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Introduction

The lock-and-key principle formulated by Emil Fischer in 1894 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.*

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,>®
drug delivery,’™® sequestration of toxins,*° capture of pollutants,!! 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
macrocycles'? 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 1)
and mono-biotinylated hemicucurbit[8]uril (Publication Ill). 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



small neutral heterocycles (Publication Il) and a number of anions (Publication IIl),
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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AJS-ESI
APCI-MS

APS

ATD

Bio[n]

BU[n]

CB

CcD

CE

CPMAS ssNMR

cycHC[n]
DCC

DCL
DMSO
DS
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ER-CID
ESI-MS
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HC[n]
HPLC
HRMS
hybHC[n]
IC

IMMS

IR

ITC
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m/z
MALDI-TOF-MS
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PEG
RP-HPLC
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Agilent jet stream electrospray ionization

atmospheric pressure chemical ionization mass spectrometry
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arrival time distribution

biotin[n]uril

bambus[n]uril

cucurbituril

cyclodextrin

collision energy

cross-polarization magic-angle spinning solid-state nuclear
magnetic resonance
cyclohexanohemicucurbit[n]uril

dynamic covalent chemistry

dynamic covalent library
dimethylsulfoxide

degree of substitution

extracted ion chromatogram
energy-resolved collision induced dissociation
electrospray ionization mass spectrometry
hemicucurbituril

unsubstituted hemicucurbit[n]uril
high-performance liquid chromatography
high-resolution mass spectrometry
hybrid hemicucurbit[n]uril

ion count

ion-mobility mass spectrometry

infrared

isothermal titration calorimetry
liquid-assisted grinding
lipidyl-cyclodextrin

limit of detection

limit of quantitation

mass-to-charge

matrix-assisted laser desorption ionization time-of-flight mass
spectrometry
mono-biotinylated hemicucurbit[n]uril

mass spectrometry

nuclear magnetic resonance

3,6,9-trioxadecyl (polyethylene glycol)

reversed-phase high-performance liquid chromatography
relative standard deviation
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SC-XRD
SIM
TLC
TPM
UV-Vis
v/v
w/w

single-crystal X-ray diffraction
selected ion monitoring

thin layer chromatography
triphenylmethane
ultraviolet-visible

volume per volume

weight per weight
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1 Literature Overview

1.1 Evolution of Hemicucurbiturils and Their Derivatives

Single-bridged hemicucurbiturils (HCs)*3 appeared as a sub-class of the cucurbituril (CB)
family renowned for its host-guest chemistry.'* 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.

chiral cycHC[n]
(n=6,8, 12)

cycHCI6] chiral thio-cycHCI[8]
~__ water-soluble
s BUInI fluorinated BUnJ:
)L anion transporters
N” °N chiral
n BU[n] mono-functionalized BUn]:

heteroditopic receptors,
anion transporters

ji o
Ay BULr) .
\_/ n (n=4,6) — .
HCIn] o) R- N‘ ’N “R I_‘ietero-B Uln]:
(n=86,12) i If anion transporters

N©N
<s> “(CH

Bio[6]: chiral,
water-soluble

6

2)4COOH

hetero-BU[n]
(X: SorNR)

Bio[6] hexaesters:
anion transporters

S
NJ\N

NH,

-/ 6
o thio-HC[6]
G
3 \_/ 1{ 3

HybHC[3]: chromophores, cation receptors

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.'° 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 moieties'>* (Figure 2) which determines
anion-binding properties of HCs.

o]

2 NANA;}‘\ Nf-_'!“ i
‘Nﬂf‘é"/—-—- \_/ OMN> o\}Nr 2’( “\rﬁ]t&
AR W W
V'S S d e

8]

L

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].1¢

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.'” The use of chiral (S,5)- 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 2013.8 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 Sindela¥’s group in 2013 lead to formation of hexameric
macrocycles.'® Several years later another representative of 6-membered cyclohexane-
substituted HC, the inverted-cycHC[6], was synthesized in Aav’s group.?

(R,R)-cycHCI6] (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.?! Deeper mechanistic studies of dynamic covalent chemistry (DCC) lead to
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the efficient synthesis of cycHC[8],%2 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]?® 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).2%

Very recently, Reany, Keinan and co-workers reported the mechanosynthesis of
cycHC[8] thio-analog prone to conformational adaptation upon binding anions.®
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 Sindelaf and co-workers in 2010.% 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).2°

Next, Sindela¥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,?’ carboxyalkyl,?® amino,?® and 3,6,9-trioxadecyl (PEG)3° groups.

Another milestone was the preparation of fluorinated BU[6]s in 2019, which
act as efficient transmembrane anion transporters.3 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.3?

Selective mono-functionalization of the Beni2BU[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.3>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.

o
Bn. > 7,\&\3%“\ rE,m /I/\JO/R §-(CH,),COOH
,_N}l /%N\%’N‘ OCQOH E/\/\)K( }

LR T

o 9% oy

NTW. N n
4 Bn 7 X\ Bn

B N Nogy’ 0 §©

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.3>3® More examples of enantiomerically pure
BU[n] include orthogonally protected BU[n] which can be modified by various chiral

15



motifs,3” and a mono-functionalized macrocycle prepared from the mixture of D-biotin
and glycoluril urea monomers.3

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 2014.3° Shortly after,
the same group introduced semiaza-bambus[nlurils (semiazaBU[n], n = 4, 6).%°
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.*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].*3 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).

Ry &
ro s \/\/\g/
N\_NYNV %._1 ;\/\/\g/

R,: Me, Etor Bu

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 CI=.** 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.*

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.*® In 2019 Sindela’s team attempted
to incorporate xylylene fragments into macrocyclic framework, producing BU[n] hybrid
analogs based on alternating glycoluril and aromatic rings.*” 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.*® 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.*
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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.>°

The same coupling method was applied in the synthesis of thio-hybHC[6]s in 2022.%!
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 formaldehyde®? following the principles of DCC.>? 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’s* and Aav’s?%?* groups during
analysis of reaction mixture composition.
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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.>?
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.'>>3** |n addition to conventional
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synthesis in solution, HCs can be assembled in the solid state via mechanochemistry®2
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,3%3
alkylation of the orthogonally protected BU[n],*” synthesis of semiaza-BU[6] from
semithio-BU[6],° and Bio[6] esterification and oxidation.**** 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)
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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,*3* as well as to estimate diastereoselectivity during Bio[6] oxidation.* 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 x 2.1 mm, 2.2 um) 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.®3
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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 homologs®* and encouraged template-controlled selective
synthesis of larger macrocycles.?>?3 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.> Chromatographic separation was performed on Kinetex C18 column
(2.1 x 100 mm, 2.6 um) 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],** 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.
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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.

Sindelai’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 x 100 mm, 3 um) 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.*’ 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.*” 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. Sindeldf 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).%°
The same technique was applied for challenging crude mixtures of mono-functionalized
BU[n]333*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
Sindelai and co-workers attempted to minimize by using excessive amount of non-
modified glycoluril monomers.333* 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.”®> In contrast to the earliest solid-state reactions performed by primitive
manual grinding of the reactants in a mortar with a pestle,>® modern mechanosynthesis
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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 n (ul/mg),>® and typically does not exceed 2 pl/mg.>’
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 core!®?46%-64 gnd various derivatizations.®>%7
Analysis of solid-state reaction mixtures can be executed using two approaches: in situ
monitoring and ex situ measurements®®° (Figure 10).
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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,”®
Raman,”* X-ray absorption’? and solid-state NMR”3 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 control®® 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

21



extent limited by specific region of the reaction vessel exposed to radiation,’* 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,®?#® other analytical methods may serve as a feasible
alternatives or complementary techniques, as showcased by several research groups.

Macrocycles containing highly conjugated m-mt 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,®* and Anaya-Plaza, Kaabel and co-workers
used it in the kinetic studies of mechanochemical preparation of phtalocyanine (Figure
11).%* In both cases, quantitation was based on calibration graphs following Lambert-Beer
law.
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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,®>’> 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.®® 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).”® ESI-MS analysis revealed products with DS ranging from
1to 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.
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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)** by Aav, Friscic and
colleagues was studied by several methods. The conversion of monomers into cycHC[n]
during aging was followed in situ by 3C 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.
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Figure 13. General scheme of cycHC[n] solid state synthesis and real-time monitoring of the reaction
progress during aging by 3C 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].'® 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.?? 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.
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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,’”’® predominantly by *H 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 *H 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.”® 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 receptors?”28398081 \ith 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.®° 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 iodide® and unprecedented affinity for
dicyanoaurate®! in aqueous solutions.®?
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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.?® Sindeldf and colleagues investigated the solvent
influence on the thermodynamic parameters of (PEG)12BU[6] binding with halides.®
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.* 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 (TAS = +3.4 kJ/mol) .

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).3* 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 (Is~, PFeé~, ClO4~, BFs~, TfO™ and I7) in chloroform
exhibiting conformational adaptation.*®
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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 CI~ and
NOs~ over harder anions (HCOs~, SO4%7) 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 HCOs~ (Figure 17). Their activity is
dependent on the side chain length (butyl >> ethyl > methyl), suggesting that receptor
lipophilicity enhances the rate of anionic transport.** Semithio-BU[6] also act as a
CI7/NOs~ transmembrane transporter,*! 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 CI~ and NOs~ 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 CI7/HCOs™ transporter across
the lipid membrane3! (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.3

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 base® 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,®® 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 acids®” 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.8

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.®>*° 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
jon-selective electrode® suitable for determination of perchlorate in water in the range
from 107! to 10~® 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.®? 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.®® Incorporation of the macrocycle into a-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.>* Furthermore,
Turebayeva and co-workers reported incorporation of the Me1,BU[6] into porous
hydroxyapatite and diatomite carriers to afford biocompatible composite materials®.

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.’® 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:

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

e 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;

e 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;

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

e 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-lll. 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 lon 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 N 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 puM
concentration and using 1:1 host : guest ratio in methanol. The samples were introduced
into the ESI source via direct infusion with 5 pl 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 (CE>®*) 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 uM
concentration and 1:1:1 host : guestl : guest2 ratio in methanol. The samples were
introduced into the AJS-ESI source via direct infusion with 5 ul 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, Il 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]*® 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,** enhancing the
hydrophobicity of the macrocyclic container, as well as selective sulfur oxidation,* 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).
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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.*
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.
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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],?* NMR spectroscopy was not
applicable due to the complexity of the crude mixtures, which contained numerous
macrocycles and intermediates with overlapping signals in the *H NMR spectra.
As demonstrated previously, RP-HPLC-UV is a perfect tool to separate cycHC[n] and
quantify them based on the calibration curves.>® 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 x 2.1 mm, 2.6 um) column, previously
employed in the analysis of cycHC[n],?%?*°5 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 x 4.6 mm, 2.6 um) 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.®’
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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-Cz-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).
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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 vyields, 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 MatchMass®® 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.
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Figure 31. Linearity of the SIM method for determination of dimers and trimers (A — full studied
range, B — linear range).
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As we concluded in Publication Ill, “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”.10°
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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 Il and I11)

The complexation of cycHC[8] with a series of suitably sized neutral heterocycles was
investigated by 3C CPMAS ssNMR and 'H 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 m?/g and 9.02 m?/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 m?/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).
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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.

48



The macrocycles showed minimal removal of O-containing 6 and N-containing 10 and
11. The larger cycHCI[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 (ug) per
cm? 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,5)-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 water!® and analyzed by 3C CPMAS NMR (Figure 36).

cycHCI6] + 1 cycHC[6] + 9 :/

3
5 4 A L
m{N 9 40 35 40 35

6 _N cycHC[8] + 1 cycHC[8] + 9 C:fj
8 7o M —
___._-n_ cycHCIn] 40 35
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60 50 40 30 60 50 40 30
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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 3C 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.

49



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 PFs”, SbFs™, ClO47, 17, NO3™, CI°,
ReOs™, SCN7, H2PO4™, Br™, HSO4™, CF3SO3~, NO2™ and BF47; no binding was observed for F~,
COs%™ and CH3CO;". 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].

lon Formula m/z exp m/z theor Drift
time, ms
[mixHC[8]-H]~ Cs7H100N15010SPFe 1319.7469 1319.7456 45.16
[PFe@mixHC[8]]~ Cs7H100N16010SPFs 1465.7166 1465.7176 47.65
[SbFs@mixHC[8]]" Ce7H100N16010SSbFs  1555.6462  1555.6477 47.74
[ClIOs@mixHC[8]]~ Cs7H100N16014SCl 1419.7021 1419.7020 47.46
[l@mixHC[8]]~ Ce7H100N16010SlI 1447.6591 1447.6579 47.34
[NOs@mixHC[8]]~ Cs7H100N17013S 1382.7424  1382.7413 47.17
[Cl@mixHC[8]]~ Cs7H100N16010SCl 1355.7237 1355.7223 46.30
[ReOs@mixHC[8]]~ Ce7H100N16014SRe 1569.6836 1569.6861 47.69
[SCN@mixHC[8]]~ CesH100N17010S2 1378.7274  1378.7286 47.51
[H2POs@mixHC[8]]~ Ce7H102N16014S P 1417.7248 1417.7225 46.46
[Br@mixHC[8]]~ Ce7H100N16010SBr 1399.6708 1399.6718 47.24
[HSOs@mixHC[8]]~ Cs7H101N16014S2 1417.7188 1417.7130 46.83
[CF3SOs@mixHC[8]]~ CesH100N1601352F3 1469.7055  1469.7055 48.02
[NO@mixHC[8]]~ Cs7H100N17012S 1366.7460 1366.7464 46.21
[BFs@mixHC[8]]- Ce7H100N16010SBF4 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 (CE*®*). 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 CE>9%
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:

I
LGt et % = ——=———-100

Ing1 + lng2

where lue1 and lne2 are absolute abundances of the detected complexes.

The collected data suggested the following ranking of affinity for both mixHC[8]
diastereomers: SbFe™ > PFs- ReO4™ > ClO4~ > SCN™ 2 I~ > BF4~ > NOs™ > CI™ (Figure 38).
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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 SbFs~, PFs~, ReOs™ and ClO4~
anions. The chosen pairs of competing guests featured anions of different geometry:
octahedral (SbFe~, PFs7), tetrahedral (ReO4™, ClO4~, BF47), trigonal planar NOs™, 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 (ClO4” , PFs~ and
SbFs”) 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 PFs~ compared to ClOs~ explained the
advantageous properties of PFs~ templates during solid-state synthesis of mixHC[8].
In contrast to cycHC[8] receptor,? 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.

