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1 Introduction 
 

1.1 Gold Nanoparticles 
 

Scientific research on gold nanoparticles (or colloids) and gold cluster compounds already 

dates back to the 19th century. In 1857, Michael Faraday presented his work on the interaction 

between ‘diffused’ gold and light.[1] Amongst other things, the preparation of ruby red gold 

nanoparticle dispersions by reduction of an aqueous solution of the gold(III) precursor 

tetrachloroaurate with white phosphorus was reported in this ‘landmark paper’.[2] It was found 

nearly a century later by transmission electron microscopy (TEM) that these preparative 

routes lead to gold particles with a size distribution between 3 and 30 nm with an average 

diameter of 6 ± 2 nm,[3] which was in good accordance with Faraday’s assumptions. The term 

‘colloid’ was then coined shortly after Faraday’s report by Graham in 1861.[4] This term is 

still in use but has been mostly substituted by the terms ‘nanoparticle’, ‘nanocrystal’ and 

‘cluster’.[5] Within this work, ‘nanoparticle’ will be used for gold particles on the nanoscale 

(diameters between 1 and 50 nm) that are not uniform in size and structure, while gold 

‘clusters’ are species which are stoichiometrically defined and of uniform structure, even 

when the boundary is not clearly assignable in some cases.[6] The term ‘nanocrystal’ will not 

be used throughout this thesis.  

Long before the exact scientific engagement with gold nanoparticles, such structures were 

used as colorants for glass and ceramics. A famous example is the dichroic Lycurgus cup 

from the 4th century AD, which appears ruby red in transmitted light and green in reflected 

light due to the presence of colloidal gold.[7] In the Middle Ages, sols of gold nanoparticles 

had also the reputation of having curative powers for various diseases.[8]  

The color that made gold nanoparticles so interesting results from the collective oscillation of 

surface electrons induced by the electric field of the entering light and is therefore directly 

attributed to the small size of the particles. These so called surface plasmons occur in 

conducting materials at a broad range of frequencies. The plasma frequency of gold and the 

other coinage metals is however pushed to the visible part of the spectrum due to d-d 

transitions, which leads to the size-dependent absorption of visible light in the range between 

500 and 600 nm and hence the color of spherical gold nanoparticles (Figure 1).[9,10]  
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Figure 1. Schematic representation of the plasmon oscillation of a gold nanoparticle. 

 

1.2 Applications of Gold Nanoparticles 
 

Nanoparticles exhibit an electronic structure that lies in between the band structure of a bulk 

material and the discrete electronic levels of atoms or molecules (Figure 2).[11-14] In bulk 

metal, the overlap of valence and conduction band leads to a quasi-delocalized electronic state 

that provides conductivity (Figure 2a). On the way from bulk metal to nanoparticles, the 

density of states in the valence and conduction bands decreases and the energy bands split 

eventually to quantized levels due to the confinement of the electrons on the nanoscale object 

(Figure 2b). With decreasing size of the nanoparticle, metal clusters are reached, which are 

characterized by localized bonds between a few atoms and have defined molecular orbitals 

(Figure 2c). As the splitting of the energy levels is directly dependent on the size of the 

nanoparticle, also the physical properties depend on the size of the nanoscale object.  

 

Figure 2. Electronic structures of a metal (plot of energy E versus the density of states D(E)) depending on the 
number of interacting atoms on the way from bulk metal with quasi delocalized valence electrons (a) via 

nanoparticles (b) to clusters with defined molecular orbitals (c). Ef denotes the Fermi level and the energy of the 
highest occupied molecular orbital. Adapted from reference [15]. 
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One physical property that changes with the size of the nanoparticle is the capacitance C that 

decreases with decreasing particle size due to the Coulombic repulsion between the extra 

electron and the electrons already present on the particle. If the energy, that is required to add 

a single electron to a nanoparticle Ec = e2/2C with e as the elementary charge, becomes much 

larger than the thermal energy kBT, single electron movements to and from the particle can be 

controlled. By decreasing the size of the nanoparticles down to 1 - 2 nm and hence the 

capacitance of the particles, single electron movements can be controlled even in the range of 

room temperature. Thus, gold nanoparticles have become promising candidates for single 

electron devices which retain their scalability down to the molecular level in a field that was 

named Single Electronics.[16] For the fabrication of such devices, however, scalable methods 

for the directed assembly of nanoparticle units are required (vide infra).[17]  

A wide variety of further applications have been reported for gold nanoparticles. Especially in 

live sciences, gold nanoparticles are widely used. One of the traditional methods is 

immunostaining, where gold particles conjugated to specific antibodies for the molecule of 

interest serve as contrast agents for TEM investigations.[18,19] In addition to this technique, the 

optical properties of gold nanoparticles are used for other sensing and labeling 

applications.[20,21] Apart from fluorescence quenching, the most important property of the gold 

particles for such uses is the significant change of the plasmon resonance frequency with 

decreasing interparticle distance to less then the particle radius due to dipolar coupling (Figure 

3).[22] The resulting color change from red to purple in aggregated gold nanoparticles was 

exploited as immunoassay already in 1980.[23] Mirkin et al. used this method then later for the 

first time for the detection of DNA. A short target DNA strand interlinked the oligonucleotide 

functionalized gold nanoparticles by complementary base pairing, which led to a clearly 

visible color change.[24,25] The same simple concept can also be applied to other biological 

analytes and is in fact widely used for standard diagnostics such as pregnancy tests.[26]  

 

 

Figure 3. Schematic representation of the basic principle of colorimetric sensing with  
plasmon resonant gold nanoparticles. 
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In principle, any interaction between an analyte and a functionality on the surface of gold 

nanoparticles that is strong enough to lead to particle aggregation with interparticle spacing 

below the average nanoparticle radius can be used for such colorimetric assays (Figure 3). 

Some recent examples include selective sensors for heavy metal ions such as Hg2+[27] or 

Pb2+[28], but also other cations or anions.[29]  

Another important field of research is centered around the application of gold nanoparticles as 

catalysts.[30,31] In the mid 1980s Haruta et al. showed that gold nanoparticles that are immo-

bilized on solid surfaces are efficient catalysts for the oxidation of carbon monoxide at very 

low temperatures.[32] Since then, industrially relevant reactions like the epoxidation of 

propene, the oxidation of glucose or the formation of hydrogen peroxide were also found to 

be efficiently promoted by supported gold particles.[33] It is therefore believed that the use of 

gold nanoparticles as catalysts can lead to more efficient and therefore more environmentally 

friendly large scale industrial processes.[34] In addition, high selectivities were obtained i.e. for 

the addition of nucleophiles to acetylenes, the selective hydrogenation of N-O bonds or the 

oxidation of alcohols.[30,31] 

 

1.3 Clusters and Nanoparticles: Structure and Synthesis 
 

The synthesis of gold nanoparticles and clusters is usually based on the chemical reduction of 

gold salts by suitable reducing agents similar to the procedure reported by Faraday. An 

important contribution was made in 1951 by Turkevich.[35] His method and later 

improvements[36] for the preparation of gold nanoparticles with diameters between 16 and 

147 nm by the reduction of tetrachloroauric acid (HAuCl4) with citrate in water are still 

commonly used when a rather loose shell of stabilizing ligands is required.[37] 

Initial reports on stoichiometrically defined phosphine stabilized Au5 and Au6 clusters 

appeared in 1966.[38,39] The first complete structural elucidation by single crystal X-ray 

analysis of a gold cluster - [Au11(PPh3)7](SCN)3 - was then achieved a few years later.[40] An 

almost continuous series of gold clusters was subsequently synthesized and characterized with 

different phosphine ligands and counterions: Au6, Au7, Au8, Au9, Au10 up to the full shell 

icosahedral Au13 cluster.[6] The largest structurally characterized phosphine capped gold 

cluster [Au39(PPh3)14]Cl8 was reported in 1992 by Teo et al..[41]  
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It is assumed that the number of atoms in phosphine stabilized gold clusters is based on the 

hexagonal close packing of atoms, where each atom is surrounded by 12 nearest neighbors, 

leading to the so called geometric magic numbers. The smallest full shell cluster is therefore 

the Au13 core with the following layers containing 10n2 + 2 gold atoms(with n being the layer 

number) (Figure 4).[42,43]  

 

 
Figure 4. Organization of full shell metal clusters: A single metal atom (purple) is surrounded by 12 others 

(green) to form a full shell cluster M13. 42 atoms (red) can be densely packed on the first shell to form a M55 two-
shell cluster, followed by 92 atoms (yellow) to give M147. Adapted from reference [43]. 

 

The next full shell cluster [Au55(PPh3)12]Cl6 was reported by Günter Schmid and coworkers in 

1981.[44] Although evidence was found that this so called Schmid-cluster might not to be as 

uniform as the molecular formula suggests,[45] the uniformity and also the size (1.4 ± 0.4 nm) 

of this nanoparticle preparation was unique for quite some time.  

An important breakthrough was achieved in 1994 by Brust and Schiffrin, who combined 

Faraday’s two-phase preparation of gold nanoparticles with more recent results on ion 

extraction and monolayer assembly with alkane thiols to form monolayer protected gold 

nanoparticles.[46] In the original publication, gold nanoparticles stabilized by dodecanethiol in 

a size range between 1 and 3 nm with a maximum at 2.0 - 2.5 nm were reported. In addition to 

the very facile synthesis of small gold nanoparticles with a relatively narrow size distribution, 

the thiolate monolayer protected particles were highly stable and can be isolated and 

redissolved in common organic solvents without aggregation or decomposition due to the 

high stability of the organic shell. Depending on the thiol/gold ratios and the employed 

conditions, the gold core size can be adjusted between 1.5 and 5.2 nm with good to acceptable 

size distributions, as was reported in 1998 from Murray and coworkers.[47] Moreover, the 

Brust-Schiffrin method is by no means restricted to alkane thiols and allows for the 

preparation of gold nanoparticles with thiol ligands of very different sizes and polarities.[48] 

The surface chemistry of the thiolate protected gold nanoparticles can be changed by ligand 
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place-exchange reactions, allowing the introduction of functionality to the gold 

nanoparticles.[49,50] With very few exceptions (vide infra), ligand exchange leads to randomly 

poly-functionalized gold nanoparticles (Figure 5).  

 

 
Figure 5. Schematic representation of thiolate ligand exchange reactions. FG represents any chemical or 

biological functionality and includes e.g. carboxylic acid moieties, DNA or proteins.  

 

First indications for stoichiometrically defined thiolate protected gold clusters were found by 

Whetten et al. in the late 1990s. This group used the cysteine containing tripeptide glutathione 

(GSH) as stabilizing ligand and succeeded in separating the resulting charged nanoparticles 

by polyacrylamide gel electrophoresis. The results obtained from the electrospray mass 

spectra and the electronic spectra of the most abundant cluster were assigned to the formula 

Au28(SG)16.
[51,52] A more detailed and accurate investigation by similar methods showed in 

2005 that a large number of different glutathione protected clusters between Au10 and Au39 

can be found.[53,54] The exact structure of thiolate protected clusters remained under discussion 

until very recently, when the single-crystal X-ray structure of the p-mercaptobenzoic (p-

MBA) acid stabilized Au102(p-MBA)44 cluster was reported.[55] Shortly after this report, the 

molecular structure of [N(C8H17)4][Au25(SCH2CH2Ph)18] was published as well (Figure 6).[56] 

In both structures, the inner core is consistent with gold-gold length and coordination spheres 

that are found in bulk gold.[57] In fact, the inner Au13 core of the Au25 cluster is only slightly 

distorted from an ideal icosahedral symmetry[56] and resembles the structure that was found 

for the phosphine stabilized Au13 cluster.[58] However, the outer shells of the gold cluster 

structures are formed by RS-Au(I)-SR-Au(I)-SR motifs which have been termed ‘staple’ 

motif. The nanoparticle is therefore rather a ‘staple-protected’ Au13 cluster than a thiolate 

protected Au25 cluster, showing the vast differences between such clusters and clusters 
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stabilized by other ligands than thiols. Very interestingly, the stabilities of Au102(p-MBA)44 

and the Au25 cluster seem to arise from closed shells of free 6s electrons.  

 

 
Figure 6. Representation of the gold (yellow) and sulfur (orange) core atoms of the solid state molecular 

structure of [N(C8H17)4][Au25(SCH2CH2Ph)18]. The Au13 core is surrounded by six Au2(SR)3 ‘staples’. Other 
atoms than gold and sulfur were omitted for clarity. From reference [56]. 

 

1.4 Arrangement and Assembly of Gold Nanoparticles 
 

In view of functional single electron devices based on gold nanoparticles, the controlled and 

directed spatial assembly of nanoparticles and the adjustment of the electrical transport 

properties to the desired application still remains a challenge (vide infra).[17,59] Due to the vast 

variety of techniques and concepts that have been used to address this problem, this topic will 

mainly be discussed on important examples within this introduction. 

Basically, the three-dimensional organization of gold nanoparticles can be achieved directly 

by crystallization. By varying the nature of the ligand shell, the interparticle spacing can then 

be controlled in such precipitation processes. This was demonstrated for alkyl thiols [60,61] as 

well as quaternary ammonium bromides[62] of varying chain length. Different generations of 

poly(amidoamine) (PAMAM) dendrimers proved also to be effective spacers for the assembly 

of carboxylic acid modified gold nanoparticles. The interparticle spacing of the resulting 

superlattices of nanoparticles that are formed due to the electrostatic interactions between the 

particles and the dendrimers correlated well with the sizes of the different generation 

dendrimers.[63,64] However, such techniques can only provide regularly packed nanoparticles. 

More defined control over the assembly of gold nanoparticles can be achieved by using 

prearranged templates that can interact with functional groups on the surface of the particles. 
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In most cases, the introduction of the surface functionality is done by ligand place-exchange 

reactions (Figure 5).  

As templates for a controlled nanoparticle arrangement, synthetic polymers can be used. 

Rotello and coworkers used modified polystyrene to induce structural control on interlinked 

nanoparticle assemblies. The interaction of the gold nanoparticles is in this case given by 

three-point hydrogen bonding between the thymine functionalized particles and diamino-

triazine decorated polymers, resulting in spherical nanoparticle assemblies (Figure 7).[65]  

 

 
Figure 7. Schematic representation of the polymer-mediated spherical assembly of  

thymine functionalized gold nanoparticles. Adapted from reference [65]. 

 

Similarly, ordered two-dimensional gold nanoparticle arrangements can for instance be 

obtained by attaching sulfonic acid functionalized Au55 nanoparticles to surfaces coated with 

thin poly(ethylene imine) (PEI) films. Highly ordered structures with cubic and hexagonal 

packings of the nanoparticles on the surface were found, which were attributed to two 

different crystalline phases of the PEI films.[66] Recently, di-[67] or triblock[68] copolymers 

were used as well to gain some control over the assembly and the arrangement of gold 

nanoparticles.  

A highly versatile platform for the ordered assembly of nanoparticles is given by 

biomolecules due to their specific binding properties. In general, all of the above mentioned 

colorimetric biosensing applications can be regarded as biomolecule mediated assembly of 

gold nanoparticles. The highly specific interactions of biomolecules have also been employed 

widely for ordered gold nanoparticle assemblies. However, while several reports can be found 

on protein functionalized gold nanoparticles, combining the intrinsic functionality of many 

proteins with the distinct properties of nanoparticles,[69] only few deal with the defined 

assembly of gold nanoparticles by employing proteins. In a very elegant example by 

Szuchmacher Blum et al., gold nanoparticles were assembled on the surface of a mutant viral 
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protein cage which was decorated with thiol containing cysteine moieties at specified 

positions.[70] In a subsequent experiment, the highly ordered virus bound nanoparticles were 

interlinked by conjugated dithiols for electronic investigations (Figure 8).[71] Another example 

of protein induced nanoparticle assembly was reported recently by Hainfeld and coworkers. In 

this work, single 1.3 nm gold particles were bound to the surface of a large protein complex, 

resulting in highly ordered 2-dimensional nanoparticle-protein superstructures.[72] 

 

 
Figure 8. Schematic representation of gold nanoparticle assemblies on the surface of a cowpea mosaic virus 

(left) and the dithiol interlinked gold nanoparticles (right). From reference [71]. 

 

In contrast to these few examples with proteins, DNA has widely been used as construction 

material for gold nanoparticle superstructures and superlattices.[73] This can mainly be 

attributed to the easy artificial programmability of sequences, the selective recognition ability 

and also the relative rigidity of double-helical DNA. The basic principle for most of the work 

on DNA-based nanoparticle assembly goes back to the initial reports by Alivisatos[74] and 

Mirkin. [24] These groups used 3’- or 5’-terminus functionalized DNA sequences that were 

attached to the nanoparticle surface either by thiol ligand exchange[24] or by selective reaction 

of the DNA functionality with other nanoparticle functional groups,[74] resulting in single 

strand DNA functionalized nanoparticles. These can then be used for instance for the directed 

formation of nanoparticle dimers, trimers or longer linear structures by DNA hybridization 

(Figure 9a).[75,76] However, the interparticle distance can hardly be controlled by that method 

as these linear DNA-nanoparticle assemblies are highly flexible due to nicks in the DNA 

structure.  

 

a)   b)  

Figure 9. Schematic representation of DNA-directed linear gold nanoparticle assemblies by a) single-strand 
DNA templates with single strand DNA functionalized nanoparticles or b) functionalized double-strand DNA 

with subsequent attachment of the nanoparticles. 
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The power of this technique for the defined assembly of gold nanoparticles was shown by 

Aldaye and Sleiman, who used preformed DNA templates with rigid organic vertices for the 

formation of nanoparticle hexagons, squares or triangles (Figure 10a).[77,78] Furthermore, it 

was shown very recently that nanoparticle assembly by DNA hybridization can even be used 

to obtain crystalline nanoparticle superstructures in face centered cubic[79] or body centered 

cubic[80] geometries. Just this year, Alivisatos and coworkers reported the formation of DNA-

scaffolded ‘chiral’ nanoparticle pyramids with four nanoparticles of different sizes placed at 

the tips of the pyramidal structures (Figure 10b).[81] 

 

a)  b)  

Figure 10. Schematic and TEM images of a gold nanoparticle square (left, from reference [78]) and a ‘chiral’ 
pyramid (right, from reference [81]). 

 

As was already mentioned above, by using single-strand DNA functionalized gold 

nanoparticles, nicks are introduced to the produced nanoparticle decorated double-strand 

DNA, which disfavors this technique for defined linear arrangements of nanoparticles. 

Especially in view of such linear wire-like arrays, the high mechanical rigidity of intact 

double-helical DNA is desired (Figure 9b). The gold nanoparticles can be attached to 

modified DNA bases which can easily be incorporated at defined positions by automated 

methods.[73] Linear nanoparticle arrangements were reported i.e. with thiol functionalized 

DNA, which can bind to the gold nanoparticle surface by exchange of other thiol ligands,[75,82] 

but also by using alkyne decorated DNA to covalently attach azide functionalized gold 

nanoparticles via ‘click chemistry’.[83] Like for sensing applications (vide supra), virtually any 

type of interaction can be used to attach gold nanoparticles to DNA strands. For instance, 

DNA intercalating agents such as cisplatin[84] or others,[85] but also specific protein-receptor 

interactions[86,87] have been used for the formation of double-strand DNA based linear 

nanoparticle arrangements. 

These DNA based methods for the ordered arrangement of gold nanoparticles are unexcelled 

in terms of versatility for the formation of defined nanoparticle superstructures. With regard 
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to applications in single electronics, however, the poorly conducting DNA scaffold might not 

be that favorable, as this large biopolymer itself and the surrounding media that are required 

for efficient base-pairing could disturb and overrule the distinct properties of the gold 

nanoparticles. Furthermore, the introduction of further electronic functionality to the system is 

as well restricted to DNA based methods, which of course limits the versatility of the system 

considerably. More direct methods for a directed assembly of gold nanoparticles and also for 

the adjustment of the electrical transport properties are therefore needed. The most important 

contributions in this direction will be discussed in the following section.  

Shortly after their report on the synthesis of thiolate monolayer protected gold nanoparticles, 

Brust et al. reported the assembly of gold nanoparticles by exchanging the alkane thiol ligands 

by α,ω-dithiols which can interlink the gold nanoparticles covalently.[88] As this exchange 

process occurs in a random fashion (see Figure 5), it is however very difficult to gain control 

over the assembly process and unsystematic nanoparticle aggregates will form. Another 

concept for covalently interlinked gold nanoparticles is the reaction of surface functionalized 

particles with a suitable linker molecule. The problem of unsystematic nanoparticle 

aggregation remains the same, as the surface functionalization is in most cases also achieved 

by random thiol ligand exchange.[89]  

Nevertheless, thiol ligand exchange reactions allow for the direct and covalent linkage of 

functional organic molecules to gold nanoparticle surfaces. In view of electronic inves-

tigations with gold nanoparticles, preformed two dimensional particle arrays were for instance 

interlinked by oligophenyleneethynyl (OPE) dithiols (Figure 11).[90,91] The conjugated OPEs 

acts thereby as molecular wire which can be investigated by measuring the electrical transport 

through the interlinked nanoparticle arrays.[91]  

 

 

Figure 11. Schematic of the formation of OPE dithiol interlinked 2D nanoparticle networks from self-assembled 
alkanethiol capped nanoparticle arrays. From reference [91]. 
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Recently, gold nanoparticles were interlinked by oligothiophene dithiols to give nanoparticle 

aggregates in order to investigate the conductivity as well as the electrochemical behavior of 

such inorganic/organic hybrid systems.[92] In 2005, Dadosh and Gordin showed that the ligand 

exchange approach can indeed also yield defined gold nanoparticle superstructures. They 

reported nanoparticle dimers which were connected by conjugated dithiols for single molecule 

electronic investigations where the two particles become part of the electrodes (Figure 12). 

This dumbbell approach from bottom up facilitates thereby the contacting of the single 

molecule by top down methods. The dimers were obtained by reacting a large excess of citrate 

stabilized 10 nm particles with the dithiol molecules.[93] Larger nanoparticle aggregates 

formed also during the ligand exchange reaction, showing that the degree of control is very 

limited. 

 

 
Figure 12. Representation of the top down contacting scheme for single molecule investigations with 

nanoparticle dumbbell structures. 

 

1.5 Defined Functionalization of Nanoparticles 
 

As was pointed out before, complete control over the degree of functionalization of gold 

nanoparticles as well as the spatial arrangement of surface functional groups cannot be 

achieved directly by simple ligand exchange. The most common methods to realize 

monofunctionalized gold nanoparticles involve the attachment of a large label that either 

prevents further functionalization by steric hindrance or allows the chromatographic 

separation due to the distinct properties of the label. The latter method is mainly used for gold 

nanoparticles which are functionalized by biomolecules, using the specific biochemical 

separation techniques. Statistically functionalized single-strand DNA nanoparticles for 

instance can be separated from the mono- up to the penta-functionalized particles by agarose 

gel electrophoresis (Figure 13a).[94] However, DNA strands of at least 100 base pairs were 

required for an effective separation. For the formation of small nanoparticle superstructures 
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such as the ones reported by Aldaye and Sleiman, the nanoparticles were functionalized with 

much shorter DNA sequences.[77,78] In these cases, the effective separation of single-strand 

DNA monofunctionalized gold particles was achieved by reversible extension of the DNA 

strand. The extension is only complementary to the last 15 bases and is removed upon 

formation of the superstructures which are formed by 40 base pairs per DNA strand (Figure 

13b).[78]  

 

 
Figure 13. a) Electrophoretic mobility of 5 nm gold nanoparticles that were functionalized with 100 base pair 
thiolated single-strand. From reference [94]. b) Schematic of the separation concept for 40 base pair single-

strand DNA functionalized gold nanoparticles. From reference [78]. 

 

Mono-peptide labeled gold nanoparticles were obtained by using immobilized metal ion 

chromatography. In this special case, the functional peptide sequence contained a sequence of 

six histidines - a so-called His-tag - which can bind to surface immobilized nickel(II) ions.[95] 

This method allows to discriminate only between functionalized and unfunctionalized 

particles, monofunctionalization can therefore only be achieved if very high nanoparticle to 

functional peptide ratios are used for the ligand exchange reaction. 

Monofunctionalized gold nanoparticles were also obtained by solid phase methods, 

representing instances for the steric discrimination of higher degrees of functionalization. The 

initial example from Huo and coworkers is based on resin bound thiol ligands, which can bind 

to the thiolate protected nanoparticles by ligand exchange (Figure 14). Due to the low 

functional group density on the solid support, one particle can only bind to a single resin 

bound thiol. Acidic cleavage of the resin connected ester group of the resin bound thiol 

provides then mono-carboxylic acid functionalized nanoparticles.[96] Independent of this 

contribution, a similar approach was reported for the preparation of lysine 

monofunctionalized gold nanoparticles.[97] In both cases, however, the nanoparticle recovery 
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was quite low after the cleavage from the solid support. Furthermore, the strongly acidic 

cleavage conditions further limit the usability of this approach. 

 

 

Figure 14. Schematic of the multistep formation of monocarboxylic acid functionalized gold nanoparticles using 
a thiol functionalized solid polystyrene support. Adapted from reference [96]. 

 

Greiner and coworkers showed very recently that a controlled free radical polymerization 

process on the surface of gold nanoparticles can also lead to mono-carboxylic acid 

functionalized particles. This group prepared particles stabilized by 4-vinylthiophenol, which 

were subsequently subjected to radicalic polymerization with very low amounts of an 

carboxylic acid functionalized initiator under highly diluted conditions. Upon complete 

polymerization of the surface vinyl groups of the individual particles one single initiator 

carboxylic acid remains per particle due to the low initiator to nanoparticle ratio (Figure 

15).[98] 

 

 
Figure 15. Schematic representation of the surface polymerization process for the formation of monocarboxylic 

acid functionalized gold nanoparticles. From reference [98]. ACPA: 4,4'-azobis-(4-cyanopentanoic acid). 
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In 2001, von Kiedrowski et al. reported the phase-transfer synthesis of gold clusters stabilized 

by tridentate benzylic thioether ligands based on 1,3,5-trimethylbenzene scaffolds (Figure 

16a).[99] Starting from an organic solution of the Schmid-cluster [Au55(PPh3)12]Cl6,
[44] the gold 

core was transferred completely to a buffered aqueous phase by the thioether ligands after 1 to 

7 days depending on the residues on the ligand. The 12 triphenylphosphine ligands that are 

supposed to be bound at the edges of the cuboctahedron cluster core were thereby exchanged 

by four of the tridentate ligands  and the resulting thioether capped gold clusters were found 

to be highly stable in the solid phase as well as in aqueous dispersion.[99] This concept was 

developed further by interconnecting four tridentate ligands to form one dodecadentate 

thioether ligand that carried one single functionality allowing for the conjugation to 

biomolecules (Figure 16b). As before, the thioether stabilized gold clusters were synthesized 

by phase-transfer, yielding monofunctionalized gold nanoparticles that proved to be stable 

even at temperatures up to 95°C.[100]  

 

 
Figure 16. a) Idealized computational model structure of a thioether ligand gold cluster complex and the 

employed ligand structure. From reference [99]. b) Conceptual picture of a monofunctionalized Au55 cluster with 
four interlinked tridentate thioether ligands. From reference [100]. c) molecular structure of the dodecadentate 

thioether ligand for the inclusion of Au55 nanoparticles. 
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All of the above mentioned methods can provide monofunctionalized gold nanoparticles. 

However, with regard to gold nanoparticles as ‘artificial molecules’ for nanoengineering 

purposes, the uses of monovalent particles remain limited.[59,101] In 2004, the group of 

Francesco Stellacci found by detailed scanning tunneling microscopy (STM) investigations on 

mixed thiolate monolayer protected gold nanoparticles that ordered alternating domains of the 

different thiols can form.[102,103] While phase separation of dissimilar thiol ligands on flat 

monolayers is well-known, such a high degree of ordering in parallel rings was so far only 

found on the curved nanoparticle surfaces. The ligands can be viewed as hairs onto a sphere 

that can be described by the ‘hairy ball theorem’. These hairs cannot be aligned onto the 

sphere without creating two singularities. In the case of the thiol ligands on curved 

nanoparticle surfaces this results in two diametrically opposed molecules that do only weakly 

interact with neighboring ligands (Figure 17).  

 

        
Figure 17. Idealized drawings of 'rippled' gold nanoparticles with mixed thiol monolayers (left), showing the 
polar defect (arrows). The yellow and the red ripples represent the different thiol ligands. TEM micrograph of 

linear nanoparticle chains from the polymerization of divalent gold nanoparticles (right). From reference [104]. 

 

Based on this concept, Stellacci’s group succeeded in replacing the two thiol ligands at the 

poles with carboxylic acid functionalized thiols.[104] These divalent nanoparticles were then 

polymerized with a diamine which results in linear nanoparticle superstructures (Figure 17), 

clearly showing the effective formation of the particles into molecular building blocks.  

In summary, gold nanoparticles have been shown to be versatile functional building blocks 

for very different applications in medicine, biology, catalysis and materials science. The 

recent results on the solid state molecular structures of thiolate monolayer protected gold 

clusters allow for a deeper insight on the mechanisms of nanoparticle stabilization and 

formation by theoretical methods. However, the effective control of nanoparticle sizes and 

monodispersity remains a challenge, as does the controlled arrangement of selected functional 

groups on the surface of a nanoparticle. 
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2 Research Project and Concept 
 

The aim of this work was the development and investigation of novel concepts for the control 

of both, the size and the surface functionalization of metal nanoparticles. Size control enables 

to tune the particles’ physical properties while the control over the functionalization allows to 

adjust its chemical behavior. The conceptual approach to achieve this goal is the stabilization 

of nanoparticles by large ligands based on multiple thioether moieties which are able to cover 

defined surface areas (Figure 18).  

 

 
Figure 18. Schematic representation of the basic concept for the selective stabilization and functionalization of 

gold nanoparticles by multidentate thioether ligands (black) of different sizes. FG: functional group. 

 

Once control over the size and surface functionalization of gold nanoparticles should be 

achieved, the thioether coated nanoparticles could be employed as synthetic building blocks 

for the formation of nanoparticle superstructures by standard wet synthetic chemistry 

methods. Such functionalized nanoparticle building blocks can be perceived as 'artificial 

molecules' with a defined arrangement of functional groups. Very importantly, this concept 

allows the controlled introduction of a wide range of functionalities without the need for 

highly selective separation methods (vide supra). In addition, with regard to inorganic/organic 

hybrid materials for single electronic applications, the controlled introduction of conjugated 

and rigid functional molecules to form nanoparticle superstructures is not restricted to dithiol 

molecules. Weakly binding interfaces such as pyridines can also be investigated, because the 

attachment to the nanoparticle is granted by the multidentate thioether ligand part of the 

molecule (Figure 19). This allows to enlarge the scope of potential anchoring units for 
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molecular electronics independent of the strength of the binding interaction to the electrode 

material. 

 

 
Figure 19. Possible nanoparticle superstructures, interlinked with conjugated and nanoparticle bound functional 

units (blue), which are part of the thioether ligand molecules (black). 

 

In view of electronic investigations and applications, dumbbell structures are particularly 

interesting, as such structures allow for single molecule investigations (Figure 20). The nano-

particles of the dumbbell structure become part of the electrodes, making the structure easier 

accessible by top-down approaches compared to single molecules due to the larger overall 

size of the organic/inorganic hybrid structure. In contrast to similar single molecule 

investigations reported by Dadosh and Gordin (vide supra),[93] the concept presented here has 

the advantage that the degree of nanoparticle functionalization and thus also the yield of the 

dumbbell nanoparticle structure can be controlled directly by the size of the large thioether 

ligand.  

 

 

Figure 20. Schematic of a single molecule experiment with a dumbbell structure of  
nanoparticles stabilized by functionalized thioether ligands. 

 

The focus of this work lies in the exploration of the feasibility of the suggested concepts. 

Suitable multidentate thioether ligands for the stabilization of gold nanoparticles had to be 

developed and synthesized. Subsequently, their potential as nanoparticle forming and 



2 Research Project and Concept  19 

 

  

stabilizing agents should be investigated in order to find generally applicable methods for 

differently functionalized thioether ligands. A particular focus is set on the control of the 

nanoparticle sizes, as this allows the control of the physical properties of the particles. The 

influence of the size and shape of the thioether ligands on the nanoparticles and the number of 

thioether ligands per nanoparticle were thus analyzed.  

The synthetic methodology for the formation of monofunctionalized thioether ligands had to 

be developed. The introduced functionalities should thereby allow the wet chemistry 

processing of the nanoparticles to make them 'artificial molecules' with defined surface 

functionalities for the formation of nanoparticle superstructures. Suitable functional thioether 

ligands should be synthesized and be investigated concerning their ability to form 

functionalized nanoparticles as building blocks for covalently interlinked nanoparticle super-

structures.  

 

 

This doctoral thesis focuses on numerous experiments with a common focus towards the 

stabilization and functionalization of small gold nanoparticles. Occasionally, experimental 

details are required which interrupt the evolution of the central theme and thus the 

readability of the text. To support the reader, each chapter is headed by a short abstract in a 

grey box to summarize the focus and the achievements of this section. 
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3 Thioether Coated Gold Nanoparticles 
 

3.1 Linear Thioether Ligands for the Inclusion of Gold Clusters 
 

In this part, the design and synthesis of a octadentate thioether ligand for an Au9 cluster core 

will be discussed. Furthermore, preliminary exchange experiments using phosphine stabilized 

gold clusters will be presented.      

 

As was outlined in the introduction, the aim of this work was the systematic synthesis of gold 

nanoparticles stabilized by a low, defined number of large monofunctionalized thioether 

ligands. Based on the results that were reported by von Kiedrowski[99,100] (see section 1.5), 

synthesis of the sulfide stabilized gold nanoparticles by ligand exchange seems promising due 

to the fact that the nanoparticle size and monodispersity can be controlled in the initial 

nanoparticle formation step, while the degree of functionalization can then be controlled by 

the size of the employed sulfide ligand by ligand exchange. While von Kiedrowski reported 

the exchange of the phosphine ligands of the Schmid-Cluster [Au55(PPh3)12]Cl6, herein the 

development of thioether based ligands for other phosphine protected gold cluster ions like 

e.g. [Au8L8]
2+,[105,106] [Au9L8]

3+,[107] [Au11L8]
3+[108] or [Au101L21]

5+[109] (with L standing for a 

triarylphosphine ligand) was envisaged in order to realize a set of selectively functionalized 

gold clusters which are soluble in organic solvents.  

For initial studies on phosphine/sulfide ligand exchange, the [Au9L8]
3+ cluster was chosen. 

From the different small clusters that are stabilized by monodentate phosphine ligands, the 

molecular structure of [Au9L8]
3+ displays the highest symmetry with eight surface gold atoms 

and one central gold atom. The solid state structure, however, is highly sensitive to the nature 

of the phosphine ligand and the counterion used, resulting in a tetragonal geometry derived 

from an icosahedron[107,110-113] or a centered crown geometry[110,113,114] for the Au9 core 

(Figure 21). 
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Figure 21. Solid state molecular structures of the central portion of Au9 cations (orange) with the coordinating 

phosphorus atoms (green) in a centered crown geometry[113] (left) or in the icosahedron derived structure 
(right).[112] Other atoms than gold or phosphorus were omitted for clarity. 

 

In some cases, both structural isomers were found for the same compound.[110,112,113] Even 

more, it was reported that both isomers were found in a single crystallization attempt. The 

different crystals were separated by their color, dark green for the icosahedron derived 

structure and brown-red for the centered crown structure.[110] Accordingly, the spectral shape 

of the electronic reflectance spectra of the two solid modifications differs strongly. In solution 

however, NMR[115] and electronic spectral data[116,117] indicate that they share a common 

structure, showing the non-rigidity of these gold clusters, although interconversion of the two 

structures requires substantial atom movements. It is this structural flexibility that makes these 

small gold clusters very appealing, as the adaptation to an enwrapping octadentate thioether 

ligand - able to bind to the eight surface gold atoms - seems likely. 

Investigation of the icosahedron derived structure of [Au9(PPh3)8](NO3)3 shows P-P distances 

of 5.5 - 6.8 Å.[112]. Even more interestingly, P-P distances in a very small range between 5.7 

and 5.8 Å were found for the centered crown derived structure of the Au9 cluster. These P-P 

distances all lie in the distance range of two benzylic thioether moieties which are connected 

meta to each other (Figure 22). An octadentate ligand based on meta connected benzylic 

sulfides was therefore expected to be able to completely enwrap and stabilize an Au9 cluster 

core.  

 

 
Figure 22. 3D molecular structure (MM2) of meta-connected benzylic thioether moieties. 

 

Considerations concerning the solubility of the resulting thioether ligands and the 

dispersibility of thioether coated nanoparticles implied the necessity for solubilizing groups 
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attached to the ligands. Furthermore, large solubilizing groups attached to the ligands can also 

provide more stable gold nanoparticles. Coagulation arising from close contact between 

nanoparticles can be avoided. The basic design relying solely on benzylic thioethers was 

therefore altered by t-butyl groups meta to the benzylic thioether connections of the ligand. In 

order to allow the ligand to approach the gold core of the phosphine protected cluster easily, 

the terminal sulfides were capped with relatively small methyl groups. The resulting 

molecular structure of the heptameric ligand 1 for the inclusion of Au9 clusters is depicted in 

Scheme 1. 

Given the flexibility of both, the benzylic thioether moiety and the gold cluster core, the 

simple linear octasulfide ligand 1 should be able to act as a multidentate ligand satisfying all 

eight surface gold atoms of the Au9 cluster, as is sketched in schematically in Scheme 1 for 

the icosahedron derived structure. 

 

 

 
Scheme 1. Molecular structure of 1 and schematic of the possible 1:1 complex formation of 1 with an 

icosahedron derived Au9 cluster core. 
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3.1.1 Ligand Synthesis 
 

The simple linear design of the heptameric thioether ligand 1 allows in principle for two 

synthetic strategies: 1) an approach starting from one methyl end of the linear molecule, in 

which the monomeric units are attached consecutively or 2) starting from the central 

monomer, where two monomeric units can be attached in one elongation step (Scheme 2).  

 

 
Scheme 2. Retrosynthetic pathways for the synthesis of 1. X: leaving group; PG: protecting group.  

 

As is obvious from the statements above, the second approach consists of a much lower 

number of elongation steps. Furthermore, it has to be kept in mind that each elongation step 

may requires more synthetic steps due to protecting group chemistry, which makes the second 

synthetic strategy starting from the central benzene core much more attractive.  

The synthetic strategy is solely based on nucleophilic substitution reactions, which per se 

require a nucleophile and a leaving group. Because benzylic thiols are usually synthesized via 

benzylic halides as leaving groups and a masked or protected thiol precursor,[118] one extra 

synthetic step is involved in the synthesis of the nucleophile compared to the leaving group. 

The central benzene core was therefore chosen to carry the thiol nucleophile in order to save 

time and material as this building block forms only a small fraction of the molecule and is 

thus required in smaller quantities than the second required building block. Consequently, 

(5-tert-butyl-1,3-phenylene)dimethanethiol[119] (2) became the starting material for the 

synthesis of the heptameric ligand 1.  
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As second building block a difunctional compound was required, carrying one masked 

benzylic thiol and one leaving group. As the dithiol 2 can easily be synthesized from 1,3-

bis(bromomethyl)-5-tert-butylbenzene[120] (3), the dibromide 3 was also chosen as precursor 

for the synthesis of the second building block.  

 

 
Scheme 3. Synthesis of 2 and 4. a) NBS, AIBN, HCOOMe, hv, reflux, 70%; b) thiourea, DMSO, RT, then 

NaOH aq., 64%; c) TrtSH, K2CO3, THF, reflux, 51%. 

 

The precursor for both building blocks for the synthesis of the heptameric ligand 1, 1,3-

bis(bromomethyl)-5-tert-butylbenzene (3), can be synthesized in a benzylic bromination 

reaction with N-bromosuccinimide (NBS) starting from commercially available 5-tert-butyl-

1,3-xylene. A very commonly used solvent for radical side chain brominations is carbon 

tetrachloride, a solvent which is toxic, carcinogenic and exhibits ozone-layer damaging 

properties (see Material Safety Data Sheet). It was shown that methyl formate works also very 

efficiently for benzylic brominations.[121] A procedure that makes use of this solvent[122] was 

therefore used for the synthesis of the dibromide 3 (Scheme 3). The radical reaction was 

initiated by 2,2′-azobis(2-methylpropionitrile) (AIBN) and illumination with a 500 W halogen 

lamp. The light source emitted enough heat that the mixture was also heated to reflux 

temperature. After three hours reaction time, the pure product 3 was obtained in a good yield 

of 70% (literature: 56%[122]) in multigram scale as colorless crystals after aqueous work up 

and purification by recrystallization from a dichloromethane (CH2Cl2) solution with hexane. 

The central dithiol building block 2 was synthesized starting from the dibromide 3 following a 

slight modification[123] of the original procedure by Tashiro et al..[119] Using thiourea as sulfur 

source, the dithiol 2 was obtained after basic and acidic work up. The crude product was 
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purified by Kugelrohr distillation to give 2 as colorless solid in a yield of 64% (literature: 

79%[123]) (Scheme 3). 

As already mentioned above, the second, difunctional building block had to carry one masked 

benzylic thiol and one leaving group. Especially the protecting group for the masked thiol had 

to meet several requirements: 1) stability under conditions used for the nucleophilic 

substitution reaction; 2) cleavage conditions that leave benzylic sulfides undamaged; 3) easy 

to separate by-products after the deprotection reaction; 4) some degree of control for the 

monofunctionalization of the dibromide 3 and/or separability of the expected unreacted or 

difunctionalized by-products. In addition to these requirements, the respective thiol precursor 

should be commercially available in large enough quantities or at least be synthesized easily 

in large scale. Also, the reaction conditions needed for the attachment and the deprotection of 

the thiol should be as simple as possible in order to save time and labor. 

Based on these considerations, the relatively inexpensive trityl thiol seemed to meet the 

criteria stated above best and was used to synthesize the second building block for the target 

molecule 1. This protecting group is sterically highly demanding and can thus provide a good 

selectivity for the monosubstitution of the dibromide 3. Furthermore, some examples where 

trityl thiol was used in order to achieve monosubstitution are already known.[124,125] Trityl 

protected thiols are stable under basic, viz. nucleophilic substitution conditions and can be 

cleaved in mildly acidic media which should leave benzylic sulfides intact.[126] Due to the 

large size of the trityl group relative to the dibromide 3, good separability of the desired 

monofunctionalized compound from the starting material 3 and the disubstituted reaction 

product by standard silica gel column chromatography can be expected. 

The dibromide 3 was thus reacted in a nucleophilic substitution reaction with trityl thiol to 

form the second building block 4 (Scheme 3). In the literature, only few methods can be 

found, where trityl thiol was reacted with benzylic bromides, using either N,N-dimethyl-

formamide (DMF)[127,128] or acetonitrile[129] as solvent. The poor solubility of the dibromide 3 

in acetonitrile prevents the use this solvent. Also, the use of the toxic and by evaporation 

hardly removable solvent DMF was tried to be avoided. In addition, the reaction conditions 

should be such that monosubstitution of the dibromide 3 can be achieved in high yields. It was 

therefore tried to use the less polar solvent tetrahydrofuran (THF) with the relatively weak 

base potassium carbonate in order to get a slow and controllable substitution reaction. The 

reaction of the starting material 3 and equimolar amounts of trityl thiol in THF in the presence 

of 1.5 equivalents potassium carbonate was monitored by thin layer chromatography (TLC). 



3 Thioether Coated Gold Nanoparticles  27 

 

  

At room temperature, the consumption of trityl thiol was very slow, after 5 days only traces of 

other compounds than the starting materials were spotted on the TLC plate. For that reason, 

the mixture was heated to reflux temperature. After 20 hours at that temperature, the trityl 

thiol was completely consumed and two new spots together with the spot for the starting 

material 3 were found by TLC. Very importantly, the three spots were well separated, thus 

indicating an easy separation of the three compounds by standard chromatographic methods. 

After an aqueous work up, the crude mixture was separated into the components by column 

chromatography on silica gel. In the order of elution from the column, the starting material 3, 

the desired monosubstituted building block 4 and the disubstituted compound were isolated in 

19%, 51% and 19% respectively. This result indicates a slight trend towards the 

monosubstituted product 4, probably owing to the bulkiness of the trityl thiol nucleophile. 

These conditions were maintained for syntheses in larger scales starting with up to eight gram 

of the dibromide 3. However, in this case, the yield for the desired monofunctionalized 

building block 4 dropped to 45%, which was mainly due to mixed fractions during the 

chromatographic separation. As the building block 4 was obtained only as very viscous oil 

after the evaporation of the solvent CH2Cl2, 4 was precipitated by diluting the concentrated 

CH2Cl2 solution with hexane, followed by evaporation of this solvent mixture. After this 

procedure the monobromide 4 was obtained as colorless solid which could be conveniently 

handled in the following synthetic steps. 

With the two main building blocks 2 and 4 in hand, the elongation procedure to form in an 

initial step the trimeric trityl protected intermediate 5 had to be developed. Similar to the 

introduction of the trityl thiol to form 4, the elongation reaction is a nucleophilic substitution 

reaction with a thiol nucleophile and a benzylic bromide as leaving group. The conditions that 

were successfully used before - THF at reflux temperature with potassium carbonate as base - 

were thus applied to a mixture of the dithiol 2 and the monobromide 4 in a ratio of 1:2. After 

30 hours at the elevated temperature, TLC of the reaction mixture still showed mainly the 

presence of the starting materials 2 and 4. The reaction rate of such nucleophilic substitution 

reactions can be increased by changing different parameters such as temperature, solvent and 

base. Without using a pressure tube, higher temperatures cannot be reached with THF as 

solvent. Potassium carbonate was therefore changed to the stronger base sodium hydride, 

which can deprotonate thiol groups to form more nucleophilic sodium thiolates. Furthermore, 

this base is readily available and easy to handle as dispersion in mineral oil. A 1:2 mixture of 

2 and 4 in dry THF under argon was therefore charged with an excess of sodium hydride at 

room temperature (Scheme 4). These conditions proved to be very effective, as the complete 



28  3 Thioether Coated Gold Nanoparticles 

 
consumption of the starting materials was already observed after 40 minutes by TLC. After 

careful quenching of excess sodium hydride by water and an aqueous work up using t-butyl 

methyl ether (MTBE), the crude was purified by column chromatography to give the pure 

trityl protected trimer 5 in an excellent yield of 96% as colorless solid foam. Particularly with 

regard to substitution reactions with even larger nucleophiles in later steps of the synthetic 

pathway to the heptameric ligand 1, these room temperature conditions seemed to be very 

promising. Heating would still be possible if the substitution reactions become too slow at 

room temperature with larger, more sterically demanding nucleophiles. 

 

 
Scheme 4. Synthesis of the trimer 5. a) NaH, THF, RT, 96%. 

 

The next fundamental reaction within this sequence was the selective cleavage of the trityl 

protecting group in the presence of benzylic sulfides. The trityl group can be cleaved easily 

under acidic conditions in the presence of a cation scavenger, but strong acidic conditions 

may also cleave the benzylic thioethers.[126] It was found that triethylsilane can act as cation 

scavenger very efficiently, thus allowing for very fast deprotection reactions even at low 

concentrations of trifluoroacetic acid.[130] Following a procedure developed for a highly 

functionalized intermediate of a natural macrolactone,[131] trifluoroacetic acid (TFA) (4% v/v) 

was added to a solution of the trityl protected trimer 5 and 2.5 equivalents triethylsilane in 

CH2Cl2 (Scheme 5).  

 

 
Scheme 5. Deprotection of 5. a) Et3SiH, TFA, CH2Cl2, RT, quant. 

 

Directly after the addition of the acid the solution turned yellow, indicating the formation of 

the trityl cation. The color disappeared completely within 5 minutes. TLC analysis after this 

reaction time confirmed the removal of the trityl groups, as the starting material was 
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completely consumed and two new spots - one apolar compound and one spot with an Rf 

value close to the retention factor of the starting material - were observed. A cerium(IV)/ 

ammonium molybdate[132] reagent that shows the presence of the trityl protecting group by red 

staining compared to blue staining for compounds that do not easily form carbocations was 

used to stain the TLC plates. Thereby the removal of the trityl protecting group was shown. 

Gibbs reagent[132] stains free thiols in a strong yellow color on TLC plates, while thioethers 

and most other functional groups remain colorless. The new spot close to the starting material 

5 was thereby ascertained to contain the expected thiol functionalities. By use of these two 

staining reagents, the reaction progress throughout the whole synthetic pathway could be 

easily monitored, as all intermediates contain either free thiol groups or trityl protected thiols. 

The deprotection reaction was quenched with sodium hydrogen carbonate and extracted with 

CH2Cl2. After purification by column chromatography, the trimeric dithiol 6 was obtained as 

colorless solid in up to quantitative yields. The excellent yields of this reaction and the very 

apolar and therefore easy to separate by-products made this protocol highly promising for the 

remaining steps towards the target ligand 1.  

The trityl protected pentamer 7 was synthesized from the trimeric dithiol 6 using the 

procedure that was used for the synthesis of the trityl trimer 5. The reaction of the dithiol 6 

and 2.2 equivalents of the monobromide 4 in THF with sodium hydride as base successfully 

gave the pentamer 7 after 1.5 hours at room temperature. After purification by column 

chromatography, 7 was obtained as colorless solid foam in an excellent yield of 97% (Scheme 

6).  

The trityl protecting group was then removed from 7 using TFA (4% v/v) in CH2Cl2 in the 

presence of triethylsilane as cation scavenger similar to the deprotection of the trimer 5. The 

apolar by-products of the deprotection procedure were removed easily by column 

chromatography to give the pure pentameric dithiol 8 in a yield of 99% as colorless solid. 

These results nicely illustrate the generality of the procedures chosen for chain elongation and 

deprotection of the thiol moieties even for larger nucleophiles. 
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Scheme 6. Synthesis of the free thiol pentamer 8. a) 4, NaH, THF, RT, 97%; b) Et3SiH, TFA, CH2Cl2, RT, 99%. 
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Chain elongation was then achieved under similar conditions as before using the pentamer 

dithiol 8 and the monomeric building block 4. Under the action of sodium hydride in THF 

(Scheme 7), the trityl protected heptamer 9 was obtained very efficiently in a yield of 92% 

after purification of the crude by column chromatography.  

 

 
Scheme 7. Synthesis of the target compound 1. a) 4, NaH, THF, RT, 92%; b) Et3SiH, TFA, CH2Cl2, RT, 99%;  

c) NaH, THF, then MeI, RT, 89%. 

 

The general acidic conditions for the removal of the trityl protecting group were applied to 9, 

whereby the heptamer dithiol 10 was obtained very efficiently in 99% yield after purification 

by column chromatography. 

In a final synthetic step, the methyl end-caps were introduced to the heptamer dithiol 10 using 

iodomethane as electrophile. By using the nucleophilic substitution conditions that were 

applied successfully before in the elongation steps, the pure methylated target ligand 1 was 

obtained as colorless solid in a good yield of 89% after chromatographic purification. 

 

In view of larger scale syntheses of the heptameric ligand 1, an alternative, more divergent 

synthetic pathway was also explored. Using this route, 1 can be obtained in one step instead 

of three from the pentameric dithiol 8 (Scheme 8). 

 



3 Thioether Coated Gold Nanoparticles  31 

 

  

 
Scheme 8. Alternative pathway for the synthesis of 1. 

 

Initially it was tried to synthesize the difunctional compound 11 starting from the dibromide 3 

and one equivalent of sodium methanethiolate in dry THF. TLC analysis after two hours 

revealed the formation of two new spots, probably representing the mono- and dithiolated 

compound respectively. However, after an aqueous workup and purification by column 

chromatography, only small amounts (max. 10%) of the desired monobromide 11 were 

isolated as colorless liquid (Scheme 9). The starting material 3 and the dithiolated compound 

12 were also isolated in 20 and 11% respectively. Further investigations showed the very 

limited stability of 11: TLC of a sample of purified 11 after storage at 4°C for 24 hours 

showed again three spots, which appeared to be the dibromide 3, the monothiolated 

compound 11 and the dithiolated compound 12 (Scheme 9).  

 

 
Scheme 9. Attempt to synthesize 11. a) NaSMe, DMF, RT. 

 

Furthermore, it was noticed that large amounts of the material applied to the TLC plate 

remained on the baseline when the plate was left for a few minutes at ambient conditions 

before development. Although several compounds that bear similar structural motifs with 

benzylic sulfides and benzylic bromides in close proximity were reported in the literature,[133-
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138] it is also known that alkyl sulfides can form sulfonium salts with benzylic bromides. This 

transformation can be done in neat form,[139] but also in standard organic solvents such as 

acetone,[140] chloroform,[141] acetonitrile[142] or diethyl ether[143] without the addition of non-

nucleophilic, stabilizing counterions (e.g. PF6
-, BF4

-, ClO4
-) at room temperature. Based on 

this information, it seems very likely that the processes depicted in Scheme 10 take place 

during the handling of 11. The sulfonium salts and the polymeric products account probably 

for the large amount of material that remains on the baseline in TLC investigations 

 

 
Scheme 10. Possible mechanisms for the degradation of 11. 

 

The stability observed for the trityl protected building block 4 can therefore be attributed 

mainly to the sterically demanding trityl group, which prevents the nucleophilic attack of the 

sulfide moieties to benzylic bromides. However, as was stated in the introduction, the 

relatively small methyl terminus for the heptameric ligand 1 was chosen on purpose, the 

exchange to sterically more demanding capping groups was therefore not an option. It was 

rationalized that the exchange to a weaker leaving group than bromide could give stable 

compounds containing the leaving group in benzylic position and alkyl sulfides in the same 

molecule. Indeed, a literature search on the formation of sulfonium ions with benzylic 

chlorides revealed that this transformation requires elevated temperatures and auxiliary 

anions,[144-148] increased stability was therefore expected for the monochloride analogon 13. 

1-tert-Butyl-3,5-bis(chloromethyl)benzene[149] (14) was thus synthesized from the dibromide 

3 using excess lithium chloride in DMF,[150] a procedure that gives benzylic chlorides very 

efficiently (Scheme 11).  
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Scheme 11. Synthesis of 13. a) DMF, RT, 99%; b) NaSMe, DMF, RT, 18%. 

 

After one hour stirring at room temperature and aqueous work up, the dichloride 14 was 

obtained as colorless crystals in quantitative yield and sufficient purity. Under similar 

conditions that were used for the attempted synthesis of the monobromide 11, the dichloride 

14 was reacted with one equivalent of sodium methanethiolate (Scheme 11). As expected, 

three main spots were found on the TLC plate. Importantly, no material stayed on the 

baseline, indicating the suppression of sulfonium salt formation with benzylic chlorides. After 

separation of the three compounds by column chromatography, the desired mono-

functionalized compound 13 was obtained together with the starting material 14 and the 

dithiomethylated compound in 18%, 42% and 29% respectively. The liquid chloride 13 did 

not show any signs of decomposition or sulfonium salt formation under ambient conditions. 

However, as can be seen by the low yield, no selectivity was observed for the monothiolated 

compound, probably due to the missing steric hindrance of the methyl thiolate compared to 

tritylthiol. For that reason, this pathway was not investigated to further extent. On the other 

hand, these findings were important for the development of synthetic pathways for 

functionalized and dendritic thioether ligands (vide infra). 
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3.1.2 Au 9 Ligand Exchange Experiments 
 

With the target ligand 1 in hand, ligand exchange experiments were conducted using the gold 

cluster [Au9(PPh3)8](NO3)3. This gold cluster is soluble in organic solvents such as methanol, 

CH2Cl2 or THF. Unlike the experiments carried out by von Kiedrowski et al.,[99,100] two-phase 

experiments at the aqueous/organic interface were not possible, as monofunctionalized gold 

clusters that are processable by wet synthetic chemistry in organic solvents were targeted 

within this project. The progress of the ligand exchange is therefore not directly observable by 

phase transfer of the cluster color and other methods had to be applied in order to verify 

removal of the phosphine ligands and introduction of the octadentate thioether ligand. A 

versatile tool to investigate this ligand exchange reaction is given by proton decoupled 
31P NMR. [Au9(PPh3)8](NO3)3 shows one sharp signal at δ = 56.9 ppm,[112] while free 

triphenylphosphine gives a signal at δ = 5.4 ppm.[151] The release of the phosphine ligands 

should therefore easily be monitored by NMR, considering the large differences of the 

chemical shifts that can be expected for the initial gold cluster and the free phosphine ligands. 

Furthermore, the 1H NMR signals of the gold bound triphenylphosphine are shifted as well 

compared to free triphenylphosphine. 

