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Graphical Abstract

The work presented in this thesis focuses ornthe dedgn and synthesis of

Supramolecular Hosts.

Three different classesof receptorsare shownfor ion pair binding. In particular, a
new family of aryl-extended calix[4]pyrroles with two and four phosphonate
groups have beensynthesized for the complexation d ion-pairs. Likewise, the
design and synthesis of functionalizedtriazolophanes for inclusion of linear

polyatomic anions is presented.
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bis-phosphonate calix[4]pyrrole tetra-phosphonate calix[4]pyrrole Triazolophane

Derivatives of calix[4]pyrroles have been also
prepared for the selective inclusionof the high
energy conformer of N-methylmorpholine N-oxide.
The value of the inclusion is tested by studying the
modification of the reactivity of the N-oxide in
reactions in which it is usually used as sacrificial

oxidant.

Finally, the design and synthesis of resorcin[4]arene
derivatives capable to include neutral and ionic
species and able to work as ligands for

supramolecular catalysiare presented.
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1. 1 Introduction

Supramolecular Chemistryhas evolvedextraordinarily since Lehn establishedts
importance in the late 80s.1 Nowadays the host-gued chemistry has grown away
from its limited lock-and-key image to cover a huge variety of interesting fields
with fascinating potential and real applications? Its original labeling as @hemistry
of Lifed sincethe use of weak and reversible forcegvokes the supramolecular
interactions occurring between proteins, has assumed a more complex personality
with more versatile topics, which have promoted a quick development anda
parallel increasing interest in the scientific communiy. Among the wide range of
applications of supramolecular chemistry, the development of new pharmaceutical
therapies by understanding the interactions at a drug binding sitéhas been one of
the most important in the biological field.3 More recently, this singular branch of
chemistry has also gained interest in the development of new materials for
nanotechnology applicationst In this line, molecular machines represent the most
interesting evidence of synergy between supramolecular chemistry and
nanotechnology567 Key applications of (on-covalentd interactions established
between molecules include also the design and constructions of catalysts,
polymers and sensor$910 as well as the creation ofencapsulation systemslike
molecular capsules,micelles and dendrimers able to create microenvironments

suitable for catalytic reactions.1!

This thesisdeals mainly with Supramolecular Host Desigiiccordingly, this work
has been organized to showits application in three different areas of interest in
supramolecular chemistry studies lon Pair Binding, Molecular Inclusion and

Supramolecular Catalysis
lon-Pair Receptors

The design and synthesis of ioipair receptors represent an area of significant
future growth in supramolecular chemistry due to ther potential applications as
membrane transporters, salt sdubilisation agents and sensors. In solution,
broadly speaking, we can wtinguish three different states of ion-pairs.2 In polar

solvents, particularly in aqueous media, solvation energy overcomes the
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electrostatic mutual attraction of ion pairs and hence the predominant species are
solvent-separated ion pairs. This ion solvation is particularly advantageous in
organic synthesis for example, where dipolar, aprotic solvents such as acetonitrile
are used to effectively solvate cations, leaving reactive anions relatively free to
undergo reactions such as nucleophilic substitution with aubstrate (also known
asnaked anion &ect). In less polar media, ions are often poorly solvated and form
either contact ion pairs, in which an individual pair of oppositely charged ions are
directly bonded via electrostatic interactions or aggregated contact ion pairs in
which a number of ims form a small cluster which is itself solvated by the
surrounding medium. The binding anions or cations in nonpolar media involve a
considerable enthalpic cost associated with breaking thmteraction of the contact
ion pair. This is confirmed by the diferent order of magnitude determined for the
values of ion-pair dissociation constants (Kpd) in solvents of different polarity
(Figure 11). For example, in nonpolar chlorinated solvents, etra-alkyl ammonium
sdts RiN*X [(R) Me, n-Pr, n-Bu; (X) PFs, B(GHs)4, ClQ, Cl, SCNgxhibite an ion-
pair dissociation constant values in the range ofl104 to 5 x 105 M1, On the
contrary, in more polar solvents likeacetonitrile the Kipq values estimatedfor the
same saltsare of the order of 2-4 x 102 M1, that is two to three orders of
magnitude larger. Finally, zwitterions can also be considered as intramolecular
ion-paired species since they are neutral molecules with both positive and
negative parts. The classic exaples of zwitterions are the amino acids in which

the carboxylic acid group generally protonates the aminenoiety.
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Figure 1.1. lonic species involved in apolar (mainly ioapair) and polar (mainly dissociatedions)
solvents.

Over the past thirty years, a large number of macrocyclic receptors have been

synthesized and evaluated for their abilities to bind cation$314151617.18 More

recently, increased attention has been directed towardshe development of
receptors for anions and ion-pairs.192021222324 Compared to simple ion receptors
(monotopic receptors), which are ableto bind either a cation or an anion, iorpair

receptors (heteroditopic receptors) might offer considerably advantages in term of

affinity and selectivity. In many cases, ioair receptors display enhanced affinity
with respect to simple ion receptors, asa consequence of the existenacaf direct or

indirect cooperative interactions betweenthe co-bound ions. lon-pair receptors

can be formed by a binary mixture of a monotopic cation receptor with a

monotopic anion receptor (dual receptor strategy) orby a sngle molecule ditopic

receptor with defined cation and anion binding sites (ditopic receptor strategy).
For clarity, we described belowone example for each kind of strategy

Onthe one hand,Parisi et al.25> demonstrated that the effective binding of targeted

ion-paired organic salts(like N-acetyl-lysine methyl ester hydrochloride) can be
achieved by a suitable combination of cationic (calix[6] arene derivative 1) and

anionic (calix[6]pyrrole derivative 2) receptors (Figure 12). The observed
synergic factors can be ascribed to thassisted dissociationof the ion pair by a

combined action of the two receptors.The authors stated that a a result of the
negligible electrostatic interaction between the charged compoants of the salt
when confined in the cavity of their conplementary host the conditional
association constants mesurable by this approach may beegarded as close to

those expected in an ideal case where theounterion is absent.
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Figure 1.2. Binary 1:1 host system formed by the cationidN-Ac-Lys-/ - A H*J® calix[6] arene
receptor 1 and the amonlcCI—@%/cal|x[6]pyrrole receptor 2.

On the other hand, arinteresting unimolecular heteroditopic receptor based on a
calix[4]arene bis(benzel15-crown-5) molecule 3 (Figure 13) was reported by
Beer et al.26 In polar organic solvents,the potassium cation complexedby the
calix[4]arene receptor 3 enhances the strength of the binding of chloride,
benzoate and dihydrogen phosphate aniongia favourable preorganization and
electrostatic effects. The multitopic properties of this receptor will be described

later.
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Figure 1.3. Calix[4]arene-based heteroditopic receptor3 reported by Beer and ceworkers.

lon pair receptors achieve anion recognitionmainly through hydrogen bonding
donors?? (urea, amide, hydroxyl groups,imidazolium or pyrroles units), Lewis
acidic siteg8 (boron, aluminium and wuranyl) and positively charged
polyammonium groups?. In contrast, the majority of ion pair receptors afford
cation recognition through lone pair electron donors like crown ethers AT A-
electron donors such as functionalized calixarene®. Our attention focusedon ion
pair receptors based on pyrroleunits since they constitute the starting building
block for some ofthe receptorsdescribedin this thesis. First described in 1886 by
Baeye,3! the tetrapyrrolic macrocycle 4 (Figure 14), called calix[4]pyrrole, was
found in 1996 by Sessleret al. to be able to bind certain anions in organic
solvents32 In 2005, Moyer, Sessler, Gale and coworkergonfirmed that
calix[4]pyrrole 4 can act as an ion pair receptor for various cesium salts and
certain organic halide salts in the solid staté3 X-ray crystal structures of several
cesium and organic catiorcontaining anion complexes of calix[4]pyrroles 4
revealed that the anions are bound to the pyrrolic NH protonsia hydrogen bonds.
These interactions induce the calix[4]pyrrole core to adopt thecone conformation

in solution and provide an electron rich bowlshaped cavityopposite to the bound
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anion into which, e.g, the cesium cation is boundvia a combination ofazcation and

cation-dipole interactions.