. Ko, M2
. 3 »
Guest Vanion, A (-)-mixHC[8] (+)-mixHC[8]  (R,R)-cycHC[8]**
54.7 (4.60+0.05)-102° (9.7+0.2)-10%¢ (4.7£0.2)-102¢
(TBA)CIO. (1.90+0.03)-102® (4.56+0.02)-102>  —
(TBAJPF 70.6 (1.05+0.07)-10%¢ (1.59+0.04)-10*  (2.8+0.4)-10*?
¢ (0.63+0.02)-10%* (1.4+0.3)-10%® (2.6+0.2)-10*?
NaSbFs 81.8 (2.7+0.2)-10% (3.7+0.4)-10% (2.540.7)-10°¢

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 PFs~ anion. Finally,
the cycHC[8] affinity for SbFs~ 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.’?? 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 simulant'®® was spiked with (TBA)CIO4, imitating contamination with
perchlorate (1% w/w). The resulting model mixture contained different cations (Ca?*,
Mg?*, Fe?*, Fe®*), oxides and kosmotropic anions (S04%-, CO3%), 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 MgS0O4 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 S04%~ binding to the
macrocycle in methanol.
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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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Liihikokkuvote

Hemikukurbituriilide mehhanosiinteesi ja nende
komplekseerimise analiiis

Kdesolevas vaitekirjas keskendutakse kromatograafiliste ja massispektromeetriliste
meetodite viljatéotamisele hemikukurbituriilide (HC-de) mehhanokeemilise siinteesi
jalgimiseks ning kaheksaliikmeliste makrotsiiklite komplekseerimise uurimisele
anioonide ja neutraalsete elektronirikaste kiilalismolekulidega.

Selles uuringus anallUsiti kahte pdhimdtteliselt erinevat mehhanokeemilist
reaktsiooni. Esiteks vaadeldi kuulveskis labiviidud biotiin[6]uriili funktsionaliseerimist
kuue fentilalaniini mettilestriga, mis andis taielikult ja osaliselt amideeritud
makrotsiklite segu. Reaktsiooni jalgimiseks ja slinteesitingimuste hindamiseks téotati
vélja HPLC-UV-MS meetod, mis vGimaldas optimeerida eesmarkiihendi saagist 80%-ni ja
eesmarkihendi puhtuseks saadi 99%. Teiseks uuriti mono-biotiniileeritud
hemikukurbit[8]uriili  (mixHC[8]) slinteesi tahkes faasis mitmekomponentses
kondensatsioonireaktsioonis. Viimase makrotsiikli teke toimus diinaamilise kovalentse
keemia vahendusel, mille kdigus moodustub arvukalt vahe- ja kdrvalprodukte. T66 kaigus
indentifitseeriti neist Gle 100 ihendi. PGhisaaduste saagiste maaramiseks too6tati valja ja
valideeriti HPLC-UV-MS meetod. Reaktsioonide toorsegudest vdetud proovide
esinduslikkuse hindamiseks lisati reaktsioonisegudele, enne nende kuulveskis
jahvatamist, tahket sisestandardit trifentilmetaani. MixHC[8] toorsegude pdhjalik
HPLC-MS analiilis voimaldas kaardistada tekkinud diinaamilise kovalentse raamatukogu,
jalgida reaktsiooni jooksul selle muutuvat koostist, luua arusaam tahkes faasis
toimuvatest keemilistest muutustest ning reaktsioonimehhanismist.

Tsikloheksanohemikukurbit[8]uriili (cycHC[8]) komplekside uuringud néitasid, et
8-Uhikuline hemikukurbituriil vdib moodustada laenguta S- ja O-heterotsiiklitega
iseorganiseeruvaid peremees-kilaline sisteeme. Heterotsiiklite komplekseerumist
uuriti tahkes ja lahuse faasis, monokristall-rontgendifraktsiooni,
tuumamagnetresonantsspektroskoopia ja isotermilise tiitrimis-kalorimeetriaga (ITC).
Lisaks testiti makrotsiikleid sorbentidena, et eraldada veest neutraalseid heterotsiikleid
tahkefaasilise ekstraktsiooni abil. Leiti, et cycHC[8] on eriti efektiivne ja selektiivhe
1,3-ditiolaani sidumiseks vesilahusest. Kdesoleva t66 kdigus esmakordselt slinteesitud
mixHC[8] diastereomeeride omadusi uuriti gaasifaasis MS-i ja lahuses ITC abil. Leiti, et
Uldine anioonide sidumise iseloom sarnanes asendamata cycHC[8]-ga, ning lisaks naidati,
et HC[8]-de sidumises on erisusi ning (+)-mixHC[8] seob perkloraati tugevamini vérreldes
enda analoogidega. Seejdrel immobiliseeriti mono-biotinileeritud hemikukurbit[8]uriil
kovalentselt aminopropiiilsilikageelile, millega loodi funktsionaalne materjal. Tahke-
faasi ekstraktsiooni abil naidati, et uus materjal sobib perkloraadi sidumiseks Marsi
pinnase simuleeritud maatriksist.

Kadesolev uurimisto6 annab markimisvadrse panuse mehhanokeemia abil uute
supramolekulaarsete retseptorite valjatootamisse. Demonstreeriti, et hemikukurbituriilid
on sobivad voorustaja-molekulid nii anioonsete kui ka neutraalsete (ihendite sidumiseks,
veelgi enam nende makrotsiiklite kovalentne immobiliseerimine tahkele materjalile loob
voimaluse nende kasutamiseks sorbenditena, né&iteks keskkonnast saasteainete
selektiivseks eraldamiseks. T66 on oluline nii uute siinteesi kui analiiitiliste lahenduste
loomisel ja vGib leida kasutust keemiatddstuse ja keskkonnaseire valdkondades.

63






Appendix 1

Publication |
T. Dalidovich, K. A. Mishra, T. Shalima, M. KudrjaSova, 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.

65






Downloaded via TALLINN TECHNICAL UNIV on September 7, 2023 at 10:13:42 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Sustalnable

Chemistrye Engineering
pubs.acs.org/journal/ascecg

Mechanochemical Synthesis of Amides with Uronium-Based
Coupling Reagents: A Method for Hexa-amidation of Biotin[6]uril

Tatsiana Dalidovich, Kamini A. Mishra, Tatsiana Shalima, Marina Kudrjasova, Dzmitry G. Kananovich,*
and Riina Aav*

Cite This: ACS Sustainable Chem. Eng. 2020, 8, 15703-15715 I: I Read Online

ACCESS ‘ |l Metrics & More ‘ Article Recommendations | @ Supporting Information
ABSTRACT: Solvent-free, atom-efficient, and mechanochemically ,  CLler e,

activated reactions have emerged as synthetic strategy for sustainable J<Z . HN,R KaHPO, or NMI R iN,Rz sl plest
chemistry. Herein we report a new mechanochemical approach for H R & il e e

the amide coupling of carboxylic acids and amines, mediated by

conbaten of (1-cyano-2—ethoxy-2-0X0ethylidenaminooxy)— < Fastreaction  +/ No harmful solvents  +/ Difficult amide couplings

dimethylaminomorpholinocarbenium hexafluorophosphate  Derivatization of biotin[6]uril 5 2
T S.
(COMU) or N,N,N’,N’-tetramethylchloroformamidinium hexa- 7 Hmﬂ Z
P " H
fluorophosphate (TCFH) and K,HPO,. The method delivers a Siotin(Guri, NN s
. . . . 5 . H-Phe-OMe, = <N o I
range of amides in high yields (70—96%) and fast reaction rates. TcrH, nmi Ph o H o T oty z
The reaction protocol is mild, keeps stereochemical integrity of the & 2 =N come i3 o [ ot o °
adjacent to carbonyl stereocenters, and streamlines isolation " O;/\E\E}_SN: H%\j
procedure for solid amide products. Minimal waste is generated 80% yield, 99% HPLC purity 2 s z

due to the absence of bulk solvent. We show that K,HPO, plays a

dual role, acting as a base and a precursor of reactive acyl phosphate species. Amide bonds from hindered carboxylic acids and low-
nucleophilic amines can be assembled within 90 minutes by using TCFH in combination with K,HPO, or N-methylimidazole. The
developed mechanochemical liquid-assisted amidation protocols were successfully applied to the challenging couplings of all six
carboxylate functions of biotin[6]uril macrocycle with phenylalanine methyl ester, resulting in 80% yield of highly pure hexa-amide-
biotin[6]uril. In addition, fast and high-yielding synthesis of peptides and versatile amide compounds can be performed in a safe and
environmentally benign manner, as verified by green metrics.

KEYWORDS: mechanochemistry, solvent-free chemistry, amides, peptides, amide coupling reagents, macrocycle, hemicucurbituril,
green metrics

H INTRODUCTION pathways, including the translation process and nonribosomal
enzymatic transformations.'’”** For laboratory and industrial
use, vast numbers of amide coupling reagents, performing in
situ activation of carboxylic acid, have been developed in the
quest for faster, milder, and high-yielding amidation proto-
cols.""* The low atom economy of these reagents and
accompanying safety issues are their major drawbacks, which
has incited the development of alternative approaches.'®™"’
Important advancements have thus far followed traditional
solution-based approaches; however, solvent is actually
responsible for 80—90% of mass consumption in a typical
chemical process and also plays a major role in overall
toxicity.”® In this way, solvent greatly outperforms the
contributions of reagents themselves. Hazardous solvents like

The amide bond is widespread in both natural compounds and
artificial materials. It occurs in molecules fundamental to life,
such as peptides and proteins, as well as in synthetic polymers
and in a massive array of pharmaceuticals. In fact, amide
preparation from carboxylic acids and amines represents the
most frequently applied chemical transformation in drug
production and comprises about 25% of the current medicinal
chemistry synthetic toolbox." As a consequence of its wide
usage, the development of sustainable amidation methods was
listed among the top green chemistry research priorities by the
American Chemical Society Green Chemistry Pharmaceutical
Roundtable (ACS GCIPR) in 2007” and has been retained in
the recent revision.” Although direct condensation of
carboxylic acids and amines with water as a single byproduct

. P
can be considered a “green” landmark in the field, it remains Received:  July 30, 2020 Sustainable

hemishy: Engieering

impractical because of the process’s harsh reaction conditions Revised:  September 11, 2020
(T > 100 °C) and limited substrate scope.*™® A robust method Published: October 6, 2020

of amide synthesis commonly requires prior activation of a

carboxylic function to replace OH with a better leaving

group.”” Notably, this is also the case in biosynthetic

© 2020 American Chemical Society https://dx.doi.org/10.1021/acssuschemeng.0c05558
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Scheme 1. Overview of the State-of-Art Mechanochemical Amidation Approaches and Outline of the Current Work®~>°

Previous works:
(i) preactivated carboxylic acids (ref. 29-32)

(ii) two-step amidation protocols (ref. 33, 34)
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DMF and DCM are preferred in industrial amide synthesis,
reinforcing both environmental and safety concerns.'””'
Therefore, the application of solvent-free techniques represents
an efficient way to improve the overall process mass intensity
and to prevent generation of hazardous waste. Recent advances
in mechanochemistry and its related fields have established
solvent-free reactions as environmentally friendly tools to
perform chemical transformations that are no less efficient than
the conventional solution-based chemistry.”>~>*

In the area of amide synthesis, the benefits of solvent-free
techniques have not remained unnoticed and have been
previously demonstrated in numerous studies (Scheme
1) For example, mechanosynthesis of various amides
and peptides has been performed from a series of activated
carboxylic acid derivatives, such as N-carboxyanhydrides,””*"
N-hydroxysuccinimide esters,”’ and N-acyl benzotriazoles.”
N-Acyl imidazoles® and acyloxytriazine esters’* have been
produced mechanochemically from carboxylic acids prior to
reacting with amines. Notably, even papain enzyme can
catalyze the formation of peptides from the corresponding
amino acid building blocks under solvent-free conditions.>> >’
In addition, direct coupling of amines with carboxylic acid has

15704

been demonstrated by using 1-ethyl-3-(3-(dimethylamino)-
propyl)carbodiimide (EDC) as a coupling reagent.*** In
general, EDC-mediated transformations have shown remark-
ably short reaction times (typically within 10—30 min), high
yields, and simple workup protocols.

Following these prominent earlier contributions, we
aimed to further expand the scope and synthetic utility of the
mechanochemical amidation methods. The current research
was impelled by three objectives: First, most of the amide
coupling reagents are simply not efficient enough for a range of
substrates,® which require expansion of the established one-
step mechanochemical amidation protocols beyond the
previously applied EDC; for that purpose, in this work we
mapped the coupling efficiency of uronium-type reagents
(COMU and TCFH, Scheme 1) on several carboxylic acid/
amine pairs. Second, the scope of previously published
mechanochemical approaches was evaluated based mainly on
peptide synthesis, while the challenging couplings of sterically
hindered carboxylic acids and low nucleophilicity amines
remained virtually unproven. Here we demonstrate that such
difficult amide bonds can also be assembled under solvent-free
conditions. Implementation of the two objectives mentioned

26—39
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Scheme 2. Optimization Experiments”
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Base = K,HPO,, ) =0.19 ul/mg

published conditions (ref. 38)
EDC/ DMAP 32
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conversion, %

“Conversion of 3 into 4 according to 'H NMR analysis of the crude reaction mixtures.

above was required as a prerequisite for the third objective as
our ultimate goal. Chiral hemicucurbiturils**™* are oligomeric
macrocycles and are made efficiently from uniformly function-
alized monomers. Nevertheless, in spite of their relatively step-
efficient synthesis, their postmodifications might be challeng-
ing. Therefore, we chose carboxyl-group bearing hemi-
cucurbituril, the biotin[6]uril**~** for demonstrating applic-
ability of mechanochemistry for uniform derivatization of
oligomeric macrocycles. Despite the apparent ease of such a
transformation, it also presented a substantial challenge: The 6-
fold stepwise amidation of carboxylate groups in 1 is inevitably
accompanied by accumulation of the “failed” under-function-
alized products if incomplete coupling occurs at each step.
Limited solubility of 1 in the common organic solvents dictates
additional practical inconvenience of the traditional solution
chemistry; in fact, only dipolar aprotic solvents like DMF can
be used. Here we showed that application of solvent-free
techniques, additionally reinforced with the reactive uronium-
type amide coupling reagents, allows the desired functionaliza-
tion of 1 in a high-yielding, scalable, and sustainable manner,
avoiding harmful solvents or significant reagent excess.

