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Abstract     

Sigma -Hole Non -Covalent Interactions in Anion 

Host -Guest Chemistry and the Mechanical Bond  

WŀƴŜ ¸Φ [ƛŜǿΣ {ǘΦ tŜǘŜǊΩǎ /ƻƭƭŜƎŜΣ ¦ƴƛǾŜǊǎƛǘȅ ƻŦ hȄŦƻǊŘ 

Abstract of thesis submitted for the degree of Doctor of Philosophy, Michaelmas Term 2020 

¢Ƙƛǎ ǘƘŜǎƛǎ ŘŜǎŎǊƛōŜǎ ǘƘŜ ǳǎŜ ƻŦ ˋ-hole interactions in acyclic, macrocyclic and mechanically 

interlocked receptors for anion recognition and sensing. 

Chapter 1 provides an overview of the field of supramolecular host-guest chemistry with particular 

ŦƻŎǳǎ ƻƴ Ƙƻǎǘ ǎȅǎǘŜƳǎ ōŜŀǊƛƴƎ ˋ-hole donor motifs for anion guest binding, followed by a discussion 

of mechanically interlocked host molecules for anion recognition and sensing.  

Chapter 2 describes the synthesis of air and water stable acyclic tellurium and selenium-based 

chalcogen bonding receptors followed by an investigation of their thermodynamic anion binding 

properties in organic and mixed aqueous/organic solvent media. The integration of halogen 

bonding and chalcogen bonding motifs into mechanical interlocked molecular structural 

frameworks is also explored. 

Chapter 3 ŘŜǘŀƛƭǎ ŎƻƳōƛƴƛƴƎ ˋ-hole donors and the BINOL motif to form chiral host receptors. The 

synthesis of a chiral halogen bonding [2]rotaxane structure is described as well as chiral acyclic and 

macrocyclic receptors possessing four integrated halogen bond-donors which are shown to be 

capable of binding chiral carboxylate anions. The enantioselective properties of these receptors 

ǿŜǊŜ ŘŜǘŜǊƳƛƴŜŘ ōȅ ƳƻƴƛǘƻǊƛƴƎ ǘƘŜ ŦƭǳƻǊŜǎŎŜƴŎŜ ŎƘŀƴƎŜǎ ƻŦ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ǊŜŎŜǇǘƻǊΩǎ ƛƴǘŜƎǊŀǘŜŘ 

BINOL or pyrene fluorophore upon chiral anion guest binding. 

Chapter 4 introduces the use of halonium cation species in supramolecular chemistry. Primarily, 

this chapter investigates the stability of iodonium species in pyridyl-based pseudorotaxane 

assemblies and mechanically bonded [2]rotaxanes using NMR spectroscopy. 

Chapter 5 summarises the conclusions of this thesis. 

Chapter 6 describes the experimental procedures carried out in this work detailing characterisation 

of novel compounds presented in chapters 2-4. Additional information pertaining to 

crystallographic data and computational work are provided in the Appendices. 
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1 | Introductio n 
Chapter 1:  Introduction  

1.1. Fundamentals of Anion Sup ramolecular 

Chemistry  

1.1.1. The Field of Supramolec u lar Chemistry  

The Nobel Prize has been awarded twice in the field of supramolecular chemistry since its origin in 

the late 1960s. Pedersen, Lehn and Cram were awarded the Nobel Prize in 1987 for their work in the 

ñdevelopment and use of molecules with structure-specific interactions of high selectivityò. 

Specifically, they took advantage of non-covalent interactions such as electrostatic ion-dipole 

interactions, van der Waals forces, ˊ-interactions and hydrophobic effects to design novel host 

molecules for the recognition of cationic guest species.   

Pedersen serendipitously discovered the first crown ether, dibenzo[18]crown-6, a neutral synthetic 

receptor with an affinity for alkali metal cations.1 Importantly, he determined a complementary 

crown ether cavity ï alkali metal cation diameter size match, where for example, dibenzo[18]crown-

6 formed the strongest complex with the potassium cation. (Figure 1i). Lehn went on to build on 

Pedersenôs work on crown ethers to synthesise three-dimensional analogues, the cryptands which 

exhibit even higher affinity for alkali metal cations.2 Having a cavity of complementary size, the 

[2.2.2]cryptand was observed to bind potassium cation selectively (Figure 1ii). 
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Cram subsequently introduced the concept of preorganisation where the more preorganised and 

desolvated a host is, the more strongly the host system will bind its guest.3 To illustrate, he 

specifically designed a conformationally rigid macrocycle known as a spherand consisting of 

octahedrally arranged aryl methoxy oxygen donors whose cavity bound the lithium cation with 

exceptional strength. (Figure 1iii). Cramôs work expanded to a wide variety of supramolecular 

structures with emphasis on preorganised cavities, all of which contributed to the stimulated growth 

of supramolecular host-guest chemistry from which evolved the self-assembly field of 

supramolecular chemistry.   

 

Figure 1. i) Pedersen´s dibenzo[18]crown-6 K+ complex, ii) Lehn´s 2.2.2 cryptand K+ complex, iii) 

/ǊŀƳΩǎ ǇǊŜƻǊƎŀƴƛǎŜŘ ƻŎǘŀƘŜŘǊal arrangement of methoxy oxygen donors within the spherand Li+ 

complex. 

Advancement of the field continued to surpass expectations with the 2016 Nobel Prize in Chemistry 

being awarded to Sauvage, Stoddart and Feringa ñfor the design and synthesis of molecular 

machinesò. Sauvage and Dietrich-Buchecker published the first high-yielding, practical synthesis of 

a catenane using Cu(I) in a novel template approach.4 Inspired by coordination chemistry, bidentate 

binding of Cu(I) by phenanthroline ligands in an orthogonal, tetrahedral stereochemical coordinating 

fashion provided preorganisation of catenane precursors. Subsequently, double ring closing with 

tetraethylene glycol ditosylate, Cs2CO3 in DMF under high dilution conditions resulted in the 

formation of Cu-bound [2]catenane in 27 % isolated yield (Figure 2i). The use of transition metals 

as templates for the formation of mechanically interlocked molecules was the first of its kind and 
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has since inspired others in their synthesis of these supermolecules. Stoddart and co-workers took 

advantage of aromatic donor-acceptor interactions as a template method to thread an electron-

deficient viologen macrocycle onto an electron-rich hydroquinone containing axle precursor (Figure 

2ii). The resulting interpenetrated assembled structure, termed a pseudorotaxane, was then capped at 

both ends to form a [2]rotaxane. Furthermore, the authors were able to induce shuttling motion of 

the viologen macrocycle by manipulation of its chemical, redox and photophysical properties.5  

 

 

Figure 2i) Sauvage´s solid state structure of a [2]catenane with Cu-bound by two phenanthrolines, 

ii) Stoddart´s donor-ŀŎŎŜǇǘƻǊ ƳƻƭŜŎǳƭŀǊ ǎƘǳǘǘƭŜ ŀƴŘ ƛƛƛύ CŜǊƛƴƎŀΩǎ ǳƴƛŘƛǊŜŎǘional light-driven 

molecular motor. 

Feringa synthesised the first unidirectional molecular motor based on the photoinduced isomerisation 

of a carbon-carbon double bond (Figure 2iii) .6 Due to the advantage of moving molecules via a ñnon-
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invasiveò fashion, this chemistry was able to be applied to a broad range of applications including 

photopharmacology7,8 and nanocars6,9. The use of such molecular machines has been expanded to a 

wide range of applications, where a molecular elevator10 made use of electrostatic interactions via 

acid/base reactions to stimulate the movement of a tris(macrocycle) along tripodal arms, light-

induced conformational change of a foldamer for selective chloride recognition11, redox-mediated 

intramolecular ion translocation12 as well as anion-induced molecular shuttling13. 

The project theme of this thesis primarily focuses on molecular receptors for anion recognition. In 

the following sections, this introductory chapter discusses the importance and challenges of anion 

coordination chemistry, a brief review of the types of synthetic receptors binding anions through 

various non-covalent interactions and how mechanically interlocked molecules can be exploited for 

anion recognition and sensing applications alongside other examples. 

 

1.1.2.  Importance & Challenges of Anion 

Coordination Chemistry  

Anions play fundamental important roles in living organisms, where highly selective biotic anion 

receptors have evolved to bind anions selectively. Phosphate species, essential for life are found in 

the backbone of nucleic acids (DNA/RNA), crucial in storing genetic information, and in ATP and 

ADP, which are vital in metabolic pathways and energy transfer in cells.14 Due to the apparent 

limited bioavailability of phosphorus, biomechanisms developed to have high-affinity and high-

specificity for phosphate over a plethora of competing anions. An example is the binding of 

phosphate by the phosphate binding protein (PBP; Kd = 0.31 × 106 M at pH 8.5)15 which occurs at 

relatively low concentrations to meet the metabolic demands of cell bacteria.16 The binding site of 

PBPs (E. Coli, Mycobacterium tuberculosis) comprise of 8 amino acid residues forming 12 hydrogen 

bonds with the phosphate anion, where the key residue (aspartate) was found to have a short contact 

forming a low barrier hydrogen bond (Figure 3i). This was suggested to be responsible for the high 
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selectivity of phosphate over geometrically similar anions such as arsenate (~3 orders of magnitude) 

or sulphate (~5 orders of magnitude).17  

Chloride-ion channels (CIC) are transmembrane proteins regulating ion concentration in cells, 

genetic mutations of which gives rise to incurable diseases such as cystic fibrosis, renal salt loss and 

hyperekplexia.18 In a study on the mechanism of chloride binding in CIC proteins (Salmonella 

enterica Serovar Typhimurium, E. coli), analysis of the crystal structure reveals a hydrogen-bonding 

anion binding site complemented by an electrostatically favourable arrangement of helices for 

chloride binding (Figure 3ii) .19   

 

i) 

 

ii)  

 

Figure 3. i) Phosphate-binding protein with 12 hydrogen bonds involved 17 ii) Binding site of chloride-

ion Channel (CIC) with hydrogen bonds (white dashed) and hydrophobic (green dashed) contacts of 

amino acid side chains to chloride anion(red ball). 

The agricultural overuse of nitrogen- and phosphorous-based fertilisers results in contaminated soil 

and ground water entering freshwater lakes leading to eutrophication and the disruption of aquatic 

life cycles. Nitrate in particular causes a stimulation of soil microbes which convert nitrogen to 

nitrous oxide (N2O), a long-lived greenhouse gas and stratosphere-depleting substance.  

The ubiquitous presence of anions in diverse environments results in their selective recognition being 

a major challenge. The examples presented in this section highlight the crucial role anions play in 

biology, physiology and the environment. Nature has perfected the mechanism of selective anion 
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recognition and from this, inspiration is drawn in the design and synthesis of abiotic anion receptors. 

Research methodologies have been established to recognise and sense target anions of relevant 

importance by means of understanding the intrinsic properties of anions (see next section) and 

rational receptor design (Section 1.2) taking advantage of non-covalent interactions (Section 1.3).  

Intrinsic Properties of Anions  

The intrinsic properties of anions take into consideration the following: i) ion size and geometry, ii) 

charge density, iii) polarizability, iv) pH sensitivity and v) enthalpy of hydration.18,20ï23 Anions are 

larger in ionic radius compared to cations, and therefore, have smaller Coulombic interactions due 

to their lower charge density. They also vary in geometry ranging from simple spherical anions like 

halides to tetrahedral anions like sulfate or phosphate to complex anionic structures like chiral amino 

acids or DNA structures (Figure 4).  

   
 

Spherical 

(Cl-, Br-, I-) 

Linear 

(N3
-) 

Bent 

(NO2
-) 

Trigonal Planar 

(CH3COO-) 

  
 

 

Square Planar 

(AuCl4-, PtCl42-) 

Tetrahedral 

(SO4
2-, H2PO4

-) 

Octahedral 

(PF6-) 

Chiral 

ό-hhelix DNA) 

Figure 4. Molecular models showcasing different anion geometries. 
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Furthermore, anions are pH sensitive; they can become protonated at relatively moderate pH values. 

They also possess higher hydration energies compared to the smaller isoelectric cations. This is 

reflected in the Hofmeister series (Figure 5). 

 

Figure 5. The Hofmeister series from hard anions (left) to soft anions (right).18  

The Hofmeister series was established through the study of salts and their effect on the solubility of 

proteins. The most stabilising anions were found to be strongly hydrated anions while those that 

destabilised the protein the most were found to be hydrophobic in nature. Since then, the Hofmeister 

series has been used to pertain to the classification of anion solvation. As anion binding studies take 

place in solution, the nature of host and guest solvation is particularly important in determining 

binding strength and selectivity. Compared to cations of similar charge and size, anions have 

inherently higher free energies of solvation. For example, ions with similar ionic radius F- and Na+ 

possess standard free energies of hydration (ȹGhydÁ) that are significantly different; ȹGhyd° (F-) = - 

465 kJ mol-1 and ȹGhyd° (Na-) = -365 kJ mol-1.24 Consequently, anion receptors have a larger enthalpic 

term to overcome upon binding an anion, where weakly associating aprotic solvents (chloroform or 

acetone) allow for relatively easier binding of anions while competitive protic solvents (water or 

methanol) can form hydrogen bonding interactions forming highly solvated host and anion guest 

species.  

