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I 

Abstract 

Cycloparaphenylenes (CPPs) represent the shortest cutout of armchair single-walled carbon 

nanotubes (SWCNTs). These three-dimensional structures solely built from sp2-hybridized 

subunits contain a considerable amount of strain arising from this unusual arrangement. This 

needs to be built throughout the synthesis and requires a strategy, targeting on a strain-

reduced macrocycle prior to the formation of the CPP. One of these strategies which relies 

on a modular macrocyclization through palladium catalyzed Suzuki cross-coupling was 

combined with a [2+2+2] cycloaddition (CA) strategy to introduce tert-butyl (t-Bu) esters to 

the central building block. Thus, one [8] and two [10]CPP analogues equipped with t-Bu 

esters could be synthesized. The derivatives of [10]CPP were of particular interest as [10]CPP 

is, reasoned by its size, well suited to build inclusion complexes with the fullerenes C60 and 

C70. The influence of the substituents on the association behavior to these carbon allotropes 

was investigated and quantified by fluorescence-quenching experiments as well as 

computational chemistry to gain further insight into the experimental results.  

 

Supramolecular chemistry of substituted CPPs and their bottom-up synthesis centered around a [2+2+2] 
cycloaddition. 

An interplay of multiple phenomena influenced the association, from which the increased 

dihedral angle, arising between the substituted and the neighboring phenyl rings, was 

attributed as the main contributor to decrease the association. Additional interactions 

emerging between the substituents and the fullerene were attenuating this effect and were 

differently strong for the two fullerenes. The achieved insights were compared to another 

functionalized [10]CPP analogue reported by the Wegner group. Further, malonyl ester 

derivatives of C60 with different alkyl chains were synthesized and used to investigate 

interactions occurring between the ester functionalities of the fullerene and t-Bu esters from 

one CPP derivative and were compared to results obtained for [10]CPP.  



 

 

II 

Zusammenfassung 

Cycloparaphenylene (CPPs) stellen den kleinstmöglichen Ausschnitt von einwandigen 

armchair Kohlenstoffnanoröhren (SWCNTs) dar. Diese dreidimensionalen Strukturen, die 

ausschließlich aus sp2-hybridisierten Untereinheiten bestehen, enthalten eine beträchtliche 

Spannung, die aus dieser ungewöhnlichen Anordnung resultiert. Diese muss während der 

Synthese aufgebaut werden, was durch einen vorherigen Aufbau eines 

spannnungsreduzierten Makrozyklus realisiert wird. Eine dieser Strategien, welche auf einer 

modularen Makrozyklisierung durch palladiumkatalysierte Suzuki Kreuzkupplung basiert 

wurde mit einer [2+2+2] Cycloadditionsstrategie kombiniert, um tert-Butyl (t-Bu) Ester in 

den zentralen Baustein einzuführen. Durch diese Verknüpfung konnten ein [8] und zwei 

[10]CPP-Analoga, ausgestattet mit t-Bu Estern, dargestellt werden. Die Derivate von [10]CPP 

waren von besonderem Interesse, da [10]CPP, aufgrund seiner Größe, gut geeignet ist, um 

Einschlusskomplexe mit den Fullerenen C60 und C70 einzugehen. Der Einfluss der 

Substituenten auf das Bindungsverhalten zu diesen Kohlenstoffallotropen wurde analysiert 

und anhand der Reduzierung der Fluoreszenz bei Zugabe quantifiziert. Um weitere Einblicke 

in die experimentellen Ergebnisse zu erhalten, wurden die Komplexe zusätzlich mittels 

Computerchemie untersucht. 

 

Supramolekulare Chemie substituierter CPPs und ihre Synthese mit einer im Mittelpunkt stehenden [2+2+2] 
Cycloaddition. 

Es wurde herausgefunden, dass ein Zusammenspiel aus mehreren Phänomenen die 

Assoziation beeinflusste, von denen der vergrößerte Diederwinkel, der zwischen dem 

substituierten und benachbarten Phenylringen entsteht, den größten Einfluss auf die 

Assoziation ausübt. Zusätzliche Interaktionen, die zwischen den Substituenten und dem 

Fulleren auftauchen, haben diesen Effekt abgeschwächt und waren unterschiedlich stark für 

die beiden Fullerene. Die gewonnenen Einblicke wurden mit einem anderen 

funktionalisierten [10]CPP-Analogon der Wegner Gruppe verglichen. Zusätzlich wurden 



 

 

III 

Malonylesterderivate von C60 mit unterschiedlichen Alkylketten synthetisiert und 

Interaktionen zwischen den Estergruppen des Fullerens und t-Bu Estern eines CPP-Derivats 

untersucht und die erhaltenen Ergebnisse mit denen für [10]CPP verglichen. 



Introduction 
 

 

1 

1 Introduction 

1.1 Weak Interactions in Chemistry 

Supramolecular chemistry is a multidisciplinary subject at the borderline between physics, 

biology and chemistry.[1] It is present when two or more entities come in close proximity and 

interact via non-covalent interactions that keep molecules together without the need of any 

covalent bond. Even though supramolecular chemistry is defined as a research field based on 

interactions occurring intermolecularly,[2] e.g., in liquid crystals,[3] the underlying interactions 

also play an essential role in intramolecular systems like in the formation of secondary and 

tertiary structures of proteins.[4] Thus, an in-depth understanding of these non-covalent 

interactions, a term which describes the essence of these forces well, is crucial. Especially 

the research field of material science is a prime example in this regard. For instance, 

supramolecular chemistry and an exhaustive understanding of it was shown to be key for the 

improvement of different types of solar cells. Thus, the self-assembly of an electron acceptor 

was found to enhance the performance of an organic solar cell,[5] and an anion-π interaction 

in a perovskite solar cell equipped with a fullerene electron transport layer, promoted the 

charge-transport.[6] 

Prominent representatives in the context of material science are single-walled carbon 

nanotubes (SWCNTs). These π-extended molecular architectures, experimentally discovered 

in the early 90s of the last century,[7] have a curved structure, solely consisting of sp2-

hybridized carbon atoms and can vary both in length and diameter. 

