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ABSTRACT 

Cycloparaphenylenes (CPPs), the shortest section of armchair carbon nanotubes, are a class of 

organic compounds with exceptional structural characteristics and potential applications across 

various scientific and technological domains. Their potential application in carbon-based functional 

materials derives from the radially oriented π-system and the inherent strain of these nanohoops. 

The former not only confers unusual optoelectronic properties of CPPs, but also makes them 

excellent hosts for fullerenes. 

In this thesis, a new strategy for the synthesis of a substituted [10]CPP derivative was developed. 

The [2+2+2] cycloaddition reaction was used as key step to introduce substituents in this synthesis 

to obtain a diethyl phthalane-containing [10]CPP in seven steps and with 8% overall yield. 

 

This efficient synthesis allowed additional studies on the behavior of these nanohoop in 

supramolecular assemblies. The diethyl phthalane-containing CPP was used together with di- and 

tetra-tert-butyl ester-substituted [10]CPP to investigate the substitution effect in supramolecular 

fullerene (C60 and C70) architectures. Experimental analysis, supported by theoretical investigations, 
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revealed that in complexes of the ellipsoidal C70 the attractive substituent-fullerene interactions are 

enhanced with respect to C60. 

Furthermore, a systematic study of the substituent-substituent interactions in such supramolecular 

motifs was conducted with di-tert-butyl ester-substituted [10]CPP and a series of methano-

fullerenes. These Bingel adducts of fullerene C60 were functionalized with different linear or 

branched alkyl esters and the interaction between these and the tert-butyl ester substituted CPP 

was evaluated. While all alkyl ester derivatives showed a stabilizing effect – based on a double 

mutant cycle – these effects were enhanced with longer chain length, while the steric demand plays 

a significant role in the branched alkyl derivatives. As an exception, the adamantyl substitution on 

the fullerene shows an increased stabilizing effect being rationalized with the increased London 

dispersion ability. 
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ZUSAMMENFASSUNG 

Cycloparaphenylene (CPPs) repräsentieren den kleinstmöglichen Ausschnitt von „armchair“ 

Kohlenstoff-Nanoröhren und sind eine Klasse organischer Verbindungen mit besonderen 

strukturellen Merkmalen und potenziellen Anwendungen in verschiedensten wissenschaftlichen 

und technischen Bereichen. Ihre potenzielle Anwendung in kohlenstoffbasierten funktionellen 

Materialien ergibt sich aus dem radialen π-System und ihrer inhärenten Spannung. Ersteres verleiht 

CPPs nicht nur ungewöhnliche optoelektronische Eigenschaften, sondern macht sie auch zu 

hervorragenden Wirten für Fullerene. 

In dieser Thesis wurde eine neue Strategie für die Synthese eines substituierten [10]CPP-Derivats 

entwickelt. Als Schlüsselschritt wurde eine [2+2+2]-Cycloadditionsreaktion verwendet, um 

Substituenten einzuführen. Dies ermöglichte, in einer siebenschrittigen Synthese und mit 8 % 

Gesamtausbeute, ein [10]CPP Diethylphthalan-Derivat zu erhalten. 

 

Die erfolgreiche Synthese des Diethylphthalan-Derivats ermöglichte zusätzliche Studien über das 

Verhalten dieser Verbindungsklasse in supramolekularen Architekturen. Zusammen mit di- und 
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tetra-tert-Butylester-substituiertem [10]CPP wurde der Einfluss der Substituenten auf das 

Bindungsverhalten in Komplexen mit den Fullerenen C60 und C70 untersucht. Experimentell wurde 

eine verstärkte attraktive Wechselwirkung in den Komplexen des elliptischen C70 mit substituiertem 

CPP entdeckt und durch theoretische Untersuchungen unterstützt. 

Darüber hinaus wurde eine systematische Studie der Substituent-Substituent-Wechselwirkungen 

zwischen di-tert-Butylester-substituiertem [10]CPP und einer Reihe von Methanofullerenen 

durchgeführt. Diese Bingel-Addukte des Fulleren C60 wurden mit verschiedenen linearen oder 

verzweigten Alkylestern funktionalisiert und die Wechselwirkung zwischen den Substituenten 

beider Komplexpartner untersucht. Während alle Alkylester-Derivate eine stabilisierende Wirkung 

zeigten - basierend auf einem doppelten Mutationszyklus (engl. double mutant cycle) - wurden 

diese Effekte mit zunehmender Kettenlänge verstärkt. Im Gegensatz hierzu schien bei verzweigten 

Alkylderivaten der sterische Anspruch eine wichtigere Rolle zu spielen. Eine Ausnahme bildete die 

Adamantyl-Substitution am Fulleren, welche einen erhöhten Stabilisierungseffekt zeigte und mit 

der erhöhten Fähigkeit zu London‘schen Dispersion erklärt wurde. 
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1 INTRODUCTION 

The favorable arrangement of an uncharged carbon center bonded to three neighboring atoms is 

planar. With respect to graphite this circumstance was interpreted by Pauling in 1931 laying the 

foundation for hybridization.[1] Distortion of this geometry results in an energetic penalty, however, 

bending the formal sp2 hybridized carbons accesses novel classes of compounds with unique 

properties.[2] Such an example, the carbon nanotubes (CNTs, Figure 1), were first reported in the 

early 1950s by Radushkevich and Lukyanovich[3] and gained further attention after Iijima’s discovery 

of CNTs in the crude soot as a side product of fullerenes.[4] These wrapped up graphene sheets[5] 

are solely build from carbon atoms, and thus, display an allotrope of carbon. CNTs have exceptional 

physical stability with a tensile strength two orders of magnitude higher than that of stainless 

steel,[6] a high surface area and intriguing electronic properties, making CNTs excellent candidates 

for organic functional materials and molecular electronics.[7,8] 

 

Figure 1: (10,10) armchair CNT with the inherent [10]cycloparaphenylene (CPP) highlighted in 
orange. The double bonds of the nanotube were omitted for clarity. 

The selective preparation of those nanotubes is an ongoing challenge.[8] An attempt in this regard 

is to apply the shortest repeatable unit of CNTs, the cycloparaphenylene (CPP).[9] While their 

application for the growth of CNTs is still limited,[10] the nanohoops itself raised attention due to 

their appealing structure and outstanding properties.[11] 
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1.1 Cycloparaphenylenes 

From the Beginning to Current State and Application 

[n]CPPs are cyclic para-connected phenylenes, where n is equal to the number of phenyl units in 

the macrocyclic ring. These strained nanohoops bear a radial π-system, with an electron enriched 

concave and an electron reduced convex surface (Figure 2).[12] 

 

 

Figure 2: Schematic representation of the electron density originating from the radially orientated 
π-orbitals. 

