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Introduction 

The lock-and-key principle formulated by Emil Fischer in 18941 states that selective 
molecular recognition and the subsequent reactions occur only on condition that the 
enzyme (the lock) and the substrate (the key) possess complementary geometries. 
This concept has profoundly influenced modern host-guest chemistry, which relies on 
the structural compatibility between substrates and receptors. The discovery of crown 
ethers and their complexes with alkali metals by Charles Pedersen in 19672 sparked 
interest in macrocycles as functional supramolecular hosts. Twenty years later, in 1987 
Charles Pedersen along with Donald Cram and Jean-Marie Lehn were awarded a Noble 
Prize in Chemistry.3 This topic has evolved further and has been recognized with another 
Nobel Prize in 2016 received by Jean-Pierre Sauvage, Fraser Stoddart and Bernard 
Feringa for design and synthesis of molecular machines.4 

Up to date, certain families of macrocycles, such as cyclodextrins, calixarenes, and 
cucurbiturils, have received enormous attention and have been extensively studied by 
many research groups around the globe. Structural diversity makes macrocyclic 
cavitands perfect candidates for molecular recognition with applications in sensing,5,6 
drug delivery,7–9 sequestration of toxins,10 capture of pollutants,11 etc. At the same time, 
synthetic versatility of macrocycles promotes design of their functionalized derivatives 
as well as novel receptor molecules with “custom” features, which allows to enhance 
supramolecular capabilities. For example, fine structural tuning can result in responsive 
macrocycles12 bearing properties that can be switched on and off by external stimuli such 
as light, pH, redox, and provide controllable binding via changing parameters of the 
system. 

Further research is essential for developing sustainable synthesis of macrocylic 
receptors and discovering new applications. This thesis advances the field by introducing 
analytical approaches to the mechanosynthesis of chiral hemicucurbiturils and 
conducting host-guest studies of the new cavitands. Mechanochemistry, a rapidly 
evolving environmentally friendly alternative to solution-based synthesis, utilizes 
mechanical energy to drive chemical transformations, thereby reducing or eliminating 
the need for bulk solvents. However, synthesizing complex molecules still demands 
significant effort to develop effective analytical tools for monitoring the processes 
occurring in these reactions. 

This dissertation begins with an overview of the progress in hemicucurbituril 
chemistry, covering common synthetic strategies and methods for analyzing complex 
mixtures of macrocycles and intermediates both in solution and in the solid state. 
The applications of hemicucurbiturils are then discussed, with a focus on their 
anion-binding properties and ability to form complexes with neutral guests. 

The results presented in this thesis encompass development of analytical methods 
using high-performance liquid chromatography coupled with mass spectrometry and 
their application in monitoring mechanosynthesis of hemicucurbiturils, as well as 
host-guest binding studies of the new host compounds. The developed procedures were 
employed to monitor solid-state formation of biotin[6]uril hexa-amide (Publication I) 
and mono-biotinylated hemicucurbit[8]uril (Publication III). The latter represented a 
particulary intriguing example of a macrocycle assembly from different building blocks, 
involving numerous intermediates, and thus posed significant challenges for both analysis 
and mechanistic understanding. Furthermore, the properties of hemicucurbit[8]uril 
receptors and their potential applications were explored through host-guest studies with 
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small neutral heterocycles (Publication II) and a number of anions (Publication III), 
including those found as environmental pollutants.  

In addition to the publications discussed in the thesis, the results of this study have 
been presented at several international conferences in Estonia, Latvia, Lithuania, 
Portugal, Italy and Iceland. 
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Abbreviations 

AJS-ESI Agilent jet stream electrospray ionization 

APCI-MS atmospheric pressure chemical ionization mass spectrometry 

APS 3-aminopropyl silica gel 

ATD arrival time distribution 

Bio[n] biotin[n]uril 

BU[n] bambus[n]uril 

CB cucurbituril 

CD cyclodextrin 

CE collision energy 

CPMAS ssNMR cross-polarization magic-angle spinning solid-state nuclear 
magnetic resonance 

cycHC[n] cyclohexanohemicucurbit[n]uril 

DCC dynamic covalent chemistry 

DCL dynamic covalent library 

DMSO dimethylsulfoxide 

DS degree of substitution 

EIC extracted ion chromatogram 

ER-CID energy-resolved collision induced dissociation 

ESI-MS electrospray ionization mass spectrometry 

HC hemicucurbituril 

HC[n] unsubstituted hemicucurbit[n]uril 

HPLC high-performance liquid chromatography 

HRMS high-resolution mass spectrometry 

hybHC[n] hybrid hemicucurbit[n]uril 

IC ion count 

IMMS ion-mobility mass spectrometry 

IR infrared 

ITC isothermal titration calorimetry 

LAG liquid-assisted grinding 

LCD lipidyl-cyclodextrin 

LoD limit of detection 

LoQ limit of quantitation 

m/z mass-to-charge 

MALDI-TOF-MS matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry 

mixHC[n] mono-biotinylated hemicucurbit[n]uril 

MS mass spectrometry 

NMR nuclear magnetic resonance 

PEG 3,6,9-trioxadecyl (polyethylene glycol) 

RP-HPLC reversed-phase high-performance liquid chromatography 

RSD relative standard deviation 
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SC-XRD single-crystal X-ray diffraction 

SIM selected ion monitoring 

TLC thin layer chromatography 

TPM triphenylmethane 

UV-Vis ultraviolet-visible 

v/v volume per volume 

w/w weight per weight 
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1 Literature Overview 

1.1 Evolution of Hemicucurbiturils and Their Derivatives 
Single-bridged hemicucurbiturils (HCs)13 appeared as a sub-class of the cucurbituril (CB) 
family renowned for its host-guest chemistry.14 In contrast to the rigid double-stranded 
CBs, HCs exhibit far greater conformational flexibility and are typically defined by a 
hydrophobic, electron-deficient cavity and electron-rich portals. Over the last two 
decades HC group has significantly expanded (Figure 1) and is currently represented by 
unsubstituted hemicucurbit[n]urils (HC[n]) and their substituted derivatives, which 
include cyclohexanohemicucurbit[n]urils (cycHC[n]), bambus[n]urils (BU[n]), biotin[n]urils 
(Bio[n]), and hybrid (hybHC[n]). The continuous development of new HC-type cavitands 
is driven by functionalization of the macrocycle which allows to modulate their host 
properties, such as solubility, binding, chirality, etc. 

Figure 1. Overview of the trends in designing HC macrocyclic receptors. 
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1.1.1 Diverse Character of Hemicucurbiturils 
The first HCs were discovered by Miyahara in 2004.15 It was established, that 
condensation of ethyleneurea and formaldehyde in presence of HCl can be controlled by 
varying acid concentration and temperature, and result in either 6-membered HC[6] or 
twice larger HC[12]. The initial motivation for HCs synthesis was to obtain a novel 
receptor for binding metal cations realized through the cone orientation of carbonyl 
groups. However, single crystal X-ray diffraction (SC-XRD) analysis revealed a unique 
alternating conformation of the urea moieties13,15 (Figure 2) which determines 
anion-binding properties of HCs. 

Figure 2. Expected cone (left) and confirmed alternate (right) conformations of urea monomers in 
HC[6]. Reprinted from ref. 15 with permission from John Wiley and Sons. 

In 2024, Reany, Keinan and colleagues reported the synthesis of thio analogs of the 
unsubstituted HC[6].16 

Cyclohexanohemicucurbit[n]urils 
Condensation of ethyleneurea monomers bearing fused cyclohexane rings as bulky 
substituents was investigated by Wu and colleagues, who prepared the first substituted 
(R,S)-cycHC[6] in 2009.17 The use of chiral (S,S)- and (R,R)-cyclohexaneurea monomers by 
Aav’s group led to successful synthesis of (S,S)- and (R,R)-cycHC[6] (Figure 3), which 
became the first enantiomerically pure members of CB family in 2013.18 Introduction of 
chirality into a macrocyclic receptor opens numerous possibilities for extended 
applications, such as enantiorecognition and chiral sensing. Modification of the ethylene 
urea with a norbornane ring in Šindelář’s group in 2013 lead to formation of hexameric 
macrocycles.19 Several years later another representative of 6-membered cyclohexane-
substituted HC, the inverted-cycHC[6], was synthesized in Aav’s group.20 

N

NN
NNNN

NN N
O

O

O

O

O

O

N N
NN

O

O

N
NN

N
N

N
N

N
N N

NN
NN

O

O

O

O

O

O

(R,R)-cycHC[6] (R,R)-cycHC[8]

Figure 3. The structures of chiral cycHC[n] (n = 6, 8). 

The search for higher homologs of (R,R)-cycHC[6] revealed the existence of larger 
cycHC[n] (n = 7–10) species, among which (R,R)-cycHC[8] was the most abundant 
side-product.21 Deeper mechanistic studies of dynamic covalent chemistry (DCC) lead to 
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the efficient synthesis of cycHC[8],22 which possesses a larger cavity compared to its 
hexameric homolog (Figure 3), thus being more appealing in terms of host-guest 
chemistry. Besides, even larger 12-membered macrocycle cycHC[12]23 was isolated, 
although in a very low 1% yield, impractical for further applications. In addition to being 
the first chiral HCs, cycHC[n] are also the first example of HCs prepared both in solution 
and in the solid state (Figure 3).24  

Very recently, Reany, Keinan and co-workers reported the mechanosynthesis of 
cycHC[8] thio-analog prone to conformational adaptation upon binding anions.16 
Compared to the oxo-cycHC[8], thio-cycHC[8] proved to have higher association 
constants when encapsulating anionic guests due to the higher polarizability of thiourea. 

Bambus[n]urils 
BU[n] are a subclass of HCs first described by Šindelář and co-workers in 2010.25 These 
macrocycles consist of glycoluril monomers with one urea moiety di-substituted with 
alkyl groups, linked by methylene bridges through the other urea. Hexameric 
methyl-substituted Me12BU[6] became the first representative of this subclass. Further, 
the scope of BU[n] macrocycles was expanded by replacing methyl substituents with 
propyl and benzyl groups, affording PromBU[n] and BenmBU[n] (m = 2n, n = 4, 6).26  

Next, Šindelář’s group focused on development of water-soluble receptors, applicable 
for detection of anionic pollutants and anion transport in biological processes. The type 
of substituents on the macrocycle portals greatly affects receptor solubility and binding 
properties, which was demonstrated in the synthesis of water-soluble BU[n] decorated 
with 4-carboxybenzyl,27 carboxyalkyl,28 amino,29 and 3,6,9-trioxadecyl (PEG)30 groups. 

Another milestone was the preparation of fluorinated BU[6]s in 2019, which 
act as efficient transmembrane anion transporters.31 Notably, the presence of 
electron-withdrawing groups on the benzene substituents allows to fine-tune the 
binding properties of the receptor via the inductive effect.32  

Selective mono-functionalization of the Ben12BU[6] scaffold resulted in versatile 
macrocycles bearing one carboxylic group suitable for further derivatization (Figure 4). 
Subsequent amide coupling with crown ethers delivered heteroditopic receptors 
merging the anion- and cation-binding properties of the two cavitands.33,34 Remarkably, 
the efficiency of liquid-liquid extraction of alkali halides by the new conjugates 
significantly surpassed the performance of the equivalent mixture of BU[6] and crown 
ether, implying a cooperative effect in the binding of ion pairs. 

Figure 4. The structures of mono-functionalized BU[6]. Adapted from ref. 33 with permission from 
the American Chemical Society. 

