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Science is no inexorable march to truth, mediated by the collection of 

objective information and the destruction of ancient superstition. Scientists, 

as ordinary human beings, unconsciously reflect in their theories the social 

and political constraints of their times. 
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Abstract 
Molecular electronics investigates the use of molecules in electronic devices. An 

important question is how the chemical structure influences the charge transport 

properties and how the molecules are integrated into an electrical circuit. From a 

chemical point of view, this can be addressed by the design and synthesis of 

molecules with well-defined features that are able to perform electronic functions. In 

the first part, we review the field of molecular electronics and especially the correlation 

between the molecular conformation and the optoelectronic properties in diphenyl 

acetylene derivatives. 

This thesis is focused on the design and synthesis of dinaphthyl acetylene with 

controlled torsion angles. A linker of varying length connects the naphthyl moieties, 

thereby restricting the rotational freedom. This will partially disrupting the conjugation 

across the molecule. We aim to quantify this effect in conductance experiments and 

correlate it with the torsion angles α. 

 
Our synthetic efforts involved linking the naphthalenes via aryl alkyl ethers and 

benzyl ethers. In the former case, our attempts to introduce a linker resulted in a 

cyclisation of hydroxy groups and alkynes. In the latter case, we obtained no definitive 

results, as precursors are not readily available. Nevertheless, these findings will guide 

future research towards finding a feasible approach and ultimately contribute towards 

better understanding of conformation/conductance of organic molecules. 

 
Figure A Left: Schematic of the target structure with naphthalenes (blue), anchoring groups for gold 
electrodes (red) and a linker of variable lenght, which restricts the rotational freedom, Right: view 

along the long axis with the torsion angle α. 

α 
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1. Introduction 
 

Molecule sized electronics 
Miniaturizing electronic components and devices has been a trend for almost the 

past century. The advent of solid-state semiconductors in the 1940s, transistors in the 

1950s have laid the foundation for computer technology. Subsequently, the 

development of integrated circuits, discrete functional components with a minimal 

number of passive elements (e.g. wires), has marked qualitative leaps forward in 

computer development. Since then, the prospect of reduced power consumption, 

faster performance and increasing transistor density has driven the miniaturization of 

electronic devices. The most popular expression of this trend is “Moore’s law”, an 

observation formulated in 1965 that has predicted the doubling of the average number 

of transistors on a microchip every two years (see Figure 1.1).1,2 
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Figure 1.1: Numbers of transistors built into microprocessors between 1971 and 2017 in logarithmic 

scale. Source: Karl Rupp, 40 Years of Microprocessor Trend Data, published under the terms of 
Creative Commons Attribution 4.0 International (CC-BY-4.0).2 

However, this paradigm has theoretical and practical limitations, since it is 

impossible to miniaturize finite-sized structures indefinitely. Tunneling leakage, a 

quantum effect, is one of the main limiting factors. Due to the small scale, mobile 

charge carriers tunnel through an insulating region. This phenomenon increases 

exponentially as the thickness of the insulating layer decreases. Additionally, 
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miniaturization of components increases the resistance against a current. 

Consequently, more energy dissipates thermally, which can degrade the transistors. 

On a chip, consisting of billions of transistors, this becomes an even greater problem. 

To overcome it, either the operation voltage or the number of transistors in use must 

be reduced. However, either reduction limits the computer performance.  

 

Building electronic devices from molecules has been proposed as the aim of down-

scaling components as well as a path to overcoming the practical limitation suggested 

by Moore’s prediction.3,4 Molecules are rationally designed and synthesized with 

atomic precision. They are the smallest objects, which provide structural diversity, 

making molecular electronics a scientifically interesting field. Molecular devices, 

however, require, on one hand, a reproducible experimental setup and, on the other 

hand, a valid theoretical description. In the 1990s, the development of scanning 

tunneling microscopy (STM) and atomic force microscopy (AFM) led to a 

breakthrough, in reducing the inter-electrode distance from a macroscopic to a 

molecular level. With these techniques, it was for the first time possible to connect 

molecules to electrodes reliably and to measure electrical properties at the molecular 

level. Although the initial aim of replacing silicon-based devices by molecular 

electronics remains elusive, molecular electronics investigates transport phenomena 

on the molecular scale. Apart from charge transport and thermoelectric properties, 

quantum interference and electronic spins—both of which without equivalent in 

classical devices—are probed.5 

 

Molecular junctions 
For bulk material, Ohm’s law describes the conductance G as 

𝐺 =   (1) 

where I is current through the conductor and V is the voltage across the conductor. 

When going to the nanoscale level, classical physics fail since quantum effects have 

to be considered. Here, the Landauer formula describes the quantum conductance G0 

as 

𝐺 = 𝑒   (2) 

where e is the elementary charge and h is Planck’s constant.6,7 G0 defines the 

conductance of a quantum object (e.g. an atom or molecule) for a transmission 
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probability of one. Experimentally, Ohnishi et al. have shown that the conductance is 

linear proportional to the number of conductance channels. In their experiment, they 

have pulled a STM tip from a gold surface while monitoring the point contact by an 

ultrahigh vacuum electron microscope. The observed conductance decreases 

proportional to the number of gold atoms forming the contact between the tip and the 

surface. The conductance of a single strand of gold atoms is equal to G0 while the 

conductance of a double strand is twice as large, proving the quantization of 

conductance. Further displacement of the STM tip leads to a breaking of the contact 

and interrupted the conductance.8 

In this example, the junction consist of the STM tip and the gold surface as the left 

and right electrode. Into this setup a molecule can be integrated by stretched a metallic 

wire until only one atom is bridging the two tips (see Figure 1.2, center). Further 

stretching breaks the contact and furnishes atomically sharp tips, which act as the 

electrodes/contacts. If the breaking event occurs in the presence of molecules with 

suitable anchoring groups, one or several may insert into the junction (see Figure 1.2, 

right).4,9 

 

 
Figure 1.2: Schematic diagram of a single molecular junction formed by stretching according to the 
MCBJ technique before (left), during (center) and after the breaking event (right). Reprinted from 

Ref. 10, Published under the terms of the Creative Commons Attribution-NonCommercial-No 
Derivatives License (CC BY NC ND). 

A current flow through the junction can be recorded as a conductance trace. In 

Figure 1.3a the conductance G0 is shown as a function of the electrode displacement. 

After breaking the molecular wire, the conductance drops exponentially below G0 until 

the molecular plateau is reached. A schematic diagram of this state is depicted in 

Figure 1.2, right. The length of the plateau corresponds to the junction length and its 

shape fluctuates depending on the geometry of the molecule-electrode contact and 

the experimental setup. Fluctuations of the junction geometry also occur due to 
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changes in the molecular conformation or from interaction of multiple molecules in the 

junction. Over time and during the displacement of the electrodes, the junction is thus 

subject to fluctuations as can be seen from Figure 1.3b, which shows a distribution of 

the counts around the maximum conductance at 10-4 G0. In this case, the distribution 

is relatively narrow, but larger fluctuations can lead to a more pronounced broadening 

of the conductance peaks. To identify statistically relevant junction geometries, large 

data sets are generated and analyzed using statistical algorithms. Figure 1.3c shows 

a 2D conductance-displacement histograms built from 10 000 breaking traces. A 

molecular plateau with a shoulder is clearly visible. A fast method to measure a large 

number of traces is the break-junction technique, based on either the scanning 

tunneling microscope or the mechanically controlled break-junction (MCBJ).9–13 

 

 
Figure 1.3 a) Conductance–displacement trace measured in the presence of 1,4-

bis(thiophenylethynyl)benzene (OPE3) (b) Histogram built from the trace in (a) by logarithmically 
binning the conductance. Right: histogram represented as a color map c) 2D conductance-
displacement histograms of OPE3 built from the trace in (a) by logarithmically binning the 

conductance. Right: histogram represented as a color map c) 2D conductance-displacement 
histograms of OPE3 built rom 10’000 breaking traces. Reprinted with permission from Ref. 9, 

Copyright 2018 American Chemical Society. 

 

Electrode—molecule contact 
To form a molecular junction, the molecule requires anchor groups that can bind 

to the electrodes. The anchor groups provide the mechanical binding of the molecule 

to the electrodes, that is, they prevent undesired spontaneous breaking. For electron 

transport to occur, the anchor groups provide electronic coupling between the 

electrodes and the molecule. The extent of the electronic coupling is determined by 

the coupling strength Γ and the energy barrier Emol between the molecular orbitals 

(HOMO/LUMO energies) and the Fermi energy EF of the electrodes. Figure 1.4 shows 

c

) 
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a simplified energy diagram of a junction, with the continuous bands of energy levels 

of the left and right electrodes and the frontier orbitals of the molecules. Upon junction 

formation, the discrete frontier orbitals are broadened, illustrated by Γ, leading to an 

overlap of the electronic states of the electrodes and the frontier orbitals.11,14,15 

 

 
Figure 1.4: Energy level diagram of a single-molecule junction. Here, the frontier level is the HOMO. 
The metal-induced broadening of the HOMO is illustrated with a broadening width of Γ. The energy 
barrier between EF and the HOMO is Emol. Reprinted with permission from Ref. 15, Copyright 2014 

American Chemical Society. 

In many experiments, a combination of gold electrodes and thiol anchor groups are 

used. The choice of surface material is motivated by the fact that gold is robust and 

has a low tendency to be contaminated. Furthermore, thiols and gold atoms form 

stable bonds and lead to strong electronic coupling for transport through the HOMO. 

The binding geometry at the molecule-metal interface has a strong influence on the 

electronic coupling across the junction. Therefore, anchoring groups with uniform 

binding geometry are desired. 11,14,16 

 

Kaliginedi et al. have compared the changes in the binding geometry of different 

anchoring groups such as amino (NH2-), pyridyl (PY-), thiol (-SH), cyanide (-CN), nitro 

(-NO2), dihydrobenzo[b]thiphene (-BT) and alkyne (Au–C) groups in a 4,4’-substituted 

diphenyl acetylene. Figure 1.5 shows the distributions of conductance variance for the 

corresponding tolanes. Depending on the anchoring group, the width of the distribution 

increases according to the following sequence: PY < BT < NH2 < Au–C < SH < CN < 

NO2. This trend is attributed to the uniformity of the binding geometry and in the case 

of cyanide to a decrease of the binding energy and/or junction stability.17–20 



 6 

 
Figure 1.5: Conductance variation distributions in the high conductance range for diphenyl acetylene 
with different anchoring groups. Reprinted with permission from Ref. 17, Copyright 2014 Royal Society 

of Chemistry. 

 

Structure–conductance relationship 
The intrinsic conductance properties of a junction rely on the molecular structure 

and on the electronic coupling. While the choice of the anchor groups and the 

electrode material influences the latter, the former can be systematically modified by 

synthetic organic chemistry. The molecular length has been studied extensively as a 

parameter. It has been shown that the conductance decreases exponentially as a 

function of the molecular length. The conductance G as a function of the distance N is 

described by the exponential relationship 

𝐺(𝑁) ~ 𝐺 𝑒 𝑁  (3) 

where Gc is the inverse of the contact resistance of the left and right anchors 

respectively and β is the attenuation factor of the transmission per distance, the 

structural factor which allows to compare different molecules. For alkanes a relatively 

high β of 0.84 Å-1 has been reported, due to the absence of conjugated bonds to carry 

the charges. For conjugated molecules such as oligo(phenylene)s or oligo(p-

phenylene ethynylene)s (OPE) comparatively low β values of 0.43 Å-1 and 0.20 Å-1 

have been reported. 11,14,21–23 

Charge transport in the exponential decay regime (see equation 3) occurs through 

coherent transport by non-resonant tunneling. However, upon increasing the length of 

the molecular wire, charge transport is governed by a hopping mechanism. In this 

regime, the conductance decreases linearly as a function of the distance. Lu et al. 

have shown that in OPEs, the transition from tunneling to hopping occurs around 2.75 
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nm (see Figure 1.6). Ho Choi et al. have observed a transition to hopping at around 4 

nm for oligo(phenylene imine)s (OPIs).11,21,24 

 

 
Figure 1.6: Left: The structures of OPE1-7; Right: logarithm of the resistance (R) versus molecular 

length shows a transition from tunneling to hopping around 2.75 nm. Reprinted with permission from 
Ref. 21, Copyright 2009 American Chemical Society. 

Further, the conductance is influenced by the molecular backbone and by the 

substituents. Modifying the backbone directly or just the substituents alters the 

delocalization of the frontier orbitals and the HOMO/LUMO gap. For a good charge 

transmission through the molecule, a high degree of delocalization of the frontier 

orbitals is required. Additionally, it has been found that an increase in the 

HOMO/LUMO gap decreases the conductance.25–27 Electron-donating substituents 

stabilize the HOMO and bring it closer to the Fermi energy level. Consequently, they 

lead to an increased conductance. Electron-withdrawing substituents destabilize the 

HOMO and thereby reduce the conductance.28 

Moreover, the substitution pattern has been found to influence the conductance, 

the simplest example being the substitution on a benzene ring. Across para-

substituted benzenes, the conductance increases due to constructive interference of 

transmission pathways. Meta-substituted benzenes lead to destructive interference 

and have low conductance. Studies by Mayor et al. and Arroyo et al. have shown that 

changing the position of the anchor group or the substitution across a central benzene 

unit from para to meta the conductance decreases (see Figure 1.7).29,30 
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Figure 1.7: Molecular structures and conductance-displacement histograms of molecular rods for 

quantum interference. Reprinted with permission from Ref. 30, Copyright 2013 John Wiley & Sons, Inc. 

Lastly, modifying the molecular conformation also influences the orbital overlap. 

The molecular conformation is any spatial arrangement of the atoms in a molecule 

which can be interconverted by rotations about formally single bonds, described by a 

torsion angle φ.31 Venkataraman et al. have related the conductance through a series 

of biphenyl diamines with their energy minimized conformation (see Fehler! 
Verweisquelle konnte nicht gefunden werden.). Various electron-donating and 

withdrawing substituents increased the torsion angle φ between the phenyl rings, 

reducing the orbital overlap and, consequently, the conductance. A linear dependence 

of the conductance of cos2(φ) is observed, despite the fact that the electron density is 

varied due to the nature of the substituents. Since the measurements have been 

performed at room temperature and each required a few milliseconds, the measured 

conductance represented an average over all conformations. A linear relationship has 

previously been established for a triplet state energy transfer though biphenyls.22,28,32 
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Figure 1.8: a) Structures of a subset of the biphenyl series studied by Venkataraman et al. shown in 

the order of increasing twist angle or decreasing conjugation. 1: 2,7-diamino fluorene; 2: 4,4’-
diaminobiphenyl; 3: perfluoro-4,4’-diaminobiphenyl; 4: 2,2',6,6'-tetramethyl-4,4'-diaminobiphenyl. b) 
Conductance histograms obtained from measurements using molecule 1 (purple), 2 (cyan), 3 (pink) 
and 4 (blue). Also shown is the control histogram obtained from measurements without molecules 

between the contacts (yellow). c) Positions of the peaks for all the molecules studies plotted against 
cos2(φ), where φ is the calculated twist angle for each molecule. Reprinted with permission from 

Ref. 22, Copyright 2006 Nature Publishing Group. 

Haiss et al. have studied the conductance of conformationally fixed planar 

biphenyls as well as sterically restricted and unsubstituted biphenyls. While a higher 

conductance has been found for the planar biphenyls, no pronounced difference is 

observed between the latter and a sterically restricted derivative.22,28,33 

 

In developing the biphenyl series further, Mayor et al. have demonstrated the 

conductance—conformation relationship for a series of tethered biphenyl ditihols. 

Here, alkyl chains of varying length at the 2,2’-position are shown to vary the torsion 

angle between the phenyl rings. The use of different electron-donating or withdrawing 

substituents across the series is avoided, as not to influence the conduction. With 

increasing length of the alkyl chain, an increase in the torsion angle φ is observed in 

the X-ray structure, covering an angular range from 1.1° to 89°. In accordance with 

previous results, the conductance is linearly proportional to cos2(φ), except for the 

fluorene derivative, which shows a decreased conductance, when thiol anchoring 

groups are used (see Figure 1.9). Quantum mechanical computations have 

corroborated the experimental results except for the low conductance of the fluorene 

derivative.34–36 
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Figure 1.9: Experimentally determined conductance of thiol-terminated biphenyl molecules vs. 

cos2(φ), where φ is the torsion angle of the molecules. The solid line is the linear fit to all molecules 
studied, M2 is excluded from the linear fit. Chemical structures of a subset of the investigated 

compounds are shown.34–36 

Mishchenko et al. have demonstrated further that this relationship also is present 

for conductance through the LUMO of twisted biphenyls, featuring nitriles as anchoring 

groups in a STM-BJ.37 Further studies have revealed the potential of conformationally 

fixed biphenyls to tune the charge injection in organic thin-film transistors (OTFT)s,38 

as molecular switches,39 as well as in non-linear optics (NLO).40 Theoretical 

investigations on thermoelectricity have suggested a linear dependence of the 

thermopower on cos2(φ).41 

 

Kiguchi et al. have presented a conjugated OPE polymer using permethylated α-

cyclodextrins, thereby minimizing the intermolecular π–π interactions and increasing 

the one-directional conductivity through the polymer.42 In a related work on the 

conductance of single molecules, they have compared a cyclodextrin rotaxane 5 to 

the “naked” axle 6 (see Figure 1.10).12 In a STM-BJ, 5 has narrower conductance 

bands than the naked molecule, indicating a reduction of fluctuations. The authors 

have concluded that, on one hand, the cyclodextrin prevents intermolecular 

interactions in the junction during the measurement. On the other hand, the 

cyclodextrin restricted the free rotation of the central benzene fragment. 
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Figure 1.10: A molecular wire enwrapped by a permethylated cyclodextrin (5); the corresponding 

“naked” molecular wire has been used as a reference (6). Schematic view along the molecule 
backbone and top view showing the torsion angles (bottom right). Reprinted with permission from 

Ref. 12, Copyright 2012 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

The result showed not only narrower conductance peaks for 5, but also a smaller 

conductance has been observed for 5 than for the 6. The authors have related this to 

a change in the conformation in the rotaxane and a reduction in the orbital overlap in 

the biphenyl system. The torsion angles, φ and θ, between the benzene moieties have 

been determined to be 14.2° and 36.9° for 5 or 8.0° and 35.8° for 6 respectively in 

energy-minimized structures. Their findings support the conductance–conformation 

relation found in previous studies. As the goal of the study was to demonstrate recued 

intramolecular interactions in the junction, the conformational changes have not been 

investigated systematically. The same can be stated for the combination of a biphenyl 

moiety and a diphenyl acetylene moiety. 

 

Conformation—conductance relationship in OPEs 
OPEs possess not only good conductivity; they are also rigid, making them ideal 

molecular wires,5,11,43 as well as further applications in molecular electronics such as 

switches44–46, sensors, 47–49 or in memory applications.50,51 Diphenyl acetylene (DPA, 

tolane) is the smallest member of the OPE family, therefore has been studied 

extensively as a model compound. Additionally, it is of great interest for novel 

nanoarchitectures52–54 and shows rich photophysical properties.55,56 

Its (photophysical and transport) properties are governed by the relative rotation of 

the two phenyl rings around the longitudinal axis.57 The coplanar isomer is more stable 

5 6 
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than the perpendicular isomer by only 2.4 kJ mol-1.58–60 Due to long rigid alkyne linkage 

the distance between the phenyl groups is 4.2 Å. Consequently, the low rotation 

barrier and the stable planar conformation reflects the reduced steric repulsion 

between the phenyl rings.61 The increased stability of the planar conformer can be 

rationalized by the full conjugation of the aromatic π electron system through the 

alkyne bond. However, the low energy barrier also means that the difference in 

conjugation between the two isomers is of little importance in determining the 

conformation. According to a simple molecular orbital model, it would also be 

conceivable, that each set of aromatic π orbitals overlaps with a different set of alkyne 

π orbitals, leading to the marginally less stable perpendicular geometry (see Figure 

1.11).62 

 

 
Figure 1.11: Left: In the coplanar conformation, DPA is fully conjugated through the blue orbitals; 

Right: in the perpendicular conformation, the conjugation is broken as each set of aromatic π orbitals 
overlaps with a different set of alkyne π orbitals. 

This view is at variance with various theoretical and experimental studies, which 

show a decreased conjugation with increasing torsion angle. Theoretical studies have 

shown a 500 times higher conductance through planar 1,4-bis-(phenyl-

acetylene)benzene (rotation barrier: 2 to 3 kJ mol-1) compared to a twisted 

conformer.63,64 

 

Li et al. have performed a conformational analysis of diphenyl acetylene under an 

external electric field and have calculated the conductance properties for different 

conformers. Based on these calculations, they have concluded that an increased 

torsion angle leads to a smaller current through the molecule. For example, a potential 

of 1 V effects a conductance of 8.813 μS in the planar conformation. The same 

potential applied to a perpendicular conformer leads to a much lower conductance of 

0.135 μS. These values are in good agreement with the results of Seminario and 
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Derosa, who have calculated the current through a planar dithiolate diphenyl acetylene 

as 60 times higher than the perpendicular conformer.59,65 

 

Experimental evidence for decreasing conjugation in DPA originates mainly from 

absorption and emission spectroscopy. For OPEs, the effective conjugation length 

approaches a maximum after a few constitutional units instead of increasing linearly. 

This has been attributed to internal rotations of the oligomers.66,67 Bunz et al. have 

synthesized a number of tethered DPA derivatives. Based on the torsion angles in the 

solid state, two classes were discriminated: near-planar derivatives with torsion angles 

ranging from 6° to 11°, as well as twisted derivatives with torsion angles between 69° 

and 80°. Figure 1.12 shows their absorption and emission spectra in solution. 

Compared with the planar compounds, which have their main absorption at around 

310 nm (Figure 1.12a), some twisted derivatives show a blue-shifted absorption 

(Figure 1.12b). This arises from a decreased conjugation and an increased 

HOMO/LUMO gap for twisted derivatives in the ground state. The exceptions are 4 

and and 10, where a flexible or long tether presumably facilitates the planarization in 

solution. The emission profiles shown in Figure 1.12c are almost identical, due to fast 

planarization of the excited states.55,68 

 

 
Figure 1.12: Absorption spectra of (a) planar and (b) twisted DPA derivatives. (c) Emission spectra. 
All spectra were recorded in n-hexane at room temperature. Reprinted with permission from Ref. 68, 

Copyright 2014 American Chemical Society. 

The negative relationship of conjugation and HOMO/LUMO gap has been 

corroborated in theoretical and experimental studies on the conductance of tolanes. 

This relationship has been used to rationalize the stochastic conductance switching of 

OPEs in self-assembled monolayers and nanopore junctions. However, due to the low 

rotational barrier, the off state would not be observable. Theoretical studies have 

shown that stabilizing effects from neighboring OPEs as well as interactions between 

the aryl ring and bulk material of the SAM layer can slow down the ring rotation.58,69–
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74 However, subsequent studies have demonstrated conductance switching in OPEs 

with fixed ring conformations, due the hybridization of the thiol–gold bond (i.e. tilting of 

the molecules) gives rise to conductance switching (see Figure 1.13).75,76 

 

 
Figure 1.13: Schematic of phenanthrene-based molecule inserted into an octanethiolate SAM in a) 

normal and b) tilted configurations. 