The first reported synthetic attempt dates back to 1934, when Parekh and Guha subjected para-

benzene dithiol to oxidative conditions resulting in oligomeric cyclic benzene disulfides.[13] Amongst 

others, the dimeric disulfide 1 was obtained, which was further desulfurized with elemental copper 

leading to sulfide 2 (Scheme 1). Further desulfurization was unsuccessful, which is from today’s 

perspective perspicuous. However, 60 years later the group of Vögtle picked up this synthetic 

strategy.[14] 

 

Scheme 1: Synthetic attempt by Parekh and Guha for the synthesis of [2]CPP via desulfurization.[13] 

In a landmark paper they published a desulfurization attempt – besides others – striving the 

synthesis of larger CPPs. The increased size has the advantage of a reduced ring strain, due to less 

distortion of the sp2 centers. Introduction of sulfides in the backbone of the para-phenylene has 

the advantage of naturally bent units, which allow the formation of strain reduced macrocyclic CPP 

precursors. In addition to sulfides, the Vögtle group applied syn-cyclohexanediols, as well as 
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aliphatic and olefinic spacers for this purpose. In the end, none of their strategies liberated the 

targeted CPPs. Nevertheless, the general idea of strain reduced macrocyclic precursors is 

omnipresent in nowadays syntheses.[15] 

The first successful synthesis disclosing the compound class of CPPs was realized by Jasti and 

Bertozzi in 2008 (Scheme 2).[16] In this study, 1,4-diiodobenzene (4) was monolithiated and added 

to para-benzoquinone to yield an angled three-membered building block 5. This building block was 

borylated (6) and exposed to Suzuki cross-coupling conditions together with diiodide 5. In this 

macrocyclization, three different ring sizes were obtained and isolated (7-9). As the final step, the 

strain reduced macrocycles were aromatized under reductive conditions yielding [9], [12] and 

[18]CPP (10-12). In the consecutive years different synthetic approaches for the synthesis of CPPs 

were developed. However, three main strategies can be identified, which differ by the strain-

relieving units used for bending (Figure 3). Shortly after Jasti and Bertozzi’s synthesis, the group of 

Itami published their synthesis of [12]CPP,[17] utilizing syn-cyclohexanediols, which were already 

proposed by Vögtle and coworkers.[14] Parekh and Guha, as well as Vögtle followed in their 

desulfurization attempt the strategy to implement angled linkers, being proposed to be eliminated 

in the CPP forming step. This idea was used by the group of Yamago forming square-shaped tetra-

nuclear platinum complexes as strain reduced macrocycles.[18] In the final step, platinum can be 

removed under oxidative conditions liberating the nanohoop. More recently, the group of Osakada 

extended this approach to gold complexes, in order to access other ring-sizes with the same 

building blocks.[19,20] 

 

Scheme 2: The first synthesis of a CPP published by Jasti and Bertozzi in 2008.[16] 
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Figure 3: Representation of the different approaches for the synthesis of strain relieved 
macrocycles, to form the targeted CPP either by aromatization of the phenyl surrogates (Jasti, 

Itami),[16,17] or elimination of the metal centers (Yamago).[18] 

Each approach has its benefits and drawbacks, depending on the synthetic target. While the route 

via metal complexes is concise, the flexibility in size is limited and hyper-stoichiometric amounts of 

precious metal are required. Both other routes, the cyclohexadiene route and the saturated analog 

are on one hand more flexible regarding accessible patterns and sizes, but on the other hand, the 

synthetic route is more demanding. The more rigid cyclohexadiene moiety usually gives higher 

yields in the macrocyclization and aromatization, however, the moiety is prone to side reactions.[21] 

Based on the above described synthetic paths, a library of syntheses have been developed, differing 

in size-selectivity[22–28] or being superior in terms of efficiency,[29–31] scale[29,30,32,33] or conditions.[34–

37] 

Due to their shape, CPPs exhibit specific properties for application in supramolecular chemistry.[38] 

Alteration of electron density at the concave and convex site makes these compounds excellent 

hosts for electron deficient guests, as well as guests for electron rich hosts. These supramolecular 

assemblies, especially with fullerenes, will be an aspect of a following chapter. Besides the 

contribution to the host-guest properties, their radial π-conjugation, accompanied with the ring 

strain leads to drastically different (opto)electronic properties compared to the linear 

oligoparaphenylenes ([n]OPPs) (Figure 4). For instance, the energetic gap between the highest 

occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the 

cyclic para-phenylenes increases with their ring size, approaching the HOMO—LUMO gap of 
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OPPs.[26] An opposing trend can be observed for the OPPs, in which the HOMO—LUMO gap 

increases with decreasing size of the aromatic system. Large, and thus, less strained CPPs behave 

more like their linear analogues than the highly strained smaller CPPs, which is reasonable 

identifying bending and strain as the major contributors to these properties. 

 

Figure 4: Left: Density functional theory (DFT, B3LYP/6-31G*) calculated HOMO and LUMO 
energies for [n]CPPs (blue) and [n]OPPs (orange) in dependence on the number of phenyl units. 

Right: Absorption (solid lines) and emission (dashed lines) of different sized [n]CPPs. Reprinted with 
permission from reference [26]. Copyright © 2011 American Chemical Society. 

With respect to the HOMO—LUMO gaps, the absorption spectra are expected to shift 

hypsochromically by increasing the size of the nanohoop. However, this is not the case, and their 

absorption is independent of the ring size. A reason for this circumstance was hypothesized by the 

group of Yamago based on time-dependent density functional theory (TD-DFT, 

B3LYP/6-31+G*//B3LYP/6-31G*).[26] Due to the centrosymmetry of these nanohoops, the HOMO—

LUMO transition is forbidden due to violation of the Laporte rules.[39] Thus, the observed absorption 

originates from HOMO—LUMO+1/LUMO+2, or HOMO-1/HOMO-2—LUMO transitions, which 

appear to have a similar energy gap. In contrast to the absorption, the emission is dependent on 

the ring size, having a larger Stokes shift for smaller CPPs. The group of Irle described the observed 

size dependency by emission of different exited states.[40] While larger CPPs are emitting from S2/S3 

Jahn-Teller distorted states (explaining the two maxima in emission and violating Kasha’s Rule[41]), 

smaller CPPs have a higher probability to decay nonradiative to the S1 state before emission. As the 

emission from the S1 state is formally symmetry forbidden, the intensity of emission drops being 

consistent with the experimental data.[26] 



1 Introduction 

- 6 - | P a g e  
 

Substituted Cycloparaphenylenes 

A more versatile strategy to influence the properties of CPPs than the alteration of size is their 

functionalization.[42] In this regard, either the backbone of the CPP can be substituted e.g., by 

exchange of a phenyl unit by another entity like pyridines,[43] dibenzopentalenes[44] and 

porphyrins[45] (Hybrid-CPPs, Figure 5)[29,46–48], or protons can be exchanged by functional groups.[49–

59] As for OPPs, substitution affects the electronic structure of the aromatic system as well as the 

conjugation between the substituted with the adjacent phenylenes due to an increased dihedral 

angle, the latter originating from the introduced steric demand. 

