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DEUTSCHE ZUSAMMENFASSUNG 

Molekulare Kapseln können als Enzymanaloga dienen, die die katalytische Umwandlung von 

Substraten innerhalb des umschlossenen Hohlraums ermöglichen. Der supramolekulare Wirt 

XII organisiert sich selbst über Wasserstoffbrückenbindungen aus sechs 

Resorcin[4]aren-Bausteinen 9b und hat ein Innenvolumen von 1400 Å3. Aufgrund seiner 

hochdynamischen Natur kann XII Gastmoleküle reversibel einschließen und eine Vielzahl von 

Reaktionen ermöglichen. 

Einige der Reaktionen mit kationischen Intermediaten erfordern HCl als Cokatalysator, um in 

der hexameren Kapsel XII ablaufen zu können. Die Wirkung des Säureadditivs wurde jedoch 

nie für die kapselinduzierte Iminium-cokatalysierte 1,4-Reduktion von α,β-ungesättigten 

Aldehyden untersucht. Im Rahmen dieser Arbeit wurde der Einfluss von HCl und weiteren 

Additiven auf die Reaktion untersucht und die allgemeinen Reaktionsbedingungen überarbeitet. 

Von besonderem Interesse ist der positive Effekt von Alkoholadditiven, der sich für diese 

Umwandlung im Inneren von XII als vorteilhaft erwiesen hat. Die optimierten 

Reaktionsbedingungen ermöglichten Enantioselektivitäten von bis zu 92% ee. 

Darüber hinaus untersuchten wir die Möglichkeit des direkten Chiralitätstransfers in 

enantiomerenreinen, molekularen Kapseln, die eine ähnlichen Aufbau wie Kapsel XII 

aufweisen. Dabei wurden zwei unterschiedliche Wege zur Einführung von Chiralität in den 

Resorcin[4]aren Baustein wurden untersucht. Alle so erhaltenen chiralen Derivate waren in der 

Lage sich in Lösung zu hexameren, supramolekularen Containern zusammenzusetzen. Diese 

potentiell katalytisch aktiven Systeme wurden im weiteren in der Zyklisierung von Terpenen 

getestet. In dieser Arbeit berichten wir über die ersten Beispiele optisch aktiver hexamerer 

Resorcin[4]aren-basierter Kapseln und deren Fähigkeit, asymmetrische tail-to-head 

Zyklisierung von Terpenen mit bis zu 62% ee zu katalysieren.  
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ENGLISH ABSTRACT 

Molecular capsules can serve as enzyme mimetics enabling catalytic conversion of substrates 

inside the enclosed cavity. Supramolecular host XII self-assembles via hydrogen bonds from 

six resorcin[4]arene building blocks 9b, and has an internal volume of 1400 Å3. Due to its 

highly dynamic nature, XII can reversibly encapsulate guest molecules and facilitate numerous 

reactions. 

Some of the reactions involving cationic intermediates require HCl as a co-catalyst to occur 

inside hexameric capsule XII. However, the effect of the acid additive has never been 

investigated for capsule-induced iminium-co-catalyzed 1,4-reduction of α,β-unsaturated 

aldehydes. In the course of this work, we examined the influence of HCl and other additives on 

the reaction and revised the reaction conditions. Of particular interest is the positive effect 

observed for alcohol additive, which proved to be beneficial for this transformation inside XII. 

The optimized reaction conditions allowed to reach enantioselectivity of up to 92% ee. 

Additionally, we investigated the possibility of the direct chirality transfer inside similar to XII 

molecular capsules. Two different ways of introducing chirality on the resorcin[4]arene were 

explored. All of the obtained derivatives proved to self-assemble in solution into hexameric 

capsules. These potentially catalytically active systems were further tested in 

terpene-cyclization reactions. In this work, we report the first examples of optically active 

hexameric resorcin[4]arene-based capsules and their ability to asymmetrically catalyze 

tail-to-head terpene cyclization reactions delivering up to 62% ee. 
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1. INTRODUCTION 

People have always been striving to be able to imitate and sometimes even surpass nature. This 

desire has led to countless discoveries, without which our life today would be impossible. Even 

in the present, we still draw inspiration from nature and apply it in fields such as mechanical 

engineering, architecture, robotics, and medicine, to name a few. When it comes to chemistry, 

mimicking natural processes is still a main driving force for major developments improving our 

everyday lives. One of the most challenging tasks remaining in chemistry to this day is to find 

a way to efficiently synthesize naturally occurring molecules in the laboratory setting. Chemists 

often need dozens of linear steps to reach a target molecule, unlike nature, which does it 

extraordinarily elegantly from simple starting materials utilizing enzymatic pathways. 

Enzymes are specific and highly efficient biocatalysts that are able to catalyze reactions under 

ambient conditions in aqueous media.[1] Most enzymes are proteins with unique amino acids 

sequences that allow for the formation of a three-dimensional structure with hydrophobic cores 

surrounded by hydrophilic shells.[2] An active site that can specifically bind a given substrate 

and efficiently catalyze a certain reaction is buried in the hydrophobic core, while hydrophilic 

shells provide solubility in the aqueous environment. Such a complex structure is used by nature 

to provide highly specific and efficient catalysts for essential chemical transformations in living 

systems. Despite current advances in biocatalytic applications,[3,4] there are several drawbacks 

(e.g., temperature sensitivity, solubility in organic solvents, etc.) that limit the use of enzymes 

in organic synthesis. Therefore, there is a growing interest in creating organic enzyme-like 

structures as efficient catalysts to overcome these limitations. Supramolecular chemistry 

represents a powerful tool for designing such systems.[5–7] 

Supramolecular chemistry is a relatively new field that combines chemistry, biology, and 

physics.[8] Nobel Laureate JEAN-MARIE LEHN defined supramolecular chemistry as “chemistry 

beyond the molecule”. It often takes inspiration from nature and focuses on the assembly of 

simple building blocks via intermolecular interactions to build highly complex chemical 

systems.[9] Unlike traditional chemistry, which concentrates on the covalent bond, 

supramolecular chemistry is based on the weaker and reversible non-covalent interactions 

between molecules, such as hydrogen bonding, hydrophobic interactions, π–π, and COULOMB 

interactions.[10] 

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

development of new functional molecules capable of a guest binding.[11–13] PEDERSEN published 
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the very first examples of crown ethers 1, which can selectively bind alkali metal ions,[14] and 

LEHN and CRAM expanded this study to three-dimensional derivatives of crown ether – 

сryptands[15] 2 and spherands[16] 3 – which showed improved selectivity and higher binding 

constants (Fig. 1). These results are considered as milestones of supramolecular chemistry, 

however, their remarkably specific properties, such as high binding affinities and exceptional 

size selectively, resulted in limited substrate scope and restricted catalytic application of such 

molecules.[17,18] 

 

Figure 1. Crown ether 1 by PEDERSEN, cryptand 2 by LEHN, and spherand 3 by CRAM. 

Naturally occurring cyclic oligosaccharides – cyclodextrins – represent a type of enzyme 

mimetics applied since the early stage of supramolecular chemistry development (Fig. 2). These 

compounds are water-soluble and can bind small molecules inside a hydrophobic pocket, which 

can also be used for drug delivery.[19] BRESLOW et al. have demonstrated that-cyclodextrin (4) 

accelerates the regioselective chlorination of anisole.[20] Other examples of macrocycles used 

in catalysis include the porphyrin-based compound 5, which catalyzed an intermolecular acyl 

transfer reaction,[21] and cyclophanes (e.g., compound 6, Fig. 2) utilized as catalysts in the 

oxidation of aromatic aldehydes.[22] Another class of supramolecular host structures is 

cucurbiturils, which can be accessed via condensation of glyoxal, formaldehyde, and urea (e.g., 

7, Fig. 2).[23] The size of a macrocycle comprised of glycoluril units, which are linked by 

methylene fragments, can vary depending on the reaction conditions. Cucurbiturils’ property to 

bind cationic guest molecules was used in cucurbit[6]uril-assisted 1,3-dipolar cycloaddition 

between azides and alkynes, each carrying an ammonium group for enhanced binding within 

the cucurbituril cavity, to generate 1,2,3-triazoles.[24] Further reactions accelerated in a 

biomimetic fashion by exploiting these supramolecular structures have been reported.[23] 
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Figure 2. Different types of macrocycles utilized in enzyme mimetic catalysis: α-cyclodextrin (4), porphyrin-based structure 

5, cyclophane 6, cucurbituril 7. 

Bowl-shaped macrocycles based on phenol and its derivatives represent a diverse class of 

supramolecular structures. They often serve as building blocks for supramolecular containers. 

Synthetic availability, together with the notable capability to act as receptors for different 

guests, depending on the structural properties, makes calixarenes 8, resorcinarenes 9, and 

pyrogallolarenes 10 interesting for supramolecular chemistry (Fig. 3).[25,26] Acid-catalyzed 

condensation of the phenolic units – resorcinol and pyrogallol – with the corresponding 

aldehydes yields quite selectively the resorcin[4]- or pyrogallol[4]arenes (9 and 10), 

respectively, nevertheless larger macrocycles also can be obtained.[27–29] Base-catalyzed 

condensation of 4-tert-butylphenol with formaldehyde, depending on the chosen conditions, 

leads to the formation of calixarenes of different sizes.[30] These bowl-shaped molecules can be 

easily modified on the upper and/or lower rims to customize their properties for specific 

applications.[31,32] A few other new macrocycles (e.g., catecholarene 11,[33] pillararene 12,[34] 

xanthenearene 13[35]) have been reported in past years, which indicates interest in such 

covalently linked structures for future application in the field of supramolecular chemistry, 

despite the existing limitations of their size and properties. 
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Figure 3. Bowl-shaped macrocycles: calix[4]arene 8, resorcin[4]arene 9, pyrogallol[4]arene 10, catechol[4]arene 11, 

pillar[5]arene 12, xanthene[3]arene 13. 

Interest in the synthesis and study of supramolecular structures has greatly increased over the 

last decades. The main reasons for this can be attributed mainly to (1) advances in synthetic 

organic chemistry, which allow synthesis and modification of a wider range of building blocks 

for the construction of more sophisticated and efficient supramolecular receptors, (2) advanced 

computer modeling tools as well as improved methods of analysis, such as NMR spectroscopy, 

X-ray crystallography, mass spectrometry, and (3) generally enhanced fundamental 

understanding of supramolecular chemistry. The possibility to vary receptor cavity sizes, their 

geometries and their chemical environment has resulted in the creation of diversified 

supramolecular containers of different nature with unique properties. 
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1.1. Supramolecular Containers 

The largest and best-studied class of supramolecular containers are metal-ligand assemblies. A 

wide range of multidentate ligands with rigid backbones and metal ions with fixed coordination 

geometries allows a controlled and highly modular construction of different assemblies. The 

FUJITA group first published a Pd6L4 coordination capsule Ia that forms via spontaneous 

self-assembly from dimethylethylenediamine end-capped PdII ions and 

1,3,5-tris(4-pyridyl)triazine in a 6:4 ratio in aqueous solutions (Scheme 1).[36] The inner 

compartment is comprised of a cavity with a volume of roughly 500 Å³ and has been shown to 

take up various organic compounds in aqueous solutions.[37,38] Cage Ia has been successfully 

used for acceleration of DIELS-ALDER reaction for aromatic substrates due to supportive 

π-stacking interactions.[39] A Pt-based derivative of Ia was recently used for a biomimetic base 

mediated amide cleavage reaction, adjusting the reactivity of the amide by inducing mechanical 

strain, thereby imitating the enzyme-based activation mechanism.[40] 

 

Scheme 1. a) Self-assembly of the FUJITA Pd6L4 cage Ia. b) Schematic 2D-representation of capsule Ia. 

Another example of the metal coordination-based cage was reported by the NITSCHKE group.[41] 

Tetrahedral structure II self-assembles from FeII ions and imine ligands, which form in situ 

from 4,4´-diaminobiphenyl-2,2´-disulfonic acid (14) and 2-formylpyridine (15) (Scheme 2). 

The inner volume of the obtained host reaches 141 Å3, which makes it suited for encapsulation 

of small neutral organic molecules (e.g., cyclohexane) by virtue of hydrophobicity in an 

aqueous solution. Due to the small cavity size, which reduces the number of suitable guest 

molecules, the application of cage II in catalysis is somewhat limited. 
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Scheme 2. a) Self-assembly of cage II reported by NITSCHKE. b) Schematic 2D-representation of cage II. 

The group of REEK, inspired by natural metalloenzymes, made use of both metal-ligand 

coordination and cation-dipole interactions to design a new supramolecular host with a defined 

nanoenvironment. By using porphyrins, they were able to construct a second coordination 

sphere and encapsulate a transition metal catalyst.[42] The applied ligand-template synthetic 

strategy leads to the formation of a self-assembled host consisting of three ZnII 

tetraphenylporphyrins 16 selectively bound to pyridyl phosphine ligand 17 capable of binding 

a catalytically active [RhH(CO)3] complex to form a supramolecular catalyst IIIa (Scheme 3). 

The obtained catalyst can selectively catalyze the hydroformylation reaction of alkenes.[43] This 

selectivity, which only applies to terminal alkenes, is not achievable with traditional 

homogeneous transition metal catalysts. 

 

Scheme 3. Synthesis of supramolecular Rh-based catalyst III from Zn-porphyrin 16 and phosphine 17. 

Supramolecular structures can also be assembled based on the hydrophobic effect.[44] GIBB 

reported the dimeric structure IV (Scheme 4) based on the resorcinarene derived cavitand 18, 
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which is easily accessible on a large scale. Due to the available carboxylic acid moieties, 

compound 18 is well soluble in water (pH = 10), where it exists in a monomeric form.[45] Once 

a suitable guest is added as a template (e.g., butane), 18 self-assembles into a dimer, which was 

also tested in photochemical reactions and showed some changes in product selectivity when 

compared to the reaction in solution.[46] 

  

Scheme 4. Guest-templated self-assembly of dimer IV from resorcinarene building block 18. 

Another remarkable example of hydrophobic effect-based self-assembled structures was 

reported by the YOSHIZAWA group.[47] The described nature-inspired micellar capsules V are 

constructed from curved polyaromatic frameworks 19 composed of two trimethylammonium 

groups linked to two anthracene units (Scheme 5a).[48] V showed the ability to encapsulate 

different hydrophobic aromatic guests such as fluorescent dyes, fullerenes, and nanographene 

due to hydrophobic effect and -stacking.[49] Incorporation of the perfluorinated derivative 

of manganese tetraphenylporphyrin complex 20 (Scheme 5b) allowed the formation of a 1:1 

host-guest complex utilized to efficiently catalyze the epoxidation of 3-chlorostyrene 21 in the 

presence of iodosylbenzene (PhIO) as an oxidant forming the corresponding epoxide 22 

(Scheme 5c).[50,51] 
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Scheme 5. a) Self-assembly of nature-inspired micellar capsule V. b) Manganese complex 20. c) Catalytic epoxidation using 

complex 20 encapsulated by V. 