When it comes to the ability to selectively bind anions with high affinity, chemists look towards 

nature, which has devised highly efficient and selective building blocks for recognition. The question 

is then, can synthetic receptors be designed to mimic natureôs host-guest recognition capability? In 
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an attempt to do this, chemists have explored a vast range of host designs for anion recognition, 

including acyclic, macrocyclic and mechanically interlocked structures such as rotaxanes and 

catenanes. As a result, anion supramolecular chemistry has found applications in a wide variety of 

areas. From nuclear waste management where efficient, selective recovery of radioactive material 

like pertechnate (TcO4-) is performed,25  to synthetic receptors for medical purposes like drug 

delivery or therapy26. In all cases, selective anion binding is achieved by careful consideration of 

host design, including preorganisation, host-guest complementarity and the appropriate choice of 

non-covalent interactions.22 The latter can, for example, include electrostatics, hydrogen bonding 

and ů-hole donor interactions like halogen bonding (XB) and chalcogen bonding (ChB), which will 

be discussed further in Section 1.2.  

1.2.  Fundamental Aspects and Considerations for 

Anion Host Design  

1.2.1.  Complementarity  

The abundance of anions with different shapes and sizes requires the design of highly specific hosts 

in order to achieve selective binding. Complementarity of host cavity to guest shape and size has 

been explained by two concepts: i) the ólock and keyô concept based on enzyme-substrate 

relationships and later ii) the induced fit model where the enzyme undergoes a conformational 

change to improve its binding of substrates.27  

1.2.2.  Principle of Preorganisa tion  

The concept of preorganisation, first introduced by Cram states that ñthe more highly hosts and 

guests are organized for binding and low solvation prior to their complexation, the more stable will 

be their complexesò.28 One such example is the macrocyclic effect whereby a macrocyclic host, 

providing high structural integrity and a shielded environment (i.e. from solvent), will form a more 

stable complex with its guest. With the evolution of the field, it has been observed that 

preorganisation of a receptor results in thermodynamically stronger host-guest association, where 
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cavity shape complementary and low solvation increases from acyclic < macrocyclic (see spherand 

example Figure 1iii) < mechanically interlocked molecules (MIMs). 

1.3.  Non -covalent Interactions in Anion 

Supramolecula r Chemistry  

As mentioned in Section 1.1, non-covalent interactions are a fundamental aspect of supramolecular 

chemistry. These non-covalent interactions differ in interaction strength with the strongest 

interaction approaching the strength of a covalent bond (Table 1). This section will briefly discuss 

those non-covalent interactions that are commonly exploited in anion host design, specifically, 

electrostatic interactions, hydrogen bonding, ů-hole interactions and anion-ˊ interactions. 

Table 1. Non-covalent interaction strength in kJ mol-1 compared to covalent bonds29 

Type of Interaction Strength (kJ/mol) 

Covalent Bond 150-450 

Ion-Ion 100-300 

Ion-Dipole 50-200 

Dipole-Dipole 5-50 

Hydrogen Bond 5-120 

-́ˊ Interaction 0-50 

van der Waals < 5 

Electrostatic interactions are the attractive or repulsive forces between charged species. This can be 

described by Coulombsô Law where the force (F) is equal to the product of each charge (qi), divided 

by the square distance between their centres (r) and multiplied by Coulombsô constant k. 

Ὂ  Ὧ
ήή

ὶ
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As a consequence of this relationship, ion-ion, ion-dipole and dipole-dipole interactions have various 

degrees of interaction energy dependent on the distance between the species (Table 1). 

Hydrogen bonding (HB) describes the attractive force between a hydrogen atom covalently bonded 

to an electronegative atom such as N, O or F, creating an induced dipole moment along the covalent 

bond which then allows interaction with a Lewis Base such as an anion. This interaction is usually 

linear (180°); where the closer the angle of interaction is to 180°, the stronger the HB interaction and 

the closer the contact is.30 HB interaction strength can range between 5 ï 120 kJ/mol (Table 1). 

ů-Hole interactions involving Halogen Bonding (XB): ů-holes were first observed in halogenated 

methanes (CH3)3CX, where X = halogen) where analysis of the molecular electrostatic potential 

(MEP) revealed that the electrostatic potential (ESP) around the halogen atom is anisotropic with 

regions of positive and negative values. In 2013, the International Union of Pure and Applied 

Chemistry (IUPAC) presented a recommended definition of the halogen bond,31 which ñoccurs when 

there is evidence of a net attractive interaction between an electrophilic region associated with a 

halogen atom in a molecular entity and a nucleophilic region in another, or the same, molecular 

entityò.  
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i) 

 

 

 

 

 

ii ) 

 

iii) 

 

 

Figure 6. i) Representation of a halogen bond where the electron withdrawing group covalently 

bound to a donor atom induces an electropositive region which interacts with a Lewis base (A) ii) 

Electrostatic potential (ESP) in Hartrees projected on a surface of 0.001 au32 of methane (A), 

chloromethane (B), bromomethane (C) and iodomethane (D).33 iii) Halogen bond donor orbitals 

filled (dark lobes) and a region of electropositive area (empty lobe) suitable for interaction with a 

Lewis Base.  

The halogen bond (XB) is the non-covalent interaction between an electron deficient halogen atom 

(X), which is covalently linked to an electron withdrawing group R, and a Lewis base (B) (Figure 

6i).21,34 The ů-hole is situated at the halogen atom pole and is more electropositive than the rest of 

the ESP of the halogen atom. Halogen bond strength increases from chlorine to bromine to iodine, 

as iodine is the largest, most polarisable and electropositive of the halogens (Figure 6ii) .21,33ï36 XB 

interaction strength has been measured to be between 10-200 kJ/mol, comparable to HB.21 Atomic 

orbital analysis of this interaction found low significance in hybridisation of halogens, thus electrons 

were found to be localised around the px, py and inner half of pz orbitals, leaving the outer pz orbital 

to be electron deficient (Figure 6iii) .33 

ů-hole interactions involving chalcogen bonding (ChB), pnictogen bonding (PnB), tetrel bonding 

(TB): In recent years, ů-hole interactions other than XB have started to gain research traction. The 
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rapid increase in interest led to the IUPAC workshop (Interactions Involving Group 14 - 16 Elements 

as Electrophilic Sites: A World Parallel to Halogen Bond, 2017, South Carolina, USA) where the 

scientific community discussed the definition, use of terms and emerging research in chalcogen 

bonding (ChB) (Group 16), pnictogen bonding (PnB) (Group 15) and tetrel bonding (TB) (Group 

14). Although these names were coined recently, literature examples were found to have dated back 

more than 30 years ago.37 

The chalcogen bond (ChB), like XB, involves the attractive interaction between a chalcogen (S, Se 

or Te) and a Lewis base (R-Ch---A) mediated by ů-holes on the chalcogen donor atom when bonded 

to an electron withdrawing group R. The Lewis acidity of heavier atoms in each periodic group 

increases as the size, polarizability and electropositivity increases with atom size. However, due to 

its polyvalent character, the electron distribution of these chalcogenide molecules leads to the 

formation of multiple ů-holes on the molecular electrostatic potential (ESP) (Figure 7). In particular, 

ESPs have been a popular visualisation tool for ů-hole energy values where perfluoro-covalently 

bonded halogen, chalcogen, pnictogen and tetrel group molecules were investigated in silico to 

calculate the strength of their ů-holes (Figure 7i).38 Where iodine monofluoride possesses a single 

concentrated area of electropositivity, TeF2 exhibits a more diffused electropositive area. Due to the 

geometry of SbF3, the whole top of Sb is electropositive with a more intense belt around it while 

tetrel SnF4 has pronounced pockets of ů-holes around its sides. In the molecular ESP calculated for 

iodopentafluorobenzene and benzotellurodiazole, the nature of donor atom (polarizability, 

electropositivity due to atom size) are similar, however the expression of ů-holes differ significantly 

(Figure 7ii) . 

 



 

13 

 

i) 

 

ii)   

 

Figure 7. i) Molecular electrostatic potential calculated at the MP2/aug-cc-pVTZ level of theory with 

MEP energy values indicated in kcal/mol.38 ii) ESP of C6F5I and benzotellurodiazole projected to an 

electron density of 0.001 electrons/bohr3. Colour scale: 0.0 kcal/mol (red) to Vs,max value at 0.001 

electrons/bohr3 (blue). Black lines show extension of covalent C-I or N-Te bonds while grey lines 

ǎƘƻǿ ˋ-hole positions.39 

Anion-ˊ interactions involve the attractive interaction between an anion with an electron deficient 

(ˊ -acidic) aromatic surface, stemming from electrostatic interactions and ion-induced 

polarisation.40,41 Among the different ˊ-interactions, the ones involving anions are less studied due 

to weaker binding. (Section 1.1.2) -́interactions are usually described with the use of quadrupole 

moment (Qzz) which defines the charge distribution above and below the central plane of the aromatic 

system. ˊ -basic arenes have negative Qzz which is repulsive to anions, while ˊ -acidic arenes have 
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positive Qzz which can form attractive interactions with anions (Figure 8).42,43 -́  ́interactions have 

been found to have strengths up to 50 kJ/mol. (Table 1) 

 

Figure 8. Representation of quadrupole moment (Qzz) above and below plane of arenes where 

electronegative arenes (eg. hexafluorobenzene) have positive quadrupole moments and arenes 

such as benzene have negative quadrupole moments.   

 

1.4.  Synthetic Receptors for Anion Recognition  

One of the key factors in anion host design is the choice of binding motif. Inspired by Nature, early 

reports of synthetic anion receptors exploited positively charged NH-based motifs such as 

polyammonium and guanidinium. Following which, the development of neutral NH-based receptors 

involving amide, urea, pyrrole and carbazoles started to gain popularity. CH-based receptors were 

less popular and not as widely investigated until crystallographic evidence of CHỄCl- hydrogen 

bonding interactions were reported by Taylor and Kennard.44 This was further highlighted in 

Desiraju and Steinerôs book ñThe weak hydrogen bondò alongside examples of hydrogen bonding 

interactions involving haloalkanes.45 Since then, reported examples of CH-based hosts for anion 

recognition have become widespread and it remains a popular motif. (HB, Section 1.4.1) Receptors 

bearing ů-holes for anion recognition have gained recent popularity,46 stemming in particular from 

solid state crystal engineering halogen bonding (XB) materials21 (Section 1.3). 

This section discusses in detail cationic and neutral anion binding receptors that function via 

hydrogen bonding (HB), halogen bonding (XB) and chalcogen bonding (ChB) motifs. Positively 

charged receptors have traditionally been used to function in protic polar organic and aqueous media 

while neutral receptors operate largely in non-polar aprotic solvents. The ability to design receptors 
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that can function in a variety of solvents has led to their modification with reported groups for use 

as sensors. (Section 1.5)  

1.4.1.  Hydrogen Bonding Anion Receptors   

Hydrogen bonding donor motifs are the most widely utilised in anion receptors. Their versatility and 

ease of incorporation facilitates the opportunity to design suitable anion host receptors taking 

advantage of the high directionality of HB interactions. Examples of motifs covered in this section 

include cationic and neutral NH- and CH-donors. 

1.4.2.  NH -based Anion Receptors  

Positively Charged Anion Receptors  

The first synthetic anion receptor reported in 1968 by Park and Simmons describes a macrobicyclic 

ammonium cryptand which, in acidic aqueous TFA solution was demonstrated to bind Cl- via 1H 

NMR studies (Figure 9i).55 Subsequently, Lehn and co-workers developed a hexacationic 

polyammonium cryptand containing a cavity of complementary size and shape for the linear shaped 

N3
- binding (Figure 9ii) .47 Protonation of the 6 NH motifs requires acidic conditions (pH < 3) limiting 

its use and that of related polyammonium hosts to certain pH windows. Having a pKa of 13.5, the 

guanidinium-motif remains protonated over a wide range of pH and its preorganised Y-shaped HB 

donor capability is suitable for oxoanion binding.48 A rigid chiral guanidinium based receptor was 

utilised for the recognition of aromatic anions, binding p-nitrobenzoate with an association constant 

of 1609 M-1 in CDCl3 (Figure 9iii). 49  
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Figure 9. Charge-assisted NH-based anion receptors. Polyammonium receptors featuring i) Park and 

Simmons first macrobicyclic bis-ammonium cryptand50 ŀƴŘ ƛƛύ [ŜƘƴΩǎ ƘŜȄŀǇǊƻǘƻƴŀǘŜŘ ŎǊȅǇǘŀƴŘ ǿƛǘƘ 

an affinity for N3
-.47 iii) Guanidinium receptor with Y-shaped anion binding motif suitable for 

oxoanions.49 

Neutral Anion Receptors  

Amide bonds are commonly found in Nature making up peptide backbones in proteins such as the 

phosphate binding protein (PBP detailed in Figure 3i). Inspired by convergent HB interactions found 

in proteins, the first amide receptor was reported in 1986 by Pascal and co-workers.51 They 

synthesised a neutral cage-like structure with three amide functionalities capable of forming 

hydrogen bond interaction with inorganic anions such as F- in DMSO solution. During the ensuing 

years, numerous amide-based receptor systems have been reported. Kubik and co-workers described 

a ñmolecular oysterò which comprises of alternating L-proline and 6-aminopicolinic acid subunits 

forming a hexacyclic synthetic peptide (Figure 10i).52 This biomimetic receptor forms 1:1 host-guest 

ósandwichô complexes with SO42- and I- in highly competitive 1:2 H2O/CH3OH solvent systems 

where association constants were found to be 3.5  105 and 8900 M-1 respectively. 

The highly acidic squaramide group has been put to use in acyclic and macrocyclic anion receptor 

design. Jolliffe and co-workers synthesised a series of macrocyclic squaramide-containing receptors 

which were found to exhibit remarkable affinity towards sulfate in DMSO/H2O solvent mixtures 

(Figure 11).53 They argued that the combination of cavity size complementary and preorganisation 

of the tetra-functionalised squaramide macrocycle was responsible for sulfate selectivity over other 

tetrahedral divalent anions such as selenate, phosphate and chromate. Replacing the benzene spacers 
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with 2,6-pyridine motifs further improved sulfate binding strength and degree of selectivity.54 

Sulfonyl squaramides55 and sulfonylamides56 have also been exploited for their high N-H acidity.  