Despite this, the rotation of rings influencing the conductance has ever since been 

a topic of research. Allara et al. have reported thermally activated conductance 

switching through an individual isolated nitro-substituted OPE in an electromigrated 

break-junction. At temperatures below 100 K, low resistance has been measured, 

suggesting a coherent charge transport regime. Above this transition temperature, the 

resistance increases linearly with temperature. This transition from coherent to 

incoherent transport has been attributed to backbone ring rotation.77,78 

 

Ito et al. have reported temperature-induced conductance switching of OPE3 

molecules bridging CoPd nanoparticles in random networks. From room temperature 

to 20 K, the resistance has a linear temperature dependence, suggesting a hopping 

transport mechanism. Below 20 K, temperature dependence of the resistance is weak, 

which corresponds to a coherent transport through the setup. This finding has been 

attributed to thermally induced ring rotations, which disrupts the backbone conjugation 

of the OPEs bridging the nanoparticles.79 

While these examples prove the fundamental concept of using ring rotation in 

switches, its trigger is temperature changes. The question thus arises how the 

diphenyl acetylene could be modified to control the rotation to make use of other 

trigger impulses. 
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Synthetic control of rotation isomerism 
There are several ways to control the torsion in DPA chemically, through either 

steric or intramolecular interactions. Furthermore, it is possible to link the phenyl rings 

covalently with a tether to control the torsion.  

Steric effects destabilize the planar ground state. Due to the increased distance 

between the phenyl rings, large side groups are required to affect the conformation of 

DPA. The introduction of halogens only has a minor effect, as molecular modeling 

studies on perhalogenated DPA have shown (see Figure 1.14). A global minimum for 

dihedral angles of 0°, 25° and 55° has been calculated for perfluoro- (7a), perchloro- 

(7b) and perbromo- (7c) derivatives respectively.61,80 For 7c, a rotation barrier energy 

of 20 kJ mol-1 has been calculated.61 

 

 
Figure 1.14: Structure of perhalogenated DPA derivatives.80 

Toyota et al. have introduced four large substituents in the ortho-positions to the 

acetylene bonds (see Figure 1.15). The introduction of para-tolyl groups (8a) leads to 

a torsion angle of 63° in the crystal structure. A rotation barrier of 35 kJ mol-1 is 

determined for 8a by 1H NMR spectroscopy.81 In compound 8b one para-tolyl group 

is substituted for a mesitylene group, increasing the barrier to 51 kJ mol-1.82 However, 

acetylene groups with terminal bulky silyl groups are the even more effective in 

restricting the rotation. For 9, a barrier of 78 kJ mol-1 has been determined by Miljanić 

et al.83 
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Figure 1.15: Structure of 8 and 9 with sterically demanding groups in the ortho-positions. 

Toyota et al. also have synthesized diaryl acetylene systems with an enhanced 

rotational barrier (see Figure 1.16). In bis(9-anthryl) acetylenes 10a-e, the aromatic 

groups show a staggered arrangement. The rotation barriers around the acetylene 

axis have been determined to be in the range of 45–51 kJ mol-1 with the highest barrier 

measured for the 3,5-diisopropyl phenyl substituted compound.61,84 For the bis(1-

naphtyhl) acetylene derivative 11, the enantiomerization is nearly frozen at –70 °C. 

This corresponds to a barrier of 49 kJ mol-1.61 

 

 
Figure 1.16: Structures of twisted bis(9-anthryl) acetylenes 10a-e and bis(1-naphthyl) acetylene 11, 

which show an increased rotation barrier due to steric interaction. 

Yang and Swager have shown that the incorporation of pentiptycene moieties into 

a conjugated polymer backbone 12 prevent planarization and consequently reduce π–

π interactions (see Figure 1.17, left). This facilitates the polymer’s processability in 

thin-film applications. In the solid state, the packing of the polymers allows for the 

uptake of small organic molecules.85 

a) R1 = R2 = p-tol 

b) R1 = p-tol; R2 = Mes 

X = TMS 
Y = DMTS 

a) R1 = R2 = p-tol 
b) R1 = p-tol; R2 = Mes 
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Figure 1.17: Pentiptycene-based structures synthesized by Yang and Swager have a non-planar 

structure (12) and a reduced ring rotation (13 and 14) 

Furthermore, the incorporation of pentiptycene in triarylmethyl-capped molecular 

rotor 13 slows down the ring rotation (see Figure 1.17, center). Based on these 

findings, the authors have proposed the development of rotors substituted with polar 

groups, allowing the switching by an external electric field. However, Fuentes et al. 

have pointed out that the required electric fields are still too large and that, in a device, 

the distance of the electrode would have to be placed in subnanometric distance.44,46 

Pentiptycene-acetylene substituted anthracene 14 shows multicolor writing based on 

host–guest interaction and force induced partial π overlap of the anthracene moieties 

(see Figure 1.17, right).51 

 

When summarizing these examples of sterically twisted DPA derivatives, we 

observe that large, bulky groups drastically increase the rotation barrier and the torsion 

angle in DPA derivatives. This is achieved by the destabilization of the planar 

geometry. However, steric interactions alone do not allow control over the torsion 

angles. 

 

Other non-covalent interactions (i.e. hydrogen bonding, π-interactions) are used to 

modify the ring rotation in DPA derivatives by stabilizing the coplanar or the 

perpendicular conformation. Substituted with two amino acids, DPA derivative 15 has 

been investigated as a β-turn mimic (see Figure 1.18), leading to a stabilization of the 

coplanar geometry.86 Moore and co-workers have shown that one H-bond between a 

methyl ester and an N-aryl acetamide is sufficient to stabilize the conformation of the 

m-phenylene ethynylene oligomer 16.87,88 The helically folded conformation is more 

stable towards the denaturation with chloroform by 5.02 kJ mol-1. 
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Figure 1.18: Hydrogen bonding in DPAs stabilizes a planar conformation of DPA derivatives. Here, 

the example of a β-turn mimic 15 and a helically folded oligomer 16.87,88 

A network of hydrogen bonds has been used to control the conformation of the 

OPEs 17 and 18, which differ only in the amide side chain.89 In this system, two H-

bond acceptors compete for the same amide NH proton (see Figure 1.19). One type 

of hydrogen bond is formed with the ester group of the adjacent ring. This leads to the 

stabilization of the planar conformation of the wire (17a and 18a). The other type of 

hydrogen bond is formed with an ether oxygen residing in the amide side chains. This 

leads to a random, non-planar conformation of the oligomer (17b and 18b). Depending 

on the position of the ether in the amide side chain, either five-membered (cyan, 17b) 

or six-membered rings (red, 18a) are formed in the latter arrangement. In the case of 

17, the non-planar geometry was preferred. In 18, the planar conformation was 

predominant, demonstrating the lability of the six-membered hydrogen bonded ring. 
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Figure 1.19: Illustration of different OPE backbone conformations controlled by competitive hydrogen 

bonds. The planar conformation is stabilized by H-bonds between constitutional units. In the non-
planar conformation, five- and six-membered rings (cyan/red) are formed between the ether oxygen 

and the amide protons.89 

Sharber et al. have used the π–π interactions between an electron-deficient 

pentafluorinated benzene and an electron-rich N,N-dialkyl aniline in 19 to twist the 

latter in the solid state with torsion angles ranging from 63° to 83° (see Figure 1.20, 

left). Mechanical force induces a transition from a crystalline material to an amorphous 

state in which the conjugated system partially planarizes and/or aggregates. In the 

(solid state and solution) emission spectrum, this can be observed by a bathochromic 

shift ranging between 50–62 nm.50 A phase transfer and the associated photophysical 

properties are not present if the perfluorinated phenyl ring is replaced with an 

unsubstituted benzene. Heating or solvent vapor annealing restores the initial twisted 

state. Changing the length of the N-alkyl substituents influences the thermal recovery 

time.50,90 
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Figure 1.20: Left: the π–π interaction of the electron-deficient CF6 ring with the electron-rich dialkyl 

aniline forces the conjugated system into a twisted structure, giving rise to reversible 
mechanofluorescent properties of 19.50 Right: 20 acts as a cooperative ion pair receptor, quenching 

its fluorescence.48 

Substituted with an aza-crown and an urea-moiety, DPA derivative 20 acts as 

fluorescent and cooperative ion pair receptor (see Figure 1.19, right).48 In the presence 

of Na+ and HSO4- ions, a notable quenching of the fluorescence in solution is 

observed. DFT calculations show an almost perpendicular relative conformation of the 

phenyl rings in the complexed form. These examples show how the versatile toolbox 

of supramolecular chemistry is used to influence the ring rotation of DPA by stabilizing 

either a planar or a perpendicular geometry. 

 

Covalently linking the phenyl rings in DPA leads to highly restricted systems. While 

some conformational change of the phenyl rings is still possible, a full 360° rotation of 

the rings is not possible anymore. In 1997 Crisp and Bubner have presented a series 

of tethered DPA derivatives 21–23 (see Figure 1.21, top).66 Silylene and dialkoxy 

bridges link the 2,2’-hydroxyl groups on the phenyl rings, with torsion angles ranging 

from 1.1° up to 13° according to low level geometry optimization. Counterintuitively, 

the largest torsion angle was calculated for the ethyl-tethered 22. This shows that not 

just the length of the linker but also its conformation determines the torsion angle.91 

With increased torsion angle an increase of the extinction coefficient was observed in 

the UV-Vis spectroscopy. In the same year, Crisp and Bubner have presented tethered 

aryl alkyne oligomers 24, corroborating the results from their first paper (see Figure 

1.21, bottom).92 
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Figure 1.21: O,O-alkyl tethered DPA monomers 21–23 and oligomers 24.66, 92 

For 22, a C–H···π (alkyl–alkyne) interaction that hinders the rotation around 

sp3 carbon single bonds was determined by variable-temperature NMR. The inversion 

from a more stable chair conformation to a boat conformation is associated with a free 

energy of 48.6 kJ mol-1. This is in good agreement with the calculated energy barrier 

of 54  kJ mol-1, considering the solvent effects.93 

 

McFarland and Finney have synthesized DPA derivatives tethered by a carbonate 

25 and a crown ether moiety 26 (see Figure 1.22), which act as ion receptors. Upon 

complexation with Li+ ions, the fluorescence of 26a-c is enhanced. This is attributed to 

the metal-binding-induced conformational restriction, leading to the suppression of 

nonradiative decay pathways i.e. interconversion and intersystem crossing.49,94,95 

 

 
Figure 1.22: DPAs tethered by a carbonate and a crown ether moiety.49,94,95 

Over the last 17 years, Bunz et al. have contributed a number of studies on 

tethered DPA derivatives (see Figure 1.23) to investigate the effect of the torsion angle 

on the electronic properties. The first compounds 27 and 28 are based on aryl alkyl 

ethers. Torsion angles of up to 29.9° have been measured by X-ray crystallography.60 

The spectroscopic data shows a proportional dependence between the torsion angle 

 α = 2° α = 13.5° α = 1.1° 

26a n = 3 
26b n = 4 
26c n = 5 
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and the HOMO–LUMO gap. The fluorescence intensity is inversely proportional to the 

torsion angle. 

 

 

 
Figure 1.23: Chemical structure and torsion angles of some DPA derivatives synthesized by 

Bunz et al. 60,68,96,97 

More recent examples of twisted DPAs from Bunz et al. are based on benzyl esters 

29 and 30.68,96 For the first time, torsion angles greater than 70° have been obtained 

in the crystal structure of DPAs. The absorption spectra indicated an increasing 

HOMO/LUMO gap with increasing torsion angle. Surprisingly, this has no large 

influence on their fluorescence at room temperature due to fast planarization of the 

excited state (see Figure 1.12). However, at 77 K the compounds exhibits an atypical 

phosphorescence with a lifetime of up to 4 seconds. The authors show with 

calculations that this is the result of excess energy from the excitation process, which 

allows an efficient intersystem crossing to a triplet state.98 Introducing a second tether 

as in 31 leads to the suppression of the planarization in the excited state. 

Consequently, the fluorescence spectra at room temperature and at 77 K are identical: 

both feature characteristics of twisted ground and excited states.97 

 

Tethering the aryl moieties results in suppression of a 360° rotation and in some 

cased totally prevents the planarization. The incorporation of heteroatoms in the tether 

also allows ion binding, which increases the rigidity of DPAs. An increase in the torsion 

angle leads to a hypsochromic shift in the absorption spectrum. While the length of 

the tether influenced the torsion angle greatly, the confromation of the tether plays an 

equally decisive role. 

  

 α = 26.6° α = 29.9° α = 80° α = 72° α = 74.48° 
 (2003) (2003) (2013) (2013) (2018) 
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Synthesis of tethered DPA derivatives 
Tethered DPAs have been synthesized via two routes depicted in Scheme 1.1. In 

route A two adequately substituted phenyls are dimerized with ethyne. Then the 

diphenyl acetylene is tethered in a second step. This makes the route A highly 

modular, as it allows to introduce linkers of different lengths and compositions at a late 

step. In route B on the other hand, two phenyl moieties are tethered, then bridged by 

an acetylene. Here, the length and composition of the linker is defined at an early 

stage. The pre-installed linker may additionally hinder the macrocyclisation via metal 

catalyzed reactions. These reactions often require well-defined catalyst-substrate 

complex formation involving sterically demanding ligands. Heteroatoms present in the 

linker may offer competing coordination sites, slowing down the desired catalyst-

substrate complex formation. On the other hand, the early tethering prevents 

undesired side reactions of the alkyne. 
 

 

Scheme 1.1: Synthetic routes towards tethered DPAs. 

In both routes, the macrocyclisation step competes unfavorably with the formation 

of an open-chain oligomer or polymer. To avoid this, high dilution conditions are often 

applied. High dilution reduces the probability of a reactive species to meet another 

reactive molecule, thereby increasing the probability to react in an intramolecular 

fashion. Another challenge present in both routes is the need for elaborated protective 

group manipulation, since highly functionalized precursors are often required. 
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Crisp and Bubner have synthesized the first tethered DPA derivatives, building the 

DPA core 33 via Sonogashira reaction.66 Upon acidic deprotection of 33, they have 

observed an undesired intramolecular cyclization to benzofuran derivative 34 (see 

Scheme 1.2).  

 

 
Scheme 1.2: Top: A phenol-alkyne cyclization gives the side product 34. Bottom: Synthesis of the 
tethered DPAs via Sonogashira and Mitsunobu reactions.66 Conditions: a) Pd(PPh3)4, CuI, HOPA, 

Bu4NCl, NaOH; b) PPTS, CH3OH; c) Pd(PPh3)4, PPh3, CuI; d) DEAD, PPh3. 

This reaction is described by Baldwin’s rules for intramolecular ring closure. These 

empirically found rules predict the relative facility of ring forming reactions based on 

stereochemical arguments. The main argument is that the linking chain restricts the 

relative motion of the two reactive centers. Therefore, the length of this chain 

determines if the required transition state geometry can be attained. The ring closing 

reaction described in Scheme 1.2 is classified as a 5-Endo-Dig cyclisation, which is 

favoured. 99,100 

Crisp and Bubner ultimately have succeeded by furnishing the aryl iodide 35 with 

the tether and by protecting 36 as a tetrahydropyranyl ether (THP). 37 was obtained 

in a Sonogashira reaction, followed by deprotection of the THP under acidic 

conditions. The tethered DPA 23 has been isolated in 67% yield using high dilution (9 

mM) Mitsunobu reaction conditions. 

 

A similar strategy which avoids the cycylisation has been demonstrated by Hong 

et al. in the synthesis of a tethered DPA, shown in Scheme 1.3.101 Coupling 38 with 

39 in a Sonogashira reaction, they have obtained the DPA derivative 40. Compound 

41 has been synthesized in Williamson ether synthesis, followed by deprotection of 
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the phenol group to give 42. After a second Williamson etherification, 43 was obtained 

in 91% yield using high-dilution conditions. The alkyne cyclization has not been 

reported. However, using these asymmetric approaches, the modularity of route A is 

lost. While this is unproblematic for the highly asymmetric compound 43, it is limiting 

the generalizability of phenol-based tethered DPA derivatives. 

 

 
Scheme 1.3: Synthesis of 44, according to Hong et al.101 Conditions: a) Pd(PPh3)2Cl2, CuI, toluene, 

Et3N; b) Br(CH2)3Br, K2CO3, DMF; c) K2CO3, MeOH; d) K2CO3, DMF. 

45 was reacted with ethyne to afford the symmetrical DPA derivative 46 via 

Sonogashira reaction .49 The benzyl alcohol-substituted DPA 46 is more flexible than 

the phenol-based tethered DPA derivatives (see Scheme 1.4). The absence of the 

alkyne cyclisation is not explained but possible reasons include the moderate acidity 

of the benzyl alcohol as well as the greater flexibility of the methylene group. 

Furthermore, 46 allows fast access to a variety of compounds, demonstrating the 

power of this modular approach. Tethered DPAs 25 and 26a–c have been synthesized 

via condensation with phosgene or nucleophilic substitution of 46 with an 

oligoethylene glycol linker respectively in low yields of 4 to 23%, using concentrations 

in the range of 0.02 to 0.1 M. 
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Scheme 1.4: Synthesis of 25 and 26a-c via 46.49 Conditions: a) Pd(PPh3)4, CuI, C2H2, piperidine; 

b) ET3N, benzene; c) Mesyl chloride, NaH, THF. 

The versatility and strength of the modular route A is best illustrated by the twisted 

DPA derivatives 47a-i synthesized by Menning et al. shown in Table 1.1.102 Here, the 

symmetric 46 is reacted with diacid chlorides in the presence of an auxiliary base 

under high dilution conditions with yields between 6 and 35% in the ring closing 

reaction. 47b is obtained by methylating 47a in α-position in 56% yield. 

 

  

26a n = 3, 4.5% 
26b n = 4, 23% 
26c n = 5, 7.5% 
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Compound X Conditions Yield (%) 

a 
 

Malonyl chloride, NaHCO3, 

CH2Cl2 
35 

b 
 

47a, methyl iodide, NaH, THF 56 

c  
 

Succinyl chloride, NaHCO3, 

CH2Cl2 
20 

d  
 

trans-1,2-cyclohexane dicarbonyl 

chloride, NaHCO3, CH2Cl2 
32 

e  
 

fumaryl chloride, DMAP, NEt3, 

CH2Cl2 
10 

f 

 

Bicyclo[2.2.1]hepta-2,5-diene-

2,3-dicarboynl chloride, DMAP, 

NEt3, CH2Cl2 

7 

g  

 

phthaloyl chloride, NEt3, CH2Cl2 
18 

h  
 

isophthaloyl chloride, NEt3, 

CH2Cl2 
33 

i  
 

terephthaloyl chloride, NEt3, 

CH2Cl2 
6 

Table 1.1: Reaction conditions for the synthesis of 47a-i. 

In summary, tethering a functionalized DPA derivative allows on the one hand 

access to a vast chemical space. On the other hand, it often requires meticulous 

protective group manipulation to avoid side reactions. Particularly 2,2'-(ethyne-1,2-

diyl)diphenol derivatives readily undergo 5-Endo-Dig cyclisations according to 

Baldwins rules.66,99,100 Nevertheless successful O-substation reactions have been 

reported, either by protecting one hydroxy groups or by using benzyl alcohol 

derivatives. Macrocyclisations are often performed under high dilution conditions are 

often. This step is often low yielding due to the formation of oligomers in the 

macrocyclization. 
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Crisp and Bubner have also investigated a version of route B (see Scheme 1.5).66 

The phenol 48 is alkylated to give dimer 49 via Williamson ether synthesis. The alknye 

is introduced via Stille cross-coupling reaction to give 23 in 18 to 25% yield, despite 

high-dilution conditions. Compared to the yields for this compound via route A, this is 

a drop from 67% to 11% over two steps. 

 

 
Scheme 1.5: Synthesis of 23 via a Stille cross coupling.66 Conditions: a) Br(CH2)3Br, K2CO3; 

b) Pd(PPh3)4. 

Bunz et al. have used a preactivated alkyne metathesis system on 50a–c to furnish 

macrocycles 27a–c shown in Scheme 1.6.60,103,104 Despite optimized conditions, 

poorly soluble oligomers and polymers have been afforded as major byproducts. 

 

 
Scheme 1.6: Synthesis of tethered DPA derivatives via alkyne metathesis.60 Conditions: Mo(CO)6, 4-

Cl-Ph, 130 °C –140 °C. 

In these examples of route B, the yields obtained for the macrocyclisation reaction 

have been lower than in route A. This illustrates a possible drawback for route B, when 

metal catalyzed reactions (i.e. Stille or alkyne metathesis) are employed. Due to the 

rigid nature of the DPA scaffold and the twisting of the target structures, it may become 

difficult to form the catalyst-substrate complex. 

 

Shukla et al. have demonstrated an efficient, high-yielding synthesis for tethered 

DPA derivatives following route B. Their strategy is inspired by the synthesis of 

strained alkyne bonds in cyclophenylene ethynylenes. 51 undergoes an intramolecular 

McMurry reaction to give the stilbene derivative 52, followed by a bromination–

 
50a ortho 27a ortho: 18% 
50b meta 27b meta: 18% 
50c para 27c para: 18% 
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dehydrobromination sequence to give 53 (see Scheme 1.7).91 This is the first general 

route to obtain tethered DPA derivatives in high yields without high dilution steps, 54 

 

 
Scheme 1.7: Synthesis of tethered DPAs 53a-c. The formation of the alkyne bond occurs via the 

bromination of the stilbene 52, followed by the formal elimination of HBr. 91 Conditions: a) TiCl4, Zn, 
THF; b) Br2, Cl3CH, AcOH; c) KOtBu, THF. 

Excess bromination on the aromatic rings is not observed for 52b, in which an alkyl 

rest blocks the activated position. In the case of 52a, the unsubstituted para-position 

is brominated. 52c is quantitatively brominated para to the stillbenoid carbons with 

3 equivalents of bromine. Both, 53a and 53c are debrominated by the formation of a 

Grignard reagent followed by aqueous work-up to afford 53d and 53e (see Scheme 

1.8). 

 

 
Scheme 1.8: Debromination of 53a and 53c via hydrolysis of a Grignard reagent.91 

Conditions: Mg/THF; H2O. 

Darabi et al. have developed a similar procedure and later improved it, avoiding 

harsh reaction conditions.105,106 Instead of coupling the dialdehyde 51a to a stilbene 

 
53a R1 = Br, R2 = H 53d R1 = H 
53c R1 = OCH3, R2 = Br 53e R1 = OCH3 

a) R = H 
b) R = C2H5 
c) R = OCH3 

53a R1 = Br, R2 = H: 90% 
53b R2 = H: 85-92% 
53c R2 = Br: 88% 
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derivative 52a via McMurry reaction, they have used Zn dust with NaOH in PEG-300 

to obtain the cyclophanes 54 in up to 95% yield. Using PBr3 the alcohol 54 is 

transformed to dibromide 55. The formal elimination of two equivalents of HBr forms 

the alkyne bond of 53d without additional steps (see Scheme 1.9).  

 

 
Scheme 1.9: Synthesis of tethered DPA derivatives according to Darabi et al. The formation of the 

alkyne bond occurs via the bromination of the pinacolophane 54, followed by the formal elimination of 
HBr.105,106 Conditions: a) Zn, NaOH, PEG-300; b) PBr3, CH2Cl2; c) KOtBu, THF. 

In summary, some macrocyclisation yields of twisted DPA derivatives obtained via 

route B are below the yields obtained via route A. Nevertheless, the first high yielding 

general synthesis of DPAs was performed via route B via stilbene cyclophanes and 

pinacol cyclophanes. 

When comparing route A to route B, we observe that the former is more often found 

in publications that are more recent and generally gives a better yield e.g. the 

synthesis of 23. Route A is also preferred in the synthesis of more complex derivatives, 

such as the β-turn mimic 44. A special, highly efficient variant of route B has been 

demonstrated by Shulka et al. and Darabi et al. These examples use a 

bromination/debromination sequence developed for the synthesis of strained alkynes 

and gives good yield without the use of high dilution conditions.  
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2. Aim of this Work 
Understanding the charge transport characteristics of nanoscale metal–molecule–

metal junctions is important for further steps towards molecule-based electronics.4,11,14 

Previous studies have established the dependence between the torsion angle of 

biphenyls and their conductance. Vonlanthen et al. synthesized biphenyls linked with 

alkyl chains of different lengths to control the torsion angles between the two phenyl 

rings. In the resulting molecular series, covering the whole angular range from 1.1° to 

89°, the decreasing in π-overlap resulted in a decreased conductance through the 

molecule in a MCBJ.22,34 

This work aims to apply this concept to linked diaryl acetylene. The simplest 

representative of this molecular family—diphenyl acetylene— has a rotation barrier 

around longitudinal acetylene axis of 2.4 kJ/mol,. Consequently, diphenyl acetylene 

has a planar geometry in the ground state.61 However, the low rotational barrier means 

that, at room temperature, a distribution of conformations is present, influencing the 

molecules charge transport properties.43,59,65 Despite the bridging alkynes, increase of 

the torsion angle reduces conjugation and increases the HOMO/LUMO gap. 

