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INTRODUCTION

Supramolecular chemistry takes advantage of the directional non-covalent interactions
between small and relatively simple building blocks to construct nanoscale systems
capable of performing various tasks. Advances in this interdisciplinary field have led, for
example, to methods for controlled drug delivery in therapeutics™ and chemosensors
for disease diagnostics.l? However, supramolecular chemistry can also offer inventive
solutions to other modern challenges, such as higher density data storage,?! higher
capacity” and/or longer lifetime® energy storage, capture of CO,!® and methods to
improve recycling nuclear waste.”!

Anions are involved in the regulation of many biological processes, and are therefore
important targets for the development of supramolecular hosts. This may lead to
improved diagnosis and therapy of diseases related to anion mis-regulation, such as
cystic fibrosis.®! Given the larger size of anions, and, consequently, the lower charge
density than cations, the developed complementary hosts must be large and possess a
more intricate binding site design, as the individual host-guest interactions are weaker.

Macrocyclic hosts can offer high selectivity and strong host-guest association, due to
the preorganization of a complementary binding site for the target guest. Moreover,
macrocyclic molecules are often constructed from common, simple, modifiable building
blocks, often in one-pot synthesis, allowing for easy access to a wide landscape of
supramolecular hosts.

These two concepts are elegantly combined in the recently discovered
hemicucurbituril macrocycles, which are the novel anion-binding analogues of the
well-known cucurbiturils. By varying the substituents on the monomeric ethyleneurea
unit, diverse geometries of macrocycles have been achieved, with useful guest-binding
behavior for anion sensing,*%'% chirality sensing,[*%*3] selective transmembrane anion
transport,[*4-%¢! catalysis,*”*°! and photoinduced electron transfer.?) Whereas most of
the known examples of hemicucurbiturils are six-membered macrocycles, which contain
a cavity size-matched for halide anions, development of novel, larger homologues could
offer alternative guest selectivity, and thus, new avenues of application.

One of the key advantages of hemicucurbiturils is the robust high-yielding
anion-templated synthesis, in contrast to the non-selective and inefficient high-dilution
synthesis frequently used in the construction of macrocyclic compounds. Moreover, the
success of hemicucurbituril synthesis at high concentrations suggests that it could be
adapted for mechanochemical synthesis. Mechanochemistry is a rapidly advancing
environmentally-friendly synthetic technique, which utilizes mechanical agitation to
achieve chemical transformations and material synthesis in the solid state; thus, virtually
eliminating the solvent-waste from chemical reactions.?! The construction of nanoscale
materials, such as metal-organic frameworks, conventionally synthesized by
crystallization from solution,??! have especially benefited from the cleaner and faster
mechanochemical reactions.”3) However, only a few examples of mechanochemical
synthesis of macrocycles have been published, while molecular templating in covalent
mechanochemical reactions has not yet been reported. Therefore, the anion-templated
synthesis of hemicucurbiturils provides both a powerful method for the discovery of new
supramolecular hosts and an excellent model for studying thermodynamically-driven
templated reactions in a solid state.

This dissertation first outlines the main objectives for developing anion receptors,
supplying key examples of successful receptor design strategies based on the current



literature. This is followed by an introduction to hemicucurbiturils, the fast-growing class
of anion-binding supramolecular hosts, synthesized through anion-templated dynamic
covalent chemistry. The literature overview provides a concise introduction to the field
of mechanochemistry and solid-state synthesis, together with a comprehensive overview
of mechanochemical covalent synthesis of macrocyclic compounds.

The results presented in this thesis include the templated solution-based synthesis and
the crystal structure of a novel cyclohexanohemicucurbit[8]uril macrocyclic host
(Publication 1) and its properties as an anion receptor (Publication Il). Single crystal X-ray
diffraction analysis was employed to determine the anion-binding sites of the
cyclohexanohemicucurbit[8]uril in the solid state. Mass spectrometry, NMR
spectroscopy, isothermal titration calorimetry (ITC), and computational methods
revealed the anion binding behavior of this new host molecule in gas phase and solution.
This was followed by a study of the anion binding motifs in the host-guest complexes of
all hemicucurbiturils (Publication Il1), based on the crystallographic data published in the
Cambridge Structural Database. Publication IV described the development of a
mechanochemical solid-state approach for the synthesis of the six- and eight-membered
cyclohexanohemicucurbit[n]uril hosts.

In addition to these publications, the results of this thesis have been presented at
several international conferences, in Estonia, Latvia, Croatia (2), Germany, Czech
Republic, the United Kingdom, the Republic of Korea, South-Africa, the United States,
and Canada (2).
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ABBREVIATIONS

ADP
aq.
ATP
BU[n]
CBin]
CCDC
CcD
CP-MAS
CPK
CsD
cycHC[n]
DCL
DFT
DMSO
ESI-MS
HC[n]
HPLC
ITC
LAG

LC
LMWG
MOF
NMR
PC

PFA
PTFE
PXRD
RH
s.o.f.
SEM
TBA
TBP
TEA
uv
vdW
VT-NMR

n (eta)

Adenosine diphosphate

Aqueous

Adenosine triphosphate

Bambus[n]uril

Cucurbit[n]uril

Cambridge Crystallographic Data Centre
Cyclodextrin

Cross-polarization magic angle spinning
Corey, Pauling, Koltun molecular model
Cambridge Structural Database
Cyclohexanohemicucurbit[n]uril

Dynamic covalent library

Density functional theory
Dimethylsulfoxide

Electrospray ionization mass spectrometry
Hemicucurbit[n]uril

High-performance liquid chromatography
Isothermal titration calorimetry
Liquid-assisted grinding

Liquid chromatography

Low molecular weight gelator
Metal-organic framework

Nuclear magnetic resonance (spectroscopy)
Packing coefficient

Paraformaldehyde
Polytetrafluoroethylene

Powder X-ray diffraction

Relative humidity

Site occupancy factor

Scanning electron microscopy
Tetrabutylammonium
Tetrabutylphosphonium

Triethylamine

Ultraviolet

Van der Waals (radius)
Variable-temperature nuclear magnetic resonance (spectroscopy)
Liquid-to-solid ratio (ul mg™) in a LAG experiment
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1 LITERATURE OVERVIEW

1.1 Supramolecular chemistry

Supramolecular chemistry, as a research field, was introduced and strongly influenced
by the synthesis and systematic study of crown ethers in the late 1960s. Charles J.
Pedersen described the formation of stable complexes of the cyclic polyethers with alkali
and alkaline earth metals,?*! and, followed by Jean-Marie Lehn and Donald J. Cram, went
on to investigate the chemical basis of molecular recognition. The importance of
selective complexation processes in biological systems was highlighted and new classes
of organic compounds with improved complexation properties were developed, for
which Pedersen, Lehn and Cram were jointly awarded the 1987 Nobel Prize in
Chemistry.[?>?") The term host-guest chemistry was specified by D. J. Cram and J. M. Cram,
who defined the host, as the larger molecule in the binding pair, which recognizes the
smaller guest molecule by its steric features and specific interaction sites.l??! The term
receptor was used interchangeably with host by the authors in the field. Typically, the
host-guest pair is held together by a collection of non-covalent bonds, which individually
are significantly weaker than covalent bonds (Table 1), but in co-operation can stabilize
the formation of host-guest complexes. The intermolecular forces include electrostatic
interactions, hydrogen and halogen bonds, n-it interactions, van der Waals forces, and
solvophobic interactions. These forces can vary in strength from 2 kJ mol™ for the weak
dispersion interactions to 300 kJ mol™ for strong ion-ion interactions.?®! The region of
the host or guest involved in the non-covalent interactions is defined as the binding site.

Table 1. Strength of supramolecular interactions compared to covalent interactions?*-31

Interaction Sub-Type Strength (k) mol™)
lon-ion 200 - 300
Electrostatic lon-dipole 50 -200
Dipole-dipole 5-50
Hydrogen bonding 4-120
Halogen bonding 10-150
T-Tt interactions 0-50
Cation- 1t 5-80
Van der Waals < 50
Solvophobic 0- 100"
Covalent 150 - 450

[a] Dependent on the surface area of the molecules.
[b] Dependent on the solvent-solvent interactions, host geometry / size of the binding pocket, and
the nature of the functional groups lining the host’s binding site.

Usually, the host-guest binding affinity for a target guest molecule is enhanced by
maximizing the number of simultaneous weak interactions to the guest by host design.
Preorganization of the interacting groups of the host into a convergent binding site
results in higher host-guest affinity, compared to complexes where the binding pocket is
formed only upon guest binding.?3% Therefore, many supramolecular chemists have
focused on the development of macrocyclic host molecules. The smaller solvent-accessible
surface area of macrocyclic hosts, as compared to the acyclic analogues, results in a
smaller energetic penalty from de-solvating the binding site. Macrocyclic molecules are
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generally conformationally more rigid than acyclic hosts, and thus, fewer degrees of
freedom are lost upon complex formation, as the entropic penalty from host
reorganization is not paid during guest complexation.*

Following the example of the cation-binding crown ether hosts, many types of organic
macrocyclic compounds have been developed for binding various guest molecules. Even
though the discovery of the host molecules, for example cyclodextrins,?! calixarenes, 3!
and cucurbiturils,3”) predates the advent of supramolecular chemistry, the useful binding
properties have only recently been recognized and applied. Among the applications of
supramolecular chemistry to real-world technologies are sensors for blood glucose or
blood ion monitoring, compounds for biological imaging and drug delivery, and ligands
for metal extraction from ores and radioactive waste.*®¥ Ground-breaking technologies
improving, for example, cancer therapy,?? relieving environmental pollution,®! and
energy- and electron-transfer systems*!! have also been developed based on
supramolecular chemistry.

Introduced by Jean-Marie Lehn, the term supramolecular chemistry encompasses, in
its contemporary meaning, host-guest chemistry, molecular devices and machines, as
well as the concepts of self-assembly, self-organization, and nanotechnology.¥
The scientific endeavors in supramolecular chemistry are often interdisciplinary, and call
for collaborations across the fields of chemistry, physics, biochemistry, and biology.
The studies described in this thesis, both within the literature overview and in the
author’s publications, clearly highlight how establishing an understanding of a
supramolecular system is a collaborative effort between synthetic organic chemists,
analytical and computational chemists, crystallographers, and solid-state chemists. The
serendipitous nature of the early discoveries in the field and the continued design of new
functional structures used in cutting-edge technologies have attracted many researchers
who have made supramolecular chemistry into the highly vital field it is today.

1.2 Anion-binding host-guest chemistry

Although the first anion-binding macrobicyclic hosts, called katapinands, were reported
concurrently with crown ethers in 1968 by C. H. Park and H. E. Simmons,*? the
development of cation-binding chemistry far outpaced the advancement of anion-binding
hosts. The main reason for this lies in the properties of anions, discussed in the following
section, which make complexation challenging. Only in the late 1980s was there a
renaissance in the field of anion binding, rooted in the growing understanding of the
features that govern molecular recognition, which quickly resulted in a highly diverse
pool of cleverly designed host architectures.[344344

Due to the relatively recent blossoming of the field of anion complexation, it is no
surprise that established real-world applications of anion receptors are still scarce.
However, the topics of anion sensing and extraction, transport of anions in living
organisms, anion-driven organocatalysis, and anion-driven self-assembly of
supramolecular architectures have gathered significant interest.*”! Until recently, the
focus of anion-complexation chemistry had mainly been on the synthesis and
characterization of new anion receptors, whereas in recent years, the focus has shifted
to developing specific applications.!¢!

Sensing or controlling anion transport is a promising target for medicinal chemistry,
as anions are essential to the regulation of many biochemical processes. For instance,
chloride anions are responsible for the maintenance of osmotic balance in cells and
phosphate anions (i.e. ATP or ADP) are the fuel or cofactor in most enzymatic

14



processes.3*43 Extraction of anions by supramolecular systems could alleviate the harm
to the environment caused by nitrate- and phosphate-containing fertilizers, or from
specific pollutants generated through energy production.?* The anion-controlled
self-assembly of supramolecular systems is already within the repertoire of engineers,
who aim to create novel nanoscale architectures or molecular devices.?°!

1.2.1 Challenges of anion binding

Compared to the small and predominantly spherical cations, which are targeted
size-selectively by devoted receptors, anions possess intrinsic properties that complicate
the design of efficient hosts.

First, anions are large and come in different shapes. The lower charge density
compared to cations requires a more careful design of the binding site, reflecting the
geometry of the guest to yield strong host-guest interactions. Anionic guests range from
the smallest spherical halides (F-, CI-, Br-, I), with F~ (1.33 A) comparable in ionic radius
to K* (1.38 A), through linear (CN-, N37), planar (NOs™, PtCls¥), tetrahedral (PO43", S042,
BF4~), and octahedral anions (PFs", Fe(CN)¢™), to various carboxylates, mono- and
polyphosphate organic anions also present in the structure of proteins and nucleic
acids.[*3

Any host for anions (or cations) must compete with the surrounding medium, due to
the relatively high free energy of ion solvation, caused by the electrostatic ion-dipole
interactions between the ion and the solvent.*’”! The host’s strength in binding anions
depends largely on the nature of the solvent, and thus the host design must take into
account the intended operating medium.“3

Furthermore, as the energy of solvation varies for different anions in a given solvent,
the binding selectivity of the host is also dependent on the medium.“® The anion
selectivity in polar solvents generally follows the Hofmeister series, established by Franz
Hofmeister in 1888 when studying the ‘salting out’ effect of ions on hen egg white
globulin protein (Figure 1).14°5% ‘Soft’ anions at the polarizable end of the series were
observed by Hofmeister to increase the solubility of globulin. In contrast, ‘hard’ anions
at the opposite end of the scale were observed to induce the aggregation of the protein,
resulting in its precipitation. The molecular level explanation of the Hofmeister effect is
still debated and is being continuously investigated. Hofmeister’s originally proposed
explanation relating the precipitation of macromolecules to the higher solvent
absorbance of the salting-out anions®>! has proven to be too simplistic.®>%3 According
to current understanding, ion-specific and salt-specific interactions on the surface of the
proteins and the influence of immediately adjacent solvation shells play a key role.[53-53
Polarizable ‘soft’ anions preferably interact with hydrophobic and ‘hard’ anions with
hydrophilic surfaces.?®

ClO, > I > SCN™ > NO;- > Br > CI > F > CO,Z > HPO,~ > SO,*
Decreasing protein solubility (salting out)

Polarizability

Figure 1. Anions arranged in the Hofmeister Series.[3%43:52]
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The following section aims to provide insight into the purpose of anion receptor
development though selected examples of hosts. The examples were chosen toillustrate
the interplay of non-covalent interactions and to highlight the key motifs in successful
host design for different types of target applications in the relevant operating
environments.

1.2.2 Host design strategies for anion sensing applications

Anion sensors are molecular receptors that produce a measurable response upon anion
complexation, such as a change in the spectroscopic or electrochemical properties of the
receptor / analyte or changes in the mechanical properties of the system (e.g. sol-gel
transitions).*”] The practical nature of the applications, including environmental
monitoring and medical diagnostics, has fueled the development of anion sensors.>®
Many of the intended applications call for the receptors to operate in an aqueous
environment, in which anions are strongly hydrated. Strategies to overcome the strong
anion-water interactions often include combinations of non-covalent interactions from
the supramolecular toolbox (Table 1).

Sindelar and co-workers applied the strong association between bambusuril-based
receptors 1 and 2 (Figure 2A) and anions to quantify a mixture of *H NMR-silent inorganic
anions in an aqueous environment using *H NMR spectroscopy.!! As the rate of
host-guest association was observed to be slow on the NMR timescale, the chemical
shifts in the macrocycle hydrogen atoms in the respective anion inclusion complexes
were used as a fingerprint to identify and even quantify mixtures of up to nine anions
(Figure 2B). The remarkably high binding affinity of anions for the water-soluble host 2
(up to K, = 107 in D,0) was attributed to the combination of the chaotropic effect and
multiple weak C—H--anion hydrogen bonds (Figure 2C).['%"1 Notably, the methine
protons (Figure 2A, colored blue), directed towards the cavity and involved in the formed
hydrogen bonds, also exhibited the most pronounced changes in the chemical shift upon
anion complexation. The alternate orientation of the glycoluril monomers resulted in the
localization of the partial positive charge in the interior of the bambusuril cavity (Figure 2D),
fortifying the host-guest complex by weak electrostatic attraction.®!
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Figure 2. (A) Bambusurils by Sindelar and co-workers. (B) 1H NMR spectra of 1 with a mixture of
anions (in 5% D,0-DMSO-ds), showing the fingerprint chemical shifts of the methine protons of 1in
the respective anion inclusion complexes (blue). (C) The crystal structure of CI” within a bambusuril
host>8 with the C—H--anion interactions shown as dashed black lines. (D) Map of electrostatic
potential of a bambusuril (red to blue: =31 to +36 kcal mol™). Figures B and D are reprinted, with
permission from Royal Society of Chemistry and John Wiley and Sons, ref. [11] and [58], respectively.
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Cs-symmetrical tripodal receptors for sensing the planar trigonal nitrate anion were
developed by Singh and Sun (Figure 3A).*? Sensing of NOs~ was targeted, as it is an
industrial and agricultural waste contaminant producing harmful environmental effects
in the form of acid rain and eutrophication of rivers and lakes. The branched receptors
33, 3b, and 3c assumed a conical shape in an acidic solution owing to the protonation of
the central N-atom and the consequently formed hydrogen bonds to the oxygen atoms
in the three branches. The conical, positively charged forms of these hosts were capable
of NO;3~ synergistic binding through electrostatic and directional amide N—H-:-anion
hydrogen bonding interactions (Figure 3B). The protonated receptors 3a and 3c (in the
form of a ClO,4 salt) were found to bind NOs™ with K, up to 102 M1 in an acetone-ds
solution. As determined by NMR titration studies, no significant selectivity over HSO,",
Cl~, and Br~ was observed. Receptor 4 was found to assume a conical zwitterionic form
in neutral dimethylsulfoxide (DMSO) and could signal the binding of anions by quenched
fluorescence response of the incorporated 1-amino-5-naphtalenesulfonic acid groups.
Moreover, 4 proved to be more selective towards NO3;™ than the other tested anions in
DMSO and in 10-20% water-DMSO solutions (Ka(NO3~)/K,(HSO4™) = 4 - 5 determined by
fluorescence titration).

O Q
N-H H-~ N@j
X X
X = Cl (3a)
X = Br (3b) 4
X =1(3c) © [3a+H][NO3]

Figure 3. (A) Tripodal receptors by Singh and Sun®®® constructing a trigonal binding pocket for NO3™
from amide hydrogen bond donors. (B) Crystal structure of the nitrate complex of 3a, with the
amide N-H---NO3~ hydrogen bonds shown as dashed black lines. The proton on the central tertiary
amine is not refined in the published crystal structures of the nitrate complexes of 3a-3c.

1.2.3 Host design strategies for the transport of anions

The development of synthetic anion transporters is largely driven by potential
application in therapeutics; e.g. as artificial anion channels or molecular transporters
though lipid bilayer membranes. Malfunctioning anion channel proteins and the
resulting disruption of ionic balance in cellular compartments have been linked to several
diseases, including the widespread genetic disorder cystic fibrosis.®”

Steroid-based anion receptors, cholapods, developed by Davis and co-workers, have
been shown to act as effective chloride transmembrane carriers.[*>%2 Owing to a
lipophilic core, these receptors are entirely partitioned into the membranes of vesicles
in an aqueous solution. High affinity chloride binding in apolar media (up to K, 101 M
in CHCl3) was achieved by constructing a preorganized binding pocket of hydrogen bond
donor groups onto the rigid steroid scaffold 5 (Figure 4).6263! By varying the substituents
at positions 3, 7, and 12, an extremely efficient chloride transporter 6 was found, which
promoted the transmembrane flux of chloride at transporter/lipid loading in the vesicle
membrane as low as 1:250000.1 Interestingly, while 6 was a more effective transporter
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than 5, its affinity to chloride in chloroform was lower (K, 10° M), demonstrating that
other factors (e.g. anion binding kinetics and mobility of the complex within the
membrane) could determine the activity of the transporter.!®¥
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Figure 4. Cholapod anion carriers developed by Davis and co-workers for the transport of chloride
through lipid bilayers.'®2%% The hydrogen atoms involved in anion binding are colored blue.

Pittelkow and co-workers, in collaboration with Davis, found that by exchanging the
anion binding motif from conventional hydrogen bonds for the weaker C—H-:-anion
interactions, effective chloride transporters could be prepared.[** The binding pocket in
biotin[6]uril 7 arranged 12 C—H hydrogen bond donor groups around a cavity compatible
in size to the halide anions (Figure 5A).[**) Enhancing the hydrophobicity of 7 through
esterification to methyl-, ethyl- and butylhexaesters 8-10 (Figure 5B) ensured
partitioning of the transporter to the membrane. All three transporters were observed
to bind CI~ with high affinity in acetonitrile (K, = 10*), compared to NO3™ (K, = 102), HCO3~
(Ks = 10%), and SO4% (no interaction). The transporters also promoted chloride flux
through a vesicle membrane by a CI7/NOs™ antiport mechanism.[**l HCOs™ or SO,2 were
not transported through the membrane, demonstrating the selectivity of transporters
8-10. The rate of chloride transport increased with the higher lipophilicity of the host.
Biotin[6]uril 10 was found to be the most active transporter among the hexaesters,
achieving CI~ flux with t1/, = 180 seconds at a 1:2500 transporter/lipid molar ratio in the
membrane. In comparison, at the same transporter/lipid ratio, the cholapod transporter
6 promoted CI” influx at t1/, = 3 seconds.®*!
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Figure 5. Biotin[6]urils developed by Pittelkow and co-workers. (A) Crystal structure of the iodide
complex of 7.1 (B) Hexaester transmembrane anion carriers 8-10,** with the hydrogen atoms
involved in anion-binding colored blue.
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1.2.4 Host design strategies for anion extraction applications

Transmembrane anion carriers are designed to bind anions on the membrane-water
interfaces, to migrate through the membrane, and to release the cargo on the other side,
preferably with fast association kinetics. The hosts intended for anion extraction should
however tightly bind the target anion and remove it from the environment, either by
phase transfer to another immiscible liquid or to a solid.

A number of acyclic and macrocyclic hosts for extraction of pertechnetate from
aqueous nuclear waste have been developed.!®® Highly water-soluble TcO4” is one of the
most hazardous radioactive pollutants in nuclear waste, due to its long half-life
(t1/2 = 2.13 x 10° years), environmental mobility within the earth’s crust, and uptake by
plants and aquatic organisms.[®® Commercially available ion exchange resins generally
rely only on electrostatic interactions and therefore have low selectivity to TcO4.
However, as TcO4~ has a polarizable electron cloud and low charge density, hosts that
include a hydrophobic binding pocket could improve the selectivity by relying on the
Hofmeister bias (Figure 1).

Jurisson and co-workers reported a charged cyclotriveratrylene-based host 11
(Figure 6A), which was used to extract TcO4~ and the similarly sized ReO4~ with over 90%
efficiency from water into a nitromethane solution. This was accomplished even in the
presence of excess competitive anions NOs~, SO4>, PO, and ClO4, due to the favorable
electrostatic interaction and size-matching deep hydrophobic cavity.'®”! Holman et al.
demonstrated, by single crystal X-ray diffraction analysis, the inclusion of a weakly
coordinating anion PFs~ within the cavity of 11 (Figure 6B).[°® Back-extraction of the
oxoanions from the organic phase, however, was severely hampered by the irreversible
association to the host, with only 3% of the traced ReOy4™ released to a saline solution.®”)
Regeneration of the extracting agent through the triggered release of the anion is an
important property of a commercially viable solution for anion extraction.
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Figure 6. (A) Cyclotriveratrylene-based host 11 for the extraction of TcO4~ and (B) the crystal
structure of the PFs~ complex of 11 showing the inclusion of the anion deep within the cavity.[67:68]

Liquid-liquid extraction of TcO,~ with macrocyclic polyaza-cryptands (Figure 7)
demonstrated that the phase transfer of TcO,~ was dependent on the protonation state,
size-matching with the cavity, and the lipophilicity of the host.[%>7% The aza-cage 12 with
a small cavity displayed the highest efficiency (80%) in extracting ReO,~ and TcO,4~ from
aqueous media at neutral pH into an organic solution.®® Back-extraction of the anion
was efficiently achieved by lowering the pH of the aqueous phase. Added protonation
sites, such as in host 13, intended to aid anion binding through further hydrogen bonding
sites, proved to bind the oxoanions only in a hexaprotonated state at low pH, and no
extraction of TcO4~ was observed at neutral pH." This was ascribed by Wichmann and
co-workers to the higher hydrophilicity of receptor 13, which prevented its partitioning
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into the organic phase. The extraction efficiency and selectivity could be modified by
tailoring the lipophilicity of the aza-cages through methylation.® Although the
methylated hosts, such as 14, were indeed more soluble in organic solvents, the
extracting efficiency was only slightly improved (20%) and the selectivity towards TcO4~
over ReO,” was lost.
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Figure 7. Aza-cages studied for the extraction of TcO4~ by Végtle and co-workers'® (12) and
Wichmann and co-workers”® (13 and 14).

1.2.5 Host design for anion-induced supramolecular organocatalysis

Development of supramolecular catalysts has mainly focused on metal-organic
compounds, which offer reaction rate acceleration and high selectivity by virtue of the
confined catalytic sites around metal centers.”!l However, considering the sustainability
and environmental impact of chemical processes, organocatalytic alternatives for
supramolecular catalysis are actively developed.!’!

A decade ago, a new perspective emerged on the mode of action of conventional
dual-hydrogen bond catalysts, such as thioureas, which showed that in appropriate
reaction conditions the anion-catalyst complex acted as the reactive species.’?
A seminal example of organocatalysis through halide binding to the chiral thiourea 15
was shown by Taylor and Jacobsen in the Pictet-Spengler cyclization providing N-acetyl
tetrahydro-B-carbolines (Figure 8A).[3!
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Figure 8. Supramolecular catalysts 15 and 16 by Jacobsen and co-workers in the respective chloride
complexes with (A) N-acyl iminium in a Pictet-Spengler cyclization”’* and (B) oxocarbenium
formed during an a-chloroisochroman alkylation reaction!’s!,
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In the initial report, little explanation was offered for the mechanism of these
asymmetric transformations (ee > 90%). Further investigations revealed that the
enantioselective cyclization proceeded through an Sy1-type abstraction of the chloride
and activation of the acyl-iminium intermediate in a complex with the chiral
chloride-bound catalyst (Figure 8A).7 Strategic design of bis-thiourea catalysts, such as 16,
to limit the effects of catalyst self-association and enhance the chloride binding
efficiency, allowed the catalyst loading to be lowered significantly (from 10% to 0.01%).
It also afforded higher reaction rates for the enantioselective alkylation of
a-chloroisochroman through CI- abstraction (Figure 8B).”>!

1.2.6 Material design based on supramolecular anion binding hosts

Supramolecular self-assembly provides a convenient and efficient method for the design
and preparation of materials with specific physical properties. The properties of the bulk
material, such as thermal or electrical conductance, color, luminescence, solubility,
fluidity, and plasticity are encoded, and therefore can be tuned by the chemical structure
of the components. For example, organic white light-emitting diodes (white OLEDs)
based on a modular hydrogen-bonded assembly of red, green, and blue emissive
compounds were created by Meijer, Schenning and co-workers.’ In contrast to the
labor-intensive synthesis of new emissive materials, the supramolecular approach
demonstrated easy tunability of the emission color by simple mixing of different ratios
of the red-green-blue chromophore modules.

Few examples of supramolecular hosts that alter the physical properties of a material
through anion binding have been reported. Recognizing the polarization of C—H bonds in
cyanostilbenes, Flood and co-workers designed the potent pentameric macrocyclic host
17 by arranging the C—H hydrogen bond donors around a central cavity (Figure 9A).”)
The neutral host 17, named cyanostar, was shown to self-assemble into 2:1 sandwich
complexes with BF4~, ClO47, and PFg™. The high-affinity binding to large charge-diffuse
anions (2:1 complex Bgnion = 102 M2 in CH30H:CH,Cl, 40:60) was attributed to the
formation of a hydrophobic, partially electropositive cavity from the two n-stacked
molecules of 17. In a recent remarkable follow-up, Johnson, Flood and co-workers
demonstrated the potential of 17 for the regulation of Li* conductivity in the electrolyte
solution of lithium ion batteries (LIB).[”® Common LIB electrolytes consist of PFs~, ClO4
or BF4~ salts in an organic solvent. Owing to the supramolecular 2:1 encapsulation of the
anion within 17 in tetrahydrofuran (THF), the conductivity of Li* was significantly
increased, due to enhanced dissociation of the ion pair (Figure 9B).