4
Figure 1.4. mesoOctamethylcalix[4]pyrrole 4

Further evidence that calix[4]pyrrole 4 is effective for ion pair recognition came
from liquid zliquid extr action studies carried out by Wintergerstet al.34 This study
demonstrated that compound4 can extract CsCl and CsBr, but not Cspj@om an
aqueous phase into nitrobenzene, a relatively polar organic phase. The solvent
extraction process was modeled interms of three thermochemical steps Kigure
15).
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Aqueous

Figure 1.5. Proposed thermodynamic steps used to model cesium salt extraction by calix[4]pyrrole
4. Copyright 2008of American Chemisy Society.

The first one involves a partitioning of the cesium cations and the halide anions
into the nitrobenzene phase from the water phase. The second step involves a
conformational change of the calix[4]pyrrole in order to adopt the cone
conformation, a geometry it maintains as the result of halide anion binding. The
final step involves the cesium cation binding within the bowdshaped calix cavity
created as the result of the conformational change taking place in step 2. These
steps can take place congrently, so calix[4]pyrrole 4 binds both the cesium
cation and a halide anion (Clor Br-).

Very recently, transmembraneanion transport experiments were carried out with
calix[4]pyrrole 4.35 It was found that this simpleto-obtain receptor transports
CsClacross phospholipid bilayers with significant selectivity and with arenhanced
efficiency relative to other alkaline chloride salts. Such findings suppcetl once
again that calix[4]pyrrole 4 acted as an ion pair receptor under appropriate
conditions.

The advantage of creating heteroditopic receptors over monotopiones relieson
the consequent stronger binding, following the heuristic principle that Ginding
both is binding bette638Higher binding constants are measured for theomplexes
derived form heteroditopic receptors, especiallyin low dielectric constant media

However, due to the general use of a simplified binding model, which does nake
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into account the dissociation of the ionpair nor the formation of an ionpaired
complex, the experimentaly determined magnitudes for the binding constantsof
the complexes with monotopic and heteroditopic receptorvary significantly upon
receptor concentration, the specific ionic guest (type of salt used as anion
precursor), the cation concentration, andthe nature of other ions present in the
medium. lon-pair binding can occur in a sequential or concurrent wawffording an
analogous ionpaired complex3” In the case of sequential binding, the receptor can
bind one ion of the ion pair on its own. Once boundhis first ion enhances the
affinity for the other ion of the ion pair through an allosteric effect or by providing
an additional binding driving force, commonly a direct or solvenimediated
electrostatic interaction with its counter ion. In this first design, we can include
cascade complexed-igure 16-a). By contrast, in the case of concurrent ion pair
binding, the receptor literally forms a simultaneous complex with the anion and
cation of the ion pair. Typically this results in a complex where the two ions of the
ion pair are in direct contact or spatially separatedvia one or more molecules of
solvent or by the receptor skeleton. Ditopic receptors for separated iong={gure
1.6-b) can experiencea conformational change after the binding of the first ion that
improves the affinity for the counterion. However, the Coulombic penalty that
must be paid to enforce charge separation affestthe affinity of the ion-pair
binding with regard to the receptors for associated iorpairs (Figure 16-c).
Subsequently, ionpair recognition can be dramatically enhancedby binding a

contact ion pair.
a) b) ¢)

Figure 1.6. Common designs of ditopic receptors: a) Cascade complex. Heteroditopic receptor for
separated ion pairs (b) and contact ion pairs (cy’

An alternative but analogousway of classifyng ion pair receptors isbased onthe

binding geometry adopted by the boundon pair.38 In this context three different
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binding modes can be defined. These limiting modes are depictedkingure 1.7 and
differ in how the ion pair is held within a host molecule. The first involves a contact
ion pair, wherein the anion and the cation are in direct contactRigure 17 a); the
second, called solvent-bridged ion pair, is where oneor more solvent molecules
bridge the gap between the anion and the ebound cation (Figure 17 b), while the
third one consists of a hostseparated ion pair, wherein the anion and the cation
are bound relatively far one from another, usually by the receptor framework

(Figure 17 c).

a)

close-contact solvent-bridged host-separated

Figure 1.7. Limiting ion-pair interactions relevant to receptor-mediated ion-pair recognition: (a)
contact, (b) solventbridged, and (c) host separated.

Calix[4]pyrrole zcalix[4]arene linked receptor 5 (Figure 18) constitute a rare
example of ion pairs host thatis able to adoptthe three different recognition
modesreferred aboves3® The preferred recognition mode is determned by the size
of the ion pair, in particular by the size of the anion, while the samecation is used
(i.e. cesium). When the anion is fluoride, CsF bind® receptor 5 as asolvent-
separated ionpair with a water molecule bridging the cation andthe anion. The
recognition of Cs or F only takes place when bothions are presentin solution
(Figure 18-a). In contrast, when the anions chloride an unusual 2:2 complex5:> -

(CsCly) is observed,featuring two different binding modes in the solidstate. One
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of these consists of a contact ion pair with the cesium cation and chloride anion
both included within the central binding pocket and in direct contact with one
another. The other mode involves a chloride anion bound to the pyrrole NH
protons of a calif4] pyrrole subunit and a cesium cation sandwiched between two
cone shaped calix[4]pyrroles originating from separate receptor unitsThus one of
the complexesobserved in the solid state isa solventloosened contact ion pair.
The other binding mode observed for CsCl is theeceptor separated ionpair
shown in Figure 18-b. Finally,in presence d the largest ion pairCsNQ, 5 acts as

contact ion pairreceptor (Figure 18-c).

Figure 1,8. Three different ion-gair binding modes for receptor5. a) Solventseparated CsF ion pair
CsF-HOEDS5; b) hots separated CsCl ion pal€sCI@; c) contact CsN@ion pair CSNQES.

As briefly discussed above oin-pair recognition is more complexthan simple anion
or cation recognition processes sincea higher number of equilibria are involved
(Figure 19). The receptor can bind the anion (K) or the cation (K2) separately as
well as the ion pair Ks). However, while the apparent constants Kand/or K> are
independent of the cainterion, concentration-dependent fluctuations are observed
in the Kz values (also named experimental constant dexp) attributable to ion
pairing. Competing ion pairing may also occur outside the receptoK(), leading to
precipitation of the ion pair itself. This last competing ion pairing and precipitation

is quite common in non polar solvents, where iofpairing effects are stronger.
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I'X-( sol) +M* ( sol)

LM*X'( sol )

Figure 1.9. Slmg)(hfled dla%/ram |IIustrat|ng the various equlibria that can exist in an ionpair
bmdlng system.(X : anion; cation; L : host)

