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Abbreviations and Conventions 

Conventions 

Prefixes, units, and symbols denoted in this work accord to the standards defined by the 

“International Union for Pure and Applied Chemistry” (IUPAC) and “Systèms Internationale d’Unités” 

(SI-units). However, in most cases the more common “°C” is used for temperatures instead of the SI-

unit “K” and the unit of volume “litre” is denoted with a capital “L”. 

Nomenclature 

Making reading more comfortable, the names of more complex structures, which are directly 

relevated to this work, are not generated from IUPAC rules but form an own code: 

L[n]T describes a linear oligomer, in which n thiophene rings are bound to each other over their α-

positions. The abbreviation L[nx]T describes a linear oligothiophene, which is built-up from n 

repeating units of a monomer with x thiophene units. 

C[n]T and C[nx]T name the corresponding macrocyclic oligothiophenes based on the same principal 

as the linear ones. The thiophene units are linked over their α-positions. 

The codes do not describe the substitution pattern and kind of the alkyl side chains. The 

corresponding basic monomer-unit with its substitution pattern is described within in the text, 

Schemes and/or Figures. 

The codes L[n]T-Brm and L[n]T-Snm describe a L[n]T with m bromine- or trimethylstannyl-groups at 

the outer α-positions; m equals 1 or 2. 

List of abbreviations 

abs.  absolute 

ACN  acetonitrile 

a.i.  arbitrary intensity 

a.u.  arbitrary unit 

BF3*Et2O boron trifluoride diethyl etherate 

Bu  n-butyl 

BuLi  n-butyllithium 

b.p.  boiling point 

br  broad (signal in NMR spectra) 

c  concentration 

COD  1,5-cyclooctadien 

CV  cyclic voltammetry or cyclic voltammogram 

d  doublet (NMR) or day 

dba  dibenzylideneacetone 

DCE  1,2-dichloroethane 
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DCM  dichloromethane 

DME  1,2-dimethoxyethane 

DMF  N,N-dimethylformamid 

DMSO  dimethylsulphoxide 

Dodec  n-dodecyl 

dppf  1,3-bis(diphenylphosphino)ferrocene 

dppp  1,3-bis(diphenylphosphino)propane 

DPV  differential pulse voltammetry or differential pulse voltammogram 

ε0  extinction coefficient at absorption maximum 

e.g.  exempli gratia = for example 

∫ε  integrated extinction coefficient 

EI  electron ionisation  

ESI  electron-spray ionisation 

EtAc  ethyl acetate 

Et2O  diethylether 

Fc/Fc+  ferrocene/ferrocenium 

FID  flame ionisation detector 

GC  gas chromatography 

h  hour 

Hex  n-hexyl 

HPLC  high performance liquid chromatography 

HOMO  highest occupied molecular orbital 

HR  high resolute 

iPr  iso-propyl 

λmax
abs  absorption maximum 

λmax
em  emission maximum 

LUMO  lowest unoccupied molecular orbital 

M  molar [mol/L] 

m  multiplet (NMR) 

MALDI  matrix assisted LASER deposition/ionization 

min  minute 

m.p.  melting point 

MS  mass spectroscopy or mass spectrum 

m.u.  mass units 

n.d.  not detected/ not detectable 

NBS  N-bromosuccinimide 
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NMR  nuclear magnetic resonance 

PE  petrol ether (40-60) 

Ph  phenyl 

ppm  parts per million   

q  quartet (NMR) 

(rec-)GPC recycling gel permeation chromatography 

rt  room temperature 

s  singlet (NMR) 

sat.  saturated 

SCE  silver calomel electrode 

SEC  size exclusion chromatography 

t  triplet (NMR) 

TBABr  tetra-n-butylammonium bromide 

TBAF  tetra-n-butylammonium fluoride 

TBAPF6  tetra-n-butylammonium hexafluorophosphate 

TCE  1,1,2,2-tetrachloroethane 

TMABr  tetramethylammonium bromide 

TOF  time of flight 

Th  thien-2-yl 

THF  tetrahydrofuran 

TLC  thin layer chromatography 

TMS(Cl)  trimethylsilyl (chloride) 

TMSn(Cl) trimethylstannyl (chloride) 

UV/vis  ultraviolet/ visible light 

vs.  versus 
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1. Aim of the work 

In 2000, our group published the first synthesis of fully α-conjugated oligothiophene macrocycles 

C[n]Ts (Figure 1) where cyclisation occured via a modified Glaser-Hay-Eglington coupling reaction of 

α,ω-diacetylenic oligothiophenes. The resulting macrocycles bore butadiyne-units and were further 

transferred into only-thiophene macrocycles by reaction with nucleophillic sulfide.[1] Some years 

later, our group presented an effective method for the direct synthesis of macrocyclic 

oligothiophenes. Therefore, in the first steps PtII-oligothiophene-metallacycles have been prepared 

and efficiently transferred into targeted all-oligothiophene macrocycles.[2] With this method the 

variation of the monomeric oligothiophenes was more versatile and before the start of this thesis, Pt-

mediated cyclisation was realised starting with β-alkylated quater-, quinque- and septithiophenes 

but only one quinquethiophene series has been published, yet. The C[n]Ts reveal extraordinary 

optical and electrochemical behaviour which is assigned to their unique geometric structure as flat 

cyclic π-systems. Without any end groups they are regarded as model compounds for polymers, but 

actually they build up their own substance class. 

 
Figure 1: Structure of a cyclo[n]thiophene C[n]T with n = 12.  

Recently, functionalised C[n]Ts were prepared in our group, too,[3] and in this thesis further alkylated 

C[n]Ts should be prepared starting from alkylated ter-, sexi-, and nonathiophene monomers (Figure 

2). With those monomers in hand highly symmetric oligothiophene macrocycles with novel cycle 

sizes and/or substitution pattern of the alkyl side chains should be obtained giving new insights into 

structure-properties relationships and confirming existing theories and models concerning the 

physical behaviour of oligothiophene macrocycles. 
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Figure 2: Starting oligomers for the cyclisation reactions of this thesis. 

However, the platinum-based macrocyclisation comes to its limits with respect to symmetry and 

preparative scale since the monomers have to show mirror symmetry, cyclisation is done in a one-

pot synthesis, and platinum has to be used equimolar. The schematic reaction pathway of this Pt-

method depicted in Figure 3 shows the two crucial steps of the synthesis: the cyclisation towards 

platinum-oligothienyl macrocycles and the C-C-bond formation upon Pt-elimination. Furthermore in 

this thesis, platinum should be substituted by a non-transition metal element which allows a 

templated cyclisation and can be eliminated upon C-C-bond formation. Recent developments 

reported in literature showed that platinum might be substituted by boron. Boron containing 

macrocycles have been synthesised in high yields[4] and the possibility of aryl-aryl coupling based on 

aryl-boranes or aryl-borates is known since a long time.[5] Due to the improvements in transition-

metal catalysed cross-coupling reactions, such as Kumada-,[6] Heck-,[7] Sonogashira-,[8] Stille-,[9] and 

Suzuki-coupling[10] reactions, no more attention was paid to those methods until Hirao et al. took up 

the idea again.[11] Such a boron method might also allow the direct synthesis of a certain size of 

macrocycles preventing the necessary time-consuming separation of each macrocycle. Concerning a 

new synthetic strategy for the synthesis of oligothiophene macrocycles the second aim of this work is 

the development of such a transition-metal free C-C-coupling method based on aryl-boron 

compounds which has to lead to selective and efficient thiophene-thiophene coupling. First 

investigations therefore had to be made concerning the dimerisation of linear oligomers 
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Figure 3: Schematic synthetic pathway of the synthesis of only-oligothiophene macrocycles and the transfer 

from platinum to boron. 
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2. A boron templated C-C-coupling method 

I. Introduction 

As mentioned before, boron was investigated as an element which might be applied in cyclisation 

reactions instead of expensive and rare platinum. Carré,[4a, 4b] Köhler[4c], and Jäkle[4d] presented 

successful syntheses of aryl-borane macrocycles in high cyclisation yields (Scheme 1). Carré et al. 

prepared the porphyrenogene 4 form aminoborane 1 which was dilithiated with lithium 2,2,6,6-

tetramethylpiperine 2 and treated with dichloro-iso-propylaminoborane. Macrocycle 5 could be 

obtained by Köhler et al. in a [3+1] reaction starting from trimer 3. The isolated yields of 62% and 

78%, respectively, were very good for cyclisation reactions. The boron-fluorene macrocycle 8 

prepared by Jäkle et al. is even more interesting because it was build up in a step-by-step reaction 

forming first the pentamere 6[12] which was treated with distannane 7 to obtain the corresponding 

macrocycle. The isolated yield of 8 was 31% but the cyclisation yield was estimated to over 80% by 

NMR spectroscopy and GPC calculations. The macrocyclic borane could be applied as a sensor for 

fluoride and cyanide ions forming up to a 6-fold borate. Very recently, Jäkle et al. published a 

versatile access to conjugated borane macrocycles.[13] 

 
Scheme 1: Synthesis of boron-aryl macrocycles 4, 5, and 8. 
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Those examples demonstrate that boron is applicable for macrocycle synthesis. However, most other 

boron containing macrocycles reported in literature are based on B-O-bonds and therefore not useful 

for this project. Some of those are summarised in a review by Severin.[14] 

The work of this thesis did not start with the synthesis of boron-oligothiophene macrocycles but with 

the elimination reaction of boron from tetraorganylborates inducing a selective C-C-bond formation. 

Based on sodium tetraphenylborate 9 the first study of this coupling type was published by Geske et 

al. in 1959.[5b] They described the electrochemical oxidation of tetraphenylborate 9 in acetonitrile 

(ACN) on a Pt-electrode which led to the formation of biphenyl 10 (Scheme 2). The electrochemical 

experiments revealed a two electron transfer. The side product (BPh2)
+ was not further analysed. 

Today, NaBPh4 is applied as an electrolyte for electrochemical experiments but the applied positive 

potential is limited due to that decomposition. The electrochemical oxidation of the 

tetraphenylborate anion was also investigated by the group of Pal[15] and others.[16] Formation of 

phenyl radicals could not be proven, whereas the electrochemical oxidation of trialkylboranes and 

tetraalkylborates led to the formation of alkyl radicals which undergo dimerisation. This was proven 

by electron spin resonance (ESR) experiments by Janzen et al.[17] and crossover experiments by Suzuki 

et al.[18] The crossover experiments were realised by the oxidation of mixtures of two trialkylboranes. 

A crossover experiment of Geske et al. upon electrochemical oxidation of a mixture of 

tetraphenylborate and tetra(penta-deuterophenyl)borate could also exclude the formation of phenyl 

radicals since no cross-coupled biphenyl-D5 could be detected.[5a] Later on, Abley et al. could prove 

the same dimerisation reaction upon chemical oxidation of 9 with K2IrCl6. They also showed that the 

reaction is a twofold one-electron oxidation because two equivalents (eq.) of the oxidant were 

necessary, whereby the first oxidation was rate-determining.[5c] Biphenyl could be isolated 

quantitatively, so was diphenyl borinic acid as a side product which is formed upon workup from the 

assigned intermediate (BPh2)
+ and water. The formation of the corresponding (R2B)+ and borinic acids 

will not be shown in the drawn reactions in this thesis. 

 
Scheme 2: Formation of biphenyl 10 and diphenyborinic acid (Ph2BOH) by electrochemical oxidation of 

tetraphenylborate 9. 

Treatment of dithienyl borinate 11 with electrophilic reagents such as NBS leads to the formation of 

2,2’-bithiophene 12 (Scheme 3). This result was published by Davies et al. and they proposed a 

mechanism which is also shown in Scheme 3.[5d] The assumption was based on an electrophilic attack 

of Br+ at the outer α-position of one thiophene ring. After a rearrangement, a nucleophile 

(succinimide anion, solvent, etc.) attacks at the boron. The aromatic system can be regained by 

cleavage of the C-B-bond and elimination of bromide. This mechanism also describes that the outer 
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α-positions of the thiophene units have to be unsubstituted (only C-H) due to steric hindrance. This 

assignment was supported by the treatment of a borinate bearing 5-methyl-2-thienyl substituents 

with NBS. No 5,5’-dimethyl-2,2’-bithiophene but only 2-bromo-5-methylthiophene was obtained. 

Thus, the electrophilic induced substituent coupling of borinates will not be applicable for the 

synthesis of macrocycles because such would not have free α-positions and therefore the boron-

elimination would not be possible. Nevertheless, it is noteworthy that this method was further 

improved by Pelter[19] and Kagan[20] by expansion of the π-system, variation of the electrophile, and 

exchanging the aminoethanol with 9-BBN. At that time, this method was the only possibility for the 

direct synthesis of odd numbered oligothiophenes and even cross-coupling reactions between 

thienyl and furyl or (substituted) phenyl was enabled. 

 
Scheme 3: Synthesis (top) of bithiophene 12 from borinate 11 and a proposed mechanism (bottom) for this 

reaction. 

In 1998, Hirao et al. seized the oxidative coupling method and presented the oxidation of threefold 

coordinated dialkylallylborane 13 with vanadium(V), giving selective alkyl-allyl-coupling (Scheme 4). 

The yields were increased if the borane was treated with fluoride prior to oxidation forming the 

corresponding fluoroborate.[11]  

 
Scheme 4: Selective alkyl-allyl-coupling. Conditions: a) V

V
 (3 eq.), DCM, rt, 2 h; b) 1. TBAF or CsF (1 eq.), DCM, 

rt, 1 h; 2. V
V
 (3 eq.), DCM, rt, 2 h. No other coupling products were detected. 

This reaction was further developed by the same group and they published the oxidation of 

tetraarylborates with a catalytic amount of VV-oxidant in the presence of oxygen.[21] In first 

experiments, NaBPh4 9 was oxidised with 0.2 eq. of ethoxy(oxo)vanadium(V) dichloride (= VO(OEt)Cl2 

= VV) in acetonitrile : DCM = 2 : 1 and under the presence of oxygen at room temperature (rt). 

Biphenyl was isolated in up to 87% yield. Oxidation of methylated or methoxylated 

tetraphenylborates also resulted in the formation of their corresponding biaryls in yields of 85-90%, 

but oxidation of tetra(para-chlorophenyl)borate afforded 4,4’-dichlorobiphenyl in only 20% yield. 
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This led to the assumption, that electron richer substituents couple preferred. A crossover 

experiment (Scheme 5) confirmed an intramolecular coupling reaction, because no cross-coupling 

product 16 could be detected. This outcome excluded the transfer of one substituent to another 

borate or the formation of free radicals. 

 
Scheme 5: Crossover experiment of a 1 : 1 mixture of the borates 9 and 15 to exclude intermolecular coupling 

as reported in literature. The given yields correspond to the corresponding borate. 

In the same publication, the oxidation of borates bearing three phenyl moieties and one different 

aryl group was also described. Those borates 19a-h were prepared from triphenylborane 18 and 

aryllithiums which were prepared from the corresponding aryl bromides and BuLi. The borates were 

not isolated but directly oxidised after solvent exchange (Table 1). In all reactions except entry 1, the 

main product after oxidation was the cross-coupled Ph-Ar 20 and the ratio of 20 : 10 was high for 

most examples with respect to product 20. In entries 4 and 7 the ratios were only moderate. The 

explanation therefore was the steric hindrance within those substituents due to substitution in 

ortho-position. From the oxidation of borate 19a bearing one para-chlorophenyl substituent (entry 

1), biphenyl 10 was isolated in 45% and 4-chlorobiphenyl in 10% yield. This gave a selectivity of 8 : 2 

with respect to the formation of biphenyl. This result also confirmed the preferred coupling of 

electron richer substituents. Very interesting for the application of such a method for thiophene-

based systems was entry 8 with thien-2-yl as the Ar-substituent. The cross-coupling product 

2-phenylthiophene was obtained in 62% and biphenyl 12 in 8% yields, respectively. Therefore, the 

ratio was 9 : 1 in favour of cross-coupling. 
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Table 1: Reaction sequence for the preparation of tetraarylborates 19 and their oxidation to the corresponding 

biaryls 20 and 10 by Hirao et al.
[21]

 

 

   

Yield [%] Selectivity 

Entry Ar Borate Ar-Ph 20 Ph-Ph 10   20 : 10 

1 

 

19a 10 45 18 : 82 

2 19b 60 9 87 : 13 

3 19c 47 9 84 : 16 

4 

 

19d 14 8 64 : 36 

5 19e 70 9 89 : 11 

6 19f 58 7 89 : 11 

7 

 

19g 30 8 79 : 21 

8 

 

19h 62 8 89 : 11 

 

Additionally, the substituents of tetraarylborates can also be coupled by irradiation with UV-light. 

Many experiments concerning this were reported by Williams and co-workers.[22] The coupling yields 

were normally very high (nearly quantitative). For successful aryl-aryl-coupling oxygen had to be 

present during the photoreaction otherwise the aromatic system was reduced (Scheme 6). Due to 

better preparative handling, the results and aspects of the oxidative coupling reactions by Hirao were 

further taken for the experiments of this thesis to develop a method for the coupling of thienyl 

substituents of organoborates by chemical oxidation. 

 
Scheme 6: Literature known UV-irradiation experiments of Williams et al. under air and inert atmosphere.

[22e] 
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II. Syntheses and oxidative coupling of organoborates 

Mainly, the chemical oxidative coupling of borates was applied in this thesis. For this kind of coupling 

reaction phenyl-based borates were investigated in literature so the reaction had to be transferred 

to thiophene-based borates. Furthermore, in order to plan boron-oligothiophene macrocycles the 

four substituents of the corresponding borates had not to be equal. Since only two of those 

substituents were supposed to couple upon oxidation the two others had to remain at the boron. So 

another task was to insert substituents which behave neutral upon oxidation.  

The oxidant which was mainly applied for the coupling reaction was VO(OEt)Cl2 which was prepared 

according to literature procedure[23] from the reaction of commercial VOCl3 and ethanol (Scheme 7). 

The liquid product could be isolated by distillation. The obtained yield of 74% was close to the 78% 

reported in literature. 

 
Scheme 7: Preparation of the oxidant VO(OEt)Cl2 according to the literature. 

1. Oxidative coupling of symmetric organoborates 

Firstly, the conditions for the oxidative coupling of organoborates which were applied in literature on 

phenyl-based organoborates were transferred to borates bearing thienyl substituents. Due to 

accessibility, the first borates applied bore four identical substituents and will be called “symmetric” 

borates. 

1.1. Stoichiometric Ir(IV) as oxidant 

According to literature, commercially available sodium tetraphenylborate 9 (NaBPh4) was oxidised in 

water with 2 eq. of K2IrCl6 (Scheme 8).[5c] After workup, biphenyl 10 could be isolated in 97% yield 

and the purity was confirmed by gas chromatography (GC) and thin layer chromatography (TLC). This 

result confirmed the experiment of Abley et al.  
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Scheme 8: Oxidation of borate 11 with an iridium(IV)-salt yielding 12 selectively.  

Tetrathien-2-ylborate 22 had to be prepared according to literature (Scheme 9). Therefore, 

commercially available 2-bromothiophene (4 eq.) was lithiated with n-buthyllithium (BuLi) and 

quenched with boron trifluoride etherate. After aqueous workup and precipitation with KCl the 

potassium borate 22 could be isolated in 66% yield. The borate was oxidised analogous to borate 9 

and after the same workup, bithiophene 12 could be isolated in 48% yield. During the reaction a 

slightly yellow solid was formed on top of the aqueous solution which darkened upon reaction time. 

Further oxidation of bithiophene was expected, forming larger oligomers/polymers resulting in that 

darker colour. The assumption was confirmed by the appearance of yellow bands during the filtration 

through silica gel which could not be eluated. The iridium salt might have had a too high oxidation 

potential leading to further oxidation of the product and reducing its yield. However, the coupling 

worked in principle. 

 
Scheme 9: Synthesis of 2,2’-bithiophene 12 by oxidation of borate 22. 

1.2. Catalytic VO(OEt)Cl2 as oxidant 

K2IrCl6 and other iridium(IV) salts are much too expensive for an application as oxidant in this type of 

coupling reaction. Also the yield for the oxidation of tetrathienylborate 22 in water was not 

satisfying. Thus, the catalytic oxidation of borates with VV investigated by Hirao et al. was also 

applied and transferred to thiophene based borates.  

According to literature,[21] borates 9 and 23 (Scheme 10) were oxidised with VV under an oxygen 

atmosphere. Borate 23 had to be prepared according to literature[24] from the Grignard reagent of 

para-bromotoluene and NaBF4. After workup with Na2CO3-solution sodium borate 23 was isolated in 

63% yield. For the oxidation of borates 9 and 23 1 eq. and 0.2 eq. of VV were used, respectively. After 

workup, biphenyls 10 and 24 could be isolated in 52% and 82% yield, respectively. However, the 

yields were lower than reported in literature. 
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Scheme 10: Catalytic oxidation of borates 9 and 23 according to literature. 

The same procedure was applied on tetrathien-2-ylborate 22 (Scheme 11). Using a catalytic amount 

of VV (0.2 eq.) bithiophene 12 could be isolated in 20% yield. This yield was improved to 68% when 

0.5 eq. of oxidant were applied, but these yields were hardly reproducible. Upon workup and 

filtration through silica gel yellow and orange bands were visible giving again a hint to oligo- and 

polymerisation side reactions. Since the oxidant VV was regenerated during the reaction the product 

might have been further oxidised resulting in the formation of higher oligomers and polymers 

decreasing the yield. To prove this hypothesis electrochemical investigation were performed.  

 

 
Scheme 11: Catalytic oxidation of tetrathien-2-ylborate 22 under oxygen atmosphere. 

1.3. Electrochemical analyses of the coupling reaction 

The coupling reaction is an oxidative process and therefore electrochemistry can elucidate the steps 

of the reaction and gives corresponding potentials. For this reaction, two irreversible oxidation 

reactions were assumed. The first one was the twofold oxidation of the borate to a borate cation 

which decomposes under the substituent coupling reaction and generates the corresponding 

dimer.[5a, 5b, 15-16] This coupling product resulted in a second oxidation wave which was expected to be 

irreversible, too, because upon oxidation irreversible oligo- and polymerisation occurs. All potentials 

are referred to the redox system Fc/Fc+. 
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Figure 4 depicts the cyclic voltammogram (CV) of 2,2’-bithiophene 12 in acetonitrile (ACN). An 

irreversible oxidation wave at E1
Ox = 0.83 V could be assigned to the oxidation of the π-system 

generating a radical cation which irreversibly reacted to higher oligomers and polymers.  
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Figure 4: Cyclic voltammogram of 2,2’bithiophene 12, c = 1.0x10

-3
 M in ACN at rt, TBAPF6 (0.1 M), 293 K, 0.1 V/s 

vs. Fc/Fc
+
. 

The CV of KBTh4 22 in ACN is shown in Figure 5. Irreversible oxidation waves were observed at E1
Ox = 

0.45 V and E2
Ox = 0.83 V. After the first scan, a small third wave was observed at approx. 1.05 V. At 

E1
Ox the borate was oxidised and the irreversible substituent coupling reaction was initialised. From 

this reaction, bithiophene 12 was generated which was further oxidised at E2
Ox giving oligo- and 

polythiophenes that precipitated on the electrode. The third oxidation at 1.05 V was assigned to 

another side product of the polymerisation, possibly influenced from the precipitates on the 

electrode’s surface. 
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Figure 5: Cyclic voltammogram of potassium tetrakis(thien-2-yl)borate 22, c = 1.0x10

-3
 M in ACN at rt, TBAPF6 

(0.1 M), 293 K, 0.1 V/s vs. Fc/Fc
+
.  

Figure 6 depicts the CV of a NaBPh4 9 solution in ACN. At oxidation potentials of E1
Ox = 0.41 V and E2

Ox 

= 1.47 V two irreversible oxidation waves were observed. The first one was assigned to correspond to 

the oxidative C-C-bond formation generating biphenyl 10 and the second one to the oxidative 

polymerisation of biphenyl. A similar oxidation potential of biphenyl was described in literature 

although the conditions differed a bit.[25] The gap between both processes was large (> 1 V) and 
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therefore biphenyl should have been stable under the reaction conditions as confirmed by the high 

isolated yields. 
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Figure 6: Cyclic voltammogram of sodium tetraphenylborate 9, c = 1.0x10

-3
 M in ACN at rt, TBAPF6 (0.1 M), 293 

K, 0.1 V/s vs. Fc/Fc
+
. 

The CV of the oxidant VO(OEt)Cl2 is depicted in Figure 7. The maxima of the anodic and its 

corresponding cathodic waves were strongly separated from each other indicating a kinetically 

hindered redox reaction.[26] Reduction of the V(V) species to V(IV) occurred at E1
Red = 0.59 V whereas 

the reoxidation to V(V) was measured at E1
Ox = 1.05 V. From this measurement an oxidative force of 

approx. 0.8 V was obtained at the given conditions and concentration.  
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Figure 7: Cyclic voltammogram of VO(OEt)Cl2, c = 2.0x10

-3
 M in ACN at rt, TBAPF6 (0.1 M), 293 K, 0.1 V/s vs. 

Fc/Fc
+
. 

Those electrochemical experiments showed, that both borates were oxidised at potentials of about 

0.4 V. At this potential the oxidative coupling proceeded and generated the corresponding biaryls. 

These reactions were irreversible and therefore irreversible oxidation waves were obtained. Both 

biaryls were further polymerised at higher potentials. Whereas biphenyl was stable up to a potential 

of 1.47 V whereas 2,2’-bithiophene was already oxidised at 0.83 V. With an oxidative force of approx. 

0.8 V the oxidant VV oxidises bithiophene but not biphenyl. This reduced the yields of bithiophene 

because in the catalytic reaction with the system VV/O2, vanadium was reduced to VIV upon oxidation 

of the borate and reoxidised from oxygen.[27] So VV was always present during the catalytic reaction. 
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Consequently, the oxidant had to be exchanged by a weaker one or the catalytic reaction pathway 

had to be avoided. The first attempt was to change the reaction conditions because a large amount 

of VO(OEt)Cl2 was available and handling of it was comfortable because the liquid was well soluble in 

DCM. 

Another attempt to increase the yield was to generate coupling products which form stable oxidised 

species and can be reduced to the neutral form. Therefore, potassium tetrakis(5-methylthien-2-

yl)borate 26 was oxidised under catalytic conditions to obtain 5,5’-dimethyl-2,2’-bithiophene 27 

which was expected to be more stable in the oxidised state due to steric hindrance of the α-

positions. Nevertheless, after reductive workup with hydrazine hydrate the dimer 27 could only be 

isolated in 28% yield. This result indicated that methyl groups were not efficient enough to suppress 

oxidative side-reactions. Literature shows that even 5,5’-di-tert-butyl-2,2’-bithiophene is not fully 

stable upon oxidation.[28] The borate 26 was synthesised starting from 2-methylthiophene which was 

brominated according to literature and isolated in a yield of 97%.[29] Bromide 25 was lithiated with 

BuLi and quenched with BCl3 to give borate 26 as its potassium salt after workup with KCl-solution in 

a yield of 30%, whereas literature descirbed this borate to be unstable.[30] 

 
Scheme 12: Synthesis and catalytic oxidation of α-methyl protected tetrathien-2-ylborate 26. 

1.4. Stoichiometric VO(OEt)Cl2 as oxidant 

Before another oxidant with an oxidation potential between 0.4 and 0.8 V was investigated for the 

oxidative coupling reaction, application of vanadium(V) was further tested. Instead of a catalytic 

process 2 eq. of the oxidant were added at once similar to the reaction with Ir(IV) as oxidant. If the 

coupling reaction is a fast reaction the oxidant would be consumed before it can oxidise a large 

amount of the coupling product and so the VO(OEt)Cl2 would still be applicable as oxidant.  
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The control reaction of NaBPh4 9 with 2 eq. of VV yielded biphenyl 10 in 97% (Scheme 13). This result 

confirmed that the vanadium oxidant can be applied similar to iridium(IV). This also confirmed the 

stability of biphenyl under the presence of VV. 

 
Scheme 13: Oxidation of borate 9 with a stoichiometric amount of V

V
. 

The analogous oxidation of tetrathienylborate 22 with 2 eq. of Vanadium(V) under the absence of 

oxygen yielded 2,2’-bithiophene 12 in an isolated yield of 89% (Scheme 14), though yellow coloured 

and blue fluorescent bands were observed when the crude product was filtered through silica gel. 

This indicated the formation of oligo- and polythiophenes but in low amounts. The high yield of 

bithiophene confirmed that 2 eq. of VV are the stoichiometric amount for the coupling reaction. Also 

the coupling reaction must have been faster than the oxidation of the coupling product because 

otherwise the yield would be much lower. With this result in hand it was not necessary to change the 

oxidant but to use the vanadium oxidant in a stoichiometric amount of 2 equivalents. 

 

Scheme 14: Preparation of 12 from borate 22 using 2 eq. of V
V
 under the absence of oxygen. 

The oxidation of the methylated borate 26 with 2 eq. of VV gave the corresponding 

dimethylbithiophene 27 in 41% yield. Surprisingly, a trimer 28 could be isolated in 22% yield. 

Separation was carried out by column chromatography and the trimer was identified by 1H-NMR and 

GC-MS. The molecular weight of 290 mass units (m.u.) obtained from the GC-MS analysis 

corresponded to a terthiophene with three methyl-groups.  

 
Scheme 15: Oxidation of borate 26 giving the desired biaryl 27 and an unexpected trimer 28. 
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1H-NMR analyses solved the structure of trimer 28. Figure 8 depicts the aromatic region of the 

spectra of 27 (top) and 28 (bottom). The assignment for the aromatic protons of 27 was based on the 

low-field shift of the proton at the 3 position because it coupled with the other proton to a doublet 

with 3J = 3.5 Hz. The high-field shifted signal showed a doublet of doublet with 3J = 3.5 Hz and 4J = 1.0 

Hz which corresponded to the H-4 - H-3- and H-4 - CH3-coupling, respectively. 

This assignment helped to clear the structure of the trimer 28. Signals 1 and 2 were doublets with 
3J = 3.5 Hz which is typical for coupling of β-protons of oligothiophenes. The signal 1 at 6.87 ppm was 

hardly shifted compared to the doublet of dimer 27 and could be assigned to the proton at C-3’, 

because this ring had the highest similarity to the one of the dimer. The only proton giving another 

doublet with 3J = 3.5 Hz was the one at C-3’’. The proton at the C-4 position coupled with the CH3 

group resulting in signal 3 as a doublet with 4J = 1.1 Hz. If the third thiophene ring would have been 

attached to the C-4 position the resulting signal at the C-3 position would have shown a singlet 

because a 5J coupling would have a much lower coupling constant and probably would not be 

resolved. The two doublet of doublets at 6.65 and 6.62 ppm corresponded to the protons at C-4’ and 

C-4’’, respectively, because the thiophene ring of C-4’ was bound to the α-position of the next 

thiophene ring which increased the conjugation and therefore the electron density. This resulted in a 

low field shift. 

  
Figure 8: 

1
H-NMR of dimer 27 (top) and trimer 28 (bottom) obtained from the oxidation of borate 26. 

Measured in CDCl3 (internal standard at 7.26 ppm) at 298 K, 400 MHz. 

The reason for the formation of the trimer was not clear. Most obvious was the formation of a 

radical from the one-fold oxidation of the borate which could react at the β-position. Otherwise, this 
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effect was not observed in any other reaction within this thesis. Either such a free radical was not 

formed or it was only formed in this special case. The possibility of a free radical mechanism will be 

discussed in part IV of this chapter. 

For further investigations in this coupling reaction borate 29 was also oxidised. This borate bore four 

thien-3-yl substituents and could be synthesised from lithiated 3-bromothiophene and BF3 etherate 

in a yield of 36%. According to the general oxidation conditions, oxidation of potassium tetrathien-3-

ylborate 29 resulted in the formation of 3,3’-bithiophene 30 in an isolated yield of 86% and 100% GC-

purity. This result showed, that the coupling is independent from the position the thienyl is bound to 

boron.  

 
Scheme 16: Synthesis and oxidation of borate 29 giving 3,3’-bithiophene 30. 

2. Oxidative coupling of mirror symmetric organoborates 

The results proved that the method of oxidative coupling of tetraarylborates could be applied to 

thiophene-based borates. However, with this coupling method two of the four substituents remain 

at the boron. Therefore, two substituents should be replaced by different groups that do not 

undergo the oxidative coupling enabling control of the coupling product. Not at least, this is of huge 

importance for a synthetic strategy concerning macrocycles because upon boron-elimination the 

new C-C-bond must be formed between the moieties within the cycle. Otherwise the ring would 

break up.  

The literature so far showed that electron rich substituents couple preferred and thiophene is a 

electron rich substituent so it should be possible to implement substituents which have a lower 

coupling tendency than thiophene. This assumption was according to Hirao et al., who also reported 

that oxidation of triphenylthien-2-ylborate resulted in the formation of mainly 2-phenylthiophene 

with a high selectivity of 89% (Table 1, entry 8). From this point it was obvious to prepare a borate 

bearing two phenyl and two thienyl substituents which should generate bithiophene as the main 

oxidation product. Those mirror symmetric borates bearing each two identical substituents will be 

further called “half-symmetric” borates. 

For the synthesis of the literature unknown half-symmetric potassium diphenyldithien-2-ylborate 36 

a direct synthesis from a trihaloborane and 2 eq. of phenyllithium followed by 2 eq. of 

2-thienyllithium was not possible due to a much too high reactivity of aryllithium. Thus, the 

haloboranes 33 and 35 had to be synthesised first (Scheme 17). Synthesis of 33 was realised 
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according to a literature procedure of its phenyl counterpart.[31] Starting from 2-bromothiophene 

lithiation with BuLi and quenching with trimethylsilyl chloride (TMSCl) offered 2-TMS-thiophene 31 in 

a yield of 78%. Neat silane 31 was converted with 1 eq. BBr3 to obtain dibromothien-2-ylborane 32 in 

a yield of 91%. To obtain a second transmetallation to borane 33 another equivalent of 31 was added 

and the mixture was heated to 180 °C for 15 h. The product 33 could be distilled in a yield of 85%. 

The chloride 35 was obtained from BCl3 and 2 eq. 2-trimethylstannylthiophene 34 in a yield of 62% 

after distillation. Stannyl 34 was obtained from the Grignard reagent of 2-bromothiophene and 

trimethylstannyl chloride (TMSnCl) in a yield of 89%. Lukevics et al. obtained a yield of 72% with the 

same method.[32] The bromides 32 and 33 were recently published by Jäkle et al. who obtained crude 

yields of 86%, but the synthetic procedure differed and the crude products were not purified by 

distillation.[33] 

Both haloboranes 33 and 35 were treated with 2 eq. of phenyllithium which was prepared from 

bromobenzene and BuLi. Starting from bromide 33 and chloride 35 and precipitation with KCl the 

borate 36 was obtained in yields of 68% and 90%, respectively. The oxidation of borate 36 with 2 eq. 

of VV did not result in the solely formation of 2,2’-bithiophene 12, but the cross-coupling product 

2-phenylthiophene 37 was obtained as the main product in an isolated yield of 79%. The yield of 

bithiophene 12 was only 2% and calculated from gas chromatography with flame ionisation detector 

(GC-FID) analysis. This result showed that the coupling tendency of aryl substituents was not only 

dependent on the electron density of the substituents.  

 
Scheme 17: Synthetic route of half-symmetric borate 36 and its oxidation to biaryls 12 and 37; *calculated by 

GC. 

To have a workup after the oxidative coupling reaction which is faster and more suitable but still 

reliable, a general workup was applied for all following oxidation reactions: after oxidation the 

reaction mixture was worked up and filtered through silica gel using n-hexane or petrol ether (PE) as 
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eluent. Only small products eluted and others like higher oligomers or polymers, borinic acids (side 

product), and vanadium-salts remained on the filtration column. The filtrate was evaporated to 

dryness, balanced out and the ratio of the products was calculated by GC-FID because the FID is 

sensitive towards hydrocarbons and the signal area is directly correlated to the number of carbons of 

the analyte. Even without calibration, this result was precise enough, much faster than isolation of 

each product by chromatography and eliminated further weighting errors. The peaks were identified 

by GC-MS. For clearness it will be noted if the given yields were calculated by GC or isolated yields. 

Furthermore, to examine an influence of the thienyl substituent towards the coupling tendency of 

the substituents bromodiphenylborane 39 had to be synthesised. According to the literature 

procedure of Haubold et al.[31] (Scheme 18) BBr3 was mixed with 1 eq. of trimethylsilylbenzene to 

obtain dibromoborane 38 in a yield of 91.5% after distillation. Addition of another equivalent TMS-

benzene and high temperatures led to the formation of bromoborane 39 in an isolated yield of 94%. 

To obtain borate 40, 2-bromo-5-methylthiophene 25 was lithiated with BuLi and quenched with 

borane 39. After workup and addition of KCl the borate 40 could be isolated in a yield of 82%. After 

treatment of borate 40 with VV the biaryls 27, 41, and 10 could be obtained in <1%, 78%, and 2% 

yields, respectively. The yields were calculated by GC-FID. The results showed the same tendency of 

cross-coupling forming nearly exclusively 5-methyl-2-phenylthiophene instead of the homo-coupled 

5,5’-dimethyl-2,2’-bithiophene 27. The trimer 28 could not be detected. 

 
Scheme 18: Syntheses of borane 39 as starting material for borate 40 and its oxidation; * calculated by GC-FID. 

For the synthesis of borate 44,[34] according to literature thiophene was directly lithiated with BuLi 

and quenched with bromohexane to obtain 2-hexylthiophene 42 in an isolated yield of 84%. 

Bromination of 42 with NBS was also carried out according to a literature known procedure giving 
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2-bromo-5-hexylthiophene 43 in a high yield of 98% after distillation. Lithiation of 42 with BuLi and 

quenching with borane 39 gave the desired potassium diphenyldi(5-hexylthien-2-yl)borate in a low 

yield of 22.5%. Variation of the preparative procedure, e.g. lithiation of 2-bromo-5’-hexylthiophene 

43 or applying the Grignard reagent of 43, did not increase the yield. Again, oxidative coupling of 

borate 44 with 2 eq. of VV formed the cross-coupling product 5-hexyl-2-phenythiophene 46 as the 

main product in a yield of 32% (determined by GC-FID). 5,5’-Dihexyl-2,2’-bithiophene 45 could be 

detected in 3%. 2-Hexylthiophene could also be detected by GC-MS but the amount was not 

quantified. In this coupling reaction the C-C-bond formation was still mainly between a thienyl and 

phenyl substituent, but it was inefficient because upon oxidation some hexylthienyl substituents 

were cleaved off. 

Hence, alkylation of the outer α-positions of the thienyl substituents could not increase the amount 

of thienyl-thienyl-coupling. 

  
Scheme 19: Synthesis and oxidation of borate 43; * calculated by GC-FID. 

To determine if an increasing electron density of the thienyl substituents might influence its coupling 

tendency towards homo-coupling borate 49 was synthesised (Scheme 20). Starting from the Grignard 

reagent of 2-bromothiophene a Kumada-type cross-coupling reaction with 5-hexyl-2-

bromothiophene 43 yielded 5-hexyl-2,2’-bithiophene 47 in a yield of 45% which was further 

brominated with NBS to give 5-bromo-5’-hexyl-2,2’-bithiophene 48 in a high yield of 96%. The main 

reason for the low yield of 47 was the homo-coupling of the Grignard reagent towards 2,2’-

bithiophene 12. Lithiation of 48 with BuLi and quenching with borane 39 resulted in the formation of 

the borate which could be isolated as its potassium salt 49 in a yield of 41%. Oxidation of this salt was 

carried out considering two conditions. Firstly, it was oxidised with 2 eq. of VV and worked up by 

standard conditions. Homo-coupled quaterthiophene 50 could be isolated in a yield of 6.7% whereas 

the cross-coupling product 5’-hexyl-5-phenyl-2,2’-bithiophene 51 was isolated in 49% yield. In 
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another attempt, 3 equivalents of VV were applied and before workup an excess of hydrazine hydrate 

was added to reduce the expected oxidised species of the coupling products. The yield of 

quaterthiophene 50 could be increased by 70% to an isolated yield of 11.5% but the yield of the 

cross-coupling product 51 was not influenced by this method and still the main product. 

  
Scheme 20: Synthesis and oxidation of borate 49. 

The coupling tendency of diphenyldithienylborates towards thienyl-thienyl-coupling could not be 

sufficiently increased by the modification of the thienyl substituents. 

 

An influence of the counter ion towards the selectivity in concern of homo- and cross-coupling of 

half-symmetric borates might have been present and had to be investigated. In a first attempt, the 

potassium cation of borate 36 was complexed by 15-crown-5 prior to the addition of 2 eq. of VV. 

Nevertheless, the absolute main product was still 2-phenylthiophene 37 whereas bithiophene 12 was 

only formed in 2.5% yield. The crown ether was not added in an excess to exclude or reduce 

oxidation of the ether groups to peroxides. 

In a second attempt, potassium was exchanged by the bulky tri-n-butylammonia (TBA) anion by 

treatment of an acetonic solution of borate 37 with tetrabutylammonium bromide (TBABr). The 

resulting borate 52 could be isolated in a quantitative yield and was also oxidised with 2 eq. of VV. 

The only improvement was an increased yield of 2-phenylthiophene 37 to 92% whereas the yield of 

2,2’-bithiophene 12 was less than 1%. All yields were calculated from GC-FID analyses. Concluding 

from those experiments, the counter ion had no influence towards the selectivity of the C-C-bond 

formation concerning diphenyldithien-2-yl borates. 
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Scheme 21: Investigations to estimate an influence of the cation towards the coupling selectivity; * calculated 

by GC-FID. 

By accident, NBS was found to induce the same electrophilic coupling reaction of tetraarylborates as 

described by Davies et al. and Pelter et al. in the case of diaryl borinates such as 11.[5d, 19] The idea 

was to functionalise borate 36 with NBS in DMF in order to get the brominated borate 53 (Scheme 

22). Instead of bromination, the coupling reaction was induced giving bithiophene 12 and 

2-phenylthiophen 37 in 10% and 119% isolated yields, respectively. Both yields were based on the 

borate and therefore the yield of 37 could be formally higher than 100% because more than two of 

the four substituents were involved in the coupling reaction. This was a huge difference from the 

oxidative reaction because in the oxidative pathway only two substituents undergo the coupling 

reaction whereas two remain at the boron and therefore the reaction mechanism of both reactions 

must distinctly differ. However, the selectivity of the coupling reaction still benefited the phenyl-

thienyl-coupling. 

 
Scheme 22: Aimed post-functionalisation of borate 36 to obtain a dibrominated borate 53. *Yields based on 

borate and calculated by GC-FID. 
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Subsequently, bromine was also applied to induce the coupling reaction as it can act as an oxidative 

and electrophilic reagent. Instead of 2 eq. of VV only 1 eq. of Br2 was added because Br2 can take up 2 

electrons upon reduction. After workup, the main product was again 2-phenylthiophene 37 which 

could be isolated in a yield of 86%. By GC analysis, bithiophene 12 could only be detected in traces 

(Scheme 23). 

 
Scheme 23: Treatment of borate 36 with bromine yielding cross-coupling of the substituents. 

Those experiments with NBS and bromine as reagents to induce the coupling showed no influence 

towards the selectivity of the coupling reaction. Together with the other foregoing experiments it 

could be declared, that the selectivity was independent from the thien-2-yl substituents, the counter 

ion, the oxidant, and the reaction type (oxidative or electrophilic inducement). The only option left to 

shift the coupling selectivity towards thienyl-thienyl-coupling was to modify the non-thienyl 

substituents.  

In literature, n-alkyl chains of organoborates were known to show a very low coupling tendency upon 

oxidation.[11] Thus, the next attempt was to prepare dialkyldiarylborates. To have access to a series of 

such borates, chlorodihexylborane 54 was synthesised (Scheme 24). Therefore, BCl3 was treated with 

2 eq. of a 1 : 1 mixture of hexene and triethylsilane. Triethylsilane reacted with BCl3 to BHCl2 which 

added to hexene forming dichlorohexylborane which reacted with a second triethylsilane and added 

to another hexene giving the desired chlorodihexylborane 54 in an isolated yield of 62%. This 

procedure was based on the publication of Soundararajar et al.[35] Borane 54 was further treated 

with various aryllithium reagents to obtain the corresponding borates. Unfortunately, no borate 

could be isolated from any reaction. 

 
Scheme 24: Synthesis of borane 54 and unsuccessful conversions to corresponding dialkyldiarylborates. 

For an alternative access to dialkyldiarylborates, bromodiphenylborane 39 was treated with BuLi and 

after precipitation with TBABr dibutyldiphenylborate 55 could be isolated in a yield of 63% (Scheme 

25). From the oxidation of borate 55 with 2 eq. of VV the homo-coupling product biphenyl 10 could 

only be detected in traces by GC. The other two coupling products butylbenzene and octane could 
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not be detected at all. Instead an indefinable mixture of a lot of organic compounds was observed by 

GC-MS and GC-FID but no peak could be assigned to possible coupling products. 

 
Scheme 25: Synthesis and oxidation of borate 55. 

Analogous to 55 the corresponding dibutyldithien-2-ylborate was also tried to be prepared from 35 

and BuLi but without success. The very bad coupling result of borate 55 and the hard accessibility of 

dialkyldiarylborates also showed that further investigation in those borates were pointless. 

Instead, dibenzyldiphenylborate 56 and di(2-phenylethyl)diphenylborate 58 were synthesised 

(Scheme 26) because the methyl- and ethyl-bridged substituents, respectively, might not couple 

upon oxidation. Borates 56 and 58 could be obtained from the reaction of borane 39 and the 

Grignard reagents of benzyl chloride and 2-phenylethyl chloride, respectively, and were isolated in 

yields of 75% and 49%, respectively. The main product from the oxidation of 56 with 2 eq. of VV was 

the cross-coupling product diphenylmethane 57 which was obtained in an isolated yield of 81%. 

Biphenyl 10 was only detected in traces. Oxidation of 58 resulted in the formation of 15% 1,2-

diphenylethane 59 and 4.5% biphenyl 10. Both yields were calculated by GC-FID analysis. Beside 

those two products many other peaks were detected by GC-MS but the m/z-values did not 

correspond to any other possible by-product of the reaction. The very low coupling yield obtained 

from the oxidation of 58 might be explained by the formation of a radical within the phenyl ring 

which is links via the ethyl-bridge because this ring has the highest electron density and so it can be 

easier oxidised. Thus, this radical forms a trap because it cannot react with another substituent of the 

borate and instead, it undergoes uncontrollable side-reactions and lowers the yield drastically.  
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Scheme 26: Synthesis and oxidation of borates 56 and 58; * calculated by GC-FID.  

Thus, insertion of alkyl-spacers between two phenyl substituents and the boron centre did not result 

in higher homo-coupling yields. Considering the work of Hirao and co-workers, it was observed that 

insertion of one ortho-tolyl-group to aryltriphenylborates lowered the yields of coupling products 

and reduced the selectivity of cross-coupling (Table 1, entry 4). Inspired by that result, dithien-2-

yldi(ortho-tolyl)borate 60 was prepared from ortho-bromotoluene which was lithiated with BuLi and 

quenched with bromodithien-2-ylborane 33. Borate 60 could be isolated as its potassium salt in a 

yield of 34% and oxidation with 2 eq. of VV resulted in yields of 46% of 2-(ortho-tolyl)thiophene 61 

and 30% of 2,2’-bithiophene 12. The yields were calculated by GC-FID and 2,2’-dimethylbiphenyl 

could not be detected. Thus, the ortho-methyl group influenced the C-C-bond formation and 

increased the amount of thienyl-thienyl-coupling since the selectivity towards cross-coupling was 

lowered to 60.5%. 

  
Scheme 27: Synthesis and oxidation of borate 60; * calculated by GC-FID.  

The reason for the enhanced homo-coupling tendency when ortho-methyl groups were attached to 

the two phenyl substituents might have been a steric effect. A further development therefrom was a 

borate in which two phenyl substituents were linked over their ortho-positions. Such a fused system 

should also raise the steric demand and reduce the flexibility of the phenyl substituents to reduce 

their coupling tendency. For the first attempt to synthesise this 5,5-di(thiophen-2-yl)-5H-

dibenzo[b,d]borol-5-uide 62 2,2’-dibromobiphenyl was dilithiated with tert-butyllithium (tBuLi) and 

quenched with bromodithien-2-ylborane 33 but no borate could be isolated or detected. In a second 

attempt, the same dilithiated biphenyl was quenched with dibromothien-2-ylborane 32 and further 
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treated with 2-lithiumthiophene. After workup and precipitation with TBABr borate 62 could be 

isolated in 9.5% yield. From an acetonic solution, single crystals suitable for X-ray diffraction 

measurements were obtained and the analysis could confirm the structure of 62. 

The oxidation of borate 62 with 2 eq. of VV formed 2-thien-2-ylbiphenyl 63 as the main product in an 

isolated yield of 71%. By GC analyses, the desired homo-coupling product 2,2’-bithiophene 12 could 

only be detected in traces. 

  
Scheme 28: Synthesis and oxidation of borate 60; * calculated by GC-FID.  

The formation of 63 was surprising but concerning a cross-coupling reaction as the main reaction 

pathway the formation was explainable (Scheme 29): Upon oxidation a thienyl-phenyl-bond was 

formed and after aqueous workup the borinic acid 64 was obtained. Borinic acids are known to be 

unstable and under the presence of water 64 decomposed to the trimer 63, thiophene, and boronic 

acid. Fused borate 62 was not only hard to prepare, it also showed preferred cross-coupling instead 

of homo-coupling. Thus, such systems were also not helpful to enhance homo-coupling and not 

further considered. 

 
Scheme 29: Detailed formation of triarly 63 from the oxidation of borate 62. 

The ortho-tolyl groups were still the best working assembly with respect to thienyl-thienyl-coupling. 

An electron withdrawing group should further reduce the coupling tendency what led to the 

synthesis of di(ortho-chlorophenyl)dithien-2-ylborate 65 (Scheme 30). Synthesis was realised starting 
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from 1-bromo-2-chlorobenzene which could be lithiated with BuLi by lithium-bromine exchange and 

quenched with borane 33 (Scheme 30). Although the intermediate (ortho-chlorophenyl)lithium was 

instable the yield of 65 was 30%. Oxidation of borate 65 led to the formation of 2,2’-bithiophene 12, 

2-(ortho-chlorophenyl)thiophene 66 and 2,2’:5’,2’’:5’’,2’’’-quaterthiophene 67 in yields of 58%, 4%, 

and 34%, respectively. The yields of 12 and 67 were isolated yields whereas the yield of 66 was 

calculated from GC-FID. The formation of quaterthiophene 67 must have originated from 

bithiophene which was further dimerised by oxidation. For the calculation of the over-all thienyl-

thienyl-coupling yield, the yield of 67 could be added to the yield of 12 giving a total-yield of 92% and 

a selectivity of 96% towards thienyl-thienyl-coupling.  

  
Scheme 30: Synthesis and oxidation of borate 65; * calculated by GC-FID.  

This result proved a possible direction of the C-C-coupling selectivity by modification of the 

substituents. For further insights into the selectivity, the isomeric borates 68 and 70 were prepared, 

too (Scheme 31). For both syntheses, the corresponding bromides 1-bromo-3-chlorobenzene and 

1-bromo-4-chlorobenzene, respectively, were lithiated with BuLi and quenched with bromodithien-2-

ylborane 33. The potassium borates 68 and 70 could be isolated in yields of 40% and 94.5%, 

respectively. Oxidation of both borates with 2 eq. of VV resulted in the formation of each 2.2% 

bithiophene 12 which was quantified by GC analyses. From 68 the cross-coupling product 2-(meta-

chlorophenyl)thiophene 69 could be isolated in 54% yield and 2-(para-chlorophenyl)thiophene 71 

was formed in 72% yield (calculated by GC) from the oxidation of 70. 
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Scheme 31: Syntheses and oxidations of chlorinated borates 68 and 70; * calculated by GC-FID.  