Halogen bonding represents another possibility for designing molecular assemblies. Using this 

approach, the group of DIEDERICH, inspired by earlier work from PILATI,[52] reported a dimeric 

self-assembly VI formed from two resorcinarene-based subunits 23 and 24, which are 

complementary to each other (Scheme 6a).[53] The obtained structure VI is suitable for 

encapsulation of small guests (e.g., 1,4-dioxane). Later, the group has also confirmed the 

formation of similar dimers in the solid state, in solution, and in the gas phase.[54] 

Another interesting example of halogen bonding-based molecular assemblies was presented by 

the group of RISSANEN.[55]
 Using the building block 25 linked by Ag+-ions, they were able to 

replace metal ions with I+ by simple reaction with molecular iodine to form a multimeric 

structure VII (Scheme 6b).[56] Chalcogen bonding is currently also being explored regarding its 

application to construct supramolecular structures.[57–59] 
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Scheme 6. a) Formation of the halogen-bonded dimer VI (with two encapsulated benzene molecules) from building blocks 23 

and 24. Feet (R) and additional solvent molecules were omitted for clarity. b) Silver-templated self-assembly of tetramer VII. 

Solvent molecules and counterions were omitted for clarity. 

There is a number of reports about catalytically active enzyme-like systems relying on hydrogen 

bonds.[60–64] Construction of self-assemblies based on hydrogen bonding allows the formation 

of large multimeric structures due to the highly dynamic nature of hydrogen bonds. However, 

it is also important to choose the right geometry of building blocks, which need to be 

preorganized and possess a certain degree of curvature to be capable of the formation of the 
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desired assembly. A distinctive feature of such supramolecular structures is the need to partially 

or fully disrupt the hydrogen bonding network to allow guest exchange, which occurs via the 

portal mechanism.[65] 

An early example of a hydrogen bond-based molecular capsule was published by REBEK, who 

reported a softball-like structure VIII with a volume of 320 Å3, which assembles in apolar 

solvents from two glycoluril-containing fragments connected together by a 

bicyclo[2.2.2]octadiene-based linker 26 (Scheme 7a).[66] The obtained supramolecular host is 

capable of reversible guest encapsulation, which occurs via hydrogen bonding to the capsule 

walls or alternatively by VAN DER WAALS interactions in the case of hydrophobic guests (e.g., 

adamantane). Capsule VIII was also found to catalyze the DIELS-ALDER reaction between 

compound 27 and p-benzoquinone (28) (Scheme 7b). The reaction leads to the formation of 

molecule 29 and is accelerated by a factor of 10 compared to the bulk solution.[67] The same 

group has also reported a dimeric capsule IX formed from resorcinarene building block 30 

(Scheme 7c), which was used to catalyze 1,3-dipolar cycloaddition reaction between phenyl 

azide and phenylacetylene.[68] 
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Scheme 7. a) Self-assembly of softball-capsule VIII and DIELS-ALDER reaction catalyzed inside VI forming product 29. b) 

Self-assembly of resorcinarene-based dimer IX from 30. 

Furthermore, REBEK described X, which is a water-soluble analog of IX.[69] Dimerization of 

macrocycle 31 in the presence of hydrophobic guest molecules (e. g., stilbene 32) leads to the 

formation of container X (Scheme 8a). Hydrogen bonding, in this case, is strong enough to 

tolerate competing solvents such as DMSO or water, as long as the assembly is templated by a 

suitable guest. SZUMNA group observed the same templating effect of C60 to assemble dimer XI, 

obtained from modified resorcinarenes 33 with amino acid moieties on the upper rim (Scheme 

8b).[70] 
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Scheme 8. a) Self-assembly of X in water with stilbene 32 as a template. Feet were omitted for clarity. b) Self-assembly of 

dimer XI from resorcinarene derivative 33 in DMSO in the presence of C60. 

The first hexameric assembly based on the C-methyl resorcinarene macrocycle 9a was reported 

in 1997 by ATWOOD and MACGILLIVRAY for the solid state.[71] The resorcinarene capsule XII 

with a cavity volume of 1400 Å3 self-assembles from six building blocks 9 and eight water 

molecules via sixty hydrogen bonds (Scheme 9a). Even though the building blocks are achiral, 

they are slightly tilted, making the assembly chiral. Later, MATTAY and co-workers reported a 

crystal structure of a closely-related hexameric capsule self-assembled from macrocycle 10 

(Scheme 9b).[72] Interestingly, this assembly is held by seventy-two hydrogen bonds, and water 

is not required. REBEK and COHEN proved the presence of such hexameric structures in solution 

when lipophilic derivatives of resorcinarene and pyrogallolarene with longer alkyl “feet” 

(depicted as R in Scheme 9) are dissolved in apolar organic solvents.[73–75] Synthetic availability 

of the building blocks together with the enzyme mimetic properties of the formed hexamers 

makes these self-assemblies exceptionally interesting for the ongoing research in 

supramolecular chemistry. 
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Scheme 9. a) Self-assembly of the resorcinarene hexamer XII in apolar solvents. b) Self-assembly of the pyrogallolarene 

hexamer XIII in apolar solvents. Feet (R) were omitted for clarity. 

Guest encapsulation properties of both hosts XII and XIII were investigated using 1H-NMR 

spectroscopy. Hexamer XII was shown to encapsulate tetraalkyl ammonium salts and tetraalkyl 

phosphine salts in CDCl3 due to supportive cation--interactions.[76] Using the DOSY-NMR 

spectroscopy, COHEN and co-workers showed that the hexamers XII and XIII self-assemble in 

apolar solvents even when suitable guest molecules are not presented.[75] The stability of XII 

and XIII in relation to polar media was also investigated using DOSY-NMR. Titration with 

competitive solvents such as methanol and DMSO showed an increase of the diffusion 

coefficient, which indicates the disassembly of the hexameric structure. Despite the similar 

nature of capsules XII and XIII, they behave differently when it comes to their guest uptake 

properties. For example, self-assembly XII can encapsulate neutral amines,[77] ammonium 

salts,[76] alcohols,[78] carboxylic acids and sugars,[79] metal complexes,[80] and radical species.[81] 

In contrast, host XIII, which is able to bind neutral amines,[77] is not capable of encapsulation 

of ammonium salts in CDCl3, which was recently explained by the TIEFENBACHER group.[82] 

The authors demonstrated that due to stabilization via strong cation-π interactions, capsule XIII 
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can well encapsulate cationic species. Anions, which cannot be stabilized inside XIII, mostly 

remain outside of the cavity. Capsule XII, in contrast, stabilizes the entire ion pair avoiding the 

charge separation. Later, COHEN and co-workers reported that the presence of benzene as a 

solvent allows partial encapsulation of ammonium salts by capsule XIII.[83] 

SCARSO, REEK, and co-workers reported the first successful utilization of the resorcinarene 

capsule XII in catalysis.[84] Capsule XII 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. The 

presence of hexamer XII in reaction with substrate 34 provides some of the anti-MARKOVNIKOV 

product 37 and dihydronaphtalene (36) in contrast to free catalyst reaction in solution, which 

gives mainly the MARKOVNIKOV product 35 (Scheme 10). Such an outcome is explained as a 

direct influence of the confined space of the cavity. 

 

Scheme 10. Cyclization products of Au-catalyzed alkyne hydration reactions in the absence and presence of capsule XII. 

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

of isonitriles via protonation of the substrate and subsequent attack of a water molecule leading 

to formylamides.[85] The TIEFENBACHER group further expanded the scope of reactions 

utilizing XII as a catalyst. For instance, hydrolysis of acetals to corresponding aldehydes occurs 

in capsule XII, which acts as a BRØNSTED acid (confirmed by NMR studies, pKa of 5–6) with 

a good substrate size-selectivity.[86] Later studies by the group indicated the need of HCl as an 

additive to act as a co-catalyst for acetal hydrolysis and some other reactions inside 

capsule XII.[87] Due to the ability of XII to encapsulate and stabilize positively charged species, 

it was utilized for a number of acid-catalyzed reactions such as intramolecular 

hydroalkoxylation,[88] a cyclodehydration-rearrangement cascade,[89] the hydration of alkynes 

with HBF4,
[90] and the isomerization of epoxides.[91] TIEFENBACHER and co-workers reported 
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the first case of a tail-to-head (THT) terpene cyclization utilizing the resorcinarene capsule XII, 

which is likely possible due to its ability to stabilize cationic intermediates and prevent 

premature quenching.[92,93] This reaction is of particular interest for this work, therefore it will 

be discussed further in detail in chapter 1.3.1. 

Larger resorcinarene-based supramolecular structures can also be built utilizing dynamic 

covalent chemistry (DCC). This approach allows constructing assemblies by employing 

reversible reactions such as imine formation, disulfide formation, boronic ester formation, 

metathesis reactions, and others. Building blocks with corresponding functionalities, which are 

supposed to be complementary to each other (e.g., carbonyl and amine), are mixed together and 

allowed to equilibrate to form a thermodynamic product. 

In 1991 QUAN and CRAM reported the first supramolecular capsule, based on two tetraaldehyde 

resorcinarene units (38 with different “feet”) merged together by imine condensation with 

1,3-diaminobenzene.[94] The obtained assembly could encapsulate different guests (e.g., 

menthol, camphor, ferrocene) upon heating. Later the WARMUTH group expanded this approach 

and reported the formation of similar structures based on resorcinarene 38 and different diamine 

linkers (e.g., XIV, Scheme 11).[95] 

 

Scheme 11. Supramolecular assembly XIV synthesized from 38 using imine formation followed by reduction. Feet (R) were 

omitted for clarity. 

Exceptionally large cavities (with internal volumes of up to 13 000 Å3)[96] have been reported 

emphasizing the potential of this approach to synthesize large organic cages. So far, DCC-based 

assemblies were not utilized in catalysis, but their high surface area together with the defined 

pore size allows their use as porous materials for gas sorption,[97,98] gravimetric sensoring,[99] 

molecular sieving,[100] as a stationary phase in gas chromatography.[101,102]  
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1.2. Selected Examples of Optically Active Molecular Containers and 

Enantioselective Reactions Inside Supramolecular Hosts 

Some of the previously described achiral supramolecular structures can also be accessed in an 

optically active form, which can be beneficial for enantioselective catalysis. For example, the 

substitution of ethylenediamine with an optically active amine allows obtaining an optically 

active Pd-based cage Ib. Supramolecular host Ib was used to stereo- and regioselectively 

catalyze [2+2] olefin cross-photoaddition.[103] Suspending 3-methylfluoranthene (39) and 

N-cyclohexylmaleimide (40) in a D2O solution containing cage Ib led to the formation of 

host-guest complex cage Ib⊃(39·40), which was irradiated for 30 minutes at room temperature 

to give the final product 41 with up to 50 % ee (Scheme 12). It is particularly important that the 

confined cavity of cage Ib not only allowed generally inert (under such conditions) fluoranthene 

to react in the photochemical pericyclic process but also provided high regioselectivity of the 

reaction since only the C4=C5 bond was involved in the transformation. 

 

Scheme 12. Regio- and enantioselective [2+2] photoaddition reaction of 39 with maleimide (40) catalyzed by Pd-cage Ib. 

The coordination cage II reported by NITSCHKE and co-workers was utilized for a one-pot relay 

reaction involving a multicatalytic system which includes cage II, methylene blue (42), and 

L-proline.[104] The transformation starts from the hetero-DIELS-ALDER reaction between 

furan 43 and singlet oxygen generated from the methylene blue (42), forming intermediate 

endoperoxide 44 (Scheme 13). At the same time, cage II self-assembles in solution and 

transforms endoperoxide 44 into more stable fumaraldehydic acid 45, which then undergoes 

L-proline-catalyzed 1,4-addition with nitromethane to form butanolide 46 (30% isolated yield). 
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The reaction occurred enantioselectively, delivering 68% ee in the product compared to 40% 

ee for the reaction catalyzed only by L-proline. Further control experiments illustrated the 

importance of cage II for the stabilization of the active intermediate and its transformation to 

fumaraldehydic acid. The racemic cage II can also be accessed in an optically active fashion if 

enantiopure ligands are applied. Such substitution also leads to the formation of a larger cavity 

with an approximate internal volume of 418 Å3.[105] 

 

Scheme 13. Catalytic relay consisting of methylene blue (42), cage II, and L-proline transforming furan (43) to butanolide 46. 

Using a similar approach, the second generation of the REEK catalyst IIIb based on 

bis-(Zn-salphen) phosphoramidite ligands was obtained and used for the enantioselective 

hydroformylation of internal alkenes (Scheme 14).[106] The self-assembly of 

phosphoramidite 47 and bis-(Zn-salphen) 48 acts as a bidentate ligand for RhI, thus forming a 

confined catalytic active site of catalyst IIIb (Scheme 14a). Although the obtained chiral 

supramolecular catalyst could only provide a maximal conversion of 20%, it proved to be highly 

regio- and enantioselective towards aldehyde 51, providing the following regio- and 

stereoselectivity: 50/51 = 30/70, 86% ee for (R)-51 using cis-49 as starting material; 

50/51 = 40/60, 72% ee for (R)-51 using trans-49 (Scheme 14b). Thus, the developed chiral 

supramolecular catalyst demonstrated the ability to transfer chirality onto achiral substrates. 
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Scheme 14. a) Formation of chiral supramolecular catalyst IIIb reported by REEK. b) Hydroformylation of internal alkene 118 

catalyzed by supramolecular Rh-complex IIIb, leading predominantly to the formation of the (R)-120. 

CUI and co-workers recently reported a chiral octahedral coordination cage XV, which was 

constructed from twelve units of enantiopure Mn(salen)-derived dicarboxylic acids (52) as 

linear linkers and six Zn4-p-tert-butylsulfonylcalix[4]arene building-blocks (53) as tetravalent 

four-connected vertices (Scheme 15).[107] The large hydrophobic cavity (V = 3944 Å3) of the 

porous cage is decorated with catalytically active metallosalen moieties so it can catalyze the 

oxidative kinetic resolution (OKR) of racemic secondary alcohols with up to 97% ee and 

krel = 35. Metallosalen monomer 52 was only half as efficient as cage XV in terms of the 

obtained krel values, providing lower enantiomeric excess and similar conversions in 

comparison to cage XV. Fluorescent titration studies demonstrated the formation of the 

host-guest complex from the alcohol and cage XV, which confirms that OKR is most likely 

associated with alcohol being encapsulated due to a suitable pore shape and size of the host. 
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Scheme 15. Assembly of capsule XV from subunits 52 and 53 and a scheme of oxidative kinetic resolution (OKR) catalyzed 

by XV. 

