 6-1. Asymmetric unit of [(Et2O)Li(C4H3S)]4 (1). The hydrogen atoms are omitted for clarity. 

Disorder of the thienyl and ethyl groups are refined with distance and ADP restraints 

Table 6-2. Crystallographic data for [(Et2O)Li(C4H3S)]4 (1). 

CCDC no. 833247 ρcalc [Mg/m3] 1.162 

Empirical formula C32H52Li4O4S4 µ [mm-1] 0.284 

Formula weight [g/mol] 656.74 F(000) 704 

Crystal system  Triclinic Θ range [°] 1.18 to 26.39 

Space group  P ̅ Reflections collected 44903 

a [Å] 10.086(2) Independent reflections 7676 (0.0550) 

b [Å] 11.779(2) Completeness to Θmax 99.8% 

c [Å] 17.970(3)   

α [°] 85.97(2) Max. / min. transmission 0.9703 / 0.8525 

β [°] 73.83(2) Restraints / parameters 1074 / 594 

γ [°] 66.45(2) GoF 1.066 

Volume [Å3] 1877.6(6) R1 /wR2 (I>2σ(I)) 0.0429 / 0.1055 

Z 2 R1 / wR2 (all data) 0.0620 / 0.1163 

Crystal size [mm] 0.20 x 0.12 x 0.10 Diff. peak and hole [eÅ-3] 0.320 and -0.455 
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6.5.2  [(DME)2Li(C4H3S)]2 (3) 

 

Scheme 6-2. Asymmetric unit of [(DME)2Li(C4H3S)]2 (3). The anisotropic displacement parameters are 

depicted at the 50 % probability level. The hydrogen atoms are omitted for clarity. 

Another polymorph of 3 has been published previously.
[65]

 

Table 6-3. Crystallographic data for [(DME)2Li(C4H3S)]2 (3). 

CCDC no. 833249 ρcalc [Mg/m3] 1.159 

Empirical formula C16H26Li2O4S2 µ [mm-1] 0.271 

Formula weight [g/mol] 360.37 F(000) 384 

Crystal system  Triclinic Θ range [°] 2.15 to 26.73 

Space group  P ̅ Reflections collected 20286 

a [Å] 8.625(2) Independent reflections 4378 (0.0421) 

b [Å] 10.471(2) Completeness to Θmax 99.9 % 

c [Å] 12.749(2) Max. / min. transmission 0.9703 / 0.7841 

α [°] 76.66(2) Restraints / parameters 322 / 312 

β [°] 81.73(2) GoF 1.045 

γ [°] 67.47(2) R1 /wR2 (I>2σ(I)) 0.0421 / 0.1108 

Volume [Å3] 1032.9(3) R1 / wR2 (all data) 0.0538 / 0.1184 

Z 2 Diff. peak and hole [eÅ-3] 0.504 and -0.173 

Crystal size [mm] 0.20 x 0.12 x 0.10   
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6.5.3 [([(THF)2Li{(C4H2S)-5-Me}]2 (6) 

 

Scheme 6-3. Asymmetric unit of 6.The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Table 6-4. Crystallographic data for 6. 

ID code Mg_kes011 ρcalc [Mg/m
3
] 1.178 

Empirical formula C26H42Li2O4S2 µ [mm-1] 0.218 

Formula weight [g/mol] 360.37 F(000) 268 

Crystal system  Triclinic Θ range [°] 2.21 to 25.44 

Space group  P ̅ Reflections collected 11660 

a [Å] 8.625(2) Independent reflections 2586 (0.092) 

b [Å] 8.898(3) Completeness to Θmax 99.5 % 

c [Å] 9.552(3) Max. / min. transmission 0.9703 / 0.4647 

α [°] 74.924(4) Restraints / parameters 0 / 155 

β [°] 88.430(4) GoF 1.142 

γ [°] 81.669(4) R1 /wR2 (I>2σ(I)) 0.0771 / 0.1933 

Volume [Å3] 700.3(3) R1 / wR2 (all data) 0.0876 / 0.1994 

Z 1 Diff. peak and hole [eÅ-3] 0.685 and -0.411 

Crystal size [mm] 0.10 x 0.10 x 0.03   
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6.5.4 [[(TMEDA)Li{(C4H3S)-4-Me}]2 (8) 

 

Scheme 6-4. Asymmetric unit of (8). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Disorder described in the main text. 

Table 6-5. Crystallographic data for 8. 

