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Summary 

The ongoing miniaturization trend in the semiconductor industry will soon 

reach its technical and physical limit. Alternative concepts are required which 

allow a further reduction in size of the electronic active components. The idea 

to build cheap semiconductor devices with molecular-scale components is 

fueling the current interest in Molecular Electronics. However, our ultimate goal 

is to understand and master single-molecule devices. Organic molecules are 

very attractive because they can be engineered with high complexity, and their 

intrinsic physical properties can be tuned by chemists. Electronic devices such 

as switches or rectifiers using molecular systems have already been 

demonstrated.1 Scientists have yet to develop a profound understanding of 

charge transport through a single molecular wire. The ultimate goal of this 

thesis is to develop, design and synthesize model compounds in order to 

contribute to the comprehension of structure-transport relationships in single 

molecule junctions. 

The idea was to design and synthesize new “test sets” of model compounds 

and to characterize their electrical, electronic, optical and electrochemical 

properties in a multidisciplinary cooperation with physicists. In contrast to 

ensemble experiments, the observation of a single molecule uncovers 

molecular characteristics which would otherwise be averaged out in the bulk. 

To corroborate the molecular nature of observed transport characteristics a 

series of molecules with a single well defined variation of their torsion angle 

was investigated. 

In order to gain access to parallel series of model compounds as “test sets”,  

a synthetic strategy was developed allowing post-modification of the principal 

model structures with various chemical labels, namely anchoring groups. 

Biphenyl-cyclophanes, functionalized with acetyl-protected thiol groups in their 

terminal positions, as a series of molecules of similar length and substitution 

pattern and the π-backbone conformation as the only structural variable, were 

first proposed and synthesized.  



Charge transport investigations using a STM-based break junction technique 

revealed that electronic hole transport through the HOMO linearly depends on 

the cos2Φ of the torsion angle. In order to explore the extent to which these 

findings also apply to electrons delocalized in the structure’s LUMO a series of 

dicyano-biphenyl-cyclophanes were synthesized and studied.  

 

 

 

 

 

 

 

 

Transport investigation showed that the electron transport through the LUMO 

also follows the cos2Φ relation. Furthermore, a two step electrochemical 

reduction process was observed. Thereby, the potential gap between both 

reduction processes was found to follow the cos2Φ relation. Optical absorption 

spectroscopy of both series showed that the vertical excitation energy of the 

conjugation band correlates with the cos2Φ of the torsion angle. These 

correlations demonstrate that the angle measured in the solid state structure is 

a good proxy for the molecular conformation in solution. Furthermore, 

spectroelectrochemical investigations and DFT calculations support these 

observations. X-ray structures of nearly all model compounds, provided the 

torsion angles used in these correlations. 

The conductance values of the fully planar model structures did not follow the 

trend. To understand this unexpected behavior of the fluorene derivates within 

the respective series several fully planer biphenyl structures were synthesized. 

While the axial length within the series remains similar, the type of chemical 

bridge in 2,2’-position of the biphenyl scaffold varies.  



Interesting candidates for charge transport investigation were the two 

dibenzonorcaradiene derivates CP 1 and CP 14 which represent an unbent 

biphenyl system. 

 

 

 

 

 

 

 

Furthermore, thiol and cyano groups were installed in the terminal position to 

investigate hole and electron transport. Optical absorption measurements 

showed that the π-systems are highly sensitive to the chemical nature of the 

second bridge in these planar biphenyl structures. 

To conclude, this thesis discusses the relationship between molecular 

structure and electronic and electrical properties of several series of biphenyl 

systems with an emphasis on the spatial molecular conformation and the 

single-molecule conductance in solution. Due to the large number of related 

structures within a series the measured transport signatures could be assigned 

to their molecular origin. 
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Outline 

The thesis is organized in the following way: 

• The first chapter covers an introduction to Molecular Electronics and 

presents a selection of experimental tools in this field currently 

employed. Furthermore various Metal-Molecule-Metal contacts and their 

properties are discussed. A short review about the relationship between 

the conformation of biphenyl and the physical properties is shown.  

• In the second chapter a new approach to control the conformation of 

biphenyl units, and thus the degree of π-delocalization in biphenyl is 

presented. The Synthesis is shown resulting in a series of sulfur-

functionalized cyclophanes with stepwise adjusted torsion angles. The 

conductivity of the series is measured and correlated to torsion angles 

obtained from the X-ray structural analysis. In addition, the optical 

absorption spectra are discussed.   

• In the third chapter a series of dicyano-cyclophanes with various  

π-backbone conformations is synthesized. Furthermore, the geometries 

and packing motifs in the solid state are analyzed. Electrochemistry, 

spectroelectrochemistry, UV absorption spectroscopy and concentration 

dependent NMR spectroscopy is performed. Additionally, electron 

transport at the single molecule level is studied. The physical properties 

are correlated with the torsion angles obtained from the X-ray structural 

analysis. These results are subsequently compared with the result 

obtained from DFT calculations.  

• As a consequence of the gathered results, a series of fully planar 

biphenyl compounds with similar length is synthesized in the fourth 
chapter. The UV spectra are recorded and compared. 
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1 Introduction 

Faster, smaller, and cheaper. This catchy phrase might describe the unbroken 

desire for the ongoing miniaturization in the communication and entertainment 

technology. Economical competition has been driving the semiconductor 

industry to double the number of transistors per integrated circuit every two 

years. This progress in technology is commonly referred to as Moore’s law1 

and the exponentially increasing rate of circuit densification has been 

continued into the present. In 2000, Intel introduced the Pentium 4, containing 

42 million transistors. However, increasing the packing density of the circuit 

and shrinking feature sizes cannot continue as we reach the fundamental 

physical limitations related to the materials of construction of the solid-state 

based devices. 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 1. Moore’s law, number of transistors as a function of time.2 Points refer to the the 
various processors introduced by Intel (the Pentium IV was released in 2000). Reproduced 
with the permission of Giuseppe Maruccio.2 
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Technology roadmaps to continuously increasing circuit density have been 

proposed.3 Extremely sophisticated tools would be required in order to 

assemble the tiny functional units of the devices due to a decreasing tolerance 

of defects and contaminations. As an example the use of expensive 

lithography, ultra-pure chemicals, massive water consumption and a longer 

manufacturing time for silicon wafers steadily increases the cost of a 

production plant.4,5 Today, the costs for a new semiconductor plant are grown-

up to more than five billion US dollars which is the same order of magnitude as 

the net income of Intel in 2009 (figure 2). Both, the decrease in size of top-

down fabricated silicon-based circuits and the increase in expenses will reach 

a limit where it is no longer possible to fabricate smaller devices.6,7 

 

 

 

 

 

 

 

 

 

 

Figure 2. Exponential increase of production facility costs. The limitation on silicon chip 
technology might not be the laws of physics but those of economics. For comparison: Total 
financial turnover of Intel 2009: $ 35.1 billion, net income: $ 6.6 billion. Source: Intel 
Corporations. 

However, the ultimate limit of scaling lies on the order of a few molecules or 

atoms. The semiconductor industry roadmap (ITRS) calls for new approaches 

in computing and integration of emerging technologies in devices at dimension 
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less than 20 nm.3 Novel concepts are required for future nano-devices tailored 

to the single molecular or atomic level.8  

One of the fascinating concepts in nanotechnology is the vision of Molecular 

Electronics where tomorrow's engineers might use individual molecules to 

perform the functions in an electronic circuit that are performed by 

semiconductor devices today. Molecular Engineering as a visionary idea was 

introduced in the late 1970s by Hans Kuhn.9 His vision was to integrate 

designed molecular structures into electronic circuits performing electronic and 

logic operations. At about the same time Aviram and Ratner discussed 

potential rectification emerging from a single molecular structure based on a 

theoretical model (Gedankenexperiment).10 Since then, the application of 

molecular building blocks for the fabrication of electronic components is 

referred to as “Molecular Electronics”. 

The use of molecules as the smallest functional feature unit has a potential 

advantages over conventional semiconductor materials. Chemistry allows 

correlating function with structure in small assemblies of molecules or even on 

a single molecule level. The knowledge of synthetic chemists gathered over 

generations from various research areas including natural product synthesis, 

dyes and supramolecular chemistry has improved the skills to design and 

synthesize molecular structures with atomic precision. Furthermore the 

production of organic molecules is unique in low-cost. A tremendous 

improvement of physical device or experimental set- up’s enabling the 

integration of monomolecular films11-16 or small assemblies17 of molecules has 

already been achieved. 

While the concept of “Single Molecular Electronics” excites many researchers 

in a highly multidisciplinary field it possesses a significant challenge. How can 

a single molecule be contacted? Individual molecules can be assembled 

between two electrodes in break junctions based on scanning tunneling 

microscopy (STM)18-22 or mechanically controlled break junctions (MCBJ).23-30  
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While these tools provide a good test geometry to probe the electrical 

properties of individual functional molecules they are too large for the massive 

parallel integration of molecules. Thus, the dimensional mismatch at the 

interface between the top-down fabricated electronic circuits with micrometer 

sizes and the bottom-up synthesized nanometer-scaled molecules is rather a 

scientific challenge than a particular appealing feature of the functional 

molecular unit. New concepts which allow a technical integration of individual 

molecules are required. Thereby, the nature of the molecule-electrode 

interface, namely the chemical bonding to the electrical leads is a major area 

of current research. Furthermore, the development of electronic devices at the 

single-molecule scale requires detailed understanding of charge transport 

through individual molecular wires.  

Clear structure−property relationships are needed which form the basis for a 

successful application of new concepts of Molecular Electronics in tomorrow’s 

nano-scale devices. 
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1.1 Molecular Electronics 

Today, Molecular Electronics can be divided into two distinct branches of 

research. A) “Bulk Materials” profit from molecular electronic properties in 

large assemblies of molecules at the macroscopic scale. Since the discovery 

in the 1970s (Nobel Prize in chemistry 2000) that plastic can, after certain 

modifications, be made electrically conductive,31 soon after conductive 

polymers have advanced rapidly in various directions.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. The two research topics in Molecular Electronics. A) Bulk Molecular System 
(Material Science), B) Single Molecular Systems. 

With advances in manipulation techniques organic bulk materials in light-

emitting field-effect transistors (OLET),32 light-emitting diodes (LED) 33 or liquid 

crystal displays (LCD)34 have come onto the market. These are large 
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assemblies of molecules and are still orders of magnitudes larger than the 

dimensions of an individual molecule. Furthermore, the molecules are not 

directly and individually connected to external electrodes. 

The dream is thus to realize electronic functions within a single molecule. In 

this context, Molecular Electronics is B) dealing with small assemblies of 

molecules or “single molecular systems”. In this approach the single molecule 

becomes the smallest unit in a nano-device profiting from its intrinsic molecular 

property and functionality. The comprehension of electric current through 

single molecules using “test devices” (see section 1.2) is a crucial requirement 

for a knowledge base in order to design future molecules comprising electronic 

functions.  

 

“This thesis is mainly concerned with Single Molecular Electronics and 

therefore the design and synthesis of novel test compounds”. 
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Figure 4. Conventional schematic of the LB technique. (A) An amphiphilic molecule (a molecule 
with a hydrophobic tail and a hydrophilic head) is spread at the air-water interface to allow 
formation of a Langmuir monolayer. With a barrier, the area of the trough can be altered to 
change the local density of the molecules. In order to deposit monolayers, a substrate (B) is 
slowly passed through the interface a given number of times, with each pass adding another 
monolayer to the LB film (C and D).36

1.2 Testbed Structures to Probe Electrical Current 

The ultimate goal of Molecular Electronics is to use assemblies of molecules 

or even single molecules as functional building blocks and to integrate them 

into electric circuits. To contact ensembles of molecules is more practical, in 

terms of device fabrication. Thus, the first transport studies employed multi- 

and mono-layers using the Langmuir-Blodgett35 and self-assembled 

monolayer36 techniques and vapor deposition techniques.37,38 In the following 

section some selected techniques will be briefly introduced. 

 

1.2.1 Monomolecular Film Devices  

The “Langmuir-technique”35,39 can be used for building up highly organized 

multilayers or monolayers. This is accomplished by successively dipping a 

solid substrate (glass, SiO2 or metals) up and down 

through the monolayer of amphiphilic molecules on 

a water surface while simultaneously keeping the 

surface pressure constant. Consequently the floating 

monolayer is adsorbed onto the solid substrate. In 

this way multilayer structures of hundreds of layers 

can be produced. These multilayer structures are 

commonly called Langmuir-Blodgett or simply “LB 

films”. The deposition processes is schematically 

shown in Figure 4. This technique allows to transfer, 

well-ordered functional films to solid surfaces. 
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Figure 5. (L) Scheme of the different steps taking place during 
the self-assembly of alkanethiol on Au(111): (i) physisorption, 
(ii) lying down phase formation, (iii) nucleation of the standing 
up phase, (iv) completion of the standing up phase.35,36,40

  

The spontaneous arrangement of organic molecules 

on a surface to almost defect-free structures is 

called self-assembly.36 Formation of self-assembled 

monolayers (SAMs) is driven by the interplay of 

thermodynamics and kinetics. SAMs are obtained by 

dipping the substrate (e.g. one of the electrodes of a 

monomolecular film device) into a diluted solution of 

the desired molecule. In general, these molecules require a head-group that 

binds to the electrode, an organic chain and a terminal end-group installing 

chemical functionality. Compared to LB films, SAMs have higher chemical and 

mechanical stability, because they are chemisorbed on the substrate.41 The 

most widely studied system has been the gold-thiol-alkyl system, which forms 

very well ordered single monolayers with the very strong Au-S bond.42 

Whitesides and other authors reviewed the principles of molecular self-

assembly,40,43 including the possibility of using self-assembly to make 

semiconductor devices. 

 

1.2.1.1 Mercury Drop Electrodes 

A simple method to prepare a metal-molecule-metal 

junction was presented by Rampi and Whitesides.44 

These junctions are easy to assemble, mechanically 

stable and reproducible. The system takes advantage 

of the properties of mercury. In particular, i) mercury 

as a metal is highly conductive, ii) molecules with 

head groups at the liquid-mercury surface form  

Figure 6. Schematic image of the mercury-junction-setup.6 
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Figure 7. Crossed-wire tunnel 
junction.14 

well-ordered SAMs in a few seconds, iii) the mercury surface, as a liquid, is 

free of structural features - edges, steps and terraces - that result in defects of 

adsorbed monolayers and iv) the mercury drop conforms to the topography of 

the solid surfaces, and forms a good conformal contact with the SAM-covered 

solid surface.45,46 Furthermore, no evaporation of the second electrode on top 

of the film is required and the nature of the second electrode can be gold or 

silver. Both electrodes are addressed to monomolecular films which can vary 

from each other forming a mixed M-SAM1-SAM2-M junction. Using transparent 

metal substrates allows irradiation of photoactive SAMs in the junction.5,44,47  

 

1.2.1.2 Crossed-Wire Tunnel Junction 

One metal wire is modified with a SAM of 

the molecule of interest. The covered 

layer is then topped perpendicular in a 

crossed geometry with a second metal 

wire. After forming the junction the 

current–voltage characteristics of the 

monomolecular assembly can be 

analyzed. Advantages of this method are 

that the junction formation is rather easy 

and the metal–molecule contact is made mechanically, so no metal 

evaporation is required that could decompose the molecules.13,48,49 Further 

advantage of this method is clearly the macroscopic separation of both 

electrodes which allows to control the electrode of SAM formation.   
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1.2.1.3 Electromigration 

Electromigration (EM) is the electrical current-induced diffusion of atoms in a 

thin metal junction, and is a serious mode of failure in integrated circuit 

interconnects in the semiconductor industry.50 The electric field and 

temperature controls the degree of EM. EM-induced nano-gaps have 

successfully been prepared to integrate single molecules, revealing various 

transport phenomena.51-53 EM nano-gap starts with optical and e-beam 

lithography to fabricate designed metal structures on SiO2 coated silicon 

wafers. In a typical EM experiment, the bias voltage across the metallic wire is 

ramped up to the point where it breaks due to the migration of metal atoms. A 

recent technique from van der Zant54 allows the more controlled breaking of 

the junction by monitoring the resistance and adjusting the voltage applied 

during the breaking process. Finally, the samples are immersed in a solution of 

the molecules for several hours. 

Figure 8. Scanning electron 
microscope (SEM) images of the 
nano gap formation by EM. (I) 
Metallic wire fabricated by 
lithography. (II) Junction formation 
due to EM. (III) Further voltage-
ramping breaks the junction and 
molecules trapped within the 
gap.55  

Advantages of EM junctions are the compatibility to the standard silicon 

technology and that the gaps can be easily gated by an external electrode.56 

Thus, the electronic states of the junctions can be tuned. The gap size is 

typically 1-3 nm. While with EM many junctions can be formed in parallel, the 

control over the junction size is low. 
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1.2.2 Single Molecule Devices 

The previously described methods contact small assemblies of molecules. 

While large numbers of contacted molecules increase the complexity of a 

junction, they also have certain advantages. The large number of molecules in 

these assemblies allows probing optical properties. Furthermore, 

lithographically fabricated molecular junctions are amenable for integration 

with conventional microelectronics.57,58 Beside these advantages in the 

“ensemble approach” comprises problems associated with defects, domain 

formation and interactions between molecules. To design future nano-devices 

comprising individual molecules it is essential to understand the “signature” of 

single molecule junctions.  

 

In contrast to ensemble experiments (e.g. UV measurements absorption 

spectroscopy), the measurement of a single molecule uncovers molecular 

characteristics which would otherwise be averaged out in the bulk. 

 

Current lithographic techniques (extreme ultraviolet lithography) allow the 

fabrication of structures in the order of 20 nm.59 While the feasibility of the sub-

10 nm lithography for industrial applications is still under debate, molecules 

are an order of magnitude smaller. Thus, other techniques are currently 

employed to establish a symmetric electrode pair that can be adjusted to the 

length of the molecule.28 In the following section the two most frequently used 

techniques investigating the transport characteristics of individual molecules 

will be discussed. These techniques are typically performed under ultra high 

vacuum conditions or at the solid-liquid inter-phase. 
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1.2.2.1 STM Based Break Junction (STM-BJ) 

In 1981 the scanning tunneling microscopy (STM) was invented by Binnig et 

al.60 The STM was the first technique which allowed for the creation of atomic 

sized contacts. Bumm and Tour first demonstrated the integration of a 

molecular wire between an Au substrate and an Au tip using an STM setup.22  

 

 

 

 

 

 

 

 

 

 

 

Figure 9. Schematic picture of an STM based break junction setup. A dithiol functionalized 
biphenyl is trapped between an Au tip and substrate. The STM tip is vertically moved up and 
down to form many thousands of single molecule junctions within a short period of time.18,19 

In 2003 Tao and co-workers reported an improved method that allowed the 

repeated formation of a molecular junction using an Au-STM tip on an Au 

substrate.20,21 They created individual molecular junctions by repeativally 

(many 1000 times) moving a gold scanning tunneling microscope (STM) tip 

into and out of contact with an Au substrate in a solution containing  

4,4'-bipyridine (only varying the vertical direction of the tip). During the initial 

stage of pulling the tip out of contact with the substrate, atomic sized Au 

chains were formed (figure 10, A) which leads to a stepwise decrease in 
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conductance. From these conductance curves histograms were created  

(figure 10, B). 

 

Figure 10. Steps of junction formation and construction of histograms.20 

The peaks in the histogram were assigned to integer multiples of Au chains 

present. The peak at one G0 (conductance quantum G0 = 2e2/h) was assigned 

to the last atomic Au contact. By further opening the junction (figure 10, C) the 

last Au-Au contact broke and new pronounced peaks at a lower conductance 

regime were observed (figure 10, D). These peaks could be assigned to the 

trapped 4,4'-bipyridines binding to the Au contacts. The lowest observed 

histogram peak at 0.01 G0 with a resistance of two orders of magnitude higher 

than observed before was assigned to one single molecule in the junction. The 

peaks at integer multiples of 0.01 G0 were assigned to two and three 

molecules, respectively. 

Further increase of the tip distance broke the molecule-Au contacts and no 

steps or peaks were observed within the same conductance range  

(figure 10, E/F). The width of the molecule-induced steps was determined to 

be ~1 nm, which is three to four times longer than that of the atomic Au steps 
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which additionally confirmed the presence of a single molecule. A control 

experiment with 2,2'-bipyridine evolved no such characteristic features which 

confirmed the dominant N-Au binding mode forming the junctions. The 

advantage of this method is its ability to construct histograms due to the 

automated movement of the tip recording thousands of opening and closing 

cycles. While performing statistics on the gap bridging cycle is a proper 

application of STMs in Molecular Electronics, performing I/V sweeps proves to 

be difficult due to the poor mechanical stability of the tip.20 

 

1.2.2.2 Mechanically Controllable Break Junction (MCBJ) 

The break junction was first introduced by Moreland and Ekin in 1985 to study 

the tunneling characteristics of superconductors.61 Further development was 

made by Muller and Ruitenbeek who 

introduced the term Mechanical Controllable 

Break Junction (MCBJ).24 Reed and Tour 

pioneered this technique to contact  

1,4-benzene-dithiole.27  

Figure 11. A) Schematic representation of the three-
point bending mechanism. While the counter 
supports fix the sample, the Δz position can be 
varied by changing the position of the pushing rod, 
resulting in a tip to tip distance change (Δd) in a 
picometer regime. B) An SEM image showing a 
microfabricated gold structure.  

The principle of a MCBJ is illustrated in figure 11 A. The sample is a thin 

freestanding metal bridge (figure 11 B) with a central lateral point of 

constriction fabricated on the top of a flexible substrate. The sample is then 

mounted in a three point bending system (figure 11 A). By pushing a rod 

versus the middle bottom of the substrate, the sample is bent up. This 

deformation exerts a lateral force on the sample and stretches the 

freestanding bridge. During the stretch, the gold is elongated and thinned until 



15 

it breaks to create two separate electrodes which can be controlled with 

picometer accuracy when both opening and closing the junction. Molecules 

can be trapped between these two atomic gold tips. The conductance can be 

measured during opening and closing of the junction evolving conductance 

plateaus. Due to the stability and symmetric geometry of the atomic sharp 

point-contacts current-voltage curves (I/V) can be recorded. The shape of I/V 

curves reveal intrinsic electrical characteristics of a molecule within the 

junction. Reichert and co-workers could, by measuring I/V  curves, reproduce 

the spatial symmetry with respect to the direction of current flow.28  The robust 

mechanical stability of the MCBJ system is a well established advantage over 

a STM based system. 
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1.3 Anchoring Groups and Molecular Junctions 

The charge transport through single molecules or molecular arrays is 

controlled by many factors associated with electrodes, the molecular structure 

and the interfacial property.10,62-65  

 

 

 

 

 

 

 

 

 

 

Figure 12. (Left side) Schematic of a measurement set-up and experimental configuration. 
While only sulfur-mediated bonds to the electrode are shown, this is for illustrative purposes 
only and other types of bonds can exist.66 (Right side) Effect of anchoring groups on single-
molecule conductance in a STM-based break junction device.67 

The search for a suitable anchoring group for metal-molecule-metal contacts 

has become one of the most important issues in Molecular Electronics.68 The 

nature of the contact-molecule bond determines the degree of electronic 

coupling between the conductor and molecule. The transport of electrons from 

the contact onto the molecule can be controlled largely by the type of bond 

formed between them. If, for example the injection barrier between the 

molecule and contact is large, the overall device property may be “interface-

dominated” and changes in the internal molecular structure no longer 

dominate the device characteristics.69 Seminario and co-workers investigated 

various metal-molecule interfacing “alligator clips” including S, O, Se, Te, NC 

connections on a theoretical level. These investigations revealed thiols and 
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isocyanides (NC) as the best “alligator clips” binding molecules to metal 

contacts due to a strong metal-molecule coupling.70-72 
Tao and co-workers have determined the effect of anchoring groups on the 

single molecule conductance of thiol-, amine-, and carboxylic-acid terminated 

alkanes using a STM-BJ (figure 12, right side). The conductance was found to 

be highly sensitive to the type of anchoring group, which varied in the order of 

Au-S > Au-NH2  > Au-COOH. This large dependence was attributed to different 

electronic coupling efficiencies provided by the different anchoring groups.67  

Venkataraman studied the conductance of single molecules using alkane 

chains comprising phosphines, thioethers, and amines as anchoring groups. 

The conductance varied in the order of Au-P(Me2) > Au-SMe > Au-NH2. 

Additionally, very sharp conductance histograms were obtained for the 

phosphine anchoring group which was attributed to a specific bonding to the 

electrode.  

Kiguchi73 studied the conductance of a single 1,4-diisocyano-benzene,  

1,4-dicyanobenzene, and 1,4-benzenedithiol molecules bridging two Au 

electrodes.  The conductance of the molecular junction with the Au–CN (gold-

isocyanide)  bond was comparable to that of the molecular junction with the 

Au–S bond.73  

Tulevski proposed a ruthenium-carbon π-bond as an efficient conduit for 

charge carriers.74 Other groups have used amines,67,75-78 pyridines,30,79,80 

phosphines,81 thioethers81,82 selenides,82 carboxylic acids,67 dithio-

carbamates83 and fullerenes77,84,85 as anchoring groups to study the 

conductance at the single-molecule level.  
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The ultimate goal would be to contact molecules without the use of any 

anchoring groups that create potential barriers in the junction (making directly 

a carbon-metal bond).68,74 Kiguchi and van Ruitenbeek demonstrated recently 

the single molecule conductance (0.1-1 G0) of benzene forming a molecule-

platinum junction.86 Several types of bonding to conducting substrates which 

are used in single molecule or ensemble junctions are shown in figure 13. 

 

 

 

 

 

 

 

Figure 13. Bonding energies of various types of molecule-substrate interactions.42,69,74,87,88  
The different anchoring groups determine the stability of layers or single contacted molecules 
which is important when considering making substrate-molecule-substrate contacts in 
molecular junctions. 

The nature of the contact-molecule bond determines the degree of electronic 

coupling between the molecule and conductor. Strong coupling increases the 

orbital overlap of the contact group with the conductor. Covalent bonds which 

produce strong electronic coupling between contacts and molecules are the 

most likely candidates for realizing reproducible devices.69 

Furthermore, different anchoring groups induce different bond dipoles at the 

molecule-metal interface and internal polarization inside the molecules which 

is also effecting the transport through a molecule.89 
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Another important aspect of the molecule-electrode interfaces is related to the 

binding geometry and symmetry of single molecules to metal clusters. Binding 

geometries of sulfur-gold linked molecules have been studied by various 

theoreticians.90,91 It was suggested that the symmetry of thiol-gold linkages 

changes currents by a factor of 1000 (figure 14, left side).  

Bürkle and Pauly calculated bonding geometries of Au junctions comprising 

biphenyl-dithiols (figure 14, right side).91 The top-top (TT) and bridge-bridge 

(BB) geometries were found to be one order of magnitude more conducting 

than the hollow-hollow (HH) geometry. This was explained by the different 

degree of overlap of the sulfur lone pairs with the π-orbitals of the phenyl rings.  

The HH geometry shows clearly the increased local electron density due to the 

increased coupling to the gold. 

 

 

 

 

 

 

 

 

Figure 14. (Left side) Geometries in the model calculations of an Au-1,4-benzene-dithiol 
(BDT)-Au junction. (A) BDT is parallel to the electrode plane but elevated from it by 1.8 Å.  
(B) BDT is in the same plane of the gold electrode.90 (Right side) Dominant transmission 
channel of fluorene-dithiol for hollow-hollow (HH), bridge-bridge (BB) and top-top (TT).91 
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A recent work of Venkataraman demonstrated the influence of conformation of 

the anchoring group electron lone pairs on the junction conductance.82 In this 

study the charge transport of the two model compounds 1 and 2 was  

(figure 15) investigated. The study revealed that the orientation of an  

Au−S bond relative to the aromatic π-system controls electron transport 

through conjugated molecules. In compound 1 the lone pair is oriented parallel 

to the π-orbital of the phenyl ring, hence has the better orbital overlap 

compared with compound 2. Furthermore, narrower conductance histograms 

were obtained for structure 1 due to a reduced rotation of the sulfur electron 

lone pair away from the π-system. 

 

 

 

 

 

 

 

 

Figure 15. Tailor-made model compound to investigate the influence of orientation of the 
sulfur electron lone pairs on the charge transport. Compound 1 was found to be more 
conductive than 2 due to the restricted rotation of the sulfur electron lone pairs in 1.82 
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1.4 Molecular Conformation and Physical Properties 

1.4.1 Biphenyl – A Preliminary Model Compound – Short Overview 

The interdependence between the conformation and the chemical reactivity of 

biphenyl has been known to chemists for many years.92 In 1952  

Michael J. Dewar, a theoretical chemist, discussed the resonance energy in  

π-conjugated systems that are twisted out of co-planarity.93 A little later in 

1959 Hiroshi Suzuki published a series of key papers on the relationship 

between electronic absorption spectra and spatial configurations of alkyl 

substituted biphenyls (figure 16). These studies revealed that the electronic 

bathochromic shift depends on the backbone configuration of biphenyl. This 

finding allowed further an interpretation of the spatial biphenyl conformation in 

solution.94-96 

 

 

 

 

 

 

 

 

 

Figure 16. The UV absorption spectra of biphenyls: a) 4,4’-Dimethyl-biphenyl, b) biphenyl,  
c) 2-methyl-biphenyl, d) 2,2’-dimethyl-biphenyl.96  

Benniston and Harriman97,98 have studied the electron-transfer dynamics 

depending on molecular conformation in biphenyl-based dyads. Their work 

was based on an approach introduced by McLendon99 whereby 4,4’-biphenyl 

was used as the bridge for two porphyrin units and the torsion angle between 

the phenyl rings was varied by substitution at the 2,2’-positions. It was 

a

b

c

d
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observed that the rate of through-bond electron transfer between the donor 

and acceptor was dependent on the angle around the central biphenyl linkage 

and reached a minimum at 45°. Unfortunately, the substitution pattern also led 

to changes in the electronic properties of the bridge, which affected the overall 

electronic system (figure 17, left side). 

.  

 

 

 

 

 

 

 

 

 

 

Figure 17. (Left side) Structure of the angle dependent dimer series.99  
(Right side) Model systems used to measure the effect of torsion angle on electron 
exchange, where the length of the strap controls size of the torsion angle.98 

The new approach of Benniston an co-workers was to attach a tethering strap 

across the 2,2’-positions, thereby keeping a constant substitution pattern, and 

using the strap length to control the central torsion angle (figure 17, right side). 

A range of torsion angles became possible according to the number of ether 

units in the strap, although conformational variability and thermal fluctuation 

had to be taken into account.97,98 
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Shaporenko100 and co-workers studied the self-assembled monolayers (SAMs) 

on Au(111) and Ag(111) of a few biphenyl-derived dithiol compounds with 

various conformations. Lörtscher101 and co-workers studied the influence of the 

reduced π-conjugation in p-(oligo)phenylenes (figure 18) on the electron 

charge transport at the single-molecule level. Maximum conductance peaks 

were found to vary between 50 nanosiemens (2) and 100 nanosiemens (4). 

They attributed the increase in conductance to a reduced conjugation rather 

than a full interruption of interring-conjugation. They finally concluded that the 

absolute conductance does not primarily depend on the number of phenyl 

units. Rather it is limited by the injection of charge carriers over the molecule-

metal interfaces.  

 

Figure 18. UV absorption spectra of 1-4. Almost identical optical gaps were recorded for all 
compound in solution. The wavelength red shift of 1 was attributed to an extend conjugation 
due to the sulfur-electron lone pairs.101 

In addition, UV absorption measurements revealed that the effective 

conjugation does not depend on the number of benzene units. This was 

attributed to the near orthogonal arrangement of the phenyl units separating 

each π-unit from its neighbors (the orthogonal arrangement of the phenyl rings 

in 2-4 emerges from the steric repulsion of the attached methyl groups).101  

In another investigation it was found that the longest UV wavelength 

absorption band of p-(oligo)phenylenes102 which have no substituents on the 

phenyl rings (the π-conjugation along the molecular backbone is then 
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consequently increased due to the increased π-orbital overlap) 

bathochromically shift to longer wavelengths by increasing the number of 

benzene units approaching a limiting value, the so-called effective conjugation 

length.102 

The first comprehensive investigation on the interdependence between the 

single molecule conductance and molecular conformation was published by 

Venkataraman in 2006 (see next page).75 By using a STM Break Junction, the 

single molecule conductance of a number of biphenyl compounds comprising 

various acceptor and donor substituents was measured (figure 19). It was 

suggested that the cosine square of the interplanar torsion angle correlates 

linearly with the single molecule conductance (figure 19, c). Amine groups 

were used to link the molecule to the electrode claiming to form single-

molecule junctions with more reproducible current-voltage characteristics.103  

 

 

 

 

 

 
 

 

Figure 19. (Top) Model compound studied. (Bottom) b, Conductance histograms obtained 
from measurements using molecule 2 (scaled by 1/15), 4 (scaled by 1/7), 6 (scaled by 1/11) 
and 8 (1/5). All data were taken at a bias voltage of 25 mV. c, Position of the peaks for all the 
molecules studied plotted against cos2Φ, where Φ is the calculated interplanar torsion angle 
for each molecule.103 
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While this study nicely demonstrated the correlation between the conductance 

and degree of π-conjugation in the biphenyl backbone some questions 

regarding the concept of the study remained. Do donor- and acceptor-

substituents attached to these model compounds not influence the 

conductance? A study by the same author with the title “Varying Single-

Molecule Junction Conductance Using Chemical Substituents” investigated 

this effect and concluded the conductance is tuned by using donor/acceptor 

substituents.104 Furthermore, the conductance values extracted from the 

experimental histograms were correlated with calculated torsion angles 

obtained from theory.  
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1.4.1.1 Correlation between the Conformation and Physical Property:  
The Cosine Square Relation 

Biphenyls as the smallest structures comprising two adjacent benzene rings as 

individual π-systems are ideal model compounds to investigate electronic 

transport properties.75,105,106 Particular appealing features are their rigidity 

resulting in a well defined spacing of their terminal units and their compactness 

providies detectable signals even for poorly conducting conformations. 

Usually, donor or acceptor subunits are interlinked by biphenyl structures to 

study electron transfer on a molecular level (see also previous section).99,107  

 

 

 

 

 

 

 

 

 

 

Figure 20. Schematic of the existing biphenyl conformations and the degree of  
π-conjugation. The LUMO orbitals of various 4,4’-dicyano-biphenyls are displayed as 
representative examples. A) The adjacent π-orbitals connecting the two phenyl rings overlap 
most efficiently. B) The overlap of the adjacent π-orbitals connecting the two phenyl rings is 
reduced. C) The adjacent π-orbitals are perpendicular to each other. The two π-systems are 
decoupled. 
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Thereby, the degree of π-electron delocalization between the two π-units in 

biphenyl is expected to vary with the torsion angle Φ between the planes. In 

other words, a high conducting state is expected for a biphenyl system with 

both phenyl rings in the same plane while considerably reduced conducting 

features are expected for systems with both rings perpendicular to each other 

(see figure 20).19,75,108-110  

Jaffé and Orchin111 discussed the relationship between UV spectra and steric 

effects: The extent of interaction between two adjacent π-orbitals can be 

measured by the π-orbital overlap integral ARS. This overlap integral is found to 

be approximately proportional to the resonance integral βRS.  

If R and S are the decoupled chromophores, the resonance energy of RS 

relative to the isolated chromophores R + S is a measure of the interaction 

across the bond between R and S. Theoretical calculations revealed that the 

change of energy ERS of the system, which is related to the resonance integral 

βRS, varies approximately with cos2Φ (equation 1). (It should be mentioned that 

the cosΦ function was also discussed as an approximation to describe ERS. 

However, the simple cosΦ dependence was reported to break down for 

appreciable torsion angles). 

 

 

This means that the π-π* transition energy will increase upon increasing the 

torsion angle between two adjacent π-systems, since the resonance 

interactions between both π-systems are diminished. A similar cos2Φ law has 

been postulated for the relation between the extinction  

coefficient ε (oscillator strength) and the torsion angle Φ.111-113 

The shape of the cos2Φ function, shown in figure 21, implies that small angles 

have relatively little effect on the conjugation (a torsion angle of 15° reduces 

the resonance energy by only 7%, whereas a larger angle virtually decouples 

the two chromophores (an angle of 75° reduces the resonance energy  

by  93%). 

ΦE 2cos=RS (equation 1)
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Figure 21. Variation of the resonance energy follows the cosine square function with the 
torsion angle Φ between two conjugated chromophores. 

It should be remarked that attributing the spectral changes entirely to the 

torsion angle of the central bond is only qualitatively correct. Additional 

structural features such as electron donating or withdrawing effects and 

distortion of interbond angles must also be considered. But it is convenient to 

concentrate attention on the largest single effect, namely, the twist in the 

biphenyl-connecting single bond.  

 

Venkataraman75 and co-workers suggested that the junction conductance of 

amino-functionalized biphenyls (figure 19) decreases with an increasing 

torsion angle according to the cos2Φ relation. Thereby, they included the  

theoretical work of Woitellier114 and Nitzan.115 

Woitellier114 considered the π-π-electronic coupling of adjacent pyridine rings 

finding an approximate relation of the cosine of the torsion angle Φ between 

them. According to Nitzan115 the “electron transfer rate” is proportional to the 

square of the coupling between the two coupling elements (here two phenyl 

rings). Thus, the theory predicts a cos2Φ relation. 
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Figure 22. Schematic situation of an S-functionalized terphenyl immobilized between two 
metal contacts. The molecule comprises two equal torsion angles between three π-coupling 
elements, thus, both torsion angles are controlling the electronic communication through the 
wire.  

Extension of the cos2Φ relation to more complicated π-systems was discussed 

by Datta.116 The electron transmission probability through a molecular wire 

consisting of three phenyl rings (thus, two assumingly equal torsion angles  

(Φ1 = Φ2) between three π-coupling elements) should be proportional to cos4Φ 

of the torsion angles. While these examples describe pure π-π orbital 

interactions other types of orbital interactions are considered to be involved in 

through bond electron transport.  

Theoretical calculations revealed that σ-σ, and σ-π interactions are 

participating but the π-π coupling is by far the most important.114 If two 

chromophores are nearly perpendicular to each other, hence, the π-π coupling 

is very low, these other couplings become important and other transport 

channels will become dominant.114,117 
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1.4.2 The Rotation Barrier of ortho-Substituted Biphenyls 

The torsion angle between the two phenyl rings of biphenyl is markedly 

sensitive to its chemical118-122 and macroscopic122-127 environment. As an 

example the torsion angle of 4,4’-dicyanobiphenyl embedded in metal 

complexes is reported to vary between between 0° and 36° due to the low 

rotation barrier. 

