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Lay Abstract  

Supramolecular chemistry is a rapidly growing field of research that uses non-covalent 

interactions to spontaneously build well-organized structures. Among such interactions, 

hydrogen bonds are the most investigated and highly utilized in chemical and biological 

systems such as in DNA self-assembly, protein folding, cellulose, synthetic polymers and 

more. In recent years, much attention has been given to other non-covalent interactions, in 

particular bonding interactions that occur between electron-rich centres with electron-poor 

covalently bonded atoms of elements in groups 14 to 17 on the periodic table. These 

bonding interactions are named according to the group of the electron-deficient elements 

such as halogen bonds (XBs, group 17), chalcogen bonds (ChBs, group 16), “tetrel bonds” 

(group 14) and “pnictogen bonds” (group 15), as alternatives to hydrogen bonding. The 

purpose of this thesis is to augment our knowledge of ChBs by investigating the 

supramolecular chemistry of iso-chalcogenazole N-oxides and related compounds. Such 

molecules spontaneously assemble robust supramolecular structures, like infinite chains 

(polymers), and macrocyclic tetramers hexamers through Te…O ChB interactions that are 

strong and yet reversible. The macrocyclic aggregates coordinate to transition metal ions, 

form adducts with fullerene and host small molecules. The unusual stability of these 

tellurium-containing supramolecular building blocks, in addition to their strong ChBs, 

facilitated these investigations. The solubility of these compounds was improved by 

installing non-polar bulky groups. The macrocyclic cavity can be enlarged by replacing the 

oxygen atom with phenoxides groups, creating a new family of supramolecular building 

blocks. 
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Abstract 

Noncovalent interactions have attracted significant attention in the recent decades, both 

seeking a fundamental understanding and pursuing a wide range of applications. One 

particular case that has been studied in great detail is halogen bonding (XBs). The use of 

chalcogen bonding (ChBs) is only beginning to thrive but already has made a mark in the 

chemical community. In this thesis, we intended to augment the study of ChBs by 

examining 1,2-chalcogenazole 2-oxides. These N-oxides of C3NCh (Ch = Se, Te) 

heterocycles spontaneously assemble supramolecular structures through reversible Te…O 

ChB interactions. In solution, their macrocyclic tetramers and hexamers exist in 

equilibrium. These rings as well as supramolecular polymers (infinite chains in crystalline 

phase) have been authenticated by single-crystal X-ray diffraction. Despite the reversibility 

of the Te…O link, the macrocycles display properties typical of covalent macrocycles, 

including ability to coordinate metal ions, host small molecules, and form adducts with 

fullerenes. The compounds are stable to tellurium halogenation and unreactive to Lewis 

bases. However, they are readily cleaved by Brønsted and Lewis acids. Transformation of 

the structure of iso-tellurazole N-oxides by formal insertion of an aromatic bridge between 

the nitrogen and oxygen atoms led to a new family of supramolecular building blocks. A 

disubstituted benzene bridge yielded three isomers, all of which display signs of 

aggregation in solution and crystallize in either polymeric or macrocyclic aggregates. 

Among the latter, the ortho compound assembled a calixarene-like trimer while the para 

derivative built a macrocyclic tetramer akin to a molecular square. 
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Chapter 1. Introduction. Chalcogen bonding in Materials Chemistry  

1.1 Preamble  

In recent decades, there has been increasing interest in supramolecular interactions in 

which atoms of heavy p-block elements act as electrophilic centres. The most prominent 

example is the halogen bond (XBs) which was defined by IUPAC in 2013.1  Recently, 

considerable attention has been given to the chalcogen bond (ChB), formally defined by 

IUPAC in 2019 as a “net attractive interaction between an electrophilic region associated 

with a chalcogen atom in a molecular entity and a nucleophilic region in another, or the 

same, molecular entity”.2 In the typical representation of a chalcogen bond, R-Ch…A, Ch 

denotes the ChB donor being a chalcogen atom (S, Se, Te) containing an electron-deficient 

region. R-Ch is the molecular entity featuring the ChB donor and A is the ChB acceptor, 

which commonly is an electron-rich region of a molecular entity such as a lone pair, a π-

system, or an anion. The interatomic distance of a ChB typically is in between the sum of 

van der Waals radii and the sum of covalent radii. Given the same A, the strength of a ChB 

typically is the strongest with heavier, less electronegative Ch atoms and more electron-

withdrawing R. Other factors such as the Lewis basicity of A, and the interaction angle 

between the Ch and the Lewis base are also crucial as typically the ChB axis is oriented 

along the extension of a covalent bond opposite to the ChB.  