Upon oxidation, both isomers 68 and 70 of borate 65 led to cross-coupling in a high selectivity. This 

was very surprising because at least the chlorine substituents in para-position had the same 

electronic -I and +M effect towards the C-B-position of the phenyl substituents, but the electronic 

influence appeared unimportant if the substituent was not in the ortho-position. Thus, a fluorine 

counterpart to 65 was prepared and oxidised, too. First attempts for the synthesis were to metallate 

1-bromo-2-fluorobenzene by standard lithium-bromine exchange or as a Grignard reagent. In both 

reactions an elimination reaction occurred and an aryne was formed which reacted with another 

metallate to the corresponding 2-fluorobiphenyl 72 which could be isolated in yields of up to 86% 

from the Grignard reagent (Scheme 32, entry 1). Nevertheless, the lithium organyl was quenched 

with borane 33 to obtain the corresponding borate but it could not be isolated. Since the metallate 

was not stable enough, (2-fluorophenyl)trimethylstannane 73 was prepared from 1-bromo-2-

fluorobenzene (entry 2) which was lithiated with tBuLi below -90 °C and quickly quenched with 

TMSnCl. The stannane 73 could be isolated in 48% yield, which was higher than literature yields 

obtained from another method.[36] A twofold transmetallation of stannane 73 with BCl3 was expected 

to give borane 74 which was not isolated but used as crude product and treated with 

2-thienyllithium. The expected borate 75 could not be isolated. In entry 3, the same lithiation 

conditions from entry 2 were applied but already 20 min after addition of tBuLi dichlorothien-2-

ylborane (0.5 eq.) 76 was added, which was obtained from transmetallation of 2-TMS-thiophene and 

BCl3 in a yield of 56%. To obtain borate 75 another equivalent of 2-thienyllithium was added and 

after workup a mixture of 75 (m/z = 367.06035) and tetrathien-2-ylborate 22 (m/z = 342.99204) was 

obtained which was confirmed by high resolute electron-spray ionisation mass spectroscopy (HR-ESI-

MS) (Figure 9). Unfortunately, this mixture could not be separated by recrystallisation from various 

solvents. Another method to prepare ortho-fluorophenyllithium was developed by Heiss et al.[37] 

Therefore, sec-BuLi was diluted to a solvent mixture of THF : cyclohexane = 7 : 3.8 and fluorobenzene 

was added neat at temperatures beneath -90 °C and after 45 min borane 33 was added. From this 

method borate 75 could be isolated in a yield of 89%. Oxidation of 74 with 2 eq. of VV yielded 68% of 
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bithiophene 12 and 4.5% of 2-(ortho-fluorophenyl)thiophene 77. Both yields were calculated from 

GC analyses. Although, quaterthiophene 67 was not formed the yield of thienyl-thienyl-coupling was 

not as high as from the oxidation of chlorinated borate 65, but the selectivity was still 93.8% 

benefiting thienyl-thienyl-coupling 

  
Scheme 32: Unsuccessful and successful attempts for the preparation of borate 75 and its oxidation; * 

calculated by GC-FID.  

 
Figure 9: HR-ESI-MS of product mixture from the reaction of Scheme 32, entry 3. 

Although, fluorine is more electronegative than chlorine the ortho-chlorophenyl group is more 

selective towards thienyl-thienyl-coupling upon oxidation of the corresponding borate implying an 

additional steric effect. On the other hand, the methyl group of the ortho-tolyl substituents are 

22 

75 
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bulkier than chlorine (Van-der-Waals radii of chlorine and methyl are 175 pm[38] and 200 pm,[39] 

respectively) but give a slightly electron donating effect. Hence, the selectivity was influenced by 

electronic and steric effects. 

For further investigations into the steric influence of groups at the ortho-position of the phenyl 

moieties towards the selectivity of the oxidative coupling reaction, borate 78 bearing ortho-iso-

propylphenyl groups was planned to be prepared. Scheme 33 depicts 4 strategies which were 

attempted to prepare borate 78 starting from 1-bromo-2-iso-propylbenzene. In entry 1 the bromide 

was lithiated with tBuLi and quenched with bromodithienylborane 33 but no borate could be 

obtained. Due to the steric demand of the iso-propylgroups, the addition of the second lithium 

reagent might have been hindered. Therefore, in entry 2 the bromide was lithiated with BuLi and 

quenched with 0.5 eq. dibromothienylborane 32 to form di(ortho-iso-propylphenyl)thien-2-ylborane 

which was further treated with 2-thienyllithium to obtain borate 78. Instead of the desired borate 78 

the TBA-salt 79 was obtained. The reaction of entry 3 was done similar to entry 2 but lithiation was 

carried out with the stronger tBuLi and dichlorothien-2-ylborate 76 was applied as boron source 

because the smaller chlorine should facilitate the attack of a second aryllithium. After addition of 

2-thienyllithium and workup the main product was again tetrathien-2-ylborate 22 but the desired 

borate 78 could be detected by HR-ESI-MS (Figure 10). However, separation of this product mixture 

was not possible. Similar to entry 2 of Scheme 32, (2-iso-propylphenyl)trimethylstannane 81 was 

synthesised from 1-bromo-2-iso-propylbenzene by lithiation with tBuLi and quenching with TMSnCl. 

The desired stannane 81 could be isolated in poor 29% yield, but the dimeric di(2-iso-

propylphenyl)dimethylstannane 82 was isolated in 34% yield, based on the bromide. The stannane 

81 was treated with 0.5 eq. of BCl3 to obtain chlorodi(2-iso-propylphenyl)borane 83 which was not 

purified but directly treated with 2-thienyllithium. In the same way, dimer 82 was treated with 0.5 

eq. of BBr3 to obtain the bromide 84 which was also treated with 2-thienyllithium. Unfortunately, 

from both reactions no desired borate 78 could be obtained and no more efforts were investigated 

to prepare borate 78. 

The formation of the dimer 82 was surprising and unexpected since a methyl group of the 

trimethylstannyl group must have been substituted by a lithium reagent. Possibly the reaction of the 

metallate and stannyl chloride was too slow and at rt substitution of a methyl group was possible. A 

transmetallation of 81 upon Kugelrohr distillation was excluded since the dimer 82 was already 

detected in the crude product obtained after aqueous workup. 
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Scheme 33: Several investigations for the preparation of borate 78. 

 
Figure 10: HR-ESI-MS of product mixture from Scheme 33 entry 3. 

A further experiment concerning the oxidative coupling reaction of half-symmetric borates was 

carried out with potassium dithien2-yldithien3-ylborate 85 which could be synthesised from lithiated 

3-bromothiophene and bromodithienylborane 33 in a yield of 45% (Scheme 34). Upon oxidation of 

borate 85 with 2 eq. of VV, the cross-coupling product 2,3’-bithiophene 86 was formed as the main 

22 
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product in a yield of 85% whereas 2,2’-bithiophene was only obtained in a yield of 9%. Both yields 

were calculated from 1H-NMR spectra. These results demonstrated that a second thien-2-yl 

substituent was unlikely to undergo a C-C-coupling as long as the other substituents were no ortho-

chloro- or ortho-fluorophenyl substituents. 

  
Scheme 34: Syntheses and oxidations of borate 85; * calculated by 

1
H-NMR.  

Since the thienyl-thienyl-coupling selectivity of the ortho-chlorophenyl substituted tetraarylborates 

was the highest, several borates were prepared which bore two ortho-chlorophenyl and two other 

substituents. For an easier variation of those two other aryl groups, bromodi(ortho-

chlorophenyl)borane 88 (Scheme 35) was prepared from chlorobenzene which was lithiated with 
sBuLi as described by Heiss et al.[37] and quenched with TMSCl to obtain 1-chloro-2-

trimethylsilylbenzene 87 in an isolated yield of 89%. Further treatment of 87 with 0.5 eq. BBr3 at high 

temperatures formed the borane 88 which could be isolated by distillation in a yield of 48%.  

 
Scheme 35: Synthesis of silane 87 as starting material for the preparation of borane 88. 

The preparation of 2-chlorophenyllithium was challenging because direct lithiation of chlorobenzene 

was only possible with sec-BuLi since n-BuLi was a too weak base for selective deprotonation in 

ortho-position whereas tert-BuLi was too strong and led to chlorine-lithium exchange. Other very 

important factors for a successful synthesis of 2-chlorophenyllithium were the temperature and the 

solvent. At temperatures above -100 °C elimination occurred and generated an aryne which 

underwent further reactions (Scheme 36). The solvent had not to be too polar and the optimal 

conditions evolved by Heiss and coworkers were a solvent mixture of cyclohexane : THF = 4 : 7. The 

Grignard reagent 2-chlorophenylmagnesium bromide was also not stable. 
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Scheme 36: Possible reaction pathways of side-reactions from unstable 2-chlorophenyllithium. 

Electron-rich, neutral, and electron-poor aryl substituents were added to the borane 88 in order to 

investigate the oxidative behaviour of the corresponding borates. For electron-rich moieties, 

5-hexylthien-2-yl, 3,5-dimethoxyphenyl, 5-bromothien-2-yl, and 3-bromothien-2-yl substituents were 

attached. Phenyl was applied as neutral and 3,5-difluorophenyl as electron-poor substituents. 

Di(ortho-chlorophenyl)di(5-hexylthien-2-yl)borate 89 was synthesised from borane 88 and 

5-hexylthien-2-yllithium which was obtained from 2-hexylthiophene 42 and BuLi. The potassium 

borate 89 could be isolated in a yield of 83% and oxidation with 2 eq. of VV resulted in the formation 

of 5,5’-dihexyl-2,2’-bithiophene 45 in an isolated yield of 41% (Scheme 37). No other coupling 

product could be obtained but 2-hexylthiophene was detected by GC-MS but was not quantified. This 

side-product explained the low yield. Nevertheless, no cross-coupling product 2-(2-chlorophenyl)5-

hexylthiophene could be detected meaning a 100% coupling selectivity towards thienyl-thienyl-

coupling. 

  
Scheme 37: Synthesis and oxidation of borate 89. 

From the reaction of the Grignard reagent of 1-bromo-3,5-dimethoxybenzene and borane 88 and 

precipitation with tetra-methylammonium bromide (TMABr) TMA di(ortho-chlorophenyl)bis(3,5-

dimethoxyphenyl)borate 90 could be obtained in an isolated yield of 63% (Scheme 38). The borate 

could not be obtained from 3,4-dimethoxyphenyllithium and borane 88. Upon oxidation of 90 with 2 

eq. of VV 3,3’,5,5’-tetramethoxybiphenyl 91 was formed in 91% yield. The cross-coupling product 

2-chloro-3’,5’-dimethoxybiphenyl 92 was formed in a yield of 1.8%. Both yields were calculated by GC 

analyses. Apart from the high coupling yield the selectivity of the C-C-bond formation was 98% 

benefiting homo-coupling of the electron rich moieties. 
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Scheme 38: Synthesis and oxidation of borate 90; * calculated by GC-FID. 

By an one-fold lithium-bromine exchange, 5-bromothien-2-yllithium could be prepared from 2,5-

dibromothiophene and 1 eq. of BuLi. Quenching of the lithium reagent with borane 88 and 

precipitation with KCl yielded di(ortho-chlorophenyl)di(5-bromothien-2-yl)borate 93 in a yield of 83% 

(Scheme 39). The oxidative coupling of borate 93 with 2 eq. of VV selectively formed 5,5’-dibromo-

2,2’-bithiophene 94 in a yield of 76%. No other side-product could be obtained or detected. 

  
Scheme 39: Synthesis and oxidation of borate 93. 

Scheme 40 depicts a reaction pathway which was desired to give borate 96: 2,3-dibromothiophene[40] 

was lithiated with BuLi in the 2-positon and treated with 1 eq. of borane 88. Due to the steric 

demand of the bromine group it was expected that the reaction gives di(ortho-chlorophenyl)3-

bromothien-2-ylborane since no second 3-bromothien-2-yllithium could attack due to steric reasons. 

After addition of an excess of 2-thienyllithium, not the desired borate 96, which was only formed in 

traces and detected by HR-ESI-MS, but di(ortho-chlorophenyl)di(3-bromothien-2-yl)borate 95 could 

be isolated in a yield of 63%. TMA di(ortho-chlorophenyl)dithien-2-ylborate 97 was also formed but 

the yield was not ascertained. Oxidation of borate 95 with 2 eq. of VV resulted in the formation of a 

mixture of several products. The product mixture was analysed by GC-MS and the yields of the main 

product biaryls were 98: 13%, 99: 7.5%, 12: 2.4%, 100: 2%, and 66: 1.6% which were calculated by 

GC-FID. The products 99, 12, and 66 must have been formed by debromination of the corresponding 

3,3’-dibromo-2,2’-bithiophene 98 and 3-bromo-2-(2-chlorophenyl)thiophene 100, respectively. If the 

debrominated products were added to the yields of homo- and cross-coupling products 98 and 100, 

respectively, the yields were 22.9% and 3.6%. At least this gave a selectivity of 86% towards homo-

coupling although the yields were very low. The low yields must have been assigned to the steric 

demand of the four substituents since all bore halogens in their “ortho”-positions which must have 

influenced the C-C-bond formation. Additionally, a lot of further signals were found by GC-MS but 

their m/z-values could not be assigned to any side-products. Thus, strong decomposition and many 

side-reactions occurred during oxidation.  
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Scheme 40: Aimed synthesis of borate 96 leading to borate 95 which was further oxidised; * calculated by GC-

FID. 

The neutral phenyl moiety was attached to borane 88 as a Grignard reagent of bromobenzene 

(Scheme 41). The product was precipitated with TMABr to obtain diphenyldi(ortho-

chlorophenyl)borate 101 in low 7.8% yield. The yield could not be improved by repeating the 

reaction and from phenyllithium and 88 no borate was obtained. Oxidation of borate 101 with 2 eq. 

of VV yielded biphenyl 10 and 2-chlorobiphenyl 102 in yields of 78% and 5.5%, respectively. Both 

yields were calculated from GC analyses and revealed a phenyl-phenyl-coupling selectivity of 93.4%. 

  
Scheme 41: Synthesis and oxidation of borate 101; * calculated by GC-FID. 

Implementation of an electron-poor group to a borate was realised with the 3,5-difluorophenyl 

group. Therefore, 1-bromo-3,5-difluorobenzene was converted into its Grignard reagent and 

quenched with borane 88 to give TMA di(ortho-chlorophenyl)di(3,5-difluorophenyl)borate 103 in a 

yield of 39% (Scheme 42). Borate 103 could not be obtained from 3,5-difluorophenyllithium and 88. 

The oxidative coupling reaction of borate 103 with 2 eq. of VV gave 3,3’,5,5’-tetrafluorobiphenyl 104 

and 2-chloro-3’,5’-difluorobiphenyl 105 in yields of 8.8% and 36%, respectively. Both yields were 

calculated from GC analyses. This reaction represents the sole oxidative coupling reaction of borates 

bearing the ortho-chlorophenyl-moieties which formed the cross-coupling product as the main 

product; here in a selectivity of 80.6%.  
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Scheme 42: Synthesis and oxidation of borate 103; * calculated by GC-FID. 

Thus, as long as the other two substituents were not substituted next to the C-B-position or had a 

higher electron density than the ortho-chlorophenyl groups the oxidative coupling reaction gave the 

homo-coupling products as the main product. Otherwise, the yields were reduced dramatically or 

cross-coupling occurred preferred in the case of electron-poorer substituents. Interestingly, homo-

coupling of two ortho-chlorophenyl substituents was never observed. 

Apart from borates bearing four hydrocarbon substituents diaryldifluoroborates were also 

investigated by Hirao and co-workers.[21] From oxidation of difluorodiphenylborate 107 with VV under 

catalytic oxidative conditions they could obtain biphenyl 10 in up to 78% yield. In this thesis, this 

reaction was investigated with a stoichiometric amount of VV (Scheme 43). According to literature,[41] 

synthesis of fluoroborate 107 started with the Grignard reagent of bromobenzene which was 

quenched with 0.5 eq. tri-iso-propyl borate giving diphenyl borinic acid 106 in a yield of 24% after 

hydrolysis with HClaq. Treatment of the borinic acid with potassium hydrogen difluoride gave 

difluorodiphenylborate 107 in a yield of 94%. The analogous reaction starting with 

2-bromothiophene resulted in the formation of dithien-2-yl borinic acid 108 in a yield of 41% which 

was converted to difluorodithien-2-ylborate 109 in a quantitative yield. Oxidation of phenylborate 

107 with 2 eq. of VV resulted in the formation of 10% biphenyl. From the same reaction with 

thienylborate 109 no coupling product 12 could be obtained, but during filtration through silica upon 

workup yellow, not eluting bands were observed. Those indicated oligo- and polymerisation 

assigning a slower reaction rate of the coupling reaction. The slower reaction rate was also confirmed 

by the catalytic oxidation since Hirao et al. had to increase the reaction temperature and time. 

 
Scheme 43: Oxidation of 107 and its thiophene counterpart 109 with stoichiometric amounts of oxidant. 
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Due to preparative availability only tetraarylborates were applicable for the coupling reaction. 

Alkylborates and borates with boron-heteroatom bonds (N, O, F) could either not be prepared or the 

coupling behaviour was not satisfying for application. So no further attempts concerning such 

borates were investigated. 

3. Oxidative coupling of phenylthien-2-ylborates 

To exclude a statistic selectivity of the coupling tendencies at all, the five possible patterns of borates 

bearing only phenyl and/or thien-2-yl substituents were examined. The borates 9, 19h, 36, and 22 

were already oxidised with VV and described in the previous parts whereas the oxidation of 19h was 

carried out by Hirao et al. under catalytic conditions (Table 1) and the other borates were oxidised 

with a stoichiometric amount of VV. The missing borate of this series bearing one phenyl and three 

thien-2-yl groups was synthesised from thiophene which was lithiated with BuLi and quenched with 

dibromophenylborane 38 (Scheme 44). From precipitation with KCl potassium phenyltrithien-2-

ylborate 110 was isolated in a yield of 6% and further treatment of the filtrate with TMABr 

precipitated the TMA-borate 111 which was obtained in a yield of less than 12%. An exact yield could 

not be calculated due to impurities which could not be removed. After precipitation with TBABr a 

third salt was obtained which was the main product of this reaction. The 11B-NMR signal of this TBA-

salt was shifted to -2.9 ppm compared to a shift of -11.4 ppm of borate 110. This single signal in the 
11B-NMR spectrum and the clear 1H-NMR (Figure 11) and 13C-NMR spectra (6 aromatic signals, not 

shown) confirmed the presence of a pure TBA borate. HR-ESI-MS revealed a main peak at 299.03726 

m.u., but from all analyses no structure could be declared which might have been formed under the 

given conditions. Concerning the reaction conditions, most obvious was a diborate 112 as drawn in 

Figure 11, but neither the integrals of the aromatic protons in the shown 1H-NMR spectrum nor the 

m/z-value of the MS fit for this structure. Assigning a dianionic species, in the 1H-NMR spectrum, the 

integral of the α-CH2 group of the TBA-cations at 3.24 ppm was normalised to 16.00. With that value 

the integrals of the other 3 aliphatic signals fit to the TBA-cations, but the total integral of the signals 

in the aromatic region was 22 (if the integrals were rounded up to full numbers). For structure 112, 

though, a total integral of 24 aromatic protons was expected. Oxidation of this salt with VV led to the 

exclusive formation of 2-phenylthiophene 37 but also with this information the structure could not 

be solved. 

 
Scheme 44: Preparation of phenyltrithien-2-ylborates 110 and 111. 
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Figure 11: 

1
H-NMR of the TBA-salt (obtained from the reaction of Scheme 44) in acetone-D6 (internal standard 

at 2.05 ppm). Water signal at 2.94 ppm and grease at 0.25 ppm. 

Oxidation of pure potassium borate 110 with 2 eq. of VV (Table 2, entry 4) led to the formation of 

2-phenylthiophene 37 in a yield of 59% whereas the homo-coupling product 2,2’-bithiophene 12 was 

only detected in traces. The yield was calculated from GC analyses but the scale of the coupling 

reaction was very small due to lack of material. This resulted in large weighing errors which strongly 

influence the calculated yields.  

Summarising, high coupling yields for symmetric tetraarylborates 9 and 22 were obtained (Table 2, 

entries 1 and 5), but in the case of mixed phenyl and thien-2-yl bearing borates (entries 2 - 4) the 

main product was always the cross-coupled 2-phenylthiophene 37 independent from the phenyl : 

thienyl ratio. Thus, the electron-richer thienyl substituent was always involved in the coupling 

reaction, whereas the second coupling partner was the electron-poorer phenyl group independent 

from any statistics. This was a very important result and confirmed that the selectivity can only be 

controlled by variation of the non-thienyl substituents. 

Table 2: Oxidative coupling reactions with borates bearing only phenyl and/or thienyl substituents. 

  

 
Entry Borate m n 

Yields 

 

 

10 37 12 

 

1a 9 4 0 97% - - 

 

2b 19h 3 1 8% 62% - 

 

 

3a 36 2 2 n.d. 79% traces 

 

 

4a 110 1 3 - 59%* traces 

 

 

5a 22 0 4 - - 89%  

 a
 2 eq. of V

V
; 

b
 catalytic reaction and yields by Hirao et al.

[21]
; * calculated by GC-FID. 
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4. Oxidative coupling of organoborates as a selective cross-coupling 

method 

Using the ortho-chlorophenyl moieties, a selective homo-coupling of the electron richer substituents 

could be obtained. The yields of those symmetric biaryls obtained from half-symmetric 

organoborates were high but since the borate synthesis was effortful this reaction is no alternative 

towards established dimerisation reactions for symmetric dimers, such as transition metal catalysed 

coupling reactions or oxidative dimerisation reactions e.g. of aryllithium with CuCl2. However, this 

oxidative substituent coupling reaction might be applied for cross-coupling reactions being an 

alternative method for transition metal catalysed cross-coupling reactions. Therefore, investigations 

on the preparation of asymmetric borates were performed. Those asymmetric borates had to bear 

two of the ortho-chlorophenyl substituents and further two different ones. Tetraarylborates of such 

symmetry, which were not known in literature at that time, will be called “asymmetric borates” in 

this thesis. In literature the only “asymmetric arylborates” bear chiral substituents[42] or are 

asymmetric boronic esters.[43] 

The first two borates di(ortho-chlorophenyl)thien-2-yl(5-methylthien-2-yl)borate 113 and di(ortho-

chlorophenyl)thien-2-ylthien-3-ylborate 114 (Figure 12) were planned to be synthesised because it 

was expected that the cross-coupling products would be easy to handle and analyses of the borates 

would not be too complicate.  

  
Figure 12: Assigned asymmetric borates for investigations in a cross-coupling method. 

First attempts for the synthesis of borate 113 started with borane 88 which should have been 

transformed with 2-thienylmetallates to di(ortho-chlorophenyl)thien-2-ylborane 115 and further 

treated with (5-methylthien-2-yl)lithium and KCl to the corresponding borate 113 (Scheme 45). 

2-Thienyl-metallates were applied as aryllithium, -magnesium bromide, -zinc chloride, and -copper 

reagents. The biggest task was to prevent a twofold reaction to the corresponding di(ortho-

chloro)dithien-2-ylborate 65 which occurred when a lithium reagent was applied. Therefore, weaker 

metallates were applied and further reduction of the nucleophilicity should be supported by 

nonpolar solvents such as toluene and n-hexane and lower temperatures to reduce the reaction 

rates.  
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The 2-thienylmetallates, prepared from thiophene, BuLi and further addition of MgBr2, ZnCl2, and 

CuI, respectively, in THF or diethylether, were dried under vacuum, suspended in the non-polar 

solvent and cooled to -78 °C. Borane 88 was slowly added and all volatile compounds were removed 

in high vacuum. The residue was suspended in toluene to dissolve borane 115 which was separated 

by filtration from insoluble by-products such as lithium salts, borates, etc.  

 
Scheme 45: Attempts for the synthesis of borate 113 from borane 115. 

The crude products of 115 of the two entries starting from the Grignard reagent and the cuprate 

seemed to be consistent of 115 and its diethyl etherate because in 11B-NMR spectra two main signals 

and in 13C-NMR spectra seven main peaks were detected in the aromatic region (often C-B-signals are 

not visible). Although 8 aromatic 13C-signals should be obtained for 115 this result might have fit if 

two signals overlapped. Additionally, two signals were detected in the aliphatic region at 64.4 and 

17.2 ppm and 1H-NMR spectroscopy proved that those signals originated from diethylether because 

a quartet and a triplet were obtained at 3.91 and 1.09 ppm, respectively, that also explained the 

presence of two 11B-NMR signals. For a first test reaction and due to an expected higher stability of 

phenyl bearing borates, both crude products of 115 were treated with phenyllithium, obtained from 

bromobenzene and BuLi, instead of another lithiated thiophene unit and after workup and addition 

of TMABr precipitates could be isolated. A chemical ionisation MS (CI-MS) of both salts showed the 

presence of the corresponding phenyldi(ortho-chlorophenyl)thien-2-ylborate at a m/z-value of 

394 m.u. but the intensity of the signal was smaller than 21%. The main-signals at m/z = 344 (100%), 

312 (36%), and 246 (77%) could not be assigned to any other products or fragments. So the direct 

treatment of the crude borane 115 with aryllithium did not lead to a successful borate synthesis 

since the mixtures could not be purified. Also the formation of 115 could not be confirmed. 

In another attempt, borane 88 was added to a suspension of 2-thienylzinc chloride in toluene and 

after filtration and evaporation of the reaction mixture, the crude product was purified by Kugelrohr 

distillation. At 4x10-3 mbar two fractions were obtained at oven temperatures of 130 - 160 °C and 

200 - 220 °C. The lower boiling fraction was expected to be the diethyl etherate of 115 (42% yield) 

which was supported by 1H-NMR spectroscopy. A MS could not be obtained, neither by GC-MS nor 

by CI-MS with direct injection so the structure could not be proven at this point. NMR data of the 

higher boiling fraction gave reasons to assume that it was the desired product 115 in a yield of 22%. 

Thus, the combined yield was 64% if both structures were the expected ones. But the missing 36% 

were unclear because there was hardly a residue from distillation. It was only possible, that a 

toluene-insoluble boron-compound was formed which was separated by filtration. 
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The boiling points of the assigned fractions were irritating since the expected etherate seemed to 

have a lower boiling point than the pure borane 115. An explanation would be that although the 

etherate has a higher molecular weight the triarylborane 115 might form stronger π-π-interactions 

due to a more planar structure raising its boiling point. 

A method for the preparation of triarylboranes similar to the one used here was published in a 

patent in which symmetric triarylboranes were prepared from BF3 etherate and arylmagnesium 

halides in nonpolar solvents in moderate yields (55% for triphenylborane).[44] So in principle, such a 

synthesis as performed for 115 could have worked. 

The fraction with the expected diethyl etherate of 115, obtained from the reaction of 88 with 

2-thienylzinc chloride, was treated with 5-methylthien-2-yllithium in THF (Scheme 46) to yield the 

borate 116 after workup and addition of TMABr. A small amount of precipitate formed after TMABr 

addition could be collected by filtration, but an 11B-NMR spectrum of this solid did not prove the 

formation of the borate (Figure 13). The similar potassium borate 65 (without the methyl group at 

thiophene) showed a chemical shift of -9.4 ppm for the 11B-nucleus. So the detected sharp signal at 

-7.5 ppm which was the only one that might correspond to a tetraarylborate could not correspond to 

the desired borate 116 because the additional methyl-group hardly influences the chemical shift. 

With this result it was obvious that the distilled fraction was not the estimated boron etherate but 

more a mixture of different substances. 

 
Scheme 46: Preparation of asymmetric TMA-borate 116. 

 
Figure 13: 

11
B-NMR from the isolated precipitate from the reaction depicted in Scheme 46 in acetone-D6, at 

294 K, BF3 etherate in CDCl3 as external standard at 0.00 ppm. 
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The higher boiling fraction which was expected to be pure borane 115 was also treated with 

5-methylthien-2-yllithium (Scheme 47). After workup and precipitation with TMABr a white solid 

could be isolated (453 mg from theoretically 503 mg).  

 
Scheme 47: Planned preparation of 116 from the expected pure borane 115. 

The 1H- and 11B-NMR spectra of the isolated salt (Figure 14) showed too many signals, but it was 

assumed that isomerisation occurred from the asymmetry (rotational isomers) resulting in different 

chemical shifts. The integrals calculated in the 1H-NMR spectrum were normalized to a total integral 

of 28 for the assigned structure of 116. With this assumption the integrals fit for the methyl group of 

the thiophene substituent at 2.33 ppm and the TMA-cation at 3.32 ppm quite well. The integrals in 

the aromatic region also fit, although too many signals were detected. In 11B-NMR 4 clear signals 

were obtained, but the main signal at -9.5 ppm fit with the chemical shift of the similar borate 65 

(without methyl-groups) with a shift of -9.4 ppm. In 13C-NMR (not shown) also too many signals were 

obtained but due to low sensitivity the signal-to-noise ratio made it harder to distinguish between 

signals and baseline. 

A HR-ESI-MS gave the certainty that no pure salt but a mixture of the desired borate 116, TMA 

tri(ortho-chlorophenyl)(5-methylthien-2-yl)borate 117, and TMA (ortho-chlorophenyl)dithien-2-yl(5-

methylthien-2-y)borate 118 was obtained. The m/z-value of the main peak fit for the anion of 116 

(calculated m/z = 413.01690 m.u., obtained m/z = 413.01639 m.u., Δm/m = 1.23 ppm), but a second 

peak (63% of intensity) was obtained at 441.02078 m.u. which corresponded to the anion of 117 with 

a calculated m/z-value of 441.02151 m.u. (Δm/m = 1.66 ppm). Also the isotopic pattern of both signal 

sets fit to the desired anionic structures. A third peak with a low intensity (7%) was observed at m/z = 

385.01229 m.u. corresponding to borate 118 with a calculated m/z of 385.01230 m.u. (Δm/m = 0.03 

ppm). 
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Figure 14: 

1
H-NMR (top) and 

11
B-NMR (bottom) of the isolated precipitate from the reaction depicted in 

Scheme 47 in acetone-D6 (internal standard for 
1
H), at 294 K, BF3-etherate in CDCl3 as external standard at 

0.00 ppm for 
11

B. 

The only possibility to explain the formation of borates 117 and 118 was the “isolation” of the 

triarylborane 115. Within the reaction of the zinc organyl and the bromoborane 88 it was unlikely 

that a rearrangement occurred, but the following distillation at temperatures up to 220 °C must have 

induced a transmetallation giving 115, 119, and 120 (Scheme 48). Due to the high boiling points at 

4x10-3 mbar no further attempts were done concerning the synthesis and purification of 115. 

 
Scheme 48: Rearrangement/transmetallation of crude borane 115 upon distillation. 
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An alternative synthetic route for asymmetric borates such as borates 113 and 114 is depicted in 

Scheme 49 and is based on the synthesis of asymmetric diarylbromoboranes which were converted 

with 2 eq. of 2-chlorophenyllithium to the corresponding borates. 

 
Scheme 49: Schematic preparation of asymmetric borates from an asymmetric diarylbromoborane. 

Thus, the synthesis started with the preparation of the asymmetric boranes. In order to prepare 

borate 114 the corresponding bromothien-2-ylthien-3-ylborane 122 was prepared (Scheme 50). In 

the first step, 3-bromothiophene was lithiated with BuLi, quenched with TMSCl and the 

corresponding trimethylthien-3-ylsilane 121 was isolated in 42% yield. This silane was only stable if 

stored under argon at -24 °C. The preparation of a Grignard reagent from 3-bromothiophene was not 

successful and in literature it was also described that this reaction is strongly kinetically hindered.[45] 

For the next step, the silane 121 was mixed with the dibromoborane 32, heated and purified by 

distillation. The NMR spectra of the distillate showed a doubled dataset which originated from a 

borane mixture of the three isomers 122, 123, and 33. The total yield was 74%. It was assumed that 

an α-β-rearrangement proceeded at the high temperature of 180 °C which was necessary for the 

transmetallation of 121 and 32, but it was not clear, if the β-silane or the product itself rearranged. 

 
Scheme 50: Preparation of an asymmetric haloborane 122 starting from 3-bromothiophene. 

In an alternative synthetic path (Scheme 51) 3-TMS-thiophene 121 was treated with 1 eq. of BBr3 

firstly. Distillation yielded pure borane 124 in a yield of 79% which was further treated with 2-TMS-

thiophene 32 at 180 °C. Subsequently, distillation offered a clear oil in 83% total yield and the NMR 

data were identical to the data obtained from the previous synthesis. A reaction control by 1H-NMR 

spectroscopy showed the same signals as the distilled mixture. This gave the hint, that 

transmetallation occured within the reaction to 122 at 180 °C. Purification of this product mixture by 

distillation was not possible. On the one hand, the boiling points of the isomers 122, 123, and 33 

hardly differed from each other and on the other hand it was not sure, if transmetallation also 

occurred during distillation. Nevertheless this mixture was used in a borate-synthesis possibly 

enabling the separation of the corresponding borates. 
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Scheme 51: Alternative synthesis of borane 122. 

The NMR spectra of the distillation mixture are depicted in Figure 15 and the following interpretation 

was based on the assumption the sample was pure borane 122 and the separated signals resulted 

from rotational isomerisation: The signal at the highest ppm (around 8.05 ppm) corresponded to the 

α-proton of the α-bond thiophene. The inner β-proton (near to the boron) of the same thiophene 

unit and the outer one showed chemical shifts of 7.29 ppm and 6.81 ppm, respectively, but the high-

field shifted signal overlapped with the β-proton of the β-bound thiophene. The two α-protons of the 

β-bound thienyl substituent were strongly separated and both were splitted to two doublets of 

doublets. The α-proton which was further afar from the boron had a chemical shift of 7.90 and 

7.83 ppm, equalling a separation of 0.07 ppm. The other α-proton showed chemical shifts of 7.67 and 

7.54 ppm and therefore a separation of 0.13 ppm.  

 
Figure 15: 

1
H-NMR (top, with full spectrum in the small window), 

11
B-NMR (bottom left), and 

13
C-NMR (bottom 

right) of the distilled fraction from Scheme 51 in benzene-D6 at 295 K. Solvent as internal standard for 
1
H- and 

13
C-NMR (signal at 128.06 ppm not marked due to better overview), BF3 etherate in CDCl3 as external standard 

for 
11

B-NMR. 

full spectrum 
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The H,H-COSY-NMR of the same sample (Figure 16) confirmed that the distilled fraction was a 

mixture and the complex NMR data (Figure 15) did not result from rotational isomerisation. This 

could be proven on the following indicators: 

The second and third signals (7.90 and 7.84 ppm) corresponded to an α-proton of a β-bound-

thiophene. If this splitting originated from rotational isomerisation they should both have showed 

cross-signals with both the 4th and 5th signal at approx. 7.67 and 7.54 ppm, respectively, but there 

were only cross-signals at 7.90/7.29 ppm and 7.84/7.54 ppm (plus the cross-signals at the top).  

The other direct prove was the diagonal. If the signals at 7.90 and 7.84 ppm corresponded to 

rotational isomers there should have been cross signals at 7.90/7.84 ppm and 7.84/7.90 ppm, as 

well. At least with these two facts it was clear that the distillate was a mixture. 

 
Figure 16: H,H-COSY-NMR (45°) of the distilled fraction from Scheme 51 in benzene-D6 as internal standard at 

7.16 ppm. 

Although it was a mixture, the distilled fraction of the reaction depicted in Scheme 51 was treated 

with ortho-chlorophenyllithium which was prepared according to the method of Heiss et al. 
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Precipitation with KCl offered a precipitate which could be isolated. Of course, an ESI-MS showed 

only one signal since isomers with the same molecular formula were obtained. Interestingly, even in 
11B-NMR spectroscopy the three borates 65, 114, and 125 revealed the same chemical shift of 

-9.3 ppm resulting in only one sharp peak. So there was practically no influence in the chemical shift 

of the boron nucleus if an thienyl substituent was bound via the α-, or β-position. However, in 1H- 

and 13C-NMR spectra again too many signals were detected and since no separation by 

recrystallisation of the borates was successful this mixture was oxidised with VV forming the 

bithiophene isomers 86, 12, and 30. The total coupling yield was 76% but no separation of the 

bithiophenes was done. It is noteworthy, that no coupling product bearing an ortho-chlorophenyl-

group was detected so the thienyl-thienyl-coupling was very selective independent from α- or β-

bound thienyl units. 

  
Scheme 52: Conversion of a borane mixture to the corresponding borates and their oxidation. 

In an analogous reaction pathway the other asymmetric borate 113 was also tried to be prepared. 

Synthesis of methylated borane 127 was carried out by transmetallation of dibromothien-2-ylborane 

32 and the corresponding trimethyl(5-methylthien-2-yl)silane 126 (Scheme 53). Silane 126 could be 

obtained from 2-methylthiophene which was lithiated with BuLi and quenched with TMSCl. The 

isolated yield was 88%. After the reaction of silane 126 and borane 32 a clear liquid could be 

obtained from distillation in a yield of 86%, based on the assumption of pure 127. In this borane both 

thienyl substituents were bound over α-positions. It was expected that the other asymmetric borane 

122 rearranged due to the lower stability of the β-bound thienyl groups. Unfortunately, the same 

transmetallation reaction occurred upon synthesis of 127 and a mixture of 127, 128, and 33 was 

obtained. Again in 1H- and 13C-NMR spectra a doubled dataset was observed, but the separation of 

the signal-sets in proton-NMR spectra was not as large as for borane 122. In 11B-NMR spectra only 

one signal was obtained at 49.5 ppm.  
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Scheme 53: Preparation of silane 126 as starting material for the preparation of borane 127. 

The formation of the three boranes could also be confirmed by the reaction of the distilled fraction 

with ortho-chlorophenyllithium (Scheme 54). After workup and precipitation with KCl a white solid 

could be isolated. The 11B-NMR spectrum of this solid showed only 1 sharp signal at -9.4 ppm but the 
1H- and 13C-NMR spectra showed too many signals. A HR-ESI-MS proved that this salt was a mixture 

of the borates 65, 113, and 129. At least with that result it was clear, that from the reaction in 

Scheme 53 the three boranes 127, 128, and 33 were obtained as a mixture. The mixture could not be 

separated by recrystallisation from various solvents. Oxidation of this mixture with 2 eq. of VV formed 

2,2’-bithiophene 12, 5-methyl-2,2’-bithiophene 130, and 5,5’-dimethyl-2,2’-bithiophene 27 in yields 

of 11%, 36%, and 22%, respectively. The yields were calculated by GC-FID and the peaks were 

identified by GC-MS.  

 
Scheme 54: Conversion of a borane mixture to the corresponding borates and their oxidation; * calculated by 

GC-FID.  

No product containing an ortho-chlorophenyl group was detected and this result underlines the high 

selectivity of the thienyl-thienyl-coupling. If a pure asymmetric borate such as 113 or 114 would have 

been available this method would have enabled a selective cross-coupling reaction of 

oligothiophenes. 
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III. Light-induced substituent coupling of organoborates 

In the introduction of this chapter, it was shown that the substituent coupling reaction can also be 

induced by irradiation with UV-light. The idea to apply this coupling method with the thiophene-

based borates came up by chance: when holding a TLC-spot of borate 49 under an UV-lamp the spot 

showed a strong blue fluorescence, but within seconds the fluorescence disappeared and a yellow 

spot remained. The same was observed when a NMR-sample of 49 was placed under UV-light: the 

colourless solution rapidly lost its fluorescence turning into a yellow solution. Measuring the sample 

again, the 1H-NMR spectrum showed new but clear signals. This gave the hint that a selective 

reaction occurred.  

In order to investigate this reaction, the irradiation experiment was repeated on preparative scale. A 

solution of 49 in acetone was irradiated by a mercury high pressure lamp for 70 min (Scheme 56). In 

this first attempt no oxygen was led through the solution but the solvent was not degassed. Upon 

irradiation, the solution became darker and contained a white precipitate. The solvent was 

completely removed in vacuum and after aqueous workup the residue was purified by column 

chromatography yielding one main fraction of the cross-coupling product 51 in a yield of 82%. NMR 

spectra showed a pure product but in matrix assisted LASER deposition/ionisation time-of-flight mass 

spectroscopy (MALDI-TOF-MS) small peaks of the homo-coupling product α,α’-dihexylquater-

thiophene 50 were visible. The oxidative coupling of 49 with 2 eq. of VV also yielded 51, but the yield 

was only 48-49% (Scheme 20) and homo-coupling to 50 occurred in up to 11.5%. This result showed 

that compared with the oxidative inducement the light-induced coupling of 49 did not only offer 

more selectivity towards cross-coupling, but also the yield of the homo-coupling product decreased 

drastically. The formation of biphenyl could not be detected. 

 
Scheme 55: Light induced substituent-coupling of borate 49. 

The available UV-reactor had a large volume (> 350 mL) so additionally a larger scale of 

tetrathienylborate 22 (2 g) was irradiated. Analogous to the reactions of Williams et al.,[22e] methanol 

was used as solvent in this reaction and oxygen was bubbled through the stirred solution. After an 

irradiation time of 6 h the solvent was removed in vacuum. The residue was directly poured on silica 

gel and filtered through silica gel with PE as eluent. Bithiophene 12 could be isolated in 29% yield and 

was pure by GC analysis. Compared to a yield of 89% from oxidative coupling with 2 eq. of VV 

(Scheme 14) this yield was much lower. Most probably bithiophene 12 was not stable under the 
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reaction conditions of oxygen and UV-irradiation because the solution became very dark and the 

residue was oily. 

 
Scheme 56: UV-induced coupling reaction of tetrathienylborate 22 to bithiophene 12. 

Nevertheless, those two experiments showed that coupling by irradiation also worked for thiophene-

containing borates, but in the case of half-symmetric borates homo-coupling was also not preferred 

and the conditions were too harsh for non-protected thiophenes. 
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IV. Proposed mechanism of the oxidative coupling 

From the results obtained from the various oxidation reactions of borates described in this thesis and 

literature, it was necessary to evolve a mechanism which can explain the coupling behaviour of 

different substituents of organoborates upon oxidation. 

The only mechanistic insight into the oxidative coupling method of tetraphenylborate with Ir(IV) as a 

one-electron oxidant, was a very general mechanism evolved by Abley et al.[5c] (Scheme 57). They 

assumed a twofold stepwise oxidation of the borate, firstly to its neutral radical BPh4
● (1) and 

successively to the cation BPh4
+ (2). This cation should decompose to biaryl Ph2 and the reactive 

boron species [BPh2
+] (3) which reacts to the corresponding borinic acid upon workup (4). This 

general mechanism demonstrated that the reaction requires two equivalents of oxidant, but did not 

describe the structures of BPh4
● and BPh4

+. 

 
Scheme 57: General mechanism of the oxidative substituent-coupling of tetraphenylborate. 

Hirao et al. started their studies on the oxidative ligand coupling reaction of organoborates based on 

catalytic investigation and used vanadium(V) as one-electron oxidant. Accordingly, they had more 

interest in the mechanism of the catalytic cycle which regenerates the VV species instead of the 

coupling reaction. By ESR experiments, the formation of VIV could be confirmed and this supports the 

one-electron transfer upon oxidation.[21]  

Furthermore, Hirao et al. concluded that electron-rich aryl substituents preferably couple. This 

tendency was declared on the oxidation of borates bearing four equal aryl groups (-BAr4) or three 

phenyl groups and one different aryl group (-BPh3Ar), but the only applied aryl group which was 

electron-poorer than phenyl was para-chlorophenyl. Thus, their observed tendencies were hardly 

supported and very general. 

An obvious mechanism for the C-C-coupling reaction would be a mechanism of free radicals (Scheme 

58). In this mechanism, the C-B-bond is cleaved off by oxidation resulting in the formation of a BAr3 

species and an Ar● radical. Upon a second oxidation BAr3 forms the [BAr2
+] cation and a second Ar● 

radical. The two radicals combine to the corresponding dimer Ar-Ar. Such a mechanism is reported in 

literature for the electrochemical oxidation of trialkylboranes and tetraalkylborates.[17-18] 
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Scheme 58: A presumed free-radical mechanism of the oxidative coupling reaction. 

For the chemical oxidation of phenyl-based borates, such a free radical mechanism was excluded, 

among others, by crossover experiments by Hirao et al. who oxidised a mixture of tetraphenylborate 

9 and tetra(para-methoxylphenyl)borate 15 (Scheme 5). If free radicals would occur upon oxidation 

with VV, the cross-coupled biaryl 4-methoxybiphenyl 16 would also have been formed, but it was not 

detected. In this thesis, a similar experiment was carried out using a 1 : 1 mixture of tetrathien-2-

ylborate 22 and tetra(5-methylthien-2-yl)borate 26 (Scheme 59) to exclude a free-radical mechanism 

upon the oxidation of thienyl-based organoborates. The mixture was oxidised with each 2 eq. of VV 

and after workup, the products were identified by GC-MS and the yields were calculated by GC-FID. 

Bithiophene 12 was formed from borate 22 in very high 98% yield and from borate 26 

dimethylbithiophene 27 and trimer 28 were obtained in yields of 44% and 18%, respectively. The 

possible cross-coupling product 5-methyl-2,2’-bithiophene 130 or other side-products were not 

detected. Thus, it was proven that the C-C-bond formation occured intramolecularly and the 

outcome of the reaction excluded the formation of free-radicals Ar●. However, the formation of the 

trimer cannot be explained, but such a product was only observed in the very special case of borate 

26. 

 
Scheme 59: Crossover experiment by the oxidation of a 1 : 1 mixture of the borates 22 and 26. The given yields 

are based on the corresponding borate; * calculated from GC-FID. 

Another disprove of the formation of free-radicals is the outcome of the oxidation of 

diphenyldithien-2-ylborate 36 with 2 eq. of VV. According to the CV experiments of tetraphenyl- and 

tetrathienylborates 9 and 22 the oxidation potentials of the borates are independent from the aryl 

substituents. Thus, the first oxidation of borate 36 should form phenyl (Ph) and thienyl (Th) radicals 

in a statistic ratio of 1 : 1 (Scheme 60). Upon the second oxidation phenyl and thienyl radicals can be 

obtained again, but in a ratio of 1 : 2 and 2 : 1 for the pathway shown in the left and right route, 

respectively. Recombination of the radicals would form Ph-Ph, Ph-Th, and Th-Th in a statistic ratio of 

1 : 4 : 1. However, the experiment showed the formation of the cross-coupling product Ph-Th in a 
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high selectivity of 97.5%, whereas Th-Th was only formed in 2% yield and Ph-Ph could not be 

detected. 

  
Scheme 60: Theoretic reaction pathways of the oxidation of borate 36 under an electron-density independent, 

free-radical mechanism. 

As mentioned, Hirao et al. expected a simple correlation between electron density of the 

substituents and their coupling tendency, supposing that electron-richer substituents couple 

preferred. Combining this conjecture with the disprove of a free-radical mechanism the mechanism 

of the coupling reaction might work as depicted in Scheme 61 for the example of diphenyldithien-2-

ylborate 36: two one-electron oxidations generate radical cations on two thienyl substituents 

because the highest electron-density is localised there. The radicals form a new C-C-bond under 

simultaneous heterocyclic C-B-bond cleavage leading to 2,2’-bithiophene 12 and [BPh2
+]. In the 

experiment, the absolute main product of that reaction was the cross-coupling product 

2-phenylthiophene 37. Additionally, this mechanism does not describe why the second oxidation 

should be faster than the first one according to Abley’s results because the activation energy of the 

formation of both radicals should be identical. 

 
Scheme 61: A possible mechanism for the oxidative coupling reaction. 

An influence of the counter ion on selectivity of the C-C-bond formation could also be excluded (see 

Scheme 21). A possible influence might have resulted from the attraction of the ions which could 

change the geometry and electronic properties of the borates. Therefore, the potassium cation of 36 
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was complexed by 15-crown-5 and exchanged by TBA+, respectively, prior to oxidation. In both cases, 

cross-coupling was still the main reaction and homo-coupling hardly occurred. 

Another important result was the oxidation of phenyltrithien-2-ylborate 110. With respect to 

statistics, bithiophene 12 was expected as the main product or at least in an increased yield 

compared to the oxidation of diphenyldithien-2-ylborate 36. However, bithiophene 12 could only be 

detected in traces. Cross-coupled 2-phenylthiophene 26 was identified as main product (Scheme 62, 

top). This outcome excluded any statistical influence towards the coupling tendency.  

From the oxidation of half-symmetric borates with two phenyl substituents biphenyl 10 was never 

detected. This was also surprising because the CV experiments showed that there is no difference 

between the first oxidation potentials of tetraphenylborate 9 and tetrathien-2-ylborate 22 at which 

the coupling reaction occurs. Both coupling reactions were induced at potentials of 0.41 and 0.45 V, 

respectively. From this point of view, the oxidation of diphenyldithien-2-ylborate 36 should have led 

to a mixture of bithiophene 12, 2-phenylthiophen 26, and biphenyl 10 in a statistic ratio of 1 : 4 : 1. 

From the chemical oxidation of borate 36, no biphenyl 10 was detected and the ratio of 12 : 26 was 

about 1 : 40. Consequently, there must be a difference between different substituents and the 

electrochemical oxidation cannot be compared to chemical oxidation. From that point, it was 

assumed that the first oxidation step depicted in Scheme 61 was correct because VV oxidises the 

thienyl substituent due to the highest electron density and furthermore, all oxidative coupling 

reactions of borates included at least one substituent with the highest electron density.  

Apart from that, it is contradictory that a thienyl substituent was already oxidised at 0.45 V as 

obtained from the oxidation of tetrathien-2-ylborate 22, especially since the borate substituent is an 

electron deficient group, additionally raising the first oxidation potential. Nevertheless, a direct 

oxidation of the C-B-bond is very unlikely due to the non statistic product mixtures and the exclusion 

of a free-radical mechanism. It must be concluded that the mechanisms of the coupling reaction of 

borates upon electrochemical and chemical oxidation differ and cannot be compared. Hence, the 

results of the electrochemical oxidation are not helpful for the discussion of the mechanism of the 

oxidative coupling reaction. 

Oxidation of borate 70 (Scheme 62, bottom) also mainly resulted in the cross-coupling product 

although the phenyl substituents were more electron-deficient due to substitution with chlorine. This 

result excluded a very simple correlation between electron density and coupling tendency of the 

second coupling partner. Product 71 was isolated in 72% yield and also confirmed the regioselectivity 

of this reaction, because only those carbons form the new C-C-bond which were formerly bound to 

boron and no isomers of 71 were obtained. The structure of 71 was confirmed by GC-MS and 
1H-NMR.[46] 
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Scheme 62: Oxidative substituent coupling of the borates 110 and 70. 

The selectivity of cross-coupling could only be reduced when the phenyl groups were substituted at 

the ortho-position (Scheme 63). The first example, therefore, was the ortho-tolyl substituted borate 

60 that admittedly still showed mainly cross-coupling, but the ratio of cross- to homo-coupling was 

only 3 : 2. When the methyl groups were substituted by chlorine or fluorine, giving borates 65 and 

75, respectively, the selectivity of thienyl-thienyl- vs. thienyl-phenyl-coupling raised to 95.8% and 

93.8%, respectively. Although the yield of bithiophene 12 was higher starting from the fluorinated 

borate, the total thiophene-thiophene bond formation was higher for the chlorinated borate 65, 

because the yield of quaterthiophene, which was formed by further oxidation of bithiophene 12, had 

to be taken into account. 