 

 

 

 

 

 

 

 

Figure 23. Rotational barriers of various biphenyl structures. These values were obtained by 
dynamic NMR spectroscopy.128-130 

Attaching of methyl groups in the ortho-position of the biphenyl increases the 

rotational barrier to 7-10 kcal/mol and 19 kcal/mol respectively.128,129 Müllen 

reported a rotation barrier of 23 kcal/mol for the butyl-bridged biphenyl 

displayed in figure 23.130 
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1.5 Aim of the work 

The ongoing miniaturization trend in the semiconductor technology will soon 

reach its technical and physical limit. Alternative concepts that allow to further 

decrease the size of the electronic active components are required. One of the 

fascinating concepts in nanoscience is the vision of “Molecular Electronics” 

where individual molecules perform the functions in an electronic circuit that 

are performed by semiconductor devices today. For the successful 

development of Molecular Electronics several prerequisites have to be fulfilled. 

Techniques are required which allow to manipulate small assemblies of 

molecules or single molecules. Break junctions based on scanning tunneling 

microscopy (STM-BJ) and mechanically controlled break junctions (MCBJ) 

revealed to be good test geometry to probe the electrical properties of 

individual molecules. While these tools are too large for the massive parallel 

integration of molecules, they allow investigation of molecular structure-device 

property relationships. To correlate junction conductance with molecular 

structure is a challenging task as charge transport through single molecules is 

controlled by many factors associated with electrodes, intrinsic molecular 

properties and interfacial properties. Thereby, the investigation of tailor-made 

synthetic molecules with accurately defined electronic properties is an 

essential step toward a better understanding of charge transport through 

single molecule junctions. 

The aim of this work was to design, synthesize and study various series of 

molecules with tailor-made electronic properties. The series of molecules have 

been designed in particular for the investigation of the charge transport 

behavior at the single molecule level using either a STM-BJ or a MCBJ. 
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These investigations were planned to be performed either in the group of 

Thomas Wandlowski at the Department of Chemistry (University of Bern), in 

the group of Hike Riel at the IBM Research Centre (Rüschlikon) or in the group 

of Michele Calame and Christian Schöneberger at the Department of Physics 

(University of Basel). 

In particular the following investigations were planned and are included in this 

thesis: 

 

• Influence of the degree of π-conjugation on the single molecule 
conductance: Biphenyl-cyclophanes as a series of molecules with similar 
length and substitution pattern and the inter-phenyl torsion angle as the 
only variable feature were designed. Thereby the lengths of the ring-
interlinking alkyl chain, defines stepwise the degree of  
π-conjugation while overall electronic structure is maintained. 
Furthermore, thermal fluctuations around the equilibrium values of the 
torsion angle in these rather rigid cyclic structures were expected to be 
reduced compared to parent biphenyl model systems. 

• The importance of the type of anchoring group, and thereby the influence 
of the coupling of the molecule to the electrode: For this purpose two 
series of biphenyl-cyclophanes series were synthesized and investigated. 
The first series was terminally functionalized with thiol groups to study the 
influence of the degree of π-conjugation on the charge transport through 
the HOMO. Another task was to introduce the new cyano-anchor group to 
link molecules to electrodes. Therefore a second series of biphenyl-
cyclophanes, terminally functionalized with cyano groups, was 
synthesized. These model compounds were suitable to study the influence 
of the degree of π-conjugation on the charge transport through the LUMO. 

• Based on the gathered results the influence on the electronic and 
transport properties of various chemical type of second intramolecular 
bridges in 2,2’-position of the biphenyl skeleton moved into the focus of 
interest. Several fully planar biphenyl model compounds were designed 
and synthesized. 
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2 Sulfur-Functionalized Cyclophanes  

Theoretical studies about biphenyl-dithiols (BPDTs) have gained considerable 

attention108,110,117 and molecular junctions comprising biphenyl-dithiols have 

already been reported by Haiss and co-workers.109  

As mentioned in the previous section, the torsion angle between both phenyl 

rings in “biphenyl” model compounds is often not the only parameter which 

varies and thus, alterations in physical properties might be the result of several 

effects. In particular the electron density in the phenyl rings has been shown to 

be affected by various donor and acceptor substituents tuning the expected 

torsion angles.75,99 Furthermore, thermal motion leads to variation of the 

torsion angles for singly substituted biphenyl systems comprising a C-C single 

bond  interlinking both phenyl rings.19  In spite of the large interest of the 

correlation between torsion angle and transport properties, suitable model 

compounds enabling the systematic variation of the torsion angle in biphenyl 

systems have not been realized so far.  

 

Here, a new approach is introduced enabling the systematic variation of the 

torsion angle Φ in biphenyl subunits with almost negligible alterations in 

electronic properties of the phenyl rings. This approach allows to create series 

of molecules of similar length and the π-backbone conformation as the 

only structural variable. 
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2.1 Molecular Design  

The basic idea is to interlink both phenyl rings with an additional alkyl chain of 

various lengths bridging both ortho-positions (figure 24).  

 

 

 

 

 

 

 

 

Figure 24. The interplanar torsion angle Φ of the biphenyl backbone is adjusted by the length 
of the inter-ring alkyl chain. 

• Thereby, the number of CH2 units dictates the torsion angle Φ and 
thus the degree of π-electron delocalization between the two  
π-systems, while the overall electronic structure and lengths of the 
molecule is maintained. As a result the biphenyl synthon becomes a 
subunit of a rather rigid cyclic structure and thermal fluctuations 
around the equilibrium values of the torsion angle are expected to be 
reduced compared to parent biphenyl model systems (figure 17, right 
side).19,131 

• Sulfur-functionalization in terminal position of the biphenyl synthons 
allows not only the immobilization between metal electrodes, but 
also provides considerably increased stabilities of the resulting single 
molecule junctions due to the covalent S-Au bonding compared to 
transiently immobilized biphenyl-diamines (see figure 19).132 

• Finally, single crystals suitable for the X-ray analysis of the members 
of the structural family can be grown providing insight into each  
inter-plane torsion angle Φ.19 
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2.1.1 Synthetic Strategy 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Target Molecules and Modular Building Blocks. S1a-S8a are the dithioacetyl 
derivates and S2b-c, S3b-c, S4b-c, S5b and S8b are the terminally chlorine-, bromine-, 
iodine- or triflate-functionalized building blocks. 

To follow this strategy, the sulfur-functionalized biphenyls S1a-S5a (figure 25) 

with an increasing length of the inter-ring alkyl chain n = 1-5 and thus with 

increasing torsion angles were envisaged as target structures. The series of 

terminally acetylsulfanyl functionalized biphenyl systems was complemented 

by the compounds S6a and S7a and the derivative S8a. Within these three 

biphenyl systems variations of their inter-ring torsion angles were expected 

due to the different steric requirements of their substituents. The synthesis of 

the structures S1a, S2a, S6a and S7a was previously described by Elbing.100  
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Figure 26. The concept of fixing the torsion angle by a clamping bridge of defined length is 
sketched. On the molecular level, an alkyl chain with n·(CH2)-units is interlinking the two 
phenyl units, adjusting stepwise the interplanar torsion angle. The “modular biphenyl building 
blocks” are terminally functionalized with leaving groups X. The various leaving groups 
provide substrates for numerous reactions like e.g. Hartwig-Buchwald, Heck-, Suzuki-, Stille-, 
Sonogashira-, Ullman-, Grignard- or SNAr-type of reactions.  

As these biphenyl synthons S1-S8 were envisaged as generally interesting 

and useful model structures the synthetic strategy was to perform the terminal 

functional groups modification in a very last step.  

To enable functionalization and integration into molecular devices133-138 and 

materials,139-141 the biphenyl synthons were functionalized in para-positions by 

typical leaving groups such as halogen atoms or triflate-groups. These 

bromine-, iodine- and triflate-functionalized building blocks are also suitable 

candidates for palladium-catalyzed cross coupling reactions. Namely, Hartwig-

Buchwald-,142-144 Heck-,145,146 Suzuki-,147,148 Stille-149 or Sonogashira-

reactions.150,151 Furthermore, metal-mediated reactions such as Ullman-152 and 

Grignard153-reactions or SNAr-type  reactions can be envisaged.19,154 
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2.2 Synthesis of the BPDTs and their Modular Building Blocks 

The synthetic concept of restricted rotation of biphenyl synthons was inspired 

by the “Geländer” molecules from Fritz Vögtle and coworkers.155 By clamping 

the para-terphenyl backbone with an additional three atom bridges such as 

thiobis(methylene)- or ester-functionalized propyl-chains they synthesized 

para-terphenylophanes displaying chirality due to their screw type 

arrangement emerging from the fixed torsion angles of the biphenyl 

subunits.155 Heteroatoms were avoided in the bridging structures in order to 

keep the electronic features of the substituents as comparable as possible 

within the series and to allow a broad range of reaction conditions in the 

subsequent functional group transformations. 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 1. (a) NaNO2, HCl, 0°C, then CuSO4, HO-NH2, NH4OH, H2O, 0 to 70 °C, 69% for 
S10b, 70% for S11c. (b) NaBH4, BF3·etherate, THF, 67% for S13c. (c) PBr3, CH2Cl2, 0 °C, 
48% for S14b (over 2 steps), 63% for S15c. 

The synthetic strategy towards the propyl- and butyl-bridged building blocks  

S3b-c and S4b-c profiting from benzyl bromides is reminiscent of the 

approach of Vögtle. The key intermediates S14b and S15c (scheme 1) were 

synthesized on a large scale: 4,4’-dichlorodiphenic acid S10b was synthesized 
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from the bulk chemical 5-chloroanthranilic acid according to a previously 

described procedure by Helms et al.156 Similarly, 4,4’-dibromodiphenic acid 

S11c was obtained in good yield (70%). The crude diphenic acids S10b and 

S11c were reduced to the diols S12b and S13c using sodium borohydride and 

BF3·etherate as the activating Lewis acid.157 The crude diol S12b was 

subsequently transformed to the dibenzylic dibromide by an SN2 reaction 

obtaining the key intermediate S14b in 48% (over two steps).158 Similarly, we 

obtained the dibromo homologue S15c in 63%. An immediate purification of 

the crude diols by flash chromatography improved the yield considerably. 

Interestingly, attempts to repeat an already reported synthesis of S14b based 

on a radical bromination159  were not successful and instead of the desired 

compound a tarry inseparable mixture was obtained. 
 

 

2.2.1 Propyl-Bridged Cyclophanes 

To achieve the keto-functionalized propyl bridge in S16b an additional carbon-

atom was introduced by an intramolecular cyclization reaction of the dibromide 

S14b using the masked formaldehyde equivalent TosMic160 to provide the 

dichloro-ketone S16b in a yield of 77% (scheme 2).  

 

 

 

 

 

Scheme 2. (a) TosMic, NaOH, TBAB, CH2Cl2/H2O, then HCl, t-BME/H2O, 77% for S16b, 44% 
for S17c. (b) PMHS, (C6F5)3B, CH2Cl2, rt, 61% for S3b, 78% for S3c.  

In a similar way the dibromo-ketone S17c was obtained in 44%. A Lewis acid 

catalyzed reduction with polymethylhydrosiloxane (PMHS) of the keto group161 

afforded the doubly chlorinated key building block S3b in 61%. Following the 
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same procedure the bromo-homologue S3c was obtained in 78%. The latter 

compound was purified by flash chromatography followed by recrystallization 

from hexane, to remove remaining impurities from the polymeric silane 

reagent. To obtain analytically pure material, again, repeated flash 

chromatography on silica with pure hexane as the eluent was necessary. 

 

 

 

 

 

Scheme 3. NaSCH3, DMI, 110 °C, then AcCl, 49%. 

The aromatic nucleophilic substitution reaction of both chlorine atoms in S3b 
with methylthiolates and an in situ transprotection100,162,163 of the resulting 

methylsulfanyl groups provided the terminally acetylsulfanyl-functionalized and 

propyl bridged biphenyl S3a in 49% yield (scheme 3). Chlorine as the leaving 

group was first chosen as aryl chlorines provide ideal substrates (lower costs 

and less waste is produced than with iodides or bromides) in nucleophilic type 

of reactions as well as in metal-catalyzed reactions.154 The reactivity of 

halogen substrates in palladium-catalyzed cross coupling reactions normally 

decreases in the order: I > Br > Cl > F where fluorine normally is not at all 

reactive. Interestingly, in nucleophilic aromatic substitution reactions the 

substrate reactivity is the opposite. Fluorine is reacting much faster than all 

others halogens. In this two-step addition-elimination reaction, fluorine 

accelerates the reaction speed of the first step by efficiently stabilizing the 

anionic reaction intermediate.164  

Due to difficulties in the conversion of the chlorinated building blocks to amines 

in our group using Pd-catalyzed cross-coupling conditions the building blocks 

comprising bromines as leaving groups turned out to be ideal substrates.165   

Cl Cl AcS SAc

S3aS3b
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2.2.2 Butyl-Bridged Cyclophanes 

Starting again from the 4,4'-dihalogen benzylic dibromides S14b and S15c, a 

copper-mediated Grignard reaction166 provided the diallylic biphenyl S18b in 

58% and S19c in 77% as an odorous oil. In spite of the reported challenges 

faced during the formation of eight-membered rings167 by ring closing 

metathesis (RCM), the cyclization proceeded smoothly in the case of S18b 

and S19c, probably due to the conformationally predisposed allyl chains.168,169  

The metathesis reaction using first or second generation of the Grubbs’ 

catalyst showed to be equally effective affording S20b and S21c in good yields 

of 88% and 94%, respectively as white solids (scheme 4). 

 

 

 

 

 

 

 

Scheme 4. (a) CH2CHMgBr, CuI, CH2Cl2, −40 °C to rt, 58% for S18b, 79% for S19c. (b) 
Grubbs’  catalyst, CH2Cl2, reflux, 88% for S20b, 94% for S21c.  

Subsequent hydrogenation with palladium on charcoal at atmospheric 

pressure yielded the doubly halogenated key building blocks S4b and S4c 

almost quantitatively (scheme 5).   
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Finally, a similar reaction sequence as described for S3a resulted in the 

transformation of the chlorines into acetylsulfanyl groups to provide the butyl-

bridged derivative S4a in 32% yield (scheme 5). 

 

 

 

 

Scheme 5. (a) H2, Pd/C 10%, rt, EtOAc, 95% for S4b, 98% for S4c. (b) NaSCH3, DMI,  
110 °C, then AcCl, , 32%. 

 

2.2.3 Pentyl-Bridged Cyclophanes 

An alternative strategy was applied for the assembly of the cyclononane 

structure in the modular building block S5e (figure 25). As displayed in scheme 

6, the inter-ring pentyl chain was established prior to the formation of the 

biphenyl backbone. The symmetric 1,5-bis(3-methoxyphenyl)-pentane S23 

has been synthesized according to a reported procedure.170-172  

Thus, meta-anisaldehyde underwent a double aldol-condensation with 

acetone,170,171 followed by a hydrogenation172 which afforded S22 in 46% over 

two steps. The reduction to S23 was achieved by a classical Wolf-Kishner 

reaction in 72%.172 A subsequent bromination afforded regioselectively the 

dibromo key intermediate S24 in 42% yield as a precursor of the subsequent 

cyclization reaction.173 Repeated recrystallization was crucial to remove the 

formed regioisomeric side products at this stage. Similarly, the iodination174 of 

S23 with silver trifluoroacetate - iodine proceeded smoothly but separation of 

the formed side products by recrystallization was inefficient.  
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Scheme 6. (a) acetone, NaOH, EtOH.170,171 (b) H2, Pd/C 10%, 1 EtOAc, 1 atm, 46% (over 2 
steps).172 (c) Hydrazine 85%, KOH, triethylene glycol, 190-200°C, 72%.172 (d) Br2, pyridine, 
−10 °C to rt, 42% (after recrystallization).173 (e) t-BuLi, CuCN, LiBr, MeTHF, −60°C, then  
1,3-dinitrobenzene, 23% for S26 and 27% for S25. 

The readily synthesized key substrate S24 underwent a medium ring-forming 

reaction by a copper-mediated C-C biaryl bond formation. Whitesides175 and 

more recently Lipshutz176-179 used oxidants on aryl cuprates to form biaryls 

intermolecularly. Adapting an experimental procedure of Schreiber180, 

describing the synthesis of a series of asymmetric biaryl-containing 

macrocyclic rings, the cyclononane structure S26 was synthesized 

successfully. Treatment of the dibromide S24 with tert-butyllithium followed by 

CuCN formed a cyclic biarly-cuprate as the intermediate. Upon exposure to 

1,3-dinitrobenzene as oxidant two major products were isolated after 

purification by flash chromatography in about equal amount. Intermolecular 

dimerization of two molecules S24 gave the undesired dimer S25 which was 

formed in a yield of 27%, while the intramolecular reaction provided the 

desired macrocycle S26 in a yield of 23%. Attempts to favor the intramolecular 

reaction by applying high dilution conditions did not improve the isolated yield 

of the monomeric product S26. 

 

+
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Scheme 7. (a) BBr3, CH2Cl2, rt. (b) Tf2O, pyridine, 4°C to rt. (c) t-BuSNa, Pd2(dba)3, 
xantphos, p-xylene, 140°C, 62% (over 3 steps). (d) BBr3, AcCl, toluene, 61%. 

Subsequent functional group transformation allowed to transform the terminal 

methoxy groups of S26 into the key building block S5e bearing triflate groups 

(scheme 7); The unfunctionalized pentyl bridge in S26 allowed the electrophilic 

cleavage181 of the two methyl groups of the biaryl ether with boron tribromide 

at room temperature. 

The crude biaryldiol S27 was obtained as a fluffy material which was pure 

enough to use directly for the next step. The subsequent esterification of the 

diol S27 with triflic anhydride in pyridine, acting as the base, gave the key 

building block S5e as colorless oil. Slight impurities, probably arising from the 

starting reagent, remained after purification by flash chromatography. 

However, these traces did not interfere with the subsequent reaction steps. 
The tert-butyl protected terminal sulfur groups in S28 were obtained from the 

“modular biphenyl building block” S5e and sodium tert-butylthiolate by applying 

palladium-catalyzed cross coupling conditions. The conversion of triflates to 

thioarylethers displays a valuable reaction due to a wide range of phenol 

derivates as pool chemicals. Though, few examples have been described. 

Researchers from the Merck Laboratories182 and Mispelaere-Canivet183 have 

shown the cross-coupling of aliphatic and aromatic thiols with aryl triflates 

mediated by Pd/ligand catalytic systems, however bistriflate-functionalized 

aromatic system have never been investigated. 
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A catalytic amount of Pd2(dba)3 and xantphos as the ligand in p-xylene were 

successfully applied to the cross-coupling of S5e with NaStBu to form S28. 

However, an elevated reaction temperature of 140°C turned out to be crucial 

for the formation of the doubly tert-butylsulfanyl functionalized S28. A yield of 

62% was obtained in this three step reaction sequence.  A final transprotection 

step of the tert-butylsulfanyl groups gave S5a as terminally acetylsulfanyl-

functionalized macrocyclic biphenyl. Thus, S28 was treated with an equimolar 

amount of boron tribomide removing the tert-butyl groups whereupon the 

formed free thiol groups were trapped in situ by acetyl chloride affording the 

thioester S5a.184,185 

 

2.2.4 Fully Separated π-Systems 

To complement the series of cyclic biphenyls with restricted rotation along the 

biphenyl axes, systems with a close to perpendicular conformation moved into 

the centre of attention.  

 

 

 

 

 

Scheme 8. (a) NaNO2, p-TSA, KI, t-BuOH, H2O, 40% (b) t-BuLi, CuCN, LiBr, MeTHF, -60°C, 
then 1,3-dinitrobenzene, 20%. 

To achieve a biphenyl structure with perpendicular conformation the new 

sterically demanding 2,2',6,6'-tetraisopropyl biphenyl synthon S9 starting from 

the commercially available 2,6-diisopropylaniline was synthesized. Applying a 

Sandmeyer reaction the aryl iodide S31186 was obtained in moderate yield 

which was subsequently converted to S9 by a copper-mediated aryl-aryl 

coupling reaction similar to that used to prepare compound S26.180 
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Figure 27. The X-ray structure of 2,2',6,6'-tetraisopropyl biphenyl S9 displaying a torsion 
angle Φ between both phenyl rings of 86.5°. 

Single crystals of S9 suitable for X-ray measurement were obtained from by 

slow evaporation of cold pentane. Interestingly, at first glance the even more 

sterically demanding four isopropyl groups in ortho-positions of S9 cause a 

slightly reduced torsion angle Φ of only 86.5° compared to S8a with 89.0° 

(section 2.3) bearing four methyl groups. The origin of this unexpected 

difference remains unclear. This difference in Φ might either be a general 

trend in such ortho alkyl functionalized biphenyl compounds as well as simple 

packing effects in the solid state structures. All attempts to further functionalize 

the tetraisopropylbiphenyl synthon with leaving groups in para-position failed. 

While with mild reaction conditions such as bromine in trimethylphosphate no 

conversion of S9 was observed, overbromination was observed for the Lewis 

acid (FeCl3) catalyzed bromination with bromine in CH2Cl2. Further attempts 

geared towards selective iodination with the hypervalent iodination reagent 

PIFA187 resulted in complex mixtures of mono- and diiodinated derivatives of 

S9. Due to the challenging selective functionalization, S9 was no longer 

considered as a potential modular biphenyl building block. Other attempted 

synthetic strategies to directly obtain para functionalized biphenyls with four 

ortho-isopropyl substituents did not lead to any satisfying results. These 

attempts included copper-mediated aryl-aryl coupling reactions with 
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preliminary and selective halogen/metal exchange of mixed halogen 

precursors. However, the series with restricted rotation along the biphenyl 

axes was completed by successfully synthesizing the tetramethyl compound 

S8a.  

 

 

 

 

 

Scheme 9. (a) NaNO2, H2SO4, H2O, KI, I2, 51%. (b) t-BuSNa, Pd2(dba)3, xantphos, p-xylene, 
140°C, 74%. (c) BBr3, AcCl, toluene, 84%. 

An interesting biphenyl building block with an almost perpendicular 

configuration of both phenyl rings and thus with a poor electronic coupling 

along its backbone is the known 4,4’-diiodo-2,2’,6,6’-tetramethyl biphenyl  

S8d (scheme 9). 

Starting from the benzidine‡ precursor S29188 bearing the four methyl groups in 

the desired position, the amine groups were diazotized with nitrous acid in 

aqueous media followed by the treatment of a iodide/iodine couple which gave 

the functionalized diiodo-building block in a four times higher yield compared 

to an earlier reported procedure.189 Direct introduction of the sulfur-atom by the 

thioacetate anion using a palladium catalyzed procedure by Lai190 was not 

successful. However, the key building block S8d underwent successfully a 

palladium catalyzed cross-coupling reaction according again to the protocol of 

Mispelaere-Canivet183 to the thioether S30 in 74%. The acetyl protected dithiol 
S8a was finally achieved by using a standard transprotection procedure as 

previously described in the synthesis of compound S5a in 84%.  To separate 

the impurities emerging from the benzidine rearrangement (S29),‡ a 

recrystallization from a mixture of hot hexane and cyclohexane was performed 

to yield highly pure S8a as single crystals.  
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‡ The original procedure from 1945 to prepare benzidine S29 includes a 

complex multi step purification procedure. Attempts to remove the isomeric 

impurity (2,2’,4,6’-tetramethyl-6,4‘-diaminobiphenyl) by repeated 

recrystallization in various solvents failed. This impurity was easily removed by 

recrystallization after introduction of the acetyl protected thiol groups.  
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2.3 X-ray Solid State Structural Analysis 

Of particular interest were X-ray solid state structure analysis of the new BPDT 

structures S1a-S8a not only to confirm the identity of the compounds, but also 

to investigate the correlation between the length of the bridging alkyl chain in 

S1a-S5a and the resulting torsion angles Φ. While the attempts to crystallize 

the fluorene derivative S1a and the unsubstituted BPDT compound S6a failed 

(precipitated as powder), single crystals suitable for X-ray analysis were 

obtained for the bridged BPDTs S2a-S4a from hot cyclohexane and in the 

case of S5a, from hot pentane after storing at 4 °C. In addition, the solid state 

structure of S7a was already reported by Elbing100 and co-workers and 

suitable single crystals from the tetramethyl substituted BPDT S8a were 

obtained again from hot cyclohexane.154  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 28. Ortep III view of the molecular structures of S2a (top) and S3a (bottom). Thermal 
ellipsoids are set at 50% probability. A torsion angle of 16.8° was measured for  S2a and 
44.7° for S3a respectively.154 
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Figure 29. Ortep III view of target structures S4a (top), S5a (bottom). Thermal ellipsoids are 
set at 50% probability. A torsion angle of 57.8° was measured for S4a, 71.5° for S5a.19 

Figure 28 and figure 29 display the solid state structures of the bridged  

BPDTs S2a-S5a as a series of increasing length of the bridging alkyl group. 

Furthermore, particular structural parameters including the intramolecular 

sulfur-sulfur distance as length axis of the molecule and the torsion angle Φ 

are listed in table1. Very comparable intramolecular sulfur-sulfur distances 

within the series of X-ray analyzed derivatives with values between 1.059 nm 

for S5a and 1.062 nm for S7a (2,2’-dimethyl-BPDT)100 point at hardly any 

effects of the various alkyl substituents on the linearity of the BPDT backbone. 

Obviously, steric repulsion emerging from various alkyl substituents seems to 

be intercepted by adjusting the inter-ring torsion angle Φ.  
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This torsion angle was measured between the planes of both phenyl rings of 

the biphenyl system. These planes were obtained by considering all six carbon 

atom positions of the solid state structure for the least square minimization 

procedure. 

Table 1. Molecular structures and measured properties. 

# torsion angle Φ /° 
from the solid state 
structure 

S(1)-(2)  
distance (nm) 

S1a 1.1[a] - 

S2a 16.8 1.061(2) 

S3a 44.7 1.060(9) 

S4a 57.8 1.060(5) 

S5a 71.5 1.059(4) 

S6a 36.4[b] - 

S7a 79.7[c] 1.06(2)100 

S8a 89.0 1.061(2) 

[a] The value was taken from the solid state structure of 
fluorene.191 [b] The torsion angle was calculated at the 
DFT level.108 [c] Taken from the solid state structure in 
ref.100 

The obtained torsion angles Φ are displayed in table 1 and display a 

continuous increase with elongation of the inter-ring alkyl bridge.  

While the elongation by a CH2 unit between the fluorene S1a and the 

dihydrophenanthrene S2a increases the torsion angle by 15.7°, the largest 

increase of the torsion angle Φ of almost 28° is observed between the 

dihydrophenanthrene S2a and the C3-bridged BPDT system S3a. Further 

elongation to the C4- and C5-bridged derivatives S4a and S5a result in 

additional openings of the angle Φ by 13.1° and 13.7° respectively.19  
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The almost perpendicular arrangement of both phenyl rings were measured for 

the solid state structures of the dimethyl- and the tetramethyl-derivatives S7a 

and S8a  with values of 79.7° and 89° respectively.  
 

 

Figure 30. The X-ray structure of S8a with an interplane torsion angle Φ of 89.0°.154 

Compared to the parent BPDT S6a (2-3 kcal/mol-1), the rotation barriers of the 

additionally methyl substituted compounds S7a and S8a, and in particular of 

the alkyl interlinked derivatives S2a-S5a are expected to be increased 

considerably (see section 1.4.2).192 Thus, in spite of the increased structural 

flexibility in solution, the values obtained by solid state structure analysis 

remain the best proxy for the value expected in solution.154  
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2.4 Electronic Spectra 

To investigate the correlation between electronic absorption properties and the 

interplane torsion angle Φ, the entire series of biphenyl derivatives S1a-S8a 
comprising identical terminal groups was measured. The UV absorption 

spectra of the series S1a-S8a were measured in hexane with a concentration 

of 1.0·10-5 M. The obtained absorption spectra are displayed in figure 31. 

 

 

 

 

 

 

 

 

 

 

Figure 31.  UV absorption spectra of the BPDTs in hexane with a concentration of 1·10-5 M. 
The absorption spectra are displayed in a stacked mode. 

The longest wavelength absorption bands of S1a and S2a are around 312 nm 

and, in analogy to their terminally unsubstituted counterparts, are assigned to 

the α-absorption band.193 Similarly, the broad absorption bands of S1a-S8a 

between 240 and 300 nm can be assigned to the p-band of the biphenyl 

subunit.  

This p-band is also called the conjugation band, as its position and intensity is 

reported to reflect the extent of conjugation in the biphenyl core.96,194,195 

Compared with the terminally unfunctionalized biphenyl, we observe for S6a a 

bathochromic shift of about 30 nm of the p-band (figure 31) which may be 
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attributed to the enlargement of the π-system due to the substitution with lone 

pairs containing S-acetyl groups.195  

Table 2. Torsion angles and UV-absorption properties of S1a-S8a. 

# torsion angle Φ /° 
from the solid 
state structure 

p-band λmax 
nm (eV)  

Absorption  
onset  
nm (eV) 

ε  
(L mol−1cm−1) 

S1a 1.1[a] 291 (4.26) 327 (3.79) 28900 

S2a 16.8 295 (4.20) 330 (3.76) 30500 

S3a 44.7 278 (4.46) 309 (4.01) 24000 

S4a 57.8 263 (4.71) 297 (4.17) 21700 

S5a 71.8 250 (4.96) 290 (4.28) 17600 

S6a 36.4[b] 281 (4.41) 315 (3.94) 27000 

S7a 79.7[c] 251 (4.94) 294 (4.22) 17600 

S8a 89.0 244 (5.08) 282 (4.40) 18300 

[a] The value was taken from the solid state structure of fluorene.191  
[b] The torsion angle was calculated at the DFT level.108 [c] Taken from 
the solid state structure in ref.100 

In table 2 the onset and the λmax values of the p-band absorption of each 

absorption spectra is listed. According to theory, the π-π* transition 

energy108,114 and the position of the λmax of the conjugation band should 

correlate with the conformation of the biphenyl core. The electron transfer 

properties between both π-systems is proportional to cosine square of their 

torsion angles.93,114,196  

Thus in figure 32 the longest wavelength onset of each spectrum reflecting the 

HOMO-LUMO band gap (adiabatic excitation energy) of the compound under 

investigation is plotted against cos2Φ. The values of the interplane torsion 

angles (Φ) were determined from X-ray structural analysis. Within this series of 

compounds, the expected linear correlation between the HOMO-LUMO band 

gap and cos2Φ was observed. The α-absorption band was only observed for 

fixed biphenyl systems with torsion angles Φ below 45° like S1a, S2a and S3a 

(S3a: shoulder between 310 nm and 325  nm). Furthermore, a strong increase 

of this band with decreasing torsion angle was observed in this sub-series.  
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It is noteworthy that the unbridged biphenyl S6a with Φ = 36.4° does not 

exhibit this band.  
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Figure 32. The onset of the UV absorption spectra of the molecules S1a-S8a is plotted 
against cos2Φ. Φ is the measured interplanar torsion angle obtained from the X-ray structure. 
The linear correlation coefficient R2 is 0.943 (without S1a). 
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Figure 33. p-band absorption maxima of the molecules S1a-S8a plotted against cos2Φ.  
Φ is the measured interplanar torsion angle obtained from the X-ray structure. The linear 
correlation coefficient R2 is 0.967 (without S1a). 
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The plot of the p-band absorption maxima (vertical excitation energy) against 

cos2Φ is displayed in figure 33. Again the expected linear correlation between 

the λmax of the p-band and cos2Φ was observed for the series. The only slightly 

exceptional behavior was observed for the fluorene derivative S1a displaying a  

p-band maximum a little bit below the expected value.  

Interestingly, a similar trend was also observed in the single molecule 

transport investigations (see section 2.5). 
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2.5 Single Molecule Conductance 

Of particular interest is the conductance through these BPDT structures mainly 

varying in the inter-ring torsion angle Φ. The BPDT structures S1a-S8a were 

investigated between the gold tip and the gold substrate at the solid/liquid 

interface of a scanning tunneling microscope (STM) break junction set-up197 

protected by an argon gas atmosphere. A 250 μM solution in mesitylene/tetra-

hydrofuran 4/1 of the BPDT under investigation was treated with a 125 μM 

solution of tetrabutylammonium hydroxide to remove the acetyl protection 

groups, allowing the formation of covalent gold-sulfur bonds enabling the 

immobilization of the rod inside the junction.   

 

 

 

 

 

 

 

 

 

Figure 34. A) Examples of the three types of conductance−distance traces for S6a’ at  
Vbias = 0.1 V: type I (black), type I curves (60%) are exponential and represent direct electron 
tunneling between gold tip and substrate without molecular junctions being formed; type II 
(red), type II curves (10−20%) are non-monotonous with large fluctuations, which we attribute 
to mechanical instabilities or switching between single and multimolecular junctions; and type 
III (blue), type III curves (20−30%) are non-exponential, and exhibit well-defined steps 
separated by characteristic plateaus of 0.05−0.30 nm length. B) A typical trace for the 
breaking of gold nanocontacts in the presence of S6a’ in a larger conductance range. 

To distinguish the molecular junctions from the synthesized molecules  

S1a-S8a, they will be denoted as S1a’-S8a’. Three different voltages  
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(65, 100 and 180 mV) were applied between tip and substrate while the 

junction was repeatedly opened and closed to establish transient single 

molecule contacts. Several thousand junctions were created and their current 

vs. tip-distance traces (figure 34) were recorded. Only the current traces 

displaying typical single molecule current plateaus have been selected by an 

automated algorithm and were considered (20±10%) for the conductance 

analysis. The extracted conductance histograms revealed characteristic peaks 

corresponding to the conductance of the single BPDT junction.  

 

 

 

 

 

 

 

 

Figure 35. Representative plateau-point histogram for S6a’: (black) Vbias = 65 mV,  
(red) Vbias = 100 mV, and (blue) Vbias = 180 mV.18 

Figure 35 shows, as a representative example, the plateau data-point 

histogram of 0.25 mM acetyl-protected biphenyl-4,4′-dithiol (S6a) after 

deprotection at three bias voltages in a linear representation. Each histogram, 

constructed of about 1000 individual (type III) traces out of 3000 totally 

recorded, reveals a distinct maximum. Control experiments with bare 

THF/mesitylene, e.g. in the absence of S6a, did not show this feature, 

indicating clearly a S6a’-related junction response in figure 35. The position of 

the peak, which was taken as the most probable single junction conductance 

G = (1.7 ± 0.2) × 10−4G0 (table 3), was estimated by fitting a log-normal 
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distribution to the experimental data. It can be emphasized that the 

measurement time of a single conductance-distance trace (~50 ms) is long 

compared to the time scale for molecular rotations in solution (ps),198 so that 

the conductance level of each step in a single trace is the thermal average 

over many dynamic fluctuations.  

Table 3. Molecular structures and measured properties.19 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

[a] The value was taken from the solid state structure of 
fluorene.191 [b] The torsion angle was calculated at the DFT 
level.108 [c] Taken from the solid state structure in ref.100 

According to theory, the electron transmission is proportional to cos2Φ of their 

torsion angles. Figure 36 displays the plot of the junction conductance (G/G0) 

against cos2Φ for each BPDT derivative investigated. The data represent 

averages of the three bias voltages applied as extracted from the 

corresponding conductance histograms. 

# Synthesized:  
R = Ac 
Immobilized: 
R = Au 
electrodes 

Interpl. 
torsion 
angle Φ (°) 
 

Conductance G 
(G0) 

S1a  1.1 1.45 ± 0.1 ×10-4 

S2a  16.8 2.19 ± 0.2 ×10-4 

S3a  
44.7 1.30 ± 0.2 ×10-4 

S4a 
 

57.8 6.97 ± 1.7 ×10-5 

S5a 
 

71.5 1.68 ± 0.3 ×10-5 

S6a  36.4 1.72 ± 0.2 ×10-4 

S7a 
 

79.7 1.29 ± 0.2 ×10-5 

S8a 
 

89.0 9.03 ± 1.7 ×10-6 
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Figure 36. Conductance peaks of the molecular junctions S1a’-S8a’ plotted against cos2 Φ, 
with Φ as the measured interplanar torsion angle obtained from the X-ray structure.19 

Using the linear equation G = b + a cos2Φ from the data fit (excluding S1a’), 
the estimated slope and the intersection are a = (2.44 ± 0.097) × 10−4G0 and  

b = (3.4 ± 4.7) × 10−6G0, respectively. The residual conductance bex at Φ = 90° 

can be probably attributed to σ-π couplings (see also end of 1.4.1.1).117,199 The 

much higher value of the slope suggests that the π-π overlap between the 

phenyl rings dominates the junction conductance.75,108,110 

With the exception of the fluorene structure S1a, the series of BPDTs display a 

linear correlation between the conductance of their single molecule junction 

and the cos2Φ extracted from the X-ray data. Interestingly, the conductance 

values observed for S1a are considerably lower than expected.  

 

From previous investigations of the electronic transport through  

benzene-dithiol, it can be assumed that hole transport is dominant for dithiol-

biphenyls, where HOMO states are involved, since the LUMOs have a larger 
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energy gap to the Fermi level of the metal electrode.18 Surprisingly, semi 

empirical and DFT calculations do not show an additional stabilization of the 

HOMO level which could explain the reduced conductance of S1a. 

Optical UV measurements also revealed an exceptional behavior for fluorene 

compound S1a. It was observed that both the value of the optical band gap as 

well as the position of the conjugation band do not follow the trend (see 

previous section). The exceptional optical behavior of fluorene has been 

mentioned by various authors96,113,195,200 and is rationalized by a 

hyperconjugative effect. When a bridging methylene unit is introduced in the  

2 and 2’ positions of biphenyl, the remaining hydrogen atoms of the methylene 

unit are forced into a strained eclipsed conformation. This not only induces 

torsional strain, destabilizing the π-system,201,202 but also allows the methylene 

unit to interact with the adjacent π-orbitals of the phenyl rings. This type of  

σ-π-orbital interaction is known as hyperconjugation. 

However, DFT calculations of the ground state of the terminally thiol- 

functionalized fluorene derivates S1a and CN 1 (from chapter 2 and 3) do not 

show an σ-π-orbital interaction with the hydrogen atoms of the methylene unit 

with the adjacent π-orbitals of the phenyl rings.18,203 Thus, the origin of this 

unexpected behavior remains unclear but it is probably due to a subtle 

combination of factors. 
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2.6 Conclusion 

In conclusion the synthesis and the structural analysis of a family of BPDTs 

with fixed torsion angles Φ due to an inter-ring alkyl chains was accomplished. 

The series was complemented by three derivatives with various numbers of 

methyl substituents in the 2,2’,6,6’-position to vary Φ by steric repulsion. To 

determine the torsion angles Φ single crystals were grown for X-ray analysis.  

Furthermore, these novel biphenyl synthons were synthesized as modular 

building blocks comprising suitable leaving groups in the terminal position. 

This enabled selective functionalization with other functional (anchoring) 

groups in para-position or allows the integration of these building blocks in 

future molecular systems. Investigation of the single molecule conductance of 

the series displays a linear correlation with the cos2Φ of the inter-ring torsion 

angle Φ for BPDTs with a divided π-system. 

Hence, the measured molecules-specific property obtained from this series 

comprising eight molecules varying in a single structural parameter can be 

assigned to the molecular origin. 