ID code KES029 µ [mm-1] 0.213 

Empirical formula C11H21LN2S F(000) 960 

Formula weight [g/mol] 220.30 Θ range [°] 2.291 to 26.383 

Crystal system  Monoclinic Reflections collected 34584 

Space group  C2/c Indep. ref. / Rint 2733 / 0.0527 

a [Å] 22.381(3) Completeness to Θmax 99.7% 

b [Å] 8.525(2) Max. / min. transmission 0.9705 / 0.8567 

c [Å] 17.693(10) Restraints / parameters 1258 / 384 

β [°] 127.40(2) GoF 1.133 

Volume [Å3] 2681.8(10) R1 /wR2 (I>2σ(I)) 0.0372 / 0.1020 

Z 8 R1 / wR2 (all data) 0.0436 / 0.1053 

Crystal size [mm] 0.12 x 0.06 x 0.05 Diff. peak and hole [eÅ-3] 0.199 and -0.165 

ρcalc [Mg/m3] 1.091   
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6.5.5 [[Li(Diglyme)2][(Diglyme)Li2(C4H3S)3](9) 

 

Scheme 6-5. Asymmetric unit of 9. The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Stable refinement of the positional disorder possible with distance and APD restraint.  

Table 6-6. Crystallographic data for 9 of the Mo-IµS experiment. 

ID code ThiLi_diglyme µ [mm-1] 0.242 

Empirical formula C30H51Li3O9S3 F(000) 2880 

Formula weight [g/mol] 672.71 Θ range [°] 1.31 to 23.31 

Crystal system  Orthorhombic Reflections collected 172801 

Space group  Pbca Indep. ref. / Rint 5410 / 0.1626 

a [Å] 16.185(3) Completeness to Θmax 99.7 % 

b [Å] 14.931(3) Max. / min. transmission 0.9705 / 0.8652 

c [Å] 31.134(6) Restraints / parameters 2249 / 856 

Volume [Å3] 7511 (3) GoF 1.420 

Z 8 R1 /wR2 (I>2σ(I)) 0.1055 / 0.3326 

Crystal size [mm] 0.3 x 0.12 x 0.11 R1 / wR2 (all data) 0.1381 / 0.3630 

ρcalc [Mg/m3] 1.190 Diff. peak and hole [eÅ-3] 0.779 and -0.461 
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6.5.1 [(PMDETA)2Li6O2{(C4H2O)-5-Me}4] (10) 

 

Scheme 6-6. Asymmetric unit of 10. The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

The structure was measured during the bachelor thesis of E.K Schwarze. 

Table 6-7. Crystallographic data for 10. 

ID code Kes005 µ [mm-1] 0.074 

Empirical formula C38H66Li6N6O6 F(000) 1608 

Formula weight [g/mol] 744.61 Θ range [°] 2.03 to 25.36 

Crystal system  Orthorhombic Reflections collected 89524 

Space group  Pbca Independent reflections 4008 (0.0623) 

a [Å] 12.8621(6) Completeness to Θmax 99.9 % 

b [Å] 16.9352(8) Max. / min. transmission 0.9892 / 0.8872 

c [Å] 20.0588(10) Restraints / parameters 0 / 260 

Volume [Å3] 4368.6(4) GoF 1.033 

Z 4 R1 /wR2 (I>2σ(I)) 0.0364 / 0.0944 

Crystal size [mm] 0.22 x 0.16 x 0.11 R1 / wR2 (all data) 0.0450 / 0.1006 

ρcalc [Mg/m3] 1.132 Diff. peak and hole [eÅ-3] 0.236 and -0.208 
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6.5.2 [{Li(DME)2}2Li12{[C4H3O]8[OCH3]6}] (11) 

 

Scheme 6-7. Asymmetric unit of 11. The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

The structure was measured during the bachelor thesis of E.K Schwarze. Positional 

disorder of the diglyme molecule in the SSIP cation and three 5-methyl-2-furyllithium 

moieties were refined applying ADP and distance restraints. 

Table 6-8. Crystallographic data for 11. 

ID code  ρcalc [Mg/m3] 1.168 

Empirical formula C62H102Li14O26 µ [mm-1] 0.086 

Formula weight [g/mol] 1360.59 F(000) 1448 

Crystal system  Triclinic Θ range [°] 1.644 to 23.964 

Space group  P ̅ Reflections collected 66658 

a [Å] 13.955(2) Independent reflections 12060 (0.1676) 

b [Å] 17.078(2) Completeness to Θmax 86.2 % 

c [Å] 18.316(3) Max. / min. transmission 0.9705 / 0.9030 

α [°] 78.48(2) Restraints / parameters 3975 / 1095 

β [°] 73.54(2) GoF 1.046 

γ [°] 68.32(2) R1 /wR2 (I>2σ(I)) 0.0986 / 0.2632 

Volume [Å3] 3867.9(12) R1 / wR2 (all data) 0.2108 / 0.3379 

Z 2 Diff. peak and hole [eÅ-3] 0.684 and -0.428 

Crystal size [mm] 0.2 x 0.1 x 0.1   
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6.5.3 [[(SC4H3)2(NEt2)PNiCl2] (13) 

 

Scheme 6-8. Asymmetric unit of (13). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms and solvent toluene molecule are omitted for clarity. 

13 crystallizes as a non-merohedral twin, the BASF refined to 0.46.  

Thiophene disorder SOFs refine to 0.69 and 0.74. 

Table 6-9. Crystallographic data for 13. 