160
140

")

IE 1204

2:1 sandwich complex
(modified anion)

+

o

« 100
o0 ] LITFSI
©

Free Li*
(conductive)

60
40 4
204

LiBr

0.0 0.5 1.0 15 20 25 3.0

17 LiPFg ion-pair Equivalents of 17 ——»
(Non-conductive)

E i Conductivity (p
o

Figure 9. (A) Cyanostar 17 by Flood and co-workers.””! (B) Conductivity enhancement of LiBr, LiPFe,
and LiTFSI (lithium bis(trifluoromethane)sulfonimide) in THF with an increasing number of
equivalents of 17. Figure B is adapted from ref. [78], copyright 2018 American Chemical Society.
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Self-assembly and gelation of low-molecular-weight gelators (LMWGs) rely on the
formation of fibers based on 1D or 2D intermolecular non-covalent interactions, such as
hydrogen bonds and hydrophobic effects. As the supramolecular anion hosts frequently
rely on similar non-covalent forces in the binding of anions, gels formed by LMWGs can
exhibit useful anion-responsive properties.[” Yamanaka and co-workers prepared the
tris-urea gelator 18 (Figure 10), which formed an exceptionally stable gel from acetone
(critical gelation concentration of 1.4 wt%), with no precipitation or melting of the gel
observed when stored for several months at room temperature. Complete gel-sol
transition was observed upon addition of F-, CI-, Br~, I, or AcO~ (in 1-3 equivalents to the
gelator), due to the disruption of the hydrogen bonds that interconnect the LMWGs in
the gel by the formation of an anion complex with 18. Re-gelation was achieved by the
addition of ZnBr,, which bound the anions stronger than 18.
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Figure 10. A low-molecular-weight gelator 18 by Yamanaka and co-workers®) also acted as a
supramolecular host for anions, therefore the gelation of 18 could be controlled by the addition of
F-, CI, Br, I, or AcO". The gel-sol transition was reversed by the addition of ZnBr,. Images of the
gels are reprinted, with permission from Elsevier, from ref. [80].

1.3 Cucurbiturils and hemicucurbiturils

The remarkably strong association and compartmentalization of cationic or hydrophobic
guests with cucurbit[n]urils (CB[n]) has impacted many areas of scientific research. These
supramolecular hosts have been applied, for example, in nanoparticle-based sensors, !
as supramolecular reaction vessels in photocatalytic dimerization,’®? and as potential
drug delivery agents.’®¥ The condensation reaction of glycoluril and formaldehyde in
acidic conditions was first reported by Behrend, Meyer, and Rusche in 1905.57)
The chemical structure of the condensation product remained unknown until 1981, when
Freeman, Mock, and Shih revealed the macrocyclic structure of CB[6] by single crystal
X-ray diffraction analysis.®* The authors also presented evidence for the strong and
selective binding of alkylammonium guests, which underlies majority of the CB[n]
applications today®>®7! and has fueled wide-spread interest in these supramolecular
hosts. The field of cucurbiturils (Figure 11) has grown not only in the number of
homologues (CB[5]-CB[8] and CB[10]) and substituted derivates, but has also inspired the
advent of acyclic CB analogues!®® and the anion-binding hemicucurbiturils HC[n].[?)
Bambusuril (BU[n]) and biotinuril hosts, highlighted earlier as the anion sensor 2 and
transmembrane molecular transporters 8-10, respectively, together with the
cyclohexanohemicucurbiturils (cycHC[n]) studied in this work, belong to the branch of
hemicucurbiturils.
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Figure 11. Cucurbiturils (CB[n]) and related anion-binding analogues, hemicucurbiturils (HC[n]),
illustrating the approximate shape of the host types.

1.3.1 Properties of hemicucurbiturils

The first hemicucurbiturils were synthesized by Miyahara and co-workers through the
condensation of ethyleneurea and 37% formalin in 4 M HCI, which resulted in the
precipitation of crystals within 30 minutes.’® Single crystal X-ray diffraction analysis
revealed that the product was an HCl adduct of HC[6], in which the CI~ template was
positioned at the center of the HC[6] cavity (Figure 12A). The authors expected a
cone-shaped cucurbituril analogue capable of binding alkali cations, but HC[6] presented
a completely new host scaffold for binding anions.

CB[7] HC[6]

Figure 12. (A) Crystal structure of the chloride complex of HC[6] prepared by Miyahara and
co-workers showing the position of the chloride template within the center of the cavity.®® The
hydronium counter-cation and water molecules (located outside the HC[6]) are omitted for clarity.
(B) Map of the electrostatic potential of CB[7], HC[6], and BU[6], with red signifying the negative
and blue the positive regions, reprinted from ref. [90] with permission from Elsevier. (C) Lowest
unoccupied molecular orbitals of CB[7], HC[6], and BU[6], reprinted from ref. [91] with permission
from the Royal Society of Chemistry.

As a consequence of having only single methylene bridges, the monomers in HC[6]
adopted an alternate orientation, which transformed the electronic structure of the host,
as compared to the parent CB[6]. Computational studies on the frontier molecular
orbitals and electrostatic potential of HC[n]s revealed that the anions were attracted by
the concentration of positive electrostatic potential (Figure 12B) and the lowest
unoccupied molecular orbital (Figure 12C) to the center of the HC[n] cavity.[?! This effect
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was consistent in substituted HCs.[®®®? |n addition, the hydrogen atoms directed into the
cavity of HC[n]s created a hydrophobic binding pocket, allowing for the formation of
several C—H---anion hydrogen bonds simultaneously. This was proposed in silico®>*? and
demonstrated in solution by 'H NMR and in the solid state by single crystal X-ray
diffraction analysis. Non-covalent interactions governing the association of
hemicucurbiturils with anions are discussed in detail as a part of the results of this thesis.

1.3.2 Dynamic covalent chemistry in the synthesis of cucurbituril-type hosts

All the cucurbituril-type macrocyclic molecular hosts were synthesized via the
condensation of a urea-containing monomer with formaldehyde (Figure 13). In such the
acid-catalyzed attack of the urea nitrogen on the electrophilic carbon of the
formaldehyde and the subsequent water elimination leads to the formation of an
iminium intermediate.®® The high-energy iminium intermediate then reacts quickly with
available nucleophiles in the reaction media, such as a nitrogen atom of another
monomer, resulting after a deprotonation step in the acylaminal linkage - the methylene
bridge between monomers. Yoo and Kang proposed that a hydrogen-bonded water
molecule on the carbonyl group of the monomer mediates both the nucleophilic attack
and the deprotonation of the resulting ammonium intermediate.® By accepting a
hydrogen bond from the NH group in close proximity to the carbonyl group, the water
molecule forms a six-membered hydrogen-bonded cycle, which exposes the nitrogen’s
lone electron pair and activates it as the nucleophile. The transfer of the proton to the
water molecule deprotonates the ammonium intermediate formed in the nucleophilic
attack.
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Figure 13. Reversible acid-catalyzed formation of the acylaminal linkage, illustrated on
ethyleneurea monomers.

Continuous formation of the acylaminal linkages produces oligomers. However, as the
acylaminal linkages are concurrently hydrolyzed back to the iminium species in acidic
conditions through protonation on the neighboring nitrogen or the oxygen of the acyl
group, these oligomerization reactions are reversible. The acylaminal linkages are less
susceptible to hydrolysis than alkyl-aminals, as the electrons on the nitrogen are
delocalized over the acyl group, decreasing the basicity of the aminal nitrogen and
rendering the acylaminals stable at neutral pH.?3!

Reversibility of the acylaminal linkages in acidic media allows for the formation of a
dynamic covalent library (DCL) of oligomerization products. The product composition of
the CB[n] and HC[n] synthesis could be determined by kinetic or thermodynamic effects
and have resulted efficiently and selectively in a high yield single product.®3 Error
correction, by virtue of the reversible covalent linkages, is critical for reaching
thermodynamic equilibrium in a DCL. Reversible covalent bonds such as imines,?>
hydrazones,®®?7! disulfides,®® boronates,®® aminals,® and hemiaminals*°? are also
frequently used in dynamic covalent chemistry.

The equilibrium of the cucurbituril DCL (Figure 14) relies on the simultaneous and
reversible processes of oligomer chain growth (Figure 14A), oligomer-to-macrocycle
cyclization (Figure 14B), and product stabilization (Figure 14C). The equilibrium can be
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influenced by acid type and concentration, reagent concentration, temperature, and/or
addition of templates.!**
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Figure 14. The simultaneous reversible processes within the cucurbituril DCL-s, illustrated on HC[n].

The condensation reaction forming CB[n] or HC[n] oligomers proceeds quickly in acidic
conditions and the length of the resulting oligomers is determined by chain-growth
equilibrium. The occurrence of a mixture of oligomeric precursors was confirmed by Day
and co-workers following the condensation of glycoluril by 13C NMR, and by the groups
of Pittelkow!®® and AavI©21%l following single-bridged HC[n] synthesis by LC-MS.
Notably, in studying the synthesis of cyclohexanohemicucurbit[n]urils (cycHC[n]), Aav
and coworkers demonstrated the stark disproportionality of the UV absorbance between
the linear oligomeric and macrocyclic species of cycHC[n].['%3! A 10-fold lower UV
absorbance at 210 nm was observed for the linear hexamer compared to the
corresponding cyclic cycHC[6], and no correlation between the number of monomers
and UV absorbance was evident.

For the reaction to lead to macrocycles, chain-cycle equilibrium must favor the
accumulation of cyclic product(s). Strong evidence of anion-templating has been
observed in the case of HC[n]s, as their synthesis is very sensitive to the type of acid, and
in appropriate conditions a single product is obtained in high yield.[12586589,104-107]
The synthesis of regular CB[n], appears to be less susceptible to templating, as evidenced
in studies on the effects of cationic alkali metal templates. Because CB[n] synthesis
generally yields a mixture of homologues, it is likely to be more influenced by kinetic
effects. Resubmission experiments by Day and co-workers support the hypothesis that
the smaller CB[5-7] macrocycles act as kinetic traps.'%! When CB[8] was boiled in
concentrated HCI (100 °C) a mixture of CB[5-8] was obtained, while no interconversion
was detected for the smaller CB[5], CB[6], and CB[7] when individually subjected to the
same conditions. Day and co-workers established that the degree of CB[n] selectivity was
achieved by adjusting the acid concentration and type, temperature, and reactant
concentration, but no absolute selectivity could be achieved.%!

1.3.3 Role of the anionic templates in hemicucurbituril synthesis
In Pedersen’s first publication describing the synthesis of crown ethers, sodium ions were
hypothesized to be involved in orienting the reactants through ion-dipole interactions to
a conformation preferring the cyclization reaction.’?*! What Pedersen described is in fact
the kinetic effect of templates, where the association of the template with a linear
oligomer promotes the rate of cyclization of a specific macrocycle. In hemicucurbituril
synthesis, a single product is obtained from the DCL owing to the thermodynamic
templating effect of anions.”® The final product obtained from the reversible
transformations between oligomers and macrocycles in DCL corresponds to the
macrocycle that forms the thermodynamically most stable complex with the anionic
template.

Chloride templating was first demonstrated by Miyahara et al. in the synthesis of HC[6]
in 4 M HCLB |n the same paper, the synthesis of HC[12] was achieved and it was
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suggested that in template-deprived conditions (1 M HCl), longer oligomers could form,
as the chain growth process was not terminated by the formation of HC[6]. Halide
templating was also used for the synthesis of achiral®® and chiral®™ cycHC[6],
BU[6],110-58:109.1101 samithio-BU[6],11%%! biotinurils,®>! and norborna-HC[6]17! (Figure 15).
Sindelar and co-workers noticed that in the absence of suitable templates, the
condensation of 2,4-dibenzylglycoluril with paraformaldehyde produced a four-membered
bambusuril with a 57% yield.!** Similarly, Reany and co-workers obtained semithio-BU[4]
in the absence of halide templates.®! No accumulation of macrocyclic products was
observed in the synthesis of cycHC[n] in the absence of suitable templates.[*° However,
Aav and co-workers found that larger anions, such as CFsCO,~, HCO,~, and PF¢~, promoted
the formation of an eight-membered cycHC[8]. The synthesis and properties of cycHC[8]
will be discussed in further detail in the results section, as one of the main topics of this
thesis. The anion binding motifs of the HC[n], together with a study of the guest influence
on the size and shape of the host will also be further discussed, based on the analysis of
all the published crystal structures of HC[n].®3!
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Figure 15. The chemical structures of the substituted six-membered hemicucurbiturils.

1.4 Solid-state organic synthesis

A critical aspect of developing practical applications for supramolecular systems is the
simple and efficient chemical synthesis of the employed hosts. Strategies for the
synthesis of macrocyclic molecules often include high-dilution experiments to suppress
the rate of the intermolecular polymerisation reactions and promote intramolecular
cyclization.!*¥ Such processes are inefficient, costly, and generate significant solvent
waste, which is incompatible with the movement towards more sustainable chemical
synthesis.['12 However, the syntheses of a number of supramolecular hosts do not
require high dilution conditions, and a few examples even report solvent-free
macrocyclization reactions (Section 1.4.4). Solvent-free covalent reactions occur in the
solid state, in the melt, or at the solid-gas interface, and can be initiated, for example, by
thermal or mechanochemical treatment,**3! by microwave,*** or by UV radiation.[*"]
In the context of this thesis, solvent-free reactions refer to processes where no bulk
solvent was added. Avoiding bulk solvents has many advantages:[2%116:117]

e Solvent-free or solid-state reactions can proceed faster due to the high
concentrations of the reactants.

e Reducing the amount of solvents leads to sustainable low-waste chemical syntheses,
while also lowering the cost of chemical processes.

e Solvent-free reactions can provide access to products that cannot be synthesized by
conventional solution-based methods.

e Solid-state reactions expand the range of available reactants to insoluble starting
materials.

e Reaction auxiliaries may have a stronger effect on the outcome of the reaction, as
supramolecular interactions are not disrupted by the solvent.
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1.4.1 Mechanochemistry

Mechanochemistry, in an ever-widening range of chemical processes, has become
central to the development of solid-state synthetic procedures. Common to inorganic
chemistry and alloying, mechanochemistry has also become an attractive method for
organic, organometallic, and supramolecular chemists, with the promise of operationally
simple, fast, and efficient reaction protocols.[*!3117-119]

Historically, mechanochemical reactions were conducted exclusively using a mortar
and pestle (Figure 16A). However, some of the parameters influencing the chemical
reaction during manual grinding have been difficult to define, namely the strength and
grinding regime of the experimenter. Automated milling devices have therefore replaced
most of the manual grinding in research laboratories, ensuring the reproducibility of
experiments.[*?! In a shaker mill (Figure 16D), the sample is enclosed within a cylindrical
milling jar (Figure 16C) with ball bearing(s), and shaken at a constant frequency
(Figure 16B).

O

Figure 16. Mechanical agitation (A) by mortar and pestle and (B) in a jar of a shaker mill.
(C) Zirconium oxide milling jars with ball bearings and (D) a shaker mill. Photos C and D are
reproduced with the permission of Form-Tech Scientific, Inc.

Mechanochemical synthesis can be carried out with neat solid reactants, or by adding
a sub-stoichiometric amount of liquid to the reactants in a liquid-assisted grinding (LAG)
experiment. The ratio of the liquid to the weight of the reactant mixture (n) is within the
range of 0 < n <1 pl mg2.['*8 The catalytic amount of liquid can activate the surfaces of
the solid particles and promote diffusion of the reactants, and has been shown to
accelerate mechanochemical reactions. Varying the type and quantity of the added liquid
in LAG has, for example, been used to control the polymorphism of crystalline
compounds and co-crystals,*227123] the reaction rate and/or stereochemistry of covalent
syntheses, 2125 and the topology of metal-organic frameworks (MOF).[226]

Mechanochemistry can be complemented or substituted by the milder, low-energy
input solid-state approach of aging. Inspired by the natural chemical weathering and
biomineralization processes, aging was demonstrated in the synthesis of MOFs from
static mixtures of metal oxides with organic ligands.*2712%1 Exposing the reaction
mixtures to elevated temperature or solvent vapors was shown to accelerate the aging
reactions.

A wide variety of organic reactions have been adapted to solvent-free conditions.
The examples described in this overview are limited to the concepts relevant to the
development of solid-state synthesis of cycHC[n] (Publication IV). Examples include the
solid-state aldehyde-amine condensation, achieving thermodynamic or supramolecular
control in mechanochemical reactions and the covalent synthesis of macrocyclic
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molecules using mechanochemistry. For further examples, the reader is directed to
reviews by Todal'3%'31 and Kaupp? on the solvent-free thermal reactions and
photoreactions, and to the reviews by the groups of Bolm,[33134 Fris¢i¢, 24118 and
Browne!*'”! on various mechanochemical organic transformations.

1.4.2 Solvent-free imine condensation reactions

Pioneering work by Toda, Kaupp and co-workers established a solid-state method for the
guantitative preparation of azomethines 21 by grinding solid anilines 19 with aromatic
aldehydes 20 (Figure 17).13% Grinding (by mortar and pestle) was used to reduce the
particle size of the crystalline starting materials and expose fresh surfaces for contact,
followed by aging for 2—120 hours for quantitative conversion at room temperature. Only
the condensation of 19b and 20c required 24 hours of aging at 50 °C for full conversion.
When a stoichiometric amount of pure 19 and 20 was used, no work-up, other than the
evaporation of the formed water, was necessary for the purification of azomethines 21.

NH, CHO R'
O« g5 — g +w
R R' S

R: Me (19a), OMe (19b), R’ : Cl (20a), Br (20b), R

NO2(19¢), CI (19d), NO2(20¢c), OH (20d) 2
Br (19e), OH (19f)

HN- ) (199)

Figure 17. The solvent-free synthesis of azomethines 21.113%

Importantly, Kaupp and co-workers demonstrated a scaled-up mechanochemical
imine condensation reaction.!**®! 200 g batches of p-aminobenzoic acid and 20d were
reacted in a stoichiometric ratio using a water-cooled 2 L horizontal ball mill (Simoloyer®)
loaded with 2 kg of 5 mm diameter steel ball bearings. Pure azomethine derivative was
obtained by high-frequency milling at 900 rpm for 15 minutes and no aging was required.

Cinci¢ and co-workers noticed that the solid-state condensation of the Schiff bases
24a-c was accelerated by 98% relative humidity (RH) when aging the lightly ground
mixtures (10 min, mortar and pestle) of 2-hydroxy-1-naphtaldehyde 22 with 23a-c
(Figure 18).['37) Recognizing the catalytic effect of solvent vapors, the reaction rates for
the synthesis of 25 and 26 were significantly improved by fine-tuning the solvent
atmosphere in the respective aging reactions. The RH and solvent atmosphere were
introduced by sealing a vial containing the solid reactants within a closed system
alongside a reservoir of the solvent, with no direct contact between the solids and the
liquid. Product 25 was obtained quantitatively by aging 5-aminosalicylic acid with
o-vanillin for 28 days at 95% RH or, surprisingly, after only one hour in EtOH vapors. Aging
5-aminosalicylic acid with 22 yielded 26 within one day in a vapor mixture of EtOH and
an organic base of triethylamine (5% v/v of TEA). 25 and 26 could also be obtained
quantitatively by LAG, if milled in the presence of the solvents used for the acceleration
of the aging reactions.
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Figure 18. (A) Reaction scheme for the preparation of Schiff bases 24a-c and (B) the chemical
structures of products 25 and 26.1137)
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1.4.3 Equilibrium of reversible mechanochemical covalent reactions

While the reversibility of covalent bonds under mechanochemical conditions underlines
many of the developed solid-state organic transformations, very few studies address the
thermodynamic factors that control the reaction outcome. Based on exploring the
methathesis of homodimeric disulfides, Belenguer and co-workers demonstrated that
the reversible exchange of the groups forming disulfide covalent bonds reached an
equilibrium composition under mechanochemical conditions (Figure 19).1*38 Ball milling
of homodimers 27 and 28 with a base catalyst led selectively to the formation of a
heterodimer 29, contrasting the statistical distribution 1:1:2 (27:28:29) obtained from
the solution reaction. Alternatively, the metathesis of 28 and 30 resulted in a mixture
preferring homodimers (80%) over the heterodimer 31 (20%), regardless of whether the
starting point was an equimolar mixture of the homodimers or the purified heterodimer
31. The lattice energy differences between the polymorphs were proposed to be the
major factor determining the thermodynamic equilibrium in these systems. The total
crystal lattice energies of the homodisulfides and formed heterodisulfides were
calculated based on the sum of intermolecular interaction energies and the
conformational energy of the disulfides in the crystal lattice.
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Figure 19. Equilibrium in the reversible disulfide metathesis under mechanochemical conditions. 138!

In a follow-up study, Belenguer and co-workers further investigated the disulfide 27
and 28 (Figure 19A) metathesis by neat grinding and LAG (acetonitrile).'** Two stable
polymorphic forms of the heterodimer were obtained by either of the mechanochemical
reaction conditions. The different polymorph stability orders in LAG conditions as
compared to those in the neat grinding reaction were ascribed to the crystallite surface
solvation free energy difference. This could also be one of the determining factors of the
thermodynamic equilibrium of LAG reactions. The interconversion between the
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polymorphic forms of the heterodimer, if carried out in the presence of the base catalyst,
was also found to proceed through the formation of homodimeric intermediates.

Ravnsbak and Swager reported that a steady degree of polymerization (=40 kDa) of a
poly(phenylene vinylene) 33 was reached by solid-state ball milling in either Gilch
polymerization of the monomer 32 or by degradation of the higher molecular weight
polymers (150 kDa).l**% The steady state was ascribed to an equilibrium between the
competing mechanochemical polymerization and chain scission processes.
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Figure 20. (A) Gilch polymerization in the solid state demonstrated by Ravnsbak and Swager.[140
(B) The starting material 32 is a white powder (left), while the polymerization product is bright red
(right). (C) Number average molecular weight (M,) of the polymers as a function of milling time,
starting either from the monomer 32 (black squares) or from solution-prepared higher molecular
weight (150 kDa) polymers (red circles). Figures B and C are reprinted from ref. [140], copyright
2018 American Chemical Society.

1.4.4 Synthesis of macrocyclic molecules by mechanochemistry

To date, only a few examples of the covalent synthesis of macrocyclic molecules by
mechanochemistry have been published. The first report came from Atwood and
co-workers,"*1 who used ball milling to improve the access to p-benzylcalix[5]arenes,
known to encapsulate Ceo.['*? A base-catalyzed solution-based condensation of
p-benzylphenol and formaldehyde yielded a mixture of p-benzylcalix[n]arenes (n =5, 6, 8).
From this the purified even-numbered calixarenes were partially converted to a mixture
of p-benzylcalix[n]arenes (n = 5, 7, 10) by ball milling with paraformaldehyde, KOH, and
molecular sieves under an argon atmosphere for 4-16 hours (Figure 21A). Thus, the
reversibility of the methylene linkages of the macrocycle under mechanochemical
conditions was demonstrated. A mechanochemical condensation reaction starting from
p-benzylphenol, however, resulted only in traces of the calixarenes.

While the base-catalyzed condensation of p-alkylphenols can result in macrocycles of
various sizes, the acid-catalyzed condensation of resorcinol has been shown to invariably
produce tetrameric macrocycles.*3 Efficient solvent-free synthesis of resorcin[4]arenes
34-38 was established by Roberts and co-workers**# through manual grinding of the
aldehyde and resorcinol in the presence of a catalytic amount of solid p-toluenesulfonic
acid (Figure 21B). Upon grinding, the reaction mixtures were observed to first liquify and
then stiffen within minutes, affording 80-96% conversion to macrocyclic products. This is
in stark contrast to the conventional solution-based synthesis where an aldehyde and
resorcinol are refluxed in a mixture of mineral acid and alcohol from several hours up to
a few days. Bridge-substituted resorcin[4]arenes, such as 34-38, can cyclize in four
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diastereomeric isomers of which the cis-cis-cis (rccc) in the crown conformation and the
cis-trans-trans (rctt) in the chair conformation are most frequently obtained.!**3 Roberts
et al. observed that while the compounds 34-36 were obtained as a 1:2 mixture of the
rccc and rctt stereoisomers, 37 exclusively afforded the rccc conformation and the
reaction mixture of 38, containing initially both stereoisomers when left to age
converged wholly to the rctt isomer.

Solvent-free stereoselective condensation of isovaleraldehyde and pyrogallol by
grinding with a catalytic amount of p-toluenesulfonic acid was demonstrated by Atwood
and co-workers.* The crown isomer of isobutylcalix[4]pyrogallolarene 39, obtained as
a brittle white solid within two minutes from the start of the reaction, self-assembled
upon further grinding into hydrogen-bonded nano-capsules comprising six 39 units each
(Figure 21C). The nano-capsule enclosed a 1300 A3 cavity containing water molecules
from the condensation reaction and traces of unreacted starting materials, determined
by diffusion NMR studies of the reaction products.

EB (@] R' Ec OH o
+ HO OH H '+ HO. OH
ae ' B o sl ¢
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&) (CH20),
Ar, 4-16h

rccc isomer
crown conformation

rccc isomer

solid state pestle
self-assembly and mortar

rctt isomer
chair conformation

R=H (34)
R= 0-OH (35)

R= p-O(CH2)3CH; (36)
R= p-O(CH,)7CHs (37) ,
R= p-O(CH,),Br (38) :

Figure 21. Reaction schemes for (A) the conversion of six- and eight-membered p-benzylcalixarenes
to five-, seven-, and ten-membered p-benzylcalixarenes, (B) formation of resorcin[4]arenes 34-38,
and (C) formation of isobutylcalix[4]pyrogallolarene 39 and its self-assembly into a nano-capsule.

An elegant example of a mechanochemical multicomponent polycondensation of
macrobicyclic cage structures was described by Severin and co-workers.*®! The cages 44
and 45 were obtained by forming simultaneous imine and boronic ester linkages between
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1,3,5-tris(aminomethyl)-2,4,5-triethylbenzene 40, pentaerythritol 41, and either of the
rigid linkers, 4-formylphenylboronic acid 42 or 4-(4-formylphenyl)-phenylboronic acid 43
(Figure 22A). The respective one-pot [6+3+2] condensation reactions by ball milling
(one hour at 20 Hz) afforded 94% of 44 or 71% of 45; far superior to the solution-based
methods, which provided up to 56% yield of 44 and no isolable amount of the larger
cage 45.

In an extension of this work, the same group later described the similar multi-component
polycondensation of borasiloxane-imine macrocycles 46 and 47 (Figure 22B), yielding
respectively 85% or 65% isolated product by ball milling for 1.5 hours at 30 Hz.1**”) Imine
linkages with boronic ester or borasiloxane motifs were chosen in these two studies as
dynamic covalent bonds that can be used in tandem, allowing for the high selectivity of
the product by error correction during synthesis.
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Figure 22. (A) Reaction scheme for the polycondensation of boronate ester-imine macrobicyclic
cages 44 and 45 by Severin and co-workers.[**¢1 (B) Borosiloxane-imine macrocycles 46 and 47 from
the Severin group.[*”]

A recent contribution by Garcia and co-workers described the selective and versatile
mechanochemical synthesis of macrocyclic cyclophosphazane-based structures.48
Nucleophilic substitution on the dichlorocyclodiphosphazane 48 with a series of
bifunctional organic acids 49a-d by milling in the presence of Et3N resulted selectively in
dimeric cyclic products 50a-d (Figure 23). This beautifully demonstrated the potential of
solvent-free ball milling for air- and moisture-sensitive synthesis, which would require
the use of strictly dried solvents if conducted in solution. More importantly, by using
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solvent-free conditions, the scope of the nucleophiles was broadened to those insoluble
in toluene or THF generally used in cyclodiphosphazane syntheses.
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Figure 23. Reaction scheme for the formation of cyclophosphazane-based dimeric macrocycles 49
developed by Garcia and co-workers. 148!
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2 MOTIVATION AND AIMS FOR THE WORK

Hemicucurbiturils have emerged as a new anion-binding scaffold, offering a host design
platform that relies on alternative non-covalent interactions; i.e. not the conventional
hydrogen bonds and electrostatic interactions commonly employed in the anion
receptors. The exact nature of these more exotic non-covalent interactions and
phenomena, such as C—H---anion interactions, solvophobicity, and the chaotropic effect,
is not well understood. Further studies addressing the anion-binding properties of
hemicucurbiturils have the unique potential of advancing the fundamental
understanding of these types of supramolecular interactions.

Regardless of the short history of hemicucurbiturils, the selectivity of these hosts for
size-compatible polarizable halide anions has been recognized and applied in anion
sensing and transmembrane transport. An important advantage of hemicucurbiturils,
providing a solid foundation to all present and future applications, is their ease of
synthesis. Halide anion templating affords high vyields of the six-membered
hemicucurbiturils in a single step. Developing an anion-templated synthesis protocol for
larger hosts has two main objectives: to establish the role of templates in the dynamic
covalent chemistry of hemicucurbiturils and to extend the range of available host
molecules. Larger hosts are expected to be selective towards different guests, as
compared to the currently known six-membered hemicucurbiturils, which could lead to
new applications for these supramolecular hosts.

The anion templated hemicucurbit[n]uril syntheses provide a valuable opportunity to
investigate templated covalent syntheses of macrocycles in the solid state. To date, none
of the examples of solvent-free synthesis of macrocycles involve the use of templates.
Supramolecular interactions involved in anion templating could even be pronounced in
the solid state, due to the lack of competition from solvent molecules.

The specific aims of this thesis were to:

e Crystallize and characterize the structure of the novel chiral eight-membered
hemicucurbituril host, (all-R)-cyclohexanohemicucurbit[8]uril (cycHC[8]), by single
crystal X-ray diffraction analysis.

e Establish the anion complexation properties of cycHC[8] in solution by nuclear
magnetic resonance spectroscopic techniques and in the solid state by single crystal
X-ray diffraction.

e Investigate the effect of guest molecules (including known templates) on the shape
of hemicucurbituril hosts, based on the crystal structures published in the CSD and
characterize the anion interaction sites in the crystal structures of the
hemicucurbiturils.

e Develop a solid-state approach for the anion-templated synthesis of cycHC[n].
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3 DETAILS OF USED METHODS

The following section provides a brief description of the method used for anion volume
calculation in this thesis. Other detailed experimental protocols can be found in the
supporting information of the corresponding publications.