 

Figure 1: SWCNT functionalized through a supramolecular complexation with pyrenes.[8] 

A supramolecular assembly of SWCNTs with functionalized pyrenes was found to facilitate 

solubility and even allows solubility in water, when ammonium ions were introduced to the 
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side chain (Figure 1).[8] The complex is mainly driven by π-π interactions occurring between 

the convex surface of the nanotubes and the two-dimensional pyrene. An in-depth analysis 

of this complex would be a challenging task because the one hand the exact structure of the 

nanotube is not well defined, as it consists of a mixture of different lengths and widths, and 

on the other hand the stoichiometry of pyrenes to the nanotube is unknown. Additionally, 

the side chains bear the possibility of additional interactions like CH-π interactions along 

with cation-π interactions, which make the analysis of these forces even more difficult.  

One way of gaining insight into these interactions in general is the quantification within a 

suitable system. Molecular balances are a useful tool for this purpose and manifold systems 

were presented in the past decades.[9] Especially, when one force in the occurring 

interaction is dominant, an in-depth study is facilitated. One prominent example of such a 

system was reported by Wilcox and coworkers (Figure 2, left). The rotation around the 

Cphenyl-Cphenyl bond is at room temperature slow enough to observe different 1H NMR signals 

for the intramolecularly interacting and the non-interacting state, which made the 

investigation of CH-π interactions by measurement of the 1H NMR spectrum possible.[10] 

 

Figure 2: Example of a rotational balance system, the original Wilcox balance (left),[10] adapted version by 
Diederich (middle),[11] and adapted version by Cockroft (right).[12] 

This rotational balance motif was also used by Diederich and coworkers (Figure 2, middle) in 

order to investigate fluorine-amide interactions,[11] as well as by Hunter and coworkers for 

the investigation of solvent effects, altering the electron densities of the interacting aromatic 

rings.[13] Further, Cockroft and coworkers equipped the interacting aromatics with long alkyl 

chains to exploit this system to investigate London dispersion.[12] These examples showcase 

the manifold applications of a system which is adapted to fit the needs. Additional systems 

were published relying on the rotational interconversion between two states – an 

interacting and a non-interacting one whose equilibrium was used to quantify the emerging 

interaction. Examples include systems based on thiobarbiturate,[14] thiourea,[15] or a bicyclic 

N-arylimide.[16] Similarly, the bond isomerism could be used in this regard. 
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Cyclooctatetraene, for instance, was applied in this manner, as the equilibrium between the 

two isomers 4 and 5 has been used for the investigation of London dispersion (Scheme 1, 

left).[17] Further, the azobenzene scaffold, which is, in contrast to most systems, not analyzed 

via its equilibrium but the kinetics of the back-isomerization from the less favored cis state 6-

cis into the favored trans state 6-trans, can be employed (Scheme 1, right).[18–22]  

 

Scheme 1: Molecular systems build on the isomerization of cyclooctatetraene (left) and azobenzene (right).[17–

22] 

Besides these intramolecular systems for the quantification of weak interactions, there are 

examples of intermolecular systems which were used for this purpose as well. In one 

example, the group of Albrecht used 1H NMR spectroscopy to investigate the dimerization 

equilibrium between titanium tris-catecholate 7 and its dimeric form 8 (Scheme 2).[23]  

 

Scheme 2: Dimerization equilibrium of titanium tris-catecholate 7 influenced by London dispersion.[23] 

Different alkyl groups as residues on the ester functionalities led to different dimerization 

constants with a maximum for n-heptyl. The non-covalent interactions, influencing the 

dimerization were dominated by London dispersion interactions and their enthalpy as well 

as entropy contributions could be quantified.[23] A second example of intermolecular 

balances for the evaluation of London dispersion interactions was published by the group of 

Chen who utilized proton-bound N-heterocyclic dimers in the gas phase as well as in 

solution.[24] Even though these systems give an accurate idea about interactions like London 

dispersion, CH-π, cation-π, or solvophobic effects, a more complex interplay of such 

interactions is hard to investigate with these balance systems. This becomes even clearer 

when considering extended structures like the beforehand presented SWCNTs. One way to 

circumvent this obstacle is to design suitable model systems to shine light onto these more 
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complex systems. In this manner, the molecular class of cycloparaphenylenes (CPPs) comes 

into play, which represents the shortest repeatable section of a SWCNT. 

1.2 Cycloparaphenylenes 

CPPs preserve the π-conjugated cyclic nature of SWCNTs, granting them a radially arranged 

molecular orbital with increased electron density in their cavity (Figure 3) making them host-

candidates for supramolecular inclusion complexes.  

 

Figure 3: Representative sketch of [n]CPPs on the example of [8]CPP (left) and the schematic representation of 
π-orbitals from the aerial view. 

Besides, this unusual arrangement of sp2-hybridized subunits yields size-dependent 

properties, like strain energy,[25] as the curvature is distributed over a varying number of ring 

units, altering the geometric distortion from planarity. In contrast to this, CPPs show a size-

independent UV-Vis absorption (Figure 4, left).  

 

Figure 4: Absorbance (solid lines) and fluorescence (dashed lines, excited at 350 nm) of [8]-[13]CPP in THF 
(left),[26] reproduced from Ref. [26] with permission from the Royal Society of Chemistry; orbital energy 
diagram for different sized CPPs on the TD-DFT level of theory B3LYP/6-31G(d),[27] reproduced from Ref. [27] 
with permission from the Royal Society of Chemistry. 

