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Summary

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 halagen
chalcogerbonding. Those interaction are composed of orbital mixelgctrostatic 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 calketiole can be
found cclinear but opposite @ the CX or GE bonds. Chalcogen atoms are able to form two
covalent bonds and thus, exhibit twexholes. This ability allows them to be inserted in aromatic
cycles making the-E bonds less reactive compared to that eKCThose advantages make the
chakogenbonding an interaction of choice to build new supramolecular architectures. However,
the field still lacka recognition motif showing fidelity and stabilish@pter ). In consequence, this
work presents the synthesis of a recognition motif beaS®gand Te atoms and showing a strong
recognition persistence at the sokstate, namely the CGP arrayh@pter 1. This building block can

be easily substituted in-gositions by various functional groups leading to a strengthening of the
interaction orto the introduction of valuable properties. For instancepyrenyl derivatives have
been synthesised showing that organic s@minductor material can be synthesised relying on EB
and p- p stacking interactioato organisein the solidstate Chapter I). Further functionalisation
allowed us to build supramolecular polymers in the form ofcegstal showing an orthogonal
behaviour of EB and XB interactiowsbdpter 1l). The CGP scaffold could also be functionalised in
5-position leading to the formationfounprecedented multtype interactions recognition motifs
(chapter V. Exploiting the parallel use of HB and EB, we have synthesised ribboHikevire
structures and heteranolecular dimers.
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Chapter |

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 madepaiticular
highlight on the nature, geometry and energy of the main 1woralent interactions. Chalcogen

bonding will be discussed in detail from its nature to its application in solutiorttensblid state.

This chapter is divided in five main sectiorection I¢ 1 gives a brief introduction on
supramolecular chemistry and the different nonvalent interactions out of the toolbogection |

¢ 2 covers the nature of the chalcogdrnding interaction and discusses different experimental
and theoreticalstudies on the fundamental component of EEBgction I¢ 3 focuses on the
applications of chalcogebonding in solution, particularly on ion recognition, orgasadalysis and
selfassemblySection k 4 deals with the use of Eid the solid state going ttough the different
recognition motifs leading to applications such as niinear optic, optoelectronic, crystal
engineering and inclusion compoundSection Ig 5 presents the outline of the dissertation by
identifying the context in which this manusdrigakes place and highlighting the objectives of this

doctoral work.
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| ¢ 1 Introduction

I ¢ 1.1 The supramolecular toolbox

In his Nobel lecturé] JeanMarie Lehrdefines 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 recogriind complementarity based

on noncovalent 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, permolecules. 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 infamation stored into the supramolecular synthons is based on numerous non
covalent interactions out of the supramolecular toolbox (Figur#&)l The interactions we will cover
here are van der Waals interactions, p interactions, hydrogetbonding, metal coordination, ion

pairing and Secondary Bonding Interactions (SBIs).

H /N
H N
o O H, _H
N 7
(@)
Face to face Edge to face
van der Waals T—7 interactions Hydrogen bonding
- L - Y+
Lo |
M-L H— <—C0- X ‘
i Ii ,
Metal coordination lons pairing Secondary Bonding

Interactions

Figure F 1: Supramolecular toolbox displaying van der Wagilgg, hydrogenbonding interactions, metal
coordinaton, ion pairing, acibase 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 ateoules or

atoms in close proximity. Originally, vdW interactiansludedforces 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 disperisiteractions? Those

forces take place at short range and follove thennarelones potential curvé/(= A/f ¢ B/r'?). The

energy corresponding to this interaction range from 0.4 to vhé&lt at a distance of 0.3 to 0.6 nkh.

4]

Stacking betweep-systems is governed by electrostatic and dispersion forces. Aromatic molecules
such as benzene usually present a quadrupole behaviour, ghedectron cloud is negatively
charged, and the outer rim of H atoms is positive. In a-taece complex, two aryls stacking are
characterized by an offet. This displacement minimises the Coulombpulsion 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 througp €irtact.

Also, the interaction originates majnfrom the dispersion energy and the electrostatic contribution

is smalf> The energy of stacking interaction can rise up to 5édt.

Hydrogenbonding is defined as an attractive interaction between a H atom from a molecule or a
molecular fragment EH (Hbond 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 whicérehis evidence of a bond
formation®! Hydrogenbonding interactions are mostly electrostatic with &AHdistance of 1.5

3.5 A and a BY*A angle between 90° to 180°. The energy of interaction ranges from 15 to 160 kJ
mol.® 1% This interaction is not only omipiresent in biological systems but has beesed in many

applications in chemistry and material sciefice.

Heteroatons with afree electronic lone pair have the ability to form coordination complexes with
transition metals presenting d orbitals. The strength of theutisg interaction (40; 120 kdmol?)

is intermediate between other nonovalent and covalent bonds. The metal coordination is
thermally labile and features a greater specificity through annealing processes leading to the most
thermodynamically favourablstructuresvia selfcorrection. 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 selissembly in solutidt? or on surfacé®® 41 and 2D polyméc materiald}®!

and evenin stimuli-responsive supramolecular cag&ég!!

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

long range and decreases with the distangeir{ al/r fashion. The strength of interaction ranges
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from 50 to 200kIJmol™. lon 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 broecyales such as

calixarened?!

Secondary Bonding Interactions (SBIs) are a family etowalent bonds based on a concept first
introduced byAlcokin 1972:

G! YdzYoSNJ 2F NBOSyd ONBAGHt &0 NHOG dNB RS G SNYA

norrmetals 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 namesecondary bondt@ S | LILINEZLINRA | G S ¢

Even though, the nature of such interaction was not clearly understood, this concept has attracted
the interest of many research groups. Examples of $Blsadogen, chalcogen and pnictogen bond
(XB, EB, and PB respectiv&}! XB and EB interactions will be explored in further detail in the

next sections.

I ¢ 1.2 Halogerbonding

A paricular case of SBI is halogaonding (XB). This interaction involves a halogen atom (X) with a
substituent (R) and a lone pair donor (Y) organised in a linear fashitY (&gle = 16A80°) with

an energy of interaction ranging from 10 to 200 mbl:. The nature of the interaction
fundamentally resides in three components, the electrostatic, the orbital and the dispersion

contributions?%33 The recommended IUPAC definition is the following:

a! KFf23Sy 02y R 2 0 CadaN@net atikatiye infefaQiohE A a4 SOARSY
between an electrophilic region associated with a halogen atom in a molecular
SydAaide FyR I ydzOt S2LIKATAO NBIABY Ay Fy2iKSNE

The key part of this definition lies in the electrophilic nature of the halogen involved iXEhe
interaction. Indeed,contrary to ions in gas phase, the electronic density is anisotropically
distributed around the atoms in moleculE&8.0ne can easily obsee such behaviour when plotting

the Electrostatic Surface Potential (ESP) map at the 0.001 electrongiBatkensity surface. More
particularly, if the molecule contains halogen atoms a region of more positive potential appears
(positive potential in rd and negative in blue, Figure )21 This region, which is dmear but
opposite to thes-bond CX, is calledh s-hole. Moving down the halogen family in the pmtic

table, the calculated potential becomes more positive (X = F < Cl < Br <) inferring stronger halogen

2
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bonds. Indeed, the more polarizable the atom, the more anisotropically distributed the charge
around it leading to more importang-hole and a moralefined negative belt around the halogen

atom. The electrophilic nature is attributed to tlsehole and the nucleophilic to the negative belt.

Negative E F E E
Fiy—F Fiy—Cl Fuy—Br Fuy—I
F F F F

Potential

Positive

Figure F 2: Electrostatic Surface Potential maps of, @&Cl, CBr, CH atthe 0.001 electrons Bofir
isodensity surface. Reproduced with permis&Bippyright 2007 Springer.

While looking at the ESP maps (Figuré), one can easily aicipate the formation of an attractive
interaction between a small electron rich atom and the posits+hole of the heavier halogen
atoms. The ©-ONZE & ( | fipyrd§i piRy>anddiiodotetrafluorobenzeITFB is a striking
example ofthe application of halogemonding in crystal engineering (Figure 3, a)*® The two
components assemble in a supramolecular polymer held together by XB interactighs @.851
A, G*N angle = 177°). The ESP maps of the tweeoutds highlight the positive (in blue) and
negative (in red) potential regions foiPyand DITFEFigure k 3, b).

FF
F F

DITFB biPy

a
‘%8'51 A
o v

|+

-0.025 a.u. +0.025 a.u.

b

Figure I 3: a) Xray structure of cacrystal ofbiPyuDITFE®® b) ESP maps &iTFBandbiPyat the 0.001
electrons Bohtisodensity surface. Level of theory: B97D3/PEZ¥ P using Gaussian09 including D01
revision.
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However, the application of halogéyonding interactions is limited dugigh geometrical demand

and the high reactivity of the-& bond (particularly the heavier halogen atoms) in the presence of
transition metaé. Those drawbacks must be overcome by careful design of the recognition motifs
andsyntheticplanning, usually inséng the XB donor as final step. Therefore, attention has been
drawn to the chalcogen familyheir ability to form two covalent bonds allows easy insertion in

aromatic rings making the resulting compound more stable.

| ¢ 2 Chalcogebonding:nature of the interaction

I ¢ 2.1 Origin of chalcogdmonding interaction

Chalcogerbonding has recently attracted the interest of many research groups since its recognition
in 20008742l However, a deep understanding of the nature of this SBIs is still required. Similarly to
the halogenbonding interaction,the chalcogen bond (EB) is composed of threeergptic
contributions: electrostatic, orbital mixing and dispersion. Chalcogen atoms being able to form two
covalent bonds, feature twg-holes as depicted by the ESP map of Helbradiazold-2r. (Figure

¢ 4).

;/ \;
N_ N
Te

1-27e

F
|

oo

1-1

Figure F 4: lodopentafluorophenyltl and 1,2,5telluradiazolel-2re and their respective ESP maps. Level of
theory: B97D3/DefX ZVP. Adapted with permissibfi;Copyright 2015 American Chemical Society.

The most studied case of chalcodending is 1,2, fenzotelluradiazolé-2r., which formanfinite
ribbons at the solid state through double chalcodemding interactionsdyre = 2.6822.720 A)
with and angle of 134° between the two EBs involving the same Te atom (Fagixé*l

Figure F 5: Xray structure of 1,2, %enzotelluradiazolé-2r.forming an infinite ribbon at the solid stat&!
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However, functionalisation of the benziong often leads to a loss of the association properires
the solid state. This system is also moisture g&@s addition of water leads to the opening of the
telluradiazole moiety. Those drawbacks considerably limit the applications of this array in functional

materialst*®!

Electrostatic surface potential is a handy tool to design supramolecuitii@ys based on halogen

and chalcogetbonding 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 orbital The interaction takes place betweerERand Y (E being the
chalcogen atom, R its substituent and Y a small electron rich atom) &% thbital of RE overlaps

with the norbital of a lone pair donor (Scheme1). This explanation accounts for the directionality

of the interaction as the overlap is maximised when R, E and Y are perfectly aligned*{180°).

Coo—e@
o Ry o E = Chalcogen atom
R-E o+ bond . _ .
. F Y lone pair R = Substituent
Ce—Dw- Y = EB acceptor
e | S +-

R-E & bond

Scheme 1 1: Molecular orbital representation of the chalcoglennding interactior?

From both bonding models, it is easily understandable that the more electron withdrawing the
substituent at the chalcogen atom, the stronger the interacti@&NGs increase the positive
potential of the s-hole and lower the energy level of the LUMO containing $teorbital.[*"! In
additionto two contributions, the omnipresent dispersion energy contributes to the interadtfon.

