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Abstract 

The synthetic access to macrocyclic molecular topologies with interesting 

photophysical properties has greatly improved thanks to the successful implementation 

of organic and inorganic corner units. Based on recent reports, we realized pseudo-

meta [2.2]paracyclophanes (PCPs) might serve as optimal corner units for constructing 

3D functional materials, owing to their efficient electronic communication, angled 

substituents and planar chirality. Herein, we report the synthesis, characterization and 

optical properties of three novel all-carbon enantiopure macrocycles bearing three to 

five pseudo-meta PCPs linked by 1,3-butadiyne units. The macrocycles were obtained 

by a single step from enantiopure literature known dialkyne pseudo-meta PCP and 

were unambiguously identified and characterized by state-of-the-art spectroscopic 

methods. By comparing the optical properties to relevant reference compounds, we 

show that the pseudo-meta PCP subunit effectively elongates the conjugated system 

throughout the macrocyclic backbone, such that already the smallest macrocycle 

consisting of only three subunits reaches an astounding polymer-like conjugation 

length. Additionally, we show that the chiral pseudo-meta PCPs induce remarkable 

chiroptical response in the respective macrocycles, which increases non-linearly with 

the number of PCP units to unprecedented high molar dichroism values for all-carbon 

macrocycles of up to 1335 L mol-1 cm-1. 

 

 

  



Introduction 

The number of reports on carbon-based macrocyclic structures has seen a 

tremendous upward trend in recent years due to the promising photophysical 

properties and topological beauty such π-conjugated structures exhibit. The access to 

these -usually strained- macrocycles has also greatly improved due to the 

development of new synthetic methodologies. The necessity for strain overcoming 

synthetic strategies becomes clear when considering the planar and linear 

conformation that para-substituted benzene exhibit, which is the most found building 

block in π-conjugated macrocycles. One of the most prominent macrocyclic structure 

featuring only para-benzene units is the cycloparaphenylene (CPP) with its radially 

oriented π surface, first synthesized in 2008 by Bertozzi and co-workers.1 The 

synthesis of these strained CPPs was enabled by the ingenious implementation of 

angled cyclohexadiene corner units that facilitate macrocyclization reactions and are 

reductively aromatized in a final reaction step. Since then, many new synthetic 

strategies to overcome strain have been developed. Among those belong for example 

the platinum (II) complex strategy,2 the cyclohexane corner strategy,3,4 the combination 

of Diels-Alder and retro-Diels-Alder reactions,5 or the utilization of ethylene bridges,6,7 

which led to the synthesis of (gram scale) CPPs, zig-zag carbon nanobelts and 

cycloparaphenylene acetylenes (CPPAs). Beside the recently predominant para 

substitution pattern, meta-substituted benzene units have also found their way into 

carbon-based materials. They were implemented as branching points for the 

construction of larger dendrimers,8,9 as corner units for the formation of macrocycles,10–

15 or as general building blocks for polyarylenes.16,17 Recently, they were also 

introduced into CPPs to enhance fluorescent properties.18 While meta-substituted 

benzenes do provide an ideal angle for easier incorporation into new carbon-based 

topologies, the electronic communication between the substituents is limited due to 

cross-conjugation, making them less ideal for conjugated materials.19  



 

Figure 1. Comparison of chirality, directionality and electronics of para- and meta-substituted benzene (a), and 
pseudo-para- and pseudo-meta-substituted [2.2]paracyclophane (b).  

[2.2]Paracyclophanes (PCPs) are moieties with two slightly bent face-to-face oriented 

benzene rings connected by two ethane bridges (Figure 1b). The different substitution 

patterns available in these structural units enable a large variety of distinct building 

blocks, making PCP a generally interesting subunit for 3D materials.21 This is why 

