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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 -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 -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 −  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 – 1 gives a brief introduction on 

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

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

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

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

self-assembly; Section I – 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 – 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 – 1 Introduction 

I – 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 – 1). The interactions we will cover 

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

pairing and Secondary Bonding Interactions (SBIs).  

 

Figure I - 1: Supramolecular toolbox displaying van der Walls, −, 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 – 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 -systems is governed by electrostatic and dispersion forces. Aromatic molecules 

such as benzene usually present a quadrupole behaviour, the -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 CH… 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 H…A distance of 1.5 - 

3.5 Å and a D-H…A 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 – 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:  

“A number of recent crystal structure determinations on compounds of the 

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 be appropriate.” [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 – 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-X…Y 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:  

“A halogen bond occurs when there is evidence of a net attractive interaction 

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

entity and a nucleophilic region in another, or the same, molecular entity.”[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 – 2).[27] This region, which is co-linear but 

opposite to the -bond C-X, is called a -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 -hole and a more defined negative belt around the halogen 

atom. The electrophilic nature is attributed to the -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 – 2), one can easily anticipate the formation of an attractive 

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

atoms. The co-crystal of 4,4’-bipyridyl (biPy) and diiodotetrafluorobenze (DITFB) is a striking 

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

components assemble in a supramolecular polymer held together by XB interactions (dN…I = 2.851 

Å, C-I…N 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 – 3, b). 

 

Figure I - 3: a) X-ray structure of co-crystal of biPy•DITFB;[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 – 2 Chalcogen bonding: nature of the interaction 

I – 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 -holes as depicted by the ESP map of 1,2,5-telluradiazole I-2Te (Figure 

I – 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 – 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 * orbital of R-E overlaps 

with the n orbital of a lone pair donor (Scheme I – 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 -hole and lower the energy level of the LUMO containing the * 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 “deeper” the -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 – 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 – 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 – 6). Those are constituted of a 

thiophene or selenophene unit functionalised in - or -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, Gexp = - RT ln(K). Reference 

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

calculations at B3LYP/6-311G*, M06-2X/6-311G* and B97X-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 O…S or O…Se contacts (Gexp 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. -Thiophene references I-6R’ 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 * 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 – 2.4 Chalcogen-bonding dominated by dispersion contribution 

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

bifurcated E… 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 – 7. Both Se- and Te-atom interact with two phenyl moieties through −* interaction 

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

giving electrons to the * 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  and * orbitals (Figure I – 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  and * 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 – 3 Chalcogen bonding at work: applications in solution 

I – 3.1 Anion recognition 

I – 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 – 

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 – 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 – 8, b). The fluoride anion sits in between the Te and B 

atoms (dF…Te = 2.506 Å, C-Te…F angle = 174° and dF…B = 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 -

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

thiophenolate, ‘hypercoordination’ complex I-13 was formed (Figure I – 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 – 9, b) highlights the chalcogen-bonding interaction between thiophenolate and the 

selenadiazole derivatives (dS…Se = 2.722 Å, C-Se…S 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 – 

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. 

 



Chapter I 

 

13 
 

I – 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 – 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] – 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 – 3). Those supramolecules showed anion 

binding in solution. Particularly, I-17Te associate with SO4
2- 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 

– 3). Those compounds showed association energies (G) 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, G 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 – 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 – 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 – 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 



Chapter I 

 

15 
 

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 – 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 – 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 

-holes (Figure I – 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 – 13, b) presents the highest rate enhancement for the 

reduction of quinoline and imine (kcat/kuncat = 1 290 and 335, respectively; Figure I – 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 – 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 – 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 – 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 -ketoaldehyles molecules 

into seven-membered N-heterocycle I-47 (Scheme I – 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 – 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 – 3.3 Self-assembly in solution 

I – 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 – 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 – 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 (dN…Te = 2.6 – 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 (dN…S = 3.0 – 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 − stacking interactions (d− = 3.4 

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

comparison point (Figure I – 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 

(dN…I = 2.82 Å) and two solvent molecules. 

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

I – 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 – 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: P1̅ (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-

][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 – 16, a) reveals the formation of a ribbon through 

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

same plane due to the bulk of the phenantro- moiety (Figure I – 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 – 16, c) formed by double chalcogen bonds 

(dN…Te = 2.696 Å).[44] In this case, Br…Te short contacts are featured (dBr…Te = 3.683 Å) in addition of 

HBs (dN…C = 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 (dN…Te = 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 – 17, a) through 

double chalcogen-bonding interactions (dN…Te = 2.689 – 2.792 Å). In a second dimension, HBs take 

place (dO…C = 3.162 Å, C-H…O 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 (<>) of 1.60 esu x 1030, and I-56 8.08 esu x 1030, which is comparable to 

that found for p-nitroaniline (<> = 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 – 18). Instead, 

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

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

dSe…C = 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 – 19, a 

and b, respectively) through double chalcogen-bonding interactions (dN…Se = 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 -* 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 – 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 – 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 -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-2Se•HCl (Figure I – 20, a), which form a ribbon at the solid state through the combination of 

multiple chalcogen and hydrogen bonds (dCl…Se = 2.961 – 3.085 Å, dCl…N = 3.087 Å). While the Se-

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

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

and hydrogen-bonding interactions (dCl…Te = 2.773 Å and dCl…N = 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)2•I-2Se (Figure 

I – 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- (dI…Se = 3.176 – 3.610 Å), whereas the latter in a 

trimeric arrangement featuring N…Se short contacts (dN…Se = 2.573 - 2.937 Å) and terminal I…Se EBs 

(dI…Se = 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 – 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 (dN…Se = 2.589 Å vs dN…Se = 3.155 Å). 

 

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

(P1̅);[81] b) I-60 (P21/n);[84] c) I-2Te•(HCl)2  (Pcca);[81] d) (I-60)2•I-2Se  (C2/c);[84] e) I-61 (P1̅).[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 (dN…Te = 2.578 Å) in the solid-state (Figure I – 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, −* 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 – 21, c). The crystal structure displays two N…B and two −* 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 – 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-O…Te 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 (dO…Te = 

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

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

can be formed (dO…Te = 2.203 – 2.241 Å; Figure I – 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 – 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 – 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)4•C60 can be achieved by slow diffusion of fullerenes into a solution of I-62 (Figure I – 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 (P1̅); c) adduct with Pd 

(I41/a); cyclic hexamer (R3̅); 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 – 22, a) or hexameric (Figure I – 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 – 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 (P1̅); b) cyclic hexamer of I-63Te (P31); c) 
linear chains of I-63Se (P212121).[92] 

I – 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 – 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)2•(I-64)2 with four EBs (dO…Se = 3.127 

Å, dN…Se = 2.851 Å) and two HBs (dN…O = 2.641 Å; Figure I – 24, a). In a similar fashion, I-2Se associate 

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

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

– 3.070 Å), while the free N atoms engage with two I-1 in a halogen bond (dN…I = 2.961 – 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 – 24, c) through simultaneous halogen- and chalcogen-bonding interactions (dN…I 

= 3.025 – 3.104 Å and dN…Se = 2.905 – 3.001 Å).  

The structures of (I-2Se)2•(I-63)2, (I-2Se)2•(I-1)2 and ((I-2Se)2•DITFB)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-2Se•I-64; b) I-2Se•I-1; c) I-2Se•DITFB. 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 -* interactions (dC…Te = 3.604 – 3.646 Å; Figure I – 25, a) and I-65Se 

forms ribbons through Se…Se short contacts (dSe…Se = 3.726 Å; Figure I – 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 (dC…Te = 3.453 Å). The 

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

interactions involving Te and I atoms (dTe…I = 3.574 Å and dI…Te = 4.031 Å) with bridging DITFB 

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

tightened up (dSe…Se = 3.752 Å and 3.606 Å) and DITFB connects through −* interaction (dC…I = 

3.566 Å; Figure I – 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-65Te•DITFB and P21/c for I-65Se•DITFB.[94] H atoms are omitted for 

clarity. 

I – 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 – 26, b 

and c). In this case each Te atom is involved in four EBs (dTe-Te = 3.741 – 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 − 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 – 26: X-ray structure of 1,4-bis(methyltellanyl)buta-1,3-diyne.[95] 

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

onto the -carbon of the inner tetrameric core inducing an intramolecular chalcogen bond (dS…S = 

3.09 – 3.10 Å; Figure I – 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 – 27, a – 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 – 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 – 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 – 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 -holes () and () (Figure I – 27, a and b). Particularly, the -hole () can be blocked either by 

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

the -hole () 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 -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 -hole stopper in the 2-
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pyridyl substituent which form an intramolecular EB (dN…Te = 3.089 Å) and form a wire-like assembly 

through intermolecular EB (dN…Te = 3.231 Å; Figure I – 27, c). 

I – 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 – 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 − 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 – 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 − 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 Arrays Through 

Double Chalcogen-Bonding Interactions 
 

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

on chalcogen-bonding interactions contemplating the -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 – 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 – 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 – 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 Y…E 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 -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 – 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 – 2). Thus, we conjectured that the -fusion of a chalcogenazole to a pyridine 

ring to give a chalcogenazolo[5,4-]pyridine unit (abbreviated as CGP, Figure II – 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 – 2). In addition, 

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

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 -holes () and -holes () are present on the chalcogen atom,[6] 

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

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

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 -hole () 

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

hole () 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  -hole of the Chalcogen (Table II – 1).  

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

reference for this work. It has to be noted that the potential values at the -hole () (+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 -hole () 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 -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 -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 – 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 – 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-PrBu2MgLi•LiCl (Scheme II – 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 – II-11Se) and Te-bearing (II-4Te – 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 – II-22Se, II-25Se) and Te-congeners (II-15Te – 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 – 4). All structures were fully characterized by 1H- and 13C-NMR 

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

II – 4 Solid-state analysis 

The association properties of the CGP II-15E – 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 – 4.1 Recognition at work – 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-Te…N angle = 

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

off-set of 5.808 Å (Figure II – 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 -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 – 4, a) reveals the formation of dimer 

(II-16Te)2 through double Chalcogen-bonding interaction (dN...Te = 3.079 Å, C-Te…N 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 − stacking (d− = 3.413 Å) with an off-set of 5.908 Å (Figure II – 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 – 5, a) through double chalcogen-

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

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

169°). Molecules form columnar arrangement through − stacking (d− = 3.423 Å) with an offset 

of 5.295 Å (Figure II – 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 P1̅ space group and the asymmetric 

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

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

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

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

stacking (d− = 3.485 Å) with an offset of 5.580 Å (Figure II – 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: P1̅, 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 – 7, a) through double 

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

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

(dN…S = 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 

− stacking (d− = 3.512 Å) with an offset of 5.379 Å (Figure II – 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 N…Te arrays. As anticipated, distances of 

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

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

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

(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 (dN…Te = 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 – 4.2 Strengthening of the interaction – 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 -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 P1̅ space group and its asymmetric unit is composed of one molecule 

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

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

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

(Figure II – 8, b). 

 



Chapter II 

 

53 
 

 

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: P1̅, 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 – 9, a) is formed through 

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

columnar arrangement through − stacking (d− = 3.503 Å) with an off-set of 2.855 Å (Figure II – 

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: P1̅, solvent of crystallisation: CHCl3. 
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Trifluoromethyl substituted derivative II-25Te crystallises in a P1̅ 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 – 10, a). The 

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

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

of the CGP moiety (dN…C = 3.467 – 3.479 Å, C-H…N angle = 174°). In addition, molecules interact in 

a head-to-tail arrangement (Figure II – 10, b) through − stacking interaction (d− = 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 -hole () 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 -hole () to 

+19.1 kcal mol-1, shortening the N...Te distance to 2.912 – 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 N…Te 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 – 11, a) are formed through double chalcogen-bonding interactions (dN…Te = 2.961 Å, 

C-Te…N angle = 168°). Moreover, − stacking takes place forming columnar arrangement (d− = 

3.514 Å) with an off-set of 3.026 Å (Figure II – 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. 

 



Chapter II 

 

55 
 

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 – 12) 

formed through halogen-bonding interactions between Np and I atoms (dN...I = 2.854-2.890 Å, C-I…N 

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 – 9, 11, 12). Fluoro- and bromo-derivatives forms the dimeric 

arrangement through frontal double chalcogen bonds with similar distance of interaction (dN…Te = 

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 – 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 – 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 – 13, a) but instead forms a −* interaction 

(dc…Se = 3.465 Å). Moreover, the molecules interact through − stacking forming columnar 

arrangement (d− = 3.597 Å) with an off-set of 4.191 Å (Figure II – 13, b). 
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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 – 14, a) 

through double H-bonds (dN…C = 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 − stacking interaction (d− = 3.413 Å) with an 

off-set of 1.569 Å (Figure II – 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. 
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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 – 15, a) established between the N atom of the pyridyl moiety and the H atom in 5-position 

of the CGP group (dN…C = 3.518 Å) and between Np and H atom in 6-position of the pyridyl 

substituent (dN…C = 3.511 Å). In addition, the molecules interact through − stacking interactions 

(d− = 3.423 Å) with an off-set of 4.361 Å (Figure II – 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 – 

16, a and c). The CGP and the pyridyl moieties self-recognise and associate through double 

hydrogen-bonding interactions (dN…C = 3.518 and 3.428 Å, respectively). In addition, the molecules 

form columnar arrangement through − stacking interactions (d− = 3.624 Å) with an off-set of 

5.186 Å (Figure II – 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. 

 



Chapter II 

 

58 
 

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 – 17, a) 

involving Np and the H atom in 5-position of the CGP moiety (dN…H = 3.615 Å). Similarly to the Te-

congener, an intramolecular chalcogen-bond takes place between the Nc and S atoms (dN…S = 3.010 

Å) leading to this configuration in the crystal. The molecules form columnar arrangements through 

− stacking interactions (d− = 3.559 Å) with an off-set of 4.739 Å (Figure II – 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 – 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... contacts were present in 

the crystal architecture of II-16Se. The potential values of the -hole () for the selenium derivatives 

(Table II – 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 – 4.4 Strengthening of the interaction – 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 -hole () 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. 
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Particularly, trifluorophenyl compound II-21Se adopt a P21/C space group and one molecule 

composes the asymmetric unit. Interestingly, chalcogen-bonding interactions are formed between 

Nc and Se atoms (dN…Se = 3.430 Å) leading to the formation of a rod-like structure (Figure II – 18).  

hydrogen-bonds involving Np and one of the H atoms of the trifluorophenyl moiety (dN…C = 3.414 

Å) contributes to stabilise the structure. 

Pentafluorophenyl derivative II-22Se crystallises in a P21/c space group and the asymmetric unit is 

composed by one molecule. The compound dimerises at the solid-state trough double chalcogen-

bonding interactions (dN…Se = 2.964 Å, C-Se…N angle = 175°; Figure II – 19, a). The molecules interact 

through − stacking (d− = 3.459 Å) with an off-set of 3.051 Å forming columnar arrangement 

(Figure II – 19, b).  

 

Figure II -  19: X-ray structure of II-22Se; 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 -  20: X-ray structure of II-25Se; a) top view, ball and stick representation; b) side view, stick 

representation, H atoms are omitted for sake of clarity. Space group: P1̅, solvent of crystallisation: CHCl3. 

Crystals of II-25Se grow in a P1̅ space group and the asymmetric unit is composed by one molecule. 

Those arrange in a ribbon structure through simultaneous chalcogen and hydrogen-bonding 

interactions (Figure II – 20, a). A double EB takes place between Np and Se atoms (dN…Se = 2.963 Å, 
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C-Se…N angle = 173°) and a double HB is formed by Nc and the H atom in 7-position of the CGP 

moiety (dN…C = 3.431 Å). In addition, the ribbons interact through − stacking interaction (d− = 

3.626 Å) in a head-to-tail fashion (Figure II – 20, b).  

In the case of Se-derivatives, only CGP molecules bearing strong EWG in the 2-position form 

chalcogen-bonding interactions. Particularly, trifluorophenyl derivative II-21Se crystallises as rod-

like polymers featuring weak N...Se interactions (dN...Se = 3.414-3.430 Å) involving the Nc atom.[6] It 

has to be noted that additional hydrogen bonds participate to the packing involving the H atom 

from the trifluorophenyl moiety and the Np atom. Pentafluorophenyl II-22Se and trifluoromethano 

derivative II-25Se gave dimeric complexes through double chalcogen-bonding interactions (dN...Se = 

2.964 and 2.963 Å, respectively). This suggests that, for the less polarizable Se atom, only motifs 

bearing strong electron-withdrawing groups lead to double chalcogen-bonded arrays.  

II – 5 Synthesis of symmetric ditopic derivatives 

Capitalising on those results, we aim to synthesise a ditopic molecule bearing two CGP bonding 

sites directly connected to each other anticipating a supramolecular polymer based on chalcogen-

bonding interaction (Figure II – 21). Building on the co-planar dimeric arrangement discussed 

previously, we expect self-association of the molecule in the solid state into flat ribbons.  

 

Figure II -  21: Design of supramolecular polymer base on a bis-CGP and bis-benzochaclogenazole moieties. 

Both Se and Te containing derivatives II-26E will be synthesised and compared to their 

benzochalcogenazole analogues II-27E. Those compounds are expected to form wire-like 

structures.[6] However, the presence of two chalcogenazole rings could lead to the formation of 

entanglement at the molecular level (Figure II – 21).  

The synthesis of all four compounds was attempted following the protocol previously described in 

Scheme II – 5. First, amine II-3E and II-28E were reacted with oxalyl chloride in CH2Cl2 affording in 

bis-carboxamides II-29Te and II-30E. Both benzo derivatives were obtained in good yield (Se 98% and 
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Te 74%), however II-29Se could not be obtained via this method and difficulties in the purification 

of II-29Te were encountered leading to 30% isolated yield. Cyclised compound II-27E were achieved 

from bis-carboxamides through dehydrative cyclisation in the presence of POCl3 and NEt3 in 

refluxing dioxane. Derivative II-27Te was obtained in 54% yield without notable problem. However, 

II-27Se revealed to be rather insoluble and could be isolated in only 10% yield through consecutive 

re-crystallisations from hot CHCl3. The same reaction was performed on II-29Te and led to the 

formation of a yellow precipitate that could not be characterised due to very low solubility in 

common organic solvents (THF, CHCl3, toluene, …).  

 

Scheme II -  5: Attempt in the synthesis of II-26E and II-27E. 

Having in hand compounds II-27Te and II-27Se, both materials were crystallised from slow 

evaporation of a CHCl3 solution and slow cooling of a hot CHCl3 solution, respectively. Crystals of 

the Te-derivative grow in a Pbca space group and the asymmetric unit is composed of one molecule. 

The compound arranges in a wire-like structure (Figure II – 22) through chalcogen-bonding 

interactions involving N and Te atoms (dN…Te = 3.338 Å, angle C-Te…N = 166°). Additional short 

contacts are present involving the p-orbital of one Te atom and the -hole () of a second Te atom 

(dTe…Te = 3.866 Å, angle C-Te…Te = 156°). Moreover, molecules II-27Te form columnar arrangement 

through − stacking interactions (d− = 3.693 Å) with an off- set of 4.773 Å (Figure II – 22, b).  

Compound II-27Se crystallises in a P21/c space group and the asymmetric unit is composed of one 

molecule. At the solid state, two different chalcogen-bonds can be observed (Figure II – 23, a). One 

takes place between N atom of the chalcogenazole ring and the facing Se atom (dN…Se = 3.234 Å, 

angle C-Se…N = 177°), whereas the second bond involves two Se atoms from different 

chalcogenazole rings (dSe…Se = 3.722 Å, angle C-Se…Se = 162°). Interestingly, each Se atom is involved 

in three interactions leading to a very tight packing in the form of an entangled wire-like structure 

(Figure II – 23, c). 
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Figure II -  22: X-ray structure of II-27Te. Space group: Pbca, solvent of crystallisation: CHCl3. 

 

 

Figure II -  23: X-ray structure of II-27Se, a) ball and stick representation, H atoms are removed for sake of 
clarity, b) stick representation of the columnar arrangement, c) ball and stick representation of the 

entangled wire-like structure. Space group P21/c, solvent of crystallisation: CHCl3. 

II – 6 Inclusion of the CGP motif in functional system: towards 

chalcogen-bonded soft materials 

II – 6.1 Gel design: programming “acrylamide” polymer with EB interactions 

In a second avenue, we aimed to synthesise functional materials integrating the CGP array and 

exploit chalcogen-bonding interactions to form gels. The acrylamide polymer is known to form 

hydrogels with interesting swelling properties,[26] elasticity[27] and the polymer-solvent interaction 

has been widely studied.[28, 29] Such materials are generally obtained via free radical 

co-polymerization of N-isopropylacylamide (NIPA) and N,N’-methylenebisacrylamide (MBAA) in the 
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presence of ammonium peroxodisulfate (APS) and N,N,N’,N’-tetramethylethylenediamine (TMEDA) 

or azobisisobutyronitrile (AIBN) in water or polar organic solvent such as EtOH or DMF.[28] The 

resulting material is formed by linear poly(NIPA) chains crosslinked with MBAA and presenting 

some entanglement (Figure II - 24), the structure is thus able to trap solvent molecules forming a 

gel. The crosslinking of the polymer is essential to the formation of the gel. The idea, in this case, is 

to replace the covalent crosslinker (MBAA) by a non-covalent dimer based on a Te-bearing CGP 

derivative substituted with an acrylamide moiety as crosslinker (Figure II – 24). 

 

Figure II -  24: Nano-structure of co-polymer NIPA-MBAA gel synthesised in water (left) and the molecular 
structure of NIPA, MBAA and our concept of crosslinker replacement being N-(4-([1,3]tellurazolo[5,4-

b]pyridin-2-yl)phenyl)acrylamide dimer. Adapted with permission;[28] copyright 2007 Elsevier Ltd. 

The synthesis of our modified crosslinker started with the previously obtained nitro derivative 

II-20Te (Scheme II - 6). Compound II-20Te was treated with iron powder to afford amine II-31Te in 

90% yield. Equally, the reaction was performed on Se analogues II-20Se to give II-31Se in 71% yield. 

Subsequently, II-31Te was submitted to amidation reaction with the corresponding acyl chloride in 

CH2Cl2 in the presence of pyridine affording desired product II-32Te in modest yield (27 %).  

 

Scheme II -  6: Representation of the synthesis of II-32Te. 

NIPA was co-polymerised with different percentages of II-32Te in EtOH or EtOH/H2O solutions using 

APS or AIBN as radical initiator. However, no formation of gel was observed possibly due to 

interaction of Te-atom with the radical polymerisation process.[30, 31] Single crystal of the acrylamide 

derivative II-32Te were obtained from slow cooling of a hot toluene solution. X-ray diffraction 

analysis revealed an unexpected packing (Figure II - 25). Indeed, the amide group interacts with the 
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pyridyl of the CGP group though HB (dN…N = 2.996 Å) and form a weak EB by donation of the p-

orbital of the N atom into the * orbital of the Te atom (dN…Te = 3.503 Å). Having those results in 

hand, the synthesis of reference II-32Se was not attempted. 

 

Figure II -  25: X-ray structure of II-32Te. Space group: P21/c, solvent of crystallization: hot toluene.  

II – 6.2 Ditopic derivatives with an alkyl spacer: Supramolecular polymers 

Another approach to form gel relies on the formation of linear supramolecular polymers based on 

two molecular recognition sites connected through a flexible linker. Those supramolecules arrange 

in a three-dimensional entangled fibrillar network that feature the ability to block the flow of bulk 

solvent.[32] Building on this concept, we envisaged the synthesis of  ditopic molecules bearing two 

CGP moieties connected by an alkyl spacer (Figure II – 26).  

 

Figure II -  26: Anticipated nanostructure of a ditopic derivative featuring an alkyl spacer. 

The spacer has been chosen to be an alkyl chain of 6, 7 or 12 carbons connecting two 

tellurazolopyridine units through 2-positions. Molecules were anticipated to form flexible linear 

supramolecular polymer though double chalcogen-bonding interactions involving the CGP units. 

The resulting 3D material would arrange in bundle and trap solvent molecules leading to a gel. 

The synthesis (Scheme II – 7) started from amine II-3Te that underwent amidation reaction with 

freshly prepared octanedioyl, nonanedioyl and tetradecanedioyl dichloride, respectively, from their 
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corresponding carboxylic acids. Compounds II-33Te, II-34Te and II-35Te were obtained in 43, 18 and 

50% yield, respectively. Subsequently the dehydrative cyclisation step was performed and the three 

reactions afforded a black material that revealed to be insoluble in most organic solvents (THF, 

CHCl3, toluene, o-dichlorobenzene, diphenyl ether), even at their boiling point. Only II-38Te could 

be characterized by LR-MALDI MASS analysis (Figure II – 27) and partially solubilised in boiling 

diphenyl ether.  

 

Scheme II -  7: Attempt in the synthesis of bis([1,3]-tellurazolo[5,4-]pyrine)alkane II-36Te, II-37Te and II-38Te. 

 

 

Figure II -  27: LR-MALDI MASS spectrum of the crude material issued from the synthesis of II-38Te. 

II – 7 Chalcogen-bonding vs − stacking interactions: from dimers 

to semi-conductor materials 

II – 7.1 Introduction 

II – 7.1.1 Organic semiconductors 

In this part of the work, we aim to synthesise an organic semiconductor material using chalcogen 

bonding interaction to rule the organisation at the solid state. Those materials usually rely on -

conjugated molecules for application in electronic devices with the advantages of affording high 

operating speeds, low device density, low cost and flexibility.[33, 34] The material of choice for organic 

electronic is graphene, a monoatomic thin 2D material composed of C atoms arranged in 

honeycomb lattice. This monolayer exhibits a high crystallographic quality and ultra-high electron 
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transport ability.[35] However, those advantages are hampered by the absence of a bandgap that 

prevent an “on/off” behaviour that is required for semi-conductors applications.[36] Thus, chemists 

have engineered graphitic structures such as graphene nanoribbons (charge mobility up to 1500 

cm2 V-1 s-1)[36] and conductive polymers (such as rr-P3HT, charge mobility of 1.3 10-4 cm² V-1 s-1)[37] as 

1D materials presenting a high charge carrier mobility (µ). However, those materials often come 

with the cost of low processability and reproducibility.[38] In order to overcome this problem, small 

-conjugated molecules offering a highly planar molecular structure and good crystallinity have 

attracted continuous interest.[38]  

As the charge transport mobility is the key aspect determining the performance of devices, it is 

crucial to understand the parameters of influence. The charges (electrons or holes) must travel 

within the molecules (molecular properties), between the molecules (supramolecular properties) 

and between crystals or grains (morphological properties) in a given device.[39] To control the 

molecular and supramolecular aspects, the scaffolds of choice usually are the polycyclic aromatic 

hydrocarbons (PAHs) that are known to be hole transporters.[40] PAHs molecules interact through 

− stacking interactions that facilitate the hoping of the charge (hole or electron) from one 

aromatic core to the next one. The charge mobility between the molecules is maximised when the 

overlap of the aromatic faces is maximised.[41] Those materials have proven their use as organic 

semiconductor in organic field effect transistors (OFETs), organic light emitting diodes (OLEDs), and 

organic solar cells (OSCs). In addition, peripherally functionalised PAHs derivatives are easily 

processible from solution to prepare nanostructured materials.[38, 42, 43] Those material present a 

good charge carrier mobility ranging from 10-6 to 3.3 m2 V-1 s-1.[38] To further control the property of 

PAHs derivatives, we  anticipate the use of chalcogen-bonding interaction to drive the 

supramolecular association of those molecules. Two positive effects are expected due to the 

presence of chalcogen atoms. First heavy atoms having access to d orbitals are known to increase 

charge mobility.[44] Seferos, Pisula and co-workers recently published a study showing that the 

doping effect drastically improves the charge carrier mobility moving from poly-thiophene to poly-

selenophene and poly-tellurophene (µ = 6.2 10-5, 8.0 10-4 and 2.5 10-2 cm2 V-1 s-1, respectively).[45] 

On the other hand, chalcogen-bonding interactions will allow control over the structure of the 

materials and organise the molecules in flat dimers allowing  face-to-face − stacking that will 

maximise the overlap of the aromatic surfaces. Moreover, EB interactions will allow charges to 

travel through the non-covalent bonds. Unlike hydrogen-bonding interactions that rely exclusively 

on coulombic forces, EB are largely composed by orbital contribution. The charges could potentially 

travel from one molecule to the other by tunnelling effect. Thus, we expect an enhancement of the 

charge mobility thanks to the combination of those effects triggered by the presence of chalcogen-

bonding interactions. 
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II – 7.1.2 Charge mobility through Space-Charge Limited Current experiments 

The charge mobility is typically measured from Space-Charge Limited Current (SCLC) experiments. 

This method is a versatile technique for material benchmarking applications. It consists in injecting 

a non-equilibrium density of charges in a hole-only or electron-only diode device and measuring 

the resulting current.[46] This method has the advantage of being steady state, reproducing the 

conditions relevant to the application in OLED and OPV devices. Electrons or holes travel 

perpendicular to the different layers of material, namely bottom electrode, charge-injector, organic 

semi-conductor layers and top electrode (Figure II – 28). Solid-state organisation of the organic 

layer is crucial as the charges must travel through the supramolecular structure as the best charge 

mobility values are obtained for compound arranging in a graphitic-like structures (molecules are 

co-planar in a 2D level and the layers are organised one on top of another in the third dimension, 

Figure II – 28).  

 

Figure II -  28: Layered structure of an electron/hole only device and zoom on the molecular arrangement. 

In such devices, the measured current (J), upon application of a potential (V), travels 

perpendicularly to the plane of the different layers and follows a tendency described below (Figure 

II – 29). Three different regions are present, defining different regimes. The first describes the ohmic 

current (1), the second the current in a trap-limited regime (2) and the third the current in a trap-

free situation (3). The ohmic region is governed by the number of mobile charge (n) injected in the 

material and the charge mobility (µ), L being the thickness of the device. However, as a precise 

count of the holes present in the material is unnecessarily complicated on a practical point of view, 

µ measurements are usually performed in region 2 or 3 (Figure II – 29). Those sections significantly 

differ from region 1 due to the quadratic relationship between J and V (J  V²). The current is no 

longer proportional to n but is affected by the quantity of trap present in the organic material (0) 

and the dielectric constant of the material (0). While V increases, the trap gets filled up and the 

third regime is reached when a shift in the J values is observed (Figure II – 29). In order to evaluate 

the charge mobility, the experimental data in regime 2 or 3 are fitted using the respective equations 

by varying the µ parameters along with V, L and .  
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Figure II -  29: Theoretical graph of SCLC measurement, each regime is described by one equation. 

II – 7.2 Design of the pyrene-based molecular building blocks 

Our goal is to engineer a novel organic semi-conductor material and establish a clear structure-

property relationship. At the molecular level, the properties will be governed by the choice of PAHs. 

In this optic we have selected pyrene, as this aromatic has been widely studied over the years being 

an easily modified, large and highly planar electron-rich -surface. This compound crystallises in a 

herringbone structure (Figure II – 30).[47] The aromatic molecules interact through face-to-face − 

stacking (d− = 3.475 Å, with an off-set of 1.629 Å) and C-H… interaction (dC…C = 3.714 Å). While 

the herringbone structure hampers optimal charge mobility between the molecules, we 

contemplate the conjugation of the CGP moiety to the pyrenyl ring in order to tune the 

supramolecular contacts. With that information in mind, we designed molecule II-39Te (Figure II – 

31). In the presence of a double chalcogen-bond motif, we anticipate constraining the PAH cores 

into pairs in flat complexes.  

 

Figure II -  30: X-ray structure of pyrene a) top view, stick representation; b) side view, stick representation, H 
atoms are omitted for sake of clarity. Space group P21/a.[47] 
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Figure II -  31: Selection of pyrene derivatives and their respective anticipated supramolecular arrangement. 

We anticipate these dimers to arrange in columnar structures through − stacking interactions 

(Figure II – 31). No Np
…Se short contacts are expected for II-39Se, thus, no dimeric arrangements are 

anticipated leading to a single-stack columnar arrangement. The difference from double to single 

column structure will give a comparison point for the charge mobility values, highlighting the effect 

of chalcogen bonds in these systems. However, swapping Te for a Se atom in the structure could 

also influence the result of the experiment. In order to evaluate this change, compounds II-40E will 

be synthesised bearing a benzochalcogenazole functionality instead of the CGP moiety. 

Replacement of the pyridyl-ring by a benzo-ring prevent dimer association through double EB 

interactions. The differences in charge mobility between derivatives II-40Te and II-40Se should be 

solely attributed to the chalcogen atom present in the molecule (Figure II – 31). Despite benzo-

derivatives II-40E being different molecular scaffolds compared to CGP II-39E, we consider that 

swapping Te for Se atoms will have the same impact on the electronic properties for both series. 

Thus, evaluation of the molecular and supramolecular properties of the four derivatives will give us 

a deep insight in the structure-property relationship of this system. The effect on the charge 

mobility of the chalcogen atom will be addressed by using II-40E materials. The same effect will be 

observed with compounds II-39E in addition of the influence of single/double stack structures.  
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II – 7.3 Synthesis 

The synthesis of CGP II-39E and benzochalcogenazole II-40E has been undertaken following the 

strategy previously developed (Scheme II – 8). Amines II-3E and II-28E are transformed to amides 

II-41E and II-42E by reaction with pyrene-1-carbonyl chloride in the presence of pyridine in CH2Cl2  

according to the protocol of Cho et al.[48] (II-41Se 50 %, II-41Te 61 %, II-42Se 43 % and II-42Te 58 % 

yield). A dehydrative cyclisation using POCl3 and NEt3 was performed to afford chalcogenazoles 

II-39E and II-40E (II-39Se 91 %, II-39Te 59 %, II-40Se 88 % and II-40Te 93 % yield).   

 

Scheme II -  8: Synthesis of CGP II-39E and benzochalcogenazoles II-40E; a) POCl3 4 eq. and NEt3 12 eq. for Y = 
N, POCl3 2 eq. NEt3 6 eq. for Y = CH. 

II – 7.4 Frontier orbital characterisation 

II – 7.4.1 Photophysical properties 

The absorption spectra of pyrene and compounds II-39E and II-40E have been recorded in air 

equilibrated CHCl3 at room temperature (Figure II – 32). The key photophysical data are highlighted 

in Table II – 2. The absorption graphs for each chalcogenazole derivative depicts a broad absorption 

band corresponding to the −* transition and presents similar profiles. A small increase in the 

absorption band around 380 nm is observed when moving from Te- to Se-analogues II-39E ( = 

21 100 and 22 800 M-1 cm-1, respectively). A similar trend was observed for derivatives II-40E for the 

band at 370 nm ( = 23 100 and 25 300 M-1 cm-1 for Te- and Se-analogues, respectively). Specifically, 

a slight blue shift is observed comparing II-39Te and II-39Se (max = 384 and 375 nm, respectively). 

Both Te-containing derivatives show a shoulder at higher wavelength around 400 nm (398 and 402 

nm for II-39Te and II-40Te, respectively). A general decrease in absorption level is observed while 

moving from the benzo- to the CGP derivatives. The optical bandgap (Eop) has been calculated 

using the absorption edge value and those present very little variation: 2.78 eV for II-39Te, 2.87 eV 

for II-39Se, 2.80 eV for II-40Te and 2.88 eV for II-40Se (Table II – 2). The Eop values are slightly larger 

moving from the Te-derivatives to their Se-congeners. Those experiments show little influence of 

the nature of the chalcogen atom on the absorption properties of those 1-substituted pyrene 

derivatives, moreover the CGP or benzo-derivatives present similar profiles. 
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Figure II -  32: Absorption spectra of II-39E and II-40E in air equilibrated CHCl3 at room temperature. 

 

Table II -  2: Photophysical data in aerated CHCl3 at room temperature for II-39E and II-40E. 

Compound 
max  Eop 

(nm) (M-1 cm-1) (eV) 

Pyrene 338 43200 3.61 

II-39Te 384 21100 2.78 

II-39Se 375 22800 2.87 

II-40Te 370 23100 2.80 

II-40Se 371 25300 2.88 

 

As one can notice, the UV-vis envelopes of Se and Te derivatives are very different to the 

unsubstituted pyrene in an air-equilibrated CHCl3 solution (Figure II – 32). Pyrene presents three 

sharp peaks at 338 nm, 322 nm and 308 nm ( = 43 200, 27 800 and 11 200 M-1 cm-1, respectively). 

The intense absorption band at 338 nm and its vibronic replicas at 322 nm and 308 nm corresponds 

to the S0 → S2 transition.[49] However, conjugation of the pyrenyl ring with CGP and 

benzochalcogenazole moieties either leads to a large red shift of this absorption band or the 

intensification of the symmetry forbidden S0 → S1 transition with a less defined vibronic structure. 

We tentatively explain that the effect of heavy atom is responsible for the difference observed in 

the UV-vis absorption spectra. 
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7.4.2 Electrochemical properties 

Cyclic voltammetry (CV) experiments were carried out (Figure II – 33) in CH2Cl2. Each measurement 

was fully performed before adding ferrocene (the Fc+/Fc redox couple was used as internal 

reference). CGP derivatives II-39E present an irreversible oxidation wave with an edge potential (Ee) 

of 0.645 eV and 0.827 eV vs Fc+/Fc for the Te- and the Se-bearing compounds, respectively. Edge 

potentials are calculated by performing a linear regression on the oxidation wave and the potential 

at which I = 0 mA is defined as Ee. Such value is an approximation of the reduction/oxidation 

potential that can be used when the half-wave potential is not accessible. 

 

Figure II -  33: Cyclic voltammograms in CH2Cl2 at r.t. under N2 at scan rate of 120 mV.s-1 of a) II-39Te; b) 
II-39Se; c) II-40Te and d) II-40Te. Electrolyte: Bu4NPF6 (0.1 M). Ferrocene is used as internal reference, 3mm 

glassy carbon as working electrode, platinum as counter electrode and silver wire as pseudo-reference 
electrode. 

Benzochalcogenazoles II-40E show a similar irreversible oxidation wave at Ee = 0.356 eV and 0.768 

eV for Te- and Se-derivatives, respectively (Figure II – 33). It has to be noted that CV analysis of 

II-40Te did not allow a clear measurement of the oxidation potential value due to the presence of 

additional chemical species obtained from aggregation. The irreversible nature of the oxidation 

waves can be related to the electropolymerisation of pyrene which proceed at around 0.75 eV vs 

Fc+/Fc.[40] Indeed, the radical cations obtained through oxidation react leading to the formation of 

films on the working electrode. Thus, the oxidation potential has been approximated using Ee (edge 
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potential) instead of the half-wave potential (E1/2), resulting in an under estimation of the actual 

value.  

 

Figure II -  34: Graphs of the reduction wave at different scan rate (v) for a) II-39Te; b) II-39Se; c) II-40Te and d) 
II-40Se. Electrolyte: Bu4NPF6 (0.1 M). Ferrocene is used as internal reference, 3 mm glassy carbon as working 

electrode, platinum as counter electrode and silver wire as pseudo-reference electrode. 

On the other hand, reduction waves were observed around -2 eV vs Fc+/Fc for II-39E and II-40E. CV 

experiments at different scan rates (v) have been performed (Figure II – 34). The resulting current 

values (I) have been plotted against the square root of v (Figure II – 35) and fitted by linear 

regression for both cathodic and anodic currents (goodness of fit: R > 0.99). Those results (Figure II 

– 35) suggest a reversible reduction reaction under diffusion control.[50] E1/2 were calculated to 

be -1.92 eV and -1.95 eV vs Fc+/Fc for II-39Te and II-39Se, respectively. A similar half-wave potential 

was obtained for II-40Te and II-40Se at -2.06 and -2.04 eV vs Fc+/Fc, respectively.  
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Figure II -  35: Graphs of the cathodic (red) and anodic (blue) current (I) against the square root of the scan 
rate (v) for a) II-39Te; b) II-39Se; c) II-40Te and d) II-40Se. 

7.4.3 Energy diagram of pyrene derivatives II-39E and II-40E 

Building on the results of the absorption spectra and the CV experiments, frontier orbital energy 

levels were constructed (Figure II – 36). The LUMO energy levels were calculated, from the 

reduction waves, at -3.21 eV and -3.17 eV vs vacuum for II-39Te and II-39Se, respectively. Similar 

values of -3.07 eV and -3.08 eV were obtained for II-40Te and II-40Se. Interestingly, exchanging Te 

for Se atom does not affect the LUMO level, indicating that the molecular orbital is centred on the 

pyrenyl moiety. Moving from the CGP to the benzo analogues, a small decrease in the LUMO energy 

level is observed (0.14 eV for the Te- and 0.09 eV for the Se-analogues).  

HOMO energy levels were estimated by the Ee values to be -5.78 eV, -5.94 eV and -5.90 eV vs 

vacuum for II-39Te, II-39Se and II-40Se, respectively (Figure II – 36). There is a difference in energy of 

0.16 eV moving from Te- to Se- bearing CGP molecules and a marginal change (0.04 eV) between 

Se-containing CGP and benzo-analogues. Using those values, the bandgap energy (Eel) is 2.46 eV, 

2.67 eV and 2.74 eV for II-39Te, II-39Se and II-40Se, respectively (Figure II – 36). The Eel value for the 

Te-containing CGP differs from that of the others compound. These findings contrast the values 

found by UV-vis absorption experiments. However, measuring the redox potential by the edge 

method underestimate the actual value, which influences those Eel.  
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More accurate HOMO energy levels were calculated using the optical band gap (Eop) obtained by 

absorption experiments (Table II – 2) following the equation: EHOMO = ELUMO – Eop.[51] HOMO energy 

levels are -5.99 eV and -5.84 eV vs vacuum for compounds II-39Te and II-39Se, respectively and -5.81 

eV and -5.88 eV for II-40Te and II-40Se, respectively. Interestingly, the energy levels are very similar, 

and no particular trend is observed moving from Te to Se analogues or from CGP to benzo-

derivatives. In summary, the CV measurements show that the frontier orbital energy levels for 

benzo II-40E and CGP II-39E are similar and there is little influence of the chalcogen atom (Se or Te) 

on those electronic properties. 

 

Figure II -  36: Frontier orbital energies for II-39E and II-40E in CH2Cl2. HOMO orbital for II-40Te could not be 
obtained by CV experiment. The dashed lines correspond to the HOMO energy calculated using the optical 

band gap following the formula: EHOMO = ELUMO – E (eV).[51] The potential of reference redox couple Fc+/Fc is 
assumed to be at -5.13 eV vs vacuum.[52] 

7.4.4 Computed molecular orbitals and energy diagram of pyrene derivatives II-39E and 

II-40E 

To further shed light on the electronic properties of pyrene derivatives II-39E and II-40E, DFT 

calculation were performed using Gaussian 09 including the D01 revision at B97-D3/LanL2DZ level 

of theory.[53, 54] Geometry optimisation for II-39E and II-40E were performed in vacuum and global 

minima were determined by the absence of imaginary frequencies. Frontier molecular orbitals have 

been calculated and reported in an energy diagram (Figure II – 37). The LUMO energy levels for 

II-39Te and II-39Se were evaluated at -2.98 eV and -2.99 eV vs vacuum, respectively. Similarly, the 

values for II-40Te and II-40Se are both -2.82 eV vs vacuum. The HOMO energy levels were calculated 

to be -4.98 eV and -5.02 eV vs vacuum for II-39Te and II-40Se, respectively. For benzochalcogenazole 
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II-40Te and II-40Se, the values are -4.86 eV and -4.89 eV, respectively. A theoretical band gap (Ecal) 

was calculated at 2.01 eV for II-39Te, 2.04 eV for both II-39Se and II-40Te and 2.07 eV for II-40Se.  

Both HOMO and LUMO energy levels rigidly shift to lower values when passing from Te- to Se-

analogues (identical Ecal). In addition, both HOMO and LUMO are higher in energy moving from 

the CGP to the benzo-analogues. These calculations further support the idea that CGP II-39E and 

benzo-derivatives II-40E have similar electronic properties and swapping Te for Se atoms has little 

influence on the molecular orbital energy levels. 

 

Figure II -  37: Energy diagram of the frontier orbital for II-39Te, II-39Se, II-40Te and II-40Se. Calculations have 
been carried out using Gaussian09 including the D01 revision at B97-D3/LanL2DZ level of theory. [53, 54] 

LUMOs of II-39E and II-40E are mainly centred on the pyrenyl ring (Figure II – 37) while the HOMO 

is more spread over the molecule. As one can easily notice (Figure II – 38), the * of Te-derivatives 

II-39Te and II-40Te lies in LUMO+1 (-1.933 eV and -1.891 eV, respectively) and II-39Se and II-40Se 

LUMO+4 (-1.171 eV) and LUMO+3 (-1.177 eV), respectively. On the other hand, and the lone pair 

(n) lies in HOMO-1, which is centred on Np for CGP derivatives II-39Te and II-39Se (-5.461 eV and -

5.637 eV, respectively) and II-40Te and II-40Se present the lone pair from Nc in the HOMO-3 (-5.821 

eV) and HOMO-4 (-6.023 eV), respectively.  
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Figure II -  38: Molecular orbital containing * and n for II-39Te, II-39Se, II-40Te and II-40Se. 

II – 7.5 Solid-state organisation 

In order to probe the supramolecular organisation of the pyrene derivatives, crystals of II-39E and 

II-40E have been obtained from CHCl3 solutions by slow evaporation and analysed by X-ray 

diffraction experiments. Crystals of II-39Te grow in a P21/c space group and the asymmetric unit is 

composed by one molecule. The CGP moiety is almost coplanar to the aromatic substituent (angle 

between the two aromatic planes = 10°). X-ray analysis (Figure II – 39, a) revealed the formation of 

dimeric structure (II-39Te)2, where the CGP motifs frontally couple through double chalcogen-

bonding interactions (dN...Te = 3.046 Å) bringing the pyrenyl cores of the two molecules essentially 

on the same plane. The dimers form a columnar arrangement through - stacking interactions 

(d− = 3.428 Å), with an offset of 3.155 Å (Figure II – 39, b). 

Compound II-39Se crystallises in a Pca21 space group and the asymmetric unit is composed of one 

molecule. In this case, an angle of 45° is observed between the planes of the CGP moiety and the 

pyrenyl ring. The X-ray structure shows no particular short contact involving the Se and N atoms 

(Figure II – 40, a). However, molecules interact through − stacking interactions (d− = 3.502 Å, 

with an offset of 1.578 Å) leading to the formation of a columnar arrangement (Figure II – 40, b). In 

contrast to Te-derivative II-39Te, no interactions are responsible for connecting the columns 

together. 
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Figure II -  39: X-ray structure of II-39Te, a) top view, ball and stick representation of the dimer; b) side view, 
stick representation of the columnar arrangement, H atoms omitted for clarity. Space group: P21/C, solvent 

of crystallization: CHCl3. 

 

 

Figure II -  40: X-ray structure of II-39Se. a) top view, ball and stick representation of the dimer; b) side view, 
stick representation of the columnar arrangement, H atoms omitted for clarity. Space group: Pca21, solvent 

of crystallization: CHCl3. 

The crystals of II-40Te grow in a Pbca space group and the asymmetric unit is constituted by one 

molecule. At the molecular level, the planes of the benzotellurazole unit and the pyrenyl ring form 

an angle of 45°. Unlike II-39E, X-ray analysis (Figure II – 41) reveals an arrangement driven by C-H… 

interactions between the benzo- and the pyrenyl-rings. Notably, columns are formed along the 

crystallographical b-axis by C-H… interaction (dC…C = 3.387 Å and 3.469 Å) with the pyrene moiety 

acting as HB donor (Figure II – 41, a). Along the c-axis (Figure II – 41, b), edge-to-face interaction 

involving the p-surface of the pyrenyl rings and the H atoms issued from the benzotellurazole 

moieties (dC…C = 3.423 Å and 3.466 Å). No particular arrangement has been noted along the a-axis. 

Surprisingly, no face-to-face − stacking interactions are observed. 
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Figure II -  41: X-ray structure in stick representation of II-40Te; a) arrangement along b-axis; b) arrangement 
along the c-axis. Space group: Pbca, solvent of crystallization: CHCl3. 

Finally, compound II-40Se crystallises in a P21/c and the asymmetric unit is composed by one 

molecule. An angle of 43° is observed between the planes of the benzoselenazole moiety and the 

pyrenyl ring. Similarly to the structure of II-39Se, no particular N…Se short contact are revealed by X-

ray analysis (Figure II – 42, a). However, columnar arrangement (Figure II – 42, b) is observed 

through − stacking interactions (d− = 3.537 Å, with an offset of 1.571 Å). Interestingly, stacks 

come in pair with a misalignment of 1.357 Å.  

 

Figure II -  42: X-ray structure of II-40Se, a) top view, ball and stick representation of the dimer; b) side view, 
stick representation of the columnar arrangement, hydrogen atoms omitted for clarity. Space group: P21/c, 

solvent of crystallization: CHCl3. 