The responsible orbital-transition does not take place between the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) as this is 

symmetry forbidden. This transition occurs as a longer wavelength side maximum due to 

dynamic conformational change.[27] The degenerate transitions HOMO-1 → LUMO as well as 

HOMO → LUMO+1 are the main contributor for the UV-Vis absorption and result in a 
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maximum absorbance at 340 nm. Additionally, CPPs show fluorescence upon excitation at 

this wavelength, which is contrary to their excitation size dependent making CPPs an 

interesting target for organic light-emitting diodes (Figure 4, left),[28] supported by the 

possibility to produce thin films.[29] 

Further, CPPs bear a size-dependent strain (Figure 5, left),[25] which influences geometric 

parameters like the distortion of single rings from planarity as well as twisting of ring-planes 

to each other, altering the orbital energies.[27] Additionally, the deformations affect the 

aromaticity. This fact can be rationalized by nucleus independent chemical shifts (NICS), 

which have smaller values for more aromatic compounds. The numbers reveal a drastic 

decrease of aromaticity for CPPs with less than eight ring units (Figure 5, right).[30] The large 

strain in these cyclic molecules is one parameter which has to be built throughout the 

synthesis and is one reason which hampered earlier success in their bottom-up synthesis. 

          

Figure 5: Size-dependent strain energies of [n]CPPs (left),[25] adapted with permission from Ref. [25]. Copyright 
2010 American Chemical Society; NICS (1) values as probe for aromaticity of different sized CPPs in comparison 
to their open-chain analogues (right),[30] reproduced with permission from Ref. [30]. Copyright 2010 American 
Chemical Society 

1.2.1 Synthetic Approaches 

The first successful synthetic approach, giving access to CPPs was reported in 2008 by Jasti 

and Bertozzi.[31] Key in their strategy was the synthesis of strain-reduced macrocycles by 

incorporating cyclohexadiene moieties as sources of curvature prior to the formation of the 

target compounds (Scheme 3). The bottom-up synthesis starts from the readily available 

small molecules p-diiodobenzene (9) and p-benzoquinone (10), which already carry every 

carbon and hydrogen atom of the target compounds. Lithiation of p-diiodobenzene (9) with 

n-butyllithium (n-BuLi) in tetrahydrofuran (THF) gave a nucleophilic aromatic moiety from 

which two equivalents were added in a syn-selective fashion to p-benzoquinone (10). 
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Scheme 3: Synthetic strategy towards CPPs by Bertozzi and Jasti centered around a random-cross-coupling.[31] 

After etherification with methyliodide (MeI) bent diiodide building block 11 was obtained. 

The sterically less favored syn addition can be explained by electrostatic repulsion occurring 

between the in situ generated alkoxide and the nucleophile. This addition was reported with 

a diastereoselectivity of 80% for a similar case.[32] For the formation of the pre-bent 

macrocycles 13-15 the Suzuki coupling was chosen. Thus, one portion of diiodide building 

block 11 was converted into its size-corresponding boronic ester 12 and coupled with 

building block 11. This synthesis was not size-selective and furnished macrocycles with nine, 

twelve and eighteen ring units. The final treatment with lithium naphthalenide (19) as a 

strong single-electron reductant yielded a mixture of [9], [12] and [18]CPP. Despite the 

breakthrough in the research field of synthetic carbon allotropes, this approach has a lack of 

size-selectivity at this point. Further development especially focusing on this obstacle 

followed within the next years. Utilizing central key building blocks for different sized CPPs 

allows a high flexibility through a modular combination (Scheme 4). In this manner, key 

synthons 12, 23 and 24 delivered [7]-[12]CPP through a sequence of two consecutive Suzuki 

cross-couplings followed by reductive aromatization.[32,33] 
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Scheme 4: Modular syntheses to [7]-[12]CPP relying on three central building blocks.[32,33] 

The three essential building blocks employed for this synthesis were the Bpin/Bpin synthon 

12 already reported in the first approach by Bertozzi and Jasti,[31] as well as mixed halogen 

derivative 23 and mixed Bpin/chloride derivative 24. To access the latter ones, phenol 27 

was, after conversion to its trimethylsilyl (TMS) ether, oxidized using the iodine (III) species 

phenyliodine(III) diacetate (PIDA) to achieve hydroxy ketone 28 (Scheme 5).  

Scheme 5: Synthesis of key synthons 23 and 24.[32] 

To this electrophile was added 4-lithium-chlorobenzene (29) in a syn-selective fashion. The 

resulting diol 30 was deprotonated without any purification and converted to the Br/Cl 

building block 23. After selective lithiation and reaction with i-PrOBpin the Cl/Bpin building 
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block 24 was obtained. Another strategy employing cyclohexadiene moieties utilized 

building block 37 which contains five ring units (Scheme 6) as the central compound to 

access [8] and [10]CPP on a gram scale (Scheme 7).[34] The build-up of the key compound is 

similarly approached as in the other modular synthesis. Angled ketone 28 is targeted from 

phenol 27 through silylation followed by oxidation with PIDA. To this ketone t-Bu 

dimethylsilyl (TBDMS) protected phenol 31 which was prepared beforehand from phenol 27 

through silylation reaction was added after lithiation. The resulting four-membered synthon 

33 could be deprotected using tetra-n-butylammonium fluoride (TBAF) as fluorine source to 

furnish phenol 34 which could again be oxidized using PIDA to obtain an angled unit in 

building block 35 with more curvature. 

 

Scheme 6: Synthesis of key synthons 37 and 38 for the gram scale synthesis of [8] and [10]CPP.[34] 

To obtain five-membered building block 37, ketone 35 was subjected to a sequence of 

deprotonation with NaH, addition of lithium-bromobenzene (36) and quenching with MeI 

and N,N-dimethylformamide (DMF) to form the methoxy ethers in the final step. Lithium-

halogen exchange using n-BuLi followed by addition of i-PrOBpin gave its size corresponding 
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boronic ester 38. Thus, two five-membered building blocks with orthogonal reactivity for a 

Suzuki cross-coupling were obtained and were used to synthesize ten-membered macrocycle 

39 using palladium(II) acetate [Pd(OAc)2] as catalyst (Scheme 7). Exposing five-membered 

building block 37 to the same conditions, but with three-membered building block 12 from 

the original procedure by Bertozzi and Jasti[31] as cross-coupling partner, gave eight-

membered macrocycle 41. The final treatment with sodium naphthalenide (22) yielded 

[8]CPP from 41 and [10]CPP from 39, each on a gram scale. The availability of bulk material is 

an important benefit of this strategy.  

