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Deutsche Zusammenfassung 

Die säurekatalysierte tail-to-head Zyklisierung von Terpenen mit dem Resorcinarene Hexamer 

als Co-Katalysator stellt eines der eindrücklichsten Beispiele für enzymmimetische Katalyse 

unter Verwendung von supramolekularen Kapseln dar. Die detaillierte Wirkungsweise und 

besonders die Gründe für die katalytische Inaktivität des verwandten Pyrogallolarene Hexamers 

waren jedoch bisher ungeklärt. Die vorliegende Arbeit zeigt die Möglichkeiten synthetischer 

Methoden auf um den Resorcinaren-Makrozyklus zu modifizieren, um neue Bausteine für 

unbekannte, selbstassemblierende Strukturen zu erhalten. Mit dem Ziel die Voraussetzungen 

für Säure-Katalyse im Inneren des Resorcinaren Hexamers genauer zu untersuchen, wurde 

zunächst eine Syntheseroute entwickelt, die es erlaubt neuartige Makrozyklen in reiner Form 

zu isolieren, welche unterschiedliche Verhältnisse von Resorcinol- und Pyrogallol-Einheiten 

aufweisen. Die basierend auf diesen Makrozyklen selbstassemblierenden Strukturen wurden im 

Folgenden bezüglich ihrer katalytischen Aktivität in der Zyklisierung von Monoterpenen 

untersucht. Des Weiteren erfolgte eine Charakterisierung der Strukturen in Bezug auf 

verschiedene Eigenschaften wie die Fähigkeit zur Gastaufnahme, die Stabilisierung von 

Ionenpaaren, die Fähigkeit zur Interaktion mit Säure (HCl), sowie die strukturelle Integration 

von Wassermolekülen in das Wasserstoffbrückennetzwerk. Die Resultate zeigten eine deutliche 

Korrelation zwischen der katalytischen Aktivität und der Inkorporation von Wassermolekülen 

was auf die besondere Rolle solch integrierter Wassermoleküle hindeutet. Diese fungieren als 

Protonenshuttle und ermöglichen somit die Aktivierung des enkapsulierten Substrates durch 

Protonierung. An einem Modellsystem durchgeführte Simulationen der molekularen Dynamik 

lieferten weitere Details bezüglich des genauen Verlaufs der Protonierung und stützen die 

experimentellen Ergebnisse. In einem zweiten Projekt wurde ein ähnlicher synthetischer Ansatz 

genutzt, um einen vom Resorcinaren abgeleiteten Makrozyklus mit zusätzlichen Amid-

Funktionalitäten zu synthetisieren. In detaillierten 1H- und DOSY-NMR Studien konnte gezeigt 

werden, dass dieser Makrozyklus konzentrationsabhängig und basierend auf der 

intermolekularen Dimerisierung der Amidgruppen, zu einem großen, hexameren Käfig 

assembliert. Mit einem Volumen von 2800 Å3 und einem Durchmesser von 2.3 nm stellt dies 

die größte bisher bekannte Struktur dar, die ausschließlich auf Wasserstoffbrückenbindungen 

beruht. Die Resultate von DFT-Berechnungen deuten auf eine ungewöhnliche käfigartige 

Struktur hin, die an kovalent verbrückte Strukturen erinnert, im Gegensatz zu den häufig bei 

wasserstoffbrückenbasierten Kapseln beobachteten closed-shell Strukturen. Zusätzlich konnte 

gezeigt werden, dass in dem Käfig Fullerene (C60 and C70) enkapsuliert werden können. 



  

vi 

 

Abstract 

The acid-catalyzed tail-to-head terpene cyclization promoted by the resorcinarene hexamer is a 

prime example of enzyme mimetic catalysis utilizing supramolecular capsules. The exact mode 

of activation and the reasons for the catalytic inactivity of the closely related pyrogallolarene 

hexamer however, remained elusive for some time. In this work we utilized synthetic chemistry 

to modify the resorcinarene macrocycle with the goal of obtaining new building blocks capable 

of self-assembly, forming new supramolecular structures with unprecedented properties. 

Firstly, a synthetic route was developed to access several new macrocycles with varying ratios 

of resorcinol and pyrogallol units, in order to elucidate the specific requirements for acid-

catalyzed terpene cyclizations within the resorcinarene capsule. The resulting assemblies were 

characterized with respect to their catalytic activity in the cyclization of monoterpenes as well 

as several properties including guest uptake, stabilization of ion pairs, response to externally 

added acid (HCl) and water incorporated into the hydrogen bond network. The results revealed 

a correlation between the structural incorporation of water and the catalytic activity. This 

indicates the crucial role of the water molecules in the hydrogen bond network of the 

supramolecular capsule, which act as a proton shuttle activating the encapsulated substrate and 

enable efficient catalysis. Molecular dynamics simulation conducted using a model system 

provided additional details concerning the exact protonation pathway, supporting the 

experimental evidence. Secondly, a similar synthetic approach was used to synthesize a 

resorcinarene-derived macrocycle featuring four additional amide moieties capable of hydrogen 

bonding. Detailed 1H- and DOSY-NMR studies revealed the concentration-dependent self-

assembly of a large, hexameric cage based on intermolecular amide−amide dimerization. An 

internal cavity volume of 2800 Å3 and a diameter of 2.3 nm make it the largest self-assembled 

cage/capsule structure self-assembled exclusively via hydrogen bonding. Supported by DFT 

calculations the results indicate that an unusual cage-like structure with large openings, 

reminiscent of covalently linked structures, is formed rather than a ‘closed-shell’ structure 

observed more commonly for hydrogen bonded assemblies. Additionally, the cage was found 

to form host-guest complexes with fullerenes (C60 and C70). 
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1. Introduction 

The utilization of plants for medicinal purposes is a well-documented aspect of human history.1 

Our ancestors knew about the beneficial effect of certain plants and used them to alleviate pain, 

cure different illnesses or as psychoactive drugs. With the general advancement of natural 

sciences over the last two centuries, humanity’s understanding of the underlying reasons for the 

potency of plants has improved significantly. Today we can isolate and synthesize the 

pharmacologically active molecules and have implemented numerous plant-derived drugs into 

modern pharmacotherapy. The approach to isolate significant amounts of the bioactive 

substances directly from plants is often limited by low contents of target compound or 

purification issues. With the advent of synthetic organic chemistry, it became possible to 

produce some of the most complicated natural product by highly sophisticated total synthetic 

routes. And while great feats have been achieved by organic chemists in this field the elegance 

and efficiency of the biochemical machinery producing complex molecules from simple 

precursors remains unmatched by any human efforts. The reason for this discrepancy are the 

highly sophisticated macromolecules enabling practically all life on earth, enzymes. 

Constituted of long amino acid chains, which fold and aggregate to form complex three-

dimensional structures, enzymes have evolved over millions of years resulting in the unrivalled 

catalytic efficacy observed today. The three-dimensional structure of such proteins allows the 

formation of hydrophobic pockets, where molecules of complementary size and shape can be 

encapsulated through an interplay of different interactions with the amino acid side chains 

within the binding pocket (lock and key principle).2 The binding within such active sites relies 

on non-covalent interactions and creates a unique microenvironment for catalysis isolated from 

the bulk solution. One aspect of supramolecular chemistry is to mimic this basic principle using 

man-made three-dimensional structures in order to overcome the limitations of conventional 

solution chemistry.3 The focus lies on the imitation of the catalytically active part of enzymes 

leading to a reduction in overall structural complexity. This approach could simplify the total 

synthesis of scarce natural products and possibly access new derivatives not found in nature. 

The synthetic effort for artificial enzymes can be greatly reduced by using simple building 

blocks that self-assemble into defined supramolecular entities via non-covalent interactions. 

Especially hydrogen bonding, which is also crucial for the secondary structure of many natural 

enzymes, has been established as a powerful tool to construct supramolecular assemblies. 
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1.1 Enzyme Catalysis 

The ability of enzymes to selectively bind and recognize substrate molecules is crucial for the 

functionality of biocatalysts within a complex in vivo setting (i.e., inside cells). The 

hydrophobic binding process relies on enthalpic as well as on entropic contributions. It also 

creates a defined, molecular environment activating the substrate(s) and stabilizing reactive 

intermediates.4 Generally, three modes of enzyme mediated lowering of the activation free 

energy are distinguished:5 1) Transition state stabilization: Enzymes preferentially bind and 

stabilize the transition state (often involving a (partially) charged state) rather than the substrate 

or product molecules, which circumvents inhibition. 2) Ground state destabilization: The 

binding of a molecule within the active site of the enzyme causes a strain, which results in a 

more reactive orientation and/or conformation of the substrate. Similarly, non-covalent 

interactions with the amino acid side chains can lead to the activation of a particular functional 

group. 3) Covalent catalysis: The activation barrier is lowered by temporarily forming a 

covalent bond between enzyme and substrate. These modes of action result in the unmatched 

catalytic efficiency with high selectivity in combination with excellent regio- and stereocontrol, 

enabling the catalysis of biochemical reactions under mild in vivo conditions. 

Among the numerous reactions catalyzed by enzymes, the cyclization of terpenes is considered 

one of the most intriguing transformations found in nature. Terpenes constitute one of the 

largest and diverse classes of natural products, with over 80 000 compounds known, many of 

them showing biological activity.6-8 Some members exhibit promising antibacterial activity9 

while others such as Paclitaxel,10-11 a potent anticancer drug, have already found practical 

application. Terpenes are distinguished based on the number of carbon atoms/isoprene units: 

hemi- (C5), mono- (C10), sesqui- (C15), di- (C20), sester- (C25) and triterpenes (C30) and even 

larger members. Albeit their structural diversity the majority of terpenes is derived from just a 

few acyclic precursors (Figure 1) such as geranyl diphosphate (1) (monoterpenes), farnesyl 

diphosphate (2) (sesquiterpenes), and geranylgeranyl diphosphate (3) (diterpenes).7 

 

Figure 1: Acyclic precursors for the biosynthesis of complex terpenes.  



Introduction 

3 

 

1.1.1 Terpene Cyclases 

The enzymes catalyzing these transformations are termed terpene cyclases and can be divided 

into two groups depending on the mode of activation.8, 12-13 Class I cyclases trigger the 

cyclization by abstracting the allylic diphosphate leaving group utilizing a trinuclear metal 

complex (e.g., Mg2+) which leads to the formation of a carbocation. In contrast, class II cyclases 

act by protonating a CC double bond or an epoxide moiety. These different modes of 

activation result in different reaction pathways concerning the propagation of the positive 

charge during the cyclization cascade. Activating the terminal double bond (head) leads to a 

head-to-tail terpene (HTT) cyclization, while cleavage of the diphosphate leaving group (tail) 

induces a tail-to-head terpene (THT) cyclization cascade (Scheme 1a).14 Independent of the 

mode of activation the resulting carbocation is attacked by a nucleophilic double bond to form 

a cyclic structure. The resulting positively charged species can then undergo further cyclization 

steps, rearrangements, or hydride migrations until the cascade is terminated either by 

elimination or by an intermolecular attack of a nucleophile. An important feature of class I 

cyclases is the complexation of the diphosphate leaving group which prevents premature 

quenching and enables a non-stop cyclization cascade. Considering the number of possible 

reaction pathways and resulting products, terpene cyclases show a remarkable selectivity often 

producing a single product. Equally noteworthy is the efficient transfer of chirality from the 

cyclase onto the prochiral substrate induced by the specific configuration of the active site.  