 

3.1.2.1 NMR Titration Experiments 
 

Given the structural flexibility of both, the gold cluster and the ligand 1, a relatively fast 

exchange rate was anticipated. Hence, a titration of the ligand 1 with the gold cluster was 

performed directly in an NMR tube. To a solution of the heptameric ligand 1 (1 µmol) in 

deuterated dichloromethane (CD2Cl2) (1 ml) was added [Au9(PPh3)8](NO3)3 (2 µmol) in 

0.2 µmol portions. After each addition of gold cluster, the 1H and the 31P NMR spectra were 

recorded. Except for the increase of the signals of the Au9 cluster relatives to the ligand 1 

signals, no changes were observed in the NMR spectra throughout this study.  
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3.1.2.2 Long Term Ligand Exchange Studies 
 

A slow ligand exchange could be the reason for the negative outcome of this initial attempt 

for the formation of thioether coated Au9 clusters. Consequently, the next experiment was 

performed as a long term NMR study. A CD2Cl2 solution of equimolar amounts of 

[Au9(PPh3)8](NO3)3 and the ligand 1 were sealed together with ferrocene as reference 

substance under argon in an amberized NMR tube and investigated regularly over a period of 

ten weeks. As control experiment, a solution of the gold cluster alone was monitored under 

similar conditions. However, similar to the initial NMR titration, the 1H (Figure 23) and the 
31P NMR (Figure 24) spectra remained the same in both samples and no evidence for ligand 

exchange was found. 

 

 
Figure 23. Comparison of 1H NMR spectra of the mixture of the ligand 1 and [Au9(PPh3)8](NO3)3 directly after 

mixing of the components and after ten weeks. Ferrocene was added as reference for signal integration. 
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Figure 24. Comparison of 31P NMR spectra of the mixture of the ligand 1 and [Au9(PPh3)8](NO3)3 directly after 

mixing of the components and after ten weeks. 

 

In other reported ligand exchange experiments with [Au9(PPh3)8](NO3)3, large excess of the 

exchanging ligand was used.[112,152] Due to the negative outcome of the initial experiments 

using equimolar amounts of the gold cluster and the octadentate thioether ligand 1, such 

conditions were also tried. A mixture of a 15-fold excess of the ligand 1 and 

[Au9(PPh3)8](NO3)3 was therefore stirred in dry CH2Cl2 under argon. In addition to 31P NMR, 

the attempted ligand exchange was also investigated by UV/vis spectroscopy. The different 

known small gold clusters show discrete electronic transitions which are not sensible to the 

variation of phosphines and anions, but extremely sensitive to changes in the cluster size and 

geometry.[153] Since the exchange from phosphines to sulfides may induce structural changes 

in the gold core, UV/vis spectroscopy was employed as fast tool to monitor the ligand 

exchange reaction. However, no changes were observed in the UV/vis and 31P NMR spectra 

within 2 days. After this time, the mixture was heated to 35°C for 12 hours. A fine black 

precipitate formed during that time, indicating a partial thermal decomposition of the gold 

cluster and the formation of bulk gold. After this procedure, the 31P NMR spectrum of the 

remaining colored solution with additional CD2Cl2 showed two new signals at δ = 45 ppm and 

δ = 33 ppm in addition to the original [Au9(PPh3)8](NO3)3 signal at δ = 57 ppm (Figure 25). 

The mixture was then left for another week at the elevated temperature. During that time, 

more of the black precipitate was formed and the liquid phase became colorless. Also, relative 

to the 31P resonance for the Au9 cluster, the two new signals at δ = 45 ppm and δ = 33 ppm 

became stronger. As much more upfield shifts would be expected for free triphenylphosphine 

ligands, the new signals that were observed in the 31P NMR spectra must probably be 

attributed to triphenylphosphine ligands which are bound to other gold species. The 31P 

resonances of the larger gold clusters [Au55(PPh3)12]Cl6 and [Au101(PPh3)21]Cl5 were reported 
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to be at δ = 32 ppm[154] and δ = 43 ppm,[155] respectively. It is therefore possible that similar 

clusters with NO3
- anions were formed before the precipitation to bulk gold took place. 

Another possibility is the formation of Au(PPh3)Cl in a reaction with the chlorinated solvent, 

as this compound was reported to show a 31P resonance at δ = 34 ppm.[155]  

 

 
Figure 25. 31P NMR spectra of the ligand exchange experiment with the heptamer 1 and [Au9(PPh3)8](NO3)3 in 

CH2Cl2. 

 

However, in the UV/vis spectrum that was obtained after 36 hours at the elevated 

temperature, only the appearance of a peak centered at 340 nm can be observed in addition to 

the original signals of [Au9(PPh3)8](NO3)3 (Figure 26). This is not in accordance with the 

formation of Au55 or Au101 clusters, for which decreasing absorbances between 300 and 

800 nm were reported.[45,109] The origin of the absorbance at 340 nm could not be assigned to 

a known gold cluster, the nature of the formed compounds remained therefore puzzling. In 

any case, no suitable conditions for the direct ligand exchange to form thioether coated Au9 

clusters were found. Furthermore, the coagulation to bulk gold was observed, even indicating 

the possibility of destabilization of the Au9 cluster by the thioether ligand.  
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Figure 26. UV/vis spectrum of the ligand exchange experiment with the heptamer 1 and [Au9(PPh3)8](NO3)3 in 

CH2Cl2 in comparison with the spectrum of pure [Au9(PPh3)8](NO3)3. 

 

These unsuccessful experiments in CH2Cl2 and CD2Cl2 led to the conclusion that a change of 

the employed solvents could help to facilitate the ligand exchange. Given the relative high 

polarity of [Au9(PPh3)8](NO3)3 and the low polarity of the thioether ligand 1, it was tried to 

use a biphasic mixture of organic solvents, where a ligand exchange could be observed 

directly by a phase exchange of the colored gold cluster. Using again a 15-fold excess of the 

ligand 1 in hexane, a solution of [Au9(PPh3)8](NO3)3 in methanol was added and the resulting 

two-phase mixture was stirred for one week. Similarly, a two-phase mixture of ethylene 

glycol and toluene was used in order to achieve ligand exchange. In both cases, the less polar 

phase stayed colorless, while the reddish color of the gold cluster solution remained 

unchanged in the more polar phase. This result was further corroborated by the 31P NMR 

spectra of the colored solutions, which did not show any changes compared to the spectrum of 

pure [Au9(PPh3)8](NO3)3.  

 

3.1.2.3 Two-Phase Ligand Exchange Experiments with Water Soluble Gold 
Clusters 

 

The phosphine ligands of [Au9(PPh3)8](NO3)3 can be exchanged by water soluble 

triphenylphosphine monosulfonate[112] and trisulfonate[152] sodium salt ligands, resulting in 

water soluble gold clusters. The UV/vis spectra after the ligand exchange reactions were no 

more consistent with the Au9 cluster cores, but resembled the spectra that were obtained for 
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phosphine stabilized Au8 clusters. So far, the exact composition of these clusters remains 

unsolved.[112,152] Nevertheless, these water soluble gold clusters seemed highly promising for 

two-phase ligand exchange experiments with the octadentate thioether ligand 1 and were used 

in attempts to form thioether stabilized gold clusters. Aqueous solutions of the freshly 

prepared water soluble gold clusters with the triphenylphosphine monosulfonate or 

trisulfonate ligands were added to solutions of 15 equivalents of the heptamer 1 in CH2Cl2 and 

the biphasic mixtures were stirred vigorously under argon for 4 days. As in all other attempts 

before, no indication for ligand exchange was observed in both cases, neither by transfer of 

the gold cluster color to the organic phase nor by 31P NMR investigations.  

In a final attempt to synthesize small sulfide protected gold clusters by ligand exchange 

reactions, it was investigated whether carboxylic acid moieties, which were present in the 

ligands employed for the phosphine sulfide exchange of the Schmid-Cluster,[99,100] were 

crucial for a successful ligand exchange. In this case, a small, easy to synthesize ligand was 

wanted for an initial test reaction. Hence, the bicarboxylic acid ligand 15 was synthesized in 

two steps starting from the dithiol 2 (Scheme 12). The alkylation with ethyl bromoacetate 

proved to be straightforward in CH2Cl2 with triethylamine (TEA) as base. The diester 16 was 

obtained as colorless oil in 62% yield after column chromatography. Saponification under 

basic conditions using sodium hydroxide in a water/ethanol mixture gave the desired diacid 

15 quantitatively as colorless solid in high purity after an aqueous work up. 
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Scheme 12. Synthesis of the diacid 15. a) TEA, CH2Cl2, RT, 62%; b) NaOH aq., EtOH, RT, quant. 
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To test the ligand exchanging properties of the diacid ligand 15, a biphasic water/CH2Cl2 

setup was used with the water soluble triphenylphosphine monosulfonate gold cluster and a 

large excess of the ligand 15. This mixture was stirred vigorously under argon for 3 weeks 

and investigated by NMR weekly. As in all other experiments before, no phase transfer and 

no changes in the 31P NMR spectrum were observed during that time period.  

 

Based on these results for ligand exchange experiments with small Au9 clusters it was 

concluded that the phosphine sulfide exchange is not that straightforward in this case as it was 

reported for the Au55 cluster. This could be explained by the nature of the investigated gold 

cluster: while [Au9(PPh3)8](NO3)3 can be perceived as defined molecular species with 

molecule-like electronic levels,[112] “[Au 55(PPh3)12]Cl6” was found to be polydisperse.[45] 

Furthermore, the phosphine ligands of larger “Au55” or “Au101” clusters proved to be labile 

and are easily exchanged.[45,155-157] For the larger clusters, rapid movement of the phosphine 

ligand along the particle surface is discussed as being the reason for the single phosphine 

resonance observed in 31P NMR spectra.[156] In the case of a small Au11 cluster, no evidence 

for such dynamic behavior was found,[158] highlighting the different type of Au-P interaction 

for the small, molecule-like gold clusters compared to the larger phosphine protected gold 

nanoparticles. 

In view of the negative outcome of the attempts to synthesize thioether protected Au9 clusters 

by phosphine sulfide exchange, no further experiments were done regarding this goal. 
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3.1.3 Thioether Coated Gold Nanoparticles by Ligand  Exchange 
 

As the experiments concerning the preparation of thioether coated small gold clusters by 

phosphine-sulfide ligand exchange were not successful, it was tried if gold nanoparticles that 

are stabilized by more weakly bound protecting agents than phosphines can be enwrapped and 

stabilized by multidentate thioether ligands.  

It was reported that gold nanoparticles prepared by an inverse micelle synthesis using 

didodecyldimethylammonium bromide as surfactant can be modified after the synthesis by 

dialkyl sulfides.[159] The particles obtained by this procedure, however, had a mean diameter 

of 7 nm and were thus rather big for the envisaged ligand exchange with multidentate 

thioether ligands to form nanoparticles with defined numbers of ligands. Furthermore, the 

distribution of particle sizes was very broad. More interestingly, the surfactant-free synthesis 

of gold nanoparticles in diethylene glycol dimethyl ether (diglyme) with sodium 

naphthalenide as reducing agent was reported in 2005.[160] The by the solvent only weakly 

stabilized nanoparticles were not stable for a longer time, but addition of alkyl thiol or alkyl 

amine ligands led to stable, dispersible nanoparticles. The particle sizes were adjusted by the 

amount of reducing agent in a range of 1.9 to 5.2 nm with satisfactory size distributions. 

Given the rather weak binding of diglyme to the nanoparticle surface, this method seemed 

very promising with regard to stabilization of the particles with multidentate thioether ligands. 

Using the heptameric ligand 1, it was tested whether this method allows for the size selective 

synthesis of gold nanoparticles stabilized by multidentate thioether ligands. Following the 

literature procedure,[160] the weakly protected gold nanoparticles were synthesized by adding 

2.5 equivalents of a sodium naphthalenide solution to a solution of tetrachloroauric acid in 

diglyme. After 2 minutes, aliquots of the dark red-brown colored nanoparticle dispersion were 

then added to solutions of different amounts of the thioether ligand 1 in toluene. The amount 

of ligand was thereby varied from 1 to 10 equivalents of thioether moieties compared to the 

amount of tetrachloroauric acid employed. Similar to the exchange with alkyl thiol or alkyl 

amine ligands described in the literature,[160] this procedure led to precipitation of the gold 

nanoparticles, leaving the liquid phases nearly colorless. After centrifugation and removal of 

the supernatants, it was tried to redisperse the black precipitates in CH2Cl2. In all cases, the 

residues were only redispersible to a very small extent in CH2Cl2, giving very slightly pink 

colored nanoparticle dispersions. Most of the material remained in the solid phase, indicating 

either a very weak stabilization by the thioether ligand 1 or only incomplete displacement of 
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the diglyme from the nanoparticle surface. Apart from the formation of bulk gold by 

coagulation of nanoparticles, the formation of large, indispersible assemblies of intact 

nanoparticles has to be taken into account. In principle, one octadentate ligand 1 can cross-

link two or more nanoparticles, whereby the formation of large nanoparticle aggregates could 

be triggered. Similar behavior was observed in the case of gold nanoparticles that were 

stabilized by the weak capping agent tetra-n-octylammonium bromide (TOAB) upon addition 

of silane based tri- or tetradentate thioether ligands.[161-163] UV/vis analysis of the slightly 

colored CH2Cl2 dispersions of the initial precipitate reveals a very broad and red shifted 

surface plasmon resonance band, which is indicative of close nanoparticle-nanoparticle 

interactions.[9,10]  
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Figure 27. UV/vis absorption spectrum of the redispersed (CH2Cl2) nanoparticle precipitate in the presence of 

the heptameric ligand 1. 

 

The observed spectral shape was thereby independent of the amount of thioether ligand 1 

used. Under otherwise similar conditions as the experiments employing the thioether ligand 1, 

the diglyme stabilized particles were added to pure toluene. Compared to the experiments 

employing the thioether ligand 1, the complete precipitation of the nanoparticles was slower 

and the formed precipitate was not redispersible in CH2Cl2 at all. These results show that the 

bidentate thioether ligands do have an effect on the diglyme stabilized gold nanoparticles, 

even if the influence may be small. A clear picture of the nature of the observed precipitate 

cannot be obtained just by UV/vis investigations and the conclusions drawn are highly 

speculative. In any case, it was not possible to obtain stable and dispersible thioether coated 
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gold nanoparticles by this method. For this reason, the application of thioether ligands to 

weakly diglyme stabilized gold nanoparticles was no more pursued. 

 

3.1.4 Summary and Conclusions 
 

In summary, the synthesis of gold clusters or nanoparticles stabilized by multidentate 

thioether ligands via ligand exchange reactions was not successful. Different attempts for 

ligand exchange using the heptamer 1 with a variety of conditions left the gold clusters either 

untouched or led to the decomposition of the gold species. Also the introduction of carboxylic 

acid end groups to the thioether ligands did not provide thioether stabilized gold clusters. 

Even the very weakly binding diglyme as stabilizer for gold nanoparticles could not be 

replaced to form stable thioether coated particles. However, in this case the UV/vis results 

indicate the formation of nanoparticle aggregates mediated by the octadentate thioether 

ligand 1. The plasmon resonance that was observed by UV/vis spectroscopy is thereby a sign 

for the formation of nanoparticles with diameters larger than 2-3 nm. This shows that the 

thioether ligands do indeed partially bind and interlink gold nanoparticles, but do not enwrap 

and efficiently stabilize single particles. In contrast to the results that were obtained by 

von Kiedrowski,[99,100] these observations indicate that multidentate thioether ligands might 

not be well suited for the formation of thioether stabilized gold nanoparticles by ligand 

exchange reactions. 
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3.2 Direct Synthesis of Thioether Stabilized Gold Nanoparticles 
 

In this section, the direct preparation of gold nanoparticles in the presence of multidentate 

linear thioether ligands of different length will be shown. The results concerning the 

stabilization and surface coverage of gold nanoparticles by these ligands will be discussed. 

 

The ability of thioether based ligands to stabilize gold nanoparticles was reported in the 

literature for a few examples. In particular, with exception of the two-phase ligand exchange 

synthesis reported by von Kiedrowski[99,100] and the inverse micelle synthesis from 

Sorensen,[159] all of the thioether stabilized gold nanoparticles were directly synthesized from 

water soluble gold(III) precursors by reduction in the presence of the stabilizing thioether 

ligands.[135,164-171] However, by comparing the different studies it becomes evident that the 

nature of the employed thioether ligands and hence the obtained results concerning 

nanoparticle sizes and stability differ strongly.  

In the early reports of thioether stabilized gold nanoparticles from the laboratories of David 

Reinhoudt[164] and Jon Preece,[165] dialkyl sulfide ligands such as 17 (Figure 28) were used in 

similar protocols as were used for the synthesis of alkyl thiolate protected gold nanoparticles. 

The dialkyl sulfide stabilized gold nanoparticles were found to be much less stable than alkyl 

thiolate protected ones. Irreversible aggregation of the particles occurred within hours in 

dispersion or upon removal of the solvent. Also in comparison to the dialkyl sulfide stabilized 

gold nanoparticles obtained by an inverse micelle method (see section 3.1.3),[159] a much 

lower stability was found. This was attributed to the stabilizing properties of the micelle 

forming surfactant that was not removed from the particle surfaces.[164] Compared to alkyl 

thiolate protected gold nanoparticles, the particles stabilized by dialkyl sulfides showed much 

larger core sizes and broader size distributions. For example, decanethiol yielded gold 

nanoparticles with a mean diameter of 2.2 ± 0.1 nm, while the synthesis of didecyl sulfide 

capped particles under similar reaction conditions yielded nanoparticles with a mean core 

diameter of 5.3 ± 0.8 nm.[165] On the other hand, it was also shown that by using a sterically 

demanding calix(4)arene derived tetradentate thioether ligand 18 (Figure 28), significantly 

smaller (1.8 ± 0.4 nm) and also more stable nanoparticles were obtained.[164]  
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Figure 28. Examples of thioether structures that were employed for the stabilization of gold nanoparticles. 

 
More complex thioether containing structures were also used for the formation gold 

nanoparticles. However, the results obtained for gold nanoparticles stabilized by thioether 

containing polymers[168-171] cannot be compared with the outcome of the studies with dialkyl 

sulfides. The effect of the polymer matrix regarding the stabilization of the gold nanoparticles 

could be even greater than the impact of the thioether moieties. Even relatively small glycols 

such as diglyme can be employed for the stabilization of gold nanoparticles (vide supra).[160] 

A strong effect of the polymer backbone can thus be expected especially in the example of 

Huang et al.,[169] where the thioether modified hyperbranched polyglycerol 19 (Figure 28) was 

utilized as template and stabilizing agent for gold nanoparticles. In other cases, the thioether 

moieties were only used as end-caps for the employed polymers and account therefore only 

for a small part of the stabilizing molecule.[170,171] According to what was said, the results of 

the different reports on gold nanoparticles stabilized by thioether containing polymers diverge 

strongly from well dispersible and monodisperse particles[170,171] to very broadly distributed 

particle sizes.[168,169] and no conclusions on the nanoparticle stabilizing properties of thioether 

ligands can be drawn 
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The use of thioether dendrimers for the stabilization of gold nanoparticles was reported as 

well.[166,167] As is the case for polymeric thioethers, the employed thioether dendrimers and 

the obtained results can hardly be compared and cannot be taken as reference for a general 

picture of thioether stabilized gold nanoparticles due to significant structural diversity of the 

employed ligands. In the report of Müllen et al.,[166] the stiff thiomethyl terminated 

polyphenylene dendrimer 20 (Figure 28) was utilized for the stabilization and the synthesis of 

gold nanoparticles. The particle sizes found within this study range from 1 to 30 nm with a 

main population around 4 nm with no deviation value given due to the highly polydisperse 

mixture obtained. Interestingly, these dendrimer stabilized gold nanoparticles were found to 

be highly stable under ambient conditions and well dispersible in CHCl3 and toluene. 

In contrast to the stiff thioether terminated dendrimers reported by Müllen,[166] the dendrimer 

structures used by Vögtle and de Cola[167] for the synthesis of thioether stabilized gold 

nanoparticles consist of benzylic or phenylic thioethers located mainly in the centers of the 

structures (e.g. 21 or 22) (Figure 28). However, even within this single study, a clear 

comparison of the thioether structures for requirements for monodisperse, size controlled and 

well dispersible gold nanoparticles is not possible. The gold nanoparticle stabilizing 

properties of structures consisting solely of benzylic thioethers were compared to structures 

built of phenylic ethers or thioethers within one molecule, whereby the electronic and 

structural differences of benzylic and phenylic thioethers were not taken into account. The 

gold nanoparticles obtained in the presence of the thioether dendrimers 21 or 22 were highly 

polydisperse with particle diameters in the range of 1 - 5 nm in all cases. It was also found 

that the phase transfer agent tetra-n-octylammonium bromide (TOAB) that was used during 

the synthesis of the particles cannot be completely removed by repeated precipitation of the 

nanoparticles. TOAB is therefore needed for the stabilization of the nanoparticles synthesized 

in the presence of the thioether dendrimers 21 or 22, indicating an incomplete coverage of the 

particle surface by the dendrimers.  

A last report on the direct synthesis of thioether stabilized gold nanoparticles appeared in 

2005 from the group of Toshi Nagata.[135] Multidentate star-shaped ligands 23 (Figure 28) 

with 9 to 21 benzylic thioethers per molecule were employed for the stabilization of gold 

nanoparticles. The mean particle sizes were found to be between 1.5 and 1.7 nm with a fairly 

low deviation of 0.5 nm. Remarkably, the stability, the core sizes and the narrow dispersity of 

the nanoparticles stabilized by these thioether ligands seemed to be relatively independent of 

the size of the ligand used. The universal validity of the results was however somewhat 

diminished by the fact that one allyl phenyl ether moiety was present per thioether moiety in 
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the stabilizing molecules. The impact of these ether moieties concerning the stabilization of 

gold nanoparticles remains unclear as does the influence of the three acetal protecting groups 

present at the termini of the molecules. 

Despite the large differences of the thioether ligands employed in the different studies 

regarding the direct synthesis of gold nanoparticles with thioether ligands as stabilizers, some 

general conclusions can be drawn. The surrounding of the thioether moieties and the rest of 

the stabilizing molecule seem to play much more important roles in the case of thioether 

ligands compared to thiol stabilizers. The procedures that were used for the preparation of 

gold nanoparticles were very similar in all presented cases, but very diverse nanoparticle core 

sizes and stabilities were found for the different thioether ligands. In comparison to thiol 

stabilized nanoparticles prepared by the same Brust-Schiffrin method,[46] it becomes obvious 

that the size and stability differences for diverse thiol ligands is much smaller. For instance, 

thiophenol protected gold particles[172] which were prepared by this method were determined 

to be in the same size range as nanoparticles stabilized by alkyl thiols.[46,47] Even thiol 

terminated peptides,[173] fluorinated alkyl chains[174] or dendrons of different generations[175-

180] yielded gold nanoparticles in a comparable size range of 1.5 to 2.6 nm, which illustrates 

the vast independence of the nanoparticle sizes from the employed thiol ligand compared to 

the thioether ligands. In particular, the number of binding thioether moieties seems to play an 

important role on the stabilizing properties of the thioether ligand employed for the 

stabilization of gold nanoparticles. This manifests in the good stability of the nanoparticles 

that were prepared in the presence of the tetradentate calix(4)arene derived thioether ligand 18 

from Reinhoudt et al.[164] and the results obtained for the large star-shaped benzyl thioether 

ligands 23.[135]  

 

In this context, the octadentate thioether ligand 1 seemed to be well suited for the direct 

synthesis of gold nanoparticles. Especially the flexibility of the linear system and the multiple 

binding sites should allow for an efficient stabilization of gold particles. Furthermore, this 

ligand system brings by design the sterically demanding tert-butyl groups, which are expected 

to provide further stabilizing properties and also to make the resulting gold nanoparticles 

more easily dispersible in organic solvents. In contrast to the other described thioether ligands 

used for the synthesis of gold nanoparticles, the thioether ligand 1 is based solely on benzylic 

thioether moieties and does not have any other functional groups such as ethers or acetals 

which may interfere with the weakly binding thioether groups.  
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3.2.1 Initial Studies 
 

In an initial attempt it was tried to synthesize gold nanoparticles in the presence of the 

octadentate heptamer thioether 1 by using the two-phase method developed by Brust and 

Schiffrin[46] for the synthesis of alkyl thiolate protected gold particles. To an aqueous solution 

of the gold(III) precursor tetrachloroauric acid (HAuCl4) was added a solution of the phase 

transfer agent TOAB in toluene. The resulting biphasic system was vigorously stirred, 

whereupon the gold(III) salt was transferred to the organic phase, apparent by the 

discoloration of the aqueous phase and the strong orange color of the organic phase. A 

solution of the ligand 1 was then added to the system. Unlike the original procedure, where a 

1:1 ratio of gold to thiol was used,[46] the amount of the thioether ligand 1 was chosen such 

that two equivalents sulfide moieties were present per gold(III) equivalent in the mixture. 

With the octasulfide 1, this resulted in 4 equivalents HAuCl4 compared to 1 equivalent of the 

ligand 1. The reduction of gold(III) in the presence of the thioether ligand 1 was then carried 

out by adding an aqueous solution of the reducing agent sodium borohydride to the strongly 

stirred two-phase system. Immediately after the addition of the reducing agent, the toluene 

phase turned dark brown, indicating the formation of dispersed gold nanoparticles. The 

spectral shape of the UV/vis spectrum (Figure 29) of the toluene phase obtained shortly after 

the reduction of gold(III) is very similar to other thiol[46] or sulfide[135,164,165,167] stabilized 

nanoparticles systems. The absence of a plasmon resonance band centered around 520 nm 

indicates that mainly nanoparticles with core diameters smaller than ~2-3 nm[181] were formed 

by this procedure in the presence of the heptameric ligand 1. The Au-1 nanoparticle 

dispersion was left at ambient conditions for two days. During this time, no changes were 

detected; neither by the bare eye nor by UV/vis spectroscopy (Figure 29). 

It is known that the phase transfer agent TOAB can itself act as stabilizer for gold 

nanoparticles.[182] The gold nanoparticle stabilizing abilities of the octadentate thioether ligand 

1 were thus further corroborated by comparing the results to a test experiment using only the 

phase transfer agent TOAB without the thioether ligand present. In this case, a strongly red 

colored organic phase was obtained after the addition of the reducing agent sodium 

borohydride. As already indicated by the color, a strong plasmon resonance centered at 

520 nm was found in the UV/vis spectrum that was recorded shortly after the nanoparticle 

formation procedure (Figure 29). This result indicates the formation of nanoparticles with 

core diameters larger than ~2-3 nm[181] and shows therefore the influence of the thioether 

ligand 1 on the formed nanoparticles. Furthermore, the formation of a black precipitate was 
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observed within 30 minutes after the addition of the reducing agent in the case TOAB 

stabilized particles. After 24 hours at ambient conditions, the organic phase was nearly 

colorless and more of the precipitate was formed. This precipitate was not dispersible in 

common solvents including water and was most likely bulk gold which formed by coagulation 

of the initially formed gold nanoparticles due to the very limited stabilizing properties of the 

amphiphilic phase transfer agent. Accordingly, the formation of smaller and more stable 

nanoparticles in the initial experiment can be fully attributed to the presence of the 

multidentate thioether ligand 1 and is not due to the presence of the ammonium salt TOAB. 
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Figure 29. UV/vis absorption spectra (toluene) of the nanoparticle preparations directly after the reduction with 

sodium borohydride in the presence of TOAB and in the presence of TOAB and the heptamer ligand 1. 

 

A direct and commonly applied method to observe the core sizes of gold nanoparticles is 

Transmission Electron Microscopy (TEM). The precise size of the gold core can be 

determined directly by measuring the diameters of the observed spherical structures due to the 

strong contrast pictures obtained by this method. In order to get a first overview of the core 

sizes and size distributions of the heptamer stabilized Au-1 nanoparticles, TEM was 

performed. For that, a single drop of the diluted Au-1 dispersion in toluene was carefully 

transferred onto a carbon coated copper grid and then dried under a stream of nitrogen. A 

quick survey of 250 nanoparticles revealed that the main population of particles had core sizes 

between 0.8 and 1.8 nm (Figure 30), confirming the initial conclusions that were made based 

on the UV/vis spectroscopic investigations.  
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Figure 30. Representative TEM micrograph of Au-1 (left) and nanoparticle size distribution of Au-1 (right). 

 

3.2.2 Thioether Oligomers for the Stabilization of Gold Nanoparticles 
 

Based on these results it was decided to study the dependence of the nanoparticle sizes, 

dispersities and stabilities on the nature of the stabilizing thioether ligand in more detail. For a 

comprehensive investigation, the respective di-, tetra- and hexathioether ligands were 

included. In order to ensure the comparability of the ligands, the terminal sulfur atoms were 

end-capped with benzyl groups. With these end groups, the multidentate thioether ligands are 

solely based on dibenzyl thioethers, which should bind equally to the nanoparticle surface. 

The resulting target structures 24 - 27 are displayed in Figure 31.  

 

 
Figure 31. Linear thioether ligands for the stabilization of gold nanoparticles. 
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3.2.2.1 Ligand Synthesis 
 

The synthesis of the benzyl-capped ligands 24 - 27 was straightforwardly done starting from 

the respective dithiol intermediates 6, 8 and 10 (Scheme 13), that were prepared already in the 

course of the synthesis of the methyl-capped ligand 1. By using benzyl chloride as 

electrophile under the action of sodium hydride as base in THF, the benzyl thioether ligands 

25 - 27 were obtained in high yields of 98%, 99% and 86% as colorless solids after 

purification by column chromatography, respectively.  

 

 
Scheme 13. Synthesis of the benzyl-capped thioether ligands 25 – 27. 

a) NaH, THF, RT, 25: 98%; 26: 99%; 27: 86%. 

 

Under similar conditions, the monomeric thioether ligand 24 was prepared starting from the 

dibromide 3 with excess benzyl mercaptan. The dibenzyl monomer 24 was obtained as 

colorless liquid in 95% isolated yield after column chromatography (Scheme 14). 

 

 
Scheme 14. Synthesis of the monomer thioether ligand 24. a) NaH, THF, RT, 95%. 

 

3.2.2.2 Preparation of Gold Nanoparticles 
 

The thioether ligands 24 - 27 were then employed for the direct preparation of gold 

nanoparticles. To ensure the full comparability with other studies on thioether stabilized gold 

nanoparticles (vide supra), a 1:1 ratio of sulfide moieties to gold equivalents was maintained 

(e.g. 8 equivalents Au(III) compared to 1 equivalent of the octasulfide 27). Also, due to the 
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low solubility of the heptameric ligand 27 in toluene, the organic solvent was changed and 

CH2Cl2 was used instead of toluene. Under otherwise similar conditions as before, gold 

nanoparticles were synthesized in the presence of the different thioether ligands 24 - 27 by the 

reduction of the gold(III) precursor tetrachloroauric acid with sodium borohydride in the 

presence of TOAB as phase transfer agent. In the case of the monomeric ligand 24, the 

organic phase turned brown-red. In the other three cases, the organic phases were dark brown 

after the addition of the reducing agent. Accordingly, the UV/vis spectrum of the particles 

stabilized by the monomer 24 shows the presence of a surface plasmon resonance band 

around 520 nm, while the particles stabilized by the larger ligands 25 - 27 have very similar 

UV/vis spectra that do not show such an absorption band (Figure 32). The appearance of the 

weak plasmon resonance band in the case of the Au-24 particles points at the presence of 

nanoparticles with core diameters larger than ~2-3 nm.[181] From these data, no conclusions 

can be drawn regarding the monodispersity of the gold nanoparticles, viz. whether mainly 

particles smaller than 2 nm were obtained with a small population considerably larger than 2 

nm or if a large fraction of the particles is slightly larger than 2-3 nm. However, the monomer 

stabilized Au-24 particles displayed a very limited stability. After approximately 1 hour at 

ambient conditions, the formation of a black precipitate became evident in coincidence with a 

gradual color change to red, indicating the coagulation of gold nanoparticles to larger particles 

and eventually bulk gold. This was further corroborated by the increasing surface plasmon 

resonance centered at 520 nm (Figure 32), which is indicative for the formation of larger gold 

nanoparticles.[181,183]  
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Figure 32. Normalized UV/vis absorption spectra (CH2Cl2) of Au-24 and Au-27 (left) and Au-25, Au-26 and 

Au-27 after one month in dispersion (right, these spectra were shifted vertically in 0.05 increments with respect 
to the relative absorption). 
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In the other three cases Au-25, Au-26 and Au-27, the organic phases were separated, dried 

over magnesium sulfate and then filtered. These dispersions were monitored over a period of 

one month by UV/vis. Compared to the monomer stabilized Au-24 particles, a much greater 

stability was already found for the Au-26 nanoparticles stabilized by the tetradentate trimer 

26. No significant changes were observed in the UV/vis spectra of Au-26 within this time 

period, indicating the suppression of nanoparticle growth by the trimeric ligand 26. However, 

after a few days, the formation of a fine gold layer on the glass surface of the storage vessel 

was noted, showing the somewhat limited stability of the trimer protected Au-26 

nanoparticles. The trend towards an increasing stability of the thioether stabilized 

nanoparticles with increasing length of the coating ligand is further confirmed by the particles 

stabilized by the penta- or heptameric ligands 26 and 27. In these cases, no formation of bulk 

gold was observed within one month. Also, the shape of UV/vis spectra remained the same 

during this period (Figure 32). 

 

 Nanoparticle Purification  
 

It has to be noted that during this first investigation of the stabilities of thioether-coated 

nanoparticles the phase transfer agent TOAB was present. As was said before, TOAB can act 

as stabilizer for gold nanoparticles itself[182] and had to be removed from the mixtures in order 

to receive a clear picture of the stabilizing properties of the oligomeric thioether ligands 25 - 

27. The removal of TOAB was achieved by precipitation of the nanoparticles from a CH2Cl2 

dispersion with ethanol, similar to the purification procedure for thiolate protected gold 

nanoparticles.[46] The dispersions of the Au-25 - Au-27 nanoparticles in CH2Cl2 were 

therefore concentrated to approximately 1 ml by using a rotary evaporator with a water bath at 

a temperature of ca. 35°C. The concentrated nanoparticle dispersions were then transferred to 

centrifuge tubes and 24 ml ethanol was added while stirring. In all three cases, a fine 

precipitate formed immediately after the addition of ethanol. The precipitates were separated 

from the liquid phase by centrifugation at 10°C, leaving slightly brown colored liquid phases. 

After removal of the supernatants, it was tried to redisperse the black residues in CH2Cl2. In 

the case of the nanoparticles stabilized by the penta- and heptameric ligands 26 and 27, the 

solid residues were completely dispersible in small amounts of the organic solvent. However, 

the trimer stabilized particles were not fully dispersible in CH2Cl2 and other organic solvents 

such as toluene or THF after this procedure. The removal of TOAB could have led to 



3 Thioether Coated Gold Nanoparticles  55 

 

  

destabilization and then coagulation of the Au-25 particles to bulk gold, indicating the limited 

stability of these trimer stabilized nanoparticles. In the cases of the Au-26 and Au-27 

nanoparticles stabilized by hexa- or octadentate ligands, the precipitation/centrifugation 

procedure was repeated two more times in order to completely remove the phase transfer 

agent TOAB from the mixtures. 

The purified nanoparticles were obtained as black-brown waxy solids. Independent of the 

ligand used (26 or 27), the particles remained dispersible when stored in the solid phase. 

Furthermore, even after removal of the phase transfer agent, the gold nanoparticles were 

stable as CH2Cl2 dispersions for more than one month, as neither precipitation nor color 

changes were observed during this period. Accordingly, the UV/vis spectra of the Au-26 and 

Au-27 dispersions directly after the purification procedure and one month later resembled the 

spectra obtained in the presence of TOAB (Figure 33), showing the suppression of 

nanoparticle coagulation to particles larger than 2-3 nm.  

 

400 500 600 700 800

0,0

0,5

1,0  Au-26
 Au-27

re
l. 

in
te

ns
ity

λ / nm  
Figure 33. Normalized UV/vis absorption spectra (CH2Cl2) of Au-26 and Au-27 after purification by 

precipitation from ethanol. For better visibility, the spectrum of Au-27 was shifted vertically. 

 

Both, the heptamer stabilized Au-27 nanoparticles and the heptameric ligand 27 itself, show 

very similar solubilities and are not or only weakly soluble in ethanol as well as other polar 

solvents such as acetonitrile or acetone. For that reason, excess, unbound thioether ligand 27 

cannot be removed by the precipitation method that was employed for the removal of the 

highly polar TOAB. For a clear picture on the stoichiometry of the thioether stabilized 

particles though, excess ligand had to be removed from the system. It was therefore tried if a 
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standard chromatographic separation using silica gel or basic aluminum oxide could be used. 

Unfortunately, TLC revealed the low stability of the Au-27 nanoparticles on both materials. 

On silica gel, the particles stayed on the baseline, even when the very polar solvent methanol 

was used as eluent. In contrast to that, the color of the nanoparticles moved on basic 

aluminum oxide when a 4:1 mixture of CH2Cl2 and methanol was used as eluent. But a strong 

tailing was found, with most of the brown nanoparticle color remaining in the tail, indicating 

the limited stability of the particles on this material. Thus, both methods proved to be 

inapplicable for the separation of the thioether coated Au-27 nanoparticles and excess 

ligand 27.  

Gel Permeation Chromatography (GPC) was then applied to the heptamer stabilized Au-27 

nanoparticles, as this method is solely based on size exclusion. Strong, destabilizing 

interactions between the chromatographic material and the gold nanoparticles were not 

expected. Indeed, by the use of Bio-Rad Bio-Beads S-X1 (molecular weight range: 600 to 

14000 g/mol) with toluene as eluent, a sharp and narrow black-brown colored band moved 

through the column. Small fractions were collected, whereby the pure excess ligand 27 was 

separated efficiently from the strongly colored nanoparticle fractions as was shown by TLC 

and NMR.  

 

 NMR 
 

The heptamer stabilized Au-27 nanoparticles were investigated by 1H NMR in CD2Cl2 after 

each purification step (Figure 34). The spectrum that was obtained after phase separation and 

drying over magnesium sulfate shows the presence of the signals of the ligand 27 and strong 

signals of the phase transfer agent TOAB that was used in excess. After the purification 

procedure, only the signals of the ligand 27 can be found, confirming the efficient removal of 

TOAB by the precipitation procedure. Unlike the gold nanoparticles stabilized by the 

thioether dendrimers 21 or 22 that were reported by Vögtle and De Cola,[167] TOAB was 

therefore not required for the stabilization of the nanoparticles by the octadentate ligand 27. 

Only the signals of the pure ligand were found in the spectra. The Au-27 particles after 

removal of excess ligand show very broad signals underneath the original ligand signals. The 

broadening of proton signals of ligands bound to gold nanoparticle surfaces is well known for 

alkane thiols[47,184-186] as well as for sulfide ligands.[164,165] 
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Figure 34. 1H NMR spectra (CD2Cl2) of Au-27 at different stages of purification in comparison with the spectra 

of TOAB and the pure ligand 27. 

 

 Nanoparticle Sizes and Size Distributions 
 

The Au-26 and Au-27 particles stabilized by the penta- and heptameric ligands were 

investigated by High Resolution Scanning Transmission Electron Microscopy (HRSTEM). As 

before, single drops of diluted CH2Cl2 Au-26 and Au-27 dispersions were carefully 

transferred to carbon coated copper grids. The grids were dried in air and then investigated by 

HRSTEM. 

The micrographs obtained with the pentamer stabilized Au-26 nanoparticles after the 

precipitation procedure show a rather broad distribution of nanoparticle sizes. Gold 

nanoparticles were found with diameters between 1 and 5 nm with an average diameter of 

1.8 nm over a population of 430 particles (Figure 35).  
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Figure 35. HRSTEM micrograph of Au-26 after precipitation (left) and  

size distribution histogram of Au-26 (right). 

 

In the case of the Au-27 particles stabilized by the heptameric ligand, HRSTEM was 

performed before and after the purification procedure. In both cases, much narrower size 

distributions were found compared to the pentamer stabilized Au-26 nanoparticles. The 

histogram in Figure 37 shows that the main fraction of the heptamer stabilized Au-27 

nanoparticles in the presence of TOAB has sizes around 1 nm with a tail towards larger sizes 

up to 2.1 nm. Interestingly, a different size distribution was observed after removal of the 

phase transfer agent by precipitation. In addition to the parent accumulation with core 

diameters around 1 nm a second accumulation with a maximum at about 1.9 nm was found 

(Figure 37). 

 

   
Figure 36. HRSTEM micrographs of Au-27 before (left) and after purification by precipitation (right). 
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Figure 37. Nanoparticle size distribution histograms of Au-27 before and after the purification by precipitation. 

 

These results suggest that the removal of TOAB induces a partial destabilization of the 

particles, resulting in the coalescence of some small 1 nm particles to larger particles. 

However, the formation of particles with core diameters larger than 2.5 nm seems to be 

suppressed by the heptameric thioether ligand 27, as no particles were found with larger sizes.  

Due to the long time period (approx. 2 months) between application of the samples to the 

TEM grid and the actual measurement, it cannot be ruled out that aging occurred and the 

particles, especially the pentamer stabilized Au-26 ones, coagulated on the grid.[187] If 

coagulation of the Au-26 nanoparticles took place on the carbon surface of the TEM grid 

while the Au-27 particles did not coagulate to a similar extent, this would further support the 

importance of multiple thioether binding sites for the formation of stable thioether coated gold 

nanoparticles.  

 

 Elemental Analysis, Calculations Concerning the Nanoparticle/Ligand 
Ratio 

 

Elemental analysis was performed with the heptamer stabilized Au-27 nanoparticles after the 

removal of TOAB in order to obtain the ratio of ligand 27 to gold. From the elements present 

in the stabilized nanoparticles (Au, S, C, H), this method allows solely the determination of 

the carbon and hydrogen content of the sample. However, based on the NMR spectra, it was 

shown that TOAB was completely removed from the system. Apart from gold nanoparticles 

and excess ligand molecules, no other mass sources were present. For the nanoparticle 
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sample, proportions of 35.3% carbon and 3.7% hydrogen were found. Compared to the 

theoretical results expected for the heptamer 27 - 75.4% carbon and 8.1% hydrogen - very 

similar carbon to hydrogen ratios were found, also pointing at the absence of other hydrogen 

or carbon sources. From these values, a mass proportion of 45.7 % or 46.8% ligand (based on 

the hydrogen or the carbon proportions respectively) can be calculated. Using these 

proportions, a nanoparticle yield of 79 - 85 % is obtained with respect to the gold equivalents 

used for the synthesis of the nanoparticles. Some losses probably arise from the purification 

procedure by precipitation, whereby the supernatant remained neither completely clear nor 

colorless after centrifugation, indicating the presence of nanoparticles remaining in the liquid 

phase. However, this shows that even higher nanoparticle yields were obtained during the 

synthesis and thus further indicates the ability of the heptameric thioether ligand 27 to 

efficiently form and stabilize gold nanoparticles with a narrow size distribution. 

With regard to the stoichiometry of the nanoparticle thioether complexes, elemental analysis 

was also performed with the gold nanoparticles purified by GPC, where excess unbound 

ligand 27 was removed. A carbon proportion of 23.0% and a hydrogen proportion of 2.4% 

were found for the so purified Au-27 nanoparticles. These results were again compared to the 

theoretical values for the pure ligand 27, whereby a ligand proportion between 29.6% and 

30.5% was obtained depending on which element was used for the calculation. From these 

values, an average of 18.1 to 18.8 gold atoms can be calculated to be present per ligand 

molecule. 

By combining these data with the bimodal size distribution of the nanoparticles after 

purification by precipitation, the number of thioether ligands per nanoparticle can be roughly 

estimated based on several assumptions. 

If a spherical shape of the nanoparticles is assumed, the surface of the nanoparticles with a 

diameter of 1.9 nm is approximately four times larger than the surface of the 1.0 nm particles. 

Given a complete surface coverage of the nanoparticles, this allows the conclusion that four 

times more thioether ligands 27 are probably required to stabilize one 1.9 nm particle 

compared to one 1.0 nm particle. Au25 particles were reported to have a core diameter of 

1.1 nm,[188] which is slightly larger than the 1.0 nm observed for the small nanoparticle 

fraction. On the other hand, TEM analysis of Au11 clusters revealed a significantly smaller 

core size of 0.8 nm.[189] For the calculations presented here, an average value of 20 gold atoms 

per 1.0 nm was therefore used in a first approximation. The gold atom content of the larger 

1.9 nm particles was calculated by assuming a spherical shape of the particles and by using 
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the density of bulk gold. A value of 195 gold atoms per 1.9 nm particle was thereby 

estimated. Taking into account the actual distribution of core sizes that was received by TEM 

analysis of the purified nanoparticles, the number of 1.0 nm particles was found to be 

approximately twice the number of 1.9 nm particles. According to these assumptions, the 

following formula can be used for the determination of the ligand coverage of the 

nanoparticles: 
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nX nm : Number of heptamer 27 ligands per X nm nanoparticle. 

Ncalc.: Number of gold atoms per ligand, calculated from elemental analysis data. 

NXnm.: Number of gold atoms per gold cluster of the diameter X nm. 

 

With n1.9 nm = 4n1.0 nm, this equation can be transformed to give the number of ligands that 

stabilize one 1.0 nm particle n1.0 nm: 
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By introducing the number of gold atoms assumed for the gold nanoparticles (N1.0 nm = 20; 

N1.9 nm = 195) and the average number of gold atoms per ligand (Ncalc.= 18.1 or 18.8), n1.0 nm is 

found to be 2.16 or 2.08 respectively. These results strongly imply that only a low number of 

heptameric thioether ligands 27 is needed to stabilize a single gold nanoparticle in the size 

range of 1-2 nm. As an integer number of ligands can be expected, only two of these ligands 

are required to enwrap one 1.0 nm particle, while eight to nine ligands can stabilize one 

1.9 nm particle.  
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3.2.3 Summary and Conclusions 
 

It was shown that multidentate thioether ligands can indeed be used for the preparation of 

gold nanoparticles that are stabilized by a low number of ligands. In particular, the benzyl 

end-capped mono- to heptameric linear thioether ligands 24 - 27 were prepared efficiently and 

investigated on their nanoparticle stabilizing properties. Gold nanoparticles were prepared by 

using a two-phase protocol with TOAB as phase transfer agent. Thereby, mainly particles 

smaller than 2-3 nm were obtained. The stabilities of the nanoparticles were strongly 

dependent on the size of the ligand: while the monomer stabilized Au-24 particles coagulated 

fast, the particles stabilized by longer oligomers remained stable. However, upon removal of 

the phase transfer agent, only the heptamer coated Au-27 particles were stable and did not 

coagulate to particles with diameters larger than 2.5 nm. Further investigations showed that 

only two heptameric thioether ligands 27 are required to stabilize the main fraction of 

nanoparticles with diameters around 1.0 nm.  
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3.3 Functionalized Gold Nanoparticles 
 

This chapter deals with the synthesis of monofunctionalized thioether ligands and the 

application of such ligands for the preparation of functionalized gold nanoparticles as 

building blocks for wet chemistry processing. In the first part of this chapter, the development 

of synthetic methodologies for the modular synthesis of functionalized thioether ligands will 

be presented. In a second part, initial studies concerning the usability of thioether stabilized 

nanoparticles as 'artificial molecules' for the formation of nanoparticle superstructures will 

be shown. 

 

Based on the encouraging results obtained with the heptameric ligand 27 concerning gold 

nanoparticle stability and surface coverage, monofunctionalized thioether ligands were 

designed. Basically, the attached functionality should make the resulting nanoparticles 

accessible by wet chemistry and therefore allow the selective attachment of virtually anything 

of interest to the nanoparticle surface. The considerable fraction of the nanoparticle surface 

coated by the oligomeric thioether ligand (vide supra) provides a hybrid system with a low 

integer number of ligands per particle. An additional functional group at the ligand thus 

provides coated nanoparticles comprising a low integer number of peripheral functional 

groups. As long as these particles remain dispersible in appropriate solvents, these additional 

functional groups are addressable by wet chemistry allowing e.g. for the controlled formation 

of nanoparticle superstructures such as dimers or linear chains. (Figure 38, see also section 2).  

 

 
Figure 38. Basic concept of coating gold nanoparticles with oligomeric thioether ligands comprising a peripheral 
functional group to provide building blocks for subsequent wet chemistry processing. Inorganic/organic hybrid 

aggregates are formed by covalent chemistry of the additional functionalities. 

 

Thiolate protected gold nanoparticles have been shown to be stable under a wide range of 

reaction conditions. Rather mild transformations include the copper catalyzed version of the 

azide-alkyne Huisgen cycloaddition,[190,191] today referred to as ‘click’ chemistry,[192,193] 
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which was employed for the functionalization of gold nanoparticles.[194-196] This procedure 

was also employed to attach gold nanoparticles to biomolecules,[83,197] to surfaces[198] or as 

visual sensor for copper(II) ions by nanoparticle aggregation.[199] Other cycloaddition 

reactions like the 1,3-dipolar addition of nitrones to electron deficient double bonds[200,201] or 

Diels-Alder reactions[202-206] were also used to attach further functionalities to gold 

nanoparticles. Olefin metathesis was mostly employed to encage and therefore stabilize gold 

nanoparticles by surface polymerization of multiple olefin groups,[207-210] but recently it was 

also shown that cross metathesis allows for the efficient introduction of functional molecules 

to olefinated nanoparticles and dendrimers.[211] However, in this case, the ‘intramolecular’ 

reaction on the particle surface could not be completely suppressed. Nucleophilic substitution 

reactions[49] and esterifications[98,212] were less commonly used, which may be explained by 

the reduced reactivity owing to the steric hindrance on the crowded nanoparticle surface.[48,49] 

All of the reactions mentioned so far were performed under very mild conditions in the 

absence of strongly basic, acidic or nucleophilic reagents. In this context it is very interesting 

to note that the functionalization of Weinreb amide modified gold nanoparticles with strongly 

nucleophilic Grignard or organolithium reagents was reported recently.[213] The utility of these 

reactions is limited, as the reaction yields and the degree of particle decomposition are 

strongly dependent on the concentration of the organometallic reagent. Optimization on a 

case-to-case basis would probably be required. 

In principle, the methods described above are all interesting candidates for the targeted 

functionalization of thioether stabilized gold nanoparticles or for the formation of ordered 

nanoparticle superstructures, although mild reaction conditions were a prerequisite to reduce 

the risk of loosing the ligand shell during wet chemistry processing. In order to be able to 

explore a wide range of functionalities and also different designs of the thioether ligand parts, 

the synthesis of the monofunctionalized thioether ligands was performed as modular as 

possible. The modular synthetic concept is shown schematically in Scheme 15, whereby the 

functional building block is synthesized separately from the thioether containing ligand 

building block, allowing for easy structural modifications of both building blocks. This allows 

the introduction of the desired functionality in a late step of the synthetic pathway. If 

necessary, modifications of the employed functional moiety could also be achieved on the 

assembled thioether ligand. 
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Scheme 15. General scheme for the modular synthesis of monofunctionalized oligomeric  

dibenzylthioether ligands . 

 
 
 

3.3.1 Monofunctionalized Thioether Ligands 

3.3.1.1 Synthesis of Linear Thioether Building Blocks 
 

In order to ensure full comparability with previous results, the design of the 

monofunctionalized thioether ligands was kept very similar to the linear ligands 24 - 27 for 

initial experiments. The basic ligand structure was maintained, only the t-butyl group of the 

central benzene moiety was exchanged by the functional group. According to the general 

modular strategy, linear oligomeric monothiols were needed as thioether building blocks 

(Scheme 16). 

 

 
Scheme 16. Modular synthetic pathway for functionalized linear thioether ligands. 

 

Initially, it was tried to find a general strategy, which would allow to synthesize also longer 

monothiols starting from the respective dithiols 2, 6, 8 or 10. Attempts to introduce just one 

benzyl group would lead to inseparable mixtures for the longer oligomers, thus a functionality 

that allows for the chromatographic separation of the mixture and that can be removed easily 

from the ligands had to be introduced. For this purpose the p-methoxybenzyl (PMB) 

protecting group was chosen, as the polar methoxy group should allow for the 
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chromatographic separation of the expected mixtures even for larger thioether oligomers. As 

main building blocks, the monochlorides 28 and 29 were selected (Scheme 17). Chloride was 

chosen as leaving group due to the instabilities that were found for the thiomethyl bromide 

building block 11 (vide supra). 

 

 
Scheme 17. Retrosynthetic pathway for the formation of linear monothiol building blocks starting from the 

oligomeric dithiols 2, 6, 8 or 10. PMB = p-methoxybenzyl. 

 

The two monochlorides 28 and 29 were synthesized under similar conditions that were used 

for the trityl building block 4. A mixture of 1,3-bis(chloromethyl)-5-tert-butylbenzene (14), 

potassium carbonate and the respective thiol (benzyl mercaptan or 4-methoxybenzyl 

mercaptan) was therefore heated under reflux for 30 hours. After an aqueous work up and 

purification by column chromatography, the desired monochlorides 28 and 29 were obtained 

as colorless oils in 52% and 42% yield respectively (Scheme 18). 

 

 
Scheme 18. Synthesis of the monochlorides 28 and 29. a) K2CO3, THF, reflux, 52%;  

b) K2CO3, THF, reflux, 42%. 

 

Starting from the dithiols 2, 6 and 8, the differently protected thioether oligomers 30 - 32 were 

obtained by using an equimolar mixture of the benzyl and the PMB capped monochlorides 28 

and 29 (Scheme 19). Like in the elongation step for the unfunctionalized linear ligands, the 

reactions were carried out in THF under the action of sodium hydride as strong base. As 

expected, mixtures composed of the dibenzyl, the benzyl-PMB and the di-PMB compounds 

were obtained. However, in all cases the mixtures were easily separated by column 

chromatography. The benzyl-PMB trimer 30 was thereby obtained as colorless oil in a yield 
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of 53%, while the other mixed oligomers 31 and 32 were received as colorless solids in 39% 

and 37% yield respectively. The di-PMB oligomers 33 - 35 were also isolated and could be 

used for test reactions concerning the selective cleavage of the PMB protecting group. 

 

SBnCl SPMBCl

28 29

H
S SH

n

Bn
S SPMB

n
PMB

S SPMB

n
Bn

S SBn

n

a)

2: n = 1

6: n = 3

8: n = 5

30: n = 3, 53%

31: n = 5, 39%

32: n = 7, 37%

33: n = 3, 18%

34: n = 5, 20%

35: n = 7, 11%

25: n = 3, 28%

26: n = 5, 35%

27: n = 7, 29%  
Scheme 19. Synthesis of the differently PMB-Bn end-capped linear oligomers 30 - 32. a) NaH, THF, RT. 

 

The standard conditions for the removal of the protecting group of PMB and benzyl protected 

thiols differ only slightly.[126] It was therefore carefully tried to find the right conditions for a 

selective cleavage of the PMB group in the presence of benzylic thioethers. The di-PMB 

protected trimer 33 was used for all test reactions. Like the trityl protecting group, PMB is 

sensitive to acid.[126] Hence, the conditions that were employed for the trityl removal were 

tried in this case, too. However, no conversion of the starting material was observed, even 

when pure TFA was used in the presence of triethylsilane as cation scavenger. When excess 

of anisole was used instead of triethylsilane as cation scavenger, the formation of a new spot 

on the TLC plate was observed after 36 hours in addition to the spot of the starting material 

33. However, when the mixture was heated overnight to 50°C to accelerate the conversion, a 

large number of compounds was found on the TLC plate, indicating the decomposition of the 

benzylic thioethers. Similar results were obtained when methanesulfonic acid was added to a 

solution of 33 in a 1:1 mixture of TFA and CH2Cl2 in the presence of anisole at 0°C.  
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The use of mercury(II) was thus considered and indeed, by using a modification of a literature 

known procedure,[214] the PMB protected trimer 33 was deprotected to yield the dithiol 6. This 

method was therefore applied to the differently protected trimer 30. In order to obtain the 

trimeric monothiol 36, mercury(II) trifluoroacetate was added at 0°C to a solution of 30 and 

anisole in a 1:1 mixture of TFA and CH2Cl2. After removal of the mercury(II) by precipitation 

with hydrogen sulfide and filtration through celites, the crude was subjected to column 

chromatography (Scheme 20). NMR analysis of the purified product 36 showed the presence 

of an anisole derivative that was not removed by the purification procedure. After two more 

chromatographic separations the side product was completely removed and the desired trimer 

was obtained in 60% yield. The longer PMB monoprotected oligomers 31 and 32 were 

subjected to similar reaction conditions, but in these cases the resulting product spot was 

overlapping with the spot of the anisole derived side product on the TLC plate, so that the 

purification was expected to be even more time-consuming than in the case of the trimer 36. 

Low yields, comparable to the deprotection of the trimer 30, were likely, which was the 

reason why this synthetic pathway was no longer followed. 

 

 
Scheme 20. Deprotection of the PMB-monoprotected oligomers 30 - 32. a) Hg(CF3COO)2, anisole, TFA, 

CH2Cl2, 0°C, 36: 60%. 

