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Preface 

 
This thesis is the translation of a conceptual idea that was born years before its realization. In the autumn 

2014 at a conference on molecular electronics at the University of Konstanz the discussion about single 

molecule transport experiments reveled around an intriguing question: 

 

Is there a chemical design, where it is possible to distinguish between 

different electronic transport pathways within one molecule? 

 

This thesis approaches the envisaged molecular design through various publications, they are ordered 

such that the final structure is approached after elucidating a suitable macrocyclic structure, followed by 

stabilized helically chiral macrocycles, and a test system with the conductive backbone of the desired 

molecule. Finally, the initially planned molecule is presented.  

 

The elucidation of the size of the macrocycle was published in Helvetica Chimica Acta, where optical 

investigations and the dynamic behavior of the parent macrocycle are included.1 Having found a suitable 

macrocycle, a tetrasubstituted [2.2]paracyclophane was published in the Journal of the American 

Chemical Society, where the detailed synthesis, chiroptical studies and the dynamic behavior of the 

molecule, as well as theoretical studies, are presented.1 Finally, single molecule conductance 

measurements and theoretical investigations of a molecular rod, which is the backbone of the envisaged 

macrocycle, have been published in Nano Letters. The last chapter then gives the synthesis of the 

original target compound of this thesis. The supplementary information for all chapters is given in the 

same order at the end of this thesis for the reader’s convenience. 

 

Preceding these three manuscripts, the reader will find a review entitled “Beyond Simple Substitution 

Patterns – Symmetrically Tetrasubstituted [2.2]Paracyclophanes as 3D Functional Materials” which has 

been published in the European Journal of Organic Chemistry.1 It gives a systematic overview over the 

three main approaches towards symmetrically tetrasubstituted [2.2]paracyclophanes – including the 

substitution pattern that found application in this thesis. It integrates the topic of this thesis into the wider 

world of molecules that are based on [2.2]paracyclophanes with four symmetrical substituents. 

 

  

Kevin Weiland 

Basel, September 2018 
Amended for print: Basel, October 2019 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 
1 The publications were originally included in the state of evolved drafts. They have been published in the meantime and are consequently 

integrated as such in the print edition.  
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Overview of the Thesis 

 

Molecular electronics is nowadays a mature research field and the measurement of conductance through 

single molecules by means of the mechanically controlled break junction (MCBJ) technique is performed 

on many classes of molecules.[1,2] In order to fabricate devices based on the charge transport pathway 

through single molecules, it is of crucial importance to understand the exact properties of the metal 

molecule metal junction. In contrast to conductivity through single molecules, π-π stacking between 

molecular wires is strong enough to provide weak through-space coupling and thereby conductance.[3,4] 

Within this thesis, a concept is proposed which can be useful in answering the underlying question to 

this problem: when two conductance pathways are possible, like through-bond or through-space 

conductance, is there a way to distinguish between them? A conductive molecule to study this problem 

must be designed in  such a way that through-bond and through-space transport are possible at the 

same time. Since both conductance pathways cannot be distinguished in an experimental set up, a 

further design requirement is that at least one of the pathways can be monitored in an alternative 

measure.  

 

 

 

The goal of this thesis is to develop a molecular design to answer the illustrated problem. In order to 

investigate such a problem, the following conceptual idea is proposed: A rod-like structure with pseudo-

para connectivity on [2.2]paracyclophane is further modified in such a way that a second through-bond 

conductance pathway is introduced by means of an oligothiophenic macrocycle.  

Charge carriers that pass through the molecule have two options. Either they tunnel through space (blue 

color, figure 1) or they follow the π-conjugated pathway through the oligothiophene (yellow color, figure 

1). Most likely, the applied current will profit from both pathways and the observed conductivity will be a 

Figure 1. Visualization of both possible conductance pathways for the anchored helical molecule in a MCBJ.  
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complex mixture of both. However, only the red pathway follows a helical structure and is thereby 

sensitive to an applied magnetic field.  

 This thesis contains the approach towards this structure. The stepwise approach to find a suitable 

macrocyclic structure as well as the chiroptical and dynamic properties of a system that is slightly 

different than the proposed target structure are described within the ensuing manuscripts. Furthermore, 

a molecule to investigate the through-space conductance is presented. Throughout the course of this 

thesis the unique properties of [2.2]paracyclophane are utilized to synthesize materials with extraordinary 

properties which arise from the three-dimensional structure of the hydrocarbon. The investigations on 

this special class of materials was presented to the scientific community in two communications and one 

full paper, as well as a review. However, the main goal of this work has not been reported yet and is thus 

presented in this thesis. On the following pages the general concept of the work will be elucidated to the 

interested reader. 

 

 

I. Symmetrically Tetrasubstituted [2.2]Paracyclophanes – an Emerging Class of 3D Functional 

Materials (2019, Review, published in the European Journal of Organic Chemistry) 

 

[2.2]Paracyclophane is the prototypical layered hydrocarbon with its benzene rings in a face to face 

orientation.[5,6] This unique property leads to unusual characteristic properties, such as through space 

conjugation,[7,8] pseudo-geminal electrophilic aromatic substitutions,[9] and appealing thermal isomer-

ization properties.[10] Chemists routinely exploited these properties and over the last decades many novel 

materials have been developed. These materials mainly rely on mono- or disubstituted 

[2.2]paracyclophane and are described in detail in the literature.[11–13] A rather novel approach is the 

exploration of [2.2]paracyclophane with four substituents. Literature elaborating on these molecules is to 

our knowledge not available. A probable reason for this is that the known tetrasubstituted [2.2]paracyclo-

phanes were employed for various applications, without a clear link between the substance classes.  

 

 

 

We therefore aim to structure the existing substitution patterns and survey the excellent materials that 

were developed. The work is summarized in the review “Symmetrically Tetrasubstituted [2.2]Paracyclo-

phanes – an Emerging Class of 3D Functional Materials” (2019) which is published in the European 

Journal of Organic Chemistry. This review article was prepared together with Dr. Almudena Gallego. A 

Figure 2. The three symmetrically tetrasubstituted [2.2]paracyclophanes which are discussed in the review. Within this 

work bis-(ps-meta)-ortho and bis-(ps-meta)-para homo-tetrasubstitution as well as symmetrically tetrasubstituted 

[2.2]paracyclophanes with heterosubstituents are described. 
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general assessment reveals three classes of symmetrically tetrasubstituted [2.2]paracyclophanes. The 

first class consists of molecules in the bis-(ps-meta)-ortho-substitution pattern. These molecules were 

used as bis-aryne equivalents,[14–16] as extended through-space conjugated acenes,[17,18] to elucidate 

through space conjugation properties,[19–21] and to construct strained alkanes through photochemical 

reactions.[22] The second class are the bis-(ps-meta)-para tetrasubstituted [2.2]paracyclophanes. The 

racemic products were used for the investigation on through space electronic conjugation,[23–25] as hole-

transporting materials,[26,27] as materials for phane-property investigations,[28] and to construct hydrogen-

bonded chiral helices.[29] We further survey the development on enantiopure helically chiral bis-(ps-

meta)-para [2.2.]paracyclophanes. Chiral molecules based on this pattern in propeller,[30–32] X-,[33–35] and 

helix-shape are known.[36] The third class consists of symmetrically tetrasubstituted 

[2.2]paracyclophanes with heterosubstituents. Examples of such materials were used in catalyst 

development,[37] as precursors for [2.2.2.2] (1,2,4,5)cyclophane,[38] and as photo switches[39]. Helically 

chiral molecules based on this pattern are known[40] and directing effects in the syntheses of 

symmetrically hetero-tetrasubstituted were surveyed.[41] It is this last class of materials that serves as 

inspiration for the design of helically chiral macrocycles wrapped around [2.2]paracyclophane. 

 

 

II. A Chiral Macrocyclic Oligothiophene with Broken Conjugation – Rapid Racemization through 

Internal Rotation (2019, Full Paper, published in Helvetica Chimica Acta) 

 

Helically chiral molecules based on symmetrically tetrasubstituted [2.2]paracyclophane are known and 

were presented in the preceding review, the helical chirality of the structures results in all cases from the 

intrinsically chiral substitution pattern of the [2.2]paracyclophane.[33,36,42,43]In other words, while all 

hitherto known molecules are cleverly designed and have esthetically pleasing structures, it is a question 

of separating the enantiomers in the initial stages of the syntheses, the chiral properties depend on the 

substitution pattern of the [2.2]paracyclophane. Furthermore, it is difficult to introduce variety in the 

molecules, only the building blocks in close proximity to the central cyclophane are affected by the chiral 

environment.[34,43] The chiroptical effects in such molecules thus result only from the rigid conformation 

of the central building block, chiroptical signals are weak from chromophores that are placed away from 

the [2.2]paracyclophane. We became interested in introducing helical chirality through a three-

dimensional building block, which is not intrinsically chiral.  
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The chemical synthesis towards the presented target structure of this thesis starts with the structural 

investigation to find a suitable oligothiophenic macrocycle. For this reason, a disubstituted 

[2.2]paracyclophane was designed and synthesized. We presented the results of this work in a full paper 

which is published in Helvetica Chimica Acta (2019) entitled “A Chiral Macrocyclic Oligothiophene with 

Broken Conjugation – Rapid Racemization through Internal Rotation”. The author of this thesis 

synthesized and characterized the target molecule and performed the optical characterization of the 

macrocycle, as well as its precursors. The master students Natalia Münch and Wanja Gschwind 

performed 2D-NMR analysis, PD Dr. Daniel Häussinger recorded and analyzed variable temperature 

(VT) 1H-NMR spectra. This work emphasizes the step-by-step assembly of the oligothiophenic 

macrocycle by repetitive halogenation and palladium catalyzed cross-coupling chemistry. A large 

solubilizing group was implemented, showing the importance of aggregation-preventing building blocks, 

which were essential in all wet-chemistry steps throughout the entire synthesis. The macrocyclization 

which was employed to close the macrocycle revealed that the undecathiophene was one of the smallest 

possible target structures, as the major product was the twofold closed dimer of the desired ring. Finally, 

UV/Vis- and emission spectroscopy allowed us to elucidate the change in conjugation through the newly 

established macrocycle with respect to only through-space conjugation, which was prevalent before the 

macrocycle was implemented. We subjected the molecule to VT-NMR experiments to gain insight into 

the free energy of enantiomerization of the chiral macrocycle and discovered that the enantiomerization 

proceeds rapidly on the timescale of the NMR experiment at room temperature, consequently confirming 

the need for large substituents which are essential for stabilized helicity under ambient conditions. 

 

 

Figure 3. Target molecule for the Helvetica Chimica Acta publication. The disubstituted [2.2]paracyclophane was 

synthesized for optical and dynamic investigations. No further substituents on the cyclophane allow for unhindered 

rotation of the hydrocarbon on the NMR timescale at room temperature. 
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III. Mechanical Stabilization of Helical Chirality in a Macrocyclic Oligothiophene (2019, Article, 

published in the Journal of the American Chemical Society) 

 

To further the synthetic progress towards the target structure of this thesis, the helical molecule 

presented in the preceding publication was modified such that the helical chirality could be retained 

through bulky substituents. 

Helical chirality is an intriguing design concept in natural structures, as well as in chemistry.[44–46] From a 

chemist’s perspective, the resulting properties and the structural beauty of such molecules are sufficient 

as a reason to elaborate on and design such motifs. Having surveyed the various substitution patterns 

which are laid out in the preceding review, we decided to develop a strategy to produce such a structure 

based on the bis(ps-para)para substitution pattern where one pair of substituents connects to the 

macrocycle, while the other pair prevents rotations of the [2.2]paracyclophane.[41] An oligothiophenic 

chain was chosen as target structure for the macrocycle as such structures are known for their excellent 

properties.[47,48]  

 

 

Our manuscript which is published in the Journal of the American Chemical Society is entitled 

“Mechanical Stabilization of Helical Chirality in a Macrocyclic Oligothiophene”. It is the synthetically most 

meaningful work of this thesis. We present therein a novel design concept to stabilize helicity. To 

demonstrate the viability of the work, a chiral macrocyclic oligothiophene was synthesized and 

investigated in detail. A macrocyclic oligothiophene is introduced in a pseudo-para motif on 

[2.2]paracyclophane. This structure is already chiral, however the cyclophane can rotate freely and the 

chirality is not retained. Therefore, a second set of substituents is needed to prevent the rotation of the 

macrocycle around the cyclophane. A linear ethynyl methyl benzoate is introduced which is able to 

effectively hinder the rotation and thus retains the chirality. The helical molecule was synthesized through 

Figure 4. Target molecule for the Journal of the American Chemical Society publication showing a helically chiral 

oligothiophene wrapped around a pseudo-para substituted [2.2]paracyclophane. The helical chirality of the molecule 

is stabilized through large substituents which enable the isolation and characterization of a novel type of helically chiral 

tetrasubstituted [2.2]paracyclophane. 
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a series of functional-group transformations and cross-coupling chemistry. The macrocycle was formed 

through a high dilution coupling strategy. The synthesis and characterization as well as all optical 

investigations were performed by the author of this thesis, the separation of the enantiomers by means 

of HPLC was performed by Thomas Brandl. The master student Kenneth Atz and PD Dr. Daniel 

Häussinger performed 2D NMR experiments and assigned the resonances for all macrocyclic structures 

in this work. Dr. Alessandro Prescimone performed X-Ray spectroscopy, while Dr. Tomáš Šolomek 

performed DFT calculations. The isolation of pure enantiomers by HPLC on a chiral stationary phase 

and ECD spectroscopy allowed the characterization of the target structure as well as the assignment of 

the absolute configuration by DFT calculations. We found racemization which proceeds with a half-life 

of minutes at room temperature. Variable temperature HPLC analysis on a chiral stationary phase and 

high-temperature EXSY spectroscopy gave access to the thermodynamic parameters of the 

enantiomerization. A pathway for the racemization was obtained from semi-empirical and DFT 

calculations, the ethynyl methyl benzoate is moved through the macrocycle like a thread through the eye 

of a needle. The enantiomerization pathway proceeds through rotations around single bonds, as well as 

deformations of the molecule in a pathway like Mislow’s Euclidian rubber glove.[49,50] The results from 

this work were more than encouraging and allowed us to focus on a substructure of the target molecule 

of this thesis to further understand the properties of single molecules with only through-space 

conductance pathways. 

 

 

IV. Large conductance variations in a mechanosensitive single-molecule junction (2018, 

Communication, Nano Letters) 

 

Besides working on macrocyclic oligothiophenes bound to [2.2]paracyclophane, smaller molecules 

based on the same hydrocarbon still remain an active field of research.[8,51] For example, electronic 

transport through single molecules derived from oligophenylethynyl-structures has not yet been 

investigated. While derivatives of [2.2]paracyclophane were already investigated in conductance 

measurements, this was thus far only performed in monolayers where the control over the number of 

molecules and the precise configuration in the junction was poor.[7,51] 

We were also able to elucidate the electronic transport through single [2.2]paracyclophane molecules by 

means of the MCBJ technique. The single-molecule measurements were performed at TU Delft (Prof. 

Dr. Herre van der Zant), while the equally impressive theoretical background to the obtained data was 

provided at University of Konstanz/Okinawa Institute of Science and Technology (Prof. Dr. Fabian 

Pauly).  
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The resulting manuscript “Large conductance variations in a mechanosensitive single-molecule junction” 

was published in Nano Letters (2018) and includes extensive experimental data as well as computational 

results. Davide Stefani, Chunwei Hsu, and Dr. Mickael Perrin built the experimental setup and performed 

the physical measurements of the molecules. Maxim Skripnik performed the DFT calculations and 

analysis, while the author of this thesis synthesized and characterized the molecule which was 

specifically designed to transmit motion of the nanoelectrodes onto the central [2.2]paracyclophane. The 

conductance through these individual pseudo-para disubstituted [2.2]paracyclophane derivatives was 

studied by two different methods. Initially, fast-breaking measurements were performed by increasing 

the distance of two gold nanoelectrodes while statistically trapping a molecule between the electrodes 

and measuring the conductance through the molecule.[2,52] Secondly, the same molecule was subjected 

to self-breaking measurements where the working principle relies on nanoelectrodes which form from a 

notched wire that self-breaks due to surface tension.[53] We found different behaviors of the compound 

towards applied motion on the electrodes. During the fast-breaking measurements, we observed jumps 

in the conductance traces which could be confirmed by DFT calculations as jumping of the anchoring 

group on the gold nanoelectrode due to strain-release of the molecule. The self-breaking measurements 

with periodic alterations of the electrode distance revealed more complex behavior. DFT calculations 

reveal deconstructive interference in the frontier orbitals of the molecule in its relaxed state, which is 

periodically relieved through small distance alterations. We believe this information to be of general 

interest for MCBJ measurements as it shows dynamic effects of the anchoring group on the electrode. 

This could apply to many flexible molecular structures. The investigation of this molecule will furthermore 

serve as a test-system for the molecule which will be proposed in the outlook of this thesis. 

 

 

  

Figure 5. Target molecule for the Nano Letters publication; a molecular rod with spring-like behavior. The pseudo-para 

substitution pattern directs the mechanical manipulation induced through the electrodes in the MCBJ onto the [2.2]para-

cyclophane. 
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V. Conclusion: A Tetrasubstituted Helically Chiral Macrocycle with Anchoring Groups for Gold 

Electrodes 

 

The last chapter of this thesis details the synthesis of the original target structure of this work. The 

elucidation of the rotationally hindered macrocycle presented in Angewandte Chemie provided an 

intermediate from which the desired molecule could be achieved in one step. 

 

 

 

 

The molecule was synthesized but was found to be unstable and decomposed in various purification 

techniques. Therefore, only high-resolution mass spectrometry allowed to prove the successful 

synthesis. 

In order to achieve the desired structure, two main improvements need to be addressed. The stability of 

the molecule should be significantly enhanced, therefore the introduction of a different anchoring group 

like a methyl thioether or a pyridine is recommended. Secondly the weak chiroptical response of the 

parent compound should be improved. The helix in the investigated species is flexible, a more rigid 

structure is recommended. This would bring about the advantage of enhanced chiroptical effects and 

would allow to design similar materials for circular polarized luminescence. 