Of particular interest is the water-soluble metal-based cage XVI, first reported by RAYMOND 

in 1998 (Scheme 16a and b). The tetrahedral host XVIa assembles from GaIII ions and ditopic 

catecholate-containing ligands in a 4:6 stoichiometry.[108] The negative charge of the host 

allows encapsulation of cationic guests due to preferred Coulomb interactions. Entropy-driven 

encapsulation of neutral organic molecules occurs through the exclusion of solvent molecules 

from the cavity upon encapsulation.[109] Interestingly, structure XVIa is chiral even though it 

consists of only achiral building blocks. Strong mechanical coupling of the ligands helps to 

transfer the configuration of one gallium center to the other three, which leads to the exclusive 

formation of diastereomerically pure - and -capsules. Later it was shown that the 

addition of chiral guest molecules leads to a chiral resolution of the racemic capsule.[110] 

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

enantiomer is formed (capsule XVIb).[111] Numerous examples have been reported using the 

cages XVIa and XVIb for chiral discrimination of guest molecules and as a supramolecular 

catalyst in reactions involving cationic intermediates and transition states.[112] RAYMOND and 

BERGMAN reported the accelerated cationic 3-aza-COPE rearrangement inside the tetrahedral 

supramolecular host XVIa (Scheme 16c).[113,114] The cationic substrates 54 are well stabilized 

inside the cavity due to cation-π interactions.[109] The reaction involves a [3,3]-sigmatropic 

rearrangement via a chair-like transition state; the formed iminium ion is subsequently 

hydrolyzed to the final aldehyde 55. Detailed investigation of iminium hydrolysis indicated two 

possible mechanisms, both taking place outside of the cavity. The tight iminium cavity ion pair 
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can either be attacked by water or dissociate in the presence of alkyl ammonium ions with the 

following hydrolysis of the iminium in solution. Inhibition experiments with an excess of the 

strongly binding competitive guest proved that the reaction is accelerated inside the cavity. The 

chiral derivative XVIb was successfully utilized in this reaction delivering enantioselectivity 

of up to 78% ee depending on the size and shape of the substrate and the temperature of the 

reaction.[112] 

 

Scheme 16. a) Self-assembled capsule XVI. b) Schematic 2D-representation of cage XVI. c) Enantioselective aza-COPE 

rearrangement of 54 to 55 inside tetrahedral supramolecular host XVI. 

The PRINS-type cyclization of monoterpenes was also explored inside cage XVIa 

(Scheme 17).[115] Under acidic conditions, citronellal (56) undergoes cyclization to form 

compound 58. However, in the presence of supramolecular catalyst XVIa followed by 
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elimination, the reaction results in diastereomers 57a-d (Scheme 17a). Enantioselective 

PRINS-type cyclization was performed inside optically active capsule XVIb on the substrate 59, 

yielding alcohols 60 and 61 (8:1 ratio), reaching 61% ee for alcohol 60 (Scheme 17b).[111] 

 

Scheme 17. a) Terpene-like cyclization of citronellal catalyzed by XVIa. b) Enantioselective PRINS-cyclization of 113 inside 

optically active supramolecular cage XVIb. 

In 2016 MASTALERZ reported a chiral octameric host XVII with a volume of 2300 Å3, which 

only self-assembles from enantiopure tris(isatin) 62 in apolar solvents (Scheme 18a).[116] The 

capsule XVII, which is held together by seventy-two NH−O and CH−O bonds forming a 

“closed-shell” hydrogen bond network, can encapsulate cationic guests (e.g., 

tetraalkylammonium salts) as well as neutral molecules (e.g., pyrene). STEFANKIEWICZ 

described enantiopure nanocapsule XVIII, which assembles from eight amino 

acid-functionalized trisubstituted benzene building blocks 63 held together via forty-eight 

hydrogen bonds (Scheme 18b).[117] 

Self-sorting represents a powerful tool for the creation of chiral complex supramolecular 

structures.[118] The SZUMNA group has reported a dynamic formation of homo- or heterochiral 

hybrid peptidic resorcinarene-based capsules obtained by using the DCC approach.[119] Later 

the group utilized the DCC approach to construct intrinsically chiral cages (Scheme 18c).[120] 

The stepwise reaction of hydrazine with achiral tetraaldehyde resorcinarene-based building 

block 64 allowed the formation of chiral cage XIX, which structure was confirmed by X-ray 

crystallography. In the case of this structure, the chirality originates from the ordered 

distribution of the hydrazine moieties. The structure is additionally stabilized via a 

hydrogen-bonding network due to the presence of unprotected phenolic groups. The two 
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enantiomers of XIX were partially isolated by means of HPLC and characterized with CD 

spectroscopy. Further studies of the group afforded a nature-inspired rational design of chiral 

self-assemblies based on resorcinarenes with azapeptide moieties of different lengths.[121] 

 

Scheme 18. a) Self-assembly of octameric capsule XVII form enantiopure 62. b) Formation of chiral octamer XVIII from 

building block 63. c) Self-assembly of chiral cage XIX from resorcinarene 64. Feet (R) were omitted for clarity. 

There are other examples of supramolecular systems successfully utilized to catalyze different 

reactions, however, their application in enantioselective catalysis is rather limited.[122,123]  
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1.3. Selected Reactions Inside Resorcinarene Capsule Leading to 

Formation of Chiral Products 

At first glance, symmetry is a very common phenomenon in nature. However, on the molecular 

level, asymmetry is preferred. This fact is confirmed by amino acids and sugars, which exist in 

enantiopure forms in nature, the stereospecificity of enzyme-catalyzed reactions, and many 

other specific metabolic and regulatory biological processes. Of particular interest are chiral 

molecules for the pharmaceutical industry. Often only one enantiomer of the drug possesses the 

desired properties, while the second one either has no effect or can even cause undesired and/or 

serious side effects. The amount of enantiopure drugs introduced into the market is rising each 

year.[124] 

In nature, stereoselective reactions involve enzymes, which can selectively bind and recognize 

substrate molecules producing the desired compound in enantiopure form. This makes 

asymmetric synthesis particularly interesting and important for research and industry alike.  

Terpene natural products demonstrate a broad range of biological activities, making them 

perspective for the treatment of human diseases.[125–130] Terpene cyclization is one of the most 

complex transformations found in nature, which often leads to the formation of chiral products. 

Therefore, the possibility to conduct this reaction enantioselectively in a laboratory setting is 

especially relevant for chemists. 

Iminium catalyzed reactions represent another important class of reactions leading to chiral 

product formation. Iminium catalysis proved to be an exceptional tool that was and is used for 

numerous different chemical transformations.[131] 

Both terpene cyclization and iminium catalyzed reactions inside resorcinarene capsule XII are 

of particular interest for this work. Therefore, the following chapter will focus on these topics. 
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1.3.1. Terpene Cyclization 

The cyclization of terpenes is one of the most interesting enzyme-catalyzed reactions found in 

nature, especially because terpenes represent a highly diverse class of natural products, and 

many of them are biologically active.[127–129] Terpenes are categorized based on the number of 

carbon atoms/isoprene units: hemi- (C5), mono- (C10), sesqui- (C15), di- (C20), sester- (C25), 

triterpenes (C30), and other larger members. Despite this diversity, several acyclic terpene 

precursors stand out (Fig. 4), from which other terpenes are formed: geranyl diphosphate (65) 

(monoterpenes), farnesyl diphosphate (66) (sesquiterpenes), geranylgeranyl diphosphate (67) 

(diterpenes).[129] 

 

Figure 4. Acyclic precursors for the biosynthesis of complex terpenes. 

Terpene cyclases perform the cyclization of these precursors in nature. There are two main 

biosynthetic pathways that have been described: “head-to-tail” terpene (HTT) cyclization, 

which is triggered by electrophilic activation of a terminal prenyl moiety, and “tail-to-head” 

terpene (THT) cyclization, which starts from allylic pyrophosphate group cleavage.[132] In both 

cases, the formed carbocation is intramolecularly attacked by a double bond to form a cyclic 

molecule. The produced carbocation can further go through additional transformations until the 

final product is released from the active enzyme pocket. This “non-stop” cyclization is very 

characteristic of terpene cyclases and hard to achieve with artificial catalysts.[133] Terpene 

cyclases also demonstrate notable selectivity and can efficiently transfer chirality onto a 

prochiral substrate due to specific configurations of the enzymes’ active sites. 

Scheme 19 illustrates the complexity of the process and the diversity of the formed products in 

the cyclization reaction of geranyl diphosphate (68).[127] Tail-to-head cyclization is initiated by 

the diphosphate group cleavage, producing cationic species 68a, which undergoes 

isomerization of the double-bond configuration directly[92] or via the linalyl diphosphate (69), 

followed by a rotation of the double bond.[127] Resulting cation 68b cyclizes to α-terpinyl 

cation (70), which can further undergo transformations producing a variety of products. Thus, 

elimination gives limonene (71) and terpinolene (72), and if 1,2- or 1,3-hydride shift was 

followed by elimination, it leads to the formation of α-terpinene (73), γ-terpinene (74) or 

α-phellandrene (75). In the presence of water, α-terpineol (76) can form, which is able to further 
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cyclize to eucalyptol (77). Besides eucalyptol, other bicyclic structures such as β-pinene (78), 

camphene (79), 3-carene (80), sabinene (81), sabinene hydrate (82), and endo-fenchol (83) can 

be formed during the reaction. At the same time, some acyclic products such as geraniol (84), 

nerol (85), linalool (86), (E)-β-ocimene (87), and myrcene (88) occur if the initial isomerization 

is followed by deprotonation or by an attack of water. Additional products, which result from 

the attack of the initially cleaved diphosphate group can be found. The absolute configuration 

of the product refers to the helical conformation fold of geranyl diphosphate (65) and 

determines the configuration of the created α-terpinyl cation (70). In the case of the formation 

of several products, all of them usually possess the same absolute configuration. 

 

Scheme 19. a) Formation of the α-terpinyl cation (70) catalyzed by class I cyclases. b) Common cyclic and acyclic monoterpene 

products of the THT cyclization. 
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As one of the most diverse classes of organic compounds which possess various properties, 

including biological activity, terpenes are of great interest for synthetic chemistry. Therefore, a 

number of studies were performed in order to mimic the natural terpene cyclization process.[134] 

Most of the reported results regarding tail-to-head cyclizations of monoterpenes and 

sesquiterpenes proved to be difficult to reproduce and suffered from low yields and/or 

side-products through head-to-tail cyclizations.[92,135–139] 

The first non-stop THT polycyclization in solution was reported in 2012 by SHENVI and 

co-workers.[132] They utilized a modified sesquiterpene 89 (Scheme 20a) with a vinyl epoxide 

moiety, which gets activated by aluminum LEWIS acids, and forms the bisabolyl cation (90). 

The cationic leaving group, which is covalently linked to the LEWIS acid, facilitates the 

cyclization cascade towards polycyclic compounds 91–93. The JACOBSEN group has 

contributed to the field with the first catalytic enantioselective tail-to-head terpene cyclization 

in solution (Scheme 20b).[140] Based on the earlier published studies regarding utilization of 

thiourea derivatives for polyenes cyclization,[141] they described cyclization of the 

phenyl-substituted neryl chloride (94) in presence of catalyst 96 resulting mainly in derivatives 

of limonene 71 and terpinyl chloride (95) with high yields and enantioselectivity up to 93% ee. 

The presence of bulky aryl substituent on the substrate proved to be essential for steric and 

electronic reasons and for the stabilization of the positively charged intermediate by cation− 

interactions between substrate and catalyst. The authors also presented a mechanism requiring 

two catalyst molecules, which explains why geranyl chloride derivatives due to unfavorable 

E-configuration of the double bond display weak reactivity and enantioselectivity in 

comparison to neryl chloride derivatives. 
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Scheme 20. a) Aluminum LEWIS acids activated tail-to-head cyclization of sesquiterpene 89. b) Enantioselective tail-to-head 

cyclization of neryl chloride (94) and its derivatives with aryl substituents catalyzed by urea-based catalyst 96 reported by 

JACOBSEN. 

The first example of successful THT cyclization inside a supramolecular capsule was published 

in 2015 by the TIEFENBACHER group reporting the utilization of resorcinarene hexamer XII as 

terpene cyclase mimetic.[92,93] THT cyclizations are difficult to control in solution due to 

potential side reactions of the cationic intermediates, which often leads to the formation of 

complex mixtures with traces of cyclic monoterpenes. However, supramolecular capsule XII 

was proved to activate commercially available monoterpenes such as nerol (85) or geranyl 

acetate (97) to promote their cyclization under mild conditions. Cyclization of nerol (85) with 

10 mol% of XII and 3 mol% of HCl at 30 °C yields eucalyptol (77) as a major product and 

other monoterpenes (Scheme 21a). Such a direct cyclization to eucalyptol (77) utilizing 

artificial catalyst had not been described before. The reaction starts from the cleavage of leaving 

group, leading to the formation of -terpineol (76) via -terpinyl cation (70) followed by 

hydroalkoxylation (Scheme 21c). To prevent the quenching of the intermediate 70, an acetate 

group was installed as a less nucleophilic leaving group, which led to the selective formation 

of -terpinene (73) (up to 40% yield) from geranyl acetate (97) without the formation of other 

intermediates (Scheme 21b). The absence of other intermediates also observed for the 

cyclization of geraniol (84) speaks for the non-stop reaction mechanism, which is likely 

happening via the formation of the cation 98 due to the 1,2-hydride shift from intermediate 70. 

This non-stop mechanism is facilitated by capsule XII, which stabilizes intermediary cations 

through cation-π interactions and protects them from the outside nucleophiles (e.g., water). 
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However, some alkylation products of the hexamer were identified in case of reactions with 

geranyl acetate (76) as a substrate. Geranyl acetate (97) cyclization indicates the importance of 

a direct isomerization from the transoid cation 68a to the cisoid cation 68b (not via the linalyl 

derivatives 99a–b), which had been previously considered as unlikely in the biosynthesis of 

terpenes. 

 

Scheme 21. a) Nerol (85) cyclization to eucalyptol (77) as the major product. b) Geranyl acetate (97) cyclization to -terpinene 

(73) as the major product. c) Substrate-dependent reaction pathways of the THT cyclization catalyzed by capsule XII. 

Kinetic studies allowed to hypothesize a mechanism (Scheme 22) and identify the key steps for 

THT cyclizations inside cavity XII: 1) substrate encapsulation; 2) protonation of the 

encapsulated substrate; 3) leaving group cleavage (rate-determining step) and stabilization of 

the formed ion pair inside the capsule. 
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Scheme 22. Proposed mechanism of the acid-catalyzed cyclization of geranyl acetate (97) within the resorcinarene capsule XII. 

