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¢tKA&a GKSaAa RS ahoelinter&tions inKaSycligzin&crocgclic and mechanically
interlocked receptors for anion recognition and sensing.

Chapter 1provides an overview of the fietaf supramolecular hosguest chemistry with particular
F20dza 2y K2 & -hdleddndr $offsforarfoh gudsybiding, followed by a discussion

of mechanically interlocked host molecules for anion recognition and sensing.

Chapter 2describes tk synthesis of air and water stable acyclic tellurium and seleftiaged
chalcogen bonding receptofsllowed by an investigation of their thermodynamic anion binding
properties in organic and mixed aqueous/organic solvent media. The integration of halogen
bonding and chalcogen bonding motifs into mechanical interlocked molecular structural

frameworks isalso explored.

Chapter3RS (I A f a @devionbry dng'tBe BINOL motif to form chiral host receptors. The

synthesis of a chiral halogen bonding [2$cane structure is described as well as chiral acyclic and
macrocyclic receptors possessing fouregrated halogen bondonors which are shown to be

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

GSNBE RSGSNNAYSR o0& Y2yAlG2NAYy3I (GKS TFfdz2z2NBaOSyOS ¢
BINOL or pyremfluorophore upon chiranion guest binding.

Chapter 4introduces the use of halonium cation species in supramolecular chemistry. Primarily,
this chapter investigates the stability of iodonium species in pyhdged pseudorotaxane

assemblies and mechanically bonded [2]rotaxsansing NMR spectroscopy.
Chapter 5summarises the conclusions of this thesis.

Chapter 6describes the experimental procedures carried out in this work detailing characterisation
of novel compounds presentedni chapters 24. Additional information pertaimg to

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

1.1. Fundamentals of  Anion Sup ramolecular

Chemistry

1.1.1. The Field of Supramolec ular Chemistry

TheNobel Prize has been awarded twice in the field of supramolecular chesinigiyits origin in

the late 19609edersen, Lehn and Cram were awarded the Nobel Prize in 1987 for their vingrk in t
Adevel opment a n gl withh stcturesfp e mof eculient eracti ons o f
Specifically, they took advantage of noavalent interactions such as electrostatic-digpole
interactions, v aimteractiens andVaydropbmbefferts © elesign novel host

molecules forthe recognition of cationic guest species.

Pedersen serendipitously discovered the first crown ether, dibenzo[18]6r@wmeutral synthetic

receptor with an affinity for alkali metal catiohs$mportantly, he determined a complementary

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

6 formedthe strongest complex with the potassiumaratiFigure 1i). Lehn went on to build on
Pedersends wor k on cr edimensientllaralpgses,tthe crgptanmdd whiets i s e
exhibit even higher affinity foalkali metal cation$.Having a cavity of complementary size, the

[2.2.2]cryptand was observed to bind potassium cationtsedc(Figure lii).



Cram subsequently introduced the concept of preorganisation where the more preorganised and
desolvated a host is, the more strongly the host system will bind its *gliestlustrate, he

specifically designed a conformationally rigid macrocycle known as a spherand consisting of
octahedrally arranged aryl methoxy oxygen donors whose cavity bbenkithium cation with

exceptional strength(Figure1i i i ) . Crambs work expanded to a wi
structures with emphasis on preorganised cavities, all of which contributed to the stimulatéd grow

of supramolecular hogfuest chemistry frm which evolved the selissembly field of

supramolecular chemistry.

: N—
K,o O
—/
Pederson - Potassium Lehn - [2.2.2]Cryptand
dibenzo[18]-crown-6 complex potassium complex Cram - "host-guest" complex

Figurel. i) Pedersen’s dibenzo[18]cro®rK complex, ii) Lehn’s 2.2.2 cryptakticomplex, iii)
/ N} YQ& LINB 2 NBRillagahgeBart oRni@ihdxyKaRygemIdonors within the spherahd Li
complex.

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

being awarded to Sauvage, Stoddart arelrFi nga fAf or the desuayn and s
machi neso. Sa uBuchecker pablished bhe fast higheldihg, practical synthesis of

a catenane using Cu(l) in a novel template apprbawdpired by coordination chemistry, bidentate

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

fashon provided preorganisation of cane precursors. Subsequently, double rimgig with

tetraethylene glycol ditosylate, £20; in DMF under high dilution conditions resulted in the

formation of Cubound [2]catenane in 27 % isolated yieldgure2i). The useof transition metals

as templatefor the formation of mechanically interlocked molecules was the first of its kind and



has since inspired otheirs their synthesis of these supermolecules. Stoddart ameders took
advantage of aromatic dor-acceptor interactions as a template méttw thread an electren
deficient viologen macrocycle onto an electrarh hydroquinone containing axle precur@éigure
2ii). The resulting interpenetrated assembteacsure, termed a pseudorotaxane, was thpped at
both ends to form a [2]rotaxane. Furthemm the authors were able to induce shuttling motion of

the viologen macrocycley manipulation of its chemical, redox and photophysgicaperties.

i) Sauvage - [2]catenane formed via a Cu(l) template

(—OTS

I,=\\
/I" \\\ I’l ™
A - Ny -—
‘ NN O/[:\,/E) [!\ t{;
! O/;\/O\/\O/\/O\ -
) @
st L st !
T

iii) Feringa - Molecular motor

(M)-cis (P)-trans

Figure2i) Sauvage’s solid state structure of a [2]catenasitt Cubound by wo phenanthrolines,
i) Stoddart’'s donek OOSLII 2 NJ Y2t SOdzt I NJ & K dzii idrfalSlightdfvé& A A A 0
molecular motor.

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

of acarboncarbon doule bond FigureZ2iii) .6 Due tothe advantage of moving molecules via a © n



invasved0 f a shis chanistry was able to be applied to a broad range of applications including
photoharmacology® and nanocaf$. The use of such molecular machines has been expanded to a
wide range of applications, where a molecular eletfatoade use of electrostatic interactions via
acid/base reactions to stimulate the movement of a trisgoyale) along tripodal arms, light
induced conformational change of a foldamardelective chloride recognitidh redoxmediated

intramolecular ion translocatiéhas well as anioinduced molecular shuttlidg

The project themef this thesis primarily focuses on molecular receptors for anion recognition. In
the following sections, this introductory chapter discusses the importance and clsatiEagen
coordimation chemistry, a brief review of the types of synthetic receptors binding anions through
various norcovalent interactions and how mechanically interlocked molecules can be exploited for

anion recognition and sensing applicatiafengsde other examples

1.1.2. Importance & Challenges of Anion

Coordination Chemistry

Anions play fundamental important roles in living organisms, where higigctive biotic anion
receptors have evolved to bind anions selectively. Phosphate species, essdif¢iarinfound m

the backbone of nucleic acids (DNA/RNA), crucial in storing genetic information, and in ATP and
ADP, which are vital in metabolic pathways and energy transfer in‘tdlise to the apparent
limited bioavailability of phosphorus, biomechanisms developed to haveaffighy and high
specificity for ghosphate over a g@ihora of competing anions. An example is the binding of
phosphate by the phosphate binding protein (R8R; 0.31 x 16 M at pH 8.5}° which occurs at
relatively low concentrations to meet the metabolic demands of cell baéf€hia.binding site of
PBPs E. Coli, Mycobacterium tuberculogisomprise of 8mino acid residue®rming 12 hydrogen
bonds with the phosphate anion, where the key residue (aspartate) wat® foawnel a short contact

forming a low barrier hydrogen borfBigure3i). Thiswas suggested to be responsible ferhigh



selectivity of phosphate over geometrically similar anions such as arsenate (~3 orders of magnitude)

or sulphate (~5 orders of magnitudé).

Chlorideion chamels (CIC) are transmembrane proteins regugaton concentration in cells,
genetic mutations of which givése to incurable diseases such as cystic fibrosigl salt loss and
hyperekplexia® In a study on the mechanism of chloride binding in CIC proteins (Salmonella
enterica Serovar Typhimuriuri, coli), analysis of the crystal struceureveals a hydrogeronding
anion bindingsite complementediy an electrostatically favourable arrangement of helices for

chloride binding(Figure3ii) .1°

Phet1 H  Ser3s
De o@p o
“H. Q7~H H
\\ \
HOs oy AN
Thr10 NSRRIt 0

N~ » N~ \
Ll ey >
H-"-"----0—R=0~---H.
L \ N/Y{
H®.H /,°~1 ---- Hen Mo
NI - O, O Gly140
L 4;
Arg -135 HN‘%,, e Thrid

Ser139

Figure3. i) Phosphatebinding protein with 12 hydrogen bonds involvéil) Bindingsite of chloride
ion Channel@IC) with hydrogen bonds (white dashed) and hydrophobic (green dashed) contacts of
amino acid side chains thlorideanion(red ball).

The agricultural overuse of nitrogeand phosphoroudsased fertilisers results in contaminated soil
and ground water egting freshwater lakes leading to eutrophication and the disruption of aquatic
life cycles. Nitrate in particular causes a stimulatdrsoil microbes whicltconvert nitrogen to

nitrous oxide (NO), a longlived greenhouse gas and stratospiuengleting sbstance.

The ubiquitous presence of anions in diverse environments results in their selective recognition being
a major challenge. Thexamples presented in this section highlight the crucial role anions play in

biology, physiology and the environment.tN@ has perfected the mechanism of selective anion



recognition and from this, inspiration is drawn in the design and synthesis t¢ abion receptors.
Researcimethodologies have been established to recognise and sense target anions of relevant
importance by means of understanding the intrinsic properties of anions (see next section) and

rational receptor design (Secti@r?) taking advantage of nezovalent interactions (Sectidn3d).

Intrinsic  Properties of Anions

The intrinsic properties of anions take into consideration the following: i) ion size and geometry, ii)
charge density, iii) polarizability, iv) pH sensitivity and v) enthalpy of hydrafié#?* Anions are

larger in ionic radius compared to cations, and therefore, have smaller Coulombic interactions due
to their lower charge density. They also vary in geometry ranging from simple spharass ke

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

acids or DNA structure@=igure4).

¢ o-o-or%q*‘

Spherical Linear Bent Trigonal Planar
(Ci, Br, I (Ns) (NQ) (CHRCOO
<
t _ ¢ %‘ k\_*t
¢
¢ 8 |
¢
Square Planar Tetrahedral Octahedral  Chiral
(AuCI, PtCF) (SQ@%, HPQY) (PR) 6 ‘helix DNA)

Figure4. Molecular models showcasing different anion geometries.



Furthermore, anions are pH sensitive; they can become protonated at relatively moderate pH values.
They also possess higher hydration energies cathgarthe smaller isoelectric cations. This is

reflected in the Hofmeister seri@iSigure5).

SO >HPO> >F > CH3COO >HCO3 > Cl'> Br >NO3 >I' > ClO4 >SCN

Hard anions Soft anions
Kosmotropic Chaotropm
Hydrophillic Lovy charge dgnmty
Highly polarisable

Hydrophobic

Figure5. The Hofmeister series from hard anions (left) to soft anions (fyht).

The Hofmeister series was established through the study of salts and their effect on the solubility of
proteins. The st stabilising anions were found to be sglynhydrated anions while those that
destabilised the protein the most were found to be hydrophobic in nature. Since then, the Hofmeister
series has been used to pertain to the classification of anion sol¥atianion binding studies take

place in solubn, the nature of host and guest solvation is particularly importagétermining

binding strength and selectivity. Compared to cations of similar charge and size, anions have
inherently higher free energiessolvation. For example, ions with simil@nic radius Fand Na
possess standard fr&ad)endradi as eofsi PydF)ltciamn |
465 kI mof a n danyf{Na) =-365 kJ maol.2*Consequently, anion receptors have a larger enthalpic
term to overcome upon binding an anion, where \yeassociating aprotic solvents (chloroform or
acetone) allow for relatively easier ding of anions while competitive protic solvents (water or
methanol) can form hydrogen bonding interactions forming highly solvated host and anion guest

species.

When t comes to the ability to selectively bind anions with high affinity, chemists loo&rtsv
nature, which has devised highly efficient and selective building blocks for recognition. The question

is then, can synthetic r ebostguesdrecognitioa capabildy? imne d t



an attempt to do this, chemists have exploregst range of host designs for anion recognition,
including acyclic, macrocyclic and mechanicalhterlocked structures such as rotaxanes and
catenanes. As a resulpian supramolecular chemistry has found applications in a wide variety of
areas. Fromurclear waste management where efficient, selective recovery of radioactive material
like pertechnate (Tcg) is performed? to syntheticreceptors for medical purposes like drug
delivery or tlerapy®. In all cases, selective anion 8ing is achieved by careful consideration of
host design, including preorganisation, hgsest complementarity and the appropriate choice of
noncovalent interaction& The latter can, for example, include electrostatics, hydrogen bonding
a n dholé donor inteactions like halogen bonding (XB) and chalcogen bonding (ChB), which will

be discussed further in Sectibre.

