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General Introduction

1.1lon-pairs recognition

An ion pair consist of a twparticle aggregateformed by one negatively charged
atom or molecule, an anion, and agitively charged one, a catigRrigure 11). In
the gas phase, botparticlesare bound together due tothe strong and attractive
Coulombic interactions that arise between therh In recent years we have
experiencedincreasing interest towards the recognition ohargedspecies by
synthetic receptors in the field of supramolecular chenyisThis isa direct effect
of the investigations of the crucial role that anions and catiplasy in biological
processeg3Indeed, a myriad of supramolecular architectures have scribed
through the last decadewith the sole purpose of mimicking and studyitige
interactions that anions and cations stablish witbbre complexiological receptors
such as proteins.

Figure 11. Schematicdrawingsof ion pairs and its complexes. a) Clasmtact (top) and solvated
(bottom) ion pair; b) anion (top) and cation (bottom) receptors with solvated counterion and c) ion
pair receptor

Cation recognition isypicallyachieved through the establishment of catidsand
Coulombicinteractions between the host and thecation of interest Neutral
syntheticreceptorsfor cationsusually bear electron rich aromatic rings as well as
heteroatoms possessing lone pairs, such as nitrogen or oxygen atoms, able to
stablishfavourableelectrostaticinteractions withthe cation* However, due to the
small sizehigh surfacechargedensity and the similarshapeof most relevant
inorganiccations (such as Nar LI, the design of the receptorfor cationstends
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Chapter 1

to be simplerthan for its anionic analogug® The most widely used synthetic
receptors for cation bindingare crown-ether and its derivative$®

Syntheticreceptorsfor anions on the other hand, need to be carefully designed to
obtain a suitable binding sitiat fulfil the coordinationrequirementsof the anion

to be bound’® This is due to the wide variety in shape and size of most common
anions studiedn supramolecular chemistne.g. sphericahalide anions compared

to lineal cyanateor trigonalplanar nitrateanion The binding ppcesgsof neutral
anion receptorsare driven by the establishment of wealon-covalentinteractions
such as hydrogen bondshalogen bond¥*'? and anion Sinteractions with
electron deficient aromatic ring$'* among othes.’® Despite the high synthetic
cost of anion receptors, the complementarity between the carefully designed host
and the anion results in high affinigonstant valuesnd great selectivitytowards

the anion of interest.

Although the separate recognition of das and anions has been provéshsible
throughoutthe years there is an increasing interest in tlkencomitantrecognition
of the ion pair However, here aresomeintrinsicdifficultiesassociated wittion pair
binding First,one must overcom¢he attractive Coulombidnteractionsthat rules
the ion-pairing equilibrium'® The Coulombicinteraction is directly dependanbn
the dielectric constant of theamedia. In summary, one can assume thiie
Coulombicinteraction is prevalent in low dielectric constant solvents, such as
chloroform. The iorpairing constantkj) is thus highly dependent on the solvent
system On the contrary, in solvent systems with high dielectric constwnth as
polar and protic slvents as water or methanol, th@én-pairing equilibrium will be
shifted towards the dissociated ion pair. This leads to the second challenge to
overcome for solvated anionsdesolvation.Both the anion and the cation are
surrounded by a solvation shell ligh dielectric constant solvent3.he energy
required to breakthe solvation shell mudbe compensated by the intermolecular
interactions established between tl@ionandthe hostin the complexIn addition,
it has beenshown that the cation serves tomodulate the binding affinity and
selectivity of the receptotowards the aniold AZ § ]e v}A IV}Av « §Z 2~ }uvs
(( &8 YA A U 8Z ~ }uvs E]}v ((dependlent agasigrsA v 3
are usually well solvated in polar medi&till nowadays, he development of
heteroditopic receptorsable to bindthe cation and the anion simultaneously
remains challenging

24



General Introduction

Significant advances have been made in the synthesis and binding studitspaf
receptorsfor ion-pairsin the last twenty gars 2021222324 |n some caseshe binding

of the cationin the ditopic receptorproduces intrinsicconformationalchangeghat
favour thebindingof the anion, or viceversa In other casesa stabilizingCoulombic
interaction between the two charged particlesises due to the close proxity of
the anion and the cationin both casesthis produces an increase in the binding
affinity constant towards the anion if compared to the value obtained with
monotopic recepors.

Figure 12. Schematic representation of thdifferent arrangements observed in the formation of
complexeswith heteroditopic receptorsclose contact a), receptor separated b) and cascade complex
c).

The change in binding affinity when both particles are concomitantly coordinated is
referred ascooperativityeffect. The accurateassessmendf the cooperative effects
requires the deterrmation of the stepwise binding affinity constants of the
system?> Cooperativity effects can be expressed agositive, negative or non
cooperativedependingon the increase, decrease or nmodification of binding
affinity, respectively®

In general termsheteroditopicion-pair receptors can be classified according to the
binding arrangements displayed bythe charged particles inthe ion-paired
complexes(Figure 12). Thus in receptorseparated complexeghe two ions are
bound in independent binding sitesd areseparateone from amther (sometimes
by a solvent molecule}E §Z & % S}IE[r centr@6} olose contact
complexeglisplayboth chargedparticles boundo their respective binding sites but
remaining in contactand exhibitinga direct Coulombidnteraction Finallycascade
complexesnvolve the complexation of iopairsin an iontriplet complex. The final
complex consist of two bound anions or cationswith a proper counterion
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Chapter 1

sandwiched between thenOne of theanionic or cationic species of the itriplet
cascade complex aginitially bound toa homotopicreceptor. This initial binding
processproducethe supramolecular heterdlitopic receptor for thaon-pair.

As previously statedn receptor separatedbn-pairedcomplexes the anion and the
cation are bound apandisplayirg reduced if any,Coulombicinteractions between
them. In this type of complexesllostericpositive cooperativitywas observedin
2001, the group of Nabeshimaeported the synthesis andbinding studies of
receptor 1, based on two crowsethers motifs covalentlylinked by ainear spacer
containing two pyridyl bisamide ung (Figure 13).2” The authorsproved the
interaction of 1 with the cesiumcationin a CDGICRCNA4:1 solution mixture ly
means of'H NMR titration experimentand ESMS analysis. The obtainedsults
supported the formation of 1:1 and 1:2 complexes. In particulae, 1:1 complex
Cse1 was produced when an equimolaatio of 1 and cesiumwas used. The
precursor of the cesiumcation was the correspondingBArF salt The BArF
counteraction displagd reduced coordinating capabilitieto the bisamide unitsof

Figure13. ~ Z u 8] @& A]JvP }( E +Z]u [+ 3AIndinECSECI %5} E

the receptor In the 1:1complex, thecesiumcation wassandwichedbetween the
two crown-ether unitsof the receptor Thisbinding mode induced eonformational
change of the receptogeneratinga preorganizednionicbinding site The anionic
binding siteis definedby the two 13 bispyridyl amide unitsof the spacer The
addition of more than one equivalent of the salt produced the formatiothef1:2

complex,Cs «1. Interestingly the addition of TBA-Cl or TBA-Baltsto the pre

formed 1:1 complex Cse 1, generatel ion-paired counterpartsin which the halide
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establishedfour hydrogen bondingnteractions with the amide groups In the
presence of 1 equalent of cesium,the calculated binding affinity for the halide
binding increased in one order of magnitude in comparison to the value obtained
for 1 alone.This result evidencethe existence of gositive allosteric effecin the
anion binding, which wamainly provided by the preorganizatiafi the receptor.

Allosteric cooperativityin ion-pairs bindingis not only related to conformational
changesn the heteroditopic receptor In some cases, the binding of one charged
particle may generatesignificantchanges in the electronic environment of the
receptor. As a result, the binding affinity towarthe second binding partner may
be modified Using this apprach the group of Schubedescribedin 2017ion-pair
binding studiesusinga crown etherreceptorbearing a iodo-triazole unit inserted

in the cyclic structuréFigure 14).28 Theiodo-triazoleunit of the cyclic receptowas
envisaged to participatén the binding ofhalidesthrough the establishmentof
halogen bonding interaction$*'2Using'H and**C NMRspectroscopythe authors
studied the binding affinityf the receptor towards sodium and iodidle separate
CDCh:CRCN 31 solvent mixtures. The precursosalts ofthe investigated ions
containednon-coordinating counterionghe BPh™ anion,in the case othe sodum,
and TBAcation,in the case ofodide. Theobtainedresultsrevealedthe existence
of very weak interactios between both coordinating ions (Nand ) andreceptor

Figure 14. Schematic representation of theiati v JVP % E} <+ } « EshtriazdleBasedE [
receptor2.

2. Thereduced size&omplementarity between the Nacation and thecrown ether
unit of the receptor wasput forward asthe main reasonof the observedweak
interaction In the case of the iodide anion, the authaegionalizedthe observed
weak interactionsas the contribution of different factors:the low basicity and
charge density of the anicandthe chargeneutrality of the receptor and thaodo-

triazole unit. Next, the authorsstudied the capability of receptor2 to act as
heteroditopic receptor for thebinding of Nal. In the performed titration
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experiments, the authorsobserved complexationrinduced shifts (CIS)in the
chemicalshift valueof the carbon atonin the triazole ringthat isattached to the
iodine. This resulisupportedthe involvement of the triazole unit the binding of
the salt. They did not observe chemical shift charigethe carbon spectra of the
titrations experiments carried out with TBAThe authors estimated that the
binding affinity constantfor the sodium iodide compleformed with 2 wasin the
order of 10 ML. Thedifferent behaviour of recepto? in response to the used salts
i.e. Nal, NaBPh and TBAI wasrationalizedconsidering themodificationof the «-
electron cloud of the triazolenit inducedby thecoordinationof the sodium cation
to the crown ether The initial formation of the cationic complba+ 2 would favour
the coordination of theiodide to the iodine atom of the triazolenit through a
halogen bonding interaction.

Figure 15. Schematic representation of the three particle aggregates obtaiwall heteroditopic
receptor3 described by Smith and coworkers.

In dose contaction-paired complexes the stabilizing Coulombic interaction
establishedbetween the boundcharged particles can also generate allosteric
positive cooperativityn the bindingprocess Recentlythe groupof Smithdescribed
the synthesis and binding studiestbé tetralactambased macrocyclg. Compound
3 is a ditopic receptorfeaturing two binding sites for aniongFigure 15).2°
Interestingly the titration experiments performedusing*H NMR spectroscopgf
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receptor 3 with the BarFsalt of acetyl cholin€)-BArFand TBA-Gh chloroform
solutiondid not reveal the existence of chemical skiftanges in thgroton signals
of the receptor. These findingsdicatedthat receptor3 displayed a reduced binding
affinity for either the organic acetyl cholineation Q*, and the inorganic chloride
anion 4 in separate solutions However, the addition ofchloride salt of
acetylcholine,Q-C| to a chloroform solution of receptor 3 produced significant
complexation induced shiiin the protonssignalsof the receptor This observation
supportedthe formation ofthe (Q-C) 3 complex Theformation of the complex
wasrationalized by the inherent capabilities thfe ditopic acetyl cholinecationQ".
At one end, theacetyl cholinecation bears an estamit capable of interaction with
the NHs obneof the bisamide units othe receptor.At the opposite end of its alkyl
chain, the ditopic acetyl choline cati@t presents a quaternargmmonium group
The tetralkylammoniungroupestablisied Coulombicinteractions withthe chloride
bound in the distal bisamide binding site of recepto. Theobtained complex
(QC) «3 displayed eclose contacbinding geometry featuring aimcrease of two
orders of magnitude in the binding constaim comparison to theTBA-Cl
counterpart.

Asdescribedn the examples above Coulombicinteractions play an important role
in the energetic stabilization of iorpaired complexes.An approachto enhance
these interactionds the designof cage covalenteceptors featuringinner cavities
that forcethe close contact of the ioair. In thisrespect the group of Martinez
demonstratedthe capabilityof a hemicryptophanén the binding ofion-pairs in
chloroform solution®*® Receptor4 is based on a cryptophaneunit covalently
connected toa G tris-urea mdif (Figure 16). The ditopic covalent cagé was
structurally very similar to a predecesdiat wasdeveloped by the same group
which displayed amaller inner cavityReceptord was ableto bind halide arons
deriving fromTBAsaltswith high affinitiesRemarkably, the TB&ation seemed not
to beinvolved in the binding evenHowever the lagerinner volume of receptod
allowed the ceinclusionof the TMA' cation with the bound chlorideTheresulting
ternary complex displayedclosecontaction pairedbinding geometryMoreover,
titration experimentsperformed with a seriesof halide anionsand a pre-formed
TMA <4 complexrevealedthat the binding affinityfor the halide was increased by
more than oneorder of magnitudecompared tothat of 4. These findingsvere
rationalized by the authors in terms dhe stabilizing Coulombicinteractions
establishedn the closecontact binding geometry of the halide complexegl @fith
the TMA cation.In the closecontact geometry complexes, the anion was bound in
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the trissurea motif by the establishment of multiple hydrogen bonding interactions.
In turn, the cation was located in the shallow and electron rich aromatic cavity
defined by the cyclophanenit. The binding of the TMAcation was stabilized due

to the S SCH Sand cation < interactions stablished with the receptor, as well as
the attractive Coulombic interactions with the bound anion.

Figure 16. Schematic representation of the 1:1 ald2 }u%. o0 /E « } § Jv A v D ES3]v I[-
receptor4 with TBA-Cl and TMA-CI.

Cascade complexes are a special case epaed complegs. Thesemolecular
aggregates consigt three or morecharged particlebound Jv 8Z & %3} E[s A]S
stabilized byCoulombicinteradions. Thus, theion triplet is bound inside the
receptor[ <cavity in a closeontact binding geometry Covalentreceptors able to
bind ion triplets in a cascadiée manner are not common. The indlus of, at least,
two covalently linkedbinding siteshat can locatethe three charged particles ia
close contactgeometry requires a carefumoleculardesgn. Due to its intrinsic
structural propertiesselfassemblecheteroditopic receptors are often used for the
generation ofion-pair complexes featuring tripletascadegeometry. The first
example of aeceptor capable of bindingnion triplet waspublishedin 2010 by the
group ofLiining®! The tritopic macrocyclé consistedof two isophthalamideunits
covalentlylinked by two ethylene glycol chailfgigure 17). Theconformationally
flexible structureof 5 allowed its adaptability in the bindingof the triplet. The
properties of receptob to bind a series of halide saltsartCDGIDMS5:5 solvent
mixture were evaluated usingH NMRitration experiments. Interestingly, receptor
5 selectivelybound Ca-Gl The trnary complex(Ca-Cl) 5 displayed cascade
geometry Thetwo chloride anions weréydrogenbondedto each one othe two
bis-amide motifsof the receptor. TheC&'cationwassandwiched between the two
chlorides Inaddition, the calcium catioestablished catiosipole interactionswith
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the oxygen atoms of thglycol chains an@@oulombic interactions with the bound
chlorides. The selectivity displayed lgceptor 4 to the calciumchloride salt was
attributed by the authorgo the greatermatch n sizeif comparedto other studied
alkali salts, e.g. magnesium, lithium or sodium, among others.

Figure 17. Schematic representation dfuninggs u E} C o] B&and #heSda&cade complex
formed with CaGl

The group of Jabirdescribeda macrooligocyclicreceptor able to form cascade
complexes iCRODCDG 1:1 solutionwith sulfate salts obrganic cations? The
reported bis(calix[6]arenejeceptorcontainedthree thioureaalkyl spacergFigure
1.8). Using'H NMR spectroscopthe authorsdemonstratecthe reduced properties
of receptor6 for the binding ofvarious ions in the form ofBA-X"! salts,with X" =
SQ?t, NG, or Cl'in CDG Similar conclusions were derived from the experiments
carried out with PrNEPic'. Theseresultswere explained bynvokingthe lack of
preorganizatiorof the flexible receptorinterestingly, thesimultaneousaddition of
both salts TBA-SQ?' and PrNH'Pictinducedthe formation ofa ternarycascade
complexcorresponding to the stoichiometric formu[PrNH"),-SQ?1 «6, both in
CDG and CODCDG 1:1 mixtures. Analogous ternargascade complexesere
observed irnthe 'H NMR titration experiments & with the sulfate salts of a series
of monoalkylammonium salt§RNH*),-SQ?! (R = Et, Pr, Hex, or Dodet) the
obtained complexes, the sulfate anion wéscatedin the middle ofreceptor 6,
sandwichedbetween the two boundmono-alkyl ammonium ions. In turn the

31



Chapter 1

ammonium ions were bound ithe distal calix[6]arene aromatic cupsf the
receptor. The ammonium cations werestabilized by establishing cation- S
interactionswith the aromatic panelf the calix[6]arengas well as hydrogen
bonding interactions with thie methoxy groups In addition to this the thiourea
units of receptor6 wrapped aroundthe sandwiched sulfatanion, providing the
greater thermodynamicstabiity to the complex The binding geometry of the
cascade complex in the solid stateas supported by -Ray analysis of aingle
crystal Interestingly, thecascade compledisplayed helical chiralitpwing to the
arrangement of the thioureaunit around thebound anion The supramolecular
chiralitywastransferred to the calix[6]arene cores and ultimately felt by Huaind
ammonium cations.

Figure 18. » Z u §] & % E + vS §]}v }([6la@ndweepior-bindifgEINH),-SQ in a
cascaddike binding geometry.

1.2. Calix[4]pyrrole as receptors

Calix[4]pyrroles (C4P) are macrocyclic structurensistingof four pyrrole rings
covalently connectedby four sp® carbon atoms. These ngulanar structures were

first synthetized by Baeyer in 1886 by the acid catalysed condensation of pyrrole
with acetone®**However, it was not untihore than a century later, ithe year 1996

in which the ion binding capabilities thfe most basic C4P structure, the octamethyl
C4Pywere properlyinvestigatedby the group ofprofessor Sessléf.

32



General Introduction

C4Preceptorsmight exist in solution as fouronformational isomerslepending on

the relativeorientation of the pyrrole ringgFigure 19). According to the stability of

the conformers, from higher to lower, they can adopt a-alternate conformation,

a partial cone, 1alternate and coneonformation.The stability of the conformers
can be rationalize by the repulsive electrostatic interactions between the adjacent
pyrrole rings. However, in the absence of a binding guest molecule, the distribution
of the four different conformations is ghly dependent on the polarity of the
solvent. Hence, in the presence of a polar solvent such as acetonitrile, C4P adopt
the cone conformation due to the coordination of a solvent molecule in the C4P
core. This is also thereferred conformation observed in the complexes obtained
with neutral and chargedolecules®®

Figure 19. Top t OctamethylC4Phinding an iorpair in the cone conformationBottom t Schematic
drawings of the four differentonformational isomeref aC4R

One of themost remarkablefeaturesof C4P macrocycles tiseir ability to actas
heteroditopic receptors. In this regarche binding capabilities of C4P are duétso
structural properties. Additionally,the NH groups of the pyrrole rings can act as
hydrogen bond donors. When the CdBoptsthe cone conformation, the four NH
groups converge to generate a binding site suitable for the coordinatieteofron
rich polar neutral moleculesand anions The bindingevent is driven by the
establishment of hydrogen bonding interactions with the analgure 19). On
the other hand,the cone conformation generategn electronrich aromatic cup
opposite to the hydrogeitronded guest This electrofrich regioncan engagen
cation S CH < and S Sinteraction with polar neutral guests and cationghese
properties confer C4P receptors the ability to bind a great vaidtgeutral and

33



Chapter 1

charged specie¥3"3839 As a result, various practical applications have been found
for these heteroditopic receptors such asembrane transportand signalling
devices?0414243 among others:*4

Figure 110. Schematic representations of the different derivatization possibilities of calix[4]pyrroles.

In addition to the intrinsic properties of the basic C4P core, higher affinity and
selectivity can be achieved by the direct derivatization of the macrocycle. Indeed, a
myriad of C4P based receptors hadaen presented along the yeafSigure 110).
These receptors are based on the additionnefv structural motifs into the C4P
upper and/or lower rins. Some ofhe incorporatedunits areable to stablish non
covalent interactions with théoundguest. With the exception oFfunctionalized
C4Ps, the general strategy for the synthesis of-kHed receptorss the direct
functionalization on thesp* mesocarbon position Aryl and supearyl extended
C4P are one of the most common examplethete functionalized receptorétthe
same timea preorganized and more rigid receptor can be achieved by the covalent
linkage of upper rim extensianas is the case for strapped and cavitaedvatives

The cerivatization on the £position of the pyrrole ring in C4P systems serves t
extend the lower rim of the macrocycle. Theseeptorspresentgreaterproperties
for bindingcationsand electron deficient moleculdrs the shalow aromatic cavity
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defined by the functionalized pyrrole unitdlthough examples in literaturef £
functionalized C4FRare scarcethe vast majorityof them are focused on the
incorporation ofelectron rich aromatic group®#’4® Nevertheless, some examples
exist in which Emodification is obtained alongside witnese substitution*® In
recent years the group of professor Sessler hgsresented ASubstituted
tetrathiafulvalene and benzotetrathiafulvalend TFCAP receptor derivatives
capable of binding halide salts, as well as neutral electron deficient molecules
(Figure 111).50%1%2 |n thesereceptors the binding ofan anion locks the TTFCAP
core in the cone conformatioin apolarsolvents This generates howl-shaped
cavity in the lower rim that &n strongly bind sizeablecations, such as TBAThe
cation is stabilized by catieinteractions with the TTF framework, while still in
close contact with the bound aniorAn enhancement in binding affinityvas
observedand it wasrelated to a highlyositive allosteric effectOn the other hand,
when the receptor is free igolution, the system can freely rotate to adopt a 1,3
alternate conformation. In this conformation, thiéstal TTF groups areriented in
the same directions defining twopposedsandwichlike cavitiesThe 1,3alternate
conformer of TTF C4P derivatives was showfotm 1:2 complexes witkelectron
deficient moleculessuch astrinitrobenzene, trinitrotoluene and picric acid. The
guests"*0]% Jv3} 37 webdsdndwickiedbetween two TTFwalls. The
bound guest werestabilized by charge transfer interactions and hydrogen bonding
with two of the NHs of the C4P core.

Figure 111. ~ -0 @S(istitutedcalix[4]pyrrole binding halide salts ®BA

The derivatization of C4P in tmeescpositiors can lead to an enhancement i$
binding affinity A particular case afhesosubstituted C4Rare aryl extended (AE
C4P) and supearyl extended (SAECA4P) derivatives These macrocyclesare
producedby theincorporationof aryl substituentsat the mesepositions of the C4P
scaffold Thissubstitution producedlifferent configurational isomerdMoreover,
depending on thelegree of functionalizatioat the mesepositionsAEC4P and SAE
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W v ]A] fourjwalls_and 4wo-walls_C4Pderivatives In the four-
wall _series one aromatic substituentis appendedat each of thefour sp* meso
carbons. Thelifferent relative orientation of themesearomaticwalls produceshe

El*3 v }( "(IHE A asbour @@ssiblecdnfiFurational isomers:DDDD
DDDE DEDFand DDEEON the other handAwo-wall _C4Preceptorsbearonly two
aryksubstituents at opposite mesecarbons. For this reason, thegexist as two
conformers: Dand DEArecent examplef » (} p&E 0 o _-CARwasdescribedoy
our group °2 In this manuscripta series of SAEC4P functionalized botht their
upper and lowerrims were usedfor the complexation of small polar moleculis
water solution Thesolubility of the SAEC4R in water was achieved through the
incorporationof eightchargedor ionizable groups to their scaffoldsarboxylicacid
groupsfor 8 and pyridinum or imidazoliungroupsfor 9 and 10, respectivelyFigure
1.12). Theauthors investigated théormation ofinclusion complexewith a series
of pyridyIN-oxidesderivativesin watersolution Thermodynamically and kinetically

Figure 112. SABC4P3, 9 and 10 synthetized recently by our group bindittyree of the N-oxide guests
studied.

stable 1:1 inclusionamplexeswere obtained with all thestudied guests.Binding
constants in the range 2@o 10° M were calculated for the inclusion complexes.
Theformed complexes were stabilized by hydrogen bonding interactiogtsveen
the oxygen atom of the pyrid{d-oxide and theNHs of the C4Eore. In additionthe
guest engaged irs Sand CH Snteractionswith the aromatic walls of the receptor.
Interestingly isothermal titration calorimetry ITQ experiments revealed &near
relationship between thesize of the norpolar para- substituentin the pyridylN-
oxideand the free energyf the complexindeed,the free energyof the complex
increased in response to a largenface areaf the para-substituent of theN-oxide
Adifference of~4.5 kcal mol wasmeasuredbetween thefree energy values of the
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complexes ofeceptors8 and 9 with the p-phenyl substuted and nonsubstituted
pyridylN-oxide, respectivelyTheobtainedresults were rationalizedydnvoking the
role of the hydrophobic effecton binding alarger non-polar surface of thepara-
substituentis translated intcathermodynamically more stablil complex

Figure 113. Schematic representation of the indicator displacement assay experiments performed for
the sensing of creatinine developed by our group.

Cavitandlike receptorsare producedby the incorporation obridging unis to the
AEC4Pscaffolds. The bridging unitovalently linktwo adjacentaromatic walls
Compared tahe SAEC4Rcounterpars, AEC4Ps and its cavitand derivativdisplay
a shallower aromaticavitymaking the pyrrole NHs located at the clossatd more
exposed to thebulk solution At the same timethe cavitand architectur@roduces
a more preorganizedand conformationallyrigid structure Recently, ourgroup
disclosedAEC4P cavitand1 bearing twodifferent bridging unitsat its upper rim>*
The phosphonate group wascorporatedwith the intention of stablishing nen
covalent interactions betweeiits inwardly directed PO groupnd the included
guest. Thedansylamide fluorophore was covalently attach to the bridging phenyl
unit with the aimto generate anolecular sensorUnfortunately, guest binding did
not produce noticeable changes in the absorption and emission spectra of the free
receptor. In any case, the fluorescent recepftidr was used in the sensing and
guantification of creatinine (Cr and its more lipophilic versiorhexytcreatinine
(HexCJy usingan indicator displacement assay (I0Rigure 113). Firstly, by means
of 'H NMR and ITC experiments, thathors demonstratedthe formation of 1:1

37



Chapter 1

inclusion complexes betweehl and HexCrin chloroform solution The formed
complex was characterédwith anaffinity constant value ok,=4.5+ 0.4 x TGM %,

The formation ofthe HexCr11l complexwas driven by the establishment of

multiple non-covalent interactions. In addition to the €8and hydrogen bonding
interactions previously describddr the AEC4P scaffoldThe bound creatininevas

alsoinvolved ina hydrogen bonding interactions with the oxygen atom of the

inwardly directed phosphonate groughe formation of stable inclusion complex
with the blackhole quencherQNCHwas also confirmed by means of fluoresce
titration and ITC experiments, yieldiagoinding affinity constant value 6=1.2 +
05 x 10 M% Additionally, at micromolar concentrationthe fluorescence of
receptor 11 ( @Qax = 341 nm), was completely quenchebly the addition of2
equivalent of QNCH In thelDA experiments, thencrementaladdition ofHexCrto

a pre-formed 1:1 inclusion complexQNCH 11, produced an increase in the
fluorescenceThis result islue to the displacemerand substitutiorof the quencher
bound in theinner cavityof the receptorby a molecule of hexydreatinine Similar
results were obtainedwhen using Cr. Structurally related bighosphonate
cavitands werealso describedy our group. These receptors boundeutral polar
molecules in both organic and wataredia®®

StrappedC4P are a specialassof mesofunctionalized C4Bearingtwo opposed
substituents These receptorsfeature a covalent connection betweenmesc

substituerisby means ofin upperrim strap. Usingthis syntheticmethodology rigid

and preorganizedC4P receptors, featuringn additional binding sitén the strap,
are produced The inherent preorganization andigidity of the strapped C4Ps
facilitates adopting the cone conformationthus enhancingheir anion binding
capabilities Additionally, the closarrangementf two inequivalentbindingsites in
their scaffolds inducesooperative effects in the binding of ion painsclosecontact
geomety.58%7%8 7 y§0CU N ee0 E[* PE}U% E %ASES on
strapped C4Recepiors.®%® StrappedC4Preceptors12 and 13 were introduced

(Figure 114). A phenantrolineunit was appendedat the upper rimof the receptors
asbinding unit ofthe strap. The amideyroupspresent in receptod.3 (but not in12)

wereenvisaged to assist in the biimgj ofhalide aniongF, Br, Cland I) andvarious
oxoanions(HC@, H2P@, HSQ@ and S@). The precursor saltsf the anions

contained TBA and TEAcations as counteions. The binding experiments were

performed in chloroform and 15% aqueous DMSO solutions Remarkaby, in
chloroform solution the majority of the anionic complexes of receptid? featured
slightlylargerbinding constanvaluescompared to the analogues with receptb3.
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For example, the binding constant values measured Hy NMR titrations
experiments towards BwasK,= 3.38 x 18+ 0.25 M for 12 andK, = 0.56x 1¢ +
0.04 M! for 13. Anexception ofthe trend was observed in the binding ohloride
and bicarbonateThisstriking resultwas rationalizd by the authors invoking the
existence otompetitiveintramolecularinteractions between the amide NHs df3
and the nitrogen atm of the phenaitroline unit of the strap This hydrogen
bondinginteraction proved to be stronger in chloroform solutiofhis hypothsis
was substantiatedvith the results of the bindingtudies performed in more polar
solvents.Thus the preferred binding of the anions to recept@? compared tol3
changed irthe bindingexperiments performedhn 15% DO inDMSOIn thissolvent
mixture, the binding constantvalues of the anions forreceptor 12 decreased
substantially In fact, withthe exception of £ no binding wasletectedfor 12 and
the anionsseries In contrast the investigated anionic complexes of tlanide
functionalized C4Btrappedl13 experiencedan increasein the bindingaffinity. For
example, m the case of thebicarbonateanion, the calculatedinding constant
increasedrom K, = 4.8 x 1®M1in chloroform solution td<;> 1¢ M in 15% DMSO
D,O solution This increase in binding strengtiust be related to theffect played
by the solventMost likely, inl5 % DMSOD solutionthe intramoleculahydrogenr
bondinginteractiors of 13 weakenedand allowedthe amidegroupsto engage in
intermolecularhydrogenbonding interactions with th@nionicguests.

Figure 114. Schematic drawirgjof strapped C4Receptors12 and 13 designed by Sessléor the
binding of ion pairs.

When the strap incorporatedt the upper rim of the C4Bcaffoldis another C4P,
the receptors areeferred ashis(calix[4]pyrrole (BC4PY’ Thesereceptorsdisplay a
large inner cavityhaving multiple inding sites ConsequentlyBC4P are capable of
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bindingmore than oneguestbetweenthe two convergingC4P unitsThe bindingf
the guesscan be assistely polar groups present ithe functionalized walls of the
receptor (vide infra) Owingto the difficult design and high synthetic coststioése
macra-oligocyclic receptorghe number ofexamples foundn literature are scarce

Figure 115. ~ Z u 8] @& A]JvPes }( 00 38 E[* 8 W 14Qsed férEg format@} C o
of 2:1 complexes and pseudorotaxane architectures.

The firstsynthetized BC4P receptaasreported by our group in 2012 The BC4P
macrocyclel4 was obtained bya doubleHay coupling reaction of two terminal
alkyne AEC4P(Figure 115). Although originally the reaction was claimed to be
templated byone equivalenof bis-pyridyl bisN-oxide, later studies demonstrated

a reduced template effect of thél-oxide The rigid and symmetrigligocyclewas
shownto be threaded by suitable lineal guest i.e.-BjS-amide pyridyIN-oxides15

in CDGlsolution The formation oternary complexeq15-X) 14 (X= Cl, OCNyas
demonstratedusing*H NMR spectroscopyThe pseudorotaxanetopology of the
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selfassembledcomplexesl5+ 14 was producedy the establishment of hydrogen
bonding interactions between the oxygeatom of the N-oxide and thefour NHs of
one of the C4Punits of thereceptor. In these assembks, the linealcomponent
experienceda pirouetting motion inside the receptors cavitylThe bound\-oxide
exchangedoetween the two identical binding sites &#, as well as betweethe
free counterpart in bindingequilibria thatat r.t. showed fast dynamiasn the *H
NMR chemical shift timescald he subsequentaddition of one equivalent of a
suitable anionigetraalkylammoniumsaltproduced the quantitative formation i
four particlesassembly15-X-TBA ¢ 14. In this complex, the anion was bound in the
binding pockedefinedby the two amide protonsof the lineal componenand the
four NHs of one of the C4P binding sited4f The cation wafcatedopposite to
the bound anion and includeth the external aromatic and electron rich cavity
defined by the pyrrole ringsf the C4P corén cone conformationExperimental
support to the proposed bindinggeometry wasderived from 1D H NMR
spectroscopexperiments as well as thanalysis of thdROESY and DOsédra of
the equimolar mixtureof components.

The same oligocylic receptor 14 was later employed in binding studies of
tetraalkylmmonium salts in CDRQCs$olution®? Receptor 14 bound TBA-Cl and
TBA-OCNsalts forming ionquartet complexes thatdisplayed cascaddike
arrangementof three ions This bindinggeometry wasvidencedin solution using
H NMRspectroscopyexperiments The cascaddike structure of theion-quartet
complexes was also revealed in the solid state by meaxXgRaifydiffractionof single
crystals(Figure 115). One of the ion pairs was bound in a clasmtact binding
geometrywhile the othershowed areceptorseparatedbinding mode Theoverall
binding affinity constants for théive-particles complexeswere calculated by ITC
experimentsIn the case of TBA-OCN a binding affinity valué.gf 1.5+ 0.3 x 10!
M2 wasdetermined. In the case afBA-Cthe calculatedvaluewaskKo.1= 1.9x 10°
M=, The assessment of the cooperativity effeat the complexation process
required the use of a reference compounib this end, the authors useasimple
~$ AR oparaalkynyl AECAP receptor. The binding constant values determined
for the two salts to the reference receptor we@mpared (Ker). Defining the
cooperativity factor asD= Ko.1 /Ke, the two complexes were characterized as
having a largeositive allosteric cooperativityrhe TBAcationsandwichedetween
the two bound anionsserved tocancelany repulsiveCoulombicinteractions that
could arise betweerthem. Titration experiments of receptoi4 with MTOA-CI
provided striking different results. Firstly, a heséparated binding mode was
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observed forthe two boundion pairs, as revealebdy X-Ray diffractioranalysisof
singlecrystalsand *H NMRspectroscopistudies. These findings werationalized
in terms of thesuperiorcomplementarity of themethyl group of the MTO”cation
andthe external bowdshaped cuplefined bythe pyrrole rings of theC4Pcore in
cone conformationUsingITC experimentghe stepwisebinding constanvalue of
Kaverage= 4.9+1 x 10* Mt was determined The calculated value indicated thab
significant cooperativity wataking placdan the formation of the complex

Figure 116. » Z u 8] & % & + vS S]}v }( > [+ (olglidkolvedvursthe bidHihg®f o
fluoride anions in acetonitrile solution.

The two spaces covalently connectng the C4P units of BC4Preceptors can
incorporatephotoactive components. The photoactive groups waédve toprobe
the formation of thecomplexesusing absorption and/or emissiospectroscopy
Havingthis considerationin mind the group of Ledlisclosedin 2015 a new
tetracationic BC4Preceptor possesing an anthracene unit the spacer Figure
1.16).2® Receptor 16 formed 1:1 and 1:2 complexe;n CRCN solution. F was
selectively boundover Cl and I, as inferredfrom the results obtained in
fluorescence spectroscopy titration experimenihe selectivity of the receptor
towards fluoride was rationalized by the conformational restrictions of the system.
They observed #8uorescence” § -@/vof the receptorexclusivelyupon addition

of the fluoride salt.According to the authorshe binding of the anion produced
conformational changes in the receptor thdisruptedthe S Sinteractionsthat
caused thequenching of the fluorescenc&lhese conformational changes also
favoured the binding ofthe second fluoride anio. This conclusiorwas also
supported by the observation of &8-fold increase irthe binding constanvalue
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for the secondluoride. Thus)TC experimenteeturned K; = 1.91 xX10° M for the
first binding event an# = 5.95 XL0’ M for the secondevent. This result evidenced
the highallostericcooperativity displayed by theeceptor in the binding of fluoride

Figure 117. ~ Z u §] E A]JvPe }( " se0 IEjrthe fo@htign of 2:1 complexes with
oxoanions.

Another recent examplef BC4P receptor waescribedby the group of Sessler in
201754 In contrast to the previouBC4P receptorsnacrocyclel7 wassynthesized

by themultiring acid catalysed condensation afetone with a biglipyrromethane
containinga 2,6-diamidopyridine derivative as spacéfigure 117). The authors
envisaged that the spacer selected fbe linkingof the two hemispheres of théi-
cyclicreceptorcould alsabe involved in thebinding ofion pairs.The results oftH
NMR titrations experiments indicated that receptt? produced1:2 complexes
with relatively large oxcanionssuch as S®, HLPQ" and HRO (as TBA or TMA
salts) h a CRCh:MeOD 91 mixtures. Thisfinding wasalso supported by the results
obtained in UV titration exgriments carried in DCE and DCE:Me&DDmixtures.
Interestingly,the XRay diffraction okingle crystals obtained for ¢hcomplexs of
17with H.PQ and SG revealed the existence of two water molecula#dgingthe
bound anions The stepwise bindingonstant valuedor the complex formation
were determined using ITC experiments. The 1:1 complex was characterized by
stability constants ofhe orderof K= 10 - 10° M for the coordination of EPQ;

and HBO7, respectively. Thesdarge magnitudeswere rationalized by the
stabilizationof the complexes througtihe formation of up to twelve hydrogen
bonding interactiondbetween the receptor and thbound oxoanionNevertheless,
the second binding eventeading to the formation of the 1:2 complex, displayed
both caseslightlylower magnitudes. The observed negative allosteric cooperativity
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was assignedio the repulsiveCoulombic interactions ariag between thetwo
boundanions.

1.3. Rotaxanes: synthesis andcognition of charged species

Mechanically interlocked molecules (MIM) amupramolecular architectures
consistingof one or more moleculesentangled by a mechanical bofittThe
componentformingthe MIM are locked together and can only be brought apart by
the cleavageof at leastone covalent bond, yielding the separated components or
the untangled moleculélhe components of MIM arteeldtogether by norcovalent
interactions. Due to the wak nature of theseinteractions,molecularmotions are
often present in these architecturedMIMs can be divided according to its
topological features ito catenanes? rotaxanes’ knots® and Borromean rings
(Figure 118).%970 Over the past decades, thaterest forthe syntheses of these
architectures using supramolecular assistance has experiencettemendous
growth. These synthetic efforts and the pattial applications of the resulting
architectures were recognizeith 2016 with the Nobel Prize in chemistry being
awarded to Prof. Fraser Stoddart, Prof. Ben Feringa and ProfPlear Sauvage
NIE §Z *]Pv v eCVvS8Z ¢]e }( U}o po E u Z]v _X

The intrinsic structural properties of these supramolecular architectures often
generate functionalized three-dimensional binding pocketsble to engage in
molecular recognitiorevents In addition, therelative motions (translation and
rotation) of the componentsof interlocked molecules havbeen exploited to
generate moleculaswitches and primitive moleculanachines.

RLEDNC

Figure 118. Schematic representatioof MIMs as aniorreceptors.