 
Scheme 63: Oxidation of the borates 60, 65, and 75 that showed higher tendencies towards homo-coupling. 
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The methyl groups of borate 60 can only have a steric influence since they neither have a remarkable 

+I- nor a +M-effect at all. Thus, a steric hindrance must occur which leads to an increased amount of 

homo-coupling. Concerning only steric hindrance, the ortho-chlorine and -fluorine substituents 

should lead to a lower amount of homo-coupling because their Van-der-Waals radii are smaller than 

the one of methyl.[38-39] However, the experiments showed a high selectivity of homo-coupling in the 

cases of ortho-chlorine or -fluorine substituted phenyl substituents. Both halogens have a strong -I-

effect whereas chlorine has an additional +M-effect when fluorine has not. Regarding the chlorinated 

borates 65 and 70 which bear chlorine in ortho- and para-position, respectively, both chlorine 

substituents have the same electronic inductive and mesomeric influence on the C-B-position but 

only the oxidation of the ortho-chlorophenyl bearing borate gave selective homo-coupling. Thus, the 

influence of substituents at the ortho-positions of the phenyl moieties towards the selectivity of the 

oxidation coupling reaction must be controlled by steric and electronic influences. 

From these results it is expected, that a cyclic borirane structure is formed after the first oxidation 

which already forms the new C-C-bond (Scheme 64: C’, C°, and C*). Such a structure can explain the 

following fast second oxidation (steps 3a+b+c) because the unpaired electron is oxidised to a positive 

charge. This oxidation does not disrupt an aromatic system and so the activation energy of this 

reaction step is lower than the one of the first oxidation revealing a higher reaction rate. 

From this assumption of a three-membered ring a selective formation of C’ must be benefited if R = 

H, due to the outcome of the reaction with 2-phenylthiophene as main product (Scheme 17). If R = Cl 

(or F) the formation of structure C* must be benefited due to the fact that thienyl-thienyl-coupling 

was observed in high selectivity (Scheme 30), although the unpaired electron would be better 

stabilised by the +M-effect of the chlorine if structure C° is formed. For R = methyl, cross-coupling 

occurred preferred but the ratio of cross- : homo-coupling was only 3 : 2. This means, the direction of 

the C-C-bond formation already occurs during the reaction step 2 and is controlled from the 

geometry and electronic properties of the other substituents. 
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Scheme 64: A developed mechanism of the oxidative coupling of mirror-symmetric tetraarylborates. 

It is known in literature, that halogens, especially fluorine, stabilise boron with their free electron-

pairs[33, 47] but this is only possible if the boron has a free orbital. Four-coordinated borates do not 

have empty orbitals and additionally, the distance between boron and the fluorine of an ortho-

fluorophenyl group would be too large for stabilising interactions. For interaction-distances an ortho-

trifluoromethylphenyl group would be necessary. So there are no direct stabilising effects of the halo 

groups. The formation of three-membered cyclic intermediates like C’, C°, and C* was also proposed 

as a possible mechanism under UV-coupling conditions based on tetraphenylborate.[48]  

Summing up, it could be confirmed that no free radicals are formed upon oxidation of thienyl-

containing borates and regioselectivity of the C-C-bond formation is given. It could also be confirmed, 

that one of the electron richest substituents is always involved in the coupling reaction, although CV 

experiments showed no difference between phenyl and thien-2-yl substituents. This gave a hint that 

the mechanisms of the electrochemically and chemically induced oxidative coupling reactions are 

incomparable. Concluding from the evolved mechanism for the coupling reaction by chemical 

oxidation, the C-C-bond must be built up directly after the first oxidation. Diaryldithien-2-ylborates 

undergo a selective cross-coupling of the substituents. Only if the aryl substituents were ortho-

halogenated phenyl substituents the homo-coupling of the electron-rich substituents occurred 

selectively. 
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V. Summary 

The aim of this part of the thesis was to develop a C-C-coupling method which is based on the 

coupling of the substituents of organoborates. Substituent coupling of tetraorganylborates was 

already investigated in literature but those systems were based on alkylated or phenylated borates. 

These coupling reactions were induced by chemical oxidation, electrochemical oxidation, or UV-

irradiation.  

Converting these methods to thienyl bearing borates started with the oxidation of tetrathien-2-

ylborate 22 with 2 eq. of an IrIV oxidant, what corresponds to a stoichiometric amount of oxidant. 

Unfortunately, the yield of 2,2’-bithiophene 12 was only 48% and the oxidant was also too expensive 

to be applicable. Oxidation of 22 with a catalytic amount of a VV oxidant in the presence of oxygen 

did also not give adequate and reproducibly yields of bithiophene 12. The reason was a further 

oxidation of the coupling product because the oxidant was constantly regained and was proven by 

CV experiments. Fortunately, application of a stoichiometric amount of VV led to the formation of 

corresponding bithiophenes in good yields, e.g. 89% for 2,2’-bithiophene 12. 

Surprisingly, oxidation of borate 36 bearing two phenyl and two thien-2-yl substituents selectively 

gave the cross-coupling product 2-phenylthiophene 37 instead of homo-coupling which was 

expected because the thienyl substituents had the highest electron density. Thus the coupling 

tendency of the substituents did not directly correlate with their electron density. Further 

investigation in the oxidation of borates bearing each two identical substituents showed that homo-

coupling of two thienyl substituents was disadvantaged and alkyl substituents were also not helpful 

as neutral substituents. Only ortho-halogenated phenyl substituents were not involved in the 

coupling reaction as long as the other substituents were electron richer. The best homo-coupling 

results were obtained when the borate was substituted with two ortho-chlorophenyl substituents. 

Unfortunately, asymmetric borates with three different substituents, two of them were ortho-

chlorophenyl, could not be prepared due to transmetallation reactions of the asymmetric boranes 

obtained during the synthetic pathway. 

From those results, a mechanism was developed which excludes the formation of free radicals, 

because such radicals would form side products such as isomers, adducts with solvents etc. The 

evolved mechanism was based on the formation of a three-membered cyclic structure directly after 

the first oxidation. From the formation of this cyclic structure, the selectivity of the coupling was 

already controlled by the formation of the new C-C-bond. 
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3. Conjugated macrocycles 

I. Introduction 

1. Unique properties of conjugated macrocycles 

Fully conjugated macrocyclic molecules (not only thiophene based ones) can be regarded as infinite 

conjugated polymers without the influence of any end groups. Therefore, they are very interesting 

model compounds for investigations into polymers. The theoretically infinite conjugated π-system 

offers remarkable optical and electrochemical properties.[49] Additionally, the present inner cavity 

gives the possibility of interactions as “host-guest complexes”, e.g., with fullerenes.[50] The molecules 

are shape-persistent and have a well defined structure which is helpful for self-organisation and 

opens new aspects towards applications as nanomaterials or in supramolecular chemistry.[1, 51] Those 

aspects were reviewed by Iyoda et al. in 2011.[52]  

 

2. Concepts of synthesis 

Despite the outrageous physical properties, synthesis of macrocycles is an interesting field of 

research and a preparative challenge. The most typical principle for cyclisation is high dilution and 

the reason is obvious since cyclisation is a first order reaction: its rate is only dependent from the 

compound, which forms the cycle. Formation of a dimer or higher linear oligomers is a second order 

reaction and its rate is proportional to the square of the concentration. Thus, cyclisation is benefited 

under high dilution. However, due to low concentration the reaction becomes very slow. Therefore, 

the reaction, which is used for the cyclisation, has to be in general a fast reaction. This was, for 

example, demonstrated by Henze et al., who used Sonogashira cross-coupling conditions for 

cyclisation of diyne 131 and diiodide 132 (Scheme 65). They could obtain their desired macrocycle in 

up to 28% yield for 133 if they used reactive aryliodides. No cyclisation occurred when the dibromide 

of 132 was applied.[53]  
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Scheme 65: Synthesis of macrocycle 133 by Sonogashira-cross-coupling.  

Also the number of reaction steps before the final cyclisation should be as low as possible. It would 

be ideal if a precursor is used, that only has to react once to form the desired macrocycle. But such a 

precursor has to be prepared in complex synthesis. Small precursors are easier to prepare, but the 

final cyclisation requires a multiple reaction, in which more side reactions can occur resulting in 

lower yields. One example for the influence of the number of reaction steps is the synthesis of 

macrocycle 135 which was published by Hensel et al. (Scheme 66). Using the direct precursor 134b, 

which already contains the 12 phenyl rings, the macrocycle 135 could be isolated in 85% yield, 

whereupon the half-sized 134a gave the same macrocycle in only 35% yield.[54] 

 
Scheme 66: Synthesis of macrocycle 135 by Suzuki-cross-coupling starting from different precursors.  

The cyclisation should also be performed under mild temperatures, because, compared with linear 

oligomers, cycles show lower entropy due to less conformational degrees of freedom. Under those 

mild temperatures it is necessary to have high reactivity, too. 
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In principle, the concept of high dilution works well and is applied for most cyclisation reactions, but 

with larger systems the cyclisation becomes more unlikely because the spaces between the reactive 

positions become larger. Therefore, two other aspects are also very important: flexibility and angles 

of the monomeric units which help to bring the reactive positions closer to each other and direct 

them into a cyclic structure.  

The angle of the structure is limited by the choice of ground structure, such as phenyl, pyrrolyl, 

thienyl, etc., but can also be influenced by the insertion of angular units, such as cis-/trans-metal-

centres, cis-double bonds, (partly) saturated carbocycles, etc (Figure 17). Flexibility can be reduced 

by inserting triple bonds, fused systems, complexation, etc. Those concepts will be shown with 

examples in the next topic. 

  
Figure 17: Examples for fixation of angles und reduction of flexibility.  

 

3. Overview on conjugated macrocyclic systems 

In the following, the application of the concepts of syntheses of macrocycles known in literature will 

be presented. This part does only describe general groups of conjugated macrocycles and 

additionally, gives an overview of some recently published macrocycles. 

3.1. (Dehydro-)Annulenes 

Annulenes are very special and unique conjugated macrocycles since they are not build up by smaller 

aromatic cycles but only of double and triple bonds. Due to that, they are very sensitive and not only 

the synthesis but also the handling of those materials is challenging. 

Diederich et al. published the synthesis of dehydroannulenes from which 137a and 137b are shown 

in Scheme 67.[55] The cis-configuration and rigidity of the monomer 136 was helpful for the 

cyclisation by Glaser coupling reaction giving a total cyclisation yield of 72%.  
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Scheme 67: Synthesis of dehydroannulenes, reported by Diederich et al., that are not based on aromatic 

monomers.  

3.2. Cyclo[n]pyrroles 

The structure of cyclo[n]pyrroles is similar to cyclo[n]thiophenes because the basic structure of both 

is a five membered heterocycle. Pyrroles and thiophenes differ in chemical and physical behaviour, 

thus, the synthesis of both macrocycle groups strongly differs and also the macrocycles themselves 

cannot be compared with respect to physical properties. The single pyrrole rings of oligopyrrole 

macrocycles are tilted out of planarity due to hindrance of the alkyl chains at the nitrogen. Thus, the 

electrons are not delocalised over the whole ring system. At least neutral cyclo[8]pyrrols have no 

visible colour and no ring-current effect in NMR was observed.[56] 

According to the synthetic strategy of Sessler et al., only α,α-connected cyclo[n]pyrroles could be 

obtained in high yields by electro-oxidative coupling of pyrrole oligomers under pseudo high dilution 

under the presence of iron(III) chloride and sulfuric acid (Scheme 68).[57] This method worked best 

with bipyrrole since starting with pyrrole resulted in decomposition. Utilising this type of coupling, 

oxidation of bipyrrole 138 gave the oxidised cyclo[8]pyrrole 139 in a yield of 74% which could be 

further N-alkylated to give the reduced neutral cyclo[8]pyrrole 140.[56]  

Porphyrines, phtalocyanines, and other porphyrinogenes will not be discussed here, because they 

build up their own substance class.[56, 58]  

 
Scheme 68: Preparation of a pyrrole-based, 8-membered macrocycle 139 and the reductive conversion to 140.  
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3.3. Cyclo[n]phenylenes 

Cyclo[n]phenylenes can be divided into ortho-, meta-, and para-phenylenes giving drastically 

different properties due to various conjugation influences and/or geometrical structures, but also the 

synthesis has to be developed individually. In general, the substance class of cyclo[n]phenylenes is 

the best investigated of all kinds of conjugated macrocycles. 

Only cyclo-ortho- and -meta-phenylenes (Figure 18) are rare. The most popular cyclo[n]ortho-

phenylene is triphenylene (n = 3), but this molecule can hardly be considered as a macrocyclic 

structure, because the central core is only 6-membered. Higher homologues with n = 4, 5, 6, 8 are 

known, but they form a twisted structure and therefore, there is no conjugation between the phenyl 

rings.[59] However, they still show unique properties due to their geometric arrangement, giving the 

opportunity for applications in supramolecular chemistry,[60] liquid crystals,[61] and chiral inducement 

concerning self assembling and chiral catalysts.[62] For cyclo[n]meta-phenylenes, also with n = 5 or 6, 

no complete planarization is possible due to transannular interactions of the hydrogen atoms in α-

positions.[63] Also, the connection via the meta-positions reduces the conjugation dramatically. The 

conjugation between phenyl rings of cyclo[n]meta-phenylenes with n = 8, 10 is further reduced 

because the phenyl rings are strongly twisted out of planarity.[64] From both macrocyclic groups no 

structures with n > 10 are known. 

 
Figure 18: Basic structures of only cyclo[n]ortho- and cyclo[n]meta-phenylenes.  

As already mentioned the biggest task for the synthesis of those macrocycles is the twisting induced 

by steric hindrance of adjacent groups and fixed angles. Therefore, spacers like triple bonds and 

oligophenyls were inserted to benefit from the defined angles, which are given by the ortho- and 

meta-positions. In Scheme 69, examples for the effective synthesis of ortho-phenyl macrocycles 

linked with ethynyl (142, Iyoda et al.),[65] butadiynyl (144a - 144c, Wan et al.),[66] or phenyl (147 and 

148, Fujioka et al.)[67] spacers are depicted. The macrocycles with triple bonds as spacers are flat 

systems with conjugation over the whole macrocycle, but phenyl groups as spacers can rotate and 

are forced out of planarity due to steric hindrance of the hydrogen atoms. Therefore, the conjugation 

is reduced. 
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Scheme 69: Synthesis of triangular ortho-phenylene macrocycles with different linkers.  

By molybdenum catalysed alkyne-metathesis, 150 could be synthesised by Zhang et al. in a yield of 

61% but only on the mg-scale (Scheme 70).[68] The same macrocyclic structure 152 but without alkyl 

side chains was already prepared in 1974 by H. Staab et al.,[69] but the applied coupling of the 

monomer 151 resulted in low 4.6% yield. The advantage of the meta-positions of the phenyl units is 

the 120° angle that supports cyclisation and leads to this perfect honeycomb structure. However, 

due to the meta-positions the conjugation is reduced, but the fully flat molecules are highly 

interesting concerning self aggregation. 

 
Scheme 70: Acetylene-bridged cyclo-meta-phenylenes 150 and 152 by Zhang and Staab, respectively.  

A highly efficient template synthesis for building up macrocyclic systems was realised by Höger et al. 

as shown in Scheme 71 (top). The benzene-1,3,5-tricarboxylic acid ester core of macrocycle 154 

which supported cyclisation could be removed by base-catalysed hydrolysis. Due to the template, the 
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yield of cyclisation was 90% whereupon cyclisation without the templating core resulted in only 20 - 

25% cyclisation.[70] Recently, another templated macrocyclisation was published by Myśliwiec et al., 

who prepared 156 as a kind of nanotube end-cap in a yield of 29% (Scheme 71, bottom). This yield is 

very good because the bowl formed molecule has a high strain disfavouring cyclisation.[71]  

 
Scheme 71: Cyclisation reactions by template synthesis. Top: synthesis of 154 published by Höger et al.; 

bottom: nanotubes end-cap bowl 156 by Myśliwiec et al., bpy = 2,2’-bipyridyl, grey: carbon, blue: nitrogen, 

hydrogen atoms are not shown. 

Another very important class of all-phenyl macrocycles are the cyclo[n]para-phenylenes ([n]CPP), 

which were very ambitiously investigated within the last 5 years. Since CPPs are not flat but belt-

shaped, those might be useful in the bottom-up synthesis of fullerenes or carbon nanotubes because 

they are fragments of those (Figure 19).[72]  
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Figure 19: Basic structure of cyclo[n]para-phenylenes (left) and their fragments highlighted (red) in carbon 

nanotubes (middle) and C60-fullerene (right).  

CPPs are also very interesting in terms of aromaticity since the ring strain forces the phenyl rings into 

a boat-conformation. In 2008, Jasti et al. published the synthesis of [9], [12], and [18]CPP starting the 

race for the smallest [n]CPP.[73] In 2010, Yamago et al. published a synthesis for [8]CPP,[74] before 

Jasti et al. prepared [7]CPP in 2011[75] and [6]CPP 160 in 2012 (Scheme 72).[76] In 2014, the groups of 

Jasti[77] and Yamago[78] simultaneously and independently synthesised the smallest known derivate, 

[5]CPP. The most effective method for the selective preparation of CPPs was developed by Jasti and 

Bertozzi using 2,5-cyclohexadiene building blocks to insert the necessary angle in oligomer 157 which 

enabled successful cyclisation with diboronic ester 157. After cyclisation, the cyclohexadiene groups 

of macrocycle 159 could be reduced to regain the phenyl rings. It is worth to note that this method 

cannot be transferred to the synthesis of C[n]Ts, which was tested by Bader from our group.[79] 

 
Scheme 72: Preparation of [6]CPP 160 by Jasti et al. demonstrating their invented method of using 2,5-

cyclohexadiene building blocks to introduce the essential angle for cyclisation. 

K. Itami and co-workers developed a similar method, in which the necessary cycle-directing angle 

was realised by two methoxymethyl ether (MOM) bearing cyclohexanes, which could be reduced to 

phenyl groups thermally or with NaHSO4 in m-xylene and DMSO under reflux (Scheme 73).[80] In the 

meanwhile, those strategies were successfully applied for the synthesis of substituted [n]CPPs 

summarised in a review of Tran-Van and Wegner,[81] which serve as models for the synthesis of 

nanotube fragments. 
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Scheme 73: Cyclisation method by Itami and co-workers for the selective preparation of [n]CPPs. 

3.4. Thiophene-containing macrocycles 

As a five-membered heterocycle, thiophene units can be linked over 3 possibilities with different 

angles. The α-α-connection offers a large angle of 147.5°, whereas α-β- and β-β-connections enable 

angles of 80.9° and 50.7°, respectively (Figure 20).[82] The smaller angles of α-β- and β-β-connections 

support cyclisation reactions but the conjugation between those positions is reduced. Only α-α-

connections give full conjugation over the thiophene unit. 

 

Figure 20: The α-α-, α-β- and β-β-angles within a thiophene unit. 

3.4.1. β-β-Connected oligothiophene macrocycles 

The tetramer 163 (Figure 21) is the only known oligothiophene macrocycle in which the thiophene 

units are bound over their β-positions.[83] X-ray crystal structure analysis showed that its structure is 

twisted to a boat-conformation strongly reducing the conjugation between the thiophene units. Also 

the C-C-bond length in the inner circle is much longer than a C=C-double but smaller than a C-C-bond. 

If the α-positions of 163 are linked by sulfur atoms the so called “sulflower” molecule 166 is formed 

which is totally flat.[84] Therefore, conjugation of the inner 8-membered ring is increased, but the 

C=C-bond length is still larger than the one in benzene but smaller than in thiophene.[85] Based on the 

sulflower structure also no larger macrocycles are known. 

 
Figure 21: Fully β-linked cyclo[4]thiophene 165 as starting material of the “sulflower” molecule 166.  
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3.4.2. α-β-Connected oligothiophene macrocycles 

The first synthetic problem arising from the linkage of macrocycles via the α- and β-positions of 

thiophenes is the formation of isomers. For αβ-C[4]T, already 4 isomeric structures are known. The 

isomer 167 was already synthesised in 1974 by B. Greving et al.,[86] whereupon the α-TMS protected 

isomers 168, 169, and 170 were published in 2014 by Wang et al.[87] (Figure 22). Those systems are 

not fully conjugated or planar, but the systems are useful to study the behaviour of 

cyclooctatetraene derivatives with fused aromatic systems. 

 
Figure 22: Literature known isomers of α-β-connected tetrameric oligothiophene macrocycles. 

Further thiophene-based macrocycles with mixed α- and β-connection[88] and additionally fused 

systems[89] and linkers such as ethynylene-bridges[90] are known, but will not be presented here. 

3.4.3. Fully α-conjugated thiophene macrocycles with ethylene and acetylene 

linkers  

Successful implementation of spacers like triple bonds in phenyl based macrocycles was already 

presented. The same advantages of less flexibility and reduction of interactions of adjacent aromatic 

units due to a larger distances between them could also be applied for thiophene based macrocycles. 

Spacing groups prevent disturbing interactions between sulfur and β-protons/alkyl chains, 

respectively, of adjacent thiophene units whereas the full conjugation is not interrupted. 

Additionally, the implementation of double or triple bonds to thiophene bearing systems brings 

synthetic advantages since the varieties of applicable reactions increases. 

 

Based on these principles, Iyoda and co-workers prepared series of fully conjugated macrocycles 

based on thiophenes linked by ethylene and acetylene groups. The syntheses of macrocycle 173 are 

depicted in Scheme 74. In their first publication, cyclisation was achieved by McMurry reaction of the 

tetrameric dialdehyde 171 giving the macrocycles 172a and 172b. The ZZ and EE configurations of 

172a could be separated from each other and isolated in 35% and 1% yield, respectively, whereas 

macrocycle 172 could only be obtained in traces. Resulting from the McMurry reaction those cycles 

contained ethylene bridges, which could be converted into acetylene linkers by the addition of 

bromine followed by a two-fold basic elimination of HBr yielding only acetylene-thiophene 

macrocycle 173. Same reactions were carried out with the dimeric, trimeric, and pentameric 

oligothiophene dialdehydes analogous to 171. Such macrocycles were applied in thermally sensitive 

OFETs and showed self-aggregation.[51b, 91] 
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Scheme 74: Synthesis of fully conjugated macrocycle 173 based on thiophene units linked by 

acetylene/ethylene bridging units published by Iyoda et al.  

Recently, Iyoda et al. published the synthesis of macrocycle 173 from the linear octithiophene 174 by 

an intramolecular Sonogashira cross-coupling reaction in a yield of 14%. From macrocycles 172a and 

173 single crystals were obtained from the neat macrocycles and 1 : 1 complexes of the cycles and 

C60. The XRD structures showed complexes, in which the C60 was within the cavity revealing the shape 

of the Saturn since the acetylene-thiophene macrocycle is a flat molecule.[50b] This structure was 

unique, although [n]CPPs also form complexes with C60 within the cavity, but [n]CPPs have a rather 

belt-like structure.[50a] Contrary, C60 was complexed on the edges of an oligothiophene macrocycle 

which was deposited as a mono-layer instead within the cavity.[51a] 
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4. Fully α-conjugated all-oligothiophene macrocycles C[n]T 

4.1. First access to C[n]Ts 

The first series of fully α-conjugated all-oligothiophene macrocycles C[n2]T was based on a repeating 

unit of 3,4-dibutyl-2,2’-bithiophene and macrocyles with n = 4, 6, 8, and 9 were obtained (Figure 23).  

  
Figure 23: Basic structure of the C[n2]T series. 

The macrocycle C[18]T 175d (Scheme 75) was prepared by Krömer in his Ph.D. thesis[92] and 

published in 2000.[1a] For synthesis, firstly an α,ω-diethynylquinquethiophene 176 was prepared. The 

cyclisation took place under quasi high dilution conditions using a modified Glaser coupling reaction. 

Cyclisation reaction was supported by the thiophene backbone giving an angle that brings the 

structure in a cyclic conformation. From this reaction two macrocyclic species 177a and 177b could 

be isolated. By MALDI-TOF-MS even higher homologes were detected but could not be isolated. The 

isolated yields for 177a and 177b were 8.0% and 1.8%, respectively and purification was realised by 

HPLC. Those conjugated diethynyl-oligothiophene macrocycles were also investigated by Bäuerle et 

al.[93] The transformation of the diyne-units into thiophene rings with nucleophilic sulfide was 

realised with 177a giving C[18]T 175d in 27% yield. 
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Scheme 75: Preparative route for the first synthesis of fully conjugated cyclooligothiophene C[18]T 175d 

bearing butyl side chains for solubility. 

With the same method of oxidative cyclisation, Fuhrmann prepared further macrocycles in her 

thesis.[94] Starting now with α,ω-diethynylterthiophene 178, modified Glaser and Eglinton coupling 

reactions were applied (see Scheme 76). Under Glaser conditions an isolated total yield of diyne-

macrocycles 179a-h of 6.1% was obtained. The cycles were separated by HPLC and the yields for each 

cycle were: 179a: 1.0%; 179b: 2.0%; 179c: 1.6%; 179d: 0.8%; 179e: 0.7%; 179f: < 0.1%; 179g: < 0.1%; 

179h: < 0.1%. The cycles 179f-h could only be identified by MALDI-TOF-MS.  

Using Eglington conditions for the cyclisation, the total yield increased to 8.7% but 179h could not be 

detected. Under the same Eglington conditions, the quinquethiophene 176 was cyclisised, too, giving 

an isolated overall cyclisation yield of 13.5%. Via this reaction also di- (n = 0, 3%), penta- (n = 3, 0.2%), 

and hexameric (n = 4, < 0.1%) cyclic quinquethiophenediynes were isolated and the isolation of those 

higher homologues was the main reason for the increased yield. A higher cyclisation yield of 31% and 

17.8% for the monomeric and the dimeric macrocyles, respectively, was obtained using α,ω-

diethynylundecithiophene under pseudo high dilution conditions via Eglinton coupling (not shown). 

Additionally, treatment of 179b with sulfide yielded the corresponding C[16]T 175c in moderate 8% 

yield. 
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Scheme 76: Preparation of macrocycles by Fuhrmann under different cyclisation conditions: a) CuCl/ CuCl2, 

pyridine, rt, pseudo high dilution (addition of 178 solution within 100 h), additional stirring for 148 h; b) 

Cu(OAc)2 x H2O/ CuCl, pyridine/ DCM, rt, pseudo high dilution (addition of 178 solution within 21 h), additional 

stirring for 72 h.  

A more effective cyclisation reaction based on platinum-complexes was further developed by 

Fuhrmann; also described in detail in her thesis.[94] This aproach was based on works of Sonogashira 

and Hagihara et al.,[95] in which an unprotected ethynyl group was attached to cis-PtII-dichloride 

complexes. Scheme 77 depicts the synthesis of the cyclodimeric Pt-complexes 183 - 184. Those could 

be isolated in very high yields of 91%, 96%, and 97%, respectively, because the cis-Pt-units offered an 

ideal angle of about 90° supporting cyclisation. Upon treatment of the metallacycles with 2 eq. of 

iodine (1 eq. per Pt center) in THF an oxidative induced reductive C-C-bond coupling was obtained. 

Starting from 183 the only formed product was 186 in a yield of 54%. Upon treatment of the 

quinque- and heptathiophene-bearing metallacycles 184 and 185 with I2 a mixture of different cycle 

sizes was obtained. In both reactions dimeric, trimeric, and tetrameric cycles were formed and the 

overall yields for 187a-d and 188a-d were 16% and 22%, respectively. 
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Scheme 77: Further improvements in cyclisation conditions for diethynyl-oligothiophene macrocycle syntheses 

by Gerda Fuhrmann.  

From this series of diyne-oligothiophene macrocycles only 186 and 187a were transferred into all-

thiophene macrocycles (see Scheme 78). From the reaction with sodium sulfide, C[8]T 175a could be 

isolated in 19% and C[12]T 175b in 31% yield. Transformation of 186 with sodium hydrogen sulfide 

hydrate and potassium hydroxide in DMSO at 80 °C for 4 h the low yield of C[8]T 175a could be 

increased to 36%. 
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Scheme 78: Transformation of diyne macrocycles 186 and 187a into all-thiophene macrocycles. 

Summing up, the cyclisation method based on diethynyl-oligothiophene macrocycles opened access 

to C[8]T 175a, C[12]T 175b, C[16]T 175c, and C[18]T 175d. Due to low yields for the higher 

oligomers, they could not be transferred into all-thiophene macrocycles. Also the overall yields 

starting from the linear diethynyl-oligomers were very low, although the platinum templated 

synthesis resulted in nearly quantitative cyclisation yields of the dimeric metallacycles. However, 

upon reductive elimination of the platinum centres with iodine, in the case of the quinquethiophene 

184 and septithiophene 185, the dimeric metallacycles rearranged to a mixture of different diyne-

oligothiophene macrocycles. This reduced the yield immensely and the different cycles had to be 

separated elaborately. 

4.2. Direct Pt-mediated cyclisation reaction 

In 2007, Zhang et al. published a synthetic procedure, whereby stable Pt-(II) bis(terthienyl) 

complexes 190 and 191 were synthesised from monolithiated L[3]T 189 and platinum dichloride 

complexes (L2PtCl2) and the oxidation of those complexes induced a reductive elimination of Pt 

selectively leading to the corresponding sexithiophene L[6]T 192 (Scheme 79).[96] 
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Scheme 79: Synthesis of platinum

II
-bisoligothienyl complexes for oxidative aryl-aryl-coupling.  

This synthetic strategy was further applied for the synthesis of oligothiophene macrocycles, but a 

different metallation of the starting oligothiophene had to be used because lithium organyls were 

much too reactive. Platinum chlorides also undergo transmetallation reactions with organotin 

compounds under mild conditions, so the oligothiophene monomers were inserted as their α,α’-

distannyl oligomers. 

The synthetic route (Scheme 80), which was evolved by Zhang et al., started with α,α’-dibrominated 

oligothiophenes which were dilithiated with BuLi and quenched with TMSnCl to obtain the 

corresponding α,α’-distannylated oligomers. Those distannyls could not be purified by column 

chromatography due to decomposition on silica, also with addition of base, and recrystallisation was 

also not possible. So the distannylated crude product had to contain only a low amount of 

monostannylated oligomer of less than 15% compared to the distannylated main product. Otherwise 

the cyclisation reaction could not be sufficient. For cyclisation, the distannylated oligomer was 

further treated with 1 eq. of dichloro(1,5-cyclooctadiene)platinum(II) (Pt(COD)Cl2). The reaction had 

to be carried out in refluxing DCM under high dilution of some mmol/L and after several days the 

COD-ligands were exchanged with 1,1’-bis(diphenylphosphino)ferrocene (dppf) to obtain the 

corresponding dppf-metallacycles which enhance the Pt-elimination. After exchange of the solvent 

from DCM to toluene, the metallacycles were heated to 140 °C in a sealed vessel. Thermally induced, 

Pt was eliminated under oxidative C-C-coupling giving the all-thiophene macrocycles in a mixture of 

several cycle sizes. Purification was realised by size exclusion chromatography (SEC) and 

precipitation.  

  
Scheme 80: Schematic synthetic route of the synthesis of C[n]Ts via direct Pt-mediated cyclisation. 
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Zhang applied this cyclisation procedure on oligomers L[4]T 193,[97] L[4]T 194,[98] L[5]T 195,[98] L[5]T 

196,[98] and L[7]T 197[98] (Figure 24). The α,α’-dibromide of L[4]T 193 was prepared according to 

literature[99] and the other α,α’-dibromides were prepared by bromination with NBS.[98]  

 
Figure 24: Overview of further oligomers for cyclisation which were investigated by Zhang.  

Those dibromides were dilithiated with BuLi and quenched with TMSnCl to obtain the corresponding 

distannyls[98] which were further transferred to the corresponding macrocycle series C[n4]T,[98] 

C[n4*]T,[98] C[n5]T,[2] C[n5*]T,[98] and C[n7]T.[98] The * in the code of the C[n4*]T and C[n5*]T series 

implement the presence of chiral alkyl side chains. The C[n]Ts obtained from each series and their 

yields are listed in Table 3. 

Table 3: Obtained C[n]Ts by Zhang and yields therefore in brackets. For C[20]T 198d and C[25]T 201d no yields 

were available. 

oligomer/ 
series L[4]T 193 

C[n4]T 
L[4]T 194 
C[n4*]T 

L[5]T 195 
C[n5]T 

L[5]T 196 
C[n5*]T 

L[7]T 197 
C[n7]T 

      n 

2 
C[8]T 198a  

(2%)  
C[10]T 200a 

(4%) 
C[10]T 201a 

(18%) 
C[14]T 202a 

(12.5%) 

3 
C[12]T 198b 

(20%) 
C[12]T 199a 

(25%) 
C[15]T 200b 

(25.3%) 
C[15]T 201b 

(21%) 
C[21]T 202b 

(4.6%) 

4 
C[16]T 198c 

(10%) 
C[16]T 199b 

(9%) 
C[20]T 200c 

(14.8%) 
C[20]T 201c 

(11%) 
C[28]T 202c 

(1.3%) 

5 
C[20]T 198d 

(n.a.) 
C[20]T 199c 

(5%) 
C[25]T 200d 

(8.8%) 
C[25]T 201d 

(n.a.)  

6 
  

C[30]T 200e 
(2.6%)   

7 
  

C[35]T 200f 
(1.5%)   

Cyclisation 
yield 

32% 39% 57% 50% 18.4% 
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5. Summary 

The examples of macrocycles reported in literature demonstrate, that the synthesis of such 

compounds is very challenging and for nearly every type of macrocycle an individual synthetic 

strategy has to be developed. Also the yields are normally only moderate and from most syntheses, a 

mixture of several cycle sizes is obtained. This makes the workup and purification also very 

challenging, but the unique properties of those substances and possible applications are reasons 

enough for those investigations.  

All-thiophene macrocycles were only synthesised in the group of Bäuerle and two methods have 

been developed so far. The more complex method over the synthesis of ethynyl-oligothiophene 

macrocycles is based on cyclisation reactions via Glasser-Eglington coupling or a Pt-mediated C-C-

coupling reaction. From this method C[n2]Ts with n = 4, 6, 8, and 9 were obtained by Krömer and 

Fuhrmann but the yields were low.[1, 92, 94] In a second method, cyclisation was also obtained via Pt-

mediated cyclisation reaction, but all-thiophene macrocycles were directly obtained. This method 

enabled higher yields of up to 57% cyclisation yield and a more variable choice of the size and 

structure of the starting oligomers applied for cyclisation. Zhang et al. applied this method for the 

cyclisation of quater-, quinque-, and heptathiophenes and obtained five C[n]T series with different 

cycle sizes, substitutional patterns, and alkyl side chains (Table 3). 





3. Conjugated Macrocycles 

 
89 

II. Synthesis of the C[n3]T, C[n6]T, and C[n9]T series 

1. Synthesis of oligomers L[3]T, L[6]T, and L[9]T 

The cyclisation reactions, which were investigated in this thesis, started with ter-, sexi-, and 

nonathiophenes (Figure 25) because macrocycles series of bi-, quater-, quinque-, and 

heptathiophenes were already obtained. Most of those known C[n]Ts contained solubilising n-butyl 

side chains. Also referring to the other known C[n]Ts, two side chains should be attached to one 

thiophene unit to enable more comparability, but the outer β-positions of the outer thiophene units 

of the oligomers had to be unsubstituted due to steric hindrance within the cyclisation. From those 

limitations, the simply accessible 3’,4’-dibutyl-2,2’:5’,2’’-terthiophene L[3]T 189 was chosen as the 

basic structure, from which L[6]T 192 and L[9]T 203 were also accessible. 

 

Figure 25: Oligomers 189, 192, and 203 for the cyclisation reactions of this thesis.  

The preparation of L[3]T 189 started from 3,4-dibutylthiophene[100] which was dibrominated with 

NBS according to literature.[101] The yield was reported with 93% and could be increased to a 

quantitative yield of 2,5-dibromo-3,4-dibutylthiophene 204 (Scheme 81). In the next step, dibromide 

204 was converted into dibutylterthiophene L[3]T 189 by Kumada-type cross-coupling reaction with 

the Grignard reagent of 2-bromothiophene and [1,3-

bis(diphenylphosphino)propane]dichloronickel(II) (Ni(dppp)Cl2) as catalyst. In contrast to the 

literature,[102] instead of 4 eq. only 3 eq. of the Grignard reagent were used. After workup the crude 

product was filtered over a short silica gel column and after removal of 2,2’-bithiophene by Kugelrohr 

distillation, a brownish oil was obtained which was analytically pure L[3]T 189. The discolouration 

could be removed by Kugelrohr distillation. With this method, a slightly yellow oil was obtained in 

91% yield (literature: 93%), which slowly solidified upon storing at 4 °C, but melted below 18 °C. 

 
Scheme 81: Conversion of 3,4-dibutylthiophene to terthiophene 189.  
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L[3]T 189 could be dibrominated with NBS in 98% yield (literature: 91%)[101] giving L[3]T-Br2 205 

(Scheme 82). Using 1.05 eq. of NBS at 0 °C, the monobrominated L[3]T-Br 206 could be isolated by 

flash column chromatography in 70% yield (literature yield for analogous diethyl derivative: 70%).[103] 

From that reaction the starting material 189 could be reisolated in 13% and dibromide 205 was 

obtained in 16% yield. 

 
Scheme 82: Mono- and dibromination of L[3]T 189 according to literature. 

One of the key steps of the applied cyclisation reaction was the distannylation of the oligomers. 

Distannylation of 189 was realised by a twofold LiBr-exchange on 205 with BuLi followed by 

quenching with TMSnCl (Scheme 83). The crude product obtained from aqueous workup could not 

be purified by standard procedures like chromatography or recrystallisation due to decomposition 

and non-crystallisation, respectively. Syntheses of L[3]T-Sn2 207 starting from non-brominated L[3]T 

189 were described in literature and also used without purification.[104] The yield of 207 was 

calculated from 1H-NMR analyses (Figure 26) resulting in yields of 95% distannane 207 and 5% 

monostannylated product 208. 

 
Scheme 83: Preparation of distannylated terthiophene L[3]T-Sn2 207.  

The aromatic doublets at 7.26 and 7.15 ppm corresponded to the inner and outer β-protons, 

respectively, at the thiophene units of the distannylated terthiophene. The low-field shifted signal 

was normalised to an integral of 2. The two small doublets to the left and right of the signal at 

7.15 ppm were satellite signals. A small doublet of doublet with an integral of 0.05 was observed 

around 7.05 ppm. Due to its multiplicity, this signal must have corresponded to the monostannylated 

terthiophene 208 and GC analyses excluded the presence of nonstannylated L[3]T 189, although no 

α-proton signal was observed which would be expected as a doublet of doublet at 7.30 ppm. 

Assigning from the multiplicity and chemical shift of this signal it must have corresponded to the 

outer β-proton of the nonstannylated thiophene ring. Further β-proton signals of L[3]T-Sn 208 were 



3. Conjugated Macrocycles 

 
91 

not detected due to overlapping with other signals. Also the Me3Sn-signal at 0.41 ppm showed no 

shoulder. The amount of distannylated terthiophene has high enough, so the crude product was used 

for the cyclisation reaction without further purification. The cyclisation will be described in the next 

part. 

 
Figure 26:

 1
H-NMR of crude L[3]T-Sn2 207 in CDCl3 using a small impurity of DCM as internal standard at 

5.30 ppm due to overlapping of signals with the solvent signal. Grease impurity at 1.28 pm. 

For the synthesis of L[6]T 192, bromide 206 was monolithiated by lithium-bromine exchange with 

BuLi. Subsequently, addition of CuCl2 induced an oxidative homo-coupling[105] that resulted in the 

desired L[6]T 192, which could be isolated in 72% yield (Scheme 84). The orange-red powder was 

analytically pure and the data corresponded to data reported by Huang et al., who synthesised 192 in 

78% yield from 206 in the presence of zinc, NiCl2, and PPh3.
[106] 

 
Scheme 84: Cu

II
-mediated oxidative homo-coupling of 206 giving sexithiophene 192.  

In order to dibrominate L[6]T 192, it was dissolved in a solvent mixture of DMF : chloroform (7 : 6), 

due to low solubility in DMF, and NBS was added. Upon aqueous workup the crude product was 

filtered through silica gel and L[6]T-Br2 209 (Scheme 85), which is not known in literature, could be 
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isolated with a purity of 97% (calculated by 1H-NMR) in a quantitative yield. Further purification by 

recrystallisation gave 209 as analytically pure red-orange solid but lot of material got lost. 

 
Scheme 85: Dibromination of L[6]T 192 with 2.1 eq. of NBS.  

The distannylation of L[6]T-Br2 209 (Scheme 86) was more demanding than the one of L[3]T-Br2 205. 

Lithiation with BuLi had to be carried out at -78 °C otherwise side-reactions would have occurred, but 

at the reaction temperature of -78 °C solubility became a problem since the starting material 

precipitated. After several attempts, the best result was obtained with a dibromide concentration of 

68 mmol/L and a fast addition of TMSnCl (Table 4). Under these conditions the crude product was a 

mixture of 88.5% L[6]T-Sn2 210 and 11.5% nonstannylated sexithiophene 192 (calculated from 1H-

NMR, Figure 26). This crude product was used without further purification because nonstannylated 

oligomers would not disturb the cyclisation reaction, which will be shown in the next part. First 

attempts for the synthesis of distannane 210 with lower concentrations of the educt and TMSnCl led 

to increased amounts of monostannylated sexithiophene. Thus, high concentrations were the key to 

successful distannylation. 

 

Scheme 86: Two-fold Li-Br exchange on 209 followed by treatment with TMSnCl giving 210 and 192.  

Table 4: Reaction conditions for the distannylation of 209.  

c (209) 

[mmol/L] 

BuLi addition  

[min] 

stirring  

[min] 

c (TMSnCl)  

[mmol/L] 

stirring  

[min] 
warming up 

di- : mono- 

stannylation 

15.3 30 60 166.7 30 4 h 70 : 30 

26.5 30 60 203 30 2 h 82 : 18 

68 30 60 790 10 overnight 100 : 0 

 

Due to symmetry, the four doublets in the aromatic region of the 1H-NMR spectrum of the crude 

L[6]T-Sn2 210 (Figure 27) at chemical shifts of 7.27., 7.22, 7.17, and 7.11 ppm corresponded to the 

distannylated sexithiophene. The doublets of doublets at 7.44 ppm and 7.08 ppm must have 

corresponded to the aromatic protons of L[6]T 192. This was assigned from a compared NMR 
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spectrum of pure 192 in THF-D8. The two small doublets at 7.20 and 7.14 ppm were satellites of the 

doublet at 7.17 ppm. The Me3Sn signal at 0.39 ppm confirmed the absence of a monostannylated 

species because no other signal or shoulder was observed. 

 
Figure 27:

 1
H-NMR of crude L[6]T-Sn2 210 in THF-D8 as internal standard at 3.58 and 1.73 ppm plus satellites 

and formation of peroxides, furthermore impurities of water (2.48 ppm). 

L[9]T 203 was first synthesised by a Kumada croos-reaction as reported in literature by Huang et 

al.,[106] who obtained a yield of 74.4% from the reaction of L[3]T-Br2 205 with 2 eq. of the Grignard 

reagent of L[3]T-Br 206 under the presence of Ni(dppp)Cl2 as catalyst. The reaction was prepared 

analogous to literature, but after column chromatography the desired product L[9]T 203 could only 

be isolated in 13% yield (Scheme 87). Other isolated compounds were starting material, mono-, 

homo-coupling product and approx. 10% of an undefined substance, possibly higher oligomers. The 

reaction was carried out twice, but the yield could not be improved. The crucial step of the reaction 

was the synthesis of the Grignard reagent. 
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Scheme 87: Synthesis of L[9]T 203 by a two-fold Kumada cross-coupling reaction according to literature.  

In order to get L[9]T 203 in higher yields, L[3]T-Br 206 was firstly transferred into the 

monostannylated L[3]T-Sn 208 by selective monolithiation with BuLi followed by quenching with 

trimethyltin chloride (TMSCl) (Scheme 88). After workup the crude product was analysed by 1H-NMR 

spectroscopy ascertaining that it was composed of 90 mol% 208 and 10 mol% starting material 206, 

resulting in a yield of 85%. This mixture was used without further purification since the tin organyl 

was not stable on silica gel even upon addition of 3% NEt3 as base to the eluent. The mixture could 

also not be separated by recrystallisation or column chromatography using Al2O3 as solid state. 

Synthesis and purification of the educt 206 was time-consuming, so no further attempts to improve 

the yield were investigated. 

Monolithiation was also investigated by direct deprotonation of L[3]T 189 with 1 eq. of BuLi in THF as 

reported by Schwartz et al. with a similar terthiophene bearing octyl side chains.[107] However, this 

reaction led to a mixture of starting material, mono-, di-, and tristannylated products. 

In a Stille-type cross-coupling reaction two equivalents of L[3]T-Sn 208 were reacted with L[3]T-Br2 

205 using Pd(PPh3)4 as catalyst and DMF as solvent. The homocoupled sexithiophene was already 

poor soluble in DMF, therefore the reaction was carried out at a low concentration of 3.7 mmol/L. 

After the reaction mixture was cooled to room temperature, a deep red solid precipitated. This was 

filtered off and washed with MeOH yielding already 71% of pure product L[9]T 203. The mother 

liquor was further worked up and the residue was recrystallised followed by column chromatography 

increasing the total yield to 81%. The overall yield of L[9]T 203 starting from L[3]T-Br 206 was 69% 

and therefore hardly lower than the synthesis described by Huang e al. who reported a yield of 

74.4%.[106] 
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Scheme 88: Synthesis of L[9]T 203 from monostannane 208 and dibromide 205. 

Dibromination of L[9]T 203 was realised by treatment with NBS (Scheme 89). Upon reaction, a red 

precipitate was formed which was filtered off and washed with MeOH giving 58% of deep red 

L[9]T-Br2 211. Aqueous workup of the filtrate gave a second fraction of 211. The combined fractions 

resulted in a nearly quantitative yield. Further purification was done by recrystallisation. 

 
Scheme 89: Dibromination of L[9]T 203.  

Distannylation of L[9]T-Br2 211 should have been realised analogous to the ter- and sexithiophenes 

by a twofold LiBr-exchange followed by treatment with TMSnCl (Scheme 90). In the first attempts, 

this was tried by dilithiation of the dibromide 211 followed by quenching with TMSnCl. At a reaction 

temperature of -79 °C the dibromide partly precipitated and after quenching with TMSnCl the 

reaction gave a mixture of di- : monostannylation of nearly 1 : 1 (Table 5, entry a). A second reaction 

was carried out at -100 °C but under prolonged reaction times. However, the result was even worse 

(entry b). Therefore, the dilithiation was carried out by direct deprotonation of L[9]T 203 with BuLi at 

rt (22 °C), enabling higher concentrations. After quenching with TMSnCl the obtained crude product 

consisted of 80% L[9]T-Sn2 212 and 20% starting material L[9]T 203 (calculated by 1H-NMR, Figure 

28). No L[9]T-Sn 213 was detected.  
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Scheme 90: Reaction conditions to obtain L[9]T-Sn2 212 under various conditions; a): R = Br, THF, -79 °C; b): R = 

Br, THF, -100 °C; c): R = H, THF, rt. 

Table 5: Conditions and results of distannylation of nonathiophene oligomers (Scheme 91).  

entry 
c (oligomer) 

[mmol/L] 

BuLi addition  stirring  c (Me3SnCl)  stirring  bi- : mono- 

[min] [min] [mmol/L] [min] stannylation 

a) (-78 °C) 13.2 10 60 182.4 30 53 : 47 

b) (-100 °C) 17.0 30 90 912.1 30 32 : 68 

c) (rt) 33.1 30 60 1092 10 100 : 0 

 

In the 1H-NMR spectrum the integral was normalised to 18 protons for the Me3Sn-signal at 0.39 ppm 

because the other signals overlapped with those of L[9]T 203. The absence of monostannylated 

L[9]T-Sn 213 was also confirmed by that peak because the chemical shift of its SnMe3-group would 

be 0.38 ppm which would result in a shoulder (Figure 29). The signals in the aromatic region 

confirmed that only educt 203 and product 212 were present. The signals at approx. 7.07 ppm and 

7.45 ppm corresponded to the α-protons and their adjacent β-protons of the educt, respectively. The 

doublet at 7.27 ppm corresponded to the product and was the only signal which did not overlap with 

the signals of the educt, although its integral was 2.22. This could be declared by the next signal at 

7.23 ppm which formed satellites at 7.20 ppm and, overlapping with the doublet, at 7.27 ppm 

revealing integrals of each 0.21. With the addition of those satellites, the integral of the doublet at 

7.27 ppm of 2.22 was explained. All other integrals and signals confirmed the conclusion that only 

educt and desired product were obtained. 

The crude product was used without further purification since the impurity did not disturb following 

cyclisation reaction.  
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Figure 28: 

1
H-NMR spectrum of the crude product from L[9]T-Sn2 212 synthesis (entry c) in THF-D8 as internal 

standard at 3.58 ppm and 1.73 ppm, furthermore impurity of water at 2.49 ppm. 

 
Figure 29: Me3Sn-signal of the 

1
H-NMR spectrum of the crude product from L[9]T-Sn2 212 synthesis (entry b) in 

THF-D8 as internal standard at 3.58 ppm. 

The literature known oligothiophenes L[3]T 189, L[6]T 192, and L[9]T 203 were successfully 

synthesised in overall yields of 91%, 46%, and 43%, respectively. The preparation of L[6]T 192 and 

L[9]T 203 described in literature could not be reproduced, but alternative syntheses also offered the 

ascertained oligomers in good yields. Dibromination of the three oligothiophenes was carried out 

with NBS under standard conditions in nearly quantitative yields, yielding L[3]T-Br2 205 and the 

literature unknown dibromides L[6]T-Br2 209 and L[9]T-Br2 211. Sufficient distannylation of 205 and 

209 could be obtained via twofold LiBr-exchange with BuLi and quenching with TMSnCl. From both 
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reactions the ratio of di- : monostannylation was high enough to be applied in the cyclisation 

reaction. Dilithiation of L[9]T-Br2 211 was not successful due to low solubility of the large oligomer in 

THF at the required reaction temperature. However, direct dilithiation of L[9]T 203 at room 

temperature and quenching with TMSnCl gave the desired distannylated L[9]T-Sn2 212 in a good 

yield and without the formation of monostannylated oligomer. 
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2. Cyclisation reactions of distannylated oligothiophenes 

The cyclisation reactions of this thesis were carried out with the previously described α,α’-

distannylated oligothiophenes L[3]T-Sn2 207, L[6]T-Sn2 210, and L[9]T-Sn2 212 and the Pt-mediated 

direct cyclisation method developed by Zhang et al. Since the reaction is a one-pot synthesis, no 

formed intermediates were isolated or characterised. 

2.1. Synthesis of the C[n3]T series 

For the synthesis of C[n3]Ts, cyclisation started from L[3]T-Sn2 207 at a 1.9 mmolar concentration of 

the oligomer in DCM. Pt(COD)Cl2 (1 eq.) was added to the degassed solution, which was further 

refluxed for 5 d. The reaction progress could be monitored by 1H-NMR spectroscopy examining the 

TMSn-signal. When the TMSn-signal of the starting material was no longer detectable, the reaction 

mixture was filtered through a short column of deactivated aluminium oxide to remove TMSnCl, 

insoluble oligomers, and polymers from the reaction mixture. The obtained mixture of cyclic and 

linear C[n3]T-Pt(COD)-complexes was reacted with dppf to obtain ligand exchange. The solvent and 

COD were removed in vacuum and the residual C[n3]T-Pt(dppf)-complexes mixture was suspended 

in toluene and heated to 140 °C in a sealed tube. At this temperature, a thermally induced reductive 

Pt-elimination occurred which formed the all-thiophene oligomers by intramolecular C-C-bond 

formation (Scheme 91). 