X-ray analysis of derivatives II-39E and II-40E show a strong tendency to form columnar arrangement 

by means of face-to-face − stacking interactions at the solid state except for II-40Te, which 

organise through C-H… contact. As anticipated, dimer formation through double chalcogen 

bonding was only obtained for II-39Te. This interaction leads to a non-covalent levelling of the 

pyrene cores and brings the columnar stacks in pair. Compound II-40Se also organise in double 

columnar arrangement, however no notable driving force is observed. 
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II – 7.6 Charge mobility measurements 

In collaboration with the group of Dr. Salvatore Gambino in CNR nanotec in Lecce (Italy), charge 

transporter devices were built using II-39E and II-40E materials as semiconductors. Space-Charge 

Limited Current (SCLC) experiments were performed to evaluate the charge mobility of all four 

derivatives. The devices for the SCLC measurements are built in a hole-only architecture (Figure II 

– 43, a). In a sandwich-type structure, they were fabricated by spin coating of a solution of the 

organic material in CHCl3 onto a patterned transparent ITO (Indium Tin Oxide, In2O3/SnO2) coated 

glass substrate covered with PEDOT:PSS (Poly(3,4-ethylenedioxythiophene)-

poly(styrenesulfonate)). The thickness of the organic films was evaluated to be around 150 nm 

(measured with a profilometer). Images of thin films of II-39Se and II-39Te were acquired using an 

optical microscope (Figure II – 44). The surfaces were covered with the top electrodes by sequential 

thermal evaporation of MoO3 and Au, defining active device areas of 4 mm². It has to be pointed 

out that the organic thin films reorganise over time leading to short circuit over 24 h making the 

device inoperative. For this reason, SCLC measurements had to be performed quickly after the 

realisation of the device to ensure reproducibility.  

 

Figure II -  43: a) Sandwiched-type architecture of a hole only devices used in this study, b) Energy level and 
work function of the different materials used in the device, II-39E and II-40E gap energy is shown in blue. 

PEDOT:PSS (work function of 5.1 eV)[55] acts as a transparent hole-injection layer (HIL) and electron-

blocking layer. An energetic barrier is expected for hole injection from PEDOT:PSS (~0.5 – 0.7 eV 

barrier). Gold was used as a top electrode, its Fermi level (4.5 eV)[55] lying within the band gap of all 

materials and presenting an energetic barrier to injection of both electrons and holes. MoO3 acts 

as a HIL with a high work function (6 eV) that is enough to inject holes efficiently into all four 

materials (Figure II – 42, b).  
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Figure II -  44: Optical microscopy image of a thin film containing II-39Se and II-39Te, respectively.  

 

 

Figure II -  45: Graphs of the current density against the voltage in SCLC measurement for a) II-39Te; b) 
II-39Se; c) II-40Te and d) II-40Se.  

Each material was tested according to the method explained above. The graphs of the current 

density (J) against the voltage applied (V) are reported in Figure II – 45. The J-V curves are 

characteristic for such measurements (Figure II – 28). The graphs for the four materials are divided 

in three sections, namely the ohmic region (in red), the trap-limited region (in blue) and the trap-

filled region (in green). 

The charge mobility values could be extracted from the zero-field trap-limited regime (Table II – 3). 

One can easily notice that the highest value was obtained with II-39Te (4.8 10-9 cm2 V-1 s-1), followed 
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by II-40Se (4.4 10-9 cm2 V-1 s-1). Lower charge mobility has been obtained with II-40Te (2.2 10-9 

cm2 V-1 s-1) and II-39Se (9.6 10-10 cm2 V-1 s-1). Those values are comparable with the hole mobility 

values found in the literature for polymers supporting our idea that II-39E and II-40E could be used 

as valuable materials. For example, µ0 equals 5 10-7 cm2 V-1s-1 for poly(2-methoxy,5-(2’-

ethylhexoxy)-p-phenylene vinylene (MEH-PPV), 1.2 10-5 cm2  V-1 s-1 for poly(2,5-bis(2-ethylhexyloxy)-

1,4-phenylene vinylene (DEH-PPV) and 1.3 10-4 cm2 V-1 s-1 for regioregular poly(3-hexylthiophene) 

(rr-P3HT).[37]  

Table II -  3: Hole mobility values at zero-field at room temperature extracted from SCLC measurement.  

Compound 
µ0 

Compound 
µ0 

(cm2 V-1 s-1) (cm2 V-1 s-1) 

II-39Te 4.8 10-9 II-40Te 2.2 10-9 

II-39Se 9.6 10-10 II-40Se 4.4 10-9 

 

The molecular properties of II-39E and II-40E being similar, the differences in the charge mobility 

originates from their supramolecular organisations. As anticipated, the highest charge carrier 

mobility was obtained from devices built with II-39Te as an organic semi-conductor material (4.8 10-9 

cm2 V-1 s-1). In the solid-state, II-39Te organise into dimeric structures via double chalcogen bonds.  

Those dimers interact through − stacking interactions forming a double columnar arrangement, 

maximising the overlap of the -surfaces. This shows that the supramolecular structure of the 

pyrene-based material can be controlled by chalcogen-bonding interactions resulting in an 

enhancement of its charge mobility property (hole mobility value increasing from 9.6 10-10 to 

4.8 10-9 cm2 V-1 s-1 moving from II-39Se to II-39Te). However, at this stage of the research, the charge 

transport mechanism in such architecture has not been investigated. Charge hopping between the 

aromatic units present in the columnar arrangements could be envisaged. We are also considering 

possible tunnelling of the charges traveling through the chalcogen bonds.  

However, it has to be noted that the second highest charge mobility was reached for compound 

II-40Se (4.4 10-9 cm2 V-1 s-1) that also forms double-stack columnar arrangement in the solid state. 

This organisation reflects that found with II-39Te without EB interactions in the case of II-40Se. Both 

arrangements maximise the overlap of the -surface, leading to a higher charge mobility compared 

to that of II-39Se and II-40Te. Compound II-39Se form single-molecule width columns and present the 

lowest charge mobility value (9.6 10-10 cm2V-1s-1). Derivative II-40Te should be left outside the 

comparison as it does not follow a similar face-to-face − stacking, but arrange in a herringbone 

structure. Those structural differences in relation with the µ values show how one can control the 

solid-state arrangement of 1-substituted pyrene using chalcogen bonds to form organic semi-
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conductor materials. In order to complete the study, electron mobility measurements will be 

performed in parallel to theoretical calculations.  

II – 8 Conclusion 

In the first part of this work (Section II – 2), we have designed a double chalcogen-bonding array 

(namely CGP) that, through self-complementarity, forms dimer at the solid state. The key aspect of 

this motif is the -junction of a pyridyl and a chalcogenazole moiety that places a N atom in close 

proximity to the chalcogen atom forming a donor-acceptor motif. The CGP synthons frontally 

couple through double chalcogen-bonding interactions. We synthesised twenty molecules bearing 

different substituents such as aromatic moieties (phenyl II-15E, p-nitrophenyl II-20E, 3,4,5-

trifluorophenyl II-21E and pentafluorophenyl II-22E), heterocyclic rings (pyridyl II-16E, II-17E and 

II-18E and thiophenyl II-19E) and a CF3 group (II-25E). Most of the compounds were crystallised and 

analysed by X-ray diffraction. The strongest recognition persistence was observed for the Te-

congeners, which led to dimer formation in the solid state regardless of the substituent in the 2-

position. Strengthening of the interactions was achieved upon addition of EWG in 2-position. 

However, a certain variability was noted for the Se-analogues that associate through hydrogen-

bonding interactions to form dimers or supramolecular polymers. Phenyl substituted II-15Se 

interacts through −* interactions. Nonetheless, association through double chalcogen bonds was 

obtained for pentafluorophenyl and CF3 substituted derivatives (II-22Se and II-25Se). Those 

behaviours were correlated by calculation of the Vs,max values around the chalcogen atoms.  

In some cases, variability has been observed in Te-containing systems while introducing other non-

covalent interactions such as halogen- or hydrogen-bonding (II-24Te and II-32Te, respectively). XB 

and HB overcome the double EB array leading to the formation of structures featuring unplanned 

interactions. Multi-type interactions systems will be the focus point in the next chapters (chapter 

III for XB and chapter IV for HB). 

We also have designed a ditopic synthon based on the CGP and benzochalcogenazole moieties and 

anticipated their supramolecular arrangement. Unfortunately, CGP containing II-26E could not be 

synthesised or isolated. More particularly for the Te-analogue, a problem of solubility has been 

encountered. However, both derivatives II-27E were isolated and crystallised. The solid-state 

structure of II-27Te shows a wire-like structure through chalcogen-bonding interactions, while that 

of II-27Se reveals a tightly packed arrangement. In the case of the Te-analogues, the two 

benzotellurazole units behave differently, one being involved in the supramolecular backbone of 

the wire-like structure and the second one present as support. On the contrary, the crystal structure 



Chapter II 

 

84 
 

of II-27Se does not show any difference between the two benzoselenazole units optimising every 

interaction to form an entangled structure.  

Finally, organic semi-conductor materials based on the conjugation of pyrenyl group and the CGP 

moiety (II-39E) was synthesised. As a comparison, Se- and Te-containing benzochalcogenazole 

derivatives (II-40E) were also prepared. The compounds were characterised in solution by UV-vis 

absorption and cyclic-voltammetry experiments to evaluate the electronic properties. The solid-

state arrangement was probed by single crystal X-ray diffraction analysis. At the molecular level, 

little variation was detected while drastic differences were observed regarding to their crystal 

structures. Compound II-39Te organises in columnar arrangement formed by dimer connected 

through double chalcogen-bonding interactions. This appraises the possibility of using 

simultaneously EB and − staking interactions to control the crystal packing. While compound 

II-40Se also forms double-stack arrangement through − stacking interactions, II-39Se assembles 

into single columnar structure and II-40Te in a herringbone structure. The supramolecular properties 

are reflected on the hole mobility of those materials, the highest µ value being achieved for II-39Te 

and II-40Se that maximise the overlap of the -surface. In contrast, II-39Se and II-40Te feature smaller 

hole mobility values alongside crystal structures that do not favour the face-to-face -contacts. We 

foresee that the recognition persistence of Te-containing CGP arrays and the easy derivatisation of 

the pyrene core conjugated will lead to the engineering of unprecedented materials in the near 

future. 
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Chapter III Synergy between Chalcogen and Halogen Bonding 

Chapter III 

Synergy between Chalcogen and Halogen 

Bonding 

 

 

In this chapter, the design and the synthesis of supramolecular polymers based on orthogonal 

Secondary Bonding Interactions, namely chalcogen- and halogen-bonding, are described. Such 

compound have been analysed by means of single crystal X-ray diffraction analysis.  

The chapter is divided in three main sections. Section III-1 includes a brief introduction on 

orthogonal processes in supramolecular chemistry; Section III-2 presents the design of the polymer 

and molecules chosen to interface both interactions and appraise their orthogonality; Section III-3 

provides an analysis of the crystal structures obtained in this context, this part is divided as follows: 

preparation of the materials, co-crystals with one component being molecules bearing a Te atom 

and halogen-bond acceptor moiety, co-crystals with one component being molecules bearing a Se 

atom and halogen-bond acceptor moiety and finally co-crystal involving CGP derivates bearing a 

halogen-bond donor moiety. 

The work presented in this chapter has been realised with the help of Dr. Benson Kariuki for the 

refinement of some crystal structures and with the assistance of Samuel Bridgewater, in the frame 

of his BSc. project, for the synthesis of 2-(pyridin-3-yl)-[1,3]tellurazolo[5,4-]pyridine III-2Te and the 

co-crystallisation experiments with hexadecafluorodiiodooctane and diiodotetrafluorobenzene. 

The synthesis of 2-(pyridin-4-yl)benzo[d][1,3]tellurazole III-3 was performed by Dr. Adrian Kremer 

(Belgium) during a past project of our group. 
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III – 1 Introduction 

III – 1.1 The principle of orthogonality in supramolecular chemistry 

The primarily concern of supramolecular chemistry has always been to build the link between 

molecular chemistry and thermodynamically-stable architectures of higher complexity using non-

covalent interactions.[1-3] In this respect, the possibility of simultaneously exploiting multiple 

interactions[4-6] allow chemists to engineer structures with multifunctional properties.[7] This has 

been achieved in recent decades through orthogonal processes[8] with most notable examples in 

material science[9, 10] by the use of Dynamic Covalent Chemistry (DCC),[11-13] hydrogen-bonding with 

precise recognition pattern[14] or interfacing non-covalent interactions different in nature.[10]  

The concept of orthogonality was first introduced by Merrifield in 1977,[15] referring to protecting 

group removal strategy. Conceptually, in a series of protecting groups, one could be cleaved by 

chemical reaction without interfering with the others. Since then, the term has been widely 

employed in various domains of chemistry where it reached precise but different meanings 

depending on the field. For example, orthogonal glycosylation refers to different sets of glycosyl 

donor distinct in composition and activation conditions.[16] Chromatic orthogonality applies to the 

selective reactivity of one functional group in the presence of others towards a specific colour of 

light beam.[17] Click reactions, by definition, relies heavily on orthogonality as their components are 

highly reactive species tolerating a broad range of reagents, solvents and functional groups.[18] 

Furthermore, the Staudinger-Bertozzi reaction has been shown to be applicable in biological media 

such as bacterial cultures and mice leading to the concept of biorthogonality.[19-21] 

In supramolecular chemistry, in a given system, two non-covalent interactions are said to be 

orthogonal if they occur with no cross-talk.[8] This means that, in a given supramolecular assembly, 

two or more recognition patterns can be used simultaneously without interference and each one 

can bring a set property to the resulting material. The non-covalent interactions can be responsible 

for the growth of a supramolecular polymer in one or more directions, the presence of functional 

molecules on a particular backbone, the solid-state organisation, etc. Unlike the case of molecular 

synthesis where orthogonality relies on irreversible chemoselective reactions, supramolecular 

media are in equilibrium and interactions are continuously exchanged. Although this allows proof-

reading and self-correction, it remains challenging in the conception and design of such systems. 

From a synthetic aspect, it is important that the different types of interactions used are mutually 

compatible, i.e. orthogonal.[22] Thus a particular attention has to be brought to functional groups or 

non-covalent interactions choice.  
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III – 1.2 Orthogonal functionalisation of macromolecular backbones 

As an first example, Weck and co-workers engineered a stimuli-responsive terpolymer synthesized 

through ring-opening metathesis of norbornene (Figure III – 1).[9] This material bears three different 

receptor sites along its main chain, namely palladated sulfur-carbon-sulfur (SCS) pincer, cyanuric 

acid, and thymine moieties. The side chains can be non-covalently functionalised adding pyridine, 

diaminopyridine and the Hamilton wedge,[23] respectively. Each recognition motif is orthogonal to 

one another, the first one being based on metal coordination and the two others on different 

hydrogen-bonded patterns. The three interactions are taking place simultaneously in CH2Cl2 

without interfering with each other. However, if the polarity of solvent is changed (CHCl3:dioxane 

85:15) the association constant is tuned for each interaction site resulting in one of the hydrogen-

bonded groups being cleaved from the polymer.  

 

Figure III -  1: Stimuli-responsive terpolymer of norbornene bearing palladated sulfur-carbon-sulfur (SCS) 
pincer, cyanuric acid, and thymine moieties interacting orthogonally with pyridine, diaminopyridine and the 
Hamilton wedge fully associated in CH2Cl2 (A) or selectively cleaved in CHCl3:dioxane 85:15 (B). Adapted with 

permission;[9]copyright 2008 Wiley Periodicals, Inc. 

Thus, different strategies of orthogonality are employed in this system. First, the polymer is formed 

from simple building blocks in one reaction and displays three different recognition sites along the 
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chain. The non-covalent functionalisation can be achieved by adding three small molecular 

compounds forming metal coordination and hydrogen bonds. The two interactions are orthogonal 

by their binding nature and two different HB patterns are used for selective recognition. Moreover, 

one group can be cleaved without affecting the others by changing the polarity of the solvent. The 

resulting macromolecule is thus a complex system built from simple molecular building block 

through different orthogonal key strategies.  

III – 1.3 Supramolecular polymers through orthogonal non-covalent interactions 

In the field of supramolecular polymers (polymolecular entities formed by the association of 

molecular monomers via non-covalent intermolecular interactions),[3] Gröhn and Schmuck designed 

a low molecular weight heteroditopic synthon with two recognition sites (Figure III – 2).[24] The two 

orthogonal interactions in play are metal-ligand binding and ion pair formation. Interestingly, the 

formation of the polymer backbone can be switched on and off (reversible formation) due to the 

nature of its supramolecular structure and, thus, is responsive to stimuli such as pH, concentration, 

temperature, solvent and the presence of ions. Indeed, the initial salt does not self-associate. 

However, upon addition of metal ions or base, the molecules form dimers through metal 

coordination (Figure III – 2, B) or ion pairing (Figure III – 2, C), respectively. Moreover, in the 

presence of both stimuli, a linear supramolecular polymer can be obtained (Figure III – 2, D). The 

self-assembly can be reversed upon addition of N-(2-hydroxyethyl) ethylenediaminetriacetic acid 

(HEEDTA), acid or base (optimal pH for the ion pairing = 5-7). This system efficiently uses different 

aspects of orthogonality. First, the two selected interactions are different in nature and can take 

place simultaneously without interference. Moreover, the activation/deactivation of the two 

recognition motifs are orthogonal, which means that one can be switched on and off independently 

of the presence or the absence of the second interaction. This combination results in a highly stimuli 

responsive material grown from a simple building block.  

Furthermore, crystal engineering is the rational design of functional molecular solids. This field of 

chemistry aims to build crystal structures from organic and organometallic species using a deep 

understanding of intermolecular interactions, ideally aiming for a specific function. It requires a 

systematic strategy, a precise blueprint for the design of crystalline entities.[25] In this context, 

Aakeröy and co-workers built numerous multi-component crystals interfacing different non-

covalent bonds. One example of this work is the realisation of co-crystals based on hydrogen- and 

halogen-bonding interactions.[26] A ladder type motif is achieved by the co-crystallisation of 1-(2-

amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-yl)-ethyne and 4-iodobenzoic acid (Figure III 

– 3) where orthogonal HB and XB are observed. Hydrogen bonds take place involving OH…N (dN…O 

= 2.643 Å) and NH…O (dO…N = 2.987 Å) in addition to a halogen bond between O and I atoms (dO-I = 
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3.265 Å) resulting in an infinite chain at the solid state, i.e. supramolecular polymer. In this case, 

the nature of the interactions leads to the orthogonality. One mainly relying on electrostatic 

contribution (hydrogen bonding interaction) and the other based on orbital and electrostatic 

contribution (halogen bonding interaction) in addition of dispersion energy.  

In particular, the halogen bonding interaction, since its resurgence in the 90’s thanks to the work 

of Resnati and Metrangolo,[27-29] has been widely applied to crystal engeneering,[30-34] liquid 

crystals,[35-40] functional materials,[41-48] etc.  As just shown, it has been proven to be orthogonal to 

hydrogen-bonding interactions in precedent studies[49-51] and thus has been widely applied in 

biological systems.[52, 53]  

 

Figure III -  2: Molecule designed by Gröhn and Schmuck in its zwitterionic form. It aggregates as monomeric 
salt (A), dimer upon addition of metal ion (B) or base (C) and linear polymer in the presence of both (D). 

Reproduced with permission;[24] copyright 2011 American Chemical Society.  

In this context, one can easily understand the importance of orthogonal processes applied to 

supramolecular chemistry. Assemblies of higher complexity take place using two or more non-

covalent interactions of different nature or precise bonding pattern. Furthermore, stimuli 

responsive materials can even be achieved if one of the bonding motifs can be shut down 

independently of the others. This part of the work aims to synthesise supramolecular polymers via 

the association of small molecules through simultaneous halogen- and chalcogen-bonding 

interactions. The formation of those entities will be evaluated by single-crystal X-ray diffraction.  
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Figure III -  3: X-ray structure of 1:1 co-crystal of 1-(2-Amino-4-methylpyrimidin-6-yl)-2-(3-methoxypyridin-5-
yl)-ethyne.4-iodobenzoic acid.[26] 

III – 2 Design of multi-component orthogonal supramolecular 

polymers 

In our crystal-engineering approach, the idea is to prepare supramolecular polymers in the solid 

state through the co-crystallisation of two ditopic molecular modules: the chalcogen (Ch) and 

halogen (Hal) modules, respectively (Figure III – 4). While the Ch modules are heterotopic, i.e. 

bearing two diverse recognition groups, the Hal synthons are homotopic. The Ch modules are 

supposed to undergo self-association through double EB interactions as established through the 

CGP-based recognition unit, whereas the Hal building blocks should interact with the Ch 

counterpart through XB interactions. 

Depending on the role taken in the formation of the interaction and the nature of the functional 

group on the Ch synthon, the Hal module can act either as XB-donor or EB-acceptor.[27, 31] 

Supramolecular polymers in the solid state with a repetition unit of (Ch2Hal)n are expected to form 

upon evaporation of a solution containing a mixture of both Ch and Hal components. The designed 

supramolecular Ch and Hal synthons are depicted in Scheme III – 1. While CGP-based molecules 

III-1E and III-2E feature a XB-acceptor pyridyl-type substituent, modules III-4 and III-5 expose at 2-

position bromo- and iodo-tetrafluorophenyl moieties.  

 

Figure III -  4: Architecture of supramolecular polymers (Ch2Hal)n expressing orthogonal chalcogen- and 
halogen-bonding interactions through the association of Ch and Hal modules. 
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As far as the ditopic Hal synthons are concerned, hexadecafluoro-1,8-diiodooctane (HDFIO) and 

1,4-diiodo-2,3,5,6-tetrafluorobenzene (DITFB) were chosen as XB donors, and 4,4’-bipyridyl (biPy) 

and 1,4-diazabicyclo[2.2.2]octane (DABCO) as XB acceptors. These modules are well-known 

building blocks used to trigger XB interactions forming heteromolecular polymers in the solid 

state.[54-57] DABCO is particularly known to form very strong XB with iodo-derivatives due to 

secondary hydrogen-bonding interactions taking place between the H atoms of the bicyclic 

molecule and the negative belt of the I atom.[57] At last, reference benzochalcogenazole III-3,[58] 

capable of making intermolecular chalcogen bonds, was also studied in combinations with the 

appropriate XB donor (Scheme III – 1). Thus, it is expected that molecule III-3 forms wire-like 

structures through N…Te interactions,[58] and lateral XB contacts engaging the pyridyl moiety with 

the ditopic XB acceptor (Hal).  

 

Scheme III -  1: Representation of the different synthons of the XB/EB orthogonal supramolecular polymer. 

The anticipated repeating units of the designed supramolecular polymers are reported in Tables III 

– 1 and 2. Te-analogues III-1Te and III-2Te are expected to engage in frontal double chalcogen-

bonding interactions leading to dimers, which could successively express XB contacts with either 

HDFIO or DITFB (Table III – 1). Likewise, molecules III-4 and III-5 (Table III – 2) are expected to 

dimerise though double chalcogen-bonding interactions and undergo polymerisation in the 

presence of biPy and DABCO through halogen-bonding interactions with Br/I atoms. To validate 

the recognition abilities of the designed self-assembling synthons, we used electrostatic surface 

potential (ESP) and estimated the value (Vs,max) at the point of the highest charge for both donor 

and acceptor atoms at B97D3/Def2-TZVP level of theory using Gaussian09 including D01 revision 

(Table III – 3).[59, 60] The images highlight positive potential regions (blue) around Te, Se, Br and I 

atoms and electron donor as negative potential region (red) around N atoms. The surface around 

the halogens and chalcogen atoms are clearly distributed in two parts: the -hole (in blue) and the 
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negative belt (yellow-green). As expected, the -holes are deeper for Te and I than for Se and Br 

atoms. 

Table III -  1: Representation of the repeating unit for the anticipated supramolecular polymer for molecules 
III-1, III-2 and III-3 with HDFIO and DITFB. 

 

Table III -  2: Representation of the repeating unit for the anticipated supramolecular polymer for molecules 
III-4 and III-5 with biPy and DABCO. 
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Table III -  3: Electrostatic surface potential for each supramolecular synthon. Level of theory: B97D3/Def2-
TZVP using Gaussian09 including D01 revision. 

Synthons 
Electrostatic Surface Potential maps 

Top view Side view 

III-1Te 
 

  

III-1Se 
 

 
 

III-2Te 
 

 
 

III-2Se 
 

 
 

III-3Te 
 

 
 

III-4 

  
 

III-5 

  
 

HDFIO 
 

 

DITFB 

  

- 

biPy 
 

 - 

DABCO 
 

 

 



Chapter III 

 

98 
 

III – 3 Crystal structure analysis 

III – 3.1 Co-crystal preparation 

All co-crystallisation attempts and their outputs are summarized in Table III - 4. Solutions of the 

given components in a stoichiometry of choice were prepared in CHCl3 and left standing for slow 

evaporation. All crystals were analysed by X-ray diffraction analysis. The unit cells were first 

acquired for every type of crystalline material with pre-experiments to probe the successful 

formation of co-crystals or the segregation of the individual components.  

Table III -  4: Co-crystallisation attempts, stoichiometries in solution (o:p)sol and in the resulting co-crystal 
(o:p)coc (with o and p standing for the Ch and Hal components, respectively). Solvent of crystallisation: CHCl3. 

aCrystal segregation. 

Entry Ch Hal (o:p)sol (o:p)coc Co-crystal Supramolecular entity 

1 III-1Te HDFIO 2:1 2:1 (III-1Te)2•HDFIO ((III-1Te)2•HDFIO)n 

2 III-1Te DITFB 2:1 2:1 (III-1Te)2•DITFB ((III-1Te)2•DITFB)2 

3 III-1Te DITFB 1:1 1:1 III-1Te•DITFB (III-1Te•DITFB)n 

4 III-1Te DITFB   1:10 1:2 III-1Te• (DITFB)2 (III-1Te•(DITFB)2)n 

5 III-2Te HDFIO 2:1 -a - - 

6 III-2Te DITFB 2:1 2:1 (III-2Te)2•DITFB ((III-2Te)2•DITFB)n 

7 III-2Te DITFB 1:1 2:1 (III-2Te)2•DITFB ((III-2Te)2•DITFB)n 

8 III-2Te DITFB 1:3 2:1 (III-2Te)2•DITFB ((III-2Te)2•DITFB)n 

9 III-3 HDFIO 2:1 2:1 (III-3)2•HDFIO (III-3)2•HDFIO 

10 III-3 DITFB 2:1 2:1 (III-3)2•DITFB (III-3)2•DITFB 

11 III-1Se HDFIO 2:1 -a - - 

12 III-1Se DITFB 2:1 2:1 (III-1Se)2•DITFB ((III-1Se)2•DITFB)2 

13 III-1Se DITFB 1:1 2:1 (III-1Se)2•DITFB ((III-1Se)2•DITFB)2 

14 III-1Se DITFB   1:10 1:2 III-1Se• (DITFB)2 (III-1Se•(DITFB)2)n 

15 III-2Se DITFB 2:1 2:1 (III-2Se)2•DITFB ((III-2Se)2•DITFB)n 

16 III-4 biPy 1:2 -a - - 

17 III-4 DABCO 1:2/1:10 -a - - 

18 III-5 biPy 1:2/1:10 -a - - 

19 III-5 DABCO 2:1 -a - - 

20 III-5 DABCO 1:5 2:1 (III-5)2•DABCO ((III-5)2•DABCO)n 

21 III-5 DABCO 1:10 1:1 III-5•DABCO (III-5•DABCO)2 

22 III-1Te III-5 1:1 1:1 III-1Te•III-5 (III-1Te•III-5)n 
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The nomenclature of each co-crystals is given by the minimal repetition unit of the supramolecular 

structure formed in the solid state, whereas the supramolecular species (oligomers and polymers) 

triggered by the chalcogen- and halogen-bonding interactions in the co-crystal are labelled as 

polymeric structures (Table III - 4). As one can clearly evidence, molecule III-1Te forms co-crystals 

2:1 with both HDFIO and DITFB, mirroring the solution stoichiometry (entries 1 and 2). Co-crystals 

with 1:1 and 1:2 stoichiometries containing supramolecular polymers (III-1Te•DITFB)n and 

aggregate (III-1Te•(DITFB)2)n could be obtained with DITFB when starting from solutions of 1:1 and 

1:10 ratios, respectively (entries 3 and 4). Crystal segregation was observed when isomer III-2Te was 

co-crystallised with HDFIO (entry 5), whereas polymer ((III-2Te)2•DITFB)n crashed out from the 

solution with DITFB, independent on the stoichiometry in solution (entries 6–8). Notably, reference 

molecule III-3Te forms co-crystals with 2:1 stoichiometry with both XB donors (entries 9 and 10, 

respectively). 

Evaporation of a solution of Se-analogue III-1Se with HDFIO did not give rise to any co-crystals (entry 

11), whereas solutions containing 2:1 and 1:1 ratio of DITFB (entries 12 and 13, respectively) 

exclusively gave co-crystals with stoichiometry of 2:1, with the molecules aggregated as 

supramolecular hexamers ((III-1Se)2•DITFB)2. Notably, when using an excess of DITFB (1:10), co-

crystal of aggregate (III-1Se•(DITFB)2)n was formed (entry 14), as observed with the Te-analogue. 

Moving to the pyrid-3-yl isomer III-2Se, co-crystal of stoichiometry 2:1 were obtained as large yellow 

plates, also containing a polymer-like organisation (entry 15). When we reversed the XB demand, 

co-crystallisation experiments with compound III-4 in the presence of biPy and DABCO were 

unsuccessful (entries 16 and 17, respectively) and segregation was observed. Similar results were 

obtained with iodo-derivative III-5 with both biPy and DABCO. However, when using an excess of 

DABCO, co-crystals with 2:1 and 1:1 stoichiometries were obtained as large yellow prisms (entries 

20 and 21, respectively). While the 2:1 solid contains supramolecular polymer ((III-5)2•DABCO)n, in 

the 1:1 co-crystal the molecules are arranged as tetrameric species, (III-5•DABCO)2. Finally, when 

mixing XB acceptor III-1Te and XB donor III-5 in a 1:1 ratio in CHCl3, formation of co-crystal 1:1 

containing polymer (III-1Te•III-5)n was obtained.  

As previously observed by our group with benzochalcogenazoles,[58] all the C-Se, C-Te N-C, C-I and 

C-Br bonds do not significantly differ between the different molecules bearing the same chalcogen 

and halogen atoms. This suggests that the crystal organization does not alter the covalent molecular 

skeleton. The formation of the supramolecular polymers is discussed considering the ESP displayed 

in Table III - 3. As already suggested previously, the -hole displaying the highest positive Vs,max 

value will engage in the SBI with the functional group featuring the most electronegative 

heteroatom (i. e., the most negative Vs,max value). 
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III – 3.2 Co-crystals: Tellurium containing CGP bearing a halogen-bond acceptor  

Co-crystal (III-1Te)2•HDFIO crystallised in a P1̅ space group and the asymmetric unit consists of four 

molecules of III-1Te and two of HDFIO.  X-ray diffraction analysis of reveals the formation of a 

supramolecular polymer (Figure III – 5, a) through the association of both components in a 2:1 ratio 

by the means of halogen- and chalcogen-bonding interactions. One can easily observe the 

formation of the double EB of the CGP motif (dN…Te = 2.998 Å) and HDFIO sandwiched by two pyrid-

4-yl moieties through XBs (dN…I = 2.732 Å).  In addition, 2-(pyrid-4-yl)tellurazolopyridine III-1Te forms 

columns by quasi-parallel − stacking (estimated d− = 3.465 Å) in a head-to-tail arrangement 

(Figure III – 5, c) separated by layers of HDFIO. This arrangement results in a segregation between 

fluorinated (pink arrows) and non-fluorinated (grey arrows) domains (Figure III – 5, b).  

 

Figure III -  5: X-ray structure of co-crystal (III-1Te)2•HDFIO; a) Supramolecular polymer, key interactions are 
highlighted; b) vdW sphere representation of the layered organisation; c) Capped stick representation of the 

− stacking, H atoms are omitted for clarity. Space group: P1̅, solvent of crystallisation: CHCl3. 

The replacement of HDFIO with DITFB led to formation of co-crystal (III-1Te)2•DITFB (Figure III – 6, 

a) in a P1̅ space group with an asymmetric unit of two molecules of III-1Te and one of DITFB. 

Hexameric structure ((III-1Te)2•DITFB)2 is formed (highlighted in the red dashed line), where the two 

central CGP derivatives connect through a frontal double chalcogen bonds (dN…Te = 3.164 Å) and 

DITFB is sandwiched by the pyrid-4-yl moieties through XB interactions (dN...I = 2.793 Å). Each 

hexamer is brought together by hydrogen-bonding interactions between the H atoms in 6-position 

of the terminal CGP groups and two F atoms from DITFB (dF…C = 3.078 Å). Those interactions 
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organise the molecules in a quasi-planar arrangement presenting a slight misalignment of 0.912 Å 

(Figure III – 6, c).  

In addition, perpendicular to the EB/XB hexamer, DITFB interacts with two CGP units through quasi-

parallel − stacking interaction (Figures III – 6, b and 7). Molecules of III-1Te arrange in a head-to-

tail fashion (estimated d− = 3.490 Å) and the fluorinated aromatic is sandwiched by two 

tellurazolopyridine derivatives (estimated d− = 3.580 Å). Looking at the ESP map, one can observe 

that the -surface of DITFB is charge depleted (blue or positive region) opposite the CGP group 

(green or neutral region). This complementary quadrupolar charge is likely to govern the face-to-

face arrangement of the molecules at the solid state. 

 

Figure III -  6: X-ray structure of co-crystal (III-1Te)2•DITFB; a) Hexamer is shown by the red dashed lines, key 
interactions are highlighted; b) vdW sphere representation of the layered organisation; c) Capped stick 

representation of miss-alignment, H atoms are omitted for clarity. Space group: P1̅, solvent of 
crystallisation: CHCl3. 

Moving to III-1Te•DITFB, the supramolecular polymer crystallised in a P21/n space group, the 

asymmetric unit is composed of one molecule of III-1Te and one of DITFB. X-ray diffraction analysis 

shows an alternance of the two components linked to each other by two different halogen bonds 

(Figure III - 8). The pyrid-4-yl moiety interacts with one of the I atom (dN…I = 2.854 Å) and the CGP 

group with another I atom from DITFB (dN…I = 2.925 Å). Difference of 0.071 Å might be due to a 

misalignment between the three atoms involved in the interaction (C-I…N angle = 173° vs 166°) as 
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the strength of XB is reduced dramatically with the decrease of the angle. Moreover, it has to be 

noted that a weak chalcogen-bonding interaction is taking place between Te and I atoms (dI…Te = 

4.018 Å, vdW = 4.04 Å). The interaction involves the negative belt of the halogen atom as electron 

donor and the -hole of the chalcogen as electron acceptor (Figure III – 8; see also ESP map Figure 

III – 7, b).  

 

Figure III -  7: a) X-ray structure of co-crystal (III-1Te)2•DITFB, − stacking is highlighted, H atoms are 

omitted for clarity. Space group: P1̅, solvent of crystallisation: CHCl3; b) ESP map of III-1Te and DITFB, level of 
theory: B97D3/Def2-TZVP using Gaussian09 including D01 revision. 

 

Figure III -  8: X-ray structure of co-crystal III-1Te•DITFB. Space group: P21/n, solvent of crystallisation: CHCl3. 
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Co-crystal III-1Te•(DITFB)2 has a P1̅  space group and the asymmetric unit is composed by one 

molecule of III-1Te and one full and two halves of DITFB. In this structure, only halogen- and 

hydrogen-bonding interactions are present (Figure III – 9). DITFB interacts through XB with the 

pyrid-4-yl (dN…I 2.804 Å) and the CGP group (dN…I = 2.754 Å). Compared to the structure of 

III-1Te•DITFB (Figure III – 8), the halogen bond involving Np is shorter and the angles are closer to 

180° (C-I…N angle = 176° for pyrid-4-yl vs 177° for Np). As observed for III-1Te•DITFB, I and Te atoms 

interact through a weak chalcogen bond (dI…Te = 4.005 Å, vdW = 4.04 Å), an electrostatic interaction 

taking place between the negative belt of the former and the -hole of the latter. 

 

Figure III -  9: X-ray structure of co-crystal III-1Te•(DITFB)2. Space group: P1̅, solvent of crystallisation: CHCl3. 

Moving to (III-2Te)2•DITFB, the material crystallised in a P1̅ space group and the asymmetric unit 

consist in one molecule of III-2Te and half of DITFB. The structure (Figure III – 10) displays a 

supramolecular polymer where dimers are formed through double-chalcogen bonds (dN…Te = 3.068 

Å), exposing two pyrid-3-yl moieties that form halogen bonds (dN…I = 2.738 Å) with DITFB. III-2Te 

also − stacks (dπ-π = 3.544 Å) with an off-set of 2.945 Å. Similarly, DITFB self associate through 

− stacking interactions (dπ-π = 3.459 Å) with an off set of 3.339 Å (Figure III – 11). Those molecules 

assemble in a columnar arrangement achieving segregation of fluorinated and non-fluorinated 

parts. 
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Figure III -  10: X-ray structure of co-crystal (III-2Te)2•DITFB. Space group: P1̅, solvent of crystallisation: CHCl3. 

 

Figure III -  11: X-ray structure of co-crystal (III-2Te)2•DITFB, π-π stacking is highlighted, H atoms are omitted 

for clarity.  Space group: P1̅, solvent of crystallisation: CHCl3. 

In addition, a mispacking can be observed (Figure III – 12, a). In the co-crystal (III-2Te)2•DITFB, some 

of molecules III-2Te have an inverted orientation along the supramolecular chain (~15% in the crystal 

used for diffraction analysis). This results in a pyrid-4-yl interacting with a CGP moiety through 

chalcogen-bonding (dN…Te = 3.000 Å) and hydrogen-bonding interactions (dN…C = 3.568 Å), replacing 

the double EBs recognition motif. The Np atom of the inverted molecule interacts through halogen-

bonding interaction with DITFB (dN…I = 2.984 Å). This disorder could be due to either a very close 

configurational energy or a kinetic effect during the crystallisation process. At the molecular level, 

one can easily observe the rather symmetric potential pattern on the ESP map (Figure III – 12, b). 

Such a charge distribution supports the fact that both orientation of molecule III-2Te are possible 

without significantly disrupting the crystal organisation.   
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Figure III -  12: a) Error in the packing of co-crystal (III-2Te)2•DITFB. The original position is displayed in 

wireframe and the second conformation overlaps in atoms only view. Space group: P1̅, solvent of 
crystallisation: CHCl3. b) ESP map on III-2Te, level of theory: B97D3/Def2-TZVP using Gaussian09 including 

D01 revision. c) Schematic representation of the mispacking. 

Moving to reference III-3, co-crystals of (III-3)2•HDFIO were obtained in P 1̅  space group, the 

asymmetric unit is constituted by two molecules of benzotellurazole derivative and one of HDFIO. 

As anticipated, the pyrid-4-yl moieties engage through halogen-bonding interactions with both end 

of the XB donor molecule (dN…I = 2.772 Å and 2.819 Å) forming a trimeric structure (Figure III – 13). 

Surprisingly, no chalcogen-bonding interactions have been observed in this case. This absence can 

be rationalised by the fact that single EBs formed by the Nc atom of tellurazoles as anticipated 

previously (Table III – 1) is possibly too weak to be selected in the crystal packing. Molecules of III-3 

arrange in column (Figure III – 13) through − stacking interaction in a quasi-parallel fashion 

(estimated d− = 3.592 Å). Similarly to (III-1Te)2•HDFIO, segregation of fluorinated (indicated by pink 

arrows) and non-fluorinated (indicated by grey arrows) moieties is observed.  

Replacing HDFIO by DITFB in (III-3)2•HDFIO led to the formation of co-crystal (III-3Te)2•DITFB. This 

material crystallises in a P1̅ space group and the asymmetric unit consists in one molecule of III-3Te 

and half of DITFB. The X-ray diffraction analysis (Figure III – 14) shows a trimeric structure, in which 

the XB donor is sandwiched between two pyrid-4-yl moieties through halogen-bonding interactions 

(dN…I = 2.823 Å). Moreover, the tellurazole unit is engaged in a chalcogen bond with one of the F 

atoms of DITFB (dF…Te = 3.294 Å). Similarly to co-crystal (III-1Te)2•DITFB, quasi-parrallel − stacks 

are formed by alternating one DITFB and two III-3 (between DITFB and III-3 estimated d− = 3.370 
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Å, between two III-3 d− = 3.690 Å), the latter being arranged in a head-to-tail fashion (Figure III – 

14, b and c).   

 

Figure III -  13: X-ray structure of co-crystal (III-3)2•HDFIO. a) Trimer, key interactions are highlighted; b) 

vdW sphere representation of the layered organisation; c) Capped stick representation of the − stacking, 

H atoms are omitted for clarity. Space group: P1̅. solvent of crystallisation: CHCl3. 

 

Figure III -  14: X-ray structure of co-crystal (III-3)2•DITFB. a) Tetramer, key interactions are highlighted; b) 

vdW sphere representation; c) Capped stick representation of the − stacking, H atoms are omitted for 

clarity. Space group: P1̅, solvent of crystallisation: CHCl3. 
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The structures of (III-3)2•HDFIO and (III-3Te)2•DITFB displayed halogen bonds but no chalcogen 

bond through N…Te contact, contrasting with co-crystals containing III-1Te and III-2Te. The major 

difference between those molecular entities is the absence of Np atom in close vicinity of the Te 

atom forming the CGP recognition array. Thus, it seems that the benzotellurazole motif is not well-

suited to engineer supramolecular crystals based on orthogonal halogen- and chalcogen-bonding 

interactions, on the opposite of the CGP array.  

III – 3.3 Co-crystals: Selenium containing CGP bearing halogen bond acceptor  

As described in chapter II, The Te atom can be exchanged with the Se in the CGP motif while 

preserving the recognition through double chalcogen-bonding interactions in the solid state when 

substituted by an EWG in 2-position. This part of the study aims to evaluate the compatibility of 

this weaker double EB array with regards to our designed orthogonal halogen- and chalcogen-

bonded supramolecular polymer.  

Co-crystal (III-1Se)2•DITFB is iso-structural to its tellurium analogue (III-1Te)2•DITFB, the material 

crystallises in a P1̅ space group and the asymmetric unit consist in two molecules III-1Se and one of 

DITFB.  X-ray diffraction analysis (Figure III – 15, a) reveals that the molecules associate in a hexamer 

structures (highlighted in red dashed line). The two central CGP groups interact through two frontal 

chalcogen-bonds (dN…Se = 3.294 Å), while each one connects DITFB through halogen bonds (dN…I = 

2.779 Å) that both interact with two other molecules III-1Se. In the crystal packing, those hexamers 

are connected through HBs between the H in 6-position of the terminal CGP groups and two F atoms 

from DITFB (dF…C = 3.088 Å). This results in an organisation of the molecules in a quasi-planar 

arrangement presenting a slight misalignment of 0.976 Å (Figure III – 15, c). 

In contrast to single component crystal of III-1Se, in which the compound dimerises though 

hydrogen bonds, the molecules of III-1Se engage in a double EB interactions in the centre of the 

hexamer of (III-1Se)2•DITFB. This can be rationalised by the fact that once the pyrid-4-yl connect 

with DITFB, it gives partially its electron density to the C-I -hole. This increases the electron-

withdrawing effect of this aromatic group, which deepens the electron depletion on the selenium 

atom. This explanation is supported by calculation of the Vs,max on the ESP map of molecules III-1Se 

alone and III-1Se interacting with DITFB (Figure III – 16). The potential of the -hole () of the Se 

atom is +7.09 kCal.mol-1 for molecule III-1Se, however, this value increases to +11.3 kCal.mol-1 upon 

interaction with DITFB. Thus, this rises the ability of this molecule to form chalcogen-bonding 

interaction. 



Chapter III 

 

108 
 

 

Figure III -  15: X-ray structure of co-crystal (III-1Se)2•DITFB. a) Tetramer is shown by the red dashed line, key 
interactions are highlighted; b) vdW sphere representation; c) Capped stick representation of miss-

alignment, H atoms are omitted for clarity.  Space group: P1̅, solvent of crystallisation: CHCl3. 

 

Figure III -  16: ESP map of a) III-1Se and b) III-1Se interacting with DITFB through Halogen Bonding. Vs,max are 
highlighted and expressed in kcal mol-1. Level of theory: B97D3/Def2-TZVP using Gaussian09 including D01 

revision. 

Co-crystal III-1Se•(DITFB)2 is iso-structural to III-1Te•(DITFB)2. It crystallises in a P1̅ space group and 

the asymmetric unit is composed by one molecule of III-1Se and one full and two halves of DITFB. In 

the structure (Figure III – 16) pyrid-4-yl groups and the CGP moiety interact with two 

crystallographically independent molecules of diiodotetrafluorobenzene through XB (dN…I 2.804 Å 
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and dN…I = 2.798 Å, respectively). In contrast to the co-crystal III-1Te•(DITFB)2, no chalcogen-bonding 

interaction is observed involving the Se atom and the negative belt of the I atom. 

 

Figure III -  17: X-ray structure of co-crystal III-1Se•(DITFB)2. Space group: P1̅, solvent of crystallisation: CHCl3. 

Crystallisation using isomer III-2Se led to co-crystal (III-2Se)2•DITFB (Figure III – 18, a), the space group 

is P1̅ and the asymmetric unit is composed by one molecule of the CGP derivative and half of DITFB. 

In the structure, the Se derivative associate as a dimer through hydrogen-bonding interactions 

(dN…C = 3.560 Å) and develop into the supramolecular polymer through XB contacts with the I atoms 

(dN…I = 2.858 Å). This results in a quasi-co-planar organisation of the molecules. In addition, III-2Se 

and DITFB interact with their own congeners through − stacking interactions (d− = 3.548 Å and 

3.409 Å, respectively with an off-set of 1.843 Å and 2.089 Å, respectively) forming columns leading 

to segregation of fluorinated (indicated by pink arrows) and non-fluorinated (indicated by grey 

arrows) parts (Figure III – 18, b and c).  

Interestingly, (III-2Se)2•DITFB does not form chalcogen-bonding interactions at the crystalline state 

in contrast to (III-1Se)2•DITFB. ESP map analysis of III-2Se and III-1Se (Figure III – 19 and 16, 

respectively) showed a smaller potential value of the -hole () for the pyrid-3-yl isomer than for 

the pyrid-4-yl isomer (Vs,max = +5.02 kcal mol-1 and +7.09 kcal mol-1, respectively). Upon interaction 

with DITFB, an increase of 4 kcal mol-1 in both cases can be observed (Vs,max = +9.41 kcal mol-1 and 

+11.3 kcal mol-1, respectively). The potential value in (III-2Se)2•DITFB, is too weak to trigger the 

formation of the double chalcogen-bonded array. The two regioisomers only differ by the 

connectivity of the pyridyl moiety to the CGP group, III-2Se being meta and III-1Se being para. This 



Chapter III 

 

110 
 

distinction rationalises the difference in Vs,max between the two molecules as the effect of EWG is 

stronger in para- than in meta-position. 

 

 

Figure III -  18: X-ray structure of co-crystal (III-2Se)2•DITFB. a) Supramolecular polymer, key interactions are 
highlighted; b) vdW sphere representation of the layered organisation; c) Capped stick representation of the 

− stacking, H atoms are omitted for clarity. Space group: P1̅, solvent of crystallisation: CHCl3. 

 

 

Figure III -  19: ESP map of III-2Se (left)and III-2Se interacting with DITFB through a halogen-bonding 
interaction (right). Extreme values of interest are highlighted and expressed in kcal mol-1. Level of theory: 

B97D3/Def2-TZVP using Gaussian09 including D01 revision. Geometry taken for crystal structure. 
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III – 3.4 Co-crystals: CGP bearing halogen bond donor 

Moving to the CGP substituted with 4-iodo-tetrafluorophenyl, co-crystal (III-5)2•DABCO was 

obtained. This material crystallises in the P1̅ space group and the asymmetric unit consist of two 

molecules of III-5 and one of DABCO (Figure III – 20, a). The CGP molecules dimerise through double 

chalcogen-bonding interactions (dN…Te = 2.923 Å), and (III-5)2 units are bridged together by DABCO 

through halogen bonds (dN…I = 2.722 Å) forming a supramolecular polymer. In addition, III-5 forms 

− stacking arrangement with its congener in a quasi-parallel head-to-tail fashion (estimated d− 

= 3.710 Å, Figure III – 20, b and c). DABCO is sandwiched between two CGP molecules through CH− 

interactions (dC…C = 3.229-3.684 Å, Figure III – 20, d).  