Id code Mgx003 ρcalc [Mg/m3] 1.444 

Empirical formula C31H40Cl1.48Br0.52N

2S4P2Ni 

µ [mm-1] 1.571 

Formula weight [g/mol] 783.62 F(000) 811 

Crystal system  Triclinic Θ range [°] 1.434 to 26.755 

Space group  P ̅ Reflections collected 10860 

a [Å] 11.175(2) Independent reflections 7607 (0.0452) 

b [Å] 11.357(2) Completeness to Θmax 99.9 % 

c [Å] 14.423(3) Max. / min. transmission 0.9802 / 0.8521 

α [°] 86.64(2) Restraints / parameters 454 / 461 

β [°] 80.43(2) GoF 1.027 

γ [°] 89.89(3) R1 /wR2 (I>2σ(I)) 0.0357 / 0.0685 

Volume [Å3] 1802.2(6) R1 / wR2 (all data) 0.0513 / 0.0741 

Z 2 Diff. peak and hole [eÅ
-3

] 0.443 and -0.472 

Crystal size [mm] 0.12 x 0.1 x 0.08   
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6.5.4 [(SC4H3)2(NEt2)PCuCl(MeCN)]2 (14) 

 

Scheme 6-9. Asymmetric unit of (14). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Thiophene disorder SOFs refine to 0.68 and 0.92; two moieties show no disorder. 

Table 6-10. Crystallographic data for 14. 

CCDC no.  ρcalc [Mg/m3] 1.544 

Empirical formula C28H38Cl1.90Br0.10N

4S4P2Cu 

µ [mm-1] 1.805 

Formula weight [g/mol] 823.02 F(000) 843 

Crystal system  Triclinic Θ range [°] 1.385 to 26.768 

Space group  P ̅ Reflections collected 43755 

a [Å] 9.040(2) Independent reflections 7548 (0.0551) 

b [Å] 13.599(2) Completeness to Θmax 100.0% 

c [Å] 15.166(3) Max. / min. transmission 0.9509 and 0.8549 

α [°] 101.22(2) Restraints / parameters 442 / 467 

β [°] 96.09(2) GoF 1.060 

γ [°] 101.64(3) R1 /wR2 (I>2σ(I)) 0.0316 / 0.0641 

Volume [Å3] 177.6(6) R1 / wR2 (all data) 0.0446 / 0.0695 

Z 2 Diff. peak and hole [eÅ-3] 0.395 and -0.424 

Crystal size [mm] 0.125 x 0.08 x 0.0

3 
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6.5.5 [{(SC4H3)2(NEt2)P}2PdCl2] (15) 

 

Scheme 6-10. Asymmetric unit of (15). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Crystallize as a non-merohedral twin BASF: 0.157 

Table 6-11. Crystallographic data for 15. 

CCDC no.  ρcalc [Mg/m3] 1.656 

Empirical formula C24H32Cl1.78Br0.22N

2S4P2Pd 

µ [mm-1] 1.519 

Formula weight [g/mol] 725.79 F(000) 1472 

Crystal system  Triclinic Θ range [°] 1.298 to 27.572 

Space group  P ̅ Reflections collected 15604 

a [Å] 11.796(2) Independent reflections 5232 (0.070) 

b [Å] 15.737(3) Completeness to Θmax 100.0 % 

c [Å] 17.501(2) Max. / min. transmission 0.7455 / 0.65511 

α [°] 63.96(2) Restraints / parameters 2340 / 921 

β [°] 85.82(2) GoF 1.016 

γ [°] 87.83(3) R1 /wR2 (I>2σ(I)) 0.0274 / 0.0543 

Volume [Å3] 2911.2(8) R1 / wR2 (all data) 0.0372 / 0.0580 

Z 4 Diff. peak and hole [eÅ-3] 0.506 and -0.368 

Crystal size [mm] 0.20 x 0.12 x 0.12   
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6.5.6 [[(SC4H3)2(NEt2)PCl]2) (16) 

 

Scheme 6-11. Asymmetric unit of (16). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Table 6-12. Crystallographic data for 16. 

CCDC no.  µ [mm-1] 1.548 

Empirical formula C38H48Cl3.75Br0.25N

2S4P2Pd2 

F(000) 1097 

Formula weight [g/mol] 1088.85 Θ range [°] 1.926 to 25.242 

Crystal system  Monoclinic Reflections collected 27728 

Space group  P21/n Independent reflections 4932 (0.0463) 

a [Å] 9.901(2) Completeness to Θmax 100.0 % 

b [Å] 15.915(3) Max. / min. transmission 0.9703 / 0.8617 

c [Å] 14.479(2) Restraints / parameters 425 / 320 

β [°] 102.35(2) GoF 1.055 

Volume [Å3] 2228.7(7) R1 /wR2 (I>2σ(I)) 0.0293 / 0.0569 

Z 2 R1 / wR2 (all data) 0.0419 / 0.0622 

Crystal size [mm] 0.08 x 0.07 x 0.04 Diff. peak and hole [eÅ-3] 0.645 and -0.437 

ρcalc [Mg/m3] 1.623   
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6.5.7 [(SC4H3)2(NEt2)PIrCl(COD)] (17) 

 

Scheme 6-12. Asymmetric unit of (17). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Table 6-13. Crystallographic data for 17. 

