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Summary 

Out of the supramolecular toolbox, Secondary Bonding Interactions (SBIs) have been a topic of 

growing interest from the scientific community during the last decades, particularly halogen- and 

chalcogen-bonding. Those interaction are composed of orbital mixing, electrostatic and dispersion 

components. Heavier halogen (X) and chalcogen (E) atoms bonded to organic molecules present an 

anisotropic charge distribution. Specifically, a region of positive potential called a s-hole can be 

found co-linear but opposite to the C-X or C-E bonds. Chalcogen atoms are able to form two 

covalent bonds and thus, exhibit two s-holes. This ability allows them to be inserted in aromatic 

cycles making the C-E bonds less reactive compared to that of C-X. Those advantages make the 

chalcogen-bonding an interaction of choice to build new supramolecular architectures. However, 

the field still lacks a recognition motif showing fidelity and stability (chapter I). In consequence, this 

work presents the synthesis of a recognition motif bearing Se and Te atoms and showing a strong 

recognition persistence at the solid -state, namely the CGP array (chapter II). This building block can 

be easily substituted in 2-positions by various functional groups leading to a strengthening of the 

interaction or to the introduction of valuable properties. For instance, 1-pyrenyl derivatives have 

been synthesised showing that organic semi-conductor material can be synthesised relying on EB 

and p-p  stacking interactions to organise in the solid-state (chapter II). Further functionalisation 

allowed us to build supramolecular polymers in the form of co-crystal showing an orthogonal 

behaviour of EB and XB interactions (chapter III). The CGP scaffold could also be functionalised in 

5-position leading to the formation of unprecedented multi-type interactions recognition motifs 

(chapter IV). Exploiting the parallel use of HB and EB, we have synthesised ribbon, wire-like 

structures and hetero-molecular dimers. 
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Chapter I Introduction 

Chapter I 

Introduction 
 

In this chapter, we aim to give the reader an overview of the context in which this manuscript takes 

its place. Firstly, a brief presentation of the supramolecular toolbox will be made with particular 

highlight on the nature, geometry and energy of the main non-covalent interactions. Chalcogen-

bonding will be discussed in detail from its nature to its application in solution and the solid state.  

This chapter is divided in five main sections. Section I ς 1 gives a brief introduction on 

supramolecular chemistry and the different non-covalent interactions out of the toolbox; Section I 

ς 2 covers the nature of the chalcogen-bonding interaction and discusses different experimental 

and theoretical studies on the fundamental component of EBs; Section I ς 3 focuses on the 

applications of chalcogen-bonding in solution, particularly on ion recognition, organo-catalysis and 

self-assembly; Section I ς 4 deals with the use of EB in the solid state going through the different 

recognition motifs, leading to applications such as non-linear optic, optoelectronic, crystal 

engineering and inclusion compounds; Section I ς 5 presents the outline of the dissertation by 

identifying the context in which this manuscript takes place and highlighting the objectives of this 

doctoral work.   
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I ς 1 Introduction 

I ς 1.1 The supramolecular toolbox 

In his Nobel lecture,[1] Jean-Marie Lehn defines supramolecular chemistry as the chemistry beyond 

the molecules, covering architectures and function of structures formed by association of molecular 

entities. At the centre of these association processes are recognition and complementarity based 

on non-covalent interactions. While molecular chemistry rules over the covalent bonds between 

atoms, the supramolecular chemistry covers the aspect of the interactions between molecules to 

form entities of higher complexity, supermolecules. Thus, supramolecular chemistry takes its root 

in the molecular structures that chemists, by the means of molecular chemistry, can program to 

store the recognition information into to achieve supramolecular architectures.  

The recognition information stored into the supramolecular synthons is based on numerous non-

covalent interactions out of the supramolecular toolbox (Figure I ς 1). The interactions we will cover 

here are van der Waals interactions, p-p interactions, hydrogen-bonding, metal coordination, ion 

pairing and Secondary Bonding Interactions (SBIs).  

 

Figure I - 1: Supramolecular toolbox displaying van der Walls, p-p, hydrogen-bonding interactions, metal 
coordination, ion pairing, acid-base Lewis adduct and secondary bonding interactions. 
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Van der Waals (vdW) interactions are ubiquitous in nature and chemical systems. These forces 

originate from electrostatic interactions between fluctuating electronic densities of molecules or 

atoms in close proximity. Originally, vdW interactions included forces between two permanent 

dipole moments (Debye), permanent dipole moment and induced moment (Keesom) and two 

induced moments (London). The term has evolved to refer to dispersion interactions.[2] Those 

forces take place at short range and follow the Lennard-Jones potential curve (V = A/r6 ς B/r12). The 

energy corresponding to this interaction range from 0.4 to 4 kJ mol-1 at a distance of 0.3 to 0.6 nm.[3, 

4] 

Stacking between p-systems is governed by electrostatic and dispersion forces. Aromatic molecules 

such as benzene usually present a quadrupole behaviour, the p-electron cloud is negatively 

charged, and the outer rim of H atoms is positive. In a face-to-face complex, two aryls stacking are 

characterized by an off set. This displacement minimises the Coulomb repulsion between the 

negative charges and maximise the attractions between the parts of opposite potential. In an edge-

to-face complex, the two aryls are perpendicular to each other and interact through CHΧp contact. 

Also, the interaction originates mainly from the dispersion energy and the electrostatic contribution 

is small.[5-7] The energy of stacking interaction can rise up to 50 kJ mol-1.  

Hydrogen-bonding is defined as an attractive interaction between a H atom from a molecule or a 

molecular fragment D-H (H-bond donor) in which D is more electronegative than H, and an atom or 

a group of atoms in the same or a different molecule, in which there is evidence of a bond 

formation.[8] Hydrogen-bonding interactions are mostly electrostatic with a HΧA distance of 1.5 - 

3.5 Å and a D-HΧA angle between 90° to 180°. The energy of interaction ranges from 15 to 160 kJ 

mol-1.[9, 10] This interaction is not only omni-present in biological systems but has been used in many 

applications in chemistry and material science.[11] 

Heteroatoms with a free electronic lone pair have the ability to form coordination complexes with 

transition metals presenting d orbitals. The strength of the resulting interaction (40 ς 120 kJ mol-1) 

is intermediate between other non-covalent and covalent bonds. The metal coordination is 

thermally labile and features a greater specificity through annealing processes leading to the most 

thermodynamically favourable structures via self-correction. The complex geometry is dictated by 

the nature of the metal centre and the coordination strength of the ligand. This interaction has 

been applied to self-assembly in solution[12] or on surface,[13, 14] 1 and 2D polymeric materials,[15] 

and even in stimuli-responsive supramolecular cages.[16-21]  

Ion pairing consists in the association of two charged species of opposite charge. This interaction is 

long range and decreases with the distance (r) in a 1/r fashion. The strength of interaction ranges 
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from 50 to 200 kJ mol-1. Ion pairs play a major role in supramolecular chemistry, particularly in 

aqueous environments. For example, this interaction can exercise a key role in the active centre of 

enzymes or drive the association of supramolecular capsules formed by macrocycles such as 

calixarenes.[6]  

Secondary Bonding Interactions (SBIs) are a family of non-covalent bonds based on a concept first 

introduced by Alcok in 1972:  

ά! ƴǳƳōŜǊ ƻŦ ǊŜŎŜƴǘ ŎǊȅǎǘŀƭ ǎǘǊǳŎǘǳǊŜ ŘŜǘŜǊƳƛƴŀǘƛƻƴǎ ƻƴ ŎƻƳǇƻǳƴŘǎ ƻŦ ǘƘŜ 

non-metals have discovered intramolecular distances that are much longer 

than normal bonds and intermolecular distances that are much shorter than 

van der Waals distances. It [...] is sufficiently regular and understandable for 

the name secondary bond to ōŜ ŀǇǇǊƻǇǊƛŀǘŜΦέ [22] 

Even though, the nature of such interaction was not clearly understood, this concept has attracted 

the interest of many research groups. Examples of SBIs are halogen, chalcogen and pnictogen bond 

(XB, EB, and PB respectively).[23-25] XB and EB interactions will be explored in further detail in the 

next sections. 

I ς 1.2 Halogen-bonding 

A particular case of SBI is halogen bonding (XB). This interaction involves a halogen atom (X) with a 

substituent (R) and a lone pair donor (Y) organised in a linear fashion (R-XΧY angle = 160-180°) with 

an energy of interaction ranging from 10 to 200 kJ mol-1. The nature of the interaction 

fundamentally resides in three components, the electrostatic, the orbital and the dispersion 

contributions.[26-33] The recommended IUPAC definition is the following:  

ά! ƘŀƭƻƎŜƴ ōƻƴŘ ƻŎŎǳǊǎ ǿƘŜƴ ǘƘŜǊŜ ƛǎ ŜǾƛŘŜƴce of a net attractive interaction 

between an electrophilic region associated with a halogen atom in a molecular 

Ŝƴǘƛǘȅ ŀƴŘ ŀ ƴǳŎƭŜƻǇƘƛƭƛŎ ǊŜƎƛƻƴ ƛƴ ŀƴƻǘƘŜǊΣ ƻǊ ǘƘŜ ǎŀƳŜΣ ƳƻƭŜŎǳƭŀǊ ŜƴǘƛǘȅΦέ[34] 

The key part of this definition lies in the electrophilic nature of the halogen involved in the XB 

interaction. Indeed, contrary to ions in gas phase, the electronic density is anisotropically 

distributed around the atoms in molecules.[35] One can easily observe such behaviour when plotting 

the Electrostatic Surface Potential (ESP) map at the 0.001 electrons Bohr-3 isodensity surface. More 

particularly, if the molecule contains halogen atoms a region of more positive potential appears 

(positive potential in red and negative in blue, Figure I ς 2).[27] This region, which is co-linear but 

opposite to the s-bond C-X, is called a s-hole. Moving down the halogen family in the periodic 

table, the calculated potential becomes more positive (X = F < Cl < Br < I) inferring stronger halogen 
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bonds. Indeed, the more polarizable the atom, the more anisotropically distributed the charge 

around it leading to more important s-hole and a more defined negative belt around the halogen 

atom. The electrophilic nature is attributed to the s-hole and the nucleophilic to the negative belt. 

 

Figure I - 2: Electrostatic Surface Potential maps of CF4, CF3Cl, CF3Br, CF3I at the 0.001 electrons Bohr-3 
isodensity surface. Reproduced with permission;[27] copyright 2007 Springer. 

 While looking at the ESP maps (Figure I ς 2), one can easily anticipate the formation of an attractive 

interaction between a small electron rich atom and the positive s-hole of the heavier halogen 

atoms. The co-ŎǊȅǎǘŀƭ ƻŦ пΣпΩ-bipyridyl (biPy) and diiodotetrafluorobenze (DITFB) is a striking 

example of the application of halogen bonding in crystal engineering (Figure I ς 3, a).[36] The two 

components assemble in a supramolecular polymer held together by XB interactions (dNΧI = 2.851 

Å, C-IΧN angle = 177°). The ESP maps of the two molecules highlight the positive (in blue) and 

negative (in red) potential regions for biPy and DITFB (Figure I ς 3, b). 

 

Figure I - 3: a) X-ray structure of co-crystal of biPyωDITFB;[36] b) ESP maps of DITFB and biPy at the 0.001 
electrons Bohr-3 isodensity surface. Level of theory: B97D3/Def2-TZVP using Gaussian09 including D01 

revision. 
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However, the application of halogen-bonding interactions is limited due high geometrical demand 

and the high reactivity of the C-X bond (particularly the heavier halogen atoms) in the presence of 

transition metals. Those drawbacks must be overcome by careful design of the recognition motifs 

and synthetic planning, usually inserting the XB donor as final step. Therefore, attention has been 

drawn to the chalcogen family; their ability to form two covalent bonds allows easy insertion in 

aromatic rings making the resulting compound more stable.  

I ς 2 Chalcogen bonding: nature of the interaction 

I ς 2.1 Origin of chalcogen-bonding interaction 

Chalcogen-bonding has recently attracted the interest of many research groups since its recognition 

in 2000.[37-42] However, a deep understanding of the nature of this SBIs is still required. Similarly to 

the halogen-bonding interaction, the chalcogen bond (EB) is composed of three energetic 

contributions: electrostatic, orbital mixing and dispersion. Chalcogen atoms being able to form two 

covalent bonds, feature two s-holes as depicted by the ESP map of 1,2,5-telluradiazole I-2Te (Figure 

I ς 4).  