 

Figure III -  20: X-ray structure of co-crystal (III-5)2•DABCO. a) Supramolecular polymer, key interactions are 
highlighted; b) vdW sphere representation of the layered organisation; c) Capped stick representation of the 

− stacking, H atoms are omitted for clarity; d) Capped stick representation of the CH− interaction. Space 

group: P1̅, solvent of crystallisation: CHCl3. 

Another co-crystal of (III-5)2•DABCO was obtained from a different batch. This polymorph grows in 

a P21/n space group and the asymmetric unit contains two molecules of III-5 and one of DABCO. 

The CGP molecules interact through double chalcogen-bonding interactions (dN…Te = 2.974 Å). 

DABCO is sandwiched by dimers (III-5)2 through halogen bonds (dN…I = 2.694 Å) leading to the 

formation of a supramolecular polymer. III-5 interact with its congener through − stacking 

interactions (Figure III – 21, b), however one CGP molecule in the asymmetric unit is distorted. The 

two aromatic rings of that particular molecule do not lie in the same plane, an angle of 23° is 
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observed (Figure III – 21, c). This crystal packing was obtained more consistently than the one 

described above (Figure III – 20), which has been obtained only once. This second structure was 

obtained while attempting to reproduce the crystallisation condition of the first one. A precise 

control of the ambient humidity and temperature is possibly required in order to favour one crystal 

structure rather than the other.  

 

Figure III -  21: X-ray structure of co-crystal (III-5)2•DABCO. a) Supramolecular polymer, key interactions are 

highlighted; b) Capped stick representation of the CH− interaction, H atoms are omitted for clarity; c) 
Capped stick representation the distortion of III-5. Space group: P21/n, solvent of crystallisation: CHCl3. 

Co-crystal III-5•DABCO has a P1̅ space group and an asymmetric unit constituted by one molecule 

of III-5 and one of DABCO. The two components arrange in tetramers (Figure III – 22, a highlighted 

in red dashed line) where the two central CGP derivatives interact together through double 

chalcogen bonds (dN…Te = 2.926 Å) and with two DABCO molecules through halogen bonds (dN…I = 

2.703 Å). III-5 presents a dihedral angle of 45° between the tellurazolopyridine unit and the 

fluorinated ring. The molecules interact through − stacking interactions between 4-

iodotetrafluorophenyl moieties (d− = 3.289 Å, Figure III – 22, c), which leads to segregation of the 

fluorinated (indicated by pink arrows) and non-fluorinated (indicated by grey arrows) parts (Figure 

III – 22, b).  
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Figure III -  22: X-ray structure of co-crystal III-5•DABCO. a) the tetramer is shown by the red dashed lines, 
key interactions are highlighted; b) vdW sphere representation of the layered organisation; c) Capped stick 

representation of the − stacking, H atoms are omitted for clarity. Space group: P1̅, solvent of 
crystallisation: CHCl3. 

Finally, III-1Te•III-5 crystallises in a P21/n space group and the asymmetric unit is composed by one 

molecule of III-1Te and one of III-5. The two constituents form a supramolecular polymer by 

alternating halogen- and chalcogen-bonding interactions (Figure III – 23). One can easily notice that 

III-1Te interacts with III-5 forming a heteromolecular dimer through EBs (dN…Te = 3.033 Å), an angle 

of 33° between the planes of the two CGP rings can be observed. The two molecules interact 

through XB in a linear fashion (dN…I = 2.802 Å, C-I…N angle = 172°). Interestingly, strains of III-1Te•III-5 

arrange in a triple helix structure (Figure III – 23, b, each strand is highlighted in Red, Blue and 

Green, respectively). In addition, molecules of III-1Te and III-5 interact through quasi-parallel − 

stacking in a head-to-tail arrangement (Figure III – 24). ESP analysis shows that the 4-

iodotetrafluorophenyl moiety is electron poor and the CGP, electron rich. This complementary 

quadrupolar charge distribution is likely to govern the face-to-face arrangement of the molecules 

at the solid state. 
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Figure III -  23: X-ray structure of co-crystal III-1Te•III-5. a) Supramolecular polymer, key interactions are 
highlighted; b) Capped stick representation of the triple helix, each strain is highlighted in Red, Blue and 

Green, respectively. Space group: P21/n, solvent of crystallisation: CHCl3. 

 

 

 

Figure III -  24: a) X-ray structure of co-crystal III-1Te•III-5, − stacking is highlighted. Space group: P21/n, 
solvent of crystallisation: CHCl3; b) ESP map of III-1Te and III-5.  
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III – 4 Conclusion 

In summary, we have demonstrated the possibility of forming supramolecular polymers in the solid-

state based on the orthogonal use of halogen and chalcogen bonding through 14 different co-

crystals. Supramolecular polymer [(III-1Te)2•HDFIO]n confirms the design discussed previously by 

connecting molecules of III-1Te and hexadecafluorodiiodooctane by alternating two EBs and two 

XBs. The CGP dimer forms a ditopic halogen bond acceptor that, interacting with HDFIO, establish 

the repeating unit leading to infinite chains. The results in this chapter have been discussed in term 

of orthogonality, however, the more correct approach would be to refer to EB and XB as concurring 

interactions in the solid state.  

Mixing III-1Te and DITFB, different materials could be obtained depending on the ratio of the two 

components in the initial solution. (III-1Te)2•DITFB formed a hexameric structure through EBs and 

XBs, III-1Te•DITFB formed supramolecular polymer by means of XBs and III-1Te•(DITFB)2 formed 

aggregates in which III-1Te interacts with DITFB through XBs. Those three cases show that our design 

is able to answer to condition of crystallisation such as stoichiometry. On the opposite, isomer III-2Te 

led to the formation of (III-2Te)2•DITFB, which formed a supramolecular polymer, independently of 

the initial ratio of the two components.  

Benzotellurazole III-3 formed trimers in the solid-state with HDFIO and DITFB through halogen-

bonding interactions, which highlight the importance of a strong recognition motif based on 

chalcogen-bonds to achieve an orthogonal supramolecular polymer. Se- containing III-1Se formed 

with DITFB co-crystal (III-1Te)2•DITFB, which is isostructural to its Te- analogue (III-1Te)2•DITFB. 

Hexamers containing chalcogen- and halogen-bonding interactions were observed. This reveals 

that III-1Se is able to dimerise through double EBs upon formation of a XB. In contrast, isomer III-2Se 

led to the formation of (III-2Se)2•DITFB as a supramolecular polymer in which the components are 

held together by means of hydrogen- and halogen-bonding interactions. 

Reversing the halogen bond demand, i. e. placing the XB donor moiety on the CGP derivative, led 

to the formation of III-5•DABCO and (III-5)2•DABCO co-crystals. In the first case, a tetrameric 

arrangement was obtained and in the second, a supramolecular polymer. Both were formed 

through the association of halogen- and chalcogen-bonding interactions. Furthermore, mixing 

molecules III-1Te and III-5 led to the formation of co-crystal III-1Te•III-5. The two components 

associate through the formation of a hetero-recognition system through orthogonal XB and EB 

achieving a supramolecular polymer. In conclusion, this new orthogonal system sets the first 

stepping stone towards more complex functional material achievable with defined building blocks 

based on halogen- and chalcogen-bonding interactions.  
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Chapter IV 

Blending Chalcogen and Hydrogen 

Bonding: Multipoint Recognition Motifs  

 

In this chapter, we design and synthesise new supramolecular synthons based on 2,5-substituted 

CGP derivatives aiming for a multiply-bonded system based on hydrogen- and chalcogen-bonding 

interactions. Different crystal structures can be obtained based on the steric repulsion between the 

different substituents of the molecules. The rational design and synthesis of a potential tetra-

chalcogen bonding recognition motif are presented. Finally, a hetero-molecular recognition system 

could be engineered and led to the formation of co-crystals based on simultaneous HB and EB. 

This chapter is divided in six main sections. Section IV-1 presents a brief introduction on multiply 

bonded system through simultaneous HB interactions and on the rational of multipoint hydrogen 

bonding; Section IV-2 provides the design and the synthetic plan of 2,5-disubsituted CGP 

derivatives; Section IV-3 contains the synthesis of the targeted molecules; Section IV-4 is divided in 

two parts, the first one focuses on the DFT calculation results of the obtained molecule and the 

second describes the single component crystal structures of those compound; Section IV-5  deals 

with the design of a potential tetra-chalcogen bonded recognition array through DFT calculation, 

its synthesis and the X-ray diffraction analysis; Section IV-6 grants a discussion about the 

engineering of a heteromolecular recognition motif based on HB and EB and the achievement of 

such hybrid system through the analysis of co-crystals.  

The work presented in this chapter has been realised with the help of Dr. Benson Kariuki (Cardiff 

University, UK) for the refinement of the crystal structure of IV-13 and Deborah Romito (Cardiff 

University, UK), who synthesised 2-(2-(trifluoromethyl)-[1,3]selenazolo[5,4-]pyridin-5-yl)oxazole 

IV-29 following the procedure developed within this chapter. She also showed the compatibility of 

Pd cross-coupling reaction with the CGP moiety during her Master thesis on a related project. 
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IV – 1 Introduction 

In preceding chapters, we have attained a recognition motif built on frontal double chalcogen 

bonds, showed its compatibility with − interactions and appraised the orthogonality with regard 

to halogen bonding interactions through different crystal structures. However, we have 

encountered few examples for which hydrogen-bonds, without precise recognition pattern, came 

into play leading to different associations at the solid-state. This chapter pursues the evaluation of 

the compatibility of chalcogen bonding among other non-covalent interactions, more particularly 

hydrogen bonding.  

IV – 1.1 Chalcogen- and hydrogen-bonding interactions 

In the literature, halogen- and chalcogen-bonding are regularly compared to hydrogen-bonding and 

often seen as competitive interactions with the latter.[1-6] This relationship is due to the close nature 

of the functional groups involved in those non-covalent bonds. SBI acceptor (such as pyridine) can 

equally act as HB and EB acceptor. Thus, precise controlled patterns are required in order to 

interface XB/EB and HB interactions in a supramolecular systems.[6] In the case of chalcogen 

bonding, no clear example of cooperativity with HB have been described. Here we highlight two 

examples previously discussed showing the interference of hydrogen bonds with our CGP 

recognition array.  

The structure of Se bearing CGP substituted with trifluorophenyl II-21Se (Figure IV – 1, a) forms a 

wire-like structure in the solid state. A single chalcogen-bonding interaction is taking place between 

the N atom of the selenazole ring and the facing Se atom (dN…Se = 3.415 Å) and a hydrogen bond 

between the N atom of the pyridyl moiety and one of the H atoms of the trifluorophenyl group 

(dN…C = 3.419 Å). The molecules II-32Te, Te containing CGP substituted with a phenyl acrylamide 

moiety (Figure IV – 1, b), connect through HB involving the H atom of the amide group and the N 

atom of the pyridyl ring (dN…N = 2.996 Å) and through a single EB taking place between the N atom 

of the same amide group and the facing Te atom. 

 

Figure IV - 1: X-ray structure of a) 2-(3,4,5-trifluorophenyl)-[1,3]selenazolo[5,4-]pyridine II-21Se and b) N-(4-

([1,3]tellurazolo[5,4-]pyridin-2-yl)phenyl)acrylamide II-32Te. Space group: P21/c and I4/a, solvent of 
crystallisation: CHCl3 and hot toluene, respectively. 
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As discussed in chapter II, both structures present unanticipated hydrogen-bonding patterns. In the 

case of II-21Se, EB takes place and is supported by HB. In the second case, the HB formation prevents 

dimer association through double chalcogen-bonding interactions. Those results led us to 

reinvestigate the bonding motifs that can be formed by hydrogen-bonds and design new molecules 

displaying a precise recognition motif blending the two interactions cooperatively.  

IV – 1.2 Multivalent hydrogen-bonded system 

One of the most famous examples of defined multiply hydrogen-bonded system in nature is the 

DNA double helix. This molecule is constituted by a phosphate deoxyribose backbone bearing 

nucleobases that primarily mediate the self-assembly. The four nucleobases, adenine (A), thymine 

(T), guanine (G) and cytosine (C), form selective hetero-dimers in the DNA as A-T and G-C through 

defined hydrogen-bonding patterns. In addition, the overall structure is stabilized by means of − 

stacking interactions and hydrophobic effects. Moving away from the double helix structure, 

utilisation of single base-pairing can be tedious due to the absence of those other non-covalent 

interactions. Moreover, all nucleobases - plus uracil (U), which replaces thymine in RNA - offer 

various potential hydrogen-bonded motifs. No less than 28 possible base associations can be 

formed by mixing the four nucleobases.[7] The most important ones being those present in DNA and 

discovered by Watson and Crick (Scheme IV – 1).[8, 9] 

 

Scheme IV -  1: Watson-Crick base paring A-T/U and G-C and an example of reverse Watson-Crick base 
pairing A-T.[8, 9] 

 

 

Scheme IV -  2: Hoogsteen base pairing A-T and G-C+ and Wobble (mismatched) base-pairing.[8, 9] 

Nucleobases binding motif different from the canonical Watson-Crick geometry can be achieved 

when the recognition is not constrained by the double helix. For example, the reverse Watson-Crick 
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base-pairing is formed when one of the partner changes orientation (Scheme IV – 1). The Hoogsteen 

base-pairing can be achieved if different bonding sites are involved or the Wobble base-pair can be 

obtained in case of a mismatch (Scheme IV – 2). Even more complex organisations can be achieved 

by using the different recognition sites simultaneously (Scheme IV – 3).[8, 9] 

 

Scheme IV -  3:Representation of trimer G-G-C associated through Hoogsteen and Watson-crick base-pairing 
motif. [8, 9] 

Thus, in order to design and synthesise well defined architectures relying on multipoint hydrogen-

bonded motifs, precise bonding arrays are required in addition of a deeper understanding of the 

nature of those associations. During the 90’s Jorgensen established the role of secondary 

interactions in multiply hydrogen-bonded systems.[10, 11] Consequently a large library of high-fidelity 

multipoint recognition motifs has been developed. This rule states the influence of the spatial 

organisation of the interactions in the recognition motif in multivalent arrays due to the large 

electrostatic contribution of HB.  In the case of a triple hydrogen-bonded systems (Figure IV – 2), 

three patterns are possible, namely DAD•ADA, DDA•AAD and DDD•AAA. The first one alternate 

between donors and acceptors, which leads to homo-repulsion between the donor and acceptor 

(indicated by red arrows). The second one forms two positive (indicated in blue) and two negative 

secondary interactions. In the last case, the three hydrogen bonds have the same orientation, which 

results in four positive secondary interactions, maximizing the strength of the association. 

 

Figure IV -  2: Schematic representation of the principle of secondary interaction introduced by Jorgensen. [10, 

11] D-H stands for hydrogen-bond donor and A for hydrogen-bond acceptor. Blue colour represents positive 
interactions while red the negative ones. 
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This concept has been widely used in the design of several recognition system throughout the years 

to tune the association constant of molecular assembly.[12-17]  Here we show some examples of tetra 

hydrogen-bonded systems developed by Meijer,[18] Zimmerman,[19] Leigh,[20] and their respective 

co-workers. Ureidopyrimidone dimerises in an AADD•DDAA motif (Ka = 6 107 M-1 in CH2Cl2, Scheme 

IV – 4, a). In this case, four positive and two negative secondary interactions are observed. The 

hetero-complex involving 2,7-diamido-1,8-naphthyridine and an ureidoguanine derivative are 

formed through ADDA•DAAD (Ka = 3 108 M-1 in CHCl3, Scheme IV – 4, b). An intramolecular HB 

prevents the change of conformation of the ureido compound and thus allow the formation of 

dimer which includes four negative and two positive secondary interactions. Another example of 

tetra hydrogen-bonded system is the DDDD•AAAA hetero-dimer formed between an iminium 

derivative and bis-isoquinolinonaphthyridine (Scheme IV – 4, c). The presence of the positive charge 

and the fact of having all the HB donor on one side and all the acceptors on the other one maximizes 

the strength of interaction (Ka > 3 1012 M-1 in CH2Cl2). While the two first examples exhibit similar 

association constants, the third one shows an increase of four order of magnitude. This shows the 

importance of the geometrical design of such multiply non-covalently bonded systems.  

 

Scheme IV -  4: Tetra hydrogen-bonded systems in a) AADD•DDAA; b) ADDA•DAAD and c) DDDD•AAAA 

systems with their respective association constant.[17-20] BArF- = [(3,5-(CF3)2C6H3)4B]- 

Thus, if one wants to introduce hydrogen bonds in a hybrid multi-type interactions motif, there is a 

need of a controlled bonding array in order to avoid undesired interactions or associations. This can 

be achieved by pre-organisation of the supramolecular synthons leading to a high-fidelity 

recognition system. 
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IV – 2 Strategy: Introduction of a substituent in the 5-position of the 

CGP scaffold 

Therefore, we pursue the idea of enlarging the possibility of functionalisation of the CGP core and 

expanding the knowledge and understanding of multiple non-covalently bonded systems blending 

chalcogen-bonding with other interactions. We propose the insertion of various substituents in 

close proximity to the pyridyl group (Figure IV – 3). Depending on the nature of the functionality in 

2- and 5-position (represented in green and orange, respectively), we foresaw different 

supramolecular structures at the solid state.  

Face-to-face dimer association through double chalcogen bonds could be achieved by minimizing 

hetero-repulsions between the two substituents (Figure IV – 3, A). As developed in Chapter II, this 

discrete structure is easily obtained if a H atom sits in 5-position. If the green and orange groups do 

not tolerate proximity, the repulsion can be minimized through the formation of a head-to-tail 

ribbon involving simultaneous EB and HB (Figure IV – 3, B). A single chalcogen bond would be 

established by the N atom of the chalcogenazole ring (Nc) and a hydrogen bond would take place 

between the N atom of the pyridyl ring (Np) and the facing H atom.  

 

Figure IV -  3: Representation of the design of 2- and 5-subistuted CGP core and the possible outcome for 
solid state organisation depending on the repulsion between orange and green moieties. 

However, if the green moieties are self-repulsing, the CGP derivatives would not remain co-planar 

and either a wire-like (head-to-tail) or a helical (face-to-face) structure could be formed. A single 

chalcogen-bonding interaction would take place involving Nc or Np atoms, respectively (Figure IV – 
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3, C or D, respectively). The key design element in those systems is the hetero- (green – orange) 

and homo- (green – green) repulsion between substituents (Figure IV – 3). The repulsive forces 

taking place here can be either of steric or electrostatic nature.  

The steric demand of the substituents is a key element in this study. However, there is no physical 

measurement that directly relate to this concept. In this work, we will refer to the A-values as 

evaluation of the steric bulk of the selected groups (Table IV – 1). This factor is defined as the energy 

of the axial conformation over the equatorial conformation of a mono-substituted cyclohexyl 

derivative.[21] If a substituents has a large A-value, it is considered more sterically demanding. For 

the 2-position, Ph (A-value = 3.0 kcal mol-1), thiophenyl and CF3 (A-value = 2.1 kcal mol-1) moieties 

have been chosen (value for thiophenyl was not reported in the literature but assumed 

intermediate between Ph and CF3 groups). For the 5-position, small substituents such as Cl and I 

atoms (A-value = 0.43 kcal mol-1 for both) and the Me group (A-value = 1.70 kcal mol-1) have been 

selected.  

Table IV -  1: A-values for the selected 2- and 5-substituent.[21] 

2-substituent A-Value (kcal mol-1) 5-substituent A-Value (kcal mol-1) 

Ph 3.0 Me 1.70 

Thiophenyl - Cl 0.43 

CF3 2.1 I 0.43 
 

With regard to the A-values, we anticipate a face-to-face EB dimerization (Figure IV – 3, a) when 

Green and Orange substituents less sterically demanding are paired together (Green = CF3 and 

Orange = Cl or I). Increasing the steric bulk of the 5-substituent (Orange = Me), and thus the heteo-

repulsion, would lead to the formation of head-to-tail HB/EB ribbon. On the other hand, a more 

sterically demanding 2-substituent (Green = Ph or thiophenyl) would be either wire-like or helical 

structures due to steric hetero- and homo-repulsion. The molecules are expected to organise 

depending on their ability to form chalcogen bond with Nc or Np atoms in the crystal packing. 

IV – 3 Synthesis 

IV – 3.1 Synthesis of Methyl 5-substituted CGP 

The synthesis started with the selective bromination reaction of amine IV-1 in the presence of N-

bromo succinimide (NBS) in MeCN (Scheme IV – 5).[22] The reaction was first tested in an NMR tube  

in CD3CN and the 1H-NMR spectrum revealed complete conversion of the starting material into IV-2 

leaving succinimide as sole side product. The batch reaction produced similar results and the 

purification afforded the desired product in 74% yield. Compound IV-2 was sequentially treated 
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with n-BuLi and trialkyl magnesate in THF and the resulting organometallic intermediate reacted 

with elemental Te powder. After oxidation the corresponding ditelluride IV-3 was obtained in 47% 

yield. It has to be noted that compound IV-2 is more electron rich than 3-amino-2-bromopyridine 

due to the presence of the Me group, resulting in a slower metal-halogen exchange (1 h and 0.5 h, 

respectively). Reductive cleavage was then performed on derivative IV-3 in the presence of NaBH4 

and MeOH in THF and the tellurolate intermediate quenched with MeI leading to amine IV-4 in 

excellent yield. Finally, the one-pot amidation/cyclisation reaction was performed using (CF3CO)2O 

in a 1:1 mixture of pyridine and CH2Cl2 followed by the addition of POCl3 in 1:1 DIPEA:dioxane 

solution at reflux affording compound IV-5 in 45% yield. 

 

Scheme IV -  5: Representation of the synthesis of IV-5. 

During an attempt to synthesise benzamide IV-18 (Scheme IV – 6) using the reaction conditions 

reported in Chapter II, decomposition of amine IV-4 was observed and only compound IV-17 could 

be isolated (confirmed by single crystal X-ray diffraction, Figure II – 4). The difference in the pKa 

values of pyridine (pKa = 5.25) and picoline (pKa = 6) have been previously reported, showing that 

the introduction of the methyl moiety leads to a higher basicity.[23] A similar difference could be 

expected between IV-4 and its non-substituted analogue, which contain the same functionalities. 

The product of the reaction could then react with water, leading to IV-17, through nucleophilic 

aromatic substitution due to protonation in solution. The structure of this compound was 

unambiguously identified by X-ray diffraction analysis. Thus, an excess of pyridine was used 

(Scheme IV – 6) in the reaction media to afford desired compound IV-18 in good yield. 

 

Scheme IV -  6: Representation of the synthesis of product IV-17 and IV-18. 
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Figure IV -  4: X-ray structure of product IV-17. Space group: P21/n. Solvent of crystallisation: MeOH. 

The modified amidation protocol developed for compound IV-18 (Scheme IV – 6) was applied in an 

attempt to form IV-5 from IV-4 following one pot reaction procedure (Scheme IV – 7). However, 

unexpected compound IV-19 was obtained as major product. Even if the mechanism leading to such 

a product remains uncertain, replacing NEt3 by an excess of DIPEA afforded desired IV-5 product in 

45% yield (Scheme IV – 7).  

The structure of IV-19 was confirmed by X-ray diffraction analysis (Figure IV – 5). The crystals grow 

in a P1̅ space group by slow evaporation of a CHCl3 solution. The molecules arranged in a flat 

polymeric arrangement held together by means of double chalcogen-bonding interactions between 

Cl and Te atoms (dCl…Te = 3.974 Å) and double hydrogen-bonding interactions between H and N 

atoms (dN…C = 3.560 Å). Derivative IV-19 features a small substituent in 2-position (CF3) and a larger 

group in 5-position (4-chloro-5,5,5-trifluoropenta-1,3-diene). According to the general scheme 

(Figure IV – 3), hetero-repulsion should drive the crystal packing towards a ribbon, a wire-like or a 

helical structure. However, the chlorine atom at the 4-position of the pentadiene form a chalcogen 

bond, which leads to a face-to-face EB dimer. On the contrary to our original CGP design, the lone 

pair donor and the chalcogen atom are distant from each other in the molecular structure. This 

could be interesting to engineer new recognition array relying on molecular synthons featuring the 

EB donor and acceptors sites on two different part of the molecule.  

 

Scheme IV -  7: Synthesis of IV-19. 
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Figure IV -  5: X-ray structure of IV-19. Space group P1̅, solvent of crystallisation: CHCl3. 

IV – 3.2 Synthesis of Halogen 5-substituted CGP 

Moving to the Cl and I 5-subsituted CGP molecules, the synthesis commenced with the bromination 

of 6-chloropyridin-3-amine using NBS in MeCN affording selectively compound IV-7 in excellent 

yield (Scheme IV – 8). Resulting 2-bromo-6-chloropyridin-3-amine was then sequentially treated 

with one equivalent of n-BuLi and one equivalent of trialkyl magnesate in THF at 0°C. The 

organometallic intermediate was reacted with elemental Te powder and, after oxidation, afforded 

bitelluride IV-8 in 55% yield. The latter compound underwent reductive cleavage in the presence of 

NaBH4 and MeOH in THF at room temperature and the resulting tellurolate was treated with MeI 

affording compound IV-9 in excellent yield (98 %). The resulting amine was reacted with (CF3CO)2O 

in CH2Cl2 and pyridine to afford the corresponding amide, which was cyclised in the presence of 

POCl3 in DIPEA and 1,4-dioxane leading to derivative IV-13 in 83 % yield.  

 

Scheme IV -  8: Synthesis of IV-11, IV-12 and IV-13. 
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In parallel, amine IV-9 could be transform into benzamide IV-20 and thiophenyl carboxamide IV-21 

in excellent yield upon reaction with the corresponding acyl chloride in the dark in CH2Cl2 and 

pyridine (Scheme IV – 8). Both amides could then be transformed into targeted derivatives IV-11 

and IV-12, respectively, by dehydrative cyclisation using POCl3.  

Finally, an iodine-chlorine exchange was performed (Scheme IV – 9) using the protocol developed 

in the work of Bissember and Banwell.[24] Under microwave irradiation, chloro-derivatives IV-11 and 

IV-13 were reacted with NaI in the presence of acetyl chloride in MeCN at 80°C leading to the 

formation of iodine containing molecules IV-14 and IV-16, respectively. Complete conversion could 

not be reached for IV-12, affording an inseparable mixture of chloro- and iodo- derivatives.  

 

Scheme IV -  9: Synthesis of iodo-derivatives IV-14 and IV-16. 

IV – 4 Solid-state analysis 

IV – 4.1 Electrostatic surface potential 

ESP maps of the synthesised compound (Table IV – 2) were computed to support the different 

crystal packing discussed in this section. The table organises the molecules from most to less 

sterically demanding 2-substituent. As one can notice, the potential values around Np atoms are 

influenced by the substituent in 2-position. In particular, the Vs,max for Np in the case of phenyl- and 

thiophenyl-bearing molecules IV-11, IV-12 and IV-14 are larger (Vs,max = -28.8, -26.3, -28.5 kcal mol-1, 

respectively) than for CF3 bearing derivatives IV-5, IV-13, IV-16 (Vs,max = -21.6, -21.9 and -20.1 kcal 

mol-1, respectively). On the contrary, potential values around Nc are less negative phenyl (Vs,max 

= -14.1 and -13.8 kcal.mole-1 for IV-11 and IV-14, respectively), than for thiophenyl (Vs,max = -18.8 

kcal mol-1 for IV-12) and particularly CF3 moieties (Vs,max = -23.2, -19.6 and -20.1 for IV-5, IV-13 and 

IV-16, respectively). The -hole () of the Te atom follows a similar trend, being more positive 

moving from phenyl (Vs,max = +10.5 and +11.0 kcal.mol-1 for IV-11 and IV-14, respectively), 

thiophenyl (Vs,max = +12.5 kcal.mol-1 for IV-12) to CF3 groups (Vs,max = +17.6, +21.9, +22.3 kcal.mol-1 

for IV-5, IV-13 and IV-16, respectively). Interestingly, the  hole of the halogen atoms is also 

influenced by the substituent in 2-position, being more positive in the presence of EWG. The Vs,max 

values are, for the Cl atoms, +3.8 kcal.mol-1 for phenyl and thiophenyl derivatives (IV-11 and IV-12, 
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respectively), and +9.5 kcal.mol-1 for CF3 moiety (IV-13). For the I atom, the potential value of the 

-hole is +13.9 kcal.mol-1 for phenyl IV-14 and +19.1 kcal.mol-1 for CF3 derivatives IV-16.  

Table IV -  2: Representation of selected molecules IV-5 and IV-11-16 and their respective ESP map with their 

associated Vs,max values (expressed in kcal mol-1) for Np, Nc,  hole [] of the Te atom and  hole of the 
halogen if applicable.  

Compound ESP map 

Vs,max 

Np Nc 
 hole 

() 

 hole 
haloge

n 

IV-
11  

 

-28.8 -14.1 +10.5 +3.8 

IV-
14  

 

-26.3 -13.8 +11.0 +13.9 

IV-
12  

 

-28.5 -18.8 +12.5 +3.8 

IV-5 
 

 

-21.6 -23.2 +17.6 - 

IV-
13  

 

-21.9 -19.6 +21.9 +9.5 

IV-
16  

 

-20.1 -19.4 +22.3 +19.1 
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IV – 4.2 Single component crystals 

IV – 4.2.1 CF3 substituted derivatives: face-to-face dimer vs head-to-tail ribbon 

In order to appraise the multiply bonded design introduced in section IV – 2 (Figure IV - 3), single 

crystals suitable for X-ray diffraction analysis have been grown. Molecules IV-5 and IV-13 exhibit a 

CF3 moiety in 2-position and either a Me or Cl in 5-position, respectively (Figure IV – 6). The crystals 

are isostructural and grow in a P21/m space group despite having seemingly different electrostatic 

surface potential maps. Their asymmetric unit contains only one molecule that forms ribbons at the 

solid state through single chalcogen-bonding (dNc…Te = 3.423 Å and 3.406 Å with C-Te…N angles = 

179° and 177°for IV-5 and IV-13, respectively) and a directional single hydrogen-bonding interaction 

(dNp…C = 3.420 Å and 3.385 Å with C-Te…N angles = 178° and 180°, respectively). In addition, 

molecules − stack in a head-to-tail fashion (d− = 3.529 Å and 3.484 Å, respectively).  

 

Figure IV -  6: X-ray structure and their respective ESP map of a) IV-5; c) IV-13; b) − stacking arrangements 

of IV-5; d) − stacking arrangements of IV-13. Space group: P21/m, Solvent of crystallisation: CHCl3. 

The two molecules organise in the same crystal packing while the two substituents in 5-position 

have different steric bulk (A-value = 1.30 kcal.mol-1 for Me group and 0.43 kcal.mol-1 for Cl atom) 

and different electrostatic map (Me goup being mostly positive and Cl atom mostly negative, Figure 

IV – 6). The two hetero-repulsions (CF3
…Me and CF3

…Cl) are different in nature. The one involving 

Me group is mainly steric, while the one involving Cl atom is steric and electrostatic. These 

structures indicates that we can rely on both kinds of repulsive forces to direct the organisation of 

the 2,5-disubstituted CGP derivatives into an HB/EB ribbon (Figure IV – 7) and prevent the 

formation of discrete EB dimer.  
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Figure IV -  7: Equilibrium leading to the formation of HB/EB ribbon over EB dimer. 

Moving to iodo-derivative IV-16, the compound crystallises in a C2/c space group and the 

asymmetric unit contains one molecule. The x-ray analysis of this material (Figure IV – 8, a) revealed 

the formation of EB dimer between the CGP moieties (dN…Te = 3.217 Å, C-Te…N angle = 176°). In this 

case, the distance of interaction is longer than that obtained with II-25Te (dN…Te = 2.912 Å) discussed 

in chapter II. This difference suggests that the dimer association is weaker in the case of IV-16 than 

II-25Te. For the iodo-derivative the hetero-repulsion between I atom and the CF3 moiety forces an 

angle between the plane of the two, CGPs (dihedral angle = 64°) which weakens the interactions. 

Moreover, (IV-16)2 associates through double hydrogen-bonding interactions (dN…H = 3.486 Å) 

which bring the dimers in a polymeric arrangement. The combination of interactions leads to the 

formation of a kinked ribbon in the solid state (Figure IV – 8, c). In addition, − stacking can be 

observed (d− = 3.824 Å with an off-set of 2.585 Å) and each stack is connected to each other 

through halogen bonding where the I atom acts as a donor and an acceptor of electron at the same 

time (Figure IV – 8, b). This behaviour is easily explained by the ESP map where the -hole and the 

electron belt of the I atom are clearly visible.  

Interestingly, different crystal packing was obtained moving from chloro-derivative IV-13 to iodo-

derivative IV-16, suggesting that the CF3
…I repulsion is weaker than that of CF3

…Cl.  However, the 

two halogens have the same steric requirement as indicated by the A-value (0.43 kcal.mol-1). The 

difference in organisation can be rationalised by a weaker electrostatic contribution of the hetero-

repulsion in the case of IV-16 compared to that of IV-13. This is supported by ESP being less negative 

around the I atom than around the Cl atom (Figure IV – 6 and 8). Thus, the overall repulsive forces 

are weaker for CF3…I compared that of CF3…Cl, leading to the formation of an EB dimer for 

compound IV-16 and a HB/EB ribbon for derivative IV-13. This result shows that the hetero-

repulsion is a key element in the formation of discrete dimers through double chalcogen-bonding 

interactions.  
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Figure IV -  8: X-ray structure of IV-16 and its ESP map, highlighted are a) dimer; b) kinked ribbon; c) − 
stacking and halogen-bonding interactions, H atoms are omitted for clarity. Space group C2/c, Solvent of 

crystallisation: CHCl3. 

IV – 4.2.2 Phenyl and thiophenyl substituted derivatives: wire-like structures 

Compound IV-11 crystallises in a Pbac space group and the asymmetric unit consists in one 

molecule. X-ray diffraction analysis reveals a wire-like arrangement[25] (Figure IV – 9, a). The CGP 

derivatives connect through single EB interactions between the Nc atom and the facing Te atom 

(dN…Te = 3.464 Å, C-Te…N angle = 177°).  

 

Figure IV -  9: X-ray structure of IV-11 and its ESP map, are highlighted a) the wire-like structure; b) EBs 

linking wire-like structure together; c) − stacking and halogen-bonding interactions, H atoms are omitted 
for clarity. Space group Pbac, solvent of crystallisation: CHCl3. 
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Wire-like structures are connected together through another EB taking place between the Np and 

-hole () of the Te atom (dN…Te = 3.431 Å, C-Te…N angle = 153°, Figure IV – 9, b). In addition, the 

molecules form − stacking interactions in a quasi-parallel fashion (estimated d− = 3.460 Å) and 

the columnar arrangements are connected together through halogen bonds (dCl…Cl = 3.244 Å) 

involving the negative belt and the sigma hole of the Cl atom (Figure IV – 9, c; see also ESP). 

Moving to the iodo-derivative IV-14, the material crystallises in a P21/c space group and its 

asymmetric unit contains two crystallographically independent molecules. These arrange in a wire-

like structure (Figure IV – 10, b) through single chalcogen bonding interactions involving the Nc atom 

(dN…Te = 3.460 Å and 3.582 Å, C-Te…N angles = 176°). Hydrogen bonds are present between the Np 

atom and one of the H atoms of the Ph moiety (dN…C = 3.237 Å and 3.321 Å). In addition, the 

molecules − stack in a quasi-parallel head-to-tail fashion (estimated d− = 3.542 Å). Those 

columns connect together through −* interaction involving the I atom (dC…I = 3.505 Å) to form 

herringbone arrangement.  

 

Figure IV -  10: X-ray structure of IV-14 and its ESP map, are highlighted a) the herringbone columnar 

arrangement formed by − stacking and halogen-bonding interaction, H atoms are omitted for clarity; b) 
wire-like structure. Space group P21/c, solvent of crystallisation: CHCl3. 

Finally, compound IV-12 crystallises in a P21/c space group and its asymmetric unit contains 2 

crystallographically independent molecules. Those arrange in a wire-like structures (Figure IV – 11) 

through single chalcogen-bonding interactions involving Nc atom and the facing Te atom (dN…Te = 

3.385 Å, C-Te…N angle = 176°). In this case, the thiophenyl moiety behaves similarly to the phenyl 

group of molecule IV-11.  
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Figure IV -  11: X-ray structure of IV-12 and its ESP map. Space group P21/c. Solvent of crystallisation: CHCl3. 

Combination of hetero- and homo-repulsion leads to the formation of the wire-like structure over 

the EB dimer and HB/EB ribbon. The crystal structure of IV-11, IV-14 and IV-12 show the 

arrangement at the solid state of 2,5-disubstituted CGP derivative bearing sterically demanding 

substituents in the 2-position (phenyl, A-value = 3.0 kcal mol-1, and thiophenyl). Those molecules 

form wire-like structures through Nc
…Te chalcogen-bonding interactions. This arrangement is 

favoured due to the intermolecular hetero- and homo-repulsion of substituents in 2- and 5-position 

as anticipated (Figure IV – 3). Surprisingly, the more electron rich Np atom (compare to Nc atom) did 

not drive the crystal packing to form a helical structure. The pyridyl moiety only engages in a 

chalcogen-bonding interaction with the −hole () in the structure of IV-11 (Figure IV – 9) and 

hydrogen-bonding in the packing of IV-14 (Figure IV – 10).  

Thus, from the four anticipated supramolecular arrangements, EB dimer, HB/EB ribbon and EB wire-

like have been achieved. At the molecular level, one can easily store the recognition information in 

2,5-disubstituted CGP building block aiming for a specific structure by choosing the relevant 

substituent to increase or decrease the hetero- and homo-repulsion. The wire-like structure is easily 

obtained by using a group of the size of a phenyl moiety in 2-position and a substituent in 5-position. 

The ribbon arrangement is achieved if the substituent in 2-position is not self-repulsing and allows 

hetero-repulsion with the group in 5-position. However, the dimerisation in the presence of a 

substituent in 5-position is still difficult to control in a reliable fashion.  

IV – 5 En route to a homo-molecular self-recognition system through 

tetra-chalcogen-bonding interactions 

IV – 5.1 Head-to-tail vs face-to-face: from ribbon to dimer 

During the course of this work, we aim to synthesize a 5-subsituted CGP molecule, which would 

reliably lead to the formation of a face-to-face dimer through multiple chalcogen bonds. Such a 

structure could be achieved exploiting both -holes of the chalcogen atom (Figure IV – 12). 

Conceptually, the molecular synthon should bear a second electron donor moiety (NY) in close 
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proximity to the pyridyl group. Hetero-repulsion between the groups in 2- and 5-positions must be 

limited to form discrete dimer, substituents will be chosen especially. Particularly, the presence of 

a NY substituent could also lead to the formation of an additional hydrogen bond which could favour 

the head-to-tail ribbon formation (Figure IV – 12).  

 

Figure IV -  12: Design of CGP building block bearing a lone pair donor substituent in 5-position and two 
possible supramolecular arrangement, left head-to-tail ribbon; right, face-to-face dimer. 

The iterative design of the supramolecular synthons is reported in Figure IV – 13, geometry 

optimisations of the expected dimers were performed in vacuum at B3LYP/LanL2DZ[26, 27] level of 

theory and ESP maps were realized at B97D3/def2-TZVP[28-30] using Gaussian09 including the D01 

revision.[31, 32] 

 

Figure IV -  13: Optimised geometries and ESP map of a) 2-phenyl-[1,3]tellurazolo[5,4-][1,8]naphthyridine 

IV-22; b) 2-phenyl-5-(pyridin-2-yl)-[1,3]tellurazolo[5,4-]pyridine IV-23 and c) 5-(pyridin-2-yl)-2-

(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine IV-24. Level of theory: B97D3/def2-TZVP for the ESP maps 
and B3LYP/LanL2DZ for geometries using Gaussian09 including the D01 revision. 
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In an initial approach, molecule IV-22 was been envisaged (Figure IV – 13, a), the 1,8-naphthyridyl 

moiety minimizing hetero-repulsion, a flat dimer can be formed. However, one of the N atoms is 

out of alignment to interact through chalcogen bond. A 2,2’-bipyridyl moiety was proposed with 

molecule IV-23 (Figure IV – 13, b) and its cove structure is expected to embrace both -holes of the 

Te atom. Geometry optimisation showed a dimer formation in gas phase with the two N atoms 

interacting with the Te atom (C-Te…N angles = 163° and 160°). In this case, the pyridyl substituent 

is not co-planar to the CGP moiety (dihedral angle = 35°). Moreover, the two sub-units of the dimer 

are not co-planar due to hetero-repulsion (steric hindrance) between the substituents in 2- and 5-

position of the CGP core (dihedral angle = 16°). In molecule IV-24, replacing the phenyl group by a 

CF3 moiety reduces the steric clash (Figure IV – 13, c) and increase the size of the -holes on the Te 

atom (ESP maps). Nevertheless, the dimers formed does not adopt a flat arrangement (dihedral 

angle = 13°).  

 

Figure IV -  14: a) Molecular structure of 5-(oxazol-2-yl)-2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine 
IV-25; b) difference of free enthalpy between HB/EB dimer and EB dimer structures c) optimised geometry of 
the head-to-tail dimer; d) optimised geometry of the face-to-face dimer; e) ESP map, side view; f) ESP map, 

top view. Level of theory: B97D3/def2-TZVP for the ESP maps and B3LYP/LanL2DZ for geometries using 
Gaussian09 including the D01 revision. 

Building on those results, molecule IV-25 bearing an oxazole as substituent was proposed (Figure 

IV – 14, a). Calculation predicted a flat dimer arrangement where both N atoms are aligned with 
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the C-Te sigma bonds (C-Te…N angles = 167° and 172°; Figure IV – 14, d). Structure of 2-(2-

(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridin-5-yl)oxazole IV-25 was thus selected as model 

design. The association of two molecules of IV-25 in a head-to-tail fashion through EB and HB 

interactions as found in the ribbon structure has also been considered. Geometry optimisation of 

this structure was performed (Figure IV – 14, c). The Gibbs free energy between the two possible 

conformations was evaluated in gas phase including the counterpoise correction (G0 = -5.60 

kcal.mol-1) and favours the face-to-face dimer formation (Figure IV – 14, b). Further analysis of the 

optimised geometry of face-to-face dimer (IV-25)2 reveals a N…Te…N angle of 55°, which does not 

match with the 90° angle observed between the two sigma holes (Figure IV – 14, d and f). In the 

literature, bifurcated chalcogen bonds are usually established with an angle included between 88 

and 134°.[33-36] This mismatch could possibly destabilise the resulting dimer and lead to a head-to-

tail ribbon.  

IV – 5.2 Retrosynthetic analysis 

Introduction of the oxazole moiety on the CGP scaffold can be performed in two ways (Scheme IV 

– 10). The first pathway (a) consists in performing an oxidative cyclisation on aldehyde IV-26 which 

can be obtained by functional group interconversion (FGI) of the Me group in 5-position of 

tellurazolopyridine IV-5. Selective oxidation of Me moiety can be achieved by reaction with SeO2.[37]  

 

Scheme IV -  10: Retrosynthetic analysis of 2-(2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridin-5-yl)oxazole 
IV-25. 

The second pathway (b) relies on a Negishi cross-coupling reaction from CGP IV-27 bearing a 

halogen atom in the 5-position. This strategy has been inspired by the work of Piersanti, Minetti 

and co-workers, who have reported the synthesis of 3-nitro-6-oxazol-2-ylpyridine-2-carbonitrile 

through the insertion of an oxazole moiety on a pyridyl derivative starting from the corresponding 

chlorinated analogue.[38] 

IV – 5.3 Synthesis: Oxidative cyclisation pathway 

The first step of this synthesis requires the selective oxidation of the Me in 5-position of the CGP 

derivative. Compound IV-5 was reacted with an excess of SeO2 in 1,4-dioxane overnight to afford 

corresponding aldehyde IV-26 (Scheme IV – 11). 1H-NMR experiment in CDCl3 (Figure IV – 15) of the 

crude reaction mixture was performed (blue line) and compared to the one of starting material IV-5 
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(red line). One can easily notice the disappearance of the peak at 2.67 ppm (Me) and the 

appearance of a peak at 9.54 ppm corresponding to an aldehyde proton. However, the main side 

product of the reaction is red selenium, an allotrope of elemental Se, which is known to be soluble 

in common organic solvents and cannot be separated from organic compounds by silica gel 

chromatography.[39] The resulting mixture was then unpurifiable despite the best of our effort: 

columns chromatography, preparative TLC, and sublimation. Attempts to convert red selenium into 

its grey allotrope, which is insoluble in most organic solvents, by boiling in DMF solution led to 

decomposition of IV-26. Thus, we decided to undertake the cross-coupling pathway. 

 

Scheme IV -  11: Synthesis of IV-26.  

 

Figure IV -  15: 1H-NMR spectra of IV-5 (red) and the crude reaction mixture (blue) containing IV-26. 

IV – 5.4 Synthesis: Cross-coupling pathway 

A Negishi cross-coupling reaction was attempted on chloro-derivative IV-11 aiming for oxazole 

IV-28 (Scheme IV – 12) following the reaction conditions developed by Piersanti, Minetti and co-

workers.[38] However, no conversion of substrate IV-11 was observed.  However, iodo-derivatives 

IV-14 and IV-16 were reacted with oxazolylzinc chloride in the presence of palladium tetrakis at the 

reflux of THF for 2h affording oxazoles IV-28 and IV-25 in 72% and 70% yield, respectively (Scheme 

IV – 12). Those compounds are stable to air, moisture and heat. However, complete decomposition 

over few days has been observed when dissolved in chlorinated solvent such as CH2Cl2 or CHCl3 

leading to insoluble materials. 
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Scheme IV -  12: Synthesis of IV-25 and IV-28. 

IV – 5.5 X-Ray analysis 

Crystallisation attempts for oxazoles IV-25 and IV-28 were performed. Only the CF3 derivative 

afforded single crystals suitable for X-ray diffraction analysis. The material crystallises from an EtOH 

solution in a Pnma space group and its asymmetric unit contains one molecule. These molecules 

arrange in a HB/EB ribbon (Figure IV – 16, a and b). A single chalcogen bond takes place between 

the Nc and the Te atom from the adjacent molecule (dN…Te = 3.355 Å, C-Te…N angles = 172°). This 

chalcogen bond is supported by two hydrogen-bonding interactions involving the N atoms from the 

oxazole and the pyridine moieties clamping the H atoms in position 6 and 7 of the facing CGP 

molecule (dN…C = 3.207 Å and 3.427 Å, respectively). The first H-bond is less directional than the 

second (C-H…N angles = 139° and 170°, respectively). In addition, the ribbons interact through anti-

parallel − stacking interactions (d− = 3.327 Å; Figure IV – 16, c). 

As reference, the Se analogue IV-26 was synthesised in our group. The compound crystallises in a 

P1̅ space group and the asymmetric unit is composed by two molecules. Those arrange in a ribbon 

structure (Figure IV – 17) through double hydrogen-bonding interactions involving the N atom of 

the oxazole, the Np and H atoms in 6- and 7-position of the CGP moiety (dN…C = 3.332 Å and 3.460 

Å, respectively). The first H-bond is less directional than the second (C-H…N angles = 140° and 171°, 

respectively). However, no chalcogen bond could be observed between Nc and the facing Se atom, 

which distance being longer than the sum of their vdW radii (dN…Se = 3.547 Å > vdW = 3.45 Å, Figure 

IV – 17, b). In addition, ribbons interact through − stacking interactions in a parallel (estimated 

d− = 3.403 Å) and anti-parallel (d− = 3.420 Å) fashion (Figure IV – 17, c). 
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Figure IV -  16: X-ray structure of IV-25 and its ESP, are highlighted a) ball and stick representation of the 

ribbon structure; b) vdW sphere representation; c) stick representation of the − stacking, H atoms are 
omitted for clarity. Space group: Pnma, Solvent of crystallisation: EtOH. 

 

 

Figure IV -  17: X-ray structure of IV-29 a) ball and stick representation of the ribbon structure; b) vdW 

sphere representation; c) stick representation of the − stacking, H atoms are omitted for clarity. Space 

group: P1̅, Solvent of crystallisation: C6H6. 
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These two crystal structures highlight the difficulty of 5-substituted CGP derivatives to form discrete 

dimers through EB interactions. Despite the calculation predicting a face-to-face organisation of 

IV-25, a head-to-tail ribbon arrangement is preferred in the solid-state. The introduction of an 

EB/HB acceptor in proximity of the pyridyl-moiety provides an additional hydrogen bond that 

stabilise ribbon formation. Moreover, substitution of the Te-atom by a Se-atom in molecule IV-29 

leads to a similar arrangement in the solid-state excluding the chalcogen-bonding interactions.  