Capsule XII has also been utilized for the cyclization of larger substrates. For example, 

isolongifolenone (100) can be successfully obtained from dihydro-β-ionone (101), which is in 

three steps converted into cyclization substrate cyclofarnesylacetate (102) (Scheme 23a).[142] 

The cyclization of 102 takes place inside capsule XII to give isolongifolene (103), which can 

be further oxidized to isolate isolongifolenone (100) with a 13% yield over five steps. Another 

report from the TIEFENBACHER group describes the total synthesis of δ-selinene (104) from 

nerol (85) with the capsule-catalyzed key cyclization step with substrate 106 (Scheme 23b).[143] 

The selectivity towards the formation of δ-selinene (104) is higher than in the reaction catalyzed 

by the corresponding natural cyclase. Extensive kinetic investigations proved that substrate 

encapsulation is a rate-determining step for sesquiterpene cyclizations in contrast to 

monoterpenes, where the reaction rate is controlled by the cleavage of the leaving group. 

Another application of hexamer XII which was recently found by TIEFENBACHER and 
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co-workers is the four-step synthesis of (−)-presilphiperfolan-1-ol (107) from caryophyllene 

oxide (108) via the cyclization precursor 109 (Scheme 23c).[144] This approach also allows the 

synthesis of some artificial analogs, highlighting the advantages of supramolecular catalysis for 

the synthesis of natural products and their unnatural derivatives. 

 

Scheme 23. a) Total synthesis of isolongifolenone (100) with a key step using capsule XII. b) Total synthesis of δ-selinene 

from nerol (85) utilizing XII for the final cyclization step. c) Four-step total synthesis of (–)-presilphiperfolan-1-ol (107) 

starting from caryophyllene oxide (108) with the final cyclization step taking place inside supramolecular capsule XII. 

A recent study by the TIEFENBACHER group allowed to establish the key requirements for 

terpene cyclization reactions inside supramolecular hosts.[145] The authors synthesized new 

resorcinarene derivatives 110–113, which proved to assemble forming hexameric capsules. 

New assemblies based on these macrocycles were tested together with already known 

assemblies from 9b and 10b (Fig. 5) regarding their catalytic activity in THT cyclizations, 

ability to encapsulate terpene substrates and ion pairs, their response to acid addition, and the 

amount of water incorporated into hydrogen bond network. 
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Figure 5. Resorcinarene-based macrocycles used by the TIEFENBACHER group to establish the requirements for terpene 

cyclization reactions inside supramolecular resorcinarene-based hosts. 

The experimental results pointed out a correlation between the catalytic activity of the capsule 

and water as a part of the assembly, which was further confirmed by molecular dynamics 

simulations indicating the particular role of water in the protonation of the encapsulated 

substrate. The authors state that the incorporated water molecules act as a shuttle, which 

transfers the proton from the HCl co-catalyst to the encapsulated substrate initiating the 

cyclization process. These results are of particular importance for the further design of 

supramolecular catalysts, as they finally define the requirements for the catalytic activity of 

supramolecular structures for terpene cyclization reactions.  
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1.3.2. Iminium Catalysis 

First publications on asymmetrical organocatalytic reactions by LIST
[146] and MACMILLAN

[147] 

drew the chemists’ attention and led to the so-called gold rush of organocatalysis.[148,149] The 

number of publications related to organocatalysts has significantly increased over the past 

years, underlining the importance of organocatalysis for scientific society. In 2021 LIST and 

MACMILLAN were awarded a Noble Prize for their invaluable contribution to the development 

of asymmetric organocatalysis. Organocatalysis has several advantages: 1) it offers alternative 

ways of making (chiral) molecules that do not rely on transition metals or enzymes; 2) it is 

considered as less sensitive towards air and moisture; 3) catalysts are relatively cheap, readily 

available, and have low toxicity. All these properties make organocatalysis especially beneficial 

for the pharmaceutical industry. 

Iminium catalysis, in which iminium ions act as reactive intermediates in the catalytic cycle 

(Scheme 24), represents an important organocatalytic reaction and is particularly relevant for 

this work.[131] The catalytic cycle starts from an acid-induced condensation of α,β-unsaturated 

carbonyl compound 115 with chiral amine catalyst 114, forming the iminium cation 116. 

Nucleophile attacks the β-position of highly electrophilic iminium ion to form enamine 

compound 117. Protonation of 117 and hydrolysis of 118 lead to the release of product 119. 

Regenerated catalyst 114 can further participate in a new catalytic cycle. 

 

Scheme 24. General catalytic cycle of iminium catalysis in the presence of chiral aminocatalyst 114. 
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Iminium catalysis has proved to be a useful tool for enantioselective functionalization of the 

β-position of aldehydes and ketones.[150–154] However, this chapter will focus on 

iminium-catalyzed reactions inside the supramolecular capsule XII, which is the main subject 

of the group’s studies. 

The first example of iminium catalysis inside supramolecular capsule XII was reported by 

TIEFENBACHER and co-workers.[155,156] The L-proline-catalyzed 1,4-reduction of 

α,β-unsaturated aldehydes 120 occurred with surprisingly high enantioselectivity in the 

presence of capsule XII (26 mol%) in comparison to a bulk solution (Scheme 25a). The 

observed modulation effect is attributed to the stereoselective binding of the encapsulated 

iminium intermediate to the capsule (Scheme 25b). The authors hypothesized that the less 

hindered side of the iminium ion experiences π-interactions with the capsule wall (Scheme 25c). 

Subsequent selective attack by HANTZSCH ester (121) delivers aldehyde 122, favoring the 

(S)-enantiomer. Reactions with other proline derivatives 123b–c (Scheme 25d) delivered 

enantioselectivity comparable to 123a except for catalyst 123b, which contains sterically 

shielding moiety. Further NMR studies proved that reaction indeed takes place inside XII. 

 

Scheme 25. a) Enantioselective iminium catalysis within hexamer XII. b) Encapsulated reactive iminium species within 

structure XII. c) Chiral induction, which is caused by the shielding of the bottom face by the capsule walls. d) Chiral 

aminocatalysts utilized for the study of iminium-catalyzed reduction inside capsule XII. 
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The expanded substrate scope (aldehydes 120a–j, Fig. 6) confirmed the efficiency of this 

approach, delivering corresponding products with Δee up to 92% when comparing reactions 

with and without capsule XII. 

 

Figure 6. Substrate scope and Δee values for iminium-catalyzed 1,4-reduction inside supramolecular host XII reported by the 

TIEFENBACHER group. 

Another remarkable example of an iminium-catalyzed reaction inside XII was reported by NERI 

and co-workers.[157] The authors showed that hexameric capsule XII is able to catalyze the 

1,3-dipolar cycloaddition between nitrones 124 and unsaturated aldehydes (e.g., 

crotonaldehyde (125)) with a moderate to good control over the regio-, diastereo- and 

enantioselectivity of the reaction (Scheme 26a). Utilizing the same reaction conditions as the 

TIEFENBACHER group demonstrated for 1,4-reduction, NERI and co-workers achieved the best 

enantioselectivity (95% ee) for product 126a (endo-isomer). The hypothesized mechanism 

involves stabilization of iminium intermediate by cation–π interactions with electron-rich 

aromatic cavity XII followed by reaction with nitrone inside the capsule, followed by the 

subsequent release of the products (Scheme 26b). The formation of iminium-intermediate 

inside capsule XII was also confirmed by in silico studies. The generality of the approach 

concerning the structure of nitrones 124 in terms of efficiency and selectivity was confirmed 

by the expansion of the substrate scope (Scheme 26a). In all cases, the reaction did not occur in 

the absence of capsule XII indicating the importance of supramolecular catalyst for the reaction 

to take place. 
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Scheme 26. a) Iminium-catalyzed 1,3-dipolar cycloaddition reaction inside supramolecular host XII reported by NERI. b) 

Proposed mechanism for 1,3-dipolar cycloaddition between nitrones and unsaturated aldehydes inside capsule XII.
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2. OBJECTIVES OF THIS THESIS 

Hexameric capsule XII has proved to serve as an efficient enzyme mimetic and catalyze a 

variety of chemical transformations. Successful tail-to-head terpene cyclization was also 

achieved by using XII as a catalyst. However, this reaction inside XII has never been done in 

an enantioselective fashion. Therefore, this work aims to develop a capsule XII-based 

supramolecular catalyst for enantioselective terpene cyclization. 

The resorcin[4]arene building block 9 has to be modified in order to obtain chiral catalysts for 

achieving enantioselective transformations. This can be done via monofunctionalization to 

modify the upper rim of the resorcinarene (Scheme 27a) or to use optically active aldehydes for 

condensation with resorcinol to introduce chirality on the feet (Scheme 27b). In this work, we 

propose a synthesis of such derivatives and test their behavior in tail-to-head terpene cyclization 

reactions. 

 

Scheme 27. a) Upper-rim monomodified resorcinarene with alkyl moieties. b) Resorcinarenes with chiral feet. 

Iminium-catalyzed 1,4-reduction of α,β-unsaturated aldehydes enantioselectively occurs inside 

capsule XII due to the chiral co-catalyst L-proline, as it was shown by previous studies in our 

group. Later, we also demonstrated that the presence of HCl as a co-catalyst plays a crucial role 
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in various reactions catalyzed by capsule XII. However, the effect of HCl additive on iminium 

catalysis inside XII was never investigated. Therefore, another objective of this work is to 

explore the influence of HCl as a co-catalyst on the iminium-catalyzed reduction of 

α,β-unsaturated aldehydes inside capsule XII. In parallel, we also aim to optimize the 

conditions and examine other additives, which could increase the enantioselectivity of this 

transformation.
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3. RESULTS AND DISCUSSION 

3.1. Publication Summary 

Optimized iminium-catalyzed 1,4-reductions inside the resorcinarene capsule: achieving >90% 

ee with proline as catalyst[158] 

Previous reports by our group describe iminium-catalyzed enantioselective 1,4-reduction of 

α,β-unsaturated aldehydes inside capsule XII (Fig. 7). Later studies demonstrated the 

importance of HCl as a co-catalyst for a selection of capsule XII-catalyzed reactions, however, 

its influence on iminium catalysis inside XII was never explored before. Therefore, we aimed 

to (1) investigate the HCl role in iminium-catalysis inside capsule XII; (2) reduce the previously 

utilized 26 mol% of capsule catalyst, which was originally chosen to ensure complete 

encapsulation of 20 mol% L-proline (123a) and the formed iminium species; (3) optimize the 

reaction conditions in order to improve enantioselectivity. 

 

Figure 7. General scheme of iminium catalyzed 1,4-reduction inside capsule XII. Reproduced from Ref. [158] with permission 

from the Royal Society of Chemistry. 

The first step of the study involved screening of different capsule XII loadings (8–26 mol%) to 

find the optimal amount of the catalyst. The peak selectivity (80% ee) was observed when 

utilizing 12 mol% of XII, while lower and higher capsule loadings led to a decreased 

enantioselectivity (Fig. 8a). This effect can be explained as follows: (1) at low capsule loading 

(8 – 10 mol%), the iminium reaction outside of the capsule decreases the ee; (2) at higher 

capsule loadings (14 – 26 mol%), the background reaction caused by the activation of the 

substrate by capsule itself leads to the formation of the racemic product. Since the previous 

study already established HANTZSCH ester (121) as the most optimal hydride source and 

L-proline (123a) as the most suitable chiral catalyst, in this work, only different 

aminocatalyst 100a loadings were examined, indicating the optimum at 20 mol% of 123a. 

Investigation of the HCl influence was our next step. Its effect was studied with previously 

reported capsule XII loading of 26 mol% and the optimized 12 mol%. As shown in Fig. 8b, 

HCl does not provide better enantioselectivity of the reaction, which even drops with higher 
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acid loadings (>5 mol%). Thus, we could conclude that HCl is not required for the 

iminium-catalyzed 1,4-reduction inside capsule XII. 
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Figure 8. a) Optimization of the capsule XII loading (8–26 mol%) under the standard reaction conditions using aldehyde 120a: 

1 eq. 120a, c(120a) = 0.15 M in chloroform, 1.5 eq. 121, 0.2 eq. 123a. The optimal amount of XII (12 mol%) is highlighted. 

b) Influence of the HCl content on the standard reaction utilizing either 12 or 26 mol% of capsule XII. Enantiomeric excesses 

were determined with chiral GC measurements. The values reported refer to measurements after 72 h of reaction time. 

Reproduced from Ref. [158] with permission from the Royal Society of Chemistry. 

After establishing the optimal loadings of the capsule (12 mol%), L-proline (20 mol%), and 

HCl (none), we investigated other additives, which could influence the enantioselectivity of the 

reaction. Particularly interesting were alcohols as their interaction with resorcinarene-based 

capsules are well known and described in the literature. After performing the initial screening, 

which indicated 9 eq. of alcohol as an optimal amount of additive, several alcohols were 

tested (Table 1). As shown in Table 1, all the alcohol additives led to an increase of ee, with 

i-PrOH performing slightly better than other alcohols regarding yield and enantioselectivity. 

Table 1. Optimization of the alcohol additive under the standard reaction conditions: 1 eq. 120a, c(120a) = 0.15 M in 

chloroform, 12 mol% of XII, 1.5 eq. 121, 0.2 eq. 123a. Conversions, yields, and enantiomeric excesses were determined with 

achiral and chiral GC measurements. The values reported refer to measurements after 72 h of reaction time. Reactions were 

performed in triplicate, and standard deviations were determined. Reproduced from Ref. [158] with permission from the Royal 

Society of Chemistry. 

Entry Alcohol Conversion (%) Yield (%) ee (%) 

1 – 93 ± 1 89 ± 1 77 ± 1 (S) 

2 MeOH 93 ± 1 89 ± 1 80 ± 2 (S) 

3 EtOH 94 ± 2 89 ± 3 80 ± 2 (S) 

4 n-PrOH 94 ± 2 90 ± 1 80 ± 2 (S) 

5 i-PrOH 94 ± 2 91 ± 1 83 ± 2 (S) 

6 n-BuOH 94 ± 2 89 ± 2 80 ± 2 (S) 
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The observed effect of i-PrOH additive in reactions with aldehyde 120a was further explored 

on other substrates 120b–e (Table 2). All the tested substrates were converted to the desired 

products with higher enantioselectivity in the presence of the i-PrOH additive. For two 

substrates (120b and 120c), an unprecedented, at least for proline, enantioselectivity >90% ee 

was achieved. It is only possible in combination of proline with capsule XII and i-PrOH. 