MIMs are attractiveto scientsts for their potentialapplications However, Nature
already offersmany examplesf functionalMIMs. 27374757273 Egrexample DNAIs
known toadopt catenane and knot topologies in the riggkion process insidthe
cell’877 In addition,DNAalsoassemble in rotaxankke structuresin combination
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with the protein GExonucleaseThe protein wrapthe DNA strain in the replication
and reparation processes.

Figure 119. Schematic representation of the different synthetic routes used to obtain rotaxane
assemblies.

Rotaxanesare MIM that consists @ a macrocyclic unitthreaded by a lineal
component, anaxle that bears sterically bulky groupst commonly known as
stopperstat both endsto prevent the disassembly tiie interlockedcomponents
Non-covalent interactions are often stablished betweehe thread and the
macrocycleowing to the supramolecular assistance employed in the synthesis of
the interlocked assmbly. The incorporation of a second recognitisite in the axle
leads tothesoo 0o "3A} 3§ §]}v_ E}S /£ v U }(5 v pue ]Jv 82
machines or switches Indeed, in two station_ rotaxanes the macrocyclic
component can switch between trstationsin response to an external stimuli, such
as light or a pH chandg@® The inclusion of an additional macrocycle or axle
generates fijrotaxane architectures, whera is the number of componentthat
formsthe assemblyAn important family ofssemliesclosely related to rotaxane
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are pseudorotaxanes. These are supramolecular complexes formed by one
macrocycle threaded by a lineal component. In conttastotaxane architectures,

the lineal component does not bear bulky stoppers to prevent de¢hreading
process Thus,the complex and its free componenése in equilibrium Rotaxane
architectures are obtainetdy applyingdifferent syntheticproceduresthat can be
divided in three majogroups: covalent modificatigslippingand catalyst templgz
synthesigFigure 119).8!

Rotaxane symitesis by covalent modification impligke establishmentof non
covalent interactions between th@recursors of the axle and the macrocycle.
Generation of a 1:1 complex betweethe precursorsprecedes a covalent
modification step that locks thmolecularstructure. This is the case for the clipping
capping swelling andshirking strategies In the clpping approach,the open
macrocycle interacts with the axle prior closure of the rifige axle, already bearing
sterically bulky groups at both endgtesentsa recognition site able to interact
reversibly with the opened macrocycleClosure of the compiled macrocycle
generates the rotaxané®? In a similar mannerin the capping strategy thaxle
precursor, with no stoppers incorporatethreads the macrocyclic component to
generate a pseudorotaxane assemblhe incorporation of the stoppers into the
axke grants the interlocked structuré® In both the swelling andhe shrinking
strategies, the stoppered axle and the macrocycle genemte 1:1 complex
However, he pseudorotanxaecomplex candisassemble due to the poasize
complementarity between the macocycle and the bulky stoppefhe covalent
modification to increase the size dhe stopperst swelling t or reduce the size of
the macrocyclet shrinking t generates the interlocked architectufés®

In the slipping approachthe sizecomplementaritybetween the stoppers and the
macrocyat is exploited in a different mannein this casethe stoppered axle is
unable to thread the macrocyclic component duehe greater size of the stoppers.

In order to surpass the energy barrier to thread the stogukeaxle more energy is
provided to the systenm the form of higher temperature or pressufgnderthese
conditions,§Z o]v 0 }u%}v v38 ] o0 8} "e0]%_ SZE}uPZzZ §Z
trap that locks the architecturas the rotaxané&®

Finally, he active template strategymplies the use of an external reagent that
templates and catalyses the reactidimat forms the interlocked structurdn this
case,an externalreagent establistes non-covalent interactions withboth the
macrocycleand the axleprecursos. At the same time, this external reagent serves
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to catalyze the reaction to generate the stoppered axhes the reaction takeplace
inside the macrocyclic structuréhe axle remains threaded through the ring
generate the rotaxane. The catalyst is thefeased to the bulk solutiof.

Figure 120. * Z u §] & % & + vS S]}v }( E[* ]*}% ZSPBaband19bindingE}S A& v
lon pairs.

Rotaxane architectures can servehageroditopic receptors for the binding of ion
pairs’? Indeed, he topology of the system often generates thréenensional
binding pockets that can allocate bothe anion and thecation The interlocked
structuresoffer greater selectivity and finity compared tothe nor-interlocked
counterparts Arecentexampleof rotaxanes as ion pair receptocemesfrom the
group ofBeer®® They synthesizedhree rotaxanes based oa similar macrocycle
18a-b and 19 (Figure 120). In all cases, the macrocydkaturedan isophthalamide
binding unitable to interact with anionsA trisaminewas insertedn the opposite
region of the macrocyclayith the am of engaging ithe binding ofmetal catiors.
Thethree rotaxane architectures diffexd in the structure of thethreaded axle In
the case ofl8b, the axle was based oa 4-iodopyridy}t2,6-dicarbonyl pyridine
derivative. In19, a 2,2-bipyridyl-4,4-bisamide functionalisedaxle was used For
18ab, the rotaxaneassemhks were obtained following abis-stopperingstrategy
mediated by adouble CUl) catalged azidealkyne cycloaddition(CUAAC)In
contrast, for 19 a monaostoppering strategy wadollowed. An amide coupling
reaction was used as the key step of the rotaxane formation. Interestimgh)
caseghe threading of the axle was assistieg the use of a Cu(ll) cation preusby
coordinated to the trisamine unit of the macycle TheCu(ll) was removed prior
to the purification of the hegroditopic rotaxanesThe addition of a Zi€IQ). to the
rotaxanes generated 1:1Zn(Il}complexes with thecation located in the metallic
binding siteof the heteroditopic receptorsThis was evidenced by HWS and'H
NMR spectroscopystudies Next, the anion binding properties of the Zn(ll}
complexed rotaxanesowards halide andvariousoxoanions were studied biH
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NMR titration experiments. Complene19 selectivelybound AcO overd-, Br, I
and NQ in CDGCDROD 11 mixtures Thesefindings were interpreted by the
authorsas a possibldirectcoordination of the aniomo the Zr(ll)metal. In the case
of the Zn(ll) complexes df8ab, the authors found a sligly preference for the
recognition of Brin a CDG@CRODD,O 4545:10 mixture. Interestingly,small
differences were observed betwedhe binding properties of the Zn(ll) complexes
of 18aand18b. Theiodine-substitutedZn(ll}rotaxanecomplexZne«18bdisplayeda
modest improvement in the affinity constamtilues. The bulky iodineubstituents
was not involve in halogen bonding interactions. Instead, tfeemed complexes
were mainly stabilized by hydrogen bonding and Coulombic interactions.
Nevertheles, the binding selectivity of thezZn(ll}complexed rotaxane towards
anionswas attributed to the better shape and sizemplementaritybetween the
anions and thehree dimensionahnionic bindinegsite present irthe heteroditopic
receptors.

Figure 121. » Z u 8] & % & + vS S]}v }( 'POshuitlipyg iBReSbiAting of HX type ion
pairs.

In some cases, the binding of an iorirpa a rotaxane receptor caimduce molecular
motions. Indeed, the ion-pair binding canprovoke the displacement of the
macrocyclic componerdalongthe axle into a different recognition sit&he group
of Goldup observed this phenomenon, known as shuttling, in one of his most recent
publications®® The authorseportedthe active template syhiesis of2]rotaxane20
by means of a monstoppering CuAACeaction The receptor consisted on a
macrocycledecorated with a2,2-bipyridyl-4,4-bisamide unit andan axlewith two
stations an urea and a triazogroup(Figure 121). In addition, anaphthdimide unit
was used as a stoppér order tomonitor the binding eventdy means otJ\-Vis
spectroscopyln a 11 mixture of CDGICXCN the macrocyclic component of the
[2]rotaxane was found to bencircling theurea group by establishinghydrogen
bonding interactiondbetween the NHs anthe nitrogen atoms of thebispyridine
unit. The results of théH NMR analysisf the structure of the rotaxane in solution
were supported by theX-Ray diffraction of a single crystal. In addition,-\4¥
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experiments performed in the same solvartealed an increase in the absorbance
at C= 380nm, further supportirg the formation & the comple.

Interestingly, the addition o& panel of anions did not produce noticeable changes
in the UWVis and the'H NMRspectra of the rotaxaneThe poor ability of the
receptor to bind anions was attributed to the strong intramolecular interaction
between the bispyridine unit of the macrocycle and the ugeaup of the axleThe
authors envisaged that the protonation of the bispyridine wtibuld inducehe
ureagroupto be free and engage in intermolecular interactions with the angon
Indeed the addition of HBEFproducedthe shuttling of the protonated macrocycle

to the triazole station as evidencefrom the 'H NMR and U¥is spectraTo further
support this claim, the -Ray diffraction of a single crystalldBF « 20 showed close
contact distances betweethe bispyridineand the triazole protorof the axle, as
well asbetweenone ofthe nitrogenatomsof the triazole and the protonatedne

in the bis-pyridine. The propertiesof HBR 20 in the binding of TBAon pairswas
probedusing'H NMR and UWisspectroscopyitrations. As expected, the addition

of basic anions such as Achd F restored receptor20 with no anion binding
observed.The use of less basic anions generated 1:1 complexesaniihding
constant value up td0* M for the Clanion. A general increase binding affinity
was observed when the results were compared with those obtained for the free
axle. In addition20-HBR displayed a greater shape and size selectivity due to the
crowdedsurroundings of the urea motif. Smaller and spherical anions, such as CI
and Br, were preferred over tetrahedral H$©r the largemmesylateMSO.

As previoushdiscussedC4P are exceptional receptors for thiadingof ion pairs.
It is then sensibléo believe that rotaxane assemblies based on<3#fld exhibit
improved binding capabilitiefor ion-pairs However, in the vast literaturef
rotaxanes only one examplds found involving C4Ps componenf§ In 2017 our
groupreported the synthesis and kiing studies of a [2]rotaxane based oB&4P
cycliccomponent Ths cyclic componentwas alreadyinvestigated forthe self
assembly of[2]pseudorotaxane® The synthesiof rotaxane 21 was achieved
throughastopperingstrategy A stable 1:1 complex was formed in solution between
the cyclic componeni4 and the unstopperedaxle, containinga pyridylN-oxide
bindingmotif. Thedouble CUAAC reaction of therminal azidegroups of theaxle
with the alkynederivative bearinga bulky ter-biphenyl substituenfproduced the
rotaxanereceptor21in an acceptable yiel(Figure 122). 'H NMR studies in CRCI
solutionrevealed that the axle was involved in a pirouettexghange betweethe
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two equivalent binding sites of the BC4P macrocycleThe exchange was
intermediate on the *H NMR chemical shift timescal8y means offH NMR
experiments, thgroperties of the [2]rotaxan#o bind tetraalkylammonium salisf
cyanate, chloride and nitrateere investigatedIn all the caseghermodynamically
and Kkinetically highly stable 1:1 complexes were obtainedThe anion was
coordinatedin the polarinner cavityof the receptor whereup to six NHs converge

Figure 122. Schematic drawing of calix[4]pyrrole based [2]rotax&dedeveloped by our group and
the complexes formed with chloride salts.

(two from the axle and four from the C4P car) addition, thecation was located

in the electron richaromatic cavity definedby the pyrrole rings of th&€4Punit
binding the anion. fie cation binding wasstabilized byCH Sand cation S
interactions. Interestingly, the addition of more than one equivalent of MTOA-CI
produced the formation of a 2:1 complex; it is believed that the chloride acéon
compete with theN-oxide for the bindingwith the C4P This generates a new
complex in which the axle is partially displaced outside of the macrocyclic
component. The thermodynamic parametayEthe 1:1 complexesvere assessed
usingITC experimentsihe binding processof all studiedion pairsweredriven by
enthalpy. This was expected considering ttdt is ahydrogen bonding receptor
operatingin non-polar andnon-protic media The valuesleterminedfor the binding
constans revealed a higher affinity towards the cyanaalt of TBA compareth

that of nitrate and chlorideThese findingsvere rationalizetbwing toa better size

and shapecomplementarity between theylindrical aniorandthe polar cavityof

the rotaxane In addition, a three order of magnitude increase was obseindhe
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bidning affinity of the rotaxanéor MTOA-CI with respect tthe TBA counterpatrt.
This difference was related to the better match in shape of the MTOA cation, having
a methyl group thatanbe included in theshallowaromatic cavitydefined by the
pyrrole ring ofthe C4Pcone conformation

1.4. ESIMSin supramolecular chemistry

Mass spectrometryMS)is an analytical techniquiat can beused forthe accurate
determination of the exacimass of anolecular ion This techniquénas becomea
common tooffor the characterization of synthetic productdodern highresolution
MSinstruments can go further and reveal the isotopattern of the ionic species,
which we may consider dts fingermprint. Beyond basic characterizatiodS can also
be usedo probethe formation of supramolecular assembliesthe gas phasand
the strengthof the involvedinteractions TheMSanalysisncludesa first step that
implies the formationand vaporizationof a charged specieslerived fromthe
molecule or supramoleculeof interest, the secalled ionization procesdn this
processupon the introduction othe ion in a lowpressure areathe solvation shell
is lost This results in the formation of a gpkase ion Thus the intrinsic properties
and characteristics of the supramoleculssembliexan be altered: the binding
energy, the selectivity and the geometry differ from the species in solution.
general terms, nostovalent interactions that can comfe with the solvent are
strengthened in the gas phase, such as hydrogen boridiatactions On the other
hand, hydrophobic interactions are diminished in the gas phase in the absence of
water molecules In addition to this the ionization processften producesthe
fragmentation of thesupramolecular architectureregenerating the separated
componentsor even producing hew ones

Although there are many methods ftire ionization processthe most widely used
for the study of supramolecular architectureend complexes is Electrospray
lonization (ESIESI can be considereshe ofthe softestmethods ofionization in
mass spectrometnydue to the mild conditions used anthe low fragmentation
observed inthese experimentsThis methodology has proved to lbesefulfor the
analysis of biologically relevant specigentingProfessor Fenn the Nobel Prize in
chemistry in 2002o0r the development of methods for identification and structure
analyses of biological macromoleculgs In this ionization method a sdution
containing the analyte is ejected through a thin steel capillarye capillary is
connectedto an opposing plateharged withan electric potential o5 kV(Figure
1.23). The solution is propelled forming a Taytmmeshape athe tip of the needle
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that generates a stream of small droplets containing the charged analyie.
desolvationof the ion due to the high vacuuandthe charge repulsiorinsidethe
droplet produces the subsequential shrinkage. This process is repeated until the
solventfree molecular ion is obtainedith little to no fragmentation’>°*%The ions
generatedare often presentin multicharged states due to further protonaticor
deprotonationin the needleln addition, n somecasesglustersare generatedvith
anions or cations present in the solvestich as chloride or sodium.

Figure 123.Diagram of areSIMS ion sourcevorkingin positivemode.

The detection of the ionic supramolecular assemblies and complexes is highly
dependenton the experimental conditionsTwo of the major factors that have to
be taken into account before running the experiments are slé/ent choiceand

the concentrdion.®® Regarding the solventt is sensible to expect thapolar
solvens candamper theestablishmenbf non-covalent interactions in solutiom,g.
disfavouring the formation of the complexpblar interactionsplay an important
role. However the useof nonpolar solventss detrimental for the stabilization of
the charged particlesThese solvents usually present low dielectric constants not
appropriateto transfer the electric fieldyenerated inthe ionization sourceHigh
dilution conditions often mandatoryto avoid signal saturation, caregatively affect

the formation of ionic compless. Low values in thédinding affinity constant to
generate hosiguestaggregatewvill translate in a negligible amount of the complex
when working in high diltion conditions Furthermore higher concentration
solutionscould favourthe formation of adductsoften generated by nofspecific
binding of host and guest.

The study of supramolecular assemblies by-NMESIcan provide accurate and
insightful informationon the formation of norcovalent complexes bgetection of
the ion peak Furthermore, leyond the characterizatiorof the complexes,
information on theconformational properties, topologgnd stability can be inferred
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from ESMS experiment$°’®8 The geoméy and stability of a supramolecular
complex can beassessedn TandemMS experimentsby attending to collision
induced dissociation (ClOnthe CID experiments described in this thesie gas
phase ion isnassselected and transported to a collision agdiingan electric field.
The highspeed ions impaavith a stationary inert gas such as. Ihekinetic energy
istransformed into internal energy, ultimately producing the fragmentation of the
moleculeif a collision energythresholdis reached. Th@btained fragmentation
pattern gives information of the overall connectivity of the supramolecular
architecture, as well as the stability of the roavalent interactions.

Figure 124. Top) Schematic representation of the complexes formed between CB7 and protonated
arginine and lysine. Bottom) Different fragmentation pathways observed in the MS experiments.

A recent publication from the group #fovalenkashows thepotential applications
of tandemMS experiment$o assess the stability of supramolecular compleXRés.
this work, severalCIDexperiments were performed tinvestigate the stability of
the complexesformed between cucurbit[7]url (CB7)and a series of minoacids
(Figure 124). The formation ofcompledes [H+A+2H]" was confirmed by the
detection of the ion peak in the E®ISexperimentsThe subsequent fragmentation
in the MSMS experimentsfollowed three different pathways: 1) a charge
separation process, 2) aminoacid dissociation and 3) covalent bond cleaividnge
aminoacid Forcomplexesbtainedwith non-basic aminoacidprocesgsl) and 2)
were prowed to occur simultaneoushfhis was inferred from the comparison of the
collision energy needed to fragment the parent ion to a 50% exteiss), which
proved to be similatbetween 0.9 and 1.1 eVJThese findingsere rationalizedoy
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the similar activation barrier for charge separation and dissociation events to take
place. Remarkably some differences wereobserveddepending on the proton
affinity of the aminoacidsIn general terms, those complegs formed with
aminoacids with a higher proton affinity, such as glycine underwent a
fragmentation processthat followed pathway 2) The authors explainedhe
prevalent dissociation pathwdyy theexistence of &ridging proton thatonnected

both the aminoacid and th€B7 If the proton affinity is high enough in the bound
aminoacid, the dissociation occurs by sequestration of the bridging prdZéD.
experimerts of the complexes formed with aminoacid®aring two protonable
sites, such as lysine and arginimeturned higher values of &uxsos In addition,
these complexes dissociated following pathway 3), covalent bond leakage. These
results were interpretedy invoking the superidsindingaffinity of theaminoacids

that could now interact with both polar portals of thgB7 to form a highly
thermodynamically and kinetically stable aggregate

Figure 125. Schematic representation of resorcinarer#sand23a), three dimensional models of the
complexes obtained witcesium and tetraalkylammoniugalts b) andepresentation of thehydrogen
bond belt for the capsules obtained wig2 (top) and23 (bottom).

A variation oftandemMS that have proved to be usefdbr supramolecular
chemistry are H/D exchange experimerifiese experimentiinction in a similar
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manner as tandenMS, although the gaghase ion does not fragment in the
collision chamber. Instead, a deuterateghgent is introduced in the chamber and
is left to exchange with the ion moleculer a defined timeperiod. This process can
also take place on the detector in the case oflER instruments or inside an
orbitrap. In any case, the mass selected ion suffers subsequent pdatoterium
exchanges that are dependent on the proton affinities of both the aowl the
deuterated reagentFor a successful exchange to occur the proton affinities of both
reactants have to be similatn addition, thenon-covalent interactionghat the
proton is involved in, such as hydrogen bondicendamper the exchange rat&?
The resulting mass spectrum presents additional [M*ign peaksdepending on
the exchanged protonsThis technique isgenerally used in supramolecular
chemistry toassess the formation of complexes ati@ different conformers as
well as to study thdwydrogen bonding interactions presents in the assentbly.

H/D exchange experimentsvere used to assessthe formation of capsular
assemblies in 2011 manuscript fromthe group ofSchalley®! In this work, two
different resorcinarene receptors weemployedto generatecapsular assemblies
assisted byemplatingcatiors, i.e. cesium and ammonium salfSigure 125a). The
experiments were carried out by thatroduction of deuterated methanol in the
detector of an FAICR instrumentCapsular assemblies were obtained in all cases,
regardless of the presee and sizeof the cation(Figure 125b). Interestingly, hey
observed thausing resemacrocycle22 with cesium as templating agent generated
a capsulamassembly that experimented fast H/D exchangewever, a significant
decrease in the exchange rate was observed wheégtrametyl or
tetraetylammonium cations were employed as templateThese findings were
rationalizeby means ofthe existenceof a hydrogen bond belin the capsule that
favoursthe exchangeThiscontinuous hydrogen bond belt could only be generated
with smaller catios such as cesiunas encapsulated cations with a greater size
situate both components too far apart from each othkr a proposd mechanism,
the methanol moleculds inserted inthe continuous hgrogen bond seamThe
concerted mechanism for the H/D exchange requires no charge separation, as the
electrons are redistributed along the hydrogen bond seéewilitating consegent
exchangesin the capsule(Figure 125c). However, n the case b the pyro
resorcinarene23, a small percentage ofxchange was detectedven with the
encapsulatiorof the ammonium cationsThis result was explainad terms of the
formation of an unexpectedhydrogen bond pattern that held together the
assembly. Indeed, formation of @attern of sixmemberrings ofhydrogen bonds
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along thecapsuleequatorialwas deducted by DFT calculatioiihie H/Dexchange
could still be feasible withowa detrimentalcharge separatiostep. The exchange
would be followed by the rearrangement of the capsute form a new six
membered ring of hydrogen bonde repeatthe process until full exchangeas
achieved

Figure 126. Diagram of a TVMMS instrument.

A powerful toolderived from MS for supramolecular chemistry is lon Mobility Mass
Spectrometry (IMS). In this technique, ions willenticalmass to charge ratiare
separated according to its size and conformatiorasimilarway aselectrophoresis
does soin the cond@sed phasé® In general, there ar¢hree different ways of
performing IMS experiments based on the instrumentation: drift tube ion mobility
traveling wave ion mobilityand field asymmetric ion mobili§?® In drift tube
experiments, the gaphase ions traviehrough a metal tube subjected to a voltage
of approximately 5100 V that facilitates the acceleration of the particles. Inside the
tube, aninert gas cause lovenergy collisionwith the moving ions that hinder their
advance through the cylindemore canpacted ions will undergo fewer collisions
resulting in lower drift timeswhile the oneswith a greater sizevill arrive later®*
Traveling wave ion mobilitis the method used in the experiments described in this
thesis(Figure 126). In this methodologyons are transported through a sequence
of parallel rings thatare subjected to a alternating radiofrequencyvoltage A
voltage wave pustethe ions towards the detector. At the same time, an inert gas
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flow pushes them in the opposite directiomheionswith greater sizeend to fall

off from the top of the wave while the smaller ones are pushed through the tube
resulting in lower drift time 1% Finally, in field asymmetric ion mobilitiye charged
particles are pushed perpendicularly to an alternating electric field generated by
two electrodes opposing each othdn additiona compensation voltage is applied

to evade ions from reaching theectrodesand being neutralizedin this method,

the ions are separatetdy its mobility by the manipulation of the compensation
voltagel® The use of IMS in the field of supramolecular chemistry is nowadays
centredon the separation of species with iderdglcmass that can adopt different
conformations, as in the case of photoswitchable receptbrsOutside
supramolecular chemistry, thiechnique has also found applications in other fields
such as biological systetffsor coordination chemistry®®

1.5. Aim ofthe thesis

The main objective of thiwork has been theoordinationof ion pairs in organic
media. For this purpose, we envisaged the ussyotheticreceptorsbased on C4P
binding sites In cone conformationC4P receptorgpresent a polarinding site
generated byfour converging pyrrol&Hgroups In the structuresof the AEC4P and
SAECA4P receptors,igtpolar binding sitecloses one end of the deep and polar
aromatic cavity that is defined by their cone conformation. ©pposedend of the
cavity remans opens. In addition, the C4Binding site isoptimal for the
coordinationof negativelychargedions andneutral polar moleculeghrough the
formation of multiple hydrogefbonds Simultaneouslythe pyrrole rings of the C4P
in cone conformation shape &allowandelectronrich aromatic cavitppposed to
the hydrogenbonded bound guest. This second binding sitesuigable for the
binding ofcations and electropoor moleculesWe expected that the incorporation
of C4P units iBBC4P receptors and strappsgistemswould allow thebinding of
more than one ionpair. Moreover, the spatial proximitgf binding sites in the
abovementioned multitopic receptors could favour the binding of several ions
owing to positive cooperativity effecs. These effectsmay arse from positive
Goulombic and/or hydrogen bonding interactions establishmdweenthe bound
particles that are charged and in close proximitfhe synthesisof receptors
featuring[2]rotaxanetopology andcontainingas cyclic components BCrdeeptors
could potentially enhance the binding affinityf the ionpairs due to the three
dimensionabpolarenvironmentsthat aregeneratedin the interlocked structures
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0.1) Synthesis and binding studies of a BC4P receptor

Previously we reported the synthesis od symmetric ancconformationallyrigid
BCA4P receptor that was able to bigdartetsof tetraalkylammoniunanion saltdn
chloroform solutionln order toimprove the bindingelectivity towardsjuartets of
ion-pairs with smaller anions, we designedand proposed the synthesis o&
macrocyclebearingshorter linkes as bridging unit betweelits two C4Pbinding
sites. This strategy was expected menerate a heteroditopic receptor with a
reducedinner volume We also wanted to study the bindinopertiesof the new
receptor towardgjuartets oftetraalkylammoniunion-pairs.Thisstudyshould help
us to entangle the cooperativitgffects, if anythat are operative in the binding of
multiple charged particles by the B4CP receparhloroform solution

0.2 Formation of MIM based on a B4CPceptor

We envisaged théormation ofmechanicallynterlockedmolecules (MIM) usinthe
previously synthetized BC4P recepa® cyclic component. We expected that the
three-dimensional polar cavity provided by the plannedceptor featuring
[2]rotaxane topobgy should increase the binding affinity towards the
tetraalkylammoniumion-pairs compared to theiseparatecomponentsor simple
C4P receptorsThe synthesis dhe [2]rotaxanestructure would involvea capping
procedureand the use of bisamidepyridyFN-oxide aslineal componentOn the
one hand, pyidyl N-oxidesdisplayhigh affinity towards C4minding sites. On the
other hand, bulky tris(bisphenyl) stopperswere used with even larger BC4P
macrog/clesto prevent the dethreading of the axl&Ve expecteda change in the
selectivity of thenewly designednterlockedreceptor compared to the previous
[2]rotaxanes receptors developed by tlggoup. Thesmaller sizend unsymmetrical
nature of the cycliccomponent used in this work was expected to generaterae
dimensional polar bindingite with different binding properties for iepairs The
synthesiof the [2]rotaxane receptoand thestudy of itshindingpropertiesshould
be preceded byinvestigatons on the selfassembly of the rresponding
[2]pseudorotaxangrecursors andheir binding properties toward®n pairs

0.3 Synthesis and binding studies of a bisamidopyridyl strapped C4P

Inspired by thestructures of thestrapped C4P receptors published by professor
Sessler and others, wienaginedthe use of a bimmidopyridyl strapping unito
obtain an unprecedentedSAEC4Pstrappedreceptor. In contrast to the examples
describedin literature,the new receptomwould present agreaterinner cavity that
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would allow for the binding of ion dimers and tripde At the same time, we sought
to develop amultitopic receptor for ion-multiplets featuringtwo distinct anionic
binding sites We expected that the new receptor desigvould offer different
binding affinities andelectivities fothe complexation of iofpairs compared to the
parent counterparts

1.6. Outline of the thesis

The present thesis is divided in six chapters. In chapter one, a general introduction
of the topic of the currents thesis igresented Discussion regarding ion pair
receptors, calix[4]pyrroles, mechanically interlocked molecules and concepts about
ESIMS techniguesused in this thesigire provided At the same time, literature
examples about those same top&® presented to give context and perspective on
the results herein described. In chapter twilne design and synthesis of a BC4P
receptorfeaturingtriazole ring asinkersis presented in detail. The use akeanplate
agent had a dramatic effeon the outcome of the couplig reaction of the two C4P
units. Indeed, up to three different species were isolated dependimghe shape
and size of the ditpicguestused agemplate: the desiredBC4RPan opened dimeric
product and a tetramerienacrocycle Binding studief the synthesized BC4R
chloroform solution with neutral ditopic guests are also presentdthapter three
extends the binding studiesf the BC4P receptdn chloroform towards ion pairs.
Thebinding of theheteroditopic receptorwith various tetraalkylammonium salts
was studied usinMR,ITCand ESMSexperimentsWe observed ifferent binding
geometriedfor the 2:1 complexedependingon theusedion-pair. The cooperativity

of the bindingsystem was also studied antdwasshown to bedependenton the
binding geometry of the complexes. In chapter fouhe selfassembly of
pseudorotaxane assemblies iisvestigatedusingthe previously discussed BC4P.
Using abis-amide pyridytN-oxide as a lineal componen{2]pseudorotaxane
assemblies were stabilized lopordinationto tetraalkylammonium ion pairsThe
unsymmetrical receptor displayeddéscriminationin the binding of &her the anion

or the linealcomponent inits two distinct binding sitesWe also presenthe
synthesis of [2]rotaxaneand the binding studiewith ion-pairs The receptor was
obtained by atopperingprocedure We used a doubl€uAAC reaction of the bad
axleto attach thebulky stoppers based aerbutyl bisphhenyl unitsTheability of
the [2]rotaxaneto bind tetraalkylammoniumon-pairsin chloroformsolutionwas
also explored The results oNMR, ITC and EBIS experimentssupported the
formation o ion-paired 1:1 complexe®Related bindingliscrimination processes as
detectedin the [2]pseudorotaxangprecursorsassemblies wer@bserved Finally,
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chapter sixis focused orthe synthesis oé strapped SAE4P receptorContrary to
what we did in thecase of the BC4P receptohet macrocycle was obtained by the
acid catalysed condensation reaction of the parenids/rromethane. Irthe NMR
and ESMSexperimentsperformed we observel the formation of 2:1 complexes
with all the studied ammonium salts Nevetheless, theobtained 2:1 complexes
displayed different binding geometries in responseo the nature of the
alkylammonium cation of the salt
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Design and synthesis of a bis(calix[4]pyrrole) receptor

2.1 Introduction

Historically syntheticsupramoleculareceptorssuch as macrocycles antblecular
interlocked molecules MIMs) were obtained through lowyield statistical
approachessStatisticalapproachesvere based orthe random mechanical collision
of the reactingmoleculesin solution e.g. the two terminal groups of a lineal
molecule reacting to generate macrocyclicsupramoleculé? The outcome of
thesereactiorswashighly dependent on the concentration, highution conditons
favoring the formation of the macroycle overthe oligomeric products.The
obtained low vyields prompted for the development of new synthetic
methodologiess Nowadays, the majority of the synthetic procedures towards
supramolecular receptarare based on thase of aemplate®

Figure 21. Schematic representation of the templated synthesis of supramolecular recepprs.
Precursor of the receptoly) supramolecular complex established with the templatgformation of
covalent bondto generate the receptor and) release of the template.

A template molecule serves as a mold to generate supramoleantditectures.®
The precursors o macrocycliceceptorare broughtin close proximityand with

the corred spatialorientation by interactingwith the template (Figure 21a).”8 The
interactions stablished are generallyeak andreversible such as ioripole?
hydrogen bondin and S Sinteractions!* althoughcovalent interactionsnay also

be used? The complerentarity in size and shape of the template with the reacting
partners and the product dictates the outcome of the react{@igure 21b). The
formation of a supramolecular entity between precursors and template increases
the local concentration of the reactimgroupsof the precursorsultimately favoring
the covalent linking reaction that yields tseipramolecular receptofFigure 21c).
Afterwards the template is released into the bulk solution by the addition of a
competitiveguest orcanremain trapped within the receptors cavitfigure 21d).
Although he templatal synthesis of supramolecular receptdras beerextensively
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usedalong the recent decadef,is worth mentioning the worlkperformedby the
group of Andersorin this area'® In one of his most recent manuscrigorphyrin
based nanoringsvere obtainedusingthe unprecedentedcooperative binding of
two stacked sitegged templating agents.

Figure 22. Linedrawing structures of BC4P macrocyde C4P receptor® and 3 and guests
terephthalate TPH 4, 4,4-bipyridine-N,N-dioxide (BPNOX5 and N,N=(propane1,3-diyl)diformamide
(DFAS6.

In this chapter, we aimed at synthetizingbis(calix[4]pyrrole) BC4P oligocyclic
macrocycldearing triazoleings as linkergreceptorl (Figure 22). Up to date, four
examples oBC4Pmacrocyclesovalentlyconnected by two arms can be found in
literature 1516171819 BC4P architecturescan be synthetized following two
methodologies a macracyclizationreaction involving two C4Punits or an acid
catalyzedcondensation ofwo bis-dipyrromethaneunits.?®?* We explored the first
strategy, based on the previous experienoé the groupin the synthesis of BC4P
receptors.We surmisel that for the synthesis of receptdt, the use of a suitable
template would be mandatory taninimizethe formation of oligomeric products.
We investigatel by means ofH NMRspectroscopyand HPL@nalysishe effects
exerted bydifferent templatesin the g/nthesis of receptol. We evaluated the
properties of the used templates for the quantitative assembly of ca@hplexes
with the C4Preacting units at mM concentrationsOur expectations were that
template effect will become even more relevant once thestfiintermolecular
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reaction beéween the C4P units has occurred. Finally algestudiedthe formation
of 1:1 complexes betweethe synthesizedeceptorl anda series of ditopiguests
some of them already used as templates

2.2. Results and discussion
2.2.1. Desigand synthesis

The synthesis of BC4P receplowas envisionedthrough the Copper()catalyzed
alkyneazide cycloaddtiofCuAAQ coupling reaction of C4P unisand 3. The
synthesis of precursor® and 3 was previously described by our group
elsewhere'®?? The choiceof a CUAAC reaction between an alkyne substituted C4P
and its terminal azide analogueas not trivial. TheCuAAQCeactionhas emerged as

E} pes M o] | Z u]eSETDr théo §nithegis®of supramolecular
receptors? This is due to the mild conditions employed, the wide variety of
functional groups that tolerates and the higbhtainedyields?42°

Figure 23. Energyminimized structues (MM3) ofmacrocyclic receptot (left), complex4 «1 (middle)
and compleXs «1 (right).26

The template moleculaised for the coupling reactiohad to fulfill a series of
geometric andelectronicproperties in order to favor the macrocyclization product
The nature of the required inter- and intramolecular reactios leading to the
maaocycledemandedhe use of a ditopic guest able to interact concomitantly with
both C4P cores. The templating agerasarequired to beaelectronic richgroups,
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that is hydrogen bond acceptogroups, capable of engaging in noovalent
interactions with thepyrrole NHs in the C4Rore of2 and 3. In this regard, C4P
receptors are well known for their ability to bind oxgrgatoms of carbonyl groups
(e.g. acid, ester or amide functionalization) andNebxides derivatives 2829 |n
addition, the shape and size of the template had to be taken into accéwsn rule
of thumb, we surmised thathe ditopic template had to be able to fit inside the
polar cavity of receptofl. A distance of 11.3 iN-H--H-N) between C4Punits was
measuredn the energyminimizedstructure of receptod (Figure 23). This distance
set the maximumlength of the putative template molecule A shorter template
would positionthe reactinggroupsof C4P2 and 3 in an unfavorablerrrangement
to achieve an optimum trangan state geometry for botlthe initial intermolecular
and the subsequent and more important intramolecular macrocyclizagation.

Taking into account all the previousquirements we selectedhe biscarboxylate
salt of terephthalc acid 4 (TPH)and 4,4-bipyridineN,N-dioxide 5 (BPNOXx)as
possibletemplates The measure®---O atom distaneof 9.904 Aand 10.004Ain
the energy minimizedtructureof compoundgl and5, respectivelyfulfilled the size
requirements of receptod (Figure 23). Indeed, the energyninimizedstructures
for the inclusioncomplexest <1 and5 « 1 advocated foran idealmatch in size and
shape.Prior to undertakethe synthetic attemptdor the preparationof the BC4P
receptor 1, we performed 'H NMR titrationexperimentsin order to study the
formation of 2:1 assemblies between both C4P urdisd the selectedemplates, 4
and5, at millimolar concentrationsWe surmised thathe formation ofreceptorl
would be preceded by thassemblyin solution ofaninitial 2:1 complex and more
importantly the subsequent 1:1 complex deriving from tfiest intermolecular
coupling Once the2:1 heterocomple&s comprising4 and 5 are assembled the
azide and alkyne meties are close in space to favits coupling Following the
initial intermolecularreaction the bound template alsplacesthe two additional
unreacted groups of the 1:1 complex in the right orientation to fathe second
intramolecular reaction. Thiwill favorto the formation ofBC4FL to the expenses
of polymericaggregatesleriving fromcompetingintermolecular reactions of the
1:1 complexesWe selected acetonitrile as the solvent for thid NMR titration
experiments, as well as for the couplimgaction in order to favor the cone
conformation of the C4P over the alternate and partial conanterparts which in
turns favor the coordination of the template molecule
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We startedour *H NMRspectroscopystudiesof the formation of thehetero-dimeric

2:1 assembliesusing template 4, the bistetrabutylammonium TBA salt of
therephthalic acid In acetonitrilesolution and at mM concentratigriwe expected
that the ion paiing equilibriaof the carboxylate sallvould besignificantlyshifted
towards thedissociated forni® Acetonitrile is a polar solvent arthe TBA cation
can be nicelgolvated byseverahcetonitrile moleculethus reducing the Coulombic
interaction between the charged particleSheenergy minimizedstructure of the

2:1 complexformed bytwo molecules of C4Bnd4, showsthat the TPHlianionis
slightly tilted with respect to th€C4P unit{Figure 24). In thestructures useddr

the molecularmodeling of the complexthe negativechargeof the carboxylate
groupsismainlylocated inone ofthe oxygen atoms. This limitation results from the
use of force fil calculations (MM3) in our modelling studies. We assigned a
negative charge tdeprotonated oxygen atom dhe carboxylate anionThis led to

a more favorablecoordinationof the negatively charged oxygen withe C4P NH
core. However, in reality theegativechargeof the carboxylategroup should be
equally delochzed between the two oxygen atoms (resonance from of the
carboxylate) Thechargeresonanceeduces the charge density available on a single
oxygen atom. This effeatould be detrimental for the binding affinity of the
templating agentlt is expected thiathe hydrogerbonding accepting capabilities of

Figure 24. Energyminimized structues (MM3) of heterocomple# «2-3 (left) and5 «2-3(right).3!
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functional groups or ions increase with an increase in charge density.rRona
charged residues, this means that the smaller the residue the larger its charge
density.