 

Figure 10. Hydrogen bond motifs arising from i) squaramides and ii) amides and sulfonylamide 

examples. 

A popular HB-donor that has been extensively incorporated into anion receptors is the urea motif 

(Figure 11). It is synthetically accessible and the acidity of the N-H protons can be enhanced by 

changing the C=X substituent from O to S or Se. Exploiting the Y-shaped N-H donors, urea 

containing receptors have been widely employed for the recognition of anions with complementary 

geometry, for example carboxylates. Gunnlaugsson and co-workers reported a bis-urea-based 
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receptor with two urea binding sites designed to target dicarboxylate binding (Figure 11i).57 By 

monitoring fluorescence changes of the anthracene spacer group, it was found that the urea anion 

receptor binds malonate (log̡ = 2.66) and glutarate (log̡ = 3.77) in DMSO. In another example, 

Reinhoudt and co-workers synthesised a macrocycle comprised of 4 urea units capable of binding 

H2PO4
- within its cavity (Figure 11ii).58 The macrocycle exhibits a 100-fold selectivity towards 

H2PO4
- over Cl- with an association constant of 4 103 M-1 in DMSO-d6. Thiourea receptors 

functionalised with anthracene-glucopyranosyl groups were found to be capable of the chiral 

enantiomeric recognition of amino acids in acetonitrile (Figure 11iii). 59 Fluorescence titration studies 

revealed enantioselectivity of the thiourea receptor for L-Boc-alanine with an association constant 

of 23 900 M-1 and enantioselectivity of KL/KD = 10.4. Expanding on previously published tripodal 

urea and thiourea receptors as transmembrane anion transporters,60 Gale and co-workers synthesised 

a tripodal selenourea receptorwhich exhibited Cl- selectivity in acetonitrile with an association 

constant of 4.9 105 M-1 from UV-Vis titrations (Figure 11iv).61 
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Figure 11. Neutral HB anion receptors bearing motifs. 

Pyrrole is another robust NH-based HB-donor popularised by the pioneering work of Sessler and co-

workers with the high-yielding one-step synthesis of calix[4]pyrrole62. In its simplest form shown in 

Figure 12i, the macrocycle was found have an affinity for F- in DCM. Solid state evidence revealed 

the adoption of a cone conformation with the F- guest sitting just above the plane of the macrocycle 

stabilised by 4 pyrrole NHỄF- hydrogen bond interactions.63 Three indocarbazole motifs covalently 

linked together in a foldamer type structure was found to be highly selective for binding SO4
2- with 

HB contributions from 6 NH and 2 OH groups in the binding site. The anion-induced structural 

conformational change also led to a red-shift in the foldamerôs emission wavelength, from which an 

association constant of 6.4  105 M-1 (10% v/v CH3OH/CH3CN) was determined (Figure 12ii).64  
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Figure 12. Hydrogen bond motifs arising from i) pyrrole-based receptor as a Cl- receptor and ii) 

Indocarbazole with an affinity for SO4
2- in highly competitive organic solvent mixture.64 

 

1.4.3.  CH -based Anion Receptors  

Neutral Anion Receptors  

Hydrogen bonding CHỄanion interactions are generally weaker than their NH- or OH- analogues 

because of the greater electronegativity of the N and O atoms65. One of the early examples was from 

the work of Farnham, Dixon and co-workers where a fluorinated macrocyclic ether bound F- 

interacting with CH2 hydrogens (Figure 13i).66  More recently, Sessler and co-workers took 

advantage of an aromatic CHỄX- interaction from a phenyl ring incorporated into a strapped 

calix[4]pyrrole receptor to efficiently bind Cl- within its cavity (Figure 13ii) .67 Stronger Cl- binding 

was observed in the strapped receptor (2.2  106 M-1) compared to free calix[4]pyrrole (2.2  105 

M-1) in acetonitrile. 

With the emergence of óclickô chemistry, there has been a surge of popularity in triazole-based motifs 

in anion receptor design due to their ease of incorporation. In an example provided by Flood and co-

workers, a triazole-based macrocycle (Figure 13iii - left) displayed significant hydrogen bond 

interactions forming a 1:1 host-guest complex with HF2-, as evidenced through 1H NMR studies as 

well as UV-vis titrations in CH2Cl2.68 Building upon this work, Flood and co-workers recently 

reported a triazole cryptand with an exceptional affinity to Cl- (108 M-1) in polar DMSO (Figure 13iii 
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- right).69 Solid state structural evidence revealed Cl- stabilised by 6 short CHỄ Cl- hydrogen bonds 

from triazoles and 3 contacts from phenylenes.  

As CHỄanion interactions are known to be weak, neutral receptors with CH-motifs that can bind 

anions in water are uncommon. One such example is the bambusuril macrocycle described by 

Sindelar and co-workers70. The water soluble bambus[6]uril receptor (Figure 13iv), consisting of six 

repeating units of glycouril with methylene bridges, binds weakly hydrated anions such as BF4
-, PF6

- 

and ClO4
- with association constant values of up to 5.5 107 M-1 for the latter anion (D2O, 20 mM 

K2DPO4, pD 7.1). They concluded that the host-guest complex is stabilised by multiple weak CHỄA- 

hydrogen bond interactions from the methylene units that form an equatorial position in the 

macrocycle. 
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Figure 13. Neutral CH-ōŀǎŜŘ ŀƴƛƻƴ ǊŜŎŜǇǘƻǊǎΦ ƛύ CŀǊƴƘŀƳ ŀƴŘ 5ƛȄƻƴΩǎ ŦƭǳƻǊƛƴŀǘŜŘ ŜǘƘŜǊ ƳŀŎrocycle66, 

ƛƛύ {ŜǎǎƭŜǊ ŀƴŘ IŀȅΩǎ ǎǘǊŀǇǇŜŘ ŎŀƭƛȄώпϐǇȅǊǊƻƭŜΣ67 ƛƛƛύ CƭƻƻŘΩǎ ǘǊƛŀȊƻƭƻǇƘŀƴŜ ƳŀŎǊƻŎȅŎƭŜ68 binding HF2 

and cryptand with strong affinity to Cl-69 ǿƛǘƘ ƛƛƛύ {ƛƴŘŜƭŀǊΩǎ .ŀƳōǳǎǳώсϐǳǊƛƭΦ70 

Cationic C -H Anion Receptors  

Cationic CHỄA- interactions are characterised by strong electrostatic contributions, in particular 

imidazolium motifs have a positive partial charge between the nitrogen atoms.71 Amendola and co-

workers synthesised a tripodal imidazolium receptor which binds Cl- within the tripod cavity (Figure 

14i).71 An x-ray crystal structure revealed three short CHỄA- contacts from the tripodal arms and 5 



 

23 

 

long CH interactions from neighbouring methylene units. The receptor appended with electron 

withdrawing pentafluoro benzene substituents displayed strong binding of Cl- in competitive 

CD3CN/D2O mixtures. The positively charged triazolium motif has also been exploited for anion 

recognition studies. In Pandey and co-workersô on-going interest in steroid-based receptors, they 

incorporated two triazolium motifs as anion binding sites (Figure 14ii).72 The meta-substituted 

macrocycle was found to have an affinity for F- (560 M-1) while its para-substituted cyclic analogue 

displayed an affinity towards H2PO4
- (1100 M-1) in CDCl3. More recently, Kim and co-workers 

prepared a polyether linked calix[2]triazolium[2]arene structure that was shown to exhibit selectivity 

for H2PO4
- in acetonitrile (Figure 14iii) .73 

 

Figure 14. Cationic CH-based motifs in anion receptors. i) Amendola and co-workers imidazolium 

tripod, ii) Pandey and co-workers steroid-based triazolium macrocycle and iii) Kim and co-workers 

crown ether calix[2]triazolium[2]arene macrocycle. 
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1.4.4.  Halogen Bonding Receptors  

Originating in the areas of solid-state crystal engineering and materials chemistry,21,46 halogen 

bonding (XB) has recently emerged as a promising and powerful non-covalent interaction for anion 

recognition. This ů-hole interaction is highly directional and of comparable strength to HB21,22 

(Section 1.3). Importantly, XB receptors have been found to exhibit stronger anion binding affinities 

compared to their hydrogen bonding (HB) analogues.74ï77.  This section will discuss anion receptors 

with halogen bond donor motifs bearing different electron-withdrawing functionalities such as 

neutral perfluoroarene and triazole units, cationic triazolium, imidazolium and metal-enhanced XB 

interactions. 

Neutra l XB Anion Receptors  

Commonly used in solid state crystal engineering studies,78ï80 iodoperfluoroaryl derivatives have 

been employed in anion receptors (Figure 15).81 One of the first examples was reported in 2005 by 

Resnati and Metrangolo using a heteroditopic XB tripodal host that binds NaI with an association 

constant of 2.6 105 M-1 in CDCl3, 20-times more strongly than its perfluoroaryl analogue (Figure 

15i).82 Due to the para-position of iodine atom substituent, convergent XB interaction from all three 

arms of the tripod was not possible. Taylor and co-workers synthesised an ortho-substituted 

iodoperfluoroarene tripod where convergent XB resulted in the receptorsô strong affinity towards 

halides (Cl- > Br- > I-) in 1:1 host-guest stoichiometry (acetone-d6) (Figure 15ii).81 
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Figure 15. Neutral XB-donor anion receptors. PerfluoroŀǊȅƭ ƳƻǘƛŦǎ ƛύ wŜǎƴŀǘƛΩǎ ·.-tripod exhibiting 

ion-pairing effect from binding NaI.82 ƛƛύ¢ŀȅƭƻǊΩǎ ǇǊŜƻǊƎŀƴƛǎŜŘ ·. ǘǊƛǇƻŘΦ81 Triazole motifs such as iii) 

pre-organised bidentate triazole83 iv) tridentate psudopeptide macrocycle84 and v) tetradentate 

triazole receptor.85 

Another popular XB anion binding motif is the 5-iodo-1,2,3-triazole, which has been widely 

employed due to its ease of synthesis via Cu(I)-catalysed azide-alkyne 1,3-dipolar cycloaddition 
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óclickô reaction. A bidentate example employing iodotriazole units was reported by Schubert and co-

workers studying the effect of preorganisation (Figure 15iii). 83 They found that the receptor with 

preorganised iodotriazoles, due to intramolecular NtrzỄHOcarbazole HB interactions, exhibited a strong 

increase in halide anion binding affinity relative to the analogous XB carbazole receptor without the 

phenolic functionality. A macrocyclic pseudopeptide with three iodotriazole units described by 

Kubik, displays a high affinity for Cl- in a competitive solvent mixture, log Ka = 3.28 in DMSO-d6 

(with 2.5 % H2O) (Figure 14iv) attributed to the rigidity of the macrocycle84. The foldamer type 

tetradentate XB receptor reported by Beer and co-workers, exhibited a preference for larger, softer 

anions =I- > Br- > Cl- AcO-  H2PO4
- in CDCl3 (Figure 15v).85  Through the peripheral attachment 

of tetraethylene glycol (TEG) functional groups, the XB foldamer was demonstrated to be highly 

selective for binding  I- in pure water (Figure 15vi)86, forming a dimeric 2:1 host-guest complex 

assembly stabilised via multiple convergent ů-holeỄhalide and hydrophobic interactions.  

Positively  charged XB Anion Receptors  

The XB halo-imidazolium motif 87,88 was incorporated into anion receptor design by Ghosh and co-

workers who investigated the anion binding properties of a tetracationic iodo-imidazolium receptor 

(Figure 16i).89 Through 13C NMR and ITC experiments a 1:2 host-guest stoichiometric binding in 

acetonitrile was determined where the strongest complex was formed with  Cl-  (Ka  =  1.35  106  

M-1). X-ray crystal structures confirmed the participation of two diagonal haloimidazolium group 

XB interactions with halides where Cimi-IỄBr- was found to be 3.117 Å (81 % of the vdW radii with 

an almost linear XB angle of 179.23°). 