Decoration of BU[6] with chiral substituents provided cavitands suitable for 
enantiorecognition of chiral carboxylates.35,36 More examples of enantiomerically pure 
BU[n] include orthogonally protected BU[n] which can be modified by various chiral 
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motifs,37 and a mono-functionalized macrocycle prepared from the mixture of D-biotin
and glycoluril urea monomers.38  

Thio-analogs of BU[n], duo-functional semithio-bambus[n]urils (semithio-BU[n], 
n = 4, 6), were developed by Reany, Keinan, and colleagues in 2014.39 Shortly after, 
the same group introduced semiaza-bambus[n]urils (semiazaBU[n], n = 4, 6).40 
Incorporation of sulfur atoms resulted in HCs suitable for encapsulation of anions as well 
as binding metal cations at their sulfur-edged portals. Lipophilic semithio-BU[6] and 
semiaza-BU[6] proved to act as efficient transmembrane chloride transporters.41,42 

Biotin[n]urils 
The similarity of naturally occurring biotin to the urea monomers previously used in 
preparation of HC[n] inspired Pittelkow and co-workers to study its macrocyclization with 
formaldehyde. In 2014 they described the synthesis of the first water-soluble HC – 
Bio[6].43 The use of biotin provided chiral centers in the macrocycle and carboxylic acid 
functionalities, which granted solubility in polar solvents and could be used for further 
derivatization (Figure 5).  

Figure 5. The structures of Bio[6] and corresponding alkyl ester derivatives. Adapted from ref. 44 
with permission from the American Chemical Society. 

Methyl-, ethyl- and butyl-esterification of Bio[6] produced a number of hydrophobic 
receptors capable of selective transmembrane transport of Cl–.44 In addition, Pittelkow’s 
group demonstrated that Bio[6] can be diastereoselectively oxidized in the sulfur position 
with a consequent effect on anion recognition properties of biotin-L-sulfoxide[n]urils and 
corresponding esters.45 

Hybrid Hemicucurbit[n]urils 
The scope of HC application can be expanded by introducing chromophores and 
functional groups suitable for derivatization. In 2014 Keinan, Pappo and co-workers 
described the synthesis of macrocycles composed of alternating thiourea monomer and 
phenol derivative, which they named multifarenes.46 In 2019 Šindelář’s team attempted 
to incorporate xylylene fragments into macrocyclic framework, producing BU[n] hybrid 
analogs based on alternating glycoluril and aromatic rings.47 Alas, the major isolated 
product consisting of two repeating units was too small to accommodate anions. Liu and 
colleagues followed the fragment coupling strategy, previously used in multifarene 
preparation, to assemble macrocycles from urea monomers substituted with benzene 
derivatives. In 2021 they presented a new amino-benzene containing hybHC (Figure 1), 
suitable for binding metal cations.48 Insertion of aromatic rings improved the optical 
properties of the macrocycle, and amino groups can participate in complex formation via 
coordination and hydrogen bonds, as well as be utilized for further modification.49 

O
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O

R2

R2: Me, Et or Bu
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Combination of glycoluril, ethyleneurea, and aromatic group resulted in a photoresponsive 
multi-hybHC[6], also applicable for complexation with metal cations.50  

The same coupling method was applied in the synthesis of thio-hybHC[6]s in 2022.51 
Liu’s group were the first to use commercially available ethylene thiourea to prepare HC, 
however, the attempts to obtain all-thio-hybHC[6] were unsuccessful both via 
condensation of the monomers and fragment coupling. Nevertheless, the latter 
approach allowed the construction of macrocycles containing up to 3 thio-motifs. 

1.1.2 Synthetic Approaches to Hemicucurbiturils 
The two most common strategies toward the synthesis of HCs include their assembly 
from starting monomers and post-modification of the existing macrocyclic framework. 

Typically, HCs are prepared via acid-catalyzed condensation of N,N’-dialkylurea 
monomers with formaldehyde13 following the principles of DCC.52 The building blocks 
react with each other using reversable reactions to produce a mixture of oligomers – 
dynamic covalent library (DCL) (Figure 6). In the presence of acid, protonation of the urea 
nitrogen initiates the attack on the electrophilic carbon of the formaldehyde, leading to 
the elimination of water and creation of a reactive iminium intermediate. The latter 
swiftly reacts with a nitrogen atom of another available monomer, resulting in the 
formation of an acylaminal linkage after deprotonation. Continuous formation of such 
methylene bridges produces linear oligomers, but the process is reversible due to the 
hydrolysis of the acylaminal linkage in acidic medium. Consequently, instead of the 
infinite chain growth a rich DCL of various oligomerization products is formed. The presence 
of diverse HC intermediates was evidenced by Pittelkow’s43 and Aav’s22,24 groups during 
analysis of reaction mixture composition. 

Figure 6. Formation of oligomers and macrocycles via dynamic reversible acylaminal linkages 
between urea monomers. 

The equilibrium between chain growth, cyclization and stabilization of the macrocyclic 
product can be efficiently controlled by kinetic or thermodynamic parameters.52 
Macrocycle assembly requires optimal preorganization of the linear oligomers and 
efficient ring closure, and is therefore extremely sensitive to external stimuli, such as the 
amount and nature of the acid, concentration of the reagents, temperature and presence 
of template. The combination of favourable conditions allows to shift the chain-cycle 
equilibrium towards the formation of products, and anion templation proved to be an 
efficient tool in the synthesis of various receptors.13,53,54 In addition to conventional 
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synthesis in solution, HCs can be assembled in the solid state via mechanochemistry16,24 
according to the same DCC principles.  

Development of new macrocycles using post-modification approach has been 
exemplified by BU[n] amide coupling with crown ethers and other moieties,33,34 
alkylation of the orthogonally protected BU[n],37 synthesis of semiaza-BU[6] from 
semithio-BU[6],40 and Bio[6] esterification and oxidation.44,45 Derivatization of the 
macrocycles requires the presence of functional groups that would allow for further 
modifications, however, the embedded substituents may also hamper macrocyclization 
and considerably influence the solubility and binding properties of the receptor. 
Although post-functionalization is an attractive approach in design of new macrocyclic 
receptors, it might be challenging to perform and result in a mixture of fully- and 
underfunctionalized products. 

1.2 Analysis of Hemicucurbituril Formation in Solution and Solid State 
Traditionally, thin layer chromatography (TLC) and nuclear magnetic resonance (NMR) 
spectroscopy are the most common tools utilized in a synthetic laboratory for analysis of 
reaction mixtures. TLC is a rapid routine technique used to separate the crude mixtures 
and monitor the reaction progress, however, it has limited resolution and sensitivity. 
NMR, on the other hand, is a powerful method able to provide detailed structural 
characterization of the sample as well as quantify the organic components of the probe. 
Yet, its application is severely restricted in case of complex mixtures which result in poor 
resolution of the signals. In these instances, alternative approaches, such as 
chromatographic separation methods, are required to obtain reliable data. Transition 
from solution-based synthesis of macrocycles to mechanochemistry is accompanied by 
additional complications for analysis, which is discussed in chapter 1.2.2 in more detail. 

1.2.1 Separation and Identification of Hemicucurbiturils and Intermediates 
from Solution-Based Synthesis 
Ever since the first attempts to synthesize HCs, there has been an urge for separation of 
products during analysis of crude reaction mixtures. The formation of HC[6] and HC[12] 
was observed with the aid of gel permeation chromatography with refractometry 
detection (Figure 7), followed by electrospray ionization mass spectrometry (ESI-MS) 
identification.15 

Figure 7. Chromatogram of the HC[n] crude reaction mixture. Adapted from ref. 15 with permission 
from John Wiley and Sons. 
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Identifying analytes in novel reactions is often a daunting task. To overcome this 
challenge, coupling various analytical techniques, such as high-performance liquid 
chromatography (HPLC) and mass spectrometry (MS), offers a powerful solution that 
significantly enhances the effectiveness of the analysis. HPLC-MS was employed by 
Pittelkow and co-workers to monitor the synthesis of Bio[6] and corresponding 
esters,43,44 as well as to estimate diastereoselectivity during Bio[6] oxidation.45 Due to the 
presence of carboxylic groups, Bio[6] and its intermediates are water-soluble and 
therefore well compatible with reversed-phase liquid chromatography (RP-HPLC). 
The chromatographic separation of the Bio[6] crude mixtures was performed on Dionex 
Acclaim RSLC 120 C18 (100 × 2.1 mm, 2.2 μm) column using 0.1% formic acid in water 
and 0.1% formic acid in acetonitrile under gradient elution. The signals were followed by 
UV-Vis diode array detector at 209 nm and ESI-MS. Calibration curves obtained for biotin, 
dimer and hexamer (Bio[6]) revealed that the UV response is directly proportional to the 
number of monomeric units in the analyte, which was further used in the quantitative 
analysis of oligomers at different stages of Bio[6] formation (Figure 8). The collected data 
provided a mechanistic insight: based on the changes in the oligomeric content it was 
suggested, that the macrocycle formation is likely to proceed via condensation of three 
dimers.43 

Figure 8. Quantitative analysis of oligomers during Bio[6] synthesis (note: hexamer = macrocycle). 
Adapted from ref. 43 with permission from the Royal Chemical Society. 

Successful separation of the analytes allows to observe even trace levels of 
by-products, which may boost a whole new direction for research. The latter was the 
case in Aav’s group during HPLC-MS analysis of (R,R)-cycHC[6] crude reaction mixture, 
which revealed the new homologs21 and encouraged template-controlled selective 
synthesis of larger macrocycles.22,23 Despite low solubility of cycHC[n] in water and 
acetonitrile, it was demonstrated that their solutions containing chlorinated solvent 
were compatible with RP-HPLC without risks of precipitation. A quantitative procedure 
was developed and successfully applied for analysis of cycHC[n] and HC[n] homologs and 
diastereomers.55 Chromatographic separation was performed on Kinetex C18 column 
(2.1 × 100 mm, 2.6 μm) using water : acetonitrile and water with 0.1% trifluoracetic acid 
: acetonitrile as mobile phase in a gradient mode and monitoring the signals by UV and 
MS detectors. In contrast to Pittelkow’s results for Bio[6],43 UV absorbance of cycHC[n] 
macrocycles and oligomers did not correlate with the number of monomeric units, 
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therefore, each analyte required an individual calibration curve for quantitation. 
The proposed methodology was used for analysis of cycHC[n] crude mixtures (Figure 9) 
and HC[n] stability studies. 

Figure 9. HPLC-UV chromatograms of cycHC[n] crude mixture (A) and isolated oligomers (B). 
Adapted from ref. 55 with permission from the Royal Chemical Society.  