The'H NMR spectrum aferminal alkyne C4R in acetonitrileds solution shows
sharp and wellefined proton signals(Figure 25). The Apyrrolic protons HE
resonate as two sharp triplets centered at 5.6 and 5.9 ppine. aromatic protons
Hg and H, and the terminal alkyne proton H appear at 7.4, 6.9 and 3.4 ppm,
respectively.In addition the NH protons resonate as a broad signal at 7.8.prma
addition of 0.2%quivalentof a solutionof template 4 produced dramatic changes
in the'HNMRspectrum of the free receptoManysignalsxperienced broadening,
as observedor H Eand H. This broadening was even more pronounced in the case
of proton Hh, which broadered beyond detection.The observed broadeninip
attributed to the dynamic exchangerocessof receptor2 between free and bound
states beindntermediateonthe 'H NMR chemical shift timescalehe coordination
of 4 with 2 is also supported by the appearanceaohew signaht 11.6 ppm This
signal is assigned the NH protons oboundC4F2. The bound C4P NHs ameolved

in hydrogen bonding interactions withe carboxylate groups demplate 4. The
methylene protors alphato the nitrogen in the TBAcationappearedat 3.1 ppm
Along the course of thetitration, this signal increased in intensity but did not
experience significant chemical shift changBseunaltered chemical shift of TBA
indicates that the cation is not extensively involved in thedirig processThe
addition ofup to 0.5equivalentof the template4 produced the sharpening of all
the proton signalsof the C4P2 receptor. At this point the NH proton signal
attributed to thebound C4R2 wasexclusively observedVe also observed a singlet
at 7.0 ppmthat wasassignedo the aromaticprotons H1 of the TPHA4. This signal
was already observed in the presence of Geghivalentof 4 but it was slightly more
sharper. Atthe equimolar ratioof 2 and 4, the aromaticproton HL split in two
separatebroad singletsThe proton signals of tHeoundreceptor displayededuced
changes when the concentration dfwas increased from 0.Bquivaént to 1.0
equivalent

Taken together, He obtained results indicated the quantitative formation of
complex4 «(2), in the presence of 0.&quivalentof 4. The initial addition of 0.25
equivalentof 4 produced a dynamic chemical exchangetweenthe free C4R and

the boundcounterpartin the 4 « (2), complex, that showed slow exchange dynamics
for some of the protons i.e. NH and fast (Hg) or intermediate (Hh aiddfothers
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In the complex4 «(2),, the TPHdicarboxylate4 coordinates oneC4P2 receptorin
each one of its carboxylate groupghe interaction between the carboxylates and
the C4Ps ibased orfour simultaneousydrogen bonding interactia The results
in solution are not conclusive with respect to the neeor ditopic interaction of the
carboxylate and the C4P core. In any case, these hydrogen bonding interactions are
supported by thedramatic chemical shift clmgeexperienced byhe NH protonof
bound 2. The bound NHs moved downfiegdghproximately' G= 38 ppm after the
addition of0.5equivalentof 4. Because the assembly4# (2). is quantitative under
stoichiometric conditions at mMconcentration, we were not able to derive
conclusions in relatioto the existence of possible cooperative allostericeet$
duringits formation.

Figure 25. Selected region of théH NMR spectra (400 MHz, 298 Ks;CW)acquired during the
titration experimentof receptor 2 (a) with incremental additions offPH4: 0.25equivalent(b), 0.5
equivalent(c), and lequivalent(d). Primed letter correspond to complexs(2);; doubled primed
letters correspond to compleR «2. See Figure 2.2 for proton assignmeriesidual solvent signal.

Upon the addition of lequivalent of 4, the proton signalHl for the bound
dicarboxylateresonatedastwo separatesinglets.We rationalized this observation
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by assuming that in the presence ofejuivalentof 4 the homo-dimeric 4 «(2),
complexis fully disassembled and theorrespondingl:1 complex4+2 is the
exclusive species formed in solutidrhis result hints to the existence of a negative
allosteric effect in the assembly of the homodinder(2)..

The symmetry and dynamics tfe homodimericcomplex4 «(2), produced the
observation of the aromatic pton H1 of bound4 as a singlet. In contrasthe
aromatic protons obound4 in the 1:1complexare not chemicallyquivalentand
resonate as two separatesignals. The set of two protorapha to the bound
carboxylategroupare buried in thearomatic cleft defined by complexed receptr

in cone conformation. There they experience the magnetic anisotropy produced by
the mesoephenyl substituents and shift upfielheother two aromatic protons of
bound4 are almostfully exposed to the bulk dation.

Identical results were obtained in thel NMR titration experiments performed with
the azide C4P analogig The NH proton signal of the hordlimeric assembly
4 +(3), resonated at 11.6 ppm after the addition of Gefuivalentof template4.
The disassembly of the homodimer produced the 1:1 comple3 This fact was
evidenced by the splitting of the proton signal df bound 4 in the equimolar
mixture of the two components} and 3 (see Experimental Sectipn

Once the quantitative assemblyof the homodimers4e«(2), and 4+(3). was
confirmed to take place at mM concentratiaand working under stoichiometric
control, we investigated theutative assembly of the heterdimeric counterpart
423, We prepared two solutions in acetonitrigds containing the two
homodimericassembliesTo this end, waised1:0.5 mixtures of C4R 2 and 3 with
respect tothe TPHsalt 4. The quantitative assembly dhe homadimers was
confirmedby *H NMRspectroscopy. Nexthe two solutions were mixed to obtain
mixture of the three component®, 3and4, in a 1:11 ratio. The'H NMR spectrum
of the resulting mixture showeslome protons asroad and iHdefined signalsThis
result was indicative ofthe existence ofa dynamic equilibriumbetween the
different assembliesn solution. The dynamics of the exchange processes were
eitherfastor intermediateon the *H NMR chemical shift timescgleigure 26). The
solution mixture was cooledown t0238 K Thisproduced the sharpening of all the
signalsin the registered®H NMR spectrum. Most likely, at this temperature most
exchangalynamics becamslowon the chemical shift time scall order toassess
the extent of the formation of théeterodimericassembly, we recorded'H NMR
spectra othomodimers4 «(3); and4 « (2).alsoat 238 KBy comparisomwnf the three

76



Design and synthesis of a bis(calix[4]pyrrole) receptor

spectrg wewere able to assigtihe proton signalsorrespondingo the heterodimer
4+2.3. As could be expecteggroton HL of bound4 in the heterodimer4«2.3
resonated as twaeparatesharp singlets at 7.0 and 6.9 ppm. This is indicative of the
different magneticenvironmentsprovided by the two C4P components in the
heterodimer complex «2-3. Theintegral value®f selectedproton signalsassigned

to the three different complexe¢Hf, H1 and NHallowed the calculation of the
speciedistribution as0.6 : 0.2 : 0.2 fo# «3-2, 4 «(2);and 4 «(3).. This result is in
agreement with a almoststatistical distribution of almost isoenergetic assemblies.
These resultsonfirmedthe formation ofheterodimer4 « 3-2in asignificantextent
and augur well fothe use of the TBA salt oft as template forthe synthesis of
receptorl.

Next, weinvestigaed the formation of theheterodimericassemblyassisted by
template 5, 4,4-bipyridine-N,N-dioxide (Figure 24). Molecularmodelling studies of
the heterodimer5 «3-2revealedthat in theternarycomplex thetwo C4Punits were
located relatively closén space. This arrangement of the C4Baldbe bendicial
for the use ob as template in the synthesif the macrocyclic receptdr.

Figure 26. Selected region of théH NMR spectrad00 MHz 238 K, CECN) of the homdimeric

assemblies4 «(2); (a), 4+(3)2 (b) and the mixture ofthe two homodimers (primed signalshat

produces the emergence of theeterodimer assemblyl «2-3 (doubled primed signals) (See Figure
2.2 for proton assignment$Residual solvent signal.
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However, weobtained striking differentesults in he 'H NMRspectroscopy studies
of the assemblyf the heterodimer5 «3-2 compared to those described above for
the 4+3-2 counterpart. The addition of template 5 to separate solutions of
receptors 2 and 3 produced minor changesn the *H NMRspectraof the free
receptors (see Experimental Sectipnin particular, theproton signals assigneth
the aromatic walls o2 and3 did not showsignificantchemical shift€hangeswhen
titrated with template 5. A reduced binding of templaté wasinferred fromthe
slight downfield shif{ ' G= 0.7 ppm detectedfor the proton signalsf the pyrrole
NHs along the course of thigration. The proton signals corresponding to the beta
pyrrolic protons HE also experienced minor chemical shithangesdue to
complexation A similar behavior was observed fdretaromatic proton signals of
template 5 (H2 and KB). The observedchanges in proton chemical shifts did not
reach saturation even in the presence of a laggeess 05.

Taken together,ieseresults suggest the formatioof complexess «2and5 «3to a
reduceextent inthe titration conditionsMoreover, the complexes experienedast
exchangeregime onthe *H NMR chemical shift timescale wittheir free
components Likewise we did not obtain evidencesupportingthe formation of
homaodimericcomplexes ¢ (2); and5 ¢ (3).. Thelow binding affinitydetermined for

5 towardsC4P< and 3 is responsibldor the assembly of the 2:1 homodimer to a
very reduced extent in the used conditions (1 mM concentration of the C4Ps and 0.5
equivalentof 5 added) As observed fod, the incremental addition db favors the
formation of the 1:1 complexes.

Prompted by he promisingresults obtained in the experiments carried out wikie
TPHsalt,we performedthe CUAAC reactioof C4PR and3in the presence adinof

4. We suspendedn dry and degassed acetonitrile an equimaanountof the two
C4m,2 and 3, and 0.5 equivalentof the TPHsalt4. Next, we added..5 equivalent

of Culas catalyst and ten drops of freshly distilledethylamine. Theresulting
orange solution was left stirring at room temperature four hours.Macrocyoé 1
wasisolatedas apale yellow solidin a remarkable30 % yield after purificatioof
the crudeby column chromatographgsilica)using a 4% mixture of EtOAc in GHCI
aseluent

Receptorl was fully characterized by a complete set of higholution spectra (1D
and 2D NMR experiments as well asHE8MS). Aie 'H NMRspectrum of the BCP
macrocyclel in CDGsolution showed sharp and welkefined proton signalé~igure
2.7a). Receptorl possesses two 2¥Z4P units that are chemically nequivalent
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owing to the 1,4substituted triazole used as spacerhus, we observed two
separate signal®f the pyrrole NHsf each unit. The NHs resonated w A 0 X386 v
6.91 ppm The aromatic protons Ibite appeared as four signalsimilarly tothe £

pyrrole protonsH E. The triazole prototdaappeared « <]JvP0 § § w A 6X6 %o

Figure 27. Selected region of thtH NMR spectrad00 MHz 298 K, CBO) ofreceptorl a), tetramer7
b) and open dime8 c). See Figure 2.2 and 2.9 for proton assignments.

Once the macrocyclic receptdrwas isolated, weevaluated theeffect that the
different templates had in the outcome of the reactipnoducing the compound
For this reason, weerformed severalCUAAC reactionsetween 2 and 3 in the
presence off PHsalt4, BPNO and without the use of any template.

2.2.2.Detailad analyses of the templateffect on the synthesis of

All macrocyclization reactions wegerformedfollowing the conditionsdescribed
above for the synthesis ofl with TPH as templatevide suprd The reaiftime

monitoring of allreactionsinvolved the analysis byHPLC of differenaliquots.

Aliquotswere withdrawnbefore and immediately aftethe addition of the copper
catalyst Two morealiquots were takerafter two and four hours of reaction.
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Macrocyclization reaction templated f\PHdianion4

The HPLQrace of the first aliquotanalyzed beforaghe addition of the catalyst
showedtwo major peakswith retention times of 3.4 and 3.3 minThese peaks
correspondedto C4P unit® and 3, respectively(see Experimental SectignThe
HPLC trace of thaliquot taken immmediately after the addition of the catalyst,
displayed anewmajor peakwith a retention time of 4.0 mininterestingly the new
peakwasnot presentin the HPLC trace of the aliquot correspondingwo hours
of reaction After four hours the reaction wasjuenchedand workedup because
the HPLC traces of the aliquots taken at 2 and 4 hours were identical and indicative
of reactioncompletion. TheHPLC tracef the reactioncrudedisplayedhe presence
of four majorpeakswith retention times 0f4.8, 5.9, 10.7 and 13.5 m{Rigure 28).
We identified thepeakeluting at 5.9 mirasreceptorl. We isolatel fractionsof the
other three peaksby means ofsemipreparative HPL@urification The!H NMR
analysesof the isolated fractionssuggested that thecompoundseluting with
retention times of 4.8 and 10.7 mmi were oligomeric speciesvhich we did not
characterize

Figure 28. HPLC trace of the analysis of the crude obtained in the CUAAC reaction betwe2ar@iP
3in the presence of onequivalentof TPH4.

The 'H NMRspectrumof the fraction eluting at 13.5 mimwas similar to that of
receptor 1 (Figure 27b). We observedfour doublets resonatingetween 7.8 and
7.0 ppm and one sharp singlet at 8.1 pphiis observatiorsuggesed usthat this
fraction contained gure product displayings, symmetry Macrocyclel also shows

a 'H NMR spectrum in agreement wit,, symmetry For this reason, we
hypothesize that the isolated product was a larger macrocyclic compound
containing the sameinits, whth is C4P< and 3 covalently connectedby triazole
spacers The exact mass of the compound coincided with that of the tetramer
receptor? (Figure 29). It is worth mentioning thatsucturally related macrocycles
have beerpreviously obtainedn our group®? The dimerization reactiobetween
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two mono-reacted C4P2 and 3, compound8, would explain the formation of7.

This finding suggested that the TPH template is not ideal to favor the intramolecular
reaction in the supramolecular complex TP81The'H DOSY experiment in CDCI
solution assigned diffusion constanbf D= 3.6@:0.06x 10’ m? s to the tetramer

7. This value corresponds to a diffusisgheiical object havinga hydrodynamic
radius of 11.5 AThe analogousalculatedhydrodynamic radiugor 1 was9.14 A

Figure 29. Linedrawing structures of tetramer and dimeric producs.

(D = 4.520.06 x 168°m? s?). Macrocycle7 was fully characterized by a set of high
resolutionspectra(see Experimental Sectijpn

Macrocyclization reaction templated IBPNO6

The CUuAAC celing reaction of C4P unitsand 3 in the presence ofn equimolar

amountof BPNOX produced significandifferent results.Theaddition of BPNO%

to the reaction vessel produced the appearanceagkllow solid that remained in
suspensiorthroughout the course of the reactionThe HPLC trace of thaliquot

taken after addition of the catalysshowed peaks ofow intensity that were

attributed to oligomericspecies The peak corresponding tb alsodisplayed low
intensity (see ExperimentalSection).The analysis of thaliquot taken after four
hoursrevealedcomplete consumption of the starting materials atitht 1 and 7

were present in minimal amountsThese resultssuggestedthe formation of

insoluble polymericcompoundsas the major produc of the eaction usingb as

template. We hypothesize that BPN®xif any,imposes a negativeemplate effect

towards formation of receptot.
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Macrocyclization reaction in the absence of template

We surmised that carrying out the CuAAC reaction without the usetemplate
would mainly producethe formation ofa mixture ofoligomeric aggregate§hus,
the reaction mixture shouldbe similarto that obtained with BNO% if the N-oxide
lacks of any @mplating effect From the resultsobtained using TPH and5 as
templates,we concluded thathe assembly of 1:1 complex between the meno
reacted producB and the used template&vasmandatoryin orderto obtain1 as the
major reactionproduct Interestingly the HPLC trace of the first aliquiatken after
the addition of the catalystor the nontemplated reactionrevealed aroad peak
with a retention time of4.1 min(see ExperimentalSection) It is important to note
herethat a similarpeakwasinitially detectedin thefirst HPLC tracef the reaction

Figure 210. HPLC trace of the analysis of the crude obtained in the CUAAC reaction betwe2ard4P
3in theabsence of any template

using TPH!I astemplate. However,in the nontemplated reaction conditionghe
peak at 4.1 min remained present throughdhe course of the reactiotd h).This
peak corresponded téhe major peakpresentin the HPLC trace of theaction
crude (Figure 210). Gratifyingly using semipreparative HPLC purificatiore were
able to isolate the compound corresponding to the major peak. TH&l NMR
spectrum in CDgsolutionof the isolatedsolid corresponded to a pureompound
(Figure 27¢). The spectrunshowedtwo sharpsingletsresonatingat 8.10ppm and
3.05 ppm Both sgnals had similar integral valuesd we assignedhem to one
proton in a triazole ring andne proton of @erminal alkyne In addition, eighsharp
doublets appearedbetween 7.8 and 6.8 ppmWe assigned thessignalsto the
aromatic protons of thenesephenyl substituents athe C4P unitsThe number of
protons signals is in agreement with a reduced symmetry for the isolated compound
and suggests a neeyclic structureTaken together, all the above observaticne
indicative ofthe formation ofthe non-cyclizeddimer 8 (Figure 29). Thiscompound
is formed by the singleintermolecularCuUAAC reaction of C4P unitand 5. The
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structure of8 was fully characterized by a set of high resoluspectra A'H DOSY
experiment performed in CD{lolution assigned diffusion constant oD = 4.55+
0.07x10m?2sto 8. This value is in good agreement with the one determined for
1 and supports e similar size of both species in solutiGee Experimental
Section).

Figure 211. Energyminimized structues (MM3) of complexe4 8 (left) andcomplex5 «8 (right).

The isolation of the heterodimer8 in the coupling reaction carriedut without

template indicatedthat: 1) the formation of a ternary 2:1 complex withtamplate

was not mandatory to favor thefirst ]Jvs (Eu}o po & ~ o] |_ & S§]}v
template was necessary to promote the intramolec@ ~ o] | _ & $§]}v  S$A v
reacting groups 08. Thus we proposehat the reactionmechanism leading to the
formation of the macrocyclel is based on a first CUAAC intermolecular reaction
between C4P unitg and 3. This reaction occurs through random collision between

the azide and alkyne unit;xdependently of the presence of a templati the

absence of templategthe noncyclicdimer 8 is stable in solution and is the major
isolated productMost likely,a second]vSE& u}o po €& "~ o] |I_ & S]}v ]-
for 8 owing to its conformational properties. Athe reaction timeis increased
competitive ]vd Eu}o po E " o] |_ @E8dinidsled to thé formation

of polymeric by-products (see Experimental éktion). he addition of asuitable
template dramatically changes the outcome of the reactidhe presencef TPHA

in solution induceghe formation of the 1:1 compled «8. In this complex, the

alkyne and azideeacting groupsof the C4P units areadequately oriented, as
suggested by the energyinimized structure Figure 211), to favor an
intramolecular CUAAC coupling reactioetween them. Thiseaction produced as
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the major reaction product This intramolecular reactionompetes with the
intermolecular CUAAC couplingpetween two 4 +8 complexes The subsequent
intramolecular reaction of the open tetramewould explain the formation of
tetramer 7. On the other handthe presenceof BPNOX5 either disfavors the
formation of8 or induces its rapid oligomerizatiomheenergyminimizedstructure
of the 5 «8 complex due to the length of the lineal templatelisplaysthe reacting
terminal alkyne andazide in an orientation that is not adequate for their
intramolecular reaction(Figure 212). Moreover, the poor solubility of the
oligomerization prodat favors the rapid consumption of the C4P units.

Figure 212. Schematic representation of the proposedeaihanismfor the synthesis of receptot,
tetramer 7 and dimeric producs.

To furtherinvestigatethe effect that TPH and BPNO% have in theintramolecular
CuAAC reaction @&, we performedmacrocyclization reactionssing8 (}Eu  ~]v
*]Spu_ e« <3 ES]VRP& andB \veoe reactedunder standard conditions
the absence of template. We confirmed by HPLC analysis the formation of the
acyclic dimer 8 immediately after the addition of the copper catalystsée
Experimental Sectign After that, we added onesquivalentof either TPH4 or
BPNOx5 to separate reaction vessels.The HPLC traseof the aliquot taken
immediately after addition of the templates reveal the disappearance ofpik
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attributed to 8. However, different results were obtained depending on which of
the templates was usedkirstly, aldition of BPNO»6 produced the appearance of
yellow precipitateindicative of polymer formatiorindeed, theHPLGnalysis of the
reaction crudds consistent with the exclusive presenceotifjomeric products. On
the other hand, the addition of producedthe appearance ofthe peakattributed

to macrocyclel.® This resultconfirmedthat the intramolecular coupling reaction
took placeonly in the presence af and using as starting material* These results
were interpreted in terms of the superior capabilities of template TPH over BPNOX
to favor the CUAAC closing reaction of intermedi@t® generate BCP receptdr

In addition, our findings prove that the template effect is exerted at thelle¥ the
intramolecular reacted compounfl and the formation of the corresponding 1:1
complex4 , 8. Therole playedby4 in the assembly of the 2:1 compldx 2-3 seems

to be not relevant for the isolation & or its intramolecular reacted produdt

2.2.3 Binding of ditopic guests

We investigated the binding properties of receptbtowards a series of ditopic
guests namely TP4 BPNO% andDFA6. Addition of incremental amounts of guest
4 to a millimolar solution of receptat in CDGlproduced the broadening of all the
proton signalsof the receptor. This is indicative of an intermediatehemical
exchangeprocess orthe *H NMR chemical shift timescale between free and bound
receptor(Figure 213). The proton signalsf the receptorl sharpened after addition

of an excess of the TPH dianidvle probed theformation ofthe 4 « 1 complex using
variable temperature experimentsn a 1:05 mixture of receptorl and TPH in
chloroformsolution The'H NMRspectrum of the mixturet 233 Kshows sharp and
well-defined proton signals At this temperaturethe exchange betweethe free
andthe bound receptor beomesslowon the *H NMR chemicahift timescale. We
confirmed the 11 stoichiometryof the complex byntegration of hie proton signals

of the two involvedspecies. Likewise, we calculated a binding affinity constant of
2.2+0.3x 10M*for the4, 1 complexusing the integral valsof the proton signa

Hc and HAhssigned to free and bound receptor.

Next, we titrated receptorl with BPNOx5. Unfortunately, the addition of
approximately oneequivalentof 5to a CDGlsolution ofl originated the formation
of an insoluble precipitateMost likely,an insolublecomplexis formedin CDGI
Consequently, we could not investigate further the binding system.
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Figure 213. Selected region of théH NMR spectrad00 MHz,CRRA) of free receptorl (a) and after
the addition ofl b) and 2equivalentc) of TPH! at 298 K. Low temperature experiments (233 K) of a
1:0.5 mixture of receptorl and TPH4 d) and free receptor for comparison e)rifRed signals
correspond to protons of complek, 1. See Figwe 2.2 for protons assignments.

For the binding studies of DAt is worth noting that secondarprmamidesexist
in solutionas two possible isomers depending on the relative orientation ofNhe
substituents.In solution, thetransisomer of secondary amidés more stable than
the cisanalogue®>*¢This ignostlydue to steric reasons artd the establishmenof
additional polar interactios. However, due to thesignificantenergetic barrierfor
the interconversion 4 ' « H20kcal-md?, the isomerizatiomprocesds slowonthe *H
NMR chemical shift timescaknd separate proton signals are observed fioth
isomers®” We were interested in studying the binding preference of recepitor
towards DFA as it could exist in three possibomers:transtrans, cistrans and
ciscis®3*° We performed simple molecular modelling studies in order to provide
information about themost plausiblegeometryadopted bythe neutral guest inside
receptor 1. Molecular modelling studies suggestéuht the ciscis isomer would
favor the formation of comple® «1. The cis,cis conformer 6flocates in the fully
extended conformation of the alkyl spacdmwoth oxygen atomsin a perfect
orientation to form hydrogenbondinginteractionswith pyrrole NHs of bdt C4P
unitsin 1 (Figure 214).
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Figure 214. Energyminimized structues (MM3) of the complexes formed between recepioand
the trans,trans (left), the cis,cis (middle) and the cis,traighty isomers o6.

The!H NMR spectrum of @ mM solution of guest in CDGIshowed two sharp
signalgesonating at 8.2 and 8.0 ppthat were attributed tothe formyl proton (H5)

in the transtrans and thecistransisomers respectively(Figure 215). According to
the values of the integrated proton signals, we obtainetfams,transto cistrans
ratio of 89:11.The signatorrespondingo the ciscisisomer could not be detected
due to its low intensitylt is also worth noting that thérans proton in thecistrans
isomer coincides with that dfanstransisomer. This was taken into account for the
calculation of the ratio between isomers.

The incremental addition of a solution of D& a 2 mM solution of receptat in
CDdlinduceddramatic changes isome of theproton signalsof the macrocycle
(Figure 215). More precisely, the proton signals of the aromatic walls closer to the
binding site,Hb and H¢ broadened andshifted upfield. A similarbehavia was
observed for the poton signalassociated with the triazole spacer Hae gradual
chemical shift changesf these signals progressed as the concentration of BFA
was increased. Interestingly, the NH proton signals of BCQiPoadened beyond
detection. Taken together, these results advocate for the formation of a complex
betweenl and6. Interestingly, tie proton signabf the transtrans DFAat 8.2 ppm
grewin intensity along the course of the titratioand did not experiere chemical
shift changesThe binding equilibrium display mixetiemical exchange dynamics
intermediateonthe *H NMR chemical shift timescalependingon the signals taken

in consideration
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For the protons displaying fast chemical exchatige pbtainedtitration data were
mathematicallyanalyzed usinthe software HypNMR 2008 (version 4.0.68he fit

to a theoretical one to one binding modelvas good andeturned an apparent
binding constantalueof Koy = 1.1+ 0.1x 1¢ M (see ExperimentaSection) It is
worth notingthat the calculatedinding constantalueis aweightedaverage othe
binding constantdor the three possible complexes that could form in solution:
6trans,trans b 1, 6cistrans 1 and 6ciscis o1

Figure 215. Selected region of thtH NMR spectrad00 MHz 298K ,CRxQ) of free receptorl (a) and
after the addition of4 b) and8 c) and 12 d)equivalentof DFAG6 €). See Figure 2.2 for protons
assignments.

To better assess the binding affinity of recepigrwe analyzed the titration data
using a mathematicdlindingmodel that assumethe exclusiveformation ofa 1:1
complex withthe cistrans isomer of 6. We fixed the value®f the equilibrium
constant beiveen the two isomersKs) and the chemical sh#tof the analyzed
proton signalsin free and bound.. The value foKsowasextracted from thantegral
values of theproton signals of thewo isomers a$so = Birans trand Bcis rans= 89/11 =
8.1. The fit of the experimental data to this binding model returnadbinding
constantvalueof 3.1+ 1.0x 1¢ M (see ExperimentalSection) Thedifference of
one order of magnitude betweelKa,, and K [6cis,irans, 1] illustrates the importance
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of assumingmore elaborate binding modsiwhen the target isomer exists to a
minor extent in solutionThe binding oB.iscsto 1 is not considered in the used
binding model. Thisirhitation is not expected to affectthe apparent binding
constant determined owinghe low concentration of tts isomer. On the other
hand, we assume higher values for the binding affinity constant of comiflex
[6ciscis , 1]

The difference of ne order of magnitude betweei(4 +1] and K[6+1] can be
rationalized by thesuperiorcapabilities othe carboxylats ofguest4 to act as an
hydrogen bond acceptogroupscompared to the neutragroups in thealkyl bis
formamide In addition guest4 is conformationally rigid andan engage in the
establishment ofS Sand aromatic CH interactionswith the aromatic walls of BCP
receptorl.

2.3. Conclusions

We have reported the synthesis af B&@P oligocyclic macrocycleeceptor 1,
bearing triazoleings as linkersWe preparedreceptor 1 by the templateddouble
CUuAAC reaction @fvo 2W-C4P units2 and 3, featuring aterminal alkyne and azide
groups respectively We selectedtetrabutylammonium terephthalate4 and
bispyridineN-oxide 5 astemplates due to their good fit in terms gize and shape
with the final macrocyclic structureFirst we studied the formation ofiomo and
heterodimeric 2:1assembliesisingTPH4 and BPNO% and calix§]pyrroles2 and
3. The'H NMRspectrum of an equimolar GON mixture of2, 3 and TPH4 showed
the formation of 2:1 homo anthetero-dimericassembliesn an almost statistical
distribution (20:20:604 ¢ 2),: 4« 3),:4 «3-2). However, analogoud$d NMR binding
studies with BPNO&xshowed more reduced changes in thmton signalassigned
to the free host and free guest. Most likely, this is due to a reduced binding affinity
of 5to the 2W C4P in this experimental conditions.

The CuAAC reaction @W C4P unit® and 3 in the presence of TP# afforded
macrocyclel in a remarkable 3% yield.

The effect of the templateni the macrocyclization reactiowas evaluated using
HPLC analysis. Macrocyclization reaction in the absence of templatkiced
compound8 in 14% yield. Compoun8 is the product of one single intermolecular
reactionbetween calix[4]pyrrole® and 3 (i.e. noncyclized product).
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Macrocyclization in the presence of TRBHroduced macrocycléd in a 30% yield
together with tetramer7 (4% vyield) and other oligomeric productdnalogous
reaction conditions in the presenad BPNOX instead of4 immediately produced
a precipitatein the reaction mixturelnterestingly the same results were obtained
when using compoun@ as starting material and templatesand 5. These results
point out that the template effect igxertedmostly by the formation of 1:14 «8
complex and not from the initial heterdimeric assemblies.

Next, we moved on to studye template effect in the macrocyclization reactioy
HPLC analysis. We ran several macrocyclization reactions pmebence of TR4,
BPNO% and in the absence a@inytemplate.For our surprise, we could isolate open
oligomer8 in the macrocyclization reaction without the use of any template. This
finding proved that for thesynthesisof receptor 1, the formation of the
heterodimericassembly was not mandatory. On the contrary, a first intermolecular
reaction between the two C4Brompted by random collision of the two units
generates intermediatd. Then, emplate4 assists on the second CUAAC reaction
by the formation of 1:1 @amplex4 «8, locating the reacting units close in space to
favor the intramolecular reactiothat generatesl. In addition, we found that two
units of intermediate7 could react intermolecularly to obtain tetramerneceptor

7, isolated in the CUAAC reactio the presence of templaté Carrying the CUAAC
reaction in the presence of templateonly producedhe formation of precipitates

Finally, the bindingropertiesof 1 towards ditopic guestd, 5 and6 were evaluated

by means offH NMRexperimentsin CDGlsolution We demonstrated that BfP 1
was able to form kinetically and thermodynamically stable complexes with4TPH
and DFA6. On the other handanalogous titrations with BPNCxresulted in the
formation of an insoluble complex.

We determined adifference of one order of magnitude betwedf4 1] and
K6 +1]. We attributed this difference to the superior hydrogen bond acceptor
propertied of carboxylates compared to the neutral formamide groups6.of
Moreover, guest can also establist® Sand aronatic CH < interactions with the
aromatic walls ofl.

We calculated the binding constant valuies the complexest+1 and 61 and
observedan increas®f two ordersof magnitude for the TPEbmplex These results
were rationalized in terms of the greatdrydrogen bond acceptor properties of TPH
4, as well as its ability to engage $§1Snteractions with receptod. Finally we have
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demonstratedthe importance ofconsidering elaborate binding models for the
determination of binding constants when differeatjuilibria take place in solution

and more importantly when the target compourekists to a minor extent in

solution.

2.4. Experimental section
2.4.1. General information and instruments

Reagents were obtained from commercial suppliers and used withottheu
purification unless otherwise stated. All solvents were commercially obtained and
used without furter purification Dry solvents were taken from a solvent system
MB SPS 80@HCN andNEt were dried, distilled and degassed by three freeze
pump-thaw cycles before used in tl@uAACeactions. RoutinéH NMR and3C{H}

NMR spectra were recorded on a Bruker Avance 300 (300 MHHE fdMR and 75

MHz for3C NMR), Bruker Avance 400 (400 MHZ4bNMR and 100 MHz féiC
NMR), Bruker Avance 500 (500 MHZ{féNMR and 125 MHz f6iC NMR) or Bruker
Avance 500 with cryoprobe (500 MHz fét NMR and 125 MHz fd#C NMR).
Deuterated solventswere purchase fromSigma Aldrich Chemical shifts are
reported in ppmusingresidual solvent peaks as referenG@aupling constant values

J are given in Hz. COSY, NOESY, ROESY, HMQC and HMBC experiments were
recorded to help with the assignment &fl and'*C signals. Higtesolution mass
spectra (HRMS) were oliteed on a Bruker HPLTODF (MicroTOF Focus) arrdigr
HPLE&QQTOF (MaXis Impact)sing the ionization mode indicated for each
compound IR spectra were recorded on a Bruker Optics FTIR Alpha spectrometer
equipped with a DTGS detector, KBr beamsplitter atr# resolution using a one
bounce ATR accessory with diamond windows. Melting points were measured on a
MP70 Melting Point System Mettl@ioledo.HPLC analysis were done in an Agilent®
1200 system using a Waters Spherisorb® PnGsilica column and a 35B4OAcC in

DCM mixture of solventColumn chromatography was performed with silica gel
technical grade, pore size 60 A, 2800 mesh prticle ske, 4007 ...u % ES3] o ]I
and thin layer chromatography (TLC) analysis on silica gel 60 F254.

2.4.2. Synthesisrmal characterization data

BC4FReceptorl. . :Bis4-[ethynylpheny]calix[4]pyrrole2 (57 mg, 0.095 mmol, 1
equivalen) and . :Bis4-{azidephenycalix[4]pyrrole3 (60 mg, 0.095 mmol, 1
equivalen) were dissolved in 50 mL of dry and degassed acetoni@ikk.(25 mg,
0.132 mmol, 1.4quivalen), tetrabutylammonium terephthalaté (61 mg, 0.095

91



Chapter 2

mmol, lequivalen), and 0.5 mL of freshly distilled triethylamine were added. The

reaction was stirred at room temperature fod h. After that, 50 mL of
dichloromethane was added to the reaction crude. The organic phase was washed

three times with 100 mL of water and later dried with anhydrousS@ filtered,

and concentrated under reduced pressure to give a brown solid. Ptidficaf the

crude by silica column chromatography usindgfa mixture of EtOAc in CHQRf =

0.4) affordedl as a white solid (35 mg, 30% yiefd).NMR (500 MHz, CR98 K)

w OX6fA ~+U 7,U, U 6Xid0 ~ U 8,U : A 6Xi ,IU15@UYHOXB6 ~ U
J = 8.7 Hz, Hd), 7.06 (d, 4H, J = 8.0 Hz, He), 6.99 (br, 4H, NHs), 6.95 (br, 4H, NHs),
6.06t5.92 (M, 16HHteU TX1id ~U iT,U ,(*U iXAT ~eU iTPQ{HPU iXdi -
NMR (125 MHz, CRQI 7166 <+ w i06X0U io6X0oU I3BXABE.916XTU iic
129.0, 128.8, 128.0, 126.1, 120.0, 117.8, 106.1, 105.6, 105.4, 105.2, 44.9, 44.9, 35.9,

35.8, 30.7, 30.6, 30.2, 30.2, 29.3, 29.2. FTIR (AKR)(cm™) = 3443(amine NtH

stretching), 2970 (alkene t8l stretching), 1214 (amine tN stretchirg), 1039

(alkene QX bending), 788 (alkene@ bending). HMS (MALDTOFMS) m/z

calculated for eH;7Nia [M t H]> 1233.6461, found 1233.6479. mp >27C

(decomp).

Figure 216. 'TH NMR %00 MHz CDGJ, 298 K) spectrum of a 2 mM solutionBE€4Rnacrocyclel with
the correspondingproton assignments:Residual slvent peaks.
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Figure 217.13C NMR 125 MHzCDGJ, 298 K) spectrum of a 2 mM solution®E4Rnacrocyclel.

Figure 218.1H tH COS¥%00 MHzCDGJ, 298 Kpectrumof a 2 mM solution oBC4Rnacrocyclel.
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Figure 219. 1H-13C HSQGQ0 MHzCDGJ, 298 Kppectrumof a 2 mM solution oBC4Rmacrocyclel.

Figure 220. 1H-'H HMBQ(500 MHz CDG, 298 K) spectrum of a 2 mM solutionBE4Rnacrocyclel.
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Figure 221. 1H t1H ROES¥00 MHz CDGJ, 298 K spirlock = 0.3 kspectrumof a 2 mM solution of
BC4HMmacrocyclel.
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Figure 222. Experimentala) and theoreticalb) isotopic distribution for BC4@olecular ion1-HJ.

Tetramer 7 . :Bis4-[ethynylpheny]calix[4]pyrrole2 (47 mg, 1equivalen) and
:Bis4-[azidephenyjcalix[4]pyrrole3 (50 mg, 1equivalen) were dissolved in 40
mL of dry and degassed acetonitrile. Cul3 (mg, 1.5 equivalen),
tetrabutylammonium terephthalatet (51 mg, lequivalen), and 0.5 mL of freshly
distilled triethylaminewere added. The reaction was stirred at room temperature
for 4 h. After that, 50 mL of dichloromethane was added to the reaction crude. The
organic phase was washed three times with 100 mL of water and later dried with
anhydrous Nz5Q, filtered, and concetrated under reduced pressure to give a
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brown solid. Purification of the crude by HPLC spraparativesilicacolumn using
a 35% EtOAc in Hexamaixture afforded7 as a brown solid (10 mg% yield)H
NMR (500 MHz, C(298 K)w8.13 (s, 4H, M), 7. (d, 8HJ= 8.5 Hz, H)), 7.66 (d,
8H,J=8.9 Hz, Hi, 7.30 (br, 16H, NHs), 7.11 (d, 8H4,8.9 Hz, K, 7.04 (s, 8H]=8.2
Hz, H),5.93 (m, 16Hlt*U AX0A HiW idOG8 ~y), 1d5s,,24H,MH 1.50
(s, 24H, H). °C {H} NMR (125 MHZLDGJ, 298 K)/ 148.1, 138.7, 138.6, 136.3,
135.8, 128.8, 128.0, 125.0, 119196.2, 103.3, 103.1, 44.6, 44.2.@ 30.74, 29.6,
29.3,27.6,27.2, 27.1,226, 14.1.FTIR (ATR)® yax (cm™) = 345 (amine NtH
stretching), 292 (alkene QH stretching),1705 (triazaé C=N stretching)1220
(amine QN stretching), 108 (alkene G bending), 68 (alkene X bending). HR
MS ESITOFMS) m/z calculated for &HiseN2s [M t 2HPF 1233.@802 found
1233.6450 mp >270 °C (decomp).

Figure 223. 1H NMR %00 MHz CDGJ, 298 K) spectrum détramer 7 with proton assignments.
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Figure 224. 3CNMR (25MHz,CDGJ, 298 K) spectrum détramer 7.

Figure 225. 1H-13CHSQQ500 MHz CDGJ, 298 K) spectrum détramer 7.
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Figure 226. 1H-THHMBC(500 MHz CDGJ, 298 K) spectrum détramer 7.

Figue 227. 1H-1H ROES¥00 MHzCDG, 298 Kspirtlock = 0.3 kspectrum otetramer 7.

98



Design and synthesis of a bis(calix[4]pyrrole) receptor

2493.2989
100 | 2494.3020
|

] 2B ou 2083 2495,3050
3000 24922959 |

50 |
o 24822084 24952070

2496.3081

000 et ot 2497311

J \ :
i 2 24 2404 205 240 aer s 2ee 2470 2475 2480

Figure 228. Experimentala)and theoreticalb) isotopic distribution fo[7+Na}-.

Dimer 8 . :Bis4-[ethynylpheny]calix[4]pyrrole2 (47 mg, lequivalen) and . -
Bis-4-[azidephenycalix[4]pyrrole3 (50 mg, lequivalen) were dissolved in 33 mL

of dry and degassed acetonitrile. Cul (23 mg,ehjsivalen) and 0.3 mL of freshly
distilled triethylamine were added. The reaction was stirred at room temperature
for 4 h. After that, 50 mL of dichloromethanvas added to the reaction crude. The
organic phase was washed three times with 100 mL of water and later dried with
anhydrous Nz5Q, filtered, and concentrated under reduced pressure to give a
brown solid. Purification of the crude by HPLC spraparaive silica column using

a 30% EtOAc in Hexane mixture affordeals a yellow clear solid (ng, 5% yield).