Moreover, cooperativity can also play an important role in an iofpair binding
system since there is more than one binding site. The simplest situation is
represented by non-cooperative binding where each ion binds independently of
the other. In this caseKs depends onKi: and K. This occurs when the cation and
the anion binding sites are rigid and separated either spatially or by solvent to
prevent direct interactions between the cation and anion. Anticooperative binding
occurs when the binding of one ion inhibits the binding of the other, whereas
cooperative binding is observed when the binding of one ion enhances the binding
of the other. Consequently, Kis smaller than the sum of K and K> for
anticooperative binding, and larger for cooperative binding. We are used to
associate ionpair binding to receptors that successfully exploit cooperativity©,
either if they are heteroditopic receptor for separated ionpairs or for contact ion-
pairs. However, there are alsaases though less common, in which thereceptor
displays both cooperative and anticooperative binding dependingn the nature of
the ion pair. It is the case of the calix[4]arenebased heteroditopic recepta 3
reported by Beer and ceworkers and depicted in Figure 13.In this receptor the
binding of chloride anion to the amide groups isenhanced10-fold in the presence
of potassium cation Figure 110-a). This cooperative bindingis attributed to the
potassium-induced conformational change, whichpreorganizes the amide groups
forming the 1:1 potassium/bis-(benzo[15]crown-5 ether) complex favouring the
existence of attractiveelectrostatic interactions between the anion andhe cation.
Conversely anticooperative bindingis observedin presence of twosodium cations

bound to the individual crown ether moieties, because electrostaticrepulsive



interactions establishedbetween the two complexed sodium cations prevents the

conformational change(Figure 110-b).

a) b)

Figure 1.10. Calix[4]arene-based heteroditopic receptor3: a) Cooperative binding of KCI and b)
anticooperative binding in the presence of two sodiunNa.

The solvent in which the ionrpair recognition event takes place can also affetb
cooperativity (Figure 11). Thus, receptor 6 binds fluoride in its calix[4]pyrrole
anion binding cavity in CDG. No evidence of fluoride bindingis observed in a
more polar system like9:1 CDG/CD30D, due to the stronger solvation of fluoride
anion. However, in presence of a cesium cation bound within the crown ether
binding unit fluoride complexation is observed again, even in 9:1 CD{LTD30OD
solvent mixture. The binding of the two ions wasalso found to be noncooperative

in CHsCNbecause othe high polarity of the solvent4!
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Figure 1.11. Receptor for CsF ion pairs reported by Sessler and coworkers.

All these examples suggest thatltaough ion-pairing makes the understanding of
the binding processes more complex, it cannot be excluded when studyinigese
systems in apolar environmentsThe current literature on binding of ion pairs with
ditopic receptors is essentially based on 1) crystallographic evidence, which
demonstrates the &istence of ionpair complexes but not of cooperative effects, 2)
transport through membranes or extraction from aqueous solutions, which is not
necessarily dependent on cooperativity, and 3) bindingtudies in solution, that do
not always allow a complete assessment of cooperativityUsually the magnitude of
the association constantrelated to the ion-pair complexation by a ditopic receptor
is assessedby 'H NMRtitrations in organic solvents The chemical shift changes
experienced bya single proton signd of one of the bindng partners, normally the
host, are analyzed using a theoretical 1:1 binding model to derive the binding
constant value. The determined value isimply comparedto the magnitude of the
association constantsimilarly determined for the same ditopic receptor with the

anion or cation of interest in the presence of an innocent counterionneglecting
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other equilibria (ion pairing, higher stoichiometry association, etc.) that my occur
in solution. Such a simplified approach idimited for several reasons: 1) systems
containing multiple species and/or higher stoichiometry complexes cannot be
fitted to a 1:1 binding isotherm; 2) the comparisonof aternary ion pair/receptor
complex with a binary ion/receptor complex is wrong, since they havedifferent
dimensionality; 3) a three-component species like an ionpaired complex should
not be analyzed using awo-speciesl:1 binding model; 4) the counterion is not
inert and should not be neglected.To overcome these limiations, new methods
have beendevelopedfor a more detailed andquantitative analysis of the binding

processesoccurring during the ion-pair complexation with ditopic receptors.42:43.36
Molecular inclusion and encapsulation

The inclusion of molecules within molecules#4 is a common techniqueused in
pharmaceutical sciences to protect sensitive compounds and increase their
stability and storage over time#546474849505152 A well-known example is
represented by the encapsulation of drugs inside ho$ molecules like
cyclodextrins®3. In the same vein, hemicarcerand$iave been studied as cages to
stabilize highly reactive specie% like cyclobutadiene® In this way, species that
would rapidly decompose or polymerize even at low temperature can be stored a
room temperature inside its host.Likewise, the encapsilation of water sensitive
species allows their isolation even in aqueous solution through hydrophobic
catalystss6 Many examples of guest encapsulatidgimclusion have beenreported in
recent literatur e575859606162636465 Between them, the confinement of
disfavourable conformation$667 and the modulation of the reactivity of a guest
with alteration of the modes of reaction in solution representfor us the most
interesting ones869.70.71.72 gnd inspired the wak presented in Chapter 5Although
the two recognition processes result similar, it is important to remark the subtle
difference existing between inclusion complexation and encapsulation interactign
that lies in whether a guest is includedn the cavity of a host or not.In particular,
we refer to inclusion complexation when the interaction betweerthe host and the
guest occurs by complete or partially accommodation of the guest molecules inside
the macrocycle. On the contrary, an encapsulation interactiooccurs when the

guest resides in the packing structure formed by host molecules.

34



The process of guest exchange in supramolecular systems consists the
substitution of anon-covalently bound moleculeoccupyingthe interior of a larger
host molecule bya new guestmolecule originally found in the bulk solution The
exchange procesgan occurs through an associative mechanism, whetke bound
guest isexchanged with a free guesbr solvent moleculeby meansof a concerted
process SN-like), or a dissocidive mechanism, wherethe bound guest departs
from the cavity yieldng AT OAI POU8 AOOAI Al Gnincanind E EO
guest or a solvent molecule (SN-like). Depending on the structure of the host
molecule, a variety of mechanisms can be envisionedrfthe exchangeprocessto
take place following any of the twomechanisms If the host molecule is held
together by weak forces, rupture of the host can permit guest release or exchange.
Conversely, if the host is held in a rigid structure, then guest exahge must occur
by the guest squeezing through apertures in the host assembli{fhree main
mechanistic pathways have beenidentified to describe themovementof molecules

to and from macromolecules: 1)rapping, 2) gating and 3) slippag€3 We describe
below two well-known examplesof guest exchange througla gating process in a

covalently assembled host anéh a hydrogenbonded host complex

We already mentionedthat the internal cavities of suitable hosts havebeen used to
stabilize highly reactive species. A classic example is the photochemical generation
of cyclobutadiene, (CH), inside of a hemicarcerand, leading to the first room
temperature charaderization of this highly reactive molecule. In order to
understand the guest exchange pathwayGram intro duced the idea ofconstrictive
binding to describethe steric interactions that must be oercome for guest ejection
when the apertures of thehost are smaller than the guesinolecule itself’ The fact
that guests larger than the portals of the hemicarceraas (Figure 112) are abk to
exchange suggests that thepertures of the assembly are able to expand dn
contract to facilitate ingress or egres. In such an exchange pathwaysmaller
guests are able @ exchange mee rapidly as theyrequire a smaller deformation d
the host, whereas exchange darger guests is retarded due to the required host

deformation.
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Figure 1.12 Hemicarcerandstructure.