1.2. Fundamental Aspects and Considerations for

Anion Host Design

1.2.1. Complementarity

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

in order to achieve selectvinding.Complementarity of host cavity to guesttapeandsize has

been explained by two concept s: i ) -substrate 61 oc k
relationships and later ii) the induced fit model where the enzyme undergoes a conformational

charge to improve its binding of substrafés.
1.2.2. Principle of Preorganisa tion

The concept of preorganisation, first introduce
guestsare organized for binding and low solvation prior to thempkexation, the more stable will

be t heir Zc©oemspch exanspke dhg macrocyclic effect whereby a macrocyclic host,

providing hgh structural integrity and a shielded environment (i.e. from solvent), will fonmoe

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

preorganisatiorof a receptor results in thermodynamically stronger-gasts association, where



cavity shapeomplementanandlow solvation increases from acyck macrocyclic (see spherand

exampleFigureliii) < mechanically interlocked molecules (MIMS).

1.3. Non -covalent Interactions in Anion

Supramolecula r Chemistry

As mentioned irBection 1.1, noftovalent interactions are a fundamentalezs ofsupramolecular
chemistry. These nofcovalent interactions differ in interaction strength with thteongest

interaction approaching the strength of a covalendi§@able 1). This section will briefly discus

those norcovalent interactions that are commonly exploited in anion host design, specifically,

electrostatic interactions, hydrogen bondiirpoleinteractionsandanion” i nt er acti ons

Tablel. Noncovalent interaction strengtin kJ mot compared to covalent bontfs

Type of Interaction Strength (kJ/mol)
Covalent Bond 150450
lon-lon 100-300
lon-Dipole 50-200
Dipole-Dipole 5-50
Hydrogen Bond 5-120
- Interaction 0-50
van derWaals <5

Electrostatic nteractions are the attractiver repulsive forces between charged speci@is can be

described by Cothelfocen s équalta the produef each chargeyf), divided

by the squee distance between theentresf) and mul ti pli edkby Coul
0 7:{]‘ n

l

ombs



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

degrees of interaction energy dependent omliftance between the speci{@able 1)

Hydrogen bonding (HB)Yescribes the attractiverte between a hydrogen atom covalently bonded

to an electronegative atom such as N, O or F, creating an induced dipole moment along the covalent
bond which therallowsinteraction with a Lewis Base sualsan anion. This interaction is usually

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

the closer the contact$HB interaction strength can range betweé&nl20 kJ/mol Tablel).

G-Hole interadions involvingHalogen Bonding (XB): U-holes were first observed ralogenated
methanes (CE;CX, where X = halgen) where analysisf the molecular electrostatic potential
(MEP) revealed that the electrostatic potential (ESP) around the halogelsatnisotropic with
regionsof positive and negative values. In 2013, the International Union of Pure and Applied
Chemistry (IUPAC) presented a recommended definition of the halogertbartdi ch foccur s
there is evidence of a net attractive interaction between an electrophilic regiontadsaitia a

halogen atom in anolecular entity and aucleophilic region in another, or the same, molecular

entityo.
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Figure6. i) Representation of halogenbond where the electron withdrawing group covalently
bound to a donor atom induces areefropositive region which interacts with a Lewis base (A) ii)
Electrostatic potential (ESP) in Hartrees gctg#d on a surface of 0.001 3wf methane (A),
chloromethane (B), bromomethane (C) and iodomethané®(iid) Halogen bond donor orbitals
filled (dark lobes) and a region of electogjtive area (empty lobe) suitable for interaction with a
Lewis Base

The halogen bond (XB) is th@ncovalent interaction between an electron deficient halogen atom
(X), which is covalently linked to an electron withdrawing group R, and a Lewis BagEigure

6i).2%** The U-hole is #tuated at the halogen atom pole and is more electropositive than the rest of
the ESP of the halogen atom. Halogen bond strength increases from chlorine to bromine to iodine,
as iodine is the largest, most polarisable and electropositive hatbgens Eigure6ii) 213336 XB
interaction strength has been measured to be betwe2d01kJ/mol, comparable to HB Atomic

orbital analysis of this interaction found low significance in hybridisation of halogens, thus electrons
were found to be localiseatound they,, py and inner half op, orbitals, leaving the outex, orbital

to be electron deficienE{gure®iii) .3

d-holeinteractions involving chalcogen bonding (ChB), pnictogen bonding (PnB), tetrel bonding

(TB): I n r e c e rhole inteeaations otherlthan XB have started to gain research traction. The

11



rapid increase in interest led to the IUPAC workshop (Interashiomolving Group 14 16 Elements

as Electrophilic Sites: A World Parallel to Halogen Bond, 2017, South Carolina, USA) where the
scientific community discussed the definition, use of termseamndrging research in chalcogen
bonding (ChB) (Group 16), pnimjen bonding (PnB) (Group 15) and tetrel bonding (TB) (Group
14). Althoughthese names were coined recently, literature examples were found to have dated back

more than 30 years agb.

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

or Te) and dewis base (RCh--A) me d i @odles dn the ghaldbgen donor atom when bonded

to anelectron withdrawing group R. The Lewis acidity of heavier atoms in each periodic group
increases as the size, polarizability and electropositivity increases with atom size. However, due to
its polyvalent character, the electron distribution of these opatdéde molecules leads to the

f or mat i on -holes omthehotecularlielectrastatic potential (EQP)gure?). In particular,
ESPshave been@ opul ar vi s u a-hole®retgy values where pedhd-covalently
bonded halogen, chalcogen, pnictogen and tetmipgymolecules were investigatéd silico to

cal cul at e t h e-hokes(Figara79.t® Whe fodine menbfluoride possesses a single
concentated area of electropositivity, Te€xhibits a more diffused electropositive area. Due to the
geometry of Sbf the whole top of Sb islectropositive with a more intense belt around it while
tetrel SnEhas pr on o un cleokks appond kseitiel the rholecular ESP calculated for
iodopentafluorobenzene and benzotellurodiazole, the nature of donor atom (polarizability,
electropost i vity due to atom si ze) -holeedifferisignmifidardly , howeyv

(FigureTii).
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[ ] (
Group 17 Group 16 Group 15 Group 14
Halogens Chalcogens  Pnictogens Tetrels

> D

Figure?.i) Molecularelectrostatic potential calculated at the MP2/aegpVTZ level of theory with
MEP energy values indicated in kcal/r#fdl) ESP of¢Esl and benzotellurodiazole projected to an
electron density of 0.001 egltrons/bohe. Colour scale: 0.0 kcal/mol (red) ton¥value at 0.001
electrons/boht (blue). Black lines show extension of demtaGl or NTe bonds while grey lines
a K 2 shole positions?

Anion-~ i nt e mwleetthe atinastive interaction betweenamon with an electrodeficient

( ~ -acidic) aromatic surface, stemming from electrostatic interactions andndooed
polaisation?®***Amo ng t h e -inttiadtohse theeonets involving anions are less studied due
to weaker biding. (Sectioril.1.? -interactions are usually described with the usquaidrupole
moment (Q,) which defines the charge distribution above and below the central plane of the aromatic

S y st ebasic arénesdve negative @whi ch i s r epul s tawidic atmes haweni on s,

13



positive Q, whichcan form attractive intactions with anionsHigure8).*243" - * interactions have

been found to have strengths up to Sfnlol. (Tablel)

n-acidic n-basic

Q,,>0 Q,, <0

Figure8. Representation of quadrupole momentjbove and below plane of arenedere
electronegative arenes (eg. hexafluorobenzene) have positive wp@dr monents and arenes
such as benzene have negative quadrupole moments.

1.4. Synthetic Receptors for Anion Recognition

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

reports of synthetic anion recept explited positively charged Nihased motifs such as
polyammonium and guanidinium. Following which, the development of neutrddd$ldd receptors

involving amide, urea, pyrrole armérbazoles started to gain popularity. -B&ked receptors were

less poplar andnot as widely investigated until crystallographic evidence oECH hydrogen

bonding interactions were reported by Taylor and Kenffafithis was further highlighted in

Desimj u and Steiner 6s b o odongsiderexamples dykiroghnybdnthgg gen b on
interactions involving haloalkanésSince then, reported examples of Gaksed hostfor anion

recognition have becom&idespread and remains a popular motif. (HB, Sectidr.l) Receptors

b e a r 4haleg foranion recognition fia gainedrecentpopularity*® stemmingin particular from

solid state crystal engineering halogen bonding (XB) matér{@sctionl.3).

This section discusses in detail cationic and newn&bn bindingreceptorsthat functionvia
hydrogen bondingHB), halogen bondingXB) and chalcogen bondinghB) motifs. Positively
charged receptors have traditionally been used to function in protic polar organic and aqueous media

while neutral receptors operate largely in +pmtar aproticsolvents.The ability to design receptors
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thatcan function in a variety of solveniss led to their modification with reported groups for use

as sensorgSectionl.5)
1.4.1. Hydrogen Bonding  Anion Receptors

Hydrogen bonding donor motifs are the mwitely utilised in anion receptors. Their versatility and
ease of incorporatiofacilitates the opportunity to design suitable anion host receptors taking
advantage of the high directionality of HB interactionsafples of motifs covered in this section

include cationic and neutrBlH- and CHdonors.
1.4.2. NH -based Anion Receptors

Positively Charged Anion Receptors

The first synthetic anion receptor reported in 1968 by Park and Sinaesogbes macrobicyclic
ammoniun cryptand whichin acidic aqueous TFA &dtion was demonstrated to bind @ia *H
NMR studies Figure 9i).%° Subsequently, Lehn and -@mrkers developd a hexacationic
polyammonium cryptand containing a cavity of complementary size and shape forahshiaped
N3 binding Figure9ii) .4’ Protonation of the 6 NH motifs requéracidic conditions (pH < 3)miting

its use and that of related polyammonium hosts to certain pH windows. Havingoh pK5, the
guanidiniummotif remains protonated over a wide range of pH and its preorganiskdpéd HB
donor capability is suitable for oxoanion bindiffcA rigid chiral guanidinium basd receptor was
utilised for the recognition of aromatic anighindingp-nitrobenzoate with an association constant

of 1609 M! in CDCk (FigureSiii). 4°
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i) Bis-ammonium ii) Polyammonium iii) Guanidinium:

o,
e e G

]
v N'):FN
+ 0] O
NH, CI'" H,N

I

(<_\_/_>§ q G ' Q
\—\_/—/ <ENH2 - HZN% Q \ O
el WO U

Figure9. Chargeassisted NHbased anion receptors. Polyammonium receptors featuring i) Park and

Simmons first macrobicyctiisammonium cryptang Y R AA 0 [ SKy Qa KSEIFLINR G2V |
an affinity for N7 i) Guanidinium reeptor with Y-shaped anion binding motif suitable for

oxoanions?®

Neutral Anion Receptors

Amide bondsare commonhfoundin Nature making up peptide backbones in proteins such as the
phosphate binding protein (PBP detailefFigure3i). Inspired by convergent Hteractions found

in proteins the first amide receptor was reported in 1986 by Pamadl ceworkers®® They
synthesised a neutralagelike structure with three amide functionalities capable of forming
hydrogen bond interaction with inorganic anions such as[BMSO solution During the ensuing
years, numerous amidmsed receptor systems have been repdftdulk and ceworkers ascribed

a mdlecularoystaky whi ch ¢ ompr ilLpmwlge and Gananodicelinimagid subugits
forming a hexacyclic synthetic peptideigure10i).? This biomimetic receptor forms 1:1 hegtiest

6 s a n deoinpeked with S and I in highly competitive 1:2 BD/CHOH solvent systems

where association constants were found to be 36> and 8900 M respectively.

The highy acidic squaramide group Bdeen put to use in acyclic and macrocyclic anion receptor
design. Jolliffe and cavorkers synthesised a series of macrocyclic squaracaidiining receptors
which were found t@xhibit remarkable affinity towards sulfate in DMSQ@ solvent mixtures
(Figure11).> They argued that the comnmlation of cavity &ze complementary and preorganisation

of the tetrafunctionalised squaramide macrocycle was responsible for sulfate selectivity over other

tetrahedratlivalent anions such as selenate, phosphatetanthateReplacing the benzene spacer
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with 2,6-pyridine motifs further improved sulfate binding strength and degree of selectivity.

Sulfonyl squaramidésand sulbnylamide&® have also been exploited for theigh N-H acidity.

i) Amide

HN
) BM ﬁ,( 5
¢ = CN)T

&i]\” \ / S0Z > I \ / 6«

O, HV\OZ

)
|

N
- 0
3 X
O 0 NH HN 0
\Sf NH HN
HN — ) — 0
X SOy X
o) \ / \ // \H
NH HN
) HN
%>—NH y —%o 3
N
| o)
=
0]
,e \/)‘N (@)
3 H
X=CHorN

Figure10. Hydrogen bond motifs arising from i) squaramides #) amides ad sufonylamide
examples.