The pyrrole-dicationic iodotriazolium hybrid receptor featuring both XB and HB-motifs (Figure 16ii) 

is capable of the selective binding of tetrahedral oxoanions (H2PO4
- and SO4

2-) over halides in the 

competitive CH3CN/H2O 9:1 v/v solvent mixture, attributed to the wider XB bidentate bite angle 

that provides size complementary for the larger oxoanions.90 
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Figure 16. /ŀǘƛƻƴƛŎ ·. !ƴƛƻƴ ǊŜŎŜǇǘƻǊǎΦ ƛύ DƘƻǎƘΩǎ ǘŜǘǊŀǇƻŘŀƭ ŎŀǘƛƻƴƛŎ ƳƻǘƛŦ ǘƘŀǘ ōƛƴŘǎ .Ǌ- in a 1:2 

host guest stoichiometry,89 ƛƛύ .ŜŜǊΩǎ ƘȅōǊƛŘŜ I.κ·. ǊŜŎŜǇǘƻǊ ŎŀǇŀōle of binding H2PO4
-,90 iii) 

.ŜǊǊȅƳŀƴΩǎ I. ƛƴŘǳŎŜŘ ·. ƛƴǘŜǊŀŎǘƛƻƴǎ ƭŜŀŘƛƴƎ ǘƻ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ŀ мΥм Ƙƻǎǘ-guest complex91 and 

ƛǾύ DƘƻǎƘΩǎ wǳ2+ enhanced XB interaction binding H2PO4
- in a 1:1 host-guest complex.92 

Other than cationic charge assisted enhanced XB, direct intramolecular hydrogen bonding to the 

halogen atom has been shown by Berryman and co-workers to further increase XB donor potency in 

an acyclic pyridinium receptor (Figure 16iii ).91 To prevent the rigid alkyne linked arms from freely 

rotating, the central phenyl group of the receptor is amine functionalised. Through DFT calculations, 

they found the augmented strength of the ů-hole to be attributable to HB induced XB (N-HỄI) as 

evidenced through solid state crystal structures showing the -NH2 substituent forming intramolecular 

HBs to both XB iodine donors with NỄHỄI distance to be 2.94 Å and 3.00 Å and angles of 168° 

and 170°. This effect is seen in the receptorôs remarkedly increased affinity to halide binding where 

I- has an association constant of 36 900 M-1 in a CDCl3/CD3NO2 (2:3 v/v) solvent mixture. It has 
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previously been reported that complexation of Ru2+ enhances the acidity of the triazole proton 

rendering it an efficient anion binding motif with contributions from metal-enhanced second-sphere 

anion recognition mechanisms.93ï95 Ghosh and co-workers described a Ru2+ based receptor with a 

ligand containing iodotriazole motif (Figure 16 iv) that has an affinity towards H2PO4
- (Ka = 1.94 

 105 M-1 in DMSO), as determined by monitoring anion binding induced perturbation of the MLCT 

emission band.92 

 

1.4.5.  Chalcogen Bonding Receptors  

The application of ChB in anion recognition is only beginning to be explored, with the first ever 

reported chalcogen motif used for anion binding involving a bidentate boryl-telluronium moiety as 

Lewis acidic sites (Figure 17i).  Gabbai and co-workers determined the receptor to be F- selective in 

methanol96 (K = 750 M-1).  Subsequently, Zibarev and co-workers97 reported crystal structures 

showing evidence of chalcogen bonding between 3,4-dicyano-1,2,5-telluradiazole, iodide and a 

[K(18-crown-6)]+ complex. Iodide association constants were found to be Ka = 6.8 × 105 Mī1 in 

CH2Cl2 and 1.5 × 103 Mī1 in CH3CN via UV-Vis spectroscopy (Figure 17ii) . At the same time, 

Taylor and co-workers developed a range of chalcogenadiazoles to study their potential as chalcogen 

bond donor units for anion binding (Figure 17iii) .98 In this detailed paper, a linear free energy 

relationship was reported between ChB bond donor ability and electrostatic potential of the 

chalcogen centre. The telluro receptor binds Cl- selectively with an association constant to be 38 000 

M-1 in THF. Matile and co-workers99 utilised fused-thiophenes for anion transport studies. Focusing 

on the strongest Cl- binding sulfone bridged bis-cyano receptor (Figure 17iv) (Kd = 1.13 ± 0.03 mM 

in THF), they determined a correlation between ů-hole bond strength and anion transport activity.  
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Figure 17. Chalcogen containing motifs for anion recognition.  

More recently, Beer and co-workers100 synthesised the first chalcogen containing neutral and 

dicationic interlocked structure where they demonstrate by 1H NMR (acetone-d6), X-ray crystal 

structure and DFT calculations that chalcogens are capable of acting as both Lewis basic donor 

ligands for metal cation binding (Cu+) and as Lewis acids for anion binding via ů-hole interactions 

(Figure 17v). The Se-receptor has a strong affinity to SO4
2- with an association constant of 3531      
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M-1 in 1:4 D2O/acetone-d6. The same group prepared the first neutral water-soluble tetra-

tellurotriazole foldamer with selectivity for iodide (Figure 17vi).86 Due to the large size of the -

TeCH3 binding motif, the coordinated halide anion is held above the plane of the receptor. ITC 

experiments carried out in pure H2O and molecular dynamics simulations support a 2:1 

stoichiometric host-guest complex for binding I- (2.64  107 M-2 in H2O) via multiple convergent 

ChB ů-hole interactions.  

Self-assembly via chalcogen bonding has also been demonstrated where a selenium macrocycle 

interaction with a surfactant 4-dodecyl-pyridine N-oxide (DPN) results in the self-assembly of a 

nanofiber, while the tellurium macrocycle interaction with DPN produces the self-assembled 

structure of a bi-layered lipid-like vesicle in an organic-aqueous solution (1:2 v/v, THF/H2O) (Figure 

17 vii ).101 Both assembly processes were found to be reversible via competitive binding of halide 

ions. 

Having received increasing attention in recent years, ChB has also found applications in 

organocatalysis,102 for example the hydrogenation of quinolines with neutral ChB-receptors.103  

 

1.5. Anion Sensing  

In addition to the recognition of anions, it is also desirable for anion receptors to possess a reporter 

group, whereupon binding, a macroscopic response provides a detection mechanism for sensor 

applications. Optical reporter groups employed include pyrene (fluorescence response), transition 

metal centres (luminescence response) as well as ferrocene for electrochemical sensor appications.104 

Displacement assays have also been used successfully where the binding of the target anion leads to 

the displacement of a weakly coordinating fluorophore triggering an optical change.105 Lastly, the 

irreversible chemodosimeter approach involves the receptor undergoing a chemical reaction with the 

anions.106 
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1.5.1. Optical and Electrochemical Anion Sensing  

As mentioned above, common reporter groups integrated into anion receptor structural frameworks 

are the fluorescent pyrene and redox-active ferrocene motifs. Molina and co-workers have combined 

both in the ferrocene-napthalene dyad receptor (Figure 18i).107 Fluoride binding in DMSO caused a 

significant fluorescent enhancement (12-fold) and a cathodic shift in the receptorôs 

ferrocene/ferrocenium oxidation wave (190 mV). Another popular optical signalling strategy is 

through the assembly (or disassembly) of excimers which is often accompanied by significant 

changes in the fluorescence. Pyrene is a popular motif for this application where monomer 

fluorescence peaks consist of sharp signals between 350-425 nm while excimer fluorescence reveals 

a broad peak at ca. 480 nm. This was utilised in a pyrene-functionalised guanidinium receptor 

selective for pyrophosphate (P2O7
4-;  PPi) where the bidentate binding of the anion leads to a 2:1 

host-guest stoichiometry binding of the anion in methanol resulted in excimer formation  (Figure 

18ii) .108 

 

Figure 18. Reporter groups like ferrocene or pyrene/naphthalene can generate a redox or 

fluorescence response, respectively. 
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1.5.2.  Displacement Assays  

Indicator displacement assays involve the exchange of a dye indicator from the host upon anion 

binding causing an optical change in its photophysical properties. In a dinuclear Zn2+ colourimetric 

sensor (Figure 19), naked eye detection is due to the displacement of the pyrocatechol violet (PV) 

indicator where the complexed PV is blue and free PV is yellow-green.105  Upon addition of 

pyrophosphate (PPi) anions, a 2:2 host guest complex is formed and the PV is released changing the 

solution to a yellow-green colour; the sensor is selective for PPi in MeCN/H2O (8:2 v/v) solution. 

 

Figure 19. Indicator displacement assay of a dinuclear zinc complex, pyrophosphate (PPi) as anion 

guest and pyrocatechol violet (PV) as displaced dye indicator.105 
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1.5.3.  Chemodosimeter Approach  

Fluoride, in the form of TBAF, is commonly used in the deprotection of the trimethylsilyl-protected 

motif due to strong Si-F bond formation. A diketopyrrolopyrrole (DPP) dye with appended thiophene 

functionality capable of interacting with anions has been used as a F- selective anion sensor  (Figure 

20i top).109 Using TBAF as a deprotecting agent, the DPP receptor demonstrated a fluorescent change 

upon consumption of F-. This reaction was tracked by its optical change where free F- induces a blue 

spectral shift in fluorescence emission and absorption. Another chemodosimeter approach is the use 

of molecules with a high quantum yield like boron subphthalocyanine (Figure 20i bottom). Its axial 

position is easily substituted and upon replacing 4-hydroxybenzaldehyde with fluoride, fluorescence 

is quenched signalling the binding of fluoride ion in THF.110 The chemodosimeter approach can also 

be used in rearrangement reactions, for example a cyanide-induced benzyl rearrangement reaction 

can be monitored via UV-Vis spectroscopy where a blue shift from 412 nm to 356 nm in methanol 

is caused by a change in structural conjugation (Figure 20i).111 
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Figure 20. Chemodosimeter anion sensor examples binding fluoride and cyanide. 
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1.6.  Strategies for the Synthesis of Mechanically 

Interlocked Molecules (MIMs)  

1.6.1.  The Mechanical Bond  

The mechanical bond is the coming together of two or more components not by chemical bonds but 

by virtue of entanglement and interlocking. Such entities surround us in nature and can be found in 

proteins112 as well as mitochondrial DNA113 (DNA-[n]catenane or circular DNA) or even in 

technologies such as DNA nanoengineering.114,115 

Relatively new in chemistry, mathematicians have been fascinated by knots and links for a very long 

time. Inspired by Lord Kelvin, mathematician Tait paved the way to the study of knots and the 

formulation of the mathematics of topology. Given the mathematical theory for interlocking systems, 

chemists seek the unique topology and cavity within these structures as a means to build synthetic 

receptors which have come to have very useful applications. 

Mechanically interlocked structures can be prepared through various strategies. Two common 

structures are i) a catenane where two (or more) macrocycles are mechanically interlocked and  ii) a 

rotaxane which involves an axle (usually stoppered by bulky groups to prevent extrusion of the 

macrocycle along the axle) and a macrocycle. Synthetic strategies to form these mechanically 

interlocked molecules (MIMs) involve the pre-formation of a pseudorotaxane, which upon using a 

variety of methodologies such as clipping, stoppering, slippage, shrinking, swelling and snapping, 

(Figure 21) affords the final mechanically bonded molecule. By clipping of a pseudorotaxane (e.g. 

via ring-closing methathesis), a [2]catenane is formed; where 2 is the number of entities that are 

mechanically interlocked. On the other hand, by stoppering both ends of a pseudorotaxane with 

bulky groups gives a [2]rotaxane. The bulky groups can also be modified by shrinking and/or 

swelling either chemically or via an external stimulus. Macrocycles can also be slipped (slippage) 

onto a pre-formed axle or it can be shrunk (shrinking) so it becomes small enough to prevent de-

threading. Snapping is the formation of two halves of an axle within the macrocylic cavity while 

clipping is the closing of the macrocycle around an axle. 
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Figure 21. Various techniques for the synthesis of mechanically interlocked structures. 

1.6.2.  Pre -Template Synthesis Era  

In 1960, Wasserman reported the first evidence of a mechanically interlocked structure between a 

cyclic acyloin and a cyclic hydrocarbon through statistical synthesis resulting in what he suggested 

was a topology similar to that of a catenane.116 After the publication of ñChemical Topologyò by 

Frisch and Wasserman, detailing the limitations of statistical methods, Schill & Lüttringhaus117 

synthesised and isolated a [2]catenane via covalent bond directed synthesis. Soon after, Harrison and 

Harrison isolated the first [2]rotaxane which they tried to name hooplane.118 The isolation of these 

mechanically interlocked structures were the first evidence that such structures could indeed be 

achieved synthetically, however, the multiple steps taken gave extremely low yields. 

1.6.3.  Template -Directed Synthesis  

The use of template-directed strategies to assemble the two components of a pseudorotaxane has 

greatly improved the synthetic yield of MIMs. This has been achieved by metal cation coordination, 

donor-acceptor interactions, hydrogen bonding, anion binding and hydrophobic interactions. The 

following sections discuss the different types of templates employed and the plethora of architectures 

obtained as a result.  
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1.6.4.  Metal  Cation  Templates  

The first example of a metal cation template used for the formation of mechanical bonds was 

introduced by Sauvage and co-workers in 1983. As noted earlier in Figure 2, binding a Cu(I) ion to 

two phenanthroline ligands gave an orthogonal, tetrahedral metal complex, which upon undergoing 

a double ring clipping ether reaction afforded the [2]catenane in a yield of 27% (Figure 22i).4 

Subsequently, a single ring clipping Grubbsô catalyst ring-closing metathesis reaction improved the 

[2]catenane yield up to 92% yield (Figure 22ii) .119 Since then a variety of transition metal cation 

templates with a range of stereochemical ligand fields such as  square planar (Pt2+)120, octahedral 

(Ru2+)121, trigonal bipyramidal (Zn2+)122 and linear (Au+)123 have been utilised to form a variety of 

interlocked structures of different topologies. 
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Figure 22Φ άtŀǎǎƛǾŜέ ƳŜǘŀƭ ǘŜƳǇƭŀǘŜ ǳǎƛƴƎ /ǳόLύ-species to bring precursors orthogonal to each other 

Lanthanide f-block metals have also been used to template MIMs. Taking advantage of their high 

coordination numbers of either 8 or 9, Beer and co-workers124 incorporated a lanthanide complexed 

DOTAÀ within a macrocyclic structural framework (Figure 23i). Employing the lanthanide-N-oxide 

pyridine interaction to assemble a pseudorotaxane, a stoppering reaction afforded the [2]rotaxane in 

20% yield. 

 

Figure 23. Lanthanide (III) cation templated interlocked structures. 