 

Scheme 7: Cross-coupling / reductive aromatization sequence for [8] and [10]CPP on a gram-scale.[34] 

A similar cross-coupling / aromatization sequence was applied to obtain [6]CPP from five-

membered dibromide 37 and 1,4-Bpin substituted phenyl 21 as one-membered building 

block.[35] Additionally, [5]CPP was synthesized from five-membered boronic ester 38 through 

oxidative coupling followed by a two-step aromatization procedure.[36] 

Shortly after the first successful synthesis of a CPP was published by Bertozzi and Jasti, a 

second strategy was presented by the group of Itami. As in the earlier approach, three-

membered building blocks played a crucial role in the strategy. Furthermore, a cross-

coupling between a bis-iodide as well as a bis-boronic ester were central in the ring-

formation, with the main difference of cyclohexane moieties instead of cyclohexadiene 

moieties as angled phenyl surrogates (Scheme 8),[37] following the general idea of 

approaches by Vögtle and coworkers even though they were not able to achieve the final 
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CPP.[38] Further size selectivity was achieved through a step-wise cross-coupling approach. 

These key intermediates were synthetically accessed from 1,4-diiodobenzene (9), which was, 

after lithiation, added to cyclohexane-1,4-dione (43) to obtain curved diiodide 44. One 

fraction was converted to its corresponding methoxymethyl (MOM)-ether 45; the other was 

converted to its size corresponding boronic ester 46 by applying a Miyaura borylation. Two 

equivalents of diiodide 44 were connected to one equivalent of boronic ester 46 forming the 

enlarged diiodide 47, which was subjected to a ring-closing cross-coupling with another 

equivalent of boronic ester 46. 

Scheme 8: Size selective synthesis of [12]CPP by Itami and coworkers. 

Through the sequence of two consecutive cross-coupling reactions a twelve-membered ring 

could be selectively achieved which is the important benefit of this approach. With the 

cyclohexane moieties as sources of curvature, oxidation is necessary to furnish the CPP. This 

conversion is accomplished by treatment of 48 with p-toluenesulfonic acid (p-TsOH) as 

strong acid at 150 °C together with microwave irradiation. Similar to the cyclohexadiene 

approach, a modular strategy based on building blocks with three ring units was 
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developed,[39] and additionally concise syntheses giving faster access of CPPs by substitution 

of the cross coupling step through the nickel mediated Yamamoto-coupling.[40,41]  

The third strategy towards CPPs, which is presented by Yamago and coworkers, is with 

regard to the number of steps, even more efficient and is the only approach which does not 

rely on phenyl surrogates as sources of curvature.[42] Here, a tetranuclear platinum complex 

is formed instead from bis-tin biphenyl 49 in a size-selective fashion followed by a change of 

the ligand on the metal from 1,5-cyclooctadiene (cod) to 1,1'-

bis(diphenylphosphino)ferrocene (dppf). The final oxidative C-C coupling furnishing [8]CPP 

(Scheme 9) follows a strategy originally used by Bäuerle and coworkers towards thiophene 

macrocycles utilizing Pt-macrocycles as well as the extrusion by an external oxidant in the 

final step.[43] Advancement of this strategy include the formation of tetranuclear Pt-

complexes through nickel mediated homo-coupling.[44] Additionally cyclohexadienes as 

phenyl surrogates were combined with Pt-macrocycles,[45] and the metal was changed to 

gold which gives triangular instead of square-shaped macrocycles and further extends the 

sizes of CPPs accessible with this strategy.[46] 

 

Scheme 9: Synthesis of [8]CPP using a tetranuclear platinum complex.[42] 

With these three strategies, which are all centered around the formation of a strain-relieved 

macrocyclic precursors, CPPs with different ring sizes are accessible in modular, as well as 

concise strategies. Besides the size, substitution is another parameter to alter the properties 

of a CPP. 

1.3 Substituted Cycloparaphenylenes 

One possibility to synthesize substituted CPPs, probably the most intuitive one, is to use the 

CPP itself as starting material to introduce substituents via post-functionalization. It was 

demonstrated, that for [8]CPP and smaller derivatives, strain induced addition of bromine 

followed by treatment with a superbase gives brominated CPPs.[47] A second example of this 



Introduction 
 

 

12 

strategy allows the use of larger CPPs. This strategy is centered around η6-complexes 

consisting of a CPP and a chromium atom.[48] This metal complex unveiled an increased 

acidity of the complexed phenyl ring (Scheme 10). Thus, this ring could efficiently be 

deprotonated by using n-BuLi as strong base. Afterwards, an electrophile (TMSCl, ClCO2Me 

or MeOBpin) was added to introduce the substituent, followed by quenching with water and 

exposure to air and ambient light which led to decomplexation. 

 

Scheme 10: Post-functionalization relying on increased acidity by metal complexation.[48] 

These strategies can build on well-established syntheses as they start with the readily 

synthesized CPP. Additionally, pre-functionalized building blocks can be used throughout the 

bottom-up synthesis of the nanoring. Especially for π-extended analogues this approach was 

widely used,[49,50] and even yielded a polymeric structure of CPP subunits connected through 

biphenylenes, giving a tubular extension towards a nanotube-structure.[50] The same 

strategy of using substituted building blocks was also applied to furnish fluorinated CPPs in 

order to achieve nanotube-like solid-state structures,[51] or altered electronic properties 

compared to their unsubstituted analogue.[52] Also, a brominated building block was used as 

key compound for the design of CPP dimers with a phenyl group as a bridge.[53]  

Between these two extrema, namely introducing the substituents after the CPP synthesis 

and carrying the substituents throughout the whole synthesis, lies the strategy of 

introducing substituents within the synthesis. In the year 2014, two different approaches 

were reported, which opened the research field of substituted CPPs. One strategy relied on a 
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combination of a literature known Wittig reaction, with Lewis-acid catalyzed Diels-Alder 

reaction for the formation of a pre-bent building block which is converted to the macrocyclic 

precursor by Yamamoto coupling (Scheme 11).[54] The following oxidative treatment 

delivered the substituted nanohoop. This strategy could, after slight modification, deliver 

nanohoops containing methyl esters and N‑phenylphthalimido groups,[55] as well as naphthyl 

units.[56] 