To illustrate the complexity of this transformation scheme 1a shows the possible reaction 

pathways and common products (Scheme 1b) resulting from the cyclization of geranyl 

diphosphate (1).12 The cyclization occurs in a tail-to-head fashion, starting with the cleavage of 

the diphosphate group to give the cationic species 4a. Due to the (E)-configuration of the double 

bond intermediate 4a cannot undergo cyclization directly. The preceding isomerization to the 

cisoid-isomer 4b is believed to occur either directly15 or via the linalyl diphosphate (5) and 

rotation of the double bond.12 Cation 4b can then cyclize to form the terpinyl cation (6), the 

common precursor of all cyclic products of this transformation. Elimination leads directly to 

limonene (7) and terpinolene (8), while -terpinene (9), -terpinene (10) or -phellandrene (11) 

are formed if the elimination is preceded by a 1,2- or 1,3-hydride migration. If water is present 

within the active site 6 can react to -terpineol (12), which can be further cyclized to give the 

bicyclic ether eucalyptol (13). Other possible bicyclic products include -pinene (14), 

camphene (15), 3-carene (16) and sabinene (17), as well as products formed by reaction of 

cationic bicyclic intermediates with water such as sabinene hydrate (18) and endo-fenchol (19). 
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If the initial isomerization is followed by an attack of water or deprotonation several acyclic 

products (geraniol (20), nerol (21), linalool (22), (E)--ocimene (23) and myrcene (24)) are 

formed. Additionally, products can be found that result from the reaction of cationic 

intermediates with the diphosphate group. The absolute configuration can be attributed to the 

helical conformation of geranyl diphosphate (1), which dictates the configuration of the 

optically active terpinyl cation (6). 

 

Scheme 1*: a) Formation of the -terpinyl cation (6) catalyzed by class I cyclases. b) Common 

cyclic and acyclic monoterpene products of the THT cyclization.  

                                                           
* Reproduced from: Application and Development of Resorcin[4]arene-Based Supramolecular Catalysts, 

Lorenzo Catti, 2017, Dissertation. 
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1.1.2 Towards Biomimetic Tail-to-Head Terpene Cyclization 

Due to their remarkable structural diversity and their promising biological activity, terpenes 

have attracted considerable interest by synthetic chemists. Since the complex carbon skeletons 

are often tedious to access by other means, nature has served as an inspiration to numerous 

studies trying to imitate the processes occurring in terpene cyclases.16 While there have been 

some reports concerning the tail-to-head cyclization of monoterpene alcohols in solution 

(Scheme 2a) using phosphoric acids17 or ferric chloride,18 these results proved difficult to 

reproduce and yielded in case of the phosphoric acids mostly the head-to-tail product 

cyclogeranyl acetate (26).15 Comparable results were achieved employing zeolithes19-20 or 

chlorosulfuric acid21 with geraniol (20) and geranyl acetate (27) as substrates (Scheme 2b). 

  

Scheme 2: a) THT cyclization in solution using conventional BRØNSTED and LEWIS acids. 

b) HTT cyclization forming cyclogeranyl acetate (26) derivatives in the presence of zeolithes 

and chlorosulfonic acid. 

Other reports concerning the tail-to-head cyclization of sesquiterpenes in solution under similar 

conditions19, 21-22 also suffered from low yields for cyclic terpenes due to competing side 

reactions, such as premature elimination and/or substitution of intermediates. These problems 

can be at least partially attributed to the presence of the counteranions, which can act as base 

and/or nucleophile. Additionally, they are probably held in close range to the cationic 

intermediates due to their negative charge. To circumvent this problem SHENVI and coworkers 

developed a method where the cleaved leaving group is immobilized efficiently by forming a 

covalent bond with the reagent.14 For this purpose, they employed a modified sesquiterpene 

substrate 28 featuring a vinyl epoxide (Scheme 3a). When 28 is exposed to aluminium LEWIS 

acids the epoxide is activated, which allows the formation of the bisabolyl cation (29). The 

cationic leaving group remains covalently linked to the former LEWIS acid, enabling the 

cyclization cascade to proceed further towards the polycyclic frameworks of cedrene (30, 31) 

and funebrene (32), which have been isolated in 44% combined yield. Employing a similar 

strategy, the authors were also able to achieve the synthesis of the cumacrene/dunniene skeleton 
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34 where a trimethylsilyl (TMS) group was utilized to modulate the reactivity of the substrate 

33 (Scheme 3b). 

 

Scheme 3: a) Tail-to-head cyclization of sesquiterpene 28 developed by SHENVI and coworkers 

relying on aluminium LEWIS acids to immobilize the anionic leaving group. b) Tail-to-head 

cyclization of activated substrate 33 yielding the cumacrene/dunniene skeleton 34. 

Another important contribution to the field was recently reported by the JACOBSEN group. Based 

on earlier studies concerning the cyclization of polyenes catalyzed by thiourea derivatives23 

they were able to develop the first catalytic, enantioselective version of a tail-to-head terpene 

cyclization in solution (Scheme 4a).24 In the presence of urea-derived catalysts neryl chloride 

(35) derivatives are converted to form mainly limonene (7) and terpinyl chloride derivatives 

(36) resulting in high enantiomeric excess (ee). The authors were able to show that substitution 

of the substrate with a bulky aryl substituent is crucial for steric and electronic reasons, as is 

the incorporation of an aromatic moiety into the carefully designed catalyst structure 37 

(Scheme 4b), in order to stabilize the cationic intermediate by cation− interactions. 

Additionally, evidence for a concerted mechanism involving two catalyst molecules is 

presented, which explains why geranyl chloride derivatives show only weak reactivity and 

enantioinduction, due to their unfavorable double bond configuration. 
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Scheme 4: a) First example of an enantioselective tail-to-head cyclization of neryl chloride (35) 

derivatives with aryl substituents employing b) Urea-derived catalyst 37. 

While there have been some significant advances in the field of biomimetic terpene cyclizations 

in solution some important limitations remain. The methods developed to date often require 

complex substrate synthesis, considerable catalyst optimization and their universality is 

generally rather limited. Furthermore, many of them lack sufficient control over the 

conformation of substrate and intermediates, resulting in poor product selectivity. Therefore, 

nature continues to serve as an inspiration, where these issues were elegantly solved by 

encapsulating substrates and intermediates within carefully designed cavities. 
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1.2 Supramolecular Host Structures 

Supramolecular chemistry is often defined as relying on non-covalent bonding interactions 

between two or more chemical entities/molecules in contrast to molecular chemistry, which is 

predominantly concerned with covalent bonds connecting the atoms of a single molecule.25 

Based on non-covalent interactions such as hydrogen bonding, metal coordination, hydrophobic 

interactions or -interactions complex two- and three-dimensional architectures become 

feasible. An important prerequisite for the formation of homogenous networks based on non-

covalent interactions is a high degree of preorganization and rigidity of the individual molecular 

building blocks. This becomes even more vital for the assembly of discrete, molecular 

structures rather than the formation of extended networks.26-27 Considering the diversity and 

functionality of naturally occurring biomolecules utilizing a complex interplay of non-covalent 

and covalent bonding, it can hardly surprise that chemists were intrigued by the thought of 

mimicking these processes to assemble sophisticated, molecular architectures. 

1.2.1 Guest Binding and Catalysis in Supramolecular Host Systems 

In nature, the first step in enzyme catalyzed reactions is usually marked by the process of 

molecular recognition.25 Based on the specific chemical environment within the active site, the 

substrate is bound in a selective way. To mimic this basic concept, it is desirable to 

design/synthesize molecules with some type of cavity or binding pocket. Such molecules are 

then able to complex guest molecules forming a well-defined supramolecular host-guest 

complex. Molecular recognition in man-made system relies mainly on different non-covalent 

interactions often acting simultaneously, and strongly depends on the nature of the host as well 

as the solvent employed.28-30 The binding process is entropy- and/or enthalpy-driven resulting 

in a total net negative free energy G. 

Many early examples utilizing covalently linked host structures such as the well-known crown 

ethers complexing alkali metal cations relied on ion-dipole interactions for guest binding.31 

Another type of bonding commonly observed is based on cation- interactions e.g., between 

aromatic host structures and ionic guests such as quaternary ammonium ions.32 In this context 

the electrostatic potential surface (ESP) was found to provide a good, qualitative measure for 

the strength of cation- interactions.33 Depending on their electronic properties aromatic 

surfaces have been observed to interact also via −-stacking and CH− bonding.34 Recently, 

anion- interactions have come more into focus and have even been applied in a catalytic 

context.35-37 In aqueous solvents the dominant force is usually the hydrophobic effect. In this 



Introduction 

9 

 

case the guest binding is mostly viewed to be entropy-driven, due to liberated solvent molecules 

upon encapsulation.38 In contrast, the non-classical hydrophobic effect is enthalpy-driven due 

to favourable dispersive interactions, attraction of fluctuating dipoles and gains in solvent 

cohesive interactions. Yet another type of interaction frequently observed in molecular 

recognition events is hydrogen bonding. In the context of host-guest interactions hydrogen 

bonds are mostly observed in non-competitive media, such as apolar, organic solvents or within 

hydrophobic pockets. The strength of hydrogen bonds depends on the acidity of the hydrogen 

bond donor and likewise increases with the basicity of the hydrogen bond acceptor.39 Generally, 

hydrogen bonds are considered highly directional and form along the direction of the unpaired 

electrons of the acceptor, however significant deviations are often tolerated. In some cases, 

bifurcated hydrogen bonds are observed, where a single hydrogen atom forms two weaker 

bonds with different acceptors.40 In particular OH-groups can act as donor and acceptor 

simultaneously, leading to cooperative hydrogen bonding resulting in bond polarization and 

strengthening of the individual bonds.41 Closely related to hydrogen bonds are halogen bonds, 

which rely on the interactions between LEWIS bases and the area of positive electrostatic 

potential (-hole) opposite of carbon-halogen bonds. The strongest halogen bonds are observed 

with increasing size of the halogen atom and are usually linear.42 

Guest binding within supramolecular structures is a valuable tool on its own and has been, 

among other things, applied for sensing and separation purposes.43 A significant part of the 

attractiveness of enzymes however, stems from their catalytic power. Isolation of a reaction 

from the bulk solution yields several advantages as demonstrated by the highly efficient 

biochemical machinery using this concept. Supramolecular catalysis attempts to mimic natural 

enzymes using artificial hydrophobic cavities as nano reaction chambers. The catalytic activity 

usually stems from the properties of the supramolecular host itself or alternatively from the 

encapsulation of a catalytically active guest (e.g., transition metal complex, organocatalyst) 

resulting in several favourable aspects:44 

i) Product Selectivity: A reaction taking place within a confined environment can 

lead to different products compared to the bulk solution. Specific interactions 

between host and guest can lead to alternative reaction pathways e.g., by activating 

certain functional groups, by inflicting steric strain and thereby changing regio- 

and/or stereochemistry as well as favouring intramolecular over intermolecular 

reactions. Additionally, the encapsulation of reactive intermediates inside a 
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supramolecular cavity can result in the protection from counterions or solvent 

molecules often observed in solution chemistry. 

ii) Substrate Selectivity: Due to the limited size of the hydrophobic cavity a size 

selectivity concerning the substrate is automatically inflicted. Only substrates that 

can enter and fit inside the cavity are converted while larger substrates with the same 

reactivity are unaffected.  

iii) Multicatalyst Tandem Reactions: To avoid cost and time intensive work-up and 

purification steps, it is highly desirable to run multicatalyst tandem reactions. This 

would allow reaction sequences with multiple successive reactions in a one-pot 

fashion. The encapsulation of catalysts within supramolecular structures allows the 

spatial separation of different catalysts, which would be incompatible in bulk 

solution.45 The size- and shape-selectivity of supramolecular hosts furthermore 

helps to achieve a defined order of substrate conversion in such a complex tandem 

reaction system. 

The following sections summarize the different approaches to constructing and utilizing 

supramolecular host structures for different purposes with a focus on catalytic applications. 