4l Having in mind thse 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
atom, the more anisotropically distributed the charge around it (dntddeepek the s-hole), the

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

contribution.

| - 2.2 Chalcogehonding dominated by electrostatic contribution

De Vleeschouweand De Profthave investigated ERBsing high level computational todfs!
Capitalising on the work dfaylor Seferosand coeworkers!*®! they decomposed thénteraction
energy of complexes formed by stoichiometric association of L.Baécogenadiazole$8 andl-4g)
and guests such as halogen anions, quinuclidine and THF (Sclie®)e Their results show an

energy of interaction ranging from 40 to 200rkdl* for those system wittanangle of interaction
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within the range 157178°. The stronger chalcogen bonds were obtained for the heavier E atoms (E
= Te > Se > S) and for maeteonglycharged EB acceptor (€IBr > I > quinuclidine > THF). EBs
involving anions arecomposed, 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 caorribut
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 &ifes.

Y
R4,7 = Br, N/TeN ,E\ E= S, Cl N E:
4 =CN \ /i N N Se, N N

R5 = c , d \N/ Te Br }\ f{

R = N, /, 1 2
4567 = | \_Ressr NC CN |© O:j R R

1-3 I-4¢
Host Guest Complexes

Scheme{2: Hostguest interaction through chalcogéyonding interaction investigated in the
computational study of De Vleeschouwer and De F%ft.

I ¢ 2.3 Chalcogehonding dominated by orbital contribution

In order to investigate the origin of the chalcogkeonding ineraction, Cockroftand ceworkers

have engineered and synthesised molecular balances (Figu®.IThose are constituted of a
thiophene or selenophene unit functionalisedanor 6-position by a formamide or thioformamide
group. Compound-5g, I-7 and I-8g present two stable conformations in solution exhibiting a
chalcogerbonding interaction (closed conformation) or not (open conformation). The population
of the two energetically distinct conformations have been quantified§NMR analysis in 13
different solvents leading to the conformational free energy differed&&,,=- RTIn(K). Reference
bthiophenes compoundt6,, andl-9 were evaluated. All experimental data were backed up by DFT
calculations at B3LYR®L1G*, M062X/6-311G* and uB97XD/6-311G* levels of theor{"
Compounds|-5; and I-7 preferred the closed conformation in which chalcogmmding
interactions were present involving*® or 3Se contacts flGexp ranging from-1 kJmot to -7.4
kJmot, detection limit of the method). Notably, the presence of EWG as substituent at the
thiophene ring increased the strength of interaction (Me < CI < COOMe < COMe < CHO) and the
stronger EB wsobserved for the Sanalogud-7. b-Thiophene referencels6, andl-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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Formamide balances

A a-thiophenes B p-thiophenes C selenophenes
O._H H_ O Se
open I3 K 33 >, closed s | )
N_ S —_— N_ s =
oo T gos v
F F
-5 -6 I-7
R = H, Me Cl, COMe, CHO, COOMe R'=H, Me, CHO
Thioformamide balances
D a-thiophenes E p-thiophenes
H H
open S% K Z@S closed )QCS
N_ _S —_— N__S =
F F
1-8g 1-9

R=H, Me CI

Figure I 6: Molecularbalances used by Cockroft andworkers to investigate chalcogearhalcogen
interactions. Reproduced with permissi®hCopyright2017 American Chemical Society.

The authors stated that the chalcogéonding interaction was found to be solvent independent,
indicating no substantial contributions from electrostatic and solvophobic effects. The dispersion
corrected calculations combidewith 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 gheorbital of the
adjacent chalcogenophenes. This led to the conclusion that the orbital contribution clearly

dominates the chalcogebonding interactions in those thiophene based maiec balance&!

| ¢ 2.4 Chalcogebonding dominated by dispersion contribution

Kumarand Chopraand ceworkers have studied experimentally and theoretically the unusual
bifurcated Ep double chalcogeibonding interaction taking place in cryocrystals of biphenyl
seleride and telluridel-10=52 At room temperature, those compounds are yellow/orange liquid
and their structure has been determineth in-situ cryocrystallisation. The structures are reported

in Figure k 7. Both Seand Teatom interactwith two phenyl moieties througlp- s* interaction
(dXse= 3.627 A and 3.691 A fbil0seanddoXre= 3.666 A and 3.732A fbi.0re), the aromatic rings
giving electrons to thes* orbitals of the chalcogen atoms. Those structures have been
computationallystudied at M062X/ccpVDZPP (for Se/Te) and&LG** (for the other elements)
level of theory using the energy decomposition analysis implemented in the GAMESS ppéigram.

The computational results reveals an energy of dimerizatio44 kdnol* for I-10scand-15.26

9
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kJmol? for I-10r.. Thecontribution of the dispersion interactions to the stabilization is 70% and
67% in the Seand Teanalogues, respectively. The electrostatic contribution is only 23% and 25%,
respectively. NBO analysis revealed a contribution ranging between 0.8 anch®b'katiginating

from the overlap of thep and s* orbitals (Figure ki 7, ¢ and d). In this case, the dispersion

contribution clearly dominates the chalcogéonding interactiori>?

C
]
[
PY “ 1
O‘n’,‘ i N
oL ..
\4 30k.llmol

A 22kJ/mol 0.8 kJ/ mol

/ Gy*(sect) N . ; A4, v‘\ 3.5 kJ/ mol
“ o9 ce *e
.\. & ] [ J .. @ . e
[ ' «® g
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O [ ] . (b2) ,‘ ®

@ e
‘. (a1) ‘ (a2) ®

LU

Figure F 7: Xray gructure of a) diphenyl selenidelOseand b) diphenyl telluride10r.®? Space group: R2
NBO representation of the charge transfer betweengtaad s* orbitals for c)l-10seand d)I-10re. Adapted
with permissior?? copyright 2018 American Chemical Society.

Those studies clearly show the importance of the three contributions (electrostatic, orbital mixing
and dispersion) to the chalcogdronding interaction. None of them should be excluded while
engineering Eased systems even though one can prevail over the other depending on the

supramolecular structure.

| ¢ 3 Chalcogebonding at work: applications in solution

I ¢ 3.1 Anion recognition

I ¢ 3.1.1 Anion binding involving single chalcogen bond

In therecent literature, research on chalcogéonding interactions has been mainly focused on
solution-state applications, particularly anion recognitih >4 In this subsection we present the
most notable studies. The first example of anion gggton usingan EBbased guest molecule was
described byZhaoand Gabbaiin 20105% Using a polydentate Lewis acid, they report on the
synthesis of nalpthalene derivativd-11 bearing telluronium and borane functionalities (Figure |
8). A binding constant of 750 Mor F could be calculated by UWs titration ofl-11 with KF in

10
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MeOH (Figured 8, b). The chalcogemonding interaction was further edirmed by!°~ and*°Te
NMR analysis displaying a coupling of those nuclei. However, treatmeéiitloith other anion
(Ct, Br, I, OAc NQ, HPQ" and HS®) did not produce any shift in the absorption spectrum
showing a selectivity of the systefor F binding. This study was further supported byrax
structure of the resulting complex (Figure 8, b). The fluoride anion sits in between the Te and B
atoms @X1e= 2.506 A, TeF angle = 174° am#Xs = 1.514 A). Similar structure could be obtained
for the corresponding -@nalogue even if no binding to Eould be detected in solution by

spectroscopy measurements.

OTf

Ph,® Mes
Me=Te Be<pes

Absorbance

1-11

Figure I 8: Naphthalene derivative11 bearing telluronium and borane functionalities. a)-U¥ absorption
spectra recorded during the titration 6f.1 with KF in MeOH; b)}-Pay structure of the complex structure
with F. Adapted with permissioli}! copyright 2010 Springer Nature.

In 2011,Zibarevand ceworkers published the firsthalcogen bonding driveanion binding in
solution with a neutral guest molecuf®! In an attempt to synthesise chalcogeitrogen p-
delocalised radical anions from 32jcyanoel,2,5selenadiazole|-12 by reduction with
GKAZ2LIKSY 2t S WKea L$NIAL Brivdd ARiguré ¢ 2 ¢) QTheDchalchderS E
bonding interactionwas characterised in solution by Ws absorptn and the free energy of
association estimated in THF and MeCN2fb.6kJmol* and-19.6kJmol?, respectively. Complex
I-13 has been further characterised at the solid state bgay diffraction. The crystal structure
(Figure I¢ 9, b) highlights the chalcogdyonding interaction between thiophenolate and the
selenadiazole derivativesiglse= 2.722 A, Ge&'S angle = 175°). iBhstudy has been expanded by

the same group over the subsequent ye&fs’®

11
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NP
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S Lo )

Se K(18-Crown-6)SPh Nfse

NCHCN NC CN

1-12 1-13

Figure } 9: a) Formation of complex13from 3,4dicyancl,2,5selenadiazolé-12 upon addition of K@&-
Crown6)SPh; b) Xay structure of complek13. Space group R2.

However, the first systematic and comprehensive study of anion binding through chalcogen
bonding interactions in solution was performed Baylor Seferosand ceworkers only few years
later ¥l The authors report on the sghesis of chalcogenadiazole unitg, I-3, -4 and I-14e and

their titration with anions in different organic solvents using-¥ absorption method (Figuregl

10). Experimental association constant up to D80 M* were measured. The data revealed to be

in good agreement with the computational study carrieat at B97D3/def2TVZP with the PCM
model to account for solvent effects. The strongest chalcogen bonds have been observed for
electron poor 1,2,8elluradiazole derivative$3r (Ka = 130000 M? for Cl and 9800 M for Br).
Notably, association cotent of 96 M* with neutral hostl-3- and quinuclidine as guest have been

measured®!

0.40 - /CI
Te
é O Sl NEt,Cl LW
\
NC
JR456.7 -, >
I-21e R=H, I-4¢ I-14g R { §
I-3cnR5=CN, 5 0254
_ 4567 — = <
I-3¢ R =F E=S, Se, Te 3 020,
&
Host 8 o5t/
o
2
NO; B Solvent = Toluene, ']
N CH,Cl,, 0.05 -
CH4CN o
© S} 3N,
g ! Acetone, 0.00 - = = -
THF 375 400 425 450 475 500
Guest

Wavelength (nm)

Figure I 10: a) Host moleculds2, I-3, I-4eand I-14= and anion guest used in titration experiment in
different solvents performed by Taylor, Seferos andiarkers; b)JV-vis spectra acquired during the
titration of I-1n with TBAC in THF. Adapted with permis&#@rcopyright 2015 American Chemical Society.
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I ¢ 3.1.2 Anion binding involving two chalcogen bonds: confocal approach

Capitalizing on a tellurophene motifaylor Seferosand coworkers achieved anion recognition
through multiple chalcogebonding interaction$>®! Moleculel-16 was designed to bind halogen
anions to both Te atoms in a pinelde fashion (Figureqd 11, a).However, the association constant
observed for Clwas lower than that of monodentaté-3r (Ks = 2290 M! and 1300000 M,
respectively). Reference moleculd5, which contains only one Te atom, show a lower binding

ability (k.= 310 Mt for Cl), rouchly one order of magnitude lower compared to thatl€if6.

Absorbance (A.U.)

024 &

014

0.0 T T T T v T T 1
250 300 350 400 450 500 550 600

Wavelength (nm)

Figure | 11: a) Tellurophene based chalcogen bond ddfidrand |-16 developed by Taylor, Seferos and co
workers; b) UWis spectra acquired during the titratiar I-16 by TBA®? ¢ Published by The Royal Society
of Chemistry.

Beer and coworkers reported on the synthesis of [2]rotaxandsl7: bearing two 5
(methylchalcogena},2,3triazole moieties (Schemecl3). Those supramolecules showed anion
binding in solution. Particularlys17r. associate with S® with a constant of .30 M in acetone.