CCDC no.  ρcalc [Mg/m3] 1.799 

Empirical formula C23.50H32Br0.24Cl0.7

6NIrNPS2 

µ [mm-1] 6.190 

Formula weight [g/mol] 662.01 F(000) 651 

Crystal system  Triclinic Θ range [°] 1.287 to 27.484 

Space group  P ̅ Reflections collected 23891 

a [Å] 8.179(2) Independent reflections 5604 (0.0318) 

b [Å] 9.873(2) Completeness to Θmax 100.0 % 

c [Å] 16.129(4) Max. / min. transmission 0.7458 / 0.6891 

α [°] 78.81(2) Restraints / parameters 138 / 214 

β [°] 88.14(3) GoF 1.034 

γ [°] 73.07(2) R1 /wR2 (I>2σ(I)) 0.0145 / 0.0337 

Volume [Å3] 1221.9(4) R1 / wR2 (all data) 0.0153 / 0.0340 

Z 2 Diff. peak and hole [eÅ
-3

] 0.718 and -0.550 

Crystal size [mm] 0.11 x 0.1 x 0.1   
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6.5.8 [(SC4H3)2(NEt2)PAuCl] (18) 

 

Scheme 6-13. Asymmetric unit of (18). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Table 6-14. Crystallographic data for 18. 

CCDC no.  µ [mm-1] 10.178 

Empirical formula C12H16Cl0.95Br0.05NPS2A

u 

F(000) 955 

Formula weight [g/mol] 503.78 Θ range [°] 2.20 to 37.089 

Crystal system  Monoclinic Reflections collected 51624 

Space group  P21/n Independent reflections 7865 (0.0240) 

a [Å] 7.896(2) Completeness to Θmax 99.9 % 

b [Å] 10.748(2) Max. / min. transmission 0.667 / 0.503 

c [Å] 18.415(3) Restraints / parameters 400 / 243 

β [°] 99.32(2) GoF 1.027 

Volume [Å3] 1542.2(5) R1 /wR2 (I>2σ(I)) 0.0156 / 0.0286 

Z 4 R1 / wR2 (all data) 0.0239 / 0.0304 

Crystal size [mm] 0.10 x 0.05 x 0.05 Diff. peak and hole [eÅ-3] 0.908 and -1.067 

ρcalc [Mg/m3] 2.170   
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6.5.1 Thi2PCl (20) 

 

 

 

 

Scheme 6-14. Asymmetric unit of (20). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity. 

Table 6-15. Crystallographic data for 20. 

ID code MGW009 µ [mm-1] 0.930 

Empirical formula C8H6S3PCl F(000) 3776 

Formula weight [g/mol] 232.67 Θ range [°] 1.392 to 26.825 

Crystal system  Orthorhombic Reflections collected 30904 

Space group  Fdd2 Indep. ref. / Rint 4140 (0.0648) 

a [Å] 23.319(3) Completeness to Θmax 99.9 

b [Å] 58.509(6) Max. / min. transmission 0.9705 / 0.8157 

c [Å] 5.666(2) Restraints / parameters 541 / 291 

Volume [Å3] 7731(3) GoF 1.084 

Z 32 R1 /wR2 (I>2σ(I)) 0.0304 / 0.0610 

Crystal size [mm] 0.17x0.10x0.02 R1 / wR2 (all data) 0.0351 / 0.0624 

ρcalc [Mg/m3] 1.599 Diff. peak and hole [eÅ-3] 0.265 / -0.258 
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6.5.1 Thi2P(O)OH (22) 

 

Scheme 6-15. Asymmetric unit of (22). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms are omitted for clarity.  

Hydrogen position found from density map and refinded freely. 

Table 6-16. Crystallographic data for 22. 

CCDC no.  µ [mm-1] 0.677 

Empirical formula C8H7O2PS2 F(000) 472 

Formula weight [g/mol] 230.23 Θ range [°] 1.883 to 26.752 

Crystal system  Monoclinic Reflections collected 14086 

Space group  P21/n Indep. ref. / Rint 2044 (0.0249) 

a [Å] 12.307(2) Completeness to Θmax 99.9 % 

b [Å] 6.290(2) Max. / min. transmission 0.9705 / 0.9190 

c [Å] 13.650(3) Restraints / parameters 340 / 196 

β [°] 113.90(2) GoF 1.060 

Volume [Å3] 966.1(4) R1 /wR2 (I>2σ(I)) 0.0236 / 0.0610 

Z 4 R1 / wR2 (all data) 0.0278 / 0.0636 

Crystal size [mm] 0.2 x 0.05 x 0.05 Diff. peak and hole [eÅ-3] 0.364 and -0.260 

ρcalc [Mg/m3] 1.583   
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6.5.2 [{(FurPh)2P2}Au2Cl2(FurPhPH)] (23) 

 

 

Scheme 6-16. Asymmetric unit of (23). The anisotropic displacement parameters are depicted at the 50 % 

probability level. The hydrogen atoms, solvent toluene and the disorder of the phosphane moiety of P3 

are omitted for clarity.  