 

 

Figure I -  4: Iodopentafluorophenyl I-1 and 1,2,5-telluradiazole I-2Te and their respective ESP maps. Level of 
theory: B97D3/Def2-TZVP. Adapted with permission;[43] Copyright 2015 American Chemical Society. 

The most studied case of chalcogen bonding is 1,2,5-benzotelluradiazole I-2Te, which forms infinite 

ribbons at the solid state through double chalcogen bonding interactions (dN-Te = 2.682-2.720 Å) 

with and angle of 134° between the two EBs involving the same Te atom (Figure I ς 5).[44]  

 

Figure I - 5: X-ray structure of 1,2,5-benzotelluradiazole I-2Te forming an infinite ribbon at the solid state.[44] 
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However, functionalisation of the benzo-ring often leads to a loss of the association properties in 

the solid state. This system is also moisture sensitive, addition of water leads to the opening of the 

telluradiazole moiety. Those drawbacks considerably limit the applications of this array in functional 

materials.[45] 

Electrostatic surface potential is a handy tool to design supramolecular synthons based on halogen- 

and chalcogen-bonding interactions. However, ESP maps do not fully represent the interactions as 

they focus only on the electrostatic contribution. The second way to rationalise SBIs goes through 

the evaluation of molecular orbitals. The interaction takes place between R-E and Y (E being the 

chalcogen atom, R its substituent and Y a small electron rich atom) as the s* orbital of R-E overlaps 

with the n orbital of a lone pair donor (Scheme I ς 1). This explanation accounts for the directionality 

of the interaction as the overlap is maximised when R, E and Y are perfectly aligned (180°).[46]  

 

Scheme I - 1: Molecular orbital representation of the chalcogen-bonding interaction.[39] 

From both bonding models, it is easily understandable that the more electron withdrawing the 

substituent at the chalcogen atom, the stronger the interaction. EWGs increase the positive 

potential of the s-hole and lower the energy level of the LUMO containing the s* orbital.[47] In 

addition to two contributions, the omnipresent dispersion energy contributes to the interaction.[48, 

49] Having in mind these three components, one can clearly understand the tendency of heavier 

atoms to lead to stronger chalcogen bonds (EB strength Te > Se > S). The more polarizable the E 

atom, the more anisotropically distributed the charge around it (and thus άdeeperέ the s-hole), the 

lower the energy level of the LUMO orbital of interest and the more favourable the dispersion 

contribution.  

I - 2.2 Chalcogen bonding dominated by electrostatic contribution 

De Vleeschouwer and De Proft have investigated EB using high level computational tools.[50] 

Capitalising on the work of Taylor, Seferos and co-workers,[43] they decomposed the interaction 

energy of complexes formed by stoichiometric association of 1,2,5-chalcogenadiazoles (I-3 and I-4E) 

and guests such as halogen anions, quinuclidine and THF (Scheme I ς 2). Their results show an 

energy of interaction ranging from 40 to 200 kJ mol-1 for those system with an angle of interaction 
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within the range 157-178°. The stronger chalcogen bonds were obtained for the heavier E atoms (E 

= Te > Se > S) and for more strongly charged EB acceptor (Cl- > Br- > I- > quinuclidine > THF). EBs 

involving anions are composed, in average, by 53% and 47% of electrostatic and orbital 

contributions, respectively with negligible dispersion energy. Those formed with neutral Lewis 

bases are composed, on average, by 57% of electrostatic contribution, 37% of orbital contribution 

and only 6% of dispersion. Therefore, the electrostatic component of the interaction is slightly 

favoured in the first cases and clearly dominates in the latter ones.[50]  

 

Scheme I - 2: Host-guest interaction through chalcogen-bonding interaction investigated in the 
computational study of De Vleeschouwer and De Proft.[50] 

I ς 2.3 Chalcogen bonding dominated by orbital contribution 

In order to investigate the origin of the chalcogen-bonding interaction, Cockroft and co-workers 

have engineered and synthesised molecular balances (Figure I ς 6). Those are constituted of a 

thiophene or selenophene unit functionalised in a- or b-position by a formamide or thioformamide 

group. Compound I-5R, I-7 and I-8R present two stable conformations in solution exhibiting a 

chalcogen-bonding interaction (closed conformation) or not (open conformation). The population 

of the two energetically distinct conformations have been quantified by 19F-NMR analysis in 13 

different solvents leading to the conformational free energy difference, DGexp = - RT ln(K). Reference 

b-thiophenes compound I-6wΩ and I-9 were evaluated. All experimental data were backed up by DFT 

calculations at B3LYP/6-311G*, M06-2X/6-311G* and wB97X-D/6-311G* levels of theory.[51] 

Compounds I-5R and I-7 preferred the closed conformation in which chalcogen-bonding 

interactions were present involving OΧS or OΧSe contacts (DGexp ranging from -1 kJmol-1 to -7.4 

kJmol-1, detection limit of the method). Notably, the presence of EWG as substituent at the 

thiophene ring increased the strength of interaction (Me < Cl < COOMe < COMe < CHO) and the 

stronger EB was observed for the Se-analogue I-7. b-Thiophene references I-6wΩ and I-9 showed little 

preference for the closed conformation in which a weak hydrogen bond was observed instead of 

the chalcogen bond.  
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Figure I - 6: Molecular balances used by Cockroft and co-workers to investigate chalcogen-chalcogen 
interactions. Reproduced with permission;[51] Copyright 2017 American Chemical Society. 

The authors stated that the chalcogen-bonding interaction was found to be solvent independent, 

indicating no substantial contributions from electrostatic and solvophobic effects. The dispersion 

corrected calculations combined with this solvent independence showed that van der Waals 

dispersion forces did not significantly contribute to the trends observed in their study. However, 

variation in the computed bond lengths and NBO (natural bond orbital) analysis suggested the 

presence of an electron donation from the lone pair of the O/S atoms to the s* orbital of the 

adjacent chalcogenophenes. This led to the conclusion that the orbital contribution clearly 

dominates the chalcogen-bonding interactions in those thiophene based molecular balances.[51] 

I ς 2.4 Chalcogen-bonding dominated by dispersion contribution 

Kumar and Chopra and co-workers have studied experimentally and theoretically the unusual 

bifurcated EΧp double chalcogen-bonding interaction taking place in cryocrystals of biphenyl- 

selenide and telluride I-10E.[52] At room temperature, those compounds are yellow/orange liquid 

and their structure has been determined via in-situ cryocrystallisation. The structures are reported 

in Figure I ς 7. Both Se- and Te-atom interact with two phenyl moieties through p-s* interaction 

(dCΧSe = 3.627 Å and 3.691 Å for I-10Se and dCΧTe = 3.666 Å and 3.732Å for I-10Te), the aromatic rings 

giving electrons to the s* orbitals of the chalcogen atoms. Those structures have been 

computationally studied at M06-2X/cc-pVDZ-PP (for Se/Te) and 6-31G** (for the other elements) 

level of theory using the energy decomposition analysis implemented in the GAMESS program.[53] 

The computational results reveals an energy of dimerization of -14.34 kJ mol-1 for I-10Se and -15.26 
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kJ mol-1 for I-10Te. The contribution of the dispersion interactions to the stabilization is 70% and 

67% in the Se- and Te-analogues, respectively. The electrostatic contribution is only 23% and 25%, 

respectively. NBO analysis revealed a contribution ranging between 0.8 and 3.5 kJ mol-1 originating 

from the overlap of the p and s* orbitals (Figure I ς 7, c and d). In this case, the dispersion 

contribution clearly dominates the chalcogen-bonding interaction.[52] 

 

Figure I -  7: X-ray structure of a) diphenyl selenide I-10Se and b) diphenyl telluride I-10Te.[52] Space group: P21. 

NBO representation of the charge transfer between the p and s* orbitals for c) I-10Se and d) I-10Te. Adapted 
with permission;[52] copyright 2018 American Chemical Society. 

Those studies clearly show the importance of the three contributions (electrostatic, orbital mixing 

and dispersion) to the chalcogen-bonding interaction. None of them should be excluded while 

engineering EB-based systems even though one can prevail over the other depending on the 

supramolecular structure.  

I ς 3 Chalcogen bonding at work: applications in solution 

I ς 3.1 Anion recognition 

I ς 3.1.1 Anion binding involving single chalcogen bond 

In the recent literature, research on chalcogen-bonding interactions has been mainly focused on 

solution-state applications, particularly anion recognition.[37, 54] In this sub-section we present the 

most notable studies. The first example of anion recognition using an EB-based guest molecule was 

described by Zhao and Gabbaï in 2010.[55] Using a polydentate Lewis acid, they report on the 

synthesis of naphthalene derivative I-11 bearing telluronium and borane functionalities (Figure I ς 

8). A binding constant of 750 M-1 for F- could be calculated by UV-vis titration of I-11 with KF in 
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MeOH (Figure I ς 8, b). The chalcogen-bonding interaction was further confirmed by 19F- and 125Te-

NMR analysis displaying a coupling of those nuclei. However, treatment of I-11 with other anion 

(Cl-, Br-, I-, OAc-, NO3
-, H2PO4

- and HSO4-) did not produce any shift in the absorption spectrum 

showing a selectivity of the system for F- binding. This study was further supported by X-ray 

structure of the resulting complex (Figure I ς 8, b). The fluoride anion sits in between the Te and B 

atoms (dFΧTe = 2.506 Å, C-TeΧF angle = 174° and dFΧB = 1.514 Å). Similar structure could be obtained 

for the corresponding S-analogue even if no binding to F- could be detected in solution by 

spectroscopy measurements. 

 

Figure I - 8: Naphthalene derivative I-11 bearing telluronium and borane functionalities. a) UV-vis absorption 
spectra recorded during the titration of I-11 with KF in MeOH; b) X-ray structure of the complex structure 

with F-. Adapted with permission;[55] copyright 2010 Springer Nature. 

In 2011, Zibarev and co-workers published the first chalcogen bonding driven anion binding in 

solution with a neutral guest molecule.[56] In an attempt to synthesise chalcogen-nitrogen p-

delocalised radical anions from 3,4-dicyano-1,2,5-selenadiazole I-12 by reduction with 

ǘƘƛƻǇƘŜƴƻƭŀǘŜΣ ΨƘȅǇŜǊŎƻƻǊŘƛƴŀǘƛƻƴΩ ŎƻƳǇƭŜȄ I-13 was formed (Figure I ς 9, a). The chalcogen-

bonding interaction was characterised in solution by UV-vis absorption and the free energy of 

association estimated in THF and MeCN to -27.6 kJ mol-1 and -19.6 kJ mol-1, respectively. Complex 

I-13 has been further characterised at the solid state by X-ray diffraction. The crystal structure 

(Figure I ς 9, b) highlights the chalcogen-bonding interaction between thiophenolate and the 

selenadiazole derivatives (dSΧSe = 2.722 Å, C-SeΧS angle = 175°). This study has been expanded by 

the same group over the subsequent years.[57, 58] 
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Figure I - 9: a) Formation of complex I-13 from 3,4-dicyano-1,2,5-selenadiazole I-12 upon addition of K(18-
Crown-6)SPh; b) X-ray structure of complex I-13. Space group P21/n. 

However, the first systematic and comprehensive study of anion binding through chalcogen-

bonding interactions in solution was performed by Taylor, Seferos and co-workers only few years 

later.[43] The authors report on the synthesis of chalcogenadiazole units I-2, I-3, I-4 and I-14E and 

their titration with anions in different organic solvents using UV-vis absorption method (Figure I ς 

10). Experimental association constant up to 130 000 M-1 were measured. The data revealed to be 

in good agreement with the computational study carried out at B97-D3/def2-TVZP with the PCM 

model to account for solvent effects. The strongest chalcogen bonds have been observed for 

electron poor 1,2,5-telluradiazole derivatives I-3F (Ka = 130 000 M-1 for Cl- and 9 800 M-1 for Br-). 