H NMR (500 MHz, CR&98 K)w8.05 (s, 1H, &), 7.75 (d, 2H)= 8.0 Hz, 1), 7.63

(d, 2HJ= 8.5 Hz, B, 7.35 (d, 2H)= 8.5 Hz, H), 7.23 (br 8H, NHs), 7.14 (d, 2Bt

8.5 Hz, ¥, 7.06 (d, 2H)=8.2 Hz, i), 6.95 (d, 2H,J= 8.2 Hz, ¥}, 6.94 (d, 2H)=

8.2 Hz, K), 6.88 (d, 2HJ= 8.5 Hz, B, 5.94 (m, 8HH Epyrrole), 5.66 (m, 4H;1 B,

5.61 (m, 4HH B, 3.02 (s, 1H, | 1.92 (d, 6H)= 2.4 Hz, H), 1.87 (d, 6H)= 2.4 Hz,
HB, 1.63 (s, 12HA W 1.54 (s, 12HA G °C {1H} NMR (125 MHz, CHQb8 K)/
139.1, 139.0, 138.9, 136.7, 136.4, 136.2, 129.1, 128.3, 127.8, 125.5, 120.1, 118.6,
106.3, 103.7, 103.7, 103.6, 44.9, 35.5, 30041328.3, 28.1FTIR (ATR):max (cmi

1y = 349 (amine NtH stretching), 266 (alkene GH stretching),iiiT ~ olCv Y
stretchingand azide stretchinlg 1219 (amine QN stretching), 103 (alkene GIC
bending), 7@ (alkene QX bending) HRMS (HPLTOFES) m/z calculated for
GeoH77N14[M 1 2H]'>616.3194, found 616.3198p >29 °C (decomp).
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Figure 229. 'H NMR 800 MHz CDGJ, 298 K) spectrum afimer 8 with proton assignments

Figure 230. 3CNMR (25MHz, CDGJ 298 K) spectrum of dimé&:
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Figure 231. 1H'H COSY500 MHz CDGJ, 298 K) spectrum afimer 8.

Figure 232. 1H-13CHSQQ500 MHz CDGJ, 298 K) spectrum afimer 8.
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Figure 233. 1H-'HROES¥00 MHzCDGJ, 298 Kspinlock = 0.3 pspectrum ofdimer 8.

Figure 234. Experimentala) and theoreticalb) isotopic distribution fordimer 8.

2.4.3. DOSY Experiments

Figure 235. Energy minimized structures of the different architectures describedigctiapter with
a wireframe sphere to indicate the volunmderived from theDOSMYanalysis
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Figure 236. (left) H pseudo 2D plot of DOSY (500 MHz, 298K sai@hacrocyclel (D20 = 0.15 s,
P30 =1 ms). (right) Fit of the deaafythe signal of protorHato a monaeexponential functiorusing
Dynamics Center software from Bruké&rrors are indicated as stdard deviation.

Figure 237. (left) H pseudo 2D plot of DOSY (500 MHz, 298K said@itramer7 (D20 = 0.15 30
=1 ms ). (right) Fit of the decay to a meexponential function. Errors are indicated as standard
deviation.

Figure 2.38. (left) IH pseudo 2D plot of DOSY (500 MHz, 298K said@hacrocyclel (D20 = 0.15 s,
P30 = 1 ms). (right) Fit of the decay to a m@xponential function. Errors are indicated as standard
deviation.
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2.44.*H NMR titration experiments

Figure 239. IH NMR spectra (400 MHz, 298 KzCW)acquired during the titration experimerdf
receptor 3 (a) with incremental additions offPH4: 0.25 equivalent(b), 0.5equivalent(c), and 1
equivalent(d) with assigned diagnostic signaRrimed letter correspond teomplex4 ¢ 3,; doubled
primed letters correspond complen < 3. Proton H1 correspond to the two magneticallyquivalent
proton signals of guegt See Figure 2.2 for pton assignments:Residual solvent signal.

Figure 240. 'H NMR spectra (400 MHz, 298 Kz@W)acquired during the titration experimerdf
receptor 2 (a) with incremental additions o0BPNO»: 0.25equivalent(b), 0.5equivalent(c), and 1
equivalent(d) with assigned diagnostic signalrimed letter correspond tsignals of complex formed
between2 and BPNO%. See Figure 2.2 for protons assignmeriBesidual solvent signal.
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Figure 241. 'H NMR spectra (400 MHz, 298 KzCW)acquired during the titration experimerdf
receptor 3 (a) with incremental additions 0BPNO»: 0.25equivalent(b), 0.5equivalent(c), and 1
equivalent(d) with assigned diagnostic signafsimed letter correspod to signals of complex formed
between3 and BPNOE. See Figure 2.2 for protons assignmeriBesidual solvent signal.

Figure 242. Selected region of theH NMR spectra (400 MHz, 298 KzCW)of 2:1 mixture of C4R2
and BPNO% a) C4R3 and BPNO% b) and the 1:1:1 mixture of the three componenErimed letter
correspond to complex to the 1:1 complex8ge Figure 2.2 for protons assignmehResidual solvent

signal.
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Figure 243. Fit o the chemical shifthangesexperience by thesignalfor proton Hc of1 duringthe
titration experiment with DFA usinga theoreticall:1 binding modethat considers the complexation
with all isomers o6. HypNMR 2008 software (version 4.0.68s used for the mathematical fit

Figure 244. Fit of the chemical shifthangesexperience by thesignalfor proton Hc of1 during the
titration experiment with DFA. Manually adjustedo a theoretical binding modéhat consideed the
two isomeric forms 06 with Kso = 8.1and the exclusive binding of tlestransisomer.
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For the calculated chemical shifts values it was necessary to calculate the amount
of free cis,transisomerat each point of the titration experiment. For this, we used
the next relationship attending at the definition of the bindieguilibrium constants

and mass balances:
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2.45. HPLC analysis of the template effect

Figure 245. HPLQraces of theanalysis of the aliqustextracted from theCuAAQreaction of an
equimolar mixture of C4Pand3 and TPHL. The aliquots were taken before thddition of the copper
catalyst a) and min.b) 2 hours (c) and! hours (d) after the addition of the copper catalySome
relevant signals arassigned
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Figure 246. HPLCiraces of theanalysis of the aliqustextracted from theCuAAQeaction of an
equimolar mixture of C4R and 3 and BPNO%. The aliquots were taken before theldition of the
copper catalyst a) anl min.b) 2 hours c) and4 hoursd) after the addition of the copper catalyst.

Some relevant signals are assigned.
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Figure 247. HPLGraceof the analysis othe crude obtained in the CUAAC reaction between Z4dfd
3in the presence of BPNCX

Figure 248. HPLQraces of theanalysis of the aliqustextracted from theCuAAQreaction of an
equimolarmixture of C4R2 and 3. The aliquots were taken before thédition of the copper catalyst
a) and5 min.b) 2 hours c) andt hours d) after the addition of the copper catalySbme relevanpeaks
areassigned

110



Design and synthesis of a bis(calix[4]pyrrole) receptor

Figure 249. HPLCraces of theanalysis of the aliqustextracted from theCuAAQreaction of an
equimolar mixture of C4RPand3. The aliquots were taken before thédition of the copper catalyst
a) and5 min. b) and one hour c) after the addition of the catalyste@dditional aliquot was taken
and analysed after the addition of omguivalentof TPH4 d). Some relevant signals are assigned.
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Figure 250. HPLGQraces of theanalysis of the aliqustextracted from theCuAAQreaction of an
equimolar mixture of C4RP and3. The aliquots were taken before thédition of the copper catalyst

a) and5 min. b) and one hour c) after the addition of the catalyst. One additional aliquot was taken
and analysed after the addition of omguivalentof BPNO d). Some relevant signals are assigned.
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Binding ofion-pairs by a bis(calix[4]pyrrole) receptor

3.1. Introduction

In recentdecadesthe field of supramolecular chemistry hagtnessedincreasing
interestin ion recognition processedhis is due to the essential role that ions play
in biology, chemistry anthe environment!? The coordination of cationic species
dominated the field in the early days dahis research areaowing to theless
demanding characteristics of the guests (size, structure and solvation enérgy).
myriad of synthetic receptors were disclosed capable of cation binding, most of
them based on crowsethers derivatives.The design of synthetic anion receptors,
however, progressed at a slower pam&ing to the vast variety in size and shape of
anionic specied\everthelessintenseefforts are still invested on the synthesis of
anion receptors due to its increasing presgnin modern societies, i.e. nuclear
waste and fertilizers:>® Receptors able to bind both anions and cations at the same
time evolved from the combination of both fields. Heteroditopic receptors feature
binding sites directed to coordinate anions arations concomitantlyith greater
affinity and selectivity than its monotopic analogués:® However, heteroditopic
receptors come with an increased synthetic cost and a complex design inherent to
its structural properties*? The final aim of these reptors is to mimic naturally
occurring receptors such as proteins and disentarike nature of its ion pair
bindingproperties34

Calix[4]pyrrole (C4P) are efficient heteroditopic receptors for ion pair binding in
both wet and organic medit®51"® The bur converging NH groupsef the
receptor[ cone conformation create an ideal bindisge for anions ancelectron

rich neutral nolecules. At the same time, thgyrrole ringsin cone conformation
definea shallowandelectron rich cavityppposite to thebound anion that ieptimal

for cation bindinghroughestablishment of cationSinteractionsmainly.**?° In this
vein, we were interested in evaluating thproperties of the macrocyclic bis
calix[4]pyrrolereceptorl to coordinate ion pairs dimerScheme 31).

Bis(calix[4]pyrrole)B4Creceptorsare well known for their ability to bind charged
speciesRecent work from the groups SesslerHeand Leeshowedthe capabilities

of these receptors to coordinate anions and ion dimers with high selectivity and
affinity.24?122 In previous yearswe disclosedur investigations on théinding of
tetraalkybmmonium salt®2a-c in CDGlby BC4P receptaB, bearing twol,3-diynyl
spacers>?* Receptor3 formed 1:2complexeswith alkylammonium salt&b and2c

by means ofhighly cooperative bindingprocesses Interestingly, he formed
complexedeatured cascade arrangements of close contact ion triplets. One of the
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TBA cations was sandwiched between the two bound anionsof@CN) stabilized
by electrostatic interactions. The other TBRAtion wa bound in the aromatic cavity
of the C4P, opposite to the bound anjotisplaying a recepteseparated binding
mode. On the other hand, using MTOA-2Z&Ywe obtaineda 2:1 complex (2a), * 3,
featuring a receptosseparated binding modgeometryfor the twobound ion pairs.
Moreover,the binding process showed no signsobperativity.

Scheme 3L. Molecular structures of b{salix[4]pyrrolg macrocycled and3 and the ion pairs used in
the binding studies. Schematic representations of 2:1 binding geometries (inset).

We disclosedn the previous chapter the synthesis of a BC4P macrocycle obtained
by the CUAAC coupling reaction of two C4P units, recdptdfe ato described the

'H NMR binding studies towards a series of ditopic guebtsyingthe ability of the
receptor to generate thermodynamically and kinetically stable 1:1 compléx#ss
chapter, we report the binding studies of receptbtowards tetraakylammonium
salts2a-c. We envisaged that BC4Rvould be suitable for the generation ain-
triplet cascade complexes in solutiowing to the proximityof its two binding sites.

In addition, thereduced dimensionsf receptorl compared to its analogud may
resultin a different selectivityand cooperativity for the binding of iepair dimers
Thebinding of ion pairill be probed by*H NMRtitrations. Thethermodynamic
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parameters of the complexesill be measuredoy ITC experiments. Additionally,
ESIMS experiments will provide informatiamm the stabilities of the complexes in
the gasphase.

3.2. Results and dcussion
3.2.1.'H NMR binding studies with tetraalkylammonium s&lsc

Despite the apparent structural similarities, BCA4BNnd its 1,3-diynyl analogue3
present cleasstructuraldifferences that will affect the binding affinity towards ion
pairs2a-c. Macrocyclel presents aeducedcavity siz&ompared to that of receptor
3. Indeed, the N-N distance from the two distant C4P units ieduced by
approximately3 A for receptorl compared to3. In addition, the bent shape of BC4P
1 for the Cv symmetry conformer that generated by the 14ubstitution on the
triazole spacer, contrastith the lineal arrangement of recept@®. Nevertheless,
the C2 symmetry conformer df also displays a lineal arrangement of the two
binding sites(see Experimental SectionThe triazole substitution generates also
two inequivalent hemispheres with dissimilar binding sites, in contrast withwioe t
identical binding sites displayed By

The H NMR titration experimentswere performedin chloroform solution at
millimolar concentrations. It is known that in ngmolar solvents C4P receptors
generateion-paired complexesvith alkylammonium halide io-pairs. The formed
complexeglisplaya receptorseparatedbindinggeometry Theanioniscoordinated
to the four NHs of the calix[4]pyrroleore in the cone conformatio suitable sized
alkylammoniunctationis includedn the electron rich aromatic cavitefined by the
pyrrole rings of the coneconformer, which is opposite to the bound anion
Additionally, C4Preceptors present hgher affinity towards thesalts containing
MTOA cations compared tothe TBA counterparts This is due to the better fit of
the methyl group of the MTOAcation in theelectronrich aromatic cavity of the
C4Pthat is defined by the pyrrole rings in conenformation>262

Binding studies with methyltrioctylammonium chlori@a

The!H NMR spectm of a 2 mM solution in CROIf receptorl showed sharp and
well-defined proton signalthat are in agreement witl; and G, symmetry(Figure
3.1). Most likely, in solution receptofl exists as a mixture of two conformers
displaying a fasexchangeon the proton *H NMRchemical shift timescaleThe
addition of 0.5 equivalent of MTOA-@loduced the appearance of a new set of
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sharp signals that were primarily assigned to recegdtam a complex of unknown
stoichiometry with2a. Subsequent addition &aprovoked the increase iimtensity

of the new set of signaht the expenses of thosgssociated with the free receptor
Whenanequimolar ratioof 1 and2awas reached only the set of signalkssigned to
the complex was observed. Interestingly, we noticed that one of the signals
attributed to the NHSs in receptdk shifted downfield toG=11.2 ppm while the other
remained centered atG=7.1 ppm. These findings suggest that the chloride anion is
bound exclusivelyto one of the twonon-equivalent binding site®f receptor 1
throughhydrogen bonding interactionsith the pyrrole NHsIn addtion, the proton
signal associated with the methyl group of the MT©@&tion (H) resonated atG=

0.1 ppm while the onassignedo the methylene groumlphato the nitrogenatom
(H2) appeared atG= 2.0 ppm. The upfield shift experienced by these twoag
with respectto its free counterpart (' G= -3.3 and-1.4 ppm, respectively) is
indicative of its inclusion in the electraich aromatic cup of the CéPa 1:1
complex displaying recepteseparated geometry.

Figure 31. Selected region of th&H NMR spectra (400 MHz, CHEB8 K) of free receptdr (2 mM)
(a) and incremental additions of MTOA-ZH)( 0.5 equialent(b), 1.0 equialent(c), and 2.0 equalent
(d). Primed letters correspond @a ?1, and double primed le#trs correspond to4a), ?1. See Scheme
3.1 for proton assignment.
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In order to investigate the binding selectivity of the receptor, pexrformed DFT
calculations (B3LYR®&LG*) to assess the molecular electrostatic potential (MEP)
the center of the aromatic ring of themescaromatic substituent. The MEP valise
related to the strength ofnteraction of a proton with the electron density of the
molecule As a rule of thumlg negative valuef the MEPcorresponds to aepulsive
interaction with an anion The more negative the value is the more repulsive the
interaction results thus the energeticstability of theputative complexdecreases
The DFT calculations assigned a MEP althe centerof the phenyl ring othe 4-
methyl1-N-phenytl,2,3triazole and imethyl4-Gphenytl,2,3triazole of-11 and
-19 kcal/mol, respectivelfsee ExperimentalSection) Thus, the chloride anion will
preferentially bind the*$A} A o eexter@@@4P attached to the triazole ring
throughthe nitrogen atom N-substituted)thanthe one attachedht the sp? carbon
(GSubstituted).

Addition of more than 1 equivalent of MTOA-CI produced the appearance of a new
set of proton signals assigned smother complex of unknown stoichiometry.
Incremental adition of 2a provoked the increase in intensity of the new signals at
the expenses of theriginalones. When 2 equivalent were added, the secogido$
proton signalswas the only onaletected. At this point in the titration, two signals
attributed to the NHs binding the Chnion were detected atG=11.39 and 11.30
ppm, suggestinghe formation of a2:1 complex (2a), * 1. Addition of an excess of
the MTOA-ClI salt did not produedditionalcharges in the signals associated to the
bound receptor in the2:1 complex However the proton signal assigned to the
methyl group of the MTCOcation (HL) experienced adramatic broadening.We
interpreted thisobservationas a result of the existence of a chemical exchange
processbetween the bound and free MTOAcation that showed intermediate
dynamics orthe *H NMR chemical shift timescaldue to the increasedmount of
free MTOA cation, the signal of the methyl group experiencing the intermediates
exchange moved downfield towards the chemical shift value of the dedion.

Takentogether, theseresultsindicatedthe initial formation of a 1:lcomplex This
complex was quantitatively formedhen theequimolar ratio between receptot
and MTOA-Clawasreached.ComplexXa-+ 1 displays a recepteseparated binding
geometry with the chloride anion bound exclusively in tiNesubstituted
hemisphere of receptot. The complex experiensa slow exchange in théd NMR
chemical shift timescale with its free components, which rhaylso indicativeof

its high thermodynamicstability. Indeed, @& the 1:1 complex is the only species
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observedin the equimolar mixtureof 2a and 1, we estimate the binding affinity
constantasK[2a+1] > 10 M.

The new set of proton signals that appearetkatddition of more tharl equivalent
was attributed to the (2a), *1 complex As the concomitantoirmation of the two
complexes was not observed the early stages of the titratigrwe conclude that
there isa large difference in the binding affinitpnstantfor chloride betweerthe

two anionic binding sites df. Moreover,the quantitative formation o{2a), « 1after

the addition of 2equivalentof 2aindicates thathe overallbinding affinity constant

for the complex can be estimated &§2a), «1] > 10° M2. After addition of more
than 1 equivalentof 2a, we didnot observedchemical shift changes in the signals
assigned to the bound MTOAation (H1 and H2). This resultpports that the
binding of thesecond ionpair also takes place ira receptorseparatedbinding
geometry The methyl groups of thewo bound MTOA cations in the 2a),+1
complex are included in the distal electron rich aromatic cups of the two different
C4P binding units df. Howeve, they resonate as aingle anchighlyupfield shifted
broad singlet. We suggest that the two C4P cups provide similar magnetic
environments.

In order to provide additional evidencéor the receptorseparated binding
geometryof the two ionpairs involved in th€2a), «1 complex we performed a
ROES¥xperimentusing a solution containingzl mixture of2aand receptorl at
mM concentrations(Figure 32). At this concentration and working under strict
stoichiometric control thg2a), <1 complexis quantitatively formedWe observed
crosspeaks related to proximity in space between the protagnsls assigned to
the MTOA cation and those associated with th&yrrole protonsof 1. At the same
time, no crosgpeaks were detected between the protons of the aromatic walls of
and those of thebound MTOA catiors. These observations aia agreement with
the formation of a receptoseparated complexThe X-Ray diffractioranalysiof a
single crystal othe (2a), *1 complex, which wagrown by slow evaporation of a
1,2-difluorobenzene solution also evidenced the receptaeparated binding
geometry of the ionpairs in the solid staté® Themeasured Cl-Cl atom distance
in the crystal structurés 8.8A. This distance is too short fsandwichinghe MTOA
cation between the twoanions However, the inclusion of an alkyl or methyl
substituert between them is feasiblevide infrg. Neverthelessin the solid state,
two molecules of solvent occupy the space betwélea two boundanionsin the
(2a); 1 complexThe receptor displays &rans geometrywith respect tothe two
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triazole spacers, witthe hydrogen attached to thep? carbonatoms oppositeto
each other(Figure 33).

Figure 32. 1H-1H ROESY experime®0Q MHz,CDGJ, 298 K spinlock = 0.3 yof a 2:1 mixture of
receptorl and MTOACI @&). Cross peaks between th&pyrrole protons(HB and the protonalpha
to the nitrogen atom in the MTO#%ation (H2) are marked.

Binding studies withetrabutylammoniumsalts2b-c

We moved next tothe study of the binding affinity of receptorl towards the
tetrabutylammonium salts of GRb) and OCN2¢).

The addition of 0.5 equivalent of TBA-Cat® mM solution of macrocycléin CDGI
produced broadeningnd upfidd shift to all the proton signalsof the free receptor
(Figure 34). More precisely, lhe signalassignedto the NHs of the receptor
broadened beyond detectiolfConcomitantlywe observed the appearance @ahew
set of signalshat were assigned tthe protonsof the boundreceptorin acomplex
of unknown stoichiometryln the downfield region of the spectrum, we detected
two signalsesonatingat G- 11.3 and 11.45 ppnWe assignedhese signal$o the
NH protons of thebound receptor in thenewly formed commx. The methylene
protonsalphato the nitrogenatom in the TBAcation(H1)resonated atG= 2.6 ppm
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This valueepresents ampfieldshift (' G=-0.7 ppm)in comparisorio the analogous
signal in the free TBAation. This observation igdicative of theinvolvementof
the TBAcationin the binding proces§ heincrementaladdition of TBA-CI produced
anincrease inntensity of the new set of signais the expenses ahose displaying
broadening and upfield shifWwhen 2 equivalent oftie ion pairwere added, only
the new set of signals was detectadthe *H NMR spectrum of the mixture

Figure 33. X-ray structure of the2a), ?1 (a) and(2b), ?1 (b) complexes. Receptorl, MTOA cation
and "} u§ _ *ctation are shown as ellipsoids at 50% probability level and hydrogens assiibeed
spheres with a radius of 0.15 A. Included chloride anisol/ent molecules v ~]v _* dation are
displayed as CPK representations.

Taken together,ese resultsuggesthe initial formation ofa 1:1complex 2b «1,
which experiences chemicalexchangewith the free counterparts in a dynamic
range that is intermediate orthe *H NMR chemical shift timescalélmost
concomitantly a second compleis formed and prodices a separate set of proton
signals for the bound receptor. Wassigned a 2:1 stoichiometry to this complex
(2b), * 1. Thepyrrole NHof the (2b), 1 complexresmate as twoseparatesinglets

in the downfield region of the 'H NMR spectrum. The high downfield shift
experienced by these protons @ue to hydrogen bondingcoordination with
chloride anionsThe NHs othe two anion binding sites of are chemically non
equivalent and produce separate signals both in the freelanthd states.

Considering that both complex@b <1 and(2b), « 1 were detected in solution in the
early phases of the titration, we consider that the stepwise binding constants
the formation of the(2b), «1 complexshouldbe of the same order of magnitude
When 2 equivalent of TBA-Cl were addemithe solution, the(2b), « 1 complexwas
exclusivelyobserved. This result indicates thatgiobal stability constantcan be
estimated a¥{(2b). « 1] > 1¢ M. The obtainedesultsare in striking contrastith
those obtained forMTOA-CI. Firstly, sloexchangedynamic ruled the binding
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processes of both 1:1 and 2:1 complexasMTOACI with 1. This observation
supportsa higherkinetic stability for the 1:1 complexf MTOACI compared to that
of TBACI In addition, the formation of théwo complexesof 1 with MTOACIwas
not concomitant It followeda two-phasecoordinationprocess leading taseparate
formation of the 1:1 and 2:Linder strict stoichiometric control. This behavior is
consistent with he existence o& substantial difference between theagnitudes of
the two stepwise binding affinity constants.

Figure 34. Selected region of th&H NMR spectra (400 MHz, CH@B8 K) of free receptdt (2 mM)
(a) and incremental additions @iBA-Cl 2b): 0.5 equialent (b), 1.0equivalent(c), and 2.Gquivalent
(d). Primed letters correspond &b ?1, and double primed letters correspond t2bj, ?1. See Scheme
3.1 for proton assignment.

In the initial phase of the titrationof 1 with TBACI i.e. up to the addition ofL
equivalent,the methyleneprotons alpha to the nitrogen atom of the cén (H1)
gradually shifted upfield We rationalize this behavioby the increasein
concentration ofbound TBA in the 1:1 complexin this complex, th&ound TBAis
located in the aromatic cuppposite to the bound chloridef the C4Rhat isdefined
by the pyrrole ringdn this location, the H1 protons of TB&xperience the shielding
effect produced by the pyrroleings. Theaddition of more than 1 equivalent of
TBACI,2b, induceda downfield shifto the H1signal We attributed the changein

127



Chapter 3

the chemical shiftrend of H1 (biphasic behaviorjo the formation of the 2:1
complex As previously described for recept®rwe surmised that also fdt, the
TBA cation of the second bound igpair is sandwiched between the two chloride
]}ve Jv o Jv 8Z &E |%shp(E fre(2bp ] § @Mplex will display a
cascade arrangeemnt of an ion-triplet. The existence of a@hemical exchange
process displaying fast dynamics on thd NMR chemical shift timescaleetween
the sandwichedTBA cation and other TBA cations included in the electron rich
cavity defined by the pyrrole ringsither in the 1:1 or 2:1 complewill explain the
observed down#ld shift for the TBAsignal when more than one equivalent of the
saltis added to the®E %o SOICEHipm.

We obtained similar results in théd NMR titration experiments carried out it
TBA-OCNCc (see ExperimentalSection).Further support for the formatiorof ion-
paired cascadecomplexes(2b), 1 and (2¢), * 1 came from 2D ROESY experiments
performedwith separate solutions containingla2 mixture of receptor1 andthe

ion pais 2b and 2c. Crosgeaks related to proximity in space were detected
between the proton signals athe TBA cation and the aromatic walls of the
receptor, as well withits Epyrrolic protons(Figure 35).

Figure 35. 1H-1H ROESY experime0Q MHz,CDGJ, 298 K spinlock = 0.3 sof a 1:2 mixture of
receptorl and TBACI @b). Cross peaks between th&pyrrole protons(H B and the protonalphato
the nitrogen atom in théfBA cation(H1)are marked.
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dngle crystals grew from the slow evaporation of a solution in 1,35
trifluorobenzene containing 1:2 molar ratiomixture of receptorl and2b. The %

ray structure of the(2b), «1 complexrevealed acascaddike geometryof the ion
triplet in the solid state. This finding provided additional support to the proposed
structure for the(2b), « 1 complex in solution, which wakerived from theresults of

the *H NMRexperimentgperformed in CDGI(vide supra(Figure 33). It is important

to note, that we refer to the 2:1 complexes obtained with TB2&b). *1and(2c). * 1,

e J*% o0 CJvP -0l < P }u SECX dZ]pattal ipclusipnoOEBA
cationbetween the two anionsf the ion trimer In the case of the lineal andore
symmetric receptoi3, the 2:1 complexes obtained with TBdisplayed a perfect
cascadegeometry with the TBA sandwiched and centered between the two
chloride atoms The greater inner volume of receptdtocated the Clanions in the
2:1 complexes 10.& apart from each othewith a CI-N--Cl angle of 168 In
contrast, the complexes obtained with receptbrdisplay a CIGI distance 1.8
shorter, with a CI:N---Cl angle of 123 Thereducedinner volume forces the TBA
cation to be partially sandwiched between the anions, with three of the iyl
chains protruding oubf from the receptor.n this case, the receptor display<ia
geometry with respect to the triazole spacdsse Experimental Section)

3.2.2. Thermodynamic characterizatiari the ionpaired complexes formed with
receptorl and the ®ries of ionpairs

We undertook TC experiments in order to determine the thermodynamic
parameters of the binding dhe ion pairs2a-c by receptorl. Inorder to investigate
the cooperativity of the binding event, if any, we wanted to compare the results
obtained using receptol with those obtained forthe model receptors4 and 5.
Receptors4 and 5 are the analogouswo-wall calix[4]pyrrole (2 WC4P)verson of

the two binding sites present imacrocyclel (Figure 36). C4P4 is linked to the
triazole unit trough anitrogen atomwhile 5 is attached toa sp? triazole carbon
atom. Along with the DFT calculatiofgde suprd, the binding studies of these
receptors in chloroform will serve to disentangle the binding preference of ion pairs
2ac into each of thenon-equivalent C4P binding sited 1. We determined the
binding affinity constants of and 5 towards MTOA-C2c usingITC experiment®
Thedata obtainedwerefit $} "~}v < § }theofsticalbinding model The fits
were goodand returned the values for thebinding affinity constants dff2a<4] =
2.8+ 0.5 x oM * andK[2a+5] = 6.5 + 0.3 x £M * with ann value close to 1, as
expected for the formation of 1:1 complexeBhese results poiat out to a slightly
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greater preference oRatowards theN-substitutedC4P4. This preference can also
be translated for the analogous binding sitergteptor 1 over its Gsubstituted
counterpart We rationalize these results by invoking greater repulsive ai8on
interactiors for the chloridesandwiched betweerthe more electron rich phenyl
rings connectedto the p-substituted triazole unit througkthe carbon atan instead
of the nitrogen aton?o3!

Binding studie®f receptorl with methyltrioctylammonium chlorid®a

The sequential injection of a Chi€blution of receptorl (8 mM) into a solution of

ion pair2a (0.9 mM)produced agradual release of heathe normalized integrated
values of the heatlata displayed a binding isotherm with two noticeable inflection
points, indicative of the existence of two distinct binding events. The inflection
points were centered at a molar ratity2a of 0.5 and 1.Accordingly, the data
obtained was fit to @aheoreticalbinding model of two sequential binding sites using
the Microcal ITC Data analysis modeg(ie 3.7).

Figure 36. Molecular structures of calix[4]pyrrole receptetand5 used as reference systems.

The fit of the data returned values for the binding affinity constafga 1] =2.0+
05 x 10 M* and K2as1” (24).+1] = 2.0+ 0.4 x 16 M* The enthalpic
contributionto each of the binding events wd#i[2a 1] =-11.4+ 1.6 kcal-mot and
'H[2a+1” (2a).+1] =-5.1+0.1 kcal-mot, advocating for enthalpy driven binding
events (Table 31).22 Interestingly, he binding value obtained for the first binding
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event is two orders of magnitud&arger than the one obtained fothe model
receptor4. We rationalize these results in terro$the higher preorganizatiolevel
ofreceptorl }u% @E 3} *Ju%eo ~3A} A 4 indeed,Wodel rec¥pioy E
4 is conformationally more flexible thah. We surmise that the conformational
changeghat receptor4 experiencesn the binding oRacome at a higar entropic
costcompared tol.*®* The valueof the affinity constanfor the second binding event
with receptorl is two orders of magnitudemallerthan that of the first one. This
serves to explainvhy the formation ofthe complexe2a+1 and (2a). * 1 occurred
in two different phases of the titrationsas observed in théH NMR titration
experiments the second binding site of receptdr does not participate in the
binding event until the first is fully coordinated to the &iion.

Figue 37. Binding isotherm (integrated and normalized heat data vs molar ratio) of the calorimetric
titration of MTOA-CQaga) and TBA-@b (b) with 1 in chloroform solution. The data were fit to a
§Z }& 8] o "8A} + cuvs] o JvIWBZe]8 +_J}DdK | 0o v &} A}v o« 8 }(
binding model for TBA-Qked line)

The cooperativity displayed by ttiermation of the2:1 complexeswas cetermined

by calculating firsthe stepwise binding constantatio. In the caseof receptorl,

we obtainedK[2a+1] / K[l2a*1" (2a).+1] = 0.01.Next, we calculatedthe binding
constantsratio for the two model receptors5 and4, K[2a < 5]/ K[2a *4] ~ 0.25We
assumed thatthe latter value should correspondo the cooperativityallosteric
factor forreceptorl if its two anionbinding sites were totally independent i.e. the
complexation of the first chloride does notfiuence that of the second oné&Ve
determined a normalized cooperativity factofor the formation of the 2:1
complexes Dom, as the quotient of the division of the twabove ratiosHence,
depending on the value calculated f@om , the formation of the 2:1 complex is
said to displayno coogerativity if Dorm = 1, negative cooperativity iBom < 1 and
positive cooperativity in the case ddom> 1 Forthe binding of2awith receptorl,

we obtained BRom = 0.01/ 0.25 = 0.04. This valneicatesthat the incorporation of
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the two C4Preceptors 4 and 5, in the covalentscaffold ofl provokes a negative
cooperativity in the binding of the second ion pair.

We rationalizecthis result byconsideringtwo different factors.Firstly, the short
distance between the two bound chloride atoms$ 8.6 A originates repuive
electrostatic interactionsdisfavoring the binding of the second anion. Tée
repulsive interactionsnight be reducedr even cancelleddy the shielding effect of
the solvent molecules, as observed in thea) structure of the2a), 1 complex
(Figure 33). Seconty, the stronger repulsive anionSnteractionsexistingbetween
the chlorideboundin the C4P unit ofl bearing theGsubstitutedmesoephenyl ring
cannot beavoidedowing to theconformationalrigidity of thecyclicreceptor. This
limitation isin contrast tothe binding ofchloride bythe model receptorgt and5.
These norstrapped receptors, being conformationally more flexilokneasily tune
the distance betweenaromatic mesoesubstituents to reduce repulsivanion <
interactiors. Theintensificationof the repulsive aniohSinteractionsin the binding
of the second chloride by receptdr may also explairthe determined negative
allosteric cooperatiity for the formationof the (2a), «1 complex DRom ((28)2 1) <
1.

Table 31. Association Constant Values @yifor the 2:1 Complexes of Tetraalkylammonium Salts

with macrocycled (this work) and (ref 24). Measured in Chloroform Solution Using ITC Experiments
TheCooperativity Factors Calculated for the Second Binding Everatiso tabulated. Th&values for
receptorl are normalized values.

MTOACI(2a) TBACI(2b) TBA-OCNR0)

Kax 10" D Ka x 107 D Ka x 107 D
1 4000 0.04 53 ~4 68 ~4
3 240 35 190 >10 15000 >1C

The cooperativity displayed lgceptorl in the binding of two iorpairsof 2a is
remarkably differentfrom the one assigned tahe bisalkynyl analogue3 (Table
3.1). Inthe caseof 3, alargepositive cooperativity wagquantified forthe binding of
two ion-pairs of2a. Thisresultcould be explained by thlargersize of the cavitpf
3, whichallowsthe bindingof the two Clanionswith reducedrepulsiveCoulombic
interactions In any case, the overall thermodynamic stabitiigterminedfor the
(28)2+1 complex is of one order of magnitudarger than that of the (2a),3
complex Weexplain this result by invokindpe lessrepulsiveanion Sinteractions
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that arisebetween the chloride and themesoephenylsfeaturingthe para-N-triazole
substituent (MEP =11 kcal-maol) compared tathose present irthe mesephenyls
parasubstituted with the butadynyl in receptor 3 (MEP = -18 kcal-mol).
Interestingly,the electronic modulatiorof the mesoephenyl ring in 3 is similar to

the one experienced by th@ara-Gconnected triazole substituent (MEP -9
kcal-mot') in receptorl. This reasoning implies that the formation of the 1:1
complex should be more favored in the case of receftitian for receptor3. While

the formation of the corresponding 2:1 complexes from the 1:1 counterparts should
be energetically @amparable or even less favorable fb(increased chargeharge
interactions). Experimentally, we measured an increase of two orders of magnitude
in the overall stability constant of the fiygarticle aggregate2@), 1 comparedto
(2a)2+3.

Binding studie®f receptorl with tetrabutylammonium salt®b-c

The incrementaladdition of a CHGl solution of receptorl (11 mM)to separate
solutiors of ion pais 2b or 2¢ (2 mM ) in the same solveqtroduced the gradual
release & heat of diminishing intensity. The normalized integrated values of the
heat released generated a sigmoidal curve with an inflection point centered at a
molar ratio 1/ 2b-c of 0.5(Figure 37). Theobservationof only one inflection point

in the sigmoidal cun@suggestd the existence of two binding events with similar
values of binding affinity constant. We analyzedthe titration data using the
theoreticalbindingmodel of "} v« § }( injdemented inthe Microcal ITC data
analysis software. This model considers the existence of a set of identical binding
sitesin the receptor and returngwverage values for the binding affinity constants
and the enthalpic contributions® Thus, the overall stability constant for the
formation of(2b), « 1 and(2¢), * 1 was calculated by squaring tk@ (average) value
obtained and doubling theé H (average). The good fit of the experimental data to
this binding model suggest that no cooperativiikesplace in the binding of the
two ion-pairs of TBAsalts The calculatedralues werek[(2b), »1] =5.3+ 01 x 10
MZ2and 4 ,[(2b)2e1+ A >{iX] cBlid for TBA-CANdK[(2C)2 +1] =6.7 + 04 x
10°MZ2and 4, (Bdz+1+ A >i06X0 FiX¥bfor TBAWCGNIhese results are in
completeagreement with the ones obtained in tHel NMR titration experiments,

in which we observed the concomitant formation of the 1:1 and 2:1 complexes in
the initial phases of the titration.

We also quantifiedthe cooperativity displayethy receptorl in the binding of ion
pair2b and2c. Theanalysis of the ITC dasssigneddenticalvalues to thestepwise
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binding constantsor the formation ofthe 2:1 complegs Assuming thathe binding
constans ratios, i.e.K[2b *4] / K[2b «5] and K[2c *4] / K[2c 5], are similar to the
one determinedin the case of MTOA-®[2a+5] / K[2a +4] ~0.252° We calculated
a normalized cooperativity factor oform=1/0.25 = 4for the binding of2b and2c

to 1. This cooperativity factor suggests that the bindinghef two ion pairs2b and

2c rendering the corresponding iepair quartet complex(2b-c), *1 displaysno-

cooperativty. In shortthe two binding sites ofl behavetotally independently.

The results obtained for the cooperativity facsoof 1 in the binding of2b and 2¢
arein strikingcontrast tothose determinedin the case of the bialkynyl analogue
3. Receptor3 displayed a impressively higipositive bindingcooperativityfor the
complexation of two iofpairs of2b and2c. In addition, the overall binding constant
values calculated for the complexes formed with recef@avere between 1 and 3
order of magnitudesargerthan thosemeasuredor 1.