Šindelář’s group used HPLC-MS to study the BU[n] analogs containing glycoluril and 
aromatic units. The crude mixture was purified using preparative RP-HPLC, and the main 
fraction was analyzed employing Gemini NX-C18 (4.6 × 100 mm, 3 μm) column and 
water : methanol mobile phase used in a gradient mode. The analytes were detected by 
atmospheric pressure chemical ionization mass spectrometry (APCI-MS) operated in scan 
mode.47 Extracted ion chromatogram (EIC) showed two closely eluted peaks 
corresponding to [M+H]+ of the 2-membered product, assigned as the diastereomers, 
accompanied by several peaks identified as protonated 3- and 4-membered by-products. 
In addition, prior to purification the crude mixture was characterized by matrix-assisted 
laser desorption ionization time-of-flight mass spectrometry (MALDI-TOF-MS), which 
revealed the presence of 2- to 5-membered products.47 Developing chromatographic 
methods is often a complex and time-intensive process. However, when chromatographic 
separation is not feasible, MS alone can still yield crucial insights into the sample’s 
composition, offering a valuable alternative for analysis. Šindelář and colleagues have 
extensively utilized MALDI-TOF-MS for analysis of reaction mixtures. Thus, MALDI-TOF-
MS analysis of norHC[6] allowed to detect traces of norHC[n] homologs (n = 4, 5, 7, 8).19 
The same technique was applied for challenging crude mixtures of mono-functionalized 
BU[n]33,34,38 to confirm the formation of the target macrocycle and observe the 
by-products. Selective mono-functionalization via statistically driven condensation is 
extremely difficult due to formation of di- and tri-substituted side-products, which 
Šindelář and co-workers attempted to minimize by using excessive amount of non-
modified glycoluril monomers.33,34 The latest work, however, demonstrated that 
condensation between biotin and 2,4-dibenzylglycouril results in just two products – 
mono-functionalized macrocycle and homomeric Bn12BU[6], even when the monomers 
are taken in 1:5 stoichiometric ratio. Another synthetic challenge was related to biotin 
oxidation in some reactions, which was also discovered with the aid of MALDI-TOF-MS.38 

1.2.2 Analysis of Mechanochemical Reactions 
Mechanochemistry has gained recognition as a technique for organic synthesis, which 
allows solvent-free reactions between solids by direct absorption of mechanical 
energy.56,57 In contrast to the earliest solid-state reactions performed by primitive 
manual grinding of the reactants in a mortar with a pestle,58 modern mechanosynthesis 

HN NH

O

+

cycHC[n]
(n = 6-12)

H+

N N

O

n

HCHO



21 

utilizes various ball mills and twin-screw extruders, which allows to shorten reaction time 
considerably. Mechanochemical reactions proceed under neat or solvent-assisted 
conditions, where minute amounts of liquid is added to accelerate or enable chemical 
transformations. The amount of solvent used in liquid-assisted grinding (LAG) is 
expressed as liquid-to-solid ratio η (μl/mg),59 and typically does not exceed 2 μl/mg.57 
Compared to traditional solution-based synthesis, mechanochemistry is considered 
more sustainable and offers several important benefits, such as avoiding bulk solvents, 
mild conditions, simple set-up, reduced reaction times and enhanced selectivity. 

Mechanochemistry has been utilized in the synthesis of different macrocycles, 
including construction of the macrocyclic core16,24,60–64 and various derivatizations.65–67 
Analysis of solid-state reaction mixtures can be executed using two approaches: in situ 
monitoring and ex situ measurements68,69 (Figure 10). 

Figure 10. Comparison of in situ and ex situ characterization techniques for mechanochemical 
reactions. Reproduced from ref. 68 with permission from the Royal Chemical Society.  

Nowadays the most advanced techniques based on powder X-ray diffraction,70 
Raman,71 X-ray absorption72 and solid-state NMR73 spectroscopies allow real-time in situ 
monitoring of reactions during milling, providing fundamental information on the 
mechanochemical transformations and kinetics. However, the application of these 
methods is limited as special equipment is required. Traditional ex situ analysis can be 
performed using any appropriate method, including widely implemented spectroscopic 
instruments (NMR, IR, UV-Vis), as well as chromatographic techniques coupled with 
various detectors. The limitations of ex situ methods are related to the forced 
interruption of the milling process and exposure of the reaction mixture to the 
atmosphere, besides, the stability of the compounds must be considered. 

A key distinction between mechanochemical and solution-based synthesis lies in the 
homogeneity of reaction mixtures. In solution chemistry mass transfer is rarely a 
problem, as it can be efficiently handled by stirring. On the other hand, in ball-milled 
reactions this can be a difficult variable to control56 and may have a dramatic effect on 
the reaction outcome, as well as analysis of the crude mixtures due to their 
inhomogeneity. The latter raises serious concerns during analysis of mechanochemical 
reactions. Even in situ techniques, which allow real-time monitoring, are to a certain 
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extent limited by specific region of the reaction vessel exposed to radiation,74 while the 
homogeneous state can be attained at different rates. The same problem is expected 
during sampling for ex situ analysis, as the probe must sufficiently represent the 
composition of the whole mixture. In addition, the possibility of moisture absorption and 
evaporation of volatile components must be considered. 

1.2.3 Determination of Macrocycles and Intermediates in Mechanosynthesis 
Up to date, mechanochemical synthesis of macrocycles was investigated predominantly 
using ex situ analytical techniques. The choice of particular method depends on the 
specific reaction, composition of the crude mixture, properties of the compounds and 
the purpose of analysis. Whereas the formation of macrocyclic products can be 
characterized by NMR spectroscopy,16,24,60 other analytical methods may serve as a feasible 
alternatives or complementary techniques, as showcased by several research groups.  

Macrocycles containing highly conjugated π-π systems, such as porphyrins and 
phtalocyanines, are known for their characteristic and prominent UV-Vis absorption. 
Thus, UV-Vis spectrophotometry was applied by Hamilton’s group to determine yields 
during solvent-free synthesis of porphyrins,61 and Anaya-Plaza, Kaabel and co-workers 
used it in the kinetic studies of mechanochemical preparation of phtalocyanine (Figure 
11).64 In both cases, quantitation was based on calibration graphs following Lambert-Beer 
law. 

Figure 11. Phtalocyanine UV-Vis spectra and calibration graph used in the kinetic studies. Reprinted 
from ref. 65 with permission from John Wiley and Sons. 

Solvent-free insertion of metals in porphyrin scaffold increases molecular symmetry 
and causes simplification of the Q-bands region in their UV-Vis absorption spectra. Such 
subtle changes are not sufficient to use UV-Vis spectrophotometry alone to distinguish 
between metallated products and free-base porphyrins,65,75 and similar problem may 
arise when studying porphyrin degradation. Bruckner and co-workers attempted to use 
UV-Vis detection combined with HPLC to investigate porphyrin stability under grinding 
conditions.66 They employed normal phase HPLC with hexane : ethylacetate mobile 
phase in gradient elution mode; unfortunately, the acquired data only confirmed the 
decrease of porphyrin concentration, and no peaks of side products were observed on 
the chromatograms. 

Chromatography is undoubtedly an advantageous technique for analysis of complex 
mixtures. Derivatization of macrocycles bearing several functional groups is likely to 
result in a mixture of products with different degree of substitution (DS). Generally, when 
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a reaction proceeds via formation of multiple intermediates or by-products, separation 
methods are preferential for analysis as they allow reliable discrimination of the 
probe components. A perfect example of challenging analysis of milled mixtures was 
described by Djedaini-Pilard and co-workers in their work on mechanosynthesis of 
lipidyl-cyclodextrins (LCDs).76 ESI-MS analysis revealed products with DS ranging from 
1 to 3. Besides, methyl oleate epoxide ring opening in the presence of cyclodextrins (CDs) 
proceeds via formation of regio- and stereoisomers involving CD hydroxyl groups 2, 3 and 
6, and epoxide carbons 9 and 10 (Figure 12), therefore the crude mixtures had a 
considerably more complex composition, which was elucidated with the aid of 
ultra-performance liquid chromatography coupled with MS. The chromatograms of 
mono-substituted LCDs contained 12 peaks (Figure 12) corresponding to 12 isomers that 
can be formed during the epoxide opening reaction. In case of di- and tri-substituted 
LCDs the number of possible isomers dramatically increased, resulting in multiple poorly 
resolved peaks. 

Figure 12. EICs of LCDs with DS ranging from 1 to 3 (a-c). Adapted from ref. 76 with permission from 
Multidisciplinary Digital Publishing Institute. 

Based on the differences in the abundance of the fragments obtained during MS/MS, 
the 12 peaks of mono-substituted LCD were sorted into 3 groups corresponding to 
different regioisomers. Further structural characterization was performed using 
ion-mobility MS (IMMS), which enables separation of ions in the gas phase according to 
their size, shape and charge. The arrival time distribution (ATD) of the ions passing the 
mobility cell can be correlated to their collision cross section, which characterizes the 
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surface of interaction between the ion and the gas molecules in the mobility cell, and can 
be both measured experimentally and calculated for the proposed model. According to 
the combined results of MS/MS and IMMS analyses, the peaks of the mono-substituted 
LCD isomers were grouped based on the position of derivatized hydroxyl group (Figure 12). 

The templated solid-state synthesis of cycHC[n] (n = 6, 8)24 by Aav, Friscic and 
colleagues was studied by several methods. The conversion of monomers into cycHC[n] 
during aging was followed in situ by 13C cross-polarization magic-angle spinning solid 
state NMR (CPMAS ssNMR) spectroscopy (Figure 13), which selectively detected the signals 
of the rigid macrocycles without an overlap with the dynamic linear intermediates. 

Figure 13. General scheme of cycHC[n] solid state synthesis and real-time monitoring of the reaction 
progress during aging by 13C CPMAS ssNMR. Adapted from ref. 24 with permission from John Wiley 
and Sons. 

A more detailed description of the crude mixture composition was attained by 
chromatographic analysis coupled with ESI-MS, which allowed for determination of 
oligomers (Figure 14). The reported HPLC-MS procedure was also recently applied by 
Reany, Keinan and co-workers in characterization of crude mixtures during 
mechanosynthesis of thio-cycHC[n].16 The oligomers were identified based on the m/z 
values of their [M+Na]+ adducts, and varied by the chain length (2 to 15 monomeric 
units) and the type of terminal groups resulting from the condensation with 
paraformaldehyde.22 A number of signals were assigned as protonated iminium 
intermediates, which could be either present in the native mixture or result from 
acid-induced fragmentation of longer oligomers. According to the HPLC-MS data, the crude 
mixtures contained macrocyclic products and various linear intermediates in different 
ratios, depending on the conditions used in the milling and aging steps. In addition, ball 
milling of a separately prepared cycHC[8] yielded a mixture of linear and macrocyclic 
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oligomers, confirming the reversibility of methylene bridge formation under LAG 
conditions. The reported analytical approach demonstrates the usefulness of HPLC-MS 
in uncovering the changes occurring during polycondensation and macrocyclization via 
DCC in the solid state. 

Figure 14. HPLC-UV chromatogram and (+)ESI-MS spectrum of cycHC[n] crude mixture obtained in 
the solid-state. Adapted from ref. 24 with permission from John Wiley and Sons. 

1.3 Application of Hemicucurbiturils 
Diverse HCs have gained significant attention in supramolecular chemistry due to their 
unique ability to form host-guest complexes. These macrocycles, characterized by 
well-defined hydrophobic cavities, excel in binding a wide range of anions, therefore 
being highly effective in anion recognition, transport, and sensing. Additionally, several 
receptors demonstrated their versatility by forming complexes with neutral compounds. 
The integration of HCs into materials and devices further showcases their potential, 
enabling the development of innovative solutions for analytical and biomedical 
applications. 

1.3.1 Supramolecular Receptors for Anion Binding 
All HCs possess an electron-deficient cavity, which enables encapsulation of compatibly 
sized anionic guests via non-covalent interactions, such as hydrogen bonds and 
electrostatic forces. The guest scope and affinity are largely influenced by the particular 
receptor structure and the solvent used as the medium. The strength of anion binding in 
solution is usually determined by titration techniques,77,78 predominantly by 1H NMR 
spectroscopy and isothermal titration calorimetry (ITC) methods, which can be used 
independently or complementary to each other. Additionally to association constant 
evaluation, NMR titration reveals specific interactions responsible for the binding event 
based on the changes in the signals of 1H or other nuclei. ITC provides valuable information 
about the thermodynamic characteristics of the process. Besides, complexation of 
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macrocycles with anions can be explored in the gas phase by MS.79 The application of 
soft ionization techniques, such as ESI, allows for detection of supramolecular complexes 
with outstanding selectivity and sensitivity. ESI-MS is used to investigate in-solution 
binding processes, and the strength of non-covalent interactions in the complex 
can be studied by gas phase ion dissociation methods, for instance, energy-resolved 
collision-induced dissociation (ER-CID). 