Notably, association constant of 96 M-1 with neutral host I-3F and quinuclidine as guest have been 

measured.[43]  

 

Figure I - 10: a) Host molecules I-2, I-3, I-4E and I-14E and anion guest used in titration experiment in 
different solvents performed by Taylor, Seferos and co-workers; b) UV-vis spectra acquired during the 

titration of I-1H with TBAC in THF. Adapted with permission;[43] copyright 2015 American Chemical Society. 
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I ς 3.1.2 Anion binding involving two chalcogen bonds: confocal approach 

Capitalizing on a tellurophene motif, Taylor, Seferos and co-workers achieved anion recognition 

through multiple chalcogen-bonding interactions.[59] Molecule I-16 was designed to bind halogen 

anions to both Te atoms in a pincer-like fashion (Figure I ς 11, a). However, the association constant 

observed for Cl- was lower than that of monodentate I-3F (Ka = 2 290 M-1 and 130 0000 M-1, 

respectively). Reference molecule I-15, which contains only one Te atom, show a lower binding 

ability (Ka = 310 M-1 for Cl-), roughly one order of magnitude lower compared to that of I-16. 

 

Figure I - 11: a) Tellurophene based chalcogen bond donor I-15 and I-16 developed by Taylor, Seferos and co-
workers; b) UV-vis spectra acquired during the titration of I-16 by TBAC.[59] ς Published by The Royal Society 

of Chemistry. 

Beer and co-workers reported on the synthesis of [2]rotaxanes I-17E bearing two 5-

(methylchalcogeno)-1,2,3-triazole moieties (Scheme I ς 3). Those supramolecules showed anion 

binding in solution. Particularly, I-17Te associate with SO42- with a constant of 1 130 M-1 in acetone. 

The Se-analogues could be methylated at the three triazole positions and the resulting salt showed 

a threefold enhancement of the association constant for SO4
2- in acetone (Ka = 3 531 M-1).[60] To 

further understand the thermodynamics of anion binding by EB receptors, the same group 

synthesised the 5-(methylchalcogeno)-1,2,3-triazole based molecules I-18, I-19 and I-20 (Scheme I 

ς 3). Those compounds showed association energies (DG) with different halides (Cl-, Br- and I-) in 

MeCN or acetone ranging from -12.9 kJmol-1 to -20.2 kJmol-1. Interestingly, a strong enthalpic 

contribution for anion binding with I-19 was observed in MeCN and gradually increases for larger 

halogens. Entropy is favourable to the association energy for Cl-, negligible for Br- and unfavourable 

for I-. In result of those two energetic components, DG decreases for larger anions.[61]  
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Scheme I - 3: 5-(methylchalcogeno)-1,2,3-triazole based molecules I-17E, I-18, I-19 and I-20 used in the 
studies of Beer and co-workers. [60, 61] 

Capitalising on the 5-(methylchalcogeno)-1,2,3-triazole motif, Beer and co-workers synthesised 

foldamers bearing four halogen/chalcogen-bonding sites per unit. Those molecules associate into 

dimeric structures, creating an interaction pocket presenting eight XB/EB acceptors and bind anions 

in water, with an extremely high I- affinity.[62] Recently, the same group reported the recognition of 

dicarboxylate isomer guest species by bi-naphthalene receptor molecules bearing HB, XB and EB 

binding sites. The complexes formed with different regio-isomers (phthtalic and isophthalic acids) 

exhibit a diagnostic fluorescence response.[63]  

Matile and co-workers conceptualised a confocal chalcogen-bonding approach in order to build 

anion binder molecules (Figure I ς 12, b and c).[64] Molecules I-21 has been engineered presenting 

a bithiophene unit functionalised with sulfone and two nitrile moieties as EWG enhancing the Lewis 

acidity of the S atoms (Figure I ς 12, a). I-21 showed a dissociation constant (KD) of 1.13 mM for the 

complex formed with Cl-. As application, the derivative was included in large unilamellar vesicles 

and the anion transport ability was assessed by measuring the acceleration of the dissipation of a 

pH gradient. The efficiency was quantified by the effective concentration required to reach 50% of 

the maximal activity (EC50 = 1.9 µM for I-21). Capitalising on those results, the same group 

synthesised molecule I-22 (Figure I ς 12, d), which features an EC50 of 0.28 µM, one order of 

magnitude lower than that of I-22.[65] In a very recent work, they report that anion transport could 
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also been achieved through pnictogen bonding interactions and has been compared to XB and 

EB.[66] 

 

Figure I - 12: Molecule I-21 used by Matile and co-workers in anion binding and anion transporting 
experiments; b) ESP map of I-21, level of theory: M062X/6-311G**; c) representation of the confocal 

approach; Molecule I-22 used in anion transporting experiments.[65] Adapted with permission;[64] copyright 
2016 American Chemical society.  

I ς 3.2 Catalysis 

In the literature, a few examples of non-covalent catalysis using chalcogen-bonding interactions 

have been reported. In this section, we report the more recent works.  

I ς 3.2.1 Hydrogenation transfer reactions 

Capitalising on the success of anion recognition and transport of the dithienothiophenes derivative 

I-21, Matile and co-workers envisaged the used of those compounds in organo-catalysis. A binding 

energy of -33.9 kJ mol-1 was computed (level of theory: M062X/6-311G**) for the association of 

I-21 (displaying Me group in the place of i-Bu) and pyridine, which N atom sits at the focal point of 

s-holes (Figure I ς 13, a). Based on this prediction, the transfer hydrogenation of quinolines was 

envisaged. Different dithienothiophenes derivatives were synthesised and tested as catalyst for this 

transformation. Compound I-23 (Figure I ς 13, b) presents the highest rate enhancement for the 

reduction of quinoline and imine (kcat/kuncat = 1 290 and 335, respectively; Figure I ς 13, d and e).[67] 

In a subsequent study, the same group developed benzodiselenazoles I-24 as a stronger chalcogen 

bond donor, anticipating further augmentation of the catalytic activity. This compound was tested 

in the reduction of quinoline and showed a rate enhancement several orders of magnitude higher 

(kcat/kuncat = 1.5 105) compared to that of I-23.[68] 
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Figure I - 13: a) optimised geometry of the complex formed by pyridine and I-21 (Me in place of i-Bu); b) 
structure of dithienothiophene based catalyst I-23; c) structure of benzodiselenazole based catalyst I-24; d) 
catalysed reduction of quinoline and e) imine.[67, 68] Adapted with permission;[67] copyright 2017 Willey-VCH 

Verlag GmbH & Co. KGaA, Weinheim. 

I ς 3.2.2 Halide abstraction reactions 

In 2017, Huber and co-workers also reported catalytic halide abstraction by Se-based chalcogen 

bond donors as Lewis acids.[69, 70] The design of the catalyst relies on a bis(benzimidazolium) scaffold 

exhibiting alkyl selenide (Scheme I ς 4) follow a confocal approach for the recognition. In an early 

study, I-33 could be transformed into I-34 with a yield of 45% in the presence of two equivalent of 

I-31 in d3-MeCN over 140h.[69]  

 

Scheme I - 4: Catalyst I-31 and I-32 used by Huber in halide extraction reaction. [69, 70] 
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Afterward, chloro-compound I-36 could undergo halide abstraction at -78°C in the presence of I-32 

in 10 mol% and react with I-35 to lead to the formation of I-37 in 92% over a period of 118h.[70] 

However, both catalysts are outclassed by their halogen bond donor counterpart (I in the place of 

the alkyl selenide) in those reactions.[69, 70] 

In a similar chloride abstraction reaction, Matile and co-workers compared halogen, chalcogen and 

pnictogen bonding based catalyst.[23] Molecules I-38, I-39 and I-40 substituted with 

pentafluorophenyl at the heavy atom have been synthesised and tested in the reaction between 

I-41 and quinoline I-42 (treated with Troc chloride). I- and Te- derivatives both increased the rate 

of the reaction of 50-fold (kcat/kuncat = 50 and 52, respectively). On the opposite, Sb-compound I-40 

showed a much higher enhancement (kcat/kuncat = 4090).[23] 

 

Scheme I - 5: Catalysts I-38, I-39 and I-40 used by Matile and co-workers in the chloride abstraction reaction 
forming I-43.[23] 

I ς 3.2.3 Ring formation 

Very recently, Wang and co-workers reported on unprecedented reactivity triggered by chalcogen-

bonding mediated catalysis.[71] Catalyst I-44 was rationally designed and shown to activate linear 

ketones. The authors described the assembly of one indole and three b-ketoaldehyles molecules 

into seven-membered N-heterocycle I-47 (Scheme I ς 6). The reaction proceeds through sequential 

EB enabled additions and a final dehydration step. To further probe the reactivity of ketone 

activated by chalcogen-bonding interactions, the intramolecular cyclisation of compound I-49 was 

triggered in the presence of I-48 and formed I-50 (Scheme I ς 6). Catalyst I-48 interact with a 

secondary ketone of I-49 to form an enol that reacts with a double bound of the seven membered 

ring.[71]  
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Scheme I - 6: Catalysts I-44 and I-48 developed by Wang and co-workers and used to form I-47 and I-50.[71] 

I ς 3.3 Self-assembly in solution 

I ς 3.3.1 Micellar structures in water 

Despite the power of chalcogen bonding revealed by anion binding and catalysis, no self-assembled 

complex architecture in solution were reported in the literature. It is only in 2018, that Yan and co-

workers published the first supramolecular structure based on EB interaction in solution.[72]  

 

Figure I - 14: Quasi-calix[4]-chalcogenadiazole I-51E and surfactant I-52 used by Yan and co-workers to build 
reversible nanofibers and spherical vesicle. Reproduced with permission;[72] copyright 2018 American 

Chemical Society. 

Building on a quasi-calix[4]-chalcogenadiazole I-51E as multi-site chalcogen bond donor and 

pyridine N-oxide I-52 bearing a 4-dodecyl chain as an acceptor, the two molecules associate to form 
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a supra-amphiphile. This supramolecule assembles into different structures in aqueous solution 

based on the strength of the chalcogen-bonding interactions. Compound I-51Se leads to the 

formation of nanofibers with a uniform radial diameter of 6.5 nm, observed by transmission 

electron microscopy (TEM). Te-analogue, I-51Te forms with I-52 spherical micelles characterised by 

a critical micellar concentration (CMC) of 3.4 µM. TEM imaging showed a size ranging from 40 to 

130 nm for those micelles with a membrane thickness of 5.9 nm (obtained by SAXS measurement). 

The non-covalent interaction between I-51E and I-52 was further confirmed by UV-vis, NMR and 

mass spectroscopy and isothermal titration calorimetry (ITC; Ka = 7.2 105 M-1 for I-51Te and 1.4 105 

M-1 for I-51Se).[72] Exploiting the reversibility of the chalcogen-bonding interaction, the spherical 

micelles could be disassembled by addition of halogen anions (Cl- or Br-) or by decreasing the pH of 

the solution. 

I ς 3.3.2 Supramolecular capsules 

Diederich and co-workers have very recently published molecular capsules based on chalcogen-

bonding interactions.[73] Those supramolecular arrangements are based on resorcin[4]arene 

cavitands containing telluradiazoles units (Figure I ς 15, a) that dimerise through 16 EBs. The 

structure has been characterised in the solid state by X-ray diffraction analysis and in solution by 

variable-temperature NMR and quantitative electrospray ionisation mass analysis. The association 

constant for this structure has been calculated at 2.9 107 M-1. 

 

Figure I - 15: Molecular capsules by a) chalcogen-bonding and b) halogen-bonding interactions in ORTEP 
representation developed by Diederich and co-workers, H atoms are omitted for clarity.[73, 74] Space groups: 

C2/c and P21/c, respectively. 
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The crystal structure shows the two hemispheres hold together by means of strong chalcogen 

bonds (dNΧTe = 2.6 ς 2.9 Å) arranged in a circular array. Two benzene molecules are trapped inside 

the capsule. The S analogue has also been synthesised and crystallised. Weaker interactions are 

observed in solution (Ka = 786 M-1, determined by 1H-NMR analysis). Two different structures were 

obtained depending on the solvent of crystallisation. Benzene and toluene yielded a shifted capsule 

featuring 12 EBs (dNΧS = 3.0 ς 3.5 Å) and encapsulating two solvent molecules. Crystals obtained 

from CH2Cl2 do not present the capsular assembly or any chalcogen bonds, instead the molecules 

arrange in an interlocked 1D polymeric assembly featuring p-p stacking interactions (dp-p = 3.4 

Å).[73] The capsules based on halogen-bonding synthesised by the same group can be used as 

comparison point (Figure I ς 15, b).[74, 75] Those features an association constant of 5370 M-1 in 

solution (determined by 1H-NMR analysis) for four cooperative XB interactions. The X-ray structure 

shows the hemisphere of the molecular capsule held together by halogen-bonding interactions 

(dNΧI = 2.82 Å) and two solvent molecules. 