Early on, mainly covalently linked host structures were developed and applied for host-guest 

studies. Gradually the strategy was broadened, and non-covalent interactions were employed to 

self-assemble larger, discrete entities, which are then able to act as host structures themselves. 

Both types of structures have their specific advantages and disadvantages and have been applied 

in enzyme mimetic catalysis with some selected examples presented hereafter. 
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1.2.2 Covalently Linked Host Systems 

In 1987 the Nobel Prize in Chemistry was awarded to PEDERSEN, CRAM and LEHN for their 

pioneering work in developing functional molecules capable of guest binding.46-48 PEDERSEN 

published the first examples of the so called “crown ethers” 38, which are capable of selectively 

binding alkali metal ions depending on their size.31 LEHN and CRAM expanded the concept 

further to three-dimensional crown ether derivatives, namely cryptands49 39 and spherands50 

40, with even higher binding constants and improved selectivity (Figure 2). 

 

Figure 2: Crown ether 38 by PEDERSEN, cryptand 39 by LEHN and spherand 40 by CRAM.  

Even though these results are considered milestones of supramolecular chemistry, their specific 

properties have also hindered the development of catalytic applications of such molecules to 

some degree. Due to their high binding affinities, they often suffer from product inhibition and 

their exceptional size selectively severely limits the substrate scope.51-52 

Another important class of enzyme mimetic compounds employed for supramolecular 

chemistry in the early stages are cyclodextrins (Figure 3). These naturally occurring 

oligosaccharides are water soluble and feature a hydrophobic pocket in which small guest 

molecules can be bound, a property which has been used amongst other things in drug 

formulation.53 -Cyclodextrin (41) was shown to accelerate the chlorination of anisole in a 

regioselective way, by encapsulating the substrate, which leads to a blocking of the usually 

reactive ortho-position.54 Circular macrocycles accessed via synthetic methods include 

amongst others the porphyrin based structure 42 and cyclophanes (e.g., 43, Figure 3) which 

were utilized to catalyze an intermolecular acyl transfer reaction55 and a catalytic oxidation of 

aromatic aldehydes,56 respectively.  
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One of the covalently linked host structures with the highest binding affinities for charged 

guests (i.e., ammonium species) are cyclic cucurbiturils (e.g., 44, Figure 3).57 These 

macrocycles are composed of glycouril units linked by methylene units. They are synthesized 

by condensation of glyoxal, formaldehyde and urea with different oligomers favored depending 

on reaction conditions. They exhibit strong binding of cationic guest molecules by ion-dipole 

interactions with the oxygen atoms situated at both rims of the cavity. This property was 

exploited when employing cucurbit[6]uril in a 1,3-dipolar cycloaddition between azides and 

alkynes, each bearing an ammonium group to enhance binding within the cavity.58 Several other 

reactions have been accelerated in the presence of these macrocycles in a biomimetic fashion.57 

 

Figure 3: Different types of macrocyclic molecules that have been applied in enzyme mimetic 

catalysis: -Cyclodextrin (41), porphyrin based structure 42, cyclophane 43 and 

cucurbit[6]uril 44. 
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Due to their bowl-shape, cavitand molecules such as calixarene 45 and the related 

resorcinarenes 46, and pyrogallolarenes 47 are of considerable interest for supramolecular 

chemistry (Figure 4).59 These macrocycles are generally easily accessible by acid-catalyzed 

condensation of the phenolic units with the corresponding aldehydes. In case of pyrogallol and 

resorcinol this yields quite selectively the resorcin[4]- or pyrogallol[4]arenes (46 and 47), 

although larger oligomers have also been isolated.60-62 Due to their bowl shape and the polar 

functional groups these macrocycles are good candidates for the formation of supramolecular 

complexes. Their properties can be adapted for specific guests and applications relying on 

numerous synthetic modifications that have been reported.63-64 

  

Figure 4: Bowl-shapped macrocycles: calix[4]arene 45, resorcin[4]arene 46 and 

pyrogallol[4]arene 47. 

REBEK and coworkers pioneered the utilization of resorcinarene 46 as a platform to synthesize 

water-soluble deep cavitands (e.g., 48, Scheme 5a).65 Within their large hydrophobic interior, 

these molecules are able to accommodate long alkyl chains, while the hydrophilic head groups 

remain exposed to the aqueous medium and thereby enable for example macrolactamization 

reactions (Scheme 5b).66 Derivatives of 48 have also been employed as supramolecular 

protection group allowing the selective monohydrolysis of diesters.67 Upon hydrolysis of one 

of the esters the product adopts a conformation, where the second ester moiety remains deep 

within the cavity protecting it from reacting further, while the more polar carboxyl group is 

exposed to the aqueous medium. This concept has been applied to other transformations, all of 

them requiring 48 in stochiometric amounts. 
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Scheme 5: a) Resorcin[4]arene-derived deep cavitand 48. b) Application of 48 for selective 

intramolecular macrolactamization. 

Today covalently linked host systems offer a great structural variety and have been utilized in 

various contexts. In absolute terms the cavities remained rather small and an increase in size is 

normally associated with significant synthetic effort. Additionally, most cavities are relatively 

open and guest molecules are still exposed to the bulk solution. While this can be advantageous 

in some cases, it limits the applicability of open, covalently linked host structures for enzyme 

mimetic catalysis. Nonetheless, the field is still very active and new macrocycles (e.g., 

catecholarene,68 pillararene,69 beltarene70) are reported frequently, opening up new 

opportunities for the practical application of supramolecular chemistry across different 

disciplines. 
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1.2.3 Assemblies Based on Metal-Ligand Interactions 

Albeit the impressive diversity of covalently linked host systems and their successful 

applications, another class of self-assembled host systems based on metal-ligand interactions 

has received considerable attention.71-76 The self-assembling nature of these host structures 

based on, in many cases quite simple precursors, provides access to large assemblies with 

relative synthetic ease and additionally introduces some modularity. This is in contrast to the 

more conventional approach using covalent chemistry, where increasing size is usually 

associated with considerable synthetic effort. The largest structure based on metal-ligand 

interactions to date with an internal cavity volume of 153,000 Å3 has been reported by the 

FUJITA group and self-assembles from 144 components.77 Regarding supramolecular catalysis 

somewhat smaller systems such as assembly I (Figure 5) or structure IIIa (Figure 6a) and its 

derivatives reported by RAYMOND, BERGMANN and TOSTE have been shown to be of interest.75, 

78 

 

Figure 5: Self-assembled structures I and II reported by FUJITA. 

Structure I self-assembles from two components: a cationic, capped (en)Pd2+ fragment (en = 

ethylenediamine) and 1,3,5-tris(4-pyridyl)triazine acting as a rigid ligand.79 These building 

blocks combine in a 6:4 stoichiometry to form octahedral structure I, which features a discrete 
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cavity capable of accommodating small organic guest molecules. Modulating the building 

blocks allows for adaption of the geometry (i.e., square-pyramidal structure II) and the size of 

the supramolecular host as well as the size of the apertures. Substituting ethylenediamine with 

an optically active diamine renders I optically active. I and II have been shown to accelerate a 

DIELS-ALDER reaction of aromatic substrates due to favorable -stacking interactions.80 The 

chiral derivative of I was found to induce a modest chiral induction in a [2+2] 

photocycloaddition. Recently, the group could apply a platinum-based derivative of I for a 

biomimetic, base mediated amide cleavage successfully mimicking the activation mechanism 

of enzymes by inducing a mechanical strain on the amide and thereby altering its reactivity.81 

Another system from the family of M4L6 hosts that has been studied in detail and has found 

numerous applications in catalysis is the water-soluble structure IIIa first reported by 

RAYMOND in 1998 (Figure 6a and b). Tetrahedral assembly IIIa is spontaneously formed by 

combining a gallium(III) salt with the ditopic ligands featuring catecholate moieties separated 

by planar, aromatic spacers, in a 4:6 stoichiometry.82 Compared to the related structure I, 

assembly IIIa has much smaller apertures shielding the interior more strictly from the bulk 

solvent. Due to the negative charge of the host, cationic guests are well encapsulated by IIIa 

due to favorable coulombic interactions. The encapsulation of neutral, organic molecules, while 

enthalpically disfavored, is driven by entropic gains through expulsion of solvent molecules 

from the cavity upon encapsulation.83 

 

Figure 6: a) Self-assembled capsule IIIa reported by RAYMOND. b) Schematic representation 

of structure IIIa, c) Schematic representation of the two enantiomers -IIIb and -

IIIb with helical chirality. 
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With a cavity volume of 250 to 400 Å3 and a wide array of guests encapsulated, structure IIIa 

highlights the potential of metal-ligand assemblies as supramolecular host systems. An 

interesting feature of structure IIIa is its inherent chirality even though all building blocks are 

achiral (Figure 6c). The trivalent binding of the catecholate ligands to the metal center induces 

a geometry resulting either in the formation of a right-handed () or left-handed () helix. 

Thanks to mechanical coupling between the metal centers only one pair of enantiomers, the 

 and the -structures, is observed. The addition of chiral guest molecules to the 

racemate allows the chiral resolution and subsequently the isolation of the enantiopure host.84 

Another approach leading to more stable capsules is the use of chiral ligands dictating which 

enantiomer is formed.85 Numerous examples have been reported using the Ga4L6 cages as 

supramolecular catalysts in reactions involving cationic intermediates and transition states. The 

applications include the acid-catalyzed hydrolysis of orthoesters86 as well as an aza-COPE 

electrocyclization of allylenammonium salts87 within IIIa. An example that combines these 

approaches to realize large rate enhancements with cage IIIa is the NAZAROV cyclization 

(Scheme 6a) of pentamethylcyclopentdiol (49): firstly, the required protonation of substrate 49 

is favored upon encapsulation and secondly, the cage forms a constrained environment which 

favors the intramolecular electrocyclization.88 This synergistic mode of action led to for 

supramolecular catalysis unprecedented rate enhancements of up to 2.1 million-fold.  

 

Scheme 6: Applications of IIIa in catalysis: a) NAZAROV cyclization followed by DIELS-ALDER 

reaction of the resulting cyclopentadiene (50) b) Terpene cyclization of citronellal (52). 
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Acid-catalyzed reactions with IIIa have also been expanded to the PRINS-type cyclization of 

monoterpenes such as citronellal (52) (Scheme 6b).89 Under acidic conditions 52 usually 

cyclizes to form diol 54, whereas in presence of IIIa the cyclization is followed by elimination 

rather than hydration to give the four different diastereomeric products 53a − d. This highlights 

the effect of the encapsulation within the defined nanoenvironment inside the cavity of IIIa. 

The chiral derivatives IIIb of IIIa have been successfully employed for chiral discrimination 

of guest molecules and yielded considerable enantiomeric excess (up to 78% ee) in the aza-

COPE rearrangement of enammonium salts 55 (Scheme 7).90 The efficacy of the chirality 

transfer from - IIIb onto the substrates was found to be highly dependent on size and 

shape of the substrate as well as the temperature under which experiments were conducted. 

 

Scheme 7: Chirality induction in the aza-COPE rearrangement of enammonium salts 55 using 

enantiopure catalyst -IIIb. 

Structurally closely related M4L6 cages have been reported and applied in catalysis by the 

NITSCHKE group. Tetrahedral cage IVa self-assembles from iron(II) ions and imine ligands 

formed in situ from 4,4’-diaminobiphenyl-2,2’-disulfonic acid and 2-formylpyridine 

(Scheme 8a).91 Structure IVa features a cavity enclosing 141 Å3
 capable of hosting small 
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neutral, organic molecules (e.g., cyclohexane) based on the hydrophobic effect in aqueous 

solution. Its catalytic applications are relatively limited due to the small cavity size which 

restricts the number of suitable substrates and the acid labile imine ligands. The diminished 

affinity for cationic guest compared to structure IVa is attributed to the lesser overall charge of 

the assembly and therefore weaker coulombic interactions. The racemic cage can also be 

accessed in its optically active form IVb by employing optically active ligands which also leads 

to a bigger cavity volume of 418 Å3 (Scheme 8b). 