To our best knowledge, twisted DPA derivatives have, to date, not been 

investigated in single-molecular conductance measurements. In our proposed system, 

a linker of varying length connects the naphthalene moieties, thereby varying the 

torsion angle between the planes of the naphthalenes. Measurements in a single-

molecule break-junction setup would yield the conductance maximum associated with 

a preferred conformation and would allow quantifying the conductance/conformation 

relationship involving an alkyne bond. We choose 1,2-di(naphthalene-1-yl) ethyne as 

the conjugated backbone of our target structure. A schematic representation of the 

target structure is shown in Figure 2.1. From the napthalene moiety we expect 

increased rigidity as well as an enhanced conductance.107,108 
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Figure 2.1: The backbone of the target structures consists of two naphthalenes (blue) connected by 
an alkyne and a non-conjugated linker of variable length. The thiol-based anchoring groups for gold 

electrodes are shown in red. 

 

Strategy 
As shown in Scheme 2.1, from the target structure A, possible disconnections are 

at the alkyne bond (blue) or at the linker (red). The disconnection of the tether leads 

to the di(1-naphthalene) ethyne B. Functionalization in the 4,4’-position with a 

substituent Y allows the introduction of thioacetate groups (either directly or via 

transprotection steps). Suitable reactions to introduce the thiols are either a 

nucleophilic aromatic substitution or Buchwald-Hartwig-type cross-couplings. A 

functional group Z in the 8,8’-position is required to close the tether. B can be 

synthesized from a naphthalene C with three different functionalities via two 

subsequent Sonogashira cross-coupling reactions. Between these functional groups 

X, Y, and Z, we require high chemoselectivity to avoid undesired side reactions or 

statistical reactions. We exploit the preferred reactivity of palladium-catalyzed cross-

coupling reactions with aryl iodides over aryl bromides by running the reaction at low 

temperatures.113 
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Scheme 2.1: General retrosynthetic strategy. 

 

The disconnection at the alkyne (blue arrows) leads to a functionalized 

bis(naphthyl) B’, connected by a linker in the 8,8’-positon. Functionalization in the 4,4’-

position with a substituent Y allows the introduction of thioacetate anchoring groups. 

Various types of linkers and consequently several ways of introducing them are 

conceivable. First, it is important, that the type of linker is identical over the whole 

series since the electronic nature of substituents (donating or withdrawing) can 

influence the conductivity.28 Second, the absence of unsaturated bonds makes the 

electron transport through the conjugated system more favorable. Third, a certain 

degree of flexibility is required for an efficient macrocyclization reaction. Divergent 

synthesis is favorable as the late introduction of the linker allows for a modular 

synthetic approach. For these purposes, we choose aryl or benzylic ethers to act as 

tethers. The respective synthetic strategies are discussed in detail in the 

corresponding sections. 

 

3. Results and discussion 
Aryl alkyl ether-tethered structures 

In our initial design, the linker is attached to the naphthalene moieties by an aryl 

alkyl ether (see Figure 3.1). An increasing number of carbon atoms in the alkyl chain 

leads to a varying torsion angle between the naphthalene planes. The thiophenols are 
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protected with acetyl groups, which allow in situ deprotection during the junction 

formation.109,110 

 

 
Figure 3.1: Target structures 56, 57 and 58 featuring aryl alkyl ether tethers. 

 

Discussion of energy optimized structures 

Figure 3.2 shows the optimized geometries of structures based on the core motif 

of 56, 57 and 58 at the B3LYP/6-31G* level.111 On the left, the structures are shown 

perpendicularly to the alkyne bond; to the right along the π-conjugated backbone of 

the molecule. Instead of acetyl protective groups, the thiophenols are substituted with 

methyl groups. However, this should have negligible influence on the core of the 

molecular structures. The torsion angles α between the planes of the aromatic 

moieties are determined, as well as the distances between C5 and C5’, C8 and C8’ 

and β angles (see Table 3.1). A shortening of these distances and a considerable 

deviation from the linear geometry would indicate partial ring strain compensation by 

bending the alkyne bond. These values are compared to the bond lenghts and angles 

of an open, methoxy-substituted di(1-naphthyl) ethyne structure as a reference 

compound. 
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56 

 

  

57 

 

  

58 

 

 

 

Figure 3.2: Optimized geometries of 56 (top), 57 (center) and 58 (bottom) on the B3LYP/6-31G* 
level111; hydrogens are omitted for clarity. 

For the ethyl bridged target compound 56 a torsion angle α of 54.44° is calculated. 

The structure exhibits a shortening of 0.016 Å in the C1–C1’ distance and the β angle 

deviates 4°, when compared to the open reference structure. 

Counterintuitively, the to a propylene linker as in 57 leads to a considerable 

decrease of the torsion angle α to 30.87°. This can be rationalized in terms of the 

conformation of the alkyl chain. For 56, the oxygen atom and its adjacent methylene 

group are oriented away from the plane of the aromatic systems at an angle of 60°, 

while for 57, the oxygen atom and adjacent methylene group are oriented almost in 

parallel to the plane of the aromatic system (9.97°). For 57, there is also a shortened 

CAr–O bond of 1.354 Å (vs. 1.375 Å in 56) and a more sp2-like CAr–O–C bond angle of 
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123.35° (vs. 115.66° in 56). These changes can be attributed to an increased p–π 

conjugation.91 The β angle of 57 is almost identical to those in 56. 57 has the sharpest 

torsion angle and the longest C1–C1’ distance of the series. 

 

 
R α β C4–C4’ 

O(CH2)2O (56) 54.44° 175.06° 9.630 

O(CH2)3O (57) 30.87° 175.42° 9.722 

O(CH2)4O (58) 82.73° 175.81° 169.77° 9.510 

-OCH3 63.29° 179.05° 9.640 
Table 3.1: α and β angles, intramolecular distances as determined from the calculated structures. 

For 58 two β angles are found since the structure is asymmetrically twisted. 

For a butyl-tethered 58, the torsion angle α increases substantially to 82.73°. This 

is accompanied by asymmetry of the structure. On one side of the tether, the have a 

β angle of 169.77°. On the other side of the aromatic system, a β angle of 175.81° is 

obtained, which is comparable to 56 and 57. This asymmetry is also expressed in the 

shortest C1–C1’ distances of the series. 

We note, that a computational approach might not accurately reflect the structures 

of these target compounds in solution or in the crystal structure. Instead, they the 

calculated structure could represent regional energy with energy barriers below kbT. 

Despite a bending of around 4° of the β angle, the macrocyclization does not seem to 

compromise the structural integrity substantially, when calculated on the B3LYP/6-

31G* level. 
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Retrosynthesis I 

 

 
Scheme 3.1: Divergent retrosynthetic strategy of 56, 57 and 58. 

Retrosynthetic analyses of compounds 56, 57, and 58 envision tethering by a 

double ether moiety (see. Scheme 3.1). Disconnection of the tether and functional 

group interconversion leads to the ethynyl-bridged bis(5-fluoro-naphth-1ol) 59. 

Napthyl-acetylene bonds are conveniently formed by cross-coupling. Two consecutive 

Sonagashira reactions lead to the bis(naphthalene) 59 from 8-bromo-5-fluoro-naphth-

1-ol (60) and an acetylene. Protection of the hydroxyl group up to compound 59 must 

be considered. 60 is obtained from the oxidation of 8-bromo-5-fluoro-tetralone (61). It 

is conceivable to use other halides or functionalities, but it is important to conserve the 

chemoselectivity of the 8-position over the 5-position. 

 

Synthesis of aryl alkyl ether linked structures 

The synthesis of 8-bromo-5-fluoronaphthalen-1-ol (60) has been described by Wipf 

et al. in 42% yield over six steps.112 In an adapted procedure, we obtained 60 in an 

overall yield of 3% in seven steps (see Scheme 3.2). 

56 n = 0 
57 n = 1 
58 n = 2 
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Scheme 3.2: Modified synthesis of 60: a) Dess–Martin periodinane, CH2Cl2, 16 h, 72%; b) KMnO4, 
CH2Cl2, 17 h, 58%; c) Polyphosphoric acid, 130 °C, 4 h, 30%; d) PhNMe3Br3, 25 °C, 30 min; LiBr, 

Li2CO3, DMF, 130 °C, 12 h, 63%. 

One modification of the procedure partially explains this discrepancy. The alcohol 

62 was stepwise oxidized to the aldehyde 63 with the Dess–Martin periodinane in 72% 

yield, then oxidized to the corresponding carboxylic acid 64 with KMNO4 in 58% yield. 

Wipf et al. obtained carboxylic acid 64 in one-step with a Jones reagent but without 

stating any yield. Additionally, the Friedel–Crafts acylation of 64 in PPA afforded the 

tetralone derivative 61 in yields of around 30% compared to the 87% yield obtained 

by Wipf et al. in this step. One possible explanation for the low yield in this step may 

be with the quality of polyphosphoric acid (PPA). In our synthesis, polyphosphoric acid 

was used as obtained from Sigma-Aldrich. 

Although 60 was obtained, the overall yield of 3% was not satisfying for our further 

investigations. To investigate the synthesis of the target structures, an efficient 

synthesis of a threefold substituted naphthalene with a specific chemical 

addressability of its substituents in a gram-scale is required. 

Cronk et al. have described the synthesis of 8-amino-5-bromo-tetralone (65), a 

structural analog of 61.113 We found the synthesis to be reproducible with a yield of 

60% over three steps. To preserve the selectivity over the bromide substituent in the 

Sonogashira reactions, the aniline was converted to the iodide in a Sandmeyer 

reaction to afford 66. The yield for this step was optimized from 27% up to 75% yield 

(see Table 3.2). 
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# Conditions Yield (%) 

1 a) NaNO2, conc. HCl, H2O/Acetic acid (1:1), 0 °C, 5 min 

b) KI, 60 °C, 1 to 16 h. 

27–45 

2 a) NaNO2, conc. HCl, H2O: Acetonitrile (1:1), 0 °C, 1 h 

b) KI, 100 °C, 1 h 

24–73 

3 a) tert-Butyl nitrite, BF3·Et2O, Et2O, -30 to -10 °C, 1 h 

b) KI, Acetonitrile, 24 °C, 2 h 

44 

4 a) p-TsOH, NaNO2, H2O: Acetonitrile (1:1), -5 °C, 30 min. 

b) KI, H2O, -5 °C, 30 min; 24 °C, 16 h 

59–75 

Table 3.2: Optimization of Sandmeyer reaction conditions for the synthesis of 66. 

The assembly of the di(1-naphthyl) ethyne structure following the synthetic 

approach discussed in Scheme 3.1 was investigated. 66 was aromatized to 5-bromo-

8-iodonaphthalen-1-ol (67) in up to 98% yield. 67 was reacted in a Sonogashira 

reaction to give TIPS-protected 68. Subsequent deprotection with tetrabutyl 

ammonium fluoride (TBAF) did not afford the free alkyne 69 (see Scheme 3.3). This 

could be due to in suit alkyne cyclisation of 69.66 

 

 
Scheme 3.3: Reaction sequence towards 69: a) PhN(CH3)3Br3, THF, 24 °C, 2 h; LiBr, Li2CO3, DMF, 
115 °C, 16 h, 98%; b) TIPSA, CuI, PdCl2(dppf), NEt3, 24 °C, 21 h, 86%; c) TBAF, THF, 24 °C, 2 h. 

To exclude the alkyne cyclisation, 67 was protected with benzyl bromide to give 70 

in 99% yield (see Scheme 3.4). Subsequently, a Sonogashira reaction was performed 

leading to TMS protected 71. The silyl protecting group was removed with TBAF to 

obtain free acetylene 72 in a good yield of 84%. The second Sonogashira reaction 

was performed at room temperature to obtain molecular rod 73 in 61% yield. 



 40 

The one-pot in situ deprotection and Sonogashira reaction of 71 following a 

procedure from Milo et al.114 gave slightly lower yields ranging from 37% to 40%. When 

we performed both Sonogashira reactions and the in situ deprotection in one pot 

starting from 70, only 4% of 73 was afforded despite prolonged reaction times to up to 

54 hours. A one-pot reaction is therefore possible but at the cost of drastically reduced 

yields and more challenging separations. 

 
Scheme 3.4: Applied reaction conditions for the synthesis of 73: a) Benzyl bromide, DMF, K2CO3, 
50 °C, 3 h, 99%; b) TMSA, Pd(PPh3)2Cl2, NEt3, CuI, THF, 24 °C, 72 h, 81%; c) TBAF, THF, H2O, 

25 °C 17 h, 84%; d) 70, Pd(PPh3)2Cl2, NEt3, CuI, THF, 24 °C, 20 h, 61%; e) 70, Pd(PPh3)2Cl2, CuI, 
DBU, H2O, benzene, 37–41%; f) TMSA, Pd(PPh3)2Cl2, CuI, NEt3, benzene; DBU, H2O, 4%. 

We then turned our attention to the deprotection of the benzylic ethers 73. Tested 

deprotection conditions are subsumed in Table 3.3. To our surprise, the protection 

group turned out to be unexpectedly resistant. After treatment of 73 with excess BBr3 

at low temperatures (entry 1) no conversion of the starting material was observed. At 

elevated temperatures of 40 °C (entry 1) and 100 °C (entry 2) we observed 

decomposition of the starting material.115 

Removal of benzylic groups by hydrogenation seemed challenging since reduction 

of the alkyne is possible.116 To control the amount of hydrogen available, we used 1,4-

cylcohexadiene as a transfer hydrogenation reagent with Palladium on charcoal (3 

mol-%) in ethyl acetate.117 After encountering solubility issues, we performed the 
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reaction in toluene (entry 3) at 100 °C in a microwave reactor, but no conversion was 

observed. 

Ammonium formate, which is another transfer hydrogenation reagent capable of 

controlling the amount of hydrogen in the reaction, gave no conversion either 

(entry 4).118 Encouraged by the persistence the alkyne showed, debenzylation of 

compound 73 with palladium on charcoal under a hydrogen atmosphere (entry 5) was 

tested but both of the benzyl ethers as well as the acetylene bond were persistent. 

Similarly, we were not able to perform trans-protections neither to acetic ester 

(entry 6)119 where we observed decomposition of the starting material nor to a TMS 

group (entry 7) where no conversion was observed.120 

Ultimately, deprotection of the benzyl ethers of 73 was successful by using AlCl3 

and dimethyl aniline in CH2Cl2 at room temperature, which gave the diol 74 in 60% 

yield (entry 8).121 
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# Conditions Conversion Yield (%) 

1 BBr3, CH2Cl2, -78 °C, 2 h; 40 °C, 16 h. Yes - 

2 BBr3 (excess), toluene, 100 °C, 2 h. Yes - 

3 
1,4-cyclohexadiene, Pd/C (3 mol-%), toluene, 100 °C, 

MW, 1 h. 
No - 

4 
Ammonium formiate, Pd/C (2 mol-%), methanol, 

80 °C, 1.5 h. 
No - 

5 
H2 atmosphere, Pd/C (3 mol-%), toluene/methanol, 

24 °C, 30 h. 
No - 

6 
LiBr, acetyl bromide, CH2Cl2, 30 °C, 3 h; HCl (15%), 

i-propanol, 80 °C, 16 h. 
Yes - 

7  (CH3)3SiI, CH2Cl2, 50 °C, 1 h. No - 

8  Dimethyl aniline, AlCl3, CH2Cl2, 24 °C, 1 h Yes 60 

Table 3.3: Reaction conditions for the debenzylation of 73 

Following our synthetic strategy outlined in Scheme 3.1, we applied a variety of 

conditions to 74 to substitute the hydroxyl groups. Initially, investigation of nucleophilic 

substitutions on 1,3-dibromopropane to give 75 were followed (see Scheme 3.5). 

However, neither mild reaction conditions in THF at low temperatures nor harsher 

conditions in DMF at elevated temperatures gave the desired result. 
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Scheme 3.5: Cyclization of 74 via nucleophilic substitution. a) 1,3-dibromopropane, K2CO3, THF, 0 °C 

to 24 °C, 24 h; b) 1,3-dibromopropane, K2CO3, DMF, 24 °C to 110 °C, up to 3 days. 

At 24 °C, either the starting material was recovered or decomposition occurred. At 

temperatures of up to 110 °C, a colorless compound was isolated in 7% yield, 

indicating that the decomposition accelerated. Recording the 1H NMR spectrum, we 

note the disappearance of the hydroxyl protons; while the signal pattern on the 

naphthalene core remains identical (see Figure 3.3, top). The doublets at 

δ = 8.02 ppm and δ = 7.97 ppm both have a coupling constant of 7.5 Hz and exhibit a 

pronounced roof effect. Based on the multiplicity and the coupling constant, we 

conclude that these signals arise from H6 and H7 protons respectively. The doublet of 

doublets at δ = 7.67 ppm features two coupling constants of 8.6 Hz and 7.3 Hz. Based 

on the magnitude of the coupling constants, which is characteristic for 3JHH couplings, 

we assign this signal to H3. Consequently, the remaining two doublet of doublets at 

δ = 7.77 ppm and δ = 7.21 ppm correspond to H2 and H4. This is further supported 

by the coupling constant of 0.5 Hz, which is present in both signals and is expected 

for the 4JHH coupling between H2 and H4. Due to the lack of signals in the alkane 

range, we conclude that the intended substitution of the oxygen was not successful 

although the starting material has been consumed. We further conclude that no 

substitution of the naphthalene core occurs. 

The 13C NMR spectrum (see Figure 3.3, bottom) depicts five signals of higher 

intensity in the aromatic region (δ = 133.20, 130.59, 126.90, 120.47 and 107.01 ppm), 

which arise from carbons directly connected to a proton, i.e. C2-4 and C6-7. This 

corroborates our observations of the 1H NMR spectrum about the integrity of the 

naphthalene core. Furthermore, the spectra display six signals of lesser intensity 

(δ = 166.29, 150.15, 130.30, 130.10, 128.73 and 120.79 ppm), arising from the 

quaternary carbons i.e. C1, C5, C9, C10 and C11. The signals arising from the sp-

hybridized carbons, which are expected between δ = 70 and δ = 110 ppm, are 

missing. Considering the absence of the signals for the hydroxyl protons in the 1H 
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NMR and the alkyne carbons in the 13C NMR spectrum as well as previously reported 

cyclisation reactions of 2-ethynylphenols to benzofurans,66,122 we hypothesize the 

formation of 76a in a double 6-endo-dig cyclisation followed by oxidation.99 

Alternatively, a double 5-exo-dig cyclisation to give structure 76b is also 

conceivable.100 Based on NMR spectroscopy, we are not able to discriminate the two 

isomers. 

 

 
Figure 3.3: Top: 1H NMR spectrum of 76a/b. Bottom: 13C NMR spectrum of 76a/b. Measurements 

were recorded in CD3Cl on a 400 MHz instrument. 

In an attempt to evade this side reaction, ester condensations have been 

investigated to convert at least one hydroxyl group of 74 to an ester (e.g. 77 or 78) 

(see Table 3.4). When using Fischer esterification123 of malonic acid with catalytic 

amount of p-TsOH under Dean–Stark conditions124 (entry 1) but recovered the starting 

material. We have then applied the malonic acid with DCC and catalytic amounts of 

4-DMAP in a Steglich esterification125 (entry 2) at 0 ° to 24 °C but again observed no 

conversion of the starting material. 
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# Conditions n Consumption 

1 Malonic acid, p-TsOH, toluene, Dean–Stark, 110 °C, 4 h 1 No 

2 Malonic acid, 4-DMAP, DCC, CH2Cl2, 0 °C to 24 °C, 12 h 1 No 

3 Succinic anhydride, 4-DMAP, CH2Cl2, 24 °C, 17 h 2 No 

4 Succinic anhydride, pyridine, 24 °C, 16 days 2 No 

5 Succinic anhydride, NaH, THF, 24 °C, 17 hours 2 Decomposition 

Table 3.4: Investigated conditions for the synthesis of 77 and 78. 

We have used succinic anhydride as a more activated carboxylic derivative in a 

Steglich esterification with DCC and 4-DMAP (entry 3) but ovserved no conversion 

under these conditions. Similarly, no conversion was observed when we used succinic 

anhydride in neat pyridine to perform the condensation (entry 4). We then employed 

sodium hydride in THF in combination with succinic anhydride. Apart from slow and 

unspecific decomposition of the starting material already observed during the 

nucleophilic substitution reactions, no side reactions were observed. 

 

Since we still had 73 available, we decided to introduce the thiol groups prior to the 

linker (see Scheme 3.7). 73 was reacted in a Buchwald–Hartwig type thiolation with 

TMS ethyl thiol forming 79 in 91% yield. Debenzylation was performed according to 

the established procedure to give 80 in 38% yield. 80 was subjected to Mitsunobu 

reaction conditions with 1,3-propanediol to obtain the tethered compound 81 but no 

product formation was observed. 

 

77 n = 1 
78 n = 2 
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Scheme 3.6: Synthesis of 81: a) TMSC2H4SH, Pd2(dba)3, Xantphos, NaOtBu, toluene, 90 °C, 15 h, 
91%; b)  N,N-dimethylaniline, AlCl3, CH2Cl2, 24 °C, 2 h, 38%; c) : b) 1,3-propanediol, PPh3, DEAD, 

THF, 24 °C, 12 h. 

Additionally, 73 was lithiated using n-buthyl lithium and reacted with dimethyl 

disulfide to give 82 in 70% yield (see Scheme 3.7). Debenzylation was performed 

according to the established procedure to give 83 in 61% yield. Compound 82 was 

subjected to a Mitsunobu reaction66,126 with 3-bromo-propane-1-ol to the 

monoalkylated 83 but no conversion was observed. 

 

 
Scheme 3.7: Synthesis of 84: a) DMDT, n-BuLi, THF, -78 °C to 24 °C, 70%; c)  N,N-dimethylaniline, 

AlCl3, CH2Cl2, 24 °C, 2 h, 61%; 3-bromo-propane-1-ol, PPh3, DEAD, THF, 24 °C, 12 h. 

Although we found that the benzyl protective group was persistent towards various 

debenzylation reagents, slow decomposition to an inseparable mixture of compounds 

is observed for all synthesized benzyl ethers, even when stored at -20 °C under argon. 

While side reactions of benzyl ethers with alkynes are known in literature, they usually 

require harsher conditions or have to be catalyzed.127,128 The fact that decomposition 

was also observed for compound 70 despite the lack of an alkyne suggest a different 

pathway. 

 

 
73 X = Br 
79 X = SC2H4TMS 

 
73 X = Br 
82 X = SCH3 
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Hong et al. have reported the synthesis of a tolanophane via Sonogashira coupling 

of an unprotected iodo-phenol with a phenyl acetylene containing a protected 

phenol.101 A similar procedure has been applied by Crisp and Bubner.66 This inspired 

us to look for a protective group, which would allow the deprotection of only one 

hydroxy group. We introduced 4-methoxy benzyl group (PMB) as an alternative 

protection group.129 Apart from increased lability, it would help to obtain a better 

separation during silica gel column-chromatography. 

 

 
Scheme 3.8: Synthesis of 89. a) PMB chloride, DMF, K2CO3, 60 °C, 1 h, 81%; b) TMSA, 
Pd(PPh3)2Cl2, THF, NEt3, CuI, 20 °C, 20 h, 74%; c) TBAF, THF, H2O, 20 °C, 4 h, 91%, 

d) Pd(PPh3)2Cl2, THF, NEt3, CuI, 24 °C, 20 h, 12%, e) DDQ (1.0 equiv.), CH2Cl2, H2O, 0°C. 