In our previous studies with recept8r weconcluded thathe 1:1complexeb «3
and 2c « 3 were exceptionalheteroditopic receptos for the complexationof the
second ion pairThe bound ion triplet in the 2:1 comples, @b), 3 and @c),*3
displayed a perfect lineal cascade topologythe TBA cation was perfectly
sandwichedstabilized between thdwo bound anionsWe already commented
above that receptoB features a larger inner cavity comparedio

In the case ofeceptorl, the triazole spacers do nticatethe two C4P units at the
ideal distance to coordinate the iofriplet CITBACI in a perfectly linear and
sandwiched arrangementThus, in thel:1 complexes 2b+1 and 2ce+1, the
heteroditopicbinding sitethat isgenerated does not allowhe coordination of the
second ion dimemwith a perfect cascade arrangementhis limitation is clearly
observed in the Xay diffraction analysis of the 2:1 comple2b 1 (Figure 33). The
TBA cation residing in close proximity to the bound chloride atoinsthe 2:1
complex cannot establish ideal charg#arge interactions due to distance
restrictions. The noided arrangement of the iostriplet produces areduction in
binding affinityfor the secondinding event This reduction is also translated into
the non-cooperativebinding exhibited byl for the complexation of the TBA salts of
chloride and cyanateéHowever, thepartially sandwichedTIBA cationis involved in
attractive electrostatic interactios with the two bound anions As a result, the
formation of thel:2 complexes ofl with the TBA saltb and2c, shows a reduced
positive cooperatiity in comparisorto the complexes obtained with MTOAZz
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We also noticed a reductionof two orders of magnituden the overall binding
constantof (2b), « 1 compared tothat of (2a), « 1. This result was shocking owing to
the large negative cooperativity displayely 1 in the binding of2a, MTOACL We
attributed this resultto the previouslydiscussecbetter fit of the methyl group of
the MTOA cation in the aromatic cup of the C4P unit comparedtie TBA
counterpart In addition, we observedsignificant differences between the
thermodynamicstabilities of complexe&b), 1 and (2¢); «1. The(20). *1 complex
involvingtwo OCN aniors featured anaffinity constant valughat isone order of
magnitudelarger than that of the Ctounterpart,(2b). « 1. We hypothesize thahis
differencemight bedue tothe existence of more favorable dispersiveeirgctions
in the OCNcomplexor to the use ofatoo simplistic bindingnodel for the ITC data
analysis®

3.2.3. Gagphase characterization

In order to provide evidence of the formation afialogoudive particle aggregates
between receptorl and ion pairs2ac in the gas phasewe performed ESIMS
analysisexperimentsof solutions containing a 1:&ceptor.guestmolar ratic We
usedthe negative modefor the detection ofthe formedions According to the
results obtained in the 1D/2D NMR alidC experiments, as well as theayanalysis
of the single crystalshe obtainedcomplexef 1 with the ionpairs2a-c displayed
aweakly boundTBA/MTOA cation. Ths alkylammoniuntation was locateéh the
electron rich cavity defined by thpyrrole rings whichis opposed to the bound
anion. The stabilization of the TBMTOA' cationin the bindingsite reliesmainly
on cation- Sand CHc< interactions. On the other hand, ‘Gind OCNanions were
coordinated to the NH core bthe establishment oktronger hydrogen bonding
interactions.

Inthis vein,we hypothesizd that the transition of the 2:1 complexes from solution
to the gas phasend subsequent ionizatiowould imply the loss of the weakly
bound cation, generating negatively chargeaimplexes irthe form of [TBA-Gle1]

, [TBA-OCBe 1]-and MTOA-Cl«1].

We prepareda methanol solution atMM concentration of receptofl and MTOA-CI
2ain astrict 1:2 molar ratia Gratifyingly,the ESMS spectrum in negative mode
exhibited the presence of compleTOA-Cle1]. The experimental isotopic
pattern of the molecular ion matched the theoretical orfsee Experimental
Section) Similar results were obtained in the BMS$ experiments in negative mode
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of the analogue solutions prepared with ion pa2isand 2c. Indeed, ve detected
the ion peaks corresponding the molecular ion§TBA-Gl+ 1] and [TBA-OCMe 1]

, most likely generated upon the loss of the loosely bouhHj §BA cation (see
ExperimentalSection) Interestingly, in the ESIS experiments in negive mode
performed with cyanate salfc, we also observed the presence of an ion peak
associated t@hetero-dimer [TBA-CI-OCN1] . Most likely, his species is generated

Figure 38. Energyminimized structure (MM3pf hetero-dimer compleTBA-Cl-OCMN1]-.36

in the spectrometer due to the presence of residual &lion in the methanol
solution, the tip of the needle or the vial. We suspect that both anions in the
complex are indeed coordinated into the C4P NH cores. The resulting bound ion
triplet is expected to display a cascalilee arrangement similar to the mao-
dimeric complexes aforementione#ifure 38).

Thegasphase stabilitiesf the anionic2:1 complexesvereinvestigatedn terms of
CollisionInduced Dissaociation(CID) experiments. Thebtained results in these
experiments maymirror those obtained in solutionNeverthelessthe absence of
solvent moleculess expected to affedhe relative stabilitief chargedcomplexs
formed by polar anelectrostaticinteractions®’ The gradual increase of the voltage
applied at the entrance of the hexapole produced the fragmentation of complex
[MTOA-Cl+1] due to the rapid collision with Nmolecules (Figure 39). The
intensity of the ion peakvasreduced as the complex disassenbldue to non-
covalent bond cleavagd.oss of MTOA-Cl generatédse monocharged[Cle1]
complex, as inferred from the presee of an ion pealat m/z = 1269.6360
Increasindurther the applied voltageroducedthe disassembly of the 1:1 complex
by the loss of H-@ind the appearance of a new peak fbe ion of thedeprotonated
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Figure 39. ClDexperiment peformed with massselected iofMTOA-Cl «1]-a) with CE of 35V b), 48
V c)and 59 V d).

macrocycle[1-H at m/z =1233.6605. We hypothesize that the chloride anion,
boundbythe pyrrole NHs of the C4P core, is lost ltye concomitantdeprotonation
of aNH, despite the relatively highKavalue of the pyrrole ring (16.5).

Figure 310. Relative intensity of the fragmerg observed in theCID experiment of complex
[MTOA-C} 1] at increasingCE voltagesTheintensity was calculated as Intensity = 1. Complex / (.
Complex + I. Fragments) x 100%
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The normalized integrated values of the ion peaks assignedMiOA-Gl«1],
[Cle1] and[1-H] were plotted against the voltage applied, revealing the species
distribution profile obtained for the CID experimefidure 310). We confirmed the
dissociation of compleXMTOA-Gl+1] to generate 1:1 complexCl 1] to an 80%
extent. This finding points out to the greater stability of the 1:1 complex in the gas
phase, which was still present at the final points of the CID experiments. Analogous

Figure 311. Relativeintensity of thecomplexes obtained between recepttrand salt2a-c observed
in the ClDexperimentat increasingCE voltagesThe intensity was calculated as Intensity = I. Complex
/ (1. Complex + |. Fragments) x 100%

results were obtained in the CID experimeptrformed with TBA-Cl and TBA-:OCN
(see Experimental Section). Interestingly, the disassembly of hetedimer
[TBA-CI-OCNL1] was associated to the loss of TBATIis pointed out t@ slightly
increasedstability of the complex formed with the cyanate anion.

Table 32. CEp values obtainedn the CID experiments of the complexes formed between receptor
and ion paria-c.

Complex Cko (V)
[TBA-Cd-1] 24
[MTOA-Cl«1] 34
[TBA-CI-OCN1] 23
[TBA-OCBe1] 21

The relativestabilitiesof the 2:1complexesvereinvestigated by direct comparison
of the collisiorenergiemnecesary to disassemble the compliexa50% extent (Gl
(Figure 311). As inferred from the values of &Bbtained Table 32), complex
[MTOA-Cl«1] presenst a higher stability in the gas phassmmpared tothe TBA
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analogues This isn agreement with the results obtained in tHel NMR and ITC
experimentsWe can raibnalize these results by invoking again the better fit of the
MTOAK cation in the electron rich aromatic cavity of recepiorOn the other hand,
no significantdifferences were observed in the &gkaluesobtained for the TBA
complexeslikewiseto whatwas observedh the previous experiments solution

Figure 312. Arrival time distribution of most abundant ions obtained in the-TWMS experiments of
the different complexes formed between receptbandion pairs2a-c.

We also performed lon Mobility Mass Spectrometry experiments (IMS) in order to
confirm the differences in the relativeize of the different complexes obtained
(Figure 312). Accordingly, we observed a longer arrival time for [tM& OA-Cl 1]
complex due to the greatarosssectionof the cationbound in the external area of
the receptor As expected, we obta@a similar arrival times for the TBéomplexes.
These results wereationalized in termf the similar size of the bound anions
inside the receptor, which do not alter dramatically the crgsstion of the
obtainedcomplexes.
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3.3.Conclusions

We have described the binding studies of BC4P receptortowards
tetraalkylammonium salt2a-c. The binding processes provide highly ordered
assemblies with 1:1 and 2:1 stoichiometry. The 2:1 assemblies are
thermodynamically and kinetically stable. In cadt, the kinetic stability on the
chemical shift timescale of the intermediate 1:1 complexes are cation dependent.
We report also the effects of the cation in the geometry of the 1:1 and 2:1
complexes, as well as the cooperativity in the binding procesfsix ion pairs. The
use of TBA saltsSTBA-CRb and TBA-OCHRc, produced complexes featuring an
included ion triplet with a cation sandwiched between the bound anions inside the
receptor. The second cation was located in the C4P aromatic atisplayinga
receptorseparated binding geometry. The complex displayed no binding
cooperativity. In contrast, the complex obtained with MTOA&&Hisplayedtwo
bound ion pairs featuring a receptseparated binding geometries with a large
negative cooperativity. \& compared the binding affinities of the receptor with
reference modeld and5 by ITC experimentinterestingly, weobtained an increase

in the stability of the complexes obtained with receptbr We explained this
behavior by invoking the preorganizatiof the covalently linked binding units In

In contrast, thecovalent connection of the binding units may also cause the
difference in cooperativity levels measured in the binding of tetraalkylammonium
ion-pair dimersThe stability of the complexes walso investigated in the gas phase
by means of ES!IS experiments in negative mode. Thed&lues obtainedn the

CID experimentfor the molecular ions of the 2:1 complexes revealed a similar
relative stability of the complexes as observed in ITC. iowgly, the complex
formed with MTOA-Cl proved to be more stable than those obtained with TBA salts.

3.4. Experimental section
3.4.1. General information and instruments

Reagents were obtained from commercial suppliers and used without further
purification unless otherwise stated. All solvents were commercially obtained and
used without further purificationDeuterated solvents were purchas&om Sigma
Aldrich.Dry solvents were taken from a solvent system MB SP&dandDIPEA
were dried, distilled and degassed by three fregeenp-thaw cycles before used in
the CUAAC reactions. Routitd NMR and*C{*H} NMR spectra were recorded on

a Bruker Avance 300 (300 MHz farNMR and 75 MHz f&C NMR), Bruker Avance
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400 (400 MHz fo'H NMR and 100 MHz f&iC NMR), Bruker Avance 500 (500 MHz
for ITH NMR and 125 MHz féfC NMR) or Bruker Avance 500 with cryoprobe (500
MHz for'H NMR and 125 MHz f&iC NMR). Deuterated solvents used are indicated
in the characterization and chemicgiifts are given in ppm. Residual solvpatks
were used as referenc&ll NMR J values are given in Hz. COSY, NOESY, ROESY,
HMQC and HMBC experiments were recorded to help with the assignmihtotl
13C signals. Higtesolution mass spectra (HRM&) determination of exact mass of
compounds4 and 5 were obtained on a Bruker HRIOF (MicroTOF Focus) and
Bruker HPLQQTOF (MaXis Impact) using the ionization mode indicated for each
compound. IR spectra were recorded on a Bruker Optics FTIR Alpha spetetro
equipped with a DTGS detector, KBr beamsplitter at 4 msolution using a one
bounce ATR accessory with diamond windows. Melting points were measured on a
MP70 Melting Point System Mettler Toledo. Column chromatography was
performed with silica getechnical grade, pore size 60 A, 2810 mesh particle size,
40-07 ...u % ES] o ]I v §Z]vo C E ZE}u S}PE %ZC ~0
F254.lon mobility massspectrometryand CID experiments weggerformed with
Waters Synapt G-TOF mass spgometer. Samples were prepared with 2D

..D }v v3§aa radthanol solution with d:2 hosttguest ratio.The modified
Waters Synapt G2 was equipped with a linear deft filled with ~2 Torr nitrogen
(298 K). Samples were ionized with a nanoES$eoince. Irhouse pulled capillary
tips were used with inserted platinum wire for nanoESI. Parameters were optimize
as follows: Capillary voltag2.30 kV and source temperatur80 °C. Data was
analyzed using MassLynx v4.1 (Waters Corporation, USA) arasticExcel 2016
(Microsoft, USA).

3.4.2. Syrttesis and characterization data

Model receptor 4.Dimesc4-azidephenylcalix[4]pyrrole (65 mg, 0.102 mmol, 1
equivalen), TBTA (27 mg, 0.051 mmol, @uivalen) and Cu(CI€N)PE(19 mg,
0.05 mmol, 0.5equivalen) were dissolved in 1.5 mL of dry and degassed
dichloromethane. The mixture was sonicated for 1 min until a pale orange
suspension was formed. Etiylbenzene (45 pL, 0.41 mmol, 4 ecplent) and 0.14

mL of freshly distilled DIPEA were added. Thaction was stirred under Ar
atmosphere for three hours. Afterwards 2.5 mL of dichloromethane and 5 mL of
water were added. The organic phase was extracted and wastie®d mL of water

and 5 mL of brine. The organic phase was then dried with anhydroliisnssulfate,
filtered off and concentrated under reduced pressure to give 130 mg of a brown
solid. The product was purified through silicalumn chromatography, using a
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mixture of 1%tert-butyl methyl ether in dichloromethane as eluent (Rf = 0.4). The
product was obtained as an orange solid (53 mg, 62%)

'H NMR (500 MHz, CROI 166 <+ w O0Xifi ~eU, 4HUJ 7 8.D Ha b)Y, ~65
(d, 4H, J = 8.Hz, Hf), 7.46dd, 4H, 1= 75Hz,J2 = 8.8 H&le), 7.37 (t, 2H, J =57.
Hz, Hd), 7.26 (br, 4H, NH%)16 (d, 4H, J =38Hz, Hc), 5.97¢, 4H, Hg, 5.68 br,

4H, HB, 1.94 (s, 6H, Hg), 1.66 (s, 6H, Hi), 1.57 (s, 6H*8HK} NMR (125 MHz,
CDGIU 170 6 149.01148.5136.8, 136.0, 135.5, 130.4, 129.1, 128.1, 128.6, 126.0,
119.9, 117.7, 106.4, 108.44.7, 35.3, 30,27.9, 27.8FTIR (ATRMhax(cnT!) = 3404
(amine NH stretching), 2968 (alkenek stretching), 1219 (amine-lL stretching),
1036 (alkene C=C bending), 766 (alkene C=C bending)SHESTOF E$ m/z
calculated for €HsiNio [M+H]" 839.4293, found 839.4314.

Figure 313. 'H NMR %00 MHz, CDG, 298 K) spectrum ofmodel receptor 4 with proton
assignments.*Solvent peaks.
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Figure 314. 13C NMR (125 MHz, CRQ@98 K) spectrum ahodel receptord.

Figure 315. 1H-'H COSY500 MHz CDGJ, 298 K) spectrum afodel receptord.
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Figure 316. 'H'HROES{¥00 MHzCDG), 298 K spinlock = 0.3 spectrum oimodel receptord.

Model receptor 5.Dimeso4-ethynylphenylcalix[4]pyrrole (65 mg, 0.108 mmol, 1
equivalent), TBTA (29 mg, 0.054 mmol, @§uivalen) and Cu(C¥CN)PEF(20 mg,
0.054 mmol, 0.5equivalen) were dissolved in 1.5 mL of dry amtgassed
dichloromethane. The mixture was sonicated for 1 min until a pale brown
susgension was formed. Azidobenzeij@ 86 mL of a 0.5 M solution in tebutyl
methyl ether, 0.433 mmol, 4 equalent) and 0.15 mL of freshly distilled DIPEA were
added. Theeaction was stirred under Ar atmosphere for three hours. Then, 2.5 mL
of dichloromethane and 5 mL of water were added. The organic phase was extracted
and washed with 5 mL of water and 5 mL of brine. The organic phase was then dried
with anhydrous sodium wifate, filtered off and concentrated under reduced
pressure to give 125 mg of a brown solid. The product was purified through silica
column chromatography, using a mixture @6 tert-butyl methyl ether in
dichloromethane as eluent (Rf = 0.4). The produas obtained as a yellow solid (40
mg, 40%).

IH NMR (500 MHz, CROI 1606 <« w 0Xi0 ~eUd, 4HUJ B.4Hz,4¥%)) 8.78
(t, 4H, J .6Hz, Hf), 7.550t, 4H, 1 = 74 Hz,J2 = 6.64z,He), 7.45 (t, 2H, J = 7.4 Hz,
Hd), 7.26 (br, 4H, NHs), 7.08 4H, J = 8.4 Hz, Hc), 5.86 @H HB, 5.69 br, 4H,
HB, 1.94 (s, 6H, Hg), 1.65 (s, 6H, Hi), 1.56 (s, 6H:3EHH} NMR (125 MHz, CRCI
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100 <248v4,148.4138.7, 137.3, 136.5, 129.9, 128128.8,128.5, 128.1, 125.4,
120.6, 117.6, 106.2, B, 44.8, 35.3, 28.1, 27.FTIR (ATR)max (cnm?) = 3419
(amine NH stretching), 2970 (alkenetCstretching), 1223 (amineIT stretching),
1039 (alkene C=C bending), 759 (alkene C=C bending)SHESTOF E$ m/z

calculated for €HsiNio [M+H] 839.4293, found 839.4318.

Figure 317. TH NMR %00 MHz,CDG, 298 K) spectrum ofnodel receptor5 with proton
assignments.*Solvent peaks.

Figure 318. 13C NMR (125 MHz, CR@98 K) spectrum ahodel receptors.
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Figure 319. 1H-'HCOSY500 MHz CDGJ, 298 K) spectrum ahodel receptors.

Figure 320. 1H-1H ROES¥00 MHzCDG, 298 Kspintlock = 0.3 yspectrum ofnodel receptors.
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3.43.*H NMR titration experiments

Figure 321. Selected region of thtH NMR spectra (400 MHz, CHE988 K) of the titration experiment
of a 2 mM solution of (a) with 0.5 (b), 1.0 (c) and 2.0 ecaiient (d) of TBA-OCNR0).

Figure 322. 1H'H ROESY experime®s00 MHz,CDG, 298 K spinlock = 0.3 of al:2 mixture of
receptorl and TBA-OCKRc). Cross peaks between th&pyrrole protons(H B and the proton alpha
to the nitrogen atom in théBA cation(H1)are marked.
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Figure 323. Variable temperaturéH NMR experimen600 MHzCDGJ) of a 2 mM solution of receptor
1with 0.5 equialentof TBA-CRbat 298 K (b), 263 K (c), 213 K (d). For comparisolHiNMR spectra
of freelat 213 K (a) and of B2 mixture of2band1 at 298 K (e) are shown.

Figure 324. Selected region of theH NMR spectrad00 MHzCDGJ, 298 K) of the titration experiment
of a 2 mM solution o# (a) with 0.5(b), 1.0 (c), 1.5 (d) and 2.0 eqaient (e) of MTOACI Qa). See
Figure 3.13 for proton assignments.
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Figure 325. Selected region of thtH NMRspectra 400 MHzCDGJ, 298 K) of the titration experiment
of a 2 mM solution ot (a) with1.0(b), 2.0 (¢),3.0 (d) and D equinalent (e) of TBACI @b). See Figure
3.13 for proton assignments.

Figure 326. Selected region of thtH NMR spectrad00 MHzCDGJ, 298 K) of the titration experiment
of a 2 mM solution ob (a) with0.5 (b), 1.0 (c), 1.5 (d) and2.0 equialent () of MTOACI @a). See
Figure 3.17 for proton assignments.
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Figure 327. Selected region of theH NMR spectrad00 MHzCDGJ, 298 K) of the titration experiment
of a 2 mM solution 05 (a) with 1.0 (b), 2.0 (c), 3.0 (d) and 4.0 eglént (e) of TBACI @b). See Figure
3.17 for protonassignments.

Figure 328. Left t Fit of the chemical shift changes, experienced bykbton of4 during the titration
with 2b, using a 1:1 binding model (line) implemented in the HypNMR2008 software - Bigitiation
profile of the addition of increasing amounts 2b (up to 4 equialent) over a 2 mM solution of
receptor 4 considering the value for the binding constant obtainie the mathematical adjustment
(K[2b *4] =1C¢ M-).
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Figure 329. Left t Fit of the chemical shift changes, experienced bytbtons of5 during the titration
with 2b, using a 1:1 binding model (line) implemented in the HypNMR2008 software - Bjggatiation
profile of the addition of increasing amounts 8b (up to 4 equialent) over a 2 mM solution of
receptor 5 considering the value for the binding constant obtaine the mathematicahdjustment

(K[2b +5] =10M-1).

Figure 330. Selected downfield region of théH NMR spectra4d00 MHz,CDG, 298 K) of the
competitive titration experiment of a 2 mM 1:1 mixture of calix[4]pyrrédl@reenletters) and5 (blue
letters) (a) with 0.1 (b), 0.2 (c), 0.3 (d), 0.4 (e) and 0.5 atpnt(f) of MTOACI @&). *Solvent peaks.
See Figures 3.13 and 3.17 for proton assignments.
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Figure 331. Variable temperaturéH NMRexperiment (CDg)lof a 1:1:0.5 mixture of (greenletters),

5 (blueletters) and tetraalkylammonium sa®g, respectivelyat 298 K (a), 273 K (b), 253 K (c) and 233
K (d). Primed letters correspond to the signals attributed to the 1:1 complexes formweedn
receptor4 or 5 and 2a. The integrals of the signals marked were used to estimate the ratio between
2a+4 and 2a-+5 binding constantsK2a<4] / K2a+5] C &#®e Figures 3.13 and 3.17 for proton
assignments.

3.44. ITC experiments

Isothermal titrationcalorimetry experiments were performed using a Microcal VP

ITC Microcalorimeter. All the titrations were carried out in chloroform solution at

T66 <X d]SE §]}ve A E E E] }us C JvP eu 00 o0]<p
chloroform solution of the host e a solution of the guest in the same solvent. The
concentration of host solution was approximately seven to ten times more
concentrated than guest solutions (see corresponding figures for details). Reverse
titrations (guest over host) were also performead yielded similar results. The
association constants and the thermodynamic parameters were obtained from the

fit of the titration data to either a simple one set of sites binding model for
tetrabutylammonium iompair or sequential binding sites model rfo
methyltrioctylammonium chloride by using the Microcal ITC Data Analysis module.

dz ee} ] §]}v }ved v8 ~< «U d4” v 4, Aop - (JE §Z ]v
determined by averaging the values from two titrations.
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Figure 332. Top t Traces of the raw data (heat vs time) of the titration experiment of a-6MO0
solution of receptorl, with a 1.5-16 M solution of2a (MTOACI) in chloroform. Bottomt Binding
isotherms of the calorimetric titration shown on top. To determihe values of the thermodynamic
variables the ITC data were fit to a sequential binding sites model (red line).

Figure 333. Top t Traces of the raw data (heat vs time) of the titration experiment of a 0:9MO
solution of 2a (MTOACI), with a 8-:18 M solution of receptorl in chloroform. Bottom t Binding
isotherms of the calorimetric titration shown on top. To determine the values of the thermodynamic
variables the ITC data were fit to a sequential binding sites model (red line).
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Figure 334. Top t Traces of the raw data (heat vs time) of the titration experiment of a-¥MO
solution of receptorl, with a 2.5-18 M solution of 2b (TBACI)in chloroform. Bottom t Binding

isotherms of the calorimetric titration shown on top. To determine théuea of the thermodynamic
variables the ITC data were fit to a one set of sites binding model (red line).

Figure 335. Top t Traces of the raw data (heat vs time) of the titration experiment of a-2{¥0
solution of 2b (TBA-CI), with a 11-£0M solution of receptorl in chloroform. Bottom t Binding
isotherms of the calorimetric titration shown on top. To determine the values of the thermodynamic

variables the ITC data were fit to a one set of sites binding model G&x li
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Figure 336. Top t Traces of the raw data (heat vs time) of the titration experiment of a-6MO0
solution of receptorl, with a 1.3-16 M solution of2c (TBAOCN) in chloroform. Bottorrt Binding
isotherms of thecalorimetric titration shown on top. To determine the values of the thermodynamic
variables the ITC data were fit to a one set of sites binding model (red line).

Figure 337. Top t Traces of the raw data (heat vs time) of tlieation experiment of a 2.6-1® M
solution of 2c (TBA-OCN), with a 18-3M solution of receptorl in chloroform. Bottom t Binding
isotherms of the calorimetric titration shown on top. To determine the values of the thermodynamic
variables the ITC dataere fit to a one set of sites binding model (red line).
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Figure 338. Top t Traces of the raw data (heat vs time) of the titration experiment of a-9MI0
solution of receptord, with a 1.2-16 M solution of2a (MTOACI) inchloroform. Bottom t Binding
isotherms of the calorimetric titration shown on top. To determine the values of the thermodynamic
variables the ITC data were fit to a one set of sites model (red line).

Figure 339. Top t Tracesof the raw data (heat vs time) of the titration experiment of a 1*1\
solution of2a (MTOA-Cl)with a 10-16 M solution of receptor4 in chloroform. Bottom t Binding
isotherms of the calorimetric titration shown on top. To determine the values otlikemodynamic
variables the ITC data were fit to a one set of sites model (red line).
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Figure 340. Top t Traces of the raw data (heat vs time) of the titration experiment of a-1NI0
solution of receptor5, with a 12-16 M solution of2a (MTOA-CI) in chloroform. Bottont Binding
isotherms of the calorimetric titration shown on top. To determine the values of the thermodynamic
variables the ITC data were fit to a one set of sites model (red line).

Figure 341. Top t Traces of the raw data (heat vs time) of the titration experiment of a-1MI0
solution of2a (MTOACI), with a 12 -1®M solution of receptor5 in chloroform. Bottomt Binding
isotherms of the calorimetric titration shown on topo determine the values of the thermodynamic
variables the ITC data were fit to a one set of sites model (red line).
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3.45. Molecular electrostatic potential MEP

Figure 342. Representation of the molecular electrostapotential on the Van der Waals surface
corresponding to 4methyt1-N-phenytl,2,3triazole (left), Imethyt4-Gphenytl,2,3triazole

(center), and Ipropyn-1-yl-benzene (right). Structures were energynimized at the B3LYRA.G*

level of theory using th "% ES$ v[iT ~t A (pv8]}vU /v XU JEA]v U U h" e «}(8,
computed at the same level of theory and plotted on the 0.002 isodensity surface corresponding to

the van der Waals surface.

3.46. ESMS experiments

Figure 343. Experimental a) and calculated b) isotopic distribution of comp#KkOACH « 1]-.

Figure 344. Experimental a) and calculated b) isotopic distribution of compI&A-Cl«1]-.
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Figure 345. Experimental a) and calculated b) isotopic distribution of compI&A-OCbe 1]-.

Figure 346. Experimental a) and calculated b) isotopic distribution of compi&A-Cl-OCMN1]-.

Figure 347. ClDexperiment peformed with massselected iof{ TBA-C} « 1]-a) with CE 025V b),50V
¢) and60V d).
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Figure 348. ClDexperiment peformed with massselected iofTBA-OCMNe1]-a) with CE ol9V b),
30V c) andA3V d).

Figure 349. CIDexperiment peformed with massselected ioqTBA-CI-OCM1]-a) with CE 021V b),
29V c¢) and35V d).
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Figure 350. Relative intensity of the fragmerg observed in theCID experiment of complex
[TBACL « 1] at increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (1.
Complex + I. Fragments) x 100%

Figure 351. Relative intensity of the fragmerg observed in theCID experiment of complex
[TBAOCN «1] at increasingCE voltagesThe intensity was calculated as Intensity = 1. Complex / (.
Complex + I. Fragments) x 100%

Figure 352. Relative intensity of the fragmerg observed in theCID experiment of complex
[TBACI-OCN 1]-at increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (.
Complex + |. Fragments) x 100%
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3.4.7. Energyminimized structures

Figure 353. Energyminimizedstructure(MM3) of the cis (left) and trans (right) isomers of receptor
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Anion templated assembly of pseudorotaxane complexes
Synthesis and binding studies of a [2]rotaxane receptor

4.1. Introduction

In the field of supramoleculathemistry ,architectures with rotaxane topologyave
gained significant attention in the recent decadewing to its applicationsas
synthetic receptors and molecular machine$?34% The superior properties of
rotaxanes as synthetic receptorsare due to the three-dimensional cavities
generated between the macrocycle and lineal componeesembling the binding
sites of naturally occurring metules. Nowadays, the synthesis of rotaxane
architectures is achieved through the formation ofa key intermediate:
pseudorotaxanes(Figure 41).578° Pseudorotaxaneassemblies arecomplexes
formed by the establishment ofreversibleinteractions betweenan axle anda
macrocycleor between both components and a suitable templateRlenty of
examples can be found in the literatucé pseudorotaxans based o hydrogen
bonding®'2 and S S interactions®4151® on metal coordinatiod’”'® or on
exploiting thehydrophobic effect®?° In some cases, an anion serves to coordinate
orthogonally both component$. Once the pseudorotaxane assembly is obtained,
the attention isthen shifted on finding a suitable closing reaction ablegémerate
the interlocked architectureFor this purpose, robust synthetic methodologies such
as theCopper(l}catalyzed azidalkyne cycloadditiofCuAACreaction hae been
extensively used to generatetaxane receptorg?

Figure 41. Schematic representation of the templated synthesisaof2]rotaxane a) Macrocyclic
component b) assembly of pseudorotaxane complex and c) formatiof2jpbtaxane by stoppering
procedure

In this chapter we report the construction of anietemplated pseudorotaxane
assemblies based on (islix[4]pyrrolg macrocyclel (Figure 42). In the previous
chapter, we have demonstrated theproperties of receptor 1 to bind
tetraalkylammoniunsalts2a-cin a nonrcompetitive solventNow, the anion will be
recognized by the supramtecular complexformed by linealcomponent 3, a
heteroditopic amidefunctionalized N-oxide, coordinated in the C4P units of
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macrocyclel. The pseudorotaxane compl8x 1 generates a binding site for anions
where up tosix hydrogen bond donors converge. Tleeuntercation will bind
externally in the aromatic rim of the C4P in cone conformation opposed to the
bound anion. Later in the chapter, we will disclose the synthesis of [2]rota&kane
obtained by the CUAAC stoppering reaction of the pseudorotaxane adgavith
bulky stoppers. We will discuss the effect that the use of an anion template has in
the synthesis of the interlocked molecule. In addition, we will investigate the binding
properties of the receptor towards tetraalkylammonium ion pa{#&ac). The
stability of the complexes will be investigated#yNMR, ITC experiments and-MS
ESI analysis in the gas phase.

Figure 42. Linedrawing structures of BC4P macrocydletetraalkylammonium salt®a-c, axle 3,
stopper5 and their cartoon representations

Recently our groupintroducedthe synthesis of [2]rotaane receptor6 based on the
bis-alkynylanalogueof macrocyclé (Figure 43).22[2]Rotaxanes formed kinetically
and thermodynamically stable1complexes witlihe TBA salts of COCNand NQ
anions as well as MTOA:CThe determinedinding affinity constant$or the 1:1
complexes were in the rangef 10* t 10’ ML, Interestingly,we observedthe
formation of a2:1 complexwith MTOA-Clafter the addition of more than 1
equivalent ofthe ion pair.Most likely, in thecomplex theN-oxide knob of the axle
wasslightlydisplaceddue tothe coordination of a seond Clanion in theC4P core
of the macrocycleAn increaseof one order of magnitude wasbservedin the
binding affinity constant towardshe OCN salt of TBA comparedwith its Ct
counterpart owing to thebetter fit of the cylindricapolyatomicanionin the cavity
of the receptor Inthe energyminimized structure othe [2]rotaxanereceptor4, we
measured a\-H---HN distance between axle and macrocyclecaf 4.37 A (Figure
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4.4). This is in contrast with thédonger N-H---HN distance measuredor the
[2]rotaxanereceptor6, of ca. 6.68 A. [2]Rotaxane4 features twodifferent binding
sites owing to thel,3triazole spacerConsideringhese structuraldifferences we
surmisel that [2]rotaxane 4 will displaydifferent binding properties towards ion
pairs2a-c compared to receptob.

Figure 43. Linedrawing structures of2]rotaxane4 and bisalkynyl analogué.

4.2. Results and discussion
4.2.1 Formationof pseudorotaxane assembli@sth ion pairs2a-c

We investigata the binding selectivity of axl@ towards thetwo different binding
sitesof macrocyclel. To this engd we performedH NMR titration experiments at
millimolar concentrations of model receptors (N-substituted C4P) an® (G
substituted C4P) witiN-oxide 3 (Figure 45). Theincrementaladdition of axle3 to
separate CDG solutions of 7 and 8 produced reduced changes in theH NMR
spectra of the free receptorsde ExperimentalSection). In particular, eeduced
shift of thesignals assigned to the aromatic protons Ha, Hb and Mfaofd 8 was
observed. The downfieldhift experienced by the NH protons @fand 8 after
addition of more than 3equivalentof the axle(' G= ~1.0 ppm) suggested the
coordination of axle3 through hydrogen bonding interactions with the oxygen
atom.

The titration datawere mathematically analyzed usingypNMR2008 software
Version 4.0.66. The fit of the chemical shift changgl@proton signals Ha andH
to a binding model considering the foriti@n of a 1:1 complex was goodlVe
calculated thebinding constanvaluesasK[3+7] =2.6+0.2x 10’ Mt andK[3 «8] =
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5.4+0.4x10°M* (see ExperimentaBection) The difference between the calculated
free energies of bindinig 44' A 1 Xiomell o

Figure 44. Energyminimized structure (MM3) of [2]rotaxan& Lineal component is depicted with a
van der Waals surface. Ngoolar hydrogens were removed for clarity-HN--HN distance between
axle and macrocycle (inset).

Talen together, these results suggeakit axle3 is expected tdind Gsubstituted
hemisphere ofl with a minor preference over thH-substituted.

Figure 45. Schematic representation of model calix[4]pyrrofeand 8.

We thenperformed!H NMR titrations experiments of receptiyin CDGlsolution
and at millimolar concentrationby adding incremental amounts @xle 3. The
addition of 05 equivalentof 3 into a solution of macrocyclé producedchemical
shift changedor the signalsof the Ha, Hb and Hprotons of the receptor(Figure
4.6). The proton signal assigned to tipgrrole NHs broadened beyond detection.
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We alsoobserved anew set of signalsesonatingat 8.4, 7.3and 3.3 ppm These
signalswvere assignedo protonsH1, H3 and H&8, of axle3. The addition of up to 1
equivalent ofthe N-oxideaxle3 inducedsimilarchemical shift changes in the proton
signals ofeceptorl and axle3.

Figure 46. Selected region of thtH NMR spectra (400 MHz, 298 KOEIacquired during the titration
experimentof receptor 1 (a) with incremental additions ofixle 3 (d): 05 equivalent(b) and 1.0
equivalent(c). Primed lettes correspond to comple® +1. See Figure 4.2 for proton assignments.
*Residual solvent signal.

Taken together, these resuksipportthe formation ofacomplexbetween receptor
1 and axle3. The binding equilibrium displayed exchange dynamics that were
fast/intermediate for the proton signals of both binding partnsi.e. fast for Hac
and Hlandintermediate for NHWe hypothesized that in the formed complexle
3 threads macrocyclé forming four simultaneous hydrogebonding interactions
between the oxygen atom of thie-oxide group andhe pyrrole NHs of one of the
C4P binding siteln the complex the bound axle can experience girouetting
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motion inside the receptors cavitylhis motion will led to aalternativebindingof
the two different C4P binding sites mceptorl. The change in the binding position
of the axle in the complex can also be produced by its dissociation sasesly.
Theexistence ofthemical exchangprocesses in the bindingquilibriumthat are
intermediate on the chemicashift timescale issupported by thebroadening
experienced by thé\H signal ofreceptor 1. The obtained resultslo not provide
evidence fotthe binding selectivity of thé&-oxideaxle 3 for any of the twoC4Psites
of receptor 1. We anticipated above thaboth binding sites inlL are expected to
haveverysimilar affinity for axle3.

In this regard, we performed variable temperatdt¢ NMRexperimentsusingamM
CDd solution containinga 1:0.5 molar ratio of receptor1 and N-oxide 3 (Figure
4.7). The *H NMRspectrumof the mixturerecorded at 23 Kdisplayedseveralset

of signals forsome of the protons of receptot. One set of signals wasasily
assigned to the free receptdrby direct comparison withits *H NMR spectruralso
acquiredat 213 K. The remainirggt ofsignalsshould correspondo protons of the
bound receptor. For examplewe observed two separate signals for the bound
pyrrole NHsesonatingat G= 9.7 ppm (singlet) an&= 9.6 ppm (broad singlet)hile
the free pyrroleNHsappeared atG=7.3 ppm. The existence of a duplicity of signals
for some protons of the bound receptor suggested the presence of two binding
geometries for the complex in salan. Moreover, the ratio of the integral values of
the proton signals assigned to the free and bound receptas close to 1:1. This
result was indicativef a complexation othe receptorin 50% extentWe did not
detect proton signalshat could be asgined tothe free axle3. Insteadgach one of
the two downfield shifted methylene group$i4 and H8, of ax@appearedshifted
and resonating aswvo separatesignalsof similar intensity

In short, we propose the formation of a 1:1 compl&s,1, with pseudorotaxane
topology. To further support this conclusion, the titration data were mathematically
analyzed using HypNMR 2008 software Version 4.0.66. The fit of the chemical shift
values of the Ha proton to a 1:1 binding model was good and returneddanbin
constant value oK[3+1] = 1.58 + 0.04 x10° M (see ExperimentalSection). This
value is one order of magnitude larger than the ones obtained for the model
complexes3 +7 and 3 8. We attribute this result to the preorganization of the
calix[4]pyrrolebinding sites when incorporated into the macrocyclic scaffold of
receptorl compared to the more conformationally flexible structures/@nd8. In

the 1:1 complex, the pyridyNl-oxide group of the axle binds at any of the two
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different binding sites of the macrocycleAt 213 K, the chemical exchange process
between the free and bound components of tBe1 complexisslowon thetH NMR
chemical shift timescale. Likewise, the pirouetting motion of the axle inside the
receptor dso becomes slow on th#d NMR chemical shift timescale. The fact that
the two binding geometries of thd «1 complexare isoenergentic is in agreement
with the results obtained in the titrations of the model C4P recepibasd 8 with

axle 3, where only a minor preference for th€substituted hemisphere was
observed We did not detect any significant binding selectivity for &le

Figure 47. Selected region of théH NMR spectra500 MHz, CDE) of a solution containinga 1:0.5
molar ratioof macrocyclel and axle3 at 298 K(a) and 213 K (b)The corresponding region of the
spectrumof the freemacrocyclel at 213 Kisdepicted for comparison (cPrimed letter correspond to
bound receptorl. See Figure 4r proton assignments.

IH NMRcharacterization ofthe pseudorotaxanetopology ofthe 3¢1 complex
assistedoy coordination to tetraalkyammonium igpairs2a-c

Using®H NMR titration experiments, we probetle interaction of the assembled
3,1 complex with a series of tetraalkylammonium halide ipairs 2ac. The
resultingfour particle aggregatesre expected to featurpseudorotaxane topology
In chapter 3, we disclosetie binding properties ofl towards the sameseries of
tetraalkylammoniumhalide salts. We observedhat the ion-pairsinteracted with
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macrocyclel producingl:1 and2:1 complexes. In additiofigr the 2a, 1 complex
we demonstratedthe preferential binding oMTOA-C{2a) in the N-substituted C4P
binding siteof the macrocycliaeceptor 1. We surmisal that the lack of binding
selectivity displayed by thaxle 3 towards the two C4hbinding sites ofl will
generatetwo isomericbinding geometries fothe four particle[2]pseudorotaxane
complexes produced with the assistance of the ipair.