IV – 6 Heteromolecular recognition through multi-type interactions 

IV – 6.1 Design 

Capitalising on the result obtained with a 2,5-substituted CGP derivative, we aimed for the synthesis 

of heteromolecular recognition systems exploiting the simultaneous use of chalcogen- and 

hydrogen-bonding interactions (Figure IV – 18). If one wants to program such motif using one HB 

and one EB, two configurations are possible: HB donor (DH) and EB acceptor (Y) on the same side 

and HB acceptor (A) and EB donor (E) on the other or DH and E on one side and A and Y on the 

other. The former case leads to two negative secondary interactions and the latter to two positive 

ones. However, due to the close nature of A and Y, they could be inverted in the second situation 

(Figure IV – 18, right) leading to a non-selective recognition (if A ≠ Y). As a first step, we intend to 

form a persistent and specific complementary system, thus the AE•DHY motif has been chosen. 

 

Figure IV -  18: Schematic representation of hybrid system based on hydrogen- and chalcogen-bonding. 
Secondary interactions are highlighted. D-H stands for hydrogen-bond donor, A for hydrogen-bond acceptor, 

E for chalcogen-bond donor and Y for chalcogen-bond acceptor. Blue colour represents positive secondary 
interactions while red the negative ones. 

The design of such motif relies on the insertion of a steric blocker (in orange, Figure IV – 19, b) in 5-

position of the CGP molecule to prevent the formation of homo-dimer through double chalcogen 

bonding interactions (Figure IV – 19, a) and a small 2-substituent to prevent hetero-repulsion 

between the two molecules. For those reasons, derivative IV-5 has been selected (orange = Me and 
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green = CF3). The DHY partner (Figure IV – 19, c) features the complementary electrostatic 

organisation. 

 

Figure IV -  19: Representation of the design of a recognition motif capitalizing on the simultaneous 
chalcogen- and hydrogen-bonding interactions based on a functionalized CGP molecule. a) EB dimer; b) 

designed array and c) hetero-molecular association. 

The selected DHY molecular partners are 3-aminopyridin-2-one, piperidin-2-one and pyrrolidine-2-

one, isoquinolin-3-ol and benzoic acid (Scheme IV – 13). The first three compounds present a lactam 

moiety and the two others a 2-hydroxypyridine and a carboxylic acid, respectively. Those 

compounds have been selected to probe the functional group recognition of the 2,5-disubstituted 

CGP synthon.  

 

Scheme IV -  13: Representation of the selected candidate molecules to form heterodimer with derivative 
IV-5. 

IV – 6.2 Co-crystals X-ray analysis 

Solutions of IV-5 in CHCl3 containing each of the above-mentioned molecules in a 1:1 ratio were 

realised and left standing for slow evaporation. The resulting solids were analysed by single crystal 

X-ray diffraction. Amorphous material was obtained in the case of 3-aminoppyridin-2-one. Large 

crystals of IV-5 grew from the solution with piperidin-2-one and pyrrolidine-2-one. Co-crystals 

IV-5•PhCOOH and IV-5•isoquinolin-3-ol were achieved from the corresponding solutions. As 

reference for this study, similar co-crystallisation attempts have been realized with 2-

(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine II-25Te, which does not bear a Me group in 5-
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position. Crystal segregation was observed after slow evaporation of those solution, suggesting the 

importance of the Me moiety as steric blocker in CGP IV-5 the formation of these multimolecular 

crystals.  

A 1:1 Mixture of compound IV-5 and benzoic acid led to the formation of IV-5•PhCOOH. This 

material crystallises in a P21/n space group and the asymmetric unit contains one molecule of each 

constituent. The molecules arrange in a hetero-dimer and are held together by means of hybrid 

chalcogen- and hydrogen-bonding interactions (Figure IV – 20, a). EB takes place between the O 

atom of the carbonyl and the Te atom (dO…Te = 2.956 Å, C-Te…O angle = 166°). HB involves the OH 

of the carboxylic acid and the N atom of the CGP (dN…O = 2.588 Å, O-H…N angle = 171°). In addition, 

the dimers − stack in a head-to-tail fashion (d− = 3.371 Å) forming columnar arrangements 

displaying a reduced off-set organisation (Figure IV – 20, b). 

 

Figure IV -  20: X-ray structure of PhCOOH•IV-5, a) ball and stick representation of the hetero-dimer 

association; b) stick representation of − stack of the dimers, H atoms are omitted for clarity. Space group: 
P21/n, solvent of crystallisation: CHCl3. 

Moving to isoquinolin-3-ol, co-crystal isoquinolin-3-ol•IV-5 was obtained. The material crystallises 

in a P21/c space group and the asymmetric unit contains one molecule of each component. A 

tetrameric structure is formed through the combination of chalcogen- and hydrogen-bonding 

interactions (Figure IV – 21, a). The CGP derivative connect to isoquinolin-3-ol by EB between the N 

atom of the isoquinoline and the facing Te atom (dN…Te = 2.886 Å, C-Te…N angle = 167°) and by HB 

involving the OH group and the pyridyl moiety (dN…O = 2.706 Å, O-H…N angle = 169°). Dimers of 

isoquinolin-3-ol•IV-5 associate with each other through H-bonding contacts (dN…C = 3.472 Å, C-H…N 

angle = 169°). In addition, the tetramers − stack (d− = 3.281 Å) with an off-set of 4.573 Å (Figure 

IV – 21, b). 

Those two co-crystals have appraised the possibility to use 2,5-disubstituted IV-5 in the formation 

of hetero-dimer through simultaneous chalcogen- and hydrogen-bonding interactions with 

carboxylic acid and a 2-hydroxypyridyl functional groups. Those results are the proof of concept 
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that will lead to more elaborated supramolecular architectures capitalising on this new designed 

hetero-recognition array.  

 

Figure IV -  21: X-ray structure of IV-5•isoquinolin-3-ol, a) ball and stick representation of the tetramer 

association; b) stick representation of the − stack of the tetramers, H atoms are omitted for clarity. Space 
group: P21/c, solvent of crystallisation: CHCl3. 

IV – 7 Conclusion 

In summary of this part of the work, we have extended the possible recognition motifs involving 

the CGP moiety. By introduction of substituents in 2- and 5-position, we have been able to tune the 

assembly pattern of the molecules by increasing or decreasing hetero- and homo-repulsion. This 

has been achieved through the synthesis of a series of derivatives bearing Ph, thiophenyl and CF3 

moieties in 2-position and Me group, Cl and I atoms in the 5-position. Reactions forming the CGP 

core were successfully performed in the presence of the Me- and Cl-substituents. The iodo-

derivatives were synthesised from the corresponding chlorinated ones through iodine-chlorine 

exchange reaction.  

Having those compounds in hand, our rational design was probed in the solid state by single crystal 

X-ray diffraction analysis. Molecules bearing the less sterically demanding CF3 group in 2-position 

led to the formation of head-to-tail HB/EB ribbon in the case of Me- and Cl-substituent in 5-position 

and a kinked ribbon relying on EB dimers in the case of I-substituent. More sterically demanding 

phenyl and thiophenyl groups lead to the formation of head-to-tail Nc wire-like structures due to 

homo-repulsion of the 2-substituents.  

Expanding further the functionalisation in 5-position, we synthesised oxazolyl-bearing CGP 

derivatives IV-25 and IV-28 through Neigishi cross-coupling reaction from iodo-derivatives IV-14 

and IV-16 aiming for the formation of a discrete dimer through a tetra chalcogen-bonded motif. 
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Single crystals suitable for X-ray diffraction analysis could be obtained only for the CF3 2-

subsitututed molecule. A HB/EB ribbon was obtained achieving a single EB involving Nc atom and a 

double hydrogen-bonded pattern between the Np atom and the N atom from the oxazolyl group 

and the H atoms in 6- and 7-position of the CGP group. A similar structure has been obtained from 

the Se analogue IV-29, which excludes the formation of a chalcogen-bonding interaction. 

Those results show that discrete face-to-face dimers are difficult to obtain in the presence of 

substituents in 5-position of the CGP moiety. Those tend to form polymeric assembly such as ribbon 

or wire-like structures in a head-to-tail fashion. Depending on the steric bulk of the 2-substituent, 

one can selectively grow one arrangement or the other.  

Capitalising on those structures, we aimed to form hetero molecular dimers. Anticipating the 

formation of a HB/EB hybrid recognition system we achieved the association of IV-5 with carboxylic 

acid and 2-hydroxypyridine containing molecules. Through those co-crystals we opened this system 

to the possibilities of selective recognition of molecules of higher complexity.  

This part of the work has successfully widened the possibilities of use of chalcogen-bonding 

interactions in supramolecular structures. This will lead to the design and synthesis of novel 

architectures blending hydrogen- and chalcogen-bonding interactions and thus more complexity in 

rational systems. Furthermore, we will revisit our designed tetra EBs recognition array and aim for 

the synthesis of such a system, which could show application at the solid state and in solution.  
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During the course of this work, we have developed a new recognition array relying on double 

chalcogen-bonding interactions, the CGP motif (Figure V – 1). The key design element is the -

junction of a pyridyl and a chalcogenazole moieties, placing a chalcogen-bond acceptor atom in 

close proximity of the chalcogen-bond donor atom. Se- and Te-containing CGP derivatives bearing 

different substituent in 2-position were synthesised. A strong recognition persistence has been 

observed throughout the X-ray analysis of different Te-containing derivatives. In the solid state, 

those self-complementary molecules associate in dimers though double EB interactions and 

strengthening was achieved upon addition of EWG in 2-position. On the other hand, a certain 

variability was noted for the Se-analogues that associate through hydrogen-bonding interaction or, 

in the case of phenyl substituted derivative, through −* interactions. Dimerization through 

double chalcogen bonds was only obtained for the derivatives bearing strong EWG such as 

pentafluorophenyl or CF3.  

 

Figure V -  1: a) CGP supramolecular synthon; b) dimerization through double chalcogen-bonding 
interactions; c) X-ray structure of 2-phenyl-tellurazolopyridine. 

Blending chalcogen-bonding with − stacking interactions led to the formation of organic semi-

conductor materials. Particularly, compound II-39Te features the conjugation of CGP to a pyrenyl 

ring and its X-ray structure show the non-covalent levelling of the aromatic cores in one plane upon 

dimerization through double EBs. Those dimers interact via − stacking interaction forming 

columnar arrangement maximising the overlap of the -surface. This organisation is suitable for the 

transport of charges, SCLC (space charge limited current) measurements show a hole mobility 

similar to that of benchmark polymers reported in the literature. The Se-containing analogue II-39Se 

and Se- and Te-containing benzochalcogenazole II-40E have also been considered for comparison. 

Compounds II-39E and II-40E showed similar electronic properties from UV-vis absorption and CV 

experiments. However, different organisations in the solid state were observed by X-ray diffraction 

analysis. Compound II-40Se also forms a double-stack arrangement through − stacking but the 

columns are not connected through other non-covalent interactions. This is reflected on the charge 

mobility being only slightly smaller than that of II-39Te. On the other hand, II-39Se organises in a 

single-molecule wide columnar arrangement, while II-40Te in a herringbone structure. Both 

compounds showed a lower hole mobility values of the series. 
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Nonetheless, a certain variability has been observed in Te-containing systems while introducing 

other non-covalent interactions such as halogen- or hydrogen-bonding (II-24Te and II-32Te, 

respectively). XB and HB overcome the double EB array in those situations, leading to the formation 

of structures featuring uncontrolled associations. Capitalising on those results we engineered multi-

molecular crystals featuring simultaneous halogen- and chalcogen-bonding interactions in a 

controlled fashion. Supramolecular polymer ((III-1Te)2•HDFIO)n was synthesised by mixing CGP 

III-1Te bearing pyrid-4-yl and hexadecafluorodiiodooctane (Figure V – 2, a). 

 

Figure V - 2: Crystal structures of a) co-crystal (III-1Te)2•HDFIO; b) co-crystal (III-5)2•DABCO and c) co-crystal 
III-1Te•III-5; d) Capped stick representation of the triple helix, each strain is highlighted in Red, Blue and 

Green. Space group: P1̅, P1̅ and P21/n, respectively. 
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The X-ray structure analysis reveals an alternation of EBs and XBs. The CGP dimer forms a ditopic 

halogen-bond acceptor that, interacting with HDFIO, establish the repeating unit leading to infinite 

chains. Compound III-1Te was also mixed with DITFB leading to the formation of three different 

materials reflecting the ratio of the two components in the initial solution. In contrast, CGP III-2Te 

bearing a pyrid-3-yl moiety led to the formation of (III-2Te)2•DITFB, which formed a supramolecular 

polymer, independently at the initial ratio of the two components.  

Benzotellurazole III-3 formed trimeric structures through XBs with HDFIO and DITFB, showing that 

weaker EBs recognition motifs do not form supramolecular polymers through simultaneous use of 

both interactions. Se-containing III-1Se in the presence of DITFB also formed materials reflecting the 

initial solution stoichiometry. Interestingly, co-crystal (III-1Te)2•DITFB is isostructural to Te- 

analogue (III-1Te)2•DITFB featuring simultaneous chalcogen- and halogen-bonding interactions. This 

reveals that, upon formation of XB, III-1Se can dimerise through double EBs. In contrast, isomer 

III-2Se led to the formation of (III-2Se)2•DITFB as a supramolecular polymer through HB and XB 

interactions. 

Co-crystals were also obtained while reversing the halogen-bond demand, iodo-derivative III-5 

mixed with DABCO, led to the formation of III-5•DABCO and (III-5)2•DABCO, organising in a 

tetramer and supramolecular polymer (Figure V – 2, b), respectively. Co-crystal III-1Te•III-5 was 

obtained mixing molecules III-1Te and III-5. The two components associate to form a hetero 

recognition system through orthogonal XB and EB achieving a supramolecular polymer (Figure V – 

2, c and d).  

By introduction of substituents in 2- and 5-position of the CGP scaffold, we have been able to tune 

the assembly pattern of the molecules by increasing or decreasing steric hetero- and homo-

repulsion. This strategy led to the formation of face-to-face EB dimers, head-to-tail HB/EB ribbon 

and wire-like structures depending on the substituents. In particular, the ribbon arrangement relied 

on the presence of simultaneous hydrogen- and chalcogen-bonding interactions (Figure V – 3, a and 

b). We also synthesised oxazolyl-bearing CGP derivatives IV-25 and IV-28 through Neigishi cross-

coupling reaction from the corresponding iodo-derivatives aiming for the formation of a discrete 

dimer through a tetra chalcogen-bonded motif. X-ray structure of IV-25 showed a HB/EB ribbon 

through chalcogen bond involving Nc atom and a double hydrogen-bonded pattern between the Np 

atom and the N atom from the oxazolyl group and the H atoms in 6- and 7-position of the CGP 

group. A similar structure has been obtained from the Se analogue IV-29, which excludes the 

formation of a chalcogen-bonding interaction. Capitalizing on those structures, we designed 

heteromolecular HB/EB hybrid recognition system (Figure V – 3, c and d). Specifically, compound 

IV-5 was co-crystallised with benzoic acid and isoquinolin-3-ol.  
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Figure V - 3: a) Equilibrium leading to the formation of HB/EB ribbon over EB dimer; b) X-ray structure and 
ESP map of IV-5; c) Hetero-molecular association based on simultaneous EB and HB interactions ; d) X-ray 

structure of IV-5•PhCOOH. Space group: P21/m and P21/n, respectively. 

In summary of this work, we provide a novel recognition motif that showed strong recognition 

persistence and self-organise into dimer through double chalcogen-bonding interactions at the 

solid-state. The CGP core can be easily functionalised in the 2-position, which allows versatility of 

the building block. For instance, we have achieved the synthesis of organic semi-conductor material 

with pyrene substituted II-39Te. This compound also showed the possible parallel use of chalcogen-

bonding and − stacking interactions. The preliminary results obtained by SCLC measurement 

encourage us to continue the study on the pyrenyl derivatives and perform electron mobility 

measurement. Moreover, theoretical calculation will be performed to inform us on the mechanism 

followed by the charges to travel through the material. Considering this idea, 1D or 2D 

supramolecular polymers/dendrimers composed of PAHs organised by multiple chalcogen-bonded 

motifs could enhance further the charge mobility property of the material.  

Functionalisation of CGP in 2-position with pyrid-4-yl, pyrid-3-yl or iodotetrafluorophenyl allowed 

the growth, with the relevant molecular partner, of co-crystals featuring simultaneous chalcogen- 

and halogen-bonding interactions. Thus, this orthogonality could be used in the future to organise 

complex multi-component systems from simple building blocks. Functionalisation in 5-position 

allowed the formation of different recognition arrays relying on the synergetic use of chalcogen- 

and hydrogen-bonding interactions. These systems can be used to assemble molecules bearing 

carboxylic acid or 2-hydroxypyridine moieties.  
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However, the systems developed so far do not present detectable recognition in solution. 

Strengthening of the chalcogen-bonds in the CGP array is thus necessary to expand its application 

beyond the solid-state. A possible route to tackle this issue is the synthesis of a tetra-chalcogen-

bonded system. Building on the results obtained with oxazoyl derivative II-25, one could design 

such motif by choosing the appropriate functional group to place in 5-position of the CGP scaffold. 
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Chapter VI Experimental Section 

Chapter VI 

Experimental Section 
 

In this chapter, we report on the experimental procedure and the full characterisation of the 

compound synthesised during the course of this work.  
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VI – 1 General remarks 

VI – 1.1 Instrumentation 

Thin layer chromatography (TLC) was conducted on pre-coated aluminum sheets with 0.20 

mm Merk Millipore Silica gel 60 with fluorescent indicator F254. Column chromatography 

was carried out using Merck Gerduran silica gel 60 (particle size 40-63 m). Microwave 

reactions were performed on a Biotage AB Initiator microwave instrument producing 

controlled irradiation at 2.450 GHz. Melting points (mp) were measured on a Gallenkamp 

apparatus in open capillary tubes and have not been corrected. Nuclear magnetic 

resonance: (NMR) spectra were recorded on a Bruker Fourier 300 MHz spectrometer 

equipped with a dual (13C, 1H) probe, a Bruker AVANCE III HD 400MHz NMR spectrometer 

equipped with a Broadband multinuclear (BBFO) SmartProbe™ or a Bruker AVANCE III HD 

500MHz Spectrometer equipped with Broadband multinuclear (BBO) Prodigy CryoProbe. 

1H spectra were obtained at 300, 400 or 500 MHz, 13C spectra were obtained at 75, 100 or 

125 MHz NMR and 19F spectra were obtained at 376 or 470 MHz. All spectra were obtained 

at r.t. otherwise stated. Chemical shifts were reported in ppm according to 

tetramethylsilane using the solvent residual signal as an internal reference (CDCl3: H = 7.26 

ppm, C = 77.16 ppm; DMSO-d6: H = 2.50 ppm, C = 39.52 ppm; CD2Cl2: H = 5.32 ppm, C 

= 53.84 ppm). Coupling constants (J) were given in Hz and rounded up or down. Resonance 

multiplicity was described as s (singlet), d (doublet), t (triplet), dd (doublet of doublets), dt 

(doublet of triplets), dm (doublet of multiplet), td (triplet of doublets), q (quartet), m 

(multiplet) and bs (broad signal). Carbon spectra were acquired with a complete decoupling 

for the proton. Infrared spectra (IR) were recorded on a Shimadzu IR Affinity 1S FTIR 

spectrometer in ATR mode with a diamond mono-crystal. Mass spectrometry: (i) High-

resolution ESI mass spectra (HRMS) were performed on a Waters LCT HR TOF mass 

spectrometer in the positive or negative ion mode. MALDI TOF mass spectrometer at 

Analytical service at School of Chemistry, Cardiff University. The samples were prepared by 

mixing 10 uL of the compound dissolved in CH2Cl2 (approx. 1mg/mL) with 10 uL of DCTB 

matrix dissolved in CH2Cl2 (15 mg/mL). 1uL was spotted on the plate. The data was acquired 

in positive reflectron mode. All analysis were carried out at Cardiff university. Photophysical 

analysis: Absorption spectra of compounds were recorded on air equilibrated solutions at room 

temperature with an Agilent Cary 5000 UV-Vis spectrophotometer, using quartz cells with path 

length of 1.0 cm.  X-ray measurements: Crystallographic studies were undertaken on single 
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crystal mounted in paratone and studied on an Agilent SuperNova Dual three-circle 

diffractometer using Cu-Kα (λ = 1.540598 Å) or Mo-Kα (λ = 0.7093187 Å) radiation and a 

CCD detector. Measurements were typically made at 150(2) K with temperatures 

maintained using an Oxford Cryostream unless otherwise stated. Data were collected, 

integrated and corrected for absorption using a numerical absorption correction based on 

gaussian integration over a multifaceted crystal model within CrysAlisPro.[1] The structures 

were solved by direct methods and refined against F2 within SHELXL-2013.[2] A summary of 

crystallographic data are available as ESI and the structures deposited with the Cambridge 

Structural Database (CCDC deposition numbers 1584203-1584205, 1584366-1584378, 

1954220-1954233, 1954235, 1954271-1954280, 1954286-1954291 and 1955118). These 

data can be obtained free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 

Single crystal III-1Te•III-5 was grown by slow evaporation of CHCl3. Crystallographic studies 

were undertaken on single crystal mounted in paratone and studied at Diamond Light 

Source Beamline I19-1 using Synchrotron radiation (λ = 0.6889 Å) and a CCD detector. 

Measurements were typically made at 100(2) K with temperatures maintained using an 

Oxford Cryostream unless otherwise stated. Data were collected, integrated and corrected 

for absorption using a numerical absorption correction based on gaussian integration over 

a multifaceted crystal model within CrysAlisPro.[1] The structures were solved by direct 

methods and refined against F2 within SHELXL-2018.[3] A summary of crystallographic data 

are available as ESI and the structures deposited with the Cambridge Structural Database 

(CCDC deposition number 1954234). These data can be obtained free of charge from The 

Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. 

VI – 1.2 Materials and methods 

Chemicals were purchased from Sigma Aldrich, Acros Organics, TCI, Apollo Scientific, ABCR, 

Alfa Aesar, Carbosynth and Fluorochem and were used as received. Solvents were 

purchased from Fluorochem, Fisher Chemical and Sigma Aldrich, while deuterated solvents 

from Eurisotop and Sigma Aldrich. THF, Et2O and CH2Cl2 were dried on a Braun MB SPS-800 

solvent purification system. MeOH, CHCl3 and acetone were purchased as reagent-grade 

and used without further purification. Et3N was distilled from CaH2 and then stored over 

KOH. Anhydrous dioxane and pyridine were purchased from Sigma Aldrich. Sulfuric acid 

(H2SO4 >95%) was purchased from Fluorochem. Solution of iso-propyl magnesium chloride 

http://www.ccdc.cam.ac.uk/data_request/cif
http://www.ccdc.cam.ac.uk/data_request/cif


Chapter VI 

 

158 
 

in THF were freshly prepared according to a procedure of Lin et al.[4] and titrated with the 

Paquette method,[5] or directly purchased from Sigma Aldrich. Low temperature baths 

were prepared using different solvent mixtures depending on the desired temperature: -

84 °C with ethyl acetate/liq. N2, and 0 °C with ice/H2O. Anhydrous conditions were achieved 

by flaming two necked flasks with a heat gun under vacuum and purging with N2. The inert 

atmosphere was maintained using Nitrogen-filled balloons equipped with a syringe and 

needle that was used to penetrate the silicon stoppers closing the flask’s necks. Additions 

of liquid reagents were performed using dried plastic or glass syringes. All reactions were 

performed in dry conditions and under inert atmosphere unless otherwise stated.  
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VI – 2 Synthetic procedure and spectral data 

2,2'-diselanediylbis(pyridin-3-amine) II-2Se 

 

 

2,2'-diselanediylbis(pyridin-3-amine) II-2Se was synthesised following a procedure inspired by the 

work of Bashin et al.[6] and Innoue et al.[7] To a diluted solution of i-PrMgCl (0.5 mL, 1 mmol) in dry 

THF (2 mL) under anhydrous condition was added dropwise n-BuLi (1.6 M, 1.25 mL, 2 mmol) at 0°C. 

The resulting mixture was stirred at the same temperature for 10 minutes. In parallel, to a solution 

of 2-bromo-3-aminopyridine (178 mg, 1 mmol) in dry THF (8 mL) under anhydrous condition was 

added dropwise n-BuLi (1.6 M, 0.63 mL, 1 mmol) at 0°C. The reaction was stirred 10 minutes at the 

same temperature then the tri-alkyl magnesate solution freshly prepared was added dropwise. The 

reaction was stirred for 30 minutes at 0°C, elemental selenium powder was added in once while a 

brisk flux of Nitrogen was passed through the flask. The mixture was stirred overnight and poured 

in a solution of K3Fe(CN)6 (237 mg, 3 mmol) in water (40 mL). The resulting mixture was stirred at 

room temperature for 10 minutes and the aqueous phase was extracted with Et2O (6 x 20 mL). The 

combined organic extracts were washed with water (15 mL), brine (15 mL), and dried over Na2SO4. 

The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 2%) to give pure II-2Se as a dark solid (46 mg, 27%); mp = 187-188 

°C. IR: υ (cm-1): 3435, 3265, 3090, 1610, 1571, 1454, 1417, 1317, 1259, 1222, 1134, 1082, 1056, 729, 

661; 1H NMR (400 MHz, DMSO) δH: 7.74 (dd, J = 4.3, 1.2 Hz, 2H), 7.07 (dd, J = 7.9, 4.3 Hz, 2H), 6.99 

(dd, J = 7.9, 1.2 Hz, 2H), 5.82 (s, NH2, 4H); 13C NMR (75 MHz, DMSO) δC: 145.7 x2, 137.4 x2, 135.7 

x2, 124.4 x2, 120.7 x2; ESI-HRMS:[M + H]+cacld for [C10H11N4
76Se2]+: 338.9368; found: 338.9370. 

2,2'-ditellanediylbis(pyridin-3-amine) II-2Te 
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2,2'-ditellanediylbis(pyridin-3-amine) II-2Te was synthesised following a procedure inspired by the 

work of Bashin et al.[6] and Innoue et al.[7] To a diluted solution of i-PrMgCl (0.5 mL, 1 mmol) in dry 

THF (2 mL) under dry condition was added dropwise n-BuLi (1.6 M, 1.25 mL, 2 mmol) at 0°C. The 

resulting mixture was stirred at the same temperature for 10 minutes. In parallel, to a solution of 

2-bromo-3-aminopyridine (178 mg, 1 mmol) in dry THF (8 mL) under anhydrous condition was 

added dropwise n-BuLi (1.6 M, 0.63 mL, 1 mmol) at 0°C. The reaction was stirred 10 minutes at the 

same temperature then the tri-alkyl magnesiate solution freshly prepared was added dropwise. The 

reaction was stirred for 30 minutes at 0°C, freshly grounded elemental tellurium powder was added 

in once while a brisk flux of Nitrogen was passed through the flask. The resulting mixture was stirred 

overnight, poured in a solution of NH4Cl (165 mg) in water (40 mL) and air bubbled through for 2h. 

The aqueous phase was extracted with Et2O (10 x 20 mL). The combined organic extracts were 

washed with brine (2 x 15 mL), and dried over Na2SO4. The solvents were removed under reduced 

pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 2%) to give pure II-2Te 

as a dark red solid (86 mg, 39%); mp = 154-155 °C. IR: υ (cm-1): 3042, 2349, 1942, 1689, 1577, 1508, 

1431, 1219, 1080, 961, 797, 739, 600; 1H NMR (400 MHz, DMSO) δH: 7.73 (dd, J = 4.5, 1.6 Hz, 2H), 

7.01 (dd, J = 8.1, 4.5 Hz, 2H), 6.90 (dd, J = 8.1, 1.6 Hz, 2H), 5.71 (s, NH2, 4H); 13C NMR (100 MHz, 

DMSO) δC: 148.1 x2, 138.6 x2, 124.1 x2, 120.0 x2, 119.0 x2 ; API-HRMS: [M + H]+ cacld for  

[C10H11N4
124Te2]+: 434.9040; found: 434.9048. 

2-(methylselanyl)pyridin-3-amine II-3Se 

 

To a solution of 2,2'-diselanediylbis(pyridin-3-amine) II-2Se (1.204 g, 3.5 mmol) in dry and degassed 

THF (75 mL) under N2, were added NaBH4 (0.397 g, 10.5 mmol) and MeOH (0.71 mL, 0.561 g, 17.5 

mmol) and the reaction was stirred at room temperature for 2 h (the dark red colour turned 

orange). MeI (0.48 mL, 1.093 g, 7.7 mmol) was added ant the mixture stirred further at room 

temperature for 1.5h. Water (20 mL) was slowly added to the solution which was extracted with 

Et2O (3 x 70 mL). The combined organic extracts were washed with water (30 mL), brine (30 mL) 

and dried over Na2SO4. The solvents were removed under reduce pressure. The crude was purified 

by Silica Gel Chromatography (CHCl3/MeOH 1%) to give pure amine II-3Se as brownish oil (6.756 g, 

97%). IR: υ (cm-1): 3410, 3314, 3046, 2930, 1611, 1566, 1420, 1304, 1269, 1221, 1134, 1090, 1047, 

908, 789, 727, 659; 1H NMR (400 MHz, CDCl3) δH: 7.99 (dd, J = 4.6, 1.6 Hz, 1H), 6.93 (dd, J = 7.9, 4.6 
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Hz, 1H), 6.87 (dd, J  = 7.9, 1.6 Hz, 1H), 3.80 (s, NH2, 2H), 2.48 (s, 3H); 13C NMR (100 MHz, CDCl3) δC: 

142.4, 141.0, 140.4, 121.5, 120.4, 6.13; API-HRMS: [M + H]+ cacld for [C6H9N2
76Se]+: 184.9958; 

found: 184.9952. 

2-(methyltellanyl)pyridin-3-amine II-3Te 

 

To a solution of 2,2'-diselanediylbis(pyridin-3-amine) II-2Te  (1.700 g, 3.85 mmol) in dry and degassed 

THF (85 mL) under N2, were added NaBH4 (0.437 g, 11.55 mmol) and MeOH (0.78 mL, 0.617 g, 19.26 

mmol) and the reaction was stirred at room temperature for 1 h (the dark red colour turned 

orange). MeI (0.53 mL, 1.200 g, 8.47 mmol) was added ant the mixture was stirred at room 

temperature for 1.5h more. Water (20 mL) was slowly added to the solution and extracted with 

Et2O (3 x 50 mL). The combined organic extracts were washed with water (30 mL), brine (30 mL), 

and dried over Na2SO4. The solvents were removed under reduce pressure. The crude was purified 

by Silica Gel Chromatography (CHCl3/MeOH 1%) to give pure amine II-3Te as brownish oil (0.670g, 

71%). IR: υ (cm-1): 3309, 3180, 3041, 2924, 1606, 1560, 1442, 1298, 1217, 1132, 1076, 1039, 789, 

650; 1H NMR (400 MHz, DMSO) δH: 8.02 (dd, J = 4.5, 1.6 Hz, 1H), 6.92 (dd, J = 8.0, 4.5 Hz, 1H), 6.85 

(dd, J = 8.0, 1.6 Hz, 1H), 3.85 (s, NH2, 2H), 2.28 (s, 3H); 13C NMR (100 MHz, CDCl3) δC: 145.7, 141.8, 

128.6, 122.2, 119.6, -15.46; API-HRMS: [M + H]+ cacld for [C6H9N2
122Te]+: 230.9796; found: 230.9785. 

N-(2-(methylselanyl)pyridin-3-yl)benzamide II-4Se 

 

To a mixture of benzoyl chloride (0.12 mL, 140 mg, 1 mmol) in dry THF (2 mL) at 0 °C under 

anhydrous condition, a solution of 2-(methylselanyl)pyridin-3-amine II-3Se (187 mg,1 mmol) and dry 

NEt3 (0.17 mL, 120 mg, 1.2 mmol) in dry THF (2 mL) was added dropwise. The reaction was stirred 

5 minutes at 0 °C then overnight at room temperature. The resulting mixture was filtrated and 

washed with Et2O (2 mL). The filtrate was recovered, and solvent removed under reduced pressure. 
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The crude material was purified by silica gel chromatography (CHCl3/MeOH 0.5%) to afford amide 

II-4Se as a beige solid (113 mg, 39 %); mp = 118-123 °C. IR: υ (cm-1):  3224, 2930, 1651, 1601, 1576, 

1514, 1487, 1487, 1386, 1296, 1201, 905, 791, 656; 1H NMR (300 MHz, DMSO) δH: 10.17 (s, 1H), 

8.44 (d, J = 2.8 Hz, 1H), 7.99 (d, J = 6.6 Hz, 2H), 7.66-7.51 (m, 4H), 7.26 (dd, J = 6.7, 4.7 Hz, 1H), 2.35 

(s, 3H); 13C NMR (75 MHz, CDCl3) δC: 165.8, 154.1, 147.7, 135.0, 133.7 (two peaks overlap, 2C), 131.9, 

128.5 (two peaks overlap, 2C), 127.7 (two peaks overlap, 2C), 120.3, 5.06; ESI-HRMS: [M + H]+ cacld 

for [C13H13N2O76Se]+: 289.0220; found: 289.0230. 

N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-4Te 

 

To a mixture of 2-(methyltellanyl)pyridin-3-amine II-3Te (210 mg, 1 mmol) and dry pyridine (0.09 

mL, 88 mg, 1.1 mmol) in dry CH2Cl2 (5 mL) at 0 °C under anhydrous condition, a solution of benzoyl 

chloride (0.12 mL, 140 mg, 1 mmol) in dry CH2Cl2 (2 mL) was added dropwise. The reaction was 

stirred 5 minutes at 0 °C then overnight at room temperature. The resulting mixture was diluted 

with EtOAc (50 mL) and washed with water (15 mL), brine (15 mL), and dried over Na2SO4. The 

solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to give pure amide II-4Te as a beige solid (269 mg, 89%); mp = 

145-146 °C. IR: υ (cm-1): 3253, 1647, 1601, 1566, 1508, 1481, 1389, 1259, 1566, 1063, 1026, 837, 

791, 712, 689, 648; 1H NMR (400 MHz, DMSO) δH: 10.31 (s, 1H), 8.45 (dd, J = 4.7, 1.7 Hz, 1H), 7.99 

(dd, J = 6.8, 1.6 Hz, 2H), 7.66-7.52 (m, 4H), 7,25 (dd, J = 7.9, 4.7, 1 Hz), 2.15 (s, 3H); 13C NMR (100 

MHz, DMSO) δC: 165.9, 148.4, 143.3, 137.9, 133.7, 133.6, 132.0, 128.5 (two peaks overlap, 2C), 

127.8 (two peaks overlap, 2C), 120.9, -14.76; ESI-HRMS: [M + H]+ cacld for [C13H13N2O122Te]+: 

335.0058; found: 335.0058. 

N-(2-(methylselanyl)phenyl)picolinamide II-5Se 
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To a suspension of picolinoyl chloride hydrochloride (128 mg, 0.72 mmol) in dry CH2Cl2 (3 mL) at 0 

°C under anhydrous condition, a solution of 2-(methylselanyl)pyridin-3-amine II-3Se (112 mg, 0.6 

mmol) and dry NEt3 (0.21 mL, 152 mg, 1.5 mmol) in dry CH2Cl2 (3 mL) was added dropwise. The 

reaction was stirred 5 minutes at 0 °C then overnight at room temperature. The resulting mixture 

was diluted with EtOAc (50 mL), washed with water (5 mL), brine (5 mL), and dried over Na2SO4. 

The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to give pure amide II-5Se as a white solid (127 mg, 72%); mp = 

96-98°C IR: υ (cm-1): 3280, 2922, 2850, 1689, 1562, 1502, 1435, 1382, 1064, 1055, 1080, 734, 601, 

590; 1H NMR (400 MHz, CDCl3) δH: 10.35 (s, 1H), 8.77 (ddd, J = 4.8, 1.6, 1.0 Hz, 1H), 8.38 (dd, J  = 4.7, 

1.6 Hz, 1H), 8.17 (ddd appearing dt,  J = 7.7, 0.8 Hz, 1H), 8.12 – 8.04 (m, 2H), 7.72 (ddd, J  = 7.5, 4.8, 

1.3 Hz, 1H), 7.28 (dd, J  = 7.9, 4.7 Hz, 1H), 2.43 (s, 3H); 13C NMR (100 MHz, CDCl3) δC: 162.6, 149.7, 

148.8, 148.7, 146.5, 138.4, 133.5, 130.6, 127.4, 122.4, 120.7, 5.79; EI-HRMS: [M + H]+ cacld for 

[C12H12N3O76Se]+: 289.0220; found: 289.0219. 

N-(2-(methyltellanyl)phenyl)picolinamide II-5Te 

 

To a suspension of picolinoyl chloride hydrochloride (214 mg, 1.2 mmol) in dry CH2Cl2 (4 mL) at 0 °C 

under anhydrous condition, a solution of 2-(methyltellanyl)pyridin-3-amine II-3Te (236 mg,1 mmol) 

and NEt3 (0.35 mL, 253 mg, 2.5 mmol) in dry CH2Cl2 (4 mL) was added dropwise. The reaction was 

stirred 5 minutes at 0 °C then overnight at room temperature. The resulting mixture was diluted 

with EtOAc (90 mL) and washed with water (10 mL), brine (10 mL), and dried over Na2SO4. The 

solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH1%) to give pure amide II-5Te as a red-purple solid (310 mg, 91%); 

mp = 113-115 °C. IR: υ (cm-1): 3244, 3057, 3037, 2924, 1689, 1566, 1512, 1377, 1290, 1001, 801, 

727, 656, 619; 1H NMR (400 MHz, DMSO) δH: 10.51 (s, 1H), 8.77 (ddd, J = 4.7, 1.6, 0.8 Hz, 1H), 8.41 

(ddd, J = 4.7, 1.6, 0.8 Hz, 1H), 8.16 (d, J = 7.6 Hz, 1H), 8.11 – 8.05 (m, 1H), 7.81 (ddd, J = 8.0, 1.6, 1.0 

Hz, 1H), 7.74-7.69 (m, 1H), 7.26 (dd, J = 8.0, 4.6 Hz, 1H), 2.18 (s, 3H);  13C NMR (100 MHz, CDCl3) δC: 

163.0, 149.0, 148.7, 147.8, 140.4, 138.3, 137.5, 131.3, 127.4, 122.5, 121.1, -14.28; EI-HRMS: [M]+ 

cacld for [C12H11N3O122Te]+: 335.0058; found: 335.0055.  
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N-(2-(methylselanyl)pyridin-3-yl)nicotinamide II-6Se 

 

To a suspension of nicotinoyl chloride hydrochloride (214 mg, 1.2 mmol) in dry CH2Cl2 (2 mL) at 0 

°C under anhydrous condition, a solution of 2-(methylselanyl)pyridin-3-amine II-3Se (187 mg, 1 

mmol) and dry pyridine (0.19 mL, 182 mg, 2.3 mmol) in dry CH2Cl2 (5 mL) was added dropwise. The 

reaction was stirred 5 minutes at 0 °C then overnight at room temperature. The resulting mixture 

was diluted with EtOAc (70 mL) and washed with water (20 mL), brine (20 mL), and dried over 

Na2SO4. The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 2%) to give pure amide II-6Se as a light orange solid (236 mg, 81%); 

mp = 128-130°C IR: υ (cm-1): 3232, 1647, 1587, 1522, 1450, 1415, 1391, 1300, 120, 1067, 907, 826, 

804, 734, 663; 1H NMR (300 MHz, DMSO) δH: 10.42 (s, 1H), 9.15 (d, J = 1.8 Hz, 1H), 8.80 (dd, J = 4.8, 

1.6 Hz, 1H), 8.46 (dd, J  = 4.8, 1.8 Hz, 1H), 8.32 (dd appearing as dt,  J = 8.0, 1.8 Hz, 1H), 7.67 (dd, J  

= 7.8, 1.6 Hz, 1H), 7.60 (dd, J  = 8.0, 4.8 Hz, 1H), 7.27 (dd, J  = 7.8, 4.8 Hz, 1H), 2.36 (s, 3H); 13C NMR 

(75 MHz, CDCl3) δC: 164.5, 154.0, 152.6, 148.8, 148.0, 135.5, 135.1, 133.2, 129.4, 123.7, 120.4, 5.13; 

ESI-HRMS: [M + H]+ cacld for [C12H12N3O80Se]+: 294.0146; found: 294.0152. 

N-(2-(methyltellanyl)pyridin-3-yl)nicotinamide II-6Te 

 

To a suspension of nicotinoyl chloride hydrochloride (214 mg, 0.86 mmol) in dry CH2Cl2 (2 mL) at 0 

°C under anhydrous condition, a solution of 2-(methyltellanyl)pyridin-3-amine II-3Te (236 mg, 1 

mmol) and dry pyridine (0.19 mL, 182 mg, 2.3 mmol) in dry CH2Cl2 (5 mL) was added dropwise. The 

reaction was stirred 5 minutes at 0 °C then overnight at room temperature. The resulting mixture 

was diluted with EtOAc (70 mL) and washed with water (25 mL), brine (15 mL), and dried over 

Na2SO4, filtered and the solvent removed under reduced pressure. The crude was passed though 
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silica gel chromatography (CHCl3/MeOH 2%) to give amide II-6Te as a white solid (238 mg) that was 

used in the next step without further purification. 

N-(2-(methylselanyl)phenyl)isonicotinamide II-7Se 

 

To a suspension of isonicotinoyl chloride hydrochloride (192 mg, 1.08 mmol) in dry CH2Cl2 (2 mL) at 

0°C under anhydrous condition, a solution of 2-(methylselanyl)pyridin-3-amine II-3Se (186 mg, 0.90 

mmol) and dry pyridine (0.17 mL, 164 mg, 2.07 mmol) in dry CH2Cl2 (5 mL) was added dropwise. 

The reaction was stirred 5 minutes at 0 °C then overnight at room temperature. The resulting 

mixture was diluted with EtOAc (70 mL) and washed with water (20 mL), brine (20 mL), and dried 

over Na2SO4. The solvents were removed under reduced pressure. The crude was purified by silica 

gel chromatography (CHCl3/MeOH 2%) to give pure amide II-7Se as a light orange solid (243 mg, 

92%); mp = 144-146°C IR: υ (cm-1): 3190, 1643, 1597, 1555, 1512, 1393, 1296, 1215, 1200, 1061, 

991, 914, 829, 783, 687, 648, 590; 1H NMR (400 MHz, DMSO) δH: 10.50 (s, 1H), 8.82 (dd, J = 4.6, 1.4 

Hz, 2H), 8.46 (dd, J  = 4.8, 1.6 Hz, 1H), 7.88 (dd,  J = 4.6, 1.4 Hz, 2H), 7.66 (dd, J  = 7.8, 1.6 Hz, 1H), 

7.27 (dd, J  = 7.8, 4.8 Hz, 1H), 2.36 (s, 3H); 13C NMR (100 MHz, CDCl3) δC: 164.4, 154.0, 150.5 (two 

peaks overlap, 2C), 148.2, 140.8, 135.1, 133.1, 121.6 (two peaks overlap, 2C), 120.4, 5.14; ESI-

HRMS: [M + H]+ cacld for [C12H12N3O76Se]+: 290.0172; found: 290.0169. 

N-(2-(methyltellanyl)phenyl)isonicotinamide II-6Te 

 

To a suspension of isonicotinoyl chloride hydrochloride (154 mg, 0.86 mmol) in dry CH2Cl2 (2 mL) at 

0 °C under anhydrous condition, a solution of 2-(methyltellanyl)pyridin-3-amine II-3Te (170 mg, 0.72 

mmol) and dry pyridine (0.14 mL, 131 mg, 1.66 mmol) in dry CH2Cl2 (4 mL) was added dropwise. 

The reaction was stirred 5 minutes at 0 °C then overnight at room temperature. The resulting 



Chapter VI 

 

166 
 

mixture was diluted with EtOAc (70 mL) and washed with water (25 mL), brine (15 mL),  and dried 

over Na2SO4. The solvent were removed under reduced pressure. The crude was purified by silica 

gel chromatography (CHCl3/MeOH 2%) to give pure amide II-7Te as a white solid (166 mg, 68%); mp 

=  142-144°C. IR: υ (cm-1): 3229, 1651, 1528, 1450, 1303, 1200, 1119, 1065, 910, 802, 733, 802, 733, 

698, 656, 590, 498; 1H NMR (400 MHz, DMSO) δH: 10.62 (s, 1H), 8.83 (d, J = 4.8 Hz, 2H), 8.48 (d, J  = 

4.8 Hz, 1H), 7.88 (d,  J = 4.8 Hz, 2H), 7.58 (d, J  = 7.6 Hz, 1H), 7.27 (dd, J  = 7.6, 4.8 Hz, 1H), 2.16 (s, 

3H); 13C NMR (100 MHz, CDCl3) δC: 164.6, 150.6 (two peaks overlap, 2C, 148.9, 143.2, 140.7, 137.3, 

133.9, 121.6 (two peaks overlap, 2C, 121.1, -14.54; ESI-HRMS: [M + H]+ cacld for [C12H12N3O122Te]+: 

336.0011; found: 336.0020.  

N-(2-(methylselanyl)pyridin-3-yl)thiophene-2-carboxamide II-8Se 

 

To a solution of 2-(methylselanyl)pyridin-3-amine II-3Se (187 mg, 1 mmol) in dry  CH2Cl2 (5 mL) with 

dry pyridine (0.09 mL, 88 mg, 1.1 mmol) at 0°C under anhydrous condition, a mixture of thiophene 

carbonyl chloride (0.11 mL, 147 mg, 1 mmol) in dry CH2Cl2 (2 mL) was added dropwise. The reaction 

was stirred 5 minutes at 0 °C then overnight at room temperature. The resulting mixture was diluted 

with EtOAc (50 mL) and washed with water (30 mL), brine (30 mL), and dried over Na2SO4. The 

solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to afford pure amide II-8Se as a yellow solid (249 mg, 84%); mp 

= 157-159 °C. IR: υ (cm-1): 3239, 1638, 1572, 1524, 1393, 1292, 1271, 1244, 1202, 1098, 1065, 909, 

860, 808, 900, 727, 656, 627; 1H NMR (400 MHz, DMSO) δH: 10.19 (s, 1H), 8.44 (dd, J = 4.8, 1.7 Hz, 

1H), 8.00 (dd, J = 3.7, 1.0 Hz, 1H), 7.88 (dd, J = 5.0, 1.1 Hz, 1H), 7.62 (dd, J = 7.8, 1.7 Hz, 1H), 7.27 – 

7.22 (m, 2H), 2.35 (s, 3H); 13C NMR (100 MHz, CDCl3) δC: 160.4, 1541, 147.8, 138.8, 135.1, 133.2, 

132.1, 129.6, 128.2, 120.3, 5.05; ESI-HRMS: [M + H]+ cacld for [C11H11N2OS76Se]+: 294.9784; found: 

294.9784. 
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N-(2-(methyltellanyl)pyridin-3-yl)thiophene-2-carboxamide II-8Te 

 

To a solution of 2-(methyltellanyl)pyridin-3-amine II-3Te (0.236 g, 1 mmol) in dry CH2Cl2 (5 mL) with 

dry pyridine (0.09 mL, 88 mg, 1.1 mmol) at 0°C under dry condition, a mixture of thiophene carbonyl 

chloride (0.11 mL, 147 mg, 1 mmol) in dry CH2Cl2 (2 mL) was added dropwise. The reaction was 

stirred 5 minutes at 0 °C then overnight at room temperature. A yellow precipitate appeared and 

the mixture was filtrated, the solid recovered and purified by filtration over a silica pad 

(CHCl3/MeOH 1%) to afford pure amide II-8Te as yellow solid (263 mg, 76%); mp = 137-138 °C. IR: υ 

(cm-1): 3232, 2924, 1635, 1568, 1526, 1391, 1290, 1242, 1213, 1061, 1051, 860, 806, 787, 725, 653, 

584; 1H NMR (400 MHz, DMSO) δH: 10.32 (s, 1H), 8.45 (dd, J = 4.7, 1.7 Hz, 1H), 7.99 (d, J = 3.5, 1H), 

7.89 (dd, J = 6.6 Hz, 1H), 7.55 (dd, J = 7.8, 1.7 Hz, 1H), 7.26 – 7.22 (m, 2H), 2.15 (s, 3H); 13C NMR (100 

MHz, CDCl3) δC: 160.5, 148.6, 143.4, 138.7, 137.4, 133.8, 132.2, 129.7, 128.2, 120.9, -14.74; ESI-

HRMS: [M + H]+ cacld for [C11H11N2OS122Te]+: 340.9623; found: 340.9629. 