As shown in Scheme 3.8, 67 was protected to give 85 with PMB chloride using 

K2CO3 as a base in 81% yield. TMS acetylene was then introduced by a Sonagashira 

cross-coupling to obtain 86 in 74% yield. The free acetylene 87 was formed in 91% 

yield using TBAF as a deprotection agent. Following the established procedure, we 

coupled 87 and 85 in a Sonogashira reaction to give the 88 in 12% yield. We then 

attempted to cleave one PMB group selectively with 1.0 equiv. of DDQ. However, after 

the isolation of the reaction product, instead of the expected mass of 608.97 au for the 

mono-deprotected 89 (sum formula: C30H20Br2NaO3+), we found a mass of 606.95 au, 

with an isotopic pattern corresponding to C30H18Br2NaO3+. In the 1H NMR spectrum, 

we noted the lack of benzylic signals, indicating that the hydrogen atoms in this 

position disappeared, although we were not able to elucidate the resulting structure. 
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We decided to couple 87 and 5-bromo-8-iodo-naphthalen-1-ol (67) directly in a 

Sonogashira cross-coupling reaction (see Scheme 3.9), from which we isolated 51 mg 

of a yellow solid. 

 

 
Scheme 3.9: Reaction conditions for the synthesis of 89. Pd(PPh3)4, CuI, NEt3. THF, 24 °C, 14 h. 

 
Figure 3.4: HR-MS spectrum of the Sonogashira reaction in Scheme 3.9. The recorded spectrum and 

isotope pattern fits to the calculated spectrum of 89. 

Although the isolated material has the correct mass and isotope pattern (see Figure 

3.4), the 1H NMR indicated that it consisted of a mixture of two compounds (see Figure 

3.5, Top). Apart from a number of signals in the aromatic region between 6.39 ppm 

and 8.03 ppm, we observe two signals each in the region, where we would expect the 

signals of the benzylic protons and the methoxy protons. Due to the presence of two 

sets of singlets in the benzylic region and further high field, we hypothesize that at 

least two compounds—a major and a minor one— are present in the mixture. Based 

on the chemical shifts and integrals we also conclude that two PMB groups are present 

in chemically different environment. Additional information on the obtained structures 

is gained from the 13C NMR spectrum where sp-hybridized carbon signals are missing 

(see Figure 3.5, Bottom). 



 49 

 
Figure 3.5: Top: 1H NMR spectrum of the obtained mixture; Bottom: 13C NMR spectrum of the 

mixture. Measurements recorded in CD2Cl2 on a 600 MHz instrument. 

For the assignment of the minor component of the mixture, we start with the singlet 

at δ = 5.09 ppm, which we assign to a set of two benzylic protons H1’ (see Figure 3.6). 

We normalize the integral of this signal to 2. Further integration of signals shows that 

one singlet at 3.80 ppm has an integral ratio of 3:2. We assign this singlet to the 

methoxy protons H6’. 

In the 1H-1H COSY, H1’ three cross peaks with a multiplet (δ = 7.40 ppm, 2H), a 

doublet of doublets (δ = 7.40 7.14 ppm, J = 7.7, 1.0 Hz, 1H) and another multiplet 

(δ = 6.79 ppm, 2H). The multiplet at 6.79 ppm has a COSY cross peak with H6’. We 

conclude that it arises from the aromatic protons H4’ on the PMB group. Consequently, 

we assign the multiplet at δ = 7.40 ppm to H3’. The signal at δ = 7.14 ppm, which has 

a COSY cross peak with H1’ is assigned to H2 on the naphthalene core. 
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Figure 3.6: Section of the 1H-1H COSY spectrum with the proposed fragment. 

We observe COSY cross peaks between H2 and H3 (δ = 7.56 ppm, m) (see Figure 

3.7). Additionally, we identify a cross peak between H3 and a doublet of doublets 

(δ = 7.96 ppm, J = 8.6, 1.0 Hz, 2H), which would correspond to H4. This is backed up 

by the coupling constant of 4JHH = 1.0 Hz between H2 and H4, in the 1H NMR 

spectrum. The coupling constant between H2/H4 and H3 is not verifiable since H3 is 

covered by overlapping peaks. 

 
Figure 3.7: Section of the 1H-1H COSY spectrum. 

If the assignment of H4 is correct, we expect to observe a 3JHC from H2 in the 
1H-13C HMBC. From the 1H-13C HSQC, we can identify the carbon attached to the 

H4’/H6’ 
6.79, 3.80 

H4’/H1’ 
6.79, 5.09 

H3’/H1’ 
7.40, 5.09 

H2/H1’ 
7.14, 5.09 

H2/H3 
7.14, 7.55 

H4/H3 
7.96, 7.55 
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assigned H4 (C4, 121.17 ppm). For C4, we find one correlation with H2, which 

supports the assignment. Now we can identify C9, which correlates with H2, H4 and 

H7. C9 (δ = 125.22 ppm) fulfills these criteria. Apart from the correlation with H2 and 

H4, there is another correlation with H7 (δ = 8.03 ppm, J = 8.0 Hz, 1H). 

 
Figure 3.8: Section of the 1H-13C HMBC spectrum. 

H4 and H7 are expected to correlate with C5 (δ = 122.75 ppm), which has also a 

correlation with H6 (δ = 7.86 ppm d, J = 8.0 Hz, 1H). The latter can also be identified 

based on the coupling constant and the roof effect. 

J: H2/C4 

B: H2/C9 

A: H4/C9 C: H7/C9 

E: H7/C5 

F: H6/C5 D: H4/C5 
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Figure 3.9: Top: Section of the 1H-13C HMBC spectrum;  

Bottom: Section of the 1H-13C HSQC spectrum. 

From H7, we expect to find a 3JHC coupling with the sp-hybridized carbon C11. 

While we find a correlation with 107.63 ppm (see Figure 3.9 Top), we also observe a 

correlation in the HSQC spectrum between a singlet (δ = 7.82 ppm) (see Figure 3.9 

Bottom) meaning that C11 is not sp-hybridized but bears a proton. One possible 

explanation for this observation is that the deprotected oxygen underwent a 5-exo-dig 

cyclisation to give 90a (see Figure 3.10).99 Further indications for the presence of a 

proton is found in the NOESY spectrum where we observe a contact peak of H11 and 

H1’ but not with any other protons on the PMB-substituted naphthol moiety. Due to 

peak overlap, it is not possible to assign the correlations further unambiguously. A list 

of the assigned peaks is compiled in Table 3.5. 
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Figure 3.10: Section of the 1H-1H NOE spectrum and proposed structure 90a. 

  

A: H11/H1’ 
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Number 1H (ppm) m JHH (Hz) 13C (ppm) 

1’ 5.09 s - 71.86 

2’ - - - 128.74 

3’ 7.4 m - 131.01 

4’ 6.79 m - 114.61 

5’ - - - 160.39 

6’ 3.8 s - 55.61 

1 - - - 157.4 

2 7.14 dd 7.71, 0.99 108.59 

3 7.56 - -  

4 7.96 dd 8.58, 1.00 121.18 

5 - - - 122.75 

6 7.86 d 7.97 130.85 

7 8.03 d 8.00 129.85 

8 - - - 131.20 

9 - - - 125.22 

10 - - - 134.54 

11 7.69 s - 107.57 

12 - - -  

Table 3.5: Assignment of 1H NMR shifts of 90a. 

 

Having identified the minor isomer as the 5-exo-dig cyclisation product 90a, we 

hypothesize the major isomer to be the 6-endo-dig cyclisation product 90b according 

to Baldwins rules. To verify this hypothesis, we analyzed the NMR spectra with respect 

to the major isomer. 

 

Here, we assigned the singlet (δ = 5.07 ppm) to the benzylic protons H1’ of the 

other isomer.  In the 1H-1H COSY (see Figure 3.11, top) we observe three cross peaks: 
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to H3’ (m, δ = 7.23 ppm, 2H), to H2 (dd, δ = 7.08 ppm, J = 7.7, 1.0 Hz, 1H) and to 

H4’ (m, δ = 6.66 ppm, 2H). This assignment is based on the following rationale: H4’ 

has a cross peak with H6’ (s, δ = 3.73 ppm) in the COSY as well as in the NOE 

spectrum (see Figure 3.11, bottom). The spacial proximity indicated by the NOESY is 

absent for H6’ and H3’. The latter on the other and has a COSY and NOESY cross 

peak with H1’. Using HSQC and HMBC experiments, we were able to assign the 

carbon signals of the PMB group (see Table 3.5). The remaining correlation of H1’ 

leads to the PMB-substituted naphthalene moiety, specifically H2. 

 

 
Figure 3.11: Top: Section of the 1H-1H COSY spectrum with a fragment of the chemical structure 

under discussion; Bottom: Section of the 1H-1H NOESY spectrum. 

 

D: H1’/H4’ 

E: H6’/H4’ 

B: H1’/H2 C: H1’/H3’ 

H6’/H4’ 

H1’/H2 H1’/H3’ 
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Figure 3.12: Section of the 1H-1H COSY spectrum 

Based on cross peaks in the 1H-1H COSY we assign H3 (δ = 7.56 ppm, m) (see 

Figure 3.12). To elucidate more of the chemical structure, we rely on HMBC and 

HSQC spectroscopy, which display correlations for 3JHC respectively for 1JHC couplings 

as correlations. For H2, we observe correlations with C4 (δ = 120.82 ppm), C9 

(δ = 126.10 ppm) and C1 (δ = 157.13 ppm) (see Figure 3.13). For C4, this is the only 
3JHC in the HMBC spectrum. Using the HSQC spectrum, we correlate C4 and H4 

(δ = 7.96 ppm dd, J = 8.6, 1.0 Hz, 2H). We note that the chemical shifts of H3 and H4 

coincide with their corresponding proton shifts on the other isomer. This is plausible, 

since H3 and H4 would be in a similar chemical environment in the proposed 

structures. C9 has cross peaks with H2, H4 and H7 (δ = 7.60 ppm, dd, J = 7.7, 1.2 Hz, 

1H). C1 (δ = 157.13 ppm) has a less intense correlation with H2 than C4 and C9. 

Based on the chemical shift, we propose this to be the 2JHC coupling of H2 with C1. 

A: H3/H2 
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Figure 3.13: Section of the 1H-13C HMBC spectrum. 

Furthermore, H4 and H7 have a correlation with C5 (δ = 123.64 ppm). Here we 

find again the 2JHC coupling of C5 and H6 (δ = 7.82 ppm, J = 7.7 Hz, 1H). This is 

supported by the coupling constant of H6 and H7. Both, COSY and NOESY spectra 

support this assignment; exhibiting strong cross-peaks between H6 and H7 (see 

Figure 3.14).  

 
Figure 3.14: Left: Section of the NOESY spectrum; 

Right: Section of the 1H-1H COSY spectrum. 

To verify our hypothesis of a 6-endo-dig cyclisation product 90b, we now need to 

identify C8 and then check for HMBC correlations with H12. We start with the HMBC 

spectrum shown in Figure 3.15, where we look at the correlations of H6. Apart from 

the correlation with C5, we observe two further peaks: δ = 131.20 ppm and 

C10 (δ = 134.89 ppm). For the latter, we observe HMBC correlations with H3 

(δ = 7.56 ppm) (see Figure 3.15). Due to the peak overlap, this assignment should be 

A: H6/C5 

B: H2/C4 

D: H2/C1 

C: H2/C9 E: H4/C9 F: H7/C9 

H: H7/C5 G: H4/C5 
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regarded carefully. This leaves us with δ = 131.20 ppm as possible C8. However, this 

region of the 13C spectrum is crowed with signals. This makes it difficult to find the next 

thread. While the supposed H12 (δ = 7.33 ppm) has a correlation with a 13C signal at 

δ = 131.02 ppm, this is off by 0.18 ppm.  

 
Figure 3.15: Section of the 1H-13C HMBC spectrum. 

While this is not sufficient to verify the proposed structure, there is still some 

support for the proposed structure 90b. First, both compounds present in the mixture 

have the same mass and isotopic pattern. Given the different chemical shifts, we can 

assume structural isomers. Second, while we are not able to assign all the peaks in 

the NMR, the two singlets in the aromatic region stand out. We learn from the HSQC 

correlation that the singlet (δ = 7.33 ppm) is attached to a carbon with a chemical shift 

of δ = 107.44. It has a NOE correlation with the benzylic proton δ = 5.07 ppm and H7 

but not with H2 (see Figure 3.16). This means, the proton must be situated inbetween 

H1’ and H7. The presence of a carbon-bound proton δ = 7.69 ppm in this position 

lends some support to the proposed exo-6-dig cyclisation product 90b. Finally, in Table 

3.6, all assigned peaks are listed. 

H6/C5 

H7/C5 

H7/C9 

H3/C10 H6/C10 

H6/C8 
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Figure 3.16: Section of the 1H-1H NOE spectrum.  

  

H12/H1’ 

H12/H7 
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Number 1H (δ/ppm) 13C (δ/ppm) 

1’ 5.07 71.83 

2’ -  

3’ 7.23 129.74 

4’ 6.66 113.99 

5’ - 160.04 

6’ 3.73 55.57 

1 - 157.13 

2 7.08 109.05 

3 7.56  

4 7.96 120.87 

5 - 123.64 

6 7.82 130.83 

7 7.60 128.53 

8 - 131.20 

9 - 126.10 

10 - 134.89 

11 -  

12 7.33 115.02 

Table 3.6: Assignment of 1H NMR shifts of 90b. 

In summary, for the isolated substances we propose the structures of five-

membered and six-membered intramolecular cyclization products (90a and 90b 

respectively; see Figure 3.17). For 90a, we have established this structure by 

assignment of the NMR signals using HSQC, HMBC, COSY and NOESY and 

demonstrate how the proton H11 sits in-between the two naphthalene moieties. For 

90b, we have assigned the NMR signal of the PMB-group as well as the attached 

naphthalene. Ultimately we could not verify how this is connected to the singlet at 

δ = 7.33 ppm. An important indication for the proposed strucutre is the presence of the 
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NOE cross peaks of the benzylic protons (90a: red; 90b: violet) and H11 in 90a (yellow, 

δ = 7.69 ppm) and H12 in 90b (green, δ = 7.33 ppm), which appear as singlets in the 

aromatic region (see Figure 3.17). 

 

 
Figure 3.17: NOE spectrum of the obtained mixture and structures of 90a and 90b. 

So far our attempts to substitute one or both hydroxyl groups in close proximity to 

the assembled di(1-naphthyl) ethyne backbone led a cyclization reaction of the alkyne 

bond and the hydroxyl groups. 

 

Alternative routes 

To prevent side reactions with the alkyne, the phenolic hydroxy group has to be 

permanently masked before the alkyne is introduced. This can be achieved by 

exploiting the protective groups as a precursor of the linker to close the macrocycle 

(see Scheme 3.10, red pathway). For example, the use of vinyl and allyl ethers would 

allow the macrocyclization via ring-closing metathesis. While a symmetric approach 

only would allow to access even-numbered linkers, odd-numbered tethers could be 

accessed via an asymmetric approach. Compared to the previous strategy, the 

modularity of this strategy is reduced. 
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Scheme 3.10: Possible reaction strategies, which avoid the exposure of alkynes to unprotected 

hydroxyl groups. 

The synthetic procedure of 92 was adapted from Blanco Jaimes et al.130 As shown 

in Scheme 3.11, 5-bromo-8-iodo-naphth-1-ol (67) was protected with allyl bromide to 

give the allyl ether 91 in 89% yield. 91 was submitted to Sonogashira reaction 

conditions, but instead of undergoing a Sonogashira reaction to the desired compound 

92, 91 underwent intramolecular Heck reaction to form 93 in 20% yield. 

 

 
Scheme 3.11: Applied conditions for the synthesis of 92. a) Allyl bromide, K2CO3, acetone, 56 °C, 2 h, 

89%; b) TMSA, Pd(PPh3)2Cl2, CuI, NEt3, THF, 24 °C, 72 h, 92: 0%, 93: 20%. 

A linear approach was presented in the subchapter Strategy. It consists of linking 

the naphthalenes with an alkyl chain in the first step. The introduction of the acetylene 

is performed in a later step (see Scheme 3.10, blue pathway). A disconnection at the 

alkyne bond would lead to the alkyl ether-linked dinaphthalene. The macrocyclisation 

could be achieved via ring-closing alkyne metathesis, which has been proven to be a 

feasible method to assemble twisted tolanes.60 A suitable precursor could be 

synthesized from 67 via twofold nucleophilic substitutions. The major drawback of this 

strategy is its reduced modularity, since it diverges much earlier in the synthesis.   
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Scheme 3.12: Reaction conditions applied for the synthesis of 95. a) 1,3-bis(triflate)propane, K2CO3, 
DMF, 50–90 °C, 48 h, 2%; b) propyne in THF (5%), Pd(PPh3)2Cl2, CuI, NEt3, toluene, 0 °C to 24 °C, 

16 h. 

5-bromo-8-iodo-naphth-1-ol (67) was reacted with 1,3-substituted propane in DMF 

with K2CO3 as a base at temperatures between 50 and 90 °C (see Scheme 3.12). 

Using 1,3-bis(trifluoromethanesulfonate) propane as an electrophile, 94 was isolated 

only in traces. As a side reaction, the deiodination of the starting material was 

observed by GC-MS (see Figure 3.18). 94 was then submitted to Sonogashira reaction 

conditions with propyne in THF (5%) to obtain 95. Ultimately, the formation of 95 was 

not observed. Efficiency of the reaction was hindered by the poor solubility of alkyl 

linked naphthalene dimer 94. 

 

 
Figure 3.18: Mass spectrum showing deiodinated starting material. 

When 67 was reacted with 1,3-diiodopropane (see Figure 3.19), the formation of 

96 was observed, along with partial elimination of the iodide to give the allyl ether 91. 

The mixture was again reacted with one equivalent of 67 to give 94 in poor yield. 
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Scheme 3.13: Reaction conditions for the synthesis of 94. a) 1,3-diiodopropane, K2CO3, DMF, 50–

90 °C, 48 h; b) 67, K2CO3, DMF, 24 °C, 16 h, 23%. 

We concluded the presence of 91 from 1H NMR spectroscopy, since it was not 

possible to separate the two compounds via column chromatography. Figure 3.19 

shows the 1H NMR spectrum of isolated 91 as a reference (top) as well as the mixture 

of 96 and 91 which was used in the synthesis of 94. 

 

 
Figure 3.19: Top: 1H NMR spectrum of 91. Bottom: 1H NMR spectrum of a 1:1 mixture of 96 and 91. 

Both spectra were measured in CDCl3 on a 400 MHz instrument. 

The 1H NMR spectrum of 91 has five signals in the aromatic region, two doublets 

(protons 6 and 7, see Table 3.7) and three doublets of doublets (protons 2, 3 and 4). 

Based on the coupling constants, we can assign number 3 unambiguously, having two 

large 3JHH coupling constants of 8.6 Hz and 7.8 Hz. This leads us to the protons 2 and 

4, which we cannot distinguish from the coupling constants. However, we expect 2 to 
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be more upfield shifted than 4 due to the proximity of the oxygen atom. We therefore 

assume the signal at δ = 7.00 ppm to correspond to proton 2. Conversely, we assume 

the signal at δ = 7.91 ppm to correspond to proton 4. 

Based on the integral, we assign the doublet of triplets at δ = 4.75 ppm to 

correspond to the CH2 group 1’, which has a 3JHH coupling constant of 5.6 Hz with 2’. 

From proton 2’, we observe a large E coupling constant with 3’’ (3JHH = 17.3 Hz) as 

well as a smaller Z coupling constant with 3’ of (3JHH = 10.5 Hz). 

 
Number 1H (δ/ppm) Multiplicity Coupling constant (Hz) Integral 

2/4 7.00 dd   7.8, 1.0 1 

3 7.50 dd   8.6, 7.8 1 

2/4 7.91 dd   8.6, 1.1 1 

6/7 7.36 d    8.0 1 

6/7 8.02 d    7.9 1 

1’ 4.75 dt   5.6, 1.5 2 

2’ 6.29 ddt  17.3, 10.5, 5.6 1 

3’ 5.34 dq   10.5, 1.3 1 

3’’ 5.47 dq   17.3, 1.5 1 

Table 3.7: Assignment of 1H NMR shifts of 91. 

Regarding the 1H NMR spectrum of the mixture (see Figure 3.19, bottom), we note 

that the integral ratio between the aromatic signals and the alkene signals is now 2:1. 

We also observe new signals in the aliphatic region: two triplets (δ = 4.23 ppm and 

δ = 3.58 ppm) and one multiplet (δ = 2.52 ppm), each with an integral of 2. This 

corresponds to the signals we expect from a 3-iodopropyl ether chain. Based on these 

observations and the chemical shifts, we conclude that the sample consists of 96 and 

91 in a ratio of 1:1. 
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A butylene linker was introduced using the same conditions, but in a sequential 

fashion via 97 in 48% yield (see Scheme 3.14). The second naphthol moiety was 

introduced to afford the poorly soluble 98 in up to 34% yield. 

 

 
Scheme 3.14: Reaction conditions for the synthesis of 98. a) 1,4-Bromo-butane, K2CO3, 24–50 °C, 

16 h, 48%; b) 67, K2CO3, 40 °C, 21 h, 16–34%. 

98 was submitted to Sonogashira reaction conditions to obtain 99. TMS-propyne 

was deprotected with TBAF in situ and the reaction was performed in toluene at slightly 

increased temperature of 40 °C to enhance the solubility of 98. No reaction progress 

was observed after 21 hours. Owing to the small scale of the reaction, recovery of the 

starting material was not achieved (see Scheme 3.15). 

 

 
Scheme 3.15: Applied conditions for the synthesis of 99. TMS-propyne, TBAF, Pd(PPh3)2Cl2, CuI, 

NEt3, toluene, 40 °C, 16 h. 

 

Summary and conclusions 

In this chapter, we have investigated synthetic steps towards a series of aryl alkyl 

ether-tethered di(1-naphthyl) ethynes designed for single molecular conductance 

measurements. To this purpose, we have adapted procedures of Wipf et al. and Cronk 

et al. to synthesize 5,8-dihalonaphth-1-ols 60 and 67 as precursors for the di(1-

naphthyl) ethyne backbone. We found that the protection of the hydroxyl group is 

crucial for a successful Sonogashira reaction. Benzyl and 4-methoxy benzyl groups 

have been used as a protection group to avoid the attack of the hydroxy groups on the 

alkyne bond to successfully synthesize 73. On the one hand, benzyl ether 73 showed 

unexpected resilience towards a variety of known debenzylation protocols. On the 
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other hand, the acetylene also showed good tolerance towards these conditions. 

Ultimately, the deprotection was achieved following a procedure from Akiyama et al.121 

Nevertheless, we found that benzyl ethers are not suitable protective groups, since 

decomposition of the starting material was observed for all benzyl-substituted 

naphthalenes.  

Reaction conditions to introduce the linker, namely nuleophilic substitution on alkyl 

dihalides and Mitsunobo reactions on the dibromide 74 as well as the dithionaphthols 

81 and 82 but we found no suitable conditions to substitute the hydroxyl groups. 

Instead, we found that 74 forms fused naphtho-pyranic compound 76a/b, when treated 

with K2CO3 at elevated temperature. This reaction is either a consequence of a 5-exo-

dig or a 6-endo-dig cyclisation according to Baldwin’s rules.99 Curiously, this side 

reaction was not observed when 74 was treated with other bases such as pyridine, 4-

DMAP or even NaH during esterification reactions. 

Publications by Hung et al.101 as well as Crips and Bubner66 have demonstrated 

that phenol-based tolanes are accessible as long as the phenol on the free acetylene 

is protected and that the unprotected phenol can be alkylated despite the proximity to 

the alkyne. Inspired by these findings, PMB protected 89 was synthesized via  

Sonogashira reactions, but again underwent in situ cyclization of the phenolic hydroxy 

group and the alkyne to give a mixture of 90a and 90b. 