The'H NMR spectrum of a 1 mM equimolar G36lution of receptorl and axle3
displayed sharp and welksolved signals for most of the hydrogen ato(Rigjure
4.8a). Underthese conditionsthe 3, 1 complex is not quantitatively assembled but
the chemical exchange between its free and bound components is fast on the
chemical shift timescale. The additiafi 1 equivalent of TBA-Qb to the above
solution produced

Figure 48. Selected region of thtH NMRtitration experiment(400 MHz COCE) of free receptorl (a),
equimolar mixture ofL and3 (b) and a 1:1:1 mixture of receptds axle3 and TBA-C2b at 298 K (c)
and 253 K (d)Primed letter correspond to compleks 1. See Figure 4.2 for proton assignments.

a dramaticbroadening for most proton signatf the macrocylel and axle3. We
attributed this observationto the existence ofchemical exchangeprocesses
between the different species in solution displaying intermediate dynamcthe
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'H NMR chemical shift timescal@emarkably, thenethylene groupalphato the
nitrogenatom in the TBA cation HS1resonatedas a welldefined signalat G=2.9
ppm. Theupfield shiftexperienced by the methylene proton signeth respect to
its value for the free TB¥cation(' G=-0.6 ppm)was indicative of its involvement
in the bindingevent

We performed variable temperaturéH NMR experiments using the equimolar
CDGsolution of the macrocycléd, axle3 and TBACI2a. The'H NMR spectrum
recorded at 253 K shows sharp and vddfined signals for all the protons of the
three species Rigure 48d). In particular, we observed four singlets resonating
between 10.7 9.8 ppm that were assigned to the NHs of bodndlVe also detected

two sharp singletsaround G= 8.3 ppm that were assigned to hydrogen atoms
attached to thesp® carbon of the triazole spacer. The aromatic protons of bolind
resonated between 7.0 and 8.0 ppm (Hb, Hc, Hd and He) as two set of signals for
eachproton.

Figure4.9. Selected region of théH NMRspectrum(500 MHz,253 K,CDCE) of the 1:1:1 mixture of
receptorl, axle3and TBA-Gb. Aimed letter correspond tdhe proton atoms in theomplex2b-3«1.
Proton signals highlighted in red correspond to the binding isomer of the cor@pl8x1in which the
chloride is bound in theN-substituted binding site ofl. Proton signals highlighted in yellow are
assigned to the other binding isomkarcatingthe chbride in theGsubstituted C4P binding site &f
SuffixO and Clfor proton signals assigned to receptbindicate binding to axl& and the Clanion,
respectively See Figure 4.2 for proton assignments

Theseobservations providestrong support for the quantitative assembly thfe
2b-3+1 complex The complex is present in solution as a mixture of two geometrical
isomers(Figure4.9). The two isomers are involved in a chemical exchange process

displaying slow dynamics on the proton chemical shift timescaB5aK In any of
the two binding geometries of th2b-3+ 1 complex, the Chnion is stabilized by the
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establishment o6 simutaneoushydrogen bonding interactionsetween the4 NH
of one ofthe C4Rbinding sites ofeceptorl andthe 2 amide protons of axl8. The
involvement of the pyrrole NHs in the hydrogbonding interactions isnferred
from the experienceddownfield shift (' G= - 3.3 ppm). The TBA cation is
coordinatedto the electron richcavityof the C4F €one conformawn, opposite to
the bound anion The location of the cation derivesom the upfield shift
experienced by thsignal of the methylenprotonsalpha to the nitrogen atontHS1

Owing to the quantitative formation of theb-3+1 complex at mM concentration
of its components, we estimated its stability constank§zb-3+1] > 1¢ M2

The full assignation of the proton signals of the tisomers of2b-3+1 andfurther
details regardingheir bindinggeometrieswas possible by performint-'H ROESY
and NOESY experimesniusing a solution of amquimolar mixtureof the three
componentsat 253 K Figure 410). In therecordedspectia, we observedselective
crosspeaks related to spaceproximity, betweenthe signalsassignedo H1of the
axlein the two binding modesf the complexand theNH signals resonating at 10.1
and 9.9 ppm.n particular, the more downfield shifted signal the H1 proton
showed a NOESY/ROESY cross peak with the more upfield shifsghisHBased
on these cross pealksnd the preferential binding of @n theN-substituted binding
site of 1, we assigned theawo NH signals to thepyrrole protons of 1 binding the
oxygen atom of the pydyl-N-oxide group of 3 in the two isomeric2b-3+1
complexes

Figure 410. 1H-1H ROES¥a) and'H-'HNOESY ({500 MHzCDGJ, 253 K, mixing time and spHock =
0.3 9 spectrum othe 1:1:1 mixture of macrocyclg axle3 and TBA-Clh.
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Consequently the two other signals resonating at 10.7 and 10.6 ppnust be
assigned to th@yrrole NHs of 1 bindingthe Cianion in the twobinding geometries

of the samecomplex In the!H-*HNOES¥pectrum, ve observedtrongcrosspeaks
indicative of chemical exchangjeositive sign in the ROESY spectrboatjveenpairs

of pyrrole NHs assignedo the binding of chloride and the oxygen atom of this-
oxide in the two isomeric compleas The chemical exchandeetween NH pairs
binding the same nuclgfchloride or oxygen) in the two isomeric complexes is
physically not feasible.

Multiple mechanisms might contribute the observedchemical exchangerocess

For example, thelissociatioireassembly of the axle or the ania@fione isomeric
complex Mog likely, the dissociation of the axtiecurs first ass the energetically
more favored process It requires the breaking obnly three hydrogen bonds
comparad to six for the analogous chloride dissociation The
dissociation/reassemblgf the cyclic componenor its pirouetting motionaround a
preassemble®b «3 complex could also explain the observed chemical exchange
However this processequiresthe rupture ofeighthydrogen bonds

The integral values of the two pyrrole NH signals associated with each of the two
isomers of the2b-3+ 1 complex was used to calculate an isomeric distributioceof
0.65:0.35(Figure 411). Based on the binding selectivity displayed by macroclycle
for the complexation of MTOA-Cl in the C4P binding site hassghstitutedmeso

Figure 411. Cartoon representation of the two binding geometries of com@bx3+1. Chemical shift
of the C4P NH in the complexes is also depicted
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phenyl rings, we hypothesized that the more abundant isomer of 2be8«1
complex contains the chloride anion in the identical C4P bindingFgere 412).

Figure 412. Selected region of theH NMRspectrum(500 MHz,253 K,COCE) of a 1:1:1 mixture of
receptorl, axle3 and TBA-Clb. Proton signals highlighted in red correspond to the binding isomer of
the complexX2b-3+1in which the chloride is bound in thiésubstituted binding site af. Proton signals
highlighted in yellow are assigned to the other binding isoloeatingthe chloride in theGsubstituted
C4P binding site df SuffixOandClfor proton signals assigned to the NH protons of recefiiodicate
binding to axle8 and theCl anion, respectivelyRelative integral value of the signals are indicated.

Similar results were obtained in thiél NMR titration experimentsf equimolar
mixtures ofl and 3 with incremental amounts oMTOA-CRaand TBA-OCIQc (see
ExperimentalSection).Interestingly for the majority of the protons signalshe
exchange dynamidsetween the two isomers dhe 2a-3+1 and2c-3+1 complexes
was slow on the chemical shift timescad®en at 298 KThese findings were
rationalized in terms of greatehermodynamic and kinetic stabilitiefisplayedby
the later complexescompared to2b-3+1 (vide infrd. The isomeric distribution
observedfor the TBA-OCN compleRc-3+1, was identicato the one obtained for
the TBA-Clcomplex, 2b-3+1. However, v obtained a50:50 distribution ratio
between the twobinding isomers of th&a-3+1 complex?® This resulindicatedthat
both isomers of compleRa-3+1 are isoenergeticWe rationalize this result by
invoking thebindingselectivity displayed by MTOA Zztowardsthe N-substituted
binding siteof receptorl, whichultimately eraseshe minimalbindingselectivityof
the N-oxidegroup of3 for the GsubstitutedC4P binding site df.
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Thermodynamic characterization ofthe binding of the selassembled
pseudrotaxane comples , 1 with tetraalkyammonium iofpairs2a-cC.

We performed ITC experiments at millimolar concentration&HGC solution in
order to quantify the binding affinity constant of theselfassembled
pseudorotaxane comple&, 1 with a series of tetraakylammonium igrairs The
sequential injection of @olution of axle3 into a solution containingn equimolar
mixture of 1 and 2b produced the gradual release of heat duean exothermic
binding procesqFigure 413). The normalized integrated heat data displayed a
sigmoidal binding isothermwith an inflection point centered at & 1 molar ratio of

1. The analysis of thatration data was performed using Hypl software version
1.1.0. The data was analyzedssuminga binding modelthat consideredthe
formation of complexe2be1, 2b,+1, 3+1 and pseudorotaxan&®b-3+1.26 The
valuesfor the binding affinity constastand enthapic contributionsof complexes
2be1, 2b, 1 and 3+ 1 were previouslcalculated ¢ee Experimental Sectidrand
were fixed during the mathematicalanalysisof the titration data. It is worth
mentioning that the values estimated for the bindingpnstant using this
mathematical modelwill correspond to the apparent binding constant for the
formation of theoverall complexAn accuratecalculationof the binding constant
KI3e1 ~ 2b-3+1] in a direct titration of3 1 with 2b is not feasibledue to the
competitiveformation of2:1 complexes between receptdrand 2b. Thebest fit of

Figure 413. (Left)Top t Traces of the raw data (heat vs time) of the titration experiment 5fl&* M
solution of receptorl and TBA-CRb, with a 7.5 103 M solution of3 in chloroform. Bottom t Binding
isotherms of thecalorimetric titration shown on to(Right) Data adjustmeifted line) performedvith
Hyp ' H software
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the experimental ITC data to the aforementioned mathematical modedntepl the
thermodynamic valuek[2b-3+1] =4.3+ 0.5 x 1®M2and 'H =-10.8+ 0.3kcal-mol

1

The simulated speciationtitration profile obtained with the calculated stability
constant supports thequantitative formation of the pseudorotaxane complex
2b-3«1 with the working concentratios at the end of the titration (see
Experimental Sectign

Analogue results were obtained in the ITC experiments performed with ionZairs
and2c (see ExperimentaSection). Thealculated value fothe stability constant of
complex 2c-3+1 was one order of magnitude higher thamhat of the 2b-3+1
counterpart(K[2c-3+1] =3.1+ 0.5 x 16M2) (Table 41). Despite the reducedavity
of the 3«1 complexcompared to its bislkynylanalogue|t alsodisplays a higher
bindingselectivityfor TBAOCNcompared to TBAL We propose &etter fit of the
cylindrical aniorin the threedimensional polar cavityVe ako observed an increase
in the bindingstability of 2 orders of magnitude fahe 2a-3+1 complex K[2a-3+1]
=6.0+ 0.6 x 1& M) compared to its TBAanalogue. We rationalize thigsult
invoking the superior fibf the methyl group of the MTOAation in theshallow
aromatic cavity ofhe C4P core in cone conformation.

Table 41. Association constant values (M2) for the 1:1:1 complexes of macrocycle 1,
tetraalkylammonium alts T > andaxle3 measured irchloroform solution usingHyp' H.

lon pair Kax 16(M?) 'H(kcal/mol)

MTOA.CPa 43+0.5 -10.8+0.3
TBA-Cb 31+5 -15.7+0.1
TBA-OCRRc 600+ 60 -14.9+0.5

4.2.2 Synthesis and binding studies of [2]rotaxahe

Synthesis o

[2]Rotaxanel was synthetizedollowing the conditions previously developed by our
groupfor the synthesis athe analogous [2]rotaxaneceptor6 (Scheme 41).2 We
preparedan 8 mM solutionin DCMcontaininga mixture of receptor, axle3 and
alkynefunctionalizedstopper 5 using astrict stoichiometricmolar ratio of1:2:4.
Next, weadded 8equivalentof DIPEAs basg0.5equivalentof TBTAigandand0.5
equivalentof [Cu(CHCN)]PF as catalyst The resulting yellow solution wadsft
stirring at r.t. for 4 hThe reaction was then quenched and workgal [2]Rotaxane

4 was isolated as a brown solid in & % yield after purificatioof the crude bysilica
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column chromatography using a gradient of solvents from pure DCM to 30% AcOEt
in DCM.

Scheme 4l. Synthetic schemeof [2]rotaxane 4. i) Reaction conditions:0.5 equivalent of
[CUCHCN)PF], 0.5 equivalent TBTA ar@kequivalent ofDIPEAN DCM.See Experimental Section for
further details.

[2]Rotaxanet was fully characterized by a set of higdsolution spectra (1Dral 2D
NMR experiments as well as #HRMS). ThéH NMR spectrum afin CDGlsolution
showed sharp and wetksolved proton signald-{gure 414). Weobserved a broad
signal at 9.2 ppm that was assigned to the NH protons of the maceodywat signal

is downfield shifted in comparison to the NHs of free macroc{¢leG= 2.2 ppm).
We rationalize this observation by the existence of hydrogen bondirgaotions
between the NH protons and the oxygen atom of the pyrydxide group in the
lineal component. Taking into account the two different C4P binding sites presents
in the macrocyclic component @, we hypothesize that the lineal component is
involved in a dynamic exchange binding process between the two C4P udits of
This process displayntermediate to fast dynamics on th#1 NMR chemical shift
timescale causing the broadening of some proton sigyridkewise, fast exchange
dynamicisobservedor other proton signals i.e. Haassigned to the aromatic walls
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Figure 414. Selected region of theH NMRspectrum(500 MHz,298 K,COCE) of [2]rotaxaned. See
Scheme 4.1 for proton assignments.

of the macrocyclicomponent and protons H4, H8 and H10 attributed to the lineal
component.

To further confirm the formation of [2]rotaxané, we performed'H DOSY NMR
experiments in CDChbolution Figure 415). The!H DOSY experiment assigned
similar diffusion constant values using the decays of proton signals of either the
macrocycle or the axle componenf3£ 3.38+0.1 x 10°m?-s). Taking into account

Figure 415. (left) IH pseudo 2D plot of DOSY (500 MHz, 298K s 3 (2]rotaxane4 (D20 = 0.15 s,
P30 = 1 ms). (right) Fit of the decay of the signal of proton Ha to a-+exgmnential function using
Dynamics Center software froBruker. Error is indicated as standard deviation.

the difference in sizes for the macrocycle and the axle, this result advocates for the
formation of the interlocked molecule. We also performetH'H ROESY
experiments using a CRGblution of4 (see Expeimental Section). We observed
crosspeaks related to spatial proximity between protons Hb and Hc of the aromatic

184



Anion templated assembly of pseudorotaxane complexes
Synthesis and binding studies of a [2]rotaxane receptor

walls of the macrocyclic component and the protons H10 and H8 of the stoppered
axle. This finding also supported the formation of the interwoveceptor4.

Taking into consideration the binding affinity constant of &dtewards receptorl
(K[3+1] =1.58+0.04 x10° M%) we expected that at the working concentrations a
majority of the3 1 complex would be formeth solution favoring thesubsequent
formation of [2]rotaxane4. Indeed, the simulated speciation profile of the
millimolar solution containing macrocycleand axle3 indicated the quantitative
formation of3 « 1 underthe reaction conditions, i.e. a 1:2 ratio between macrocycle
and axle (see Experimentalkection).On the other handwe haveshownthat the
3+1 complexis involved in abinding equilibriumbetween free and bound
componentsdisplayingintermediateto fastdynamic orthe *H NMR chemical shift
timescale(vide supra. This dynamic exchangeay serveo explain the low yields
of 4 (8%)obtained in the CUAAC reactiand the isolation of significant amounts of
the free dumbbell axleFor this reason, @ evaluatel the template effect, if any,
imposed by thebinding of TBAOCN2c by the 3«1 complexin the synthesis of
[2]rotaxane 4. Our expectations were thabormation in solutionof the complex
2c-3+1 would increase the thermodynamic stabilitpf the pseudaotaxane
structure.

We prepared a solution in deuterated D@l containing a mixture of receptdt,
axle3, TBA-OCNc and alkynefunctionalized stoppeb under strict 1:1:1:2nolar
ratio and at 8 mM concentration with respect 1o We performed aH NMR analysis
of an aliquot withdrawn from the reaction mixtur&heH NMR spectrunof the
mixture evidencedthe quantitative formation of the pseudorotaxane assembly
2c-3+1 (Figure 416a). After the addition of the base anithe catalyticsystem, the
reaction was stirred at r.t. fod h. After that, the reaction was quenched and
worked-up. TheH NMR spectrum of the reactiammude showedthe presence of
some of diagnostic signals attributed the complex of the[2]rotaxane 4 with
TBAOCN(Figure 416b). We detected four proton signals the lowfield regionof
the spectrumthat were assignetb the NHsof the macrocyclic componeinvolved

in hydrogen bonding interactions with the oxygatom of N-oxide3 ( G= 9.5 and
9.4 ppm) andhe boundOCN( G= 10.3 and 10.1 ppmThese signals are reminiscent
to those observed for the twisomersof the 2c-3+ 1 pseudorotaxane compleXVe
alsoobservedasharpsingletresonatingat 7.9 ppnthat wasassignedo the proton
H9 attached to thesp’® carbonof the triazole ring formed during the stoppering
reaction Thigproton signal isndicative otthe covalent connection between the axle
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and the stoppersinterestingly, this proton signal was not deted in the!H NMR
spectrum of the free [2]rotaxandue to the fast exchange dynarsiof the lineal
component(vide supra Most likely, thepirouetting motions of the axleand the
macrocycle become slav on the 'H NMR chemical shift timescale when
[2]rotaxane4 binds the cyanate aniaislowexchange dynamics weedsoobserved
betweenthe two isomers of th&c-3+ 1 complex

Figure 416. Selected region of thtH NMR spectrad00 MHz 298K, DCMi,) of the TBA-OCN template
synthesis of [2]rotaxand: a) aliquot taken before the addition of the catalyst and b) reaction crude
obtained. Spectrum c) shows the reaction crude obtained on the control experiment in which TBA-OCN
2cwas added onyf after the reaction was completed. Proton signal H10 is assigned to the interlocked
o]v 0 }u%l}v vd AZ]lo ,ii[ ]+ =<]Pv s} (& olJv 0 }u%}v vE§X ~
assignments.

We evaluaktd the extentto which [2]rotaxane 4 was formed under the used
reaction conditions To this end we comparedhe integral valuesof the proton
signasresonatingat 5.1 and 5.0 pprassignedo proton HLOin the interlockedand

in the freestopperedlineal componentrespectivelyWe estimated thata.80% of

the dumbbell axle wasinvolved in theinterlocked molecule4 and only 20%
remainedfree in solution Then, ve performed acontrol experimentunder the
sameCuAACQCeactionconditionsin the absencef templatecyanate saltAfter the
reaction was quenched and worken, we added 1 equivalent oFBA-OCN saib

the reactioncrudewith respect to the total amount of used macrocydleThe!H
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NMR spectrum of the resultingrude showedthe diagnosticsignalsattributed to
the bound [2]rotaxane4 to TBAOCN(Figure 416¢). In addition,we observeda set
of signals in the lowield regionof the spectrum that wereassignedo the NH
protons of1 binding TBAOCN Thisfinding was indicativeof the presence ofree
macrocycle to a high extenih the reaction crudeBy comparison of the integral
values ofthe proton signals HO in the free and interlocked dumbbell lineal
componer, we estimated that onl25% percent wasvolved in thg2]rotaxane4.

Taken together, theobtained results are indicative ofthe almost quantitative
formation ofthe [2]rotaxane4 in the template reaction mediated byBA-OCRc.
The superior properties of TBA-OCN to template the formation of rotaxXase
rationalized by theincrease in thethermodynamic and kineticstability of the
intermediatepseudorotaxane assembBc-3¢1 compared to the3 « 1 counterpart
Unfortunately, for the moment we have ndieenableto remove theion-pair bound
to the [2]rotaxanereceptor 4. We performedseveralpurification attempts using
normal and reversephase column chromatographyaqueous extractionsand
anionexchange resins. For this reason, we focusethe synthesis of by the low
yieldand capriciouseactionmethodology that does not involvée use ofTBA-OCN
2c.

Binding studies of [2]rotaxargwith ion pairs2a-c

The binding propertiesf [2]rotaxane4 towards ion pair2a-c were investigated in
chloroform solution by means éH NMR titration experiments.

The addition of 0.5 equivalent of TBA-OZ&o a 2 mM solution of recepto#
produced the appearance of a new set of sharp sigtieswere assigned tahe
bound receptor.The new set of signals clearly resemble thabservedin the
formation of the [2pseudorotaxanecomplex2c-3+1 (vide suprd (Figure 417).
Along the course of the titration, the protosignals associated with bountigrew
in intensityto the expenses of thosef the free receptor. Wherl equivalentof the
ion pair2cwas addedwe only detectedthe proton signals attributed to the bound
receptor. This resulindicatesthe formation of al:1complex 2c, 4, as a mixture of
two isomers for which we can estimatebinding affinity constant larger than 10
M. The foursingletsresmating between 10.5 and 9.4 pprare attributed to the
pyrrole NH protons of bound in the two isomeric complees The H1 proton
correspondingo the triazole rings of thexlewasbroadenedbeyonddetection in
the 'H NMR spectrum of fre4. In contrast, it resonateas two sharp singlets at 8.3
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ppm in the spectrum of the2c, 4 complex The proton signals associated to the
aromatic walls of the macrocyclic componeéntthe 2c, 4 complexappeared as 8
different doublets between 6.9 and 7.6 ppriloreover, n the initial phases of the
titration, the signal attributedo the methylene protoralphato the nitrogenatom

in the TBAcation (HS1) experienced a dramatic upfield shift comparedtifree
form (' G=-0.5 ppm). Addition of more than 1 equivalent2ifproduceda gradual
downfield shift of ths signal, towards the chemical shifalue ofthe free salt

Figure 417. Selected region of théH NMR spectra (400 MHz, 298 ®OCE) acquired during the

titration of [2]rotaxane4 (a) with incremental additions o2c. 05 equivalent(b), 1.0 (b) and 1.5 (d)
equivalent Primed letter correspond t@rotons in thecomplex2c+4. See Scheme 4.1 for proton
assignments.

In short, [2]rotaxane4 acts as aheteroditopic receptor capable of coordinating
TBA-OCHc. ComplexXce4 displaysamacrocycleseparated bindingnodewith the
OCNanion bound in the receptors inner cavitffhe TBA cation is locatedn the
shallow and electron richaromatic cavity generated by the C@#cone
conformation opposite to the bound aniafhe 1:1 complefc+4 existsin solution
as two isomeric forms that atiievolved in a slovehemicalexchangegrocess a the
H NMR chemical shift timescale betwedine someric ratio is 65:35 as observed
in the pseudorotaxanenalogue complegc-3, 1 (Figure 418).
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We performed *H-'H ROESand NOES¥xperimens usingan equimolarsolution
mixture of4 and 2c. Theobserved ooss peaksvere in agreement with the results
obtained for the pseudorotaxanesaembly2c-3+ 1 (seeExperimentaSection).

Figure 418. Selected region of théH NMRspectrum(500 MHz,298 K,COCE) of a 1:1.5 mixture of
[2]rotaxane4 and TBA-OCRc. Rimed letters correspond toproton signals oEomplex2ce«4. Proton
signals highlighted in red correspond to the binding isomer of the con@ale4 in which the cyanate

is bound in theN-substituted binding site of. Proton signals highlighted in yellow are assigned to the
other binding isomefocatingthe cyanate in theGsubstituted C4P binding site 4f SuffixOand OCN

for proton signals assigned to the protons of receptondicate binding to lineal component and the
OCNanion, respectivelySeeScheme 4.1 for proton assignments.

In general, théH NMRtitration experiment of receptod with MTOA-CRashowed
similar spectroscopic changésan those described for théinding of thecyanate
salt(Figure 419). Surprisingly to usa set of four proton signalesonatingoetween
9.7 and 9.3 ppnemerged after the initiahdditions of the salt(0-0.5 equialent).
The intensity of this set of proton signalsmained unchanged throughout the
course of the titrationIn contrast, the proton signals of the pyrrole NHs assigned to
the two isomers of the2a, 4 complex grew in intensity with the incremental
addition of the saltThe isomeric ratio was close to 50&®observed for th2a-3, 1
pseudorotaxane counterparf(Figure 420). We were also surprised to observe
proton signal®f the free receptor4 (e.g. H and HLO) in the presenc®f more than
1.5 equivalentof the ion pair. Thigesult is alsostriking when compared tahe
guantitativeformation ofthe 2c, 4 and the2a-3 1 complexesin the presence of
just 1 equivalentof the salts Theproton signalassociated to the methghe group
alpha to the nitrogen atom in the MTOA cation appeared upfield shifted with
respect to its free fornt' G=- 0.6 ppm)and quite broadWhile the first observation
is indicative of the inclusion of the MTOA cation in thekow and electron rich
aromatic cavity generated by the C4P unitg.aohe seconduggest its involvement
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in other binding processes than the complexation withWe speculate that the
used sample of the [2]rotaxanémight containedsome impuritieshat led to the
appearance of the unexpected set of proton signals. At the moment, we do not have
any plausible explanation for these results and producing additional batches of pure
4 rotaxane has proven to be very troublesome.

Titration experiments cared out with of TBA-CRb gave analogue results to the
ones obtained with MTOA.-2& (see ExperimentalSection).

Figure 419. Selected region of théH NMR spectra (400 MHz, 298 K,GgPacquired during the
titration experimentof [2]rotaxane4 (a) with incremental additions oMTOACRa: 1.0(b), 1.5 (b) and
2.0 (d) equivalentPrimed letter correspond to compl@a 4. See Scheme 4.1 for proton assignments.
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Figure 420. Selected region of théH NMRspectrum (500 MHz,298 K,CIOCE) of a 1:2 mixture of
[2]rotaxane4 and MTOA-Q2a. Arimed letters correspond toproton signals oEomplex2a «4. Proton
signals highlighted in red correspond to the binding isomer of the con@ale® in which the chloride

is bound in theN-substituted binding site of. Proton signals highlighted in yellow are assigned to the
other binding isomelocatingthe chloride in theGsubstituted C4P binding site 4fSuffixOand Clfor
proton signals assigned to the protons of receptandicate binding to lineal component and the CI
anion, respectivelySeeScheme 4.1 for proton assignments.

4.2.3 Gas phaseharacerization

All thecomplexegreviously discussedere characterized by means of &85 and
IMSTW experiments. Likewise, we investigated the relative stability of the
pseudorotaxane and [2]rotaxane complexes by CID experiments.

Gas phase characieation of pseudorotaxane assemblies

We performed arESIMS analysis of an equimolawixture of 1, 3and2cin methanol

at MM concentrationslIn the chromatogram & observel the presence of an ion
peak with m/z = §80.9043(Figure 421). We attributed this ion peak taomplex
[OCN3«1]. The experimental isotopic pattern of the molecular ion matched the
theoretical one ¢ee ExperimentalSection).Similar results were obtained in an
analogue experiment using TBAZH in which we detected the ion peak of
molecular ion CI3 « 1] (see ExperimentaSec¢ion). From these results we concluded
that the transition of the complexes from solutioo the gasphase implied the loss
of the weakly coordinated cation, generating negatively charged comptéxes.

The stability of the pseudorotaxane complexes was investigated by CID
experiments. Gradual increase of the voltage applied at the entrance of the
hexapole produced the fragmentation of the massected molecular ion
[OCN3 «1] (Figure 421). We observed the appearance of two ion peaks of m/z =
1276.6809 and 445.2153 at high voltage values (34 V) that were assigned to
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complexes QCNe 1] and [OCNe 3], respectively. Further increasof the voltage
values produced the total disassembly of the pseudorotaxane to regenerate the free
macrocyclic component, as inferred by the presence of an ion peak with m/z =
1233.6758 attributed to thel-H} ion. These resultpoint out to the disassefly of
complex PCN3e+1] by two simultaneous mechanisns (Figure 422). We
hypothesize thata first processconsiss on the dethreading of neutral axi@ to
generate charged complex@CNe1]". Further increase ofthe voltage applied
produces thalissociatiorof the cyanate anioripstasH-OCNo regenerate the free

Figure 421. CiDexperiment peformed with massselected iofOCN3 ¢ 1]-a) with CE 022V b),34V
c) and40V d).

macrocycleI-HJ. The second process for tdessassembly of)CN3 « 1]- implies the
concomitantdissociatiorof the cyanate anion and the axle in the form GGNe 3]

. This produces the recovery of neutral macrocyglevhich is not detected in the
ESIMS chromatogram. Attending to the relativetensity of the ion peaks of the
complexes aforementioned, the preferred mechanism for the disassembly of
[OCN3 «1] involves the dissociatioof axle3. This is most likely due to the greater
affinity of the cyanate anion towards the C4P cofemacrocyte 1 than for the
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amide NH of axI&. Indeed, the binding affinity constant calculated in chloroform
for complexOCNe 3wasK[2c«3] =3.2+ 0.7 x 1OM, one order of magnitude lower
than the one obtained for macrocycle(see ExperimentalSection)

Figure 422. Relativeintensity of the fragments observed in the CID experiment of conj@eN3 « 1]-
at increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (I. Complex + I.
Fragments) x 100%

In the CID experiments carried out with TBRIGNle obtained analogue resultsse

ExperimentalSection). Likewise, disassembly of compl€%3 « 1] was confirmed by
the appearance of molecular iorf€le3] and [Cle1]. Interestingly, the relative
intensity of the ion peaks of tlse twocomplexes revealethat the disassembly of
complex CI3 « 1] takes place mainly by the dissociatiof©fe3]". This is in striking

Figure 423. Relativeintensity of molecular ions QCN3 «1]- and [CI3 «1] observed in the CID
experimentat increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (l.
Complex + I. Fragments) x 100%
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contrast to what we observedor complex PCN3-+1]. These findings were
rationalized in terms of the greater affinity of the &hion towards ax|&. The value
for the binding affinity constant calculated in chloroform for compl€ke B]- was
K[2b+3] =1.3+ 0.4 x 10M, almost one order of magnitude higher than the one
obtained for receptorl (see ExperimentaSection).

Table 42. Ckp values obtainedn the CID experiments of the complexes formed between receptor
axle3 and ion parib-c.

Complex Cko (V)
[OCN-31] 24
[Cl-3e1] 16

The relative stability of the 2:1 assemblies was investigated by direct comparison of
the collision energy necessary to disassemble the complex to a 50% extegt (CE
(Figure 423). The results obtained advocate for the greater stability of complex
[OCN3 « 1] (Table 42). This is in agreement with the results obtained in tHENMR

and ITC titration experiments carried out in chloroform solution. We rationalize
these results by invoking the greater compattiiin size and shape of the cylindrical
polyatomic anion with the binding site generatbdtweenaxle3 and macrocyclé.

Figure 424. Arrival time distribution ofnolecular iongOCN-31]- and [CI-3+1]-.
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Finally, wean IMSTW experiments in order to investigate the effect of the isomeric
forms of the complexefFigure 424). However, we were not able to separateeth
isomeric forms of complexe®N3 «1]-and [CI3 «1] most likely due to the similar
crosssection of the two species. In additipwe obtained similar arrival times for
the two complexes owing to the similar sizes of bendanions.

Gas phase characterization[@lrotaxane complexes

We performedESIMSexperimentso amethanolsolutioncontaining arequimolar

Figure 425. ClDexperiment peformed with massselected iofOCNe 4-H]2a) with CE 022V b)and
44 V c)

mixture of 4 and 2c at MM concentrations (Figure 425). The obtained
chromatogram revealed the presence of mm peak with m/z = 180.9642 We
attributed this ion peak to the molecular id@CNe4-H]2. The observedsotopic
pattern was similarto the theoretical one, confirming the presence of the doubly
charged iongee ExperimentaSection).
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Figure 426. Energyminimized structure (MM3) of complexCl,+4. Nonpolar hydrogens were
removed for clarity?*

We performedan analogue experiment with TBAZ} where we observedthe
presenceof molecular ionCle4-H]? (see ExperimentaBetion) 28 Interestingly, we
alsodetectedan ion peak with m/z = 1624.3500 thatsattributed to the doubly
chargedon [(C). +4]2. Most likely, this complex features two chloride anions bound
to each of the C4P units of the macrocyclic componénthis complexthe axleis
locatedslightly displaced from the interior cavity of the macrocyele depicted in
the energy minimize structur@igure 426). This specigwas not observed in théH
NMR experiments carried out in chtdorm solution. Howeverformation of 2:1
complexeswas already described in our previous wuaiikh bis-alkynyl amlogue6.?

Figure 427. Relativeintensity of the fragments observed in the CID experiment of conmae&Ns 4-
H]?2 at increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (I. Complex + I.
Fragments) x 100%

196



Anion templated assembly of pseudorotaxane complexes
Synthesis and binding studies of a [2]rotaxane receptor

We investigated the stability of the complex form&dth 2¢c by means ofMSCID
experiments Figure 425). The gadual increase of voltage applied at the entrance
of the hexapole produced the fragmentation of the mas$ecedion [OCNe4-H]2.
We detected an ion peak with m/z = 1589.4h3t grew in intensity as the voltage
applied increased. We assigned this ion peak to com{ge] 2 generatal by the
dissociation ottyanate in the form of H-OCMt higher values ddppliedvoltage,
we also observedan ion peak withm/z = 1266.7081 thatvas attributed to the
mono-stoppered &le bound to the cyanate anion.

The results obtained suggesthat complex|[OCNe4-H]? disassembles in the gas
phase mainly through the loss of H-OCNecovering the doublgleprotonated
[2]rotaxane [4-2H]2. The previous mechanism observed for the pseudorotaxane
assemblies consisting on the dissociation of the axle is now energetically
demanding For this to occur, theleavagef a covalent bond has to take pladeéis

is observed at higher value$ applied voltage as evidenced by the presence of the
mono-stoppered axl€Figure 427).

Figure 428. Relativeintensity of molecular ions QCNe4-H]2 and [(C). *4]2 observed in the CID
experiment at increasing CE voltag&e intensity was calculated as Intensity = I. Complex / (l.
Complex + I. Fragments) x 100%.

We also performedMSCID experiments to the complexebtained with TBA-CI
[Cle4-H]"2 and [[C). *4]2. We observed similar dissociation mechanisassin the

complexes obtained with the cyanatanion (see Experimental Section).

Interestingly, we needetb apply avoltage of approximately5V to produce the

total disassembly of molecular iofd): «4]2, pointing out to the greater stability of
the 2:1 complex.
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Table 43. Ckp values obtainedn the CID experiments of the complexes formed between
[2]rotaxane4 and ion pais 2b-c.

Complex Cko (V)
[OCNe 4-H]2 21
[(C)2+4]? 33

Thehigher value ok calculated for comple}(C). *4]? when compared with the
one obtained fofOCNe4-H]? points out to the higher stability of the 2:1 complex
(Table 43)(Figure 428).2° This was expected, as the hydrogemnding interaction
established with the NH can be stronger with the bound chloride anion due to the
more concentrated charge

Figure 429. Arrival time distributionof the species observed in the CID experiments of [2]rotaxane
and ion pairgb-c.

We also performedMSTW experimentdo separatel solutions containing 1:1
mixtures of4 with 2b and 2c. We obtained similar arrival times distribution for all
the complexes Most likely, the similar size of the bound anions does not
significantly alte the crosssection of the complex, even in the case of the 2:1
complex [C)), «4]?. Similar to what we obtained in the experiments performed to
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the pseudorotaxane complexes, we were not able to separate the isomeric forms of
the [2]rotaxane complexes.

4 3. Conclusions

In this chapter, we investigated the formation of pseudorotaxane complexes
between macrocye 1 and axle3. The assembly of theseudorotaxaneomplexes

was templated by tetraalkylammonium ion pafta-c. We proved the formation of
thermodynanically and kinetically stable complexes with all the salts studietHby
NMR and ITC experiments.the complexes, the axle was coordinateddceptor

1 by the establishment of hydrogen bonding interactions between the oxygen atom
of the N-oxide knobof 3 and the NH protons of the C4P hfSimultaneouslythe
bound anion was located in the polar cavity generated between macrodyahel
bound axle3. The anion was stabilized by the establishment of up to six hydrogen
bonding interactionstour with the C4P unit of and two with the amide protons of
axle3. Weobservedthat the pseudorotaxaneomplexesxisied in solution as two
isomeric forms depending on the binding of the anion and the axle in each of the
two inequivalent hemispheres of recep 1. We observed thator the complexes
obtained with TBA-Cl and TBA-OCN the isomeric distribution was of 0.65 to 0.35.
Binding of the anion in théN-substituted hemisphere was energetically more
favorable, owing to the less repulsive interactions betwéee bound anion and the
aromatic panels of the macrocycle. In the case of MTOth€two isomeric forms
obtained were isoenergeticWe explained these results by thdifference in
selectivitydisplayed by thdon pair towards theN-substituted hemisphee when
compared with2b and 2c. We estimated values for the binding constant for the
three complexes in the order of 4 10 M2 The greater stability observed for
complex2a-3 «1 was explained by the better fit of the methyl group of the MTOA
cation Jvd} §8Z «Z 0oo}A v o SE}v E]Z A]JSC P v E §
conformation.At the same time, the higher value for the binding affinity constant
obtained for TBA-OCN over TBA-Cl was rationalized by invoking the better fit of the
cylindrical aion inside the cavity generated 8» 1. Analogueresults in the stability

of the pseudorotaxane assemblies were obtained in the-gase experiments
performed by ESVS.

We also described in this chapter the synthesis of [2]rotaxér®/ the CUAAC
reaction of axle3 with alkynefunctionalizedstoppersb. The low yield obtained in

the reaction (8%) prompted us to use TBA-OCN as a template to favor the formation
of the interlocked moleculeln the presence of 1 equivalent of TBA-OCB w
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observed thealmostquantitative formation of [2]rotaxane in thtH NMR analysis

of the crude obtained. However, we were not abledissociatethe bound anion
(E}u 8Z E %o &HteE purificdtiph @/e also investigated the properties of
[2]rotaxane 4 to bind tetraalkylammonium saltac by H NMR titration
experiments. We obtained thermodynamically and kinetically stable complexes
with all the ion pairs studied. As observed in the pseudorotaxane assemblies, the
obtained complexes exist in soluti@s a mixture of two isomeric forms according

to the coordination of the anion in each of the C4P units. Sim#americ
distributions were observed as for the case of pseudorotaxane complexes. The
experiments carried out in the gas phase also revealedftinmation of a 2:1
complex with chloride that proved to be more stable than thedofnplex obtained

with the cyanate salt.