 
Scheme 91: One-pot synthesis of C[n3]Ts 214a-e starting from distannylated terthiophene 207. 
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A MALDI-TOF-MS of the residue obtained after filtration trough deactivated aluminium oxide 

revealed the formation of sexi-, nona- and dodecathiophenes (Figure 30), but it was not clear if the 

m/z-values corresponded to cyclic or linear oligomers.  

 
Figure 30: MALDI-TOF-MS of the crude C[n3]T mixture.  

Separation of each oligomer size was realised by THF-SEC (2 m long column). HR-MALDI-MS and 
1H-NMR spectra indicated that each isolated band was consistent of the cyclic and corresponding 

linear oligothiophenes of oligomers with 9 - 21 thiophene units. Those mixtures could neither be 

separated by SEC nor recrystallisation from various solvents, such as THF, toluene, DCM, chloroform, 

n-hexane, or methanol. Fortunately, they could be separated by very time consuming recycling-gel 

permeation chromatography (rec-GPC) with THF as eluent. Although THF was one of the best 

solvents for the C[n3]Ts, the solubility was still poor and therefore only a low amount could be 

loaded per injection. Figure 31 depicts the rec-GPCs for the purification of C[12]T 214b (top) and 

C[21]T 214e (bottom). Each sample contained its corresponding linear oligomer as impurity. As 

expected from SEC principles, the linear molecules eluted slightly faster than the cyclic 

oligothiophenes and the larger the oligomer the better and faster was the separation. However, full 

baseline separation was never obtained.  

12T 

12T - CH3 

6T  
9T  
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Figure 31: Rec-GPCs of C[12]T 214b/L[12]T 215 (top) and C[21]T 214e/L[21]T 216 mixtures (bottom), THF as 

eluent at 40 °C and 6 mL/min, wavelength of the detector 375 and 420 nm, respectively. 

From combined purification procedures, C[9]T 214a (11.9%), C[12]T 214b (10.4%), C[15]T 214c 

(2.3%), C[18]T 214d (0.3%), C[21]T 214e (0.3%), and the corresponding linear oligomers of every 

cycle size could be isolated in the given yields. The yields of the linear oligomers were not 

ascertained and the total yield of cyclisation was 24.8%. All macrocycles except C[15]T 214c were 

pure according to 1H-NMR spetra. The fraction of C[15]T 214c contained 3-5mol% of its 

corresponding linear oligomer, which could not be separated without loss of most material. The total 

yield was relatively low, but the solubility of those macrocycles was poor which led to losses during 

workup, particularly upon filtration through aluminium oxide. Only C[15]T 214c showed relatively 

good solubility in THF. 

Due to solubility, 1H-NMR spectra of C[n3]Ts could only be measured in THF-D8. Due to the high 

symmetry (Figure 33) only 6 proton signals were obtained. Figure 32 depicts the 1H-NMR spectrum of 

C[9]T 214a and its signals showed the same appear for all other C[n3]Ts due to the same symmetry 

repeating unit. The butyl side chains revealed two triplets for the α-CH2- and CH3-groups at 2.73 and 

non identifiable 

impurity 

L[21]T 216 C[21]T 214e 

L[12]T 215 
C[12]T 214b 
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1.0 ppm, respectively. The protons at the β- and γ-position of the side chain split up to multiplets and 

overlapped with the THF-D8 signal (1.73 ppm), its satellites (1.56 ppm), and the signals of formed 

THF-D8 peroxides. Those peroxides were formed, because the non stabilised THF-D8 solution had to 

be warmed up prior to measurement. Impurities of grease resulted from the used syringe the solvent 

was taken with. The important indicator for the successful removal of linear oligomers was the 

aromatic region. Only two doublets were obtained at 7.15 ppm and 7.02 ppm for H-3 and H-4, 

respectively, confirming the absence of linear oligomers. All 1H-NMR chemical shifts and coupling 

constants of the C[n3]T series are listed in Table 6. More detailed investigations in NMR properties 

will be discussed in the next part. 

 
Figure 32:

 1
H-NMR of C[9]T 214a in THF-D8 at 293 K. THF-D8 as internal standard at 3.58 and 1.73 ppm plus 

satellites and formation of peroxides. The integrals are normalised to one symmetry unit (see Figure 33). 

Furthermore impurities of water (2.48 ppm), n-hexane (1.29 ppm, 0.89 ppm), and grease (1.29 ppm, 0.11 ppm). 

n-hexane 

    grease 
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Figure 33: Basic structure of C[n3]Ts with labelled carbon-atoms of the symmetry repeating unit (red).  

Table 6: 
1
H-NMR data of the C[n3]T series. Chemical shifts in ppm at 293 K, in THF-D8 as internal standard at 

3.58 ppm; coupling constants and multiplicities in brackets. 

C[n3]T H-4 (d) H-3 (d) α-CH2 (t) β-CH2 (m) γ-CH2 (m) CH3 (t) 

C[9]T 214a 7.15 (3.8 Hz) 7.02 (3.8 Hz) 2.73 (8.0 Hz) 1.66 - 1.59 1.55 - 1.45 1.00 (7.2 Hz) 

C[12]T 214b 7.38 (3.8 Hz) 7.18 (3.8 Hz) 2.79 (8.2 Hz) 1.67 - 1.58 1.52 - 1.43 0.98 (7.3 Hz) 

C[15]T 214c 7.31 (3.8 Hz) 7.17 (3.8 Hz) 2.81 (8.0 Hz) 1.67 - 1.59 1.54 - 1.45 1.00 (7.3 Hz) 

C[18]T 214d 7.29 (3.8 Hz) 7.16 (3.8 Hz) 2.81 (7.8 Hz) 1.67 - 1.59 1.55 - 1.45 1.00 (7.3 Hz) 

C[21]T 214e 7.28 (3.8 Hz) 7.16 (3.8 Hz) 2.81 (8.0 Hz) 1.66 - 1.59 1.55 - 1.45 1.00 (7.2 Hz) 

 

From 1H-NMR analyses the size of the macrocycles could not be ascertained but only their purity. For 

structural prove HR-MALDI-MS was an accurate method. Table 7 lists the MS data for each 

macrocycle of the C[n3]T series. The found m/z-values for cycles 214a-d fit with the calculated ones 

in a high accuracy. For C[21]T 214e no HR-MALDI-MS but only a MALDI-MS could be obtained, but 

the calculated and found m/z-values were in accordance. It must be noted, that the found m/z-values 

of 214c-e with the highest intensities were not in accordance with the calculated 100% values. Thus, 

the corresponding calculated values were taken to calculate the accuracy Δm/m. 

Table 7: MALDI-MS data of the C[n3]T series.  

C[n3]T chem. formula calc. m/z found m/z Δm/m [ppm] 

C[9]T 214a C60H66S9 1074.265088 1074.264207 0.8 

C[12]T 214b C80H88S12  1432.353451 1432.350690 1.9 

C[15]T 214c  C100H110S15 1791.441814* 1791.443395 0.9 

C[18]T 214d C120H132S18 2149.533262* 2149.532694 0.3 

C[21]T 214e C140H154S21 2508.6* 2508.40 n.a. 

*Listed values are not the calculated 100% m/z values but those corresponding to the found 100% signal. 
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The full scale MS of C[9]T 214a (Figure 34) revealed a main signal at 1074.264207 m.u. corresponding 

to C[9]T 214a [M+]. A second peak at 537.139913 m.u. corresponded to [M2+] and the signal at 

358.094893 m.u. originated from the [M3+] trication. The other peak at 994.291334 m.u. was about 

80 m.u. smaller than the main peak of 214a. Such a peak with [M+ - 80] was also observed in MS of 

other C[n3]Ts and the isotopic pattern of it was similar to the one of the [M+] main signal. 

Fragmentation by loss of a thienyl or alkyl groups does not result in a loss of 80 m.u.. A possible 

impurity could be a linear oligothiophene with one thiophene unit less than the macrocycle. In this 

case, this meant an octithiophene with six butyl side chains C56H66S8 resulting in an accuracy of Δm/m 

= 1.7 ppm. However, such a structure could not be formed upon ionisation and must have originated 

from other sources. The amount of this impurity must have been very low since it was never 

observed in 1H-NMR spectra. Figure 35 depicts the isotopic pattern of C[9]T 214a [M+] and its 

simulation. The structure could be proven with that analysis. 

 
Figure 34: Full scale HR-MALDI-MS of C[9]T 214a. 

 
Figure 35: Normalised HR-MALDI-MS of the main signal of C[9]T 214a (blue, bottom) and calculated isotopic 

pattern for C60H66S9 (green, top). 
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The MS of C[12]T 214b showed a small impurity of L[9]T 203 at m/z = 1076.279189 m.u. (Figure 36). 

Additionally to the [M+] peak at m/z = 1432.350690 m.u., the [M2+] (716.691014 m.u.) and [M3+] 

(477.462393 m.u.) signals were visible and again a [M+ - 80] signal at m/z = 1352.378546 m.u. 

indicated the presence of a linear oligomer with one thiophene unit less. Still, this analysis and the 

isotopic pattern (Figure 37) confirmed the structure of 214b. 

 
Figure 36: Full scale HR-MALDI-MS of C[12]T 214b. 

 
Figure 37: Normalised HR-MALDI-MS of the main signal of C[12]T 214b (blue, bottom) and calculated isotopic 

pattern for C80H88S12 (green, top). 
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Figure 38 depicts the high resoluted MS of C[15]T 214c. In the full scale MS the signals of [M2+] 

(895.743414 m.u.), [M3+] (597.166980 m.u.) and [M+ - 80] (1711.471117 m.u.) were also visible. The 

isotopic pattern of the [M+] peak (Figure 39) proved the structure, but the fourth peak (1793.4604 

m.u.) showed a higher intensity than the third. This occurred because the C[15]T 214c sample 

contained a small impurity of its linear oligomer which was also visible in 1H-NMR. 

 
Figure 38: Full scale HR-MALDI-MS of C[15]T 214c. 

 
Figure 39: Normalised HR-MALDI-MS of the main signal of C[15]T 214c (blue, bottom) and calculated isotopic 

pattern for C100H110S15 (green, top). 
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The MS of C[18]T 214d (Figure 40) showed several peaks, but only the signal at m/z = 

2650.825913 m.u. corresponded to an undefined impurity. The value did not fit to any other possible 

side product of the cyclisation reaction. The signals at m/z = 2149.532694, 1074.797354, and 

716.538403 m.u. corresponded to the [M+], [M2+], and [M3+] cations, respectively. The small signals to 

the right of the main signal corresponded to [M + cation] (cation = Li+, K+, Na+). The cations originated 

from the matrix. A [M+ - 80] peak was not observed. The isotopic pattern of the main signal (Figure 

41) confirmed the structure, but the relatively large peak at 2151.5285 m.u. indicated traces of the 

linear oligomer. Since this impurity was not visible in 1H-NMR spectra its amount must have been 

very low. 

 
Figure 40: Full scale HR-MALDI-MS of C[18]T 214d. 

 
Figure 41: Normalised HR-MALDI-MS of the main signal of C[18]T 214d (blue, bottom) and calculated isotopic 

pattern for C120H132S18 (green, top). 
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Figure 42 depicts the MALDI-TOF-MS of C[21]T 214e in the full scale. The signals at m/z-values 

< 600 m.u. originated from the matrix. The isotopic pattern (Figure 43) was shifted relative to the 

calculated one. Due to the low signal intensity the signal-to-noise ratio was low and the signals at 

m/z > 2512.2 m.u. were not separated from the baseline. A HR-MALDI-MS of pure C[21]T 214e was 

not obtained, because no material was left after several analyses. The only available HR-MALDI-MS 

was measured from a mixture of the cyclic and linear oligomer before rec-GPC. The main signal was 

observed at m/z = 2509.63061 with an accuracy of only 4.0 ppm due to an overlap of the signals of 

both species.  

 
Figure 42: Full scale MALDI-TOF-MS of C[21]T 214e. 

  
Figure 43: Normalised MALDI-TOF-MS of the signal of C[21]T 214e (blue, bottom) and calculated isotopic 

pattern for C140H154S21 (green, top). 

The structures of the macrocycles could be confirmed by their mass spectra. The [M+ - 80] peaks 

were puzzling, because the corresponding L[n3-1]Ts could not be formed upon the cyclisation 
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reaction and their intensities were relatively large. Thus, they should have been detected by 1H-NMR 

analyses. A fragmentation of the macrocycle to the corresponding smaller linear oligomer was also 

not likely. So the source of these signals was not surely an impurity but remained vague. 

2.2. Synthesis of the C[n6]T series 

The cyclisation reaction of the C[n6]T series (Scheme 92) was carried out analogous to the one of the 

C[n3]T synthesis, except for the concentration was higher (2.6 mM) and the scale was doubled. 

Distannylated sexithiophene 210 was treated with Pt(COD)Cl2 to obtain cyclisation. The resulting 

C[n6]T-Pt(COD)-complexes were transferred into their corresponding dppf complexes from reaction 

with dppf in DCM. The crude mixture of C[n6]T-Pt(dppf)-complexes was heated to 140 °C in toluene 

to obtain C-C-bond formation under reductive Pt-elimination.  

 
Scheme 92: Cyclisation of sexithiophene L[6]T-Sn2 210 giving dimeric C[12]T 214b, trimeric C[18]T 214d, and 

tetrameric C[24]T 214f macrocycles. 
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The MALDI-MS of the crude product obtained after filtration through deactivated aluminium oxide 

(Figure 44) showed the formation of a 12T- and 18T-species but both m/z-values corresponded 

rather to the linear oligomers. Also a large signal for L[6]T 192 at m/z = 718.2 m.u. was observed. 

 
Figure 44: MALDI-TOF-MS of the crude product from the C[n6]T synthesis. 

Purification by SEC and rec-GPC facilitated the isolation of the reaction products. C[12]T 214b could 

be isolated in low 6.7% yield. For C[18]T 214d and C[24]T 214f yields of only 4.2% and 0.4%, 

respectively, could be obtained. This resulted in a low total yield of 11.3%. Again this was assigned to 

the low solubility that might have caused loss of material upon workup, mainly the filtration after 

thermal Pt-elimination with DCM as solvent. Here, this loss must have been even more dramatically 

because the scale of the reaction was doubled compared to the C[n3]T synthesis. Even in THF the 

solubility was not good making purification by SEC and rec-GPC very time consuming. Also the large 

peak of L[6]T 192 in the MS of the crude product (Figure 43) indicated less cyclisation. From SEC, 

another fraction with a very low retention time was obtained which might have been consistent of 

C[30]T, but for unknown reasons it could not be analysed by HR-MALDI-MS since no signal could be 

obtained. But retention time on GPC and 1H-NMR shifts at least gave a hint that it was a cyclic 

compound larger than C[24]T 214f. A 1H-NMR spectrum could only be obtained in THF-D8 at 60 °C 

and with 128 scans. The shifts in the aromatic region were nearly the same as for C[27]T 214g of the 

C[n9]T series, but this could not be formed within this reaction. C[27]T 214g could also be analysed 

by MALDI-MS and therefore this substance must have been something else. Since the amount of 

material was extremely low (< 0.1 mg), no other analysis could be done and the structure could not 

be solved. 

Due to the same symmetry repeating unit, the 1H-NMR spectrum of C[24]T 214f in THF-D8 (Figure 

45) showed the same pattern as the spectrum of C[9]T 214a (Figure 32). At 7.28 and 7.16 ppm the 

two doublets of the aromatic protons H-4 and H-3, respectively, appeared with 3J coupling constants 

of each 3.8 Hz. The α-CH2 group was shifted to 2.82 ppm and gave a broadened triplet with a 3J 

coupling constant of 8.0 Hz. The signals of the β- and γ-CH2 groups strongly overlapped with the 

solvent signals and only their multiplet area could be given with 1.65 - 1.59 ppm for the β-CH2 and 

18T 

L[6]T 

12T 
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1.55 - 1.46 ppm for the γ-CH2 signals. The triplet of the CH3-group appeared at 1.00 ppm with 3J = 

7.3 Hz. Since the solubility of the macrocycle at rt was very low, 64 scans had to be recorded to get 

an evaluable spectrum. Unfortunately, this also increased small impurities like grease from the 

syringes used and enlarged solvent signals. On the other hand, if no impurities like linear oligomers 

were visible with such a high number of scans, the substance could be considered as very pure. 

 
Figure 45: 

1
H-NMR of C[24]T 214f in THF-D8 at 293 K with 64 Scans. THF-D8 as internal standard at 3.58 and 

1.73 ppm plus satellites and formation of peroxides. The integrals were normalised to one repeating unit. 

Furthermore impurities of water (2.49 ppm) and grease (1.29 ppm, 1.16 ppm, 0.11 ppm) from syringe. 

The analytical data of C[12]T 214b and C[18]T 214d were in agreement to those of the C[n3]T 

coupling reaction. 
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Figure 46 depicts the high resolved MS of C[24]T 214f from a sample before rec-GPC purification. 

Unfortunately, the sample revealed impurities, e.g. 21T oligomers at 2151.548204 m.u., so it could 

only verify the structure of the compound. A MS of pure 214f could not be obtained due to lack of 

material. Beside the [M+] signal at m/z = 2867.712914 m.u., with an accuracy of 1.2 ppm (Figure 47), 

[M2+] (1434.368933 m.u.) and [M3+] (958.174468 m.u.) species were detected, too. Finally, the purity 

of purified samples was confirmed by 1H-NMR as mentioned before and the MS confirmed the cyclic 

structure. 

  
Figure 46: Full scale MALDI-TOF-MS of C[24]T 214f before rec-GPC purification. 

 
Figure 47: Normalised HR-MALDI-MS of the main signal of C[24]T 214f (blue, bottom) and calculated isotopic 

pattern for C160H176S24 (green, top). 
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2.3. Synthesis of the C[n9]T series 

Cyclisation of the nonathiophene L[9]T-Sn2 212 (Scheme 93) was carried out in a 0.36 mM 

concentration with Pt(COD)Cl2 in refluxing DCM. Analogous to C[n3]T and C[n6]T, the COD ligands 

were exchanged with dppf and the resulting C[n9]T-Pt(dppf)-complexes were heated to 140 °C in 

toluene to induce Pt-elimination.  

 
Scheme 93: Synthesis of C[18]T 214d and C[27]T 214g starting from distannylated nonathiophene 210. 

In the MS of the crude product (Figure 48) only an 18T species could be detected. The cyclic 

monomer C[9]T 214a could not be obtained. Defunctionalised L[9]T 203 was reisolated and verified 

by MALDI-TOF-MS but not quantified.  
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Figure 48: MALDI-TOF-MS of the crude product from the C[n9]T synthesis. 

After the same purification procedure of SEC and rec-GPC, C[18]T 214d could be isolated in 17.9% 

and C[27]T 214g in 0.6% yield, respectively. Thus, the total yield was 18.5% and the low yield was 

attributed to low solubility of the material, but even more to the large starting oligomer which 

disadvantaged cyclisation. Since only the trimeric cyclic species was obtained in an already low yield. 

A 1H-NMR spectrum of C[12]T 214g (Figure 49) could only be recorded with a high number of scans 

because of the low amount of material and its low solubility. Except for grease at 0.11 ppm and 

traces of n-hexane at 0.89 ppm and 1.29 ppm no impurities such as linear oligomers were detected, 

confirming the purity of the sample. Due to the same repeating unit the 1H-NMR spectrum of C[27]T 

214g showed the same signals as the other spectra of C[n3]Ts. The two aromatic doublets of H-4 and 

H-3 revealed chemical shifts of 7.27 and 7.16 ppm with 3J coupling constants of 3.7 and 3.8 Hz, 

respectively. From 2.84 - 2.80 ppm the α-CH2 group showed a broadened triplet but its coupling 

constant could not be calculated. Again the signals of the β-CH2-group overlapped with the solvent 

signals and could only be estimated in an area of 1.65 - 1.59 ppm whereupon the γ-CH2-group 

showed a multiplet from 1.55 - 1.46 ppm. Overlapped by the satellite peak of the solvent at 1.56 ppm 

a small shoulder was visible at around 1.55 ppm which was also expected to correspond to the γ-CH2-

group’s multiplet. The triplet of the CH3-group was shifted to 1.00 ppm with 3J = 7.3 Hz. 

 

L[9]T 203 

18T 
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Figure 49: 

1
H-NMR of C[27]T 214g in THF-D8 at 293 K with 64 Scans. THF-D8 as internal standard at 3.58 and 

1.73 ppm plus satellites (e.g. at 1.56 ppm) and formation of peroxides. The integrals were normalised to one 

repeating unit. Furthermore impurities of water (2.49 ppm), n-hexane (1.29 ppm, 0.89 ppm), and grease 

(0.11 ppm) from syringe. 

The HR-MS of C[27]T 214g (Figure 50) confirmed its structure since the main signal at m/z = 

3226.801702 m.u. corresponded to [M+] with an accuracy of 1.3 ppm (Figure 51). The multiple 

charged [M2+] and [M3+] species were also detected at m/z = 1612.883349 and 1062.548402 m.u., 

respectively. Apparently, the sample contained impurities of C[24]T 214f (m/z = 2867.703771 m.u.) 

and even C[30]T (m/z = 3584.896077 m.u.) seemed to be present. The formation of those oligomer 

sizes could not originate from the C[n9]T cyclisation reaction, so it must have been introduced from 

other sources or effects such as fragmentation, impurities from sample handling etc. Nevertheless, 
1H-NMR spectra and purification by rec-GPC could confirm the purity of the sample. 
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Figure 50: Full scale MALDI-TOF-MS of C[27]T 214g. 

 
Figure 51: Normalised HR-MALDI-MS of the main signal of C[27]T 214g (blue, bottom) and calculated isotopic 

pattern for C180H198S27 (green, top).
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III. Physical properties of C[n3]T, C[n6]T, and C[n9]T 

Due to clearness, in the following parts, the C[n3]T, C[n6]T, and C[n9]T series will be regarded as 

C[n3]T macrocycles because they are all based on the same repeating unit of L[3]T 189. 

 

1. NMR properties of C[n3]T macrocycles 

Although the high symmetry of the C[n3]T macrocycles is advantageous for the measurement of 

NMR spectra (Figure 52), the very low solubility precluded the usage of CDCl3 as solvent which was 

used for most NMR measurements of the macrocycles prepared and invented by Fuhrmann, Krömer, 

and Zhang. Fortunately, THF-D8 enabled sufficient solubility to measure NMR spectra at 292 K. The 

high symmetry also enabled the measurement of samples from which only very low quantities were 

available, e.g. 0.5 mg of C[27]T 214g. 

 
Figure 52: General structure of C[n3]T and symmetry axis showing the symmetry repeating unit (red). 

All 1H-NMR data of the whole C[n3]T series (n = 3 - 9) at 292 K and increased temperature (325 - 

330 K) are listed in Table 8 and the corresponding aromatic proton signals are depicted in Figures 53 

and 54. The chemical shifts of the aliphatic protons are hardly dependent from the cycle size, but the 

aromatic protons H-3 and H-4 are most interesting for discussion concerning NMR properties.  



III. Physical properties of C[n3]T, C[n6]T, and C[n9]T  
 

 
118 

Table 8: 
1
H-NMR data of C[n3]T series, measured in THF-D8 (internal standard). The coupling constants are 

given in brackets; the multiplicities are noted in the top line. 

C[n3]T H-4 (d) H-3 (d) α-CH2 (t) β-CH2 (m) γ-CH2 (m) CH3 (t) 

C[9]T 214aa 7.15 (3.8 Hz) 7.02 (3.8 Hz) 2.73 (8.0 Hz) 1.66 - 1.59 1.55 - 1.45 1.00 (7.2 Hz) 

C[12]T 214ba 7.38 (3.8 Hz) 7.18 (3.8 Hz) 2.79 (8.2 Hz) 1.67 - 1.58 1.52 - 1.43 0.98 (7.3 Hz) 

C[15]T 214ca 7.31 (3.8 Hz) 7.17 (3.8 Hz) 2.81 (8.0 Hz) 1.67 - 1.59 1.54 - 1.45 1.00 (7.3 Hz) 

C[18]T 214da 7.29 (3.8 Hz) 7.16 (3.8 Hz) 2.81 (7.8 Hz) 1.67 - 1.59 1.55 - 1.45 1.00 (7.3 Hz) 

C[21]T 214ea 7.28 (3.8 Hz) 7.16 (3.8 Hz) 2.81 (8.0 Hz) 1.66 - 1.59 1.55 - 1.45 1.00 (7.2 Hz) 

C[24]T 214f a 7.28 (3.8 Hz) 7.16 (3.8 Hz) 2.83 - 2.79 1.65 - 1.59 1.53 - 1.46 1.00 (7.3 Hz) 

C[27]T 214ga 7.27 (3.7 Hz) 7.16 (3.8 Hz) 2.84 - 2.80 1.65 - 1.59 1.55 - 1.46 1.00 (7.3 Hz) 

C[9]T 214ab 7.10 (broad) 2.76 (broad) 1.66 - 1.60 1.54 - 1.47 1.00 (7.3 Hz) 

C[12]T 214bb 7.32 (3.3 Hz) 7.15 (3.4 Hz) 2.79 (8.0 Hz) 1.65 - 1.59 1.50 - 1.43 0.97 (7.3 Hz) 

C[15]T 214cb 7.27 (3.7 Hz) 7.14 (3.8 Hz) 2.81 (8.0 Hz) 1.66 - 1.60 1.52 - 1.45 0.98 (7.3 Hz) 

C[18]T 214db 7.24 (3.8 Hz) 7.13 (3.8 Hz) 2.81 (8.0 Hz) 1.66 - 1.60 1.52 - 1.45 0.98 (7.3 Hz) 

C[24]T 214f b 7.24 (3.7 Hz) 7.13 (3.7 Hz) 2.82 - 2.80 1.65 - 1.61 1.52 - 1.46 0.98 (7.3 Hz) 

C[27]T 214gb 7.22 (3.7 Hz) 7.12 (3.8 Hz) 2.81 (8.0 Hz) 1.66 - 1.61 1.52 - 1.45 0.98 (7.3 Hz) 

a 
292 K, 400 MHz; 

b
 325 - 330 K, 500 MHz. 
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Figure 53: Aromatic region of 

1
H-NMR spectra of C[n3]T series in THF-D8 (internal standard) at 292 K and 

400 MHz. C[15]T 214c contained approx. 5% of its linear counterpart. 

 
Figure 54: Aromatic region of high temperature (325 - 330 K) 

1
H-NMR spectra of the C[n3]T series in THF-D8 

(internal standard) at 500 MHz. The spectrum of C[9]T 214a contained an undefined impurity at δ = 7.29 ppm. 
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Due to increased electron density of the aromatic system, a general high-field shift of the aromatic 

proton-signals with increasing ring size was observed, but C[9]T 214a, the smallest member of the 

series, was out of row and showed the lowest chemical shifts. Because of the small size, C[9]T 214a is 

a confined system with some ring strain. To diminish the ring strain the S-C-C-S-torsion angle 

becomes rather large to reduce the repulsive sulfur interactions in the macrocycle. This leads to 

torsion of the aromatic system and therefore the conjugation drops.  

Another explanation for the high-field shift might be the presence of a ring current effect resulting 

from antiaromaticity. All C[n]Ts can be seen as annulenoid or benzenoid structures (Figure 55). In the 

case of an annulenoid character, 4n π-electrons form an anti-aromatic system. Due to inflexibility, all 

aromatic protons of C[9]T 214a direct to the outside of the ring. Anti-aromaticity leads to high-field 

shifts of outer protons. For example, the outer protons of the anti-aromatic *16+ annulene (16 π-

electrons) are shifted to δ = 5.40 ppm, whereas its aromatic dianion (18 π-electrons) reveals low-field 

shifts of δ = 8.83 and 7.45 ppm for the outer protons.[108] This example demonstrates that those ring-

current effect lead to shifts of the aromatic signals in 1H-NMR but the shift of the present C[9]T 214a 

was too small to be explained by anti-aromaticity. Additionally, the chemical shifts are close to those 

of linear oligothiophenes. Thus, C[n]Ts behave in a benzenoid instead of an annulenoid matter. 

 

Figure 55: Possible conjugation of C[9]T 214a as anti-aromatic and aromatic system (red). This principle is 

representative for all C[n]Ts. 

The same trend of the shifts of the aromatic signals in 1H-NMR was observed at increased 

temperatures (Figure 54) although the signals were generally slightly low-field shifted. More 

interesting than the chemical shifts was the shape of the two doublets of C[12]T 214b which were 

strongly broadened. It was likely, that the temperature of this measurement came close to the 

covalence temperature. At this temperature, the thiophene units started to rotate influencing the 

chemical environment of the aromatic protons. For the smaller C[9]T 214a this effect was even more 

extreme because the signals disappeared and only a broad hill of the baseline was visible. However, 

integration of this signal fit with the expected number of protons. Thus, at 330 K the thermal 

movement of thiophene units became strong. Such a movement of single units within such a rigid 

structure induced a geometric rearrangement of the whole molecule changing the chemical 

environment of the protons and resulting in the disappearance of the defined aromatic 1H-NMR 
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signals. Normally a rotation of thiophene units is expected at the covalence temperature but a 

rotation of 360 ° is impossible for C[9]T 214a due to lack of space. The triplet of the α-CH2 group was 

also broadened to a single and broad peak whereas the shifts of the other aliphatic signals were not 

influenced. 

With increasing ring size within the C[n3]T series, the chemical shifts of the aromatic protons came 

close to limit values of δ = 7.26 and 7.16 ppm for the largest cycle C[27]T 214g (at 292 K). This limit 

value should correspond to the shifts of a linear polymer with the same substitution pattern. To 

prove this assumption, L[12]T 215 could be used as a model compound for the linear oligomer and 

the chemical shifts of the inner protons were δ = 7.26 and 7.13 ppm for H-1 and H-2, respectively, 

both with a coupling constant of 3J = 3.8 Hz (Figure 56). At higher temperatures, the signals of the 

macrocycles were high-field shifted with an approach to δ = 7.22 and 7.12 ppm of the aromatic 

protons. 

 

 
Figure 56: Aromatic region of the 

1
H-NMR spectrum of L[12]T 215 in THF at 292 K. 

A 13C-NMR could only be obtained from C[15]T 214c which was the best soluble macrocycle of this 

series. Even at higher temperature (50 °C) and a high number of scans (up to 12000) no signals could 

be obtained for all other macrocycles due to low solubility. So no correlation between cycle size and 

chemical shifts can be given, but the high symmetry of those compounds also resulted in a very clear 
13C-NMR spectrum with six aromatic and four aliphatic carbon-signals (Figure 57). The highest 

chemical shifts were observed for the four quaternary carbons whereas the highest shift of δ = 

141.5 ppm corresponded to C-3’ since it was bound to an aliphatic carbon. The two close signals at δ 

= 137.8 and 136.9 ppm corresponded to C-2 or C-5 because they were both within an unsubstituted 

thiophene unit and therefore most similar. So, the signal at a chemical shift of δ = 131.5 ppm must 

have originated from C-2’. The high-field shifted signals with the higher intensities at δ = 127.0 and 
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125.2 ppm corresponded to the two tertiary carbons C-3 or C-4. The aliphatic signals at δ = 33.7, 

28.8, 23.9, and 14.3 ppm correspond to the α-CH2, β-CH2, γ-CH2, and CH3 groups, respectively. 

 
Figure 57: 

13
C-NMR spectrum of C[15]T 214c in THF-D8 (internal standard at 67.6 and 25.5 ppm) at 325 K, 

125 MHz. Small impurity of grease from syringe at 1.5 ppm. 

 

2. Photo-physical properties of C[n3]T macrocycles 

The optical spectra of the C[n3]T series were recorded in the frame of this thesis. To enable a 

comparison between linear and cyclic oligothiophenes, L[n3]Ts with n = 2 - 6 were recorded under 

the same conditions.  

Studies on the photo-physical properties of C[n]Ts based on experimental data were already 

investigated by Bäuerle et al. on the C[n2]T and achiral C[n5]T series and theoretical investigations 

described the unique behaviour of C[n]Ts.[109] Due to their geometry as shape-persistent, flat π-

systems the S1 <- S0 transition is theoretically forbidden because its direction is perpendicular to the 

π-system (= z-axis). Thus, in a perfectly flat π-system, no dipole moment is present in this direction. 

Theoretical investigations also proved, that the S1 <- S0 transition energy is independent from the size 

of the macrocycle. Although, the S1 <- S0 transition is theoretically forbidden it could be observed in 

UV/vis absorption spectra of small C[n]Ts such as C[8]T 175a and C[10]T 200a as a small shoulder 

red-shifted from the main absorption band because in reality the molecules are not completely flat 

but slightly distorted. The allowed S2 <- S0 transition is degenerated because it is oriented on the x- 

and y-axes. This resulted in very high extinction coefficients of up to 196000 L/(mol*cm) for C[35]T 

200f and the energy of this transition is dependent from the size of the π-system. Analogous to linear 

oligomers, a bathochromic shift of the main absorption band was observed with increasing ring size. 

Those effects were also observed on the UV/vis absorption behaviour of the C[n3]T series in DCM. 

The spectra are depicted in Figure 58 and the optical data are summed up in Table 9. From C[12]T 

214b to C[24]T 214f the absorption maxima shifted from 411 to 445 nm which described the S2 <- S0 

transition. Around 260 nm for each macrocycle the π-π* transition of the thiophene units was visible 
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as small bands. The absorption maximum of the small C[9]T 214a was slightly red-shifted by 1 nm 

compared to the larger C[12]T 214b. This shift was very small, but concerning a blue-shift of 16 nm 

from C[12]T 214b to C[15]T 214c this shift was absolutely out of the row. This phenomenon could be 

explained by a twist of the thiophene units out of planarity due to its small size raising the HOMO 

level. This loss of planarity also enabled the S1 <- S0 transition which was clearly visible as a broad 

shoulder around 500 nm. This shoulder was also visible for C[12]T 214b but disappeared for the 

larger cycles due to overlapping with the main absorption band. The hypsochromic shift of λmax
abs of 

C[27]T 214g compared to C[24]T 214f was also out of row and might have originated from 

aggregation from solution. The main absorption bands did not show a vibronic fine structure, 

indicating high flexibility of the molecules in the ground state. Another irregularity was observed 

from the extinction coefficients. Confirming the expectations, ε0 raised from 74500 L/(mol*cm) for 

C[9]T 214a to 152500 L/(mol*cm) for C[18]T 214d, but then the extinction coefficient dropped 

dramatically. The same drop of extinction was observed for the integrated extinction ∫ε which was 

obtained by integration from the onset of the absorption bands to their minima at approx. 320 nm. 

For the extinction measurements of the large C[n3]T with n = 8 and 9, THF had to be used as solvent 

due to low solubility. An extinction coefficient of C[21]T 214e could not be obtained due to lack of 

material. Nevertheless, this drop of ε0 and the blue-shift of λmax
abs hinted to aggregation of the large 

π-systems. This was also confirmed by a red film which was observed on the glass ware used for the 

measurements of C[27]T 214g which could hardly be redissolved. Additionally, the onsets of the 

absorption spectra of C[21]T 214e and C[24]T 214f were red-shifted, indicating aggregation. An 

solvent effect concerning the ε0 values could be excluded since C[18]T 214d revealed similar ε0 values 

in DCM and THF. Another explanation for the abnormality of the large macrocycles would have been 

a strong twist in the conjugated back bone. This would have been likely because the low number of 

alkyl side chains enabled high flexibility and the twist would reduce the effective conjugation leading 

to lower extinction coefficients and a blue-shift of λmax
abs. Also the shape or position of the absorption 

curves did not change by dilution of the solution, which would be expected if formed aggregates 

redissolved. Purity of the samples was confirmed by 1H-NMR analyses and GPC.  
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Figure 58: Absorption spectra of the C[n3]T series in DCM. Intensities do not correlate to extinction coefficients 

but were normalised to 1.0 for the maximum of C[9]T 214a and in further steps of +0.2 for each larger 

macrocycle. 

Table 9: Optical properties of C[n3]Ts. The ∫ε was calculated from the local minimum at ca. 320 nm to the 

onset. Underlined emission values are the absolute maxima. 

  λmax
abs [nm] 

 
ε0 [L/( mol *cm)] 

 
∫ε [L/mol]  

 
λmax

em [nm] 

  DCM THF   DCM THF 
 

DCM THF    DCM 

C[9]T 214a 412 - 
 

74500 - 
 

3.45*108 -  
 

563/582/695 

C[12]T 214b 411 - 
 

109500 - 
 

6.07*108 -  
 

603 

C[15]T 214c 427 - 
 

116500 - 
 

7.66*108 -  
 

577/610 

C[18]T 214d 436 431 
 

152500 146200 
 

9.94*108 9.48*108  
 

572/610 

C[21]T 214e 445 - 
 

- - 
 

- -  
 

570/608 

C[24]T 214f 445 437 
 

- 119600 
 

- 8.66*108  
 

569/605 

C[27]T 214g 433 431 
 

- 75800 
 

- 6.44*108    561/600 

 

Absorption spectra of corresponding linear L[n3]Ts with n = 2 - 6 are displayed in Figure 59 and the 

data are listed in Table 10. Although the linear oligomers, except for L[18]T 218, also showed a red-

shift in λmax
abs from 412 to 441 nm with increasing oligomer length the data of oligomers with the 

same number of thiophene units could not be compared to each other. Linear and cyclic 

oligothiophenes have different geometries resulting in different eigenfunctions and eigenvalues and 

as mentioned, C[n]Ts show S2 <- S0 transition whereas L[n]Ts are excited to the S1 state. The 

S1 ← S0 

S2 ← S0 

π-π* of 

thiophene 
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extinction coefficients of L[n]Ts also raised with increasing chain length but linear oligomers had 

much lower ε0 values than C[n]Ts of the same size.  
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Figure 59: Absorption spectra of the L[n3]T series corresponding to the C[n3]T series in DCM. 

Table 10: Optical properties of the L[n3]T series in DCM. 

 
λmax

abs [nm] ε0 [L/(mol*cm)] 

L[6]T 192 412 41100 

L[9]T 203 434 63700 

L[12]T 215 441 79900 

L[15]T 217 441 96400 

L[18]T 218 438 122500 

 

Investigations showed that the absorption maxima of cyclic oligomers correspond to the absorption 

maxima of linear oligomers with half the number of thiophene units. The assumption fits well for the 

pairs 

L[6]T 192: 412 nm vs. C[12]T 214b : 411 nm 

L[9]T 203: 434 nm vs. C[18]T 214d: 436 nm 

L[12]T 215: 441 nm vs. C[24]T 214e: 445 nm. 
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A correlation between the extinction coefficients of linear and cyclic oligothiophenes is also given by 

ε0 of C[n]T equals about two times the ε0 of L[(n/2)-1]T, but only data of L[n/2]T oligomers were 

available: 

ε0 of L[6]T 192 vs. C[12]T 214b: factor 2.66 

ε0 of L[9]T 203 vs. C[18]T 214d: factor 2.39. 

A factor of approx. 2 originates from the degeneration of the energy states. Although both factors 

are much higher than 2 the tendency is still visible because C[12]T 214b should be compared to a 

L[5]T not L[6]T. Due to higher symmetry, the increase of ε0 of the even numbered macrocycles is 

larger. Further possible odd-even effects are not known or described yet since the number of known 

C[n]Ts with odd n is low. 

The fluorescence behaviour of C[n]Ts is dependent from the excitation wavelength since the S1 or S2 

state can be gained. For comparable results, the emission spectra of C[n3]T were recorded from 

excitation at λmax
abs (Figure 60). This mainly resulted in the excitation to the S2 state. Upon non-

radiative relaxation, an energy transfer S1 ← S2 occurred. Thus, the fluorescence spectra of larger 

macrocycles showed the emission from the S1 to the S0 energy state. Due to that, the emission 

maxima were slightly blue-shifted with increasing ring size because the energy level of the S1 state is 

independent from the ring size. Remarkably, this is the converse behaviour compared to linear 

oligothiophenes which showed a red-shift of λmax
em with increasing chain length.[92] For small C[n]Ts 

with n ≤ 10, the non-radiative relaxation was incomplete and S0 ← S2 transfer could also be observed 

and was reported for C[8]T 175a with additional emission bands around 450 nm.[109b] The reason for 

the slow energy transfer was the high rigidity of the small cycles. Most emission spectra (Figure 60) 

revealed a structured emission band indicating rigid systems in the excited state. This is explained by 

the formation of a quinoidal system upon excitation which tends to planarize and reduces the 

flexibility. This effect was visible for the larger cycles C[15]T 214c to C[27]T 214g. The emission 

spectra of those cycles showed a maximum emission at highest energies of 577 to 561 nm, followed 

by two red-shifted shoulders (Table 9). The second shoulders were only visible as small bands at 

approx. 680 nm.  

The fluorescence spectrum of C[12]T 214b revealed a broad emission curve with a maximum at 

603 nm but without further structuring. This indicated a flexible molecular structure even in the 

excited quinoidal state which was also observed for C[12]T 175b of the C[n2]T series. Such an effect 

was explained by a twist of the quinoidal structure which must have resulted from interactions of the 

alkyl side chains and protons in β-position because all thiophene units were in syn-conformation and 

all sulphur atoms directed into the ring.  

The emission spectrum of C[9]T 214a showed a shoulder at 563 nm, its maximum at 582.5 nm and 

another shoulder at 695 nm. This was also out of row because larger C[n3]Ts had their emission 

maximum at the highest energy. The first band of the emission spectrum of C[9]T 214a was also 

strongly blue-shifted by 40 nm compared to C[12]T 214b. The reason therefore must have been 

again the rigidity of C[9]T 214a in the ground state which could not planarize in the excited state. 
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Thus, its energy was much higher and therefore the emitted light had a higher energy. According to 

literature concerning small C[n]Ts, the third and relatively intense emission band at 695 nm could 

have corresponded to the emission of a dimer (excimer) that was formed in the excited state as it 

was also observed for C[8]T 175a and C[10]T 202a.[109b] 
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Figure 60: Emission spectra of the C[n3]T series in DCM, spectra normalised and stacked. Excitation at λmax

abs
 of 

the corresponding macrocycle. 

 

3. Electrochemistry of C[n3]T macrocycles 

C[n]Ts were known to form stable cations upon oxidation. Those stable cations can be investigated 

by electrochemistry and also spectro-electrochemical measurements are possible but very few 

results have been published yet.[2, 92, 94, 110] The reasons for the high stability are the absence of 

reactive α-positions and the expanded π-system. From a structural point of view, a radical cation is 

formed after the first oxidation which is called a “polaron” in solid state considerations (Scheme 94). 

After the second oxidation two distinct structures can be obtained. Either a second part of the 

conjugated system is oxidised to a second radical cation giving a bis(radical cation) or the radical 

cation fragment is further oxidised to a dication. In solid states, one speaks of “polaron pairs” and 

“bipolarons”, respectively. Electrochemistry can only prove the stability of oxidised species but not 

their structure. For structural information, the stable oxidised molecules must be further investigated 

by electron spin resonance (ESR) spectroscopy or spectro-electrochemistry. Such investigations 

carried out by Zhang et al. on C[10]T 200a could prove a bis(radical cationic) structure in the twofold 

oxidised state.[110] 
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Scheme 94: Schematic formation of possible oxidised structures of an oligothiophene. The size of the quinoidal 

fragment was expected. 

Basic knowledge on the electrochemistry of C[n]Ts was investigated and published by Zhang et al.[2] 

comparing C[10]T 200a and its corresponding linear oligomer. The first oxidation of cyclic 

oligothiophenes occurred at lower potentials compared with the linear oligomer because the HOMO 

of cyclic oligomers was reduced due to the syn-conformation of thiophene units.[111] Some redox 

waves of the cyclo voltammogram (CV) of C[10]T 200a revealed a splitting indicating aggregation 

processes in the oxidised states which were also confirmed by combinative spectro-electrochemical 

experiments and could be disintegrated at higher temperatures.[110] Reduction of C[n]Ts was never 

observed in the applicable potential range which was limited by the applied solvent.  

Investigations in the electrochemical behaviour of the C[n3]T series were carried out in benzonitrile 

(BN) as a polar solvent to suppress deposition of the charged species on the electrode and enabled 

higher temperatures which were necessary due to low solubility of the cycles. Tetra-n-

butylammonium hexafluorophosphate (TBAPF6) was applied as electrolyte and the working electrode 

was a Pt-disc. All potentials were referenced versus ferrocene/ferrocenium (Fc/Fc+). 

Due to very low solubility, a cyclo voltammogram of C[9]T 214a could not be analysed because the 

currents were too low. Thus, a differential pulse voltammogram (DPV) was recorded (Figure 61). The 

oxidation processes occurred at E1
Ox = 0.25 V, E2

Ox = 0.47 V, and E3
Ox = 0.93 V and were similar to 

values reported for a linear nonathiophene which was investigated by Krömer (E1
Ox = 0.27 V, E2

Ox = 

0.42 V, and E3
Ox = 0.98 V)[92] although the substitution patterns of the linear and cyclic 

nonathiophenes and the solvent were different. Due to the size, all thiophene units of C[9]T 214a 

must have been in syn-conformation which lowered the HOMO level and led to lower oxidation 

potentials. But also due to the size, sulfur-sulfur-interactions hindered a planarization which occurred 

from the quinoidal structure of the radical cation and therefore the oxidation potentials were shifted 

to higher values. The peaks of the positive and negative scans of this measurement did not fit 

perfectly and the shapes of both scans were not completely symmetric. This indicated quasi 
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reversible redox processes. Comparable to the oxidation of C[8]T 175a[94] and C[10]T 200a[2] three 

electrons were transferred during those processes, one for each redox process. 
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Figure 61: DPV of C[9]T 214a in BN, c = 1.17x10
-4

 M, 0.1 M TBAPF6, 323 K, v = 25 mVs
-1

. 

The CV of C[12]T 214b is depicted in Figure 62 which was recorded at 70 °C. The first redox wave at 

E1
Ox = 0.03 V represented the oxidation to the radical cation. The process was not fully reversible 

because the shapes of the forward and backward curves were not symmetric and the maxima were 

separated by 0.075 V. After this first wave the anodic and cathodic currents were also not parallel to 

each other indicating several undefined redox processes of aggregates. A second wave was observed 

at E2
Ox = 0.64 V which was irreversible. Hence, the aggregates of oxidised C[12]T 214b species 

coupled irreversibly and could not be reduced to the monomers because the low number of side 

chains could not prevent close distances of the ring cores of oxidised macrocycles and irreversible 

ring-connections occurred. 
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Figure 62: CV of C[12]T 214b in BN, c = 1.13x10
-4

 M, 0.1 M TBAPF6, 343 K, v = 20 mVs
-1

. 
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From the well soluble C[15]T 214c a CV with 3 reversible waves at E1
O = 0.10 V, E2

O = 0.30 V, and E3
O = 

0.86 V was obtained (Figure 63). Although the second redox process revealed a broad curve, the 

anodic and cathodic currents correlated. Between the second and third redox potential a very broad 

wave was visible, too. This huge broadening must have originated from oxidation of undefined 

aggregates. The full reversibility and high solubility were assigned to origin from a less planar 

structure of C[15]T 214c compared to the other members of the C[n3]T series. Additionally, a strong 

twist in the π-system must have been the reason for oxidation potentials higher than those of the 

next larger C[18]T 214d. Maybe this difference was also an effect of the odd number of thiophene 

units in the macrocycle. Assigning from the current intensity of the waves and comparison with other 

C[15]Ts, the redox processes I and IV described two-electron transfers and processes II and III 

corresponded to one-electron transfers, respectively. 
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Figure 63: CV of C[15]T 214c in BN, c = 1.17x10
-4

 M, 0.1 M TBAPF6, 323 K, v = 20 mVs
-1

. 

Except for the first oxidation wave, as a matter of low solubility, the currents in the CV of C[18]T 

214d were low (Figure 64). The two visible redox processes occurred at E1
O = 0.05 V and E2

O = 0.71 V. 

Because of the difference between anodic and cathodic currents, further processes must have 

occurred between both potentials. This indicated complex aggregation processes which did not form 

distinct structures. Otherwise, resolved redox waves would have been visible. Also the broad shape 

of the wave at 0.71 V originated from complex aggregation of the oxidised species. As mentioned 

before, the oxidation potentials of C[18]T 214d were lower than those of C[15]T 214c, but, as 

expected, higher than those of C[12]T 214b.  
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Figure 64: CV of C[18]T 214d in BN, c = 1.03x10
-4

 M, 0.1 M TBAPF6, 323 K, v = 20 mVs
-1

. 

CVs of the larger C[n3]Ts with n = 7, 8, 9 could not be measured due to lack of material and too low 

solubility.  

The substitution pattern chosen for the C[n]Ts in this thesis was disadvantageous for the 

electrochemical stability. The low number of butyl side chains gave two effects: firstly, the 

conjugation increased since the system could planarize resulting in lower oxidation potentials, but 

secondly, the planarization led to very complex aggregation/disaggregation processes. The reduced 

shielding of the π-system by alkyl side chains also enabled close distances between the oxidised 

species and irreversible combination led to irreversible oxidation processes. Thus, no combined 

spectro-electrochemical measurements or ESR experiments could be performed.
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IV. Summary of C[n3]Ts prepared in this thesis 

All in all, a seven-membered series of C[n3]Ts with n = 3 - 9 was obtained by Pt-mediated cyclisation 

of ter-, sexi-, and nonathiophenes. All oligothiophene macrocycles had the same basic structure of a 

3’,4’-dibutyl-2:2’;5’:2’’-terthiophene. Therefore, they were fully comparable with each other and 

their substitution pattern was not described yet. The overall yields of each cyclisation reaction were 

relatively low (C[n3]T: 25.2%, C[n6]T: 11.3%, C[n9]T: 18.5%) but this was mainly a problem of 

solubility and therefore loss of material during workup. The total yield of the C[n6]T cyclisation was 

remarkably low compared with Zhang’s obtained cyclisation yields of 57% and 18.4% yield for his 

C[n5]T and C[n7]T series, respectively. The yields from the C[n9]T series were also low because only 

the dimeric and trimeric macrocycles were obtained, but surprisingly as high as Zhang’s C[n7]T 

series. Purification was realised by SEC and very time-consuming rec-GPC. 

The purity of each macrocycle was confirmed by 1H-NMR spectroscopy which was accurate enough 

since measurements were carried out at high scan numbers. However, mass spectra often showed 

impurities of linear oligomers with one thiophene unit less than the corresponding cyclic oligomer. 

This impurity could hardly originate from the synthesis but also should not have been formed upon 

ionisation. Thus, its source was unclear and the cycles were considered as pure material except for 

C[15]T 214c which contained 3-5 mol% of its linear counterpart, calculated by 1H-NMR spectroscopy. 

The physical properties of the hole C[n3]T series were in accordance with results obtained and 

published for other oligothiophene macrocycles. 1H-NMR analyses showed an aromatic behaviour of 

benzenoid character instead of annulenoid anti-aromatics. Unfortunately, low-temperature NMR 

measurements could not be realised due to low solubility. At low temperature, prove of ring-current 

effects might have been possible.  

Photo-physical investigations revealed a dominant S2 ← S0 transition with very high extinction 

coefficients and a red-shift of the absorption maxima with increasing ring size. Whereas the 

absorption spectra showed no vibronic splitting, because in the ground state the macrocycles are 

flexible, the emission spectra were more structured since the structure in the excited state is 

quinoidal and rigid.  

Concerning NMR and UV/vis properties, the small C[9]T 214a was out of row. In 1H-NMR analysis, its 

aromatic protons showed a strong high-field shift and the absorption maximum was red-shifted 

compared to the general trend. The small size brought the sulfur atoms in close contact and 

therefore hindered planarization and raised the HOMO due to lower conjugation. Due to strong 

aggregation tendencies, the optical data, of large C[n3]Ts with n = 8 and 9 also did not fit in the 

trends of the series.  