I ς 4 Chalcogen-bonding at work: applications at the solid state 

I ς 4.1 Chalcogenadiazole: infinite ribbon vs discrete assembly 

The reference bonding motif for solid-state application and crystal engineering is 1,2,5-

chalcogenadiazole. Unsubstituted benzotelluradiazoles I-2Te assembles in ribbon at the solid state 

(Figure I ς 5).  

 

Figure I -  16: X-ray structure of 1,2,5-telluradiazole derivatives in ball and stick representation, a) top view 

of I-53;[76] b) side view of I-53; c) top view of I-54;[44] d) top view of I-55.[77] Space group: Pρ (I-53), P21/c 
(I-54) and P21/n (I-55). 
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Over the years, this moiety has been derived in different structures, for example, phenanthro[9,10-

g][1,2,5]telluradiazole I-53 synthesised by Neidlein et al.[76] fuses a phenanthro and a telluradiazole 

groups. The X-ray diffraction analysis (Figure I ς 16, a) reveals the formation of a ribbon through 

multiple chalcogen-bonding interactions (dNΧTe = 2.842 Å). However, the molecules do not lie in the 

same plane due to the bulk of the phenantro- moiety (Figure I ς 16, b), this steric repulsion is offset 

by the strength of the EB interactions. On the contrary, di-bromo derivative I-54 do not form a 

ribbon structure, but a dimer in the solid state (Figure I ς 16, c) formed by double chalcogen bonds 

(dNΧTe = 2.696 Å).[44] In this case, BrΧTe short contacts are featured (dBrΧTe = 3.683 Å) in addition of 

HBs (dNΧC = 3.499 Å). Increasing the steric demand, di-tert-butyl derivative I-55 arranges in discrete 

dimers at the solid state (Figure I -16, d) presenting a double EB interactions (dNΧTe = 2.628 Å).[77] 

Capitalizing of those results, Vargas-Baca and co-workers engineered non-centrosymmetric 

crystals, featuring non-linear optical (NLO) response, based on functionalised benzotelluradiazole 

unit.[78] Molecules of I-56 arrange in a 1D flat ribbon at the solid state (Figure I ς 17, a) through 

double chalcogen-bonding interactions (dNΧTe = 2.689 ς 2.792 Å). In a second dimension, HBs take 

place (dOΧC = 3.162 Å, C-HΧO angle = 119°), binding the ribbon together. The authors computed the 

optical properties of the resulting crystal highlighting NLO responses. Unsubstituted I-2Te show a 

static hyperpolarizability (<b>) of 1.60 esu x 1030, and I-56 8.08 esu x 1030, which is comparable to 

that found for p-nitroaniline (<b> = 8.44 esu x 1030) used as reference material in this study.[78] One 

can foresee replacing the phenyl moiety with a chromophore to produce a functional material.  

 

Figure I - 17: X-ray structure of I-56, a) top view; b) side view. Space group: C2.[78] 

Despite the strength of the double EBs formed by the telluradiazole motif, which can overcome 

steric hindrance in certain cases, the main drawback of this recognition array lies in its moisture 

sensitivity. The more stable benzo-1,2,5-selenadiazole motif could be a viable alternative, however, 

this compound does not form a ribbon arrangement at the solid state (Figure I ς 18). Instead, 

molecules of I-2Se arrange in trimeric clusters through chalcogen-bonding interactions (dNΧSe = 

3.155 Å) that bounds to the neighbouring molecules through hydrogen bonds (dNΧC = 3.417 Å and 

dSeΧC = 3.928 Å).  
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Figure I -  18: X-ray structure of I-2Se. Space group: Pna21. 

In 2014, Zade and co-workers reported on the synthesis of benzo-1,2,5-selenadiazole bearing 

different aryl moieties (Figure I -19) for optoelectronic applications.[79] Compounds I-57 and I-58 

bearing phenyl and thiophenyl, respectively, associate in dimers at the solid state (Figure I ς 19, a 

and b, respectively) through double chalcogen-bonding interactions (dNΧSe = 2.993 Å and 3.424 Å, 

respectively). 

 

Figure I -  19: X-ray structure of a) I-57; b) I-58 and c) I-59. Space group: P21/c, Pca21 and P21/c, 
respectively. Uv-vis absorption-emission spectra d) in solution and e) of thin film on ITO coated glass. 

Adapted with permission;[79] copyright 2014 American Chemical Society. 
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On the contrary, molecules of I-59 functionalised with selenophenyl form p-s* interactions in the 

solid state (Figure I-19, c). Their optoelectronic properties have been evaluated in CH2Cl2 solution 

by cyclic voltammetry (CV) and in benzene solution by UV-vis absorption-emission (Figure I ς 19, d). 

Compounds I-57, I-58 and I-59 emit in the green, orange and red, respectively, under irradiation at 

365 nm. The three compounds were deposited as thin film on ITO-coated glass and their UV-vis 

absorption-emission properties were evaluated (Figure I ς 19, e). The resulting profiles show a 

bathochromic shift and a broadening of the peaks compared to those in benzene solution. The 

authors suggest that strong intermolecular interactions are responsible for this effect, those 

possibly being p-stacking or van der Waals interactions.[79] We would like to add that chalcogen 

bonds are also probably contributing to the optoelectronic properties of this material. Weak EBs, 

such as the one found in the dimer of selenadiazole, do not appear in solution but take place at the 

solid-state, thus impacting the resulting absorption-emission spectra. Since then, similar molecular 

scaffolds with different substituents have been reported for solution applications.[80]  

To use the selenadiazole motif efficiently in solid-state applications, strategies to increase the 

strength of interaction using those building blocks have been investigated, one of them being the 

formation of a salt upon addition of a Bronsted acid. Vargas-Baca and co-workers reported in 2009 

on the synthesis of various organic crystal based on selenadiazole.[81] Here we show the structure 

of I-2SeωHCl (Figure I ς 20, a), which form a ribbon at the solid state through the combination of 

multiple chalcogen and hydrogen bonds (dClΧSe = 2.961 ς 3.085 Å, dClΧN = 3.087 Å). While the Se-

analogues leads to the formation of different products, only I-2Teω(HCl)2 has been reported for the 

Te-containing derivative I-2Te (Figure I ς 20, c). The compound arranges in ribbon through chalcogen 

and hydrogen-bonding interactions (dClΧTe = 2.773 Å and dClΧN = 3.245 Å).  

A second route to strengthen the SBIs involving benzo-1,2,5-selenadiazole consists in forming a salt 

by direct alkylation on the N position of the heterocycle. This has been achieved by Berionni et al.[82] 

and Risto et al.[83] under harsh conditions. Vargas-Baca and co-workers presented an alkylation 

method employing the milder MeI reagent as a rational strategy for EB strengthening in 2016.[84] In 

their study, different salts have been synthesised, specifically I-60 and co-crystal (I-60)2ωI-2Se (Figure 

I ς 20, b and d, respectively). The former compound arranges in a discrete dimer at the solid state 

through four EBs involving the counter ion I- (dIΧSe = 3.176 ς 3.610 Å), whereas the latter in a 

trimeric arrangement featuring NΧSe short contacts (dNΧSe = 2.573 - 2.937 Å) and terminal IΧSe EBs 

(dIΧSe = 3.528 Å). Building on these results, the same authors recently reported on the preparation 

and characterisation of bridged dicationic derivatives.[85] Most of the structures shows chalcogen-

bonding interactions between the selenadiazolium units and their counter ions at the exception of 
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I-61 (Figure I ς 20, e). For this compound a dimer through double EB of a length of interaction 

considerably shorter than that observed in the naked I-2Se (dNΧSe = 2.589 Å vs dNΧSe = 3.155 Å). 

 

Figure I - 20: X-ray structure of chalcogenadiazolium salts in ball and stick representation, a) I-2SeωHCl 

(Pρ);[81] b) I-60 (P21/n);[84] c) I-2TeωόI/ƭύ2  (Pcca);[81] d) (I-60)2ωL-2Se  (C2/c);[84] e) I-61 (Pρ).[85] 

Further expanding this concept, the possibility to form chalcogen bonds in the presence of acid-

base Lewis adducts has been also appraised by Vargas-Baca and co-workers.[86, 87] Upon addition of 

triphenylborane on I-2Te, neutral adducts bearing one and two Lewis acid molecules, respectively, 

have been identified in solution and crystallised. The 1:1 complex forms dimer through double EB 

interactions (dNΧTe = 2.578 Å) in the solid-state (Figure I ς 21, b). For each molecule I-2Te, one of the 

N atom is attached to the borane derivative while the second N atom engages in a chalcogen bond 

with the adjacent Te atom. The presence of the acid-base Lewis adduct strengthens the formation 

of the chalcogen bond. Moreover, p-s* interaction is observed between the phenyl moiety next 

to the Te atom. Adding a second equivalent of triphenyl borane lead to the formation of a trimeric 

structure (Figure I ς 21, c). The crystal structure displays two NΧB and two p-s* interactions. The 

steric hindrance of the phenyl moiety prevents the formation any further chalcogen bonds.  
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Figure I - 21: X-ray structure of a) I-2Te and the adducts formed upon addition of b) one and c) two BPh3 
molecules, respectively. Space group C2/c, P21/c and P21/n, respectively.[44, 86] 

I ς 4.2 1,2-Chalcogenazole N-oxide: discrete macrocyclic assembly 

Despite the achievements met with the 1,2,5-chalcogenadiazole motif, well-defined 

supramolecular structures based on EB interaction remain scarce in the literature outside the 

classic ribbon association. In order to reach discrete cyclic architectures, Vargas-Baca and co-

workers proposed the 1,2-chalcogenazole N-oxide motif. Specifically, they reported on the various 

arrangements of 3-methyl-5-phenyl-1,2-tellurazole N-oxide I-62 connected by N-OΧTe bridges.[88] 

Depending on the crystallisation method, one can control the supramolecular structure in the solid 

state. For instance, compound I-62 forms chains through chalcogen-bonding interactions (dOΧTe = 

2.176 ς 2.207 Å) at the solid state after slow evaporation from a benzene solution (Figure I ς 22, a). 

Cyclic tetramers (similarly to those of 3-methyl-5-(1,1-dimethylethyl)-Bu-1,2-tellurazole N-oxide)[89] 

can be formed (dOΧTe = 2.203 ς 2.241 Å; Figure I ς 22, b) from CHCl3 solution or slow diffusion of 

MeCN in CH2Cl2 solution. The same MeCN/CH2Cl2 solution mixed with [Pd(NCMe)4](BF4)2 yields the 

complex [Pd(I-62)4](BF4)2, which was observed by X-ray diffraction analysis (Figure I ς 22, c). 

Crystallisation of I-62 from THF solution leads to the formation of an inclusion compound in which 

a cyclic hexamer hosts a THF molecule (Figure I ς 22, d). On the other hand, CH2Cl2 solution also 

yields the hexameric structure. In this crystal, the solvent sits outside the cavities that are partially 

filled by two Me groups from neighbouring molecules of I-62. Interestingly, the structure of the 

tetrameric assembly and [Pd(I-62)4](BF4)2 could also be proven by NMR and absorption 

spectroscopy measurements, respectively. The authors reported that mixing I-62 with C60 in CHCl3 

yields a precipitate that could not be characterised in solution. However, crystals of the adduct 

(I-62)4ωC60 can be achieved by slow diffusion of fullerenes into a solution of I-62 (Figure I ς 22, e). 

In this structure, the tellurazole N-oxide entities arrange in a distorted boat conformation hosting 

the C60 molecules.  
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Figure I - 22: X-ray structure of I-62 a) linear chain (P212121); b) cyclic tetramer (Pρ); c) adduct with Pd 

(I41/a); cyclic hexamer (Rσ); inclusion of C60 (C2/c).[88, 89] Adapted with permission;[88] copyright 2016 
Springer Nature.  