 

Scheme 8: a) Cage IVa reported by NITSCHKE. b) Chiral derivative IVb. c) Multicatalytic 

tandem reaction employing cage IVa.  

The robust self-assembly process of structure IVa tolerating the presence of other catalysts 

allowed its application in a remarkable multicatalytic tandem reaction.45 The first step of this 

sequence involves the formation of the endoperoxide 59 via DIELS-ALDER reaction between 

furan (58) and singlet oxygen. 59 is then hydrolyzed by catalyst IVa yielding -unsaturated 

aldehyde 60, which is then further converted in a 1,4-addition of nitromethane catalyzed by L-
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proline to give the final product 61. In contrast, when structure IVa is absent, hydroxyfuranone 

(62) is formed rather than the desired product 61 (Scheme 8c). 

Inspired by naturally occurring metalloenzymes REEK employed a promising approach merging 

supramolecular chemistry with homogenous transition metal catalysis to create a defined 

nanoenvironment around the metal catalyst. This was achieved using ligands such as porphyrins 

which feature an additional binding site for an active metal complex.92 In the case of self- 

assembled structure V three zinc(II) tetraphenylporphyrins (63) and a phosphine ligand 64, 

which can then bind to a catalytically active [RhH(CO)3] complex, form a supramolecular 

catalyst (Scheme 9a). Structure V was shown to catalyze the hydroformylation of internal 

alkenes (e.g., 65) with high regioselectivity induced by the specific environment (Scheme 9c) 

created by the second coordination sphere around the catalytic center (Scheme 9b).93 A second 

generation of catalysts based on bis-(Zn-salphen) phosphoramidite ligands yielded a chiral 

structure capable of inducing high enantioselectivities in the hydroformylation reaction 

accessing the enantioenriched aldehydes 66a and 66b.94 

 

Scheme 9: a) Supramolecular catalyst V reported by REEK. b) Catalystsubstrate complex 

showing the steric hindrance disfavoring the formation of 66b. c) Regioselective 

hydroformylation employing catalyst V.  
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1.2.4 Assemblies Based on Hydrogen Bonding 

Similar to metal-ligand assemblies, structures self-assembled based on hydrogen bonding have 

contributed significantly to enzyme mimetic, supramolecular catalysis.95-99 The total number of 

structures and especially their size remained quite limited compared to metal-ligand based 

assemblies. This can be in part assigned to the nature of hydrogen bonding: while in principle 

a linear binding mode is preferred, large deviations are tolerated and even different binding 

motives (e.g., bifurcation) are possible. Furthermore, the desired linearity requires a large 

degree of curvature and preorganization of the individual building blocks. The prediction of 

hydrogen bond based self-assembly is therefore complicated compared to metal-ligand self-

assembly where the binding motives around the metal centre and the angle between the ligands 

can be simulated quite accurately. For these reasons dimeric systems based on hydrogen bonds 

are more abundant than multimeric assemblies. Another striking difference to metal-ligand 

assemblies is the increased dynamic flexibility caused by the weaker binding motif. Guest 

exchange in hydrogen bonded systems occurs via a portal mechanism100 and partial disassembly 

rather than via diffusion through the openings of the assembly observed in metal-ligand 

assemblies.83  

One of the earliest examples for hydrogen bond based self-assembly resulting in a discrete, 

molecular capsule was reported by REBEK. The ‘softball’-like structure VI was found to 

assemble in apolar solvents from building block 67 containing two glycouril units connected 

by a tether (Scheme 10a).101 The cavity formed has a volume of about 320 Å3 and shows 

reversible guest encapsulation. Guest binding occurs via hydrogen bonding to the capsule walls 

or alternatively by van der Waals interactions in the case of hydrophobic guests (e.g., 

adamantane). The process of encapsulation is additionally entropy driven when two solvent 

molecules are expelled from the cavity upon encapsulation of a single guest molecule. A 

consecutive study utilizing structure VI and other dimeric assemblies based on similar building 

blocks found that the guest encapsulation is highly dependent on host and guest volume. The 

ideal packing coefficient was found to be 0.55, with higher values (up to 0.7) possible when 

strong intermolecular forces (e.g., hydrogen bonds) play a role.102 
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Scheme 10: a) Self-assembly of ‘softball’-capsule VI. b) DIELS-ALDER reaction catalyzed 

within VI forming 70. 

With the ‘softball’-capsule VI able to encapsulate multiple solvent molecules such as xylene, 

it was further investigated concerning its catalytic abilities in bimolecular reactions. In a proof-

of-concept study it was found that 10 mol% of VI accelerate the DIELS-ALDER reaction between 

thiophene 68 and p-benzoquinone (69) by a factor of 10 compared to the bulk solution 

(Scheme 10b).103 Due to the simultaneous encapsulation of the reaction partners, the local 

concentration is increased which leads to the rate enhancement. Other dienes showed 

significantly higher rate accelerations but suffered from severe product inhibition. A similar 

concept was applied in another study by the REBEK group utilizing the dimeric structure VII 

(Scheme 11a) for a 1,3-dipolar cycloaddition reaction between phenyl azide (72) and 

phenylacetylene (73) (Scheme 11b).104 While in bulk solution the 1,2- and the 1,4-adducts are 

obtained in almost equal quantities, the encapsulation of the reaction partners favours the 1,4-

regioisomer. The orientation of the two polar functionalities near the seam of hydrogen bonds 

dictates the regioselectivity. Although high rate accelerations were observed the reaction suffers 

again from severe product inhibition. This highlights a general problem of catalyzing 

bimolecular reactions, where transition state and final product are very similar and are therefore 

competing for binding within the supramolecular catalyst structure. Strategies to circumvent 

this problem include the in situ conversion of the product to a species with a lower binding 

affinity or modification of the substrate.  
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Scheme 11: a) Formation of dimer VII form building block 71. b) Regioselective 1,3-dipolar 

cycloaddition yielding 74 catalyzed by VII. 

A multitude of dimeric hydrogen bonded systems has been developed and applied in guest 

binding and catalysis. Among them are several examples forming such strong hydrogen bond 

networks that even competing solvents such as water or DMSO are tolerated, as long as there 

is a suitable guest present templating the assembly. REBEK for instance reported the formation 

of structure VIII based on the dimerization of macrocycle 75 in the presence of hydrophobic 

guest molecules (e. g., stilbene 76, Scheme 12a).65 Similar observations were reported by 

SZUMNA showcasing the templating effect of C60 to assemble structure IX from modified 

resorcinarene macrocycles 77 with polar amino acids attached at the upper rim (Scheme 12b).105  

While dimeric systems based on hydrogen bonding represent an important development in 

supramolecular chemistry, their relatively small size limits their application in catalysis to some 

degree. Since larger building blocks often require more synthetic effort, multimeric assemblies 

represent an attractive alternative to form larger, molecular capsules. 
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Scheme 12: a) Templated self-assembly of VIII in water. Feet were omitted for clarity. b) Self-

assembly of dimer IX in DMSO in presence of C60. 

This particular research area was kickstarted by the report of a hexameric assembly in 1997 by 

ATWOOD and MACGILLIVRAY based on the C-methyl resorcinarene macrocycle 46a in the solid 

state.106 The resorcinarene hexamer X self-assembles via 60 hydrogen bonds and incorporates 

eight water molecules at each corner of the cube-like structure (Scheme 13a). The cavity 

volume was determined to be 1400 Å3. Shortly after, MATTAY and coworkers reported the 

hexameric crystal structure of the closely related C-iso-butyl pyrogallolarene macrocycle 47a 

(Scheme 13b).107 Forming a completely saturated hydrogen bond network due to the additional 

hydroxy groups, the pyrogallolarene hexamer XI self-assembles via 72 hydrogen bonds under 

exclusion of water. Ensuing studies, most notably by REBEK and COHEN, indicated that the 

reported solid-state structures are also present in solution when lipophilic derivatives of 

resorcinarene and pyrogallolarene with longer alkyl ‘feet’ (residues denoted with R in Scheme 
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13) are dissolved in apolar, organic solvents.108-110 The ease of synthetic availability of the 

building blocks add to the attractiveness of these systems and their enzyme mimetic properties 

are subject of ongoing research. 

 

Scheme 13: a) Self-assembly of the resorcinarene hexamer X under incorporation of eight water 

molecules in apolar solvents. b) Self-assembly of the pyrogallolarene hexamer XI in apolar 

solvents. Feet were omitted for clarity. Scheme was partly reproduced from reference111 with 

permission of ‘American Chemical Society’. 

Initially, the hexameric structures X and XI were investigated concerning their abilities to 

encapsulate guest molecules in CDCl3. In particular, the resorcinarene hexamer X was found to 

readily encapsulate tetraalkyl ammonium salts and tetraalkyl phosphine salts due to favourable 

cation-interactions.112 The encapsulation of ammonium salts can be easily investigated using 

1H-NMR. Interactions with the aromatic moieties of the hexamer X cause anisotropy effects 

which lead to a strong upfield shift of the signals of encapsulated guests compared to ‘free’ 

guest molecules. Guest exchange is believed to occur by (partial) disassembly of the hexamer 

 termed portal mechanism  via a pentameric intermediate.100 If this process is slow on the 

NMR timescale a second set of signals corresponding to the encapsulated guest is observed in 
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the upfield region of the NMR spectrum. In general, guest affinity is determined by steric and 

electronic parameters. While larger guests are often encapsulated at a slower rate, the formed 

host-guest complex is often more stable. If guest molecules become too large, uptake is no 

longer observed. 

Another valuable tool to study supramolecular systems in solution is DOSY-NMR spectroscopy 

allowing the determination of diffusion coefficients of multiple species present at the same time. 

Using this technique COHEN and coworkers were able to show that the hexameric structures X 

and XI self-assemble in apolar solvents even in absence of suitable guest molecules.110 The 

results indicate that around six solvent molecules of CDCl3 occupy the cavity. By analysing the 

diffusion coefficient of water in chloroform solutions of X and XI, the group was furthermore 

able to determine the amount of water needed to form the respective capsule.113-114 In case of 

the pyrogallolarene capsule XI the water signal and the corresponding diffusion coefficient was 

virtually unaffected by the overall water content of the solution indicating that similar to the 

solid state structure water is not part of the hydrogen bond network. In contrast, the water signal 

in 1H-NMR spectra of X in CDCl3 experiences a significant downfield shift. The magnitude of 

the shift depends on the total amount of water present in solution. Due to fast exchange on the 

NMR time scale between water being part of the hexamer and ‘free’ water, a low overall water 

content leads to a strong shift, whereas a high water content means more ‘free’ water and results 

in a smaller shift. A similar trend was observed for the diffusion coefficient of water in 

chloroform solutions. If the water content is very low, namely only the eight equivalents 

necessary to form the resorcinarene hexamer X, the diffusion coefficient of water is similar to 

the value observed for the hexamer, while with increasing water content the diffusion 

coefficient of water also increases towards the values obtained for ‘free’ water. The stability of 

the hexameric structures X and XI regarding polar media was also investigated using this 

protocol. Upon titration with competitive solvents such as methanol and DMSO the diffusion 

coefficient increases, indicating the disassembly of the hexameric structure. Presumably due to 

its fully saturated hydrogen bond network the pyrogallolarene hexamer XI was found to be 

more stable towards polar solvents compared to hexamer X. 