This finding led us to the conclusion that alkynes and hydroxyl groups in a 1,8-

relationship on a naphthalene are too reactive to address in a substitution reaction. 

We developed two approaches to permanently protect the hydroxy group. In the first 

approach, 67 was protected with allyl ethers—supposed precursors for an alkene 

metathesis step—but under Sonogashira conditions 91 instead reacted in an 

intramolecular Heck reaction to form 93. 

In the second approach, di-functionalized alkyl chain was introduced to link two 

naphthalenes to give 94 or 98. Here the macrocyclization was envisioned by alkyne 

metathesis. This approach was dropped due to solubility issues. After these attempts 

we designed a new system based on benzyl ether linkers, which will be discussed in 

the next section. 
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Benzyl ether tethered structures 
In this section, we discuss the synthesis of di(1-naphthalene) ethynes linked via 

benzyl ethers. While it does not eliminate the possibility of an alkyne cyclisation, similar 

designs—synthesized from 46— have  been used for twisted tolanes.102,131,132 In these 

publications, no cyclisation reactions between the benzyl alcohol and the alkyne have 

been reported. With these considerations, we have designed compounds 100, 101 

and 102 shown in Figure 3.20 as viable target structures. 

 
Figure 3.20: In this series, benzyl ethers link the naphthalene moieties, giving target structures 100, 

101 and 102. 

 

Discussion of energy optimized structures 

Figure 3.21 shows the optimized geometries of structures based on the core motive 

of 100, 101 and 102 calculated on the B3LYP/6-31G* level,111 viewed perpendicular 

to the acetylene bond (left) and along the π-conjugated backbone of the molecule 

(right). The obtained angles and distances are listed in Table 3.8. For this series, we 

observe an increase in the torsion angle α upon increasing the length of the tether. In 

100, the linker is constituted of three atoms, resulting in a torsion angle α of 16.85°. 

The linearity of 100 (β = 175.20°) deviates only marginally from open reference 

structure (177.88°/176.00°). With respect to the molecular length, structure 100 is 

slightly elongated (C4-C4’: 9.661 Å). 
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100 

  

101 

  

102 

  
Figure 3.21: Optimized geometries of 100 (top), 101 (center) and 102 (bottom) based on the 

B3LYP/6-31G* level111; hydrogens are omitted for clarity. 

The increasing number of atoms in the linker results in a torsion angle of 54.71° for 

101. Moreover, the structure is bent (β = 170.26°) and exhibits a shortening to 9.490 Å. 

Lastly, the torsion in 102 is increased only slightly to 60.60°. The β angles are 

comparable to 101 but one naphthalene moiety is tilted slightly stronger than the other 

is. Its length (9.570 Å) is shorter than the reference structure but longer than 101. It is 

unclear, if this structural feature is persistent in the solid state or in solution. 
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R α β C4–C1’ distance (Å) 

CH2OCH2 (100) 16.85° 175.20° 9.661 

CH2OCH2OCH2 (101) 54.71° 170.26° 9.490 

CH2O(CH2)2OCH2(102) 60.60° 170.27° 171.27° 9.570 

CH2OCH3 97.26° 177.88° 176.00° 9.607 
Table 3.8: α and β angles, intramolecular distances as determined from the calculated structures. 

 

Retrosynthesis II 

In target structures 100, 101 and 102, the tether is realized as benzyl ether, 

separated from the aromatic system by a methylene group (see Scheme 3.16). To 

have a modular synthesis, we envision the introduction of the linker at a late step from 

the diol 103/104. In this step, the alkyne cyclisation in a 6-exo or 7-endo fashion cannot 

be excluded. The thiols can be introduced via Buchwald-Hartwig coupling from the 

corresponding halide 103 or via nucleophilic aromatic substitution from 104. The 

benzylic ether can be obtained from reducing the carboxylic acids 105 or 106. 
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Scheme 3.16: Retrosynthetic strategies of compounds 100, 101 and 102. 

From here, two strategies are viable. In pathway I, the introduction of carboxylic 

groups is envisioned by lithiation of halides 107 and reacting of the organolithium 

species with CO2. The Balz-Schiemann reaction is known to convert amines to 

fluorides. Therefore the fluorides in 107 could be prepared from diamine 108 via Balz-

Schiemann reaction. Alternatively, bromide or chloride analogs are available via a 

Sandmeyer reaction. The di(1-naphthalene) ethyne backbone is assembled from 109 

by two consecutive Sonogashira reactions. The halogenide in para position to the 

amide group in 109 could be introduced by electrophilic aromatic substitution from 

110. The amine group can be installed by a reduction of 1-bromo-5-nitronaphthalene 

(111). 
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In pathway II, the di(1-naphthyl) ethyne core 105 is assembled from its iodo-

naphthalene derivative 112 by consecutive Sonogashira reactions. The iodo-

naphthalene carboxylic acid 112 is accessed by a Sandmeyer reaction from the 

corresponding amine which can be obtained by hydrolyzing 5-bromo-1,8-

naphtholactam (113). Here, we intend to introduce the bromide via electrophilic 

aromatic substitution from the commercially available 114. 

 

It is important to emphasize, that compounds 103/104 and 105/106 also allow other 

strategies to introduce a linker, as shown in Scheme 3.17. From the diacids 105/106, 

a condensation reaction would allow the linking by ester bonds. Moreover, the 

dialdehyde functionality allows accessing a large chemical space. Apart from 

reduction to alcohols, it would allow insertion of a tether via Wittig olefination.133,134 

Additionally macrocyclization via McMurry,135 pinacol coupling reaction,136 or benzoin 

condensations137 would be possible although they lead to a very short linker. If the 7-

Endo and 6-Exo alkyne cyclisations persist benzyl alcohols could be transformed into 

a leaving group to be attacked by a alkyl diol. 

 

 
Scheme 3.17: Benzyl alcohols, aldehydes or carboxylic acids each open up a large chemical space to 

introduce a linker. 
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Synthesis along pathway I 

111 was converted to the amine 110 in a Béchamp reduction, followed by 

iodination to obtain 5-bromo-4-iodo-1-animonaphthalene (109) in 81% yield over two 

steps (see Scheme 3.18). 

 

 
Scheme 3.18: Synthesis along pathway I: a) Fe(0), ethanol, HCl, 60 °C, 4 h, 100%; b) NIS, DMSO, 
20 °C, 1 h, 81%; c) TMSA, Pd(PPh3)2Cl2, CuI, THF, piperidine, 20 °C, 3 h, 115: 77%; 118: 0%; d) 

K2CO3, methanol, CH2Cl2, 20 °C, 3 h, 95%; e) 109, Pd(PPh3)2Cl2, CuI, THF, piperidine, 20 °C, 3 h; f) 
Boc anhydride, 4-DMAP (cat.), THF, 80 °C, 2 h, 84%. 

109 was reacted in a Sonogashira reaction with TMS acetylene to obtain 

naphthalene 115 in 77% yield. TBAF was used to cleave the TMS group to obtain free 

acetylene 116. The subsequent Sonogashira reaction of 116 with 5-bromo-4-iodo-1-

aminonaphthalene (109) did not afford the desired compound 108. Our hypothesis is 

that the compound oxidized, when exposed to air.40 

Therefore, we investigated several routes to transform the amino groups into other 

orthogonal functional groups. 109 was reacted with Boc anhydride to give N-Boc-

protected amino naphthalene 117. However, we observed decomposition and the 

product 118 was not isolated after consumption of the starting material.  

Next, we tested various Balz-Schiemann reaction conditions in order to convert the 

aryl amine 109 to the aryl fluoride 119 (see Table 3.9). 

109 X = NH2 

117 X = NHBoc 

115 X = NH2 

118 X = NHBoc 
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# Conditions Observation 

1 
a) Aq. HBF4 (48%), NaNO2, NaBF4, THF, H2O, 0 °C, 1 h 

b) Xylene, 130 °C, 1 h 

Decomposition 

2 
a) Water, conc. HCl, NaNO2, aq. HPF6 (60%), -5 °C, 1 h 

b) Toluene, 110 °C, 20 h 

Deamination 

3 
1) Conc. HCl, NaNO2, aq. HPF6 (60%), -5 °C, 1 h 

2) Toluene, 110 °C, 20 h 

Deamination 

Table 3.9: Balz-Schiemann conditions applied towards 119. 

Initially, HBF4 was used as an acid to protonate the amino-group and to act as a 

fluoride source, together with NaBF4 (entry 1).138 Consumption of 109 was observed 

by GC-MS, presumably to form the diazonium salt. The obtained precipitate was 

suspended in xylene and heated to the boiling point for one hour. However, no fluoride 

species could be detected by 19F NMR and no product was afforded. 

We performed the reaction using concentrated HCl (entry 2). After diazotation, 

excess of HPF6 was used to precipitate the diazonium salt. However, unreacted 

starting material 109 could be isolated after ethereal wash of the residue. The residue 

was heated to reflux in toluene and purified by column chromatography. No product 

was afforded but a mixture of the defunctionalized naphthalene was obtained. 

The reaction was then performed in concentrated HCl and precipitated with 

HPF6 (10 equiv.). This time, no starting material was observed in the ethereal wash of 

the precipitate. However, heating in toluene and purification of the crude mixture in the 

same fashion, showed no trace of the desired 5-bromo-1-fluoro-4-

iodonaphthalene (119). Instead, the mass of the defunctionalized naphthalene was 

found by GC-MS. Diazotation of aryl amines also enables the attack of other 

nucleophiles. One possibility is to mask the amino group by trapping the diazonium 

salt with pyrrolidine to give a triazine, which can later be transformed to an aryl 

iodide.139,140 When using this method, we observed the conversion of the starting 
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material 109 but observed decomposition rather than formation of 120 (see Scheme 

3.19). 

 

 
Scheme 3.19: Applied conditions for the synthesis of 120. 1) CH2Cl2, H2O, conc. HCl, NaNO2, -5 °C, 

2 h, 2) pyrrolidine, K2CO3, acetonitrile, H2O, 0 °C, 1 h. 

We also investigated the transformation of the amino group to a chloride as a 

possible leaving group in a nucleophilic aromatic substitution or cross coupling 

reaction. However, the modified Sandmeyer reaction to 121 also resulted in 

deamination (see Scheme 3.20). 

 

 
Scheme 3.20: Applied conditions for the synthesis of 121. NaNO2, benzyl triethyl ammonium chloride, 

TMSCl, CH2Cl2, 0 °C to 24 °C, 17 h. 

Previous approaches involved the introduction of a thiol-based anchoring group via 

nucleophilic aromatic substitution or palladium catalyzed Buchwald-Hartwig cross-

coupling reaction from an aryl halide. There are different strategies to synthesize 

thiophenols, such as the Newman-Kwart rearrangement. Thus, converting the amino 

naphthalene 109 to naphthol 122 would offer an elegant way to proceed to 123 via 

Newman-Kwart rearrangement. However, our attempt to obtain 122 only led to 

defunctionalization of 109 (see Scheme 3.21). At this point, we decided to further 

investigate pathway II. 
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Scheme 3.21: Applied conditions for the synthesis of 122. a) conc. H2SO4, 0 °C, 1 h; NaNO2, H2O, 

80 °C, 14 h. 

 

Synthesis along pathway II 

Vyskocil et al.141 previously described the synthesis of 5-bromo-8-iodo-1-naphthoic 

acid (112) from 114. Following this procedure, 5-bromo-1,8-naphtholactam (113) was 

obtained in an electrophilic aromatic substitution in 73% yield (see Scheme 3.22). This 

step was followed by the hydrolyzation of the lactam under basic conditions. Our initial 

attempts to isolate 124 were unfruitful since the product underwent a condensation to 

reform 113. 

 
Scheme 3.22: Synthesis of 112: a) Br2, acetic acid, 0 °C, 12 h, 73%; b) NaOH, methanol, H2O, 

100 °C, 20 h; c) conc. HCl, NaNO2, NaI, -5 °C to 50 °C. 

Instead of isolating 124, the reaction mixture was acidified with concentrated 

hydrochloric acid and was then directly subjected to Sandmeyer reaction conditions to 

afford 112 in up to 30% yield but could not reproduce this initial result (Scheme 3.23). 

Moreover, up to 50% of the starting material 113 was recovered and the yield was not 

reproducible. 

 
Scheme 3.23: Synthesis of 125: a) NaOH, methanol, H2O reflux, 20 h; conc. HCl, NaNO2, NaI, -5 °C 

to 50 °C, 0% - 30% ; b) TMSA (1.0 equiv.), Pd(PPh3)2Cl2, CuI, THF, piperidine, 30 °C, 18 h. 

We subjected 112 to Sonogashira conditions using 0.5 equivalents of TMS 

acetylene (Scheme 3.24). After 3 hours, TBAF was added to obtain 105 in a second 
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Sonogashira reaction. Unfortunately, the reaction yielded no product and no starting 

material was recovered. 112 was then subjected Sonogashira conditions using one 

equivalent of TMS acetylene. This reaction also gave no trace of 125. 

 
Scheme 3.24: Synthesis of 105: TMSA, Pd(PPh3)2Cl2, CuI, THF, piperidine, 30 °C, 3 h; TBAF, 30 °C, 

16 h. 

 

Summary and conclusions 

In this chapter, we have presented synthetic steps towards a series of benzyl ether 

tethered di(1-naphthyl) ethyne designed for single molecular conductance 

measurements. The additional methylene group opens up a vast chemical space to 

tether the two naphthalene units via benzyl alcohols, aldehydes, acids or bromides. 

In pathway I, a naphthalene core is substituted with three chemoselectively 

addressable functionalities. Faced with decomposition of di(amino-bromo-

naphthalene)acetylene 108 we have investigated a variety of reactions to protect or 

transform the amino group 109 to an orthogonal functional group via Balz-Schiemann 

or Sandmeyer reactions or variants thereof to give the corresponding fluoride 119, 

chloride 121 or naphthol 122. However, we have isolated only deaminated 

naphthalenes. We further investigated the Sonogashira reaction with an N-Boc 

protected iodo-naphthalene 117 and the masking of the amino group using diazenyl 

pyrrolidine 120. In the former, no product was isolated from the Sonogashira reaction. 

In the latter case, we observed decomposition of 109. To proceed with this strategy, a 

different approach to introduce the thiol anchoring group is required. One option would 

be to start from an analog of 122 and introducing a thiol using the Newman-Kwart 

rearrangement (see Scheme 3.21).  

 

The synthetic pathway II depended strongly on the procedure developed by 

Vyskocil et al.,141 which we were not able to reproduce. The first bottleneck was the 

reversibility of the opening of the amide bond in 113, which is promoted, in basic 
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milieu, coupled with the Sandmeyer reaction, which requires acidic conditions. While 

we were able to synthesize 112 in one-pot, the reaction was not efficient with up 50% 

of the starting material being reisolated. To proceed with this strategy, a procedure to 

interrupt the lactame condensation is required. 

 

4. Outlook 
The overall issue is handling a nucleophilic alcohol in proximity to an alkyne. This 

work—as well as previous publications— have shown that alkyne cyclisations have to 

be considered in the design. Considering literature on twisted tolanes, this is avoided 

in two ways: First, by the substitution of one hydroxy group, while the other is 

protected. In the second step, the protective group is cleaved off and the macrocycle 

is formed. Second, benzyl alcohols are used as a precursor for the macrocyclisation. 

In this light, the proposed pathway II seems the most promising, since the synthesis 

offers multiple possibilities for ring closure. However, this endeavor was not 

successfully completed and the question of the synthesis of a building block remains. 

We undertook efforts to synthesize the adequately substituted naphthalene building 

block from 5-bromo-1,8-naphtholactam (113) in a hydrolyzation of the lactam followed 

by a Sandmeyer reaction. However, under the acidic conditions of the Sandmeyer 

reaction, the condensation to the lactam proved to be faster. One way to avoid this 

would be reductive cleaving of the lactame. Cammidge and Ötztürk have developed a 

procedure to transform 1,8-naphtholactame (114) to 8-hydroxy-1-naphthaldehyde 126 

in two steps.142 
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Scheme 4.1: Proposed reaction pathway towards 129 following the procedure developed by 

Cammidge and Ötztürk. 

For the diazotation step of 114, the order of addition seems to be the key. In this 

publication, 114 was hydrolyzed under basic conditions, then added dropwise to an 

acidic NaNO2 solution. The obtained lactone was then reduced to give 126. As shown 

in Scheme 4.1 this can be exploited for the proposed pathway. The activating effect of 

the hydroxy group could be used to brominate 126 to give 127 in an electrophilic 

aromatic substitution. Treatment of 127 with triflic anhydride would lead to 128 an 

feasible precursor to build up the di(1-naphthyl) ethnye dialdehyde 129 (see Scheme 

4.1). 
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5. Experimental Part 
 

General Remarks 
 

Reagents and solvents: All commercially available compounds were purchased 

from Sigma-Aldrich, Acros, Apollo Scientific, Alfa Aesar and Fluorochem and used 

without further purification. Anhydrous solvents were purchased from Sigma-Aldrich 

and stored over molecular sieves (4 Å). Column chromatography was performed on 

silica gel P60 (40-63 μm) from SilicycleTM, the solvents were technical grade. TLC was 

performed with silica gel 60 F254 glass plates purchased from Merck. 

Analytics and instruments: NMR experiments were performed on Bruker Avance 

III NMR spectrometers operating at 250, 400 or 500 MHz proton frequencies. The 

instruments were equipped with a direct-observe 5 mm BBFO smart probe (250, 

400 MHz), or an indirect-detection 5 mm BBI probe (500 MHz). All probes were 

equipped with actively shielded z-gradients (10 A). The chemical shifts are reported in 

ppm relative to tetramethylsilane or referenced to residual solvent peak and the J 

values are given in Hz (±0.1 Hz). Standard Bruker pulse sequences were used, and 

the data was processed on Topspin 3.2 (Bruker) using twofold zero-filling in the 

indirect dimension. MALDI-TOF mass spectra were recorded on a Bruker MicroFlex 

LRF spectrometer using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) as a matrix. High resolution mass spectra 

(HRMS) were measured on a maX-isTM4G instrument from Bruker for HR-ESI-ToF 

MS. For GC/MS analysis a Shimadzu GCMS-QP2010 SE gas chromatograph system 

was used, with a Zebron 5HT Inferno column (30 m x 0.25 mm x 0.25 mm), at 1 mL/min 

He-flow rate (split = 20:1) with a Shimadzu mass detector (EI 70 eV). 
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Synthesis towards aryl alkyl tethered compounds 
4-bromo-2-(but-3-en-1-yl)-1-fluorobenzene 

 
The title compound was prepared according to Wipf et al.112 and isolated in 

quantitative yield. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.37 – 7.25 (m, 1H), 6.92 (dd, J = 9.6, 

8.6 Hz, 1H), 5.84 (ddt, J = 16.9, 10.2, 6.6 Hz, 1H), 5.09 – 4.95 (m, 2H), 2.75 – 2.66 

(m, 2H), 2.41 – 2.29 (m, 2H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 160.80 (d, J = 244.8 Hz), 

137.87, 133.95 (d, J = 5.3 Hz), 131.68 (d, J = 17.6 Hz), 130.94 (d, J = 8.3 Hz), 

117.46 (d, J = 24.2 Hz), 116.74 (d, J = 3.3 Hz), 115.80, 34.41 (d, J = 1.3 Hz), 28.85 

(d, J = 1.9 Hz). 

GC-MS (EI +, 70 eV): m/z (%) 229.9 (19), 227.9 (19), 188.9 (97), 186.9 (100), 

149.1 (36), 133.05 (6), 109 (9), 108.05 (52), 107 (37), 101.05 (6). 

 

8-bromo-5-fluoronaphthalen-1-ol (60) 

 
The synthetic procedure was adapted from Wipf et al.112 Phenyl 

trimethylammonium tribromide (70.0 mg, 185 µmol, 1.0 equiv.) was added to a 

solution of 8-bromo-5-fluoro-3,4-dihydronaphthalen-1-one (61, 45.0 mg, 185 µmol, 

1.0 equiv.) in THF (2.0 ml). The reaction mixture was stirred at room temperature for 

30 min, quenched by addition of H2O (10 ml) and extracted with ethyl acetate 

(3 x  5 ml). The combined organic layers were washed with H2O (2 x 20 ml) and 

brine (20 ml), dried over anhydrous MgSO4, and concentrated under reduced 

pressure. 

The orange residue was dissolved in DMF (2 mL) and LiBr (34.1 mg, 389 µmol, 

2.1 equiv.) and Li2CO3 (44.0 mg, 592 µmol, 3.2 equiv.) were added. The suspension 

was heated up to 130 °C for 2 hours, cooled down to room temperature, and the 

solids were removed by filtration. The filtrate was washed with ethyl acetate 

(3 x 5 mL) and H2O (3 x 5 mL). The organic phase was washed with brine (50 ml), 
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dried over anhydrous MgSO4, and concentrated under reduced pressure. The crude 

product was purified by column chromatography (SiO2, cyclohexane: ethyl acetate 

5:1) to afford 8-bromo-5-fluoronaphthalen-1-ol (60, 28 mg, 116 µmol, 63%) as a 

beige solid. 
1H-NMR (250 MHz, CDCl3, 298 K, δ/ppm): 7.73 (dt, J = 8.4, 1.2 Hz, 1H), 7.56 

(dd, J = 8.3, 5.2 Hz, 1H), 7.48 (t, J = 8.0 Hz, 1H), 7.17 – 7.12 (m, 1H), 6.97 (dd, 

J = 9.6, 8.3 Hz, 1H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 158.94 (d, J = 253.0 Hz), 152.78 

(d, J = 3.5 Hz), 130.63 (d, J = 8.7 Hz), 128.27 (d, J = 1.7 Hz), 127.23 (d, 

J = 17.2 Hz), 121.65 (d, J = 4.7 Hz), 114.60 (d, J = 1.1 Hz), 113.59 (d, J = 7.9 Hz), 

110.10 (d, J = 22.2 Hz), 109.46 (d, J = 4.3 Hz). 

GC-MS (EI +, 70 eV): m/z (%) 241.95 (75) [M+H+], 239.95 (78) [M], 133.05 (100), 

132.10 (57), 131.05 (19), 66.50 (20). 

 

8-bromo-5-fluoro-3,4-dihydronaphthalen-1(2H)-one (61) 

 
The synthetic procedure was adapted from Wipf et al.112 4-(5-Bromo-2-

fluorophenyl)butanoic acid (64, 1.25 g, 4.79 mmol, 1.0 equiv.) was added to excess 

polyphosphoric acid. The reaction mixture was heated up to 120 °C for 1.5 hours, 

cooled down to room temperature, and ice water (100 ml) was added. The reaction 

mixture was transferred to a separation funnel, shaken until the polyphosphoric acid 

was fully decomposed, and extracted with ethyl acetate (3 x 50 ml). The combined 

organic layers were washed with aqueous NaOH solution (5%, 50 ml), H2O 

(2 x 100 ml) and brine. The organic phase was dried over anhydrous MgSO4, filtered 

off and the solvent was evaporated. The crude compound was purified by column 

chromatography (SiO2, cyclohexane: ethyl acetate 20:1) to afford of 8-bromo-5-

fluoro-3,4-dihydronaphthalen-1-one as an orange solid (61, 275 mg, 1.13 mmol, 

24%) as a brown solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.54 (dd, J = 8.7, 5.1 Hz, 1H), 7.05 (t, 

J = 8.6 Hz, 1H), 2.97 (t, J = 6.0 Hz, 2H), 2.71 (dd, J = 7.4, 6.0 Hz, 2H), 2.13 (p, 

J = 6.5 Hz, 2H). 
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13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 195.90 (d, J = 2.9 Hz), 159.20 

(d, J = 246.8 Hz), 134.30 (d, J = 7.6 Hz), 134.02 (d, J = 17.8 Hz), 132.29, 119.87 (d, 

J = 23.4 Hz), 116.16 (d, J = 3.6 Hz), 39.95, 22.92 (d, J = 4.4 Hz), 21.94; 

GC-MS (EI +, 70 eV): m/z (%) 243.85 (63) [M+H+], 241.90 (65) [M], 215.85 (73) 

[M-CO], 213.00 (76) [M-CO], 187.85 (36) [M-C3H4O], 185.85 (36) [M-C3H4O), 133.00 

(40), 108.00 (19), 107.00 (100), 81.00 (20), 57.05 (18). 