This unparalleled ability to form functional macrocycles through the self-association of simple 

building blocks shows the potential of 1,2-tellurazole N-oxide as reliable supramolecular synthons. 

Those molecules have an ambidentate nature that is expressed in their capability of forming 

defined structures able to bind transition-metal ions. Building on this idea, in 2019 the same group 

has reported on the preparation and characterisation of coordination complexes based on this 

principle. The macrocycles successfully bind Cu and Au cations in their tetrameric form while Ag 

cation has a preference for the hexameric one.[90] 

Vargas-Baca and co-workers also reported the preparation of the annulated derivatives benzo-1,2-

chalcogenazole N-oxide (Figure I -23). The authors aimed for a more easily functionalisable building 

block featuring the auto-association properties of I-62 with a larger vdW surface that would 

enhance the intermolecular interactions due to dispersion forces. The crystal structures of I-63E 
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show similar tetrameric, hexameric and linear patterns than those obtained for I-62. Molecules of 

I-63Te arrange in a tetrameric (Figure I ς 22, a) or hexameric (Figure I ς 22, b) macrocycles while 

crystallised from CH2Cl2/pyridine solution. On the other hand, Se-derivative I-60Se forms linear 

chains at the solid state (Figure I ς 22, c). Both I-62 and I-63Te have shown the possibility to 

simultaneously associate at the crystalline state with Lewis acids (e.g. BF3) and bases (e.g. DMAP, 

MeCN, biPy, PPh3 and carbene derivatives).[91] 

 

 

Figure I - 23: X-ray structure of I-63E, a) cyclic tetramer of I-63Te (Pρ); b) cyclic hexamer of I-63Te (P31); c) 
linear chains of I-63Se (P212121).[92] 

I ς 4.3 Chalcogen-bonding meeting halogen-bonding 

Selenadiazole derivatives have also shown potential application in crystal engineering. Capitalizing 

on the basicity exhibited by the two N atoms of molecule I-2Se, co-crystals based on hydrogen- and 

halogen-bonding interactions meeting chalcogen bonds have been synthesised (Figure I ς 24) by 

Gdaniec, Polonski and co-workers.[93] The main feature of those assembly lies in the formation of a 

dimeric (I-2Se)2 structures engaging with a HB or XB donor. For example, co-crystal with 

perfluorobenzoic acid I-61 show a tetrameric assembly (I-2Se)2ωόI-64)2 with four EBs (dOΧSe = 3.127 

Å, dNΧSe = 2.851 Å) and two HBs (dNΧO = 2.641 Å; Figure I ς 24, a). In a similar fashion, I-2Se associate 

with perfluoroiodobenzene I-1 to form a tetramer (I-2Se)2ω(I-1)2 at the solid-state (Figure I ς 24, b). 

Two units of I-2Se connect with each other through chalcogen-bonding interactions (dNΧSe = 2.972 

ς 3.070 Å), while the free N atoms engage with two I-1 in a halogen bond (dNΧI = 2.961 ς 3.073 Å). 

As a final selected example, dimer of I-2Se organises with the ditopic DITFB in a supramolecular 
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polymer (Figure I ς 24, c) through simultaneous halogen- and chalcogen-bonding interactions (dNΧI 

= 3.025 ς 3.104 Å and dNΧSe = 2.905 ς 3.001 Å).  

The structures of (I-2Se)2ωόI-63)2, (I-2Se)2ω(I-1)2 and ((I-2Se)2ωDITFB)n show the potential application 

of the selenadiazole recognition motif in co-crystals built on simultaneous use of EB along with HB 

or XB interactions. However, as stated by the authors, the N binding sites of I-2Se are identical, which 

may result in disruption of the dimers arrangement leading to a lack of control in supramolecular 

architectures of higher complexity. 

 

Figure I - 24: X-ray structure of co-crystal of a) I-2SeωI-64; b) I-2SeωI-1; c) I-2SeωDITFB. Space groups: P21/c, 
P21/n and P21/c, respectively.[93] 

Moving away from the 1,2,5-chalcogenadiazole motif, Torubaev et al. have successfully inserted 

DITFB in crystals of diphenyl dichalcogenide I-65E.[94] At the solid state, pure I-65Te arranges in 

columnar structures through p-s* interactions (dCΧTe = 3.604 ς 3.646 Å; Figure I ς 25, a) and I-65Se 

forms ribbons through SeΧSe short contacts (dSeΧSe = 3.726 Å; Figure I ς 25, b). Co-crystallisation 

with DITFB leads to the insertion of the ditopic halogen-bond donor in the network of diphenyl 

chalcogenide. In the case of the Te-containing derivative, the columnar arrangements observed in 

the single component crystal are translated in the co-crystal with DITFB (dCΧTe = 3.453 Å). The 

columnar structures connect with one another through halogen- and chalcogen-bonding 

interactions involving Te and I atoms (dTeΧI = 3.574 Å and dIΧTe = 4.031 Å) with bridging DITFB 

molecule (Figure I ς 25, c). For the co-crystal involving the Se-analogue, the ribbon structure is 

tightened up (dSeΧSe = 3.752 Å and 3.606 Å) and DITFB connects through p-s* interaction (dCΧI = 

3.566 Å; Figure I ς 25, d). In both cases, the original connection between I-65E molecules is kept 

identical while DITFB connects the columnar or ribbon structure showing a cooperative behaviour 

of the halogen- and chalcogen-bonding interactions at the solid state. 
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Figure I - 25: X-ray structure of I-65E and their respective co-crystal with DITFB. Space group: P212121 for 
I-65Te, P212121 for I-65Se, P21/n for I-65TeωDITFB and P21/c for I-65SeωDITFB.[94] H atoms are omitted for 

clarity. 

I ς 4.4 Porous architecture formation through chalcogen-chalcogen interactions 

Another example of supramolecular structure in the solid state driven by chalcogen-bonding 

interactions is the formation of nanotubes by telluroethers reported by Gleiter and co-workers.[95] 

During their study they have synthesized a number of supramolecular tubular structures presenting 

cavities able to host small guest molecules such as toluene or n-hexane. This has been achieved by 

building architectures relying on chalcogen-chalcogen interactions. One of those being the helical 

structure of 1,4- bis(methyltellanyl)buta-1,3-diyne I-66 presenting a square cavity (Figure I ς 26, b 

and c). In this case each Te atom is involved in four EBs (dTe-Te = 3.741 ς 3.824 Å), being 

simultaneously a chalcogen bond donor and an acceptor. When focused on the chalcogen atom as 

electron acceptor, the angle between the two EBs is 110° (Figure I -26, a). Similar behaviour has 

been observed with cyclophanes,[96] cyclic tetra- and hexaynes.[97] Chalcogen-chalcogen 

interactions have been also used to control face-to-face p-p stacking of anthracene rings.[98] For a 

comprehensive review of those systems, we direct the interested reader to the recent paper of 

Gleiter et al.[99] 
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Figure I ς 26: X-ray structure of 1,4-bis(methyltellanyl)buta-1,3-diyne.[95] 

I ς 4.5 Self-assembled fibres for optoelectronic applications controlled by chalcogen-

bonding interactions 

In 2011, Barbarella and co-workers successfully engineered functional supramolecular 

architectures through the self-assembly of a sulfur rich octatiophene bearing thioalkyl substituents 

(Figure I ς 27).[100] In a bottom-up approach, the key design element lies in the addition of a S atom 

onto the b-carbon of the inner tetrameric core inducing an intramolecular chalcogen bond (dSΧS = 

3.09 ς 3.10 Å; Figure I ς 27, d). Compounds I-67, I-68 and I-69 have been synthesised and fibres 

have been grown on various surfaces (glass, ITO, silicon and gold) from toluene solution with slow 

diffusion of MeCN. The crystalline assemblies have been characterised by scanning electron 

microscopy (SEM; Figure I ς 27, a ς c) with a high aspect ratio (from 1:1 to 1:2 height versus width 

and length up to hundreds µm). Compound I-70 bearing hexyl chains (on the opposite of the S-hexyl 

for I-67) has been submitted to the same crystallisation conditions but only amorphous material 

was observed. This indicates the importance of the S atoms on the resulting structure.  

The fibres of I-67 and I-68 present interesting optoelectronic properties such as an intense red 

fluorescence (observed by laser scanning confocal microscopy). The reduction and oxidation 

potential have been measured by cyclic voltammetry (Eox
0 = 0.62 V and 0.60 V vs SCE, respectively 

and Ered
0 = -1.45 V and -1.52 V vs SCE, respectively). Particularly, the low value for the reduction 

process indicate a high electron affinity. The charge mobility has been measured at the nanoscale 

level by conductive atomic force microscopy (AFM) in contact mode. The fibres of I-67 and I-68 has 

been characterised by hole mobility values of 9.8 10-7 and 5 10-6 cm2 V-1 s-1, respectively. Field effect 

transistor devices were built to measure the charge mobility along the fibres. Considering an 

effective coverage of 50% due to the fibrillar morphology, hole mobility has been calculated at 1 
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10-5 and 4 10-4 cm2 V-1 s-1, respectively, which is two orders of magnitude higher than the value 

observed for single fibres. 

The fibres as a film have also been studied by small-angle reflection of X-ray and the authors 

proposed an arrangement of the molecules at the solid state. The octatiophenes, featuring a nearly 

flat conformation of the backbone, arrange in J-stacking type organisation. The chalcogen bonds 

between the S atoms impose an anti-orientation of the thiophenes rings (as shown by preliminary 

single crystal X-ray diffraction; Figure I ς 27, d). The same principle was then applied using different 

capping functional group to the oligothiophene,[101] bulk-heterojunction materials,[102] and 

conjugated polymers.[103]  

 

Figure I - 27: Oligothiophene I-67, I-68, I-69 and I-70 substituted with alkyl and thioalkyl chains, the inner 
tetrameric core is highlighted by dashed lines. SEM images of a) I-68; b) I-69 and c) I-70; d) Preliminary X-ray 
structure of inner tetrameric core of the octamers. Adapted with permission;[100] copyright 2011 American 

Chemical Society. 

I ς 4.6 Wire-like structures formed by benzo-1,3-chalcogenazole 

Finally, our group contributed to the topic by engineering wire-like structures through single 

chalcogen-bonding interactions.[104] The key element of this work was the improved synthesis of 

the benzo-1,3-selenazole motif over the reported procedures and its generalisation to the Te-

containing heterocycle.[105-109] This functional group initially attracted our attention as potential 

application in organic phosphors. However, its easy derivatisation and solid-state arrangement led 
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us to engineer molecular structures with controlled association.[104, 105] Benzo-1,3-chalcogenazoles 

I-71E have been synthesised bearing different substituents (e.g. i-butyl, phenyl, furyl, thiophenyl, 2-

pyridyl, 3-pyridyl, 4-pyridyl, styryl and ferrocenyl) in 2-position to control the supramolecular 

organisation in the solid state through chalcogen-bonding interactions (Figure I ς 27). The EB usually 

takes place between the N atom of the chalcogenazole ring and the chalcogen atom of an adjacent 

molecule. The recognition properties at the chalcogen atom can be controlled by discriminating the 

two s-holes (a) and (b) (Figure I ς 27, a and b). Particularly, the s-hole (b) can be blocked either by 

steric hindrance (steric tether) or involved in an intramolecular EB with a s-hole stopper, leaving 

the s-hole (a) free to engage with a lone pair donor atom.  

 

Figure I - 28: Benzo-1,3-chalcogenazole I-71E bearing different functionalisation in 2-position introduced by 
us to form wire-like structure through controlled single chalcogen-bonding interactions; a) ESP map of 
benzo-1,3-selenazole and benzo-1,3-tellurazole; b) Design of the molecular recognition of 2-substituted 
benzo-1,3-chalcogenazole; c) X-ray structure of I-72, space group: Pca21.Adapted with permission;[104] 

Copyright 2016 Willey-VCH Verlag GmbH & Co. KGaA, Weinheim. 