A molecular knot was synthesised using a lanthanide cation as a template. The initial formation of a 

ML 3 complex containing three 2,6-diamidopyridine ligands with alkene functionalised end-groups, 

 

À DOTA = 1,4,7,10-Tetraazacyclododecane-1,4,7,10-tetraacetic acid is a frequently used metal chelator known 

for stabilising lanthanide ions for medical applications such as contrasting agent. 
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followed by Grubbsô catalysed ring-closing metathesis (RCM) gave the trefoil knot product (Figure 

23ii).125 

 

Figure 24Φ ά!ŎǘƛǾŜέ ƳŜǘŀƭ ǘŜƳǇƭŀǘŜ Ǿƛŀ /ǳI-catalysed azide-alkyne cycloaddtion reaction. Schematic 

illustration of the principle of CuAAC-AMT for rotaxane synthesis, where Cu(I) (green ball) binds in 

the cavity of a macrocycle (red shape) as a template for coordinating an alkyne stopper group to 

ŎŀǊǊȅ ƻǳǘ ŎŀǊǊȅ ƻǳǘ ǘƘŜ ΨŎƭƛŎƪΩ ǊŜŀŎǘƛƻƴΦ 

In addition to using a transition metal cation template to coordinate precursor components in what 

has been coined a ñpassiveò sense, the metal can also be used to act as a catalyst for mechanical bond 

formation. This active metal template (AMT) approach was first demonstrated by Leigh and co-

workers, using the highly regioselective Cu(I)-catalysed reaction between terminal alkynes and 

azides to produce 1,3-substituted triazole axle functionalised [2]rotaxanes with yields of up to 

94 %.126 This requires the endotopic binding of a Cu(I) species within the macrocycle, thus allowing 

the cycloaddition reaction between an azide-appended stopper and alkyne-appended stopper to take 

place within the macrocyclic cavity (Figure 22iii) .  
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1.6.5.  Orga nic Cation Templates  

Organic cation templates take advantage of a range of non-covalent interactions such as aromatic 

donor-acceptor interactions and hydrogen bonding, for MIM precursor assembly.  

Stoddartôs seminal work on the first molecular shuttle employed the now-famous óblue-boxô 4,4ô-

bipyridinium based macrocycle precursor forming donor-acceptor interactions around a 

hydroquinone functional group on the axle (Figure 2).5 Ring-closing of the óblue-boxô around the 

hydroquinone functional group on the axle afforded the molecular [2]rotaxane shuttle. Later on, 

Stoddart and co-workers synthesised the five ring óOlympiadaneô, where two tris(1,5-

dioxynapthalene)[51]crown-15 are interlocked with three 4,4ô-bipyridinium (methyl viologen or 

paraquat) macrocycles to form a [5]catenane, once again taking advantage of donor-acceptor 

interactions for the two-step self-assembly of this supramolecular structure (Figure 25i). Since then 

Olympiadane formed from DNA components have also been synthesised.127  

Stoddart first described secondary ammonium cations to be capable of forming interpenetrated 

assemblies of macrocyclic crown ethers via a combination of electrostatics and polyether - hydrogen 

bonding interactions.128 For example, Qu and co-workers reported the synthesis of a 

hetero[4]rotaxane consisting of an axle component with benzo[21]crown-7 (B21C7) terminal groups 

with interpenetrating ammonium stoppers and a central ammonium station interlocked with a 

dibenzo[24]crown-8 (DB24C8) macrocycle component, prepared in 54% yield (Figure 26i).129 
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Figure 25.  i) [ŜƛƎƘΩǎ hƭȅƳǇƛŘŀƴŜ ώрϐŎŀǘŜƴŀƴŜ ŀǎǎŜƳōƭŜŘ Ǿƛŀ ŘƻƴƻǊ-acceptor interactions between 

paraquat and hydroquinone.130 iiύ vǳΩǎ Hetero[4]rotaxane synthesised via secondary amine 

template.129 

Loeb and co-workers reported an asymmetric [3]rotaxane synthesised via a combination of HB 

between axle pyridinium linked ethyl C-H protons and crown ether macrocycles, and  ˊ-stacking of 

electron-rich catechol and electron-poor pyridinium rings (Figure 26i).131,132 In an attempt to form 

molecular shuttles for solid state materials, Loeb and co-workers took advantage of the versatile 

benzimidazolium motif (Figure 26ii) . When incorporated into a rigid H-shaped axle, it has the ability 

to adopt neutral, monocationic and dicationic states where the rate of molecular shutting of a 

macrocycle along the axle can be controlled by acid-base chemistry or lithium cation coordination. 

The formation of this [2]rotaxane molecular shuttle was achieved in a one-pot synthesis by mixing 
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the macrocycle and a cationic half-axle to form a pseudorotaxane stabilised by electrostatic and 

hydrogen bond interaction and condensation of the other half-axle to yield a neutral [2]rotaxane.133  

 

Figure 26. Loeb and co-ǿƻǊƪŜǊǎΩ i) [3]rotaxane synthesised by threading DB24C8 via alkylpyridinium 

motifs131,132,134  ii) [2]rotaxane molecular shuttle synthesised by threading DB24C8 onto an axle 

containing 2,4,7-triphenylbenzimidazolium.133 

 

1.6.6.  Anion Templates  

The first anion templated interlocked structure was described by Vögtle and co-workers135 who 

identified the high affinity between the secondary amides of tetralactam macrocycles serving as a 

HB-donor and an anionic phenolate stopper (Figure 27).  Following addition of a stopper furnished 

with a bromobenzylic functional group, the resulting [2]rotaxane was isolated in 57% yield. 
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Figure 27. Anion templated [2]rotaxane via SN2 reaction between phenolate-stopper and 

bromobenzyl-stopper within the macrocycle cavity held in place via HBs from amide groups. 

Taking inspiration from Sauvageôs Cu(I)-passive metal template, Beer and co-workers reported 

using a coordinatively unsaturated chloride anion of a pyridinium ion pair to form a pseudorotaxane 

assembly with an isophthalamide containing macrocycle.136ï138 The solid state crystal structure 

revealed the chloride bound between the precursors through hydrogen bonding contributions from 

the respective pyridinium thread and macrocycle amide functional groups (Figure 28i).136 

Subsequently a chloride anion-templated [2]rotaxane was prepared via a Grubbsô catalysed RCM 

reaction (Figure 28ii). Importantly, after the removal of the template, the [2]rotaxane preserves its 

role as an anion receptor exhibiting selectivity for chloride. 

i) 

 

ii)  

 

Figure 28. i) X-ray crystal structure of chloride-templated pseudorotaxane. ii) formation of chloride-

templated [2]rotaxane by ring-closing methetasis of bis-alkene around the axle. 

Interlocked structures can also be formed if the anion template is part of the axle. A cyanostar-shaped 

macrocycle was synthesised from cyanostillbene repeating units consisting of 5 internal HB-donors 
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(Figure 29). The solid-state structure revealed chiral ˊ-stacked dimers and in solution the macrocycle 

has a high affinity for phosphate in 2:1 host-guest stoichiometry. Furthermore, a dialkyne-phosphate 

template was used to prepare a [3]rotaxane via a click stoppering reaction. 

 

Figure 29. A cyanostar macrocycle used to prepare a [3]rotaxane via an anionic dialkyne-phosphate 

template. 

1.6.7.  Neutral Templates  

MIMs can also be constructed using a neutral template approach such as hydrogen bonding and 

aromatic ́ - ˊ donor-acceptor interactions. An example of the latter was described by Sanders and 

co-workers involving electron-rich naphthalene and electron-deficient diimide groups to construct a 

[2]catenane (Figure 30i).139 Kaneda and co-workers synthesised the first Janus[2]rotaxaneÀ where in 

aqueous solvent media, the cavity of Ŭ-cyclodextrin can accommodate azobenzene hydrophobic 

guest species (Figure 30ii). The favourable non-covalent interaction between Ŭ-cyclodextrin and 

azobenzene forms two pseudorotaxanes which can then undergo bis-azo coupling reactions where 

bulky naphthols act as stoppers.140 In another examples, a bis-9-anthracene-terminated polyethylene 

glycol (PEG) chain is threaded through a Ŭ-cyclodextrin which upon irradiation can reversibly 

dimerize to interconvert between a [2]rotaxane and a [2]catenane (Figure 30iii). 141 

 

 

À Janus[2]Rotaxane refers to an interlocked structure whereby the axle contains a bulky stopper and a 

macrocycle on opposing sides. This macrocycle is then ring-closed around another axle forming a 

mechanically interlocked structure. 
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Figure 30Φ ƛύ !ǎǎȅƳŜǘǊƛŎ ώнϐŎŀǘŜƴŀƴŜ ŦƻǊƳŜŘ ōȅ ˉ-ˉ ƛƴǘŜǊŀŎǘƛƻƴǎΦ139 ii) First Janus [2]rotaxane.140 iii) 

Photodimerisation of 9-anthracene to interconvert between a [2]rotaxane and [2]catenane.141 

 

1.7. Applications of Mechanical ly Interlocked 

Molecules  

The development of synthetic approaches have made MIMs more easily accessible (Section 1.6.3), 

allowing the synthesis of MIMs in sufficient quantities to be used in a variety of applications. The 

unique topology of the mechanical bond can be exploited in i) host-guest recognition and sensing, 

ii) drug delivery and biological applications, iii) catalysis and iv) nanomaterials, briefly discussed 

below. 
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Host -Guest Recognition and Sensing  

The unique topological cavities of MIMs have been used for the molecular recognition and sensing 

of cation and anion guest species, enhancing selectivity compared to non-interlocked systems.142 

Recently, Goldup and co-workers reported a series of bipyridyl macrocycle component with triazole 

and pyridine axle containing [2]rotaxanes for the recognition of transition metal cations (Figure 31i). 

143 Unusual coordination geometries enforced by the rotaxanesô binding cavities, altered the metalsô 

redox properties and stability. For example, Cu-rotaxane complexes with 3-5 coordination numbers 

were formed and the pentadentate Cu-rotaxane revealed enhanced electrochemical reversibility in 

its Cu2+/+ redox couple compared to its non-interlocked counterpart. Through UV-vis and 1H NMR 

titrations, the authors concluded that the synergistic interplay between a sterically crowded binding 

site and the mechanical chelate effect was responsible for the unusually low coordination numbers 

in these transition metal rotaxane complexes. In another example, Smith and co-workers reported a 

chloride [2]rotaxane optical sensor consisting of a squaraine dye axle encapsulated within an 

anthracene tetralactam macrocycle (Figure 31ii) .144 Upon Cl- binding in acetone, lateral displacement 

of the macrocycle along the axle caused a red-shift in fluorescence which was observable by the 

naked eye. MIMs as hosts can provide guest species with a shielded environment, changing the effect 

it can have on its surroundings 
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Figure 31. MIM hosts for recognition and sensing of anionic guest species. i) GƻƭŘǳǇΩǎ tǘόLLύ-

ώнϐǊƻǘŀȄŀƴŜ ŀƴŘ ƛƛύ {ƳƛǘƘΩǎ ώнϐǊƻǘŀȄŀƴŜ ƻǇǘƛŎŀƭ ǎŜƴǎƻǊ ǎƘǳǘǘƭŜΦ 

 

Biological Applications  

The use of synthetic chemistry as a vessel for drug delivery is a highly established field. In the 

process of drug delivery, the integrity of the active drug has to be kept, the delivery vessel has to 

have low toxicity and the ódeliveryô efficiency is a bonus. Papot and co-workers developed a 

biocompatible [2]rotaxane consisting of a few structural components that address these factors 

(Figure 32i). Each of these components plays a part in delivering the anti-cancer drug paclitaxel into 

the cancer cell (in rat plasma) which was demonstrated by confocal microscopy and toxicity 

screening.145 
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Synthetic biomimetics are also impressive such as the one exemplified by Leigh and co-workers 

where a [2]rotaxane is capable of sequenced peptide synthesis (Figure 32ii). The axle contains three 

stations appended by ɓ3-amino acid building blocks and as the macrocycle moves along the axle, it 

ópicksô up the amino acid resulting in precisely controlled peptide sequencing.146 This ñmolecular 

machineò was operated for 7 days in which the peptide sequencing was performed in DMF in the 

presence of triethylamine. 

 

Figure 32. i) [2]rotaxane as an anti-cancer drug delivery vessel. ii) Synthetic 3-station peptide 

synthesiser. 
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Catalysis  

MIM catalysts can provide steric control by virtue of its mechanical bond therefore providing 

stringent formation of desired catalytic product. Takata and co-workers reported the first catalytically 

active rotaxane in the mediation of a benzoin reaction in good yield with reasonable 

enantioselectivity demonstrating steric restriction stemming from mechanical bond for 

enantioselective catalysis to occur (Figure 33i).147 Polylactide has received attention in the recent 

years as a biodegradable and recyclable polymer. Williams and co-workers have recently used a 

novel [2]rotaxane for the isoselective synthesis of polylactide via ring opening from rac-lactide. 

They observed a correlation between macrocycle-axle translocation rate with polymerisation 

selectivity where steric-access and monomer coordination sites were controlled (Figure 33ii).148 

 

Figure 33. [2]rotaxane involved in lactide ring-opening reaction. 
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Nanotechnology  

Due to the unique topology MIMs can offer, nanomaterials incorporated into such structures can 

have vastly different properties. Single-walled carbon nanotubes (SWNTs) have unique mechanical 

and electronic properties that are desirable as semiconducting materials or as bioscaffolds.149 When 

SWNTs are used as an axle component of a rotaxane (Figure 34), the materialôs physical properties 

were shown to display up to 200% improvement in Youngôs modulus and tensile strength150. This 

area of chemistry is not new however, techniques are still being developed to fully characterise and 

study these materials. 

 

i) 

 

ii)  

 

 

Figure 34. i) Mechanically interlocked single-walled carbon nanotube (MINT). ii) TEM images of 

macrocycles around SWNTs. 
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1.8.  Aims and Objectives of the Thesis  

Although the field of anion supramolecular chemistry has expanded enormously during the past few 

decades, the application of ů-hole interactions for anion recognition applications is under-developed 

(see Sections 1.4.4 and 1.4.5). This thesis aims to further understand the fundamentals stemming 

from anion binding halogen bonding and chalcogen bonding ů-hole interactions. This is investigated 

through new synthetic methods utilised for the preparation of novel ů-hole donor host molecules and 

elucidation of their solution phase anion binding properties in competitive solvents. In addition, rare 

halogen bond interactions will be discussed with the aim of creating new templating methods for the 

synthesis of MIMs.  