 

A linear, sequential strategy starting from the monobromide 4 in which each monomer is 

attached separately was then used (Scheme 21). This strategy relies on similar elongation and 

deprotection procedures that were already successfully employed for the synthesis of the 

unfunctionalized linear ligands 24 - 27 and was therefore expected to be more reliable and 

general. The reaction of the STrt-Br-monomer 4 with benzyl mercaptan and sodium hydride 

as base gave the STrt-SBn-monomer after an aqueous work up. Without further purification, 

the trityl protecting group of this intermediate was removed under acidic conditions with TFA 

and triethylsilane as cation scavenger to give the monothiol 39. After purification by column 

chromatography, 39 was obtained as colorless liquid in a good yield of 82%.  
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Scheme 21. Synthesis of the monothiol trimer 36. a) 1. BnSH, NaH, THF, RT; 2. Et3SiH, TFA, CH2Cl2, RT, 
82%; b) 1. BnSH, NaH, THF, RT; 2. Et3SiH, TFA, CH2Cl2, RT, 83%; c) 1. BnSH, NaH, THF, RT; 2. Et3SiH, 

TFA, CH2Cl2, RT, 88%. 

 

By applying similar reaction conditions to the SH-SBn-monomer 39 and the benzylic bromide 

4, the trityl protected dimer was formed initially, which was again deprotected without further 

purification steps to provide the dimeric monothiol 40. This compound was isolated by 

column chromatography in a yield of 83% as colorless oil. To elongate the dimer, these 

reaction conditions were applied again to the dimeric monothiol 40 and the bromide 4. After 

deprotection of the trityl protected intermediate, the trimeric monothiol 36 was isolated as 

colorless oil in 88% yield after column chromatography. The increasing yields with increasing 

chain lengths were attributed to the formation of small amounts of disulfides, which were not 

easy to separate from the desired monothiols. In the case of the monomer 39 and the dimer 40, 

some mixed fractions were found after column chromatography, while the trimer 36 was well 

separable from the disulfide by-product. Longer oligomers were not prepared by this method. 

 

3.3.1.2 Acetylene Functionalized Thioether Ligands 
 

As was pointed out before, mild reaction conditions are preferable for the processing of 

functionalized gold nanoparticles by wet synthetic chemistry. Particularly interesting are 

functional groups that enable coupling chemistry with each other or with additional 

compounds. In this context, acetylene functionalized building blocks seemed highly 

promising. Acetylenes are known for numerous chemical transformation reactions under 

rather mild copper catalyzed reaction conditions. These include 'click' chemistry,[192,193] the 

oxidative ethynyl dimerization (Glaser-Hay coupling),[215] the Sonogashira coupling reaction 

between ethynyls and arylhalides[216-218] or the formation of dialkynyl platinum com-

plexes.[219] For all these transformations, mild reaction conditions have already been reported. 

In particular the smooth performance of the reactions at room temperature in solvents like 
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CH2Cl2 or THF in which the unfunctionalized Au-27 particles already displayed good 

stability and dispersibility makes these procedures very interesting.  

For the formation of acetylene functionalized nanoparticles, rigid-rod type oligophenylene-

ethynyl (OPE) structures were chosen. The structural rigidity and the variation in length of 

these OPE spacer units were expected to be ideal features, as they allow for the control of the 

distance between the surface of the nanoparticle and the functional group. In particular, these 

features allow to investigate the validity of the concept of thioether stabilized gold 

nanoparticles as 'artificial molecules' with defined and ordered surface functionalities. By 

interlinking of OPE functionalized nanoparticles to superstructures by wet synthetic 

chemistry, the length of the rigid functional unit should be reflected in the spacing between 

the particles in the formed nanoparticle aggregates. 

 

 

Figure 39. Schematic of the formation of rigid-rod interlinked nanoparticle dumbbell superstructures with OPE 
functionalized gold nanoparticles. The thioether ligands are represented in black, while the functional OPE units 

are drawn as blue bars. 

 

Additional advantages of the OPE units were their delocalization, which enables their 

detection by UV/vis spectroscopy and their straightforward accessibility by acetylene 

scaffolding chemistry.[220,221] Furthermore, the acetylene as functional group can be protected 

during the formation of the gold nanoparticles with trialkylsilyl protecting groups[126] to 

prevent uncontrollable side reactions like the formation of gold alkyne bonds[222] and also to 

compensate the missing steric demands of t-butyl group that was present in the parent ligand 

27 (Figure 40). To activate the acetylenes as functional groups on the surface of the particles, 

the silyl protecting groups can easily be removed under mild conditions by fluoride anions or 

under weakly basic conditions.[126]  
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Figure 40. General structure of OPE functionalized thioether ligands. 

 

 Synthesis via Bromo Functionalized Thioether Ligands 
 

Initially it was tried to form the bromide functionalized thioether ligands, which could then be 

transformed to acetylene functionalized ligands by Sonogashira coupling reactions[223] 

(Scheme 22). 

 

 
Scheme 22. Retrosynthesis of acetylene functionalized linear thioether ligands starting from the bromo 

functionalized ligands. 

 

The central bromide building block 1-bromo-3,5-bis(bromomethyl)benzene[224] (41) was 

synthesized starting from 5-bromo-m-xylene via α-bromination with NBS and methyl formate 

as solvent, closely following a literature procedure.[225] As in the synthesis of the dibromide 3, 

AIBN was used as radical starter and a 500 W halogen lamp was used to induce the radical 

reaction. Bromination reactions with aryl halides were reported to be inefficient,[226] and this 

was also found in this case. Even after a reaction time of 20 hours, full conversion to the 

desired product was not observed by TLC. After an aqueous work up, the crude mixture was 

subjected to column chromatography, whereby the desired product 41 was isolated in 33% 

yield as colorless crystals. The major product of this reaction was the monobrominated 

compound 42, which was obtained in 60% yield (Scheme 23). 
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The bromide building block 41 was then reacted with benzyl mercaptan or the monothiols 39 

or 36 to form the mono-, tri- or heptameric bromide functionalized ligands 43, 44 and 45. The 

reactions were performed under the standard nucleophilic substitution conditions that were 

used for the synthesis of the linear thioether ligands, namely by using sodium hydride as base 

to deprotonate the thiols and THF as solvent. After an aqueous work up and purification by 

column chromatography, the monobromo thioether ligands 43, 44 and 45 were obtained in 

excellent yields of 96%, 97% and 93% respectively (Scheme 23). 

 

 
Scheme 23. Synthesis of the bromo functionalized ligands 43, 44 and 45. a) NBS, AIBN, HCOOMe, hv, reflux, 

41: 33%; 42: 60%; b) NaH, THF, RT, 43: 96%; 44: 97%; 45: 93%. 

 

For the introduction of the acetylene moiety to the thioether ligands, trimethylsilyl (TMS) 

monoprotected ethyne was chosen. The TMS protecting group can be removed under very 

mild basic conditions to form the free alkyne moiety. [126] Only few reports of Sonogashira 

coupling reactions in the presence of benzylic thioethers were found in the literature. In 

contrast to the present case, these reactions were done with aryl iodides[227,228] or pyridine 

derivatives,[229] which are both more reactive in C-C coupling reactions with ethynyls than 

aryl bromides.[223,230] In order to find a general Sonogashira protocol for bromide 

functionalized thioether ligands, test reactions were carried out with the trimer 44. By 

following a procedure that was reported for sulfide containing aryl iodides,[227] no conversion 

of 44 was observed during the reaction of 44 and TMS acetylene. Thus, similar conditions - 

triethylamine (TEA) as solvent with copper(I) iodide and bis(triphenylphosphine)-

palladium(II) chloride (Pd(PPh3)2Cl2) as catalysts - were applied, but this time the mixture 

was heated to 45°C. After 15 h at that temperature, no changes were observed by TLC, but 
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1H NMR of the crude after aqueous work up revealed the formation of the desired product 46 

with no observable signals of the starting material 44 (Scheme 24). The TMS acetylene trimer 

46 was then purified by column chromatography and was obtained in a very good yield of 

92%. By using similar conditions, the TMS acetylene monomer 47 was isolated in 94% yield. 

However, when these reaction conditions were applied to the bromo heptamer 45, this 

protocol turned out to be not generally applicable for the formation of acetylene 

functionalized thioether ligands. The starting material 45 was hardly soluble in TEA and the 

mixture had to be heated to 60°C in order to get the heptamer 45 partially dissolved. 

Furthermore, 1H NMR of the crude product revealed that mostly starting material was present 

with only a small proportion of the desired acetylene heptamer 48 after a reaction time of 

15 h. For another attempt to introduce the protected acetylene, the solvent/base system was 

changed to a 4:1 mixture of THF and diisopropylamine (DIPA), in which the heptamer 45 

was well soluble. Using otherwise similar reagents, the mixture was heated to 45°C overnight. 

As before, only traces of the desired acetylene functionalized heptamer 48 were found in the 

crude NMR after an aqueous work up. Most of the material proved to be unreacted starting 

material. With regard to even larger thioether ligands for future investigations, these 

conditions and this synthetic pathway seemed therefore not to be very promising.  

 

 

 
Scheme 24. Introduction of TMS protected acetylene to the bromide functionalized thioether oligomers 43, 44 

and 45. a) Pd(PPh3)2Cl2, CuI, TEA, 45°C, 47: 94%; 46: 92%; 48: reaction at 60°C, traces. 
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 Synthesis via Acetylene Building Blocks 
 

Consequently, the synthetic strategy was changed such, that the functional acetylene moiety is 

introduced to the central functionalized building block before the assembly of the actual 

ligand (Scheme 25). This cannot be achieved directly from the bromo building block 41, 

because the nucleophilic acetylene intermediates that are formed during the Sonogashira 

coupling reaction can also react with the benzylic bromides.  

Benzylic alcohols can be used as masked leaving groups alternatively, as these functional 

groups can be easily transformed to leaving groups suitable for nucleophilic substitution 

reactions i.e. by the formation of a sulfonate or by halide substitution.[231] However, a 

literature search on phenylene acetylenes with two benzylic hydroxides in the meta positions 

revealed that these compounds were prepared exclusively by reduction of a benzoic acid ester 

derivative after the introduction of the terminal acetylene moiety by Sonogashira coupling 

reactions.[232-234] On the other hand, a more detailed literature search which included single 

benzylic hydroxides meta to the acetylene moiety showed that the alcohols should not 

interfere with the palladium catalyzed coupling of the acetylene.[235-237] Also, the polar 

hydroxides can provide good solubility of the substrate in the polar amine solvents that are 

regularly employed for Sonogashira coupling reactions. A number of synthetic steps can be 

saved as well by introducing the different acetylenes to the dihydroxide 49 rather than to the 

diester 50. If the acetylenes would be introduced to 50, the reduction to the respective 

acetylene functionalized dialcohols would have to be carried out for each OPE unit separately.  

 

 
Scheme 25. Retrosynthesis of acetylene functionalized linear thioether ligands starting from the 

dihydroxybenzyl iodide 49. 
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Due to the better reactivity towards the copper catalyzed introduction of acetylenes, an iodo 

aryl derivative was used instead of the bromide. Thus (5-iodo-1,3-phenylene)dimethanol[238] 

(49) was synthesized as precursor for acetylene building blocks. The commercially available 

dimethyl 5-iodoisophthalate (50) was reduced with diisobutylaluminium hydride (DIBAL-H) 

in THF at -40°C, closely following a known procedure.[239] However, the work up by 

quenching the reaction with water, followed by filtration through a pad of celites proved to be 

troublesome and the diol 49 was obtained as colorless crystals in only 57% yield (literature: 

65%[239]). In a second attempt to synthesize 49 in a larger scale, the work up procedure was 

changed by quenching the reaction with 1M hydrochloric acid to completely dissolve the 

precipitated aluminum salts. The resulting mixture was then extracted with t-butyl methyl 

ether (MTBE) to give the desired aryl iodide 49 in a yield that was significantly increased to 

99% (Scheme 26). 

 

 
Scheme 26. Synthesis of 49. DIBAL-H, hexane, THF, -40°C, 99%. 

 

Unlike the first attempt to synthesize acetylene functionalized oligomeric ligands, the in 

general more stable tri-iso-propylsilyl (TIPS) protecting group was chosen for this synthetic 

pathway instead of the TMS group in order to prevent unwanted cleavage during the 

nucleophilic introduction of the thioether ligand building blocks. In addition, the TIPS 

protecting group is sterically more demanding than the TMS group and can thus provide more 

stable and better dispersible acetylene functionalized gold nanoparticles. The TIPS protecting 

group can also be removed under mild conditions by using fluoride anions.[126] While TIPS-

acetylene is commercially available, the mono TIPS protected OPE rod-type structures 51[240] 

and 52[240] had to be synthesized (Scheme 27).  
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Scheme 27. Synthesis of 51 and 52. a) TIPS-acetylene, Pd(PPh3)2Cl2, CuI, TEA, 45°C, then propargyl alcohol, 
reflux, 75%; b) MnO2, KOH, Et2O, 83%; c) TIPS-acetylene, Pd(PPh3)2Cl2, CuI, TEA, 45°C, then 2-methyl-3-
butyn-2-ol, reflux, 91%; d) NaOH, toluene, reflux, 93%; e) 2-methyl-3-butyn-2-ol, Pd(PPh3)2Cl2, CuI, TEA, 

45°C, 48%; f) 51, Pd(PPh3)2Cl2, CuI, TEA, 45°C, 99%, g) NaOH, toluene, reflux, 99%. 

 

The original procedure for the synthesis of 51 and 52 that was published by Dixneuf et al. is 

based solely on TIPS and TMS protecting groups.[240] However, the polarities of both groups 

are very comparable, which makes the chromatographic isolation of the desired differently 

protected intermediates from the respective di-TIPS and di-TMS protected side products 

rather difficult. Thus, a strategy that makes use of polar hydroxide containing acetylene 

precursors was chosen. Initially, 51 was synthesized via the propargyl alcohol derivative 

53.[241] Starting from 1-bromo-4-iodobenzene, the two different acetylenes were introduced 

under Sonogashira conditions. To a solution of 1-bromo-4-iodobenzene and equimolar 

amounts of TIPS acetylene in degassed TEA were added the catalysts Pd(PPh3)2Cl2 and 

copper(I) iodide at room temperature. After two hours, excess of propargyl alcohol was added 

and the mixture was heated to reflux for another two hours. The desired differently protected 

diacetylene 53 was thereby obtained in 75% yield after purification by column 

chromatography. Selective removal of the propargyl group was achieved oxidatively under 

the action of manganese dioxide with potassium hydroxide in diethyl ether (Et2O). After 
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column chromatography, the monoprotected diacetylene 51 was isolated in 83% yield. For 

preparations in larger scale, the strategy was changed slightly in order to avoid the extensive 

use of manganese dioxide. 2-Methyl-3-butyn-2-ol was used as second acetylene precursor to 

form the differently protected intermediate 54[242] in a good yield of 91% using otherwise 

identical reagents and conditions as for the synthesis of 53. The propan-2-ol protecting group 

was removed smoothly by ground sodium hydroxide in refluxing toluene, to give 51 in 93% 

yield after column chromatography without the necessity of an aqueous work up procedure. 

As second building block for the synthesis of the longer OPE rod 52, 4-(4-iodophenyl)-2-

methylbut-3-yn-2-ol[243] (55) was synthesized starting from 1,4-diiodobenzene, closely 

following a literature procedure.[244] Unlike 1-bromo-4-iodobenzene, the diiodobenzene does 

not allow for selective monoacetylation. On the other hand, due to the polar protecting group, 

the chromatographic separation of the expected mixture was straightforward and the highly 

reactive iodo aryl 55 can be used conveniently for the next coupling step. After column 

chromatography, the iodo acetylene 55 was isolated in 48%. 55 was then reacted with the 

monoprotected diacetylene 51 under acetylene aryl halide coupling conditions in degassed 

TEA at 45°C in the presence of copper(I) iodide and Pd(PPh3)2Cl2 . These conditions were 

found to be highly general and were used in all following Sonogashira coupling reactions 

described within this work unless otherwise noted. The differently protected OPE rod 56 was 

thereby obtained very efficiently in 99% isolated yield after column chromatography. 

Removal of the propan-2-ol protecting group was achieved under similar conditions that were 

used for the shorter OPE unit 54. This way, the mono TIPS protected OPE rod 52 was 

synthesized in 99% yield. 

With the acetylenes 51 and 52 in hand, the three central dihydroxybenzyl subunits 57 - 59 

were synthesized following the general Sonogashira coupling protocol (Scheme 28). Excellent 

yields were obtained in all three cases. The shortest member of the series 57 was obtained 

quantitatively, while the two OPE structures 58 and 59 were both isolated in 98% yield after 

column chromatography. The presence of benzylic hydroxides proved therefore to be entirely 

unproblematic for the introduction of acetylenes to aryl halides by Sonogashira reactions. 
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Scheme 28. Synthesis of the acetylene building blocks 57 - 59. a) Pd(PPh3)2Cl2, CuI, TEA, 45°C, 57: quant.;  

58: 98%; 59: 98%. 

 

 

The conversion of the benzylic hydroxides into leaving groups suitable for nucleophilic 

substitution reactions was then necessary in order to get acetylene functionalized thioether 

ligands. Sulfonate leaving groups can be introduced under mild basic conditions, under which 

the TIPS protecting groups should be stable. To test suitable reaction conditions, mesyl 

groups were introduced to the shortest acetylene building block 57. Hence, the diol 57 was 

reacted with three equivalents methanesulfonyl chloride in dry CH2Cl2 at 0°C with TEA as 

base (Scheme 29). After the complete consumption of the starting material 57, the reaction 

mixture was extracted with water. After evaporation of the organic phase, the dimesyl 

compound 60 was obtained quantitatively in good purity without further purification steps. 

This material was then directly used in the next step and reacted with benzyl mercaptan in 

THF with sodium hydride as base. The TIPS acetylene monomer 61 was isolated after column 

chromatography in 86% yield. However, when this sequence was repeated with the SH-SBn-

trimer 36 instead of benzyl mercaptan, no conversion of the starting materials 60 and 36 was 

observed by TLC after one hour under similar conditions. Only after heating to reflux 

temperature for 2 hours, the desired acetylene functionalized heptamer 62 was formed and 

could be isolated in 77% yield after purification by column chromatography.  
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Scheme 29. Synthesis of the acetylene functionalized oligomers 61 and 62 via mesyl leaving groups.  

a) MsCl, TEA, CH2Cl2, RT, quant.; b) NaH, THF, RT, 61: 86%; 62: after reflux, 77%. 

 

Compared to the results obtained before with benzylic bromides (vide supra), mesyl leaving 

groups seem to work less efficiently as leaving groups towards thiolate nucleophiles. Suitable 

conditions for the direct substitution of the benzylic hydroxides with bromides were thus 

investigated, under which the TIPS protecting group is neither cleaved nor takes part in other 

reactive pathways. It is possible to exchange benzylic hydroxides with bromides under strong 

acidic conditions with hydrobromic acid. However, the acid labile TIPS protecting group does 

not allow for such conditions in the cases of 57 - 59. A neutral method for the direct 

substitution of hydroxides with bromides is the so called Appel reaction with carbon 

tetrabromide and triphenylphosphine. With these reagents, triphenylphosphine oxide serves as 

good leaving group which gets substituted by nucleophilic bromide anions that are generated 

during the reaction. Treatment of the dihydroxybenzyl derivative 57 with excess of carbon 

tetrabromide and triphenylphosphine in dry THF provided the corresponding benzyl bromide 

63 in 97% yield after column chromatography (Scheme 30). With the better bromide leaving 

groups, the heptamer 62 was synthesized very efficiently from the reaction of 63 with the 

thiol trimer 36 with sodium hydride in THF at room temperature in quantitative yield after 

aqueous work up and column chromatography. Similarly, the longer OPE building blocks 58 

and 59 were converted to the bromides 64 and 65. The apolar bromides 64 and 65 were only 

filtered through a pad of silica with hexane and then directly reacted with slightly more than 

two equivalents of the trimeric monothiol 36 in THF in the presence of sodium hydride. Work 

up and subsequent column chromatography provided the TIPS-acetylene functionalized 

ligands 66 and 67 as colorless, very viscous oils in good yields of 87% and 71% for the two 

steps respectively.  
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Scheme 30. Synthesis of the OPE functionalized heptameric ligands 62, 66 and 67. a) PPh3, CBr4, THF, RT; b) 

NaH, THF, RT, 62: 97%; 66: 87%; 67: 71% for the two steps respectively. 

 

In order to verify the necessity of the TIPS protecting groups for the synthesis of acetylene 

functionalized gold nanoparticles, the ligands 68 and 69, carrying free acetylenes, were also 

synthesized (Scheme 31). Thus, 62 and 66 were treated with tetra-n-butylammonium fluoride 

(TBAF) in wet THF. After approximately one hour, TLC revealed the complete consumption 

of the starting materials and the formation of one new spot in both cases. Aqueous work up 

followed by column chromatography gave the free acetylenes 68 and 69 in nearly quantitative 

yields. 

 

 
Scheme 31. Deprotection of the OPE heptamers 62 and 66. a) TBAF, THF, RT, 68: 98%; 69: quant. 
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3.3.1.3 Aryl Azide Functionalized Thioether Ligands 
 

The mild reaction conditions and the versatility of azide-alkyne ‘click’ chemistry (vide supra) 

made such procedures highly interesting for the subsequent functionalization of thioether 

coated nanoparticles. Azide functionalized nanoparticles could for instance be employed as 

complementary building blocks to acetylene functionalized nanoparticles. In view of such 

defined nanoparticle building blocks, the preparation of azide modules for the synthesis of 

monofunctionalized thioether ligands was explored.  

The standard ‘click’ chemistry procedures were reported to be very general and do allow for 

the cycloaddition of alkyl acetylenes and azides as well as phenyl derivatives thereof.[245] To 

keep the synthesis of the functionalized thioether ligands for the stabilization of gold 

nanoparticles as modular as possible, it was decided to attach the azide functionality directly 

to the central phenyl ring of the ligand. Although such azides were mostly made starting from 

aniline derivatives via diazonium salts and subsequent treatment with sodium azide,[246] some 

procedures were described starting from aryl halides. However, nucleophilic aromatic 

substitution reactions of aryl chlorides with sodium azide[247] require electron withdrawing 

substituents on the aromatic core. Also not desired were strongly basic conditions that are 

required to form Grignard[248] or organolithium[249,250] intermediates, that can be quenched 

with tosyl azide to form the desired arylazides. Quite recently, two new modifications of the 

copper(I) catalyzed Ullmann-type preparation[251] of aryl azides from aryl halides were 

reported.[252-254] These procedures make use of amine or amino acid additives, which allow for 

significantly milder and therefore much more general applicable reaction conditions 

compared to the original procedure. Due to the high reported yields, the functional group 

tolerance and the simple and fast reaction conditions, the synthetic procedure reported by 

Liang and coworkers[254] seemed particularly interesting. In order to test this method for 

thioether ligands, the bromo monomer 43 was reacted with excess of sodium azide in the 

presence of 10 mol% copper(I) iodide, 5 mol% sodium ascorbate and 15 mol% of the ligand 

N,N’-dimethylethylenediamine (Scheme 32). In the original procedure, the reactions were 

carried out in a 7:3 mixture of ethanol and water and this solvent mixture was also used 

initially. The thioether monomer was however not soluble in this mixture, not even at elevated 

temperatures. 50% v/v THF was therefore added to the reaction mixture and the resulting 

slurry was heated to reflux for one hour. After this reaction time, TLC showed the complete 

consumption of the starting material 43 and the formation of one new spot. After purification 
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by column chromatography, the desired azide monomer 70 was obtained in a good yield of 

86% as slightly yellow oil.  

 

 
Scheme 32. Synthesis of the azide monomer 70. a) NaN3, CuI, sodium ascorbate,  

N,N'-dimethylethylenediamine, EtOH/H2O/THF, 86%. 

 

This result confirms the general applicability of this procedure, but solubility problems were 

still supposed to be an issue especially for the larger bromo functionalized thioether 

oligomers. Hence, other high boiling solvents such as toluene, DMF or dimethylsulfoxide 

(DMSO) were tried under otherwise similar reaction conditions. Unfortunately, none of these 

solvents proved to be useful for this Ullmann-type reaction, and only starting material 43 with 

traces of the azide monomer 70 could be found by TLC even after several days at 

temperatures up to 135°C. This outcome can probably mainly be attributed to the low 

solubility of sodium azide in these organic solvents. 

Parallel to the change of the synthetic strategy for the synthesis of the acetylene 

functionalized thioether ligands (vide supra), it was rationalized that the iodo precursor 49 

could also be used for the synthesis of azide functionalized ligands. Thus, (5-iodo-1,3-

phenylene)dimethanol (49) was reacted with sodium azide in a 7:3 ethanol/water mixture 

under the conditions reported by Liang and coworkers[254] (Scheme 33). In this case, the 

addition of THF was not necessary due to the hydroxide groups that provided good solubility 

in this polar solvent mixture. The desired aryl azide (5-azido-1,3-phenylene)dimethanol[255] 71 

was isolated by column chromatography without the necessity of an aqueous work up in an 

excellent yield of 96%. It was then tried to introduce bromide leaving groups under similar 

Appel conditions in THF that were used for the synthesis of the acetylene building blocks 63 - 

65. Unfortunately, the reaction proceeded mainly to the monobrominated compound and the 

desired dibromide 72 was only isolated in 7% yield. In another attempt, the solvent was 

changed to DMF, a better solvent for nucleophilic substitution reactions than THF. Thereby, 

the reaction performed smoothly and the azide dibromide 72 was obtained in a yield of 81% 

as off white solid. This compound proved to be very unstable. Even when kept at 4°C in a 
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dark fridge, the compound turned black within hours and TLC analysis revealed the 

decomposition of the initial dibromide 72. 

 

OHHO

I

OHHO

N3

BrBr

N3

49 71 72

b)a)

 
Scheme 33. Synthesis of the azide building block 72. a) NaN3, CuI, sodium ascorbate, N,N'-dimethylethylene-

diamine, EtOH/H2O, 96%; b) PPh3, CBr4, THF, RT, 81%. 

 

Transformation of the hydroxides to mesyl leaving groups, directly followed by the attack of 

the thiol nucleophile was then envisaged. Thus, the diol 71 was reacted with mesyl chloride in 

CH2Cl2 with TEA as base to quantitatively yield the dimesyl compound 73 after aqueous 

work up. The azide monomer 70 was then obtained in a good yield of 91% by applying the 

standard nucleophilic substitution conditions - sodium hydride in THF - to a mixture of 73 

and benzyl mercaptan (Scheme 34). 
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Scheme 34. Synthesis of the azide functionalized oligomers 70 and 74. a) MsCl, TEA, CH2Cl2, RT, quant.; 

 b) NaH, THF, RT, 70: 91%; 74: 45%. 

 

Due to the disencouraging results obtained in the attempt to synthesize the heptamer 62 from 

the dimesyl acetylene 60 (vide supra), other substitution conditions with the more polar 

solvent DMF were tried for the introduction of the trimer thiol 36 to the azide building block 

73. The freshly prepared dimesyl azide 73 was therefore dissolved in dry DMF and the 

trimeric thiol 36 and the weak base potassium carbonate were added (Scheme 34). TLC 

revealed the complete consumption of the starting materials after 1.5 hours. After an aqueous 

work up to remove most of the DMF, the desired azide heptamer 74 was isolated as colorless 
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solid by column chromatography. The obtained yield of 45% was however quite low. This 

low yield came rather unexpected because full conversion was observed by TLC. It is 

therefore possible that decomposition took place on the silica gel column although this was 

not investigated to further extent. 

 

3.3.2 Towards Functionalized Building Blocks for El ectronic 
Applications 

 

In view of gold nanoparticles or gold nanoparticle superstructures for electronic applications, 

such as single molecule investigations with nanoparticle dumbbell structures (Figure 41, see 

also section 2), further functionalization was required on the stabilizing thioether ligands to 

allow the electronic coupling between gold nanoparticles and the functional molecule.  

 

 
Figure 41. Schematic of a possible single molecule experiment employing pyridine functionalized thioether 

ligands. 

 

In order to be able to integrate different molecular structures for electronic investigations 

between gold nanoparticles, the design of the functionalized building blocks should be - as 

before - as modular as possible. Similar to the ‘simple’ functionalized ligands based on 

functionalized benzene rings, aryl halides were therefore integrated to the molecular 

structures, as these allow for the introduction of functionality by Sonogashira coupling. In 

particular, this reaction gives conjugated OPE structures that show a relatively high 

conductance and were regularly used for single molecule electronic measurements. Of course, 

aryl halides do also allow for other reactions such as other Pd catalyzed C-C coupling 
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reactions like e.g. for the formation of biaryl structures. A plethora of functional molecules 

can thus be introduced to the thioether ligands and then be investigated on a single molecule 

level. 

 

3.3.2.1 Pyridine Building Blocks 
 

As was sketched in the section 2, pyridines are interesting candidates for functional building 

blocks as this moiety can provide the electronic coupling to the electrode material. On the 

other hand, pyridines do only bind weakly to gold, which makes single molecule 

investigations difficult. Initially, 4-bromo-2,6-bis(bromomethyl)pyridine[256] (75) (Scheme 35) 

was chosen as main building block to synthesize bromo functionalized linear thioether 

ligands. These ligands should then be further functionalized by Sonogashira coupling or other 

protocols. 

The bromo pyridine 75 can be synthesized in three steps starting from the commercially 

available chelidamic acid (76).[256,257] However, this precursor is relatively expensive and also 

sold in small quantities only. Starting from the very inexpensive compounds diethyl oxalate 

and acetone, chelidamic acid (76) can be prepared in large quantities in just three steps.[258,259] 

The original procedure for the synthesis of diethyl 2,4,6-trioxoheptanedioate (77) is rather 

complicated and requires multiple flasks that have to be maintained at high temperatures. 

Also, the transfer of boiling sodium ethanolate solutions is required, when this procedure is 

followed.[258,260] It was therefore tried if the synthesis of 77 could not be simplified 

considerably by adding the complete amounts of diethyl oxalate and acetone directly to a 

freshly prepared solution of sodium ethanolate. After evaporation of excess ethanol and 

addition concentrated hydrochloric acid and crushed ice, the resulting yellow precipitate was 

filtered and dried under vacuum. 1H NMR showed that this solid was indeed the desired 

product 77, which was obtained in a yield of 56% (Lit.: 96%[260]). The relatively low yield is 

thereby compensated by the simplified and very fast procedure. The synthesis was done on a 

multigram scale and was thus not optimized further. 
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Scheme 35. Synthesis of the pyridine building block 75. a) NaOEt, acetone, EtOH, reflux, then HCl conc. 56%; 

b) HCl conc., reflux, 46%; c) NH4OH aq., reflux, 87%; d) PBr5, 90°C, then EtOH, 79%;  
e) NaBH4, EtOH, reflux, 93%; f) 48% HBr aq., H2SO4 conc., reflux, 96%. 

 

For the formation of chelidonic acid (78), the linear precursor 77 was suspended in 

concentrated hydrochloric acid and heated to reflux temperature overnight. After cooling to 

room temperature, the desired product 78 was directly isolated by filtration as off white 

powder in 46% yield. This compound was readily converted to chelidamic acid (76) by 

heating in an aqueous ammonia solution. Chelidamic acid (76) was precipitated with 

hydrochloric acid and isolated by filtration. After washing with water, the product was 

obtained in 87% yield in sufficient purity. 

The introduction of the arylic bromide moiety was achieved by heating chelidamic acid (76) 

with freshly prepared phosphorus pentabromide without solvent, closely following a literature 

procedure.[257] The intermediate acid bromide was then quenched with dry ethanol to obtain 

the diester 79 in a good yield of 79% as colorless crystals after recrystallization from ethanol. 

The reduction of the diester 79 to the diol 80 was efficiently achieved by the action of sodium 

borohydride in refluxing ethanol, similar to a literature procedure.[256] After the evaporation of 

the solvent, the crude remains were extracted thoroughly with acetone. The extract was then 

evaporated to yield the desired product as colorless powder in 55% yield. As TLC showed the 

presence of the diol 80 in the already extracted solid, an additional aqueous work up of the 

remaining solid was therefore performed with ethyl acetate. After evaporation of the organic 

solvent, more of the pyridine diol 80 was isolated, raising the overall yield for this reaction to 

excellent 93% (Lit. 53%[256]). 
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The substitution of the hydroxide moieties of 80 with bromide leaving groups was reported 

either with phosphorous tribromide[256] or a 33% hydrogen bromide solution in acetic acid,[261] 

both procedures providing the bromo pyridine 75 only in comparatively low yields. Herein, 

the bromo pyridine building block 75 was synthesized by heating a solution of the diol 80 in 

48% hydrobromic acid with additional concentrated sulfuric acid. After five hours, the 

mixture was basified with hydrogen carbonate and then extracted with CH2Cl2, to give the 

pyridine 75 as colorless solid in a very good yield of 96% in high purity. 

In order to achieve functionalized thioether ligands for electronic applications, the pyridine 

building block 75 was reacted with the linear thioether building blocks 36 and 39 in DMF 

with potassium carbonate as base (Scheme 36). The tri- and heptameric ligands 81 and 82 

were thereby obtained as colorless oils in 88% and 85% yield after purification by column 

chromatography. However, due to the unsatisfying bad results obtained in Sonogashira 

coupling reactions with the bromide functionalized thioether ligands 43 - 45 (vide supra), it 

was not tried to introduce the OPE building blocks to these ligands. 

 

 
Scheme 36. Synthesis of the pyridine thioether oligomers 81 and 82. a) K2CO3, DMF, RT, 81: 88%; 82: 85%. 

 

Similar to the OPE building blocks 57 - 59 (vide supra), acetylene functionalized pyridine 

building blocks were then synthesized starting from the diol 80. Under standard Sonogashira 

coupling conditions in TEA at 80°C, 80 was reacted either with TIPS acetylene or the OPE 

rod 51, to yield the TIPS protected acetylenes 83 and 84 in 81% as colorless solids in both 

cases (Scheme 37). Purification was achieved by column chromatography. The hydroxide 

moieties were then substituted with bromides under Appel conditions. To solutions of the 

diols 83 and 84 in THF were thus added triphenylphosphine and carbon tetrabromide and the 

resulting mixtures were stirred for two hours at room temperature. After an aqueous work up 

and purification by column chromatography, the dibromides 85 and 86 were obtained in 69% 

and 63% as slightly yellow oils respectively. These reactions were just done once and the 

reasons for the low yields were not investigated. In a small scale test reaction, the shorter 
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pyridine-acetylene building block 85 was reacted with benzyl mercaptan in DMF with 

potassium carbonate as base. Thereby, the functionalized monomer 87 was obtained 

efficiently in a yield of 83% after column chromatography. The longer pyridine OPE building 

block 86 was then used for dendritic thioether ligand structures (see section 3.4.3.2). 

 

 

 
Scheme 37. Synthesis of the acetylene functionalized pyridine building blocks 85, 86 and 87. a) CuI, 

Pd(PPh3)2Cl2, TEA, 80°C, 81%; b) PPh3, CBr4, THF, RT, 85: 69%, 86: 63%; c) BnSH, K2CO3, DMF, RT, 83%. 
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3.3.2.2 Monothiol Building Blocks 
 

Thiophenol building blocks for monofunctionalized thioether ligands are not only interesting 

for electronic investigations. Such building blocks could also allow for ligand exchange with 

weakly stabilized nanoparticles, something that was not achieved with ligands based solely on 

thioethers (vide supra). Due to the strong interaction between thiols and gold surfaces, one 

single thiol moiety in a large multidentate thioether ligand could act as ‘spearhead’ that binds 

the thioether ligand to a nanoparticle surface and could therefore allow for an ‘intramolecular’ 

ligand exchange due to the large entropic gain by releasing multiple ligands (Figure 42).  

 

 
Figure 42. Schematic of the exchange of multiple thiol ligands by a large monothiol thioether ligand to form 

monofunctionalized thioether coated gold nanoparticles. FG: functional group. 

 

Compared to pyridine based functionalized building blocks, the benzene core of thiophenol 

based building blocks can be expected to be much further away from the nanoparticle surface 

due to the additional length of the C-S bond. In order to prevent tilting of the functional 

building block by interaction of the neighboring thioether moieties with gold, short benzylic 

thioethers could not be used for the attachment of the ligand subunits in such cases. A more 

flexible system was therefore developed based on butyl chains that are attached meta to the 

thiophenol (Scheme 38). The introduction of the thioether ligand parts should be possible 

from the double bonds either by direct reaction with the thiols via a thiol-ene coupling[262,263] 

or by hydroboration, conversion of the hydroxides to leaving groups and subsequent 

nucleophilic substitution.  
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Scheme 38. Retrosynthetic analysis for monothiol thioether ligands.  

 

It was envisaged to introduce the thiophenol precursor selectively to the sterically less 

crowded and electronically favored position meta to the alkyl chain by bromine lithium 

exchange and subsequent reaction with elemental sulfur.[264] Other possibilities include the 

direct nucleophilic aromatic substitution or a palladium catalyzed version thereof.[265] The 

butene derivative 88 should be easily accessible from the known compound 2,5-dibromo-1,3-

bis(bromomethyl)benzene[266] (89) by reaction with an commercially available allyl Grignard 

reagent.[267] 

The tetrabromide 89 can be synthesized via a radicalic side chain bromination starting from 

the commercially available 2,5-dibromo-m-xylene (90). Due to reports on very low yields in 

such reactions with aryl bromides in non-chlorinated solvents,[226] the reaction was performed 

in carbon tetrachloride with NBS and AIBN as radical starter, closely following a literature 

procedure (Scheme 39).[266] In addition to heating under reflux, the mixture was also 

illuminated by a 500 W halogen lamp. Also, the reaction time was increased to 24 hours 

instead of the reported two hours, as TLC revealed the incomplete formation of the desired 

product after the short reaction time. After basic aqueous work up with sodium hydrogen 

carbonate solution and two recrystallization procedures from CH2Cl2/hexane, the tetrabromide 

89 was isolated as colorless crystals in a good yield of 72% (Lit.: 55%[266]). With this material 

in hand, it was attempted to perform the bromination reaction in the less toxic and more 
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environmentally friendly solvent methyl formate. However, even with large excess of NBS 

and long reaction times, the bromination was not brought to completion and a mixture of 

starting material 90, the monobrominated derivative and minor amounts of the dibrominated 

product was found. 

The introduction of the alkene chains to the tetrabromo precursor 89 was achieved by 

nucleophilic substitution of the benzylic bromides with the commercially available allyl 

magnesium bromide, following a published procedure for a related compound.[268] Thus, a 

solution of the Grignard reagent in diethyl ether was slowly added to a solution of 89 in THF 

at 0°C. After 3 hours, the reaction was quenched with water, extracted with MTBE and then 

purified by column chromatography to yield the dialkene 88 in 56%.  

 

 

 
Scheme 39. Towards monothiol building blocks. a) NBS, AIBN, CCl4, hv, reflux, 72%; b) allyl magnesium 

bromide, Et2O, THF, RT, 56%, c) NaSt-Bu, Pd(PPh3)4, n-BuOH, reflux, 46% with impurities;  
d) BH3·THF, THF, RT, then H2O2 aq., NaOH aq., RT, 61%. 

 

Starting from 88, different attempts including bromine lithium exchange and subsequent 

quenching with sulfur or palladium catalyzed reactions with different thiophenol precursors 

were made to selectively introduce a thiol moiety meta to the alkyl chains using different 

conditions and precursors.[269-271] The most promising results were obtained with a palladium 

catalyzed reaction of 88 with sodium t-butyl thiolate, which gave the desired product 91 

regioselectively, albeit in low yield due to the formation of side products from the reaction of 
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the thiolate with the double bonds.[271] It was also tried to add sulfides to the termini of the 

alkene chains, although with limited success due to low yields and complicated 

procedures.[269-271] Based on these results, it was decided to introduce hydroxy groups to the 

alkene chains prior to the reaction with sodium t-butyl thiolate (Scheme 39). The alcohols 

should neither influence the introduction of the thiol nor the introduction of further 

functionality by palladium catalyzed cross coupling reactions. Furthermore, transformation of 

the hydroxide moieties to leaving groups suitable for nucleophilic substitution reactions 

should be easily achievable. The diol 92 was synthesized via a hydroboration/oxidation/ 

hydrolysis sequence, which selectively provides the anti-Markovnikov hydrated products. To 

a solution of the diene 88 in THF was slowly added a borane/THF complex, which directly 

led to the formation of a precipitate, probably due to the formation of polymers. The initial 

reaction products were oxidized with a mixture of sodium hydroxide and hydrogen peroxide, 

which provided the desired dihydroxy product 92. After purification by column chromato-

graphy, the diol 92 was isolated in 61% yield as colorless oil. The low yield of the reaction 

probably arises from the precipitation of polymeric intermediates, which prevented the 

intermixture of the reagents. By using for instance 9-borabicyclo[3,3,1]nonane, which can 

only add to one double bond and can therefore not form polymeric boranes with the diene 88, 

higher yields of 92 can be expected in future attempts.  

 

The diol 92 was then reacted with equimolar amounts of sodium t-butylthiolate in refluxing 

n-butanol in the presence of catalytic amounts of tetrakis(triphenylphosphine)palladium(0) 

(Scheme 40). After an aqueous work up procedure with MTBE, the major product was 

isolated by column chromatography in 66% yield. 1H NMR revealed that just one of the 

possible regioisomers was obtained. However, 1D NMR methods did not allow to distinguish 

clearly between the two isomers. A NOESY experiment was therefore performed, which 

undoubtedly showed the proximity of the aryl protons and the protons of the t-butyl protecting 

group. Moreover, no cross-peak was found between the signals of t-butyl protons and the 

signal of the protons attached to the alkyl side chains. The main product of the reaction is thus 

the desired thiophenol derivative 93. 
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Scheme 40. Towards monothiol functionalized building blocks. a) NaSt-Bu, Pd(PPh3)4, n-BuOH, reflux, 66%;  
b) n-BuLi, hexane, THF, -78°C, then I2, -78°C � RT; c) 52, CuI, Pd(PPh3)2Cl2, TEA, 50°C, 20% for two steps. 

 

To test the applicability of the thiophenol building block for the synthesis of functionalized 

thioether ligands, several procedures had to be validated: the introduction of the ligand 

building blocks, the introduction of the desired functionality and the deprotection of the 

thiophenol moiety. All of these procedures were done on a very small scale and were shown 

to be feasible. However, these test reactions were partially performed with mixtures and were 

therefore not cleanly characterized. Nevertheless, the desired transformation was in all cases 

clearly observable by NMR. The main results are described in the following section.  

The bromide 93 is a rather bad substrate for Sonogashira coupling reactions with acetylenes 

due to the sterically demanding alkyl chains in ortho position to the bromide. By applying the 

standard Sonogashira coupling conditions (vide supra) to a mixture of 93 and the OPE 52 in 

refluxing TEA, only the starting materials were recovered (Scheme 40). Only very few 

methods were reported so far for the efficient introduction of acetylenes to comparable 

crowded bromide substrates.[272-275] In order to avoid the highly specialized and harsh reaction 

conditions required, the synthesis of the more reactive iodide 94 was envisaged. In a small 
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scale test reaction, the bromide 93 was reacted in THF with 3.5 equivalents of n-butyl lithium 

at -78°C in order to deprotonate the hydroxide groups and to form the aryl lithium 

intermediate, which was subsequently iodinated by adding excess iodine to the mixture. After 

an aqueous work up, 1H NMR of the crude product revealed a mixture of compounds. The 

signals found were assigned to the iodinated product 94, the starting material 93 and the 

debrominated compound 95 in a ratio of ca. 2:1:1 respectively. By TLC, just one spot was 

found, indicating that separation of the three compounds by silica gel column chromatography 

would be challenging. To test whether the iodo derivative 94 can indeed be used efficiently 

for the introduction of acetylenes, the crude mixture was subjected to the standard 

Sonogashira coupling conditions (vide supra) with the OPE 52 in triethylamine with copper(I) 

iodide and Pd(PPh3)2Cl2 at 50°C. The reaction was stopped after one hour, as the formation of 

a new spot was observed on the TLC plate. The desired building block 96 was isolated by 

column chromatography in 20% yield for the two steps. A ca. 1:1 mixture of the bromide 93 

and the iodide 94 (44% yield for the two steps) was also isolated, indicating that the reaction 

was not brought to completion after the short reaction time.  

The 1:1 mixture of 93 and 94 was subjected to Appel conditions to introduce bromide leaving 

groups. Under the action of triphenylphosphine and carbon tetrabromide, the mixture of the 

bromides 97 was obtained efficiently in 95% yield (Scheme 41). 97 was then reacted with the 

starting generation dendritic thioether building block 98 (see also section 3.4.3.1) in THF with 

sodium hydride as base. At room temperature, no conversion was observed by TLC within 

three hours. The mixture was therefore heated to reflux. After another two hours at the 

elevated temperature, the reaction was quenched with water and extracted with MTBE. The 

crude was purified by column chromatography to give the t-butyl protected thioether ligand 

99 quantitatively.  

The t-butyl protecting group can be removed by lewis acids such as boron tribromide. These 

conditions could also lead to disassembly of benzylic thioethers. In a final test reaction it was 

therefore tried if the t-butyl protected thiol of 99 can be selectively transprotected in situ with 

an acetyl protecting group. Acetyl protected thiols can be deprotected under very mild 

conditions without the necessity of complicated work up procedures. The t-butyl protected 

ligand 99 was thus added to a mixture of toluene and acetyl chloride, to which was slowly 

added the lewis acid boron tribromide. After one hour reaction time, a new compound was 

observed by TLC. The reaction was then quenched with water and extracted with CH2Cl2. 

The organic extracts were subjected to column chromatography, whereby the acetyl protected 

thiol 100 was isolated in 60% yield. As the reaction was not brought to completion, the 
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starting material 99 was also present and was isolated in 40%. It is therefore very likely that 

longer reaction times would lead to a quantitative conversion of 99 to the acetyl protected 

compound 100. 
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Scheme 41. Towards monothiol functionalized building blocks. a) PPh3, CBr4, THF, RT, 95%, b) 98, NaH, 

THF, reflux, quant.; c) BBr3, AcCl, toluene, RT, 60% (incomplete reaction, 99 was isolated in 40%). 

 

Even when only performed with compound mixtures, this short test sequence shows that the 

thiol building block 93 can be indeed used very efficiently as building block for the formation 

of monothiol thioether ligands. Except for bromine/iodine exchange reaction, the procedures 

provide the desired products in high yields and do not require further improvement. Due to 

time constraints, monothiol functionalized thioether ligands were not synthesized in larger 

scale. 
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3.3.3 Preparation of Acetylene Functionalized Gold Nanoparticles 
 

To investigate and validate the concept of thioether stabilized gold nanoparticles as 'artificial 

molecules' carrying surface functionalities at defined positions and as building blocks for wet 

chemistry processing, gold nanoparticles were formed in the presence of acetylene 

functionalized heptameric thioether ligands. The particles were prepared with the TIPS 

protected OPE ligands 62, 66 and 67 as well as the free acetylene heptamer 69 (Figure 43). As 

was pointed out before (vide supra), the interparticle distances of nanoparticles interlinked by 

the OPE structures should reflect the lengths of the rigid rod type acetylene linkers. Also, due 

to the very similar heptameric ligand structures, the results concerning nanoparticle 

stabilization with these acetylene functionalized ligands can be directly compared to the 

unfunctionalized heptamer ligand 27 to investigate the influence of the functional OPE rods of 

62, 66, 67 and 69. 

 

 
Figure 43. Acetylene functionalized thioether ligands 62, 66, 67 and 69 for the stabilization of gold 

nanoparticles. 

 

The gold nanoparticle syntheses were performed according to the same two-phase protocol 

that was used for the syntheses of the particles coated by the unfunctionalized heptamer 27 

(vide supra). However, in contrast to the preparation of the unfunctionalized particles Au-24 – 

Au-27, solvent removal was not performed at elevated temperatures. In the following cases, 

the solvents were evaporated by a stream of nitrogen at room temperature. For the synthesis 

of functionalized gold nanoparticles, the gold(III) precursor tetrachloroauric acid was 

transferred from the aqueous phase to the organic CH2Cl2 phase by TOAB. The respective 
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ligand 62, 66, 67 or 69 was added, whereby a 1:1 ratio of gold equivalents to sulfide moieties 

was maintained (8 equivalents HAuCl4 to 1 equivalent of the octadentate thioether ligand). 

The gold(III) was then reduced by adding an aqueous sodium borohydride solution to the 

quickly stirred system. In all cases, the organic phases were strongly dark brown colored after 

the addition of the reducing agent, indicating the formation of gold nanoparticles. After 

separation of the CH2Cl2 and the aqueous phase, the particles were precipitated from a 

concentrated CH2Cl2 dispersion with ethanol. The precipitated particles were separated from 

the liquid phase by centrifugation. This procedure was repeated two more times in order to 

completely remove the phase transfer agent TOAB. The dispersibilities of the acetylene 

functionalized nanoparticles were thereby very similar to the unfunctionalized heptamer 

coated Au-27 nanoparticles. As was pointed out before, excess ligand cannot be removed by 

this method due to very similar solubility properties of the heptameric ligands 62, 66, 67 and 

69 and the nanoparticles stabilized with these ligands. As for the unfunctionalized gold 

nanoparticles Au-27, excess, unbound ligand was removed by GPC in all cases. However, 

while the nanoparticles stabilized by the TIPS protected acetylene ligands 62, 66 and 67 

moved in a narrow brown colored band through the GPC column, some material of the free 

acetylene particles Au-69 stayed on the column as was indicated by the brown tail and the 

brown color of the column material after the purification procedure. Furthermore, the free 

acetylene particles were not fully dispersible in CH2Cl2 after removal of the eluent toluene. In 

the cases of the TIPS protected acetylenes, the particles remained fully dispersible in common 

organic solvents such as CH2Cl2, toluene or THF. 

 

 UV/vis Investigations 
 

UV/vis investigations of Au-62, Au-66, Au-67 and Au-69 (Figure 44) show the formation of 

gold nanoparticles. Between wavelengths of 400 and 800 nm, all spectra resemble the 

spectrum obtained for the unfunctionalized heptamer coated nanoparticles Au-27, indicating 

the similar nanoparticle stabilization properties of the different heptameric ligand structures. 

As for Au-27, no plasmon resonances were found at around 520 nm in the UV/vis spectra of 

Au-62, Au-66 and Au-67, pointing towards particles with diameters smaller than 2-3 nm.[181] 

This was also true for the Au-69 particles that carry free acetylene functional groups (Figure 

44). The low dispersibility of these particles after purification by GPC was therefore probably 

not due to coagulation of nanoparticles to larger particles or bulk gold. On the contrary, the 
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absence of a plasmon resonance and therefore larger particles points towards the formation of 

nanoparticle aggregates. This may be due to direct acetylene gold bonds[222] or diacetylene 

formation. The removal of excess ligand molecules by GPC was conveniently monitored by 

the reduction of the intensity of the UV/vis band between 290 and 400 nm, where the 

phenylene ethynyl subunits of the acetylene functionalized ligands 62, 66, 67 and 69 absorb 

light. Importantly, compared to the unfunctionalized gold particles Au-27, a signal in this 

region remained in all cases after the purification by GPC, indicating the presence of the 

functional group in the coating ligand (Figure 44). Even after one month in dispersion at 

ambient conditions, the UV/vis spectra of the acetylene functionalized particles Au-62, 

Au-66, Au-67 and Au-69 remained unchanged, pointing at the long term stability of these 

coated hybrid structures. In particular the absence of a plasmon resonance band demonstrated 

the stability provided by their heptameric ligands 62, 66, 67 and 69, as has already been found 

for the parent ligand 27. 
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Figure 44. UV/vis absorption spectrum (CH2Cl2) of Au-62 after purification by GPC in comparison with the 

spectrum of Au-27 and UV/vis absorption spectra of Au-66, Au-67 and Au-69 before and after purification by 
GPC. The spectra were normalized at 520 nm. 
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The direct comparison of the UV/vis spectra of the TIPS protected nanoparticles Au-62, 

Au-66 and Au-67 nicely shows the red shift of the absorption of the functional OPE unit due 

to the increase in conjugation length (Figure 45). 
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Figure 45. Direct comparison of the UV/vis absorption spectra of Au-27 and Au-62, Au-66 and Au-67 in 

CH2Cl2 after purification by GPC. The spectra were normalized at 520 nm. 
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 NMR 
 

1H NMR was performed with the medium size OPE functionalized Au-66 and Au-69 particles 

after purification by GPC (Figure 46). In both cases, very broad signals are found similar to 

the unfunctionalized Au-27 nanoparticles, indicating again the similar nanoparticle stabilizing 

properties of the different heptameric ligands. Also, TOAB signals cannot be found, showing 

that the phase transfer agent TOAB is not required for the stabilization of the OPE func-

tionalized nanoparticles. 

 

 
Figure 46. 1H NMR spectra of Au-66 and Au-69 on comparison with the spectra of the pure ligands 66 and 69 

and pure TOAB. 
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 Nanoparticle Sizes and Size Distributions 
 

To investigate the size distribution of the formed particles, TEM was performed with Au-62, 

Au-66, Au-67 and Au-69 after purification by GPC on carbon coated copper grids (Figure 

47). In the normal TEM mode, positive images are obtained initially in contrast to the 

negative images that were obtained by HRSTEM for the unfunctionalized Au-24 - Au-27 

nanoparticles (vide supra). Similarly, the contrast of these pictures was used for the 

determination of the precise size of the gold cores. As displayed in Figure 48, very 

comparable and rather narrow particle size distributions were obtained for the TIPS acetylene 

particles Au-62, Au-66 and Au-67, with a majority of particles with diameters between 1 and 

1.1 nm and with standard deviations of around 0.2 nm. Similar results were obtained for the 

free acetylene particles Au-69. In these cases some aggregates of nanoparticles can be found 

in the TEM micrographs. Such aggregates were not found with the TIPS protected particles 

Au-62, Au-66 and Au-67.  

 

   
 

   
Figure 47. Representative TEM micrographs of Au-62 (A), Au-66 (B), Au-67 (C) and Au-69 (D). TEM 

micrographs of larger areas of the TEM grids can be found in the appendix. 
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As can be seen in the size distribution histograms (Figure 48), a small population of larger 

particles up to 2 nm can be found. However, coagulation of particles to a population with 

larger core sizes as was the case for the unfunctionalized Au-27 particles was not observed. 

This can probably be attributed to the improved preparation procedure for the functionalized 

gold nanoparticles that avoids increased temperatures for the evaporation of solvents. Even 

though within the experimental error, there seems to be a slight trend towards a smaller 

average particle size with increasing length of the functionalizing OPE rod. Even more 

interesting is the marginal narrowing of the size distribution and thus increasing the 

‘monodispersity’ of the Au-67 particles which are functionalized with the longest OPE rod. 

These findings were attributed to the increased steric repulsion from the bulky TIPS protected 

functional units. This assumption is further supported by the direct comparison of the TIPS 

protected Au-66 and the free acetylene Au-69 particles. The Au-69 particles that do not carry 

the protecting group were found to be slightly bigger than the Au-66 particles.  
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Figure 48. Comparison of the size distributions of Au-62, Au-66 and Au-67 TIPS acetylene functionalized 

nanoparticles (left) and of Au-66 with the free acetylene Au-69 nanoparticles (right). 
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 Thermogravimetric Analysis 
 

For the investigation of the ligand/nanoparticle ratios, thermogravimetric analysis (TGA) was 

performed with the Au-62, Au-66 and Au-67 nanoparticles. The analysis was made with a 

heating rate of 10°C/minute in a temperature range between 50 and 950°C. The shapes of the 

obtained curves are in all cases very similar with three horizontal steps starting at around 

175°C, 260°C and 420°C (Figure 49).  
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Figure 49. Weight loss diagrams of Au-62, Au-66 and Au-67. 

 

The observed weight losses between the start and the end temperatures were between 25 and 

27%. If the complete removal of organic material from the gold surface is assumed, 25 – 27 

gold atoms can be calculated to be present per functional thioether ligand. By assuming a 

spherical shape of the Au-62, Au-66 and Au-67 nanoparticles and by taking the density of 

bulk gold, one 1.1 nm gold nanoparticle consists of 42 gold atoms. Based on these data it can 

be assumed that the smallest nanoparticles with diameters below 0.9 nm are stabilized by a 

single heptameric thioether ligand, while the main fraction of Au-62, Au-66 and Au-67 

nanoparticles with diameters between 0.9 and 1.2 nm is stabilized by two or three ligands per 

particle. Thereby these results show that mainly nanoparticles with a small number of 

functionalities were obtained. These observations parallel nicely the results that were obtained 

for the unfunctionalized Au-27 particles (vide supra). However, a continuing decrease of 

sample mass can be observed in all cases between 600 and 950°C. It is therefore possible that 

not all of the organic material was removed in the observed temperature range. 

 

In general, the gold nanoparticle stabilizing properties of the acetylene functionalized 

heptamer ligands 62, 66, 67 and 69 are very similar to the unfunctionalized ligand 27. This 

includes similar particle diameters and nanoparticle surface coverages by the thioether ligands 
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as well as similar dispersibilities of the nanoparticles stabilized by the different functionalized 

and unfunctionalized heptameric thioether ligands. The nanoparticle sizes and main properties 

can therefore be controlled by the thioether ligand part while the functional unit of the ligand 

molecule provides the synthetic accessibility of the nanoparticles.  

In contrast to the Au-27 nanoparticles, no bimodal size distributions were found for the 

acetylene functionalized Au-62, Au-66, Au-67 and Au-69 nanoparticles after removal of the 

phase transfer agent TOAB. This suppression of nanoparticle coagulation can probably 

mainly be attributed to the improved nanoparticle preparation and purification procedures that 

avoid elevated temperatures.  