 

4-(5-bromo-2-fluorophenyl)butan-1-ol (62) 

 
The title compound was prepared according to Wipf et al.112 and isolated in 41% 

yield. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.32-7.23 (m, 2H), 6.88 (t, 1H, 

J = 9.0 Hz), 3.66 (t, 2H,   J = 6.2 Hz), 2.63 (t, 2H, J = 7.1 Hz), 1.73-1.54 (m, 4H); 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 160.4 (d, J = 243.6 Hz), 133.5 (d, 

J = 4.8 Hz), 131.7 (d, J = 17.5 Hz), 130.5 (d, J = 8.0 Hz), 117.2 (d, J = 23.9 Hz), 116.5 (d, 

J = 2.7 Hz), 62.8, 32.4, 28.7, 26.3; 

GC-MS (EI +, 70 eV): m/z (%) 246.10 (21), 202.00 (98), 200.00 (100), 189.00 

(32). 187.00 (33), 149.15 (71), 134.15 (51), 109.10 (50), 108.10 (58), 107.10 (47). 

 

4-(5-bromo-2-fluorophenyl)butanal (63) 

 
Dess-Martin periodinane (14.0 g, 32.0 mmol, 1.0 eq) was added to a stirred 

solution of 4-(5-bromo-2-fluorophenyl)butan-1-ol (62, 7.91 g, 32.0 mmol, 1.0 equiv.) 

in CH2Cl2 (15 mL). The mixture was stirred at room temperature overnight and  

quenched by the addition of an aqueous saturated Na2S2O3 solution (20 mL) 

followed by saturated aqueous NaHCO3 solution (20 mL). The mixture was 

extracted with CH2Cl2 (50 mL), dried over anhydrous MgSO4, and concentrated in 

vacuo. The crude product was purified by chromatography (SiO2, cyclohexane: ethyl 

acetate 5:1) to give 4-(5-bromo-2-fluorophenyl)butanal (63, 1.96 g, 8.00 mmol, 25%) 

as a white solid. 
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1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 9.78 (t, J = 1.4 Hz, 1H), 7.33 – 7.27 

(m, 2H), 6.91 (ddd, J = 9.5, 8.3, 0.6 Hz, 1H), 2.68 – 2.63 (m, 2H), 2.52 – 2.46 (m, 

2H), 1.98 – 1.90 (m, 2H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 201.83, 161.54, 159.10, 133.50 

(d, J = 5.1 Hz), 130.90 (d, J = 8.2 Hz), 130.62 (d, J = 17.6 Hz), 117.25 (d, 

J = 24.0 Hz), 116.62 (d, J = 3.3 Hz), 43.13, 28.20 (d, J = 2.1 Hz), 22.36 (d, 

J = 1.4 Hz). 

GC-MS (EI +, 70 eV): m/z (%) 245.95 (7), [M+H+], 243.95 (7) [M], 201.90 (98) 

[M-C2H4O], 199.90 (100) [M-C2H4O], 188.90 (20), 186.90 (21), 121.05 (42), 109.05 

(38), 108.05 (37), 107.05 (31). 

 

4-(5-bromo-2-fluorophenyl)butanoic acid (64) 

 
To an ice-cooled solution of 4-(5-bromo-2-fluorophenyl)butanal (63, 2.99 g, 

12.2 mmol, 1.0 equiv.) in CH2Cl2 (40 ml) was added NaHCO3 (2.05 g, 24.4 mmol, 

2.0 equiv.) and KMnO4 (2.14 g, 13.4 mmol, 1.1 equiv.). The mixture was stirred at 

room temperature for 20 hours then treated with a saturated aqueous NaHSO3 

solution (25 mL). The mixture was extracted with CH2Cl2 (2 x 50 mL). The organic 

phase was washed with aqueous HCl (1 m, 20 ml) and extracted with aqueous 

NaOH (1 m, 3 x 20 ml). The basic extract was acidified using concentrated aqueous 

HCl and extracted with CH2Cl2 (3 x 20 ml). The organic phase was dried over 

anhydrous Na2SO4, filtered off and evaporated to afford 4-(5-bromo-2-

fluorophenyl)butanoic acid (1.62 g, 6.19 mmol, 51%). 
1H-NMR (400 MHz, CD2Cl2, 298 K, δ/ppm): 7.37 – 7.34 (m, 1H), 7.34 – 7.29 (m, 

1H), 6.93 (dd, J = 9.6, 8.7 Hz, 1H), 2.72 – 2.65 (m, 3H), 2.39 (t, J = 7.4 Hz, 2H), 1.98 

– 1.88 (m, 3H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 179.66, 160.31 (d, 

J = 245.6 Hz), 133.49 (d, J = 5.0 Hz), 130.85 (d, J = 8.2 Hz), 130.53 (d, 

J = 17.5 Hz), 117.20 (d, J = 24.1 Hz), 116.57 (d, J = 3.3 Hz), 33.36, 28.15 (d, 

J = 2.2 Hz), 24.82 (d, J = 1.0 Hz). 

GC-MS (EI +, 70 eV): m/z (%) = 262.05 (22), 260.05 (23), 203 (20), 201.95 (60), 

201 (21), 200 (61), 189 (20), 187 (21), 108.1 (35), 107.1 (28), 60 (100). 
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N-(4-bromo-5,6,7,8-tetrahydronaphthalen-1-yl)acetamide 

 
The title compound was prepared according to Cronk et al.113 and isolated in 

quantitative yield. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.54 – 7.48 (m, 1H), 7.40 (d, 

J = 8.6 Hz, 1H), 6.84 (s, 1H), 2.75 (s, 2H), 2.59 (s, 2H), 2.20 (s, 3H), 1.79 (p, 

J = 3.6 Hz, 4H). 

GC-MS (EI +, 70 eV): m/z (%) 268.90 (35), 266.90 37), 226.90 (65), 225.90 

(73), 224.85 (69), 223.90 (67), 146.05 (100), 145.05 (43), 131.00 (33), 130.00 (49). 

 

N-(4-bromo-8-oxo-5,6,7,8-tetrahydronaphthalen-1-yl)acetamide 

 
The title compound was prepared according to Cronk et al.113 and isolated in 

91% yield. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 12.12 (s, 1H), 8.56 (dt, J = 9.1, 

0.7 Hz, 1H), 7.69 (d, J = 9.1 Hz, 1H), 3.04 (t, J = 6.2 Hz, 2H), 2.79 – 2.62 (m, 2H), 

2.23 (s, 3H), 2.15 – 2.07 (m, 2H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 203.14, 169.76, 144.25, 141.54, 

138.98, 120.04, 119.80, 117.59, 40.31, 31.54, 25.83, 21.90. 

GC-MS (EI +, 70 eV): m/z (%) 283.05 (28), 281.05(29), 241.00 (100), 239.00 

(99), 212.95 (29), 211.00 (30), 131.10 (16), 130.10 (23), 104.05 (29), 77.10 (21). 

 

8-amino-5-bromo-3,4-dihydronaphthalen-1(2H)-one (65) 

 
The title compound was prepared according to Cronk et al.113 and isolated in 

91% yield. 
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1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.41 (d, J = 8.8 Hz, 1H), 6.52 (dt, 

J = 8.8, 0.7  Hz, 1H), 2.95 (t, J = 6.2 Hz, 2H), 2.66 – 2.59 (m, 2H), 2.10 – 2.01 (m, 

3H). 

GC-MS (EI +, 70 eV): m/z (%) 240.90 (85), 238.90 (96), 212.90 (45), 210.85 

(46), 132.05 (33), 130.05 (34), 104.05 (100), 77.00 (54), 51.95 (27), 51.05 (37). 

 

5-bromo-8-iodo-3,4-dihydronaphthalen-1(2H)-one (66) 

 
To a solution of 5-bromo-8-amino-1-tetralone (8.38 g, 34.9 mmol, 1.0 equiv.) in 

acetonitrile (100 mL), pTsOH (18.0 g, 105 mmol, 3.0 equiv.) was added at room 

temperature and the resulting solution was stirred for 10 minutes. The reaction 

mixture was cooled down to 0 - 5 ºC. A solution of NaNO2 (3.56 g, 51.7 mmol, 

1.48 equiv.) in H2O (50 ml) was added and the reaction was stirred for 30 minutes. 

A solution of potassium iodide (14.5 g, 87.2 mmol, 2.5 equiv.) in H2O (30 ml) was 

dropwise added to the reaction mixture and stirred at 0 °C for 30 minutes. The 

reaction was allowed to reach room temperature and stirred over night. The reaction 

was diluted with H2O (100 mL), saturated aqueous NaHCO3 (50 ml) and saturated 

aqueous Na2S2O3 (25 mL). The mixture was extracted with ethyl acetate 

(3 x 150 ml). The organic phase was washed with H2O (3 x 150 ml) and brine 

(150 ml), dried over anhydrous Na2SO4. The solvent was evaporated and the crude 

was purified by column chromatography (SiO2, cyclohexane: ethyl acetate 20:1) to 

give 5-bromo-8-iodo-1-tetralone (66, 9.19 g, 26.2 mmol, 75%) as a beige solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.82 (d, J = 8.3 Hz, 1H), 7.32 (d, 

J = 8.4 Hz, 1H), 3.05 (t, J = 6.3 Hz, 2H), 2.76 – 2.68 (m, 2H), 2.21 – 2.09 (m, 2H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 196.38, 145.23, 142.05, 137.03, 

134.56, 125.56, 91.74, 77.41, 77.16, 76.91, 38.62, 31.43, 27.07, 21.73. 

GC-MS (EI +, 70 eV): m/z (%) 351.95 (97) [M+2H], 349.95 (100) [M], 323.90 

(63), 321.95 (66), 295.90 (26), 293.95 (26), 169.00 (25), 167.00 (27), 116.10 (42), 

115.10 (72), 89.10 (25), 88.05 (42), 87.10 (21), 74.05 (20), 63.05 (29),62.05 (30), 

55.05 (29). 
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5-bromo-8-iodonaphthalen-1-ol (67) 

 
The synthetic procedure was adapted from Wipf et al.112 To a solution of 5-

bromo-8-iodo-1-tetralone (66, 3.14 g, 8.95 mmol, 1.0 eq) in THF (10 ml) was slowly 

added phenyltrimethylammonium tribromide (3.70 g, 9.84 mmol, 1.1 equiv.). The 

reaction mixture was stirred at 24 °C for 16 hours. The reaction was quenched by 

addition of H2O and the mixture was extracted with ethyl acetate (3 x 10 ml). The 

combined organic phases were washed with brine (25 ml), dried over anhydrous 

Na2SO4, and concentrated under reduced pressure. The residue was dissolved in 

DMF (30 ml) and LiBr (1.65 g, 18.8 mmol, 2.1 equiv.) and Li2CO3 (2.12 g, 

28.6 mmol, 3.2 equiv.) were added. The suspension was heated up to 115 °C for 

90 minutes.At room temperature, H2O (50 ml) was added and the reaction mixture 

was extracted with ethyl acetate (3 x 50 ml). The organic phases were washed with 

H2O (3 x 100 ml) and brine (100 ml), dried over anhydrous Na2SO4, and 

concentrated under reduced pressure. The crude product was purified by column 

chromatography (SiO2, cyclohexane: ethyl acetate, 5:1) to afford the product (67, 

3.09 g, 8.85 mmol, 99%) as a brown solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.97 (dd, J = 8.5, 1.2 Hz, 1H), 7.88 

(d, J = 7.9 Hz, 1H), 7.50 (dd, J = 8.5, 7.7 Hz, 1H), 7.38 (d, J = 7.9 Hz, 1H), 7.12 (dd, 

J = 7.7, 1.2 Hz, 1H), 6.96 (1H, br, OH). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 151.85, 139.98, 134.51, 131.07, 

128.31, 125.25, 123.77, 121.51, 113.89, 84.39, 77.41, 77.16, 76.91. 

HRMS (ESI, -): m/z calcd. for C10H5BrIO [M-H]-: 346.8563, found: 346.8574. 

 

5-bromo-8-((triisopropylsilyl)ethynyl)naphthalen-1-ol (68) 

 
In a dry schlenk flask under argon atmosphere, 5-bromo-8-iodonaphthalen-1-ol 

(67, 100 mg, 287 µmol, 1.0 equiv.) was dissolved in NEt3 (6.0 ml) and purged with 

argon for 10 minutes. TIPS acetylene (61.2 μl, 0.273 mmol, 1.0 equiv.), CuI 
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(5.00 mg, 26.0 µmol, 0.09 equiv.) and Pd(dppf)Cl2 (20.0 mg, 27.3 µmol, 0.09 equiv.) 

were added and the reaction was stirred at room temperature for 20 hours. After 

completion, the reaction was diluted with ethyl acetate (10 ml) and washed with H2O 

(2 x 20 ml) and brine (20 ml). The organic phases were dried over anhydrous 

Na2SO4, the solvent was evaporated and the crude product was purified by column 

chromatography (SiO2, cyclohexane 100%) to give 5-bromo-8-

((triisopropylsilyl)ethynyl)naphthalen-1-ol (68, 100 mg, 248 μmol, 86%) as a brown 

solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 9.33 (s, 1H), 7.83 (dd, J = 8.5, 1.1 Hz, 

1H), 7.68 (d, J = 7.7 Hz, 1H), 7.50 (t, J = 8.1 Hz, 1H), 7.44 (d, J = 7.8 Hz, 1H), 7.07 

(dd, J = 7.7, 1.1 Hz, 1H), 1.20 – 1.17 (m, 18H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 154.26, 133.44, 132.53, 129.45, 

128.94, 125.46, 123.72, 119.97, 115.42, 113.04, 106.30, 101.50, 18.76, 11.41. 

 

5-(benzyloxy)-1-bromo-4-iodonaphthalene (70) 

 
In a dry schlenk tube, 5-bromo-8-iodonaphthalen-1-ol (67, 2.48 g, 7.11 mmol, 

1.0 equiv.) was dissolved in DMF (10 ml) and Cs2CO3 (1.40 g, 25.6 mmol, 

3.6 equiv.) was added. Benzyl bromide (980 µl, 8.03 mmol, 1.0 equiv.) was added 

and the reaction was heated up to 50 °C for 2 hours. After TLC showed full 

consumption of the starting material, H2O (20 ml) was added and the reaction was 

extracted with ethyl acetate (3 x 20 ml). The combined organic phases were washed 

with H2O (3 x 40 ml) and brine (50 ml), dried over anhydrous Na2SO4 and the solvent 

was removed. The crude product was purified by column chromatography (SiO2, 

cyclohexane: ethyl acetate 10:1) to give 5-(benzyloxy)-1-bromo-4-iodonaphthalene 

(70, 3.13 g, 7.10 mmol, 100%) as a brown oil. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.02 (d, J = 8.0 Hz, 1H), 7.90 (dd, 

J = 8.6, 1.0 Hz, 1H), 7.55 (m, 2H), 7.45 (dd, J = 8.6, 7.8 Hz, 1H), 7.42 – 7.32 (m, 

5H), 7.00 (dd, J = 7.7, 1.0 Hz, 1H), 5.30 (s, 2H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 155.38, 136.37, 134.27, 133.72, 

130.01, 128.46, 128.31, 128.15, 127.91, 126.49, 124.19, 120.71, 117.52, 108.76, 

84.80, 81.60, 71.55. 
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GC-MS (EI +, 70 eV): m/z (%) 439.60 (55), 437.65 (58), 361.60 (52), 359.60 (54), 

206.90 (100), 201.90 (57), 115.95 (48), 101.00 (67), 91.00 (91), 78.00 (49). 

 

((8-(benzyloxy)-4-bromonaphthalen-1-yl)ethynyl)trimethylsilane (71) 

 
A 250 mL round-bottomed flask under inert atmosphere was charged with 

(Ph3P)2PdCl2 (160 mg, 228 µmol, 0.1 equiv.), CuI (10.0 mg, 53.0 µmol, 0.02 eq), 

and 5-bromo-8-iodonaphthenol phenyl ether (70, 1.00 g, 2.28 mmol, 1.0 equiv.). 

THF (4.0 ml) and NEt3 (1.9 ml, 13.7 mmol, 6.0 equiv.) were added and the reaction 

was degassed by purging with argon for 10 minutes. Then, TMS acetylene (0.34 ml, 

2.39 mmol, 1.05 equiv.) was added and the reaction flask was stirred at room 

temperature for 72 hours. After the reaction was completed, the mixture was diluted 

with H2O (25 ml) and extracted with ethyl acetate (3 x 25 ml). The organic phases 

were washed with H2O (3 x 25 ml) and brine (50 ml), dried over anhydrous Na2SO4 

and filtered off. The solvent was evaporated and the crude was subjected to a short 

column (SiO2, pentane: ethyl acetate 22:1) to give the product (71, 757 mg, 

1.85 mmol, 81%) as a yellow solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.83 (dd, J = 8.6, 1.0 Hz, 1H), 7.70 

(d, J = 7.8 Hz, 1H), 7.56 (d, J = 7.9 Hz, 1H), 7.55 – 7.50 (m, 2H), 7.42 – 7.28 (m, 

5H), 6.89 (dd, J = 7.9, 1.0 Hz, 1H), 5.34 (s, 2H), 0.17 (s, 9H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 155.15, 137.12, 134.34, 133.69, 

129.95, 128.77, 127.93, 127.75, 127.44, 126.54, 123.86, 120.63, 118.41, 109.27, 

106.46, 98.59, 70.72, 0.14. 

GC-MS (EI +, 70 eV): m/z (%) 409.80 (39), 407.75 (35), 314.05 (31), 299.00 (20), 

206.90 (36), 135.00 (54), 91.05 (99), 78.00 (32), 75.00 (33), 73.05 (100). 
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5-(benzyloxy)-1-bromo-4-ethynylnaphthalene (72) 

 
In a round bottom flask ((8-(benzyloxy)-4-bromonaphthalen-1-

yl)ethynyl)trimethylsilane (71, 90.0 mg, 220 µmol, 1.0 equiv.) was dissolved in THF 

(3.0 ml). H2O (0.5 ml) and TBAF (1 m in THF, 0.33 ml, 330 µmol, 1.5 equiv.) were 

added and the reaction was stirred for 3 hours. After this time, there was still starting 

material, TBAF (1 m in THF, 0.33 ml, 330 µmol, 1.5 equiv.) was added and the 

reaction was stirred over night. After the reaction was complete, it was diluted with 

H2O (10 ml). The mixture was extracted with ethyl acetate (3 x 10 ml). The organic 

phases were washed with H2O and brine, dried over anhydrous Na2SO4 and purified 

by column chormatography (SiO2, cyclohexane: ethyl acetete 20:1) to give 5-

(benzyloxy)-1-bromo-4-ethynylnaphthalene (72, 70 mg, 208 µmol, 95%) as a brown 

oil. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.89 (dd, J = 8.6, 1.0 Hz, 1H), 7.72 

(d, J = 7.8 Hz, 1H), 7.58 – 7.52 (m, 3H), 7.48 (dd, J = 8.6, 7.8 Hz, 1H), 7.41 – 7.31 

(m, 3H), 7.00 (dd, J = 7.8, 1.0 Hz, 1H), 5.27 (s, 2H), 3.10 (s, 1H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 153.32, 141.08, 136.34, 134.32, 

131.29, 128.68, 128.24, 128.19, 127.66, 126.49, 124.15, 121.00, 108.95, 84.90, 

70.97. 

GC-MS (EI +, 70 eV): m/z (%) 337.85 (97), 336.90 (32), 335.85 (97), 254.90 

(38), 206.90 (100), 152.00 (32), 127.90 (42), 113.00 (40), 91.00 (40), 78.00 (34), 

73.00 (32). 

 

1,2-bis(8-(benzyloxy)-4-bromonaphthalen-1-yl)ethyne (73) 

 
In a dry three neck flask, 5-(benzyloxy)-1-bromo-4-iodonaphthalene (70, 

561 mg, 1.28 mmol, 1.2 equiv.), THF (10 ml) and NEt3 (885 µl) were added and the 

reaction mixture was degassed by purging with argon for 10 minutes. 5-(Benzyloxy)-
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1-bromo-4-ethynylnaphthalene (353 mg, 1.05 mmol, 1.0 equiv.) in THF (2.0 ml) was 

added via transfer cannula. CuI (10.0 mg, 53.0 µmol, 0.04 equiv.) and Pd(PPh3)4 

(60.7 mg, 53.0 µmol, 0.04 equiv.) were added and the reaction was further 

degassed. The reaction was stirred at room temperature for 17 hours. After the 

starting material was consumed, the reaction mixture was diluted with H2O (10 ml), 

extracted with ethyl acetate (3 x 20 ml). The organic phase was washed with an 

aqueous HCl solution (1 m, 20 ml), H2O (2 x 25 ml) and brine (50 ml). The organic 

phase was dried over anhydrous Na2SO4, filtered off and purified by column 

chromatography (SiO2, cyclohexane: ethyl acetate 20:1). The fractions containing 

product were further purified by recrystallization from ethyl acetate to give the 

product (73, 417 mg, 644 µmol, 61%) as a yellow solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm):  7.88 (dd, J = 8.6, 1.0 Hz, 2H), 7.51 

(d, J = 7.9 Hz, 2H), 7.47 (dd, J = 8.6, 7.8 Hz, 2H), 7.39 (dt, J = 8.1, 1.1 Hz, 3H), 7.08 

(d, J = 7.9 Hz, 2H), 7.00 – 6.88 (m, 8H), 5.18 (s, 4H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 155.85, 136.26, 133.73, 132.38, 

130.04, 128.25, 128.05, 127.72, 127.59, 126.20, 122.67, 120.52, 119.52, 108.23, 

95.63, 71.75. 
MALDI-TOF m/z = 645 [M+].  

 

8,8'-(ethyne-1,2-diyl)bis(5-bromonaphthalen-1-ol) (74) 

 
The synthetic procedure was carried out according to Akiyama et al.121 AlCl3 

(680 mg, 5.05 mmol, 6.6 equiv.) was added to a solution of 1,2-bis(8-(benzyloxy)-4-

bromonaphthalen-1-yl)ethyne (73, 498 mg, 768 µmol, 1.0 equiv.) and dimethyl 

aniline (1.0 ml, 7.76 mmol, 10 equiv.) in CH2Cl2 (40 ml) at room temperature. The 

mixture was stirred for 4 days and was quenched by the addition of an aqueous HCl 

solution (1 m, 10 ml). The reaction mixture was extracted with CH2Cl2 (3 x 50 ml). 

The organic phases were washed with saturated aqueous NaHCO3 solution (50 ml) 

H2O (2 x 150 ml), brine (200 ml) and dried over anhydrous Na2SO4. The crude was 

purified by column chromatography (SiO2, cyclohexane: ethyl acetate 5:1) to give 
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8,8'-(ethyne-1,2-diyl)bis(5-bromonaphthalen-1-ol) (74, 216 mg, 462 µmol, 60%) as 

a yellow solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.92 (dd, J = 8.5, 1.1 Hz, 1H), 7.88 

(s, 1H), 7.80 (d, J = 7.8 Hz, 1H), 7.62 (d, J = 7.8 Hz, 1H), 7.53 (dd, J = 8.5, 7.7 Hz, 

1H), 7.08 (dd, J = 7.7, 1.1 Hz, 1H). 
13C{1H}-NMR (126 MHz, d8-THF, 298 K, δ/ppm): 155.51, 134.71, 133.63, 

130.87, 129.59, 125.21, 124.75, 120.04, 118.10, 112.89, 96.35. 