Thermodynamically speaking the constrictive binding energy is the free energy
which must be provided to the system to reachthe transition-state for guest
dissociation from the encapsulatedstate minus the free energy associated with
binding (3-Glconstrictive = 3G diss - (-3:G°), Figure 113).

| AG diss I
[AGanstric Hvel

Figure 1.13 Energy diagram for guest release

A two-steps guest dissociation mechanism has been proposed for these systems, in

which the guest dissociates from the host capsule to leave &A1 DOUS EIT 008
vacant cavity iseither trapped by solvent or by the original guest moleculd SN
mechanism). Under low concentration of guest the large excess of solvent makes

the guestzsolvent metathesis essentially irreversible. The first order guest

dissociation step is dependent on the identity of the solvent due to the ability of
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the solvent to solvate the transition state for guest ejectiors AT 6 0 (1 £& Al Al U
the hemicarcerand hostzguest system revealed thatguest encapsulation is both
enthalpically and entropically driven. At first glance, the inclusion of a guest
molecule inside of a host would appear to be entropicallgisfavored; however, this
schematic is an oversimplification.If the encapsulation process requires complete
guest desolvaion, the solvent molecules that wererestricted in motion due to
guest salvationare released into the bulk solution. This phenomenon has been
observed in both hydrogenbonding solvents and norrhydrogen bonding solvents.
The topic of constrictive binding 5 not restricted to the specific hemicarcerands
outlined above. Many other carcerandsaand hemicarcerands display this mode of
guest exchangeThe cohesionof the covalently linked host andthe inability of the
host itself to dissociate require that portalsin the host expand to allow for

sterically encumbering guests to exchangtianrough the dilated portals.

A nice example of gating irhydrogen-bonded hoss was reported by the Rebek

COil 6bh AOAAOIT O T &£ A OAOEAOU 1T £ dubmxd OOOAAT I
held together by rigid hydrogen bonds’s Hydrogen-bonding dimerization

processes have extensively been used by Rebek at in the creation of hosts
possessingan interior cavity capable of encapsulating a variety of guest molecules.

The resulting encpasulation complexes are stable in aprotic solventsince protic

media generally disrupts the hydrogen-bonding networks OEAO OOAAEI EUA OE
assembly We describe here the famous example of Rebe&ind coworkers Gennis

balld tamed in this way for its smallsize (internal volume 5@&55 A). When placed

in apolar solvents (CDG)) the two complementary bis-glycouril units dimerize by

establishing eight NzH---O hydrogen bondsinterestingly, the tennis ball is able to

entrap small hydrocarbons, like ethaneln this complex, the conformational change

of the seven membered ring creates a portal for guests to enter and exit the cavity

(for this reason the exchange mechanism is callegating). Computational results

are in favor of the dissociatiorrrecombination mechanismof the hostdirecting the

guest exchangdéFigure 114).
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We are interested in focusing the attention of the readewon the analytical methods

commonly used in monitoling and characterizing guestencapsulation/exchange

processes since they will be used in the development of this thesis work A short

description of NMR,UV-Vis, mass spectrometry, electrochemistry and calorimetry

techniques in guestencapsulation/exchange processsfollows.

Nuclear magnetic resonance (NMR)is the most prevalent, andoften most useful,
spectroscopic method for monitoring hostzguest systens. Although
supramolecular systems are oftenespecially complex, they are also often highly
symmetric, which can lead to greatlysimplified NMR spectra. Thissimplicity can
aid in the detection ofthe proton signal of theguest molecules, but it ca alsohide
small time-averaged structural changes in the hostA number of experiments
unique to NMR have been used tmonitor hostzguest systemsDiffusion-ordered
spectroscopy (DOSY), for example, allss for measurement of diffusion
coefficients in solution.”® Host and guest molecules diffusing at@an identical rate
through solution are characteristic of a stablehostzguest complex. In addition,
weaker ion-pairing interactions can also be observed using DOS®ne of the most
common NMR methods for characterizatbn of supramolecular assemblies is
Nuclear OverhauserEffect Spectroscopy NOEY), which allows for through-space
rather than through-bond observation. NOEY is often used to showguest
inclusion and can yeld valuable information on therelative proximiti es of guest
molecules with different parts of the host. Although mainly ugd for qualitative

observation, quantitative NOEstudies have also been used to accuratelgetermine
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the solution structure of encapsulated guestsSharing an identicalpulse sequene
with NOEY, EXSYExchange Spectroscopy) allows for measurement of chemical
exchange rates. The practal difference betweenNOEY andEXSY is thaNOEY
measures rates of spincrossrelaxation, whereas EXSY measures ratof chemical
exchange of spin® Therefore, using EXSY and spin saturation transfer
experiments, the rate of guestexchange can be measured. Such methods are
amenableas they can cover a wideange of exchange rates ranginffom 102 s1 to
102 s,

Mass spectrometrallows for a convenient assessment of the exact stoichiometry of
the complex in the gas phase through the analysis of the mass and isotopic
composition of the observed ions in the MS spectf&81 One unique benefit of mass
spectrometry is that the transition from solution to the gas phase during ionization
greatly affects the strengths of weak interactions often involved in supramolecular
architectures. For example, in solution, assemblies held together by hydrogen
bonding are easily disrupted by the presence of hydrogen bond dors or
acceptors from either protic solvent or other host molecules. In the gas phase,
however, hydrogen bonding is greatly strengthened as competitive hydrogen bond
donors and acceptors are removed. Similarly, electrostatic interactions such as ton
pairing are greatly enhanced in the gas phase as the competitivelv&tion of the
ion-paired molecules is suppressed However, other forcessuch asVander Wads
interactions and hydrophobic interactions, are substantiallyweakened as the
entropic driving force for dissociation in the gas phase is often too gredinlike in
solution where guest exchange is a dynamic process, in the gas phase guest
ejection is essentially irreversible. Therefore, while solution studies show the
thermodynamic stability of hostzguest complexes, kineticstability plays a more
important rol e in the gas phaseSimilarly, in the high-vacuum eavironment of mass
spectrometry experiments, the entropic contributions of guest encapsulation are
greatly affected. While guest ejection i®ften entropically disfavorable in solution
due to the loss ofdegrees of freedom of thesolvent molecules solvating the ejected
guest molecule dissociation of the hoszguest complexis entropically favorable in
the gas phaseDespite these differences, setgive binding can be studied inthe gas

phase. However, boththe method and matrix used insample preparation can
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dramatically influence the relative intensities of species, theeby making
quantitative studies difficult. Mass spectrometry measurements of biming
processes should be compared with solutionstate data to provide valuable

information on the role of solvation.

U\-visible spectroscoy constitutes a useful tool for monitoring chemical
reactions and chemical equilibria. Thisspectroscopicmethod requires that either
the supramolecular host molecule or the guest specigwssessabsorption bands in
the UMWVis region. The overall guest exchange process monitored by UV
spectroscopycan provide information onthe rate ofthe exchange of one guest for
another or on the composition ofthe equilibria. Oneof the main advantages of this
methodology is the ease othe experimental setup and the ability to monitor very
dilute solutions in a wide variety of solvents. Circular dichroism (CDgpectroscopy,
which measures the differential absorption of right and left-handed circularly
polarized light, can be used to monitorsimilar processes involving theoptically

active complexes.

Electrochemistry experiment§3 are a valuable tool for characterizing
supramolecular systems providing useful information on guest exchange
dynamics, which are slow in the timescale of the techniqueElectrochemical
methods require either the host or guest being electroactive. One of the most
important electrochemical concepts in the fieldof supramolecular chemistry is
redox-switching. The underlying principle is that the oxidation state of the guest
(or host) influences the thermodynamic stability of the hostguest complex. When
strong hostzguest binding can be induced electrochemicalleparate redox waves
for the bound and unbound states can be observed in some cases, providing

information on the concentration of each species.