 

3.3.4 Diacetylene Interlinked Nanoparticle Superstr uctures 
 

With the OPE functionalized Au-62, Au-66 and Au-67 nanoparticles in hand, the ability of 

surface functionalized gold nanoparticles as 'artificial molecules' processable by wet synthetic 

chemistry was demonstrated by interlinkage of the nanoparticles using the acetylene 

functionality. The length of the rigid rod interparticle spacer should thereby determine the 

interparticle spacing in the linked nanoparticle superstructures.  

As most direct chemical tool to interlink acetylene functionalized gold nanoparticles, 

oxidative diacetylene formation of terminal alkynyl groups was chosen. The diacetylene link 

is as rigid as the OPE functional units and can therefore provide the desired rigid nanoparticle 

linker (Figure 50). Furthermore, the diacetylene linked OPE structures have an increased 

conjugation length compared to the unreacted OPE units, which is traceable by UV/vis. 

 

 

Figure 50. Schematic representation of the formation of diacetylene interlinked nanoparticles from OPE 
acetylene functionalized thioether coated nanoparticles. The thioether ligands are represented in black, while the 

functional OPE units are drawn as blue bars.  
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Numerous catalytic protocols for the homocoupling of terminal acetylenes have been 

reported.[215] Recently, very mild palladium catalyzed coupling reactions gained some 

attention.[276-279] As palladium black particles that could interfere with the employed analytical 

tools might be formed during the coupling reaction, more classical copper catalyzed protocols 

appeared to be more interesting. However, the increased temperature and the polar ethanol as 

solvent disqualified the original Glaser conditions.[280,281] The same is true for the coupling 

conditions in hot pyridine that were reported by Eglinton and Galbraith.[282] In particular 

heating has to be avoided to maintain the ligand coating and the particle sizes during the 

coupling reaction. Even chemisorbed thiolates can desorb from gold surfaces at temperatures 

as low as 100°C.[283] Sulfides on the other hand do only physisorb on gold surfaces,[135,161,284-

286] and the stability of sulfide monolayers on gold is therefore rather weak.[287] In order to test 

these assumptions, the unfunctionalized Au-27 particles were heated to 55°C in pyridine, 

corresponding to the Eglinton conditions. This procedure led to coagulation of the particles as 

was evidenced by a color change to red and the formation of a black precipitate within 1 hour, 

pointing at the limited stability of the particles coated with such heptameric ligands. A mild 

alternative are the coupling conditions that were developed by Hay, who performed oxidative 

acetylenic couplings with oxygen in the presence of catalytic amounts of the bidentate ligand 

N,N,N’,N’-tetramethylethylenediamine (TMEDA) and copper(I) chloride.[288] The major 

advantage of this method is the enhanced solubility of the reactive species, which allows the 

coupling reaction to proceed satisfactorily at room temperature in various organic solvents. 

To investigate the suitability of the envisaged conditions for the interlinking of acetylene 

functionalized gold nanoparticles, the chemistry was first studied with the free alkyne ligand 

68 in small scale (Scheme 42). To a solution of 68 in CH2Cl2 was thus added TMEDA 

(2.5% v/v), followed by copper(I) chloride (CuCl). The homogenous mixture was stirred 

vigorously in an open reaction vessel to allow for the reaction with oxygen (Scheme 42). 

After 15 minutes, 68 was completely consumed and the diethyne 101 was formed, as was 

shown by TLC, UV/vis spectroscopy and 1H NMR spectroscopy. The copper ions and the 

TMEDA were efficiently removed in a work up procedure with aqueous ammonium chloride. 

However, due to the partial aggregation that was observed with the free acetylene particles 

Au-69 (vide supra), the TIPS protected particles Au-62, Au-66 and Au-67 were used for the 

preparation of nanoparticle superstructures. It was therefore investigated whether the 

interlinking procedure can be facilitated by combining the deprotection procedure and the 

coupling step in a one-pot protocol. Indeed, the TIPS protected ligand 62 was readily 

converted to the diethyne derivative 101 in CH2Cl2 after addition of TBAF in wet THF, 
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followed by TMEDA and CuCl one hour later (Scheme 42). Similarly, the diethynes of the 

TIPS acetylene ligands 66 and 67 were obtained in small scale test reactions. 
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Scheme 42. Dimerization of 62 and 68. a) CuCl, TMEDA, air, CH2Cl2, RT;  

b) 1. TBAF, CH2Cl2, RT; 2. TMEDA, CuCl, air, RT. 

 

To investigate the stability of the nanoparticles coated by heptameric thioether ligands and 

also for comparison with coupling experiments of acetylene functionalized nanoparticles, 

these one-pot reaction conditions were applied to the unfunctionalized Au-27 particles. The 

particles were investigated by UV/vis spectroscopy as well as TEM and no differences were 

found after 1 hour under these conditions compared to as prepared Au-27. This shows the 

good stability of these thioether ligand coated particles under such reaction conditions. 

Similar one-pot deprotection/Hay reaction conditions were then applied to the TIPS acetylene 

functionalized gold nanoparticles Au-62, Au-66 and Au-67. The particles were thus dispersed 

in CH2Cl2 and solutions of TBAF in wet THF were added. After stirring at room temperature 

for 1 hour, TMEDA (2.5% v/v) and copper(I) chloride were added and the mixtures were 

stirred vigorously in open reaction vessels. In the case of the Au-62 particles comprising the 

shortest acetylene unit, the formation of a black precipitate ca. 1.5 hours after the addition of 

CuCl was observed. In the other two cases Au-66 and Au-67 with longer OPE rods, a black 

precipitate formed immediately after the addition of the copper salt, leaving the liquid phases 

nearly colorless. Importantly, such precipitations were not observed when the unfunctiona-

lized Au-27 particles were subjected to similar reaction conditions. Furthermore, the direct 

addition of TMEDA and copper(I) chloride to CH2Cl2 dispersions of the TIPS protected 
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Au-62, Au-66 and Au-67 particles did also not lead to the formation of precipitates. However, 

when these oxidative coupling conditions were applied directly to the free acetylene particles 

Au-69, precipitation did occur as well. These observations strongly point at the formation of 

diacetylenes as the reason for nanoparticle aggregation and precipitation. Coagulation of 

nanoparticles would also be accompanied by a color change to red, as was observed with the 

nanoparticles stabilized by the monomeric ligand 24 (vide supra). 

 

 UV/vis Investigations 
 

The hypothesis is further supported by the UV/vis spectra of the remaining colored 

dispersions of the one-pot deprotection/coupling reactions with Au-62, Au-66 and Au-67. In 

the absorption region between wavelengths of 400 and 800 nm, the electronic spectra 

resemble exactly the spectra of the particles before the reaction (Figure 51).  
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Figure 51. UV/vis absorption spectra (CH2Cl2) of Au-62, Au-66 and Au-67 before and after the 

deprotection/Hay procedure. 
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As was pointed out before, the absence of a plasmon resonance centered at 520 nm shows that 

the gold nanoparticles did not coagulate to particles with diameters larger than 2 nm.[181] At 

wavelengths below 400 nm, a red shift of the OPE bands was observed in all cases compared 

to the TIPS protected particles Au-62, Au-66 and Au-67. Comparison with the free ligands 

62, 66 and 67 and the respective diacetylene dimers clearly shows the presence of the 

diacetylenes in the different reaction mixtures, as similar shifts of the absorption edges 

towards longer wavelengths were found. The striking similarity of the shifts observed during 

the transition from the coated particles to nanoparticle aggregates corroborates the interlinking 

of the particles by oxidative acetylene coupling as the chemical process forming these 

precipitating aggregates. 

 

 TEM Investigations and Discussion 
 

The reaction products of the one-pot deprotection/Hay conditions were investigated by TEM. 

The reaction mixtures were therefore highly diluted with CH2Cl2 and then directly transferred 

onto carbon coated copper grids. As can be clearly seen in the TEM micrographs, the gold 

nanoparticles retain their integrity and do not coagulate to larger particles in all cases (Figure 

52). This parallels the results obtained by UV/vis spectroscopy. Obviously, these particles 

form large aggregates of nanoparticles that lie flat on the carbon surface of the TEM grid. 

This also points at interlinking of the Au-62, Au-66 and Au-67 particles by diacetylene 

formation, as such clusters were not observed when the unfunctionalized nanoparticles Au-27 

were exposed to the same procedure. Similar nanoparticle aggregates were already observed 

to some extent on TEM grids of the free acetylene nanoparticles Au-69 (vide supra). The fact 

that these aggregates of particles are lying flat on the surface is supporting the hypothesis of a 

low number of functional groups per particle, as otherwise the formation of 3 dimensional 

networks would be expected. 
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Figure 52. Representative TEM micrographs of (Au-62)n (A), (Au-62)2-4 (B), (Au-66)n (C), (Au-66)2-4 (D),  

(Au-67)n (E) and (Au-67)2-4 (F). TEM micrographs of larger areas of the can be found in the appendix. 

 

By direct comparison of the nanoparticle aggregates comprising the shortest acetylene linker 

(Au-62)n and the aggregates of the particles with the longest OPE rod (Au-67)n, the higher 

density of the (Au-62)n aggregates becomes evident (Figure 52). This is in good agreement 

with the expectation for covalently linked nanoparticle superstructures, as the interparticle 

distance should vary with the length of the rigid spacer between the heptameric ligand and its 

functional acetylene moiety in the series 62, 66 and 67. Quantification of the different 

interparticle distances is however not possible from the large aggregates. A considerable 

fraction of neighboring particles in the deposited clusters are probably not covalently linked 

but only separated by the steric repulsion of their coating ligand as an effect of the arranging 

of the interlinked network during deposition on the flat substrate. 
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To remove the large nanoparticle aggregates as well as the copper ions and the TMEDA 

present in the reaction mixture, the acetylenic coupling reactions with Au-62, Au-66 and Au-

67 were subjected to an aqueous work up procedure 15 minutes after the addition of copper(I) 

chloride. The mixtures were thus diluted with CH2Cl2 and then extracted twice with an 

aqueous ammonium chloride solution. The organic phases were then dried over magnesium 

sulfate and filtrated. The dispersion of the Au-62 particles after this procedure was strongly 

colored, indicating the presence of relatively large amounts of dispersed gold nanoparticles. 

This dispersion was strongly diluted before the transfer to a carbon coated TEM grid. On the 

other hand, due to the aggregation of most of the material, the dispersions that were obtained 

from the oxidative coupling reactions of Au-66 and Au-67 were nearly colorless. These 

dispersions were applied directly to TEM grids. 

Inspection of the TEM micrographs after the work up procedure revealed small 

superstructures like nanoparticle dimers, trimers or other small oligomers as the origin of the 

remaining color of the dispersions of Au-62, Au-66 and Au-67 after the deprotection/Hay 

procedure. Also some unreacted single particles can be found (Figure 52). As the nanoparticle 

dispersions were highly diluted before the transfer to the TEM grids, the observed 

superstructures arise mainly from interlinked particles and were not formed by coincidence 

during deposition. Furthermore, such structures of nanoparticles were rarely found by TEM 

investigations of unreacted thioether coated nanoparticles. 

However, as two acetylene functional groups were expected to be present per nanoparticle, 

the complete oxidative coupling would lead solely to polymeric nanoparticle structures. An 

incomplete removal of the TIPS protecting group might account for the presence of single 

particles and small nanoparticle superstructures after the deprotection/Hay conditions as well 

as an incomplete diacetylene formation. Also, it cannot be ruled out that some nanoparticles 

are only stabilized by one functionalized thioether ligand or that two acetylene moieties 

situated on the same nanoparticle formed a diacetylene bond. Both processes can account for 

the formation of end-caps that stop the nanoparticle polymerization process. TEM does only 

allow to investigate the gold cores and not the organic coating, this method is therefore not 

suitable to unambiguously distinguish between the different processes discussed.  

The small nanoparticle superstructures that were observed after the aqueous work up of 

(Au-62)n, (Au-66)n and (Au-67)n are ideally suited to read out the interparticle spacing 

mainly for two reasons. First, due to their low dimensionality, the interlinked structure can be 
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expected to lay parallel to the substrate surface. And second, contributions from non-

covalently linked nanoparticle superstructures can be neglected. 

The interparticle distances of the reacted acetylene functionalized nanoparticles Au-62, Au-66 

and Au-67 were thus measured from the TEM micrographs after aqueous reaction work up. 

Only small nanoparticle superstructures (Au-62)n, (Au-66)n and (Au-67)n with 1 < n < 5 were 

used for this investigation to minimize the contribution of incidentally formed neighboring 

particles. Larger nanoparticle aggregates were in any case only rarely found in the TEM 

micrographs that were obtained after the work up procedure. For the same reason, only 

nanoparticle pairs with a spacing below the theoretical maximum length of the diacetylene 

linked OPE spacers (1.2 nm for (Au-62)2-4, 2.6 nm for (Au-66)2-4 or 3.7 nm for (Au-67)2-4) 

were considered. As the largest of the measured dispersible nanoparticle superstructures after 

aqueous work up and filtration comprise four nanoparticles, this number is assumed to 

separate between aggregates (Au-X) n and superstructures (Au-X)2-4. These terms will be used 

throughout this thesis for reasons of simplicity, even if the boundary between large aggregates 

and small superstructures is probably not that sharp. 
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Figure 53. Interparticle distance distributions of nanoparticle superstructures (Au-62)2-4, (Au-66)2-4 and 

(Au-67)2-4. The Gaussian fits were included for a better visibility of the trend found. 

 

For the three hybrid systems, almost Gaussian interparticle distance distributions were 

observed (Figure 53). The maxima were found to be at about 0.8 nm for (Au-62)2-4, 1.0 nm 

for (Au-66)2-4 and 1.6 nm for (Au-67)2-4. The distributions were leveling off towards the 

theoretical maximum of the different linkers respectively. A perfect correlation between the 



112  3 Thioether Coated Gold Nanoparticles 

 
observed particle spacing and the increasing length of the rigid linkers was therefore found, 

further corroborating the formation of covalently interlinked nanoparticles as the origin of the 

hybrid superstructures. A closer examination of the interparticle distances of (Au-62)2-4, 

(Au-66)2-4 and (Au-67)2-4. reveals a broadening of the distance distribution rather than just a 

shift to longer distances for the elongated rigid diacetylenes in (Au-66)2-4 and (Au-67)2-4. 

Furthermore, the observed values for the interparticle distances are considerably shorter than 

the full stretched theoretical length of the rigid OPE linkers. However, the central benzene 

units of the ligands where the functional linkers are attached are likely to adopt a tilted 

arrangement with respect to the nanoparticle surface due to the steric repulsion between the 

hydrogen atom para to the OPE unit and the nanoparticle surface (Figure 54). These shorter 

interparticle distances are therefore not surprising. The very narrow interparticle distance 

distribution that was found for (Au-62)2-4 probably reflects the increased steric repulsion 

provided by the sterically demanding t-butyl groups of the thioether ligand. Due to the short 

functional acetylene spacer in 62, a less tilted arrangement of the footing central benzene unit 

is probably induced, while the proximity of the second particle becomes less important for 

both longer members of the series (Au-66)2-4 and (Au-67)2-4. 

 

 

Figure 54. Schematic representations of a) the tilted arrangement of the OPE functional unit relative to the 
surface of a gold nanoparticle and the consequences of such an arrangement on b) dumbbell or c) linear 

nanoparticle superstructures. The thioether ligands are represented in black, while the functional OPE units are 
drawn as blue bars. 

 



3 Thioether Coated Gold Nanoparticles  113 

 

  

Another interesting feature was observed in the distance distribution solely for (Au-67)2-4. At 

a distance about 1 nm, a second minute maximum was found. This might be attributed to the 

formation of direct acetylene-gold bonds (Figure 55), as have already been reported by 

Gorman and coworkers.[222] The particles functionalized with both shorter acetylenes Au-62 

and Au-66 either do not allow for this type on nanoparticle-nanoparticle interaction due to 

steric repulsion or the shorter interparticle distances originating from the direct acetylene-gold 

interaction cannot be observed in the distance histograms as a result of relatively small 

distance differences for the two binding modes. 

 

 

Figure 55. Schematic of the direct acetylene-gold interlinkage of OPE-thioether stabilized gold nanoparticles. 
The thioether ligand is represented in black, while the functional OPE unit is drawn as blue bars. 

 

Steric repulsion might also be the reason for the considerably slower formation of 

precipitating aggregates of (Au-62)n compared with the particles Au-66 and Au-67 

comprising larger distances between the nanoparticle surface and the functional acetylene 

unit. The alkyne function of the thioether ligand 62 with the short OPE unit is close to the 

ligand crowded nanoparticle surface in the case of Au-62, which impedes the reaction 

between two nanoparticles and even more the reaction of an already large nanoparticle 

aggregate and a nanoparticle. The longer OPE units of Au-66 and Au-67 are much more 

accessible and the oxidative diacetylene formation is therefore much faster. These 

considerations also imply that the observed formation of small nanoparticle superstructures 

such as dimers or trimers could be to a large extent due to unreacted free acetylenes. 

However, deceleration of the deprotection process of the TIPS groups due to sterical 

hindrance cannot be ruled out and might also contribute to the slow formation of precipitating 

aggregates during the deprotection/coupling reaction of Au-62. Also, some acetylene 

monofunctionalized gold nanoparticles might be present, which can stop the polymerization 

process. 

These investigations with the acetylene functionalized gold nanoparticles Au-62, Au-66 and 

Au-67 clearly show the feasibility of the concept to selectively functionalize gold 

nanoparticles by large thioether ligands. It was also shown that these particles can become 
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suitable building blocks for wet chemistry. The increasing levels of complexity emerging 

from the organic ligand molecule are depicted schematically for the heptameric thioether 

ligand 66 in Figure 56. Gold nanoparticles Au-66 were formed in good monodispersity with 

the ligand 66 as stabilizing agent. In average, these particles are coated by two functionalized 

ligands. As this is an average calculated amount, particles stabilized by three or more ligands 

cannot be excluded. By a one-pot deprotection/oxidative coupling procedure, mainly chains of 

covalently interlinked gold nanoparticles (Au-66)n are provided. Long, folded chains form 

precipitating aggregates (n>4), while smaller discrete hybrid superstructures (n=1-4) remain 

in dispersion.  

 

 

 
Figure 56. Increasing levels of structural complexity emerging from the ligand 66. a) The thioether heptamer 

stabilizes gold particles of a given size and a low number of ligands at its surface (reaction conditions: HAuCl4, 
TOAB, NaBH4, CH2Cl2/H2O; GPC.) b) Deprotection of the acetylene enables the formation of organic/inorganic 
hybrid chains by oxidative acetylene coupling (reaction conditions: 1. TBAF in CH2Cl2, RT; 2. TMEDA, CuCl, 
RT). While longer chains aggregate and precipitate, short hybrid superstructures comprising up to approximately 

four interlinked particles remain in dispersion. 
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3.3.5 Summary and Conclusions 
 

The synthetic methodology for the highly modular formation of monofunctionalized thioether 

ligands was developed. In particular, the monothiol trimer 36 as thioether ligand building 

block was synthesized efficiently. This building block allows for the formation of 

monofunctionalized thioether ligands based on the structure of the heptamer thioether ligand 

27, which was effectively used for the formation and stabilization of gold nanoparticles. 

Furthermore, the iodo-dihydroxide 49 was found to be a versatile starting material for the 

formation of functionalized modules that allow the easy synthesis of monofunctionalized 

thioether ligands. The iodo moiety allows for the introduction of different functionalities such 

as OPE units or azides, which can be used for the formation of selectively surface 

functionalized gold nanoparticles. Similarly, efficient synthetic methods for the preparation of 

functionalized thioether ligands for electronic applications based on pyridine or thiophenol 

coupling units were developed.  

OPE functionalized gold nanoparticles were prepared in high yields and could be used as 

building blocks for covalently interlinked nanoparticle superstructures by oxidative 

diacetylene formation. The interparticle spacing of small superstructures varies thereby with 

the length of the functional OPE unit of the stabilizing thioether ligand, showing the ability of 

functionalized thioether coated gold nanoparticles to act as 'artificial molecules' for wet 

chemistry processing. Furthermore, the results that were obtained with the different acetylene 

functionalized heptameric thioether ligands concerning the formation and stabilization of gold 

nanoparticles show that the control of the nanoparticle sizes is given by the thioether ligand 

parts of the molecules rather than the attached functional units. 
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3.4 Dendritic Thioether Ligands 
 

This part deals with the investigation of the size steering properties of multidentate thioether 

ligands. The synthesis of thioether dendrons as modular building blocks for the preparation of 

monofunctionalized thioether dendrimers will be presented followed by studies on the 

nanoparticle stabilizing and coating properties of these dendritic molecules.  

 

With regard to monofunctionalized gold nanoparticles coated by large thioether based ligands, 

linear ligand structures can hardly provide complete coverage of spherical nanoparticles by 

just one ligand. Due to their branched nature, much better nanoparticle surface coverage and 

also higher nanoparticle stability can be expected for dendritic thioether structures. The linear 

thioether ligands seem to control the sizes of the stabilized nanoparticles (vide supra). Even 

more control on the nanoparticle sizes could be provided by different generations of large 

dendritic thioether ligands. 

Encapsulation of metal nanoparticles was mainly reported for poly(amidoamine) 

(PAMAM) [289-291] or poly(propylene imine) (PPI)[292,293] derived dendrimers so far. In these 

cases, the nanoparticles were formed directly by reduction of a metal salt in the presence of 

the respective dendrimer. The formed metal particles were however only stable in dispersion 

in the presence of excess dendrimer. Also, very broad size distributions were found for the 

PAMAM or PPI dendrimer stabilized nanoparticles. Except for the example from Vögtle and 

De Cola[167] that was already discussed in section 0, dendrimers or dendritic structures based 

on sulfides have not been used for the formation and stabilization of nanoparticles. However, 

the sulfide dendrimers (e.g. 21 or 22) that were used within this study were rather stiff and 

relatively small. Encapsulation of nanoparticles and therefore controlled functionalization 

would not be possible with such structures. Moreover, the stability of the sulfide dendrimer 

stabilized gold nanoparticles was reported to be very limited.[167]  

In general, only very few examples of thioether containing dendrimers or dendritic structures 

were reported in the literature. Most of these few examples are based on arylic sulfides and 

form therefore stiff dendritic structures.[167,294-296] Only one example was found where a 

dendrimer based on flexible benzylic thioethers was reported.[297] In this case, the sulfides 

were used as intermediates for the formation of oligo(phenylenevinylene) dendrimers by 

dendrimer metamorphosis and not for the stabilization of gold nanoparticles. 
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3.4.1 Synthetic Strategy and Synthesis 
 

For the preparation of thioether coated nanoparticles, highly flexible dendritic structures were 

desired in order to have a system that can adapt to the curved nanoparticle surface and bind 

with all thioether moieties present in the ligand. A high degree of branching should also be 

avoided for similar reasons. On the basis of the structures that were reported by von 

Kiedrowski et al. for the phase-transfer synthesis of thioether stabilized Au55 clusters,[99,100] 

mesitylene based benzylic thioethers were chosen as lead structure for the formation of 

dendrimers for the coating of gold nanoparticles. To enlarge the distance between neighboring 

mesitylene branching units, flexible ethylene dithiol units were introduced. Thus, higher 

flexibility of the dendritic structures is assured. Furthermore, a theoretical study concerning 

thioether stabilized gold nanoparticles reported thioethers of such ethylene dithiol units as 

being very promising candidates for nanoparticle stabilization.[298] Benzyl methyl sulfides 

were chosen as end groups of the dendrimers. The target dendritic structure is depicted in 

Scheme 43 together with the modular convergent synthetic strategy. This strategy does not 

only allow to freely alter the functional central unit, but also the number of ethylene dithiol 

subunits to adjust the spacing between two branching units.  

 

 
Scheme 43. Retrosynthetic pathway for monofunctionalized thioether dendrimer ligands.  
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The literature known starting material 1,3,5-tris(bromomethyl)benzene[299] (102) was prepared 

in one synthetic step starting from mesitylene by radicalic side chain bromination with NBS 

(Scheme 44). Methyl formate was used as solvent and AIBN as radical starter. After 6 hours 

illumination with a 500 W halogen lamp, the solvent was evaporated and an aqueous work up 

was performed. The crude was then recrystallized from CH2Cl2/hexane five times to yield the 

desired product as colorless crystals. The supernatants of the last three recrystallization 

procedures were combined and the solvent mixture was removed by evaporation. The residue 

was then recrystallized three times to yield more of the target compound 102. After this 

procedure, the pure tribromide 102 was obtained in a good overall yield of 45% on a 40 g 

scale for this one step process. This is a very good result for this direct threefold side chain 

bromination of mesitylene, as this reaction was often reported to be very inefficient with 

isolated yields ranging between 2 and 30% due to the formation of a large number of side 

products.[300-302] Methyl formate seems therefore to be more selective in this bromination 

reaction compared to the commonly used carbon tetrachloride. For comparison, the alternative 

route for the synthesis of 1,3,5-tris(bromomethyl)benzene (102) is starting from 1,3,5-ben-

zenetricarboxylic acid and involves three synthetic steps. 
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Scheme 44. Synthesis of 105. a) NBS, AIBN, HCOOMe, hv, reflux, 45%; b) TrtSH, K2CO3, THF, reflux, 47%; 

c) NaSMe, DMF, RT, 90%; d) Et3SiH, TFA, CH2Cl2, RT, 82%. 

 

Monothiolation of 102 was achieved similar to the formation of the monobromide building 

block 4 (see section 3.1.1) by the use of on equivalent of the sterically demanding trityl thiol 

in refluxing THF with potassium carbonate as base. The desired dibromide 103 was isolated 

in 47% yield after purification by column chromatography. The starting material 102 was also 
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isolated and could be used again. The reaction of 103 with sodium methanethiolate in DMF 

provided then the end capped building block 104 in 90% yield after column chromatography. 

Under the acidic trityl deprotection conditions that were already used for the synthesis of the 

linear thioether ligands (vide supra) the monothiol 105 was formed efficiently in 82% yield 

(Scheme 44). Removal of the side products of the deprotection procedure was achieved by 

column chromatography. 

The monobromo ethylene building block (2-bromoethyl)(trityl)sulfane[124] (106) was 

synthesized starting from 1,2-dibromoethane according to a literature procedure[124] in THF 

with sodium hydride as base. The monobromide was obtained quantitatively after an aqueous 

work up and was reacted with the monothiol 105 without further purification. The substitution 

reaction was carried out in dry THF with sodium hydride, to give the monoethylene starting 

generation (G0) dendron 107 as colorless oil in 85% yield. These initial results were very 

encouraging with respect to the envisaged synthetic pathway (Scheme 43). 

 

 
Scheme 45. Synthesis of the G0 dendron 107. a) TrtSH, NaH, THF, 0°C, quant.; b) NaH, THF, RT, 85%. 

 

However, for a first investigation, the thioether dendrimers containing only one ethylene 

dithiol moiety per branching unit were envisaged. In order to save two synthetic steps for each 

generation synthesized, it seems reasonable to introduce the ethylene thiol unit before 

building up the next generation of the dendron (Scheme 46 bottom). This cannot be done 

directly from the branching monomer 103, because deprotection of the benzylic thiol followed 

by conditions suitable to introduce the bromo ethylene block 106 would mainly lead to the 

formation of polymeric products by nucleophilic attack of the thiol to the benzylic bromides. 

It was therefore envisaged to introduce the monoprotected ethylene dithiol 108 directly to the 

trichloride 109. 
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Scheme 46. Retrosynthesis of thioether dendrimers carrying only one ethylene dithiol moiety per branching unit. 

 

1,3,5-tris(chloromethyl)benzene[303] (109) was chosen for the synthesis of the branching unit 

110 due to the low stability that was observed with compounds carrying sterically non-

demanding sulfides and benzylic bromide leaving groups (see section 3.1.1). The branching 

unit 110 can then be reacted with the methyl sulfide end caps or the free thiol dendrons to 

form the trityl protected next generation. Only one synthetic step is required to form the next 

generation free thiol dendrons that are required for the synthesis of the functionalized 

thioether dendrimers carrying one ethylene linker per branching unit compared to three steps 

in the more general pathway (Scheme 46). 

The monotrityl-protected dithiol 108 was already reported in the literature,[304] but only as 

unwanted side product in an attempt to synthesize a thioketal starting from ethylene dithiol. 

For a targeted synthesis of this compound, ethylene sulfide was reacted under basic conditions 

with a two fold excess of trityl thiol, based on procedures that were reported for ring-opening 

reactions of thiiranes (Scheme 47).[305,306] The excess of the thiol was necessary to minimize 

the formation of longer ethylene dithiol chains which can form in a reaction of the product 

108 with ethylene sulfide. TEA was used as base and DMF[306] as well as dimethyl sulfoxide 

(DMSO)[305] were used as solvents in different attempts. Independent of the solvent used, the 

monoprotected dithiol 108 was obtained very efficiently in more than 90% yield as colorless 

solid after purification by column chromatography. The employed excess of trityl thiol was 

nearly completely recovered in good purity and was reused. 

The trichloride starting material 109 was prepared directly from the tribromide 102 in a 

nucleophilic substitution reaction with lithium chloride in DMF. As this reaction is highly 

exothermic, ice-cooling was necessary. After an aqueous work up procedure and 
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recrystallization from CH2Cl2/hexane, the pure trichloride 109 was obtained in multigram 

scale and good purity in 90% yield from the tribromide 102. An equimolar mixture of the 

monothiol 108 and the trichloride 109 was then refluxed in dry THF in the presence of 

potassium carbonate to give a mixture of differently substituted mesitylene derivatives. The 

desired key intermediate 110 was isolated as convenient to handle colorless solid from the 

mixture in a good yield of 46% after purification by column chromatography. From 110, the 

trityl protected monoethylene G0 dendron 107 was synthesized easily in 88% isolated yield 

by a reaction with excess sodium methanethiolate in dry DMF.  

 

 

 
Scheme 47. Synthesis of the G1 dendron 111. a) TrtSH, TEA, DMF, RT, 92%; 

b) LiCl, DMF, 0°C, 90%; c) K2CO3, THF, reflux, 46%; d) NaSMe, DMF, RT, 88%;  
e) 1. Et3SiH, TFA, DCM, RT; 2. 110, NaH, THF, RT, 88%. 
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The trityl protecting group of the G0 dendron 107 was removed under acidic conditions 

(4% v/v TFA in CH2Cl2) with triethylsilane as cation scavenger (Scheme 47). The free thiol 

was isolated by column chromatography in 90% yield. Unfortunately, this compound was 

found to decompose slowly, as was shown by TLC. The reaction of the free thiol with the 

branching unit 110 was therefore performed directly after the aqueous work up procedure of 

the deprotection reaction without further purification. Excess of the crude oily mixture was 

directly transferred to the reaction vessel in dry THF. The dichloride 110 was then added, 

followed by sodium hydride. After quenching with water, the mixture was extracted with 

MTBE. It was then tried to purify the crude product by column chromatography. However, 

the desired G1 dendron 111 eluted very slowly and a broad distribution over the column 

material was found when CH2Cl2 was used as eluent, although a retention factor of 0.5 was 

found by TLC in the same solvent. Different eluent systems were then tried in order to find a 

better purification procedure for the dendron 111. In terms of separability and also solubility 

of the crude mixture, the best results were obtained when small percentages of the relative 

polar eluent ethyl acetate were added to 3:2 mixtures of CH2Cl2 and hexane. This way, the 

side products of the deprotection reaction and excess of the deprotected G0 dendron 107 were 

removed easily without the addition of ethyl acetate during the chromatographic purification 

procedure. The addition of 2% v/v ethyl acetate to the CH2Cl2/hexane mixture allowed then to 

receive the pure G1 dendron 111 efficiently as colorless oil in 88% yield. 

 

The second generation (G2) dendron 112 was synthesized under similar conditions by 

deprotection of 111, followed by the reaction with the branching unit 110 directly after an 

aqueous work up of the deprotection reaction (Scheme 48). After aqueous work up and 

column chromatography, the G2 dendron 112 was isolated as colorless oil in 79% yield. The 

excess of the deprotected G1 dendron was thereby removed in the presence of 2% ethyl 

acetate in a 3:2 mixture of CH2Cl2 and hexane, while the desired G2 112 eluted with 4% ethyl 

acetate. This procedure was repeated with 112 in order to receive the G3 dendron 113, which 

was obtained as colorless oil in 75% yield after column chromatography (CH2Cl2/hexane 4:1 

with 4% ethyl acetate). 
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Scheme 48. Synthesis of higher generation dendrons. a) 1. Et3SiH, TFA, CH2Cl2, RT;  
2. NaH, THF, RT, 112: 79%; 113: 75%. 

 

 
Scheme 49. Synthesis of the t-butyl terminated dendrimers 114 and 115. a) 1. Et3SiH, TFA, CH2Cl2, RT;  

2. NaH, THF, RT, 114: 88%; 115: 57%. 
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For initial experiments concerning the stabilization of gold nanoparticles, the ethylene dithiol 

dendrons were reacted with the dibromide 3, as the t-butyl group is easily observable in 
1H NMR experiments. Under otherwise similar reaction conditions that were used for the 

synthesis of the ethylene dithiol dendrons, the second and fourth generation t-butyl terminated 

dendrimers 114 and 115 were prepared in 88% and 57% isolated yields respectively 

(Scheme 49). 

 
 

3.4.2 Gold Nanoparticle Formation Experiments 
 

For the investigation of the gold nanoparticle size steering and stabilizing properties of the 

thioether dendrimer ligands 114 and 115, gold nanoparticles were prepared in the presence of 

these ligands. In order to ensure the comparability with the studies on nanoparticles stabilized 

by linear thioether ligands (see sections 0 and 1.1), the same Brust/Schiffrin protocol[46] was 

employed for the synthesis of gold nanoparticles in the presence of thioether dendrimers. The 

syntheses were performed in a two-phase water/CH2Cl2 mixture with TOAB as phase transfer 

agent. As for the synthesis of gold nanoparticles stabilized by linear thioether ligands, a 1:1 

ratio of sulfide moieties to gold was maintained in an initial attempt, resulting in 20 

equivalents of the gold(III) precursor HAuCl4 compared to 1 equivalent of the G2 ligand 114. 

The reduction of gold(III) with sodium borohydride led however to the formation of a black 

precipitate in the presence of the G2 dendrimer 114 directly after the addition of the reducing 

agent. The organic phase was nearly colorless with a slight red color. The results were very 

similar to the results that were obtained with the monomeric ligand 24 (see section 0), it was 

therefore concluded that bulk gold was probably formed. In a following experiment, the 

amount of ligand 114 was doubled relative to the gold(III) precursor, resulting in a gold to 

sulfide ratio of 1:2. As before, a black precipitate formed directly after the addition of the 

reducing agent, indicating the formation of bulk gold.  

Since the second generation dendrimer showed only very weak gold nanoparticle stabilizing 

properties, a 1:2 ratio of gold to sulfide was also used for the synthesis of gold particles in the 

presence of the fourth generation dendrimer 115 with 92 thioether moieties (46 equivalents 

HAuCl4 to 1 equivalent of 115). In this case, no precipitate was formed after the addition of 

the reducing agent. The reduction of the gold(III) precursor did indeed lead to the formation 

of gold nanoparticles, as was evidenced by the reddish brown color of the organic phase. By 

UV/vis, the presence of a weak plasmon resonance was observed directly after the synthesis 
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(Figure 57), which indicated the presence of particles larger than 2-3 nm.[181] The two phases 

of the reaction mixture were separated and the colored organic phase was dried over 

magnesium sulfate. The organic dispersion was then left under ambient conditions and was 

investigated by UV/vis spectroscopy regularly. After three days, no significant changes were 

observed in the UV/vis spectra.  
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Figure 57. UV/vis absorption spectra (CH2Cl2) of the gold nanoparticles stabilized by 115 directly after 

 the preparation and after four weeks in CH2Cl2 dispersion. 

 

Three weeks later however, the dispersion was dark red colored, which also mirrored in the 

UV/vis spectrum that showed a very strong and narrow plasmon resonance band (Figure 57). 

These changes indicate the formation of larger gold nanoparticles by coagulation. However, 

the particles were still dispersible in CH2Cl2 and the coagulation process did not lead to 

precipitation of bulk gold.  
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 TEM Investigations 
 

HRSTEM was performed in order to investigate the obtained particle sizes and dispersities, 

which could be dictated by the size of the large thioether dendrimer 115. However, the 

HRSTEM micrographs revealed a very broad distribution of particle sizes in a range between 

1 and 15 nm (Figure 58) with a mean diameter of 6.2 ± 2.5 nm. Also, no distinct particle sizes 

were found which could be assigned to particles stabilized by different integer numbers of the 

large G4 dendrimer ligand 115.  
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Figure 58. Representative HRSTEM micrograph of Au-115 (left) and size distribution histogram  

of Au-115 (right) after four weeks in CH2Cl2 dispersion. 

 

3.4.3 Further Development of the Thioether Dendrime rs 
 

Based on the comparison of the results obtained for the linear thioether ligands 24 – 27 and 

the dendrimer ligands 114 and 115, it was hypothesized that the missing steric hindrance of 

the dendritic ligands might be the reason for the low degree of nanoparticle stabilization 

provided by the dendrimer ligands 114 and 115. In particular, these dendrimers do only 

provide benzene rings and ethylene bridges, which presumably lie flat on the nanoparticle 

surface and can therefore not provide an efficient coating layer for the gold nanoparticles. 

Much more stable and monodisperse gold nanoparticles were obtained with the octadentate 

ligand 27 compared to the fourth generation dendrimer 115 with 92 thioether moieties. It is 

therefore not only the large number of thioether moieties that is responsible for the 

stabilization of the nanoparticles. As main difference between the linear ligands and the 
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dendritic ligands, the sterically demanding t-butyl groups were noticeable. Together with the 

surface binding of the thioether moieties, these groups could prevent the direct contact of 

nanoparticles and therefore inhibit the coagulation of small nanoparticles to larger structures. 

These considerations led to a different design for dendritic thioether ligands for the 

stabilization of gold nanoparticles, which makes use of the successfully employed structural 

motifs of the linear thioether ligands 24 – 27. Thus, the flexible ethylene dithiol chains were 

exchanged with a building block based on the sterically demanding t-butyl benzene dithiol 2 

(Scheme 50).  

 

 
Scheme 50. Sterically demanding thioether dendrimers.  

 

In addition, the end caps were exchanged from methyl sulfides to benzylic sulfides (Scheme 

50). Overall, this should provide the required bulkiness of the ligand, while the flexibility of 

the dendritic system is still maintained due to the connection at the flexible benzylic position. 

Furthermore, the overall ligand size is increased to considerable extent compared to the initial 

ethylene dithiol dendrimer ligands. A second generation thioether dendrimer with the t-butyl 

benzene bridges has already a molecular weight which is approximately double the weight of 

the linear heptamer ligand 27 and should therefore be able to cover a considerably larger part 

of the surface area of nanoparticles. 

 

3.4.3.1 Dendron Synthesis 
 

The synthetic strategy was kept similar to the successful synthesis of the ethylene dithiol 

dendrimers. Thus, the different modular functional units (see section 3.3.1) can be easily 
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attached in a final synthetic step to form monofunctionalized dendrimers by nucleophilic 

substitution reactions with the thiol terminated dendrons. 

The monoprotected dithiol 116 was prepared efficiently starting from the already mono-

functionalized bromide 4, closely following a mild one-pot procedure for the conversion of 

benzylic bromides to thiols.[118] An acetate protected thiol was introduced first by the reaction 

of 4 with potassium thioacetate in dry THF, followed by in situ deprotection by addition of 

potassium carbonate and methanol to the reaction mixture (Scheme 51). The desired 

monothiol 116 was thereby obtained in 80% yield after column chromatography. It was found 

that the losses can be attributed to the formation of the disulfide 117, which was also isolated.  
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Scheme 51. Synthesis of 116. a) KSAc, THF, RT, then K2CO3, MeOH, RT, 116: 80%. 

 

To prevent the formation of the unwanted side product 117 upon storage, the monothiol 116 

was stored under argon at 4°C. 

The dichloride branching unit 118 was then obtained from the reaction of 116 with a slight 

excess of the trichloride 109 in refluxing THF with potassium carbonate (Scheme 52). The 

excess of the trichloride 109 was used in order to minimize the formation of di- or 

trisubstituted reaction products. The desired monosubstituted branching unit 118 was isolated 

in a good yield of 49% after purification by column chromatography. The trichloride starting 

material 109 was also isolated and was reused. 

In order to prevent losses of the monothiol 116, which had to be synthesized in three synthetic 

steps, the starting generation dendron 119 was not synthesized directly from the branching 

unit 118. Rather the benzyl end-caps were introduced to the trichloride 109 prior to the t-butyl 

benzene unit (Scheme 52). This reaction was performed by using commercially available 

benzyl mercaptan in dry THF with sodium hydride as base. After purification by column 

chromatography, the desired monochloride 120 was obtained as colorless liquid in a good 

yield of 44%. The dichloride 121 was also obtained and was isolated in 28% yield. This 

compound was used in further attempts to synthesize the monochloride 120. In a second step, 

the monothiol 116 was then introduced very efficiently under standard nucleophilic 
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substitution conditions in THF with sodium hydride. By column chromatography, the G0 

dendron 119 was isolated as colorless oil in quantitative yield. 

 

 
Scheme 52. Synthesis of 118 and 119. a) 116, NaH, THF, RT, 49%; b) BnSH, NaH, THF, RT, 120: 44%;  

121: 28%; c) 116, NaH, THF, RT, quant. 

 

With the main building blocks 118 and 119 in hand, the first generation dendron 122 was 

synthesized in a similar fashion as the ethylene dithiol dendrons. The trityl protecting group of 

the G0 dendron 119 was deprotected with 4% v/v TFA in CH2Cl2 with triethylsilane as cation 

scavenger (Scheme 53). After an aqueous work up procedure, the free thiol intermediate 98 

was directly reacted with substoichiometric amounts of the branching unit 118 in THF with 

sodium hydride as base. This reaction led to the G1 dendron 122 in 81% yield after column 

chromatography based on the amount of the branching unit 118. The purification by column 

chromatography appeared to be much more straightforward compared to the G1 ethylene 

dithiol dendron 111, as mixtures of CH2Cl2 and hexane provided good results and the addition 

of ethyl acetate was not necessary. However, it was found that the major by-product of this 

reaction sequence was the disulfide 123 (Scheme 54), which can be formed oxidatively by the 

reaction of two free thiol intermediates 98. The reaction mixture of the nucleophilic 
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substitution reaction was degassed by bubbling argon through the solution prior to the 

addition of sodium hydride. The yield of this reaction was thereby increased to up to 90%. 
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Scheme 53. Synthesis of the higher generation dendrons 122, 124 and 128. a) 1. Et3SiH, TFA, CH2Cl2, RT, 98: 

97%; 127: 89%; 2. NaH, THF, RT, 122: 90%; 124: 90%; 128: 29%, but not pure. 

 

Using similar reaction conditions, the G1 dendron 122 was deprotected and the crude was 

then - after an aqueous work up - transferred directly with THF to the reaction flask with the 

branching unit 118 for the formation of the next generation dendron 124. Without degassing 

of the solution, sodium hydride was added. TLC showed the formation of two major products, 

one with an Rf value which was very close to the Rf value of the G1 starting material 122 and 

another product which moved considerably slower on the TLC plate. These two compounds 

were separated by column chromatography and unfortunately none was the desired G2 

dendron 124. 1H NMR of the compound that eluted first revealed the presence of the trityl 

protected branching unit. However, relative to these signals, only signals fitting for one 

dendron and one additional singlet at 4.5 ppm were found. The additional signal lies exactly 
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in the range where protons of benzylic chlorides appear. This compound was therefore most 

probably the monochloride 125 (Figure 59).  

 

 
Figure 59. Molecular structure of the monochloride 125. 

 

 

 
Scheme 54. Reduction of the disulfide by-products 123, 126 and 129. a) PBu3, MeOH, THF, RT. 
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The second major product of this reaction was found to be the disulfide 126, as was shown by 

the formation of the free thiol 127 upon reduction with tri-n-butylphosphine in THF and 

methanol (Scheme 54).[307]  

Considering these results, it seems that the disulfide formation was faster than the reaction 

with the branching unit 118, leaving excess chloride leaving groups, which led to the 

formation of the monochloride 125. In order to have more control over the formation of the 

second generation dendron 124, the crude mixture of the deprotection procedure with 122 was 

purified by column chromatography prior to the nucleophilic substitution reaction. The free 

thiol 127 was thus obtained in up to 89%, showing that some of the losses can also be 

attributed to the deprotection procedure. A mixture of slightly more than two equivalents of 

the thiol 127 and the dichloride 118 was then carefully degassed with argon to suppress the 

oxidative disulfide formation. The reaction was initiated with the addition of sodium hydride. 

After aqueous work up and purification by column chromatography, the desired second 

generation dendron was isolated in up to 90% yield (Scheme 53). However, much lower 

yields were also obtained in other attempts to synthesize 124, showing the importance of 

perfect reaction conditions for the synthesis of such thioether dendrimers. 

The third generation dendron 128 was also synthesized under the optimized reaction 

conditions that were used for the second generation 124. Purification of the crude by column 

chromatography provided the G3 dendron 128 in only 29% yield (Scheme 53). However, this 

assignment was solely based on the 1H NMR spectrum, which showed well fitting ratios 

between the trityl group and the other signal groups. The presence of the disulfide 129 of the 

free thiol G2 dendron 130 cannot be ruled out based only on this evidence. 

In future attempts to synthesize higher generation dendrons, a reversal of the functionalities of 

the building blocks may provide better results: if the thioether dendron carries the leaving 

group and the branching unit free thiols, the formation of the disulfides 123, 126 and 129 can 

be prevented. 

 

3.4.3.2 Synthesis of Acetylene Functionalized Dendrimers 
 

For initial experiments on the gold nanoparticle stabilizing and size steering properties of the 

sterically demanding thioether dendrimer structures, the medium length OPE functional unit 

64 was integrated as central unit of the dendrimer structures (Scheme 55). Due to the 
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fluorescence of the OPE rod, the dendrimer formation becomes easily traceable by TLC and 

the desired dendrimer can be clearly distinguished from the disulfide side products that may 

be formed. Furthermore, this acetylene functionalization allows for the formation of OPE 

functionalized nanoparticles that can give further insight to the applicability of dendrimer 

coated nanoparticles as building blocks for wet synthetic chemistry processing.  

The first generation dendrimer 131 was obtained from the reaction of excess of the 

deprotected G0 dendron 98 with the OPE dibromide 64 in degassed THF with sodium hydride 

as base. The crude was purified twice in order to completely remove the disulfide by product. 

Thus, the G1 OPE dendrimer 131 was obtained in 98% yield as colorless, very viscous oil. 

Similarly, the second generation OPE dendrimer 132 was obtained in 99% yield after 

repetitive purification by column chromatography.  

 

 
Scheme 55. Synthesis of the OPE functionalized dendrimers 131 and 132.  

a) NaH, THF, RT, 131: 98%; 132: 99%. 

 

Attempts to obtain the third generation dendrimer failed however. Column chromatography 

after the deprotection procedure of the G2 dendron 124 provided only small amounts of 

mixtures of compounds with the G2 disulfide 129 among them. The presence of free thiol 

groups were observed by 1H NMR, but integration of the obtained signals revealed that most 

of the material of the observed mixture did not contain free thiol moieties. Also, the direct 
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reaction of 124 with the OPE unit 64 after the deprotection procedure without purification by 

column chromatography led to inseparable mixtures. It was found out later that the G1 and G2 

dendrimers 131 and 132 are not stable, even when stored at 4°C. Attempts to further 

characterize these structures after a storage time of approximately three months revealed the 

decomposition of 131 and 132. This instability might also explain in part the unsuccessful 

attempts to synthesize the G3 dendrimer. 

The second generation pyridine OPE dendrimer 133 was synthesized as well (Scheme 56). In 

addition to the features provided by the rigid rod OPE unit, the polar pyridine moiety was 

expected to allow for the easier chromatographic separation of disulfide by-products. Using 

similar reaction conditions that were used for the other dendrimers, 133 was obtained 

quantitatively after purification by column chromatography. In this case, removal of disulfide 

by products proved to be simple, as these compounds eluted from the column with pure 

CH2Cl2, while the addition of 2% triethylamine was necessary to receive the pyridine 

functionalized dendrimer 133. Interestingly, this compound was found to be stable, even when 

stored under ambient conditions. At this point however, it remains unclear if the stability 

differences between the benzene OPE dendrimers 131 and 132 and the pyridine derivative 

133 arise from the intrinsic properties of the molecules or might be attributed to the presence 

of minor amounts of disulfide by-products in the preparations of 131 and 132. 

 

 
Scheme 56. Synthesis of the G2 pyridine OPE dendrimer 133. a) NaH, THF, RT, quant. 
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3.4.4 Dendrimer Stabilized Gold Nanoparticles 
 

To investigate the properties of dendrimeric thioether ligands concerning nanoparticle 

stabilities, surface coverage and sizes, gold nanoparticles were formed in the presence of OPE 

functionalized dendrimer ligands 132 and 133 by applying the two-phase protocol that was 

used for the synthesis of the OPE functionalized nanoparticles coated with linear heptameric 

ligands (vide supra). As before, a 1:1 ratio between gold(III) and sulfide moieties was used, 

resulting in 20 equivalents of tetrachloroauric acid compared to the second generation ligands 

132 and 133. Thus, tetrachloroauric acid was transferred with TOAB from an aqueous phase 

to a CH2Cl2 phase. A CH2Cl2 solution of the respective dendrimer ligand 132 or 133 was 

added and the gold(III) precursor was then reduced after 10 minutes by an aqueous solution of 

sodium borohydride. In both cases, the organic phases turned dark brown immediately after 

the addition of the reducing agent, indicating the formation of nanoparticles. The CH2Cl2 

phases were separated and were then dried over magnesium sulfate. After concentration of the 

dispersions to approximately 1 ml, the Au-132 and Au-133 nanoparticles were precipitated by 

addition of ethanol. The particles were separated by centrifugation, leaving the supernatants 

nearly colorless. This is in contrast to the gold nanoparticles coated by linear heptameric 

ligands (Au-27, Au-62, Au-66 and Au-67), where the supernatants were slightly brown 

colored after centrifugation, indicating the presence of gold nanoparticles in the liquid phases. 

The remaining solid dendrimer coated nanoparticles were redispersed in CH2Cl2 and the 

precipitation/centrifugation procedure was repeated twice to completely remove the phase 

transfer agent TOAB. Notably, the Au-132 particles were obtained very efficiently in 90% 

based on the gold equivalents used. The lower nanoparticle yield of 76% that was found for 

the pyridine-OPE G2 ligand 133 might be attributed to the partial removal of excess free 

ligand by this procedure due to the polar pyridine unit. To remove further excess ligand, GPC 

was performed with the Au-132 and Au-133 particles using toluene as eluent. In all three 

cases the dendrimer coated gold nanoparticles eluted in a narrow brown colored band. 

However, late eluting colored nanoparticle containing fractions of second generation 

dendrimer particles Au-132 and Au-133 were found to contain the free ligands 132 and 133 

by TLC and fluorescence analysis. These fractions were therefore not combined with the main 

nanoparticle containing fractions.  
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 UV/vis Investigations 
 

The UV/vis spectra of the dendrimer stabilized Au-132 and Au-133 particles (Figure 60) are 

very similar to the spectra of the OPE functionalized Au-66 nanoparticles (vide supra). In all 

cases, no strong plasmon resonance band can be observed, indicating the formation of 

nanoparticles with diameters smaller than 2-3 nm.[181] Also, the presence of the functionalized 

ligands is evident by the absorption between 300 and 400 nm. After removal of excess ligand 

132 or 133 by GPC, the signals in this region become weaker compared to the signals 

originating from the gold nanoparticles. This shows that the efficient removal of unbound 

ligand from the nanoparticles by size exclusion is possible even with the relatively large 

second generation dendrimer ligands 132 and 133.  
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Figure 60. Normalized UV/vis absorption spectra (CH2Cl2) of Au-132 and Au-133 before  

and after purification by GPC. 
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 NMR 
 

The 1H NMR spectra of the thioether dendrimer stabilized Au-132 and Au-133 particles after 

purification by GPC show very broad signals (Figure 61), similar to other thioether stabilized 

gold nanoparticles (vide supra). Also, no signals for the phase transfer agent TOAB can be 

found, indicating that only the thioether dendrimers are required for the stabilization of 

Au-132 and Au-133 nanoparticles.  

 

 
Figure 61. 1H NMR spectra of Au-132 and Au-133 in comparison with the spectra of the  

pure ligands 132 and 133 and pure TOAB. 
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 TEM Investigations 
 

The dendrimer coated gold nanoparticles Au-132 and Au-133 were investigated by TEM on 

carbon coated copper grids (Figure 62 top). Thereby it was found that the Au-132 particles 

stabilized by the second generation dendrimer have a mean diameter of 1.3 nm with standard 

deviation of 0.2 nm (Figure 62 bottom). The pyridine dendrimer particles Au-133 were found 

to be slightly larger with a mean diameter of 1.35 nm, but notably with a smaller deviation of 

0.14 nm. Compared to the heptamer coated OPE particles Au-27, these particles are 

considerably larger, which can be attributed to the increased size of the second generation 

dendrimer ligands 132 and 133 and their size steering properties. Furthermore, better 

monodispersities were found for the thioether dendrimer coated Au-132 and Au-133 particles, 

which further supports the goal of controlling nanoparticle sizes by ligand design. 
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Figure 62. TEM micrographs and size distribution histograms of Au-132 (A) and Au-133 (B) (top). TEM 

micrographs of larger areas of the TEM grids can be found in the appendix.  
Size distribution histograms of Au-132 and Au-133 (bottom). 
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 Elemental Analysis 
 

In order to obtain a deeper insight to the nanoparticle surface coverage of the second 

generation dendrimer ligands 132 and 133, elemental analyses were performed with the 

dendrimer coated Au-132 and Au-133 nanoparticles. 

After removal of excess ligand by GPC, ligand weight proportions of 34.0% for Au-132 and 

32.5% for Au-133 respectively. These values are based on the assumption that only gold 

nanoparticles and the coating ligands are present. From these weight proportions, the presence 

of 34 gold atoms per coating ligand 132 and 36 gold atoms per pyridine ligand 133 can be 

calculated. Similar to before (vide supra) the average number of gold atoms per nanoparticle 

was calculated by using the density of bulk gold. 68 gold atoms can thus be assumed for the 

1.3 nm Au-132 particles, while 76 gold atoms form larger 1.35 nm Au-133 particles. In 

contrast to the heptamer stabilized Au-27 particles, a second nanoparticle size distribution had 

not to be taken into account. Therefore, the number of coating ligands per particle was 

calculated directly by dividing the number of atoms per particle with the average number of 

gold atoms per ligand. The average number of dendrimer ligands per particle is thereby found 

to be 2.0 for Au-132 and 2.1 for Au-133. Based on these calculations, it can be assumed that 

mainly difunctionalized nanoparticles were formed with the G2 dendrimers 132 and 133.  

 

3.4.5 Formation of Gold Nanoparticle Superstructure s 
 

The ability of the dendrimer coated Au-132 and Au-133 nanoparticles to act as 'artificial 

molecules' with functional groups in defined positions was demonstrated by the formation of 

nanoparticle superstructures similar to the OPE heptamer stabilized Au-62, Au-66 and Au-67 

nanoparticles (vide supra). The focus in these investigations lies mainly in the comparison of 

the properties of the pyridine OPE units with the properties of the benzene derived functional 

OPE rods and the validation of the assumptions that were made concerning the broad particle-

particle distance distributions that were found for superstructures of Au-66 and Au-67 (see 

section 3.3.4). 

Nanoparticle superstructures were formed by using the one-pot deprotection/oxidation 

conditions that were already used before with linear heptamer stabilized nanoparticles (see 

section 3.3.4). The TIPS acetylene functionalized Au-132 and Au-133 particles were thus 

dispersed in CH2Cl2 and a solution of TBAF in wet THF was added. After stirring at room 
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temperature for one hour, TMEDA (2.5% v/v) and copper(I) chloride were added and the 

mixtures were stirred vigorously in open reaction vessels. Very interestingly, no precipitates 

were formed after this procedure within one hour and no other visible changes were observed 

in the reaction mixtures. This is in sharp contrast to the observations that were made with the 

Au-66 particles which carry OPE units of similar length. In this case, a black precipitate was 

formed very shortly after the addition of the copper salt (vide supra).  

 

 UV/vis Investigations 
 

UV/vis spectroscopic investigation of the reaction mixtures shows in both cases the desired 

diacetylene formation (Figure 63). Obvious red-shifts for the signals of the OPE functional 

units in the range between 300 and 450 nm can be observed in comparison with the unreacted 

Au-132 and Au-133 nanoparticles, indicating the formation of large conjugated diacetylene-

OPE structures. Between 450 and 800 nm no significant changes can be seen, indicating the 

stability of the dendrimer coated nanoparticles under the Hay reaction conditions. 
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Figure 63. UV/vis absorption spectra (CH2Cl2) of Au-132 and Au-133 before and after the  

deprotection/Hay procedure. 