Interestingly, the encapsulation behavior of the resorcinarene and the pyrogallolarene hexamers 

X and XI differ quite significantly. Hexamer X shows affinity for a range of guest molecules 

including neutral amines,115 ammonium salts,112 oxygenated species (i.e., alcohols,116 

carboxylic acids117 and sugars117), metal complexes118 and radical species.119 In contrast, the 

pyrogallolarene hexamer XI is able to encapsulate neutral amines115 but was found to be 
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incapable of binding ammonium salts in CDCl3. A recent study suggests that while cations are 

stabilized well within XI, the encapsulation of a cationic ammonium salt leads to an unfavorable 

charge separation with the corresponding anion remaining outside, resulting overall in minute 

uptake.120 Hexamer X on the other hand stabilizes the complete ion pair within its cavity 

avoiding the unfavorable charge separation. COHEN and coworkers reported that ammonium 

salts can be encapsulated in pyrogallolarene hexamer XI to some degree when benzene is 

employed as a solvent.121 This suggest a high affinity of chloroform solvent molecules for the 

cavity of XI, potentially hindering encapsulation. To circumvent the issue of solvent 

competition PURSE reported methods to obtain kinetic host-guest complexes by melting122 or 

ball-milling123 host XI in the presence of neutral hydrocarbons (e.g., anthracene and pyrene). 

An explanation for the broader guest range observed for the resorcinarene hexamer X compared 

to the pyrogallolarene hexamer XI could be related to the incorporated water molecules. Four 

of these are not fully saturated within the hydrogen bond network of X resulting in potential 

binding sites based on hydrogen bonds that are lacking in the fully saturated hydrogen bond 

network of XI. The exact requirements for efficient guest uptake in multimeric systems based 

on hydrogen bonding are still matter of debate though, and recent results show that also 

assemblies with a fully saturated hydrogen bond network can encapsulate guest molecules (e.g., 

ammonium salts) to some degree.124 

The first successful utilization of the resorcinarene capsule X in a catalytic context was reported 

by SCARSO, REEK and coworkers.125 Capsule X readily encapsulates cationic gold complexes 

with N-heterocyclic carbene (NHC) ligands. The encapsulation of the metal catalyst strongly 

influences the outcome of the catalysis and leads to a change in product distribution.  

 

Scheme 14: Regioselective alkyne hydration catalyzed by a gold complex encapsulated 

within X. 
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While the free catalyst in solution produces mainly the MARKOVNIKOV product 79, in the 

presence of the hexamer X significant amounts of the anti-MARKOVNIKOV product 81 and 

dihydronaphtalene (80) are observed (Scheme 14).126 This is believed to be a direct 

consequence of the confined space available within the cavity. However, the encapsulation of 

the catalyst also causes a significant rate reduction. The influence of size and shape effects was 

demonstrated by an ensuing study using competition experiments with substrates with varying 

bulkiness and flexibility.127 Indeed, significant changes in selectivity were observed compared 

to solution chemistry, which is governed rather by electronic requirements. Using a dinuclear 

gold complex that is split into monomers and thereby deactivated by encapsulation within X, 

REEK and coworkers were able to realize a switchable catalyst system. Reactivity of the 

dinuclear complex can be restored by adding a competitive guest and expelling the mononuclear 

complex from capsule X.128 Similar results for a switchable catalyst system by encapsulation 

were obtained for a [Ru(bpy)3]
+2 photocatalyst utilized for aerobic oxidation of aliphatic 

sulfides.129  

In 2013, SCARSO and STRUKUL reported that hexamer X efficiently catalyzes the hydrolysis of 

nitriles 82 via protonation of the substrate and subsequent attack of a water molecule leading to 

formylamides 83 (Scheme 15a).130  

  

Scheme 15: a) Hydrolysis of nitriles 82 catalyzed by hexamer X. b) Size-selective acetal 

hydrolysis catalyzed by X. 
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This report was followed by a study from the TIEFENBACHER group concerning the hydrolysis 

of acetals 84 to aldehydes 85 with a good substrate selectivity concerning size (Scheme 15b).131 

Detailed NMR investigations indicated that the hexameric resorcinarene capsule X has an 

unexpectedly low pKa of 5 – 6 and is indeed acting as a BRØNSTED acid in these transformations. 

A later study by the same group showed that the acetal hydrolysis actually requires traces of 

external acid (HCl).132 Regardless, these early results led to a number of follow-up reports 

utilizing the resorcinarene hexamer X in catalysis. The favorable encapsulation properties of 

nitriles for instance were exploited for a [3+2] cycloaddition with trimethylsilyl azides to 

construct a series of 1H-tetrazoles.133 A similar approach was utilized for the catalysis of a 1,3-

dipolar addition of electron-poor alkenes (i.e., 86) and diazoacetate ester 87 forming 4,5-

dihydro-1H-pyrazoles 88 (Scheme 16).134 The reaction displayed modest substrate selectivity 

for smaller substrates and enabled the transformations of substrate combinations that were 

unreactive in bulk solution. The rate enhancement and activation of substrates likely stems from 

interactions with the electron-rich cavity and the increased effective concentration inside X. 

 

Scheme 16: 1,3-dipolar addition between electron-poor alkenes 86 and diazoacetate esters 87 

forming 4,5-dihydro-1H-pyrazoles 88 catalyzed by resorcinarene hexamer X. 

The ability of hexamer X to stabilize positively charged intermediates has been utilized for a 

number of acid-catalyzed reactions including an intramolecular hydroalkoxylation,135 a 

cyclodehydration-rearrangement cascade,136 the hydration of alkynes with HBF4
137 or the 

isomerization of epoxides.138 Of significant importance are the reports by TIEFENBACHER and 

coworkers demonstrating that the resorcinarene capsule X is able to mimic terpene cyclases and 

effectively catalyzes the cyclization of monoterpenes in a tail-to-head fashion.15, 139 Due to the 

cationic intermediates involved, THT cyclizations in bulk solution often suffer from premature 

attacks of nucleophiles (e.g., water) resulting in acyclic side products. The resorcinarene 

hexamer X in contrast, was shown to activate monoterpenes such as nerol (21) or geranyl 
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acetate (27) and induce the formation of cyclic terpenes under mild conditions. The cyclization 

of nerol (21) for instance in presence of 10 mol% of X and 3 mol% HCl at 30 °C yields 

eucalyptol (13) in 39 % yield as the major product among other cyclic monoterpenes 

(Scheme 17a). The reaction proceeds via the -terpinyl cation (6) which reacts with the 

previously cleaved leaving group to form -terpineol (12) and subsequent hydroalkoxylation 

(Scheme 17c). To prevent the quenching of the intermediate cation 6 acetate was introduced as 

a less nucleophilic leaving group. Indeed, geranyl acetate (27) reacts under the same conditions 

to form selectively -terpinene (9) in good selectivity and up to 40% yield (Scheme 17b). 

 

Scheme 17: a) Cyclization of nerol (21) forming eucalyptol (13) as the major product. b) 

Cyclization of geranyl acetate (27) forming -terpinene (9) as the major product. c) Substrate 

dependent reaction pathways of the THT cyclization catalyzed by capsule X. 

The absence of any intermediates also observed for the cyclization of geraniol (20) indicates a 

true non-stop cyclization mechanism likely involving the formation of cation 89 via 1,2-hydride 
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shift from intermediate 6. The hexameric structure X stabilizes the cationic intermediates via 

cation- interactions and protects them from outside nucleophiles, although especially in case 

of geranyl acetate (27) some alkylation of the capsule X was observed. Interestingly, the results 

obtained for the cyclization of geranyl acetate (27) in a non-stop fashion also implied the 

feasibility of the direct isomerization from the transoid cation 4a to the cisoid cation 4b, rather 

than via the linalyl derivatives 90a and 90b. This pathway had previously been considered 

unlikely in the context of terpene biosynthesis. Detailed kinetic analysis led to a proposal for 

the catalytic cycle (Scheme 18). Crucial steps for efficient catalysis within hexamer X are: 1) 

encapsulation of the substrate; 2) protonation of the encapsulated substrate, 3) cleavage of the 

leaving group (rate determining step) and stabilization of the resulting ion pair within the cavity. 

 

Scheme 18: Proposed mechanistic cycle for the acid-catalyzed cyclization of geranyl acetate 

(27) within the resorcinarene capsule X. The scheme is reproduced in slightly modified form 

from reference139 with permission from ‘American Chemical Society’. 
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The ability of X to catalyze the cyclization of terpenes in a tail-to-head fashion has since been 

utilized also in the context of larger substrates leading to more complex carbon frameworks.140 

Of practical relevance is the total synthesis of isolongifolenone (91) in a mere five steps starting 

from 92 (Scheme 19a).141 Ketone 92 is transformed into the cyclization substrate 

cyclofarnesylacetate (93) which is then converted in presence of capsule X to give 

isolongifolene (94) in 24%. Another interesting application was shown to be the four-step 

synthesis of (−)-presilphiperfolan-1-ol (95) starting from caryophyllene oxide (96) via the 

cyclization precursor 97 (Scheme 19b).142 The methodology also allowed access to some 

unnatural analogues. These results highlight the advantages of supramolecular catalysis, 

simplifying the synthesis of natural products while also providing access to unnatural 

derivatives. 

 

Scheme 19: Total synthesis of isolongifolenone (91) including a key step using supramolecular 

catalysis. b) 4-Step total synthesis of (–)-presilphiperfolan-1-ol (95) starting from 

caryophyllene oxide (96) utilizing capsule X for the final cyclization step. 

TIEFENBACHER and coworkers also demonstrated the ability of supramolecular structure X to 

modulate the stereochemical outcome of iminium-catalyzed reactions.143-144 The 1,4-reduction 

of -unsaturated cinnamaldehyde derivatives 98 catalyzed by chiral proline derivatives was 

found to be more enantioselective when conducted in presence of X, in contrast to bulk solution 

(Scheme 20a). Upon formation of the iminium ion the intermediate is readily encapsulated 

within X and subsequently attacked by the HANTZSCH ester (99) forming aldehyde 100 

(Scheme 20b). The complexation inside the cavity not only enhances the reactivity, but also 
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effectively shields one side forcing the attack from the top side (Scheme 20c) and favouring the 

(S)-product (up to 78% ee). In solution the (S)-product (9% ee) is slightly favoured with lower 

overall yields. This hypothesis is strengthened by experiments using proline derivatives unable 

to form hydrogen bonds with the capsule walls showing a lower enantiomeric excess. 

 

Scheme 20: a) Enantioselective iminium catalysis within hexamer X. b) Encapsulation of the 

reactive iminium species within structure X. c) Chiral induction caused by the shielding of the 

bottom face by the capsule walls. Partly reproduced from reference144 with permission of 

‘American Chemical Society’ 

The resorcinarene hexamer X was furthermore found to catalyze an intramolecular carbonyl-

olefin metathesis which usually requires strong LEWIS acids (i.e., FeCl3).
145 Several substrates 

were effectively converted in presence of 10 mol% of host X and HCl as a co-catalyst with up 

to 98% yield, albeit with long reaction times (up to 17 days). NERI and coworkers recently 

reported the application of X as a supramolecular catalyst in acid-catalyzed MICHAEL-type 

FRIEDEL-CRAFTS reactions146 using pyrroles and indoles as nucleophiles and a number of 

variations with different co-catalyst147 and electrophiles.148 

The number of applications utilizing hexamer X in a catalytic context certainly highlights the 

importance of hydrogen bonded supramolecular capsules in enzyme mimetic catalysis. 