Disordered (fur)PhPH moiety refinded using distance and ADP restraints. 

Table 6-17. Crystallographic data for 23. 

Id code mg_jeg21 ρcalc [Mg/m3] 1.635 

Empirical formula C40H39O3P3ClAu µ [mm-1] 4.298 

Formula weight [g/mol] 893.04 F(000) 888 

Crystal system  Triclinic Θ range [°] 1.547 to 25.072 

Space group  P ̅ Reflections collected 30326 

a [Å] 10.296(2) Indep. ref. / Rint 6437 / 0.0609 

b [Å] 13.646(2) Completeness to Θmax 97.8% 

c [Å] 14.042(3) Max. / min. transmission 0.7452 / 0.6572 

α [°] 99.28(2) Restraints / parameters 1593 / 626 

β [°] 105.79(2) GoF 1.150 

γ [°] 101.13(2) R1 /wR2 (I>2σ(I)) 0.0487 / 0.1028 

Volume [Å3] 1814.4(6) R1 / wR2 (all data) 0.0656 / 0.1082 

Z 2 Diff. peak and hole [eÅ-3] 1.689 / -1.500 

Crystal size [mm] 0.12 x 0.1 x 0.1   
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6.6 Crystallographic Cooperation 

During this PhD thesis service X-ray measurements were done for Dr. Rajendra S. 

Ghadwal, Dr. Ramachandran Azhakar and Dr. Prinson P. Samuel (group of Prof. Dr. 

Dr. h.c. mult. H. W. Roesky, University Göttingen), and Dr. Tamal Sen and Arup 

Mukherjee (group of A/Prof. Dr. S. K. Mandal, IISER-Kolkata), Dr. Nina Schützen-

meister (group of Prof. Dr. Dr. h.c. L. F. Tietze, University Göttingen), Dr. Oliver Ries, 

Dr. Anatol P. Spork and Dr. Martin Büschleb (group of Prof. Dr. C. Ducho, University 

Göttingen, now University Paderborn), Dr. C. Brand (group of Dr. D. B. Werz, 

university Göttingen), Dr. V. Konstanzer (group of Prof. Dr. F. Meyer, University 

Göttingen), and Daniel Frank (former group of Prof. em. Dr. A. de Meijere, University 

Göttingen). A data set for Dr. A. Gerisch (group of Prof. Dr. M. Ruck, University 

Dresden) was measured on an Ag-IµS. Data treatment and refinement was performed by 

A. Gerisch.
[163]

 The seventeen published structures are listed in Table 6-18. 

Table 6-18. Published structures of crystallographic cooperation partners. 

Roesky group 763282/3[164], 777242/3[165], 780073/4[166],  

870572/3[167], 891040/1[168] 

Mandal group 805582[169] 

Ducho group 840892[170], 867825[171], 890786[172], 

791647[173] 

Tietze group 879948[174] 

Werz group 832491[175] 

 



Crystallographic Section 113 

6.6.1 Unpublished structures of the Roesky group 

 

Scheme 6-17. Asymmetric unit of mg_raj_602. The anisotropic displacement parameters are depicted at 

the 50 % probability level. The hydrogen atoms are omitted for clarity. 

Table 6-19. Crystallographic data for Mg_Raj_602. 

Identification code Mg_Raj_602 µ [mm-1] 0.134 

Empirical formula C45H36BF15N2 F(000) 1840 

Formula weight [g/mol] 900.57 Θ range [°] 1.57 to 25.68 

Crystal system  Monoclinic Reflections collected 39048 

Space group  P21/c Independent reflections 7674 (0.0786) 

a [pm] 12.036(2) Completeness to Θmax 100.0 % 

b [pm] 18.592(3) Max. / min. transmission 0.9897 / 0.6286 

c [pm] 18.902(3) Restraints / parameters 0 / 576 

β [°] 107.14(3) GoF 1.016 

Volume [nm3] 4041.9(13) R1 /wR2 (I>2σ(I)) 0.0490 / 0.1234 

Z 4 R1 / wR2 (all data) 0.0695 / 0.1367 

Crystal size [mm] 0.10 x 0.10 x 0.10 Diff. peak and hole [eÅ-3] 0.422 and -0.245 

ρcalc [Mg/m3] 1.480   
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Scheme 6-18. Asymmetric unit of mg_raj_624. The anisotropic displacement parameters are depicted at 

the 50 % probability level. The hydrogen atoms are omitted for clarity. 

The disordered solvent toluene molecule was refined with ADP and distance 

restraints. 

Table 6-20. Crystallographic data for mg_raj_624. 