PCPs are not unknown in the field of new functional materials. They have been used 

among other things for the construction of dendrimer structures,22 macrocyclic metal 

complexes,23 or one-handed double helices.24 Recently, pseudo-para PCP was also 

incorporated into CPPs to investigate through-space conjugation25 and a fourfold 

substituted PCP was used for helical chirality stabilization in oligothiophene 

macrocycles.26 Triangle-shaped macrocycles consisting of peudo-ortho PCPs with 

either para-phenylene-ethynylene or biphenyl linkers27 were also reported, but their 

angle only allows the formation of limited ring sizes.28,29 

In contrast to benzene, the behaviour of electronic communication in pseudo-para and 

pseudo-meta-substituted PCPs is reversed. This was shown by Yoshizawa and co-

workers, who theoretically predicted weak charge transport in pseudo-para and 

pseudo-ortho PCPs, and increased charge transport in pseudo-meta PCPs according 

to frontier orbital analysis.30 Performing mechanically controlled break junction 

experiments, our group recently reported experimental evidence of this destructive and 

constructive quantum interference (DQI and CQI) effects in pseudo-para and pseudo-

meta substituted PCPs, respectively, therefore confirming the theoretical prediction.31 

With this finding, we figured that pseudo-meta PCPs might be ideal candidates for 

incorporation in π-conjugated materials. Unlike para-benzene, they combine optimal 

conjugation with an angled arrangement of the substituents, allowing construction of 

new types of topologies without the formation of excessive amounts of strain. 

Additionally, their angle facilitates macrocyclization, circumvents the need for specific 



corner units and their inherent chirality equips the materials with additional chiroptical 

properties. In this work, we thus show the synthesis, characterization and (chir)optical 

properties of three novel all-carbon macrocycles featuring several pseudo-meta PCP 

units connected by 1,3-butadiyne linkers. We further demonstrate that the utilization of 

pseudo-meta PCP skips the need for corner units, enables thorough conjugation 

throughout the macrocycles and induces a remarkable chiroptical response.  

 

Results & Discussion 

Design 

We envisioned to synthesize the cyclized 1,3-butadiyne linked pseudo-meta-PCPs 

(Rp)n-1n, where n represents the number of pseudo-meta-PCP units, by a simple 

alkyne homocoupling of enantiopure dialkyne (Rp)-S1. Preliminary computational 

modelling suggested ring sizes bearing 3 to 6 PCP units in the backbone, although the 

geometry in the butadiyne linkers for both trimer (Rp)3-13 and hexamer (Rp)6-16 seemed 

to be unfavourable. The disconnection of the other enantiomers, (Sp)n-1n, can be 

performed analogously and leads to the enantiopure dialkyne (Sp)-S1. For reasons of 

simplicity, the synthesis and structural analysis are henceforth discussed exclusively 

for the (Rp)-enantiomers, but were performed equally with the (Sp)-enantiomers and 

provided similar results. 

 

Scheme 1. Retrosynthesis of the designed 1,3-butadiyne linked pseudo-meta PCPs (Rp)-1n, where n denotes the 
number of PCP units. Disconnection of the (Sp)-enantiomers can be done analogously, leading to (Sp)-S1. 

 

Synthesis and Characterization 

To obtain the desired macrocyclic 1,3-butadiyne linked PCPs (Rp)n-1n, racemic 

dialkyne rac-S1 was first synthesized according to literature procedures.32 Unlike in the 

reported approach, the enantiomers were separated by chiral-phase high-performance 

liquid chromatography (HPLC) at the dialkyne stage in order to reduce the number of 



steps (see Supporting Information, Figure S 8). Subjecting the enantiopure dialkyne 

(Rp)-S1 to palladium-catalyzed Glaser coupling conditions at low concentration (1 mM) 

in toluene at 80 °C, gave a complex mixture of open-chain polymers and oligomers 

beside the desired macrocycles (Rp)3-13, (Rp)4-14  and (Rp)5-15. While trimeric 

macrocycle (Rp)3-13 (1.5% yield) and tetrameric macrocycle (Rp)4-14 (2.2% yield) were 

readily purified by automated recycling gel permeation chromatography (GPC), 

pentameric macrocycle (Rp)5-15 (1.6% yield) needed an additional purification step by 

normal-phase HPLC (see Supporting Information, Figure S 30).  

The identity of the macrocycles was corroborated by 1H and 13C{1H} nuclear magnetic 

resonance (NMR) spectroscopy, and high-resolution matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (HR-MALDI-ToF-MS). The later 

was instrumental to assign the dimensions of the macrocycles, which was further 

supported by their hydrodynamic radii deduced by the retention times in the GPC 

chromatogram (see Supporting Information, Figure S 31). The high symmetry of all 

obtained macrocycles is reflected in the respective 1H- and 13C{1H}-NMR spectra, 

which show remarkable differences in chemical shifts compared to starting material 

(Rp)-S1 (see Figure 2b).  