Anion binding in water and other protic solvents is relevant to many biological 
processes. However, anion recognition in solution, especially aqueous media, presents 
two considerable challenges: receptor solubility and strong solvation of both anions and 
macrocycle binding site, which competes with host-guest complex formation. 
Considerable effort was devoted to designing HC tailored for binding anions in protic 
media, leading to the development of several receptors27,28,30,80,81 with varying binding 
properties (Figure 15). All 6-membered HCs are known to form 1:1 complexes with 
halides, which are used as the templates during synthesis. The anionic guest is located in 
the center of the binding pocket, stabilized by the C−H···anion interactions with methine 
protons pointing inside the cavity. Larger anions compatible with the cavity size are 
bound even stronger, presumably due to their softness, as demonstrated by Bio[6] 
binding of halide and cyanate guests.80 The type of substituents plays a pivotal role in the 
receptor properties. For instance, deprotonation of the carboxylic groups of the 
macrocycle leads to electrostatic repulsion effects upon binding with anions, which is 
especially evident in case of long flexible substituents. Replacing the latter in 
(CapA)12BU[6] and (ButA)12BU[6] with PEG-chains resulted in considerably stronger anion 
binding (Figure 15). Currently, (PEG)12BU[6] is recognized as the receptor with the highest 
recorded binding efficiency and selectivity for iodide30 and unprecedented affinity for 
dicyanoaurate81 in aqueous solutions.82  

Figure 15. The binding constants acquired for Bio[6] and BU[6] complexation with anionic guests in 
aqueous media. 

Generally, encapsulation of chaotropic anions within HC hydrophobic cavity in 
aqueous media is enthalpically driven and entropically disfavoured, in line with the 
nonclassical hydrophobic effect.83 Šindelář and colleagues investigated the solvent 
influence on the thermodynamic parameters of (PEG)12BU[6] binding with halides.30 
Evaluation of the X–@(PEG)12BU[6] complex formation in various solvents demonstrated 
that binding enthalpy was favorable in all cases, while the entropy was favorable or close 
to zero in all media, except for water and chloroform. Similar trends were observed in 
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anion binding by Bio[6] and Bio-L-sulfoxide[6] and corresponding esters in water and 
acetonitrile.45 The entropic term is also closely linked to the solvation energy of a 
particular anion. Therefore, lower solvation entropy of the iodide led to less favorable 
entropic effects compared to other halides independently of the solvent used. 
Furthermore, the contribution of the enthalpy and entropy may depend on the nature 
of the interactions responsible for complex stabilization. For example, in contrast to 
halides binding in water, dicyanoaurate binding by (PEG)12BU[6] has favorable binding 
entropy (T∆S = +3.4 kJ/mol) .81 

Until recently, chiral cycHC[8] has been the only representative of 8-membered HCs, 
acting as a remarkably selective anion receptor in protic solvents (methanol and 
methanol-water mixture).84 The enthalpy-driven formation of 1:1 inclusion complexes 
was shown to be dependent on the guest size, shape and charge distribution, revealing 
the highest affinity of the macrocycle to large chaotropic anions with symmetrically 
distributed electron density (Figure 16). The affinity order was established based on  
ESI-MS measurements in the gas phase, consistent with the results of solution and  
solid-state binding studies. In contrast to the 6-membered Bio[6] and BU[6], the cycHC[8] 
binding pocket is large enough to accommodate relatively large anions in the center, but 
too spacious to form stable complexes with halides. The newly reported thio-cycHC[8] 
encapsulates various anionic guests (I3–, PF6–, ClO4–, BF4–, TfO– and I–) in chloroform 
exhibiting conformational adaptation.16 

 

Figure 16. Dependency of cycHC[8] anion binding constants on the anion size and electrostatic 
surface potential. Reprinted from ref. 84 with permission from the Royal Chemical Society. 

Lipophilic HCs have found application as efficient transmembrane anion transporters. 
Bio[6] hexaesters, hydrophobic analogs of Bio[6], selectively bind polarizable Cl– and 
NO3– over harder anions (HCO3– , SO42–) in acetonitrile. Once embedded into a vesicle, 
the hexaesters act as mobile carriers of chloride and antiporters of nitrate in aqueous 
media, exhibiting minimal selectivity towards HCO3– (Figure 17). Their activity is 
dependent on the side chain length (butyl >> ethyl > methyl), suggesting that receptor 
lipophilicity enhances the rate of anionic transport.44 Semithio-BU[6] also act as a  
Cl–/NO3– transmembrane transporter,41 although with lower efficiency compared to 
Bio[6] derivatives. 
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Figure 17. HC-based anion transporters (red and blue double conical shapes depict Bio[6] and BU[6] 
derivatives, respectively). Adapted from ref. 31, 44 with permission from Elsevier and the American 
Chemical Society. 

Exceptionally high affinity of fluorinated BU[6]s for Cl– and NO3– showcased 
detrimental effects of strong binding on anion transport. At the same time, 
(3,5-bis(trifluoromethyl)benzyl)-substituted BU[[6] able to accommodate two anions 
simultaneously proved to be an unprecedently potent Cl–/HCO3– transporter across 
the lipid membrane31 (Figure 17). Remarkably, its mono-functionalization with a 
crown ether and cholesterol moieties did not significantly affect the performance, 
implying that the binding properties contribute to the transport rate more than carrier 
diffusion across the membrane.34 

1.3.2 Complexation with Neutral Guests 
Examples of host-guest complexes between HCs and neutral entities are scarce, primarily 
due to the insufficient size of the binding pocket. Nevertheless, in addition to the 
hydrogen bond donors inside the cavity which are responsible for guest inclusion,  
the macrocycles offer multiple binding sites on the carbonyl groups of the urea 
monomers. The carbonyls act as hydrogen bond acceptors and facilitate complex 
formation with a number of neutral compounds.  

Cong and colleagues demonstrated that unsubstituted HC[n] (n = 6, 12) interact with 
a hydroxyl-substituted Schiff base85 in chloroform-methanol 1:1 (v/v) solvent mixture via 
a hydrogen bond between the carbonyl groups of the macrocycle and phenol hydroxyl 
group, resulting in the formation of a 1:1 exclusion complex with HC[6] and guest 
encapsulation by HC[12]. The same group reported complexation between HC[6] and 
ferrocene,86 which occurred in identical medium due to hydrogen bonding between the 
carbonyl groups of the host and hydrogen atoms of the guest aromatic ring. 

Aav’s group described the formation of cycHC[n] (n = 6, 8) external complexes with 
non-dissociated inorganic and organic acids87 using computational approaches, which 
was further supported by experimentally observed binding of various hydrogen bond 
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donors, such as phenols, carboxylic and sulphonic acids, outside the macrocycle in 
aprotic solvent. Notably, the stoichiometries of the host-guest complexes were difficult 
to evaluate and seemed to range from 1:1 to 1:3 or even higher, which is feasible due to 
the numerous binding sites. In addition to hydrogen bonding, the cycHC[n] carbonyl 
groups are able to coordinate with metals, which was demonstrated in 1:3 complexation 
with metalloporphyrins.88 

1.3.3 Hemicucurbituril-Based Materials and Devices 
Two research groups independently explored and reported the application of HCs for 
sensing ClO4

– anions in water. Perchlorate occurs as environmental pollutant of both 
natural and anthropogenic origins and causes adverse health effects by disrupting 
thyroid hormone production.89,90 The development of sensitive methods for its detection 
is therefore of great importance. Lubal and colleagues used Ben12BU[6] as an ionophore 
to prepare the ion-selective membrane, which was further utilized in a solid-contact  
ion-selective electrode91 suitable for determination of perchlorate in water in the range 
from 10–1 to 10–6 M. Reany, Huskens and co-workers proposed an alternative approach 
to ClO4

– sensing based on self-assembled mono-layers of semiaza-BU[6] derivatives 
containing lipoic amide substituents.92 Deposition of macrocyclic anion receptors on the 
gold surface allowed for selective electrochemical impedance spectroscopic 
determination of perchlorate in the concentration range of 2–100 mM. 

A very recent study by Bayley, Reany and colleagues demonstrated a peculiar 
application of semiaza-BU[6] derivative as a molecular adapter for stochastic chloride 
sensing at the single-molecule level.93 Incorporation of the macrocycle into α-Hemolysin 
transformed the protein pore into a selective anion sensor, capable of detecting Cl– in  
1–30 mM concentration range. 

In the context of biomedical applications, Me12BU[6] has been used by Bakibaev and 
colleagues to synthesize silver nanoparticles with antibacterial activity.94 Furthermore, 
Turebayeva and co-workers reported incorporation of the Me12BU[6] into porous 
hydroxyapatite and diatomite carriers to afford biocompatible composite materials95. 

Chiral cycHC[n] and their ability to coordinate with metalloporphyrins were used by 
Paolesse’s group to prepare chiral gravimetric sensors based on supramolecular complex 
formation.96 These sensors were employed for the efficient discrimination between 
limonene and 1-phenylethylamine enantiomers, demonstrating the applicability of the 
macrocycles in the field of enantiorecognition, relevant for both research and industry. 
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2 Motivation and Aims for Work 

The overview of the current state of HC chemistry demonstrates a considerable interest 
towards this topic. New HC-based receptors are continuously developed to result in 
intricate binding properties, and find remarkable applications as transmembrane anion 
transporters, sensors for anions and chiral compounds, and more. Currently, there have 
been just a few examples of host-guest complexes between HC and neutral compounds, 
although the latter may be important targets for binding, including various pollutants, 
therefore this area remains unexplored. The existing limited number of HC-based 
materials rely on incorporation of the macrocycles via mixing with matrix components to 
produce membranes or composites, as well as deposition on the metal surface. Up to my 
knowledge, there have been no examples of covalent immobilization of HCs on solid 
materials. Development of synthetic pathways to obtain new macrocyclic hosts suitable 
for derivatization is a challenging task. Synthetic screening and optimization are 
impossible without reliable analytical methods to evaluate the reaction outcome. 
Consequently, there is a demand for efficient tools to monitor HC synthesis and gain a 
better understanding of the mechanism behind it. The potency of HPLC-MS analysis has 
been demonstrated in separation of some HC mixtures, however, this method requires 
development of new conditions tailored for particular analytes. 

 
The specific aims of the current work were: 

• to develop quantitative HPLC-UV-MS procedures for analysis of crude mixtures 
obtained in mechanosynthesis of hemicucurbiturils; 

• to investigate mono-biotinylated hemicucurbit[8]uril (mixHC[8]) solid-state 
assembly via quantification of the major macrocyclic products and characterization 
of the intermediates by HPLC-MS; 

• to explore the formation of complexes between cycHC[n] and suitably sized 
neutral heterocycles, and apply cycHC[n] for removal of the latter from water; 

• to study the anion-binding properties of the new mixHC[8] in gas phase and 
solution; 

• to test the possibility of preparing new functional materials via covalent 
immobilization of mixHC[8]. 
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3 Experimental 

All experimental procedures are detailed in the supporting information of the 
publications I–III. Unpublished methods related to anion binding studies in the gas phase 
are described below. 