 

Scheme 11: Synthetic approach towards substituted CPPs by Wang and coworkers and solid-state structure of 
the target compound (top, center),[54] reprinted with permission from Ref. [54]. Copyright 2014 American 
Chemical Society 

The fact, that substituents need to be introduced throughout the synthesis includes an 

additional challenge to the strategy but also opens the toolbox for a larger variety of 

synthetic techniques. One of these methods is the [2+2+2] cycloaddition (CA), in which three 

alkyne units are converted to one aromatic moiety. This was utilized in the second approach 

towards substituted CPPs from 2014, which was reported by the Wegner group.[57] This 

strategy focusses on the formation of alkyne-incorporated macrocycles, which are then 

exposed to different conditions for the key [2+2+2] CA delivering differently substituted 

[8]CPP analogues after oxidative aromatization. This strategy builds on the utilization of 

cyclohexane units as sources of curvature, commencing with diiodide 46, a building block 

from the first synthesis of Itami,[37] using an optimized procedure, published one year 

later.[39] This building block was connected to the protected alkyne 69 via Sonogashira 
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coupling, furnishing alkyne 70 which undergoes a second Sonogashira coupling to build the 

size-defining macrocycle 71. This macrocycle could then be used to introduce different 

substituents to the CPP precursor by RhI catalyzed [2+2+2] CA in yields between 46 and 68%. 

Oxidative treatment of this CPP precursor furnished four substituted CPPs with different 

substituents R1 and R2 (Scheme 12). Especially the fact, that R2 is introduced rather late in 

the synthesis is a mayor benefit of this approach.  

Scheme 12: Synthesis of substituted [8]CPPs by Wegner and coworkers.[57] 

A later adapted approach towards substituted CPPs by Tanaka and coworkers employed a 

[2+2+2] CA not only to form the substituted rings, but also to form the macrocyclic 

precursor.[58] This strategy has the benefit of killing two birds with one stone, the challenging 

macrocyclization step in the synthesis as well as the crucial introduction of substituents into 

the molecular scaffold. The drawback on the other hand is a decreased flexibility when it 

comes to different sized CPPs. The synthesis utilized cyclohexadiene moieties as phenyl 

surrogate with sp3-hybridized sources of curvature (Scheme 13). The starting building block 

for this was synthesized analogously to the first synthesis following the approach by Jasti and 

Bertozzi.[31] Also in this strategy, a [2+2+2] CA should introduce substituents to the CPP 

precursor. The necessary alkynes are, like in the approach by Wegner and coworkers, 

introduced by a Sonogashira-coupling. In this case, TMS-acetylene (76) is thus introduced 
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which gave, after deprotection, terminal alkyne 77 as central compound in this strategy. 

Contrary to the approach discussed before, the [2+2+2] CA has a second purpose, namely 

the efficient formation of a macrocycle. A threefold [2+2+2] CA constructed the twelve-

membered macrocyclic CPP precursor 79.  

 

Scheme 13: Synthetic strategy towards t-Bu ester substituted [12]CPP by Tanaka and coworkers.[58] 

Reductive aromatization gave [12]CPP analogue 80 decorated with six t-Bu esters as 

substituents (Scheme 13). Modification of this method enabled the opportunity to further 

increase the degree of substitution in the case of an [8]CPP derivative via step-wise cross-

alkyne cyclotrimerization,[59] or to expand the boundaries towards smaller substituted CPPs 

in the case of a [6]CPP derivative (Scheme 14).[60] For this purpose, the general motif of the 

original procedure was applied with the difference of a protection group on one alkyne unit. 

Thus, a selective cross-cyclotrimerization of one alkyne is possible (Scheme 14, red marked 

alkyne).  

 

Scheme 14: Additional ring sizes and substitution pattern accessible via Tanaka’s route.[59,60] 
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Deprotection followed by a second cross-cyclotrimerization (Scheme 14, blue marked 

alkyne) gave then the macrocycles. Further, alternating donor-acceptor nanohoops were 

built with this method by incorporating Wang’s strategy of substituted CPPs into the [2+2+2] 

CA approach.[61] The t-Bu ester substituted CPP analogues revealed strongly altered solid-

state structures compared to their unsubstituted parent molecules.[58–61] The observed 

tubular arrangements were attributed to additional non-covalent interactions compared to 

their unsubstituted analogues. 

1.4 Supramolecular Chemistry of Cycloparaphenylenes 

On the very basis of supramolecular chemistry, the interaction between two or more 

molecules is described, which is also at play in the self-assembly in single crystals. The 

synthesis of CPPs was long-awaited as they represent promising candidates as model 

substrates, and growth seeds for SWCNTs.[62] However, their crystal structure does not show 

the expected SWCNT-like tubular arrangement, but with the exception of [6]CPP,[35] rather a 

herringbone pattern, as exemplarily shown by the first crystal structure obtained for a CPP 

(Figure 6).[40] The cavity of CPPs can be used to bind solvents or small aromatic molecules.[63] 

This ability was exploited in a study in which pyridinium ions are brought into the cavity of 

the CPP, whose host ability was compared with an electron-enriched derivative.[64] 

 

Figure 6: First report for a single-crystal structure of [12]CPP, aerial view (left) and side-view (right); solvent 
molecules and protons omitted for clarity,[40] reproduced with permission form Ref. [40]. Copyright 2011 John 
Wiley and Sons 

These arrangements could be altered to the desired tubular one by structural modification 

of the nanoring. Thus, partly fluorinated CPPs can be used to obtain the desired tubular 

structures which were self-assembled to maximize C-H-F interactions.[51] Furthermore, the 

introduction of London dispersion donors into the structure by utilizing t-Bu esters had a 

similar effect but with different ring-to-ring distances.[58–61] Besides these solid-state 
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structures, also other ring-to-ring interactions were obtained. Bringing different sized CPPs 

with the correct size-difference together made the formation of Russian-doll type structures 

possible representing the shortest cutout of multiwalled nanotubes (Figure 7, left).[65] 