 

Overall, the knowledge acquired during our research allowed us to share our detailed investigations with 

the scientific community. Chiral macrocyclic oligothiophenes, and more generally, compounds based on 

highly substituted [2.2]paracyclophane are promising candidates for fundamental studies and we expect 

many more such studies to appear in the literature. 

  

Figure 6. The target molecule of this thesis.  
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About the Project 

 

In this thesis, a concept is proposed which can be useful to further understand the precise properties of 

a metal molecule metal junction and might bring forward the understanding of through-bond versus 

through-space conductance. The goal of this thesis is the synthesis of the proposed molecule which 

must consist of structural subunits that allows for both conductance pathways at the same time while 

also allowing that both pathways can be observed independently.   

As outlined in the preceding review, [2.2]paracyclophane is a versatile building block which has been 

applied for tailor-made applications in organic materials research. Three different substitution patterns 

were discussed: I) the bis-(ps-meta)-ortho tetrasubstitution pattern, II) the bis-(ps-meta)-para 

tetrasubstitution pattern, and III) symmetrically hetero tetrasubstituted derivatives. The third class is 

especially intriguing for bis-disubstituted approaches. This substitution pattern would allow to introduce 

a rod-like structure with pseudo-para connectivity [2.2]paracyclophane which could further be modified 

in such a way that a second through-bond conductance pathway is introduced by means of an 

oligothiophenic macrocycle. The conductance through the macrocycle should proceed in a helical 

structure and should be susceptible to an external magnetic field which would allow to distinguish the 

through-bond from the through-space conductance.  

 

 

 

The synthesis of a helically chiral macrocycle, the stabilization of such a macrocycle by means of bulky 

substituents; and a molecular wire with through-space conductance properties are presented in the 

Figure 1. Overview of the target molecules presented in this thesis. (a) The oligothiophenic macrocycle which was 

used to identify a suitable ring-size for the desired target structure. b) The rotationally hindered macrocycle whose 

chiroptical and dynamic properties were investigated. c) The molecular wire whose conductance was investigated. d) 

The ultimate target structure of this thesis. 
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ensuing manuscripts. The detailed synthesis, the structural dynamics, chiroptic properties of the 

described molecules lead to the realization of the ultimate target molecule of this thesis in the last 

chapter.
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A Tetrasubstituted Helically Chiral Macrocycle with Anchoring Groups for Gold Electrodes 

 

As demonstrated in this thesis, it is possible to substitute a symmetrically disubstituted pseudo-para-

[2.2]paracyclophane in such a way that helical chirality is formed. The helical chirality was further 

stabilized through large substituents which could prevent fast racemization at room temperature and 

allowed for separation and characterization of the enantiomers. After an elaborate synthesis, the 

structure was elucidated by conventional analysis, including separation of the enantiomers by HPLC on 

a chiral stationary phase. Chiroptical spectroscopy allowed for the assignment of the absolute 

configuration as confirmed through DFT calculations. According to variable temperature EXSY 

spectroscopy and HPLC analysis, the free energy of racemization was around 91 kJ mol-1. The 

racemization of both species proceeds through Mislow’s Euclidean rubber glove enantiomerization 

mechanism. The investigation of a disubstituted [2.2]paracyclophane with the same ring size had its free 

energy of racemization at 38 kJ mol-1 as was determined by variable temperature NMR experiments.  

Furthermore, a molecular wire comprising a pseudo-para disubstituted [2.2]paracyclophane was 

investigated through mechanically controlled break-junction experiments; it was observed that the 

conductance through the molecule is susceptible to applied compressive or tensile strain. When the 

electrode distance was elongated rapidly periodic jumps in the conductance traces were observed. DFT 

calculations allowed to assign these jumps to the anchoring group which moved from gold atom to gold 

atom in order to release tensile strain on the molecule. Subjecting the molecule to self-breaking 

measurements revealed complex conductance behavior upon periodic alteration of the electrode 

distance. The preconfiguration of the molecule determined the periodicity with which the conductance 

changed. According to DFT analysis, the relaxed molecule low conductance due to destructive 

interference. By applying stress or strain on the molecule through moving of the electrodes the 

interference could be lifted and the conductance increased. 

 

Within the synthesis of the tetrasubstituted [2.2]paracyclophane, an advanced intermediate was 

developed from which the ultimate target molecule of this thesis was accessible in one step. 

 

 

Figure 1: Synthesis of the target structure for the investigation on competing conductance pathways. a) 1. LDA, THF, 

room temperature, 30 min; 2. Pd(PPh3)4, CuI, THF, diisopropylamine, 55 °C, 2 h. 
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Molecule 16 from the Journal of the American Chemical Society publication was thus reacted with lithium 

disopropylamide and after completion of the reaction as determined by MALDI-TOF analysis, the crude 

was reacted with 4-acetylthioiodobenzene in a Sonogashira-Hagihara reaction. After aqueous extraction, 

an isotopic pattern matching the one expected for its elemental composition was observed ([M]+ 

C104H96O2S13). The compound showed poor stability both in solution and in various purification 

techniques, it decomposed rapidly on silicon dioxide as well as when subjected to high performance 

liquid chromatography both on normal- and chiral stationary phase in various solvents. Purification by 

size-exclusion chromatography (BioBeads, SX-1 in toluene or BioBeads SX-3 in toluene or 

dichloromethane) or recycling gel-permeation chromatography in chloroform led to unspecific 

decomposition products with molecular masses reaching up to 6000 m/z according to MALDI-TOF 

analysis. The small structural difference between the target molecule of this chapter and the target 

molecule in the Journal of the American Chemical Society publication seems to suggest that the 

thioacetate anchoring group substantially affects the stability of the molecule. 
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Outlook  

 

With the obtained knowledge, the project can now be developed in many directions. The following 

prospects seem especially appealing:  

 

 

1) 

Concerning the work presented in the Journal of the American Chemical Society publication, larger 

substituents on the tetrasubstituted [2.2]paracyclophane should hinder the racemization in such a way 

that configurationally stable enantiomers could be isolated. Some possible structures are presented in 

figure 2(a). A more rigid macrocycle instead of the oligothiophenic chain should result in a stable 

secondary structure, thereby enhancing the chiroptical properties in the ground and excited state. One 

possible structure is presented in figure 2(b) where the oligothiophenic macrocycle is replaced by ortho-

disubstituted benzene rings. Such a pattern would be advantageous to realize a substantially smaller 

macrocycle than the one which is presented within this thesis. 

2) Spin-dependent electron transport through organic molecules is an active field of research since 

selective transport of a single electron spin could find application in many advanced technologies. An 

appealing molecule for such a measurement would be a structural isomer of the molecule utilized in the 

Figure 2: Future prospects: a) Changing of the bulky group, which was used to hinder the racemization could be 

realized through large aromatic building blocks. b) One possible smaller macrocycle which has a more rigid macrocycle 

around the [2.2]paracyclophane for enhanced chiroptical properties. c) Both enantiomers of a structural isomer of the 

investigated molecular wire from the Nano Letters publication; both enantiomers are shown. d) Two possible 

conformations of an extended helical structure. 
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Nano Letters publication. Pseudo-meta symmetrically disubstituted [2.2] paracyclophane is chiral and 

cannot racemize without breaking a covalent bond. Both enantiomers of the proposed molecule are 

presented in figure 2(c). 

3) A suitable anchoring group should be employed for the synthesis of a helically chiral macrocycle which 

can be connected to gold electrodes. An appealing functional group could be pyridine which is connected 

para with respect to the nitrogen atom.  

4) Lastly, the pair of molecules in figure 2(d) could serve as an extension to the work presented in this 

chapter. If both individual helices of one of the molecules have the same helicity the helical magnetic 

field should be twice as large as the one for the structure presented above. If the individual helices have 

their helicity in opposite direction, the magnetic response of this molecule should be zero.  
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General Information 

 

Reagents and Solvents 

 All commercially available compounds were purchased from Sigma-Aldrich, Acros, Apollo 

Scientific, Alfa Aesar and Fluorochem and used without further purification. Anhydrous solvents 

were purchased from Sigma-Aldrich and stored over molecular sieves (4 Å). Column 

chromatography was performed on silica gel P60 (40-63 µm) from SilicycleTM, the solvents were 

technical grade. TLC was performed with silica gel 60 F254 aluminium sheets with a thickness 

of 0.25 mm purchased from Merck. 

Synthesis 

All reactions with reagents that are easily oxidized or hydrolyzed were performed under Argon 

using Schlenk techniques with anhydrous solvents in glassware, which was dried prior to use. 

Analytics and Instruments 

 Recycling gel permeation chromatography (GPC) was performed on a Shimadzu Prominence 

System equipped with SDV preparative columns from Polymer Standards Service (two 

Showdex columns in series, 20 x 600 mm each, exclusion limit: 30000 g/mol) with chloroform 

as solvent. NMR experiments were performed on Bruker Avance III NMR spectrometers 

operating at 250, 400, 500 or 600 MHz proton frequencies. The instruments were equipped with 

a direct-observe 5 mm BBFO smart probe (250, 400 and 600 MHz), an indirect-detection 5 mm 

BBI probe (500 MHz), or a five-channel cryogenic 5 mm QCI probe (600 MHz). All probes were 

equipped with actively shielded z-gradients (10 A). The chemical shifts are reported in ppm 

relative to tetramethylsilane or referenced to residual solvent peak and the J values are given 

in Hz (±0.1 Hz). Standard Bruker pulse sequences were used, and the data was processed on 

Topspin 3.2 (Bruker) using twofold zero-filling in the indirect dimension for all 2D experiments. 

GC-MS was performed on a Shimadzu GC-MS-2020- SE instrument equipped with a Zebron 5 

MS Inferno column, with a temperature range of up to 350 °C. MALDI-TOF mass spectra were 

recorded on a Bruker MicroFlex LRF spectrometer using trans-2-[3-(4-tert-Butylphenyl)-2-

methyl-propenylidene]malono-nitrile (DCTB) as a matrix. High resolution mass spectra (HRMS) 

were measured on a Bruker solariX spectrometer with a MALDI source and a Micromass 

(Waters) AutoSpec Ultima – EI-Sector-MS. Elemental analyses were recorded at room 

temperature on an Elementar Vario Micro Cube instrument. Melting points were measured on a 

Büchi M-565 melting point apparatus and are uncorrected. UV/Vis absorption spectra were 
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recorded at 20 °C on a Jasco V-770 Spectrophotometer. Emission spectra were recorded with 

a Horiba Jobin-Yvon FluoroMax 4 fluorimeter. 
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3-(3,5-di-tert-butylphenyl)thiophene (2) 

 
Figure S1: 1H NMR spectrum (250 MHz, CD2Cl2) of compound 2. 

 
Figure S2: 13C NMR spectrum (101 MHz, CD2Cl2) of compound 2. 
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Figure S3: High resolution EI spectrum for compound 2. 
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2-bromo-3-(3,5-di-tert-butylphenyl)thiophene (3) 

 
Figure S4: 1H NMR spectrum (400 MHz, CD2Cl2) of compound 3. 

  
Figure S5: 13C NMR spectrum (101 MHz, CD2Cl2) of compound 3. 
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Figure S6: Elemental analysis result for compound 3. 
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2-(3-(3,5-di-tert-butylphenyl)thiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (E)

 
Figure S7: 1H NMR spectrum (400 MHz, CDCl3) of compound E. 

  
Figure S8: 13C NMR spectrum (101 MHz, CDCl3) of compound E. 
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Figure S9: High resolution EI spectrum for compound E. 
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4,16-dithienyl[2.2]paracyclophane (D) 

 
Figure S10: 1H NMR spectrum (400 MHz, CDCl3) of compound D. 

 
Figure S11: 13C NMR spectrum (101 MHz, CDCl3) of compound D. 
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4,16-di-(5-bromothienyl)[2.2]paracyclophane (4) 

  
Figure S12: 1H NMR spectrum (400 MHz, CDCl3) of compound 4. 

 
Figure S13: 13C NMR spectrum (101 MHz, CDCl3) of compound 4.  
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Figure S14: High resolution EI spectrum for compound 4. 
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Compound 5 

  
Figure S15: 1H NMR spectrum (400 MHz, CD2Cl2) of compound 5.

  
Figure S16: 13C NMR spectrum (101 MHz, CD2Cl2) of compound 5 
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.  

Figure S17: High resolution MALDI ToF spectrum for compound 5. 

  



Helvetica Chimica Acta 

79 

Compound 6

  
Figure S19: 1H NMR spectrum (400 MHz, CD2Cl2) of compound 6.

  
Figure S20: 13C NMR spectrum (101 MHz, CD2Cl2) of compound 6.  
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Figure S21: High resolution MALDI ToF spectrum for compound 6.  
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Compound 7 

  
Figure S22: 1H NMR spectrum (400 MHz, CD2Cl2) of compound 7. 

  
Figure S23: 13C NMR spectrum (101 MHz, CD2Cl2) of compound 7. 
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Figure S24: High resolution MALDI ToF spectrum for compound 7.  
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Compound 8 

  
Figure S25: 1H NMR spectrum (500 MHz, CD2Cl2) of compound 8.

  
Figure S26: 13C NMR spectrum (126 MHz, CD2Cl2) of compound 8.  
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Figure S27: High resolution MALDI ToF spectrum for compound 8. 
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Compound 9 

  
Figure S28: 1H NMR spectrum (500 MHz, CD2Cl2) of compound 9.

 
Figure S29: 13C NMR spectrum (126 MHz, CD2Cl2) of compound 9.  



Supporting Information – A Chiral Macrocyclic Thiophene with Broken Conjugation –  
Rapid Racemization through Internal Rotation 

86 

 
Figure S30: High resolution MALDI ToF spectrum for compound 9. 
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Compound 10

  
Figure S31: 1H NMR spectrum (400 MHz, CD2Cl2) of compound 10.

  
Figure S32: 13C NMR spectrum (101 MHz, CD2Cl2) of compound 10. 
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Figure S33: High resolution MALDI ToF spectrum for compound 10. 
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Compound B

  
Figure S34: 1H NMR spectrum (500 MHz, CD2Cl2) of compound B. 

 
Figure S35: 13C NMR spectrum (126 MHz, CD2Cl2) of compound B.  
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Figure S36: High resolution MALDI ToF spectrum for compound B. 
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Compound A 

 

Figure S37: 1H NMR spectrum (400 MHz, CD2Cl2) of compound A. 
 

  
Figure S38: 13C NMR spectrum (101 MHz, CD2Cl2) of compound A.  



Supporting Information – A Chiral Macrocyclic Thiophene with Broken Conjugation –  
Rapid Racemization through Internal Rotation 

92 

  
Figure S39: High resolution MALDI ToF spectrum for compound A. 
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Compound 11 

  
Figure S40: 1H NMR spectrum (400 MHz, CD2Cl2) of compound 11. 

  
Figure S41: 13C NMR spectrum (101 MHz, CD2Cl2) of compound 11. 
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Figure S42: High resolution MALDI ToF spectrum for compound 11.
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Compound 12 

  
Figure S43: 1H NMR spectrum (600 MHz, CD2Cl2) of compound 12. 

  
Figure S44: HMQC (298 K, CD2Cl2) of compound 12.  
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Figure S45: HMQC (298 K, CD2Cl2) of compound 12. 

 
Figure S46: COSY (298 K, CD2Cl2) of compound 12.  
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Figure S47: NOESY (298 K, CD2Cl2) of compound 12. 

 
Figure S47: HMBC (298 K, CD2Cl2) of compound 12.  
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Figure S48: 13C NMR spectrum (151 MHz, CD2Cl2) of compound 12.  
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Figure S49: High resolution MALDI ToF spectrum for compound 12. 
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Compound 1 

  
Figure S50: 1H NMR spectrum (600 MHz, CD2Cl2) of compound 1. 

  
Figure S51: HMQC (298 K, CD2Cl2) of compound 1.  
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Figure S52: HMQC (298 K, CD2Cl2) of compound 1. 

  
Figure S53: COSY (298 K, CD2Cl2) of compound 1.  
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Figure S54: NOESY (298 K, CD2Cl2) of compound 1 with detail for the assignment of the 

benzylic proton resonances. 
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Figure S55: HMBC (298 K, CD2Cl2) of compound 1.  

  
Figure S56: 13C NMR spectrum (151 MHz, CD2Cl2) of compound 1.  
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Figure S57: High resolution MALDI ToF spectrum for compound 1.
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Mechanical Stabilization of Helical Chirality in a Macrocyclic Oligothiophene 

Kevin J Weiland, Thomas Brandl, Kenneth Atz, Alessandro Prescimone, Daniel Häussinger, Tomáš 

Šolomek and Marcel Mayor* 
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Supporting Information 

General Remarks 

Reagents and Solvents: All commercially available compounds were purchased from Sigma-

Aldrich, Acros, Apollo Scientific, Alfa Aesar and Fluorochem and used without further 

purification. Anhydrous solvents were purchased from Sigma-Aldrich and stored over molecular 

sieves (4 Å). Column chromatography was performed on silica gel P60 (40-63 µm) from 

SilicycleTM, the solvents were technical grade. TLC was performed with silica gel 60 F254 

aluminium sheets with a thickness of 0.25 mm purchased from Merck. 

Synthesis: All reactions with reagents that are easily oxidized or hydrolyzed were performed 

under Argon using Schlenk techniques with anhydrous solvents in glassware, which was dried 

prior to use. 

Analytics and Instruments: Recycling gel permeation chromatography (GPC) was performed 

on a Shimadzu Prominence System equipped with SDV preparative columns from Polymer 

Standards Service (two Showdex columns in series, 20 x 600 mm each, exclusion limit: 30000 

g/mol) with chloroform as solvent. NMR experiments were performed on Bruker Avance III NMR 

spectrometers operating at 400, 500 or 600 MHz proton frequencies. The instruments were 

equipped with a direct-observe 5 mm BBFO smart probe (400 and 600 MHz), an indirect-

detection 5 mm BBI probe (500 MHz), or a five-channel cryogenic 5 mm QCI probe (600 MHz). 