B RESULTS AND DISCUSSION

Development of Mechanochemical Amidations with
Uronium-Type Reagents. At the outset, amide coupling of
Cbz-protected L-phenylalanine (2) and ethyl 4-aminobenzoate
(benzocaine, 3), mediated by COMU as a representative
“green” uronium-type amide coupling reagent,* ' was
selected as a model process (Scheme 2). We aimed to screen
and compare the results of various reaction conditions,
including the evaluation of coupling efficiency for different
coupling reagents beyond the COMU itself, to reveal the most
promising hits in terms of product yield and green chemistry
requirements. The choice of aromatic amine 3 was dictated by
its reduced nucleophilicity in comparison with aliphatic
amines, additionally attenuated by an electron-withdrawing
ethoxycarbonyl group. We expected that suppressed reactivity

of 3 in the carbonyl addition reactions would facilitate more
reliable differentiation of various coupling conditions. Use of
phenylalanine derivative 2 as coupling counterpart provided an
additional opportunity to examine the resistance a-stereo-
center toward its possible epimerization, as commonly
encountered in peptide synthesis.”'®

The test reactions were run in a Form-Tech Scientific
FTS1000 shaker mill operating at 30 Hz by using 14 mL
zirconia-coated milling jars, 3 X 7 mm zirconia milling balls
and typical solid reactants loading around 0.3—0.4 g (including
0.2 mmol of amine 3 as a limiting substrate). After 30 min of
milling time, a sample of the crude reaction mixture was
treated with CDCIl;, followed by separation of insoluble
inorganic materials. The conversion of amine 3 into amide 4
was determined by 'H NMR analysis (see the Supporting
Information for the details). The amide coupling reagent, base,
and amount of liquid additive needed to assist the grinding
process (Scheme 2) were identified as the three most crucial
parameters affecting the yield of amide 4, as described below.

The addition of a small volume of liquid constitutes an
efficient method to enhance the performance of solvent-free
mechanochemical reactions, known as liquid-assisted grinding
(LAG).*>** The ratio of the volume of liquid (4L) added to
the amount of solid present (mg) is denoted as 77 (,uL/mg).52
A value of 77 = 0 generally corresponds to dry grinding, but in a
typical LAG process, 7 is usually between 0 and 1.* Although
LAG cannot be described as a totally solvent-free technique, it
requires a minimal amount of liquid, which is especially
advantageous if a green solvent is used. Among the
latter,”>>*** ethyl acetate appears to be the most promising
and chemically compatible candidate to act as a LAG additive
in COMU-mediated amide coupling. In our experiments
(Scheme 2, Chart 1), the addition of ethyl acetate indeed
showed a pronounced effect on the yield of amide 4, generated
in the mixture of solid reactants 2 and 3, with COMU reagent
and sodium carbonate (ca. 10 equiv) as a base. Although dry
grinding provided a rather modest outcome (44% conversion),
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LAG resulted in a markedly improved reaction performance,
with the optimal # value in a range of 0.14—0.24 uL/mg, while
the further increase of 7 led to slightly diminished conversion
values.

The choice of base is also important in amide coupling.
State-of-the-art solution approaches commonly apply non-
nucleophilic tertiary amines, e.g,, N,N-diisopropylethylamine
(DII:'EA).IS However, the use of cheap and nontoxic inorganic
salts, e.g,, NaHCOj3, K,CO;, and NaH;_POAyzg’?’l"w'39 insoluble
in common organic solvents, can be considered as an
additional advantage of mechanochemical reactions. In our
hands (Scheme 2, Chart 2), replacement of DIPEA with
Na,CO; gave similar conversion values (72 vs 75%). For
further process optimization, a range of readily available
phosphate salts, with notably distinct pK, values, were
screened. Among them, potassium pyrophosphate K,P,0,
and dipotassium phosphate K,HPO, provided the best
outcomes, especially the latter (96% conversion). Generally,
the performance of phosphate salts does not correlate with
Bronsted basicity of the respective anions. Although the poor
outcome with KH,PO, (only 18% conversion) in comparison
with K,HPO, (96%) could be probably connected with the
significantly reduced base strength of the former (respective
pK, values 2.12 vs 7.21; the pK, of RCO,H is typically about
4—5 in aqueous media),”®> much more basic K;PO, (pK,
12.32) also afforded amide 4 with reduced efficiency (72%).
Surprisingly, the countercation effect (Na* vs K*) also had a
prominent impact on reaction outcome (37 vs 96%, for
Na,HPO, and K,HPO,, respectively). These results clearly
indicate that the effect of an inorganic base on a solid-state
reaction is more intricate than trivial proton transfer.

Finally, amide coupling reagents are essential for attaining
high yields. The selection of coupling reagent was governed by
considering chemical (substrate scope, reactivity), safety, and
environmental issues. Uronium salts are advantageous because
of their prominent reactivity and efficient reaction rates,”'* but
the most commonly applied triazole-based reagents, such as
HBTU and HATU, possess dangerous explosive properties™®
and pose significant health risks.”” COMU was introduced as a
safe and “greener” replacement.*”***® To our delight, COMU
also noticeably exceeded the coupling efficiencies of HATU
and EDC in our experiments (Scheme 2, Chart 3), delivering a
high 96% conversion. TCFH can be considered as an even
more reactive alternative with better atom economy, affording
a high 97% yield of amide 4 within only 10 min.

The mechanochemical amidation with COMU/K,HPO,
was also rapid, reaching the maximal conversion within 20
min (Figure 1; see the Supporting Information for further
detail), far surpassing the rate of the solution-based process (in
DMF-d,, Figure 1). The latter reached the maximal 70%
conversion after approximately 20 h (see the Supporting
Information). Concurrently, about 30% of COMU reagent
degraded due its well-known hydrolytic instability in DMF
solutions, which is often referred as the main disadvantage of
COMU.**® Evidently, this drawback can be fully eliminated
under solvent-free conditions.

After achieving these results in the optimization experi-
ments, we formulated the optimal experimental procedure as
follows: COMU or TCFH (1.1 equiv) as coupling reagents,
K,HPO, (3 equiv) as base, ethyl acetate as LAG additive, and
20 min milling time. The amount of solid base (3 equiv) was
adjusted to keep 1 within the optimal range (~0.2 yL/mg),
but not less than 2 equiv was required according to the

100

conversion, %
wv ~N
o v
T T

N
v
T

0 L L )

0 20 . . 40 60
time, min

—e— COMU / K,HPO,, ball milling
—e— COMU / DIPEA, DMF-d; (0.12 M amine 3)

Figure 1. Accumulation of amide 4 over time in mechanochemical
(purple) and solvent-based (gray) reactions.

reaction stoichiometry. Furthermore, an additional equivalent
of K,HPO, was required to release free amine when the
ammonium salt was used as the starting material. Isolation of
pure amide 4 was achieved with a high 96% yield by simple
water wash and filtration since all byproducts are water-soluble.
No detectable racemization of the chiral center in 4 occurred
during the synthesis, as was established by the chiral-phase
HPLC chromatography (see the Supporting Information).
Green Chemistry Metrics Comparison. The advantages
and drawbacks of the developed mechanochemical amidation
methods were further revealed and compared with the
solution-based reaction by analyzing the respective green
metrics (Table 1). The metrics were calculated and assessed by
marking them with red, orange, or green flags by following the
Clark’s unified metrics toolkit (see the Supporting Informa-
tion).é1 Atom economy (AE), reaction mass efficiency (RME),
and process mass intensity (PMI) are defined as follows:®'

molecular weight of product

AE = X 100
total molecular weight of reactants (1)
mass of isolated product
E = X 100
total mass of reactants (2)

total mass in a process
PMI= ———F——
mass of product 3)

First, isolated yields and product purity were much better in
mechanochemical reactions, due to the higher conversion and
more facile isolation procedure discussed above. Atom
economy was a bit higher for the TCFH-mediated reaction
because of the lower molecular weight of TCFH. RME reflects
both product yield and atom economy issues and was lower for
the solution-based reaction. Comparison of PMI values clearly
shows that mechanochemical reactions produce far less waste.
Excluding mass-extensive workup procedures, solvent occupied
84% of PMI for the solution-based reaction and only about
15% (LAG additive) for the mechanochemical conditions.
Furthermore, sustainable solvents like water and ethyl acetate
were used in the latter, in contrast with toxic DMF.

To determine the safety risks, a combination of physical,
health, and environmental threats must be assessed, which can
be done with the help of MSDS$®* and further available safety
data.>® DMF, for instance, is a flammable (H226), acute toxic
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Table 1. Comparison of Green Metrics for Mechanochemical and Solution-Based Amidation Reactions

Ph e Ph
H
Cbz. N OH + Cbz. N N
Ao Ao
CO,Et COEt
2 3 4
i Mechanochemistry Solution®
Metrics
COMU / K;HPO4 TCFH / K,HPO, COMU / DIPEA in DMF
Yield (%) 9 92 M 70 [
Atom economy (%)° 50 60 50
RME (%) 46 53 35
PMI (total), including: 196.3 203.7 1464.7
PMI (reactants) 34 3.1 3.7
PMI (solvent) 0.6 0.6 18.9
PMI (work-up) 1923 200 1442.27
Solvent choice EtOAc, water ~ EtOAc, water ~ DMF .
‘Work-up, isolation filtration ~ filtration ~ chromatography ~
Health and safety [:] ~ .

Main hazard statements® H302, H312

H360 H226, 312, 332, 360

“Following the published protocol, see ref S1. "Yield of isolated product. “Including coupling reagent. M{Exclucling column chromatography. “See

the Supporting Information for additional safety data.

(H312, 332), as well as a reproductive toxin (H360) and can
thus be cited as the main hazard contributor for the solution-
based process, which therefore received a red flag. For the
mechanochemical reactions, the TCFH-mediated process was
given a red flag due to the production of tetramethylurea
byproduct (reproductive toxin, H360). In contrast, exothermic
decomposition with a thermal onset of 127 °C can be
considered as the main hazard of COMU, according to a
recent study.”® However, this property enables an orange flag
since the temperature increase inside of the milling jar has not
been examined. On the basis of the literature reports on
temperature monitoring during the milling,ﬁa'64 we could
expect that the temperature increase during the milling stays
lower than the thermal onset of COMU. To conclude,
although the developed mechanochemical amidation con-
ditions cannot be considered totally safe, the risks are minimal
because of its room-temperature operation and relatively low
amount of produced waste, as opposed to the solution-based
reaction (see the Supporting Information for additional safety
considerations).

Substrate Scope for Mapping Reactivity with COMU
and TCFH. Having established the optimal conditions,
substrate scope, and limitations was briefly examined on a
range of amine and acid coupling partners (Scheme 3).

The substrate scope included, besides others, N- and C-
protected amino acids and pharmaceutically relevant starting
materials, e.g., (S)-naproxen, (S)-ibuprofen, benzocaine 3, and
N-Boc-protected piperazine. In addition to the foremost
example of Cbz-masked amide (S)-4 comprehensively
described above, its Fmoc-protected analogue (R)-5 was
obtained in a high 95% yield by using the COMU-mediated
reaction. Following the same protocol, dipeptides 6 and 7 with
sterically hindered amino acid residues (phenylalanine and
valine) were flawlessly prepared in high yields. No detectable
epimerization of the stereocenters was noted in these cases.
Coupling of (S)-(+)-6-methoxy-a-methyl-2-naphthaleneacetic
acid [(S)-naproxen] with amine 3 provided a more demanding
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test for stereochemical integri?f, since 2-arylpropionic acids are
prone to easy epimerization. 3% Amide product (S)-8 was
obtained from (S)-naproxen with a high 86% yield and
excellent stereochemical purity (>99% ee). This was also the
case in the TCFH-mediated reaction, which showed high
reactivity and a subtle amount of epimerization for (S)-9.
However, amidation of (S)-ibuprofen (98% ee) produced (S)-
10 with slightly degraded optical purity (93—94% ee). Crude
amides 10, 12, and 15 appeared as oils immediately following
the milling, which eventually enabled a chromatographic
isolation for these cases (see the Supporting Information).

One advantage of TCFH- over COMU-mediated amide
coupling is the higher reactivity of the former reagent, which
makes it more suitable for less reactive substrates. This
property was explicitly revealed during the amidation of
sterically hindered ortho-substituted benzoic acids. Thus,
coupling of benzoic acid with benzocaine 3 proceeded well
under the COMU-mediated protocol, furnishing amide 11 in a
93% yield after 20 min of milling time. Conversely, 2,4,6-
trimethylbenzoic acid under the same conditions produced
only 22% of target amide 14, without any further improve-
ment, even when a longer milling time (up to 60 min) was
applied. After the brief optimization studies (see the
Supporting Information), we found that a slight excess (1.3
equiv) of more reactive TCFH and at least 60 min of milling
time are required to attain a high 89% yield of 14. Moreover,
chromatographic purification of 14 was necessary to separate
mesitoic anhydride impurity. Diminished reactivity was also
observed for 2,6-difluorobenzoic acid, furnishing amides 15
and 16 in reactions with N-Boc piperazine and low
nucleophilicity amine 3 in acceptable yields after milling
times of 40 and 60 min, respectively. However, coupling of the
same amines with benzoic and 3,5-bis(trifluoromethyl)benzoic
acids proceeded flawlessly, producing amides 12 and 13 with
excellent yields and brief reaction times.