A similar trend at increased conductance values has been reported for amine 

terminated biphenyls comprising various substituents.75 In contrast to their 

findings, the planar fluorene derivative S1a displays a reduced conductivity, 

pointing at additional and equally important parameters governing the 

transport efficiency in addition to the planarity of the π-system. 

These findings were confirmed by the linear correlation between the shift of 

the conjugation band and the cos2Φ of the torsion angle in solution. This 

spectroscopically reflects the degree of π-π coupling between both phenyl 

units and thus reflecting the separation of the HOMO-LUMO energy levels. 
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3 Exploring π-Electron-Delocalization in the 
Structure’s LUMO: Dicyano-Cyclophanes (CN) 

3.1 Introduction 

Organic semiconductors can be divided into two classes: p-channel 

semiconductors (holes are injected into the material from the electrodes) and 

n-channel semiconductors (electrons can be injected into the material from the 

electrodes). The availability of both, efficient n- and p-channel semiconductor 

materials is one of the bottle necks currently limiting the development of 

electronic devices. For the development of efficient π-conjugated materials a 

profound understanding of the interplay between the π-electron delocalization 

and geometrical structural features is required. Structure/property relationships 

of π-conjugated polymers204-206 or molecular rods18,19,75 with p-type character 

(e.g. sulfur-functionalized biphenyls in chapter 2 and amine-functionalized 

biphenyls at the end of section 1.4.1) have been studied extensively. Most of 

these semiconductors are based on organic systems with electron-rich, 

oxidizable structures comprising thiophene,206 pyrrole or other nitrogen-donor 

containing systems.205  

In contrast to that, structure/property correlations of n-channel materials are 

not well established due to the limited availability of stable and highly 

performing electron-accepting π-systems.204,207,208 Prototypical polymeric  

n-channel materials consist usually of rather rigid molecular subunits such as 

naphthalene or perylene tetracarboxylic diimides.209,210  Progress for the 

development of new types of n-channel semiconductors has been made over 

the past few years by chemical substitution of the aromatic subunits with 

electron-withdrawing groups.211  
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Figure 37. Comparison of the calculated energy levels of 2,7-dicyanofluorene CN 1 and  
2,7-dithiofluorene. The HOMO and LUMO energies of CN 1 are considerably lowered 
compared to the fluorene derivate comprising thiol groups due to the electron withdrawing 
effect of the two cyano groups (DFT/B3LYP/TZVP). 

Strong acceptor groups efficiently lower the frontier orbital levels (figure 37) 

and thereby are making the structures LUMO accessible for electrons at less 

negative potentials. In other words, acceptor groups are improving the 

reducibility of the system. However, a clear relationship between the spatial 

arrangement of neighboring π-systems and electronic properties is missing so 

far. Furthermore, charge transport in biphenyl model structures comprising 

donor substituents has been studied, showing that electronic hole transport 

through the HOMO linearly depends on cos2Φ of the torsion angle between 

the two divided π-systems (see section 2.5).  

To explore to which extend these findings also apply for electrons delocalized 

in the structure’s LUMO was the motivation to investigate the physical 

properties of this series of model compounds. 
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In this chapter the synthesis of six dicyano-biphenyl model compounds  

(CN 1-6, figure 38) with n-channel semiconductor properties is presented. 

Subsequently the solid state molecular structure and packing properties are 

discussed, and these data are correlated with the electrochemical, 

spectroelectrochemical, optical and transport properties. In addition, the 

experimental data are compared with results obtained from DFT-calculations. 

 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Figure 38.  A) The interplanar torsion angle Φ of the biphenyl backbone is adjusted by the 
length of the inter-ring alkyl chain. B) Synthesized model compounds: The series of  
dicyano-biphenyl cyclophanes CN 1-4 and the dicyano-biphenyl derivatives CN 5 and CN 6. 

 
Substitution of the terminal positions of the biphenyl synthons with cyano 

groups improves the ease of electron injection into the π-system. As a 

consequence, the reduction potential of this subunit becomes an 

electrochemical label enabling the investigation of interring communication 

electrochemically.  
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Furthermore, with the terminal cyano groups as potential anchor groups for 

metal electrodes, these series of model compounds is ideally suited to study 

electron transport on a single molecule level. Thereby, the series enables a 

systematic investigation of the relationship between electron transport and the 

backbone conformation. 

In addition, organic cyano derivates are chemically highly stable compared to 

isocyanides (isocyanides undergo thermal212-214 and photoinduced215,216 

isomerization yielding cyanides).217 The high stability of the cyanide group can, 

thus, enhance considerably the lifetime of a molecular device. 
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3.2 Synthesis and Chemical Characterization 

The synthetic strategy to build up the cyclophane synthons was based on the 

previously described synthetic work on angle-restricted biphenyl-dithiols 

(section 2.2).19,154 The cyclophanes CN 1-4 (figure 38) with an increasing 

length of the inter-ring alkyl chain n = 1-4 and thus with increasing torsion 

angles were the initial synthetic target structures. The series of terminally 

cyano-functionalized biphenyl systems was complemented by the 

unsubstituted compounds CN 5 and the 2,2’,6,6’-tetramethyl derivate CN 6 
(figure 38). While the strategy to build up the cyclophane structures CN 3 and 

CN 4 is adapted (see section 2.2), the terminal halogen atoms are replaced by 

methoxy-groups. The new synthetic pathway can be easily scaled up to a few 

hundred grams and requires no longer difficult to handle polymethylhydro-

siloxane and costly reagents. Furthermore, the overall yield of this new 

“methoxy” synthetic route is increased by almost a factor four compared to the 

previously described synthesis.154 The synthetic pathway of the methoxy-

functionalized key building block CN 8 is shown in Scheme 10. 

 

  
 

 

 

 

 

 

Scheme 10. Reagents and conditions: (a) Mg0 (1.4 equiv), methyl-THF, FeCl3 (7.1 mol%),  
1,2-dichloroethane (1.7 equiv), reflux, 92%. (b) NBS (2.1 equiv), benzoyl peroxide (7.5 
mol%), CCl4, reflux, 68%. 

Starting from the bulk chemical 4-bromo-3-methylanisole, an oxidative iron-

catalyzed homo-coupling reaction218,219 using stoichiometric amounts of  

BrMeO MeO OMe

MeO OMe

Br

Br
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b

CN 7
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1,2-dichloroethane as the re-oxidation agent, afforded the building block CN 7 

in a yield of 92%. Subsequent double bromination with NBS afforded key 

intermediate CN 8 in 68% yield. To achieve the oxo-functionalized propyl 

bridge in CN 9, an additional carbon atom was introduced by an intramolecular 

cyclization reaction of the dibromide CN 8, using the masked formaldehyde 

equivalent (tolylsulfonyl)methyl isocyanide (TosMic)160 to provide the 

dimethoxy ketone CN 9 as a white solid in a yield of 83% (scheme 11). The 

”methoxy” route allowed the reduction to CN 10 by a Wolff–Kishner reaction172 

in 86% yield. While the polymethylhydrosiloxane-B(C6F5)3 reduction161 is 

completed within minutes, the produced polymeric residues lower the yield 

considerably due to the difficult purification procedure. 

 

 

 

 

 

 

 

 

 

 

Scheme 11. Reagents and conditions: (a) TosMic (1.0 equiv), CH2Cl2, NaOH, 
tetrabutylammonium bromide (TBAB) (6.3 mol%), then HCl, t-BME/H2O, 83%. (b). KOH  
(4.2 equiv), hydrazine monohydrate (2.3 equiv) diethylene glycol, 195 °C, 86%. (c) BBr3  

(5.5 equiv), CH2Cl2, 0 °C to rt. (d). Tf2O (3.9 equiv), pyridine, rt, 84% over two steps. 

Subsequent functional-group transformations allowed CN 10 with terminal 

methoxy groups to be transformed into CN 12 bearing triflate groups. The 

unfunctionalized propyl bridge in CN 10 allowed electrophilic cleavage of the 

two methyl groups of the biaryl diether with boron tribromide at room 
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temperature. Subsequent esterification of the diol CN 11 with triflic anhydride 

in pyridine gave the triflate building block CN 12 in a yield of 84% over two 

steps. An overall yield of 38% was obtained for this six-step reaction 

sequence. 

 

 

 

 

 

 

 

 

 

 

 

Scheme 12. Reagents and conditions: (a) CH2CHMgBr (6.0 equiv), CuI (1.0 eq), CH2Cl2,  
-50°C to rt, 77%. (b) Grubbs’ catalyst (5.0 mol%), CH2Cl2, reflux, 79%. (c) H2, Pd/C 10%, rt, 
EtOAc, 98%. (d) BBr3, pyridine, rt. (e) Tf2O (3.9 equiv), pyridine, rt, 83% over 2 steps. 

Again, starting from the key intermediate CN 8 (scheme 12), a copper-

mediated alkylation, with the in situ generated Normant reagent, provided the 

diallylbiphenyl CN 13 as a smelly oil in a yield of 77%. A ring-closing 

metathesis using Grubbs’ catalyst afforded CN 14 in high yield (79%). Sub-

sequent hydrogenation with Pd/C at atmospheric pressure yielded the 

hydrogenated butyl-bridged biaryl ether CN 15 almost quantitatively. Finally, a 

similar deprotection - reprotection reaction sequence as described for the 

synthesis of CN 12 resulted in the transformation of the methoxy groups into 

triflate groups to provide the butyl-bridged key intermediate CN 17 in 83% over 

2 steps. An overall yield of 31% was obtained for this seven step reaction 

sequence.  
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Scheme 13. Reagents and conditions: (for a, b) Pd2(dba)3·CHCl3 (10.0 mol%), xantphos  
(10.0 mol%), tributyltin chloride (3.6 mol%), KCN (3.0 equiv), acetonitrile, reflux (method A). 
Yields: 82% for CN 3 and 86% for CN 4. 

Aromatic nitriles are of considerable interest in organic chemistry. The 

cyano functional group is valuable in installing functionalities such as 

aldehydes, amides, amines, tetrazoles, thioamides, carboxylic acid and their 

derivates.220,221 Classical methods for the preparation of aryl nitriles involves 

the Rosenmund-von Braun reaction with aryl halides (I, Br, Cl) using 

stoichiometric amount of copper(I)cyanide.222-225 However, these methods 

require harsh conditions226 and more recent palladium catalyzed reactions 

have been developed using various CN- sources to replace them such as 

Zn227,228-, Cu-salts229 or K4[Fe(CN)6].229 While these methods represented 

significant improvements over earlier procedures metal waste remains a 

problem and high reaction temperatures are still required.  
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The conversion of triflates to aryl nitriles is a valuable synthetic reaction due to 

the wide range of available environmental-friendly phenol derivatives. 

However, only a few examples on the conversion of triflate groups have been 

reported.230-232 The synthesis of bis(triflate)-functionalized aromatic systems 

has not been investigated so far. The use of a catalytic amounts of Pd2(dba)3, 

tributyltin chloride and xantphos in refluxing acetonitrile (denoted as method A) 

was successful in the double cross-coupling reaction of CN 12 with potassium 

cyanide to give the dicyano-cyclophane CN 3 in 82% as white solid  

(scheme 13). Applying again cyanation method A to the ditriflate CN 17 

yielded the dicyano-cyclophane CN 4 in 86% after purification by flash 

chromatography as white solid. 

Single crystals of model compounds CN 3 and CN 4 suitable for the X-ray 

structural analysis were obtained by recrystallization from a mixture of hot 

dioxane and cyclohexane. 
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A reaction mechanism for the Pd-catalyzed cyanation reaction (method A) of 

triflates involving catalytic amounts of organotin reagents has been adapted 

from a proposal of Yang230 which is shown in figure 39. The catalytic cycle A 

shows the typical Pd-cycle with the oxidative addition step followed by the 

reductive elimination step yielding the cyano-aryl. The cycle C involving the 

organotin compound, delivers the catalytic cycle A by generating continuously 

small amonts of Bu3SnCN by converting relatively small amounts of Bu3SnOTf 

at the solid/liquid KCN-acetonitrile interface where cyanide is stored in 

stoichiometric amounts as solid KCN. Having only a small amount of cyanides 

in solution is assumed to prevent the side reaction in cycle B where the Pd 

catalyst would decompose with cyanides.230 There was further experimental 

evidence that Bu3SnCl forms an tin ate complex233 in the presence of KCN. 

The presence of such an ate complex might favor the transport (doted lines in 

cycle C) of the cyanide to the Pd(II) as required for the cyanation and the side 

reaction removing Pd might therefore be suppressed.230 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 39. Catalytic cycle for a Pd-catalyzed cyanation (method A) of an aryl triflate adapted 
from Yang.230  
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While the compounds CN 3 and CN 4 were assembled by the “methoxy route”, 

another strategy was applied to assemble the dicyano-cyclophanes CN 1 and  

CN 2. Starting from 2,7-dibromofluorene,234 a Rosenmund-Von Braun222 

reaction using copper(I)cyanide was performed (denoted as method B) 

yielding the fully planar 2,7-dicyano-fluorene CN 1 in a yield of 51%  

(scheme 14).  

 

 

 

 

 

 

 

 

 

 

 

Scheme 14. (a) Method B: Cu(I)CN (2.6 equiv), DMF, 150-160 °C, 51%. (b) Bromine (2.1 
equiv), trimethylphosphate, rt, 47%. (c) Method B: Cu(I)CN (2.6 equiv), DMF, 150-160 °C, 
53%. 

While other authors223,235-237 already reported the synthesis of  

2,7-dicyanofluorene, a complete analytical characterization is still missing. 

Repeated attempts to purify CN 1 were complicated due to the low solubility of 

the fluorene derivate. These attempts included repeated extraction of the 

product by ethyl acetate, filtration through silica, followed by repeated 

recrystallization from 1) acetonitrile, 2) ethanol and 3) 2-methoxyethanol 

yielding in crystalline samples of insufficient purity. A final chromatographic 

purification of CN 1 was achieved by dissolving the compound in a large 

amount of chloroform and adsorbing it to the immobilized phase. This was 
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followed by a recrystallization from a hot mixture of dioxane and cyclohexane 

affording single crystals suitable for the X-ray analysis as the first sample 

satisfying all analytical criteria. 2,7-dicyano-dihydrophenanthrene CN 2 

containing an ethylene-bridge was assembled by a similar synthetic strategy 

(Scheme 14). 9,10-Dihydrophenanthrene was selectively brominated238 in the 

para-position of the biphenyl scaffold with elemental bromine under halogen-

halide free conditions239 using trimethylphosphate as the solvent. Spontaneous 

crystallization afforded the CN 18 in a reasonable yield of 47%.  

2,7-Dibromo-9,10-dihydrophenanthrene CN 18 underwent a cyanation reaction 

with copper(I)cyanide (method B) followed by recrystallization from hot toluene 

and subsequently from a boiling mixture of dioxane and cyclohexane to give 

single crystals of CN 2 suitable for the X-ray analysis. 

 

 

 

 

 

 

 

 
 

 

Scheme 15. (a) Method B: Cu(I)CN (3.0 equiv), DMF, 150-160 °C, 16 h, 73%. (b) Method B: 
Cu(I)CN (3.0 equiv), DMF, 140 °C, 8 h, 84%. 

4,4’-Dicyano-biphenyl CN 5 (scheme 15) was synthesized starting from the 

commercially available 4,4’-dibromobiphenyl. Again, a doubly copper mediated 

cyanation reaction (method B) afforded the target compound CN 5 in a yield of 

73%. Due to the low solubility of the core-unsubstituted biphenyl CN 5, similar 

purification problems were encountered as described before for the fluorene 

compound CN 1. An adapted purification procedure allowed separation of the 
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impurities in CN 5. The slow evaporation technique with dioxane/cyclohexane 

as the solvent mixture was crucial step to obtain single crystals suitable for the 

X-ray analysis 

To complement the series biphenyl CN 6 with two π-systems perpendicular to 

each other was synthesized. The already available diiodo building block S8d  

(section 2.2.4) with four methyl groups in ortho-position was successfully 

cyanated by applying method B except that the reaction was completed within 

a shorter reaction time and that the reaction proceeded at a slightly lower 

reaction temperature. This is pointing at the improved efficiency of iodine as 

leaving group compared to bromine. Purification by flash chromatography on 

silica followed by recrystallization from cyclohexane using the slow 

evaporation technique afforded the last member of the series CN 6 as single 

crystals. 
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3.3 Physical Properties 

3.3.1 Dipolar Interactions of the Cyano Group 

Crystal design and engineering has received much attention in recent 

years.240-242 One of the most important issues in this field is the rational design 

and structural control of molecular packing which affects and controls the 

macroscopic properties of a material including its electronic and optical 

properties. Furthermore, intermolecular interactions play an important role in 

the formation of supramolecular structures and can, most easily be explored in 

the solid state measuring the X-ray structure.243 Interactions such as hydrogen 

bonding, metal coordination, halogen bonding or aromatic non-covalent 

bonding have been widely studied over the years.244-253 However, weak 

noncovalent interactions of cyano groups exhibiting a local dipole moment 

have received much less attention.254 Recently, experimental evidence for 

dipolar C≡N···C≡N interactions have been systematically explored255,256 by 

analyzing the Cambridge Structural Database of non-disordered structures 

and comparing these with the well studied electrostatic interactions between 

carbonyl groups.257 Subsequent dipolar C≡N···C≡N interaction motifs have 

been found:  

 

 

 

 

Figure 40. Observed motifs of dipolar C≡N···C≡N interactions. 

a) The sheared antiparallel motive (predominant interaction), b) the sheared 

parallel motive, and c) the perpendicular motif. Despite of the increased steric 

bulk of the cyano group, compared to the carbonyl group,257 the calculated 

point charges of acetonitrile C(+0.30e)≡N(−0.46e) are a bit less compared to 

acetone C(+0.51e)≡O(-0.53e).255  
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3.3.2 The Weak Hydrogen Bonding of the Cyano Group 

Beside the dipolar C≡N···C≡N interaction, examples of weak hydrogen 

bonding with cyano groups have been observed.258 Bonding modes of 

cyanides are either at the nitrogen non-bonding lone pair or perpendicular at 

the triple bond of the cyano group. Due to no-supporting charge at the triple 

bond one should expect gradual change in bonding energy between the two 

modes. As we shall see, the H···π bonding mode displays an often observed 

intramolecular interaction in the solid state. 

 

 

 

 

 

Figure 41. Modes of the weak hydrogen – CN bonding 

An example with an alkynyl donor has been found by Kumar et al.259 forming a 

C≡C-H···N≡C  hydrogen bond.  The H···N≡C angle was found to be 93° 

indicating a perpendicular interaction where the hydrogen atom donates into 

the π-orbitals of the cyano group (d(H···N): 2.75 Å, d(H···C≡N): 3.05 Å). In a 

surface-based assembly of cyanophenyl substituted porphyrins using ultra-

high vacuum deposition, it has been demonstrated that the molecular 

arrangement such as dimer, trimer, tetramer or linear chain can be induced by 

altering the position of the cyanophenyl group. Thereby a H···N≡C distance 

between 2.5 Å and 2.6 Å was found.260 A common method to assign hydrogen 

bond (H···A) character is the van der Waals criterion. The van der Waals cut-

off criterion requires that the distance of a hydrogen bond must be smaller 

than the sum of the covalent van der Waals of H-donor and A-acceptor 

together. This criterion does not stand on experimental or theoretical ground, 

but has been established for reasons of convenience. The criterion works well 

for strong hydrogen bonds which are almost always short enough to fulfill the 

C NC H C NC

H

C NCX

X
H
X

a) b) c)
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criterion. Weak hydrogen bonds are longer and application of the van der 

Waals cut-off criterion can have drastic consequences.254 For example the 

H···π interactions are much longer and would not pass the criterion.  As a 

result the criterion can be useful but does not necessarily include all existing 

binding forces. 
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3.3.3 Solid state structure analysis 

Figure 42 displays the solid state structures of the dicyano-biphenyls CN 1-6 as a series of 
increasing torsion angle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 42. Solid state structures of the dicyano-biphenyl derivatives CN 1-6. 

Furthermore, selected structural parameters like the intramolecular nitrogen-

nitrogen distance as length axis of the molecule or the torsion angle Φ are 

listed in table 4 and compared with the torsion angle obtained from the DFT 
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calculations. The torsion angles were measured between the planes of both 

phenyl rings of the biphenyl skeleton. These planes were obtained by con-

sidering all six carbon atom positions of the solid state structure for the least 

square minimization procedure. Very comparable intramolecular nitrogen-

nitrogen distances within the series of X-ray analyzed derivatives with values 

between 11.96(9) Å for CN 1 and 12.24(6) Å for CN 6 point at hardly any 

effects of the various alkyl substituents on the length of the dicyano-

cyclophane backbone. 

Table 4. Molecular structures and measured properties. 
# crystal 

system 
space 
group 

Φ[°] 
solid 
state 

Φ[°] 
DFT 
[a] 

d (N-N) 
[Å] 

type of 
interact. 

d[Å][b] 

CN 1 monoclinic P2/n 1.02 0.26 11.96(9) CN···CN 
HAr···NC 
Ar···Ar  

3.44(4), 4.48(6) 
2.53(5), 2.62(3) 
3.44(9) 

CN 2 monoclinic  C2/c 20.74 20.97 12.22(3) CN···CN 
HAr···NC 
Ar···Ar 

3.87(7), 3.91(1) 
2.53(5), 2.73(5) 
3.74(6) 

CN 3 
 

triclinic P-1 44.78 47.13 12.24(5) CN···CN 
HAr···NC 
Ar···Ar 

3.65(3), 3.95(5) 
2.63(3), 2.69(1) 
4.16 (1) 

CN 4 monoclinic  C2/c 58.47 59.94 12.24(6) CN···CN 
HAr···NC 
Ar···Ar 

3.93(7), 4.41(2) 
2.73(4), 3.07(7) 
4.47(3) 

CN 5 monoclinic P21 31.77 36.96 12.20(2) CN···CN 
HAr···NC 
Ar···Ar 

3.48(2), 3.57(0) 
2.57(9), 2.63(5) 
3.75(9) 

CN 6 monoclinic P21/c 89.26 90.00 12.21(4) CN···CN 
HAr···NC 
Ar···Ar 

3.92(8), 4.48(6) 
2.55(1), 2.73(6) 
4.63(5) 

[a] The interplanar torsion angles have been calculated at the DFT Level. [b] Shortest 
interaction distance. CN···CN: antiparallel dipolar interaction; HAr···NC: Aryl-hydrogen-N 
interaction; Ar···Ar: π-π interaction. 

As expected a fully planar biphenyl backbone is observed in fluorene structure 

CN 1. Due to the bent backbone of CN 1 the N-N distance of 11.96(9) Å is 

slightly decreased compared to all other derivatives. With elongation of the 

ring-interlinking alkyl chain a continuous increase of the torsion angle is 
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observed in the cyclophane structures CN 2-4. As shown in table 4, all 

measured torsion angles are in good agreement with the values obtained from 

the DFT calculation (see table 4 and section 3.3.5 for the calculations). 

Interestingly, the torsion angles of the dicyano-cyclophane series CN 1-6 are 

very comparable with the one determined in an analogous series comprising 

terminal acetylsulfanyl donor-substituents (section 2.3).19 An exception 

displays the core-unsubstituted biphenyl compound CN 5. The torsion angle in 

the solid state was found to deviates from theoretically calculated value in the 

gas phase by 7.83°. However, the torsion angle of unsubstituted biphenyl is 

reported to be strongly dependent on state of aggreagtion.261  

Almost perpendicular arrangement of the two phenyl rings was measured for 

the solid state structures of the tetramethyl compound CN 6 with a torsion 

angle Φ of 89.26°. The rotation barriers of the methyl substituted128,129 model 

compound CN 6, and in particular of cyclophanes130 CN 1-4 are expected to 

be increased considerably compared to the solely in para-position cyano 

substituted derivative CN 5 (see section 1.4.2). Thus, the Φ values measured 

in solid state are considered to be a good proxy for the torsion angle expected 

in solution. 

 

 

 

 

 

 

 

 

Figure 43. 1D-chains of CN 1 in the solid state structure stabilized by intermolecular 
contacts. On the right side, the dipolar antiparallel CN···CN interactions are displayed and on 
the left side the weak hydrogen bond HAr···NC contacts are displayed. 
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In figure 43 the packing motif of the planar fluorene compound CN 1 is shown 

as a representative example for the entire series of dicyano-cyclophanes.  

Figure 43 shows the top-view of the molecular network. The molecules form 

1D-chains held together by dipolar antiparallel CN···CN interactions  

(see section 3.3.1). Furthermore, there are short HAr···NC contacts where the 

H···N distance is below 2.8 Å. These contacts can be interpreted as weak 

hydrogen bonds (other similar contacts are omitted for clarity). 

 

 

 

 

 

 

 

Figure 44. View along the b-axis of the unit cell of the solid state structure of CN 1 to display 
the co-facial through-space interactions. 

The side-view along the b-axis of the unit cell is displayed in figure 44. Half of 

the fluorene molecule is overlapping with the lower-lying and the upper-lying 

molecules in a parallel displaced manner forming columnar π-stacks. The 

closest plane-to-plane distance between the two neighboring planar  

2,7-dicyano-fluorenes is found to be 3.44(9) Å between C3 and C3 of the 

parallel displaced rings. An additional stabilizing interaction may arise from the 

slightly positively polarized carbon atoms of the sp-hybridized cyano groups 

which are sandwiched between the phenyl rings’ π-systems of the neighboring 

molecules supporting the intermolecular π-π-stacking.  
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In figure 45 the columnar π-stacks formed along the a-axis of the unit cell are 

shown. The red doted lines show the HAr···NC contacts that probably 

contribute to the 2D-packing (the antiparallel CN···CN are omitted for clarity) 

structure while the π-stacking interactions form the 3D-motif. 

 

 

 

 

 

 

 

 

Figure 45. Packing structure of CN 1. View along the a-axis of the unit cell. 

Comparable packing motifs with dipolar antiparallel CN···CN interactions and 

HAr···NC hydrogen bonds were observed in the packing structures of the model 

compound CN 2-6. Generally, it is found that the intermolecular distances of 

these aggregates stabilized by weak interactions gradually increase with the 

increasing steric requirements of alkyl chains and substituents attached to the 

phenyl rings. In particular the increasing length of ring-interlinking alkyl chain 

and attached methyl groups in ortho-position of the biphenyl bridge gradually 

enlarges the intermolecular distance between co-facial arranged phenyl 

planes. Absence of efficient π-π-overlap of phenyl planes is observed if the 

interplanar torsion angle has exceeded a value of 44.78°. Only dicyano-

cyclophanes CN 1 (1.2°), CN 2 (20.74°) and the un-substituted CN 5 (31.77°) 

display intermolecular distances between the planes below 3.8 Å.262  
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3.3.4 NMR Observations in Solution:  
The Aromatic Solvent-Induced Shift Effect 

It is well known that a proton’s chemical shift depends not only on the intrinsic 

shielding properties of the molecule, but also on the solvent in which these 

molecules are investigated. One of the most widely used solvent effect is 

known as “aromatic solvent-induced shift” (ASIS).263-265 In this technique the 

molecule is dissolved in two different solvents, usually chloroform and 

benzene, and its chemical shifts relative to an internal standard (TMS or the 

solvent peak) is measured. The ASIS is then simply the difference between 

these two chemical shifts ). 

 

 

 

 

To probe dimer π-π-interactions of the dicyano derivates in solution, the planar 

fluorene CN 1 was investigated first. Aromatic solvents are known to 

significantly reduce π-π stacking interactions because the solvent competes 

for the π-π interaction, while chloroform is less effective in preventing 

intermolecular stacking interactions.266 

A solution of CN 1 with a concentration of 1 mg/mL (4.5 μM) was prepared. 

This solution was further diluted in a ratio of 1:10 and 1:100 with the 

corresponding solvent.  All 1H NMR spectra were recorded at 298 K.  

As displayed in figure 46, the proton chemical shifts of the aliphatic methylene 

unit and the aromatic core are independent of concentration. The absence of 

concentration dependent chemical shifts supports the notion that no  

π-π-driven association of the solute is present. 

 

 

 

663 DCxxASIS CDCl δδ −=Δ= (equation 2)
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Figure 46. Concentration depended chemical shift experiment. Above, 1H-NMR spectra of 
fluorene CN 1 in CDCl3 at various concentrations and (below) in C6D6. 
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While no concentration dependent chemical shift is observed, a strong solvent-

induced shift is observed as shown in figure 47. The singlet at 4.04 ppm of the 

methylene unit remains almost unchanged in the polar aprotic DMSO, 

whereas the spacing between the doublets enlarges considerably in the more 

polar DMSO probably due to the enhanced dipolar coupling. A large up-field 

shift of 1.2 ppm of the benzylic protons is observed if benzene is used as the 

solvent. This effect is attributed to the influence of the ring current from the 

neighboring solvent molecules. Similarly, the aromatic core protons of the 

solute are shifted to higher field. With toluene a similar but less pronounced 

effect is observed.  

 

 

 

 

 

 

 

 

 

 

Figure 47. 1H NMR of the compound CN 1 in various solvents, measured at 298 K. 

The slightly decreased aromatic solvent-induced shift effect of toluene can be 

attributed to the donor effect of the additional methyl group. 
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Figure 48. 1H NMR of the compounds CN 2-6 in CDCl3 and C6D6 measured at 298 K. 
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As displayed in figure 48 a strong shift of all proton signals is observed 

measuring the solutes CN 1-6 in benzene. For the alkyl bridged biphenyls CN 
1-4 a consistent 3d, 4d3d, 4d splitting pattern (figure 49) is observed. These 

doublets shift their relative position and intersect with each other with changing 

of the torsion angle (figure 48). The proton HA, adjacent to the cyano group 

and the alkyl bridge was selected to quantify the ASIS effect on the aromatic 

core.  

 

 

 

 

 

 

 

 

 

 

Figure 49. Assignment of the aromatic proton signals of dicyano-dihydrophenanthrene CN 2 
measured in CDCl3 (400 MHz, 298K). 

A clear trend of the ASIS was observed within the dicyano-biphenyl series. 

While fluorene CN 1 exhibits the largest ASIS value in the series, no 4d signal 

arising from the aromatic proton coupling could be identified probably due to 

an overlapping benzene peak. The planar fluorene CN 1, with its benzylic 

protons oriented perpendicular to the planes are in a geometrically 

predisposed position to be effected by the neighboring solvent  

molecules.267-269 

N

N
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To conclude, the ASIS effect decreases with increasing torsion angle, in fact, 

beside the overall planarity of the biphenyl system, the increasing steric 

demands of the substituent decreases the ASIS probably due to a less 

pronounced solute-benzene interaction. While the ring-induced current effect 

on the benzylic protons results in an ASIS of 1.24 ppm for the planar fluorene 

CN 1, the ASIS effect is decreased to 0.78 ppm for CN 6 with the two phenyl 

rings perpendicular to each other. Generally a less pronounced shift effect of 

the aromatic protons is observed due to solvent induced through space  

π-π interaction with the biphenyl backbone.  The aromatic-core proton HA is 

shifted by 0.8 ppm for fluorene CN 1, whereas a shift of 0.55 ppm is observed 

for CN 6 bearing four methyl groups in the ortho-position of the biphenyl 

backbone. All values of the series are listed in table 5. 

Table 5. Aromatic Solvent induced Shifts (ASIS) of the dicyanide series. All 
measurements were performed at 298 K. 
  Φ  

[°][a] 

CDCl3 

δ HBz  

[ppm] 

 

δ  HA  

[ppm] 

C6D6 

δ HBz  

[ppm] 

 

δ HA  

[ppm] 

ASIS 

Δ δ HBz 

(δCDCl3
-δC6D6

) 

 

Δ δ HA 

(δCDCl3
-δC6D6

) 

CN 1 1.0 4.04 7.89 2.8 - 1.24 - 

CN 2 20.7 2.94 7.57 1.97 6.72 0.97 0.85 

CN 3 44.8 2.52 7.57 1.78 6.8 0.74 0.77 

CN 4 58.5 2.79 7.6 2.01 6.86 0.78 0.74 

CN 5   39.6[b] - 7.69 - 6.67 - 1.02 

CN 6 89.3 1.91 7.46 1.4 6.91 0.51 0.55 

[a] The interplanar torsion angles were obtained by the X-ray structural analysis.  
[b] The interplanar torsion angle has been calculated at the DFT Level 
(B3LYP/TZVP). 
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3.3.5 Computational Studies 

In order to explore geometries of the dicyano-biphenyls CN 1-6, in particular 

with respect to their conformation and molecular orbital energies, ab initio 

calculations of the molecules in vacuum were performed. The geometry of 

each molecule was optimized using the TURBOMOLE program package270-272 

version 5.9 and density functional theory (DFT) with the B3LYP hybrid 

exchange correlation functional273-275 in combination with the multiple 

accelerated resolution of identity in J (MARI-J) approximation276-278 and the 

TZVP basis279 set, as implemented in the TURBOMOLE program package.  

In addition, the energy levels of the relaxed ground state of all structures of the 

series were calculated by DFT. All calculated torsion angles and the HOMO-

LUMO energies are given in table 6. While the twisted form of the simple 

biphenyl comprising various substituents in the para-position is reported to be 

the dominant conformation in the gas phase and in solution,108 planarization of 

the two phenyl rings occurs if e.g. molecule/surface123,124 interactions overrule 

the weak steric repulsion192 between the phenyl ring H-Atoms.  

Table 6.  Calculated torsion angles and energies of the 
dicyano-cyclophane series. 

# 
 

Φ [°] 
DFT[a] 

HOMO 
[eV] 

LUMO 
[eV] 

HOMO-LUMO 
separation [eV] 

CN 1 0.00 -6.94 -2.57 4.37 
CN 2 20.99 -6.92 -2.59 4.33 
CN 3 47.13 -7.09 -2.38 4.71 
CN 4 59.97 -7.14 -2.19 4.95 
CN 5 39.60 -7.21 -2.54 4.67 
CN 6 90.00 -7.39 -1.80 5.59 

 
 
The torsion angle of CN 5 turned out to be relatively sensitive to the used 

basis set. While the TZVP basis set gives a torsion angle of almost 40°, 

calculations with using the smaller basis set SVP gives a slightly reduced 

torsion angle of 36.96°.  
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Incorporation of an alkyl chain of variable length in 2,2′‐position of the biphenyl 

skeleton controls the torsion angle between the two aromatic rings without 

changing the electronic environment of the π-system. As a result, the degree 

of electron π-delocalization is the only effect shifting the relative position of the 

HOMO and LUMO levels. The LUMO level is stabilized, while the HOMO is 

destabilized with decreasing torsion angle. As a consequence, the energy gap 

increases with increasing torsion angle (figure 50). 

Compared to similar thiol-functionalized π-systems, the energy levels of the 

frontier orbitals of cyano-functionalized π-systems are down-shifted in energy 

by ~1.5 eV.7,280 n-Type semiconductor properties of cyano-functionalized π-

systems are explained in particular by their lowered LUMO promoting 

efficiently electron transport.281,282 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 50. Energy diagram of the dicyano-biphenyl derivatives CN 1-6. The Energies are 
given in eV. 
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The energies of the HOMO, LUMO and their vicinal orbitals are visualized in 

figure 50. While DFT hybrid methods often underestimate ionization potential 

and electron affinities, the HOMO-LUMO separations obtained by the B3LYP 

functional is reported to agree well with the vertical excitation energy of the  

UV absorption spectra.283 Surprisingly, the calculation displays a slightly 

increased HOMO-LUMO separation for the fluorene structure CN 1 compared 

to the cyclophane structure CN 2 which is no longer planer. 
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3.3.6 Electronic Spectra 

To investigate the correlation between electronic properties and the interplanar 

torsion angle Φ of the dicyano-biphenyls 1-6 the absorption spectra of entire 

series were recorded in acetonitrile (CH3CN) as 1×10–5 M solutions. All 

recorded spectra are displayed in figure 51 and a list of the most important UV 

absorption bands is given in table 7.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 51. The overlaid UV absorption spectra of the dicyano-cyclophane series CN 1-6 as 
1×10–5 M solutions in CH3CN. 

The longest-wavelength absorption band of CN 1 is at 311 nm and, in analogy 

to its terminally unsubstituted counterparts, is assigned to the α-absorption 

band (α-band, λmax 300 nm).96,111,193,284-286
 Similarly, the structured absorption 

band between 250 nm and 307 nm can probably be assigned to the p-band of 

the biphenyl subunit which exhibits a maximum absorption at 288 nm.  

The p-band of CN 1 displays a vibrational fine structure, presumably because 

of its rigid, essentially planar geometry. The bathochromic shift of the 

absorption bands compared to fluorene can be attributed to an enlargement of 

the π-system arising from the substitution with two cyano groups.111 Cyano 
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groups lead to an overall stabilization of the HOMO and LUMO levels,287 as 

expected from the acceptor nature of the substituent.  

Table 7. UV adsorption properties of CN 1-6 in acetonitrile at 298 K.  

 Φ [°][a] λmax  

[nm (eV)][b] 

ε 

 [Lmol–1cm–1][c] 

λon  

[nm (eV)][d] 

CN 1 1.02 207 (5.99) 

288 (4.31) 

299 (4.15) 

311 (3.99) 

38600 

33500 

27600 

40800 

322 (3.85) 

CN 2 20.74 207 (5.99) 

294 (4.22) 

318 (3.90) 

37800 

30600 

16800 

335 (3.70) 

CN 3 44.78 204 (6.08) 

271 (4.58) 

42100 

27400 

307 (4.04) 

CN 4 58.47 209 (5.93) 

257 (4.82) 

32600 

22400 

298 (4.16) 

CN 5 39.60[e] 199 (6.23) 

274 (4.52) 

60200 

38100 

310 (4.00) 

CN 6 89.26 205 (6.05) 

243 (5.10) 

81900 

30500 

294 (4.22) 

[a] Φ is the torsion angle between the planes of the phenyl rings as measured 
from the crystallographic data. [b] λmax is the wavelength at the maximum of 
each band. [c] ε is the extinction coefficient at λmax of each band. [d] λon is the 
absorption onset of the UV spectra. [e] The torsion value of was obtained 
from the DFT calculation. 

The p-band is also called the conjugation band (π–π* band)96,194 as its position 

is reported to reflect the extent of conjugation in the biphenyl core.96,194,195 

Calculated HOMO/LUMO gaps of the series agree well with the vertical 

excitation energies of at the p-band absorption283 and do not deviate more 

than 0.15 eV for compounds CN 1-5 and 0.49 eV for compound CN 6. 

Surprisingly, we observe for the terminally cyano-functionalized cyclophane 
CN 2 which is no longer planar, a bathochromic shift of 6-7 nm of the both the 
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p-(294 nm) and α-(318 nm) absorption band with respect to the fluorene 

derivative CN 1. Obviously, CN 2 exhibits the smallest optical band gap as well 

as the lowest vertical excitation energy within the series which is consistent 

with the results from theory. In contrast to the terminally unsubstituted dihydro-

phenanthrene194 (α-band, λmax 298 nm), the longest wavelength absorption of 

cyclophane CN 2 shows a bathochromic shift of 20 nm. The onset of each 

absorption spectra and all λmax values are listed in table 7. 