A popular HBdonor that has beesxtensively incorporated into anion receptors isuteamotif

(Figure 11). It is syntheticlly accessible and the acidity of theHNprotas can be enhanceg b
changing the C=X substituent from O to S or Se. Exploiting thehaped NH donors, urea
containing receptors have been widely employed for the recognition of anions with complementary
geometry, for example carboxylate&unnlaugssorand ceworkers repded a bisureabased
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receptor with two urea binding sites designed to target dicarboxyilaténg Figure 11i).5” By
monitoringfluorescence changes of the anthracene spacer dgtaugs found that the urea anion
receptor binds malonate (log 2.66) and glutarate (lbg= 3.77) in DMSO. In anotherxample,
Reinhoudtand ceworkers synthesised a macrocycle comprised of 4 urea units capable of binding
H-PQy within its cavity Figure 11ii).%® The macrocycle exhibits a 146ld selectivity towards
H.PQy over Cl with an association constant of 4.0° M1 in DMSO-ds. Thioureareceptors
functionalised with anthracermgucopyranosyl groups were found to bapable of the chiral
enantiomeric recognitionf amino acids in acetonitril@&igure1iii). *° Fluorescence titration studie
revealed enantioselectivity of the thiourea receptor f&ok-alanine with an association constant
of 23 900 M* and enantioselectivity of HKKp = 10.4.Expanding on previously published tripodal
urea and thiourea receptors as transmembrane aniondransy Gale and cavorkers synthesised
a tripodal selenoureaeceptowhich exhibited Cl selectivity in acetonitrile with an associati

constant of 4.9 10° M1from UV-Vis titrations Figurel1liv).®!
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Pyrrole is another robust Nblased HBdonor popularised by thégneering workof Sessler and eo

workerswith the highyielding onestep synthesis afalix[4]pyrrole®?. In its simplest form shown in

Figure12, the macrocycle was found have an affinity formFDCM. Solid state evidence revealed

the adoption of a cone comfoation withthe F guestsitting just above the plane of the macrocycle

stabilised by 4 pyrrole NBF hydrogen bond interactiofi$Three indocarbazole motifs covalently

linked together in #oldamer type structureas found to be highlgelective for bindings Qs> with

HB contributions from6 NH and 20H groups in the binding sitd.he anioninduced structral

conformational change also led to a-gedh i f t

association constant of 6.410° M1 (10% v/v CHOH/CH;CN) was determined-{gure 12ii).%

n
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f
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i) Pyrrole: ii) Indocarbazole:

Figurel1l2. Hydrogen bond motifs arising from i) pyrrddased receptor as a Céceptor and ii)
Indocarbazole with an affinity for $0n highly competitive organic sat mixture®

1.4.3. CH -based Anion Receptors

Neutral Anion Receptors

Hydrogen bonding CBanion interactions are generally weaker than their BiHOH- analogues
because of the greater electronegativity of the N aatb@$°. One of the earlgxampeswasfrom

the work of Farnham, Dixon and -weorkers where dluorinated macrocyclic ethebound F

interacting with CH hydrogens(Figure 13).°¢ More recently, Sessler and -emrkers took

advantage of an aromatic G interaction from a phenyl ring incorporated intcsteapped
calix[4]pyrrole receptorto efficiently bind CI- within its cavity Figure13ii).6” StrongerCl- binding

was observed in the strapped receptor (212° M) compared to free calix[4]pyrrole (2.210°

M-1) in acetonitrile

With the emer ge n ctleme lvas beéna sle@tpopilarity irteazolebasead ynotifs
in anion receptodesigndue to the& ease of incorporatiomn an example provided by Flood and co
workers, atriazolebasedmacrocycle [Figure 13iii - left) displayed significant hydrogebond
interactions forming a 1:1 hegtiest complex with HF, as evidenced throughl NMR studies as
well as UMvis titrations in CHCI,.%® Building uponthis work, Flood and cavorkers recently

reported a triazole cryptand with an exceptional affitutZl (10 M) in polar DMSO(Figure13iii
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- right).®° Solid statestructual evidencerevealedCl stabilised by 6 short GH CI- hydrogen bonds

from triazoles and 3 coatts from phenylenes.

As CHE anion interactions are known to be weak, neutral receptors witm@i#fs that can bind
anions in water are uncommon. One such example ibdhwbusuriimacrocycledescribed by
Sindelar and covorker<®. The water solublbambus[6]urireceptorFigure13iv), consistingof six
repeating units of glycouril with methylene bridgbmdsweaklyhydrated anions such as BPPFK

and CIQ" with association constant values of up to 518 M for the latter anion (ED, 20 mM
K:DPQy, pD 7.1) They concluded that the hegiest complex is stabilised by multiple weak&At
hydrogen bond intactions from the methylene units that form an equatorial position in the

macrocycle.
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Cationic C -H Anion Receptors

Cationic CHE A" interactions are characterised by strong electrostatic contributiopsriicular

imidazolium motifs have positive partial charge between the nitrogen at6msnendola and co

workers synthesised a tripodal imidazolium receptor wvbiodsClI- within the tripod cavity Figure

14i).7* An x-ray crystal structuresvealed three short GHA" contacts from the tripodal arms and 5

22



long CH interactions from neighbouring methylene units. The recepfmnadedwith electron
withdrawing pentafluoro benzersubstituents displayed strong binding of @I competitive
CDsCN/D,O mixtures. he positively chargettiazolium motifhas also been exploited fanion
recognition studiedn Pandey and cw 0 r k enga@ng interest in steroitbased receptors, they
incorporatedtwo triazolium moti§ as anion binding sites=igure 14ii).”> The metasubstituted
macrocycle was found to have animitfy for F (560 M) while its parasubstitutectyclic analogue
displaya an affinity towards EPQ; (1100 MY) in CDCk. More recently, Kim and cavorkers
prepared a pobtherlinkedcalix[2]triazolium[2]arene structure that was shown to exhibit seigcti

for Ho,PQy in acetonitrile Figure 14iii) ."3

meta substituted. A" = F
para substitued, A~ = H,PO,
i)

Figurel4. Cationic CHhased motifs in anion receptors. i) Amendola andvodkers imidazolium
tripod, ii)Pandey and cavorkers sterad-based triazolium macrocycle afigj Kim and cavorkers
crown ether calix[2]triazolium[2]arene macrocycle.
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1.4.4. Halogen Bonding Receptors

Originating in the areas of sohstate crystal engineering and materials chem#stfyhalogen
bonding (XB) has recently emerged as a promising and powerftda@ient interaction for anion
recogni t ihaeninteradtibnis ighly directiond and of comparable strength teB?122
(Sectionl.3). Importantly XB receptors hae been found to exhibit stronger anion binding affinities
compared to their hydrogen bonding (HB) analodtiés. This section will discuss anion receptors
with halogen bond donor motifs bearing different elecirithdrawing functionalities such as
neutralperfluoroarene anttiazole units cationic triazolium, imidazoliunand metalenhancedB

interactions.

Neutra | XB Anion Receptors

Commonly used irsolid statecrystal engineeringstudies’® & iodoperfluoroarylderivativeshave

been employeéh anion receptoréFigure 15).8! One of the first examples was reported in 2005 by
Resnati and Metrangolo using a heteroditopic XB tripodal host that binds Nal with an association
constant of & 10°M™in CDCk, 20-times more strongly than its perfluorghanalogue Figure

15i).82 Due to the par@osition of iodine atom substituent, convergent XB interaction fromhlé

arms of he tripod was not possible. Taylor and-workers synthesised an ortsabstituted
iodoperfluoroarene tripod where convergent XB

halides (Cl1> Br > I') in 1:1 hostguest stoichiometry (atine-ds) (Figure15ii).8!

24



Perfluoroarene

|) I/\ /\\ ||)
,:o N o\
@)
F F
O F F
F N F
F
F F
X=Forl
Triazole
iii) iv) N’N 7z |
\ N
n~4 N N'j<o(
O
N—N
HN cr I
i)
= N |
— NS
N\\N/NﬂNH
O  X=Horl
O, O<
TEG

R = 9-anthrylmethyl

TEG = tetraethylene glycol
TEG = tetraethylene glycol

Figure15. Neutral XBlonor anion receptors. PerfludroNE f Y 2 ( A F &triphdoexhibithg y I G A Q&
ion-pairing effect from binding N&A A 0 ¢ | @ £ 2 N & LINSBTRaNdEeImptAsSBHRas iii). G NA L
pre-organised bidentate triazotéiv) tridentate psudopeptide macrocy@dend v) tetradentate

triazole receptof®

Another popula XB anion binding motif isthe 5iodo-1,2,3triazole which has been widely

employed due to its eas# synthesis via Cu(igatalysed azidalkyne 1,3dipolar cycloaddition

25



6 cl i c k 6A bidentate ¢éxanple emplogmodotriazole units was reported $ghubert and co
workers studying the effect of preorganisatifig(re 15ii). 2 They found that the receptor with
preorganised iodotriazoles, due to intramoleculaEMIOcamazoHB interactions, exhibited a strong
increase in halide anidrinding affinity relative to the anafjous XB carbazole receptor without the
phenolic functionality. A macrocyclic pseudopeptide with three iodotriazole units described by
Kubik, disgplays a high affinity for Clin a competitive solvent mixturégg Ka = 3.28 in DMSQds
(with 2.5 % HO) (Figure 14iv) attributed to the rigidity of the macrocy#eThe foldamertype
tetradentate XB receptor reported by Baed coeworkers, exhibited a preference for larger, softer
anions =1>Br>ClI AcO H:PQsin CDCk (Figurel5v).85 Through tte peripheral attachment
of tetraethylene glycol (TEG) functional groups, the XB foldamer was deratet$tto be highly
selective for binding “lin pure water Figure 15vi)®, forming a dimeric 2:1 hosguest complex

assembly stabilisedamu | t i pl e eholat kabde and mydropliobic interactions.

Positively charged XB Anion Receptors

The XB haleimidazoliummotif 8"#wasincorporated into anion receptesignby Ghosh and co
workerswho investigated the anion binding properties eé@macationic iodemidazolium receptor
(Figure 16).%° Through®*C NMR and ITC experiments a 1:2 hagiest stoichiometric bindinig
acetonitrilewas deteminedwhere the strongest complex was formed wih (K, = 1.35 1C¢°
M), X-ray crystal structures afirmedthe participation of two diagonal fwinidazolium group
XB interactionswith halides wher€mi-1E Br was found to be 3.117 A (81 % of the vdW radii with

an almost linear XB angle of 179.23°).

The pyrroledicationic iodotriazoliurmhybrid receptor featuring both XB and HBotifs (Figurel16ii)
is capable of theedective binding of tetrahedral oxoanions:Pi® and S@*) over haldes inthe
competitiveCHsCN/H.O 9:1 v/vsolvent mixture attributed to thevider XB bidentate bite angle

that provides sizeamplementary for the larger oxoanicis
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i) lodoimidazole ii) iodotriazolium
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A @0 D K*2eahaRed XBideeraction bindingRD in a 1:1 hosguest complex?

Other thancationic charge assisted enhanced XB, direct intramolecular hydrogen bonding to the
halogen atom has been showrBsrryman and cavorkersto further increase XB donor potency in

an acyclic pyridinium receptdFigure16iii).%! To prevent theigid alkyne linkedarms from freely

rotating the central phenyl group of theceptor is amine functionalise@hrough DFT calculations,

they found the au gholetobeatribgable te HRjihndhcedoXB-ghE Ihas G
evidenced through sadlistate crystal structures showihg-NH; substituent forming intramolecular

HBs to both XB iodine donors withBNHE | distance to be 2.94 A and 3.00 A and angles of 168°
and170°Thi s effect is seen in the r edebipdngwhérs r e mai

I has an association constant of 36 908 iMa CDCECDsNO; (2:3 v/v) solvent mixture. It has
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previously been reported that complexation of*Renhances the acidity of the triazole proton
rendering it an efficient anion binding motifttv contributions from metaénhanced secorgphere
anion recognition mechanisf?® Ghosh andto-workers described a Rubased receptor with a
ligand containing iodotriazole motiF{gure16iv) that has an affinity towards, ROy (Ka = 1.94
10° M1in DMSO), as determined by monitoring anion binding induced perturbaitithe MLCT

emission bané?

1.4.5. Chalcogen Bonding Receptors

The application of ChB in anion recognition is only beginning to be explored, with the first ever
reported chalcogen motif used for anion bimdinvolving a bidentate borgklluronium moety as
Lewis acidic sitesKigure17i). Gabbai and covorkersdetermined theeceptor to b& selectivein
methanol® (K = 750 M1). Subsequently, Zibarev and -emrker$’ reported crystal structures
showing evidence of chalcogen bonding betweerd®yancl,2,5telluradiazole, iodide and a
[K(18-crown6)]" complex. lodide association constants were found t&Jde 68 x 10 Mt in
CH.Cl; and 1.5 x 1®M'! in CHsCN via UV-Vis spectroscopyFigure 17i). At the same time,
Taylor and ceworkersdeveloped a range of chalcogenadiaztesudy their potential as chalcogen
bond donor units for anion bindingrigure 17iii) .%8 In this detailed paper, a linear free energy
relationship wa reported between ChB bond donor ability and electrostatic potential of the
chalcogen centrd@he telluro receptor binds Gelectively with an ssociation constant to be 38 000
M-1in THF. Matile and ceworkers® utilised fuseethiophenes for anion transport studiéscusing

on thestrongest Clbindingsulfone bridged bisyano receptorHigure17iv) (Kq=1.13 + 0.03 mM

in THF), theydeterminedh c or r e | a t-holebondIsteegth eanainion téansport activity.
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i) Gabbai (2010) i) Zibrarev (2014) iii)y Taylor (2016)
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Figurel7. Chalcogen containing motifs for anion recognition.