3.1 Calculation of the anion volumes

The anion volumes in this study were calculated using the triangulated sphere model
included in the Olex2 program package,!**! in which all atoms are approximated to
isotropic spheres defined by the default CSD van der Waals (vdW) radii. The geometry of
the anions was optimized (BP86-D/def2-TZVPD) prior to the volume calculation.!
The bond lengths for the geometry optimization were restricted to the mean values
based on the crystallographic data published in the CSD (Table 2). The coordinates of the
optimized anion geometries are included in Appendix 2.

Table 2. Calculated mean bond lengths in the studied anions, based on CSD entries up to May 2016.

Anion Number of CSD Bond Mean bond  Vanion (83) ! Comments
entriesl?! length (A)
SbFe~ 1625 Sb-F 1.846 81.81d
PFg™ 16272 P-F 1.568 70.6
ReO4~ 313 Re-0O 1.706 64.8
104~ 28 -0 1.746 64.3 3 outliers rejected
ClOo4 20831 Cl-0 1.405 54.7
BF;~ 11361 B—F 1.361 51.6
CF3SO3~ 7898 C-F 1.326 82.3
c-S 1.428
S-0 1.795
CF3CO,~ 743 C-F 1.318 68.7
c-C 1.526
c-0 1.232
HCO,~ 204 C-H 0.964 35,10
c-0 1.245
S04 1534 S-0 1.472 54.9 ld]
S=0 1.466
CH3CO,~ 557 C-H 0.973 49,7 2 outliers rejected
c-C 1.502
c-0 1.256
Cc=0 1.250

[a] Only entries with defined 3D coordinates were analyzed. [b] Van der Waals radii used by the
CSD, from refs. (150 and [151: H 1,09 A, C1.7A,01.52 A, F1.47A,51.8A,C11.75A,11.98A,P 1.8
A,B2A,Sb2A, Re2A. [c] According to a recent study by S. Batsanov,152 which suggests vdW radii
of 2.2 A for Sb and 1.8 A for B, these volumes may be slightly under- and overestimated,
respectively. However, as these atoms are at the center of the respective anions, SbFs™ and BF,”,
the contribution to the overall anion volume is small and the differences in the calculated anion
volume are within 5%. [d] Entries up to August 2018 were analyzed.

! Geometry optimization performed by Dr. Mario Oeren
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4 RESULTS AND DISCUSSION

The results in this dissertation are based on four publications. The following discussion
first covers the template-controlled synthesis and structural characterization of the novel
cyclohexanohemicucurbit[8]uril (cycHC[8]) macrocyclic host (Publication 1). The second
section focuses on the supramolecular properties of cycHC[8], describing the strength,
selectivity, and mechanism of anion encapsulation by this host (Publication Il). The third
section provides an overview of the supramolecular properties of different types of
hemicucurbiturils in the solid state based on the published crystal structures
(Publication Ill). The final section describes the development of a novel solid state
approach for the templated synthesis of cycHC[6] and cycHC[8] (Publication IV).

4.1 Synthesis and structure of (all-R)-cyclohexanohemicucurbit[8]uril
(Publication I)

4.1.1 Template-controlled synthesis conditions

The formation of (all-R)-cycHC[8], together with small amounts of the seven-, nine-, and
10-membered homologues, was first noticed by careful HPLC-MS analysis of the
by-products in the synthesis of (all-R)-cycHC[6] from (R,R)-hexahydro-2-benzimidazolinone
and paraformaldehyde in a 4 M HCl solution.[*>3 Alongside the favored cycHC[6] product,
11% of the eight-membered macrocyclic product was isolated. Discovering that the
amount of cycHC[8] slowly increased in the HPLC samples containing formic acid led to
the optimization of reaction conditions. Thus, the selective formation of cycHC[8] was
facilitated by applying acids that dissociate to larger anionic templates, such as formic
acid and trifluoroacetic acid. An isolated yield of 71% was obtained starting from the
monomer or by interconversion from the cycHC[6] (Figure 24). Again, a careful HRMS
analysis indicated the occurrence of cycHC[6-10] together with various linear oligomers
during these reactions, which indicated that to the reaction pathway involved a dynamic
covalent library (DCL).
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Figure 24. The proposed reaction mechanism for the synthesis of (all-R)-cycHC[8] from either
(A) the monomer (R,R)-hexahydro-2-benzimidazolinone or (B) from the (all-R)-cycHC[6], both
proceeding through the dynamic covalent library and templated by either HCO, (illustrated),
CF3CO;,, or PFs anions.

According to the DFT calculations, the thermodynamic equilibrium in the acid-induced
DCL was directed towards cycHC[8] by the formation of a low-energy inclusion complex
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with a suitably sized anionic template. This agreed well with the experimental
observations, as the reactions catalyzed with the non-templating acetic acid yielded only
a mixture of oligomers. This clearly illustrated that the cycHC[n] macrocycles were not
thermodynamically favored over linear oligomeric products in the absence of suitable
templates. To further prove the determining role of the anionic templates,
corresponding salts were added to the reactions in the non-templating acetic acid.
CycHC[6] was then efficiently transformed into cycHC[8] in the presence of NaPFg (90%
isolated yield), and cycHC[8] was partially converted back to cycHC[6] in the presence of
NaCl (21% isolated yield). The reaction rate was observed to depend on the strength of
the acid, which was likely due to the faster acid-promoted transformations between the
DCL members.

4.1.2 Single crystal X-ray diffraction analysis

Slow evaporation of a concentrated solution of (all-R)-cycHC[8] in methanol afforded
transparent needle-like single crystals. Removal of the crystals from the mother liquor
resulted in fast crystal deterioration at room temperature. The crystal used for single
crystal X-ray diffraction analysis was therefore covered in protective oil and quickly
transferred to the liquid nitrogen cooling stream maintaining the temperature at 200 K,
effectively preventing deterioration.

The obtained structure revealed that «cycHC[8] crystallized with two
symmetry-independent molecules in the asymmetric unit, and was surrounded by
hydrogen-bonded solvent molecules. The crystal structure of cycHC[8] (Figure 25)
confirmed the computationally predicted C;-symmetric barrel-shaped geometry of this
host.*331 The methylene-linked belt of the macrocycle assumed a square shape
(Figure 25B), encircling the cavity of cycHC[8]. No solvent molecules could be resolved
within the cavity of cycHC[8] in the crystal structure, indicating that the encapsulated
solvent had no preferred orientation. The SQUEEZE[™** procedure of PLATON[S!
revealed that the electron density within the isolated void of the cycHC[8] cavity
accounted for a single methanol molecule. The cavity volume of cycHC[8] (123 A3),
calculated using a probe the size of a single hydrogen atom (probe radius 1.2 A, grid step
0.2 A), was comparable to the cavity of the regular cucurbit[6]uril (119 + 21 A3)15¢] and
was 3.5 times larger than that of cycHC[6] (35 A3).[12]

Figure 25. Crystal structure of (all-R)-cycHC[8], showing (A) the side and (B) the top view in the ball
and stick representation. (C) lllustrates the dimensions of the portal and the cavity of the
macrocycle on the CPK model of cycHC[8]. The dimensions shown account for the van der Waals
radii of the atoms.
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The solvent molecules in the crystal structure were positioned between the stacked
cycHC[8], in continuous channels along the crystallographic b-axis (Figure 26B and 26C).
This suggests that the rapid deterioration of the crystals in air or oil was due to the loss
of the co-crystallized solvent at room temperature. At the temperature of the
measurement, the solvent molecules hydrogen-bonded to the cycHC[8] carbonyl groups
or to each other were located from the Fourier difference map. Nine methanol and one
water molecule were modelled in the asymmetric unit (Figure 26A). The contribution of
the heavily disordered solvent molecules in the channels that could not be modelled was
calculated using the SQUEEZE procedure and subsequently included in the refinement.

Figure 26. (A) Hydrogen bonds between cycHC[8] and solvent molecules within the asymmetric unit
of the crystal structure. The hydrogen bonds are shown as blue dashed lines. (B) Packing of the
structure viewed along the crystallographic a-axis, showing the arrangement of the solvent
molecules into channels along the direction of the b-axis (green). The continuity of the channels is
more evident in scheme (C) which was generated by removing all the refined solvent molecules and
visualizing the resulting voids using the program Mercury>”) (probe radius 1.2 A, grid step 0.2 A).
The voids shown (light blue) represent both the channels and the cycHC[8] cavities, and account for
28% of the unit cell volume.

4.2 Complexation properties of (all-R)-cyclohexanohemicucurbit[8]uril
(Publication Il)

The templates established for the synthesis of cycHC[8] in Publication | suggested that
this host binds larger anions, in contrast with the six-membered hemicucurbiturils, which
preferably bind halides. According to the cavity volume (123 A3) obtained from the crystal
structure and a Rebek’s ratio of 55% for optimal host-guest packing efficiency,*>®
cycHC[8] can certainly accommodate the used template anions PFs~ (70 A3), CFsCO, (68 A3),
and HCO5™ (35 A3). The observation that similarly sized anions CH3CO,~ (50 A3) and
S04 (55 A3) were ineffective in templating cycHC[8] suggested that, besides the size of
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the anion, there was an additional factor determining the selectivity of cycHC[8].
Anion-binding properties of cycHC[8] were therefore studied by a range of analytical
techniques, including mass spectrometry, NMR spectroscopy and ITC, single crystal X-ray
diffraction analysis, and computational chemistry.

Gas-phase ESI-MS three-component competition experiments between two anions
towards cycHC[8], revealed that the host formed 1:1 complexes with the following anions,
listed by relative affinity: SbFs™ = PFg~ > ReO4™ > ClO4~ > SCN™ > BF,~ > HSO4~ > CF3SOs™.
Halide anions (preferably bound by the six-membered hemicucurbiturils) and the more
strongly solvated H,P0,4~, CH3CO,~, and NOs~ formed significantly weaker complexes with
cycHC[8]. This was the first evidence that cycHC[8] preferably binds charge-diffuse
size-compatible anions.

4.2.1 Solid-state studies of the anion inclusion complexes with cycHC[8]

Single crystal X-ray diffraction analysis offers ultimate proof of molecular or
supramolecular structures, by revealing the precise spatial arrangement of atoms in a
crystal. In addition, crystallographic data allows for the analysis of supramolecular
interactions, steric compatibility, thermal motion, and potential disorder of the
components within a supramolecular system providing invaluable information on the
characteristics of host-guest complexes.

The host-guest complexes with cycHC[8] were crystallized from a methanol solution in
the presence of 1-2 molar equivalents of the anionic guest, introduced as a
tetrabutylammonium (TBA) or tetrabutylphosphonium (TBP) salt. The crystal structures
unambiguously demonstrated the formation of 1:1 inclusion complexes with SbFg, PFg,
ReO47, 1047, ClO47, BF4~, and CF3SO37; the guest anions completely desolvated and isolated
inside the cycHC[8] (Figure 27). Comparing the size of the bulky guests with the narrow
dimensions of the cycHC[8] portals suggested that the guest encapsulation and release
were accompanied by the conformational changes of the host, which opened and closed
the portals, resembling a molecular Pac-Man. While the smaller tetrahedral anions
ReO4”, 1047, ClO4", and BF4 (size range 50-65 A3) appeared as disordered within the
cycHC[8] cavity, larger anions SbFs~ (82 A%) and PFs™ (70 A3) adopted a fixed orientation,
reflecting the compatibility of the size and shape to the cavity of cycHC[8]. Four fluorine
atoms of the C;-symmetric SbFs™ and PF; lie in the equatorial plane of the macrocycle,
with the corresponding Sb—F or P-F bonds pointing to the four corners of its
square-shaped belt (Figure 27A,B). The two remaining Sb—F or P-F bonds point to the
opposite portals. CFsSO;™ (82 A3) also adopted a preferred orientation within the cavity.
With two oxygen and two fluorine atoms lying close to the equatorial plane and the
remaining oxygen and fluorine atom pointing to the direction of the opposite portals, its
orientation closely resembled that of the octahedral anions (Figure 27C). The disorder
models of the tetrahedral anions alternatively illustrated how the smaller anions had
more space, and thus, considerable freedom to move within the cycHC[8] cavity
(Figure 27D-G). It also revealed that the cavity of cycHC[8] is relatively rigid, as it did not
adapt to the smaller size of the guest, which could be the reason for the selectivity of this
host observed by the ESI-MS competition experiments.
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Figure 27. The position of anions in the crystal structures of the 1:1 host-guest complexes of a range
of anions with cycHC[8]. In (B-G), the host is depicted by an octahedron, which represents the cavity
of cycHC[8]. Minor anion disorder components in (C-G) are shown in the wireframe model, and the
freely refined site occupancy factors of the disorder components are listed.

Notably, mass spectrometric collision-induced dissociation (CID) experiments in
nitrogen gas revealed that the kinetic stability of the anion inclusion complexes with
smaller tetrahedral anions was higher compared to complexes with larger anions.
The dissociation of a complex was followed by varying the collision energy (CE) from 5 to
55 V. Higher kinetic stability of the complexes ReO4 @cycHC[8] (CE>** 36.1),
ClOs @cycHC[8] (CE>®* 35.9), and BF, @cycHC[8] (CE®** 35.2) suggested that the
remaining space within the cavity of cycHC[8] in complexes with smaller anions provided
relaxation through vibration. CE>®*values represent the collision energy (V) necessary for
a complex to dissociate to half its original abundance. The gradual decrease of available
space due to the tighter fit of the guest led to the lower kinetic stability of PFs-@cycHC[8]
(CE>%26.8), CF3S03~@cycHC[8] (CE>%23.1), and SbFs-@cycHC[8] (CE>°%*20.9).

The Hirschfeld surfaces were generated for SbFs~, 1047, and CF3SOs5™ to visualize the
intermolecular close contacts between cycHC[8] and the differently shaped encapsulated
guests (Figure 28). The Hirshfeld surface encircles the space occupied by the anion where
its electron density exceeds that of the neighboring molecules, based on the crystal
structure.!*>® The color code mapped on the surface indicates where the intermolecular
distances are shorter (red), equal (white), or longer (blue) than the sum of the van der
Waals radii of the atoms in close contact.['®” As attractive intermolecular forces cause
overlaps of the electron clouds of the atoms involved, then the established close
contacts, denoted by red spots, pinpoint the supramolecular interactions in the
host-guest complexes.

Overall, the Hirshfeld surfaces indicated that cycHC[8] interacted with the bound
anions through weak C—H--anion hydrogen bonds. Closer inspection of the
intermolecular distances revealed that the octahedral anions and CF3SO3~ preferably
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interacted with the axial 2ax hydrogens in the corners of the cavity (H labelling scheme
is shown in Figure 30). Shortest d(C—H---anion) distances were seen in the case of SbFs”
and CFsSOs57, which also formed the highest number of simultaneous interactions with
cycHC[8]. Symmetric hydrogen bonds, as seen on the Hirshfeld surface of SbFg”
(Figure 28a), are presumed to have fixed the orientation of the octahedral guests within
cycHC[8]. The tetrahedral anions, due to the shape and size mismatch with the cavity,
formed a limited number of simultaneous host-guest interactions in a given orientation.
The observed disorder patterns of anions therefore reflected the multitude of available
2ax and 6ax hydrogen bonding sites within the cavity of cycHC[8], which led to several
relatively equally populated orientations of the tetrahedral anions.

Figure 28. Hirshfeld surfaces for the encapsulated anions (A) SbFs~, (B) 104~, and (C) CFsSOs5’,
mapped with the normalized contact distance, d,orm, in the range of -0.1 (red) to 1 (blue). Red spots,
together with black dashed lines, show the direction of host-guest interactions, where d(D—H---A) is
shorter than Sr(vdW)[H, A]. For 104 and CF3SOs", the Hirshfeld surface was generated for all
disorder components simultaneously.

The obtained structures were isostructural, indicating that the anion did not change
the shape of the host to the extent that would prompt a change in the crystal packing.
The counter cations, TBA or TBP, together with solvent molecules filled the space
between the host-guest complexes. Changing the cation from TBA to TBP, however,
prompted a shift of the crystal lattice. Structures containing TBA crystallized in an
orthorhombic space group P2:2;2;, while those containing TBP crystallized as a
pseudo-merohedral twin in the monoclinic space group P2;. This occurred in spite of the
nearly equal unit cell dimensions and isostructural arrangement of all the molecules
(Figure 29). The twin operator, a two-fold rotation around the crystallographic c-axis
[-100 0-10 001], mimicked the orthorhombic mmm symmetry, which initially confused
the correct space group assignment and hindered the structure solution. Re-processing
the data in the monoclinic space group P2; enabled the structure solution. The minor
twin component scale factor refined to 0.2056(6) in the case of TBP(SbFs"@cycHC[8]) and
t0 0.3226(6) in the case of TBP(10,”@cycHCI[8]).
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Figure 29. Overlay of the structures of TBA(PFs—@cycHC[8]) in orange and TBP(SbFs~@cycHC[8]) in
purple. The TBA and TBP cations and methanol molecules are shown in a wireframe model, and
cycHC[8] is shown in a ball and stick model.

Crystals of anion inclusion complexes with cycHC[8] were also obtained when PF¢™ or
SbFe¢~ were introduced to the methanol solution as potassium or sodium salts,
respectively (Appendix 3). These structures revealed that the anion was isolated within
cycHC[8] in the presence of cations capable of forming stronger ion pairs. The cations in
both structures appeared disordered between the equal coordination sites close to the
cycHC[8] carbonyl groups, sharing the positions with disordered solvent molecules. After
several failed attempts, no adequate model for the positional disorder of the solvent and
cations could be reached.

No anion inclusion complexes were obtained with the TBA salts of NO3~, SCN~, AuBr,4,
HSO4~, CH3CO, , SiO¢~, and benzoate. This strongly suggested that the crystallization
event started with the formation of the anion inclusion complex; therefore, anions that
did not bind with cycHC[8] yielded no crystals.

4.2.2 Solution studies on the anion complexation properties of cycHC[8]

The strength and stoichiometry of the anion association with cycHC[8] in solution were
first characterized by 'H NMR spectroscopy using titration studies and Job’s method.
The studies were mainly performed in ds-methanol, in which cycHC[8] is reasonably
soluble (up to 6 mM). CycHC[8] proved to be insoluble in pure water, but somewhat
soluble in a 1:1 mixture of D,0O/CDsOD, which was used to evaluate the association of
anions with cycHC[8] in aqueous conditions. The solvents used in the solution studies
represented polar environments, in which the host-guest interactions are strongly
affected by solvent competition. Thus, anion encapsulation involved the energetically
costly disruption of its solvation shell.
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Stepwise addition of TBAPF¢ into the solution of cycHCI[8] illustrated the changes in
'H NMR spectra of cycHC[8] induced by anion association (Figure 30). Downfield shifts
were consistently observed for the 2ax, 6ax, and 4ax proton signals, which indicated that
the anions were encapsulated within cycHC[8] also in solution, as these hydrogen atoms
point into the cavity of cycHC[8] and de-shielding is characteristic of nuclei involved in
hydrogen bonding. Upfield shifts were observed for the protons on the external surface
of the macrocycle, while the smallest chemical shift changes were seen for the hydrogen
atoms 5eq at the portal.

[GIH]

AN ppm

4eq 5eq Sax 6a§(a;¥(ax

20

6eq

Figure 30. Chemical shift changes of cycHC[8] *H NMR signals upon sequential addition of TBAPFs.

Job’s method indicated 1:1 association stoichiometry of the host-guest complexes for
all the studied guests in methanol, which was supported by the 1:1 complexation model
observed in the crystal structures and by mass spectrometry. The association constants
of the host-guest complexes were determined by NMR titration experiments at 288 K.
Three cycHC[8] proton signals 1ax, 2ax, and 3eq were followed simultaneously upon the
addition of up to 12 equivalents of the guest in small aliquots. Association constants (K3)
obtained by fitting the titration data to 1:1 binding isotherms are compiled in Table 3.

The association of cycHC[8] with large charge-diffuse anions was remarkably strong
(Ks up to 250 000 M for SbFs™) in the competitive polar media. This showed that the
receptor design approach relying on the construction of a preorganized binding pocket
based on ‘soft’ C—H---anion interactions could be used to selectively target polarizable
anions in polar solvents. The selectivity of cycHC[8] appeared to be additionally
determined by the dimensions and the shape of its cavity. The large octahedral SbF¢",
which, based on the crystal structure formed eight hydrogen bonds with the host
(d(C-H---F) = 2.34 A — 2.65 A), had the highest association constant with cycHC[8].
The binding strength of smaller octahedral and tetrahedral anions PFs~, ReO4~, 1047, ClO4™,
and BF,;~ decreased exponentially as the size of the guest decreased (Figure 31). Because
the tetrahedral anions can form fewer simultaneous hydrogen bonds, lower association
constants arise as a result of the diminished stabilization effect of the C—H---anion
interactions compared to the larger guests. For example, BF;~, which based on the crystal
structure can only form one to three simultaneous close interactions with the host
(d(C-H--F) = 2.39-2.56 A) in a given orientation, showed only marginal affinity
(K2 = 48 M™) towards cycHCI[8].
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Table 3. Association constants together with the fitting errors for cycHC[8] inclusion complexes with
different anions (at 288 K).

Anion Cation Vanion (R3)® pClb] K, (M) Solvent
SbFe~ Na* 81.8 0.67 (2.5+0.7) - 10° CDs0OD
PFs” TBA* 70.6 0.57 (2.8+0.4)-10* CDs0D
PFe™ TBA* 70.6 0.57 (2.6 £0.2) - 10* 1:1 CDs0D/D,0
PF¢™ Na* 70.6 0.57 (2.0+0.2) - 10* CDs;0D
ReO4” TBA* 64.8 0.53 (4.7+0.4)-10° CDs0OD
104~ Na* 64.3 0.52 (1.8+0.2)-10° CDs0OD
clos  TBA* 54.7 0.45 (4.7£0.2) - 102 CD;0D
BF4~ TBA* 51.6 0.42 (4.8+0.4) 10 CDs;0D
CF3S03” TBA* 82.3 0.67 (3.9+0.5)- 10! CDs;0D
CF3CO;” TBA* 68.7 0.56 <10 CDs0OD

[a] Calculation of the anion volumes used in this work is further described in the Methods and
Materials section. [b] The packing coefficient, PC, is defined by Mecozzi and Rebek as the ratio
between V,nion and Veayity(host).[*58]

Based on the optimal packing coefficient of 0.55 + 0.09™°8! proposed by Mecozzi and
Rebek, which reflects the steric compatibility in host-guest complexes, an optimal fit for
the cycHC[8] cavity should follow a statistical distribution around the guest volume of
68 A3. However, despite the better size match to the cavity of cycHC[8], PFs” (PC = 0.57)
was was bound weaker with cycHC[8] (K. = 28 000 M™?) than SbFs~ (PC = 0.67). Thus, in
the case of strongly interacting host-guest systems, the optimal guest volume could be
shifted towards larger guests. This exposes the pitfall of predicting optimal host-guest
complexes based on hard-sphere models of atoms in interacting molecules.
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Figure 31. The correlation between the association constant and the anion size, with K, shown on
the logarithmic scale. The optimal packing coefficient (PC) for the cavity, representing the
68 + 11 A3 anion volume range (PC = 0.55 + 0.09), is highlighted by grey dashed lines.

Dramatically lower binding constants for CF3CO;™ (Ka < 10 M) and CF3SO;™ (K =39 M)
provided further proof that the association of cycHC[8] host-guest complexes was not
directed only by the steric fit of the host and the guest. CF;CO;™ is optimally sized
(PC=0.56) for the cycHC[8] cavity and CF3SOs™ is very close in size to the strongest bound
anion SbFe™. Furthermore, CF3SO;~ was observed to form as many C—H--anion
interactions ((d(C—H--F) = 2.32-2.60 A) as SbFe™ in the crystal structures with cycHC[8],
and CF3CO,~ was previously noted (Publication 1) to be an effective template in the
synthesis of cycHC[8]. Thus, the selectivity of cycHC[8] against these anions in a methanol
solution was initially surprising. Comparison of the surface electrostatic potential of the
studied anions (Figure 32) revealed that the inherently symmetric cycHC[8] preferably
bound anions with an equally symmetric surface charge distribution. Anions with an
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asymmetric charge distribution, such as CFsCO,™ and CF3SOs5”, with the charge located
more on the oxygen atoms compared to the neighboring trifluoromethyl group, have
very low affinity towards cycHC[8] in methanol. The templating effect of the CFsCO,”
demonstrated in Publication | may be induced by the co-solvent acetonitrile used in the
synthesis of cycHC[8] providing a more apolar medium compared to methanol, which
could affect the anion binding strength.

0SS UPHE)

BF,~ ClOs 04 ReO,~ CF3CO, - SbFs~  CF3SO;

Figure 32. The surface potential of the studied anions calculated using Gaussian 09,'°Y and
visualized using GaussView5.1*%21 The red to blue surface color range spans from -0.2 to 0.2.
Reprinted, with permission, from Publication .

Notably, the association of anions in methanol was not significantly dependent on the
nature of the counter cation, as titrations of cycHC[8] with NaPFs and TBAPFs yielded
similar association constants (K, = 20 000 Mtand K, = 28 000 M™%, respectively).

To gain insight into whether the association of the studied anions with cycHC[8] was
dependent on the polarity of the environment, a comparative titration of cycHC[8] with
TBAPFs was performed in an aqueous solution. Experiments in pure water were
prevented by the poor solubility of cycHC[8]; however, titration in a 1:1 mixture of
CDs0D/D,0 demonstrated no significant change in the association strength
(Ks = 26 000 M) compared to titration in pure methanol. This indicated that the
supramolecular non-covalent interactions in these host-guest complexes were not
interrupted by the presence of water.

Titrations of cycHC[8] with NaSbFs and NaPFs in methanol were also performed using
isothermal titration calorimetry (ITC), which produced association constants comparable
to those measured by NMR spectroscopy. The binding of anions was found to be
exergonic, enthalpically favored, and entropically disfavored (Table 4). The stronger
binding of SbFs~ compared to PFs~ brought about a larger gain in the enthalpic term,
which was in line with the stronger interactions seen in the host-guest crystal structures
of SbFs~ and cycHC[8] compared to structure of the cycHC[8] complex with
PFs~ ((d(C—H-F) = 2.51-2.93 A). Binding of SbFs~ was also accompanied by a larger
entropic penalty compared to PFs~, which could be explained by the greater decrease in
the degrees of freedom of SbF¢™ in the tightly associated host-guest complex. This was
also reflected in the higher packing coefficient (PC) and the lower kinetic stability (CE>%%)
of the SbF¢~ complex, compared to the complex with PFg™.

Table 4. Thermodynamic parameters for the complexation of NaSbFs and NaPFs with cycHC[8] at
298 K, all energies in kJ mol™.

‘ ITC ‘ NMR ‘ DFT ‘
Guest K, (MY AH° TAS® AG® AG® AG®
NaSbFe (1.02 +0.03) - 10° -56.2+0.3 -27.7 -28.5 -30.8 -
NaPFg (1.29 + 0.04) - 10 -43.8+0.2 -204  -234 -245 | -22

4.2.3 The pathway and kinetics of anion complexation with cycHC[8]
Insight into the kinetics and the reaction pathway of the host-guest complexation of
anions with cycHC[8] was gained by variable temperature NMR studies (VT-NMR) and
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density functional theory (DFT) calculations. Computations confirmed the preferred
inclusion of a single methanol molecule within cycHC[8], as suggested by the SQUEEZE
results on the crystal structure in Publication I. Modelling the exchange of methanol with
PFs™ in the cavity of cycHC[8] (Figure 33) indicated that the inclusion complex of PFs~ was
22 k) mol™ lower in energy than the methanol-solvated cycHC[8] (Table 4). This was in
good agreement with the experimental AG° values from the NMR (-24.5 kJ mol™) and
ITC (-23.4 k] mol™) titration experiments. However, the existence of a high-energy
pre-complex, as suggested by the DFT, was challenged by the first-order association
kinetics observed in dilution experiments by NMR. The true reaction pathway of the
anion association probably involved more steps, which include the desolvation of the
PF¢~ that was not accounted for by the computational three-component model.

The H NMR spectra of cycHC[8] showed an averaged signal for the complexed and
non-complexed cycHC[8] at lower than equimolar ratios of the guest in the titration
experiments. Thus, the guest exchange was faster than the NMR timescale (few seconds)
at the measurement temperatures (288 K) used for the titrations. A slow exchange region
was observed below 253 K for SbF¢~ and below 241 K for PFs~ by variable temperature
(VT) NMR, which was also used for the determination of the association rate constants.
The complexation rate for PFs~ (17500 s7') was an order of magnitude larger than for
SbFs™ (2600 s72).

MeOH@cycHCI[8] MeOH@cycHC[8]+PFg PFg @cycHC[8]+*MeOH

0 kJ/mol 15 kJ/mol - 22 kJ/mol

Figure 33. Minimum energy geometries of cycHC[8] complexes with PFs in CH30H (reprinted, with
permission, from Publication Il) and the associated relative Gibbs free energy values calculated at
BP86-D/TZVPD level of theory. The QR code provides a link to the DFT-based video of the
complexation pathway.