According to theory, the π–π* transition energy96,111 which is observable as the 

λmax value of the conjugation band should correlate with the conformation of 

the biphenyl core. The orbital overlap of adjacent π-systems correlates linearly 

with the cosine Φ between their planes, and the electron-transfer properties 

between the two π-systems is proportional to cos2Φ of their torsion 

angles.93,114,196  

Thus, in figure 52 the vertical π–π* excitation energy (p-band absorption 

maxima) of each compound under investigation is plotted against the cos2Φ of 

the torsion angle. All values of the interplanar torsion angles Φ were 

determined by the X-ray structural analysis. Within this series of compounds, 

the expected linear correlation between the vertical excitation energy and 

cos2Φ was observed. 

While all structures of this series were determined by the solid state structural 

analysis, the interplanar torsion angle of the unsubstituted dicyano-biphenyl 

CN 5 (39.60°) was taken from the DFT calculation. In this particular case the 

X-ray torsion angle is assumed to be dominated by packing effects and thus, 

the calculated angle represents a more realistic situation in solution.18,288-291 
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Figure 52. Vertical excitation energy from for the lowest valence π-π* transition (p-band 
absorption maxima) of the molecules CN 1-6 plotted against cos2Φ, where Φ is the 
interplanar torsion angle obtained from the X-ray structures. The torsion value of CN 5 was 
obtained from the DFT calculation. The linear correlation coefficient R2 (with exclusion of  
CN 1) is 0.998.  

The only exceptional behavior in the series was observed for the fluorene 

derivative CN 1, which displays a vertical excitation energy outside the linear 

fit. Though, the assignment of the structured UV bands of CN 1 is speculative. 

Results from first principle calculations of the singlet excited states using  

TD-DFT and coupled cluster methods did not match with the experiment.  

DFT calculations (section 3.3.5) of the ground state revealed a slightly larger 

HOMO-LUMO gap for CN 1 than for cyclophane CN 2 which is no longer 

planar. 

It is worth noting that the most resolved spectrum was obtained for compound  
CN 1. The broad band located at 250-307 nm has a set of sharp features for 

CN 1 as opposed to other compounds studied. 2,7-Dicyanofluorene CN 1  

represents a rather hard (rigid) structure and it prevents any changes of the 

conformation of this molecule, while the molecules of other compounds have a 

certain degree of freedom resulting in a broadening of their absorption bands. 
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3.3.7  Electrochemical Properties 

To characterize the electrochemical properties of the dicyano-biphenyls  

CN 1-6, cyclic voltammograms (CVs) were recorded using an Au net electrode 

in a three electrode all-glass electrochemical cell. 1,4-dicyanobenzene (DCB) 

consisting of only one benzene ring was also investigated for comparison. Two 

couples of reduction and oxidation peaks were observed for all molecules 

studied (figure 53).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 53. Cyclic voltammograms of the dicyano-biphenyls compounds CN 1-6 recorded 
from 0.5 mM solutions in a 0.1 M TBAPF6/CH3CN electrolyte solution, scan rate 100 mV/s.  

The second, i.e. the most negative reduction wave of CN 6 could not be 

resolved due to electrolyte decomposition employing the gold working 

electrode. However, both reduction waves of CN 6 were observed when using 
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a glassy carbon electrode (figure 54, left side). The redox potentials of the six 

dicyano-biphenyls CN 1-6 are within ΔEred < 10 mV identical on Au and GC 

electrodes under the experimental conditions chosen.  

Calibration experiments with ferrocene revealed that both redox peaks 

represent one-electron processes (see RDE experiment below).  

 

 

 

 

 

 

 

 

Figure 54. (Left side) CV of compound CN 6 (0.5 mM) recorded at a GC electrode.  The scan 
rate is 100 mV/s. (Right side) CVs of CN 4 at different scan rates. 

Experiments with different scan rates (v) demonstrate that the peak-to-peak 

separation for each pair of redox peaks is larger than 59 mV, the expected 

value for an ideally reversible one-electron transfer process  

(figure 54, right side). On the basis of previous literature on arylnitriles292-299 it 

can be suggest that the first reduction wave represents the formation of the 

anion radical and the second reduction wave is assigned to the formation of 

the dianion according to: 
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Scheme 16. Proposed two step reduction process of CN 2 as representative example for the 
dicyano-cyclophane series. Injection of the first electron forms the radical anion. Injection of a 
second electron forms the dianion. 

Experiments with the Rotating Disk Electrode (RDE) using ferrocene as an 

internal reference (representing a one electron process), further supports the 

proposed two electron transfer process. Due to the rotation of the electrode, 

mass transport of reactants and product is governed by convective-diffusional 

mechanism. The steady-state current is controlled by the solution flow rather 

than diffusion. As a consequence the current is proportional to the rotation 

speed of the electrode and also to the concentration of the species under 

investigation.300-302 If the concentration of two analyzed species is known, the 

height of the current plateaus from the RDE voltammogram (at constant 

rotation speed) can be compared with each other.  

In figure 55 the CV (black trace) and the RDE voltammogram (red trace) of  

CN 2 is shown as a representative example for the entire series. Ferrocene is 

representing the reference system for a one electron transfer process  

(1.0 mM). The rotation speed is kept constant at 1000 rpm and the potential in 

scanned in positive direction. 
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Figure 55. CV of CN 6 using a GC working electrode (black trace). Voltammogram using a 
RDE electrode (GC), rotating speed: 1000 rpm (red trace). All measurements were 
performed in CH3CN in a glass cell with TEABF4 (0.1M). Sample concentration: 1.0 mM and 
the scan rate: 100 mV/s. 

The first current plateau at around -2.2 V corresponds to back oxidation of the 

dianion and the second plateau at around -1.7 V to the back oxidation of the 

radical anion. The plateau at around +0.4 V corresponds to the oxidation wave 

of ferrocene (Fe2+→ Fe3+). Comparison of the plateau heights suggests a one 

electron transfer process during each redox event. 
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The values of the peak positions of the first and second reduction peaks  

and the ΔEred of the CVs of CN 1-6 (figure 53) are listed in table 8. 

Table 8. Peak positions of the first and second reduction peaks  
and ΔEred from the CVs of CN 1-6. 

 Φ [°][a] Ered1[V] Ered2 [V] ΔEred [V] 

CN 1 1.02 -2.105 -2.569 0.464 

CN 2 20.74 -2.098 -2.533 0.435 

CN 3 44.78 -2.286 -2.619 0.333 

CN 4 58.47 -2.363 -2.624 0.261 

CN 5 39.60[b] -2.098 -2.478 0.380 

CN 6 89.26 -2.671 -2.867 0.196 

[a] Φ is the torsion angle between the planes of the phenyl rings as measured 
from the crystallographic data. [b] The torsion value of was obtained from the 
DFT calculation. 

It was attempted to correlate the energetic data obtained from cyclic 

voltammetry (table 8) and DFT (section 3.3.5) with the torsion angle Φ. It is 

observed that the positions of the reduction peaks of both redox processes 

correlate linearly with the calculated LUMO energies (figure 50). With the 

planar fluorene CN 1 as well as compounds CN 2 and CN 5 having the least 

negative reduction potentials (table 8), i.e. these are the best electron 

acceptors, and the tetramethyl compound CN 6 as the most difficult molecule 

to be reduced.  

Moreover, the first and the second reduction peaks of CN 1, CN 2 and CN 5 

with torsion angles Φ ≤ 39.60° appear at approximately the same potential. 

Interestingly, very similar LUMO energies have also been obtained for these 

structures in the DFT calculations. 
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Figure 56. Peak positions of the first and second reduction peaks vs LUMO energies for  
CN 1-6 compounds studied. The LUMO energies were obtained from DFT. 

It is worth to note that the first reduction wave of the planar fluorene CN 1 

(1.02°) is slightly shifted to more negative potential as compared to the non-

planar dihydrophenanthrene 2 (20.74°) and to compound CN 5 (39.60°(DFT)). 

The reduction potentials of CN 3, CN 4 and CN 6 shift with increasing torsion 

angle Φ (Φ > 39.60°) significantly towards more negative values. This trend 

reflects directly the order of calculated LUMO energies.  

The potential differences between the first and the second reduction peak  

(ΔEred, table 8) exhibit a linear correlation with cos2Φ (figure 57). While the 

extend of electronic communication between both benzonitrile subunits is 

expected to increase with decreasing torsion angle Φ, the obvious 

preservation of these structural features even beyond the anion radical 

formation is surprising. This observation could be rationalized by the attached 

alkyl chains and substituents which limit rotation of the aryl rings around the 

central biphenyl C-C bond. Nevertheless, this is speculative in particular as the 

less restricted CN 5 also prevent its structural features beyond the anion 

radical formation. 
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Figure 57. Linear correlation of the difference between the first and the second reduction 
peak ΔEred  with the cosine square of the torsion angle Φ, where Φ is the interplanar torsion 
angle obtained from the X-ray structures. The value for CN 5 was obtained from DFT 
calculations.  The linear correlation coefficient R2 is 0.986.  

The following scenario is suggested: The first 1e- transfer process leads to the 

formation of the radical anion (see scheme 16), where the electric charge is 

partially delocalized on the π-system of one benzonitrile-unit (“donor”) whereas 

the adjacent second benzonitrile-unit remains uncharged (“acceptor”).  

The π-π-electronic coupling of the adjacent phenyl rings follows approximately 

with the cosine of the torsion angle Φ between them.114 The “rate constant” of 

the “donor”-“acceptor” electron transfer is proportional to the square of the 

coupling between “donor” and “acceptor” rings.115 This back- and forth-electron 

donations lead to the delocalization of electrons over the entire biphenyl  

π-system. As a consequence, the extent of the π-electron delocalization 

(electron mobility) is linearly proportional to cos2Φ.  

The subsequent addition of a second electron (during the second 1e- transfer 

process) onto the charged radical anion leads to a Coulomb repulsion between 

the two charges. Hence, the repulsion for the addition of the second e- is larger 

the more the first e- is already delocalized over both benzonitrile subunits. 
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Consequently, the potential difference between the first and the second 

reduction peaks (ΔEred) increases linearly with cos2Φ (figure 57).  

The model compound CN 6 (89.26°) with the two benzonitrile units 

perpendicular to each other displays a fully decoupled π-system. Only a 

slightly increased energy is required for the addition of a second electron as 

the first electron is localized on one benzonitrile subunit leaving the second 

one basically unaffected. In contrast to this situation, the planar fluorene 

compound CN 1 (1.02°) has no longer a divided π-system, thus the addition a 

second electron induces strong Coulomb repulsion leading to a large value of 

ΔEred. This hypothesis is further supported by large ΔEred for DCB293-296  
(figure 53) consisting, similar to fluorene, only of one fully delocalized π-

system for the acceptance of two electrons.  
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3.3.8 Spectroelectrochemistry 

All cyclic voltammograms (CV) were recorded in a spectroelectrochemical cell 

with a sample concentration of 0.1 mM dicyano-biphenyl. Figure 58a represent 

UV-visible spectra recorded before the first redox process (E = -0.2 V) and at 

the potentials of the first reduction peak (table 8) for a sample concentration of 

0.1 mM. Spectra during the first reduction process were recorded while 

maintaining the potential at the first reduction peak constant. The limited 

cathodic stability of the Au/electrolyte system did not allow to record 

spectroelectrochemical data of CN 6. 

 

Figure 58a. Spectroelectrochemical 
investigation of the dicyano-biphenyls 
CN 1-5. UV-visible spectra with 0.1 
mM sample concentrations in 0.1 M 
TBAPF6/CH3CN electrolyte solution 
at -0.2 V (black lines) and at the 
potential of the first reduction peak 
maximum (red lines).  

The formation of the radical 

anion of the model compounds 

CN 2 to CN 5 is represented by 

the evolution of two new 

spectral features at ca. 450 nm 

and around 600-1100 nm (red 

curves). Simultaneously, the 

absorption band around 260-

290 nm (black lines) decreases 

with time due to the reduction of 

the uncharged species. The current observed during the electrode polarization 

remains rather high, which is attributed to the continuous formation of the 

radical anion, and its diffusion from the electrode surface into the electrolyte. 
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The radical anion is oxidized to the neutral species upon changing the 

potential back to positive direction (-0.2 V). This is reflected by the decrease of 

the absorption bands above 400 nm and by re-appearance of the initial 

spectra recorded at -0.2 V). Thus the anion radicals are reversibly and 

completely oxidized back at the electrode surface to the neutral compound. 

During the formation of the anion radical, an additional electron occupies the 

LUMO of the neutral molecule which becomes a SOMO (singly occupied 

MO).303,304 Thus, the smaller excitation energies in the case of radical anions 

as compared with the neutral molecules correspond to the transitions from the 

SOMO to the unoccupied orbitals (Bi type) and also from the filled orbitals to 

the SOMO (Ai type) (see figure 58b). It is interesting to note that the position of 

the peak at ca. 450 nm hypsochromically shifts with increasing torsion angle Φ 

for compounds CN 2-4 (red lines in figure 58a). This follows the trend 

observed for the absorption bands at 240-295 nm (black lines in figure 58a) of 

the neutral molecules. In contrast, with increasing torsion angle Φ a 

bathochromic shift is observed for the band between 600-1100 nm. 

The assignment of the energetic transitions observed is based on a recent 

work of Nelsen et. al.304 These authors investigated optical spectra of dinitro-

aromatic anion radicals including 4,4’-dinitrobiphenyl (4,4’-BI-), which has a 

strong structural similarity with compound CN 5. It consists of a biphenyl 

backbone with terminal nitro-groups as strong electron acceptors. The use of 

Koopmans-based calculations allowed the authors to assign the peak at ca. 

455 nm in the UV/visible spectrum of the 4,4’-BI- anion radical to the A1 

(HOMO-SOMO) transition and the peaks at λ > 500 nm to Bi-type transitions. 

In analogy, for the anion radicals of the dicyano-biphenyls an A-type transition 

for peaks at around 450 nm and B-type transitions for peaks at longer 

wavelength can be proposed (figure 58b).304  
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Figure 58b. Orbital energies in a restricted open-shell model showing the type A and type B 
transitions for a radical anion.304  

The observed hypsochromic shift of the peaks at ca. 450 nm (red lines in 

figure 58a) can be rationalized as follows: The HOMO-SOMO gap (from the 

fully occupied orbital to the singly occupied orbital, Ai type transition) increases 

with increasing torsion angle due to the stabilizing HOMO and destabilizing 

SOMO. Similarly the HOMO-LUMO energy separations calculated by DFT for 

the ground state of the neutral molecules (figure 50) increases with increasing 

torsion angle. This increasing energy gap separation shifts both the absorption 

band at 240-295 nm (black lines in figure 58a) of the neutral molecules and the 

absorption band at 450 nm (red lines in figure 58a) hypsochromically to shorter 

wavelength. 

The absorption bands at around 600-1100 nm can be assigned to type Bi 

transitions from the SOMO to the unoccupied molecular orbitals LUMO+i  

(to the LUMO: “B1 transition” and to the LUMO+1: “B2 transition”).  

A bathochromic shift of this band is observed and can be rationalized with the 

MO picture of the neutral molecules.  
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Figure 50 shows that the energy gap between the LUMO and the LUMO+1 

decreases with increasing torsion angle due to the destabilizing LUMO. 

Similarly, the type B transition energies decrease due to the destabilizing 

SOMO (the former LUMO). Thus, the energy gaps between the SOMO and 

the populated LUMOs are decreasing with increasing torsion angle. 

The spectrum for the radical anion of CN 1 represents an exception with an 

intense band at 320 nm, a less intense band at 446 nm and very broad feature 

between 500-900 nm. UV/Vis spectra at the second reduction potential were 

not reproducible. 
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3.4 Single Molecule Conductance  

To measure electron transport through a single molecule via binding a 

molecule to two metal electrodes one must use a suitable anchoring group 

because not only the metal–molecule interaction is modified but also the  

energy and charge distribution of the HOMO and LUMO orbitals are changed. 

Thus, search for the suitable anchoring groups for metal–molecule–metal 

contacts is an important research topic.68 
 

 

 

 

 

 

 

 

 

 

 

Figure 59. Conductance histogram of and conductance−distance traces for CN 3 at  
Vbias = 0.1 V. 

The conductance of single-molecule junctions was studied using an STM-

break junction (STM-BJ) approach18 for measuring the current through 

dicyano-cyclophanes CN 1-6 trapped between the STM tip and the sample 

substrate. These transport measurements were performed by Artem 

Mishchenko in the group of Thomas Wandlowski. The measurements were 

performed in a mixture of mesitylene/THF (4:1) at room temperature with a 

sample concentration of 1 mM. All investigated compounds were of single 

crystalline quality. Typical conductance histogram for CN 3 is presented in 

figure 59. Several peaks around integer multiples of G0 corresponded to the 

breaking of Au–Au bonds followed by prominent single peak around  
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4 × 10-5 G/G0 which can be attributed to the most probable conductance of 

single molecule CN 3. The small sharp feature around 5 × 10-3 G/G0 is an 

artifact due to analog switch for the used dual channel preamplifier.  

Table 9. Molecular structures and measured properties. 

# Structure Interpl. 
torsion 
angle Φ (°) 

Conductance G 
(G0) 

CN 1  1.02[a]   (9.2 ± 1.7) ×10-5 

CN 2  20.74[a]  (6.6 ± 0.6) ×10-5 

CN 3 
 

44.78[a]  (3.9 ± 0.5) ×10-5 

CN 4 
 

58.47[a]  (1.7 ± 0.2) ×10-5 

CN 5   35.48[b]  (4.7 ± 0.6) ×10-5 

CN 6  
 

89.26[a]  < 10-6 

[a] The value was taken from the solid state structures. 
[b] The torsion angle was calculated at the DFT level.131 

The conductance dependence on the torsion angle Φ between two phenyl 

rings, was further explored (Table 9). All dicyano-cyclophanes allowed to built 

conductance histograms without data selection in contrast to the thiol 

molecules where data selection is usually very important for building 

conductance histograms (see section 2.5). All histograms showed only one 

conductance value. Conductance of CN 6 was below the measurable range. 

Each histogram was constructed of about 2000 individually recorded stretching 

traces. For each molecule the data were recorded at three different bias 

(65mV, 100mV and 170 mV). Surprisingly, a pronounced peak in the 

conductance histogram in the experiment appeared not before approximately 

three hours. An explanation of this observation is currently missing.  
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Figure 60 displays the plot of the junction conductance (G/G0) against cos2Φ 

for the series of dicyano-biphenyls investigated. 
 

 

 

 

 

 

 

 

 

 

Figure 60. Experimentally measured conductance G/G0 of dicyano-cyclophanes as function 
of the cosine square of torsion angle Φ, for molecule CN 6 the conductance was set to 0  
(CN 1 was excluded from the linear fitting). 

Planar dicyano-fluorene (CN 1) deviates from cos2Φ law: it exhibits a 

pronounced higher conductance than dihydrophenanthrene CN 2 which is no 

longer planar. Surprisingly, exceptional conductance at the single molecule 

level was already observed for the sulfur-functionalized fluorene derivate S1a. 
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3.5 Conclusion 

A series of dicyano-biphenyls 1-6 with various torsion angles Φ between both 

phenyl rings were designed and synthesized as model compounds to 

investigate electron delocalization within gradually divided π-systems. The 

new structures were fully characterized and in particular X-ray crystal analysis 

documented the gradual increase of the torsion angle with increasing length of 

the alkyl chain interlinking the biphenyl system in 2 and 2’ position. The extent 

of electron delocalization on the biphenyl backbone was investigated by 

UV/Vis spectroscopy, electrochemistry and spectroelectrochemistry. Particular 

spectral features like the conjugation band in the series of absorption spectra 

or the potential difference between both reduction peaks in the series of cyclic 

voltammograms correlate with the cosine square of the torsion angle. 

Interestingly, electrochemical investigations suggest that the separation of the 

π-systems within these biphenyls is even maintained beyond the radical anion. 

Furthermore, these correlations demonstrate that the fixed intramolecular 

torsion angle Φ dominates the extent of electron delocalization in these model 

compounds and that the angle Φ measured in the solid-state structure is a 

good proxy for the molecular conformation in solution. In addition, the results 

are supported by quantum mechanical investigations based on the density 

functional theory. Transport investigations at the single molecule level 

revealed a cos2Φ relation with the torsion angle Φ from the X-ray structures, 

similar found for sulfur-functionalized cyclophanes (chapter 2). The narrow 

conductance histograms could be constructed without any data selection. 

From the obtained results it can be conclude that the cyano-bound junctions 

show a strong structural selectivity and are more uniform as compared, for 

example, to thiol-based ones. Thus, the observed variation in conductance can 

be assigned to the molecular origin. The planar fluorene compound CN 1 

displays an enhanced conductivity. 
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4 Complementation of the Series: Planar Biphenyl 
Model Structures (CP) 

4.1 Introduction  

In the previous chapters the electron transport through various series of 

conformationally restricted biphenyl cyclophanes comprising thiol and cyano 

anchoring groups was studied. These Investigations revealed that the single 

molecule conductance linearly correlates with the cos2Φ of the inter-ring 

torsion angle in biphenyls with a divided π-system. 

 

 

 

 

 

 

 

 

 

Figure 61. Artistic illustration of the thiol-functionalized dibenzonorcaradiene CP 1 embedded 
between atomic sized gold contacts. 

While the influence of the spatial conformation on the conductance has been 

demonstrated, other structural features revealed to be equally important. A 

recent study by Venkataraman reported the influence of various chemical 

substituents on single molecule conductance.104 This investigation showed 

that the conductivity of molecules can be chemically gated by installing various 

donor and acceptor groups.  
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Furthermore, Löhneysen and co-workers have shown that I/V characteristics 

of molecules depend on the spatial symmetry of a molecule.305  

 

 

 

 

 

 

 

 

 

Figure 62. Illustration of Quantum-Interference-Controlled Molecular Electronics. If a 
electrode is contacting the cyano group at C1 (starred position) of the benzene ring and at 
the cyano group at C4 (unstarred position) strong electronic interaction occurs (green dots → 
1,4-para pathway). If the electrodes are contacting the cyano groups in the positions C1 and 
C3 (both starred positions, red dots → 1,3-meta pathway) the electronic communication is 
suppressed.306 A similar device arrangement was proposed to function as a Quantum 
Interference Effect Transistor (QuIET). Thereby, a voltage applied to the one contact 
regulates the flow of current between the other two.307 

Furthermore, quantum interference determines at which position molecules 

have to be connected to electrodes to be a good conductor.306,308,309 Mayor 

and co-workers have shown that the resistance of an electrode-molecule-

electrode device strongly depends on the relative position of the anchoring 

group in a molecular wire.310 Alternant molecules (often referred to as 

“alternant hydrocarbons”) are π-systems in which each neighboring 

conjugated carbon atom (or a heteroatom that contributes to the conjugation) 

can be marked with or without a star and no two starred or unstarred atoms 

are bonded to each other (most organic molecules are alternant).311 The 

strongest coupling occurs when the one electrode is connected at a starred 

position and the other at an unstarred position (figure 62).306,311,312 
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4.2 Planar Biphenyl Structures under Investigation 

Despite the reported insight into the structure/property relationship, we were 

interested to investigate the effect of various second bridges in the  

2,2’-position on the π-backbone conjugation (figure 63).  

 

This series of model compounds was proposed to understand the unexpected 

behavior of the fluorene derivates within the respective series.  

Furthermore, the structure/property relationship of these planar biphenyl 

structures is of interest as such structures are used as monomeric building 

blocks to build up charge-transporting polymers. 

 

The installed bridges are varied in terms of their ability to conjugate with the 

neighboring π-systems. Thereby, the length of the bridge is chosen such that 

the two phenyl rings are constrained into one plane. Furthermore, acetyl 

protected thiol-anchoring groups are installed in 4,4’-position, not only to allow 

immobilization between two atomic-sized metal electrodes, but also to 

investigate HOMO-transport. Cyano-anchoring groups are installed to explore 

LUMO transport (see also section 3.1). 

 

 

 

 
 
 
 
 
 

Figure 63. Schematic of the planar biphenyl scaffold. Second bridges are installed in  
2,2’-position. Terminal anchoring groups in 4,4’-position are installed to contact metal 
electrodes.
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Figure 64. Target structures under investigation. 

This investigation may reveal more insight into the structure/property 

relationship to understand the electron transport through larger  

π-systems such as graphene. UV absorption spectra of the parent structures 

indicate that the delocalization of π-electrons is considerably influenced by 

additional bridges in 2,2’-position. In figure 64 all target structures under 

investigation are displayed. The synthesis and properties of the fluorene 

compounds S1s and CN 1 are discussed in the previous chapters 2 and 3. 

Furthermore, the conductivity of these two planar derivates did not follow the 

trend. Motivated by these finding, the two novel dibenzonorcaradiene model 

structures CP 1 and CP 14 (all compounds in this chapter will be denoted as 

CP) were designed and envisaged as suitable structures to probe electron 

transport through a fully planar biphenyl geometry. The biphenyl backbone in 

dibenzonorcaradiene exhibits no distortion along the molecular axis, thus, it 

displays a mimic for a highly symmetric π-system. While the backbone 

geometry in dibenzonorcaradiene is linear the cyclopropyl-bridge in  

2,2’-position may electronically interact with the biphenyl π-system.  
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Extension of the π-system is achieved in the two phenanthrenes derivates CP 
15 and CP 16. Furthermore the series was extended by the doubly α-

propylated fluorenes derivates CP 18 and CP 19. While the fluorene backbone 

in these compounds remains unchanged compared to the parent compounds 

S1s and CN 1, the acidic α-hydrogen atoms can no longer be abstracted. 

Furthermore, the perpendicular propyl-chains which are perpendicular to the 

fluorene-plane reduce the probability of intermolecular aggregation and 

increase also the solubility. The single methylene unit in fluorene is discussed 

to participate to the π-system of biphenyl via hyperconjugation (fluorene is 

then consequently assumed to be a non-alternant hydrocarbon).96,313,314  

While the effect of hyperconjugation in fluorene is not conclusive (see also end 

of section 2.5),315 pronounced σ*-π* hyperconjugation is expected for the 

silafluorene derivate CP 24 where the sp3 hybridized carbon-atom is 

substituted by a sp3 hybridized silicon-atom. The exocyclic Si-C σ*-orbital 

effectively mixes with the π*-orbital of the butadiene fragment to afford an 

exceptionally low-lying LUMO.316-319 Silafluorenes display an important class of 

monomers in the synthesis of polymeric materials with high electron accepting 

ability.317-323 
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4.3 Synthesis and Characterization 

4.3.1 Dibenzonorcaradiene – Conjugation at its Best? 

The idea was to design a biphenyl model structure that exhibits no geometric 

distortion along the molecular axis. The phenyl rings in dihydrophenanthrene 

can be constrained into one plain by replacing the two “bridge” H-atoms and 

replacing them by one bridging carbon atom (figure 65). Thereby, the two 

phenyl rings adopt a fully planar and linear geometry. While the biphenyl axis 

is linear, the cyclopropane ring exhibits π-bond character and is reported to 

conjugate with neighboring double bonds.324-327  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 65. The phenyl rings in dihydrophenanthrene are constrained into one plain by 
replacing the two “bridge” H-atoms and replacing them by one bridging carbon atom. 

Dibenzonorcaradiene (1a,9b-dihydro-1H-cyclopropa[l]phenanthrene) is a fairly 

stable compound due to the stabilizing effect of the benzene rings fused to the 

norcaradiene skeleton.328-330 The first attempts in this thesis to synthesize the 

dibenzonorcaradiene skeleton involved several carbene-addition reactions 

starting from the 2,7-functionalized phenanthrene derivates CP 10 und CP 11 
(see next page). The phenanthrene approach is simple and straightforward. As 

an example the dibromo-carbene addition331 to phenanthrene (scheme 17) is a 

well established reaction and has  been developed even on large scales.331   
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Scheme 17. The first performed reaction sequence to afford the “all carbon” 
dibenzonorcaradiene structure CP 13 is shown. 

Subsequent removal of the halogen atoms in the bridge-head of CP 12 by 

reduction332 or substitution with alkyl groups333-335 was considered as the 

subsequent step. The additional methyl groups at the bridge-head were 

assumed to have no considerably effect on the overall electronic structure of 

the molecule. Following this strategy dibromide CP 12 was successfully 

synthesized and subsequently methylated by sequential treatment of the 

dibromide CP 12 with MeLi and MeI. Single crystals of CP 13 were grown for 

X-ray measurement. 

Figure 66 displays the crystal structure of co-crystalline CP 13 and CP 12 due 

to inclusions of the precursor.  

 

 

 

 

 

 

 

Other reaction conditions were tested to achieve the dibenzonorcaradiene 

scaffold. These included the addition of CCl2 carbene336 or the 

Figure 66. X-Ray structure of CP 13 
superimposed with structure CP 12. The red 
atoms are the bromine atoms of the structure 
CP 12. 
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cyclopropanation with an iron-containing methylene-transfer reagent at 

elevated temperature.337-339 

 

 

 

 

 

Scheme 18. Various cyclopropanation reactions starting from the 2,7-functionalized 
phenanthrene derivates CP 10340 and CP 11 failed (see experimental section for the 
synthesis of CP 10 and CP11). 

Unfortunately, none of these reactions did succeed (not even traces of new 

products could be detected by using various analytical techniques). Due to the 

low reactivity of the derivates CP 10340 and CP 11 another synthetic strategy 

was required to build up the dibenzonorcaradiene synthon. 

CP 10: R = Br
CP 11: R = tBuS

R R

R'R'

R R

R = Br or tBuS
R' = H, Br, Cl
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In scheme 19 the retrosynthetic analysis of CP 1 is shown. 

Dibenzonorcaradiene CP 1 can be assembled in a last step by an 

intramolecular carbon-carbon bond formation. CP cis-5a is a suitable 

precursor as both aryl-halogen units are in a predisposed position to undergo 

an oxidative aryl-aryl coupling reaction via intramolecular Ar-Cu-Ar formation. 

1,2-Diphenyl-cyclopropane CP cis-5a is obtained from a dimethoxy-

chalcone341 that is accessible from the two carbonyl compounds  

m-anisaldehyde and m-acetylanisole by an aldol condensation. 

 
 
 
 

 

 

 

 

Scheme 19. Retrosynthetic analysis of dibenzonorcaradiene CP 1 via CP cis-5a  
to m-anisaldehyde and m-acetylanisole. 

Following this strategy the doubly methoxy-functionalized chalcone CP 2 was 

synthesized on a large scale starting from m-anisaldehyde and  

m-acetylanisole. The aldol-condensation reaction using NaOH as the base 

proceeded smoothly at room temperature yielding the α,β-unsaturated 

carbonyl compound CP 2 as a yellow oil. A subsequent cycloaddition reaction 

of the crude CP 2 with hydrazine gave the thermodynamically favored342  

2-pyrazoline derivate CP 3 as an intermediate. Subsequent thermal in situ 

decomposition yielded a mixture of the 1,2-diphenyl-cyclopropanes CP cis-4a 

and  CP trans-4b as the only products.343  
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Scheme 20. (a) NaOH, MeOH, rt. (b) Hydrazine monohydrate, EtOH, reflux. Then, cat. KOH, 
diethylene glycol, 190-210 °C, 92% (over two steps). Ratio of CP cis-5a/trans-5b is 44:56.  
(c) Bromine, pyridine, CH2Cl2, -10 °C to rt, 45% (CP cis-5a) and 26% (CP trans-5b). 

Integration by 1H NMR revealed an almost equivalent cis/trans ratio of 44:56. 

While this type of cyclopropanation reaction is low in cost owing to cheap 

reagents no cis/trans-selectivity is achieved. Subsequent regioselective 

bromination of CP cis-4a/trans-4b mixture yielded the doubly brominated 

isomers CP cis-5a and CP trans-5b. Separation of the two isomers was 

achieved by flash chromatography on silica gel which gave CP trans-5b in 

26% yield as a white solid. Another fraction of 45% mass yield was isolated as 

an oil containing CP cis-5a as the major component together with remaining 

amounts of CP trans-5b.  

Further enrichment of the cis-isomer was achieved by dissolving the mixture in 

hot n-hexane and storing it at 4°C. Subsequent removal of crystallized trans-

product gave the final cis-fraction CP cis-5a as an oil which was pure enough 

for the subsequent cyclization reaction. 
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Scheme 21. (a) t-Buli, CuCN, LiBr, MeTHF, then 1,3-dinitrobenzene, -60° C to rt, 36%. (b) 
NaH, n-PrSH, DMF, 140 °C, 72%. (c) Tf2O, pyridine, 0 °C to rt, 99% (d) t-BuSNa, Pd2(dba)3  

(10.0 mol%), xantphos (12.0 mol%), p-xylene, 140°C, 68%. (e) BBr3, AcCl, toluene, 0 °C to 
rt, 58%. 

Trans-lithiation with t-BuLi of the dibromide CP cis-5a and subsequent 

intramolecular aryl-aryl coupling via cuprate formation similar to that reported 

in the preparation of torsion angle restricted cyclophanes19 yielded the 

methoxy-functionalized dibenzonorcaradiene key intermediate CP 6 in 36% 

yield. 

Subsequent deprotection of the methoxy group turned out to be challenging. 

Decomposition was observed when using boron tribromide as the deprotection 

reagent. In contrast nucleophilic cleavage of the methyl groups using n-propyl 

thiolate was successful, affording diol CP 7 in 72% yield as an off-white solid. 

To our surprise the dibenzonorcaradiene system in CP 7 was stable under 

these rather harsh nucleophilic deprotection conditions (140°C). Subsequent 

esterification with triflic anhydride in pyridine afforded the ditriflate CP 8 in 99% 

yield which crystallized upon standing at room temperature. Introduction of the 

acetylsulfanyl groups was achieved by a three step reaction sequence.  

OMeMeO

Br Br OMeMeO

a

CP cis-5a CP 6

RR

OHHO

CP 8: R = OTf

CP 7

CP 9: R = StBu
e

SAcAcS

b

c

d

CP 1
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A palladium catallyzed cross-coupling reaction154 was performed in a first step 

to install two tert-butyl ether groups in para-position of CP 9 in 86% yield. By 

applying a modified transprotection procedure19,184 the tert-butyl groups were 

removed with boron tribromide and the free thiol groups were  

in situ protected with acetyl chloride. A careful subsequent work up procedure 

was crucial. Sodium acetate was added to trap free acid evolved during the 

work up. Immediate purification by flash chromatography on silica gel afforded 

the acetyl protected dithiol CP 1 in 58% over two steps. 

To gain more insight about the dibenzonorcaradiene structure, single crystals 

of the methoxy functionalized CP 6 were grown from cyclohexane using the 

slow evaporation technique.  

 

 

 

 

 

 

Figure 67. Solid state structure of CP 6. 

The solid state structure of the dibenzonorcaradiene structure CP 6 is 

displayed in figure 67. The C-C distance between C2-C12 is 7.18 Å. The 

dihedral angles C10-C15-C5 and C15-C5-C6 are 120.2° and 120.8°, 

respectively displaying a planar and unbent biphenyl π-system. In contrast to 

the parent planar fluorene structure, CP 6 exhibits no bending along the 

molecular axis. A small deflection of the backbone along the z-axis is 

observed. The origin of the deflection remains unclear. It might be a simple 

packing effect in the solid state structure. 
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Scheme 22. (a) Pd2(dba)3·CHCl3, xantphos, tributyltin chloride, KCN, acetonitrile, reflux, 
15%. 

The triflate groups in para-position of the biphenyl backbone in compound  

CP 8 allowed installation of two cyano groups. A palladium-catalyzed 

cyanation reaction promoted by low-level organotin chloride230 was successful 

to convert ditriflate CP 8 to dibenzonorcaradiene CP 14 bearing two cyano 

acceptor groups.  Purification by silica gel chromatography afforded target 

compound CP 14 in 15%. Single crystals were successfully grown by 

recrystallization from a mixture of cyclohexane and dioxane using the slow 

evaporation technique. 

 

 

 

 

 

 

 
 
Figure 68.  Crystal packing of CP 14. 

Figure 68 shows the X-ray structure of CP 14. Compared to the methoxy 

functionalized CP 6 which exhibits a deflection along the z-axis, a fully planar 

structure is observed in CP 14. This corroborates the idea that a simple 

packing effect causes deflection in dibenzonorcaradiene CP 6.  



125 

The molecules form 1D-chains held together by dipolar antiparallel CN···CN 

interactions. The molecules are stacked pair wise in a parallel, displaced 

manner. The intramolecular N-N distance is 12.26(4) Å which is comparable 

with the intramolecular N-N distances found in the dicyano biphenyl series CN 
1-6. The smallest distance found between the overlaying phenyl rings is 

3.34(2) Å which is similar to the shortest interplanar distance found in the 

crystal structure of the fluorene derivate CN 1 (3.44(9) Å). 

 

4.3.2 Phenanthrenes 

2,7-Dibromo-phenanthrene340 (CP 10, see 5.2) was converted by a cyanation 

reaction using an excess of CuCN to yield 2,7-dicyano-phenanthrene CP 16 in  

27%. While attempts to obtain single crystals of  CP 16 failed, suitable single 

crystals of the acetylsulfanyl-functionalized CP 15100 could be grown from a hot 

mixture of cyclohexane. 

 

 

 

 

Figure 69. X-ray structure of the acetylsulfanyl functionalized phenanthrene CP 15. 

The crystal structure of CP 15 is displayed in figure 69. As expected a fully 

planar structure is observed for this fully aromatized compound with an 

intramolecular S-S distance of 10.63(8) Å which is comparable with the S-S 

distances found in the series S1a-S8a (chapter 2). 
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4.3.3 9,9-Dipropyl-Fluorenes 

The motivation to include 9,9-dialkyl-fluorenes as model compounds was to 

remove the acidic hydrogen atoms in the benzylic position (C7 in figure 70) of 

the fluorene synthon. Furthermore, introduction of alkyl chains were expected 

to increase the solubility of the fluorene derivates in solution. 

The route which was followed to assemble the fluorenes CP 18 and CP 19 

(scheme 23) started with masking the acidic protons of the commercially 

available 2,7-dibromofluorene by a dialkylation reaction.344 The resulting  

2,7-dibromo-9,9-propylfluorene CP 17 reacted with methylthiolates and the 

resulting methylsulfanyl functional groups were transprotected100,163 in situ to 

obtain the acetyl protected terminal sulfur anchor groups in CP 18. Single 

crystals of CP 18 were grown from hot hexane. 

 

 

 

 

 

 

 

 

Scheme 23. (a) n-PrBr, t-BuOK, THF, 5 °C, 65%. (b) NaSCH3, DMI, 140 °C, then AcCl,  

0 °C to rt, 22%. (c) CuCN, DMF, 67%. 

Again starting from CP 17, a cyanation reaction with copper cyanide gave the 

dicyano compound CP 19 in 67% yield after recrystallization from a hot 

mixture of ethanol and water. These crystals were already suitable for the X-

ray measurement. 
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Figure 70. X-ray structure of target compound CP 18. 

The propyl chains in CP 18 are orthogonal with respect to the biphenyl plane.  