More recently, Beer and eworkers® synthesised the first chalcogen containing neutral and
dicatioric interlocked structuravhere they demonstrate B NMR (acetoneds), X-ray crystal
structure and DFT calculations that chalcogens are capable of actimghdsewis basic donor
ligands for metal cation binding (Quand as Lewis acids for anion bindivia U-hole interactions

(Figure 17v). The Sereceptor has a strong affinity to $Owith an association constant of 3531
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M1 in 1:4 DO/acetoneds. The same grougprepared the firsineutral wateisoluble tetra
tellurotriazole folamer with selectivity for iodidéFigure 17vi).2 Due to the large size dhe -
TeCH binding motif, the coordinatetlalide anion is held above the plane of the receptor. ITC
experimentscarried out in pure D and molecular dynamics simulations support a 2:1
stoichiometric hosguestcomplex for binding 1(2.64 10" M2 in H,0) via multiple convergent

ChB {-hole interactions.

Selfassembly via chalcogen bondihgsalso been demonstrated where a selenium macrocycle
interaction witha surfactant 4dodecylpyridine N-oxide (DPN) results in the sedissembly of a
nanofiber while the tellurium macrocycle intaction with DPN prodces the selassembled
structure of a blayered lipidlike vesiclein an organieaqueous solution (1:2 v/v, THF8) (Figure

17 vii).1% Both assembly processes were found to be reversibleompetitive binding of halide

ions.

Having received increasing attention recent years, ChB haalso found apptiations in

organocatalysi&’?for example thdwydrogenation of quinolines with neutral Ginceptorg??

1.5. Anion Sensing

In addition to the recognition of anions, it is aflsirable for anion receptors to possess a reporter
group wheraupon binding, amacroscopicresponse provides @detection mechanism for sensor
applications Optical reporter groupsmployed includgoyrene (fluorescence response), transition
metal centres (luminescence respoaseyell as ferrocene fetectrochemicadensor appicatits.1%4
Displacement assays have also besgdsuccessfully where the binding of the target anion leads to
the displacement of a weakly coordinating fluorophore triggering an optical cHangstly, the
irreversiblechanodosimeter approach involvéee receptor undergoing a chemical reaction with the

anions!
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1.5.1. Optical and Electrochemical Anion Sensing

As mentioned abovepmmonreporter groupitegrated into anion receptor structural frameworks
are the fluorescent pyrene and re@daxive ferrocene motifé/olina and ceworkershave combined
both in the ferrocenaapthalene dyad receptdfigure 18i).2°’ Fluoride binding in DMSCraused a
significant fluorescent enhancemenfl2-fold) and a cathodic shift i n t he recept
ferrocené&erroceniumoxidation wave(190 mV) Another popularoptical signalling strategy is
through theassembly(or disassembly) of excimers which is often accompanied by signific
changes in the fluorescence. Pyrene is a popular motif for this applicatioe witromer
fluorescence peaks consist of sharp signals betweeAZE®Am while excimer fluorescence reveals
a broad peak ata. 480 nm. This was utilised in a pyrefinctionalised guanidinium receptor
selective for pyrophosphate (®*; PPi) where theidentate binding of the anion leads to a 2:1
hostguest stoichiometrpinding of the anion in methanodsuledin excimer formation (Figure

18ji) 108

i) Redox and fluorescent active dyad

0 0
— HEN L o F!}N &)
L—NH HN LS —NH HN

0 (%0

ii) Excimer generation upon anion binding

NH,
(Y
5=

HN’&NH
NH H
R D +NL
A SO gy
O Mp oK

- P
.89 0
0 "

Figure 18. Reporter groups like ferrocene pgyrene/naphthalene can generate a redox or
fluorescence response, respectively.
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1.5.2. Displacement Assays

Indicator displacement assays involve the exchange g&adndicator from the host upon anion
binding causing an optical change in its photophysicalgtigs. In a dinuclear Zhcolourimetric

sensor [Figure19), naked eye detection is due to the displacement of the pyrocatechblR)e
indicator where the compled PV is blue and free PV is yellegveen'® Upon addition of
pyrophosphate (PPi) anions, a 2:2 host guest complex is formed and the PV is released changing the

solution to a yellowgreen colour; the sensor is selective for PPi in MeGR/E8:2 v/v) saltion.

~ @D
4 N/

Blue complex

+ PPi
PV displacement

free PV in solution, yellow-green solution

Figurel9. Indicator displacement assay of a dinuclear zinc complex, pyrophosphate (PPi) as anion
guest and pyrocatechol violet (PV) as displaced dye indit%&tor.
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1.5.3. Chemodosimeter Approach

Fluoride, in the form of TBAF, is commonlysed in the deprotection thfe trimethylsilytprotected
motif due to strong Sk bond formation. A diketopyrrolopyrrole (DPP) dye with appended thiophene
functionality capable of interaofy with anions has beersed as a'Belective anion sensdFigure

20i top).1%°Using TBAF as a deprotecting agent, the DPP receptor demonstrated a fluorescent change
upon consumption of FThisreactionwastracked byits optical change where freeifRduces a blue
spectral shift in fluorescence emissand absorptiomPAnother chemodosimeter approach is the use
of molecules with a high quantum yield like boron subphthalocyafigere20i bottom) Its axial
position is easily substituted and upon replacitydoxybenzaldehyde with fluate fluorescence

is quenched signalling the binding of fluoride in THFE!1° The chemodosimet@pproach can also

be used in rearrangement reactions, for example a cysrideed benzyl rearrangement reaction
can be monitorestia UV-Vis spectrosopy where a blue shift from 412 nm to 356 immethanol

is caused by a change in structural conjugeffagure20i).1*
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i) Chemodosimeter for Fluoride

Amax = 617 nm Amax = 604 nm

Boron-fluoride adduct NO,

Amax = quenched

ii) Chemodosimeter for Cyanide

/IK‘

EtN =412 nm NEt; Amax = 356 nm

max

Figure20. Chemodosimeteaanion sensor examples ling fluoride and cyanide.
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1.6. Strategies for the Synthesis of Mechanically

Interlocked Molecules (MIMs)

1.6.1. The Mechanical Bond

The mechanical bond is the coming together of two or more components not by chemical bonds but
by virtue ofentanglement and interlkiong. Such entities surround us in nature and can be found in
proteind?? as well as ntbchondrial DNA® (DNA-[n]catenane or circular DNA) or even in

technologies such as DNA nanoengineetig*®

Relativelynew in chemistry, mathematicianaJe been fascinated by knots and links for a very long
time. Inspired by Lord Kelvin, mathematician Tait paved the way to the studlgaté and the
formulation of the mathematics of topology. Given the mathematicaMif@anterlocking systems,
chemiss seek the unique topology and cavity within these structures as a means to build synthetic

receptors which have come to have very useful applications.

Mechanically interlocked structures can be prepared through variaiegies. Two common
structures ar i) a catenamwhere two (or more) macrocycles are mechanically interloakedi) a
rotaxane which involves an ax{esually stoppered by bulky groups to prevent extrusion of the
macrocycle along the ajleand a macrycle Synthetic $rategies to formthese mechanically
interlocked molecules (MIMs) involve the pfermation of a pseudorotaxanehich upon using a
variety of methodologies such elipping, stoppering, slippage, shrinking, swelling and snapping
(Figure21) affordsthe final mechanically bonded molecule. 8ipping of a pseudorotaxane.g.

via ring-closing methathesis), a [2]catenaedormed; where 2 is the number of entities that are
mechanically interlocked. On the other hand,sbypperingboth ends ofa pseudorotaxane with
bulky groupsgives a [2]rotaxane. The bulky groups cars@lbe modified byshrinking and/or
swellingeither chemically or via an external stimulus. Macrocycles can also be sligipgage
onto a preformed axle or it ca be shrunkghrinking so it becomes small enough to prevent de
threading.Snappingis theformation of two halves of an axle within the macrocylic cavity while

clippingis the closing of the macrocycle around an axle.
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Figure21. Various technigues for the synthesis of mechanically interlocked structures.

1.6.2. Pre -Template Synthesis Era

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

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

was a topology similar to that of a caten&feAfter the publicabn of A Chemi cal Topol
Frisch and Wasserman, detailing the limitations of statistical methods, Schill & Luttridghaus
synthesised and isolated a [2]catenane via covalent bond directed synthesis. Soon radtar,atalr

Harrison isoléed the first [2]rotaxane which they tried to name hoopt&hEhe isolation of these

mechanically interlocked structures were the first evidence that such struobuidsndeed be

achieved synthially, howeverthe mitiple steps takegave extremelow yields.
1.6.3. Template -Directed Synthesis

The use of templatdirected strategie® assemble thevo component®f a pseudorotaxaneas
greatly improved the synthetic yield of MIMEhis has been awved by metal cationoordination,
donoracceptor interactiongiydrogen bondinganion binding and hydrophobic interactions. The
following sections discudhe different types of templatemployedand the plethora of architectures

obtained as a result.
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1.6.4. Metal Cation Templates

The first example of a metal cation template ufmdthe formation of mechanical bonds was
introduced by Sauvage and-amrkersin 1983 As noted earlier ifrigure2, binding a Cu(l) ion to
two phenanthroline ligandsave an orthgonal,tetrahedral metatomplex, which upon undergoing
a double ring clipping ether reacti@fforded the [2]catenania a yield of 27% Figure 22i).#
Subsequently, a single ring clippi@@r ub b s 6 c-dosirgImgtathesisadtiongmproved the
[2]catenanegyield upto 92% vyield Figure 22ii) .11° Since then a variety of transition metal cation
templates with a range of stereochemical ligand fields suchkgasre planar (P)'?°, octahedral
(RUPM)2, trigonal bipyramidal (Z#)'?2 and linear (A0)*2® have been utilised to form a variety of

interlocked structures of different topologies

"Passive"-metal template:

Sauvage (1984)
Williamson ether ring-cosing
27 % yield

ii)

Ring-closing Metathesis

Grubbs' catalyst

Sauvage (1994)
Grubbs' catalyst RCM
92 % yield
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Figure22® at F aa A @S¢ Y S kspecids & Wrinif preduBsorsindttiogdahl té edmh btlier
Lanthanidef-block metals have also been used to tempNdids. Taking advantage of theigh
coordination numbers @fither8 or 9, Beer and caworkers?*incorporateda lanthanide complexed
DOTA*within a macrocydt structural framewrk (Figure23)). Employing the lanthaniddl-oxide
pyridine interaction to assemble a pseudorotaxane, a stoppering reaction affof@@dttdneane in

20% yield.

NH HN a 'ring-closing metathesis'
(RCM)

Ln®* =EuorLu

Figure 23. Lanthanide (IIl) cation templated interlocked structures.
A molecular knot was synthesised using a lanthacatien as a templat&heinitial formation of a

ML ; complexcontaining thre@,6-diamidopyridine ligands with kéne functionalised ergroups,

ADOTA = 1,4,7,10Tetraazacyclododecarie4, 7, 10tetraacetic acid is a frequently used metal chelator known
for stabilisng lanthanide ions for medical applications such as contrasting agent.
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fol |l owed by Gnringllossm@metathesi@RCM) gaeedhe trefoil knot produ¢Figure

23ii).125

iii) "Active"-metal template:

AN X AN
» P »
N . N . N
;O @ OE EO ﬁ) (0} (0] O
(0] K (0]
(CH2)10 J (CH2)10 / (CH2)10 /

O@O

0 0 )
0 i o: 0
O\—- (CH2)10 / O\__ (CHa)10 J CK—- (CH2)10 /

Macrocycle [2]rotaxane

Figure24d & ! OG A @S¢ Y S'lcatdlysed & idalbyrie ySoadifioh redctitm. Schematic
illustration of the principle of CUAAKMT for rotaxane synthesis, wiee€u(l) (green ball) binds in
the cavity of a macrocycle (red shape) as a template for codmdgan alkyne stopper group to
OF NNE 2dzi OF NNB 2dzi GKS WOtAO01Q NBIFIOiGA2Y®

In addition to using a transition metal cation tengplat coordinate precursor compat®ein what

has been coined a fApassiveod s ensfermedhdnieal horet a l Cc a
formation. This active metal template (AMT) approach was first demonstrated by Leigh-and co
workers, usinghe highly regioselective Cu(baalysed reaction between terminal alkynes and

azides to produce l-g&ubstituted triazole axleuhctionalised [2]rotaxarsewith yields of up to

94 %25 This requires the endotopic bindingao€u(l) speciewithin the macrocycle, thuslowing

the cycloaddition reactiobetween an azidappended stopper and alkyappended stoppéo take

place within the macrocyclic cay (Figure22ii) .
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1.6.5. Orga nic Cation Templates

Organic cation templates take advantage of a range otowmalent interactions such asomatic

donoracceptor interactiorsndhydrogen bondingor MIM precursor assmbly.