All probes were equipped with actively shielded z-gradients (10 A). The chemical shifts are 

reported in ppm relative to tetramethylsilane or referenced to residual solvent peak and the J 

values are given in Hz (±0.1 Hz). Standard Bruker pulse sequences were used, and the data 

was processed on Topspin 3.2 (Bruker) using twofold zero-filling in the indirect dimension for all 

2D experiments. For the macrocyclic compounds 14,15,16, and 1, the 13C resonances were 

obtained indirectly from 2D NMR spectroscopy. GC-MS was performed on a Shimadzu GC-MS-

2020- SE instrument equipped with a Zebron 5 MS Inferno column, with a temperature range of 

up to 350 °C. MALDI-TOF mass spectra were recorded on a Bruker MicroFlex LRF spectrometer 

using trans-2-[3-(4-tert-Butylphenyl)-2-methyl-propenylidene]malononitrile (DCTB) as a matrix. 

High resolution mass spectra (HRMS) were measured on a Bruker solariX spectrometer with a 

MALDI source. Melting points were measured on a Büchi M-565 melting point apparatus and 

are uncorrected. UV/Vis absorption spectra were recorded on a Jasco V-770 

Spectrophotometer. For HPLC, a Shimadzu LC-20AT HPLC was used equipped with a 

diodearray UV/Vis detector (SPD-M20A VP from Shimadzu,  = 200-600 nm) and a column 

oven Shimadzu CTO-20AC. The used column for separation on chiral stationary phase was a 

Chiralpak IG, 5 µm, 4.6 x 250 mm, Daicel Chemical Industries Ltd. CD measurements were 
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performed on a JASCO J-1500 CD Spectrophotometer in n-hexane/EtOAc 4:1 (for chiroptical 

experiments) or 2:1 (for determination of elution profiles for dynamic HPLC studies). The CD 

spectra were measured in 1 cm quartz glass cuvettes directly after chiral HPLC. 

Previously report compounds: Dimethyl 8,13-dibromo[2.2]paracyclophane-4,15-

dicarboxylate, triisopropyl(thiophene-2-ylethynyl)silane and trimethyl(5-(4,4,5,5-tetramethyl-

1,3,2-dioxaborolan-2-yl)thiophen-2-yl)silane were prepared following reported procedures.[1-3] 

Synthetic Procedures of structures 1-16 

 

Dimethyl 8,13-dibromo[2.2]paracyclophane-4,15-

dicarboxylate (2.02 g, 4.19 mmol, 1.0 eq.), trimethyl(5-

(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-

yl)silane (4.73 g, 16.8 mmol, 4.0 eq.) and potassium 

phosphate (5.37 g, 25.1 mmol, 6.0 eq.) were dissolved in toluene (100 mL) and water (10 mL). 

The reaction mixture was degassed by bubbling a stream of Ar through the solution, Pd(dppf)Cl2 

(307 mg, 419 µmol, 10 mol%) was added and the reaction was heated to 110 °C for two hours. 

The reaction was allowed to reach room temperature, toluene was added, and the organic 

phase was washed with 2 M HCl and dried over MgSO4. The solvent was removed under 

reduced pressure and the crude was purified by column chromatography (toluene), yielding 4 

(2.20 g, 3.47 mmol, 83%) as a white solid.  

M.p.: 174 – 176 °C. 

1H NMR (500 MHz, CD2Cl2): δ = 7.46 (s, 2H), 7.28 (d, 3JH,H = 3.5 Hz, 2H), 7.25 (d, 3JH,H = 3.5 

Hz, 2H), 6.90 (s, 2H), 4.06 – 3.95 (m, 4H), 3.47 (s, 6H), 3.22 – 3.13 (m, 2H), 2.99 – 2.90 (m, 

2H), 0.37 (s, 18H) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 166.55, 147.64, 143.43, 142.28, 138.72, 137.54, 137.29, 

135.21, 134.49, 129.02, 128.20, 51.70, 35.14, 33.97, 0.17 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C34H40O4S2Si2+ [M+]: 632.1901, found: 632.1897. 

 

 

 

4 (3.60 g, 5.69 mmol, 1.0 eq.) was dissolved in DMF (500 mL) 

and was degassed by bubbling a stream of Ar through the 

solution. NBS (2.43 g, 13.7 mmol, 2.4 eq.) was added and the 

mixture was heated to 70 °C for 18 hours. The reaction was 

allowed to reach room temperature and was added to 500 mL 2 M HCl. The precipitate was 
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filtered off and was washed with MeOH. The crude was dried under reduced pressure and 5 

(3.43 g, 5.31 mmol, 93%) was obtained as an off-white solid. 

M.p.: 273 – 275 °C (decomp.) 

1H NMR (500 MHz, CD2Cl2): δ = 7.44 (s, 2H), 7.09 (d, 3JH,H = 3.5 Hz, 2H), 7.00 (d, 3JH,H = 3.5 

Hz, 2H), 6.78 (s, 1H), 4.04 (m, 1H), 3.96 – 3.88 (m, 2H), 3.59 (s, 6H), 3.13 (m, 2H), 2.95 (m, 2H) 

ppm. 

The solubility of 5 was not high enough to record a 13C-NMR spectrum. 

HRMS (MALDI TOF, DCTB): m/z calcd for C28H22Br2O4S2
+ [M+]: 643.9321, found: 643.9319. 

 

5 (2.0 g, 3.09 mmol, 1.0 eq.), 3-hexylthiophene-2-boronic 

acid pinacol ester (3.70 mL, 12.4 mmol, 4.0 eq.) and 

K2CO3 (2.56 g, 18.5 mmol, 6.0 eq.) were suspended in 

toluene (15 mL) and MeOH (15 mL) and were degassed 

by bubbling a stream of Ar through the suspension. Pd-

PEPPSITM-IPr (214 mg, 309 µmol, 10 mol%) was added and the reaction mixture was placed in 

a preheated oil bath at 70 °C for 20 minutes. The reaction mixture was allowed to reach room 

temperature, 2 M HCl was added, and the organic layer was dried over MgSO4. The crude was 

purified by column chromatography (toluene), yielding 6 (2.06 g, 2.51 mmol, 81%) as a yellow 

solid. 

M.p.: 151 – 153 °C. 

1H NMR (400 MHz, CD2Cl2): δ = 7.49 (s, 2H), 7.23 (m, 4H), 7.13 (d, 3JH,H = 3.8 Hz, 2H), 6.99 (d, 

3JH,H = 5.2 Hz, 2H), 6.90 (s, 2H), 4.14 – 4.01 (m, 4H), 3.53 (s, 6H), 3.24 – 3.14 (m, 2H), 3.03 – 

2.94 (m, 2H), 2.83 (m, 2H), 1.73 – 1.63 (m, 2H), 1.46 – 1.30 (m, 6H), 0.94 – 0.88 (m, 3H) ppm. 

13C NMR (101 MHz, CD2Cl2): δ = 166.60, 143.48, 141.96, 140.63, 138.35, 138.07, 137.63, 

137.25, 134.07, 130.86, 130.78, 128.29, 128.14, 126.65, 124.51, 51.85, 34.95, 34.22, 32.26, 

31.25, 29.90, 29.84, 23.23, 14.45 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C48H52O4S4
+ [M+]: 820.2743, found: 820.2740. 

 

 

6 (1.19 g, 1.44 mmol, 1.0 eq.) was dissolved in THF 

(20 mL), was degassed by bubbling through a stream of 

Ar, and was cooled to 0 °C. To this, DIBAL-H (1 M in 

toluene, 5.76 mL, 5.76 mmol, 4.0 eq.) was added and the 

reaction was stirred for 3 hours. To the crude reaction 
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mixture was added EtOAc and water. The organic layer was washed with water and dried over 

MgSO4. The solvent was removed under reduced pressure and the crude was purified by 

column chromatography (gradient: CH2Cl2 to EtOAc). The solvent was removed under reduced 

pressure and the crude was taken up in CH2Cl2 (100 mL). To this was added Bobitt’s salt 

(980 mg, 3.17 mmol, 2.2 eq.) and silica gel (216 mg, 3.6 mmol, 2.5 eq.) and the reaction was 

stirred for 18 hours. The crude was filtered through a plug of silica and the solvent was removed 

under reduced pressure. After purification by column chromatography (toluene), 7 (865 mg, 

1.13 mmol, 79%) was obtained as a yellow solid.  

M.p.: 157 – 159 °C. 

1H NMR (500 MHz, CD2Cl2): δ = 9.76 (s, 2H), 7.26 (d, 3JH,H = 5.2 Hz, 2H), 7.24 (s, 2H), 7.20 (d, 

3JH,H = 3.8 Hz, 2H), 7.17 (d, 3JH,H = 3.8 Hz, 2H), 7.01 (d, 3JH,H = 5.2 Hz, 2H), 6.82 (s, 2H), 4.08 

(m, 2H), 3.96 (m, 2H), 3.21 (m, 2H), 3.04 (m, 2H), 2.89 – 2.83 (m, 4H), 1.74 – 1.66 (m, 4H), 1.49 

– 1.41 (m, 4H), 1.40 – 1.31 (m, 8H), 0.94 – 0.88 (m, 6H) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 189.27, 143.09, 140.50, 140.36, 139.21, 138.55, 137.76, 

137.03, 134.79, 133.48, 130.36, 129.98, 128.76, 126.60, 124.22, 34.09, 31.70, 31.13, 30.64, 

29.40, 29.27, 22.67, 13.88 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C46H48O4S4
+ [M+]: 760.2532, found: 760.2527. 

 

 

7 (353 mg, 464 µmol, 1.0 eq.) was 

dissolved in CHCl3 and NBS (182 mg, 

1.02 mmol, 2.2 eq.) was added in the dark. 

The reaction was stirred for 16 hours and 

the solvent was removed under reduced 

pressure. The crude, trimethyl(5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)thiophen-2-

yl)silane (1.05 g, 3.71 mmol, 8.0 eq.), and K2CO3 (385 mg, 2.78 mmol, 6.0 eq.) were suspended 

in toluene (20 mL) and MeOH (20 mL) and were degassed by bubbling through a stream of Ar. 

Pd-PEPPSITM-IPr (32.1 mg, 46.6 µmol, 10 mol%) was added and the reaction mixture was 

placed in a preheated oil bath at 70 °C for 30 minutes. The reaction mixture was allowed to 

reach room temperature, 2 M HCl was added, and the organic layer was dried over MgSO4. The 

crude was purified by column chromatography (pentane/CH2Cl2 (1:1)), yielding 8 (441 mg, 

464 µmol, 89%) as an orange amorphous solid. 

1H NMR (500 MHz, CD2Cl2): δ = 9.76 (s, 2H), 7.28 (d, 3JH,H = 3.4 Hz, 2H), 7.24 (s, 2H), 7.21 (d, 

3JH,H = 3.9 Hz, 2H), 7.18 (m, 4H), 7.10 (s, 2H), 6.82 (s, 2H), 4.08 (m, 2H), 3.96 (m, 2H), 3.21 (m, 
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2H), 3.04 (m, 2H), 2.88 – 2.79 (m, 4H), 1.74 (m, 4H), 1.52 – 1.45 (m,4H), 1.38 (m, 8H), 0.97 – 

0.89 (m, 6H), 0.36 (s, 18H) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 189.81, 143.66, 142.41, 141.82, 140.92, 140.88, 139.71, 

138.77, 138.35, 137.60, 136.10, 135.50, 135.38, 134.05, 129.64, 129.44, 127.54, 126.99, 

125.61, 54.22, 34.70, 32.30, 31.72, 30.98, 30.23, 29.87, 23.26, 14.50, 0.11 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C60H68O2S6Si2+ [M+]: 1068.3077, found: 1068.3067. 
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8 (100 mg, 93.5 µmol, 1.0 eq.) was dissolved 

in AcOH (5 mL) and CHCl3 (5 mL) and was 

degassed by bubbling through a stream of Ar. 

NBS (34.9 mmol, 196 µmol, 2.1 eq.) was 

added and the reaction was stirred for 16 

hours. The reaction mixture was washed with NaHCO3 and dried over MgSO4. The solvent was 

removed under reduced pressure and the crude was purified by column chromatography 

(toluene), yielding 9 (110 mg, 93.5 µmol, 99%) as an orange amorphous solid.  

1H NMR (500 MHz, CD2Cl2): δ = 9.76 (s, 2H), 7.24 (s, 2H), 7.21 (d, 3JH,H = 3.8 Hz, 2H), 7.18 (d, 

3JH,H = 3.8 Hz, 2H), 7.04 – 7.01 (m, 4H), 6.97 (d, 3JH,H = 3.8 Hz, 2H), 6.82 (s, 2H), 4.07 (m, 2H), 

3.96 (m, 2H), 3.21 (m, 2H), 3.04 (m, 2H), 2.87 – 2.78 (m, 4H), 1.72 (m, 4H), 1.51 – 1.43 (m, 4H), 

1.42 – 1.33 (m, 8H), 0.95 – 0.89 (m, 6H) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 189.81, 143.67, 141.84, 141.19, 139.65, 139.14, 138.41, 

138.35, 137.65, 135.42, 134.95, 134.08, 131.50, 130.12, 129.45, 127.73, 127.25, 124.48, 

111.58, 34.67, 32.27, 31.73, 30.98, 30.17, 29.84, 23.25, 14.48 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C54H50Br2O2S6
+ [M+]: 1080.0496, found: 1080.0500. 

 

 

Triisopropyl(thiophene-2-ylethynyl)silane (4.00 g, 15.1 mmol, 1.0 

eq.) was dissolved in THF (40 mL) and was degassed by bubbling 

through a stream of Ar. The reaction mixture was cooled to -78 °C 

and n-BuLi (1.6 M in hexane, 9.63 mL, 15.4 mmol, 1.02 eq.) was added. It was stirred at -78 °C 

for one hour, allowed to reach room temperature, stirred for one hour, cooled to -78 °C and 2-

isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (3.39 mL, 16.6 mmol, 1.1 eq.) was added. 

The reaction mixture was allowed to reach room temperature overnight, and 2 M HCl was added. 

The organic layer was washed with 2 M HCl and dried over MgSO4. The solvent was removed 

under reduced pressure and 10 (5.84 g, 15.0 mmol, 99%) was obtained as a brown oil. 

1H NMR (500 MHz, CD2Cl2): δ = 7.42 (d, 3JH,H = 3.6 Hz, 1H), 7.26 (d, 3JH,H = 3.6 Hz, 1H), 1.32 

(s, 12H), 1.12 (m, 21H) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 137.17, 133.83, 130.35, 99.79, 97.85, 84.91, 25.11, 18.95, 

11.87 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C21H35BO2SSi+Na+ [M+Na+]: 413.2112 found: 

413.2088. 
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10 (1.40 g, 3.59 mmol, 1.0 eq.), 2-bromo-3-hexylthiophene (1.33 g, 

5.39 mmol, 1.5 eq.) and K2CO3 (1.49 g, 10.8 mmol, 3.0 eq.) were 

suspended in toluene (15 mL) and MeOH (15 mL). The reaction mixture 

was degassed by bubbling through a stream of Ar and Pd-PEPPSITM-IPr 

(122 mg, 180 mol, 5 mol%) was added. The reaction was placed in a 

preheated oil bath and stirred at 70 °C for 20 minutes. The reaction was allowed to reach room 

temperature and 2 M HCl was added. The organic layer was washed with 2 M HCl and dried 

over MgSO4. The solvent was removed under reduced pressure and the crude was purified via 

column chromatography (pentane), yielding 11 (785 mg, 1.82 mmol, 51%) as a yellow oil.  

1H NMR (400 MHz, CD2Cl2): δ = 7.12 (d, 3JH,H = 5.2 Hz, 1H), 7.10 (d, 3JH,H = 3.8 Hz, 1H), 6.89 

(d, 3JH,H = 3.8 Hz, 1H), 6.87 (d, 3JH,H = 5.2 Hz, 1H), 2.70 – 2.64 (m, 2H), 1.58 – 1.48 (m, 2H), 

1.31 – 1.17 (m, 6H), 1.05 (d, J = 2.2 Hz, 21H), 0.82 – 0.77 (m, 3H) ppm. 

13C NMR (101 MHz, CD2Cl2): δ = 141.06, 138.31, 133.37, 130.77, 130.34, 125.99, 124.78, 

123.49, 99.66, 97.12, 32.19, 31.14, 29.77, 29.71, 23.17, 18.97, 14.40, 11.88 ppm.  

HRMS (MALDI TOF, DCTB): m/z calcd for C25H38S2Si+ [M+]: 430.2179 found: 430.2180. 

 

 

11 (353 mg, 819 µmol, 1.0 eq.) was dissolved in THF (10 mL) 

and was degassed by bubbling through a stream of Ar. The 

reaction mixture was cooled to -78 °C and n-BuLi (1.6 M in 

hexane, 560 L, 900 mol, 1.1 eq.) was added. It was stirred at 

-78 °C for one hour, allowed to reach room temperature, stirred 

for one hour, cooled to -78 °C and 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane 

(200 L, 98.3 µmol, 1.2 eq.) was added. The reaction mixture was allowed to reach room 

temperature overnight, and 2 M HCl was added. The organic layer was washed with 2 M HCl 

and dried over MgSO4. The solvent was removed under reduced pressure and 12 (441 mg, 

792 µmol, 97%) was obtained as a green oil. 

1H NMR (400 MHz, CD2Cl2): δ = 7.41 (s, 1H), 7.18 (d, 3JH,H = 3.9 Hz, 1H), 7.03 (d, 3JH,H = 3.9 

Hz, 1H), 2.78 – 2.71 (m, 2H), 1.68 – 1.57 (m, 2H), 1.32 (m, 18H), 1.13 (m, 21H), 0.91 – 0.85 (m, 

3H) ppm. 