Table 2. Results of reactions with different substrates under optimized conditions: 1 eq. 120, c(120) = 0.15 M in chloroform, 

12 mol% XII, 1.5 eq. 121, 0.2 eq. 123a, 9 eq. i-PrOH, (bright-green). Comparison to reactions in the presence of 12 mol% of 

capsule XII, but the absence of i-PrOH (dark-green); reactions in the absence of capsule XII, and the presence of 9 eq. of 

i-PrOH (dark-grey); reactions in the absence of both capsule XII and i-PrOH (light-grey). Conversions, yields, and 

enantiomeric excesses were determined by GC measurements. The values reported refer to measurements after 72 h of reaction 

time. Reactions were performed in triplicate, and standard deviations were determined. Reproduced from Ref. [158] with 

permission from the Royal Society of Chemistry. 

Entry Aldehyde Capsule XII i-PrOH Yield (%) ee (%) 

1 
 

yes yes 91 ± 1 83 ± 2 (S) 

yes no 89 ± 1 77 ± 1 (S) 

no yes 45 ± 7 1 ± 2 (S) 

no no 50 ± 13 3 ± 2 (S) 

2  yes yes 89 ± 7 92 ± 0 (S) 

yes no 76 ± 4 83 ± 1 (S) 

no yes 5 ± 0 5 ± 2 (S) 

no no 5 ± 0 6 ± 1 (S) 

3  yes yes 97 ± 0 92 ± 0 (S) 

yes no 95 ± 2 88 ± 0 (S) 

no yes 16 ± 2 6 ± 0 (S) 

no no 15 ± 0 3 ± 1 (S) 

4  yes yes 67 ± 2 57 ± 0 (S) 

yes no 65 ± 1 55 ± 1 (S) 

no yes 16 ± 1 3 ± 5 (S) 

no no 18 ± 2 3 ± 1 (S) 

5  yes yes 72 ± 1 58 ± 1 (S) 

yes no 66 ± 9 55 ± 1 (S) 

no yes 60 ± 0 30 ± 1 (S) 

no no 61 ± 2 35 ± 0 (S) 
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Next, we explored the influence of the alcohol additive on proline-proline interactions inside 

the capsule by performing a non-linear effect (NLE) study. For this case, we chose 

substrate 120e, which shows the highest ee values in the reaction in the absence of capsule XII 

as can be seen in Table 2. In all the cases, the obtained linear graphs (Fig. 9) indicate no 

influence of i-PrOH on proline-proline interactions; therefore, it cannot be considered as a 

source of the increased enantioselectivity. 

 
Figure 9. Non-linear effects study of iminium catalyzed 1,4-reduction under optimized conditions using aldehyde 120e: 

1 eq. 120e, c(120e) = 0.15 M in chloroform, 1.5 eq. 121, 0.2 eq. of proline (mixtures of L- and D-proline of different ratios). 

Different reaction conditions (absence/presence of XII and/or i-PrOH) were explored. Enantiomeric excesses were determined 

by chiral GC measurements. Reproduced from Ref. [158] with permission from the Royal Society of Chemistry. 

Afterward, to elucidate the i-PrOH role, we investigated the initial rates and initial ees of the 

reaction. Four reactions (presence/absence of capsule XII; presence/absence of alcohol 

additive) with substrate 120b, which shows the fastest kinetics, were studied in parallel. 

Although reactions without capsule reach only 40-50% conversion, they are faster than 

reactions in the presence of capsule (Fig. 10a). Iminium catalysis inside capsule XII 

demonstrates slower kinetics since both the HANTZSCH ester and the iminium species need to 

be co-encapsulated for conversion. At the same time, we observed an increased reaction rate 

for the capsule-mediated reaction in the presence of alcohol, while in the absence of 

capsule XII, the alcohol additive suppressed the reaction rate. A different trend was observed 

when following the initial enantioselectivity of the reaction (Fig. 10b). While the influence of 

alcohol additive was negligible for the reactions without capsule, the capsule-mediated reaction 

benefited from the additive (92% ee vs. 84% ee). 

We interpreted the results the following way: the increased enantioselectivity of 

capsule-mediated reaction with alcohol additive is likely a consequence of two effects: 1) the 

reduced background reaction of the free iminium species (grey lines in Fig. 10a) that leads to 

low ee values; 2) the increased reaction rate in the capsule (green lines in Fig. 10a). The 
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acceleration of the reaction in the presence of both alcohol and capsule (light-green line in 

Fig. 10a) likely stems from faster exchange kinetics of the reagents in/out of the capsule, as it 

is known that polar additives destabilize the hydrogen-bonding network. These results indicate 

that the proline-catalyzed reaction inside capsule XII is highly enantioselective and is only 

reduced to some extent by the racemic background reaction outside of the capsule.§ 
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Figure 10. Influence of i-PrOH on the initial rates and enantiomeric excesses of the reaction under optimized conditions using 

aldehyde 120b: 1 eq. 120b, c(120b) = 0.15 M in chloroform, 1.5 eq. 121, 0.2 eq. 123a. Conversions and ees were determined 

with achiral and chiral GC measurements, respectively. (a) Conversions of reactions in the presence/absence of capsule XII 

(12 mol% if present); the presence/absence of alcohol additive (9 eq. if present). (b) Enantiomeric excesses of reactions in the 

presence/absence of capsule XII (12 mol% if present); the presence/absence of alcohol additive (9 eq. if present). Reproduced 

from Ref. [158] with permission from the Royal Society of Chemistry. 

In summary, we presented the optimized reaction conditions for the iminium-catalyzed 

1,4-reduction of α,β-unsaturated aldehydes inside the supramolecular capsule XII. The capsule 

loading was successfully reduced from 26 to 12 mol%. We also established that HCl is not 

required as a co-catalyst. Furthermore, we found that alcohol additives have a beneficial role 

regarding the enantioselectivity of the reaction. For two substrates, products with 

unprecedented enantioselectivity of 92% ee were formed. The increased interactions inside the 

confined space of capsule XII lead to a dramatic increase in enantioselectivity, while proline 

itself performs poorly in solution. According to our initial hypothesis, the observed 

enantioselectivity stems from a selective shielding of one side of the iminium species by the 

inner wall of capsule XII. This study demonstrates that this enantioselectivity can be further 

increased by alcohol additives that not only decrease the background reaction but also 

accelerate the capsule-catalyzed process. We are convinced that these results not only 

strengthen our understanding of confinement catalysis but will also be transferable to other 

reaction classes.  
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3.2. Submitted Publication 

The following section contains the submitted publication together with the supporting 

information, which is currently under review. Figures, numbering of compounds, and literature 

references correspond to those presented in the submitted manuscript. 

Chiral hexameric resorcin[4]arene capsule derivatives enable enantioselective 

tail-to-head terpene cyclizations 

Abstract: Molecular capsules enable the conversion of substrates inside a closed cavity, 

mimicking to some extent enzymatic catalysis. Chirality transfer from the molecular capsule 

onto the encapsulated substrate has been only studied in a few cases. Here we demonstrate that 

chirality transfer is possible inside a rather large molecular container of approximately 1400 Å3. 

Specifically, we present (1) the first examples of optically active hexameric resorcin[4]arene 

capsules, (2) their ability to enantioselectively catalyze tail-to-head terpene cyclizations, and 

(3) the surprisingly high sensitivity of enantioselectivity on the structural modifications. 

Self-assembled molecular capsules enable the temporary isolation of guest molecules from the 

bulk solvent inside a closed cavity space.[1] Such host-guest interactions have facilitated the 

acceleration of reactions, and if product inhibition is overcome, also catalytic turnover.[2] In a 

few cases, chirality transfer from the capsule onto the substrate even enabled enantioselective 

conversions.[2e, 3] Of particular interest for catalysis are capsules with a large inner cavity as 

they enable a wider reaction and substrate scope. However, as the cavity size increases, the 

substrate-host interactions naturally decrease as contacts from multiple sides become less 

likely. This raises the question of whether a chirality transfer from the capsule onto the substrate 

is still possible with large capsular host systems. Here we answer this question and report that 

enantioselective tail-to-head terpene cyclizations are indeed possible inside the large 1400 Å3 

volume of a molecular capsule. 

The resorcin[4]arene capsule, first reported by the Atwood group,[4] is one of the best-studied 

examples in the field as it is readily available, and offers an unusually large cavity volume of 

approximately 1400 Å3.[4-5] A crystal structure revealed the ability of resorcin[4]arene 1 

(Fig. 1a) to self-assemble via sixty hydrogen bonds to a hexameric molecular capsule that also 

incorporates eight water molecules on its surface (Fig. 1b). Each of the six resorcin[4]arene 

units formally lies at a face of a cube, while the water molecules occupy the vertices. However, 

the symmetry is broken as the building blocks are slightly tilted (see for instance the highlighted 

blue resorcin[4]arene in Fig. 1b), producing a D2-symmetry and making the assembly chiral. 
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As building block 1 is achiral, a racemic capsule mixture is formed. Moreover, the two capsule 

enantiomers should rapidly interconvert (racemize) as only a slight rotation of each building 

block is required.[6] Although enantioenriched resorcin[4]arene derivatives have been 

described,[7] to our knowledge, there are no reports of such derivatives forming enantioenriched 

self-assembled capsules. This is most likely due to the steric bulk installed at the 

resorcin[4]arene rim in most literature examples that prevents self-assembly. Our group 

reported that the encapsulation of chiral, optically active amines induces some handedness onto 

the capsular system.[8] However, the uptake and protonation of the chiral amine prevent 

reactions from taking place inside the cavity. Hence, there are no reports about enantioselective 

catalysis inside the resorcin[4]arene container that involve a chirality transfer from the capsule 

onto the product. The few examples reported for enantioselective catalysis inside I, utilize a 

chiral co-catalyst (L-proline) that covalently transfers its chirality onto the product via iminium 

intermediates.[9] While there are no reports of enantioenriched capsule I derivatives, other 

enantioenriched molecular capsules that are catalytically active are known.[2e] The tetrahedral 

gallium-phenolate capsule, developed by the Raymond group,[10] was utilized for 

enantioselective aza-Cope[11] and Prins[12] cyclizations. A reasonable transfer of chirality (with 

ees in the 60s) was achieved inside the relatively small capsular host that features a volume of 

up to approximately 400 Å3.[3] 

 

Figure 1. Self-assembly of resorcinarene 1 (a) into the chiral but racemic hexameric 

capsule I (b). 

At the outset of this project, we envisioned two alternative strategies to turn the achiral 

resorcin[4]arene moiety 1 into a chiral derivative still able to assemble to a hexameric capsule. 

First, the installation of chiral residues at the R-“feet” of 1 was explored (Fig. 2a). Interestingly, 

chiral feet derivatives of 1 have been reported by the groups of Mattay and Rebek,[7i, 13] 
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however, their self-assembling properties to hexameric capsules remained unexplored. 

Derivatives 2a-b were prepared according to the literature procedure from the respective chiral 

aldehydes ((S)-citronellal or vitamin D2) and resorcinol.[13] In addition, we prepared a third 

derivative, 2c, via a similar strategy in three steps starting from (S)-3-phenyl butyric acid (see 

SI chapter 2). The second strategy involved breaking the symmetry of 1 via mono-phenol 

alkylation to produce derivatives 3a-c (Fig. 2b). A monobenzylation of 1 has been reported by 

Konishi,[14] however, neither chiral resolution nor its self-assembling properties have been 

studied. While the monoalkylation strategy produced the desired chiral derivatives 3a-c directly 

in one step from 1, the separation of the enantiomers proved difficult. After extensive screening, 

separation via preparative HPLC using the Chiralpak IB N-5 column was successful. One 

enantiomer of each derivative (3a-c) was obtained in pure form and fully characterized (see SI 

chapter 2). 

 

Figure 2. Chiral derivatives of resorcin[4]arene investigated. They either carry the chiral 

information at the feet (a), or at the rim of the macrocycle (b). 

With six chiral, optically active resorcinarene derivatives in hand, their ability to self-assemble 

to hexametric capsules was explored. Diffusion ordered spectroscopy (DOSY) NMR has been 

established as a reliable tool to interrogate assembly sizes in solution as demonstrated 

conclusively by the Cohen group.[15] Accordingly, all derivatives (2a-c, 3a-c) were studied 

under conditions typically utilized for catalysis inside capsule I (20 mM, CDCl3, 30 °C). The 
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translational diffusion coefficients (D) obtained in these experiments are summarized in 

Table 1. The values obtained (0.23-0.27 x10-9 m2s-1, entries 2-7) are in good agreement with 

the hexameric parent capsule I (0.23 x10-9 m2s-1, entry 1). Smaller assemblies would have 

substantially larger diffusion coefficients.[16] Accordingly, we concluded that all derivatives 

likely self-assemble to hexameric capsules in chloroform solution. This result is not surprising 

for derivatives 2a-c, as they feature the same hydrogen bonding motifs as the parent compound 

1. However, the results for 3a-c are not obvious, as one hydrogen bond donor on each 

resorcin[4]arene is blocked and the formed alkyl ether moiety presents a steric disturbance to 

the elaborate hydrogen bond network of capsule I. However, we recently demonstrated in 

another context that the self-assembly process of I tolerates some covalent modifications close 

to the hydrogen bonding motifs.[17] Further evidence for the formation of hexameric capsules 

was obtained by the subsequent cyclization studies. 

Table 1. Comparison of the diffusion coefficients of the assemblies formed from 

macrocycles 1 – 3c (20 mM in CDCl3). 

Entry Compound D [×10-9 m2/s] 

1 1 0.23 

2 2a 0.26 

3 2b 0.23 

4 2c 0.27 

5 3a 0.25 

6 3b 0.25 

7 3c 0.26 

Our group has demonstrated that tail-to-head monoterpene cyclizations performed inside 

capsule I display distinct product selectivities that differ from regular bulk solution 

reactivity.[18] For the study of enantioselective catalysis, the cyclization of nerol is best suited 

as it produces a chiral main product, α-terpineol (Figure 3). Besides the achiral products 

eucalyptol, α-terpinene, terpinolene, and γ-terpinene also chiral limonene is formed. 
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Figure 3. The capsule I-catalyzed cyclization of nerol produces two chiral products, α-terpineol 

and limonene, and was chosen to explore the potential for enantioselective catalysis inside the 

capsules formed from derivatives 2a-c and 3a-c. 