The growth of interest in ChB is reflected in the increasing number of recent publications 

in this area with focus on a wide range of fields spanning from crystal engineering,3,4 and 

catalysis5–8 to functional materials,9–14 and anion transport and binding.15–17 Currently, 



Ph.D. Thesis – P. C. Ho; McMaster University – Chemistry & Chemical Biology 

2 
 

most of the work done on ChB is concerned with the solid state and the characterization is 

mostly based on structural determinations by single-crystal X-ray diffraction. 

Less frequent is work done in solution and with systems that undergo structural changes. 

An important development in this area was the observation of reversible auto-association 

of molecules of 3-methyl-5-phenyl-1,2-tellurazole 2-oxide, which assemble through Te…O 

ChBs interactions into helical polymer, annular tetrameric and hexametric structures (1b4, 

1b6).
18,19 Nuclear magnetic resonance spectroscopic experiments showed that the cyclic 

tetramers and hexamers are persistent in solution.18,19 These annular aggregates display 

chemical properties of covalently bonded macrocycles (Scheme 1.1) such as ability to bind 

transition metal ions, forming fullerene adducts, and hosting small molecules in a 

crystal.18,19 The work was carried out during my undergraduate research and the 

corresponding publication is not included in this thesis. That article, however, served as 

the foundation of my graduate research. This Ph.D. thesis is presented in the “sandwich” 

format compiling my graduate research published to date.  
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Scheme 1.1. Supramolecular species formed by auto-association of 1b, alone or in 

combination with a Pd(II) salt or C60. Reproduced with permission from reference 18. 

  

1.2 Thesis organization  

This thesis comprises eight chapters. Chapter 1 serves as an introduction to the field of 

chalcogen bonding with a review that explores the influence that this interaction has or 
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might have on the structure and properties of functional materials. Chapter 2 presents the 

Brønsted acid-base properties on iso-tellurazole N-oxides 1a, and 1b. Chapter 3 presents 

the synthesis and chemistry of benzo-1,2-chalcogenazole 2-oxides (2). Chapter 4 describes 

the preparation of borane adduct of iso-tellurazole N-oxides and their use to build 

supramolecular assemblies with Lewis bases. The coordination chemistry of a new 

supramolecular macrocycle with enhanced solubility (1c4) is presented in chapter 5. 

Chapter 6 discusses the effect of tellurium chlorination on the Te…O ChBs. In chapter 7, 

the basic structure of the iso-tellurazole N-oxide is modified yielding three iso-

tellurazolium-N-phenoxides (3o,m,p) which retain the ability to assemble supramolecular 

aggregates. Chapter 8 summarizes the major findings of this thesis and discusses possible 

avenues for future work.  

1.3 Chalcogen bonding in Materials Chemistry 

This chapter highlights literature cases in which the structures and properties of functional 

materials are likely influenced by ChB interactions. Most of the examples predate the 

definition of ChB and systematic work in this area. In some instances, there is a discernible 

effect of ChB on the macroscopic properties; in others, ChB might have been overlooked 

and further examination of this materials would be worthwhile. 

Original citation: Ho, P. C.; Wang, J. Z.; Meloni, F.; Vargas-Baca, I. Chalcogen Bonding 

in Materials Chemistry. Coord. Chem. Rev. 2020, 422, 213464. 

This scholarly work is reprinted with permission. 
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Chapter 2. Influence of acidic media on the supramolecular aggregation 

of iso-tellurazole N-oxides 

Original citation: Ho, P. C.; Lee, L. M.; Jenkins, H.; Britten, J. F.; Vargas-Baca, I. Influence 

of Acidic Media on the Supramolecular Aggregation of Iso-Tellurazole N -Oxides. Can. J. 