Activating Effect of Phosphate Salts. During the
optimization studies, the enhancement of yields with

https://dx.doi.org/10.1021/acssuschemeng.0c05558
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Scheme 3. Substrate Scope for Mechanochemical Amidation with COMU/K,HPO, and TCFH/K,HPO, Systems
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TCFH. “Isolated by column chromatography. “With 1.3 equiv of TCFH. /Obtained with 94% ee with COMU.

dipotassium phosphate and potassium pyrophosphate was
especially notable (Scheme 2, Chart 2). We speculated that
phosphate salts could additionally contribute to the activation
of the carboxyl substrate 2 via the formation of acyl phosphate
intermediates containing a “high-energy” phosphoester bond,
prone to easy nucleophilic amine attack.”””° Interestingly, the
same pathway is also involved in the ATP-dependent
biosynthesis of amide bond-containing biomolecules.'" The
plausibility of our assumption is further supported by existing
literature showing that acyl phosphates can be indeed
generated in solution by the dicyclohexylcarbodiimide
(DCC)-mediated coupling of carboxylic acids with phosphate
salts.”'™”> To confirm the credibility of our hypothesis,
mechanochemical synthesis of acyl phosphates from carboxylic
acids and phosphate salts, mediated by COMU and TCFH,
was attempted.

As expected, 20 min of ball milling of COMU (1.1 equiv)
with acetic acid (1 equiv) and K,HPO, (3 equiv) yielded 60%

of acetyl phosphate 17, which was confirmed by NMR analysis
of the freshly obtained reaction mixture in D,O solution
(Figure 2). Acetyl phosphate 17 displayed a singlet signal at &
—2.1 ppm in *'P NMR, which rapidly disappeared after the
addition of morpholine, both in D,O solution and in the solid
state (see the Supporting Information). In the '*C NMR
spectrum, carbonyl group 17 showed a doublet signal at 6 =
168.1 ppm (Jcp = 8.8 Hz), due to its coupling with the
neighboring phosphorus.®” Significantly lower yields of 17
were attained with K;PO, or with TCFH as coupling reagent
(Figure 2). The reaction of acetic acid with K,P,0O, produced
acetyl pyrophosphate 18 in a 50% yield, according to *'P NMR
analysis. As a result of the nonequivalence of phosphorus
atoms in 18, a pair of doublet signals appeared in *'P NMR, at
6 =—5.0 and —17.9 ppm (d, Jpp = 21.7 Hz), thus confirming
its structure.”' As an extra example, the generation of acyl
phosphate 19 (50% yield, § = —7.6 ppm in *'P NMR) was also
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Figure 2. Mechanochemical generation of acyl phosphates 17, 19, and
acetyl pyrophosphate 18. Signals of 17 and 18 in the traces of 3'P
NMR spectra are marked with asterisks. Other signals belong to
inorganic phosphates (see the Supporting Information).

successful from Cbz-masked phenylalanine 2, which was
similar to the acetic acid outcome.

These results clearly indicate that generation of acyl
phosphates can indeed take place in these newly developed
mechanochemical amidation approaches and could account for
the observed enhanced efficiency of K,HPO, and K,P,0,
additives. To evaluate the contribution of the acyl phosphate
pathway (Scheme 4, via intermediate C) against the
manifested activated ester pathway (via intermediates A and
B),*”"* the following experiment was undertaken. Amide
coupling reaction of potassium salt of 2 with amine 3 without
the phosphate salt additive afforded amide 4 in 80% yield, 16%
lower than that obtained with K,HPO,. It was concluded from
these results that in the amidation reaction leading to 4,
K,HPO, acts primarily as a base performing the deprotonation
of 2, but it also contributes at least 16% to the formation of
amide 4 via acyl phosphate 19. This estimation correlates well
with the results of other optimization experiments (Scheme 2,
Chart 2). For example, K;PO, produced a rather low 15% yield
of acetyl phosphate 17 (Figure 2), which also agrees with the
lower conversion to amide 4 in the comparison with K,HPO,.

Scheme 4. Plausible Mechanistic Pathways Leading to
Amide Product

o o
minor pathway n
COMU + RCOH + HPOZ ——r R)L o
| OH
' c
HPO, | me2
2 _ comu O NMe2 o

HPO,
RCO,H ——> RCO;
-HyPO,”

N
AK/O

EQOZC
major pathway R O \ COaEt
B N
supporting experiment:
COMU (1.1 equiv.),
Ph NH; no phosphate Ph
EtOAc (0.19 pL/mg) H
Cbz. OK + —————_— Cbz. N
g &
Ao o
CO,Et 20 min CO,Et
3 30 Hz, 3 balls 4,80% yield

2
(potassium salt) (96% with KoHPOy)

The acyl phosphate pathway probably contributes less in the
case of the more reactive TCFH reagent, which also produced
a rather low 30% yield of 17 (Figure 2). The exact mechanistic
sequence leading to acyl phosphates C from COMU, RCO,H,
and K,HPO, remains unclear but may include the reaction of
acyl uronium intermediate A with HPO,”™ anion (Scheme 4)
or, alternatively, the initial formation of uronium phosphate’
by the reaction of COMU with K,HPO,.

Challenging Amide Bond Formation. As shown above,
the coupling of low nucleophilic amine 3 with sterically
hindered mesitoic acid could be efficiently mediated by the
TCFH/K,HPO, reagent system (Scheme 3). In accordance
with existing literature,”’® we selected the coupling of
electron-deficient 4-aminobenzonitrile 20 with 2-methyl-2-
phenylpropanoic acid 21 (Scheme $), an even more arduous
way to test the performance of mechanochemical amidation
protocols. A brief screening of various coupling conditions was
undertaken, and conversion to amide product 22 was
determined by 'H NMR analysis after 60 min of milling
time (Scheme 5).

The use of EDC alone,” or the COMU/K,HPO, system,
yielded only a low ~10% conversion. Combination of TCFH
and K,HPO, delivered a noticeably better outcome but still
failed to raise the conversion above 22%. According to the
recent study of Beutner et al,*> a combination of N-
methylimidazole (NMI) and TCFH reagent provided a high
yield of 22 in solution, due to in situ generation of reactive N-
acyl imidazolium ions. To our gratification, the same
combination of reagents also worked well under the solvent-
free conditions, affording respectable 84% conversion after a
60—min reaction time. Finally, a slight excess (1.3 equiv) of
TCFH reagent, along with a bit longer milling time (90 min),
allowed us to obtain pure amide 22 in 92% isolated yield after
an aqueous workup (see the Supporting Information).
Following the same reaction protocol, the coupling of 21
with sterically hindered 2,4,6-trimethylaniline was performed
and furnished corresponding amide 23 with a 92% yield.
Notably, high yields of amides 22 and 23 were attained in a
rather efficient reaction time of 1.5 h, in significant contrast
with the solution-based reaction (21 h for amide 22).%°
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Scheme 5. Mechanochemical Coupling of Hindered
Carboxylic Acids and Poor Nucleophilic Amines
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Surprisingly, the same highly reactive combination of
reagents failed to render amide 14 from mesitoic acid with
yields exceeding 20%. This was also the case in the CD;CN
solution (see the Supporting Information). We found that the
reaction was stopped due to the formation of sterically bulky
and therefore nonplanar N-acyl imidazolium D, which in
contrast to the analogous species produced from benzoic acid
was totally inert toward the subsequent reaction with amine 3
(see the Supporting Information for further details). The
inertness of D could be explained by the efficient steric
shielding of the carbonyl group with both neighboring mesityl
and imidazolyl moieties, preventing attack of a nucleophile

along the Biirgi—Dunitz trajectory (Scheme S). This stands in
sharp contrast to the successful TCFH/K,HPO,mediated
transformation, where the less sterically crowded intermediate
species are expected to form ( e.g. mesitoyl chloride, uronium,
or phosphate).

Amide Coupling of Biotin[6]uril. As a part of our
ongoing efforts toward the development of new chiral
supramolecular receptors,”””™*" we needed an expedient
synthetic procedure for derivatization of biotin[6]uril (1),
easily available in multigram quantities by HCl-catalyzed
condensation of formaldehyde with p-biotin. The starting
macrocyclic molecule, notable for its anion binding properties,
common for the cucurbituril family,""**7* satisfies six
carboxylic functions, which could be conveniently coupled
with various amines, thus providing facile access to a library of
diversely functionalized chiral macrocyclic receptors. Although
amide coupling of carboxylates in 1 might appear simple,
unencumbered by any steric or electronic influence, full
amidation of 1 is challenging because it proceeds via six
consecutive steps. For example, if a high 97% yield were
produced during each step, then the fully functionalized
product would eventually generate only a (0.97)%-100% = 83%
yield, while the rest of the produced material would contain a
set of “failed” under-functionalized molecules, thus necessitat-
ing time-consuming, laborious, and mass-inefficient chromato-
graphic purification. The situation resembles the synthesis of
oligopeptides and oligonucleotides, in which an extremely high
coupling efficiency (>99% per coupling step) is required to
attain reasonable yields and high purity of long-chain
oligomers, and it is customarily achieved by using an excess
of highly reactive coupling reagents.”® The low solubility of 1
in the environmentally benign and volatile organic solvents,
compatible with the conventional amidation protocols (e.g,
ethyl acetate), constitutes an additional restriction of the
solution-based chemistry. We believed that the high coupling
efficiency observed under the solvent-free conditions would
allow us to perform the desired functionalization in a high-
yielding, and scalable manner without using an excess of
reagents, toxic solvents, or laborious purification.

As a convenient model reaction for this study, we selected
the amide coupling of 1 with methyl ester of phenylalanine 24

Scheme 6. Derivatization of Biotin[6]uril (1)“

HCI* HoN

24 (7-7.8 equiv.)
Coupling reagent (7-7.2 equiv.)
Base, LAG additive (EtOAc)

Ph

CO,Me

biotin[6]uril (1)

&

30—90 min,
30 Hz, 3 balls

hexa-amide 25

: PR
0- 0 L
: 0O - }‘LJJ\N CO,Me !
: H :
“Via six-fold amidation with L-phenylalanine methyl ester (24).
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Figure 3. Derivatization of biotin[6]uril 1 via amide coupling with phenylalanine methyl ester 24. Traces of HPLC chromatograms for the selected
reaction mixtures: (A) COMU/K,HPO,; (B) EDC/DMAP; (C) TCFH/NMI; (D) TCFH/NMI with EtOAc as LAG additive.

(used as HCI salt, see Scheme 6). At its outset, this task
required us to explore the performance of different amide
coupling conditions. Only a slight excess of amine 24 and a
coupling reagent (7—7.8 equiv, which is 1.16—1.3 equiv per
CO,H group of 1) were applied in the optimization
experiments. It was expected that more reactive combinations
of reagents would deliver higher yields of hexa-amide product
2S. On the basis of our previous findings, the order of coupling
efficiency for the different reagent systems can be roughly
plotted as follows: EDC ~ COMU/K,HPO, < TCFH/
K,HPO, < TCFH/NMI. Although such generalizations must
be made with care since the coupling performance is substrate-
dependent™ and exceptions are possible, e.g,, case of amide

15711

14 above, this preliminary reactivity plot provided a helpful
guide.

Outcomes of the test reactions were analyzed by HPLC
(Figure 3, see the Supporting Information for further detail)
and quantified by calculating HPLC area percentage for the
hexa-amide product 25 (S, Table 2), relative to under-
functionalized compounds.

These initial experiments (Table 2, entries 1—4) clearly
indicated that complete hexafunctionalization of 1 is difficult to
perform. Thus, both the COMU and TCFH/K,HPO, systems
produced a mixture of phenylalanine-derivatized biotin[6]urils,
containing all possible products from mono- to hexa-amide 25,
with the latter displaying a rather low 16% contribution
(entries 1 and 2; Figure 3A). The use of EDC/DMAP

https://dx.doi.org/10.1021/acssuschemeng.0c05558
ACS Sustainable Chem. Eng. 2020, 8, 15703—15715



ACS Sustainable Chemistry & Engineering

Research Article

pubs.acs.org/journal/ascecg

Table 2. Amide Coupling of Biotin[6]uril 1 with Phenylalanine Methyl Ester 24

Entry Reaction conditions” Liquid chemicals (additives, solvents) 7, uL/mg Time, min S %°
1 COMU/K,HPO, EtOAc 0.19 90 16
2 TCFH/K,HPO, EtOAc 0.19 90 16
3 EDC/DMAP* CH;NO, 0.25 90 55
4 TCFH/NMI NMI 0.29 90 52
s ball milling TCFH/NMI? NMI 0.32 60 86
6 TCFH/NMI?/NaCl* NMI 0.16 60 73
7 TCFH/NMI? NMI, DMF 0.53 60 97
8 TCFH/NMI? NMI, heptane 0.64 60 84
9 TCFH/NMId NMI, EtOAc 0.64 60 98
10 slurry stirring TCFH/ NMI? NMI, EtOAc 0.64 60 95
11 . HATU, DIPEA DIPEA, DMF 2.1 60 68

solution (DMF) 4
12 TCFH, NMI NMI, DMF 2.4 60 98

“Reaction conditions: biotin[6]uril (50—70 mg, 0.03—0.05S mmol), 24 (7 equiv), coupling reagent (7 equiv), and base (18 equiv), unless other
specified. "HPLC area apercentage of hexa-amide 28, relative to other amide products. “12 equiv of DMAP was used, following the published

procedure; see ref 38.

'With 7.2 equiv of TCFH, 7.8 equiv of 24, and 21 equiv of NMI °NaCl was used as grinding additive.

combination (entry 3),°® was more successful in this case,
primarily producing a mixture of penta- and hexa-amides
(Figure SB). The highly reactive TCFH/NMI combination
(entry 4) generated hexa-amide 25 as its main reaction
product, but it was noticeably contaminated with under-
functionalized compounds (52% HPLC area, Figure 3C).

Notably, at least 90 min of milling had to be applied, since
samples taken after 30 and 60 min still showed incomplete
conversion (see the Supporting Information). Although the
FTS1000 shaker mill could hypothetically achieve a long
milling time, we considered any time longer than 1.5 h as
impractical; therefore, our next goal was to adjust the reaction
parameters accordingly, in order to reach at least 90%
conversion within a 1.5 h reaction time.