The length of the propyl chains are approximately 4.65 Å and are intended to 

reduce the probability of possible intermolecular aggregation in solution. Due 

to the bent backbone the intramolecular S-S distance (10.32(1) Å) in CP 18 is 

shortened compared to the S-S distances in the BPDT series S2a-S8a 

(10.59(4)-10.61(2) Å). 

 

Figure 71. The inset shows 
the columnar arrangement of 
CN 19 along the a-axis of the 
unit cell. Compared to parent 
fluorene compound CN 1 
(non-alkylated fluorene) the 
intermolecular distance is 
drastically increased to ~6.5 Å 
(C10-C6).  
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4.3.4 Silafluorenes - Silicon-Bridged Biphenyls 

To assemble the silicon bridged model compound CP 24 the building block 

4,4’-dibromo-2,2’-diiodobiphenyl CP 20 was envisaged as suitable starting 

structure. CP 20 was synthesized over three steps according to a reported 

procedure.319 The dimethyl-silicon moiety in CP 21 (2,7-dibromo-9,9-dimethyl-

dibenzosilole) was considered first as the bridging unit. According to a 

modified procedure319 a selective trans-lithiation with t-BuLi in THF followed by 

subsequent intramolecular cyclization with dimethyldichlorosilane gave CP 21 
in 52%. To introduce the acetylsulfanyl groups in CP 22 a known one-pot three 

step procedure was applied.345 This involved a halogen-metal exchange with t-

BuLi, followed by  quenching with elemental sulfur and an in situ protection 

using acetyl chloride.345 Unfortunately, no product could be isolated. 

 

 

 

 

 

 

 

Scheme 24. (a) t-Buli, THF, (CH3)2SiCl2, -60 °C, 52%. (b) t-Buli, THF, -60°C, S8, then AcCl.   
(c) t-Buli, THF, (i-Pr)2SiCl2, -60 °C, 56%. (d) KSAc, Pd2(dba)3·CHCl3 (5.0 mol%), xantphos  
(1.0 mol%), Et(i-Pr)2N, dioxane, MW 160°C, 22%. 

The dimethyl silicon-bridge in intermediate CP 21 was considered as rather 

unstable due to the small methyl groups. Enhanced stability was expected for 

the bulkier alkyl moiety in CP 23 protecting the reactive silicon centre. Applying 

similar reaction conditions as before, the diiodide CP 20 was cyclized to the 

silafluorene CP 23 bearing two isopropyl groups on the silicon atom. 

Furthermore, these bulkier alkyl substituents were expected to prevent 
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decomposition of the immobilized silicon-containing synthon during STM 

conductance mesuremets.18  

In a final step the dibromide CP 23 was converted to the acetyl-protected 

dithiol CP 24 using a palladium-mediated cross-coupling reaction with 

potassium acetate in 22% yield.190 Single crystals suitable for the X-ray 

measurement were obtained from hexane using the slow evaporation 

technique. 

 

 

 

 

 

 

 

Figure 72. X-ray structure of CP 23. 

Among the other new π-electron systems synthesized, the structures of 

compound CP 23 has been determined by X-ray crystallography, as shown in 

figure 72. CP 23 has highly coplanar π-conjugated frameworks due to the 

silicon bridge. The angles in the butadiene fragment are 114.8(3)° (C1-C6-C7) 

and 114.7(7)° (C6-C7-C12). These almost identical angles are slightly 

increased compared to corresponding angles in the fluorene skeleton (~108°) 

due to the increased size of the silicon atom. The intramolecular distance 

between the two terminal carbon atoms (C3-C10) is 7.01(5) Å which is slightly 

increased compared to the terminal C-C distance in the fluorene skeleton of 

CN 1 (6.84(9)Å). Thus indicating a similar extent of bending of the biphenyl 

backbone along the molecular axis as in fluorene derivate CN 1. 
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4.4 UV Absorption Measurements 

In a simple electron transport picture the Highest Occupied Molecular Orbital 

(HOMO) and the Lowest Unoccupied Molecular Orbital (LUMO) and the 

orbitals which are close to them are assumed to dominate the electron 

transport.346 UV/VIS spectra of molecules are associated with transitions 

between these electronic energy levels. Light can excite electrons from 

bonding σ-, π-orbitals or non-bonding n-orbitals (electron lone pairs) to 

antibonding σ*-, π*-orbitals. The type of transitions are designed as σ→σ*, 

π→π*, n→σ* or n→π* transitions. UV-spectroscopy gives, thus, insight about 

the electronic structure of molecules, and displays an indispensable tool to 

characterize the electronic properties of molecules.   

4.4.1 Probing the Conjugation in Cyclopropane 

The motivation of the following work was to probe optically the extent of double 

bond character of a cyclopropane ring when compared to an ethylene or 

acetylene bond. To explore the ability of a cyclopropane ring to conjugate with 

neighboring π-systems, three sulfur-functionalized model compounds  

(figure 73) were synthesized (see chapter 5, CP 25-31) and their optical UV 

spectra were compared. All compounds were measured in hexane at room 

temperature with a concentration of 1·10-5 M. 

The essentially planar OPV (CP 31) structure with a double bond connecting 

the two phenyl rings shows the longest wavelength absorption with  

λmax = 326 nm due to extensively delocalized π-electrons. Hypsochromic shift 

to λmax = 303 nm is observed for the OPE structure with a triple bond 

connecting the two phenyl rings. This conjugation is not particularly effective, 

as the distance of the triple bond is shortened, hence the π-electrons are quite 

tightly bond.111 Hypsochromic shift is further increased if cyclopropane is 

connecting both phenyl rings. λmax of trans-OPCP (CP 30) is hypsochromically  

shifted to 254 nm. 
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Figure 73. UV absorption of OPV, OPE and trans-OPCP in hexane at a concentration  
of 1·10-5 M. 

The two π-systems are nearly decoupled due to the low first-order conjugation.  

However, cyclopropane is well known to exert conjugative effects intermediate 

between the hyperconjugation of alkyl groups and first-order  

π-conjugation. This resonance effect has been attributed to two non-localized 

MO’s (Walsh orbitals) of the cyclopropane ring. These orbitals lie in plane of 

the cyclopropane ring but have π-symmetry with respect to the non-ring bonds 

of cyclopropane and hence the correct symmetry for conjugation with the 

phenyl rings.347 The extent of conjugative effect of the cyclopropane ring to the 

adjacent benzene ring is dictated by the conformation.348,349 
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Figure 74. Molecular diagram of the bisected and perpendicular form of cyclopropyl-benzene. 
Cyclopropyl-benzene adopts the bisected conformation in the solid state.348 

In the bisected conformation (figure 74), orbital alignment between the 

benzene π-system and the cyclopropyl HOMO is maximal and electron 

donation from the cyclopropyl to the arene is taking place. In the perpendicular 

conformation, the π-system of the arene is orthogonal to the cyclopropyl 

HOMO, but aligned with the LUMO of the cyclopropyl group. Consequently, 

the cyclopropyl group can only act as an electron acceptor. As cyclopropane is 

a weak π-acceptor no significant electronic interaction between the benzene 

and the cyclopropyl group is observed  in the perpendicular conformation.349 

 

Solid state structural analysis gave insight into the structure of the  
trans-OPCP. The plane of the phenyl ring is twisted by about 30° away from 

the bisected line (figure 75, A). In contrast the plane of the second phenyl ring 

lies almost on the bisected line of the cyclopropane ring (figure 75, B). Thus, 

the aromatic π-systems on both sides of the cyclopropane ring are in a good 

geometry for an electronic interaction. 
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Figure 75. Visualization of the bisected configurations observed in the solid state structure of 
trans-OPCP. 

To conclude, comparison of the UV spectra indicates that the π-systems of the 

two phenyls rings in trans-OPCP are rather decoupled by the cyclopropane 

unit compared to OPV and OPE.  

 

These results can be summarized with the following statement: 

“The cyclopropane ring can be regarded as an ideal non-conjugative spacer 

unit building future molecular device structures. There are no other rigid 

chemical units of this length available that conjugate so inefficiently” 
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4.4.2 Planar Acetylsulfanyl-Terminated Compounds 

UV spectra of the planar diacetylsulfanyl-biphenyls have been recorded as  

1·10-5 M solutions in hexane at 25°C (figure 76). Almost identical absorption 

spectra are observed for the dialkylated fluorene compound CP 18 and the 

parent compound S1a. The small bathochromic shift of the absorption bands 

can be attributed to the weak σ-donor-effect of the alkyl groups attached to the 

benzylic position of fluorene.195  

 

 

 

 

 

 

 

 

Figure 76. UV adsorption spectra of the planar diacetylsulfanyl-biphenyls in hexane at 25°C 
with a concentration of 1·10-5 M. The absorption spectra are displayed in a stacked mode for 
clarity. 

The onset of the spectra of CP 18 is shifted to the red by 7 nm to 340 nm  

compared to S1a. The spectra of silafluorene CP 24 exhibits two intense and 

broad absorption bands with λmax at 221 nm and 303 nm. The substitution of 

the bridging methylene unit with a silicon-atom shifts the onset of the spectra 

to longer wavelength (355 nm) which can be rationalized by the stabilized  

LUMO.317-319  

The onset of the dibenzonorcaradiene CP 1 is bathochromically shifted to  

353 nm and thus exhibits an increased optical band gap compared to fluorene 

S1a. The spectra exhibits three pronounced absorption bands. The longest 

wavelength absorption band exhibits two λmax at 334 nm and 322 nm with 
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about equal intensity. Another intense and structured band is observed with 

λmax at 302 nm. The third and most intense absorption band exhibits λmax at 

220 nm. 

The last member of the sulfur-functionalized series is the fully aromatic 

phenanthrene derivate CP 15. According to parent compound phenanthrene195 

the three observed bands can be assigned as follows. The broad maximum at  

219 nm can be assigned to the β-band, the most intense maximum at 268 nm 

and a weaker absorption at 293 nm can be assigned to the p-band (figure 76). 

In addition a vibrational fine-structured band with five maxima is observed 

between 326-359 nm which can be assigned to the α-band (not 

displayed).111,195 The bathochromic shift of the observed bands compared to 

phenanthrene can probably be attributed to the presence of the sulfur lone pair 

electrons. The onset of the UV spectra is at 323 nm (excluding the very weak 

α-bands). Interestingly, extending the biphenyl π-system by one double bond 

seems not to decrease the optical band gap. In contrast the onset of the CP 1 

is bathochromically shifted to longer wavelength. This demonstrates that the 

cyclopropane ring in 2,2’-position effects the π-biphenyl system essentially 

different. The bathochromic shift of CP 1 can be rationalized by a 

hyperconjugative σ-π donating effect of the cyclopropyl-bridge similar as 

observed for dialkyl-fluorene CP 18. 
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4.4.3 Planar Cyano-Terminated Compounds 

UV spectra of the planar biphenyl molecules with similar length have been 

recorded as 1·10-5 M solutions in acetonitrile at 25°C (figure 77). Dipropylated 

fluorene compound CP 19 shown similar absorption characteristics as CN 1. 

The maximum of the longest wavelength absorption is bathochromically 

shifted to 318 nm (α-band).195 Similarly the maximum of the fine structured  

p-band is shifted to 293 nm due to the attached alkyl chains.195 

 

 

 

 

 

 

 

 

 

Figure 77. UV adsorption spectra of the planar dicyano-biphenyls in hexane at 25°C with a 
concentration of 1·10-5 M. The absorption spectra are displayed in a stacked mode for clarity. 

The onset of CP14 is red shifted by 42 nm to 364 nm compared to fluorene  

CN 1. The last member of the series is the phenanthrene CP 16. Similar as 

observed for the sulfur-functionalized phenanthrene CP 15 three absorption 

bands are observed for CP 16 (figure 77). A fine-structured very weak 

absorption band with four sharp maxima were observed between 310-380 nm 

that can be probably assigned to α-band (not displayed).111,195 The most 

intense maxima at 261 nm is accompanied by a less intense fine-structured 

band between 284-309 nm. 
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4.5 Conclusion and Outlook 

In conclusion a series of nine planar rod-like model structures with similar 

length have been synthesized and their structures have been determinate by  

X-ray analysis. The model structures comprise both thiol and cyano anchoring 

groups to enable immobilization between metal electrodes. The second bridge 

in 2,2’-position is varying in terms of its chemical nature. Optical UV 

measurements show clearly that the π-system is sensitive to the type of 

bridge. The onset of UV spectra of the dibenzonorcaradiene structures CP 1 

and CP 14 are bathochromically shifted to longer wavelength compared to the 

fluorene derivates. Interestingly, the UV spectra of the dibenzonorcaradiene 

structures CP 1 and CP 14 comprising a cyclopropyl bridge exhibit 

considerably different absorption spectra than the phenanthrene compounds 

CP 15 and CP 16.  Introduction of a silicon bridge in CP 24 shifts the onset of 

the UV spectra to longer wavelengths compared to fluorene. 

  

 

 

 

Furthermore, pyrene displays an interesting future model structure as its 

symmetry is increased compared to phenanthrene. One might expect that this 

structure conducts better as enlarged π-systems are expected to have smaller 

band gaps. Cohen350 and Liu351 recently found reduced conductance based on 

theoretical calculations for for 2,7-dithiol-pyrene compared to the unbridged 

planar biphenyl-dithiol. This indicates that not only the extent of π-conjugation 

(and the consequently lowered band gap) but also the spatial arrangement of 

the π-system influences the electron transport properties of a molecular wire. 

Charge transport investigations are currently ongoing. 

Pyrene-2,7-dithiol 
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5 Experimental Section 

5.1 Materials and Methods 

Solvents and Reagents 

Reagents were used as received from Fluka AG (Buchs, Switzerland), Acros AG 

(Basel, Switzerland), Merck (Darmstadt, Germany) and Aldrich (Buchs, Switzerland) 

unless otherwise stated. Solvents for chromatography and extractions were of 

technical grade. Dry solvents used for reactions corresponded to the quality puriss p. 

a., abs., over Molecular Sieves from Fluka AG. For an inert atmosphere Argon 4.8 

from PanGas AG (Dagmersellen, Switzerland) was used. 

UV/vis spectroscopy 

UV/vis spectra were recorded on an Agilent 8453 diode array detector 

spectrophotometer. 

NMR spectroscopy 

Nuclear magnetic resonance (NMR) spectra were recorded using a Bruker DPX-

NMR (400 MHz for 1H and 100 MHz for 13C) or a Bruker BZH-NMR (250 MHz for 1H) 

spectrometer at ambient temperature in the solvents indicated. Solvents for NMR 

were obtained from Cambridge Isotope Laboratories (Andover, MA, USA). Chemical 

shifts are given in ppm relative to tetramethylsilane (TMS). The spectra are 

referenced to the residual proton signal of the deuterated solvent (CDCl3: 7.26 ppm, 

DMSO-d6: 2.50 ppm, CD3CN: 1.94 ppm) for 1H spectra or the carbon signal of the 

solvent (CDCl3: 77.2 ppm, DMSO-d6: 40.5 ppm, CD3CN: 118.3 ppm and 1.3 ppm) for 
13C spectra. The coupling constants (J) are given in Hertz (Hz), the multiplicities are 

denoted as: s (singlet), d (duplet), t (triplet), q (quartet), m (multiplet) and br (broad). 
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Mass spectrometry (MS) 

Electron impact (EI) mass spectra and fast atom bombardment (FAB) mass spectra 

were recorded by Dr. H. Nadig on a finnigan MAT 95Q for EI-MS and on a finnigan 

MAT 8400 for FAB-MS in the mass spectrometry laboratory of the institute. As matrix 

for FAB-MS m-nitro-benzyl alcohol or glycine was used. Electron spray ionization 

(ESI) mass spectra were recorded on a Bruker Esquire 3000plus. Matrix-assisted 

laser desorption/ionization-time of flight (MALDI-TOF) mass spectra were performed 

on a Applied Bio Systems Voyager-De™ Pro mass spectrometer using  

1,8,9-anthracenetriol or α-cyano-4-hydroxycinnamic acid as matrix. Important signals 

are given in mass units per charge (m/z), the fragments and intensities are given in 

brackets. 

Elemental analysis (EA) 

Elemental analyses were carried out by W. Kirsch on a Perkin-Elmer Analysator 240. 

The values are given in mass percent. 

Melting points (MP) 

Melting points (MP) were determined in °C using a Stuart SMP3 apparatus and are 

uncorrected. 

Column Chromatography 

For preparative separations by column chromatography, silica gel 60 from Fluka  

(0.043-0.06 mm) was used. 

Thin layer chromatography (TLC) 

Thin layer chromatography was performed on 0.25 mm pre-coated glass plates  

(silica gel 60 F254, Merck AG, Darmstadt, Germany). Compounds were detected at  

254 nm by fluorescence quenching or at 366 nm by self-fluorescence. If necessary, 

the plates were stained by dipping into a cerium(IV) reagent[132] (molybdophosphoric 

acid and cerium(IV)sulfate dissolved in a mixture containing water and concentrated 

sulfuric acid) or Gibbs reagent[132] (100 mg 2,6-dibromoquinone-4-chloroimide with 

sodium hydrogen carbonate in DMSO/chloroform). 
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5.2 Synthetic Procedures 

5.2.1 Chapter 2: Sulfur-Functionalized Cyclophanes 

4,4’-Dichlorobiphenyl-2,2’-dicarboxylic acid (S10b) 

 2-Amino-5-chlorobenzoic acid (23.90 g, 0.140 mol) was 

suspended in HCl (49.6 mL, 0.600 mol, 37%) and water 

(110 mL). At 0 °C the amine was diazotized by adding 

slowly a solution of NaNO2 (11.50 g, 0.169 mol,  

1.2 equiv) in water (40 mL). After stirring 1 h at 0 °C the 

solution was carefully induced via canula into a freshly 

prepared solution of CuSO4 pentahydrate (69.30 g, 0.278 mol, 2.0 equiv), NH4OH 

(148 mL, 0.96 mmol, 6.9 equiv 25 %), water (250 mL) and hydroxylamine·HCl  

(20.70 g, 0.30 mmol, 2.1 equiv) dissolved in a NaOH solution (49.5 mL, 0.300 mol, 

2.1 equiv). Then stirring was continued from 25 °C to 70 °C for 1 h. The mixture was 

cooled to room temperature and acidified with HCl (37%). After filtering, washing with 

water and drying in the oven (70°C) 4,4’-dichlorobiphenyl-2,2’-dicarboxylic acid S10b 

was obtained as a beige powder (15.10 g, 48.53 mmol, 69%). 

MF C14H8Cl2O4, MW 311.12 g/mol 
M.p. 246-250 °C 

TLC Rf 0.06 (ethyl acetate) 
1H NMR (400 MHz, DMSO-d6, δ/ppm) 7.18 (d, 2H, 3J = 7.6), 7.59 (d, 2H, 3J = 7.6), 

7.85 (s, 2H), 13.0 (br s, 2H) 
13C NMR (100 MHz, CD3OD, δ/ppm) 130.0, 131.4, 132.0, 133.2, 141.7, 167.4 

EI-MS m/z (%) = 310.0 (30) [M+], 292.0 (21) [M+-H2O], 292.0 (21), 265.0 (100)  

[M+-CO2], 248 (68), 186.0 (42), 150.1 (31) 
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4,4’-Dibromobiphenyl-2,2’-dicarboxylic acid (S11c) 

By applying the same conditions as described for  

4,4’-dichlorobiphenyl-2,2’-dicarboxylic acid S10b, the 

dibromo-derivate S11c was obtained as a deep red 

powder (70%). 

 

MF C14H8Br2O4, MW 400.02 g/mol 
M.p. 246-250 °C 

TLC Rf = 0.06 (ethyl acetate) 
1H NMR (400 MHz, DMSO-d6, δ/ppm) 7.05-7.20 (m, 2H), 7.67-7.50 (m, 2H),  

7.94 (br s, 2H), 13.1 (br s, 2H) 
13C NMR (100 MHz, CD3OD, δ/ppm) 121.4, 133.5, 134.7 

EI-MS m/z (%) = 397.9, 399.9, 401.9 [M+] 

(4,4’-Dichlorobiphenyl-2,2’-diyl)-dimethanol (S12b) 

Under inert atmosphere 4,4’-dichlorobiphenyl-2,2’-

dicarboxylic acid S10b (17.10 g, 54.96 mmol) was 

dissolved in dry THF (200 mL). NaBH4 (6.24 g, 0.165 

mol, 3.0 equiv) was added in portions keeping the 

temperature below 30 °C. After stirring at room 

temperature for 1 h, BF3·Et2O (31.1 mL, 0.253 mol, 4.6 

equiv) was dropped to the reaction mixture keeping the temperature between 10 °C 

to 25 °C. The mixture was stirred overnight and quenched with HCl (5%), diluted with 

ethyl acetate (450 mL) and filtered through celite pad. The brown solution was 

washed with sat. Na2CO3, brine and dried over MgSO4. After evaporation of the 

solvents (4,4’-dichlorobiphenyl-2,2’-diyl)-dimethanol S12b was obtained as a brown 

oily solid (16.40 g), which was used immediately without further purification for the 

next step. For analytical purposes a sample was purified by flash chromatography 

(silica gel, hexane/ethyl acetate, 7:3). 
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MF C14H12Cl2O2, MW 283.15 g/mol 
M.p. 121 °C 

TLC Rf 0.15 (hexane/ethyl acetate, 7:3) 
1H NMR (250 MHz, DMSO-d6, δ/ppm) 4.08 (dd, 2H, 2J = 14.1, 3J = 5.4),  

4.19 (dd, 2H, 2J = 14.1, 3J = 5.4), 5.26 (dd, 2H, 3J1 = 5.4, 3J2 = 5.4),  

7.11 (d, 2H, 3J1 = 8.1), 7.36 (dd, 2H, 3J =  8.1, 4J = 2.3), 7.58 (d, 2H, 4J = 2.3) 
13C NMR (100 MHz, DMSO-d6, δ/ppm) 61.04, 127.20, 127.46, 131.71, 133.41, 

136.35, 143.28 

EA Analysis calcd for C14H12Cl2O2: C 59.39, H 4.27; found: C 59.40, H 4.23 

(4,4’-Dibromobiphenyl-2,2’-diyl)-dimethanol (S13c) 

Target compound S13c was synthesized by applying 

the same conditions as for the (4,4’-dichlorobiphenyl-

2,2’-diyl)-dimethanol S12b (67%). 

 
 
MF C14H12Br2O2, MW 372.05 g/mol 

M.p. 133-134 °C 

TLC Rf 0.40 (hexane/ethyl acetate, 1:1) 
1H NMR (400 MHz, DMSO-d6, δ/ppm) 4.05 (dd, 4H, 2J = 14.1, 3J = 5.5),  

4.15 (dd, 2H, 2J = 14.1, 3J = 5.4), 5.23 (dd, 2H, 3J1 = 5.5, 3J2 = 5.5),  

7.01 (d, 2H, 3J1 = 8.1), 7.47 (dd, 2H, 3J =  8.0, 4J = 1.9), 7.69 (d, 2H, 4J = 1.9) 
13C NMR (100 MHz, DMSO-d6, δ/ppm) 61.0, 122.0, 130.1, 130.4, 131.9, 136.8, 143.4 

FAB-MS m/z (%) = 372.9 [M+H]+ 

EA Analysis calcd for C14H12Br2O2: C 45.20, H 3.25; found: C 44.63, H 3.43 
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2,2’-Bis(bromomethyl)-4,4’-dichlorobiphenyl (S14b) 

(4,4’-Dichloro-biphenyl-2,2’-diyl)-dimethanol S12b 

(16.40 g, assuming 54.96 mmol) was dissolved in dry 

CH2Cl2 (100 mL). The brown solution was cooled to 5 °C 

and PBr3 (12.9 mL, 0.136 mol, 2.5 equiv) was slowly 

dropped to the reaction mixture. After stirring at 0-25 °C 

(30 h), water (40 mL) was carefully added to quench the 

reaction. The water phase was separated and extracted with CH2Cl2 (40 mL), the 

combined organic phases were filtered through a silica pad. After evaporation of the 

solvents and purification by flash chromatography (silica, CH2Cl2 in hexane, 10-80%), 

2,2’-bis(bromomethyl)-4,4’-dichlorobiphenyl S14b was obtained as yellow crystals 

(10.70 g, 26.17 mmol, 48% over two steps). 

MF C14H10Br2Cl2, MW 408.94 g/mol 

M.p. 120-121 °C 

TLC Rf 0.44 (hexane/CH2Cl2, 95:5) 
1H NMR (400 MHz, CDCl3, δ/ppm) 4.10 (d, 2H, 2J = 10.3), 4.25 (d, 2H, 2J = 10.3),  

7.19 (d, 2H, 3J = 8.2), 7.36 (dd, 2H, 3J = 8.2, 4J = 2.2), 7.54 (d, 2H, 4J = 2.2) 
13C NMR (100 MHz, CDCl3, δ/ppm) 30.6, 128.8, 130.8, 131.5, 134.7, 136.6, 137.9 

EI-MS  m/z (%) = 405.9, 407.9, 409.9, 411.9 [M+] 

EA Analysis calcd for C14H10Br2Cl2: C 41.12, H 2.46; found: C 40.98, H 2.48 
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2,2’-Bis(bromomethyl)-4,4’-dibromobiphenyl (S15c) 

By applying the same procedure as for the dichloro-

compound S14b described above, 4,4’-dibromo-

biphenyl-2,2’-diyl)-dimethanol S13c was converted into 
2,2’-bis(bromomethyl)-4,4’-dibromobiphenyl S15c (63%). 

 
 
MF C14H10Br4, MW 497.85 g/mol 

M.p. 147 °C 

TLC Rf 0.27  (hexane/t-BME, 1:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 4.09 (d, 2H, 2J = 10.3), 4.26 (d, 2H, 2J = 10.3),  

7.12 (d, 2H, 3J = 8.2), 7.50 (dd, 2H, 3J = 8.2, 4J = 2.0), 7.69 (d, 4J = 2.0, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 30.7, 123.1, 131.98, 132.00, 134.0, 137.5, 138.4 

EI-MS  m/z (%) = 493.7, 495.7, 497.7, 499.7, [M+] 

EA Analysis calcd for C14H10Br4: C 33.78, H 2.02; found: C 33.67, H 2.01 
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3,9-Dichloro-5,7-dihydrodibenzo[a,c]cyclohepten-6-one (S16b) 

NaOH (430 mg, 10.80 mmol, 5.1 equiv) was dissolved in H2O (5 mL) and added to a 

solution of 2,2’-bis(bromomethyl)-4,4’-dichlorobiphenyl 

S14b (866 mg, 2.12 mmol), toluenesulfonyl-methyl 

isocyanide (462 mg, 2.37 mmol, 1.1 equiv) and 

tetrabutylammonium bromide (161 mg, 0.50 mmol,  

24.0 mol%) in CH2Cl2 (20 mL) at 0 °C. The two phase 

mixture was stirred vigorously at room temperature overnight. The phases were 

separated and the water phase was extracted with CH2Cl2 (6 mL). t-BME  

(15 mL) and HCl (6 mL, 37 %) was added to the organic mixture which was then 

stirred vigorously for 3 h. The phases were separated and the organic layer was 

washed with water (5 mL), sat NaHCO3 (8 mL), dried over Na2SO4 and the solvent 

was evaporated. The crude product was purified by flash chromatography (silica gel, 

20-80%, CH2Cl2 in hexane) to afford 3,9-dichloro-5,7dihydrodibenzo[a,c]cyclohepten-

6-one S16b as a white solid (454 mg, 1.64 mmol, 77%). 

MF C15H10Cl2O, MW 277.15 g/mol 

M.p. 223-224 °C.  

TLC Rf = 0.24 (hexane/CH2Cl2, 6:4) 
1H NMR (400 MHz, CDCl3, δ/ppm) 3.53 (d, 2H, 2J = 13.0), 3.56 (d, 2H, 2J = 13.0), 

7.27-7.30 (m, 2H), 7.38-7.43 (m, 2H), 7.44-7.49 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 49.2, 128.4, 129.8, 130.9, 134.6, 134.8, 137.1, 

208.5. EI-MS m/z (%) = 276.0 (89) [M+], 248.0 (33) [M+ - CO], 213.1 (84) [M+ - CO,  

- Cl], 178.1 (100) [M+ - CO, - 2 Cl], 151.1 (9), 106.0 (18), 88.0 (36).  

EA Analysis calcd for C15H10Cl2O: C 65.01, H 3.64; found: C 64.71, H 3.74. 
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3,9-Dibromo-5,7-dihydrodibenzo[a,c]cyclohepten-6-one (S17c) 

According to the synthesis of 3,9-dichloro-5,7-

dihydrodibenzo[a,c]cyclohepten-6-one S16b, the 

dibromo-derivate S17b was isolated as a white solid 

(44%). 

 

MF C15H10Br2O, MW 366.05 g/mol 

M.p. 242-244 °C 

TLC Rf 0.13 (hexane/CH2Cl2, 1:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 3.48 (d, 2H, 2J = 14.0), 3.54 (d, 2H, 2J = 14.0), 

7.38-7.43 (m, 4H), 7.54-7.58 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 49.1, 122.8, 131.0, 131.4, 132.8, 135.0, 137.6, 

208.5.  

EI-MS m/z (%) = 363.9, 365.9, 367.9 [M+] 

EA Analysis calcd for C15H10Br2O1: C 49.22, H 2.75; found: C 49.21, H 2.70 

3,9-Dichloro-6,7-dihydro-5H-dibenzo[a,c]cycloheptene (S3b) 

To a solution of 3,9-dichloro-5,7-dihydrodibenzo[a,c]-

cyclohepten-6-one S16b (1.44 g, 5.20 mmol) in CH2Cl2  

(40 mL) was added tris(pentafluorophenyl)borane  

(55.0 mg, 0.11 mmol, 2.0 mol%). While maintaining the 

reaction temperature at room temperature, polymethylhydrosiloxane (6.0 mL) was 

slowly added. After 20 min another portion of catalyst (80.0 mg, 0.16 mmol,  

3.0 mol%) was added (foaming!). After the TLC showed full conversion of the starting 

material, the solvent was evaporated. The resulted gel was extracted with hexane  

(4 x 80 mL) and filtered through a silica pad. The concentrated extract was 

recrystallized from MeOH/H2O (15 mL and 0.3 mL) to obtain 3,9-dichloro-6,7-dihydro-

5H-dibenzo[a,c]cycloheptene S3b as white long needles (835 mg, 3.17 mmol, 61%). 
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MF C15H12Cl2, MW 263.16 g/mol 

M.p. 87-88 °C 

TLC Rf 0.74 (hexane/CH2Cl2, 6:4) 
1H NMR (400 MHz, CDCl3, δ/ppm) 2.21 (m, 2H), 2.49 (m, 4H), 7.24-7.37 (m, 6H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 31.6, 33.3, 127.2, 129.0, 129.8, 133.7, 138.8, 

141.6 

EI-MS m/z (%) = 262.0 (100) [M+], 227.1 (25) [M+ - Cl], 212.1 (32),  

192.1 (58) [M+ - 2 Cl], 176.1 (11), 94.5 (16). 

EA Analysis calcd for C15H12Cl2: C 68.46, H 4.60; found: C 68.39, H 4.67 

3,9-Dibromo-6,7-dihydro-5H-dibenzo[a,c]cycloheptene (S3c) 

Tris(pentafluorophenyl)borane (18.2 mg, 35.5 µmol, 

5.3 mol%,) was added to a solution of (260 mg,  

0.71 mmol) 3,9-dibromo-5,7-dihydrodibenzo-

[a,c]cyclohepten-6-one S17c in CH2Cl2 (13 mL). 

While maintaining the temperature at 25 °C, polymethylhydrosiloxane (0.85 mL) was 

slowly added. After 5 min the solvent was evaporated. The resulting gel was 

extracted with hexane (7 x 30 mL). The combined organic layers were concentrated 

in vacuo and purified by column chromatography (silica, hexane/CH2Cl2, 6:4). The 

obtained oil was then recrystallized from methanol/water (100:1) to afford  

3,9-dibromo-6,7-dihydro-5H-dibenzo[a,c]-cycloheptene S3c (195 mg, 4.60 mmol, 

78%) as a colorless powder. 

MF C15H12Br2, MW 352.06 g/mol 

M.p. 114–115°C 

TLC Rf 0.61 (silica, hexane/CH2Cl2, 6:4) 
1H-NMR (400 MHz, CDCl3, δ/ppm) 2.14-2.47 (m, 2H), 2.43-2.47 (m, 4H),  

7.19 (d, 2H, 3J = 8.1), 7.39 (d, 2H, 4J = 2.0), 7.46 (dd, 2H, 3J = 8.1 Hz, 4J = 2.0 Hz)  
13C-NMR (100 MHz, CDCl3, δ/ppm) 31.0, 32.9, 121.5, 129.6, 129.7, 131.4, 138.9 

141.5. HRMS (ESI) calcd for C15H13Br2 [M+H]+: 350.9383; found: 350.9385 
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3,9-Bis(acetylsulfanyl)-6,7-dihydro-5H-dibenzo[a,c]cycloheptene (S3a) 

Under inert atmosphere 3,9-dichloro-6,7-dihydro-

5H-dibenzo-[a,c]cycloheptene S3b (383 mg,  

1.46 mmol) was dissolved in dry and degassed 

DMI. Sodium methanethiolate (2.00 g, 28.53 mmol, 

19.5 equiv) was added at once and the reaction mixture was stirred at 110 °C over 

night. After cooling to room temperature, AcCl (9 mL) was carefully added and stirring 

was continued over night at room temperature. The reaction was poured onto ice, the 

phases were separated and extracted with toluene (4 x 40 mL). The organic phase 

was washed with brine/water 1:1 (4 x 10 mL), brine (1 x 10 mL), filtered over wool 

and the solvent was evaporated. The crude product was separated on a flash column 

(silica gel, hexane/t-BME, 8:2) to afford the pure 3,9-bis(acetylsulfanyl)-6,7-dihydro-

5H-dibenzo[a,c]-cycloheptene S3a (242 mg, 0.71 mmol, 49%). Crystallization using 

cyclohexane yielded beautiful single crystals for the X-Ray analysis. 

MF C19H18O2S2, MW 342.48 g/mol 

M.p. 134 °C 

TLC Rf 0.27 (hexane/t-BME, 8:2) 
1H NMR (400 MHz, CDCl3, δ/ppm) 2.20 (m, 2H), 2.45 (s, 6H), 2.50 (m, 4H), 7.29-7.31 

(m, 2H), 7.38-7.44 (m, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 30.7, 31.6, 33.5, 127.5, 129.6, 133.1, 134.7, 

141.0, 141.8, 194.7  

EI-MS m/z (%) = 342.0 (28) [M+], 300.0 (26) [M+ - CH3CO],  

258.0 (100) [M+ - 2 CH3CO], 192.1 (10), 165.1 (7) 

EA Analysis calcd for C19H18O2S2: C 66.63, H 5.30; found: C 66.32, H 5.32 
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2,2’-Diallyl-4,4’-dichlorobiphenyl (S18b) 

Under argon 2,2’-bis-(bromomethyl)-4,4’-dichloro-

biphenyl S14b (673 mg, 1.65 mmol) was dissolved in 

CH2Cl2 (15 mL). CuI (313 mg, 1.64 mmol, 1.0 equiv) 

was added at once and the reaction mixture was cooled 

to -70 °C. In absence of light vinyl magnesium bromide 

(9.4 mL, 6.58 mmol, 4.0 equiv, 0.7 M) in dry THF was 

slowly dropped to the reaction mixture and stirring was 

continued at -70 °C for 1 h. After stirring overnight (0-25°C), the reaction was 

quenched with sat. NH4Cl (50 mL) and brine (50 mL). The mixture was extracted with 

t-BME (3 x 50 mL), separated and the combined organic phases were dried over 

MgSO4. The crude product was purified by flash chromatography to afford  

2,2’-diallyl-4,4’-dichlorobiphenyl S18b as a smelly and colorless oil (290 mg,  

0.96 mmol, 58%). 

MF C18H16Cl2, MW 303.23 g/mol 

TLC Rf 0.76 (hexane/CH2Cl2, 95:5) 
1H NMR (400 MHz, CDCl3, δ/ppm) 3.02 (dddd, 2H, 2J = 15.5, 3J = 6.6, 4J1 = 1.5,  
4J2 = 1.5), 3.08 (dddd, 2H, 2J = 15.5 , 3J = 6.7, 4J1 = 1.5, 4J2 = 1.5),  

4.87 (dddd, 2H, 2J1 = 1.7, 3JZ = 17.0, 4J1 = 1.5 , 4J2 = 1.5), 5.00 (dddd, 2H, 2J = 1.7, 
3JE = 10.0, 4J1 = 1.5, 4J2 = 1.5), 5.74 (dddd, 2H, 3J1 = 17.0, 3J2 = 10.0, 3J3 = 6.7,  
3J3 = 6.6), 7.01 (d, 2H, 3J = 8.0), 7.19 (dd, 2H, 3J = 7.8, 4J = 2.2),  

7.36 (d, 2H, 4J = 2.2) 
13C NMR (100 MHz, CDCl3, δ/ppm) 37.9, 117.2, 126.6, 129.7, 131.6, 134.0, 136.4, 

138.4, 140.3 

EI-MS m/z (%) = 302.1 (35) [M+], 267.1 (98) [M+ - Cl], 238.0 (62),  

226.1 (100) [M+ - Cl, - C3H5 (allyl)], 203.1 (66), 191.1 (61), 101.0 (20) 

EA Analysis calcd for C18H16Cl2: C 71.30, H 5.32; found: C 71.07, H 5.30 
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2,2’-Diallyl-4,4’-dibromobiphenyl (S19c) 

According to the synthesis of 2,2’-diallyl-4,4’-dichloro-

biphenyl S18b, the bromo-derivate S19c (79%) was 

obtained as a colorless oil. 

 
 

 
MF C18H16Br2, MW 392.13 g/mol 

TLC Rf 0.46  (hexane/CH2Cl2, 95:5) 
1H NMR (400 MHz, CDCl3, δ/ppm) 3.13- 2.97 (m, 4H),  

4.87 (dd, 2H, 2J = 1.6, 3J = 17.0), 5.01 (dd, 2H, 2J = 1.6, 3J = 10.1),  

5.80-5.67 (m, 2H), 6.95 (d, 2H, 3J = 8.1), 7.37 (dd, 2H, 3J = 8.4, 4J = 2.1),  

7.43 (2H, 4J = 2.4) 
13C NMR (100 MHz, CDCl3, δ/ppm) 37.3, 116.8, 121.8, 129.1, 131.3, 132.2, 135.9, 

138.4, 140.1.  

EI-MS m/z (%) = 390.0, 392.0, 394.0 [M+] 

EA Analysis calcd for C18H16Br2: C 55.13, H 4.11; found: C 55.24, H 4.19 
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3,10-Dichloro-5,8-dihydrodibenzo[a,c]cyclooctene (S20b) 

2,2’-Diallyl-4,4’-dichlorobiphenyl S18b (121 mg,  

0.40 mmol)  and Grubbs’ catalyst (2nd generation,  

20.4 mg, 24 μmol, 6.0 mol%) was refluxed in CH2Cl2  

(30 mL). After 3 h the solvent was evaporated and the 

crude product was purified by flash chromatography (silica gel, 0-5% CH2Cl2 in 

hexane) to yield 3,10-dichloro-5,8-dihydrodibenzo[a,c]cyclooctene S20b as a off-

white solid (97 mg, 0.35 mmol, 88%). 