13C NMR (101 MHz, CD2Cl2): δ = 142.10, 140.66, 138.07, 137.28, 133.44, 126.34, 123.98, 

99.57, 97.51, 84.77, 32.17, 31.08, 29.73, 25.11, 23.15, 18.96, 14.40, 11.87 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C31H49BO2S2Si+ [M+]: 560.3031, found: 556.3029. 
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9 (391 mg, 361 µmol, 1.0 eq.), 12 

(804 mg, 1.44 mmol, 4.0 eq.), and 

K2CO3 (299 mg, 2.17 mmol, 6.0 

eq.) were suspended in toluene 

(20 mL) and MeOH (20 mL). The 

reaction mixture was degassed by 

bubbling through a stream of Ar 

and Pd-PEPPSITM-IPr (25.0 mg, 

36.1 µmol, 10 mol%) was added. 

The reaction mixture was placed 

in a preheated oil bath and was 

stirred at 70 °C for 30 minutes. 

The reaction was allowed to reach room temperature and 2 M HCl was added. The organic layer 

was washed with 2 M HCl and dried over MgSO4. The solvent was removed under reduced 

pressure and the crude was purified by column chromatography (pentane/CH2Cl2 (2:1)), yielding 

13 (465 mg, 261 µmol, 72%) as a red amorphous solid. 

1H NMR (500 MHz, CD2Cl2): δ = 9.76 (s, 2H), 7.25 (s, 2H), 7.22 – 7.18 (m, 6H), 7.14 – 7.11 (m, 

4H), 7.09 (s, 2H), 7.06 (s, 2H), 7.01 (d, 3JH,H = 3.8 Hz, 2H), 6.82 (s, 2H), 4.08 m, 2H), 3.97 (m, 

2H), 3.22 (m, 2H), 3.05 (m, 2H), 2.87 – 2.81 (m, 4H), 2.79 – 2.72 (m, 4H), 1.78 – 1.71 (m, 4H), 

1.71 – 1.63 (m, 4H), 1.52 – 1.45 (m, 4H), 1.44 – 1.31 (m, 12H), 1.15 (m, 42H), 0.95 – 0.89 (m, 

6H) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 189.82, 143.68, 141.91, 141.06, 139.68, 138.62, 138.36, 

138.35, 137.78, 137.63, 136.52, 136.47, 135.62, 135.40, 134.07, 133.47, 129.95, 129.77, 

129.75, 129.47, 127.53, 127.38, 127.11, 125.92, 125.12, 125.11, 123.64, 99.64, 97.63, 34.70, 

32.30, 32.21, 31.74, 30.98, 30.93, 30.25, 30.05, 29.89, 29.75, 23.27, 23.19, 18.99, 14.50, 14.43, 

11.91 ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C104H124O2S10Si2+ [M+]: 1780.6344, found: 

1780.6341. 
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13 (190 mg, 56.1 µmol, 1.0 eq.) was dissolved in 

wetted THF (50 mL) and was degassed by bubbling 

a stream of Ar through the solution. To the reaction 

mixture TBAF (1 M in THF, 320 L, 320 mol, 

3.0 eq.) was added and the reaction was stirred for 

16 hours. The completion of the reaction was 

confirmed by MALDI TOF MS and the reaction 

mixture was diluted with pyridine (50 mL). The 

solution was added to CuCl (318 mg, 3.21 mmol, 

30.0 eq.) and Cu(OAc)2 (816 mg, 4.49 mmol, 

42.0 eq.) in pyridine (150 mL) at 80 °C by syringe pump over the course of 40 hours. After 

completion of the reaction the crude was diluted with CH2Cl2 and 2 M HCl was added. The 

organic layer was washed with 2 M HCl and dried over MgSO4. The crude was purified by column 

chromatography (CH2Cl2) and 14 (134 mg, 107 µmol, 85%) was obtained as a red amorphous 

solid. 

1H NMR (600 MHz, C2D2Cl4): δ = 9.779 (s, 2H, CHO), 7.174 (s, 2H, HA), 7.131 (d, 3J=3.71 Hz, 

2H, HD), 7.049 (d, 3J=3.71 Hz, 2H, HC), 6.996 (s, 2H, HE/H), 6.743 (d, 3J=3.83 Hz, 2H, HI), 6.961 

(d, 3J=3.61 Hz, 2H, HF/G), 6.941 (d, 3J=3.61 Hz, 2H, HF/G), 6.933 (s, 2H, HE/H), 6.917 (d, 3J=3.83 

Hz, 2H, HJ), 6.705 (s, 2H, HB), 4.081 (m, 2H, HN), 3.805 (m, 2H, HL), 2.728 (m, 4H, HHexA), 2.796 

(m, 2H, HM), 2.578 (m, 4H, HHexA’), 2.571 (m, 2H, HO), 1.670 (m, 4H, HHexB), 1.561 (m, 4H, HHexB’) 

ppm.  

13C NMR (150 MHz, C6D6): δ = 191.00 (COH), 140.27, (CA), 136.18 (CJ), 135.92 (CB), 131.80 

(CC), 128.55 (CE/H), 128.20 (CE/H), 127.07 (CD), 126.46 (CI), 126.16 (CF/G), 125.92 (CF/G), 36.94 

(CNO), 34.52 (CLM), 32.70 (CHexB/B’), 32.65 (CHexB/B’), 32.42 (CHexA), 32.21 (CHexA’). No resonances 

for quarternary carbon atoms could be observed due to the poor solubility of the compound. 

HRMS (MALDI TOF, DCTB): m/z calcd for C86H82O2S10
+ [M+]: 1466.3516, found: 1466.3518. 
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14 (27.0 mg, 18.4 µmol, 1.0 eq.) and 

Na2S · 9 H2O (133 mg, 552 µmol, 30.0 eq.) were 

suspended in DMF (4 mL) and 2-methoxyethanol 

(4 mL). The reaction mixture was degassed by 

bubbling through a stream of Ar and was heated 

to 122 °C for two hours. The reaction was 

followed by MALDI TOF MS and after completion 

of the reaction was cooled to room temperature, 

diluted with CH2Cl2 and 2 M HCl was added. The 

organic phase was washed with 2 M HCl and 

dried over MgSO4.The solvent was removed under reduced pressure and the crude was purified 

by column chromatography (CH2Cl2). 15 (26.0 mg, 18.4 µmol, 94%) was obtained as a red 

amorphous solid. 

1H NMR (600 MHz, C6D6): δ = 9.784 (s, 2H, CHO), 7.235 (s, 2H, HA), 7.121 (d, 3J=3.74 Hz, 2H, 

HD), 7.052 (d, 3J=3.74 Hz, 2H, HC), 7.024 (d, 3J=3.65 Hz, 2H, HI), 7.011 (m, 2H, HE/H/K), 7.003 

(m, 2H, HE/H/K), 6.992 (2H, 3J=3.65 Hz, HJ), 6.977 (m, 2H, HF/G), 6.974 (m, 2H, HF/G), 6.973 (m, 

2H, HE/H/K), 6.726 (s, 2H, HB), 4.117 (m, 2H, HN), 3.771 (m, 2H, HL), 2.780 (m, 2H, HO), 2.577 

(m, 2H, HM), 2.731 (m, 4H, HHexA), 2.697 (m, 4H, HHexA’) ppm. 

13C NMR (150 MHz, C6D6): δ = 188.72 (COH), 137.93 (CA), 133.73 (CB), 129.31 (CC), 126.37 

(CE/H/K), 126.29 (CE/H/K), 126.27 (CJ), 124.98 (CI), 124.94 (CE/H/K), 124.51 (CD), 123.95 (CF/G), 

123.87 (CF/G), 30.22 (CHexA), 30.02 (CHexA’). No resonances for quarternary carbon atoms and 

for carbon atoms from the cyclophane building block could be observed due to the poor solubility 

of the compound. 

HRMS (MALDI TOF, DCTB): m/z calcd for C86H84O2S11
+ [M+]: 1500.3394, found: 1500.3404. 
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15 (56.0 mg, 37.3 µmol, 1.0 eq.) and PPh3 

(396 mg, 1.50 mmol, 40.0 eq.) were suspended 

in CH2Cl2 and were degassed with Ar. After 

cooling to 0 °C, CBr4 (198 mg, 598 µmol, 

16.0 eq.) were added. The reaction was stirred 

at 0 °C for 30 minutes and at room temperature 

for 30 minutes. After TLC indicated completion of 

the reaction, the reaction mixture was filtered 

through a plug of silica and the solvent was 

removed under reduced pressure. The crude 

product was purified by column chromatography in (pentane/CH2Cl2 (2:1)). 16 (54.0 mg, 

30.0 µmol, 80%) was obtained as a red amorphous solid. 

1H NMR (600 MHz, C6D6): δ = 7.359 (s, 2H, HA), 7.214 (d, 3J = 3.81 Hz, 2H, HD), 7.065 (d, 3J = 

3.81 Hz, 2H, HC), 7.021 (d, 3J = 3.86 Hz, 2H, HJ), 7.002 (m, 2H, HG), 6.996 (m, 2H, HF), 6.988 

(s, 2H, HV), 6.988 (d, 3J = 3.86 Hz, 2H, HI), 6.969 (s, 2H, HK), 6.969 (s, 2H, HE/H), 6.969 (s, 2H, 

HE/H), 6.828 (s, 2H, HB), 3.941 (m, 2H, HN), 3.021 (m, 2H, HL), 2.816 (t, 3J = 7.88 Hz, 4H, HHexA), 

2.776 (m, 2H, HO), 2.693 (t, 3J = 7.88 Hz, 4H, HHexA’), 2.569 (m, 2H, HM), 1.733 (tt, 3J = 7.78 Hz, 

3J = 7.56 Hz, 4H, HHexB), 1.632 (tt, 3J = 7.78 Hz, 3J = 7.56 Hz, 4H, HHexB’) ppm. 

13C NMR (150 MHz, C6D6): δ =136.04 (CA), 135.68 (CV), 132.76 (CB), 127.05 (CC), 126.38 (CI), 

126.28 (CG), 126.04 (CF), 125.05 (CJ), 124.90 (CK), 123.93 (CD), 123.93 (CE/H), 123.55 (CE/H), 

30.74 (CHexB’), 30.55 (CHexB), 30.29 (CHexA), 30.02 (CHexA’). No resonances for quarternary carbon 

atoms and for carbon atoms from the cyclophane building block could be observed due to the 

poor solubility of the compound. 

HRMS (MALDI TOF, DCTB): m/z calcd for C88H84Br4S11
+ [M+]: 1808.0229, found: 1808.0265. 
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16 (12.2 mg, 6.74 µmol, 1.0 eq.) was dissolved in THF (3 mL) and was degassed with Ar. To 

this was added at 0 °C an excess of freshly prepared LDA (n-BuLi: (2.5 M in hexane) 142 µL, 

355 mmol, 52.6 eq.; and diisopropylamine: 55.0 µL, 390 mmol, 57.9 eq.; in THF (2 mL)). After 

warming the reaction to room temperature, the reaction was followed by MALDI TOF MS and 

after completion of the reaction, it was diluted with 2 M HCl and with CH2Cl2 and it was dried 

over MgSO4. The solvent was removed under reduced pressure and the crude was dissolved 

in THF (3 mL). The crude was transferred to an oven dried flask, and diisopropylamine (2 mL) 

and methyl-4-iodobenzoate (10.5 mg, 40.2 µmol, 6.0 eq.) were added. The reaction mixture was 

degassed by bubbling through a stream of Ar for 20 minutes, and Pd(PPh3)4 (770 g, 0.67 µmol, 

10 mol%.) and CuI (7.00 g, 0.34 µmol, 5 mol%) were added. The reaction was heated to 55 °C 

for two hours and after completion 2 M HCl was added. The crude was diluted with CH2Cl2 and 

washed with 2 M HCl. The crude was dried over MgSO4 and the solvent was removed under 

reduced pressure. The crude product was purified by recycling gel permeation chromatography 

in CHCl3. 1 (2.10 mg, 1.19 µmol, 18%) was obtained as a red amorphous solid. 

1H NMR (600 MHz, C6D6): δ = 8.047 (d, 3J=8.65, 2H, HQ’), 7.882 (d, 3J=8.30, 2H, HQ), 7.507 (d, 

3J=3.75, 1H, HC), 7.397 (d, 3J=8.65, 2H, HP’), 7.314 (d, 3J=8.30, 2H, HP), 7.238 (s, 1H, HA), 7.179 

(s, 1H, HB’), 7.064 (s, 1H, HA’), 7.052 (s, 1H, HB), 7.034 (m, 1H, HE’), 7.032 (m, 1H, HH/H’), 7.013 

(m, 1H, HF’/G’), 7.009 (d, 3J=3.68, 1H, HJ/J’), 6.996 (m, 1H, HH/H’), 6.989 (d, 3J=3.68, 1H, HI/I’), 

6.988 (m, 1H, HI/I’), 6.976 (m, 1H, HF’/G’), 6.973 (m, 1H, HJ/J’), 6.953 (s, 1H, HK/K’), 6.953 (s, 1H, 

HK/K’), 6.939 (m, 1H, HE), 6.931 (m, 1H, HG), 6.914 (m, 1H, HF), 6.899 (d, 3J=3.65, 1H, HC’), 

6.764 (d, 3J=3.75, HD), 6.733 (d, 3J=3.65, HD’), 4.513 (m, 1H, HN), 4.182 (m, 1H, HN’), 3.732 (m, 

1H, HL), 3.647 (m, 1H, HL’), 3.574 (s, 3H, OMe’), 3.550 (s, 3H, OMe), 3.059 (m, 1H, HO’), 2.967 
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(m, 1H, HM), 2.750 (m, 1H, HO), 2.676 (m, 2H, HHexA2), 2.676 (m, 2H, HHexA3),  2.592 (m, 2H, 

HHexA1), 2.575 (m, 1H, HM’), 2.414 (m, 2H, HHexA4) ppm. 

13C NMR (150 MHz, C6D6): δ =166.30 (CZ), 166.19 (CZ’), 143.57 (CT1’), 142.93 (CT), 142.93 (CS’), 

141.21 (CS), 139.57 (CA), 138.25 (CA’), 138.10 (CR), 138.02 (CR’), 137.38 (CT2), 136.95 (CT2’), 

136.58 (CT’), 134.32 (CT1), 133.68 (CB’), 131.76 (CP’), 131.31 (CP), 131.15 (CB), 129.90 (CQ), 

129.88 (CX’), 129.75 (CY’), 129.55 (CQ’), 129.30 (CY), 128.85 (CX), 127.93 (CC’), 126.96 (CC), 

126.95 (CF’/G’), 126.52 (CH/H’), 126.11 (CE’), 126.02 (CJ/J’), 125.86 (CH/H’), 125.82 (CE), 125.21 

(CF’/G’), 125.13 (CK/K’), 124.99 (CJ/J’), 124.77 (CK/K’), 124.33 (CI/I’), 124.29 (CD’), 123.83 (CI/I’), 

123.65 (CG), 123.50 (CU’), 123.32 (CF), 123.25 (CD), 121.67 (CU), 95.06 (CW), 93.89 (CW’), 93.46 

(CV’), 92.50 (CV), 51.77 (OMe’), 51.69 (OMe), 38.77 (CNO), 36.24 (CLM’), 32 51 (CLM), 31.12 

(CNO’), 30.52 (CHexA4), 30.10 (CHexA1), 29.91 (CHexA2), 29.91 (CHexA3) ppm. 

HRMS (MALDI TOF, DCTB): m/z calcd for C104H96O4S11
+ [M+]: 1760.4231, found: 1760.4248. 
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1H-, 13C-NMR (CD2Cl2, 500/126 MHz, 25 °C) and HR-MS spectra of compound 4 
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1H-NMR (CD2Cl2, 500 MHz, 25 °C) and HR-MS spectra of compound 5 
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1H-, 13C-NMR (CD2Cl2, 400/101 MHz, 25 °C) and HR-MS spectra of compound 6 
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1H-, 13C-NMR (CD2Cl2, 500/126 MHz, 25 °C) and HR-MS spectra of compound 7 
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1H-, 13C-NMR (CD2Cl2, 500/126 MHz, 25 °C) and HR-MS spectra of compound 8 
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1H-, 13C-NMR (CD2Cl2, 500/126 MHz, 25 °C) and HR-MS spectra of compound 9 
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1H-, 13C-NMR (CD2Cl2, 500/126 MHz, 25 °C) and HR-MS spectra of compound 10 
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1H-, 13C-NMR (CD2Cl2, 400/101 MHz, 25 °C) and HR-MS spectra of compound 11 
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1H-, 13C-NMR (CD2Cl2, 400/101 MHz, 25 °C) and HR-MS spectra of compound 12 
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1H-, 13C-NMR (CD2Cl2, 500/126 MHz, 25 °C) and HR-MS spectra of compound 13 
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1H-, HSQC NMR (C2D2Cl4, 600/126 MHz, 70 °C) and HR-MS spectra of compound 14 
1H NMR spectrum of compound 14 

HSQC spectrum of compound 14 
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1H-, HSQC NMR (C6D6, 600/126 MHz, 60 °C) and HR-MS spectra of compound 15 
1H NMR spectrum of compound 15

 
HSQC spectrum of compound 15 
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1H-,2D-NMR (C6D6, 600/151 MHz, 60 °C) and HR-MS spectra of compound 16 
1H NMR spectrum of compound 16 

  
COSY spectrum of the alkyl resonances of compound 16 

  
 

COSY spectrum of the aryl resonances of compound 16 
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HSQC spectrum of the aryl resonances of compound 16 
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1H-, 2D-NMR (C6D6, 600/151 MHz, 25 °C) and HR-MS spectra of compound 1 
1H NMR spectrum of compound 1 

  
COSY spectrum of the alkyl resonances of compound 1 
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COSY spectrum of the aryl resonances of compound 1  

  
HSQC spectrum of the aryl resonances of compound 1  
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1H-1H NOESY spectrum of compound 1  
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Size mismatch calculation 

The difference in size between the ethynyl methyl benzoates and the diameter of the 

oligothiophenic macrocycle can be measured from geometry of (P)-1 optimized by B3LYP/6-

31G(d) method (see the Quantum Chemical Calculations section below). To ease to 

computational costs, the hexyl chains were replaced with methyl groups. The inner diameter of 

the macrocyclic ring is 13.485 Å, while the distance between the carbonyl oxygen atoms of the 

two methyl carboxylates is 21.133 Å. A representative schematic picture of the molecule is 

displayed in Figure S1 with the distances illustrated with green lines. 