Furthermore, catenanes based on CPPs were found,[66] and also systematically synthesized 

using a template approach (Figure 7, right).[67]  

 

Figure 7: Supramolecular assemblies built solely from CPPs: CPP in CPP complex (left) and catenane (right).[65,67] 

The radially distributed π-orbitals in CPPs grants them an electron enriched cavity, which has 

the ability to host fullerenes as guest molecules, which are strong electron-acceptors. The 

supramolecular chemistry between fullerenes and CPPs was initiated by the early study of 

Yamago and coworkers in which the size-selective complexation of [10]CPP by 

buckminsterfullerene (C60) was investigated.[68] This assembly formed the foundation for 

future research on this molecular motif, which resembles a short segment of SWCNT-

fullerene peapod structures (Figure 8).[69]  

 

Figure 8: Supramolecular complex consisting of [10]CPP and C60 fullerene.[34,68] 

This complex exhibits strong association, which is rationalized by its good fit in size. The 

different magnetic environment led to a shift in the 1H NMR spectrum, which was the 

qualitative proof of a size selectivity as in an NMR sample of a mixture of different sized CPPs 

only the one of [10]CPP showed a shift upon addition of solid excess C60. The extraordinary 

intense fluorescence of CPPs, more precisely the quenching of it was used in order to 

quantify the association,[68] as 1H NMR is only a good quantitative tool for association 

constants smaller than ~105 M-1 (Figure 9).[70] The fact, that the fluorescence is, in a certain 

range, linearly dependent on the concentration was exploited. With a strong association of 

(2.79 +/-0.03) ∙ 106 M-1, the complex is stabilized by about 38 kJ/mol. This can be attributed 
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to the size and shape of the two molecular entities which is supported by DFT calculations on 

a M062X/6-31G(d) level, even though this method seemed to be inappropriate for the 

quantification of the binding energy.[68] This particular good fit is a result of the structural 

motif it resembles. The CPP⊂C60 scaffold mimics a peapod version of two graphene layers 

interacting with each other. With diameters of 0.70 nm for C60,[71] and ~1.39 nm for 

[10]CPP,[72] the inter-layer distance in this curved π-complex matches the distance of 340 pm 

known for graphene layers in graphite.[71] 

 

Figure 9: Fluorescence quenching of [10]CPP by the addition of C60,[68] reproduced with permission from Ref. 
[69]. Copyright 2011 John Wiley and Sons 

This structural motif paved the way for further CPP-fullerene based supramolecular 

assemblies. One of these includes the next-larger fullerene derivative C70. The ellipsoidal 

structure of this carbon allotrope makes the binding situation more complex. The geometry 

of C70 reveals two diameters. The larger one is suitable for [11]CPP while the shorter one fits 

into [10]CPP. These two different binding states were verified by 1H NMR in which [10]CPP 

showed a downfield shift, while [11]CPP showed an upfield shift.[73] This goes hand in hand 

with different local aromaticities on the fullerene surface located at the six- and five-

membered rings. These differences were investigated by nucleus independent chemical shift 

(NICS) analysis and induce different magnetic fields leading to an influence on the 1H NMR 

spectrum.[74] In the same study, the influence of substitution on the fullerene was tested. 

Van’t Hoff analysis of the complexation in 1,2-dichlorobenzene revealed that the binding to 

[10]CPP is only slightly exotherm, while the one to [11]CPP is in fact endotherm. Both 

complexes were strongly entropy driven for which the desolvation of the solvent from the 

fullerene and CPP was the driving force for the complexation event. To further verify the 

“standing” orientation of C70 in [11]CPP and the “lying” one in [10]CPP, C70 was 
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functionalized with a diethylmalonyl-group. Thus, the “standing” orientation in [11]CPP was 

sterically not possible and let to a reduction of the association, while the “lying” orientation 

in [10]CPP didn’t incorporate the pole position anyways and the association was the same as 

with unsubstituted C70 which further supports the findings (Figure 10). 

 

Figure 10: Side- and aerial view on computed structures for the supramolecular complexes of C70 with [10]CPP 
in the “lying” orientation (left) and in [11]CPP in the “standing” orientation (right) achieved on the M062X/6-
31* level of theory,[73] reproduced with permission from Ref. [74]. Copyright 2013 John Wiley and Sons 

Single crystal analysis of the substituted derivative of C70 with [10]CPP and the unsubstituted 

with [11]CPP further supported their findings. Additionally, the supramolecular activity of C70 

was investigated with a large π-extended derivative of [12]CPP.[75] With its hexa-peri-

hexabenzocoronene-units it forms a larger cutout of an armchair SWCNT. It was thus used as 

a model substrate to gain insight into the supramolecular chemistry of SWCNTs for which 

CPPs can be regarded as model substrates. The π-π interactions between CPPs and 

fullerenes were also exploited in order to improve the efficiency of a fullerene-based organic 

solar cell system.[76] On top, one special class of fullerenes, namely metallofullerenes were 

exploited in this regard. Thus, a supramolecular charge-transfer complexes consisting of 

Li+@C60 and [10]CPP,[77] and other sized CPPs,[78] as well as a complex possessing partial 

charge-transfer was found in La@C82 and [11]CPP.[79] Furthermore, this binding motif could 

also be utilized in order to purify metallofullerenes as exemplarily shown on the example of 

Gd@C82, which is extracted by the addition of [11]CPP from a raw soot, without the 

necessity of chromatography.[80] This is a prime example in which the fundamental 

understanding of interactions, as well as shape- and size complementarity were key for the 

implementation of fundamental knowledge in an application. Besides the structural 

modulation of the fullerene by size and encapsulated metal atoms, also dumbbell shaped 

fullerenes as well as heteroatom-substituted fullerenes were investigated for their 
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supramolecular properties. The Wegner group, together with the research groups of Ewels 

and Tagmatarchis investigated the association behavior of the dumbbell shaped 

bis(azafullerene) dimer 90 with [10]CPP (Figure 11).[81] Structurally, each buckyball 

represents an N-doped C60, which are connected via one carbon atom next to the nitrogen. 