Hence, nerol cyclization studies were performed with the chiral, optically active 

resorcin[4]arene derivatives 2a-c and 3a-c under the standard reaction conditions established 

for capsule I: 10 mol% capsule, 3 mol% HCl, 20 mM in CDCl3, 30 °C. The reactions were 

monitored by achiral GC with a focus on the two chiral products of the cyclization, α-terpineol 

and limonene. The enantiomeric ratio of the products was determined by chiral GC 

measurement, utilizing commercially available samples of racemic and enantioenriched 

α-terpineol and limonene as reference compounds. The results of these studies are summarized 

in Table 2 and provide strong evidence for the self-assembly of hexameric capsules for all 

derivatives 2a-c and 3a-c. In all cases, significant amounts of α-terpineol are produced, in 

analogy to the parent system I, indicating that the conversion takes place inside a capsular host 

closely related to the parent hexameric host. The results concerning the optical activity of the 

products formed clearly demonstrate that the chiral feet derivatives 2a-c are not suitable for 

transferring chirality onto the cyclization products. In all three cases (entries 1-3), no significant 

enantioselectivities were observed. Interestingly, the rim-functionalized derivatives 3a-c 

displayed a different behavior. Ethyl derivative 3a produced α-terpineol with some 

enantioselectivity (17 ± 1% ee, entry 4), favoring the (S)-enantiomer. The other chiral product, 

limonene, however, was produced in racemic form. Most interestingly, the monopropyl 

derivative 3b performed best in catalysis, producing (S)-(–)-limonene and (S)-(–)-α-terpineol 

in 62% and 48% ee, respectively after 24h of reaction time. The enantioselectivity was also 

monitored during the reaction, and no significant changes in ee were observed (Fig. S12). This 

level of enantioselectivity is noteworthy, as it is comparable to that achieved for other reactions 

by the significantly smaller (approximately 400 Å3) state-of-the-art capsule system.[11-12] 

Moreover, the Jacobsen group demonstrated how challenging the enantioselective catalysis of 

tail-to-head terpene cyclizations is.[19] State-of-the-art chiral urea catalysts enabled only modest 

levels of enantioselectivity of up to 34% ee for limonene. Non-natural modifications, like the 
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installation of an aryl group, on the nerol substrate were required to improve substrate catalyst 

recognition, highlighting the potential of enantioselective capsule catalysis for non-modified 

terpene substrates presented herein. To our knowledge, only chiral leaving groups were 

successful in performing such cyclizations on unmodified terpenes previous to this report.[20] 

Intriguingly, the slightly larger butyl derivative 3c produced only racemic material (entry 6). 

To support this surprising finding by excluding potential signal overlap in the chiral GC, the 

other enantiomer of the best performing catalyst building block 3b was isolated. When 

submitted to the standard reaction conditions, it indeed delivered the same high levels of 

enantioselectivity for the two main products, limonene and α-terpineol, however, as expected, 

favoring the other product enantiomer (entry 7). 

Table 2. Results of the nerol cyclization reaction inside capsules based on resorcinarenes 2a – 

3c. Reaction conditions: 10 mol% capsule, 3 mol% HCl, 20 mM in CDCl3, 30 °C, 24h. Yields 

and enantiomeric excesses were determined by GC measurements. Reactions were performed 

in triplicate and standard deviations were determined. 

Entry Capsule α-terpineol limonene 

  Yield, % ee, % Yield, % ee, % 

1 2a 13 ± 3 < 5% 5 ± 1 < 5% 

2 2b 34 ± 1 6 ± 0 (S) 10 ± 1 6 ± 2 (S) 

3 2c 34 ± 3[a] < 5%[a] 9 ± 1[a] < 5%[a] 

4 (–)-3a 16 ± 4[b] 17 ± 1 (S) 8 ± 2[b] < 5% 

5 (–)-3b 47± 6 48 ± 1 (S) 30± 3 62 ± 1 (S) 

6 (–)-3c 20 ± 1[b] 5 ± 1 (S) 10 ± 1[b] < 5% 

7 (+)-3b 41 ± 1 46 ± 1 (R) 26 ± 1 62 ± 1 (R) 

[a] The values are given after 10h of the reaction time. [b] The values are given after 8h of the 

reaction time. 

The high sensitivity of product enantioselectivity on the structural modifications of the capsule 

building blocks was surprising to us. While the ethyl- and butyl-derivatives 3a and 3c failed to 

significantly transfer optical activity onto the products, the propyl-derivative 3b did so rather 
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efficiently, especially when compared to the state-of-the-art results obtained in much smaller 

capsules. The relatively efficient transfer of chirality in such a large capsule was certainly not 

obvious a priori and might be related to the activation of the substrate close to the capsule 

surface.[21]  

In conclusion, we presented the synthesis of four novel enantioenriched resorcin[4]arene 

building blocks, and demonstrated that these derivatives are able to self-assemble to hexameric 

capsules. To our knowledge, these are the first reports on enantioenriched hexameric 

resorcin[4]arene capsules. All capsules formed showed catalytic activity in the tail-to-head 

terpene cyclization of nerol. The derivatives that feature the chiral information outside of the 

capsule’s surface failed to induce enantioselective terpene cyclizations. Apparently, the 

distance between the chiral information and the encapsulated substrate that is additionally 

shielded by the capsule walls prevents a transfer of chirality. However, two of the 

monoalkylated derivatives that carry the chiral information at the surface of the capsule, 

induced significant enantiomeric excesses of up to 62% ee. The enantioselectivities obtained 

are comparable to state-of-the-art results in smaller capsules for other reactions. As the 

resorcinarene hexamer capsule is quite large, which prevents efficient contact between multiple 

capsule walls and the substrate, such enantioselectivities were not expected a priori. The results 

obtained certainly augur well for performing enantioselective catalysis inside large molecular 

capsules. Future research will deal with optimizing chirality transfer and expanding the reaction 

scope. 
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1. General Information 

Experimental: All reactions were carried out using standard SCHLENK techniques with Argon 

(Ar 4.6) as the inert gas. Unless indicated otherwise, glass equipment was dried under a high 

vacuum (10−2 mbar) at 500-600 °C using a heat gun. Reactions at low temperatures were 

performed using cooling baths (−78 °C using dry ice/iPrOH, 0 °C using ice/water). Transfer of 

liquids with a volume ranging from 1 to 10 μL or from 10 to 100 μL was performed with a 

microman M1 pipette (Gilson, systematic error: 1.40% − 1.60%) equipped with 10 μL or 

100 μL pipette tips, respectively. 

Sources of Chemicals: Reagents (ACROS, ALFA AESAR, FLUOROCHEM, SIGMA-ALDRICH, 

VWR) were used as received without prior purification. 

Solvents: Anhydrous solvents were purchased from ACROS; solvents for extractions, 

chromatography, filtrations, and non-anhydrous reactions were purchased from VWR as HPLC 

grade solvents; NMR solvents were purchased from CAMBRIDGE ISOTOPE LABORATORIES. All 

solvents were used as received without prior purification. 

Thin-Layer Chromatography (TLC): Analytical thin-layer chromatography (TLC) was 

performed on MERCK silica gel 60 F254 glass-baked plates, which were analyzed by 

fluorescence detection with UV-light (λ = 254 nm, [UV]) and after exposure to standard 

staining reagents and subsequent heat treatment. The following staining solution was used: 

acidic cerium ammonium molybdate solution [CAM] (40 g ammonium heptamolybdate, 1.6 g 

cerium sulfate in 900 mL H2O with 100 mL conc. H2SO4). 

NMR-Spectroscopy: 1H NMR spectra were recorded at 500 MHz on a BRUKER UltraShield 

500 spectrometer. 13C NMR spectra were recorded at 126 MHz on a BRUKER UltraShield 500 

spectrometer. Chemical shifts of 1H NMR and 13C NMR spectra (measured at 298 K) are given 

in ppm by using residual solvent signals as references (CDCl3: 7.26 ppm and 77.16 ppm, 

respectively; acetone-d6: 2.05 ppm and 29.84 respectively). Coupling constants (J) are reported 

in Hertz (Hz). Standard abbreviations indicating multiplicity were used as follows: s (singlet), 

brs (broad singlet), d (doublet), dd (doublet of doublets), t (triplet), h (septet), m (multiplet). 

DOSY-NMR experiments were performed on a BRUKER Avance III HD four-channel NMR 

spectrometer operating at 600.13 MHz proton frequency. The instrument was equipped with a 

cryogenic 5mm four-channel QCI probe (H/C/N/F) with a self-shielded z-gradient. The 

experiments were performed at 298 K, and the temperature was calibrated using a methanol 

standard showing accuracy within +/– 0.2 K. For the PFGSE (pulsed-field gradient spin echo) 
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diffusion experiment, the sample was placed in a 3 mm outer diameter tube, which was then 

inserted in a standard 5 mm round-bottom tube and securely kept in place as depicted below. 

 

 

 

 

 

 

This setup ensured a negligible temperature gradient on the sample even inside a cryogenic 

probe. The PFGSE experiments were performed using a bipolar gradient pulse sequence.[1]  The 

sigmoidal intensity decrease was fitted with a two-parameter fit (I0 and diffusion coefficient D) 

with the DOSY routine implemented in topspin 3.6.1 [BRUKER Biospin GmbH]. A typically 

observed intensity decrease is depicted below. 

 

High-Performance Liquid Chromatography: HPLC was performed on an LC Prominence 

Liquid Chromatograph system by SHIMADZU equipped with a UV-Vis detector and an ELSD 

5 mm NMR tube 

3 mm NMR tube 

5 mm NMR tube 

cap with a hole 

3 mm NMR tube cap  
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unit. For analytical HPLC, a Chiralpak® IB N-5 (particle size: 5 µm; dimensions: 250 × 4.6 

mm) DAICEL column was used. For preparative separation, a Chiralpak® IB N-5 (particle size: 

5 µm; dimensions: 250 × 20 mm) DAICEL column was used. 

GC Analysis: GC analyses were carried out on a SHIMADZU GC-2010 Plus instrument equipped 

with an FID detector and an Rtx-5 capillary column (length = 30 m). Hydrogen was used as the 

carrier gas, and the constant flow mode was used (flow rate = 40 mL/min) with a split ratio of 

1:20. The following temperature program was used: 60 °C for 3 min, 15 °C min-1 to 250 °C, 

and 250 °C for 5 min. 

For the determination of enantiopurity via GC, a SHIMADZU GC-2010 Plus instrument equipped 

with an FID detector and an Rt-bDEXsm capillary column (length = 30 m) was used. Hydrogen 

was used as the carrier gas, and the constant-flow mode was used (flow rate = 50 mL/min) with 

a split ratio of 1:20. The following temperature program was used: 60 °C for 1 min, 5 °C min-1 

to 70 °C, 70 °C for 10 min, 5 °C min-1 to 220 °C, 220 °C for 10 min.  

IR-Spectroscopy: Infrared spectra were recorded on a BRUKER ALPHA spectrometer 

(attenuated total reflection, ATR). Only selected absorbances (ṽmax) are reported. Standard 

abbreviations indicating signal intensity were used as follows: s (strong), m (medium), w 

(weak), b (broad). 

ESI-HRMS: High-resolution mass spectra were obtained using the electrospray 

ionization - time of flight (ESI-TOF) technique on a BRUKER maXis 4G mass spectrometer. 

Optical rotation: Optical rotation was measured with an ANTON PAAR MCP 100 Modular 

Circular Polarimeter equipped with a Toolmaster™ sample cell (length: 1 dm; ø : 5 mm; 

temperature: 25 °C) operating on the sodium D-line (589 nm). The obtained values are reported 

as [𝜶]𝑫
𝟐𝟓 with the concentration C given in the unit 10 mg/mL. 
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2. Synthesis of Resorcinarene Derivatives 

Resorcinarene 1[2] 

 

A solution of resorcinol (71.6 g, 644 mmol, 1.0 eq.) in ethanol (270 mL) and conc. hydrochloric 

acid (90 mL) was prepared and cooled to 0 °C. A solution of dodecanal (151 mL, 125 g, 

644 mmol, 1.0 eq.) in ethanol (180 mL) was added slowly over 40 minutes while the 

temperature was maintained at 0 °C. The resulting mixture was heated to 100 °C for 18 hours. 

After cooling the mixture to room temperature over four hours, the precipitate was collected by 

filtration and washed with cold methanol. The crude product was recrystallized from methanol 

(40 mL) and subsequently dried under vacuum to give a yellow powder. Subsequently, the 

material was suspended in MeOH/H2O (1:1, 10 mL/100 mg of macrocycle), sonicated for 20 

minutes at room temperature, then filtered and washed with the MeOH/H2O (1:1) to remove 

any residual acid traces and give compound 1 (135 g, 122 mmol, 76%) as a beige powder. The 

spectroscopic data matches the reported literature values.[2]  

1H-NMR: (500 MHz, acetone-d6) δ [ppm] = 8.44 (s, 8H), 7.54 (s, 4H), 6.24 (s, 4 H), 4.31 (t, 

J = 7.9 Hz), 2.36 – 2.24 (m, 8H), 1.47 – 1.20 (m, 72H), 0.95 – 0.79 (m, 12H). 
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(S)-(–)-citronellal-derived resorcinarene 2a 

 

Resorcin[4]arene 2a (1.12 g, 1.06 mmol, 45% over 2 steps) was obtained from commercial 

(S)-(–)-citronellal (SIGMA-ALDRICH) according to the literature known procedure; the 

spectroscopic data matches the reported literature values.[3]  

Optical rotation: [𝜶]𝑫
𝟐𝟓(C = 1.0, CHCl3 ): –4.8°. 

1H NMR (500 MHz, acetone-d6, 298 K): [ppm] = 8.48 (s, 8H), 7.42 (s, 4H), 6.26 (s, 4H), 

4.51 (dd, J = 9.7, 6.3 Hz, 4H), 2.54 – 2.37 (m, 4H), 1.92 – 1.79 (m, 4H), 1.68 – 1.53 (m, 4H), 

1.49 – 1.12 (m, 28H), 1.06 – 0.70 (m, 36H). 
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Vitamin D2-derived resorcinarene 2b 

 

Resorcinarene 2b (94.3 mg, 71.3 μmol, 45% over the last step) was obtained from commercial 

Vitamin D2 (SIGMA-ALDRICH) according to the literature known procedure; the spectroscopic 

data matches the reported literature values.[3]  

Optical rotation: [𝜶]𝑫
𝟐𝟓(C = 0.5, CHCl3 ): +39.8°. 

1H NMR (500 MHz, acetone-d6, 298 K): [ppm] = 8.32 – 8.62 (m, 8H), 7.33 (s, 4H), 6.26 (s, 

4H), 4.55 (dd, J = 12.5, 3.0 Hz, 4H), 3.59 – 3.49 (m, 4H), 3.29 (s, 12H), 3.00 (t, J = 12.8 Hz, 

4H), 2.53 – 2.39 (m, 4H), 2.03 – 1.14 (m, 52H), 0.97 (d, J = 6.2 Hz, 12H), 0.88 (s, 12H). 
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(S)-3-phenylbutyric acid-derived resorcinarene 2c 

 

To a suspension of LiAlH4 (1.28 g, 33.7 mmol, 1.5 eq.) in THF (80 mL) was added 

(S)-3-phenylbutyric acid (3.69 g, 22.5 mmol, 1.0 eq.) as a solution in THF (20 mL) at 0 °C. 