However, apart from the related pyrogallolarene capsule XI, which was found to be 

catalytically inactive in several transformations120 (i.e., THT cyclization, acetal hydrolysis) 

there is a distinct lack of structures based on hydrogen bonds with comparable size and 



Introduction 

34 

 

complexity. Among the notable exceptions149 is the chiral octameric capsule XII reported by 

MASTALERZ in 2016 (Scheme 21a).124 Structure XII self-assembles in apolar solvents from 

enantiopure tris(isatin) 101 forming a cavity with a volume of 2300 Å3. The racemic building 

block was found to form ill-defined aggregates rather than a discrete assembly. The assembly 

is held together by a total of 72 NH−O and CH−O bonds forming a ‘closed-shell’ hydrogen 

bond network. Formation of structure XII was indicated by DOSY-NMR and additionally by 

MALDI-TOF mass spectroscopy showing the octameric ions. Cationic guests such as 

tetraalkylammonium salts, but also neutral molecules (i.e., pyrene) are readily encapsulated by 

XII. Slow exchange on the NMR time scale allowed for determination of in most cases 

moderate binding constants. Another remarkable example is the enantiopure nanocapsule XIII 

described by STEFANKIEWICZ (Scheme 21b).150 Based on a simple trisubstituted benzene 

building block 102 functionalised with amino acids, eight molecules self-assemble via 48 

hydrogen bonds to form structure XIII (V = 1700 Å3).  

 

Scheme 21: a) Self-assembly of octameric structure XII form enantiopure 101. b) Formation of 

chiral, octameric structure XIII based on building block 102. 
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The capsule was found to be stable at high and low temperatures and tolerates large amounts of 

base (i.e., NEt3). Capsule XIII selectively encapsulates fullerenes C60 and C70 with a preference 

for C70. Interesting is also the case of the pyridinearene 103, a macrocycle closely resembling 

resorcinarene 46 with a pyridine moiety instead of a benzene moiety. Synthesis of 

pyridinearenes 103a and 103b is easily achieved by acid-catalyzed condensation of 2,6-

dihydroxypyridine and the corresponding aldehyde.151 Solid state structures showed the 

formation of head-to-head dimers and also in CDCl3 two species were observed initially 

assigned to the monomeric and the dimeric species.152 COHEN and coworkers later revised those 

results showing with detailed DOSY-NMR studies, that most likely the two species correspond 

to a dimeric and a hexameric species.153 In 2019 the solid state structure for a hexameric 

assembly XIV was reported (Scheme 22a).154 The results of ESI-MS spectroscopy indicated 

that cationic tris(bipyridine)ruthenium(II) complexes stabilize hexamer XIV in the gas phase. 

In solution it was found that while initially the dimeric species is formed (kinetic product) over 

time the hexameric species prevails (thermodynamic product). The binding motif is based on 

the tautomerization of the macrocycle favouring the hydroxy-oxo tautomer (Scheme 22b) 

forming a relatively simple and highly symmetric hydrogen bond network (24 hydrogen bonds) 

for hexamer XIV (V = 1160 Å3). 

 

Scheme 22: a) Self-assembly of the pyridinearene hexamer XIV (iso-butyl feet pictured here). 

b) Tautomeric forms of pyridinearenes.  
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1.2.4 Assemblies Based on the Hydrophobic Effect 

Supramolecular structures can also be assembled utilizing the hydrophobic effect.155 A 

prominent example is the dimeric structure XV reported by GIBB (Scheme 23).156 It is based on 

the resorcinarene derived deep cavitand 104, which can be readily synthesized in large 

quantities. Due to the carboxylic acid moieties cavitand 104 is well soluble in basic, aqueous 

solution (pH = 10) and is present mainly in its monomeric form. As soon as a suitable guest 

(e.g., butane) is added as a template, structure 104 forms due to the hydrophobic effect.157 Dimer 

XV has been applied in photochemical reactions with interesting changes in product 

selectivity,158 however catalytic applications have yet to be reported. 

 

Scheme 23: Templated assembly of dimer XV from building block 104 relying on the 

hydrophobic effect. 

Inspired by naturally occurring micelles YOSHIZAWA and coworkers designed micellar capsules 

composed of bent, polyaromatic frameworks.76 These π-stacking capsules are aptly named 

‘aromatic micelles’. The initial study reports the synthesis of amphiphilic building block 105 

with two trimethylammonium groups linked to two anthracene panels.159 105 was found to 

assemble in water forming spherical capsules XVI with on average five units of 105 and an 

average core diameter of about 1 nm (Scheme 24a). Ensuing reports demonstrated that similar 

capsules can be formed modulating either the anthracene panels or the hydrophilic part of the 

molecule.160-161 Capsule XVI was found to encapsulate a variety of hydrophobic aromatic 

molecules (e.g., fluorescent dyes, fullerenes, nanographenes) based on the hydrophobic effect 

and favourable -stacking.162 Additionally, it was found that capsule XVI incorporates 
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various metal-complexes163 among them manganese tetraphenylporphyrins (Scheme 24b) that 

are otherwise insoluble in water.164 Such a 1:1 host-guest complex with a perfluorinated 

derivative (MnPrF) of the manganese complex was utilized for the catalytic epoxidation of 2-

chlorostyrene 106 forming the corresponding epoxide 107 in 81% yield (Scheme 24c). 

 

Scheme 24: a) Formation of micellar capsule XVI. b) Manganese complex MnPrF. c) Catalytic 

epoxidation using a MnPrF complex encapsulated by XVI. 

Another modification of the initial building block such as the substitution with acridine panels 

108 allows the formation of stimuli responsive (pH-value) capsules (Scheme 25a).165 

Photoresponsive guest encapsulation was achieved by using derivatives 109 with ortho-

dianthrylbenzene units (Scheme 25b).166 While under normal conditions -stacking capsules 

and the corresponding host-guest complexes are formed, the irradiation with light leads to a 

structural conversion of building block 109 and thereby to disassembly and guest release. 

Regeneration can be achieved either by photoirradiation or heating. 
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Scheme 25: a) Building block 108 forming pH-responsive capsules, b) Building block 109 

forming photoresponsive capsules.  
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1.2.5 Assemblies Based on Halogen Bonding 

In recent years the interest in halogen bonding as a means to construct discrete, molecular 

assemblies has increased. Halogen bonding relies on the interaction between a halide and a 

usually LEWIS basic acceptor.167 Covalently bonded halides are known to have an anisotropic 

charge distribution with a local electron deficiency opposite to the covalent bond which is often 

referred to as -hole and can interact with a halogen bond acceptor.  

 

Scheme 26: Halogen-bonded dimer XVII (including two benzene molecules) assembled from 

building blocks 110 and 111. Feet and additional solvent molecules were omitted. 
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This characteristic explains the high directionality (bond angle = 180°) of halogen bonds and is 

also the reason why in most cases iodides due to higher polarizability form stronger halogen 

bonds compared to bromides, chlorides or even fluorides. While this results in a high degree of 

predictability, it also limits the use of halogen bonds for the construction of large non-covalently 

bonded assemblies. Building blocks for self-assembly require a high degree of preorganization 

and carefully arranged functionalities in order to fulfil the strict requirements for halogen bond 

based self-assembly. An interesting contribution to the field was reported by DIEDERICH and 

coworkers. Based on earlier work by PILATI,168 the group showed the self-assembly of dimeric 

structure XVII from two complimentary functionalized resorcinarene subunits 110 and 111 

(Scheme 26).169 Evidence for the formation of dimers similar to structure XVII in the solid 

state, in solution and in the gas-phase was presented in an ensuing study.170 Optimization of 

both the halogen bond acceptor and the donor allowed for high binding constants (Ka = 2.11 × 

105 M−1) in competitive solvent (benzene/acetone/methanol 70/30/1) for related derivatives. 

Structure XVII has two separated binding sites for small guests such 1,4-dioxane or 1,4-

dithiane. 

The group of RISSANEN employed a different strategy using molecular iodine as halogen bond 

donor to create multimeric assemblies. An initial report utilizes a modified resorcinarene 

building block, two of which are linked by iodine.171 The concept was then further expanded to 

multimeric system based on building block 112.172 When 112 is exposed to a silver salt 

(i.e., AgPF6) it forms a tetrameric structure linked by Ag+-ions. These can then be replaced with 

halonium ions (i.e., I+) by reaction with molecular iodine to form structure XVIII (Scheme 27). 

 

Scheme 27: Silver templated self-assembly of tetrameric XVIII from 112. I+-ions are 

represented as spheres (purple). Solvent molecules and counterions were omitted for clarity. 
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Assembly XVIII and related structures were characterized by solid state X-ray structures as 

well as in solution by NMR spectroscopy demonstrating the robust nature and predictability of 

the [N−I+−N] binding motif.  

Recently, also chalcogen bonding has been exploited for catalysis173 and was investigated 

regarding its potential for self-assembly of cyclic structures.174 While these studies mark 

important steps, the assembly of larger systems based on this specific interaction and their 

applications remains a challenge for the future.  
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1.2.6 Assemblies Based on Resorcinarene Using Dynamic Covalent Chemistry 

A rapidly evolving field of research is the assembly of shape-persistent organic cages and 

materials utilizing dynamic covalent chemistry (DCC).175-177 Approaches using DCC 

circumvent the synthetic effort often required to construct large covalently linked three-

dimensional structures by exploiting reversible reactions (e.g., imine formation, disulfide 

formation, boronic ester formation, metathesis reactions, etc.). If building blocks with 

complimentary functionalities (e.g., carbonyl and amine) are mixed and allowed to equilibrate, 

the thermodynamic product is formed. When using appropriately designed building blocks 

complex, molecular 3D-architechtures can be accessed in a highly modular way. A complete 

overview of the vast number of structures and approaches reported would be beyond the scope 

of this introduction. The following paragraph will therefore focus on the concepts applied for 

the synthesis of hexameric structures based on the resorcinarene macrocycle 46 that are of 

particular relevance to the structures presented in this thesis. 

In 1991 the first structure using imine condensation of resorcinarene derivatives was published 

by QUAN and CRAM.178 The assembly is comprised of two tetraaldehyde resorcinarene units 

(113 with different ‘feet’) fused together by imine condensation with 1,3-diaminobenzene. The 

resulting hemicarcerand was found to encapsulate a number of guest molecules (e.g., menthol, 

camphor, ferrocene) upon heating. It took another 15 years until WARMUTH and coworkers 

realized the potential of this approach and in a series of reports combined a similar resorcinarene 

building block 113 with several different diamines (Scheme 28).179 

 

Scheme 28: Cage XIX synthesized from building block 113 using imine formation and 

subsequent reduction. Feet were omitted for clarity. 
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Depending on the linker unit180-181 and the specific conditions for the imine condensation182 this 

led to the formation of several large assemblies of different form (e.g., cage XIX with six 

resorcinarene units) incorporating up to eight resorcinarene units. These assemblies generally 

feature large openings which allow small molecules (e.g., solvents or tetraalkyl ammonium 

salts) to enter the cavity via these pores.180 Exceptionally large cavity volumes (up to 13 000 

Å3)181 have been reported highlighting the feasibility of this approach for the synthesis of large, 

organic cage molecules. 

Recently, the SZUMNA group expanded the concept to form inherently chiral cages 

(Scheme 29).183 In contrast to the cages reported by WARMUTH using macrocylces with bridged 

phenol groups, SZUMNA and coworkers utilized tetraaldehyde building block 114 based on 

resorcinarene with unprotected phenol groups. A stepwise reaction process with hydrazine led 

to the formation of chiral cage XX proven by X-ray crystallography. The chirality stems from 

the directional arrangement of the hydrazone groups while the phenol groups additionally 

stabilize the structure via hydrogen bonds. The two enantiomers could be partially resolved 

using HPLC and were characterized with CD spectroscopy. 

 

Scheme 29: Chiral Cage XX assembled using tetraaldehyde 114. Feet were omitted for clarity. 