 

 TEM Investigations and Discussion 
 

The reaction mixtures of the deprotection/Hay reaction conditions with Au-132 and Au-133 

were directly investigated by TEM. Therefore, parts of the reaction mixtures were separated 

and highly diluted with CH2Cl2. These barely colored dispersions were then applied to carbon 
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coated copper grids. In these cases, mainly smaller nanoparticle aggregates with up to ca. 10 

particles were observed (Figure 64). However, some flat lying larger nanoparticle agglo-

merations were also found. As was already indicated by the UV/vis spectra, the nanoparticles 

retained their integrity and did not coagulate to larger particles.  

For comparison, an aqueous work up with ammonium chloride was performed with the 

remaining reaction mixtures to remove the copper salts and TMEDA. The organic phases 

were then dried over magnesium sulfate and filtered. The dispersions were strongly brown 

colored after this procedure and were thus also diluted before application to the TEM grid. As 

expected, the purification procedure did remove very large nanoparticle aggregates, but 

otherwise, the TEM micrographs that were obtained before and after the purification 

procedure did not show great differences (Figure 64). In addition to some large aggregates, a 

large fraction of small nanoparticle superstructures was found in the micrographs that were 

taken from the diluted reaction mixture. However, due to the application of the reaction 

mixtures to the TEM grids in highly diluted form, these observations are only based on a low 

number of superstructures. 

 

   
 

   
Figure 64. Representative TEM micrographs of (Au-132)n (A), (Au-132)2-4 (B), (Au-133)n (C) and  
(Au-133)2-4 (D). TEM micrographs of larger areas of the TEM grids can be found in the appendix. 
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The interparticle distances of the nanoparticle superstructures of Au-132 and Au-133 were 

measured similar to the investigations with OPE thioether heptamer stabilized nanoparticles 

(vide supra) by using only small structures (Au-132)2-4 and (Au-133)2-4 to minimize the 

influence of incidentally neighboring particles. Also, only particle-particle distances below 

2.8 nm, the full stretched length of the diacetylene OPE spacer, were considered. The 

(Au-132)2-4 structures show a relatively broad interparticle distance distribution in a range 

between 0.5 and 2.5 nm with a maximum at about 1.2 nm (Figure 65). These results compare 

very well with the interparticle distance distribution that was found for the heptamer coated 

nanoparticles with the same OPE functional unit (Au-66)2-4. The pyridine functionalized 

structures (Au-133)2-4 show an additional sharp maximum at about 2.7 nm, which is very 

close to the theoretical stretched length of the expected diacetylene OPE unit. This clearly 

shows that a perpendicular arrangement of the pyridine moiety relative to the nanoparticle 

surface is possible. Furthermore, the relatively narrow distance distribution between 2.3 and 

2.8 nm indicates that such an arrangement is favored, which is probably due to the interaction 

between the pyridine and the gold surface. A closer investigation reveals that the first 

maximum of (Au-133)2-4 at about 1.4 nm is at longer distances than the maximum that is 

found for (Au-132)2-4 This shift might be explained by the formation of direct bonds between 

the free acetylene and the gold surface, as was discussed before (section 3.3.4). For such 

structures, interparticle distances of 1.4 - 1.5 nm would be expected. 
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Figure 65. Interparticle distance distributions of nanoparticle superstructures (Au-132)2-4 and (Au-133)2-4. 
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Figure 66. Schematic representation of the different arrangements of the functional OPE units of Au-132 (a) and 

Au-133 (b) relative to the nanoparticle surfaces and examples for the consequences of these arrangements on 
diacetylene interlinked nanoparticle superstructures. The thioether ligands are represented in black, while the 

functional OPE units are drawn as blue bars. 

 

The formation of mainly smaller nanoparticle superstructures with the second generation 

dendrimers 132 and 133 can probably be attributed directly to the large surface area that can 

be covered by the ligands. Both, the dendrimer and the heptamer coated nanoparticles were 

found to be mainly difunctionalized. However, the calculated results that were obtained for 

the Au-27 particles indicate that probably even particles smaller than 1.0 nm are stabilized by 

more than one heptameric ligand. On the other hand, spherical 1.0 nm particles that are found 

in the distributions of the dendrimer stabilized Au-132 and Au-133 have already 

approximately half of the surface than the average 1.35 nm particles and are therefore very 

likely stabilized by only one G2 dendrimer ligand 132 or 133. The reaction with such 

monofunctionalized particles can stop the nanoparticle polymerization process and provides 

therefore smaller oligomeric superstructures that do not precipitate from the reaction mixture. 
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3.4.6 Summary and Conclusions 
 

Large thioether dendrimers were synthesized and employed for the stabilization of gold 

nanoparticles by direct two-phase synthesis. The synthesis of the dendrons was developed 

such, that functionalized building blocks can be introduced in a final synthetic step to form 

monofunctionalized thioether dendrimers. Initially, dendrimers with ethylene dithiol bridges 

were synthesized with up to 92 thioether moieties. However, in gold nanoparticle formation 

experiments, these dendrimers did not provide an efficient stabilizing layer for the 

nanoparticles and the coagulation to larger particles or bulk gold was observed. The ethylene 

dithiol bridges were then exchanged with sterically demanding t-butyl benzene units. 

Nanoparticles stabilized by such sterically demanding second generation dendrimers were 

found to be stable and also more monodisperse than the particles stabilized by linear 

heptameric thioether ligands. Furthermore, the particles stabilized by the OPE functionalized 

G2 dendrimers 132 or 133 have average diameters around 1.3 nm, which is larger than the 

diameter of the heptameric thioether stabilized nanoparticles. This shows that the nanoparticle 

sizes can indeed be steered by the size and shape of the coating thioether ligand.  

Similar to the OPE functionalized gold nanoparticles stabilized by linear ligands, nanoparticle 

superstructures were formed with Au-132 and Au-133 by oxidative diacetylene formation. In 

these cases, no precipitation of nanoparticle aggregates was observed upon application of the 

oxidative Hay conditions, showing that mainly smaller nanoparticle superstructures were 

obtained in these cases. Even more interestingly, the investigation of the interparticle 

distances in the nanoparticles superstructures of the pyridine functionalized Au-133 particles 

shows that this functional unit allows the perpendicular arrangement of OPE unit relative to 

the nanoparticle surface. A high degree of control over the spatial arrangement of functional 

groups can thus be achieved with pyridine functionalized dendrimers. 

The pyridine functionalized dendrimer 133 does not only provide more control over 

nanoparticle arrangements and nanoparticle sizes, but was also found to be more stable and 

easier to purify than the dendrimers that are based on benzene derivatives as central OPE 

building blocks. Larger dendrimers with pyridine central units can thus provide a versatile 

tool for the formation of selectively functionalized gold nanoparticles as 'artificial molecules'. 
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4 Mixed Thiol-Thioether Monolayers on Gold Surfaces  
 

In this part, investigations on the film forming properties of linear mixed thiol/thioether 

compounds on gold surfaces will be presented.  

 

Self-assembled monolayers (SAMs) of organic molecules provide a flexible and simple 

system to tailor the interfacial properties of metal or semiconductor surfaces.[308] SAM 

forming molecules have a chemical functionality with a high affinity for the surface that 

allows the adsorbation on the surface and also the spontaneous formation of crystalline 

structures. Due to the high affinity of thiols for the surfaces of coinage metals, the most 

extensively studied examples of SAMs are derived from the strong chemisorption of organic 

thiols on gold, silver and copper. Especially with n-alkanethiols on gold surfaces, highly 

ordered and stable SAMs were obtained.[308] However, it was shown already in 1988 that the 

much weaker interaction between dialkylsulfides and gold surfaces can also provide ordered 

SAMs.[309] In direct comparison with alkanethiol derived SAMs, dialkylsulfide SAMs on gold 

were found to be much less robust and also not as well ordered.[284,310-313] Initial indications of 

C-S bond cleavage in dialkylsulfides on gold surfaces[314] were later found to be due to minor 

(~0.1%) thiol impurities, which led to the displacement of weakly bound thioethers.[315] More 

stable and better packed monolayers based on sulfides were obtained by using oligodentate 

thioether ligands such as the tetradentate calix(4)arene derived thioether ligand 18 from 

Reinhoudt et al.[316-318] (see Figure 28, section 3.2) or other tridentate thioether ligands.[319,320] 

In this context, mixed thiol-thioether compounds are attractive substrates for the formation 

and investigation of SAMs on gold surfaces, as the behavior of such mixed compounds has 

not been studied so far. The linear thiol terminated oligomers 2, 6, 8 and 10 as well as the 

linear monothiols 36 and 39 (Figure 67) were thus investigated on their monolayer forming 

properties by the group of Michael Zharnikov in Heidelberg. 
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Figure 67. Molecular structures of the thiol/thioether compounds that were studied on gold surfaces. 

 

4.1 Film Preparation and Investigation 
 

Films of the different thiol compounds were prepared by immersion of gold substrates in 

10 µM solutions of the thiols in ethanol for 24 hours at room temperature. After thorough 

rinsing with toluene, the so prepared organic films were characterized by synchrotron-based 

high resolution X-ray photoelectron spectroscopy (HRXPS) and in the cases of the dithiol 

oligomers also by near edge X-ray absorption fine structure spectroscopy (NEXAFS, also 

called X-ray absorption near edge spectroscopy, XANES). 

 

NEXAFS can provide information on the molecular orientation on the surface. The 

orientation of the polarized X-ray photon beam can be changed with respect to the surface, 

whereby signals from particular orbitals can be enhanced or cancelled. In the particular cases 

of the linear oligothioethers, the relative orientation of the phenyl rings to the gold surfaces 

can be probed.[321] The NEXAFS investigations of the films of the dithiol/oligothioether 

compounds 2, 6, 8 and 10 show very similar spectra in all four cases (Figure 68). Also the 

measured angle dependency is very small, showing that the orientation of the phenyl rings 

relative to the surface is not clearly defined. Predominantly, the phenyl rings have an upright 

orientation with a large inclination. From these data, it can also be concluded that the gold 

surfaces are passivated and protected from further contamination.  
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Figure 68. NEXAFS spectra of the monomer dithiol 2 and the heptamer dithiol 10 measured at different angles 
between 20° and 90°. 

 

The HRXP spectra at the S 2p core level clearly show the presence of several S 2p3/2,1/2 

doublets related to individual sulfur moieties in all cases (Figure 69). The doublets are found 

at S 2p3/2 binding energies of ca. 161.0 eV, 161.9 eV and 163.2 eV. A signal at ca. 162 eV is 

commonly assigned as a gold bound thiolate species.[315,321,322] The prominent signal at about 

163.2 eV can be due to different species: binding energies in this region have been assigned to 

unbound thiols, but were also found for physisorbed as well as for neat dialkylsulfides.[315] 

Furthermore, doublets in this region were also attributed to disulfide species.[323] The less 

prominent feature at ca. 161 eV can be ascribed either to atomic sulfur[324] or to differently 

adsorbed sulfur species.[325,326] Although this signal can be commonly found in thiolate 

monolayers on gold surfaces, the exact nature of this species remains unclear.[320,321] 
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Figure 69. S 2p HRXP spectra of films of the dithiols 2, 6, 8 and 10 and of the monothiols 36 and 39. 

 

A signal at 161 eV is found in all cases with relative weights between 5% (for the dithiol 

heptamer 10) and 20% (for the monothiol monomer 39). Due to the unclear nature of this 

signal, only the relative proportions of the other two signals at ca. 162 eV and 163 eV were 

considered. The relative weights of these two signals are summarized in Table 1. With 

increasing thioether content, the proportion of the signal at 163.2 eV increases from 34% for 

the dithiol monomer 2 to 86% for the dithiol heptamer 10. These results show that not all thiol 

moieties of the dithiols 2, 6, 8 and 10 are bound to the gold surface, as no signal in the 163 - 

164 eV region would be expected for the dithiol monomer 2. Also, the proportions of the 

signals in this region for the longer dithiol oligomers 6, 8 and 10 are slightly larger than the 

thioether proportions in the molecules (6: 50%; 8: 67%; 10: 75%).  

 

Dithiol ligands 162 eV signal / % 163 eV signal / % 
Monomer 2 76 (65) 34 (21) 
Trimer 6 42 (35) 58 (48) 
Pentamer 8 28 (25) 72 (64) 
Heptamer 10 14 (13) 86 (82) 
Monothiol ligands   
Monomer 39 52 (42) 48 (38) 
Trimer 36 30 (27) 70 (63) 

Table 1. Relative weights of the HRXPS signals at 162 eV and 163 eV. The signal proportions under 
consideration of the signals at 161 eV are given in parentheses. 
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For the two monothiol ligands 36 and 39, the relative weights of the signals for thiolate bound 

sulfur and the signal at 163.2 eV fit very well with the thioether/thiol ratios of the molecules 

(1:1 for 39 and 3:1 for 36). In these two cases, all thiol moieties are probably bound to the 

gold surface. 

 

The thicknesses of the organic films on the gold substrates in comparison with films of known 

thickness were also determined by HRXPS, using the intensity ratios of the C 1s and Au 4f 

signals. For the dithiols 2, 6, 8 and 10 as well as for the monothiols 36 and 39, the film 

thicknesses increase with increasing chain length (Table 2).  

 

Dithiol ligands Film thickness / Å 
Monomer 2 8.4 
Trimer 6 10.0 
Pentamer 8 12.5 
Heptamer 10 17.1 
Monothiol ligands  
Monomer 39 8.5 
Trimer 36 12.2 

Table 2. Film thicknesses of the dithiol ligands 2, 6, 8 and 10 and of the  
monothiol ligands 36 and 39 on gold surfaces. 

 

The two monomeric ligands 36 and 39 both provide films with a thickness of ca. 8.5 Å, while 

the longest dithiol oligomer 10 gives films with a thickness of around 17 Å. Very importantly, 

the film of the monothiol trimer 36 is significantly thicker than the film of the dithiol trimer 6 

and is approximately the same height as the film of the dithiol pentamer 8.  

From these data it can be concluded that the dithiol oligomers 2, 6, 8 and 10 are pre-

dominantly bound to the surface by both thiol moieties, forming bridge-like structures with 

unbound thioether moieties (Figure 70). It seems however that a significant part of the 

molecules is bound by one of the two thiol groups only, leading to a low degree of order in 

the films as was found by NEXAFS. On the other hand, all thiol groups of the monothiols 36 

and 39 that are present on the gold surface seem to be bound in a thiolate fashion, while the 

thioether groups are not bound to the surface (Figure 70).  
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Figure 70. Schematic representation of the different possible binding modes to gold surfaces of the dithiol trimer 

6 (left) and the monothiol trimer 36 (right). 

 

In accordance with previous results,[315] the investigations concerning mixed thiol-thioether 

compounds suggest that free thiols bind much stronger to gold surfaces than thioethers. In the 

presented cases, the thiol moieties seem to account completely for the attachment of the 

mixed thiol-thioether molecules to the surfaces, while the thioethers remain unbound. 

Based on these preliminary results concerning the arrangement and the binding modes of 

mixed thiol-thioether films on gold surfaces, further investigations will be done by scanning 

tunneling microscopy (STM). This technique should allow for the visualization of ordered 

film domains and thus give further insight to the surface passivation of thiol-thioether 

compounds. 
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A set of linear and dendritic thioether ligands for the ligand controlled synthesis and surface 

functionalization of gold nanoparticles was developed. The properties of the thioether ligands 

concerning the sizes as well as the stability and dispersity of gold nanoparticles were 

investigated. It was shown that the size and surface functionalization of gold nanoparticles 

can be controlled by the thioether ligands. Furthermore, the functionalized nanoparticles can 

be employed as synthetic building blocks or 'artificial molecules' for the formation of 

nanoparticle superstructures by standard wet synthetic chemistry.  

Initial experiments were geared towards the formation of thioether coated gold nanoparticles 

or clusters by exchange of the ligand shell of molecularly defined gold clusters. For the 

exchange of the eight phosphine ligands of [Au9(PPh3)8](NO3)3, the linear octadentate ligand 

1 based on benzylic thioethers was synthesized (Figure 71). Different attempts to introduce 

the thioether ligand and remove the phosphine ligands of the Au9 cluster or water soluble 

derivatives thereof were not successful. It was then tried to introduce the heptamer 1 to gold 

nanoparticles that were only weakly stabilized by diglyme. The results of this study indicate 

firstly the coagulation of gold nanoparticles to larger particles and secondly the formation of 

nanoparticle aggregates by the octadentate thioether ligand. Based on these observations it 

was concluded that multidentate thioether ligands might not be ideally suited for the 

stabilization of gold nanoparticles by ligand exchange due to their weak binding properties 

and their multidentate nature that allows for the interlinkage of nanoparticles. Although 

conditions for the formation of thioether coated gold nanoparticles using ligand exchange 

reactions might be found, the general applicability of this method regarding the introduction 

of thioether ligands of different sizes seems to be limited.  

 

 

Figure 71. Molecular structures of unfunctionalized linear thioether ligands. 
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It was then shown that the heptamer 1 can be efficiently employed for the direct synthesis of 

gold nanoparticles with diameters smaller than 2 nm by reduction of a gold(III) precursor in 

the presence of the ligand in a two phase reaction system. Following this result, the 

requirements for the stabilization of gold nanoparticles by multidentate thioether ligands were 

investigated. For this, the mono- to heptameric thioether ligands 24 - 27 were synthesized 

(Figure 71). These ligands are based solely on dibenzyl sulfides and do not contain any other 

functional groups, allowing for a comprehensive study on the nanoparticle stabilizing and size 

steering properties of such thioether ligands. While the monomer stabilized Au-24 particles 

were found to be only weakly stabilized by the dithioether ligand, the larger oligomers 25 - 27 

with four to eight thioether moieties provided more stable gold nanoparticles. In particular the 

heptamer stabilized Au-27 particles displayed a high long term stability in CH2Cl2 or toluene 

dispersion as well as in the solid phase even after removal of the phase transfer agent TOAB 

by precipitation of the nanoparticles and excess ligand by GPC. Analysis of the particle sizes 

by TEM revealed that mainly particles with diameters of 1.0 nm were obtained in the 

presence of the heptameric ligand 27. It was found that only two heptameric thioether ligands 

27 are required to stabilize one 1.0 nm particle.  

 

X: CH, N
R: functional unit (e.g. OPE acetylene, azide, halide)
LG: leaving group
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Figure 72. Modular synthetic strategy for the formation of monofunctionalized heptameric thioether ligands. 
Molecular structures of the trimer thioether building block 36 and the OPE functionalized ligands 62, 66 and 67. 

 

On the basis of these results, building blocks for the modular synthesis of monofunctionalized 

thioether ligands for the formation of gold nanoparticles as 'artificial molecules' for 

nanoparticle superstructures were developed and synthesized (Figure 72). For the synthesis of 

functionalized ligands based on the structure of the linear heptameric ligand 27, the monothiol 

trimer 36 was prepared. This thioether building block can be fused with different functional 

blocks carrying leaving groups in benzylic positions to form monofunctionalized heptamer 
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ligands. Functional building blocks were prepared with rigid rod type OPE structures of 

different length that carry TIPS protected acetylenes or with aryl azides for 'click' chemistry 

applications. In view of the application of thioether stabilized gold nanoparticles in single 

molecule electronic investigations, functional building blocks based on pyridine or thiophenol 

that allow for the electronic coupling of the ligand shell and the gold nanoparticle were 

developed. It was shown that both building blocks can be efficiently integrated to 

monofunctionalized thioether ligands. 

To show the applicability of thioether coated gold nanoparticles as 'artificial molecules' for 

wet chemistry processing, acetylene functionalized gold nanoparticles were prepared in the 

presence of the ligands 62, 66 and 67 (Figure 72), carrying rigid rod type OPE units of 

different length. The acetylene functionality on the nanoparticle surface allows - among e.g. 

Sonogashira coupling reactions or the formation of acetylene metal complexes - the covalent 

interlinkage of the nanoparticles by oxidative acetylene homocoupling. The length of the rigid 

rod interparticle spacer determines thereby the interparticle spacing in the linked nanoparticle 

superstructures. 

As for the unfunctionalized heptamer coated Au-27 particles, average diameters of ca. 1.0 nm 

with a deviation of 0.2 nm were found in the TEM micrographs of the OPE functionalized 

nanoparticles. Investigation by TGA revealed that the main fraction of particles is stabilized 

by two or three functionalized thioether ligands. Therefore also only a small number of 

functional acetylene groups is present per particle after removal of excess ligand molecules by 

GPC. The conjugated OPE units allowed thereby to monitor presence of the thioether ligands 

as stabilizer for the gold nanoparticles by UV/vis spectroscopy.  

The TIPS-acetylene functionalized gold nanoparticles were covalently interlinked by 

oxidative diacetylene formation (Figure 73). A one-pot deprotection/oxidation procedure was 

developed and applied to the OPE functionalized gold nanoparticles. This led to the formation 

of nanoparticle aggregates, which was evident by the formation of precipitates and by 

aggregated nanoparticle structures and small nanoparticle superstructures in the TEM 

micrographs of the reaction mixtures. As such aggregates were not observed when the 

unfunctionalized Au-27 particles were subjected to this procedure, these aggregates were due 

to the covalent interlinkage of nanoparticles by diacetylene formation. The formation of 

diacetylene linked gold nanoparticles was further corroborated by UV/vis, where a red shift of 

the OPE signals was observed, indicating the increased conjugation length of the diacetylene 

linked OPE spacers. After removal of large nanoparticle aggregates by an aqueous work-up 
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procedure and by filtration, mainly single particles and small superstructures of gold 

nanoparticles were found by TEM. Investigation of the interparticle distances in these 

structures revealed an increase of the particle-particle distances with increasing length of the 

OPE spacer of the acetylene functionalized ligand, showing the power of functionalized 

thioether ligands as building blocks or 'artificial molecules' that are processable by standard 

organic chemistry.  

 

 

Figure 73. Increasing levels of structural complexity emerging from the ligand 66. a) The thioether heptamer 
stabilizes gold particles of a given size and a low number of ligands at its surface (reaction conditions: HAuCl4, 
TOAB, NaBH4, CH2Cl2/H2O; GPC.) b) Deprotection of the acetylene enables the formation of organic/inorganic 
hybrid chains by oxidative acetylene coupling (reaction conditions: 1. TBAF in CH2Cl2, RT; 2. TMEDA, CuCl, 
RT). While longer chains aggregate and precipitate, short hybrid superstructures comprising up to approximately 

four interlinked particles remain in dispersion. 

 

In order to be able to enwrap, stabilize and functionalize also gold nanoparticles with 

diameters larger than 1 nm and to investigate the nanoparticle size steering properties of 

multidentate thioether ligands, dendritic thioether ligands were developed. Initial gold 

nanoparticle formation experiments with thioether dendrimers based on mesitylene branching 

unit and ethylene dithiol bridges provided only very unstable particles. The basic dendrimer 

design was then developed further and the ethylene dithiol bridges were exchanged with the 

sterically more demanding monomer units of the linear thioether ligands (Figure 74).  
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Figure 74. Initial thioether dendrimer design (left) and structure of sterically more demanding thioether 
dendrimers (right). 

 

First and second generation thioether dendrimers were prepared efficiently. However, careful 

optimization of the reaction conditions was necessary, as hard to separate by-products often 

occurred. Furthermore, a limited long-term stability was found for the OPE functionalized G1 

and G2 dendrimer ligands 131 and 132 (Figure 75), which might be attributed to the presence 

of minor amounts of the by-products. These problems were circumvented by using a pyridine 

functionalized building block as central unit for the dendrimer. The G2 dendrimer 133 was 

found to be more stable than 132 and also easier to separate from the by-products. 

 

 

Figure 75. Molecular structures of the thioether dendrimers 131, 132 and 133. 

 

First investigations on the nanoparticle stabilizing properties of the second generation 

dendrimer 133 showed the size steering properties of the multidentate thioether ligands. With 

the larger dendrimer ligand, nanoparticles with average diameters of ca. 1.3 ± 0.15 nm were 
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obtained. In addition the higher stability of the pyridine based ligand, the pyridine OPE 

functional moiety allows for a better control over the arrangement of gold nanoparticles. 

Similar to before, diacetylene-linked gold nanoparticle superstructures were prepared in a 

one-pot deprotection/ oxidation procedure. The investigation of the interparticle distances of 

the superstructures by TEM revealed larger distances with a less broad distance distribution 

compared to the nanoparticle superstructures that were obtained with benzene-OPE ligands 

such as 132. The pyridine moiety allows thereby for a perpendicular arrangement of the rigid 

OPE rod relative to the nanoparticle surface, providing an even higher degree of control over 

the spatial arrangement of nanoparticles and the distances of functional moieties from the 

nanoparticle surface.  

As these studies were geared mainly towards a proof of the concept of thioether coated 

nanoparticles as 'artificial molecules' for wet chemistry processing, some issues require 

further investigations. In particular the delicate synthesis of the dendritic thioether ligands 

should be revisited in order to have a reliable pathway towards higher dendrimer generations 

for the formation of larger nanoparticles. Also, factors concerning the monodispersity and the 

exact sizes of the thioether stabilized gold nanoparticles have not been varied systematically. 

The influence of thioether/gold ratio, concentration or temperature during nanoparticle 

synthesis should therefore be investigated in order to be able to fully control the outcome of 

the nanoparticle preparation.  

Apart from that, the results obtained within this work open a wide playground for the 

preparation of selectively functionalized nanoparticles as building blocks for nanoparticle 

superstructures. The highly modular synthesis of the thioether ligands allows thereby for the 

easy exploration of ligands of variable sizes and with variable functionalities. The well 

developed acetylene functionalized thioether ligands as well as for instance the azide 

functionalized ones can provide versatile and selective tools for the formation of nanoparticle 

superstructures. Furthermore, the thiophenol building block can provide even more control on 

the degree of functionalization of nanoparticles, as thioether ligands with this central unit 

might be suitable for ligand exchange experiments with nanoparticles of predefined sizes. 

Also, single particle or single molecule electronic investigations become possible with 

thiophenol or pyridine derived functional thioether ligands. 

The nanoparticle stabilizing properties of multidentate thioether ligands are probably not 

restricted to gold. Other metals such as silver, palladium or platinum are also interesting 

targets for the formation of thioether coated 'artificial molecules'.  
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6 Experimental Part 

6.1 Materials and Methods 
 
Solvents and Reagents 

Reagents were used as received from Fluka AG (Buchs, Switzerland), Acros AG (Basel, 

Switzerland), Merck (Darmstadt, Germany) and Aldrich (Buchs, Switzerland) unless 

otherwise stated. Solvents for chromatography and extractions were of technical grade and 

were distilled prior to use. Dry solvents used for reactions corresponded to the quality puriss 

p. a., abs., over Molecular Sieves from Fluka AG. For an inert atmosphere Argon 4.8 from 

PanGas AG (Dagmersellen, Switzerland) was used. 

 

UV/vis spectroscopy 

UV/vis spectra were recorded on an Agilent 8453 diode array detector spectrophotometer 

using optical 114-QS Hellma cuvettes (10 mm light path).  

 

NMR spectroscopy 

Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker DPX-NMR 

(400 MHz for 1H and 100 MHz for 13C) or a Bruker DRX-500 (500 MHz for 1H and 125 MHz 

for 13C) spectrometer at ambient temperature in the solvents indicated. Solvents for NMR 

were obtained from Cambridge Isotope Laboratories (Andover, MA, USA). Chemical shifts 

are given in ppm relative to tetramethylsilane (TMS). The spectra are referenced to the 

residual proton signal of the deuterated solvent (CDCl3: 7.26 ppm, CD2Cl2: 5.33 ppm, 

DMSO-d6: 2.49 ppm) for 1H spectra or the carbon signal of the solvent (CDCl3: 77.0 ppm, 

CD2Cl2: 55.8 ppm, DMSO-d6: 39.5 ppm) for 13C spectra. The coupling constants (J) are given 

in Hertz (Hz), the multiplicities are denoted as: s (singlet), d (duplet), t (triplet), q (quartet), m 

(multiplet) and br (broad). 

 

Mass spectrometry (MS) 

Electron impact (EI) mass spectra and fast atom bombardment (FAB) mass spectra were 

recorded by Dr. H. Nadig on a finnigan MAT 95Q for EI-MS and on a finnigan MAT 8400 

for FAB-MS in the mass spectrometry laboratory of the institute. As matrix for FAB-MS 

m-nitro-benzyl alcohol or glycine was used. Electron spray ionization (ESI) mass spectra were 

recorded on a Bruker Esquire 3000plus. Matrix-assisted laser desorption/ionization-time of 

flight (MALDI-TOF) mass spectra were performed on a Applied Bio Systems Voyager-De™ 
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Pro mass spectrometer using 1,8,9-anthracenetriol or α-cyano-4-hydroxycinnamic acid as 

matrix. Important signals are given in mass units per charge (m/z), the fragments and 

intensities are given in brackets.  

 

Gel permeation chromatography (GPC) 

Gel permeation chromatography for the purification of gold nanoparticles was performed 

using Bio-Rad Bio-Beads S-X1 Beads (operating range 600 – 14000 g/mol) with toluene as 

eluent. 

 

Elemental analysis (EA) 

Elemental analyses were carried out by W. Kirsch on a Perkin-Elmer Analysator 240. The 

values are given in mass percent. 

 

Melting points (MP) 

Melting points (MP) were determined in °C using a Stuart SMP3 apparatus and are 

uncorrected. 

 

Column Chromatography 

For preparative separations by column chromatography, silica gel 60 from Fluka (0.043-

0.06 mm) was used. 

 

Thin layer chromatography (TLC) 

Thin layer chromatography was performed on 0.25 mm precoated aluminium plates (silica gel 

60 F254, Merck AG, Darmstadt, Germany). Compounds were detected at 254 nm by 

fluorescence quenching or at 366 nm by self-fluorescence. If necessary, the plates were 

stained by dipping into a cerium(IV) reagent[132] (molybdophosphoric acid and cerium(IV) 

sulfate dissolved in a mixture containing water and concentrated sulfuric acid) or Gibbs 

reagent[132] (100 mg 2,6-dibromoquinone-4-chloroimide with sodium hydrogen carbonate in 

DMSO/chloroform). 

 

Thermogravimetric Analysis (TGA) 

TGA was performed on a Mettler Toledo TGA/SDTA851e with a heating rate of 10°C/minute. 
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High Resolution Scanning Transmission Electron Microscopy (HRSTEM) 

HRSTEM was performed by Alla Sologubenko on a FEI Tecnai F20 operating at 200 kV and 

a FEI Titan S operating at 300 kV. For TEM studies, particles were brought on a conventional 

amorphous carbon TEM grid by carefully putting a drop of the nanoparticle dispersion on a 

grid and letting it dry in air. 

 

Transmission Electron Microscopy (TEM) 

TEM was performed by Philippe Ringler on a Philips CM100 transmission electron 

microscope at 80 kV. The particles were deposited by carefully putting a drop of the 

nanoparticle dispersion on top of a thin carbon film that spanned a perforated carbon support 

film covering a gold-plated copper microscopy grid. 

 

High Resolution X-ray Photoelectron Spectroscopy (HRXPS) 

Synchrotron-based HRXP spectra were recorded and interpreted by Michael Zharnikov and 

coworkers. HRXPS experiments were performed at the MAX-lab synchrotron radiation 

facility in Lund, Sweden. 

 

Near Edge X-ray Absorption Fine Structure Spectroscopy (NEXAFS)  

NEXAFS was performed by Michael Zharnikov and coworkers at the synchrotron radiation 

facility BESSY II in Berlin, Germany. 

 

General remark 

The synthetic procedures are ordered in the chapters Unfunctionalized Thioether Ligands, 

Linear Monothiol Building Blocks, Acetylene Functionalized Thioether Ligands, Azide 

Functionalized Thioether Ligands, Pyridine Functionalized Thioether Ligands, Towards 

Thiophenol Building Blocks and Dendritic Thioether Ligands according to the outline of the 

synthetic parts of section 3 (Thioether Coated Nanoparticles). Within these individual 

chapters, the respective compounds are arranged in numerical order. 
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6.2 Synthetic Procedures 

6.2.1 Unfunctionalized Thioether Ligands 
 

(5-tert-Butyl-1,3-phenylene)bis(methylene)bis((3-tert-butyl-5-((3-tert-butyl-5-((3-tert-

butyl-5-(methylthiomethyl)benzylthio)methyl)benzylthio)methyl)benzyl)sulfane) (1) 

 

 

C86H118S8 

1408.38 g/mol 

 

 

Sodium hydride (60% in mineral oil, 35 mg, 0.9 mmol, 10 eq) was added to a solution of the 

heptameric dithiol 10 (125.4 mg, 0.09 mmol, 1 eq) in dry tetrahydrofuran under an 

atmosphere of argon. After the gas formation had ceased, iodomethane (12.5 µl, 28.4 mg, 

0.20 mmol, 2.2 eq) was added and the mixture was left stirring for 2 hours at room 

temperature. The reaction was quenched with water and then extracted three times with 

MTBE. The combined organic fractions were washed with brine, dried over magnesium 

sulfate, filtered and evaporated to dryness. The crude was purified by column chromatography 

(hexane/dichloromethane 2:3) to give the desired methylated heptamer 1 as colorless solid. 

112 mg, 0.08 mmol, 89%. 

 

EA:  found: C 73.34%, H 8.44% 

 required: C 73.34%, H 8.44% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.20 – 7.17 (m, 14H, Aryl-H), 7.10 – 7.08 (m, 5H, Aryl-H), 

7.07 – 7.05 (m, 2H, Aryl-H), 3.65 (s, 4H, CH2), 3.61 – 3.58 (m, 24H, CH2), 2.00 (s, 6H, CH3), 

1.33 – 1.29 (m, 63H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.6 (3×), 138.0, 137.9, 126.8, 126.6, 124.7 (2×), 124.6, 

38.6, 36.0, 35.9, 34.6 (2×), 31.4 (2×), 15.1. 
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(5-tert-Butyl-1,3-phenylene)dimethanethiol[119] (2) 

 

 

 

C12H18S2 

226.40 g/mol 

 

 

A solution of 1,3-bis(bromomethyl)-5-tert-butylbenzene (3) (3.00 g, 9.3 mmol, 1 eq) and 

thiourea (1.77 g, 23.3 mmol, 2.5 eq) in dry dimethyl sulfoxide (40 ml) under an atmosphere of 

argon was left stirring for 15 h at room temperature. The mixture was poured into an ice cold 

aqueous sodium hydroxide solution (1M, 50 ml), which was then acidified with 1M 

hydrochloric acid. The mixture was extracted with dichloromethane 3 times and the combined 

organic fractions were washed once with water. The crude product was obtained after drying 

over magnesium sulfate, filtration and evaporation to dryness. After purification by kugelrohr 

distillation (2 x 10-1 mbar, 195°C), the pure title compound 2 was obtained as colorless solid. 

1.34 g, 6.0 mmol, 64%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.22 (br, 2H, Aryl-H), 7.14 (br, 1H, Aryl-H), 3.74 (d, 

J = 7.5 Hz, 4H, CH2), 1.79 (t, J = 7.5 Hz, 2H, SH), 1.33 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 152.1, 141.1, 124.8, 123.8, 34.7, 31.3, 29.1. 
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1,3-Bis(bromomethyl)-5-tert-butylbenzene[120] (3) 

 

 

 

C12H16Br2 

320.06 g/mol 

 

N-Bromosuccinimide (30.17 g, 170 mmol, 2.1 eq) and 5-tert-butyl-m-xylene (15.0 ml, 

12.98 g, 80 mmol, 1 eq) were dissolved in methyl formate (150 ml). 2,2′-Azobis(2-

methylpropionitrile) (75 mg) was then added and the reaction mixture was illuminated by a 

500 W halogen lamp for 3 hours. The solvent was evaporated by using a rotary evaporator 

and the residue was redissolved in dichloromethane. The organic solution was washed twice 

with a saturated aqueous solution of sodium hydrogen carbonate and then once with water. 

After drying with magnesium sulfate, the dichloromethane was removed by evaporation. The 

residue was recrystallized from dichloromethane/hexane twice to give 1,3,5-tris(bromo-

methyl)benzene (3) as colorless crystals.  

18.02 g, 56.3 mmol, 70%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.34 (br, 2H, Aryl-H), 7.27 (br, 1H, Aryl-H), 4.49 (s, 4H, 

CH2), 1.34 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 153.0, 138.4, 127.3, 126.7, 35.2, 33.9, 31.6. 
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(3-(Bromomethyl)-5-tert-butylbenzyl)(trityl)sulfane (4) 

 

 

 

C31H31BrS 

515.55 g/mol 

 

1,3-bis(bromomethyl)-5-tert-butylbenzene (3) (1.00 g, 3.1 mmol, 1 eq) and triphenylmethane-

thiol (863 mg, 3.1 mmol, 1 eq) were dissolved in 20 ml dry tetrahydrofuran under an 

atmosphere of argon. Potassium carbonate (650 mg, 4.7 mmol, 1.5 eq) was added and the 

mixture was heated to reflux for 20 hours. After cooling to room temperature, 100 ml water 

was added and the mixture was extracted three times with 50 ml MTBE. The combined 

organic fractions were washed with brine, dried over magnesium sulfate and evaporated to 

dryness. After purification by column chromatography (hexane/dichloromethane 4:1), the 

product 4 was obtained as colorless solid. 

818 mg, 1.6 mmol, 51%. 

 

EA:  found: C 71.92%, H 6.20% 

 required: C 72.22%, H 6.06% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.49 – 7.44 (m, 6H, Aryl-H, Trt-H), 7.35 – 7.20 (m, 10H, 

Trt-H), 7.03 (s, 1H, Aryl-H), 6.95 (s, 1H, Aryl-H), 4.43 (s, 2H, CH2), 3.33 (s, 2H, CH2), 1.27 

(s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.97, 144.65, 137.50, 137.46, 129.65, 127.94, 126.82, 

126.72, 126.30, 124.81, 67.60, 36.95, 34.65, 33.95, 31.23.  

 

MS (MALDI-TOF, m/z): 537.0 [M+Na]+. 

 

MP: 140.1°C. 
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(5-tert-Butyl-1,3-phenylene)bis(methylene)bis((3-tert-butyl-5-

(tritylthiomethyl)benzyl)sulfane) (5) 

 

 

C76H78S4 

1095.67 g/mol 

 

(5-tert-Butyl-1,3-phenylene)dimethanethiol (2) (154 mg, 0.68 mmol, 1 eq) and (3-

(Bromomethyl)-5-tert-butylbenzyl)(trityl)sulfane (4) (700 mg, 1.36 mmol, 2 eq) were 

dissolved in 40 ml dry tetrahydrofuran under an atmosphere of argon. Sodium hydride (60% 

in mineral oil, 135 mg, 3.3 mmol, 5 eq) was added and the mixture was stirred for 2 hours at 

room temperature. The reaction was quenched with water and extracted with MTBE three 

times. The combined organic fractions were washed with brine, dried over magnesium sulfate 

and evaporated to dryness. Purification of the crude product was achieved by column 

chromatography (hexane/dichloromethane 3:2) to yield the trityl protected trimer as colorless 

foam. 

708 mg, 0.65 mmol, 96 %.  

 

EA:  found: C 81.10%, H 7.25% 

 required: C 81.12%, H 7.18% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.49 – 7.44 (m, 12H, Trt-H), 7.32 – 7.27 (m, 12 H, Trt-H), 

7.24 – 7.19 (m, 6H, Trt-H), 7.16 (br, 2H, Aryl-H), 7.13 (br, 2H, Aryl-H), 7.04 (br, 1H, Aryl-

H), 6.98 (br, 2H, Aryl-H), 6.90 (br, 2H, Aryl-H), 3.55 (s, 4H, CH2), 3.54 (s, 4H, CH2), 3.30 

(s, 4H, CH2), 1.29 (s, 9H, C(CH3)3), 1.26 (s, 18H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.5, 144.7, 138.0, 137.9, 137.0, 129.7, 128.0, 126.8, 

126.7, 124.8, 124.7, 67.5, 37.2, 35.9, 34.6 (2×), 31.4, 31.3. 

 

MS (MALDI-TOF, m/z): 1033.3 [M+K]+. 

 

MP: 70.0°C. 
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5,5'-(5-tert-Butyl-1,3-phenylene)bis(methylene)bis(sulfanediyl)bis(methylene)bis(3-tert-

butyl-5,1-phenylene)dimethanethiol (6) 

 

 

 

C36H50S4 

611.04 g/mol 

 

The trityl protected trimer 5 (557 mg, 0.51 mmol, 1 eq) was dissolved in 8 ml 

dichloromethane. Triethylsilane (220 µl, 160.6 mg, 1.38 mmol, 2.7 eq) was added, followed 

by trifluoroacetic acid (320 µl, 4% of the dichloromethane volume). The mixture turned 

yellow and became colorless again after approx. 2 minutes. Stirring was continued for further 

10 minutes before the reaction was quenched with a saturated sodium bicarbonate solution. 

The two phases were separated and the aqueous phase was washed twice with 

dichloromethane. The combined organic fractions were dried over magnesium sulfate, 

filtrated and evaporated to dryness. The product was purified by column chromatography 

(hexane/dichloromethane 1:2), to give the dithiol trimer 6 as colorless solid. 

312 mg, 0.51 mmol, quant.  

 

EA:  found: C 70.44%, H 8.33% 

 required: C 70.76%, H 8.25% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.20 (br, 6H, Aryl-H), 7.08 (br, 3 H, Aryl-H), 3.72 (d, J = 

7.5 Hz, 4H, CH2), 3.62 – 3.60 (m, 8H, CH2), 1.72 (t, J = 7.5, 2H, SH), 1.33 (s, 9H, C(CH3)3), 

1.31 (s, 18H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.86, 151.62, 140.89, 138.19, 137.94, 126.80, 125.83, 

124.80, 124.73, 123.77, 35.97, 35.88, 34.69, 34.65, 31.39, 31.35, 29.11. 

 

MS (MALDI-TOF, m/z): 633.6 [M+Na]+. 

 

MP: 73.9°C. 
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(5-tert-Butyl-1,3-phenylene)bis(methylene)bis((3-tert-butyl-5-((3-tert-butyl-5-

(tritylthiomethyl)benzylthio)methyl)benzyl)sulfane) (7) 

 

 

 

C98H110S6 

1480.31 g/mol 

 

The dithiol trimer 6 (227.0 mg, 0.37 mmol, 1 eq) and (3-(Bromomethyl)-5-tert-

butylbenzyl)(trityl)sulfane (4) (421.4 mg, 0.82 mmol, 2.2 eq) were dissolved in 20 ml dry 

tetrahydrofuran under an atmosphere of argon. Sodium hydride (60% in mineral oil, 60 mg, 

1.5 mmol, 4 eq) was added and the mixture was stirred for 1.5 hours at room temperature. The 

reaction was quenched with water and extracted with MTBE three times. The combined 

organic fractions were washed with brine, dried over magnesium sulfate and evaporated to 

dryness. Purification of the crude product was achieved by column chromatography 

(hexane/dichloromethane 3:2) to yield the trityl protected pentamer 7 as colorless foam.´ 

525.5 mg, 0.36 mmol, 97 %.  

 

EA:  found: C 79.57%, H 7.64% 

 required: C 79.52%, H 7.49% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.50 – 7.44 (m, 12H, Trt-H), 7.33 – 7.27 (m, 12H, Trt-H), 

7.24 – 7.19 (m, 6H, Trt-H), 7.18 – 7.05 (m, 11H, Aryl-H), 6.98 (br, 2H, Aryl-H), 6.90 (br, 2H, 

Aryl-H), 3.60 – 3.54 (m, 16H, CH2), 3.31 (s, 4H, CH2), 1.32 – 1.24 (m, 45H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = .151.5, 144.7, 138.0, 137.9, 137.0, 129.7,127.9. 126.8, 

126.7, 126.6, 124.8, 124.7, 67.5, 37.2, 36.0, 35.9, 34.6 (2×), 31.3 (2×). 

 

MS (MALDI-TOF, m/z): 1017.9 [M – (2×Trt) + Na]+, 1518.2 [M+K]+. 

 

MP: 71.2°C. 
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5,5'-(5,5'-(5-tert-Butyl-1,3-phenylene)bis(methylene)bis(sulfanediyl)bis(methylene)bis(3-

tert-butyl-5,1-phenylene)bis(methylene)bis(sulfanediyl)bis(methylene))bis(3-tert-butyl-

5,1-phenylene)dimethanethiol (8) 

 

 

 

C60H82S6 

995.68 g/mol 

 

The trityl protected pentamer 7 (563.9 mg, 0.38 mmol, 1 eq) was dissolved in 6 ml 

dichloromethane. Triethylsilane (160 µl, 115.2 mg, 1.00 mmol, 2.6 eq) was added, followed 

by trifluoroacetic acid (240 µl, 4% of the dichloromethane volume). The mixture turned 

yellow and became colorless again after approx. 2 minutes. Stirring was continued for further 

10 minutes, then the reaction was quenched with a saturated. sodium bicarbonate solution. 

The two phases were separated and the aqueous phase was washed twice with 

dichloromethane. The combined organic fractions were dried over magnesium sulfate, 

filtrated and evaporated to dryness. The product was purified by column chromatography 

(hexane/dichloromethane 1:2), to give the dithiol pentamer 8 as colorless solid. 

375.5 mg, 0.38 mmol, 99%.  

 

EA:  found: C 72.24%, H 8.34% 

 required: C 72.38%, H 8.30% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.21 – 7.18 (m, 10H, Aryl-H), 7.11 – 7.06 (m, 5H, Aryl-H), 

3.71 (d, J = 7.5 Hz, 4H, CH2), 3.63 – 3.57 (m, 16H, CH2), 1.76 (t, J = 7.5, 2H, SH), 1.33 – 

1.29 (m, 45H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.8, 151.6, 140.9, 138.2, 138.0, 126.8, 125.8, 124.8, 

124.7, 123.8, 36.0 (2×), 35.9, 34.7, 34.6, 31.4 (2×), 29.1. 

 

MS (MALDI-TOF, m/z): 1017.9 [M+Na]+. 

 

MP: 107.5 °C.
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(5-tert-Butyl-1,3-phenylene)bis(methylene)bis((3-tert-butyl-5-((3-tert-butyl-5-((3-tert-

butyl-5-(tritylthiomethyl)benzylthio)methyl)benzylt hio)methyl)benzyl)sulfane) (9) 

 

 

 

C122H142S8 

1864.95 g/mol 

 

The dithiol pentamer 8 (365.0 mg, 0.37 mmol, 1 eq) and 1(3-(Bromomethyl)-5-tert-

butylbenzyl)(trityl)sulfane (4) (416.1 mg, 0.81 mmol, 2.2 eq) were dissolved in 20 ml dry 

tetrahydrofuran under an atmosphere of argon. Sodium hydride (60% in mineral oil, 140 mg, 

3.5 mmol, 9.5 eq) was added and the mixture was stirred for 2.5 hours at room temperature. 

The reaction was quenched with water and extracted with MTBE three times. The combined 

organic fractions were washed with brine, dried over magnesium sulfate and evaporated to 

dryness. Purification of the crude product was achieved by column chromatography 

(hexane/dichloromethane 2:3) to yield the trityl protected heptamer 9 as colorless solid.  

624.3 mg, 0.34 mmol, 92 %.  

 

EA:  found: C 78.50%, H 7.80% 

 required: C 78.57%, H 7.67% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.50 – 7.44 (m, 12H, Trt-H), 7.33 – 7.27 (m, 12H, Trt-H), 

7.25 – 7.06 (m, 23 H, Aryl-H, Trt-H), 6.99 (br, 2H, Aryl-H), 6.91 (br, 2H, Aryl-H), 3.62 – 

3.54 (m, 24H, CH2), 3.31 (s, 4H, CH2), 1.34 – 1.26 (m, 63H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = .151.5, 144.72, 138.0, 137.9, 137.0, 129.7, 127.9, 126.8, 

126.7, 124.8, 124.7, 67.5, 37.2, 36.0, 35.9, 34.6 (2×), 31.4, 31.3. 

 

MS (MALDI-TOF, m/z): 1901.8 [M+K]+. 

 

MP: 71.5°C. 
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5,5'-(5,5'-(5,5'-(5-tert-Butyl-1,3-phenylene)bis(methylene)bis(sulfanediyl)bis(methylene)-

bis(3-tert-butyl-5,1-phenylene)bis(methylene)bis(sulfanediyl)bis(methylene))bis(3-tert-

butyl-5,1-phenylene)bis(methylene)bis(sulfanediyl)bis(methylene))bis(3-tert-butyl-5,1-

phenylene)dimethanethiol (10) 
 

 

 

C84H114S8 

1380.32 g/mol 

 

The trityl protected heptamer 9 (295.7 mg, 0.16 mmol, 1 eq) was dissolved in 4 ml 

dichloromethane. Triethylsilane (101 µl, 73.5 mg, 0.63 mmol, 4 eq) was added, followed by 

trifluoroacetic acid (160 µl, 4% of the dichloromethane volume). The mixture turned yellow 

and became colorless again after approximately 2 minutes. Stirring was continued for further 

10 min, before the reaction was quenched with a saturated sodium bicarbonate solution. The 

two phases were separated and the aqueous phase was washed twice with dichloromethane. 

The combined organic fractions were dried over magnesium sulfate, filtrated and evaporated 

to dryness. The product was purified by column chromatography (hexane/dichloromethane 

1:1), to give the dithiol haptamer 10 as colorless solid. 

215.9 mg, 0.16 mmol, 99%.  

 

EA:  found: C 73.00%, H 8.31% 

 required: C 73.09%, H 8.32% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.21 – 7.17 (m, 14H, Aryl-H), 7.11 – 7.06 (m, 7H, Aryl-H), 

3.71 (d, J = 7.5 Hz, 4H, CH2), 3.62 – 3.57 (m, 24H, CH2), 1.76 (t, J = 7.5, 2H, SH), 1.33 – 

1.29 (m, 63H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.8, 151.6, 140.9, 138.2, 138.0, 126.8, 125.8, 124.8, 

124.7, 123.8, 36.0, 35.9, 34.7, 34.6, 31.4 (2×), 29.1. 

 

MS (MALDI-TOF, m/z)): 1401.1 [M+Na]+. 

 

MP: 131.0°C. 
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(3-(Bromomethyl)-5-tert-butylbenzyl)(methyl)sulfane (11) 

 

 

 

C13H19BrS 

287.26 g/mol 

 

To a solution of 1,3-Bis(Bromomethyl)-5-tert-butylbenzene (3) (500 mg, 1.56 mmol, 1 eq) in 

dry N,N-dimethylformamide (10 ml) under an atmosphere of argon was added sodium 

methanethiolate (110 mg, 1.56 mmol, 1 eq). The mixture was stirred for 3 hours at room 

temperature, before MTBE was added. The diluted reaction mixture was extracted with water 

four times, followed once by brine. The organic fraction was then dried over magnesium 

sulfate, filtered and evaporated to dryness. After purification by column chromatography 

(hexane/dichloromethane, 3:1) the title compound 11 was obtained as colorless liquid. The 

compound was not stable upon storage at 4°C (see section 3.1.1). 

58.1 mg, 0.20 mmol, 13%. 

The starting material 1,3-Bis(Bromomethyl)-5-tert-butylbenzene (3) (99.3 mg, 0.31 mmol, 

20%) and the disubstituted compound 12 (44.3 mg, 0.17 mmol, 11.2%) were also isolated. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.28 (br, 1H, Aryl-H), 7.24 (br, 1H, Aryl-H), 7.16 (br, 1H, 

Aryl-H), 4.49 (s, 2H, CH2), 3.67 (s, 2H, CH2), 2.01 (s, 3H, CH3), 1.32 (s, 9H, C(CH3)3). 

 

 

(5-tert-Butyl-1,3-phenylene)bis(methylene)bis(methylsulfane) (12) 

 

 

C14H22S2 

254.45 g/mol 

 
1H NMR  (400 MHz, CDCl3): δ = 7.18 (br, 2H, Aryl-H), 7.06 (br, 1H, Aryl-H), 7.16 (br, 1H, 

Aryl-H), 3.67 (s, 4H, CH2), 2.01 (s, 6H, CH3), 1.32 (s, 9H, C(CH3)3). 
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(3-tert-Butyl-5-(chloromethyl)benzyl)(methyl)sulfane (13) 

 

 

 

C13H19ClS 

242.81 g/mol 

 

To a solution of 1,3-Bis(chloromethyl)-5-tert-butylbenzene (14) (737 mg, 3.19 mmol, 1 eq) in 

dry N,N-dimethylformamide (30 ml) under an atmosphere of argon was added sodium 

methanethiolate (221 mg, 3.19 mmol, 1 eq). The mixture was stirred for 2 hours at room 

temperature, before MTBE was added. The diluted reaction mixture was extracted with water 

four times, followed once by brine. The organic fraction was then dried over magnesium 

sulfate, filtered and evaporated to dryness. After purification by column chromatography 

(hexane/dichloromethane, 3:1, then 3:2, then 2:3) the title compound 13 was obtained as 

colorless liquid. 

132 mg, 0.55 mmol, 18%. 

The starting material 1,3-bis(chloromethyl)-5-tert-butylbenzene (14) (280 mg, 1.21 mmol, 

38%) and the disubstituted compound 12 (207 mg, 0.81 mmol, 26%) were also isolated. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.28 (br, 1H, Aryl-H), 7.27 (br, 1H, Aryl-H), 7.16 (br, 1H, 

Aryl-H), 4.59 (s, 2H, CH2), 3.68 (s, 2H, CH2), 2.02 (s, 3H, CH3), 1.33 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 152.0, 138.4, 137.3, 126.2, 126.1, 124.3, 46.5, 38.4, 34.7, 

31.3, 15.1.  
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1-tert-Butyl-3,5-bis(chloromethyl)benzene[149] (14) 

 

 

 

C12H16Cl2 

231.16 g/mol 

 

 

1,3-Bis(bromomethyl)-5-tert-butylbenzene (3) (2.14 g, 6.7 mmol, 1 eq) was dissolved in dry 

N,N-dimethylformamide (40 ml) under an atmosphere of argon. Lithium chloride (3.80 g, 

89.6 mmol, 13 eq) was added and the mixture was stirred at room temperature for 1 hour. 

MTBE was added and the organic phase was extracted three times with water and 

subsequently with brine. After drying with magnesium sulfate, filtration and evaporation of 

the solvent, the title compound 14 was obtained as colorless crystals in sufficient purity. 

1.54 g, 6.6 mmol, 99 %. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.35 (br, 2H, Aryl-H), 7.25 (br, 1H, Aryl-H), 4.59 (s, 4H, 

CH2), 1.33 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 152.4, 137.7, 125.9, 125.7, 46.2, 34.8, 31.2. 
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2,2'-(5-tert-Butyl-1,3-phenylene)bis(methylene)bis(sulfanediyl)diacetic acid (15) 

 

 

 

C16H22O4S2 

342.47 g/mol 

 

 

To a solution of the diester 16 (187 mg, 0.47 mmol, 1 eq) in ethanol (15 ml) was added 1N 

aqueous sodium hydroxide solution and the mixture was left stirring for 1 hour. The ethanol 

was removed by rotary evaporation, before the solution was acidified with 1N hydrochloric 

acid. The resulting colorless solid was extracted with dichloromethane 3 times whereupon the 

combined organic fractions were dried over magnesium sulfate and filtered. After evaporation 

of the solvent, the diacid 15 was obtained as colorless solid.  

161 mg, 0.47 mmol, quant. 

 

EA:  found: C 56.22%, H 6.39% 

 required: C 56.11%, H 6.47% 

 
1H NMR  (400 MHz, CDCl3): δ = 10.62 (br, 2H, COOH), 7.32 (m, 2H, Aryl-H), 7.07 (br, 1H, 

Aryl-H), 3.85 (s, 4H, CH2), 3.09 (s, 4H, CH2), 1.32 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 177.1, 152.7, 136.5, 127.9, 125.4, 36.3, 34.7, 31.8, 31.3.  

 

MS (EI, m/z (%)): 342.1 (12) [M+], 324.1 (100) [M+-H2O]. 
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Diethyl 2,2'-(5-tert-butyl-1,3-phenylene)bis(methylene)bis(sulfanediyl)diacetate (16) 

 

 

 

C20H30O4S2 

398.58 g/mol 

 

 

To a solution of (5-tert-butyl-1,3-phenylene)dimethanethiol (2) (177.4 mg, 0.8 mmol, 1 eq) in 

dry dichloromethane (10 ml) under an atmosphere of argon was added ethyl bromoacetate 

(192 µl, 288 mg, 1.7 mmol, 2.2 eq) and triethylamine (1.20 ml, 870 mg, 8.6 mmol, 10 eq). 

The mixture was left stirring for 16 hours, before the organic phase was diluted and then 

washed with 1N hydrochloric acid, followed by water. The dichloromethane phase was dried 

over magnesium sulfate, filtered and evaporated to dryness. The crude was purified by 

column chromatography (dichloromethane) to give the pure title compound 16 as colorless 

oil.  