The Seanalogues could be methylated at the three triazole positions and the resulting salt showed
a threefold enhancement of the association constant fos?S® acetone K, = 3531 M1).% To
further understand the thermodynamics of anion binding by EB receptors, the same group
synthesised the $methylchalcogenc]l,2,3triazole based moleculdsl8, I-19 and1-20 (Scheme |

¢ 3). Those compounds showed association enerdd&} yith different halides (CIBr and I) in
MeCN or acetone ranging frori2.9 kdmot to -20.2 kdmot. Interestingly, a stmog enthalpic
contribution for anion binding with-19 was observed in MeCN and gradually increases for larger
halogens. Entropy is favourable to the association energy fane&gjligible for Biand unfavourable

for I. In result of those two energetic ogonents,DG decreases for larger anioffs!

13
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Scheme 1 3: 5(methylchalcogene),2,3triazole based moleculdsl 7, 1-18, I-19 and I-20 used in the
studies of Beer and emorkers.[60: 61]

Capitalsing on the 5(methylchalcogene}],2,3triazole motif, Beerand coworkers synthesised
foldamersbearing four halogen/chalcogdmonding sites per unit. Those molecules associai® in
dimeric structures,creating an interaction pocket presenting eight XB/EB acceptors and bind anions
in water, with an extremely highaffinity.? Recently, the same group reported the recognition of
dicarboxyate isomer guest species by-aphthalene receptor molecules bearing HB, XB and EB
binding sites. The complexes formed with different regimmers (phthtalic and isophthalic acids)

exhibit a diagnostic fluorescence resporfse.

Matile and coeworkers conceptualised a confocal chalcodpemding aproach in order to build
anion binder molecules (Figure L2, b and c¥* Moleculesl-21 has been engineered presenting

a bithiophene unit functionalised with sulfone and two nitrile moietisEEAVG enhancing the Lewis
acidity of the S atoms (Figure 12, a).1-21 showed a dissociation constamj of 1.13 mM for the
complex formed with ClAs application, the derivative was included in large unilamellar vesicles
and the aniortransport 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 EGo = 1.9 uM forl-21). Capitaking on those reglts, the same group
synthesised molecul&22 (Figure I¢ 12, d), which features a&Go of 0.28 uM, one order of

magnitude lower than that of-22.% In a very recent work, they report that anion transport could

14
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also been achieved through pnictogen bonding interactions and has been compared to XB and

EB®®!

a AN
%P 21 IS ON
X T \ / \\
NCNg s~ ~CN RS S R3
1-21

* = Focal point
d p

1-22

Figure F 12: Moleculel-21 used by Matile and cworkers in anion binding and anion transporting
experiments; b) ESP mapl€fl, level of theory: M062X/B11G**; c) representation of the confocal
approach; Moleculé22 used in anion transporting experimeni8! Adapted with permision{®* copyright
2016 American Chemical society.

I ¢ 3.2 Catalysis

In the literature, a few examples of naovalent catalysis using chalcogieonding interactions

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

I ¢ 3.2.1 Hydrogenation transfer reactions

Capitalsing on the success of anion recognition and transport of the dithienothiophenes derivative
I-21, Matile and coworkers envisaged the used of those compounds gaoo-catalysis. A binding
energy of-33.9kJmol* was computed (level of theory: M062XB&.1G**) for the association of

[-21 (displaying Me group in the place ieBu) and pyridine, which N atom sits at the focal point of
s-holes (Figure ¢ 13, a). Based on this prediction, the transfer hydrogenation of quinolines was
envisaged. Different dithienothiophenes derivatives were synthesised and tested as catalyist for th
transformation. Compound-23 (Figure Ig 13, b) presents the highest rate enhancement for the
reduction of quinoline and iminekda kuncat= 1290 and 335, respectively; Figure13, d and e’

In a subsequent study, the same group developed benzodiselendZes 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
(Keat Kuncat= 1.5 16) compared to that of-23.[68!
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Figure F 13: a) optimised geometry of the complex formed by pyridinelé2id(Me in place of-Bu); b)
structure of dithienothiophene based cataly3; c) structure of benzodiselenazole based catdi2dt d)
catalysed reduction of quinoline d) imind®” 81 Adapted with permissioli{] copyright 2017 WilleyyCH

Verlag GmbH & C&KGaA, Weinheim.

| ¢ 3.2.2 Halide abstraction reactions

In 2017,Huberand ceworkers also reported catalytic halide abstraction byb&sed chalcogen
bond donors as Lewis acii$©The design of the catalyst relies on a bis(benzimidazolium) scaffold
exhibiting alkyl selenide (Scheme 4) followv a confocal approach for the recognition. In an early
study,|-33 could be transformed intd-34 with a yield of 45% in the presence of two equivalent of

[-31in d>-MeCN over 140K

O

Q N N @ B 1-31 (2 eq.)
SR, e
CgHy7 iod P CgHq7 CDQCN H20 -HBr
Pr Pr 140 h
1-33 1-34 45 %
1-31
Q Q /Q OTBS 1-32gepme (10 Mol%)
+ _—
o GJN’L CFs J=\o ot /I\OMe @) 0
CeHyz . 7€ % CeHyy -78°C, 118 h
CaHﬂ CgHy7 cl THF COOMe
- . R 0
1-32 1-35 1-36 1-37 92 %

Scheme 14: Catalyst-31andI-32 used by Huber in halide extraction reactith.”
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Afterward, chlorecompoundl-36 could undego halide abstraction a78°C in the presence 682
in 10 mol% and react with35 to lead to the formation of-37 in 92% over a period of 118!
However, both catalystare outclassed by their halogen bond donor counterpart (I in the place of

the alkyl selenide) in those reactioli%.””

In a similar chloride abstraction reactidviatile and coworkers compared halogen, chalcogen and
pnictogen bonding based cataly$t. Molecules 1-38, 1-39 and |-40 substituted with
pentafluorophenyl at the heavy atom have been synthesised and tested in the reaction between
[-41 and quinolinel-42 (treated with Troc chloride)- bnd Te- derivatives both increased the rate

of the reaction of 5€fold (kca kuncat= 50 and 52, respectively). On the oppositec8impoundl-40
showeda much higher enhancemeritc{/ Kuncar= 4090)2!

F F F

F I F Te F

F F F FF F
F F F

o)
1-38 F -39 OR ¢ 1-38, 1-39 or OMe
F F R N~ T7OC 1-40 (20 mol%) N-TroC
OMe + :
- R = =
i ¢ 1-41 1-42 1-43
F Sh F
R =TMS or TBS
F FF F R'=H or Me
F F
1-40

Scheme 15: Catalys$1-38, I-39 and I-40 used by Matile and caorkers in the chloride abstraction reaction
forming 1-43.12%]

I ¢ 3.2.3 Ring formation

Very recentlyWangand coworkers reported on unprecedented reactivity triggered by chalcegen
bonding mediated catalysi&! Catalystl-44 was rationally designed and shown to activate linear
ketones. The authors described the assemblgpmé indole and three>-ketoaldehyles molecules

into severnmembered Nheterocycld-47 (Scheme ¢ 6). The reaction proceeds through sequential
EB enabled additions and a final dehydration step. To further probe the reactivity of ketone
activated by chalcagn-bonding interactions, the intramolecular cyclisation of compoi#® was
triggered in the presence df48 and formedI-50 (Scheme k 6). Catalysi-48 interact with a
secondary ketone df49to form an enol that reacts with a double bound of the eewvmembered

ring 4
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1-44 (15 mol%)
Ph Ph R’ NaBF4 or NaBArF4

= B} 0.6-0.8 eq.
GaCl, 5\88 Ph N U ( q.)
@ Se N R" H NayS0,, DCE, r.t.
H

©
G8C|4 ’p\’ ~Ph

Ph
I-45 1-46 47 O R
I-44 R =H, F, Cl, Br, OMe, OBn, Ph, o-tol, 3-Furyl, 2-thienyl, Brin ~ 41-81%
30 examples

R' = Me, Et, i-Pr, c-CsHg Ph
R" = Me, n-Pr, i-Pr, i-Bu

A 0
o A 9 148 (15 mol%) N
GaCI4 0 E R Ac Me

N
N NaBAr*, (0.6 eq.)
PhEP-Ph Ph-PZPh R Me J Me

=z

G)GaCL,

- Se 0 Na,S0,, DCE/MeOH,
Ph 07 Me 50°C, Ar 0

1-48 1-49 I-50 57-63%,

R=H,F, OMe dr > 25:1

Scheme 16: Catalystd-44 andI-48 developed by Wang and agorkers and used to fori47 and1-50.1"4

I ¢ 3.3 SeHassembly in solution

| ¢ 3.3.1 Miceklr structures in water
Despite the power of chalcogdmonding revealed by anion binding and catalysis, neassémbled
complex architecturén solution were reported in the literature. It is only in 2018, tNainand co

workers published the first supnaolecular structure based on EB interaction in solufién.

1-52
R I
H j c'::cogen supra-amphiphile
z ndin
Croy - + GAAA
\N % E E\ N/,
( \" *' alide anions
| 1 dlsassembly pH Self-ammbl
(’f[\‘ \E\ /E( N\\ in water Y
\7N\V;\T’NJ - *
51 L E=seTe G g
nanofiber vesicle
E = Se E=Te

Figure F 14: Quasicalix[4}chalcogenadiazole51=and surfactanti-52 used by Yan and esorkers to build
reversible nanofibers and spherical vesicle. Reproduced with perniidsimpyright 2018 American
Chemical Society.

Building on a quasialix[4}chalcogenadiazold-51¢ as multisite chalcogen bond donor and

pyridineN-oxidel-52bearing a 4dodecyl chain as an accepttine two molecules associate to form
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a supraamphiphile. This supramolecule assemblés idifferent structuresin aqueous solution
based on the strength of the chalcogbonding interactions Compoundl-51se leads to the
formation of nanofibers with a uform radial diameter of 6.5 nm, observed by transmission
electron microscopy (TEM). ‘Bmalogue)-51r. forms with1-52 spherical micelles characterised by

a critical micellar concentration (CMC) of 3.4 pM. TEM imaging showed a size ranging from 40 to
130nm for those micelles with a membrane thickness of 5.9 nm (obtained by SAXS measurement).
The noncovalent interaction betweem51: and I-52 was further confirmed by UVis, NMR and

mass spectroscopy and isothermal titration calorimetry (KG; 7.2 16 M for I-51reand 1.4 16

M- for 1-51s9.["21 Exploiting the reversibility of the chalcogbonding interaction, the spherical
micelles could be disassembled by addition of halogen aniorngr [BY) or by decreasing the pH of

the solution.

| ¢ 3.3.2 Supramolecular capsules

Diederichand coworkers have very recently published molecular capsules basechalcogen
bonding interaction$’”® Those supramolecular arrangements are based resorcin[4]arene
cavitands containing telluradiazoles units (Figure 15, a) that dimerise through 16 EBs. The
structure has been characterisadthe solid state by Xay diffraction analysis and in solution by
variabletemperature NMR and quantitative electrospray ionisation mass analysis. The association

constant for th structure has been calculated at 2.9 M.

Figure I 15: Molecular capsules by a) chalcogemnding and b) halogebonding interactions in ORTEP
representation developed by Diederich andaaokers, H atoms are omittefdr clarity!® "/ISpace groug
C2/c and Pic, respectively.
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The crystal structure shows the two hemispheres hold together by means of strong chalcogen
bonds €inXTe= 2.6¢ 2.9 A) 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 solutionk, = 786 M!, determined by*H-NMR analysis). Twdifferent structureswere
obtained depending on the solvent of crystallisation. Benzene and toluene yielded a shifted capsule
featuring 12 EBI(Xs= 3.0¢ 3.5 A) and encapsulating two solvent molecules. Crystals obtained
from CHCL do not present the apsular assembly or any chalcogen bonds, instead the molecules
arrange in an interlocked 1D polymeric assembly featupng stacking interactionsd,., = 3.4

A)[™3 The capsules based on halogemnding synthesised by the same group can be used as
comparison point (Figured 15, b)l"* ™ Those features an association constant of 5370 iM
solution (determined byH-NMR analysis) for four cooperative XB interactions. FhayXtructure

shows the hemisphere of the molecular capsule helgether by halogetbonding interactions

(dnXi = 2.82 A) and two solvent molecules.

| ¢ 4 Chalcogeibonding at work: applications at the solid state

I ¢ 4.1 Chalcogenadiazole: infinite ribbon vs discrete assembly

The reference bonding motif for solstate application and crystal engineering is 1;2,5
chalcogenadiazole. Unsubstituted benzotelluradiazbi2s assembles in ribbon at the solid state
(Figure k 5).