As this fullerene derivative possesses two binding sites, it fulfills the fundamental 

requirement to complex two nanohoop-shaped molecules, in this case [10]CPP. The main 

finding was an influence of the first complex on the association of the second. 

 

Figure 11: Left: molecular structure of bisazafullerene dumbbell; right: schematic representation of the 
supramolecular complexation of bisazafullerene dumbbell with [10]CPP.[81] 

The first association event promoted the second one driven by a maximization of π-π, CH-π 

and London dispersion interactions. This 2:1 complex could be utilized to generate C59N-

radicals which are stabilized within the [10]CPP in solution,[82] as well as in the solid state.[83] 

Similarly C120, a dimerization product of C60 in which the buckyballs are connected via a four-

membered ring,[84] as well as sugar-bridged fullerene dumbbells were investigated in regard 

to their binding behavior to [10]CPP.[85] The excitation of a porphyrin unit, covalently 

connected to [10]CPP, led to a charge transfer to different fullerenes which were bound in 

the cavity of the CPP.[84] For the charge separated states lifetimes of up to 0.5 µs were found 

and showcase the potential of supramolecular complexes of CPPs for organic electronics. 

Furthermore, the binding motif between CPP and fullerene led to the formation of a 

[2]rotaxane while using one fullerene as a binding site and two others as stopper-units.[86] In 

this structure, the central fullerene moiety which binds the CPP needs to be connected on 

two sides to a linker unit. The connection was made through cyclopropanation on the 

fullerene by malonyl esters, which was developed by Bingel and coworkers in the 90s 

(Scheme 15).[87] Mechanistically, a stepwise cyclopropanation occurs in a regioselective 
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fashion on one of the [6,6] bonds which fuse two six membered rings and have a higher 

double bond character compared to the [5,6] bonds. 

 

Scheme 15: Representation of the cyclopropanation of C60 under Bingel conditions.[87] 

Later, Hirsch and coworkers shed light on the distribution of diastereomers achieved after a 

second cyclopropanation reaction (Figure 12, left).[88] Experimentally, seven different 

diastereomers were observed. The von Delius group used the complexation with [10]CPP in 

order to block reaction sites in the fullerene which led to a more selective double addition to 

the fullerene core supplying a reduced number of three diastereomers (Figure 12, 

middle).[86] 

 

Figure 12: Reactive [6,6] double bonds in C60 (red marked) leading to different diastereomers after a first 
addition on the blue marked double bond (left for C60, middle for C60 ⊂ [10]CPP and right for C60 ⊂ [10]CPP in a 
schematic represented supramolecular box).[86,88,89] 

An even higher selectivity of a single diastereomer is achieved by a collaborative work with 

the group of Ribas in which the inclusion complex of C60 and [10]CPP is placed in a 

supramolecular box consisting of a porphyrin-ZnII-containing, PdII-based tetragonal 

nanocapsule, which further blocks binding sites and provides a yield of 90%.[89]  

In conclusion, great effort was spent on the design and exploitation of supramolecular 

assemblies centered around fullerenes and CPPs with a special focus on gaining fundamental 

understanding. In contrast to this, studies investigating interactions occurring between 

substituents on the fullerene and on the CPP form an open question. A new synthetic 
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strategy towards substituted CPPs and the implementation of the analogues in 

supramolecular studies were focus of this thesis to tackle this obstacle.  
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3 Abbreviations 

Short form Long form 

CA Cycloaddition 

cod Cyclooctadiene 

CPP Cycloparaphenylene 

DCM Dichloromethane 

DMF N,N-dimethylformamide 

DMSO Dimethylsulfoxide 

dppf 1,1'-Bis(diphenylphosphino)ferrocene 

Et Ethyl 

H8-BINAP Bis-(diphenylphospino)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-binaphthyl, 

[5,5′,6,6′,7,7′,8,8′-octahydro-[1,1′-binaphthalin]-2,2′-diyl]-bis-[diphenylphosphin] 

HOMO Highest occupied molecular orbital 

i-Pr Iso-propyl 

LUMO Lowest unoccupied molecular orbital 

Me Methyl 

MOM Methoxymethyl 

n-BuLi n-butyllithium 

NICS Nucleus independent chemical shift 

Pd(OAc)2 Palladium(II)acetate 

Pd2(dba)3 Tris(dibenzylideneacetone)dipalladium(0) 

PIDA Phenyliodine(III) diacetate 

pin 2,3-Dimethylbutane-2,3-diolate 

rt Room temperature 

S-PHOS Dicyclohexyl(2′,6′-dimethoxy[1,1′-biphenyl]-2-yl)phosphane 

SWCNT Single-walled carbon nanotube 

t-Bu Tert-butyl 

THF Tetrahydrofuran 

TMS Trimethylsilyl 

UV Ultraviolet 

Vis Visible 

X-Phos Dicyclohexyl[2′,4′,6′-tris(propan-2-yl)[1,1′-biphenyl]-2-yl]phosphane 
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4 Contributions to literature 

4.1 A Modular Synthesis of Substituted Cycloparaphenylenes 

 

Herein, we report a modular synthesis providing access to substituted cycloparaphenylenes 

(CPPs) of different sizes. A key synthon introducing two geminal ester units was efficiently 

prepared by [2+2+2] cycloaddition. This building block can be conveniently converted to 

macrocyclic precursors controlling the ring size of the final CPP. Efficient reductive 

aromatization through single-electron transfer provided the substituted nanohoops in a 

straightforward manner. The t-Bu ester substitution pattern enables a tube-like arrangement 

in the solid-state governed by van der Waals interactions that exhibits one of the tightest 

packings of CPPs in tube direction, thus opening new avenues in the crystal design of CPPs. 