192.6 mg, 0.5 mmol, 62%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.23 (m, 2H, Aryl-H), 7.13 (br, 1H, Aryl-H), 4.20 (q, 

J = 7.13 Hz, 4H, CH2), 3.81 (s, 4H, CH2), 3.07 (s, 4H, CH2), 1.32 (s, 9H, C(CH3)3), 1.30 (t, 

J = 7.12 Hz, 6H, CH3). 
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(5-tert-Butyl-1,3-phenylene)bis(methylene)bis(benzylsulfane) (24) 

 

 

 

C26H30S2 

406.65 g/mol 

 

 

1,3-Bis(bromomethyl)-5-tert-butylbenzene (3) (2.645 g, 8.3 mmol, 1 eq) and benzyl 

mercaptan (2.04 ml, 2.155 g, 17.4 mmol, 2.1 eq) were dissolved in 50 ml dry tetrahydrofuran 

under an atmosphere of argon. Sodium hydride (60% in mineral oil, 900 mg, 22.5 mmol, 

2.7 eq) was added slowly at 0°C. The mixture was then stirred for two hours at room 

temperature. Water was added to quench the reaction and the mixture was extracted three 

times with MTBE. The combined organic fractions were washed with brine, dried over 

magnesium sulfate and evaporated to dryness. After purification by column chromatography 

(hexane/dichloromethane 4:1), the product 24 was obtained as colorless oil. 

3.212 g, 7.9 mmol, 95%. 

 

EA:  found: C 76.74%, H 7.38% 

 required: C 76.80%, H 7.44% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.35 – 7.31 (m, 10H, Aryl-H), 7.14 (m, 2H, Aryl-H), 7.05 

(m, 1H, Aryl-H), 3.61 (s, 4H, CH2), 3.58 (s, 4H, CH2), 1.31 (s, 9H, C(CH3)3). 

 
13C NMR  (125 MHz, CDCl3): δ = 151.4, 138.1, 137.8, 129.0, 128.4, 126.9, 126.8, 124.8, 

35.8, 35.6, 34.6, 31.3. 

 

MS (MALDI-TOF, m/z): 428.4 [M+Na]+, 445.6 [M+K]+. 
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(5-tert-Butyl-1,3-phenylene)bis(methylene)bis((3-(benzylthiomethyl)-5-tert-

butylbenzyl)sulfane) (25) 

 

 

 

C50H62S4 

791.29 g/mol 

 

 

The dithiol trimer 6 (84.6 mg, 0.14 mmol, 1 eq) and benzyl chloride (35 µl, 38.6 mg, 

0.30 mmol, 2.1 eq) were dissolved in 10 ml dry tetrahydrofuran under an atmosphere of 

argon. Sodium hydride (60% in mineral oil, 26 mg, 0.65 mmol, 4.6 eq) was added and the 

mixture was stirred for 1.5 hours at room temperature. The reaction was quenched with water 

and extracted with MTBE three times. The combined organic fractions were washed with 

brine, dried over magnesium sulfate and evaporated to dryness. Purification of the crude 

product was achieved by column chromatography (hexane/dichloromethane 3:2) to yield the 

dibenzyl trimer 25 as colorless oil, which slowly solidified at 4°C. 

106.8 mg, 0.14 mmol, 98 %.  

 

EA:  found: C 75.80%, H 7.95% 

 required: C 75.90%, H 7.90% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.35 – 7.05 (m, 19H, Aryl-H), 3.60 (br, 12H, CH2), 3.58 (s, 

4H, CH2), 1.31 (m, 27H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.6, 151.5, 138.2, 138.0, 137.8, 129.0, 128.4, 126.9, 

126.8, 124.9, 124.7 (2×), 36.0, 35.8, 35.7, 34.6, 31.4 (2×). 

 

MS (MALDI-TOF, m/z): 813.3 [M+Na]+, 829.2 [M+K]+. 
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(5-tert-Butyl-1,3-phenylene)bis(methylene)bis((3-((3-(benzylthiomethyl)-5-tert-butyl-

benzylthio)methyl)-5-tert-butylbenzyl)sulfane) (26) 

 

 

 

C74H94S6 

1175.93 g/mol 

 

 

The dithiol pentamer 8 (101 mg, 0.10 mmol, 1 eq) and benzyl chloride (25.5 µl, 28 mg, 

0.22 mmol, 2.2 eq) were dissolved in 8 ml dry tetrahydrofuran under an atmosphere of argon. 

Sodium hydride (60% in mineral oil, 23 mg, 0.58 mmol, 5.8 eq) was added and the mixture 

was stirred for 1.5 hours at room temperature. The reaction was quenched with water and 

extracted with MTBE three times. The combined organic fractions were washed with brine, 

dried over magnesium sulfate and evaporated to dryness. Purification of the crude product 

was achieved by column chromatography (hexane/dichloromethane 1:1) to yield the dibenzyl 

pentamer 26 as colorless solid. 

115 mg, 0.10 mmol, quant.  

 

EA:  found: C 75.40%, H 8.06% 

 required: C 75.58%, H 8.06% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.34 – 7.05 (m, 25H, Aryl-H), 3.60 (br, 20H, CH2), 3.57 (s, 

4H, CH2), 1.31 (br, 45H, C(CH3)3). 

 
13C NMR  (125 MHz, CDCl3): δ = 151.6, 151.5, 138.2, 138.0, 137.8, 129.0, 128.4, 127.0, 

126.8, 124.9, 124.7 (2×), 36.0, 35.9, 35.8, 35.7, 34.6, 31.4 (2×). 

 

MS (MALDI-TOF, m/z): 1198.6 [M+Na]+, 1214.9 [M+K]+. 

 

MP: 99.7°C. 
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(5-tert-Butyl-1,3-phenylene)bis(methylene)bis((3-((3-((3-(benzylthiomethyl)-5-tert-

butylbenzylthio)methyl)-5-tert-butylbenzylthio)methyl)-5-tert-butylbenzyl)sulfane) (27) 

 

 

 

C98H126S8 

1560.57 g/mol 

 

 

The dithiol heptamer 10 (203.0 mg, 0.15 mmol, 1 eq) and benzyl chloride (37 µl, 41.1 mg, 

0.32 mmol, 2.1 eq) were dissolved in 10 ml dry tetrahydrofuran under an atmosphere of 

argon. Sodium hydride (60% in mineral oil, 73 mg, 1.83 mmol, 12 eq) was added and the 

mixture was stirred for 1.5 hours at room temperature. The reaction was quenched with water 

and extracted with MTBE three times. The combined organic fractions were washed with 

brine, dried over magnesium sulfate and evaporated to dryness. Purification of the crude 

product was achieved by column chromatography (hexane/dichloromethane 2:3) to yield the 

dibenzyl heptamer 27 as colorless powder. 

197.9 mg, 0.13 mmol, 87 %.  

 

EA:  found: C 75.38%, H 8.15% 

 required: C 75.43%, H 8.14% 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.34 – 7.05 (m, 31H, Aryl-H), 3.61 (br, 28H, CH2), 3.59 (s, 

4H, CH2), 1.31 (m, 63H, C(CH3)3). 

 
13C NMR  (125 MHz, CDCl3): δ = 151.6, 151.5 (2×), 138.2, 138.0, 137.8, 129.0, 128.4, 126.9, 

126.8, 124.9, 124.7 (2×), 36.0, 35.9, 35.8, 35.7, 34.6, 31.4 (2×). 

 

MS (MALDI-TOF, m/z): 1582.7 [M+Na]+. 

 

MP: 125.5°C. 

 



182  6 Experimental Part 

 

6.2.2 Linear Monothiol Building Blocks 
 
Benzyl(3-tert-butyl-5-(chloromethyl)benzyl)sulfane (28) 

 

 

 

C19H23ClS 

318.90 g/mol 

 

 

1,3-Bis(chloromethyl)-5-tert-butylbenzene (14) (122 mg, 0.53 mmol, 1 eq) and benzyl 

mercaptan (62 µl, 0.53 mmol, 1 eq) were dissolved in 8 ml dry tetrahydrofuran under an 

atmosphere of argon. Potassium carbonate (110 mg, 0.80 mmol, 1.5 eq) was added and the 

mixture was heated to reflux for 30 hours. After cooling to room temperature, water was 

added and the reaction mixture was extracted three times with MTBE. The combined organic 

fractions were washed with brine, dried over magnesium sulfate and evaporated to dryness. 

After purification by column chromatography (hexane/dichloromethane 3:1, then 2:1), the 

title compound 28 was obtained as colorless oil.  

87 mg, 0.27 mmol, 52%. 

The starting material 1,3-bis(chloromethyl)-5-tert-butylbenzene (14) (23.8 mg, 0.10 mmol, 

19%) and the disubstituted compound 24 (39.0 mg, 0.10 mmol, 19%) were isolated as well. 

 

EA:  found: C 71.22%, H 7.24% 

 required: C 71.56%, H 7.27% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.35 – 7.24 (m, 6H, Aryl-H), 7.22 (br, 1H, Aryl-H), 7.14 

(br, 1H, Aryl-H), 4.58 (s, 2H, CH2), 3.61 (s, 2H, CH2), 3.59 (s, 2H, CH2), 1.32 (s, 9H, 

C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 152.0, 138.3, 138.0, 137.3, 129.0, 128.5, 127.0, 126.4, 

126.3, 124.3, 46.6, 35.7, 35.6, 34.7, 31.3. 
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(3-tert-Butyl-5-(chloromethyl)benzyl)(4-methoxybenzyl)sulfane (29) 

 

 

 

C20H25ClOS 

348.93 g/mol 

 

 

1,3-Bis(chloromethyl)-5-tert-butylbenzene (14) (500 mg, 2.16 mmol, 1 eq) and 4-methoxy-

benzylmercaptan (301 µl, 2.16 mmol, 1 eq) were dissolved in 40 ml dry tetrahydrofuran under 

an atmosphere of argon. Potassium carbonate (700 mg, 5.06 mmol, 2.3 eq) was added and the 

mixture was heated to reflux for 30 hours. After cooling to room temperature, water was 

added and the reaction mixture was extracted three times with MTBE. The combined organic 

fractions were washed with brine, dried over magnesium sulfate and evaporated to dryness. 

After purification by column chromatography (hexane/dichloromethane 2:1, then 2:3), the 

product 29 was obtained as colorless oil.  

314 mg, 0.90 mmol, 42%. 

The starting material 1,3-bis(chloromethyl)-5-tert-butylbenzene (14) (164 mg, 0.71  mmol, 

33%) was also isolated. 

 

EA:  found: C 68.61%, H 7.15% 

 required: C 68.84%, H 7.22% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.27 (br, 1H, Aryl-H), 7.23 (br, 1H, Aryl-H), 7.20 (d, 

J = 8.6 Hz, 2H, Aryl-H), 7.14 (br, 1H, Aryl-H), 6.85 (d, J = 8.6 Hz, 2H, Aryl-H), 4.58 (s, 2H, 

CH2), 3.81 (s, 3H, OCH3), 3.59 (s, 2H, CH2), 3.57 (s, 2H, CH2), 1.33 (s, 9H, C(CH3)3). 
 

13C NMR  (100 MHz, CDCl3): δ = 158.6, 151.9, 138.4, 137.2, 130.1, 130.0, 126.4, 126.3, 

124.2, 113.8, 55.3, 46.6, 35.5, 35.0, 34.7, 31.3.  

 

MS (EI, m/z (%)): 348.1 (11) [M+], 121.1 (100) [C8H9O
+]. 
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Formation of the Bn-PMB capped linear oligomers 30 - 32, general procedure 

 

The linear dithiol oligomer (2, 6 or 8, ~0.1 mmol, 1 eq), benzyl(3-tert-butyl-5-(chloromethyl)-

benzyl)sulfane (28) (1.05 eq) and the PMB-capped monochloride 29 (1.05 eq) were dissolved 

in dry tetrahydrofuran (~10 ml). Sodium hydride (60% in mineral oil, 3 eq) was added and the 

mixture was stirred for 2 hours at room temperature. The reaction was then quenched with 

water and extracted with MTBE three times. The combined organic fractions were washed 

with brine, dried over magnesium sulfate, filtered and evaporated to dryness. The crude 

mixtures were purified by column chromatography (hexane/dichloromethane 1:1 � 

dichloromethane) to give the dibenzyl oligomers 25, 26 or 27, the Bn-PMB oligomers 30, 31 

or 32 and the di-PMB compounds 33, 34 or 35. 

 

 

 

Bn-PMB Trimer 30 

 

 

 

C51H64OS4 

821.31 g/mol 

Yield: 53% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.31 – 7.25 (m, 5H, Aryl-H), 7.21 – 7.16 (m, 6H, Aryl-H), 

7.14 (br, 2H, Aryl-H), 7.09 (br, 1H, Aryl-H), 7.07 (br, 2H, Aryl-H), 6.83 (m, 2H, Aryl-H), 

3.79 (s, 3H, OCH3), 3.60 (br, 10H, CH2), 3.58 (s, 2H, CH2), 3.57 (s, 2H, CH2), 3.56 (s, 2H, 

CH2), 1.31 (m, 27H, C(CH3)3). 
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Bn-PMB Pentamer 31 

 

 

 

C75H96OS6 

1205.95 g/mol 

Yield: 39% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.31 – 7.25 (m, 5H, Aryl-H), 7.21 – 7.16 (m, 10H, Aryl-H), 

7.13 (br, 2H, Aryl-H), 7.09 (br, 3H, Aryl-H), 7.06 (br, 2H, Aryl-H), 6.83 (m, 2H, Aryl-H), 

3.79 (s, 3H, OCH3), 3.60 (br, 18H, CH2), 3.58 (s, 2H, CH2), 3.57 (s, 2H, CH2), 3.56 (s, 2H, 

CH2), 1.31 (br, 45H, C(CH3)3). 

 

 

 

Bn-PMB Heptamer 32 

 

 

 

C99H128OS8 

1590.60 g/mol 

Yield: 37% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.31 – 7.25 (m, 5H, Aryl-H), 7.21 – 7.16 (m, 14H, Aryl-H), 

7.13 (br, 2H, Aryl-H), 7.09 (br, 5H, Aryl-H), 7.06 (br, 2H, Aryl-H), 6.83 (m, 2H, Aryl-H), 

3.79 (s, 3H, OCH3), 3.60 (br, 26H, CH2), 3.58 (s, 2H, CH2), 3.57 (s, 2H, CH2), 3.56 (s, 2H, 

CH2), 1.31 (br, 64H, C(CH3)3). 
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Di-PMB Trimer 33 

 

 

 

C52H66O2S4 

851.34 g/mol 

Yield: 18% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.21 – 7.16 (m, 8H, Aryl-H), 7.14 (br, 2H, Aryl-H), 7.09 

(br, 1H, Aryl-H), 7.07 (br, 2H, Aryl-H), 6.83 (m, 4H, Aryl-H), 3.79 (s, 6H, OCH3), 3.60 (br, 

8H, CH2), 3.57 (s, 4H, CH2), 3.56 (s, 4H, CH2), 1.31 (m, 27H, C(CH3)3). 

 

 

 

Di-PMB Pentamer 34 

 

 

 

C76H98O2S6 

1235.98 g/mol 

Yield: 20% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.21 – 7.16 (m, 12H, Aryl-H), 7.13 (br, 2H, Aryl-H), 7.09 

(br, 3H, Aryl-H), 7.06 (br, 2H, Aryl-H), 6.83 (m, 4H, Aryl-H), 3.79 (s, 6H, OCH3), 3.60 (br, 

16H, CH2), 3.57 (s, 4H, CH2), 3.56 (s, 4H, CH2), 1.31 (br, 45H, C(CH3)3). 
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Di-PMB Heptamer 35 

 

 

 

C100H130O2S8 

1620.62 g/mol 

Yield: 11% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.21 – 7.16 (m, 16H, Aryl-H), 7.13 (br, 2H, Aryl-H), 7.09 

(br, 5H, Aryl-H), 7.06 (br, 2H, Aryl-H), 6.83 (m, 4H, Aryl-H), 3.79 (s, 6H, OCH3), 3.60 (br, 

24H, CH2), 3.57 (s, 4H, CH2), 3.56 (s, 4H, CH2), 1.31 (br, 64H, C(CH3)3). 

 

 

 

Deprotection of the PMB protecting group, general procedure 

 

To a mixture of the Bn-PMB oligomer (30, 31 or 32, ~0.03 mmol, 1 eq) and anisole (2 eq) in 

a 1:1 mixture of dichloromethane and trifluoroacetic acid (2 ml) was added mercury(II) 

trifluoroacetate (1.1 eq) at 0°C. After 1 hour stirring, the solvents were removed under 

vacuum at that temperature. The remains were dissolved in dichloromethane (10 ml) and 

water (10 ml). To this, excess of sodium hydrogen sulfide and trifluoroacetic acid (100 µl) 

were then added to precipitate the mercury out of the reaction mixture. The organic phase was 

separated and the aqueous phase was washed twice with dichloromethane. The combined 

organic fractions were then filtered through a pad of celites. Purification of the crude mixture 

was achieved by column chromatography (hexane/dichloromethane). However, only after 

several chromatographic purifications, an anisole derived side product could be removed from 

the desired monothiol trimer 36. TLC of the reaction mixtures of the longer oligomers 

revealed overlapping spots of the products 37 or 38 and the side product. 
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(3-((3-((3-(Benzylthiomethyl)-5-tert-butylbenzylthio)methyl)-5-tert-

butylbenzylthio)methyl)-5-tert-butylphenyl)methanethiol (36) 

 

 
C43H56S4 

701.16 g/mol 

 

(3-(Bromomethyl)-5-tert-butylbenzyl)(trityl)sulfane (4) (934 mg, 1.81 mmol, 1 eq) and SH-

SBn-dimer 40 (922 mg, 1.81 mmol, 1 eq) were dissolved in tetrahydrofuran (20 ml) under an 

atmosphere of argon. Sodium hydride (60% in mineral oil, 109 mg, 2.72 mmol, 1.5 ) was 

added at 0°C and the mixture was left stirring for 1 hour. After quenching with water, the 

reaction mixture was extracted with MTBE three times. The combined organic fractions were 

washed with brine, dried over magnesium sulfate and evaporated to dryness. The crude STrt-

SBn-trimer was dissolved in dichloromethane (15 ml) and triethylsilane (433 µl, 2.72 mmol, 

1.5 eq) was added. To this solution, trifluoroacetic acid (0.6 ml, 4% v/v of dichloromethane) 

was added dropwise. The mixture was stirred for 15 minutes, quenched with a saturated 

aqueous solution of sodium hydrogen carbonate and the organic phase was separated. The 

aqueous phase was washed twice with dichloromethane and the combined organic fractions 

were dried over magnesium sulfate. After filtration and evaporation of the solvent, the crude 

product was purified by column chromatography (hexane/dichloromethane 1:1) to yield the 

pure SH-SBn-trimer 36 as colorless oil, which solidified at 4°C. 

1.111 g, 1.59 mmol, 88 %. 

 

EA:  found: C 73.71%, H 8.01% 

 required: C 73.66%, H 8.05% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.35 – 7.18 (m, 10H, Aryl-H), 7.15 (br, 1H, Aryl-H), 7.08 

(m, 3H, Aryl-H), 3.72 (d, J = 7.5 Hz, 2H, CH2), 3.62 (m, 12H, CH2), 1.77 (t, J = 7.5 Hz, 1H, 

SH), 1.33 (s, 9H, C(CH3)3), 1.32 (s, 18H, C(CH3)3). 
 

13C NMR  (100 MHz, CDCl3): δ = 151.9, 151.6, 151.5, 140.9, 138.2 (2×), 138.0, 137.8, 129.0, 

128.4, 126.9, 126.8, 125.8, 124.8, 124.7 (3×), 123.8, 36.0, 35.9, 35.8, 35.7, 34.7 (2×), 34.6, 

31.4, 31.3 (2×), 29.1. 

 

MS (MALDI-TOF): 724.0 [M+Na]+, 740.0 [M+K]+. 
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(3-(Benzylthiomethyl)-5-tert-butylphenyl)methanethiol (39) 

 

 

C19H24S2 

316.52 g/mol 

 

(3-(Bromomethyl)-5-tert-butylbenzyl)(trityl)sulfane (4) (2.059 g, 4.0 mmol, 1 eq) and benzyl 

mercaptan (492 µl, 4.2 mmol, 1.05 eq) were dissolved in tetrahydrofuran (70 ml) under an 

atmosphere of argon. Sodium hydride (60% in mineral oil, 252 mg, 6.3 mmol, 1.6 eq) was 

added at 0°C and the mixture was left stirring for 1 hour. After quenching with water, the 

reaction mixture was extracted with MTBE three times. The combined organic fractions were 

washed with brine, dried over magnesium sulfate and evaporated to dryness. The crude 

intermediate was dissolved in dichloromethane (30 ml) and triethylsilane (954 µl, 6.0 mmol, 

1.5 eq) was added. To this solution, trifluoroacetic acid (1.2 ml, 4% v/v of dichloromethane) 

was added dropwise. The mixture was stirred for 15 minutes, quenched with a saturated 

aqueous solution of sodium hydrogen carbonate and the organic phase was separated. The 

aqueous phase was washed twice with dichloromethane and the combined organic fractions 

were dried over magnesium sulfate. After filtration and evaporation of the solvent, the crude 

product was purified by column chromatography (hexane/dichloromethane 2:1) to yield pure 

(3-(benzylthiomethyl)-5-tert-butylphenyl)methanethiol (39) as colorless liquid. 

1.030 g, 3.26 mmol, 82%. 

 

EA:  found: C 72.14%, H 7.64% 

 required: C 72.10%, H 7.64% 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.32 – 7.24 (m, 5H, Aryl-H), 7.21 (br, 1H, Aryl-H), 7.14 

(br, 1H, Aryl-H), 7.08 (br, 1H, Aryl-H), 3.73 (d, J = 7.5 Hz, 2H, CH2), 3.61 (s, 2H, CH2), 

3.58 (s, 2H, CH2), 1.77 (t, J = 7.5, 1H, SH), 1.32 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.8, 140.9, 138.1 (2×), 129.0, 128.4, 126.9, 125.8, 124.9, 

123.7, 35.7 (2×), 34.7, 31.3, 29.1. 

 

MS (MALDI-TOF, m/z): 339.2 [M+Na]+, 356.2 [M+K]+.
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(3-((3-(Benzylthiomethyl)-5-tert-butylbenzylthio)methyl)-5-tert-

butylphenyl)methanethiol (40) 

 

 

C31H40S3 

508.84 g/mol 

 

(3-(Bromomethyl)-5-tert-butylbenzyl)(trityl)sulfane (4) (2.440 g, 4.73 mmol, 1 eq) and (3-

(benzylthiomethyl)-5-tert-butylphenyl)methanethiol (39) (1.496 g, 4.73 mmol, 1 eq) were 

dissolved in tetrahydrofuran (30 ml) under an atmosphere of argon. Sodium hydride (60% in 

mineral oil, 300 mg, 7.50 mmol, 1.6 eq) was added at 0°C and the mixture was left stirring for 

1 hour. After quenching with water, the reaction mixture was extracted with MTBE three 

times. The combined organic fractions were washed with brine, dried over magnesium sulfate 

and evaporated to dryness. The crude STrt-SBn-dimer was dissolved in dichloromethane 

(30 ml) and triethylsilane (1.130 ml, 825 mg, 7.10 mmol, 1.5 eq) was added. To this solution, 

trifluoroacetic acid (1.2 ml, 4% v/v of dichloromethane) was added dropwise. The mixture 

was stirred for 15 minutes, quenched with a saturated aqueous solution of sodium hydrogen 

carbonate and the organic phase was separated. The aqueous phase was washed twice with 

dichloromethane and the combined organic fractions were dried over magnesium sulfate. 

After filtration and evaporation of the solvent, the crude product was purified by column 

chromatography (hexane/dichloromethane 3:2) to yield the pure SH-SBn-dimer 40 as 

colorless oil. 1.986 g, 3.90 mmol, 83%. 

 

EA:  found: C 73.17%, H 7.95% 

 required: C 73.17%, H 7.92% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.35 – 7.18 (m, 8H, Aryl-H), 7.15 (br, 1H, Aryl-H), 7.08 

(br, 1H, Aryl-H), 7.07 (br, 1H, Aryl-H), 3.73 (d, J = 7.5 Hz, 2H, CH2), 3.62 (s, 2H, CH2), 

3.61 (s, 2H, CH2), 3.60 (s, 2H, CH2), 3.59 (s, 2H, CH2), 1.77 (t, J = 7.5 Hz, 1H, SH), 1.32 (2 × 

s, 2 × 9H, C(CH3)3). 
 

13C NMR  (100 MHz, CDCl3): δ = 152.1, 151.8, 141.1, 138.4 (2×), 138.2, 138.1, 129.2, 128.7, 

127.2, 127.0, 126.1, 125.1, 125.0, 124.9, 124.0, 36.2, 36.1 (2×), 35.9, 34.9 (2×), 31.6 (2×), 

29.4. 

 

MS (MALDI-TOF, m/z)): 531.8 [M+Na]+, 547.8 [M+K]+. 
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6.2.3 Acetylene Functionalized Thioether Ligands 
 
(5-Bromo-1,3-phenylene)bis(methylene)bis(benzylsulfane) (43) 

 

 

 

C22H21BrS2 

429.44 g/mol 

 

 

To a solution of 1-bromo-3,5-bis(bromomethyl)benzene (41) (1.048 g, 3.1 mmol, 1 eq) and 

benzyl mercaptan (736 µl, 778 mg, 6.3 mmol, 2.05 eq) in dry tetrahydrofuran (40 ml) under 

an atmosphere of argon was added sodium hydride (60% in mineral oil, 378 mg, 9.5 mmol, 

3.1 eq) at 0°C. After the gas formation had ceased, the mixture was left stirring at room 

temperature for 1.5 hours, before water was added to quench the reaction. The suspension was 

then extracted with MTBE three times. The combined organic fractions were washed with 

brine, dried over magnesium sulfate, filtered and evaporated to dryness. After purification by 

column chromatography (hexane/dichloromethane 2:1) the title compound 43 was obtained as 

colorless oil.  

1.254 g, 2.92 mmol, 96%. 

 

EA:  found: C 61.50%, H 4.92% 

 required: C 61.53%, H 4.93% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.38 – 7.24 (m, 12H, Aryl-H), 7.12 (br, 1H, Aryl-H), 3.64 

(s, 4H, CH2), 3.58 (s, 4H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 141.4, 138.6, 131.0, 129.5 129.0, 128.9, 127.6, 122.7, 36.3, 

35.6. 

 

MS (MALDI-TOF, m/z): 451.6 [M+Na]+. 
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(5-Bromo-1,3-phenylene)bis(methylene)bis((3-(benzylthiomethyl)-5-tert-

butylbenzyl)sulfane) (44) 

 

 

 

C46H53BrS4 

814.08 g/mol 

 

 

To a solution of 1-bromo-3,5-bis(bromomethyl)benzene (41) (137.9 mg, 0.40 mmol, 1 eq) and 

(3-(benzylthiomethyl)-5-tert-butylphenyl)methanethiol (39) (261.0 mg, 0.82 mmol, 2.05 eq) 

in dry tetrahydrofuran (15 ml) under an atmosphere of argon was added sodium hydride (60% 

in mineral oil, 50 mg, 1.24 mmol, 3.1 eq). After the gas formation had ceased, the mixture 

was left stirring at room temperature for 2 hours, before water was added to quench the 

reaction. The suspension was then extracted with MTBE three times. The combined organic 

fractions were washed with brine, dried over magnesium sulfate, filtered and evaporated to 

dryness. After purification by column chromatography (hexane/dichloromethane 1:1) the title 

compound 44 was obtained as colorless oil.  

319.3 mg, 0.39 mmol, 97%.  

 

EA:  found: C 66.81%, H 6.46% 

 required: C 67.87%, H 6.56% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.39 – 7.24 (m, 12H, Aryl-H), 7.18 (br, 1H, Aryl-H), 7.14 

(br, 4H, Aryl-H), 7.05 (br, 2H, Aryl-H), 3.61 (s, 4H, CH2), 3.58 (m, 8H, CH2), 3.52 (s, 4H, 

CH2), 1.31 (s, 18H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.6, 140.7, 138.1, 138.0, 137.5, 130.6, 129.0, 128.4, 

128.3, 126.9, 126.8, 125.0, 124.7, 122.3, 35.8 (2×), 35.7, 34.9, 34.6, 31.4. 

 

MS (MALDI-TOF, m/z): 837.1 [M+Na]+, 853.1 [M+K]+. 
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(5-Bromo-1,3-phenylene)bis(methylene)bis((3-((3-((3-(benzylthiomethyl)-5-tert-

butylbenzylthio)methyl)-5-tert-butylbenzylthio)methyl)-5-tert-butylbenzyl)sulfane) (45) 

 

 

 

C94H117BrS8 

1583.36 g/mol 

 

 

1-Bromo-3,5-bis(bromomethyl)benzene (41) (47.7 mg, 0.14 mmol, 1 eq) and the SH-SBn-

trimer 36 (200.1 mg, 0.29 mmol, 2.05 eq) were dissolved in dry tetrahydrofuran (10 ml) under 

an atmosphere of argon. The mixture was degassed by bubbling argon through the solution to 

avoid disulfide formation during the reaction. After that procedure, sodium hydride (60% in 

mineral oil, 17 mg, 0.42 mmol, 3 eq) was added and the mixture was left stirring at room 

temperature for 2 hours. The reaction was quenched with water and extracted with MTBE 

three times. The combined organic fractions were washed with brine, dried over magnesium 

sulfate and evaporated to dryness. Purification of the crude product was achieved by column 

chromatography (hexane/dichloromethane 1:1, then 2:3) to yield the Br-heptamer 45 as 

colorless solid.  

204.2 mg, 0.13 mmol, 93%. 

 

EA:  found: C 71.22%, H 7.42% 

 required: C 71.30%, H 7.45% 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.33 – 7.05 (m, 31H, Aryl-H), 3.61 – 3.55 (m, 28H, CH2), 

3.51 (s, 4H, CH2), 1.31 (m, 54H, C(CH3)3). 

 
13C NMR (125 MHz, CD2Cl2): δ = 151.5 (2×), 151.5, 140.7, 138.2, 138.1, 138.0, 137.8, 

137.5, 130.6, 129.0, 128.4, 128.3, 127.0, 126.8, 124.9, 124.8, 124.7 (2×), 122.3, 36.0, 35.9, 

35.8 (2×), 35.7, 34.9, 34.6, 31.4 (2×). 
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((3,5-Bis((3-(benzylthiomethyl)-5-tert-butylbenzylthio)-

methyl)phenyl)ethynyl)trimethylsilane (46) 

 

 

 

C51H62S4Si 

831.38 g/mol 

 

The bromo functionalized trimer 44 (100.9 mg, 0.12 mmol, 1 eq) was dissolved in triethyl-

amine (3 ml) under an atmosphere of argon. The solution was degassed by bubbling argon 

through the solution for 10 minutes. (Trimethylsilyl)acetylene (90 µl, 63.8 mg, 0.62 mmol, 

5 eq) and bis(triphenylphosphine)palladium(II) chloride (8.4 mg, 0.012 mmol, 10 mol%) were 

added and the mixture was degassed again for 2 minutes, before copper(I) iodide (2.3 mg, 

0.012 mmol, 10 mol%) was added. The suspension was then heated to 45°C and was stirred at 

that temperature for 15 hours. After cooling to room temperature, a saturated aqueous solution 

of ammonium chloride was added and the resulting mixture was extracted with dichloro-

methane three times. The combined organic fractions were dried over magnesium sulfate and 

evaporated to dryness after filtration. Purification of the crude product by column 

chromatography (hexane/dichloromethane 3:2) gave the desired TMS-acetylated product 46 

as slightly yellow colored oil.  

91.0 mg, 0.11 mmol, 92%. 

 

EA:  found: C 73.46%, H 7.57% 

 required: C 73.68%, H 7.52% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.39 – 7.24 (m, 13H, Aryl-H), 7.14 (br, 4H, Aryl-H), 7.07 

(br, 2H, Aryl-H), 3.61 (s, 4H, CH2), 3.59 (s, 4H, CH2), 3.57 (s, 4H, CH2), 3.53 (s, 4H, CH2), 

1.33 (s, 18H, C(CH3)3), 0.26 (s, 9H, SiCH3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.5, 138.7, 138.2, 138.0, 137.6, 131.1, 129.9, 129.0, 

128.4, 126.9, 126.8, 124.9, 124.8, 123.3, 104.7, 94.4, 35.8, 35.7, 35.0, 34.6, 31.4, 0.2. 
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((3,5-Bis(benzylthiomethyl)phenyl)ethynyl)trimethylsilane (47) 

 

 

 

C27H30S2Si 

446.74 g/mol 

 

(5-Bromo-1,3-phenylene)bis(methylene)bis(benzylsulfane) (43) (506.1 mg, 1.18 mmol, 1 eq) 

was dissolved in triethylamine (7 ml) under an atmosphere of argon. The solution was 

degassed by bubbling argon through the solution for 10 minutes. (Trimethylsilyl)acetylene 

(816 µl, 578.8 mg, 5.9 mmol, 5 eq) and bis(triphenylphosphine)palladium(II) chloride 

(82.7 mg, 0.12 mmol, 10 mol%) were added and the mixture was degassed again for 2 

minutes, before copper(I) iodide (11.3 mg, 0.06 mmol, 5 mol%) was added. The dark brown 

suspension was then heated to 45°C and was stirred at that temperature for 15 hours. After 

cooling to room temperature, a saturated aqueous solution of ammonium chloride was added 

and the resulting mixture was extracted with dichloromethane three times. The combined 

organic fractions were dried over magnesium sulfate and evaporated to dryness after filtration. 

Purification of the crude product by column chromatography (hexane/dichloromethane 2:1) 

gave the desired TMS-acetylated product 47 as colorless oil.  

495.7 mg, 1.11 mmol, 94%. 

 

EA:  found: C 72.30%, H 6.78% 

 required: C 72.59%, H 6.77% 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.39 – 7.24 (m, 12H, Aryl-H), 7.15 (br, 1H, Aryl-H), 3.60 

(s, 4H, CH2), 3.54 (s, 4H, CH2), 0.26 (s, 9H, SiCH3). 

 
13C NMR  (100 MHz, CD2Cl2): δ = 139.5, 138.7, 131.4, 130.5, 129.5, 129.0, 127.5, 123.9, 

105.1, 94.9, 36.3, 35.8, 0.15. 
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(5-Iodo-1,3-phenylene)dimethanol[238] (49) 

 

 

 

C8H9IO2 

264,06 g/mol 

 

 

To a solution of dimethyl 5-iodoisophthalate (50) (2.999 g, 9.37 mmol, 1 eq) in dry tetra-

hydrofuran (100 ml) under an atmosphere of argon was slowly added a diisobutylaluminium 

hydride solution (1M in hexane, 60 ml, 60 mmol, 6.4 eq) at -40°C. After the addition was 

complete, the mixture was left stirring for three hours at that temperature. The reaction was 

then quenched with ice, followed by the addition of 1M hydrochloric acid. This mixture was 

extracted with MTBE three times. The combined organic fractions were washed with brine, 

dried over magnesium sulfate, filtered and evaporated to dryness to yield the title compound 

49 as colorless crystalline solid. 

2.305 g, 9.37 mmol, quant. 

 
1H NMR  (400 MHz, acetone-d6): δ = 7.62 (s, 2H, Aryl-H), 7.34 (s, 1H, Aryl-H), 4.60 (d, 

J = 5.83 Hz, 4H, CH2), 4.32 (t, J = 5.83 Hz, 2H, OH). 

 
13C NMR  (100 MHz, acetone-d6): δ = 146.0, 134.6, 124.9, 94.6, 63.8. 

 

MS (EI, m/z (%)): 264.0 (100) [M+]. 
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((4-Ethynylphenyl)ethynyl)triisopropylsilane[240] (51) 

 

 

 

C19H26Si 

282.50 g/mol 

 

 

starting from 53 

3-(4-((Triisopropylsilyl)ethynyl)phenyl)prop-2-yn-1-ol (53) (206.9 mg, 0.66 mmol, 1 eq) was 

dissolved in dry diethyl ether (9 ml) under an atmosphere of argon. A mixture of ground 

potassium hydroxide (74.1 mg, 1.32 mmol, 2 eq) and activated manganese(IV) oxide 

(229.5 mg, 2.64 mmol, 4 eq) was added and the mixture was stirred for 3 hours at room 

temperature. Most of the solvent was removed by a stream of argon and the crude was directly 

transferred to a silica gel column (hexane) to give the title compound 51 as colorless liquid. 

154.4 mg, 0.55 mmol, 83%. 

 

starting from 54 

2-Methyl-4-(4-((triisopropylsilyl)ethynyl)phenyl)but-3-yn-2-ol (54) (1.736 g, 5.10 mmol, 

1 eq) was dissolved in degassed toluene (20 ml) under an atmosphere of argon, ground 

sodium hydroxide (1.02 g, 25.5 mmol, 5.6 eq) was added and the mixture heated to reflux. 

After 5 hours at that temperature, the mixture was filtered to remove solid sodium hydroxide. 

The solvent was evaporated and the crude was subjected to column chromatography (hexane) 

to yield pure ((4-ethynylphenyl)ethynyl)triisopropylsilane 51 as colorless liquid. 

1.336 g, 4.73 mmol, 93%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.42 (s, 4H, Aryl-H), 3.16 (s, 1H, CH), 1.13 (s, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 131.9, 124.0, 121.9, 106.4, 93.0, 83.3, 78.8, 18.6, 11.3. 
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((4-((4-Ethynylphenyl)ethynyl)phenyl)ethynyl)triisopropylsilane[240] (52) 

 

 

 

C27H30Si 

382.21 g/mol 

 

 

The OPE rod 56 (565 mg, 1.28 mmol, 1 eq) was dissolved in degassed toluene (15 ml) under 

an atmosphere of argon. Ground sodium hydroxide (260 mg, 6.40 mmol, 5 eq) was then 

added and the mixture heated to reflux. After 3 hours, the solvent was evaporated and the 

crude was subjected to column chromatography (hexane/dichloromethane 4:1) to yield the 

title compound 52 as colorless oil. 

486 mg, 1.27 mmol, 99%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.47 (s, 4H, Aryl-H), 7.45 (s, 4H, Aryl-H), 3.18 (s, 1H, 

CH), 1.13 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 132.1, 132.0, 131.5, 131.4, 123.6, 123.5, 122.7, 122.0, 

106.5, 93.0, 91.1, 90.6, 83.2, 79.0, 18.7, 11.3. 
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3-(4-((Triisopropylsilyl)ethynyl)phenyl)prop-2-yn-1-ol[241] (53) 

 

 

 

C20H28OSi 

312.52 g/mol 

 

 

To a solution 1-bromo-4-iodobenzene (344.0 mg, 1.22 mmol, 1 eq) and (triisopropylsilyl)-

acetylene (300 µl, 244 mg, 1.34 mmol, 1.1 eq) in degassed triethylamine (6 ml) under an 

atmosphere of argon was added bis(triphenylphosphine)palladium(II) chloride (85.6 mg, 

0.12 mmol, 10 mol%) and copper(I) iodide (23.5 mg, 0.12 mmol, 10 mol%). After stirring at 

45°C for 2 hours, propargyl alcohol (283 µl, 272.7 mg, 4.86 mmol, 4 eq) was added and the 

mixture was heated to reflux for 2 hours. After cooling to room temperature, a saturated 

aqueous solution of ammonium chloride was added and the resulting mixture was extracted 

with dichloromethane three times. The combined organic fractions were dried over 

magnesium sulfate and evaporated to dryness after filtration. Purification of the crude product 

by column chromatography (hexane/dichloromethane 1:1, then dichloromethane) yielded 3-

(4-((triisopropylsilyl)ethynyl)phenyl)prop-2-yn-1-ol (53) as yellow oil.  

285.2 mg, 0.91 mmol, 75%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.43 – 7.33 (m, 4H, Aryl-H), 4.50 (d, J = 5.93 Hz, 4H, 

CH2), 1.69 (br t, 1H, OH), 1.12 (s, 21H, iPr-H). 
 

13C NMR  (100 MHz, CDCl3): δ = 131.9, 131.4, 123.7, 122.3, 106.4, 92.8, 88.9, 85.4, 51.7, 

18.6, 11.3. 

 

MS (EI, m/z (%)): 312.2 (12) [M+], 269.2 (100) [M+-C3H7]. 
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2-Methyl-4-(4-((triisopropylsilyl)ethynyl)phenyl)bu t-3-yn-2-ol[242] (54) 

 

 

 

C22H32OSi 

340.57 g/mol 

 

 

To a solution 1-bromo-4-iodobenzene (1.600 g, 5.66 mmol, 1 eq) and (triisopropylsilyl)-

acetylene (1.33 ml, 5.94 mmol, 1.05 eq) in degassed triethylamine (20 ml) under an 

atmosphere of argon was added bis(triphenylphosphine)palladium(II) chloride (397 mg, 

0.57 mmol, 10 mol%) and copper(I) iodide (109 mg, 0.57 mmol, 10 mol%). After stirring at 

45°C for 2 hours, 2-methyl-3-butyn-2-ol (2.2 ml, 22.62 mmol, 4 eq) was added and the 

mixture was heated to reflux for 2 hours. After cooling to room temperature, a saturated 

aqueous solution of ammonium chloride was added and the resulting mixture was extracted 

with dichloromethane three times. The combined organic fractions were dried over 

magnesium sulfate and evaporated to dryness after filtration. Purification of the crude product 

by column chromatography (hexane/dichloromethane 1:4) yielded 2-methyl-4-(4-

((triisopropylsilyl)ethynyl)phenyl)but-3-yn-2-ol (54) as colorless oil. 

1.753 g, 5.15 mmol, 91%.  

 
1H NMR  (400 MHz, CDCl3): δ = 7.42 – 7.32 (m, 4H, Aryl-H), 2.00 (s, 1H, OH), 1.62 (s, 6H, 

CH3), 1.12 (s, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 132.3, 131.8, 123.8, 123.0, 106.9, 95.8, 93.0, 82.3, 66.1, 

31.8, 19.1, 11.7. 

 

MS (EI, m/z (%)): 340.2 (12) [M+], 297.1 (100) [M+-C3H7]. 
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4-(4-Iodophenyl)-2-methylbut-3-yn-2-ol[243] (55) 

 

 

 

C11H11IO 

286.11 g/mol 

 

To a solution 1,4-diiodobenzene (1.00 g, 3.03 mmol, 1 eq) and 2-methyl-3-butyn-2-ol (296 µl, 

3.03 mmol, 1 eq) in degassed triethylamine (50 ml) under an atmosphere of argon was added 

bis(triphenylphosphine)palladium(II) chloride (110 mg, 0.16 mmol, 5 mol%) and copper(I) 

iodide (31 mg, 0.16 mmol, 5 mol%). The mixture was stirred at 45°C for 2 hours and then 

quenched with a saturated aqueous solution of ammonium chloride. The aqueous phase was 

extracted three times with dichloromethane, the combined organic fractions were dried over 

magnesium sulfate and evaporated to dryness after filtration. After column chromatography 

(hexane/dichloromethane 1:4), the pure title compound 55 was obtained as colorless solid. 

414 mg, 1.45 mmol, 48%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.64 (d, J = 8.3 Hz , 2H, Aryl-H), 7.13 (d, J = 8.3 Hz, 2H, 

Aryl-H), 2.00 (s, 1H, OH), 1.61 (s, 6H, CH3). 

 
13C NMR  (100 MHz, CDCl3): δ = 137.4, 133.2, 122.2, 94.1, 65.6, 31.4. 
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2-Methyl-4-(4-((4-((triisopropylsilyl)ethynyl)phenyl)ethynyl)phenyl)but-3-yn-2-ol (56) 

 

 

 

C30H36OSi 

440.69 g/mol 

 

 

((4-Ethynylphenyl)ethynyl)triisopropylsilane (51) (523 mg, 1.85 mmol, 1.3 eq), 4-(4-iodo-

phenyl)-2-methylbut-3-yn-2-ol (411 mg, 1.44 mmol, 1 eq), bis(triphenylphosphine)-

palladium(II) chloride (50 mg, 0.14 mmol, 10 mol%) and copper(I) iodide (13 mg, 

0.14 mmol, 10 mol%) were added to degassed triethylamine (10 ml). The mixture was left 

stirring for 1.5 hours at 45°C. After cooling to room temperature, a saturated aqueous solution 

of ammonium chloride was added and the resulting mixture was extracted with 

dichloromethane three times. The combined organic fractions were dried over magnesium 

sulfate and evaporated to dryness. Purification of the crude product by column 

chromatography (dichloromethane) yielded the desired product 56 as colorless oil. 

626 mg, 1.43 mmol, 99%. 

 

EA:  found: C 81.64%, H 8.32% 

 required: C 81.76%, H 8.23% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.48 – 7.36 (m, 8H, Aryl-H), 2.00 (s, 1H, OH), 1.63 (s, 6H, 

CH3), 1.13 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 132.0, 131.6, 131.4 (2×), 123.5, 122.9, 122.8, 122.7, 106.6, 

95.7, 93.0, 90.8, 90.7, 81.8, 65.7, 31.4, 18.7, 11.3. 

 

MS (EI, m/z (%)): 440.3 (37) [M+], 397.2 (66) ([M+ − C3H7]
+), 339.0 (100) ([M+ − C3H7

 − 

C2H6O]+). 

 

 



6 Experimental Part  203 

 

  

(5-((Triisopropylsilyl)ethynyl)-1,3-phenylene)dimethanol (57) 

 

 

 

C19H30O2Si 

318.53 g/mol 

 

 

(5-Iodo-1,3-phenylene)dimethanol (49) (198 mg, 0.75 mmol, 1 eq) was dissolved in degassed 

triethylamine (5 ml) under an atmosphere of argon. (Triisopropylsilyl)acetylene (507 µl, 

412 mg, 2.26 mmol, 3 eq), bis(triphenylphosphine)palladium(II) chloride (53 mg, 0.08 mmol, 

10 mol%) and copper(I) iodide (15 mg, 0.08 mmol, 10 mol%) were added and the mixture 

was stirred at 45°C for 2 hours. After cooling to room temperature, a saturated aqueous 

solution of ammonium chloride was added and the resulting mixture was extracted with 

dichloromethane three times. The combined organic fractions were dried over magnesium 

sulfate and evaporated to dryness after filtration. Purification of the crude product by column 

chromatography (ethyl acetate/dichloromethane 4:1) yielded the desired product 57 as 

colorless solid.  

237 mg, 0.75 mmol, quant. 

 

EA:  found: C 71.35%, H 9.22% 

 required: C 71.64%, H 9.49% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.40 (m, 2H, Aryl-H), 7.31 (s, 1H, Aryl-H), 4.69 (d, 

J = 5.94 Hz, 4H, CH2), 1.67 (t, J = 5.97 Hz, 2H, OH), 1.13 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 141.3, 129.6, 125.3, 124.0, 106.6, 90.9, 64.7, 18.7, 11.3. 

 

MS (EI, m/z (%)): 318.2 (4) [M+], 275.2 (100) [M+-C3H7]. 
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(5-((4-((Triisopropylsilyl)ethynyl)phenyl)ethynyl)-1,3-phenylene)dimethanol (58) 

 

 

 

C27H34O2Si 

418.64 g/mol 

 

 

(5-Iodo-1,3-phenylene)dimethanol (49) (115 mg, 0.44 mmol, 1 eq), ((4-ethynylphenyl)-

ethynyl)triisopropylsilane (51) (149 mg, 0.53 mmol, 1.2 eq), bis(triphenylphosphine)-

palladium(II) chloride (31 mg, 0.04 mmol, 10 mol%) and copper(I) iodide (8 mg, 0.04 mmol, 

10 mol%) were added to degassed triethylamine (5 ml). The mixture was left stirring for 1 

hour at 45°C. After cooling to room temperature, a saturated aqueous solution of ammonium 

chloride was added and the resulting mixture was extracted with dichloromethane three times. 

The combined organic fractions were dried over magnesium sulfate and evaporated to 

dryness. Purification of the crude product by column chromatography (ethylacetate/dichloro-

methane 1:1) yielded the desired product 58 as slightly yellow oil. 

181 mg, 0.43 mmol, 98%. 

 

EA:  found: C 77.05%, H 8.07% 

 required: C 77.46%, H 8.19% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.45 (m, 6H, Aryl-H), 7.35 (br, 1H, Aryl-H), 4.70 (d, 

J = 5.6 Hz, 4H, CH2), 1.91 (t, J = 5.8 Hz, 2H, OH), 1.13 (s, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 141.5, 132.0, 131.4, 129.1, 125.4, 123.5 (2×), 122.9, 106.6, 

92.9, 90.8, 89.3, 64.7, 18.6, 11.3. 

 

MS (EI, m/z (%)): 418.2 (30) [M+], 375.2 (100) [M+-C3H7].  
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(5-((4-((4-((Triisopropylsilyl)ethynyl)phenyl)ethynyl)phenyl)ethynyl)-1,3-

phenylene)dimethanol (59) 

 

 

 

C35H38O2Si 

518.76 g/mol 

 

 

(5-Iodo-1,3-phenylene)dimethanol (49) (111 mg, 0.41 mmol, 1 eq), ((4-((4-ethynylphenyl)-

ethynyl)phenyl)ethynyl)triisopropylsilane (52) (218 mg, 0.57 mmol, 1.4 eq), bis(triphenyl-

phosphine)palladium(II) chloride (28 mg, 0.04 mmol, 10 mol%) and copper(I) iodide (8 mg, 

0.04 mmol, 10 mol%) were added to degassed triethylamine (8 ml). The mixture was left 

stirring overnight at 45°C. After cooling to room temperature, a saturated aqueous solution of 

ammonium chloride was added and the resulting mixture was extracted with dichloromethane 

three times. The combined organic fractions were dried over magnesium sulfate and 

evaporated to dryness. Purification of the crude product by column chromatography 

(ethylacetate/dichloromethane 1:1) yielded the desired product 59 as slightly yellow oil. 

208 mg, 0.40 mmol, 98%. 

 

EA:  found: C 80.45%, H 7.42% 

 required: C 81.04%, H 7.38% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.50 (s, 4H, Aryl-H), 7.48 (br, 2H, Aryl-H), 7.46 (s, 4H, 

Aryl-H), 7.37 (br, 1H, Aryl-H), 4.72 (d, J = 5.3 Hz, 4H, CH2), 1.78 (t, J = 5.7 Hz, 2H, OH), 

1.13 (s, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 141.5, 132.0, 131.6 (2×), 131.4, 129.2, 125.4, 123.6, 123.5, 

123.1, 123.0, 122.8, 106.6, 93.0, 91.0 (2×), 90.8, 89.3, 64.8, 18.7, 11.3. 

 

MS (EI, m/z (%)): 518.3 (91) [M+], 475.3 (100) [M+-C3H7].  
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(5-((Triisopropylsilyl)ethynyl)-1,3-phenylene)bis(methylene) dimethanesulfonate (60) 

 

 

 

C21H34O6S2Si 

474.71 g/mol 

 

 

To a solution of (5-((triisopropylsilyl)ethynyl)-1,3-phenylene)dimethanol (57) (9.5 mg, 

0.03 mmol, 1 eq) in dry dichloromethane (2 ml) under an atmosphere of argon was added 

methanesulfonyl chloride (6.9 µl, 10.2 mg, 0.09 mmol, 3 eq) and triethylamine (12.4 µl, 

9.0 mg, 0.09 mmol, 3 eq) at room temperature. The mixture was stirred for 1 hour at that 

temperature before water was added and the dichloromethane phase was separated. The 

aqueous phase was then washed twice with dichloromethane. The combined organic fractions 

were dried over magnesium sulfate, filtered and evaporated to dryness, yielding the title 

compound 60 as colorless oil.  

14.3 mg, 0.03 mmol, quant.  

 
1H NMR  (400 MHz, CDCl3): δ = 7.52 (br, 2H, Aryl-H), 7.42 (s, 1H, Aryl-H), 5.21 (s, 4H, 

CH2), 3.01 (s, 6H, CH3), 1.13 (m, 21H, iPr-H). 
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((3,5-Bis(benzylthiomethyl)phenyl)ethynyl)triisopropylsilane (61) 

 

 

 

C33H42S2Si 

530.90 g/mol 

 

 

To a solution of (5-((triisopropylsilyl)ethynyl)-1,3-phenylene)bis(methylene) dimethane-

sulfonate (60) (13.5 mg, 0.03 mmol, 1 eq) and benzyl mercaptan (10.2 µl, 10.8 mg, 

0.09 mmol, 3 eq) in dry tetrahydrofuran (4 ml) under an atmosphere of argon was added 

sodium hydride (60% in mineral oil, 10 mg, 0.25 mmol, 8.3 eq). The mixture was stirred for 1 

hour at room temperature before water was added to quench the reaction. The suspension was 

extracted three times with MTBE. The combined organic fractions were then washed with 

brine, dried over magnesium sulfate, filtered and evaporated to dryness. The crude was 

purified by column chromatography (hexane/dichloromethane 4:1, then 3:1) to give the title 

compound 61 as colorless oil.  

13.2 mg, 0.03 mmol, 88%. 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.37 – 7.22 (m, 12H, Aryl-H), 7.17 (br, 1H, Aryl-H), 3.63 

(s, 4H, CH2), 3.57 (s, 4H, CH2), 1.17 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CD2Cl2): δ = 139.4, 138.7, 131.6, 130.4, 129.5, 129.0, 127.5, 124.1, 

107.2, 91.2, 36.3, 35.7, 19.0, 11.9. 
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((3,5-Bis((3-((3-((3-(benzylthiomethyl)-5-tert-butylbenzylthio)methyl)-5-tert-butylbenzyl-

thio)methyl)-5-tert-butylbenzylthio)methyl)phenyl)ethynyl)triisopropyl silane (62) 

 

 

 

C105H138S8Si 

1684.82 g/mol 

 

Starting from 60: 

To a solution of the dimesyl acetylene 60 (78.3 mg, 0.17 mmol, 1 eq) and the monothiol 

trimer 36 (231.6 mg, 0.33 mmol, 2 eq) in dry tetrahydrofuran (15 ml) under an atmosphere of 

argon was added sodium hydride (60% in mineral oil, 30 mg, 0.75 mmol, 4.5 eq). The 

mixture was left stirring at room temperature for 1.5 hours. TLC analysis revealed that the 

starting materials were not consumed after this time. The mixture was then heated to reflux 

temperature for 36 hours. The reaction was quenched with water and extracted with MTBE 

three times. The combined organic fractions were washed with brine, dried over magnesium 

sulfate and evaporated to dryness. The crude mixture was purified by column chromatography 

(hexane/dichloromethane 2:3) to yield the target compound as colorless 62 oil. 

213.1 mg, 0.13 mmol, 77%. 

 

Starting from 63: 

((3,5-Bis(bromomethyl)phenyl)ethynyl)triisopropylsilane (63) (19 mg, 0.04 mmol, 1 eq) and 

the trimer 36 (62 mg, 0.09 mmol, 2.2 eq) were dissolved in dry tetrahydrofuran (5 ml) under 

an atmosphere of argon. The mixture was degassed by bubbling argon through the solution to 

avoid disulfide formation during the reaction. After this procedure, sodium hydride (60% in 

mineral oil, 10 mg, 0.25 mmol, 6.3 eq) was added and the mixture was left stirring at room 

temperature for 1.5 hours. The reaction was quenched with water and extracted with MTBE 

three times. The combined organic fractions were washed with brine, dried over magnesium 

sulfate and evaporated to dryness. Purification of the crude product was achieved by column 

chromatography (hexane/dichloromethane 2:3) to yield the TIPS-acetylene heptamer 62 as 

colorless oil. 

67 mg, 0.04 mmol, 97%. 



6 Experimental Part  209 

 

  

 

EA:  found: C 74.89%, H 8.28% 

 required: C 74.85%, H 8.26% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.33 – 7.04 (m, 31H, Aryl-H), 3.62 – 3.55 (m, 28H, CH2), 

3.53 (s, 4H, CH2), 1.31 (m, 54H, C(CH3)3), 1.13 (m, 21H, iPr-H). 

 
13C NMR  (125 MHz, CDCl3): δ = 151.5 (3×), 138.7, 138.2, 138.1, 138.0, 137.8, 137.6, 131.2, 

129.7, 129.0, 128.4, 126.9, 126.8, 124.9, 124.8, 124.7, 124.6, 123.8, 106.6, 90.7, 35.9, 35.8 

(2×), 35.7, 35.2, 34.6, 31.4 (3×), 18.7, 11.3. 

 

MS (MALDI-TOF, m/z): 1706.4 [M+Na]+, 1722.4 [M+K]+. 
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((3,5-Bis(bromomethyl)phenyl)ethynyl)triisopropylsilane (63) 

 

 

 

C19H28Br2Si 

444.32 g/mol 

 

 

(5-((Triisopropylsilyl)ethynyl)-1,3-phenylene)dimethanol (57) (84 mg, 0.26 mmol, 1 eq), tri-

phenylphosphine (209 mg, 0.80 mmol, 3 eq) and carbon tetrabromide (264 mg, 0.80 mmol, 

3 eq) were stirred at room temperature for 1 hour in dry tetrahydrofuran (10 ml) under an 

atmosphere of argon. Water was added and the mixture was extracted with dichloromethane 

three times. The combined organic extracts were dried over magnesium sulfate and 

evaporated to dryness. After purification by column chromatography, the pure dibromide 63 

was obtained as colorless solid. 