Figure + 16: Xray structure of 1,2 %elluradiazole derivatives in ball and stick representation, a) top view
of I-53;[7%1 b) side view oF-53; c) top view of-54;*4 d) top view 0i-55."1 Space group:@(I-53), P2/c
(1-54) and P2/n (1-55).
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Over the years, this moiety has beeerivedin different structures, for example, phenanthro[9;10
d[1,2,5]telluradiazold-53 synthesised biNeidkin et al’® fuses a phenanthro and a telluradiazole
groups. The Xay diffraction analysis (Figure; 116, a) reveals the formation of a ribbon through
multiple chalcogeronding interactionsdyXre=2.842 A). However, the molecules do not lie in the
same plane due to the bulk of the phenantroiety (Figure ¢ 16, b), this steric repulsion is offset
by the strength of the EB interactions. On tbentrary, di-oromo derivativel-54 do not form a
ribbon structure but a dimerin the solid state (Figured 16, ¢) formed by double chalcogen bonds
(dnXte= 2.696 A¥4 In this case, BiTe short contactare featured @sXte= 3.683 A) in addition of
HBs @nXc= 3.499 A). Increasing the steric demanegdi-butyl derivativel-55arranges in discrete
dimers at the solid state (Figurells, d) presenting a double EB interactiodsXre = 2.628 Ay

Capitalizing of those results/argasBaca and coeworkers engineered ncnentrosymmetric
crystals, featuring notinear optical (NLO) response, based on functionalised lielaadiazole
unit.’® Molecules ofi-56 arrange in a 1D flat ribbon at the solid state (Figuel7, a) through
double chalcogefonding interactionsduXte = 2.689¢ 2.792 A). In a second dimension, HBs take
place foXc= 3.162 A, &0 angle = 119°), binding the ribbon together. The authors coeajptine
optical properties of the resulting crystal highlighting NLO responses. Unsubstit@iedhow a
static hyperpolarizability ¢g>) of 1.60 esu x £ andI-56 8.08 esu x 13, which is comparable to
that found forp-nitroaniline (s> = 8.44 esu ¥0%°) used as reference material in this stu/One

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

Py

Figure F 17: Xray structure o1-56, a) top view; b) side view. Space group!/&2.
Despite the strength of the double EBs fathby 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 bendg2,5selenadiazole motif could be a viable alternative, however,
this compound does not form a ribbon arrangement at the solid state (Figar&d). Instead,
molecules ofl-2se arrange in trimeric clusters through chalcogleonding interactions duXse =
3.155A) that bounds to the neighbouring molecules through hydrogends@wXc= 3.417 A and
dseXc=3.928 A).
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Figure | 18: Xray structure ol-2se Space group: Pna2
In 2014,Zadeand coworkers reported on the synthesis of bent@®, 5selenadiazole bearing
different aryl moieties (Figure-19) for optoelectronic applicatiori$’ Compoundd-57 and I-58
bearing phenyl and thiophenyl, respectively, associate in dimers at the solid state (FgLfed
and b, respectively) through double chalcogamding ineractions (nXse= 2.993 A and 3.424 A,

respectively).
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Figure I 19: Xray structure of a)-57; b)I-58 and c)I-59. Space group: P21/c, Pca2l and P21/c,
respectively. Uvis absorptioremission spectra d) in solution aaylof thin film on ITO coated glass.
Adapted with permissio® copyright 2014American Chemical Society.
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On the contrary, molecules &69 functionalised with selenophenyl formrs* interactionsin the
solid state (Figure-19, c). Their optoelectronic properties have been evaluated ¥Ce&gblution

by cyclic voltammetry (CV) aimdbenzene solution by UWs absorptioremission (Figureq 19, d).
Compounds-57, I-58 andI-59 emit in the green, orange and red, respectively, under irradiation at
365 nm. The three compounds were deposited as thin film oncddded glass and thelg\-vis
absorptionemission properties were evaluated (Figure 19, e). The resulting profiles show a
bathochromic shift and a broadening of the peaks comgdmethose in benzene solution. The
authors suggest that strong intermolecular interactions aesponsible for this effect, those
possibly beingr-stacking or van der Waals interactidf$ We would like to add that chalcogen
bonds are also probably contributing thet 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
solidstate, thus impacting the resulting absorpti@mission spectra. Since then, similar molacul

scaffolds with different substituents have been reported for solution applicatf§hs.

To use the selenadiazole motif efficiently in sealidte applicatios, strategies to increase the
strength of interaction using those building blocks have beensiiyated, one of them being the
formation of a salt upon addition of a Bronsted adfdrgasBacaand coworkers reported in 2009

on the synthesis of various organic crystal based on selenadi&#lere we show the structer

of I-2s«HCI(Figure Ig 20, a), which form a ribbon at the solid state through the combination of
multiple chalcogen and hydrogen bondizXse= 2.961¢ 3.085 AdcXn = 3.087 A). While the Se
analogues leads to the formation of different products,yor2r{HCI} has been reported for the
Te-containing derivative-2re (Figure k& 20, ¢). The compound arranges in ribbon through chalcogen
and hydrogerbonding interactions (gXte= 2.773 A and¢Xn = 3.245 A).

A second route to strengthen the SBigalving benzdl,2,5selenadiazole consists in forming a salt

by direct alkylation on the N position of the heterocycle. This has been achieBxtibyni et alé?

and Risto et al®® under harsh conditionsvargasBacaand ceworkers presented an alkylation
method employing the milder Mel reagent as a rational strategy for EB strengthening iff2016.

their study, different salts haveeen synthesised, specificallg0and cocrystal(lI-60).w-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(diXse = 3.176¢ 3.610 A), whereashe latter in a
trimeric arrangement featuring ¥6e short contactsi(Xse= 2.573- 2.937 A) and termina¥$e EBs
(diXse= 3.528 A). Building on these results, the same authors recently reported on the preparation
and characterisation of bridged dicatiorderivatives®® 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 Ig 20, e). For this compound a dimer through double EB ohgtlteof interaction
considerably shorter than that observed in the nakede (dyXse= 2.589 A velnXse= 3.155 A).

Q. a

H ;;‘SeN 2961 A

3085A

3. 087
I-2s¢*HCI

(;\

H‘N\ N’H 2.773

I-21¢*(HCI),

. djSCF3 © “9/""0 'j; 3.298

NONACHER SN T533 Ajg 2915 A

5

1-61

Figure I 20: Xray structure of chalcogenadiazolium salts in ball and stick representatib@sa}HClI
(Pp);BY b) 1-60 (P2/n); B4 ¢) I-21e0 O | 2/(Ficaa)Y d) (I-602w-Lse (C2/9;84 e) I-61 (Pp).[5!

Further expanding this concept, the possibility to form chalcogen bonds in the presence -of acid
base Lewis adducts has been also appraiseddngasBacaand coworkers!® 81Upon addition of
triphenylborane on-2r,, neutral adducts bearing one and two Lewis acid molecules, respectively,
have been identified in solution and crystallised. The 1:1 complex forms dimargh double EB
interactions (nXte= 2.578 A)n the solidstate (Figure ¢ 21, b). For each molecul€re, 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 presenof the aciebase Lewis adduct strengthens the formation

of the chalcogen bond. Moreovep- s* interaction is observed between the phenyl moiety next

to the Te atom. Adding a second equivalent of triphenyl borane lead to the formation of a trimeric
strudure (Figure £ 21, c). The crystal structure displays twéBNand twop- s* interactions. The

steric hindrance of the phenyl moiety prevents the formation any further chalcogen bonds.
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Fl’h Ph Fl’h

_Te L, Te

N” N-Bph BPhs PheB-N""N-B-ph
?\ /f Ph Ph ?\ /f Ph

|-2Te.BPh3 |-2Te°(BPh3)2

N--Te = 2.688 A N-Te=2578 A

Figure F 21: Xray structure of a)-2reand the adducts formed upon addition of b) one and c) twasBPh
molecules, respectively. Space group C2/dcRdd P2/n, respectively?* 86l

| ¢ 4.2 1,2Chalcogenazole-biide: discrete macrocyclic assembly

Despite the achievements met with the 1,xbBalcogenadiazole motif, wedlefined
supramolecular structures based on EB interaction remain scarce in the literature outside the
classic ribbon association. In order to reach discrete cyclic architectueagasBacaand coe
workers proposed the 1;2halcogenazol&l-oxide motif. Specifically, they reported on the various
arrangements of 3nethyts5-phenytl,2-tellurazoleN-oxide I-62 connected by NDXTe bridgedt!
Depending on the crystallisation method, one can control th@amnolecular structurén the solid
state. For instance, compounéb2 forms chains through chalcogdionding interactionsdoXte =
2.176¢ 2.207 A) at the solid state after slow evaporation from a benzene solution (Fig@e &).
Cyclic tetramers (siitarly to those of anethyk5-(1,1-dimethylethyl}Bu-1,2-tellurazole Noxide)&

can be formeddoXte = 2203¢ 2.241 A; Figured 22, b) from CHgbolution or slow diffusion of
MeCN in C¥Ch solution. The same MeCN/@Eb solution mixed with [PAd(NCM&{BFR). yields the
complex [Pd{62)4](BR)., which was observed by-rdy diffraction analysis (Figurecl 22, c).
Crystallisation of-62 from THF solution leads to the formation of an inclusion compound in which
a cyclic hexamer hosts a THF molecule (Figgr22, d). On the other hand, @Eb solution also
yields the hexameric structure. In this crysthk solvent sits outside the cavities that are partially
filled by two Me groups from neighbouring moleculesl-®2. Interestingly, the structure of the
tetrameric assembly and [Pe§2)4(BF). could also be proven by NMR and absorption
spectroscopy measements, respectively. The authors reported that mixa&g with Go in CHGI
yields a precipitate that could not be characterised in solution. However, crystals of the adduct
(I-62):0850 can be achieved by slow diffusion of fullerenes into a solutioRe@f(Figure kg 22, e).

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

the Gomolecules.
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Figure | 22: Xray structure o1-62 a) linear chain (P2121); b) cyclic tetramer @); c) adduct with Pd
(144/a); cyclic hexamer @; inclusion of & (C2/c)®8 8 Adapted with permissiol§®! copyright 2016
Springer Nature.

This unparalleled ability toofm functional macrocycles through the salsociation of simple
building blocks shows the potential of #&lurazoleN-oxide as reliable supramolecular synthons.
Those molecules have an ambidentate nature that is expressed in their capability of gormin
defined structuresable to bind transitioametal 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 Awnsatiaheir tetrameric form while Ag

cation has a preference for the hexameric dife.

VargasBacaand coeworkers aso reported the preparation of the annulated derivatives betdza
chalcogenazol&l-oxide (Figure £23). The authors aimed for a more easily functionalisable building
block featuring the auteassociation properties oF-62 with a larger vdW surface that euld

enhance the intermolecular interactions due to dispersion forces. The crystal structur&3of
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show similar tetrameric, hexameric and linear patterns than those obtained@ar Molecules of
I-63re arrange in a tetrameric (Figure;l22, a) or h&americ (Figure ¢ 22, b) macrocycles while
crystallised from Ci€b/pyridine solution. On the other hand, Skerivative I-60se forms linear
chains at the solid state (Figuregl22, c¢). Bothl-62 and I-63re have shown the possibility to
simultaneously asociate at the crystalline state with Lewis acidsgy(BF) and basese(g. DMAP,
MeCN, biPy, PRland carbene derivatives)!