N-(2-(methylselanyl)pyridin-3-yl)-4- nitrobenzamide  II-9Se 

 

To a mixture of 2-(methylselanyl)pyridin-3-amine II-3Se (187 mg, 1 mmol) and pyridine (0.1 mL, 88 

mg, 1.1 mmol) in dry CH2Cl2 (5 mL) at 0 °C under anhydrous condition,  a solution of p-nitrobenzoyl 

chloride (186 mg, 1 mmol) in dry CH2Cl2 (2 mL) was added dropwise. The reaction was stirred 5 

minutes at the same temperature then overnight at room temperature. The mixture was diluted 

with EtOAc (50 mL) and washed with water (15 mL), brine (15 mL), and dried over Na2SO4. The 

solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to give pure N-(2-(methylselanyl)pyridin-3-yl)-4-

nitrobenzamide II-9Se as a yellow solid (283 mg, 84%); mp = 154-156 °C. IR: υ (cm-1):  2922, 1578, 

1575, 1476, 1418, 1371, 1285, 1233, 1211, 1111, 1080, 1049, 897, 851, 801, 737, 695, 664; 1H NMR 
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(300 MHz, DMSO) δH: 10.55 (s, 1H), 8.46 (dd J = 4.7, 1.3 Hz, 1H), 8.40 (d, J = 8.7 Hz, 2H), 8.21 (d, J = 

8.7 Hz, 2H), 7.67 (dd, J = 7.7, 1.3 Hz, 1H), 7.28 (dd, J = 7.7, 4.7 Hz, 1H), 2.37 (s, 3H); 13C NMR (125 

MHz, CDCl3) δC: 164.3, 154.0, 149.4, 148.1, 139.3, 135.1, 133.2, 129.2 x2, 123.8 x2, 120.4, 5.11; ESI-

HRMS: [M + H]+ cacld for [C13H12N3O3
76Se]+: 334.0071; found: 334.0063. 

N-(2-(methyltellanyl)pyridin-3-yl)-4-nitrobenzamide II-9Te 

 

To a mixture of 2-(methyltellanyl)pyridin-3-amine II-3Te (471 mg, 2 mmol) and pyridine (0.18 mL, 

174 mg, 2.2 mmol) in dry CH2Cl2 (10 mL) at 0 °C under anhydrous conditions,  a solution of p-

nitrobenzoyl chloride (371 mg, 2 mmol) in dry CH2Cl2 (4 mL) was added dropwise. The reaction was 

stirred 5 minutes at the same temperature then overnight at room temperature. The mixture was 

diluted with EtOAc (50 mL) and washed with water (20 mL), brine (20 mL) and dried over Na2SO4. 

The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH1%) to give pure N-(2-(methyltellanyl)pyridin-3-yl)-4-

nitrobenzamide II-9Te as an orange solid (593 mg, 77%); mp = 154-156 °C. IR: υ (cm-1): 3227, 2361, 

1645, 1584, 1520, 1391, 1296, 1261, 1053, 1005, 829, 802, 656; 1H NMR (300 MHz, DMSO) δH: 10.66 

(s, 1H), 8.48 (dd, J = 4.5, 1.0 Hz, 1H), 8.41 (d, J = 8.5 Hz, 2H), 8.21 (d, J = 8.5 Hz, 2H), 7.59 (dd, J = 7.6, 

1.0 Hz, 1H), 7.27 (dd, J = 7.6, 4.5 Hz, 1H), 2.17 (s, 3H); 13C NMR (100 MHz, CDCl3) δC: 164.4, 149.5, 

148.8, 143.1, 139.2, 137.4, 133.8, 129.2 x2, 123.8 x2, 121.0, -14.62; ESI-HRMS: [M + H]+ cacld for 

[C13H12N3 O3
122Te]+: 379.9909; found: 379.9904. 

3,4,5-trifluoro-N-(2-(methylselanyl)pyridin-3-yl)benzamide II-10Se 
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To a mixture of 2-(methylselanyl)pyridin-3-amine II-3Se (143 mg, 0.7 mmol) and dry pyridine (0.06 

mL, 61 mg, 0.77 mmol) in dry CH2Cl2 (3 mL) at 0 °C under anhydrous condition,  a solution of 

trifluorobenzoyl chloride (0.09 mL, 137 mg, 0.7 mmol) in dry CH2Cl2 (2 mL) was added dropwise. 

The reaction was stirred 5 minutes at 0 °C then overnight at room temperature. The resulting 

mixture was diluted with EtOAc (50 mL) and washed with water (2 x 15 mL), brine (20 mL), and 

dried over Na2SO4. The solvents were removed under reduced pressure. The crude was purified by 

silica gel chromatography (CHCl3/MeOH 1%) to give pure amide II-10Se as a white solid (157 mg, 

45%); mp = 143-145 °C. IR: υ (cm-1): 3219, 2980, 1649, 1618, 1562, 1514, 1449, 1391, 1348, 1219, 

1069, 1040, 889, 785, 748, 727, 673; 1H NMR (400 MHz, DMSO) δH:  10.38 (s, 1H), 8.46 (dd, J = 4.7, 

1.5 Hz, 1H), 7.93 (dd, J = 8.2, 7.0 Hz, 2H), 7.63 (dd, J = 7.7, 1.5 Hz, 1H), 7.27 (dd, J = 7.7, 4.7 Hz, 1H), 

2.36 (s, 3H); 19F NMR (376 MHz, DMSO) δF: -133.5 (d, J = 21.6 Hz, 2F), -155.7 (t, J = 21.6 Hz, 1F); 13C 

NMR (100 MHz, CDCl3) δC: 162.6, 154.0, 150.2 (ddd, JCF = 249.8, 10.2, 3.6 Hz) (two peaks overlap, 

2C, 148.1, 141.3 (dt, JCF = 255.0, 15.6 Hz), 135.1, 133.0, 129.9 (m), 120.4, 112.9 (dd, JCF = 16.0, 5.9 

Hz) (two peaks overlap, 2C, 5.11; ESI-HRMS: [M + H]+ cacld for [C13H10N2OF3
76Se]+: 342.9937; found: 

342.9931. 

3,4,5-trifluoro-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-10Te 

 

To a mixture of trifluorobenzoyl chloride (0.13 mL, 195 mg, 1 mmol) in dry CH2Cl2 (5 mL) at 0 °C 

under anhydrous condition, a solution of 2-(methyltellanyl)pyridin-3-amine II-3Te (236 mg,1 mmol) 

and dry NEt3 (0.17 mL, 120 mg, 1.2 mmol) in dry CH2Cl2 (2 mL) was added dropwise. The reaction 

was stirred 5 minutes at 0 °C then overnight at room temperature. The mixture was diluted with 

EtOAc (50 mL) and washed with water (10 mL), brine (10 mL), and dried over Na2SO4. The solvents 

were removed under reduced pressure. The crude was purified by silica gel chromatography 

(CHCl3/MeOH 1%) to give pure amide II-10Te as a white solid (274 mg, 70%); mp = 146-148 °C. IR: υ 

(cm-1): 3674, 3211, 2980, 2361, 1643, 1618, 1508, 1435, 1045, 901, 864, 790, 748, 679, 665, 633; 1H 

NMR (300 MHz, DMSO) δH: 10.48 (s, 1H), 8.47 (dd, J = 4.7, 1.6 Hz, 1H), 7.93 (dd, J = 8.3, 7.0 Hz, 2H), 

7.56 (dd, J = 7.8, 1.6 Hz, 1H), 7.26 (dd, J = 7.8, 4.7 Hz, 1H), 2.16 (s, 3H) ; 19F NMR (376 MHz, DMSO) 

δF: -133.4 (d, J = 21.5 Hz, 2F), -155.6 (t, J = 21.5 Hz, 1F); 13C NMR (75 MHz, CDCl3) δC: 162.7, 150.2 



Chapter VI 

 

170 
 

(ddd, JCF = 249.0, 10.1, 3.5 Hz) (two peaks overlap, 2C), 148.8, 143.1, 141.3 (dm, JCF = 254.5 Hz), 

137.3, 133.8, 129.9 (m), 121.0, 112.9 (dd, JCF = 16.6, 6.0 Hz) (two peaks overlap, 2C), -14.60; ESI-

HRMS: [M + H]+ cacld for [C13H10N2OF3
122Te]+: 388.9776; found: 388.9790. 

2,3,4,5,6-pentafluoro-N-(2-(methylselanyl)pyridin-3-yl)benzamide II-11Se 

 

To a mixture of 2-(methylselanyl)pyridin-3-amine II-3Se (187 mg, 1 mmol) and dry pyridine (0.1 mL, 

88 mg, 1.1 mmol) in dry CH2Cl2 (5 mL) at 0 °C under anhydrous condition,  a solution of 

pentafluorobenzoyl chloride (0.15 mL, 231 mg, 1 mmol) in dry CH2Cl2 (2 mL) was added dropwise. 

The reaction was stirred 5 minutes at the same temperature then overnight at room temperature. 

The mixture was diluted with EtOAc (50 mL) and washed with water (15 mL), brine (15 mL), and 

dried over Na2SO4. The solvents were removed under reduced pressure. The crude was purified by 

silica gel chromatography (CHCl3/MeOH 1%) to give pure amide II-11Se as white solid (293 mg, 77%); 

mp = 156-158 °C. IR: υ (cm-1):  3246, 2980, 2361, 1655, 1518, 1489, 1393, 1329, 1225, 1103, 1071, 

999, 774, 652, 608; 1H NMR (300 MHz, DMSO) δH: 10.78 (s, 1H), 8.47 (dd, J = 4.6, 1.1 Hz, 1H), 7.68 

(dd, J = 7.7, 1.1 Hz, 1H), 7.27 (dd, J = 7.7, 4.56, 1 = H), 2.9 (s, 3H); 19F NMR (376 MHz, DMSO) δF: -141.1 

(dd, J = 23.8, 6.3, 2F), -151.9 (t, 22.0 Hz, 1F), -161.1 (m, 2F); 13C NMR (75 MHz, CDCl3) δC: 156.3, 

152.7, 148.3, 143.3 (dm, JCF = 248.9 Hz) (two peaks overlap, 2C), 141.6 (dm, JCF = 253.8 Hz), 137.0 

(dm, JCF = 250.9 Hz) (two peaks overlap, 2C), 134.3, 131.8, 120.4, 111.8 (m), 5.15; ESI-HRMS: [M + 

H]+ cacld for [C13H8N2O76Se]+: 378.9749; found: 378.9739. 

2,3,4,5,6-pentafluoro-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-11Te 
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To a mixture of 2-(methyltellanyl)pyridin-3-amine II-3Te (211 mg, 0.90 mmol) and pyridine (0.08 mL, 

78 mg, 0.99 mmol) in dry CH2Cl2 (5 mL) at 0 °C under anhydrous condition, a solution of 

pentafluorobenzoyl chloride (0.13 mL, 207 mg, 0.90 mmol) in dry CH2Cl2 (2 mL) was added 

dropwise. The reaction was stirred 5 minutes at the same temperature then overnight at room 

temperature. The mixture was diluted with EtOAc (50 mL) and washed with water (15 mL), brine 

(15 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. The crude 

was purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure amide II-11Te as white solid 

(218 mg, 56%); mp = 210-211 °C. IR: υ (cm-1): 1653, 1635, 1585, 1518, 1489, 1418, 1392, 1342, 1093, 

947, 988, 947, 777, 683, 667; 1H NMR (400 MHz, DMSO) δH: 10, 85 (s, 1H), 8.49 (m, 1H), 7.57 (m, 

1H), 7.26 (dd, J = 6.6, 5.4 Hz, 1H), 2.20 (s, 3H); 19F NMR (376 MHz, DMSO) δF: -140.8 (m, 2F), 151.7 

(t, J = 220.0Hz, 1F), -161.0 (m, 2F); 13C NMR (100 MHz, CDCl3) δC: 156.4, 149.2, 143.3 (dm, JCF = 250.0 

Hz) (two peaks overlap, 2C), 141.6 (dm, JCF = 250.6 Hz), 141.8, 137.1 (dm, JCF = 251.6 Hz) (two peaks 

overlap, 2C), 136.1, 133.4, 121.0, 111.7 (m), -14.5; ESI-HRMS: [M - H]- cacld for [C13H6N2O122Te]-: 

422.9431; found: 422.9439. 

2,3,5,6-tetrafluoro-4-bromo-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-12Te 

 

To a suspension of 2,3,5,6-tetrafluoro-4-bromobenzoic acid (242 mg, 0.87 mmol) in dry CH2Cl2 (5 

mL) under anhydrous condition, was added oxalyl chloride (0.75 mL, 1.11 g, 8.7 mmol) and three 

drops of DMF (gas formation). The reaction was stirred at room temperature for 2h (until complete 

dissolution). The liquids were removed under reduced pressure. The beige solid residue was 

dissolved in dry CH2Cl2 (5 mL) and a solution of 2-(methyltellanyl)pyridin-3-amine II-3Te (188 mg, 0.8 

mmol) and dry pyridine (0.08 mL, 79 mg, 1.1 mmol) in dry CH2Cl2 (2 mL) was added dropwise at 0°C. 

The reaction was stirred 5 minutes at the same temperature then overnight at room temperature. 

The resulting mixture was diluted with EtOAc (50 mL) and washed with water (15 mL), brine (15 

mL), and dried over Na2SO4. The solvents were removed under reduced pressure. The crude was 

purified by silica gel chromatography (CHCl3/MeOH 1%) to give 2,3,5,6-tetrafluoro-4-bromo-N-(2-

(methyltellanyl)pyridin-3-yl)benzamide II-12Te as a white solid (178 mg) that was used in the next 

reaction without further purification.  
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2,3,5,6-tetrafluoro-4-iodo-benzoic acid II-14 

 

2,3,5,6-tetrafluoro-4-iodo-benzoic acid II-14 was synthesised according to the procedure of O. 

Dumele et al.[8] To a mixture of 2,3,5,6-tetrafluoro-benzoic acid (970 mg, 5 mmol) in dry THF (80 

mL) at -78°C was added dropwise over a period of 25 minutes n-BuLi (2.5 M, 5.0 mL, 12.5 mmol). A 

solution of I2 (1.586 g, 6.25 mmol) in dry THF was added dropwise and the reaction was allowed to 

warm up to room temperature and stirred further at room temperature for 30 minutes. The 

resulting yellow mixture was diluted with a mixture of water and H2SO4 (3:1, 100 mL), extracted 

with Et2O (3 x 60 mL), washed with water (3 x 50 mL), a sat solution of Na2S2O3 (2 x 25 mL), water 

(50 mL), brine (50 mL), and dried over MgSO4. Solvents were evaporated under reduced pressure 

and further dried overnight under high vacuum affording pure 2,3,5,6-tetrafluoro-4-iodobenzoic 

acid II-14 as a white solid (1.390 g, 87%) that was used in the next reaction without further 

purification. 

2,3,5,6-tetrafluoro-4-iodo-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-13Te 

 

To a suspension of 2,3,5,6-tetrafluoro-4-iodobenzoic acid II-14 (320 mg, 1 mmol) in dry CH2Cl2 (5 

mL) under anhydrous condition, was added oxalyl chloride (0.86 mL, 1.269 g, 1.2 mmol) and three 

drops of DMF (gas formation). The reaction was stirred at room temperature for 2h (until complete 

dissolution). The liquids were removed under reduced pressure. The beige solid residue was 

dissolved in dry CH2Cl2 (5 mL) and a solution of 2-(methyltellanyl)pyridin-3-amine II-3Te (212 mg, 0.9 

mmol) and dry pyridine (0.09 mL, 87 mg, 1.1 mmol) in dry CH2Cl2 (2 mL) was added dropwise at 0°C. 

The reaction was stirred 5 minutes at the same temperature then overnight at room temperature. 

The resulting mixture was diluted with EtOAc (50 mL) and washed with water (15 mL), brine (15 
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mL), and dried over Na2SO4. The solvents were removed under reduced pressure. The crude was 

purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure 2,3,5,6-tetrafluoro-4-iodo-N-

(2-(methyltellanyl)pyridin-3-yl)benzamide II-13Te as a white solid (248 mg, 46%); mp = 198-200°C. 

IR: υ (cm-1): 3219, 1739, 1653, 1634, 1574, 1522, 1464, 1385, 1296, 1206, 1063, 976.0, 760.0, 648.1; 

1H NMR (400 MHz, DMSO) δH: 10.79 (s, 1H), 8.48 (dd, J = 4.6, 1.3 Hz, 1H), 7.57 (dd, J = 7.9, 1.3 Hz, 

1H), 7.26 (dd, J = 7.9, 4.6 Hz, 1H), 2.20 (s, 3H); 19F NMR (376 MHz, DMSO) δF: -120.7 (dd, J = 26.2, 

12.1 Hz, 2F), -139.6 (dd, J = 26.2, 12.1 Hz, 2F); 13C NMR (125 MHz, CDCl3) δC: 157.1, 149.2, 146.5 

(dm, JCF = 242 Hz) (two peaks overlap, 2C), 142.2 (dm, JCF = 252 Hz) (two peaks overlap, 2C), 141.7, 

136.1, 133.3, 120.9, 120.9, 116.6 (dd appearing t, JCF = 21 Hz), -14.5; ESI-HRMS: [M + H]+ cacld for 

[C13H8N2
130Te127I]+: 540.8680; found: 540.8657.  

2-phenyl-[1,3]selenazolo[5,4-β]pyridine II-15Se 

 

To a solution of N-(2-(methylselanyl)pyridin-3-yl)benzamide II-4Se (99 mg, 0.34 mmol) and NEt3 

(0.57 mL, 413 mg, 4.08 mmol) in dry dioxane (3 mL) under anhydrous condition, POCl3 (0.13 mL, 

209 mg, 1.36 mmol) in dry dioxane (3 mL) was added dropwise. The reaction was heated to reflux 

and stirred overnight. The resulting mixture was diluted with CHCl3 (40 mL), washed with a 

saturated solution of NaHCO3 (2x20 mL), water (2x20 mL), brine (20 mL), and dried over Na2SO4. 

The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (pet. ether: EtOAc 9: 1) to give pure CGP II-15Se as a beige solid (32 mg, 38%); mp 

= 119-120°C. IR: υ (cm-1):  1570, 1543, 1504, 1476, 1371, 1283, 1206, 1074, 941, 810, 762, 684, 665; 

1H NMR (400 MHz, CDCl3) δH: 8.50 (dd, J = 4.7, 1.6 Hz, 1H), 8.30 (dd, J = 8.1, 1.6 Hz, 1H),  8.04 – 7.99 

(m, 2H), 7.55 – 7.46 (m, 3H), 7.45 (dd, J = 8.1, 4.7 Hz, 1H); 13C NMR (100 MHz, CDCl3) δC: 174.7, 

163.0, 150.3, 146.3, 136.1, 131.8, 131.6, 129.3 (two peaks overlap, 2C), 128.2 (two peaks overlap, 

2C), 121.7; ESI-HRMS: [M + H]+ cacld for [C12H9N2
76Se]+: 256.9958; found: 256.9968. Single crystals 

suitable for X-ray diffraction analysis were grown from slow evaporation of CHCl3 solution. 

2-phenyl-[1,3]tellurazolo[5,4-β]pyridine II-15Te 
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To a solution of N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-4Te (0.221 g, 0.65 mmol) and NEt3 

(1.09 mL, 789 mg, 7.8 mmol) in dry dioxane (6.5 mL) under anhydrous condition, POCl3 (0.24 mL, 

399 mg, 2.6 mmol) in dry dioxane (6.5 mL) was added dropwise. The reaction was heated to reflux 

and stirred overnight. The resulting mixture was diluted with CHCl3 (50 mL), washed with a 

saturated solution of NaHCO3 (2 x 35 mL), water (15 mL), brine (15 mL), and dried over Na2SO4. The 

solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (pet. ether : EtOAc 8 : 2) to give pure 2-(pyridin-2-yl)-[1,3]tellurazolo[5,4-

β]pyridine II-15Te as a yellow solid (138 mg, 69%); mp = 148-149 °C. IR: υ (cm-1): 2920, 1566, 1539, 

1494, 1472, 1368, 1281, 1207, 1061, 932, 845, 797, 756, 675, 654, 579; 1H NMR (400 MHz, CDCl3) 

δH: 8.47 (dd, J = 4.7, 1.5 Hz, 1H), 8.31 (dd, J = 7.8, 1.3 Hz, 1H), 7.89 (d, J = 7.0 Hz, 2H), 7.56-7.40 (m, 

4H); 13C NMR (100 MHz, CDCl3) δC: 177.4, 163.4, 158.2, 146.3, 141.2, 132.3, 131.6, 129.4 (two peaks 

overlap, 2C), 128.8 (two peaks overlap, 2C), 121.9; ESI-HRMS: [M]+ cacld for [C12H8N2
122Te]+: 

302.9796; found: 302.9794. Single crystals suitable for X-ray diffraction analysis were grown from 

slow evaporation of CHCl3 solution. 

2-(pyridin-2-yl)-[1,3]selenazolo[5,4-β]pyridine II-16Se 

 

To a solution of N-(2-(methylselanyl)phenyl)picolinamide II-5Se (87 mg, 0.3 mmol) and NEt3 (0.48 

mL, 364 mg, 3.6 mmol) in dry dioxane (6 mL) under anhydrous condition, POCl3 (0.11 mL, 184 mg, 

1.2 mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. The 

resulting mixture was diluted with a saturated solution of NaHCO3 (10 mL). The aqueous fraction 

was extracted with CHCl3 (3 x 20 mL). The solvent was removed under reduced pressure and the 

crude purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure CGP II-16Se as a light 

orange solid (72 mg, 93%); mp = 173-175 °C. IR: υ (cm-1): 3039, 1691, 1577, 1564, 1508, 1463, 1431, 

1375, 1292, 1080, 1043, 994, 960, 797, 779, 739, 613, 600; 1H NMR (300 MHz, CDCl3) δH: 8.69 (ddd, 

J = 4.8, 1.6, 0.9 Hz, 1H), 8.55 (dd, J  = 4.7, 1.6 Hz, 1H), 8.35-8.27 (m, 2H), 7.87 (ddd appearing dt, J = 

7.7, 1.6 Hz, 1H), 7.49-7.45 (m, 2H); 13C NMR (100 MHz, CDCl3) δC: 176.9, 164.1, 153.1, 150.5, 150.1, 

147.2, 137.2, 131.7, 125.9, 121.4, 119.9; EI-HRMS: [M - H]+ cacld for [C11H6N3
76Se]+: 255.9754; 

found: 255.9762. Single crystals suitable for X-ray diffraction analysis were grown from slow 

evaporation of CHCl3 solution. 
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2-(pyridin-2-yl)-[1,3]tellurazolo[5,4-β] pyridine II-16Te 

 

To a solution of N-(2-(methyltellanyl)phenyl)picolinamide II-5Te (200 mg, 0.59 mmol) and NEt3 (0.99 

mL, 716 mg, 12 mmol) in dry dioxane (12 mL) under anhydrous condition, POCl3 (0.22 mL, 362 mg, 

2.36 mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. The 

resulting mixture was diluted with a saturated solution of NaHCO3 (15 mL). The aqueous fraction 

was extracted with CHCl3 (3 x 40 mL). The solvent removed under reduced pressure and the crude 

was purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure CGP II-16Te as a yellow 

solid (137 mg, 75%); mp = 213-214 °C. IR: υ (cm-1): 3026, 2999, 1573, 1534, 1541, 1494, 1458, 1433, 

1369, 1290, 1151, 1118, 1091, 995, 949, 802, 735, 606, 581; 1H NMR (300 MHz, CDCl3) δH: 8.59 (d, 

J = 8.59 Hz, 1H), 8.49 (dd, J = 4.7, 1.5 Hz, 1H), 8.31 (dd, J = 8.1 Hz, 1H), 8.19 (d, J = 7.8 Hz, 1H), 7.82 

(ddd appearing dt, J = 7.7, 1.6 Hz, 1H), 7.45-7.37 (m, 2H); 13C NMR (75 MHz, CDCl3) δC:  183.2, 163.6, 

159.2, 156.6, 150.2, 146.3, 137.2, 132.9, 126.0, 121.6, 118.4; EI-HRMS: [M]+ cacld for 

[C11H7N3
122Te]+: 302.9671; found: 302.9670. Single crystals suitable for X-ray diffraction analysis 

were grown from slow evaporation of CHCl3 solution. 

2-(pyridin-3-yl)-[1,3]selenazolo[5,4-β]pyridine II-17Se 

 

To a solution of N-(2-(methylselanyl)phenyl)nicotinamide II-6Se (205 mg, 0.7 mmol) and NEt3 (1.17 

mL, 850 mg, 8.4 mmol) in dry dioxane (14 mL) under anhydrous condition, POCl3 (0.26 mL, 429 mg, 

2.8 mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. The 

resulting solution was diluted with CHCl3 (70 mL), washed with a saturated solution of NaHCO3 (25 

mL), water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents were removed under 

reduced pressure. The crude was filtered on a pad of silica gel chromatography (CHCl3/MeOH 2%) 

to give pure CGP II-17Se as a yellow solid (80 mg, 44%); mp =  160-162°C. IR: υ (cm-1):  1586, 1547, 

1491, 1472, 1371, 1288, 1215, 1190, 1020, 947, 812, 694; 1H NMR (300 MHz, CDCl3) δH: 9.19 (dd, J 

= 2.3, 0.8 Hz, 1H), 8.72 (dd, J = 4.8, 1.6 Hz, 1H), 8.50 (dd, J  = 4.8, 1.6 Hz, 1H), 8.30-8.24 (m, 2H), 7.46-

7.39 (m, 2H); 13C NMR (75 MHz, CDCl3) δC: 170.7, 163.3, 152.2, 149.7, 149.1, 147.1, 135.0, 132.1, 
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131.7, 124.0, 121.8; ESI-HRMS: [M + H]+ cacld for [C11H8N3
80Se]+: 261.9893; found: 261.9883. Single 

crystals suitable for X-ray diffraction analysis were grown from slow evaporation of CHCl3 solution. 

2-(pyridin-3-yl)-[1,3]tellurazolo[5,4-β] pyridine II-13Te 

 

To a solution of N-(2-(methyltellanyl)phenyl)nicotinamide II-6Te (136 mg, 0.4 mmol) and NEt3 (0.67 

mL, 486 mg, 4.8 mmol) in dry dioxane (8 mL) under anhydrous condition, POCl3 (0.15 mL, 245 mg, 

1.6 mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. The 

resulting mixture was diluted with CHCl3 (50 mL), washed with a saturated solution of NaHCO3 (20 

mL), water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents were removed under 

reduced pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to give 

pure CGP II-17Te as a yellow solid (61 mg, 25%, over two steps); mp = 180-182°C. IR: υ (cm-1): 1740, 

1574, 1541, 1487, 1458, 1414, 1371, 1213, 1123, 1067, 1023, 932, 847, 808, 731, 698; 1H NMR (300 

MHz, CDCl3) δH: 9.06 (dd, J = 2.3, 0.8 Hz, 1H), 8.73 (dd, J = 4.8, 1.7 Hz, 1H), 8.50 (dd, J = 4.6, 1.7 Hz, 

1H), 8.35 (dd, J = 8.1, 1.7 Hz, 1H), 8.18 (ddd, J = 8.0, 2.3, 1.7 Hz, 1H), 7.46 (dd, J = 8.1, 4.6 Hz, 1H), 

7.41 (ddd, J = 8.0, 4.8, 0.8 Hz, 1H); 13C NMR (75 MHz, CDCl3) δC:  173.3, 163.6, 157.8, 152.2, 150.0, 

146.7, 136.9, 135.3, 132.7, 124.1, 122.1; ESI-HRMS: [M + H]+ cacld for [C11H8N3
130Te]+: 311.9779; 

found:  311.9779. Single crystals suitable for X-ray diffraction analysis were grown from slow 

evaporation of CHCl3 solution. 

2-(pyridin-4-yl)-[1,3]selenazolo[5,4-β]pyridine II-18Se 

 

To a solution of N-(2-(methylselanyl)phenyl)isonicotinamide II-7Se (205 mg, 0.7 mmol) and NEt3 

(1.17 mL, 850 mg, 8.4 mmol) in dry dioxane (14 mL) under anhydrous condition, POCl3 (0.26 mL, 

429 mg, 2.8 mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. 

The resulting solution was diluted with CHCl3 (70 mL), washed with a saturated solution of NaHCO3 

(25 mL), water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents were removed under 

reduced pressure. The crude was filtered on a pad of silica gel chromatography (CHCl3/MeOH 2%) 

and purified further by a recrystallization in hot EtOH to give pure CGP II-18Se as a yellow solid (158 

mg, 87%); mp =  162-164°C. IR: υ (cm-1):  1589, 1539, 1466, 1404, 1362, 1280, 1226, 1200, 1061, 
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945, 802, 729, 651, 579, 556; 1H NMR (400 MHz, CDCl3) δH: 8.79 (dd, J = 4.5, 1.7 Hz, 2H), 8.57 (dd, J  

= 4.6, 1.6 Hz, 1H), 8.36 (dd, J = 8.2, 1.6 Hz, 1H), 7.86 (dd, J = 4.5, 1.7 Hz, 2H), 7.49 (dd, J = 8.2, 4.6 Hz, 

1H); 13C NMR (100 MHz, CDCl3) δC: 171.6, 163.5, 151.1 (two peaks overlap, 2C), 149.8, 147.7, 142.9, 

132.3, 122.0, 121.7 (two peaks overlap, 2C); ESI-HRMS: [M + H]+ cacld for [C11H8N3
76Se]+: 257.9910; 

found: 257.9921. Single crystals suitable for X-ray diffraction analysis were grown from slow 

evaporation of CHCl3 solution. 

2-(pyridin-4-yl)-[1,3]tellurazolo[5,4-β] pyridine II-18Te 

 

To a solution of N-(2-(methyltellanyl)phenyl)isonicotinamide II-7Te (136 mg, 0.4 mmol) and NEt3 

(0.67 mL, 486 mg, 4.8 mmol) in dry dioxane (8 mL) under anhydrous condition, POCl3 (0.15 mL, 245 

mg, 1.6 mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. The 

resulting mixture was diluted with CHCl3 (50 mL), washed with a saturated solution of NaHCO3 (20 

mL), water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents were removed under 

reduced pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to give 

pure CGP II-18Te as a yellow solid (77 mg, 62%); mp = 168-170°C. IR: υ (cm-1): 3032, 2978, 1593, 

1573, 1543, 1504, 1477, 1404, 1292, 1207, 1080, 957, 806, 737, 682, 663, 602, 556; 1H NMR (400 

MHz, CDCl3) δH: 8.75 (dd, J = 4.5, 1.6 Hz, 2H), 8.52 (dd, J = 4.6, 1.6 Hz, 1H), 8.38 (dd, J = 8.2, 1.6 Hz, 

1H), 7.72 (dd, J = 4.5, 1.6 Hz, 2H), 7.47 (dd, J = 8.2, 4.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δC:  174.7, 

163.8, 157.8, 151.0 (two peaks overlap, 2C), 147.7, 147.1, 133.3, 122.3, 122.2 (two peaks overlap, 

2C); ESI-HRMS: [M + H]+ cacld for [C11H8N3
122Te]+: 303.9749; found:  303.9736. Single crystals 

suitable for X-ray diffraction analysis were grown from slow evaporation of CHCl3 solution. 

2-(thiophen-2-yl)-[1,3]selenazolo[5,4-β]pyridine II-19Se 

 

To a solution of N-(2-(methylselanyl)pyridin-3-yl)thiophene-2-carboxamide II-9Se (134 mg, 0.5 

mmol) and NEt3 (0.84 mL, 607 mg, 6 mmol) in dry dioxane (5 mL) under anhydrous condition, POCl3 

(0.19 mL, 307 mg, 2 mmol) in dry dioxane (4 mL) was added dropwise. The reaction was heated to 

reflux and stirred overnight. Then the reaction was diluted with CHCl3 (40 mL), washed with a 
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saturated solution of NaHCO3 (2 x 20 mL), water (20 mL), brine (20 mL), and dried over Na2SO4. The 

solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to give pure CGP II-19Se as a yellow solid (92 mg, 69 %); mp = 

135-137°C. IR: υ (cm-1): 2922, 1578, 1575, 1476, 1418, 1371, 1285, 1233, 1211, 1111, 1080, 1049, 

897, 851, 801, 737, 694, 664; 1H NMR (300 MHz, CDCl3) δH: 8.46 (dd, J = 4.6, 1.5 Hz, 1H), 8.23 (ddd, 

J = 8.2, 1.5, 0.8 Hz, 1H), 7.64 (ddd appearing dt, J = 3.8, 1.1, 0.7 Hz, 1H), 7.56 (ddd appearing dt, J = 

5.0, 1.1, 0.7 Hz, 1H), 7.42 (ddd, J = 8.2, 4.7, 0.8 Hz, 1H), 7.15 (ddd, J = 5.0, 3.8, 0.7 Hz, 1H); 13C NMR 

(100 MHz, CDCl3) δC: 166.5, 162.8, 149.8, 146.0, 140.2, 131.1, 130.6 (two peaks overlap, 2C), 128.3, 

121.7; ESI-HRMS: [M + H]+ cacld for [C10H7N2S76Se]+: 262.9522; found: 262.9532. Single crystals 

suitable for X-ray diffraction analysis were grown from slow evaporation of CHCl3 solution. 

2-(thiophen-2-yl)-[1,3]tellurazolo[5,4-β]pyridine II-19Te 

 

To a solution of N-(2-(methyltellanyl)pyridin-3-yl)thiophene-2-carboxamide II-8Te (0.225 g, 0.65 

mmol) and NEt3 (1.09 mL, 789 mg, 7.8 mmol) in dry dioxane (6.5 mL) under anhydrous condition, 

POCl3 (0.24 mL, 399 mg, 2.6 mmol) in dry dioxane (6.5 mL) was added dropwise. The reaction was 

heated to reflux and stirred overnight. The resulting mixture was diluted with CHCl3 (50 mL), washed 

with a saturated solution of NaHCO3 (2 x 20 mL), water (20 mL), brine (20 mL), and dried over 

Na2SO4. The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to give pure CGP II-19Te as a yellow solid (171 mg, 84%); mp = 

137-138 °C. IR: υ (cm-1):  3098, 2920, 2851, 1568, 1537, 1472, 1417, 1358, 1204, 1107, 1082, 888, 

885, 791, 704, 656; 1H NMR (400 MHz, CDCl3) δH: 8.42 (dd, J = 4.7, 1.7 Hz, 1H), 8.22 (dd, J = 8.1, 1.7 

Hz, 1H), 7.53 (dd, J = 5.0, 1.1 Hz, 1H), 7.51 (dd, J = 3.8, 1.1 Hz, 1H), 7.38 (dd, J = 8.1, 4.7 Hz, 1H), 7.12 

(dd, J = 5.0, 3.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δC:166.8, 162.9, 157.3, 146.2, 146.1, 131.7, 131.4, 

130.4, 128.0, 122.0; ESI-HRMS: [M]+ cacld for [C10H6N2S122Te]+: 308.9360; found: 308.9360. Single 

crystals suitable for X-ray diffraction analysis were grown from slow evaporation of CHCl3 solution. 

2-(4-nitrophenyl)-[1,3]selenazolo[5,4-β]pyridine II-20Se 
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To a suspension of N-(2-(methylselanyl)pyridin-3-yl)-4-nitrobenzamide II-9Se (202 mg, 0.6 mmol) 

and NEt3 (1.00 mL, 729 mg, 17.15 mmol) in dry dioxane (6 mL) under anhydrous condition, a 

solution of POCl3 (0.22 mL, 368 mg, 2.4 mmol) in dry dioxane (14 mL) was added dropwise. The 

mixture was heated to reflux and was stirred overnight. Then the reaction was diluted with CHCl3 

(70 mL), washed with a saturated solution of NaHCO3 (3 x 15 mL), water (15 mL), brine (15 mL), and 

dried over Na2SO4. The solvents were removed under reduced pressure. The crude was purified by 

silica gel chromatography (CHCl3/MeOH1%) to give pure CGP II-20Se as a yellow solid (96 mg, 53%); 

mp = 280-282 °C. IR: υ (cm-1): 2980, 1593, 1572, 1543, 1468, 1466, 1373, 1321, 1283, 1111, 1080, 

949, 851, 839, 804, 739, 687; 1H NMR (300 MHz, CDCl3) δH: 8.58 (dd, J = 4.6, 1.4 Hz, 1H), 8.39-8.34 

(m, 3H), 8.20 (d, J = 8.8 Hz, 2H), 7.51 (dd, J = 8.1, 4.6 Hz, 1H); 13C NMR (100 MHz, CDCl3) δC: not 

recorded due to low solubility; ESI-HRMS: [M + H]+ cacld for [C12H8N3O2
76Se]+: 301.9809; found: 

301.9800.  

2-(4-nitrophenyl)-[1,3]tellurazolo[5,4-β]pyridine II-20Te 

 

To a suspension of N-(2-(methyltellanyl)pyridin-3-yl)-4-nitrobenzamide II-9Te (550 mg, 1.43 mmol) 

and NEt3 (2.40 mL, 1.735 g, 17.15 mmol) in dry dioxane (14 mL) under anhydrous condition, a 

solution of POCl3 (0.53 mL, 877 mg, 5.72 mmol) in dry dioxane (14 mL) was added dropwise. The 

mixture was heated to reflux and was stirred overnight. The reaction was diluted with CHCl3 (70 

mL), washed with a saturated solution of NaHCO3 (2 x 30 mL), water (30 mL), brine (30 mL), and 

dried over Na2SO4. The solvents were removed under reduced pressure. The crude was purified by 

silica gel chromatography (CHCl3/MeOH 1%) to give pure CGP II-20Te as a yellow solid (283 mg, 56%); 

mp = 276-278 °C. IR: υ (cm-1):  3215, 1649, 1514, 1383, 1294, 1059, 828, 793, 718, 656; 1H NMR (300 

MHz, CDCl3) δH: 8.68 (d, J = 8.1 Hz, 1H), 8.57 (d, J = 5.2 Hz, 1H), 8.37 (d, J = 8.7 Hz, 2H), 8.11 (d, J = 

8.7 Hz, 2H), 7.76 (dd, J  = 8.1, 5.2 Hz, 1H); 13C NMR (100 MHz, CDCl3) δC: not recorded due to low 

solubility; ESI-HRMS: [M + H]+ cacld for [C12H8N3O2
122Se]+: 347.9647; found: 347.9655. 
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2-(3,4,5-trifluorophenyl)-[1,3]selenazolo[5,4-β]pyridine II-21Se 

 

To a solution of 3,4,5-trifluoro-N-(2-(methylselanyl)pyridin-3-yl)benzamide II-10Se (104 mg, 0.3 

mmol) and NEt3 (0.50 mL, 364 mg, 3.6 mmol) in dry dioxane (3 mL) under anhydrous condition, 

POCl3 (0.11 mL, 184 mg, 1.2 mmol) in dry dioxane (3 mL) was added dropwise. The reaction was 

heated to reflux and stirred overnight. Then the reaction was diluted with CHCl3 (40 mL), washed 

with a saturated solution of NaHCO3 (2 x 15 mL), water (15 mL), brine (15 mL), and dried over 

Na2SO4. The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to give pure CGP II-21Se as a white solid (75 mg, 80%); mp = 175-

177 °C. IR: υ (cm-1): 3078, 2980, 1944, 1736, 1620, 1597, 1528, 1497, 1375, 1348, 1244, 1020, 1165, 

1151, 1033, 1220, 801, 733, 723; 1H NMR (400 MHz, CDCl3) δH: 8.53 (dd, J = 4.7, 1.5 Hz, 1H), 8.29 

(dd, J = 8.2, 1.5 Hz, 1H), 7,67 (ddd, J = 8.0, 6.4, 1.1 Hz, 2H), 7.47 (dd, J = 8.2, 4.7 Hz, 1H); 19F NMR 

(376 MHz, CDCl3) δF: -132.1 (d, J = 20.4 Hz, 2F), -154.8 (t, J = 20.4 Hz, 1F); 13C NMR (100 MHz, CDCl3) 

δC: 170.3, 163.4, 151.8 (ddd, JCF = 252, 10.4, 3.9 Hz) (two peaks overlap, 2C), 149.8, 147.2, 141.9 

(ddd appearing dt, JCF = 256, 15.5 Hz), 132.2 (d, JCF = 4.6Hz), 132.0, 122.0, 112.3 (dd, J = 16.6, 6.5 Hz) 

(two peaks overlap, 2C); ESI-HRMS: [M + H]+ cacld for [C12H6N2F3
122Te]+: 310.9675; found: 310.9689. 

Single crystals suitable for X-ray diffraction analysis were grown from slow evaporation of CHCl3 

solution. 

2-(3,4,5-trifluorophenyl)-[1,3]tellurazolo[5,4-β]pyridine II-21Te 

 

To a solution of 3,4,5-trifluoro-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-10Te (236 mg, 0.6 

mmol) and NEt3 (1.00 mL, 729 mg, 7.2 mmol) in dry dioxane (6 mL) under anhydrous condition, 

POCl3 (0.22 mL, 368 mg, 2.4 mmol) in dry dioxane (6 mL) was added dropwise. The reaction was 

heated to reflux and stirred overnight. The resulting mixture was diluted with CHCl3 (50 mL), washed 

with a saturated solution of NaHCO3 (2 x 25 mL), water (15 mL), brine (15 mL), and dried over 
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Na2SO4. The solvents were removed under reduced pressure. The crude was purified by silica gel 

chromatography (CHCl3/MeOH 1%) to give pure CGP II-21Te as a yellow solid (173 mg, 80%); mp = 

194-196 °C. IR: υ (cm-1): 3649, 2980, 2359, 1603, 1526, 1477, 1354, 1256, 1042, 1042, 843, 801, 727, 

716; 1H NMR (400 MHz, CDCl3) δH: 8.50 (dd, J = 4.8, 1.6 Hz, 1H), 8.36 (dd, J = 8.1, 1.5 Hz, 1 H), 7.55 

(dd appearing t, J = 6.8 Hz, 2 H), 7.49 (dd, J = 8.1, 4.8 Hz, 1H); 19F NMR (376 MHz, CDCl3) δF: -132.4 

(d, J = 20.4 Hz, 2F), -154.99 (t, J = 20.4 Hz, 1F); 13C NMR (100 MHz, CDCl3) δC: 173.6, 163.3, 158.0, 

151.7 (ddd, JCF = 250, 10.4, 4.0 Hz) (two peaks overlap, 2C), 146.1, 141.8 (dm, JCF = 258 Hz), 137.2, 

133.3, 122.4, 112.5 (dd, JCF = 16.5, 6.5 Hz) (two peaks overlap, 2C); ESI-HRMS: [M]+ cacld for 

[C12H6N2F3
122Te]+: 356.9514; found: 356.9496. Single crystals suitable for X-ray diffraction analysis 

were grown from slow evaporation of CHCl3 solution. 

2-(perfluorophenyl)-[1,3]selenazolo[5,4-β]pyridine II-22Se 

 

To a solution of 2,3,4,5,6-pentafluoro-N-(2-(methylselanyl)pyridin-3-yl)benzamide II-11Se (248 mg, 

0.65 mmol) and NEt3 (1.09 mL, 789 mg, 7.8 mmol) in dry dioxane (6.5 mL) under anhydrous 

condition, POCl3 (0.24 mL, 389 mg, 2.6 mmol) in dry dioxane (6.5 mL) was added dropwise. The 

reaction was heated to reflux and stirred overnight. The resulting mixture was diluted with CHCl3 

(50 mL), washed with a saturated solution of NaHCO3 (2 x 15 mL), water (15 mL), brine (15 mL), and 

dried over Na2SO4. The solvents were removed under reduced pressure. The crude was purified by 

silica gel chromatography (CHCl3/MeOH 1%) to give pure CGP II-22Se as a yellow solid (127 mg, 51%); 

mp = 108-110 °C. IR: υ (cm-1): 3246, 2980, 2361, 1655, 1518, 1489, 1393, 1329, 1225, 1103, 1071, 

999, 774, 652, 608; 1H NMR (400 MHz, CDCl3) δH: 8.63 (dd, J = 4.6, 1.5 Hz, 1H), 8.44 (dd, J = 8.2, 1.5 

Hz, 1H), 7.53 (dd, J = 8.2, 4.6 Hz, 1H); 19F NMR (376 MHz, CDCl3) δF: -138.7 (m, 2F), -149.2 (t, J = 21 

Hz, 1F), -160.3 (m, 2F); 13C NMR (100 MHz, CDCl3) δC: 164.0 (t, JCF = 4.0 Hz), 157.9, 148.2, 147.8, 

144.7 (dm, JCF = 260 Hz) (two peaks overlap, 2C), 142.5 (dm, JCF = 260 Hz), 138.3 (dm, JCF = 251 Hz) 

(two peaks overlap, 2C), 132.8, 121.9, 112.1 (m); ESI-HRMS: [M + H]+ cacld for [C12H4N2F5
76Se]+: 

346.9487; found: 346.9482. Single crystals suitable for X-ray diffraction analysis were grown from 

slow evaporation of CHCl3 solution. 
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2-(perfluorophenyl)-[1,3]tellurazolo[5,4-β]pyridine II-22Te 

 

To a solution of 2,3,4,5,6-pentafluoro-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-11Te (193 mg, 

0.45 mmol) and NEt3 (0.75 mL, 546 mg, 5.4 mmol) in dry dioxane (4.5 mL) under anhydrous 

condition, POCl3 (0.17 mL, 276 mg, 1.8 mmol) in dry dioxane (4.5 mL) was added dropwise. The 

reaction was heated to reflux and stirred overnight. The resulting mixture was diluted with CHCl3 

(50 mL), washed with a saturated solution of NaHCO3 (2 x 15 mL), water (15 mL), brine (15 mL), and 

dried over Na2SO4. The solvents were removed under reduced pressure. The crude was purified by 

silica gel chromatography (CHCl3/MeOH 1%), the resulting orange material was purified further by 

preparative TLC (CHCl3/MeOH 1%) to give pure CGP II-22Te as a yellow solid (95 mg, 53%); mp = 197-

198 °C. IR: υ (cm-1): 2922, 1649, 1572, 1518, 1491, 1404, 1365, 1217, 1138, 986, 810, 731, 665, 573; 

1H NMR (400 MHz, CDCl3) δH: 8.59 (dd, J  = 4.7, 1.5 Hz, 1H), 8.51 (dd, J = 8.2, 1.5 Hz, 1H), 7.53 (dd, J 

= 8.2, 4.7 Hz, 1H); 19F NMR (376 MHz, CDCl3) δF:  -139.8 (d, J = 18.0 Hz, 2F), -150.0 (dd appearing t, J  

= 20.9 Hz, 1F), -160.7 (m, 2F); 13C NMR (100 MHz, CDCl3) δC: 165.3, 158.2, 155.9, 146.9, 144.0 (dm, 

JCF = 256 Hz) (two peaks overlap, 2C)2, 142.2 (dm, JCF = 252 Hz), 138.2 (dm, JCF = 253 Hz) (two peaks 

overlap, 2C), 134.2, 122.2, 116.9; ESI-HRMS: [M]+ cacld for [C12H3N2F5
122Te]+: 392.9325; found: 

392.9331. Single crystals suitable for X-ray diffraction analysis were grown from slow evaporation 

of CHCl3 solution. 

2-(2,3,5,6-tetrafluoro-4-bromophenyl)-[1,3]tellurazolo[5,4-]pyridine II-23Te 

 

To a solution of 2,3,5,6-tetrafluoro-4-bromo-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-12Te 

(147 mg, 0.3 mmol) and NEt3 (0.50 mL, 364 mg, 3.6 mmol) in dry dioxane (6 mL) under anhydrous 

condition, POCl3 (0.11 mL, 180 mg, 1.2 mmol) was added dropwise. The reaction was heated to 

reflux and stirred overnight. The resulting mixture was diluted with CHCl3 (70 mL), washed with a 

saturated solution of NaHCO3 (10 mL), water (10 mL), brine (10 mL), and dried over Na2SO4 and 
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solvents removed under reduced pressure. The crude was purified by silica gel chromatography 

(CHCl3/MeOH 0.5%), to give pure CGP II-23Te as a yellow solid (97 mg, 25%, over two steps); mp = 

192-194 °C. IR: υ (cm-1): 1570, 1539, 1485, 1396, 1364, 1292, 1215, 1028, 978, 837, 846, 760, 719; 

1H NMR (400 MHz, CDCl3) δH: 8.50 (d, J  = 4.0 Hz, 1H), 8.40 (d, J = 8.0 Hz, 1H), 7.41 (dd, J = 8.0, 4.0 

Hz, 1H); 19F NMR (376 MHz, CDCl3) δF:  -132.1 (m 2F), -139.4 (m, 2F); 13C NMR (125 MHz, CDCl3) δC: 

166.0, 157.6, 155.7, 147.6, 145.7 (dm, JCF = 240 Hz, two peaks overlap, 2C), 143.7 (dm, JCF = 240 Hz, 

two peaks overlap, 2C), 133.9, 122.1, 120.7, 102.1; ESI-HRMS: [M + H]+ cacld for [C12H4N2F4Br130Te]+: 

460.8556; found: 460.8552. Single crystals suitable for X-ray diffraction analysis were grown from 

slow evaporation of CHCl3 solution. 