  

Figure S1. Optimized geometry (B3LYP) for (P)-1 where the hexyl chains are replaced with methyl groups. 
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Dynamic HPLC elution profiles and thermodynamical analysis 

Elution profiles for the dynamic HPLC experiment (ChiralpakIG, eluent ethyl acetate/n-hexane 

2:3, 1.0 mLmin-1, column oven: T = 18 °C). All experiments were repeated three times at each 

temperature, only one representative example is shown. The elution profiles were analyzed at 

 = 409 nm, where macrocycle 2 has its maximum absorption. The elution profile at 55 °C was 

not taken into consideration for data analysis with DCXplorer and was only used in dHPLC Y2K. 

 

 
Figure S2. Representative elution profiles obtained from the dynamic HPLC experiment at a temperature range from 20 – 55 °C. 
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Data evaluation with DCXplorer 

The rate constants are obtained directly from the parameters given, via the software DCXplorer 

by Trapp and coworkers and are shown in the following table, together with the key parameters 

that are used for the determination. 

Table S1. Obtained data from DCXplorer. 

 
tR1 

[min] 
tR2 

[min] 
wh1 
[s] 

wh2 
[s] 

h1 
[%] 

hp 
[%] 

h2 
[%] 

A1 A2 k1 [1/s] 

20 °C 
column 

          

First 
Elution 

4.241 5.179 10.1 17.6 100 6.75 80.28 46.61 53.39 6.13E-04 

Second 
Elution 

4.24 5.175 9.9 17.8 100 6.81 80.29 46.12 53.88 6.19E-04 

Third 
Elution 

4.24 5.176 9.9 17.8 100 6.79 80.37 46.7 53.3 6.26E-04 

k1 with 
error 

         6.19± 0.07E-04 

25 °C 
column 

          

First 
Elution 

4.328 5.304 9.9 17.6 100 7.89 80 47.37 52.63 7.49E-04 

Second 
Elution 

4.328 5.303 9.9 17.4 100 7.64 79.86 48.24 51.76 7.39E-04 

Third 
Elution 

4.335 5.308 9.9 17.4 100 7.65 80.26 46.36 53.64 7.10E-04 

k1 with 
error 

         7.27± 0.22E-04 

30 °C 
column 

          

First 
Elution 

4.411 5.443 8.3 17.3 100 9.04 76.13 47.97 52.03 1.04E-03 

Second 
Elution 

4.415 5.444 8.2 17.8 100 9.25 76.49 47.3 52.7 1.06E-03 

Third 
Elution 

4.425 5.455 8.2 17.6 100 9.2 76.23 47.74 52.26 1.06E-03 

k1 with 
error 

         1.05± 0.01E-03 

35 °C 
column  

          

First 
Elution 

4.557 5.601 11 17.6 100 13.95 84.59 48.19 51.81 1.19E-03 

Second 
Elution 

4.556 5.6 10.9 17.6 100 13.95 84.22 48.2 51.8 1.21E-03 

Third 
Elution 

4.556 5.6 10.7 17.6 100 13.84 83.81 48.26 51.74 1.21E-03 

k1 with 
error 

         1.20± 0.01E-03 

40 °C 
column 

          



Journal of the American Chemical Society 

175 

First 
Elution 

4.684 5.757 10.9 17.8 100 20.78 83.43 48.81 51.19 1.74E-03 

Second 
Elution 

4.684 5.756 10.9 17.6 100 20.84 83.62 48.45 51.55 1.73E-03 

Third 
Elution 

4.687 5.76 10.7 17.4 100 20.81 83.42 48.29 51.71 1.74E-03 

k1 with 
error 

         1.74± 0.01E-03 

45 °C 
column 

          

First 
Elution 

4.837 5.929 11.4 17.9 100 34.16 87.24 49.13 50.87 2.55E-03 

Second 
Elution 

4.836 5.927 11.4 17.9 100 34.24 87.31 48.73 51.27 2.54E-03 

Third 
Elution 

4.836 5.927 11.4 17.9 100 34.24 87.31 48.73 51.27 2.54E-03 

k1 with 
error 

         2.54± 0.01E-03 

50 °C 
column 

          

First 
Elution 

5.009 6.015 12.5 28.8 100 58.25 81.36 47.18 52.82 3.26E-03 

Second 
Elution 

5.011 6.015 12.5 28.6 100 58.78 81.14 47.2 52.8 3.29E-03 

Third 
Elution 

5.009 6.016 12.6 27.8 100 58.78 81.32 47.64 52.36 3.31E-03 

k1 with 

error 

 

         

3.29± 0.03E-03 

 

Through the Eyring equation, the Gibbs free energy of racemization can be calculated at 25 °C 

directly from the obtained elution profile: 

∆𝐺298
‡ = 𝑅𝑇 [𝑙𝑛 (

𝑘𝐵𝑇

ℎ
) − 𝑙𝑛(𝑘𝑒)]        (1) 

= 8.31 · 10−3 · 298 [𝑙𝑛 (
1.38 ·  10−23 · 298 

6.63 ·  10−34
) − ln (7.27 ·  10−4)] =  90.84 ± 0.07 𝑘𝐽 𝑚𝑜𝑙−1 

 

Plotting 𝑙𝑛(𝑘𝑒𝑇/𝑇) against 1/T for all obtained elution profiles and linear regression of the 

obtained graph (y = ax + b) gives access to the full thermodynamic analysis. 
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Figure S3. Eyring plot of ln(keT/T) against 1/T with linear regression (y=ax + b). 

 

From this, the entropy and enthalpy of the enantiomerization process can be calculated through: 

∆𝐻𝑒
‡ = −𝑎𝑅 = −(−5071 ∙  8.31 · 10−3) = 42.14 ± 2.57 𝑘𝐽 𝑚𝑜𝑙−1    (2) 

∆𝑆𝑒
‡ = 𝑅 [𝑏 −  (

𝑘𝐵

ℎ
)] = 8.31 ∙ (4.15 − 23.8) =  −163.3 ± 8.3 𝐽 𝑚𝑜𝑙−1𝐾−1   (3) 

From the obtained values, the Gibbs free activation energy can be calculated for every 

temperature. To validate the data, the activation energy at 25 °C (298 K) is again calculated 

from the data obtained through the full thermodynamical analysis. 

∆𝐺𝑒298
‡ =  ∆𝐻𝑒

‡ − 𝑇∆𝑆𝑒
‡ = 42.14 − (−0.163 ∙ 298) = 90.80 𝑘𝐽 𝑚𝑜𝑙−1    (4) 

The value obtained directly from ke298 K is in good agreement with the value obtained from the full 

thermodynamical analysis with Ge
‡
298 K = 0.04 kJ mol-1. 

 

 

 

 

 

Data evaluation with dHPLC Y2K 

The calculations with the software dHPLC Y2K, relying on the stochastic model implemented in 

the software were performed by Marco Pierini (University of Rome, Italy).[4] 
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Figure S4. Representative elution profiles and simulated data from the software dHPLC Y2K. Measured elution profiles (red), simulated elution 

profiles (blue). 

The obtained values for the free energy of enantiomerization were subjected to an Eyring 

analysis and compared with the data obtained from DCXplorer. 

 

Eyring plots for DCXplorer and dHPLC Y2K 

After data analysis of the elution profiles with both programs, we next performed an Eyring analysis in 

order to obtain the thermodynamic data of the enantiomerization.  



Supporting Information – Mechanical Stabilization of Helical Chirality in a Macrocyclic Oligothiophene 

178 

 

Figure S5. Eyring plots of the data obtained from the elution profiles. a) all data points obtained from both programs; b) Eyring plot of the data 

obtained from DCXplorer; c) Eyring plot of the data obtained from dHPLC Y2K; d) Eyring plot of selected data points from both programs 

(Squares: dHPLC Y2K, circles: DCXplorer). 

 

Figure S5a shows all data points obtained from DCXplorer and dHPLC Y2K. Figure S5b shows the linear 

regression of the data produced From DCXplorer. The enthalpy of enantiomerization is found to be 

HDCXplorer
‡ = 42.14 ± 2.57 kJ mol-1 the value for the entropy is determined as SDCXplorer

‡ = -163.3 ± 8.3 

J mol-1 K-1 . The Eyring plot for the data obtained with the software dHPLC Y2K (Figure S5c) gives an 

enthalpy of enantiomerization HdHPLC Y2K
‡ = 37.30 ± 3.50 kJ mol-1, the entropy for the enantiomerization 

is found to be SdHPLC Y2K
‡ = -178.06 ± 8.4 J mol-1 K-1.  

Uray and coworkers describe a combination of both programs, as DCXplorer excellently fits data in the 

low temperature range, while dHPLC Y2K is better suited for high rates of conversion.[5] Figure S5d 

shows an Eyring plot for the combined data. The data points represented by squares are taken from 

dHPLC Y2K, the data points represented by circles are taken from DCXplorer. This combined approach 

gives Hcombined
‡ = 39.41 ± 2.30 kJ mol-1 and Scombined

‡ = -172.06 ± 5.0 J mol-1 K-1.  
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Variable Temperature Exchange Spectroscopy  

All EXSY NMR experiments were performed on a Bruker Avance III NMR spectrometer 

operating at 600.13 MHz proton frequency. The instrument was equipped with an indirect 5-mm 

BBI probe with z-gradient. The experiments were performed between 373 and 393 K and the 

temperature was calibrated using a glycerol standard showing accuracy within +/- 0.2 K. 

Temperature equilibration was achieved after 20 min and only then the EXSY experiments were 

performed.  

Phase-sensitive EXSY experiments with a gradient pulse during the mixing time were performed 

with 2048 time points and 12 ppm sweep width in F2 and 256 time increments for 1 ppm sweep 

width in the indirect dimension F1, which corresponds to acquisition times of 142 ms in F2 and 

213 ms in F1, the resolution was 2.3 Hz in F1 and 3.5 Hz in F2. Each increment was recorded 

with 8 scans and a recycling delay of 1.5 s. The mixing times were set to 1000, 500 or 250 ms 

and the total experiment varied between 68 and 94 min. 

The data sets were processed with Bruker topspin 3 software after zero-filling to 1k data points 

in F1 and a shifted square sine bell apodization function in both dimensions. Manual integration 

of the EXSY cross peaks, normalized with the diagonal peaks yielded the rate constants which 

were determined applying the initial rate approximation. Eyring analysis of these rates yielded 

the enthalpic and entropic contributions to the activation energy. 

 
Figure S6. Exchange integral versus mixing time for five temperatures of macrocycle 2 in C2D2Cl4 from 373 – 393K. 
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An exponential fit was applied for all temperatures, the rate constant for each temperature was 

obtained at 0.05 s mixing time through linear extrapolation. 

 

Figure S7. Exponential fit for the exchange integral versus mixing time for a) 373 K, b) 378 K, c) 383 K, d) 388 K, e) 393 K. The rate constants 

were extrapolated at 0.05 s mixing time for all cases. 

 

The rate constants were further used to evaluate the thermodynamic parameters of the EXSY 

experiment. 
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Figure S8. Eyring plot of ln(keT/T) against 1/T with linear regression (y=ax + b). 

 

From this, the entropy and enthalpy of the enantiomerization process can be calculated through 

equations 2-4: 

∆𝐻𝑒
‡ = 83.15 ± 4.19 𝑘𝐽 𝑚𝑜𝑙−1        (2) 

∆𝑆𝑒
‡ =  −31.24 ± 10.81 𝐽 𝑚𝑜𝑙−1𝐾−1        (3) 

The activation energy at 298 K can be calculated: 

∆𝐺𝑒298
‡ =  ∆𝐻𝑒

‡ − 𝑇∆𝑆𝑒
‡ = 83.15 − (−0.031 ∙ 298) = 92.39 𝑘𝐽 𝑚𝑜𝑙−1    (4) 
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Determination of the absolute configuration of 1 

To determine the absolute configuration of the respective enantiomers the measured electronic 

circular dichroism (ECD) spectra were compared to the spectra calculated by TD-DFT approach. 

The experimental CD spectra were measured directly after separation of the enantiomers by 

chiral HPLC (ChiralpakIG, eluent ethyl acetate/n-hexane 1:4, 1.0 mL min-1, column oven: 

T = 18 °C) with the cell holder temperature in the CD spectrometer set to 10 °C. The spectra 

were further calculated with the TD-CAM-B3LYP method after structure optimization (see the 

Quantum Chemical Calculations section below).[6] The data obtained from the calculation (75 

states) were analyzed with the SpecDis (v1.71) software.[7] This approach showed good 

agreement of the experimental and calculated data and allowed us to assign the absolute 

configuration of the respective enantiomers.  

  

Figure S9. Simulated states for the ECD calculation (CAM B3LYP). 
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Figure S10. Experimental (red) and calculated (black) ECD spectrum of (M)-1. The sigma/gamma ratio was set to 0.16 eV to simulate vibrational 

broadening and the spectrum was shifted by +20 nm. 

 

Figure S11. Experimental (blue) and calculated (black) ECD spectrum of (P)-1. The sigma/gamma ratio was set to 0.16 eV to simulate 

vibrational broadening and the spectrum was shifted by +20 nm.  
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Quantum Chemical Calculations 

 The Gaussian 09 (release D01) program suite was used in all calculations.[6] The potential 

energy surface scans were performed at either semi-empirical PM6 or B3LYP/6-31G(d) level of 

theories. The full gas phase geometry optimizations were done with B3LYP functional and 6-

31G(d) basis set, and the character of the stationary point reached was confirmed by a 

subsequent frequency calculation. The zero-point vibrational energy correction obtained this 

way was used unscaled. The electronic circular dichroism spectra were obtained at CAM-

B3LYP/cc-pVDZ level of theory calculating the first 75 electronic transitions. The velocity form 

of the rotatory strength was used. Empirical vibrational broadening for the electronic transitions 

was assumed (0.16 eV) and the position of the absorption bands was empirically shifted by +20 

nm to match the energy of the first electronic transition. The ECD spectra were simulated in 

SpecDis (v1.71).[7] 

Detailed Theoretical Analysis of the Enantiomerization Process 

First, the size of the molecule was alleviated to some extent by replacing the hexyl substituents 

by methyl groups. Nevertheless, the size of the used model allowed us to use only the semi-

empirical PM6 method to explore the potential energy surface of the enantiomerization process. 

The relatively flexible nature of macrocycle 1 prevented us from locating the specific transition 

states. Therefore, potential energy surface (PES) scans were used to map the regions of PES 

where one of the arms of 1 threads through the macrocyclic ring. We assumed that this would 

allow us to divide the enantiomerization pathway to a set of relatively simple molecular 

distortions that could be treated separately to obtain a reliable estimate of the activation enthalpy 

for the enantiomerization process. Because 1 is chiral, one can discriminate the clockwise and 

anticlockwise rotation of the [2.2]paracyclophane unit because they are not identical. Also, each 

methyl carboxylate group can adopt a set of four distinct conformations: (i) cis and (ii) trans 

configuration of the full carboxylate group with respect to the benzene ring and (iii) s-cis and (iv) 

s-trans configuration of the methoxy group in the carboxylate. This theoretically makes for a 

total of 32 possible enantiomerization pathways. However, some of the conformations are not 

populated due to their large energy. For instance, the s-trans conformation of the methoxy group 

in 4-ethynylbenzene is 48.9 kJ mol–1 (at 0 K, ZPVE included) less stable than the s-cis 

conformation conformations, i.e. conformations (iv) are disfavored leaving only 8 out of 32 

possibilities. In addition, a number of conformations/ pathways will be comparable in energy, 

those that involve conformations (i) and (ii) in particular. As a result, only the clockwise and 

anticlockwise rotation of a single enantiomer could suffice to reveal the details of the 

enantiomerization process. 
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The rotation of the [2.2]paracyclophane (PC) unit required constraining two dihedral angles, one 

for each benzene (top and bottom, respectively) ring plane that it adopts with the plane defined 

by the adjacent thiophene unit (Figure S12).  

 

Figure S12. Two dihedral angles defined by blue and red circles used as the variable α to explore the rotation of the [2.2]paracyclophane unit. 

The value of the dihedral angles in this particular picture is set to |α| = 140°. 

 

If only one of the two possible dihedral angles was constrained and used as a variable to explore 

the PES with PM6 (or B3LYP) method, typically, the calculation resulted in the rotation of that 

particular thiophene ring when the dihedral angle reached larger values. To simplify our 

calculations these two dihedral angles were assumed to have identical value and are denoted 

together as dihedral angle α (Figure S12). The PES scans were performed in the range of α = 

50°, close to a value found for the local energy minimum, in steps of 5° or 10° until one of the 

arms was observed to pass through the macrocycle during the optimization process or the 

energy reached very high values (> 120 kJ mol–1) when compared to experiment, approximately 

± 270° (more than a half twist theoretically required to reach the minimum of the other 

enantiomer) in each direction. 
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Figure S13. a) Snapshot of the geometry of 1 with α = 220°. Increasing the angle α by 1° (red arrows) leads to threading of the entire arm 

through the macrocycle accompanied by a full 180° rotation (blue arrow) of the methyl carboxylate to avoid the steric hindrance from the 

thiophene units. b) A crop from the geometry of 1 in a) used to estimate the energy required to bend the arm during the rotation by B3LYP 

calculations with two valence (red half-circles) and one dihedral (blue circles) angles frozen during the optimization. 