In summary, the experimental of this study suggest that the binding of anions with
cycHC[8] is a combination of several simultaneous processes. Given the polarizable
nature of the bound anions and the increase in affinity according to the Hofmeister bias,
the selectivity of these host-guest complexes can be best explained by the chaotropic
effect.163]

In between directional hydrogen bonding and the non-directional hydrophobic effect
in the range of supramolecular forces sits, the chaotropic effect. It has been proposed as
the composite of attractive intermolecular forces and the thermodynamic effects of
anion (de)solvation. Distinguished from the hydrophobic compounds that have positive
free energies of solvation and therefore large positive heat capacity in association with
hydrophobic surfaces, the polarizable (chaotropic) anions have negative free energy of
solvation. Therefore, chaotropic association has a distinct thermodynamic behavior,
dissimilar to the hydrophobic effect.
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Host-guest association processes driven by the classical hydrophobic effect are
characterized by a strong entropic gain arising from destruction of the solvation shell
around the hydrophobic solutes. This occurs as the rotational dynamics of solvent
molecules around hydrophobic solutes are restricted.[*®3! The thermodynamics of the
chaotropic effect, however, display a strong enthalpic gain and an unfavorable entropic
term, which are consistent with anion binding to cycHC[8], to biotinurils,[**4 and
bambusurils!%57.20165] in polar solvents. Favorable enthalpic contributions in anion
encapsulation by cycHC[8] could stem from attractive intermolecular interactions
between the host and the anion, as well as the recovery of the hydrogen bonds in the
bulk solvent upon desolvation of the weakly solvated anions. A recent study compared
the thermodynamics of anion binding with an ethyleneglycol-decorated BU[6] in
different solvents.””! Sindelar and co-workers proposed that the main driving forces for
host-guest complex formation are anion desolvation and the ‘non-classical’ hydrophobic
effect - the expulsion of high-energy solvent from the hydrophobic BU cavity. Since only
a single methanol molecule is bound within cycHC[8], as evidenced by crystallographic
analysis and computational modelling, it is restricted from forming strong hydrogen
bonds. Therefore, it is plausible that the expulsion of this methanol to the bulk solvent
could also contribute to the enthalpic term of anion binding in the host-guest complexes.

4.3 Solid-state study of hemicucurbituril hosts (Publication Il1)

By May 2017, a total of 39 crystal structures of hemicucurbituril (HC) hosts had been
published in the Cambridge Structural Database. Studying the guest-binding motifs of
these hosts in the solid state and exploring the influence of the size and shape of the
guests on the host scaffold therefore became possible. In addition to the eight crystal
structures from Publications | and I, five crystal structures of the four-membered HCs,
25 structures of six-membered HCs, and the crystal structure of HC[12] were analyzed.
Although the solid-state studies provided essentially a frozen view of the host-guest
complex, a certain degree of flexibility was observed when comparing the dimensions of
a host in a complex with different guests. The following section describes the main
conclusions on the modes of guest binding and the potential supramolecular interactions
at play in the templated synthesis of HCs.

4.3.1 Anion and guest binding motifs in the crystal structures of hemicucurbiturils

As highlighted earlier, in the absence of halide templates, the synthesis of bambusuril-type
(BU[n]) hosts led to the formation of four-membered macrocycles. Due to the restricted
size of the cavity, no guests were encapsulated within the center of BU[4],['%
semithio-BU[4],11%) aza-BU[4],1*%! or allyliminium-BU[4],[*°! which supports the
argument that the synthesis of BU[4] does not follow the same templated pathway as
the halide-templated six-membered HCs. Based on the crystal structures, the void in the
central cavity was not large enough to hold a probe with the dimensions of a hydrogen
atom (radius 1.2 A, grid step 0.2 A). The eight methine hydrogen atoms point towards
the cavity (Figure 34A), due to the stereochemistry of the BU monomers restricting the
access to the central cavity of the macrocycle (Figure 34B). The crystal structures,
however, revealed that these hydrogen atoms were consistently involved in hydrogen
bonds with solvent molecules (Figure 34C), thus suggesting the existence of two
alternative binding sites in BU[n].
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X=N-"7 R=Me
Figure 34. (A) Chemical structure of the BU[4]-type macrocycles, with the methine hydrogens and
the binding sites highlighted in blue. (B) Top view of the crystal structure of allylaza-BU[4]
(CCDC 1401300), in CPK representation, illustrating the narrow dimensions of the central cavity of
BU[4]. The cavity is highlighted in element colors, substituents are drawn in light grey. (C) Crystal
structure of BnBU[4] (CCDC 809240) showing the position of CHsCN in the binding sites. Figures B
and C are reprinted, with permission, from Publication IlI.

Such binding motifs were also observed in several crystal structures of six-membered
BU-type hosts (Figure 35). While the prevalent host-guest motifs in the latter were those
with the halide anion bound to the center of the macrocycle (literature overview, Figure 2),
larger guests, such as benzoate, p-toluenesulfonate, and diethyl phosphate, were seen
to occupy the secondary binding sites and formed 1:2 BU-anion complexes.!*¢!
As the portals to the central cavity of the BU[6]-type hosts are significantly wider than
the four-membered analogues, a guest bound to the center of the macrocycle can
generally interact with molecules in the secondary binding sites through hydrogen
bonds. A reoccurring motif was observed in which a quaternary host-guest complex was
formed with a water molecule trapped in the center of the BU[6] between two anionic
guests at the portals (Figure 35B). A positively charged picolyliminium-BU[6] formed
triple anion quaternary complexes, with I” at the center and two CF3SO5™ at the secondary
binding sites (Figure 35C).1*%! The secondary binding sites could be blocked by the host
N-substituents, isolating the centrally bound anion from the surroundings.

\ | ) ,R=Me
H N~

Figure 35. (A) Chemical structure of the BU[6]-type hosts, indicating the central binding site (purple)
and the secondary binding sites (blue). (B) Crystal structure of the quaternary complex of BnBU[6]
(CCDC 965535), with two p-toluenesulfonate anions and a water molecule. (C) Crystal structure of
the triple anion quaternary complex of the picolyliminium-BU[6] host (CCDC 1401302), with two
CF3SO3™ at the secondary binding sites and I~ at the central binding site. Crystal structure has been
refined with all the pyridyl groups protonated (s.o.f. set at 0.5), while the chemical structure
proposed by the authors suggested protonation at the imine groups, as shown below the figure.
Figures B and C are reprinted, with permission, from Publication IIl.

48



Interestingly, no crystal structures of anion complexes have been reported for the
halide-templated achiral (R,S)- and chiral (all-S)-cycHC[6] hosts.'21% While the
(all-R,S)-cycHC[6] isomer resembled the bamboo stem shape similar to the bambusuril
hosts (Figure 36A), its diastereomeric chiral sibling, the (all-S)-cycHC[6], was closer in
shape to a barrel (Figure 36B). The published crystal structures of cycHC[6] hosts,
obtained from either CH,Cl,, CHCls, or CCls, displayed no encapsulated guests, indicating
that the cavities were too small for the encapsulation of the bulky solvent molecules.
The solvent-accessible voids in the crystal structure of (all-S)-cycHC[6] were analyzed by
running the SQUEEZE routine in PLATON (radius 1.2 A, grid step 0.2 A) on the data
obtained from the authors.}? The void in the host cavity was empty, with only three
electrons found in the 35 A3 cavity. This showed that the cavity of (all-S)-cycHC[6] did not
collapse in the absence of guests in CCl; and that the resulting crystal structure contained
pores. Void analysis of the (R,S)-isomer suggested that the host contained three small
pores.l'% As discussed in the previous section, the larger homologue of the chiral
cycHC[6], (all-R)-cycHC[8], isolated large charge-diffuse anions selectively within its
cavity.

Figure 36. (A) The (R,S)-cycHC[6] host (CCDC 716121), with the voids illustrated in purple (central
cavity) and blue (secondary binding sites). (B) The (all-S)-cycHC[6] host (CCDC 945664), with the
empty central cavity (35 A3) shown in purple.

4.3.2 Guest influence on the shape of the hemicucurbiturils

The crystal structures of the hemicucurbiturils were compared to establish the extent to
which the bound guest molecules influenced the shape of the host. This was conducted
within groups of hosts sharing the same characteristics (same number of monomers and
the same stereoisomers).

A set of parameters was defined for each host type to describe the host shape. These
values were then measured over the corresponding crystal structures and correlated to
the guest volume (A3) and shape. No attempt was made to quantitatively compare the
cavity sizes of the hosts from different groups. Therefore, the tables in Publication IlI
addressed only the flexibility and adaptability of different host in the respective host-guest
complexes and do not adequately reflect the guest-accessible physical dimensions of the
host cavities (i.e. van der Waals radii of the atoms was not accounted for).

No significant conclusion could be drawn about the guest influence on the
four-membered BU-type hosts, due to poor representation in the CSD. Unsubstituted
HC[6], BU[6]-type hosts, biotin[6]uril, and the achiral (all-R,S)-cycHC[6] in 1:1 inclusion
complexes with anions could, however, be compared relative to each other. A weak
linear correlation (R?* = 54%) was observed between the volume of the guest and the
calculated Vyiinder (Figure 37A). The cylinder approximated the size of the host cavity,
defined by the measured parameters, reity and heaviy. When comparing the C-H---X"
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distances to the size of the bound halide in 1:1 host-guest complexes with a single host
MeBU[6], Sindelar et al. noted that the increasing size of the anion brought about longer
C—H--X~ distances.® This demonstrated the adaptation of the size of the host to the size
of the guest. Weaker correlation among all of the studied six-membered hosts, compared
to that with a single macrocyclic host, suggested that the size of the host cavity was also
affected by the substituents on the core HC[n] structure.

The strongest correlation (R? = 91%) to the guest volume was found in the host-guest
complexes of cycHC[8] (Figure 37B). However, regardless of the apparent linear
correlation between the anion size and the distance from the 2ax hydrogen to the center
of the macrocycle, the overall change in the host shape was less than 5%.
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Figure 37. (A) Correlation between the size of the anion and Vyjinger in the HC[6], BU[6]-type hosts,
biotinuril, and (R,S)-cycHC[6] in 1:1 anion inclusion complexes. (B) Correlation between the size of
the anion and the cavity radius of (all-R)-cycHC[8] in the 1:1 anion inclusion complexes. Figures are
reprinted, with permission, from Publication IIl.

The relative orientation of the monomers in the largest homologue of the
hemicucurbiturils, HC[12], deviated from the alternating orientation seen in the smaller
hemicucurbiturils. The unsubstituted ethylene urea monomers are small and the cavity
of the 12-membered macrocycle is significantly wider than for example HC[6]. Thus,
there is more rotational freedom of the methylene-bridged monomers around the C—N
bonds in HC[12], due to lower steric restrictions. The C—N bonded equatorial belt of
HC[12] adopted an ellipsoidal shape in the crystal structure of its chloroform solvate,
demonstrating that larger homologues of hemicucurbit[n]urils could be significantly
more flexible.

The position of the guests and the shortest intermolecular contacts in the crystal
structures of the host-guest complexes suggested that the C—H---guest interactions were
indeed involved in the association of the guest molecules with all the HC[n] hosts.
The stereochemistry of the monomeric unit of HC[n] significantly affects the shape of the
host, such that the BU-type hosts and biotinuril assume a bamboo-stem shape.
This created, in addition to the central binding site, two alternative binding sites allowing
2:1 and even 3:1 stoichiometry for binding of anionic guests. Alternatively, the chiral
(all-R)-cycHC[8] only formed 1:1 complexes, with the anionic guest isolated from the
surroundings within the cavity of the barrel-shaped host.
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4.4 Solid-state synthesis of cycHC[n] (Publication IV)

The synthesis of hemicucurbiturils has emerged as an elegant example of
thermodynamically controlled anion-templated processes, affording high yields and
excellent control over the reaction outcome. In comparison to the kinetically controlled
macrocyclization reactions, generally carried out at high-dilution conditions (0.1-1 mM),
the thermodynamically controlled reversible macrocyclization reactions of
hemicucurbiturils can be performed at relatively high concentrations (4 M). This,
together with the scarce but remarkable precedents of covalent macrocyclization
reactions by mechanochemistry (Section 1.4.4) and the lack of examples on templated
solid-state covalent syntheses, rendered the anion directed synthesis of cycHC[6] and
cycHC[8] an excellent model upon which to investigate macrocyclization reactions and
templating effects in the solid state.

4.4.1 Mechanochemical synthesis of cycHC[6] by ball milling

Anion-templated synthesis of cycHC[6] was first attempted by ball milling, considering
the success of solid state imine condensation reactions (Section 1.4.2), the
demonstration of dynamic covalent reactions under mechanochemical conditions
(Section 1.4.3), and the efficient use of mechanical grinding for the construction of
macrocyclic structures (Section 1.4.4). The liquid-assisted grinding (LAG) approach was
chosen, as the reversible formation of acylaminal linkages is acid-catalyzed. The catalytic
amount of mineral acid added to the reactants in the milling jar (n = 0.2-0.25 pl mg™)
also provides the reaction with the anionic template. All ball milling in these studies used
ZrO, milling jars (10 ml) and ball bearings (10 mm), as steel jars would be corroded by
the acidic conditions. Frequency of milling was 30 Hz.

Halide-templated synthesis of cycHC[6] was explored first, by ball milling the
monomer (100 mg) and one equivalent of paraformaldehyde (PFA) in the presence of 30 pl
of concentrated aqueous HCl (37%, liquid-to-solids ratio n = 0.25 pl mg™) for 60 or 180
minutes (Table 5 entries 1 and 2, Figure 38). The resulting powders were washed with
distilled water to quench the reaction by removing the acid additive. Dried products were
fully soluble in CH,Cl, and CHCls. *H NMR analysis of the quenched reaction products in
CDCl; revealed the complete disappearance of the starting materials and the appearance
of NMR signals indicating the formation of oligomers. However, only a small amount (up
to 5%) of the product cycHC[6] was obtained. Identical spectra were obtained if the
reaction mixture was immediately dissolved in CDCl;, without washing with water. This
confirmed that all the water-soluble monomer was consumed during milling, and that
the composition of the products was consistent before and after quenching.
High-performance liquid chromatography (HPLC) and MS analysis indicated that the
products contained linear and cyclic oligomeric products from two to 15 subunits of the
monometr.

0 0 0 0
HN)LNH &) m RJ[NJLN/‘]\R &) N)LN
I+ (CHO0), — T8 4 T 'n - T '8
O m O 0T =D
(Acid) (Acid)

monomer 0-17% 83-100% (Templating salt) cycHC[8]
cycHC[6] linear and cyclic
oligomers

Figure 38. Reaction scheme of cycHC[6] mechanochemical synthesis, starting either from the
monomer (left) or the larger homologue cycHC[8] (right). LAG conditions, such as the amount and
type of the LAG acid, added templating salts, and milling duration are listed in Table 5.
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In a similar re-submission approach to that demonstrated by Atwood et al. for the
mechanochemical conversion of p-benzylcalixarenes (Figure 21A), the synthesis of
cycHC[6] was attempted from the larger homologue cycHC[8] by milling in the presence
of aqueous HCl (37%). However, re-macrocyclization afforded a similar composition of
oligomeric products as when starting from the monomer, with only a small amount (9%)
of cycHC[6] obtained (Table 5 entry 3). This indicated that the methylene linkage
formation was indeed reversible in the solid-state acid-catalyzed LAG experiments, but
also showed that cycHC[6] was not the favored product in mechanochemical conditions.
Instead, a mixture of oligomers that resembled the contents of the dynamic covalent
library described in Publication | were consistently obtained.

The re-macrocyclization was modestly improved by the addition of TMABTr to the LAG
reactions with aqueous HCl (37%), which resulted in 17% conversion to cycHC[6] after
three hours of milling (Table 5 entry 4). However, these conditions did not significantly
favor cycHC[6] over cycHC[8], which was persistently obtained in a similar amount to the
target product (10%). Larger excess of the chloride template in the form of NH,4Cl or NaCl
did not improve the conversion to cycHC[6] (Table 5 entries 5 and 6). Other types of acid,
including HBr (aq. 48%), H,SO4, or HCO,H, in combination with the moderately effective
TMABr template also did not lead to any improvement in the conversion to cycHC[6]
(Table 5 entries 8, 9, and 10 compared to entry 7).

Table 5. Screening the reaction conditions for the synthesis of cycHC[6] by LAG in a ball mill.

Entry  Reactants?  Acid®! n Additional  Milling Conversion
(uIlmg™)  template duration  to cycHC[6]
(min) (%)
1 monomer +  HCl (ag.37%) 0.25 - 60 5
1eqPFA
2 monomer +  HCl (aq.37%) 0.25 - 180 0
1eqPFA
3 cycHC[8] HCl (ag. 37%) 0.3 - 120 9
4 cycHC[8] HCl (ag. 37%) 0.3 TMABr! 180 17
5 cycHC[8]® HCl (aq.37%) 0.3 NH,4CI ! 180 6
6 cycHC[8] HCl (aq. 37%) 0.3 NaCll@ 180 8
7 cycHC[8] HCl (ag. 37%) 0.3 TMABrid! 60 10
8 cycHC[8] HBr (aq. 48%) 0.2 TMABrld] 60 9
9 cycHC[8] H2S04 (>95%) 0.3 TMABr! 60 7
10 cycHC[8] HCOH 0.2 TMABrld! 60 traceslf]

[a] 100 mg of the monomer or cycHC[8] was reacted, if not stated otherwise. [b] The volume of the
LAG acid provided either 3 eq (HCl), 1.6 eq (HBr), or 4.8 eq (H,SO4 and HCO,H) of the template,
compared to the theoretical amount of cycHC[6] formed (0.11 mmol). [c] The conversion to cycHC[6]
(%) was determined from the 'H NMR spectra of the quenched reaction products.
[d] Templating salt added an additional 8.5 eq (TMABr), 85 eq (NH4Cl), or 40 eq (NaCl) of the template
to the reaction mixture. [e] 50.3 mg of cycHC[8] was used. [f] 98% of starting cycHC[8] was left.

4.4.2 Combining ball milling with aging for the synthesis of cycHC[6]

Concluding that the solely mechanochemical approach will not allow for the selective
formation of cycHC[6], an alternative method was explored, coupling LAG with
accelerated aging. 100 mg of the monomer and one equivalent of PFA were milled for 30
or 60 minutes with a small amount HCI (aq. 37%, n = 0.25 pl mg™), and the resulting solids
were transferred from the milling jar into a glass vial (Figure 39). It is important to note
that the performed aging reactions always commenced from freshly milled reaction
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mixtures, with limited exposure to air in order to prevent the evaporation of the acid.
Retaining the LAG acid in the aging vial has twofold importance - it mediates the
interconversion between the members of the dynamic covalent library as the catalyst,
and it provides the template which directs the reaction towards the macrocyclic product.
To avoid evaporation of the acid from the vial, the vials were always sealed with
polytetrafluoroethylene (PTFE) tape between the neck and the cap, and were
additionally wrapped with Parafilm.

The reactions were quenched after aging and analyzed by *H NMR. The mixture of
oligomers obtained by milling converted quantitatively into cycHC[6] in a solid-to-solid
process by aging at 45 °C for six days (Table 6, entry 1; Figure 39). The aging step was
accelerated at 60 °C, where 68% conversion was reached after one day, and 95%
conversion was seen after two days (Table 6, entries 2 and 3, respectively). The isolated
yield of cycHC[6] after 30-minute LAG and three days of aging at 60 °C was 90%, reflecting
the loss of some of the solid material upon transferring the reaction mixture from the
milling jar to the vial for aging, and from the vial to the glass filter for reaction quenching.
The isolated yield could, in principle, be improved by aging the solids in the unopened
milling jar or by quenching the reaction by evaporating the acid directly from the solids,
which was not attempted within this study.

i & m X
RJ[ ,,l\ A
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M O NTTR —Z.  cyeHCle]
D 1eq (CH;0), <‘:> O aged 95-98%
LAG 2-7 days

monomer  37% HCI milling product (DCL)

0-5% cycHCI6], 95% mixture of oligomers

Table 6 Entry 4:

(0]
transferred
HN)LNH (% into a vial 60 °C
B > B — e
1 eq (CH,0), aged
LAG (30 min) 3 days

100 mg HCI (30 pl, 37%)

Figure 39. Reaction scheme for the solid-state synthesis of cycHC[6] coupling LAG with accelerated
aging. The optimized reaction conditions, such as the amount of LAG acid, milling duration, aging
temperature, and duration are listed in Table 6, entries 1, 3-5. The photos in the bottom row show
the appearance of the reaction mixture after milling and in the sealed aging vial with the reaction
mixture before and after aging at 60 °C.

Equal conversion (95% and 97%) was obtained when aging reactions were commenced
either after 30- or 60-minute LAG (Table 6, entries 4 and 5). Reducing the milling duration
to five minutes, however, led to a 60% conversion to cycHC[6] upon aging (Table 6, entry
6). While the products from 30- or 60-minute LAG were loose, homogeneous powders
(Figure 39), five-minute milling led to waxy, transparent solids (Figure 40A). This could
reflect a lower degree of polymerization, as the monomer and the shortest oligomers are
soluble in acidic aqueous solution, unlike the longer polymerization products. Manual
kneading in a mortar confirmed the existence of a short-lived liquid phase at the start of
the condensation reaction (Figure 40B), which solidified into a waxy intermediate similar
to that observed after five-minute milling. However, when the manually ground solids
were subjected to aging at either 45 or 60 °C, no more than 9% cycHC[6] was obtained
(Table 6 entries 7 and 8). Considering that the kneading with a pestle and mortar exposed

53



the reaction mixture to air, lower conversion was presumably due to the extensive
evaporation of the LAG acid during grinding.

A Table 6, Entry 6: B Table 6, Entry 7:

LAG
37% HCI

five minutes of ball milling monomer +1 eq (CH,0), five minutes of grinding

Figure 40. (A) The waxy transparent solids obtained from the short five-minute ball milling, covering
the milling jar walls and the ball. (B) Liquification observed at the start of the grinding reaction
using a pestle and mortar.

The presence of both moisture and acid were found to be important for the efficient
conversion to cycHC[6], as evidenced by an experiment where the vial was not sealed
with PTFE tape and Parafilm, which yielded only 6% conversion even after six weeks of
aging (Table 6, entry 9).

Table 6. Screening the reaction conditions for the synthesis of cycHC[6] by coupling LAG and
accelerated aging.

Entry Acid[® Milling Aging Aging Conversion to
duration temperature  duration cycHC[6]
(min) (°c) (days) (%)™

1 HCl (aq. 37%) 30 45 6 98

2 HCl (aq. 37%) 30 60 1 68

3 HCl (aq. 37%) 30 60 2 95

4 HCl (aq. 37%) 30 60 3 95

5 HCl (aq. 37%) 60 60 3 97

6 HCl (aq. 37%) 5 60 3 60

7 HCl (aqg. 37%) 5 (mortar) 45 7 7

8 HCl (aqg. 37%) 5 (mortar) 60 24 9

9 HCI (aq. 37%)c! 30 45 42 6

10 HCl (aq. 10%) 60 45 7 6

11 HCl (aq. 10%) 60 45 15 9

12 HCl (aq. 10%) 60 45 42 11

[a] LAG acid was added in n = 0.25 pl mg™ to 100 mg of the monomer and one equivalent of PFA
in the milling jar. [b] The conversion to cycHC[6] (%) was determined from the 'H NMR spectra of
the quenched reaction products. [c] Aging was carried out without sealing the vial with PTFE tape
and Parafilm.

Similarly, diminished conversion to cycHC[6] was observed when the concentration of
the LAG acid was reduced (ag. 10% HCI, n = 0.25 pl mg™). *H NMR was conducted on the
products of reactions aged for seven days, 15 days or 42 days. While the condensation
reaction proceeded in reduced acid content, the conversion to cycHC[6] was severely
curbed, at only 11% in 42 days (Table 6, entries 10, 11, and 12). When LAG was carried
out with concentrated (37%) acid, the cycHC[6] in the aging product was stabilized by
three molar equivalents of CI” during the aging reaction, while the same LAG volume of
10% HCl provided less than an equimolar amount of the template (0.72 eq). This suggests
that the sensitivity of these reactions to the evaporation of acid was largely the result of
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an insufficient amount of the template in the solids when aging. Estimated maximum
water content in the solids was also slightly higher when less concentrated LAG acid was
used; 3.2 equivalents of water to the monomer, compared to 2.75 equivalents of water
present in the reactions carried out with concentrated HCI. Water molecules can mediate
the acid-catalyzed methylene bridge formation and hydrolysis by proton transfer (Figure
13), but may act as competing nucleophiles to the monomer in reacting with the active
iminium intermediates, therefore hindering the methylene bridge formation.

4.4.3 Adapting the developed approach to the solid state synthesis of cycHC[8]

On the basis of the developed reaction conditions in Publication | for the solution phase
synthesis of cycHC[8], trifluoroacetate was first chosen as the template for developing
the solid-state synthesis of cycHC[8]. However, when the monomer and PFA were
reacted by ball milling in the presence of trifluoroacetic acid (n = 0.08 or 0.25 pl mg™?)
and aged at either 45 or 60 °C, only a small amount of cycHC[8] was obtained. 'H NMR
analysis of the quenched reaction products revealed that the products mainly consisted
of oligomers, containing only up to 7% of cycHC[8] (Table 7 entries 1 and 2). This showed
that while the oligomers were produced efficiently, 1.5 or 4.4 equivalents of CF3CO,”
could not sufficiently stabilize cycHC[8] during aging.

Considering the results from the anion binding study of cycHC[8] carried out in
Publication Il, the poor templating power of trifluoroacetate was not surprising, as it is
bound by cycHC[8] very weakly in polar media (K. < 10 M™?). According to the DFT
calculations in Publication I, formation of a low-energy anion inclusion complex provides
the main driving force to push the thermodynamic equilibrium in the acid-induced DCL
towards cycHC[8]. Therefore, perchloric acid was chosen next, as ClO4~ is bound
significantly stronger with cycHC[8] (K. = 470 + 20 M) compared to CFsCO,". Its 70%
water solution is stable and safe to handle. HPFs and HSbFs are incompatible with ZrO,
milling jars in aqueous conditions (developed by the condensation reaction),
as hydrolysis produces HF, which would etch the jars.

Indeed, 98-99% conversion to cycHC[8] was obtained when the monomer was milled
for 30 minutes with PFA in the presence of HCIO, (ag. 70%, n = 0.2 pl mg™), and the
resulting solid reaction mixture was aged for one day at 45 or 60 °C (Table 7, entries 3
and 4; Figure 41). LAG acid volume was chosen to achieve the three molar equivalents of
the template relative to the product cycHC[8], and it was effective for the synthesis of
cycHC[6]. The isolated yield of cycHC[8] after 30-minute LAG and one day of aging at
60 °C was 85%, again reflecting the loss of some of the solid material upon transferring
the reaction mixture between the milling jar, the vial for aging, and eventually the glass
filter where the reaction was quenched. The isolated yield could, in this case, also be
improved by aging the solids in an unopened sufficiently sealed milling jar.

Aging of the solid reaction mixture obtained from 30-minute ball milling at room
temperature for three days afforded 62% conversion to cycHC[8] (Table 7 entry 5),
demonstrating that aging proceeded even without exposing the solids to elevated
temperatures.

55



R & h R
HN” NH . NN R‘fN y/‘]~R A , cycHC[8]
) 1eq (CH,0), " " aged 98-99%
LAG + 1 day

70% HCIO,

monomer milling product (DCL)

30% cycHC[8], 70% mixture of oligomers

Table 7 entry 4 (aging step):

Figure 41. Reaction scheme for the solid-state synthesis of cycHC[8] coupling LAG with accelerated
aging. Optimized reaction conditions, such as the amount of LAG acid, milling duration, aging
temperature and duration are shown in Table 7, entries 3 and 4. The photos (bottom row) show the
appearance of the reaction mixture of Table 7, entry 4 before and after the aging step.

Surprisingly, in contrast to the synthesis of cycHC[6], in which only 5% of cycHC[6] was
obtained in the milling step, the perchlorate template afforded 30% of cycHC[8] after
30 minutes of ball milling (Table 7, entry 6). Longer milling afforded even higher
conversions (Table 7, entries 7 and 8), which showed that cycHC[8] was amplified by the
perchlorate anion under mechanochemical conditions. Milling experiments longer than
180 minutes were not performed.

Table 7. Screening the reaction conditions for the solid-state synthesis of cycHC[8]

Entry Acidl n Milling Aging Aging Conversion

(1l mg?) duration tempera duration to cycHC[8]
(min) -ture (°C)  (days) (%)Ib]

1 CFsCOzH 0.25 60 45 7 7

2 CF3CO2H 0.08 30 60 3 6

3 HCIO4 (ag. 70%) 0.2 30 45 1 99

4 HCIO, (aq. 70%) 0.2 30 60 1 98

5 HCIO, (ag. 70%) 0.2 30 20 3 62

6 HCIO, (ag. 70%) 0.2 30 - - 30

7 HCIO, (ag. 70%) 0.2 90 - - 56

8 HCIO4 (ag. 70%) 0.2 180 - - 63

[a] LAG acid was added to 100 mg of the monomer and one equivalent of PFA in the milling jar.
[b] The conversion to cycHC[8] (%) was determined from *H NMR spectra of the quenched reaction
products.