The synthesis of these substituted nanohoops can either be realized by a bottom-up method, or a 

post-functionalization of the parent CPP (Figure 5). In principle, post-functionalization offers 

greater flexibility, as unfunctionalized CPP is derivatized in the final step(s), eliminating the need 

for a new synthesis for each derivative. However, post-functionalization has proved to be 

challenging and only a few synthetic approaches have been published, all of which limited in the 

size of the nanohoop, and/or the degree and pattern of substitution. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Representation of the three main approaches toward the functionalization of CPPs: 
Bottom up approach with various functional groups were attached to the nanohoop,[60–66] or 

incorporated in the backbone (Hybrid-CPPs).[43–45,67–69] Post-functionalization initiated by 
covalent[70] or non-covalent[71–73] activation. Application of [2+2+2] cycloaddition reactions (CA)[74–

82] or Diels-Alder reactions[83–85]. 
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A method to post-functionalize CPPs is their bromination.[70] By addition of Br2 to small sized [n]CPPs 

(n = 5, 6, 8, 9), two para-phenylenes can be brominated, leading to cyclohexadiene macrocycle 14 

(Scheme 3, n = 5). The 1,4-cyclohexadienes can either be further brominated or rearranged. The 

thus obtained CPP surrogates can be aromatized using a phosphazene superbase (P4-t-Bu)[86] to 

liberate brominated CPPs, as a single product 15 or as a mixture of different bromination patterns 

16-18, depending on the previous treatment. While this example describes a valid method to post-

functionalize these nanohoops, the application is finite. On the one hand, the scope is limited to 

small ring sizes due to the required strain for the initial bromination. On the other hand, the 

variability in the substitution pattern is restricted, additionally suffering from a lack of selectivity 

for a higher degree of bromination. 

 

Scheme 3: Bromination as a post-functionalization method of [5]CPP, reported by Yamago and 
coworkers.[70] This method yields in different degree and pattern of substitution, depending on the 

conditions. 

In principle, bromination in the first step is an activation of a phenyl ring for subsequent 

functionalization, which can also be carried out non-covalently. The group of Itami activated CPPs 

by converting them into a chromium complex upon addition of chromium hexacarbonyl to [9] or 

[12]CPP.[72] This η6-complex with the Lewis acidic metal makes the aromatic ring electron poor, and 

thus enables deprotonation with n-butyllithium (n-BuLi). The lithium aryl species can be 

functionalized with different electrophiles obtaining silylated, borylated or carbonylated 

nanohoops. In addition to the chromium complexes, η6-complexes with tungsten, molybdenum and 

ruthenium were synthesized, however, without covalent functionalization of the CPP.[71–73] 

In case other functionalities, patterns or sizes are required, the substituents must be introduced at 

an earlier stage of the CPP synthesis. Besides the rare examples of post-functionalization, there are 

several published syntheses about the introduction of substituents during the bottom-up synthesis 

of the CPP. These strategies differ from parent CPP syntheses in the application of cycloaddition 
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reactions[74–78,84] or functionalized building blocks,[48,63,87,88] as well as introduction dummy 

groups,[58,89,90] which can be transferred into desired functionalities. 

Introducing substituents within the first building blocks enables precisely to prearrange the degree 

and pattern of substitution. Nevertheless, the functional groups tolerance of every following 

reaction step is required. A method to circumvent this issue is the introduction of dummy atoms or 

groups, which tolerate the conditions of the consecutive steps and can be transferred into the 

desired functionality at the end of the synthesis. One example in this regard was published by the 

group of von Delius.[89] To achieve a porphyrin attached CPP, they designed a synthesis of a 

trimethylsilyl (TMS) substituted CPP derivative 19 (Scheme 4). The TMS group has the advantage of 

tolerating the conditions of the CPP synthesis and was later exposed to ICl, converting the silane 

into an iodide, followed by a Sonogashira reaction to finalize the target compound 21 by connecting 

the porphyrin unit with the nanohoop. In a similar fashion, Jasti and coworkers synthesized a water 

soluble CPP derivative[58] as well as a catechol embedded nanohoop.[90] 

 

Scheme 4: Application of a TMS group as dummy to introduce a halide to convert it into a CPP-
porphyrin conjugate.[89] 

For the synthesis of nanohoops bearing complex subunits e.g., highly substituted phenyl rings, 

electrocyclizations or cyclotrimerization reactions can be utilized. While the group of Wang applied 

a Diels-Alder reaction to introduce naphthyl groups,[83–85] our group,[74,75] as well as the group of 

Tanaka,[78] used the [2+2+2] cycloaddition (CA) to realize different motifs. It is noteworthy that – 

even if the nomenclature suggests it – the [2+2+2] CA is only formally a cycloaddition reaction.[91] 

In this transition metal mediated catalysis three unsaturated bonds are combined to form a cyclic 

product.[92] The atom efficient reaction allows the construction of complex and highly substituted 

phenyl rings as well as heteroaromatic compounds and 1,3-cyclohexadienes. Additionally, it was 

shown by King and coworkers that the [2+2+2] CA is able to build up strained systems, making the 

reaction valuable for CPP syntheses.[93] 
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The first CPP synthesis based on a [2+2+2] CA was published by the Wegner group in 2014 

(Scheme 5).[75] Two tethered dialkynes were used as [2+2+2] CA precursors, combined with 

syn-cyclohexanediols for the formation of strain reduced macrocycles. The course of synthesis is 

based on two building blocks, which are combined prior the macrocyclization. First, the  

 

 

Scheme 5: Synthesis of a library of tetra-substituted [8]CPPs utilizing the [2+2+2] CA for the 
introduction of substituents.[75] 
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cyclohexane building block is synthesized, according to a literature procedure by Itami yielding in a 

three-membered building block 25.[17,94] This was combined with different protected dialkynes 23a-

c, which were synthesized from the parent dialkynes 22a-c by mono-protection of one terminal 

alkyne. A Sonogashira reaction of the unprotected terminal alkyne 23a-c, with the aryl iodide 25 

liberated the extended building block 26a-c. After removal of the protecting group, the building 

block was applied to a macrocyclization with Sonogashira reaction conditions, liberating the 

targeted macrocycle 28a-c in limited yield, presumably originating from the high flexibility of the 

building block 27a-c. The dialkyne embedded macrocycle 28a-c was exposed to a [2+2+2] CA with 

different symmetric alkynes. In this step, various substituents were introduced by choice of the 

alkyne (Me, Et, Ph, CH2OH, p-Ph(n-Bu), p-PhOCH2CH2OCH3, m-biphenyl), making this route flexible 

in terms of functionalities. With the [2+2+2] CA product 29d-g in hand, the remaining 

cyclohexanediols were aromatized oxidatively yielding in the targeted CPPs 30d-g. This step shows 

a disadvantage of the cyclohexanediols as phenyl surrogates: The oxidative aromatization requires 

harsh conditions, namely elevated temperature, and acid. As the nanohoops have a limited stability 

in acid,[37] these conditions usually do not allow high yields for the final step of the synthesis.[25] 

To put the synthesis in context, the sequence of key steps, particularly the [2+2+2] CA, 

macrocyclization, and aromatization, is crucial. In the above-described synthesis the [2+2+2] CA 

was performed within the macrocycle, thus, after the macrocyclization and before the 

aromatization. This order of steps allows a higher flexibility in substitution due to the late stage 

cyclotrimerization but decreases the flexibility in ring size as well as the efficiency of the 

macrocyclization. 