Chem. 2016, 94, 453–457. 

This scholarly work is reprinted with permission. 

2.1 Preamble 

The array of properties unveiled in our initial investigations of the aggregates of the iso-

tellurazole N-oxides 1a and 1b strongly suggested that these would be very useful as 

supramolecular building blocks.18 In addition to the strength and reversibility of their Te…O 

ChBs, these compounds are stable in air and moisture. In fact, their synthesis includes and 

aqueous work up to neutralize H2SO4, generated as a by-product of hydrolysis of the last 

intermediate (Scheme 2.1). 
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Scheme 2.1. Synthesis of iso-tellurazole N-oxides 1a (R = tBu) and 1b (R = Ph). 

Reproduced with permission from reference 18. 

 

It was also possible to isolate the protonated forms of the iso-tellurazole N-oxides (1a,bHCl) 

when the neutralization was incomplete. Therefore, it became of interest to investigate in 

detail the acid-base properties of these compounds; the results are presented in this chapter. 

We found that the self-assembly of 1a,b is disrupted by protonation of the oxygen. The 

process is reversible, which provides a mean to selectively switch on and off the self-

assembly process. The basicity of the oxygen atom has important implications for the 

coordination chemistry of these compounds with transition metal ions. Being a soft metal 

ion, Pd(II) does prefer binding the tellurium atoms in the macrocyclic tetramers,18 but 

harder metal ions would possible bind instead the oxygen atom and dissociate the Te…O 

ChBs.  
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Chapter 3. Synthesis and structural characterisation of the aggregates of benzo-1,2-

chalcogenazole 2-oxides 

Original citation: Ho, P. C.; Rafique, J.; Lee, J.; Lee, L. M.; Jenkins, H. A.; Britten, J. F.; 

Braga, A. L.; Vargas-Baca, I. Synthesis and Structural Characterisation of the Aggregates 

of Benzo-1,2-Chalcogenazole 2-Oxides. Dalton Trans. 2017, 46, 6570–6579. 

This scholarly work is reprinted with permission. 

3.1 Preamble  

While iso-tellurazole 2-oxides (1) have a very interesting chemistry and are air stable, their 

synthesis is laborious, involving several intermediates that are sensitive to air, moisture, 

temperature and light (Scheme 2.1).18 The process initiates with the synthesis in situ of 

NaTeH from tellurium powder and sodium borohydride. Bis-(N,N-dimethylcarbamoyl)-

ditelluride is added to generate the corresponding tellurocarbamic acid. This is not isolated, 

instead it is oxidized to the bis-(N,N-dimethylcarbamoyl)-ditelluride, which is 

photosensitive but can be stored for a long time. Reduction of the ditelluride regenerates 

the N,N-dimethyltellurocarbamic acid,  which reacts with an ynone to form the (Z)-4-

[(dimethylamino)carbonyltelluro]-4-phenyl/t-butyl-3-buten-2-one. The five-membered 

ring is closed by the reaction with hydroxyamine-o-sulfonic acid, followed by and aqueous 

workup. The challenges in this method motivated the search for a more efficient method. 

This chapter presents a synthetic method for a benzo-annulated iso-tellurazole N-oxide (2), 

which is less labor-intensive. The syntheses is indeed simpler. Only one lithiation step 

requires a moisture free environment and can be performed without Schlenk techniques. 
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Chapter 4. Building New Discrete Supramolecular Assemblies through the 

Interaction of Iso-Tellurazole N-Oxides with Lewis Acids and Bases 

Original citation: Ho, P. C.; Jenkins, H. A.; Britten, J. F.; Vargas-Baca, I. Building New 

Discrete Supramolecular Assemblies through the Interaction of Iso-Tellurazole N-Oxides 

with Lewis Acids and Bases. Faraday Discuss. 2017, 203, 187–199. 

This scholarly work is reprinted with permission. 