112 mg, 0.25 mmol, 97 %. 

 

EA:  found: C 51.34%, H 6.30% 

 required: C 51.36%, H 6.35% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.42 (m, 2H, Aryl-H), 7.37 (m, 1H, Aryl-H), 4.43 (s, 4H, 

CH2), 1.13 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 138.5, 132.4, 129.5, 124.7, 105.5, 92.0, 32.1, 18.6, 11.2. 
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((4-((3,5-Bis((3-((3-((3-(benzylthiomethyl)-5-tert-butylbenzylthio)methyl)-5-tert-butyl-

benzylthio)methyl)-5-tert-butylbenzylthio)methyl)phenyl)ethynyl)phenyl)ethynyl)-

triisopropylsilane (66) 

 

 

 

C113H142S8Si 

1784.94 g/mol 

 

 

A mixture of the dihydroxy OPE unit 58 (77.0 mg, 0.18 mmol, 1 eq), triphenylphosphine 

(144.8 mg. 0.55 mmol, 3 eq) and carbon tetrabromide (183.1 mg, 0.55 mmol, 3 eq) was 

stirred at room temperature for 1 hour in dry tetrahydrofuran (10 ml) under an atmosphere of 

argon. Water was added and the mixture was extracted with dichloromethane three times. The 

combined organic extracts were dried over magnesium sulfate and evaporated to dryness. 

Filtration over silica gel (hexane/dichloromethane 9:1) yielded the dibromide 64. After 

evaporation of the solvents, the crude was dissolved in dry tetrahydrofuran (10 ml) and the 

SH-SBn-trimer 36 (265.0 mg, 0.38 mmol, 2.1 eq) was added. The mixture was degassed by 

bubbling argon through the solution for 15 minutes to avoid disulfide formation during the 

reaction. After that procedure, sodium hydride (60% in mineral oil, 22.0 mg, 0.55 mmol, 3 eq) 

was added and the mixture was left stirring at room temperature for 1.5 hours. The reaction 

was then quenched with water and extracted with MTBE three times. The combined organic 

fractions were washed with brine, dried over magnesium sulfate and evaporated to dryness. 

Purification of the crude product was achieved by column chromatography 

(hexane/dichloromethane 2:3) to yield the TIPS-acetylene heptamer 66 as colorless oil. 

283 mg, 0.16 mmol, 87%. 
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EA:  found: C 75.96%, H 8.00% 

 required: C 76.04%, H 8.02% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.47 – 7.40 (m, 4H, Aryl-H), 7.33 – 7.05 (m, 31H, Aryl-H), 

3.60 (br, 20H, CH2), 3.59 (s, 4H, CH2), 3.58 (s, 4H, CH2), 3.56 (s, 4H, CH2), 1.31 (m, 54H, 

C(CH3)3), 1.14 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.6 (2×), 151.5, 140.4, 138.9, 138.2, 138.1, 138.0, 138.0, 

137.8, 137.6, 132.0, 131.3 130.8, 129.9, 129.0, 128.4, 126.9, 126.8, 124.9, 124.8, 124.7 (2×), 

123.4, 123.1, 123.0, 106.6, 92.8, 90.9 (2×), 89.3, 35.9, 35.8, 35.7 (2×), 35.1, 34.6, 31.4 (2×), 

18.7, 11.3. 

 

MS (MALDI-TOF, m/z): 1806.4 [M+Na]+, 1822.8 [M+K]+. 
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((4-((4-((3,5-bis((3-((3-((3-(Benzylthiomethyl)-5-tert-butylbenzylthio)methyl)-5-tert-

butylbenzylthio)methyl)-5-tert-butylbenzylthio)methyl)phenyl)ethynyl)-

phenyl)ethynyl)phenyl)ethynyl)triisopropylsilane (67) 

 

 

 

C121H146S8Si 

1885.06 g/mol 

 

 

A mixture of the dihydroxy OPE unit 59 (154.3 mg, 0.24 mmol, 1 eq), triphenylphosphine 

(188.9 mg. 0.72 mmol, 3 eq) and carbon tetrabromide (238.8 mg, 0.72 mmol, 3 eq) was 

stirred at room temperature for 2 hours in dry tetrahydrofuran (10 ml) under an atmosphere of 

argon. Water was added and the mixture was extracted with dichloromethane three times. The 

combined organic extracts were dried over magnesium sulfate and evaporated to dryness. 

Filtration over silica gel (hexane/dichloromethane 9:1) yielded the dibromide 65. After 

evaporation of the solvents, the crude was dissolved in dry tetrahydrofuran (10 ml) and the 

SH-SBn-trimer 36 (353.4 mg, 0.5 mmol, 2.1 eq) was added. The mixture was degassed by 

bubbling argon through the solution for 15 minutes to avoid disulfide formation during the 

reaction. After that procedure, sodium hydride (60% in mineral oil, 29.0 mg, 0.72 mmol, 3 eq) 

was added and the mixture was left stirring at room temperature for 1.5 hours. The reaction 

was then quenched with water and extracted with MTBE three times. The combined organic 

fractions were washed with brine, dried over magnesium sulfate and evaporated to dryness. 

Purification of the crude product was achieved by column chromatography (hexane/-

dichloromethane 2:3) to yield the TIPS-acetylene heptamer 67 as colorless oil. 

321 mg, 0.17 mmol, 71%. 
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EA:  found: C 76.96%, H 7.85% 

 required: C 77.10%, H 7.81% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.57 – 7.45 (m, 8H, Aryl-H), 7.36 – 7.05 (m, 31H, Aryl-H), 

3.63 – 3.55 (m, 32H, CH2), 1.32 (m, 54H, C(CH3)3), 1.15 (s, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.6, 151.5, 141.0, 139.0, 138.2, 138.1, 138.0, 137.8, 

137.6, 132.0, 131.5, 131.4, 130.8, 130.1, 129.9, 129.0, 128.4, 126.9, 126.8, 125.0, 124.9, 

124.8, 124.7 (2×), 123.5, 123.1 (2×), 122.9, 122.8, 122.2, 106.6, 92.7, 91.1, 91.0, 90.9, 89.3, 

35.9, 35.8, 35.7, 35.1, 34.6, 31.4 (2×), 18.7, 11.3. 

 

MS (MALDI-TOF, m/z): 1906.7 [M+Na]+, 1922.8 [M+K]+. 
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(5-Ethynyl-1,3-phenylene)bis(methylene)bis((3-((3-((3-(benzylthiomethyl)-5-tert-

butylbenzylthio)methyl)-5-tert-butylbenzylthio)methyl)-5-tert-butylbenzyl)sulfane) (68) 

 

 

 

C96H118S8 

1528.48 g/mol 

 

 

The TIPS-protected heptamer 62 (46.8 mg, 0.03 mmol, 1 eq) was dissolved in dry 

tetrahydrofuran (6 ml) under an atmosphere of argon. Tetrabutylammonium fluoride (1M in 

tetrahydrofuran, 120 µl, 0.12 mmol, 4 eq) was added and the mixture was left stirring at room 

temperature. Thin layer chromatography after 1 hour revealed one new spot and the complete 

consumption of the starting material 62. Water was added and the aqueous fraction was 

extracted with MTBE three times. The combined organic fractions were washed with brine, 

dried over magnesium sulfate and evaporated to dryness. The crude was purified by column 

chromatography (hexane/dichloromethane 2:3) to yield the acetylene heptamer 68 as colorless 

solid.  

40.4 mg, 0.03 mmol, 98%. 

 

EA:  found: C 74.82%, H 7.67% 

 required: C 75.44%, H 7.78% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.33 – 7.04 (m, 31H, Aryl-H), 3.60 (br, 20H, CH2), 3.58 (s, 

4H, CH2), 3.57 (s, 4H, CH2), 3.54 (s, 4H, CH2), 3.03 (s, 1H, CH), 1.32 (m, 54H, C(CH3)3). 

 
13C NMR  (125 MHz, CDCl3): δ = 151.6 (2×), 151.5, 138.9, 138.2, 138.1, 138.0, 137.8, 137.6, 

131.3, 130.2, 129.0, 128.4, 126.9, 126.8, 124.9, 124.7 (3×), 122.2, 83.3, 35.9, 35.8, 35.7, 35.1, 

34.6, 31.4 (2×), 29.4. 
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(5-((4-Ethynylphenyl)ethynyl)-1,3-phenylene)bis(methylene)bis((3-((3-((3-(benzylthio-

methyl)-5-tert-butylbenzylthio)methyl)-5-tert-butylbenzylthio)methyl)-5-tert-butyl-

benzyl)sulfane) (69) 

 

 

 

C104H122S8 

1628.60 g/mol 

 

 

The TIPS-protected heptamer 66 (52.3 mg, 0.03 mmol, 1 eq) was dissolved in dry tetra-

hydrofuran (5 ml) under an atmosphere of argon. Tetrabutylammonium fluoride (1M in 

tetrahydrofuran, 120 µl, 0.12 mmol, 4 eq) was added and the mixture was left stirring at room 

temperature for 2.5 hours. Water was added and the mixture was extracted with MTBE three 

times. The combined organic fractions were washed with brine, dried over magnesium sulfate 

and evaporated to dryness. The crude was purified by column chromatography 

(hexane/dichloromethane 2:3) to yield the acetylene heptamer 69 as colorless solid.  

47.0 mg, 0.03 mmol, quant. 

 
1H NMR  (500 MHz, CDCl3): δ = 7.47 – 7.40 (m, 4H, Aryl-H), 7.33 – 7.05 (m, 31H, Aryl-H), 

3.59 (br, 20H, CH2), 3.58 (s, 4H, CH2), 3.57 (s, 4H, CH2), 3.56 (s, 4H, CH2), 3.18 (s, 4H, 

CH),1.31 (m, 54H, C(CH3)3). 

 
13C NMR  (125 MHz, CDCl3): δ = 151.6 (2×), 151.5, 139.0, 138.2, 138.1, 138.0, 137.8, 137.6, 

132.1, 131.4, 130.8, 130.0, 129.0, 128.4, 126.9, 126.8, 124.9, 124.8, 124.7 (2×), 123.6, 123.0, 

121.9, 96.0, 91.1, 83.2, 77.2, 35.9 (2×), 35.8, 35.7, 35.1, 34.6, 31.4 (2×). 
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6.2.4 Azide Functionalized Thioether Ligands 
(5-Azido-1,3-phenylene)bis(methylene)bis(benzylsulfane) (70) 

 

 

 

C22H21N3S2 

391.55 g/mol 

 

Method a), starting from 73 

To a solution of (5-azido-1,3-phenylene)bis(methylene) dimethanesulfonate 73 (26.8 mg, 

0.08 mmol, 1 eq) and benzyl mercaptan (28.0 µl, 30.0 mg, 0.24 mmol, 3 eq) in dry tetrahydro-

furan (5 ml) under an atmosphere of argon was added sodium hydride (60% in mineral oil, 

19 mg, 0.48 mmol, 6 eq). The mixture was stirred for 1 hour at room temperature before water 

was added to quench the reaction. The suspension was extracted three times with MTBE. The 

combined organic fractions were washed with brine, dried over magnesium sulfate, filtered 

and evaporated to dryness. The crude was purified by column chromatography (hexane/ 

dichloromethane 3:1, then 3:2) to give the title compound 70 as colorless oil.  

28.4 mg, 0.07 mmol, 91%. 

 

 

Method b), starting from 43 

A mixture of ethanol (2.8 ml), tetrahydrofuran (2 ml), water (1.2 ml), (5-bromo-1,3-

phenylene)bis(methylene)bis(benzylsulfane) 43 (105.3 mg, 0.25 mmol, 1 eq), sodium azide 

(36.0 mg, 0.55 mmol, 2.3 eq), sodium ascorbate (2.4 mg, 0.01 mmol, 5 mol%) and N,N’-

methylethylenediamine (4.0 µl, 3.2 mg, 0.04 mmol, 15 mol%) was degassed for 10 minutes 

by bubbling argon through the solution. Copper(I) iodide(4.7 mg, 0.02 mmol, 10 mol%) was 

added and the mixture was heated to reflux for 1 hour. After cooling to room temperature, 

water was added and the diluted mixture was extracted 3 times with MTBE. The combined 

organic fractions were washed with brine, dried over magnesium sulfate, filtered and 

evaporated to dryness. The crude product was purified by column chromatography 

(hexane/dichloromethane 2:1, then 3:2) to give the desired product 70 as colorless oil. 

82.4 mg, 0.21 mmol, 86%. 
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1H NMR  (400 MHz, CDCl3): δ = 7.35 – 7.24 (m, 10H, Aryl-H), 6.95 (br, 1H, Aryl-H), 6.81 

(br, 2H, Aryl-H), 3.62 (s, 4H, CH2), 3.54 (s, 4H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 140.4, 140.3, 137.8, 129.0, 128.5, 127.1, 126.3, 118.2, 

35.8, 35.2. 

 

MS (MALDI-TOF, m/z): 414.2 [M+Na]+, 430.2 [M+Na]+. 

 

 

 

(5-Azido-1,3-phenylene)dimethanol[255] (71) 

 

 

 

C8H9N3O2 

179.18 g/mol 

 

A mixture of ethanol (5 ml) and water (2 ml) was degassed for 20 minutes by bubbling argon 

through the mixture. To this was added (5-iodo-1,3-phenylene)dimethanol (49) (150.1 mg, 

0.57 mmol, 1 eq), sodium azide (73.9 mg, 1.14 mmol, 2 eq), sodium ascorbate (5.7 mg, 

0.03 mmol, 5 mol%), copper(I) iodide(11.0 mg, 0.06 mmol, 10 mol%) and N,N’-methyl-

ethylenediamine (9.2 µl, 7.5 mg, 0.09 mmol, 15 mol%). The mixture was heated to reflux for 

1 hour, before the solvents were removed with a rotary evaporator. The crude mixture was 

purified by column chromatography (ethyl acetate) to give the desired product 71 as colorless 

crystals. 

97.5 mg, 0.54 mmol, 96%. 

 
1H NMR  (400 MHz, acetone-d6): δ = 7.15 (s, 1H, Aryl-H), 6.97 (s, 2H, Aryl-H), 4.64 (d, 

J = 5.82 Hz, 4H, CH2), 4.32 (t, J = 5.82 Hz, 2H, OH). 

 
13C NMR (100 MHz, acetone-d6): δ = 175.7, 140.7, 122.1, 116.1, 64.2. 

 

MS (EI, m/z (%)): 179.1 (9) [M+], 151.1 (100) [M+-N2]. 
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1-Azido-3,5-bis(bromomethyl)benzene (72) 

 

 

 

C8H7Br2N3 

304.97 g/mol 

 

 

(5-Azido-1,3-phenylene)dimethanol (71) (38.3 mg, 0.21 mmol, 1 eq), triphenylphosphine 

(151.3 mg, 0.58 mmol, 2.7 eq) and carbon tetrabromide (212.6 mg, 0.64 mmol, 3 eq) were 

stirred at 0°C for 1.5 hours in dry N,N-dimethylformamide (3 ml) under an atmosphere of 

argon. The solvent was evaporated under high vacuum and the residue was transferred to a 

silica gel column (hexane/dichloromethane 4:1, then 2:1). After the chromatography, the title 

compound 72 was obtained as colorless solid. After 3 days at 4°C, the material was dark 

brown and TLC revealed a partial decomposition of the product.  

52.9 mg, 0.17 mmol, 82%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.18 (m, 1H, Aryl-H), 6.98 (m, 2H, Aryl-H), 4.43 (s, 4H, 

CH2). 
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(5-Azido-1,3-phenylene)bis(methylene) dimethanesulfonate (73) 

 

 

 

C10H13N3O6S2 

335.36 g/mol 

 

 

To a solution of (5-azido-1,3-phenylene)dimethanol (71) (15.9 mg, 0.09 mmol, 1 eq) in dry 

tetrahydrofuran (3 ml) under an atmosphere of argon was added methanesulfonyl chloride 

(20.6 µl, 30.5 mg, 0.27 mmol, 3 eq) and triethylamine (37.0 µl, 26.9 mg, 0.27 mmol, 3 eq) at 

room temperature. The mixture was stirred for 45 minutes at that temperature before water 

and MTBE were added and the organic phase was separated. The aqueous phase was then 

washed twice with MTBE. The combined organic fractions were dried over magnesium 

sulfate, filtered and evaporated to dryness, yielding the title compound 73 as colorless oil.  

32.7 mg, 0.09 mmol, quant.  

 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.26 (br, 1H, Aryl-H), 7.12 (br, 2H, Aryl-H), 5.22 (s, 4H, 

CH2), 3.02 (s, 6H, CH3). 
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(5-Azido-1,3-phenylene)bis(methylene)bis((3-((3-((3-(benzylthiomethyl)-5-tert-

butylbenzylthio)methyl)-5-tert-butylbenzylthio)methyl)-5-tert-butylbenzyl)sulfane) (74) 

 

SS SS

N3

SSBnS SBn  

 

C94H117N3S8 

1545.47 g/mol 

 

 

To a solution of the SH-SBn-trimer 36 (199.1 mg, 0.28 mmol, 2 eq) and (5-azido-1,3-

phenylene)bis(methylene) dimethanesulfonate (73) (47.0 mg, 0.14 mmol, 1 eq) in dry N,N-

dimethylformamide (5 ml) under an atmosphere of argon was added potassium carbonate 

(77.3 mg, 0.56 mmol, 4 eq). After stirring for 1.5 hours at room temperature, MTBE was 

added and the suspension was extracted with water three times, followed once by brine. The 

organic extracts were dried over magnesium sulfate, filtered and evaporated to dryness. The 

pure product 74 was obtained as colorless solid after purification by column chromatography 

(hexane/dichloromethane 2:3).  

98.9 mg, 0.06 mmol, 45%. 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.33 – 7.05 (m, 28H, Aryl-H), 7.04 (br, 1H, Aryl-H), 6.85 

(br, 2H, Aryl-H), 3.62 – 3.59 (m, 28H, CH2), 3.57 (s, 4H, CH2), 1.31 (m, 54H, C(CH3)3). 

 

MS (MALDI-TOF, m/z): 1545.4 [M]+,1567.4 [M+Na]+, 1584.4 [M+K]+. 
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6.2.5 Pyridine Functionalized Thioether Ligands 
 
4-Bromo-2,6-bis(bromomethyl)pyridine[256] (75) 

 

 

 

C7H6Br3N 

343.84 g/mol 

 

 

To (4-bromopyridine-2,6-diyl)dimethanol (80) (598 mg, 2.7 mmol, 1 eq) was added 48% 

aqueous hydrobromic acid (10 ml) and concentrated sulfuric acid (2 ml). The mixture was 

heated to reflux for 5 hours. After cooling to room temperature, the mixture was basified with 

concentrated aqueous sodium hydrogen carbonate solution and then extracted three times with 

dichloromethane. The combined organic fractions were dried over magnesium sulfate, filtered 

and evaporated to dryness, giving the title compound 75 as colorless solid.  

906 mg, 2.6 mmol, 96%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.55 (s, 2H, Aryl-H), 4.47 (s, 4H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 157.9, 134.2, 126.1, 32.3. 

 

MS (EI, m/z (%)): 342.8 (16) [M+], 263.9 (100) [M+-Br]. 
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Chelidamic Acid[259] (76) 

 

 

 

C7H5NO5 

183.12 g/mol 

 

 

Chelidonic acid (78) (1.60 g, 8.8 mmol, 1 eq) was dissolved in an aqueous ammonium 

hydroxide solution (10%, 10 ml) and heated to reflux for 6 hours. During the reaction period, 

additional ammonium hydroxide solution (28%, 2 ml, overall 10 ml) was added each hour. 

The volatiles were removed in vacuo and the residue was dissolved in water (7.5 ml). 

Concentrated hydrochloric acid (2.5 ml) was slowly added at 0°C and the resulting solid was 

filtered off and washed with cold water. Chelidamic acid (76) was obtained as a slight brown 

powder.  

1.54 g, 7.7 mmol, 87 %. 

 
1H NMR  (400 MHz, DMSO-d6): δ = 7.56 (s, 2H, CH). 

 
13C NMR  (100 MHz, DMSO-d6): δ = 166.5, 165.2, 149.2, 114.7. 

 

MS (EI, m/z (%)): 183.0 (3) [M+], 139.0 (100) [M+-CO2]. 

 

 



224  6 Experimental Part 

 
Diethyl 2,4,6-trioxoheptanedioate[258] (77) 

 

 

 

C11H14O7 

258.22 g/mol 

 

 

In a three necked flask equipped with a reflux condenser, sodium (1.62 g, 70.45 mmol, 

2.07 eq) was added in portions to dry ethanol (20 ml) under an atmosphere of argon. When 

the reaction had slowed down, the mixture was heated to reflux until all of the sodium had 

disappeared. The mixture was allowed to cool before diethyl oxalate (10.0 g, 9.35 ml, 

68.4 mmol, 2.01 eq) was added, followed by acetone (1.98 g, 2.5 ml, 34 mmol, 1 eq). This 

mixture was stirred for 1 hour, after which excess ethanol was distilled off at ambient 

pressure. The resulting brownish yellow solid was dried under high vacuum and then added to 

a mixture of concentrated hydrochloric acid (10 ml) and crushed ice (35 g). The resulting 

solid was filtered off and washed thoroughly with water. After drying under high vacuum, the 

title compound 77 was obtained as yellow powder.  

4.91 g, 19 mmol, 56%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 6.37 (s, 4H, CH2), 4.37 (q, 7.13 Hz, 4H, CH2) 1.39 (t, 7.13 

Hz, 6H, CH3). 
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Chelidonic Acid[258] (78) 

 

 

 

C7H4O6 

184.10 g/mol 

 

 

Diethyl 2,4,6-trioxoheptanedioate (77) (4.9 g, 19 mmol, 1 eq) was suspended in concentrated 

hydrochloric acid (20 ml) and heated to reflux for 20 hours. After cooling to room 

temperature, the mixture was poured onto crushed ice (10 g). The resulting solid was 

collected by filtration, washed with ice cold water and dried under high vacuum. Chelidonic 

acid (78) was obtained as brown powder.  

1.61 g, 8.8 mmol, 46%. 

 

 
1H NMR  (400 MHz, DMSO-d6): δ = 6.85 (s, 2H, CH). 
 

13C NMR  (100 MHz, DMSO-d6): δ = 179.6, 160.8, 155.5, 117.8.  

 

MS (EI, m/z (%)): 184.0 (100) [M+]. 
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Diethyl 4-bromopyridine-2,6-dicarboxylate[257] (79) 

 

 

 

C11H12BrNO4 

302.12 g/mol 

 

 

To a solution of bromine (2.7 ml, 8.34 g, 52 mmol, 3.2 eq) in hexane under argon was added 

slowly phosphorus tribromide (5.9 ml, 17.96 g, 63 mmol, 3.9 eq) with a syringe. Phosphorus 

pentabromide precipitated as yellow solid, which was washed four times with hexane (10 ml) 

and then dried under high vacuum. To the powder was added chelidamic acid (76) (3.4 g, 

16.9 mmol, 1 eq) and the mixture was heated to 90°C for 1.5 hours. After cooling to room 

temperature, dry chloroform (17 ml) was added to the black solid and the slurry was filtered 

under argon. To the slight red filtrate was added absolute ethanol (50 ml) at 0°C, resulting in a 

blue solution. The solvent was evaporated and the residue was taken up in dichloromethane 

and extracted with a saturated aqueous solution of sodium hydrogen carbonate. The organic 

fraction was dried over magnesium sulfate, filtered and evaporated to dryness, leaving some 

colorless solid material in some highly boiling liquid (together 5.5 g). The crude was purified 

by recrystallization from ethanol, giving the title compound 79 as fluffy, colorless crystals. 

4.03 g, 13.3 mmol, 79% 

 

 
1H NMR  (400 MHz, CDCl3): δ = 8.41 (s, 2H, Aryl-H), 4.48 (q, J = 7.05 Hz, 4H, CH2) 1.44 (t, 

J = 7.08 Hz, 6H, CH3). 

 
13C-NMR  (100 MHz, CDCl3): δ = 163.5, 149.4, 134.9, 131.0, 62.7, 14.1. 

 

MS (FAB, m/z): 301.9 [M+H]+. 
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4-Bromopyridine-2,6-dimethanol[256] (80) 

 

 

 

C7H8BrNO2 

218.05 g/mol 

 

 

To a solution of diethyl 4-bromopyridine-2,6-dicarboxylate (79) (3.75 g, 12.4 mmol, 1 eq) in 

absolute ethanol (150 ml) was added sodium borohydride (3.29 g, 86.9 mmol, 7 eq). The 

mixture was heated to reflux for 20 hours, before the solvent was removed by evaporation. A 

saturated aqueous solution of sodium hydrogen carbonate (23 ml) was added to the residue 

and the mixture was heated to reflux until all solid material was dissolved. Water (28 ml) was 

then added and the mixture was left for 14 hours at 4°C. The formed oily solid was collected 

by decantation and the dried under vacuum. The white powder was extracted 5 times with 

acetone (100 ml) and the combined acetone fractions were evaporated to dryness, giving 

4-bromopyridine-2,6-dimethanol (80) as colorless solid.  

1.49 g, 6.8 mmol, 55 %.  

TLC revealed the presence of the desired product 80 in the extracted solid. Therefore this 

residue was dissolved in water (800 ml) and this solution was extracted 4 times with ethyl 

acetate (200 ml). The combined organic fractions were dried over magnesium sulfate, filtered 

and evaporated to dryness, giving more of the desired product 80 (1.01 g, 4.6 mmol, 38%).  

2.50 g, 11.5 mmol, 93% 

 
1H NMR  (400 MHz, DMSO-d6): δ = 7.51 (s, 2H, Aryl-H), 5.54 (t, J = 5.91 Hz, 2H, OH) 4.52 

(d, J = 5.87 Hz, 4H, CH2). 

 
13C NMR  (100 MHz, DMSO-d6): δ = 163.2, 133.3, 121.1, 63.7.  

 

MS (EI, m/z (%)): 216.0 (100) [M+]. 
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2,6-Bis((3-(benzylthiomethyl)-5-tert-butylbenzylthio)methyl)-4-bromopyridine (81) 

 

 

 

C45H52BrNS4 

815.07 g/mol 

 

 

To a solution of (3-(benzylthiomethyl)-5-tert-butylphenyl)methanethiol (39) (98 mg, 

0.31 mmol, 2.1 eq) and 4-bromo-2,6-bis(bromomethyl)pyridine (75) (51 mg, 0.15 mmol, 

1 eq) in dry N,N-dimethylformamide (8 ml) under an atmosphere of argon was added 

potassium carbonate (86 mg, 0.62 mmol, 4.2 eq). After stirring for 2 hours at room 

temperature, MTBE was added and the suspension was extracted with water three times, 

followed once by brine. The organic extracts were dried over magnesium sulfate, filtered and 

evaporated to dryness. The pure product 81 was obtained as colorless oil after purification by 

column chromatography (hexane/dichloromethane 1:4, then pure dichloromethane).  

98 mg, 0.12 mmol, 81%. 

 

 

EA:  found: C 66.17%, H 6.43%, N 1.57% 

 required: C 66.31%, H 6.43%, N 1.72% 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.37 – 7.22 (m, 14H, Aryl-H), 7.16 (br, 2H, Aryl-H), 7.09 

(br, 2H, Aryl-H), 3.70 (s, 4H, CH2), 3.69 (s, 4H, CH2), 3.62 (s, 4H, CH2), 3.59 (s, 4H, CH2), 

1.31 (s, 18H, C(CH3)3). 

 
13C NMR  (100 MHz, CD2Cl2): δ = 160.5, 152.2, 139.1, 138.8, 138.5, 134.0, 129.0, 127.5, 

127.3, 125.5 (2x), 124.9, 119.2, 37.7, 36.7, 36.5, 36.4, 35.1, 31.7.  
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2,6-Bis((3-((3-((3-(benzylthiomethyl)-5-tert-butylbenzylthio)methyl)-5-tert-

butylbenzylthio)methyl)-5-tert-butylbenzylthio)methyl)-4-bromopyridine (82) 

 

 

 

C93H116BrNS8 

1584.35 g/mol 

 

 

To a solution of SH-SBn-trimer 36 (119.8 mg, 0.17 mmol, 2 eq) and 4-bromo-2,6-

bis(bromomethyl)pyridine (75) (29.4 mg, 0.085 mmol, 1 eq) in dry N,N-dimethylformamide 

(10 ml) under an atmosphere of argon was added potassium carbonate (47 mg, 0.34 mmol, 

4 eq). After stirring for 2 hours at room temperature, MTBE was added and the suspension 

was extracted with water three times, followed once by brine. The organic extracts were dried 

over magnesium sulfate, filtered and evaporated to dryness. The pure product 82 was obtained 

as colorless oil after purification by column chromatography (hexane/dichloromethane 1:3, 

then pure dichloromethane).  

114.5 mg, 0.072 mmol, 85%. 

 

 

EA:  found: C 70.30%, H 7.34% 

 required: C 70.50%, H 7.38% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.37 – 7.15 (m, 22H, Aryl-H), 7.14 (br, 2H, Aryl-H), 7.10 

(br, 2H, Aryl-H), 7.09 (br, 2H, Aryl-H), 7.07 (br, 2H, Aryl-H), 3.68 (br, 8H, CH2), 3.62 – 

3.56 (m, 24H, CH2), 1.31 (m, 54H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 159.8, 151.6 (2×), 151.5, 138.2, 138.1, 138.0, 137.8, 137.5, 

133.6, 129.0, 128.4, 126.9, 126.8, 125.0, 124.9, 124.7 (2×), 124.4, 37.1, 36.2, 36.0, 35.9, 35.7, 

34.6, 31.4 (2×). 
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(4-((Triisopropylsilyl)ethynyl)pyridine-2,6-diyl)di methanol (83) 

 

 

 

C18H29NO2Si 

319.51 g/mol 

 

 

(4-Bromopyridine-2,6-diyl)dimethanol (80) (86.5 mg, 0.40 mmol, 1 eq) was dissolved in 

degassed triethylamine (10 ml) under an atmosphere of argon. (Triisopropylsilyl)acetylene 

(240 µl, 217 mg, 1.19 mmol, 3 eq), bis(triphenylphosphine)palladium(II) chloride (28 mg, 

0.04 mmol, 10 mol%) and copper(I) iodide (7.6 mg, 0.04 mmol, 10 mol%) were added and 

the mixture was heated to 80°C for 15 hours. After cooling to room temperature, the solvent 

was evaporated under vacuum. Dichloromethane was added and the resulting mixture was 

extracted with water. The aqueous phase was then extracted two more times with 

dichloromethane. The combined organic fractions were dried over magnesium sulfate and 

evaporated to dryness after filtration. Purification of the crude product by column 

chromatography (ethyl acetate, then ethyl acetate/acetone 1:1) yielded the desired product 83 

as colorless solid.  

113.5 mg, 0.32 mmol, 81% 

 

EA:  found: C 67.97%, H 8.66%, N 3.95% 

 required: C 67.66%, H 9.15%, N 4.38% 

 
1H NMR  (400 MHz, CDCl3):δ = 7.24 (s, 2H, Aryl-H), 4.76 (s, 4H, CH2), 3.16 (br, 2H, OH), 

1.13 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 158.6, 132.9, 121.4, 104.0, 97.1, 64.2, 18.6, 11.1. 

 

MS (EI, m/z (%)): 319.2 (2) [M+], 276.2 (100) [M+-C3H7]. 
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(4-((4-((Triisopropylsilyl)ethynyl)phenyl)ethynyl)pyridine-2,6-diyl)dimethanol (84) 

 

 

 

C26H33NO2Si 

419.63 g/mol 

 

 

(4-Bromopyridine-2,6-diyl)dimethanol (80) (201.8 mg, 0.93 mmol, 1 eq) and ((4-ethynyl-

phenyl)ethynyl)triisopropylsilane (51) (313.8 mg, 1.11 mmol, 1.2 eq) were dissolved in 

degassed triethylamine (7 ml) under an atmosphere of argon. Argon was then bubbled through 

the solution for 10 minutes, before bis(triphenylphosphine)palladium(II) chloride (65 mg, 

0.09 mmol, 10 mol%) and copper(I) iodide (17.8 mg, 0.09 mmol, 10 mol%) were added. The 

dark brown mixture was heated under stirring to 80°C for 1.5 hours. Dichloromethane and a 

saturated aqueous solution of ammonium chloride were added and the two phases were 

separated. The aqueous phase was washed twice with dichloromethane and the combined 

organic fractions were dried over magnesium sulfate. After filtration, the solvent was 

removed by rotary evaporation. The crude mixture was purified by column chromatography 

(ethyl acetate, then ethyl acetate/acetone 2:1) to give the desired product 84 as colorless solid. 

315.3 mg, 0.75 mmol, 81%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.47 (br, 4H, Aryl-H), 7.31 (br, 2H, Aryl-H), 4.78 (s, 4H, 

CH2), 3.20 (br, 2H, OH), 1.13 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 158.8, 132.6, 132.1, 131.7, 124.5, 121.6, 121.0, 106.3, 

93.7, 91.1, 88.3, 64.3, 18.6, 11.3. 

 

MS (EI, m/z (%)): 419.2 (11) [M+], 376.3 (100) [M+-C3H7]. 
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2,6-Bis(bromomethyl)-4-((triisopropylsilyl)ethynyl)pyridine (85) 

 

 

 

C18H27Br2NSi 

445.31 g/mol 

 

 

(4-((Triisopropylsilyl)ethynyl)pyridine-2,6-diyl)dimethanol (83) (86.4 mg, 0.27 mmol, 1 eq) 

was dissolved in dry tetrahydrofuran (12 ml) under an atmosphere of argon. To this solution 

was added triphenylphosphine (213 mg, 0.81 mmol, 3 eq), followed by carbon tetrabromide 

(269 mg, 0.81 mmol, 3 eq). The solution was stirred at room temperature for 2 hours, during 

which a white precipitate formed. A saturated aqueous solution of sodium hydrogen carbonate 

was added and the mixture was extracted three times with MTBE. The combined organic 

fractions were washed with brine, dried over magnesium sulfate, filtered and then evaporated 

to dryness. Purification of the crude by column chromatography (hexane/dichloromethane 

2:1, then 1:2) gave the title compound 85 as colorless solid.  

83.0 mg, 0.19 mmol, 69%.  

 

EA:  found: C 48.76%, H 6.15%, N 3.06% 

 required: C 48.55%, H 6.11%, N 3.15% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.38 (s, 2H, Aryl-H), 4.50 (s, 4H, CH2), 1.13 (m, 21H, 

iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 156.9, 133.7, 125.0, 103.2, 98.0, 33.0, 18.6, 11.1. 

 

MS (EI, m/z (%)): 545.1 (9) [M+], 502.0 (100) [M+-C3H7]. 
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2,6-Bis(bromomethyl)-4-((4-((triisopropylsilyl)ethynyl)phenyl)ethynyl)pyridine (86) 

 

 

 

C26H31Br2NSi 

545.42 g/mol 

 

 

The OPE dihydroxide 84 (278.1 mg, 0.66 mmol, 1 eq) was dissolved in dry tetrahydrofuran 

(20 ml) under an atmosphere of argon. To this solution was added triphenylphosphine 

(521.9 mg, 1.99 mmol, 3 eq), followed by carbon tetrabromide (660.0 mg, 1.99 mmol, 3 eq). 

The solution was stirred at room temperature for 1 hour, during which a white precipitate 

formed. A saturated aqueous solution of sodium hydrogen carbonate was added and the 

mixture was extracted three times with MTBE. The combined organic fractions were washed 

with brine, dried over magnesium sulfate, filtered and then evaporated to dryness. Purification 

of the crude by column chromatography (hexane/dichloromethane 2:1, then 1:1) gave the title 

compound 86 as slightly yellow oil, which slowly solidified.  

228.9 mg, 0.42 mmol, 63%.  

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.48 (br, 4H, Aryl-H), 7.47 (br, 2H, Aryl-H), 4.53 (s, 4H, 

CH2), 1.13 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CDCl3): δ = 157.0, 133.4, 132.1, 131.7, 124.6, 124.5, 121.4, 106.2, 

94.4, 93.8, 87.7, 33.0, 18.6, 11.3.  

 

MS (EI, m/z (%)): 545.1 (9) [M+], 502.0 (100) [M+-C3H7]. 
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2,6-Bis(benzylthiomethyl)-4-((triisopropylsilyl)ethynyl)pyridine (87) 

 

 

 

C32H41NS2Si 

531.89 g/mol 

 

 

To a solution of 2,6-Bis(bromomethyl)-4-((triisopropylsilyl)ethynyl)pyridine (85) (7.1 mg, 

0.016 mmol, 1 eq) in dry N,N-dimethylformamide (3 ml) under an atmosphere of argon was 

added benzyl mercaptan (5.7 µl, 6.0 mg, 0.05 mmol, 3 eq), followed by potassium carbonate 

(8.3 mg, 0.06 mmol, 3.75 eq). The mixture was stirred for 1 hour at room temperature before 

MTBE was added. The suspension was extracted three times with water in order to remove 

N,N-dimethylformamide. The organic fraction was then washed with brine, dried over 

magnesium sulfate, filtered and evaporated to dryness. The crude was purified by column 

chromatography (hexane/dichloromethane 1:1, then dichloromethane) to give the title 

compound 87 as colorless oil.  

7.1 mg, 0.013 mmol, 83%. 

 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.39 – 7.21 (m, 10H, Aryl-H), 7.19 (s, 2H, Aryl-H), 3.73 

(s, 4H, CH2), 3.69 (s, 4H, CH2), 1.16 (m, 21H, iPr-H). 

 
13C NMR  (100 MHz, CD2Cl2): δ = 158.4, 138.0, 129.1, 128.5, 127.2, 127.0, 123.5, 104.5, 

98.0, 37.1, 35.9, 18.6, 11.2. 

 

MS (EI, m/z (%)): 488.3 (0.5) [M+-C3H7],409.2 (100) [M+-C7H6S]. 
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6.2.6 Towards Thiophenol Building Blocks 
2,5-Dibromo-1,3-di(but-3-enyl)benzene (88) 

 

 

 

C14H16Br2 

344.08 g/mol 

 

 

To a solution of 2,5-dibromo-1,3-bis(bromomethyl)benzene (89) (1.00 g, 2.4 mmol, 1 eq) in 

dry tetrahydrofuran (20 ml) under an atmosphere of argon was slowly added allyl magnesium 

bromide (1M in diethyl ether, 14.22 ml, 14.2 mmol, 6 eq) at 0°C. After the addition of allyl 

magnesium bromide was complete, the mixture was allowed to warm to room temperature 

and was stirred for 4 hours. A saturated aqueous solution of ammonium chloride was then 

added to quench the reaction and the suspension was extracted three times with MTBE. The 

combined organic fractions were washed once with brine, dried over magnesium sulfate, 

filtered and evaporated to dryness. After purification of the crude by column chromatography 

(hexane/dichloromethane 9:1) the desired product 88 was obtained as colorless liquid.  

454 mg, 1.3 mmol, 56%.  

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.20 (s, 2H, Aryl-H), 5.86 (m, 2H, J = 6.8 Hz, CH), 5.05 (m, 

4H, CH2), 2.82 (t, 4H, J = 6.8 Hz, CH2), 2.36 (m, 4H, m, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 144.1, 137.7, 131.1, 125.7, 121.1, 115.9, 36.7, 34.0. 
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2,5-Dibromo-1,3-bis(bromomethyl)benzene[266] (89) 

 

 

 

C8H6Br4 

421.75 g/mol 

 

 

To a solution of 2,5-dibromo-m-xylene (90) (2.50 g, 9.5 mmol, 1 eq) in carbon tetrachloride 

(70 ml) were added N-bromosuccinimide (4.21 g, 23.7 mmol, 2.5 eq.) and 2,2′-azobis(2-

methylpropionitrile) (60 mg, 0.38 mmol, 4 mol%). The resulting mixture was heated to reflux 

and illuminated with light (500 W halogen lamp) for 24 hours. After cooling to room 

temperature, the solvent was evaporated under reduced pressure and the remains were 

dissolved in dichloromethane. The solution was washed two times with a saturated aqueous 

solution of sodium hydrogen carbonate, followed once by water. The organic layer was dried 

over magnesium sulfate, filtered off and concentrated to dryness. After two recrystallization 

steps (dichloromethane/hexane), the title compound 89 was obtained as colorless crystals.  

2.86 g, 6.8 mmol, 72%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.55 (s, 2H, Aryl-H),), 4.57 (s, 4H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 140.6, 134.4, 125.6, 121.7, 33.0. 
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(4-Bromo-3,5-di(but-3-enyl)phenyl)tert-butyl)sulfane (91) 

 

 

 

C18H25BrS 

353.36 g/mol 

 

 

A solution of 2,5-Dibromo-1,3-di(but-3-enyl)benzene (88) (500 mg, 1.45 mmol, 1 eq) in n-

butanol (15 ml) was degassed by bubbling argon through the solution for 30 minutes. Sodium 

2-methyl-2-propanethiolate (162 mg, 1.45 mmol, 1 eq) and tetrakis(triphenylphosphine)-

palladium(0) (162 mg, 0.14 mmol, 10 mol%) were added and the mixture was degassed again 

for 10 minutes before it was heated to reflux for 24 hours. Water was added and the reaction 

was extracted with MTBE three times. The combined organic fractions were washed with 

brine, dried over magnesium sulfate, filtered and evaporated to dryness. The title compound 

91 was obtained as colorless oil after purification by column chromatography 

(hexane/dichloromethane/9:1). Even after repetitive purification by column chromatography, 

some side products were present. 

238.2 mg, 0.67 mmol, 46%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.22 (s, 2H, Aryl-H), 5.86 – 5.88 (m, 2H, CH), 4.98 – 5.07 

(m, 4H, CH2), 2.86 (t, 4H, CH2), 2.38-2.41 (m, 4H, CH2), 1.27 (s, 9H, C(CH3)3). 
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4,4'-(2,5-Dibromo-1,3-phenylene)dibutan-1-ol (92) 

 

 

 

C14H20Br2O2 

380.12 g/mol 

 

To a solution of 2,5-dibromo-1,3-di(but-3-enyl)benzene (88) (626 mg, 1.8 mmol, 1 eq) in dry 

tetrahydrofuran (7 ml) under an atmosphere of argon was slowly added a borane 

tetrahydrofuran complex (1M in tetrahydrofuran, 3.64 ml, 3.6 mmol, 2 eq). The mixture was 

left for 1 hour at room temperature, stirring was not possible due to the formation of a 

precipitate. An aqueous sodium hydroxide solution (3M, 1.83 ml, 5.4 mmol, 3 eq) and an 

aqueous hydrogen peroxide solution (35%, 1.56 ml, 18 mmol, 10 eq) were carefully added. 

The resulting mixture was left stirring for 45 minutes. After dilution with water, the reaction 

was extracted with MTBE three times. The combined organic fractions were washed with 

brine, dried over magnesium sulfate, filtered and evaporated to dryness. After purification by 

column chromatography (dichloromethane/ethyl acetate 2:1, then 1:1) the title compound 92 

was obtained as colorless oil.  

418.1 mg, 1.1 mmol, 61%. 

 

EA:  found: C 44.06%, H 5.27% 

 required: C 44.24%, H 5.30% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.20 (s, 2H, Aryl-H), 3.69 (t, J = 6.05 Hz, 4H, CH2), 2.76 (t, 

J = 7.41 Hz, 4H, CH2), 1.73 – 1.62 (m, 8H, CH2), 1.37 (br, 2H, OH). 

 
13C NMR  (100 MHz, CDCl3): δ = 144.2, 130.6, 125.3, 120.8, 62.6, 36.5, 32.3, 25.9.  

 

MS (EI, m/z (%)): 301.1 (100) [M+-Br]. 

 

MS (FAB, m/z (%)): 419 (38) [M+K]+, 381 (100) [M+H]+. 
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4,4'-(2-Bromo-5-(tert-butylthio)-1,3-phenylene)dibutan-1-ol (93) 

 

 

 

C18H29BrO2S 

389.39 g/mol 

 

 

A solution of 4,4'-(2,5-dibromo-1,3-phenylene)dibutan-1-ol (92) (265.3 mg, 0.70 mmol, 1 eq) 

in n-butanol (15 ml) was degassed by bubbling argon through the solution for 30 minutes. 

Sodium 2-methyl-2-propanethiolate (86.1 mg, 0.77 mmol, 1.1 eq) and tetrakis(triphenylphos-

phine)palladium(0) (80.6 mg, 0.07 mmol, 10 mol%) were added and the mixture was 

degassed again for 10 minutes before it was heated to reflux for 15 hours. Water was added 

and the reaction was extracted with MTBE three times. The combined organic fractions were 

washed with brine, dried over magnesium sulfate, filtered and evaporated to dryness. The title 

compound 93 was obtained as colorless oil after purification by column chromatography 

(dichloromethane/ethyl acetate 4:1, then 2:1).  

178.0 mg, 0.46 mmol, 66%. 

 

EA:  found: C 55.57%, H 7.33% 

 required: C 55.52%, H 7.51% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.22 (s, 2H, Aryl-H), 3.69 (m, 4H, CH2), 2.79 (m, 4H, CH2), 

1.73 – 1.62 (m, 8H, CH2), 1.28 (m, 11H, C(CH3)3, OH). 

 
13C NMR  (100 MHz, CDCl3): δ = 142.3, 136.5, 131.2, 127.6, 62.7, 45.9, 36.5, 32.3, 30.9, 

26.0. 

 

MS (EI, m/z (%)): 390.1 (100) [M+], 334.1 (78) [M+-C4H8]. 
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Attempt to form the iodide 94 

 

 

 

 

To a solution of the monobromide 93 (32.3 mg, 0.08 mmol, 1 eq) in dry tetrahydrofuran 

(5 ml) was slowly added n-butyl lithium (1.6M in hexane, 187 µl, 0.3 mmol, 3.5 eq) at -78°C. 

The mixture was left stirring at that temperature for 10 minutes, before iodine (35 mg, 

0.28 mmol, 3.4 eq) was added. The mixture was allowed to warm to room temperature and 

was left stirring at that temperature for 30 minutes. The reaction was quenched with a 

saturated aqueous solution of sodium thiosulfate and then extracted with MTBE three times. 

The combined organic fractions were washed with brine, dried over magnesium sulfate, 

filtered and evaporated to dryness to give 34 mg of a colorless oil. 1H NMR analysis reveals 

the presence of the starting material 93 (ca. 25%), the desired product 94 (ca. 50%) and the 

dehalogenated benzene derivative 95 (ca. 25%). 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.22 (s, 0.5H, Bromo Aryl-H), 7.18 (m, 1.5H, Iodo Aryl-H), 

7.00 (br, 0.25H, Aryl-H), 3.69 (m, 4H, CH2), 2.79 (m, 4H, CH2), 1.73 – 1.62 (m, 8H, CH2), 

1.28 (m, 11H, C(CH3)3, OH). 
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4,4'-(5-(tert-Butylthio)-2-((4-((4-((triisopropylsilyl)ethynyl)p henyl)ethynyl)-

phenyl)ethynyl)-1,3-phenylene)dibutan-1-ol (96) 

 

 

 

C45H58O2SSi 

691.09 g/mol 

 

The crude mixture of the iodination attempt (from 0.08 mmol 93), ((4-((4-ethynylphenyl)-

ethynyl)phenyl)ethynyl)triisopropylsilane (52) (47.6 mg, 0.12 mmol, 1.5 eq), bis(triphenyl-

phosphine)palladium(II) chloride (7 mg, 0.01 mmol, 10 mol%) and copper(I) iodide (2 mg, 

0.01 mmol, 10 mol%) were added to degassed triethylamine (3 ml). The mixture was heated 

to 50°C and was maintained at that temperature for 1.5 hours. After cooling to room 

temperature, a saturated aqueous solution of ammonium chloride was added and the resulting 

mixture was extracted with dichloromethane three times. The combined organic fractions 

were dried over magnesium sulfate and evaporated to dryness. Purification of the crude 

product by column chromatography (ethyl acetate/dichloromethane 1:4) yielded the desired 

product 96 as slightly yellow oil. A mixture of the bromide 93 (ca. 42%) and the iodide 94 

(ca. 58%) was also isolated (14.7 mg, average molecular weight 416.7 g/mol, 0.035 mmol, 

44% for the two steps). 

10.8 mg, 0.016 mmol, 20% for two steps. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.53 – 7.45 (m, 8H, 7.22, Aryl-H), 7.26 (s, 2H, Aryl-H), 

3.69 (br t, 4H, CH2), 2.90 (t, 7.54 Hz, 4H, CH2), 1.84 – 1.63 (m, 8H, CH2), 1.32 – 1.25 (m, 

11H, C(CH3)3, OH), 1.14 (m, 21H, iPrH). 

 
13C NMR (100 MHz, CDCl3): δ = 144.8, 135.2, 135.1, 132.8, 132.0, 131.7, 131.4, 131.2, 

123.6, 123.5, 123.4, 106.6, 97.8, 93.0, 90.8, 88.5, 88.4, 62.8, 46.4, 34.5, 32.5, 31.1, 26.7, 18.7, 

11.3.
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Introduction of bromide leaving groups to the mixture of 93 and 94 to form 97 

 

 

 

C18H27Br2SX 

542.44 g/mol (average with X = 42% Br and 58% I) 

 

 

The purified 42/58 mixture of 93 and 94 (14.7 mg, 0.03 mmol, 1 eq), triphenylphosphine 

(39.4 mg, 0.15 mmol, 5 eq) and carbon tetrabromide (49.8 mg, 0.15 mmol, 5 eq) were stirred 

at room temperature for 1.5 hours in dry tetrahydrofuran (2 ml) under an atmosphere of argon. 

A saturated aqueous solution of ammonium chloride and dichloromethane were added to the 

reaction mixture. After separation of the organic phase, the aqueous phase was extracted two 

more times with dichloromethane. The combined organic fractions were dried over 

magnesium sulfate, filtered and evaporated to dryness. The crude was purified by column 

chromatography (hexane/dichloromethane 4:1) to give a 42/58 mixture of the bromo/iodo 

compounds 97. 

15.5 mg, 0.028 mmol, 95%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.22 (s, 0.85H, Bromo Aryl-H), 7.18 (s, 1.15H, Iodo Aryl-

H), 3.45 (m, 4H, CH2), 2.79 (m, 4H, CH2), 2.01 – 1.72 (m, 8H, CH2), 1.28 (s, 9H, C(CH3)3). 
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Formation of the G1 t-butyl protected monothiol dendrimer 99 

 

 

 

C88H105S9X 

1558.52 g/mol (average with X = 42% Br and 58% I) 

 

 

The bromo/iodo mixture of the dibromo thiol building block 97 (15.5 mg, 0.028 mmol, 1 eq) 

and the free thiol G0 dendron 98 (54.7 mg, 0.09 mmol, 3.2 eq) were dissolved in degassed 

tetrahydrofuran (4 ml) under an atmosphere of argon. Sodium hydride (60% in mineral oil, 

12 mg, 0.3 mmol, 10 eq) was added and the mixture was left stirring at room temperature for 

3 hours. As the reaction performed very slow under these conditions (TLC), the reaction 

mixture was heated to reflux for 2 hours. Water was then added after cooling to room 

temperature and the mixture was extracted three times with MTBE. The combined organic 

fractions were washed with brine, dried over magnesium sulfate, filtered and evaporated to 

dryness. The crude was purified by column chromatography (hexane/dichloromethane 1:2, 

then 1:3), to give the G1 bromo/iodo mixture 99 as colorless oil.  

44.8 mg, 0.028 mmol, quant. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.33 – 7.21 (m, 20H, Aryl-H), 7.19 (br, 4.85H, Aryl-H), 

7.14 (s, 1.15H, Iodo Aryl-H), 7.11 – 7.05 (m, 8H, Aryl-H), 3.69 (m, 4H, CH2), 3.63 – 3.55 (m, 

24H, CH2), 2.72 (br, 4H, CH2), 2.46 (br, 4H, CH2), 1.65 (m, 8H, CH2), 1.31 (m, 18H, 

C(CH3)3), 1.26 (s, 9H, C(CH3)3). 
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Transprotection of 99 with the acetyl protecting group to form 100 

 

 

 

C88H99S9X 

1544.46 g/mol (average with X = 42% Br and 58% I) 

 

 

The t-butyl protected G1 dendrimer 99 (10.0 mg, 0.006 mmol, 1 eq) was dissolved in a 

degassed mixture of toluene (2 ml) and acetyl chloride (300 µl) under an atmosphere of argon. 

Boron tribromide (1M in dichloromethane, 50 µl, 0.05 mmol, 8.3 eq) was slowly added and 

the mixture was left stirring for 1 hour. After this time, TLC showed a new spot in addition to 

the spot of the starting material. The reaction was then directly quenched with water and 

extracted two times with dichloromethane. The combined organic fractions were dried over 

magnesium sulfate, filtered and evaporated to dryness. The crude mixture was purified by 

column chromatography (hexane/dichloromethane 1:2, then dichloromethane) to give the 

starting material (3.7 mg, 2.3 µmol, 40%) and the acetyl protected first generation 100 as 

colorless oils. 

5.8 mg, 3.7 mmol, 60%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.33 – 7.21 (m, 20H, Aryl-H), 7.19 – 7.16 (m, 4H, Aryl-H), 

7.11 – 7.04 (m, 8.85H, Aryl-H), 7.01 (s, 1.15H, Iodo Aryl-H), 3.69 (m, 4H, CH2), 3.61 (s, 8H, 

CH2), 3.58 (s, 4H, CH2), 3.57 (s, 8H, CH2), 3.55 (s, 4H, CH2), 2.72 (br, 4H, CH2), 2.46 (br, 

4H, CH2), 2.39 (s, 3H, CH3), 1.65 (br, 8H, CH2), 1.30 (s, 18H, C(CH3)3). 
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6.2.7 Dendritic Thioether Ligands 
1,3,5-Tris(bromomethyl)benzene[299] (102) 

 

 

 

C9H9Br3 

356.88 g/mol 

 

 

N-Bromosuccinimide (60.34 g, 770 mmol, 3.3 eq) and mesitylene (32.4 ml, 28.00 g, 

233 mmol, 1 eq) were dissolved in methyl formate (600 ml). 2,2′-Azobis(2-methylpropio-

nitrile) (700 mg, 4.3 mmol, 0.02 eq) was then added and the reaction mixture was illuminated 

by a 500 W halogen lamp for 6 hours. The solvent was evaporated by using a rotary 

evaporator and the residue was redissolved in dichloromethane. The organic solution was 

washed twice with a saturated aqueous solution of sodium hydrogen carbonate and then once 

with water. After drying with magnesium sulfate, the dichloromethane was removed by 

evaporation. The residue was recrystallized from dichloromethane/hexane five times to give 

1,3,5-tris(bromomethyl)benzene (102) (24.14 g, 68 mmol) as colorless crystals. The filtrates 

of the crystallization 3 – 5 were put together, evaporated to dryness and crystallized again to 

yield the title compound 102 (12.56 g, 35 mmol). 

36.70 g, 104 mmol, 45%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.36 (s, 3H, Aryl-H), 4.46 (s, 6H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 139.0, 129.6, 32.2.  
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3,5-Bis(bromomethyl)benzyl)(trityl)sulfane (103) 

 

 

 

C28H24SBr2 

552.36 g/mol 

 

 

1,3,5-Tris(bromomethyl)benzene (102) (2.50 g, 7.0 mmol, 1 eq) and triphenylmethanethiol 

(1.94 g, 7.0 mmol, 1 eq) were dissolved in dry tetrahydrofuran (20 ml) under an atmosphere 

of argon. Potassium carbonate (1.45 g, 10.5 mmol, 1.5 eq) was added and the mixture was 

heated to reflux for 20 hours. After cooling to room temperature, water was added and the 

mixture was extracted three times with MTBE. The combined organic fractions were washed 

with brine, dried over magnesium sulfate and evaporated to dryness. After purification by 

column chromatography (hexane/dichloromethane 3:1), the product 103 was obtained as 

colorless solid.  

1.82 g, 3.3 mmol, 47 %. 

 

 

EA:  found: C 60.75%, H 4.41% 

 required: C 60.89%, H 4.38% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.48 – 7.42 (m, 6H, Aryl-H), 7.35 – 7.20 (m, 10H, Aryl-H), 

7.01 (s, 2H, Aryl-H), 4.39 (s, 4H, CH2), 3.32 (s, 2H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 144.5, 138.7, 138.4, 129.7, 129.6, 128.2. 128.0, 126.8, 

67.3, 36.4, 32.6. 

 

 



6 Experimental Part  247 

 

  

(5-(Tritylthiomethyl)-1,3-phenylene)bis(methylene)bis(methylsulfane) (104) 

 

 

 

C30H30S3 

486.75 g/mol 

 

 

3,5-Bis(bromomethyl)benzyl)(trityl)sulfane (103) (500 mg, 0.90 mmol, 1 eq), was dissolved 

in dry N,N-dimethylformamide (10 ml) under an atmosphere of argon. Sodium 

methanethiolate (140 mg, 1.99 mmol, 2.2 eq) was added and the mixture was left stirring for 1 

hour. MTBE was added and the organic solution was extracted four times with water, 

followed once by brine. The MTBE fraction was dried over magnesium sulfate, filtered and 

evaporated to dryness. After purification by column chromatography 

(hexane/dichloromethane 1:1, the 1:3), the title compound 104 was obtained as colorless oil.  