Identification code Mg_Raj_624 ρcalc [Mg/m3] 1.165 

Empirical formula C48.5H55BN2O3 µ [mm-1] 0.071 

Formula weight [g/mol] 2065.8(2) F(000) 778 

Crystal system  Triclinic Θ range [°] 1.00 to 26.73 

Space group  P ̅ Reflections collected 54306 

a [Å] 9.8131(7) Independent reflections 8764 (0.0488) 

b [Å] 10.3312(7) Completeness to Θmax 99.9 % 

c [Å] 20.8279(14) Max. / min. transmission 0.9804 / 0.8909 

α [°] 100.9970(10) Restraints / parameters 59 / 520 

β [°] 94.0360(10) GoF 1.033 

γ [°] 91.5900(10) R1 /wR2 (I>2σ(I)) 0.0448 / 0.0981 

Volume [Å3] 2065.8(2) R1 / wR2 (all data) 0.0676 / 0.1088 

Z 2 Diff. peak and hole [eÅ-3] 0.274 and -0.253 

Crystal size [mm] 0.15 x 0.14 x 0.08   
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Scheme 6-19. Asymmetric unit of mg_raj_962. The anisotropic displacement parameters are depicted at 

the 50 % probability level. The hydrogen atoms are omitted for clarity. 

The disordered solvent DCM molecule was refined with ADP and distance restraints. 

The site occupation were refined with a free variable, respectively. 

Table 6-21. Crystallographic data for mg_raj_962. 

Identification code Mg_Raj_962 µ [mm-1] 0.595 

Empirical formula C45H56Cl6Cr0.75N3O3Si1

.5 

F(000) 4096 

Formula weight [g/mol] 980.76 Θ range [°] 1.33 to 26.880 

Crystal system  Monoclinic Reflections collected 107376 

Space group  P21/n Independent reflections 17023 

a [Å] 12.437(2) Completeness to Θmax 93.5 % 

b [Å] 48.172(4) Max. / min. transmission 0.9703 / 0.9071 

c [Å] 16.726(2) Restraints / parameters 39 / 1112 

β [°] 105.67(3) GoF 1.052 

Volume [Å3] 9648(2) R1 /wR2 (I>2σ(I)) 0.0489 / 0.0994 

Z 8 R1 / wR2 (all data) 0.0813 / 0.1080 

Crystal size [mm] 0.15 x 0.14 x 0.08 Diff. peak and hole [eÅ-3] 0.587 and -0.671 

ρcalc [Mg/m3] 1.350   
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Scheme 6-20. Asymmetric unit of mg_li617. The anisotropic displacement parameters are depicted at the 

50 % probability level. The hydrogen atoms are omitted for clarity. 

The disordered solvent thf molecules was refined with ADP and distance restraints. 

Table 6-22. Crystallographic data for mg_li617. 

Identification code Mg_li617 ρcalc [Mg/m3] 1.289 

Empirical formula C69H88N4O9Si2Cl4Co2 µ [mm-1] 0.681 

Formula weight [g/mol] 1433.7 F(000) 1504 

Crystal system  Triclinic Θ range [°] 2.060 to 27.504 

Space group  P ̅ Reflections collected 114626 

a [Å] 10.707(2) Independent reflections 16936 

b [Å] 19.049(2) Completeness to Θmax 99.9% 

c [Å] 20.519(3) Max. / min. transmission 0.9705 / 0.9311 

α [°] 111.25(3) Restraints / parameters 442 / 892 

β [°] 102.03(2) GoF 1.023 

γ [°] 98.85(2) R1 /wR2 (I>2σ(I)) 0.0315 / 0.0792  

Volume [Å
3
] 3692.0(12) R1 / wR2 (all data) 0.0377 / 0.0829 

Z 2 Diff. peak and hole [eÅ-3] 1.421 and -0.775 

Crystal size [mm] 0.10 x 0.08 x 0.08   
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6.6.2 Unpublished structure of the Werz group 

 

Scheme 6-21. Asymmetric unit of mg_cb01. The anisotropic displacement parameters are depicted at the 

50 % probability level. The hydrogen atoms are omitted for clarity. 

Table 6-23. Crystallographic data for mg_cb01. 

IDcode  / CCDC No Mg_cb01 / 864566 µ [mm-1] 0.105 

Empirical formula C11H16O5 F(000) 488 

Formula weight [g/mol] 228.24 Θ range [°] 2.05 to 26.38 

Crystal system  Orthorhombic Reflections collected 21256 

Space group  P212121 Independent reflections 1370 

a [Å] 5.568(2) Completeness to Θmax 99.7% 

b [Å] 12.550(2) Max. / min. transmission 0.9703 / 0.7633 

c [Å] 16.313(3) Restraints / parameters 0 / 148 

Volume [Å3] 1139.9(5) GoF 1.073 

Z 4 R1 /wR2 (I>2σ(I)) 0.0380 / 0.0904 

Crystal size [mm] 0.25 x 0.05 x 0.05 R1 / wR2 (all data) 0.0456 / 0.0952 

ρcalc [Mg/m3] 1.330 Diff. peak and hole [eÅ-3] 0.271 and -0.257 

  Abs. structure parameter – 

The absolute structure could not be determined because of the low anomalous signal of the 

included atoms with Mo-radiation. C2,C3=R, C4,C5=S confirmed by the starting material. 
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6.6.3 Unpublished structure of the Ducho group 

 

Scheme 6-22. Asymmetric unit of mg_or_4. The anisotropic displacement parameters are depicted at the 

50 % probability level. The hydrogen atoms, besides H4 and H5, are omitted for clarity. 