Stoddart 6 s rstlerfiistmaléculastmuttlekempioyed the nefva mo u sb odxbd- ude, 4 6
bipyridinium based macrocycle precursor forming deacceptor interactions around a
hydroquinone functional group on the axiegure2)°Ringc | osi ng dfoxBhear dlbinde t h
hydroquinone functional group on the axle afforded tlweoular [2]rotaxaa shuttle. Later on,

Stoddart andcowor ker s synt hesi Olgnmpiadand avherdé itwo etris(Ir,5 n g 6
dioxynapthalene)[51]crowt5 are interlocked with h r e ebipyddiniind (methyl viologen or
paraquat)macrocyclesto form a [5]caenane,once againtaking advantage of donacceptor

interactions for the twatep selassembly of this supramolecular struet(ffigure25). Since then

Olympiadane famed from DNAcomponents havalso been synthesiséd.

Stoddart first described secondary ammonications tobe capable of forming interpenated
assembliesf macrocycliccrownethersvia a combination of electrostatics apolyether- hydrogen
bonding interactions'?® For exanple, Qu and ceworkers reported the synthesis af
hetero[4]rotaxane consisting af axle component withenzo[21]crowr7 (B21C7)terminal groups
with interpenetrating ammonium stoppers and a central ammonium statidockeer with a

dibenzo[24]crowr8 (DB24C8)macrocycle component, prepaiedb4% yield(Figure26i).12°

40



Figure25. ) [ SAIKQa hf&YLARFYS wp 6-acteptd yhterdcBond batdedry 6 £ SR
paraquat and hydroquinone® iib v Hefeéo[4]rotaxane synthesised via secondary amine
template 1

Loeb and ceworkers reportechn asymmetric [3]rotaxane synthesised via a combination of HB
between axle pyridinium linked ethytlB pr ot ons and c¢r own-stackifgefr macr
electronrich catechol an@lectronpoa pyridinium rings (Figure 26i2*2In an attempt to form

molecular shuttles for solid state materials, Loeb and/@ders took advantage of the versatile
benzimidazaum motif (Figure26i). When incorporated into a rigid-Bhaped axle, it has the ability

to adopt neutral, monocationic and dicationic states where the rate of molecular shutting of a
macrocycle along thaxle carnbe controlled by aciebase chemistry or lithiuroationcoordinaton.

The formation of this [2]rotaxane molecular shuttle was achieved in-pairgy/nthesis by mixing
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the macrocycle and a cationic halfle to form a pseudorotaxaseabilisedby electrostatic and

hydrogen bond interaction and condensation of the btiéaxle to yield a neutral [2]rotaxaf¥.

\ (7
/QN_/_NQ>_<;N_\_ N

@/ @

e,
"’I

Figure26. Loeb and cas 2 NJ| i§3Jdte@ane synthesised by threading DB24C8 via alkylpyridini
motifst31.132.134 i) [2]rotaxane molecular shuttle synthesised by threading DB24C8 onto an axle
containing 2,4,#riphenylbenzimidazoliurt?3

1.6.6. Anion Templates

The first anion templated interlocked structure was described by Vogtle andrkers® who
identified the high affinity between the secondary amides of tetralactam macrocycles serving as a
HB-donor and an anionic phenolate stoppégire27). Following addition of a stopper fuished

with a bromobenzylic functional group, the resulting [2]rotaxane was isolated ityigit¥o
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Figure 27. Anion templated[2]rotaxane via SN2 reaction between phenolatepper and
bromobenzyktopper within the macrocycle cavity held in place via HBs from amide groups.

Taking inspirati o-passive matal tSnplate, Baprahdwakens fepoyted

using a coorihatively unsaturated chloride anion of a pyridinium ion pair to fopreudorotaxane

assembly with an isophthalamide containing macrocyféfé® The solid state crystal structure

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

the respective pyridium thread andmacrocycle amide functional groupsigure 28i).1%
Subsequently a chlorideian-t e mpl at ed [ 2] r ot axanecatalyysasd REM epar ec
reaction (Figure 28ii). Importantly ftar the removal of the template, the [2]rotaxane preserves its

role as an anion receptor exhibiting selectivity for chloride.

Figure28. i) Xray crystal structure of chloriclemplated pseudorotaxane. ii) formation of chlorde
templated [2]rotaxane by ringlosing methetasis of balkene around the axle.

Interlocked structures carsal be formed if the anion template is part of the axieyaostaishaped

macrocycle was synthesised from cyanostillbene repeating units consisting of 5 inteithah &8
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(Figure29). Thesolids t at e st r uct udaekedrdinereaad iresdlutianthe maarbcycle
has a high affinity for phosphate in 2:1 hgsiest stoichiometry. Furthermore, a dialkygtesphate

template was used to prepare a [3]rotaxane via a click stogpedntion

o—

O

Figure29. A cyanostar macrocycle used to prepare a [3]rotaxane via an adiafignephosphate
template.

1.6.7. Neutral Templates

MIMs can also be constructed using a neutral templateagiprsuch as hydrogen bonding and

aromatic’ -~ d eanceptor interaction®\n example of the latter was described by Sanders and

co-workers involving electromich naphthalene and electrdeficient diimide groups to construct a
[2]catenandFigure30).13° Kaneda and cworkers synthesised the first Janus[2]rotaXavieerein

aqueous solvent medith e ¢ a v “cyclgdexiirf canUaccommodaszobenzene hydrophobic

guest speciefFigure 30ii). The favourable ncgs ov al ent i nt eceycodextiinoand bet we e
azobenzene forms two pseudorotaxanes which can then undesym bupling reactions where

bulky naphthols act as stogns4° In another examples, bis9-anthracengerminated polyethylene

glycol (PEG) chainis threaded through Bkcyclodextrin which upon irradiation can reversibly

dimerize tointerconvert between a [2]rotaxane and a [2]catelf@igare 30iii). 14

A Janus[2]Rotaxane refers to an interlocked structure wherebgxieecontains a bulky stopper and a
macrocycle on opposing sides. This macrocycle is then-clmgpd around anotherxla forming a
mechanically interlocked structure.

44



N 0N, 0
¢ o I\ Ho Lo
‘ | g NaOz;S O o/,—g;\ HY SO3Na
o ol N oo - DR
CC Rl OHEES- O g
( o ok F \— %0/ »-oHh
o IR R St byl iy Ry
C ’ o NkL gom
+HO 47
o ] O NaO3S "‘ O}EOHOH (0) SOzNa
Lo~ W

" e

HO

P

n]rotaxane B
(\ - I NP
o )
géO HN O [n]catenane

\—<\O

Figure30d A0 ! 2a&@ YSUNR O <wH 8 FH &) OysBIagNdxaRCiEe -
Photodimerisation of @nthracene to interconvert between a [2]rotaxane and [2]catendfie.

Seel

QJ\)‘ ™ oiQ/)j’"‘\,
.. OH '\(54

1.7. Applications of  Mechanical ly  Interlocked

Molecules

The development of synthetic approaches have made MIMs more easily accessible {S2&jon
allowing the synthesis of MIMs in sufficiequantities to be used in a variatfapplicationsThe
uniquetopology of the mechanical bond cdre exploitedn i) hostguest recognition and sensing,

i) drug delivery and biological applications, iii) catalysis and iv) nanomaterials, briefly discusse

below.
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Host -Guest Recognition and Sensing

The unique topologal cavities of MIMs have been used for the molecular recognition and sensing
of cation and anion guest species, enhancing selectivity compared-totertocked system¥?
Recently Goldup and caworkers reported a series of bipyridyl macrocyaenponentith triazole

and pyridineaxle containing [2]rotaxanes for the recognition of transition metal catiogsr&31i).
¥3Unusual coordinatoge omet ri es enforced by the rotaxanes?d
redox properties and stability. For example;rGtaxane complexes withBcoordination numbers

were formed and the pentadentaterGiaxane revealed enhanced electrochemicarséility in

its Ci*** redox couple compared to its nonterlocked counterpart. ThroudhV-vis and*H NMR
titrations, the athors concluded that the synergistic interplay between a sterically crowded binding
site and the mechanical chelate effect wapaasible for the unusually low coordination numbers

in these transition metal rotaxane complexe@nother example, Smitimd coworkers reported a
chloride [2]rotaxane optical sensaronsisting of asquaraine dye axle encapsulated within an
anthracengetralactam macrocyclé&igure31ii) .2*4Upon Ci bindingin acetone, lateral displacement

of the macrocycle along the axle cadiseredshift in fluorescence whictvasobservable by the

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

it can have on its surroundings
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i) Tridentate Tetradentate Pentadentate

M?2* = Cu?* and Zn?* M2* = Co%*, Cu?*,Zn?* and Ni%* M2* = Co?*, Cu?',Zn?" and Ni?*
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Figure31. MIM hosts for recognition and ssing of anionic guest species. B 6 RdzLJQa t (6L
OHBNRGFEFYS FYR AAO0 {YAGKQE OHBNRUOIEFYS 2LIGAOL

Biological Applications

The use of synthetic chemistry as a vessel for drug delivery is a highly established field. In the
process of druglelivery, the integrity of the active drug has to be kept, the delivery vessel has to
have | ow toxicity and tnbsePappdand evorlens yiedvelogell &1 ci e n.
biocompatible [2]rotaxane consisting of a few structural components thagsadiirese factors

(Figure32). Each of these componis plays a part in delivering the antincer drug paclitaxel into

the cancer cel(in rat plasma)which wasdemonstratecdby confocal microscopy and toxicity

screening?®
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Synthetic biomimetics are also impressive such as the one exemplified by Leigh-andkers

where a [2]rotaxane is capable of sequenced peptide syntRigsise32i). The axle contains three

stati ons &amne acid buddind block and as the macrocycle moves along the axle, it
O6picksd up the amino aci d eseguedcintihilgi $ nfimpoleed sled
machined was operated for 7 days in which the p

presence of triethylamine.

i) Enzyme-triggered [2]rotaxane releasing anti-cancer drug Paclitaxel
Self-opening macrocycle

Esterase-responsive moiety
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Figure 32. i) [2]rotaxane as an antiancer drug deliveryegsel. ii) Synthetic-&ation peptide
synthesiser.
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Catalysis

MIM catalyss can provide steric control by virtue of its mechanical btmetefore providing
stringent formation of desirezhtalytic productTakata and cavorkers reported the first catailyally

active rotaxane in the mediation of a benzoin reaction in good yield with reasonable
enantioselectivity demonstrating steric restriction stemming from mechanical bond for
enantioseletive catalysis to occur{gure 33).14’ Polylactide has received attention in the recent
years as diodegradable and recyclable polymer. Williams andvodkers have recently used a
novel [2]rotaxane for thésoselective synthesis of polylactid& ring opening fromrac-lactide.

They observed a correlation between macroeggle translocation rate vkt polymerisation

selectivity where steriaccess and monomer coordination sites were contr@lgdre33ii). 148

Bu (o
et oo

\7 Benzoin condensation
L OO

ii)

H 0
N o
oJﬁr v “OR

ring-opened lactide

Figure33. [2]rotaxane involved in lactide ringpening reaction.
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Nanotechnology

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

have vastly different propertieSinglewalled carlon nanotubes (SWNTSs) have unique mechanical

and electronic properties that are desirable as semiconducting materials or as bios¢afiiedsn

SWNTsare used as an axle component of a rotaxaigeie34),t he materi al 6s physic
were shown talisplay up to 200% improvementn Youngo6s modul W Thsnd t ensi
area of chemistry is not new however, techniques are still being developed to fullyteriseraod

study these materials.

MINT

Figure34. i) Mechanicallyinterlocked singlevalled carbon nanotube (MINT). ii) TEM images of
macrocycles around SWNTSs.
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1.8. Aims and Objectives of the Thesis

Although the field of ailon supramolecular chemistry has expanded enormously during the past few
decades, the application@hole interactions for anion recognition applications is wugeeloped

(see Sectioml.4.4and1.4.9. This thesis aims to further understand the fundamesitaisming

from anion binding hal og e-holebnteracionsrigs issanvedtigatdda | ¢ o0 g €
through new synthetic metts utilised for the preparation of noveholedonor hostolecules and

elucidation of their solution phase anion binding properties in competitive solvents. In addition, rare
halogen bond interactions will be discussed with the aim of creating nevatergphethods for the

synthesis of MIMs.

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

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

routes to incorp@te halogen and chalcogen bonding motifs into MIM stratfeameworks.

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

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

incorporated int@cyclic foldamer and macrocyclieceptorsaarediscussed.