HRMS (ESI, -): m/z calcd. for C22H11Br2O2 [M-H]-: 464.9120, found: 464.9131. 

 

3,10-dibromobenzo[de]benzo[4,5]chromeno[3,2-b]chromene (75) 

 
In a dry schlenk flask, 8,8'-(ethyne-1,2-diyl)bis(5-bromonaphthalen-1-ol) (74, 

53.0 mg, 113 µmol, 1.0 equiv.) was dissolved in DMF (5.0 ml). 1,3-Dibromopropane 

(11.1 μl, 107 µmol, 0.9 equiv.) was added, followed by K2CO3 (37.0 mg, 268 µmol, 

2.3 equiv.). The reaction was stirred at room temperature. TLC monitoring indicated 

complete consumption of the starting material after 1.5 hours. A saturated aquoeous 

NH4Cl solution was added and the mixture was extracted with CH2Cl2 (3 x 50 ml), 

washed with H2O (2 x 50 ml) and brine (2 x 50 ml). The crude was purified by column 

chromatography (SiO2, cyclohexane w. 6% Ethyl acetate) and subsequent size 

exclusion column chromatography (SX8 Biobeads, toluene) to give the title 

compound (75, 4.00 mg, 9.00 μmol, 7 %) a white solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.02 (d, J = 7.5 Hz, 2H), 7.97 (d, 

J = 7.5 Hz, 2H), 7.77 (dd, J = 8.6, 0.5 Hz, 2H), 7.67 (dd, J = 8.6, 7.3 Hz, 2H), 7.21 

(dd, J = 7.3, 0.5 Hz, 2H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 166.29, 150.15, 133.20, 130.59, 

130.30, 130.10, 128.73, 126.90, 120.79, 120.47, 107.01. 
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1,2-bis(8-(benzyloxy)-4-((2-(trimethylsilyl)ethyl)thio)naphthalen-1-yl)ethyne (79) 

 
NaOtBu (152 mg, 1.53 mmol, 2.55 equiv.), Pd2(dba)3 (27.5 mg, 30.0 μmol, 

0.5 equiv.) and Xantphos (17.7 mg, 30.0 mmol, 0.04 eq) were added into a dry 

schlenk tube under argon atmosphere. A solution of 1,2-bis(8-(benzyloxy)-4-

bromonaphthalen-1-yl)ethyne (73, 390 mg, 601 µmol, 1.0 equiv.) in dry toluene 

(3.0 ml) was added and the mixture was degassed by purging with argon. TMS 

ethanethiol (200 μl, 1.27 µmol, 2.1 equiv.) was added the sealed vial was heated up 

to 90 °C for 16 hours. The mixture was diluted with CH2Cl2 (15 ml) and washed with 

H2O (2 x 25 ml) and brine (30 ml). The crude was purified by column 

chromatography (SiO2, cyclohexane: ethyl acetate 20:1) and size exclusion column 

chromatography (SX3 Biobeads, toluene) to give the target compound (79, 411 mg, 

545 µmol, 91%) as a yellow oil. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.97 (dd, J = 8.5, 1.0 Hz, 2H), 7.48 – 

7.43 (m, 4H), 7.40 (dd, J = 8.6, 7.7 Hz, 2H), 7.27 (d, J = 7.1 Hz, 1H), 7.21 (d, 

J = 7.8 Hz, 2H), 7.00 – 6.91 (m, 7H), 5.23 (s, 4H), 3.06 – 2.98 (m, 4H), 1.03 – 0.96 

(m, 4H), 0.06 (s, 14H). 
MALDI-TOF m/z = 754 [M+]. 
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8,8'-(ethyne-1,2-diyl)bis(5-((2-(trimethylsilyl)ethyl)thio)naphthalen-1-ol) (80) 

 
The synthetic procedure was carried out according to Akiyama et al.121 To a 

solution of 1,2-bis(8-(benzyloxy)-4-((2-(trimethylsilyl)ethyl)thio)naphthalen-1-

yl)ethyne (79, 24.0 mg, 31.8 μmol, 1.0 equiv.) and dimethyl aniline (41.0 μl, 

318 μmol, 10 equiv.) in CH2Cl2 (5.0 ml), powdered AlCl3 (10.5 μl, 191 μmol, 

6.0 equiv.) was added at room temperature. The reaction was stirred for 16 hours, 

then quenched by addition of HCl (1 m, 5 ml) and extracted with CH2Cl2 (3 x 10 ml). 

The organic phases were washed with NaHCO3 (10 ml) and brine (2 x 50 ml). The 

organic phases were dried over Na2SO4 and the solvents were evaporated. The 

crude product was purified by column chromatography (SiO2, cyclohexane to 

cyclohexane: ethyl acetate 1:4) to give 80 (7.00 mg, 12.0 μmol, 38%) as a yellow 

solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.20 (s, 2H), 7.92 (dd, J = 8.5, 1.1 Hz, 

2H), 7.69 (d, J = 7.7 Hz, 2H), 7.45 (dd, J = 8.5, 7.6 Hz, 2H), 7.36 (d, J = 7.8 Hz, 2H), 

7.05 (dd, J = 7.6, 1.1 Hz, 2H), 3.12 – 3.05 (m, 4H), 1.07 – 1.00 (m, 4H), 0.08 (s, 

20H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 153.61, 139.03, 133.57, 132.12, 

127.59, 123.74, 122.53, 117.49, 112.62, 112.28, 95.85, 29.21, 16.52, -1.57. 

 

1,2-bis(8-(benzyloxy)-4-(methylthio)naphthalen-1-yl)ethyne (82) 

 
To a solution of 1,2-bis(8-(benzyloxy)-4-bromonaphthalen-1-yl)ethyne (73, 

500 mg, 771 μmol, 1.0 equiv.) in dry THF (3.0 ml) was added a solution of nBuLi 
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(2.5 m in hexane, 678 μl, 2.2 equiv.) at -78 °C. The mixture was stirred for 1 hour at 

-78 °C, then dimethyl disulfide (164 μl, 1.85 mmol, 2.4 equiv.) was added, and the 

resulting mixture was stirred for 1 hour at room temperature. The mixture was 

poured into a saturated aqueous NH4Cl solution (50 ml) and was extracted with 

CH2Cl2 (3 x 50 ml). The combined organic extracts were washed with H2O (2 x 

100 ml) and brine (100 ml) and dried over anhydrous MgSO4. The mixture was 

filtered off and concentrated under reduced pressure. Recrystallization from toluene 

afforded 82 (315 mg, 541 μmol, 70%) as a yellow solid. 
1H-NMR (400 MHz, THF-d8, 298 K, δ/ppm): 7.80 (dd, J = 8.5, 1.0 Hz, 2H), 7.52 

– 7.47 (m, 5H), 7.36 (dd, J = 8.5, 7.8 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 7.17 (d, 

J = 7.8 Hz, 2H), 7.03 – 6.96 (m, 9H), 5.31 (s, 4H), 2.56 (s, 6H). 
13C{1H}-NMR (126 MHz, THF- d8, 298 K, δ/ppm): 157.20, 138.35, 137.09, 

134.15, 133.16, 129.09, 128.66, 128.26, 127.12, 126.23, 123.36, 118.06, 117.87, 

109.13, 96.33, 72.00, 15.79. 
MALDI-TOF m/z = 528.018 [M+], 490.92 [M-Bn+] 

 

8,8'-(ethyne-1,2-diyl)bis(5-(methylthio)naphthalen-1-ol) (83) 

 
The synthetic procedure was carried out according to Akiyama et al.121 To a 

solution of 1,2-bis(8-(benzyloxy)-4-(methylthio)naphthalen-1-yl)ethyne (82, 

21.6 mg, 37.1 μmol, 1.0 equiv.) and dimethyl aniline (47.8 μl, 371 μmol, 10 equiv.) 

in CH2Cl2 (4.0 ml), powdered AlCl3 (31.0 mg, 230 μmol, 6.0 equiv.)) was added at 

room temperature. After two hours, another portion of AlCl3 (29.0 mg, 215 μmol, 

6.0 equiv.) was added and the reaction was stirred for another hour. The reaction 

mixture was poured in aqueous HCl (1 m, 50 ml) and extracted with CH2Cl2 

(3 x 25 ml). The combined organic phases were washed with saturated aqueous 

NaHCO3 (50 ml), water (2 x 50ml) and brine (50 ml). The organic phase was dried 

over Na2SO4 and the solvents were evaporated. The crude product was purified by 

column chromatography (Si2O, Toluene) to give 83 (9.00 mg, 22.0 μmol, 60%) as a 

yellow solid. 
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1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.24 (s, 2H), 7.83 (dd, J = 8.5, 1.1 Hz, 

2H), 7.70 (d, J = 7.8 Hz, 2H), 7.45 (dd, J = 8.6, 7.7 Hz, 2H), 7.26 (d, J = 7.8 Hz, 2H), 

7.05 (dd, J = 7.7, 1.1 Hz, 2H), 2.62 (s, 6H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 153.65, 139.89, 132.73, 132.23, 

127.62, 122.26, 121.15, 116.86, 112.69, 111.78, 95.69, 15.63. 

HRMS (ESI, +): m/z calcd. for C24H18O2S2Na [M+Na]+: 425.0640, found: 

425.0634. 

 

1-bromo-4-iodo-5-((4-methoxybenzyl)oxy)naphthalene (85) 

 
A two neck round bottom flask charged with K2CO3 (90.0 mg, 651 µmol, 

1.5 equiv.) was heated under vacuum and refilled with argon. 5-Bromo-8-

iodonaphthalen-1-ol (67, 150 mg, 430 µmol, 1.0 equiv.) was added and dissolved in 

DMF (2.0 ml). PMB chloride (61.0 μl, 452 µmol, 1.0 equiv.) was added and the flask 

was heated up to 60 °C. After 2 hours, H2O (10 ml) was added and the aqueous 

phase was extracted with ethyl acetate (3 x 25 ml). The organic phases were 

washed with H2O (2 x 50 ml) and brine (100 ml), the organic phase was dried over 

anhydrous Na2SO4 and filtered off. The solvent was evaporated and the crude was 

purified by column chromatography (SiO2, cyclohexane: ethyl acetetate 20:1) to give 

the 1-Bromo-4-iodo-5-((4-methoxybenzyl)oxy)naphthalene (85, 148 mg, 315 µmol, 

74%) as a beige solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.01 (d, J = 8.0 Hz, 1H), 7.89 (dd, 

J = 8.6, 1.0 Hz, 1H), 7.50 – 7.44 (m, 3H), 7.35 (d, J = 8.0 Hz, 1H), 7.02 (d, 

J = 7.7 Hz, 1H), 6.95 – 6.89 (m, 2H), 5.22 (s, 2H), 3.82 (s, 3H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 159.62, 153.38, 141.05, 134.30, 

131.27, 130.06, 128.26, 127.67, 126.44, 124.14, 120.86, 114.02, 108.81, 85.00, 

70.78, 55.42. 

HRMS (ESI, -): m/z calcd. for C18H13BrIO2 [M-H]-: 466.9149, found: 466.9155. 
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((4-bromo-8-((4-methoxybenzyl)oxy)naphthalen-1-yl)ethynyl)trimethylsilane (86) 

 
A dry schlenk tube under argon atmosphere was charged with 1-bromo-4-iodo-

5-((4-methoxybenzyl)oxy)naphthalene (85, 169 mg, 360 µmol, 1.0 equiv.), 

Pd(PPh3)4 (50.0 mg, 43.3 µmol, 0.1 equiv.) and CuI (18.0 mg, 94.5 µmol, 0.2 

equiv.). NEt3 (600 μl) and dry THF (1.5 ml) were added and the mixture was 

degassed by purging with argon for 10 minutes. TMS acetylene (51.8 μl, 36.4 µmol, 

1.0 equiv.) was addedEthyl acetate (15 ml) and H2O (20 ml) were added and the 

mixture was extracted with ethyl acetate (3 x 25 ml) and the combined organic 

phases were washed with H2O (3 x 50 ml) and brine (100 ml). The organic phases 

were dried over anhydrous Na2SO4, filtered off and the solvent was removed under 

reduced pressure. The crude product was purified by column chromatography (SiO2, 

cyclohexane: toluene 5:1 to 1:1) to give 86 (117 mg, 266 µmol, 74%) as a yellow 

solid. 
1H-NMR (500 MHz, CDCl3, 298 K, δ/ppm): 7.82 (dd, J = 8.6, 1.0 Hz, 1H), 7.69 

(d, J = 7.9 Hz, 1H), 7.55 (d, J = 7.9 Hz, 1H), 7.46 – 7.42 (m, 2H), 7.39 (dd, J = 8.6, 

7.8 Hz, 1H), 6.91 – 6.87 (m, 4H), 5.27 (s, 2H), 3.79 (s, 3H), 0.18 (s, 9H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 159.42, 155.12, 134.36, 133.67, 

129.90, 129.12, 129.07, 127.74, 126.55, 123.86, 120.51, 118.41, 114.19, 109.31, 

106.52, 98.54, 70.45, 55.41, 0.16. 

HRMS (ESI, +): m/z calcd. for C23H24BrO2Si [M+H]+: 439.0723, found: 439.0717. 

 

1-bromo-4-ethynyl-5-((4-methoxybenzyl)oxy)naphthalene (87) 

 
((4-Bromo-8-((4-methoxybenzyl)oxy)naphthalen-1-yl)ethynyl)trimethylsilane 

(86, 150 mg, 341 µmol, 1.0 equiv.) was dissolved in THF (3.0 ml) and H2O (1.0 ml) 

in a argon-flushed two-neck flask. The mixture was degassed by purging with argon 

for 10 minutes. A TBAF solution (1 m in THF, 3.41 ml, 10 equiv.) was added, 

whereupon the solution turned dark-brown. The reaction was stirred at room 
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temperature for 18 hours. The reaction was quenched by the addition of H2O and 

the mixture was extracted with ethyl acetate (3 x 25 ml). The combined organic 

phase was washed with H2O (3 x 100 ml) and brine (100 ml), dried over anhydrous 

Na2SO4 and filtered off. The crude was purified by column chromatography (SiO2, 

cyclohexane: ethyl acetate 10:1) to give 87 (114 mg, 310 µmol, 91%) as a white 

solid. 
1H-NMR (500 MHz, CDCl3, 298 K, δ/ppm): 7.87 (dd, J = 8.6, 1.0 Hz, 1H), 7.71 

(q, J = 7.8 Hz, 1H), 7.53 (t, J = 7.8 Hz, 1H), 7.50 – 7.46 (m, 3H), 7.01 (dd, J = 7.8, 

1.0 Hz, 1H), 6.93 – 6.89 (m, 2H), 5.19 (s, 2H), 3.82 (s, 3H), 3.09 (s, 1H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 159.58, 155.41, 134.21, 133.71, 

129.99, 129.98, 128.42, 127.91, 126.50, 124.16, 120.58, 117.55, 113.79, 108.71, 

84.80, 81.61, 71.27, 55.43. 

HRMS (ESI, +): m/z calcd. for C20H15BrO2Na [M+Na]+: 389.0148, found: 

389.0143. 

 

1,2-bis(4-bromo-8-((4-methoxybenzyl)oxy)naphthalen-1-yl)ethyne (88) 

 
A dry Schlenk tube under argon atmosphere was charged with 1-bromo-4-iodo-

5-((4-methoxybenzyl)oxy)naphthalene (85, 49.7 mg, 106 µmol, 1.0 equiv.), CuI 

(4.04 mg, 21.2 µmol, 0.2 equiv.), Pd(PPh3)4 (24.5 mg, 21.2 µmol, 0.2 equiv.), NEt3 

(700 μl) and dry THF (1.0 ml). The reaction was degassed by purging with argon for 

5 minutes. A solution of 1-bromo-4-ethynyl-5-((4-methoxybenzyl)oxy)naphthalene 

(87, 38.9 mg, 106 µmol, 1.0 equiv.) was added and the reaction mixture was further 

degassed for 10 minutes. The color of the solution changed from brown to white. 

After 2 hours, the starting material was consumed, as indicated by TLC. The 

reaction was diluted with CH2Cl2 (5 ml) and H2O (10 ml). The reaction was extracted 

with CH2Cl2 (3 x 25 ml). The combined organic phases were washed with H2O 

(3 x 100 ml) and brine (100 ml). The organic phase was dried over anhydrous 

Na2SO4 and filtered off. The solvent was removed and the crude was purified by 
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sequential recrystallization from n-heptane and ethyl acetate to give the product (88, 

9.00 mg, 13.0 µmol, 12%) a yellow solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.89 – 7.85 (m, 2H), 7.49 (t, 

J = 8.2 Hz, 4H), 7.30 – 7.27 (m, 2H), 7.00 (d, J = 7.9 Hz, 3H), 6.33 (d, J = 8.6 Hz, 

3H), 5.07 (s, 4H), 3.54 (s, 6H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 159.02, 155.82, 133.44, 129.79, 

129.68, 127.88, 127.45, 125.89, 120.16, 119.41, 113.29, 107.61, 95.39, 71.32, 

54.93. 

HRMS (ESI, +): m/z calcd. for C38H28Br2O4Na [M+Na]+: 729.0247, found: 

729.0235. 

 

1,3-Bis((trifluoromethyl)sulfonyl)propane 

 
1,3-Bis((trifluoromethyl)sulfonyl)propane was prepared according to literature 

procedure and isolated in 71% yield.143 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 4.68 (t, J = 5.8 Hz, 4H), 2.37 (p, 

J = 5.8 Hz, 2H). 

 

1,4-bis((trifluoromethyl)sulfonyl)butane 

 
1,4-Bis((trifluoromethyl)sulfonyl)butanewas prepared according to literature 

procedure and isolated in 8% yield.143 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 4.66 – 4.55 (m, 4H), 2.06 – 1.97 (m, 

4H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 120.33, 75.89, 25.53. 

 

5-(allyloxy)-1-bromo-4-iodonaphthalene (91) 

 
To 5-bromo-8-iodonaphthalen-1-ol (67, 500 mg, 1.43 mol, 1.0 equiv.) in acetone 

(40 mL) were added K2CO3 (395 mg, 2.86 mmol, 2.0 equiv.) and allyl bromide 
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(149 μL, 1.72 mmol, 1.2 equiv.) and heated to 60 °C for 2 hours. After the reaction 

was complete, it was cooled to room temperature, diluted with H2O (100 ml). The 

aqueous phase was extracted with ethyl acetate (3 x 50 ml) and the combined 

organic phases were washed with water (3 x 100 ml) and brine (100 ml). The crude 

product was purified by column chromatography (SiO2, cyclohexane: ethyl acetate 

10:1) to give 91 (495 mg, 1.27 mmol, 89%). 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.04 (d, J = 7.9 Hz, 1H), 7.93 (dd, 

J = 8.6, 1.1  Hz, 1H), 7.52 (dd, J = 8.6, 7.8  Hz, 1H), 7.39 (d, J = 7.9  Hz, 1H), 7.03 

(dd, J = 7.8, 1.0  Hz, 1H), 6.31 (ddt, J = 17.2, 10.5, 5.6  Hz, 1H), 5.49 (dq, J = 17.3, 

1.5  Hz, 1H), 5.37 (dq, J = 10.5, 1.3  Hz, 1H), 4.77 (dt, J = 5.6, 1.5  Hz, 2H). 
13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 153.38, 141.02, 134.30, 133.21, 

131.27, 127.67, 126.44, 124.16, 120.97, 118.51, 108.77, 84.93, 70.47. 

GC-MS (EI +, 70 eV): m/z (%) 389.60 (97), 387.60 (98), 181.95 (87), 180.95 (78), 

154.00 (42), 153.00 (77), 152.00 (100), 127.00 (50), 126.00 (50), 76.00 (55). 

 

7-bromo-2H-naphtho[1,8-bc]oxepine (93) 

 
A vacuum dried Schlenk flask was filled with 5-(allyloxy)-1-bromo-4-

iodonaphthalene (91, 200 mg, 514 μmol, 1.0 equiv.), dry THF (8.0 ml) and 

triethylamine (433 μl) and degassed with Argon. Pd(PPh3)2Cl2 (10 mol-%), CuI 

(7 mol-%) and finally TMS acetylene (76.8 μl, 540 μmol, 1.0 equiv.) was added and 

the reaction mixture was stirred at 24 °C for 72 hours. After the reaction was 

completed, the mixture was diluted with H2O and extracted with ethyl acetate (3 x 

25 ml). The organic phase was washed with H2O (3 x 50 ml) and brine (100 ml), 

dried over Na2SO4 and filtered. The solvent was evaporated and the crude was 

subjected to a column (SiO2, cyclohexane: ethyl acetate 10:1) to afford the product 

of the intramolecular Heck reaction 7-bromo-2H-naphtho[1,8-bc]oxepine (93, 

27.0 mg, 103 μmol, 20%) as the only product. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.81 (dd, J = 8.5, 1.0 Hz, 1H), 7.77 

(d, J = 7.8 Hz, 1H), 7.53 – 7.45 (m, 2H), 7.04 (dd, J = 7.6, 1.0 Hz, 1H), 5.81 (s, 1H), 

5.32 (t, J = 1.3 Hz, 1H), 4.82 (t, J = 1.0 Hz, 2H). 
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13C{1H}-NMR (101 MHz, CDCl3, 298 K, δ/ppm): 153.27, 137.30, 132.83, 130.21, 

128.97, 128.16, 122.96, 121.43, 119.85, 119.06, 111.58, 111.19, 70.56. 

 

1,3-bis((5-bromo-8-iodonaphthalen-1-yl)oxy)propane (94) 

 
5-Bromo-8-iodonaphthalen-1-ol (67, 200 mg, 573 μmol, 2.0 equiv.) and K2CO3 

(158 mg, 1.14 mmol, 4.0 equiv.) were added to dry DMF (3 ml) and stirred for 

30 minutes. Then, 1,3-bis((trifluoromethyl)sulfonyl)propane (97.3 mg, 286 μmol, 

1.0 equiv.) was added dropwise and the reaction was heated to 50 °C for 16 hours. 

Then, the reaction was diluted with H2O (20 ml) and extracted with CH2Cl2 

(3 x 50 ml). The organic phase was washed with H2O (3x 100 ml), brine (100 ml) 

and then dried with MgSO4. The solvent was removed under reduced pressure and 

the crude product is purified by recrystallization from heptane to give the product 

(94, 4.0 mg, 1 μmol, 2%) as a brown solid. 
1H-NMR (400 MHz, C6D6, 298 K, δ/ppm): 7.96 (dd, J = 8.6, 1.0 Hz, 2H), 7.71 (d, 

J = 8.0 Hz, 2H), 7.12 (dd, J = 8.6, 7.8 Hz, 2H), 6.91 (d, J = 8.0 Hz, 2H), 6.60 (dd, 

J = 7.9, 1.1 Hz, 2H), 4.05 (t, J = 6.0 Hz, 4H), 2.38 (p, J = 5.9 Hz, 2H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 184.84, 153.47, 140.88, 134.22, 

131.15, 127.69, 125.97, 120.67, 107.75, 66.69, 52.54. 