4.1 Preamble 

In the most general sense, a ChB is as a type of Lewis acid-base interaction. When these 

interactions have a significant degree of covalency, ChB acceptors act as Lewis bases and 

the ChB donors as acids. Therefore, reactions with Lewis acids or bases could compete 

with formation of the Te…O ChBs from iso-tellurazole N-oxides. However, it is also 

conceivable that such reagents could be used to build new supramolecular assemblies. 

Those ideas are investigated in this chapter.   
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Chapter 5. Macrocyclic Complexes of Pt(II) and Rh(III) with Iso-Tellurazole: N-

Oxides 

Original citation: Ho, P. C.; Bui, R.; Cevallos, A.; Sequeira, S.; Britten, J. F.; Vargas-

Baca, I. Macrocyclic Complexes of Pt(II) and Rh(III) with Iso-Tellurazole: N-Oxides. 

Dalton Trans. 2019, 48, 4879–4886. 

This scholarly work is reprinted with permission. 

5.1 Preamble 

Coordination complexes of the tellurium analogues of crown ethers and related 

macrocycles are rare. Synthetic difficulties are one major reason; another is that the Te-C 

bond is easily cleaved after coordination of a metal ion to the chalcogen. The few published 

examples have relied on the use of other donor atoms, such as nitrogen, to stabilize the 

complex. These facts sharply contrast with how readily Pd(II) formed a complex with the 

tetramer of  the iso-tellurazole N-oxide 1b4.
18 However, it was uncertain how stable the 

[Pd(1b4)](BF4)2  metal complex is in solution because it has a very low solubility. Its crystal 

structure displayed significant metal depletion; single crystals grown by diffusion of the 

reactants contained a significant proportion of free macrocycle.  A platinum analogue was 

even less soluble and could not be crystallized. The article contained in this chapter 

presents an iso-tellurazole N-oxide, 1c, functionalized with a di-tert-butylphenyl groups to 

increase the solubility of its aggregates and their complexes. This compound was employed 

to produce a soluble complex with platinum (II). Multinuclear NMR spectroscopy was then 

employed to characterize the compound in solution. Similarly, a soluble complex of 1b4 

with rhodium (III) was isolated and studied in solution.  
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Chapter 6. Competing Effects of Chlorination on the Strength of Te⋅⋅⋅O Chalcogen 

Bonds Select the Structure of Mixed Supramolecular Macrocyclic Aggregates of Iso-

Tellurazole N-Oxides 

Original citation: Ho, P. C.; Lomax, J.; Tomassetti, V.; Britten, J. F.; Vargas-Baca, I. 

Competing Effects of Chlorination on the Strength of Te⋅⋅⋅O Chalcogen Bonds Select the 

Structure of Mixed Supramolecular Macrocyclic Aggregates of Iso-Tellurazole N-Oxides. 

Chem. Eur. J. 2021, 27, 10849–10853. 

This scholarly work is reprinted with permission. 

6.1 Preamble  

An increase in electrophilicity on the chalcogen should strengthen a Te…O ChB. This could 

be achieved by installing an electron withdrawing group on the iso-tellurazole heterocycle. 

For example, trifluoromethyl or pentaflurophenyl groups at positions 3 or 5, respectively. 

However, preparing such compounds would require significant modifications to the 

established synthetic method. An alternative, faster to implement method would be to 

attach electron-withdrawing groups on the chalcogen. Divalent tellurium atoms are readily 

halogenated to λ3 cationic or λ4 neutral centres. However, there could also be detrimental 

effects. For example, increased steric hindrance at the chalcogen, decreased basicity of the 

oxygen atom and competition with the halogen atom as a ChB acceptor. Research in this 

chapter examined this concept with the chlorination of iso-tellurazole N-oxide 1b. 
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Chapter 7. Iso-Tellurazolium-N-Phenoxides: a Family of Te…O Chalcogen-Bonding 

Supramolecular Building Blocks 

Original citation: P.C. Ho, V. Tomassetti, J.F. Britten, I. Vargas-Baca,* “Iso-

Tellurazolium-N-Phenoxides: a Family of Te…O Chalcogen-Bonding Supramolecular 

Building Blocks”, Inorg. Chem., 2021, 60, 16726–16733. 

This scholarly work is printed with permission. 