The absolute structure could not be determined because of the low anomalous signal 

of the included atoms with Mo-radiation, but was confirmed by the applied starting 

materials. The hydrogen atoms H4 and H5 were found by difference Fourier analysis 

and their position were refined freely with a distance restraint. The isotropic motion of 

H4 and H5 were constrained 1.2 times to the Ueq-value of C4 and C5, respectively. 

Table 6-24. Crystallographic data for mg_or_4. 

ID code Mg_OR_4 ρcalc [Mg/m3] 1.182 

Empirical formula C21H32N2O3 µ [mm-1] 0.079 

Formula weight [g/mol] 360.49 F(000) 392 

Crystal system  Monoclinic Reflections collected 7061 

Space group  P21 Independent reflections 2151 

a [Å] 5.9158(13) Completeness to Θmax 99.5% 

b [Å] 13.694(3) R1 /wR2 (I>2σ(I)) 0.0331 / 0.0790 

c [Å] 12.537(3) R1 / wR2 (all data) 0.0359 / 0.0803 

Volume [Å
3
] 1013.2(4) Diff. peak and hole [eÅ

-3
] 0.151 and -0.131 

Z 2 Abs. structure parameter - 

Crystal size [mm] 0.14 x 0.14 x 0.14 C4:R; C5:S from synthesis  
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6.6.4 Unpublished structure of the Mandal group 

 

Scheme 6-23. Asymmetric unit of SM1012. The anisotropic displacement parameters are depicted at the 

50 % probability level. The hydrogen atoms are omitted for clarity. 

Table 6-25. Crystallographic data for SM1012. 

ID code  SM1012 µ [mm-1] 0.750 

Empirical formula C42H46O8Zn F(000) 784 

Formula weight [g/mol] 744.16 Θ range [°] 2.16 to 28.28 

Crystal system  Monoclinic Reflections collected 33694 

Space group  P2/n Independent reflections 4393 

a [Å] 9.4716(2) Completeness to Θmax 100.0% 

b [Å] 16.0292(4) Max. / min. transmission 0.9606 / 0.8919 

c [Å] 11.7172(3) Restraints / parameters 0 / 232 

β [°] 96.1280(10) GoF 1.004 

Volume [Å3] 1768.77(7) R1 /wR2 (I>2σ(I)) 0.0368 / 0.0765 

Z 2 R1 / wR2 (all data) 0.0608 / 0.0857 

Crystal size [mm] 0.12 x 0.09 x 0.09 Diff. peak and hole [eÅ-3] 0.396 and -0.406 

ρcalc [Mg/m3] 1.397   
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Scheme 6-24. Asymmetric unit of SM1013. The anisotropic displacement parameters are depicted at the 

50 % probability level. The hydrogen atoms are omitted for clarity. 

Table 6-26. Crystallographic data for SM1013. 

ID code  SM1013 µ [mm-1] 1.182 

Empirical formula C26H32N2Zn F(000) 1856 

Formula weight [g/mol] 437.91 Θ range [°] 1.92 to 27.13 

Crystal system  Monoclinic Reflections collected 20770 

Space group  C2/c Independent reflections 4590 

a [Å] 21.5916(6) Completeness to Θmax 98.6% 

b [Å] 12.3044(4) Max. / min. transmission 0.9542 / 0.8161 

c [Å] 16.4599(4) Restraints / parameters 0 / 263 

β [°] 105.688(2) GoF 1.041 

Volume [Å3] 4210.0(2) R1 /wR2 (I>2σ(I)) 0.0404 / 0.0927 

Z 8 R1 / wR2 (all data) 0.0605 / 0.1023 

Crystal size [mm] 0.10 x 0.06 x 0.04 Diff. peak and hole [eÅ-3] 0.374 and -0.732 

ρcalc [Mg/m3] 1.382   
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Scheme 6-25. Asymmetric unit of SM1014. The anisotropic displacement parameters are depicted at the 

50 % probability level. The hydrogen atoms are omitted for clarity. 

The whole molecule was refined on two positions (SOF 51:49). 

 

Table 6-27. Crystallographic data for SM1014. 