Chapter 2  focuses on the synthesis of novel chalcogen bonding receptors and a detailed study of 

their anion binding thermodynamic properties. The second half of this chapter investigates synthetic 

routes to incorporate halogen and chalcogen bonding motifs into MIM structural frameworks. 

Chapter 3  explores the synthesis of chiral XB rotaxanes consisting of BINOL macrocyclic and 

axle components. Thereafter, the synthesis and chiral recognition properties of a XB BINOL motif 

incorporated into acyclic foldamer and macrocyclic receptors are discussed.  

Chapter 4  explores the potential of pyridine containing macrocycles and rotaxanes to stabilise 

XB iodonium species and discusses attempts to prepare MIMs via an iodonium template approach.   
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2 | ʎ-Hole Receptors for Anion 
Recognition  

 
Chapter 2:  -Hole Receptors for Anion Recognition  

A ů-hole is an electron deficient region found on Group 14-17 elements (tetrel, pnictogen, chalcogen 

and halogen atoms) when they are covalently bound to an electron-withdrawing group (Refer to 

Chapter 1 for further details). The ů-hole is capable of forming non-covalent interaction(s) with 

Lewis bases. This chapter will discuss the thermodynamic properties of the lesser studied chalcogen 

bond ï anion interaction, focussing on the incorporation of chalcogen bonding (ChB) and halogen 

bonding (XB) donor groups, alongside HB motifs, into acyclic, macrocyclic and MIM receptors for 

comparative anion binding investigation. 
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2.1.  Cationic Chalcogen Bonding Acyclic and 

Macrocyclic  Receptors À 

Chalcogen bonding (ChB) is the attractive non-covalent interaction between an electron-deficient 

divalent Group 16 element (S/Se/Te) and a Lewis base arising from electrophilic ů-holes on the 

chalcogen atom.151 Like halogen bonding (XB), its more well-studied sister ů-hole interaction 

involving heavy Group 17 elements (Br/I),152 ChB displays comparable binding strengths to the 

ubiquitous hydrogen bonding (HB) with more stringent directionality, allowing for greater precision 

in three dimensional spatial control of host-guest binding. Nonetheless, there are important 

differences between XB and ChB interactions. Most notably, while XB is restricted to an optimal R-

X···B angle of ca. 180o, the multivalent nature of chalcogen atoms allows more than one ů-hole to 

be present on the donor atom, resulting in a greater geometric diversity of interactions with Lewis 

bases.33,46 ChB differs electronically from XB, being influenced not only by the intrinsic greater 

electropositivity of chalcogen donor atoms compared to halogens, but also by the cumulative effects 

of the number and spread of ů-holes, coupled with the nature of covalently bonded substituents. 

Although these unique attributes of ChB have been exploited in recent applications such as crystal 

engineering,153 pharmaceutics,154 catalysis,103,155,156 self-assembly processes157,158 and materials 

design,159 solution-phase ChB host-guest recognition investigations remain extremely scarce.160 In 

particular, only a handful of ChB receptor systems for anion binding, including acyclic,46,86 

macrocyclic and rotaxane100 examples have been reported to date. 

While several cationic Se-based ChB receptors are known,46 the weakness of the C-Te bond (bond 

energy c.a. 200 kJ mol-1)161 makes it susceptible to oxidation162 and metal insertion reactions.163ï165 

Thus, despite their potential for strong ChB interactions, cationic Te-based receptors are extremely 

rare,96 with a recent example of the application of a dicationic Te-based chalcogen bond donor as a 

catalyst in a nitro-Michael reaction reported by Huber and co-workers.166,167 This is the first 

 

À Work done for Chapter 2 ï section 2 has been published. Chem. Eur. J. 2018, 24, 14560 ï 14566. 

DOI:10.1002/chem.201803393 
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dicationic Te-based chalcogen bond donor that was found to be stable under ambient conditions with 

crystallographic evidence confirming its structure. The few reported functional neutral Te-based 

anion binding receptors tend to incorporate the chalcogen atom into aromatic heterocycles such as 

tellurophenes98 or tellurodiazoles97 for enhanced stability.  

With the objective of gaining a greater insight into the nature of the ChB receptor-anion interaction, 

this section will discuss the synthesis of a novel robust monocationic tellurium-based ChB donor 

motif 2.5Te comprised of exocyclic divalent Te donor atoms covalently linked to a strongly electron-

withdrawing 3,5-bis(triazole)  pyridinium group (Scheme 1). The inherent stability of 2.5Te enabled 

the thermodynamic properties of ChB-halide anion binding in polar aprotic and wet protic organic 

solvent media to be determined. In comparison with acyclic and macrocyclic Se-based receptors 

2.6Se, 2.11Se, (Scheme 2) acyclic hydrogen bonding 2.5H and fluorine triazole functionalised 2.6F 

receptor analogues (Figure 35), the thermodynamic data helps to rationalize how the interplay 

between ChB receptor, anion guest and solvent medium affects halide binding selectivity and affinity 

trends. 



 

55 

 

 

Figure 35. Anion receptors studied in Section 2.1. 

2.2.  Synthesis of Acyclic and M acrocyclic Receptors  

The acyclic receptors 2.1Te and 2.3Se were constructed using copper(I)-catalysed azide-alkyne 

cycloaddition (CuAAC) reactions, either directly from 3,5-bis(ethynyl)pyridine168 in a óone-potô 

reaction or from the corresponding iodoalkyne169 in a ótwo-potô reaction in relatively good yields. 

Following this, the methylchalcogeno-triazoles were generated by aromatic nucleophilic substitution 

(SNAr) of the iodotriazoles (2.6I, 2.7H and 2.8I) by reactive methylchalcogenide anions generated in 

situ from methyllithium and the elemental chalcogen (Se/Te). While methylseleno-triazoles were 

previously accessed100 using a two-step procedure,170 the use of THF as solvent allowed them to be 

directly formed in synthetically viable yields in one step from iodotriazole precursors. N-Methylation 

of pyridine units in the neutral receptor precursors 2.9Te and 2.10Se using iodomethane, followed by 

anion exchange with aqueous NH4PF6 afforded 2.1Te and 2.3Se in good yields of and 84% respectively. 

(Scheme 1) 
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Scheme 1. Synthesis of acyclic ChB receptors. 

This approach was then adopted to construct the structurally more elaborate macrocycle 2.5Se.À Using 

a methoxymethyl (MOM)-protected hydroquinone derivative, a CuAAC óClickô reaction afforded 

bis-iodotriazole 2.11, which was converted to bis(methylseleno-triazole) 2.12 by reaction with in 

situ generated lithium methylselenide. MOM-deprotection under acidic conditions afforded the free 

bis-phenol 2.13, and SN2 ring-closing with triethylene glycol bis-tosylate afforded neutral 

macrocycle 2.14 in 26% yield. The target cationic macrocycle 2.5Se was prepared by methylation 

with iodomethane, then washed vigorously with an aqueous solution of NH4PF6 to afford macrocycle 

in 56% yield. For all receptors, 1H NMR characterisation confirmed the exclusive methylation of the 

 

À Due to the lability of the C-Te bond, synthesis of the analogous Te-containing macrocycle proved challenging 
and could not be isolated in sufficient quantities for detailed anion binding studies. 
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central pyridine functionality, whilst 125Te and 77Se NMR spectroscopy ascertained the presence of 

the ChB donor atoms.  

 

Scheme 2. Synthesis of Se-containing macrocycle 2.5Se. 

A control receptor bearing fluorotriazole motifs not capable of halogen bonding was synthesised. 

Adapting from previously reported synthetic procedure170, 2.8I  dissolved in acetonitrile and an 

aqueous solution of potassium fluoride was placed in a microwave reactor. The crude reaction was 

extracted with chloroform and subsequent purification by silica gel column chromatography afforded 

2.8F in 52% yield. To yield the cationic receptor, 2.8F was dissolved in iodomethane and 

subsequently subjected to a series of aqueous wash. The combined organic layer was dried over 

MgSO4 and solvent removed in vacuo to afford pure control receptor 2.4F in 82% yield. 
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Scheme 3. Synthesis of control receptor 2.4F. 

 

2.3.  Anion Binding Studies of Cationic Chalcogen -

containing Receptors  

2.3.1.  Anion Binding in Acetonitril e 

The anion binding behaviour of receptors 2.1Te, 2.3Se and 2.5Se were first probed by 1H NMR titration 

experiments in CD3CN. The addition of tetrabutylammonium (TBA) chloride to 2.1Te elicited large 

downfield shifts of the signals arising from the internal pyridinium aromatic proton (Ha) and the 

TeCH3 moieties (Figure 36i), whilst giving negligible perturbations of protons Hb and Hd even after 

10 equivalents of Cl-. Notably, significant downfield shifts of the TeCH3 groups were also observed 

upon anion addition (Figure 36ii). In contrast, no perturbations of any of the proton signals arising 

from the octyl chains (e.g. Hc) were seen throughout the titrations. These observations strongly imply 

that the Cl- guest is binding in the vicinity between the Te ChB donor groups. By monitoring the 

shifts of Ha, non-linear regression analysis of the titration data using the WinEQNMR2 software171 

determined anion association constants (Ka) shown in Table 1. For comparison, binding affinities 

were also determined for the HB receptor analogue (2.5H).172 See appendix A1 for titration protocol. 
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i) 

 
ii)  

 
Figure 36. i) Partial 1H NMR spectra of 2.5Te in the presence of increasing quantities of Cl- ([2.5Te]= 

1.0 mM, CD3CN, T = 298 K). ii) Partial 1H NMR spectra of TeCH3 proton shifts after 1.0 eqv of Cl-. 

The ChB receptor 2.1Te exhibits appreciable affinities for a range of anions of differing charge 

densities and geometries (Table 1). It is noteworthy that by replacing the TeCH3 units with hydrogen 

atoms in receptor 2.2H, all anion binding affinities are significantly reduced in magnitude. 

Contrasting anion affinity preferences between the ChB and HB receptors include 2.1Te binding all 

the halides more strongly than acetate, whereas 2.2H displays a higher affinity for acetate over the 

heavier halides bromide and iodide. While this may be a consequence of the contrasting 

directionalities of ChB and HB, these observations also suggest that ChB-mediated anion binding 

may be less sensitive to anion basicity than HB interactions. For the halides, while anion affinities 

for both 2.1Te and 2.2H decrease in order of charge density (Cl- > Br- > I-), 2.1Te showed a larger 

enhancement in anion affinity relative to 2.2H with the softer and more lipophilic heavier halides, I- 

and Br- (Table 2). ChB receptors show augmented binding affinities in the heavier halides compared 

to HB receptor, possibly due to enhanced ósoft-softô interactions.  However, a strong association was 
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observed between 2.1Te and H2PO4
-, showing an initial host-guest 2:1 binding (K21) stoichiometry 

that became 1:1 (K11) at higher anion concentrations (Figure 37). In contrast, H2PO4
- addition to 2.2H 

resulted in precipitation of the host-guest complex. The significant differences in anion recognition 

properties between 2.1Te and 2.2H give a strong indication that ChB interactions dominate the binding 

of anions by 2.1Te.  

Table 2. Association constants (Ka/ M -1) of 2.1Te and 2.2H with different anions in CD3CN at 298 K.[a] 

Anion 
Ka/ M -1 

2.1Te 2.2H 

Cl- 652 (13) 263 (8) 

Br- 503 (16) 106 (3) [b] 

I- 305 (11) [c] 59 (2) [b] 

CH3COO- 269 (9) 198 (6) 

N3
- 330 (22) 92 (3) 

H2PO4
- 

K21 = 411 (40) [c] 

K11 = 1530 (138) 
- [b,d] 

[a] Values of Ka determined using the WinEQNMR2 software171 by monitoring the internal proton 

Ha for 2.1Te and the triazole aromatic proton for 2.2H using a 1:1 host-guest binding model unless 

otherwise stated; Errors (±) in parentheses; [host] = 1.0 mM. CD3CN, T = 298 K); [b] Values previously 

reported in ref. 172 ; [c] TeCH3 protons monitored instead of Ha; [d] precipitation of host during 

titration. 

 

i) 

 

ii)  

 

Figure 37. Changes in the chemical shifts of (A) internal pyridinium aromatic proton Ha of receptor 

2.1Te with increasing quantities of Cl-, Br-, I-, CH3COO-, N3
- and (B) TeCH3 protons for H2PO4

- in CD3CN 
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([1.Te] = 1.0 mM, T = 298 K). For the H2PO4
- titration, the TeCH3 protons gave significantly better fit 

with a 2:1 host-guest binding model than Ha 

Further evidence of strong involvement of ChB in anion coordination was observed from the large 

upfield shifts of the tellurium receptorôs 125Te NMR signals (ȹŭ = -9.9 ppm) upon addition of 1.0 

equivalent of Cl-, which is consistent with the donation of electron density from Cl- into the C-Te ů* 

orbital (Figure 38).100  

 

Figure 38. Partial 125Te NMR spectra of 2.1Te in the presence of 0.0 and 1.0 eqv of Cl- in d6-acetone 

([2.1Te] = 4.0 mM, T = 298 K,). A saturated internal standard of diphenyl ditelluride was used for 

referencing (d6-acetonŜΣ ʵ плл ǇǇƳύΦ ɲʵTe = -9.9 ppm upfield. 