4.4.4 Aging step followed in situ by solid-state NMR

To gain insight into the formation of cycHC[6] and cycHC[8] during the aging step, the
reaction kinetics were followed in situ by solid-state CP-MAS *3C NMR spectroscopy. After
the 30-minute milling of the monomer and PFA with either HCl (aq. 37%, n =0.25 pl mg™?)
or HClO,4 (ag. 70%, n = 0.2 ul mg™?), the resulting solid was transferred to a ZrO, NMR
rotor, which was closed by Teflon caps and set at 60 °C within the spectrometer.
Consecutive 3C NMR spectra were recorded at a constant time interval, over a period of
one to three days. The linear flexible oligomers had no observable signals in the CP-MAS
solid-state NMR measurement conditions; therefore, the formation of the more rigid
macrocyclic products could be followed based on the emerging sets of 13C signals (Figure
42). Observable cycHC[8] signals in the first spectra of cycHC[8] formation (Figure 42B),
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measured directly after milling, confirmed that some of the target product already
formed during milling.

160 140 120 100 80 60

40 160 140 120 100 80 60 40 , 20
H( H

20
ppm) (ppm)
Figure 42. The stacked consecutive 13C NMR spectra of the in situ aging reactions, following the
formation of (A) cycHC[6] at a time interval of 30 minutes and (B) cycHC[8] at a time interval of
three minutes and 45 seconds. 13C NMR signals used for curve fitting are identified and indicated.
One of the two symmetry independent methylene bridge *3C signals, denoted by an asterisk, was
not used for curve fitting, due to the low signal-to-noise ratio.

The kinetic curves obtained for both cycHC[6] and cycHC[8] are best described by
first-order kinetic behavior (Figure 43). First-order reaction rate law was also observed in
the solution phase synthesis of cycHC[8] in Publication I, which suggests that the reaction
pathway in the solid state was not significantly altered from the solution synthesis.
The resulting reaction rate constants revealed that the rate of cycHC[8] formation was a
magnitude larger than that of cycHC[6] (Figure 43 A and B). The faster rate of cycHC[8]
formation, and the observation that it proceeded at a lower temperature (Table 7, entry
5), can be explained by the higher acidity of HCIO, (pKa —15.7 % 2.01%7)) compared to HCI
(pKa =5.9 + 0.41*67)) ysed in the synthesis of cycHC[6]. Higher acidity promotes faster
equilibration between the oligomeric intermediates, which led to faster convergence of
the aging reaction.
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Figure 43. The kinetic curves obtained for the formation of cycHC[6] (red) and cycHC[8] (blue) during
respective aging reactions at 60 °C, based on the sum of the peak integration areas indicated by
black lines below the corresponding >C NMR spectra of (A) cycHC[6] and (B) cycHC[S].

The reactions followed in situ were also quenched by washing with water. Subsequent
'H NMR analysis in chloroform revealed that both of the reactions converged before full
conversion, with 71% of cycHC[6] and 80% of cycHC[8] obtained. Premature convergence
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of the reactions was caused either by the slow evaporation of the acid from the NMR
rotor at 60 °C, or by the heterogeneous distribution of the solids and the liquid acid
catalyst in the rotor during the high-speed spinning (3000 s™2).

4.4.5 Aging followed ex situ by PXRD and SEM

The starting mixture and the products of the aging steps were also characterized by
powder X-ray diffraction (PXRD) analysis and scanning electron microscopy (SEM).
The reactions characterized were performed according to the conditions in Table 6, entry
4 and Table 7, entry 4.

The reaction mixtures obtained from the 30-minute ball milling, which contained
mainly oligomers, were amorphous both in the synthesis of cycHC[6] and cycHC[8]
(Figure 44A). The reaction products were observed to contain a crystalline phase both in
the case of cycHC[6] and cycHC[8] (Figure 44B). The PXRD pattern of the cycHC[6]
obtained by the solid-state method matched that of a solution-synthesized product
(Figure 44C). Thus, the crystalline phase formed in the solid-state reaction mixture must
have formed without the chloride template, or the measured solution-based product
was, in fact, an HCl adduct. The powder pattern of the obtained cycHC[8] did not match
any of the known crystalline phases of cycHC[8].

cycHC[6] cycHC[8]
LAG A LAG A
| | |
sl N LAG+agingB 4 WAJ\MWWN LAG + aging B
£ i, solution synthesized C = " _solution synthesized C
4 10 30 0 4 10 30 @

20 20
260/ degrees —> 20/ degrees —>

Figure 44. (A) PXRD patterns of the reaction mixtures from the milling jar after LAG. (B) PXRD
patterns of the unquenched products from the aging step, containing 96% of cycHC[6] (red) or 98%
of cycHC[8] (blue), based on the 'H NMR analysis of the quenched products. (C) PXRD patterns of
the solution-synthesized cycHC[6] and cycHC[8].

SEM micrographs of the samples taken from the freshly milled reaction mixtures
(30 minutes) show that the solids at the start of the aging reaction consisted of angular
irregular particles, up to 25 um in diameter (Figure 45, top row). Samples taken from the
reaction mixtures after aging revealed that the solids aggregated into larger particles
upon aging, consistent with an Ostwald ripening process.[*®8] This spontaneous process
occurs due to the higher surface energy of the smaller particles, which therefore get
deposited onto the surface of larger particles. Round particles of up to 150 um in
diameter, with a seemingly smoother surface were observed after aging in the solid-state
synthesis of both cycHC[6] and cycHC[8] (Figure 45, bottom row). Belenguer et al.
proposed that the crystallite surface solvation free energy could govern the stability
order of polymorphs under neat or LAG conditions.[**” According to this, the aggregation
into larger particles in the cycHC[n] synthesis could also contribute to the overall free
energy of these solid-state reactions.
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After LAG
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Figure 45. SEM micrographs of the samples taken from the reaction mixtures of cycHC[6] and
cycHC[8] solid-state synthesis: from the freshly milled solids (top row) and from unquenched
products after the aging step (bottom row).
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5 CONCLUSIONS

The solution synthesis of cyclohexanohemicucurbit[8]uril (cycHC[8]) demonstrated that
acids, which provide a larger anion (CF3CO,H, HCO,H) upon dissociation, allowed for the
template-controlled synthesis of the eight-membered macrocycle either from the
monomer or by re-macrocyclization from cycHC[6]. Furthermore, using a relatively
benign, non-templating acetic acid, conversion between cycHC[6] and cycHC[8] was
achieved by directing the dynamic covalent chemistry through the addition of
template-containing salts (NaCl for cycHC[6] and NaPFs for cycHC[8]). CycHC[8] is the
only known octameric macrocycle among the hemicucurbituril hosts.

Single crystal X-ray diffraction analysis was used to determine the structure and
dimensions of the novel macrocyclic host. It also revealed that a single disordered
methanol molecule was located within the cavity of cycHC[8]. The rapid drying of the
crystals observed at room temperature was explained by the presence of continuous
solvent-filled channels in the crystal structure of the cycHC[8] methanol solvate.

The crystallographic study of the host-guest complexes of cycHC[8] by single crystal
X-ray diffraction unambiguously revealed that the host formed 1:1 inclusion complexes
with anions from methanol. Encapsulated anions were completely desolvated and
isolated in the center of the cycHC[8] cavity, forming weak C—H---anion hydrogen bonds,
as indicated by the Hirshfeld surface and the short contact analysis. The largest guest
anions of SbFs~, CF3SOs~, and PFs~ formed several simultaneous hydrogen bonds and
appeared to be fixed in the cavity. The smaller tetrahedral anions of ReO,4”, 1047, ClO47,
and BF,;™ appeared disordered between two to four positions, each of which was only
involved in a limited number of host-guest interactions. Job’s method, NMR titrations,
and isothermal titration calorimetry were used to study the anion-binding behavior of
cycHC[8] in methanol. Job’s method confirmed the 1:1 stoichiometry of the anion
inclusion complexes in solution, and NMR titrations revealed the strongest association
with SbFs™ (K2 = 2.5 - 10°M™), followed by PFs™ (K2 =2.8 - 10°M™2), ReO4 (Ko = 4.7 - 103 M),
104 (Ka=1.8-103M), ClO4 (Ka=470M™2), and BF4~ (K. =48 M™1). The asymmetric charge
distribution of the anions resulted in the drastically weaker association of
CF3S03™ (Ka = 39 M™) and CF3COs™ (K, < 10 M) with cycHC[8], compared to the similarly
sized SbFs~ and PF¢™. Therefore, the anions with symmetric charge distribution were
preferentially bound with cycHC[8]. ITC revealed that the binding of anions in methanol
was enthalpy-driven and entropically disfavored, suggesting that the host-guest
complexes were assembled through the chaotropic effect.

The study of the hemicucurbituril (HC[n]) host-guest complexes based on the published
crystallographic data highlighted the 1:1, 1:2, and 1:3 host-guest anion binding motifs of
the bambusuril-type hosts, in contrast to the exclusively 1:1 binding motif seen with
cycHC[8]. Position of the guests in the central binding pocket of HC[n] and the shallow
secondary binding pockets of the BU-type hosts suggested, that C—H---guest interactions
were involved in the association of the anions with HC[n]. No crystal structures of anion
inclusion complexes with the smallest BU[4]-type hosts have been reported, supporting
the observation that these hosts are formed from the BU-monomer in the absence of a
suitably sized template. The dimensions of the hemicucurbit[6]uril, bambusurils,
biotinuril, and the cycHC[8] hosts in 1:1 complexes with anions were found to adapt to
the size of the guest. The strongest linear correlation (R? = 91%) was found between the
volume of the guest and the radius of the cycHC[8] cavity, however the increase of cavity
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radius between the smallest (BF;") and the largest (SbF¢™) encapsulated guest remained
within 5%.

Based on the knowledge gained from the studies of the template-controlled
solution-based synthesis of cycHC[n] and the association of anion host-guest complexes
with cycHC[8], a novel solid-state anion-templated method was developed for the
synthesis of cycHC[6] and cycHC[8]. Ball milling of (R,R)-hexahydro-2-benzimidazolinone
and paraformaldehyde with a catalytic amount of HCl or HCIO4 provided a solid mixture
of oligomeric products, which upon aging at slightly elevated temperatures was found to
convert quantitatively into the target macrocyclic product in one to two days.
The formation of cycHC[6] or cycHC[8] was dictated by the template in the reaction
mixture, ClI~ or ClO4~, respectively. The process of solid-to-solid self-organization of the
oligomers into the macrocyclic product was studied by powder X-ray diffraction,
scanning electron microscopy, and in situ solid-state NMR spectroscopy. The aging
reactions were best described by first-order kinetic law, with cycHC[8] having an order
of magnitude higher formation rate than that of cycHC[6].
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ABSTRACT
Anion Recognition and the Templated Solid-State Synthesis of
Hemicucurbiturils

This thesis describes the synthesis, structural studies, and anion binding properties of
hemicucurbituril-based anion receptors. These electroneutral supramolecular hosts have
garnered much attention, due to the strong and selective encapsulation of anionic guests
by an ensemble of unconventional C—H---anion hydrogen bonds and the chaotropic
effect. The specificity for polarizable anions has been used to achieve selective
transmembrane anion transport and as an efficient anion sensor for the analysis of
multiple anion mixtures. These and other successful anion host design strategies for the
key application as anion receptors are highlighted first within the literature overview of
this thesis. This is followed by an introduction to hemicucurbiturils, describing the origin
of the anion-binding properties and the role of anionic templates in the synthesis of these
macrocyclic hosts. A concise introduction to the field of mechanochemistry is provided
next, together with its implementation for the solvent-free covalent synthesis of
macrocyclic compounds.

The results of this thesis are divided into four chapters. The first study describes the
template-controlled synthesis and crystallographic analysis of the novel
cyclohexanohemicucurbit[8]uril (cycHC[8]) macrocyclic host. The novelty of the unique
eight-membered hemicucurbituril lies in its larger cavity, offering alternative guest
binding selectivity to the predominantly halide-binding six-membered hemicucurbiturils.
The second chapter presents the anion-binding behavior of cycHC[8], charted and
rationalized using single crystal X-ray diffraction, NMR-spectroscopic and calorimetric
methods, mass spectrometry, and computational chemistry. This revealed the formation
of strong, size-selective, enthalpy-driven 1:1 host-guest complexes with large, charge-
diffuse polarizable anions. The comparison and presentation of the supramolecular anion
binding motifs of different types of hemicucurbiturils are then presented in respective
host-guest complexes, based on the single crystal X-ray diffraction data published in the
Cambridge Structural Database.

The established methods  for  the solution-based synthesis of
cyclohexanohemicucurbit[n]urils involve the dissolution of the starting materials in a
large excess of acid together with a co-solvent of water or acetonitrile. Additional
chromatographic purification methods are generally also necessary after the synthesis.
The developed solid-state synthesis described in the final part of this thesis not only
reduces the amount of acids used by 100-fold (and eliminates the use of organic
solvents), but it also demonstrates that superior selectivity and quantitative yield is
achieved by a conceptually novel solid-state approach combining mechanochemistry and

aging.
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LUHIKOKKUVOTE
Hemikukurbituriilid kui anioonide retseptorid ning nende
mehhanokeemiline siintees tahkes faasis

Antud doktoritoo keskseks teemaks on supramolekulaarsete retseptorite loomine,
tdpsemalt hemikukurbituriilide slintees, nende kristallograafiline anallis ning
anioonide sidumisvéime kaardistamine. Hemikukurbituriilid on vddrustaja-molekulid,
mis moodustavad anioonidega komplementaarselt paigutatud C—H:--anioon
vesiniksidemete kaudu tugevaid ja selektiivseid voorustaja-kiilaline komplekse. Siiani on
hemikukurbituriili-tilpi anioonide retseptoreid kasutatud naiteks sensorite loomisel,
mis on vGimelised nii kvalitatiivselt kui kvantitatiivselt mddrama anioonide sisaldust
segudes. Samuti on loodud siinteetilisi membraani labivaid anioon-transportereid, mis
oleksid vdimelised kontrollima ioonide tasakaalu rakkudes. Lisaks keskkonnaseireks
loodud sensoritele ning rakumembraani muteerunud ioonpumpade asendamiseks
loodud molekulaarsetele transporteritele tutvustab antud t66 kirjanduse (ilevaade ka
teisi anioonide retseptorite rakendusi. Antakse (ilevaade ka kirjanduses avaldatud
hemikukurbituriilidest ning anioonide suunavast rollist nende siinteesil. Kirjanduse
Ulevaate viimane osa tutvustab keskkonnasaastlikku solvendivaba siinteetilist meetodit
— mehhanosiinteesi, ning koondab ko&ik seni kirjanduses avaldatud naited
makrotsikliliste molekulide mehhanokeemilisest slinteesist.

Neljas teadusartiklis avaldatud doktorit66 tulemused on koondatud vastavalt nelja
arutelu peatiikki. Esimene neist kirjeldab tsiikloheksanohemikukurbit[8]uriili (cycHC[8])
siinteesitingimuste valjatootamist ning selle uudse vodrustaja-molekuli kristallstruktuuri
anallitsi. Kaheksa-lihikulise makrotstkli suurem 66nsus, vorreldes seni loodud kuue-
Uhikuliste hemikukurbituriilidega, tagab selektiivsuse suurematele kulalismolekulidele.

Arutelu teine peattikk kirjeldab cycHC[8] omadusi anioonide retseptorina, mida uuriti
kristallograafia, tuumamagnetresonants-spektroskoopia, kalorimeetria, massispektromeetria
ning arvutuskeemia meetoditel. Esitletud analiilisi tulemusena selgus, et uus
vGorustajamolekul seob eelistatult suuremaid anioone, nditeks SbFe”, mis tdidab
makrotsikli 66nsusest 67%. Sidumise tugevus viaheneb eksponentsiaalselt anioonide
suuruse kahanemisel: SbFs™ (Ka = 250 000 M), PFs™ (Ka = 28 000 M™2), ReO4™ (K2 = 4700 M%),
104 (Ka = 1800 M™), ClO4™ (Ka = 470 M) ja BF4™ (Ka = 48 M™).

Tulemuste kolmandas peatikis anallilsiti Cambridge Structural Database
andmebaasis avaldatud kristallstruktuuride pohjal anioonide kilaline-vGdrustaja
komplekse erinevat tiilipi hemikukurbituriilidega. Arutelu kirjeldab molekulidevahelisi
interaktsioone ning voorustaja-molekuli kuju muutust vastavalt kilalise suurusele.

T66 viimane peatikk kirjeldab kuue- ja kaheksa-tUhikulise tsiikloheksano-
hemikukurbituriili tahke faasi slinteesitingimuste valjato6tamist. Tahkete lahtematerjalide
jahvatamisel koos katalltilise koguse mineraalhappega saadi oligomeeride ja
makrotsiiklite segu, mis edasisel inkubeerimisel spontaanselt ja kvantitatiivselt
iseorganiseerub makrotsikliliseks produktiks. Seejuures maarab produkti selektiivsuse
happest tulenev anioonne mall, nii et CI~ suunab kuue- ning ClO4~ kaheksa-thikulise
makrotsikli siinteesi.

Doktorito6 raames kogutud teadmised erinevatest supramolekuaarsetest
hemikukurbituriil-anioon kompleksidest voimaldasid luua uudse efektiivse ja solvendivaba
siinteesimeetodi  hemikukurbituriilide  saamiseks. Mallide  poolt  suunatud
iseorganiseerumisel pdhinevad silinteesimeetodid vdivad muuta ka todostuses
rakendatavate retseptorite valmistamise loodussaastlikumaks.
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Enantiomerically pure cyclohexylhemicucurbit[8]uril (cycHCI8I),
possessing a barrel-shaped cavity, has been prepared in high yield
on a gram scale from either (R,R,N,N’)-cyclohex-1,2-diylurea and
formaldehyde or cycHCI6]. In either case, a dynamic covalent
library is first generated from which the desired cycHC can be
amplified using a suitable anion template.

Research on new and selective host-guest systems and their
applications is currently progressing very quickly. Along with
the search for new selective host-guest pairs, new and more
efficient synthesis methods for hosts are being developed.
Based on the recent success in the field of reversible non-covalent
interactions in supramolecular chemistry,” the concept of dynamic
covalent chemistry (DCC) has been established.’ Controlling
covalent bond formation by non-covalent interactions can serve
as an excellent tool for developing efficient adaptive systems,
where the formation of the host molecule is based on the
structure of the guest.

Cucurbit{n]urils* (CB) are non-toxic host molecules® with a
wide range of applications.'®®® Mechanistic studies have
shown that the formation of oligomers and larger CBs proceeds
reversibly, indicating that the principles of DCC are applicable
in CB chemistry.” Hemicucurbiturils® (HC) are a sub-group of the
cucurbituril family (Fig. 1). HCs are known to form complexes with
anions® and unsubstituted HCs have been applied as catalysts in
organic reactions.' It has been shown that biotin[6]uril esters can
be applied as transmembrane anion carriers.” Miyahara et al.*" were
the first to describe an efficient synthesis of HC[6] and HC[12].

“ Department of Chemistry, Tallinn University of Technology, Akadeemia tee 15,
12618 Tallinn, Estonia. E-mail: riina.aav@ttu.ee
® National Institute of Chemical Physics and Biophysics, Akadeemia tee 23,
12618 Tallinn, Estonia
¢ University of Jyvaskyla, Department of Chemistry, Nanoscience Center,
P.O. Box. 3 , FI-40014 Jyvaskyla, Finland
T Electronic supplementary information (ESI) available: A detailed description of
synthesis, MS, NMR, crystallographic and computational details. CCDC 1053111.
For ESI and crystallographic data in CIF or other electronic format see DOI:
10.1039/c5¢cc04101e

This journal is © The Royal Society of Chemistry 2015

E. Prigorchenko,® M. Oeren,® S. Kaabel,> M. Fomitsenko,? I. Reile,® I. Jarving,®
T. Tamm,” F. Topi¢,“ K. Rissanen® and R. Aav*®

CcB HC

cycHC
Fig. 1 Generalized shapes of normal CB, HC and chiral cycHC.

High selectivity towards the HC[6] was explained by the tem-
plate effect of the chloride anion, which was recently confirmed
in a biotin[6]uril synthesis.¥ The halogen anion is also the
necessary template in the synthesis of bambus[6]urils (BU),"*
which can be classified as substituted HCs. Presently, besides
HC[12], only 6-membered HCs® and 4- and 6-membered BUs""
have been isolated as main products. Until now, there has not
been an efficient synthetic method available for the synthesis of
8-membered HCs. The existence of norbornahemicucurbit[8]uril®
has been detected only by mass-spectrometry and (all-R)-cyclo-
hexylhemicucurbit[8]uril (cycHC[8]) has only been isolated as
a by-product in low yield.*

Herein we report an efficient synthesis of enantiomerically pure
cycHC[8], starting either from its homologue cycHC[6] or (R,R,N,N')-
cyclohex-1,2-diylurea 1a and paraformaldehyde. A mechanism of
the transformation of cycHC[6] to cycHC[8] is proposed and proof
of complexation with carboxylic acids is presented.

CycHC[6] was synthesized earlier in our group.* Subsequently,
a small amount of its homologue cycHC[8]* was isolated from
the crude product of cycHC[6]. Moreover, we noticed that in the
chromatographic sample of cycHC[6] containing formic acid the
amount of cycHC[8] gradually increased over time. The screening of
reaction conditions for this conversion showed that cycHC[6] was
transformed to cycHC[8] in the presence of sulphuric, formic and
trifluoroacetic acid, but not acetic acid (S4, ESIT). The conversion of
cycHC[6] to cycHC[8] by trifluoroacetic acid catalysis is approxi-
mately ten times faster than by formic acid (Table 1, entries 1
and 2). Nevertheless, the isolated yield of cycHC[8] was in both
cases 71% in gram scale.
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Table 1 Selected reaction conditions and the list of templates for cycHC synthesis

Starting Ratio” of cycHC[8] Isolated yield
No.  comp. (Additive)/acid/solvent® Template  Time (h), T to cycHC[6] Product of product (%)
1 cycHC[6] ~ HCOOH/CH,;CN HCO,~ 24, 1t 92:8 cycHC[8] 71
2 cycHC[6] ~ CF;COOH/CH;CN CF,CO,~ 15,1t 95:5 cycHC[8] 71
3 cycHC[6]  NaPFg (50 eq.)/CH;COOH/CH;CN ~ PFy~ 24, 1t 99:1 cycHC[8] 90
4 1a HCOOH/CH,CN HCO,~ 24, 1t 92:8 cycHC[8] 7
5 1a NaPF, (50 eq.)/CH;COOH/CH;CN  PF~ 24, 1t 95:5 cycHC[8] 55
6 1a CF;COOH/CH;CN CF;CO,~ 2,1t 96:4 cycHC[8] 73
7 1a HCI/H,0 cl- 24,70 °C 0:100 cycHC[6] + HCl 85
8 cycHC[8]  HCI/H,O cl- 24,70 °C 5:95 cycHC[6] + HCl 71
9 cycHC[8]  NaCl (50 eq.)/CH;COOH cl- 24,70 °C 40:60 cycHC[6] + HCl 21

“ Generally 300 eq. of organic acid or 4 M HCI were used. ” Determined by HPLC. © Described previously in ref. 8c.

The kinetic data for the conversion of cycHC[6] to cycHC[8]
revealed that the overall reaction was pseudo first-order, with a
plateau. The fact, that the transformation of cycHC[6] to
cycHC[8] proceeds faster in stronger acids (Table 1, compare
entries 1 and 2) in combination with the results from DFT
computational study of model structures (529, ESIT) allows us
to state, that the rate-limiting step of this process is protonation
of the macrocycle. Occurrence of side reactions was minimal
and no intermediates were detected by NMR (S16, ESIt).

Pittelkow et al. have shown that dimers are the main
intermediates in the formation of biotin[6]uril.¥ Also, since
cycHC[6] and cycHC[8] differ from each other by a dimer unit,
we wanted to examine whether the cycHC[8] formation proceeds
via dimer addition. We thus introduced '*C labels to methylene
bridges of cycHC[6]* and subsequently used a 1:1 mixture of
3C-labelled and non-labelled cycHC[6] in cycHC[8] synthesis.
The number of '*C-labelled methylene groups in isolated
cycHC[8] varied from 0 to 8, following a normal distribution,
thus confirming that beside dimers, other oligomers or mono-
mers are involved in the reaction (S7, ESIT).

HRMS analysis of the reaction mixture showed the presence of
cycHC[6-10]"* and various oligomers (up to an octamer, S14, ESI?).
The large number of observed intermediates pointed to the
presence of a dynamic combinatorial library (DCL).*”

According to DFT-calculated Gibbs’ energies of cycHCs it is
not the cycle strain, but the inclusion complex with formate
anions that induces a preference towards the formation of
cycHC[8] (S27, ESIt). Based on the experimental observations
described above and the energy calculations on a model system
(S29, ESIY), we propose that the transformation of cycHC[6] to
cycHC[8] proceeds through the key steps outlined in Scheme 1.
First, a reaction rate-limiting protonation of cycHC[6] occurs,
then breakage of the first methylene bridge of cycHC[6]H" takes
place, forming the iminium 3f. The DCL, whose members have
been observed by HRMS, is generated through depropagation and
propagation reactions. A formate acts as an anionic template and
shifts the thermodynamic equilibrium between DCL members
towards the formation of cycHC[8].

To verify that an anionic template is necessary to drive the
reaction towards the formation of cycHC, we selected an anion
that possessed the size and shape suitable for the cavity of
cycHC[8], the hexafluorophosphate, in combination with acetic
acid. Acetic acid alone was shown not to facilitate the formation
of cycHC[8] (S4, ESIT). As expected, in the presence of NaPFg in
acetic acid/acetonitrile, cycHC[6] was efficiently converted to
cycHC[8] (Table 1, entry 3). This observation confirmed that even
though reaction rate depends on the acid strength, the macro-
cycle formation is controlled by the anion, acting as a template.

gepropaga}ionv HCOO@as a k
propagation 1 lat ®
beL, emplate ®N (0] H
cycHCI[6] - oligomers (a-h),| <— -— cycHC[8]
macrocycles
+H® and
HCHO| Ppropagation
cycHC[6]H®
H H
N
Hon Hon HoH o=
N +H® N W N +a N2 a: monomer  e: pentamer
>:0 >:0 - >:O - > H b: dimer f: hexamer
N HCHO N -H,0 Ne N 1b - i - hent
1aH H 2a H ) 3aH \\ ° c: trimer g: heptamer
> d: tetramer h: octamer
HO N
H

Scheme 1 Proposed reaction mechanism of the cycHCI8] formation catalysed by formic acid.
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And with catalysis of formic and trifluoroacetic acid, their
conjugate anions act as templates (Table 1, entries 1 and 2).

Next, based on the proposed mechanism, we envisioned that
the DCL members could be generated starting from monomers
1a. Indeed, using either formic acid, trifluoroacetic acid, or
NaPFq/acetic acid as catalysts afforded cycHC[8] (Table 1,
entries 4-6). The lower rate of formation of cycHC[8] from 1a
than from cycHC[6], was due to the additional acid-promoted
reactions necessary for building methylene bridges. The best
yield and selectivity were achieved with trifluoroacetic acid,
giving the cycHC[8] from 1a on a gram scale in 73% yield. This
synthetic method allowed for the preparation of enantiopure
chiral macrocycle cycHC[8] very efficiently, in only two steps,
starting from commercially available 1,2-cyclohexanediamine.?

According to the proposed mechanism, the conversion of
cycHC[8] to cycHC[6] in the presence of a halide template,
should also be possible. Indeed, using the classic conditions of
CB formation (Table 1, entry 8), cycHC[8] was efficiently converted
to cycHC[6] with the aid of the chloride anion. Similarly, using NaCl
as a templating additive in acetic acid at elevated temperature,
cycHC[8] was also converted to cycHC[6] (Table 1, entry 9), again
highlighting the role of the templating anion in the reaction.

The crystal structure confirmed the barrel-like shape of cycHC[8]
(Fig. 2). According to the crystal structure, the cavity of cycHC[S8],
similar in size to that of CB[6], is of sufficient size for the encapsula-
tion of a number of organic and inorganic guests (Table 2).

Complexation studies of the cycHC[8] with carboxylic acids
were performed by diffusion NMR in CDCl;. The comparative
results of the complexation of cycHC[6] and cycHC[8] are presented
in Table 3. The association constants of simple carboxylic acids -
acetic, formic and trifluoroacetic acids - follow the order of their
acidity (Table 3, entries 1-3) for both hosts.

Analogously to small carboxylic acids, complexation with the
more acidic o-methoxy-o-trifluoromethylphenylacetic acid
(MTPA) was stronger than with a-methoxyphenylacetic acid
(MPA) (Table 3, entries 5 and 6). The opposite preference of
complexation of R-handed cycHC[6] and cycHC[8] toward MPA
enantiomers may suggest different geometries of complexes in
these cases. Nevertheless R-handed cycHC[8] showed nearly
double affinity for S-MPA, compared to the R-MPA. This result
confirms that cycHC[8] forms complexes enantioselectively.