ID code  SM1014 ρcalc [Mg/m3] 1.229 

Empirical formula C27H35N2Al µ [mm-1] 0.107 

Formula weight [g/mol] 414.55 F(000) 448 

Crystal system  Triclinic Θ range [°] 1.81 to 26.74 

Space group  P ̅ Reflections collected 29075 

a [Å] 8.7189(5) Independent reflections 4691 

b [Å] 11.8743(6) Completeness to Θmax 99.1% 

c [Å] 12.5739(7) Max. / min. transmission 0.9994 / 0.9366 

α [°] 67.528(3) Restraints / parameters 360 / 472 

β [°] 70.939(3) GoF 1.122 

γ [°] 74.082(3) R1 /wR2 (I>2σ(I)) 0.0620 / 0.1223 

Volume [Å3] 112.22(11) R1 / wR2 (all data) 0.0891 / 0.1329 

Z 2 Diff. peak and hole [eÅ-3] 0.302 and -0.302 

Crystal size [mm] 0.10 x 0.06 x 0.04   
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6.6.5 Unpublished structures of the Meyer group 

 

Scheme 6-26. Molecular graph of mg_vk73neu. The anisotropic displacement parameters are depicted at 

the 50 % probability level. The hydrogen atoms and two benzene solvent molecules are omitted for 

clarity. 

Two half molecules and two benzene molecules in the asymmetric unit. 

Table 6-28. Crystallographic data for mg_vk73_neu. 

ID code  mg_vk73_neu µ [mm-1] 1.420 

Empirical formula C53H61Cu3N6S2 F(000) 4320 

Formula weight [g/mol] 1036.82 Θ range [°] 1.24 to 25.39 

Crystal system  Monoclinic Reflections collected 35149 

Space group  C2/c Independent reflections 8938 (0.0470) 

a [pm] 28.506(2) Completeness to Θmax 99.2% 

b [pm] 20.594(3) Max. / min. transmission 0.9702 / 0.8654 

c [pm] 17.273(2) Restraints / parameters 305 / 1033 

β [°] 105.18(2) GoF 1.045 

Volume [nm3] 9786.3(19) R1 /wR2 (I>2σ(I)) 0.0403 / 0.0733 

Z 8 R1 / wR2 (all data) 0.0657 / 0.0800 

Crystal size [mm] 0.12 x 0.04 x 0.04 Diff. peak and hole [eÅ-3] 0.493 and -0.433 

ρcalc [Mg/m3] 1.475   
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Scheme 6-27. Asymmetric unit of mgvk_279. The anisotropic displacement parameters are depicted at 

the 50 % probability level. The hydrogen atoms are omitted for clarity. 

Three dichloromethane solvents molecules are highly disordered and only partially 

occupied. The BF4 counter ion and the solvent disorder was refined with ADP and 

distance restraints. 

Table 6-29. Crystallographic data for mgvk_279. 

ID code  mgvk_279 ρcalc [Mg/m3] 1.475 

Empirical formula C145.8H187B2Cl11.53

Cu10F8N24S4 

µ [mm-1] 1.580 

Formula weight [g/mol] 3622.29 F(000) 1862 

Crystal system  Triclinic Θ range [°] 1.336 to 28.381 

Space group  P ̅ Reflections collected 66890 

a [pm] 12.614(2) Independent reflections 20097 (0.0405) 

b [pm] 16.514(2) Completeness to Θmax 99.8% 

c [pm] 22.108(3) Max. / min. transmission 0.9994 / 0.9366 

α [°] 73.63(3) Restraints / parameters 305 / 1033 

β [°] 73.67(3) GoF 1.041 

γ [°] 70.61(3) R1 /wR2 (I>2σ(I)) 0.0583 / 0.1535 

Volume [nm3] / Z 4077.48(12) / 1 R1 / wR2 (all data) 0.0744 / 0.1628 

Crystal size [mm] 0.12 x 0.08 x 0.08 Diff. peak and hole [eÅ-3] 2.444 and -1.287 
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6.6.6 Unpublished structures of the de Meijere group 

 

Scheme 6-28. Asymmetric unit of Mg_DF001. The anisotropic displacement parameters are depicted at 

the 50 % probability level. The hydrogen atoms are omitted for clarity. 

The hydrogen atoms H1 was found by difference Fourier analysis and its position 

was refined freely with a distance restraint. The isotropic motion of H1 was constrained 

1.2 times to the Ueq-value of N1. 

Table 6-30. Crystallographic data for MG_DF001. 

ID code  MG_DF001 F(000) 1344 

Empirical formula C20H24NCl Θ range [°] 2.14 to 25.42 

Formula weight [g/mol] 313.85 Reflections collected 24543 

Crystal system  Tetragonal Independent reflections 3322 (0.0376) 

Space group  P41212 Completeness to Θmax 99.6 

a [pm] 9.8514(12) Max. / min. transmission 0.9166 / 0.8443 

c [pm] 9.8514(12) Restraints / parameters 0 / 199 

Volume [nm3] 3605.4(8) GoF 1.036 

Z 8 R1 /wR2 (I>2σ(I)) 0.0320 / 0.0788 

Crystal size [mm] 0.80 x 0.5 x 0.4 R1 / wR2 (all data) 0.0362 / 0.0809 

ρcalc [Mg/m3] 1.159 Diff. peak and hole [eÅ-3] 0.142 and -0.145 

µ [mm-1] 0.209   
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