 
Screening of complexation with anions by ESI-IMMS 
The studies were performed on Agilent 6560 Ion Mobility Q-TOF spectrometer, equipped 
with a micro ESI source. The measurements were carried out in negative mode. Prior to 
the measurements the instrument was tuned for standard mass range. The ion source 
parameters were set as follows: drying gas temperature 150 °C, drying gas flow rate  
3 L/min, nebulizer pressure 2 psi, capillary voltage 5500 V and fragmentor voltage 400 V. 
The IM-MS spectra were measured with N2 as the drift gas. The data were acquired using 
MassHunter Acquisition B.09.00 and analyzed using MassHunter Qualitative Analysis 
B.08.00 and IM-MS Browser B.08.00. 

Stock solutions of (–)-mixHC[8] (1 mM) and salts (2 or 5 mM) were prepared in 
methanol. Sample solutions were obtained by diluting stock solutions to 10 μM 
concentration and using 1:1 host : guest ratio in methanol. The samples were introduced 
into the ESI source via direct infusion with 5 μl flow rate. 

In ER-CID studies the ions were isolated and activated by collision energy (CE) values 
from 0.5 to 55 V. The dissociation was monitored as a function of CE value, the resulting 
dissociation curves were fitted to polynomial function. The value of CE required for 
dissociation of half of the isolated ions (CE50%) was determined using MS Excel software. 

 
Competition anion binding by ESI- MS 
The ESI-MS mass spectra were acquired on Agilent 6540 Accurate-Mass Q-TOF 
spectrometer equipped with Agilent jet stream electrospray ionization (AJS-ESI) source. 
Prior to the measurements the instrument was tuned for standard mass range.  
The spectra were recorded in negative mode with the following source parameters: 
drying gas temperature 200 °C, drying gas flow rate 6 L/min, sheath gas temperature  
200 °C, sheath gas flow rate 8 L/min, nebulizer pressure 60 psi, capillary voltage 2000 V 
and fragmentor voltage 220 V. The data were collected using MassHunter Acquisition 
B.09.00 and analyzed using MassHunter Qualitative Analysis B.08.00. 

Stock solutions of (+)- and (–)-mixHC[8] (1 mM) and salts (1 mM) were prepared in 
methanol. Sample solutions were obtained by diluting stock solutions to 10 μM 
concentration and 1:1:1 host : guest1 : guest2 ratio in methanol. The samples were 
introduced into the AJS-ESI source via direct infusion with 5 μl flow rate. 

Competition experiments were performed using two competing anions with same 
counter cation (Na+ or TBA+). The measurements were carried out on three different 
samples, and the variance was expressed as the standard deviation of the obtained 
results. 
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4 Results and Discussion 

4.1 Quantification of Hemicucurbiturils in Mechanosynthesis 
(Publications I, III and Unpublished Results) 

Isolation of a macrocycle from a crude reaction mixture by column chromatography is a 
tedious and time-consuming process, moreover, it is accompanied by inevitable losses of 
the product. Therefore, to increase time-efficiency of synthetic screening there was an 
urge for a convenient analytical method to quantitatively follow the reaction outcome 
prior to purification, in order to maximize product yield. In the current study, 
mechanosyntheses of Bio[6] hexa-amide and mono-functionalized hemicucurbit[8]uril 
represent two targets that produce complex reaction mixtures. Polyfunctionalization of 
a macrocycle is expected to deliver a variety of side-products with a different DS, 
whereas multi-component assembly via DCC proceeds through formation of numerous 
intermediates and products.  

4.1.1 Monitoring of Biotin[6]uril Hexa-Amidation 
Bio[6]43 is an appealing host molecule that carries six carboxylic groups suitable for 
further derivatization. To date, the post-modifications of Bio[6] conducted by Pittelkow 
and colleagues have included esterification of its carboxylic groups,44 enhancing the 
hydrophobicity of the macrocyclic container, as well as selective sulfur oxidation,45 which 
altered its binding properties. Efficient functionalization of the carboxylic groups with 
chiral amines offers a promising strategy to introduce additional chiral centers into the 
macrocycle. A mechanochemical liquid-assisted protocol of amide coupling between 
carboxylic acids and amines was developed in our group by Dr. Tatsiana Nikonovich 
(Dalidovich) and applied in the derivatization of Bio[6]. The six carboxylic groups of the 
macrocycle were functionalized with phenylalanine methyl ester to produce a new chiral 
receptor bearing 24 stereogenic centers (Figure 18). 

Figure 18. General scheme of Bio[6] hexa-amidation via ball milling performed by Dr.  Tatsiana 
Nikonovich (Dalidovich). 

While the amidation of Bio[6] carboxylic groups may seem straightforward, it actually 
poses significant synthetic and analytical challenges. The hexafunctionalization process 
can be seen as six consecutive steps, each demanding exceptionally high efficiency. 
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Failure to achieve the optimal reaction conditions results in a mixture of partially 
functionalized products, necessitating extensive purification and the development of 
highly effective analytical separation techniques. 

The amide coupling between Bio[6] and phenylalanine methyl ester was selected as a 
convenient model for both synthetic and analytical studies. The samples collected after 
ball milling were dissolved in organic solvent (DMSO), leaving the salts used in the 
synthesis undissolved, and the supernatant was analyzed by HPLC-UV-MS. RP-HPLC was 
previously successfully employed for analysis of Bio[6] formation by Pittelkow.43 
Amidation of the carboxylic groups results in decreased polarity of the macrocycle, 
therefore allowing to expect stronger retention on C18 stationary phases. The developed 
HPLC conditions enabled effective separation of Bio[6], hexa-amidated Bio[6] and 
underfunctionalized products with DS ranging from 1 to 5 (Figure 19). The identities of 
the peaks were confirmed with the aid of high resolution mass spectrometry (HRMS), 
with the side-products and the target Bio[6] hexa-amide primarily observed as singly and 
doubly charged protonated species. 

Figure 19. HPLC-UV chromatogram of the Bio[6] amidation crude mixture, containing fully- and 
under-functionalized products (A), EICs of the protonated macrocycles (B), and (+)ESI-HRMS spectrum 
of the displayed chromatogram region (C). 

The HPLC-UV analysis aimed to evaluate the reaction conditions used in the 
hexa-amidation of Bio[6]. Although absolute quantification of the side products was not 
feasible as they were not isolated, the HPLC peak area percentages at 254 nm provided 
sufficient data for the screening purposes. The analysis was simplified by focusing only 
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on the peaks corresponding to Bio[6] and its amidated derivatives, with the differences 
in their absorption properties considered negligible. This comparative analysis of crude 
reaction mixtures enabled the optimization of synthetic conditions, achieving a 95% 
conversion to Bio[6] hexa-amide as determined by HPLC, and an 80% yield of the isolated 
product. 

4.1.2 Determination of Yields in Mono-Biotinylated Hemicucurbit[8]uril 
Synthesis 
Covalent assembly of mono-biotinylated mixHC[8] from different starting monomers was 
expected to produce diverse mixtures of products and intermediates. The ball milling 
stage under LAG conditions induced the acid-catalyzed multi-component condensation 
reaction, which generated a complex DCL. Further aging of the crude mixture at elevated 
temperatures enabled templated self-organization of the intermediates, resulting in two 
major products – chimeric mixHC[8] and homomeric cycHC[8] (Figure 20). Synthesis 
development and optimization were performed by Elina Suut-Tuule. 
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Figure 20. General scheme of mixHC[8] synthesis in the solid state. 

Combinatorial analysis predicted the potential formation of approximately 50,000 
compounds from the three-component mixture of starting materials, which makes the 
analysis of products and intermediates extremely challenging (see Chapter 4.2.1). 
In contrast to the solid-state synthesis of cycHC[n],24 NMR spectroscopy was not 
applicable due to the complexity of the crude mixtures, which contained numerous 
macrocycles and intermediates with overlapping signals in the 1H NMR spectra. 
As demonstrated previously, RP-HPLC-UV is a perfect tool to separate cycHC[n] and 
quantify them based on the calibration curves.55 The reported conditions were used as 
the starting point for the development of chromatographic conditions. 

Compared to the work on Bio[6] hexa-amidation, the mixHC[8] crude mixtures after 
aging did not always appear homogeneous. Besides, the milling and aging stages were 
likely to cause partial evaporation of water from the system, as well as absorption of 
moisture from the air, which influenced the concentration of the solids to an unknown 
extent. In order to account for these changes and increase the reliability of the results, 
sampling was performed in replicates, and triphenylmethane (TPM) was introduced into 
reaction before milling as an internal standard. The developed HPLC-UV-MS method was 
evaluated based on its selectivity, stability, linearity, limit of detection (LoD), limit of 
quantitation (LoQ), trueness and reproducibility. 
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Development of Chromatographic Conditions 
The separation of the macrocycles formed during mixHC[8] solid-state synthesis was 
initially attempted on the Kinetex C18 (100 mm × 2.1 mm, 2.6 μm) column, previously 
employed in the analysis of cycHC[n],21,24,55 the analytes were identified with the aid of 
ESI-MS. Incorporation of just one biotin unit into cycHC[8] scaffold considerably 
increased the macrocycle polarity, resulting in significantly different retention factors of 
cycHC[8] and mixHC[8]. Unfortunately, the latter eluted as a distorted broad band. 
Transition to a larger Kinetex XB-C18 (150 mm × 4.6 mm, 2.6 μm) column provided 
sharper and more symmetrical peaks of mixHC[8] and cycHC[8] (Figure 21). The selected 
stationary phase with di-isobutyl chains, low ligand density and inactive surface, acts as 
a great hydrogen bond acceptor and, therefore, improves the peak shape and selectivity 
of acidic compounds.97 

Figure 21. HPLC performance of different C18 columns in the analysis of a mixHC[8] crude reaction 
mixture. 
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4.2 Mass-Spectrometric Characterization of Mono-Biotinylated 
Hemicucurbit[8]uril Solid-State Assembly (Publication III)  

The new mixHC[8] macrocycle was assembled in the solid state in a multi-component 
condensation reaction in accordance with DCC. Essentially, the synthesis included two 
stages. The milling step generated a complex DCL containing numerous linear and cyclic 
intermediates. The aging of the crude mixture shifted the DCC equilibrium towards the 
formation of the macrocyclic products. The detailed characterization of the DCL 
composition during milling and aging was determinative to the understanding of the 
time-dependent processes occurring in the solid state, and consequently, to the 
optimization of the synthetic conditions. 

4.2.1 HPLC-HRMS Profiling of Dynamic Covalent Library 
Selective assembly of mixHC[8] from different building blocks via DCC is extremely 
challenging because of the vast number of potential products and intermediates. 
Considering the non-C2-symmetric biotin, various combinations of the two starting 
monomers result in ca 50,000 possible oligomers (2 ≤ n ≤ 10). Noteworthy, this number 
calculated by Dr. Marko Vendelin reflects the differences in the composition of the 
oligomers, as well as the order and orientation of monomeric units. In addition, the linear 
oligomers can have different terminal groups resulting from the acid-catalyzed 
condensation with paraformaldehyde, reversable formation and cleavage of the C–N 
covalent bond and reaction with isopropanol used in the sample preparation (Figure 29). 

Figure 29. Complexity of DCL during mixHC[8] self-assembly. 

As a result of synthetic optimization, the best reaction conditions delivered mixHC[8] 
and cycHC[8] in 38% and 34% HPLC yields, respectively. To gain mechanistic insight, 
the products and intermediates generated upon different milling duration (5, 10, 20, 30, 
45 and 60 min) were identified by HPLC-HRMS analysis prior to and after aging for 24 h 
at 60 °C. The corresponding abundance values of 132 detected species were used to 
create the heat map displaying the dynamic changes during synthesis (Figure 30). HRMS 
identification of the crude mixture components relied on the comparison of the observed 
signals to the library containing 1260 linear oligomers (2 ≤ n ≤ 10) and 60 macrocycles 
(3 ≤ n ≤ 10). The data treatment was performed with the aid of MatchMass99 created by 
Dr. Lukas Ustrnul as a free user-friendly tool to assist the analysis of complex MS data. 
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Figure 30. Heatmap visualizing the dynamic changes during mixHC[8] self-assembly. 