When compared to the hydrogen bonded resorcinarene hexamer X two differences are 

immediately apparent: 1) Bonding type: The covalent nature of the organic cages XIX and XX 

changes the dynamic of the system entirely. This has implications for the mechanism of guest 

uptake which cannot take place anymore by partial disassembly. On the other hand, the 

covalently linked cages are expected to be much less prone to disassembly in polar solvents and 

should tolerate e.g., water as a solvent, given they can be synthesized in a soluble form (possibly 
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different ‘feet’). 2) Structural differences: While the hydrogen bonded hexamer X forms a rather 

‘closed-shell’ hydrogen bond network effectively isolating guests from bulk solution, the cages 

XIX and XX feature large, porous openings through which small guest molecules can diffuse 

in and out. 

So far applications of these and similar covalently linked organic cages in the context of 

classical homogenous catalysis have not yet been reported. However, due to their exceptionally 

high surface area and defined pore size structures assembled using DCC have been proven to 

be extremely potent as porous materials for selective gas sorption.175, 177 Additional applications 

include gravimetric sensoring,184 molecular sieving185 or as stationary phases for gas 

chromatography.186-187 
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2. Objective of This Thesis 

The hexameric resorcinarene capsule X has been shown to be an effective supramolecular 

catalyst. Several interesting transformations using X have been published in recent years 

including the first biomimetic tail-to-head terpene (THT) cyclization using a man-made 

catalyst.15 In contrast, the closely related pyrogallolarene hexamer XI has been found 

catalytically inactive under identical conditions.120 Even though certain structural differences 

such as the incorporation of eight water molecules in X are obvious, and other factors such as 

guest uptake, intrinsic acidity of the assemblies and influence of the electrostatic potential 

surface (ESP) were investigated, the underlying cause for the catalytic inactivity of XI remains 

unknown. A better understanding of the current catalytic system is highly desirable to overcome 

the current limitations concerning product selectivity and also relevant for the design of new 

catalytically active systems. The primary goal of this work is therefore the elucidation of the 

specific requirements for efficient catalysis inside hexamer X. Initially, we will attempt to 

devise a concise synthetic route accessing macrocycles 115 – 117 in pure form. These 

compounds can be described as the ‘missing-link’ between the resorcinarene and the 

pyrogallolarene macrocycles (Figure 7a). Upon isolation these compounds will be characterized 

concerning their self-assembling behaviour. If assemblies comparable to hexameric structures 

X and XI are formed, these will be investigated concerning their catalytic activity in the THT 

cyclization of monoterpenes.  

 

Figure 7: a) Macrocycles 46b, 47b and 115 – 118 with varying ratios of resorcinol and 

pyrogallol units. b) Resorcinarene-derived macrocycle 119 with additional amide moieties. 
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Subsequently, the corresponding assemblies will be compared with regards to different 

properties (i.e., guest uptake, protonation by external acid, water being part of the hydrogen 

bond network) to establish a correlation with the catalytic activity. In order to investigate the 

influence of the ESP we will additionally seek to synthesize the tetra fluoro compound 118.  

The second objective of this thesis will be the development of a new, large assembly based on 

hydrogen bonding. We envisioned that decorating the resorcinarene macrocycle 119 with 

additional groups capable of hydrogen bonding (Figure 7b) could lead to new hexameric 

assemblies. Molecular modelling indicated that tetraamide compound 119 could indeed form 

different hexameric structures including a porous cage  unusual for hydrogen bonded 

assemblies. Again, we will attempt to establish a reliable synthetic route accessing macrocycle 

119 in sufficient quantities. With 119 in hand, we will subsequently investigate self-assembly, 

potential for guest uptake and applications in supramolecular catalysis. 
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3. Results and Discussion 

The following pages of this chapter function as a summary of the publications that were 

prepared over the course of these PhD studies. 

3.1 Publication summaries 

3.1.1 Requirements for Terpene Cyclizations inside the Supramolecular 

Resorcinarene Capsule: Bound Water and Its Protonation Determine the 

Catalytic Activity 

Based on earlier results from our group comparing the resorcinarene hexamer X with the closely 

related, but catalytically inactive pyrogallolarene hexamer XI, we set out to elucidate the 

specific requirements for efficient catalysis within X. To this end, we designed an efficient 

synthesis to access several new macrocycles containing varying amounts of pyrogallol and 

resorcinol units 115 – 117. Synthesis of macrocycles 115 – 118 was achieved by a two-step 

sequence from tetrabromo compound 120a involving lithium-halogen exchange followed by in 

situ hydroxylation (yielding 121 – 124) and finally deprotection of the phenol groups (Scheme 

30a). Using a similar approach, we were also able to access an electron-deficient tetra 

fluorinated resorcinarene derivative 118 to investigate the influence of the electrostatic potential 

surface (ESP) on the catalytic efficiency. Starting material 120a is available via literature 

procedures and was synthesized on decagram scale. Apart from compound 116b with two distal 

hydroxy groups, all obtained macrocycles dissolved well in chloroform. DOSY-NMR 

experiments provided diffusion coefficients very close to the values of the known assemblies 

X and XI, indicating the formation of hexameric assemblies. Assemblies X, XI and XXI – 

XXIV were subsequently investigated concerning their catalytic activity in the THT cyclization 

of monoterpenes. The cyclization of geranyl acetate (27) had been shown previously to proceed 

within hexamer X in a ‘non-stop’-fashion forming -terpinene (9) and was chosen as a suitable 

test reaction. The addition of traces of HCl, while unable to catalyze the reaction itself, is crucial 

for efficient catalysis acting as cocatalyst in a synergistic fashion with hexamer X. As 

previously reported, in presence of the pyrogallolarene hexamer XI no conversion of geranyl 

acetate (27) was observed, while the resorcinarene hexamer X catalyzed the formation of -

terpinene (9) with 30 − 35% yield. Assembly XXI based on monomer 115 featuring one 

additional hydroxy group showed a similar catalytic efficiency forming -terpinene (9) as the 

main product, albeit with lower yield. 
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Scheme 30: a) Synthesis of compounds 115 – 118 corresponding to the respective assemblies 

XXI – XXIV. b) Potentially decisive steps of the catalytic cycle. 

Assembly XXII still showed significant conversion, but product formation decreased notably. 

This is most likely due to a side reaction in which the highly reactive cationic intermediates are 

quenched by phenol groups leading to alkylation of the assembly. In contrast, assembly XXIII 

showed no significant conversion of geranyl acetate (27) after five days, while the reaction in 

presence of XXIV proceeds very slowly. Largely similar results were obtained with 

intrinsically more reactive nerol (21) as the substrate for assemblies X, XI and XXI – XXIV. 

Surprisingly, in the presence of assembly XXIII nerol (21) was converted quite efficiently (up 

to 60%). Control experiments and careful analysis of the product profile indicated that in this 

case the reaction takes place mostly outside of the cavity. Possibly due to defects in the 

hydrogen bond network and the inherently more reactive nature of nerol (21) limonene (7) is 
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formed as the main product. Several other substrates showed only minor conversion (≤ 15% 

after 72 h) indicating that assembly XXIII cannot be considered an effective catalyst for the 

THT cyclization of monoterpenes (Table 1). 

As mentioned above three distinct events of the catalytic cycle (Scheme 30b) can be considered 

decisive for efficient catalysis: 1) Encapsulation of substrate within the cavity; 2) Protonation 

of the encapsulated substrate; 3) Stabilization of the ion pair formed upon cleavage of the 

leaving group. 

The ability for guest uptake is crucial for catalysis and was confirmed in all cases using a 

saturated analogue of geranyl acetate (27), which shows no conversion in presence of HCl and 

the respective assemblies X, XI and XXI – XXIV. Encapsulation was indicated by the gradual 

appearance of upfield shifted signals in the 1H-NMR spectra and a decrease of the amount of 

nonencapsulated substrate analogue determined by 1H-NMR analysis. 

While assembly X has been shown to readily encapsulate ammonium salts as ion pairs, the 

encapsulation of anions within assembly XI was found to be energetically unfavourable. Since 

the catalytic cycle involves the formation of an ion pair upon protonation and cleavage of the 

leaving group the ability to stabilize these within the cavity is considered decisive. To 

investigate the abilities of assemblies X, XI and XXI – XXIV to encapsulate anions a fluorine 

containing anion (i.e., triflate) was chosen. This allowed analysis with 19F-NMR spectroscopy 

where encapsulation is associated with a shift and a broadening of the fluorine signal of the 

triflate anion. The results indicated the stabilization of ion pairs inside all assemblies except for 

XI. Since assembly XXIII was found to stabilize ion pairs but was found to be catalytically 

inactive, a clear correlation could not be established in that respect. 

During our experiments we noticed that upon addition of HCl, the 1H-NMR of assembly X 

changed notably, while in case of XI the signals corresponding to the assembly remained 

unaffected. Specifically, we found that the addition of external acid led to a broadening of 

signals associated with the phenol groups of assemblies X, XXI, XXII and XIV. This can be 

attributed to the protonation of these assemblies, while in case of assemblies XI and XXIII the 

phenol signals remain unaffected and only the water signal experiences some broadening. 

Importantly, the protonation of the assemblies correlates well with the catalytic activity 

observed in the cyclization of monoterpenes.  

The main structural difference between X and XI is the incorporation of eight water molecules 

into the hydrogen bond network of X, while XI self-assembles without water. This can also be 
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observed in the 1H-NMR spectra of the assemblies. In case of the resorcinarene hexamer X the 

water signal is shifted downfield due to fast exchange between water molecules that take part 

in the formation of the hexameric structure X and water molecules that are in bulk solution. 

 

Table 1: Comparison of macrocycles 46b, 47b and 115 – 118 and corresponding assemblies X, 

XI and XXI – XXIV indicating water being part of the hydrogen bond network as the distinct 

property enabling catalysis of the THT cyclization. 

The magnitude of the shift depends on the total amount of water present in solution, resulting 

in increasing shifts with decreasing water content. In contrast, the water signal in presence of 
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assembly XI is unaffected. Determination of the amount of water incorporated into the 

hydrogen bond network is possible utilizing DOSY-NMR spectroscopy. At low overall water 

content, corresponding to the minimal amount necessary to form the assembly (i.e., eight 

equivalents in case of X) the diffusion value determined for water is very close to the value 

found for the assembly itself, indicating that most of the water present is part of the assembly. 

With increasing overall water content, the amount of ‘free’ water increases and so does the 

diffusion coefficient of water. If water is not part of the assembly (i.e., assembly XI) the 

diffusion coefficient of water remains unaffected by the total amount of water in the solution. 

Using this methodology, we were able to show that assemblies X, XXI, XXII and XIV 

incorporate water within their hydrogen bond network to some degree, while assemblies XI and 

XXIII assemble without water. Since these results correlate well with the protonation studies 

and the catalytic activity of the respective assemblies. We concluded that water incorporated 

into the hydrogen bond network must play a significant role for the protonation of the 

encapsulated substrate.  

To gain more insight into these processes molecular dynamics (MD) simulations were 

conducted. For this purpose, the resorcinarene hexamer X in presence of HCl as cocatalyst and 

geranyl acetate (27) as substrate were submitted to quantum mechanics/molecular mechanics 

(QM/MM) MD simulations.  

 

Figure 8: The minimum free energy path (MFEP) along the free energy surface highlighting 

the importance of water incorporated into the hydrogen bond network for protonation of the 

encapsulated substrate. 
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The results indicated that indeed water incorporated into the hydrogen bond network is 

protonated by HCl, while the alternative pathway involving the protonation of a phenol, 

followed by proton migration to a water molecule is energetically unfavorable. The formed ion 

pair H3O
+/Cl− is stabilized within the hydrogen bonding network by the surrounding phenol 

groups (Figure 8). Interestingly, the chloride anion replaces the hydronium ion, which moves 

inside the cavity to form a carbonyl/hydronium complex, in the hydrogen bonding network. 