 

Reprinted with permission from  

D. Kohrs, J. Becker, H. A. Wegner, Chem. Eur. J. 2022, 28, e202104239.  

DOI: 10.1002/chem.202104239 

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH. 
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4.2 Balancing Attraction and Repulsion: The Influence of London Dispersion in 

[10]Cycloparaphenylene-Fullerene Complexes 

 

Herein we present a systematic study of the influence of different alkyl chains in malonyl 

ester fullerene adducts with [10]cycloparaphenylene ([10]CPP]) and a tert-butyl (tBu) ester-

substituted [10]CPP analogue. The association constants between the nanoring hosts and 

the fullerene guests were determined by fluorescence quenching experiments. The trends in 

association were rationalized by an interplay of repulsion arising from an extended volume 

and London dispersion as an attractive counterpart.  

 

Reprinted with permission from  

J. Volkmann, D. Kohrs, H. A. Wegner, Chem. Eur. J. 2023, 29, e202300268. 

DOI: 10.1002/chem.202300268 

© 2022 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH. 

J. V. and D. K. contributed equally to this work. 
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4.3 Influence of Substitution on the Supramolecular Chemistry of 

Cycloparaphenylene-Fullerene Complexes   

 

We present a comprehensive host-guest study of four substituted and unsubstituted 

[10]cycloparaphenylenes with the fullerenes C60 and C70. Within this study, the influence on 

the complexation behavior was investigated experimentally and computationally. Due to the 

increased steric demand the substitution on the nanohoop results in an energetic penalty, 

which could be partially compensated by additional substituent-fullerene interactions. These 

attractive interactions are intensified in the C70 complexes and with an increased degree of 

substitution. For the computational investigation conformer ensembles were taken into 

account, providing reliable structures with Boltzmann weighted energies. An analysis of the 

noncovalent interactions elucidates the origin of the enhanced substituent-C70 interaction. 

The ellipsoid fullerene C70 can be considered as a π-extended version of C60, which is able to 

increase the attractive van-der-Waals interactions within these supramolecular complexes. 

 

Reprinted with permission from  

D. Kohrs, J. Volkmann, H. A. Wegner, Eur. J. Org. Chem. 2023, 26, e202300575. 

DOI: 10.1002/ejoc.202300575 

© 2023 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH 

D. K. and J. V. contributed equally to this work. 



Contributions to literature 
 

 

44 

 



Contributions to literature 
 

 

45 

 



Contributions to literature 
 

 

46 

 



Contributions to literature 
 

 

47 

 



Contributions to literature 
 

 

48 

 



Contributions to literature 
 

 

49 

 



Contributions to literature 
 

 

50 

 



Additional contributions 
 

 

51 

5 Additional contributions 

5.1 Mechanistic Study of Domino Processes Involving the Bidentate Lewis Acid 

Catalyzed Inverse Electron-Demand Diels–Alder Reaction 

 

“The detailed understanding of mechanisms is the basis to design new reactions. Herein, we 

studied the domino bidentate Lewis acid catalyzed inverse electron-demand Diels􀀀 Alder 

(IEDDA) reaction developed in our laboratory computationally as well as by synthetic 

experiments, to characterize different pathways. A quinodimethane intermediate was 

identified as keystructure, which is the basis for all subsequent transformations: Elimination 

to an aromatic naphthalene, rearrangement to a dihydroaminonaphthalene and a photo-

induced ring opening. These insights allow to optimize the reaction conditions, such as 

catalytic utilization of amine, as well as to advance new reactions in the future.” 

 

Reprinted with permission from  

M. A. Strauss, D. Kohrs, J. Ruhl, H. A. Wegner, Eur. J. Org. Chem. 2021, 2021, 3866–3873. 

DOI: 10.1002/ejoc.202100486 

© 2021 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH 

M. A. S. and D. K. contributed equally to this work. 

  



Additional contributions 
 

 

52 

5.2 Synthesis of a Substituted [10]Cycloparaphenylene through[2+2+2] 

Cycloaddition 

 

Herein, we report the synthesis and investigation of a substituted [10]cycloparaphenylene 

(CPP) incorporating a diethylphthalane unit. An efficient strategy relying on a symmetric 

built-up starting with propargyl ether as [2+2+2] cycloaddition precursor was developed. The 

straightforward synthesis required overcoming unexpected obstacles within the [2+2+2] 

cycloaddition, protection and aromatization. These results give valuable insights for 

accessing CPPs with highly substituted subunits. Finally, a seven-step synthesis with an 

overall yield of 8% provided the target nanoring, including good to excellent yields for the 

critical macrocyclization and aromatization. The synthesized nanohoop exhibits a 

hypsochromic shift in fluorescence and absorption, compared to the unsubstituted [10]CPP. 

This observation is proposedly caused by an increased torsion angle between the bivalent 

substituted phenyl moieties and the adjacent units. 

 

Reprinted with permission from  

J. Volkmann, D. Kohrs, F. Bernt, H. A. Wegner, Eur. J. Org. Chem. 2022, 2022, e202101357. 

DOI: 10.1002/ejoc.202101357 

© 2021 The Authors. European Journal of Organic Chemistry published by Wiley-VCH GmbH 
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5.3 Cycloparaphenylenes via [2+2+2] cycloaddition 

 

The [2+2+2] cycloaddition (CA) offers great potential as an atom economic method for the 

formation of substituted aromatic rings. In this article, we highlight the application of this 

versatile method in synthetic approaches towards substituted cycloparaphenylenes (CPPs). 

The [2+2+2] CA can take over different tasks within the synthesis depending on the targeted 

CPP. These approaches were divided into three key steps: aromatization (which finalises the 

CPP), macrocyclization (the formation of a strain-reduced macrocycle) and the [2+2+2] CA. 

Based on this analysis the strategies were categorised into four classes based on which task 

the [2+2+2] CA fulfills. We point out the benefits and drawbacks of each synthetic strategy 

and summarize our findings to provide the reader with an easy insight into this research 

field. 

 

Reproduced from  

D. Kohrs, J. Volkmann, H. A. Wegner, Chem. Commun. 2022, 58, 7483–7494. 

with permission from the Royal Society of Chemistry. 

DOI: 10.1039/D2CC02289C 

© 2022 The Royal Society of Chemistry  

D. K. and J. V. contributed equally to this work. 
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