Biotin was found to participate in the formation of various oligomers (CU)x(B)y 
(CU – cycloxane urea unit, B – biotin unit, x = 1…8, y = 1…4), as well as several of mono-, 
di-, tri- and tetra-biotinylated mixHC[n] (n = 6…8). No species containing more than 4 
biotin units were observed. The collected data proved the milling duration to be crucial 
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to the DCL composition, which in turn determined the ratio of the macrocyclic products. 
Homomeric oligomers prevailed at the initial phase of condensation, while generation of 
longer biotin-containing linear and cyclic intermediates was observed upon prolonged 
milling. Therefore, the ball milling duration must be sufficient to ensure the “shuffling” 
of the monomers and efficient distribution of biotin across the reaction mixture. 
The formation of cycHC[8] proceeded in a peculiar manner, as it was detected already at 
the milling stage with the highest abundance after 20 min, but then underwent partial 
disassembly. The macrocycles predominantly “ripened” during templated self-organization 
occurring at the aging stage. Although the data points to monomer cross-over reactions 
during aging, the mixtures milled for shorter period and rich in CU-homomeric oligomers 
delivered cycHC[8] as the dominant product, and the maximum content of the chimeric 
mixHC[8] was observed for the mixtures milled for 60 min. The trends revealed by HRMS 
analysis were consistent with the yields of macrocycles determined by HPLC-UV. 

4.2.2 Tracking Changes in the Content of Selected Oligomers 
Mapping the abundances of the detected oligomers and macrocycles provided a general 
overview of the dynamic changes occurring during milling and aging, however these 
values could have been misleading due to the limitations related to the linearity in  
MS. Therefore, a selected ion monitoring (SIM) method was developed for selective 
determination of short homomeric dimers and trimers in the crude mixtures. 
The formation of the chosen species reflected the condensation rate between different 
monomers. Unfortunately, the absolute quantification was not feasible in the absence of 
reference compounds, yet the collected data was sufficient to see the change in the 
content of the selected oligomers after milling and aging. 

SIM approach enhances the sensitivity of the analysis towards the analytes of interest. 
However, it is crucial to maintain the sample concentration within the linear range of the 
method. The linear range for the dimers and trimers was determined based on peak 
areas which displayed linear dependency upon dilution of the sample solution, as the 
absolute concentration of the oligomers was unknown (Figure 31). During analysis,  
the samples containing high amounts of oligomers were additionally diluted to provide 
peak areas within the linear range. The obtained values were further corrected with 
respect to the dilution factor. 

Figure 31. Linearity of the SIM method for determination of dimers and trimers (A – full studied 
range, B – linear range). 

0

10

20

30

40

50

60

70

0 0.5 1

S,
 IC

∙s
 (×

10
4 )

 

c, mg/ml

A
R² = 0.999

R² = 0.9992

R² = 0.9977

R² = 0.9944

0

5

10

15

20

25

30

0 0.2 0.4

S,
 IC

∙s
 (×

10
4 )

c, mg/ml

B
B-B

CU-CU

B-B-B

CU-CU-CU

Linear (B-B)

Linear (CU-CU)

Linear (B-B-B)

Linear (CU-CU-CU)



46 

As we concluded in Publication III, “the changes in the content of characteristic dimers 
and trimers allowed to compare the rate of their condensation prior to and after the 
aging stage. The collected data (Figure 32) confirmed that coupling between the CU 
monomers is kinetically preferred and occurs at the initial phase of the polycondensation 
reaction. Thus, the quantity of CU-CU and CU-CU-CU drastically increased after 5 min of 
milling and subsequently underwent rapid decay. Such fast dynamics and decay were 
absent for the biotin units reflecting a major difference in condensation between biotin 
and CU. In contrast, the condensation of the biotin units to respective dimer and trimers 
reached in at the beginning of reaction its maximum and probably acts as a transient 
intermediate”.100  

Figure 32. The changes in the content of homomeric CU-CU (A) and B-B (B) dimers depending on 
milling duration. 

4.3 Complexation between Hemicucurbit[8]urils and Small Electron-Rich 
Guests (Publications II and III)  
The complexation of cycHC[8] with a series of suitably sized neutral heterocycles was 
investigated by 13C CPMAS ssNMR and 1H NMR spectroscopy, which revealed the 
possibility of guest inclusion in the solid state and specific interactions that enable 
encapsulation in solution, as well as the binding strength. The cycHC[8] applicability for 
selective capture of neutral guests in aqueous solutions was studied in the solid-phase 
extraction experiments (SPE). 

The new member of the cycHC[8] family, mono-biotinylated mixHC[8], was tested for 
its affinity towards various anions in the gas phase by ESI-MS and in solution by ITC, and 
compared to the cycHC[8] performance as selective anion receptor. Furthermore, we 
explored the possibility of utilizing the mixHC[8] carboxylic group to afford new 
functional materials without the loss of the macrocycle binding properties. 
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4.3.2 Solid-Phase Extraction of Neutral Heterocycles from Water by 
Cyclohexanohemicucurbit[n]urils 
The performance of cycHC[8] as a sorbent material was compared to its 
homolog cycHC[6] and powdered silicarbon TH90. The six-membered heterocycle served 
as a control compound with a smaller cavity unable to accommodate the heterocyclic 
guests but with identical properties of the external surface, thus allowing to distinguish 
between inclusion complex formation and physiosorption. The TH90 was used to 
evaluate cycHC[8] sorption efficiency and selectivity compared to the common carbon-
based sorbents. 

Prior to extraction, the macrocycles were milled to produce fine powders with surface 
area of 6.03 m2/g and 9.02 m2/g for cycHC[6] and cycHC[8], respectively, suggesting that 
cycHC[n] would exhibit similar efficiencies. Conversely, the surface area of TH90 is 
substantially larger (around 1000 m²/g), which implies a higher extraction efficiency per 
weight unit. 

SPE experiments were conducted with 1, 3, 6, 9, 10, and 11 via stirring the dispersed 
solid sorbent in an aqueous solution of guest and determining the change in 
guest concentration upon extraction (Figure 35).  

Figure 35. A – removal of heterocycles by cycHC[n], B – sorption efficiency of macrocycles and TH90, 
C – removal percentage dependency on the amount of TH90, D – comparison of cycHC[8] and TH90 
selectivity, E – removal of racemic and enantiopure 9 by cycHC[8] used in H:G 5:1, F – removal of 9 
enantiomers by cycHC[8] used in H:G 20:1. The extraction step for the guests 1, 3, 6 (A, B) was 
performed by Dr. Kamini Mishra. 
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The macrocycles showed minimal removal of O-containing 6 and N-containing 10 and 
11. The larger cycHC[8] efficiently extracted S-containing 1 (78 %) and 9 (74%) and
moderately removed 3 (25 %), while cycHC[6] was considerably less effective at removing
these guests, with extraction values of 16% for 1 and only 3% for 3. Notably, cycHC[6]
removed 58% of 9, which indicates the significant role of physiosorption (Figure 35A).
As anticipated, TH90, acting as a non-selective adsorbent, removed over 50% of all
studied heterocycles from water when used in the same ratio of guest to sorbent by
weight. Sorption efficiency (SE) was calculated as the mass of the sorbed guest (μg) per
cm2 of the respective sorbent surface area and expressed on a logarithmic scale (Figure
35B). This demonstrated that cycHC[n] have a higher affinity for hydrophobic S-containing
heterocycles, while TH90 performs similarly regardless of the guest’s nature.

Additionally, sorption selectivity was evaluated using a mixture of guests 1, 3, and 6. 
The adequate amount of TH90 was established by additional experiments to reveal the 
dependency between sorbent amount and removal percentage. The selectivity studies 
were planned to ensure similar removal for guest 1 (ca 80%) by cycHC[8] and TH90 
(Figure 35C). The least hydrophobic compound 6 was weakly sorbed by both compounds. 
The selectivity of cycHC[8] was demonstrated in removal of S-heterocycles, where it 
showed clear preference for guest 1 in contrast to TH90 (Figure 35D). 

The enantiorecognition properties of cycHC[8] were tested in the SPE of 9 as racemic 
mixture and enantiopure compounds. The removal experiments under standard conditions 
using host-guest molar ratio (H:G) 5:1 showed that (R,R)-cycHC[8] acts more efficiently than 
(S,S)-cycHC[8] (Figure 35E). In order to enhance possible enantiodiscrimination, the SPE 
was performed with H:G 20:1, however, it resulted in negligible difference in the 
performance of the two macrocycle (Figure 35F). Most likely, the dissimilarity in their 
removal potential was related to the differences between the cycHC[8] batches. 

To prove that extraction of S-containing heterocycles from water by cycHC[8] occurs 
due to their encapsulation, the macrocycles and guests 1 and 9 were ball-milled in the 
presence of minute amount of water101 and analyzed by 13C CPMAS NMR (Figure 36).  

Figure 36. 13C ssNMR NMR spectra of cycHC[8] before and after LAG with the guests, recorded by 
Dr. Ivo Heinmaa: upper left – 1 + cycHC[6] (blue) overlayed with cycHC[6] (grey), lower left – 1 + 
cycHC[8] (magenta) overlayed with cycHC[8] (black), upper right – 9 + cycHC[6] (blue) overlayed 
with cycHC[6] grey, lower right – 9 + cycHC[8] (magenta) overlayed with cycHC[8] (black). 

The superimposed 13C ssNMR spectra of the cycHC[8] milled with the guests contained 
characteristic changes in the signals of protons 2 and 6, indicating the formation of 
inclusion complexes with both compounds. These changes were absent in case of 
cycHC[6] macrocycle, which cannot accommodate the guests in its cavity. 
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In summary, the cycHC[8] was found to be a promising sorbent material for selective 
capture of S-containing heterocycles. However, the sorption efficiency of the macrocycle 
was found to be considerably limited by its surface area exposed for interactions, which 
prompted us to explore the possibility of immobilizing macrocycles on the surface of 
other materials. 

4.3.3 Mono-Biotinylated Hemicucurbit[8]uril Complexes with Anions in Gas 
Phase (Unpublished Results) 
The new mono-biotinylated mixHC[8] differed from its parent cycHC[8] in just one 
monomer unit, therefore it was expected to act as an efficient anion receptor. The anion 
recognition of the new (−)-mixHC[8] was screened in the gas phase by ESI-IMMS. 
Compared to the titration methods commonly used to study binding in solution (NMR, 
ITC), MS offers faster measurements and requires small amounts of the compounds. The 
drift times determined by IMMS were used to confirm encapsulation of the anionic 
guests. Singly charged 1:1 complexes were detected with PF6ˉ, SbF6ˉ, ClO4ˉ, Iˉ, NO3ˉ, Clˉ, 
ReO4ˉ, SCNˉ, H2PO4ˉ, Brˉ, HSO4ˉ, CF3SO3ˉ, NO2ˉ and BF4ˉ; no binding was observed for Fˉ, 
CO3

2– and CH3CO2ˉ. The drift times of the deprotonated macrocycle and detected 
complexes with anions did not significantly differ, indicating their similar size (Table 3). 
The latter implied accommodation of the anion inside the cavity of the macrocycle. 

Table 3. ESI-IMMS screening of anion binding to mixHC[8]. 