In conclusion, we have presented the first highly efficient synthesis
of an 8-membered representative of the cucurbituril family, the (all-R)}-
cyclohexylhemicucurbit[8Juril. We have shown that the reversibility of
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Fig. 2 Crystal structure of cycHCI8]: top view in ball and stick (left) and
side view in CPK (right) representations (colour code: C grey, N blue, O red,
H turquoise).
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Table 2 Dimensions of cycHC[6,8] and CBI6,8]

Parameters” CycHC[6]” CycHC[8] CB[6]° CB[8]°
Opening diameter (4) 2.2 4.6 3.9 6.9
Cavity diameter (A) 5.3 8.5 5.8 8.8
Height (A) ) 12.1 12.5 9.1 9.1
Cavity volume (A%) 359 1234 119 +21 356 + 16

“ Dimensions account for the van der Waals radii of the various atoms.
? Opening, cavity and height values are from ref. 8c. © Opening, cavity
and height values are from ref. 14a and cavity volume from ref. 14b.
4 Cavity volume of cycHC[6] from ref. 8¢ and cycHC[8] calculated by
analysing the solvent accessible voids in the respective crystal structures
using PLATON'® with a probe radius of 1.2 A® and grid steps of 0.2 A.

Table 3 Association constants K, (M%) of carboxylic acids with cycHC[6]
and cycHC[8] in 1:1 mixtures in CDClz

CycHC[6] CycHC[8]
No. Guest K, K,
1 CH;COOH 8.0 £ 0.5 17 +£2
2 HCOOH 97 +1 72.6 £ 0.5
3 CF;COOH 21(+3) x 10° 29(+1) x 10°
4 R-MPA 27.2 £ 0.8% 27.0 £ 0.5
5 S-MPA 20.1 + 0.2¢ 53+3
6 R-MTPA n.d. 3.3(£0.1) x 10>
7 S-MTPA n.d. 3.0(+0.1) x 107

“ Association constants from ref. 8¢; n.d. - not determined.

the methylene bridge formation allows the size of the cycHC macro-
cycles to be controlled by the anionic templates, with halides driving
the equilibrium towards the formation of cycHC[6], while carboxylates
and PFs~ promoted the formation of cycHC[8].

Chiral cycHC[8] and cycHC[6] were obtained very efficiently in
one step, starting from enantiomerically pure (R,R,N,N')-cyclohex-1,2-
diylurea 1a or either homologue. (all-R)-cycHC[8] enantioselectively
formed complexes with chiral carboxylic acids, demonstrating chiral
discrimination ability. CycHC[8] shows potential for application in
host-guest chemistry.%"¢

In the present study, DCL members were formed from
identical monomeric units. It can be envisioned that by utilizing
a mixture of different monomeric ureas and suitable templates,
a very efficient yet diverse library of useful hemicucurbituril
hosts could become accessible via dynamic covalent chemistry.
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Chiral hemicucurbit[8]uril as an anion receptor:
selectivity to size, shape and charge distribution

®
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A novel eight-membered macrocycle of the hemicucurbitln]uril family, chiral (all-R)-
cyclohexanohemicucurbit[8]Juril (cycHC[8])] binds anions in a purely protic solvent with remarkable
selectivity. The cycHC[8] portals open and close to fully encapsulate anions in a 1:1 ratio, resembling
a molecular Pac-Man™. Comprehensive gas, solution and solid phase studies prove that the binding is
governed by the size, shape and charge distribution of the bound anion. Gas phase studies show an
order of SbFg~ = PF¢~ > ReO, > ClO4~ > SCN™ > BF4~ > HSO4~ > CFsSOs~ for anion complexation
strength. An extensive crystallographic study reveals the preferred orientations of the anions within the
octahedral cavity of cycHC[8] and highlights the importance of the size- and shape-matching between
the anion and the receptor cavity. The solution studies show the strongest binding of the ideally fitting
SbFe~ anion, with an association constant of 2.5 x 10° M~ in pure methanol. The symmetric, receptor
cavity-matching charge distribution of the anions results in drastically stronger binding than in the case
of anions with asymmetric charge distribution. Isothermal titration calorimetry (ITC) reveals the

complexation to be exothermic
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Introduction

The importance of ion recognition and transport in biological
systems is well established, bringing about the quest for synthetic
receptors capable of binding ions in physiological conditions.
The syntheses of crown ethers," cryptands® and cucurbiturils®
among others have contributed to the rich history of cation
recognition whereas development of anion receptors effective in
protic solvents remains challenging.*” Anion sensing motifs
based on cationic species are usually effective in a narrow range
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Tallinn, Estonia. E-mail: riina.aav@ttu.ee

"University of Jyvaskyla, Department of Chemistry, Nanoscience Center, P.O. Box. 35,
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T Electronic supplementary information (ESI) available: MS, NMR, dynamic NMR
and computational details and a DFT-based video of complexation. CCDC
1514736-1514741, 1521388. For ESI and crystallographic data in CIF or other
electronic format see DOI: 10.1039/c6sc05058a

} The name cyclohexylhemicucurbituril, previously used for these macrocycles, is
changed in accordance with the TUPAC nomenclature for fused cycles, as the
cyclohexane substituents are fused with the parent hemicucurbituril.
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and enthalpy-driven. The DFT calculations and VT-NMR studies

confirmed that the complexation proceeds through a pre-complex formation while the exchange of

is the rate-limiting step. The octameric cycHCI[8] offers a unique
design of an electroneutral host for binding large anions in

of pH, plagued by low binding selectivity and counteranion
competition for the binding site. Neutral anion receptors relying
on hydrogen or halogen bonding are often affected by strong
competition from the protic solvent with host-guest interactions
having to disrupt the solvation shell of the anion.*®

Exemplary studies on anion binding by cyclic hexapeptides
show that introducing a confined cavity to the structure of the
receptor significantly increases the anion binding ability, as
abundant 2:1 host-guest complexes were observed with
halides and SO,*~ where the anion was enclosed in the cavity
formed by two cyclopeptide units.'*** This led to the design of
sandwich-like bis(cyclopeptide) receptors that reached associa-
tion constants of up to 10° M for binding SO,>~ in a water—
methanol mixture.">** Employing a hydrophobic pocket for
anion binding in water has been illustrated by the Gibb's octa-
acid cavitand,* where the binding of partially hydrated anions
yielded association constants up to 10* M~ " at pH 11.5. Like-
wise, the size-dependent complexation of dodecaborate dia-
nions within the hydrophobic cavity of y-cyclodextrin was
studied by Nau and co-workers, with the strongest association
in the case of By,Bry,” (K, = 9.6 x 10° M~ 1)

Cucurbituril family members have been explored as ion
receptors due to their well-defined hydrophobic cavity.'**

This journal is © The Royal Society of Chemistry 2017
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Hemicucurbiturils," cyclohexanohemicucurbit[6]urils,* bam-
bus[6]urils* and biotin[6]urils>*** have been shown to bind
anions within their electron-deficient (i.e. partially positively
charged) hydrophobic cavities. Presently, bambus[6]urils hold
the record for the strongest anion binding (K, = 5.5 x 10’ M)
by a neutral host in exclusively protic solvent.** Based on the
crystal structures of six-membered hemicucurbiturils, bambus
[6]uril*=* and biotin[6]uril** complexes the central cavities
readily accommodate halide anions. Larger anions have been
shown to prefer the formation of 1: 2 host: guest complexes
with double-cone-shaped bambus[6]urils,>* with the anions
bound away from the centre of the cavity.

We have previously demonstrated the synthesis of the first 8-
membered hemicucurbituril, (all-R)-cyclohexanohemicucurbit
[8]uril (cycHC[8]), by an approach using anion-templating.*
Given that larger anions such as PFs and CF;CO,” were
observed to act as effective templates, we decided to investigate
the binding of other larger inorganic anions by cycHC[8]. Such
anions are for example used in ionic liquids®* (BF,~, PFs,
SbF,~, CF3S0; ) and as oxidizing agents* (ClO, ", 10, ). On the
other hand, they are considered as environmental pollut-
ants.**** Binding of these anions in protic media is important
from a biological and environmental point of view.

Results and discussion

The chiral host molecule (ai/l-R)-cyclohexanohemicucurbit[8]
uril®»* (cycHC[8]) fully encapsulates certain anions forming
1:1 complexes (Fig. 1) with high selectivity and binding affin-
ities of up to 2.5 x 10° M~" in methanol.

The scope of anionic guests that form complexes with
cycHC[8] was determined by mass spectrometry (see ESIT). Only
1: 1 complexes were observed in ESI-MS spectra and abundant
complexes were observed with SbFs~ = PFs >ReO, > ClO, >
SCN™ > BF, >HSO, > CF;3;S0; , ranked by decreasing affinity
for cycHC[8]. The anions H,PO, ,AcO ,Br ,Cl ,I ,F ,NO;
and NO,~ showed only weak complexation, while no complexes
were formed with AuBr, ™, Br;~ and CN™. The order of affinity
was ascertained through competition experiments, performed
on three-component mixtures of the host with two competing
anions in 1:1:1 molar ratio (ESI Fig. S2 and S3t). Halide
anions (13 to 35 A’ in volume®), while readily forming
complexes with 6-membered hemicucurbiturils,>*' appear to

Portal
-

Fig. 1 Molecular structure of (all-R)-cyclohexanohemicucurbit[8]uril,
cycHCI8] (left), and the X-ray structure of an inclusion complex with
SbFg™ (right).

This journal is © The Royal Society of Chemistry 2017
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have very low affinity towards cycHC[8], presumably due to
a mismatch in size with the cavity of cycHC[8]. As expected, the
affinity towards more heavily solvated anions was found to be
lower than for weakly solvated ones. On the other hand, tetra-
hedral and octahedral anions falling into the volume range of
50 to 80 A® form stronger complexes with cycHC[8], presumably
due to a better size fit. This is also in good agreement with
Rebek's rule suggesting a packing coefficient (PC)** of 0.55 +
0.09 for optimal fit in the cycHC[8] cavity with a volume of 123
A3 The MS/MS collision-induced dissociation (CID) experi-
ments (Fig. S4T) on isolated complexes revealed the most effi-
cient dissociation (lowest kinetic stability) for the host-guest
complexes with highest PCs (>0.55). This results from the
sensitive interplay of the attractive and repulsive forces between
the anion and the cavity walls, and the lack of void space. More
importantly, it also indicates the full encapsulation of the
anions in the complexes in the gas phase. The same phenom-
enon has been studied in detail with cucurbiturils and azoal-
kanes,* but is reported here for the first time with anionic
complexes.

The crystal structures of the host-guest complexes, obtained
by single crystal X-ray diffraction, demonstrate unambiguously
the 1 : 1 stoichiometry of the anion inclusion complexes in the
solid state (Fig. 2). Single crystals of the complexes were ob-
tained from solutions of cycHC[8] in methanol with the guest
added as a tetrabutylammonium (TBA) or tetrabutyl-phospho-
nium (TBP) salt. The TBA or TBP cations and a number of
solvent molecules fill the space between the capsule-like
moieties, affording isostructural crystals regardless of the guest
anion used. The guest anions are situated at the center of the
cycHC[8] cavity, in a manner depending on their size and shape.
The octahedral anions SbF,~ and PFq are locked in a fixed
position showing no disorder. Four fluorine atoms of SbFs /
PF¢ lying on the equatorial plane of the macrocycle point to the
four corners of its square-shaped belt, while the two remaining
fluorines point to the opposite portals (Fig. 2a and b). The
Hirshfeld surface** plotted for the encapsulated octahedral
anion SbF, indicates that the host-guest C-H:-F interactions
are responsible for the fixed orientation of these guests (ESI
Fig. S61). The shortest C-H--F distances are found between the
four equatorial fluorine atoms and the axial 2ax protons in each
corner of the macrocyclic cavity (Fig. 3B and Table S37). In
contrast to the octahedral anions, the tetrahedral anions BF, ,
ClO, , ReO, and IO, have more space inside the cavity
(Fig. 2¢-f) and show disorder in the crystal. As the host cavity is
symmetric and therefore offers a number of equal interaction
sites, several orientations of the tetrahedral anions are equally
favored. The Hirshfeld surface of encapsulated 10, (Fig. S71),
together with the close contact analysis of other tetrahedral
anions (Tables S5-S87) reveals that these anions can only form
a limited number of interactions with the host cavity wall in
a given orientation. Smaller anions like BF,  and ClO, can
form even fewer host-guest interactions simultaneously. The
large CF3SO;~ anion has two orientations (Fig. 2g and Table
S9t). Given that cycHC[8] preserves its conformation almost
fully regardless of the guest anion encapsulated, its cavity can
be considered as an octahedrally shaped void, which
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Fig.2 The crystal structures of 1 : 1 host—guest complexes of (a) SbFs~, (b) PFs ™, (c) BF4™, (d) ClO4 ™, (e) 104, (f) ReO4~ and (g) CF3SO3™ anions in
the cycHCI[8] cavity. Minor disorder components are shown as a wireframe model. The host in (b—f) is represented by an octahedron depicting

the cavity of cycHCI8].
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Fig. 3 (A) Labelling of cycHCI[8] protons, (B) C-H---F distances
between the host proton 2ax and SbFe~ from the X-ray structure; all
(CH,)4 groups are omitted for clarity, (C) *H NMR in MeOD of (a) free
cycHCI8], (b) cycHCI8] with 0.6 eq. of NaSbFg at 288 K (c) cycHC[8]
with 10 eq. of NaSbFe at 288 K; (d) SbFe~@cycHC[8] and free cycHC[8]
formed from cycHCI[8] with 0.6 eq. of NaSbFg at 229 K.

encapsulates guests in a manner depending on their shape,
volume and complementarity of the interactions.

Next, we examined anion complexation with cycHC[8] in
solution using "H NMR spectroscopy. The complex with SbFe
showed the largest complexation-induced chemical shift
changes (downfield shifts of 0.52, 0.23 and 0.64 ppm for 2ax,
4ax and 6ax, respectively). The signals for 2ax, 4ax and 6ax in
the complex with SbF,~ also showed significant signal broad-
ening at room temperature, indicating a slow guest exchange
rate for SbFs . The guest exchange slows down at low temper-
ature resulting in the signals of SbFs @cycHC[8] and excess
free cycHC[8] being separate (Fig. 3C(d)).

The Job plot analysis confirmed 1:1 stoichiometry of
binding for all studied guests in methanol (ESIt), as also
observed by crystallography in the solid state and by mass

2186 | Chem. Sci., 2017, 8, 2184-2190

spectrometry in the gas phase. Association constants were
determined by NMR titrations (Table 1), simultaneously
following three cycHC[8] proton signals 1ax, 2ax and 3eq
(Fig. 3A). The association constant for SbFs~ was, due to the
broadening of the 2ax signal, determined only from the 1ax and
3eq proton signals. The range of association constants varied
over five orders of magnitude, strongly dependent on the size
and shape of the guest. The poor water solubility of cycHC[8]
prevented measurements in pure water, but no significant
decrease in binding strength was observed when pure methanol
was changed to a 1:1 methanol/water mixture (Table 1, rows
2-3).

For tetrahedral and octahedral anions, the affinity to the
host grows exponentially with the increasing size of the guest,
ranging from 48 M ' for the smallest tested anion BF,” to
250 000 M~ ' for the largest tested octahedral anion SbF,~
(Table 1 and Fig. 4). The anion size dependency for anion
binding has also been discussed by Sindelar and co-workers for
a bambus[6]uril host in chloroform,* with the highest selec-
tivity towards ClO, . Given the double-cone shape of the
dodecabenzylbambus[6]uril host and the restricted diameter of

Table 1 Association constants K, for cycHCI8] inclusion complexes
with anions, measured in MeOD at 288 K by *H NMR titration experi-
ments. Volumes of the anions (Vo) and their packing coefficients
(PC)*

Anion Cation Vanion (A%) PC K, (M)

SbFs ™ Na' 81.8 0.67 (2.5 £0.7) x 10°
PFs~ Bu,N' 70.6 0.57 (2.8 £ 0.4) x 10*
PF,” Bu,N' 70.6 0.57 (2.6 £ 0.2) x 10
PFs~ Na' 70.6 0.57 (2.0 £0.2) x 10*
ReO,~ Bu,N' 64.8 0.53 (4.7 £ 0.4) x 10°
10,~ Na' 64.3 0.52 (1.8 £0.2) x 10°
clo,” Bu,N' 54.7 0.45 (4.7 £ 0.2) x 10
BF,~ Bu,N* 51.6 0.42 (4.8 £0.4) x 10
CF3S0;~ Bu,N' 82.3 0.67 3.9 £ 0.5) x 10
CF,CO,~ Bu,N* 68.7 0.56 <10

¢ Anion volume is based on optimized anion geometries (BP86-D/def2-
TZVPD) and calculated using a triangulated sphere model (based on
CSD default atomic radii) through the Olex2 program package.* PC is
defined as the ratio between the Vanion t0 Veayiy(h0st).* Veayiey,(cycHC[8])
= 123.0 A® is measured from the crystal structure of cycHC[8].*'
?'H NMR in 1 : 1 MeOD/D,0.

This journal is © The Royal Society of Chemistry 2017
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the central cavity of 6-membered hemicucurbiturils, it seems
that anions larger than perchlorate are bound away from the
center of the bambus[6]uril macrocycle, inside the cone-shaped
pockets formed by the extending substituents.>*** With
cycHC[8], a single binding site is suggested by the crystal
structures, with the anion in each case fully encapsulated in the
center of the cavity. The selectivity of this 8-membered host is
therefore determined by the parameters of its central cavity.
Based on the crystal structures, the correlation between the
binding strength and the size of the anion can arguably be
ascribed to the number of host-guest interactions an anion can
form simultaneously. Thus smaller anions BF, and ClO, ", which
are able to form only one or two C-H:--anion interactions in
a given orientation, are bound with considerably lower affinities.

Surprisingly, however, the association constant for the
binding of roughly octahedral CF;SO;~ is dramatically lower
compared to the similarly sized octahedral guest SbF~,
regardless of the several interactions between the host and the
encapsulated CF;SO;  apparent in the crystal structure
(Table S97). Given the inherent symmetry of cycHC[8], one can
argue that the binding might be stronger with anions having the
charge equally distributed over the surface. To assess whether
the low binding affinity of CF;SO;~ is caused by the asymmetric
charge distribution, a control experiment was conducted with
CF;CO, ", similar in volume to PFs, but with a charge distri-
bution resembling that in CF;SO; . The fact that CF;CO, ,
which effectively templates the synthesis of cycHC[8]
acetonitrile) and has been shown by diffusion NMR to bind to
cycHC[8] in chloroform,* does not bind to cycHC[8] in meth-
anol (K, < 10), indicates that the binding of anions to cycHC[8]
in methanol is sensitive to charge distribution around the
anion.

According to the range of optimal packing coefficients, 0.55
+ 0.09, the association constants within the tested group of
tetrahedral and octahedral anions with roughly spherical
charge distribution should follow a statistical distribution
around the optimal guest fit at PC = 0.55. For cycHC[8], with
a cavity volume 123.0 A%, the optimal guest volume should

This journal is © The Royal Society of Chemistry 2017
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therefore centre in the range of 68 + 11 A® (Fig. 4). However, the
strongest association was in fact observed for SbFs~ (Vanion =
81.8 A%), suggesting a shift from the optimal PC to higher values
which might be due to the stabilizing effect of host-guest
interactions with tighter-fitting guests like SbFs or the
conformational flexibility of the macrocycle itself.

Next, isothermal titration calorimetry (ITC) was used to
determine thermodynamic parameters for the complexes of
cycHC[8] with SbF,~ and PFs~ in methanol. The raw thermo-
gram and the binding isotherm for SbF ™~ are presented in Fig. 5
with the calculated parameters given in Table 2. The K, values
obtained by ITC were comparable with those obtained by NMR
spectroscopy. Similarly to NMR, ITC showed higher affinity of
cycHC[8] for SbF,~ than PFs, with binding being exothermal,
enthalpy driven and entropically disfavored for both.
Comparing the two anions revealed that the binding of SbFs~
was accompanied by a greater change in both enthalpy and
entropy. This is in line with tighter binding of the larger SbFs~
anion, giving rise to a stronger host-guest interaction (enthalpic
term) but also a greater loss in degrees of freedom (entropic
term). Generally, the thermodynamic profile of cycHC[8]
binding resembles the behavior of other hemicucurbiturils.*”

The complexation kinetics of normal cucurbiturils has been
thoroughly**® studied and the exchange of neutral guests has
been shown to proceed through a single step,”*® while the
complexation of cationic guests proceeds through a number of
intermediates.*** To the best of our knowledge, the kinetics of
anion binding by hemicucuribiturils has not been previously
studied. A particularly interesting aspect of the cycHC[8]
behavior is the conformational dynamics of guest encapsula-
tion. Given the bulkiness of the encapsulated guests (Fig. 1), the
conformation of the host clearly has to change considerably for
the guest to pass through the narrow portals of cycHC[8]. The
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Fig.5 Raw thermogram (above) for SbFg™ titration with cycHCI[8] and
the binding isotherm (below) from the integrated thermogram fit using
the one-site model.
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Table 2 Thermodynamic and kinetic parameters for the complexation with cycHCI[8] at 298 K, all energies given in kJ mol™*

VT-NMR

Activation parameters for

ITC titration AG°® complex formation Association
rate
ITC NMR DFT constant®
Guest K, (M) AH° TAS® titration titration cale. AH? TAS* AGH kx10°s™!
NaSbFg (1.02 £ 0.03) x 10° —56.2 + 0.3 —27.7 —28.5 —30.8 — 38.6 —13.4 51.9 2.6
NaPF,q (1.29 + 0.04) x 10* —43.8 £ 0.2 —20.4 —23.4 —24.5 —22 42.1 —=5.5 47.5 17.5

“ Determined at 291 K.

flexibility of the host is seemingly crucial to the encapsulation
and, likewise, to the ejection of the guests, and the reaction
pathway of host-guest complex formation was therefore studied
computationally. Density functional theory (DFT) calculations
were used to model the complexation of cycHC[8] with PFs~
utilizing COSMO solvation model for methanol.”**

By positioning up to four methanol molecules inside the
cavity of cycHC[8] we found that, at temperatures above 100 K,
a single molecule of methanol is preferably accommodated
within the cavity, close to its center. As the association
constants derived from NMR titration with sodium and tetra-
butylammonium PFs~ salts were very similar, cation influence
was assumed to be negligible and was not studied. Modelling
the exchange of methanol in MeOH®@cycHC[8] with PFs
showed the initial formation of a pre-complex with PF,~ at the
portal of cycHC[8] (MeOH@cycHC[8] + PF, ; Fig. 6). Next,
through a transition state involving the dissociation of
a hydrogen bond between methanol and cycHC[8], the inclu-
sion complex PFs @cycHC[8] is formed (the complexation
reaction pathway is visualized in a video, ESIT). The DFT-derived
Gibbs free energy difference indicates that the methanol-
solvated cycHC[8] is 22 k] mol ' higher in energy compared to
its inclusion complex with PF,~, which is in good agreement
with the experimental AG values calculated from equilibrium
constants obtained by NMR and ITC analyses (Table 2).

Additional experimental insight into the kinetics of the
complexation and the reaction pathway was gained by variable
temperature NMR (VI-NMR) studies of SbFs and PFs , using
a 2:1 host-to-guest ratio (Fig. 7). The complexation reaction

MeOH@cycHC[8]
0 kJ/mol

MeOH@cycHC[8]+PFgs
15 kJd/mol

PFg @cycHC[8]+MeOH
- 22 kJ/mol

Fig. 6 Minimum energy geometries of cycHC[8] complexes with PFg~
in MeOH and the associated relative Gibbs free energy values.
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order was determined by dilution experiments near the coa-
lescence temperature (241 K and 253 K for SbFs~ and PFg ™,
respectively).

Reaction rates remained constant upon dilution, indicating
that the complexation process follows first order kinetics,
characteristic for a unimolecular reaction. This suggests that
the overall complexation reaction occurs via a low-energy pre-
complex. Moreover, the complexation reaction rate constants
for both SbFs~ and PF,~ (Table 2) were determined, allowing us
to derive the activation parameters (Table 2) using the Eyring
equation (for details, see ESIT). As expected, the complexation
rate constant was an order of magnitude higher for PFs~ than
for the larger SbFs , also in good agreement with our initial
solution studies by NMR. The entropy of activation of the
complexation is negative for both anions, as expected for the
host and guest forming one host-guest complex. Other entropic
contributions that play a role in the host-guest formation
reaction are the entropic penalty of orientation of the guest
within the macrocycle and the desolvation of the cavity of the
host and the collapse of the methanol cluster around the cha-
otropic guests.

Both the computational and kinetic studies propose the
existence of pre-complexes, although the computations suggest
them to be higher in energy than the precursors, whereas the
VT-NMR results require this pre-complex to be more stable than
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Fig. 7 Evolution of proton resonances in the variable temperature
NMR study (a) for PFs~ and (b) for SbFe ™. The cycHCI8] and guest
concentrations were 2.6 mM and 1.5 mM in MeOD solution, respec-
tively. At 218 K, the hydrogen signals labelled with blue arise from the
host—guest complex and black ones from the free host.
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the starting components. This reflects a complicated complex-
ation reaction pathway that includes several steps. We propose
that either the anion pre-complex formation or the reorgani-
zation of the methanol solvation shell around anions and the
macrocycle play an important role, which merits further
investigation.

Conclusions

The inherently chiral (all-R)-cyclohexanohemicucurbit[8]uril,
cycHC[8], is the first example of an octameric macrocycle of the
hemicucurbituril family acting as a neutral host that fully
encapsulates anions as 1:1 complexes in gas, solution and
solid state. The binding affinity strongly depends on the size,
shape and charge distribution of the anion. Crystallographic
studies show the importance of the shape fit between the
cycHC[8] cavity and the anion guest, with the octahedral guests
bound in a perfectly ordered manner, while the tetrahedral
guests exhibited various degrees of disorder. Moreover, due to
the unique size and shape of cycHC[8], the large, octahedrally
shaped SbF,  was found to be the most tightly bound guest,
closely followed by PF, . On the other hand, binding of the
similarly sized CF;SO; ™~ and CF;CO, "~ was around four orders of
magnitude weaker, which could be ascribed to their asymmetric
charge distribution limiting the number of hydrogen bonds
that can be formed simultaneously. The complexation was
found to proceed through the formation of a pre-complex,
accompanied by the ejection of a solvent molecule from the
cycHC[8] cavity and involving a large movement of the portals
during the encapsulation.

This work, besides being the first comprehensive anion-
binding study on an eight-membered hemicucurbituril-type
macrocycle, also demonstrates the unique anion binding
properties of a macrocyclic host easily accessible through
a simple templated synthetic protocol.** Moreover, it proposes
a pathway to and encourages the preparation of new hemi-
cucurbiturils for anion binding and transport, catalysis in
confined space and other supramolecular applications.
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Templating Effects in the Dynamic Chemistry of
Cucurbiturils and Hemicucurbiturils

Sandra Kaabel™ and Riina Aav*

Abstract: This review concentrates on the remarkable macro-
cyclisation chemistry of cucurbituril family members. During
a single step in the condensation reaction of cucurbit[6]uril
or hemicucurbit[12]uril 24 new C—N bonds are formed. In
the case of hemicucurbit[12]uril this leads to the highly
efficient formation of a covalently bound chain of 48 atoms.
This phenomenon is possible because all cucurbiturils are
built up of dynamic covalent acylaminal linkers.

Moreover, the reversibility of acylaminal linkages makes the
formation of macrocycles susceptible to external stimuli.
Influence of the chain-growth and chain-cycle equilibrium
and the effect of different templates in CB chemistry is
discussed. As anions have a pronounced effect on formation
of hemicucurbiturils, a comprehensive overview on their role
in modifying the solid-state structures of hemicucurbiturils is
given.

Keywords: cucurbituril - dynamic covalent chemistry - template - crystal structure - inclusion complexes

1. Introduction

The family of cucurbiturils has grown exponentially in the
number of homologues, analogues and derivatives.?! The
structure of the first 6-membered cucurbituril (CB[6]) was
reported by Freeman and Mock™ in 1981 (Scheme 1, upper)
and it remained the only cucurbituril homologue for a
decade." The first paper published on hemicucurbiturils (HC)
by Miyahara® in 2004, however already reported tuneable
high yielding synthesis of two homologues from the same
starting materials (Scheme 1, lower), highlighting the potential
of direct quantitative polymerisation reaction toward differ-
ently sized macrocycles.

It is remarkable that during the formation of CB[6] or
HC[12] in a single step 24 new C—N bonds and in case of
HC[12] a covalently bound chain of 48 atoms is formed.
Macrocycle formation reactions are known to be challenging.
Learning how to build macrocyclic molecules with controlled
topology and function has been recognised with Nobel Prizes
in 1987 and 2016.°! Macrocyclisation usually requires preor-
ganization of the acyclic intermediate.”’ Therefore in most
cases macrocycles are made in several steps from preoriented
linear molecules. Dynamic covalent chemistry®™!"! (DCC)
could circumvent the necessity for a multistep procedure to
form a preorganized oligomer. DCC can grant control over the
formation of highly complex products in a single step. In
addition to the example of the formation of the unsubstituted
HCs shown on Scheme 1, also 4- and 6-membered bambusur-
ils!* (BU) and 6- and 8-membered cyclohexanohemicucur-
ibiturils'”' (cycHC) are made from their respective starting
monomers using DCC. In principle, all cucurbituril family
members are formed through the same acid catalysed polymer-
isation reaction between cyclic urea and formaldehyde,
creating the acylaminal linkers between monomers. Current
review will focus on this macrocyclisation reaction, with the
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aim of demonstrating the potential of templating in the
formation of cucurbiturils. A comprehensive analysis of the
crystal structures of hemicucurbiturils is presented in this
review, aimed to ascertain the extent of the role templating
guests play in modifying the solid-state structure of these
macrocyclic hosts.