 

The arm bends the acetylenic moiety as it approaches the macrocycle due to steric hindrance 

of the methyl carboxylate and thiophene units in the macrocycle (see Figure S13), i.e. the arm 

is clearly long-enough to gear the smooth rotation of the central PC unit, which does not 

otherwise require a very large activation energy. The latter process was modeled by another 

PES scan with the same set of dihedral angles α as the variable for the parent macrocycle 2a 

that contains no bulky arms preventing the PC rotation. This PES scan (Figure S14) was done 

at B3LYP/6-31G(d) level of theory and the estimated activation energy agrees excellently with 

the experimental activation free energy of a similar system, 2b, determined by VT NMR 

spectroscopy.[8] 

 

Figure S14. B3LYP/6-31G(d) PES scan simulating the rotation of the PC unit in macrocycle 2b. 
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Unexpectedly, we observed that the methyl carboxylate group needs to be (s-cis conformation 

of the methoxy group) rotated during the constrained optimization of 1 by nearly 180° to alleviate 

its steric hindrance with the thiophene units. This allows for a smooth passage through the 

macrocycle completing the enantiomerization when α > 220° in one direction of the two possible 

rotations (Figure S13), even when very small optimization steps were employed and the full 

Hessian matrix was calculated in each optimization step. The other direction of the PC rotation 

led to very high energies (> 120 kJ mol–1) at high values of α without the arm passing through 

the macrocycle. Clearly, the steric hindrance of the methyl carboxylate and the sulfur atoms of 

the thiophene units are prohibitive to allow for its passage. However, we found that rotation of 

the methoxy group to its less stable s-trans conformation decreases the steric hindrance and, 

as a result, allows the arm to thread through the macrocycle (Figure S15). We therefore 

performed the PES scans to reveal the barrier that may lead to the desired process directly 

upon the methoxy group rotation, while freezing the variable α with values from (185°–200°, 

Figure S16). 

  

Figure S15. The preconfined dihedral angles at 200°, combined with bending of the acetylene and a rotation of the methoxy group allow the 

system to racemize. 

Again, the methoxy group can rotate in two non-equivalent directions as a consequence of the 

chirality of the studied system. We however found only moderate differences in energy following 
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any of the directions (Figures S16 and S17). At α = 185°, the methoxy group rotated smoothly 

but did not lead directly to the enantiomerization but only to the s-trans conformer. Increasing α 

in steps of 5° provided us with the PES profiles that are discontinuous after the energy barrier 

reached the maximum. The parts of the PES after this energy maximum are on the other side 

of the enantiomerization energy barrier. When α ≥ 200° a smooth potential leading directly to 

the other enantiomer was obtained. In this case, the maximum energy on the calculated PES is 

the lowest found for any of the studied dihedral angle values α and, therefore, it represents part 

of the potential energy surface that can serve as a good estimate for the enantiomerization 

barrier of 1. 

 

  
      

Figure S16. Potential energy profiles for the rotation of the methyl ester from its s-cis to s-trans conformation with the dihedral angles α frozen 

during the PES scan (a-e, 185° - 200°, step: 5°). The energies are normalized to the energy of the equilibrium geometry. The two maxima in 

each profile correspond to two possible directions of the methoxy group rotation.  
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Figure S17. a) Points of the highest energy on the potential energy profiles shown in Figure S16. Points of the same color correspond to a 

profile of the same value of α that was kept constant in the partial optimizations. Red: 185°, blue: 190°, black 195°, green, 200°. b) Definition of 

the direction of rotation. The red arrow corresponds to a clockwise rotation around the oxygen-carbonyl axis. 

 

As a result, four distinct processes can be identified to play a crucial role in the rotation of the 

central PC unit that interconnects the potential energy minima of the two enantiomers: (i) a 

considerable turn of the PC from its energy minimum geometry, (ii) bending of the para-ethynyl 

methylbenzoate arm, and, unexpectedly, (iii) a rotation of either (a) the methyl carboxylate by 

~180° or (b) the methoxy group from its more stable s-cis to s-trans conformation. Each of these 

processes could be studied on simplified models with the help of B3LYP/6-31G(d) optimizations 

followed by single point B3LYP/cc-pVTZ calculations. The process (i) has already been 

discussed above (Figure S14). The energy required to bend the acetylene unit (ii) in the arm of 

1 was studied on a model obtained by cropping one of the PC benzene rings with the full arm 

from the partially optimized geometry of 1 at α = –220° (Figure S13). A set of valence and 

dihedral angles were frozen (Figure S13b) and a partial optimization on the model was 

performed to relax the bond lengths that differ between the PM6 (PES scans) and the B3LYP 

geometries. A full geometry optimization of the molecule was also performed and used as a 

reference. The energy difference obtained represents the energy required to bend the arm for 

its passage through the macrocycle in 1. The processes (iiia) and (iiib) were explored in methyl 

4-ethynylphenylbenzoate. Both the carboxylate group and methoxy group rotations were 

performed as PES scans at B3LYP/6-31G(d) level of theory. The obtained energies were then 

corrected as follows: The methyl carboxylate group rotation activation free energy has been 

determined experimentally by variable temperature 13C NMR in methyl benzoate to be 20.6 kJ 

mol–1.[9] We performed the same PES scan for methyl benzoate and took the difference of the 

experimental and the theoretical (31.7 kJ mol–1) values as the correction for the methyl 4-
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ethynylphenylbenzoate model to obtain a corrected value of 20.9 kJ mol–1. The experimental 

activation enthalpy of the methoxy group rotation in methyl formate has been determined 

experimentally by ultrasonic attenuation experiments by Bailey and North to be 32.6 kJ mol–1.[10] 

Calculation of the PES of this rotation with B3LYP/6-31G(d) method provided surprisingly large 

energy of 58.5 kJ mol–1, a value similar to the one obtained for the methyl 4-

ethynylphenylbenzoate model. After correction, the activation energy for this process was found 

to be 27.8 kJ mol–1. 

Addition of the numbers for these processes (i-iii), therefore, provides a reliable semiquantitative 

estimate for the activation enthalpy of enantiomerization of macrocycle 1. 
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Crystal structure data for 6 

Crystal data for 6: formula C48H52O4S4, M = 821.20, F(000) = 436, colourless plate, size 0.020 · 

0.100 · 0.100 mm3, triclinic, space group P -1 , Z = 1, a = 7.6438(6) Å, b = 7.7858(6) Å, c = 

19.8762(16) Å, α = 95.895(3)°, β = 91.044(3)°, γ = 117.920(3)°, V = 1036.71(14) Å3, Dcalc. = 

1.315 Mg · m-3. The crystal was measured on a Bruker Kappa Apex2 diffractometer at 123K 

using graphite-monochromated Cu Kα-radiation with λ = 1.54178 Å, Θmax = 70.616°. 

Minimal/maximal transmission 0.84/0.95, μ = 2.454 mm-1. The Apex2 suite has been used for 

datacollection and integration. From a total of 12231 reflections, 3671 were independent 

(merging r = 0.032). From these, 3615 were considered as observed (I>2.0σ(I)) and were used 

to refine 253 parameters. The structure was solved by other methods using the program 

Superflip. Least-squares refinement against Fsqd was carried out on all non-hydrogen atoms 

using the program CRYSTALS. R = 0.0751 (observed data), wR = 0.0587 (all data), GOF = 

1.0297. Minimal/maximal residual electron density = -0.82/0.71 e Å-3. Chebychev polynomial 

weights were used to complete the refinement. Plots were produced using CAMERON. 

Crystallographic data (excluding structure factors) for the structure in this paper have been 

deposited with the Cambridge Crystallographic Data Center, the deposition number is 1866881. 

Copies of the data can be obtained, free of charge, on application to the CCDC, 12 Union Road, 

Cambridge CB2 1EZ, UK [fax: +44-1223-336033 or e-mail: deposit@ccdc.cam.ac.uk]. 

  

Figure 18 Unit cell for 6. 
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Atomic coordinates of B3LYP/6-31G(d) optimized geometry of (M)-1 for ECD spectra 
 

 C     5.090737    10.895990     0.253460 

 C    -9.740852     5.960885    -2.387189 

 C    -9.236642    -8.360001     4.368665 

 O    -8.665281    -6.145416     3.046913 

 O    -7.877763    -7.953609     4.149566 

 C    -7.724382    -6.801016     3.456120 

 C    12.853071    -3.592854    -3.321168 

 O    11.435890    -3.652443    -3.102935 

 O    11.602427    -5.905693    -3.067001 

 C    10.921712    -4.900537    -2.992818 

 C     8.929151    -0.963007     2.825536 

 C    -6.942399    -6.275648    -0.659583 

 C     6.002276    -1.435082     1.604115 

 S     5.947548     1.285608     1.226542 

 S     4.255817    -1.392560     1.749163 

 C     7.277855     2.276069     1.778460 

 C     8.280426     1.473585     2.287373 

 C     7.990606     0.078078     2.276612 

 C     6.736546    -0.193525     1.749453 

 C     6.414248    -2.720228     1.302333 

 C     5.342303    -3.642014     1.152545 

 C     4.091731    -3.081326     1.314741 

 C     2.744854    -3.661126     1.262559 

 C    -4.697314    -4.838527     2.392729 

 C    -6.007740    -5.202272     2.663802 

 C    -6.296364    -6.446130     3.245483 

 C    -5.244696    -7.316406     3.571397 

 C    -3.930956    -6.961033     3.293937 

 C    -3.635410    -5.721124     2.688267 

 C    -2.300639    -5.366462     2.354850 

 C    -1.178279    -5.038605     2.012751 

 S    -2.411152     8.111276     0.024900 

 C    -3.939997     8.838811    -0.438728 

 C    -3.791042    10.205659    -0.581830 

 C    -2.475644    10.665009    -0.342763 

 C    -1.585427     9.660778    -0.010713 

 S     0.946172     8.459322     0.148956 

 C    -0.178752     9.796092     0.297564 

 C     0.487674    10.932310     0.716790 

 C     1.871680    10.736028     0.937974 

 C    -7.428116     7.513758    -0.691593 

 C    -6.452606     8.511453    -0.457925 

 C    -5.152556     8.066258    -0.600171 

 S    -5.142201     6.372637    -1.059220 

 C     2.299585     9.443168     0.696497 

 C    -6.899769     6.277838    -1.018024 

 S     3.794876     7.179901     1.278356 

 C     3.621713     8.870505     0.835004 

 C     4.866127     9.463176     0.657559 

 C     5.933306     8.544141     0.853618 

 C     5.541177     7.260534     1.176627 

 S     5.649639     4.488699     1.382453 

 C     6.359615     6.090217     1.400364 

 C     7.720676     6.001198     1.632757 

 C     8.190339     4.673115     1.779650 

 C    -9.179285     3.483617    -2.022757 

 C    -8.843418     4.858227    -1.891102 

 C    -7.595925     5.041380    -1.306512 

 S    -6.864251     3.495002    -0.901460 

 C    -8.223843     2.605017    -1.555099 

 C    -9.069563    -1.043027    -1.630567 

 C    -9.379149     0.337903    -1.627963 

 C    -8.269112     1.159417    -1.555113 

 S    -6.809159     0.191913    -1.472138 

 C    -7.716382    -1.310250    -1.543911 

 C     7.197506     3.716175     1.676693 

 C    -6.596622    -4.877825    -1.098541 

 C    -7.546253    -3.816925    -1.098619 

 S    -5.355989    -2.743211    -1.908650 

 C    -7.045284    -2.589572    -1.483381 

 C    -5.333578    -4.451904    -1.491608 

 C    -2.386267    -6.791130    -1.642972 

 C    -3.776442    -6.502339    -1.681643 

 C    -4.069483    -5.158305    -1.530068 

 S    -2.583734    -4.250845    -1.325028 

 C    -1.582081    -5.682634    -1.470536 

 C     1.005188    -7.034467     1.618564 

 C     1.765603    -1.942979    -0.419616 

 C     1.226544    -5.539487     1.729735 

 C     0.137454    -4.635363     1.662867 

 C     0.368660    -3.360645     1.105918 

 C     1.641699    -2.927337     0.739724 

 C     2.507198    -4.983167     1.682671 

 C     0.367644    -7.459867     0.219561 

 C     2.277182    -2.633674    -1.757956 

 C     0.763988    -6.518775    -0.910361 

 C    -0.121511    -5.551245    -1.464553 

 C     0.436228    -4.341760    -1.924063 

 C     1.797635    -4.065667    -1.882433 

 C     2.118288    -6.379131    -1.213567 

 C     7.429534    -6.183583    -2.429435 

 C     8.799985    -6.128202    -2.638155 

 C     9.450322    -4.892627    -2.772313 

 C     8.702782    -3.707719    -2.695454 

 C     7.330269    -3.756718    -2.487415 

 C     6.669242    -4.996405    -2.350300 

 C     5.265849    -5.048566    -2.128688 

 C     4.066211    -5.084935    -1.919187 

 C     2.662936    -5.177610    -1.710134 

 H     5.123914    11.565564     1.123522 
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 H     4.293405    11.255228    -0.405071 

 H     6.044365    11.003606    -0.273772 

 H    -9.162522     6.808270    -2.769062 

 H   -10.396436     6.343079    -1.593087 

 H   -10.387670     5.597458    -3.192501 

 H    -9.175654    -9.291544     4.932274 

 H    -9.777790    -7.600165     4.938710 

 H    -9.749372    -8.519322     3.416105 

 H    13.094671    -2.531270    -3.383328 

 H    13.389971    -4.062312    -2.492446 

 H    13.120877    -4.103405    -4.250135 

 H     8.380587    -1.828697     3.210016 

 H     9.623579    -1.328834     2.057329 

 H     9.534446    -0.552056     3.640541 

 H    -6.102179    -6.749676    -0.143385 

 H    -7.795476    -6.265476     0.026431 

 H    -7.209664    -6.912572    -1.513750 

 H     9.196944     1.876208     2.707473 

 H     7.451027    -2.982154     1.124692 

 H     5.487615    -4.676296     0.862650 

 H    -4.476761    -3.881041     1.933156 

 H    -6.828966    -4.537795     2.417311 

 H    -5.464661    -8.274408     4.029137 

 H    -3.118571    -7.640141     3.532973 

 H    -4.605229    10.851539    -0.891569 

 H    -2.174474    11.701388    -0.448776 

 H    -0.019096    11.873283     0.900827 

 H     2.528529    11.509308     1.317858 

 H    -8.490989     7.682686    -0.569734 

 H    -6.692551     9.523131    -0.149587 

 H     6.973828     8.819846     0.714412 

 H     8.362656     6.872603     1.703069 

 H     9.232405     4.422931     1.947139 

 H   -10.095990     3.148392    -2.497266 

 H    -9.817286    -1.825331    -1.701944 

 H   -10.391621     0.724880    -1.663763 

 H    -8.570212    -3.952440    -0.765348 

 H    -1.983932    -7.787789    -1.789829 

 H    -4.533851    -7.255941    -1.860348 

 H     0.339901    -7.410320     2.404856 

 H     1.968428    -7.541649     1.741251 

 H     2.428336    -1.098138    -0.219786 

 H     0.770964    -1.523458    -0.605670 

 H    -0.496785    -2.758840     0.841682 

 H     3.364917    -5.613951     1.906711 

 H     0.678904    -8.492714     0.018689 

 H    -0.717574    -7.466309     0.329025 

 H     1.933167    -2.012924    -2.594602 

 H     3.370249    -2.615251    -1.772248 

 H    -0.238669    -3.540063    -2.213469 

 H     2.812202    -7.159674    -0.911085 

 H     6.927961    -7.140805    -2.327456 

 H     9.391464    -7.035613    -2.701532 

 H     9.202772    -2.751429    -2.800195 

 H     6.753198    -2.839933    -2.424185 

 H    -3.324259    12.124802    -0.291989 

 C    10.818824     3.547826    -2.518045 

 H    11.343509     3.044066    -3.336548 

 H    11.565092     3.769852    -1.743290 

 H    10.441231     4.505014    -2.891433 
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(P)-1 

 C    -3.813166    -4.448613    -1.695855 

 C    -5.160118    -4.038957    -1.895914 

 C    -6.321967    -3.732108    -2.096453 

 C    -7.679519    -3.364664    -2.306391 

 C    -8.055664    -2.005392    -2.376941 

 C    -9.384356    -1.654084    -2.568825 

 C   -10.371527    -2.642164    -2.698878 

 C   -10.005940    -3.995144    -2.633547 

 C    -8.678347    -4.353033    -2.438373 

 C    -3.554007    -5.737743    -1.187791 

 C    -2.718025    -3.566821    -1.888977 

 C    -1.456531    -4.147862    -1.934622 

 C    -1.186281    -5.446466    -1.460107 

 C    -2.265180    -6.180673    -0.890578 

 C    -2.855148    -2.061619    -1.779711 

 C    -2.085436    -7.175550     0.248454 

 C    -3.576295    -4.255979     1.692377 

 C    -2.271683    -2.466661     0.713392 

 C    -1.128024    -3.176034     1.075761 

 C    -1.189807    -4.463131     1.648382 

 C    -2.457293    -5.091345     1.738668 

 C    -2.181181    -1.491695    -0.456648 

 C    -2.588110    -6.598206     1.647898 

 C     0.206847    -5.904118    -1.462649 

 S     1.505518    -4.732552    -1.340637 

 C     2.747433    -5.956383    -1.511423 

 C     2.159353    -7.202898    -1.637500 

 C     0.740073    -7.169178    -1.606343 

 C     4.138658    -5.555704    -1.477498 

 C     6.235624    -4.142214    -1.497388 

 S     4.555979    -3.907224    -1.923864 

 C     6.438354    -5.445357    -1.089835 

 C     5.268202    -6.255896    -1.072058 

 C    -6.126682     5.294351     1.652680 

 C     7.185267    -3.054677    -1.578536 

 S     6.653961    -1.382711    -1.495230 

 C     8.296754    -0.781332    -1.615321 

 C     9.183526    -1.838412    -1.707394 

 C     8.561079    -3.109606    -1.695892 

 C     8.588254     0.635413    -1.624072 

 S     7.487298     1.817570    -0.947424 

 C     8.546907     3.151365    -1.381518 

 C     9.704147     2.682988    -1.991970 

 C     9.709862     1.267564    -2.119771 

 C    -6.875988     6.454001     1.729947 

 C    -6.113411     7.637559     1.577743 

 C    -4.764700     7.410644     1.367194 

 S    -4.439017     5.689222     1.378842 

 C    -3.698135     8.360244     1.143736 

 C    -3.782776     9.700980     0.825001 

 C    -2.532287    10.348201     0.627682 

 C    -1.458591     9.482744     0.799844 

 S    -2.017692     7.876908     1.239251 

 C     8.161268     4.516533    -1.090848 

 C    -0.040290     9.733467     0.657739 

 S     6.473336     5.015840    -1.109174 

 C     6.882630     6.663094    -0.663957 

 C     8.252538     6.795267    -0.542226 

 C     8.966652     5.597561    -0.781419 

 C     0.676287    10.892677     0.894394 

 C     2.067503    10.762472     0.669660 

 C     2.451487     9.501634     0.252897 

 S     1.047078     8.461466     0.110831 

 C     3.787220     9.043499    -0.059672 

 C     4.884588     9.813014    -0.398834 

 C     6.056176     9.060328    -0.642156 

 C     5.884385     7.696556    -0.495386 

 S     4.231020     7.344933    -0.022079 

 C     0.000236    -5.152924     2.001868 

 C     1.015696    -5.725572     2.356055 

 C     2.220028    -6.373832     2.741238 

 C     2.196806    -7.656328     3.331614 

 C     3.379370    -8.286072     3.691532 

 C     4.615119    -7.658209     3.474107 

 C     4.647066    -6.379245     2.896949 

 C     3.466472    -5.743803     2.535467 

 C    -3.508134    -2.920009     1.255430 

 C    -4.683046    -2.042935     1.313556 

 C    -6.031367    -2.297392     1.166400 

 C    -6.857249    -1.150094     1.317972 

 C    -6.578674     1.384295     1.744716 

 C    -7.744995     1.940731     2.250067 

 C    -7.705043     3.365128     2.254190 

 C    -6.536376     3.912107     1.760864 

 S    -4.444242    -0.360101     1.736474 

 S    -5.461018     2.638693     1.234397 

 C    -6.153810     0.005618     1.605680 

 C   -11.778002    -2.200685    -2.900727 

 O   -12.633409    -3.242080    -3.035147 

 C   -14.008087    -2.881413    -3.235060 

 C     5.847557    -8.390846     3.868276 

 O     6.977702    -7.712268     3.551576 

 C     8.202726    -8.360315     3.924081 

 O     5.861445    -9.480168     4.409038 

 O   -12.137123    -1.039484    -2.942217 

 C     5.272957    -7.686297    -0.603394 

 C    -8.909562     1.147093     2.779149 

 H    -7.294279    -1.239259    -2.273309 

 H    -9.682332    -0.612124    -2.622314 

 H   -10.766760    -4.760692    -2.735941 

 H    -8.395749    -5.399874    -2.387853 

 H    -4.405643    -6.335367    -0.871734 
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 H    -0.618559    -3.525450    -2.238219 