Except for C[15]T 214c the electrochemical measurements revealed less reversible and more 

complex oxidation and aggregation processes compared with other C[n]T series. This was assumed to 

the low number of side chains which could not prevent close distances between the oxidised π-

systems undergoing strong aggregation or even dimerisation/ oligomerisation reactions. However, 

the first oxidation potential of C[9]T 214a was higher than those of other C[n3]Ts. This was in 
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accordance with C[8]T 175a which also showed a very high first oxidation potential due to its 

geometry which hindered planarization upon formation of a quinoidal structure. 

Thus, a higher number of solubilising side chains or chiral side chains would have been beneficial for 

solubility and at least the electrochemical properties would have been improved due to higher 

stability of the oxidised species. However, n-butyl side chains were chosen to enable a better 

comparison of this macrocycle series with those prepared by others, because most known 

oligothiophene macrocycles bore butyl side chains. 

Nevertheless, new and unique C[n]Ts were synthesised and their special properties will be compared 

with other C[n]Ts prepared by others. 
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V. Structure-property relationships of C[n]Ts 

C[n]Ts are regarded as model compounds for infinite polymers, but due to their physical properties 

they also build up an unique substance class with outstanding behaviours. Several series of 

macrocyclic oligothiophenes can be defined and compared with respect to their physical properties, 

whereby most series have not been published yet. In the following, influence of increasing ring size 

within each series will be analysed by 1H-NMR, optical spectroscopy and electrochemistry but also 

macrocycles from different series with the same or similar size will be compared giving further 

insights into structure-property relationships. Their properties should not only be influenced by the 

size of the macrocycle but also from the number of solubilising alkyl side chains. The type of alkyl 

chain induced might also affect the behaviour of the cycles whether it is a linear or a branched side 

chain. The different C[n]T series are introduced in Table 11. 

Table 11: Overview of macrocyclic series. 

Series Sizes obtained Alkyl side chains 

C[n2]T n = 4, 6, 8, 9 n-butyl 

C[n3]T n = 3, 4, 5, 6, 7, 8, 9 n-butyl 

C[n4]T n = 2, 3, 4, 5 n-dodecyl 

C[n4*]T n = 3, 4, 5 (S)-2-methyl-buthyl 

C[n5]T n = 2, 3, 4, 5, 6, 7 n-butyl 

C[n5*]T n = 2, 3, 4, 5 (S)-2-methyl-buthyl 

C[n7]T n = 2, 3, 4 n-butyl 

 

Due to the same repeating unit, the three macrocycle series of this thesis will be summarized as the 

C[n3]T series which includes the macrocycles of the C[n6]T and C[n9]T series. 
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1. 1H-NMR analyses of C[n]Ts 

The 1H-NMR data of all C[n]Ts which have been recorded and analysed by Krömer, Fuhrmann, Zhang, 

and within this thesis will be summarised here. Only the C[n2]T series of Krömer and Fuhrmann[1, 92, 

94] and the C[n5]T series of Zhang[2] have been published yet. The C[n4]T, C[n4*]T, C[n5*]T, and 

C[n7]T series have been prepared and analysed by Zhang[98] and the data were collected for this 

thesis. 

The first all-thiophene macrocycles C[n2]T prepared by Krömer and Fuhrmann showed the highest 

symmetry concerning NMR spectroscopy. The repeating unit consists of two half thiophene units as 

highlighted in Figure 65. This symmetry resulted in a singlet for the aromatic proton H-3. The butyl 

side chains were also symmetric giving only one data set. The α-CH2 group revealed a triplet, the β-

CH2 should have given two triplets, but they overlapped to a multiplet appearing like a quintet 

whereupon the γ-CH2 group appeared like a sextet although it was an overlapping triplet and quartet. 

As expected, the CH3-group was visible as a triplet.  

 
Figure 65: General structure of C[n2]T and axis intersecting the repeating unit (red). 

The chemical shifts of the aliphatic protons (Table 12) of the C[n2]T series were hardly influenced by 

the cycle size. Only the α-CH2-groups were slightly low-field shifted with increasing ring size from 

C[12]T 175b to C[18]T 175d. This could be explained by a higher electron density within the 

thiophene units with increasing ring size. On going from C[8]T 175a to C[12]T 175b the singlets of the 

aromatic signal showed a low field shift of 0.19 ppm which was much higher than the low-field shifts 

from C[12]T 175b to C[16]T 175c (Δδ = 0.03 ppm) or C[16]T 175c to C[18]T 175d (Δδ = 0.01 ppm). 

Due to the size, C[8]T 175a is a confined system with some ring strain. To diminish the ring strain the 

S-C-C-S-torsion angle becomes rather large to reduce the repulsive sulfur interactions in the 

macrocycle. This leads to torsion of the aromatic system and therefore the conjugation drops. This 

explains why the chemical shift of the aromatic proton of C[8]T 175a deviated so much. 
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Table 12: 
1
H-NMR data of C[n2]T series, measured in CDCl3; data analysed by Fuhrmann. The coupling 

constants are given in brackets; the multiplicities are noted in the top line.. 

C[n2]T H-3 (s) α-CH2 (t) β-CH2 (m) γ-CH2 (m) CH3 (t) 

C[8]T 175aa 6.87 2.61 (8.1 Hz) 1.53 1.47 0.97 (7.3 Hz) 

C[12]T 175bb 7.06 2.70 (8.0 Hz) 1.42 0.95 (7.3 Hz) 

C[16]T 175bb 7.09 2.69 (7.9 Hz) 1.45 0.95 (7.3 Hz) 

C[18]T 175bb 7.10 2.75 (7.9 Hz) 1.54 1.47 0.99 (7.3 Hz) 

a
 500 MHz, 306 K; 

b
 400 MHz, 294 K. 

The 1H-NMR data of the C[n3]T series (Figure 66) have already been described in detailed and are 

listed here again for a better overview (Table 13).  

 
Figure 66: General structure of C[n3]T and symmetry axis showing the symmetry repeating unit (red). 

The most important feature of this series concerning 1H-NMR data was the high-field shift of C[9]T 

214a compared with C[12]T 214b whereby the other cycles showed a high-field shift with increasing 

ring size. This special feature of C[9]T 214a was also assigned to its size as for C[8]T 175d. 
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Table 13: 
1
H-NMR data of C[n3]T series, measured in THF-D8 (internal standard) at 292 K. The coupling 

constants are given in brackets; the multiplicities are noted in the top line. 

C[n3]T H-4 (d) H-3 (d) α-CH2 (t) β-CH2 (m) γ-CH2 (m) CH3 (t) 

C[9]T 214a 7.15 (3.8 Hz) 7.02 (3.8 Hz) 2.73 (8.0 Hz) 1.66 - 1.59 1.55 - 1.45 1.00 (7.2 Hz) 

C[12]T 214b 7.38 (3.8 Hz) 7.18 (3.8 Hz) 2.79 (8.2 Hz) 1.67 - 1.58 1.52 - 1.43 0.98 (7.3 Hz) 

C[15]T 214c 7.31 (3.8 Hz) 7.17 (3.8 Hz) 2.81 (8.0 Hz) 1.67 - 1.59 1.54 - 1.45 1.00 (7.3 Hz) 

C[18]T 214d 7.29 (3.8 Hz) 7.16 (3.8 Hz) 2.81 (7.8 Hz) 1.67 - 1.59 1.55 - 1.45 1.00 (7.3 Hz) 

C[21]T 214e 7.28 (3.8 Hz) 7.16 (3.8 Hz) 2.81 (8.0 Hz) 1.66 - 1.59 1.55 - 1.45 1.00 (7.2 Hz) 

C[24]T 214f 7.28 (3.8 Hz) 7.16 (3.8 Hz) 2.83 - 2.79 1.65 - 1.59 1.53 - 1.46 1.00 (7.3 Hz) 

C[27]T 214g 7.27 (3.7 Hz) 7.16 (3.8 Hz) 2.84 - 2.80 1.65 - 1.59 1.55 - 1.46 1.00 (7.3 Hz) 

 

The symmetry repeating unit of the C[n4]T and C[n4*]T macrocycles was independent from the 

nature of alkyl side chains (Figure 67) and resulted in the formation of three aromatic signals. H-4’ 

appeared as a singlet whereas H-3 and H-4 split to doublets.  

 
Figure 67: General structure of C[n4]T and C[n4*]T and axis intersecting the repeating unit (red). 

The data of the chemical shifts of the aromatic protons are listed in Table 14. The shifts of the alkyl 

side chains are excluded because they were hardly influenced from the cycle size and not well 

resolved. For C[8]T 198a no NMR data were available. 

The H-4’ proton revealed a singlet and showed a high-field shift with increasing ring size independent 

from the alkyl side chain. The same trend was obtained for the doublets of H-3 and H-4. With 

increasing ring size, the shifts of the low-field shifted doublets were larger but independent from the 

alkyl side chain (Figures 68 and 69). Concerning this, the doublet must have originated from proton 

H-4 because H-3 directs to the side chain of the adjacent thiophene unit and therefore must have 

been influenced by the alkyl side chain, although this dependence was small. 
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Table 14: 
1
H-NMR data of C[n4]T and C[n4*]T series with different alkyl side chains, measured in THF-D8 

(internal standard) at 292 K, 400 MHz. The coupling constants are given in brackets; the multiplicities are noted 

in the top line. 

C[n4]T H-4 (d) H-4’ (s) H-3 (d) 

C[12]T 198b 7.36 (3.8 Hz) 7.29 7.14 (3.9 Hz) 

C[16]T 198c 7.31 (3.7 Hz) 7.24 7.14 (3.9 Hz) 

C[n4*]T 
   

C[12]T 199a 7.36 (3.8 Hz) 7.27 7.17 (3.8 Hz) 

C[16]T 199b 7.31 (3.8 Hz) 7.21 7.16 (3.8 Hz) 

C[20]T 199c 7.28 (3.8 Hz) 7.20 7.16 (4.0 Hz) 

 

 

Figure 68: Aromatic region of the 
1
H-NMR spectra of the dodecyl C[n4]T series in THF-D8 (internal standard), at 

295 K, 400 MHz. Both samples contained impurities of their corresponding linear oligomer. 

 

Figure 69: Aromatic region of the 
1
H-NMR spectra of the chiral C[n4*]T series in THF-D8 (internal standard), at 

295 K, 400 MHz. C[20]T 199c (top) contained impurities of the corresponding linear oligomer. 
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Although the basic structure of the C[n5]T and C[n5*]T series differed from the C[n4]T series, the 

same signal pattern for the aromatic protons was expected from the repeating unit (Figure 70): a 

singlet for H-3’’ and doublets for H-3 and H-4. 

 
Figure 70: General structure of C[n5]T and C[n5*]T and axis intersecting the repeating unit (red). 

The NMR data of the C[n5]T series were already published by Zhang et al.[2] and are summarised in 

Table 15. The assignments of the signals to the corresponding protons were taken from literature. 

From cycle C[15]T 200b to C[35]T 200f, the data showed nearly no influence of the ring size towards 

the chemical shifts of the H-3’’ singlets and also the H-3 proton’s doublets were hardly shifted, also 

independent from the solvent. Only the H-4 protons revealed a high-field shift with increasing ring 

size from C[15]T 200b to C[35]T 200f. However, the aromatic signals of the smallest macrocycle of 

this series C[10]T 200a were high-field shifted. The reason therefore was the same as for C[8]T 175a 

and C[9]T 214a: the reduced conjugation resulting from torsion due to the small size and close S-S-

distances. Due to solubility, a proton NMR of C[10]T 200a could only be obtained in C2D2Cl4. 
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Table 15: 
1
H-NMR data of achiral C[n5]T series (R = n-butyl) at 292 K in CDCl3 or C2D2Cl4. The coupling constants 

are given in brackets; the multiplicities are noted in the top line. 

C[n5]T H-4 (d) H-3’’ (s) H-3 (d) α-CH2 (m) 
β-CH2 + 

γ-CH2 (m) 
CH3 (t) CH3' (t) 

C[15]T 200b
a
 7.17 (3.6 Hz) 7.09 7.05 (3.5 Hz) 2.75 - 2.70 1.61 - 1.42 0.97 (7.2 Hz) 

C[20]T 200c
a
 7.15 (3.6 Hz) 7.08 7.05 (3.6 Hz) 2.76 - 2.71 1.61 - 1.42 0.97 (7.2 Hz) 0.96 (7.2 Hz) 

C[25]T 200d
a
 7.14 (3.6 Hz) 7.08 7.05 (4.0 Hz) 2.75 - 2.71 1.62 - 1.40 0.97 (7.2 Hz) 0.96 (7.2 Hz) 

C[30]T 200e
a
 7.14 (3.6 Hz) 7.09 7.05 (4.0 Hz) 2.76 - 2.72 1.62 - 1.42 0.97 (7.2 Hz) 0.96 (7.2 Hz) 

C[35]T 200f
a
 7.14 (3.6 Hz) 7.09 7.05 (3.6 Hz) 2.77 - 2.70 1.62 - 1.42 0.98 (7.2 Hz) 0.97 (7.2 Hz) 

C[10]T 200a
b
 7.22 (3.8 Hz) 7.09 7.05 (3.9 Hz) 2.76 - 2.70 1.67 - 1.50 1.04 (7.1 Hz) 1.04 (7.1 Hz) 

C[15]T 200b
b
 7.26 (3.8 Hz) 7.16 7.12 (3.8 Hz) 2.81 - 2.75 1.68 - 1.48 1.04 (7.2 Hz) 1.03 (7.3 Hz) 

C[20]T 200c
b
 7.23 (3.8 Hz) 7.16 7.12 (3.8 Hz) 2.78 (br) 1.69 - 1.48 1.03 (7.1 Hz) 1.02 (7.1 Hz) 

C[25]T 200d
b
 7.22 (3.8 Hz) 7.16 7.12 (3.8 Hz) 2.78 (br) 1.69 - 1.48 1.03 (7.1 Hz) 1.02 (7.1 Hz) 

C[30]T 200e
b
 7.22 (3.7 Hz) 7.16 7.12 (3.8 Hz) 2.78 (br) 1.70 - 1.48 1.03 (7.1 Hz) 1.02 (7.1 Hz) 

a
 in CDCl3, 

b
 in C2D2Cl4. 

The 1H-NMR data of the C[n5*]T series with the chiral side chains (Table 16 and Figure 71) revealed 

the same trend of high-field shifted signals of C[10]T 201a compared with the larger C[15]T 201b and 

a general high-field shift with increasing ring size, starting from C[15]T 201b. The assignment of the 

signals was analogous to those of the achiral C[n5]T series. Comparison between the achiral and 

chiral macrocycles of the same size is not possible because different solvents were used. However, 

the high-field shift of C[10]T 201a compared with the next larger cycle was not as large as for C[10]T 

200a which might have been an effect of the solvent, but also could have resulted from the chiral 

side chains, which reduced the planarity of the whole C[n5*]T series due to interactions in the β-

positions and resulted in a principal high-field shift of the whole series. 

Table 16: 
1
H-NMR data of C[n5*]T series (R = (S)-2-methylbutyl) at 292 K in THF-D8, only aromatic signals are 

listed. The coupling constants are given in brackets; the multiplicities are noted in the top line. 

C[n5*]T H-4 (d) H-3’’ (s) H-3 (d) 

C[10]T 201a 7.28 (3.8 Hz) 7.21 7.17 (3.8 Hz) 

C[15]T 201b 7.29 (3.8 Hz) 7.21 7.19 (3.8 Hz) 

C[20]T 201c 7.26 (3.8 Hz) 7.20 7.17 (3.8 Hz) 

C[25]T 201d* 7.24 7.20 7.17 

* No pure spectrum available, J not computable. 
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Figure 71: Aromatic region of the 

1
H-NMR spectra of the C[n5*]T series (R = (S)-2-methylbutyl) with n = 2, 3, 4, 

5 (bottom to top). Measured in THF-D8 at 292 K and 400 MHz. The sample of the top spectrum contained the 

corresponding linear oligomer as an impurity. 

According to its symmetry shown in Figure 72, the 1H-NMR spectra of the C[n7]T series should 

theoretically reveal 4 doublets in the aromatic region and 3 data-sets for the alkyl side chains of each 

4 aliphatic signals. However, the signals of the side chains would overlap to non-resolved multiplets. 
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Figure 72: General structure of C[n7]T and axis intersecting the repeating unit (red). 

As expected each CH2- and CH3-group of the alkyl side chains overlapped to undefined multiplets 

(Table 17). Only the CH3-triplet of C[14]T 202a could be identified as such with a typical coupling 

constant of 3J = 7.2 Hz, but all three triplets overlapped to one signal. In contrast to the expectation, 

only 2 doublets and a singlet were obtained in the aromatic region (Figure 73). The integral of the 

singlet was twice of each doublet and this led to the conclusion that the protons H-3’’ and H-4’’ had 

nearly the same chemical environment resulting in the formation of that broadened singlet which 

revealed a little high-field shifted shoulder. The typical high-field shift of the aromatic signals with 

increasing ring size was in this case only true for C[14]T 202a to C[21]T 202b but very low although 

the cycles strongly differed in size. For C[28]T 202c only the first signal at the highest ppm value 

(corresponding to H-4) was further high-field shifted, but the singlet and the second doublet were 

both low-field shifted. It is not clear if this finding was a real effect of the chemical environment or if 

it resulted from other properties of this macrocycle because the concentration of the sample was 

very low. Due to lack of pure material the depicted spectrum had to be measured with 128 scans, but 

still the signal-to-noise ratio was not good. Maybe aggregation or solvent effects led to that shift. For 

C[28]T 202c this signal split into at least three signals and integration of only the large signal did not 

correspond to 2 protons (if the doublets were each normalised to 1). If the shoulder was also 

integrated the integral fit. The symmetry of this series was also lower than the other series since the 

repeating unit (Figure 72) included 3.5 thiophene units. With increasing cycle size some thiophene 

units rotated to a trans-conformation which could be confirmed by X-ray diffraction analyses from 

single crystals of C[14]T 202a.[98] Although XRD represents solid states, a rotation of thiophene units 

must also be expected in solution. With this specific substitution pattern, for C[28]T 202c one 

structure with several trans-configurations might have dominated which implicated these 

unexpected chemical shifts and pattern of the H-3’’ and H-4’’ protons. 
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Table 17: 
1
H-NMR data of the C[n7]T series in CDCl3 (internal standard) at 300 K and 400 MHz. 

C[n7]T H-4 (d) 
H-3’’ + 

H-4’’ (s) 
H-3 (d) α-CH2 (m) β-CH2 (m) γ-CH2 (m) CH3 (t) 

C[14]T 202a 7.18 (3.5 Hz) 7.10 7.07 (3.8 Hz) 2.74 - 2.71 1.64 - 1.56 1.52 - 1.42 0.97 (7.2 Hz) 

C[21]T 202b 7.16 (3.8 Hz) 7.10 7.06 (3.8 Hz) 2.76 - 2.72 1.60 - 1.55 1.52 - 1.43 0.99 - 0.95 

C[28]T 202c 7.15 (3.8 Hz) 7.11 7.08 (3.8 Hz) 2.76 - 2.72 1.60 - 1.55 1.52 - 1.43 0.99 - 0.95 

 

 
Figure 73: Aromatic region of C[n7]Ts with n = 2, 3, 4; measured in CDCl3 (internal standard at 7.26 ppm) at 

300 K, 400 MHz. 

Comparisons between distinct macrocycle series and therefore an influence of different substitution 

patterns towards chemical shifts in 1H-NMR analyses are difficult because the repeating unit of each 

series differs. With respect to symmetry some partial units might be comparable if they resulted in 

the same multiplicity. Additionally, the solvent has a large influence towards the chemical shifts in 
1H-NMR spectroscopy, thus, the comparison will be divided in NMR data from CDCl3 and THF-D8 

solutions. 

In CDCl3, the C[n2]T, C[n5]T, and C[n7]T series were measured and their substitution patterns were 

similar because two n-butyl side chains were attached to one thiophene unit alternating with 

unsubstituted thiophene units, but the sequence of this alternation differed. For all three series, 

singlets were obtained in 1H-NMR which had similar chemical shifts between 7.06 and 7.11 ppm, 

although the singlets of the C[n7]T series corresponded to 2 overlapping proton signals. The small 

C[8]T 175a was out of row due to its small size and cannot be compared.  

The same similarity of chemical shifts was observed for the doublets of those series (without C[n2]T) 

which revealed shifts of 7.14 - 7.18 ppm and 7.05 - 7.08 ppm for the low- and high-field shifted 

doublets, respectively. 

The NMR spectra of the C[n3]T, C[n4]T, C[n4*]T, and C[n5*]T series were recorded in THF-D8. 

Whereas the smaller macrocycles C[9]T 175a and C[10]T 201a had larger differences in the chemical 
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shifts of their doublets, due to size effects of the small, rigid, and twisted systems, the larger 

macrocycles revealed comparable chemical shifts:  

C[12]T 198b (7.36 ppm, 7.14 ppm) 

C[12]T 199b (7.36 ppm, 7.17 ppm) 

C[12]T 214b (7.38 ppm, 7.18 ppm) 

C[15]T 201b (7.29 ppm, 7.19 ppm) 

C[15]T 214c (7.31 ppm, 7.17 ppm) 

C[16]T 198c (7.31 ppm, 7.14 ppm) 

C[16]T 199c (7.31 ppm, 7.16 ppm) 

C[20]T 199c (7.28 ppm, 7.16 ppm) 

C[20]T 201c (7.26 ppm, 7.17 ppm) 

C[21]T 214e (7.28 ppm, 7.16 ppm). 

Although the series bore different patterns of side chains, the NMR data of protons of a similar 

fragment pattern also revealed similar chemical shifts. Those comparisons demonstrated a minor 

dependence of the chemical shifts of the aromatic protons in 1H-NMR spectroscopy as long as the 

substitution pattern of compared series were similar and the same multiplicity was given. 
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2. Photo-physics of C[n]Ts 

Like the 1H-NMR data, the photo-physical results of all C[n]Ts which have been recorded and 

analysed by Krömer, Fuhrmann, Zhang, and in the frame of this thesis will be summarised here. Also, 

only the C[n2]T series of Krömer and Fuhrmann[1, 94] and the C[n5]T series of Zhang[2] have been 

published yet. The C[n4]T, C[n4*]T, C[n5*]T, and C[n7]T series have been prepared and analysed by 

Zhang[98] and the data were collected for this thesis. All fluorescence spectra were recorded from 

excitation at λmax
abs. 

The absorption and emission spectra of the C[n2]T series are depicted in Figure 74. The spectra and 

optical properties were already described in detail in literature.[1, 92, 94, 109b] The data (Table 18) reveal 

the same trends of red-shifted absorption maxima and increasing extinction coefficients with 

increasing ring size as already described for the C[n3]T series. Also the special features of C[8]T 175a, 

which is the smallest oligothiophene macrocycles ever reported, were described and explained by 

the rigidity and torsion of the thiophene units due to the small size and full syn-conformation. Yet, 

not discussed were the small differences of the extinction coefficients of C[8]T 175a and C[12]T 

175b. The small difference of 3700 L/(mol*cm) can be explained by the sharp absorption band of the 

rigid C[8]T 175a. The higher flexibility of the larger macrocycle broadened the band and the integrals 

of the absorption bands from the onset to their minima around 320 nm showed a 1.5 times larger 

absorption area for C[12]T 175b. The structured emission curves and the tendentially blue-shift of 

the absorption maxima with increasing ring size are also characteristic for C[n]Ts and in accordance 

with the discussion on the C[n3]T series.  
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Figure 74: UV/vis absorption (full) and fluorescence (dashed) spectra of the C[n2]T series in DCM. The emission 

curves were scaled to fit with the corresponding absorption curves. 
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Table 18: Optical properties of the C[n2]T series, measured in DCM. Underlined emission values are the 

absolute maxima. 

  
λmax

abs [nm] 
 

ε0 [L/(mol*cm)]  ∫ε [L/mol] 
 

λmax
em [nm] 

C[8]T 175a 
 

396 
 

51300  2.51*108 

 
566/602 

C[12]T 175b 
 

392 
 

55000  3.91*108 

 
ca.556/594/ca.660 

C[16]T 175c 
 

414 
 

97000  not 

calculated 
 

577/615 

C[18]T 175d 
 

421 
 

123900  
 

575/610 

 

C[12]T 198b was the only member of the dodecyl bearing C[n4]T series which was photo-physically 

analysed by Zhang. Its absorption and emission spectra are depicted in Figure 73 and exhibited a 

remarkably high extinction coefficient of 132700 L/(mol*cm) at its absorption maximum of 423 nm. 

The theoretically forbidden S1 ← S0 transition was also visible as a shoulder at ca. 500 nm. The 

structured emission spectrum revealed a maximum at 657 nm with a distinct shoulder at 620 nm and 

small shoulder at ca. 730 nm. 
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Figure 75: Absorption (full) and emission spectra (dashed) of C[12]T 198b in DCM. 

The absorption and emission behaviour of the chiral C[n4]T series (Figure 76 and Table 19) also 

revealed very high extinction coefficients of up to 184000 L/(mol*cm) for C[20]T 199c and a red-shift 

of λmax
abs from 427 to 447 nm with increasing ring size. The absorption bands were sharp and the S1 

← S0 energy transfer was visible for C[12]T 199a as a shoulder at ca. 500 nm. The structured emission 

spectra were blue-shifted with increasing ring size and the curves of the larger cycles revealed a 

maximum and red-shifted shoulders. Likewise in the C[n2]T and C[n3]T series, the emission curve of 

the twelve-membered cycle had a different shape than the larger cycles. 
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Figure 76: Absorption (full) and emission spectra (dashed) of the chiral C[n4*]T series in DCM. The emission 

curves were scaled to fit with the corresponding absorption curves. 

Table 19: Optical properties of C[12]T 198b of the chiral C[n4*]T series and the C[n4]T series in DCM. 

Underlined emission values are the absolute maxima. 

  
λmax

abs [nm] 
 

ε0 [L/( mol *cm)] 
 

λmax
em [nm] 

C[12]T 198b 
 

423 
 

132700 
 

620/657 

C[12]T 199a 
 

427 
 

121000 
 

640/650 

C[16]T 199b 
 

438 
 

161400 
 

586/616 

C[20]T 199c 

 
447 

 
184000 

 
580/615 

 

The C[n5]T series (Figure 77) contains the largest oligothiophene macrocycle FZ-C[35]T that was ever 

characterised and is the best investigated series. The optical properties of this series are in 

accordance with the trends obtained for the other series: red-shift of λmax
abs, increasing ε0 and blue-

shift of the structured emission spectra with increasing ring size. These properties were already 

intensively discussed and explained by Mena-Osteritz et al.[109b] and the data are summarized in Table 

20. 
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Figure 77: Absorption (full) and emission spectra (dashed) of the achiral C[n5]T series in DCM. The emission 

curves were scaled to fit with the corresponding absorption curves. The discontinuities in the curve of C[35]T 

200f at 320 and 380 nm originated from the light source of the spectrometer. 

Table 20: Optical data of the C[n5]T series in DCM. Underlined emission values are the absolute maxima. 

  
λmax

abs [nm] 
 

ε0 [L/( mol *cm)] 
 

λmax
em [nm] 

C[10]T 200a 
 

417 
 

86000 
 

ca. 550/629/685 

C[15]T 200b 
 

423 
 

119000 
 

582/603 

C[20]T 200c 
 

434 
 

130000 
 

572/603 

C[25]T 200d 
 

440 
 

163000 
 

570/607 

C[30]T 200e 
 

444 
 

183000 
 

568/607 

C[35]T 200f 
 

445 
 

196000 
 

567/604 

 

The absorption spectra of the C[n5*]T series, which had the same substitution pattern as the C[n5]T 

series but chiral instead of linear side chains, showed absorption maxima from 415 to 426 nm and 

the extinction coefficients hardly increased from 100000 to 124400 L/(mol*cm) from C[10]T 201a to 

C[20]T 201c (Figure 78). C[10]T 201a, the smallest member of the series, also revealed the S1 ← S0 

transition as a shoulder at approx. 500 nm and the shape of its emission curve differed from the 

emission curves of C[15]T 201b and C[20]T 201c. The different shape and the strong red-shift of the 

emission maximum of C[10]T 201a can be explained by its tendency to form dimers in the excited 

state analogous to C[10]T 200a.[109b, 110] All optical data are summarized in Table 21. 
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Figure 78: Absorption (full) and emission spectra (dashed) of the chiral C[n5*]T series in DCM. The emission 

curves were scaled to fit with the corresponding absorption curves. The discontinuities in the curves of C[15]T 

201b and C[20]T 201c at 320 and 380 nm originated from the light source of the spectrometer. 

Table 21: Optical properties of the C[n5*]T series in DCM. Underlined emission values are the absolute 

maxima. 

  
λmax

abs [nm] 
 

ε0 [L/( mol *cm)] 
 

λmax
em

 [nm] 

C[10]T 201a 
 

415 
 

100000 
 

ca. 550/632/680 

C[15]T 201b 
 

418 
 

112700 
 

580/607 

C[20]T 201c 

 
426 

 
124400 

 
572/605 

 

From the C[n7]T series, only the cyclic di- and trimeric C[14]T 202a and C[21]T 202b, respectively, 

were analysed by optical spectroscopy. The absorption and emission spectra are depicted in Figure 

79 and the data are listed in Table 22. The red-shift of λmax
abs of 8 nm and the increase in ε0 of 6% 

were very low for such an increased ring size from C[14]T 202a to C[21]T 202b. Although the number 

of alkyl chains per thiophene unit was high compared with the other series, C[14]T had a relatively 

high ε0 compared to C[15]Ts described above. This cycle is the only known 14-membered one and 

therefore cannot be compared to other structures of the same size. Also comparison with C[15]Ts 

might not be representative due to a possible odd-even effect. However, due to its absorption 

properties C[21]T 202b behaved more like a linear oligomer which must have resulted from a twisted 

π-system or a high amount of trans-oriented thiophene units. The emission curves revealed no 

conspicuousness but fit with the general trend of blue-shifted λmax
em from 589 to 579 nm and the 

emission curves were fine-structured. 
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Figure 79: Absorption (full) and emission spectra (dashed) of the C[n7]T series in DCM. The emission curves 

were scaled to fit with the corresponding absorption curves. 

Table 22: Optical data of the C[n7]T series in DCM. Underlined emission values are the absolute maxima. 

  
λmax

abs [nm] 
 

ε0 [L/( mol *cm)] 
 

λmax
em [nm] 

C[14]T 202a 
 

424 
 

127200 
 

589/611 

C[21]T 202b 
 

432 
 

135000 
 

579/604 

 

Of course, the optical properties of C[n]Ts were dependent on the size of the macrocycle and the 

most outstanding size-dependent influence was observed for the small C[n]Ts with n = 8, 9, and 10. 

Due to the size they form a very rigid system in which all thiophene units are oriented in syn-

conformation. Hence, the sulfur comes in close contact tilting the thiophene units out of planarity. 

This effect raised the HOMO level and reduces the conjugation length leading to a red-shift of λmax
abs 

and a decrease of the extinction coefficient compared with trends of the corresponding cycle series. 

The rigid and tilted geometry also influenced the emission behaviour because normally upon 

excitation a quinoidal system is generated which planarizes but planarization of the small cycles was 

hindered. Hence, emission occurred from a higher energy level resulting in a blue-shift of the first 

emission band. Additionally, the excited small cycles showed a higher tendency to form dimers and 

emission of those dimers was visible as a red-shifted emission band. 

The larger C[n]Ts with n > 10 revealed a red-shift of λmax
abs, an increasing ε0 and a blue-shift of λmax

em 

within each series. These trends were supported by the optical data reported, although the large 

cycles of C[n3]T with n = 8 and 9 were out of row, but this was assigned to aggregation distorting the 

measurements. The diagrams in Figure 80 depict the correlation of the cycle size of each series vs. 
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the absorption properties λmax
abs and ε0, respectively. The C[n2]T series (black) showed absorption 

maxima at the highest energies and the lowest ε0 values. This series contained the highest number of 

alkyl side chains per thiophene unit (= 1) which must have reduced its conjugation by tilting the 

thiophene units out of planarity due to interactions of the β-protons and side chains. The other 

extremes are the C[n4]T (blue) and C[n4*]T (magenta) series, which bear only 0.5 alkyl side chains 

per thiophene unit resulting in much higher planarity. The influence of the kind of side chain can also 

be examined on the C[n5]T (orange) and C[n5*]T (green) series which bear n-butyl and chiral (S)-2-

methylbutyl side chains, respectively. A stronger tilt induced by the more steric demanding branched 

side chains was expected for the C[n5*]T series and confirmed by blue-shifted absorption maxima 

and, except for the 10-mers, lower extinction coefficient. The values for the C[n3]T series (red) can 

only be considered for cycles with n = 3 - 7 due to aggregation of the larger cycles with n = 8 and 9. 

The influence of the number and type of side chains can also be concluded from cycles with the same 

size. Four C[12]Ts have been obtained and the cycle with the highest number of side chains (from 

C[n2]T) was blue-shifted by 31 nm compared with C[12]T of C[n4*]T and its ε0 was only 39% of the ε0 

of the C[12]T of C[n4]T. The values of λmax
abs and ε0 of C[12]T of C[n3]T with 0.67 n-butyl chains per 

thiophene unit were between the others. 

The same tendencies were observed on the three C[15]Ts, although the differences were not that 

large. C[15]T of C[n3]T had a red-shifted absorption maximum compared with the C[15]T of C[n5]T 

because it had a lower number of side chains. The absorption maximum of C[15]T of C[n5*]T was 

even further blue-shifted due to the bulky side chains, but the ε0 of the three C[15]Ts were very 

similar. 

For C[20]Ts, the optical data were very dependent on the number of side chains. Whereas λmax
abs of 

C[20]T of C[n5]T was red-shifted by 8 nm and had a similar ε0 compared with the C[20]T of C[n5*]T, 

the C[20]T of C[n4*]T revealed a further red-shift of λmax
abs of 13 nm and the ε0 increased by a factor 

of 1.4. 
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Figure 80: Left: the absorption maxima vs. the number of thiophene units of C[n]Ts in DCM. Right: The 

extinction coefficient vs. the number of thiophene units of C[n]Ts. C[24]T 241f and C[27]T 214g (last two of the 

right red curve) were measured in THF, all others in DCM. 
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Those examples showed a very strong influence of the number of alkyl side chains towards optical 

properties of C[n]Ts. Therefore, a lower number of side chains led to a red-shift of the S2 ← S0 

transition and much higher extinction coefficients because the system was less hindered to form a 

planar and highly conjugated system due to less interactions of the substituents in β-position. 

Attaching linear or branched side chains had only a small influence, but tendentially, linear side 

chains also supported planarization. In contrast, molecular orbital theory promises a red-shift of 

λmax
abs with increasing number of side chains because the +I-effect rises the HOMO but hardly 

influences the LUMO resulting in a reduced HOMO-LUMO gap. However, this effect was much lower 

than the influence of planarity concerning conjugation and therefore the absorption maxima were 

blue shifted with increasing number of side chains. 

The hindering of planarization could also be observed in the emission spectra (Figure 81). The 

fluorescence spectra of C[12]Ts were red-shifted with decreasing number of side chains per 

thiophene unit (black: 1, red: 0.67, magenta and blue: 0.5) and less steric demand of the side chains 

(magenta: (S)-2-methylbutyl, blue: n-dodecyl). The structured emission curves of the lower 

substituted C[12]Ts also indicated better planarization in the excited state due to less steric 

interactions. It must be noted that the emission spectra are also dependent on the excitation energy 

and all emission spectra were recorded by excitation at λmax
abs to obtain transition to the S2 state. 
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Figure 81: Emission spectra of all 12-membered macrocycles in DCM and normalised to 1. Excitation at λmax

abs
 

of the corresponding macrocycle. The colours correspond to those in Figure 80. 
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3. Electrochemistry of C[n]Ts 

Principles of the electrochemistry of C[n]Ts have already been described and interpretations of the 

electrochemical behaviour of C[10]T 200a have been discussed in detail by Osteritz et al.[110] Also the 

8- and 18-membered cycles of the C[n2]T series and the corresponding linear oligomers have been 

described by Krömer and Fuhrmann.[92, 94] Most of the macrocycles of the C[n4]T,[98] C[n4*]T,[98] 

C[n5]T,[2] C[n5*]T,[98] and C[n7]T[98] series have also been electrochemically analysed by Zhang and 

some of those results will be presented here.  

Comparison of the time semi-convoluted CVs of C[10]T 200a and C[10]T 201a (Figure 82) revealed a 

higher first oxidation potential of the cycle with chiral side chains (black curve) directly followed by a 

second oxidation visible as a splitted peak at 0.18 V. However, the cycle with linear side chains (blue 

curve) gave a single first oxidation peak at 0.03 V followed by a splitted second redox processes at 

0.24/0.31 V. Both cycles were further oxidised at ca. 0.8 V, but again, C[10]T 200a showed a splitted 

peak whereas the peak of C[10]T 201a was sharp. The last measured redox process at 1.05 V showed 

no splitting for both macrocycles. 
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Figure 82: Time semi-derivative convoluted CVs and structures of C[10]T 200a (blue) and C[10]T 201a (black); 

c (C[10]T 200a) = 7.8 ×10
-4

 M, c (C[10]T 201a) = 7.0×10
-4

 M, in TCE, 0.1 M TBAPF6, 295 K, v = 20 mVs
-1

.  

The assigned mechanism of the oxidation processes of C[10]T 200a is depicted in Scheme 95 and 

explain its more complex CV. At the first oxidation potential E1
Ox the neutral molecule [M] was 

oxidised to the radical cation [M+●]. Two radical cations dimerised and this dimer was further 

oxidised in two steps where the oxidation of each monomer occurred at slightly different potentials 

E2’
Ox and E2’’

Ox forming a dimer of bis(radical cations) [M2+2●]2. Again, this dimer was further oxidised 

in two steps of different potentials E3’
Ox and E3’’

Ox to the corresponding dication/radical cation dimer 

[M3+●]2 which dissociated due to repulsive Coulombic forces to a monomeric M3+●. At E4
Ox the M3+● 

was finally oxidised to the bis(dication) M4+. 
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The branched side chains of C[10]T 201a were the reason for a higher first oxidation potential 

because they increased the torsion within the π-system due to their higher steric demand. Upon 

oxidation the obtained quinoidal radical cation had to planarize a fragment of the cycle, but this 

planarization was hindered due to the more bulky side chains and increased the first oxidation 

potential. The same steric demand also hindered dimerisation of the oxidised species and therefore 

the redox peaks were not splitted. 

 
Scheme 96: Different oxidative states and corresponding structures of C[10]T 200a, oxidation steps accord to 

the time semi-derivative convoluted CVs from Figure 82. Black: neutral; orange: radical cation; red: bis(radical 

cation); green: dication. The number of thiophene units included in the quinoidal system is estimated. 
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The same effect was observed for the C[15]Ts with linear and chiral side chains (Figure 83). Whereas 

the time semi-derivative convoluted CV of C[15]T 200b revealed splitted redox peaks for the 

processes III, IV, and V the CV of C[15]T 201b showed sharp peaks without splitting for every redox 

process. The number of transferred electrons per oxidation process could only be estimated from the 

peak intensities and was ascertained to two electrons for process I and each one electron for the 

other processes resulting in a total amount of 6 transferred electrons. The shape of the CV curves of 

C[15]T 201b also revealed a much higher symmetry. 
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Figure 83: Time semi-derivative convoluted CV of C[15]T 200b (left) and C[15]T 201b (right), c (C[15]T 200b) = 

5.0x10
-4

 M, c (C[15]T 201b) = 2.55x10
-4

 M, in TCE, 0.1 M TBAPF6, 295 K, v = 20 mVs
-1

; both intensities were 

aligned to each other. 

The next higher members of the C[n5]T and C[n5*]T series with n = 4 also showed the similar trend 

in electrochemical analyses (Figure 84). The asymmetric cathodic and anodic current curves of C[20]T 

200c assigned complex aggregation processes during oxidation, mainly for processes I, II, and III. 

C[20]T 201c revealed symmetric and distinct curves indicating no aggregation processes. The 

electron transfers IV and V were symmetric for both macrocycles. This must have been caused from 

the oxidation of nonaggregated cycles due to the highly charged oxidised species which prevented 

aggregation/ disaggregated already formed aggregates during processes I - III. 
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Figure 84: Time semi-derivative convoluted CV of C[20]T 200c (left) and C[20]T 201c (right), c = 1.61x10

-4
 M in 

TCE, 0.1 M TBAPF6, 295 K, v = 20 mVs
-1

; the intensity of the achiral cycle was aligned to the chiral one. 

Electrochemical experiments on C[12]Ts with the same number but different type of alkyl side chains 

are depicted in Figure 85. The left CV was obtained from C[12]T 198b which bore n-dodecyl chains 

and revealed an irreversible oxidation. This indicated consecutive reactions of the oxidised species. 

However, if the linear chains were substituted by branched (S)-2-methylbutyl chains as for C[12]T 

199a five mostly reversible oxidation processes were observed (Figure 85, right), although the first 

anodic and cathodic current curves were not symmetric. Also, the splitted peaks of process III 

indicated aggregation but the formed aggregates could be reversibly reduced. The large current peak 

at ca. 1.25 V must have been caused by impurities because the macrocycle was already six-fold 

oxidised if the first electron transfer I corresponded to two electrons and the other five to each one 

electron transfer which was estimated from the current intensity. A higher charge than [M6+] would 

not be likely for such a small conjugated system.  
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Figure 85: Left: CV of C[12]T 198b, c = 4.15x10

-4 
M in TCE, 0.1 M TBAPF6, 295 K, v = 20 mVs

-1
. Right: Time semi-

derivative convoluted CV of C[12]T 199a, c = 4.15x10
-4 

M in TCE, 0.1 M TBAPF6, 295 K, v = 20 mVs
-1

. 

However, branched side chains are no guarantee to obtain reversible oxidation as demonstrated on 

the oxidation of C[20]T 199c (Figure 86). The macrocycle bore branched side chains but the oxidation 
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processes were irreversible. Thus, C[n]Ts also require a certain number of side chains to suppress 

consecutive reactions upon oxidation. 
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Figure 86: CV of C[20]T 199c, c = 0.97x10

-4
 M in TCE, 0.1 M TBAPF6, 295 K, v = 20 mVs

-1
. 

Due to a different solvent, measuring temperature, and reduced reversibility, the electrochemical 

data of the C[n3]T series cannot be compared with other C[n]Ts. 

The electrochemical data of all C[n]Ts which have been recorded are summarised in Table 23. In 

contrast to linear oligothiophenes the first oxidation potentials of cyclic oligomers show a 

tendentially shift to higher potentials with increasing ring size. This effect can be explained by a 

higher structural change upon oxidation of the larger macrocycles because the generated quinoidal 

structure flattens the system. This necessary structural change is also the reason for the high E1
Ox of 

the small cycles C[8]T 175a and C[9]T 214a which have the highest first oxidation potentials of all 

C[n]Ts. The rigid system is already strongly distorted in the ground state due to S-S interactions 

(lowering of the HOMO level) and upon oxidation intramolecular reorganise to a partly quinoidal 

structure is induced which increases ring strain due to planarization. Another trend was a higher E1
Ox 

with increasing number of alkyl side chains since less substituted C[n]Ts are more planar. Therefore, 

the conjugation is higher and the HOMO-level is reduced. The most dominant effect of alkyl side 

chains was the enhanced reversibility and reduces aggregation due to branched side chains.  
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Table 23: Electrochemical data of all C[n]Ts, divided in their series. All values are in V and referred to Fc/Fc
+
. If 

not considered, the oxidations were reversible.  

C[n]T E1
Ox E2

Ox E3
Ox E4

Ox E5
Ox E6

Ox E7
Ox 

 

C[8]T 175a 0.54 0.76 1.45 
    

DCM, rt 

C[18]T 175d 0.12 0.43 0.62 1.03 
   

DCM, rt 

C[12]T 198b 0.11 
      

TCE, irrev. 

C[12]T 199a 0.07 0.26 0.48 0.53 0.71 0.89 
 

TCE, rt 

C[16]T 199b 0.11 
      

TCE, irrev. 

C[20]T 199c 
-

0.06 
0.64 0.90 

    
TCE, irrev. 

C[10]T 200a 0.03 0.24/0.31 0.76/0.84 1.06 
   

TCE, rt 

C[15]T 200b 0.05 0.18 0.31/0.40 0.55/0.65 0.86 0.90  
TCE, rt 

C[20]T 200c 0.08 0.20 0.46 0.64/0.73 0.95 1.09  
TCE, rt 

C[25]T 20d 0.16 0.25 0.65 0.86 1.11 

 
 

TCE, rt 

C[30]T 200e 0.16 
   

TCE, rt 

C[10]T 201a 0.18 0.77 1.05 
    

TCE, rt 

C[15]T 201b 0.21 0.33 0.50 0.74 0.94 
  

TCE, rt 

C[20]T 201c 0.25 0.34 0.05 0.60 0.97 1.11 
 

TCE, rt 

C[14]T 202a* 0.14 0.36 0.45 0.52 0.75 0.99 
 

quasi rev. 

C[21]T 202b* 0.14 0.27 0.61 0.81/0.85 1.00 1.22 1.35 
 

C[9]T 214a 0.25 0.47 0.93 
    

BN, 50 °C 

C[12]T 214b** 0.03 0.44 0.64 
    

BN, 70 °C 

C[15]T 214c 0.10 0.30 0.86 
    

BN, 50 °C 

C[18]T 214d 0.05 0.22 0.71 
    

BN, 50 °C 

* No conditions available. ** Only the first wave was reversible. 
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4. Summary 

One aim of this thesis was the synthesis of new C[n]Ts upon cyclisation via the Pt-method in order to 

obtain more macrocycles of unique structures which help to get new insights into structure-property 

relationships. The cyclisation of linear oligothiophenes L[3]T 189, L[6]T 192, and L[9]T 203 enabled 

the synthesis of a series of C[n3]Ts with n = 3, 4, 5, 6, 7, 8, and 9 (Scheme 96). All of those 

macrocycles are novel structures due to their substitution pattern of n-butyl side chains. Additionally, 

C[9]T 214a, C[24]T 214f, and C[27]T 214g describe macrocycles with cycle sizes which were not 

obtained before. The C[n3]T series was substituted by a relatively low number of side chains (0.67 

side chains per thiophene unit) leading to low soluble compounds. This low solubility must have been 

the reason for the low yields of isolated macrocycles because some material was lost during workup. 

Also purification was tasking because the linear and cyclic oligomers with the same number of 

thiophene units could not be separated by SEC and had to be separated by time-consuming 

recycling-GPC. Finally, isolated total yields of 25.2%, 11.2%, and 18.5% were obtained from the 

cyclisation of L[3]T 189, L[6]T 192, and L[9]T 203, respectively. 

 
Scheme 96: One-pot synthesis of C[n3]Ts 214a-g starting from distannylated oligothiophenes. 

The photo-physical properties of this series revealed very high extinction coefficients and the 

absorption maxima of the medium sized cycles C[12]T 214b - C[21]T 214e were red-shifted with 

increasing ring size. Due to aggregation from solution, the optical data of the large cycles C[24]T 214f 

and C[27]T 214g were not comparable. The optopysical properties of C[9]T 214a, the smallest 

member of the series and the smallest odd-numbered C[n]T reported, confirmed the special 

behaviour of other small cycles such as C[8]T 175a and C[10]T 200a. This special behaviour originated 

from the full syn-conformation of the thiophene units which brings the sulfur atoms in contact and 

twists the thiophene units out of planarity. This loss of conjugation raises the HOMO-level leading to 
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a red-shift of the absorption maximum and decreases the extinction coefficient compared with the 

trend of the C[n3]T series. 

The electrochemical investigation on this C[n3]T series revealed a reduced reversibility upon 

oxidation which was also assigned to the low number of side chains that could not prevent the 

oxidised species from irreversible aggregation. The first oxidation potentials were comparable with 

those of other macrocycles with a low number of side chains, although the conditions of the 

measurement differed. C[9]T 214a had a higher first oxidation potential than most other C[n]Ts. This 

could also be assigned to the small size since upon oxidation a planarization to a quinoidal structure 

is hindered. 

Compared with oligothiophene macrocycles prepared by Fuhrmann, Krömer and Zhang, it can be 

concluded that a lower number of side chains gives a higher conjugation because the π-system is 

more planar since less disturbing interactions between β-protons and side chains are present. On the 

other side, less alkyl side chains lead to low solubility and aggregation. This dilemma can be avoided 

by the insertion of branched side chains, such as (S)-2-methylbutyl which was applied by Zhang in the 

C[n4*]T and C[n5*]T series. Especially the C[n4*]T series with the lowest number of side chains per 

thiophene unit (= 0.5) resulted in strong red-shifts of the absorption maxima and extremely high 

extinction coefficients, e.g. ε0 = 184000 L/(mol*cm) for C[20]T 199c. 

The cyclisation method based on platinum metallacycles could be successfully applied for the 

synthesis of fully α-conjugated C[n3]Ts. The great advantages of this synthetic strategy are the one-

pot synthesis starting from α,ω-distannyloligothiophenes, the direct access to series of highly 

symmetric oligothiophene macrocycles, and the moderate to good yields of cyclisation. However, 

this method comes to its limits in regard of cycle sizes and symmetry and can only be applied for low 

scale synthesis. Therefore these molecules can hardly be used for applications even in laboratory 

scale. 

So there was a need for an alternative method and developments therefore were the second part of 

this thesis. Supported by literature, boron became a candidate as a potent substituent of platinum. 

Aromatic boron macrocycles were known in literature and also ligand-coupling methods based on 

organoborates were described. First steps into this strategy were to develop a method of selective 

thiophene-thiophene coupling based on borates bearing at least two thiophene substituents. These 

investigations started with the chemical oxidation of tetrathienylborates with a catalytic amount of 

VO(OEt)Cl2 in the presence of oxygen. However, these conditions resulted in low and irreproducible 

yields of 2,2’-bithiophene 12. Electrochemical investigations showed that generated bithiophene was 

further polymerised after further oxidation with VV which was regained during the catalytic cycle. 

Consequently, VV was applied in a stoichiometric amount of 2 eq. and oxidation of tetrathien-2-

ylborate 22 offered the corresponding 2,2’-bithiophene 12 in a yield of 89% (Scheme 97).  
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Scheme 97: Oxidation reactions of tetrathien-2-ylborate 22 under different conditions. 

With respect to a possible application of this method in macrocycle synthesis, the borates had not to 

bear four identical substituents since two of them remain at the boron. Subsequently, two 

substituents were replaced by aliphatic or aromatic moieties which should not be involved in the 

coupling upon oxidation.  

Firstly, two thien-2-yl substituents were replaced with phenyl resulting in potassium borate 36, but 

its oxidation with 2 eq. of VV offered the cross-coupling product 2-phenylthiophene 37 as the main 

product (Scheme 98, top). Subsequently, the thien-2-yl substituents of 36 were modified by insertion 

of alkyl side chains and enlargement of the π-system but without an effect concerning the selectivity. 

An influence of the potassium counter ion towards the selectivity of the coupling could also be 

excluded by complexation with crown ether or substitution with the bulky tetrabutylammonium ion. 

Treatment of 36 with NBS or bromine also induced the coupling reaction, but still the selectivity of 

cross-coupling was given and even a photo-induced coupling reaction by UV-irradiation showed no 

influence towards the selectivity. Statistical influences towards the coupling selectivity could be 

excluded by the oxidation of phenyltrithien-2-ylborate 110 also forming the cross-coupling product 

37 as the main product.  