Calorimetry®4 is the most exact and unbiased technique for precision
thermodynamic measurements. When a guest necule binds to a host, heat is
either released or absorbed. Direct measurement of this heat in isothermal
titration calorimetry (ITC) experiments allows for the determination of 3G°, 3H°,
3S from a single experiment in which the host complex is titratedvith uniform

increments of the guest. In comparison to other methods of determining
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thermodynamic values, calorimetry is the only method for direct enthalpy
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3H° and 3G are determined from a single temperature point, not over a range of
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the system is invariant over the temperature range of the experiment; an
assumption which is not needed for calorim&y. Also, anomalous enthalpy
entropy compensation can be avoided by calorimetric methods as measurements

of entropy and enthalpy are statistically independent. The analysis of calorimetric

data requires an accurate working model for guesbinding, and theinfluence of
complicated external factors can greatly complicate interpretation. Guedtinding

can be complicated by factors such as igpairing and solvent reorganization,
making the formulation of a suitabletheoretical model for the binding processes

problematic.
Supramolecular catalysis

The design of highly efficient and selective catalysts is one of the major goals of
research in chemistry.8586.8788899091.92 The remarkable features displayed in this
respect by the natural catalysts, the enzymes$ave provided major stimulus and
inspiration for the development of novel catalysts by either manipulating the
natural version or by trying to create artificial catalysts that, unlucky, so far have
not display the high efficiency and selectivity displayed by the natural
counterparts. Enzymatic reactions involve the binding of a specific substrateand
its conversioninto a different structure. Cansequently, they constitute the essence
of a supramolecular process Molecular receptors bearing appropriate reactive
groups in addition to binding sites may complex a substrate (wh given stability,
selectivity and kinetic features), react with it (with given rates, selectivity and
turnover), and release the products, thus regenerating theatalystfor a new cycle.
Supranolecular reactivity and catalysis involve two main stepshinding, which
selects the substrate, andransformation of the bound species into products within
the formed supramolecule. Both steps take part in the molecularecognition of the
productive substrate and require the correct molecular information in the reactive
receptor. Compared tosimple uni-molecular reactivity, supramolecular reactions

involve a binding stepthat precedes the reaction itself. Catalysigeaturing turn-
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over comprises a third step, the release of the substrate. The selection of the
substrate is not the only function ofthe binding step. In order to promote a given
reaction, the binding should strain the substrate so as to bring it toward the
transition state of the reaction; thus,efficient catalysts should bind the transition
state more strongly than theground state of the substrate in order to lowerthe
free energy of activation. A major role is played by the existence of strong
interactions between the substrate and thecatalytic receptor in order to facilitate
the reaction in several ways. The effects induced by the fixation of the substrate
play acritical role in the reaction catalyzedby either synthetic species or enzymes
and may result in a sort ofmutual activation of the two partners. It is then
distinguished a thermodynamic effect in the strong binding that forces the
substrate into contact with the reactive groups; a steric effectthat control the
fixation of the substrateand isable to distort its ground state structure towards a
transition state-like geometry; an electrostatic (electronic, protonic, ionic) effect,
consisting of a possible activation of the functional groups of the catalyst (and
possibly of the substrate) by modification of their physico-chemical properties
(pKa, polarity, etc.) as a consequence of substrate fixatiofhislatter processmay
perturb the charge distributions in both the substrate and the catalyst with respect

to their free, unbound states.

The design and study of efficient and selecive supramolecular reagents and
catalysts may give mechanistic insight into the elementary steps of catalysts,
provide new types of chemical reagents, and reveal factors contributing to
enzymatic catalysis. Supramoleculametallocatalysts consist on the conbination
of a recognition subunit (such as a cyclodextrira cyclophane, etc.) that selects the
substrate with a catalytic metal center, bound to another subunit thatrepresents
the reactive site. The @mmplexed metal centers presenting free coordination
positions may provide a variety of substrate activation and functionalization
properties. Heterotopic careceptors bind simultaneously a substrate and a metal
ion bringing them closer, thus potentially favoring a reaction between them.
Approaches towards the development of synthetic metalloenzymes have been
reported, based on macrocycleshat involve various metal ions, such as Zn(ll),

Cu(ll), Co(lln,in order to promote hydrolysis, epoxidation, hydrogen transfer, etc.
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Many model system§& have been designd taking advantage of thebinding energy
to achieve reaction catalysis In particular, two types of systems can be
differentiated: (a) molecular receptors in whichthe catalytic site is placed close to
the binding site designed to bind selectivelythe readant and (b) molecular

receptors that promote the reaction of two sinultaneously complexed reactants.

In this thesis work, we focused our attention on the design and synthesis of
catalytic systens of type (a), provided of a Salphenor Terpyridine unit as atalytic
centre (Chapter 6). Early examples of supramolecular catalysis emergdrom the
work of Bender et al, who studied the hydrolysis ofm-tert-butylphenyl acetate in
the presence of 2zbenzE I EAAUT 1 A A A A @lddexkiA% Morexdeedtly, |
Kimetad EAOA OOAA A OA OEdkddextric witEQiffele@ET T A1 E U,
polyazamacrocycle$® The Zncomplexes of these molecules are carboxypeptidase
mimics, with the hydrophobic cavity of thecyclodextrin acting as a binding site for
the aromatic residue of p-nitrophenyl acetate and the Zn(ll) metal centre
complexed by the azamacrocycle being the catalytic sit®ther recentexamples of
this kind of methodology can be foundn the literature and represent the main
source of inspiration for the design and synthesis of the supramolecular ligands
presented in this thesis For example,Rebeket al.®¢ reported the use ofa cavitand

armed with aZn salenrtype complexas catalyst(Figure 115).
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CO--Zn bond

cation-x interactions
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Cavitand 7 adopts a vasdike conformation that is stabilized by a seam of
hydrogen bonds provided by the six secondary amides. The structure of the
catalyst provokes that the dynamic exchange betweer free and bound guest
(reactant) is slow on the IH NMR timescale The exchanges controlled by the
folding and unfolding of the cavitand. The Zisalen-modified cavitand 7 catalyzes
the formation of acetylcholine from choline and acetic anhydrideWhen the guest
used isp-nitrophenylcholine carbonate (PNPCCS3, the Lewis acid zinc(ll) activates
the well-positioned carbonyl group in the PNPCC@Zravitand towards reaction
with external nucleophiles. The energy minimized structure of the PNPCC@Zn
cavitand canplex shows tha cation-n ET OA OA A O Edn tobrdinafiodbosdE / D0 O
occurs simultaneously.In general, hie hydrolysis of the carbonatan the absence of
the cavitand 7 is slow and only 30% of PNPCC is decomposed after 5Rn the
contrary, the acceleratio of the reaction rate is more than 56fold when 1 equiv of
cavitand 7 is presentin solution. The binding of p-nitrophenylcholine carbonate 8
by cavitand 7 results highly selective and o &ffinity is detectedfor analogues of
PNPCdike 9. In this case, oly the outer face of the salen ligand seesnto be
accessible to the substrate9. When the model of the salen wall but without
cavitand is used as calyst, 10, the zinc(ll) cation acts asLewis acid and the
reaction rate isalsoincreased,although it turned out to be5 times slower than the

reaction catalyzed withthe cavitand receptor 7.
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Figure 1.16. 8-nitrophenylcholine carbonate 8, p-nitrophenylcholine carbonate analogue 9 and
Sden ligand 10.