The Wegner group focused on the combination of [2+2+2] CA and cross-coupling reactions for CPP 

syntheses. However, this rhodium catalyzed cross-cyclotrimerization can also combine 

macrocyclization and introduction of substituents in a single step. This method was developed by 

the group of Tanaka and utilizes terminal alkynes in combination with cyclohexadienes for the 

synthesis of ester functionalized CPPs. While different sizes and substitution pattern were realized 

by the group of Tanaka, their first synthesis is depicted in scheme 6.[78] Starting with building block 

5,[16] first published by Jasti et al. the terminal dialkyne 31 was synthesized in a Sonogashira 

reaction, followed by cleavage of the silyl protecting group. A macrocyclization of this terminal 

dialkyne with di-tert-butyl acetlyenedicarboxylate (32) in the presence of Tanaka’s RhI-H8-binap 

catalyst[95] liberated the strain reduced macrocycle 33 in 17% yield. The cyclohexadienes were 

aromatized reductively yielding in a [12]CPP-hexa-carboxylate 34. On similar routes [8]CPP-

octacarboxylate as well as [6]CPP-tetracarboxylate were synthesized.[76,77] By exchanging the 
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cyclohexadienes by 5,8-dimethoxy-1,4-dihydro-naphthalenes alike in the synthesis of Wang, an 

electron donating group can be added, leading to a push-pull system embedded CPP.[81] 

 

 

Scheme 6: Synthesis of a [12]CPP-hexa-carboxylate by the group of Tanaka.[78] The substituents 
were introduced via a rhodium catalyzed cross-cyclotrimerization. 

The strategy of introducing substituents within the macrocyclization makes the synthesis concise, 

however, decreases the flexibility in size and pattern. To circumvent this drawback, our group 

developed a synthesis based on a building block approach by Jasti in combination with Tanaka’s 

method to introduce ester substituents (Scheme 7).[74] Starting with curved alkyne 35 which is 

readily available in a cost-efficient three step synthesis, a [2+2+2] CA was executed with conditions 

developed by Tanaka.[95,96] The five-membered key building block 36 and its borylated analog 37a 

can be applied to a macrocyclization with Suzuki coupling conditions yielding in a strain reduced 

macrocycle bearing four ester functionalities. Again, the final step displays the reductive 

aromatization toward substituted [10]CPP 38. Besides the coupling with the substituted unit 37a, 

unsubstituted three- and five-membered (37b and 6) counter parts can be employed to obtain di-

substituted [8] and [10]CPP derivatives 39 and 40, respectively. Separating the [2+2+2] CA from the 
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macrocyclization – performed with Suzuki coupling conditions – extends the synthesis by means of 

steps but increases the modulation capability. 

To gain maximum flexibility in terms of a very late-stage introduction of substituents, the group of 

Tanaka developed a method of combining the aromatization and cyclotrimerization. By synthesis 

of a dialkyne embedded nanohoop, the [2+2+2] CA can occur at the CPP forming step pushing this 

concept to a limit.[82] In case all three alkynes for the trimerization are already incorporated to the 

macrocycle, the synthesis of a nanobelt was possible.[80] 

Besides a covalent functionalization of the nanohoops, their properties can be modified by non-

covalent functionalization. Before diving into the supramolecular chemistry of CPPs the most 

important counterpart, the fullerene, will be described in detail. 

 

 

Scheme 7: Modular synthesis of di- and tetra-tert-butyl ester functionalized [8] and [10]CPP by the 
Wegner group.[74] 
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1.2 Supramolecular Fullerene Assemblies 

Geometry, Electronic Properties, and Functionalization of Fullerenes 

Fullerenes belong to the carbon allotropes along with graphite and diamond, among others.[97] This 

class of molecular carbon allotropes consist of many different members, all being spherical 

polycyclic molecules consisting of twelve five-membered rings and a variable number m of six-

membered rings (except for m = 1),[98,99] following Euler’s theorem.[100,101] The first report 

postulating the existence of a spherical carbon allotrope was published by Osawa in 1970.[102] 15 

Years later, Smalley and coworkers presented the first proof of existence,[103] for which Smalley, 

Kroto, and Curl where awarded with the Nobel Prize in 1996.[104] By laser vaporization of graphite, 

cluster with the mass of C60 were obtained predominantly (at cluster masses >C40), which was 

rationalized by the spherically truncated icosahedral structure of the “molecular football” (Figure 

6). Besides laser vaporization, other graphite vaporization methods toward the formation of 

fullerenes have been developed[105–108] as well as bottom up approaches.[109,110] 

  

Figure 6: Structure of buckminsterfullerene (C60). 

Buckminsterfullerene is not only the first reported fullerene, but also the smallest stable homolog 

having the more precise nomenclature (C60-Ih)[5,6]fullerene.[99] C60 describes the composition, Ih the 

icosahedral point group and [5,6] the embedded ring sizes.[111] The next larger stable fullerene is 

(C70-D5h)[5,6]fullerene, known as C70, followed by the homologs C74, C76 and C78. C60 consists of 

pentagons surrounded by hexagons, and thus, bears two different types of bonds, [5,6] and [6,6] 

bonds. The latter have a higher double bond character, resulting in a shorter C-C bond length and 

higher reactivity, compared to the [5,6] bond.[112] As a conclusion, C60 follows the isolated pentagon 

rule,[113] embedding [5]radialenes and by that maximizing the number of Kekulé benzene rings.[114] 
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In general, due to the pyramidalization of the formally sp2 hybridized carbon atoms in fullerenes, 

they are electrophilic, which determines the electronic and synthetic properties. C60 has a threefold 

degenerated LUMO,[115] allowing a reduction to its hexaanion by electrochemical (reversible),[116] 

just as chemical treatment.[117] The electropositive convex surface can be covalently functionalized 

by nucleophilic addition as well as in electrocyclic reactions.[97] One important example in this 

regard is the Bingel reaction (Scheme 8),[118] which represents – based on a synthetic method by 

McCoy[119] – a cyclopropanation of fullerene with a bromo malonate. In case the bromo malonate 

is synthesized in situ by bromination of the parent malonate with CBr4 in presence of base, this 

variation is called Bingel-Hirsch reaction.[120] In the first step of the Bingel reaction, the bromo 

malonate 42 is deprotonated in α-position, forming a stabilized malonate anion A. This nucleophile 

adds to the more reactive [6,6] bond of the fullerene 43 to yield the fullerenyl anion B. The anion 

closes the three-membered ring by intramolecular addition to the α-malonyl carbon, releasing 

bromide as the leaving group. 

 

Scheme 8: Schematic representation of the Bingel reaction[118] and the Bingel-Hirsch variation.[120] 

The electronegativity of fullerenes[116] – resulting from the low-lying LUMO[115] – does not only make 

them good acceptors for electrons and nucleophiles, but also excellent guests for electron rich hosts 

in supramolecular assemblies. 