Figure I 23: Xray structure 01-63¢ a) cyclic tetramer df63re (Pp); b) cyclic hexamer &63re (P3); ¢)
linear chains 0f-63se(P22121).°%

I ¢ 4.3 Chalcogebonding meeting halogebonding

Seleradiazole derivatives have also shown potential application in crystal engineering. Capitalizing
on the basicity exhibited by the two N atoms of moledule, co-crystals based on hydrogeand
halogenbonding interactions meeting chalcogen bonds haverbsgnthesised (Figuregl24) by
Gdanie¢Polonskand ceworkers!® The main feature of those assembly lies in the formation of a
dimeric (I-2s92 structures engaging with a HB or XB donor. For examplesrystal with
perfluorobenzoic acid-61 show a tetrameric assemb{{+2sd.w1664), with four EBsdoXse= 3.127

A, dnXse= 2.851 A) and two HBdwKo= 2.641 A; Figurecl24, a). In a similar fashioh2seassociate
with perfluoroiodobenzeng-1 to form a tetramer(l-2s9-0{l-1), at the solidstate (Figure ¢ 24, b).
Two units ofl-2seconnect with each other through chalcogéonding interactionsdyXse= 2.972

¢ 3.070 A), while the free N atoms engagéhwivo I-1in a halogen bonddgX; = 2.961¢ 3.073 A).

Asa final selected example, dimer ¢fse organises with the ditopi®ITFBin a supramolecular
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polymer (Figure ¢ 24, c) through simultaneous halogeand chalcogeibonding interactionsdyXi
=3.05¢ 3.104 A andivXse= 2.905¢ 3.001 A).

The structures ofl-2s9-w 1663, (I-2s920{l-1), and ((I-2s90DITFB) show the potential application

of the selenadiazole recognition motif in-coystak built on simultaneous use of EB along with HB
or XB interactions. However, as stated by the authors, the N binding sit@seafe identical, which
may result in disrption of the dimers arrangement leading to a lack of control in supramolecular

architectures of higher complexity.

a b
COOH - ) F
F F 2 961 A i §3 073% . -
F F 2 972 A 3.070 A - F F
r A |
1-64 I-1
3.001 A 3025 A
3 104 A .
& 2.905 8
DITFB

Figure F 24: Xray structure of carystal of a)-2s«d-64; b) I-2s¢d-1; ¢)I-2s«DITFB Space group P2/c,
P2/n and P2/c, respectively®®

Moving away from the 1,2;6halcogenadiazole motifforubaev et alhave successfully inserted
DITFBIn crystals of diphenyl dichalcogeni#®5:°4 At the solid state, purd-65r. arranges in
columnar structures througje-s* interactions fcXte = 3.604¢ 3.646 A; Figured 25, a) and-65se
forms ribbons through $&e short contactsdéeXse= 3.726 A; Figured 25, b). Cecrystallisation
with DITFBeads to the insertion of theitbpic halogerbond donor in the network of diphenyl
chalcogenide. In the case of the-Gentaining derivative, the columnar arrangements observed in
the single component crystal are translated in theargstal with DITFB(dcXte = 3.453 A). The
columnar $ructures connect with one another through halogemand chalcogefibonding
interactions involving Te and | atomgrdX; = 3.574 A andiX+e = 4.031 A) with bridgin®ITFB
molecule (Figure ¢ 25, c). For the caorystal involving the Sanalogue, the ribborstructure is
tightened up @seXse= 3.752 A and 3.606 A) aBdTFBconnects throughp- s* interaction @cX) =
3.566 A; Figured 25, d). In both cases, the original coutien betweenl-65 molecules is kept
identical whileDITFBconnects the columnar oflybon structure showing a cooperative behaviour

of the halogerand chalcogefbonding interactions at the solid state.
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Figure F 25: Xray structure of-65zand their respective eorystal withDITFB Space group: R2:12: for
[-65re, P22121 for 1-65s4 P2/n for 1-65r«uDITFBand P2/c for I-65s«0DITFB* H atoms are omitted for
clarity.

I ¢ 4.4 Porous architecture formation through chalcogealcogen interactions
Another example of supramolecular structuia the solid state driven by chalcogémnding
interactiorsis the formation of nanotubes by telluroethers reported Gjeiterand coworkers!®
During their study they have synthesized a number of supramolecular tubular structures presenting
cavities able to host small guest molecules such as toluenéhexane. This has been achieved by
building architectures relying on chalcogehdcogen interactions. One of those being the helical
structure of 1,4 bis(methyltellanyl)butal,3-diyne I-66 presenting a square cavity (Figure 26, b
and c). In this case each Te atom is involved in four BRs € 3.741¢ 3.824 A), being
simultaneouslha chalcogen bond donor armh acceptor. When focused on the chalcogen atom as
electron acceptor, the angle between the two EBs is 110° (Fig@& k). Similar behaviour has
been observed with cyclophan&¥, cyclic tetra and hexayne&’” Chalcogerthalcogen
interactions have been also used to control fdoeface p- p stackng of anthracene ring€® For a
comprehensive review of ttee systems, we direct the interested reader to the recent paper of

Gleiter et af®!
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Figure Ig 26: Xray structure of 1,bis(methyltellanyl)butel,3-diyne!®
¢ 4.5 SeHassembled fibres for optoelectronic applications controlled by chaleogen

bonding interactions

In 2011, Barbarella and coworkers successfully engineered functional supramolecular
architectures through the selissembly ofsuffur rich octatiophene bearing thioalkyl substituents
(Figure k 27)1*%9|n a bottomup approach, the key design element lies in the addition of a S atom
onto the f-carbon of the inner tetrameric core inducing an intramolecular chalcogen y¥d £
3.09¢ 3.10A; Figure £ 27, d). Compoundk67, 1-68 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 characterissdabying electron
microscopy (SEM; Figure 27, ag c) with a high aspect ratio (from 1:1 to 1:2 heigietsuswidth

and length up to hundreds um). CompourdObearing hexyl chains (on the opposite of thhexyl

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

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

The fibres of-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 voltammeEy’(= 0.62 V and 0.60 V vs SCE, respectively
and Ee =-1.45 V and1.52 V vs SCE, respectively). Particularly, the lowevial 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 fibré3 ahd|-68 has

been characterised by hole mobilityluas of 9.8 1Gand 5 1& cn? V! s?, 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 calcutated a
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10% and 4 10 cn? V! s?, respectively, which is two ordeof magnitude higher than the value

observed for single fibres.

The fibres as a film have also been studied by samgle reflection of Xay and the authors
proposed ararrangement of the molecules at the solid state. The octatiophenes, featuring a nearly
flat conformation of the backbone, arrange nstacking type organisation. The chalcogen bonds
between the S atoms impose an antientation of the thiophenes rings ¢sshown by preliminary
single crystal Xay diffraction; Figured 27, d). The same principle was then applied using different
capping functional group to the oligothiophef&! bulk-heterojunction material$i’? and

conjugated polymer&%3

(" CohysS CeiaS_ ) CeHisS
s. /Ny s /4N s. /N s )N
v\ S \ / ™ I\ / S
1 ]
| SCGH13 SCGH13 ,' SC5H13

__________________

\_/ S \_/ S W/ S W/ S
SCgH13 SCeH13
T e
[ CoHiaS_ CeHeS_
Cortra S A N s A N s A Vi s
S\ S \_/ S\
1 I
X SCeH13 SCeH3
T e
CeH13 CeHi3 CeHi3 CeHi3
S I\ S 7\ S I\ S /\ Amorphous
\ /) S \ / S \ / S \ / S material
CeHi3 CeHi3 CeHy3 CeHis

Figure k 27: Olgothiophene-67, I-68, I-69 and |-70 substituted with alkyl and thioalkyl chains, the inner
tetrameric core is highlighted by dashed lines. SEM imaged-@8a)p)|-69 and c)I-70; d) Preliminary Xay
structure of inner tetrameric core of the octamefglapted with permissiof® copyright 2011 American
Chemical Society.

I ¢ 4.6 Wirelike structures formed by benZig3-chalcogenazole

Finally, our group contributed to the topic by engineering wike structures through single
chalcogerbonding interaction$!®? The key element of this work was theproved synthesis of
the benzel,3-selenazole motif over the reported procedures and its generalisation to the Te
containing heterocycl&°1% This functional group initially attracted our attention as potential
application in organic phosphors. However, its easy derivatisation andstatelarrangement led
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us to engineer molecular structusewith controlled associatiof® 1°/Benzel,3-chalcogenazoles

I-71 have been synthesised bearing different substituestg.i-butyl, phenyl, furyl, thiophenyl, 2
pyridyl, 3pyridyl, 4pyridyl, styryl and ferrocenyl) in-@osition to control the supramolecular
organisationin the solid state through chalcogdyonding interactions (Figure,R7). The EB usually
takes place between the Nan of the chalcogenazole ring and the chalcogen atom of an adjacent
molecule. The recognition properties at the chalcogen atom can be controlled by discriminating the
two s-holes @) and §) (Figure £ 27, a and b). Particularly, theehole (b) can be ldcked either by
steric hindrance (steric tether) or involved in an intramolecular EB wikhale stopper, leaving

the s-hole (@) free to engage with a lone pair donor atom.
@:N\%R E=Se Te a Benzo-1,3-selenazole  Benzo-1,3-tellurazole
E )
I-71g

R =iBu, Ph, Furyl, Thiophenyl, 2-pyridyl,
3-pyridyl, 4-pyridyl, Styryl, Ferrocenyl

4.Q ¢ @
g N \//N N ‘E
R

7"

+18.8 +23.0 +21.3
o-hole() o-hole(f)

Figure I 28: Benzel,3-chalcogenazolé71ebearing different functionalisation inRosition introduced by
us to form wirelike structure through controlled single chalcodmnding interactions; a) ESP map of
benzoel,3selenazole and benzhy3-tellurazole; b) Desigof the molecular recognition ofsubstituted
benzel,3-chalcogenazole; c)}idy structure ol-72, space group: Pcadapted with permissiof?

Copyright 2016 WilleyCH Verlag GmbH & Co. KGaA, Weinheim.

Substituents such as phenyl are sufficiently bulky to act as steric tether-amdr®/| and 2pyridyl
acts ass-hole stoppers. The third strategy rely ors@bstituents bearing a more basic heteroatom
than the N atom present in the chalcogenazole ring. The chalebgeding interaction will thus
take place between the more electrorchi atom and the Seor Te atom. Substituents such as 3

and 4pyridyl acts as wiring tether. For example, moleddl® bears as-hole stopper in the 2
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pyridyl substituent which form an intramolecular EBX+.= 3.089 A) and form a witlike assembly
through intermolecular ERIXre= 3.231 A; Figurecl27, c).

| ¢ 5 Outline of the dissertation

It is in this context of very recent and rapid expansion of the chalcbgeding topic in
supramolecular chemistry that this doctoral work takes place. Defipgt@umerous achievements

of chalcogen bonded systemsrecentyears, this field still lack of a versatile, reliable and stable
supramolecular synthon for sotstate applications. It is this absence of persistent recognition
systems that motivated us tdesign and synthesise a building block able torselbgnise and self
associate through double EB interactions involving Se or Te atoms (Fj@®)e $Bls being stronger

with larger atoms, we anticipate the strongest recognition persistence with theohgeners.
Furthermore, defining the place of chalcogeonding among the other nenovalent interactions

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

the use of EB in muitype interactions systes

P T T —

_________________ - -
-
N

’ Chapter II ! Chapter IV ©

L L

-

7
!/

Chapter Il EB vs XB \

i 6&\“3

Figure F 29: Schematic representation of the outline of this manuscript.