Furthermore, aliphatic substituents were attached and the phenyl moieties of borate 36 were 

modified, respectively. Aliphatic substituents either revealed cross-coupling or the yields were 

dramatically low. Highly selective homo-coupling of the thien-2-yl substituents was only obtained by 

oxidation of borates 65 and 75 (Scheme 98, bottom). Both borates bore two ortho-halophenyl 

substituents which enabled homo-coupling instead of cross-coupling. 

 
Scheme 98: Oxidation reactions of half-symmetric organoborates; *calculated by GC. 
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Further modification of the non-thienyl substituents showed that only substitution in the ortho-

position of the phenyl groups by halogens revealed increased selectivity towards thiophene-

thiophene-coupling. Further borates bearing two of the ortho-chlorophenyl substituents and two 

other, identical aryl groups were prepared and oxidised, too. As long as the aryl groups were electron 

richer than chlorophenyl, aryl-aryl homo-coupling occurred. Only in the case of the electron-poor aryl 

3,5-difluorophenyl mainly cross-coupling occurred but in low yield. 

Unfortunately, asymmetric borates bearing two ortho-chlorophenyl substituents and two different 

aryl groups were not accessible. The reason was a transmetallation reaction of the aimed borane 

precursors 115, 122, and 126 upon reaction and/or distillation conditions (Scheme 99). Neither the 

aimed boranes nor the resulting borates from those mixtures could be isolated. With those 

asymmetric borates this coupling method would have been applicable for selective aryl-aryl cross-

coupling, too.  

 
Scheme 99: Transmetallation reactions of asymmetric boranes. 

From the experiments a mechanism for this coupling reaction was developed. Generally, the borate 

is oxidised twice, whereas the first oxidation is rate-determining. The formation of aryl radicals upon 

cleavage of the C-B-bond was obvious, but could be disproven by crossover experiments (Scheme 

59). Thus, in borates which do not bear four identical substituents (e.g. 36), the one with the highest 

electron density is oxidised first and therefore always involved in the coupling reaction (Scheme 100, 

step 1). Hence, a radical (36●) is generated which induces a rearrangement to a borirane 36’ and 36*, 

respectively. Proven by the experiments, due to steric and electronic reasons the formation of 36’ 

(2a, blue arrow) must be benefited if the phenyl substituents are not substituted by halogens in the 

ortho-positions. The radical in 36’ can be oxidised easily since no aromatic system is lost confirming 

the second and faster oxidation step (3a). After another rearrangement of 36’’ and regaining of the 

aromatic system the biaryl is obtained (4a). This pathway concerns an influence of the kind of 

substituent. Because if the phenyl unit is substituted with fluorine or chlorine in the ortho-position 
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the reaction follows the other pathway (2b, red arrow) because the ortho-substituent disturbs the 

formation of 36’. Hence, homo-coupling of the thienyl substituents is observed. 

  
Scheme 100: Reaction mechanism of the oxidative coupling reaction. 

Eventually, this method will not compete with established coupling reactions for linear oligoaryls, but 

if a borate-oligothiophene macrocycle bearing additional ortho-chlorophenyl-moieties at the boron 

centres can be prepared, oxidative boron-elimination is expected to generate all-thiophene 

macrocycles. Such a new synthetic procedure will open access to new and unique C[n]Ts that are not 

accessible by the platinum method or via diethylene bridged oligothiophene macrocycles. 
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5. Experimental part 

All chemicals, procedures, and apparatus described and applied in this thesis are listed here. 

Chemicals 

Literature known compounds were synthesised according to literature when mentioned. Otherwise 

the synthetic procedure was modified, but yields and analytical data were compared to the 

corresponding literature data.  

If only “BuLi” is written this means a 1.6 M solution of n-butyllithium in n-hexane. 

Commercially available chemicals 

Purchased from Acros Organics: n-butyllithium 1.6 M in n-hexane, sec-butyllithium 1.3 M in 

cyclohexane : n-hexane = 92 : 8, tert-butyllithium 1.9 M in n-pentane, tert-butyllithium 2 M in 

n-heptane. 

Purchased from Alfa Aesar: boron trichloride 1 M in n-hexane, 1-bromo-2-chlorobenzene, 1-bromo-

3-chlorobenzene, 1-bromo-4-chlorobenzene, 1-bromo-2-fluorobenzene, 1-bromo-3,5-difluoro-

benzene, 1-bromo-2-iso-propylbenzene, ortho-bromotoluene, para-bromotoluene, tetrabutyl-

ammonium bromide, 1,3-bis(diphenylphosphino)ferrocene (= dppf), potassium hexachloro-

iridate (IV), potassium hydrogenfluoride, sodium tetraphenylborate.  

Purchased from Fluorochem: 3-bromothiophene, 2,5-dibromothiophene. 

Purchased from Merck: benzyl bromide, benzyl chloride, boron tribromide, boron trifluoride diethyl 

etherate (BF3*Et2O), bromine, bromobenzene, 2-bromothiophene, chlorobenzene, 2-

chlorothiophene, 1-chloro-2-phenylethane, Celite® 545, 15-crown-5, copper(II) chloride, 

triethylamine, 1-hexene, hexylbromide, hydrazine hydrate, iodine, magnesium turnings, 

tetramethylammonium bromide, tetramethylchloro-silane, N,N,N’,N’-tetramethylethylenediamine, 

nickel(II) chloride, platinum(II) chloride, tri-iso-propoxyborane, sodium tetrafluoroborate, thiophene, 

zinc. 

Purchased from Prolabo (VWR): ethanol (abs.), pH 7 buffer (phosphate buffer), zinc(II) chloride. 

Purchased from Sigma-Aldrich/ Fluka: boron trichloride 1 M in n-heptane, boron trichloride 1 M in 

n-hexane, sec-butyllithium 1.4 M in cyclohexane, 2-(tributylstannyl)thiophene, dichloro(1,3-

bis(diphenylphosphino)propane)nickel(II) (Ni(dppp)Cl2), trimethylsilylbenzene, trimethyltin chloride, 

oxovanadium(V) trichloride. 
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All aqueous solutions were prepared from deionised water and the corresponding chemicals (HClaq., 

KCl, NaCl, Na2CO3, NaHCO3, Na2S2O3) purchased from Prolabo (VWR). 

2,3-Dibromothiophene[40] and 3,4-dibutylthiophene 222[99] were prepared at the institute by internal 

protocols, Pt(COD)Cl2 was synthesised at the institute according to literature.[112]  

Solvents 

All solvents for synthesis were dried and purified prior to use according to standard protocols.[113] 

THF, diethyl ether, DCM, and DMF were filtered through an activated aluminium oxide column in a 

solvent purification machine MBraun SPS-800. Solvents for workup were distilled by rotary 

evaporation except for chloroform, diethyl ether, ethanol, methanol, and 2-propanol which were 

used as received. All solvents were purchased from Prolabo (VWR) in technical quality except for 

acetonitrile (Merck), benzene (Merck), cyclohexane (Merck), and THF for the SPS-800 (Sigma-

Aldrich). 

Deuterated solvents were purchased from Deutero (acetonitrile-D3, benzene-D6, CDCl3, DCM-D2, 

DMSO-D6, THF-D8), or Sigma-Aldrich (acetone-D6). 

Atmosphere 

All reactions were carried out under an inert atmosphere of argon 4.6 (MTI), which was dried over a 

column of blue gel (Merck) and Sicapent® (Merck). Standard Schlenk-technique was used to dry and 

flood all reaction apparatus. 

Temperatures 

For low temperatures following cooling baths were used: 

0 °C: water/ ice 

-20 °C: ice/ NaCl 

-78 °C: acetone/ dry ice 

-116 °C: ethanol/ N2 liq. 

Chromatography 

Liquid-solid chromatography 

Thin layer chromatography (TLC) was carried out on TLC sheets of aluminium coated with Silica 60 

F254 (Merck). Fluorescence of the silica dye was examined with UV-light of 254 nm, fluorescence of 

analytes at 366 nm, respectively. 

For preparative column chromatography glass columns of appropriate length and diameter were 

packed with silica gel (63 - 200 µm; Macherey Nagel), flash silica gel (40 - 63 µm; Macherey Nagel), or 
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aluminium oxide (AlOx 90 active basic 63 - 200 µm, Merck). Fully deactivated aluminium oxide was 

obtained by watering AlOx 90 with 10 w/w% water. 

Gas chromatography 

The gas chromatograph for GC analysis was a Varian Saturn 3800 GC equipped with a capillary 

column CP-SIL 8 CB of 30 m length and 0.25 mm in diameter. Using flame ionisation detector (FID) 

nitrogen 5.0 (MTI) was used as carrier gas. GC-MS coupling was realised with a Varian Saturn 2000 

MS mass spectrometer with electron ionisation (EI) and helium 4.8 (MTI) as carrier gas. 

Size-exclusion chromatography 

Bio-Beads S-X1 (BIO-RAD) was used for SEC. With THF as eluent a 2 m long and 7 cm in diameter glass 

column was used (THF-SEC). Therefore technical THF was distilled and stabilised with 90 ppm 2,6-di-

tert-butylphenol (Merck). Using DCM as eluent a smaller column of 1.2 m length and 3 cm in 

diameter was used (DCM-SEC). The DCM was also distilled prior to use. 

Recycling-gel permeation chromatography 

The rec-GPC setup was from Shimadzu and built up by a DGU-20A3 degasser, LC-20AD 

chromatograph (pump), CBM-20A communication bus module, SPD-20A UV/vis detector and CTO-

20AC column oven. The three applied columns were connected in series and purchased from PSS 

with the specification SDV prep. column, 1000 Å, 5 µ, 20.0 x 300 mm. THF was used as eluent and 

distilled and stabilised with 2,6-di-tert-butylphenol (30 ppm; Merck) prior to use. 

Melting Point 

Melting points were measured on a Büchi B-545 apparatus and were not corrected. 

Nuclear magnetic resonance 

1H-, 11B-, 13C, 19F- and 51V-NMR spectra were measured on Bruker AMX 400 and AMX 500 

spectrometer. High temperature and long time measurements were performed on the AMX 500. The 

measurements were realised by the Institute of Organic Chemistry I, University of Ulm. The signal of 

the deuterated solvent was used as internal standard for 1H- and 13C-NMR measurements. For 11B-

NMR spectra BF3*Et2O in CDCl3 and for 51V-NMR spectra VOCl3 in CDCl3 were used as external 

standards, both set to 0.00 ppm. For 19F-NMR no standard was applied. Following chemical shifts δ in 

ppm were applied for 1H- and 13C-NMR measurements: 

Acetone-D6 δ (1H) = 2.050; δ (13C) = 206.260, 29.840; 

Acetonitrile-D3 δ (1H) = 1.940; δ (13C) = 118.260, 1.320; 

Benzene-D6 δ (1H) = 7.160; δ (13C) = 128.060; 

CDCl3  δ (1H) = 7.260; δ (13C) = 77.160; 

DCM-D2 δ (1H) = 5.320; δ (13C) = 54.000; 
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DMSO-D6 δ (1H) = 2.500; δ (13C) = 39.520; 

THF-D8  δ (1H) = 3.580, 1.730; δ (13C) = 67.570, 25.370. 

Optical spectroscopy 

All solutions were freshly prepared with the corresponding solvent. DCM was purchased from Merck 

in UVASOL quality and THF (Sigma-Aldrich, HPLC-grade) was further purified and dried via a solvent 

purification system MBraun SPS-800. UV/vis spectra were recorded on a Perkin-Elmer Lambda 19 

spectrometer and corrected emission spectra were recorded on a Perkin-Elmer LS 55, both under 

ambient conditions. 

Electrochemistry 

The setup for electrochemical experiments was built up by a computer-controlled Autolab 

PGSTAT30. The single-compartment cell was equipped with a platinum working electrode (1 mm in 

diameter), a platinum wire counter electrode and a Ag/Ag+ reference electrode. The corresponding 

solvent was dried and purified by distillation and filtration through an activated aluminium oxide 

column prior to use. The applied electrolyte and ferrocene were both twice recrystallised to improve 

purity. 

Mass spectrometry 

MALDI-TOF experiments were performed on a Bruker Daltonics REFLEX III, HR-MALDI and HR-ESI 

measurements on a Bruker solariX Hybrid 7T FT-ICR. DCTB (trans-2-[3-(4-tert-butylphenyl)-2-methyl-

2-propenylidene]maloninitrile) was used as matrix for MALDI-MS and the solvent for HR-ESI-MS was 

methanol or acetonitrile. Simulated MS were calculated with the software “mMass” V 5.5.0 from THJ. 

Niedermeyer and M. Strohalm. 

Elemental analysis 

Elemental analyses were performed by the “Service Center Elementaranalytik” of the IABC at the 

University of Ulm using an Elementar vario MICRO cube CNH(S) analyser. 
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Synthetic procedures 

Standard procedure for the preparation of tetraorganylborates according to the works of Moore et 

al.[30] and Sargent et al.:[114]  

To a solution of an excess metallaryl (Ar-MgBr, Ar-Li) in THF, Et2O, or n-hexane was added a boron 

source (NaBF4, BF3 etherate, BCl3, BBr3, or BRnXn-3) at the given temperature. After stirring under 

given conditions the reaction was quenched with water and diluted with THF, the phases were 

separated and the organic phase was extracted with brine. The aqueous phases were combined, 

saturated with NaCl and extracted three times with THF. The organic phases were combined, demin. 

water (20-40 mL) was added and the organic solvents were removed by rotary vaporisation. The 

remaining solution/suspension was diluted with demin. water (20-40 mL), filtered through Celite® 

and aqueous KCl solution* was added to the filtrate. Upon addition the borate precipitated and was 

filtered off, washed with water, dissolved in acetone and evaporated to dryness. After redissolving in 

acetone, the solution was filtered and dried again giving the crude borate which normally had a high 

purity. 

*Instead of precipitating with KCl other salts can also be used. In this work TMABr and TBABr were 

also used too to get less water-soluble salts. But TMABr and TBABr were soluble in acetone, so they 

had to be removed by extraction with EtAc/water. 

General procedure for the oxidation of tetraorganylborates (non-catalytic):  

The dry borate (ca. 100 - 150 mg) was dissolved in acetonitrile and DCM. Then 2 eq. of VO(OEt)Cl2 

were added at once as a solution in DCM. The amount of the solvents were chosen to get a solvent 

mixture of ACN : DCM = 2 : 1 after the addition of the VV solution and a concentration of the borate 

of approx. 0.07 mol/L. The reaction was stirred at rt for 4 h, then a pH 7 buffer (approx. twice the 

volume of the solvents) was added. After stirring for 30 min the mixture was extracted with Et2O. If a 

precipitate (V-salts) hinders phase-separation it could be dissolved by the addition of diluted HCl. The 

organic phase was separated and the aqueous phase was extracted twice. The combined organic 

phases were dried over MgSO4, filtered, and poured on silica gel followed by filtration through a 

short pad (3-5 cm) of silica gel using PE as eluent. The filtrate was evaporated and the residue was 

weighed out and analysed by GF-FID and GC-MS. If necessary, further purification was realised by 

column chromatography. 

This method was based on the catalytic method of Hirao et al. and catalytic reactions were 

performed according to their procedure.[21] 

Dichloro(ethoxy)oxovanadium(V) (VO(OEt)Cl2).
[23]  

15 mL (159.3 mmol) of VOCl3 were dissolved in 600 mL dry n-hexane and 10.2 mL of dry ethanol 

(1.1 eq., 175.2 mmol) were added slowly at rt. HCl-gas evolved was purged by a very low argon flow 

through a safety-wash-bottle charged with methyl-tert-butylether. After stirring for 1 h the solvent 

was distilled off at atmospheric pressure. The residue was distilled in vacuum (58 °C, 7.2 mbar) to 

yield 21.549 g (117.9 mmol, 74%) of VO(OEt)Cl2. The yield and NMR data[115] corresponded to the 

literature.  
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1H-NMR (400 MHz, CDCl3) δ [ppm] = 5.79 (br, 2 H, CH2); 1.71 (t, 3 H, 3J = 7.0 Hz, CH3). 

51V-NMR (105 MHz, CDCl3) δ [ppm] = -290.7. 

Tetrakis(triphenylphosphine)palladium(0) (Pd(PPh3)4).  

29.582 g (0.11 mol, 8 eq.) of triphenylphosphine were dissolved in 250 mL DMSO and 2.500 g 

(14.1 mmol) PdCl2 were added. The solution was heated to 140 °C and an excess of hydrazine hydrate 

(> 4 g) was added within 1 min. The mixture was allowed to cool to rt and stored at 4 °C overnight. A 

precipitate was filtered under argon atmosphere and the filter-cake was washed 3 times with each 

30 mL ethanol and 4 times with each 40 mL Et2O. The yellow-orange solid was dried in vacuum. 

15.14 g of Pd(PPh3)4 were obtained (93% yield) and the purity and structure were confirmed by NMR 

spectroscopy. The data corresponded to the literature.[116] 

 

2,2’-Bithiophene (12).  

Thiophene (64.788 g, 0.77 mol) was dissolved in 1 L Et2O and cooled to ca. -40 °C. 500 mL (0.79 mol) 

of BuLi (1.58 M) were added slowly, the solution was stirred for 1.5 h and then cooled to -70 °C. 

Keeping the temperature under -50 °C CuCl2 (124.233 g, 0.92 mol) was added in portions of each 25 - 

30 g. The mixture was allowed to reach rt overnight. Then 200 mL of 2 M HCl were added very 

carefully and the reaction was worked up by extraction with Et2O and 2 M HCl (three times). The 

organic phases were combined, washed once with water, dried over MgSO4, filtered, and the solvent 

was removed in vacuum. The residue was purified by distillation (110 °C, 7.8 mbar) giving 

bithiophene 12 in a yield of 63% (40.300 g) which was comparable with the literature.[117] The 

product was pure by GC analyses. 

 

GC-MS (EI): calc. for C8H6S2: m/z = 166.0; 

  found: m/z = 166 [M+]. 

Potassium tetrathien-2-ylborate (22).  

According to literature[114] 2.50 g (15.3 mmol) 2-bromothiophene were dissolved in 20 mL Et2O and 

cooled to -78 °C. BuLi (9.58 mL, 15.3 mmol) was added within 2 min and after a brief time BF3*Et2O 
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(0.54 g, 3.80 mmol) was added neat. The mixture was stirred for 1 h at low temperature and then 

allowed to reach rt. After standard workup (3 times 10 mL THF for extraction) 963 mg of 22 were 

obtained as a white precipitate in a 1H-NMR purity of 98%. The yield of 66% corresponded to the 

literature (60-80%). 

An analogous reaction using the Grignard reagent of 10.55 g (64.7 mmol) 2-bromothiophene with 

1.58 g (65.0 mmol) magnesium and 2 mL (15.8 mmol) BF3*OEt2 gave the borate 22 in 55% yield. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.07 - 7.05 (m, 4 H, H-5); 6.89 - 6.86 (m, 4 H, H-3); 6.84 - 

6.83 (m, 4 H, H-4). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -13.0. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 166.2 (q, 1JC-B = 54.7 Hz, C-2); 129.4 (q, J = 2.4 Hz,); 126.2 

(q, J = 3.4 Hz); 123.7 (q, 3J = 1.3 Hz). 

MS (HR-ESI):  calc. for C16H12BS4¯ (anion): m/z = 342.99235; 

  found: m/z = 342.99324 (Δm/m = 2.6 ppm). 

Sodium tetra(para-tolyl)borate (23).[24]  

The Grignard reagent of 3.76 g (22 mmol) para-bromotoluene and 554.2 mg (22.8 mmol) magnesium 

was prepared in 20 mL Et2O. After refluxing for 2 h 439.2 mg (4.0 mmol) NaBF4 were added and the 

reaction was refluxed for 2 d. The mixture was poured into 100 mL 10% Na2CO3 solution and stirred 

for 15 min. A precipitate was filtered off and the phases were separated. The aqueous phase was 

extracted with Et2O, the organic phases were combined, dried over MgSO4, filtered, and 

concentrated under vacuum. The residue was diluted with DCM and n-hexane was added to support 

precipitation. A white solid was filtered off, washed with n-hexane, and dried giving 23 in 63% yield 

and pure by 1H-NMR analyses. The data corresponded to the literature which reported a yield of 

70%. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.20 - 7.16 (m, 8 H, H-2); 6.70 (d, 8 H, 3J = 7.7 Hz, H-3); 2.12 

(s, 12 H, CH3). 



Experimental part 
 

 
174 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -7.1. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 161.8 (q, 1JB-C = 49.7 Hz, C-1); 137.0 (q, 3J = 1.3 Hz, C-3); 

129.9 (C-4); 126.7 (q, 2J = 2.9 Hz, C-2); 21.3 (CH3). 

MS (HR-ESI):  calc. for C28H28B¯ (anion): m/z = 375.22944; 

  found: m/z = 375.23035 (Δm/m = 2.4 ppm). 

2-Bromo-5-methyl-thiophene (25).  

2.00 g (20.4 mmol) 2-methylthiophene were dissolved in 20 mL chloroform and under light exclusion, 

a suspension of 3.807 g (21.4 mmol) NBS in chloroform was added slowly. After 1 h glacial acid (5 mL) 

was added and the reaction was stirred for 18 h. The solution was poured into aqueous Na2S2O3 and 

Na2CO3 solution, the phases were separated, and the aqueous one was extracted with Et2O. The 

organic phases were combined, dried over MgSO4, filtered, and the solvent was removed. The crude 

product obtained had a purity of 98% (calculated by 1H-NMR spectroscopy) and was used without 

further purification. The yield was 3.517 g (97%). The analytical data corresponded to the 

literature.[29] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 6.83 (d, 1 H, 3J = 3.6 Hz, H-3); 6.52 (dd, 1 H, 3J = 3.6 Hz, 4J = 

1.1 Hz, H-4); 2.43 (s, 3 H, CH3). 

Potassium tetra(5-methylthien-2-yl)borate (26).  

1.77 g (10 mmol) 2-bromo-5-methylthiophene were lithiated with BuLi (6.25 mL, 10 mmol) in 20 mL 

Et2O at -78 °C. Briefly after the addition of BuLi 2.48 mL (2.48 mmol) of a 1 M BCl3 solution in 

n-hexane were added and the mixture was stirred for 2.5 h at low temperature. After warming up to 

rt the reaction was worked up by the standard procedure. After the addition of the KCl solution a 

brownish oil was formed, preventing the borate from being filtered off. Therefore the mixture was 

diluted with lot of water and washed with Et2O. The brownish oil could be separated with the organic 

phase and a white solid remained in the aqueous phase. Addition of KCl to this phase, further 

precipitation could be induced which was separated by filtration giving 322 mg of the potassium salt 

26 containing yellowish impurities which could not be removed by recrystallisation. The yield was 

only 30% but in literature this borate was described to be unstable.[30] 

An alternative synthesis started with 2-methylthiophene which was lithiated by deprotonation with 

BuLi and further converted with BBr3 to the corresponding borate in 20% yield. 
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1H-NMR (400 MHz, acetone-D6) δ [ppm] = 6.61 - 6.59 (m, 4 H, H-3); 6.44 (d, 4 H, 4J = 2.2 Hz, H-4); 2.33 

(s, 12 H, CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -13.4. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 165.1 (q, 1J = 54.8 Hz, C-2); 136.7 (C-5); 128.8 (q, 2J = 2.2 

Hz, C-3); 124.9 (q, 3J = 3.3 Hz, C-4); 21.3 (CH3). 

MS (HR-ESI):  calc. for C20H20BS4¯ (anion): m/z = 399.05464; 

  found: m/z = 339.05358 (Δm/m = 2.7 ppm). 

Potassium tetrathien-3-ylborate (29).  

5.35 g (32.8 mmol) 3-bromothiophene were dissolved in 40 mL Et2O and cooled to -78 °C. BuLi 

(20.5 mL, 32.8 mmol) was added within 2 minutes and after 15 min 1 mL BF3*Et2O (8.0 mmol) was 

added neat. After stirring for 1 h at low temperature the reaction was allowed to reach rt and 

worked up by standard procedure giving the borate 29 as a bright powder in a yield of 36% (1.034 g). 

In the 1H-NMR spectrum some signals were detected in the aromatic region which seemed to 

correspond to impurities, but after recrystallisation from EtOH/chloroform those signals did not 

change. So no further purification was done. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.05 - 7.02 (m, 4 H); 7.00 - 6.98 (m, 4 H); 6.62 - 6.60 (m, 4 

H, H-3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -13.0. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 165.0 (q, 1J = 50.2 Hz, C-2); 136.5 (q, 3J = 2.7 Hz, C-3); 

123.1 (q, 2J = 3.7 Hz); 120.8 (q, 2J = 3.3 Hz). 

MS (HR-ESI):  calc. for C16H12BS4¯ (anion): m/z = 342.99325; 

  found: m/z = 342.99325 (Δm/m < 0.01 ppm). 
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2-(Trimethylsily)thiophene (31).  

A Grignard reagent was prepared from 32.607 g (200 mmol) 2-bromothiophene and 4.958 g 

(204 mmol) magnesium in 350 mL Et2O. The solution was cooled to 0 °C and 21.946 g (202 mmol) 

TMSCl in 50 mL Et2O were added slowly. The reaction was stirred overnight, deactivated by the 

addition of water and extracted several times with Et2O. The ether-phases were combined, dried 

over MgSO4, filtered, and the solvent was removed by rotary vaporisation. The residue was distilled 

(72 °C, 40 mbar) giving the pure product 31 (ascertained by 1H-NMR spectroscopy) in only one 

fraction and 78% yield (24.359 g). The NMR data corresponded to the literature and similar reaction 

conditions reported in literature yielded 53% of 31.[117c] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.61 (dd, 1 H, 3J = 4.6 Hz, 4J = 0.8 Hz, H-5); 7.29 (dd, 1 H, 3J = 

3.3 Hz, 4J = 0.8 Hz, H-3); 7.21 (dd, 1 H, 3J = 4.6, 3.3 Hz, H-4); 0.35 (s, 9 H, CH3). 

1H-NMR (400 MHz, benzene-D6) δ [ppm] = 7.28 (dd, 1 H, 3J = 4.6 Hz, 4J = 0.6 Hz, H-4); 7.16 - 7.15 (m, 1 

H, H-2); 7.00 (dd, 1 H, 3J = 4.6, 3.3 Hz, H-3); 0.24 (s, 9 H, CH3). 

13C-NMR (101 MHz, benzene-D6) δ [ppm] = 139.5; 134.1; 130.4; 128.12; -0.3. 

Dibromothien-2-ylborane (32).  

20.147 g (80.4 mmol) BBr3 were placed in a flask and cooled to 0 °C. Then 12.57 g (80.4 mmol) 

2-(trimethylsilyl)thiophene 31 were added neat, the mixture was stirred for 1 h at 0 °C and then 

warmed to 60 °C for 2 h. Fractional distillation resulted in a first fraction of 10.02 g (65.5 mmol, 81%) 

trimethylsilyl bromide (63-64 °C, 650 mbar) and a second fraction of 18.52 g (73.0 mmol, 91%) of the 

product 32 was obtained at 78 °C and 7.0 mbar. The product showed a purity of 95% (calculated by 
1H-NMR spectroscopy), but the impurity might have been formed by water traces of the deuterated 

solvent. The NMR data could not be compared to the literature since another solvent was used; the 

preparative procedure also differed.[33, 47]  

 

1H-NMR (400 MHz, benzene-D6) δ [ppm] = 7.70 (d, 1 H, 3J = 3.2 Hz, H-5); 7.18 (d, 1 H, 3J = 4.8 Hz, H-3); 

6.62 (t, 1 H, 3J = 3.8 Hz, H-4). 

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 47.7. 

13C-NMR (101 MHz, benzene-D6) δ [ppm] = 144.4 (d, J = 15.9 Hz); 142.0 (d, J = 17.7 Hz); 130.1 (d, J = 

25.0 Hz). (C-B signal is not visible) 
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Bromodithien-2-ylborane (33).  

17.52 g (69.0 mmol) dibromothien-2-ylborane 32 were placed in a Schlenk-tube and 10.793 g 

(69.0 mmol) TMS-thiophene 31 were added neat. The tube was sealed and the mixture was heated 

to 180 °C for 15 h. The dark but clear solution was purified by distillation. At 63-64 °C (680 mbar) 

trimethylsilyl bromide was distilled off and the borane could be collected at 165 °C (1x10-3 mbar) as a 

yellowish oil. The purity was >95% (calculated by 1H-NMR spectroscopy) but the nature of the 

impurity was unknown since the 11B-NMR spectrum showed only one peak. The most obvious 

impurity was hydrolysis by water traces from the deuterated solvent. The NMR data could not be 

compared to the literature since another solvent was used, also the preparative procedure 

differed.[33, 47] 

 

1H-NMR (400 MHz, benzene-D6) δ [ppm] = 8.06 (d, 2 H, 3J = 3.7 Hz, H-5); 7.29 (d, 2 H, 3J = 4.7 Hz, H-3); 

6.83 - 6.80 (m, m H, H-4). 

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 50.0. 

13C-NMR (101 MHz, benzene-D6) δ [ppm] = 143.3; 139.1; 129.6. (C-B signal is not visible) 

2-(Trimethylstannyl)thiophene (34).  

From 9.782 g (60 mmol) 2-bromothiophene and 1.487 g (61.2 mmol) magnesium a Grignard reagent 

was prepared in 100 mL Et2O. The solution was cooled to 0 °C and treated with 11.956 g (60 mmol) 

TMSnCl in 5 mL Et2O. The reaction was stirred overnight at rt, then worked up by extraction with 

NaHCO3 sat. and washing twice with water. The aqueous phases were combined and once extracted 

with Et2O, the ether phases were combined, dried over MgSO4, filtered, and the solvent was 

removed. The remaining crude product was purified by fractional distillation. 13.239 g of the product 

were obtained (67 °C, 7.6 mbar) in a purity of >98% (GC area). The yield was 89% and the analytical 

data corresponded to the literature.[118] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.67 (dd, 1 H, 3J = 4.6 Hz, 4J = 0.6 Hz, H-5); 7.28 (dd, 1 H, 3J = 4.6, 

3.2 Hz, H-4); 7.24 (dd, 1 H, 3J = 3.2 Hz, 4J = 0.6 Hz, H-3); 0.35 (s, 9 H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 137.3; 135.1; 130.9; 128.1; -8.1. 
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Chlorodithien-2-ylborane (35).  

2.531 mg (10.3 mmol) of TMSn-thiophene 34 were dissolved in 15 mL benzene and cooled to -20 °C. 

5 mL (5.00 mmol) of a 1 M BCl3 solution in n-hexane were added dropwise. After stirring for 15 min 

the mixture was allowed to reach rt and stirred for additional 1.5 h before it was refluxed for 3 h. All 

volatile compounds were removed in high vacuum and the product was distilled at 118 °C and a 

pressure of 2.9x10-2 mbar. 35 was obtained as a clear liquid in 655 mg yield (62%). The analytical data 

corresponded to the literature.[119] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.19 (dd, 2 H, 3J = 3.7 Hz, 4J = 0.8 Hz, H-5); 7.96 (dd, 2 H, 3J = 4.7 

Hz, 4J = 0.9 Hz, H-3); 7.35 (dd, 2 H, 3J = 4.6, 3.7 Hz, H-4).  

11B-NMR (128 MHz, CDCl3) δ [ppm] = 48.5. 

Potassium diphenyldithien-2-ylborate (36).  

3.6 mL BuLi (5.79 mmol) were added to a -78 °C cold solution of 931 mg (5.93 mmol) bromobenzene 

in 10 mL THF. After 30 min a solution of 600 mg (2.82 mmol) chlorodithien-2-ylborane 35 in 3 mL THF 

was added. After stirring for 30 min at -78 °C the reaction was allowed to reach rt and worked up by 

standard procedure. 944 mg (2.55 mmol) of the potassium salt 36 could be isolated giving a yield of 

90%. 

The same reaction with bromoborane 33 offered borate 36 in 68% yield. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.34 (br, 4 H, H-2); 7.04 (d, 2 H, 3J = 4.7 Hz, H-5’); 6.93 (t, 4 

H, 3J = 7.4 Hz, H-3); 6.84 (dd, 2 H, 3J = 3.1 Hz, 4J = 1.5 Hz, H-4); 6.84 - 6.82 (m, 2 H, H-4’); 6.77 (br, 2 H, 

H-3’). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.7. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 168.1 (q, 1J = 52.6 Hz); 163.4 (q, 1J = 51.0 Hz); 136.2; 

129.6; 126.2 (q, 2J = 3.3 Hz); 126.0 (q, 2J = 3.1 Hz); 123.4; 123.0. 

EA: calc. for C20H16BS2K: C: 64.86; H: 4.35; S: 17.31; 

 found: C: 64.86; H: 4.38; S: 17.40. 
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MS (HR-ESI):  calc. for C20H16BS2¯
 (anion): m/z = 331.07920; 

  calc. for C40H32B2KS4¯(2 anions + 1 cation): m/z = 701.12155; 

  found: m/z = 331.07901 (Δm/m = 0.57 ppm); 701.12139 (Δm/m = 0.23 ppm). 

Dibromophenylborane (38).[31]  

9.96 mL (105 mmol) BBr3 were placed in a flask and cooled to 0 °C. Then a lack of 

trimethylsilylbenzene (17.2 mL, 100 mmol) was added neat. The mixture was stirred for 1 h at 0 °C 

and then warmed to 60 °C for 2 h. Fractional distillation resulted in a first fraction of 14.860 g (97.1 

mmol, 97%) trimethylsilyl bromide (63-64 °C, 650 mbar) and a second fraction of the product 38 (74 

°C, 6.8 mbar). The clear liquid was pure by 1H-NMR analysis and isolated in 22.660 g yielding 91.5%. 

The NMR data corresponded to the literature. 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.24 (d, 2 H, 3J = 7.2 Hz, H-2); 7.71 - 7.67 (m, 1 H, H-4); 7.50 - 

7.47 (m, 2 H, H-3). 

11B-NMR (128 MHz, CDCl3) δ [ppm] = 56.9. 

Bromodiphenylborane (39).[31]  

22.66 g (91.5 mmol) of Br2BPh 38 and 13.748 g (91.5 mmol) trimethylphenylsilane were placed in a 

Schlenk-tube with a screw cap (handled inside the glove-box) and sealed. The mixture was heated to 

180 °C for 24 h. After cooling down, the mixture was purified by distillation. Trimethylsilyl bromide 

was removed by distillation (80 °C, 1 atm) and all other volatile compounds were removed at a 

vacuum of 5x10-2 mbar. The main fraction (22.525 g of 39) could be obtained at 112 °C and 4.3 x10-2 

mbar in a purity of 94% (calculated by 1H-NMR analysis). The main impurity was the educt 

trimethylphenylsilane, which would not interrupt following reactions. So it was not further purified 

and the yield was 94%, whereas the literature reported 90%. The NMR data corresponded to the 

literature. 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 8.01 (dd, 4 H, 3J = 8.2 Hz, 4J = 1.4 Hz, H-2); 7.65 - 7.60 (m, 2 H, H-

4); 7.53 - 7.48 (m, 4 H, H-3). 

11B-NMR (128 MHz, CDCl3) δ [ppm] = 65.9. 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 137.6, 133.2, 128.0. (C-B signal is not visible) 
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Potassium diphenyldi(5-methylthien-2-yl)borate (40).  

2.37 g (24.2 mmol) 2-methylthiophene were dissolved in 60 mL THF and cooled to -78 °C. Then BuLi 

(15 mL, 24 mmol) was added slowly. Subsequently, the reaction was stirred for 30 min at -78 °C, and 

2 h at 0 °C. 2.69 g (11 mmol) of Ph2BBr 39 were added slowly as a solution in 3 mL n-hexane and the 

mixture was stirred for 30 min at 0 °C and was warmed up to 40 °C for 1 h. After standard workup the 

product was obtained in 82% yield (3.585 g) as a white solid and pure by 1H-NMR analysis. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.36 (br, 4 H, H-2’); 6.92 (t, 4 H, 3J = 7.3 Hz, H-3’); 6.82 - 

6.79 (m, 2 H, H-4’); 6.48 (br, 2 H, H-3); 6.45 (dd, 2 H, 3J = 3.2 Hz, 4J = 1.0 Hz, H-4); 2.32 (d, 6 H, 4J = 

0.7 Hz, CH3).  

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.9. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 136.2; 129.2; 125.9; 124.9; 122.8; 12.4. (C-B signals are 

not visible, two other signals overlap) 

MS (HR-ESI):  calc. for C22H20BS2¯ (anion): m/z = 359.11050; 

  calc. for C44H40B2KS4¯ (2 anions + 1 cation): m/z = 757.18415; 

  found: m/z = 359.11080 (Δm/m = 0.8 ppm); 757.19463 (Δm/m = 0.6 ppm). 

2-Hexylthiophene (42).[120]  

70.678 g (0.84 mol) thiophene were dissolved in 500 mL THF and cooled to -78 °C. Then BuLi (0.5 L, 

0.80 mol) was added in such a rate keeping the temperature below -60 °C. Upon complete addition 

the solution was stirred for 30 min, was allowed to reach rt for 30 min and cooled again to -78 °C. 

115.550 g (0.70 mol) dry bromohexane were added slowly, the cooling bath was removed and the 

mixture was stirred at rt overnight. Most of the THF was removed by distillation and the residue was 

extracted with water and Et2O several times. The combined organic phases were dried over MgSO4, 

filtered, and the solvents were removed in vacuum. The residue was purified by distillation (85-86 °C, 

7.2 mbar) yielding 99.275 g of 42 (84%) with a purity of >99% (GC area). The literature yield was 96%, 

the analytical data corresponded to the literature. 

 

MS (EI):  calc. for C10H16S: m/z = 168.1; 

  found: m/z = 168 [M+], 97 (100%) [M+ - C5H11]. 
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2-Bromo-5-hexylthiophene (43).  

10.00 g (59.4 mmol) of 2-hexylthiophene 42 were dissolved in 40 mL DMF and cooled to 0 °C. Under 

light exclusion 10.775 g (60.5 mmol) NBS in 35 mL DMF were added and the mixture was stirred for 

3.5 h at 0 °C. 25 mL of Na2S2O3 conc. were added to neutralise excess of NBS. The mixture was diluted 

with 50 mL demin. water and extracted three times with PE. The organic phases were combined, 

washed three times with water, dried over MgSO4, filtered, and the solvent was removed. The 

residue was redissolved in PE and filtered through a short silica gel column (PE). The filtrate was dried 

in vacuum giving 43 in 98% yield (14.405 g). The purity was >99.7% (GC area). A literature yield by a 

similar reaction process was 99%.[117b] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 6.85 (d, 1 H, 3J = 3.5 Hz, H-4); 6.54 (d, 1 H, 3J = 3.5 Hz, H-3); 2.75 

(t, 2 H, 3J = 7.6 Hz, α-CH2); 1.68 - 1.60 (m, 2 H, β-CH2); 1.40 - 1.29 (m, 6 H, CH2); 0.91 (t, 3 H, 3J = 6.7 Hz, 

CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 147.8; 129.5; 124.5; 108.7; 31.7; 31.6; 30.5; 28.8; 22.7; 14.2. 

Potassium diphenyldi(5-hexylthien-2-yl)borate (44).  

2-Hexylthiophene 42 (1.08 g, 6.4 mmol) was dissolved in 10 mL THF and cooled to -78 °C. 4.00 mL 

(6.4 mmol) of BuLi were added and after a brief time the solution was allowed to reach 0 °C for 

30 min. After cooling back to -78 °C a solution of 735 mg (3.0 mmol) bromodiphenylborane 39 in 

5 mL THF was added dropwise (mind: the borane reacts exothermic with THF giving an ether-

complex as a white solid; cooling upon dissolving is recommended). The reaction was stirred at low 

temperature for several hours and further stirred overnight at rt. After standard workup a crude 

product was obtained which was further purified by recrystallisation from DCM/n-hexane giving 

363 mg (22.5%) of the potassium salt 44. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.37 (br d, 4 H, 3J = 5.5 Hz, H-2’); 6.92 (t, 4 H, 3J = 7.9 Hz, H-

3’); 6.83 - 6.79 (m, 2 H, H-4’); 6.51 (br, 2 H, H-3); 6.49 (d, 2 H, 3J = 3.1 Hz, H-4); 2.69 (t, 4 H, 3J = 7.6 Hz, 

α-CH2); 1.62 - 1.55 (m, 4 H, β-CH2); 1.39 - 1.27 (m, 12 H, CH2); 0.87 (t, 6 H, 3J = 6.9 Hz, CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.7. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 136.3; 135.5; 132.6; 129.9; 127.7; 126.6; 124.0; 33.0; 

32.5; 30.1; 29.8; 23.3; 14.4. (C-B signals are not visible) 
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MS (HR-ESI):  calc. for C32H40BS2¯ (anion): m/z = 499.26700; 

  found: m/z = 499.26722 (Δm/m = 0.4 ppm). 

5-Hexyl-2,2’-bithiophene (47).  

A Grignard reagent was prepared from 7.255 g (44.5 mmol) 2-bromothiophene and 1.131 g 

(46.5 mmol) magnesium in 35 mL Et2O. In a second flask 10.0 g (40.5 mmol) bromohexylthiophene 43 

and 1.096 g (2.00 mmol, 5mol%) Ni(dppp)Cl2 were suspended in 50 mL THF. The Grignard was added 

to this ice-water-cooled suspension via a dropping funnel and refluxed for 2 d. A second portion of 

20 mmol Grignard reagent was added and after further 2 d under reflux the reaction was quenched 

by the careful addition of 200 mL 1 M HCl. The mixture was worked up by extraction several times 

with PE. The organic phases were combined, dried over MgSO4, filtered, and the solvent was 

removed. The brownish residue was suspended in PE and filtered through a short column of silica gel 

(PE). The crude product was a mixture of mainly the product, 2,2’-bithiophene 12 and 5,5’-dihexyl-

2,2’-bithiophene. Separation was realised by Kugelrohr distillation. 12 could be removed at an oven 

temperature of 100 °C and a pressure of 7.2 mbar. The product 47 was distilled at temperatures 

around 150 °C and same pressure yielding 47 in 4.600 g and a purity of 98% (GC area). The yield was 

45% and the yellow oil slowly solidified upon storing at 4 °C and melted below 20 °C. The analytical 

data corresponded to literature.[121] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.16 (d, 1 H, 3J = 5.1 Hz, 4J = 1.1 Hz,); 7.10 (dd, 1 H, 3J = 3.6 Hz, 4J = 

1.1 Hz); 7.00 - 6.98 (m, 2 H); 6.68 (d, 1 H, 3J = 3.5 Hz); 2.79 (t, 2 H, 3J = 7.6 Hz, α-CH2); 1.72 - 1.64 (m, 2 

H, β-CH2); 1.42 - 1.29 (m, 6 H, CH2); 0.90 (t, 3 H, 3J = 7.0 Hz, CH3). 

5-Bromo-5’-hexyl-2,2’-bithiophene (48).  

A solution of 0.970 g (3.87 mmol) 47 in 10 mL chloroform was cooled to 0 °C and, under light 

exclusion, 0.724 g (4.07 mmol) NBS were added as a solid. The mixture was stirred overnight at rt, 

poured into Na2S2O3 solution and extracted three times with DCM. The organic phases were 

combined, washed with Na2S2O3 solution and water (each once), dried over MgSO4, filtered, and the 

solvent was removed. The oily residue was dissolved in PE and filtered through a short silica column. 

After removal of the solvent 1.223 g of bromide 48 were obtained in >99% purity (GC area). The yield 

was 96% and the analytical data corresponded to the literature.[122] 
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1H-NMR (400 MHz, CDCl3) δ [ppm] = 6.94 (d, 1 H, 3J = 3.9 Hz, H-3’); 6.91 (d, 1 H, 3J = 3.6 Hz, H-3); 6.83 

(d, 1 H, 3J = 3.9 Hz, H-4’); 6.66 (d, 1 H, 3J = 3.5 Hz, H-4); 2.78 (t, 2 H, 3J = 7.6 Hz, α-CH2); 1.67 (dt, 2 H, 3J 

= 15.3, 7.4 Hz, β-CH2); 1.41 - 1.26 (m, 6 H, CH2); 0.89 (t, 3 H, 3J = 6.8 Hz, CH3). 

MS (EI):  calc. for C14H17BrS2: m/z = 328.00 (100%); 330.00 (97%); 

  found: m/z = 330 (50%) [M+]; 260 (100%) [M+- C5H11]. 

Potassium diphenyldi(5’-hexyl-5,2’-bithien-2-yl)borate (49).  

1.38 g (4.2 mmol) of 5-bromo-5’-hexyl-2,2’-bithiophene 48 were dissolved in 15 mL THF and cooled 

to -78 °C before 2.67 mL (4.27 mmol) of BuLi were added. The solution was stirred for 1 h 15 min at 

low temperature before a solution of 490 mg (2.0 mmol) Ph2BBr 39 in 3 mL n-hexane was added 

dropwise. The reaction was allowed to reach rt overnight and after standard workup the crude K-salt 

was recrystallised from DCM/PE giving 579 mg (41%) of the desired borate 49 in an acceptable purity 

of 92% (calculated by 1H-NMR analysis). 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.39 (d, 4 H, 3J = 7.0 Hz, H-2’’); 7.00 - 6.95 (m, 6 H, H-3’ + 

H-3’’); 6.88 - 6.85 (m, 2 H, H-4’’); 6.77 (2, 2 H, 3J = 3.5 Hz, H-4’); 6.68 (d, 2 H, 3J = 3.2 Hz, H-4); 6.60 (d, 

2 H, 3J = 3.5 Hz, H-3); 2.73 (t, 4 H, 3J = 7.5 Hz, α-CH2); 1.67 - 1.59 (m, 4 H, β-CH2); 1.40 - 1.28 (m, 12 H, 

CH2); 0.87 (t, 6 H, 3J = 6.9 Hz, CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.8. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 142.5; 139.1; 136.2; 136.1; 130.7; 126.3; 125.4; 123.5; 

123.4; 121.0; 32.4; 32.3; 30.6; 29.4; 23.2; 14.3. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C40H44BS4¯ (anion): m/z = 663.24244; 

  found: m/z = 663.24115 (Δm/m = 1.9 ppm). 

Tetra-n-butylammonium diphenyldithien-2-ylborate (52).  

150 mg (405 µmol) of the potassium borate 36 were dissolved in 5 mL acetone and a solution of 

excessive 0.65 g (5 eq.; 2.02 mol) TBABr in acetone was added. The mixture was stirred overnight, 
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filtered, and the filtrate was poured on silica gel. After filtration through silica gel (DCM : THF = 1 : 1) 

the filtrate was evaporated and extracted several times with water and EtAc. The organic phases 

were combined, dried over MgSO4, filtered, and the solvent was removed giving 230 mg (99%) of the 

TMA-salt 52 which was pure by 1H-NMR analysis.  

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.35 (br, 4 H, H-2’); 7.05 (d, 2 H, 3J = 4.7 Hz, H-5); 6.94 (t, 4 

H, 3J = 7.3 Hz, H-3’); 6.85 - 6.81 (m, 4 H, H-4 + H-4’); 6.77 (br, 2 H, H-3); 3.44 - 3.40 (m, 8 H, α-CH2); 

1.83 - 1.77 (m, 8 H, β-CH2); 1.45 - 1.38 (m, 8 H, γ-CH2); 0.97 (t, 12 H, 3J = 7.4 Hz; CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.7. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 136.2; 129.7 (d, 2J = 3.8 Hz); 126.2; 126.0 (d, 2J = 4.4 Hz); 

123.4; 123.0; 59.4; 24.4; 20.4; 13.9. 

MS (HR-ESI):  calc. for C20H16BS2¯ (anion): m/z = 331.07920; 

  calc. for C56H68B2NS4¯ (2 anions + 1 cation): m/z = 904.44262; 

  found: m/z = 331.07922 (Δm/m = 0.06 ppm); 904.44230 (Δm/m = 0.35 ppm). 

Chlorodihexylborane (54).[35]  

34 mL (34 mmol) of an 1 M BCl3 solution in n-hexane were cooled to approx. -15 °C and a solution of 

10.86 mL (68 mmol) triethylsilane in 8.52 mL (68 mmol) 1-hexene (freshly distilled from sodium) was 

added dropwise. The reaction was kept below 0 °C and monitored by 11B-NMR spectroscopy. After 

21.5 h the volatile compounds were removed at a pressure of 700 - 200 mbar, Et3SiCl was distilled off 

(66-67 °C, 70 mbar) yielding 7.506 g (73%) in 99% purity (1H-NMR) and 4.54 g (62%) of the product 54 

were obtained at 103-105 °C and 0.39 mbar. The intermediate dichlorohexylborane was not 

obtained. The analytical data corresponded to the literature. 

 

1H-NMR (400 MHz, benzene-D6) δ [ppm] = 1.52 - 1.45 (m, 4 H, α-CH2); 1.31 - 1.19 (m, 16 H, β-CH2 to 

ω-CH2); 0.90 (t, 6 H, 3J = 7.0 Hz, CH3).  

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 77.7. 

13C-NMR (101 MHz, benzene-D6) δ [ppm] = 32.3; 32.1; 24.9; 23.0; 14.4. (C-B signal is not visible) 
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Tetra-n-butylammonium dibutyldiphenylborate (55).  

6.0 mL (9.6 mmol) BuLi were diluted with 50 mL n-hexane and 5 mL THF and cooled to -78 °C. 1.0 g 

(4.1 mmol) Ph2BBr 39 was dissolved in 3 mL n-hexane and added to the BuLi solution. After reaching 

rt the reaction was worked up by standard procedure. Since the precipitate after the addition of KCl 

could not be separated by filtration the aqueous suspension was extracted with EtAc several times. 

The organic phases were combined, dried over MgSO4, filtered, and the solvent was removed. The 

oily residue was dissolved in acetone and an acetonic solution of 2 g TBABr was added. After stirring 

for 2 h at rt, the solvent was removed in vacuum and the residue was extracted with water and EtAc 

several times. The combined organic phases were dried over MgSO4, filtered, and dried in vacuum. 

The desired borate 55 could be isolated in 63% yield and a quantity of 1.344 g. The purity was 

confirmed by 1H-NMR analysis. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.34 (br, 4 H, H-2); 6.86 (t, 4 H, 3J = 7.3 Hz, H-3); 6.66 (t, 2 

H, 3J = 7.1 Hz-, H-4); 3.37 (br, 8 H, α’-CH2); 1.77 (br, 8 H, β’-CH2); 1.44 - 1.39 (m, 8 H, γ’-CH2); 1.24 - 

1.19 (m, 4 H, γ-CH2); 0.99 - 0.96 (m, 4 H, β-CH2, signals overlap with triplet of C’H3); 0.97 (t, 12 H, 3J = 

7.4 Hz, C’H3) ; 0.79 (t, 6 H, 3J = 7.3 Hz, CH3); 0.66 (br, 4 H, α-CH2).  

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -13.3. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 134.8; 125.8; 121.2; 59.4 (m); 31.3; 24.4; 20.4 (m); 15.1; 

13.9. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C20H28B¯ (anion): m/z = 279.22896; 

  calc. for C56H92B2N¯ (2 anions + 1 cation): m/z = 800.74214; 

  found: m/z = 279.22882 (Δm/m = 0.47 ppm); 800.74256 (Δm/m = 0.52 ppm). 

Potassium dibenzyldiphenylborate (56).  