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

XB iodonium species and discusses attempts to prepare MIMs via an iodomiplateeapproach.
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2 ‘ A-Hole Receptors for Anion
Recognition

A G-hole is an electron deficient region found on Groufd T4lements (tetrepnictogen, chalcogen
and halogen atoms) when they are covalently bound to an eledgttairawing group (Refer to
Chapter 1 for furtherelt a i | s-hole is Tapable 6f forming necovalent interaction(s) with
Lewis bases. This chapter will discuss tinermodynamic properties of the lesser studied chalcogen
bondi anion interaction, focussing onetlincorporation othalcogen bondingdhB) andhalogen
bonding(XB) donor groups, alongside HB motifs, into acyclic, macrocyclic and MIM receptors for

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

Macrocyclic Receptors A

Chalcogen bonding (ChB) is the attractimen-covalent interaction between an electd@ficient

divalent Group 16 element (S/Se/Te) and a Lewis basei si ng f r o aholeslorethet r o p h i
chalcogen aton®! Like halogen bonding (XB), its more weadlt u d i e d-hols interackon U
involving heavy Group 17 elements (Biftf ChB displays comparable binding strengths to the
ubiquitous hydrogen bonding (HB) with more stringent directionaibywing for greater precision

in three dimensional spatial control of hgstest binding. Nonetheless, there are important
differences between XB and ChB interactions. Most notably, while XB is restricted to an optimal R
X:-:B angle ofca. 180, the multval ent nat ur e of <chal coglmetoat oms
be present on the donor atom, resulting in a greater geometric diversity of interactions with Lewis
bases34 ChB differs electronicly from XB, being influenced not only by the intrinsic greater
electropositivity of chalcogen donor atoms compared to halogens, but also by the cumulative effects
of t he numb e r-holasnaupledpwitte taednatwef of adbvalently bonded substiuent
Although these unique attributes of ChB have been exploited in recent applications such as crystal
engineering?® pharmaceutic®* catalysisi®®151% sdf-assembly process&s'®® and materials
design®>® solutionphase ChB hogjuest recognition investigations remain extremely sc4fda.

particular, only a handful of ChB receptor systems for anion binding, including at¥lic,

macrocyclic and rotaxatf@ exampleshave been reported to date.

While several cationic Skased ChB receptors are knoffhe weakness of the-Te bond (bond
energy c.a. 200 kJ mYr®t makes it susceptible to oxidatiéhand metal insertion reactioffs. 16
Thus, despit¢heir potential for strong ChB interactions, cationiebésed receptors are extremely
rare?® with a recent example of the applicatidnacdicationic Tebased chalcogen bond donor as a

catalyst in a nitreMichael eaction reported by Huber and-eorkers!®®1®’ This is thefirst

A Work done for Chapter 2 section 2 has been publishedhem. Eur. J2018 24, 14560i 14566.
DOI:10.1002/chem.201803393
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dicationicTe-based chalcogen bond donor that was found to be stal#e amdient conditiaswith
crystallographic evidence confirming its structufde few reported functional neutral -based
anion binding receptortend to incorporatéhe chalogen atom into aromatic heterocycles such as

tellurophene¥ or tellurodiazole¥ for enhanced stability.

With the obgctive of gaining a greater insight into the nature of the ChB reeapion nteraction,

this section will discuss the synthesis of a novel robust monocationic telbesed ChB donor

motif 2.5re comprised of exocyclic divalent Te donor atoms covajdimked to a strongly electren
withdrawing 3,5bis(triazole) pyridinium groupSchemel). The inherent stability &.5r. enabled

the thermodynamic properties ChB-halide anion binding in polar aprotic and wet protic organic
solvent media to be determined. In comparison wiftléx and marocyclic Sebased receptors

2.6sq 2.11s (Scheme?) acyclic hydrogen bonding.5+ and fluorine triazole functionalise2l6e
receptor analogued-igure 35), the thermodynamic data helps to rationalize hber interplay
between ChB receptor, anion guest and solvent medium affects halide binding selectivity and affinity

trends.
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X =H, R = n-hexyl (2.2y)

Figure35. Anion receptors studied in Secti.

2.2. Synthesis of Acyclicand M acrocyclic Receptors

The acyclic receptor.1re and 2.3se were constructedising copper(l}catalysed azidalkyne
cycloaddition (CUAAC) reactions, either directlyofn 3,5bis(ethynyl)pyridiné®®i n a-p dto @ e
reaction or from the corresponding iodoalkifié¢ n a-p 6t &or e a tively good yields. r el a
Following this, the methylchalcogettnazoles were generated by aromatic nucleophilic substitution
(SNAr) of the iodotriazoles2(6, 2.74 and2.8) by reactiveamethylchalcogenide anions generaited

situ from methyllithium and the eteental chalcogen (Se/Te). While methylsel¢tiazoles were
previously accessél using a twestep procedur€? the use of THF as solvent allowed them to be
directlyformed in syntheticallyiable yields in one stepdm iodotriazole precsors.N-Methylation

of pyridine units in the neutral receptor precursb®e. and2.10se using iodomethandollowed by

anion exchange with aqueous Ntk afforded?2.1r. and2.3scin good yields of and 84% respectively.

(Schemel)
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Cu(CH3CN),PFg (cat.),

Ny TBTA (cat.), CH,CI,
| + R.T., 48 h
Z 2
F X 62 % Ny
N | = N,
> N | N
Nal, Cu(ClO,),*6H,0 /N \
al, Cu 4)2°0H;
N TBTA, DBU R R
I MeCN/ THF 1:1 R = n-CgH47 (2.6y)
| P + 9 R.T., 2 days I =H, R =n-CgHqg (2.7n)
// \\ 88 % R = CH2-CGH4-tBU (2.81)
Bu 1. CH3XLi, THF,
80 °C, 4 h for 2.91,;
81 % (2.971) 16 h for 2.10g,
65 % (2.10s¢] 2. CH4, R.T, 05h
X =Se or Te
I - N
| NS PFe 1. giy,%thmz | N
N = N P , = N,
N\I, I \ \\’N <2 0.1 M NH4PF6 (aq) N‘I I \ \IN
N N N N
Ch (Ch ;. (ch (Ch '\
R/ \ R 84 % (2.17e) R/ \ R

80 % (2.3g,)
Ch = Te, R= n'CsH17 (2-9Te)

= = n- 2.1
Ch=Te, R = n-CgHy7 (2.17) Ch = Se, R = CH,-CgH,-Bu (2.10s,)

Ch = Se, R = CH,-CgH,-'Bu (2.3g,)
Schemed.. Synthesis of acyclic ChB recepto
This approach was then adopted to construct the structurally more elaborate ma2rbgydlsing
a methoxymethyl (MOMjprotectedhydroquinone derivatve a CuAAC O6Cl i ck 6
bis-iodotriazole2.11, which was converted to bis(methyksebtriazole)2.12 by reaction within
situ generated lithium methylselenide. MGl#&protection under acidic conditions afforded the free
bis-phenol 2.13 and &2 ring-closing with triethylene glycol bitosylate afforded neutral
macrocycle2.14in 26% vyield. The target cationic macrocy@eés. was preparedby methylation
with iodomethane, then washed vigorously with an aqueous solution.fltd affordmacrocycle

in 56% yield. For all receptors;l NMR charaterisation confirmed the exclusive methylation of the

ADue to the lability of the<Te bond, synthesis of the analogouscdataining nacrocycle proved challenging
and could not be isolated in sufficient quantities for detailed anion binding studies.
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central pyridine functionality, whils£Te and’’Se NMR spectroscopy ascertained the presence of

the ChB donor atoms.

N

B | = I
I > N = N N N,
Z X ‘ “N N N
Z N Nl Cu(CIog)r6H0 N LN 1 chgsets, TH \ N,
TBTA, DBU 805 121
MeCN/ THF 1:1 E j : j
R.T., 2 days 0 0 2.CH3l,R.T, 0.5h o)
o —_— —_—
2 /©/ ~TN, 86 % 84°%
MOMO
OMOM OMOM OMOM OMOM
MOM = methoxymethyl acetyl 21
i Ny OTs  TsO
N = o
1. AcCl, MeOH, N ‘N\\N N
0°C,0.25h N—>g N, DMF, Cs,COs, I/\O
2.DCM,R.T, 3h E > sf j 70°C, 16 h [o
_
>99 % o ? 26 % 0
\\/O
/\/N
o
o 213 by 2.14
1. CHsl, CHyCl,
R.T., 16 h

2.0.1 M NH,4PFg (aq.)
56 %

0. N

O

o = PFg
ol/\ ~Se —

(
(0] _Se
\\/O\Q\ —_

N. ~N
0" "N
2.5¢,

Scheme. Synthesis ddecontaining macrocycl2.5se

A control receptor bearing fluorotriazole motifs not capable of halogen bonding was synthesised.
Adapting from previously reported synthetic procedifre2.8, dissolved in acetonitrile and an
agueous solution of potassium fluoride was placed in a microwave reactor. The crude reaction was
extracted with chloroform and subsequent purificatipsilica gel column chromatography afforded

28 in 52% vyield. To yieldthe cationic receptor2.8- was dissolved in iodomethane and
subsequently subjected to a series of aqueous wash. The combined organic layer was dried over

MgSQy and solvent removed wacuo to afford pure control recep®dr in 82% yield.
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Scheme. Synthesis of control receptor 2.4

2.3. Anion Binding Studies of Cationic Chalcogen -

containing Receptors

2.3.1. Anion Binding in Acetonitril e

The anion binding behaviour of recept@rére, 2.3seand2.5sewere first probed byH NMR titration
experiments in CECN. The addition of tetrabutylammonium (TBA) chloride2tdr. elicited large
downfield shifts of the signals arising from the intérpgridinium aromatic proton (Bl and the
TeCH: moieties Figure36), whilst giving negligible perturbations of protons &hd H,even after

10 equivalents of CINotally, significant downfield shifts of the TeGkroups were atsobserved
upon anion additionHigure 36ii). In contrast, no perturbations of any of the proton signassnayi

from the octyl chains (e.g.JHwere seen throughout the titrations. These observations strongly imply
that the Clguest is binding in the vicinity between the Te ChB donor groups. By monitoring the
shifts of H, nonlinear regression analysis of thigation data using the WinEQNMR2 softwéfe
determined anion association constantg @down in Table 1. For comparison, binding affinities

were also determined for the HB ret@panalogued.54).12 See appendix Al for titration protocol.
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Figure36. i) Partial'H NMR spectra df.5r.in the presence of increasing quantities of(J2l5rg=

1.0 mM, CECN, T = 298 K). ii) Partted NMR spectra of Tegptoton shifts after 1.0 eqv of Cl
The ChB receptoR.1re exhibits appreciable affinities for a rangé anions of differing charge
densities and geometries (Table 1). It is noteworthy that by replacing the Tiiid-with hydrogen
atoms in receptor.24, all anion binding affinities are significantly reduced tnagnitude.
Contrasting anion affinity prefences between the ChB and HB receptors inclutie binding all
the halides more strongly than acetate, whePeéasdisplays a higher affinity for acetate over the
heavier halides bromide and iodide. Whildstimay be a consequence of the contrasting
directionalities of ChB and HB, these observations also suggest tham€tilgated anion binding
may be less sensitive to anion basicity than HB interactions. For the halides, while anion affinities
for both2.1r. and2.2, decrease in order of charge deng®y > Br > I), 2.1t showed a larger
enhancement in anion affinity relative 2@, with the softer and more lipophilic heavier halides

and Br (Table2). ChB receptors shoaugmentedbinding affinitiesin the heavier halidecompared

toHBreceptor possi bl y

du-eot bd e n Havevepadttongsassdciation was
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obseved betweer?.1re and BPQy, showingan initial hostguest 2:1 bindingK>1) stoichiometry
that became 1:XK(1) at higher anion conceaations(Figure37). In contrast, HPQ; addition to2.24
resulted in precipitation of the hegtiest complex. The significant differences in anion recognition
properties betweeh 1r. and2.2, give a strong inidation that ChB interactions dominate the binding

of anions by2.1re.