 H    -3.915243    -1.794152    -1.781798 

 H    -2.390447    -1.545332    -2.628900 

 H    -2.631303    -8.109284     0.063534 

 H    -1.030695    -7.434236     0.348423 

 H    -4.553462    -4.669702     1.932593 

 H    -0.150570    -2.790238     0.799296 

 H    -1.119734    -1.311070    -0.658578 

 H    -2.631695    -0.516167    -0.260723 

 H    -3.640305    -6.868560     1.789095 

 H    -2.015993    -7.108052     2.431923 

 H     2.727577    -8.112318    -1.790729 

 H     0.123792    -8.052600    -1.734354 

 H     7.404679    -5.808292    -0.754204 

 H    10.257111    -1.697468    -1.768617 

 H     9.104004    -4.044527    -1.782606 

 H    10.512222     0.728168    -2.612818 

 H    -7.950189     6.450236     1.880072 

 H    -6.541184     8.633075     1.626069 

 H    -4.731223    10.211472     0.691378 

 H     8.725163     7.725223    -0.245722 

 H    10.041762     5.516173    -0.677133 

 H     0.217614    11.798154     1.272997 

 H     2.778887    11.561341     0.848566 

 H     4.831396    10.890688    -0.507330 

 H     6.996284     9.499022    -0.958001 

 H     1.242070    -8.144717     3.499608 

 H     3.370621    -9.272198     4.144095 

 H     5.599336    -5.888991     2.729894 

 H     3.492135    -4.757709     2.083756 

 H    -6.416678    -3.271081     0.886707 

 H    -7.928235    -1.163736     1.151540 

 H    -8.511912     3.970327     2.655612 

 H   -14.547335    -3.824826    -3.326519 

 H   -14.382334    -2.305131    -2.384581 

 H   -14.120521    -2.284011    -4.143756 

 H     8.243453    -8.513649     5.005850 

 H     8.292684    -9.329910     3.426801 

 H     8.998678    -7.687790     3.602321 

 H     6.137098    -7.879687     0.040106 

 H     4.369237    -7.921057    -0.032104 

 H    -9.641834     0.927297     1.990720 

 H    -8.581153     0.189992     3.196939 

 H     5.325501    -8.389744    -1.445233 

 H    -9.434936     1.700745     3.564523 

 C    -2.419258    11.795660     0.229077 

 H    -1.563504    11.962446    -0.433074 

 H    -2.290689    12.450684     1.101396 

 H    -3.324259    12.124802    -0.291989 

 C    10.818824     3.547826    -2.518045 

 H    11.343509     3.044066    -3.336548 

 H    11.565092     3.769852    -1.743290 

 H    10.441231     4.505014    -2.891433



Supporting Information – Mechanical Stabilization of Helical Chirality in a Macrocyclic Oligothiophene 

196 

References 

[1] N. V. Vorontsova, V. I. Rozenberg, E. V. Sergeeva, E. V. Vorontsov, Z. A. Starikova, K. A. 

Lyssenko, H. Hopf, Chem. - Eur. J. 2008, 14, 4600–4617. 

[2] D. Thirion, C. Poriel, R. Métivier, J. Rault-Berthelot, F. Barrière, O. Jeannin, Chem. - Eur. J. 

2011, 17, 10272–10287. 

[3] L. Wang, H. Liu, Z. Huai, S. Yang, ACS Appl. Mater. Interfaces 2017, 9, 28828–28837. 

[4] R. Cirilli, R. Costi, R. Di Santo, F. La Torre, M. Pierini, G. Siani, Anal. Chem. 2009, 81, 3560–

3570. 

[5] G. Uray, S. Jahangir, W. M. F. Fabian, J. Chromatogr. A 2010, 1217, 1017–1023. 

[6] Gaussian: Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; 

Cheeseman, J. R.; Scalmani, G.; Barone, V.; Petersson, G. A.; Nakatsuji, H.; Li, X.; Caricato, 

M.; Marenich, A. V.; Bloino, J.; Janesko, B. G.; Gomperts, R.; Mennucci, B.; Hratchian, H. P.; 

Ortiz, J. V.; Izmaylov, A. F.; Sonnenberg, J. L.; Williams-Young, D.; Ding, F.; Lipparini, F.; Egidi, 

F.; Goings, J.; Peng, B.; Petrone, A.; Henderson, T.; Ranasinghe, D.; Zakrzewski, V. G.; Gao, 

J.; Rega, N.; Zheng, G.; Liang, W.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.; 

Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Vreven, T.; Throssell, K.; Montgomery, 

J. A., Jr.; Peralta, J. E.; Ogliaro, F.; Bearpark, M. J.; Heyd, J. J.; Brothers, E. N.; Kudin, K. N.; 

Staroverov, V. N.; Keith, T. A.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Rendell, A. P.; 

Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Millam, J. M.; Klene, M.; Adamo, C.; Cammi, 

R.; Ochterski, J. W.; Martin, R. L.; Morokuma, K.; Farkas, O.; Foresman, J. B.; Fox, D. J. 

Gaussian 09, Revision D.01, Gaussian, Inc., Wallingford CT, 2009. 

[7] T. Bruhn, A. Schaumlöffel, Y. Hemberger, G. Bringmann, Chirality 2013, 25, 243–249. 

[8] K. J. Weiland, N. Münch, W. Gschwind, D. Häussinger, M. Mayor, Helv. Chim. Acta (prepared 

for publication). 

[9] D. M. Pawar, K. K. Wilson, E. A. Noe, J. Org. Chem. 2000, 65, 1552–1553. 

[10] J. Bailey, A. M. North, Trans. Faraday Soc. 1968, 64, 1499. 

 

 



Nano Letters 

197 

 

Supporting Information 

Large Conductance Variations in a Mechanosensitive Single–Molecule Junction 

Davide Stefani, Kevin J. Weiland, Maxim Skripnik, Chunwei Hsu, Mickael L. Perrin, Marcel Mayor, 

Fabian Pauly and Herre S. J. van der Zant 

  



Supporting Information – Large Conductance Variations in a Mechanosensitive Single-Molecule Junction 

198 

Supporting Section I. Synthesis and Characterisation 

1. General remarks 

All compounds, if commercially available, were used as received. 4-Acetylthioiodobenzene and 4,12-

bisethynyl[2.2]paracyclophane were synthesised according to literature known procedures.1,2 1H- and 13C-

NMR spectra were recorded on an Oxford 400 MHz NMR with an Avance III 400 spectrometer. The 

chemical shifts are reported in parts per million (ppm) relative to the residual solvent peak and the J values 

are given in Hz (± 0.1 Hz). Deuterated CD2Cl2 was purchased from Sigma Aldrich. The spectra were 

recorded at 298 K. High resolution ESI-TOF was performed on a Bruker maxisTM 4G. The melting point 

was measured on a Büchi M-565 melting point apparatus and is uncorrected. The MS spectrum was 

measured in m/z (%). Silica gel for column chromatography (40-63 µm, 230-400 mesh) was purchased 

from Silicycle Inc and TLC was performed on TLC silica gel 60 F254 aluminium sheets from Merck KGaA. 

2. Synthetic procedure and analytical data 

To a stirred solution of CuI (2.79 mg, 14.6 µmol, 0.05 eq), Pd(PPh3)4 (33.9 mg, 29.3 µmol, 0.1 eq), and 

4-acetylthioiodobenzene (204 mg, 732 µmol, 2.5 eq) in 10 mL THF (7.5 mL) and diisopropylamine 

(2.5 mL) under Ar was added 4,12-bisethynyl[2.2]paracyclophane (75 mg, 293 µmol, 1.0 eq). The 

reaction mixture was heated to 55 °C overnight. Subsequently, it was cooled to room temperature, filtered 

through a plug of celite, and the solvent was removed under reduced pressure. The crude product was 

purified by column chromatography in toluene/CH2Cl2 (1:1). 4,12-bis(((4’-

acetylthio)phenyl)ethynyl)[2.2]paracyclophane was isolated as a white solid (88 mg, 158 µmol, 54%). 

mp: 192-193 °C; 1H NMR (400 MHz, CD2Cl2): δ 7.67 – 7.62 (m, 4H), 7.48 – 7.44 (m, 4H), 7.04 (dd, 

J = 7.9, 1.9 Hz, 2H), 6.63 (d, J = 1.9 Hz, 2H), 6.54 (d, J = 7.9 Hz, 2H), 3.67 (ddd, J = 13.1, 10.4, 2.9 Hz, 

2H), 3.23 (ddd, J = 12.8, 10.4, 4.6 Hz, 2H), 3.12 – 2.91 (m, 4H), 2.44 (s, 6H); 13C NMR (101 MHz, 

CD2Cl2) δ 193.98, 143.03, 140.32, 137.82, 135.04, 133.81, 132.47, 131.25, 128.74, 125.52, 124.83, 92.55, 

91.99, 34.58, 34.41, 30.69; HRMS (ESI, +): m/z calcd. for C36H28NaO2S2 [M+Na]+ 579.1429; found: 

579.1423. 
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Figure S1. 1H NMR spectrum (400 MHz, 298 K; CD2Cl2). 

 

Figure S2. 13C NMR spectrum (126 MHz, 298 K; CD2Cl2). 
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Figure S3. HR ESI spectrum. 
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3. Crystal data and structure refinement 

Table S1 Single crystal data 

Empirical Formula C36H28O2S2 

Formula Weight 556.75 

Crystal habit colorless plates 

Temperature/K 123 

Crystal system monoclinic 

Space group P 21/n 

a/Å 6.96730(10) 

b/Å 10.7521(2) 

c/Å 18.3959(3) 

α/° 90 

β/° 90.5290(10) 

γ/° 90 

Volume/Å3 1378.04(4) 

Z 2 

ρcalc/g cm-3 1.342 

µ/mm-1 1.313 

F(000) 583.997 

Crystal size/mm3 0.030 x 0.130 x 0.250  

Radiation GaKα (λ = 1.34143 Å) 

Θmax/° 59.338 

Reflections collected 27529 

Independent reflections 3022 merging (r = 0.028) 

Observed reflections 2956 

Parameters 181 

Goodness-of-fit on F2 1.0848 

Final R indices [I≥2σ(I)] 0.0343 

Final R indices [all data] 0.0372 

Largest diff. peak hole/e Å-3 -0.31/0.28 

CCDC number 1836317 

 

Single crystals suitable for crystal structure determination were grown by slow evaporation of a solution 

of hexane and dichloromethane at room temperature. The crystal was measured on a Stoe StadiVari. 

Minimal/maximal transmission 0.84/0.96. The STOE X-AREA suite has been used for data collection 

and integration. The structure was solved by other methods using the program Superflip. Least-squares 

refinement against F was carried out on all non-hydrogen atoms using the program CRYSTALS. 

Chebychev polynomial weights were used to complete the refinement. Plots were produced using 

CAMERON. Crystallographic data (excluding structure factors) for the structure in this paper have been 

deposited with the Cambridge Crystallographic Data Center. Copies of the data can be obtained, free of 
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charge, on application to the CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [fax: +44-1223-336033 

or e-mail: deposit@ccdc.cam.ac.uk]. Molecular drawings were generated using Mercury.  

 
Figure S4. ORTEP diagrams of molecule 1, ellipsoids shown at the 50% probability level. 
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Supporting Section II. Transport Measurements 

1. Fast-breaking measurements 

The conductance histograms for fast-breaking and distance-modulation measurements are displayed in 

Fig. S5. The most probable conductance values (3.7∙10-6 G0 and 2.7∙10-6 G0, respectively) match well 

despite the measurement being performed on different samples and with different techniques. Distance-

modulation measurements were recorded for a maximum time of 120 s, and therefore the histogram 

highlights the most stable configurations, as opposed to the fast-breaking measurements, where 

metastable ones have a bigger impact on the conductance histogram. 

 

Figure S5. One-dimensional histogram a) of a fast-breaking measurement of sample A and b) of a distance-

modulation measurement of sample B. The applied bias is 100 mV in both cases, fast-breaking measurements were 

recorded at 4.0 nm/s. The dashed orange line shows the fit result. 

Figures S6-S9 show the two-dimensional histograms of samples A-D. The concentrations of the 

molecular solution dropcasted were 9 µM for sample A and B, 90 µM for sample C, and 900 µM for 

sample D. As can be seen from the histograms, no significant dependence on the concentration is observed 

and all samples show similar conductance oscillations.  

For each measurement we perform a thorough characterisation of the bare device before dropcasting the 

molecular solution to ensure that the electrodes are clean and well aligned. The characterisation of the 

bare device used for sample A is shown in Fig. S10. 
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 Figure S6. 

a) Two-dimensional conductance histogram of sample A with no data selection. b) Examples of the 3,000 

consecutive breaking traces. The applied bias is 100 mV and the electrode speed is 4.0 nm/s.  
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 Figure S7. 

a) Two-dimensional conductance histogram of sample B with no data selection. b) Examples of the 3,000 

consecutive breaking traces. The applied bias is 100 mV and the electrode speed is 4.0 nm/s.  

 

Figure S8. a) Two-dimensional conductance histogram of sample C with no data selection. b) Examples of the 

3,000 consecutive breaking traces. The applied bias is 100 mV and the electrode speed is 4.0 nm/s.  
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Figure S9. a) Two-dimensional conductance histogram of sample D with no data selection. b) Examples of the 

5,000 consecutive breaking traces. The applied bias is 100 mV and the electrode speed is 4.0 nm/s. 

 

Figure S10. a) Two-dimensional conductance histogram and b) examples of conductance traces from the 

characterisation of the pristine sample used for measurements A. The applied bias is 100 mV and the electrode 

speed is 8.0 nm/s. 
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Estimation of the oscillation periodicity 

To estimate the periodicity of the conductance variations, we selected 315 breaking traces from the 3,000 

of sample A that showed particularly clear oscillations. For each trace we then identified the position of 

peaks with a prominence of at least 30% and calculated the distance between consecutive peaks. We fit a 

Gaussian to the histogram and find the parameters shown in the inset of Fig. S11. 

 

Figure S11. Distribution of the separation between consecutive peaks found in the selected breaking traces from 

sample A. The Gaussian fitted to it is represented as an orange line. 

2. Distance-modulation measurements 

Additional measurements of sample B are shown in Fig. S12. These measurements were taken with a 

peak-to-peak amplitude of 2.5 Å, smaller than those presented in the main text and in the following 

figures. Also in this case, both traces in-phase and in antiphase are observed. 

More examples of traces in-phase (Fig. S13), in antiphase (Fig. S14) and with doubled frequency (Fig. 

S15-S16) are reported here. Figure S17 shows a trace for which the behaviour changes from antiphase to 

in-phase. The inset shows the moment of the transition. Figure S18 presents the Fourier Transform of the 

distance-modulation traces showing that it is mainly at the same frequency of the driving modulation. 
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Figure S19 shows another full distance-modulation trace with the initial opening of the gap, the gap size 

modulation, and the final breaking to the noise level. 

 

 

Figure S12. Examples of distance-modulation traces. The total modulation time is 120 s at a frequency of 0.5 Hz. 

The blue, green and orange lines (bottom panel) represent three different conductance measurements, whereas the 

purple line (top panel) represents the voltage applied to the piezoelectric stack. The applied piezo voltage translates 

into a peak-to-peak distance of 2.5 Å and a higher voltage corresponds to a larger electrode distance. The 

conductance responds to the electrode-separation modulation either in-phase (blue curve) or in antiphase (orange 

and green curves). 
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Figure S13. Examples of distance-modulation traces. The total modulation time is 120 s at a frequency of 0.5 Hz. 