Ion  Formula m/z exp m/z theor Drift 
time, ms 

[mixHC[8]-H]– C67H100N15O10SPF6 1319.7469 1319.7456 45.16 
[PF6@mixHC[8]]– C67H100N16O10SPF6 1465.7166 1465.7176 47.65 
[SbF6@mixHC[8]]– C67H100N16O10SSbF6 1555.6462 1555.6477 47.74 
[ClO4@mixHC[8]]– C67H100N16O14SCl 1419.7021 1419.7020 47.46 
[I@mixHC[8]]– C67H100N16O10SI 1447.6591 1447.6579 47.34 
[NO3@mixHC[8]]– C67H100N17O13S 1382.7424 1382.7413 47.17 
[Cl@mixHC[8]]– C67H100N16O10SCl 1355.7237 1355.7223 46.30 
[ReO4@mixHC[8]]– C67H100N16O14SRe 1569.6836 1569.6861 47.69 
[SCN@mixHC[8]]– C68H100N17O10S2 1378.7274 1378.7286 47.51 
[H2PO4@mixHC[8]]– C67H102N16O14S P 1417.7248 1417.7225 46.46 
[Br@mixHC[8]]– C67H100N16O10SBr 1399.6708 1399.6718 47.24 
[HSO4@mixHC[8]]– C67H101N16O14S2 1417.7188 1417.7130 46.83 
[CF3SO3@mixHC[8]]– C68H100N16O13S2F3 1469.7055 1469.7055 48.02 
[NO2@mixHC[8]]– C67H100N17O12S 1366.7460 1366.7464 46.21 
[BF4@mixHC[8]]- C67H100N16O10SBF4 1406.7550 1406.7600 47.47 

Complex kinetic stability in gas phase was studied for the selected anionic guests via 
MS/MS ER-CID experiments (Figure 37). All isolated complexes dissociated with 
elimination of an anion. The stability of the host-guest complexes was assessed based on 
collision energy required for dissociation of half of the species (CE50%). Analogous to the 
trends observed for cycHC[8], the low-energy dissociation of inclusion complexes with 
mixHC[8] was observed for the larger anions, whereas the complexes with smaller anions 
were more stable. 
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Figure 37. Dissociation curves obtained for the isolated ions in ER-CID experiments and their CE50% 
values.  

The order of mixHC[8] affinity for selected anions was determined via competition 
experiments. The MS spectra were recorded for tri-component mixtures containing the 
host and two competing guests taken in 1:1:1 molar ratio. The relative abundance of the 
two complexes was expressed as follows:  

𝐼𝐼𝐻𝐻𝐻𝐻1 𝑟𝑟𝑟𝑟𝑟𝑟 , % =  
𝐼𝐼𝐻𝐻𝐻𝐻1

𝐼𝐼𝐻𝐻𝐻𝐻1 + 𝐼𝐼𝐻𝐻𝐻𝐻2
∙ 100

where IHG1 and IHG2 are absolute abundances of the detected complexes. 

The collected data suggested the following ranking of affinity for both mixHC[8] 
diastereomers: SbF6– > PF6–  ReO4– > ClO4– > SCN– ≥ I– > BF4– > NO3– > Cl– (Figure 38). 

Figure S38. Results of competition experiments carried out with (–)-mixHC[8]. The error bars 
represent standard deviation between replicates (n = 3). 

The strongest binding was observed for large chaotropic SbF6ˉ, PF6ˉ, ReO4ˉ and ClO4ˉ 
anions. The chosen pairs of competing guests featured anions of different geometry: 
octahedral (SbF6–, PF6–), tetrahedral (ReO4–, ClO4–, BF4–), trigonal planar NO3–, linear SCN– 
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and monoatomic halides with spherical symmetry. The collected experimental data is 
currently being used in validation of new computational approaches which aim to predict 
the binding energies of the macrocycles. 

4.3.4 Anion Binding by Mono-Biotinylated Hemicucurbit[8]uril in Solution 
Complexation between the mixHC[8] and selected chaotropic anions (ClO4ˉ , PF6ˉ and 
SbF6ˉ) in methanol and a methanol : water mixture (1:1) was studied by ITC using one set 
of sites model. The results obtained for the two mixHC[8] diastereomers were compared 
to the data on cycHC[8] binding. 

Encapsulation of the anionic guests proceeded as an exothermic enthalpy-driven 
event. The association constants correlated with the affinity order ascertained through 
ESI-MS competition experiments, confirming stronger complexation with an increase in 
anion size (Table 4). More efficient binding of PF6ˉ compared to ClO4ˉ explained the 
advantageous properties of PF6ˉ templates during solid-state synthesis of mixHC[8]. 
In contrast to cycHC[8] receptor,84 the binding studies in methanol-water mixtures 
provided lower association constants for mixHC[8], which was especially evident in case 
of ClO4

– binding. The observed decrease in the binding efficiency may be related to the 
stronger solvation of anions in aqueous meda, as well as electrostatic repulsion between 
the anionic guest and deprotonated carboxylic group of the biotin unit.  

Table 4. Association constants of anion binding in solution determined by ITC. 

Guest Vanion, Å3 
Ka, M–1 

(−)-mixHC[8] (+)-mixHC[8] (R,R)-cycHC[8]84 

(TBA)ClO4 
54.7 (4.60±0.05)·102 a (9.7±0.2)·102 a (4.7±0.2)·102 a 

(1.90±0.03)·102 b (4.56±0.02)·102 b – 

(TBA)PF6 
70.6 (1.05±0.07)·104 a (1.59±0.04)·104 a (2.8±0.4)·104 b 

(0.63±0.02)·104 b (1.4±0.3)·104 b (2.6±0.2)·104 b 

NaSbF6 81.8 (2.7±0.2)·104 a (3.7±0.4)·104 a (2.5±0.7)·105 a 
Association constant values were determined in [a] methanol and [b] methanol:water 1:1 using one 
set of sites binding model. 

Noticeably, the binding studies in solution revealed peculiar dissimilarities between 
mixHC[8] diastereomers and cycHC[8]. In general, (+)-mixHC[8] exhibited higher 
association constants than (–)-diastereomer for all anions, and was binding perchlorate 
twice more efficiently than both (–)-mixHC[8] and cycHC[8]. The smallest differences 
between the affinities of the three HC[8]s were observed for PF6ˉ anion. Finally, 
the cycHC[8] affinity for SbF6ˉ was an order of magnitude higher than that of mixHC[8]s. 
The observed differences imply steric differences of these receptor molecules, which can 
be utilized in future recognition-based applications. 

4.3.5 Functional Material for Selective Capture of Perchlorate 
Incorporation of the biotin unit into cycHC[8] granted the new mixHC[8] a carboxylic 
group, suitable for derivatization and covalent binding of the macrocycle to other 
materials. To demonstrate it, the mixHC[8] was covalently immobilized on 3-aminopropyl 
silica gel (APS) via amide coupling (Figure 39), adapting the procedure for calix[6]arene 
reported by Tabakci.102 The resulting solid product was repeatedly washed with DCM to 
remove unreacted macrocycle and tested for leaching in methanol. 
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Figure 39. Covalent immobilization of mixHC[8] on APS, characterized by IR spectroscopy. 

The obtained material (mixHC[8]-APS) was characterized by IR spectroscopy. 
The content of immobilized mixHC[8] was ca. 12% (w/w), determined based on the IR 
absorbance of the carbonyl groups present in the sample compared to a reference 
mixture of APS and mixHC[8]. The pure macrocycle is soluble in methanol, but once 
covalently bonded to silica it remains solid and is therefore suitable for SPE. In contrast 
to the cycHC[8] applied for removal of S-heterocycles from water, the mixHC[8] covered 
the surface of APS particles, facilitating the efficient use of the binding properties of each 
molecule exposed for interactions. 

The new functional material was tested for selective capture of perchlorate. In the 
absence of interferents, all ClO4– was efficiently removed from its methanol solution via 
SPE with mixHC[8]-APS (Figure 40). Furthermore, to showcase the removal selectivity, 
the extraction of perchlorate was performed in the presence of a mineral matrix. 
A regolith simulant103 was spiked with (TBA)ClO4, imitating contamination with 
perchlorate (1% w/w). The resulting model mixture contained different cations (Ca2+, 
Mg2+, Fe2+, Fe3+), oxides and kosmotropic anions (SO42–, CO32–), but was essentially free 
of the organic matter. The methanolic extract of the contaminated matrix contained 
primarily perchlorate and sulfate anions, the latter arising from the MgSO4 component. 
Compared to ca 15% removal of ClO4– in the control experiment using non-modified APS, 
SPE with mixHC[8]-APS provided its complete removal (Figure 39). Both APS and 
mixHC[8] non-selectively adsorbed sulfate (ca. 85–97%), the absence of mixHC[8] 
contribution to this process was proven ITC, which showed no SO42– binding to the 
macrocycle in methanol. 

Figure 40. Perchlorate removal studies. The concentration of anions before and after SPE was 
determined by Dr. Priit Tikker, using ion chromatography. 
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The extracted perchlorate was easily released by washing mixHC[8]-APS material with 
water, taking advantage of the weaker binding in the aqueous medium. Such reversibility 
of complex formation-dissociation allows controlled capture and release of the pollutant, 
which can be beneficial for its further remediation. 
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Conclusions 

The primary objectives of this thesis were to develop efficient chromatographic methods 
for monitoring the mechanosynthesis of hemicucurbiturils and investigate the properties 
of eight-membered macrocycles as functional supramolecular hosts. The key outcomes 
of this research are summarized as follows: 

▪ An HPLC-UV-MS method was developed and successfully applied to screen
synthetic conditions for the mechanochemical hexa-amidation of the biotin[6]uril
macrocycle. This procedure enabled the separation and identification of the
hexa-amide and mono-, di-, tri-, tetra- and penta-substituted side products.
The acquired quantitative data based on relative peak areas was critical for
optimizing reaction conditions, enabling isolation of target functionalized
macrocycle in 80% yield and 99% purity.

▪ An HPLC-UV-MS method was developed, validated and applied in screening the
solid-state synthesis of mono-biotinylated hemicucurbit[8]uril (mixHC[8]).
The procedure allowed efficient separation and quantification of macrocycles,
facilitating convenient yield determination prior to product isolation.
The method’s reliability was confirmed through selectivity, linearity, detection
and quantitation limits, trueness, and reproducibility studies. Additionally,
the collected data supported the validation of triphenylmethane as an internal
standard. It enabled to follow changes in reaction content during entire
synthetic procedure as it was added before start of the reaction in the ball mill.
It was found that internal standard approach was reliable for analyzing
homogenous mixtures, whereas its applicability was limited under conditions
yielding inhomogeneous mixtures.

▪ HPLC-MS analysis was applied in profiling of the dynamic covalent library during
mixHC[8] mechanochemically driven self-assembly, as well as monitoring the
content of selected short homomeric oligomers. Identification and mapping of
the macrocycles and linear intermediates provided valuable mechanistic
insights into the dynamic changes occurring during ball-milling and aging of the
reaction mixtures, crucial for synthetic optimization. The optimized conditions
converged from over 100 identified intermediates into two major products, in
particular new mixHC[8] was formed in 38% HPLC yield.

▪ Solution- and solid-state binding studies revealed that
cyclohexanohemicucurbit[8]uril (cycHC[8]) forms inclusion complexes with
small neutral S- and O-containing heterocycles. The macrocycle demonstrated
notable potential per its surface area as a solid sorbent for the selective
capture of S-containing guests from water.