2-(2,3,5,6-tetrafluoro-4-iodophenyl)-[1,3]tellurazolo[5,4-]pyridine II-24Te 

 

To a solution of 2,3,5,6-tetrafluoro-4-iodo-N-(2-(methyltellanyl)pyridin-3-yl)benzamide II-13Te (53 

mg, 0.45 mmol) and NEt3 (0.17 mL, 121 mg, 1.2 mmol) in dry dioxane (2 mL) under anhydrous 

condition, POCl3 (0.04 mL, 60 mg, 0.4 mmol) was added dropwise. The reaction was heated to reflux 

and stirred overnight. The resulting mixture was diluted with CHCl3 (30 mL), washed with a 

saturated solution of NaHCO3 (5 mL), water (5 mL), brine (5 mL), and dried over Na2SO4 and solvents 

removed under reduced pressure. The crude was purified by silica gel chromatography 

(CHCl3/MeOH 0.5%) to give pure CGP II-24Te as a yellow solid (30 mg, 50%); mp = 230-232 °C. IR: υ 

(cm-1): 2922, 1539, 1474, 1454, 1369, 1258, 1084, 1022, 966, 804, 716; 1H NMR (400 MHz, CDCl3) 

δH: 8.59 (d, J  = 4.6 Hz, 1H), 8.50 (d, J = 8.2 Hz, 1H), 7.51 (dd, J = 8.0, 4.6 Hz, 1H); 19F NMR (376 MHz, 

CDCl3) δF:  -132.1 (m, 2F), -139.3 (m, 2F); 13C NMR (125 MHz, CDCl3) δC: 166.0, 157.9, 155.8, 147.9 

(dm, JCF = 248 Hz, two peaks overlap, 2C), 147.5, 142.9 (dm, JCF = 258 Hz, two peaks overlap, 2C), 

133.9, 129.9, 122.1, 101.8; ESI-HRMS: [M + H]+ cacld for [C12H4N2F4
130Te127I]+: 508.8418; found: 

508.8408. Single crystals suitable for X-ray diffraction analysis were grown from slow evaporation 

of pyridine-CHCl3 solution. 
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2-(trifluoromethyl)-[1,3]selenazolo[5,4-]pyridine II-25Se 

 

2-(trifluoromethyl)-[1,3]selenazolo[5,4-β]pyridine II-25Se was synthesised by a procedure inspired 

by the work of Monzón et al.[9] To a mixture of 2-(methyltellanyl)pyridin-3-amine II-3Se (131 mg, 0.7 

mmol) and dry pyridine (0.06 mL, 61 mg, 0.77 mmol)  in dry CH2Cl2 (4 mL) under anhydrous 

condition at 0°C, a solution of trifluoroacetic acid anhydride (0.1 mL, 0.147 mg, 0.7 mmol) in  dry 

CH2Cl2 (2 mL) was added dropwise. The reaction (yellow solution) was stirred 5 minutes at 0°C then 

overnight at room temperature. Liquids were removed under reduced pressure, the yellow solid 

residue was dissolved in in dry 1,4-dioxane (6 mL) and a solution of POCl3 (0.26 mL, 429 mg, 2.8 

mmol) and dry NEt3 (1.08 mL, 855 mg, 8.4 mmol) in dry 1,4-dioxane (6 mL) was added dropwise. 

The reaction was heated to reflux and stirred for 8h. The resulting mixture was allowed to cool 

down to room temperature, diluted with CHCl3 (70 mL), washed with a saturated solution of 

NaHCO3 (20 mL), water (15 mL), brine (15 mL), and dried over Na2SO4. The solvents were removed 

under reduced pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 0 to 

1%) to give pure CGP II-25Se as a yellow crystalline solid (48 mg, 27%). Remark: the compound 

sublime easily upon drying; mp = 98-100°C. IR: υ (cm-1):  3366, 3046, 1612, 1578, 1552, 1506, 1381, 

1312, 1248, 1220, 986, 854, 810, 727, 683, 665, 573, 524; 1H NMR (500 MHz, CDCl3) δH: 8.67 (dd, J 

= 4.6, 1.5 Hz, 1H), 8.46 (dd, J = 8.2, 1.5 Hz, 1H), 7.56 (dd, J = 8.2, 4.6 Hz, 1H); 19F NMR (470 MHz, 

CDCl3) δF:  -62.4 (s, 3F); 13C NMR (125 MHz, CDCl3) δC: 163.6, 162.1 (q, JCF = 42 Hz), 149.1, 147.6, 

133.8, 122.4, 120.7 (q, JCF = 275 Hz); ESI-HRMS: [M]+ cacld for [C7H3N2
80Se]+:  251.9414; found:  

251.9417. Single crystals suitable for X-ray diffraction analysis were grown from slow evaporation 

of CHCl3 solution. 

2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine II-25Te 

 

2-(trifluoromethyl)-[1,3]tellurazolo[5,4-β]pyridine II-25Te was synthesised by a procedure inspired 

by the work of Monzón et al.[9] To a mixture of 2-(methyltellanyl)pyridin-3-amine II-3Te (118 mg, 0.5 

mmol) and dry pyridine (0.05 mL, 44 mg, 0.55 mmol)  in dry CH2Cl2 (3 mL) under anhydrous 



Chapter VI 

 

185 
 

condition at 0°C, a solution of trifluoroacetic acid anhydride (0.07 mL, 0.105 mg, 0.5 mmol) in dry  

CH2Cl2 (1 mL) was added dropwise. The reaction (yellow solution) was stirred 5 minutes at 0°C then 

overnight at room temperature. Liquids were removed under reduced pressure, the yellow solid 

residue was dissolved in in dry 1,4-dioxane (4 mL) and a solution of POCl3 (0.19 mL, 307 mg, 2 mmol) 

and dry NEt3 (0.83 mL, 607 mg, 6 mmol) in dry 1,4-dioxane (4 mL) was added dropwise. The reaction 

was heated to reflux and stirred for 8h. The resulting mixture was allowed to cool down to room 

temperature, diluted with CHCl3 (70 mL), washed with a saturated solution of NaHCO3 (20 mL), 

water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents were removed under reduced 

pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 0 to 1%) to give pure 

CGP II-25Te as a brownish solid (71 mg, 47%); mp = 132-134°C. IR: υ (cm-1):  3040, 1578, 1547, 1499, 

1300, 1236, 1221, 1161, 1109, 968, 808, 719, 592, 569; 1H NMR (500 MHz, CDCl3) δH: 8.62 (dd, J = 

4.6, 1.6 Hz, 1H), 8.51 (dd, J = 8.2, 1.6 Hz, 1H), 7.55 (dd, J = 8.2, 4.6 Hz, 1H); 19F NMR (470 MHz, CDCl3) 

δF:  -62.6 (s, 3F); 13C NMR (125 MHz, CDCl3) δC: 164.8, 164.4 (q, JCF = 41 Hz, 1C), 155.3, 148.2, 135.1, 

123.6 (q, JCF = 275 Hz, 1C), 122.5; ESI-HRMS: [M]+ cacld for [C7H3N2
130Te]+:  301.9311; found:  

301.9313. Single crystals suitable for X-ray diffraction analysis were grown from slow evaporation 

of CHCl3 solution. 

N1,N2-bis(2-(methylselanyl)phenyl)oxalamide II-30Se 

 

To a solution of 2-(methylselanyl)aniline II-3Se (465 mg, 2.5 mmol) in dry CH2Cl2 (10 mL) under dry 

condition, was added dropwise oxalyl chloride (0.09 mL, 133 mg, 1.05 mmol). The reaction was 

stirred 30 minutes until complete discoloration. The resulting suspension was filtered and washed 

with MeOH (3 mL) to afford pure N1,N2-bis(2-(methylselanyl)phenyl)oxalamide II-30Se as a white 

powder (437 mg, 98 %); mp = 196-198°C. IR: υ (cm-1):  3253, 1685, 1573, 1568, 1500, 1419, 1298, 

1276, 1220, 1155, 1026, 920, 856, 785, 738, 542; 1H NMR (300 MHz, DMSO) δH: 10.52 (s, 2H), 7.86 

(dd, J = 7.8, 1.2 Hz, 2H), 7.64 (dd, J = 7.8, 1.2 Hz, 2H), 7.37 (ddd appearing as dt, J = 7.7, 1.2 Hz, 2H), 

7.23 (ddd, appearing as dt, J = 7.7, 1.2 Hz, 2H), 2.29 (s, 6H); 13C NMR (100 MHz, CDCl3) δC:  not 

recorded due to low solubility; EI-HRMS: [M + Na]+ cacld for [C16H16N2O2Na78Se]+: 446.9456; found: 

446.9464. 
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N1,N2-bis(2-(methyltellanyl)phenyl)oxalamide II-30Te 

 

To a solution of 2-(methyltellanyl)aniline II-3Te (587 mg, 2.5 mmol) in dry CH2Cl2 (10 mL) under dry 

condition, was added dropwise oxalyl chloride (0.09 mL, 133 mg, 1.05 mmol). The reaction was 

stirred 30 minutes until complete discoloration. The resulting suspension was filtered and washed 

with MeOH (3 mL) to afford pure N1,N2-bis(2-(methyltellanyl)phenyl)oxalamide II-30Te as grey 

needles (386 mg, 74 %); mp = 206-208°C. IR: υ (cm-1):  3251, 1687, 1570, 1413, 1296, 1226, 1217, 

1155, 1107, 1016, 844.8, 754.2, 709.8; 1H NMR (400 MHz, DMSO) δH: 10.67 (s, 2H), 7.77 (d J = 7.3 

Hz, 2H), 7.65 (d, J = 7.3 Hz, 2H), 7.35 (dd appearing as t, J = 7.1, 6.4 Hz, 2H), 7.13 (dd appearing as t, 

J = 7.1, 6.4 Hz, 2H), 2.05 (s, 6H); 13C NMR (100 MHz, CDCl3) δC:  158.2 (two peaks overlap, 2C), 139.3 

(two peaks overlap, 2C), 137.8 (two peaks overlap, 2C), 128.3 (two peaks overlap, 2C), 126.9 (two 

peaks overlap, 2C), 123.6 (two peaks overlap, 2C), 112.5 (two peaks overlap, 2C), -14.75 (two peaks 

overlap, 2C); EI-HRMS: [M - H]+ cacld for [C16H15N2O2
124Te]+: 514.9190; found: 514.9202. 

2,2'-bibenzo[][1,3]selenazole II-27Se 

 

To a solution of N1,N2-bis(2-(methylselanyl)phenyl)oxalamide II-30Se (213 mg, 0.5 mmol) and dry 

NEt3 (0.84 mL, 607 mg, 6 mmol) in dry dioxane (20 mL) under dry condition, POCl3 (0.19 mL, 307 

mg, 2 mmol) was added dropwise. The reaction was stirred at reflux for 2.5h. The resulting mixture 

was diluted with a saturated solution of NaHCO3 in water (25 mL), extracted with CHCl3 (3 x 50 mL). 

Organic extracts were combined and dried over Na2SO4. The solvents were removed under reduced 

pressure. The crude material was purified by recrystallization from CHCl3 and the crystals obtained 

were washed with cold CHCl3 (150 mL) to afford 2,2'-bibenzo[][1,3]selenazole II-27Se as yellowish 

crystals (20 mg, 10 %); mp = 334 °C. IR: υ (cm-1):  (cm-1): 3388, 3311, 3292, 3167, 3045, 1472, 1444, 

1425, 1301, 1049, 1012, 850.6, 889.2, 758.0, 717.5, 468.7; 1H NMR (300 MHz, DMSO) δH: 8.28 (d, J 

= 7.8 Hz, 2H), 8.21 (d, J = 7.8 Hz, 2H), 7.61 (dd appearing t, J = 7.3 Hz, 2H), 7.50 (dd appearing t, J = 

7.3 Hz, 4H); 13C NMR δC:  Not recorded due to solubility issue; EI-HRMS: [M + H]+ cacld for 
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[C14H9N2
76Se2]+: 356.9150; found: 356.9164. Single crystals suitable for X-ray diffraction analysis 

were grown from cool donw of a hot  CHCl3 solution. 

2,2'-bibenzo[][1,3]tellurazole II-27Te 

 

To a solution of N1,N2-bis(2-(methyltellanyl)phenyl)oxalamide II-30Te (100 mg, 0.19 mmol) and dry 

NEt3 (0.32 mL, 233 mg, 2.30 mmol) in dry dioxane (10 mL) under dry condition, POCl3 (0.071 mL, 

116 mg, 0.76 mmol) was added dropwise. The reaction was stirred at reflux for 2.5h. The resulting 

mixture was diluted with a saturated solution of NaHCO3 in water (25 mL), extracted with CHCl3 (3 

x 50 mL). Organic extracts were combined and dried over Na2SO4. The solvents were evaporated 

under reduced pressure. The crude material was purified by recrystallization from EtOH to afford 

2,2'-bibenzo[][1,3]tellurazole II-27Te as yellowish crystals (47 mg, 54 %); mp = 270 °C. IR: υ (cm-1): 

2960, 2920, 252, 1689, 1572, 1498, 1483, 1421, 1259, 1087, 1016, 866.0, 800.5, 756; 1H NMR (400 

MHz, DMSO) δH: 8.22 (d, J = 8.1 H, 2H), 7.98 (d, J = 7.6 Hz, 2H), 7.51 (dd appearing as t, J = 7.6 Hz, 

2H), 7.23 (dd appearing t, J = 7.4 Hz, 2 H); 13C NMR (100 MHz, CDCl3) δC:  160.9 (2C), 134.0 (2C), 

132.2 (2C), 128.3 (2C), 127.7 (2C), 127.3 (2C), 126.2 (2C); EI-HRMS: [M]+ cacld for [C14H8N2
124Te2]+: 

451.8744; found: 451.8761. Single crystals suitable for X-ray diffraction analysis were grown from 

slow evaporation of CHCl3 solution. 

4-([1,3]selenazolo[5,4-]pyridin-2-yl)aniline II-31Se 

 

A suspension of 2-(4-nitrophenyl)-[1,3]selenazolo[5,4-]pyridine II-20Se (152 mg, 0.50 mmol), NH4Cl 

(14 mg, 0.25 mmol) and elemental Fe powder (84 mg, 1.50 mmol) in EtOH (4.5 mL) and water (2.3 

mL) was stirred at 85°C for 2h. After cooling down, the reaction was filtered over celite and washed 

with toluene. Solvents were evaporated under reduce pressure. The crude material was purified by 

silica gel chromatography (CHCl3/MeOH 2%) to give pure CGP II-31Se as an orange solid (98 mg, 

71%); mp = 204-206°C. IR: υ (cm-1): 3302, 1736, 1597, 1548, 1479, 1375, 1292, 1211, 1175, 1078, 

943, 826, 791; 1H NMR (300 MHz, DMSO) δH: 8.40 (dd, J = 4.6, 1.6 Hz, 1H), 8.19 (dd, J = 8.1, 1.6 Hz, 

1H), 7.75-7.69 (m, 2H), 7.48 (dd, J = 8.1, 4.6 Hz, 1H), 6.68-6.62 (m, 2H), 6.06 (s, NH2, 2H); 13C NMR 
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(75 MHz, CDCl3) δC: 173.4, 161.7, 153.0, 149.8, 145.5, 129.8 (two peaks overlap, 2C), 129.6, 122.5, 

121.8, 113.6 (two peaks overlap, 2C); ESI-HRMS: [M + H]+ cacld for [C12H10N3O2
80Se]+: 276.0040; 

found: 276.0044. 

4-([1,3]tellurazolo[5,4-]pyridin-2-yl)aniline II-31Te 

 

A suspension of 2-(4-nitrophenyl)-[1,3]tellurazolo[5,4-]pyridine II-20Se (200 mg, 0.57 mmol), NH4Cl 

(15 mg, 0.29 mmol) and elemental Fe powder (96 mg, 1.71 mmol) in EtOH (4.5 mL) and water (2.3 

mL) was stirred at 85°C for 2h. After cooling down, the reaction was filtered over celite and washed 

with toluene. Solvents were evaporated under reduce pressure. The crude material was purified by 

silica gel chromatography (CHCl3/MeOH 2%) to give pure CGP II-31Se as an orange solid (165 mg, 

90%); mp = 180°C (decomposition). IR: υ (cm-1):  2920, 1686, 1593, 1530, 1477, 1391, 1369, 1325, 

1244, 1206, 1180, 1167, 984, 968, 932, 920, 845, 796, 727; 1H NMR (300 MHz, CDCl3) δH: 8.37 (dd, 

J = 4.6, 1.2 Hz, 1H), 8.15 (dd, J = 8.1, 1.2 Hz, 1H), 7.64 (d, J = 8.4 Hz, 2H), 7.46 (dd, J = 8.1, 4.6 Hz, 

1H), 6.60 (d, J  = 8.4 Hz, 2H), 6.02 (s, NH2, 2H); 13C NMR (75 MHz, CDCl3) δC: not recorded due to low 

solubility; API-HRMS: [M + H]+ cacld for [C12H10N3
122Te]+: 317.9905; found: 317.9905. 

N-(4-([1,3]tellurazolo[5,4-]pyridin-2-yl)phenyl)acrylamide II-32Te 

 

To a suspension of 4-([1,3]tellurazolo[5,4-]pyridin-2-yl)aniline II-31Te (145 mg, 0.45 mmol) and 

pyridine (0.04 mL, 40 mg, 0.50 mmol) in dry CH2Cl2 (11 mL) at 0 °C under dry condition, a solution 

of acryloyl chloride (37 µL, 41 mg, 0.45 mmol) in dry CH2Cl2 (1 mL) was added dropwise. The reaction 

was stirred 5 minutes at the same temperature then overnight at room temperature. The mixture 

was diluted with water (40 mL), extracted with CHCl3 (10 x 70 mL), washed with brine (20 mL) and 

dried over Na2SO4, filtered and the solvent removed under reduced pressure. The crude material 

was purified by silica gel chromatography (CHCl3/MeOH 2%) to give pure N-(4-([1,3]tellurazolo[5,4-

]pyridin-2-yl)phenyl)acrylamide II-32Te as a yellow solid (45 mg, 27%); mp = > 300°C. IR: υ (cm-1): 

3240, 2922, 1688, 1591, 1530, 1476, 1323, 1244, 1206, 1180, 1167, 966, 920, 845, 795, 756; 1H 
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NMR (300 MHz, DMSO) δH: 10.50 (s, 1H), 8.49 (d, J = 4.0 Hz, 1H), 8.34 (dd, J = 8.2, 1.4 Hz, 1H), 8.34 

(dd, J = 8.2, 1.4 Hz, 1H), 7.55 (dd, J = 8.2, 4.6 Hz, 1H), 7.28-7.13 (m, 1H), 6.46 (dd, J = 16.9, 9.9 Hz, 

1H), 6.32 (dd, J = 16.9, 2.0 Hz, 1H), 5.82 (dd, J = 9.9, 2.0 Hz, 1H); 13C NMR (75 MHz, CDCl3) δC: not 

recorded due to low solubility; API-HRMS: [M + H]+ cacld for [C15H12N3 O122Te]+: 372.0014; found: 

372.0014. Single crystals suitable for X-ray diffraction analysis were grown from cool down of a hot 

toluene solution. 

N-(2-(methylselanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Se 

 

N-(2-(methylselanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Se was synthesised following a 

procedure inspired by the work of Cho et al.[10] To a suspension of 1-pyrene carboxylic acid (222 

mg, 1 mmol) in dry CH2Cl2 (12 mL) was added oxalyl chloride (0.09 mL, 137 mg, 1.08 mmol) and 

three drops of DMF (gas formation). The reaction was stirred at room temperature for 2h (until 

complete dissolution, bright yellow solution). The liquids were removed under reduced pressure. 

The yellow solid residue was dissolved in dry CH2Cl2 (12mL) and a solution of 2-

(methylselanyl)pyridin-3-amine II-3Te (131 mg, 0.7 mmol) and dry pyridine (0.06 mL, 63 mg, 0.8 

mmol) in dry CH2Cl2 (2 mL) was added dropwise at 0°C. The reaction was stirred 5 minutes at the 

same temperature then overnight at room temperature. The resulting mixture was diluted with 

CH2Cl2 (150 mL) and washed with water (25 mL), brine (25 mL), and dried over Na2SO4. The solvents 

were removed under reduced pressure. The crude was purified by silica gel chromatography 

(CHCl3/MeOH 1%) to give pure N-(2-(methylselanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Se as a 

light yellow solid (151 mg, 50%); mp = 216-220°C. IR: υ (cm-1): 3213, 3007, 1925, 1461, 1518, 1574, 

1395, 1282, 1072, 856, 833, 785; 1H NMR (300 MHz, DMSO) δH: 10.55 (s, 1H), 8.70 (d, J = 9.2 Hz, 

1H), 8.51-8.28 (m, 9H), 8.15 (dd, appearing t, J = 7.6 Hz, 1H), 7.86 (d, J = 7.6 Hz, 1H), 7.34 (dd, J = 

7.4, 4.8 Hz, 1H), 2.44 (s, 3H);  13C NMR (75 MHz, CDCl3) δC: 168.3, 153.9, 147.9, 135.0, 133.6, 132.1, 

130.8, 130.7, 130.2, 128.7, 128.5, 128.2, 127.2, 126.8, 126.1, 125.9, 125.6, 124.6, 124.4, 123.8, 

123.6, 120.4, 5.29; ESI-HRMS: [M + H]+ cacld for [C23H17N2O80Se]+: 417.0501; found: 417.0506.  
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N-(2-(methyltellanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Te 

 

N-(2-(methyltellanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Te was synthesised following a 

procedure inspired by the work of Cho et al.[10] To a suspension of 1-pyrene carboxylic acid (246 

mg, 1 mmol) in dry CH2Cl2 (12 mL) was added oxalyl chloride (0.10 mL, 152 mg, 1.2 mmol) and three 

drops of DMF (gas formation). The reaction was stirred at room temperature for 2h (until complete 

dissolution, bright yellow solution). The liquids were removed under reduced pressure. The yellow 

solid residue was dissolved in dry CH2Cl2 (12mL) and a solution of 2-(methyltellanyl)pyridin-3-amine 

II-3Te (189 mg, 0.8 mmol) and dry pyridine (0.07 mL, 71 mg, 0.9 mmol) in dry CH2Cl2 (2 mL) was 

added dropwise at 0°C. The reaction was stirred 5 minutes at the same temperature then overnight 

at room temperature. The resulting mixture was diluted with CH2Cl2 (150 mL) and washed with 

water (25 mL), brine (25 mL), and dried over Na2SO4. The solvents were removed under reduced 

pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure N-(2-

(methyltellanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Te as a light yellow solid (229 mg, 61%); mp 

= 222-226°C. IR: υ (cm-1): 3190, 2982, 3048, 1639, 1570, 1508, 1442, 1385, 1261, 1234, 1049, 849, 

748, 706, 613, 559; 1H NMR (400 MHz, DMSO) δH: 10.70 (s, 1H), 8.71 (d, J = 9.2 Hz, 1H), 8.51 (dd, J 

= 4.6, 1.1 Hz, 1H), 8.47-8.26 (m, 7H), 8.16 (d, J = 7.6 Hz, 1H), 8.16 (d, J = 7.6 Hz, 1H), 7.76 (dd, J = 7.8, 

1.1 Hz, 1H), 7.33 (dd, J = 7.8, 4.7 Hz, 1H), 2.22 (s, 3H);  13C NMR (100 MHz, CDCl3) δC: 168.4, 148.6, 

143.0, 137.9, 133.7, 132.2, 130.8, 130.7, 130.2, 128.8, 128.6, 128.2, 127.3, 126.8, 126.1, 125.9, 

125.7, 124.7, 124.5, 123.9, 123.6, 121.1, -14.31; ESI-HRMS: [M + H]+ cacld for [C23H17N2O122Te]+: 

459.0371; found: 459.0391.  

N-(2-(methylselanyl)phenyl)pyrene-1-carboxamide II-42Se 
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N-(2-(methylselanyl)phenyl)pyrene-1-carboxamide II-42Se was synthesised following a procedure 

inspired by the work of Cho et al.[10] To a suspension of 1-pyrene carboxylic acid (462 mg, 1.875 

mmol) in dry CH2Cl2 (20 mL) was added oxalyl chloride (0.19 mL, 276 mg, 2.176 mmol) and three 

drops of DMF (gas formation). The reaction was stirred at room temperature for 2h (until complete 

dissolution, bright yellow solution). The liquids were removed under reduced pressure. The yellow 

solid residue was dissolved in dry CH2Cl2 (20 mL) and a solution of 2-(methylselanyl)aniline II-28Se 

(279 mg, 1.5 mmol) and dry pyridine (0.14 mL, 134 mg, 1.69 mmol) in dry CH2Cl2 (3 mL) was added 

dropwise at 0°C. The reaction was stirred 5 minutes at the same temperature then overnight at 

room temperature. The resulting mixture was diluted with CH2Cl2 (150 mL) and washed with water 

(25 mL), brine (25 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. 

The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure N-(2-

(methylselanyl)phenyl)pyrene-1-carboxamide II-42Se as a light yellow solid (267 mg, 43%); mp = 

160-162°C. IR: υ (cm-1): 3215, 1643, 1578, 1512, 1422, 1296, 1136, 1030, 941, 914, 847, 820, 731; 

1H NMR (400 MHz, DMSO) δH: 10.48 (s, 1H), 8.77 (d, J = 9.2 Hz, 1H), 8.48-8.40 (m, 4H), 8.39-8.30 (m, 

3H), 8.19 (dd appearing t, J = 7.6 Hz, 1H), 7.63-7.56 (m, 2H), 7.43-7.33 (m, 2H), 2.40 (s, 3H);  13C NMR 

(100 MHz, CDCl3) δC: 168.0, 136.9, 132.0, 131.3, 131.1, 130.7, 130.2, 129.9, 128.6, 128.4, 128.1, 

127.3 (two peaks overlap, 2C), 127.3, 126.7, 126.3, 126.0, 125.8, 125.5, 124.8, 124.5, 123.9, 123.6, 

6.74; ESI-HRMS: [M + H]+ cacld for [C24H18NO76Se]+: 412.0581; found: 412.0575. 

N-(2-(methyltellanyl)pyridin-3-yl)pyrene-1-carboxamide II-42Te 

 

N-(2-(methyltellanyl)phenyl)pyrene-1-carboxamide II-42Te was synthesised following a procedure 

inspired by the work of Cho et al.[10] To a suspension of 1-pyrene carboxylic acid (446 mg, 1.813 

mmol) in dry CH2Cl2 (20 mL) was added oxalyl chloride (0.19 mL, 276 mg, 2.176 mmol) and three 

drops of DMF (gas formation). The reaction was stirred at room temperature for 2h (until complete 

dissolution, bright yellow solution). The liquids were removed under reduced pressure. The yellow 

solid residue was dissolved in dry CH2Cl2 (20 mL) and a solution of 2-(methyltellanyl)aniline II-28Te 

(340 mg, 1.45 mmol) and dry pyridine (0.32 mL, 312 mg, 1.63 mmol) in dry CH2Cl2 (3 mL) was added 

dropwise at 0°C. The reaction was stirred 5 minutes at the same temperature then overnight at 

room temperature. The resulting mixture was diluted with CH2Cl2 (150 mL) and washed with water 
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(25 mL), brine (25 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. 

The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure N-(2-

(methyltellanyl)phenyl)pyrene-1-carboxamide II-42Te as a light yellow solid (388 mg, 58%); mp = 

158-160°C. IR: υ (cm-1): 3242, 1736, 1634, 1601, 1576, 1514, 1464, 1300, 1150, 1024, 920, 856, 833, 

800, 748; 1H NMR (400 MHz, DMSO) δH: 10.68 (s, 1H), 8.74 (d, J = 9.2 Hz, 1H), 8.46-8.36 (m, 4H), 

8.35-8.25 (m, 3H),  8.15 (dd appearing t, J = 7.6 Hz, 1H), 7.73 (d, J = 7.6 Hz, 1H), 7.45 (d, J = 7.4 Hz, 

1H), 7.37 (dd appearing t, J = 7.4 Hz, 1H), 7.21 (dd appearing t, J = 7.0 Hz, 1H), 2.10 (s, 3H);  13C NMR 

(100 MHz, CDCl3) δC: 168.1, 140.4, 135.6, 132.0, 131.1, 130.7, 130.2, 128.6, 128.4, 128.2, 127.5, 

127.3, 127.1, 126.7, 126.4, 126.2, 126.0, 125.8, 125.7, 124.8, 124.5, 123.9, 123.6, -15.24; ESI-HRMS: 

[M + H]+ cacld for [C24H18NO122Te]+: 458.0419; found: 458.0414.  

2-(pyren-1-yl)-[1,3]selnazolo[5,4-β]pyridine II-39Se 

 

To a solution of N-(2-(methylselanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Se (117 mg, 0.28 mmol) 

and NEt3 (0.47 mL, 366 mg, 3.6 mmol) in dry dioxane (6 mL) under anhydrous condition, POCl3 (0.11 

mL, 184 mg, 1.2 mmol) was added dropwise. The reaction was heated to reflux and stirred 

overnight. The resulting mixture was diluted with CHCl3 (50 mL), washed with a saturated solution 

of NaHCO3 (20 mL), water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents were removed 

under reduced pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to 

give pure CGP II-39Se as a bright yellow solid (98 mg, 91%); mp =  156-158°C. IR: υ (cm-1):  3038, 

1576, 1512, 1373, 1207, 1186, 945, 820, 839, 795, 735, 630; 1H NMR (300 MHz, CD2Cl2) δH: 9.38 (d, 

J = 9.5 Hz, 1H), 8.57 (dd, J = 4.7, 1.6 Hz, 1H), 8.46 (dd, J = 8.2, 1.6 Hz, 1H), 8.40 (d, J = 8.0 Hz, 1H), 

8.31 – 8.19 (m, 5H), 8.15 – 8.06 (m, 2H), 7.53 (dd, J = 8.2, 4.7 Hz, 1H); 13C NMR (75 MHz, CD2Cl2) δC:  

174.8, 164.7, 150.5, 147.1, 133.3, 131.8, 131.7, 131.2, 130.1, 129.9, 129.8, 129.6, 128.6, 127.6, 

126.9, 126.6, 126.2, 125.4, 125.3 (two peaks overlap, 2C), 124.7, 121.9; ESI-HRMS: [M + H]+ cacld 

for [C22H13N2
80Se]+:  385.0244; found:  385.0241. Single crystals suitable for X-ray diffraction analysis 

were grown from slow evaporation of CHCl3 solution. 
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2-(pyren-1-yl)-[1,3]tellurazolo[5,4-β]pyridine II-39Te 

 

To a solution of N-(2-(methyltellanyl)pyridin-3-yl)pyrene-1-carboxamide II-41Te (93 mg, 0.2 mmol) 

and NEt3 (0.34 mL, 243 mg, 2.4 mmol) in dry dioxane (4 mL) under anhydrous condition, POCl3 (0.08 

mL, 123 mg, 0.8 mmol) was added dropwise. The reaction was heated to reflux and stirred 

overnight. The resulting mixture was diluted with CHCl3 (50 mL), washed with a saturated solution 

of NaHCO3 (20 mL), water (20 mL), brine (20 mL), and dried over Na2SO4. The solvents were removed 

under reduced pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to 

give pure CGP II-39Te as a bright yellow solid (51 mg, 59%); mp =  188-190°C. IR: υ (cm-1):  1573, 

1535, 1473, 1365, 1207, 1180, 934, 837, 791, 578, 478; 1H NMR (500 MHz, CD2Cl2) δH: 9.35 (d, J = 

9.4 Hz, 1H), 8.54 (dd, J = 4.6, 1.6 Hz, 1H), 8.49 (dd, J = 8.0, 1.6 Hz, 1H), 8.31 – 8.06 (m, 5H), 8.21 (d, 

J = 8.9 Hz, 1H), 8.14 – 8.06 (m, 2H), 7.53 (dd, J = 8.0, 4.6 Hz, 1H); 13C NMR (125 MHz, CD2Cl2) δC:  

178.0, 165.8, 158.7, 146.7, 135.3, 133.0, 132.8, 131.9, 131.3, 130.8, 129.6, 129.5, 127.7, 127.4, 

127.0, 126.5, 126.1, 125.5, 125.4 (two peaks overlap, 2C), 124.8, 122.3; ESI-HRMS: [M + H]+ cacld 

for [C22H13N2
122Te]+:  427.0109; found:  427.0124. Single crystals suitable for X-ray diffraction 

analysis were grown from slow evaporation of CHCl3 solution. 

2-(pyren-1-yl)benzo[][1,3]selenazole II-40Se 

 

To a solution of N-(2-(methylselanyl)phenyl)pyrene-1-carboxamide II-42Se (228 mg, 0.55 mmol) and 

NEt3 (0.46 mL, 366 mg, 3.3 mmol) in dry dioxane (11 mL) under anhydrous condition, POCl3 (0.10 

mL, 184 mg, 1.1 mmol) was added dropwise. The reaction was heated to reflux and stirred for 5h. 

The resulting mixture was diluted with CHCl3 (100 mL), washed with a saturated solution of NaHCO3 

(30 mL), with water (30 mL), brine (30 mL), and dried over MgSO4. The solvent removed under 
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reduced pressure. The crude was purified by silica gel chromatography (CHCl3) to give pure CGP II-

40Se as a bright yellow solid (184 mg, 88%); mp =  130-132°C. IR: υ (cm-1):  3215, 1643, 1584, 1522, 

1501, 1431, 1387, 1304, 1213, 1186, 1067, 941, 817, 746, 708; 1H NMR (300 MHz, CD2Cl2) δH: 9.41 

(d, J = 9.6 Hz, 1H), 8.40 (d, J = 8.0 Hz, 1H), 8.30-8.23 (m, 5H), 8.20 (d, J = 9.0 Hz, 1H), 8.14 – 8.05 (m, 

3H), 7.59 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H), 7.41 (ddd, J = 8.5, 7.3, 1.3 Hz, 1H); 13C NMR (100 MHz, CD2Cl2) 

δC:  172.8, 156.6, 140.0, 133.1, 131.7, 131.2, 130.2, 129.7, 129.5, 129.4, 128.6, 127.6, 126.9, 126.8, 

126.5, 126.1, 125.7, 125.6, 125.5 (two peaks overlap, 2C), 125.2, 125.1 124.7; ESI-HRMS: [M + H]+ 

cacld for [C23H14N76Se]+:  380.0318; found:  380.0312. Single crystals suitable for X-ray diffraction 

analysis were grown from slow evaporation of CHCl3 solution. 

2-(pyren-1-yl)benzo[][1,3]tellurazole II-40Te 

 

To a solution of N-(2-(methyltellanyl)phenyl)pyrene-1-carboxamide II-42Te (349 mg, 0.75 mmol) and 

NEt3 (0.63 mL, 455 mg, 4.5 mmol) in dry dioxane (15 mL) under anhydrous condition, POCl3 (0.14 

mL, 225 mg, 1.5 mmol) was added dropwise. The reaction was heated to reflux and stirred for 2h. 

The resulting mixture was diluted with CHCl3 (150 mL), washed with a saturated solution of NaHCO3 

(30 mL), water (30 mL), brine (30 mL), and dried over Na2SO4. The solvents were removed under 

reduced pressure. The crude was purified by silica gel chromatography (CHCl3) to give pure CGP II-

40Te as a bright yellow solid (300 mg, 93%); mp =  134-136°C. IR: υ (cm-1):  3021, 1580, 1503, 1429, 

1290, 1173, 1063, 1018, 924, 839, 756; 1H NMR (400 MHz, CD2Cl2) δH: 9.37 (d, J = 9.4 Hz, 1H), 8.38 

(ddd, J = 8.1, 1.2, 0.5 Hz, 1H), 8.29-8.15 (m, 6H), 8.10-8.03 (m, 3H), 7.59 (ddd, J = 8.1, 7.2, 1.3 Hz, 

1H), 7.28 (ddd, J = 7.8, 7.2, 1.2 Hz, 1H); 13C NMR (125 MHz, CD2Cl2) δC:  173.7, 162.8, 136.9, 135.3, 

132.7, 132.0, 131.8, 131.3, 130.6, 129.4, 129.2, 127.6, 127.5, 127.2, 127.2, 126.9, 126.3, 126.0, 

125.6, 125.4, 125.4, 125.3, 124.8; ESI-HRMS: [M + H]+ cacld for [C23H14N122Te]+:  426.0157; found: 

426.0154. Single crystals suitable for X-ray diffraction analysis were grown from slow evaporation 

of CHCl3 solution. 
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2-bromo-6-methylpyridin-3-amine VI-2 

 

2-Bromo-6-methylpyridin-3-amine VI-2 was synthesised following a procedure developed by Dunn 

et al.[11] To a solution of 6-methylpyridin-3-amine IV-1 (5.407 g, 50 mmol) in MeCN (250 mL) was 

added portion wise NBS (8.894 g, 50 mmol). The reaction was stirred at room temperature for 5 

minutes (orange colour turned dark red). The solvent is evaporated under reduced pressure and 

the crude material mixture was purified by silica gel chromatography (CHCl3/MeOH 1%) to afford 

the desired product IV-2 as a beige solid (6.950 g, 37 mmol, 74%). mp = 80-82 °C. IR: υ (cm-1): 3443, 

3294, 3175, 1616, 1553, 1472, 1377, 1310, 1260, 1142, 1109, 1053, 988, 867, 822, 671; 1H NMR 

(300 MHz, CDCl3) δH: 6.89 (d, J = 7.9 Hz, 1H), 6.86 (d, J = 7.9 Hz, 1H), 3.98 (s, NH2, 2H), 2.36 (s, 3H); 

13C NMR (75 MHz, CDCl3) δC: 148.2, 138.8, 128.5, 123.2, 123.1, 22.89; ESI-HRMS: [M + H]+ cacld for  

[C6H8N2Br]+: 186.9871; found: 186.9863. 

2,2'-ditellanediylbis(6-methylpyridin-3-amine) IV-3 

 

To a diluted solution of i-PrMgCl (3 mL, 6 mmol) in dry THF (13.2 mL) under dry condition, n-BuLi 

(1.6 M, 7.5 mL, 12 mmol) was added dropwise at 0°C. The resulting mixture was stirred at the same 

temperature for 10 minutes. In parallel, to a solution of 2-bromo-6-methylpyridin-3-amine IV-2 

(1.128 g, 6 mmol) in dry THF (47 mL) under anhydrous condition, n-BuLi (1.6 M, 3.8 mL, 6 mmol) 

was added dropwise at 0°C. The reaction was stirred 10 minutes at the same temperature then the 

tri-alkyl magnesate solution freshly prepared was added dropwise. The reaction was stirred for 1h 

at 0°C, freshly grounded elemental tellurium powder (2.287 g, 18 mmol) was added in once while 

a brisk flux of Nitrogen was passed through the flask. The resulting mixture was stirred overnight, 

poured in a solution of NH4Cl (1.000 g) in water (70 mL) and air bubbled through for 2h. The aqueous 

phase was extracted with Et2O (6 x 30 mL). The combined organic extracts were washed with water 
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(25 mL), brine (25 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. 

The crude was purified by silica gel chromatography (CHCl3/MeOH 2%) to give pure IV-3 as a dark 

red solid (667 mg, 47%); mp = 132-136 °C. IR: υ (cm-1): 3400, 3362, 3312, 3169, 2916, 1624, 1591, 

1574, 1541, 1447, 1285, 1250, 1132, 1036, 984, 822; 1H NMR (300 MHz, DMSO) δH: 6.87 (d, J = 8.2 

Hz, 2H), 6.84 (d, J = 8.2 Hz, 2H), 5.55 (s, NH2, 4H); 13C NMR (75 MHz, DMSO) δC: 146.4 (two peaks 

overlap, 2C), 145.8 (two peaks overlap, 2C), 123.5 (two peaks overlap, 2C), 120.0 (two peaks 

overlap, 2C), 119.3 (two peaks overlap, 2C), 22.26 (two peaks overlap, 2C); ESI-HRMS: [M + H]+ cacld 

for  [C12H15N4
128Te2]+: 470.9386; found: 470.9398. 

6-methyl-2-(methyltellanyl)pyridin-3-amine IV-4 

 

To a solution of 2,2'-ditellanediylbis(6-methylpyridin-3-amine) IV-3 (469 mg, 1 mmol) in dry and 

degassed THF (25 mL) under N2, were added NaBH4 (114 mg, 3 mmol) and MeOH (0.20 mL, 160 mg, 

5 mmol) and the reaction was stirred at room temperature for 1 h (the dark orange colour turned 

lighter). MeI (0.14 mL, 312 mg, 2.2 mmol) was added ant the mixture was stirred at room 

temperature for 1.5h more. Water (10 mL) was slowly added to the solution and extracted with 

Et2O (3 x 30 mL). The combined organic extracts were washed with water (15 mL), brine (15 mL), 

and dried over Na2SO4. The solvents were removed under reduce pressure. The crude was purified 

by Silica Gel Chromatography (CHCl3/MeOH 1%) to give pure amine IV-4 as yellow oil (0.450g, 90%). 

IR: υ (cm-1): 3318, 3204, 2920, 2363, 2313, 1609, 1558, 1508, 1445, 1373, 1281, 1213, 1138, 1099, 

1049, 820, 662; 1H NMR (300 MHz, DMSO) δH: 6.79 (s, 2H), 3.71 (s, NH2, 2H), 2.43 (s, 3H), 2.28 (s, 

3H); 13C NMR (75 MHz, CDCl3) δC: 150.3, 143.2, 127.6, 121.7, 120.7, 23.50, -15.37; API-HRMS: [M + 

H]+ cacld for [C7H11N2
122Te]+: 244.9953; found: 244.9954. 

5-methyl-2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine IV-5 

 

To a solution of 6-methyl-2-(methyltellanyl)pyridin-3-amine IV-4 (333 mg, 1.3 mmol) in dry pyridine 

(4 mL) and  dry CH2Cl2 (4 mL) under anhydrous condition at 0°C, trifluoroacetic acid anhydride (0.22 
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mL, 335 mg, 1.6 mmol) was added dropwise. The reaction was stirred 5 minutes at the same 

temperature then overnight at room temperature. Liquids were removed under reduced pressure, 

the yellow solid residue was dissolved in in dry 1,4-dioxane (10 mL) and dry DIPEA (10 mL) and a 

POCl3 (0.48 mL, 799 mg, 5.32 mmol) was added dropwise. The reaction was heated to reflux and 

stirred overnight. The resulting mixture was allowed to cool down to room temperature, diluted 

with CHCl3 (70 mL), washed with a saturated solution of NaHCO3 (25 mL), with water (20 mL), brine 

(20 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. The crude 

was purified twice by silica gel chromatography (CHCl3/MeOH 0 to 1%) to give pure IV-5 as an off-

white solid (189 mg, 45%); mp = 110-112 °C. IR: υ (cm-1):  3017, 2970, 1738, 1549, 1495, 1300, 1157, 

1126, 1065, 968, 833, 716, 640; 1H NMR (500 MHz, CDCl3) δH: 8.36 (d, J = 8.3 Hz, 1H), 7.37 (d, J = 8.3 

Hz, 1H), 2.67 (s, 3H); 19F NMR (470 MHz, CDCl3) δF:  -62.5 (s, 3F); 13C NMR (125 MHz, CDCl3) δC: 164.4, 

162.6 (q, JCF = 41 Hz, 1C), 158.2, 153.3, 134.9, 123.6 (q, JCF = 274 Hz, 1C), 122.5, 24.66; ESI-HRMS: 

[M + H]+ cacld for [C8H6N2F3
130Te]+:  316.9545; found:  316.9547. Single crystals suitable for X-ray 

diffraction analysis were grown from slow evaporation of CHCl3 solution. 

5-((1E,3Z)-4-chloro-5,5,5-trifluoropenta-1,3-dien-1-yl)-2-(trifluoromethyl)-

[1,3]tellurazolo[5,4-]pyridine IV-19 

 

To a solution of 6-methyl-2-(methyltellanyl)pyridin-3-amine IV-4 (405 mg, 1.6 mmol) in dry pyridine 

(5 mL) and  dry CH2Cl2 (5 mL) under anhydrous condition at 0°C, trifluoroacetic acid anhydride (0.27 

mL, 403 mg, 1.92 mmol) was added dropwise. The reaction was stirred 5 minutes at the same 

temperature then overnight at room temperature. Solvents were removed under reduced 

pressure, the yellow solid residue dissolved in in dry 1,4-dioxane (10 mL) and dry NEt3 (10 mL) and 

a POCl3 (0.58 mL, 962 mg, 6.4 mmol) was added dropwise. The reaction was heated to reflux and 

stirred overnight. The resulting mixture was allowed to cool down to room temperature, diluted 

with CHCl3 (70 mL), washed with a saturated solution of NaHCO3 (25 mL), with water (20 mL), brine 

(20 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. The crude 

was purified by silica gel chromatography (CHCl3) to give IV-19 as a dark solid (74 mg, 10%); mp = 

112-114°C. IR: υ (cm-1):  3044, 2926, 1634, 1570, 1499, 1342, 1300, 1254, 1169, 1121, 1061, 966, 

939, 897, 829, 737, 719; 1H NMR (400 MHz, CDCl3) δH: 8.46 (d, J = 8.4 Hz, 1H), 7.67 (ddd, J = 15.3, 

10.9, 1.0 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.13-7.00 (m, 2H); 19F NMR (376 MHz, CDCl3) δF:  -62.6 (s, 
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3F), -68.6 (s, 3F); 13C NMR δC: Not recorded due to solubility issue; ESI-HRMS: [M + H]+ cacld for 

[C12H6N2F6
130Te]+:  456.9186; found:  456.9185. Single crystals suitable for X-ray diffraction analysis 

were grown from slow evaporation of CHCl3 solution. 

2-bromo-6-chloropyridin-3-amine IV-7 

 

2-bromo-6-chloropyridin-3-amine VI-7 was synthesised following a procedure developed by Dunn 

et al.[11] To a solution of 6-chloropyridin-3-amine (3.214 g, 25 mmol) in MeCN (125 mL) was added 

portion wise NBS (4.447 g, 25 mmol). The reaction was stirred at room temperature for 5 minutes. 

The solvent is evaporated under reduced pressure and the crude material mixture was purified by 

SGC (CHCl3) to afford the desired product IV-7 as a white solid (5.021 g, 24.2 mmol, 97%). mp = 140-

142 °C. IR: υ (cm-1): 3441, 3325, 1609, 1543, 1441, 1373, 1304, 1267, 1142, 1105, 1047, 851, 827, 

696, 644; 1H NMR (300 MHz, CDCl3) δH: 7.07 (d, J = 8.2 Hz, 1H), 6.99 (d, J = 8.1 Hz, 1H), 4.17 (s, NH2, 

2H); 13C NMR (75 MHz, DMSO) δC: 140.7, 137.8, 126.9, 124.6, 124.0; ESI-HRMS: [M + H]+ cacld for  

[C5H5N2ClBr]+: 206.9325; found: 206.9328. 

2,2'-ditellanediylbis(6-chloropyridin-3-amine) IV-8 

 

To a diluted solution of i-PrMgCl (0.5 mL, 1 mmol) in dry THF (2 mL) under dry condition, n-BuLi (2.5 

M, 0.8 mL, 2 mmol) was added dropwise at 0°C. The resulting mixture was stirred at the same 

temperature for 10 minutes. In parallel, to a solution of 2-bromo-6-chloropyridin-3-amine IV-7 (207 

mg, 1 mmol) in dry THF (8 mL) under anhydrous condition, n-BuLi (2.5 M, 0.4 mL, 1 mmol) was 

added dropwise at 0°C. The reaction was stirred 10 minutes at the same temperature then the tri-

alkyl magnesate solution freshly prepared was added dropwise. The reaction was stirred for 1h at 

0°C, freshly grounded elemental tellurium powder (381 mg, 3 mmol) was added in once while a 

brisk flux of Nitrogen was passed through the flask. The resulting mixture was stirred overnight, 

poured in a solution of NH4Cl (495 mg) in water (40 mL) and air bubbled through for 2h. The aqueous 
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phase was extracted with Et2O (5 x 20 mL). The combined organic extracts were washed with water 

(15 mL), brine (15 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. 

The crude was purified by silica gel chromatography (CHCl3/MeOH 2%) to give pure IV-8 as a dark 

red solid (141 mg, 55%); mp = 162-164 °C. IR: υ (cm-1): 3460, 3362, 1599, 1558, 1539, 1296, 1244, 

1142, 1117, 1030, 841, 824, 673, 635; 1H NMR (300 MHz, DMSO) δH: 7.09 (d, J = 8.4 Hz, 2H), 6.98 

(d, J = 8.4 Hz, 2H), 5.83 (s, NH2, 4H); 13C NMR (100 MHz, DMSO) δC: 147.8 (two peaks overlap, 2C), 

135.8 (two peaks overlap, 2C), 124.1 (two peaks overlap, 2C), 122.2 (two peaks overlap, 2C), 117.8 

(two peaks overlap, 2C); ESI-HRMS: [M + H]+ cacld for  [C10H9N4
128Te130Te]+: 512.8311; found: 

512.8297. 