A Grignard reagent was prepared from 1.137 g (9.0 mmol) benzyl chloride and 0.228 g (9.4 mmol) 

magnesium turnings in 20 mL Et2O. The Grignard solution was cooled to 0 °C and Ph2BBr 39 (1.00 g, 

4.1 mmol) was added as a solution in 3 mL n-hexane. After stirring for 30 min at 0 °C the reaction was 

refluxed for 2 h. After standard workup the borate was isolated as a white powder in 75% (1.190 g) 

yield and pure by EA and 1H-NMR analysis. 
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1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.23 (br, 4 H, H-2); 6.87 (t, 4 H, 3J = 7.3 Hz, H-3); 6.76 - 6.72 

(m, 6 H, H-4 + H-3’); 6.64 - 6.59 (m, 6 H, H-2’ + H-4’); 2.14 (dd, 4 H, 2J = 10.4 Hz, 4J = 5.1 Hz, CH2). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -10.2. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 153.0; 135.5; 130.3; 126.5; 125.8; 122.0; 121.1. (C-B 

signals are not visible) 

EA: calc. for C26H24BK: C: 80.82; H: 6.26; 

 found: C: 80.63; H: 6.08. 

MS: The substance decomposed before a MS could be measured. 

Potassium di(2-phenylethyl)diphenylborate (58).  

A Grignard reagent was prepared from 631.5 mg (4.5 mmol) 2-phenylethyl chloride and 0.110 g 

(4.5 mmol) magnesium turnings in 20 mL THF. At rt a solution of 500 mg (2.04 mmol) Ph2BBr 39 in 

3 mL n-hexane was added to the Grignard solution, stirred for 1 h at rt, 2 h under reflux, and 

overnight at rt. Standard workup gave the borate 58 in 49% yield (415 mg). The purity was confirmed 

by 1H-NMR analysis. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.44 (br, 4 H, H-2); 7.17 - 7.11 (m, 8 H, H-3 + H-2’); 6.98 - 

6.93 (m, 6 H, H-4 + H-3’); 6.74 (t, 2 H, 3J = 7.2 Hz, H-4’); 2.39 - 2.35 (m, 4 H, β-CH2); 1.15 - 1.08 (m, 4 H, 

α-CH2). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -13.0. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 152.4; 134.6; 128.8; 128.3; 126.2; 126.1; 124.3; 121.7; 

35.6 (β-CH2). (C-B signals are not visible) 

MS (HR-ESI):  calc. for C28H28B¯ (anion): m/z = 375.22896; 

  calc. for C56H56B2K¯ (2 anions + 1 cation): m/z = 789.42239; 

  found: m/z = 375.22914 (Δm/m = 0.5 ppm); 789.43039 (Δm/m = 10 ppm). 
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Potassium di(ortho-tolyl)dithien-2-ylborate (60).  

To a -78 °C cold solution of 0.715 g (4.18 mmol) 2-bromotoluene in 25 mL THF BuLi (2.68 mL, 

4.28 mmol) was added slowly and the mixture was stirred for 2 h at low temperature. Then a 

solution of 500 mg (1.95 mmol) bromodithien-2-ylborane 33 in 3 mL n-hexane was added. The 

reaction was stirred for 1 h at -78 °C and warmed to 50 °C for 1.5 h. After standard workup the crude 

product was suspended in DCM, filtered, and washed with more DCM. The filter cake was purged out 

with acetone and after vaporisation the product (262 mg) was obtained as a solid with impurities 

giving it a brownish colour. The yield was 34% and the impurities were not visible in NMR spectra. 

The discolouration could not be removed by recrystallisation. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.25 (br, 2 H, H-6’); 7.04 (d, 2 H, 3J = 4.5 Hz, H-5); 6.83 - 

6.73 (m, 14 H); 6.70 (br, 2 H, H-3); 1.86 (s, 6 H, CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.8. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 144.0; 136.1; 129.8 (two signals overlapping); 126.0; 

125.9; 123.8; 123.6; 25.0. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C22H20BS2¯ (anion): m/z = 359.11050; 

  found: m/z = 359.10978 (Δm/m = 2.0 ppm). 

Tetra-n-butylammonium 5,5-dithien-2-yl-5H-dibenzo[b,d]borol-5-uide (62).  

0.861 g (2.76 mmol) 2,2’-dibromobiphenyl were dilithiated with 4 eq. of tBuLi (5.6 mL, 11.2 mmol) 

which was added dropwise as a 2 M solution in n-heptane to the -78 °C cold solution of the biphenyl 

in 40 mL THF. After stirring for 3 h at -78 °C 700 mg (2.76 mmol) dibromothien-2-ylborane 32 were 

added as a solution in 3 mL n-hexane. The mixture was allowed to reach rt overnight, was cooled to 

0 °C and a solution of 2-thienyllithium (freshly prepared from 464 mg (5.52 mmol) thiophene and 

3.28 mL (5.24 mmol) BuLi in 5 mL THF) was added dropwise. After the addition the mixture was 

warmed up to 40 °C for 3 h, allowed to cool down to rt and worked up by the standard procedure 

(KCl addition). Since no precipitation occurred the aqueous phase was extracted with EtAc several 

times, the organic phases were combined, dried over MgSO4, filtered, and dried in vacuum. The 

residue was dissolved in acetone and an excess of TBABr in acetone was added. The solvent was 

removed and the residue was extracted with EtAc and water several times. The organic phases were 

combined, dried over MgSO4, filtered, and the solvent was removed giving 150 mg (9.5%) of borate 

62. Single crystals which were good enough for XRD analysis could be obtained from an acetonic 

solution which was allowed to evaporate under atmospheric conditions. 
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1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.77 (br, 2 H, H-3); 7.54 - 7.52 (m, 8 H, H-6); 7.01 - 6.99 (m, 

4 H, H-4 + H-5); 6.96 (d, 2 H, 3J = 4.7 Hz, H-5’); 6.85 (br, 2 H, H-3’); 6.77 - 6.75 (m, 2 H, H4’); 3.10 - 3.05 

(m, 8 H, α-CH2); 1.91 - 1.57 (m, 8 H, β-CH2); 1.33 - 1.28 (m, 8 H, γ-CH2); 0.93 (t, 12 H, 3J = 7.3 Hz, CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -5.3. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 132.6 (d, J = 1.8 Hz); 127.4 (d, J = 2.6 Hz); 125.5; 124.5; 

123.1; 118.7 (d, J = 2.7 Hz); 58.9 (m, α-CH2); 24.3; 20.3; 13.9. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C20H14BS2¯ (anion): m/z = 329.06355; 

  calc. for C56H64B2NS4¯ (2 anions + 1 cation): m/z = 900.41132; 

  found: m/z = 329.06311 (Δm/m = 1.3 ppm); 900.41324 (Δm/m = 2.1 ppm). 

XRD: see attachment. 

Potassium di(ortho-chlorophenyl)dithien-2-ylborate (65).  

From 33: A solution of 783 mg (4.1 mmol) 1-bromo-2-chlorobenzene in 15 mL THF was cooled to 

-78 °C and 2.5 mL (4.0 mmol) BuLi were added slowly. The mixture was stirred for 1 h at -78 °C. Then 

478 mg (1.86 mmol) bromodithien-2-ylborane 33 were added as a solution in 2 mL n-hexane. After 

1 h the cooling bath was removed and the reaction was stirred overnight at rt. Standard workup 

yielded 243 mg (30%) of borate 65 and in an acceptable purity (noisy baseline of the 1H-NMR 

spectrum in the aromatic region). 

From 88: 0.343 g (2.10 mmol) of 2-bromothiophene were dissolved in 10 mL Et2O and cooled to 

-78 °C. Then 1.3 mL (2.1 mmol) BuLi were added slowly and the mixture was stirred for 1 h followed 

by the addition of borane 88 (300 mg, 0.96 mmol) in < 2 mL n-hexane. Standard workup resulted in 

the isolation of 159 mg (38%) of the desired borate 65 as pure material (confirmed by 1H-NMR 

analysis). 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.50 - 7.45 (m, 2 H, H-6); 7.00 - 6.96 (m, 4 H); 6.84 - 6.79 

(m, 4 H); 6.77 - 6.76 (m, 4 H). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.4. 
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13C-NMR (126 MHz, acetone-D6) δ [ppm] = 142.0; 138.3; 130.5 (d, J = 2.5 Hz); 129.4; 126.0 (q, J = 

2.9 Hz); 125.1; 124.7 (q, J = 2.1 Hz); 123.7. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C20H14BCl2S2¯ (anion): m/z = 399.00125; 

  found: m/z = 399.00087 (Δm/m = 1.0 ppm). 

Potassium di(meta-chlorophenyl)dithien-2-ylborate (68).  

783 mg (4.09 mmol) of 1-bromo-3-chlorobenzene were dissolved in 15 mL THF, cooled to -78 °C and 

treated with 2.5 mL BuLi (4.00 mmol) which were added slowly. Upon stirring for 1 h at -78 °C, 478 

mg (1.86 mmol) bromo-dithien-2-ylborane 33 were added as a solution in 2 mL n-hexane. The 

reaction was stirred for 1 h at low temperature then the cooling bath was removed and the mixture 

was stirred overnight at rt. By standard workup, 330 mg of 68 could be isolated in a purity >98% (1H-

NMR calculation). Hence, the yield was 40%. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.31 (br, 2 H, H-6’); 7.24 (br, 2 H, H-2’); 7.11 (d, 2 H, 3J = 

4.6 Hz, H-5); 6.98 (t, 2 H, 3J = 7.6 Hz, H-5’); 6.90 - 6.88 (m, 4 H; H-4 + H-4’); 6.76 (br, 2 H, H-3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.9. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 135.3 (d, J = 1.9 Hz); 134.3; 132.6; 129.9 (d, J = 2.2 Hz); 

127.8 (dd, J = 6.2, 2.5 Hz); 126.6 (dd, J = 6.1, 2.8 Hz); 124.0; 123.3. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C20H14BCl2S2¯ (anion): m/z = 399.00125; 

  calc. for C40H28B2Cl4KS4¯ (2 anions + 1 cation): m/z = 838.96271; 

  found: m/z = 399.00087 (Δm/m = 1.0 ppm). 

Potassium di(para-chlorophenyl)dithien-2-ylborate (70).  

A solution of 820 mg (4.28 mmol) 1-bromo-4-chlorobenzene in approx. 70 mL n-hexane was cooled 

to -78 °C. 2.7 mL (4.32 mmol) BuLi were added slowly and the resulting suspension was stirred for 

1.5 h at -78 °C. A GC-control of a probe quenched with water showed only the educt. So 0.7 mL THF 

were added but stirring for 1 h at -78 °C also resulted in no transformation. After adding further 

10 mL THF and stirring of the reaction for 1.5 h at <-50 °C a GC-probe showed nearly full 

transformation. So bromodithien-2-ylborane 33 (500 mg, 1.95 mmol) was added as a solution in 2 mL 

n-hexane. In a yield of 94.5% the product 70 could be isolated after standard workup in 808 mg of 

the white salt. The purity was about 97% (by 1H-NMR) which was not further improved. 
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1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.27 (br m, 4 H, H-2’); 7.08 (d, 2 H, 3J = 4.6 Hz, H-5); 6.98 - 

9.96 (m, 4 H, H-3’); 6.86 (dd, 2 H, 3J = 4.7, 3.2 Hz, H-4); 6.73 (br, 2 H, H-3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -10.1. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 137.6; 129.8; 128.8; 126.5; 126.0; 123.9. (C-B signals are 

not visible) 

MS (HR-ESI):  calc. for C20H14BCl2S2¯ (anion): m/z = 399.00125; 

  found: m/z = 399.00060 (Δm/m = 1.6 ppm). 

(Ortho-fluorophenyl)trimethylstannane (73).  

A solution of 6.65 g (38.0 mmol) 1-bromo-2-fluorobenzene in 50 mL THF was cooled to < -90 °C and 

treated with 20.0 mL (38.0 mmol, 1 eq.) of a 1.9 M tBuLi solution in n-pentane. Upon addition the 

mixture was stirred for 10 min before 8.329 g (41.8 mmol) TMSnCl in 5 mL THF were added. The 

reaction was worked up by extraction with NaHCO3 sat. and PE. The aqueous phase was extracted with 

PE twice, the organic phases were combined and washed once with brine and once with water, dried 

over MgSO4, filtered, and the solvent was removed. The crude product was purified by distillation. 

4.708 g (48%) of stannane 73 were obtained at 72 °C and 10 mbar. The GC-purity was >99% and the 

analytical data corresponded to literature.[36]  

 

1H-NMR (400 MHz, CDCl3) δ *ppm+ = 7.41 (ddd, 1 H, 3J = 7.1 Hz, 4J = 4.0 Hz, 1.8 Hz, H-4); 7.36 - 7.30 

(m, 1 H, H-6); 7.15 (tt, 1 H, 3J = 7.2 Hz, 4J = 1.1 Hz, H-5); 7.03 - 6.99 (m, 1 H, H-3); 0.36 (s, 9 H, CH3). 

13C-NMR (101 MHz, CDCl3) δ *ppm+ = 167.6 (d, J = 234.7 Hz, C-2); 136.9 (d, J = 14.9 Hz); 130.7 (d, J = 

7.5 Hz); 127.3 (d, J = 44.2 Hz); 124.3 (d, J = 2.7 Hz); 114.4 (d, J = 27.5 Hz); -9.1 (d, J = 1.5 Hz, CH3). 

MS (EI):  calc. for C9H13FSn: m/z = 260.00 [M+]; 244.98 [M+ - CH3]; 

  found: m/z = 245 (100%) [M+ - CH3]. 

Potassium di(ortho-fluorophenyl)dithien-2-ylborate (75).  

12.0 mL (16.80 mmol) sec-BuLi (1.4 M in cyclohexane) were diluted with 22 mL -78 °C cold THF, 

cooled to -78 °C and 1.660 g (17.28 mmol) fluorobenzene were added neat. The reaction was stirred 

for 45 min at low temperature before 2.00 g (7.78 mmol) of the borane 33 were added as a solution 
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in 3-4 mL n-hexane. The mixture was stirred for further 15 min at -78 °C, allowed to reach rt and 

stirred for 1 h. After standard workup, the borate 75 was isolated in 2.828 g (89%). 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.20 (br, 2 H, H-4’); 7.04 (d, 2 H, 3J = 4.6 Hz, H-5); 6.95 - 

6.89 (m, 2 H, H-5’); 6.85 - 6.83 (m, 2 H, H-4); 6.80 (br, 2 H, H-3); 6.75 (t, 2 H, 3J = 7.2 Hz, H-6’); 6.66 (t, 

2 H; 3J = 8.8 Hz, H-3’). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -11.9. 

13C-NMR (126 MHz, acetone-D6) δ [ppm] = 167.7 (d, 1JC-F = 239.9 Hz, C-2’); 165.1 (q, 1JC-B = 54.4 Hz, C-

1’); 137.7 (d, J = 12.7 Hz); 129.3; 126.2 (d, J = 3.4 Hz); 125.5 (d, J = 8.1 Hz); 123.4; 122.4; 114.0 (d, J = 

27.7 Hz). (C-2 signal is not visible) 

19F-NMR (376.5 MHz, acetone-D6) δ [ppm] = -97.6 (dd, J = 7.5, 3.6 Hz). 

MS (HR-ESI):  calc. for C20H14BF2S2¯ (anion): m/z = 367.06035; 

  found: m/z = 367.05996 (Δm/m = 1.1 ppm). 

Dichlorothien-2-ylborane (76).  

To 50 mL (50 mmol) of a 1 M solution of BCl3 in n-heptane 7.06 g (45.2 mmol) 2-TMS-thiophene 31 

were added at -15 °C. Subsequently, the mixture was allowed to reach rt, stirred for 4 h, warmed up 

to 60 °C, and stirred overnight. At 30 °C the pressure was slowly reduced (down to 20 mbar) to 

remove volatile BCl3, TMSCl, and n-heptane and the product was distilled at 68 °C (15-16 mbar) giving 

a fraction which was composited of educt 31 (43.1%) and product 76 (56.9%). So, additionally 20 mL 

(20 mmol) of the BCl3 solution were added and the solution was warmed to 60 °C for another 3 d. 

The second distillation offered a main fraction of 4.52 g (25.23 mmol) of borane 76 with a purity of 

92mol% (94.7w%) calculated on the 1H-NMR spectrum. The impurity was the educt which would not 

disturb further reactions and therefore it was not removed. The yield was 56% and the analytical 

data corresponded to the literature.[119] 

 

1H-NMR (400 MHz, benzene-D6) δ [ppm] = 7.64 (dd, 1 H, 3J = 3.7 Hz, 4J = 0.8 Hz, H-5); 7.11 (d, 1 H, 3J = 

4.6 Hz, H-3); 6.62 (dd, 1 H, 3J = 4.5, 3.8 Hz, H-4). 

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 48.8. 

13C-NMR (101 MHz, benzene-D6) δ [ppm] = 143.5; 140.5; 129.8. (C-B signal is not visible) 
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(2-Iso-propylphenyl)trimethylstannane (80) and di(2-iso-propylphenyl)dimethylstannane (81).  

3.540 g (17.8 mmol) of 1-bromo-2-iso-propylbenzene were dissolved in 15 mL THF and cooled to 

-78 °C. Subsequently, 19.6 mL (37.3 mmol, 2.1 eq.) 1.9 M tBuLi in n-pentane were added slowly and 

the mixture was stirred for additional 2 h before a solution of 3.897 g (19.6 mmol) TMSnCl in 2.5 mL 

THF was added slowly. The mixture was allowed to reach rt overnight and worked up with NaHCO3 sat. 

and Et2O. The aqueous phase was extracted twice with ether, the organic phases were combined, 

washed once with water, dried over MgSO4, filtered, and the solvent was removed in vacuum. GC-

MS-analysis of the crude product showed two signals with m/z-values expected for 80 and a third 

peak with m/z = 374, corresponding to the structure of 81. By Kugelrohr distillation 1.452 g (29%) of 

the desired product 80 could be obtained at 9x10-2 mbar and 75 °C oven temperature. This 

distillation had to be carried out very slowly; otherwise the isomer was distilled too. At a pressure of 

0.1 - 0.07 mbar and a temperature of 100 °C all compounds but 81 (1.180 g, 34% yield, based on the 

bromide) could be removed and analysis of this residue confirmed the structure of 81. A purity of 

>99% was confirmed by GC for both isolated stannanes. 

 

1H-NMR (400 MHz, CDCl3) δ *ppm+ = 7.43 (d, 1 H, 3J = 7.3 Hz, H-6); 7.38 - 7.32 (m, 2 H, H-4 + H-5); 7.20 

(td, 1 H, 3J = 6.9 Hz, 4J = 1.9 Hz, H-3); 2.80 (hept, 2 H, 3J = 6.8 Hz, CH); 1.18 (d, 6 H, 3J = 6.8 Hz, CH3); 

0.56 (s, 9 H, SnCH3). 

13C-NMR (101 MHz, CDCl3) δ *ppm+ = 155.6 (C-2); 141.3 (C-1); 136.1 (C-6); 129.1 (C-4); 125.7; 124.9; 

38.0 (CH); 24.9 (CH3); -8.1 (SnCH3). 

MS (EI):  calc. for C12H20Sn: m/z = 284.06 [M+]; 269.04 [M+ - CH3]; 

  found: m/z = 268 (100%) [M+ - CH3]. 

 

1H-NMR (400 MHz, CDCl3) δ *ppm+ = 7.39 (d, 2 H, 3J = 7.2 Hz, H-6); 7.34 - 7.30 (m, 4 H, H-4 + H-5); 7.16 

(t, 2 H, 3J = 6.4 Hz, H-3); 2.81 (hept, 2 H, 3J = 6.8 Hz, CH); 1.29 (d, 12 H, 3J = 6.8 Hz, CH3) ; 0.33 (s, 6 H, 

SnCH3). 

13C-NMR (101 MHz, CDCl3) δ *ppm+ = 155.8 (C-2); 140.7 (C-1); 136.6 (C-6); 129.3 (C-4); 125.9; 125.1; 

38.0 (CH); 24.8 (CH3); -7.0 (SnCH3). 

EA: calc. for C20H28Sn: C: 62.05; H: 7.29; 

 found: C: 62.24; H: 7.24. 
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MS (EI):  calc. for C20H28Sn: m/z = 388.12 [M+]; 373.10 [M+ - CH3]; 

  found: m/z = 374 (100%) [M+ - CH3]. 

Potassium dithien-2-yldithien-3-ylborate (85).  

3-Bromothiophene (1.332 g, 8.17 mmol) was dissolved in 15 mL THF and cooled to -78 °C before 

5.0 mL (8.0 mmol) BuLi were added. After 1 h at low temperature 1.00 g (3.89 mmol) bromodithien-

2-ylborane 33 was added as a solution in 2-3 mL n-hexane and 15 min after the addition the cooling 

bath was removed. The reaction was worked up by the standard protocol giving 1.347 g of crude 

borate 85 with low purity. Recrystallisation from chloroform/EtOH/PE offered 666 mg (45%) as pure 

material (confirmed by 1H-NMR analysis) but with a slightly yellow colour. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.10 (m with satellites, 2 H, H-5’); 7.04 (d, 2 H, 3J = 4.5 Hz, 

H-5); 7.00 (dd, 2 H, 3J = 4.7 Hz, 2.7 Hz, H-4); 6.84 - 6.81 (m, 4 H, H-3 + H-2’), 6.74 - 6.73 (m, 2 H, H-4’). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -13.0. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 167.8 (q, 1J = 88.3 Hz, B-C); 163.9 (q, 1J = 51.6 Hz, B-C); 

136.5 (d, J = 3.3 Hz) ; 128.7 (d, J = 2.6 Hz) ; 126.3 (d, J = 3.4 Hz) ; 123.9 (q, J = 3.3 Hz); 123.3; 120.8 (d, J 

= 3.8 Hz). 

MS (HR-ESI):  calc. for C16H12BS4¯ (anion): m/z = 342.99204; 

  found: m/z = 342.99199 (Δm/m = 1.5 ppm). 

 

1-Chloro-2-(trimethylsilyl)benzene (87).[37]  

197 mL (0.256 mol) of sec-BuLi (1.3 M in cyclohexane : n-hexane = 92 : 8) were diluted with 200 mL 

cyclohexane (freshly distilled from CaH2) and 700 mL THF and cooled to -100 °C. Then 30.267 g 

(0.269 mol) of chlorobenzene (dried over an active aluminium oxide column) were added slowly and 

the mixture was stirred for 2 h at low temperature. Subsequently, 29.214 g (0.269 mol) TMSCl were 

added neat. The cooling bath was immediately removed and after reaching rt, departing from 

literature procedure, the mixture was filtered through silica gel (PE) to separate precipitates. The 

filtrate was evaporated and the residue was distilled in vacuum (70 °C, 7.5 mbar) giving 42.268 g 

(89%) of 87 in a purity of >99% (GC area). The analytical data corresponded to the literature. 
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1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.46 (dd, 1 H, 3J = 7.2 Hz, 4J = 1.8 Hz, H-6); 7.33 (td, 1 H, 3J = 

8.1 Hz, 4J = 1.6 Hz, H-3); 7.29 (td, 1 H, 3J = 7.5 Hz, 4J = 1.9 Hz); 7.25 (ddd, 1 H, 3J = 8.6, 7.6 Hz, 4J = 

1.7 Hz), 0.39 (s, 9 H, CH3).  

13C-NMR (101 MHz, CDCl3) δ [ppm] = 141.2; 138.8; 135.7; 130.7; 129.3; 126.1; -0.6 (CH3). 

Bromo-di(ortho-chlorophenyl)borane (88).  

BBr3 (21.592 g, 86.19 mmol) was placed under an argon atmosphere and cooled to 0 °C. 31.844 g 

(172.38 mmol) of neat 87 were added slowly and the mixture was stirred for 1 h at 0 °C, then heated 

to 180 °C for 33.5 h. Reaction control by 1H- and 11B-NMR spectroscopy showed no full conversion, so 

the mixture was heated to 200 °C for another 24 h. The reaction mixture was distilled and the 

product was collected at 125 - 133 °C head temperature at 1x10-3 mbar as a slightly purple but clear 

liquid. In a yield of 48% and a purity of 95% (from 1H-NMR, possibly hydrolysis from water in the 

solvent) 12.700 g of the desired borane 88 could be obtained. 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.69 (dd, 2 H, 3J = 7.7 Hz, 4J = 1.8 Hz, H-3); 7.37 - 7.33 (m, 2 H, H-

6); 7.29 - 7.25 (m, 4 H, C4-H + H-5). 

1H-NMR (400 MHz, benzene-D6) δ [ppm] = 7.61 (d, 2 H, 3J = 7.1 Hz, H-3); 7.61 (d, 2 H, 3J = 7.9 Hz, H-6); 

6.86 - 6.78 (m, 4 H, H-4 + H-5). 

11B-NMR (128 MHz, CDCl3) δ [ppm] = 67.8. 

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 67.8. 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 137.8; 136.2; 133.2; 129.8; 126.5. (C-B signal is not visible) 

13C-NMR (101 MHz, benzene-D6) δ [ppm] = 138.1; 136.4; 133.3; 129.9; 126.5. (C-B signal is not 

visible) 

Potassium di(ortho-chlorophenyl)di(5-hexylthien-2-yl)borate (89).  

A solution of 1.196 g (7.11 mmol) 2-hexylthiophene 42 in 5 mL THF was cooled to -10 °C before 

4.40 mL (7.04 mmol) of BuLi were added. The mixture was stirred for 1 h 15 min between -10 and 

-15 °C, then it was cooled to -50 °C and 1.00 g (3.19 mmol) of the borane 88 was added as a solution 

in 2-3 mL n-hexane. After 10 min the solution was warmed to 0 °C and after further 30 min the 

cooling bath was removed. The reaction was further stirred at rt for 1 h and finally warmed to 40 °C 

for 1 h. After cooling back to rt the reaction was worked up by standard procedure and the borate 

was precipitated with KCl yielding 1.614 g of 89 (83% yield). The purity was poor (approx. 90% 

calculated by 1H-NMR analysis) but HR-ESI-MS and 11B-NMR spectroscopy confirmed the presence of 
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only 1 borate and since purification by recrystallisation was not successful the product was used as 

obtained. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.05 - 6.98 (m, 4 H); 6.94 - 6.88 (m, 2 H); 6.86 - 6.81 (m, 4 

H); 6.58 - 8.57 (br m, 2 H); 2.69 (t, 4 H, 3J = 7.6 Hz, α-CH2); 1.63 - 1.56 (m, 4 H, β-CH2); 1.34 - 1.28 (m, 

12 H, CH2); 0.89 - 0.86 (m, 6 H, CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.5. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 141.9; 138.4; 136.2; 127.5; 126.5; 124.9; 124.8; 124.6; 

32.9; 32.4; 31.0; 29.7; 23.3; 14.4. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C32H38BCl2S2¯ (anion): m/z = 567.18905; 

  found: m/z = 567.18799 (Δm/m = 1.87 ppm). 

Tetramethylammonium di(ortho-chlorophenyl)di(3,5-dimethoxyphenyl)borate (90).  

A Grignard reagent was prepared from 1.453 g (6.69 mmol) 1-bromo-3,5-dimethoxybenzene and 

171 mg (6.85 mmol) magnesium turnings in 15 mL THF (refluxing for 2 h). The Grignard solution was 

cooled to -20 °C and a solution of 1.00 g (3.19 mmol) borane 88 in 3-4 mL n-hexane was added 

slowly. After 1 h the mixture was allowed to reach rt then refluxed for 1 h. After cooling back to rt, 

standard workup, and precipitation with TMABr yielded 1.166 g (63%) of the borate 90 in a purity of 

>97% (calculated by 1H-NMR analysis). 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] =7.55 (br, 2 H); 7.00 - 6.98 (m, 2 H); 6.90 - 6.81 (m, 4 H; H-4 

+ H-5); 6.60 (br, 4 H, H-2’); 5.99 (t, 2 H, 4J = 2.4 Hz, H-4’); 3.56, (s, 12 H, -OCH3); 3.31 (s, 12 H, -N+CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -5.8. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 159.2 (C-3’); 142.7; 139.5; 129.4; 124.8; 124.5; 115.6 (C-

2’); 94.8 (C-4’); 55.9 (N+-CH3); 54.8 (O-CH3). (C-B signals are not visible) 
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MS (HR-ESI):  calc. for C28H26BCl2O4¯ (anion): m/z = 507.13067; 

  found: m/z = 507.12895 (Δm/m = 3.4 ppm). 

Potassium di(ortho-chlorophenyl)di(5-bromothien-2-yl)borate (93).  

1.735 g (7.17 mmol) of 2,5-dibromothiophene were dissolved in 10 mL THF and cooled to -78 °C. 

Subsequently 4.40 mL (7.04 mmol) of BuLi were slowly added. Upon addition the reaction was stirred 

for 2 h at low temperature before 1.00 g (3.19 mmol) of borane 88 was added as a solution in 2-3 mL 

n-hexane. After 1 h the cooling bath was removed and after reaching rt the reaction was worked up 

by standard procedure. 1.685 g of the white solid 93 could be isolated from precipitation with KCl, 

therefore the yield was 89% with a purity of 97% (calculated by 1H-NMR analysis). 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.43 (br, 2 H); 7.08 - 7.06 (m, 2 H); 6.94 - 6.92 (m, 4 H); 

6.79 (d, 2 H, 3J = 3.6 Hz, H-4); 6.55 (br, 2 H, H-3). 

 11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.5. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 141.8; 138.1; 130.9; 129.7; 129.7; 125.9; 125.2; 108.5. (C-

B signals are not visible) 

MS (HR-ESI):  calc. for C20H12BBr2Cl2S2¯ (anion): m/z = 558.81802; 

  found: m/z = 558.81636 (Δm/m = 3.0 ppm). 

Potassium di(ortho-chlorophenyl)di(3-bromothien-2-yl)borate (95).  

To a -78 °C cold solution of 0.809 g (3.35 mmol) 2,3-dibromothiophene in 5 mL Et2O were added 

2.00 mL (3.20 mmol) BuLi. The mixture was stirred for 1.5 h followed by the addition of 1.00 g 

(3.19 mmol) borane 88 in 2 mL n-hexane. The mixture was stirred for additional 1.5 h at -78 °C. In a 

second flask, 0.590 g (7.01 mmol) thiophene were dissolved in 5 mL Et2O, cooled to -20 °C and 

treated with 4.20 mL (6.72 mmol) BuLi. After 1 h the reaction was warmed to 0 °C, stirred for 1 h and 

then added to the previous reaction mixture (containing the borane). This mixture was allowed to 

reach rt overnight, then worked up by standard procedure. By the addition of KCl solution 1.19 g of 

95 could be obtained by filtration in a yield of 63%. Further treatment of the filtrate with TMABr 

solution offered 227 mg of a mixture of 97 (TMA-salt of 65) and 96 which could not be separated. 

The aimed borate 96 of this reaction was only detected in traces. 
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1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.54 - 7.50 (m, 2 H, H-5’); 7.04 (d, 2 H, 3J = 3.0 Hz); 6.87 - 

6.85 (m, 4 H); 6.82 - 6.80 (4 H). 

 11B-NMR (128 MHz, acetone-D6) δ [ppm] = -9.5. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 141.9; 138.2; 130.5; 129.3; 125.7; 125.1; 124.7; 123.6. (C-

B signals are not visible) 

MS (HR-ESI):  calc. for C20H12BBr2Cl2S2¯ (anion): m/z = 558.81802; 

  found: m/z = 558.81588 (Δm/m = 3.8 ppm). 

Tetramethylammonium di(ortho-chlorophenyl)diphenylborate (101).  

A Grignard reagent was prepared from 685.3 mg (2.45 mmol) bromobenzene and 58.3 mg 

(2.40 mmol) magnesium turnings in 10 mL THF (1.5 h refluxing). The solution was cooled to -20 °C 

and 350 mg (1.12 mmol) of haloborane 88 were added as a solution in 2 mL n-hexane. After 1 h the 

mixture was allowed to reach rt and refluxed for 1 h. After cooling to rt the reaction was worked up 

by standard procedure and the borate was precipitated by the addition of TMABr solution. The white 

solid was isolated by filtration and after drying 40 mg (7.8%) of the borate 101 were obtained. 

Addition of TBABr to the filtrate did not precipitate more salt. The purity was >98% (1H-NMR) and the 

yield was reproducible. 

 

1H-NMR (400 MHz, acetonitrile-D3) δ [ppm] =7.46 (br, 2 H); 7.21 (br, 4 H, H-2’) 7.04 (dd, 2 H, 3J = 

7.6 Hz, 4J = 1.3 Hz); 6.99 - 6.95 (m, 6 H); 6.91 (ddd, 2 H, 3J = 7.6 Hz, 7.1 Hz, 4J = 1.3 Hz); 6.87 - 6.83 (m, 

2 H, H-4’); 3.02 (s, 12 H, -N+CH3). 

11B-NMR (128 MHz, acetonitrile-D3) δ [ppm] = -6.0. 

13C-NMR (101 MHz, acetonitrile-D3) δ [ppm] = 142.5; 139.3; 137.4; 129.7; 126.2; 125.4; 125.0; 122.8; 

56.2. (C-B signals are not visible) 

MS (HR-ESI):  calc. for C24H18BCl2¯ (anion): m/z = 387.08841; 

  found: m/z = 387.08745 (Δm/m = 2.5 ppm). 
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Tetramethylammonium di(ortho-chlorophenyl)di(3,5-difluorophenyl)borate (103).  

A Grignard reagent was prepared from 1.291 g (6.69 mmol) 1-bromo-3,5-difluorobenzene and 

0.167 g (6.85 mmol) magnesium turnings in 20 mL THF (3 h refluxing). The Grignard solution was 

cooled to -20 °C and a solution of 1.00 g (3.19 mmol) borane 88 in 2-3 mL n-hexane was added. After 

1 h the mixture was allowed to reach rt and refluxed for 1 h. After cooling down to rt the mixture was 

worked up by standard procedure. Precipitation with TMABr offered the salt 103 in 39% yield 

(656 mg) as a white solid. The purity was confirmed by 1H-NMR analysis. 

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.34 - 7.30 (m, 2 H); 7.07 - 7.06 (m, 2 H); 6.98 - 6.92 (m, 4 

H); 6.79 - 6.76 (m, 4 H, H-2’); 6.37 (tt, 3
H-FJ = 9.3 Hz, 4J = 2.4 Hz, H-4’); 3.43 (d, 12 H, 2J = 0.5 Hz, CH3). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -6.2. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 142.4; 139.0; 130.0; 125.9; 125.1; 118.2; 118.0; 97.5 (t, C-FJ 

= 25.9 Hz, C-3’); 56.0. (C-B signals are not visible) 

19F-NMR (376.5 MHz, acetone-D6) [ppm] = -117.1 ppm. 

MS (HR-ESI):  calc. for C24H14BCl2F4¯ (anion): m/z = 459.05072; 

  found: m/z = 459.04933 (Δm/m = 3.0 ppm). 

Potassium difluorodiphenylborate (107).[41]  

Phenylmagnesium bromide was prepared from 3.611 g (23.0 mmol) bromobenzene and 559 mg 

(23.0 mmol) magnesium in 15 mL THF and slowly added to a solution of 1.915 g (10.1 mmol) tri-iso-

propylborate (freshly distilled from CaH2) in 10 mL THF at 0 °C. The reaction was allowed to reach rt 

and was further stirred for 16 h. The reaction was quenched by the addition of 20 mL 1 M HCl, 

simultaneously hydrolysing the borinic ester, and worked up by extraction with DCM. The organic 

phases were combined, washed once with 20 mL 2 M HCl, dried over MgSO4, and filtered through a 

short column of silica gel (EtAc). A precipitate of this filtrate was filtered off and washed with 

n-hexane giving 435 mg of the diphenyl borinic acid 106 (23.5%). 410 mg (2.25 mmol) of this acid 

were dissolved in 15 mL MeOH and cooled to 0 °C before 528 mg (6.76 mmol) potassium 

hydrogenfluoride were added. The solution was stirred for 1 h, then the solvent was removed in 

vacuum and the residue was dissolved in acetone. The acetonic solution was concentrated and 20 mL 

Et2O were added to precipitate the borate which was collected by filtration, washed with Et2O and 

dried in vacuum. 513 mg (94% based on the acid 106) of the borate 107 were obtained meaning an 

over-all yield of 22% compared to 82% reported in literature. In the own reaction, the yield of the 

borinic acid (which is known to decompose) was poor, but since sufficient material was obtained no 
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further optimisations were made. The NMR data of the pure material (confirmed by 1H-NMR 

analysis) corresponded to the literature. 

 

1H-NMR (400 MHz, DMSO-D6) δ [ppm] = 7.34 (d, 4 H, 3J = 6.6 Hz, H-2); 7.03 (t, 4 H, 3J = 7.3 Hz, H-3); 

6.65 - 6.91 (m, 2 H, H-4). 

11B-NMR (128 MHz, DMSO-D6) δ [ppm] = -6.7. 

13C-NMR (101 MHz, DMSO-D6) δ [ppm] = 131.4 (t, 3JCF = 3.5 Hz, C-2); 126.0 (C-3); 123.9 (C-4). (C-B 

signal is not visible) 

19F-NMR (376.5 MHz, DMSO-D6, without standard) δ [ppm] = -156.9. 

MS (HR-ESI):  calc. for C12H10BF2¯ (anion): m/z = 203.08513; 

  found: m/z = 203.08583 (Δm/m = 3.45 ppm). 

Potassium difluorodithien-2-ylborate (109).  

Analogous to the literature procedure of 107[41] the Grignard reagent of 3.750 g (23.0 mmol) 

2-bromothiophene and 559 mg (23.0 mmol) magnesium was prepared in 15 mL THF and slowly 

added to a 0 °C cold solution of 1.986 g (10.6 mmol) tri-iso-propylborate in 10 mL THF. The reaction 

was allowed to reach rt and stirred for 16 h. The reaction was quenched by the addition of 20 mL 1 M 

HCl, simultaneously hydrolysing the borinic ester, and worked up by separating the organic phase 

and extracting the aqueous phase twice with EtAc. The organic phases were combined, dried over 

MgSO4, filtered, and dried in vacuum giving 1.27 g of crude borinic acid 108 which was further 

purified by column chromatography (silica gel, EtAc) giving 841 mg (4.33 mmol, 41%) of the dithien-

2-yl borinic acid 108 as a white solid that slowly decomposed. The borinic acid was dissolved in 35 mL 

MeOH, cooled to 0 °C and treated with 1.015 g (13.00 mmol) potassium hydrogenfluoride. After 1 h 

the solvent was removed in vacuum, the residue was redissolved in acetone and concentrated. Since 

no precipitation occurred upon the addition of Et2O or n-hexane, the solvents were removed giving a 

greyish solid, which was stored over Sicapent® but became greenish within weeks. Since this borate 

was unstable the NMR spectra were not pure but could be interpreted. The yield of the crude 

product was quantitative. 
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1H-NMR (400 MHz, DMSO-D6) δ [ppm] = 7.22 (d, 2 H, 3J = 4.5 Hz, H-4); 6.92 - 6.91 (m, 2 H, H-3); 6.86 

(br, 2 H, H-2). 

11B-NMR (128 MHz, DMSO-D6) δ [ppm] = -2.3 (dd, J = 90.4, 43.9 Hz). 

13C-NMR (101 MHz, DMSO-D6) δ [ppm] = 127.1 (d, 3JC-F = 2.0 Hz, C-3); 126.5; 124.0. (C-B signal is not 

visible) 

19F-NMR (376.5 MHz, DMSO-D6, without standard) δ [ppm] = -133.7 (dd, J = 90.2, 37.8 Hz). 

Potassium phenyltrithien-2-ylborate (110), tetramethylammonium phenyltrithien-2-ylborate (111).  

1.681 g (19.98 mmol) thiophene were dissolved in 15 mL THF and cooled to -20 °C. 12.00 mL 

(19.2 mmol) BuLi were slowly added, followed by stirring for 1 h at -20 °C and 30 min at 0 °C. After 

cooling back to -20 °C 1.50 g (6.06 mmol) of dibromophenylborane 38 were added as a solution in 

10 mL n-hexane. The mixture was allowed to reach rt overnight and worked up by standard 

procedure. Addition of KCl solution precipitated 110 which was separated by filtration. Addition of 

TMABr solution to the filtrate precipitated 313 mg of the TMA-salt 111 which was again separated by 

filtration. Addition of TBABr to the second filtrate offered a third precipitate (1.270 g). 

From the first precipitation, 145 mg of 110 could be isolated giving a yield of 6.4%. 

The second fraction (111) contained some impurities that could not be separated or identified. The 

yield was therefore less than 12%. 

1.270 g of a TBA-salt could be isolated as the main product but the structure could not be solved.  

 

1H-NMR (400 MHz, acetone-D6) δ [ppm] = 7.38 (br, 2 H, H-2’); 7.06 (d, 3 H, 3J = 4.4 Hz, H-5); 6.95 (t, 2 

H, 3J = 7.3 Hz, H-3’); 6.86 - 6.83 (m, 7 H). 

11B-NMR (128 MHz, acetone-D6) δ [ppm] = -11.3. 

13C-NMR (101 MHz, acetone-D6) δ [ppm] = 135.7; 129.5; 126.2; 126.0; 123.6; 123.3. (C-B signals are 

not visible) 

MS (HR-ESI):  calc. for C18H14BS3¯ (anion): m/z = 337.03562; 

  found: m/z = 337.03492 (Δm/m = 2.1 ppm). 
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3-(Trimethylsilyl)thiophene (121).  

From 15.000 g (92.0 mmol) 3-bromothiophene and 2.281 g (93.8 mmol) magnesium turnings (etched 

with iodine) a Grignard should have been prepared in 100 mL Et2O. Since no reaction initiated, even 

when some drops of 1,2-dibromoethane were added and the mixture was refluxed in an ultrasonic 

bath, the mixture was cooled to -78 °C and 58 mL (92.8 mmol) BuLi were added. After 3 h 10.095 g 

(92.9 mmol) TMSCl were added neat and the reaction was stirred overnight at rt, quenched with 

water and extracted several times with Et2O. The organic phases were combined, dried over MgSO4, 

filtered, and the solvent was removed in vacuum. The residue was purified by distillation yielding 

6.04 g (42%) of 121 at 60 °C and 20 mbar. The purity was 99% (GC area) and the analytical data 

corresponded to the literature.[123] The product had to be stored under argon at -24 °C. Storing at rt 

or 4 °C led to fast decomposition. 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.44 (dd, 1 H, 4J = 2.6, 1.1 Hz, H-2); 7.40 (dd, 1 H, 3J = 4.8 Hz, 4J = 

2.6 Hz, H-5); 7.19 (dd, 1 H, 3J = 4.8 Hz, 4J = 1.1 Hz, H-4), 0.27 (s, 9 H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 141.1; 131.6; 131.5; 125.8; -0.4. 

Bromothien2-ylthien-3-ylborane (122).  

a) From 32 and 121: Dibromothien-2-ylborane 32 (3.000 g, 11.8 mmol) was placed in a Schlenk-tube 

and 1.941 g (12.4 mmol) of 3-TMS-thiophene 121 were added neat; the clear appearance 

immediately changed to dark brown. The mixture was heated to 180 °C for 15 h in the sealed tube 

(reaction control by 1H-NMR spectroscopy showed full conversion). Distillation of the dark mixture 

(111 °C, 1x10-3 mbar) offered 2.275 g (75%) of a clear liquid. 

b) From 31 and 124: 4.000 g (15.76 mmol) of the borane 124 were placed in a Schlenk-tube and 

2.464 g (15.76 mmol) of 2-TMS-thiophene 31 were added neat. The mixture was heated to 180 °C for 

17 h in the sealed tube. Distillation of the dark mixture (113 °C, 1x10-3 mbar) offered 3.350 g (83%) of 

a clear liquid. 

Both obtained fractions were not pure but a mixture of 3 different diarylbromoboranes (Scheme 50 

and 51) what could be confirmed by H,H-COSY-NMR spectroscopy (Figure 16). Separation by 

distillation was not possible. 

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 51.9 and 50.0. (Mixture of isomers) 

Dibromothien-3-ylborane (124).  

BBr3 (6.300 g, 25.15 mmol) was placed in a flask and cooled to 0 °C. 3.854 g (24.65 mmol) of neat 

3-TMS-thiophene 121 were added slowly, the mixture was stirred for 1 h at 0 °C, and additionally 

warmed to 60 °C for 2 h. After distilling off the side product (trimethylsilyl bromide) the product 
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could be isolated in 79% yield by distillation (83 °C at 8.9 mbar) giving 4.970 g of a slightly yellow 

coloured liquid. The product was stored in a glove-box but decomposed after several days. 

 

1H-NMR (400 MHz, benzene-D6) δ [ppm] = 7.88 (dd, 1 H, 4J = 2.7, 1.1 Hz, H-2); 7.36 (dd, 1 H, 3J = 

4.9 Hz, 4J = 1.1 Hz, H-5); 6.60 (dd, 1 H, 3J = 4.9 Hz, 4J = 2.8 Hz, H-4). 

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 50.1. 

13C-NMR (101 MHz, benzene-D6) δ [ppm] = 145.6; 133.9; 126.4. (C-B signal is not visible) 

5-Methyl-2-(trimethylsilyl)thiophene (126).[124]  

2-Methylthiophene (3.593 g, 36.6 mmol) was dissolved in 20 mL THF and cooled to -78 °C. 24.0 mL 

(38.4 mmol) of BuLi were slowly added to the solution, stirred for additional 30 min, allowed to reach 

0 °C for 30 min and cooled back to -78 °C. Neat TMSCl (4.175 g, 38.4 mmol) was added slowly, the 

mixture was allowed to reach rt overnight followed by aqueous workup with brine and Et2O. The 

organic phases were combined, dried over MgSO4, filtered, and the solvent was removed in vacuum. 

The residue was distilled fractionally giving 5.480 g of the product 126 (88% yield) at 77 °C and 

20 mbar. The GC-purity was 100% and all data corresponded to the literature.[125] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.06 (d, 1 H, 3J = 3.2 Hz, H-3); 6.84 (dd, 1 H, 3J = 3.2 Hz, 4J = 

1.0 Hz, H-4); 2.54 (d, 3 H,4J = 0.7 Hz, CH3); 0.31 (s, 9 H, SiCH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 145.4; 138.3; 134.3; 126.9; 15.2 (CH3); 0.1 (SiCH3). 

MS (EI):  calc. for C8H14SSi: m/z = 170.06; 

  found: m/z = 169 (20%) [M+]. 

Bromo(5-methylthien-2-yl)thien-2-ylborane (127).  

4.469 g (17.6 mmol) of thienylborane 32 were placed in a Schlenk-tube under an argon atmosphere 

and 3.000 g (17.6 mmol) of silane 126 were added neat. The tube was sealed and the mixture was 

heated to 180 °C for 15 h. Reaction control by 1H-NMR spectroscopy proved full conversion so the 

dark liquid was purified by vacuum distillation. 4.105 g of the product-mixture were obtained in the 

main fraction at 126 °C and 1x10-3 mbar. 

The isolated fraction was a mixture of 3 different diarylbromoboranes (see Scheme 53), purification 

by distillation was not possible. 

11B-NMR (128 MHz, benzene-D6) δ [ppm] = 49.5. (All compounds show the same chemical shift) 
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3’,4’-Dibutyl-2,2’:5’,2’’-terthiophene (L[3]T 189).[101-102] 

Thien-2-ylmagnesium bromide was prepared from 20.123 g (123.42 mmol) 2-bromothiophene and 

3.100 g (127.54 mmol) magnesium turnings in 250 mL of dry Et2O. After complete addition of the 

bromide, the mixture was refluxed for 1 h, cooled down to rt, and transferred into a dropping funnel. 

The Grignard reagent was added to a suspension of 14.570 g (41.14 mmol, 3.3mol%) 

dibromodibutylthiophene 204 and 2.230 g (4.11 mmol) Ni(dppp)Cl2 in 850 mL Et2O cooled in a water 

bath. Subsequently, the mixture was refluxed for 3.5 d. Reaction control via GC showed complete 

disappearance of the dibromide 204. Excess of Grignard reagent was quenched by careful addition of 

diluted HClaq at 0 °C (approx. 200 mL). The aqueous phase was separated and extracted three times 

with Et2O, the organic phases were combined and washed wit NaHCO3 sat., dried over MgSO4, filtered, 

and the solvent was removed in vacuum to give a brown-red oil containing some precipitate. The 

precipitate could be removed by filtration through silica gel (n-hexane), bithiophene formed as side 

product was removed by Kugelrohr distillation (5x10-3 mbar, 100 °C). The obtained analytically pure 

product (confirmed by 1H-NMR analysis, GC, TLC, EA) had a brown colour and could be further 

purified by Kugelrohr distillation at a pressure of < 1x10-3 mbar and an oven temperature of 225 °C to 

give 13.542 g (91% yield) of a yellowish oil which slowly solidified upon storing at 4 °C but melted 

below 18 °C. The analytical data corresponded to the literature.  

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.31 (dd, 2 H, 3J = 5.1 Hz, 4J = 1.1 Hz, H-5); 7.14 (dd, 2 H, 3J = 

3.6 Hz, 4J = 1.1 Hz, H-3); 7.06 (dd, 2 H, 3J = 5.1, 3.6 Hz, H-4); 2.72 - 2.68 (m, 4 H, α-CH2); 1.59 - 1.51 (m, 

4 H, β-CH2); 1.48 - 1.39 (m, 4 H, γ-CH2); 0.95 (t, 6 H, 3J = 7.2 Hz, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 140.2; 136.4; 129.9; 127.5; 126.0; 125.4; 33.1; 28.0; 23.1; 14.0. 

EA:  calc. for C20H24S3: C: 66.62; H: 6.71; S: 26.68; 

 found: C: 66.71; H: 6.69; S: 26.71. 

MS (EI):  calc. for C20H24S3: m/z = 360;  

found: m/z = 362 (100%) [M+]. 

3’,3’’’’,4’,4’’’’-Tetrabutyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-sexithiophene (L[6]T 192). 

703 mg (1.60 mmol) of L[3]T-Br 206 were dissolved in 15 mL dry THF and cooled to -78 °C. 1.00 mL 

BuLi (1.60 mmol) was added and the mixture was stirred for 1 h at - 78 °C before 226 mg (1.68 mmol, 

1.05 eq.) of CuCl2 were added. The cooling bath was removed and the mixture was stirred overnight. 

The reaction was worked up by extraction with Et2O and the organic phase was washed with water, 

dried over MgSO4, filtered, and the solvent was removed in vacuum. The residue was precipitated 



Experimental part 
 

 
204 

from chloroform/n-hexane to give 273 mg of pure L[6]T 192. The mother liquor was vaporised, 

suspended in a mixture of DCM : n-hexane = 1 : 9 and filtered to give another 106 mg of pure 

product. This second mother liquor was further purified by flash column chromatography (flash silica 

gel, DCM : n-hexane = 1 : 9) giving further 36 mg of the product. In sum, L[6]T 192 could be isolated 

as red crystals in a yield of 72% (414 mg, 0.576 mmol) pure by 1H-NMR analyses. The analytical data 

corresponded to the literature.[106] 

 

M.p.: 117.2 - 117.8 °C 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.32 (dd, 2 H, 3J = 5.1 Hz, 4J = 1.1 Hz, H-5); 7.15 (dd, 2 H, 3J = 

3.6 Hz, 4J = 1.1 Hz, H-3); 7.14 (d, 2 H, 3J = 3.7 Hz, H-3’’); 7.07 (dd, 2 H, 3J = 5.2, 3.7 Hz, H-4); 7.05 (d, 2 

H, 3J = 3.9 Hz, H-4’’); 2.76 - 2.69 (m, 8 H, α-CH2); 1.62 - 1.39 (m, 16 H, β-CH2); 0.98 (t, 6 H, 3J = 7.3 Hz, 

C’H3); 0.95 (t, 6 H, 3J = 7.3 Hz, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 140.3; 136.8; 136.3; 135.4; 130.1; 129.8; 127.5; 126.5; 126.0; 

125.5; 124.0; 33.1; 33.0; 28.1; 28.0; 23.2; 23.2; 14.0; 14.0. 