Applying a slightly greater excess of TECH (1.2 equiv per
carboxylate) and NMI (3.5 equiv per carboxylate) noticeably
improved the yield of target product 25 (86% HPLC area,
entry S) and also shortened the reaction time. For further
improvement, a screening of optimal 7 and LAG additive was
performed. Since NMI is a liquid and liquid tetramethylurea is
produced, the addition of solid NaCl was attempted to reduce
the initial # to 0.16 pL/mg. However, this distinctly reduced
the yield of the product (73% HPLC area, entry 6). In
contrast, the addition of a few drops (ca. 35—50 uL) of solvent
noticeably improved the outcome (entries 7—9) and was best
when polar solvents like DMF or EtOAc were added (entries 7
and 9). These results clearly indicate that the nature of LAG
additive plays an important role®® and can substantially
increase reaction rate, a probable result of the favorable
interactions of the polar reactants with the mobile surface
layers of LAG additive and improved mass transfer.”* The
outcome with EtOAc was especially remarkable, providing 25
with the best purity (98% HPLC area, Figure 3D). Since the
reaction mixture visibly liquefied as the reaction progressed
(due to the generation of tetramethylurea), slurry stirring was
also tried instead of ball milling (entry 10) and resulted in a
slightly reduced coupling efficiency.

Solution-based amide couplings were performed in DMF
(entries 11 and 12) for the comparison with mechanosyn-
thesis. Homogeneous solutions were obtained with an amount
of solvent (ca. 0.5 mL) comparable to the weight of solid
reactants (ca. 0.24 g), which kept # at around 2 yL/mg. In the
DMEF solution, HATU was another frequently used and highly
reactive uronium-based amide coupling reagent that produced

a rather modest outcome (entry 11). Conversely, the coupling
efficiency of the TCFH/NMI combination in DMF solution
(entry 12) was virtually the same as that in DMF-free
transformation to a solid state (entry 9). Importantly, a bulk
amount of harmful solvent was fully avoided in the latter.

Under the optimal reaction conditions (entry 9), desired
hexa-amide product 25 was isolated in a nearly quantitative
yield and 95% HPLC purity (relative to all other peaks) after a
simple water wash and filtration. The purity of product was
further increased (99% according to HPLC) by following a
simple purification protocol (filtration of chloroform solution
via Celite, and then precipitation with hexane from EtOAc
solution [see the Supporting Information]). The same amide
coupling reaction was also successful at loadings that were 3
times higher (150 mg of 1 per milling jar, 300 mg total),
creating 25 in 80% isolated yield and 99% HPLC purity, albeit
with a longer milling time (90 min).

Bl CONCLUSIONS

In conclusion, we have developed an efficient mechanochem-
ical protocol for the direct synthesis of amides from carboxylic
acids and amines by employing uronium-type amide coupling
reagents (COMU and TCFH) and K,HPO, as a base. The
reaction protocols demonstrated fast reaction rates (typically
within 20 min), generally high yields, an absence of noticeable
epimerization for stereogenic centers adjacent to carbonyl
group, and a simple isolation procedure for solid amide
products. In addition to faster rates of solvent-free amide
couplings in contrast to the solution-based protocols, the
absence of solvent eliminated reagent compatibility issues, e.g.,
COMU and DMF, greatly reduced the amount of waste
generated and significantly attenuated safety risks. The dual
role of K,HPO, as both base and activating reagent for a
carboxylic acid substrate was also manifested. The rapid
formation (within 60—90 min) of amide products was
observed for even challenging coupling partners, such as
sterically hindered carboxylic acids and poor nucleophilic
amines, within the TCFH/K,HPO, and TCFH/NMI reagent
systems. However, the full amidation of polyfunctionalized
substrates, e.g,, biotin[6]uril, was found to be especially
challenging, even though the single amide bond itself is not
difficult to form. Highly reactive coupling conditions (TCFH/
NMI), prolonged reaction times (60—90 min), and suitable
LAG additives (EtOAc) are essential for producing hexa-amide

15712 https://dx.doi.org/10.1021/acssuschemeng.0c05558
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2S in high yield and purity. This efficient and environmentally
benign synthetic methodology is useful for the preparation of
analogues of a new supramolecular host, 25, as well as for the
synthesis of peptides and amides, which could be used in
various fields of applied chemistry.
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Kaia Ténsuaadu®, Ivo Heinmaa* and Riina Aav™*

"Department of Chemistry and Biotechnology, School of Science, Tallinn University of Technology, Tallinn, Estonia, 2Department
of Chemistry, McGill University, Montreal, QC, Canada, 3'Laboraton/ of Inorganic Materials, School of Engineering, Institute of
Materials and Environmental Technology, Tallinn University of Technology, Tallinn, Estonia, “#Laboratory of Chemical Physics,
National Institute of Chemical Physics and Biophysics, Tallinn, Estonia

Solid-phase extraction that utilizes selective macrocyclic receptors can serve as a useful
tool for removal of chemical wastes. Hemicucurbiturils are known to form inclusion
complexes with suitably sized anions; however, their use in selective binding of non-
charged species is still very limited. In this study, we found that cyclohexanohemicucurbit
[8]uril encapsulates five- and six-membered sulfur- and oxygen-containing unsubstituted
heterocycles, which is investigated by single-crystal X-ray diffraction, NMR spectroscopy,
isothermal titration calorimetry, and thermogravimetry. The macrocycle acts as a
promising selective sorption material for the extraction of sulfur heterocycles, such as
1,3-dithiolane and «a-lipoic acid, from water.

Keywords: Hemicucurbituril, solid-phase extraction, heterocycles, inclusion complex, lipoic acid, sorbent recycling,
SC-XRD, MAS NMR

INTRODUCTION

Hemicucurbiturils, formed in templated single-step oligomerization reactions (Kaabel and Aav,
2018), are single-bridged cucurbituril-type macrocycles (Andersen et al., 2018; Lizal and Sindelar,
2018; Xi et al,, 2018) that bear an electron-deficient hydrophobic cavity. The latter grants these
macrocycles the ability to encapsulate anions (Buschmann et al., 2005; Cucolea et al., 2016; Kaabel
et al, 2017; Assaf and Nau, 2018; Reany et al.,, 2018; Vazquez and Sindelar, 2018; Andersen et al.,
2019; Kandrnélova et al., 2019; Valkenier et al., 2019; Marsélek and Sindelaf, 2020); in addition, the
formation of complexes with acids and some neutral species has been reported in the previous work.
In particular, unsubstituted hemicucurbit[#]urils (n = 6, 12) bind phenol derivatives (Jin et al., 2016a;
2016b) and ferrocene (Jin et al., 2017), and cyclohexanohemicucurbit[n]urils cycHC [n] (n =6, 8, 12)
(Li et al., 2009; Aav et al., 2013; Prigorchenko et al., 2015, 2019; Mishra et al., 2020) form external
complexes with both inorganic and organic acids (Oeren et al., 2014; Ustrnul et al., 2019, 2021). We
envisioned that heterocycles 1-13 have relatively high electron densities compared to carbocycles
and may therefore be able to occupy space within the eight-membered cycHC[8] (Figure 1).
S-heterocycles are compounds of interest as these substances are bioactive (Rezanka et al., 2006;
Lamberth et al., 2015) and may contribute to the distinct aromas of food (Mottram and Mottram,
2002; Mahadevan and Farmer, 2006; Schoenauer and Schieberle, 2018), and heterocycle 2 is added as
an odorant to the natural gas. Unsubstituted S-containing heterocycles, such as 1,3-dithiolane 1 and
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FIGURE 1 | Structure of cycHC[n] and cycHCI8], highlighting the electron-poor cavity for guest binding and characteristic atom numbers, and the scope of studied
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1,4-thioxane 3, are found in meat (Garbusov et al., 1976) and
around chemical warfare dumping sites where they are formed
due to the degradation of mustard gas (Roen et al, 2010;
Magnusson et al, 2016; Vanninen et al, 2020). Bioactive
a-lipoic acid 9 exhibits antioxidant properties (Rochette et al.,
2013; Salehi et al,, 2019), and to date, cyclodextrins have been
used to enhance its solubility and bioavailability (Lin-Hui et al.,
1995; Maeda et al., 2010; Takahashi et al., 2011; Ikuta et al., 2013;
Racz et al., 2013; Caira et al., 2017; Celebioglu and Uyar, 2019).
Carbon-based materials are used for solid-phase extraction (SPE)
of S-heterocycles from water (Lees et al., 2017; Joul et al., 2018);
however, such systems are designed to non-selectively retain all
non-polar to moderately polar components.

In this study, we report that cycHC[8] encapsulates neutral
electron-rich heterocycles containing sulfur and oxygen atoms and
acts as a selective sorbent material for suitably sized S-heterocycles.
Complexation was characterized by "H NMR titration and
isothermal titration calorimetry (ITC), single-crystal X-ray
diffraction (SC-XRD), '*>C solid-state CPMAS NMR (ssNMR),
and thermogravimetric analysis (TGA) and applied in SPE.

MATERIALS AND METHODS

Materials, Reagents, and Solvents

All reagents and solvents were purchased from commercial
suppliers. Ultrapure water for sample preparation in ITC and
extraction studies was obtained by means of Milli-Q” 1Q 7003/05/
10/15. Macrocyclic  host compounds (cycHC[n])
synthesized in our laboratory according to the procedures
described in the literature (Aav et al, 2013; Prigorchenko
et al., 2015; Kaabel et al., 2019).

were

Binding of Heterocycles in Solid State
Single crystals of the host-guest complexes were obtained from
saturated cycHC|[8] solutions in methanol by adding 20 L of the

respective guest compound. SC-XRD data were collected at 123 K
on a Rigaku Compact HomeLab diffractometer, equipped with a
Saturn 944 HG CCD detector and an Oxford Cryostream cooling
system using monochromatic Cu-Ka radiation (1.54178A) from a
MicroMax™-003 sealed tube microfocus X-ray source. The
crystallographic data are deposited with the Cambridge
Crystallographic Data Centre (CCDC 2069875-2069879) and
can be obtained free of charge via www.ccdc.cam.ac.uk/data_
request/cif.

Complexation between 1,3-dithiolane and cycHC[n] upon
SPE was investigated by simultaneous thermogravimetry and
differential thermal analysis coupled with evolved gas mass
spectrometric analysis (TG-DTA/EGA-MS). The
measurements were performed in the apparatus consisting of
a Setaram SetSys-Evo 1600 thermal analyzer and a Pfeiffer
OmniStar quadrupole mass spectrometer. Additionally,
binding of 1,3-dithiolane and a-lipoic acid by cycHC[n] was
characterized with '>C ssNMR spectroscopy. The solid
complexes were obtained via ball milling of cycHC[8] with
the respective guest in the presence of a small amount of water.
The ssNMR spectra were acquired on a Bruker Avance II
spectrometer at 14.1 T magnetic field (*C resonance
frequency 150.91 MHz) using a home-built MAS probe for
25 x 4-mm SizNy rotors.

Binding of Heterocycles in Solution
Complexation-induced shifts of cycHC[8] were studied by
'"H NMR spectroscopy in 3mM CDs;OD solution upon
addition of 60 eq. of the respective guest compound.
Association constants for the complexation with 1,3-
dithiolane, 1,4-thioxane, and 1,4-dioxane were determined
by 'H NMR titration. "H NMR (400 MHz) spectra in solution
were recorded on a Bruker Avance III spectrometer.
Thermodynamic measurements by ITC were performed on
a MicroCal PEAQ-ITC calorimeter using a 200-pL
calorimetric cell and a 40-pL syringe.
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Characterization of the Sorbents

Prior to analysis and further extraction experiments, cycHC[n] were
milled in an FTS-1000 shaker mill at 30 Hz frequency by using a 14-
ml ZrO,-coated grinding jar charged with 3 x 7-mm ZrO, milling
balls for 30 min. Surface area analysis of the milled cycHC[n] was
performed on a KELVIN 1040/1042 Sorptometer at 150°C with N,
as an adsorptive gas and He as a carrier gas. The obtained data were
processed by Kelvin 1042 V3.12 software. Microscopic investigation
of cycHC[n] particle sizes and their distribution was carried out
before and after milling. Solid samples were examined by using an
Olympus BX61 microscope. The acquired images were further
analyzed by CellProfiler (version 4.0.3) software (Carpenter et al.,
2006; McQuin et al., 2018).

Extraction of Heterocycles From Aqueous

Solutions

SPE was performed for 0.4-2.7mM aqueous solutions of
heterocyclic guests. A solid sorbent [5 or 20 M excess of cycHC
[n] or powdered silicarbon TH90 special, Aktivkohle, taken in the
equivalent amount by weight/extraction performance to that of the
macrocyclic host] was dispersed in the guest solution and rotated
for 30-60 min on a Vortex-Genie 2 mixer or Stuart magnetic stirrer.
The heterogeneous mixture was further separated by using either a
Hettich Universal 32R centrifuge or RC membrane syringe filters,
and the liquid phase was analyzed for the guest content by HPLC or
UV spectrophotometry. HPLC determination was performed on an
Agilent 1200 Series HPLC system equipped with a multiple
wavelength detector (MWD), Macherey-Nagel Nucleoshell RP18
column (150 x 3.0 mm, 2.7 um), or Phenomenex Kinetex XB-C18
column (150 x 4.6 mm, 2.6 um). UV absorption was measured by
using a Jasco V-730 dual beam spectrophotometer and Varian Cary
50 UV-vis spectrophotometer in 10 mm quartz cuvettes. Mettler
Toledo AB204-2 analytical balances (precision 0.1 mg) and Radwag
MYA 11.4Y microbalances (precision 0.006 mg) were used in
sample preparation.

Reusability of cycHC[8] was investigated by comparing its removal
efficiency after four sorption—desorption cycles. The sorption step was
performed analogously to the extraction procedure. The desorption
step included rinsing the material with water, drying for 6h at
110-120°C in the oven, followed by additional drying for 3h
under vacuum. The dried macrocycle was milled according to the
general procedure and utilized in the subsequent cycle.