 

Supramolecular Chemistry and Non-Covalent Interactions (NCI) 

Supramolecular chemistry is the “chemistry beyond the molecule”, and thus, handles species 

greater than molecules – called supramolecules – which are result of spontaneous association.[121] 

This field in chemistry is grounded on non-covalent interactions, such as hydrogen bonding[122] or 
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van-der-Waals interactions.[98,123] The latter family of interactions can be divided into London 

dispersion interactions (LD, induced dipol – induced dipol),[124,125] Debye interactions (dipol – 

induced dipol)[126] and Keesom interactions (dipol – dipol).[127] Especially, London dispersion raised 

attention in the past decades, as this force had been revealed being of underestimated importance 

in various chemical processes.[128] This underestimation originates from the weak nature when 

inspecting pair interactions, however, the impact rises rapidly for larger systems bearing multiple 

pair interactions.[129] Besides the number of pairwise interactions, the polarizability of the 

counterparts plays a role for interaction strength. Polarizability is the “ease of distortion of the 

electron cloud” of an entity – a molecule, a functional group, or an atom – by an external electric 

field.[98] An increased polarizability facilitates the formation of an induced dipole and thus enhances 

the ability to interact with another (induced) dipole. In organic chemistry LD is often attributed to 

aliphatic groups, but also plays a significant role in olefinic and aromatic interactions.[130] 

The non-covalent interaction between two π-conjugated molecules is called π-π interaction. This 

generic term is commonly used to describe those interactions, even though the underlying 

interactions can often be pinpointed to LD or electrostatic (quadrupole) interactions.[131] Stacked π-

π interactions lead to the well-known structure of graphite, being further favored by the excellent 

shape complementarity which allows a homogeneous interaction between the graphene layers.[132] 

Bending π-conjugated molecules induces changes in the π-orbitals, and thus in the association 

between bent counterparts. Still, the homogeneity of interaction between a concave and convex 

surface can be maintained leading to favorable concave-convex π-π interactions (Figure 7).[93] This 

can be identified as a major force in supramolecular assemblies of fullerenes, alike in multi-walled 

carbon nanotubes (MWCNTs), which were already described in Iijima’s first report of CNTs.[3] Due 

to the curvature the carbon atoms have a σ-bond hybridization in between sp2 and sp3, and 

therefore, the orbital size alters from the convex to the concave site, being larger on the former 

site.[133] This phenomenon was thoroughly investigated by Haddon, introducing the π-orbital axis 

vector (POAV) analysis.[133] By determination of the pyramidalization of the carbon centers the 

hybridization can be defined helping to understand the orbital geometries of bent π-conjugated 

molecules. For instance, in buckminsterfullerene the carbon centers have a pyramidalization angle 

of (θσπ – 90) ° = 11.64 ° and an average σ-bond hybridization of sp2.278.[99,134] Besides the change in 

orbital geometry, curvature also induces in a dipole moment, giving rise to dipole interactions of 

those bent π-conjugated molecules.[99] 
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Figure 7: Representation of the electron density alternation in concave-convex π-π interaction.[135] 

Fullerene Complexes – Catching the Buckyball 

A motif, where the encapsulated molecule is not a CNT, but a fullerene was discovered by Luzzi and 

coworkers in the late 1990s.[136] These fullerene peapods can be obtained by pulsed laser 

vaporization of graphite yielding in nanotubes with a diameter of 1.3-1.4 nm, surrounding multiple 

fullerenes C60 with a diameter of 0.7 nm (Figure 8). Consequently, the distance between the 

nanotube and the encapsulated fullerene is ~ 0.3 nm, which resembles the interlayer distance in 

graphite (0.34 nm) and can be pinpointed as the distance of favorable π-π interaction.[137] An issue 

of these systems are the difficulties in their analysis. As their method of preparation results in 

inhomogeneous materials, these fullerene peapods are not suitable for in-depth analyses to 

understand the underlying interactions.[138] 

By application of shorter cutouts of CNTs, the interaction can be mimicked, retaining the desired 

uniformity in their composition. Even before the first synthesis of CPPs, the group of Oda 

synthesized carbon nanohoops bearing alternating para-phenylenes and acetylenes called 

[n]cycloparaphenyleneacetylenes ([n]CPPAs).[139,140] [6]CPPA forms a complex with C60 (45) having 

a high association constant of 1.6 ٠ 104 M-1 in benzene, which can be attributed to the convex-

concave π-π interaction (Figure 9).[141] When comparing the [6]CPPA with the nanotubes of Luzzi, 

they appear to be similar in size (1.3-1.4 nm for the CNT vs. 1.31 nm for [6]CPPA).[135,136] Thus, the 

favorable interactions are the result of matching distances within this supramolecular assembly. 

Additionally, in the study by Oda, they were able to form complexes not only of the  [6]CPPA with 

fullerene, but also between CPPAs of different sizes.[142–145] When mixing [6]CPPA with [9]CPPA, a 

ring-in-ring complex 46 was observed with an association constant of ~ 40 M-1 in chloroform. The 

drastically reduced binding constant, with regard to the [6]CPPAC60 (45), is likely to originate from  
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Figure 8: C60 filling the cavity of a single walled carbon nanotube (SWCNT). High-resolution 
transmission electron microscopy image of the fullerene peapod reported by the group of Luzzi. 

Scale bar 2.0 nm.[136] Reprinted with permission. Copyright © 1998 Springer Nature. 

the decreased π-interactions as well as the fact that the ring-in-ring association is only effective 

when both rings are overlapping. Consequently, there is an entropic penalty reducing the 

association energy and thereby the association constant. By extension of the para-phenylenes to 

1,4-naphthalenes the association constant could be increased, which shows the possibility of tuning 

the binding behavior with substituents, e.g., aromatic pendants. These motifs can be pushed to 

even more ambitious assemblies by the formation of an onion-like complex, also known as Russian-

doll complex.[142] By combination of the ring-in-ring with the fullerene complex, an assembly bearing 

a C60 core surrounded by [6]CPPA surrounded by [9]CPPA can be obtained mimicking a MWCNT (47, 

Figure 9, right).  

As already mentioned in case of CPPAs, the substitution on the nanohoop influences the association 

behavior, rationalized by changing area or strength of interaction. An often-used host for 

buckminsterfullerene is calix[5]arene, allowing to study the influence of substitution 

systematically.[135] A review by Kurata and Kawase summarized published data on the association 

of the calixarene-fullerene complex in toluene (Figure 10).[135] In general, the unsubstituted 

calixarene 48a appears to be too small for an efficient encapsulation.[146] By adding methyl groups 

additional CH-π interactions increase the association constant to 1.7 ٠ 103 M-1 (48b).[146] The partial 

exchange of CH3 groups with better polarizable iodide (48c) increased the association constant 

further, showing a stronger interaction.[147] Equipping the calixarenes with aromatic pendants, such 

as benzyl (Bn, 48d)[148] and phenyl groups (Ph, 48e),[149] increases the binding even further and also 

the formation of 2:1 complexes (48d)2C60 and (48e)2C60 were reported. In these trimeric  
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Figure 9: Supramolecular assemblies of Buckminsterfullerene and/or [n]CPPAs, forming orbit- and 
onion-like structures.[141,142] 

complexes, two bowl-shaped calixarenes form a capsule binding the fullerene in their cavity. 