This could also help explain the surprising observation that HCl or the resulting chloride anion 

do not interfere with the cationic cyclization cascade, an effect often observed in solution. 

In conclusion we report in this publication the synthesis and characterization of four new 

macrocycles 115 – 117 with different resorcinol/pyrogallolarene ratios as well as a tetra 

fluorinated derivative 118. Apart from compound 116b all macrocycles were found to assemble 

forming hexameric capsules XXI – XXIV. Detailed investigations of the new assemblies 

concerning their catalytic activity in the THT cyclization of monoterpenes, guest uptake, ability 

to stabilize ion pairs and water content were conducted (summarized in Table 1). The results 

revealed a correlation between the ability for efficient catalysis and water incorporated into the 

hydrogen bond network of the corresponding assemblies. Protonation studies and MD 

simulations indicated a proton shuttle mechanism, where water within the hydrogen bond 

network plays a crucial role for the protonation of the encapsulated substrate. These findings 

shine light on the requirements for catalysis within hexamer X and finally elucidate the exact 

mode of activation. Since this model is most likely transferable to other related systems, we 

expect these results to significantly impact the design of future supramolecular catalyst systems.  
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3.1.2 Concentration-dependent Self-assembly of an Unusually Large Hexameric 

Hydrogen-bonded Molecular Cage 

In this study we report our attempt to design a building block that is expected to show self-

assembling behaviour to construct a new, large assembly based on hydrogen bonding. The 

decoration of the upper rim of the well-known resorcinarene macrocycle 46 with four additional 

amide moieties, capable of hydrogen bonding was found to be a promising approach. Based on 

our initial molecular modelling attempts two hexameric structures, a cage-like structure XXV 

with large openings (commonly observed for related structures formed using dynamic covalent 

chemistry, compare Section 1.2.6), and the more conventional ‘closed-shell’ structure XXVI 

seemed possible using building block 119 (Scheme 31). 

 

Scheme 31: Molecular models of the possible hexameric structures XXV (Cage) and XXVI 

(‘closed-shell’) based on macrocycle 119. 
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A synthetic route was developed that allowed to access macrocycle 119a in significant 

quantities (Scheme 32a). Starting from literate known compound 120a a halogen-lithium 

exchange followed by addition of trimethylsilyl isocyanate (TMSNCO) as the electrophile gave 

125a and subsequent deprotection with trimethylsilyl iodide led to compound 119a. Derivative 

119b featuring shorter iso-butyl ‘feet’ for crystallization was synthesized along the same route. 

The solid-state structure obtained for 119b showed the expected dimerization for the 

amide−amide interaction associated with structure XXV (Scheme 32b). A second crystal 

conformation of 119b with a much larger unit cell remained unsolved likely due to unordered 

solvent molecules within the cavity. 

 

Scheme 32: a) Synthesis of 119a and 119b starting from compound 120a and 120b, 

respectively. b) X-ray structure of 119b. 

Macrocycle 119a was found to be well soluble in several apolar solvents and DOSY-NMR 

spectroscopy indicated the formation of a hexameric species. Interestingly, the self-assembly 

was found to be highly concentration dependent with the monomeric species 119a prevailing 

at low concentrations (Scheme 33a). The self-assembly of XXV can be considered cooperative 
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with a critical aggregation concentration of around 3 mM (Scheme 33b). Detailed DOSY-NMR 

studies and comparison with the well-known hexameric resorcinarene and pyrogallolarene 

capsules X and XI (Scheme 33c) indicated the formation of the larger cage-like structure XXV 

based on the dimerization binding motif which was also found in the solid-state structure. DFT 

calculations revealed an energy preference of 1.8 – 17.2 kcal/mol for the formation of cage-like 

structure XXV over the ‘closed-shell’ structure XXVI depending on the basis set.  

 

Scheme 33: a) Concentration dependent self-assembly of XXV from 119a. b) Ratio between 

monomer 119a and hexamer XXV depending on concentration. c) Diffusion coefficients of 

hexameric assemblies X, XI and XXV at different concentrations compared. 

Additionally, assembly XXV was investigated concerning guest uptake. Fullerenes (C60 and 

C70) were found to be suitable guest molecules based on characteristic shifts in 13C-NMR 

spectra. Due to the low solubility of these fullerenes in CDCl3 and the low concentrations 

required for UV/Vis-spectroscopy, hindering the self-assembly of XXV the determination of 

binding constants proved challenging. To gain some insight into the encapsulation process four 

well soluble ethyl and tert-butyl malonyl derivatives of C60 and C70 were synthesized. These 

compounds showed slow exchange allowing the determination of binding constants by 

comparing the integrals of ‘free’ and encapsulated guest in the 1H-NMR spectra. Binding 
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constants were found to be modest (750 – 2200 M−1) and generally higher for the C60-

derivatives. 

In summary, we present here the design and synthesis of a new, large hexameric cage structure 

self-assembled from macrocycle 119a. Structure XXV has large openings often observed for 

structures assembled using dynamic covalent chemistry but unusual for hydrogen bonded 

assemblies, most of which rather form a ‘closed-shell’ hydrogen bond network. Furthermore, 

structure XXV has an internal cavity volume of around 2800 Å3 rendering it to the best of our 

knowledge the largest structure to date based exclusively on hydrogen bonding. While the 

porous openings could allow for modifications and/or provide an additional binding site, the 

overall simplification of the hydrogen bond network is believed to aid the rational design of 

future assemblies. We expect that the results presented here will inspire the development of 

new structures to overcome the current limitations concerning guest uptake and size of 

hydrogen bonded assemblies.  
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4. Summary and Outlook 

The first enzyme mimetic tail-to-head terpene cyclization catalyzed using a man-made catalyst, 

namely the resorcinarene hexamer X, represents an important milestone for supramolecular 

catalysis. However, the exact mode of action of acid catalysis within X remained elusive for 

some time, while the closely related pyrogallolarene hexamer XI was found to be catalytically 

inactive. To investigate the prerequisites for catalysis within X, we present here the synthesis 

of several new macrocycles bearing close resemblance to resorcinarene. The macrocycles 

115 − 118 were shown to self-assemble forming hexameric capsules and were subsequently 

investigated concerning their catalytic activity in the acid-catalyzed THT cyclization of 

monoterpenes. The obtained assemblies were additionally characterized concerning their 

abilities to encapsulate substrate molecules, stabilize ion pairs in the cavity and the amount of 

water incorporated into the hydrogen bond network. By correlation with the catalytic activity, 

we were able to establish a correlation between water being part of the assemblies and efficient 

catalysis (Figure 9). We found that only assemblies where water takes part in the hydrogen 

bond network are protonated by external acid (HCl). 

 

Figure 9: The incorporation of water within the hydrogen bond network was found to be the 

crucial prerequisite enabling the enzyme mimetic catalysis of the THT cyclization within X. 
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Computational studies indicated a proton shuttle mechanism where the water within the 

hydrogen bond network of the assembly effectively transfers a proton onto the encapsulated 

substrate initiating the cyclization reaction. The study presented here highlights the role water 

incorporated into the hydrogen bond network of X plays for efficient catalysis and shows how 

relatively subtle structural variations can cause a large difference in catalytic activity. 

Furthermore, the design and synthesis of a completely novel assembly is presented (Figure 10). 

The derivatization of resorcinarene 46 with four additional amide groups proved to be sufficient 

to form a large hexameric cage XXV based exclusively on hydrogen bonds. Cage XXV features 

large openings in contrast to other assemblies reported in literature forming rather ‘closed-shell’ 

capsules. Results from DOSY-NMR and computational studies indicated the formation of the 

larger cage-like structure XXV, rather than the formation of an alternative smaller hexameric 

structure XXVI suggested by molecular modelling. Crystallographic data of the macrocycle 

was obtained using derivative 119b with shorter alkyl chains, also showing the amide−amide 

dimerization binding motif. A second crystal structure with a large unit cell could not be solved 

presumably due to unordered solvent molecules within the cavity.  

 

Figure 10: Large, hexameric cage XXV with an internal cavity volume of 2800 Å3 based on 

amide−amide dimerization 

The self-assembly of cage XXV was found to be highly concentration dependent and was 

investigated in detail using 1H-and DOSY-NMR spectroscopy. Fullerenes (C60 and C70) are 

suitable guest molecules for XXV and several derivatives of C60 and C70 were found to be 

encapsulated within XXV. With a cavity volume of 2800 A3 cage XXV represents the largest 

assembly to date based purely on hydrogen bonds. 
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The results presented in this work are expected to aid the development of new systems in order 

to overcome the current limitations of man-made supramolecular catalyst systems, concerning 

substrate and product selectivity as well as the overall size of hydrogen bonded assemblies. The 

need for the incorporation of water or at least functional groups capable of proton transfer 

should be one of the key parameters when designing new potentially catalytic supramolecular 

systems. Another challenge that needs to be addressed is the induction of chirality using 

supramolecular catalysis. A promising approach could be the use of inherently chiral building 

blocks for self-assembly of hydrogen bonded capsules. For instance, the introduction of chiral 

‘feet’ using a chiral aldehyde for the condensation of the resorcinarene macrocycle would yield 

chiral macrocycles which would be expected to self-assemble to hexameric structures (Figure 

11a). Since this would introduce the chiral centre quite far from the reactive site a promising 

alternative is an approach using monofunctionalization of resorcinarene 46. The derivatization 

of one of the phenol groups allows the introduction of circular chirality that would additionally 

provide some modularity depending on what functional group is introduced in this position 

(Figure 11b). Upon separation of enantiomers these building blocks are expected to self-

assemble forming enantiopure capsules, producing a chiral field possibly influencing the 

stereochemical outcome of reactions catalyzed within the cavity. 

  

Figure 11: a) Resorcinarene macrocycle bearing chiral feet. b) Introduction of chirality by 

monofunctionalization of resorcinarene. 
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5. Index of Abbreviations 

°C      degree Celsius 

Å      Ångström 

Ac      acetyl 

δ      chemical shift 

d      day 

DBU      1,8-diazabicyclo[5.4.0]undec-7-ene 

DFT     density functional theory 

DMAP     4-(dimethylamino)-pyridine 

DMF      N,N-dimethylformamide 

DMSO     dimethylsulfoxide 

DOSY     diffusion ordered spectroscopy 

ESI      electrospray ionisation 

Et      ethyl 

et al.      et alii (and others)  

eq.      equivalent 

g      gram 

GC      gaschromatography 

GOAc     geranyl acetate 

GOH     geraniol 

h      hour 

HPLC      high performance liquid chromatography 

Hz      hertz 

K      kelvin 

L      liter 

L     ligand 

LOAc     linalyl acetate 

LOH     linalool 

μL      microliter 

μmol      micromol 

μg     microgram 

M      molar 

M      metal 
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Me      methyl 

mg      milligram 

MHz      Megahertz 

min      minute 

mL      milliliter 

mm      millimeter 

mmol      millimol 

mol      mol 

MS     mass spectroscopy 

nmol     nanomol 

n. a.     not analyzed 

n-BuLi     n-butyllithium 

ng     nanogram 

NMR      nuclear magnetic resonance 

NOESY     nuclear Overhauser effect spectroscopy 

NOAc     neryl acetate 

NOH     nerol 

OAc     acetate 

P      n-pentane 

ppm      parts per million 

R      organic residue 

rt      room temperature 

TBAB      tetrabutylammonium bromide 

TMSNCO    trimethylsilyl isocyanate  

TFA      trifluoroacetic acid 

THF      tetrahydrofuran 
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