 

Figure 2. a) Synthetic scheme towards (Rp)3-13, (Rp)4-14, and (Rp)5-15. Synthesis of the (Sp) enantiomers was 
performed analogously. b) Comparison of the 1H NMR spectra (500 MHz, CDCl3, 298 K) of (Rp)3-13, (Rp)4-14, and 
(Rp)5-15. For a better visibility, the intensity was doubled for the high field proton resonances. The NMR spectra of 
the (Sp)-enantiomers are identical to the (Rp)-enantiomers. 

Comparing the 1H NMR spectra of the starting material (Rp)-S1 to the obtained 

macrocycles (Rp)3-13, (Rp)4-14, and (Rp)5-15 in more detail (Figure 2b), the large 

difference in chemical shift of the ethane bridges (H5a/b and H6a/b) becomes apparent. 

The signal of proton H6a, which belongs to the inner ethane bridge of the PCP subunit 

in the macrocycles, is located at 3.49 ppm for (Rp)-S1. The signal shifts downfield by 

0.3 ppm to 3.79 ppm and by 0.29 to 3.78 ppm for (Rp)3-13 and (Rp)4-14, respectively. 

The same proton for macrocycle (Rp)5-15 is with 0.23 ppm shifted less pronounced. 

Proton H6b, which is connected to the same carbon atom as H6a and thus also part of 

the inner ethane bridge of the PCP subunit in the macrocycles, is part of the same 

multiplet as the outer ethane proton H5a of (Rp)-S1, residing at 3.08 ppm. For the 

macrocycles, however, the signals shifts downfield for (Rp)3-13, (Rp)4-14, and (Rp)5-15, 

by 0.34, 0.25, and 0.19 ppm, respectively. A very similar trend is observed for outer 

ethane bridge proton H5a, which is now clearly separated from H6b. Its signal shifted 

from 3.08 ppm to 3.28, 3.21, and 3.17 ppm for (Rp)3-13, (Rp)4-14, and (Rp)5-15, 

respectively. The second proton of the outer ethane bridge, H5b, is behaving rather 



differently, as it is upfield shifted by 0.12 and 0.04 ppm for (Rp)3-13 and (Rp)4-14, 

respectively, but displays hardly any shift for pentameric macrocycle (Rp)5-15.  

Concerning the aromatic protons, a very similar trend is observed, although the shifts 

tend to be less pronounced than for the ethane bridge protons. The doublet of proton 

H3, which is at 7.00 ppm for (Rp)-S1, shifts downfield to 7.09, 7.10, and 7.09 ppm for 

(Rp)3-13, (Rp)4-14, and (Rp)5-15, respectively. Doublet of doublets of H2 shifts from 6.49 

ppm to 6.58 ppm for (Rp)3-13, but then stays with 6.57 and 6.56 ppm for (Rp)4-14 and 

(Rp)5-15, respectively, fairly comparable. Proton H1 receives a small upfield shift of 0.01 

ppm for trimer (Rp)3-13, followed by a downfield shift to 6.61 and 6.65 ppm for (Rp)4-14 

and (Rp)5-15, respectively. Generally, no structure related apparent rationale can be 

concluded from the chemical shifts of the individual protons. However, the largest 

differences in chemical shifts were observed for trimeric macrocycle (Rp)3-13, attributed 

to the higher strain, leading to a more pronounced geometric disorder as compared to 

the other macrocycles. The 13C{1H} NMR spectra show 10 signals for each of the 

macrocycles and the starting material, being consistent with the expected high 

symmetry of the obtained structures (see Supporting Information, Figures S 10, S 17 

and S 24). 