After 2 h of stirring at room temperature, the completion of the reaction was confirmed by TLC. 

The reaction was diluted with 50 mL of Et2O and cooled down to 0 °C. H2O (1.3 mL) was 

slowly added to the reaction mixture, followed by the addition of a 15% aqueous solution of 

NaOH (1.3 mL) and an additional portion of H2O (3.9 mL). After that, the reaction mixture was 

warmed up to room temperature and stirred for 15 min. MgSO4 was added to the reaction 

mixture, stirred for 15 min, and filtered. The filtrate was concentrated in vacuo to give 

(S)-3-phenylbutanol (3.31 g, 22.0 mmol, 98%) as a colorless oil, which was used further without 

purification. The spectroscopic data matches the reported literature values.[4]  

1H NMR (500 MHz, CDCl3, 298 K): [ppm] = 7.34 – 7.27 (m, 2H), 7.24 – 7.17 (m, 3H), 3.65 

– 3.49 (m, 2H), 2.96 – 2.83 (m, 1H), 1.91 – 1.81 (m, 2H), 1.28 (d, J = 7.0 Hz, 3H). 

A solution of oxalyl chloride (3.07 g, 24.2 mmol, 2.07 ml, 1.1 eq.) in anhydrous DCM (81 mL) 

was cooled to –78 °C. A solution of DMSO (3.78 g, 48.4 mmol, 3.44 mL, 2.2 eq.) in anhydrous 

DCM (12 mL) was added, and the resulting mixture was stirred for 15 min at –78 °C. A solution 

of (S)-3-phenylbutanol (3.31 g, 22.0 mmol, 1.0 eq.) in anhydrous DCM (27 mL) was added 

dropwise over 25 min and stirred for additional 15 min at –78 °C. Et3N (11.4 g, 113 mmol, 

15.6 mL, 5.1 eq.) was added, and the reaction mixture was stirred for 5 min at the same 

temperature. After warming up to room temperature, H2O (130 mL) was added; the organic 

layer was washed with brine (390 mL), 1% aqueous solution of H2SO4 (100 mL), H2O 

(130 mL), 4% aqueous solution of NaHCO3 and dried over Na2SO4. After filtration, the solvent 

was removed in vacuo to give (S)-3-phenylbutanal (3.17 g, 21.4 mmol, 97%) as a colorless oil. 

The spectroscopic data matches the reported literature values.[4] 
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1H NMR (500 MHz, CDCl3, 298 K): [ppm] = 9.72 (t, J = 2.0 Hz, 1H), 7.35 – 7.28 (m, 2H), 

7.25 – 7.19 (m, 3H), 3.36 (h, J = 7.1 Hz, 1H), 2.80 – 2.71 (m, 1H), 2.70 – 2.62 (m, 1H), 1.32 

(d, J = 6.9 Hz, 3H). 

The mixture of (S)-3-phenylbutanal (3.17 g, 21.4 mmol, 1.0 eq.) and resorcinol (2.36 g, 

21.4 mmol, 1.0 eq.) was dissolved in a mixture of ethanol (150 mL) and concentrated HCl 

(25 mL) at room temperature. The reaction mixture was heated to 100 °C for 13.5 h. After 

cooling down to room temperature, H2O (220 mL) was added. The formed precipitate was 

filtered and recrystallized from CH3CN to give a beige solid. Subsequently, the material was 

suspended in CH3CN/H2O (1:1, 10 mL/100 mg of product), sonicated for 20 minutes at room 

temperature, then filtered and washed with the CH3CN/H2O (1:1) to remove any residual acid 

traces to yield compound 2c (1.73 g, 1.80 mmol, 34%) as a light beige solid. 

TLC: Rf = 0.43 (CHCl3/MeOH = 12.5:1) [UV, CAM] 

Optical rotation: [𝜶]𝑫
𝟐𝟓(C = 1.0, CHCl3 ): +19.1°. 

1H NMR (500 MHz, acetone-d6, 298 K): [ppm] = 8.47 (s, 4H), 8.43 (s, 4H), 7.67 (s, 4H), 

7.30 – 7.22 (m, 8H), 7.18 (m, 12H), 6.25 (s, 4H), 4.46 (m, 4H), 2.69 (m, 4H), 2.62 (m, 4H), 

2.28 (m, 4H), 1.25 (d, J = 6.8 Hz, 12H). 

13C NMR (126 MHz, acetone-d6, 298 K): [ppm] = 152.92, 152.71, 149.18, 129.30, 127.99, 

126.68, 126.17, 125.79, 124.40, 103.77, 42.58, 38.65, 32.03, 21.75. 

IR (ATR): ṽ [cm-1] 3240 (w), 2958 (w), 1618 (s), 1492 (s), 1448 (m), 1376 (m), 1292 (m), 1165 

(m), 1083 (m), 698 (s), 524 (s). 

HRMS (ESI): calcd. for C64H64NaO8
 [(M +Na)+]: 983.4493, found: 983.4480. 
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Ethylresorcinarene 3a 

 

Resorcinarene 1 (2.00 g, 1.81 mmol, 1.0 eq.) was dissolved in a 2:1 mixture of DMF (15 mL) 

and THF (7.5 mL). tBuOK (224 mg, 2.00 mmol, 1.1 eq.) was added in one portion at room 

temperature, and the mixture was stirred for 30 minutes. Ethyl iodide (312 mg, 163 μL, 

2.00 mmol, 1.1 eq.) was added, and the reaction mixture was stirred at 110 °C for 15 h. After 

cooling down to room temperature, H2O (40 mL) was added, and the mixture was extracted 

with diethyl ether (3 × 75 mL). The organic layer was washed with H2O (5 × 75 mL), dried 

over Na2SO4, filtered, and concentrated. The crude product was purified via column 

chromatography (DCM/EtOAc = 4:1) to yield compound 3a (874 mg, 771 μmol, 42%) as a 

beige solid (racemic mixture). 

TLC: Rf = 0.24 (DCM/EtOAc = 4:1) [UV, CAM] 

1H NMR (500 MHz, acetone-d6, 298 K):  [ppm] = 8.45 (brs, 6H), 7.57 (s, 1H), 7.56 (s, 1H), 

7.52 (s, 1H), 7.50 (s, 1H), 7.25 (s, 1H), 6.37 (s, 1H), 6.27 (s, 1H), 6.23 (s, 1H), 6.15 (s, 1H), 

4.38 – 4.27 (m, 4H), 4.10 – 4.00 (m, 2H), 2.36 – 2.20 (m, 8H), 1.43 (t, J = 7.0 Hz, 3H), 1.40 – 

1.23 (m, 72H), 0.94 – 0.85 (m, 12H). 

13C NMR (126 MHz, acetone-d6, 298 K): [ppm] = 153.98, 153.93, 153.01, 153.00, 152.93, 

152.68, 152.64, 152.47, 126.50, 126.08, 126.03, 125.69, 125.42, 125.20, 125.18, 125.13, 

124.96, 124.77, 124.61, 124.60, 103.88, 103.75, 103.51, 101.09, 65.40, 34.91, 34.47, 34.41, 

34.40, 34.36, 34.34, 34.31, 34.02, 30.64, 30.62, 30.62, 30.60, 30.55, 30.54, 30.52, 30.48, 30.17, 

29.06, 29.03, 29.01, 23.38, 14.81, 14.41. 

IR (ATR): ṽ [cm-1] 3278 (m), 2921 (s), 2852 (s), 1619 (m), 1498 (m), 1446 (m), 1294 (m), 

1162 (m), 1034 (w), 903 (w), 721 (w). 
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HRMS (ESI): calcd. for C74H115O8
− [(M −H)−]: 1131.8597, found: 1131.8603. 

One enantiomer of 3a was resolved by preparative HPLC using the Chiralpak® IB N-5 (particle 

size: 5 µm; dimensions: 250 × 20 mm) DAICEL column. 1 mL of a solution of racemic mixture 

in DCM (30 mg/mL) was eluted by DCM/EtOAc using the following gradient program (flow 

rate: 15 mL/min, λ = 285 nm): 2 min DCM/EtOAc = 99:1, 44 min 

DCM/EtOAc = 99:1  80:20, 4 min DCM/EtOAc = 1:99, 5 min DCM/EtOAc = 99:1. The 

product was obtained as white solid. 

The collected fractions were analyzed by analytical HPLC using the Chiralpak® IB N-5 

(particle size: 5 µm; dimensions: 250 × 4.6 mm) DAICEL column using the following gradient 

program (flow rate: 1.5 mL/min, λ = 285 nm): 2 min DCM/EtOAc = 99:1, 14 min 

DCM/EtOAc = 99:1  80:20, 4 min DCM/EtOAc = 1:99, 2 min DCM/EtOAc = 99:1. 

Chromatograms of the racemic mixture and the isolated enantiomer of 3a are shown in Fig. S1. 

 

Figure S1. Chromatograms of the racemic mixture and isolated enantiomer of 3a. 

Optical rotation value for isolated enantiomer: [𝜶]𝑫
𝟐𝟓(C = 1.0, CHCl3 ): –4.8°. 

  

Racemic 3a 

Isolated enantiomer of 3a 
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Propylresorcinarene 3b 

 

Resorcinarene 1 (5.00 g, 4.52 mmol, 1.0 eq.) was dissolved in a 2:1 mixture of DMF (25 mL) 

and THF (12.5 mL). tBuOK (659 mg, 5.88 mmol, 1.3 eq.) was added in one portion at room 

temperature, and the mixture was stirred at 145 °C for 45 minutes. After cooling down to room 

temperature, n-propyl iodide (1.00 g, 574 μL, 5.88 mmol, 1.3 eq.) was added, and the reaction 

mixture was stirred at 130 °C for 15 h. After cooling down to room temperature, H2O (80 mL) 

was added, and the mixture was extracted with diethyl ether (3 × 150 mL). The organic layer 

was washed with H2O (5 × 150 mL), dried over Na2SO4, filtered, and concentrated. The crude 

product was purified via column chromatography (DCM/Acetonitrile = 7:3 → 7:4) to yield 

compound 3b (1.98 g, 1.73 mmol, 38%) as a beige solid (racemic mixture). 

TLC: Rf = 0.38 (DCM/Acetonitrile = 7:4) [UV, CAM] 

1H NMR (500 MHz, acetone-d6, 298 K):  [ppm] = 8.54 (s, 1H), 8.50 (s, 1H), 8.48 (s, 1H), 

8.45 (s, 1H), 8.42 (s, 1H), 8.35 (s, 1H), 7.58 (s, 1H), 7.55 (s, 1H), 7.52 (s, 1H), 7.49 (s, 1H), 

7.24 (s, 1H), 6.39 (s, 1H), 6.28 (s, 1H), 6.22 (s, 1H), 6.15 (s, 1H), 4.42 – 4.27 (m, 4H), 4.05 – 

3.98 (m, 1H), 3.94 – 3.86 (m, 1H), 2.37 – 2.18 (m, 8H), 1.91 – 1.80 (m, 2H), 1.31 (s, 72H), 1.07 

(t, J = 7.4 Hz, 3H), 0.95 – 0.83 (m, 12H). 

13C NMR (126 MHz, acetone-d6, 298 K): [ppm] = 154.17, 153.97, 153.10, 153.06, 153.04, 

152.73, 152.69, 152.49, 126.56, 126.23, 126.09, 125.81, 125.50, 125.26, 125.20, 125.08, 

124.90, 124.82, 124.62, 124.60, 103.91, 103.83, 103.55, 101.22, 71.52, 34.99, 34.54, 34.50, 

34.47, 34.41, 34.40, 34.36, 33.94, 32.77, 30.69, 30.68, 30.66, 30.60, 30.59, 30.55, 30.48, 30.46, 

30.30, 30.23, 30.15, 29.99, 29.84, 29.11, 29.09, 29.00, 23.44, 23.15, 14.48, 10.89. 
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IR (ATR): ṽ [cm-1] 3256 (m), 2922 (s), 2852 (s), 1619 (m), 1497 (m), 1448 (m), 1292 (m), 

1167 (m), 1089 (m), 904 (w), 836 (m), 721 (w). 

HRMS (ESI): calcd. for C75H118NaO8
 [(M +Na)+]: 1169.8719, found: 1169.8696. 

Both enantiomers of 3b were resolved by preparative HPLC using the Chiralpak® IB N-5 

(particle size: 5 µm; dimensions: 250 × 20 mm) DAICEL column. 1 mL of a solution of racemic 

mixture in DCM (30-40 mg/mL) was eluted by DCM/EtOAc using the following gradient 

program (flow rate: 15 mL/min, λ = 285 nm): 2 min DCM/EtOAc = 99:1, 44 min 

DCM/EtOAc = 99:1  80:20, 4 min DCM/EtOAc = 1:99, 5 min DCM/EtOAc = 99:1. Both 

enantiomers were obtained as white solids. 

The collected fractions were analyzed by analytical HPLC using the Chiralpak® IB N-5 

(particle size: 5 µm; dimensions: 250 × 4.6 mm) DAICEL column using the following gradient 

program (flow rate: 1.5 mL/min, λ = 285 nm): 2 min DCM/EtOAc = 99:1, 14 min 

DCM/EtOAc = 99:1  80:20, 4 min DCM/EtOAc = 1:99, 2 min DCM/EtOAc = 99:1. 

Chromatograms of the racemic mixture and the isolated enantiomers of 3b are shown in Fig. 

S2. 

 

Figure S2. Chromatograms of the racemic mixture and isolated enantiomers of 3b. 

Optical rotation values of the isolated enantiomers:  

(–)-3b: [𝜶]𝑫
𝟐𝟓(C = 0.1, CHCl3 ): –4.3°. 

(+)-3b: [𝜶]𝑫
𝟐𝟓(C = 0.1, CHCl3 ): +4.4°.  

Racemic 3b 

Isolated enantiomer (–)-3b 

Isolated enantiomer (+)-3b 
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Butylresorcinarene 3c 

 

Resorcinarene 1 (2.00 g, 1.81 mmol, 1.1 eq.) was dissolved in a 2:1 mixture of DMF (15 mL) 

and THF (7.5 mL). tBuOK (224 mg, 2.00 mmol, 1.1 eq.) was added in one portion at room 

temperature, and the mixture was stirred for 30 minutes. n-Butyl iodide (368 mg, 227 μL, 

2.00 mmol, 1.1 eq.) was added the reaction mixture was stirred at 110 °C for 15 h. After cooling 

down to room temperature, H2O (40 mL) was added, and the mixture was extracted with diethyl 

ether (3 × 75 mL). The organic layer was washed with H2O (5 × 75 mL), dried over Na2SO4, 

filtered, and concentrated. The crude product was purified via column chromatography 

(DCM/EtOAc = 4:1) to yield compound 3c (902 mg, 776 μmol, 43%) as a brown solid (racemic 

mixture). 