MF C16H12Cl2, MW 275.17 g/mol 

M.p. 129-130 °C 

TLC Rf 0.51 (hexane/CH2Cl2, 98:2, δ/ppm) 
1H NMR (400 MHz, CDCl3, δ/ppm) 2.82-3.13 (m, 4H), 5.81-5.85 (m, 2H),  

7.14-7.21 (m, 4H), 7.23-7.27 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 33.4, 126.8, 129.1, 129.3, 129.4, 129.6, 134.5, 

139.0, 139.7 

EI-MS m/z (%) = 274.0 (80) [M+], 239.1 (82) [M+ - Cl], 204.1 (100) [M+- 2 Cl], 176.1 

(21), 101.0 (33) 

EA Analysis calcd for C16H12Cl2: C 69.84, H 4.40; found: C 69.35, H 4.50 
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3,10-Dibromo-5,8-dihydrodibenzo[a,c]cyclooctene (S21c) 

According to the protocol described for 3,10-dichloro-

5,8-dihydrodibenzo[a,c]cyclooctene S20b, the dibromo-

derivate S21c was obtained as a white solid (94%). 

 

MF C16H12Br2, MW 364.07 g/mol 

M.p. 147 °C 

TLC Rf 0.61 (hexane/CH2Cl2, 95:5)  
1H NMR (400 MHz, CDCl3, δ/ppm) 2.91 (d, 2H, 2J = 14.7), 3.02-3.13 (m, 2H),  

5.79-5.87 (m, 2H), 7.11 (d, 2H, 3J = 8.1), 7.37 (d, 2H, 4J = 2.0),  

7.42 (dd, 2H, 3J = 8.1, 4J = 2.0) 
13C NMR (100 MHz, CDCl3, δ/ppm) 32.9, 122.3, 128.7, 129.2, 129.3, 132.1, 138.8, 

139.7 

EI-MS m/z (%) = 361.9, 363.9, 365.9 [M+] 

EA Analysis calcd for C16H12Br2: C 52.78, H 3.32; found: C 52.66, H 3.35 

3,10-Dichloro-5,6,7,8-tetrahydrodibenzo[a,c]cyclooctene (S4b) 

3,10-Dichloro-5,8-dihydrodibenzo[a,c]cyclooctene S20b 

(102 mg, 0.37 mmol) was dissolved in ethyl acetate  

(6 mL) and Pd/C (10% Pd, 10.0 mg, 2.5 mol%) was 

added. The mixture war stirred under a hydrogen 

atmosphere (1 atm) for 3 h. Then filtered through a silica pad, washed with ethyl 

acetate and the solvent was evaporated. 3,10-Dichloro-5,6,7,8-

tetrahydrodibenzo[a,c]cyclooctene S4b was collected as a white solid  

(98 mg, 0.36 mmol, 95%). 

MF C16H14Cl2, MW 277.19 g/mol 

M.p. 163-164 °C 

TLC Rf 0.51 (hexane/CH2Cl2, 98:2) 
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1H NMR (400 MHz, CDCl3, δ/ppm) 1.42-1.56 (m, 2H), 2.04-2.14 (m, 4H),  

2.63-2.76 (m, 2H), 7.12-7.17 (m, 2H), 7.19-7.31 (m, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 29.6, 32.9, 126.3, 129.7, 129.9, 130.6, 134.1, 

138.3, 144.9 

EI-MS m/z (%) = 276.0 (100) [M+], 241 (24) [M+, - Cl], 212.0 (32),  

178.1 (35),  

88.0 (13) 

EA Analysis calcd for C16H14Cl2: C 69.33, H 5.09; found: C 69.88, H 5.40 

3,10-Dibromo-5,6,7,8-tetrahydrodibenzo[a,c]cyclooctene (S4c) 

By applying the same reaction conditions as for the 

convertion of the dichloro-compound S20b to S4b, the 

dibromo-compound S4c was obtained from S21c as a 

white solid (98%).  

 

MF C16H14Br2, MW 366.09 g/mol 

M.p. 168-170 °C 

TLC Rf 0.75 (hexane/CH2Cl2, 95:5) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.45-1.53 (m, 2H), 2.03-2.14 (m, 4H),  

2.69 (dd, 2H, 2J = 13.4, 3J = 8.4), 7.07 (d, 2H, 3J = 8.1),  

7.37 (dd, 2H, 3J = 8.1, 4J = 2.0), 7.43 (d, 2H, 4J = 2.0) 
13C NMR (100 MHz, CDCl3, δ/ppm) 29.3, 32.6, 122.1, 129.0, 130.6, 132.4, 

138.5, 144.9 

EI-MS m/z (%) = 363.9, 365.9, 367.9 [M+] 

EA Analysis calcd for C16H14Br2: C 52.49, H 3.85; found: C 52.45, H 3.81 
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3,10-Bis(acetylsulfanyl)-5,6,7,8-tetrahydrodibenzo[a,c]-cyclooctene (S4a) 

Under inert atmosphere 3,10-dichloro-5,6,7,8-tetrahydrodibenzo[a,c]cyclooctene S4b 

(175 mg,  

0.63 mmol) was dissolved in dry and degassed DMI  

(10 mL) and sodium methanethiolate (620 mg,  

8.85 mmol, 14.0 equiv) was added. The reaction was 

kept at 110 °C overnight. To the cooled reaction mixture AcCl (7.0 mL) was carefully 

added and the milky mixture was stirred at room temperature overnight. The reaction 

was then quenched on ice and extracted with toluene (3 x 20 mL). The organic phase 

was washed with brine/water 1:1 (3 x 15 mL), brine (1 x 20 mL), filtered over wool 

and the solvent was evaporated. The crude product was separated on a flash column 

(silica gel, 10-20%, t-BME in hexane). 3,10-Bis(acetylsulfanyl)-5,6,7,8-

tetrahydrodibenzo[a,c]cyclooctene S4a was obtained (72.0 mg, 0.20 mmol, 32%). 

Recrystallization from cyclohexane yielded beautiful single crystals for the X-Ray 

analysis. 

MF C20H20O2S2, MW 356.50 g/mol 

M.p. 144 °C 

TLC Rf 0.23 (hexane/t-BME, 8:2) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.51-1.59 (m, 2H), 2.07-2.19 (m, 4H),  

2.48 (s, 6H), 2.74-2.78 (m, 2H), 7.29-7.36 (m, 6H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 29.6, 31.0, 33.2, 128.1, 130.5, 132.3, 135.9, 

141.6, 144.4, 194.9 

EI-MS m/z (%) = 356.2 (26) [M+], 314.1 (31) [M+ - CH3CO], 272.1 (100)  

[M+ - 2 CH3CO].  

EA Analysis calcd for C20H20O2S2: C 67.38, H 5.65; found: C 67.39, H 5.91 found:  

C 67.39, H 5.91 
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1,5-Bis(3-methoxyphenyl)-1,4-pentadien-3-one (precursor of S22) 

To a solution of NaOH (15.0 g, 0.375 mol, 5.1 equiv) in EtOH (125 mL) and water  

(125 mL) was dropped a solution of m-anisaldehyde (20.0 g, 0.147 mol,  

2.0 equiv), acetone (5.4 mL, 0.073 mol,  

1.0 equiv) in EtOH (30 mL) while 

maintaining the reaction temperature at 20 

°C with a water bath. After stirring the 

mixture at room temperature for 2 h, CH2Cl2 (100 mL) was added and the phases 

were separated. The organic layer was washed with brine/water (80 mL, 1:1) and 

dried over MgSO4. After evaporation of the solvent, a  thick oil (22.50 g) was obtained 

which was used without further purification for the next step. For analytical purposes 

a sample was recrystallized from EtOH/water.  

MF C19H18O3, MW 294.34 g/mol 

M.p. 109 °C.  

TLC Rf 0.55 (hexane/ethyl acetate, 2:1).  
1H NMR (400 MHz, CDCl3, δ/ppm) 3.85 (s, 6H), 6.93-6.98 (m, 2H),  

7.06 (d, 2H, 3J = 15.9), 7.12-7.14 (m, 2H), 7.19-7.23 (m, 2H), 7.33 (m, 2H),  

7.70 (d, 2H, 3J = 15.9) 
13C NMR (100 MHz, CDCl3, δ/ppm) 55.8, 113.7, 116.8, 121.1, 126.1, 130.4, 136.6, 

143.6, 160.4, 189.3.  

EI-MS m/z (%) = 294.1 (100) [M+], 263.1 (32) [M+ - CH3O], 161.1 (23), 121.1 (23).  

EA Analysis calcd for C19H18O3: C 77.53, H 6.16; found: C 77.39, H 6.27. 
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1,5-Bis(3-methoxyphenyl)-3-pentanone (S22) 

The crude 1,5-Bis(3-methoxyphenyl)-1,4-pentadien-3-one (assuming 73.45 mmol) 

was dissolved in ethyl acetate (200 mL) 

and Pd/C (0.50 g, 10% Pd) was added 

under an inert atmosphere. The 

suspension was saturated with hydrogen 

gas and then vigorously stirred until the required volume of hydrogen  

(3.3 L, 147 mmol, 2.0 equiv) was consumed. The suspension was degassed and 

filtered through a short silica pad. After evaporation of the solvent a flash 

chromatography (silica gel, ethyl acetate in hexane, 30-60%) was performed to 

obtain 1,5-bis(3-methoxyphenyl)-3-pentanone S22 (10.10 g, 33.85 mmol, 46% over  

two steps) as an oil.  

MF C19H22O3, MW 298.38 g/mol  

TLC Rf 0.43 (CH2Cl2).  
1H NMR (400 MHz, CDCl3, δ/ppm) 2.71 (t, 4H, 3J = 8.0), 2.85 (t, 4H, 3J = 8.0),  

3.79 (s, 6H), 6.73 (m, 6H), 7.16-7.22 (m, 2H).  
13C NMR (100 MHz, CDCl3, δ/ppm) 30.2, 44.8, 55.6, 111.8, 114.5, 121.1, 129.9, 

143.1, 160.1, 209.4.  

EI-MS m/z (%) = 298.2 (34) [M+], 163.1 (22), 135.1 (100), 121.1 (40), 91.1 (14).  

EA Analysis calcd for C19H22O3: C 76.48, H 7.43; found: C 75.55, H 7.43. 
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1,5-Bis(3-methoxyphenyl)pentane (S23) 

To a suspension of 1,5-bis(3-methoxyphenyl)-3-pentanone S22 (3.83 g, 12.84 mmol) 

and powdered KOH (2.88 g, 51.33 mmol, 

4.0 equiv) in triethylenglycole (13 mL) was 

added hydrazine hydrate (2.3 mL,  

39.00 mmol, 3.0 equiv, 85%) under cooling. The mixture was heated up to reflux for  

2 h. The water and excess of hydrazine was distilled off at an oil bath temperature of 

190 °C. After 4 h at this reaction temperature the reaction was stopped. Water was 

added to the cooled reaction mixture and the mixture was extracted with 

hexane/ethyl acetate, 4:1 (3 x 60 mL). The combined organic layers were washed 

with water (3 x 15 mL) and brine (50 mL) and dried over MgSO4. After evaporation of 

the solvent and purification by flash chromatography (silica gel, hexane/ethyl acetate, 

6:1) 1,5-bis(3-methoxy-phenyl)pentane S23 (2.64 g, 9.30 mmol, 72%) was obtained 

as a colorless oil.  

MF C19H24O2, MW 284.39 g/mol 

TLC Rf 0.53 (hexane/ethyl acetate, 5:1).  
1H NMR (400 MHz, CDCl3, δ/ppm) 1.41 (m, 2H), 1.65 (m, 4H), 2.59 (t, 4H, 3J = 8.0),  

3.82 (s, 6H), 6.72-6.78 (m, 6H), 7.18-7.22 (m, 2H).  
13C NMR (100 MHz, CDCl3, δ/ppm) 29.4, 31.7, 36.4, 55.5, 111.3, 114.6, 121.3, 129.6, 

144.9, 159.9.  

EI-MS m/z (%) = 284.2 (54) [M+], 163.1 (8), 135.1(23), 122.1 (100), 91.1 (15).  

EA Analysis calcd for C19H24O2: C 80.24, H 8.51; found: C 80.36, H 8.62. 
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1,5-Bis(2-bromo-5-methoxyphenyl)pentane (S24) 

To a solution of 1,5-bis(3-methoxyphenyl)-

pentane S23 (4.10 g, 14.42 mmol) and dry 

pyridine (4.0 mL, 49.65 mmol, 3.5 equiv) 

in CH2Cl2 (40 mL) was dropped a solution 

of bromine (5.30 g, 33.16 mmol, 2.3 equiv) in CH2Cl2 (20 mL) at -10 °C over 30 min. 

After stirring another 2 h at room temperature, the reaction mixture was washed with 

sat. NaHCO3 and dried over MgSO4. After evaporation of the solvent, a short flash 

chromatography (silica gel, CH2Cl2/hexane, 1:1) was performed to obtain 6.3 g of the 

crude product. The chromatographically inseparable impurities could be removed by 

a recrystallization from pentane (60 mL) at +4 °C. The pure 1,5-bis(2-bromo-5-

methoxyphenyl)pentane S24 (2.65 g, 5.99 mmol, 42%) was collected as fine white 

crystals.  

MF C19H22Br2O2, MW 442.18 g/mol 

M.p. 44-45 °C.  

TLC Rf 0.53 (hexane/ethyl acetate, 5:1).  
1H NMR (400 MHz, CDCl3, δ/ppm) 1.43-1.51 (m, 2H), 1.62-1.72 (m, 4H),  

2.70 (t, 4H, 3J = 8.0), 3.78 (s, 6H), 6.62 (dd, 2H, 4J = 3.0, 3J = 8.7),  

6.78 (d, 2H, 4J = 3.0), 7.41 (d, 2H, 3J = 8.7).  
13C NMR (100 MHz, CDCl3, δ/ppm) 29.5, 30.1, 36.7, 55.8, 113.4, 115.3, 116.4, 133.6, 

143.4, 159.3.  

EI-MS m/z (%) = 440.0, 442.0, 444.0 [M+].  

EA Analysis calcd for C19H22Br2O2: C 51.61, H 5.01; found: C 51.63, H 5.03. 



159 

3,11-Dimethoxy-6,7,8,9-tetrahydro-5H-dibenzo[a,c]cyclononene (S26) and 
dimer (S25) 

 
 

Under inert atmosphere 1,5-bis(2-bromo-5-methoxyphenyl)-pentane S24 (2.00 g,  

4.50 mmol) was dissolved in dry MeTHF (170 mL). The solution was cooled to -50°C 

in a dry ice/acetone bath and t-BuLi (11.1 mL, 18.0 mmol, 4.0 equiv) was added drop 

wise. After the addition was completed the yellow solution was stirred at this 

temperature for another 15 min. A fresh solution of anhydrous LiBr (825 mg,  

9.50 mmol, 2.1 equiv) and CuCN (425 mg, 4.75 mmol, 1.1 equiv) in MeTHF (10 mL) 

was prepared. This almost clear green copper solution was transferred to the 

reaction mixture over 10 min while keeping the reaction temperature below -50 °C. 

The cloudy reaction mixture was then stirred for another hour at -20 °C and then 

cooled again to -40 °C. 1,3-Dinitrobenzene (3.00 g, 18.0 mmol, 4.0 equiv) was added 

at once and the cooling was removed. After stirring at room temperature overnight, 

the black reaction mixture was quenched with a mixture of NH4Cl (40 mL, 10%) and 

NH4OH (40 mL, 25%). The layers were separated and the water phase was extracted 

with t-BME (2 x 80 mL). The combined organic layers were washed with brine and 

dried over MgSO4. After evaporation of the solvent a flash chromatography (silica,  

t-BME in hexane, 0-20%) was performed to obtain the monomer-fraction S26  

(568 mg) and a fraction containing the dimer S25 according to the MS  

(343 mg, 0.61 mmol, 27%). A recrystallization of the monomer-fraction from hexane 

(10 mL) afforded the pure monomer S26 (292 mg, 1.03 mmol, 23%) as colorless 

crystals.  
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S26 (monomer): 

MF C19H22O2, MW 282.38 g/mol 

M.p. 112-113 °C 

TLC Rf 0.53 (hexane/t-BME, 5:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.37-1.43 (m, 2H), 1.48-1.56 (m, 2H),  

1.71-1.77 (m, 2H), 2.06-2.13 (m, 2H), 2.57-2.64 (m, 2H), 3.80 (s, 6H),  

6.76-6.78 (m, 4H), 7.03-7.06 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 28.6, 29.5, 33.9, 55.6, 111.2, 114.5, 130.5, 134.7, 

144.1, 159.3 

EI-MS m/z (%) = 282.2 (100) [M+], 267.2 (6) [M+ - CH3], 239.1 (10), 225.1 (9),  

211.1 (7), 165.1 (6), 122.1 (6) 

EA Analysis calcd for C19H22O2: C 80.82, H 7.85; found: C 80.47, H 7.93 

 

S25 (dimer): Colorless oil 
MF C38H44O4, MW 564.75 g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.00-1.13 (m, 4H), 1.30-1.52 (m, 8H),  

2.33 (t, 8H, 3J = 7.3,), 3.84 (s, 12H), 6.70 (dd, 4H, 3J = 8.3, 4J = 2.6),  

6.80 (d, 4H, 4J = 2.6), 6.92 (d, 3J = 8.3, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 29.3, 29.6, 33.6, 55.5, 110.7, 113.7, 131.7, 133.5, 

141.9, 158.9 

EI-MS m/z (%) = 564.3 (100) [M+], 282.2 (8), 239.1 (10), 121.1 (11) 
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3,11-Dihydroxy-6,7,8,9-tetrahydro-5H-dibenzo[a,c]cyclononene (S27) 

To a solution of S26 (288 mg, 1.02 mmol) in dry CH2Cl2 (20 mL) was slowly dropped 

a solution of BBr3 (4.1 mL, 4.10 mmol, 4.0 equiv, 1.0 

M) in CH2Cl2 at 0 °C. Then stirring was continued at 

room temperature until TLC showed full conversion of 

the starting material (1.5 h). The reaction was 

quenched with MeOH under ice cooling. The reaction 

mixture was then washed with water (10 mL), dried over MgSO4 and the solvents 

was evaporated. The crude 3,11-dihydroxy-6,7,8,9-tetrahydro-5H-

dibenzo[a,c]cyclononene S27 as a white powder was obtained which was pure 

enough to use for the next step. 

MF C17H18O2, MW 254.32 g/mol 

TLC Rf 0.40 (hexane/t-BME, 1:2) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.31-1.37 (m, 2H), 1.41-1.52 (m, 2H),  

1.65-1.76 (m, 2H), 2.00-2.09 (m, 2H), 2.47-2.56 (m, 2H), 6.64-6.70 (m, 4H),  

6.93 (d, 2H, 3J = 8.0) 
13C NMR (100 MHz, CDCl3, δ/ppm) 28.1, 29.0, 33.2, 112.4, 115.3, 130.1, 133.8, 

143.7, 155.4 

EI-MS m/z (%) = 254.1 (100) [M+], 211.1 (25), 198.1 (15), 108.1 (16) 
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3,11-Bis(trifluoromethanesulfonyloxy)-6,7,8,9-tetrahydro-5H-
dibenzo[a,c]cyclononene (S5e) 

The crude 3,11-dihydroxy-6,7,8,9-tetrahydro-5H-

dibenzo[a,c]cyclononene S27 (assuming 1.02 mmol) 

from the previous step was dissolved in dry pyridine 

(8mL). Then triflic anhydride (677 μL, 4.02 mmol,  

4.0 equiv) was slowly dropped to the solution. 

Stirring was continued at rt (30 min) and the beige solution was quenched with a cold 

NaHCO3 solution. The product was extracted with CH2Cl2 (3 x 30 mL) and the 

combined organic phases were dried over MgSO4. After evaporation of the solvent a 

flash chromatography (silica, hexane/CH2Cl2, 7:3) was performed to afford  

3,11-bis(trifluoromethanesulfonyloxy)-6,7,8,9-tetrahydro-5H-dibenzo[a,c]cyclononene 
S5e (620 mg) as a colorless oil which contained some inseparable material which did 

not disturb in the next step. Upon standing at room temperature a sample of the 

triflate solidified after a few weeks. 

MF C19H16F6O6S2, MW 518.45 g/mol 

TLC Rf 0.73 (hexane/t-BME, 1:2) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.34-1.39 (m, 2H), 1.47-1.56 (m, 2H),  

1.76-1.87 (m, 2H), 1.99-2.06 (m, 2H), 2.67-2.73 (m, 2H), 7.15-7.22 (m, 6H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 28.3, 29.1, 33.7, 119.1, 119.2 (q, J = 321),  

122.1, 130.9, 140.8, 145.2, 149.7 

EI-MS m/z (%) = 518.0 [M+], 385.1 (17) [M+ -  SOCF3], 252.1 (34) [M+ - 2 SOCF3], 

235.1 (44), 107 (23) 

EA Analysis calcd for C19H16F6O6S2: C 44.02, H 3.11; found: C 44.15, H 3.04 
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3,11-Bis(tert.-butylsulfanyl)-6,7,8,9-tetrahydro-5H-dibenzo[a,c]-
cyclononene (S28) 

Under an inert atmosphere S5e (336 mg, 

assuming 0.55 mmol) was dissolved in degassed 

p-xylene (10 mL). Then Pd2(dba)3·CHCl3  

(78.0 mg, 75.4 μmol, 11.6 mol%), xantphos  

(52.0 mg, 89.9 μmol, 13.8 mol%) and sodium  

t-thiobutanolate (290 mg, 2.58 mmol, 4.0 equiv) were added. The reaction mixture 

was stirred at 140 °C for 6 h. Then toluene (20 mL) was added and the mixture was 

washed with brine (2 mL). The water phase was extracted with toluene (2 x 20 mL) 

and the combined organic phases were dried over MgSO4. After evaporation of the 

solvent a flash chromatography (silica, t-BME in hexane, 1-5%) was performed to 

afford (134 mg, 0.34 mmol, 62% over 3 steps) of 3,11-bis(tert.-butylsulfanyl)-6,7,8,9-

tetrahydro-5H-dibenzo[a,c]cyclononene S28 as a bright yellow solid. 

MF C25H34S2, MW 398.67 g/mol 

M.p. 108-110 °C 

TLC Rf 0.58 (hexane/t-BME, 97:3) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.31-1.41 (m, 20H), 1.48-1.56 (m, 2H),  

1.72-1.83 (m, 2H), 1.99-2.06 (m, 2H), 2.62-2.68 (m, 2H), 7.09 (d, 2H, 3J = 8.0),  

7.37-7.43 (m, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 28.5, 29.5, 31.4, 33.5, 46.2, 129.1, 132.0, 134.9, 

138,4, 142.3, 142.4 

EI-MS m/z (%) = 398.2 (24) [M+], 342.1 (7) [M+ - C4H8], 286.1 (100) [M+ - 2 C4H8] 

HRMS (ESI) calcd for C25H35S2 [M+H]+: 399.2180; found: 399.2185 
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3,11-Bis(acetylsulfanyl)-6,7,8,9-tetrahydro-5H-dibenzo[a,c]cyclo-nonene 
(S5a) 

To a solution of S28 (124 mg, 0.31 mmol) in AcCl  

(13 mL) and dry toluene (30 mL) was slowly dropped 

BBr3 (0.93 mL, 0.93 mmol, 3.0 equiv, 1.0 M in 

CH2Cl2) at 0 °C. Then stirring was continued at room 

temperature. After TLC showed full conversion (1 h) 

of the starting material, the reaction mixture was quenched with ice and the organic 

phase was separated. The water phase was extracted with toluene (2 x 30 mL). The 

combined organic layers were dried over MgSO4 and evaporated in vacuo. The crude 

product was purified by flash chromatography (silica, t-BME/hexane 1:1) followed by 

a recrystallization from pentane (+4 °C) to afford 3,11-bis(acetylsulfanyl)-6,7,8,9-

tetrahydro-5H-dibenzo[a,c]cyclononene S5a (70.0 mg, 0.19 mmol, 61 %) as colorless 

crystals. 

MF C21H22O2S2, MW 370.53 g/mol 

M.p. 151 °C 

TLC Rf 0.53 (hexane/t-BME, 5:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.38-1.42 (m, 2H), 1.44-1.55 (m, 2H), 1.63-1.82  

(m, 2H), 2.04-2.11 (m, 2H), 2.45 (s, 6H), 2.63-2.70 (m, 2H), 7.18-7.20 (m, 2H),  

7.28-7.30 (m, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 28.5, 29.3, 30.7, 33.5, 127.5, 129.9, 132.0, 135.3, 

142.7, 143.3, 194.7 

EI-MS m/z (%) = 370.1 (28) [M+], 328.1 (39) [M+ - CH3CO], 286.1(100) [M+ - 2 

CH3CO]. Analysis calcd for C21H22O2S2: C 68.07, H 5.98; found: C 68.03, H 6.04 
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1,2-Bis(3,5-dimethylphenyl)hydrazine (precursor of S29) 

A suspension of 3,5-dimethyl-nitrobenzene (10.00 g, 66.20 mmol) and zinc powder 

(25.00 g, 0.382 mol,  

5.8 equiv) in EtOH (40 mL) was heated up to reflux 

under an inert atmosphere. Then the heating was 

removed and a solution of NaOH (15.00 g, 0.375 mol, 

5.7 equiv) in water (50 mL) was dropped to the reaction 

mixture at such a rate that the solution boiled vigorously. After addition of about a 

third of the base, heating needed to be continued to maintain steady refluxing. After 

all of the base was added, refluxing was continued for 4 h while more zinc powder 

(10.0 g, 0.153 mol, 2.3 equiv) was added in portions over this period of time. The hot 

suspension was filtered over celite and washed with hot EtOH (60 mL) into a mixture 

of AcOH (150 mL, 30%) and sodium bisulfite (1.0 g, 9.6 mmol, 0.15 equiv). The slurry 

was cooled down to 10 °C and the solid was filtered off. Recrystallization from hot 

heptane (80 mL) afforded 1,2-bis(3,5-dimethyl-phenyl)hydrazine (3.96 g, 16.48 mmol, 

50%) as white long needles. 

MF C16H20N2, MW 240.34 g/mol   

M.p. 119-123 °C 

TLC Rf 0.77 (ethyl acetate/hexane, 2:1)  
1H NMR (400 MHz, CDCl3, δ/ppm) 2.24(s, 12H), 5.46 (s, 2H), 6.52 (s, 6H).  
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2,2’,6,6’-Tetramethylbenzidine (S29) 

Diluted HCl (175 mL, 10%) was degassed with 

nitrogen for 30 min. Then 1,2-bis(3,5-

dimethylphenyl)hydrazine (3.70 g, 15.4 mmol) was 

added and the reaction mixture was refluxed. After 

2 h, TLC showed full conversion of the starting material. The solution was cooled to 

room temperature and basified with NaOH to pH = 10. The product was extracted 

with t-BME (3 x 60 mL) and the combined organic phases were washed with brine 

and dried over MgSO4. After evaporation of the solvent, the residue was 

recrystallized from benzene/hexane to obtain 2,2’,6,6’-tetramethylbenzidine S29 

(2.87 g, 11.90 mmol, 77%) as a pink powder. For a further purification the free base 

was recrystallized several times from EtOH/water. A trace of the isomeric side-

product remained in the sample. 

MF C16H20N2, MW 240.34 g/mol 

M.p. 163-165 °C 

TLC Rf 0.47 (ethyl acetate/hexane, 2:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.82 (s, 12H), 3.52 (br s, 4H), 6.48 (s, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 20.4, 114.7, 131.1, 137.7, 145.0 

EI-MS m/z (%) = 240.2 (100) [M+], 225.1 (14) [M+ - CH3], 210.1 (30) [M+ - 2 CH3],  

105.1 (11). 
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4,4’-Diiodo-2,2’,6,6’-tetramethylbiphenyl (S8d) 

To a suspension of 2,2’,6,6’-tetramethylbenzidine S29 
(0.93 g, 3.87 mmol) in water (15 mL) and H2SO4 (8 mL, 

0.142 mol, 36.4 equiv, 95%) a solution of NaNO2 (600 mg, 

8.70 mmol, 2.2 equiv) in water (2.0 mL) was added at 4 

°C. After stirring another 30 min at this temperature all starting material was 

dissolved and the reaction mixture was transferred to a cold solution of I2  

(2.70 g, 10.64 mmol, 2.8 equiv) and NaI (2.70 g, 18.00 mmol, 4.7 equiv) in water  

(5 mL). After 20, min more water (20 mL) and CH2Cl2 (50 mL) was added to bring the 

reaction components in solution again. After stirring at room temperature overnight, 

sodium thiosulfate (2.00 g, 12.7 mmol, 3.3 equiv) was added and the reaction mixture 

was stirred for 10 min. The black precipitate was filtered off and the phases were 

separated. The water phase was extracted with CHCl3 (2 x 30 mL) and the combined 

organic layers were washed again with a thiosulfate solution (25 mL, 10%) and brine. 

After drying over MgSO4 and evaporation of the solvent, a flash chromatography was 

performed to obtain 4,4’-diiodo-2,2’,6,6’-tetramethylbiphenyl S8d (908 mg,  

1.97 mmol, 51%) as bright yellow crystals. 

MF C16H16I2, MW 462.11 g/mol 

M.p. 196 °C 

TLC Rf 0.52 (hexane) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.83 (s, 12H), 7.48 (s, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 19.8, 93.3, 136.9, 138.2, 138.9 

EI-MS m/z (%) = 461.9 (20) [M+], 336.0 (100) [M+ - iodine], 209.1 (13) [M+ - 2 iodine], 

194.1 (76), 179.1 (36) 

EA Analysis calcd for C16H16I2: C 41.59, H 3.49; found: C 42.53, H 3.52 
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4,4’-Bis-(tert.-butylsulfanyl)-2,2’,6,6’-tetramethylbiphenyl (S30) 

Under an inert atmosphere 4,4’-diiodo-2,2’,6,6’-

tetramethylbiphenyl S8d (690 mg, 1.49 mmol) 

was dissolved in degassed p-xylene (15 mL). 

Then Pd2(dba)3·CHCl3 (155 mg, 150 μmol,  

10.0 mol%), xantphos (104 mg, 180 μmol, 12.1 mol%) and sodium t-thiobutanolate 

(503 mg, 4.48 mmol, 3.0 equiv) were added. The reaction mixture was stirred at  

140 °C for 16 h. Then toluene (20 mL) and brine (20 mL) was added and the phases 

were separated. The water phase was extracted with t-BME (2 x 30 mL) and the 

combined organic phases were dried over MgSO4. After evaporation of the solvent a 

flash chromatography (silica, Et2O in hexane, 3%) was performed to afford  

4,4’-bis-(tert.-butylsulfanyl)-2,2’,6,6’-tetramethylbiphenyl S30 (289 mg, 0.75 mmol, 

74%) as a yellow oil.  

MF C24H34S2, MW 386.66 g/mol 

TLC Rf 0.52 (hexane) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.32 (s, 18H), 1.88 (s, 12H), 7.30 (s, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 20.0, 31.5, 46.0, 131.2, 136.0, 136.8, 140.5 

EI-MS m/z (%) = 386 (33) [M+], 330 (7) [M+ - C4H8], 274 (100) [M+ - 2 C4H8] 
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4,4’-Bis-(acetylsulfanyl)-2,2’,6,6’-tetramethyl-biphenyl (S8a) 

To a solution of 4,4’-bis-(tert.-butylsulfanyl)-2,2’,6,6’-

tetramethylbiphenyl S30 (130 mg, 0.34 mmol) in 

AcCl (13mL) and dry toluene (35 mL) was slowly 

dropped BBr3 (1.0 mL, 1.00 mmol, 2.9 equiv, 1.0 M 

in CH2Cl2) at 0 °C. Then stirring was continued at room temperature. After TLC 

showed full conversion (45 min) of the starting material, the reaction mixture was 

quenched with ice and the organic phase was separated. The water phase was 

extracted with toluene (2 x 30 mL). The combined organic layers were dried over 

MgSO4 and evaporated in vacuo. The crude product was purified by flash 

chromatography (silica, t-BME/hexane 1:1) followed by a recrystallization from a 

mixture of hexane (2 mL) and cyclohexane (4 mL) to afford 4,4’-bis-(acetylsulfanyl)-

2,2’,6,6’-tetramethyl-biphenyl S8a (101 mg, 0.28 mmol, 84%) as beautiful crystals. 

MF C20H22O2S2, MW 358.52 g/mol 

M.p. 141 °C 

TLC Rf 0.52 (hexane/t-BME, 4:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.91 (s, 12H), 2.43 (s, 6H), 7.20 (s, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 20.2, 30.6, 126.7, 133.8, 137.0, 140.9, 193.8 

EI-MS m/z (%) = 358.1 (20) [M+], 316.1 (27) [M+ - CH3CO],  

274.1 (100) [M+ - 2 CH3CO] 

EA Analysis calcd for C20H22O2S2: C 67.00, H 6.10; found: C 67.10, H 6.16 
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2,6-Diisopropyl-iodobenzene (S31) 

2,6-Diisopropylaniline (10.64 g, 60.00 mmol) and p-TSA·H2O  

(34.40 g, 0.181 mol, 3.0 equiv) was dissolved in t-BuOH (120 mL). 

The reaction mixture was cooled to 0-5 °C and a solution of sodium 

nitrite (8.30 g, 0.120 mol, 2.0 equiv) and potassium iodide (25.00 g,  

0.151 mol, 2.5 equiv) in H2O (36 mL) was slowly added. After 

stirring 30 min at 5-10 °C, H2O (100 mL) was added. The reaction mixture was 

extracted with hexane. After evaporation of the solvent, the crude product was 

purified by flash chromatography (silica, hexane). 2,6-Diisopropyl-4-iodobenzene S31 

was obtained as clear oil (6.85 g, 23.77 mmol, 40%). 

MF C12H17I, MW 288.17 g/mol 

TLC Rf 0.47 (hexane) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.24 (d, 12H,  3J = 6.8,), 3.37-3.45 (m, 2H),  

7.06-7.11 (m, 2H), 7.21-7.29 (m, 1H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 23.8, 39.8, 109.6, 124.2, 128.7, 151.6 

EI-MS m/z (%) = 288 (69) [M+], 273 (100) [M+ - CH3], 131 (21), 91 (23) 
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2,2’,6,6’-Tetraisopropylbiphenyl (S9) 

Under inert atmosphere 2,6-diisopropyl-iodobenzene S31  
(2.88 g, 10.00 mmol) was dissolved in dry MeTHF  

(40.00 mL). The solution was cooled to -50°C in a dry 

ice/acetone bath and t-BuLi (12.00 mL, 20.04 mmol  

2.0 equiv) was added drop wise. After the addition was 

completed the yellow solution was stirred at this temperature for another 15 min. A 

fresh solution of LiBr (2.00 g, 23.00 mmol, 2.23 equiv) and CuCN (1.03 g,  

11.50 mmol, 1.15 equiv) in MeTHF (8 mL) was prepared. The almost clear green 

copper solution was transferred to the reaction mixture over 10 min while keeping the 

reaction temperature below -60 °C. The cloudy reaction mixture was then stirred for 

another hour at -20 °C and then cooled again to -40 °C. 1,3-Dinitrobenzene (5.04 g,  

30.00 mmol, 3.0 equiv) was added at once and the cooling was removed. After 

stirring overnight, the black reaction mixture was quenched with a mixture of NH4Cl 

(30 mL, 10%) and NH4OH (30mL, 25%). The layers were separated and the water 

phase was extracted with t-BME (2 x 80 mL). The combined organic layers were 

washed with brine and dried over MgSO4. After evaporation of the solvent a flash 

chromatography (silica, t-BME in hexane, 0-10%) was performed to obtain a fraction 

containing 2,2’,6,6’-tetraisopropylbiphenyl S9. A recrystallization from hexane  

(10 mL) afforded the pure S9 (320 mg, 20%) as colorless crystals. 

MF C24H34, MW 322.53 g/mol 

M.p.  224-225 °C 

TLC Rf 0.69 (hexane/t-BME, 95:5) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.11 (d, 24H, 3J = 6.75), 2.41-2.53 (m, 4H),  

7.21-7.27 (m, 4H), 7.34-7.40 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 25.6, 30.00, 123.4, 127.9, 136.0, 148.3 

EI-MS 322.3 (67) [M+] 

EA Analysis calcd for C24H34; C 89.38; H 10.62; found: C 89.21, H 10.48  
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5.2.2 Chapter 3: Exploring π-Electron-Delocalization in the Structure’s 
LUMO: Dicyano-Biphenyls (CN) 

4,4’-Dimethoxy-2,2’-dimethylbiphenyl (CN 7) 

Under an inert atmosphere 1-bromo-4-methoxy-2-

methylbenzene (34.90 g, 0.174 mol) was dropped 

to a suspension of magnesium (6.10 g, 0.251 mol, 

1.4 equiv) in dry MeTHF (150 mL) at such a rate 

that the conversion of the halogenide maintained moderately. Then the reaction 

mixture was refluxed for 30 min and cooled to room temperature. The Grignard 

reagent was slowly transferred to a refluxing solution of 1,2-dichloroethane (23 mL, 

0.292 mol, 1.7 equiv) and anhydrous FeCI3 (2.00 g, 12.33 mmol, 7.1 mol%) in dry 

diethyl ether (250 mL). The reaction was refluxed for 70 min, cooled to room 

temperature and poured onto ice. Then, HCI (20 mL, 37%) was added, the organic 

layer was separated and the aqueous phase was extracted with t-BME (3 x 50 mL). 

The combined extracts were washed with NaOH (2 x 50 mL, 1.0 M) and filtered 

through a silica pad. The colorless oil was dried in vacuo to afford CN 7 (19.40 g, 

80.06 mmol, 92%) which was pure enough to use in the next step without further 

purification. For analytical purposes a flash chromatography was performed (silica, 

CH2Cl2 in hexane, 20-100%).  

MF C16H18O2, MW 242.31 g/mol 

M.p. 54 °C. 

TLC Rf 0.32 (CH2Cl2/hexane, 2:3) 
1H NMR (400 MHz, CDCl3, δ/ppm) 2.06 (s, 6H), 3.85 (s, 6H),  

6.78 (dd, 2H, 3J = 8.3, 4J = 2.5), 6.84 (d, 2H, 4J = 2.5), 7.03 (d, 2H, 3J = 8.3). 
13C NMR (100 MHz, CDCl3, δ/ppm) 20.6, 55.6, 111.2, 115.6, 131.1, 134.2, 

138.1, 159.0. 