 

Optical Properties 

The absorption and emission spectra of the dialkyne (Rp)-S1 are compared to the 

obtained macrocycles in Figure 3. The highest wavelength transition (λmax) of (Rp)-S1 

lies at 285 nm with an extinction coefficient (ε) of 9 308 L M-1 cm-1. The measured 

emission peak has its maxima at 382 nm, resulting in a large Stokes shift of 97 nm. On 

the other hand, trimeric macrocycle (Rp)3-13 displays two main absorption bands at 331 

and 369 nm (λmax) with ε = 68 206 and 46 182 L M-1 cm-1, respectively. Likewise, the 

normalized emission spectrum features two main bands at 385 nm and 418 nm, 

resulting in quite a small Stokes shift of 16 nm. The much smaller Stokes shift is 

unsurprising, given the expected increased rigidity of the macrocycle as compared to 

the dialkyne (Rp)-S1. The two main absorption bands of (Rp)4-14 lie at 339 (ε = 89 567 

L M-1 cm-1) and 370 nm (λmax, ε = 80 525 L M-1 cm-1), and for (Rp)5-15 at 341 (ε = 147 

355 L M-1 cm-1) and 370 nm (λmax, ε = 149 778 L M-1 cm-1). Aside from the increasing 

extinction coefficient, the absorption spectra change insignificantly with increasing ring 



size and likewise the normalized emission spectra are almost identical for all three 

macrocycles.  

 

 

Figure 3. a) Left: Absorption (solid line) and emission (dashed line, excitation at 285 nm) spectra of (Rp)-S1 in 
CH2Cl2 (c ~10-6 M). Right: Circular dichroism spectra of (Rp)-S1 (solid line) and (Sp)-S1 (dashed line) in CH2Cl2 (c 
~10-6 M). b) Left: Absorption (solid line) and emission (dashed line) spectra of (Rp)3-13 (red), (Rp)4-14 (green), and 
(Rp)5-15 (blue) in CH2Cl2 (c ~10-6 M). Compounds (Rp)3-13, (Rp)4-14, and (Rp)5-15 were excited at 330, 340, and 340 
nm, respectively. Absorption and emission spectra were comparable for the (Sp)-enantiomers. Right: Circular 
dichroism spectra of the (Rp)-enantiomers (solid line) and (Sp)-enantiomers (dashed line) of 13 (red), 14 (green) and 
15 (blue) in CH2Cl2 (c ~10-6 M). 

 

In the circular dichroism (CD) spectra, dialkyne (Rp)-S1 shows three main cotton bands 

at 287, 262 and 244 nm with moderate molar circular dichroism values (Δε) of -94, 52 

and 135 L mol-1 cm-1, respectively. Compared to that, trimeric macrocycle (Rp)3-13 

shows two main cotton bands at 349 and 377 nm with strong molar circular dichroism 

values of -256 and -523 L mol-1 cm-1. Just as in the absorption spectra, the main peaks 

in the CD spectra do not shift in energy when increasing the ring size, but the molar 

circular dichroism value increase drastically. The cotton bands of (Rp)4-14 show 



particularly strong molar circular dichroism values of -847 for the transition at 377 nm 

and (Rp)5-15 shows extraordinarily intense values of -1335 L mol-1 cm-1. To the best of 

our knowledge, this is the most intense molar circular dichroism value for macrocyclic 

all-carbon molecules reported to date, surpassing those of alleno-acetylenic 

macrocycles33 and also of helicene oligomers.34 Interestingly, the molar circular 

dichroism values increase non-linearly with the number of subunits present in the 

macrocycles, which has been previously also reported for other types of molecules.33,35 

Specifically, the intensity of the cotton effects increases 1.7 times for (Rp)4-14 compared 

to (Rp)3-13, and 1.6 times for (Rp)5-15 compared to (Rp)4-14, although the number of 

subunits increases just by 1.33 and 1.25, respectively. 

 

Table 1. Comparison of the main absorption, emission and circular dichroism values of (Rp)-S1, (Rp)3-13, (Rp)4-14 
and (Rp)5-15. 