Substituents such as phenyl are sufficiently bulky to act as steric tether, and 2-furanyl and 2-pyridyl 

acts as s-hole stoppers. The third strategy rely on 2-substituents bearing a more basic heteroatom 

than the N atom present in the chalcogenazole ring. The chalcogen-bonding interaction will thus 

take place between the more electron rich atom and the Se- or Te- atom. Substituents such as 3- 

and 4-pyridyl acts as wiring tether. For example, molecule I-72 bears a s-hole stopper in the 2-
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pyridyl substituent which form an intramolecular EB (dNΧTe = 3.089 Å) and form a wire-like assembly 

through intermolecular EB (dNΧTe = 3.231 Å; Figure I ς 27, c). 

I ς 5 Outline of the dissertation  

It is in this context of very recent and rapid expansion of the chalcogen-bonding topic in 

supramolecular chemistry that this doctoral work takes place. Despite the numerous achievements 

of chalcogen bonded systems in recent years, this field still lack of a versatile, reliable and stable 

supramolecular synthon for solid-state applications. It is this absence of persistent recognition 

systems that motivated us to design and synthesise a building block able to self-recognise and self-

associate through double EB interactions involving Se or Te atoms (Figure I ς 28). SBIs being stronger 

with larger atoms, we anticipate the strongest recognition persistence with the Te-congeners. 

Furthermore, defining the place of chalcogen-bonding among the other non-covalent interactions 

will also be considered as central point of this work. Indeed, only very few studies have conjectured 

the use of EB in multi-type interactions systems.   

 

Figure I - 29: Schematic representation of the outline of this manuscript. 

Thus, we will expand the functionalities of our recognition motif to include different interactions 

such as p-p stacking, hydrogen- and halogen-bonding interactions to appraise their level of 

compatibility, orthogonality and/or competition. Accordingly, this work is divided in three main 

chapters (Figure I ς 28). 
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Chapter II presents the design of the chalcogenazolopyridine (CGP) motif and the synthesis of Se- 

and Te- containing molecules with various substituents to probe its recognition potential at the 

solid-state through double chalcogen-bonding interactions. The system is challenged through 

different applications such as crystal engineering, soft materials and organic semi-conductors. The 

latter requires the conjugation of the CGP array to polycyclic aromatics hydrocarbons leading to 

synergy between p-p stacking and chalcogen-bonding interactions. 

Chapter III addresses the potential orthogonality that exists between halogen- and chalcogen bonds 

through the design and synthesis of supramolecular polymers based on both interactions. Those 

materials are crystallised and analysed by X-ray diffraction experiments.  

Chapter IV is dedicated to the expansion of the CGP array through the functionalisation of the 5-

position. By preventing the face-to-face dimerization due to steric hindrance, this system opens the 

door to novel recognition arrays based on the simultaneous hydrogen- and chalcogen-bonding 

interactions. This self-assembly at the solid-state is extended to multicomponent crystals. The 

expansion of functionality in 5-positions also allowed us to design a potential tetra chalcogen 

bonded system.  
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Chapter II Programming Recognition Array Through Double Chalcogen-Bonding Interactions 

/ƘŀǇǘŜǊ LL 

tǊƻƎǊŀƳƳƛƴƎ wŜŎƻƎƴƛǘƛƻƴ !ǊǊŀȅǎ ¢ƘǊƻǳƎƘ 

5ƻǳōƭŜ /ƘŀƭŎƻƎŜƴπ.ƻƴŘƛƴƎ LƴǘŜǊŀŎǘƛƻƴǎ 
 

In this chapter, we aim to design, synthesise and challenge a novel supramolecular synthon based 

on chalcogen-bonding interactions contemplating the b-fusion of a chalcogenazole ring to a 

pyridine moiety. Capitalising on recent achievements of our group on benzochalcogenazole 

derivatives, we present the chalcogenazolopyrine (CGP) recognition array as reliable, heat and 

moisture stable and of easy derivatisation, through the synthesis of 20 derivatives. The double 

chalcogen-bonding motif is probed at the solid state by single crystal X-ray diffraction analysis of 

those compounds. The system is challenged through different applications such as crystal 

engineering, soft material and organic semi-conductor. Part of this work has been published in a 

recent communication in Chemistry ς A European Journal.[1] 

The chapter is divided in seven sections. Section II-1 covers a brief introduction of single and double 

chalcogen-bonded structure; Section II-2 presents the design of the CGP array and the calculation 

results on substituent effect; Section II-3 provides the synthesis of the targeted molecules; Section 

II-4 shows the recognition at work through analysis of 18 crystal structures; Section II-5 deals with 

the formation of ditopic CGP and benzochalcogenazole structures; Section II-6 appraises the 

possibilities of soft materials based on chalcogen-bonding as non-covalent driving force; Section II-

7 is divided in five parts, from the design of an organic-semiconductor based on a pyrene structure 

relying on the inclusion of CGP recognition array to drive the supramolecular assembly; moving to 

the synthesis of those molecules, the characterisation of their optoelectronic properties in solution 

and their crystal structures to understand the results of the charge mobility experiments. 

The work presented in this chapter has been realised thanks to the teaching of Dr. B. Kariuki, the 

crystals reported here served as training for single crystal X-ray diffraction technique. Advices from 

Dr. O. Dumele led to the synthesis of compound II-14. Dr. S. Gambino and R. Mastria, from CNR 

nanotech in Lecce (Italy) preformed the charge mobility experiments developed in Section II-7.   
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II ς 1 Introduction 

As described in Chapter I, the principle of molecular recognition  sits at the core of supramolecular 

chemistry.[2]
 The storage of bonding information in a recognition arrays is, thus, crucial to trigger 

the formation of specific array of intermolecular non-covalent interactions that have the ability to 

drive molecules into complex architectures through programmed association.[3] As a summary of 

the introductive chapter, some key supramolecular structures formed through single and double 

chalcogen-bonding interactions are reported below (Figure II ς 1). The anion recognition described 

by Taylor,[4] the macrocyclic assemblies covered by Vargas-Baca,[5] and wire-likes structure 

introduced by us formed through single YΧE contacts.[6] The most common structure featuring 

multiple chalcogen-bonding interactions is the ribbon formed by 1,2,5-telluradiazole implying a first 

nearest neighbour (FNN) type motif.[7, 8] Bifurcated chalcogen-bonds have also been described by 

Reid and co-workers,[9] with the E atom acting as double EB donor and by successive work of 

Taylor,[10] Matile,[11, 12] Beer,[13, 14] and Huber,[15, 16] capitalising on a confocal approach of the s-holes 

with Y being double chalcogen bond acceptor. This work focuses on dimer formation through 

double chalcogen-bonding interaction featuring a second nearest neighbour (SNN) type motif. 

 

Figure II -  1: Brief summary of supramolecular structure formed by single and double chalcogen-bonding 
interactions. Reproduced with permission;[1] copyright 2018 Willey-VCH Verlag GmbH & Co. KGaA, 

Weinheim.  
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II ς 2 Design 

Building on the results obtained with the benzo-1,3-chalcogenazole scaffolds,[6] in this part of the 

thesis, we report on a molecular motifs leading to double chalcogen-bonded EY-type arrays with 

high recognition fidelity, chemical and thermal stability and synthetic ease of derivatisation. 

Provided that a carbon atom is replaced by a basic heteroatom (Y) in the benzenoic ring of a 

benzochalcogenazole,[6] one can expect to program a recognition motif giving a double chalcogen-

bonded array (Figure II ς 2). Thus, we conjectured that the b-fusion of a chalcogenazole to a pyridine 

ring to give a chalcogenazolo[5,4-b]pyridine unit (abbreviated as CGP, Figure II ς 2) should lead to 

a self-complementary motif that, through the peripheral exposition of second nearest neighbouring 

(SNN) chalcogen-bonding donor (E) and acceptor (Y) atoms, can undergo dimerization. To validate 

this recognition ability, we used electrostatic surface potential (ESP)[4, 17-19] and estimated the value 

(Vs,max) at the point of the highest potential for both donor and acceptor atoms.[4, 17-19] The ESPs of 

H-substituted models for the Se- and Te-doped CGPs are shown below  (Figure II ς 2). In addition, 

the relevant molecular orbital for each structure are reported, displaying the lone pair (n) and s* 

containing MO. 

 

Figure II -  2: General structure of differently functionalised CGP motif (left). ESP (calculated using Gaussian 
09 at B97-D3/def2-TZVP level of theory)[4] mapped on the van-der-Waals surface of the CGP motifs (centre, 

Se top and Te bottom) along with the relevant molecular orbitals involved in the interactions (right). 
Reproduced with permission;[1] copyright 2018 Willey-VCH Verlag GmbH & Co. KGaA, Weinheim. 

As expected, electron deficient s-holes (a) and s-holes (b) are present on the chalcogen atom,[6] 

with that in a being the depleted region engaging into the non-covalent array through n2 ­ s* 

orbital delocalization.[6] The calculated Vs,max values are +5.4 and +10.5 kcal mol-1 for the s-holes (a) 

of the Se- and Te-congeners, respectively. Those potentials are lower in comparison to their benzo-

1,3-chalcogenazoles analogues (+18.8 and +21.3 kcal mol-1,[6] respectively) inferring a weaker Lewis 

acidity at the chalcogen atom for the CGP derivatives.  
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Table II -  1: Calculated Vs,max values for CGP derivatives and their respective Electrostatic Surface Potential 
maps (using Gaussian 09 at B97-D3/def2-TZVP level of theory).[4]Geometries are relaxed coordinate of the 

corresponding crystal structures. 

 

Entry E ESP maps 
Vs,max (kcal mol-1) 

Nc Np s-hole (a) 

1 
 

Se 

 

-19.4 -30.7 +2.29 

Te 

 

-17.9 -30.0 +7.71 

2 
 

Se 

 

-19.4 -32.0 -0.36 

Te 

 

-18.5 -32.0 +5.67 

3 
 

Se 

 

-15.7 -28.8 +5.02 

Te 

 

-14.4 -27.0 +10.7 

4 
 

Se 

 

-15.1 -26.8 +7.09 
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Te 

 

-13.9 -26.1 +12.5 

5 
 

Se 

 

-24.1 -30.5 +3.70 

Te 

 

-22.3 -29.6 +9.53 

6 
 

Se 

 

-11.6 -24.5 +9.84 

Te 

 

-10.2 -24.0 +15.5 

7 

 

Se 

 

-13.6 -25.9 +7.84 

Te 

 

-12.1 -25.9 +13.4 

8 

 

Se 

 

-23.1 -26.6 +8.30 

Te 

 

-22.0 -26.0 +14.1 

9  

Se 

 

-24.1 -23.6 +12.7 

Te 

 
 

-23.6 -23.0 +19.1 



Chapter II 

 

46 
 

This behaviour can be rationalized by the partial overlap of the lone pair of the N atom with the s-

hole (a) of the Chalcogen atoms (see LUMO +2 and LUMO +1 for Se and Te, respectively). Vs,max 

values of similar magnitude were obtained for the pyridyl N atom (abbreviated Np) of both Se and 

Te derivatives (-28.7 and -27.8 kcal mol-1, respectively, vs 35.5 kcal mol-1 for naked pyridine[6]), 

whereas weaker potentials were found for the chalcogenazole N atom (abbreviated Nc, -26.5 

and -25.1 kcal mol-1, respectively). Building on these computational results, one can envisage that 

the chalcogen interactions will be preferentially established through Np atom. We thus engineered 

Se- and Te-containing CGPs bearing different substituents at the 2-position, calculating their Vs,max 

values at both Np and Nc positions and at the a s-hole of the Chalcogen (Table II ς 1).  