RESULTS AND DISCUSSION

SC-XRD of Inclusion Complexes

A series of compatibly sized electron-rich S-, O-, and
N-heterocyclic ~ compounds crystallized  via
evaporation, and compounds 1, 3, 6, 7, and 8 formed inclusion
complexes with cycHC[8] upon co-crystallization (Figure 2 and
Supplementary  Materials $4-S13). The N-containing
heterocycles, 12 and 13, and the largest explored guest, 4, did
not yield crystals of inclusion complexes with cycHC[8]. Packing of
1 and 3 inclusion complexes with cycHC[8] gave rise to
isomorphous (Z° = 4) crystal structures (Supplementary

were slow

CycHCI8] Inclusion Complexes With Heterocycles

Materials $10,11), in an arrangement previously unrecorded for
cycHCI8] inclusion complexes. The packing of complexes
involving O-containing smaller heterocycles 6, 7, and 8 appears
to be mainly directed by hydrogen bonding interactions with
methanol such that the resulting crystal structures are
isomorphous to each other (Supplementary Materials S6-S8)
and the previously published methanol solvate of cycHC[8]
(Prigorchenko et al, 2015). The smaller guest molecules 6, 7,
and 8 had a total site occupancy limited to 50-75% of the resolved
disorder components. The remaining electron density map
exhibited no clear features, making it impossible to resolve
whether the diffuse component of the guest disorder also
includes partial substitutional disorder from methanol. In
contrast, the position of the larger S-containing guests, 1 and 3,
is more conserved within the respective crystal structures
(Supplementary Materials S12,13) with almost no diffuse
component observed, indicating that these guests have fewer
orientations available within cycHC[8]. Notably, analyzing the
disorder models of all inclusion complexes reveals a similarity
throughout, namely, where guests are oriented with heteroatoms
close to the portals of cycHC[8] (Figure 2 and Supplementary
Materials S6-S13). In several structures, heterocycles are located at
a suitable distance (2.7-2.8 A) from a methanol molecule at the
portal of cycHC[8] and can therefore potentially accept hydrogen
bonds via the portals of the macrocycle. This process would explain
the observed conservation of this type of guest orientation motif.
The guest molecules are tightly enwrapped within cycHC[8],
especially the largest S-containing compounds, 1 and 3, that fill
close to 70% of the cavity volume (Figure 2, complexes D and E),
indicating that guest binding and release must be accompanied by
opening and closing of the host portals. Similar conformational
dynamics of cycHC[8] have been previously observed and
computationally described in the binding of large anionic guests
(Kaabel et al., 2017).

'H NMR and ITC Binding Studies in Solution

Furthermore, we evaluated host-guest complex formation in
CD30D solution. Inclusion complex formation was followed by
an observed chemical shift change of cycHC[8] proton H2ax
(Figure 1 and Supplementary Materials S14, S15) positioned
inside the cavity. Our screening study revealed that S-containing
five-membered heterocycles 1 and 2 caused larger chemical shift
changes of 0.064 and 0.048 ppm, respectively, compared to the six-
membered heterocycles 3, 4, 5, and 6. A negligible shift was
observed for 7, while no shift was observed for 8 or the
N_heterocycles 10 and 11. Signals of 9 overlapped with the
characteristic cycHCI[8] signal, and, therefore, its encapsulation
could not be evaluated by "H NMR. Nevertheless, all chemical shift
changes were relatively small compared to those that occurred
upon binding of anions (Kaabel et al., 2017). The binding of 1, 3,
and 6 was further evaluated by "H NMR titration (Figures 3A,B).
The guest binding in methanol followed the order of logP values
(Supplementary Materials S48) and agreed with our screening
study; the strongest binding was shown for 1, followed by 3 and 6,
with values of K=7.9 + 0.2 M ™", 2.18 + 0.04 M™', and 1.77 + 0.04
M, respectively (Supplementary Materials $16-522) for the 1:1
binding model.
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FIGURE 2 | Crystal structures of cycHC[8] inclusion complexes with neutral heterocycles with increasing packing coefficient order: 8@cycHC[8] (A) (PC 0.51), 7@
cycHCI8J; (B) (PC 0.54), 6@cycHCI8]; (C)(PC 0.61), 1@cycHC[8]; (D) (PC 0.66), 3@cycHCI8]; (E) (PC 0.69). Their packing coefficient values are the ratios between Vyest
10 Veaviry (hOst), reflecting the space filled by the encapsulated guest in the host cavity (Mecozzi and Jr, 1998). For more details, see Supplementary Material $13.
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FIGURE 3| "H NMR and ITC titration for cycHC[8] binding with 1 (A) spectra for NMR titration in CDsOD; (B) binding isotherm for NMR titration assuming the 1:1
binding model; (C) raw thermogram for ITC measurement in the CHzOH:H,0 (50:50) mixture; (D) binding isotherm for ITC measurement using the “one set of sites”
model. More details are provided in Supplementary Material S16-S31.

TABLE 1 | Thermodynamic parameters from ITC measurements for complexation of guests 1, 3, and 6 with cycHC[8] for the 1:1 binding model. All energy values are given in
kJ/mol.

No. Guest Solvent AH’ -TAS® AG® Ka, M_,

1 1 CHzOH -9.8 + 0.6 3.6 -6.2 13.1 £ 0.8
2 1 CH30H:H,0 (50:50) -20.4 £ 0.9 10.2 -10.2 65.6 £+ 2.5
3 3 CH;0H -137 12 1.4 -2.3 25+02
4 3 CH30H:H,0 (50:50) -429+ 3.9 39.6 -33 37+03

The thermodynamic characteristics of binding were collected by~ to be determined by ITC; however, K values for S-heterocycles 1 and
ITC (Figures 3C,D; Table 1 and Supplementary Materials 3 were in agreement with NMR data, showing the strongest binding
§23-S31). Binding of 6 with cycHC[8] in methanol was too weak  for guest 1 (Table 1, lines 1 and 3). The binding of both guests in
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methanol was enthalpically favorable and entropically unfavorable. A
similar binding character was observed upon the binding of
chaotropic anions to cycHC[8] in protic media (Kaabel et al,
2017). Although chaotropicity is mainly attributed to ionic species,
chaotrope-like organic molecules have been reported in studies of
crystalline hydrates (Dobrzycki et al.,, 2019). The chaotropic character
(Assaf and Nau, 2018) is most strongly exhibited in aqueous media,
and higher solvent polarity can enhance binding to the hydrophobic
host. Therefore, we further studied the binding of 1 and 3 in mixtures
of CH;0H and H,O (Supplementary Materials $25-S27,529). In
the presence of water, binding of the guests was indeed stronger,
increasing the association constant of 1 from 13 M™" in CH;0H to a
value of 66 M~ in the 1:1 CH;OH:H,O (50:50) mixture (Table 1,
lines 1-2). For the bulkier and less hydrophobic guest 3, the observed
increase in the association constant was smaller (Table 1, lines 3-4).
Binding enthalpy was strongly increased in the presence of water,
accompanied by a rise in the entropic penalty for both guests
(Table 1). Any further increase in the proportion of water proved
impossible due to the limited solubility of cycHC[8].

Characterization of Solid cycHC[n] and SPE

Experiments

The low water solubility of the hydrophobic cycHC[8] and its
ability to form inclusion complexes prompted us to investigate
whether cycHC[8] can be used for the sorption of heterocycles
from water via SPE. In parallel with cycHC[8], powdered silicarbon
(TH90) and cycHC[6] were used. The cycHC[6] consists of the
same monomers, so the hydrophobic properties of the outer
surface are very similar to those of cycHC[8], but its cavity is
much smaller (35 A%) (Prigorchenko et al, 2015), and thus, it
cannot accommodate the heterocycles studied. Hence, cycHC[6]
served as an analog for differentiation between external
physisorption and inclusion complex formation during
extraction. The commonly used activated carbon-based sorbent
TH90 was chosen as a reference to evaluate the efficiency and
selectivity of sorption. The cycHC[n] compounds were milled
before their use in extraction; microscopy studies and image
analysis of the cycHC[n] showed that milling led to a relatively
uniform particle size of 5 um (Supplementary Materials $32-35).
The Brunauer-Emmett-Teller (BET) analysis of cycHC[n] by N,
adsorption-desorption (Supplementary Materials $36,37) found
the available surface area to be relatively similar for both cycHC[6]
and cycHC[8] with values of 6.03 m?/g and 9.02 m*/g, respectively;
therefore, the cycHC[n] homologs are expected to have similar
extraction efficiencies. In contrast, the surface area of commercially
available TH90 is much larger (ca. 1000 m*/g), which allows us to
predict higher extraction efficiency per weight.

SPE was performed for heterocycles 1, 3, 6, 9, 10, and 11 by
stirring the dispersed solid sorbent in an aqueous solution of each
guest; the change in the guest concentration upon extraction was
then determined (Supplementary Materials $47,48). The cycHC
[n] demonstrated negligible removal of O-containing 6, as well as
N-containing 10 and 11. The larger cycHCI[8] proved to efficiently
extract the S-containing 1 (78%) and moderately remove 3 (25%),
while cycHC[6] was considerably less efficient at removing these
guests, with a 16% extraction value for 1 and only 3% value for 3.

CycHCI8] Inclusion Complexes With Heterocycles

As expected, TH90 acts as a non-selective adsorbent, and taken in
the same ratio of guest to sorbent (by weight), it removes over 50%
of all of the studied heterocycles from water. Sorption efficiency
(SE) was expressed as the mass of the sorbed guest (ug) per cm” of
the respective sorbent surface area and converted into logarithmic
scale. The latter demonstrates that cycHC[#n] possess higher affinity
toward hydrophobic S-containing heterocycles, while TH90
exhibits roughly the same performance independently of the
guest nature (Figure 4A). Furthermore, we evaluated sorption
selectivity using a mixture of guests 1, 3, and 6, and the amount of
sorbent (cycHC[8] and TH90) providing ca. 80% removal
percentage (%R) for guest 1 (Supplementary Materials S49,
§50). Both sorbents showed low sorption of the least
hydrophobic guest 6, although TH90 proved to remove ca.
10 times more than cycHC[8]. More importantly, over two
times difference was observed between the affinity of two
S-heterocycles 1 and 3; cycHC[8] is 2.3 times more selective
than TH90 (Figure 4B and Supplementary Material S50); in
addition, cycHC[8] sorbent is reusable after binding of 1. A simple
washing and drying procedure, followed by milling, allows the
reactivation of the sorbent’s surface for future use without
significant loss in binding efficiency for at least four cycles
(Figure 4C and Supplementary Materials S57-58).

TGA and "C ssNMR Studies

The formation of inclusion complexes in the cycHC[8] sorbent
after SPE of 1 was confirmed by TGA, by identifying the formation
of the characteristic fragmentation product [CH,SH] (m/z 47) of 1
when bound to cycHC[n] sorbents and in pure form (see
Supplementary Material S51 for details). The evolution profiles
for pure 1 and its complex with cycHC[6] (Figure 5B) occur at
similar temperatures of 148°C and 138°C, respectively, indicating
that no inclusion complexes form with the smaller macrocycle.
Furthermore, the complex with cycHC[8] releases the
characteristic degradation product at a significantly higher
temperature, 189°C, indicating additional interactions between
cycHC[8] and one which impact higher thermal stability to 1
(Figure 5B and Supplementary Material S51). SPE of the largest
and most hydrophobic guest in this study, 9, leads to similar
efficiency of extraction by cycHC[6] and cycHC[8], with %R values
of 46 and 78%, respectively (Supplementary Materials $47,48),
which may indicate a different binding behavior of 9 to cycHC[#n]
in comparison to 1. To better understand the interaction of guests 1
and 9 with cycHC[8] and cycHC[6], we investigated complex
formation using '*C ssNMR spectroscopy (Figure 5C and
Supplementary ~ Materials  §52-56).  Recently, complex
formation via mechanochemical agitation of cucurbit[7]uril was
followed by ssNMR (Dracinsky et al., 2021). Powders obtained by
liquid-assisted grinding of cycHC[#n] with the guest in the presence
of water served as the model for binding during the extraction
process at the solute-solid interphase. Figure 5C illustrates the
changes induced upon binding of 1 with cycHC[8] and cycHC[6]
(Supplementary Materials $53,54). The most significant change
after milling is observed in the '°C signal of carbons 2 and 6,
pointing inside the cavity of cycHC[8] (Figure 5C lower left and
Supplementary Material S54). Intensities of these signals are
decreased and the chemical shift in position 6 changed from
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CycHCI8] Inclusion Complexes With Heterocycles

A B C
m cycHC[6] 30 80
m cycHC[8]
_ # TH90 . 60 < 60 -
4, = B
0 40 - 40 -
5]
| | I III ) ’]
0 [ —
1 3 6 1 2 3 4
Guest Guest Cycle
FIGURE 4 | (A) SE of cycHC[6], cycHC[8], and THI0 (dark blue, pink, and gray, respectively) in water, displayed in logarithmic scale; (B) selectivity of SPE from the
mixture of 1, 3, and 6 by cycHC[8] and THI0, at comparable sorbent amount granting %R ca 80% for 1; (C) %R exhibited by cycHC[8] throughout repeated extraction
cycles of 1 [Error bars stand for the standard deviation between parallel experiments (n > 2). For more details, see Supplementary Material S38-S50,S57].
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FIGURE 5 | (A) Structure of cycHC[n] with atom numeration and cavity direction; (B) extracted ion current (EIC) of one fragment in TGA: 1 - pure 1, 2 - cycHCI8]
after extraction of 1, 3 - cycHC[6) after extraction of 1; (C) 'C ssNMR stacked spectra of cycHC[n] before and after miling with guests: upper left - 1 + cycHCI6] (blue)
overlaid with cycHC[6] (gray); lower left—1 + cycHC[8] (pink) overlaid with cycHC[8] (black); upper right - 9 + cycHC[6] (blue) overlaid with cycHC[6] (gray); lower right-9 +
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30.6 to 29.8 ppm, evidencing the formation of inclusion complex
1@cycHC[8]. In contrast, the spectra of 1 milled with cycHC[6] do
not evidence such changes (Figure 5C upper left and
Supplemetary Material S53), confirming that physisorption on
the surface of cycHC[n] does not have a significant effect on
sorbent ssNMR shifts. In an analogous experiment with 9
(Figure 5C right and Supplementary Materials S54-S56)

similar trends can be observed, that is, a change in the signal
intensities of carbons 2 and 6 of cycHC[8], accompanied by a slight
chemical shift change at carbon 6 (Figure 5C lower right) and no
change in the spectrum of cycHCI[6] (Figure 5C upper right).
Thus, the prominent selectivity of cycHC[8] toward binding of
five-membered S-heterocycles 1 and 9 is explained by inclusion
complex  formation during SPE.  Unfortunately, no
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enantioselectivity was observed during extraction of stereoisomers
of 9 (Supplementary Material $48).