Noteworthy, with second binding constants of K2(48d, Bn) = 230 M-1 and K2(48e, Ph) = 250 M-1, in 

both cases the cooperativity factor α is smaller than 1, indicating hindrance of the second 

association by the first (EQ 1). In case the host or the guest possesses more than one binding site, 

the cooperativity factor α displays the influence of one binding event on the other.[150] For a 

complexation in a 2:1 or 1:2 fashion, α = 1 indicates two independent binding sites, while a 

cooperativity factor of α > 1 and α < 1 display a positive or negative influence on the second binding 

event, respectively.[151] 

 

Figure 10: Binding constants of different functionalized calix[5]arenes with C60 in toluene. The data 
were obtained from different publications and summed up in a review by Kurata and 

Kawase.[135,146–149] 

 

 α=
4K2

K1
 (EQ 1) 
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CPP-Fullerene Complexes – Properties, Substitution Effects, and Application 

Besides extending the para-phenylenes to naphthalenes in CPPAs, as done by Oda and coworkers, 

the π-surface can be increased by exchanging the acetylenes with para-phenylenes, or more 

precisely, by using CPPs. Alike in CPPA complexes the concave-convex π-π interaction is the most 

important interaction in supramolecular CPP architectures,[38,152] however, also assemblies 

dominated by CH-π interactions are reported in literature.[153–155] The first report of a fullerene 

complex with a CPP was published by the group of Yamago in 2011.[156] Addition of excess solid C60 

to a mixture of [8]-[12]CPP in deuterated chloroform, induced a 1H NMR shift of [10]CPP resulting 

from the deshielding effect of C60 (Figure 11). The signal for [8], [9], [11] and [12]CPPs remained 

unchanged showing the size-selective encapsulation of [10]CPP. When comparing the diameter of 

[10]CPP and C60, the difference in diameter is 0.68 nm, which results in a CPP-fullerene distance of 

0.34 nm, being the ideal distance for π-π interactions.[32] This match in size and shape leads to an 

extraordinarily high association constant of 8.40 ٠ 106 M-1 in toluene and 2.5–8.1 ٠ 105 M-1 in o-DCB 

(depending on the experimental technique).[157] 

 

Figure 11: 1H NMR (CDCl3) executed by Yamago and coworkers.[156] In a mixture of different CPPs, 
[10]CPP selectively shifts downfield upon addition of fullerene C60 (left). The protons of [10]CPP are 

deshielded when buckminsterfullerene is placed in the cavity of the nanohoop (right). Reprinted 
with permission. Copyright © 2011 Wiley-VCH Verlag GmbH & Co. KGaA. 

Fullerenes C70 and C60 share the diameter along the short axis, and thus, it is comprehensible that 

this ellipsoidal fullerene can also be encapsulated with [10]CPP. By executing the same experiment 

with C70, which was described above for C60, not only the signal for [10]CPP shifts, but also the signal 

corresponding to [11]CPP (Figure 12).[158] This originates from the two different diameters of C70 
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along the two axes, where the larger diameter fits the cavity of [11]CPP. Interestingly, the effect of 

the encapsulation on the NMR-shift is opposing. While [10]CPP experiences a shielding effect, the 

protons of [11]CPP are deshielded, resulting from the opposite magnetic anisotropy. Besides the 

magnetic effects of the binding, the association constants in toluene were determined, being 

Ka = 8.4 ٠ 104 M-1 and Ka = 1.5 ٠ 105 M-1 for [10]CPPC70 and [11]CPPC70, respectively. The reduced 

association constants compared to [10]CPPC60 can be attributed to the reduced degrees of 

rotational freedom of C70 in the complexes as well as slight deformation of the nanohoop in 

[11]CPPC70 (Figure 12, bottom right). While in case of C60 the fullerene can rotate along all axes 

without leaving or deforming the cavity, this rotation is reduced by one degree of freedom (one 

axis) in case of both discussed C70 complexes. Similarly, a substitution of fullerene C60 – such as in 

case of [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, 49, Figure 13) – reduces the freedom of 

rotation and leads to a decrease in the association constant (Ka = 3.7 ٠ 105 M-1 for [10]CPPPCBM) 

with respect to parent C60.[89,158]  

 

Figure 12: 1H NMR (CDCl3) executed by Yamago and coworkers.[158] In a mixture of different CPPs, 
[10]CPP and [11]CPP selectively shifted upon addition of fullerene C70, having the opposite effect 

on the magnetic anisotropy (left). Calculated geometries of [10]CPPC70 in its lying and the 

[11]CPPC70 in its standing fashion (M06-2X/6-31G*; right). Reprinted with permission. Copyright 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA. 

The motif of a functionalized fullerene encapsulated by [10]CPP was also used by the group of von 

Delius for the synthesis of a rotaxane.[159] In this study, [10]CPP encapsulated fullerene was 

functionalized with very bulky groups on both poles to prohibit the release of the nanohoop. By 

that, a supramolecular CPP assembly was formed, having a formally infinite association constant. 

Besides in rotaxanes,[160] these infinite association constants can be achieved in catenanes.[161–163] 
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Another way of increasing the association in CPP-fullerene complexes is the π-extension of the 

nanohoop.[164,165] Even though this does not result in an infinite association constant, the 

association can be improved. For instance, the group of Du reported the encapsulation of C70 by a 

π-extended [12]CPP, namely a [4]cyclohexa-peri-hexabenzocoronene (50, Figure 13).[108] While an 

association between parent [12]CPP and C70 is not reported, this nanotube segment has a 

remarkable association constant of Ka = 1.07 ٠ 106 M-1 in toluene. 

 

Figure 13: [6,6]-phenyl-C61-butyric acid methyl ester (PCBM, left) and [4]cyclohexa-peri-
hexabenzocoronene[166] (right). 

In the examples of functionalized fullerenes described above, functionalization led to a reduction 

in association. Moreover, modifications offer the possibility of additional interactions, either with 

the surrounding nanohoop or another molecule. One possibility of functionalization is to substitute 

with another fullerene, and thus, forming fullerene dimers[167] like bisazafullerene (C59N)2, among 

others.[89,157] In azafullerene one carbon atom in C60 is exchanged by nitrogen atom resulting in a 

vacancy of the adjacent carbon, which is filled by dimerization.[168,169] Addition of [10]CPP to this 

dimer, leads to a 2:1 complex, where each CPP hosts one sphere (Scheme 9).[170] The association 

constant for the first binding is K1 = 8.4 ٠ 106 M-1 being similar to the parent [10]CPPC60 

complex.[170] The second association has a binding constant of K2 = 3.0 ٠ 106 M-1 and thus a positive 

cooperativity (cooperativity factor α > 1). By DFT calculations (AIMPRO, utilizing 38 independent 

Gaussian-based functions are used as basis set for carbon, 12 for hydrogen, 40 for nitrogen), the 

positive cooperativity was attributed to additional London dispersion and CH-π interactions 

between the two nanohoops. 
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Furthermore, it was possible to homolytically cleave the spheres-connecting single bond by 

irradiation of the of the bisazafullerene complex 54 in solution. Although the homolysis of parent 

(C59N)2 dimer was already known, the stability of the formed radicals was drastically improved by 

the surrounding nanohoop (increased lifetime by factor of 108).[171] 

 

Scheme 9: Binding of bisazafullerene in the cavities of two [10]CPPs. The association is assisted by 
additional CH-π and London dispersion interactions.[170] 

While the encapsulated azafullerenyl radical is a valid candidate for qubits,[171] the supramolecular 

assemblies of CPPs can also be utilized for the selective functionalization of fullerenes,[159,162,172] as 

well as purification[173] and tuning[174–176] of metallofullerenes. 