 

2.3.2.  Solvent Effects on Anion Binding  

The significant anion affinities exhibited by 2.1Te in CD3CN prompted us to determine the ChB 

receptorôs anion binding properties in a range of solvent media of varying competitiveness. 

Analogous 1H NMR titration experiments in d6-acetone revealed large downfield perturbations of 

only the Ha and TeCH3 proton signals of 2.1Te. This indicated that despite the weaker charge 

screening in acetone (dielectric constant Ů = 20.7) compared with acetonitrile (Ů = 37.5), which could 

favour electrostatically-driven binding in the vicinity of the cationic pyridinium nitrogen atom, Te-

mediated ChB was still dominating the anion recognition. More than an order-of-magnitude 

enhancement in the Ka values were seen with Cl- and I- in acetone (Table 3) when compared to 

acetonitrile (Table 2). On the other hand, more competitive solvents such as d6-DMSO resulted in 
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considerably weaker Cl- binding, whilst no detectable binding was observed in CD3OD (Table 3). It 

is noteworthy that 2.1Te showed noticeably weaker Cl- anion affinity compared to the XB pyridinium-

3,5-bis(iodotriazole) receptor analogue (Ka = 387 M-1) in d6-DMSO.172 Although tellurium is more 

electropositive than iodine, the significant discrepancy observed in this case may be due to a 

combination of the increased steric bulk of the larger TeCH3 ChB-donor groups, the more diffuse ů-

holes on the divalent Te atom compared to the monovalent XB-donor iodine atom,38 and the potential 

electron-donating nature of the methyl group covalently bonded to Te reducing the electron-

deficiency of its ů-hole. 

 

2.3.3.  Anio n Binding in the Presence of D 2O 

The presence of water in an organic solvent has been shown to be detrimental to the anion affinities 

of HB173 and XB174 hosts, attributed to the increased energetic demands required to overcome anion 

hydration for binding to occur. To directly compare the effects of solvent hydration on ChB-mediated 

anion binding, 1H NMR titration binding studies were also performed with 2.1Te in CD3CN/ D2O 

99:1 v/v and the resulting host-guest 1:1 stoichiometric association constants are summarised in 

Table 3 with binding isotherms shown in Figure 39. Compared to the Ka values determined in dry 

CD3CN (Table 3), the presence of just 1% water by volume in the solvent resulted in a significant 

reduction of all anion affinities with the extent of magnitude decrease mirroring the anionôs hydration 

energies (H2PO4
- > Cl- > Br- > I-).24  
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Table 3. Anion association constants of 2.1Te and 2.2H in different solvents. [a] 

Anion 

2.1Te 

Ka (M -1) 

2.2H 

Ka (M -1) 

d6-acetone d6-DMSO CD3CN/ D2O 99:1 CD3CN/ D2O 99:1 

Cl- > 104 [b] 43 (3) 122 (1) 79 (3) 

Br- -[c] -[d] 183 (4) 62 (2) 

I- 3528 (54) -[d] 139 (1) 44 (1) 

H2PO4
- -[d] -[d] 100 (2) -[c] 

[a] Values of Ka determined using the WinEQNMR2 software171 using a 1:1 host-guest binding model; 

Errors (±) in parentheses; [host] = 1.0 mM. CD3CN, T = 298 K). [b] 1H NMR titration of Cl- with receptor 

2.1Te in d6-acetone were carried out at 298, 308 and 318 K, giving Ka >104 M-1 in each case. [c] 

precipitation of the host-guest complex observed during titration; [d] not performed. 

 

 

i) 

 

ii)  

 

Figure 39. i) Changes in the chemical shifts of internal pyridinium aromatic proton Ha of receptor 

2.1Te with increasing quantities of anions in CD3CN/ D2O 99:1 v/v ([2.1Te] = 1.0 mM, T = 298 K). ii) 

Changes in the chemical shifts of triazole protons of receptor 2.2H with increasing quantities of 

anions in CD3CN/ D2O 99:1 v/v ([2.2H] = 1.0 mM, T = 298 K). 
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As a consequence, 2.1Te exhibits comparable affinities for all anions studied, albeit with a slight 

preference for Br-. The Hofmeister bias of binding the heavier, less-hydrated halides in wet solvent 

media closely mirrors the behaviour observed for XB host systems,175 highlighting the similarity 

between both sister ů-hole interactions, and contrasts with the binding preferences of HB donor hosts. 

This is clearly illustrated by the Ka values determined for 2.2H with the halides in CD3CN/ D2O     

99:1 v/v (Table 3), which show a distinct anti-Hofmeister bias (Ka of Cl- > Br- > I-).  

Summarising the anion binding results, overall (a) 2.1Te binds anions more strongly than its HB 

analogue 2.2H under identical solvent conditions, this is especially the case with the heavier halides 

bromide and iodide; (b) the nature of the solvent significantly influences the stability of the 

chalcogen-bonded host-guest complexes, where the strongest associations are observed in aprotic 

organic media of lower polarity (d6-acetone > CD3CN > d6-DMSO > CD3OD); and (c) in wet solvent 

media (CD3CN/D2O 99:1) 2.2Te displays the Hofmeister bias of favouring the binding of the heavier 

halides. 

2.3.4.  Chalcogen Atom Effects on Anion Binding  

Having ascertained the anion binding properties of 2.1Te in a variety of solvents, the effects of 

substituting the Te ChB-donor atom with Se was investigated using receptors 2.3Se and 2.5Se.  As no 

evidence of binding with Cl- was found using 2.5Se, in CD3CN, halide binding studies were 

performed in the less competitive d6-acetone. In this solvent, the addition of Cl- to acyclic receptor 

2.3Se elicited downfield perturbations of the signals arising from the external aromatic proton Hb and 

the pyridinium methyl group Hc, concomitantly giving an upfield shift of Ha (Figure 40), which is in 

stark contrast to Cl- binding by 2.1Te shown in Figure 36.À 

 

À Lack of perturbations of signals arising from the tBuArCH2-groups (i.e.Hd, He and Hf) show that they are not 
interacting with Cl- nor involved in any significant desolvation processes accompanying anion binding. The 
possibility of the different terminal groups of 2.Se and 1.Te accounting for any differences in anion binding 
behaviour can thus be ruled out. 
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Similarly, iodide addition only caused small proton perturbations in the pyridinium region of 2.3Se 

(Figure 41). By fitting the titration data to a 1:1 host-guest stoichiometric binding model, 2.3Se was 

found to form the strongest complex with the more charge-dense Cl- (Ka = 419 M-1) compared to 

iodide (Ka = 190 M-1) (Figure 41 & Figure 42).  

 

Figure 40.  Partial 1H NMR spectra of 2.3Se in the presence of increasing quantities of Cl- in d6-acetone 

([2.3Se] = 1.0 mM, T = 298 K).  

 

Figure 41. Partial 1H NMR spectra of 2.3Se in the presence of increasing quantities of I- in d6-acetone 

([2.3Se] = 1.0 mM, T = 298 K).  
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Figure 42. Changes in the chemical shifts of internal protons (Ha) of receptor 2.3Se with increasing 

quantities of Cl- and I- in d6-acetone ([2.3Se] = 1.0 mM, T = 298 K). 

Similar signal perturbations were also observed with the pyridinium-bis(methylseleno-triazole) 

moiety of macrocycle 2.5Se, whilst the rest of the macrocycle signals showed no appreciable shifts 

(Figure 43i). These observations suggest that Cl- is not binding in the cleft between both SeCH3 units 

but is predominantly interacting in the vicinity of the cationic pyridinium nitrogen atom of both 

receptors, possibly driven by Coulombic attraction and HB interactions with Hb and Hc. Indeed, the 

possibility of competing HB or to a much lesser extent, anion-ˊ interactions, between anions and 

cationic aromatic receptor frameworks bearing XB donor groups has been recently demonstrated by 

Huber and co-workers,176 providing support for this mode of interaction between Cl- and 2.3Se /2.5Se. 
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i) 

 

ii) 

 

Figure 43. i) Partial 1H NMR spectra of macrocycle 2.5Se in the presence of increasing quantities of 

Cl- in d6-acetone ([2.5Se] = 1.0 mM, T = 298 K). ii) Changes in the chemical shifts of pyridinium protons 

of macrocycle 2.5Se with increasing quantities of Cl- in d6-acetone ([2.5Se] = 1.0 mM, T = 298 K)  

To provide further evidence, an analogous Cl- titration experiment under identical conditions with 

the bis-fluorotriazole acyclic host analogue 2.4F was undertaken. Significant downfield shifts were 

seen for only Hb and Hc immediately adjacent to the cationic pyridinium nitrogen atom (Figure 44i). 

Furthermore, the similar Cl- association constants determined for 2.5Se (Ka = 450 ± 23 M-1) and 2.4F 

(Ka = 411 ± 21 M-1), obtained by monitoring the downfield shifts of Hb, as well as the very small 

perturbations of the SeCH3 77Se signals (ȹŭSe = +1.1 ppm over 10.0 equivalents of Cl-) for 2.3Se, 

lends further support that Se-mediated ChB interactions play only a minor role in the halide anion 

association of 2.3Se and 2.5Se (Figure 44iii) . 
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i) 

 

ii) 

 

iii) 

 

Figure 44. i) Partial 1H NMR spectra of 2.4F in the presence of increasing quantities of Cl- in d6-

acetone ([2.4F] = 1.0 mM, T = 298 K). ii) Changes in the chemical shifts of pyridinium protons of 

receptor 2.4F with increasing quantities of anions in d6-acetone ([2.4F] = 1.0 mM, T = 298 K). iii) 

Partial 77Se NMR spectra of 2.3Se in the presence of 0.0, 2.0 and 10.0 eqv of Cl- in d6-acetone ([2.3Se] 

= 4.0 mM, T = 298 K). A saturated internal standard of diphenyl diselenide was used as a reference 

peak (d6-ŀŎŜǘƻƴŜΣ ʵ про ǇǇƳύΦ ɲʵ{Ŝ = +1.1 ppm downfield.  

Although one may expect that the ChB donor properties of Se-based receptors to be inferior to Te-

containing analogues owing to the reduced polarizability of Se, the weakness of the ChB-anion 
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interactions with 2.3Se and 2.5Se is surprising, considering that cationic methylseleno-triazolium 

(direct N3-methylation on the triazole)100 and divalent chalcogeno-benzimidazolium motifs155 are 

potent ChB donors in both the solid state and in solution. Clearly, polarisation of neutral 

methylseleno-triazoles with a central cationic pyridinium unit is insufficient to render the ů-holes on 

Se electron-deficient enough for strong anion interactions.  

2.4.  Thermodynam ic Contributions to Anion Binding  

The thermodynamic enthalpic and entropic contributions behind the ChB halide anion binding trends 

were elucidated by variable-temperature (VT) 1H NMR titration experiments. Measurements were 

performed at temperatures spanning at least 40 K to determine Ka values in dry and wet CD3CN as 

well as d6-acetone. Evidence of anion association was observed to weaken with increasing 

temperatures. Notably, 2.1Te did not show any evidence of thermal decomposition at temperatures 

as high as 338 K even in the presence of water, a testament to its thermal and chemical stability 

(Figure 45). À  

 

Figure 45. Partial 1H NMR spectra of 2.1Te at 338 K in the presence of increasing quantities of Cl- in 

CD3CN ([2.1Te] = 1.0 mM) where Ha is the internal pyridinium proton and Hb is the external pyridinium 

protons. Note the absence of receptor decomposition at 338 K. 

 

 

À For all host systems, halide guests and solvent conditions studied, plots of lnKa against T-1 gave excellent 
ƭƛƴŜŀǊƛǘȅ όμtŜŀǊǎƻƴΩǎ wμ Ҕ лΦффύ ƛƴŘƛŎŀǘƛƴƎ ƴŜƎƭƛƎƛōƭŜ ŎƘŀƴƎŜǎ ƛƴ ƻǾŜǊŀƭƭ ƘŜŀǘ ŎŀǇŀŎƛǘȅ ƻŦ ǘƘŜ ǎȅǎǘŜƳ ƻǾŜǊ ǘƘŜ 
temperature range studied due to enthalpic invariance (Cp=dH/dT). 
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2.4.1.  Elucidating Thermodynamic Properties of 

Chalcogen Receptors  

Association constants (K) gathered from VT 1H NMR titrations allow the enthalpic (ɝὌ) and 

entropic (ɝὛ) term to be determined via the vanôt Hoff equation:À 

ÌÎὑ
ЎὌ

Ὑ

ρ

Ὕ
 
ЎὛ

Ὑ
 

Plotting ln K against , gives, 
Ў

 as the gradient, and 
Ў

 as the intercept of the linearÿ fit. 

Hence the change in enthalpy (ɝὌ) will determine the type of vanôt Hoff plots obtained, where ɝὌ

π (negative gradient) represents an endothermic reaction while ɝὌ π (positive gradient) 

represents an exothermic reaction.  