The blue, green and orange lines (bottom panel) represent three different conductance measurements, whereas the 

purple line (top panel) represents the voltage applied to the piezoelectric stack. The applied piezo voltage translates 

into a peak-to-peak distance of 5.0 Å and a higher voltage corresponds to a larger electrode distance. In these cases, 

the conductance responds in-phase with the gap-size variation. 
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Figure S14. Examples of distance-modulation traces. The total modulation time is 120 s at a frequency of 0.5 Hz. 

The blue, green, cyan and orange lines (bottom panel) represent three different conductance measurements, whereas 

the purple line (top panel) represents the voltage applied to the piezoelectric stack. The applied piezo voltage 

translates into a peak-to-peak distance of 5.0 Å and a higher voltage corresponds to a larger electrode distance. In 

these cases the conductance responds in antiphase with the gap-size variation. 
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Figure S15. Examples of distance-modulation traces. The total modulation time is 120 s at a frequency of 0.5 Hz. 

The blue, green and orange lines (bottom panel) represent three different conductance measurements, whereas the 

purple line (top panel) represents the voltage applied to the piezoelectric stack. The applied piezo voltage translates 

into a peak-to-peak distance of 5.0 Å and a higher voltage corresponds to a larger electrode distance. In these cases 

the conductance responds with double the frequency of the driving modulation. 
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Figure S16. Examples of distance-modulation traces. The total modulation time is 120 s at a frequency of 0.5 Hz. 

The blue, green and orange lines (bottom panels) represent three different conductance measurements, whereas the 

purple line (top panel) represents the voltage applied to the piezoelectric stack. The applied piezo voltage translates 

into a peak-to-peak distance of 5.0 Å and a higher voltage corresponds to a larger electrode distance. In these cases 

the conductance responds with double the frequency of the driving modulation, with subsequent peaks having 

different heights. 
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Figure S17. Example of a distance-modulation trace. The total modulation time is 120 s at a frequency of 0.5 Hz. 

The blue line represents the conductance measurement, whereas the purple line the voltage applied to the 

piezoelectric stack. The applied piezo voltage translates into a peak-to-peak distance of 5.0 Å, and a higher voltage 

corresponds to a larger electrode distance. The inset shows a portion of the trace in which a shift from antiphase to 

in-phase occurs.  
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Figure S18. Fourier Transform of the conductance traces measured with a displacement modulation at 0.5 Hz. A 

pronounced peak is found at the driving frequency of the piezoelectric stack and a smaller one at the second 

harmonic. 
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Figure S19. Example of a distance-modulation trace. The full trace is shown here with the initial opening of the 

gap, the gap size modulation at 0.5 Hz for 120 s, and the final breaking to the noise level. The blue line represents 

the conductance measurement, whereas the purple line represents the voltage applied to the piezoelectric stack. The 

applied piezo voltage translates into a peak-to-peak distance of 5.0 Å and a higher voltage corresponds to a larger 

electrode distance.  
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3. Statistical analysis 

 

Figure S20. a) Junction-formation statistics and percentage of molecular junctions showing conductance 

oscillations for fast-breaking measurements (sample A). b) Junction-formation statistics and percentage of phase 

response behaviours of the conductance oscillations in triangular modulation measurements (sample B). The 

percentage of molecular traces is remarkably similar despite the measurements being performed on different 

samples and with different techniques. 

 

4. Estimation of the gauge factor 

The gauge factor of a strain gauge GF is defined as the ratio between the change in relative electrical 

conductance G/G and the mechanical strain . From the distance modulation experiment it is possible 

to estimate the gauge factor of the molecule. To do so, we selected 123 traces from the 806 of sample B 

that showed particularly clear and stable oscillations. We then split each trace into semi-periods of the 

piezo modulation, i.e., portions in which the electrodes move in the same direction. For each of these 

portions we then identified the maxima and minima in conductance and their respective positions. From 

the former two, G/G is extracted by dividing the change in conductance with the average conductance 

for the portion of trace considered; from the latter,  is obtained by dividing the electrode displacement 

(L) by the size of the relaxed molecule (L = 1.75 nm). The GF is thus given by: 
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𝐺𝐹 =

∆𝐺
𝐺
𝜀

=  

∆𝐺
𝐺

∆𝐿
𝐿

 

Since the frequency of the modulation was 0.5 Hz for a maximum time of 120 s, each trace can provide 

up to 120 gauge factor values.  

The GF distribution is shown in Fig. S21. Both in-phase and antiphase traces were among the selected 

traces, which means that both positive and negative values in the gauge factor can be obtained: negative 

gauge factor values are obtained from antiphase traces. The peaks in the distribution are found at GF = 

+5 and GF = -7. The distribution of the absolute values is plotted in the main text (Fig. 3b). 

This simple method for estimating the GF yielded the same qualitative result as others with more 

restrictive constraints in the peak selection or with preliminary smoothing of the curves, showing that 

noise spikes do not play an important role in the average result. 

 

 

Figure S21. Distribution of gauge factor values obtained from 123 selected traces of the distance-modulation 

measurements performed on sample B. 
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Supporting Section III. Transport Calculations 

1. Setup of DFT simulations  

Throughout all DFT calculations we used the def-SVP basis set and the PBE functional.3,4 During 

structural relaxations the total energy was converged to 10-6 a.u. and the maximum norm of the Cartesian 

gradient to 10-3 a.u. Initial configurations of molecular junctions were obtained in the following way: The 

gas-phase molecule was relaxed with one gold atom at each sulfur atom. Independently, we relaxed the 

corresponding gold leads with a benzene ring attached through a sulfur atom. We then combined the 

relaxed structures to the final system, which we call extended central cluster (ECC), as described in Bürkle 

et al.5 In short, this was done by replacing the benzene rings, attached to the leads, with the relaxed 

molecule. Finally, the obtained system was relaxed once again, giving the initial structure for further 

molecular junction simulations, in which the lead separation was varied in steps of 0.1 or 0.2 Å. 

2. Quantum interference effects 

The source of the transmission valley in Fig. 5 lies in the quantum mechanical interference of frontier 

orbital contributions to the transmission. Its presence can be explained solely by the gas-phase HOMO 

(GPH) and gas-phase LUMO (GPL). However, the shift in energy of the conductance dip as a function 

of the displacement can only be explained, if one also takes the GPH-1 and GPL+1 into account. The 

underlying theory is described in the literature.6,7 In a toy model, the electronic transmission of our ECC 

can be expressed as 

𝜏(𝐸) =
(2𝜋𝛽2)

2

2
𝐺𝑎(𝐸)𝐺𝑟(𝐸)𝜌𝑙(𝐸)𝜌𝑟(𝐸)    (1) 

where β is the transfer integral of the gold-sulfur bond, 𝐺𝑎 𝑟⁄ (𝐸) are matrix elements of the energy-

dependent advanced and retarded Green’s functions of the molecule that connect terminal sulfur atoms, 

and 𝜌𝑙 𝑟⁄ (𝐸) are the local densities of states of the left and right leads. The zeroth-order Green’s functions, 

describing a molecular junction, in which the molecule does not interact with the leads, are given as 

𝐺(0)𝑟/𝑎(𝐸) = ∑
𝐶𝑙,𝑘𝐶𝑟,𝑘

∗

𝐸−𝜖𝑘±𝑖𝜂𝑘       (2) 
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with the expansion coefficients 𝐶𝑙 𝑟⁄ ,𝑘 of the k-th molecular orbital at the left/right sulfur atom and the 

orbital energies 𝜖𝑘. Using 𝐺𝑎 𝑟⁄ (𝐸) ≈ 𝐺(0)𝑎 𝑟⁄ (𝐸), the transmission can be written as 

𝜏(𝐸) ∝ |𝐺(0)𝑟(𝐸)|
2
.      (3) 

A general rule for the conductance, i.e. the transmission at the Fermi energy 𝐸𝐹, can be deduced from Eq. 

2: Since 𝐸𝐹 − 𝜖𝐻𝑂𝑀𝑂 and 𝐸𝐹 − 𝜖𝐿𝑈𝑀𝑂 have opposite signs, the corresponding summands in the zeroth-

order Green’s function 𝐺(0)𝑟(𝐸), 

𝐶𝑙,𝐻𝑂𝑀𝑂𝐶𝑟,𝐻𝑂𝑀𝑂
∗

𝐸𝐹−𝜖𝐻𝑂𝑀𝑂+𝑖𝜂
+

𝐶𝑙,𝐿𝑈𝑀𝑂𝐶𝑟,𝐿𝑈𝑀𝑂
∗

𝐸𝐹−𝜖𝐿𝑈𝑀𝑂+𝑖𝜂
,    (4) 

will have the same (different) signs, if the products 𝐶𝑙,𝐻𝑂𝑀𝑂𝐶𝑟,𝐻𝑂𝑀𝑂
∗  and 𝐶𝑙,𝐿𝑈𝑀𝑂𝐶𝑟,𝐿𝑈𝑀𝑂

∗  have different 

(same) signs. The sign of each coefficient 𝐶𝑙 𝑟⁄ ,𝑘 corresponds to the sign of the wave function k at the 

particular site l,r, i.e. on the electrode-connecting sulfur atoms.  

The HOMO and LUMO in the molecular subspace of our ECC at displacements close to the observed 

transmission valley (precisely, for displacements d with -1 Å < d < 2 Å) are related to the GPH and GPL, 

respectively (Fig. 5c). Since these molecular orbitals are centrally symmetric, the coefficients 𝐶𝑙 𝑟⁄ ,𝑘 need 

to be of the same sign for each orbital at the left and right sites. As a consequence the products 𝐶𝑙,𝑘𝐶𝑟,𝑘
∗  

yield identical signs for both orbitals, which finally leads to an antiresonance in the transmission 𝜏(𝐸) at 

an energy 𝜖𝐻𝑂𝑀𝑂 < 𝐸 < 𝜖𝐿𝑈𝑀𝑂. 

The shift of this energy upon mechanical deformation can be explained, if we take also the HOMO-1 and 

LUMO+1 (attributed to GPH-1 and GPL+1) into account. To illustrate this, we calculate the conductance 

according to Eq. 3 for a toy model system, which has four molecular orbitals with displacement-dependent 

energies 𝜖𝑘(𝑑) ≔ 𝑎𝑘arctan(𝑏𝑘+d)+𝜖𝑘
0, where 𝑘 ∈ {HOMO − 1, HOMO, LUMO, LUMO + 1}. The 

coefficients 𝑎𝑘, 𝑏𝑘 and 𝜖𝑘
0 are chosen to mimic the energy dependence of the orbitals according to the 

DFT results in Fig. 5c. The products 𝐶𝑙,𝑘𝐶𝑟,𝑘
∗ =: 𝑐𝑘 were chosen according to the symmetries of the gas-

phase molecular orbitals of the studied molecule from Fig. 4a: 𝑐𝑘 = ±1 for centrally 

symmetric/antisymmetric wave functions. Figure S22 shows the resulting transmission map on the left 

side. The map on the right side shows the transmission of an extended toy model, where we additionally 
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assume four more molecular orbitals (eight in total) at displacement-independent energies of -1.4, -1.2, 5 

and 8 eV with products 𝑐𝑘 equal to -1, 1, 1 and -1. 
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Figure S22. Calculated transmission of a toy model. The molecular orbital energies and their dependence on the 

displacement (causing the horizontal yellow traces) were modelled in such a way as to mimic the traces obtained 

from the DFT calculations in Fig. 5. The simpler model (left map) considers four orbitals, while the refined model 

(right map) additionally considers four more displacement-independent orbitals (of which only two are visible in 

the chosen energy range). 

 

An antiresonance with a clear displacement dependence occurs between the frontier orbitals within this 

toy model. The antiresonance crosses the orbital energies, where GPH-1, GPH and GPL, GPL+1 

degenerate. This exactly matches the observations made in the DFT transmission map, although the shape 

of the antiresonance valley is slightly different. The position of the antiresonance depends on the relative 

energy distances ∆𝐻≔ 𝜖𝐺𝑃𝐻 − 𝜖𝐺𝑃𝐻−1 and ∆𝐿≔ 𝜖𝐺𝑃𝐿+1 − 𝜖𝐺𝑃𝐿. At d = −1.5 Å GPH-1 and GPH 

degenerate and ∆𝐻= 0. Since GPH and GPH-1 energies are equal and their coefficients are of opposite 

sign (𝑐𝐺𝑃𝐻−1 = −1 and 𝑐𝐺𝑃𝐻 = +1) the corresponding summands in Eq. 2 cancel out. Therefore, at d = 

−1.5 Å the orbitals GPH-1 and GPH do not contribute to the total conductance. For d < −1.5 Å GPH-1 

and GPH change their order so that ∆𝐻< 0. Now the HOMO-1 is attributed to the GPH and the HOMO 

to the GPH-1. This means that HOMO and LUMO are of different symmetries, which, according to the 

argument above, leads to summands of the same sign and the resulting contributions to the conductance 

add up in a constructive manner. In this case there is no antiresonance between the HOMO and the LUMO 

anymore. An analogous explanation for the vanishing of the destructive interference can be given for d > 

1.8 Å, where GPL and GPL+1 change their energetic order (∆𝐿< 0). 
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3. Displacement dependence of molecular orbital energies  

As stated above, the displacement dependence of the orbital energies is crucial for the theoretical 

explanation of the displacement-dependent transmission. The isovalue plots of the four frontier orbitals 

are shown in Fig. 5a. These are sufficient to understand the displacement dependence of the orbital 

energies. First, we consider the GPH and GPL: Starting from d = 0 Å (near the total energy minimum at 

0.2 Å, where the molecule is closest to its gas-phase configuration) their energies increase, if the molecule 

is stretched (see Fig. 5c). The reason for this is the shifting of the stacked benzene rings.  
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Figure S23. Molecular orbitals of the gas phase configuration. The sulfur atoms are terminated with one gold atom 

each. Green circles mark the parts of the wave function which arise from the -orbitals of the stacked benzene 

rings. These parts show a sign change for GPH and GPL and no sign change for GPH-1 and GPL+1. 

 

The wave function at the opposing stacked rings shows a sign change for GPH and GPL, marked with 

green circles in Fig. S23, which corresponds to an antibonding configuration. Upon stretching these -

orbitals are brought closer together, thereby increasing the energy. Additionally, the -orbitals of each 

OPE unit are moved away from the orbitals arising from the ethynyl atoms of the other unit, which have 

the same sign and therefore correspond to a bonding configuration, which as well increases the orbital 

energy. We can use an analogous argumentation to justify the decrease of the orbital energy of the two 

other frontier orbitals, GPH-1 and GPL+1. Here, the opposing -orbitals have the same sign and are in a 
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bonding configuration. If the molecule is stretched, these -orbitals are brought closer to each other and 

are removed from the energetically unfavourable ethynyl-chain orbitals, which reduces the orbital energy. 

If the benzene rings are shifted too far, the energy change can even be reversed. This is observed, e.g., for 

the trace caused by GPL+1 in Fig. 5c. Starting from d = 0 Å at first, it moves to lower energies and from 

d = 3 Å back to higher ones. This happens because the benzene rings are shifted far enough that the -

orbitals start to feel the presence of the next neighbour orbitals of the other OPE unit, which are again of 

opposite sign. This corresponds to a transition from a bonding to an antibonding configuration, which 

results in an increase of orbital energy. 

4. Choice of displacement scale 

The conductance dip in Fig. 5b occurs when the transmission valley intersects the Fermi energy. The 

displacement at which this intersection takes place is affected by the energies of the frontier orbitals and 

their couplings to the leads (i.e. by the lead-molecule bonds). In the system presented in Fig. 5 the 

conductance dip and the minimum of the total energy are separated by 0.2 Å. In other simulated 

configurations (not presented here) with a different pair of leads, the conductance dip and total energy 

minimum were separated by a larger distance of around 1 Å.  

Since only relative displacements are physically meaningful, we have chosen the zero displacement to 

coincide with the minimum of the conductance in Fig. 5. Instead, the vanishing displacement in Fig. 4 is 

determined by the initial geometry.  

Due to well-known issues of DFT the calculated molecular orbital energies are likely to be offset 

compared to the real quasiparticle energies. Beyond absolute conductance values, this implies that there 

are uncertainties in the DFT with regard to the exact position of the conductance dip as a function of the 

displacement. However, the qualitative results discussed here, including the occurrence of an 

antiresonance feature that is sensitive to the stress in the molecule, are well explained. 
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A Tetrasubstituted Helically Chiral Macrocycle with Anchoring Groups for Gold Electrodes 

 

 

Molecule 16 (10.0 mg, 5.51 µmol, 1.0 eq.) was dissolved in THF (3 mL) and was degassed with Ar. To 

this was added dropwise at 0 °C an excess of freshly prepared LDA (n-BuLi: (1.6 M in hexane) 116 µL, 

291 mmol, 52.7 eq.; and diisopropylamine: 45.0 µL, 320 mmol, 57.9 eq.; in THF (2 mL)). After warming 

the reaction to room temperature, the reaction was followed by MALDI TOF MS and after completion of 

the reaction, it was diluted with 2 M HCl and with CH2Cl2 and it was dried over MgSO4. The solvent was 

removed under reduced pressure and the crude was dissolved in THF (3 mL). The crude was transferred 

to an oven dried flask, and diisopropylamine (2 mL) and 4-acetylthioiodobenzene (22.3 mg, 80.2 µmol, 

14.6 eq.) were added. The reaction mixture was degassed by bubbling through a stream of argon for 20 

minutes, and Pd(PPh3)4 (1.20 mg, 1.04 µmol, 19 mol%.) and CuI (6.00 g, 0.32 µmol, 6 mol%) were 

added. The reaction was heated to 55 °C for two hours and after completion 2 M HCl was added. The 

crude was diluted with CH2Cl2 and washed with 2 M HCl. The crude was dried over MgSO4 and the 

solvent was removed under reduced pressure. 17 was obtained as a red amorphous solid. The poor 

stability of the compound did not allow for characterization by NMR experiments. 

 

HRMS (MALDI TOF, DCTB): m/z calcd for C104H96O2S13
+ [M+]: 1792.3774, found: 1792.3790. 
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