EI-MS m/z (%) = 242.1 (100) [M+], 227.1 (27) [M+ - CH3] 

EA Analysis calcd for C16H18O2: C 79.31, H 7.49; found: C 78.14, H 7.26 
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2,2’-Bis(bromomethyl)-4,4’-dimethoxybiphenyl (CN 8) 

To a solution of CN 7 (2.00 g, 8.25 mmol) in CCl4  

(60 mL), NBS (3.10 g, 17.41 mmol, 2.1 equiv) and 

benzoyl peroxide (0.20 g, 0.62 mmol, 7.5 mol%, 

75%) was added. The reaction was kept at reflux 

until all starting material was converted (GC-MS,  

2 h). The cooled reaction mixture was filtered 

through a silica pad and the solvent was evaporated. A flash chromatography was 

performed (silica, CH2Cl2 in hexane, 30-90%) to afford pure 2,2’-bis(bromomethyl)-

4,4’-dimethoxy-biphenyl CN 8 (2.23 g, 5.57 mmol, 68%) as a thick colorless oil which 

solidified upon standing. 

MF C16H16Br2O2, MW 400.11 g/mol 

M.p. 75 °C. 

TLC Rf 0.23 (CH2Cl2/hexane, 2:3) 
1H NMR (250 MHz, CDCl3, δ/ppm) 3.87 (s, 6H), 4.17 (d, 2H, 2J = 9.9),  

4.31 (d, 2H, 2J = 9.9), 6.91 (dd, 2H, 3J = 8.4, 4J = 2.7,), 7.06 (d, 2H, 7.18, 4J = 2.7), 

7.18 (d, 2H, 3J = 8.4) 
13C NMR (100 MHz, CDCl3, δ/ppm) 32.6, 55.8, 114.7, 115.8, 131.9, 132.1, 137.9, 

159.8 

EI-MS  m/z (%) = 398.0 (50), 400.0 (100), 402.0 (49) [M+] 

HRMS (ESI) calcd for C16H16O2Br2 [M+Na]+: 420.9416; found: 420.9414 

EA Analysis calcd for C16H16Br2O2: C 48.03, H 4.03; found: C 47.94, H 3.91 



174 

3,9-Dimethoxy-5,7-dihydrodibenzo[a,c]cyclohepten-6-one (CN 9) 

Under ice cooling NaOH (294 mg, 7.35 mmol,  

5.0 equiv) was dissolved in H2O (4 mL) and added 

to a suspension of CN 8 (589 mg, 1.47 mmol), 

toluenesulfonylmethyl-isocyanide (287 mg,  

1.47 mmol, 1.0 equiv) and TBAB (30 mg, 93 μmol, 

6.3 mol%) in CH2Cl2 (10 mL). The two phase mixture was stirred vigorously at room 

temperature overnight. t-BME (16 mL) and HCl (8 mL, 37 %) was added and the 

mixture was stirred for 3 h. The phases were separated and the organic layer was 

washed with sat. NaHCO3, dried over MgSO4 and the solvent was evaporated. The 

crude product was purified by flash chromatography (silica, CH2Cl2) to afford CN 9 as 

a white solid (326 mg, 1.22 mmol, 83%).  

MF C17H16O3, MW 268.31 g/mol 

M.p. 126 °C 

TLC Rf 0.17 (CH2Cl2/hexane, 2:1) 
1H NMR (250 MHz, CDCl3, δ/ppm) 3.45 (d, 2J = 13.0, 2H), 3.59 (d, 2H, 2J = 13.0),  

6.79 (d, 2H, 4J = 2.6), 6.94 (dd, 2H, 3J = 8.5, 4J = 2.6), 7.44 (d, 2H, 3J = 8.5) 
13C NMR (100 MHz, CDCl3, δ/ppm) 50.0, 55.8, 113.7, 114.9, 130.6, 132.1,  

134.3, 159.4, 210.5 

EI-MS  m/z (%) = 268.1 (100) [M+], 225.1 (67), 165.1 (15), 153.1 (11) 

HRMS (ESI) calcd for C17H16O3 [M+Na]+: 291.0997; found: 291.0993 
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3,9-Dimethoxy-6,7-dihydro-5H-dibenzo[a,c]cycloheptene (CN 10) 

To a suspension of CN 9 (854 mg, 3.18 mmol), 

powdered KOH (750 mg, 13.37 mmol, 4.2 equiv) in 

diethylene glycol (10 mL) was added hydrazine 

monohydrate (0.35 mL, 7.21 mmol, 2.3 equiv) 

under ice cooling. The mixture was heated up to reflux for 2h. The water and excess 

of hydrazine was distilled off at an oil bath temperature of 190 °C. After a total 

reaction time of 3 h and a maximum oil bath temperature of 195 °C, the reaction was 

stopped. Water was added (40 mL) to the cooled reaction mixture and an extraction 

followed with t-BME (4 x 20 mL). The combined organic layers were washed with HCl 

(1 x 20 mL, 1.0 M), water (3 x 10 mL) and brine (1 x 30 mL), dried over MgSO4 and 

filtered through a short silica pad. After evaporation of the solvent CN 10 (700 mg, 

2.75 mmol, 86%) was obtained as a white oil which solidified upon standing. 

MF C17H18O2, MW 254.32 g/mol 

M.p. 110 °C 

TLC Rf 0.38 (hexane/ethyl acetate, 5:1) 
1H NMR (250 MHz, CDCl3, δ/ppm) 2.16 (m, 2H), 2.47 (m, 4H), 7.19 (d, 2H, 4J = 2.4), 

7.27 (dd, 2H, 3J = 8.4, 4J = 2.6) 7.41 (d, 2H, 3J = 8.4) 

13C NMR (100 MHz, CDCl3, δ/ppm)  

HRMS (ESI) calcd for C17H19O2 [M+Na]+: 255.1385; found: 255.1385 
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3,9-Dihydroxy-6,7-dihydro-5H-dibenzo[a,c]cycloheptene (CN 11) 

The dimethoxy-compound CN 10 was deprotected with 

BBr3 according to the protocol to afford CN 16. The 

crude diol CN 11 was obtained as a white powder which 

was used without further purification for the next step.  

MF C15H14O2, MW 226.27 g/mol 

TLC Rf 0.27 (hexane/ t-BME, 1:1) 
1H NMR (250 MHz, CDCl3, δ/ppm) 2.14 (m, 2H), 2.44 (m, 4H), 4.66 (br s, 2H),  

6.72 (d, 2H, 4J = 2.4), 6.78 (dd, 2H, 3J = 8.0, 4J = 2.4), 7.19 (d, 2H, 3J = 8.0) 
13C NMR (100 MHz, CDCl3, δ/ppm) 31.5, 32.7, 113.0, 115.2, 128.9, 132.6,  

140.7, 155.4 

MALD-TOF MS (without matrix) m/z  = 226.4 [M]+ 
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3,9-Bis-(trifluoromethanesulfonyloxy)-6,7-dihydro-5H-dibenzo[a,c]cyclo-
heptene (CN 12) 

The crude diol CN 11 was esterified with triflic 

anhydride and pyridine as the base according to the 

protocol to afford CN 17. CN 12 was obtained as an 

colorless oil. The yield over two steps was 84%.  

MF C17H12F6O6S2, MW 490.39 g/mol 

TLC Rf 0.66 (hexane/t-BME, 2:1) 
1H NMR (250 MHz, CDCl3, δ/ppm) 2.24 (m, 2H), 2.52 (m, 4H), 7.19 (d, 2H, 4J = 2.5), 

7.27 (dd, 2H, 3J = 8.4, 4J = 2.5), 7.41 (d, 2H, 3J = 8.4) 
13C NMR (100 MHz, CDCl3, δ/ppm) 31.2, 32.6, 119.6, 121.4, 130.0, 139.6,  

142.1, 149.0 
19F NMR (376 MHz, CDCl3, δ/ppm)  -74.0 

EI-MS m/z (%) = 490.0 (37) [M+], 357.1 (100) [M+ -  SOCF3],  

224.1 (13) [M+ - 2 SOCF3] 

EA Analysis calcd for C17H12F6O6S2: C 41.64, H 2.47; found: C 41.72, H 2.48 
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Representative example for cyanation method A:  
3,9-Dicyano-6,7-dihydro-5H-dibenzo[a,c]cycloheptene (CN 3) 

To a solution of CN 12 (251 mg, 0.51 mmol) in dry and 

degassed acetonitrile (5 mL) was added potassium 

cyanide (100 mg, 1.54 mmol, 3.0 equiv), 

Pd2(dba)3·CHCl3 (53 mg, 51 μmol, 10.0 mol%), 

xantphos (30 mg,  51 μmol, 10.0 mol%). Tributyltin chloride (3.9 μL, 14.4 μmol,  

2.8 mol%) was added and the reaction mixture was refluxed for 16 h, cooled to room 

temperature, the solvent was evaporated and the dicyano compound CN 3 was 

purified by flash chromatography (silica, CH2Cl2) to obtain a white solid. 

Recrystallization from a mixture of hot dioxane and cyclohexane using the slow 

evaporation technique gave single crystals suitable for the X-ray analysis (102 mg, 

0.418 mmol, 82%).  

 
MF C17H12N2, MW 244.29 g/mol 

M.p. 246-248 °C 

TLC Rf 0.57 (CH2Cl2) 
1H NMR (400 MHz, CDCl3-d3, δ/ppm) 2.21-2.29 (m, 2H), 2.52 (br s, 4H),  

7.45 (d, 2H, 3J = 7.9), 7.57 (d, 2H, 4J = 1.6), 7.67 (dd, 2H, 3J = 8.1, 4J = 1.6) 
13C NMR (100 MHz, CDCl3, δ/ppm) 31.2, 33.1, 112.7, 119.1, 129.4, 131.2, 132.6, 

141.1, 144.3 

EI-MS m/z (%) = 244.1 (100) [M+], 229.1 (74), 216.1 (26), 202.1 (11) 

EA Analysis calcd for C17H12N2: C 83.58, H 4.95, N 11.47; found: C 83.45, H 5.14,  

N 11.39 
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2,2’-Diallyl-4,4’-dimethoxybiphenyl (CN 13) 

CN 8 (4.00 g, 10.00 mmol) was dissolved in dry 

CH2Cl2 (15 mL) and added at -50 °C to a vinyl 

magnesium bromide solution in dry THF (86 mL,  

60.20 mmol, 6.0 equiv, 0.7 M). Then CuI (1.90 g, 

10.00 mmol, 1.0 equiv) was added at once and the 

reaction mixture was allowed to reach room 

temperature to overnight. The black suspension 

was poured onto a cold NH4Cl solution (300 mL). The organic layer was separated 

and the aqueous phase was extracted with t-BME (3 x 150 mL). The combined 

organic phases were washed with brine (150 mL), dried over MgSO4 and filtered 

through celite. After evaporating the solvent a flash chromatography (silica, 

hexane/CH2Cl2, 1:1) was performed to obtain CN 13 (2.27 g, 7.71 mmol, 77%) as a 

colorless smelly oil. 

MF C20H22O2, MW 294.39 g/mol 

TLC Rf 0.6 (CH2Cl2/hexane, 3:2) 
1H NMR (400 MHz, CDCl3, δ/ppm) 3.03-3.14 (m, 4H), 3.84 (s, 6H), 4.87-4.98 (m, 4H), 

5.74-5.84, (m, 2H), 6.79 (dd, 2H, 3J = 8.3, 4J = 2.7), 6.83 (d, 2H, 4J = 2.7),  

7.03 (d, 2H, 3J = 8.3) 
13C NMR (100 MHz, CDCl3, δ/ppm) 38.3, 55.6, 111.5, 114.9, 116.3, 131.7, 133.4, 

137.5, 140.1, 159.2 

EI-MS m/z (%) = 294.2 (100) [M+], 279.2 (23) [M+ -CH3],  

253.1 (48) [M+ -C3H5 (allyl)], 238.1 (42) 

EA Analysis calcd for C20H22O2: C 81.60, H 7.53; found: C 80.28, H 7.41. 

HRMS (ESI) calcd for C20H22O2 [M+Na]+: 317.1517; found: 317.1512 
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3,10-Dimethoxy-5,8-dihydrodibenzo[a,c]cyclooctene (CN 14) 

Compound CN 13 (1.84 g, 6.25 mmol) was dissolved 

in CH2Cl2 (500 mL). After addition of the Grubbs’ 

catalyst (1st generation, 0.26 g, 0.32 mmol,  

5.0 mol%) the solution was refluxed for 16 h and the 

solvent was evaporated. The product was purified by flash chromatography (silica, 

hexane/CH2Cl2, 1:1) to give CN 14 (1.32 g, 4.96 mmol, 79%) as a white solid.  

MF C18H18O2, MW 266.33 g/mol 

M.p. 142°C 

TLC Rf 0.27 (CH2Cl2/hexane, 1:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 2.98-3.09 (m, 4H), 3.84 (s, 6H), 5.80-5.88  

(m, 2H), 6.75 (d, 2H,  4J = 2.7), 6.83 (dd, 2H, 3J = 8.3, 4J = 2.7), 7.17 (d, 2H, 3J = 8.3). 
13C NMR (100 MHz, CDCl3, δ/ppm) 34.2, 55.7, 112.0, 114.8, 129.3, 129.4, 134.9, 

138.7, 160.0. 

EI-MS  m/z (%) = 266.1 (100) [M+], 251.1 (27) [M+ -CH3], 235.1 (21) [M+ -CH3O] 

EA Analysis calcd for C18H18O2: C 81.17, H 6.81; found: C 80.72, H 6.84 

HRMS (ESI) calcd for C18H18O2 [M+Na]+: 289.1204; found: 289.1210 
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3,10-Dimethoxy-5,6,7,8-tetrahydrodibenzo[a,c]cyclooctene (CN 15) 

CN 14  (1.08 g, 4.06 mmol) was dissolved in ethyl acetate (70 mL) and Pd/C  

(120 mg, 10% Pd) was added. The mixture was 

stirred under a hydrogen atmosphere (1 atm) for 3 h. 

Then, the solution was filtered through a silica pad 

and the solvent was evaporated. CN 15 was 

collected as a white solid (1.07 g, 3.99 mmol, 98%). 

MF C18H20O2, MW 268.35 

TLC Rf 0.27 (CH2Cl2/hexane, 1:1) 

M.p. 152°C 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.48-1.57 (m, 2H), 2.01-2.19 (m, 4H), 2.64-2.69 

(m, 2H), 3.80 (s, 6H), 6.78-6.80 (m, 4H), 7.13-7.16 (m, 2H). 
 13C NMR (100 MHz, CDCl3, δ/ppm) 30.1, 33.5, 55.7, 111.5, 114.8, 130.6, 133.5,  

144.6, 159.5 

EI-MS  m/z (%) = 268.1 (100) [M+], 253.1 (12) [M+ -CH3], 225.1 (12). 

EA Analysis calcd for C18H20O2: C 80.56, H 7.51; found: C 80.62, H 7.50. 
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3,10-Dihydroxy-5,6,7,8-tetrahydrodibenzo[a,c]cyclooctene (CN 16) 

To a solution of CN 15 (1.50 g, 5.59 mmol) in dry CH2Cl2 (80 mL) was slowly dropped 

BBr3 (2.9 mL, 30.60 mmol, 5.5 equiv) at 0 °C. Then 

stirring was continued at room temperature until TLC 

showed full conversion of the starting material (1.5 h). 

The reaction was quenched with MeOH under ice 

cooling. The reaction mixture was washed with water (50 mL), dried over MgSO4 and 

the solvent was evaporated. The crude CN 16 (1.67 g) was obtained as a white 

powder which was pure enough to use for the next step. To obtain a sample for 

analytical purposes a flash chromatography was performed (silica, hexane/t-BME, 

2:1).  

MF C16H16O2, MW 240.30 g/mol 

M.p. 130-134°C 

TLC Rf 0.26 (hexane/t-BME, 1:1) 
1H NMR (400 MHz, DMSO-d6, δ/ppm) 1.31-1.33 (m, 2H), 1.86-2.00 (m, 4H),  

2.50-2.55 (m, 2H), 6.58-6.62 (m, 4H), 6.90 (d, 2H, 3J = 8.0), 9.23 (br s, 2H). 
 13C NMR (100 MHz, CDCl3, δ/ppm) 30.4, 33.4, 113.7, 116.3, 130.6, 131.9,  

144.1, 157.5 

EI-MS  m/z (%) = 240.1 (100) [M+], 211.1 (24), 197.1 (27), 165.1 (9) 

HRMS (ESI) calcd for C16H16O2 [M+Na]+: 263.1047; found: 263.1056 
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Bis-(trifluoromethanesulfonyloxy)-5,6,7,8-tetrahydrodibenzo[a,c]cyclo-
octene (CN 17) 

The crude diol CN 16 from the previous step was 

dissolved in dry pyridine (40 mL). Then triflic 

anhydride (3.7 mL, 22.00 mmol, 3.9 equiv) was slowly 

dropped to the solution. Stirring was continued at 

room temperature (30 min) and the beige solution was quenched with a cold sat. 

NaHCO3 solution. The product was extracted with CH2Cl2 (3 x 50 mL) and the 

combined organic phases were dried over MgSO4. After evaporation of the solvent a 

flash chromatography (silica, hexane/CH2Cl2, 7:3) was performed to afford CN 17 

(2.33 g, 4.62 mmol, 83% over two steps) as a colorless oil which solidified upon 

standing. 

MF C18H14F6O6S2, MW 504.42 g/mol 

M.p. 69-70 °C. 

TLC Rf 0.66 (hexane/t-BME, 1:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.48-1.53 (m, 2H), 2.08-2.15 (m, 4H),  

2.74-2.79 (m, 2H), 7.16-7.21 (m, 4H), 7.29 (d, 2H, 3J = 8.3) 
 13C NMR (100 MHz, CDCl3, δ/ppm) 29.0, 32.6, 118.7, 119.2 (q, J = 319), 122.0, 

130.6, 140.0 145.4, 149.5 
19F NMR (376 MHz, CDCl3, δ/ppm) -74.0 

EI-MS  m/z (%) = 504.0 [M+], 371.0 (85) [M+ - SO2CF3], 238.1 (24.8), 210.1 (22) 

EA Analysis calcd for C18H14F6O2S2: C 42.86, H 2.80; found: C 42.91, H 2.75 
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3,10-Dicyano-5,6,7,8-tetrahydrodibenzo[a,c]cyclooctene (CN 4) 

The triflate CN 17 was converted to the dicyanide CN 4 

according to method A (see synthetic protocol of  

CN 3). CN 4 was purified by flash chromatography 

(silica, CH2Cl2/hexane, 8:2) to give a white solid.  

Recrystallization from a mixture of hot dioxane and cyclohexane using the slow 

evaporation technique gave single crystalsof CN 4 suitable for the X-ray analysis  

(132 mg, 0.51 mmol, 86%).  

MF C18H14N2, MW 258.32 g/mol 

M.p. 248-249 °C 

TLC Rf 0.31 (CH2Cl2/hexane, 8:2) 
1H NMR (400 MHz, CDCl3-d3, δ/ppm) 1.45-1.53 (m, 2H), 2.04-2.18 (m, 4H), 2.75-2.82 

(m, 2H), 7.31 (d, 2H, 3J = 7.9), 7.57 (dd, 2H, 3J = 7.9, 4J = 1.6), 7.61 (d, 2H, 3J = 7.9) 
13C NMR (100 MHz, CDCl3, δ/ppm) 29.3, 32.6, 113.1, 119.1, 129.9, 130.0, 133.7, 

143.8, 144.2 

EI-MS m/z (%) = 258.1 [M+], 243.1 (18), 229.1 (67), 216.1 (35), 202.1 (15), 190.1 (14) 

EA Analysis calcd for C18H14N2: C 83.69, H 5.46, N 10.84; found: C 83.37, H 5.54,  

N 10.82 
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Representative example for cyanation method B:  
4,4’-Dicyanobiphenyl (CN 5) 

Copper(I)cyanide (0.860 g, 9.62 mmol, 3.0 equiv) was 

dried under high vacuum. Then, the copper salt and  

4,4’-dibromobiphenyl (1.00 g, 3.20 mmol) was 

suspended in dry DMF and the reaction mixture was stirred at 150-160 °C for 16h. 

The reaction mixture was cooled to room temperature, water (80 mL) and 

ethylenediamine (10 mL) was added, stirred at 70 °C for 10 min and cooled again to 

room temperature. The dark blue reaction mixture was extracted with CH2Cl2. The 

organic phase was washed with water, brine, dried over MgSO4 and evaporated on 

rotary evaporator. The residue was taken up in hot EtOH/water, cooled to room 

temperature and powder was filtered off, and dried in vacuo. Compound CN 5 was 

obtained as a beige powder (480 mg, 2.35 mmol, 73%). A chromatographic 

purification (silica, CH2Cl2) of CN 5 was achieved by dissolving the compound in a 

large amount of chloroform and adsorbing it to the immobilized phase. This was 

followed by a recrystallization from a hot mixture of dioxane and cyclohexane using 

the slow evaporation technique affording single crystals suitable for the X-ray 

analysis.  

 
MF C14H8N2, MW 204.23 

M.p. 227-239 °C  

TLC Rf 0.18 (CH2Cl2/hexane, 4:1) 
1H NMR (250 MHz, DMSO-d6, δ/ppm) 7.81-7.87 (m, 8H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 112.9, 118.3, 119.4, 129.0, 133.9 

EI-MS m/z (%) = 204.1 (100) [M+], 177.0 (10) [M+ - HCN] 

EA Analysis calcd for C14H8N2: C 82.34, H 3.95, N 13.72; found: C 82.07, H 4.17,  

N 13.75 

HPLC-DAD (Reprosil 100 C18, 125x3 mm, CH3CN, flow 0.2mL/min, T = 25 °C):  

Rt = 3.53 min. 
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2,7-Dicyanofluorene (CN 1) 

2,7-Dicyanofluorene CN 1 was obtained from the 

commercially available 2,7-dibromofluorene according 

to method B. The reaction time was 6 h, 2.6 equivalent 

copper(I)cyanide was used and the product was extracted with several times ethyl 

acetate. The combined extracts were filtered through a silica pad and the solvent was 

evaporated on the rotary evaporator. The beige residue was repeatedly recrystallized 

from hot acetonitrile, ethanol and methoxyethanol. CN 1 (540 mg, 2.49 mmol, 51%) 

was obtained as yellow fine crystals. To pass the elemental analysis a final 

chromatographic purification of CN 1 was achieved by dissolving the compound in a 

large amount of chloroform and adsorbing it to silica (eluent: CH2Cl2). This was 

followed by a recrystallization from a hot mixture of dioxane and cyclohexane 

affording single crystalline material suitable for the X-ray analysis and passing all 

analytical tests.  

MF C15H8N2, MW 216.24 g/mol 

M.p. 279-281 °C 

TLC Rf 0.46 (CH2Cl2) 
1H NMR (400 MHz, CDCl3-d3, δ/ppm) 4.04 (s, 2H), 7.74 (dd, 2H, 3J = 8.0, 4J = 1.3), 

7.89 (d, 2H, 3J = 8.0), 7.93 (dd, 2H, 3J = 8.0) 
13C NMR (100 MHz, CDCl3, δ/ppm) 37.1, 112.1, 119.4, 122.0, 129.4, 131.9, 144.5, 

144.6 

EI-MS m/z (%) = 216.1 (100) [M+], 189.1 (13) [M+ - HCN] 

EA Analysis calcd for C15H8N2: C 83.32, H 3.73, N 12.95; found: C 83.35, H 3.91,  

N 12.83. 

HPLC-DAD (Reprosil 100 C18, 125x3 mm, CH3CN, flow 0.2mL/min, T = 25 °C):  

Rt = 3.7 min. 
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2,7-Dibromo-9,10-dihydrophenanthrene (CN 18) 

In a 100 mL round bottom flask dihydrophenanthrene  

(5.00 g, 27.73 mmol) was dissolved in of trimethyl 

phosphate (30 mL). Bromine (9.50 g, 59.45 mmol,  

2.1 equiv) was dissolved in 20 mL of trimethyl phosphate and the solution was slowly 

added to the reaction mixture and stirred at room temperature overnight. The 

reaction mixture was placed in the refrigerator for one day. Then, a first crop was 

formed and the crude material was filtered off and then washed with cold ethanol. 

After three days another 1.60 g product was collected and washed. A total amount of 

4.41 g (13.05 mmol, 47%) 2,7-dibromo-dihydrophenanthrene CN 18 was obtained as 

a white solid. 

MF C14H10Br2, MW 338.04 g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) 2.83 (s, 4H), 7.37-7.43 (m, 4H),  

7.55 (d, 2H, 3J = 8.3) 

EI-MS m/z (%) = 336 (51%), 338 (100), 340 (49%) [M+] 
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2,7-Dicyano-9,10-dihydrophenanthrene (CN 2) 

2,7-Dicyano-9,10-dihydrophenanthrene CN 2 was 

obtained according to method B from dibromide CN 18. 

The reaction time was 18 h. The obtained beige 

powder containing traces of DMF was recrystallized from hot toluene to give CN 2 

(360 mg, 1.56 mmol, 53%) as yellow fine crystals. Subsequent recrystallization from 

a boiling mixture of dioxane and cyclohexane gave the CN 2 as colorless crystals 

suitable for the X-ray measurement.  

MF C16H10N2, MW 230.26 g/mol 

M.p. 299-300 °C 

TLC Rf 0.56 (CH2Cl2) 
1H NMR (400 MHz, CDCl3-d3, δ/ppm) 2.94 (s, 4H), 7.57 (d, 2H, 3J = 8.1),  

7.64 (dd, 2H,  3J = 8.1, 4J = 1.4), 7.83 (d, 2H, 3J = 8.1) 
13C NMR (100 MHz, CDCl3, δ/ppm) 28.4, 112.5, 119.0, 125.4, 131.5, 132.3, 137.49, 

139.10 

EI-MS m/z (%) = 230.1 (100) [M+], 215.1 (16), 202.1 (14), 190.1 (26) 

EA Analysis calcd for C16H10N2: C 83.46, H 4.38, N 12.17; found: C 83.19, H 4.56,  

N 12.15. 
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4,4’-Dicyano-2,2’,6,6’-tetramethylbiphenyl (CN 6) 

CN 6 was obtained according to method B starting 

from 4,4’-diiodo-2,2’,6,6’-tetramethylbiphenyl S8d 
(chapter 2). The reaction was completed within 8 h at 

140 °C. The cyano compound CN 6 was purified by 

flash chromatography (silica, CH2Cl2/hexane, 8:2) affording an off-white crystalline 

powder (344 mg, 1.32 mmol, 84%). A recrystallization using the slow evaporation 

technique (cyclohexane) gave single crystals suitable for the X-ray analysis.  

MF C18H16N2, MW 260.33 g/mol 

M.p. 249-250 °C 

TLC Rf 0.39 (CH2Cl2/hexane, 8:2) 
1H NMR (400 MHz, CDCl3-d3, δ/ppm) 1.91 (s, 12H), 7.46 (s, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 19.9, 112.2, 119.2, 131.8, 137.0, 143.7 

EI-MS 260.1 (62) [M+], 245.1 (100) [M+ - CH3] 

EA Analysis calcd for C18H16N2: C 83.04, H 6.19, N 10.76; found: C 83.03, H 6.40,  

N 10.74  
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5.2.3 Chapter 4 - Complementation of the Series: 
Planar Biphenyl Model Structures  

1,1-Dibromo-1a,9b-dihydrocyclopropa[l]phenanthrene (CP 12) 

Phenanthrene (3.56 g, 19.97 mmol), benzyltriethylammonium 

chloride (50 mg, 0.22 mmol, 1.1 mol%), bromoform (4.0 mL, 

0.46 mol, 23.0 equiv), CH2Cl2 (5 mL) and EtOH (0.1 mL) were 

mixed and stirred with a magnetic stir bar. To this mixture was 

added aqueous NaOH (8.0 mL, 50%) in small portions over  

15 min. The flask was closed with a stopper with a small hole and stirring was 

continued at room temperature for 2 days. Then again, bromoform, NaOH and 

catalyst in equal amount were added and the mixture was stirred for two more days. 

To the resulting thick, dark brown mixture water and CH2Cl2 was added. The water 

phase was twice re-extracted with CH2Cl2. The combined organic phases were 

washed with diluted HCl, water and dried over MgSO4. The brown residue was taken 

up in a small amount of a mixture of CH2Cl2 and toluene. The clear solution was 

dropwise added to pentane (250 mL) to precipitate 1,1-dibromo-1a,9b-dihydrocyclo-

propa[l]phenanthrene CP 12 as a grey powder (3.17 g, 9.06 mmol, 45%). 

MF C15H10Br2, MW 350.05 g/mol 
1H NMR (250 MHz, CDCl3, δ/ppm) 3.53 (s, 2H), 7.32-7.46 (m, 4H),  

7.52 (dd, 2H, 3J = 7.7, 4J = 1.8), 8.01-8.06 (m, 2H). 
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1,1-Dimethyl-1a,9b-dihydrocyclopropa[l]phenanthrene (CP 13) 

To a suspension of CuI (1.96 g, 10.29 mmol, 3.0 equiv) in 

diethylether (50 mL) was added a 1.60 M THF solution of MeLi 

(6.0 mL, 9.60 mmol, 2.8 equiv) at 0 °C. After being stirred for  

15 min, a solution of 1,1-dibromo-1a,9b-dihydrocyclo-

propa[l]phenanthrene CP 12 (1.20 g, 3.43 mmol) in benzene  

(10 mL) was added at -20 °C. After being stirred for 2-3 h at -20 °C, iodomethane 

(6.0 mL, 96.33 mmol, 28.0 equiv) was added. After being stirred over at room 

temperature over night, a saturated aqueous NH4Cl solution was added. The mixture 

was separated, and the aqueous layer was extracted with t-BME. The combined 

organic layers were washed with brine and dried over MgSO4. Concentration under 

reduced pressure followed by column chromatography (silica, hexane) afforded  

CP 13 as a yellow oil which solidified upon standing. Recrystallization from ethanol 

gave pure CP 13 as colorless crystals which were suitable for X-ray measurements 

(257 mg,  1.17 mmol, 34%). 

MF C17H16, MW 220.31 g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) 0.50 (s, 3H), 1.38 (s, 3H), 2.35 (s, 2H),  

7.23-7.27 (m, 4H), 7.32-7.36 (m, 2H), 7.93-7.98 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 14.5, 14.6, 28.0, 32.0, 122.9, 126.4, 127.8, 

130.6, 131.6, 134.2 

EI-MS m/z (%) = 220.1 (40), 205.1 (100) [M+] 

UV-VIS (hexane) λmax (ε) = 310 (6300), 275 (16200), 220 (62100) 
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2,7–Dibromophenanthrene (CP 10) 

2,7-Dibromodihydrophenanthrene CN 18 (2.73 g,  

8.08 mmol), NBS (12.7 g, 8.43 mmol, 1.05 equiv) were 

mixed with cyclohexane (80 mL). The mixture was 

stirred at 80-90 °C for 2 hours and cooled down. CH2Cl2 (80 mL) was added and the 

mixture was twice washed with water and dried over MgSO4. The solvent was 

removed to obtain 2,7-dibromo-phenanthrene CP 10 (2.41g, 7.17 mmol, 89%) as a 

off-white solid.  

MF C14H8Br2, MW 336.02 g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) 7.66 (s, 2H), 7.74 (dd, 2H, 3J = 8.8, 4J = 2.1),  

8.03 (d, 2H, 4J = 2.1), 8.47 (d, 2H, 3J = 8.8) 

EI-MS m/z (%) = 334 (50%), 336 (100%), 338 (49%) [M+] 
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2,7-Bis-(tert.-butylsulfanyl)phenanthrene (CP 11) 

Under an inert atmosphere 2,7–dibromo-

phenanthrene CP 10 (594 mg, 1.77 mmol) was 

dissolved in degassed p-xylene (15 mL). Then 

Pd2(dba)3·CHCl3 (183 mg, 0.18 mmol,  

10.0 mol%), xantphos (123 mg, 0.21 mmol, 12.0 mol%) and sodium t-thiobutanolate 

(793 mg, 7.07 mmol, 4.0 equiv) were added. The reaction mixture was stirred at  

140 °C for 20 h. Then toluene (20 mL) was added and the mixture was washed with 

brine and and the organic phase was dried over MgSO4. After evaporation of the 

solvent a flash chromatography (silica, t-BME in hexane, 5%) was performed to 

afford (594 mg, 1.68 mmol, 95%) of 2,7-bis-(tert.-butylsulfanyl)phenanthrene CP 11 
as a yellow solid. 

MF C22H26S2, MW 354.57 g/mol 
TLC Rf 0.43 (hexane) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.35 (s, 18H), 7.26 (s, 2H),  

7.79 (dd, 2H, 3J = 8.6, 4J = 1.8), 8.08 (d, 2H, 4J = 1.8), 8.61 (d, 2H, 3J = 8.6) 
13C NMR (100 MHz, CDCl3, δ/ppm) 31.5, 46.9, 123.3, 127.6, 130.3, 131.9, 132.7, 

135.7, 137.9 

EI-MS m/z (%) = 354 (32) [M+], 298 (9) [M+ - C4H8], 242 (100) [M+ - 2 C4H8] 
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3,3’-Dimethoxychalcone  
(1,3-Bis(3-methoxyphenyl)-2-propen-1-one) (CP 2) 

In a 1000 mL round bottom flask  

m-acetylanisole (31.54 g, 0.210 mol,  

1.0 equiv), m-anisaldehyde (28.60 g,  

0.210 mol, 1.0 equiv), aqueous NaOH  

(33.30 g, 0.416 mol, 2.0 equiv, w = 0.5) and MeOH (500 mL) were mixed. The 

solution was closed with a balloon, filled with N2, and stirred at room temperature for 

16 h. Most of the solvent was evaporated and water (100 mL) was added. The 

biphasic mixture was extracted with t-BME and the organic phase was dried over 

MgSO4 and evaporated on the rotary evaporator. The crude chalcone CP 2 was 

obtained as yellow syrup (56.73 g, assuming 0.210 mol) which was used for the next 

step without further purification. An analytical sample was obtained by flash 

chromatography (silica, hexane/t-BME, 6:4). 

MF C17H16O3, MW 268.31 g/mol 

TLC Rf = 0.29 (hexane/t-BME, 6:4) 
1H-NMR (400 MHz, CDCl3, δ/ppm) 3.86 (s, 3H), 3.89 (s, 3H), 6.95-7.80 (m, 10H) 
13C-NMR (100 MHz, CDCl3, δ/ppm) 55.8, 55.9, 113.3, 113.9, 116.7, 119.7, 121.4, 

121.5, 122.8, 130.0, 130.4, 136.7, 140.0, 145.2, 160.3, 160.4, 190.6 

EI-MS m/z (%) = 268.1 (100) [M+], 237.1 (63) [M+ - CH3O], 161.1 (33) 
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cis-1,2-Bis(3-methoxyphenyl)cyclopropane (CP cis-4a) and  
trans-1,2-bis-(3-methoxyphenyl)-cyclopropane (CP trans-4b) 

A solution of the crude 1,3-bis(3-methoxyphenyl)-2-propen-1-one (CP  2) (56.73g, 

assuming 0.210 mol) and hydrazine 

monohydrate (36 mL, 0.74 mmol, 3.5 equiv) in 

abs. EtOH (150 mL) was stirred at reflux (1 h). 

After cooling the reaction mixture down to room 

temperature, the solvent was evaporated under 

reduced pressure. Then, KOH (1.50 g,  

26.73 mmol, 12.7 mol%) and diethylene glycol 

(100 mL) were added and the mixture was stirred at 190-210 °C. After 1 h the 

production of N2 stopped and TLC showed full conversion of the starting material. 

The reaction mixture was cooled to room temperature, water (400 mL) was added 

and the product was extracted with t-BME/hexane (1:1, 3 x 120 mL). The combined 

organic phases were washed with water (3 x 50 mL), brine (1 x 200 mL) and dried 

over MgSO4. After evaporating the solvent, the crude product was obtained as a 

yellow syrup which was purified by flash chromatography (silica, hexane/t-BME, 3:1) 

to afford a mixture of the cis/trans-isomers of 1,2-bis(3-methoxyphenyl)cyclopropane 

CP cis-4a/trans-4b (49.59 g, 0.195 mol, 93% over two steps) as a colorless oil. The 

ratio of the isomer-composition was determined by 1H NMR spectroscopy:  

cis/trans = 44:56.  

MF C17H18O2, MW 254.32 g/mol 

TLC Rf 0.52 (hexane/t-BME, 3:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) CP cis-4a: 1.34 (dt, 1H, 2J = 6.0, 3J = 6.4), 1.46 

(pseudo q (dt), 1H, 2J = 6.0, 3J = 8.6), 2.46 (dd, 2H, 3J = 8.6, 3J = 6.4), 3.66 (s, 6H), 

6.49-6.53 (m, 2H), 6.61-6.67 (m, 4H), 6.98-7.06 (m, 2H); CP trans-4b: 1.44 (m, 2H), 

2.14 (m, 2H), 3.84 (s, 6H), 6.70-6.80 (m, 6H), 7.21-7.27 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) CP cis-4a: 12.3, 24.8, 55.4, 111.9, 114.8, 122.0, 

140.6, 159.5; CP trans-4b: 18.6, 28.5, 55.6, 111.5, 112.1, 118.6, 129.0, 129.8, 144.6, 160.2 

EI-MS m/z (%) = 254.1 (100) [M+], 239.1 (31) [M+ - CH3], 223.1 (58) [M+ - CH3O], 

145.1 (24), 115.1 (23)  

EA Analysis calcd for C17H18O2: C 80.29, H 7.13; found: C 80.24, H 7.18 
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cis-1,2-Bis(2-bromo-5-methoxyphenyl)cyclopropane (CP cis-5a) and 
trans-bis(2-bromo-5-methoxyphenyl)cyclopropane (CP trans-5b) 

To a solution of cis/trans-1,2-bis(3-methoxy-phenyl)cyclopropane CP cis-4a/trans-4b  

(2.36 g, 9.28 mmol) and pyridine (3.0 mL, 37.24 mmol, 4.0 equiv) in CH2Cl2 was 

added dropwise bromine at -10 °C. After the 

addition was completed, the reaction mixture 

was stirred at room temperature for another 2 h 

and then quenched with sat. NaHCO3 solution. 

The phases were separated and the water 

phase was extracted with CH2Cl2. The combined 

organic phases were dried over MgSO4 and the 

solvent was evaporated on the rotary evaporator. The remaining pyridine was  

co-evaporated with toluene and the products were separated by flash column 

chromatography (silica, CHCl3 in hexane, gradient: 15-100%). trans-Bis(2-bromo-5-

methoxyphenyl)cyclopropane CP trans-5b (1.00 g, 2.43 mmol, 26%) was obtained as 

white solid material, which was recrystallized from hexane to obtain crystals.  cis-1,2-

Bis(2-bromo-5-methoxyphenyl)-cyclopropane CP cis-5a was obtained as a yellow oil 

(1.50 g, 3.64 mmol, 45%).  