4.4. Experimental section

4.4.1. General information and instruments

Reagents were obtained from commercial suppliers and usétout further
purification unless otherwise stated. All solvents were commercially obtained and
used without furher purification Dry solvents were taken from a solvent system
MB SPS 80@CM waglegassed by three freegzmump-thaw cycles before used in

the CuAAQeaction. RoutindH NMR and®*C{*H} NMR spectra were recorded on a
Bruker Avance 300 (300 MHz fét NMR and 75 MHz féfC NMR), Bruker Avance
400 (400 MHz folH NMR and 100 MHz f6iC NMR), Bruker Avance 500 (500 MHz
for 'H NMR and 125 MHz féfC NMR) or Bruker Avance 500 with cryoprobe (500
MHz for'H NMR and 125 MHz féfC NMR). Deuterated solventgere purchase
from Sigma AldrichtChemical shifts areeportedin ppmusingresidud solvent peaks

as referenceCoupling constant valugsare given in Hz. COSY, NOESY, ROESY, HMQC
and HMBC experiments were recorded to help with the assignmehi @nd*C
signals. Highesolution mass spectra (HRMS) were obtained on a Bruker-HBEC
(MicroTOF Focus) anduger HPL@QQTOF (MaXis Impactsing the ionization
mode indicated for each compoundR spectra were recorded on a Bruker Optics
FTIR Alpha spectrometer equipped with a DTGS detector, KBr beamsplitter at 4 cm
! resolution using a om bounce ATR accessory with diamond windows. Melting
points were measured on a MP70 Melting Point System Mefi@dedo. Column
chromatography was performed with silica gel technical grade, pore size 60-A, 230
400 mesh prticle sze, 4007 ...u % ( &hdaohinelhier chromatography (TLC)
analysis on silica gel 60 F252h mobility massspectrometryand CID experiments
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were performed with Waters Synapt G2 TOF mass spectromete8amples were
prepared with 1620 ... D }v v 3§ @ nddthanol solutionThe modified Waters
Synapt G2 was equipped with a linear dedlfilled with ~2 Torr nitrogen (298 K).
Samples were ionized with a nanoESI ion sourelkolise pulled capillary tips were
used with inserted platinum wire for nanoESI. Parameters werenopdl as
follows: Capillary voltag2.30kV and source temperatur@0°C. Data was analyzed
using MassLynx v4.1 (Waters Corporation, USA) and Microsoft Excel 2016
(Microsoft, USA).

4.4.2. Synthesis and characterization data

[2]Rotaxane 4Macrocyclel (80mg, 65 Fnol, 1 equiv), axl& (52 mg, 130Rnoal, 2
equiv) and stoppers (200 mg, 260Mmol, 4 equiv)wvere dissolved ir10 mL of dry

and degasse®CM [Cu(CHCN)]PF (12 mg, 30 Hnol, 0.5 equiv), TBTA17 mg, 32
fnol,0.5equiv), aad 0.5 mL of freshlgtistilled DIPE&vere added. The reaction was
stirred at room temperature fod h. After that, 50 mL of dichloromethangere
added to the reaction crude. The organic phase was washed three times with 10 mL
of water and later dried with anhydrous b&Q, filtered, and concentrated under
reduced pressure to give dark brown solid. Purification of the crude by silica
column chromatography usirg gradient of solvents from pure DCM to 30% AcOEt
(Rf = 04) afforded4 as abrown solid (L8 mg, 8% yield)*H NMR (80 MHz, CDgl
166 <9.1(br, 8H,NH), 7.98(s, 2H, H), 753 (d, 12H, J = & Hz, H5), 749 (d,

12H, J=&Hz, H6), 744 (d, 12H, J = & Hz, H4), 7.39 (br, 8H, Hig), 7.29(d, 12H,
J=8.5Hz, H)3.20(d, 4H,J =9.0Hz, H12, 7.07 (br, 8H, He), 6.80 (d, 4H, J%=0

Hz, H11), 5.91 (m, 16H,B45.02 (br, 4H, H10), 4.29 (br, 4H, H8), 3.14 (br, 4H, H4),
1.94 (br, 4H, H7), 1.60 (br, 4H, H5) 1.43 (br, 4H, H6), 1.34 (s, 54 H3Ei{H) NMR
(125 MHz, CDEU 166 ¥6.ly 15®, 145.7, 138.4, 136, 137.5, 132.3, 132.1,
132.0,131.41, 128.6,114.3,113.4,67.1, 63.6, 53.5, 29.7, 29.4, 25.3, 22.3, 19.8, 14.1,
13.5, 13.4FTIR (ATR}:¥ax (cmt) = 3443 amine NtH stretching), 265 (alkene GH
stretching),1676 (triazoke C=N stretching)1508 (NO stretching)1220 (amine GN
stretching), 1039 (alkene @ bending)829 (alkene C=C bending) and {é8&ene
CQ bending) HRMS ESITOFMS) m/z calculated for 2&H1dN230s [M t 2H]?
1588.321, found1588.3784 mp >190°C(decomp).
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Figure 430. 'H NMRspectrum(500 MHz 298 K ,COCE) of [2]rotaxane4.

Figure 431. 13C {H}NMRspectrum(125MHzwith cryoprobe 298 K, COCE) of [2]rotaxane4.
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Figure 432. 1H-1H ROES¥00 MHz CDGJ, 298K, spinlock = 0.3 spectrum of2]rotaxane4.

Figure 433. Experimentala)and theoreticalb) isotopic distribution fof4-2H}2.
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4.4.3.*H NMRtitration experiments

Figure 434. Selected region of th&H NMRitration experiment(400 MHz 298K ,CIOCE) of receptor?
(a), with 1 (b), 2 (c) and 3 (epuivalentof axle3. See Figure 4.4 for proton assignments.

Figure4.35. Selected region of théH NMRtitration experiment(400 MHz 298K ,CIOCE) of receptor8
(a), with 1 (b), 2 (c) and 3 (eguivalentof axle3. See Figure 4.4 for proton assignments
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Figure 436. Simulated speciation profile and fred line)of the chemical shift changexperienced by
proton Hb of 7 (left) and proton Hof 8 (right) during the titration with3. Fit of the data waperformed
using atheoretical binding modelin HypNMR2008 softwar¢hat considers the formation of 1:1
complexes3 «7 and 3 «8 andthe presenceof dimerization complexX3), (Ksim =35.5 MY).

Figure 437. Simulated speciation profile ani {red line)of the chemical shift changexperienced by
proton Ha of 1 during the titration with3. Fit of the data was performed using a theoretibatding
modelin HypNMR2008 softwarthat considers the formation of 1:1 complé 1.

205



Chapter 4

Figure 438. Selected region of théH NMRtitration experiment(400 MHz,298K,CDCk) of axle3 (a),
with 1 (b), 2 (c), 3 (c) and 4 equivalent of MTO&&CEee Figure 4.2 for proton assignments.

Figure 439. Selected region of thtH NMRiitration experiment(400 MHz, 298K, COCk) of axle3 (a),
with 1 (b), 2 (c), 3 (c) and 4 equivalent of TBRCEee Figure 4.2 for proton assignments.
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Figure 440. Selected region of théH NMRtitration experiment(400 MHz,298K,CICk) of axle3 (a),
with 1 (b), 2 (c), 3 (c) andetjuivalentof TBA-OCI8c. See Figure 4.2 for proton assignments.

Figure 441. Simulated speciation profile ané bf the chemicakhift changexperienced byroton
H2 of 3 during the titration with2a (left), 2b (middle) and2c(right). Data adjustment performealsing

a 1:1 binding moderéd line) implemented in the HypNMR2008 softwafde calculated values were:
K2a+3] =2.1+ 01x 1ML, K[2b +3] =1.3 + 0.4« 10 M-t andK[2c+3] = 3.2 £ 0.7 x EML.
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Figure 442 'H NMRtitration experiment(400 MHz,298K,CCE) of free receptorl (a), 1:1 complex
3+1(b) and a 1:1:1 mixture of receptar axle3 and MTOA-Cla. Primed letter correspond to complex
3+1. Doubled primed letters correspond to compl2a-3 « 1. See Figure 4.2 for proton assignments.

Figure 443. Selected region of théH NMRspectrum(500 MHz,213 K,COCE) of a 1:1:1 mixture of
receptor 1, axle3 and MTOA-CRa. Rimed letter correspond to compleRa-3+1. Proton signals
highlighted in red correspond to the binding isomer of the comf@a® +1 in which the chloride is
bound in theN-substituted binding site of. Proton signals highlighted in yellow are assigned to the
other binding isomelocatingthe chloride in theGsubstituted C4P binding site df SuffixOand Clfor
proton signals assigned to the NH protons of recefdtdmdicate binding to axI® and the Clanion,
respectively SeeFigure 4.2 for proton assignments.
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Figure 444. Selected region of thewverse!H NMRitration experiment(400 MHz 298K CICE) of free
receptor 1 (a). Addition of 1 equivalent oa (b) is followed by the addition of 0.5 (c) and 1.0 (d)
equivalentof axle3 (d). See Figure 4.2 for proton assignments.

Figure 445. 'H NMRtitration experiment(400 MHz,298K,CDOCE) of free receptorl (a), 1:1 complex
3+1(b) and a 1:1:1 mixture of receptdr axle3 and TBA-OCRE. Primed letter correspond to complex
3+1. Doubled primed letters correspond to compx3 * 1. See Figure 4.2 for proton assignments.
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Figure 446. Selected region of theH NMRspectrum(500 MHz,298 K,COCE) of a 1:1:1 mixture of
receptor 1, axle3 and TBA-OCMc. Rimed letter correspond to complefc-3+1. Proton signals
highlighted in red correspond to the binding isomer of the com@b»3+1 in which the cyanate is
bound in theN-substituted binding site of. Proton signals highlighted in yellow are assigned to the
other binding isometocatingthe cyanaé in theGsubstituted C4P binding site df SuffixOand OCN

for proton signals assigned to the NH protons of receptandicate binding to axI& and the OCN
anion, respectivelySeeFigure 4.2 for proton assignments.

Figure 447. 1H-'TH NOESY500 MHz CDG, 298 K, mixing time = 0.3)sspectrum othe 1:1 mixture of
[2]rotaxane4 and TBA-OCRL.
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Figure 448. H-'H ROESY500 MHz,CDGJ, 298 K, spinlock = 0.3 sspectrum ofthe 1:1 mixture of
[2]rotaxane4 and TBA-OCRL.

Figure 449. 'TH'HNOESY500 MHz CDGJ, 298 K, mixing time= 0.3 s) spectrum othe 1:1 mixture of
[2]rotaxane4 and MTOA-Qa.
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Figure 450. 1H-'H ROESY500 MHz,CDGJ, 208 K, spinlock = 0.3 sspectrum ofthe 1:1 mixture of
[2]rotaxane4 and MTOA-Qa.

Figure 451. Selected region of théH NMR spectra (400 MHz, 298 K,O0gPacquired during the
titration experimentof [2]rotaxane4 (a) with incremental additions o2b: 1.0equivalent(b) and 2.0
(c)equivalent Proton signals highlighted in red correspond to the binding isomer of the coriplek

in which the chloride is bound in thiésubstituted binding site of. Proton signals highlighted in yellow
are assigned to the other binding isomecatingthe chloride in theGsubstituted C4P binding site of
4. SuffixOand Clfor proton signals assigul to the NH protons of recepterindicate binding to lineal
component and the Canion, respectivelySeeFigure 4.3 for proton assignments.
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4.4 .4, Speciation profiles

Figure 452. (Left)Speciation profilef the simulated titration of a 2 mM solution of receptofseind 8

with axle3. (Righ) Speciation profileof the simulated titration of 8 mM solution of receptdrwith
axle 3 used to confirm the formation of the 1:1 complex in the conditions used in the [2]rotaxane
synthesis.

Figure 453. Speciation profileof the simulated titration of 1 mM solutions of: (left) Receptband
TBA-CRb with axle3; (middle) receptorl and axle3 with TBA-CRb and (right) axle8 and TBA-C2b
with receptorl.

4.4.5. ITC Experiments

Isothermal titration calorimetry experiments were performed using a Microcal VP
ITC Microcalorimeter. All the titrations were carriedt in chloroform solution at
160 <X d]SE §]}ve A E EE] }us C JvP «u 0o
chloroform solution ofaxle3 into a solutioncontaining a 1:1 mixture df and 2a-c

in the same solventThe concentration a8 was approximatelyessen to ten times
more concentrated tharthe solution containingl and 2a-c (see corresponding
figures for details). Reverse titrations (guest over host) were also performed and
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yielded similar results. The association constants and the thermodynamic
parameters were obtained from the fit of the titration datasing HypH software

version 1.1.0.d Z e} ] 8]}v }ved v3 ~< oU d4™ v 4, A op e (}(
process were determined by averaging the values from two titrations.

Figure 454. (Left) Top t Traces of the raw data (heat vs time) of the titration experiment f1l®* M
solution of receptorl and MTOA-CRa, with a7 102 M solution of3 in chloroform. Bottom t Binding
isotherms of thecalorimetrictitration shown on top(Right) Data adjustment (red line) performed with
hyp'H software.

Figure 455. (Left) Top t Traces of the raw data (heat vs time) of the titration experiment bf5a103
M solution of receptorl and TBA-OCNec, with a 11 103 M solution of 3 in chloroform. Bottom t
Binding isotherms of thealorimetric titration shown on top(Right) Data adjustment (red line)
performed with hyp H software.
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4.4.6. ESMS experiments

Figure 456. Experimental a) and calculated b) isotopic distribution of comjl#:8«1]-.

Figure 457. Experimental a) and calculated b) isotopic distribution of comiix3]-.

Figure 458. Experimental a) and calculated b) isotopic distribution of compE&N-3 1]-.
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Figure 459. Experimental a) and calculated b) isotopic distribution of comfEXNe 3]-.

Figure 460. CiDexperiment peformed with massselected ionCl-3«1]-a) with CE 05V b),25V c)
and28V d).
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Figure 461. Experimental a) and calculated b) isotopic distribution of comflix4-H]-2.

Figure 462. Experimental a) and calculated b) isotopic distribution of comilix4]-.

Figure 463. Experimental a) and calculated b) isotopic distribution of comffl@l «4]2.
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Figure 464. Experimental a) and calculated b) isotopic distribution of comEXNe 4-H]-2.

Figure 465. ClDexperiment peformed with massselected ior(C). *4]2a) with CE 028V b),38V c)
and55V d).
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Synthesis and binding studies of a strapped calix[4]pyrrole receptor

5.1. Introduction

Strapped calix[4]pyrrol¢C4PYeceptorsare a special class ofesofunctionalized
C4P234 |n these receptors two meso substituentsare connected forming a
macrocycle. The connection between the twesosubstituents is referred as the
strap. In turn,the strapcan bedecorated with polar groups able to engage i
recognition processesThese groupsanassist the binding of neutral ancharged
moleculesto the C4P coreThesestructural modifications of the C4P scaffold
generateconformationally morerigid multitopic receptorsable to coordinate ion
pair dimersin a closecontact binding geometr§® The close proximity of thewo
differentbinding sitegstrap and C4R)analsoinduceallostericcooperativity effects
in the binding ofion pairs’ In other casesthe use of achromophoreas strapping
unit to covalentlyconnectthe two mesearmsproduces optical molecular sensdrs
Hence,the binding affinity and selectivity of strapped C4P recepisraodulated
according tahe size and shape of thetrap.®101!

Figure 51. Schematic representation of the synthesiseostrapped2W-C4P bya) condensation of
bis(dipyrromethanefunctionalized strap and b) intermolecular coupling reaction of the strap and C4P.

We have already discussed in previous chapters the synthesis of a strapped C4P
receptor featuringa C4Punit alsoasthe strap. The synthesis ofthis receptor was

based on the intermoleculaopper(l}catalyzed azidalkyne cycloadditionGQUAAC)
coupling reactiorbetween twoC4Punits. Thesynthesif the macrocydkt receptor

was assisted by the use of a template that reduced the foromabf polymeric
products to a minor extentHowever, the synthesis of strapped C4P receptsrs
commonlybased on thesynthetic approach introducetly Lee and cavorkers??

This methodologygonsiss on the derivatization of the strapnit in orderto obtain

a bigdi-pyrromethang, which will be theprecursorof the C4P corérigure 51). The
acidcatalyzed condensation of thdis-(di-pyrromethane) componentsin the
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presence of an excess of acetoweuld yield the strapped C4P. This methodology
doesnot require the use of any template moleculdoweverthe use ofa suitable
strap that locates both dpyrromethane reacting units in close proximitg
mandatoryin order b minimize the formation of polymeric products

Figure 52. Linedrawing structures ostrapped macrocyclel, tetraalkylammonium salt@a-c, axle3
and their cartoon representations.

In this chapter, walescribethe synthesis of strapped C4P receplofFigure 52).
Receptorl consiss on a twowall superarylextended C4P (2VBAEC4PYeaturing

a 2,6pyridinedicarboxamidas stap.Macrocyclel features two distal binding sites
with polar groupsable to engage in hydrogen bonding interactions: four NH in the
C4P core and two amide NH in the strap. In addition, the C4Pisumible to
coordinate cationic species in its electron rich aromatic cup genefatdde pyrrole
ringsin the cone conformationlt is worth mentioning that receptofl does not
display a lineal arrangemenf the two polar binding sitesThe strap unitilts out

of the plane defined by twanesoearyl substituents. This molecular conformation
can beobserved in the energgninimized structure (MM3pf the receptor(Figure
5.3). Indeed the 2,6pyridinedicarboxamidetrap displays a tilted geometry afa.
45 with respect to theplane defined by theigid aromatic walls.

In this chapter, we alsevaluated the properties of receptdrtowardsthe binding
of ion pairs2a-c in chloroform solution We envisaged that the spatial proximity of
the two different anionic binding sites would favor thendingof closecontact ion
triplets displayingan anion-catiorranionbinding geometry In addition, we studied
the formation of pseudorotaxane assembliegth axle3 assisted by Cand OCN
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aniors. We stulied thepreference of theanionand the axl€for bindingin the two
different polar binding sites of receptod. The formation ofion pair quartet
complexes with2a-c, as well as pseudorotaxane assemblieghe presence of
equimolar amounts ofaxle 3, were studied by means ofH NMR titration
experiments The formed complexes were alsharacterized in the gas phase by
ESIMS techniques.

Figure 53. Two different views of thenergyminimized structure (MM3) of receptat. Nonpolar
hydrogens were removed for clarity.

5.2. Results and discussion

5.2.1 Design and synthesis of receptbr

Scheme 5l. Schematic representation of the synthetic route of receptor
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Figure 54. Two different views of thenergyminimized structure (MM3pf the putative complex
formed between bis(dpyrromethane)7 and DMSO in the synthesis of receptbr Non-polar
hydrogens were removed for clarity.

Strapped C4P receptdrwas prepared following the synthetic procedure depicted
in Scheme 8. The macrocyclizatiorreaction was basedon the acid catalyzed
condensation of bis(gpyrromethane)7 performed in asolution mixture of acetone
containing5% of DMSOWe envisaged thathe coordination ofa DMSOmolecule
with the two NH protons of the dicarboxamide straguld favor thearrangenent
of both amide groupsin cis conformation In addition, the formation of CGH
interactions with bound DMS@oleculecouldproduce a favorable arrangemeot
the two dipyrromethane unitsfavaring the transition state geometryof the
macrocyclization reactiofFigure 54). Purification of thereaction crude by slica
column chromatographyfollowed by recry&llizationin a DCM/MeOH mixture
afforded receptorl as white crystalsin a 2% yield.The receptor was fully
characterized by a set of higksolutionspectra (NMR and HRMS).

The'H NMR spectrum of a millimolar Cb&gilution of receptord showed sharp and
well-defined signals in agreement with a €ymmetry Figure 55). The pyrrole NH
protons of the C4P appeared &= 7.0 ppm as a broad singlet. tmt, the Apyrrole
protons resonated atG= 6.0 ppm as two broad signals. The amide protons of the
dicarboxamide strap (Hc) appeared centered@t 7.8 ppm. They resonate as a
broad triplet due to the scalar coupling with the protons of the methylene grou
(Hd) resonating atG= 4.6 ppm. In addition, the protons assigned to the aromatic
walls of the receptor (H&) appeared between 7.5 and 6.8 ppm as four sharp
doublets.
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Figure 55. TH NMRspectrum (500 MHz,298 K,CDCk) of receptor 1. SeeFigure 5.2 for proton
assignments.

5.2.2 Binding studies of receptdrwith ion pairs2a-c

The addition of 0.5 guivalent of TBA-CRb to a 2 mM solution of receptod
produced theobservationof a new set oproton signals(Figure 56). Thisnew set
of signals was assigned farotons of receptor 1 in a complex of unknown
stoichiometry with TBA-@b. We observed a sharp singlegntered atG=11.1 ppm
that wasassigned to the NH protons of the C4P core. The dramatic downfield shift
experienced ( G= 4.1 ppm)py the pyrrole NHsvas indicative ofheir coordination
with the Clanion.We alsodetected a broad mton signal atG=8.5 ppm that was
assigned to the NH amide protons of the strap (Hc) coordinatisg withthe Ci
anion. All the proton signals associated to bound receptor experiencestiaced
chemical shift changealong the course of the titration. Interestinglihe amide
protons Hc ( G= 1.9 ppm)were the onesthat most noticeably moveddownfield
When one equivalent of the ion pair was addéake integral values of the proton
signals assigned tihe free andthe bound receptorindicatedthat 50% of receptor

1 was bound with the ion pair2b. As the concentratiorof 2b was increased, the
proton signals assigned to bound recepfogrew in intensityat the expenseso
those assigned to freg. In addition, he proton signal assigned to the methylene
protons alpha to the nitrogen atom in the TBA appeared upfield shifted with
respect tothose in thefree form (* G=- 0.7 ppm). Theincremental addition oRa
caused thedownfield shift of the above methylengrotons, towards thechemical
shift ofthe free.

Taken together, thse resultsndicated theinitial formation of complex2b 1. The
complex isnvolved ina slow exchangen the 'H NMR chemical shift timescale with
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free receptorl. In this complex, the chloride anion is bouacthe pryrrole NHs of
the C4Rcorein cone conformation. Thisoordinationis evidenced by the dramatic
downfield shift experienced by the proton signal assigned to the, MiHich are
involved in hydroge bonding interactions with thebound chloride Almost
concomitantly,a new complex isofmed in solution as evidenced by the gradual
chemicalshift changesexperienced by the proton signals assignedthe 2be1
complex Thus, he new complex is involved inchemicalexchange that is fagin
the *H NMR chemical shift withb « 1. Themost notceablechemical shift changes
areexperiencedyy thefree amide protons Hc owing to its involvement in hydrogen
bonding interactions witla secondCl anion.We assigned a 2:1 stoichiometrytte
new complex, Bb), »1. The presence of both complexes in the initial phases of the
titration is indicative of similar valugsr the stepwise binding constant§2b «1]
andK[2be+1” (2b),*1]. In addition, when 2 equivalent of the ion pair were added,

Figure 56. Selected regiomf the IH NMR spectra (400 MHz, CH@B8 K) of free receptdt (2 mM)

(a) and incremental additions GfBA-Cl @b): 0.5 (b), 1.0 (c), and 2.0 eqaignt (d). Primed letters
correspond tgprotons ofl bindingion pair2b. Schematic models indicate the major species observed.
SeeFigure 5.Zor proton assignment.
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we could still observe low intensity signals assigned to the free recepiis finding
suggess a value for the binding affinity constant Kf(2b). «1] <108 M2,

The upfieldshiftsexperienced byhe alphamethylene proton signal H1 of th@ BA

in the initial phase of the titratiopoints out to its coordination in the electron rich
aromatic cup generated by the CBRone conformatioim the2b, 1 complex Even
in the presence of two equalentof 2b the H1signal iaupfield shifted with respect
to free TBA, suggesting that in theb). , 1 complex also one TB#A included in the
aromatic cavity. In both complexes, omeund TBA is located opposite to the
bound Clanion stabilized mostly bycation interactionswith the pyrrole aromatic
panels WeregisteredaH NMR experiment at 213usingamM solution containing
a mixture of2b and1in a2:1 molar ratio(see ExperimentalSection) Underthese
conditions, the formation ofthe (2b),+1 complexis almost quantitative. \&
observedthat the alphamethyleneproton HSL splitsinto two broad signalswhich
are upfield shifted with respect to free TBA his findingndicatesthe existenceof
two chemicallynon-equivalent boundTBA cations The two TBA cations are
involved in a slow chemical exchange on the chemishift timescale.
Unfortunately, we could not assign the two signals of the alpha methylene protons
to specific locabns of the bound TBAations.

In order to investigatethe binding geometry of the (2b).¢1 complex and the
location of the two TBAcations,we performed a ROESY experimesing the
solution of the mixture discussed abowat room temperature(Figure 57). We
observed crospeaks related to proximity in space between the proton signals
assigned to TBA&ationsandthose assignetb the aromatic walls of receptdt, as
well as its Apyrrole praons. Theseobservationssupport the coordination of the
two TBA cation in the(2b), «1 complex One TBAcation corresponds to thén
pair bound by the C4Punit displaying a receptor separatdainding mode. The
second TBAcationcorresponds to theounterion of thechloride bound by the bis
amide strap. Maslikely, this second TBAationis sandwichedbetween the two ClI
aniors. The resulting ion triplet should displaycascaddike arrangement(Figure
5.8). Thetwo chemically norequivalent TBA catiors are involved ina dynamic
chemicalexchange that is fagin the *H NMR chemical shift timescadé 298 Kbut
slow at 213 K
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Figure 57. Selected region of théH-'H ROESYxperiment 600 MHz,CDGJ, 298 K spinlock = 0.3 s
of a 1:2 mixture of receptofl and ion pair2b with relevant crosgpeaks.See Figure 5.2 for proton
assignments.

H NMR titration experiments dhe terminal alkyne derivative of, usedas model
of the strap unit inl, with TBA-C2b assigneda reducedbinding affinity constant of
56+ 6 M™to the 1:1,2b »4 complex(see ExperimentaBection)

Figure 58. Energyminimized structure (MM3) of comples (2b), «1 (left) and Qa). *1 (right). TBA
and MTOAcations are depicted with a van der Waals surface.-Nolar hydrogens were removed for
clarity.
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The binding affinity constanfor the 2b, 4 complex ismore than two orders of
magnitudesmallerthan the ones estimated for the binding of @l the bisamide
strap of the C4Preceptor 1. 141> Based onthese results, we did not expect the
coordination of the Chnionto the dicarboxanide strapmoiety of1 until the binding
site of the C4P coravas fully saturated. Theoncomitant formatiorof the 2:1 and
1:1 complexesof 2b with 1 at the initial phases of the titration suggesthe
existence ofpositive cooperative bindingn the coordination of the seconidn pair
2b by theselfassembled 1:1 complefb, 1.

We obtaineddifferent results in the'H NMR titration experimentsf 1 with the
cyanate salt, TBA-OCN2c (see Experimental SectidnInterestingly, the amide
proton dgnal Heoof the strap unit ofl experiencedreduceddownfield shifs (' G=

0.5 ppm after the addition of 3 equivalent of the ion pair. Thissult suggestsaa
weaker coordination of the polyatomityanateanion to the dicarboxamidetrap
compared tothe Cl.The spread of the negative charge over the three atoms of the
OCN reduces the electrostatic interaction of the hydrogbands In short, we
surmise thathe OCNanion binds preferentially the C4P core of receptor

The 'H NMR titration experiment ofeceptor 1 with MTOA-CRa also produced
different resultsto those oltained with TBA-CRb. Theaddition of 1 equivalent of
MTOA-CI to the solution containint inducedthe exclusive observation of the
proton signals assigned to bouddInterestingly, theproton signal assigned to the
dicarboxamide NKHc)broadened beyondetection(Figure 59). The methyl group

of the MTOA cation resonates &- 0.2ppm. Taken together, these results suggest
the exclusive formation of a 1:1 compl2a, 1. In this complexthe MTOA cation is
located in the aromatic cup defined by the pyrrole ring of the C4P core in cone
conformation. Most likely, the chloride anionbsund to the opposite pyrrole NHs.
The existence ofraintermediatechemical exchange process of theundchloride
between thepolar sites ofl cannot be ruled out and may explain the broadening
beyond detectionof Hc. However, this hypothesis is not soped by the
observation of a sharp singlet for the pyrrole NHs of #ae 1 complex. We are
inclined to suggest that the broadening of Hc is a consequence of intermediate
dynamic conformational processes of tegapin the2a, 1 complex.
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Figure 59. Selected region athe 'H NMR spectra (400 MHz, CH@B8 K) of free receptdt (2 mM)
(a) and incremental additions (MTOACI @a): 0.5 (b), 1.0 (c), and 2.0 eqalent (d). Primed letters
and doubled primed lettergorregpond to proton signals assigned to compl@ae+1 and Qa),*1,
respectively Schematic models indicate the major species obsengee Figure 5.2 for proton
assignment.

The addition of more than 1 equivalent?4, produces the gradual assembly of the
2:1 complex Ra), »1. This process induced reduced chemical shift changes to the
protons ofl. These changes are more noticeable for the signals of the pyrrole NHSs,
t-pyrrole protons, methylene protorephato the amides and some of the aromatic
protons.We peaformed a'H-'H ROESY experiment using a mM solution containing
a 2:1 molar ratio oRa and receptorl (Figure 510). Under these conditions, the
formation of complexZa), «1is almost quantitative. The ROESY spectrum revealed
crosspeaks related to spatial proximity between the methylene pro#dphato the
nitrogen atom in the MTO%cation (HS2) and thé&pyrrole protons ofl. No cross
peaks were detected between the cation and the aromatic walls of recéptor

We propose the existence of two chemically reguivalent MTOAcations in the
(2a)2 1 complex(Figure 58). Similar to the observation made for TBA2B| the
MTOA cation of the first bound ion pair is included in the electron rich aromatic
cavity of the C4P ifh, opposite to the bound chloride. The form@d, 1 complex
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displays a recepteseparated binding mode. We are tending to assign a close
contact binding geontey to the second bound iopair 2a. The Clanion will be
bound to the dicarboxamide NHs of the strap. Based on the lack of ROESY cross
peaks between the protons of the MTO¢ation and the aromatic walls df we
hypothesized that the closeontact bindhg geometry of the second igmair 2a

does not involve the sandwiching of the alkyl substituents between the two bound
chloride atoms.

Figure 510. H-'H ROESY experime(800 MHz,CDGJ, 298 K spinlock = 0.3 yof a 1:2 mixture of
receptorl and ion pairka with relevant crosgeaks.See Figure 5.2 for proton assignments.

5.2.3'H NMR characterization of pseudorotaxazmmplexe2a-c-3 1

We performed aH NMR titration experiment of receptdrin a mM CDGhbolution

by adding incremental amounts d-oxide 3 (Figure 511). The addition of 1.0
equivalent of3 produced the appearance of a new set of broad signals that were
assignedto the protons of axle3. These signals appeared upfield shifted with
respect to those of the free guest. Some of the proton signals assigned to receptor
1 (Hb, He, Hg and Hd) also experienced a reduced broadening. In addition, the NH
protons of the C4P core @fbroadened beyond detectiarThe subsequent addition

of 3, up to 20 equivalent, provoked gradual upfield shifts to the protons H2 and H3
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of the axk N-oxide3. Interestingly, the signal assigned to the NH protons of the bis
amide strap movecta. ' G= 0.2 ppm downfield. We interpreted this result as
indicative of the weak coordination dfoxide 3 axle with the bisamidestrap of1.

Figure 511. Selectedegion of the'H NMR spectra (400 MHz, CH€08 K) of free receptdr (2 mM)
(a) and incremental additions df-oxide 3: 1.0 (b) and 2.0 equivalent. Fré¢oxide 3 shown for
comparison (d). Primed lettersorrespond toproton signals assigned to receptdrin the complex
formed with 3. Sedrigure 5.Zor proton assignment.

The observations made above point out to the formation of a 1:1 complex between
receptor 1 and axle3. We hypothesize that th& «1 complex could involve two
isomeric forms. One of them will be mainly stabilized by the establishment of
hydrogen bonding interactions between the oxygen atom ofNhexide axle3 and

the four NH of the C4P. The second isomeric 1:1 complex will involveténaction

of the oxygen atom of thé&l-oxide 3 with the two amide NH protons of the bis
amide strap ofl. The obtained results do not provide evidence for the selective
binding of theN-oxide axle3 in one of the two binding sites df. Most likely, the
bound N-oxide axle3 experiences a chemical exchange process featuring fast
dynamics on théH NMR chemical shift timescale between the two isomeric 1:1
complexes. The mechanism of this exchange process may involve the pirouetting of
the axle insidel or the dissociation and reassembly of the complex. In any case, we
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estimate a value for the binding affinity constant of 8ie1 complexiowerthan 10
M'l.l6

The formation of the8 « 1 complex was further supported by'el DOSY experiment
performed to a solution containing a 1:1 molar ratio of both componerase(
ExperimentaBection). ThéH DOSY experiment assigned similar diffusions constant
values for the proton signals corresponding to macrocgeadN-oxide3 (D = 2.41
+0.20 x 16 m?.s). Taking into account the differences in size and shape of both
components, this result points out to the formation of the hydrogmmmded
complex betweerl and 3.

We proved the binding of the selissembled3 ¢ 1 pseudorotaxanecomplex with
tetraalkylanmonium ion pairaand2cby means ofH NMR titration experiments.
The resulting four particle aggregates would also feature pseudorotaxane topology.

Figure 512. Selected region of théH NMR spectra (400 MHz, CH2988 K)f free receptorl (2 mM)
(a)1:1 mixture of receptoll and2c(b) and addition of 0.5 (c) and 1.0 equivalent (d3.dPrimed letters
correspond toproton signals assigned to receptbin the complex formed witl2c. Doubled primed
letters correspond to proton signals assigned to comgeg+1. Schematic models indicate the major
species observedeeFigure 5.Zor proton assignment.

The'H NMR spectrum of a mM CR&blution containing an equimolar mixture bf
and 2c showed broad signals for the majority of the protomsgure 512). Under

235



Chapter 5

these conditions, compleXce1is almost quantitatively formed. We demonstrated
above that he OCNanion in the 1:1 complex is preferentially bound to the C4P
binding site of receptof (vide supry The addition of 0.5 equivalent dbFoxide 3
produced reduced chemical shift changes and some sharpening to most of the
proton signals of receptat. In addition, we observed two sharp singlets centered
at G 7.8 and 7.6 ppm, which were assigned to pretd2 and H1, respectively, of
boundN-oxide3. These signals are significantly upfield shifted with respect to those
in the free axle. This observah suggest the binding of thBl-oxide axle3 by
threading through the macrocycle The bisamide of3is sandwiched between the

two aromatic walls ofl and experiences its shielding effect. We also detected the
appearance of a new set of sharp signalateeed at G= 10.7, 9.7 and 4.6 ppm.
These signals were assigned to the bound pyrrole NHs, the bound bisamide NHs (Hc)
and the boundalphamethylene protons (Hd) of receptdr. When 1 equivalent of
N-oxide 3 was added, only the new set of proton signalsigsed to the bound
counterparts was detected. This result suggested the quantitative formation of the
[2]pseudorotaxane complexc-3, 1.

Figure 513. 1H-'H ROESY experimes00 MHz CD(, 298 Kspirtlock = 0.3 sofa 1:1:1 mixture of
receptorl, N-oxide3 and ion pair2c with relevant crosgpeaks. See Figure 5.2 for proton assignments.

236



Synthesis and binding studies of a strapped calix[4]pyrrole receptor

We performed aH-'H ROESY experiment using a mM €&@ition containing an
equimolar mixture of receptof, ion pair2c and N-oxide 3. The ROESY spectrum
showed cross peaks due to proximity in space between protons Hf, He andlHc of
and proton H1 oN-oxide 3 (Figure 513). Interestingly, welid not detect any cross
peaks between proton H1 of axBand protons Hg and Hh af pertaining to the

C4P binding site. We detected ROESY peaks between the signal attributed to the
methylene protonalphato the nitrogenatom in the TBAcation (HS1) anthe £
pyrrole protons of receptot.

These observations are in agreement with theg2eudorotaxane topologgf the
2c-3+1 complex. The fact that the equimolar ratio of the three components at mM
concentration produces the quantitative assembly of #e3+1 complex allowed

us to estimate a binding affinity constaif2c-3+1] > 1¢ M2, The results obtained

in the 2D experiment are also indicative of the formatiorthef 2c-3+1 complex as

a single isomerHigure 514). This result was expected to certain extent owing to the

Figure 514. Energyminimized structure (MM3) of comple2c-3+1. TBA cation andN-oxide 3 are
depicted with a van der Waals surface highlighted in yellow and blue colors, respectivelgoldon
hydrogens were removed for clarity.

weak coordination of OCNb the amide protons of the dicarboxamide unitide
suprgd. In the2c-3+1 complex,N-oxide 3 is coordinated to the 2 NH amide protons

of the dicarboxamide strap. This is supported by the downfield shift experienced by
the amide protons (Hc) in thec-3+ 1 complex(' G= 1.5 ppm). At the same time, the
OCN anion is stabilized by the 6 sintheous hydrogen bonding interactions
between the 4 NH of the C4P and the 2 amide proton8.cfhe proton signal
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e¢]Pv 8} §Z OW][* E,inlke2eH nkovEd upfield by approximately
1.0 ppm in the2c-3+1 complex. We attributed this chemical ithchange to the
establishment of additional hydrogen bonding interactions between @@Hl the
amide protons of axI@, as wel asto structural changes in thR]pseudorotaxane
complex. The TBAcation in the2c-3+1 complexis bound in the electron rich
E}u 3] AlSC P v E 3§ C $Z OWJ[e }v }V(}CEuU S]}vU }%
anion. The location of the TB& derived from the upfield shift experienced by the
signal of its alpha methylene protons (HS1)G= - 0.9 ppm).The crosgeaks
detected inthe *H-'H ROESY experiment of the equimolar solutiod,&c and 3
also supports the location of the TB&ation {ide supra

We obtaineddifferent results in the'H NMR titration experiment of an equimolar
solution of1 and 2awith incremental amounts oi-oxide3. The!H NMR spectrum
of the 1:1 mixture ofl and2ashowed sharp and wetksolved signald{gure 515).

Figure 515. Selected region of theH NMR spectra (400 MHz, CHE08 K) of free receptdr (2 mM)
(a)1:1 mixture of receptodl and2a (b) and addition of 1.0 (c) and 2.0 equivalent (d3.d8chematic
models indicate the major species observBdimed letters correspond tproton signals assigned to
receptor 1 in the complex formed witi2a. Doubled primed letters correspond to proton signals
assigned to the two isomeric forms of compRa«3+1. See Figure 5.2 for proton assignment.

These signals were assigned to the quantitative formation oR#hel complex. The
addition of 1.0 equivalent a3 produced the appearance of a new set of signals for
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the protons of 1. More precisely, we observed #e broad signals resonating
between GA iiXi v {iXi %%u $Z 8§ A E ««]Pv 38} 83Z OW]
amide NH protons (Hc) a@fin the [2]pseudorotaxane compléa-3+1. The addition

of 2.0 equivalent oN-oxide 3 produced only the increase in intensitfthe new set

of signals. Interestingly, the proton signal assigned to the methyl proton alpha to

the nitrogen atom in the MTOAation (HS1) resonated aB= 0.1 ppm along the

course of the titration.