The attributes of CPPs, which were discussed above, in addition to the remarkable characteristics 

and potential applications of their supramolecular assemblies make new syntheses of the 

nanohoops and an enhanced understanding of their behavior in supramolecular complexes 

valuable. Fullerene complexes with substituted CPPs offer new properties, and the influence of 

substituents in supramolecular CPP-fullerene architectures remains a blind spot. 
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2 MOTIVATION AND OUTLOOK 

Cycloparaphenylenes and their fullerene complexes have unusual properties with potential 

application in molecular electronics and materials science.[9,171] To extend the knowledge about 

those properties and their applications, these nanohoops have to be available in a certain quantity 

and a bottleneck remains the challenging synthesis and hence, costly production of the nanohoops. 

As functionalization of CPPs allows alteration of their properties, elegant syntheses of CPPs with 

novel substitution patterns are desirable. 

As the first part of this thesis, a new strategy for the synthesis of a substituted [10]CPP derivative 

was developed (Figure 14).[177] A [2+2+2] CA was utilized as an efficient tool to introduce 

substituents during the synthesis, yielding in a diethyl phthalane incorporated [10]CPP. The 

motivation for this synthesis originates from drawbacks of reported synthetic methods, lacking 

efficiency in the key steps ([2+2+2] CA, macrocyclization, and aromatization). Grounded on 

synthetic strategies by the groups of Tanaka (Scheme 6) and Wegner (Scheme 5), a synthesis was 

developed which combines the advantages, and circumvents the disadvantages of both syntheses. 

A [10]CPP derivative was targeted, as its size allows efficient encapsulation of the fullerenes C60 and 

C70, in order to investigate the influence of substitution in these supramolecular assemblies. 

The reported synthesis provided the targeted nanohoop in 8% overall yield. Especially the efficiency 

of the key steps was enhanced, making this synthesis a valuable improvement in the field of 

nanohoops and a step forward to the application and in-depth understanding of CPPs. Furthermore, 

the application of a [2+2+2] CA enables the introduction of various substituents to precisely control 

the properties of the nanohoop, increasing the potential application of this synthetic approach. 

 

 

Figure 14: Synthetic strategy for the synthesis of a diethyl phthalane [10]CPP. 

In two consecutive studies the influence of substitution on the binding behavior with fullerenes was 

investigated (Figure 15). While binding constants of nanohoops with fullerene C60 are regularly 

determined along with their synthesis,[178] a systematic study on the substitution effects remained 
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unaddressed. As substitution of the nanohoops is a versatile tool to alter the binding behavior and, 

by that, access desired properties, an in-depth understanding on the influence of degree and kind 

of substitution is desirable. A systematic approach is of particular importance as the determination 

of binding constants – being the crucial quantity in this regard – is prone to errors originating from 

differences in the spectroscopic measurements or shortcuts in data analysis[179] (e.g., comparison 

of binding constants reported for [10]CPPC60).[156,157,180] Hence, interpretation based on values 

obtained from different sources is rarely possible. 

A systematic study on the interactions between alkyl substituents on both [10]CPP and fullerene 

C60 revealed an interplay between stabilizing and destabilizing effects. These were assigned to 

London dispersion and Pauli repulsion, showing an overall stabilizing effect which is partly 

compensated in sterically demanding methanofullerenes.[180] 

Furthermore, the effects of CPP substitution on the association with the fullerenes C60 and C70 were 

investigated.[181] In this study, three substituted CPPs were applied bearing different substituents 

and degrees of substitution. The studies revealed that the ellipsoid shape of C70 allows a relative 

stabilization of substituted CPP complexes in comparison to the C60 complexes. This observation 

can be rationalized by the shape of C70, enabling additional favorable substituent-fullerene 

interactions. 

 

Figure 15: Overview of the analyzed and compared interactions in the binding studies. 

The results of these systematic studies shine light on the binding behavior of substituted CPPs, 

giving rise to decisive manipulation of the binding energy by choice of kind and degree of 

substitution on the CPP. While substitution enables additional stabilizing interactions, energetic 

penalties of reduced entropy or increased dihedral strain outnumbers these stabilizing forces. Thus, 

substituted CPPs with an increased diameter should be applied in further studies as they promise 

similar stabilizing effects and a better complementarity in size. Additionally, the precise 
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determination of binding constants via fluorescence quenching – as shown in both projects – can 

be utilized to study interactions between the binding partners. 
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4 CONTRIBUTIONS TO THE LITERATURE 

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

Cycloaddition 

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

e202101357. 

DOI:   10.1002/ejoc.202101357 

Reproduced under terms of the CC-BY-NC-ND license. Copyright © 2022 The Authors. European 

Journal of Organic Chemistry published by Wiley-VCH GmbH. 

 

 

 

 

“The efficient synthesis of a tetra-substituted [10]cycloparaphenylene (CPP) is reported. The 

introduction of a diethylphthalane gives valuable insight into the incorporation of highly 

substituted units into these nanohoops. Finally, a seven-step synthesis with an overall yield 

of 8% provided the target compound while different expected and unexpected obstacles 

were overcome.” 
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Front Cover: Synthesis of a Substituted [10]Cycloparaphenylene through [2+2+2] Cycloaddition 

(Eur. J. Org. Chem. 4/2022) 

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

e202200044. 

DOI:   10.1002/ejoc.202200044 

Reprinted with permission. Copyright © 2022 Wiley-VCH GmbH. 

 

“The Front Cover illustrates a maze through which the authors went facing challenges to 

overcome targeting a substituted [10]cycloparaphenylene derivative. Designing new 

synthetic strategies towards new molecules is often connected to difficulties and dead 

ends. With the chemist's manifold toolbox of reactions and reagents, this maze was solved, 

and the target compound obtained. Cover design by Felix Bernt”.  
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4.2 Balancing Attraction and Repulsion: The Influence of London 

Dispersion in [10]Cycloparaphenylene-Fullerene Complexes 

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

DOI:   10.1002/chem.202300268 

+These authors contributed equally. 

Reproduced under terms of the CC BY-NC license. Copyright © 2023 The Authors. Chemistry - A 

European Journal published by Wiley-VCH GmbH. 

 

 

 

 

 

“The supramolecular assembly between substituted [10]cycloparaphenylene (s[10]CPP) 

and fullerenes was studied to investigate the subtle interplay of steric repulsion, 

conformation and attractive London dispersion interactions. For this, [10]CPP and a tert-

butyl ester-substituted analogue were employed as host molecules whose fluorescence is 

quenched upon addition of C60 as well as alkyl malonyl ester-substituted fullerenes.” 
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Cover Feature: Balancing Attraction and Repulsion: The Influence of London Dispersion in 

[10]Cycloparaphenylene-Fullerene Complexes (Chem. Eur. J. 20/2023) 

Reference:   J. Volkmann+, D. Kohrs+, H. A. Wegner, Chem. Eur. J. 2023, 29, e202300737. 

DOI:   10.1002/chem.202300737 

+These authors contributed equally. 

Reprinted with permission. Copyright © 2022 Wiley-VCH GmbH. 

 

“Molecular interactions are a combination of different attractive and repulsive forces. We 

have studied the delicate balance within a supramolecular [10]cycloparaphenylene–

fullerene complex—both functionalized with alkyl esters—to evaluate the attractive and 

repulsive interplay between the substituents on the components.”  
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4.3 Influence of Substitution on the Supramolecular Chemistry of 

Cycloparaphenylene-Fullerene Complexes 

Reference:   D. Kohrs+, J. Volkmann+, H. A. Wegner, Eur. J. Org. Chem. 2023, e202300575. 