We chose Salphen ligands for the development ofnew resorcin[4]arene-
derivatives for supramolecular catalysissince they are the most weltkknown and

versatile structures in homogeneous catalysi$Chapter 6).97.98.99.100

In general, the Salphenstructure is comprised of two salicylidene imine groups
(Schiff base precursors) bridged by a phenyl spacer unit. In most of the catalytic
applications, the salen ligand is highly symmetrical and is accessed via a double
condensation reaction between a dianme and two equivalents of a
salicylaldehyde10l Their respective metal salts are generally easily obtained by
treatment with acetate-based metal precursors or via activation of the two
phenolic positions with a strong base (e.g., BuLi or Zngf02 The synthess of
nonsymmetrical saphens!o3 is generally subject to a number of complication§4
but also increased attention, since the presence of two distinct salicylidene
moieties in a complexed form provides a way to tune the catalytic efficiency of the
metal center. Also, by preparing unsymmetrical sghen derivatives, it is possible
to introduce a diverse variety of functional groups, allowing theapplication of
these ligands for numerous purposes05106107108 For all these reasons, various
symmetricall9, non-symmetricall1® and chiral structures can be derived fom this
class of molecules. Theetradentate coordination ability of the salphen ligand
commonly gives access to highly stabilized metal ions upon complexation and is
furthermore well -suited for stabilization of higher oxidation states of catalytic
intermediates.11l Thermal and kinetic stability are desired prerequisites for
molecular building blocks, and for this reason metallosalphens have recently been
identified as interesting molecules in supramolecular chemistryand material

science!l? In this sense,the Zn(salphen) derivatives have been considered stable
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molecular building blocks!13114.115 glthough in some cases particular care should

be taken with the use of certain coordinative pattern$ié As most of the enzymes

provided with the tetrahedrally coordinated Zré+ ion, Zn(ll)salphen complexes [or

N,Naphenylenebis(salicylideneimine)] also possess a reméable high Lewis acid

character. In these salphen derivatives, the Zn metal center possesses a

remarkable Lewis acidity!l” as a result of the unfavorable planar geometry

dictated by the tetradentate NO; ligation of the ligand. Therefore, the coordination

geometry in these complexes needs additional ligands to stabilize the Zn ion. This

feature has been exploited in various applications to bind ligands at the axial

position to afford stable pentacoordinaed species;as well it has proven to be

extremely valuable in the construction of various supramolecular systems, in

chemical sensin@® and for discrimination of nitroaromatics.119

In the same way terpyridine ligands can act as supramolecular synthetic catdyst

and are capable of orienting the substrate towards the reaction centeras

described by Crabtree and coworkersKigure 1.17)120,
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The authors combined molecular recognition through hydrogen bonds and-B

activation to obtain high turnover catalytic regioselective functionalization of sp

C-H bonds remote from thezCOOH recognition groupThe catalyst contains a df -
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oxo dimanganese catalytic core and two ligands that are based on the covalent
AT TTAAOGETT 1 £ A 12%dhd Pddides Ovickkhdwe N-tur® m&io
having azCOOH groupproperly oriented for the molecular recognition of another
ZCOOH moiety.122.123.124125,126127,128129130 Molecular modelling studies (Figure
1.18) suggested a geometry for the H-bonded complex with ibuprofen (2-(4-
isobutylphenyl)propionic acid), which reveals that the methylene GH of the
substrate is closest to themetal centerand consequentlyshould beoxidized more
easily. If the oxidation operates via the catalyssubstrate complex predicted by the
model complex, thenthis regioselective oxidation product should be the major
component of the reaction mixture. When ibuprofen was treated with the catalyst,
the selectivity for the regioselective product (97.5 2.5) was raised more than 10
fold when compared to the value obtained with a catalyst lacking theCOOH group
(77 : 23). Oxidation of an alkyl carboxylic acid using the same catalysts led not only
to regioselective oxygenation but also to diastereoselection of a single isomer.
With a 0.1% catalystto-substrate ratio, a total turnover number of 580 was

attained without loss o regioselectivity.
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Figure 1.18 Molecular model of the supramolecular catalyst (CAChe imimized) docked with
ibuprofen. Copyright2006 AmericanAssociation for the Advancement of Science.

For these reasonswe also selectedthe terpyridine ligand for the preparation of

supramolecular catalysts based on theesorcin[4]arene scaffold (Chapter 6).
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1. 2 Aims of this thesis

Due to the importance that ion-pair receptors and supramolecular catalysts are
gaining in recent times andalsoto the wide variety of their potential applications,
we decided to investigatefurther in these two areas of supramolecular chemisty

during the development of the work presented in this thesis

This PhD thesisdeals with three different topics: (a) the design ofunprecedented
supramolecular receptors and the study of their binding processeswith ion pairs
(b) the study and application of the inclugon complexes betweenN-oxides and
aryl-extended caix[4]pyrroles to modulate chemical reactivity and (c) the design
and synthesis of newligands with potential applications in supramolecular

organometallic catalysis

The project related to the binding studies with ion-pairs involves molecular
receptors based ona calix[4]pyrrole and triazolophane scaffolé. More in detail,
the goalswe wanted to achievein this line of researchcan be summarized as

follows:

1. Design andsynthesis of phosphonatearyl-extended calix[4]pyrroles. An

unprecedented class of calix[4]pyrroles functionalized on the upper rim
with two and four phosphonate groups, respectively,are targeted as
potential receptors for alkylammonium/ammonium chloride salts. Binding
studies will be undertaken to prove that these hosts canact as ion-pair
receptors in apolar solvents (dichloromethane)and as anionic receptos in
polar solvents (acetonitrile) . The magnitudes of theassociation constants
values of the complexes will be assessedy 'H and 31P-NMR titration
experiments. The obtained thermodynamic data will becorroborated with
the results derived form ITC measurements, ESVIS experiments and
conductometric titrations . The binding geometry of the complexeswill be
investigated in solution by 2DNMR experiments and in the solid state using
X-ray diffraction analysis.

2. Design and synthesis of functionalized Triazolophanes for inclusion of

linear polyatomic anions Our aim consists on the synthesis of new




triazolophane receptors and on studying the binding of monoanionic
pseudohalide (FH-F) anion using 'H and °F-NMR spectroscopy. The
system will represent an example ofcombining the strongest hydrogen-
bond (FH---F) with one ofthe weakesthydrogen bond interactions that are
provided by the CHof atriazol unit.

3. Synthesis of aryiextended calix[4]pyrroles for the inclusion of

conformationally flexible N-oxides typically used as sacrificial agents in

oxidation reaction. Our aims in this sectioninclude the modulation of the

chemical reactivity of N-oxides and the modification ofthe conformational
equilibria in which they are involved by molecular inclusion. We envisaged
the selectiveinclusion of the high energy conformerof N-methylmorpholine
N-oxide (NMMO) within a calix[4]pyrrole having four aromatic ring
substituents in the meso position. The value of the inclusion complex in
modifying the normal chemical reactivity of theN-oxide will be tested by
studying the outcome ofreactionsin which the NMMO is commonly useds
sacrificial oxidant (e.g. oxidation of primary and secondary alcoholto
carbonyl derivatives with tetrapropylammonium perruthenate). The
progress of the oxidation reaction will be monitored by H NMR
spectroscopy and gas chromatography analysis of the reaction mixtures,
both in the presence of freeN-methylmorpholine N-oxide or of its inclusion

complex with anaryl-extended calix[4]pyrrole (N-oxide@calix[4]pyrrole).

In the project dealing with the design ofligands for supramolecular catalyss, our
proposal consisted inthe design d molecules featuring an aromatic cavity or cleft
capableto include neutral and ionic speciesdecorated with covalently attached
binding units for metal centers. To achieve our objectivesthe research plan

consistedon:

1. Preparation of trimethylene-bridged resorcinarene scaffold The idea isto
obtain a very simple construction unit featuring an aromatic cavity deep
enough for the inclusion of positively charged unsaturated substrateor

biologically active molecule (e.g. choline) bgation-n ET OAOAAOEI T O
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2. Synthesisof derivatives of the trimethylene-bridged cavitand that can be

used asligands for supramolecular organometallic catalysis. The working
plan consists in the placement ofan extended aromatic wall (a

dinitrophenyl unit) at the upper rim of the trimethylene-bridged

resorcinarene. The aromatic bridging unitwill be further elaborated to

contain terpyridine and salenligands. Future experiments (not included in

this work) are planned to study the catalytic epoxidation of olefinic

substrates with the terpyridine derivatives as Rucomplexes.On the other
hand, the salen catalystss planned tobe tested in the acylation reaction of
choline using acetyl imidazole as reactant. Both substrates can be
simultaneously bound to the saén trimethylene bridged cavitand through

cation-n ET OA OA A &kbordidatiogh bokd,respbectively.
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1.3 Summary

The present PhD Thesis is divided in 7 different chapters including the present
introduction (chapter 1), the results and discussion part (chapters ) and finally

the general conclusions (chapter 7).