Comp. λmax [nm] ε λmax [L mol-1 cm-1] λem (excitation) [nm] Δεmax [L mol-1 cm-1] 

(Rp)-S1 285 9 308 382 (285) 135 

(Rp)3-13 369 46 182 385, 418 (330) -523 

(Rp)4-14 370 80 525 385, 418 (340) -847 

(Rp)5-15 370 149 778 385, 418 (340) -1335 

 

The g-factor plot was analyzed in order to get an understanding of the origin of the 

intense chiroptical response that the macrocycles display. The g-factor, which is also 

known as the anisotropy or dissymmetry factor, is defined as the ratio of molar circular 

dichroism and molar extinction (Δε/ε) and provides information about the magnetic 

contribution to a given cotton effect.36 The plot shows similar contributions for all three 

macrocycles (Rp)3-13, (Rp)4-14, and (Rp)5-15, with g-factor values reaching moderate 

values of up to 0.019 (see Supporting Information, Figure S 35). The non-linear 

increase of the chiroptical response can hence not be explained by an additive 

magnetic contribution to the transition but is rather originating from a non-linear 

increase in contribution of the electronic transition dipole moment, which is consistent 

with the strong increase in molar extinction values. Since there is only a small flattening 

of the non-linear increase observed, a potential hexameric macrocycle would result in 

an even larger cotton effect. However, such a macrocycle was not observed in the 

obtained crude mixture and is thus deemed a geometrically unfavoured structure.  

 



Conjugated System 

When comparing conjugated systems with similar substituents, a redshift in the 

absorption spectra is associated with an increase of the conjugation length. Given the 

observation that the highest wavelength transition λmax in the absorption spectrum 

converges to 370 nm upon enlarging the ring size, the question arises whether the 

conjugation pathways are interrupted or whether the system is conjugated effectively. 

To investigate on this matter, commercially available compound 2 and literature known 

molecule 337 were identified as relevant reference compounds. Namely, 1,4-

diphenylbutadiyne (2) would make up the simplest conjugated subsystem of the 

macrocycles if no coupling through the PCP core existed. On the other hand, 

compound 3 would manifest the smallest subsystem if conjugation is interrupted 

beyond one PCP core (Figure 4a). 

 

 

Figure 4. a) Reference compounds 2 and 3 which manifest small sub-segments of the macrocycles are displayed 
together with their highest wavelength transition λmax. b) Absorption spectra of 2 (red), rac-3 (blue) and (Rp)3-13 
(black) in CH2Cl2 (c ~10-6 M). 

 

The absorption spectra of the reference compounds are compared to the trimeric 

(Rp)3-13 in Figure 4b. The highest wavelength transition λmax for 2 lies at 330 nm, which 

is redshifted by 21 nm to 351 nm for reference compound 3. This observation suggests 

efficient conjugation through the pseudo-meta PCP moiety. Taking into account that 

λmax for (Rp)3-13 is further redshifted by 18 nm to 369 nm as compared to 3 and that 

λmax converges to 370 nm when increasing the ring size, we concluded that the 

conjugated system is extended beyond one PCP core and that it is efficiently 



conjugated throughout the whole macrocyclic backbone. This conclusion is further 

supported by the absorption spectra of fast eluting bands in the GPC chromatogram 

(see Supporting Information, Figures S 31 – S 34). The absorption spectra of these 

fast eluting compounds (presumably non-cyclized polymers) display a nearly identical 

shape as the macrocycles (Rp)3-13, (Rp)4-14, and (Rp)5-15, and their λmax is converging 

from 368 nm toward 370 nm. This finding suggests that these macrocycles are so 

efficiently conjugated that they obtain an astonishing polymer-like conjugation length 

despite their rather small size.  

 

Conclusion 

We could show that the angle offered by pseudo-meta substituted PCPs allows to 

construct trimeric-, tetrameric- and pentameric 1,3-butadiyne linked macrocycles 

(Rp)3-13, (Rp)4-14, and (Rp)5-15, respectively. The electronic through space 

communication of the pseudo-meta PCPs evidently leads to a thoroughly conjugated 

system, yielding polymer-like states already for the smallest of the macrocycles in the 

studied series. The inherent chirality of the pseudo-meta PCPs leads to a strong 

chiroptic response manifested in the non-linearly increasing CD signals from 13 to 15 

with unrivalled molar circular dichroism values for all-carbon systems of up to -1335 L 

mol-1 cm-1 for (Rp)5-15. These findings prove pseudo-meta PCP to be viable corner unit 

for the construction of various 3D functional materials, and suggest efficient 

incorporation into π-conjugated material that would otherwise suffer from unfavourable 

strain energies. We are currently looking into DFT calculations to get a deeper 

understanding of the origin of the intense chiroptic response and plan to investigate 

the CPL properties of the obtained macrocycles.  
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