CONCLUSION

Encapsulation of five- and six-membered electron-rich
heterocyclic guests by cycHC[8] is mostly related to their size,
which must be complementary with the host cavity, and the
hydrophobic effect is one of the driving forces of the interaction.
From the binding studies of 1 and 3 with cycHC[8] in methanol
and a methanol-water mixture, complex formation was found to
be even more favorable in the presence of water and the
thermodynamic characteristics resembled the binding of
chaotropic anions. We showed that cycHC[8] can serve as a
selective solid sorbent material for SPE of sulfur heterocycles
from aqueous solutions; in addition, cycHC[8] was successfully
applied for selective extraction of 1 and 9. The ssNMR, TGA, and
comparative extraction by homologous cycHC[6] and
commonly used TH90 revealed that prominent selectivity of
cycHC[8] toward binding of five-membered S-heterocycles is
driven by inclusion complex formation. Design of advanced
material with increased surface area would enhance the
extraction performance even further. Crucially, the solid cycHC
[8] sorbent material can be reused, which makes it a candidate for
applications in selective SPE systems or the removal of pollutants
and other target compounds from water, based on molecular
recognition properties.
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Mechanochemically driven covalent self-assembly
of a chiral mono-biotinylated hemicucurbit[8]uril

Elina Suut-Tuule,® Tatsiana Jarg,'® Priit Tikker,? Ketren-Marlein Lootus," Jevgenija Martdnova,’
Rauno Reitalu,’ Lukas Ustrnul,’ Jas S. Ward,* Vitalijs Rjabovs,** Kirill Shubin,®
Jagadeesh V. Nallaparaju,’ Marko Vendelin,” Sergei Preis,” Mario Oeren,’ Kari Rissanen,?

Dzmitry Kananovich,' and Riina Aav'.%10.*
y

SUMMARY

Solution-based synthesis of complex molecules with high efficiency
leverages supramolecular control over covalent bond formation.
Herein, we present the mechanosynthesis of chiral mono-bio-
tinylated hemicucurbit[8]urils (mixHC[8]s) via the condensation of
D-biotin, (R,R)- or (S,S)-cyclohexa-1,2-diylurea, and paraformalde-
hyde. The selectivity of self-assembly is enhanced through mecha-
nochemistry and by fostering non-covalent interactions, achieved
by eliminating solvents and conducting the reaction in the solid
state. Rigorous analysis of intermediates reveals key processes
and chemical parameters influencing dynamic covalent chemistry.
The library of ca. 50,000 theoretically predicted intermediates and
products leads to covalent self-assembly of chiral hemicucurbiturils.
Mechanochemically prepared diastereomeric (—)- and (+)-mixHC[8]s
are suitable for anion binding and derivatization. Immobilization of
the macrocycles on aminated silica produces a functional material
capable of selective capture of anions, as demonstrated by efficient
perchlorate removal from a spiked mineral matrix.

INTRODUCTION

The spontaneous organization of molecular species relies on non-covalent interac-
tions, resulting in intricate aggregates. Such supramolecular self-assembly can facil-
itate the formation of covalent bonds leading to complex molecules and may be
exceptionally responsive to minor changes in the reaction conditions, resulting in
the amplification of particular products.’ In the case of increased molecular crowd-
ing, the dynamics of an interaction between species is accelerated compared to a
dilute environment, which has been demonstrated for strongly hydrogen-bonded
base pairs of nucleic acids.” Furthermore, in the solid state at extreme concentra-
tions, unobstructed by solvent, the number of non-covalent interactions between
counterparts increases, enabling the formation of products that are less favored in
solution.”* Mechanochemical activation enhances chemical reactivity and provides
a solvent-free sustainable approach in chemical syntheses.”’

Single-bridged cucurbituril-type molecular containers, hemicucurbit{n]urils (HC[n]s)
are renowned for their anion-binding properties and typically assembled from urea
monomers in a one-pot reaction with dynamic covalent chemistry (DCe).t1°
Although the size of the macrocycle can be controlled by anion templation,®'"~'®
HC[n]s prevalently consist of six units. 21617 Up to date, 8-membered HC[n]s have
been synthesized exclusively from chiral C,-symmetric cyclohexa-1,2-diylurea (CU)
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monomers, and the corresponding (R,R)- and (S, S)-cyclohexanohemicucurbit[8]urils
(cycHC[8]s) can be assembled both in solution'® and the solid state.'” Their larger
cavity expands the range of applications, and the insertion of another functional
monomer, such as D-biotin, into the cycHC[8] scaffold can further enhance receptor
versatility. Biotin is a naturally occurring and commercially available compound with a
carboxylic group suitable for derivatization. Furthermore, it has previously been used
in the synthesis of chiral macrocycles.'® So far, the reported chimeric HC[n]s assem-
bled from non-equivalent urea monomers have been limited to 6-membered hybrid
HClnls prepared in solution via multi-step approaches’”* and mono-functionalized
bambus[6]urils obtained in a one-pot reaction.”'*? The difficulties in the single-step
formation of non-uniformly composed macrocycles arise from a plethora of possible
linear and cyclic intermediates. Consequently, arranging a chaotic mixture into a
well-organized molecule presents considerable challenges, and the number of com-
binations increases with the number of monomeric units.

Mechanochemistry has been utilized in the synthesis of several macrocycles,'’**~*¢
inducing covalent assembly of uniformly structured monomers. As mechanosynthe-
sis enables overcoming the solubility barriers and promotes reactions between com-
pounds with drastic polarity differences, its potential can be exploited even further.
To the best of our knowledge, there have been no reports describing covalent self-
assembly of macrocycles from mixtures of various monomers in the solid state. The
formation of chiral chimeric HC[n]s via DCC in the solid state could pave the way to
novel synthetic approaches, unlocking access to versatile applications.

The present work describes a mechanochemically activated solid-state condensa-
tion of (RR)- or (S,5)-CU, D-biotin ((S,S,R)-B), and paraformaldehyde and
their selective covalent self-assembly into the enantiopure mono-biotinylated
HCI8]s (—)-((S,S,R)(R,R)7)-mixHC[8] or (+)-((S,S,R)(S,S)7)-mixHC[8], along with homo-
meric cycHC[8]s. The challenges of assembling a chimeric mono-functionalized
8-membered macrocycle are related to the number of possible combinations of
monomeric units and their chemical reactivity. Fine-tuning of the reaction conditions
enabled amplification of the two major products, chimeric mixHC[8] and homomeric
cycHCI[8], among 498 potential 8-membered HCl[n]s*' (Figure 1; theoretical number
of linear cyclic oligomers in the supplemental experimental procedures; Data S1).

The covalent assembly process is essentially solvent free and has a very low process
mass intensity (PMI; the mass of all used reagents per formed product™). The most
significant chemical and technical factors affecting macrocyclization were identified
with response surface methodology (RSM) and thorough analysis of intermediates
by high-performance liquid chromatography-mass spectrometry (HPLC-MS) pro-
vided mechanistic insight into this complex process. The affinity of mixHC[8] for
selected anions and the subtle differences in the binding properties of the two
chimeric diastereomers were determined by isothermal titration calorimetry (ITC)
and characterized by single-crystal X-ray crystallography (SC-XRD) and modeling
studies. Furthermore, a practical example of the selective anion capture by silica-im-
mobilized mixHC[8] was demonstrated in the efficient removal of perchlorate from a
spiked mineral matrix.

RESULTS AND DISCUSSION

Covalent assembly of hemicucurbiturils in the solid state
The first attempts to synthesize mono-functionalized mixHC[8] in solution according
to the protocol developed for cycHC[8]'® were promising. The condensation of
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Figure 1. Synthetic scheme and complexity of intermediates during formation of the HC[8]s studied in this work

Multi-component condensation of (S,5,R)-biotin (B) and (R, R)- or (S,5)-cyclohexa-1,2-diylurea (CU) to homomeric cycHC[8]s and chimeric mixHC[8]s. The
complexity of the intermediates in the DCL is expressed via possible numbers of oligomers, HC[8]s, and the abundance of major HC[8]s resulting from
the 1:7 (B:CU) ratio of starting materials (theoretical number of linear cyclic oligomers in the supplemental experimental procedures; Data S1). The best
reaction conditions afford 38% and 34% yields of mixHC[8] and cycHCI8], respectively: 1 equiv B, 7 equiv CU, 8 equiv (CH,0), in the presence of 2 equiv
HPF4 and 1 equiv KPF,, milled at 30 Hz for 60 min and aged at 60°C for 3 h. (Table S15). The highest yield (72%) of cycHC[8] was observed under the
following conditions: 1 equiv B, 15 equiv CU, 16 equiv (CH,0), in the presence of 3 equiv HCIO,4, milled at 30 Hz for 60 min and aged at 45°C for 24 h
(Table S2).

biotin and CU taken in stoichiometric 1:7 molar ratio with paraformaldehyde, medi-
ated by trifluoroacetic acid in acetonitrile, produced mixHC[8] and cycHC[8] in 9%
and 38% yields, respectively (see synthesis in solution in the supplemental experi-
mental procedures; Data S1). The ratio of the macrocycles did not reflect the statis-
tical distribution based on the starting monomer ratio, which implied a strong influ-
ence of the chemical parameters. In solution-based synthesis, compatibility between
the solvent and reagents governs the fast diffusion and mixing of starting materials,
intermediates, and products, as well as their reactivity. Poor solubility can obstruct
reactions, especially in DCC, due to suppressed exchange between reactants. We
envisioned that mixHC[8]s may be assembled with higher efficiency in the solid state,
where solubility is not critical, non-covalent interactions are not obstructed by the
solvent, and templation is enhanced due to a high concentration of reactants.” Ac-
cording to the previous study,'’ covalent self-assembly in the solid state required

just a minute amount of a liquid additive®*~°

to facilitate proton transfer and deliv-
ery of the anionic template, as well as to promote conformational flexibility. The
complexity of the dynamic covalent library (DCL) drastically increases in multi-
component reactions; for instance, the incorporation of non-C, symmetric (R,S)-
CU units resulted in higher stereochemical diversity and the formation of several dia-
stereomeric HC[n]s (i.e., cis-cycHC[6] and inver‘cc—}d—c_‘is—cycHC[é]).36 Similarly,
condensation of chiral CU and non-C, symmetric biotin into linear and cyclic oligo-
mers can be realized via various combinations, considering the possibility of
different orientations of the biotin unit (Figure 1). For instance, all forms with a length
of 2 to 10 monomers result in ca. 50,000 cyclic and linear oligomers. However, the
number of possible products can be decreased by templation. Variation of position,
orientation, and number of B and CU monomers leads to 498 potential 8-membered
macrocycles®’ (Figure 1; theoretical number of linear cyclic oligomers in the
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Figure 2. 3D response surfaces and bar charts expressing the formation of HC[8]s

(A and B) 3D response surfaces displaying the influence of the ratio of monomers and loading of aq.
HCIO,4 on the HPLC yields of (A) mixHC[8] and (B) cycHCI[8].

(C and D) Bar charts comparing the effect of the acid anions (CF3COO~, CIO4~, and PFs7) in
solution and the solid state (C) and hexafluorophosphate salt cations (Ag*, Cu™, K*) in the solid
state (D) on the yields of cycHC[8] (gray) and mixHC[8] (magenta). Error bars on HPLC yields express
standard deviation between reproduced reactions (n= 2-8). For more details, see Table S7.

supplemental experimental procedures; Data S1). Full conversion of the 1:7 ratio of
B and CU into HC[8]s is expected to direct 498 combinations to 12% and 82% of
mixHC[8] and cycHCI8], respectively (Figure 1; Table S1).

The fact that solution-phase synthesis did not result in a statistical ratio of more
favored HC[8]s encouraged us to study if the selectivity of mono-biotinylated
mixHC[8] formation can be increased via tuning the conditions of the mechanosyn-
thesis. To investigate the effect of multiple reaction parameters on the assembly of
8-membered macrocycles, we utilized RSM for experimental design and screening
of reaction conditions.?” The HPLC yields of mixHC[8] and cycHC[8] obtained after
the aging step were plotted as 3D response surfaces, highlighting the conditions
favorable for the assembly of mixHC[8] compared to cycHC[8] (Figures 2A, 2B, S3,
and S4; Tables 52-56). The ratio of monomers, loading of aqueous mineral acid
(HCIO4), milling duration, and aging temperature, which affect macrocyclization,®
were simultaneously explored.

The formation of mixHC[8] and cycHC[8] proved to be sensitive to the monomer ratio
and acid loading (Figures 2A and 2B). Variations of the monomer ratios within the
range of 1:5 to 1:15 did not significantly affect the yield of chimeric mixHC[8] (Fig-
ure 2A; Table S2); however, using an excess of CU clearly resulted in the enhanced
generation of cycHC[8] (Figure 2B; Table S2). The quantity of HCIO4 appeared to be
the vital parameter affecting the formation of mixHC[8]. The highest yields of mixHC
[8] were attained within the specific range of HCIO, loadings of 1.2-3.0 equiv (Fig-
ure 2A), while cycHC[8] was less dependent on the quantity of acid catalyst. This
observation highlights the difference in formation of mixHC[8] and cycHCI8] in
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response to varied reaction conditions. The impacts of milling time and aging tem-
perature appeared to be less significant, and the optimal temperature for ripening
mixHC[8] was found to range from 40°C to 65°C. RSM helped to reach a 20% yield
of mixHC[8] under standard conditions—3 equiv of template, 1 h ball milling fol-
lowed by 24 h aging at 60°C—selected for further optimization studies.