For further purification, the cis-isomer was dissolved in hot hexane, cooled down over 

night and the formed fine crystals were removed by filtration. After evaporation of the 

solvent, the cis-fraction remained as yellow oil which was sufficiently pure for the next 

step. 

trans-Bis(2-bromo-5-methoxyphenyl)cyclopropane CP trans-5a: 
MF C17H16Br2O2, MW 412.12 g/mol 

TLC Rf 0.08 (hexane/CHCl3, 7:3) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.40 (m, 2H), 2.44 (m, 2H) 3.77 (s, 6H), 6.65 (dd, 

2H, 3J = 8.7, 4J = 3.0), 6.75 (d, 2H, 4J = 3.0), 7.45 (d, 2H, 3J = 8.7) 
13C NMR (100 MHz, CDCl3, δ/ppm) 17.6, 27.5, 55.9, 113.3, 113.6, 116.7, 133.4, 

142.3, 159.5 

EI-MS m/z (%) = 409.9 (34), 411.9 (64), 413.9 (34) [M+] 

EA Analysis calcd for C17H16Br2O2: C 49.54, H 3.91; found: C 49.63, H 3.96 
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cis-1,2-Bis(2-bromo-5-methoxyphenyl)cyclopropane CP cis-5b: 
MF C17H16Br2O2, MW 412.12 g/mol 

M.p. 64-65 °C 

TLC Rf 0.12 (hexane/CHCl3, 7:3) 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.40 (dt, 1H, 2J = 6.0, 3J = 6.6), 1.63 (dt, 1H, 2J = 

6.0, 3J = 8.6), 2.77 (dd, 3J = 8.6, 3J = 6.6, 2H), 3.55 (s, 6H), 6.30 (d, 4J = 3.0, 2H),  

6.52 (dd, 3J = 8.7, 4J = 3.0, 2H), 7.32 (d, 3J = 8.7, 2H) 
 13C NMR (100 MHz, CDCl3, δ/ppm) 13.6, 26.3, 55.6, 114.0, 114.9, 117.9, 133.3, 

138.8, 158.6 

EI-MS m/z (%) = 409.9 (34), 411.9 (63), 413.9 (33) [M+] 

EA Analysis calcd for C17H16Br2O2: C 49.54, H 3.91; found: C 49.49, H 3.80 
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3,8-Dimethoxy-1a,9b-dihydro-1H-cyclopropa[l]phenanthrene (CP 6) 

Under inert atmosphere CP cis-5a (1.22 g,  

2.96 mmol) was dissolved in dry MeTHF (180 mL). 

The solution was cooled to -50 °C in a dry 

ice/acetone bath and t-BuLi (7.4 mL, 11.84 mmol. 

4.0 equiv) was added dropwise. After the addition was completed the red solution 

was stirred at this temperature for another 30 min. A fresh solution of LiBr (538 mg, 

6.20 mmol, 2.1 equiv) and CuCN (556 mg, 6.21 mmol, 2.1 equiv) in MeTHF (10 mL) 

was prepared. The green solution was transferred to the reaction mixture over 5 min 

while keeping the reaction temperature below -50 °C. The cloudy reaction mixture 

was then stirred for another 20 min at -20 °C and then cooled again to -60 °C.  

1,3-Dinitrobenzene (1.04 g, 6.19 mmol, 2.1 equiv) was added at once and the cooling 

was removed. After stirring overnight, the black reaction mixture was quenched with 

a mixture of NH4Cl (50 mL, 10%) and NH4OH (50 mL, 25%). The layers were 

separated and the water phase was extracted with t-BME (3 x 50 mL). The combined 

organic layers were washed with water, brine and dried over MgSO4. After 

evaporation of the solvent a flash chromatography (silica, t-BME in hexane, 0-20%) 

was performed to obtain CP 6 as a white solid (220 mg, 0.87 mmol, 29%). 

Recrystallization of an impure fraction from the chromatography afforded again CP 6 
(50 mg, 0.20 mmol, 7%) as fine crystals. Single crystals of the methoxy functionalized 

CP 6 were grown from cyclohexane using the slow evaporation technique. 

MF C17H16O2, MW 252.31 g/mol 

M.p. 138-139 °C 

TLC Rf 0.42 (hexane/t-BME, 85:15) 
1H NMR (400 MHz, CDCl3, δ/ppm) -0.01(m, 1H),  

1.56 (td, 1H, 2J = 3.9, 3J = 8.9), 2.50 (dd, 2H, 3J1 = 4.9, 3J2 = 8.9), 3.85 (s, 6H), 

6.82 (dd, 2H, 3J = 8.8, 4J = 2.8),  6.99 (d, 2H, 4J = 2.8), 7.81(d, 2H, 3J = 8.8) 
13C NMR (100 MHz, CDCl3, δ/ppm) 13.0, 20.2, 55.7, 112.5, 113.9, 122.8, 124.3, 

137.3, 159.0 

EI-MS m/z (%) = 252.1(72) [M+], 237.1 (46), 219.2 (100), 191.1 (25), 165.1 (15) 

EA Analysis calcd for C17H16O2: C 80.93, H 6.39; found: C 80.71, H 6.69 
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3,8-Dihydroxy-1a,9b-dihydro-1H-cyclopropa[l]phenanthrene (CP 7) 

Under inert atmosphere n-propanethiol (1.1 mL, 12.15 mmol, 10.2 equiv) was 

dissolved in dry DMF. Then NaH dispersion (171 mg, 

4.3 mmol, 3.6 equiv, 60%) was carefully added and 

the reaction mixture was stirred until all of the 

hydride was dissolved. Then CP 6 (300 mg, 1.19 

mmol) was added and the reaction mixture was 

stirred at 140 °C for 14 h, cooled to room temperature and diluted with water (40 mL). 

The slurry was extracted with ethyl acetate (4 x 20 mL). The combined organic 

phases were washed with diluted brine (1 x 40 mL), filtered over glass wool and the 

solvent was removed on the rotary evaporator. The crude product was purified by 

flash chromatography (silica, ethyl acetate/hexane, gradient: 50-100%) which 

afforded  

3,8-dihydroxy-1a,9b-dihydro-1H-cyclopropa[l]phenanthrene CP 7 as a off-white solid 

(192 mg, 0.86 mmol, 72%). 

MF C15H12O2, MW 224.25 g/mol 

M.p. 241 °C (decomp) 

TLC Rf 0.46 (t-BME/hexane, 4:1) 
1H NMR (400 MHz, CD3CN, δ/ppm) -0.06 (m, 1H), 1.64 (td, 1H, 2J = 3.6, 3J = 8.9), 

2.59 (dd, 2H, 3J1 = 4.9, 3J2 = 8.9), 6.81 (dd, 2H, 3J = 8.8, 4J = 2.8),   

7.00 (d, 2H, 4J = 2.8), 7.86 (d, 2H, 3J = 8.8) 
13C NMR (100 MHz, CD3CN, δ/ppm) 13.4, 20.4, 114.5, 116.2, 122.9, 125.2, 138.2, 

157.1.  

EI-MS m/z (%) = 224.1 (100) [M+], 207.1 (9) [M+ - OH], 165.1 (9) 
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3,8-Di(trifluoromethanesulfonyloxy)- 
1a,9b-dihydro-1H-cyclopropa[l]phenanthrene (CP 8) 

The diol CP 7 (170 mg, 0.76 mmol) was dissolved in 

dry pyridine (8 mL). The solution was cooled to 0 °C 

and triflic anhydride (512 μL, 3.04 mmol, 4.0 equiv) 

was slowly added dropwise to the solution. The 

reaction was stirred for another hour at room temperature and quenched with 

aqueous NaHCO3. The slurry was extracted with t-BME and the combined organic 

phases were filtered through a short silica pad. The solvent was evaporated on the 

rotary evaporator which afforded the triflate CP 8, which crystallized upon standing at 

room temperature (368 mg, 0.75 mmol, 99%). 

MF C17H10F6O6S2, MW 488.38 g/mol 

M.p. 103-105 °C 

TLC Rf 0.60 (t-BME/hexane, 1:1) 
1H NMR (400 MHz, CDCl3, δ/ppm) 0.02 (pseudo q, 1H, 3J = 4.4),  

1.74 (dt, 1H, 2J = 4.4, 3J = 8.9), 2.56 (dd, 2H, 3J 1 = 5.0, 3J2 = 8.9),  

7.17 (dd, 2H, 3J = 8.9, 4J = 2.7), 7.36 (d, 2H, 4J = 2.7), 7.94 (d, 2H, 3J = 8.9) 
13C NMR (100 MHz, CDCl3, δ/ppm) 13.5, 20.4, 119.2 (q, J = 359), 119.4, 122.1, 

125.9, 128.6, 139.4, 149.6 
19F NMR (376 MHz, CDCl3, δ/ppm) -73.06 

EI-MS m/z (%) = 488.0 (35) [M+], 355.0 (100) [M+ -  SOCF3], 194.1 (23), 165.1 (22) 
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3,8-Di-(tert.-butylsulfanyl)-1a,9b-dihydro-1H-cyclopropa[l]phenanthrene 
(CP 9) 

Under an inert atmosphere CP 8 (225 mg,  

0.46 mmol) was dissolved in degassed p-xylene 

(10 mL). Pd2(dba)3·CHCl3 (48 mg, 46 μmol,  

10.0 mol%), xantphos (32 mg, 55 μmol,  

12.0 mol%) and sodium  tert.-thiobutanolate  

(206 mg, 1.84 mmol, 4.0 equiv) were added. The reaction mixture was stirred at  

140 °C for 16 h. The solvent was co-evaporated with toluene and the residue was 

applied to a flash column chromatography (silica, t-BME in hexane, gradient 0-5%) 

which afforded CP 9 (115 mg, 0.31 mmol, 68%) as a yellow solid. 

MF C23H28S2, MW 368.60 g/mol 

M.p. 108-109 °C 

TLC Rf 0.56 (hexane/t-BME, 95:5) 
1H NMR (400 MHz, CDCl3, δ/ppm) -0.06 (pseudo q, 1H, 3J = 3.6), 1.33 (s, 16H),  

1.62 (dt, 1H, 2J = 3.6, 3J = 8.9), 2.56 (dd, 2H, 3J 1 = 4.9, 3J2 = 8.9),  

7.40 (dd, 2H,  3J = 8.9, 4J = 2.7),  7.60 (d, 2H, 4J = 2.7), 7.89 (d, 2H, 3J = 8.9) 
13C NMR (100 MHz, CDCl3, δ/ppm) 13.4, 20.0, 31.5, 46.6, 123.8, 129.6, 132.8, 135.3, 

137.1, 138.3 

EI-MS m/z (%) = 368.2 (39) [M+], 312.1 (10) [M+ - C4H8], 256.0 (100) [M+ - 2 C4H8], 

223.1 (25) [M+ - 2 C4H8, - SH] 
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3,8-Di-(acetylsulfanyl)- 
1a,9b-dihydro-1H-cyclopropa[l]phenanthrene (CP 10) 

To a solution of CP 9 (105 mg, 0.29 mmol) in dry 

toluene (25.0 mL) and acetyl chloride (10.0 mL, 

0.141 mol) was added dropwise a solution of BBr3 

(67 μL, 0.71 mmol, 2.4 equiv) at 0 °C. After the 

addition was completed the cooling was removed and the reaction mixture was 

stirred another 30 min at room temperature until all starting material was gone 

(monitored by TLC). Then, anhydrous sodium acetate (800 mg, 9.75 mmol,  

33.6 equiv) was added and the solvent was evaporated under reduced pressure. The 

residue was taken up in a mixture of CH2Cl2 (5.0 mL) and acetyl chloride (15.0 mL, 

0.210 mol). Then silica (2.00 g) was added and the solvent was evaporated. The 

remaining material was immediately applied on a flash column (silica, t-BME in 

hexane, gradient 30-60%). The acetyl protected CP 1 was afforded as yellow powder 

(56 mg, 0.16 mmol, 58%). 

MF C19H16O2S2, MW 340.46 g/mol 

M.p. 142-144 °C 

TLC Rf 0.23 (hexane/t-BME, 2:1) 
1H NMR (250 MHz, CDCl3, δ/ppm) -0.02 (pseudo q, 1H,  3J = 5.0),  

1.62 (dt, 1H, 2J = 4.1, 3J = 8.9), 2.45 (s, 6H), 2.56 (dd, 2H, 3J 1 = 5.0, 3J2 = 8.9),  

7.30 (dd, 2H, 3J = 8.4, 4J = 1.9),  7.50 (d, 2H, 4J = 1.9), 7.98 (d, 3J = 8.4, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 13.3, 20.1, 30.7, 124.7, 127.9, 130.2, 132.3, 

135.2, 138.0, 194.5 

EI-MS m/z (%) =  340.1 (39) [M+], 298.1 (34) [M+ - CH3CO], 256.1 (100)  

[M+ - 2 CH3CO], 223.1 (30) [M+ - 2 CH3CO, -SH] 

EA Analysis calcd for C19H16O2S2: C 67.03, H 4.74; found: C 67.08, H 4.80 

UV/Vis (1×10-5 n-hexane) λmax (ε) = 220 (32900), 302 (22500), 322 (17200),  

334 (16200) nm 
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3,8-Dicyano-1a,9b-dihydro-1H-cyclopropa[l]phenanthrene (CP 14) 

The triflate CP 8 was converted to CP 14 

according to cyanation method A (see synthetic 

protocol for CN 3). The reaction was kept at 80°C 

for 90 min to convert all starting material. CP 14 

was purified by flash column chromatography 

(silica, t-BME/hexane, 1:1) to give a white solid.  Recrystallization from a mixture of 

dioxane and cyclohexane using the slow evaporation technique gave single crystals 

suitable for X-ray analysis (yield: 15%). 

MF C17H10N2, MW 242.27 g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) -0.05 (pseudo q, 1H,  3J = 4.7),  

1.79 (dt, 1H, 2J = 4.4, 3J = 8.9), 2.64 (dd, 2H, 3J 1 = 5.0, 3J2 = 8.9),  

7.57 (dd, 2H, 3J = 8.3, 4J = 1.7),  7.50 (d, 2H, 4J = 1.7), 8.03 (d, 3J = 8.4, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 13.7, 20.0, 112.9, 118.9, 125.1, 130.1, 132.3, 

133.4, 138.5 

EI-MS m/z (%) = 242.1 (100) [M+] 

2,7-Dicyano-phenanthrene (CP 16) 

2,7-Dibromo-phenanthrene (CP 10) was converted 

to CP 16 by applying cyanation method B yielding  

2,7-dicyano-phenanthrene CP 16 in 27% yield 

after column chromatography (silica, CH2Cl2/ethyl 

acetate 9:1). 

MF C16HX8N2, MW 228.07 g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) 7.88 (s, 2H), 7.92 (dd, 2H, 3J = 8.6, 4J = 1.4),  

8.30 (d, 2H, 4J = 1.4), 8.77 (d, 2H, 3J = 8.6) 

EI-MS m/z (%) = 228.1 (100) [M+] 
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2,7-Dibromo-9,9-di-(n-propyl)-fluorene (CP 17) 

Under an inert atmosphere 2,7-dibromofluorene (3.00 g, 

9.26 mmol) and n-propylbromide (3.4 mL, 37.40 mmol,  

4.0 equiv) was dissolved in dry THF (20 mL). The 

mixture was cooled to 0-5 °C and a solution of t-BuOK 

(2.34g, 20.84 mmol, 2.3 equiv) in dry THF (20 mL) was 

added drop wise while vigorous stirring. The yellow reaction mixture was stirred at  

5 °C for another 30 min, filtered through a short silica pad and the remained 

precipitate was washed with t-BME. The filtrate was evaporated and the residue was 

recrystallized from abs. EtOH (70 mL). 2,7-Dibromo-9,9-di-(n-propyl)-fluorene CP 17 

was obtained as fine off-white needles (2.45 g, 6.00 mmol, 65%).  

MF C19H20Br2, MW 408.17 g/mol 

M.p. 138-139 °C 

TLC Rf  0.58 (hexane) 
1H NMR (400 MHz, CDCl3, δ/ppm) 0.61-0.72 (m, 10H), 1.89-1.93 (m, 4H),  

7.44-7.53 (m, 4H), 7.51 (d, 2H, 3J = 8.5) 
13C NMR (100 MHz, CDCl3, δ/ppm) 14.7, 17.5, 42.9, 56.3, 121.5, 121.9, 126.6, 

130.6, 139.5, 153.0 

EI-MS m/z (%) = 405.9 (46), 408.0 (91), 409.9 (45) [M+] 

EA Analysis calcd for C19H20Br2: C 55.91, H 4.94; found: C 55.82, H 4.90 
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2,7-Bis-(acetylsulfanyl)-9,9-di-(n-propyl)-fluorene (CP 18) 

2,7-Dibromo-9,9-di-(n-propyl)-fluorene CP 17 (0.80 g, 

1.96 mmol) and sodium methanethiolate (1.50 g,  

21.43 mmol, 10.9 equiv) was suspended in dry and 

degassed DMI. The reaction mixture was stirred at  

140 °C under N2 atmosphere for 15 h. After addition 

of acetyl chloride at 0 °C (3.0 mL, 42.19 mmol, 21.5 equiv) the solution was stirred at 

room temperature for 1.5 h and then poured on ice. The aqueous phase was 

extracted with toluene, the organic extracts were dried over MgSO4 and the solvent 

was removed. The product was purified by flash chromatography (silica gel, 

hexane/t-BME, 4:1). The product was further purified by recrystallization from hot 

hexane. 2,7-Bis-(acetylsulfanyl)-9,9-di-(n-propyl)-fluorene CP 18 (174 mg,  

0.44 mmol, 22%) was obtained as yellow crystals. 

MF C23H26O2S2, MW: 398.58. 

M.p. 100-101 °C.  

TLC Rf 0.58 (hexane/t-BME, 4:1).  
1H NMR (400 MHz, CDCl3, δ/ppm) 0.61-0.72 (m, 10H), 1.92-1.97 (m, 4H),  

2.44 (s, 6H), 7.37-7.40 (m, 4H), 7.71-7.74 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 14.9, 17.6, 30.6, 42.8, 56.1, 121.1, 127.5,  

129.5, 133.6, 141.7, 152.3, 194.6 

EI-MS m/z (%) = 398.1 (60) [M+], 356.1 (53), 314.1 (100), 271.0 (17), 238.0 (29). 

EA Analysis calcd for C23H26O2S2: C 69.31, H 6.57; found: C 69.08, H 6.58. 

UV/Vis (1×10-5 n-hexane) λmax (ε) = 214 (36200), 293 (24700), 317 (28800) nm 
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2,7-Dicyano-9,9-di(n-propyl)-fluorene (CP 19) 

CP 19 was obtained from 2,7-dibromo-9,9-di- 

(n-propyl)-fluorene CP 17 according to cyanation 

method B in 67% yield after recrystallization from a 

hot mixture of ethanol and water. These crystals 

were suitable for X-ray measurement. 

MF C21H20N2, MW 300.40 g/mol 
1H NMR (400 MHz, CD3CN, δ/ppm) 0.45-0.66 (m, 10 H), 2.03-2.07 (m, 4H),  

7.75-7.77 (m, 2H), 7.84-7.85 (m, 2H), 7.97-7.99 (m, 2H) 
13C NMR (100 MHz, CD3CN, δ/ppm) 13.8, 17.2, 41.9, 56.6, 111.9, 119.6, 122.1, 

127.7, 132.1, 144.0, 152.4  

EI-MS m/z (%) = 300.2 (40) [M+] 

EA Analysis calcd for C21H20N2: C 83.96, H 6.71, N 9.33; found: C 83.10, H 7.05, N 

9.14  
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3,7-Dibromo-5,5-diisopropyl-5H-dibenzosilole (CP 23) 

t-Butyllithium (13.30 mL , 21.28 mmol, 4.0 equiv) was 

added over 30 min to a stirring solution of CP 20319  

(3.0 g, 5.32 mmol) in dry THF (80 mL) at -60 ºC, under 

a nitrogen atmosphere. The mixture was stirred for 

additional 30 min at -60 ºC. Then, dichloro-

diisopropylsilane (1.182 g, 6.39 mmol, 1.2 equiv) was added over a period of 5 min. 

Stirring was continued for 10 min at -60 ºC and then 1.5h at room temperature. The 

reaction mixture was then quenched with sat. NaHCO3 (100.0 mL) and the phases 

were separated (re-extracted with t-BME). The combined organic layers were 

washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated in vacuo 

giving the crude product as a brownish oil. Recrystallization from hot hexane gave 

the dibromide CP 23 in a yield of 56%. Long needles suitable for X-ray analysis were 

grown from hexane using the slow evaporation technique. 

 

MF C18H20Br2Si, MW 424.24 g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.02 (d, 12H, 3J= 7.4), 1.37 (m, 2H),  

7.53 (dd, 2H, 3J = 8.3, 4J = 2.0), 7.63 (d, 2H, 3J = 8.3), 7.67 (d, 2H, 4J = 2.0) 

EI-MS m/z (%) = 422.0 (20), 224.0 (41), 426.0 (21) [M+] 

EA Analysis calcd for C18H20Br2Si: C 50.96, H 4.75; found: C 50.97 H 4.74  
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3,7-Di-(acetylsulfanyl)-5,5-diisopropyl-5H-dibenzosilole (CP 24) 

CP 23 (200 mg, 0.47 mmol), potassium 

thioacetate (164 mg, 1.41 mmol, 3.0 equiv), 

Pd2(dba)3·CHCl3 (24 mg, 24 μmol, 5 mol%) and 

xantphos (27 mg, 47 μmol, 10 mol%) were 

placed in a microwave tube capped with a rubber septum. The tube was 

evacuated under vacuum and refilled with nitrogen. Then, dry and degassed 

1,4-dioxane (8 mL) and Hünig's base (164 μL, 0.94 mmol, 2.0 equiv) were 

added to the tube and the rubber septum was quickly replaced with a 

microwave tube cap. The reaction mixture was heated in a microwave at 160 

°C for 25 min. Then, anhydrous MgSO4 (0.50 g) was added and the reaction 

mixture was concentrated in vacuo. The crude material was purified by 

repetitive flash chromatography on silica gel: 1.) hexane, t-BME, CH2Cl2 

(75:20:5), 2.) hexane, t-BME, CH2Cl2 (89:10:1), 3.) hexane, CHCl3 (60-100% 

CHCl3) to give 3,7-di-(acetylsulfanyl)-5,5-diisopropyl-5H-dibenzosilole CP 24 

as an oily solid (42 mg, 22%). Almost colorless crystals were obtained by 

recrystallization from methyl-cyclohexane. Unfortunately these crystals were 

not suitable for the X-ray measurement. 

 

MF C22H26O2S2Si, MW 414.66g/mol 
1H NMR (400 MHz, CDCl3, δ/ppm) 1.04 (d, 12H, 3J= 7.4), 1.40 (m, 2H), 2.44 (s, 6H), 

7.48 (dd, 2H, 3J = 8.1, 4J = 1.7), 7.62 (d, 2H, 4J = 1.7), 7.85 (d, 2H, 3J = 8.1) 
13C NMR (100 MHz, CDCl3, δ/ppm) 11.4, 18.5, 30.7, 122.4, 127.6, 136.4, 138.2, 

139.7, 149.4, 194.5 

EI-MS m/z (%) = 414.1(100) [M+] 

EA Analysis calcd for C22H26O2 S2Si: C 63.73, H 6.32; found: C 64.08 H 6.52  
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4,4’-Dimethoxychalcone  
(1,3-Bis(4-methoxyphenyl)prop-2-en-1-one) (CP 25) 

Under ice cooling a solution of NaOH (14.0 mL, 

0.268 mol, 2.0 equiv, 50%) was slowly added to 

a mixture of p-acetylanisole (20.00 g,  

0.133 mol) and p-anisaldehyde (18.30 g,  

0.134 mol) in EtOH (250 mL). The reaction mixture stirred at room temperature over 

night. After cooling the mixture in the fridge, the precipitated solid was filtered off, 

washed with cold EtOH and dried in vacuo yielding  4,4’-dimethoxychalcone (CP 25) 

(26.80 g, 99.88 mmol, 75%) as a yellow solid. 

MF C17H16O3, MW 268.31 g/mol 

M.p. 104–106 °C 

TLC Rf = 0.38 (silica, hexane/ethyl acetate, 1:1) 
1H NMR (250 MHz, CDCl3, δ/ppm) 3.86 (s, 3H), 3.89 (s, 3H), 6.91-7.01 (m, 4H),  

7.43 (d, 1H, 3J = 15.6), 7.57-7.63 (m, 2H), 7.78 (d, 1H, 3J = 15.6), 8.01-8.06 (m, 2H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 55.57, 55.64, 113.9, 114.5, 119.7, 128.0, 130.3, 

130.9, 131.5, 144.0, 161.7, 163.4, 188.9 

EI-MS m/z (%) =  368.1 (100) [M+], 253.1 (31) [M+ -CH3], 237.1 (16) [M+ -CH3O], 

225.1 (15), 161.1 (15), 135.0 (25) 

EA Analysis calculated for C17H16O3: C 76.10, H 6.01; found: C 76.04, H 6.07 



210 

trans-1,2-Bis(4-methoxyphenyl)cyclopropane (CP 26) 

A solution of 4,4’-dimethoxychalcone CP 25  

(20.00 g, 74.45 mmol) and hydrazine 

monohydrate (12.0 mL, 0.247 mol, 3.3 equiv) in 

EtOH (60 mL) was stirred at reflux for 2 hours. 

The reaction mixture was cooled to room temperature and the solvent was 

evaporated under reduced pressure. Then, powdered KOH (0.63 g, 11.22 mmol, 

15.1 mol%) and diethylene glycol (50 mL) was added and the mixture was stirred at 

190-210 °C. After 45 min the reaction was completed (monitored by TLC) and the 

reaction mixture was cooled to room temperature. Water (100 mL) was added to the 

mixture and the product was extracted with hexane/t-BME 1:1 (3 x 30 mL). The 

combined organic phases were washed with water (3 x 20 mL), brine (1 x 80 mL) and 

dried over MgSO4. After evaporating the solvent, the remaining crude product was 

recrystallized from hot cyclohexane to afford pure trans-1,2-bis(4-

methoxyphenyl)cyclopropane (CP 26) (5.69 g, 22.37 mmol, 30%) as bright yellow 

crystals. 

MF C17H18O2, MW 254.32 g/mol 

M.p. 70-75 °C 

TLC (silica, Hexane/t-BME 3:2) Rf = 0.58 
1H-NMR (250 MHz, CDCl3, δ/ppm) 1.31-1.38 (m, 2H), 2.03-2.11 (m, 2H), 3.81  

(s, 6H), 6.83-6.90 (m, 4H), 7.06-7.13 (m, 4H) 
13C NMR (101 MHz, CDCl3, δ/ppm) 17.6, 27.0, 55.5, 114.0, 127.0, 134.9, 158.0 

EI-MS m/z (%) = 254.1 (100) [M+], 239.1 (48) [M+ -CH3], 223.1 (48) [M+ -CH3O], 

145.1 (23) 

EA Analysis calculated for C17H18O2: C 80.29, H 7.13; found: C 79.92, H 7.11 
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trans-1,2-Bis(4-hydroxyphenyl)cyclopropane (CP 27) 

Under an inert atmosphere, NaH dispersion  

(1.69 g, 42.25 mmol, 3.6 equiv, 60%) was added in 

portions to a solution of n-propanethiol (10.7 mL, 

0.118 mol, 10.0 equiv) in dry DMF (150 mL) 

maintaining the temperature below 20 °C. The reaction mixture was stirred for 

another 15 min until a clear solution was obtained. Then, trans-1,2-

bis(4methoxyphenyl)cyclopropane CP 26 (3.00 g, 11.80 mmol) was added and the 

reaction mixture was stirred at 140 °C over night. After cooling to room temperature, 

the reaction mixture was diluted with water (200 mL) and extracted with EtOAc  

(5 x 30 mL). The combined organic phases were washed with brine/water 2:1 and 

dried over MgSO4. After evaporation of the solvent a short flash chromatography 

(silica, hexane/EtOAc, 65:35) was performed to afford trans-1,2-bis(4-hydroxy-

phenyl)cyclopropane (CP 27) (1.65 g) as a yellow solid. The product containing 

traces of inseparable impurities was used directly for the next step without further 

purification. 

MF C15H14O2, MW 226.27 g/mol 

TLC (silica, hexane/EtOAc, 65:35) Rf  = 0.61 

M.p. 147-150 °C 
1H-NMR (250 MHz, DMSO-d6, δ/ppm) 1.18-1.28 (m, 2H), 1.90-1.98 (m, 2H),  

6.63-6.70 (m, 4H), 6.91-6.98 (m, 4H), 9.14 (s, 2H) 
13C NMR (100 MHz, DMSO-d6, δ/ppm) 17.6, 26.5, 115.1, 126.4, 132.6, 155.2 

EI-MS m/z (%) = 226.1 (100) [M+], 209.1 (19) [M+ -OH], 131.1 (37), 107.1 (28) 

EA Analysis calculated for C15H14O2: C 79.62, H 6.24; found: C 78.61, H 7.44 
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trans-1,2-Bis(4-trifluoromethanesulfonyloxyphenyl)- 
cyclopropane (CP 28) 

In a dry flask and under an inert atmosphere was 

dissolved trans-1,2-bis(4-hydroxyphenyl)cyclo-

propane CP 27 (700 mg,  assuming 5.00 mmol) 

from the previous step in dry pyridine (30 mL). 

Then triflic anhydride (2.1 mL 12.40 mmol, 4.00 equiv) was slowly dropped to the 

solution at 0 °C. After stirring at room temperature for another hour, the solution was 

quenched with sat NaHCO3 solution. The slurry was extracted with CH2Cl2  

(3 x 50 mL) and the combined organic phases were dried over MgSO4. After 

evaporation of the solvent under reduced pressure a flash chromatography (silica, 

hexane/CH2Cl2, 7:3) was performed to afford trans-1,2-bis(4-trifluoromethane-

sulfonyloxyphenyl)cyclopropane (CP 28) (0.75 g, 1.53 mmol, 31% over two steps) as 

a colorless solid. 

MF C17H12F6O6S2, MW 490.39 g/mol 

M.p. 56-60 °C 

TLC (SiO2, hexane/CH2Cl2 7:3) Rf = 0.37 
1H NMR (250 MHz, DMSO-d6, δ/ppm) 1.54-1.52 (m, 2H), 2.34-2.41 (m, 2H),  

7.35-7.43 (m, 8H) 
13C NMR (100 MHz, DMSO-d6, δ/ppm) 19.3, 27.5, 118.2 (q, J = 319), 121.3, 127.6, 

143.2, 147.3 

EI-MS m/z (%) = 490.0 (98) [M+], 357.1 (100) [M+ - SO2CF3], 224.1 (54) 

EA Analysis calculated for C17H12F6O6S2: C 41.64, H 2.47; found: C 41.71, H 2.52 
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trans-1,2-Bis(4-tert-butylsulfanylphenyl)cyclopropane (CP 29) 

Under an inert atmosphere CP 28 (220 mg, 0.45 mmol) was dissolved in dry p-xylene 

(15 mL) and the solution was degassed with 

N2 for 10 min. Then Pd2(dba)3·CHCl3  

(100 mg, 97 μmol, 21.5 mol%), xantphos 

(50.0 mg, 86 μmol, 19.2 mol%) and sodium  

t-thiobutanolate (211 mg, 1.88 mmol, 4.2 equiv) was added. The mixture was stirred 

at 140°C over night. After cooling to room temperature, toluene (20 mL) was added 

and the solution was washed with brine. The aqueous phase was extracted with 

toluene (2 x 20 mL) and the combined organic phases were dried over MgSO4. After 

evaporating the solvent a flash chromatography (silica, t-BME in hexane, 2%) was 

performed to afford trans-1,2-bis(4-tert-butylsulfanylphenyl)cyclopropane (CP 29)  

(98 mg, 0.26 mmol, 59 %) as colorless solid. 

MF C23H30S2, MW 370.61 g/mol 

M.p. 108-109 °C 

TLC (silica, t-BME in hexane, 2%) Rf = 0.32 
1H NMR (250 MHz, CDCl3, δ/ppm) 1.28 (s, 18 H), 1.46-1.54 (m, 2H), 2.14-2.22  

(m, 2H), 7.10 (pseudo d, 4H, 3J = 8.0), 7.45 (pseudo d, 2H, 3J = 8.0) 
13C NMR (101 MHz, CDCl3, δ/ppm) 19.1, 28.4, 31.1, 46.0, 126.0, 129.9,  

137.8, 143.3. 

HRMS (ESI) calcd for C23H30S2 [M+H]+: 371.1867; found: 371.1876 
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trans-1,2-Bis(4-acetylsulfanylphenyl)cyclopropane  
(CP 30, “trans-OPCP”) 

CP 29 (45 mg 0.12 mmol) and AcCl (5 mL) 

was dissolved in dry toluene (11 mL). Then, 

the solution was cooled to 0 °C and a 

solution of BBr3 in CH2Cl2 (0.3 mL, 0.30 

mmol, 2.5 equiv, 1.0 M) was slowly dropped to the solution. The stirring was 

continued at room temperature until the TLC showed full conversion of the starting 

material (30 min). A spatula of anhydrous sodium acetate was added to the reaction 

mixture and the solvent was evaporated under reduced pressure. The residue was 

taken up in CH2Cl2, then acetic anhydride (0.3 mL) and silica (2.00 g) was added. 

The solvent was evaporated under reduced pressure and the remained powder was 

directly applied on a flash column. After the chromatographic purification (silica, 

hexane/t-BME, 2:1) and a recrystallization from hot cyclohexane, trans-1,2-bis(4-

acetylsulfanyl-phenyl)cyclopropane (CP 30) (28 mg, 82 μmol, 68%) was obtained as 

colorless fine plates. 

MF C19H18O2S2, MW 342.48 g/mol 

M.p. 107-108 °C 

TLC (SiO2, hexane/t-BME, 2:1) Rf = 0.39 
1H NMR (250 MHz, CDCl3, δ/ppm) 1.48-1.56 (m, 2H), 2.15-2.23 (m, 2H),  

2.41 (s, 6H), 7.14-7.19 (m, 4H), 7.28-7.35 (m, 4H) 
13C NMR (100 MHz, CDCl3, δ/ppm) 18.9, 28.6, 30.4, 125.1, 126.8, 134.8,  

144.1, 194.7 

EI-MS m/z (%) = 342.1 [M+], 300.1 (76) [M+ - CH3CO], 267.1 (36),  

258.1 (100) [M+ - 2 CH3CO], 225.1 (66), 192.1 (27) 

EA Analysis calculated for C19H20O2S2: C 66.25, H 5.85; found: C 66.37, H 5.48 

UV/Vis (1×10-5 n-hexane) λmax (ε) = 203 (55400), 255 (29700) nm 
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4,4’-Diacetylsulfanyl-trans-stilbene (CP 31, “OPV” , via SNAr)  

Under an inert atmosphere 4,4’-dibromo-trans-

stilbene (600 mg, 1.77 mmol) and sodium 

thiomethanolate (1.50 g, 21.40 mmol, 12.0 equiv) 

was suspended in dry DMI. The reaction mixture 

was stirred at 120 °C for 2 days. The reaction 

mixture was cooled to room temperature and poured into a solution of NH4Cl (5%). 

The solid was filtered off, washed well with water. The residue was taken up in 

CH2Cl2, dried over Na2SO4 and the solvent was removed under reduced pressure.  

A recrystallization from n-heptane afforded CP 31 as shiny crystals  

(396 mg, 1.21 mmol, 68%). 

MF C18H16O2S2, MW 328.45 g/mol 

M.p. 167-138 °C 

TLC Rf  0.48 (CH2Cl2) 
1H NMR (400 MHz, CDCl3, δ/ppm) 2.44 (s, 6 H), 7.14 (s, 2H),  

7.41 (pseudo d, 4H, 3J = 8.1), 7.55 (pseudo d, 4H, 3J = 8.1) 
13C NMR (100 MHz, CDCl3, δ/ppm) 30.7, 127.7, 127.7, 129.6, 135.1, 138.6, 194.4 

EI-MS m/z (%) =  328.1 (37), 286.0 (39) [M+ - CH3CO], 244.0 (100) [M+ - 2 CH3CO] 

EA Analysis calcd for C18H16O2 S2: C 65.83, H 4.91; found: C 65.57, H 4.91 

UV/Vis (1×10-5 n-hexane) λmax (ε) = 199 (37400), 227 (20600), 326 (51800) nm 
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6 Abbreviations 

Ac acetyl 

Ar aryl 

BPDT biphenyldithiol 

Bu butyl 

CN cyano 

cos cosine 

CP cyclopropyl 

DMF N,N-dimethylformamide  

DMSO dimethylsulfoxide 

EA elemental analysis 

EI electron impact 

equiv equivalent 

ESI electron spray ionization 

Et ethyl 

EtOAc ethyl acetate 

FAB fast atom bombardment  

GC gas chromatography 

HOMO highest occupied molecular orbital 

LUMO lowest unoccupied molecular orbital 

M.p. melting point 

m/z mass per charge 

MALDI matrix-assisted laser desorption/ionization 

MCBJ mechanically controlled break junctions 

Me methyl 

MF molecular formula 

MS mass spectrometry 

MW molecular weight 

NBS N-bromosuccinimide  

NC isocyano 
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NMR nuclear magnetic resonance 

OPE oligo-phenylene-ethynylene 

OPV oligo-phenylene-vinylene  

Pd2(dba)3 tris(dibenzylideneacetone)dipalladium 

Ph phenyl 

PMHS polymethylhydrosiloxane 

ppm parts per million 

Pr propyl 

p-TSA p-toluenesulfonic acid 

Rf retention factor 

SOMO singly occupied molecular orbital 

STM scanning tunneling microscopy  

STM-BJ break junctions based on scanning tunneling microscopy 

TBAB tetra-n-butylammonium bromide 

TBAPF6 tetrabutylammonium hexafluorophosphate 

t-BME t-butyl methyl ether 

TEAPF6 tetraethylammonium hexafluorophosphate 

Tf trifluoromethane sulfonyl 

THF tetrahydrofuran 

TLC thin layer chromatography 

TosMic p-toluenesulfonylmethyl isocyanide 

UV/VIS ultraviolet/ visible 

xantphos 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene 

X-ray X-ray spectrometry 
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8 Appendix 

8.1 Contributions 

All molecules in chapter 2 and 3 were synthesized, characterized and 

calculated (DFT) by David Vonlanthen. The synthesis of intermediate CN 15 

was conducted by Alex Käslin under the supervision of David Vonlanthen.  

All STM-BJ measurements in section 2.5 and 3.4 were performed and 

analyzed by Artem Mishchenko in the group of Thomas Wandlowski at the 

University of Bern.  

The spectroelectrochemical measurements in section 3.3.8 were conducted 

and analyzed by Dr. Alexander Rudnev in the group of Thomas Wandlowski. 

The concept, synthesis and characterization of all molecules in chapter 4 were 

developed and carried out by David Vonlanthen.  

The synthesis of trans-OPCP in section 4.4.1 was conducted by Anna Senn 

under the supervision of David Vonlanthen. The reference compound OPE in 

section 4.4.1 was provided by Sergio Grunder, also from the Mayor group. 
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