Thus, we will expand the functionalities of our recognition motif to include different interactions
such asp-p stacking, hydrogenand halogerbonding interactions to appraise their level of
compatibility, orthogonality and/or competition. Accordingly,ghwork is divided in three main

chapters (Figured 28).
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Chapter lpresents 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
sdid-state through double chalcogemonding interactions. The system is challenged through
different applications such as crystal engineering, soft materials and organiceadhctors. The

latter requires the conjugation of the CGP array to polycyclicmat@s hydrocarbons leading to

synergy betweernp- p stacking and chalcogemonding interactions.

Chapter lladdresses the potential orthogonality that exists between halegeil chalcogen bonds
through the design and synthesis of supramolecular polymaset on both interactions. Those

materials are crystallised and analysed baXdiffraction experiments.

Chapter IMs dedicated to the expansion of the CGP array through the functionalisation of the 5
position. By preventing the fadge-face dimerizatin due to steric hindrance, this system opens the
door to novel recognition arrays based on the simultaneous hydrogad chalcogetbonding
interactions. This selissembly at the solidtate is extended to multicomponent crystals. The
expansion of functinality in 5positions also allowed us to design a potential tetra chalcogen

bonded system.
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In this chapter, we aim to design, synthesise and challenge a novel supramolecular synthon based
on chalcogerbonding interactions contemplating thé-fusion of a chalcogenazole ring to a
pyridine moiety. Capitalising on recent achievements of our groupbenzochalcogenazole
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
chalcogerbonding motif is probed at the ddl state by single crystatidy diffraction analysis of

those compounds. The system is challenged through different applicasach as crystal
engineering, soft material and organic semonductor. Part of this work has been published in a

recent commuication inChemistryg A European Journél

The chapter is divided in seven sectidBsction HL covers a brief introduction of single and double
chalcogerbonded structureSection K presents the design of thEGP array and the calculation
results on substituent effecection H3 provides the synthesis of the targeted molecul8sction

II-4 shows the recognition at work through analysis of 18 crystal struct@estion H deals with

the formation of ditopic CGP and benzochalcogenazole structiBestion H6 appraises the
possibilities of soft materiabased on chalcogebonding as noftovalent driving forceSection H

7 is divided in five parts, from the design of aiganicsemiconductor 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 thdr crystal structures to understand the results of the charge mobility experiments.

The work presented in this chapter has been realised thanks to the teachdg Bf Kariukithe
crystals reported here served as training for single crystalyXliffraction technique. Advices from
Dr. O. Dumeléed to the synthesis of compouritt14. Dr. S. Gambinand R Mastria from CNR

nanotech in Lecce (ltaly) preformed the charge mobility experiments developecion H7.
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Il ¢ 1 Introduction

As described ihapter | the principle of molecular recognition sits at the core of supramolecular
chemistry?l The storage of bonding information in a recognition arrays is, thus, crucial to trigger
the formation of specific array of intermolecular neovalent interactions that have thahility to

drive molecules into complex architectwthrough programmed associatidf.As a summary of

the introductive chapter, some key supramolecular structures formed through single and double
chalcogerbonding interactions are reported below (Figure 1l). The anion recognition described

by Taylor™ the macrocyclic assemblies coverdy VargasBacg® and wirelikes structure
introduced by us formed through singl&E contactd®! The most common structure featuring
multiple chalcogerbonding interactions is the ribbon formed by 1, 2dlluradiazole implying a first
nearest neighbour (FNN) type mdfif®! Bifurcated chalcogebonds have also been described by
Reidand co-workers!® with the E atom acting as double EB donor and by successive work of
Taylor*% Matile, 1t 121Beer('* ¥ and Huber!® ®lcapitalising on a confocapproach of thes-holes

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

double chalcogeibonding interaction featuring a second nearest neighbour (SNN) type motif.

I Single chalcogen bonding I

Host-guest Wire-like assemblies Macrocyclic assemblies

Y\

“E‘ = @N[ A\ on

NN Nt =, Ao e
N = o
R

m

N-_

~F
R

EWG EWG

L%,
Taylor 2015 Bonifazi 2016 /@
Vargas-Baca 2016

Double chalcogen bonding l

First Second
Bifurcated bonding nearest neighbour (FNN)  nearest neighbour (SNN)
Y Y, Y Y—E Y—Z
N - \
. E E
E E E E—Y \ ,°
Z—Y
,An‘ L L /N.’ J_.-' = N
SN S E: | S—R
E E E = . =
\ / SN N. N N" E
EWG EwG~ EWG ‘E :@ N
An = Anion L = Thioether _N_ N7 E-N
E: R—( |
Taylor 2016 \N’ N~
Matile 2016 Reid 2013
Beer 2017 Vargas-Baca 2005 This work

Huber 2017

E = Se or Te; Y = Electron donor, R = susbstituent (aryl or
alkyl); EWG: electron withdrawing group, Z = carbon

Figure I} 1: Brief summary of supramolecular structure formed by single and double chalbogeling
interactions. Reproduced with permissidigopyright 2018 WilleyyCH Verlag GmbH & Co. KGaA,
Weinheim.
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Il ¢ 2 Design

Building onthe results obtained with the benzb,3-chalcogenazole scaffoldjn this part of the
thesis, we report on a molecular motifs leading to double chalcdgmrmded EXype arrays with

high recognition fidelity, chemical and thermal stability and synthetic ease of deatiat.
Provided thata carbon atom is replaced by a basic heteroatom (Y) in the benzenoic ring of a
benzochalcogenazol8,one can expect to program a recognitiomtif giving a double chalcogen
bonded array (FiguredI2). Thus, we conjectured that thtefusion of a chalcogenazole to a pyridine
ring to give a chalcogenazolo[8Mpyridine unit (abbreviated as CGP, Figured) should lead to

a selfcomplementay motif that, through the peripheral exposition of second nearest neighbouring
(SNN) chalcogebonding donor (E) and acceptor (Y) atoms, can undergo dimerization. To validate
this recognition ability, we used electrostatic surface potential [SPY and estimated the value
(Vsmay at the point of the highest potential for both donor and acceptor atdiri$® The ESPs of
H-substituted moded for the Seand Tedoped CGPs are shown below (Figue2). In addition,

the relevant molecular orbital for each structure are reported, displaying the lone maan@ s*

containing MO.

Chalcogenazolo ESP map Frontier orbitals
[5,4-B]pyridine HOMO (n) LUMO+2 (c*)

(T o u % X&
Of I Ny
AP &

ﬁ ? c holes
HOMO (n) LUMO+1 (c*)
Figure IF 2: General structure of differently functionalised CGP motif (E8P (calculated using Gaussian
09 at B97D3/def2TZVP level of theoK)mapped on the valer-Waals surface of the CGP motifs (centre,
Se top and Te bottom) along with the relevant moleculéitals involved in the interactions (right).
Reproduced with permissidhcopyright 2018 WilleyyCH Verlag GmbH & Co. KGaA, Weinheim.

- o -
—Or—
+

As expected, electron deficiestholes @) ands-holes §) are present on the cheogen atond®

with that in a being the depleted region engaging into the noovalent array througm? - s*
orbital delocalizatior! The calculateds maxvalues are +5.4 and +10.5 kcal rhfalr the s-holes @)

of the Seand Tecongeners, respectively. Those potentials are lower in comparison to their benzo
1,3chalcogenazoles analogues (+18.8 and +21.3 kcdiPhaispectively) inferring a weaker Lewis

acidity at the chalcogen atom for the CGP derivatives.
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Table Ik 1: Calculated ¥maxvalues for CGP derivatives and their respective Electrostatic Surface Potential
maps (ising Gaussian 09 at BEY3/def2TZVP level of thedr!Geometries are relaxed coordinatetbé
corresponding crystal structures.

=

@ o-hole
Vs max(kcal mot)
Entry E ESP maps
Ne Np s-hole @)
Se -19.4 -30.7 +2.29
1Y
Te -17.9 -30.0 +7.71
Se -19.4 -32.0 -0.36
, —
?\l /
Te -18.5 -32.0 +5.67
Se -15.7 -28.8 +5.02
; —
N
Te -14.4 -27.0 +10.7
4 LN se 151 -26.8 +7.09
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Se

Te

Se

Te

-13.9

-24.1

-22.3

-11.6

-10.2

-13.6

-12.1

-23.1

-22.0

-24.1

-23.6

-26.1

-30.5

-29.6

-24.5

-24.0

-25.9

-25.9

-26.6

-26.0

-23.6

-23.0

+12.5

+3.70

+9.53

+9.84

+15.5

+7.84

+13.4

+8.30

+14.1

+12.7

+19.1
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This behaviour can be rationalized by the partial overlap of the lone pair & #tem with the s-

hole (@) of the Chalcogen atoms (see LUMO +2 and LUMO +1 for Se and Te, respediivgly).
values of similar magnitude were obtained for the pyridyl N atom (abbreviaggdfNboth Se and

Te derivatives-28.7 and-27.8 kcal mot, respectively, vs 35.5 kcalol? for naked pyridin&),
whereas weaker potentials were found for the chalcogenazole N atomrdaiated N, -26.5
and-25.1 kcal mot, respectively). Building on these computational results, one can envisage that
the chalcogen interactions will be preferentially established throughtbim. We thus engineered

Se and Tecontaining CGPs bearingfdifent substituents at the -position, calculating theiVs max

values at both Mand N positions and at th& s-hole of the Chalcogen (Table;I1).

Derivatives bearing a phenyl moiety imp@sition (entry 1, Table § 1) will be used as synthetic
reference for this work. It has to be noted that the potential values at$H®le @) (+2.29 and
+7.71 kcal mal, for Se and Te, respectively) are smaller than in the case of teahstituted ones
(+5.4 and +10.5 kcal mbfor Se and Te respectivelyiptroduction of pyrid2-yl (entry 2) lowers
further those numbers-0.36 and +5.67 kcal mylfor Se and Te, respectively) due to the partial
electron donation from the N atom of the-gubstituent and thes-hole (b) of the chalcogen. Other
aromatics havaimilarVs maxvalues (between +3.70 and +7.09 kcal fol Se and +9.53 and +12.5
kcal mof for Tederivatives, entries 3, 4, 5). Electron withdrawing substituents (entries 6, 7 and 8)
increases the values up to +9.84 for Se and +15.5 kcalfordle. Whereas the maximum is reached

by the CEmoiety (entry 9) of +12.7 and +19.1 kcal hdbr Se and Te, respectively. Moreover, one
can easily observe that the more positive are siboles the less negative are the potentials around
the N, atoms (from-32.0 to-23.6 kcal mot for Sederivatives and from32.0 t0-23.0 kcal mot 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 tteepests-holes. It is

also expected of the Smongener bearing smalleVs max to form  weaker interactions or no

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

Il ¢ 3 Synthesis

At the synthetic planning level, we contemplated the dehydrative cyclization reaction as the key
synthetic step for he preparation of CGP derivativéd. The synthesis commenced with the
formation of the dichalcogenid#-2 starting from 3amino-2-bromopyridine. In a first approach,

the reaction conditions developed for the preparation of ZjBelanediyldianiline and 2;2'

ditellanediyldianiline in our previous work have been applied (Schendg [
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NH, 1) t-Buli (3 eq.) NH, 1)NaH (3 eq.), Te (1eq.), NH,
m THF, -78°C, 1 h ﬁ NMR, 185°C, 45h @
o - —
Se)— Te)—

N 2)Se’(1eq.),rt,1h "N~ "Br 2) NH,CI, H,0, N
2 3) KsFe(CN)g, H,0, air bubbling, r.t., 2 h 2
-2, 6% r., 10 min I1-1 I1-27¢ 0-9%

Scheme H 1: Synthesis di-2seand ll-2e.