▪ Gas-phase and solution-state host-guest studies confirmed that new mixHC[8]
behaves as a selective anion receptors for chaotropic anions. The carboxylic
group of the biotin unit enabled facile immobilization of mixHC[8] on the
aminated silica, resulting in a functional material suitable for selective capture
of perchlorate from methanolic extracts in the presence of mineral matrix.
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The conducted study presents a rare example of comprehensive analysis of 
macrocycle assembly in the solid state, making a significant contribution to the 
development of new host molecules. Additionally, the discovery of hemicucurbituril 
inclusion complexes with neutral compounds, along with the covalent immobilization of 
these macrocycles on solid materials, advances the field by demonstrating the potential 
of 8-membered HCs as sorbents for the selective capture of environmental pollutants. 
The results presented in this thesis can be used in further mechanochemical studies and 
supramolecular applications. 
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Abstract 

Mechanosynthesis of Hemicucurbiturils and Their 
Complexation: an Analytical Study 

The present dissertation focuses on the development of chromatographic and mass 
spectrometric methods for monitoring the mechanosynthesis of hemicucurbiturils (HCs), 
and investigating the complexation of eight-membered macrocycles with anions and 
neutral electron-rich guest molecules. 

Two fundamentally different mechanochemical reactions were analyzed in this thesis. 
The first reaction performed in a ball mill involved the hexafunctionalization of 
biotin[6]uril via amide coupling with phenylalanine methyl ester producing a mixture of 
fully and partially amidated macrocycles. An HPLC-UV-MS method developed to monitor 
the process and evaluate the synthetic conditions lead to optimization of the target 
compound's yield to 80% and purity to 99%. The second study focused on the solid-state 
multi-component condensation reaction of mono-biotinylated hemicucurbit[8]uril 
(mixHC[8]). The assembly of this macrocycle proceeds through dynamic covalent 
chemistry, resulting in the formation of numerous intermediates and side products, with 
over 100 compounds identified in this work. An HPLC-UV-MS method was developed and 
validated to determine the yields of the main products. To assess the representativeness 
of samples taken from the crude mixtures, a solid internal standard, triphenylmethane, 
was added to the reaction mixtures before milling. Rigorous HPLC-MS analysis of 
mixHC[8] crude mixtures enabled mapping of the dynamic covalent library, tracking the 
composition changes throughout the reaction, and gaining insights into the solid-state 
chemical transformations and reaction mechanism. 

The host-guest studies of cycHC[8] revealed that the eight-membered 
hemicucurbituril is capable of forming inclusion complexes with neutral S- and 
O-heterocycles. Complexation of these guests was examined in both solid and solution
phases using various techniques, including single-crystal X-ray diffraction, nuclear
magnetic resonance spectroscopy, and isothermal titration calorimetry (ITC).
Additionally, the macrocycles were tested as sorbents for removing neutral heterocycles
from water through solid-phase extraction, with cycHC[8] proving particularly effective
and selective for the extraction of 1,3-dithiolane from aqueous solution. The properties
of the newly synthesized mixHC[8] diastereomers were investigated in the gas phase
using MS and in solution by ITC. It was found that the overall anion-binding profile was
similar to that of unsubstituted cycHC[8], with (+)-mixHC[8] showing stronger binding to
perchlorate than its analogs. Subsequently, mono-biotinylated hemicucurbit[8]uril was
covalently immobilized on aminopropyl silica gel, creating a functional material.
Solid-phase extraction demonstrated that the new material is suitable for perchlorate
binding from a simulated Martian soil matrix.

This research makes a significant contribution to the advancement of new 
supramolecular receptors through mechanochemistry. Furthermore, it was 
demonstrated that hemicucurbiturils are suitable host molecules for binding both 
anionic and neutral compounds. Moreover, the covalent immobilization of these 
macrocycles on solid materials opens up possibilities for their use as sorbents, such as 
in the selective removal of pollutants from the environment. This work is important 
for the development of new synthetic and analytical applications and could find 
use in the chemical industry and environmental monitoring sectors. 
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Lühikokkuvõte 

Hemikukurbituriilide mehhanosünteesi ja nende 
komplekseerimise analüüs 

Käesolevas väitekirjas keskendutakse kromatograafiliste ja massispektromeetriliste 
meetodite väljatöötamisele hemikukurbituriilide (HC-de) mehhanokeemilise sünteesi 
jälgimiseks ning kaheksaliikmeliste makrotsüklite komplekseerimise uurimisele 
anioonide ja neutraalsete elektronirikaste külalismolekulidega. 

Selles uuringus analüüsiti kahte põhimõtteliselt erinevat mehhanokeemilist 
reaktsiooni. Esiteks vaadeldi kuulveskis läbiviidud biotiin[6]uriili  funktsionaliseerimist 
kuue fenüülalaniini metüülestriga, mis andis täielikult ja osaliselt amideeritud 
makrotsüklite segu. Reaktsiooni jälgimiseks ja sünteesitingimuste hindamiseks töötati 
välja HPLC-UV-MS meetod, mis võimaldas optimeerida eesmärkühendi saagist 80%-ni ja 
eesmärkühendi puhtuseks saadi 99%. Teiseks uuriti mono-biotinüleeritud 
hemikukurbit[8]uriili (mixHC[8]) sünteesi tahkes faasis mitmekomponentses 
kondensatsioonireaktsioonis. Viimase makrotsükli teke toimus dünaamilise kovalentse 
keemia vahendusel, mille käigus moodustub arvukalt vahe- ja kõrvalprodukte. Töö käigus 
indentifitseeriti neist üle 100 ühendi. Põhisaaduste saagiste määramiseks töötati välja ja 
valideeriti HPLC-UV-MS meetod. Reaktsioonide toorsegudest võetud proovide 
esinduslikkuse hindamiseks lisati reaktsioonisegudele, enne nende kuulveskis 
jahvatamist, tahket sisestandardit trifenüülmetaani. MixHC[8] toorsegude põhjalik 
HPLC-MS analüüs võimaldas kaardistada tekkinud dünaamilise kovalentse raamatukogu, 
jälgida reaktsiooni jooksul selle muutuvat koostist, luua arusaam tahkes faasis 
toimuvatest keemilistest muutustest ning reaktsioonimehhanismist. 

Tsükloheksanohemikukurbit[8]uriili (cycHC[8]) komplekside uuringud näitasid, et  
8-ühikuline hemikukurbituriil võib moodustada laenguta S- ja O-heterotsüklitega  
iseorganiseeruvaid peremees-külaline süsteeme. Heterotsüklite komplekseerumist 
uuriti tahkes ja lahuse faasis, monokristall-röntgendifraktsiooni, 
tuumamagnetresonantsspektroskoopia ja isotermilise tiitrimis-kalorimeetriaga (ITC). 
Lisaks testiti makrotsükleid sorbentidena, et eraldada veest neutraalseid heterotsükleid 
tahkefaasilise ekstraktsiooni abil. Leiti, et cycHC[8] on eriti efektiivne ja selektiivne  
1,3-ditiolaani sidumiseks vesilahusest. Käesoleva töö käigus esmakordselt sünteesitud 
mixHC[8] diastereomeeride omadusi uuriti gaasifaasis MS-i ja lahuses ITC abil. Leiti, et 
üldine anioonide sidumise iseloom sarnanes asendamata cycHC[8]-ga, ning lisaks näidati, 
et HC[8]-de sidumises on erisusi ning (+)-mixHC[8] seob perkloraati tugevamini võrreldes 
enda analoogidega. Seejärel immobiliseeriti mono-biotinüleeritud hemikukurbit[8]uriil 
kovalentselt aminopropüülsilikageelile, millega loodi funktsionaalne materjal. Tahke-
faasi ekstraktsiooni abil näidati, et uus materjal sobib perkloraadi sidumiseks Marsi 
pinnase simuleeritud maatriksist. 

Käesolev uurimistöö annab märkimisväärse panuse mehhanokeemia abil uute 
supramolekulaarsete retseptorite väljatöötamisse. Demonstreeriti, et hemikukurbituriilid 
on sobivad võõrustaja-molekulid nii anioonsete kui ka neutraalsete ühendite sidumiseks, 
veelgi enam nende makrotsüklite kovalentne immobiliseerimine tahkele materjalile loob 
võimaluse nende kasutamiseks sorbenditena, näiteks keskkonnast saasteainete 
selektiivseks eraldamiseks. Töö on oluline nii uute sünteesi kui analüütiliste lahenduste 
loomisel ja võib leida kasutust keemiatööstuse ja keskkonnaseire valdkondades.
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Appendix 1  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Publication I 
T. Dalidovich, K. A. Mishra, T. Shalima, M. Kudrjašova, D. G. Kananovich, R. Aav. 
Mechanochemical Synthesis of Amides with Uronium-Based Coupling Reagents: A Method 
for Hexa-amidation of Biotin[6]uril. ACS Sustainable Chemistry & Engineering, 2020, 8, 
41, 15703–15715. 
 
Reproduced with permission from the American Chemical Society. 
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Publication II 
T. Shalima, K. A. Mishra, S. Kaabel, L. Ustrnul, S. Bartkova, K. Tõnsuaadu, I. Heinmaa,  
R. Aav. Cyclohexanohemicucurbit[8]uril Inclusion Complexes with Heterocycles and 
Selective Extraction of Sulfur Compounds from Water. Frontiers in Chemistry, 2021, 
9:786746. 
 
Reproduced with permission from Frontiers Media AS. 
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Publication III 
E. Suut-Tuule, T. Jarg, P. Tikker, K.-M. Lootus, J. Martõnova, R. Reitalu, L. Ustrnul,  
J. S. Ward, V. Rjabovs, K. Shubin, J. V. Nallaparaju, M. Vendelin, S. Preis, M. Öeren,  
K. Rissanen, D. Kananovich, R. Aav. Mechanochemically Driven Covalent Self-Assembly of 
a Chiral Mono-Biotinylated Hemicucurbit[8]uril. Cell Reports Physical Science, 2024, 5, 
102161. 
 
Reproduced with permission from Elsevier. 
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��������	���
����
������������	������
����	������	�����	
���	�����	���������������������	����
	������������
���	�
������
����
�
��
�������	��
��������
���������������������� !��"#�$%��&�'()*+,'-.-/0-1/0/23456789:;68;�������������	����	����<��������������
��������
�����
�����	��=���
����>?����
������	�
���	
�@A���	B	�C����	�		�D�	���
����E�F6;5GH6IJ6K6HI6LHIH;MB���	����	�������	��������������	��	�	��	
�����������	�
���	
�=��������>����
������������	�
����������N6;66:789756K6HI6LHIH;MB���	�	�������������������O�?������	����
����������	���
��	�����������>����	�������	����	��	��	���	�	��	
���������	������������<�����P����	���>��	���
�	�	����������
��������������������	����	��
������������	����P	�
�����P����	�����	���
Q	�	P����������PPQPRSSTUVUW�P�������������	�	
	�
��
�	����������
�	�����	===�

�
�
	��	
��XY�	�	Z��<����Y
���&%��!����� !��["�� ��"�\���������	�������	����
	�
������������	������RYY�������YU]�U]ÛY_��
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§§©̈ª«¬­­ª®®

'���0��������C�����2������̄ 1"+ ","12����>���"#1 + $ °°

SqOYUOILMOMJLUYPMLIqOLK̀ POUUYUsHTTMeRTTqOOMYqGQVOIJYK\IJO]LIYqqugPLXOKI\XYqOKMUOqreYUUO]pqu\rYIJLPYq]\K\epL\MLKuqYMOgJO]LITITPpLM�|�TPLqQ_OqqtÒ\PMUSJuULIYqHILOKIOklml�nQJMM̀Us}}g\LG\Pa}FmGFmFy}hGvIP̀Glml�GFmlFyF�±²³́µ¶
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