7.1 Preamble  

The preceding chapters 2 to 6 illustrate the diversity of the supramolecular chemistry of 

iso-tellurazole N-oxides. However, cavities of their macrocyclic aggregates are rather small. 

Measured transannular Te---Te distances, range from 5.21 Å in the tetramer 2a4 to 7.64 Å 

in the hexamer 1b6. The host ability of these rings is therefore limited to small guests. This 

chapter explores the creation of larger macrocycles by increasing the distance between the 

nitrogen and oxygen atoms with a spacer group. Formal substitution of the oxygen atom 

on the nitrogen atom of the iso-tellurazole heterocycle with a phenoxide group could yield 

a molecule that retains the ability for form Te…O ChBs leading to the assembly of larger 

cavities. Three isomers, based on the substitution of the aromatic bridge, were prepared 

and investigated as crystalline solids and in solution.   
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Chapter 8. Conclusions and Outlook 

8.1 Conclusions 

The research described in the thesis demonstrates the versatility of iso-tellurazole 

N-oxides (1) as supramolecular building blocks that self-assemble through Te…O 

chalcogen bonds (ChBs) (Scheme 8.1). Key properties of these molecules are the strength 

and reversibility of their ChBs and their stability, being tolerant of air and moisture.  

The supramolecular macrocyclic tetramers and hexamers that coexist in 

equilibrium in solution dissociate upon protonation with mineral acids. The protonated 

products are stable. Measurements of the Hammett acidity function showed that 1a,b are 

as basic as dialkyl ethers. On deprotonation, the macrocycles are readily reconstituted.  The 

reversibility of protonation constitutes a means to switch on and off the self-assembly of 1. 

Earlier work with telluradiazoles showed that aggregation through strong ChBs causes low 

solubility, complicating purification and characterization of some compounds.20 In the case 

of 1, protonation will likely be useful to control aggregation, facilitating the use of these 

building blocks. 

 Similarly, the reaction of 14,6 with boranes readily dissociates the macrocycles 

forming oxygen-bonded adducts. These products are crystallize as individual 1-BR3 (R = 

F, Ph) molecules in which the electrophilic regions on tellurium atoms are readily available 

to form ChBs with a wide variety of ChB acceptors, even 1 itself. This reactivity can be 

used to generate new supramolecular structures.  
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Scheme 8.1. Graphical summary of the supramolecular chemistry of iso-tellurazole N-

oxides 1a (R = tBu), 1b (R = Ph). 1c (R = 3,5-tBu2C6H3).
18,21–25  

In contrast to the reactivity of 14,6 towards Brønsted and Lewis acids, the 

macrocycles do not react with bases, even a carbene. The difference appears to be rooted 

in the structure of the macrocycles, which hinders access to the nucleophilic sites on Te 

atoms but allows access to the oxygen atoms lone pairs. 
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One of the challenges in developing the chemistry of compounds 1, has been their 

laborious preparation. The synthesis of benzo-tellurazole N-oxide (2a) was developed to 

as a simpler alternative. Only one step in the method requires anaerobic conditions but not 

as rigorous as those provided by a Schlenk double manifold. Also, the method is readily 

adaptable to the selenium analogue (2b). The chemistry of 2a parallels in many respects 

that of 1 (Scheme 8.2),26 including reversible protonation, formation of macrocyclic 

tetramers and heaxamers, coordination of Pd(II) and affinity for fullerenes (to be 

published) . 

 

Scheme 8.2. Summary of the supramolecular aggregates and chemistry of benzo-

annulated iso-chalcogenazole N-oxide 2a (E = Te) and 2b (E = Se). 
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On the other hand, with weaker Se…O ChBs, compound 2b does not form 

macrocycles in solution at ambient temperature. However, VT NMR experiments allowed 

observation of its aggregation into tetramers and hexamers at low temperature.26 

Investigations of the coordination chemistry of compounds 1 were facilitated by the 

synthesis of the derivative 1c, which has improved solubility in non-polar organic solvents. 

The Pt(II) complex of 1c4 tetramer  was soluble enough to permit characterization by 

multinuclear NMR, including the measurement of the 1J(195Pt-125Te) coupling constant. 