The vanôt Hoff plots obtained for receptor 2.1Te, 2.2H, 2.3Se and 2.5Se in various solvents are shown 

in Figure 46. From the plot gradients, the exothermic and endothermic trends can be observed. VT 

titration measurements carried out in dry and wet CD3CN resulted in receptors 2.1Te and 2.2H having 

positive gradients which suggests exothermic binding events while Se-containing receptors have 

negative gradients suggesting endothermic binding events. As seen from Figure 46, all vanôt Hoff 

plots gave excellent line of best fit by its calculated Pearsonôs R value > 0.99. By using the Gibbsô 

free energy equation, ЎὋ  ЎὌ ὝЎὛ, the thermodynamic halide binding data (ȹG, ȹH and TȹS) 

is collected in Table 4 and represented visually in Figure 47.Ờ 

 

À R is the ideal gas constant (8.314 JK-1mol-1) 
ÿ ! ƭƛƴŜŀǊ ǾŀƴΩt Hoff plot assumes that enthalpy and entropy are constant with temperature changes where 
any non-linearity (first-order approximation) suggests that different species has different heat capacities. 
Ờ Binding isotherms and associations constants can be found in Appendix A2. 
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i) 

 

ii) 

 

Figure 46Φ Ǿŀƴ Ψǘ IƻŦŦ Ǉƭots showing the changes of association constant (Ka (M-1) i) 2.1Te and 2.2H 

with different halides at different temperatures (T (K)), determined using VT 1H NMR titration 

experiments. Errors (±) of K are indicated as error bars ([host] = 1.0 mM, solvent = CD3CN or 

CD3CN/D2O 99:1). ii) 2.3Se and 2.5Se with different halides at different temperatures (T (K)), 
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determined using VT 1H NMR titration experiments. Errors (±) of K are indicated as error bars ([host] 

= 1.0 mM, solvent = d6-acetone).  

Table 4Φ ¢ƘŜǊƳƻŘȅƴŀƳƛŎ ǇŀǊŀƳŜǘŜǊǎ όɲDΣ ɲI ŀƴŘ ¢ɲ{ύ ŦƻǊ ƘŀƭƛŘŜ ōƛƴŘƛƴƎ ōȅ ǊŜŎŜǇǘƻǊǎ 2.1Te, 2.2H, 

2.3Se and 2.5Se in various solvent mixtures. [a] 

S/N Host Solvent Anion 
ȹG/ 

kJ mol-1 

ȹH/ 

kJ mol-1 

TȹS/ 

kJ mol-1 

1 

2.1Te 

CD3CN Cl- -16.1 -12.8 +3.2 

2 CD3CN Br- -15.4 -15.2 +0.1 

3 CD3CN I- -14.2 -16.6 -2.4 

4 d6-acetone I- -20.2 -9.9 +10.3 

5 CD3CN/ D2O 99:1 Br- -12.9 -12.5 +0.4 

6 2.2H CD3CN Cl- -13.8 -2.9 +10.9 

7 2.3Se d6-acetone Cl- -15.4 +3.6 +19.0 

8 2.5Se d6-acetone Cl- -15.1 +6.2 +21.3 

[a] Errors for individual titrations <10%; [host] = 1.0 mM 

2.4.2.  ChB -m ediated Binding of H alides  

In CD3CN, the ChB-mediated binding of halides to 2.1Te (Table 4, entries 1-3) was found to be 

strongly dominated by enthalpy in all cases. This is especially the case with bromide and iodide 

which exhibit significantly larger exothermic enthalpic values than chloride. Interestingly, whereas 

the binding of chloride is also entropically favourable, an almost negligible entropic contribution is 

observed for Br- and entropy is disfavoured for I-. Clearly, the reduction in binding affinity observed 

with the heavier halides is driven solely by the increasingly unfavourable entropic contributions. It 

has been previously demonstrated computationally that interactions between ChB donors and the 

heavier, ósofterô and more polarisable halides possess greater covalency/charge-transfer character,100 

which may partly account for the increasing exothermic contribution observed for Te-bromide and 

Te-iodide chalcogen bond formation. It is interesting to note that a similar trend of more exothermic 

binding compensated by greater loss in entropy (although ȹS was favourable in all cases) in the 

binding of Cl-, Br- and I- was previously reported with iodoimidazolium XB hosts.177 Nonetheless, 

the varying extents of halide desolvation during the anion binding process may also partly contribute 

towards the thermodynamic trends observed. 
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Figure 47. Thermodynamic parameters of receptors 2.1Te, 2.2H, 2.3Se and 2.5Se in various solvent 

mixtures to halide guests. 

 

2.4.3.  Influence of Solvent  

As shown in Table 4, dramatic enhancements in the Cl- and I- affinities of 2.1Te was found in d6-

acetone compared with CD3CN. Due to the very strong association of Cl- (Ka > 104 M-1), 

thermodynamic binding parameters could not be determined accurately using 1H NMR vanôt Hoff 

analysis. Nonetheless, 2.1Te-I- binding in d6-acetone was observed to be driven by favourable 

enthalpic and entropic contributions (Table 4, entry 4), in contrast to binding in CD3CN (Table 4, 

entry 3) which was exclusively enthalpically-driven. Surprisingly, the greater iodide affinity 

observed in d6-acetone was not reflected in a larger exothermic enthalpy value; indeed, the 

exothermic magnitude is significantly diminished. Instead, the augmented affinity results from a 

favourable entropy increase. This unexpected result is difficult to rationalise, given that both solvents 
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have similar Gutmann donor/acceptor numbers178 (DNacetone = 17.0 > DNacetonitrile = 14.1), (ANacetone = 

12.5 < ANacetonitrile = 19.3) and free energies of iodide solvation.179 Nonetheless, these observations 

may be a consequence of changes in the solvent structure following host-guest binding. In the liquid 

phase, theoretical simulations have revealed that acetone180 exhibits smaller degrees of short-range 

molecular ordering than acetonitrile,181 with the latter adopting L-shaped and head-to-tail antiparallel 

configurations between neighbouring molecules. Upon binding between I- and 2.1Te, the released 

CD3CN molecules undergo a greater extent of re-ordering compared with d6-acetone, giving rise to 

a greater entropic penalty. A similar reasoning has been invoked to account for the exothermic, but 

entropically-disfavoured anion binding in solvents exhibiting a degree of structural-ordering such as 

water182 and chloroform.183  

The vanôt Hoff analysis of Br- binding by 2.1Te in CD3CN/ D2O 99:1 v/v (Table 4, entry 5) proved 

insightful in elucidating the thermodynamic origins of the reduced anion affinities observed in the 

presence of water (Table 3). Compared to pure CD3CN (Table 4, entry 2), Br- binding in the wet 

solvent retained the dominance of the enthalpic driving force over entropy, despite reducing the 

exothermic magnitude (ȹȹH = -2.7 kJ mol-1). This observation is consistent with previously reported 

computational findings on the effects of halide hydration on ChB binding:100 the binding of hydrated 

halide anions brings the associated water molecules in its hydration shell into close proximity with 

the Te atoms, which disrupt the Te···Br- ChB interactions. At the same time, the stronger D2O···Br- 

interactions compared with CD3CN, reflected by the large acceptor number of D2O (AN = 54.8),178 

makes desolvation enthalpically unfavourable. These factors in combination may manifest in the 

diminished exothermicity observed.  

2.4.4.  Differences Between ChB - and HB -mediated 

Anion Binding.  

To understand the unique aspects of ChB-mediated anion binding, the thermodynamic parameters 

for the binding of Cl- to 2.2H were determined (Table 4, entry 6). Although Cl- binding was driven 

favourably by both enthalpy and entropy in CD3CN, the entropic term dominates for 2.2H, accounting 
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for nearly 80% of the free energy of binding. In contrast, 2.1TeỄCl- binding was mostly dominated 

by enthalpy (Table 4, entry 1). A favourable entropic contribution to binding of anions to HB 

receptors in polar aprotic solvents with significant hydrogen bond basicity184 such as acetonitrile185ï

188 has been attributed to desolvation of the Lewis acidic host binding site during anion 

complexation.173 The difference in thermodynamic signature with 2.1Te may suggest that its ChB-

donor binding cavity is less extensively desolvated during anion binding. As the process of 

desolvation is inherently endothermic, this may also partly account for a much smaller exothermic 

binding contribution observed for 2.2H compared to 2.1Te. Similarly, Cl- binding by 2.3Se and 2.5Se  

in d6-acetone was found to be driven exclusively by entropy (Table 4, entries 7 and 8), in stark 

contrast with that for I- binding by 2.1Te in the same solvent (Table 4, entry 4). As mentioned 

previously, the Se atoms are insufficiently polarised by the cationic pyridinium-bis(triazole) receptor 

framework to allow strong ChB interactions with the halides, with the consequence that halide 

binding by 2.3Se and 2.5Se is predominantly electrostatically-driven, unlike the ChB interactions 

primarily responsible for I- binding by 2.1Te. The large entropic driving force observed in each case 

is thus consistent with extensive host-guest desolvation upon anion association, whilst the absence 

of strong directional bonding interactions (e.g. HB) formed between 2.3Se and 2.5Se with Cl- results 

in the lack of any favourable enthalpic contribution. Nonetheless, although the 2.5SeỄCl- interaction 

is more favourable entropically, this is offset by a larger unfavourable endothermic enthalpy, 

resulting in almost identical Cl- affinities for the Se receptors. Although this difference in 

thermodynamic signature is likely a consequence of the structural differences between 2.3Se and 2.5Se, 

no significant macrocyclic effect is observed which may be due to the exocyclic association of Cl- 

on the periphery of the macrocycle 2.5Se.  

2.4.5.  Concluding Remarks  

The synthesis of novel cationic ChB-based acyclic and macrocyclic anion receptors, that importantly 

are stable at ambient and alleviated temperatures, allowed the elucidation of their anion binding 

thermodynamic properties via VT 1H NMR titrations. The stability of macrocycle 2.5Se encouraged 

a subsequent investigation into the integration of ChB-donors into interlocked hosts which is 
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presented in the last section of this chapter (Section 2.7.1). In an effort to provide more insights into 

ů-hole anion interactions, the following sections discuss hybrid XB-HB (Section 2.5) and ChB-HB 

structures (Section 2.7.3) for anion recognition that contain thioamide HB binding motifs. 

2.5.  Hybrid XB -HB I nterlocked Structures Containi ng 

Thioamides  

Thioamides are known to possess more acidic protons than their amide counterparts and have been 

incorporated into receptors as anion binding motifs.22,173,188,189 It has been reported that isosteric 

substitution of an amide HB donor with a thioamide donor results in increased anion binding affinity 

due to lone pair (n) nO ˊ* electronic delocalisation.190 For example, Jurczak and co-workers, 

developed a range of acyclic pyrrole-based amide and thioamide receptors for anion recognition in 

DMSO/0.5% H2O solvent mixture.188 A comparison of the binding constants found the thioamide 

receptors exhibited a stronger affinity towards benzoate and chloride anions than their amide 

analogues. Also Bowman-James and co-workers have shown polythioamide macrocycles to display 

higher affinity for H2PO4
-, HSO4

- and F- in DMSO compared to the cyclic amide analogues.191 

The synthesis of a novel thioamide macrocycle 2.22 (Scheme 5) was inspired by the reported 

significant evidence of halide anion - halogen bond covalency in a mixed HB/XB [2]catenane 

2.17XB
172 consisting of XB bis-iodotriazole pyridinium 2.15 and HB isophthalamide macrocycle 

2.16CH components (Scheme 4). Using a Cl- template strategy and ring-closing metathesis (RCM) of 

vinyl-appended XB pyridinium precursor 2.15 and isophthalamide macrocycle 2.16CH with Grubbôs 

II catalyst (10% wt), [2]catenane 2.17XBĀCl was isolated in 41% yield. The catenane exhibited very 

strong Br- and I- affinity (Ka > 104 M-1) in a competitive aqueous-organic solvent mixture (10:45:45 

D2O/CDCl3/CD3OD). Importantly, this XB/HB catenane proved to be far more potent and selective 

for the heavier halides when compared to the HB [2]catenane 2.17HB.192 It was of interest to 

investigate the influence of HB donor ability on the anion recognition properties of a target thioamide 

macrocycle containing XB/HB catenane analogue. 
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Scheme 4. Previously reported mixed HB/XB [2]catenane 2.17.172,192 

2.5.1.  Synthesis  of Thioamide Macrocycle  

The synthesis of the target thioamide macrocycle 2.22 was achieved via the initial preparation of 

previously reported isophthalamide macrocycle 2.16136 (Scheme 5). t-Bu-isophthalic acid chloride 

2.19 was synthesised from the corresponding commercial acid 2.18 via reaction with oxalyl chloride 

and a catalytic amount of DMF and used immediately without further purification. Reduction of bis-

azide 2.20193 using hydrazine monohydrate in the presence of 10% Pd/C afforded the bis-amine 

macrocycle precursor 2.21 in 84% yield. High dilution conditions were used for amine condensation 

of precursors 2.19t-Bu
À and 2.21 in the presence of triethylamine in dry DCM to give macrocycle 

2.16t-Bu in 38% yield after chromatographic purification. The amide groups of 2.16t-Bu were then 

converted to thioamides using the mild thionating Lawessonôs reagent to give macrocycle 2.22.  

Evidence of full conversion to thioamides was confirmed by IR spectroscopy. The characteristic 

amide carbonyl C=O bond stretch of 2.16t-Bu at ca. 1660 (± 20) cm-1 (as a strong band) was replaced 

by the thioamide C=S stretch at 1117 cm-1 in agreement with literature observations.194 

 

À Instead of isophthalic acid, t-butyl isophthalic acid was used to increase solubility of final macrocycle. 
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Scheme 5. Synthesis of thiophthalamide macrocycle 2.17. 

Small and poorly diffracting crystals of macrocycle 2.22 were obtained by slow evaporation of 

acetone in water. The crystal suffered considerable beam damage during data collection using 

synchrotron radiation, and hence relatively low-quality data were obtained. Nevertheless, the 

structure of the macrocycle was unambiguously determined showing unequivocal evidence of the 

thioamide functionalities present. (See Appendix B ï for further details) 

 
 
Figure 48. X-ray crystal structure of macrocycle 2.22. Thermal ellipsoids are displayed at the 50% 

probability level. Red = Oxygen; Blue = Nitrogen; Yellow = Sulfur. 

 






















































































































































































































































































































