6-chloro-2-(methyltellanyl)pyridin-3-amine IV-9 

 

To a solution of 2,2'-ditellanediylbis(6-chloropyridin-3-amine) IV-8 (714 mg, 1.4 mmol) in dry and 

degassed THF (35 mL) under N2, were added NaBH4 (159 mg, 4.2 mmol) and MeOH (0.28 mL, 224 

mg, 5 mmol) and the reaction was stirred at room temperature for 1 h (the dark orange colour 

turned lighter). MeI (0.19 mL, 437 mg, 3.08 mmol) was added ant the mixture was stirred at room 

temperature for 1.5h more. Water (15 mL) was slowly added to the solution and extracted with 

Et2O (3 x 30 mL). The combined organic extracts were washed with water (15 mL), brine (15 mL), 

and dried over Na2SO4. The solvents were removed under reduce pressure. The crude was purified 

by silica gel chromatography (CHCl3) to give pure amine IV-9 as yellow oil (0.745g, 98%). IR: υ (cm-

1): 3422, 3316, 6026, 2926, 1607,1557, 1418, 1366, 1281, 1250, 1215, 1121, 1090, 1042, 843, 816, 

679, 637; 1H NMR (300 MHz, DMSO) δH: 6.92 (d, J = 8.3 Hz, 1H), 6.81 (dd, J = 8.3 Hz, 1H), 3.80 (s, 

NH2, 2H), 2.32 (s, 3H); 13C NMR (100 MHz, CDCl3) δC: 144.8, 141.1, 127.7, 122.4, 122.0, -14.37; ESI-

HRMS: [M + H]+ cacld for [C6H8N2Cl122Te]+: 264.9407; found: 264.9418. 

N-(6-chloro-2-(methyltellanyl)pyridin-3-yl)benzamide IV-20 
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To a solution of 6-chloro-2-(methyltellanyl)pyridin-3-amine IV-9 (95 mg, 0.35 mmol) in  dry pyridine 

(1 mL) and dry CH2Cl2 (1 mL) at 0 °C under anhydrous condition, benzoyl chloride (0.05 mL, 59 mg, 

0.42 mmol) was added dropwise. The reaction was stirred 5 minutes at 0 °C then overnight at room 

temperature. The resulting mixture was diluted with EtOAc (30 mL) and washed with water (10 mL), 

extracted with EtOAc (2 x 10 mL), organic phases were combined and washed with brine (10 mL), 

and dried over Na2SO4. The solvents were removed under reduced pressure. The crude was purified 

by silica gel chromatography (CHCl3/MeOH 1%) to give pure amide IV-20 as a white solid (120 mg, 

92%); mp = 138-140 °C. IR: υ (cm-1): 3229, 1647, 1558, 1501, 1485, 1339, 1215, 1126, 1107, 1051, 

907, 827, 710; 1H NMR (300 MHz, DMSO) δH: 10.38 (s, 1H), 8.00-7.96 (m, 2H), 7.65-7.53 (m, 4H), 

7.35 (d, J = 8.2 Hz, 1H), 2.14 (s, 3H); 13C NMR (75 MHz, DMSO) δC: 165.9, 147.8, 144.4, 137.6, 136.4, 

133.4, 132.2, 128.6 (two peaks overlap, 2C), 127.8 (two peaks overlap, 2C), 120.9, -13.57; ESI-HRMS: 

[M + H]+ cacld for [C13H12N2OCl130Te]+: 376.9700; found: 376.9708. 

N-(6-chloro-2-(methyltellanyl)pyridin-3-yl)thiophene-2-carboxamide IV-21 

 

To a solution of 6-chloro-2-(methyltellanyl)pyridin-3-amine IV-9 (656 mg, 2.43 mmol) in  dry 

pyridine (6 mL) and dry CH2Cl2 (6 mL) at 0 °C under anhydrous condition, thiophene-2-carbonyl 

chloride (0.31 mL, 427 mg, 2.91 mmol) was added dropwise. The reaction was stirred 5 minutes at 

0 °C then overnight at room temperature. The resulting mixture was diluted with EtOAc (75 mL) 

and washed with water (25 mL), extracted with EtOAc (2 x 15 mL), organic phases were combined 

and washed with brine (25 mL), and dried over Na2SO4. The solvents were removed under reduced 

pressure. The crude was purified by silica gel chromatography (CHCl3/MeOH 1%) to give pure amide 

IV-21 as a bright yellow solid (794 mg, 86%); mp = 154-156 °C. IR: υ (cm-1): 3237, 2970, 1739, 1632, 

1557, 1520, 1489, 1404, 1352, 1331, 1287, 1217, 1125, 1094, 1057, 901, 808, 738, 714; 1H NMR 

(300 MHz, DMSO) δH: 10.39 (s, 1H), 7.99 (dd, J = 3.8, 1.0 Hz, 1H), 7.91 (dd, J = 5.0, 1.0 Hz, 1H), 7.58 

(d, J = 8.2 Hz, 1H), 7.34 (d, J = 8.2 Hz, 1H), 7.25 (dd, J = 5.0, 3.8 Hz), 2.14 (s, 3H); 13C NMR (75 MHz, 

DMSO) δC: 160.5, 148.0, 144.5, 138.4, 137.1, 136.6, 132.5, 129.9, 128.3, 120.9, -13.53; ESI-HRMS: 

[M + H]+ cacld for [C11H10N2OSCl130Te]+: 382.9265; found: 382.9254. 
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5-chloro-2-phenyl-[1,3]tellurazolo[5,4-]pyridine IV-11 

 

To a solution of N-(6-chloro-2-(methyltellanyl)pyridin-3-yl)benzamide IV-20 (105 mg, 0.28 mmol) in 

dry DIPEA (3 mL) in dry dioxane (3 mL) under anhydrous condition, POCl3 (0.10 mL, 172 mg, 1.12 

mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. The resulting 

mixture was diluted with CHCl3 (30 mL), washed with a saturated solution of NaHCO3 (10 mL), water 

(10 mL), brine (10 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. 

The crude was purified by silica gel chromatography (CHCl3) to give pure 5-chloro-2-phenyl-

[1,3]tellurazolo[5,4-]pyridine IV-11 as a yellowish solid (87 mg, 91%); mp = 166-168 °C. IR: υ (cm-

1): 1557, 1476, 1385, 1329, 1115, 1084, 1057, 916, 829, 758, 729, 685, 559; 1H NMR (300 MHz, 

CDCl3) δH: 8.20 (d, J = 8.5 Hz, 1H), 7.87-7.82 (m, 2H), 7.55-7.42 (m, 3H), 7.40 (d, J = 8.5 Hz, 1H); 13C 

NMR (100 MHz, CDCl3) δC: 178.2, 162.3, 157.3, 146.7, 140.8, 134.0, 131.8, 129.4, 128.7, 122.4; ESI-

HRMS: [M]+ cacld for [C12H8N2Cl130Te]+: 344.9438; found: 344.9436. Single crystals suitable for X-ray 

diffraction analysis were grown from slow evaporation of CHCl3 solution. 

5-chloro-2-(thiophen-2-yl)-[1,3]tellurazolo[5,4-]pyridine IV-12 

 

To a solution of N-(6-chloro-2-(methyltellanyl)pyridin-3-yl)thiophene-2-carboxamide IV-21 (761 

mg, 2 mmol) in dry DIPEA (20 mL) in dry dioxane (20 mL) under anhydrous condition, POCl3 (0.73 

mL, 1.202 g, 8 mmol) was added dropwise. The reaction was heated to reflux and stirred overnight. 

The resulting mixture was diluted with CHCl3 (100 mL), washed with a saturated solution of NaHCO3 

(40 mL), water (40 mL), brine (40 mL), and dried over Na2SO4. The solvents were removed under 

reduced pressure. The crude was purified by silica gel chromatography (CHCl3) to give pure 5-

chloro-2-(thiophen-2-yl)-[1,3]tellurazolo[5,4-]pyridine IV-12 as a yellow solid (598 mg, 86%); mp = 

168-170 °C. IR: υ (cm-1): 1740, 1566, 1526, 1466, 1416, 1385, 1337, 1274, 1059, 1047, 887, 856, 839, 

827, 716, 696; 1H NMR (300 MHz, CDCl3) δH: 8.12 (d, J = 8.5 Hz, 1H), 7.54 (dd, J = 5.1, 1.1 Hz, 1H), 

7.49 (dd, J = 3.8, 1.1 Hz, 1H), 7.37 (d, J = 8.5 Hz, 1H), 7.11 (dd, J = 5.1, 3.8 Hz, 1H); 13C NMR (75 MHz, 

CDCl3) δC: 167.5, 161.8, 156.5, 146.6, 145.8, 133.4, 131.5, 130.7, 128.1, 122.5; ESI-HRMS: [M + H]+ 
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cacld for [C10H6N2SCl130Te]+: 350.9003; found: 350.8991. Single crystals suitable for X-ray diffraction 

analysis were grown from slow evaporation of CHCl3 solution. 

5-chloro-2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine IV-13 

 

To a solution of 6-chloro-2-(methyltellanyl)pyridin-3-amine IV-9 (736 mg, 2.7 mmol) in dry pyridine 

(6 mL) and  dry CH2Cl2 (6 mL) under anhydrous condition at 0°C, trifluoroacetic acid anhydride (0.46 

mL, 693 mg, 3.3 mmol) was added dropwise. The reaction was stirred 5 minutes at the same 

temperature then overnight at room temperature. Liquids were removed under reduced pressure, 

the yellow solid residue was dissolved in in dry 1,4-dioxane (25 mL) and dry DIPEA (25 mL) and a 

POCl3 (0.98 mL, 1.623 mg, 10.8 mmol) was added dropwise. The reaction was heated to reflux and 

stirred overnight. The resulting mixture was allowed to cool down to room temperature, diluted 

with CHCl3 (150 mL), washed with a saturated solution of NaHCO3 (35 mL), water (25 mL), brine (25 

mL), and dried over Na2SO4. The solvents were removed under reduced pressure. The crude was 

purified by silica gel chromatography (CHCl3) to give pure IV-13 as a white solid (746 mg, 83%); mp 

= 140-142°C. IR: υ (cm-1):  3021, 1562, 1524, 1485, 1396, 1354, 1296, 1250, 1233, 1128, 1119, 1061, 

968, 854, 835, 737, 704, 640; 1H NMR (500 MHz, CDCl3) δH: 8.42 (d, J = 8.5 Hz, 1H), 7.54 (d, J = 8.5 

Hz, 1H); 19F NMR (376 MHz, CDCl3) δF:  -62.6 (s, 3F); 13C NMR (125 MHz, CDCl3) δC: 164.8 (q, JCF = 42 

Hz, 1C), 164.0, 154.5, 149.1, 136.7, 123.4, 123.2 (q, JCF = 275 Hz, 1C); EI-HRMS: [M]+ cacld for 

[C7H2N2ClF3
130Te]+:  335.8921; found:  335.8916. Single crystals suitable for X-ray diffraction analysis 

were grown from slow evaporation of CHCl3 solution. 

5-iodo-2-phenyl-[1,3]tellurazolo[5,4-]pyridine  IV-14 

 

5-iodo-2-phenyl-[1,3]tellurazolo[5,4-]pyridine IV-14 was synthesised following a procedure 

inspired by the work of Bissember and Banwell.[12] A micro-wave vial was loaded with, in that order, 

NaI (360 mg, 2.4 mmol), 5-chloro-2-phenyl-[1,3]tellurazolo[5,4-]pyridine IV-11 (84 mg, 0.24 

mmol),  dry MeCN (1.2 mL) and acetyl chloride (0.03 mL, 28 mg, 0.36 mmol) under nitrogen 

atmosphere. The reaction was stirred under micro-wave irradiation at 80°C for 12h. The resulting 
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mixture was diluted with MeCN (10 mL), washed with a saturated solution of K2CO3 (10 mL), a 

saturated solution of Na2S2O6 (10 mL), brine (10 mL), and dried over Na2SO4. The solvents were 

removed under reduced pressure. The crude material was purified by silica gel chromatography 

(CHCl3) to give pure IV-14 as a yellowish solid (87 mg, 84 %); mp = 164-168°C. IR: υ (cm-1):  2922, 

1557, 1495, 1474, 1443, 1329, 1211, 1082, 1055, 829, 758, 727, 685, 559; 1H NMR (300 MHz, CDCl3) 

δH: 7.92 (d, J = 8.4 Hz, 1H), 7.88-7.84 (m, 2H), 7.79 (d, J = 8.4 Hz, 1H), 7.56-7.43 (m, 3H); 13C NMR 

(100 MHz, CDCl3) δC: 178.5, 164.0, 157.8, 140.9, 133.4, 132.8, 131.9, 129.4 (two peaks overlap, 2C), 

128.8 (two peaks overlap, 2C), 112.5; ESI-HRMS: [M + H]+ cacld for [C12H8N2F3
130Te127I]+:  436.8795; 

found:  436.8802. Single crystals suitable for X-ray diffraction analysis were grown from slow 

evaporation of CHCl3 solution. 

5-iodo-2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine IV-16 

 

5-iodo-2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine IV-16 was synthesised following a 

procedure inspired by the work of Bissember and Banwell.[12] A micro-wave vial was loaded with, in 

that order, NaI (0.750 g, 5 mmol), 5-chloro-2-(trifluromethyl)-[1,3]tellurazolo[5,4-]pyridine  IV-13 

(167 mg, 0.5 mmol),  dry MeCN (2.5 mL) and acetyl chloride (0.05 mL, 59 mg, 0.75 mmol) under 

nitrogen atmosphere. The reaction was stirred under micro-wave irradiation at 80°C for 12h. The 

resulting mixture was diluted with MeCN (5 mL), washed with a saturated solution of K2CO3 (5 mL), 

brine (5 mL), and dried over Na2SO4. The solvents were removed under reduced pressure. The crude 

material was purified by silica gel chromatography (CHCl3) to give pure IV-16 as a white solid (109 

mg, 51 %); mp = 170-172°C. IR: υ (cm-1):  3032, 2970, 1738, 1557, 1489, 1383, 1292, 1237, 1182, 

1132, 1088, 1059, 964, 849, 829, 725; 1H NMR (300 MHz, CDCl3) δH: 8.12 (d, J = 8.4 Hz, 1H), 7.91 (d, 

J = 8.4 Hz, 1H); 19F NMR (376 MHz, CDCl3) δF:  -62.6 (s, 3F); 13C NMR (125 MHz, CDCl3) δC: 165.3, 

165.1 (q, JCF = 42 Hz, 1C), 154.9, 135.9, 133.6, 123.4 (q, JCF = 276 Hz, 1C), 115.5; ESI-HRMS: [M + H]+ 

cacld for [C7H3N2F3
130Te127I]+:  428.8355; found:  428.8355. Single crystals suitable for X-ray 

diffraction analysis were grown from slow evaporation of CHCl3 solution. 

2-(2-(phenyl)-[1,3]tellurazolo[5,4-]pyridin-5-yl)oxazole IV-25 
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2-(2-(phenyl)-[1,3]tellurazolo[5,4-]pyridin-5-yl)oxazole IV-25 was synthesised following a 

procedure inspired by the work of Piersanti et al.[13] To a solution of oxazole (0.03 mL, 35 mg, 0.5 

mmol) in dry and degassed THF (0.5 mL) at -84°C under anhydrous conditions was added n-BuLi 

(2.5 M, 0.2 mL, 0.5 mmol). The reaction is stirred at the same temperature for 30 minutes and a 

solution of ZnCl2 in Et2O (1M, 1.5 mL, 1.5 mmol) was added dropwise. The mixture was stirred 

further at 0°C for 1h (white suspension). A separated flask was loaded with 5-iodo-2-

(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridine IV-14 (85 mg, 0.20 mmol) and [Pd(Ph3)4] (0.023 

mg, 0.02 mmol) in dry and degassed THF under anhydrous condition and oxazolylzinc chloride 

suspension (1.2mL) was added.  The reaction was stirred at reflux for 2h. The resulting mixture was 

diluted with EtOAC (20 mL), washed with water (10 mL), brine (10 mL), and dried over Na2SO4.The 

solvents were evaporated under reduced pressure. The crude material was purified by silica gel 

chromatography (petroleum ether/EtOAc 6:4) to afford 2-(2-(phenyl)-[1,3]tellurazolo[5,4-

]pyridin-5-yl)oxazole IV-25 as a yellow solid (54 mg,  72%); mp = 180-182°C. IR: υ (cm-1):  1555, 

1470, 1396, 1340, 1271, 1252, 1211, 1111, 1082, 1055, 912, 847, 752, 719, 683, 663, 596; 1H NMR 

(300 MHz, C6D6) δH: 8.18 (d, J = 8.5 Hz, 1H), 7.97 (d, J = 8.5 Hz, 1H), 7.74-7.70 (m, 2H), 7.10-6.95 (m, 

5H); 13C NMR (75 MHz, C6D6) δC: 178.7, 163.2, 160.9, 158.6, 142.4, 141.3, 139.6, 132.1, 131.2, 

129.0, 128.9 (two peaks overlap, 2C), 128.7 (two peaks overlap, 2C), 120.6; ESI-HRMS: [M]+ cacld 

for [C15H10N3O130Te]+:  377.9886; found:  377.9882. Single crystals suitable for X-ray diffraction 

analysis were grown from slow evaporation of CHCl3 solution. 

2-(2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridin-5-yl)oxazole IV-22 

 

2-(2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridin-5-yl)oxazole IV-22 was synthesised following a 

procedure inspired by the work of Piersanti et al.[13]  To a solution of oxazole (0.03 mL, 35 mg, 0.5 

mmol) in dry and degassed THF (0.5 mL) at -84°C under anhydrous conditions was added n-BuLi (2.5 

M, 0.2 mL, 0.5 mmol). The reaction is stirred at the same temperature for 30 minutes and a solution 

of ZnCl2 in Et2O (1M, 1.5 mL, 1.5 mmol) added dropwise. The mixture was stirred further at 0°C for 

1h (white suspension). A separated flask was loaded with 5-iodo-2-(trifluoromethyl)-

[1,3]tellurazolo[5,4-]pyridine IV-16 (85 mg, 0.20 mmol) and [Pd(Ph3)4] (0.023 mg, 0.02 mmol) in 

dry and degassed THF under anhydrous condition and oxazolylzinc chloride suspension (1.2 mL) 

was added.  The reaction was stirred at reflux for 2h. The resulting mixture was diluted with EtOAC 

(20 mL), washed with water (10 mL), brine (10 mL), and dried over Na2SO4. The solvents were 
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evaporated under reduced pressure. The crude material was purified by silica gel chromatography 

(petroleum ether/EtOAc 6:4) to afford 2-(2-(trifluoromethyl)-[1,3]tellurazolo[5,4-]pyridin-5-

yl)oxazole IV-22  as a yellow solid (51 mg, 70%); mp = 200-204°C. IR: υ (cm-1):  3022, 1574, 1553, 

1543, 1487, 1398, 1346, 1302, 1252, 1163, 1126, 1114, 1053, 970, 910, 849, 762, 735; 1H NMR (500 

MHz, CDCl3) δH: 8.61 (d, J = 8.5 Hz, 1H), 8.36 (d, J = 8.5 Hz, 1H), 7.88 (dd, J = 0.8 Hz, 1H) , 7.39 (dd, J 

= 0.8 Hz, 1H); 19F NMR (470 MHz, CDCl3) δF:  -62.7 (s, 3F); 13C NMR (125 MHz, CDCl3) δC: 166.3 (q, JCF 

= 40 Hz, 1C), 165.1, 160.0, 155.7, 143.9, 140.6, 135.6, 129.7, 123.5 (q, JCF = 274 Hz, 1C), 121.0; ESI-

HRMS: [M + H]+ cacld for [C10H5N3O130Te]+:  369.9447; found:  369.9442. 
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VI – 3 1H, 13C and 19F spectra 

 

Figure VI -  1: 400 MHz 1H-NMR in DMSO of molecule II-2Se.  

 

Figure VI -  2: 100 MHz 13C-NMR in DMSO of molecule II-2Se. 
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Figure VI -  3: 400 MHz 1H-NMR in DMSO of molecule II-2Te. 

 

Figure VI -  4: 100 MHz 13C-NMR spectrum in DMSO of molecule II-2Te.  
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Figure VI -  5: 400 MHz 1H-NMR in CDCl3 of molecule II-3Se. 

 

Figure VI -  6: 100 MHz 13C-NMR in DMSO of molecule II-3Se. 
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Figure VI -  7: 400 MHz 1H-NMR in CDCl3 of molecule II-3Te. 

 

Figure VI -  8: 100 MHz 13C-NMR in CDCl3 of molecule II-3Te.  
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Figure VI -  9: 400 MHz 1H-NMR in DMSO of molecule II-4Se. 

 

Figure VI -  10: 100 MHz 13C-NMR in DMSO of molecule II-4Se. 
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Figure VI -  11: 400 MHz 1H-NMR in DMSO of molecule II-4Te. 

 

Figure VI -  12: 100 MHz 13C-NMR in DMSO of molecule II-5Te. 

D
M

SO
 

H
2O

 

D
M

SO
 



Chapter VI 

 

212 
 

 

Figure VI -  13: 400 MHz 1H-NMR in DMSO of molecule II-5Se. 

 

Figure VI -  14: 100 MHz 13C-NMR in DMSO of molecule II-5Se. 
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Figure VI -  15: 400 MHz 1H-NMR in DMSO of molecule II-5Te. 

 

Figure VI -  16: 100 MHz 13C-NMR in DMSO of molecule II-5Te. 
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Figure VI -  17: 300 MHz 1H-NMR in DMSO of molecule II-6Se. 

 

Figure VI -  18: 100 MHz 13C-NMR in DMSO of molecule II-6Te. 
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Figure VI -  19: 400 MHz 1H-NMR in DMSO of molecule II-7Se. 

 

Figure VI -  20: 100 MHz 13C-NMR in DMSO of molecule II-7Se. 
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Figure VI -  21: 400 MHz 1H-NMR in DMSO of molecule II-7Te. 

 

Figure VI -  22: 100 MHz 13C-NMR in DMSO of molecule II-7Te. 
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Figure VI -  23: 400 MHz 1H-NMR in DMSO of molecule II-8Se. 

 

Figure VI -  24: 100 MHz 13C-NMR in DMSO of molecule II-8Se. 
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Figure VI -  25: 400 MHz 1H-NMR in DMSO of molecule II-8Te. 

 

Figure VI -  26: 100 MHz 13C-NMR in DMSO of molecule II-8Te. 
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Figure VI -  27: 400 MHz 1H-NMR in DMSO of molecule II-9Se. 

 

Figure VI -  28: 100 MHz 13C-NMR in DMSO of molecule II-9Se. 
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Figure VI -  29: 400 MHz 1H-NMR in DMSO of molecule II-9Te. 

 

Figure VI -  30: 100 MHz 13C-NMR in DMSO of molecule II-9Te. 
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Figure VI -  31: 400 MHz 1H-NMR in DMSO of molecule II-10Se. 

 

Figure VI -  32: 376 MHz 19F-NMR in DMSO of molecule II-10Se. 
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Figure VI -  33: 400 MHz 1H-NMR in DMSO of molecule II-10Se. Due to 13C-19F coupling: Peak 150.2 splits into 
151.48, 151.45, 151.38, 149.00, 148.97, 148.91, 148.87; Peak 141.3 splits into 142.70, 142.54, 142.39, 

140.17, 140.01, 139.85; Peak 112.9 splits into 112.96, 112.91, 112.80, 112.74. 

 

Figure VI -  34: 400 MHz 1H-NMR in DMSO of molecule II-10Te. 
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Figure VI -  35: 376MHz 19F-NMR in DMSO of molecule II-10Te. 

        

Figure VI -  36: 100 MHz 13C-NMR in DMSO of molecule II-10Te. Due to 13C-19F coupling: Peak 150.2 splits into 
151.46, 151.39, 151.36, 149.02, 148.98, 148.84; Peak 141.3 splits into142.74, 142.58, 140.21, 140.05, 

139.90; Peak 112.9 splits into 113.00, 112.94, 112.83, 112.78. 
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Figure VI -  37: 400 MHz 1H-NMR in DMSO of molecule II-11Se. 

 

Figure VI -  38: 376 MHz 19F-NMR in DMSO of molecule II-11Se. 
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Figure VI -  39: 100 MHz 13C-NMR in DMSO of molecule II-11Se. Due to 13C-19F coupling: Peak 143.3 splits into 
144.58 and 142.10; Peak 141.6 splits into 142.89 and 140.39; Peak 137.0 splits into 138.34 and 135.84. 

 

 

Figure VI -  40: 400 MHz 1H-NMR in DMSO of molecule II-11Te. 
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Figure VI -  41: 376 MHz 13C-NMR in DMSO of molecule II-11Te. 

 

Figure VI -  42: 100 MHz 13C-NMR in DMSO of molecule II-11Te. Due to 13C-19F coupling: Peak 143.3 splits into 
144.58 and 142.09; Peak 141.6 splits into 142.87 and 140.41; Peak 137.1 splits into 138.33 and 135.83 
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Figure VI -  43: 400 MHz 1H-NMR in DMSO of molecule II-13Te. 

 

Figure VI -  44: 376 MHz 19F-NMR in DMSO of molecule II-13Te. 
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Figure VI -  45: 125 MHz 13C-NMR in DMSO of molecule II-13Te. Due to 13C-19F coupling: Peak 146.5 splits into 
147.56, 147.45, 145.64 and 145.52; Peak 142.2 splits into 143.29, 143.15, 141.28 and 141.27. 

 

Figure VI -  46: 400 MHz 1H-NMR in CDCl3 of molecule II-15Se. 
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Figure VI -  47: 100 MHz 13C-NMR in CDCl3 of molecule II-15Se. 

 

Figure VI -  48: 400 MHz 1H-NMR in CDCl3 of molecule II-15Te. 
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Figure VI -  49: 100 MHz 13C-NMR in CDCl3 of molecule II-15Te. 

 

 

Figure VI -  50: 400 MHz 1H-NMR in CDCl3 of molecule II-16Se. 
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Figure VI -  51: 100 MHz 13C-NMR in CDCl3 of molecule II-16Se. 

 

Figure VI -  52: 300 MHz 1H-NMR in CDCl3 of molecule II-16Te. 
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Figure VI -  53: 75 MHz 13C-NMR in CDCl3 of molecule II-16Te. 

 

Figure VI -  54: 300 MHz 1H-NMR in CDCl3 of molecule II-17Se. 
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Figure VI -  55: 300 MHz 1H-NMR in CDCl3 of molecule II-17Se. 

 

Figure VI -  56: 75 MHz 13C-NMR in CDCl3 of molecule II-17Te. 
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Figure VI -  57: 400 MHz 1H-NMR in CDCl3 of molecule II-18Se. 

 

Figure VI -  58: 100 MHz 13C-NMR in CDCl3 of molecule II-18Se. 
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Figure VI -  59: 400 MHz 1H-NMR in CDCl3 of molecule II-18Te. 

 

Figure VI -  60: 100 MHz 13C-NMR in CDCl3 of molecule II-18Te. 
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Figure VI -  61: 400 MHz 1H-NMR in CDCl3 of molecule II-19Se. 

 

Figure VI -  62: 100 MHz 13C-NMR in CDCl3 of molecule II-19Se. 
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Figure VI -  63: 400 MHz 1H-NMR in CDCl3 of molecule II-19Te. 

 

Figure VI -  64: 100 MHz 13C-NMR in CDCl3 of molecule II-19Te. 
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Figure VI -  65: 300 MHz 1H-NMR in CDCl3 of molecule II-20Se. 

 

Figure VI -  66: 300 MHz 1H-NMR in CDCl3 of molecule II-20Se. 
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Figure VI -  67: 400 MHz 1H-NMR in CDCl3 of molecule II-21Se. 

 

Figure VI -  68: 376 MHz 19F-NMR in CDCl3 of molecule II-21Se. 
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Figure VI -  69: 100 MHz 13C-NMR in CDCl3 of molecule II-21Se. Due to 13C-19F coupling: Peak 151.8 splits into 
153.05, 153.01, 152.95, 150.54, 150.51, 150.44 and 150.40; Peak 141.9 splits into 143.37, 143.21, 143.06, 

140.80, 140.64 and 140.49; Peak 132.2 splits into 132.21 and 132.16; Peak 112.3 splits into 112.37, 112.30, 
112.20 and 112.14. 

 

Figure VI -  70: 400 MHz 1H-NMR in CDCl3 of molecule II-21Te. 
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Figure VI -  71: 376 MHz 19F-NMR in CDCl3 of molecule II-21Te. 

 

Figure VI -  72: 100 MHz 13C-NMR in CDCl3 of molecule II-21Te. Due to 13C-19F coupling: Peak 151.7 splits into 
153.01, 152.91, 150.54 and 150.40; Peak 141.8 splits into 143.08 and 140.51; Peak 112.5 splits into 112.64, 

112.57, 112.47 and 112.41. 
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Figure VI -  73: 400 MHz 1H-NMR in CDCl3 of molecule II-22Se. 

 

Figure VI -  74: 376 MHz 19F-NMR in CDCl3 of molecule II-22Se. 
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Figure VI -  75: 100 MHz 13C-NMR in CDCl3 of molecule II-22Se. Due to 13C-19F coupling: Peak 164.0 splits into 
164.05, 164.01 and 163.97; Peak 144.7 splits into 145.94, 143.56, 143.44 and 143.38; Peak 142.5 splits into 

143.78 and 141.20; Peak 138.3 splits into 139.46, 139.42, 139.34, 137.12,137.05, 136.97 and 136.92. 

 

Figure VI -  76: 400 MHz 1H-NMR in CDCl3 of molecule II-22Te. 
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Figure VI -  77: 376 MHz 19F-NMR in CDCl3 of molecule II-22Te. 

 

Figure VI -  78: 100 MHz 13C-NMR in CDCl3 of molecule II-22Te. Due to 13C-19F coupling: Peak 144.0 splits into 
146.86 and 145.30; Peak 142.2 splits into 142.87 and 139.46; 138.2 splits into 140.89 and 136. 
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Figure VI -  79: 400 MHz 1H-NMR in CDCl3 of molecule II-23Te. 

 

Figure VI -  80: 376 MHz 19F-NMR in CDCl3 of molecule II-23Te. 
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Figure VI -  81: 125 MHz 13C-NMR in CDCl3 of molecule II-23Te. Due to 13C-19F coupling: Peak 145.7 splits into 
146.63, 146.52 and 144.374; Peak 143.7 splits into 144.74, 142.69 and 142.57. 

 

Figure VI -  82: 400 MHz 1H-NMR in CDCl3 of molecule II-24Te. 
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Figure VI -  83: 376 MHz 19F-NMR in CDCl3 of molecule II-24Te. 

 

Figure VI -  84: 125 MHz 13C-NMR in CDCl3 of molecule II-24Te. Due to 13C-19F coupling: Peak 147.9 splits into 
148.89 and 146.94; Peak 142.9 splits into 143.94 and 141.88. 
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Figure VI -  85: 500 MHz 1H-NMR in CDCl3 of molecule II-25Se. 

 

Figure VI -  86: 470 MHz 19F-NMR in CDCl3 of molecule II-25Se. 
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Figure VI -  87: 125 MHz 13C-NMR in CDCl3 of molecule II-25Se. Due to 13C-19F coupling: Peak 162.1 splits into 
162.63, 162.30, 161.97 and 161.58; Peak 120.7 splits into 124.0, 121.82, 119.64 and 117.46.    

 

Figure VI -  88: 500 MHz 1H-NMR in CDCl3 of molecule II-25Te. 
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Figure VI -  89: 470 MHz 19F-NMR in CDCl3 of molecule II-25Te. 

 

Figure VI -  90: 125 MHz 13C-NMR in CDCl3 of molecule II-25Te. Due to 13C-19F coupling: Peak 164.4 splits into 
164.83, 164.54, 164.21 and 163.88; Peak 123.6 splits into 126.83, 124.65, 122.46 and 120.8. 
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Figure VI -  91: 300 MHz 1H-NMR in DMSO of molecule II-30Se. 

 

Figure VI -  92: 400 MHz 1H-NMR in DMSO of molecule II-30Te. 
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Figure VI -  93: 100 MHz 13C-NMR in DMSO of molecule II-30Te. 

 

Figure VI -  94: 300 MHz 1H-NMR in DMSO of molecule II-30Se. 
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Figure VI -  95: 400 MHz 1H-NMR in CDCl3 of molecule II-27Te. 

 

Figure VI -  96: 100 MHz 13C-NMR in CDCl3 of molecule II-27Te. 
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Figure VI -  97: 300 MHz 1H-NMR in DMSO of molecule II-31Se. 

 

Figure VI -  98: 300 MHz 1H-NMR in DMSO of molecule II-31Se. 
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Figure VI -  99: 300 MHz 1H-NMR in DMSO of molecule II-31Te. 

 

Figure VI -  100: 300 MHz 1H-NMR in DMSO of molecule II-32Te. 
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Figure VI -  101: 300 MHz 1H-NMR in DMSO of molecule II-41Se. 

 

Figure VI -  102: 100 MHz 13C-NMR in DMSO of molecule II-41Se. 
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Figure VI -  103: 400 MHz 1H-NMR in DMSO of molecule II-41Te. 

 

Figure VI -  104: 100 MHz 13C-NMR in DMSO of molecule II-41Te 
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Figure VI -  105: 400 MHz 1H-NMR in CD2Cl2 of molecule II-39Se. 

 

Figure VI -  106: 75 MHz 13C-NMR in CD2Cl2 of molecule II-39Se. 
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Figure VI -  107: 400 MHz 1H-NMR in CD2Cl2 of molecule II-39Te. 

 

Figure VI -  108: 125 MHz 13C-NMR in CD2Cl2 of molecule II-39Te. 
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Figure VI -  109: 400 MHz 1H-NMR in DMSO of molecule II-42Se. 

 

Figure VI -  110: 100 MHz 1H-NMR in DMSO of molecule II-42Se. 
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Figure VI -  111: 400 MHz 1H-NMR in DMSO of molecule II-42Se. 

 

Figure VI -  112: 100 MHz 1H-NMR in DMSO of molecule II-42Te. 
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Figure VI -  113: 400 MHz 1H-NMR in CD2Cl2 of molecule II-40Se. 

 

Figure VI -  114: 100 MHz 13C-NMR in CD2Cl2 of molecule II-40Se. 
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Figure VI -  115: 400 MHz 1H-NMR in CD2Cl2 of molecule II-40Te. 

 

Figure VI -  116: 100 MHz 13C-NMR in CD2Cl2 of molecule II-40Se. 
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Figure VI -  117: 300 MHz 1H-NMR in CDCl3 of molecule IV-2. 

 

Figure VI -  118: 75 MHz 13C-NMR in CDCl3 of molecule IV-2. 
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Figure VI -  119: 300 MHz 1H-NMR in DMSO of molecule IV-3. 

 

Figure VI -  120: 75 MHz 13C-NMR in DMSO of molecule IV-4. 
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Figure VI -  121: 300 MHz 1H-NMR in CDCl3 of molecule IV-4. 

 

Figure VI -  122: 300 MHz 13C-NMR in CDCl3 of molecule IV-4. 
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Figure VI -  123: 500 MHz 1H-NMR in CDCl3 of molecule IV-5. 

 

Figure VI -  124: 470 MHz 19F-NMR in CDCl3 of molecule IV-5. 
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Figure VI -  125: 125 MHz 13C-NMR in CDCl3 of molecule IV-5. Due to 13C-19F coupling: Peak 162.6 splits into 
163.08, 163.45, 162.75 and 162.42; Peak 123.6 splits into 126.86, 124.68, 122.50 and 120.32. 

 

Figure VI -  126: 400 MHz 1H-NMR in CDCl3 of molecule IV-19. 

C
H

C
l 3

 

C
H

C
l 3

 



Chapter VI 

 

269 
 

 

Figure VI -  127: 376 MHz 19F-NMR in CDCl3 of molecule IV-19. 

 

Figure VI -  128: 300 MHz 1H-NMR in CDCl3 of molecule IV-7. 
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Figure VI -  129: 75 MHz 13C-NMR in CDCl3 of molecule IV-7. 

 

Figure VI -  130: 300 MHz 1H-NMR in DMSO of molecule IV-8. 
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Figure VI -  131: 300 MHz 1H-NMR in DMSO of molecule IV-8. 

 

Figure VI -  132: 300 MHz 1H-NMR in CDCl3 of molecule IV-9. 
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Figure VI -  133: 75 MHz 13C-NMR in CDCl3 of molecule IV-9. 

 

Figure VI -  134: 300 MHz 1H-NMR in DMSO of molecule IV-20. 
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Figure VI -  135: 75 MHz 13C-NMR in DMSO of molecule IV-20. 

 

Figure VI -  136: 300 MHz 1H-NMR in DMSO of molecule IV-21. 
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Figure VI -  137: 75 MHz 13C-NMR in DMSO of molecule IV-21. 

 

Figure VI -  138: 300 MHz 1H-NMR in CDCl3 of molecule IV-11. 
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Figure VI -  139: 75 MHz 13C-NMR in CDCl3 of molecule IV-11. 

 

Figure VI -  140: 300 MHz 1H-NMR in CDCl3 of molecule IV-12. 
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Figure VI -  141: 75 MHz 13C-NMR in CDCl3 of molecule IV-12. 

 

Figure VI -  142: 400 MHz 1H-NMR in CDCl3 of molecule IV-13. 
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Figure VI -  143: 376 MHz 19F-NMR in CDCl3 of molecule IV-13. 

 

Figure VI -  144: 100 MHz 13C-NMR in CDCl3 of molecule IV-13. Due to 13C-19F coupling: Peak 164.8 splits into 
165.47, 165.05, 164.63 and 164.22; Peak 123.2 splits into 127.48, 124.75, 122.02 and 119.29. 
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Figure VI -  145: 300 MHz 1H-NMR in CDCl3 of molecule IV-14. 

 

Figure VI -  146: 100 MHz 13C-NMR in CDCl3 of molecule IV-14. 
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Figure VI -  147: 300 MHz 1H-NMR in CDCl3 of molecule IV-16. 

 

Figure VI -  148: 376 MHz 19F-NMR in CDCl3 of molecule IV-16. 
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Figure VI -  149: 125 MHz 13C-NMR in CDCl3 of molecule IV-16. Due to 13C-19F coupling: Peak 165.1 splits into 
165.33and 164.91; Peak 123.4 splits into 124.76 and 122.03. 

 

Figure VI -  150: 300 MHz 1H-NMR in C6D6 of molecule IV-25. 
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Figure VI -  151: 75 MHz 13C-NMR in C6D6 of molecule IV-25. 

 

Figure VI -  152: 300 MHz 1H-NMR in CDCl3 of molecule IV-22. 
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Figure VI -  153: 470 MHz 19F-NMR in CDCl3 of molecule IV-22. 

 

Figure VI -  154: 125 MHz 13C-NMR in CDCl3 of molecule IV-22. Due to 13C-19F coupling: Peak 166.3 splits into 
166.75, 166.42, 166.09 and 165.75; Peak 123.5 splits into 126.80, 124.62, 122.44 and 120.25. 
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VI – 4 Calculations 

VI – 4.1 General remarks 

Calculations were carried out using Gaussian 09 including the D01 revision.[14] Geometries 

optimizations were firstly carried out at B97-D3/LanL2DZ level of theory  and frontier 

orbitals were obtained at the same level.[15-17] Then structures were optimized again at B97-

D3/Def2-TZVP level of theory and electrostatic surface potential were created at the same 

level.[18, 19] ESP surfaces were mapped on the van der Waals surface of molecules up to an 

electron density of 0.001 electron.bohr-³. Vs,max were determined with a classical method.[20] 

Frontier orbitals images were obtained using the Avogadro software and ESP figures with 

Gaussview4.  

VI – 4.2 Electrostatic surface potential 

Table VI -  1: ESP maps. 
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VI – 4.3 Frontier orbitals 

Table VI -  2: Representation of n and σ* orbitals.     
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VI – 5 Crystal data and structure refinement 

Table VI - 3:  Crystal data and structure refinement for II-15Se (1584376). 
 

Crystal data 

Empirical formula  C12 H8 N2 Se 

Formula weight  259.16 

Crystal system  Orthorhombic 

Space group  P n a 21 

Unit cell dimensions a = 11.7340(6) Å  = 90°. 

 b = 5.5228(4) Å  = 90°. 

 c = 15.1199(11) Å  = 90°. 

Volume 979.84(11) Å3 

Z 4 

Density (calculated) 1.757 Mg/m3 

Absorption coefficient 3.793 mm-1 

F(000) 512 

Crystal size 0.486 x 0.162 x 0.120 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.725 to 29.577°. 

Index ranges -10<=h<=16, -7<=k<=5, -19<=l<=12 

Reflections collected 2991 

Independent reflections 1831 [R(int) = 0.0255] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.872 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1831 / 1 / 136 

Goodness-of-fit on F2 0.798 

Final R indices [I>2sigma(I)] R1 = 0.0253, wR2 = 0.0610 

R indices (all data) R1 = 0.0286, wR2 = 0.0642 

Absolute structure parameter 0.001(12) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.281 and -0.602 e.Å-3 
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Table VI - 4:  Crystal data and structure refinement for II-15Te (1584372). 
 

Crystal data 

Empirical formula  C12 H8 N2 Te 

Formula weight  307.80 

Crystal system  Monoclinic 

Space group  P 2/c 

Unit cell dimensions a = 12.2429(10) Å  = 90°. 

 b = 6.7691(3) Å  = 115.913(11)°. 

 c = 13.8924(13) Å   = 90°. 

Volume 1035.56(16) Å3 

Z 4 

Density (calculated) 1.974 Mg/m3 

Absorption coefficient 2.836 mm-1 

F(000) 584 

Crystal size 0.194 x 0.153 x 0.074 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.952 to 29.775°. 

Index ranges -15<=h<=16, -6<=k<=9, -18<=l<=11 

Reflections collected 3807 

Independent reflections 2198 [R(int) = 0.0185] 

Completeness to theta = 25.242° 96.5 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.829 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2198 / 0 / 137 

Goodness-of-fit on F2 1.357 

Final R indices [I>2sigma(I)] R1 = 0.0500, wR2 = 0.1224 

R indices (all data) R1 = 0.0533, wR2 = 0.1239 

Extinction coefficient n/a 

Largest diff. peak and hole 2.212 and -1.587 e.Å-3 
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Table VI - 5:  Crystal data and structure refinement for II-16Se (1584366). 
 

Crystal data 

Empirical formula  C11 H7 N3 Se 

Formula weight  260.16 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 3.8531(7) Å  = 90°. 

 b = 15.461(3) Å  = 90.609(15)°. 

 c = 16.315(2) Å   = 90°. 

Volume 971.9(3) Å3 

Z 4 

Density (calculated) 1.778 Mg/m3 

Absorption coefficient 3.827 mm-1 

F(000) 512 

Crystal size 0.319 x 0.046 x 0.026 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.631 to 29.477°. 

Index ranges -4<=h<=5, -19<=k<=11, -16<=l<=22 

Reflections collected 3500 

Independent reflections 2013 [R(int) = 0.0624] 

Completeness to theta = 25.242° 99.7 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.998 and 0.987 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2013 / 0 / 137 

Goodness-of-fit on F2 1.048 

Final R indices [I>2sigma(I)] R1 = 0.0863, wR2 = 0.2067 

R indices (all data) R1 = 0.1463, wR2 = 0.2559 

Extinction coefficient n/a 

Largest diff. peak and hole 2.803 and -0.866 e.Å-3 
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Table VI - 6:  Crystal data and structure refinement for II-16Te (1584370). 

 

Crystal data 

Empirical formula  C11 H7 N3 Te 

Formula weight  308.80 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 6.8231(6) Å  = 90°. 

 b = 12.1223(10) Å  = 93.365(7)°. 

 c = 12.2071(9) Å  = 90°. 

Volume 1007.93(14) Å3 

Z 4 

Density (calculated) 2.035 Mg/m3 

Absorption coefficient 2.917 mm-1 

F(000) 584 

Crystal size 0.484 x 0.277 x 0.147 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.344 to 29.853°. 

Index ranges -8<=h<=9, -16<=k<=16, -16<=l<=10 

Reflections collected 5500 

Independent reflections 2429 [R(int) = 0.0362] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.997 and 0.992 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2429 / 0 / 136 

Goodness-of-fit on F2 1.093 

Final R indices [I>2sigma(I)] R1 = 0.0371, wR2 = 0.0704 

R indices (all data) R1 = 0.0542, wR2 = 0.0847 

Extinction coefficient n/a 

Largest diff. peak and hole 1.405 and -1.677 e.Å-3  
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Table VI - 7: Crystal data and structure refinement for II-17Se (1954222). 

 

Crystal data 

Empirical formula  C11 H7 N3 Se 

Formula weight  260.16 

Crystal system  Orthorhombic 

Space group  P n a 21 

Unit cell dimensions a = 11.6387(6) Å  = 90°. 

 b = 5.6404(3) Å  = 90°. 

 c = 14.4020(8) Å  = 90°. 

Volume 945.45(9) Å3 

Z 4 

Density (calculated) 1.828 Mg/m3 

Absorption coefficient 3.935 mm-1 

F(000) 512 

Crystal size 0.221 x 0.137 x 0.078 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.501 to 29.508°. 

Index ranges -12<=h<=15, -5<=k<=7, -18<=l<=19 

Reflections collected 4106 

Independent reflections 2037 [R(int) = 0.0277] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.989 and 0.720 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2037 / 1 / 136 

Goodness-of-fit on F2 1.033 

Final R indices [I>2sigma(I)] R1 = 0.0306, wR2 = 0.0606 

R indices (all data) R1 = 0.0385, wR2 = 0.0662 

Absolute structure parameter -0.042(13) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.469 and -0.552 e.Å-3 
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Table VI - 8: Crystal data and structure refinement for II-17Te (1954221). 

 

Crystal data 

Empirical formula  C11 H7 N3 Te 

Formula weight  308.80 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 6.3049(4) Å  = 90°. 

 b = 13.4115(10) Å  = 97.734(6)°. 

 c = 12.1571(8) Å  = 90°. 

Volume 1018.63(12) Å3 

Z 4 

Density (calculated) 2.014 Mg/m3 

Absorption coefficient 2.886 mm-1 

F(000) 584 

Crystal size 0.241 x 0.080 x 0.042 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.038 to 29.486°. 

Index ranges -6<=h<=8, -18<=k<=16, -15<=l<=10 

Reflections collected 4840 

Independent reflections 2435 [R(int) = 0.0327] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.857 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2435 / 0 / 136 

Goodness-of-fit on F2 1.066 

Final R indices [I>2sigma(I)] R1 = 0.0306, wR2 = 0.0482 

R indices (all data) R1 = 0.0457, wR2 = 0.0557 

Extinction coefficient n/a 

Largest diff. peak and hole 1.040 and -0.834 e.Å-3 
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Table VI - 9: Crystal data and structure refinement for II-18Se (1584369). 
 

Crystal data 

Empirical formula  C11 H7 N3 Se  

Formula weight  260.16 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 13.3783(10) Å  = 90°. 

 b = 6.1146(3) Å  = 99.195(5)°. 

 c = 11.8397(6) Å   = 90°. 

Volume 956.08(10) Å3 

Z 4 

Density (calculated) 1.807 Mg/m3 

Absorption coefficient 3.891 mm-1 

F(000) 512 

Crystal size 0.171 x 0.077 x 0.038 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.085 to 29.710°. 

Index ranges -18<=h<=12, -6<=k<=8, -15<=l<=16 

Reflections collected 4590 

Independent reflections 2243 [R(int) = 0.0275] 

Completeness to theta = 25.242° 98.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.518 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2243 / 0 / 136 

Goodness-of-fit on F2 1.077 

Final R indices [I>2sigma(I)] R1 = 0.0324, wR2 = 0.0615 

R indices (all data) R1 = 0.0466, wR2 = 0.0670 

Extinction coefficient n/a 

Largest diff. peak and hole 0.469 and -0.584 e.Å-3 
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Table VI - 10: Crystal data and structure refinement for II-18Te (1584371). 
 

Crystal data 

Empirical formula  C11 H7 N3 Te 

Formula weight  308.80 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 6.5793(6) Å  = 77.417(7)°. 

 b = 7.3427(6) Å  = 74.097(8)°. 

 c = 11.4381(9) Å  = 67.579(8)°. 

Volume 487.24(8) Å3 

Z 2 

Density (calculated) 2.105 Mg/m3 

Absorption coefficient 3.017 mm-1 

F(000) 292 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal size 0.174 x 0.121 x 0.077 mm3 

Theta range for data collection 3.026 to 29.579°. 