Derivatives bearing a phenyl moiety in 2-position (entry 1, Table II ς 1) will be used as synthetic 

reference for this work. It has to be noted that the potential values at the s-hole (a) (+2.29 and 

+7.71 kcal mol-1, for Se and Te, respectively) are smaller than in the case of the un-substituted ones 

(+5.4 and +10.5 kcal mol-1 for Se and Te respectively). Introduction of pyrid-2-yl (entry 2) lowers 

further those numbers (-0.36 and +5.67 kcal mol-1, for Se and Te, respectively) due to the partial 

electron donation from the N atom of the 2-substituent and the s-hole (b) of the chalcogen. Other 

aromatics have similar Vs,max values (between +3.70 and +7.09 kcal mol-1 for Se- and +9.53 and +12.5 

kcal mol-1 for Te-derivatives, entries 3, 4, 5). Electron withdrawing substituents (entries 6, 7 and 8) 

increases the values up to +9.84 for Se and +15.5 kcal mol-1 for Te. Whereas the maximum is reached 

by the CF3 moiety (entry 9) of +12.7 and +19.1 kcal mol-1, for Se and Te, respectively. Moreover, one 

can easily observe that the more positive are the s-holes the less negative are the potentials around 

the Np atoms (from -32.0 to -23.6 kcal mol-1 for Se-derivatives and from -32.0 to -23.0 kcal mol-1 for 

Te-analogues). Nonetheless, we anticipate at this stage of the work the formation of a dimeric 

structure with shorter distance of interaction with derivative presenting the deepest s-holes. It is 

also expected of the Se-congener bearing smaller Vs,max to form  weaker interactions or no 

chalcogen bond (particularly in the case of entry 2 whereas this value is negative).  

II ς 3 Synthesis 

At the synthetic planning level, we contemplated the dehydrative cyclization reaction as the key 

synthetic step for the preparation of CGP derivatives.[20] The synthesis commenced with the 

formation of the dichalcogenide II-2 starting from 3-amino-2-bromopyridine. In a first approach, 

the reaction conditions developed for the preparation of 2,2'-diselanediyldianiline and 2,2'-

ditellanediyldianiline in our previous work have been applied (Scheme II - 1).[20]  
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Scheme II -  1: Synthesis of II-2Se and II-2Te . 

In the case of the Se-derivative, II-1 was treated with 3 equivalents of t-BuLi in dry THF at -78°C, the 

resulting mixture was reacted with elemental selenium powder and, after oxidation, II-2Se was 

obtained in 6% yield. For the second analogue, elemental Te powder was treated with an excess of 

NaH and the resulting mixture was reacted with II-1 to afford ditelluride II-2Te in up to 9% yield after 

oxidation. Both protocols are low yielding, more particularly for II-2Te, the reaction revealed to be 

unreliable with tedious purification. For II-2Se, a problem in the metal-halogen exchange process 

has been noted. According to the work of Parham et al. on lithiation of 2-bromopyridine,[21] the 

organometallic intermediate resulting of the bromine-lithium exchange displays two pairs of 

unshared electrons which are co-planar in close proximity (Scheme II - 2), destabilising the resulting 

aryllithiums derivative. Moreover, in the case of 3-amino-2-bromopyridine, deprotonation of the 

amino group must occur prior to the exchange. The proximity of the negatives charges destabilises 

the metalated intermediate leading to decomposition.   

 

Scheme II -  2: Lithiated intermediates from 2-bromopyridine (left) and 2-bromo-3-aminopyridine (right). 

In order to overcome the problem of the metalation of 2-bromopyridine, Song and co-workers 

proposed to use Grignard reagent i-PrMgCl with success.[22]  The same strategy was applied to 3-

amino-2-bromopyridine (Scheme II - 3), the metalated intermediate was treated with elemental 

chalcogen powder and after oxidation, II-2Se and II-2Te were obtained in 9% and 13% yield, 

respectively.  

 

Scheme II -  3: Synthesis of II-2Se and II-2Te using i-PrMgCl.  
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In both cases, the isolated yield increased compared with the previous reaction conditions (Scheme 

II ς 1). However, only 50% of II-1 was converted during the metal-halogen exchange step. This 

allowed to perform the reaction multiple times recycling the starting material, giving yields of 16% 

and 23% BRSM (based on the recovery of the starting material), respectively. 

 

Scheme II -  4: Synthetic route for preparing the CGP synthon through the dehydrative cyclization reaction. E 
= Se or Te; a) for II-2Se K3Fe(CN)6 in H2O for 10 min, while for II-2Te air bubbling in a buffered NH4Cl aq. 
solution for 2h; b) dry pyridine was generally used as base at the exception of II-4Se, II-5E, and II-10Te for 

which dry NEt3 was used; c) the yield calculated over two steps; d) (CF3CO)2O was used for the amidation 
step. 
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In this case, the magnesium cation has the effect of stabilising the corresponding metalated 

intermediate that does not undergo decomposition reactions. Nonetheless, the stabilisation effect 

is not sufficient to shift the metal-halogen exchange equilibrium completely towards the formation 

of the product. This idea led us to use a more reactive organometallic specie, namely trialkyl 

magnesate, first introduced by Wittig in 1951.[23] This ate complex, formed by treating i-PrMgCl 

with two equivalent of n-BuLi, is used to perform  metalation reactions on electron-rich aromatic 

substituents.[24] In the case of 3-amino-2-bromopyridine II-1, a deprotonation with n-BuLi is 

required prior to the reaction with i-PrBu2MgLiωLiCl (Scheme II ς 4). This reagent is able to shift the 

exchange equilibrium completely towards the formation of the metalated intermediate. 

Subsequent treatment of the reaction mixture with the corresponding freshly ground elemental 

chalcogen powder (E = Se and Te) followed by oxidation led to the formation of II-2Se and II-2Te in 

27 and 40%, respectively. Reductive cleavage of the dichalcogenide using NaBH4 in the presence of 

MeOH in THF gave the corresponding pyridylchalcogenolate that, reacting with MeI, could be 

transformed into the relevant pyridine derivative II-3E. From those amines, we could synthesise a 

series of Se- (II-4Se ς II-11Se) and Te-bearing (II-4Te ς II-13Te) amides with very good yields upon 

reaction with the appropriate acyl chloride. With these intermediates in our hands, we could 

prepare 2-substituted Se- (II-15Se ς II-22Se, II-25Se) and Te-congeners (II-15Te ς II-25Te) in good to 

excellent yields (38-93%), following the dehydrative cyclisation protocol developed in our group 

(POCl3 in the presence of NEt3 under reflux in 1,4-dioxane).[6, 20] CGP derivatives were successfully 

synthesised bearing different aromatic moieties in 2-position (II-15E, II-20E, II-21E, II-22E, II-23Te and 

II-24Te), as well as heterocyclic rings, like thiophenyl (II-19E) and pyridyl (II-16E, II-17E and II-18E) 

substituents (Scheme II ς 4). All structures were fully characterized by 1H- and 13C-NMR 

spectroscopy, IR, and HR-Mass spectrometry (See chapter VI).  

II ς 4 Solid-state analysis 

The association properties of the CGP II-15E ς II-25E derivatives were probed in the solid state by 

means of X-ray analysis of the single crystals obtained by slow evaporation of the solution of all the 

relevant compounds in CHCl3 or EtOH. However, despite the best of our effort, no single crystal 

suitable for X-ray diffraction analysis could be grown for derivative II-20E.  

II ς 4.1 Recognition at work ς Tellurium containing derivatives 

Compound II-15Te crystallises in a P2/c space group and the asymmetric unit is constituted by one 

molecule. As conjectured in our programming strategy, one can easily observe that this derivative 

associates into dimer (II-15Te)2, through double N...Te interactions (dN...Te = 3.006 Å, C-TeΧN angle = 

171°), involving the chalcogen s-hole (a) and the Np atom (Figure II ς 3, a). In the array, both CGP 
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and phenyl moieties are co-planar and undergo p-p stacking arrangements (dp-p = 3.477 Å) with an 

off-set of 5.808 Å (Figure II ς 3, b). It is interesting to note that the distance of interaction is shorter 

in the present case than with the benzo-1,3-tellurazole (3.428 Å for the wire-like structure)[6, 25] 

despite the Vs,max of s-hole having been calculated smaller (+7.71 vs +19.0 kcal mol-1, respectively). 

This can be rationalized by the fact that here two anti-parallel interactions come into play, 

strengthening the dimer formation. 

 

Figure II -  3: X-ray structure of II-15Te; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group: P2/c, solvent of crystallisation: CHCl3. 

Derivative II-16Te substituted with a 2-pyridyl crystallises in a P21/c space group with an asymmetric 

unit constituted by one molecule. X-ray analysis (Figure II ς 4, a) reveals the formation of dimer 

(II-16Te)2 through double Chalcogen-bonding interaction (dN...Te = 3.079 Å, C-TeΧN angle = 166°). 

Compared to II-15Te, the distance between Np and Te atoms is slightly longer, due to the 

intramolecular EB taking place between the N atom from the 2-pyridyl. In addition, the molecules 

interact through p-p stacking (dp-p = 3.413 Å) with an off-set of 5.908 Å (Figure II ς 4, b). 

 

Figure II -  4: X-ray structure of II-16Te; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group: P21/c, solvent of crystallisation: CHCl3. 

Isomer II-17Te crystallises in a P21/c and one molecule composes the asymmetric unit. The 

compound forms dimer (II-17Te)2 at the solid state (Figure II ς 5, a) through double chalcogen-

bonding interactions (dN...Te = 3.094 Å, C-TeΧN angle = 168°). An additional EB takes place involving 

the N atom of the pyrid-3-yl and the s-hole (b) of the Te atom (dN...Te = 3.480 Å, C-TeΧN angle = 

169°). Molecules form columnar arrangement through p-p stacking (dp-p = 3.423 Å) with an offset 

of 5.295 Å (Figure II ς 5, b). 
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Figure II -  5: X-ray structure of II-17Te; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group: P21/c, solvent of crystallisation: CHCl3. 

Moving to the third isomer, compound II-18Te crystallises in a Pρ space group and the asymmetric 

unit is composed of one molecule. The molecules form dimer (II-18Te)2 at the solid state (Figure II ς 

6, a) through double chalcogen bonds (dN...Te = 3.013 Å, C-TeΧN angle = 170°). The 4-pyridyl moiety 

is engaged in hydrogen-bonding interactions (dNΧC = 3.474 Å). In the solid state, the combination 

of the two non-covalent bonds leads to the formation of ribbons, which interact through p-p 

stacking (dp-p = 3.485 Å) with an offset of 5.580 Å (Figure II ς 6, b). 

  

Figure II -  6: X-ray structure of II-19Te; a) top view, ball and stick representation; b) side view, stick 

representation, H atoms are omitted for sake of clarity. Space group: Pρ, solvent of crystallization: CHCl3. 

Thiophenyl derivative II-19Te crystallises in a I2/a space group and the asymmetric unit is constituted 

by on molecule. The compound arranges in a dimeric structure (Figure II ς 7, a) through double 

chalcogen-bonding interactions (dN...Te = 2.998 Å, C-TeΧN angle = 172°). Interestingly, only one 

configuration of the molecule is observed being the one with Nc and S atoms in close proximity 

(dNΧS = 3.077 Å). Indeed, an intramolecular EB takes place between those locking the conformation 

during the crystallisation process. Moreover, the molecules form a columnar arrangement through 

p-p stacking (dp-p = 3.512 Å) with an offset of 5.379 Å (Figure II ς 7, b). 
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Figure II -  7: X-ray structure of II-19Te; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group I2/a, solvent of crystallisation: CHCl3. 

Substitution of the phenyl ring in compound II-15Te with other heterocycles such as pyridyl (II-16Te, 

II-17Te and II-18Te) or thiophenyl (II-19Te) does not alter either the planarity or the recognition 

fidelity of the CGP motif, which in all cases gave double NΧTe arrays. As anticipated, distances of 

interaction are longer in the case II-16Te (dNΧTe = 3.079 Å vs 3.006 Å for II-15Te) which is due to the 

electron donation from the pyrid-2-yl to the s-hole (b) of the Te atom. This intramolecular EB has 

for effect to decrease the electronegativity of the chalcogen atom, reduce the size of the s-hole (a) 

(Vs,max = +5.67 kcal mol-1 vs +7.72 kcal mol-1 for II-15Te) and thus the strength of the interaction. 

However, derivatives II-17Te and II-18Te do not follow the trend given by the gas phase calculation 

as their distance of interaction are larger (dNΧTe = 3.094 Å and 3.013 Å, respectively) than the 

reference compound with more positive Vs, max (+10.7 and +12.5 kcal mol-1, respectively). This is due 

to additional hydrogen bonds present in the crystal packing.  