It was hypothesized that an alternative template could amplify the formation of the
target macrocycle. The binding studies for the cycHC[8] receptor revealed the
following ranking of anion affinity: SoF,~ > PF,~ > ReO4~ > CIO,~."" The use of hex-
afluoroantimonate (SbF,~) as a template did not seem practical since HSbF, mainly
exists as the HF/SbFs superacid system.’®”? Hexafluorophosphate (PFs7), on the
other hand, serves as an efficient template for the synthesis of homomeric cycHC
[8] in solution.'® Due to its advantageous templating potential, HPF4 was chosen
as an alternative reagent to mediate the solid-state synthesis of mixHC[8]. In addi-
tion, it is safer to handle than perchlorates, which are known for their undesirable
oxidative, flammable, and explosive hazards.*”*" Interestingly, the use of HPF, re-
sulted in decreased formation of homomeric cycHC[8], contrary to an improved yield
(28%) of mixHCI[8] (Figure 2C; Table S7). Since the mixHC[8] assembly was highly
sensitive to the quantity of acid (Figure 2A), we tested three hexafluorophosphate
salts (AgPFs, [Cu(CH3CN)4]PFs, and KPF,) as additives to partially substitute the
acid while keeping the amount of template anion constant (Figure 2D; Table S7).
Additionally, we anticipated that the Ag™ and Cu™ cations could serve as potential
promoters for the generation of mixHC[8] due to their affinity for biotin.*”~** As de-
picted in Figure 2D, the Ag™ and Cu” salts had a negligible effect on the formation of
mixHC[8] while improving the yield of homomeric cycHC[8] compared to the reac-
tion with HPF,. The latter points at the effective decrease in the concentration of
antagonistic*> CU-rich mixed oligomers, which reassembled and provided CU to
cyclize into cycHCI8]. The best result was achieved with KPF,, which afforded the
highest yield of mixHC[8] (37%) with the accompanying formation of cycHC[8]
(38%) (Figure 2D). Further variation of HPF¢/KPF, equivalence by RSM, however,
did not improve the formation of mixHC[8] (Tables S8-512; Figure S8). It was addi-
tionally confirmed that the stoichiometric ratio of the starting monomers provided
the best mixHC[8] yield (Table S13). Once the key chemical parameters had been
identified, the durations of ball milling and aging at moderately elevated tempera-
tures were optimized, leading to the best 38% yield of mixHC[8] in a 4 h total reaction
time (Tables S14 and S15; for conditions, see the Figure 1 caption).

The changes in the content of intermediates and products were analyzed by HRMS.
Altogether, over 100 reaction species were identified in the crude reaction mixtures
during different stages of covalent assembly and mapped based on MS signal inten-
sities (Figures 3A and S9-S13; Tables S16 and S29; MatchMass tool*®). The results
display the dynamic changes in the composition of the reaction mixture during mill-
ing and aging. Biotin was found to be incorporated into different linear oligomers
(CULB), (x=1...8,y=1.. 4), as well as into a number of mono-, di-, tri-, and
tetra-biotinylated mixHC[n]s (n = 6 ... 8). Homomeric CU oligomers dominate at
the initial phase of the polycondensation reaction (milling time: 5 min) and are kinet-
ically favored products. Consequently, the milling time must be sufficient (60 min;
Tables S14 and S15) to enable the accumulation of the slowly generated mixed
biotin-containing chains. The content of the mixed oligomers (n = 6-8), which are
essential for mixHC[n] formation, significantly increased after 45-60 min milling.
This difference in the contents of the short- and long-milled mixtures emphasizes
the dynamic shuffling of the monomers, which resulted in an increased random dis-
tribution of biotin upon prolonged milling. The low content of macrocycles in DCL
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DCL composition summarized in a heatmap (A) based on MS abundance of the detected species (Tables 529 and S16; Figure 510); content of
homomeric dimers CU-CU (B) and B-B (C) and HPLC yields of macrocycles (D and E) during milling and after aging. The content of the dimers is reported
as the MS abundance for triplicate measurements (n = 3) + standard deviation, and the linear fit is expressed as dashed lines. The yields of macrocycles
are presented as mean values obtained in a series of replicated experiments (2 < n < 4) with confidence intervals. More details are provided in
Figures S11-S15 and Table S19.

directly after milling can be attributed to the unfavorable complexation with the tem-
plate,""""” most likely due to increased entropy during mechanical agitation. The
macrocyclic products predominantly ripened at the aging stage, at which point
the mixed and homomeric oligomers underwent additional, although less intense,
crossover unit exchange. Moreover, crossover between monomers from macro-
cycles was observed under similar conditions using cycHC[n]s and biotin as the start-
ing materials for mixHC[8] synthesis (Table S17), which confirms the dynamic char-
acter of the covalent self-assembly.

Further understanding of the dynamic processes and interconversion of intermedi-
ates occurring at the milling stage was obtained by tracking the fate of selected short
oligomers (Figures 3B and 3C; Table S18). The changes in the content of character-
istic dimers and trimers prior to and after the aging stage were determined by HPLC-
MS analyses. The collected data confirmed that coupling between the CU mono-
mers is kinetically preferred and occurs at the initial phase of the polycondensation
reaction. Thus, the quantity of the CU-CU dimer drastically increased after 5 min of
milling and subsequently underwent rapid decay (Figure 3B). Such fast dynamics and
decay were absent for the biotin units, reflecting a major difference in the conden-
sation between biotin and CU. In contrast to CU, the condensation of the biotin units
to the respective dimer, B-B, reached its maximum at the beginning of the reaction
and probably acts as a transient intermediate (Figures 3B and 3C). Similar behavior
was observed for the respective trimers (Table S18). The yields of the macrocycles
generated at the milling stage did not exceed 20% but greatly increased during ag-
ing (Figures 3D and 3E). Notably, the macrocyclic content in the aged mixtures is
significantly affected by milling duration, when monomer shuffling occurs. Thus, ag-
ing of the short-milled (5 min) reaction mixture, which contained mainly homomeric
CU oligomers, resulted in the ripening of cycHC[8] as the dominant product (55%
yield), along with a minor quantity of mixHC[8] (16% yield). However, fast reversible
C-N bond formation and cleavage during milling caused rapid dynamic changes in
the oligomeric profile with a random distribution of the biotin units. Upon prolonged
milling (60 min; Tables S14 and S15), the yield of mixHC[8] notably increased from
16% to 37%, with a concurrent decrease in the yield of cycHC[8] to 38%, resulting
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PFs~@(—)-mixHCI[8] inclusion complex from SC-XRD (A) (CCDC: 2251913). DFT low-energy
structures of (—)- and (+)-mixHC[8] diastereomers (B) (see the computational study in the
supplemental experimental procedures; Data S2). Correlation between anion volumes (Vanion) and
association constants (logK,) was determined by ITC for complexes with (TBA)CIO,, (TBA)PF,
(TBA = tetrabutylammonium), and NaSbF, salts in methanol using one-to-one binding model (C)
(Table Sé6.1).

ina 1:1 product ratio. Finally, a close examination of the aging duration (Table S15)
revealed that the maximum content of mixHC[8] was achieved in 3 h, when the tem-
plated self-assembly process was essentially complete.

The developed mechanochemical procedure significantly surpassed mixHC[8] syn-
thesis in solution, yielding superior selectivity and conversion rates (Table S30). So-
lution-state processes are affected by diffusion, with diffusion constants varying for
monomers, aggregates, and oligomeric intermediates due to size differences. In
mechanochemistry, reaction rates do not directly depend on the molecular size of
the intermediates but rather on the number of molecular collisions.”” In addition
to the chemical advantages, solvent-free synthesis produces less waste (PMI = 4)
compared to the reaction in solution (PMI = 306) and is more sustainable based
on the respective green metrics (Table $30).%

Diastereoisomeric (—)- and (+)-mixHC[8]s were synthesized via condensation of
either (R,R)-CU or (S,5)-CU with (S,S,R)-B, isolated in 16% and 11% yields with high
purity (88% and 90%, respectively), and characterized by nuclear magnetic reso-
nance (NMR) and infrared spectroscopy (Figures $16-532).

Anion binding properties

The encapsulation of suitably sized anionic guests by HC[n]s is likely governed
by electrostatic and orbital interactions.”® In addition, the anions form weak
interactions with C-H groups of HC[n]s pointing inside the cavity.”” Efficient
anion recognition has been reported for bambusurils,”**°>? heterobambusurils,”*
biotinurils,”**® and cycHC[n]s."" We were fortunate to obtain single crystals of the
PFe ™ inclusion complex with (—)-mixHC[8] (Figures 4A and $33-539; Tables S19
and S20). A DFT modeling study of the mixHCI[8] diastereomers (Figure S40;
Tables S21-S24; Data S2) revealed clear differences in their conformations (Fig-
ure 4B; Data S2). The cavity, which is mainly surrounded by CU units, is mostly
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distorted by the biotin position. Therefore, its influence on the anion binding prop-
erties was evaluated via comparison of the three HC[8] hosts.

Encapsulation of the selected anions by the mixHC[8]s was studied by ITC
(Figures 4C and S51-554; Table S25); the data for cycHC[8] were available from a
previous work."" Complexation between the mono-biotinylated macrocycles and
chaotropic anions (ClO47, PFe~, and SbFs) in methanol and a methanol-water
mixture (1:1) occurred as an exothermic enthalpy-driven process. The association
constants for PF,~ were greater than that of CIO,4 in both media, which explains
the better templating properties of PF,”. Noticeably, the differences between the af-
finities of the three HC[8] derivatives are the smallest for the templating PF4™ anion,
while for ClIO4~ and SbF,", either (+)-mixHC[8] or cycHC[8], respectively, exhibit
stronger binding. The noted dissimilarities highlight distinctions in the cavities
and point to the steric differences of these host compounds, which have potential
in a diverse array of applications and unique guest-binding properties.

Selective capture of perchlorate by immobilized mixHC[8]

The mixHC[8] can be utilized to afford functional materials, which was showcased
by the selective removal of perchlorates from contaminated soil samples. Perchlo-
rate is a persistent pollutant that adversely affects human health by interfering with
thyroid hormone production and occurs in soil, ground water, and food.*>*" The
accumulation of perchlorate in fertilizers, soil, and irrigation water leads to
increased plant uptake and subsequent food-chain transfer.”’°® This pollutant
has been found in various environmental matrices and typically originates from hu-
man activities.

The carboxylate side chain of mixHC[8] enabled its facile covalent immobilization on
the surface of 3-aminopropyl silica gel (APS; Figure 5A).°” The resulting solid
perchlorate-extracting material (mixHC[8]-APS) contained ca. 12% (w/w) of mixHC
[8], based on infrared spectroscopic analysis (Figures 5B and S55). Once covalently
attached to APS, the macrocycle remains in the solid phase even in the solvents
where it is commonly soluble (i.e., dichloromethane, methanol) and can, therefore,
be applied in solid-phase extraction. To prove the removal of perchlorate in the
presence of other minerals, a regolith simulant®” was employed as the matrix of
the known composition and spiked with (TBA)CIO,, imitating contamination with
perchlorate (1% w/w). The obtained model mixture contained cations (Ca?*,
Mg”, Fe?*, Fe®*), oxides, and kosmotropic anions (50,27, CO5%7) but was essen-
tially free of the organic matter (Table 526). According to ion chromatography anal-
ysis (Tables S27 and S28; Figures S56-559), the methanolic extract of the contami-
nated matrix contained primarily perchlorate and sulfate, the latter arising from
the MgSO, component (Table S26). Treatment of the methanolic extract with solid
mixHC[8]-APS resulted in the complete removal of CIO4 ™, in contrast to non-modi-
fied APS, which adsorbed ca. 15% CIO,~ (Figures 5C and S59; Table 528).

The extraction of sulfate occurred with similar efficiency (ca. 85%-97%) using both
APS and mixHCI[8]-APS materials, demonstrating that mixHC[8] is not the main
contributor responsible for the capture of S0,4%". The absence of mixHC[8] affinity
toward sulfate was additionally confirmed by an ITC experiment (Table S25;
Figures S47 and S54).

The captured perchlorate was easily removed by washing mixHC[8]-APS material

with water, taking advantage of the weaker binding in the aqueous medium, which
demonstrates the potential for the material’s reusability.”’
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Figure 5. Derivatization of aminated silica by mixHC[8] and perchlorate removal efficiency of the
obtained material

Immobilization of mixHC[8] on APS (A), DIC — N,N'-diisopropylcarbodiimide, and DCM
(dichloromethane); characterization of material by infrared (IR) (B) and perchlorate removal from
spiked mineral matrix using mixHC[8]-APS and non-modified APS, determined by ion
chromatography (C). The error bars represent the standard deviation between the parallel
experiments (n > 2) (isothermal calorimetric titration and immobilization of mixHC[8] on APS in the
supplemental experimental procedures).

In conclusion, an efficient mechanochemical protocol for the synthesis of enantio-
pure mono-biotinylated HC[8]s was developed. The process involves two
stages: (1) the mechanochemically assisted and acid-catalyzed polycondensation
of D-biotin, (R,R)- or (5,5-CU, and formaldehyde and (2) the aging step, in which
the template-driven covalent self-assembly of oligomers into macrocycles takes
place. Screening experiments uncovered the key process and chemical parameters
affecting the assembly: the ratio of the monomers, the loading of the acid catalyst,
and the nature of the templating anion. The present study offers insight into the
complex mixture of oligomeric intermediates, including their interconversion and
self-organization processes en route to the macrocyclic products. HPLC-MS anal-
ysis of short oligomers revealed differences in condensation kinetics of paraformal-
dehyde with biotin and CU into homomeric dimers and trimers under mechano-
chemical agitation. The faster condensation of CU led to amplification of the
homomeric cycHC[8] during the aging of shortly agitated reaction mixtures. On
the contrary, upon prolonged ball milling, which ensures sufficient shuffling of
monomers, higher efficiency in the formation of the chimeric mixHC[8] in 38% yield
was achieved. The mechanochemically driven solid-state approach allowed for the
fine-tuning of the composition of the rich DCL and directing covalent self-assembly
processes beyond statistical distribution. Diastereomeric (—)- and (+)-mixHC[8]s
were isolated and their structures characterized by DFT, NMR, and SC-XRD
methods. Furthermore, the comparison of their affinities toward chaotropic anions
pointed at specific binding differences, which makes the chimeric family of HC[8]
appealing for host-guest chemistry. The biotin carboxylate group of the mixHC
[8] enabled its facile covalent immobilization on aminated silica. The functional
material obtained was employed in the selective capture of anions, as
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demonstrated by the complete removal of perchlorate from an extract of a mineral
model mixture. Further applications of these chiral chimeric hemicucurbiturils are
currently being studied.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Riina Aav (riina.aav@taltech.ee).

Materials availability
All materials generated in this study are available from the lead contact without re-
strictions for research purposes.

Data and code availability

All data supporting this study’s findings are included in the article and its supple-
mental information and are also available from the authors upon request. Crystallo-
graphic data for the structures reported in this paper have been deposited at the
Cambridge Crystallographic Data Center under CCDC: 2251913. Copies of these
data can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.
2024.102161.
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