After this short introduction in the supramolecular chemistry field, we describein
Chapter 2 the dynamics, thermodynamics and complex geometrief three
diasteromeric  bis-phosphonate cavitands based on an aryl extended
calix[4]pyrrole tetraol scaffold that differ in the relative spatial orientation of the
P=0O groups installed in their upper rims (PQGn-in, POout-out, POin-out). We
demonstrate that these compounds achs heteroditopic receptors for ion pairs
forming ion-paired 1:1 complexes with alkylammonium (quaternary and primary)
chloride salts in dichloromethane (DCM) solution and in the solidtate. In the case
of tetraalkyl-phosphonium/ammonium chloride guests, he host featuring the two
P=0 groups directed outwardly with respect to the aromatic cavity produces the
more thermodynamically stable complexes. Conversely, for the primary alkyl
ammonium chloride the most effective receptor is the diastereoisomer with th
two P=0O groups converging on top of the aromatic cavity. In the ngyolar DCM
solvent, the size of the quaternary cation has a strong impact in the
thermodynamic stability of the complexes and their binding geometry. We also
report that the 1:1 complexes of the bis-phosphonate out-out host with the
chloride salts have aseparatedarrangement of the bound ionpair. In contrast,
those of the thebis-phosphonate in-in host display aclosecontact arrangement.
We also investigate the same complexation process in acetonitrile (CHCN)
solution. The receptors show an analogous trend in their binding affinities for
guaternary phosphonium/ammonium chloride salts to the one seen in DCM
solution. However, in CHCN solution the magnitude of the binding affinities is
significantly reduced and the size of the cation does not have an important effect
on them. The preparation of more complexetra-phosphonate calix[4]pyrroles
reveals dynamics, thermodynamics and complex geometriesimilar to the bis
phosphonate cavitands However, the binding studies confirm that four

phosphonate walls ensure stronger binding of tetraalkyl
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phosphonium/ammonium chloride guests respect to only two walls Chapter3. In
Chapter 4we present the design and synthesis of new derivatives of mamyclic
triazolophane receptors. Although they bear only triazoleand phenytderived CH
hydrogen bond donors, these receptors show good binding strengths towards ien
pairs. We then report the preliminary NMR spectroscopy binding studies toward
the linear bifluoride anion (HF>") in polar solvents. InChapter 5we show that aryl
extended calix[4]pyrroles are also able to form highly stable complexes with-
oxides of N-methylmorpholine (NMMO). The inclusion of the high energy
conformer of the NMMO(not observed in the NMR timescale at room temperature)
represents an interesting tool to examine and manipulate the properties of small
molecules in confined spaceChapter 6presents the design and synthesis of a novel
class of resorcinarene supramolecular catalys. In particular, we show the
complete synthesis of Terpyridine and Salphen derivatives for possible future
applications in the catalytic epoxidation of unsaturated substrates and acylation

reaction of acetylcholine, respectively.

Finally, the summary am concluding remarks of the work presented in the thesis

are provided atChapter 7
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CHAPTER I

Synthesis and Binding studies of Bis-Phosphonate
Calix[4]pyrroles '

' The work presented in this chapter has been publised in J. Am. Chem. Sp2012, 134, 13121.






Bis-Phosphonate Calix[4]pyrroles

2.1 Introduction

Cdix[4]pyrroles are a well known class of neutral receptors for selective anion
binding.! In the free state, calix[4]pyrrole receptors exhibit different types of
conformations i.e. 1,3alternate and conez2 Anion binding fixes the calix[4]pyrrole

scaffoldinto the cone conformation# In this conformation, the calix[4]pyrrole unit

displays a bowtshaped cavity delimited by the four pyrrole rings opposite to the
bound anion. This shallow and electrofrich aromatic cavity begs for the inclusion
of electropositive guests. Aryl-extended calix[4]pyrroles 1 are obtained by
substituting each of the four meso carbon atoms of the parent octamethyl
compound 2 with one aryl group. This substitution results in four possible
configurational isomers displaying either a suplementary cavity or a cleft, defined
by the fixed aromatic walls® When the | h | {fsgnfers of aryl extended

calix[4]pyrroles adopt the cone conformation, the additional deep aromatic cavity is

open only at one end. The closed end of the deep aromatic cavity is delimited by four

convergent pyrrole NHs Figure 21).

Figure 2.1. 3000OAO00AO T14Asomé&EA aryl-dxtgnded ﬁcalix[{leyrrole and of the
octamethylcalix[4]pyrrole 2 involved in the formation of anonic complexes \ith chloride.

The size and volume of thisendo functionalized cavity is large enough to include
halides. Similarly to the process described for the parent calix[4]pyrroles, the
inclusion/binding of the halide by the ; h 4 {isgnter fixes the receptor in the cone
conformation inducing the formation of a shallow and electrorrich aromatic cavity

opposite to the anion in the negatively charged complex.
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Bis-Phosphonate Calix[4]pyrroles

Bisphosphonate bridged cavitands and their tetraphosphonate analogs, derived
from resorcin[4]arene are known to be excellent molecular receptors for cationic
species such as ammoniuf? or methylpyridinium 82 or even neutral guests like
alcohols101112.13 The number of bridging P=O groups, placed at the upper rim of
resorcin[4]arene scaffold, in combination with heir relative orientation with
respect to the aromatic cavity are crucial in defining the binding properties of the
receptors. In particular, high stability constants were measured for
supramolecular complexes involving intracavity ammonium and methylpyriclim
guests if complexation occurs through the cooperative effect of several converging
and inwardly directed P=0O groups. Hydroge#bonding and/or cation-dipole
interactions established by the P=O groups and the included organic cation are
assisted by additonal cationp interactions with the aromatic rings of the

resorcinarene cavity.

We present here the design of unprecedented ditopic receptors for iepair
recognition. We combined the known anion binding properties of arykextended
calix[4]pyrrole receptors 1 with the recognition characteristics displayed by
resorcin[4]arene phosphonate cavitands like3ii towards alkylammonium cations
(Figure 22). Our synthetic plan involved the installation of several phosponate
groups in the upper rim of an arylextended calix[4]pyrrole scaffold. The
phosphonate groups would be introduced as bridges between two adjacentesce
phenyl substituents similarly to the approach used in the resorcin[4]arene based
receptors4 The introduction of the phosphonate bridges should preorganize the
aromatic cavity of the aryl extended calix[4]pyrrole receptors by reducing the
number of potential conformations and providing a cavitandike structure. We
expected that the phosphorylated upper rimmstalled in the 4ii diastereoisomer of
a calix[4]pyrrole based cavitand and its deep aromatic cavity, functionalized with
four convergent pyrrole NHs, could act cooperatively for the selective inclusion of
ion-pairs. The resulting ionpaired 1:1 complex wa& expected to display a

preferential contactbinding arrangement of the ions.
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Figure 2.2. Energy minimized structures of two bisphosphonate cavitands: aBii designed for the
recognition of methylalkylammonium using a calixfijarene scaffold and b)4ii, designed for ion
pa|rffr|eé:ogn|t|on of “alkylammonium chloride salts, based on an aryl extended calix[4]pyrrole
scaffold.