MS (MALDI-TOF):  calc. for C40H46S6: m/z = 718.19;  

found: m/z = 718.6 (100%) [M+]. 

3’,3’’’’,3’’’’’’’,4’,4’’’’,4’’’’’’’-Hexabutyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,2’’’’’’’:5’’’’’’’ 

,2’’’’’’’’-nonathiophene (L[9]T 203). 

478 mg (0.92 mmol) L[3]T-Br2 205 and the crude L[3]T-Sn 208 (1.94 mmol, 2.1 eq.) were dissolved in 

250 mL dry DMF and degassed with argon. 53.3 mg (5mol%, 46.2 µmol) of Pd(PPh3)4 were added and 

the suspension was warmed to 80 °C for 20 h. After cooling to rt a red precipitate was filtered off and 

washed with MeOH. The filter cake (706 mg) was pure product L[9]T 203. The filtrate was further 

worked up. Firstly, all solvents were removed, then the residue was redissolved in a small amount of 

DCM and diluted with Et2O. After washing with water, the aqueous phases were combined and 

extracted with Et2O. The organic phases were combined, dried over MgSO4, filtered, and the solvent 

was removed. The residue was dissolved in DCM and n-hexane (50 mL) was added. DCM was 

removed by rotary evaporation and a red precipitate was filtered off giving additional 61 mg of 

product. The mother liquor could be further purified by column chromatography (silica gel, n-hexane 

: chloroform = 95 : 5) to yield a third fraction of 34 mg of 203 resulting in a total yield of 81% (0.75 

mmol). Purity was confirmed by 1H-NMR analysis, TLC (n-hexane : chloroform = 8 : 2), and HR-MALDI-

MS and the data corresponded to the literature.[106] 



5. Experimental part 
 

 
205 

 

M.p.: 158.0- 159.2 °C 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.32 (d2, 2 H, 3J = 5.1 Hz, 4J = 1.1 Hz, H-5); 7.16 - 7.14 (m, 6 H, H-

3 + H-3’’ + H-4’’’); 7.09 - 7.06 (m, 6 H, H4 + H4’’ + H-3’’’); 2.96 - 2.69 (m, 12 H, α-CH2); 1.63 - 1.20 (m, 

24 H, β-CH2
 + γ-CH2); 1.02 - 0.94 (m, 18 H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 140.5; 140.3; 136.8; 135.5; 135.3; 130.2; 129.9; 129.8; 127.5; 

126.6; 126.5; 126.0; 125.5; 124.0; 33.1; 33.0; 33.0; 23.1; 28.0; 23.2; 23.2; 14.0; 14.0. 

MS (HR-MALDI):  calc. for C40H44Br2S6: m/z = 1076.28074;  

found: m/z = 1076.27993 (Δm/m = 0.8 ppm) for [M+], 538.14001 (Δm/m = 

0.7 ppm) for [M2+]. 

2,5-Dibromo-3,4-dibutylthiophene (204).[101] 

7.500 g (38.20 mmol) 3,4-dibutylthiophene were dissolved in 90 mL DMF and cooled to 0 °C. Then 

14.959 g (84.03 mmol, 2.20 eq.) of NBS in 75 mL DMF were added within 1 h under light exclusion. 

The mixture was stirred for 3 h at 0 °C and stored overnight in the fridge (4 °C). The mixture was 

poured into 200 mL ice water and extracted three times with DCM. The organic phases were 

combined, washed with Na2S2O3 solution, brine, and water, dried over MgSO4, filtered, and the 

solvent was removed by rotary vaporisation. The remaining crude product was filtered through a 

short column (silica gel, DCM) giving 13.515 g (99.9%) of 204 as a colourless liquid, pure by 1H-NMR 

and GC analyses. The analytical data corresponded to the literature.  

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 2.54 - 2.50 (m, 4 H, α-CH2); 1.50 - 1.35 (m, 8 H, β- and γ-CH2); 

0.95 (t, 6 H, 3J = 7.1 Hz, CH3). 

MS (EI):  calc. for C12H18Br2S: m/z = 354;  

found: m/z = 356 (75%) [M+]; 271 (55%) [M+
 - Br]; 193 (100%) [M+

 - 2 Br]. 
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5,5’’-Dibromo-3’,4’-dibutyl-2,2’:5’,2’’-terthiophene (L[3]T-Br2 205).[101] 

2.000 g (5.55 mmol) of L[3]T 189 were dissolved in 30 mL DMF. Under the absence of light, 1.994 g 

(11.20 mmol, 2.02 eq.) of NBS in 20 mL DMF were added and the mixture was stirred overnight at rt, 

then poured into an ice-cold Na2S2O3 solution. The suspension was filtered and washed with lot of 

water. The filter cake was dried under high vacuum at 50 °C to give 2.809 g (5.42 mmol) of the solid 

product 205, which was pure by 1H-NMR and GC analyses. The yield was 98% and the analytical data 

corresponded to the literature.  

 

M.p.: 37.3 - 38.1 °C. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.01 (d, 2 H, 3J = 3.9 Hz, H-3); 6.87 (d, 2 H, 3J = 3.8 Hz, H-4); 2.66 - 

2.62 (m, 4 H, α-CH2); 1.55 - 1.38 (m, 8 H, β- and γ-CH2); 0.95 (t, 6 H, 3J = 7.2 Hz, CH3). 

MS (EI):  calc. for C20H22Br2S3: m/z = 518;  

found: m/z = 519 (100%) [M+]. 

5-Bromo-3’,4’-dibutyl-2,2’:5’,2’’-terthiophene (L[3]T-Br 206).[126] 

2.000 g (5.55 mmol) of L[3]T 189 were dissolved in 60 mL DMF and cooled to 0 °C. Under the absence 

of light, 1.037 g (5.82 mmol, 1.05 eq.) of NBS in 60 mL DMF were added and the mixture was allowed 

to reach rt, stirred for 3 h, and poured into ice water. After extracting three times with Et2O the 

organic phases were combined, washed 5 times witch each 400 mL water and twice with each 

200 mL brine. The ether phase was separated, dried over MgSO4, filtered, and the solvent was 

removed in vacuum. The residue was purified by flash column chromatography (flash silica gel, 

n-hexane) to afford 16% of dibrominated side product 205, 70% of product 206 (97% GC area) and 

14% of starting material 189. The analytical data corresponded to literature. Due to its wax-like 

consistence, a melting point could not be obtained.  

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.32 (dd, 1 H, 3J = 5.1 Hz, 4J = 1.1 Hz, H-5’’); 7.13 (dd, 1 H, 3J = 

3.6 Hz, 4J = 1.2 Hz, H-3’’); 7.06 (dd, 1 H, 3J = 5.2, 3.6 Hz, H-4); 7.01 (d, 1 H, 3J = 3.8 Hz, H-3); 6.87 (d, 1 
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H, 3J = 3.8 Hz, H-4); 2.71 - 2.63 (m, 4 H, α-CH2); 1.58 - 1.48 (m, 4 H, β-CH2); 1.48 - 1.37 (m, 4 H, γ-CH2); 

0.95 (t, 3 H, 3J = 7.2 Hz, C’H3); 0.94 (t, 3 H, 3J = 7.2 Hz, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 140.7; 140.2; 137.9; 136.1; 130.5; 130.3; 129.0; 127.5; 126.2; 

126.2; 125.6; 111.9; 33.1; 33.1; 28.0; 27.9; 23.1; 14.0. 

MS (EI):  calc. for C20H23BrS3: m/z = 440;  

found: m/z = 442 (100%) [M+]. 

5,5’’-Bis(trimetylstannyl)-3’,4’-dibutyl-2,2’:5’,2’’-terthiophene (L[3]T-Sn2 207).  

200 mg (0.39 mmol) of L[3]T-Br2 205 were dissolved in 2 mL THF, cooled to -78 °C, and 0.56 mL 

(0.89 mmol, 2.3 eq.) BuLi were added within 30 min. After stirring for 60 min at low temperature 

177 mg (0.89 mmol, 2.3 eq.) of TMSnCl in < 1 mL THF were added and the cooling bath was 

immediately removed. After stirring for 2 h at rt the reaction was quenched by the addition of 

NaHCO3 sat. and the mixture was extracted 4 times with Et2O. The combined organic phases were 

dried over MgSO4, filtered, and the solvent was removed in vacuum giving 254 mg of L[3]T-Sn2 207 

with a purity of 95% (according to 1H-NMR spectroscopy). Therefore the yield was 95%. Further 

purification of the brownish oil was not possible. The analytical data were in accordance with the 

literature.[104a] 

 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.26 (d, 2 H, 3J = 3.4 Hz, H-3); 7.15 (d, 2 H, 3J = 3.4 Hz, H-4); 2.76 - 

2.7 (m, 4 H, α-CH2); 1.63 - 1.53 (m, 8 H, β-CH2); 1.42 - 1.28 (m, 8 H, γ-CH2); 0.98 (t, 6 H, 3J = 7.3 Hz, 

CH3); 0.41 (s, 18 H, SnCH3). 

3’,4’-Dibutyl-5-(trimethyl)stannyl-2,2’:5’,2’’-terthiophene (L[3]T-Sn 208). 

1.00 g (2.28 mmol) of L[3]T-Br 206 was dissolved in 20 mL THF and cooled to -78 °C. BuLi (1.50 mL, 

2.39 mmol) was added slowly and 15 min after the complete addition 476 mg (2.39 mmol) of TMSnCl 

in 4 mL THF were added. The reaction was allowed to reach rt and quenched by the addition of 

NaHCO3 sat. solution. After extracting with DCM and water, the organic phase was dried over MgSO4, 

filtered, and the solvent was removed. The crude product (brownish oil, 1.109 g) was consistent of 

90mol% product and 10mol% starting material. Therefore 1.94 mmol (85%) L[3]T-Sn 208 were 

obtained. This purity was acceptable for the following reaction and could not be increased by 

recrystallisation or column chromatography since the stannyl was not stable on silica gel.  
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1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.30 (dd, 1 H, 3J = 5.1 Hz, 4J = 1.2 Hz, H-5’’); 7.24 (d, 1 H, 3J = 

3.3 Hz, H-4); 7.14 - 7.12 (m, 2 H, H-3 + H-3’’); 7.06 (dd, 1 H, 3J = 5.2, 3.6 Hz, H-4’’); 2.73 - 2.68 (m, 4 H, 

α-CH2); 1.60 - 1.51 (m, 4 H, β-CH2); 1.49 - 1.38 (m, 4 H, γ-CH2); 0.96 (t, 1 H, 3J = 7.2 Hz, CH3); 0.94 (t, 1 

H, 3J = 7.2 Hz, CH3); 0.39 (s, 9 H, SnCH3). 

5,5’’’’’-Dibromo-3’,3’’’’,4’,4’’’’-tetrabutyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’-sexithiophene (L[6]T-

Br2 209).  

L[6]T 192 (500 mg, 0.70 mmol) was dissolved in 30 mL chloroform and 35 mL DMF. At rt and under 

light exclusion 260 mg (1.76 mmol, 2.1 eq.) NBS in 5 mL DMF were added and the mixture was stirred 

overnight. The reaction was worked up by pouring into ice-water and extracting with DCM. The 

organic phase was washed with Na2S2O3 solution, dried over MgSO4, filtered, and evaporated to 

dryness. The crude product was filtered through silica gel (DCM) giving 628 mg of a red powder 

containing 97% of the product (calculated by 1H-NMR spectroscopy). This resulted in a yield of 99.9% 

(609 mg) of L[6]T-Br2 209. For analytically pure material the impurity could be removed by 

recrystallisation from DCM/PE but under loss of lot of material.  

 

M.p.: 128.3 - 129.3 °C. 

1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.13 (d, 2 H, 3J = 3.8 Hz, H-3); 7.05 (d, 2 H, 3J = 3.8 Hz, H-4); 7.02 

(d, 2 H, 3J = 3.8 Hz, H-3); 6.88 (d, 2 H, 3J = 3.9 Hz, H-4); 2.75 - 2.71 (m, 4 H, α’-CH2); 2.69 - 2.64 (m, 4 H, 

α-CH2); 1.61 - 1.39 (m, 16 H, β-CH2
 + γ-CH2); 1.00 - 0.94 (m, 12 H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 140.8; 140.3; 137.8; 137.0; 135.2; 130.4; 129.1; 126.7; 126.3; 

124.0; 112.0; 33.1; 33.0; 28.1; 28.0; 23.2; 23.1; 14.0. 

EA:  calc. for C40H44Br2S6: C: 54.78; H: 5.06; S: 21.93; 

 found: C: 54.94; H: 5.23; S: 21.81. 

MS (HR-MALDI):  calc. for C40H44Br2S6: m/z = 876.01095;  

found: m/z = 876.01071 (Δm/m = 0.27 ppm). 
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5,5’’’’’ -Bis(trimethylstannyl)-3’,3’’’’,4’,4’’’’ -tetrabutyl-2,2’:5’,2’’:5’’ ,2’’’:5’’’,2’’’’:5’’’’,2’’’’’ -sexithio- 

phene (L[6]T-Sn2 210). 

300 mg (0.34 mmol) of L[6]T-Br2 209 were dissolved in 5 mL THF and cooled to -78 °C. Then 0.49 mL 

(0.79 mmol, 2.3 eq.) BuLi were added within 30 min and after stirring for 60 min at low temperature, 

2.3 eq. (157 mg, 0.79 mmol) of TMSnCl in < 1 mL THF were added. The reaction was allowed to reach 

rt overnight, quenched with water, and extracted three times with DCM. The combined organic 

phases were dried over MgSO4, filtered, and the solvent was removed. 378 mg of a brown oil were 

obtained which consisted of 88.5% product 210 and 11.5% sexithiophene 192 and was used without 

further purification. 

 
1H-NMR (400 MHz, THF-D8) δ [ppm] = 7.27 (d, 2 H, 3J = 3.4 Hz, H-3); 7.22 (d, 2 H, 3J = 3.8 Hz, H-3’’); 

7.17 (d, 2 H, 3J = 3.4 Hz, H-4); 7.11 (d, 2 H, 3J = 3.8 Hz, H-4’’); 2.82 - 2.74 (m, 8 H, α- + α’-CH2); 1.65 - 

1.55 (m, 8 H, β- + β’-CH2); 1.54 - 1.41 (m, 8 H, γ- + γ’-CH2); 0.99 (t, 6 H, 3J = 7.3 Hz, CH3) ; 0.97 (t, 6 H, 3J 

= 7.3 Hz, C’H3); 0.39 (s, 18 H, SnCH3). 

5,5’’’’’’’’-Dibromo-3’,3’’’’,3’’’’’’’,4’,4’’’’,4’’’’’’’-hexabutyl-2,2’:5’,2’’:5’’,2’’’:5’’’,2’’’’:5’’’’,2’’’’’:5’’’’’,2’’’’’’ 

:5’’’’’’,2’’’’’’’:5’’’’’’’,2’’’’’’’’-nonathiophene (L[9]T-Br2 211). 

200 mg (0.19 mmol) of L[9]T 203 were dissolved in 10 mL chloroform. At rt and under light exclusion, 

a solution of 68 mg (0.38 mmol, 2.05 eq.) NBS in 1 mL DMF was added and the mixture was stirred 

for 5 h at rt, then stored at 4 °C for 3 d. A precipitate was filtered off (filtrate separated) and washed 

with MeOH giving 137 mg of pure product. The separated filtrate was diluted with DCM and washed 

with Na2S2O3 solution and water, the organic phase was dried over MgSO4, filtered, and the solvent 

was removed giving further 98 mg of the pure product. In sum, L[9]T-Br2 211 was obtained 

quantitatively and the purity was confirmed by 1H-NMR, TLC (n-hexane : chloroform = 95 : 5), and 

HR-MALDI-MS analyses. 

 

M.p.: 168.5 - 170.0 °C. 
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1H-NMR (400 MHz, CDCl3) δ [ppm] = 7.14 (d, 2 H, 3J = 3.7 Hz); 7.14 (d, 2 H, 3J = 3.7 Hz); 7.07 (d, 2 H, 3J 

= 3.8 Hz); 7.05 (d, 2 H, 3J = 3.8 Hz); 7.02 (d, 2 H, 3J = 3.8 Hz, H-3); 6.89 (d, 2 H, 3J = 3.8 Hz, H-4); 2.96 - 

2.77 (m, 8 H, α-CH2); 2.71 - 2.65 (m, 4 H, α-CH2); 1.63 - 1.40 (m, 24 H, β-CH2
 + γ-CH2); 1.01 - 0.95 (m, 

18 H, CH3). 

13C-NMR (101 MHz, CDCl3) δ [ppm] = 140.9; 140.5; 140.3; 137.8; 137.0; 135.4; 130.4; 130.3; 129.9; 

129.1; 126.7; 126.6; 126.3; 124.1; 124.0; 112.0; 33.1; 33.0; 28.1; 28.0; 23.2; 23.2; 23.1; 14.0. 

EA:  calc. for C40H44Br2S6: C: 58.33; H: 5.38; S: 23.35; 

 found: C: 58.33; H: 5.79; S: 22.72. 

MS (HR-MALDI):  calc. for C40H44Br2S6: m/z = 1234.09963;  

found: m/z = 1234.09797 [M+] (Δm/m = 1.42 ppm), 617.04948 [M2+], 

411.38595 [M3+]. 

5,5’’’’’’’’ -Bis(trimethylstannyl)-3’,3’’’’,3’’’’’’’ ,4’,4’’’’ ,4’’’’’’’ -hexabutyl-2,2’:5’,2’’:5’’,2’’’ :5’’’,2’’’’ :5’’’’, 

2’’’’’:5’’’’’,2’’’’’’:5’’’’’’,2’’’’’’’:5’’’’’’’,2’’’’’’’’-nonathiophene (L[9]T-Sn2 212). 

L[9]T 203 (107 mg, 99.3 µmol) was dissolved in 3 mL THF and BuLi (0.14 mL, 0.22 mmol, 2.2 eq.) was 

added very slowly at rt. After 60 min the flask was placed in a water bath and 45.5 mg (228 µmol, 

2.3 eq.) TMSnCl were added as a solution in 0.2 mL THF. The reaction was stirred overnight, 

quenched with NaCO3 sat., and extracted several times with DCM. The combined organic phases were 

dried over MgSO4, filtered, and the solvent was removed giving 132 mg of the crude product. By 1H-

NMR spectroscopy it was assigned to be consistent of 80% product 212 and 20% educt 203. This 

mixture was used without further purification.  

 

1H-NMR (400 MHz, THF-D8) δ [ppm] = 7.27 (d, 2 H, 3J = 3.4 Hz); 7.24 (d, 2 H, 3J = 3.8 Hz); 7.24 (d, 2 H, 
3J = 3.7 Hz); 7.17 (d, 2 H, 3J = 3.4 Hz); 7.14 (d, 2 H, 3J = 3.8 Hz); 7.12 (d, 2 H, 3J = 3.8 Hz, H-3); 2.96 - 2.77 

(m, 8 H, α-CH2); 2.84 - 2.75 (m, 12 H, α-CH2); 1.66 - 1.55 (m, 12 H, β-CH2); 1.53 - 1.43 (m, 12 H, γ-CH2); 

1.02 - 0.97 (m, 18 H, CH3); 0.39 (s, 18 H, SnCH3). 

Procedure for the synthesis of C[n3]T. 

179 µmol of crude L[3]T-Sn2 207 were dissolved in 90 mL DCM and degassed by bubbling argon 

through the solution. 1 eq. (66.7 mg, 179 µmol) of Pt(COD)Cl2 was added and the mixture was 

refluxed for 5 d. Reaction control was done by 1H-NMR spectroscopy observing the SnMe3-signal. The 
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reaction mixture was filtered through deactivated aluminium oxide (DCM) and evaporated to 

dryness. The residue was dissolved in 40 mL DCM and degassed with argon before dppf (99 mg, 

179 µmol, 1 eq.) was added. The solution was stirred overnight (18 h) at rt. All volatile compounds 

were removed in high vacuum and the residue was suspended in 30 mL of dry toluene, degassed 

with argon, sealed in a tube, and heated to 140 °C for 6 h. After cooling down, the suspension was 

filtered through deactivated aluminium oxide, eluted with DCM and evaporated giving 136 mg of a 

dark red solid. Separation of the different oligomer sizes was realised by THF-SEC. Further separation 

of the corresponding linear and cyclic oligomer pairs was realised by rec-GPC (40 °C, THF). The 

stabiliser of the THF was washed out with MeOH. 

 

Red solid, isolated yield: 6.7 mg; 6.2 µmol; 11.9%. 

1H-NMR (400 MHz, THF-D8, 293 K) δ [ppm] = 7.15 (d, 6 H, 3J = 3.8 Hz, H-4); 7.02 (d, 6 H, 3J = 3.8 Hz, H-

3); 2.73 (t, 12 H, 3J = 8.0 Hz, α-CH2); 1.66 - 1.59 (m, 12 H, β-CH2); 1.55 - 1.45 (m, 12 H, γ-CH2); 1.00 (t, 

18 H, 3J = 7.2 Hz, CH3).  

1H-NMR (500 MHz, THF-D8, 330 K) δ [ppm] = 7.10 (br, 12 H, H-3 + H-4); 2.76 (br, 12 H, α-CH2); 1.66 - 

1.60 (m, 12 H, β-CH2); 1.54 - 1.47 (m, 12 H, γ-CH2); 1.00 (t, 18 H, 3J = 7.3 Hz, CH3). 

A 13C-NMR spectrum could not be obtained due to low solubility. 

MS (MALDI-TOF):  calc. for C60H66S9: m/z = 1074.3;  

found: m/z = 1075.0 [M+]. 

MS (HR-MALDI):  calc. for C60H66S9: m/z = 1074.265088;  

found: m/z = 1074.264207 [M+] (Δm/m = 0.8 ppm). 
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Red solid, isolated yield: 6.1 mg; 4.3 µmol; 10.4%. 

1H-NMR (400 MHz, THF-D8, 293 K) δ [ppm] = 7.38 (d, 8 H, 3J = 3.8 Hz, H-4); 7.18 (d, 8 H, 3J = 3.8 Hz, 

H-3); 2.79 (t, 16 H, 3J = 8.2 Hz, α-CH2); 1.67 - 1.58 (m, 16 H, β-CH2); 1.52 - 1.43 (m, 16 H, γ-CH2); 0.98 

(t, 24 H, 3J = 7.3 Hz, CH3). 

1H-NMR (500 MHz, THF-D8, 325 K) δ [ppm] = 7.32 (d, 8 H, 3J = 3.3 Hz, H-4); 7.15 (d, 8 H, 3J = 3.4 Hz, 

H-3); 2.79 (t, 16 H, 3J = 3.8 Hz, α-CH2); 1.66 - 1.60 (m, 16 H, β-CH2); 1.52 - 1.45 (m, 16 H, γ-CH2); 0.98 

(t, 24 H, 3J = 7.3 Hz, CH3).  

A 13C-NMR spectrum could not be obtained due to low solubility. 

MS (MALDI-TOF):  calc. for C80H88S12: m/z = 1432.5;  

found: m/z = 1433.1 [M+]. 

MS (HR-MALDI):  calc. for C80H88S12: m/z = 1432.353451;  

found: m/z = 1432.350690 [M+] (Δm/m = 1.9 ppm). 

 



5. Experimental part 
 

 
213 

 

Red solid, isolated yield: 1.3 mg; 0.73 µmol; 2.3%. 

1H-NMR (400 MHz, THF-D8, 293 K) δ [ppm] = 7.31 (d, 10 H, 3J = 3.8 Hz, H-4); 7.17 (d, 10 H, 3J = 3.8 Hz, 

H-3); 2.81 (t, 20 H, 3J = 8.0 Hz, α-CH2); 1.67 - 1.59 (m, 20 H, β-CH2); 1.54 - 1.45 (m, 20 H, γ-CH2); 1.00 

(t, 30 H, 3J = 7.3 Hz, CH3). 

1H-NMR (500 MHz, THF-D8, 327 K) δ [ppm] = 7.27 (d, 10 H, 3J = 3.7 Hz, H-4); 7.14 (d, 10 H, 3J = 3.8 Hz, 

H-3); 2.81 (t, 20 H, 3J = 8.0 Hz, α-CH2); 1.66 - 1.60 (m, 20 H, β-CH2); 1.52 - 1.45 (m, 20 H, γ-CH2); 0.98 

(t, 30 H, 3J = 7.3 Hz, CH3). 

13C-NMR (126 MHz, THF-D8, 325 K) δ [ppm] = 141.5; 137.8; 136.9; 131.3; 127.0; 125.2; 33.7; 28.8; 

23.9; 14.3. 

MS (MALDI-TOF):  calc. for C100H110S15: m/z = 1791.4;  

found: m/z = 1791.3 [M+]. 

MS (HR-MALDI):  calc. for C100H110S15: m/z = 1791.441814;  

found: m/z = 1791.443395 [M+] (Δm/m = 0.9 ppm). 
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Red solid, isolated yield: 0.16 mg; 0.074 µmol; 0.3%. 

1H-NMR (400 MHz, THF-D8, 293 K) δ [ppm] = 7.29 (d, 12 H, 3J = 3.8 Hz, H-4); 7.16 (d, 12 H, 3J = 3.8 Hz, 

H-3); 2.81 (t, 24 H, 3J = 7.8 Hz, α-CH2); 1.67 - 1.59 (m, 24 H, β-CH2); 1.55 - 1.45 (m, 24 H, γ-CH2); 1.00 

(t, 36 H, 3J = 7.3 Hz, CH3). 

1H-NMR (500 MHz, THF-D8, 330 K) δ [ppm] = 7.24 (d, 12 H, 3J = 3.8 Hz, H-4); 7.13 (d, 12 H, 3J = 3.8 Hz, 

H-3); 2.81 (t, 24 H, 3J = 7.8 Hz, α-CH2); 1.66 - 1.60 (m, 24 H, β-CH2); 1.52 - 1.45 (m, 24 H, γ-CH2); 0.98 

(t, 36 H, 3J = 7.3 Hz, CH3).  

A 13C-NMR spectrum could not be obtained due to low solubility. 

MS (HR-MALDI):  calc. for C120H132S18: m/z = 2149.533262;  

found: m/z = 2149.532694 [M+] (Δm/m = 0.3 ppm). 



5. Experimental part 
 

 
215 

 

Red solid, isolated yield: 0.24 mg; 0.096 µmol; 0.3%. 

1H-NMR (400 MHz, THF-D8, 293 K) δ [ppm] = 7.28 (d, 14 H, 3J = 3.8 Hz, H-4); 7.16 (d, 14 H, 3J = 3.8 Hz, 

H-3); 2.81 (t, 28 H, 3J = 8.0 Hz, α-CH2); 1.66 - 1.59 (m, 28 H, β-CH2); 1.55 - 1.45 (m, 28 H, γ-CH2); 1.00 

(t, 36 H, 3J = 7.2 Hz, CH3).  

A 13C-NMR spectrum could not be obtained due to low solubility and lack of material. 

MS (MALDI-TOF):  calc. for C140H154S21: m/z = 2508.6;  

found: m/z = 2508.4 [M+]. 

Procedure for the synthesis of C[n6]T. 

347 µmol of crude L[6]T-Sn2 210 were dissolved in 135 mL DCM and degassed by bubbling argon 

through the solution. 1.03 eq. (133.3 mg, 356 µmol) of Pt(COD)Cl2 were added and the mixture was 

refluxed for 5.5 d. Reaction control was done by 1H-NMR spectroscopy observing the SnMe3-signal. 

The reaction mixture was filtered through deactivated aluminium oxide (DCM) and evaporated to 

dryness. The residue was dissolved in 40 mL DCM and again degassed with argon before dppf 

(192.5 mg, 347 µmol, 1 eq.) was added. The solution was stirred for 20 h at rt. All volatile compounds 

were removed in high vacuum and the residue was suspended in 25 mL of dry toluene, degassed 

with argon, sealed in a tube, and heated to 140 °C for 20 h. After cooling down, the suspension was 

filtered through deactivated aluminium oxide, eluted with DCM, and evaporated to dryness giving 

59 mg of a dark red solid. Separation of the different oligomer sizes was realised by THF-SEC. Further 
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separation of the corresponding linear and cyclic oligomer pairs was realised by rec-GPC (40 °C, THF). 

The stabiliser of the THF was washed out with MeOH. 

 

Isolated yield: 15.7 mg; 11 µmol 6.7%. 

The analytical data of this C[12]T 214b fraction corresponded to those obtained from the C[n3]T 

cyclisation reaction. 

 

 

Isolated yield: 9.7 mg; 4.5 µmol; 4.1%. 

The analytical data of this C[18]T 214d fraction corresponded to those obtained from the C[n3]T 

cyclisation reaction. 
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Deep red solid, isolated yield: 1.0 mg; 0.35 µmol; 0.4%. 

1H-NMR (400 MHz, THF-D8, 293 K) δ [ppm] = 7.28 (d, 16 H, 3J = 3.8 Hz, H-4); 7.16 (d, 16 H, 3J = 3.8 Hz, 

H-3); 2.83 - 2.79 (m, 32 H, α-CH2); 1.65 - 1.59 (m, 32 H, β-CH2); 1.53 - 1.46 (m, 32 H, γ-CH2); 1.00 (t, 48 

H, 3J = 7.3 Hz, CH3). 

1H-NMR (500 MHz, THF-D8, 325 K) δ [ppm] = 7.24 (d, 16 H, 3J = 3.7 Hz, H-4); 7.13 (d, 16 H, 3J = 3.7 Hz, 

H-3); 2.82 - 2.80 (m, 32 H, α-CH2); 1.65 - 1.61 (m, 32 H, β-CH2); 1.52 - 1.46 (m, 32 H, γ-CH2); 0.98 (t, 48 

H, 3J = 7.3 Hz, CH3). 

A 13C-NMR spectrum could not be obtained due to low solubility and lack of material. 

MS (MALDI-TOF):  calc. for C100H110S15: m/z = 2867.7;  

found: m/z = 2867.2 [M+]. 

MS (HR-MALDI):  calc. for C100H110S15: m/z = 2867.709411;  

found: m/z = 2867.712914 [M+] (Δm/m = 1.2 ppm). 

Procedure for the synthesis of C[n9]T. 

88.9 µmol of crude L[9]T-Sn2 212 were dissolved in 250 mL DCM and degassed by bubbling argon 

through the solution. 1 eq. (30.3 mg, 88.9 µmol) of Pt(COD)Cl2 was added and the mixture was 

refluxed for 11 d. Reaction control was done by 1H-NMR spectroscopy observing the SnMe3-signal. 

The reaction mixture was filtered through deactivated aluminium oxide (DCM) and evaporated to 
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dryness. The residue was dissolved in 30 mL DCM and again degassed with argon before dppf 

(44.8 mg, 88.9 µmol, 1 eq.) was added. The solution was stirred for 19 h at rt. All volatiles were 

removed in high vacuum and the residue was suspended in 25 mL of dry toluene, degassed with 

argon, sealed in a tube, and heated to 140 °C for 20 h. After cooling down the suspension was filtered 

through deactivated aluminium oxide, eluted with DCM, and evaporated to dryness giving 59 mg of a 

dark red solid. Separation of the different oligomer sizes was realised by THF-SEC. Further separation 

of the corresponding linear and cyclic oligomer pairs was realised by rec-GPC (40 °C, THF). The 

stabiliser of the THF was washed out with MeOH.  

 

Isolated yield: 15.1 mg; 7.0 µmol; 17.9%. 

The analytical data of this C[18]T 214d fraction corresponded to those obtained from the C[n3]T 

cyclisation reaction. 
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Deep red solid, isolated yield: 0.5 mg; 0.15 µmol 0.6%. 

1H-NMR (400 MHz, THF-D8, 293 K) δ [ppm] = 7.27 (d, 18 H, 3J = 3.7 Hz, H-4); 7.16 (d, 18 H, 3J = 3.8 Hz, 

H-3); 2.84 - 2.80 (m, 36 H, α-CH2); 1.67 - 1.59 (m, 36 H, β-CH2); 1.55 - 1.46 (m, 36 H, γ-CH2); 1.00 (t, 54 

H, 3J = 7.3 Hz, CH3). 

1H-NMR (500 MHz, THF-D8, 330 K) δ [ppm] = 7.22 (d, 18 H, 3J = 3.7 Hz, H-4); 7.12 (d, 18 H, 3J = 3.8 Hz, 

H-3); 2.81 (t, 36 H, 3J = 8.0 Hz, α-CH2); 1.66 - 1.61 (m, 36 H, β-CH2); 1.52 - 1.45 (m, 36 H, γ-CH2); 0.98 

(t, 54 H, 3J = 7.3 Hz, CH3). 

A 13C-NMR spectrum could not be obtained due to low solubility and lack of material. 

MS (HR-MALDI):  calc. for C180H198S27: m/z = 3226.797514;  

found: m/z = 3226.795489 [M+] (Δm/m = 0.56 ppm). 
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6. Crystal structure data of borate 62 

 
Figure 87 Crystal structure of 62, ellipsoid style, protons removed; atom colours: grey: C, purple-blue: N, 

yellow: S, pink: B. 

 
Figure 88: Crystal structure of 62, ellipsoid style; atom colours: grey: C, purple-blue: N, yellow: S, pink: B, white: 

H. 
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Figure 90: Crystal structure of 62, ellipsoid style, unit cell only without the anions, protons hidden; atom 

colours: grey: C, yellow: S, pink: B. 

 
Figure 91: Crystal structure of 62, ellipsoid style, unit cell along the b-axe, protons hidden; atom colours: grey: 

C, purple-blue: N, yellow: S, pink: B. 
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Table 24: Crystal data of 62. 

Name 
Tetra-n-butylammonium 5,5-dithien- 2-yl-
5H-dibenzo[b,d]borol-5-uide 

Formula C20H14BS2
-, C16H36N

+ 

Formula weight 571.73 g/mol 

Space group P b c a 

Unit cell dimensions a = 18.3810(2) Å 

  b = 18.3810(2) Å 

  c = 19.9720(3) Å 

  α = β = λ = 90° 

Volume 6747.76 Å2 

Formula units per unit cell Z = 8 

R-factor 6.13% 

Solvent Acetone 

 

Table 25: Atomic positions of 62 within the unit-cell. 

number atom x y z 

1 S2 -0.05110(5) 0.17800(5) 0.32925(4) 

2 S12 -0.05490(4) 0.26191(4) 0.50094(3) 

3 C7 -0.06126(16) 0.31948(19) 0.56711(11) 

4 H7 -0.0904 0.3113 0.6044 

5 C8 -0.01930(17) 0.37767(19) 0.55887(13) 

6 C9 0.20062(19) 0.44901(16) 0.30824(13) 

7 H9 0.2363 0.4802 0.2921 

8 C10 -0.10936(16) 0.1956(2) 0.26510(12) 

9 H10 -0.1395 0.1615 0.2448 

10 C12 0.1302(2) 0.47342(16) 0.31551(12) 

11 H12 0.1186 0.5210 0.3039 

12 C14 0.01994(13) 0.37710(13) 0.49772(9) 

13 H14 0.0513 0.4142 0.4847 

14 C15 0.21827(15) 0.37829(15) 0.32493(11) 

15 H15 0.2657 0.3616 0.3199 

16 C16 0.16693(16) 0.11585(14) 0.42138(11) 

17 H16 0.1652 0.0686 0.4379 

18 C17 -0.10532(19) 0.2655(2) 0.24824(13) 

19 H17 -0.1330 0.2863 0.2143 

20 C18 -0.05700(14) 0.30318(16) 0.28541(10) 
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21 H18 -0.0489 0.3525 0.2783 

22 C25 0.09216(14) 0.35548(13) 0.35696(9) 

23 C26 0.10374(16) 0.15815(14) 0.42106(10) 

24 C27 0.23484(16) 0.21372(16) 0.37334(12) 

25 C28 0.23187(15) 0.14321(14) 0.39757(11) 

26 H28 0.2735 0.1144 0.3978 

27 C30 0.07687(17) 0.42776(15) 0.33985(11) 

28 H30 0.0298 0.4453 0.3450 

29 C31 0.10515(13) 0.22926(12) 0.39645(9) 

30 C32 0.16429(13) 0.33212(13) 0.34937(9) 

31 C34 0.17236(12) 0.25581(12) 0.37241(9) 

32 C35 0.00673(13) 0.31520(13) 0.45891(9) 

33 C36 -0.02000(14) 0.26507(14) 0.33455(10) 

34 B100 0.04239(15) 0.29056(15) 0.38758(11) 

35 H27 0.2763(17) 0.2308(15) 0.3589(13) 

36 H26 0.0588(15) 0.1362(14) 0.4437(10) 

37 H8 -0.0164(16) 0.4176(15) 0.5870(12) 

38 C1 0.34574(18) 0.02161(15) 0.55274(13) 

39 H1A 0.3816 -0.0103 0.5717 

40 H1B 0.3663 0.0468 0.5151 

41 H1C 0.3045 -0.0064 0.5383 

42 C2 0.0349(2) 0.04226(17) 0.59371(15) 

43 H2A 0.0715 0.0110 0.6123 

44 H2B 0.0519 0.0623 0.5522 

45 H2C -0.0087 0.0147 0.5858 

46 C3 0.01876(18) 0.10317(17) 0.64221(13) 

47 H3A -0.0046 0.0828 0.6815 

48 H3B -0.0154 0.1364 0.6214 

49 C4 0.13454(18) 0.39443(15) 0.73841(11) 

50 H4A 0.1330 0.3682 0.7805 

51 H4B 0.1829 0.4148 0.7336 

52 N42 0.18426(11) 0.23404(10) 0.62215(8) 

53 C5 0.07985(19) 0.45599(16) 0.74083(13) 

54 H5A 0.0928 0.4891 0.7760 

55 H5B 0.0322 0.4366 0.7492 

56 H5C 0.0799 0.4813 0.6988 

57 C6 0.34199(18) 0.41633(16) 0.49659(14) 

58 H6A 0.3268 0.4577 0.5224 

59 H6B 0.3529 0.4315 0.4517 

60 H6C 0.3846 0.3953 0.5165 

61 C11 0.32209(19) 0.07575(16) 0.60437(13) 
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62 H11A 0.3641 0.1041 0.6179 

63 H11B 0.3050 0.0495 0.6435 

64 C13 0.12110(15) 0.34122(14) 0.68155(10) 

65 H13A 0.0731 0.3198 0.6860 

66 H13B 0.1233 0.3665 0.6390 

67 C19 0.28166(18) 0.36047(15) 0.49524(13) 

68 C20 0.17841(15) 0.28212(14) 0.68368(11) 

69 C21 0.26335(15) 0.12695(14) 0.58203(11) 

70 H21A 0.2200 0.0995 0.5707 

71 H21B 0.2792 0.1527 0.5422 

72 C22 0.11258(15) 0.19445(15) 0.60876(11) 

73 C23 0.26516(15) 0.32898(14) 0.56394(10) 

74 H23A 0.3071 0.3023 0.5802 

75 H23B 0.2549 0.3681 0.5952 

76 C24 0.20040(14) 0.27871(14) 0.55975(11) 

77 C29 0.24567(16) 0.18073(15) 0.63616(11) 

78 C33 0.08557(18) 0.14609(18) 0.66448(11) 

79 H33A 0.0733 0.1756 0.7031 

80 H33B 0.1238 0.1126 0.6775 

81 H22A 0.1183(14) 0.1693(12) 0.5668(10) 

82 H20A 0.1712(13) 0.2522(12) 0.7206(11) 

83 H24A 0.2060(13) 0.2458(12) 0.5249(11) 

84 H20B 0.2255(14) 0.3038(12) 0.6882(10) 

85 H29A 0.2325(13) 0.1577(12) 0.6795(11) 

86 H19A 0.2907(15) 0.3208(14) 0.4677(11) 

87 H24B 0.1568(14) 0.3058(12) 0.5488(9) 

88 H22B 0.0737(16) 0.2317(14) 0.5985(10) 

89 H19B 0.2326(16) 0.3806(13) 0.4763(11) 

90 H29B 0.2835(17) 0.2087(15) 0.6454(12) 

 

Table 26: Bond length of 62 within the unit-cell. 

number atom 1 atom 2 length [Å] 

1 S2 C10 1.701(3) 

2 S2 C36 1.703(3) 

3 S12 C7 1.697(3) 

4 S12 C35 1.717(2) 

5 C7 H7 0.930(3) 

6 C7 C8 1.329(5) 

7 C8 C14 1.418(3) 

8 C8 H8 0.93(3) 
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9 C9 H9 0.929(3) 

10 C9 C12 1.378(5) 

11 C9 C15 1.381(4) 

12 C10 H10 0.930(3) 

13 C10 C17 1.330(5) 

14 C12 H12 0.930(3) 

15 C12 C30 1.379(4) 

16 C14 H14 0.930(2) 

17 C14 C35 1.398(3) 

18 C15 H15 0.930(3) 

19 C15 C32 1.394(4) 

20 C16 H16 0.930(3) 

21 C16 C26 1.398(4) 

22 C16 C28 1.380(4) 

23 C17 H17 0.930(3) 

24 C17 C18 1.349(4) 

25 C18 H18 0.930(3) 

26 C18 C36 1.384(3) 

27 C25 C30 1.400(4) 

28 C25 C32 1.402(3) 

29 C25 B100 1.623(4) 

30 C26 C31 1.397(3) 

31 C26 H26 1.02(3) 

32 C27 C28 1.385(4) 

33 C27 C34 1.385(4) 

34 C27 H27 0.87(3) 

35 C28 H28 0.931(3) 

36 C30 H30 0.929(3) 

37 C31 C34 1.412(3) 

38 C31 B100 1.622(4) 

39 C32 C34 1.484(3) 

40 C35 B100 1.632(3) 

41 C36 B100 1.630(3) 

42 C1 H1A 0.960(3) 

43 C1 H1B 0.960(3) 

44 C1 H1C 0.961(3) 

45 C1 C11 1.498(4) 

46 C2 H2A 0.959(3) 

47 C2 H2B 0.959(3) 

48 C2 H2C 0.961(4) 

49 C2 C3 1.510(4) 
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50 C3 H3A 0.970(3) 

51 C3 H3B 0.970(3) 

52 C3 C33 1.526(5) 

53 C4 H4A 0.969(2) 

54 C4 H4B 0.969(3) 

55 C4 C5 1.514(4) 

56 C4 C13 1.519(3) 

57 N42 C20 1.517(3) 

58 N42 C22 1.529(3) 

59 N42 C24 1.522(3) 

60 N42 C29 1.521(3) 

61 C5 H5A 0.959(3) 

62 C5 H5B 0.960(3) 

63 C5 H5C 0.960(3) 

64 C6 H6A 0.960(3) 

65 C6 H6B 0.960(3) 

66 C6 H6C 0.960(3) 

67 C6 C19 1.512(4) 

68 C11 H11A 0.970(3) 

69 C11 H11B 0.971(3) 

70 C11 C21 1.500(4) 

71 C13 H13A 0.970(3) 

72 C13 H13B 0.969(2) 

73 C13 C20 1.514(4) 

74 C19 C23 1.520(3) 

75 C19 H19A 0.93(2) 

76 C19 H19B 1.05(3) 

77 C20 H20A 0.93(2) 

78 C20 H20B 0.96(3) 

79 C21 H21A 0.970(3) 

80 C21 H21B 0.970(2) 

81 C21 C29 1.501(3) 

82 C22 C33 1.508(4) 

83 C22 H22A 0.96(2) 

84 C22 H22B 1.01(3) 

85 C23 H23A 0.970(3) 

86 C23 H23B 0.971(2) 

87 C23 C24 1.509(4) 

88 C24 H24A 0.93(2) 

89 C24 H24B 0.97(2) 

90 C29 H29A 0.99(2) 
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91 C29 H29B 0.88(3) 

92 C33 H33A 0.970(3) 

93 C33 H33B 0.970(3) 

 

Table 27: Bond angles of 62 within the unit-cell. 

number atom 1 atom 2 atom 3 angle [°] 

1 C10 S2 C36 94.6(1) 

2 C7 S12 C35 94.0(1) 

3 S12 C7 H7 124.2(2) 

4 S12 C7 C8 111.4(2) 

5 H7 C7 C8 124.3(3) 

6 C7 C8 C14 113.3(3) 

7 C7 C8 H8 127(2) 

8 C14 C8 H8 120(2) 

9 H9 C9 C12 119.9(3) 

10 H9 C9 C15 119.9(3) 

11 C12 C9 C15 120.1(3) 

12 S2 C10 H10 125.1(3) 

13 S2 C10 C17 109.8(2) 

14 H10 C10 C17 125.0(3) 

15 C9 C12 H12 119.7(3) 

16 C9 C12 C30 120.5(3) 

17 H12 C12 C30 119.8(3) 

18 C8 C14 H14 123.4(2) 

19 C8 C14 C35 113.3(2) 

20 H14 C14 C35 123.3(2) 

21 C9 C15 H15 120.3(3) 

22 C9 C15 C32 119.4(2) 

23 H15 C15 C32 120.3(2) 

24 H16 C16 C26 119.5(3) 

25 H16 C16 C28 119.5(3) 

26 C26 C16 C28 121.0(2) 

27 C10 C17 H17 123.4(3) 

28 C10 C17 C18 113.2(3) 

29 H17 C17 C18 123.4(3) 

30 C17 C18 H18 121.5(3) 

31 C17 C18 C36 117.0(2) 

32 H18 C18 C36 121.5(2) 

33 C30 C25 C32 117.0(2) 

34 C30 C25 B100 132.6(2) 
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35 C32 C25 B100 110.4(2) 

36 C16 C26 C31 120.4(2) 

37 C16 C26 H26 117(1) 

38 C31 C26 H26 123(1) 

39 C28 C27 C34 119.7(2) 

40 C28 C27 H27 119(2) 

41 C34 C27 H27 121(2) 

42 C16 C28 C27 119.7(2) 

43 C16 C28 H28 120.1(2) 

44 C27 C28 H28 120.1(3) 

45 C12 C30 C25 121.4(2) 

46 C12 C30 H30 119.3(3) 

47 C25 C30 H30 119.3(3) 

48 C26 C31 C34 117.3(2) 

49 C26 C31 B100 132.5(2) 

50 C34 C31 B100 110.2(2) 

51 C15 C32 C25 121.6(2) 

52 C15 C32 C34 127.8(2) 

53 C25 C32 C34 110.5(2) 

54 C27 C34 C31 121.9(2) 

55 C27 C34 C32 128.0(2) 

56 C31 C34 C32 110.2(2) 

57 S12 C35 C14 107.9(2) 

58 S12 C35 B100 122.2(2) 

59 C14 C35 B100 129.8(2) 

60 S2 C36 C18 105.5(2) 

61 S2 C36 B100 123.1(2) 

62 C18 C36 B100 131.4(2) 

63 C25 B100 C31 98.7(2) 

64 C25 B100 C35 110.6(2) 

65 C25 B100 C36 111.3(2) 

66 C31 B100 C35 112.5(2) 

67 C31 B100 C36 111.8(2) 

68 C35 B100 C36 111.4(2) 

69 H1A C1 H1B 109.5(3) 

70 H1A C1 H1C 109.4(3) 

71 H1A C1 C11 109.5(3) 

72 H1B C1 H1C 109.5(3) 

73 H1B C1 C11 109.4(3) 

74 H1C C1 C11 109.5(3) 

75 H2A C2 H2B 109.6(3) 



Crystal structure data of borate 62 
 

 
230 

76 H2A C2 H2C 109.4(3) 

77 H2A C2 C3 109.5(3) 

78 H2B C2 H2C 109.4(3) 

79 H2B C2 C3 109.5(3) 

80 H2C C2 C3 109.4(3) 

81 C2 C3 H3A 108.7(3) 

82 C2 C3 H3B 108.6(3) 

83 C2 C3 C33 114.3(3) 

84 H3A C3 H3B 107.7(3) 

85 H3A C3 C33 108.7(3) 

86 H3B C3 C33 108.7(3) 

87 H4A C4 H4B 107.7(3) 

88 H4A C4 C5 108.9(2) 

89 H4A C4 C13 108.9(2) 

90 H4B C4 C5 108.9(2) 

91 H4B C4 C13 108.9(2) 

92 C5 C4 C13 113.4(2) 

93 C20 N42 C22 111.0(2) 

94 C20 N42 C24 111.3(2) 

95 C20 N42 C29 106.2(2) 

96 C22 N42 C24 106.4(2) 

97 C22 N42 C29 111.4(2) 

98 C24 N42 C29 110.7(2) 

99 C4 C5 H5A 109.4(3) 

100 C4 C5 H5B 109.5(3) 

101 C4 C5 H5C 109.5(3) 

102 H5A C5 H5B 109.5(3) 

103 H5A C5 H5C 109.4(3) 

104 H5B C5 H5C 109.5(3) 

105 H6A C6 H6B 109.4(3) 

106 H6A C6 H6C 109.5(3) 

107 H6A C6 C19 109.5(3) 

108 H6B C6 H6C 109.5(3) 

109 H6B C6 C19 109.5(3) 

110 H6C C6 C19 109.4(3) 

111 C1 C11 H11A 108.5(3) 

112 C1 C11 H11B 108.5(3) 

113 C1 C11 C21 114.9(2) 

114 H11A C11 H11B 107.5(3) 

115 H11A C11 C21 108.6(3) 

116 H11B C11 C21 108.6(3) 
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117 C4 C13 H13A 109.9(2) 

118 C4 C13 H13B 109.9(2) 

119 C4 C13 C20 109.1(2) 

120 H13A C13 H13B 108.2(2) 

121 H13A C13 C20 109.8(2) 

122 H13B C13 C20 109.9(2) 

123 C6 C19 C23 112.9(2) 

124 C6 C19 H19A 114(2) 

125 C6 C19 H19B 114(1) 

126 C23 C19 H19A 106(2) 

127 C23 C19 H19B 107(1) 

128 H19A C19 H19B 103(2) 

129 N42 C20 C13 116.4(2) 

130 N42 C20 H20A 108(1) 

131 N42 C20 H20B 105(1) 

132 C13 C20 H20A 110(1) 

133 C13 C20 H20B 109(1) 

134 H20A C20 H20B 107(2) 

135 C11 C21 H21A 109.5(2) 

136 C11 C21 H21B 109.5(2) 

137 C11 C21 C29 110.8(2) 

138 H21A C21 H21B 108.0(2) 

139 H21A C21 C29 109.4(2) 

140 H21B C21 C29 109.5(2) 

141 N42 C22 C33 115.8(2) 

142 N42 C22 H22A 107(1) 

143 N42 C22 H22B 109(1) 

144 C33 C22 H22A 113(1) 

145 C33 C22 H22B 108(1) 

146 H22A C22 H22B 103(2) 

147 C19 C23 H23A 109.7(2) 

148 C19 C23 H23B 109.7(2) 

149 C19 C23 C24 109.9(2) 

150 H23A C23 H23B 108.3(2) 

151 H23A C23 C24 109.6(2) 

152 H23B C23 C24 109.6(2) 

153 N42 C24 C23 116.0(2) 

154 N42 C24 H24A 107(1) 

155 N42 C24 H24B 108(1) 

156 C23 C24 H24A 111(1) 

157 C23 C24 H24B 111(1) 
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158 H24A C24 H24B 105(2) 

159 N42 C29 C21 116.9(2) 

160 N42 C29 H29A 105(1) 

161 N42 C29 H29B 104(2) 

162 C21 C29 H29A 114(1) 

163 C21 C29 H29B 111(2) 

164 H29A C29 H29B 105(2) 

165 C3 C33 C22 110.8(2) 

166 C3 C33 H33A 109.5(3) 

167 C3 C33 H33B 109.5(3) 

168 C22 C33 H33A 109.5(3) 

169 C22 C33 H33B 109.5(3) 

170 H33A C33 H33B 108.1(3) 
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