In the case of the Sderivative,ll-1 was treated with 3 equivalents ofBuLi in dry THF af8°C, the
resulting mixture was reacted with elemental selenium powder and, after oxidatie®. was
obtained in 6% yield. For the second analogue, elemental Te powder was treated with an excess of
NaH and the resulting mixture wasacted withll-1 to afford ditelluridell-2tcin up to 9% yield after
oxidation. Both protocols are low yielding, more particularlylfeifre, the reaction revealed to be
unreliable with tedious purification. FdF-2s, a problem in the metahalogen eghange process
has been noted. According to the work Bérhamet al. on lithiation of 2bromopyridinel?!! the
organometallic intermediate resulting of the bromitihium exchange dispys two pairs of
unshared electrons which are ganar in close proximity (Scheme 2)), destabiking the resulting
aryllithiums derivative. Moreover, in the case amino-2-bromopyridine, deprotonation of the
amino group must occur prior to the exafige. The proximity of the negatives charges destabilises

the metalated intermediate leading to decomposition.

H

I
S
= = q’b L@
IS S
& Li® & Li®
Unstable Highly
Unstable

Scheme H 2: Lithiated intermediates from-Bromopyridine (left) and-Bromo-3-aminopyridine (right).

In order to overcome the problem of the metalation ofil2omopyridine, Songand coeworkers
proposed to use Grignard reageidPrMgCl with succe$®! The same strategy was applied to 3
amino-2-bromopyridine (Scheme 113), the metalated intermediate was treated with elemental

chalcogen powder and afterxalation, 1l-2s. and 1l-2re were obtained in 9% and 13% vyield,

respectively.
NH 1) i-PrMgCl (2.2 eq.) NH, 1)i-PrMgCl (2.2 eq.) NH
@ 2 THF, 0°C tort, 3 h B > THF,0°Ctort,3h B 2
N7 Se} 2) Se’ (1 eq.), r.t., overnight N Br 2) Te? (1 eq.), r.t., overnight Nig Te}
2 3) KsFe(CN)g, H,0, 3) NH,CI, H,0, 2
l-25¢ 9% r.t., 10 min -1 air bubbling, r.t., 2 h -2¢, 13%
16% BRSM 23% BRSM

Scheme H 3: Synthesis di-2seand II-2reusing {PrMgCl.
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In both cases, the isolated yield increased compared with the previous reaction conditions (Scheme
Il ¢ 1). However, only 50% oF1 was converted during the metdlalogen 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.

1) n-BuLi, (1eq.), THF, 0°C, 10 min 1)“6%%45(3 eq.),
NH, 2)i-PrBu,MgLi.LiCI (1 eq.), NH, e eq., NH,
ﬁ THF,0°Ctort, 30min m THF,rt, 150 7S
= 0 ) - — > - e
N "Br 3)E ,ar.t., overnight N E} 2) Mel (2.2 eq.), N™ "E
4)[0] 2 dark, rt.,1.5h Me
-1 -2g, 27% II-3g, 97%
I1-21¢ 40% N-37e 71%
0
POCI; (4 eq.) H (1eq)
- N NEt; (12 eq.) . NYR CIJLR
‘ P E\>7R - ‘ . 0 -
N 1=:j|-di°><aﬂe-, " N"E base® (1.1 €q.), CH,Cl,
reflux, overnig Me 0°C, 5 min, r.t., overnight
11-15-24, 38-93% 1-4-11g, 39-84%
I1-15-251, 44-84% 11-4-13, 56-91%
(IO O (<) 00
N Se N Te N Se N N Te N
11-15g, 38% 1151, 69% 1165, 93% 1-16+1, 75%
=N =N . -N =N 2N — N —
(o) O (X< I
N” ~Se N7 ~Te N~ ~Se N= "Te
1-17ge 44% 1-171, 25%° 1-18g. 87% 11181, 62%
N S x-N S N =N
N” ~Se N7 Te N~ —Se N7 TTe
11195, 69% 11-197, 84% 1-20g, 87% 11-20+, 56%
F F FE F F F
(Lo (L (L (S
N ~Se N7 ~Te N7 ~Se N” ~Te
F F F F FF
1-21g, 80% 11-21+¢ 80% 11-225, 51% 11-221, 53%
F F F F
O T (e (e
N ~Te N7 ~Te NZ ~Se NZ Te
F F F F
1-231¢ 25%° 11-247, 60% I1-25g, 27%°4 11-257¢ 47%1

Scheme H 4: Synthetic route for preparing the CGP synthon through the dehydrative cyclization reaction. E
= Se or Te; a) fokF2seKsFe(CNy)in HO for 10 min, while foll-2re air bubbling in a buffered NBI aqg.
solution for 2h; b) dr pyridine was generally used as base at the exceptitirded 11-5¢, andll-10re for
which dry NEtwas used; c) the yield calculated over two steps; QO was used for the amidation
step.
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In this case, themagnesium cation has the effect of bibsing the corresponding metalated
intermediate that does not undergo decomposition reactions. Nonetheless, the stdioifi effect

is not sufficient to shift the metatalogen exchange equilibrium completely towards the formation
of the product. Thisdea led us to use a more reactive organometallic specie, namely trialkyl
magnesate, first introduced bwittig in 1951[2% This ate complex, formed by treatiridPrMgCl
with two equivalent ofn-Buli, is used to perform metalation reactions on electrich aromatic
substituents?! In the case of3-amino-2-bromopyridine II-1, a deprotonation withn-BuLi is
required prior to the reaction witi-PrBuMgLilLiCl (Schemedl4). 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 formatiorleéfse and II-27¢ in

27 and 40%, respectively. Reductive cleavage of the dichalcogenide usingiiNgi@Hbresence of
MeOH in THF gave the corresponding pyridylchalcogenolate that, reacting withctigtl be
transformed into the relevant pyridine derivative3e From those amines, we could synthesise a
series of Se(ll-4se¢ 1lI-11s9 and Tebearing (I-4re ¢ 11-13re) amides with very good yields upon
reaction with the appropriate acyl chloride. itV these intermediates in our hands, we could
prepare 2substituted Se (1l-15se¢ 11-22s¢ 12559 and Tecongeners I{-15r¢ ¢ 11-25r¢) in good to
excellent yields (3®83%), following the dehydrative cyclisation protocol developed in our group
(POGin the presence of NEunder reflux in 1,4lioxane)® 2 CGP derivatives were successfully
synthesised bearing different aromatic moieties #pdsition (I-15¢, 11-20g, 11-21g, 11-22¢, 1I-23reand
[I-24+¢), as well as heterocyclic rings, like thiopheriyll®) and pyridyl I{-16¢ 11-17z and 11-18¢)
substituents (Scheme It 4). All structures were fully characterized By and *GNMR

spectroscopy, IR, and HWass spectrometry (Seshapter V).

Il ¢ 4 Solidstate analysis

The association properties of the CGBR5e ¢ 11-25: derivativeswere proted in the solid state by
means of Xay analysis of the single crystals obtained by slow evaporation of the solutadiriiee
relevant compoundin CHGlor EtOH. However, despite the best of our effort, no single crystal

suitable for Xray diffraction aalysis could be grown for derivati\ie20:.

Il ¢ 4.1 Recognition at workTellurium containing derivatives

Compoundl-15r crystallises in a P2/c space group and the asymmetric unit is constituted by one
molecule. As conjectured in our programmingastgy, one can easily observe that this derivative
associates into dime(il-15re)2, through double NTe interactionsdy. te= 3.006 A, deN angle =
171°), involving the chalcoges: hole (@) and the N atom (Figure Ig 3, a). In the array, both CGP
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and phenymoieties are ceplanar and underg@- pstacking arrangementsi{., = 3.477 A) with an
off-set of 5.808 A (Figured3, b). It is interesting to note that the distance of interaction is shorter
in the present case than with the benig3-tellurazole (3.428 A for the witke structurelf 2!
despite theVs max0f s-hole having been calculated smaller (+7.71 vs +&€0Dmot, respectively).
This can be rationalized by the fact that here two grallel interactions come into play,

strengthening the dimer formation.

a b e — e —
N
NPT \ ¢ ©

e =3.428 A

- -

Figure IF 3: Xray structure oll-15r¢; @) top view, ball andtiek representation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space group: P2/c, solvent of crystallisatien: CHCI

Derivativell-16re substituted with a 2oyridyl crystallises in a F2 space group with an asymmetric
unit constituted by one molecule.-bay analysis (Figuredl4, a) reveals the formation of dimer
(1I-167e)2 through double Chalcogeonding interaction dn.1e= 3.079 A, &N angle = 166°).
Compared toll-15r¢, the distance between Nand Te atoms is slightly longer, due to the
intramolecular EB taking place between the N atom from thgy&dyl. In addition, the molecules

interact throughp- p stacking @p., = 3.413 A) with an offet of 5.908 A (Figureq#4, b).

EIF‘ el e d®
b= 3.413 A
o

Figure I} 4: Xray structure oll-16r¢; @) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space grouft, Balvent of crystallisation: CHCI

Isomer II-177¢ crystallses in a P2c and one molecule composes the asymmetric unit. The
compound forms dime(ll-17+¢). at the solid state (Figure § 5, a) through double chalcogen
bonding interactionsdy._te= 3.094 A, @e‘N angle = 168°). An additional EB takes placelving

the N atom of the pyrieB-yl and thes-hole () of the Te atomdy.te= 3.480 A, &N angle =
169°). Molecules form columnar arrangement throyghp stacking ¢, = 3.423 A) with an offset

of 5.295 A (Figure ¢5, b).

50



Chapter Il
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Figure I 5: Xray structure oll-177¢; @) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for sake of claifgace group: RZ, solvent of crystallisation: CHCI

Moving to the third isomer, compounii18re crystallises in ag’space group and the asymmetric
unit is composed of one molecule. The molecules form difitéiBre). at the solid state (Figured|
6, a) through double chalcogen bond (re= 3.013 A, @eN angle = 170°). Thepyridyl moiety
is engaged in hydrogeponding interactionsdyXc = 3.474 A)In the solid state, the combination
of the two noncovalent bonds leads to the formation of ribbons, which interact thropglw

stacking @p-p = 3.485 A) with an offset of 5.580 A (Figure@| b).

Peaw, :b o8 :bw:j

v

3474A

-1 = 3.485 A

Figure I 6: Xray structure oll-19r¢; @) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space graqysdRent of crystallization: CHCI

Thiophenyl derivativl-19r.crystallises in a 12/a space group and the asymmetric unit is constituted
by on molecule. The compound arranges in a dimeric structure (Figgqré, l&) through double
chalcogerbonding interactions dy_te= 2.998 A, @eN angle = 172°). Interestingly, only one
configuration of the molecule is observed being the one wittahd S atoms in close proximity
(dnXs=3.077 A). Indeed, an intramolecular EB takes place between those locking the conformation
during the crystallisabn process. Moreover, the molecules foemsolumnar arrangement through

p- pstacking dp-p = 3.512 A) with an offset of 5.379 A (Figure1) b).
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Figure I+ 7: Xray structure oll-19re a) top view, ball and stick peesentation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space group 12/a, solvent of crystallisatian: CHCI

Substitution of the phenyl ring in compoumiel 5re with other heterocycles such as pyridt6re,
[I-177e and 11-18r¢) or thiophenyl [I-19r¢) does not alter either the planarity or the recognition
fidelity of the CGP motif, which in all cases gave doubBlEeMirrays. As anticipated, distances of
interaction are longer in the cagk16r. (dnXte= 3.079 A vs 3.006 A fbi¥15re) which is due to the
electron donation from the pyri2-yl to the s-hole (6) of the Te atom. This intramolecular EB has
for effect todecrease the electronegativity of the chalcogen atom, reduce the size attiude @)
(Vsmax= +5.67 kcal mdlvs +7.72 kcal mdlfor 11-157¢) and thus the strength of the interaction.
However, derivatived-17r. and ll1-18r. do not follow the trendgiven by the gas phase calculation
as their distance of interaction are largainKre = 3.094 A and 3.013 A, respectively) than the
reference compound with more positixg, max(+10.7 and +12.5 kcal miglrespectively). This is due

to additional hydrogeronds present in the crystal packing.