The observations made above point out to the formation of com@e8+1. We

attributed the duplicityof the protonsignals of the recepto- XPX §Z oW]J[e E,
Hd)to the existence in solution of twgeometricaisomersof complex2a-3¢1. The

two isomes are involved in a chemical exchange process displaiomgdynamics

onthe *H NMR chemical shift timescale fbe proton signals assigned to thed W [ «

NH and Hdhnd fast for the restThis was confirmed in thé+tH ROESY experiment

Figure 516. 1H-'H ROESY experimef800 MHz CDGJ, 298 K spinlock = 0.3 sofa 1:1:1 mixture of
receptorl, N-oxide3 and ion pairawith relevant crospeaks. See Figure 5.2 for proton assignments.

performed to the same mixtureFHgure 516). Indeed, cosspeaks related to
chemical exchange were observed between the proton signals of the NHs assigned
to the two different isomersHowever, the btained results does not allow a
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complete assignment of the protosignalsof the two isomeric forms of complex
2a-3+1. Hence, the isomeric distribution of the complex could notalseurately
determined

Based on the relative integral values of the two pyrrole NHs, we suspect that the
isomer having the axIB-oxide bound to the C4P unit is present in a major extent.
We rationalize the observation of two distinct isomeric form2af3 1 complexas

a consegence of the reduced binding affinity of the Gmpared to OCNor the
cylindrical and polar cavity of the s@l§sembled receptads « 1 that is definedoy the

C4P binding site and the axle bisamide. Finally, the quantitative formation of the [2]
pseudordaxane 2a-3+1complex upon addition of 1 equivalent of thd-oxide
indicates that the binding constant value can be estimatel[2s-3+1] > 1¢ M2,

5.2.4 Gas phase characterization

We characterized the complexes formed between recefitdon pairs2a-c and N-
oxide3in the gas phasby means of ESIIS and IMS'W experiments. The stability
of the complexes was also investigated Ggllision Induced Dissociatio€1D
experiments.

Gas phase characterization of ipaired complexes

We performed a MESI aalysis of a methanol solution containing a mixture of
receptor 1 and ion pair2b in a 1:2 molar raticat M concentrations In the
chromatogramobtained,we detected an ia peak with am/z value of 1253.6589.
We attribued this to the molecular ionTBA(Q). «1]. The isotopic pattern was in
agreement with the simulated onésee ExperimentalSection) Most likely, the
molecular ion is generated upon the loss of the TBdtion bound to the C4P
electron rich aromatic cavitin the @b). * 1 complex Thecation is mainly stabilized
by cation Sand CH Sinteractions. On the other hand, the sandwiched TBa&tion

is stabilized by stronger electrostatic interactiovi¢e detected similar complexes in
the experiments performed with ion paiaand 2c (see Exgerimental Section) In
addition, inthe experimentsperformedwith 2c we observed the presence die
heterodimeric complex TBACIOCNe 1] formed by the complexation of the
residual Clanion present in the solutian

We also performed CID experimentsorder to investigate the stability in the gas
phase of the iormaired complexes. The gradual increase of the voltage applied at
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the entrance of the hexapole produced the loss in intensity of the peak
attributed to the molecular ion TBA(C). « 1] (Figure 517). Simultaneously, we
detected an iorpeak with m/z= 976.503%urther increase of the voltage applied
produced the appearance of an additional ion peak with m/&46.5308, which
grew in intensity at the expenses of the previous one. When the voltage appésd

Figure 517. ClDexperiment peformed with massselected molecular iofifBA(C), « 1]-a) with CE of
20V b),34V c) andi6 V d).

increasedto 46 V, only the latewas detected.Based on these observationsew
propose thatmolecular io TBA(C). « 1] is disassembled in the initial phases of the
CID experiments by the loss of TBA-Cl. Ehisvidenced by the detection of a
molecular peak that can be attributed toolecular ion Cle1]". We hypothesize that

the chloride anion bound to the dicarboxamide unit is lost as ion pair TBA-CI. This
anion is weakly coordinated when compared to tleanionbound to the C4P core
owing  the 2 additional hydrogen bonding interactions established with the C4P
NH. Further increase of the voltage applied produces the disassembly of complex
[Cle1] to generate the deprotonated receptorl{H]. The normalized integratk
values of the ion pde showed the total disassembly GHA(C). «1] at a voltage
value ofca 26 V(Figure 518). At this point, 100% of the receptavas forming
complex Cls1]. Likewise, the complex is completely disassembled after reaching
46V to generate the freéleprotonatedreceptor[1-HF.
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Simibr results were obtained in the CID experiments performed to molecular ion
[MTOA(C): »1] (see Experimentabetion).

Figure 518 Relative intensity of the fragmerg observed in theCID experiment of complex
[TBA(C), * 1] at increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (I.
Complex + I. Fragments) x 100%

Interestingly, the CID experiments performed to molecular i®BA(OCN; * 1]
produced differentresults éee ExperimentaSection) In this case, the disassembly

of the complex was originated by the loss of H-OCNewerate[TBAOCNe 1-HJ.

Most likely, theloosely bound OCN anion located in tiearboxamidestrapis lost

by the abstraction of an amide proton. Likewise, compl@&BAOCNe1-H|
disassembles at higher values of applied voltage to generate deprotonated receptor
[1-H] and [OCNe 1] in a minimal amount.

Figure 519. Relativeintensity of thecomplexes obtained between receptirand salta-c observed
in the ClDexperimentat increasingCE voltagesThe intensity was calculated as Intensity = 1. Complex
/ (1. Complex + I. Fragments) x 100%
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We plotted the relative intensity of the ion peaks observed in the CID experiments
againsthe appled voltage The relative stabilities of the iepaired complexes were
investigated by the direct comparison of the collision energies needed to produce
the disassembly of the molecular ion to a 50% extentdj@Egure 519). According

to the Cho values calculated, compledM[TOA(C). « 1] presents a higher stability in
the gas phase than the TB#naloguegTable 51). Most likely, this is a direct effect

of the better fit of the methyl group of the MTOAation in the aromatic cup of the
C4P in the cone conformation. In addition, compl@BA(C). «1]" presented a
greater stability in the gas phase than its OGNinterpart, again attributed to the
weak coordination of OCM the dicarboxamide unit df.

Table 51. Ckp values obtainedn the CID experiments of the complexesrhed between receptoi
and ion paira-c.

Complex Cko (V)
[TBA-CGle1] 22
[MTOA-C 1] 27
[TBA-CI-OCN1] 19
[TBA-OCWe1] 17

We also performed IMS experiments to investigate the relative size of thedoad

Figure 520. Arrival time distribution of most abundant ions obtained in the - TWMS experiments of
the different complexes formed between receptbandion pairs2a-c.
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complexes(Figure 520). As expected, we obtained longer arrival times for the
complexes with a bound cation i.e.MTOA(C).+1], [TBA(C).+1]" and
[TBA(OCN: »1]. Between those, the complex formed with MTOxadthe longer
arrival time due to the greater size of the cation. In addition, the complexes
[TBA(C)2+1] and [TBA(OCN:+1], as well as the 1:1 complexe©CNe1] and
[OCNe 1], showed similar values for the arrival time owing to the similaritrass
section of the bound anions.

Gas phase characterizationmgeudorotaxaneomplexes

We performedESIMS experimentso the B solutions in methanol containing the
equimolar mixture ofl, 2b-cand3. The pseudorotaxane complexes wegrenerated

by thedissociatiorof the loosely boundcation in the transition to the gas phase
generate ion peaks with m/z = 1379.6554 and m/z =61G889 attributed to
[CI3+1] and [OCN3 «1], respectively(see Experimental Sectioh) The isotopic
pattern of the molecular peaks detected were in agreement with those simulated
for molecularions[CI3 1] and [OCN3 «1]-.

Figure 521. CIDexperiment peformed with massselected ior{Cl-3+1]-a) with CE ol1V b)and 17
V.
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We performed CID experiments to assess the stability of moleculaiGE3» [L]".

The increase in intensity of the voltage applied at the entrance of the hexapole
produced the appearance of a new ion peak with m/z = 438.18@ure 521).
Higher values of applied voltage produced only the increase in intensity of the new
ion peak at the expenses of the one assigned to the molecular iomatileuted

this ion peak to complexdl+ 3] generated by the dissociation df-oxide 3 with
bound Cl(Figure 522).

Figure 522. Relativeintensity of the fragmerg observed in theClDexperiment of compleXC}3 « 1]-
at increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (I. Complex + I.
Fragments) x 100%

Surprising to us, the disassembly of thelecular ion CI3 ¢ 1] implied thecleavage
of up to 6 hydrogen bonding interactions to genera@ 3] 4 between the ClI
anion and the C4P NH core and 2 between the oxygen atori ahd the
dicarboxamide strap. On the other hand, the dissociation of Zmleuld imply only

Figure 523. Relativeintensity of thecomplexes obtained between receptdy N-oxide3 and salt2b-
cobserved in theClDexperimentat increasingCE voltagesThe intensity was calculated as Intensity =
I. Complex / (I. Complex + I. Fragments) x 100%
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the cleavageof 4 hydrogen bonds: 2 of them with the CI anion and 2 with the
dicarboxamide strapA similar result was alsobtained in the CID experiment of
molecular ion PCN3«1]" (see Experimental SectionMost likely, this can be
explained byhigher binding affinity of the anions towards agléhan with receptor

1.

The direct comparison of the €/alues obtained in th€ID experimentprovided

information on the stability of the complexes in the gas phé&gure 523). The

results obtained point out to the greater stability of moleaion [DCN3 « 1] (Table

5.2). We rationalize this result by invoking thetter fit of the polyatomic anion in
the cylindrical binding site generated by receplaand N-oxide 3.

Table 52. Ck values obtainedn the CID experiments of the complexes formed between receptor
N-oxide3 and salt2b-c.

Complex Cko (V)
[CI-3<1] 11
[OCN-31] 17

We also performed IMSW experiments to the separate solutions containing the
equimolar mixture ofl. and3 with ion pair2b and2c(Figure 524). As expected, we
obtained similar values for the arrival time of molecular iorGty+1] and
[OCN3 « 1] owingto the crosssections of the bound anions.

Figure 524. Arrival time distribution of most abundant ions obtained in the-TWMS experiments of
the different complexes formed betwearceptorl, N-oxide3 and salt2b-c.
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5.4. Conclusions

In this chapter, we have described the synthesis and binding studies of strapped C4P
receptor 1. The macrocycle consisted on a ZMEC4P covalently linked in the
upper rim to a dicarboxamide straReceptorl was synthetized through the acid
catalyzed codensation of bis(dipyrromethane) precursor 7 in acetone. We
investigatedthe properties of receptod to bind tetraalkylammonium salt®a-c in
chloroform solution and at millimolar concentration by means of 1D and 2D NMR
experiments. Remarkably, we obtained thermodynamically and kinetically stable
complexes with all the ion pairs studied displaying 1:1 and 1:2 receptor.guest
stoichiometry. Irthe 1:2 complexes obtained, one anion was bound to the C4P NH
by establishment of4 hydrogen bonding interactions. The second anion was
coordinated into the amide NH protons of the dicarboxamide strap. In addition, the
binding geometry of the ion pairs wahighly dependent on the cation. The use of
TBA-C2band TBA-OCRtgenerated the formation of cascade complexes displaying
an ion tripletboundinside the receptors cavity and a second cation bound in the
outer rim of the C4P. In contrast, the compldxtained with MTOA-Qadisplayed

a receptorseparated binding geometryThe second cation wdmund as a close
contact ion painext tothe Clanioncoordinatedto the dicarboxamide unifThe CID
experiments performed in the gas phase pointed out to ¢neater stability of the
MTOA-CI complex.

We also studied the formation of pseudorotaxane complexes Wthxide 3
templated by ion pairaand 2c. We confirmed thegquantitative formation of the
pseudorotaxane complex assisted BBA-OCNoy means oflD axd 2D NMR
experiments. The complexexisted in solution as a single isomer featurithg

CvsS wv]}lv }uv ]Jvs} §Z 0 W]-Nbxide cBordivated mto the
dicarboxamide strap. The use of MTOA-CI produced the formation of the
pseudorotaxane copiexas two distant isomeric form#ost likely this was due to
the greater affinity of the ion pair towards the C4P binding sitd.ofhe greater
stability of the pseudorotaxane complex assisted by O@&s proved by CID
experiments. We attributed thigicrease in stability to the complementarity in size
and shape of the cylindrical aniavith the anion binding sitgienerated between
receptorl and N-oxide 3.
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5.5. Experimental section
5.4.1. General information and instruments

Reagents were obtained from commercial suppliers and used without further
purification unless otherwise stated. All solvents were commercially obtained and
used without further purificationDeuterated solvents were purchas&om Sigma
Aldrich.Dry solvets were taken from a solvent system MB SPS BBl waslried,
distilled and degassed by three freegemp-thaw cycles. RoutinéH NMR and*C

{*H} NMR spectra were recorded on a Bruker Avance 300 (300 MH VIR and

75 MHz for*C NMR), Bruker Avand&0 (400 MHz fotH NMR and 100 MHz f&iC
NMR), Bruker Avance 500 (500 MHZféINMR and 125 MHz f&iC NMR) or Bruker
Avance 500 with cryoprobe (500 MHz fét NMR and 125 MHz f3!C NMR).
Deuterated solvents used are indicated in the characterimagind chemical shifts
are given in ppm. Residual solvgrgaks were used as referencdl NMR J values
are given in Hz. COSY, NOESY, ROESY, HMQC and HMBC experiments were recorded
to help with the assignment ofH and®*C signals. Higtesolution mass sprra
(HRMS)or determination of exact massf compounds4-8 were obtained on a
Bruker HPLTOF (MicroTOF Focus) and Bruker HB4BOF (MaXis Impact) using
the ionization mode indicated for eacépecies IR spectra were recorded on a
Bruker Optics FTIR Alp spectrometer equipped with a DTGS detector, KBr
beamsplitter at 4 cm resolution using a one bounce ATR accessory with diamond
windows. Melting points were measured on a MP70 Melting Point System Mettler
Toledo. Column chromatography was performed wgitlta gel technical grade, pore
size 60 A, 23@00 mesh particle size, 407 ..u % E3] o ]I v 3Z]v
chromatography (TLC) analysis on silica gel 60 F&%rhobility massspectrometry

and CID experiments werperformed with Waters Synapt G®TCF mass
spectrometer.Samples were prepared with D ...D }v v 3§ rdéthanol
solution with al:2 hosttguest ratio.The modified Waters Synapt G2 was equipped
with a linear driftcellfilled with ~2 Torr nitrogen (298 K). Samples were ionized with
a nanoESI ion source.-house pulled capillary tips were used with inserted
platinum wire for nanoESI. Parameters were optirdias follows: Capillary voltage
2.30 kV and source temperatur80 °C. Data was analyzed using MassLynx v4.1
(Waters Corporation, USA) and Microsoft Excel 2016 (Microsoft, USA).
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5.4.2. Syntksis and characterization data

Synthesis of 4490 mg of pyridine,6-dicarbonyl dichloride (2.4 mmol) in 30 mL of
dry DCM are @ded under Argon via cannula to 20 mL of DCM containing 1.6-g of 4
iodophenylmethanamine (6.7 mmol, 2.8 eqallent) and 1 mL of freshly distilled
triethylamine. The solution is left stirring under Argon at room temperafare h.
After that, 100 mL of wiar are added to the solution and the mixture is passed to a
separation funnel, extracting the product three times with 75 mL of DCM. The
combined organic layers are then washed once with 100 mL of sodium carbonate
and twice with 100 mL water, dried witlodium sulfate, filtered and concentrated
under reduced pressure to obtain a green/brownish oil. Produptiified by silica
column chromatography using 20% mixture of EtOAc in DQil obtain a white
solid as the pure product (804 mg, 56%).NMR (500 Mz, CDg,1298 K)w8.39 (d,

2H, J 6.4 Hz, Hb)8.20 (t, 1H, J = 6.4 Hz, Ha), 8105 2H,Hc), 7.61 (d, 4H, J =85
Hz, He), 7.04 (d, 4H,3 85 Hz, Hf), 4.56 (d, 4H, J = 6.4 Hz, ¥e}H} NMR (125
MHz, CDG|298 K)wi63.6, 149.0, 139.5, 138.238.0, 130.1, 125.9, 93.43.3.FTIR
(ATR): bnax (cn) = 3307 (amine M stretching), 1675 (pyridine C=N stretching),
1647 (pyridine C=N stretching), 152K bending, 1004 (alkene C=C bending)R

MS (ESTOFMS) m/z calculated for &Hi71.2NsNaQ [M+Na]® t 619.9302, found
619.9299.

Figure 525. ITH NMRspectrum(500MHz, CDgJ 298 K) ofi.
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Figure 526. 3CNMR spectum (125MHz, CDGJ 298 K)f 4.

Figure 527. Experimental (a) and theoretical (b) isotopic distribution4fNa}.

Synthesis of 5In 30 mL of dry and degassed THF are suspended 2 gr of the iodo
dipyrromethane (5.52 mmol), 194 mg of Pd(R2@k (0.3 mmol, 0.05 equalent)

and 53 mg of Cul (0Ordmol, 0.05 equialent). To this suspension are added 20 mL

of freshly distilled and degassed triethylamine and 4.6 mL of ethyniltrimethylsilane
(33 mmol, 6 equialent). The solution is left stirring at 50 C under Argon during 4
hours, at which the reactiois stopped and is put into a separation funnel, washing
the flask with 50 mL of DCM. The organic phase is washed once with 80 mL of 5%
HCI and twice with 80 mL of water, is dried with sodium sulfate, filtered and
concentrated under reduced pressure to abit a black oil (1.8 gr of crude). Product

is isolated by purification by silica column chromatography using a 1/1 hexane/DCM
mixture and a later precipitation in hexane. Product was obtained as a white solid
(1.7 gr, 93%)H NMR (500 MHz, CROI 766 &6 wr, 2H, NH), 7.40 (d, 2H, J =

8.5 Hz, Ha), 7.07 (d, 2H, J 518z, Hb), 6.66 @, 2H, 1 = 1.6 HzJ2 = 2.5 HZ3 =

1.5 HzHH), 6.19 br, 2H, 1 = 25 Hz, J2 4.6 Hz,J3 = 1.5 HAI B), 5.97 br, 2H,

HE), 2.04 (s, 3H, Hc), 0.29 &4, TMS).*C {H} NMR (125 MHz, CROI 1606 <+ w
148.2,137.3, 132.1, 127.8, 121.8, 117.5, 108.7, 106.9, 105.3, 94.6, 45.1, 29.0, 0.41.
FTIR (ATR)max (cnTt) = 3424 (amine M stretching) 2966 (G-C stretching),2159
(alkyneCY stretching),1249 (pyrrole CN stretching, 835 (methyl GH bending.

HRMS (ESTOFMS) m/z calculated for [M+H]t 333.1782, found 333.1781.
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Figure 528. 'TH NMRspectrum(500MHz, CDgJ 298 K) ob.

Figure 529. 3CNMR spectim (125MHz, CDGJ 298 Kpf 5.

Figure 530. Experimental (a) and theoretical (b) isotopic distributionsfH}.

Synthesis of 6ln 75 mL of THF are solved 1.7 & (6.1 mmol). To this solution are
added 5.6 mlof a 1 M solution in THF of tetrabutylammonium fluoride (5.7 mmol,
1.1 equinalent). The solution is left stirring for 1 h. After that, 100 mL oiClHre
added and the mixture igansferredto a separation funnelith 100 mL of DCM.
Theagueousphase is discarded and the DCM is washed three times with 100 mL of
water, dried with sodium sulfate, filtered and concentrated under reduced pressure
to obtain a brown oil (1.3 g of crudéwasisolated by purification by silica column
chromatography sing a 1/1 hexane/DCM mixture and a later precipitation in
hexane 6 was obtained as a whitgellowish solid (870 mg, 65%) NMR (500 MHz,
CDG 298 K)wr.77 (s, 2H, NH), 7.40 (d, 2H, J = 8.4 Hz, Ha), 7.08 (d, 24 Hiz= 8.
Hb), 6.68 (m2H, HR), 618 (ddd, 2H, 1 = 25 Hz, 2=2.8Hz,J3 = 3.0HR), 5.96

251



Chapter 5

(br, 2H, HBB), 3.05 (s1H, Hd), 2.04 (s, 3H, HEL {H} NMR (125 MHz, CRA98 K)
wl48.2, 136.8, 131.9, 127.5, 120.5, 117.7, 108.2, 106.5, 83.4, 44.8, 28.6; DR 3.
(ATR): bnax (cnmt) = 3395 (amine NH stretching),731 (C=Cbending, 533 (Gl
stretching. HRMS (APGTOFMS) m/z calculated for.gheN, [M+H]" t 261.1386,
found 261.1385.

Figure 531. *H NMRspectrum(500MHz, CDg| 298 K) o6.

Figure 532. 3CNMR spectum (125MHz, CDg,| 298 K) o6.

Figure 533. Experimental (a) and theoretical (b) isotopic distributionGxH}.

Synthesis of 7To a solution of 10 mL of dry and degassed datfaining 250 mg
of 4 (59 mmol), 41 mg of Pd(PHICL (0.06 mmol, 0.1 equalent) and 11 mg of Cul
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(0.06 mmol, 0.lequivalent) are added 5 mL of THF containing 610 m@ (.3
mmol, 4equivalent) and 15 mL of dry and degassed triethylamine. The soligion
stirredat 40°Cfor 8 h. The reaction crude is transferred acseparation funnelThe
flaskwas washedvith 40 mL of DCM. The organic phase is washed three times with
50 mL of water, dried wh sodium sulfate, filtered and concentrated under reduced
pressure to obtain a brown solid (1.04 g of crude). The product is isolated by
purification through silica columechromatographyusing al0% mixture of AcOEt in
DCMas the eluentto obtainthe pure product as a brown solid (450 mg, 89%).
NMR (500 MHz, CQCP98 K)w8.40 (d, 2H,:1J= 7.4 Hz, Hb), 8.07 (t, 1H, J 4 Hz,

Ha), 7.99 (t, 2H, J = 6.2 Hz, Hc), 7.79 (br, 4H, NH), 7.47 (d=4H3 Hz, He), 7.41

(d, 4H, J = 9.0 Hz, Hg), 7.27 (d, 4 =.8 Hz, Hf), 7.08 (d, 4H, J = 9.0 Hz, Hh), 6.68
(m,4H, HR), 6.17 (dd, 4H, 1 = 26 Hz, 2=3.2Hz,B83=3.5Hz HR), 5.96 (m4H,
HB), 4.67 (d, 4H, J = 6.2 Hz, Hd), 4.67 (d, 4H, J = 6.2 Hz, Hd), 2.03 ($’GHHHI).
NMR (125 MHz, CRCR98 K)wl64.0, 148.4, 148.3, 138.0, 137.0, 131.7, 131.4,
127.6, 127.5, 122.4, 121.1, 117.4, 108.1, 106.5, 89.9, 88.9, 44.8 FA8 (ATR):
bnax (cnTt) = 3391 (amine M stretching), 1656 (pyridine C=N stretching), 1515 (N
H bending), 720 (C=C bendingRMS (ESTOFMS) m/z calculated fors@sN;O,
[M+HT t862.3864, found 862.3892

Figure 534. IH NMRspectrum(500MHz, CD@G| 298 K) of.

Figure 535. 3CNMR spectum (125MHz, CD@, 298 K) of.
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Figure 536. Experimental (a) and theoretical (b) isotopic distribution®fH}.

Synthesis of 1440 mg of7 (0.51 mmol, lequivalent) are solved in 95 mL of a 20:1
mixture of Acetone:DMSO. To this mixture are added 0.36 mL of boron trifluoride
diethyl etherate (3 mmol, 5.2quivalent) in one portion. The solution istirred

under Argon atmosphere for 5 hours at room temperature. A sedpension is
obtained, which isransferredto a separation funnel. 100 mL of DCM are added and
the organic phase is washéldree timeswith 150 mL of water, dried with sodium
sulfate, filtered and concentrated under reduced pressure to obtain 50mfray

pink solid. Purification by silica column chromatograpisyjng a 40% mixture of
acetone in hexandpllowed by crystallization in 20% methanol mixture in DCM,

gave the pure product as white crystals ( 9 mg, 2B6NMR (500 MHz, CR198

K) w8.35 (d2H, J = 7.Hz, Hb), 8.06 (t, 1H, J = 7.7 Hz, Ha), 7.85 (t, 2H, J = 6.2 Hz, Hc),
7.50 (d, 4H, J =8Hz, He), 7.46 (d, 4H, J = 8.0 Hz, HQ), 7.24 (d, 4H, J = 8.2 Hz, Hf),
7.00 (br, 4H, NH), 6.88 (d, 4H, J&Hz, Hh), 6.0(m, 8H, HB, 4.63 (d, 4H, J&2

Hz, Hd), 1.97 (s, 6H, Hi), 1.51 (s, 6H), 1.45 (s'*6HH} NMR (125 MHz, CR98

K) wl163.0, 148.6, 147.4, 139.3, 137.7, 137.1, 132.2, 131.8, 127.7, 127.6, 127.2,
125.2,122.8, 121.4, 105.8, 105.1, 89.6, 89.3, 45.0, 43.5, 35.7, 30.6, 30,2929.7

FTIR (ATR)max (cnt?) = 3303 (amine M stretching), 2921 (C stretching), 1688
(ketone C=0 stretching)516 (NH bending) HRMS (ESTOFMS) m/z calculated

for GssHssN7O, [M+H]" 1942.4490, found 942.4526
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Figure 537. 3CNMR spectum (125MHz, CDg,| 298 K) ofl.

Figure 538. Experimental (a) and theoretical (b) isotopic distributionlofH}".

5.4.3 'H NMR Titration Experiments

Figure 539. IH NMRspectra (500 MHwith cryoprobe CDG) of a 12 mixture of receptorl and TBA-CI
2bat 298 K a) 273 K b), 253 K c), 253 K d) and 213Keelrigure 5.2 for proton assignments.
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Figure 540. Selected region of thtH NMR speca (400 MHz, CD£ 298 K) of receptot a) after the
addition of 0.5 b), 1.0 ¢) and 3d) equivalentof tetrabutylammonium cyanat@c. See Figure 5.2 for
proton assignments.

Figure 541. 1H-1H ROESY experime®0Q MHz,CDG, 298 K spinlock = 0.3 sof a 1:3 mixture of
receptorland TBA-OCREt. Cross peaks of interest are assigned. See Figure 5.2 for proton assignments.

256



Synthesis and binding studies of a strapped calix[4]pyrrole receptor

5.4.4 DOSY experiments

Figure 542. (left) IH pseudo 2D plot ddOSY (500 MHz, 298K, GpPd&la 1:1.5 mixture of receptat
and TBA-Gb (D20 = 0.15 230 = 1 ms)). (right) Fit of the decay of the signal of proton Hb to a-mono
exponential function using Dynamics Center software from Bruker. Error is indicated nasrsta

deviation.

Figure 543. (left) IH pseudo 2D plot of DOSY (500 MHz, 298K zGiD&I1:11 mixture of an equimolar
mixture of receptorl, N-oxide3 and TBAOCN2¢ (D20 = 0.15 $30 = 1 ms). (right) Fit of the decay of
the signal of proton Hb to a morexponential function using Dynamics Center software from Bruker.

Error is indicated as standard deviation.
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Figure 544. (left) IH pseudo 2D plot of DOSY (500 MHz, 298K jeib&l1:1:Imixture of an equimolar
mixture of receptorl, N-oxide3 andMTOACI2a (D20 = 0.15 230 = 1 ms). (right) Fit of the decay of
the signal of proton Hb to a morexponential function using Dynamics Center software from Bruker.
Error is indicated as standard\dation.

5.4.5 ESIMSexperiments

Figure 545. Experimental a) and calculated b) isotopic distribution of compMEXOA(C), «1]-.

Figure 546. Experimental a) and calculated b) isotopic distribution of compI&&a&(C), 1]
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Figure 547. Experimental a) and calculated b) isotopic distribution of compildx1]-.

Figure 548. Experimental a) and calculated b) isotopic distribution of compI&&(OCN, «1]-.

Figure 549. Experimental a) and calculated b) isotopic distribution of comjleEXNe 1]-.
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Figure 550. Experimental a) and calculated b) isotopic distribution of compI&ACI-OCMN 1]-.

Figure 551. ClDexperiment peformed with massselected iofMTOA(C), « 1]-a) with CE o027V b),
36V c) andb6V d).
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Figure 552. ClDexperiment peformed with massselected iorf TBA(C). « 1]-a) with CE 019V b)and
40 V.

Figure 553. Relative intensity of the fragmerg observed in theCID experiment of complex
[MTOA(C), 1] at increasingCE voltagesThe intensity was calculated as Intensity = 1. Complex / (.
Complex + I. Fragments) x 100%
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Figure 554. Relative intensity of the fragmerg observed in theCID experiment of complex
[TBAOCNCI«1] at increasingCE voltagesThe intensity was calculated as Intensity = I. Complex / (I.
Complex + I. Fragments) x 100%

Figure 555. Experimental a) and calculated b) isotopic distribution of comfil#g «1]-.

Figure 556. Experimental a) and calculated b) isotopic distribution of comEIN-3 1]-.
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5.5 References and notes

1Kim, S. K.; Sessler, J. L. x{28byrroleBased lon Pair Receptorscc. Chem. Re®014,47,
25252536.
2Wagay, S. A.; Rather, I. A.; Ali, R., Functionalized calix[4]pyrroles: Emerging clapaiof ion
receptors in supramolecular chemistiMater. Today2020
3 Peng,S.; He, Q.; Vargadiiiiga, G. |.; Qin, L.; Hwang, |.; Kim, S. K.; Heo, N. J.;-Hege, C.
Dutta, R.; Sessler, J. L., Strapped calix[4]pyrroles: from syntheses to applicatiems.Soc.
Rev.2020,49, 865907.
4 Lee, GH.; Miyaji, H.; Yoon, BW.; Sessler, J. L., Strapped and other topographically
nonplanar calixpyrrole analogues. Improved anion receptGtem. Comom. 2008 24-34.
5He, Q.; Williams, N. J.; Oh, J. H.; Lynch, V. M.; Kim, S. K.; Moyer, B. A.; Sessler, J. L., Selective
SolidtLiquid and LiquidLiquid Extraction of Lithium Chloride UsingtraBped
Calix[4]pyrrolesAngew. Chem. Int. EA018,57, 1192411928.
6Kim, S. K.; Sessler, J. L.; Gross, D. E.; Hde,ldm, J. S.; Lynch, V. M.; Delmau, L. H.; Hay,
B. P., A Calix[4]arene Strapped Calix[4]pyrrole: AnPkin Receptor Displaying Three
Different Cesium Cation Recognition Modé&sAm. Chem. Sd2010,132, 5827-5836.
" Park, EW.; Yoo, J.; Kim, B.; Adhikari, S.; Kim, S. K.; Yeon, Y.; Haynes, C. J. E.; Sutton, J. L.;
Tong, C. C.; Lynch, V. M.; Sessler, J. L.; Gale, P. A.;-Hee OligoetheiStrapped
Calix[4]pyrrole: An lo#air Receptor Displaying Catibependent Cloride Anion
Transport.Chenk-Eur. J2012,18, 25142523.
8 Miyaji, H.; Kim, HK.; Sim, EX.;Lee, GK.; Cho, WS.; Sessler, J. L.; LeeHG.Coumarin
NS E %o %o 0]E€0*%CEE}0o WO &Oou}E}IP v] Vv]}v Z %S}E C
Binding.J. Am. Chem. Sd&005,127, 1251012512,
9Heo, N. J.; Oh, J. H.; Lee, J. T.; He, Q.; Sessler, J. L.; Kim, S. K., Pherstnipmdide
calix[4pyrroles: anion receptors displaying affinity reversal as a function of solvent polarity.
Organic Chemistry Frontie2€20,7, 548556.
0 Gross, D. E.; Yoon,-W.; Lynch, V. MLee, GH.; Sessler, J. L., Anion binding behavior of
heterocyclestrapped calix[4]pyrrolesl. Inclusion Phenom. Macrocyclic Ch2@1.0,66 (1),
81-85.
11 Ko, SK.; Kim, S. K.; Share, A.; Lynch, V. M.; Park, J.; Namkung, W.; Van Rossom, W.;
Busschaert, N.; Gale, P. A.; Sessler, J. L.; Shin, I., Synthetic ion transporters can induce
apoptosishy facilitating chloride anion transport into celldature Chem2014,6 (10), 885
892.
2Yoon, DW.; Hwang, H.; Lee,-8., Synthesis of a Strapped Calix[4]pyrrole: Structure and
Anion Binding Propertie Angew. Chem. Int. EA002,41, 175%1759.
13The energyminimized structure was obtained using the software package Fujitsu Scigress
Version 2.2.0. The structure was optimized by performing a geometry calculation using the
implemented molecular mechanics force field with augmented MM3 parameters.
14 See Chapter 3 for the determination of the binding constant between avialb aryt
extended calix[4]pyrrole and MTOA-CI.
15 Adriaenssens, L.; Gamirez, G.; Frontera, A.; Quifionero, D.; Escuddén, E. C.;

00 *§ EU WXU dzZ CEu} Cv u] Z & 3§ E]I 8]}v }(, o] >< /v§
"dA} oo_ ECo /ES3v 0] £ €0 % C B@&HoChkenr. I0R01d, 136 S u X
32083218.

263



Chapter 5

16 Adjustment of the titration data to a 1:1 binding model using HypNMR software 2008
(version 4.0.66) allowed us to estimate a binding affinity constant of c&2 M £0The minor
chemical shift changes experiencdyy the proton signals of the receptor made the
adjustment troublesome and the values obtained unreliable.

17 For this reason,he experiments performed with the equimolar mixture &f 2a and 3
produced analogue results as those obtained viath
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General conclusions

This thesis describes the synthesis and binding properties & series of
supramolecular receptors based on caligyrrole architectures. The general
objective of thisvork wasthe recognition of iorpairs in chloroform solution, which
has been achieved with these of thesynthetized receptors. The complexes
obtained have been characterized By NMR, ITC and B8Eexperiments.

The first receptor discusseih this thesisis a two-wall bis(calix[4]pyrrole)
macrocycle obtained by the intermolecul&oupling reaction of two terminal
calix[4]pyrrole units.The obtainedresults evidence the crucial rolplayed by
templating molecules in the synthesis of supramolecular receptdheformation
of open oligocyclic intermediasgtakes place by random collisioof the reacting
units. Howeverthe intramolecular reactiomecessaryo generate themacrocyclic
receptor isoften facilitated bythe use of atemplate. We concluded thatorrect
choice of a template molecule complementary in size and shape with the
macrocyclic receptolis in some casesandatory. In our particular casehe
therephthalate anionfacilitated the formation of the macrocyclicreceptor by
favouring the intramolecular reaction of the open oligocyclimtermediate In
contrast the use of the longer bipyridytbis-N,N-oxide favoured the formation of
polymeric products.

We explored the properties ofhe preparedbis(calix[4]pyrrole) receptor to bind
tetraalkylammoniim salts TBA-Cl, TBA-OCN and MTOW€demonstratedthe
formation of 1:2 complexesontainingtwo bound ion-pairs. Interestingly, the
binding affinity constants obtained for the coordirmati of the first ionpair were
one to two orders of magnitude higher than the ones obtaimégth the analogous
two-wall versions of the receptorfeaturing a single binding siteThisfinding
support thepositive effects of the preorganization of rigid saprolecular receptors
in the binding of neutral and charged molecul¥ge also detected thgreferred
binding of the anions in one of the twoon-equivalent binding sites of the
bis(calix[4]pyrrole) macrocyclic receptdfrom these results, we conclude that
reduced differences in the electron density of th@esoaromatic wallsin C4P
receptorscan greatly affect the anier&nteractions.

The 1:2 complexesbtaineddisplayedwo different binding geometries depending
on the cationused. In the case of the TBA salts we obtained casliasle
arrangementdeaturing aclosecontact ion triplet. The use of MTOA-CI produced
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the formation of a receptor separated complekhese results support the higher
affinity of the MTOA cation in the shallow and electron rich aromatic cavity
generatedby the C4P cone conformation

Theformation of the 1:2 complexes displayadon-cooperativityallostericeffect
in the case of the TBA salts and a negadilastericcooperativity for MTOA-CMost
likely, thisis dueto the relative short distance of the bound chloride aniohkese
results alsdighlightthe importantrole that countercation plays in the binding of
ion-pairsby synthetic receptors

We studied the formation of pseudorotaxanecomplexesassisted by the same
tetraalkylammonium salts using a lingajridyFN-oxide asaxle We observed the
formation of kinetically and thermodynamically stabl¢2]pseudorotaxane
complexeswith all the ionpairs studied Theobtained complexes existeéh two
isomeric forms depending owhich of the twobinding sites of the receptothe
anion and the axle are bound.From the obtained results we concluded that
TBA-OCNcould be usedas template for the synthesis of a [2]rotaxane by a
stoppering proceduraedue to the slow dynamics exchangeverning the binding
processof the precursor [Zhseudorotaxane Our findings highlighthe importance
of the pseudorotaxane formation studies for the later synthesis of MIM such as
catenanes and rotaxanef addition,we obtained higher values for the binding
affinity constant of the pseudorotaxane assemblreceptorstowards TBA-OCN
over TBA-Cl, most likely due to the cylindrical shape of the polyatoyainate
anion. These findings emphasize theaelevance of designingsuitable three-
dimensional bindingpockes on supamolecular receptors that matctne size and
shape of the anion of interest.

The anion templated synthesis of the [2]rotaxgmeduced the almost quantitative
formation of the entangled architecture. However, dissociation of the bound anion
proved to be not feasible under the explored conditions. The synthesis in the
absence of any template produced tHe]rotaxane receptor in a 8% yield,
highlighting the role played by template molecules in the synthesis of
supramolecular receptors. As expected, similar results were obtained for the
binding studiesof tetraalkylammonium ion pairs with thR]Jrotaxanereceptor as
those observedor the [2]pseudorotaxane.

We have also disclosed the synthesis of a strappedC2® receptor featuring a
pyridine-dicarboxamide strap. Thenacrocyclicreceptor featured a larger inner
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cavity compared to thestrapped2W-C4Pcounterpartspreviously reportd in the
literature. The strapped macrocyclgroducedkinetically and thermodynamically
stable1:2 complexes with tetraalkylammonium salf$ie binding geometry of the
complexes obtained featured cascaded receptorseparatedbindinggeometries

for TBA ad MTOA salts, respectivehAdditionally, the stability and binding
exchange dynamics displayed by the pseudorotaxane complexes obtained with a
lineal pyridyiN-oxide axle were also dependent on the ion pair used. On the one
hand, these results show thatdreasing the cavity size of synthetic receptors favors
the binding of close contact ion triplets. On the other hand, it agamphasizes the
role played by the counter cation in th@ssembly ofsynthetic supramolecular
complexes assisted by igrairs

In summary we have demonstrated the applications of C4P macrocycles for the
design of supramolecul@wn-pairreceptors.The incorporation into the C4P scaffold

of additional polar groups able to engage in molecular recognition processes
generate ionpair receptors with improved affinity and selectivity. In addition, C4P
can be incorporated in interlocked receptors in which thoBmensional binding
pockets are generated. Whelievethat the results herein described can help in the
design of interlocked moletes of rotaxane topology with multiple stations. The
presence of two inequivalent binding sites in tB@4Pmacrocyclic receptors herein
describedmay impose some level of selectivity towards the different stations of a
potential lineal component with mtiple binding sites. The transition of these
systems into the aqueous media could also generate receptors with potential
applications as intermembrane anion transporters.
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