Table2. Association constants §kM?) of 2.1reand 2.2, with different anions in GIGN at 298 ke

Ko/ M1
Anion
2.11e 2.2
Cl 652 (13) 263 (8)
Br 503 (16 106 (3)!
I- 305 (11)¢ 59 (2)
CHsCOO 269 (9) 198 (6)
Nz 330 (22) 92 (3)
K21 = 411 (40)°
H.PQOy -[bd]

Ky = 1530 (138)

[a] Values of Kdetermined using the WinEQNMR2 softwdtéy monitoring the internal proton
H., for 2.1rc and the triazole aromatic proton f&.24 using a 1:1 hostjuest bhding model unless
otherwise stated; Errors (z) in parentheses; [host] = 1.0 mMCKEDT = 298 K); [Bhalues previously
reported in ref.x’2; [c] TeCH protons monitored instead of ;H[d] precipitation of host during
titration.
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Figure37. Changes in the chemical shifts of (A) intepyaidinium aromatic proton kof receptor
2.1rewith increasing quantitiesf Cl, Br, I, CHCOQ Ny and (B) TeGhprotons for HPQ in CRCN
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([1.Te] = 1.0 mM, T = 298 K). For thEB®f titration, the TeCEklprotons gave significantly better fit
with a 2:1 hostguest binding model than.H

Further evidence of strong involvemea ChB in anion coordination was observed from the large
upfield shifts of2Tteh eNMRe Isli uydbappms) uppecaddition af 1. s
equivalent of C| which is consistent with the donation of electron density fronm@i the GTel *

orbital (Figure38).1%°

PhyTe;

trz-Te-CH3
1.0 eqv |

440 420 400 380 360 340 320 300 280 260 240 220 200 180 160 140 120 100 80 60
chemical shift (ppm)

Figure38. Partial'*Te NMR spectra &.1r.in the presence of 0.0 arid0O eqv of Cin ds-acetone
([2.1rd = 4.0 mM, T = 298 K,). A saturated internal standard of diphenyl ditelluride was used for

referencing (d-acetorS >~ 1 n N A=-DRPprd wpfiefd

2.3.2. Solvent Effects on Anion Binding

The significant anion affinite exhibited by2.1r. in CDsCN prompted us to determine the ChB
receptorés anion binding properties inss.a rang
Analogous!H NMR titration experiments ingehcetone revealed large downfield perturbations of

only the Hiand TeCH proton sigmals of 2.1r.. This indicated that despite the weaker charge
screening in acetone (di elheatcreitmnddmsdtl aent 00 == 32
favour electrostaticalbgriven binding in the vicinity of the cationic pyridinium nitrogeiora, Te-

medated ChB was still dominating the anion recognitidfore than an ordesf-magnitude
enhancement in thi, values were seen with Cland tin acetone Table 3) when compared to
acetonitrile(Table 2). On the other hand, more competitive solvents suck-B8EO resulted in
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considerably weaker Gbinding, whilst no detectable binding was observed in@D(Table3). It

is noteworthy tha2. 1r. showecdhoticeably weaker Chnion affinity comparetb the XB pyridinium
3,5-bis(iodotriazole) receptor analogué. & 387 M?) in ds-DMSO 172 Although telurium is more
electropositive than iodine, ghsignificant discrepancy observed in this case may be due to a
combination of the increased steric bulk of the larger TeChB-d onor gr oups, -t he
holes on the divalent Te atom compared to theawalent XBdonor iodine atonand the potentla
electrondonating nature of the methyl group covalently bonded to Te reducing the electron

deficienholg. of its 0

2.3.3. Anio n Binding inthe  Presence of D -0

The presence of water in an organic solvent has been shown to be detrimental to thiiaities

of HB'®and XB'"* hosts attributed to the increased energetic demands required to overcome anion
hydration for binding to occur. To directly compdhe effects of solvent hydration on Chigdiated

anion binding!H NMR titration binding studies were also performedhwtlr. in CD;CN/ DO

99:1 v/v and the resulting hegtiest 1:1 stoichiometric association constants are summarised in
Table 3 with binding isotherms shan in Figure39. Compared tohie K, values determined in dry

CDsCN (Table3), the presence of just 1% water by volume in theestlvesulted in a significant

mor

reduction of al/l anion affinities with trhe exten

energes (HPQy > CI > Br > I').24
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Table3. Anion assoation wnstants of 2Zlreand 224 in different solvents. [a]

2. 17 2.2y
Anion Ka(M7) Ka(M7)
ds-acetone de-DMSO CD3;CN/ D,O 99:1 | CD3:CN/ D20 99:1
Cl > 1040 43 (3) 122 (1) 79 (3)
Br -l -ld] 183 (4) 62 (2)
3528 (54) -[d] 139 (1) 44 (1)
H.PQOy -d] -ld] 100 (2) -l

[a] Values of K determined using the WinEQNMR2 softwdtasing al:1 hostguest binding model;
Errors (+) in parentheses; [host] = 1.0 mMVe@ND T = 29K). [b]*H NMR titration of CWith receptor
2.1re in ds-acetone were carried out at 298, 308 and 318 K, giving1&* M* in eachcase. [c]
precipitation of the hasguest complex observed during titration; [d] not performed.
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Figure39. i) Changes in the chemical shifts of internal pyridinium aromatic profarf i¢ceptor
2.1re with increasingquantities of anions in GON/ BO 99:1 v/v (R.1rg = 1.0 mM, T = 298 K). ii)
Changes in the chemical shifts of triazotetpns of receptoi2.24 with increasing quantities of

anions in CECN/ RO 99:1 viv @.24] = 1.0 mM, T = 298 K).
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As a consequence@,lre exhibits comparable affindgs for all anions studied, albeit with a slight
preference for Br The Hofmeister biasfdinding the heavier, ledsydrated halides in wet solvent
media closely mirrors the behaviour observed for XBt lsgstems;/® highlighting the similaity

bet we en blolk inteastions,tared contéasts with the binding preferences of HB donor hosts.
This is clearly lustrated by theK, values determined fd2.2y with the halides in CECN/ DO

99:1 v/v (Table3), which show a distinct arilofmeister biasKa of CI > Br > I').

Summarising the anion binding results, overallZd). binds anions more strongly than its HB
analogue? .2y under identical solvent conditions, this is espcthe case vih the heavier halides
bromide and iodide; (b) the nature of the solvent significantly influetivesstability of the
chalcogerbondedhostguest complexes, where the strongest associations are observed in aprotic
organic media of lowerglarity (d-acetme > CRCN > &-DMSO > C3OD); and (c) in wet solvent
media (CRCN/D-O 99:1)2 .27 displays the Hofmeister bias of favouring the bindifiithe heavier

halides.
2.3.4. Chalcogen Atom Effects on Anion Binding

Having ascertained the anion bindinmperties of2.17¢ in a variety of solvents, the effects of
substituting the Te Chonor atom with Se was investigated using recef@8gsand2.5: ASs no
evidence of binding with Clwas found using2.5s, in CD:CN, halide binding studies were
performed in the lessamnpetitive d-acetone. In this solvent, the addition of ©©lacyclic receptor
2 3sceliciteddownfieldperturbations of the signalsiging from the external aromatic protop &hd
the pyridinium methyl group §lconcomitantly giving anpfieldshift of Ha (Figure40), which is in

stark contrast to Cbinding by2.1re shownin Figure36.A

ALack operturbations of signals arising from the tBuAr@tdups (i.e.bl H and H) show that they are not
interacting with Chor invdved in any significant desolvation processes accompanying anion binding. The
possibility of the different terminal groups 2fSeand 1.Teaccounting for any differences in anion binding
behaviour can thus be ruled out.

64



Similarly, iodide addition only caused small proton perturbatiorthénpyridinium rgion of 2.3se
(Figure41l). By fitting the titration data to a 1:1 hegtiest stichiometric binding modeR.3s. was

found to form the strongest complex with the more chaeyese Cl(K, = 419 M?) compared to

iodide Ka= 190 M%) (Figure41 & Figure42).
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Figure40. Patial *H NMR spectra &.3scin the presence of increasg quantities of Cin ds-acetone

([2.3sd = 1.0 mM, T = 298 K).
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Figure4l. Partial'H NMR spectra &.3scin the presence of increasing quantities af tk-acetone
([2.3sd = 1.0 mM, T = 29R).
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Figure42. Changes in the chemical shifts of internal proton$ @freceptor2.3se with increasing
guantities of Cland tin ds-acetone (.3sd = 1.0 mM, T = 298 K).

Similar signal perturbations werg@so observed wuh the pyridiniumbis(methylselendriazole)

moiety of macrocycle.5s, whilst the rest of the macrocycle signals showed no appreciable shifts
(Figure43). These observations suggest thaigohot binding in tk cleft betweendith SeCH units

but is predominantly interacting in the vicinity of the cationic pyridinium nitrogem aib both

receptors, possibly driven by Coulombic attraction and HB interactions wigindHH. Indeed, the

possibility of competing B or to a much Igser extent, anieh i nt er acti ons, bet wee
cationic aromatic receptor frameworks bearing XBal groups has been recently demonstrated by

Huber and cavorkers!’® providing support for this mode of interaction betweera@ti2.3se/2.5se
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Figue 43. i) Partial®'H NMR spectra of macrocyd@esein the presence of increasing quantities of
Clin ds-acetone (2.5sd = 1.0 mM, T = 298 K). ii) Changes in the chemical shifgsidihiumprotons
of macrocycle.5sewith inaeasing quantities of Gh d-acetone (£.5sd = 1.0 mM, T = 298 K)

To provide further evidence, an analogous t@@tation experiment under identical conditions with
the bisfluorotriazole acyclic host analog@ed:= was undertaken. Significant downfileshifts were
seen for only Hand H immediately adjacent to the cationicrignium nitrogen atomKigure44i).
Furthermore, the similar Gissociation constants determinedZdise (Ko = 450 + 23 M') and2.4-
(Ka= 411 + 21 M), obtained by monitoring the downfield shifts of, lds well as theery small
perturbations of the SeGH’Se signal{ ogdr +1.1 ppm over 10.0 equivalents of)dbr 2.3se
lends further support that $eediated ChB interactions play only a minor role in the halide anion

association o.3seand2.5se (Figure4diii) .
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Figure44. i) Partial'H NMR spectra a.4¢ in the presence of increasing quantities ofitCids-
acetone (.47 = 1.0 mM, T = 298 K). ii) Changes in the chemical shiftgridfnium protons of
recepta 2.4¢ with increasing quantities of anions ig-acetone (2.4 = 1.0 mM, T = 298 K). iii)
Patial "’Se NMR spectra @f3scin the presence of 0.0, 2.0 and 10.0 eqv einGk-acetone (2.3sd
=4.0 mM, T = 298 K). A saturated internal d&nd of difhenyl diselenide was used as a reference
peak (@ OSG 2y ST + & pld ppulddmfield.p + { S

Although one may expect that the ChB donor properties 4faSed receptors to be inferior to-Te

containing analogues owing to the reduced pdaility of Se, the weakness of the GlaBion
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interactions with2.3se and 2.5s¢ is surpising, consideringthat cationic methylselerwiazolium
(direct N-methylation on the triazol®f and divalent chalcogergenzimidazolium motif$® are
potent ChB don in both the solid state and in solutio@learly, polarisation of neutral
methylselendriazoles with a central cationic pyridinium unit is insufficient to rendetitheles on

Se electrordeficient enough for strong anion interactions.
2.4. Thermodynam ic Contributions to Anion Binding

The thermodynamic enthalpic and entropic contributions behind the ChB halidéemlioy trends
were elucidatedby variabletemperaturgVT) *H NMR titration experiments. Measurements were
performed at temperatures spamgnat least 4K to determineK, values in dry and wet GICN as

well as d-acetone. Evidence of anion association was obsetvedeakenwith increasing
temperatures. Notdy, 2.1 did not show any evidence of thermal decomposition at temperatures

as high as 338 K even in the presence of water, a testament to its thermal and chemical stability

(Figure 45).A
b ¢ | pyN-CHj
100equCl  a | u
"y
2.0 eqv Cl \ 1 N _— u
1.0 eqv CI \ | )
0.0 eqv CI A ] L_

10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0
Chemical Shift (ppm)

Figue 45. Partial'H NMR spectra df.1r. at 338 K in the presence of increasing quantities af Cl
CRCN (R.1rd = 1.0 mM) where Hs the internal pyridinium proton and i3 the external pyridinium
protons. Note the absence ofceptor decaposition at 338 K.

A For all host systems, halide gtseand solvent conditions studied, plots oflagainst T gave excellent
fAYSENRGE O6put SINBE2YQa wp B noddpdpd AYRAOFGAY3I yS3atAIA
temperature range studied due to enthalpic invaria(@GedH/dT).
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2.4.1. Elucidating Thermodynamic Properties of

Chalcogen Receptors

Association constantK) gathered from VT*H NMR titrations albw the enthalpic £0O) and

entropic ¢"Y term to be determinedat he vanét “Hoff equati on:

- YOp YY
YUY Y
Plotting InK against-, gives, —— asthe gradient, and— as the intercept of the linedit.
Hence the chandrenthalpy$©O wi | Il determine the typeOof vanodt

T (negative gradient) represents an endothermic reaction wadile 1T (positive gradient)

represents an exothermic reaction.