TLC: Rf = 0.19 (DCM/EtOAc = 4:1) [UV, CAM] 

1H NMR (500 MHz, acetone-d6, 298 K):  [ppm] = 8.62 – 8.23 (m, 6H), 7.58 (s, 1H), 7.55 (s, 

1H), 7.53 (s, 1H), 7.50 (s, 1H), 7.23 (s, 1H), 6.40 (s, 1H), 6.28 (s, 1H), 6.22 (s, 1H), 6.15 (s, 

1H), 4.41 – 4.26 (m, 4H), 4.10 – 4.02 (m, 1H), 4.00 – 3.92 (m, 1H), 2.40 – 2.15 (m, 8H), 1.90 

– 1.73 (m, 2H), 1.64 – 1.47 (m, 2H), 1.46 – 1.21 (m, 72H), 0.99 (t, J = 7.4 Hz, 3H), 0.94 – 0.82 

(m, 12H). 

13C NMR (126 MHz, acetone-d6, 298 K): [ppm] = 154.14, 153.92, 153.04, 152.99, 152.68, 

152.63, 152.42, 126.50, 126.20, 126.06, 125.78, 125.45, 125.21, 125.15, 125.04, 124.86, 

124.78, 124.57, 124.54, 103.85, 103.77, 103.48, 101.19, 69.69, 34.91, 34.48, 34.45, 34.42, 

34.35, 34.31, 33.88, 32.72, 31.87, 30.63, 30.60, 30.54, 30.53, 30.49, 30.40, 30.17, 29.06, 29.03, 

28.94, 23.38, 19.94, 14.43, 14.14. 
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IR (ATR): ṽ [cm-1] 3263 (m), 2921 (s), 2852 (s), 1619 (m), 1498 (m), 1448 (m), 1293 (m), 

1167 (m), 1089 (m), 1041 (m), 837 (m), 720 (w). 

HRMS (ESI): calcd. for C76H119O8
− [(M −H)−]: 1159.8910, found: 1159.8927. 

One enantiomer of 3c was resolved by preparative HPLC using the Chiralpak® IB N-5 (particle 

size: 5 µm; dimensions: 250 × 20 mm) DAICEL column. 1 mL of a solution of racemic mixture 

in DCM (30 mg/mL) was eluted by DCM/EtOAc using the following gradient program (flow 

rate: 15 mL/min, λ = 285 nm): 2 min2 min DCM/EtOAc = 99:1, 44 min 

DCM/EtOAc = 99:1  80:20, 4 min DCM/EtOAc = 1:99, 5 min DCM/EtOAc = 99:1. The 

product was obtained as white solid. 

The collected fractions were analyzed by analytical HPLC using the Chiralpak® IB N-5 

(particle size: 5 µm; dimensions: 250 × 4.6 mm) DAICEL column using the following gradient 

program (flow rate: 1.5 mL/min, λ = 285 nm): 2 min DCM/EtOAc = 99:1, 14 min 

DCM/EtOAc = 99:1  80:20, 4 min DCM/EtOAc = 1:99, 2 min DCM/EtOAc = 99:1. 

Chromatograms of the racemic mixture and the isolated enantiomer of 3c are shown in Fig. S3. 

 

 

Figure S3. Chromatograms of racemic mixture and isolated enantiomer of 3c. 

Optical rotation value of the isolated enantiomer: [𝜶]𝑫
𝟐𝟓(C = 1.0, CHCl3 ): –0.4°. 

  

Racemic 3c 

Isolated enantiomer of 3c 
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3. Cyclization Studies 

Preparation and titration of HCl stock solution in chloroform: HCl stock solution in 

chloroform was prepared by passing HCl gas, generated by the dropwise addition of 

concentrated H2SO4 to dry NaCl, through chloroform for approximately 30 min. The 

concentration of HCl in the resulting solution was determined as follows: HCl stock solution in 

chloroform (100 μL) was added to a solution of phenol red in EtOH (0.002 wt%, 2.5 mL) via a 

Microman M1 pipette equipped with a plastic tip. Upon addition, the solution turned from 

yellow (neutral) to pink (acidic). The resulting solution was then titrated with a 0.1 M ethanolic 

solution of triethylamine. At the equivalence point, the solution turned from pink to yellow. 

The HCl stock solution was kept in the fridge, and the titration was repeated immediately before 

each use. 

General procedure for nerol (NOH) cyclization reactions: The corresponding resorcinarene 

(2.75 μmol, 0.1 eq. of the corresponding capsule) was dissolved in 50 μL of CDCl3 in a GC vial 

(2 mL) with a micro insert (VWR, 15 mm top, 0.1 mL) as shown in Fig. S4. To this solution, 

NOH (708 μg, 4.59 μmol, 1.0 eq.) as a stock solution in CDCl3 was added, followed by the 

addition of n-decane (1.34 μL, 6.89 μmol, 1.5 eq.). Additional chloroform was added to bring 

the total volume to 137.5 μL. An aliquot (2 μL) of the reaction mixture was diluted with 0.3 mL 

of n-hexane (containing 0.08% DMSO). The diluted sample was put in the freezer for at least 

15 min, centrifuged to remove the corresponding resorcinarene, and subjected to GC analysis 

(initial sample). HCl stock solution in chloroform (0.03 eq.) was added to the reaction mixture, 

and the mixture was briefly shaken. The sealed GC vial was kept at 30 °C (±1 °C) using a 

thermostated heating block made from aluminum. Further samples were taken at the indicated 

times and analyzed by gas chromatography. Conversions and yields were calculated by 

employing the equations described in our previous work[5] and plotted against time (see profiles 

for the nerol cyclization reactions inside supramolecular capsules based on resorcinarenes 2a-3c 

below; only chiral products are depicted). Enantiomeric excesses were determined with chiral 

GC measurements (see Table 2 of the manuscript). 

 

Figure S4. Standard GC vial with a glass micro insert used for cyclization studies. 

Solvent level: 137.5 μL 
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Reactions were performed in triplicates, and standard deviations were determined using the 

following equations: 

mean value:      �̅� =  
1

𝑛
∑ 𝑥𝑖

𝑛

𝑖=1

 

standard deviation:      S =  √
1

𝑛 − 1
∑(𝑥𝑖 − �̅�)2

𝑛

𝑖=1

. 
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Reaction profiles for the nerol cyclization reactions 

 

Figure S5. Reaction profile of nerol cyclization with 2a; only chiral products are depicted. 
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Figure S6. Reaction profile of nerol cyclization with 2b; only chiral products are depicted. 
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Figure S7. Reaction profile of nerol cyclization with 2c; only chiral products are depicted. 
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Figure S8. Reaction profile of nerol cyclization with (–)-3a; only chiral products are depicted. 

0 2 4 6 8

0.0

0.2

0.4

0.6

0.8

1.0
Y

ie
ld

Time (h)

 Nerol

 Limonene

 -Terpineol



RESULTS AND DISCUSSION 

73 

 

Figure S9. Reaction profile of nerol cyclization with (–)-3b; only chiral products are depicted. 
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Figure S10. Reaction profile of nerol cyclization with (–)-3c; only chiral products are depicted. 
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Figure S11. Reaction profile of nerol cyclization with (+)-3b; only chiral products are depicted. 
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Observation of the enantiomeric excess of limonene and α-terpineol over time for the nerol 

cyclization reaction with (–)-3b 

No significant changes were observed. In previous work, we demonstrated that both compounds 

will convert further to achiral products.[97] Therefore, some small changes in ee over time are 

expected. 

 

Figure S12. Observation of the enantiomeric excess of limonene and α-terpineol over time for 

the nerol cyclization reaction with (–)-3b. 
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Determination of the configuration of products: The configuration of the formed cyclization 

products, limonene and α-terpineol, was determined by chiral GC measurements. As references, 

the commercially available racemic mixture and the enantiopure sample were analyzed and 

compared with chromatograms of the reaction mixture. Chiral GC traces of commercial 

samples of limonene and α-terpineol and the cyclization reactions of NOH inside the 

enantioenriched capsules based on resorcinarene 3b are shown in Fig. S13 and S14. 

 

Figure S13. GC-traces of a) reaction mixture of the NOH cyclization with (–)-3b after 24 h; b) 

commercial sample of (±)-limonene; c) reaction mixture of the NOH cyclization with (+)-3b 

after 24 h; d) commercial sample of (S)-(–)-limonene. 

a) (–)-3b + NOH 

c) (+)-3b + NOH 

b) (±)-limonene 

d) (S)-(–)-limonene 
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Figure S14. GC-traces of a) reaction mixture of the NOH cyclization with (–)-3b after 24 h; b) 

commercial sample of (±)-α-terpineol; c) reaction mixture of the NOH cyclization with (+)-3b 

after 24 h; d) commercial sample of (S)-(–)- α-terpineol. 

  

(–)-3b + NOH 

(S)-(–)-α-terpineol 

(±)-α-terpineol 

(+)-3b + NOH 
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4. NMR Spectra of New Compounds 
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5. Chiral GC Traces of Selected Reactions 
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(+)-3b + NOH, 6 h 
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4. SUMMARY AND OUTLOOK 

Enantioselective transformations are of particular interest for chemistry. Acting as an enzyme 

mimetic, the hexameric resorcinarene-based capsules are able to catalyze various reactions, 

often requiring HCl as a co-catalyst. However, only a few enantioselective transformations 

inside such supramolecular capsules are known. For instance, iminium-catalyzed 1,4-reduction 

of α,β-unsaturated aldehydes inside the supramolecular capsule XII delivers high 

enantioselectivity with up to 92% Δee in comparison to reactions in bulk solution. The role of 

HCl as a co-catalyst was never explored for this transformation inside capsule XII, however, it 

could potentially have a beneficial effect. 

We set out to review the effect of HCl additive on iminium catalysis inside XII and explore 

other additives which could increase the enantioselectivity. In this work, we present the 

optimized reaction conditions for the iminium-catalyzed 1,4-reduction of α,β-unsaturated 

aldehydes inside the supramolecular capsule XII (Scheme 28). We established that HCl is not 

required as a co-catalyst for this process. Moreover, we successfully reduced the previously 

reported capsule loading of 26 mol% to 12 mol%. In parallel, we demonstrated that 

enantioselectivity can be increased by using an alcohol additive, which plays a dual role: 

1) it reduces the background reaction outside of the capsule; 2) it accelerates the 

capsule-catalyzed transformation. For two substrates, we reported unprecedented 

enantioselectivity of 92% ee. The obtained results consolidate our understanding of catalysis 

inside confined spaces and will be transferred to other classes of reactions. 

 

Scheme 28. a) Optimized conditions for iminium-catalyzed reduction of α,β-unsaturated aldehydes inside the supramolecular 

capsule XII. 
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One of the most complex chemical transformations found in nature – tail-to-head terpene 

cyclization – can take place inside capsule XII. Even though this reaction leads to the formation 

of chiral products, it has not been reported to occur in an enantioselective fashion inside 

resorcinarene capsules. Therefore, we aimed to develop a supramolecular 

resorcin[4]arene-based catalyst to perform enantioselective tail-to-head terpene cyclization. 

As a result, in this work, we present the synthesis of novel optically active resorcin[4]arenes, 

which can self-assemble into hexameric supramolecular capsules. Chirality was introduced by 

cyclization of resorcinol with optically active aldehydes and by monoalkylation of the achiral 

resorcin[4]arene (Fig. 11), followed by separation of enantiomers by HPLC. All the obtained 

capsules based on building blocks 127-128 demonstrated catalytic activity in the tail-to-head 

terpene cyclization with nerol as a substrate. However, in the case of derivatives 128a-c, the 

chiral information is too far from the encapsulated substrate, and these derivatives failed to 

induce enantioselective cyclization. Two monoalkylated derivatives 127a-b that carry the chiral 

information at the surface of the capsule are able to induce enantiomeric excesses. 

Supramolecular capsule based on the resorcinarene 127b delivered up to 62% ee in terpene 

cyclization with nerol as a substrate. 

 

Figure 11. Obtained chiral derivatives of resorcin[4]arene with the chiral information a) at the upper rim of the macrocycle; b) 

at the feet. 

The obtained results open up new possibilities to perform enantioselective reactions inside 

resorcinarene-based capsules. Future studies will involve optimization of the supramolecular 

catalysts for chirality transfer and expansion of the substrate scope. 
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5. INDEX OF ABBREVIATIONS 

°C   degree Celsius 

A ⸧ B   B encapsulated within A 

Å   Ångstrom, 10-10 m 

Ar   aryl 

Bu   butyl 

CD   circular dichroism 

δ   chemical shift 

DCM   dichloromethane 

DMF   N,N-dimethylformamide 

DMSO   dimethyl sulfoxide 

DOSY   diffusion ordered spectroscopy 

ee   enantiomeric excess 

eq.   equivalent 

e.g.   lat. exempli gratia, for example 

ESI   electrospray ionisation 

et al.   lat. et alia, and others 

Et   ethyl 

FID   flame ionization detector  

g   gram 

GC   gas chromatography 

h   hours 

h   Planck’s constant, 6.626∙10-34 J∙s 

HRMS   high-resolution mass spectrometry 

HPLC   high performance liquid chromatography 

Hz   hertz 

IR   infrared spectroscopy 

k   reaction rate 

krel selectivity of kinetic resolution; krel = [(1 – c)(1 – ee)]/[(1 – c)(1 + ee)], 

where c and ee are concentration and enantiomeric excess of the 

substrate, respectively 

K    kelvin 

L   ligand 

L   liter 
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m   meter  

μg   microgram 

μL    microliter 

μmol    micromol 

M   metal    

M   molarity, mol 

Me    methyl 

MS   mass spectrometry 

min   minutes 

mL    milliliter 

mm    millimeter 

mmol    millimol 

ν   frequency 

NOH   nerol 

NMR   nuclear magnetic resonance 

pH lat. pondus hydrogenii, negative base 10 logarithm of the activity of the 

hydrogen ion in a solution  

Ph   phenyl 

pKa  negative base 10 logarithm of the acid dissociation constant (Ka) of a

 solution 

ppm  parts per million, 10-6 

Pr   propyl 

r.t.   room temperature 

THF    tetrahydrofuran 

TLC   thin-layer chromatography 

TMS   trimethylsilyl 

UV   ultraviolet 

w   water-saturated 
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