2. Dynamic Covalent Bonds

Condensation between aldehydes and amines is one of most
widely utilized reactions in organic chemistry. Due to
reversible nature of this reaction it is most actively used in
catalysis, but has also found application in reactions using
dynamic covalent chemistry. The latter are based on the
formation of reversible covalent bonds between the compo-
nents of a reaction mixture, that equilibrate until the products
with the lowest energy are formed. In this approach dynamic
combinatorial libraries (DCL) of intermediates are generated,
which may allow for the deliberate amplification of a
particular species by an external stimulus. Although many
reversible reactions exist, not all of them are useful as dynamic
linkers. Rapid equilibration between library members under
controlled conditions is necessary, making imines,"® hydra-
zones''” (Scheme 2, A,B), disulphides"® and boronates'”
currently the most applied linkers.”” Moreover, also ami-
nals”"**! and hemiaminals'®* have been successfully applied
in dynamic combinatorial chemistry (Scheme 2, C).

[a] S. Kaabel, R. Aav
Department of Chemistry and Biotechnology, School of Science,
Tallinn University of Technology, Akadeemia tee 15, 12618, Tal-
linn, Estonia
E-mail: riina.aav@ttu.ee
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Scheme 1. The first synthesized CBP! (upper) and HCs" (lower).

Formation of the methylene bridges of CBs proceeds
through aminal formation. As outlined below, (Scheme 2, D)
two C—N bonds are formed during one methylene bridge
formation. The first step is an acid catalysed water elimination
and iminium formation. Iminiums are high energy intermedi-
ates and react fast with available nucleophiles in the media.
Lifetime of intermediate iminium ions in aqueus solution is in
the range of picoseconds”?!. The presence of iminiums in
the synthesis of substituted HCs (cycHCs) was demonstrated
by MS, by quenching the reaction with the addition of
different nucleophiles, and by DFT study on the methylene
bridge formation pathway."”! A computational study on the
pathway of acyliminium intermediate formation from ethyl-
eneurea and formaldehyde was recently published by Yoo and
Kang,”” which shows the involvement of urea carbonyl group
during iminium formation (Scheme 3, A).

Importance of C=0 group during formation of bambusurils
has been experimentally observed by Reany and Keinan,''* as
the condensation of formaldehyde with thio-analogue of
ethyleneurea (Scheme 3, B) does not result in formation of
thioacylaminal linker. At the same time mono-thioglycoluril
can be condensed to thiobambusurils (thioBU[n]), if
methylene bridges are formed between ethyleneurea part of
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the monomer and alkylthiourea is carried along as substituent
of the resulting HC (Scheme 3, C). These observations
revealed the sensitivity of this structural system. The formed
iminium intermediate (Scheme 2, D) reacts further with a
nitrogen of the nucleophile and affords the ammonium
intermediate, which after deprotonation results in the forma-
tion of the neutral aminal linkage. According to theoretical
study in presence of water, the formation of the second C—N
bond and deprotonation is mediated by water and the urea C=
O group (Scheme 3, A).” In general aminals and hemi-
aminals are labile compounds and hydrolyse easily back to
aldehydes and amines. Therefore this dynamic multicompo-
nent chemistry (Scheme 2 C) has been utilized in chiral
sensing.”**? Non-enolizable aromatic aldehydes are preferred
in these applications, as enamine formation is avoided. The
preferred formation of either aminal or hemiaminal was shown
to depend on the geometry of the amine.”™” In CBs the aminal
is formed adjacent to the acyl groups. As the latter have
electron accepting properties and delocalize the nucleophilic-
ity of nitrogen, these aminal linkages are less susceptible to
hydrolysis compared to alkyl-aminals. In acidic conditions
however, the protonation of either the carbonyl group or the
nitrogens of acylaminals can eventually lead to the regener-
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Scheme 3. A) Pathway for acylaminal linker formation from iminium-ethyleneurea and ethyleneurea;” B) mono-thioglycoluril that cannot form
a macrocycle, C) mono-thioglycoluril used for thiobambusuril formation.™

ation of the iminium compound by C—N bond cleavage

(Scheme 2, D and Scheme 3 A). Nolte et al. have shown on

glycoluril-based supramolecular hosts'™! that hydrogen bond-

ing of the phenolic guest to glycoluril oxygens depended "o

strongly on the guest structure.™ Computational and ion-

mobility MS study of cycHC[6]™' in gas phase demonstrates

that the favourable site for protonation of (S,5)-cycHC[6] was  Figure 1. Modelled geometries of protonated (S,S)-cycHC[6] and
at a N-atom on the inside of the cavity (Figure 1, left side).  hydrogen bonded (S,5)-cycHC[6]-HCI.**!

Non-dissociated acid was shown in this study to form a

hydrogen bond at an O-atom (Figure 1, right side), suggesting
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that the protonation site may depend on proton carrier and
media. According to our knowledge the experimental kinetic
data on formation and cleavage of single acylaminal linker
have not been published. Though the kinetic studies by Anslyn
et al.” of mechanism of Zn-mediated hemiaminal formation
involving secondary amine, aromatic aldehyde and secondary
alcohol showed that the rate limiting step of the dynamic
equilibrium was not acid-promoted water elimination, but
rather the decomplexation of Zn(II) from the assembly. Which
leads to suggestion that control over the formation of products,
connected through aminal-hemiaminal dynamic covalent
bonds, proceeds through external stimuli from reaction media
and templates. The overall process for macrocycle formation
involves several important steps, including chain-growth
equilibrium, chain-cycle equilibrium and product stabilisation
equilibrium, either through solubility or through complex
formation (Scheme 4).

3. Chain Growth Equilibrium

Day et al.”" studied the controlling factors of CB formation
and demonstrated that the chain growth step depends on the
acidity of the media and the concentration of urea. The
reaction is faster in presence of stronger acids, most probably
due to facilitated iminium formation and longer lifetime of
cationic intermediates. Formation of larger CB homologues is
observed at higher urea concentrations. By performing the CB
synthesis in concentrated HCI and varying the glycoluril
concentration from 0.1 to 200 mg/ml, the CB[5] formation
decreased from 58% to 17% and the fraction of higher
homologues increased.

Also, for example, CB[8] was not detected in a diluted
reaction mixture, but raising glycoluril concentration from 0.1
to 2000 mg/ml the yield of CB[8] was increased to 12 %."¢

This observation is fully consistent with Jacobson-Stock-
mayer theory for equilibrium polymerisation, as at higher
concentrations the rate of intermolecular reactions increases,
therefore longer oligomers are formed preferably.®*"**!

Isaacs et al.”™' uncovered the inverted-CBs, studied their
formation and concluded that thermodynamically unstable
intermediates can be isolated if during synthesis lower temper-
ature and deficiency of formaldehyde is used. In these
conditions Isaacs etal.*”! were also able to isolate linear

0 chain growth

R4 i equilibrium o

z
L
+

I

Scheme 4. General scheme of dynamic formation of CB macrocycles.
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C-shaped S-shaped

Figure 2. A) Crystal structure of C-shaped 6-membered glycoluril
oligomert*® (CCDC 701740); B) C-shaped dimer of glycoluril with
aromatic terminal groups; S-shaped dimer of glycoluril with aromatic
terminal groups !

oligomers containing 2-6 monomers and determine their
crystal structures (Figure 2, A).

The glycoluril monomers are all oriented with the urea
carbonyl groups and endo faces of the glycolurils pointing
toward each other. Day called this all-endo and Isaacs C-
shaped oligomer (Figure 2, A,B). Formation of C-shaped
oligomers is key for preorganisation of linear chain for
cyclisation. Additionally to that, there are diastereomeric
combinations, where exo- and endo-faces of monomers will
alternate. Such oligomers may take the shape of the letter S
(Figure 2, C). Semiempirical computational studies”**'"! proved
the S-shaped oligomers to be higher in energy compared to the
C-shaped oligomers. This was also confirmed experimentally
by Isaacs, who demonstrated that C-shaped substituted
glycoluril dimers are thermodynamically more stable by 1.55—
3.25 kcalmol ' compared to the S-shaped diastereomers™!!
(Figure 2, B,C). As a result, double bridged oligomers are
preorganized suitably for macrocyclisation. The fascinating
crystal structure of the double bridged 6-membered oligomer
(Figure 2, A) revealed that the oligomer encloses a compart-
ment potentially able to bind guests. For selective isolation of
6-membered C-shaped oligomers™*” in 10% yield and their
further conversion to functionalized-CBs'**™* Isaacs utilized a
carefully chosen guest, the p-xylylenediammonium which
prevented through negative templating the macrocyclisation
and assisted precipitation of the hexamer.

Single bridged HCs, including BUs and biotinuril have the
same acylaminal dynamic linker between monomers as all CB
family members. Currently no crystal structures have been
reported from any oligomers of these compounds. Though,

chain-cycle o

equilibrium product
—_ ----> stabilisation
N Rs I\,‘ . Rs 777 equilibrium

\—
)
-
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along with analysis of intermediates of biotin[6]uril, Pittelkow
etal.*! was able to isolate in 11% a single enantiomer of
biotin dimer, as the most abundant oligomer. During the study
on the (R,R)-cycHC[n] formation, Aav et al. observed oligom-
ers of different lengths and noticed that their length depended
on reaction conditions. No single most prevalent oligomer has
been observed during synthesis of chiral cycHCs.">*" Also,
surprisingly, a very large discrepancy in the UV absorbance
between linear and macrocyclic congeners of cycHCs was
observed (Table 1).”” We speculate that it is due to higher
conformational flexibility of these compounds compared to
their cyclic analogues.

Table 1. UV absorption of linear oligomer and macrocycles formed
from cyclohexanediylurea.®

Compound &0 (M'em™)
6-membered oligomer (2+£1)-10°
(R,S)-cycHC[8] (18.4+0.2)-10°
(R,R)-cycHC[6] (17£2)-10°

Computational study performed by Yoo and Kang®' on
the formation mechanism of unsubstituted HCs concluded that
the formation of anti-oriented dimers is more favourable. Anti-
oriented dimers are formed through a lower energy transition
state compared to their syn-conformers, which contributes to
explaining the alternate orientation of urea groups in HCs. In
the same study geometries of oligomers with up to 6-
membered chain (Figure 3) were calculated. It is clear, that
single bridged ethyleneurea oligomers can adapt a conforma-
tion suitable for macrocyclisation, though without conforma-
tional analysis it cannot be concluded that these geometries
are the most abundant in reaction media.

Figure 3. Geometry of ethyleneurea hexamer with H,0.%

4. Chain Cycle Equilibrium

Next step after the formation of oligomers is macrocyclisation,
and its efficiency is determined by chain-cycle equilibrium
(Scheme 5). This equilibrium is dependent on difference
between inter- and intra-molecular reaction rates. Intermolec-
ular reaction will lead to growth of oligomers and intra-
molecular will terminate it by macrocycle formation. In high

Isr. J. Chem. 2018, 58, 296313
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dilution conditions intermolecular reaction rate is suppressed
compared to intramolecular reaction,”'" which is why this
strategy is the most prevalent in macrocycle chemistry. But
high dilution might not be applicable, if the target is to form
long chain oligomers for larger macrocycles. Therefore,
templating would be the most attractive way to control chain-
cycle equilibrium. There are different ways of action of
templates.'®’*>*¥ In broader sense templates can have either
kinetic or thermodynamic effect, this classification was
introduced by Thomson and Bush®™ and later greatly
expanded by S. and H. Anderson and Sanders.”” If a template
selectively complexes with one particular linear oligomer from
the dynamic covalent library, and promotes its macrocyclisa-
tion by changing the rate of its formation — then it is called the
kinetic template effect (Scheme 5, route A).'!

If a template complexes with the macrocycle and thus
improves its thermodynamic stability, equilibrium between
oligomers and macrocycles changes and thermodynamically
most favourable product is amplified. (Scheme 5, route B).
Thermodynamic equilibrium may also be shifted by selective
complexation of the template with one particular component
in the dynamic mixture, which causes a change in its
solubility. In that case the template will affect the solubility
equilibrium and through that also equilibrium within the DCL.
(Scheme 5, route C). In the latter case amplification of
thermodynamically unfavourable macrocycles may happen, as
the removal of one component from the dynamic mixture is
controlled by the solubility equilibrium.

It should be noted that it is experimentally challenging to
distinguish between presented pathways. Changes in transition
state need to be assessed to recognize kinetic templating. On
the other hand, as many of the cucurbituril macrocyclisation
reactions proceed in heterogenous systems, it is not trivial to
determine whether the template stabilizes the product or just
removes it from the equilibrium. Nevertheless, rough analysis
based on the available literature is attempted with the goal to
encourage discussion and additional experimental studies,
leading to better understanding of the templating effects in CB
chemistry.

The complexation ability of uril macrocycles depends on
their electronic structure. Map of electronic potential of CB[7]
and the methylsubstituted bambus[6]uril (MeBU[6]) is shown
on Figure 4.4

Figure 4. A) Map of electronic potential of CB[7] and MeBU[6].
Reprinted with permission form ref. [54]
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Scheme 5. Templates effecting the dynamic formation of macrocycles.

Electron rich oxygens of urea monomers surround the
opening of the CB cavity, through which electron poor
cationic species bind to CBs. The binding properties of CBs
have been extensively studied,” as many of the CB
applications are based on it. Urea carbonyl groups of single
bridged hemicucurbiturils are not aligned and their cavities are
electron poor, preferably binding anions. The interaction
properties the CBs and HCs also play a role in their templated
reactions.

Formation of CB[6] and substituted CB[5]s, such as
MeCBJ5] (Figure 5), are thermodynamically most favourable
compared to their homologues.”® It has been shown by
modelling that oxonium acts as a template and stabilises
smaller macrocycles,” affecting macrocyclisation by thermo-
dynamic template effect (Scheme 5, route B).

o) Ri=Me MeCBI[5]
n=5

N N 'n
1
Ry Na ﬁN Ri R,=- } CyPenCBI6]

Figure 5. Structures of substituted CBs MeCB[5] and CyPenCBJ6].

The first experimental study on influence of acids"™ and
salts®”! on the ratio of the formed CB products was done by
Day et al., which found that the addition of KCI (60 mol %
based on monomer) to the mixture of oligomers heated in
concentrated HCI, shifted the reaction toward the formation of
the S5-membered homologue (Table 2, line 1). CB[5] was
isolated in a 28-32 % yield, which is much higher than the 8 %
collected from the reaction without this additive. The ability
of the potassium ion to shift equilibrium toward smaller
macrocycles has also been seen by Isaacs.*) Namely in
presence of KI, the ratio of 6 to 7 membered CBs was 2.3
whereas in the absence of this salt prevalence of CB[6]

Isr. J. Chem. 2018, 58, 296313
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decreased to 1.5. Day™ proposed that metal cations bind to
the oligomers and induce macrocyclisation through kinetic
template effect outlined on Scheme 5 as route A. It should be
noted that none of the cations, Li*, Na*, K*, Rb*, Cs* and
NH,", that were studied, were able to show exclusive
selectivity toward the formation of one single homologue.
Intriguingly, CB[5] itself has also served as a template in the
formation of CB[5]@CB[10] (Table 2, line 5).****! Isolation of
CB[10] from CB[5] was succeeded by guest exchange.***!
Inspired by CB[5] acting as a neutral template, also o-
carborane was tested as a template for CB[7]. In presence of
20 mol % (based on monomer) of o-carborane no significant
influence on the ratio of the formed homologues was
observed.®"

Presence of NH,CI lowers the solubility of MeCB[5]""
and it was therefore used as an additive in the synthesis of
MeCBJ5]. The macrocycle was isolated as an ammonium salt
in higher 36 % yield, versus 14 % without extra added NH,Cl
(Table 2, lines 2). Notably Miyahara'® confirmed, that sol-
ubility equilibrium of MeCB[5]-NH,* complex did not affect
the formation of S5-membered macrocycle, but increased
product isolation efficiency. Formation of substituted CBs can
be directed by addition of Li,CO; and CsCL®' as these
templates increase fraction of CyPenCB[6] and CyPenCB[7]
on expense of the 5-membered homologue (Table 2, lines 3
and 4). As the change in ratio of homologues was determined
from the crude mixture, template effects by either route A or
B (Scheme 5) can be attributed to this reaction.

Pressocucurbiturils (prCB) are CB derivatives, where
instead of glycoluril, the propanediurea is used as the
monomer (Scheme 6).%"! The isolation of first prCB, the
Me-prCB[5] was reported simultaneously by Sindelar'®! and
Wang.®”! Very recently it was demonstrated that presence of
CaCl, induces the formation of the first 4-membered double
bridged CB, the Me-prCB[4] (Table 2, line 6).° The tem-
plated synthesis of prCB[4] and prCB[5] was demonstrated in
the presence of Ca’* in 23% yield and Ba’* in 20% yield,
respectively (Table 2, lines 7 and 8).”" Without the BaCl,
additive and in presence of NaCl, 5-membered prCB[5] was
also formed, but could not be isolated in pure form.” The
presence of Ca’* and Ba’" salts induced the precipitation of
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Table 2. Templates that supported the formation of double bridged CBs and tentative mode of templating.

No Double bridged CB Isolated yield Template Route in Scheme 5 Year Ref
1. CB[5] 28-32% Kl A 2002 57
2. MeCB[5] 36% NH,CI A and/or C for isolation 2002 62
3. CyPenCB[6] 39% Li,CO, AorB 2012 63
4, CyPenCB[7] 9% Li,CO, AorB 2012 63
5. CB[S]@CB[10] 5-8% CB[5] B and/or C* 2002 36
6. Me-prCB[4] 5% CaCl, C 2017 65
7. prCB[4] 2% Cadl, C 2017 66
8. prCB[5] 20% BaCl, C 2017 66

* In heterogeneous reaction conditions solubility equilibrium through pathway C is marked effective, where it cannot be unequivocally
concluded whether the product solubility only influences its isolation or also the product formation.

R4=H n=5 prCBI[5]
R1=H n=4 prCBI[4]
Ri=Me n=5 Me-prCBJ[5]
Ri=Me n=4 Me-prCB[4]

Scheme 6. Formation of pressocucurbiturils (prCB) form propane-
diureas.l*=¢

macrocycles from the reaction mixture in a 1:2 complex, with
metals bound to prCBs at the portals (Figure 6). This reflects
the importance of the solubility equilibrium of the macrocycle
complexes, and determines that the template effect by route C
on Scheme 5 is most likely effective in this case. Although on
the basis of published data no conclusions can be made,
whether Ca>*™ and Ba®" salts also increased fraction of formed
macrocycles in the reaction mixture.

Figure 6. Crystal structures of Me-prCB[5]* (CCDC 1036915) and
prCB[4]®"! (CCDC 1548029) as Ca’" complexes. Colour codes: C grey,
H white, N blue, O red, Ca’" turquoise, CI~ (at the centre of Me-
prCB[5]) green

As noted earlier, size of single bridged HCs can be
controlled in much greater extent compared to the double
bridged cucurbiturils. The unsubstituted HCs (Scheme 1) are
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not the only kind of HCs which can be directed toward
different homologues. The first bambusuril was introduced by
Sindelar'® and soon after they noticed'® that without the
presence of a halide anion in the condensation of cyclic
alkylurea and formaldehyde, the 4-membered homologue
would be formed. In presence of halides prevalent formation
of 6-membered bambusurils was observed (Scheme 7, A).
After that finding a whole family of BUs has been prepared,
including several 4-membered and 6-membered BUs. 3465701
In non-templated conditions chain-cycle equilibrium is shifted
toward macrocycle formation and as soon as 4-membered
oligomer is formed it closes to a macrocycle. All six-
membered HCs form complexes with halides and it has been
shown that C1™, Br, I and ClO, " are suitable templates for 6-
membered BU (Table 3, lines 4-7, 11, 12). Representative
structures of HCs discussed in this paper are shown on
Figure 8. There is no report on the binding of oligomers to
anions, therefore the most likely templating effect taking place
is by route B shown on Scheme 5. Reactions performed in
aqueous solution are often heterogeneous, therefore effects
through solubility equilibrium is likely to contribute as well
(Scheme 5, route C). Beside BUs 6-membered HCs have also
been prepared from cyclohexa-1,2-diylurea (Table 3, lines 3,
8),""" norbornene (Table 3, line 9)™ and biotin (Table 3,
line 10).*") In these examples also halide anions were used to
control the size of 6-membered macrocycles.

Deeper understanding of the dynamic character of HCs
was achieved from a study on the formation of 8-membered
(R,R)-cycHC."™ Anion size was found to control the formation
of either 6- or 8-membered cycHCs (Scheme 7, B). It was
shown that starting either from monomers or other (R,R)-
cycHC[n] homologues dynamic covalent library could be
directed toward the formation of a specific macrocycle. The
PF,", HCO,” and CF;CO,  acted as templates for the
formation of 8-membered (R,R)-cycHC (Table 3, lines 13, 14)
and halides directed the formation of 6-membered (R,R)-
cycHC (Table 3, line 8). Contrary to the mechanism proposed
for formation of biotinuril,"*”! *C isotope labelling experiment
confirmed that formation of (R,R)-cycHC[8] from cycHC[6]
does not go through dimer addition, as carbon-isotopes were
randomly distributed in the product. This confirms that HCs
depolymerise in the presence of acid to form a dynamic
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(S,S)or (RR)
(S,S)-cycHC[6] (R,R)-cycHCI8]

Scheme 7. Non-templated formation of 4-membered and the template directed formation of 6- and 8-membered single bridged CBs. A)

bambusurils [12] (BU); B) cyclohexanohemicucuribturils (cycHCs)."™ BU figures are based on the crystal structures CCDC 809240 and 809242
from ref. [12], cycHC figures are based on the crystal structures CCDC 945664 from ref. [72] and CCDC 1053111 from ref. [15].

Table 3. Templates that supported formation of single bridged HCs and tentative mode of templating.

No Single bridged CB Isolated yield Template Route in Scheme 5 Year Ref
1. HC[6] 94% cl- B and/or C* 2004 5
2. HC[12] 93% a- B and/or C 2004 5
3. (R,S)-cycHC[6] 78% cl- B and/or C 2009 Al
4. MeBU[6] 30% cl- B and/or C 2010 68
5. BnBUI6] 65% I~ B 2011 12
6. PrBU[6] 15% a- B and/or C 2011 12
7. AllylBU[6] 60% - B 2013 13
8. (S,5)-cycHC[6] 85%,; cl; B and/or C 2013 72
64% Br~
9. norbornaHC[6] 9% (el B and/or C 2013 73
10. Biotin[6]uril 48%; als; B and/or C 2014 49
63% Br-
11. p(MeOCO)BnBUI[6] 2% Br B 2015 69
12. thioBU[6] 82% Cl; Br; I ClO,~ B 2015 14
13. (R,R)-cycHCI[8] from 71%; HCO,; B 2015 15
(R,R)-cycHCI6] 71%; PFs;
90% CF,CO,~
14. (R,R)-cycHCI[8] from 7%,; HCO,; B 2015 15
monomers 55%; PFs~;
73% CF,CO,~

* In heterogeneous reaction conditions solubility equilibrium through pathway C is marked effective, where it cannot be unequivocally
concluded whether the product solubility only influences its isolation or also the product formation.

covalent library, in which the equilibrium is driven, as a  cycHC[8] and their formate anion inclusion complexes, it is
response to the added template, towards the recombination of ~ not the cycle strain of (R,R)-cycHCs, but the inclusion
the thermodynamically most favourable product. According to complex with HCO, ", which induces a preference towards the
DFT-calculated Gibbs’ energies of (R,R)-cycHC[6] and (R,R)-  formation of (R,R)-cycHC[8]."""! (S,S)-CycHC[6] is shown to
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form inclusion complexes with halides and (R,R)-cycHC[8]
to form anion inclusion complexes size selectively with larger
anions.”™ Therefore, formation of chiral cycHCs proceeds
according to the route B, whereas water solubility equilibrium
of route C on Scheme 5 can also be effective in reactions
conducted in water (Table 3, lines 3, 8, 13, 14).

The selective formation of either 6- or 12-membered HCs
in presence of a Cl~ anion (Scheme 1)’ can be explained by
the joint impact of both the acid and the template. Higher
concentration of HCI accelerates the condensation reaction
and concurrently the higher abundance of Cl~ enhances the
thermodynamic stability of HC[6] through complexation,
suggesting that templating effect through the route B
(Scheme 5) takes place (Table 3, line 1). Thermodynamic
parameters for the binding of anions with substituted HCs'™*™!
have proven that anion binding in protonic media is entropi-
cally disfavoured, which is why at elevated temperatures the
binding of anions is suppressed. This might explain why at
lower Cl” concentration and at higher temperature, binding of
CI" to HC[6] is weaker and HC[6] is apparently thermody-
namically less stabilized. In such conditions the chain growth
process is not terminated by the formation of HC[6], so it
proceeds towards the formation of longer oligomers necessary
for formation of HC[12]."”) Furthermore, Buschmann et al.”®
have shown by a computational study that HC[12] can also be
stabilized by Cl™ anions, as HC[12] can take a conformation
with two compartments suitable for accommodation of Cl~
anions (Figure 7). Therefore it is plausible that formation of
both HC[6] and HC[12] are templated by Cl~ according to
thermodynamic control and as products HC[6] and HC[12]
both precipitate out of the reaction media routes B and C are
operative, Scheme 5 (Table 3, lines 1,2). Anion templated
mechanism is operating for all HCs, and Sindelar et al. have
proposed that anion binding may play role also in normal CB
formation.”””!

Figure 7. Map of electronic potential of 2CI"@HC[12]. Reprinted
with permission from reference [76]

Control over the formation of double bridged CBs is
challenging, mainly templates that allow selective isolation of
a member of the dynamic equilibrium have been utilized.
Nevertheless, the influence of metal cations on distribution of
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macrocyclic homologues is observed and therefore search for
more effective templates is encouraged. The dynamic charac-
ter of acylaminal linkers is more pronounced in singlebridged
HCs. In non-templated conditions 4-membered HCs are
selectively synthesised, while templates direct the formation
of larger macrocycles. Small anions like halides give mainly
6-membered HCs, while also 8- and 12-membered homo-
logues of this family have been prepared with high efficiency.

Structural interplay of hosts with their guests gives an
insight to the possible interactions with templates, therefore
the crystal structures of single bridged HCs are analysed in
next section. Structures of double bridged CB family members
in solid state are not discussed, as they have been reviewed
previously. ™

5. Hemicucurbiturils in Solid State

The dimensions of the hemicucurbiturils (HC[n]) were
measured based on their respective single crystal X-ray data
published in the Cambridge Structural Database (entries up to
May 2017). We were particularly interested in comparing the
cavity dimensions of different HCs and investigating short
host-guest interactions, to probe the extent to which the overall
shape of the host is affected by the size and position of the
guest molecule within the cavity. The common property of all
HCs with an even number of ethyleneurea is the alternate
orientation of the monomers, which creates a partially
positively charged cavity that attracts anions. The precise
shape and size of the cavity depends on the stereochemistry of
the HC and the number of monomers, ranging from inacces-
sibly narrow cavity of 4-membered HCs to larger open
cylindrical or isolated spherical cavities in 6- and 8-membered
HCs, to a loosely shaped elongated cavity of HC[12].
Although crystal structures essentially provide a frozen view
on the arrangement of molecules, a measure for the flexibility
of the hosts could also be gained, when comparing the cavity
dimensions of a single host in a complex with several different
guests.

The following analysis of the dimensions and host-guest
interactions of HCs is divided into sections to compare similar
hosts in higher detail. HC[n] are grouped based on the number
of monomers, with HC[6] further divided into (R,S)-isomers
and (R,R)- or (S,S)-isomers based on stereochemistry of the
ethyleneurea stereocenters.

Bambusurils,'? thiobambusurils''* and azabambusurils””’
syntheses have afforded the isolation of four-membered
macrocyclic molecules, for which five crystal structures in
total have been published. The small central cavity of these
tetrameric molecules is bordered from sides by flat urea
groups and rimmed on the portals by the tightly sitting
ethylene hydrogens (Figure 9, A and B). These two hydrogens
on each substituted ethyleneurea monomer face towards the
cavity, and create very narrow oblong passages to the central
cavity (Figure 9, C). The portal and cavity dimensions of the
tetrameric BU[n] are presented in Table 4. No guest molecules
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Figure 8. Representative structures with abbreviated names of substituted HCs discussed in this paper.
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Figure 9. A) The chemical structure of BU[4]s, with the ethylene hydrogens on the portal highlighted in blue. The portal diameter is indicated
with a blue arrow, the cavity diameter with a red arrow. B) top view on a crystal structure of allylazaBU[4] (CCDC 1401300 from ref. [70]) with
the cavity highlighted in element colours (C grey, N blue, O red and H white) and the substituents in light grey. C) the CPK representation of

the crystal structure.

are included to the centre of the cavity of BU[4], due to its
restricted size, but various guests can be seen to interact with
the portal hydrogens through weak hydrogen bonds from a
secondary binding site (Figure 10). Notably, in the crystal
structure of BnBU[4],""? two of the benzyl substituents on
each portal create a deep binding pocket for the acetonitrile
through additional favourable m-mt stacking interactions (Fig-
ure 10, A). The DMSO molecules in the fascinating crystal
structure of a linear thioBU[4]-HgCl, coordination polymer'
are also situated close to the bambusuril portals, fixed by two
moderately strong C—H:--O hydrogen bonds (Figure 10, B).