The vanoét Hedfdr reqeptoR.1rs52.20 D3keanid2.5scin various solvents are shown

in Figure46. From the plot gradients, the exothermic and endothermic trends cdséeed. VT

titration measurements carried out in dry and wei@\Dresulted in receptogslre and2.24 having

positive gradients which suggests exotherbiiitding events while Seonfining receptors have

negative gradients suggestiagdothermic bindig events. As seen froffigure 46, al | vanodt Ho
plotsgave excellen | i ne of best f i tRvdug>0.99.9By usiagite uGabbdd Pea
free enery equaton,YO YO "WYthe ther modynami c G aHghddg® bi ndi ng

is collected inTable4 and representedsually in Figure47.°

ARis the ideal gas constant (8.314'3t01)

vl f Ay SHofflploPdssiifies that enthalpy and entropy are constant with temperature changes where
any nonlinearity (firstorder approximation) suggests that different species has different heat capacitie
9Binding isotherms and associations constants can Imel fiouAppendix A2.
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Pearson's r value

6.5~ 0.991
0.993
6.0
L )
N -~ 0.998
s s %0994
X
£
B 5 0.993
- ® 2.1, Clindry CD,CN
5.01 - = ® 2.1, Brindry CD,CN
_ ® 2.2,Clindry CD,CN
. 214, I'in dry CD,CN
o 2.1, Brin wet CD,CN
45 T T T T T
0.0030 0.0032 0.0034
1T(K™)
ii)
9.0 4 Pearson's r value
0.9997
8.5 4
8.0
7.5 1
\E-« 7.0 1
X ]
£
6.5 )
] -0.9918
6.0
] e 24 withr -0.9996
55 ® 23gwithCr '
@ 2.5, with CI
50 T T T T T T T T T 1
0.0030 0.0032 0.0034 0.0036 0.0038 0.0040

UT (K

Figured6d @I y obsiisholigg®he chidiges of association constap(K) i) 2.17e and 2.2y
with different halides at different temperatures (T (K)), determimsing VI*H NMR titration
experiments. Errors (x) of K are indicated as error bars ([ro&tD mM,solvent = CECN or
CRCN/DO 99:1). ii)2.3se and 2.5se with different halides at different temperatures (T (K)),
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determined using VIH NMR titration egeriments. Errors (z) of K are indicated as error bars ([host]
= 1.0 mM, solvent =geéhcetong.

Tabledd ¢ KSNXY2Re@YyIlI YAO LI NIYYSGSNE o6pDI RLie22yR ¢n{ o0
2.3seand 2.5scin various solvent mixtured!

S/N  Host Solvent Anion i eV TS/
kJ mol* kJ mol* kJ mol*

1 CDsCN Cr -16.1 -12.8 +3.2

2 CDsCN Br -154 -15.2 +0.1

3 2.17e CDsCN I -14.2 -16.6 -2.4

4 de-acetone I -20.2 -9.9 +10.3

5 CDsCN/ DO 99:1 Br -12.9 -12.5 +0.4

6 2.24 CD:CN CI -13.8 -2.9 +10.9

7 23se  ds-acetone Cl -15.4 +3.6 +19.0

8 25se  ds-acetone Cl -15.1 +6.2 +21.3

[a] Errors for indinual titrations <10%; [host] = 1.0 mM

2.4.2. ChB -mediated Binding of H alides

In CD:CN, the ChBmediated binding of halides @lr. (Table 4, entries 13) was found to be

strongly dominged by enthalpy in all cases. Thisespecially the case with bromide and iodide

which exhibit significantly larger exothermic enthalpaluesthan chloride. Interestingly, whereas

the binding of chloride is also entropically favourable, an almost nielgligntropic contribution is

obseved for Br and entropy is disfavoured for Clearly, the reduction in binding affinity observed

with theheavier halides is driven solely he increasingly unfavourable entropic contributions. It

has been previouslgemonstrated computationally thatéractions between ChB donors and the
heavier, 6ésofterd and mor e poy/thargerasstelchaeactdf’al i des p
which may paty account for the increasing exothermic contribution observed fdordmide and

Te-iodide chalcogen bond forman. It is interesting to note thatsimilar trend of more exothermic
binding compensated by grSevastfavoural® io allscaseshintieent r opy
binding of Ci, Br and I was previously reported with iodoimidazolium XB hoSfsNonetheless,

the varying extents of halide desolvation during the anion binding processsuaartly contribute

towards the thermodynamic trends observed.
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99:1
dg-acetone CD,CN CD,CN /D,0

kJ mol
o

-10
-15
-20

-25
Cl- Cl- I- Cl- Br I- Cl- Br
211, 2.6, 2.5, 25, 25, 25, 25, 25

mmAG (kJ/mol) -©-AH (kJ/mol) —A-TAS (kd/mol)

Figure47. Thermodynamic parameters of recept@&re 2.2+, 2.3se and 2.5scin various solvent
mixtures to halide guests.

2.4.3. Influence of Solvent

As shown inTable4, dramatic enhancements in the &id I affinities of 2.1, was found in ¢

acetone compared with GON. Due to the very strong association of (. > 10 M?),
thermodynamic binding parameters could not be determined accuratelydsinf MR vanot Hol
analysis. Nonetheles2.1r.-I" binding in @-acetone was observed to be driven by favourable

enthalpt and entropic contributiong éble4, entry 4), in contrast to binding in GON (Table4,

entry 3) which was exclusively enthalpicatlyiven. Surprisingly, the greater ia#i affinity

observed in glacetone was not reflected in a larger exotheremthalpy value; indeed, the
exothermic magnitude is significantly diminished. Instead, the augmented affinity results from a

favourable entropy increase. This unexpected rediiffisult to rationalise, given that both solvents
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have similar Gutmann dor/acceptor numberS (DNacaone= 17.0 > DNcetonitrile= 14.1),(AN acetone=

12.5 < ANcetonitiie= 19.3) and free energies of iodide solvati6tiNonethdess, these observations

may be a consequence of changes in the solvent structure followirguiesstbinding. In the liquid

phase, theoretical simulations have revealed that a@&temhibits smaller degrees of shoahge
molecular ordering than acetonitrifé with the latter adoptingishaped and head-tail antiparallel
configurations between neighbouring nmlkes. Upon binding betweendnd 2.1y, the released
CDsCN molecules undergo a greater extent ebreéering compared withsehcetone, giving rise to

a greater entropic penalty. A similar reasoning has been invoked to account for the exothermic, but
entopically-disfavoured anion binding in solvents exhibitingegicbe of structuradrdering such as

watef®? and chloroform®3

The vanét Ho fhinding bya.1ry\nsCD:EN/ DO 99BLv/v (Table4, entry 5) proved
insightful in elucidating the thermodynamic origins of the reduced anion affinities observed in the
presence of wateiT@ble 3). Compared to pure GON (Table4, entry 2), Brbinding in the wet
solvent retained the dominance of the enthalpic driving force over entropy, despite reducing the
exot her mi ¢ ma27ki mot).deis obsgragatibis consistent with previously reported
computational findings on the effect$ lmalide hydration on ChB bindin§°the bindirg of hydrated

halide anions brings the associated water molecules in its hydration shell into close proximity with
the Te atoms, which disrupt the Te-~BhB interactions. Athte same time, the stronges®--Br
interactions compared with CICN, refleced by the large acceptor number o AN = 54.8)178

makes desolvain enthalpically unfavourable. The factors in combination may manifest in the

diminished exothermicity observed.
2.4.4. Differences Between ChB - and HB -mediated
Anion Binding.

To understand the unique aspects of @n&liated anion binding, the thermodynampérameters
for the binding of Clto 2.24 were determinedT@able4, entry 6). Although Clbinding was driven

favourably by both enthalpy and entropy in4ClN, the entropic term dominates 2y, accounting
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for nearly 80% of the free energy of biimg. In ontrast,2.1r.E CI binding was mostly dominated

by enthalpy Table 4, entry 1). A favourable entropic contribution to binding of anions to HB
receptorsn polar aprotic deents with significant hydrogen hd basicity®* such as acetonitrité”

188 has been attributed to desolvation of the Lewis acidic host binding site during anion
complexationt” The difference in thermodynamic signature watre may suggest that its ChB
donor binding cavity is less extensively desolvated during anion binding. As the process of
desolvationis inherently endthermic, this may also partly account for a much smaller exothermic
binding contribution observed f@.24 compared t®.1r.. Similarly, CI binding by2.3sc and2.5se

in ds-acetone was found to be driven exclusively by entrdmble 4, entries 7 and 8), in stark
contrast with that for-lbinding by 2.1r. in the same solveniTéble 4, entry 4). As mentioned
previously, the Se atoms are insufficiently polarised by the d¢afpgmidinium-bis(triazole) receptor
framework to allow strong ChB interactions with the halides, with dcbnsequence that halide
binding by 2.3se and 2.5s¢ is predominantly electrostaticaltyriven, unlike the ChB interactions
primarily responsible for binding by2.1r.. The large entropic driving force observed in each case
is thus consistent with exteéme hostguest desolvation upon anion association, whilst the absence
of strong directional bonding interactions (e.g. HB) formed bet@eéknand?2.5sc with CI results

in the lack of any favourable enthalpic contribution. Nonetheless, althougtbsi#eCl- interaction

is more favourable entropically, this is offset by a larger unfavourable endothermic enthalpy,
resulting in almost identical Claffinities for the Se receptors. Although this difference in
thermodynamic signature is likely a consequeri¢hestructural differences betwe2Bs.and2 5se,

no significant macrocyclic effect is observed which may be due to the exocyclic association of Cl

on the pdphery of the macrocycl2.5se
2.4.5. Concluding Remarks

The synthesis of novel cationic CHisedacyclic and macrocyclic anion receptors, that importantly
are stable at ambient and alleviated temperatures, allowed the elucidation of their anion binding
thermodynamic propertiegia VT *H NMR titrations. The stability of macrocych5sc.encouraged

a aubsequent investigation into the integration of @hdors into interlocked hosts which is
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presented in the last section of this chapter (Se2tibd). In an effort to provide more insights into
G-hole anion interactions, tHellowing sections discussyhrid XB-HB (Section2.5) and ChBHB

structures (SectioB.7.3 for anion ecognition that contain thioamide HB binding motifs.

2.5. Hybrid XB -HB Interlocked Structures Containi ng

Thioamides

Thioamides are known to possess more acidic protons than their amide counterpaaigearekn
incorporated into receptors as anion binding fagtit’®88189t has been eorted that isosteric
substitution of an amide HB donor with a thioamide donor results in incrapgedbindingaffinity
due tolone pair (n) ® ~ * e | edelocalieatiart® For example, Jurczak and -emrkers,
developed a range of acyclic pyrrddased amide and thiodghe receptors for anion recognition in
DMSO0/0.5% HO solvent mixturé®® A comparisorof the binding constants found the thioamide
receptors exhibitech stronger affinity towarsl benzoa and chlorideanionsthan their amide
analoguse. Also BowmanJames and eworkershave showmolythioamide macrocyclds display

higher affinity for HPQy, HSQ; and Fin DMSO compared tthe cyclicamide analoguse*®?

The synthesis of a novel thioamide macrocy222 (Schemeb) wasinspired by the reported

significant evidence ohalide anion - halogen bond covalency in a mixed HB/XB [2]catenane

2.1%g'"? consisting of XB bigodotriazole pyridinium2.15 and HB isophthalamide macrodgc

2.1+ components§chemet). Using a Cltemphte strategy and rirgosing metathesis (RCM) of
vinyl-appended XB pyridinium precurs@rl5and isophthalamide macnde2.16chwi t h Gr ub b dé s
Il catalyst (10% wt), [2]catenar®217xs Al was isolated im1% yield. The catenane exhibited very

strong Brand I affinity (Ka> 10* M) in a competitive aqueowmganic solvent mixture (10:45:45
D,O/CDCE/CD30OD). Importantly, this XB/HB catenane proved to be far more potent and selective

for the heavier halides when compared to the HB [2]cate@dlis.1% It was of interesto

investigate the influence of HB donor ability on the anion recognition properties of a tavgstitte

macrocycle containing XB/HB catenane analogue.
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Schemet. Previously reported mixed HB/pcatenane 2.1772192

2.5.1. Synthesis of Thioamide Macrocycle

The synthesis of the target thioamide macrocgcB? was achievedia the initial preparation of
previously reported isophthalag@é macrocycle.16'¢ (Schemeb). t-Bu-isophthalic acid chloride
2.19 was synthesised from tlecerresponding commercial acdl8via reaction with oxalyl chloride

and a catalytic amount of DMF and used immediately withartihér purification. Rduction of bis
azide 2.20'*3 using hydrazine monolklyate in the presenasf 10% Pd/C afforded the bamine
macrocycle precurs@.21in 84% yield. High dilution conditions were used for amine condensation
of precursor.19.s,* and2.21in the presence of triethylamine in dry DCM to give macrocycle
2.16., in 38% yield afterchromatographic purificatiorilhe amide groupof 2.16.s, were then
converted to thioamides usreagent td divenacrocytle@.22t hi onat
Evidence of full conversion to thioamides was confirmed by IR spectroscopy. The characteris
amide carbonyl C=0 bond stretchd 6.5, atca. 1660 (+ 20) crt (as a strong band) was replaced

by the thioamide C=S stretch at 1117'cimagreement withiterature observatioris*

Alnstead of isophthalic acidhutyl isophthalic acid was used to increase solubility of final macrocycle.
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Schemés. Synthesis dhiophthalamide macrocycl2.17.

Small and poorly diffracting crystals of macrocy@22 were obtained by slow evaporation of
acetonein water The crystal suffered considerable beam damage during data collection using
synchrotron radiation, and hence relalyw low-quality data were obtained. Nevertheless, the
structure of the macrocycle was unambiguously determined showing unequivocal evidémgce o

thioamide functionalities present. (See Apperidlixfor further details)

Figure48. X-ray crystalstructure of macrocycl2.22. Thermal ellipsoidare displayd at the 50%
probability levelRed = Oxygen; Blue = Nitrog¥ejlow = Sulfur.
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