395 mg, 0.81 mmol, 90 %.  

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.48 – 7.42 (m, 6H, Aryl-H), 7.34 – 7.20 (m, 9H, Aryl-H), 

7.07 (br, 1H, Aryl-H), 6.93 (br, 2H, Aryl-H), 3.59 (s, 4H, CH2), 3.30 (s, 2H, CH2), 1.96 (s, 

6H, CH3). 

 
13C NMR  (100 MHz, CDCl3): δ = 144.6, 138.6, 137.6, 129.6, 128.2, 128.1 128.0, 126.7, 67.5, 

38.04, 36.8, 15.0. 
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(3,5-bis(methylthiomethyl)phenyl)methanethiol (105) 

 

 

 

C11H16S3 

244.44 g/mol 

 

 

104 (370 mg, 0.76 mmol, 1 eq) and triethylsilane (182 µl, 132 mg, 1.14 mmol, 1.5 eq) were 

dissolved in dichloromethane (8 ml). Trifluoroacetic acid (420 µl, 4% v/v) was slowly added 

under stirring, which was maintained for further 15 minutes after the addition. A saturated 

aqueous solution of sodium hydrogen carbonate was then added to quench the reaction. After 

completion of the gas formation, the two phases were separated and the aqueous phase was 

washed twice with dichloromethane. The combined organic fractions were dried over 

magnesium sulfate, filtered and evaporated to dryness. After purification by column 

chromatography (hexane/dichloromethane 2:3, then dichloromethane) the title compound 105 

was obtained as colorless oil.  

152 mg, 0.62 mmol, 82%. 

 

 

EA:  found: C 53.99%, H 6.60% 

 required: C 54.05%, H 6.60% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.16 (br, 2H, Aryl-H), 7.12 (br, 1H, Aryl-H), 3.72 (d, 

J = 7.60 Hz, 2H, CH2), 3.65 (s, 4H, CH2), 2.01 (s, 6H, CH3), 1.77 (t, J = 7.60 Hz, 1H, SH). 

 
13C NMR  (100 MHz, CDCl3): δ = 141.6, 139.0, 128.1, 127.2, 38.1, 28.7, 15.1. 
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(2-bromoethyl)(trityl)sulfane [124] (106) 

 

 

 

C21H19BrS 

383.34 g/mol 

 

 

Triphenylmethanethiol (494 mg, 1.79 mmol, 1 eq) was dissolved in dry tetrahydrofuran (6 ml) 

under an atmosphere of argon and sodium hydride (60% in mineral oil, 160 mg, 4.0 mmol, 

2.2 eq) was added. In a separate flask, dibromoethane (156 µl, 340.1 mg, 1.81 mmol, 1.1 eq) 

was dissolved in dry tetrahydrofuran under argon. The solution of the triphenylmethane-

thiolate was added dropwise at 0°C to the dibromoethane solution, the reaction mixture was 

then allowed to warm to room temperature and stirred for 1 hour. Water was added to quench 

the reaction and the mixture was extracted with MTBE. The organic fraction was then washed 

with brine, dried over magnesium sulfate, filtered and evaporated to dryness. The title 

compound 106 was obtained as colorless solid, which was used in the subsequent steps 

without further purification.  

694 mg, 1.81 mmol, quant. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.48 – 7.28 (m, 15H, Aryl-H), 2.89 – 2.70 (m, 4H, CH2). 
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(5-((2-(Tritylthio)ethylthio)methyl)-1,3-phenylene)bis(methylene)bis(methylsulfane) 

(107) 

 

 

 

C32H34S4 

546.87 g/mol 

 

a) starting from 105 

(3,5-Bis(methylthiomethyl)phenyl)methanethiol (105) (248 mg, 1.02 mmol, 1 eq) was 

dissolved in dry tetrahydrofuran (15 ml) under an atmosphere of argon. Sodium hydride (60% 

in mineral oil, 80 mg, 2.00 mmol, 2 eq) was added and the mixture was left stirring for 5 

minutes, after which (2-bromoethyl)(trityl)sulfane (106) (467 mg, 1.22 mmol, 1.2 eq) was 

added. After 2 hours stirring at room temperature, water was slowly added to quench the 

reaction. The mixture was extracted three times with MTBE. After washing with brine, drying 

with magnesium sulfate and filtration, the combined organic fractions were evaporated to 

dryness. Purification by column chromatography (hexane/dichloromethane 2:3, then 1:2) gave 

the title compound 107 as colorless oil, which slowly solidifies at 4°C.  

473 mg, 0.87 mmol, 85%. 

 

 

b) starting from 110 

(3,5-Bis(chloromethyl)benzyl)(2-(tritylthio)ethyl)sulfane (110) (2.26 g, 4.3 mmol, 1 eq) was 

dissolved in dry N,N-dimethylformamide (30 ml) under an atmosphere of argon. Sodium 

methanethiolate (666 mg, 9.5 mmol, 2.2 eq) was added and the mixture was left stirring for 2 

hours at room temperature. MTBE was added and the solution was extracted 4 times with 

water. After washing with brine and drying with magnesium sulfate, the solvent was removed. 

Purification by column chromatography (hexane/dichloromethane 2:3, then 1:2) gave the title 

compound 107 as colorless oil, which slowly solidifies at 4°C.  

2.06 g, 3.8 mmol, 88%. 

 

EA:  found: C 70.22%, H 6.23% 

 required: C 70.28%, H 6.27% 
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1H NMR  (400 MHz, CDCl3): δ = 7.44 – 7.18 (m, 15H, Aryl-H), 7.11 (br, 1H, Aryl-H), 7.02 

(br, 2H, Aryl-H), 3.61 (s, 4H, CH2H), 3.50 (s, 2H, CH2), 2.42 – 2.25 (m, 4H, CH2), 1.97(s, 

6H, CH3). 

 
13C NMR  (100 MHz, CDCl3): δ = 145.1, 139.2, 138.9, 130.0, 128.6, 128.4, 128.3, 127.1, 

67.4, 38.5, 36.4, 32.2, 30.9, 15.4. 

 

 

2-(Tritylthio)ethanethiol [304] (108) 

 

 

 

C21H20S2 

336.51 g/mol 

 

Triphenylmethanethiol (4.56 g, 16 mmol, 2 eq) and triethylamine (280 µl, 2 mmol, 25 mol%) 

were dissolved in dry N,N-dimethylformamide (50 ml) under an atmosphere of argon. 

Ethylenesulfide (475 µl, 480 mg, 8 mmol, 1 eq) was added and the mixture was left stirring 

overnight. MTBE was added and the solution was extracted three times with water in order to 

remove the N,N-dimethylformamide, followed once by brine. The organic fraction was dried 

over magnesium sulfate, filtered and evaporated to dryness. The pure title compound 108 was 

obtained after column chromatography (hexane/dichloromethane 4:1, then 3:1, then 2:1) as 

colorless crystals. The excess of the starting material triphenylmethanethiol was also 

separated by this procedure and could be reused. 

2.47 g, 7.3 mmol, 92%. 

 

EA:  found: C 74.49%, H 6.02% 

 required: C 74.96%, H 5.99% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.46 – 7.41 (m, 6H, Aryl-H), 7.33 – 7.20 (m, 9H, Aryl-H), 

2.52 – 2.46 (m, 2H, CH2), 2.32 – 2.24 (m, 2H, CH2), 1.44 (t, J = 8.3 Hz, 1H, SH). 

 
13C NMR  (100 MHz, CDCl3): δ = 144.7, 129.6, 127.9, 126.7, 67.0, 36.0, 23.8. 
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1,3,5-tris(chloromethyl)benzene[303] (109) 

 

 

 

C9H9Cl3 

223.53 g/mol 

 

 

1,3,5-Tris(bromomethyl)benzene (102) (9.92 g, 28 mmol, 1 eq) was dissolved in dry N,N-

dimethylformamide (50 ml) under an atmosphere of argon. Lithium chloride (17 g, 410 mmol, 

14.7 eq) was slowly added at 0°C. The reaction mixture was left stirring for 30 minutes at that 

temperature and was then allowed to warm to room temperature. After two hours stirring at 

room temperature, MTBE was added and the mixture was extracted four times with water 

followed once by brine. The organic fraction was dried over magnesium sulfate and 

evaporated to dryness. Recrystallization from dichloromethane/hexane gave 1,3,5-tris(chloro-

methyl)benzene (109) as colorless crystals. 

5.57 g, 25 mmol, 90%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.38 (s, 3H, Aryl-H), 4.59 (s, 6H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 138.6, 128.6, 45.3. 
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(3,5-Bis(chloromethyl)benzyl)(2-(tritylthio)ethyl)sulfane (110) 

 

 

 

C30H28Cl2S2 

523.58 g/mol 

 

 

1,3,5-tris(chloromethyl)benzene (109) (3.81 g, 17.0 mmol, 1 eq), 2-(tritylthio)ethanethiol 

(108) (5.73 g, 17.0 mmol, 1 eq) and potassium carbonate (4.70 g, 34.0 mmol, 2 eq) were 

added to dry tetrahydrofuran (250 ml) under an atmosphere of argon. The mixture was heated 

to reflux and left at that temperature for 36 hours. After cooling to room temperature, water 

was added and the mixture was extracted three times with MTBE. The combined organic 

fractions were the washed with brine, dried over magnesium sulfate and evaporated to 

dryness. After purification by column chromatography (hexane/dichloromethane 2:1, then 

3:2), the title compound 110 was obtained as colorless solid. 

4.09 g, 7.8 mmol, 46%. 

 

 

EA:  found: C 67.67%, H 5.41% 

 required: C 68.82%, H 5.39% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.42 – 7.15 (m, 18H, Aryl-H), 4.53 (s, 4H, CH2), 3.51 (s, 

2H, CH2), 2.42 – 2.25 (m, 4H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 144.7, 139.4, 138.3, 129.6, 128.9, 127.9, 129.4, 126.7, 

67.0, 45.6, 35.7, 31.7, 30.6 
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G1 ethylene dendron 111 

 

 

 

C56H66S10 

1059.77 g/mol 

 

 

The G0 dendron 107 (1.416 g, 2.6 mmol, 2.05 eq) and triethylsilane (619 µl, 451.6 mg, 

3.9 mmol, 3.08 eq) were dissolved in dichloromethane (15 ml). Trifluoroacetic acid (600 µl, 

4% v/v) was slowly added under stirring, which was maintained for further 15 minutes after 

the addition. A saturated aqueous solution of sodium hydrogen carbonate was then added to 

quench the reaction. After the gas formation had ceased, the two phases were separated and 

the aqueous phase was washed twice with dichloromethane. The combined organic fractions 

were dried over magnesium sulfate, filtered and evaporated to dryness.  

The crude thiol was then dissolved in dry tetrahydrofuran (10 ml) under an atmosphere of 

argon together with (3,5-bis(chloromethyl)benzyl)(2-(tritylthio)ethyl)sulfane (110) (657 mg, 

1.25 mmol, 1 eq) and sodium hydride (60% in mineral oil, 210 mg, 5.2 mmol, 4.1 eq) was 

added. The mixture was left stirring for 2 hours at room temperature. Water was then added to 

quench the reaction and the mixture was extracted 3 times with MTBE. The combined organic 

fractions were washed with brine, dried over magnesium sulfate, filtered and evaporated to 

dryness. After purification by column chromatography (dichloromethane, then 

hexane/dichloromethane 2:3 with 2 % ethyl acetate), the first generation dendron 111 was 

obtained as colorless oil.  

1.162 g, 1.10 mmol, 88%. 
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EA:  found: C 62.68%, H 6.29% 

 required: C 63.47%, H 6.28% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.42 – 7.20 (m, 15H, Aryl-H), 7.13 – 7.08 (m, 7H, Aryl-H), 

7.00 (br, 2H, Aryl-H), 3.67 (s, 4H, CH2), 3.63 (br, 12H, CH2), 3.47 (s, 2H, CH2), 2.56 (br, 

8H, CH2), 2.42 – 2.23 (m, 4H, CH2), 1.98 (s, 12H, CH3). 

 
13C NMR  (100 MHz, CDCl3): δ = 145.1, 139.3, 139.2 (2×), 139.0, 130.0, 128.6, 128.5, 128.4 

(2×), 128.3, 127.1, 68.9, 38.5, 36.6, 36.5, 36.3, 32.2, 31.7, 31.6, 31.0, 15.5.  
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G2 ethylene dendron 112 

 

 

 

C104H130S22 

2085.57 g/mol 

 

 

The trityl protected first generation dendron 111 (452.5 mg, 0.43 mmol, 2.2 eq) and 

triethylsilane (103 µl, 75 mg, 0.65 mmol, 3.3 eq) were dissolved in dichloromethane (8 ml). 

Trifluoroacetic acid (320 µl, 4% v/v) was slowly added under stirring, which was maintained 

for further 15 minutes after the addition. A saturated aqueous solution of sodium hydrogen 

carbonate was then added to quench the reaction. After the gas formation had ceased, the two 

phases were separated and the aqueous phase was washed twice with dichloromethane. The 

combined organic fractions were dried over magnesium sulfate, filtered and evaporated to 

dryness.  

The crude thiol was then dissolved in dry tetrahydrofuran (20 ml) under an atmosphere of 

argon together with (3,5-bis(chloromethyl)benzyl)(2-(tritylthio)ethyl)sulfane (110) (101.6 mg, 

0.19 mmol, 1 eq) and sodium hydride (60% in mineral oil, 35 mg, 0.86 mmol, 4.4 eq) was 

added. The mixture was left stirring for 2 hours at room temperature. Water was then added to 

quench the reaction and the mixture was extracted 3 times with MTBE. The combined organic 

fractions were washed with brine, dried over magnesium sulfate, filtered and evaporated to 

dryness. After purification by column chromatography (hexane/dichloromethane 2:3 with 4 % 

ethyl acetate), the second generation dendron 112 was obtained as colorless oil.  

305.0 mg, 0.15 mmol, 79%. 
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EA:  found: C 59.19%, H 6.20% 

 required: C 59.89%, H 6.28% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.44 – 7.15 (m, 15H, Aryl-H), 7.13 – 7.08 (m, 19H, Aryl-

H), 7.00 (br, 2H, Aryl-H), 3.69 – 3.61 (m, 40H, CH2), 3.46 (s, 2H, CH2), 2.59 – 2.54 (m, 24H, 

CH2), 2.42 – 2.23 (m, 4H, CH2), 1.97 (s, 24H, CH3). 

 
13C NMR  (100 MHz, CDCl3): δ = 144.6, 138.7 (2×), 138.6, 138.5, 129.4, 128.1, 128.0 (2×), 

127.9, 127.8, 126.6, 66.9, 38.0, 35.8, 31.7, 31.2, 31.1, 30.5, 15.0. 

 

 

G3 ethylene dendron 113 

 

 

 

C200H258S46 

4137.18 g/mol 

 

The trityl protected second generation 112 (182.0 mg, 0.09 mmol, 2.2 eq) and triethylsilane 

(21 µl, 15.2 mg, 0.13 mmol, 3.3 eq) were dissolved in dichloromethane (5 ml). Trifluoroacetic 

acid (200 µl, 4% v/v) was slowly added under stirring, which was maintained for further 15 

minutes after the addition. A saturated aqueous solution of sodium hydrogen carbonate was 

then added to quench the reaction. After the gas formation had ceased, the two phases were 

separated and the aqueous phase was washed twice with dichloromethane. The combined 

organic fractions were dried over magnesium sulfate, filtered and evaporated to dryness.  

The crude thiol was then dissolved in dry tetrahydrofuran (20 ml) under an atmosphere of 

argon together with (3,5-bis(chloromethyl)benzyl)(2-(tritylthio)ethyl)sulfane (110) (20.7 mg, 

0.04 mmol, 1 eq) and sodium hydride (60% in mineral oil, 7.2 mg, 0.18 mmol, 4.4 eq) was 

added. The mixture was left stirring for 1 hour at room temperature. Water was then added to 

quench the reaction and the mixture was extracted 3 times with ethyl acetate. The combined 
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organic fractions were washed with brine, dried over magnesium sulfate, filtered and 

evaporated to dryness. After purification by column chromatography (hexane/ 

dichloromethane 1:4 with 4 % ethyl acetate), the third generation 113 was obtained as 

colorless oil.  

121.6 mg, 0.03 mmol, 75%. 

 

 
1H NMR  (400 MHz, CDCl3): δ = 7.43 – 7.15 (m, 15H, Aryl-H), 7.13 – 7.08 (m, 43H, Aryl-

H), 7.00 (br, 2H, Aryl-H), 3.69 – 3.61 (m, 88H, CH2), 3.46 (s, 2H, CH2), 2.59 – 2.54 (m, 56H, 

CH2), 2.42 – 2.23 (m, 4H, CH2), 1.97 (s, 48H, CH3). 

 

 

 

G2 tert-butyl terminated dendrimer 114 

 

 

 

C104H130S22 

1793.16 g/mol 

 

 

The trityl protected first generation dendron 111 (174.0 mg, 0.16 mmol, 2.1 eq) and 

triethylsilane (65.5 µl, 47.8 mg, 0.41 mmol, 5.4 eq) were dissolved in dichloromethane (4 ml). 

Trifluoroacetic acid (160 µl, 4% v/v) was slowly added under stirring, which was maintained 

for further 15 minutes after the addition. A saturated aqueous solution of sodium hydrogen 

carbonate was then added to quench the reaction. After the gas formation had ceased, the two 

phases were separated and the aqueous phase was washed twice with dichloromethane. The 

combined organic fractions were dried over magnesium sulfate, filtered and evaporated to 

dryness.  
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The crude thiol was then dissolved in dry tetrahydrofuran (10 ml) under an atmosphere of 

argon together with 1,3-bis(bromomethyl)-5-tert-butylbenzene (3) (24.7 mg, 0.08 mmol, 1 eq) 

and sodium hydride (60% in mineral oil, 13 mg, 0.32 mmol, 4.2 eq) was added. The mixture 

was left stirring for 1.5 hours at room temperature. Water was then added to quench the 

reaction and the mixture was extracted 3 times with MTBE. The combined organic fractions 

were washed with brine, dried over magnesium sulfate, filtered and evaporated to dryness. 

After purification by column chromatography (hexane/dichloromethane 2:3 with 4 % ethyl 

acetate), the tert-butyl terminated second generation 114 was obtained as colorless oil. 117.1 

mg, 0.07 mmol, 88%. 

 

 

EA:  found: C 57.42%, H 6.53% 

 required: C 57.60%, H 6.63% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.17 (m, 2H, Aryl-H), 7.12 – 7.08 (m, 18H, Aryl-H), 7.05 

(br, 1H, Aryl-H), 3.69 – 3.61 (m, 40H, CH2), 2.59 – 2.54 (m, 24H, CH2), 1.97 (s, 24H, CH3), 

1.29 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.7, 138.7, 138.5, 137.9, 128.1, 128.0, 127.9, 126.4, 

124.7, 38.0, 36.5, 36.1, 36.0, 34.6, 31.3, 31.2, 31.1, 15.0.  
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G4 tert-butyl terminated dendrimer 115 

 

 

 

C374H502S92 

7947.97 g/mol 

 

 

The trityl protected third generation dendron 113 (34.1 mg, 8.2 µmol, 2.1 eq) and 

triethylsilane (3.3 µl, 2.4 mg, 20.6 µmol, 5.3 eq) were dissolved in dichloromethane (1.5 ml). 

Trifluoroacetic acid (60 µl, 4% v/v) was slowly added under stirring, which was maintained 

for further 25 minutes after the addition. A saturated aqueous solution of sodium hydrogen 

carbonate was then added to quench the reaction. After the gas formation had ceased, the two 

phases were separated and the aqueous phase was washed twice with dichloromethane. The 

combined organic fractions were dried over magnesium sulfate, filtered and evaporated to 

dryness.  

The crude thiol was then dissolved in dry tetrahydrofuran (20 ml) under an atmosphere of 

argon together with 1,3-bis(bromomethyl)-5-tert-butylbenzene (3) (1.2 mg, 3.7 µmol, 1 eq) 

and sodium hydride (60% in mineral oil, 1.3 mg, 33 µmol, 8.4 eq) was added. The mixture 

was left stirring for 2 hours at room temperature. Water was then added to quench the reaction 

and the mixture was extracted 3 times with ethyl acetate. The combined organic fractions 

were washed with brine, dried over magnesium sulfate, filtered and evaporated to dryness. 

After purification by column chromatography (hexane/dichloromethane 1:4 with 5 % ethyl 

acetate), the tert-butyl terminated fourth generation dendrimer 115 was obtained as colorless 

oil.  

16.24 mg, 2.1 µmol, 57%. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.19 – 7.05 (m, 93H, Aryl-H), 3.69 – 3.61 (m, 184H, CH2), 

2.59 – 2.54 (m, 120H, CH2), 1.97 (s, 96H, CH3), 1.29 (s, 9H, C(CH3)3). 
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(3-tert-Butyl-5-(tritylthiomethyl)phenyl)methanethiol (116) 

 

 

 

C31H32S2 

468.72 g/mol 

 

 

To a solution of (3-(bromomethyl)-5-tert-butylbenzyl)(trityl)sulfane (4) (1.184 g, 2.3 mmol, 

1 eq) in dry tetrahydrofuran (15 ml) under an atmosphere of argon was added potassium 

thioacetate (525 mg, 4.6 mmol, 2 eq). After 1 hour stirring at room temperature, dry methanol 

(15 ml) and potassium carbonate (950 mg, 6.9 mmol, 3 eq) were added and the mixture was 

left stirring for 1 hour. Water was added and the solution was extracted three times with 

MTBE. The combined organic fractions were washed with brine, dried over magnesium 

sulfate, filtered and evaporated to dryness. After purification by column chromatography 

(hexane/dichloromethane 4:1, then 3:1), the title compound 116 was obtained as colorless oily 

solid.  

855 mg, 1.8 mmol, 80%. 

 

EA:  found: C 78.89%, H 6.96% 

 required: C 79.44%, H 6.88% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.50 – 7.44 (m, 6H, Aryl-H), 7.34 – 7.29 (m, 6H, Aryl-H), 

7.26 – 7.20 (m, 3H, Aryl-H), 7.16 (br, 1H, Aryl-H), 6.99 (br, 1H, Aryl-H), 6.90 (br, 1H, Aryl-

H), 3.68 (d, J = 7.5 Hz, 2H, CH2), 3.32 (s, 2H, CH2), 1.71 (t, J = 7.5 Hz, 1H, SH), 1.27 (s, 9H, 

C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 152.1, 144.9, 141.1, 137.5, 129.7, 128.2, 126.9, 126.0, 

125.1, 124.1, 67.8, 37.3, 34.7, 31.5, 29.3. 

 

MS (MALDI-TOF, m/z): 491.5 [M+Na]+, 507.4 [M+K]+. 
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(3,5-Bis(chloromethyl)benzyl)(3-tert-butyl-5-(tritylthiomethyl)benzyl)sulfane (118) 

 

 

 

C40H40Cl2S2 

655.78 g/mol 

 

 

To a solution of 1,3,5-tris(chloromethyl)benzene (109) (1.376 g, 6.2 mmol, 1.25 eq) and (3-

tert-butyl-5-(tritylthiomethyl)phenyl)methanethiol (116) (2.322 g, 4.9 mmol, 1 eq) in dry 

tetrahydrofuran (50 ml) under an atmosphere of argon was added sodium hydride (60% in 

mineral oil, 400 mg, 10.0 mmol, 2 eq) at 0°C. After the gas formation had ceased, the mixture 

was allowed to come to room temperature and stirred at that temperature for 2 hours. Water 

was then added to quench the reaction and the mixture was extracted 3 times with MTBE. The 

combined organic fractions were washed with brine, dried over magnesium sulfate, filtered 

and evaporated to dryness. After purification by column chromatography (hexane/ 

dichloromethane 3:1, then 2:1), the title compound 118 was obtained as colorless solid.  

1.578 g, 2.4 mmol, 49%. 

 

EA:  found: C 73.24%, H 6.24% 

 required: C 73.26%, H 6.15% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.50 – 7.44 (m, 6H, Aryl-H), 7.35 – 7.27 (m, 7H, Aryl-H), 

7.26 – 7.20 (m, 5H, Aryl-H), 7.13 (br, 1H, Aryl-H), 7.00 (br, 1H, Aryl-H), 6.88 (br, 1H, 

Aryl-H), 4.53 (s, 4H, CH2), 3.55 (s, 2H, CH2), 3.54 (s, 2H, CH2), 3.32 (s, 2H, CH2), 1.28 (s, 

9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.7, 144.7, 139.6, 138.2, 137.5, 137.1, 129.7, 129.1, 

127.9, 127.3, 126.8, 126.7, 124.9, 124.8, 67.6, 45.6, 37.2, 35.8, 34.9, 34.6, 31.3.  
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(5-((3-tert-Butyl-5-(tritylthiomethyl)benzylthio)methyl)-1,3-

phenylene)bis(methylene)bis(benzylsulfane) (119)  

 

 

 

C54H54S4 

831.27 g/mol 

 

 

To a solution of the monochloride 120 (1.263 g, 3.2 mmol, 1 eq) and (3-tert-butyl-5-

(tritylthiomethyl)phenyl)methanethiol (116) (1.514 g, 3.2 mmol, 1.05 eq) in dry 

tetrahydrofuran (30 ml) under an atmosphere of argon was added sodium hydride (60% in 

mineral oil, 260 mg, 6.5 mmol, 2.1 eq) at 0°C. After the gas formation had ceased, the 

mixture was allowed to come to room temperature and stirred at that temperature for 2 hours. 

Water was then added to quench the reaction and the mixture was extracted 3 times with 

MTBE. The combined organic fractions were washed with brine, dried over magnesium 

sulfate, filtered and evaporated to dryness. After purification by column chromatography 

(hexane/dichloromethane 3:2, then 1:1), the title compound 119 was obtained as colorless oil. 

2.649 g, 3.2 mmol, quant. 

 

EA:  found: C 77.65%, H 6.51% 

 required: C 78.03%, H 6.55% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.50 – 7.44 (m, 6H, Aryl-H), 7.35 – 7.20 (m, 19H, Aryl-H), 

7.15 (br, 1H, Aryl-H), 7.08 (br, 3H, Aryl-H), 7.00 (br, 1H, Aryl-H), 6.91 (br, 1H, Aryl-H), 

3.60 (s, 4H, CH2), 3.58 – 3.52 (m, 8H, CH2), 3.33 (s, 2H, CH2), 1.28 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.6, 144.7, 138.6, 138.0, 137.7, 137.1, 129.7, 127.9, 

127.0, 126.8, 126.7, 124.8, 67.5, 37.1, 35.9, 35.7, 35.4, 34.6, 31.3. 

 

MS (MALDI-TOF, m/z): 854.1 [M+Na]+, 871.1 [M+K]+. 
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(5-(Chloromethyl)-1,3-phenylene)bis(methylene)bis(benzylsulfane) (120) 

 

 

 

C23H23ClS2 

399.01 g/mol 

 

 

To a solution of 1,3,5-tris(chloromethyl)benzene (109) (1.980 g, 8.9 mmol, 1 eq) and benzyl 

mercaptan (1.87 ml, 1.98 g, 15.9 mmol, 1.8 eq) in dry tetrahydrofuran (40 ml) under an 

atmosphere of argon was added sodium hydride (60% in mineral oil, 1.28 g, 32.0 mmol, 

3.6 eq) at 0°C. After the gas formation had ceased, the mixture was allowed to come to room 

temperature and stirred at that temperature for 1 hour. Water was then added to quench the 

reaction and the mixture was extracted 3 times with MTBE. The combined organic fractions 

were washed with brine, dried over magnesium sulfate, filtered and evaporated to dryness. 

After purification by column chromatography (hexane/dichloromethane 3:2, then 1:1), the 

title compound 120 was obtained as colorless liquid. The dichloride 121 was also isolated 

(0.776 g, 2.5 mmol, 28%) and was reused in further attempts to synthesize 120. 

1.562 g, 3.9 mmol, 44%. 

 

EA:  found: C 68.89%, H 5.85% 

 required: C 69.24%, H 5.81% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.36 – 7.20 (m, 10H, Aryl-H), 7.16 (s, 2H, Aryl-H), 7.14 (s, 

1H, Aryl-H), 4.55 (s, 2H, CH2), 3.61 (s, 4H, CH2), 3.57 (s, 4H, CH2). 

 
13C NMR  (100 MHz, CDCl3): δ = 139.0, 137.9, 137.8, 129.7, 129.0, 128.5, 127.9, 127.1, 

46.0, 35.7, 35.2. 
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G1 dendron 122 

 

STrtS

SS

S S

SBn SBnSBnSBn  

 

C110H118S10 

1760.76 g/mol 

 

The G0 dendron 119 (1.616 g, 1.94 mmol, 1 eq) was dissolved in a mixture of 

dichloromethane (20 ml) and triethylsilane (470 µl, 339.2 mg, 2.92 mmol, 1.5 eq). 

Trifluoroacetic acid (800 µl, 4% v/v of dichloromethane) was added dropwise to this solution. 

The mixture was stirred for 15 minutes, quenched with a saturated aqueous solution of sodium 

hydrogen carbonate and the organic phase was separated. The aqueous phase was washed 

twice with dichloromethane and the combined organic fractions were dried over magnesium 

sulfate. After filtration and evaporation of the solvent, the crude product was purified by 

column chromatography (hexane/dichloromethane 3:2) to yield the free thiol 98, which was 

directly used in the next step.  

1.104 g, 1.88 mmol, 97 %. 

 
1H NMR  (400 MHz, CDCl3): δ = 7.32 – 7.15 (m, 12H, Aryl-H), 7.08 (br, 2H, Aryl-H), 7.06 

(br, 2H, Aryl-H), 3.70 (d, J = 7.5 Hz, 2H, CH2), 3.60 (s, 4H, CH2), 3.57 (s, 2H, CH2), 3.56 (s, 

4H, CH2), 3.55 (s, 2H, CH2), 1.75 (t, J = 7.5 Hz, 1H, SH), 1.29 (s, 9H, C(CH3)3). 

 

The free thiol 98 (1.104 g, 1.88 mmol, 2.2 eq) and (3,5-bis(chloromethyl)benzyl)(3-tert-butyl-

5-(tritylthiomethyl)benzyl)sulfane (118) (560 mg, 0.85 mmol, 1 eq) were dissolved in dry 

tetrahydrofuran (20 ml) under an atmosphere of argon. The mixture was degassed by bubbling 

argon through the solution to avoid disulfide formation during the reaction. After this 

procedure, sodium hydride (60 % in mineral oil, 150 mg, 3.76 mmol, 4.4 eq) was added and 

the mixture was left stirring at room temperature for 45 minutes. The reaction was quenched 

with water and extracted with MTBE three times. The combined organic fractions were 
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washed with brine, dried over magnesium sulfate and evaporated to dryness. Purification of 

the crude product was achieved by column chromatography (hexane/dichloromethane 2:3, 

then 1:2, then 1:3) to yield the first generation dendron 122 as colorless oil. 

1.353 g, 0.77 mmol, 90%. 

 

EA:  found: C 75.12%, H 6.69% 

 required: C 75.04%, H 6.75% 

 
1H NMR  (400 MHz, CDCl3): δ = 7.47 – 7.43 (m, 6H, Aryl-H), 7.32 – 7.04 (m, 45H, Aryl-H), 

6.97 (br, 1H, Aryl-H), 6.90 (br, 1H, Aryl-H), 3.61 – 3.51 (m, 36H, CH2), 3.30 (s, 2H, CH2), 

1.29 (s, 18H, C(CH3)3), 1.25 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CDCl3): δ = 151.7, 144.7, 138.7, 138.6, 138.0, 137.9, 137.7, 137.1, 

129.7, 129.0, 128.5, 128.4, 127.9, 127.3, 127.0, 126.9, 126.8, 126.7, 124.8, 67.5, 37.2, 35.9, 

35.8, 35.6, 35.5, 34.6 (2×), 31.4, 31.3. 

 

 

G2 dendron 124 

 

 

 

C222H246S22 

3619.76 g/mol 

 

The first generation dendron 122 (1.325 g, 0.75 mmol, 1 eq) was dissolved in a mixture of 

dichloromethane (20 ml) and triethylsilane (180 µl, 131.4 mg, 1.13 mmol, 1.5 eq). Trifluoro-

acetic acid (800 µl, 4% v/v of dichloromethane) was added dropwise to this solution. The 

mixture was stirred for 15 minutes, quenched with a saturated aqueous solution of sodium 

hydrogen carbonate and the organic phase was separated. The aqueous phase was washed 
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twice with dichloromethane and the combined organic fractions were dried over magnesium 

sulfate. After filtration and evaporation of the solvent, the crude product was purified by 

column chromatography (hexane/dichloromethane 1:2) to yield the free thiol 127, which was 

directly used in the next step.  

1.013 g, 0.67 mmol, 89 % 

 
1H NMR  (400 MHz, CDCl3): δ = 7.32 – 7.04 (m, 38H, Aryl-H), 3.69 (d, J = 7.5 Hz, 2H, 

CH2), 3.61 – 3.53 (m, 36H, CH2), 1.75 (t, J = 7.5 Hz, 1H, SH), 1.29 (s, 27H, C(CH3)3). 

 

The deprotected dendron 127 (474.1 mg, 0.31 mmol, 2.3 eq) and (3,5-bis(chloromethyl)-

benzyl)(3-tert-butyl-5-(tritylthiomethyl)benzyl)sulfane (118) (88.8 mg, 0.14 mmol, 1 eq) were 

dissolved in dry tetrahydrofuran (15 ml) under an atmosphere of argon. The mixture was 

degassed by bubbling argon through the solution to avoid disulfide formation during the 

reaction. After this procedure, sodium hydride (60 % in mineral oil, 25 mg, 0.62 mmol, 

4.6 eq) was added and the mixture was left stirring at room temperature for 45 minutes. The 

reaction was quenched with water and extracted with MTBE three times. The combined 

organic fractions were washed with brine, dried over magnesium sulfate and evaporated to 

dryness. Purification of the crude product was achieved by column chromatography 

(hexane/dichloromethane 1:3, then 1:4, then dichloromethane) to give the second generation 

dendron 124 as colorless oil. 

444.3 mg, 0.13 mmol, 90%,  

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.47 – 7.43 (m, 6H, Aryl-H), 7.32 – 7.03 (m, 90H, Aryl-H), 

6.96 (br, 1H, Aryl-H), 6.90 (br, 1H, Aryl-H), 3.62 – 3.51 (m, 84H, CH2), 3.30 (s, 2H, CH2), 

1.29 (s, 36H, C(CH3)3), 1.27 (s, 18H, C(CH3)3), 1.24 (s, 9H, C(CH3)3). 

 
13C NMR  (100 MHz, CD2Cl2): δ = 152.2, 145.3, 139.4 (3×), 139.3, 138.8, 138.6 (2×), 130.2, 

129.5, 129.0, 128.8, 128.5, 127.5, 127.4 (2×), 127.3, 125.3 (2×), 68.0, 37.5, 36.5 (3×), 36.3, 

36.2, 36.1 (2×), 35.1 (2×), 31.7, 31.6. 
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G3 dendron 128 

 

 

 

C446H502S46 

7337.75 g/mol 

 

The second generation dendron 124 (154.5 mg, 0.042 mmol, 1 eq) was dissolved in a mixture 

of dichloromethane (5 ml) and triethylsilane (17 µl, 12.4 mg, 0.107 mmol, 2.5 eq). Trifluoro-

acetic acid (200 µl, 4% v/v of dichloromethane) was added to this solution. The mixture was 

stirred for 15 minutes, quenched with a saturated aqueous solution of sodium hydrogen 

carbonate and the organic phase was separated. The aqueous phase was washed twice with 

dichloromethane and the combined organic fractions were dried over magnesium sulfate. 

After filtration and evaporation of the solvent, the crude product was purified by column 

chromatography (dichloromethane) to yield the free thiol 130, which was directly used in the 

next step.  

120.2 mg, 0.036 mmol, 84 % 

 

The deprotected dendron 130 (82.0 mg, 0.024 mmol, 2.1 eq) and (3,5-bis(chloromethyl)-

benzyl)(3-tert-butyl-5-(tritylthiomethyl)benzyl)sulfane (118) (7.46 mg, 0.011 mmol, 1 eq) 

were dissolved in dry tetrahydrofuran (7 ml) under an atmosphere of argon. Sodium hydride 

(60 % in mineral oil, 15 mg, 0.37 mmol, 34 eq) was added and the mixture was left stirring at 

room temperature for 45 minutes. The reaction was quenched with water and extracted with 

MTBE three times. The combined organic fractions were washed with brine, dried over 

magnesium sulfate and evaporated to dryness. Purification of the crude product was achieved 

by column chromatography (dichloromethane, then dichloromethane/2.5% ethyl acetate) to 

give the third generation dendron 128 as colorless oil. 
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24.2 mg, 0.003 mmol, 29%,  

 
1H NMR  (400 MHz, CDCl3): δ = 7.47 – 7.43 (m, 6H, Aryl-H), 7.32 – 7.03 (m, 177H, 

Aryl-H), 6.95 (br, 1H, Aryl-H), 6.89 (br, 1H, Aryl-H), 3.62 – 3.51 (m, 180H, CH2), 3.29 (s, 

2H, CH2), 1.30 – 1.25 (m, 135H, C(CH3)3). 

 

 

 

Reduction of the Disulfide By-products 123, 126 and 129, General Procedure 

 

The respective dendrimer disulfide (1 eq) was dissolved in dry tetrahydrofuran under an 

atmosphere of argon and methanol (10% v/v) and tri-n-butyl phosphine (3 eq) were added. 

The resulting mixture was stirred at room temperature for two hours. Subsequently, the 

solvents were removed by rotary evaporation and the crude was subjected to column 

chromatography. 
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G1 OPE dendrimer 131 

 

 

 

C97H110S8Si 

1560.52 g/mol 

 

The freshly prepared starting generation thiol dendron 98 (170.2 mg, 0.29 mmol, 2.5 eq) and 

the OPE dibromide 64 (62.9 mg, 0.12 mmol, 1 eq) were dissolved in dry tetrahydrofuran 

(5 ml) under an atmosphere of argon. The mixture was degassed by bubbling argon through 

the solution to avoid disulfide formation during the reaction. After this procedure, sodium 

hydride (60 % in mineral oil, 24.0 mg, 0.60 mmol, 5 eq) was added and the mixture was left 

stirring at room temperature for 1.5 hours. The reaction was quenched with water and 

extracted with MTBE three times. The combined organic fractions were washed with brine, 

dried over magnesium sulfate and evaporated to dryness. Purification of the crude product 

was achieved by column chromatography (hexane/dichloromethane 2:3, then 1:2) to yield the 

G1 dendrimer 131 as colorless oil. Traces of the disulfide 123 were observed by NMR. This 

compound was removed in a second purification step by column chromatography. 

177.4 mg, 0.11 mmol, 98%. 

 
1H-NMR  (400 MHz, CDCl3): δ = 7.47 – 7.39 (m, 4H, Aryl-H), 7.32 – 7.19 (m, 23H, Aryl-H), 

7.18 (br, 2H, Aryl-H), 7.14 (br, 2H, Aryl-H), 7.10 (br, 2H, Aryl-H), 7.08 (br, 4H, Aryl-H), 

7.05 (br, 2H, Aryl-H), 3.60 (s, 8H, CH2), 3.58 (s, 4H, CH2), 3.57 (s, 4H, CH2), 3.55 (m, 16H, 

CH2), 1.30 (s, 18H, C(CH3)3), 1.14 (m, 21H, iPr-H). 
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G2 OPE dendrimer 132 

 

 

 

C209H238S20Si 

3419.51 g/mol 

 

The freshly prepared G1 free thiol dendron 127 (195.7 mg, 0.13 mmol, 2.2 eq) and the OPE 

dibromide 64 (31.2 mg, 0.06 mmol, 1 eq) were dissolved in dry tetrahydrofuran (7 ml) under 

an atmosphere of argon. The mixture was degassed by bubbling argon through the solution to 

avoid disulfide formation during the reaction. After this procedure, sodium hydride (60 % in 

mineral oil, 10.4 mg, 0.26 mmol, 4.4 eq) was added and the mixture was left stirring at room 

temperature for 1 hour. The reaction was quenched with water and extracted with MTBE 

three times. The combined organic fractions were washed with brine, dried over magnesium 

sulfate and evaporated to dryness. Purification of the crude product was achieved by column 

chromatography (hexane/dichloromethane 1:4, then dichloromethane) to yield the G2 

dendrimer 132 as colorless oil. However, traces of the disulfide 126 were observed by NMR. 

This compound was removed in a second purification step by column chromatography.  

199.5 mg, 0.06 mmol, 99%. 

 
1H-NMR  (500 MHz, CDCl3): δ = 7.47 – 7.39 (m, 4H, Aryl-H), 7.32 – 7.19 (m, 43H, Aryl-H), 

7.15 (br, 10H, Aryl-H), 7.12 (br, 10H, Aryl-H), 7.08 (br, 12H, Aryl-H), 7.05 (br, 4H, 

Aryl-H), 3.61 – 3.52 (m, 72H, CH2), 1.28 (s, 54H, C(CH3)3), 1.27 (s, 36H, C(CH3)3), 1.13 (m, 

21H, iPr-H). 

 
13C NMR  (125 MHz, CDCl3): δ = 151.6, 151.5, 139.0, 138.7, 138.6, 138.0 (2×), 137.8, 137.7, 

132.0, 131.3, 130.8, 129.9, 129.0, 128.5, 128.4, 128.3, 127.0, 126.9, 126.8, 124.9 (2×), 124.8, 

123.4, 123.1, 123.0, 106.6, 92.8, 90.9, 89.4, 35.9 (2×), 35.7, 35.6, 35.4, 35.1, 34.6, 34.5, 31.4 

(2×), 18.7, 11.3.
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G2 pyridine OPE dendrimer 133 

 

N
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C208H237NS20Si 

3420.50 g/mol 

 

The freshly prepared G1 free thiol dendron 127 (284.2 mg, 0.19 mmol, 2.4 eq) and the 

pyridine OPE dibromide 86 (43.2 mg, 0.08 mmol, 1 eq) were dissolved in dry tetrahydrofuran 

(8 ml) under an atmosphere of argon. The mixture was degassed by bubbling argon through 

the solution to avoid disulfide formation during the reaction. After this procedure, sodium 

hydride (60 % in mineral oil, 16 mg, 0.4 mmol, 5 eq) was added and the mixture was left 

stirring at room temperature for 1 hour. The reaction was quenched with water and extracted 

with MTBE three times. The combined organic fractions were washed with brine, dried over 

magnesium sulfate and evaporated to dryness. Purification of the crude product was achieved 

by column chromatography (hexane/dichloromethane 1:4 with 2 % triethylamine) to yield 133 

as colorless oil. 

272.5 mg, 0.08 mmol, quant. 

 

EA:  found: C 72.09%, H 6.90%, N 0.36% 

 required: C 73.04%, H 6.98%, N 0.41% 

 
1H NMR  (400 MHz, CD2Cl2): δ = 7.48 (br, 4H, Aryl-H), 7.32 – 7.05 (m, 78H, Aryl-H), 3.71 

(s, 4H, CH2), 3.68 (s, 4H, CH2), 3.61 – 3.52 (m, 80H, CH2), 1.29 (s, 18H, C(CH3)3), 1.28 (s, 

36H, C(CH3)3), 1.13 (m, 21H, iPr-H). 

 
13C-NMR  (125 MHz, CDCl3): δ = 158.6, 151.6, 151.5, 138.7, 138.4, 138.0, 137.9, 137.8, 

137.7, 132.1 (2×), 131.7, 131.6, 129.0, 128.5, 128.3, 127.0, 126.9, 126.8, 125.1, 124.9, 124.8, 

124.3, 123.0, 121.9, 93.6, 93.3, 88.6, 37.3, 36.1, 35.9, 35.7, 35.6, 35.4, 34.6, 31.4, 16.7, 11.3. 

 

MS (MALDI-TOF, m/z): broad peak starting at 3440 [M+Na]+. 
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6.3 Gold Nanoparticle Experiments 

6.3.1 Gold Cluster Ligand Exchange Experiments 
 

NMR Titration Experiment 

 

A solution of the heptameric ligand 1 (1.4 mg, 1 µmol, 1 eq) in deuterated dichloromethane 

(CD2Cl2) (1 ml) was prepared in an NMR tube. [Au9(PPh3)8](NO3)3 (total 2 µmol, 2 eq) was 

then added in 0.2 µmol portions. After each addition of gold cluster, the 1H and the 31P NMR 

spectra of the mixture were recorded.  

 

Long Term NMR Studies 

 

A mixture of the heptameric ligand 1 (1.4 mg, 1 µmol, 1 eq), [Au9(PPh3)8](NO3)3 (4.05 mg, 

1 µmol, 1 eq) and ferrocene (0.2 mg, 1 µmol, 1 eq) was dissolved in deuterated dichloro-

methane under an atmosphere of argon. The NMR tube was then directly sealed and was 

investigated regularly by 1H and the 31P NMR over a period of 10 weeks. 

Similarly, a mixture of [Au9(PPh3)8](NO3)3 (4.05 mg, 1 µmol, 1 eq) and ferrocene (0.2 mg, 

1 µmol, 1 eq) was prepared and investigated for comparison. 

 

Ligand Exchange Experiments Using Excess Ligand 1 

 

a) in dichloromethane 

A mixture of [Au9(PPh3)8](NO3)3 (7.0 mg, 1.7 µmol, 1 eq) and the thioether heptamer 1 

(40.0 mg, 25.5 µmol, 15 eq) in dry dichloromethane (10 ml) was stirred at room temperature 

under an atmosphere of argon. The mixture was investigated by 31P NMR and UV/vis 

spectroscopy after 48 hours. As no changes were observed, the solution was warmed to 35°C 

and further investigated by 31P NMR (see Figure 25, section 3.1.2.2) and UV/vis spectroscopy 

(see Figure 26, section 3.1.2.2). 

 

b) in biphasic methanol/hexane or ethylene glycol/toluene mixtures 

A solution of [Au9(PPh3)8](NO3)3 (7.0 mg, 1.7 µmol, 1 eq) in methanol or ethylene glycol 

(5 ml) was added to a solution of the thioether heptamer 1 (40.0 mg, 25.5 µmol, 15 eq) in 

hexane or toluene (5 ml) under an atmosphere of argon. The to some extent biphasic mixtures 



274  6 Experimental Part 

 
were stirred at room temperature for 72 hours and the cluster containing phases were regularly 

investigated by 31P NMR and UV/vis spectroscopy. 

 

 

Ligand Exchange Experiments Using Water Soluble Gold Clusters 

 

a) with heptamer 1 

Solutions of freshly prepared gold clusters stabilized by triphenylphosphine monosulfonate or 

trisulfonate (from 2.5 µmol [Au9(PPh3)8](NO3)3) in water (3 ml) were added to solutions of 

the heptameric thioether ligand 1 (52.8 mg, 37.5 µmol, 15 eq) in dichloromethane (5 ml). The 

biphasic mixtures were stirred vigorously at room temperature for 4 days.  

 

b) with the diacid ligand 15 

A solution of freshly prepared gold clusters stabilized by triphenylphosphine monosulfonate 

(from 2.5 µmol [Au9(PPh3)8](NO3)3) in water (3 ml) was added to a solution of the diacid 15 

(42.8 mg, 0.13 mmol, 50 eq) in dichloromethane (5 ml). The biphasic mixture was stirred 

vigorously at room temperature for 15 days. 

 

 

Ligand Exchange Experiments with Diglyme Stabilized Gold Nanoparticles 

 

The diglyme stabilized gold nanoparticles were prepared by addition of the preformed 

reducing agent sodium naphthalenide (400 µl, 0.04 mmol, 2.5 eq of a solution prepared from 

4.3 mmol sodium and 3.2 mmol naphthalene in 35 ml diglyme, 0.04 mmol, 2.5 eq) to a 

solution of tetrachloroauric acid (9 mg, 0.015 mmol, 1 eq) in dry diglyme (5 ml) under an 

atmosphere of argon. The mixture turned brown immediately after the addition of the 

reducing agent. After two minutes, 500 µl portions of the reaction mixture were added to 

solutions of the heptamer 1 (2.1 mg - 21 mg, 1, 3, 6 or 10 eq concerning the amount of 

HAuCl4 in the 500 µl aliquot) in toluene (500 µl). The resulting precipitates were centrifuged 

and the supernatant was taken off. It was then attempted to redisperse the residues in 

dichloromethane, which was only partially possible and led to very slightly purple dispersions 

an all cases. 
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6.3.2 Gold Nanoparticle Formation and Purification,  General Procedure 
 

Gold nanoparticle syntheses were carried out on a 20 – 28 µmol scale with respect to the 

number n of thioether moieties present in the respective ligand. Tetrachloroauric acid (n eq) 

was dissolved in deionized water (2.5 ml). A solution of tetraoctylammonium bromide (2n eq) 

in dichloromethane (2.5 ml) was added and the two-phase mixture stirred until the aqueous 

phase became colorless. The respective thioether ligand (1 eq) was dissolved in 

dichloromethane (2.5 ml) and then added to the reaction mixture, followed by a freshly 

prepared solution of sodium borohydride (8n eq) in water (2.5 ml). After 10 minutes stirring, 

the resulting strongly colored dichloromethane phase was separated and the aqueous phase 

was washed twice with dichloromethane. The combined organic fractions were dried over 

magnesium sulfate, filtered and concentrated to a volume of ca. 1 ml. Ethanol (approx. 15 ml) 

was added to precipitate the particles, which were then centrifuged. The supernatant was 

discarded and the procedure was repeated two times. After this procedure, the nanoparticles 

were subjected to Gel Permeation Chromatography (Bio-Rad Bio-Beads S-X1 Beads) using 

toluene as eluent. The colored, nanoparticle containing fractions were collected and the 

solvent was removed using a rotary evaporator. 

 

6.3.3 Gold Nanoparticle Superstructures 
Diacetylene formation of the free acetylene OPE heptamer 68 

 

The acetylene heptamer 68 (6.4 mg, 0.004 mmol) was dissolved in dichloromethane (2 ml), 

N,N,N’,N’-tetramethylethylenediamine (50 µl) and copper(I) chloride (1.0 mg, 0.01 mmol) 

were added. The mixture was stirred vigorously in an open reaction vessel. After 15 minutes, 

thin layer chromatography revealed the complete consumption of the starting material 68 and 

the formation of one new spot. The reaction mixture was extracted with a saturated aqueous 

solution of ammonium chloride, dried over magnesium sulfate and evaporated to dryness to 

give a slightly yellow oil (6.4 mg). The 1H NMR spectrum shows the disappearance of the 

acetylene proton and indicates therefore the formation of the diacetylene 101. 

6.4 mg, 0.002 mmol, quant. 

 
1H NMR  (400 MHz, CDCl3): 7.33 – 7.04 (m, 62H, Aryl-H), 3.60 (m, 40H, CH2), 3.58 (s, 8H, 

CH2), 3.57 (s, 8H, CH2), 3.54 (s, 8H, CH2), 1.32 (m, 108H, C(CH3)3). 
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One-pot deprotection/diacetylene formation, general procedure 

 

To a solution of the respective TIPS acetylene thioether ligand (0.9 – 1.1 µmol) in dichloro-

methane (400 µl) was added tetra-n-butylammonium fluoride (1M in tetrahydrofuran, 5 µl). 

The mixture was left stirring until the deprotection of the acetylene moiety was completed by 

thin layer chromatography (approx. 30 minutes). N,N,N’,N’-tetramethylethylenediamine 

(10 µl) and copper(I) chloride (0.5 mg, 0.005 mmol) were then added and the resulting 

mixture was stirred in an open reaction vessel, until the reaction was complete by thin layer 

chromatography (approx. 15 minutes). After dilution of the solution with dichloromethane, 

the reaction mixture was extracted with a saturated aqueous solution of ammonium chloride. 

The aqueous phase was washed with dichloromethane (2 × 5 ml) and the combined organic 

fractions were dried over magnesium sulfate. After filtration, the respective diacetylene was 

investigated by UV/vis. 

 

 

Formation of gold nanoparticle aggregates and superstructures, general procedure 

 

The formation of gold nanoparticle aggregates and superstructures (Au-X) n was done on a 0.9 

– 1.1 mg scale regarding Au-X . The acetylene functionalized gold nanoparticles were 

dispersed in dichloromethane (200 µl) and tetra-n-butylammonium fluoride (1M in 

tetrahydrofuran, 5 µl) was added. The mixture was left stirring for 1 hour, after which 

N,N,N’,N′-tetramethylethylenediamine (5 µl) and copper(I) chloride (0.5 mg) were added. 

After 15 minutes, approximately half of the reaction mixture was removed, diluted with 

dichloromethane (ca. 20 ml) and investigated by UV/vis spectroscopy and TEM. The other 

half was diluted with dichloromethane (ca. 5 ml) extracted with a saturated aqueous solution 

of ammonium chloride. The aqueous phase was washed with dichloromethane (2 × 5 ml) and 

the combined organic fractions were dried over magnesium sulfate. After filtration, this 

dispersion was also analyzed by UV/vis and TEM. 



7 Appendix  277 

 

  

7 Appendix: TEM Micrographs 

7.1 OPE Functionalized Linear Thioether Ligands  

 
Figure 76. Representative TEM micrograph of Au-62. 

 
Figure 77. Representative TEM micrograph of Au-66. 
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Figure 78. Representative TEM micrograph of Au-67. 

 

 
Figure 79. Representative TEM micrograph of Au-69. 
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Figure 80. Representative TEM micrograph of (Au-62)n. 

 
Figure 81. Representative TEM micrograph of (Au-62)2-4. 
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Figure 82. Representative TEM micrograph of (Au-66)n. 

 

 
Figure 83. Representative TEM micrograph of (Au-66)2-4. 
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Figure 84. Representative TEM micrograph of (Au-67)n. 

 

 
Figure 85. Representative TEM micrograph of (Au-67)2-4. 
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7.2 Dendritic Thioether Ligands 

 
Figure 86. Representative TEM micrograph of Au-132. 

 

 
Figure 87. Representative TEM micrograph of Au-133. 
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Figure 88. Representative TEM micrograph of (Au-132)n. 

 

 
Figure 89. Representative TEM micrograph of (Au-132)2-4. 
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Figure 90. Representative TEM micrograph of (Au-133)n. 

 

 
Figure 91. Representative TEM micrograph of (Au-133)2-4. 
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8 Abbreviations 
 

Ac acetyl 

AIBN 2,2′-azobis(2-methylpropionitrile)  

aq. aqueous 

Bn benzyl 

br broad 

Bu butyl 

d duplet 

DIBAL-H diisobutylaluminium hydride  

diglyme diethylene glycol dimethyl ether  

DIPA diisopropylamine 

DMF N,N-dimethylformamide 

DMSO dimethylsulfoxide 

DNA 2'-deoxyribonucleic acid 

EA elemental analysis 

EI Electron Impact 

eq. equivalent 

ESI Electron Spray Ionization 

Et ethyl 

FAB Fast Atom Bombardment  

FG functional group 

Gn generation n (with n being an integer number) 

GPC Gel Permeation Chromatography 

HRSTEM High Resolution Scanning Transmission Electron Microscopy  

HRXPS High Resolution X-ray Photoelectron Spectroscopy  

hv light 

m multiplet 

m/z mass per charge 

MALDI Matrix-Assisted Laser Desorption/Ionization 

Me methyl 

MP melting point 

MS Mass Spectrometry 

Ms mesyl 

MTBE t-butyl methyl ether 

NBS N-Bromosuccinimide  

NEXAFS Near Edge X-ray Absorption Fine Structure Spectroscopy  

NMR Nuclear Magnetic Resonance 
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NOESY Nuclear Overhauser Effect Spectroscopy 

OPE oligophenyleneethynyl 

PAMAM poly(amidoamine) 

PEI poly(ethylene imine) 

PG protecting group 

Ph phenyl 

PMB p-methoxybenzyl 

ppm parts per million 

q quartet 

quant. quantitative 

Rf retention factor 

RT room temperature 

s singlet 

STM Scanning Tunneling Microscopy  

t triplet 

TBAF tetra-n-butylammonium fluoride 

TEA triethylamine 

TEM Transmission Electron Microscopy 

TFA trifluoroacetic acid 

TGA Thermogravimetric Analysis 

THF tetrahydrofuran 

TIPS tri-iso-propylsilyl 

TLC thin layer chromatography 

TMEDA N,N,N’,N’-tetramethylethylenediamine  

TMS trimethylsilyl 

TMS tetramethylsilane 

TOAB tetra-n-octylammonium bromide  

TOF Time of Flight 

Trt trityl 

UV/vis ultraviolet and visible 

v/v volume per volume 

XANES X-ray Absorption Near Edge Spectroscopy 
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