Isr. J. Chem. 2018, 58, 296313
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The corresponding binding sites in the crystal structures of
azaBUs"™ are sandwiched between stacked azaBUs by the
pincer-like N-allyl groups (Figure 10, C). These 171 A voids
(in CCDC 1401300) are reported to contain disordered solvent
molecules.

Of all the hemicucurbituril homologues, the 6-membered
are the most synthetically diverse. This is represented also by
the largest number of crystal structures in the CSD, affording
a sample of 25 structures to compare, the results of which are
compiled into Table 5. Due to a significant difference in the
shape of (S.5)-cycHC[6] (Table 5, line 25)"" and the 6-
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Table 4. Comparison of the tetrameric bambus[4]uril derivates.

Line no. BU[n] [deh]e CSD n guest guest Aortar iy Ref.

(centre) (portal)

1 BnBU[4] 809240 IYONIU 4 none MeCN 2.63 5.58, 5.59 12
2 thioBU[4] 1005159 LOWGAH 4 none MeCN, BU[4]“ 2.58 5.27,5.72 14
3 thioBU[4] 1005161 LOWGIP 4 none DMSO 2.81 5.62, 5.51 14
4 allyliminiumBU[4] 1401299 ATUFAY 4 none Void¥ 2.96 5.12,5.49 70
5 allylazaBU[4] 1401300 ATUFEC 4 none Void! 2.87 5.49, 5.43 70

Fl The distance between the hydrogen atoms across the portal of the BU[4]s at its narrowest point. ! The distance between carbonyl carbon
atoms across the cavity of BU[4]s. ¥ A sulphur atom of a neighbouring thioBU[4] is inserted to the secondary binding site. ¥ Void contains
disordered methanol molecules and traces of chloroform, that are omitted from the structure using the Squeeze technique (Platon, Speck,
2009). @ Void (171 A%) contains disordered methanol and chloroform molecules, that are omitted from the structure using the Squeeze
technique (Platon, Speck, 2009).

Figure 10. A) Position of guest MeCN molecules in the secondary binding sites of BnBU[4] (CCDC 809240 from ref. [12]). B) Fragment of the
coordination polymer thioBU[4]-HgCl, (CCDC 1005161, from ref. [14]) showing the hydrogen bonded DMSO molecules on each portal
(d(D---A) 3.077 A and 3.069 A). The hydrogen atoms on the methyl groups of DMSO are not modelled in the crystal structure. C) allylazaBU[4],
stacked along the crystallographic b-axis (CCDC 1401299, from ref. [70]), with the sandwiched void illustrated by a yellow oblate spheroid.

membered (R,S)-isomers, these diastereomeric hosts are
discussed separately.

The central cavity of the unsubstituted HC[6] and (R,S)-
isomers of substituted HC[6] is represented by a cylindrical
space between two coplanar layers of inwards facing ethyl-
eneurea hydrogens that rim the narrowest parts of the cavity
(Figure 11, A). These hydrogens are common in all of the
substituted (R,S)-stereoisomers and unsubstituted HCs. In
order to ascertain, whether the size of the guest is reflected in
the size and shape of the host, the radius from the portal
centroids to these hydrogens (r,,;,) and height of the cavity
(Meavin) Was measured (Figure 11, A), from which the volume
of the cylindrical space was calculated (V,q.,)- Additionally,
the radius from the cavity centroid to the carbonyl oxygen (r,)
was measured (Figure 11, B), to follow changes in the angle
of the monomer respective to the central axis of the macro-
cycle. Changes in the angle of the monomers is indicated by a
simultaneous contraction of r, and expansion of r,,,, or vice
versa, which signifies a degree of flexibility of the HC[n].

Isr. J. Chem. 2018, 58, 296313
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The central cavity of HC[6] is sufficiently large for the
complexation of a variety of anionic or neutral guest
molecules. Most prevalent of such are the 1:1 complexes with
halide anions, where the anion is bound within the centre of
the partially positively charged HC[6] cavity, held in place by
multiple C—H:--X~ hydrogen bonds to the ethylene hydrogens.
Sindelar etal. observed that the C—H--X~ distances in
MeBUJ6] crystal structures with either C1-, Br™ or I, increase
with increasing radius of the halide bound, indicating that the
macrocycle adapts to the larger size of the guest.'”®! Following
the dimensions of the unsubstituted hemicucurbit[6]uril,””’
biotin[6]uril,"”” bambus[6]uril'®"™ and its derivates,*’*%" the
same trend is seen within all host types in their respective 1:1
host-guest anion inclusion complexes. The overall correlation
between the cavity size (V,y.q,) of the macrocycles and the
size of the guest anion is weak (Figure 12), indicating that the
cavity size is not determined solely by the encapsulated guest,
but is also affected by the substituents on the core HC[n]
structure.
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Table 5. Comparison of the hexameric hemicucurbit[6]uril derivatives, ordered smallest to largest according to V‘y,,‘m,[a]
Lineno.  HC[n] CCDC CSD n  guest Feavity r, Py Voinder  Ref.
1 MeBU[6] 761932 GUVLEP 6 CI- 2.55 525 3.36 68 68
2 iminiumBU[6] 1401301  ATUFIG 6 Br 2.57,3.01" 523 339 70 70
3 HC[6] 235284 WAFHER 6 CI 2.63 525 333 72 5
4 (R,S)-cycHC[6], CHCl, 716122 OGUQIR 6 none 2.65 5.18 3.29 73 Al
5 thioBU[6] 1005160 LOWGEL 6 Br- 2.6 5.21 3.44 73 14
6 (R,S)-cycHC[6], CH,Cl, 716121 OGUQEN 6  none 2.7 5.18 3.32 76 n
7 BnBU[6] 999880 WUPWUB 6 CI- 2.66 5.16 3.44 76 80
8 picolyliminiumBU[6] 1401302 ATUFOM 6 I 2.67 517 3.44 77 70
9 Biotin[6]uril 988132 JOBZUX 6 I 2.68, 2.52 498 3.64 77 49
10 (R,S)-cycHC[6], 2:1 CHCl, 716124 OGUQUD 6 none 27 5.1 3.37 78 71
1 (R,S)-cycHC[6], 2:1 CCl, 716123 OGUQOX 6  none 271 5.1 3.38 78 n
12 BnBU[6] 965535 SISCOO 6 H,O &tosylates 2.69 5.15 3.49 80 82
13 AllylBU[6] 901486 LETGEY 6 I 2.7 5.14  3.50 80 13
14 PrBU[6] 811118 IYONUG 6 I 2.78 523 3.44 83 12
15 Biotin[6]uril 994261 JOCBAG 6 EtOH 2.70, 3.01 495 3.69 85 49
16 BnBU[6] 953267 SISClI 6 H,O &benzoates  2.23,3.14 5.08 3.52 85 82
17 Biotin[6]uril 1029718  ZOXNOR 6 H,0 297, 2.54 5.03 3.56 85 75
18 MeBU[6] 805141 IWEMED 6 Br~ 2.77 512 3.52 85 79
19 BnBU[6] 809242 IYONOA 6 H,0 &2 CI~ 2.77 5.07 3.58 86 12
20 HC[6] 235286 WAFHIV 6  propargyl alcohol  2.81 5.09 3.48 86 5
21 BnBU[6] 1419473  WUPXAI 6 SCN- 2.75, 2.80 5.05 3.61 87 80
22 MeBU[6] 805140 IWEMAZ 6 I 2.82 5.1 3.52 88 79
23 MeBU[6] 1439451  YAKNUW 6  diethyl phosphate  2.83 495 3.64 91 83
24 MeBU[6] 805142 IWEMIH 6 BF,~ 2.86 5.07 3.56 92 79
25 (5,5)-cycHCg] 945664 FIDVEV 6 none 2.96 (6ax) 503 815 N/A 72
3.23 (2ax)

E The volume of the cavity was approximated to the volume of the cylindrical space (Veyiinaer) between the two circular planes of the portal
ethylene hydrogens. ! Two values are given for the HC[6], where the two portals are significantly different in size. [/ One of the ethyleneurea
hydrogens is missing from the crystal structure. ¥ The radius of the ball-shaped cavity is measured as the average distance between the cavity
centroid and the inwards facing 2ax and 6ax protons. ¥ The cavity height is calculated between the two portal centroids of cycHC[6].

Figure 11. A) the chemical diagram of 6-membered substituted ((R,S)-isomer) or unsubstituted HCs, with the cylindrical cavity and the
rimming ethylene hydrogens highlighted in blue. Centroids used in the measurements are represented by red (cavity centroid) and green dots
(portal centroid). B) The crystal structure of HC[6] (CCDC 235284, from ref. [5]) showing the top view of the cylindrical cavity.

Neutral molecules such as water, ethanol or propargyl
alcohol can also be bound inside hemicucurbit[6]urils.>*"!
The portals to the central cavity are, in majority of the crystal
structures, wide enough to allow the encapsulated anionic or
neutral guest to interact with molecules outside the central
cavity, thus forming quaternary complexes through additional
binding sites at the portals of the HC[6]. Fascinating

Isr. J. Chem. 2018, 58, 296313
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exceptions to this are the crystal structures of I @AllylBU[6],
Cl" @BnBU[6] and SCN™~ @BnBU[6] complexes, where the N-
allyl or N-benzyl substituents shield the portals on the core
bambus[6]uril, thus fully isolating the guest anions from the
surroundings (Figure 13).1"*%)

A number of examples of quaternary complexes root from
the complexation of anions too large to fit into the central
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Figure 12. Correlation of the volume of the cavity of HC[n] to the guest size. Anion volume is calculated using a triangulated sphere model
(based corresponding crystal structure) through the Olex2 program package.®"

Figure 13. Top view of the stick and CPK representations of the crystal structures of A) AllylBU[6] iodide complex (CCDC 901486, from ref.
[13]); B) BnBU[6] chloride complex (CCDC 999880, from ref. [80]) and C) BnBU[6] thiocyanate complex (CCDC 1419473, from ref. [79])
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cavity of MeBU[6]s and BnBU[6]s. Benzoate, tosylate and
diethyl phosphate occupy the binding sites close to the portals
of the cavity, with a single trapped water molecule bridging
the width of the cavity between the two anions (Figure 14,
A,B and C).®*% The water molecule in these structures is
disordered between two positions. The resulting tertiary or
quaternary complexes are further stabilized by hydrogen bonds
between the guests and the portal hydrogens. Surprisingly,
chloride anions are also able to form such quaternary
complexes, upon crystallization of BnBU[6] and tetrabutylam-
monium chloride from chloroform in the presence of trace
amounts of water (Figure 14, D).!'!

Figure 14. Water-mediated quaternary complexes of BnBU[6] with A)
benzoate (CCDC 953267, from ref. [82]), B) tosylate (CCDC 965535,
from ref. [82]) and D) chloride (CCDC 809242, from ref. [12]), and a
similar MeBU[6] complex C) with diethylphosphate (CCDC 1439451,
from ref. [83])

The guests in the two shallow binding pockets on the
portals of the bambusuril, are inserted between the portal
ethylene hydrogens. The dimensions of the cavity can there-
fore be affected by steric repulsion from bulky guests or by
strong portal-to-guest interactions. BnBU[6], for example
adopts a pronounced ellipsoidal shape in complex with
benzoates,™™ reflecting the flat shape of the guests.

Exceptional triple anion quaternary complexes are de-
scribed for the positively charged picolyliminiumBU[6] host,
where additionally to the iodide or bromide at the center of the
cavity, two trifluoromethanesulfonate anions are located at the
portal binding pockets."™

The reported structures of (R,S)-cycHC[6] contain no
resolved guest molecules within the cavity of the macro-
cycle.”"! The dominating interactions involve hydrogen bond-
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ing between the carbonyl groups and surrounding solvent
molecules, or between neighbouring macrocycles, which in
some solvent combinations leads to the formation of
supramolecular cages potentially capable of accommodating
large guest molecules.

The diastereomers of the latter, the (S,S)- or (R,R)-cycHC
[1n]157>784] are ball shaped hosts, contrasting to the cylindrical
or bamboo stem shapes of the (R,S)-isomers. The cyclohexano
groups on each side of the cycHC[rn] lean together, creating a
round cavity bordered by narrow portals. The cavity dimen-
sions of (S,5)-cycHC[6] (Figure 15, A) and (R,R)-cycHC[8]
(Figure 15, C) were measured as illustrated on Figure 15, B.
The radius of the portal (r,,,,) was measured as the average
distance from the portal centroid to the portal-rimming
hydrogens 4ax and Segq; the cavity radius (r,,,;,,) was measured
as the average distance from the cavity centroid to both the
2ax and 6ax hydrogens, as these extend furthest into the cavity
of the cycHC[n] and cavity height (h,,,;,) was measured as the
distance between the centroids of opposite portals.

The crystal structure of (S,5)-cycHC[6] contains small
isolated voids within the cavities of the macrocycles.”” Based
on the lack of electron density in these voids,™ no guest
molecules are encapsulated. The larger 8-membered homo-
logue (R,R)-cycHC[8] on the other hand holds a cavity
sufficiently large to encapsulate a variety of guest molecules
(Figure 16)."*7* The guest anions are fixed within (R,R)-
cycHC[8] through multiple C—H--anion host-guest interac-
tions. Large octahedral anion SbF4~ that ideally fits the size
and shape of the (R,R)-cycHC[8] cavity is able to form sixteen
simultaneous C—H---F hydrogen bonds.”™ Smaller tetrahedral
anions form fewer simultaneous hydrogen bonds to the host
and are therefore disordered in the crystal structure.”™

Comparing the dimensions of (R,R)-cycHC[8] in all of its
reported anion inclusion complexes, it transpires that the
cavity size of (R,R)-cycHC[8] changes very little between the
complexes with different anions (Table 6). Cavity radius 7.,
changes within the range of 0.047 A (at 2ax hydrogens) and
0.113 A (at 6ax hydrogens) and the portal radii r,,,, varies in
the range of 0.154 A.

Regardless of the narrow flexibility window of r,,,, and
T'orat» these parameters appear to be correlated to the size of
the bound anion, indicating that (R,R)-cycHC[8] does adapt to
a small extent to the bound guest molecule (Figure 17). This
effect is in the range of 5 %, which is less prominent compared
to the bambus[6]uril halide complexes, where the r,,;, of
BU[6] changes from 2.55 A in a CI” complex, to 2.77 A in
Br and2.82 AinT, corresponding to a 9.5 % change

Whether the isostructurality of the anion inclusion com-
plexes of (R,R)-cycHC[8] is caused by these insignificant
changes in the shape of the host, or whether the isostructural
packing of molecules causes the apparent rigidity of the host
is a topic for further discussions.

The largest hemicucurbituril macrocycle synthesized and
crystallized is the unique hemicucurbit[12]uril.” The mono-
mers of HC[12] seem to deviate from the alternate orientation
in the crystal structure as there is less restrictions to the angle
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Figure 15. The structure of (S,5)-cycHC[6] (on the left) and (R,R)-cycHC[8] (on the right). Centroids used in the measurements are drawn as
red (cavity centroid) and green dots (portal centroid) on a graphic representation of the ball-like cycHC[n] (center). A monomer of cycHC[n] is
drawn on the graphic, to highlight the hydrogens 5eq and 4ax that rim the portals (green) and the hydrogens 2ax and 6ax that are located on

the inside wall of the cavity.

CCDC 1514738
Site occupancies:
35%, 25%, 23%, 17%

CCDC 1521388
Site occupancies:
29%, 25%, 24%, 22%

CCDC 1514736
One fully occupied site

CCDC 1514737
One fully occupied site

CCDC 1514739
Site occupancies:
60%, 40%

CCDC 1514740
Site occupancies:
46%, 37%, 17%

CCDC 1514741
Site occupancies:
87%, 13%

Figure 16. The position of anions in the host-guest complexes of (R,R)-cycHC[8] in the respective crystal structures [74]

at which the monomer can be tilted respective to the central
axis of the macrocycle. HC[12] adopts an ellipsoidal form in
the crystal structure of the chloroform clathrate, with two
carbonyl groups of the closest monomers pointed into the
central cavity (Figure 18).

6. Summary

The dynamic character of CBs is rooted in the reversible
formation of its acylaminal linkers, which can be controlled

Isr. J. Chem. 2018, 58, 296313

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

by external stimuli. Both the kinetic and thermodynamic
template effects may influence the formation of the acylami-
nals, and it is evident that solubility equilibrium plays an
important role in the chemistry of CBs. Thermodynamically
favourable C-shape of oligomers preorganise the linear
oligomers, which often leads to non-templated macrocyclisa-
tion. Nevertheless, in one-pot polymerisation reaction some
CB family members can be prepared selectively and effec-
tively through formation of 12 to 24 C—N bonds. According to
our knowledge the experimental kinetic data on formation and
cleavage of single acylaminal linker have not been explored.
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Table 6. Comparison of the dimensions of cyclohexanohemicucurbit[8]uril in complex with different guest molecules.

Lineno.  HC[8] CCDC CSD n  guest Feavity r, Pcauity Fportal Ref
1 (R,R)-cycHC[8] 1053111  QUMNIX 8  disordered MeOH  3.669 (Gax), 4316 (2ax) 6.615 7.619 3271 15

2 (R,R)-cycHC[8] 1514736  ECADIY 8 PFs 3.591 (6ax), 4.156 (2ax) 6.729 7.334 3.066 74

3 (R,R)-cycHC[8] 1514737 ECADOE 8  SbFy~ 3.636 (Gax), 4.189 (2ax) 6.709 7.440 3.071 74

4 (R,R)-cycHC[8] 1514738 ECADUK 8 BF,” 3.566 (Gax), 4.145 (2ax) 6733  7.287 2985 74

5 (R,R)-cycHC[8] 1514739  ECAFAS 8  ReO,” 3.631 (6ax), 4.163 (2ax) 6717 7.398 3.047 74

6 (R,R)-cycHC[8] 1514740 ECAFEW 8 10, 3.591 (6ax), 4.160 (2ax) 6.724 7.403 3.042 74

7 (R,R)-cycHC[8] 1514741  ECAFIA 8 CFSO; 3.633 (Gax), 4183 (2ax) 6.710 7.378 3.062 74

8 (R,R)-cycHC[8] 1521388  UBIBOZ 8 Cclo,” 3.576 (6ax), 4.146 (2ax) 6735 7.297 2988 74

B Void (123 A%) at the cavity centre contains a diffuse methanol molecule, which is omitted from the structure using the Squeeze technique

(Platon, [86]).

85,00
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&~ 75,00
< 70,00
& 65,00
2 60,00
3 .
9 55,00 &
O 5000 | g -
45,00
40,00
2,980 3,000 3,020 3,040 3,060 3,080

I'oortar (@VErage)

R%*=0,8193

85,00

CFSOs ..
80,00 %o

<" SbFy
o

orry

_.“.ReO;

2 60,00 %or

0 55,00 ¢ co,

O 50,00 ® BR,
45,00

40,00
4,130

R?=0,9109

4,150 4,170
I'eavity (based on proton 2ax)

4,190

Figure 17. Correlation of the average portal radius (f,n.) of (R,R)-cycHC[8] to the guest size (left) and the correlation of the (R,R)-cycHC[8]

cavity radius measured at the 2ax hydrogen {r,

wwity) tO the guest size (right). Anion volume is calculated using a triangulated sphere model

(based corresponding crystal structure) through the Olex2 program package. [81]

Figure 18. Side and top view of the HC[12] as seen in the crystal structure (CCDC 235287, from ref. [5])

Therefore further investigations may lead to improvement on
understanding and eventually new outcomes in CB chemistry.
The crystallographic analysis of hemicucurbiturils maps out
the potential interactions of these macrocycles with templating
compounds. The size of the encapsulated guest molecule is
observed to have an effect on the cavity size of the HC[n]

Isr. J. Chem. 2018, 58, 296313

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

host, indicating that HC[n]s are able to adapt to the size of the
guest. Templates can affect distribution between formed
double bridged CBs and moreover formation of singlebridged
HCs can be controlled by a template with exceptional
selectivity. Based on that one can envision further develop-
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ment toward adaptable hosts, utilizing acylaminal linkage as a
new tool.
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APPENDIX 2

Optimized geometries of the anions
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9.42143
8.84076






APPENDIX 3

Crystallographic data for the unpublished crystal structures

Single crystal X-ray diffraction data was collected on Agilent SuperNova Dual
diffractometer, equipped with an Atlas detector and an Oxford Cryostream cooling
system, using mirror-monochromatized Cu-Ka radiation (1.54178 A). CrysAlisPro®! was
used for data collection, processing and for applying numerical absorption correction.!?
Structures were solved using SHELXT.*3 The structures were refined by full matrix least-
squares method against F?> with SHELXL-2016"¥ through WinGX">! and OLEX2!®!
program packages. All non-hydrogen atoms were refined with anisotropic atomic
displacement parameters, hydrogen atoms were calculated to their optimal positions
and treated as riding on their parent carbon and oxygen atoms, with Uiso(H) = 1.2Uiso(C)
for CH and CH,. Appropriate restraints were applied to the geometry and atomic
displacement parameters of the atoms throughout the structures. Namely, SIMU
restrains on the anisotropic displacement parameters of the two components of the
cyclohexano-group disorder in K(PFs@cycHC[8]), and SADI restraints on the bond
distances of these disorder components were applied. RIGU restraints were applied to
the anisotropic displacement parameters throughout the structure. The figures were
drawn using the programs Mercury®” and POV-Ray."®!

Refinement details for K(PFs@cycHC[8])

The position of two potassium ions was located from the electron density map, based on
the highest residual electron density peaks (4.8 e A2 and 3.96 e~ A73) and refined with
s.o0.f. 0.5 each (Figure Al). Attempts to refine the position of the solvent molecules and
the remaining potassium ion disorder components (sum of s.o.f. 1) were unsuccessful.
The highest residual electron density at peaks 2.7 — 2.8 A from the carbonyl groups (Table
A3) reflect the positional disorder between hydrogen bonded methanol molecules and
potassium ions, which could not be modelled accurately. One of the cyclohexano-groups
of cycHC[8] was modelled in two disorder components (s.o.f. 0.612(17)/0.388(12)).

01D 0o1C

o1B
e

KIA' o1 £ 01A K1A  o1Ei

Figure Al. The asymmetric unit in the crystal structure of K(PFs@cycHC[8]), showing the position
of the encapsulated PFs~ anions and the potassium ions between the filled molecular capsules. The
anisotropic displacement ellipsoids are drawn at a 50% probability level. Symmetry codes:
i)x,1+y,2zii)x, -1+y,z
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Table A1. Crystallographic data for the inclusion complex of K(PFs@cycHC[8]). Data for the model
(Figure A1) both before and after running the SQUEEZE procedure is presented. The solvent
accessible voids determined by SQUEEZE are listed in Table A2. Highest residual electron density
peaks in the dataset before the SQUEEZE procedure (left) are compiled in Table A3.

K(PFs@cycHC[8])
Empirical formula Ci28H192F12K1N3,016P2
Formula weight 2783.71
Temperature/K 123.00(10)
Crystal system monoclinic
Space group (o)
a/A 49.6606(8)
b/A 18.8972(2)
c/A 22.1724(3)
of° 90
B/° 124.956(2)
v/° 90
Volume/A3 17053.7(6)
V4 4
Deac/g cm™3 1.084
w/mm-?t 1.170

Crystal size/mm?3

Shape and colour of cryst.
Crystalliz. solvent

Radiation

20 range for data collection/®
Index ranges

0.4615 x 0.3297 x 0.1408
colourless, block
methanol
Cu Ka (A = 1.54184)
6.176 to 149.238
-61<h<54,-23<k<23,-27</<27

Reflections collected 77808

Independent reflections 33120 [Rint = 0.0188, Rsigma = 0.0213]
Dataset: Before SQUEEZE After SQUEEZE
Data/restraints/parameters 33120/1851/1769 33120/1855/1769
Goodness-of-fit on F? 2.249 1.367

Final R indexes [/ 2 20 (/)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter x

Ry =0.1738, wR, = 0.4401
Ry =0.1770, wR; = 0.4490
3.83/-0.64
0.095(6)

R1=0.0925, wR, =0.2784
R1=0.0952, wR, = 0.2879
2.63/-0.47
0.057(5)

Table A2. Solvent accessible voids (probe radius 1.2 A, grid step 0.2 A) determined by SQUEEZE
procedure, containing the disordered solvent (methanol) molecules and the remaining unresolved
K disorder components. The coordinates of the voids are given as an average over the extent of the

void.
Void no. X y z Void volume (A3) e~ count
1 0.000 -0.217 0.500 219 55
2 0.000 -0.203 0.000 1596 499
3 0.500 0.297 1.000 1596 499
4 0.500 0.283 0.500 219 55
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Table A3. The highest residual electron density peaks in the dataset before running the SQUEEZE
procedure, which reflect the position of disordered hydrogen bonded methanol molecules and
potassium ions.

Q peak e A3 Closest to Distance to the closest atom (A)
1 3.83 01B 2.74

2 3.14 01l 2.76 (1.83 from K1A)
3 3.07 01M 2.71 (2.64 from K1A)
4 3.00 01G 2.72

5 2.71 O1N 2.74

6 2.52 O1L 2.68

7 2.41 O1H 2.66

8 2.40 H1A 2.64

9 2.34 o1pP 2.84

10 2.20 K1A 2.59

Refinement details for Na(SbFs@cycHC[8])

The position of the sodium ions was modelled over four positions, located based on the
highest residual electron density peaks (4.8, 4.14, 3.69 and 3.02 e~ A~3) and refined with
fixed s.o.f. 0.5 (Figure A2). The highest remaining residual electron density at peaks 2.7 —
2.8 A from the carbonyl groups (Table A2) reflect the disordered hydrogen bonded
methanol molecules, which could not be modelled accurately.

Na3A'

)

Figure A2. The asymmetric unit in the crystal structure of Na(SbFs@cycHC[8]), showing the position
of the encapsulated SbFs~ anions and the sodium ions (s.o.f. 0.5 each) between the filled molecular
capsules. The anisotropic displacement ellipsoids are drawn at a 50% probability level. Symmetry
codes:i)1.5-x,0.5+y,1.5-2zii)1.5-x,-0.5+y, 1.5- 2.
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Table A2. Crystallographic data for the inclusion complex of Na(SbFs@cycHC[8]). Data for the
model (Figure A2) both before and after running the SQUEEZE procedure is presented. The solvent
accessible voids determined by SQUEEZE are listed in Table A5. Highest residual electron density
peaks in the dataset before the SQUEEZE procedure (left) are compiled in Table A6.

Na(SbFs@cycHC[8])
Empirical formula CeaHosFsN1sNaOgSb
Formula weight 1476.30
Temperature/K 123.01(10)
Crystal system monoclinic
Space group 12
a/A 22.29786(17)
b/A 18.91742(17)
c/A 41.3649(3)
of° 90
B/ 98.8036(8)
v/° 90
Volume/A3 17242.9(2)
V4 8
Deac/g cm™3 1.137
w/mm-?t 3.138

Crystal size/mm?3

Shape and colour of cryst.
Crystalliz. solvent

Radiation

20 range for data collection/®
Index ranges

0.2198 x 0.1848 x 0.1133
colourless, block
methanol
Cu Ka (A = 1.54184)
6.158 to 147.014
-26<h<27,-23<k<22,-49</<51

Reflections collected 79079

Independent reflections 33117 [Rint = 0.0245, Rgigma = 0.0285]
Dataset: Before SQUEEZE After SQUEEZE
Data/restraints/parameters 33117/1699/1747 33117/1699/1747
Goodness-of-fit on F? 1.303 1.035

Final R indexes [/ 2 20 (/)]
Final R indexes [all data]
Largest diff. peak/hole / e A3
Flack parameter x

Ry =0.0911, wR, = 0.2637
Ry = 0.0945, wR; = 0.2741
2.73/-0.92
-0.001(2)

Ry = 0.0452, wR, = 0.1303
Ry =0.0483, wR, = 0.1351
1.95/-0.72
-0.0075(16)

Table A5. Solvent accessible voids (probe radius 1.2 A, grid step 0.2 A) in the unit cell of
Na(SbFs@cycHC[8]) determined by SQUEEZE procedure, containing the disordered solvent
(methanol) molecules. The coordinates of the voids are given as an average over the extent of the

void.
Void no. X y z Void volume (A3) e~ count
1 0.000 -0.128 0.000 1922 597
2 0.998 0.372 0.500 1922 597
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Table A6. The highest residual electron density peaks in the dataset before running the SQUEEZE
procedure, which mainly reflect the position of disordered hydrogen bonded methanol molecules.

Q peak e A3 Closest to Distance to the closest atom (A)
1 2.73 01K 2.72
2 2.63 o1l 2.75
3 2.59 NalA 1.97
4 2.53 01B 2.81
5 2.49 01cC 2.74
6 2.48 01B 2.70
7 2.42 010 2.77
8 2.15 O1E 2.63
9 2.09 O1H 2.78
10 2.08 NalA 2.78
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