 

1-bromo-5-(4-bromobutoxy)-4-iodonaphthalene (97) 

 
The procedure was adapted from Cuthbert et al.144 5-Bromo-8-iodonaphthalen-

1-ol (67, 237 mg, 679 μmol, 1.0 equiv.) and K2CO3 (375 mg, 2.71 mmol, 4.0 equiv.) 

were added to dry DMF (5 ml) and stirred for 30 minutes. Then, 1,4‐dibromobutane 

(81 μl, 678 μmol, 1.0 equiv.) was added and the reaction was stirred at 24 °C for 

16 hours. Then, the reaction was diluted with H2O (20 ml) and extracted with CH2Cl2 

(3x 50 ml). The organic phase was washed with H2O (3x 100 ml), brine (100 ml) and 

then dried with MgSO4. The solvent is removed under reduced pressure and the 

crude product is purified by recrystallization from heptane to give 97 (156 mg, 

322 μmol, 48%) as a beige solid. 
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1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.02 (d, J = 8.0 Hz, 1H), 7.89 (dd, 

J = 8.6, 1.0 Hz, 1H), 7.50 (dd, J = 8.6, 7.8 Hz, 1H), 7.36 (d, J = 8.0 Hz, 1H), 6.96 

(dd, J = 7.8, 1.1 Hz, 1H), 4.18 (t, J = 5.7 Hz, 2H), 3.53 (t, J = 6.2 Hz, 2H), 2.30 – 

2.14 (m, 4H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 153.63, 141.05, 134.33, 131.28, 

127.74, 126.10, 124.23, 120.72, 107.58, 84.91, 68.63, 33.71, 29.95, 27.66. 

HRMS (ESI, +): m/z calcd. for C14H13Br2IOK [M+K]+: 522.7989, found: 522.7992 

 

1,4-bis((5-bromo-8-iodonaphthalen-1-yl)oxy)butane (98) 

 
To a Schlenk tube charged with dry K2CO3 (171 mg, 1.24 mmol, 4.0 equiv.) was 

added 5-bromo-8-iodonaphthalen-1-ol (67, 119 mg, 341 μmol, 1.1 equiv.) in DMF 

(2 ml) and stirred for 15 minutes. Then, 1-bromo-5-(4-bromobutoxy)-4-

iodonaphthalene (97, 150 mg, 310 mmol, 1.0 equiv.) in DMF (2 ml) was added. The 

mixture was stirred at room temperature for 21 hours. The reaction was diluted with 

H2O (50 ml) and extracted CH2Cl2 (3x 50 ml). The organic phase was washed with 

H2O (3x 100 ml) and brine (100 ml), dried over Na2SO4 and filtered. The solvent was 

evaporated to give a brown solid. Heptane (5 ml) was added and the suspension 

was sonicated for 10 minutes. The suspension was filtered off and the solid was 

collected to give 1,4-bis((5-bromo-8-iodonaphthalen-1-yl)oxy)butane (98, 80 mg, 

106 μmol, 34%) as a brown solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.00 (d, J = 7.9 Hz, 2H), 7.87 (dd, 

J = 8.6, 1.0 Hz, 2H), 7.52 – 7.46 (m, 2H), 7.35 (d, J = 7.9 Hz, 2H), 6.99 (d, 

J = 7.8 Hz, 2H), 4.31 – 4.24 (m, 4H), 2.41 – 2.35 (m, 4H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 141.00, 131.25, 127.75, 126.14, 

124.23, 120.62, 107.70, 85.02, 69.24, 26.36. 
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Synthesis towards benzyl ether tethered structures 
5-bromo-4-iodonaphthalen-1-amine (109) 

 
To 5-bromonaphthalen-1-amine (110, 4.33 g, 19.5 mmol, 1.0 eq) in DMSO 

(50 ml) was added NIS (4.52 mg, 19.5 mmol, 1.0 equiv.) and the mixture was stirred 

at room temperature for 13 h. The mixture was quenched with saturated aqueous 

NaHCO3 (50 ml) and extracted with ethyl acetate (3 x 50 ml). The organic phase 

was washed with H2O (3 x 100 ml) and brine (100 ml), dried over anhydrous Na2SO4 

and the solvent was evaporated. The crude was purified by column chromatography 

(SiO2, cyclohexane: ethyl acetate 5:1) to give 5-bromo-4-iodonaphthalen-1-amine 

(109, 4.74 g, 13.6 mmol, 70%) as a brown solid. 
1H-NMR (400 MHz, CD2Cl2, 298 K, δ/ppm): 7.85 – 7.76 (m, 3H), 7.42 (dd, 

J = 9.0, 0.9 Hz, 1H), 7.31 (dd, J = 8.6, 7.5 Hz, 1H), 4.79 (2H). 
13C{1H}-NMR (101 MHz, CD2Cl2, 298 K, δ/ppm): 143.51, 137.17, 132.88, 

130.99, 126.25, 124.07, 123.69, 121.63, 119.07, 80.24. 

HRMS (ESI, +): m/z calcd. for C10H7BrIN [M+H]+: 347.8879, found: 347.8880. 

 

5-bromonaphthalen-1-amine (110) 

 
1-Bromo-5-nitronaphthalene (5.00 g, 19.8 mmol, 1.0 eq) and iron (11.1 g, 

198 mmol, 10.0 eq) were suspended in ethanol (175 ml). An aqueous HCl solution 

(1 m, 20 ml) was added dropwise while the mixture was stirred. The reaction mixture 

was heated up to 50 °C for 4 hours. The suspension was filtered over a plug of celite. 

The filtrate was diluted with ethyl acetate and H2O. The organic phase was 

separated and washed with saturated aqueous NaHCO3 (2 x 50 ml) and brine 

(100 ml). The aqueous phase was extracted with ethyl acetate. The combined 

organic layer was dried over anhydrous Na2SO4 and the solvent was evaporated to 

give 5-bromonaphthalen-1-amine (110, 4.40 g, 19.8 mmol, 100%) as a brown solid. 
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1H-NMR (250 MHz, CDCl3, 298 K, δ/ppm): 7.83 – 7.68 (m, 3H), 7.39 (dd, J = 8.5, 

7.4 Hz, 1H), 7.28 (dd, J = 8.4, 7.4 Hz, 1H), 6.84 (dd, J = 7.4, 1.0 Hz, 1H), 4.18 (s, 

2H). 
13C{1H}-NMR (63 MHz, CDCl3, 298 K, δ/ppm): 142.42, 132.93, 130.13, 127.76, 

124.90, 124.76, 123.67, 120.74, 118.18, 110.70. 

HRMS (ESI, +): m/z calcd. for C10H8BrN [M+H]+: 221.9913, found: 221.9897. 

 

4-bromo-8-iodo-1-naphthoic acid (112) 

 
The synthetic procedure was adapted from Vyskočil et al.141 6-Bromobenzoindol-

2-one (114, 660 mg, 2.66 mmol, 1.0 equiv.) was suspended in a solution of NaOH 

(266 mg, 6.65 mmol, 2.5 equiv.) in a 1:1 H2O/methanol mixture (20 ml). The mixture 

was heated to reflux for 20 hours, then cooled down to room temperature and 

concentrated HCl (1.31 ml, 16.0 mmol, 6.0 equiv.) was slowly added. The mixture 

was cooled down to – 5 °C and NaNO2 (266 mg, 3.86 mmol, 1.45 equiv.) was slowly 

added. The mixture was stirred for 15 minutes, then a solution of NaI (797 mg, 

5.32 mmol, 2.0 equiv.) in H2O (100 ml) was added. The resulting mixture was stirred 

at 0 °C for 1 hour, then warmed to room temperature for 2 hours and finally heated 

to 50 °C for 2 hours. The reaction mixture was extracted with toluene (4 x 100 ml), 

the organic phases were washed with 10% aqueous Na2S2O3 (2 x 50 ml), brine 

(50 ml) and dried over anhydrous MgSO4. The solution was filtered off and the 

solvents were evaporated. The crude was purified by column chromatography (SiO2, 

cyclohexane: ethyl acetate 10:1) to give 5-bromo-8-iodo-1-naphthoic acid (112, 

302 mg, 801 µmol, 30%) as a yellow solid. 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 8.29 (d, J = 8.3 Hz, 1H), 8.21 (d, 

J = 7.1 Hz, 1H), 7.92 (dd, J = 8.3, 7.1 Hz, 1H), 7.79 (d, J = 7.8 Hz, 1H), 7.06 (d, 

J = 7.7 Hz, 1H). 
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5-bromobenzo[cd]indol-2(1H)-one (114) 

 
The synthetic procedure was adapted from Vyskočil et al.141 To a solution of 

benzo-indol-2-one (5.01 g, 29.6 mmol, 1.0 equiv.) in acetic acid (60 ml), bromine 

(1.52 mol, 29.6 mmol, 1.0 equiv.) in acetic acid (10 ml) was added at room 

temperature. The reaction mixture was stirred for 3 days at room temperature. The 

solution was filtered off and the filtrate was dissolved in CH2Cl2 (200 ml), washed 

with saturated aqueous Na2SO3 solution (2x 50 ml), H2O (100 ml) and brine 

(100 ml). The organic phase was dried over anhydrous Na2SO4, filtered off and the 

solvent was evaporated. The crude was purified by column chromatography (SiO2, 

cyclohexane: ethyl acetate 3:1) to afford 6-bromobenzoindol-2-one (114, 5.39 g, 

21.7 mmol, 73%). 
1H-NMR (250 MHz, CDCl3, 298 K, δ/ppm): 8.20 (d, J = 8.6 Hz, 1H), 8.12 (d, 

J = 7.0 Hz, 1H), 7.84 (dd, J = 8.3, 7.1 Hz, 1H), 7.67 (d, J = 7.5 Hz, 1H), 6.84 (d, 

J = 7.5 Hz, 1H). 

GC-MS (EI +, 70 eV): m/z (%) 247.95 (97) [M+H+], 221.95 (15), 219.95 (15), 

193.95 (24), 191.95 (25), 113.05 (100), 87.05 (25), 86.05 (23), 63.05 (35), 56.1 (19). 

 

5-bromo-4-((trimethylsilyl)ethynyl)naphthalen-1-amine (115) 

 
A dry schlenk tube under argon atmosphere was charged with 5-bromo-4-

iodonaphthalen-1-amine (109, 487 mg, 140 mmol, 1.0 equiv.), dry THF (3.0 ml) and 

piperidine (1.0 ml) and the mixture was purged with argon for 10 min. TMS acetylene 

(199 µl, 1400 mmol, 1.0 equiv.) was added and the reaction mixture was purged 

with argon for 10 min. (Ph3P)2PdCl2 (49.1 mg, 70.0 µmol, 0.05 equiv.) and CuI 

(16.3 mg, 84.0 µmol, 0.06 equiv.) were added. The reaction mixture was stirred at 

room temperature for 3 hour. The reaction mixture was filtered over celite and 

washed with ethyl acetate. The solution was washed with H2O and brine, dried over 

anhydrous Na2SO4 and filtered off. The solvents were evaporated and the crude 
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was purified by column chromatography (SiO2, cyclohexane: ethyl acetate 5:1) to 

give 5-bromo-4-((trimethylsilyl)ethynyl)naphthalen-1-amine (115, 351 mg, 

1.10 mmol, 79%) as a brown solid. 
1H-NMR (400 MHz, CD2Cl2, 298 K, δ/ppm): 7.84 – 7.75 (m, 2H), 7.55 (dd, 

J = 8.9, 0.9 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.31 (dd, J = 8.5, 7.4 Hz, 1H), 4.97 (s, 

2H), 0.30 (s, 9H). 
13C{1H}-NMR (101 MHz, CD2Cl2, 298 K, δ/ppm): 146.15, 132.90, 131.38, 

130.11, 125.85, 123.82, 123.79, 121.42, 116.94, 103.03, 102.28, 101.78, 0.19. 

HRMS (ESI, +): m/z calcd. for C15H16BrN [M+H]+: 318.0308, found: 318.0309. 

 

5-bromo-4-ethynylnaphthalen-1-amine (116) 

 
5-Bromo-4-((trimethylsilyl)ethynyl)naphthalen-1-amine (115, 75.0 mg, 236 µmol, 

1.0 eq) was dissolved in methanol: CH2Cl2 (3:1; 10 ml) in a H2SO4-rinsed round 

bottom flask. Excess K2CO3 was added and the reaction was stirred at room 

temperature for 1 hour. After the reaction was complete the solution was extracted 

with ethyl acetate, washed with H2O and brine and dried over anhydrous Na2SO4. 

The solvent was evaporated and the crude was purifed by column chromatography 

(SiO2, cyclohexane: ethyl acetate 10:3) to give 5-bromo-4-ethynylnaphthalen-1-

amine (116, 55.0 mg, 223 µmol, 95%). 
1H-NMR (400 MHz, CDCl3, 298 K, δ/ppm): 7.80 – 7.76 (m, 2H), 7.60 (dd, J = 8.8, 

0.9 Hz, 1H), 7.47 (d, J = 8.8 Hz, 1H), 7.30 (dd, J = 8.5, 7.4 Hz, 1H), 4.91 (s, 2H), 

3.54 (s, 1H). 
13C{1H}-NMR (126 MHz, CDCl3, 298 K, δ/ppm): 145.94, 132.88, 131.20, 130.08, 

125.64, 123.86, 123.65, 120.94, 117.19, 101.84, 83.96, 81.21. 

HRMS (ESI, +): m/z calcd. for C12H9BrN [M+H]+: 245.9913, found: 245.9917. 
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tert-butyl (5-bromo-4-iodonaphthalen-1-yl)carbamate (117) 

 
A 250 ml three neck flask with reflux condenser was dried and purged with argon. 

5-Bromo-4-iodonaphthalen-1-amine (109, 1.70 g, 4.89 mmol, 1.0 equiv.), boc 

anhydride (1.60 mg, 7.33 mmol, 1.5 equiv.) and dry THF (60 ml) were added and 

the reaction was heated to 80 °C over night. Since no conversion was observed, 

DMAP (149 mg, 1.22 mmol, 0.25 equiv.) was added and the reaction was heated 

up to reflux for 4 hours. The reaction was cooled down to room temperature, 

extracted with ethyl acetate, washed with H2O and dried over anhydrous Na2SO4. 

The solvent was evaporated and the crude was purified by recrystallization from 

methanol to give tert-butyl (5-bromo-4-iodonaphthalen-1-yl)carbamate (117, 1.83 g, 

4.08 mmol, 84%). 
1H-NMR (400 MHz, CD2Cl2, 298 K, δ/ppm): 8.01 (d, J = 9.0 Hz, 1H), 7.98 (dd, 

J = 9.1, 0.6 Hz, 2H), 7.87 (dt, J = 8.5, 0.8 Hz, 1H), 7.84 (dd, J = 7.5, 1.1 Hz, 1H), 

7.40 (dd, J = 8.5, 7.4 Hz, 1H), 1.33 (s, 12H). 
13C{1H}-NMR (101 MHz, CD2Cl2, 298 K, δ/ppm): 150.25, 139.45, 136.69, 

133.01, 132.55, 131.13, 128.64, 128.43, 123.34, 123.14, 100.31, 83.24, 27.98. 

GC-MS (EI +, 70 eV): m/z (%) 374.85 (100) [M-OC(CH3)3], 372.90 (99) [M–

C4H9O], 219.95 (43) [M-C5H9O2I], 218.00 (45) [M-C5H9O2I], 139.05 (59), 138.05 

(16), 88.00 (15). 
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6. Appendix 
NMR Spectrometry 

 
Figure 6.1: 1H NMR spectrum of 66. 



 109 

 
Figure 6.2: 13C NMR spectrum of 66. 

 
Figure 6.3: 1H NMR spectrum of compound 67. 



 110 

 
Figure 6.4: 13C NMR spectrum of 67. 

 
Figure 6.5: 1H NMR spectrum of 68. 
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Figure 6.6: 13C NMR spectrum of 68. 

 
Figure 6.7: 1H NMR spectrum of 70. 
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Figure 6.8: 13C NMR spectrum of 70. 

 
Figure 6.9: 1H NMR spectrum of 71. 



 113 

 
Figure 6.10: 13C NMR spectrum of 71. 

 
Figure 6.11: 1H NMR spectrum of 72. 
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Figure 6.12: 13C NMR spectrum of 72. 

 
Figure 6.13: 1H NMR spectrum of 73. 
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Figure 6.14: 13C NMR spectrum of 73. 

 
Figure 6.15:1H NMR spectrum of 74. 
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Figure 6.16: 13C NMR spectrum of 74. 

 
Figure 6.17: 1H,1H-COSY NMR spectrum of 74. 
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Figure 6.18: 1H,13C-HMBC NMR spectrum of 74. 

 
Figure 6.19: 1H,13C-HMQC NMR spectrum of 74. 
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Figure 6.20: 1H NMR spectrum of 76a/b. 

 
Figure 6.21: 13C NMR spectrum of 76a/b. 
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Figure 6.22: 1H NMR spectrum of 79. 

 
Figure 6.23: 1H NMR spectrum of 80. 
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Figure 6.24: 13C NMR spectrum of 80. 

 
Figure 6.25: 1H NMR spectrum of 82. 
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Figure 6.26: 13C NMR spectrum of 82. 

 
Figure 6.27: 1H NMR spectrum of 83. 
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Figure 6.28: 13C NMR spectrum of 83. 

 
Figure 6.29: 1H NMR spectrum of 85. 
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Figure 6.30: 13C NMR spectrum of 85. 

 
Figure 6.31: 1H NMR spectrum of 86. 
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Figure 6.32: 13C NMR spectrum of 86. 

 
Figure 6.33: 1H NMR spectrum of 87. 
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Figure 6.34: 1C NMR spectrum of 87. 

 
Figure 6.35: 1H NMR spectrum of 88. 
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Figure 6.36: 13C NMR spectrum of 88. 

 
Figure 6.37: 1H,13C-HMQC NMR spectrum of 88. 
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Figure 6.38: 1H,13C-HMBC NMR spectrum of 88. 

 
Figure 6.39: 1H NMR spectrum of 90a and 90b. 
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Figure 6.40: 13C NMR spectrum of 90a and 90b. 

 
Figure 6.41: 1H,1H-COSY NMR spectrum of 90a and 90b. 
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Figure 6.42: 1H,1H-NOESY NMR spectrum of 90a and 90b. 

 
Figure 6.43: 1H,13C-HSQC NMR spectrum of 90a and 90b. 
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Figure 6.44: 1H,13C-HMBC NMR spectrum of 90a and 90b. 

 
Figure 6.45: 1H NMR spectrum of 91. 



 131 

 
Figure 6.46: 13C NMR spectrum of 91. 

 
Figure 6.47: 1H NMR spectrum of 93. 
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Figure 6.48: 13C NMR spectrum of 93. 

 
Figure 6.49: 1H NMR spectrum of 94. 
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Figure 6.50: 13C NMR spectrum of 94. 

 
Figure 6.51: 1H NMR spectrum of 97. 
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Figure 6.52: 13C NMR spectrum of 97. 

 
Figure 6.53: 1H NMR spectrum of 98. 
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Figure 6.54: 13C NMR spectrum of 98. 

 
Figure 6.55: 1H, 1H-COSY NMR spectrum of 98. 
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Figure 6.56: 1H NMR spectrum of 109. 

 
Figure 6.57: 13C NMR spectrum of 109. 



 137 

 
Figure 6.58: 1H NMR spectrum of 110. 

 
Figure 6.59: 13C NMR spectrum of 110. 
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Figure 6.60: 1H NMR spectrum of 112. 

 
Figure 6.61: 1H NMR spectrum of 115. 
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Figure 6.62: 13C NMR spectrum of 115. 

 
Figure 6.63: 1H NMR spectrum of 116. 
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Figure 6.64: 13C NMR spectrum of 116. 

 
Figure 6.65: 1H NMR spectrum of 117. 
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Figure 6.66: 13C NMR spectrum of 117. 
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Mass Spectrometry 

 
Figure 6.67: EI-MS of 66. 

 
Figure 6.68: a) HR-ESI-MS spectrum of 67; b) calculated spectrum of C10H5BrIO. 

a) 

b) 
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Figure 6.69: EI-MS of 70. 

 
Figure 6.70: EI-MS of 71. 

 
Figure 6.71: EI-MS of 72. 
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Figure 6.72: MALDI-TOF spectrum of 73. 

 
Figure 6.73: a) HR-ESI-MS spectrum of 74; b) calculated spectrum of C22H11Br2O2. 

a) 

b) 
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Figure 6.74: MALDI-TOF spectrum of 79. 

 
Figure 6.75: MALDI-TOF spectrum of 82. 
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Figure 6.76: a) HR-ESI-MS spectrum of 83; b) calculated spectrum of C24H18O2S2Na; 

c) calculated spectrum of C24H18O2S2K. 

a) 

b) 

c) 
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Figure 6.77: a) HR-ESI-MS spectrum of 85; b) calculated spectrum of C18H13BrIO2. 

a) 

b) 
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Figure 6.78: a) HR-ESI-MS spectrum of 86; b) calculated spectrum of C23H23BrO2SiH. 

a) 

b) 
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Figure 6.79: a) HR-ESI-MS spectrum of 87; b) calculated spectrum of C20H15BrO2Na. 

a) 

b) 
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Figure 6.80: a) HR-ESI-MS spectrum of 88; b) calculated spectrum of C38H28Br2O4Na. 

  

a) 

b) 
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Figure 6.81: a, c) HR-ESI-MS spectrum of 90a and 90b; b) calculated spectrum of C30H20Br2O3Na; d) 

calculated spectrum of (C30H20Br2O3)2Na. 

a) 

b) 

c) 

d) 
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Figure 6.82: EI-MS of 91. 

 
Figure 6.83: a) HR-ESI-MS spectrum of 97; b) calculated spectrum of C14H13Br2IONa; c) calculated 

spectrum of C14H13Br2IOK. 

a) 

b) 

c) 
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Figure 6.84: a) HR-ESI-MS spectrum of 109; b) calculated spectrum of C10H7BrINH. 

a) 

b) 
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Figure 6.85: a) HR-ESI-MS spectrum of 110; b) calculated spectrum of C10H8BrNH. 

 

a) 

b) 
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Figure 6.86: a) HR-ESI-MS spectrum of 115; b) calculated spectrum of C15H16BrNSiH. 

a) 

b) 
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Figure 6.87: a) HR-ESI-MS spectrum of 116; b) calculated spectrum of C12H8BrNH. 

 
Figure 6.88: EI-MS of 117. 

  

a) 

b) 
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7. Abbreviations 
4-DMAP 4-Dimethylaminopyridine 

Å Ångrström 

AFM Atomic force microscopy/microscope 

aq. Aqueous 

Ar Aryl 

Bn Benzyl 

BOC tert-Butyloxycarbonyl 

BT Dihydrobenzo[b]thiphene 

DBA Dibenzylidenacetone 

DBU 1,8-Diazabicyclo(5.4.0)undec-7-ene 

DCC Dicyclohexylcarbodiimid 

DCTB trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-

propenylidene]malononitrile 

DDQ 2,3-Dichloro-5,6-dicyano-p-benzoquinone 

DEAD Diethyl azodicarboxylate 

DMF N,N-Dimethyl formamide 

DMSO Dimethyl sulfoxide 

DMTS Dimethyl-(1,1,2-trimethylpropyl)silyl group 

DPA Diphenyl acetylene 

Equiv. Equivalent(s) 

GC-MS Gas chromatography mass spectrometry 

HOMO Highest occupied molecular orbital 

HOPA 2-Hydroxypropyl acetylene 

LUMO Lowest unoccupied molecular orbital 

MCBJ Mechanically controlled break-junction 

NIS N-Iodosuccinimide 

NLO Non-linear optics 

NMR Nuclear magnetic resonance 

NOESY Nuclear Overhauser effect spectroscopy 

OPE Oligo(p-phenylene ethynylene) 

OPI Oligo(phenylene imine)s 

OTFT Organic thin-film transistors 

PEG Polyethylene glycol 
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Ph Phenyl 

PMB 4-Methoxy benzyl 

PPA Polyphosphoric acid 

PPTS Pyridinium p-toluenesulfonate 

PY Pyridyl 

SAM Self-assembled monolayer 

STM Scanning tunneling microscopy/microscope 

TBAF Tetrabutyl ammonium fluoride 

Tf Triflate 

TIPS Triisopropylsilyl 

TIPSA Triisopropylsilyl acetylene 

TMS Trimethylsilyl 

TMSA Trimethylsilyl acetylene 

Xantphos 4,5-Bis(diphenylphosphino)-9,9-dimethylxanthene 
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