II ς 4.2 Strengthening of the interaction ς Tellurium containing derivatives 

Introduction of electrowithdrawing group (EWG) in 2-position of the CGP recognition array is 

expected to increase the strength of interaction between the two subunits of our dimer. Thus, 

derivatives bearing 3,4,5-trifluorophenyl, pentafluorophenyl and trifluoromethyl moieties have 

been envisaged, featuring a lower surface potential at the s-hole (Vs,max = +13.4, +14.1 and +19.1 

kcal mol-1, respectively) than reference II-15Te (Vs,max = +7.71 kcal mol-1). Those compounds have 

been synthesised and crystallised by slow evaporation of CHCl3 solutions. 

Crystals of II-21Te grow in a Pρ space group and its asymmetric unit is composed of one molecule 

(Figure II ς 8). The CGP dimer is formed through EB (dN...Te = 3.058 Å, C-TeΧN angle = 168°) and 

trifluorophenyl substituents engage in HB through the interaction of F and H atoms (dFΧC = 3.350 

Å). In addition, the ribbons interact through p-p stacking (dp-p = 3.272 Å) with an off-set of 5.789 Å 

(Figure II ς 8, b). 
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Figure II -  8: X-ray structure of II-21Te; a) top view, ball and stick representation; b) side view, stick 

representation, H atoms are omitted for sake of clarity. Space group: Pρ, solvent of crystallisation: CHCl3. 

Moving to pentaflurophenyl derivative II-22Te, the material crystallises in a P21/c space group and 

the asymmetric unit contains one molecule. The CGP dimer (Figure II ς 9, a) is formed through 

double NΧTe contact (dN...Te = 2.972 Å, C-TeΧN angle = 170°). Those dimers hierarchically form 

columnar arrangement through p-p stacking (dp-p = 3.503 Å) with an off-set of 2.855 Å (Figure II ς 

9, b). 

 

Figure II -  9: X-ray structure of II-22Te; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group: P21/c, solvent of crystallisation: CHCl3. 

 

Figure II -  10: X-ray structure of II-25Te; a) top view, ball and stick representation; b) side view, stick 

representation, H atoms are omitted for sake of clarity. Space group: Pρ, solvent of crystallisation: CHCl3. 
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Trifluoromethyl substituted derivative II-25Te crystallises in a Pρ space group and its asymmetric 

unit contains two molecules. X-ray diffraction analysis reveals the formation of ribbon at the solid 

state through double chalcogen- and double hydrogen-bonding interactions (Figure II ς 10, a). The 

CGP dimer is formed though EB involving Np and Te atoms (dN...Te = 2.912 ς 2.934 Å, N-TeΧC angle = 

168°). Those are further connected by HB taking place between the Nc and the H atom in 7-position 

of the CGP moiety (dNΧC = 3.467 ς 3.479 Å, C-HΧN angle = 174°). In addition, molecules interact in 

a head-to-tail arrangement (Figure II ς 10, b) through p-p stacking interaction (dp-p = 3.692 Å). 

Notably, when passing to a more electron-withdrawing substituent such as pentafluorophenyl 

(II-22Te) derivative (Figure II - 9), a shortening of the N...Te distance to 2.971 Å for dimers (II-22Te)2 is 

observed. This can be rationalized by an increase of the Vs,max value of the s-hole (a) from +7.71 

kcal mol-1 for phenyl derivative II-15Te to +14.1 kcal mol-1 for pentafluorophenyl-substituted II-22Te 

(Table II - 1). To further corroborate this effect, we also prepared 2-trifluoromethano derivative II-

25Te. As expected, the presence of the CF3 moiety further shifts the Vs,max value of the s-hole (a) to 

+19.1 kcal mol-1, shortening the N...Te distance to 2.912 ς 2.934 Å. However, 3,4,5-trifluorophenyl 

derivative II-21Te, which was expected to feature intermediate length of interaction between II-15Te 

and II-22Te, displays a distance NΧTe longer than the one observed for reference II-15Te (dN...Te = 

3.058 Å vs 3.006 Å).  However, the crystal must accommodate both HB and EB interactions in the 

packing. This leads to a weakening of the chalcogen-bonding interaction.  

Looking at molecule II-22Te, one can envisage replace the para-fluorine atom by other halogens. 

Bromo- and iodo- bearing molecules were synthesised and both crystallised. Crystals of II-23Te grow 

in a P21/c space group and the asymmetric unit is constituted by one molecule. Dimers (II-23Te)2 

(Figure II ς 11, a) are formed through double chalcogen-bonding interactions (dNΧTe = 2.961 Å, 

C-TeΧN angle = 168°). Moreover, p-p stacking takes place forming columnar arrangement (dp-p = 

3.514 Å) with an off-set of 3.026 Å (Figure II ς 11, b). 

 

Figure II -  11: X-ray structure of II-23Te; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group: P21/c, solvent of crystallisation: CHCl3. 
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Moving to iodo-derivative II-24Te, crystals grow in a P21/c space group and the asymmetric unit is 

composed of two molecules. The compound organises in a supramolecular polymer (Figure II ς 12) 

formed through halogen-bonding interactions between Np and I atoms (dN...I = 2.854-2.890 Å, C-IΧN 

angle = 159-161°).  

 

Figure II -  12: X-ray structure of II-24Te. Space group: P21/c, solvent of crystallisation: CHCl3 and pyridine. 

While the three halo-derivatives are very similar in molecular structure, their solid-state 

arrangement is very different (Figure II ς 9, 11, 12). Fluoro- and bromo-derivatives forms the dimeric 

arrangement through frontal double chalcogen bonds with similar distance of interaction (dNΧTe = 

2.972 Å and 2.961 Å, respectively). The iodo-analogue shows a prevalence of halogen-bonding over 

the CGP recognition model. The heavily electron depleted region of the I atom interacts with the 

Np forming a supramolecular polymeric chain of II-24Te. Interestingly, bromo-derivative II-23Te 

crystallised easily from CHCl3 solution in a similar fashion than the Te-bearing CGP derivatives 

synthesised so far, while the iodo-derivative II-24Te crystallised in large prism from a mixture of 

CHCl3 and pyridine, possibly displaying a templating effect. Nonetheless, the ability of II-24Te to form 

halogen-bonding interactions with itself led us to consider the synergy between XB and EB at the 

solid state and study their possible use in crystal engineering of multi-component systems (See 

chapter III).  

II ς 4.3 The case of selenium 

To further study the CGP recognition array at the solid-state, Se-analogues have been synthesised 

and crystallised.  Moving upward in the chalcogen group, weaker chalcogen-bonding interactions 

are expected due to lower polarizability of the Se atom (supported by calculation, see Table II ς 1). 

Phenyl substituted analogue II-15Se crystallises in a Pna21 space group and one molecule constitutes 

the asymmetric unit. In contrast to that observed for derivative II-15Te, the Se-compound does not 

dimerise through double chalcogen bonds (Figure II ς 13, a) but instead forms a p-s* interaction 

(dcΧSe = 3.465 Å). Moreover, the molecules interact through p-p stacking forming columnar 

arrangement (dp-p = 3.597 Å) with an off-set of 4.191 Å (Figure II ς 13, b). 



Chapter II 

 

56 
 

 

Figure II -  13: X-ray structure of II-15Se; a) ball and stick representation; b) side view, stick representation, H 
atoms are omitted for sake of clarity. Space group: Pna21, solvent of crystallisation: CHCl3. 

Derivative II-16Se, which is bearing a 2-pyridyl as substituent, crystallises in a P21/n space group and 

the asymmetric unit is constituted of one molecule. Those arrange in a dimer (Figure II ς 14, a) 

through double H-bonds (dNΧC = 3.628 Å) involving Nc and the H atoms in the 7-position of the CGP 

moiety. It is interesting to note that, in this case, the two subunits are not brought in the same 

plane by the non-covalent interaction and a misalignment of 0.799 Å can be observed. The 

molecules form columnar arrangement through p-p stacking interaction (dp-p = 3.413 Å) with an 

off-set of 1.569 Å (Figure II ς 14, b). 

 

Figure II -  14: X-ray structure of II-16Se; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group: P21/n, solvent of crystallisation: CHCl3. 

 

 

Figure II -  15: X-ray structure of II-17Se; a) side view, stick representation; H atoms are omitted for sake of 
clarity; b) top view, ball and stick representation. Space group: P21/c, solvent of crystallisation: CHCl3. 



Chapter II 

 

57 
 

Isomer II-17Se crystallises in a P21/c space group and the asymmetric unit consists of one molecule. 

The compound organises in a supramolecular polymer by means of hydrogen-bonding interactions 

(Figure II ς 15, a) established between the N atom of the pyridyl moiety and the H atom in 5-position 

of the CGP group (dNΧC = 3.518 Å) and between Np and H atom in 6-position of the pyridyl 

substituent (dNΧC = 3.511 Å). In addition, the molecules interact through p-p stacking interactions 

(dp-p = 3.423 Å) with an off-set of 4.361 Å (Figure II ς 15, b). 

Moving to the last pyridyl isomer, crystals of II-18Se grow in a P21/c space group and the asymmetric 

unit is composed by one molecule. The material organises as a supramolecular polymer (Figure II ς 

16, a and c). The CGP and the pyridyl moieties self-recognise and associate through double 

hydrogen-bonding interactions (dNΧC = 3.518 and 3.428 Å, respectively). In addition, the molecules 

form columnar arrangement through p-p stacking interactions (dp-p = 3.624 Å) with an off-set of 

5.186 Å (Figure II ς 16, b). 

 

Figure II -  16: X-ray structure of II-18Se; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity; c) top view of the ribbon structure in ball and stick 

representation. Space group: P21/c, solvent of crystallisation: CHCl3. 

 

 

Figure II -  17: X-ray structure of II-19Se; a) top view, ball and stick representation; b) side view, stick 
representation, H atoms are omitted for sake of clarity. Space group: P21/c, solvent of crystallisation: CHCl3. 
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Thiophenyl derivative II-19Se crystallises in a P21/c space group and the asymmetric unit contains 

one molecule. The compound dimerises at the solid state through two H-bonds (Figure II ς 17, a) 

involving Np and the H atom in 5-position of the CGP moiety (dNΧH = 3.615 Å). Similarly to the Te-

congener, an intramolecular chalcogen-bond takes place between the Nc and S atoms (dNΧS = 3.010 

Å) leading to this configuration in the crystal. The molecules form columnar arrangements through 

p-p stacking interactions (dp-p = 3.559 Å) with an off-set of 4.739 Å (Figure II ς 18, b).  

When programming the CGP moiety with Se atoms, a certain variability of the recognition 

behaviour was observed instead. For instance, no N...Se short contacts have been detected for the 

Se congeners II-15Se ς II-19Se. Rather, molecules II-16Se, II-17Se, II-18Se and II-19Se arrange into 

dimeric species through double H-bonding interactions involving the Nc atom of either the 

chalcogenazole unit (II-16Se) or that of the CGP (II-18Se and II-19se) moiety. Interestingly, II-17Se and 

II-18Se forms supramolecular polymer though HB between the two different pyridyl units through 

hetero- and homo-moiety assembly, respectively. Conversely, only Se...p contacts were present in 

the crystal architecture of II-16Se. The potential values of the s-hole (a) for the selenium derivatives 

(Table II ς 1) lies between -0.36 and +7.09 kcal mol-1 for the above-mentioned compounds. 

Remarkably, Te-bearing compounds form dimers with Vs,max values as low as +5.67 kcal mol-1. 

Compound II-18Se features a larger potential value (+7.09 kcal mol-1) but HB still prevails over EB in 

the crystal structure. This shows that, despite being a handy and rapid tool to design EB synthons, 

ESP maps and Vs,max values have limitations.  

II ς 4.4 Strengthening of the interaction ς Effect of EWG 

Similarly to the Te-analogues, EWG were inserted in the 2-position of the Se-bearing CGP molecules.  

As seen from the calculation table (Table II - 1), p-Nitro-, 3,4,5-trifluoro-, pentafluoro-phenyl and 

trifluoromethyl deepens the s-hole (a) significantly (+7.84 to +12.7 kcal mol-1). Derivatives II-21Se, 

II-22Se and II-25Se were successfully crystallised from CHCl3 solution while for molecule II-20Se, it was 

not possible to grow single crystals suitable for X-ray diffraction analysis.  

 

Figure II -  18: X-ray structure of II-21Se. Space group: P21/c, solvent of crystallisation: CHCl3. 
















































































































































































































































































































































































































































































































































