Index ranges -9<=h<=9, -7<=k<=9, -15<=l<=15 

Reflections collected 3823 

Independent reflections 2289 [R(int) = 0.0327] 

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.870 

Completeness to theta = 25.242° 99.9 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2289 / 0 / 136 

Goodness-of-fit on F2 1.045 

Final R indices [I>2sigma(I)] R1 = 0.0394, wR2 = 0.0741 

R indices (all data) R1 = 0.0506, wR2 = 0.0807 

Extinction coefficient n/a 

Largest diff. peak and hole 0.979 and -1.089 e.Å-3 
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Table VI - 11: Crystal data and structure refinement for II-19Se (1584203). 

 

Crystal data 

Empirical formula  C10 H6 N2 S Se 

Formula weight  265.19 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 14.4301(13) Å  = 90°. 

 b = 5.9265(4) Å  = 109.531(9)°. 

 c = 11.7897(8) Å   = 90°. 

Volume 950.24(13) Å3 

Z 4 

Density (calculated) 1.854 Mg/m3 

Absorption coefficient 4.125 mm-1 

F(000) 520 

Crystal size 0.186 x 0.064 x 0.037 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.996 to 29.653°. 

Index ranges -20<=h<=12, -5<=k<=7, -13<=l<=15 

Reflections collected 4231 

Independent reflections 2231 [R(int) = 0.0569] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.955 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2231 / 665 / 254 

Goodness-of-fit on F2 1.296 

Final R indices [I>2sigma(I)] R1 = 0.0761, wR2 = 0.1323 

R indices (all data) R1 = 0.1047, wR2 = 0.1419 

Extinction coefficient n/a 

Largest diff. peak and hole 0.585 and -0.949 e.Å-3 
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Table VI - 12: Crystal data and structure refinement for II-19Te (1584374). 

 

Crystal data 

Empirical formula  C10 H6 N2 S Te 

Formula weight  313.83 

Crystal system  Monoclinic 

Space group  I 2/a 

Unit cell dimensions a = 14.3756(12) Å  = 90°. 

 b = 6.4236(6) Å  = 104.867(10)°. 

 c = 22.864(2) Å   = 90°. 

Volume 2040.6(3) Å3 

Z 9 

Density (calculated) 2.298 Mg/m3 

Absorption coefficient 27.662 mm-1 

F(000) 1332 

Crystal size 0.156 x 0.095 x 0.085 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  1.54184 Å 

Theta range for data collection 4.001 to 74.074°. 

Index ranges -17<=h<=11, -6<=k<=7, -23<=l<=27 

Reflections collected 3410 

Independent reflections 1981 [R(int) = 0.0361] 

Completeness to theta = 67.684° 99.4 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.996 and 0.992 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1981 / 0 / 127 

Goodness-of-fit on F2 1.046 

Final R indices [I>2sigma(I)] R1 = 0.0559, wR2 = 0.1467 

R indices (all data) R1 = 0.0623, wR2 = 0.1572 

Extinction coefficient n/a 

Largest diff. peak and hole 2.313 and -1.924 e.Å-3 

 

 

 

 



Chapter VI 

 

299 
 

 
Table VI - 13: Crystal data and structure refinement for II-21Se (1584204). 

 

Crystal data 

Empirical formula  C24 H10 F6 N4 Se2 

Formula weight  626.28 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 12.1370(8)Å  = 90°. 

 b = 12.1884(7)Å  = 98.366(6)°. 

 c = 7.2345(5)Å   = 90°. 

Volume 1058.82(12)Å3 

Z 4 

Density (calculated) 1.964  Mg/m3 

Absorption coefficient 3.568 mm-1 

F(000) 608 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal size 0.232 x 0.056 x 0.048 mm3 

Theta range for data collection 3.7370 to 28.7680°. 

Index ranges -15<=h<=15, -11<=k<=16, -7<=l<=10 

Reflections collected 5109 

Independent reflections 2525 [R(int) = 0.0424] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2525 / 570 / 326 

Goodness-of-fit on F2 1.207 

Final R indices [I>2sigma(I)] R1 = 0.0882, wR2 = 0.2067 

R indices (all data) R1 = 0.1032, wR2 = 0.2142 

Extinction coefficient n/a 

Largest diff. peak and hole 1.137 and -1.324 e.Å-3 
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Table VI - 14:  Crystal data and structure refinement for II-21Te (1584377). 
 

Crystal data 

Empirical formula  C12 H5 F3 N2 Te 

Formula weight  361.78 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 6.7428(6) Å  = 79.247(6)°. 

 b = 7.3273(6) Å  = 77.062(7)°. 

 c = 11.8662(8) Å   = 72.221(8)°. 

Volume 539.66(8) Å3 

Z 2 

Density (calculated) 2.226 Mg/m3 

Absorption coefficient 2.778 mm-1 

F(000) 340 

Crystal size 0.151 x 0.066 x 0.052 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.943 to 29.624°. 

Index ranges -8<=h<=8, -9<=k<=7, -16<=l<=15 

Reflections collected 4299 

Independent reflections 2524 [R(int) = 0.0276] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.926 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2524 / 0 / 163 

Goodness-of-fit on F2 1.047 

Final R indices [I>2sigma(I)] R1 = 0.0338, wR2 = 0.0513 

R indices (all data) R1 = 0.0457, wR2 = 0.0569 

Extinction coefficient n/a 

Largest diff. peak and hole 0.598 and -0.617 e.Å-3 
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Table VI - 15: Crystal data and structure refinement for II-22Se (1584378). 
 

Crystal data 

Empirical formula  C12 H3 F5 N2 Se 

Formula weight  349.12 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 10.4047(10) Å  = 90°. 

 b = 4.6117(4) Å  = 90.488(8)°. 

 c = 22.6734(19) Å   = 90°. 

Volume 1087.91(17) Å3 

Z 5 

Density (calculated) 2.664 Mg/m3 

Absorption coefficient 4.388 mm-1 

F(000) 840 

Crystal size 0.421 x 0.079 x 0.031 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.595 to 29.537°. 

Index ranges -14<=h<=13, -6<=k<=4, -31<=l<=23 

Reflections collected 4673 

Independent reflections 2525 [R(int) = 0.0521] 

Completeness to theta = 25.242° 99.7 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.761 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2525 / 0 / 181 

Goodness-of-fit on F2 1.053 

Final R indices [I>2sigma(I)] R1 = 0.0617, wR2 = 0.1453 

R indices (all data) R1 = 0.0924, wR2 = 0.1692 

Extinction coefficient n/a 

Largest diff. peak and hole 0.975 and -1.112 e.Å-3 
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Table VI - 16: Crystal data and structure refinement for II-22Se (1584367). 
 

Crystal data 

Empirical formula  C12 H3 F5 N2 Te 

Formula weight  397.76 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 10.8545(8) Å  = 90°. 

 b = 4.5188(4) Å  = 91.006(7)°. 

 c = 22.8774(17) Å   = 90°. 

Volume 1121.95(15) Å3 

Z 5 

Density (calculated) 2.944 Mg/m3 

Absorption coefficient 3.385 mm-1 

F(000) 930 

Crystal size 0.653 x 0.114 x 0.022 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.563 to 29.700°. 

Index ranges -14<=h<=9, -5<=k<=6, -31<=l<=31 

Reflections collected 5090 

Independent reflections 2650 [R(int) = 0.0436] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.999 and 0.981 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2650 / 0 / 181 

Goodness-of-fit on F2 0.983 

Final R indices [I>2sigma(I)] R1 = 0.0425, wR2 = 0.0782 

R indices (all data) R1 = 0.0692, wR2 = 0.0905 

Extinction coefficient n/a 

Largest diff. peak and hole 1.021 and -0.751 e.Å-3 
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Table VI - 17: Crystal data and structure refinement for II-23Te (1954224). 
 

Crystal data 

Empirical formula  C12 H3 Br F4 N2 Te 

Formula weight  458.67 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 11.5479(14) Å  = 90°. 

 b = 4.5624(6) Å  = 92.754(11)°. 

 c = 22.376(3) Å  = 90°. 

Volume 1177.6(2) Å3 

Z 4 

Density (calculated) 2.587 Mg/m3 

Absorption coefficient 5.960 mm-1 

F(000) 848 

Crystal size 0.623 x 0.075 x 0.023 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.533 to 29.765°. 

Index ranges -11<=h<=16, -4<=k<=6, -29<=l<=29 

Reflections collected 5673 

Independent reflections 2842 [R(int) = 0.0322] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.887 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2842 / 0 / 181 

Goodness-of-fit on F2 1.035 

Final R indices [I>2sigma(I)] R1 = 0.0319, wR2 = 0.0627 

R indices (all data) R1 = 0.0434, wR2 = 0.0679 

Extinction coefficient n/a 

Largest diff. peak and hole 0.751 and -0.995 e.Å-3 
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Table VI - 18: Crystal data and structure refinement for II-24Te (1954223). 
 

Crystal data 

Empirical formula  C12 H3 F4 I N2 Te 

Formula weight  505.66 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 9.0513(4) Å  = 90°. 

 b = 19.3504(9) Å  = 103.087(5)°. 

 c = 14.8691(8) Å  = 90°. 

Volume 2536.6(2) Å3 

Z 8 

Density (calculated) 2.648 Mg/m3 

Absorption coefficient 4.817 mm-1 

F(000) 1840 

Crystal size 0.681 x 0.290 x 0.207 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.379 to 29.722°. 

Index ranges -12<=h<=9, -25<=k<=26, -20<=l<=19 

Reflections collected 13576 

Independent reflections 6031 [R(int) = 0.0380] 

Completeness to theta = 25.242° 99.7 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.524 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6031 / 0 / 361 

Goodness-of-fit on F2 1.035 

Final R indices [I>2sigma(I)] R1 = 0.0350, wR2 = 0.0773 

R indices (all data) R1 = 0.0498, wR2 = 0.0874 

Extinction coefficient n/a 

Largest diff. peak and hole 0.958 and -1.466 e.Å-3 
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Table VI - 19: Crystal data and structure refinement for II-25Se (1584368). 
 

Crystal data 

Empirical formula  C7 H3 F3 N2 Se 

Formula weight  251.07 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 5.3964(4) Å  = 81.764(6)°. 

 b = 7.8741(5) Å  = 81.290(6)°. 

 c = 9.7525(7) Å  = 76.381(6)°. 

Volume 395.60(5) Å3 

Z 2 

Density (calculated) 2.108 Mg/m3 

Absorption coefficient 4.745 mm-1 

F(000) 240 

Crystal size 0.223 x 0.054 x 0.049 mm3 

Data Collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.228 to 29.633°. 

Index ranges -5<=h<=7, -9<=k<=10, -12<=l<=11 

Reflections collected 3155 

Independent reflections 1854 [R(int) = 0.0313] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.750 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1854 / 42 / 146 

Goodness-of-fit on F2 1.063 

Final R indices [I>2sigma(I)] R1 = 0.0367, wR2 = 0.0560 

R indices (all data) R1 = 0.0510, wR2 = 0.0618 

Extinction coefficient n/a 

Largest diff. peak and hole 0.470 and -0.481 e.Å-3 
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Table VI - 20: Crystal data and structure refinement for II-25Te (1584375). 
 

Crystal data 

Empirical formula  C7 H3 F3 N2 Te 

Formula weight  299.71 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 9.1200(7) Å  = 105.380(7)°. 

 b = 9.8379(8) Å  = 101.891(6)°. 

 c = 10.3447(7) Å   = 102.649(7)°. 

Volume 838.07(12) Å3 

Z 4 

Density (calculated) 2.375 Mg/m3 

Absorption coefficient 3.549 mm-1 

F(000) 552 

Crystal size 0.214 x 0.083 x 0.053 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.449 to 29.899°. 

Index ranges -9<=h<=11, -13<=k<=12, -12<=l<=14 

Reflections collected 7066 

Independent reflections 3927 [R(int) = 0.0321] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.900 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3927 / 0 / 235 

Goodness-of-fit on F2 1.061 

Final R indices [I>2sigma(I)] R1 = 0.0446, wR2 = 0.1028 

R indices (all data) R1 = 0.0654, wR2 = 0.1202 

Extinction coefficient n/a 

Largest diff. peak and hole 1.810 and -1.726 e.Å-3 
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Table VI - 21: Crystal data and structure refinement for II-27Se (1954286). 
 

Crystal data 

Empirical formula  C14 H8 N2 Se2 

Formula weight  362.14 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 9.0647(10) Å  = 90°. 

 b = 6.0347(5) Å  = 110.681(11)°. 

 c = 11.5964(10) Å  = 90°. 

Volume 593.48(10) Å3 

Z 2 

Density (calculated) 2.027 Mg/m3 

Absorption coefficient 6.209 mm-1 

F(000) 348 

Crystal size 0.423 x 0.124 x 0.044 mm3 

Data collection 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.675 to 29.623°. 

Index ranges -12<=h<=12, -8<=k<=8, -12<=l<=15 

Reflections collected 2879 

Independent reflections 1406 [R(int) = 0.0432] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.994 and 0.976 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1406 / 0 / 98 

Goodness-of-fit on F2 1.069 

Final R indices [I>2sigma(I)] R1 = 0.0428, wR2 = 0.0872 

R indices (all data) R1 = 0.0547, wR2 = 0.0961 

Extinction coefficient n/a 

Largest diff. peak and hole 1.163 and -1.367 e.Å-3 
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Table VI - 22: Crystal data and structure refinement for II-27Te (1954287). 
 

Crystal data 

Empirical formula  C14 H8 N2 Te2 

Formula weight  459.42 

Crystal system  Orthorhombic 

Space group  P b c a 

Unit cell dimensions a = 11.5651(4) Å  = 90°. 

 b = 11.9277(5) Å  = 90°. 

 c = 18.6397(11) Å  = 90°. 

Volume 2571.3(2) Å3 

Z 8 

Density (calculated) 2.374 Mg/m3 

Absorption coefficient 4.519 mm-1 

F(000) 1680 

Crystal size 0.441 x 0.416 x 0.076 mm3 

Data collection 

Temperature  296(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.416 to 29.782°. 

Index ranges -15<=h<=11, -15<=k<=16, -25<=l<=19 

Reflections collected 11288 

Independent reflections 3246 [R(int) = 0.0539] 

Completeness to theta = 25.242° 99.7 %  

Refinement 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3246 / 0 / 163 

Goodness-of-fit on F2 1.121 

Final R indices [I>2sigma(I)] R1 = 0.0468, wR2 = 0.1061 

R indices (all data) R1 = 0.0760, wR2 = 0.1296 

Extinction coefficient n/a 

Largest diff. peak and hole 1.656 and -1.409 e.Å-3 
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Table VI - 23: Crystal data and structure refinement for II-32Te (1954288). 
 

Crystal data 

Empirical formula  C15 H11 N3 O Te 

Formula weight  376.87 

Crystal system  Tetragonal 

Space group  I 41/a 

Unit cell dimensions a = 19.6512(7) Å  = 90°. 

 b = 19.6512(7) Å  = 90°. 

 c = 15.8856(12) Å  = 90°. 

Volume 6134.5(6) Å3 

Z 16 

Density (calculated) 1.632 Mg/m3 

Absorption coefficient 1.938 mm-1 

F(000) 2912 

Crystal size 0.226 x 0.194 x 0.121 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.932 to 29.767°. 

Index ranges -20<=h<=25, -25<=k<=12, -22<=l<=15 

Reflections collected 9116 

Independent reflections 3715 [R(int) = 0.0406] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.797 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3715 / 1 / 181 

Goodness-of-fit on F2 1.090 

Final R indices [I>2sigma(I)] R1 = 0.0683, wR2 = 0.1893 

R indices (all data) R1 = 0.1133, wR2 = 0.2274 

Extinction coefficient n/a 

Largest diff. peak and hole 1.902 and -1.012 e.Å-3 
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Table VI - 24: Crystal data and structure refinement for II-39Se (1954289). 
 

Crystal data 

Empirical formula  C22 H12 N2 Se 

Formula weight  219.03 

Crystal system  Orthorhombic 

Space group  P c a 21 

Unit cell dimensions a = 16.5064(12) Å  = 90°. 

 b = 3.8412(3) Å  = 90°. 

 c = 24.029(2) Å  = 90°. 

Volume 1523.5(2) Å3 

Z 7 

Density (calculated) 1.671 Mg/m3 

Absorption coefficient 2.470 mm-1 

F(000) 768 

Data collection 

Crystal size 0.211 x 0.046 x 0.026 mm3 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.994 to 29.818°. 

Index ranges -22<=h<=14, -3<=k<=4, -25<=l<=31 

Reflections collected 4932 

Independent reflections 3076 [R(int) = 0.0342] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.939 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3076 / 1 / 226 

Goodness-of-fit on F2 1.023 

Final R indices [I>2sigma(I)] R1 = 0.0454, wR2 = 0.0939 

R indices (all data) R1 = 0.0631, wR2 = 0.1023 

Absolute structure parameter 0.367(9) 

Extinction coefficient n/a 

Largest diff. peak and hole 0.442 and -0.437 e.Å-3 
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Table VI - 25: Crystal data and structure refinement for II-39Te (15844373). 
 

Crystal data 

Empirical formula  C22 H12 N2 Te 

Formula weight  431.94 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 22.3299(15) Å  = 90°. 

 b = 4.6587(2) Å  = 107.369(6)°. 

 c = 15.5840(8) Å   = 90°. 

Volume 1547.25(15) Å3 

Z 4 

Density (calculated) 1.854 Mg/m3 

Absorption coefficient 1.928 mm-1 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

F(000) 840 

Crystal size 0.586 x 0.139 x 0.086 mm3 

Theta range for data collection 3.159 to 29.609°. 

Index ranges -20<=h<=28, -4<=k<=6, -21<=l<=16 

Reflections collected 6922 

Independent reflections 3652 [R(int) = 0.0364] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.676 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3652 / 0 / 226 

Goodness-of-fit on F2 1.011 

Final R indices [I>2sigma(I)] R1 = 0.0338, wR2 = 0.0657 

R indices (all data) R1 = 0.0485, wR2 = 0.0716 

Extinction coefficient n/a 

Largest diff. peak and hole 0.575 and -0.819 e.Å-3 
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Table VI - 26: Crystal data and structure refinement for II-40Se (1954291). 
 

Crystal data 

Empirical formula  C23 H13 N Se 

Formula weight  382.30 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 25.6107(5) Å  = 90°. 

 b = 3.86960(10) Å  = 108.348(3)°. 

 c = 16.4786(4) Å  = 90°. 

Volume 1550.06(7) Å3 

Z 4 

Density (calculated) 1.638 Mg/m3 

Absorption coefficient 3.290 mm-1 

F(000) 768 

Data collection 

Temperature  150(2) K 

Wavelength  1.54184 Å 

Crystal size 0.380 x 0.122 x 0.038 mm3 

Theta range for data collection 3.637 to 74.067°. 

Index ranges -31<=h<=31, -4<=k<=4, -20<=l<=19 

Reflections collected 29069 

Independent reflections 3124 [R(int) = 0.0626] 

Completeness to theta = 67.684° 100.0 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.720 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3124 / 0 / 227 

Goodness-of-fit on F2 1.168 

Final R indices [I>2sigma(I)] R1 = 0.0855, wR2 = 0.2532 

R indices (all data) R1 = 0.0858, wR2 = 0.2543 

Extinction coefficient n/a 

Largest diff. peak and hole 1.363 and -2.131 e.Å-3 
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Table VI - 27: Crystal data and structure refinement for II-40Te (15844390). 
 

Crystal data 

Empirical formula  C23 H13 N Te 

Formula weight  430.94 

Crystal system  Orthorhombic 

Space group  P b c a 

Unit cell dimensions a = 14.7257(5) Å  = 90°. 

 b = 10.7315(4) Å  = 90°. 

 c = 20.7441(7) Å  = 90°. 

Volume 3278.2(2) Å3 

Z 8 

Density (calculated) 1.746 Mg/m3 

Absorption coefficient 1.819 mm-1 

F(000) 1680 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal size 0.316 x 0.149 x 0.118 mm3 

Theta range for data collection 3.356 to 29.586°. 

Index ranges -11<=h<=19, -14<=k<=9, -27<=l<=27 

Reflections collected 14284 

Independent reflections 4066 [R(int) = 0.0305] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.682 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4066 / 0 / 226 

Goodness-of-fit on F2 1.042 

Final R indices [I>2sigma(I)] R1 = 0.0288, wR2 = 0.0625 

R indices (all data) R1 = 0.0407, wR2 = 0.0703 

Extinction coefficient n/a 

Largest diff. peak and hole 0.673 and -0.633 e.Å-3 
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Table IV - 28: Crystal data and structure refinement for (III-1Te)2•HDFIO (1584205). 
 

Crystal data 

Empirical formula  2 C11 H7 N3 Te . C8 F16 I2 

Formula weight  1271.47 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 14.5778(5) Å  = 90.369(2)°. 

 b = 15.5849(3) Å  = 108.326(3)°. 

 c = 17.8089(5) Å  =107.116(2)°. 

Volume 3648.84(19) Å3 

Z 4 

Density (calculated) 2.315 Mg/m3 

Absorption coefficient 3.407 mm-1 

F(000) 2360 

Crystal size 0.347 x 0.118 x 0.053 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.930 to 29.914°. 

Index ranges -19<=h<=19, -21<=k<=19, -23<=l<=24 

Reflections collected 42051 

Independent reflections 17492 [R(int) = 0.0430] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.999 and 0.997 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 17492 / 734 / 1244 

Goodness-of-fit on F2 1.039 

Final R indices [I>2sigma(I)] R1 = 0.0496, wR2 = 0.0920 

R indices (all data) R1 = 0.0780, wR2 = 0.1083 

Extinction coefficient n/a 

Largest diff. peak and hole 1.670 and -1.587 e.Å-3 
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Table VI - 29: Crystal data and structure refinement for (III-1Te)2•DITFB (1954225). 
 

Crystal data 

Empirical formula  C11 H7 N3 Te  . 0.5 C6 F4 I2 

Formula weight  508.73 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 6.4432(5) Å  = 100.833(6)°. 

 b = 9.3098(7) Å  = 96.613(6)°. 

 c = 12.7311(9) Å  = 103.000(6)°. 

Volume 720.88(10) Å3 

Z 2 

Density (calculated) 2.344 Mg/m3 

Absorption coefficient 4.220 mm-1 

F(000) 470 

Crystal size 0.500 x 0.145 x 0.093 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.116 to 29.711°. 

Index ranges -6<=h<=8, -10<=k<=11, -17<=l<=12 

Reflections collected 5610 

Independent reflections 3392 [R(int) = 0.0243] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.747 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3392 / 0 / 190 

Goodness-of-fit on F2 1.018 

Final R indices [I>2sigma(I)] R1 = 0.0310, wR2 = 0.0582 

R indices (all data) R1 = 0.0441, wR2 = 0.0654 

Extinction coefficient n/a 

Largest diff. peak and hole 0.809 and -0.879 e.Å-3 
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Table VI - 30: Crystal data and structure refinement for III-1Te•DITFB (1954226). 
 

Crystal data 

Empirical formula  C11 H7 N3 Te . C6 F4 I2 

Formula weight  710.66 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 8.2302(2) Å  = 90°. 

 b = 7.7527(2) Å  = 90.211(2)°. 

 c = 29.1565(7) Å   = 90°. 

Volume 1860.35(8) Å3 

Z 4 

Density (calculated) 2.537 Mg/m3 

Absorption coefficient 4.963 mm-1 

F(000) 1296 

Data collection 

Crystal size 0.391 x 0.241 x 0.094 mm3 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.361 to 29.843°. 

Index ranges -10<=h<=11, -10<=k<=10, -38<=l<=39 

Reflections collected 30735 

Independent reflections 4906 [R(int) = 0.0463] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.499 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4906 / 0 / 244 

Goodness-of-fit on F2 1.121 

Final R indices [I>2sigma(I)] R1 = 0.0301, wR2 = 0.0554 

R indices (all data) R1 = 0.0401, wR2 = 0.0595 

Extinction coefficient n/a 

Largest diff. peak and hole 0.696 and -0.741 e.Å-3  
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Table VI - 31: Crystal data and structure refinement for III-1Te•(DITFB)2 (1954227). 
 

Crystal data 

Empirical formula  C11 H7 N3 Te . 2 C6 F4 I2 

Formula weight  1112.52 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 4.2386(2) Å  = 75.012(3)°. 

 b = 15.7217(6) Å  = 89.349(3)°. 

 c = 21.3799(7) Å   = 84.936(4)°. 

Volume 1370.78(10) Å3 

Z 2 

Density (calculated) 2.695 Mg/m3 

Absorption coefficient 5.664 mm-1 

F(000) 1004 

Crystal size 0.277 x 0.075 x 0.043 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.959 to 29.869°. 

Index ranges -5<=h<=5, -19<=k<=21, -25<=l<=28 

Reflections collected 13650 

Independent reflections 6611 [R(int) = 0.0313] 

Completeness to theta = 25.242° 99.7 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.799 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6611 / 0 / 352 

Goodness-of-fit on F2 1.040 

Final R indices [I>2sigma(I)] R1 = 0.0360, wR2 = 0.0551 

R indices (all data) R1 = 0.0566, wR2 = 0.0622 

Extinction coefficient n/a 

Largest diff. peak and hole 0.852 and -1.039 e.Å-3 
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Table VI - 32: Crystal data and structure refinement for (III-2Te)2•DITFB (1955118). 

 

Crystal data 

Empirical formula  C11 H7 N3 Te . 0.5 C6 F4 I2 

Formula weight  509.73 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 15.330(2) Å  = 90°. 

 b = 4.6082(6) Å  = 104.529(12)°. 

 c = 21.030(3) Å  = 90°. 

Volume 1438.1(3) Å3 

Z 4 

Density (calculated) 2.354 Mg/m3 

Absorption coefficient 4.232 mm-1 

F(000) 940 

Crystal size 0.308 x 0.063 x 0.054 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.601 to 29.713°. 

Index ranges -18<=h<=16, -5<=k<=6, -27<=l<=17 

Reflections collected 6833 

Independent reflections 3314 [R(int) = 0.0565] 

Completeness to theta = 25.242° 97.4 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.625 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3314 / 709 / 326 

Goodness-of-fit on F2 1.108 

Final R indices [I>2sigma(I)] R1 = 0.0741, wR2 = 0.1569 

R indices (all data) R1 = 0.1239, wR2 = 0.1915 

Extinction coefficient n/a 

Largest diff. peak and hole 1.870 and -2.478 e.Å-3 
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Table VI - 33: Crystal data and structure refinement for (III-3Te)2•HDFIO (1954228). 

 

Crystal data 

Empirical formula  2 C12 H8 N2 Te . C8 F16 I2 

Formula weight  1269.49 

Temperature  150(2) K 

Space group  P -1 

Unit cell dimensions a = 7.4276(4) Å  = 81.685(5)°. 

 b = 14.6567(8) Å  = 85.132(5)°. 

 c = 17.4866(11) Å  = 79.882(5)°. 

Volume 1850.90(19) Å3 

Z 2 

Density (calculated) 2.278 Mg/m3 

Absorption coefficient 3.356 mm-1 

F(000) 1180 

Crystal size 0.413 x 0.235 x 0.115 mm3 

Data collection 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Theta range for data collection 2.912 to 29.935°. 

Index ranges -10<=h<=10, -14<=k<=20, -23<=l<=22 

Reflections collected 18260 

Independent reflections 8843 [R(int) = 0.0314] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.767 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 8843 / 0 / 505 

Goodness-of-fit on F2 1.068 

Final R indices [I>2sigma(I)] R1 = 0.0413, wR2 = 0.0830 

R indices (all data) R1 = 0.0647, wR2 = 0.1001 

Extinction coefficient n/a 

Largest diff. peak and hole 1.979 and -1.054 e.Å-3 
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Table VI - 34: Crystal data and structure refinement for (III-3Te)2•DITFB (1954235). 

 

Crystal data 

Empirical formula  C12 H8 N2 Te . 0.5 C6 F4 I2 

Formula weight  508.73 

Temperature  150(2) K 

Space group  P -1 

Unit cell dimensions a = 6.4432(5) Å  = 100.833(6)°. 

 b = 9.3098(7) Å  = 96.613(6)°. 

 c = 12.7311(9) Å  = 103.000(6)°. 

Volume 720.88(10) Å3 

Z 2 

Density (calculated) 2.344 Mg/m3 

Absorption coefficient 4.220 mm-1 

F(000) 470 

Crystal size 0.500 x 0.145 x 0.093 mm3 

Data collection 

Wavelength  0.71073 Å 

Crystal system  Triclinic 

Theta range for data collection 3.116 to 29.711°. 

Index ranges -6<=h<=8, -10<=k<=11, -17<=l<=12 

Reflections collected 5610 

Independent reflections 3392 [R(int) = 0.0243] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.747 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3392 / 0 / 190 

Goodness-of-fit on F2 1.018 

Final R indices [I>2sigma(I)] R1 = 0.0310, wR2 = 0.0582 

R indices (all data) R1 = 0.0441, wR2 = 0.0654 

Extinction coefficient n/a 

Largest diff. peak and hole 0.809 and -0.879 e.Å-3 
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Table VI - 35: Crystal data and structure refinement for (III-1Se)2•DITFB (1954220). 

 

Crystal data 

Empirical formula  2 C11 H7 N3 Se . C6 F4 I2 

Formula weight  922.17 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 10.2008(5) Å  = 105.628(4)°. 

 b = 11.6341(5) Å  = 105.072(4)°. 

 c = 12.7627(6) Å   = 95.204(4)°. 

Volume 1387.26(12) Å3 

Z 2 

Density (calculated) 2.208 Mg/m3 

Absorption coefficient 4.950 mm-1 

F(000) 868 

Crystal size 0.300 x 0.126 x 0.094 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.893 to 29.903°. 

Index ranges -10<=h<=14, -15<=k<=15, -17<=l<=15 

Reflections collected 10137 

Independent reflections 6357 [R(int) = 0.0381] 

Completeness to theta = 25.242° 98.3 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.491 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6357 / 0 / 379 

Goodness-of-fit on F2 0.999 

Final R indices [I>2sigma(I)] R1 = 0.0370, wR2 = 0.0615 

R indices (all data) R1 = 0.0585, wR2 = 0.0766 

Extinction coefficient n/a 

Largest diff. peak and hole 0.978 and -1.256 e.Å-3 
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Table VI - 36: Crystal data and structure refinement for III-2Se•(DITFB)3 (1954229). 

 

Crystal data 

Empirical formula  C11 H7 N3 Se . 2 C6 F4 I2 

Formula weight  1063.88 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 4.1629(2) Å  = 73.523(4)°. 

 b = 16.0529(8) Å  = 88.733(4)°. 

 c = 21.3057(10) Å  = 85.225(4)°. 

Volume 1360.58(12) Å3 

Z 2 

Density (calculated) 2.597 Mg/m3 

Absorption coefficient 5.993 mm-1 

F(000) 968 

Data collection 

Crystal size 0.785 x 0.058 x 0.041 mm3 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 2.909 to 29.882°. 

Index ranges -3<=h<=5, -22<=k<=22, -29<=l<=28 

Reflections collected 12031 

Independent reflections 6317 [R(int) = 0.0397] 

Completeness to theta = 25.242° 98.6 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.649 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6317 / 0 / 352 

Goodness-of-fit on F2 1.022 

Final R indices [I>2sigma(I)] R1 = 0.0418, wR2 = 0.0792 

R indices (all data) R1 = 0.0643, wR2 = 0.0948 

Extinction coefficient n/a 

Largest diff. peak and hole 1.635 and -1.602 e.Å-3 
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Table VI - 37: Crystal data and structure refinement for (III-5)2•DABCO (1954231). 

 

Crystal data 

Empirical formula  2 C12 H3 F4 I N2 Te . C6 H12 N2 

Formula weight  1123.50 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 10.8213(7) Å  = 90°. 

 b = 23.5156(11) Å  = 112.285(8)°. 

 c = 13.7951(10) Å  = 90°. 

Volume 3248.2(4) Å3 

Z 4 

Density (calculated) 2.297 Mg/m3 

Absorption coefficient 3.776 mm-1 

F(000) 2088 

Crystal size 0.314 x 0.099 x 0.037 mm3 

Theta range for data collection 3.486 to 29.602°. 

Index ranges -14<=h<=13, -26<=k<=31, -17<=l<=10 

Reflections collected 11043 

Independent reflections 6890 [R(int) = 0.0259] 

Completeness to theta = 25.242° 92.3 %  

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6890 / 0 / 433 

Goodness-of-fit on F2 1.210 

Final R indices [I>2sigma(I)] R1 = 0.0584, wR2 = 0.1208 

R indices (all data) R1 = 0.0688, wR2 = 0.1262 

Extinction coefficient n/a 

Largest diff. peak and hole 3.603 and -1.210 e.Å-3 
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Table VI - 38: Crystal data and structure refinement for (III-5)2•DABCO (1954232). 

 

Crystal data 

Empirical formula  2 C12 H3 F4 I N2 Te . C6 H12 N2 

Formula weight  1123.50 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 11.1253(5) Å a= 90°. 

 b = 14.5815(7) Å b= 97.586(4)°. 

 c = 20.1277(8) Å g = 90°. 

Volume 3236.6(3) Å3 

Z 4 

Density (calculated) 2.306 Mg/m3 

Absorption coefficient 3.790 mm-1 

F(000) 2088 

Crystal size 0.145 x 0.106 x 0.042 mm3 

Theta range for data collection 3.350 to 29.814°. 

Index ranges -14<=h<=13, -20<=k<=19, -26<=l<=27 

Reflections collected 20127 

Independent reflections 7807 [R(int) = 0.0282] 

Completeness to theta = 25.242° 99.8 %  

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.940 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7807 / 0 / 433 

Goodness-of-fit on F2 1.052 

Final R indices [I>2sigma(I)] R1 = 0.0297, wR2 = 0.0664 

R indices (all data) R1 = 0.0389, wR2 = 0.0708 

Extinction coefficient n/a 

Largest diff. peak and hole 1.058 and -1.080 e.Å-3 
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Table VI - 39: Crystal data and structure refinement for III-5•DABCO (1954233). 

 

Crystal data 

Empirical formula  C12 H3 F4 I N2 Te . C6 H12 N2 

Formula weight  617.84 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 8.9769(5) Å  = 100.758(5)°. 

 b = 10.3694(7) Å  = 96.805(5)°. 

 c = 11.7598(8) Å  = 111.616(6)°. 

Volume 978.55(12) Å3 

Z 2 

Density (calculated) 2.097 Mg/m3 

Absorption coefficient 3.146 mm-1 

F(000) 584 

Data collection 

Crystal size 0.234 x 0.119 x 0.060 mm3 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.363 to 29.904°. 

Index ranges -11<=h<=12, -13<=k<=14, -15<=l<=16 

Reflections collected 8199 

Independent reflections 4658 [R(int) = 0.0335] 

Completeness to theta = 25.242° 99.7 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.835 and 0.263 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4658 / 0 / 253 

Goodness-of-fit on F2 1.076 

Final R indices [I>2sigma(I)] R1 = 0.0399, wR2 = 0.0805 

R indices (all data) R1 = 0.0646, wR2 = 0.0950 

Extinction coefficient n/a 

Largest diff. peak and hole 1.204 and -1.163 e.Å-3 
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Table VI - 40: Crystal data and structure refinement for III-1Te•III-5 (1954234). 

 

Crystal data 

Empirical formula  C12 H3 F4 N2 Te I . C11 H7 N3 Te 

Formula weight  814.46 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 7.4490(3) Å  = 90° 

 b = 12.8417(3) Å  = 91.419° 

 c = 23.3811(7) Å  = 90 

Volume 2235.90(12) Å3 

Z 4 

Density (calculated) 2.420 Mg/m3 

Absorption coefficient 3.672 mm-1 

F(000) 1504.0 

Data collection 

Crystal size 0.093 x 0.014 x 0.014mm3 

Temperature  100(2) K 

Wavelength  0.6889 Å 

Theta range for data collection 1.689° to 25.376° 

Index ranges -9<=h<=9, -15<=k<=15, -19<=l<=29 

Reflections collected 7563 

Independent reflections 4458 

Completeness to theta = 25.242°  99.6% 

Refinement 

Absorption correction Multi-scan 

Max. and min. transmission 1.00000 and 0.80406 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 7563 / 0 / 316 

Goodness-of-fit on F2 1.025 

Final R indices [I>2sigma(I)] R1 =0.1179, wR2 = 0.2721 

R indices (all data) R1 = 0.1483, wR2 = 0.2874 

Extinction coefficient n/a 

Largest diff. peak and hole 4.984 and -2.340 e.Å-3 
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Table VI - 41: Crystal data and structure refinement for IV-5e (1954271). 

 

Crystal data 

Empirical formula  C8 H5 F3 N2 Te 

Formula weight  313.74 

Crystal system  Monoclinic 

Space group  P 21/m 

Unit cell dimensions a = 6.2430(5) Å  = 90°. 

 b = 7.0585(7) Å  = 97.461(7)°. 

 c = 10.5317(8) Å  = 90°. 

Volume 460.16(7) Å3 

Z 2 

Density (calculated) 2.264 Mg/m3 

Absorption coefficient 3.237 mm-1 

F(000) 292 

Crystal size 0.241 x 0.118 x 0.033 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.484 to 29.493°. 

Index ranges -8<=h<=5, -9<=k<=8, -14<=l<=12 

Reflections collected 2129 

Independent reflections 1163 [R(int) = 0.0242] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.825 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1163 / 0 / 82 

Goodness-of-fit on F2 1.054 

Final R indices [I>2sigma(I)] R1 = 0.0294, wR2 = 0.0599 

R indices (all data) R1 = 0.0328, wR2 = 0.0635 

Extinction coefficient n/a 

Largest diff. peak and hole 0.666 and -0.981 e.Å-3 
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Table VI - 42: Crystal data and structure refinement for IV-19 (1954272). 

 

Crystal data 

Empirical formula  C12 H5 Cl F6 N2 Te 

Formula weight  454.23 

Crystal system  Triclinic 

Space group  P -1 

Unit cell dimensions a = 5.8122(3) Å  = 82.248(7)°. 

 b = 10.8654(9) Å  = 81.714(6)°. 

 c = 11.5535(10) Å  = 89.841(6)°. 

Volume 715.31(9) Å3 

Z 2 

Density (calculated) 2.109 Mg/m3 

Absorption coefficient 2.328 mm-1 

F(000) 428 

Crystal size 0.577 x 0.180 x 0.126 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.543 to 29.867°. 

Index ranges -7<=h<=7, -15<=k<=14, -10<=l<=14 

Reflections collected 5495 

Independent reflections 3368 [R(int) = 0.0255] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.825 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3368 / 0 / 200 

Goodness-of-fit on F2 1.095 

Final R indices [I>2sigma(I)] R1 = 0.0584, wR2 = 0.1455 

R indices (all data) R1 = 0.0823, wR2 = 0.1659 

Extinction coefficient n/a 

Largest diff. peak and hole 2.028 and -0.610 e.Å-3 
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Table VI - 43:  Crystal data and structure refinement for IV-13 (1954273). 

 

Crystal data 

Empirical formula  C12 H7 Cl N2 Te 

Formula weight  342.25 

Crystal system  Orthorhombic 

Space group  P b c a 

Unit cell dimensions a = 12.4328(6) Å  = 90°. 

 b = 8.4466(5) Å  = 90°. 

 c = 21.1948(16) Å  = 90°. 

Volume 2225.8(2) Å3 

Z 8 

Density (calculated) 2.043 Mg/m3 

Absorption coefficient 2.882 mm-1 

F(000) 1296 

Crystal size 0.439 x 0.049 x 0.044 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.493 to 29.648°. 

Index ranges -17<=h<=11, -11<=k<=9, -28<=l<=19 

Reflections collected 7941 

Independent reflections 2620 [R(int) = 0.0312] 

Completeness to theta = 25.242° 97.2 %  

Refinement 

Absorption correction multi-scan 

Max. and min. transmission 1.00000 and 0.66818 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2620 / 0 / 145 

Goodness-of-fit on F2 1.091 

Final R indices [I>2sigma(I)] R1 = 0.0290, wR2 = 0.0558 

R indices (all data) R1 = 0.0459, wR2 = 0.0664 

Extinction coefficient n/a 

Largest diff. peak and hole 1.067 and -0.953 e.Å-3 
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Table VI - 44. Crystal data and structure refinement for IV-12 (1954278). 

 

Crystal data 

Empirical formula  C10 H5 Cl N2 S Te 

Formula weight  348.27 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 11.0278(5) Å  = 90°. 

 b = 18.0069(8) Å  = 104.168(5)°. 

 c = 11.1423(5) Å  = 90°. 

Volume 2145.30(17) Å3 

Z 8 

Density (calculated) 2.157 Mg/m3 

Absorption coefficient 3.180 mm-1 

F(000) 1312 

Crystal size 0.333 x 0.255 x 0.178 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.751 to 29.792°. 

Index ranges -13<=h<=15, -18<=k<=24, -15<=l<=10 

Reflections collected 10688 

Independent reflections 5177 [R(int) = 0.0278] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.758 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5177 / 0 / 271 

Goodness-of-fit on F2 1.058 

Final R indices [I>2sigma(I)] R1 = 0.0319, wR2 = 0.0554 

R indices (all data) R1 = 0.0475, wR2 = 0.0646 

Extinction coefficient n/a 

Largest diff. peak and hole 0.701 and -0.710 e.Å-3 

 

 

 

 

 



Chapter VI 

 

331 
 

Table IV - 45: Crystal data and structure refinement for IV-13 (1954275). 

 

Crystal data 

Empirical formula  C7 H2 Cl F3 N2 Te 

Formula weight  334.16 

Crystal system  Monoclinic 

Space group  P 21/m 

Unit cell dimensions a = 6.1992(4) Å  = 90°. 

 b = 6.9684(6) Å  = 95.722(7)°. 

 c = 10.4885(9) Å  = 90°. 

Volume 450.83(6) Å3 

Z 2 

Density (calculated) 2.462 Mg/m3 

Absorption coefficient 3.599 mm-1 

F(000) 308 

Crystal size 0.124 x 0.092 x 0.050 mm3 

Data collection 

Temperature  293(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.303 to 29.580°. 

Index ranges -8<=h<=8, -9<=k<=9, -13<=l<=13 

Reflections collected 4037 

Independent reflections 1229 [R(int) = 0.0371] 

Completeness to theta = 25.242° 99.9 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.840 and 0.595 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1229 / 430 / 150 

Goodness-of-fit on F2 1.113 

Final R indices [I>2sigma(I)] R1 = 0.0309, wR2 = 0.0483 

R indices (all data) R1 = 0.0427, wR2 = 0.0532 

Extinction coefficient n/a 

Largest diff. peak and hole 0.728 and -0.806 e.Å-3 
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Table IV - 46: Crystal data and structure refinement for IV-14 (1954274). 

 

Crystal data 

Empirical formula  C12 H7 I N2 Te 

Formula weight  433.70 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 12.5510(6) Å  = 90°. 

 b = 8.2204(5) Å  = 104.881(6)°. 

 c = 23.8900(14) Å  = 90°. 

Volume 2382.2(2) Å3 

Z 8 

Density (calculated) 2.419 Mg/m3 

Absorption coefficient 5.061 mm-1 

F(000) 1584 

Crystal size 0.599 x 0.060 x 0.036 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.359 to 29.660°. 

Index ranges -17<=h<=17, -10<=k<=10, -32<=l<=33 

Reflections collected 13008 

Independent reflections 5678 [R(int) = 0.0380] 

Completeness to theta = 25.242° 99.7 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 0.840 and 0.595 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 5678 / 0 / 289 

Goodness-of-fit on F2 1.072 

Final R indices [I>2sigma(I)] R1 = 0.0387, wR2 = 0.0794 

R indices (all data) R1 = 0.0604, wR2 = 0.0940 

Extinction coefficient n/a 

Largest diff. peak and hole 1.083 and -1.355 e.Å-3 
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Table VI - 47: Crystal data and structure refinement for IV-16 (1954276). 

 

Crystal data 

Empirical formula  C7 H2 F3 I N2 Te 

Formula weight  425.61 

Crystal system  Monoclinic 

Space group  C 2/c 

Unit cell dimensions a = 19.4935(10) Å  = 90°. 

 b = 4.5147(4) Å  = 98.020(6)°. 

 c = 22.524(2) Å  = 90°. 

Volume 1962.9(3) Å3 

Z 8 

Density (calculated) 2.880 Mg/m3 

Absorption coefficient 6.181 mm-1 

F(000) 1520 

Crystal size 0.192 x 0.091 x 0.066 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.654 to 29.465°. 

Index ranges -26<=h<=16, -6<=k<=4, -31<=l<=29 

Reflections collected 4346 

Independent reflections 2313 [R(int) = 0.0220] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.938 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 2313 / 0 / 127 

Goodness-of-fit on F2 1.148 

Final R indices [I>2sigma(I)] R1 = 0.0421, wR2 = 0.0930 

R indices (all data) R1 = 0.0539, wR2 = 0.1020 

Extinction coefficient n/a 

Largest diff. peak and hole 2.188 and -1.443 e.Å-3 
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Table VI - 48: Crystal data and structure refinement for IV-25 (1954277). 

 

Crystal data 

Empirical formula  C10 H4 F3 N3 O Te 

Formula weight  366.76 

Crystal system  Orthorhombic 

Space group  P n m a 

Unit cell dimensions a = 26.0295(14) Å  = 90°. 

 b = 6.6541(5) Å  = 90°. 

 c = 6.2290(3) Å  = 90°. 

Volume 1078.88(11) Å3 

Z 4 

Density (calculated) 2.258 Mg/m3 

Absorption coefficient 2.789 mm-1 

F(000) 688 

Crystal size 0.233 x 0.046 x 0.039 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.363 to 29.727°. 

Index ranges -34<=h<=35, -6<=k<=8, -6<=l<=8 

Reflections collected 4463 

Independent reflections 1452 [R(int) = 0.0408] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00000 and 0.47820 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 1452 / 0 / 106 

Goodness-of-fit on F2 1.106 

Final R indices [I>2sigma(I)] R1 = 0.0374, wR2 = 0.0755 

R indices (all data) R1 = 0.0521, wR2 = 0.0856 

Extinction coefficient n/a 

Largest diff. peak and hole 0.894 and -0.878 e.Å-3 

 

 

 

 

 



Chapter VI 

 

335 
 

Table VI - 49: Crystal data and structure refinement for IV-5•PhCOOH (1954280). 

 

Crystal data 

Empirical formula  C8 H5 F3 N2 Te . C7 H6 O2 

Formula weight  435.86 

Crystal system  Monoclinic 

Space group  P 21/n 

Unit cell dimensions a = 6.7627(9) Å  = 90°. 

 b = 11.8632(10) Å  = 90.30°. 

 c = 19.313(3) Å  = 90°. 

Volume 1549.4(3) Å3 

Z 4 

Density (calculated) 1.868 Mg/m3 

Absorption coefficient 1.962 mm-1 

F(000) 840 

Crystal size 0.248 x 0.037 x 0.023 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.435 to 29.890°. 

Index ranges -8<=h<=9, -14<=k<=15, -24<=l<=15 

Reflections collected 7593 

Independent reflections 3724 [R(int) = 0.0404] 

Completeness to theta = 25.242° 99.6 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.863 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3724 / 0 / 208 

Goodness-of-fit on F2 1.214 

Final R indices [I>2sigma(I)] R1 = 0.0855, wR2 = 0.1780 

R indices (all data) R1 = 0.1216, wR2 = 0.1956 

Extinction coefficient n/a 

Largest diff. peak and hole 1.603 and -1.517 e.Å-3 
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Table VI - 50: Crystal data and structure refinement for IV-5•Isoquinolinone (1954279). 

 

Crystal data 

Empirical formula  C8 H5 F3 N2 Te . C9 H7 N O 

Formula weight  458.90 

Crystal system  Monoclinic 

Space group  P 21/c 

Unit cell dimensions a = 16.6595(12) Å  = 90°. 

 b = 5.6280(5) Å  = 114.564(10)°. 

 c = 19.3960(16) Å  = 90°. 

Volume 1654.0(3) Å3 

Z 4 

Density (calculated) 1.843 Mg/m3 

Absorption coefficient 1.840 mm-1 

F(000) 888 

Crystal size 0.300 x 0.064 x 0.018 mm3 

Data collection 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Theta range for data collection 3.723 to 29.492°. 

Index ranges -20<=h<=22, -7<=k<=7, -26<=l<=23 

Reflections collected 8380 

Independent reflections 3927 [R(int) = 0.0327] 

Completeness to theta = 25.242° 99.8 %  

Refinement 

Absorption correction Gaussian 

Max. and min. transmission 1.000 and 0.781 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 3927 / 0 / 226 

Goodness-of-fit on F2 1.104 

Final R indices [I>2sigma(I)] R1 = 0.0359, wR2 = 0.0647 

R indices (all data) R1 = 0.0516, wR2 = 0.0728 

Extinction coefficient n/a 

Largest diff. peak and hole 1.250 and -0.700 e.Å-3 
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