Similarly, the 1J(103Rh-125Te) was obtained for the [RhCl2(1b4)]
+ demonstrating that the 

macrocyclic complexes of the tetramer are stable species in solution. While in both cases 

strong ligand field effects help stabilize the complexes, further investigations showed that 

the macrocycles also form complexes with d10 metal ions such as Cu(I), Ag(I) and Au(I), 

coordinating the metal ions by tellurium in all cases.24 

Chlorination of 1b yielded the λ4Te dichloro derivative 1bCl2. Its crystal structure 

demonstrated that it does assemble macrocyclic tetramers by Te…O ChBs, although the 

conformation is irregular due to the formation of additional Te…Cl ChBs. The Te…O 

distances observed in (1bCl2)4 are by far the shortest in any aggregate of iso-tellurazole N-

oxides. DFT-D3 calculations showed that chlorination enhances the ChB donor ability of 

the molecule but weakens the basicity of the oxygen atom. Steric hindrance further 

weakens the ChBs. The balance of interactions renders the strength of ChBs in (1bCl2)4 

about the same as in (1b)4. However, an equimolar mixture of the two tetramers selectively 

yields (1b)2(1bCl2)2, with a structure alternating chlorinated and non-chlorinated 

chalcogens.  
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Modification of the structure of the iso-tellurazole N-oxide with phenoxide groups 

in place of the oxygen atom produced a family of new building blocks (3o,m,p). These 

molecules do form Te…O ChBs (Scheme ) as demonstrated by their crystal structures and 

solution VT 1H-NMR. While 3m only crystalized in infinite chains, macrocyclic trimers 

and tetramers were isolated for 3o and 3p
, respectively, with structures that resemble a 

calixarene and molecular square. DFT-D3 calculations indicate that the Te…O dimerization 

energies in these compounds are stronger than in the aggregates of 1 and 2. 

 

Scheme 8.3. Summary of the supramolecular aggregates and chemistry of iso-

tellurazonium-N-phenoxides 3o,m,p.27 
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8.2 Suggestions of Future Work 

A significant portion of current research in ChB is devoted to supramolecular 

assembly,28,29 anion recognition,13,16,30,31 anion transport,32,33 and catalysis.34–36 Most of 

that work has been done in non-protic organic solvents37  as ChB donors usually are 

hydrophobic. Very few studies have investigated the formation of ChBs in aqueous 

medium.38,39 Such research would facilitate using ChBs in biological and environmental 

applications. The synthesis of iso-tellurazole N-oxide can be modified to prepare water-

soluble derivatives by grafting the heterocycles with hydrophilic groups such alcohol, 

sulfonate or tertra-alkyl ammonium. The corresponding macrocycles should be stable in 

aqueous medium as long as the pH is not strongly acidic. If such water-soluble macrocycles 

are able coordinate transition metal ions in aqueous medium, they could also be applied in 

the extraction of heavy metal ions by precipitation as the metal complex. 

As noted in chapter 4, the tellurium electrophilic sites of the iso-tellurazole N-oxide 

macrocyclic aggregates are not accessible to Lewis bases. The tetramers cavities are small 

and can only accommodate metal ions. However, the large cavity 3p
4 is big enough to 

accommodate a molecule of CH2Cl2. It is desirable to investigate of the molecular 

recognition ability of 3p
4. The bowl shape of 3o

3 might also be suitable for molecular 

recognition. It is also possible that members of this new family of macrocycles could be 

applied in anion recognition and transport. For example, two of the tellurium atoms in the 

tetramer of 3p have their trans-carbon sigma holes pointing towards the centre of the cavity 

and thus could host anions withing the cavity. 
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This thesis has been mostly with the heterocycles that contain tellurium because of 

the strength of the Te…O ChB. As the study of compound 2b showed, the selenium 

analogues can display distinct behaviour because of their weaker ChBs. It would be 

important to establish and examine such differences as well as to identify efficient 

strategies to strengthen the Se…O ChBs. Given the reversibility of the Ch…O ChBs it should 

be possible to combine the different building blocks described in this thesis to form new 

supramolecular structures. 
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