DOI:   10.1002/ejoc.202300575 

+These authors contributed equally. 

Reproduced under terms of the CC BY-NC license. Copyright © 2023 The Authors. European Journal 

of Organic Chemistry published by Wiley-VCH GmbH. 

 

 

 

 

 

“Herein a detailed host-guest study of [10]cycloparaphenylene and three substituted 

analogues with the fullerenes C60 and C70 is presented. Fluorescence quenching 

experiments as well as computational chemistry were employed in order to shine light on 

the influence of substitution on the association behavior. An increased steric demand was 

facing additional attractive interactions between substituents and the fullerene itself.” 
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5 ADDITIONAL CONTRIBUTIONS TO LITERATURE 

5.1 Cycloparaphenylenes via [2+2+2] Cycloaddition 

Reference:   D. Kohrs+, J. Volkmann+, H. A. Wegner, Chem. Commun. 2022, 58, 7483–

7494. 

DOI:  10.1039/D2CC02289C 

+These authors contributed equally. 

Reproduced with permission. Copyright © 2022 Royal Society of Chemistry. 

 

 

 

 

 

“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 finalizes the CPP), macrocyclization (the 

formation of a strain-reduced macrocycle) and the [2+2+2] CA. Based on this analysis the strategies 

were categorized 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.” 
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5.2 Robust coherent spin centers from stable azafullerene radicals 

entrapped in cycloparaphenylene rings 

Reference:   Y. Tanuma, A. Stergiou, A. Bužan Bobnar, M. Gaboardi, J. Rio, J. Volkmann, 

H. A. Wegner, N. Tagmatarchis, C. P. Ewels, D. Arčon, Nanoscale 2021, 13, 

19946–19955. 

DOI:  10.1039/D1NR06393F 

Reproduced with permission. Copyright © 2021 Royal Society of Chemistry. 

 

 

 

 

“Molecular entities with robust spin-1/2 are natural two-level quantum systems for realizing qubits 

and are key ingredients of emerging quantum technologies such as quantum computing. Here we 

show that robust and abundant spin-1/2 species can be created in situ in the solid state from spin-

active azafullerene C59N cages supramolecularly hosted in crystals of [10]cycloparaphenylene 

([10]CPP) nanohoops. This is achieved via a two-stage thermally-assisted homolysis of the parent 

diamagnetic [10]CPP⊃(C59N)2⊂[10]CPP supramolecular complex. Upon cooling, the otherwise 

unstable C59N• radical is remarkably persistent with a measured radical lifetime of several years. 

Additionally, pulsed electron paramagnetic resonance measurements show long coherence times, 

fulfilling a basic condition for any qubit manipulation, and observed Rabi oscillations demonstrate 

single qubit operation. These findings together with rapid recent advances on the synthesis of 

carbon nanohoops offer the potential to fabricate tailored cycloparaphenylene networks hosting 

C59N• centers, providing a promising platform for building complex qubit circuits.”  
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5.3 Long Spin Coherence Times on C59N-C60 Heterodimer Radicals 

Entrapped in Cycloparaphenylene Rings 

Reference:  Y. Tanuma, T. Knaflič, B. Anézo, C. Stangel, J. Volkmann, N. Tagmatarchis, H. 

A. Wegner, D. Arčon, C. P. Ewels, J. Phys. Chem. C 2023, 127, 6552–6561. 

DOI:  10.1021/acs.jpcc.2c09049 

Reproduced under terms of the CC BY license. Copyright © 2023 American Chemical Society. 

 

 

 

 

“We investigate the effect of introducing C60 to (C59N)2 and the molecular ring, 

[10]cycloparaphenylene ([10]CPP), using electron paramagnetic resonance (EPR) measurements 

supported by density functional theory (DFT) calculations. Incorporating C60 into the system results 

in the formation of novel stable [10]CPP⊃C59N-C60
•⊂[10]CPP encapsulated heterodimer radicals 

whose spin is localized on C60 and manifests in EPR measurements as a signal at g = 2.0022 without 

any discernable hyperfine structure. This signal has an exceptionally long spin coherence lifetime 

of 440 μs at room temperature, far longer than any of the radical fullerene species reported in the 

literature and over twice that of the C59N•⊂[10]CPP radical. The radicals are long-lived, with EPR 

signal still strong over a year after thermal activation. The [10]CPP⊃C59N-C60
•⊂[10]CPP oligomer is 

more stable than C59N•⊂[10]CPP radicals and becomes the predominant species at room 

temperature after annealing. Its formation is thermally activated with an experimental activation 

energy of only 0.189 eV, as compared to 0.485 eV for the pure azafullerene-[10]CPP case. The 

[10]CPP⊃C59N-C60
•⊂[10]CPP radicals discovered here could be used to bridge C59N•⊂[10]CPPs 

acting as qubits, providing effective coupling between them.” 
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7 ABBREVIATIONS 

OAc Acetate 

Ar Aryl 

Bu Butyl 

Bn Benzyl 

biph Biphenyl 

CNT Carbon nanotube 

cat. Catalytic amount 

C60 (C60-Ih)[5,6]fullerene 

C70 (C70-D5h)[5,6]fullerene 

δ Chemical Shift 

CPDMS (3-Cyanopropyl)dimethylsilyl 

cod Cyclooctadiene 

CPP Cycloparaphenylene 

CPPAs Cycloparaphenyleneacetylene 

DFT Density functional theory 

DCM Dichloromethane 

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

Hünig's Base Diisopropylethylamine 

DMSO Dimethylsulfoxide 

engl. In Englisch 

EQ Equation 

Et Ethyl 

e.g. Exempli gratia, for example 

HOMO Highest occupied molecular orbital 

:B Lewis base 

LD London dispersion 

LUMO Lowest unoccupied molecular orbital 

MOM Methoxymethyl 

Me Methyl 

MW Microwave irradiation 

MWCNT Multi walled carbon nanotube 

μm Micrometer 

nm Nanometer 

NP Naphthalenide 

n-BuLi n-Butyllithium 

DMF N,N-Dimethylformamide 

NCI Non-covalent interactions 

NMR Nuclear magnetic resonance 

OPP Oligoparaphenylene 

o-DCB ortho-Dichlorobenzene 

ppm Parts per million 

Ph Phenyl 

PCBM [6,6]-Phenyl-C61-butyric acid methyl ester 

Bpin Pinacolborane 

PG Protection group 
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quant. Quantitatively 

H8-binap R-(+)-2,2′-Bis-(diphenylphospino)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-
binaphthyl, [(1R)-5,5′,6,6′,7,7′,8,8′-octahydro-[1,1′-binaphthalin]-2,2′-
diyl]-bis-[diphenylphosphin] 

rt Room temperature 

P4-t-Bu Schwesinger P4-Base; N′′′-(1,1-Dimethylethyl)-N,N′,N′′-
tris[tris(dimethylamino)phosphoranylidene]phosphorimidic triamide 

SWCNT Single walled carbon nanotube 

TBAF Tetrabutylammonium fluoride 

THF Tetrahydrofuran 

TD-DFT Time-dependent density functional theory 

TEA Triethylamine 

TMS Trimetylsilyl 

 