I ¢ 4.2 Strengthening of the interacti@il ellurium containing derivatives

Introduction of electrowithdrawing group (EWG) irp@sition of the CGP recognition array is
expected to increase the strength of interamti between the two subunits of our dimer. Thus,
derivatives bearing 3,4;Bifluorophenyl, pentafluorophenyl and trifluoromethyl moieties have
been envisaged, featuring a lower surface potential at $Heole Vs max= +13.4, +14.1 and +19.1
kcal mot, respectively) than referenc-15re (Vsmax= +7.71 kcal md). Those compounds have

been synthesised and crystallised by slow evaporation of:GHIGtions.

Crystals ofl-21r. grow in a B space group and its asymmetric unit is composed of moéecule
(Figure lic 8). The CGP dimer is formed through BB 4= 3.058 A, &N angle = 168°) and
trifluorophenyl substituents engage in HB through the interaction of F and H aiiXs< 3.350
A). In addition, the ribbons interact through p stacking @p-, = 3.272 A) with an ofet of 5.789 A
(Figure Ik 8, b).
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Figure I} 8: Xray structure oll-21r; @) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for satdeclarity. Space grouppPsolvent of crystallisation: CHCI

Moving to pentaflurophenyl derivative-22r., the material crystallises in a 2 space group and
the asymmetric unit contains one molecule. The CGP dimer (Figqre, &) is formed throgh
double NTe contact dv.te= 2.972 A, €N angle = 170°). Those dimers hierarchically form
columnar arrangement througp- p stacking @,-, = 3.503 A) with an ofet of 2.855 A (Figureq|

9, b).

= . a b *— _k
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Figure IF 9: Xray structure oll-22r¢; @) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space groufe, Balvent of crystallisation: CHCI

Figure Ik 10: Xray structure oll-25r¢; a) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space grqsd®ent of crystallisation: CHCI
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Trifluoromethyl substituted derivativel-25r. crystallises in ag’space group and its asymmetric
unit contains two molecules.-bay diffraction analysis reveals the formation of ribbon at the solid
state through double chalcogeand double hydrogetbonding ineractions (Figure 4 10, a). The
CGP dimer is formed though EB involvipguhl Te atomsdy.7e= 2.912¢ 2.934 A, NTe‘C angle =
168°). Those are further connected by HB taking place betweencttied\the H atom in-position

of the CGP moietyd(Xc = 3.467¢ 3.479 A, &N angle = 174°). In addition, molecules interact in
a headto-tail arrangement (Figure ¢110, b) throughp- p stacking interactiondp. , = 3.692 A).

Notably, when passing to a more electraiithdrawing substituent such agentafluorophenyl
(11-22r¢) derivative (Figure 419), a shortening of the N'e distance to 2.971 A for dimeis22re); is
observed. This can be rationalized by an increase o¥ie«value of thes-hole @) from +7.71
kcal mot for phenyl derivaitve 1I-15r. to +14.1 kcal malfor pentafluorophenyisubstituted!l-22r¢
(Table Ik 1). To further corroborate this effect, we also preparedriluoromethano derivativdl-
257.. As expected, the presence of the;@®iety further shifts théVs maxvalue of thes-hole @) to
+19.1 kcal mdl, shortening the NTe distance to 2.912 2.934 A. However, 3,4#ifluorophenyl
derivativell-21r., which was expected to featumetermediate length of interaction betweelt15r¢
and 11-22¢,, displays adistance NTe longer than the one observed for referentd Sre (d...te=
3.058 A vs 3.006 A). However, the crystal must accommodate both HB and EB interactions in the

packing. This leads toveeakeningof the chalcogerbonding interaction.

Looking atmoleculell-22r,, one can envisage replace tpharafluorine atom by other halogens.
Bromo andiodo- bearing molecules were synthesised and both crystallised. Cryst&a3fgrow
in a P2/c space group and the asymmetric unit is constituted by ondecde. Dimergll-23re)2
(Figure llc 11, a) are formed through double chalcogeonding interactions dyXte= 2.961 A,
GTeN angle = 168°). Moreovep: p stacking takes place forming columnar arrangemeit,(=
3.514 A) with an oféet of 3.026 A (Figa lic 11, b).

FF = ‘E%
Sise ——

AR 2961A
B-237 .n ar= 3514A
3 % -:%

Figure I+ 11: Xray structure oll-23re a) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space grouft, Balvent ofcrystallisation: CHEI
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Moving to iodederivativell-24re, crystals grow in a P2 space group and the asymmetric unit is
composed of two molecules. The compound organises in a supramolecular polymer (Fjdue Il
formed through halogesbonding interations between Nand | atomsdy._,= 2.8542.890 A, @*N
angle = 159161°).

Figure IF 12: Xray structure oll-24re. Space group: R, solvent of crystallisation: CH@hd pyridine.

While the three halederivatves are very similar in molecular structure, their salidte
arrangement is very different (Figure®, 11, 12). Fluorandbromo-derivatives forms the dimeric
arrangement through frontal double chalcogen bonds with similar distance of interachid.c

2.972 A and 2.961 A, respectively). Togp-analogue shows a prevalence of halogending over

the CGP recognition model. The heavily electron depleted region of the | atom interacts with the
N, forming a supramolecular polymeric chain b4 Interestingly, bromederivative 11-23re
crystallised easily from CHGllution in a similar fashion than the -bearing CGP derivatives
synthesised so far, while the iodierivative lI-24r¢ crystallised in large prism from a mixture of
CHGland pyridine possibly displaying a templating effect. Nonetheless, the ability2df.to form
halogenbonding 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 sartibonent systems (See

chapter Il).

Il ¢ 4.3 The case @klenium

To further study the CGP recognition array at the sslite, Seanalogues have been synthesised
and crystallised. Moving upward in the chalcogen group, weaker chaldmgeting interations
are expected due to lower polarizability of the Se atom (supported by calculation, see Table Il
Phenyl substituted analoguk15sccrystallises in a Pnagpace group and one molecule constitutes
the asymmetric unit. In contrast to that obsex for derivativdl-15r,, the Secompound does not
dimerise through double chalcogen badrigure 1k 13, a) butinsteadforms a p- s* interaction
(doXse = 3.465 A). Moreover, the molecules interact throughp stacking forming columnar

arrangement dp., = 3.597 A) with an offet of 4.191 A (FigureqI13, b).
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Figure I+ 13: Xray structure oll-15s¢ a) ball and stickepresentation; b) side view, stick representation, H
atoms are omitted for sake of clarity. Space group: Rnsdvent of crystallisation: CHCI

Derivativell-16ss Which is bearing a-gyridyl as substituent, crystallises in afAZpace group and

the asymmetric unit is constituted of one molecule. Those arrange in a dimer (Figuid,lla)
through double Hbonds (hXc= 3.628 A) involvingJddnd the H atoms in the-Bosition of the CGP
moiety. It is interesting to note that, in this case, the twabanits are not brought in the same
plane by the norcovalent interaction and a misalignment of 0.799 A can be observed. The
molecules form columnar arrangement throughp stacking interactiond,., = 3.413 A) with an
off-set of 1.569 A (Figureql14, b.

b —
N —
| - b \ / ! —i
NZse N P =3.413 A
11165, —m—
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Figure IF 14: Xray structure ofl-16sg a) top view, ball and stick representation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space groufm,Rdlvent ofcrystallisation: CHEI

g e
P e =3.423A

Figure I+ 15: Xray structure ofl-17sg a) side view, stick representation; H atoms are omitted for sake of
clarity; b) top view, ball and stick representation. Space groujic,Edlvent of crystallisation: CHCI
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Isomerll-17secrystallises in a RZ space group and the asymmetric unit consadtene molecule.
The compound organises in a supramolecular polymer by means of hydbogeing interactions
(Figure It 15, a) estabtihed between the N atom of the pyridyl moiety and the H atom-proSition

of the CGP groupdXc = 3.518 A) and between,Naind H atom in €osition of the pyridyl
substituent @Xc= 3.511 A). In addition, the molecules interact throymtp stacking inteactions

(do-p = 3.423 A) with an offet of 4.361 A (Figuredl15, b).

Moving to the last pyridyl isomer, crystalsIbi8segrow in a P2c space group and the asymmetric
unit is composed by one molecule. The material organises as a supramolecutaep(fygure It

16, a and c¢). The CGP and the pyridyl moietiesrsetfgnise and associate through double
hydrogenrbonding interactionsduXc= 3.518 and 3.428 A, respectively). In addition, the molecules
form columnar arrangement through- p stacking iteractions €., = 3.624 A) with an offet of
5.186 A (Figure 16, b).

NN LT = 3.624 A
| \>—<\:/\N ",v ) .1 v —— = [ - —
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Figure IF 16: Xray structure ofl-18sg a) top view, ball and stick representation; b) side view, stick
representation, H atoms are omittedrfeake of clarity; ¢) top view of the ribbon structure in ball and stick
representation. Space group:R2 solvent of crystallisation: CHCI

119, oo’ 3.615A — —
} 1T = 3.559 A

Figure IF 17: Xray structure ofl-19s¢ a) top view, ball and stialepresentation; b) side view, stick
representation, H atoms are omitted for sake of clarity. Space groufr, Balvent of crystallisation: CHCI
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Thiophenyl derivativel-19s. crystallises in a RZ space group and the asymmetric unit contains
one molecule. The compound dimerises at the solid state through twaokids (Figure i 17, a)
involving N and the H atom in fosition of the CGP moietg{Xn = 3.615 A). Similarly to the Te
congener, an intramolecular chalcogbond takes place between the.Bnd S atomsdXs= 3.010

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

p- pstacking interactionsdf. , = 3.559 A) with an offet of 4.739 A (FigureqI18, b).

When programming the CGP moiety with &®ms, a certain variability of the recognition
behaviour was observed instead. For instance, nBéNshort contasthave been detected for the
Se congenersl-15sc ¢ 1I-19se Rather, molecule$l-16s, [-17sq 11-18se and 11-19se arrange into
dimeric species through double-tbbnding interactions involving the :Natom of either the
chalcogenazole unitl¢16sg or that of the CGRI{18scand1l-19) moiety. Interestinglyll-17scand
[1-18scforms supramolecular polymer though HBtween the two different pyridyl units through
hetero- and homoemoiety assembly, respectively. Conversely, onlyg@®ntacts were present in
the crystal architecture di-16ss The potential values of the-hole (@) for the selenium derivatives
(Tabk Il ¢ 1) lies between-0.36 and +7.09 kcal mblfor the abovementioned compounds.
Remarkably, T®earing compounds form dimers wittk max values as low as +5.67 kcal rhol
CompoundI-18scfeatures a larger potential value (+7.09 kcal Mddut HB stl prevails over EB in
the crystal structure. This shows that, despite being a handy and rapid tool to design EB synthons,

ESP maps ard naxvalues have limitations.

I ¢ 4.4 Strengthening of the interactiqrEffect of EWG

Similarly to the T@nalogue, EWG were inserted in thegdsition of the Séearing CGP molecules.
As seen from the calculation table (Table 1), p-Nitro-, 3,4,5trifluoro-, pentafluorephenyl and
trifluoromethyl deepens thes-hole @) significantly (+7.84 to +12.7 kcal miplDerivatived|-21se
[I-22scandll-25sewere successfully crystallised from GHGlution while for moleculéi-20s, it was

not possible to grow single cryssaluitable for Xray diffraction analysis.

Figure IF 18 Xray structure oll-21se Space group: R, solvent of crystallisation: CHCI
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