2.2 Results and Discussion

We describe here the synthesis of the new family of argxtended calix[4]pyrroles
4 with two phoshonate groups as bridging groups in their upper rim. Three
stereoisomeric receptors displaying different configurations of the two P=0 groups
(ii, io, oowhere i = in; 0 = ou} have been prepared. We also disclose éhbinding
properties of the three stereoisomers of4, both in solution and in the solid state,

with several alkylammonium ion-pairs.
2.2.1 Synthesis

We encountered serious synthetic difficulties in the installation of four
phosphonate groups to the upper rim of the known tetramethyl calix[4]pyrrole-

resorcinarene hybrid1> For this reason, we selected tetrolla as an alternative
parent aryl extended calix[4]pyrrole for the installation of only two phosphonate

bridging groups.

The original synthetic pathway for the preparation of phosphonate cavitandst

consisted in a two step procedure already applied in the preparation of
phosphonate resorcinarenes $cheme 21).1617 First, | h | Hig Wag reacta for 3

hrs at 70 °C with dichloro(phenyl)phosphine using freshly distilled pyridine as

solvent. This reaction is expected to yield dbridged phenylphosphinito cavitands

(P-bridge receptors) as a mixture of stereoisomers. The obtained mixture was

oxidizeA OET OEOO6 AU AAAEOQGEIT 1T &£ A pdp OI1
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chloroform to give the corresponding mixture of stereocisomers obis-phosphonate
cavitands 4. Disappointingly, the two step synthetic strategy leaded to the
formation of more complex reacton mixtures than the single step protocol. The
isolation of pure steroisomers of4 from that mixture was tedious and very time
consuming. In addition, we detected in the two steps reaction crude the presence
of thermodynamically highly stable inclusion conplexes of pyridine-N-oxide with
the stereoisomers of 4. These inclusion complexes even survived column
chromatography. Single crystals of the pyridineN-oxide inclusion complex with
4io suitable for Xray diffraction grew from acetonitrile solution. The pyridine -N-

| 2QEAA 1 0060 AA DOl AOGAAA AOOEIT ¢ -phasphinido E 1

cavitands because we used pyridine as solvent in the first synthetic step.

(@)
mh
O
(@]

Additional efforts to optimize the two step reaction conditions (less harsh
oxidative conditions, use of a bulkier base like 2;8imethyl pyridine, addition of a

co-solvent) resulted useless.

Scheme 21. Synthetic scheme for the proposed preparation obis-phosphonate calix[4]pyrrole
receptors and solid state structue of the |ncI_u5|on_com?Iex of pyridineN-oxide (shown In° CPK)
with the phosphonate stereoisomer4io. The inclusion of theN-oxide in the deeP aromatic cavity
induces the receptor to adopt the cone conformation. Note that one molecule of acetonitrile is
bound opposite to the includedN-oxide in the shallow cavity defined by the pyrrole units of the
calix[4]pyrrole cone conformation.

Subsequently, the synthesis of the three diastereoisomeric phosphonate cavitand

receptors 4 was achieved as depicted ischeme 2.
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R'" R2 R® R*

4i =0 Ph =0 Ph
4o =0 Ph Ph =0
400 Ph =0 Ph =0

Scheme 22. Synthetic scheme for the preparation dbis-phosphonate calix[4]pyrrole receptors 4.

meta-Hydroxyphenylmethylcalix[4]pyrrole 1a was ddtained as a mixture of
configurational isomers by condensation of freshly distilled pyrrole with 3
hydroxyacetophenone under acidic conditions following literature procedures$
The configurationally pure| h | fig idomer was isolated by crystallization of the
mixture of isomers from acetonitrile solution. Room temperature reaction of the
1 hy fia tetrol and dichloro(phenyl)phosphane oxidel® in the presence of
triethylamine in tetrahydrofuran solution during two hours produced a mixture of
the three bis-phosphonate stereoisomersdii, 4io and 400. Each pure steroisomer
was isolated by semipreparative HPLC (Spherisorb silica 250 x 20m, 5 nm)
using DCM:MeOH 99:1 as eluant and crystallized from acetonitrilgolution in

yields ranging from 10 to 25% Eigure 2.3).

63



Bis-Phosphonate Calix[4]pyrroles

POio: in-out ®

Figure 2. 3 Normal phase- HPLC chromatogram ofthe three bis-phosphonate stereoisomers
separatedusing DCM MeOH99 : 1 as elient mixture at 19 mL/min.

2.2. 2 Configuration al assignment

We performed the configuratioral assignment of the three diastereoisomers of
by a combination oftH NMR spectroscopy and single crystal-bay crystallographic
analysis. h all cases, the calix[4]pyrrole core adopts the cone conformation with
one molecule of acetonitrile included in the deep aromatic cavity and hydrogen
bonded to the four pyrrole NHs. In the solid state, the fourteen membered rings
delineated by the bridged phosphonate-group, two mesephenyl groups, their
corresponding mesaecarbons and one pyrrole ring showed a preferred
conformation in which the phenyl substituent of the phosphorous atoms is
directed away from the pyrrole unit. This conformation is observedfor all the
macrocycles.Receptors4ii and 400 possessGy symmetry and showed a reduced
number of proton signals in their’lH NMR spectra compared tdio. We performed
the complete assignment of the signals observed in thtH NMR spectra of the
three stereoisomers by means of 2D experimentsigure 24 shows the downfield

region of thelH NMR spectra of thetio stereocisomer havingG symmetry. Three
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AOT AA OET CI AOGO OAOT T AOET ¢ AOQ aftjve iltensjtissc wh @8
1:2:1 were assigned to the NH protons. The two pyrrole rings not involved in the

14-member | AAOT AUI A O-pyrfole Qoilors Uthatrare chemically non
equivalent (H, Hq AT A xAOA AOOECiT AA O1 OEA OECT Al O
ppm. On the contrary, the other two pyrrole rings that are included in the
macrocycles although experiencing different magnetic environments have

AEAT EAAT 1 U-DAUDOEOAMA AAd i 108 7A AOOECGT AA OEA
8¢t AT A ¢ 8 ¢pyroB protdd$ Hq &nE B ofrthe pyrrole rings in the

macrocycles containing the phosphonatén and phosphonateout bridges,

respectively. The3lP NMR ofdio displays two different signals resonating atd =

15,5 and 13.2 ppm corresponding to the two chemicall non-equivalent

phosphorus nuclei. The signals of th@rtho-protons in the two chemically non

equivalent phenyl phosphonate groups show the signs é&.+ (~ 14 Hz) coupling.

8.0 7.‘5 7.0 6.5 6.0 [ppm] 16 14 12 [ppm]

Figure 2.4. Selected downfield region of thetH-NMR and3!P-NMR spectra (400 MHz) of thedio
stereoisomer at 298 K in DCM solution. The proton assignment is shown in the molecular structure
of the 4io receptor represented on top.

In Figure 25 is reported the downfield region of the 1H NMR and the3lP NMR
spectra of the4o0 stereoisomer. Two broad singlets resonating at) E ws8nt Al A

7.49 ppm with relative intensities 1:1 were assigned to the NH protons. The two
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pyrrole rings not involved in the 14-member macrocyles display chemically
equivalent [ -pyrrole protons (H.q AT A xAOA AOOECT AA O OEA Ol
= 6.32ppm. On the contrary, the protons ldof the other two pyrrole rings resonate
AO 1 E v 8U¥RINMRDBHO08 displayLonly one signal resonating atl = 12.5

ppm corresponding to the two chemically equivalent phosphorus nuclei.

Figure 2.5. Selected downfield region of the'H-NMR and3!P-NMR spectra (400 MHz) of thetloo
stereoisomer at 298 K in DCM solution. The proton assignment is shown in the molecular structure
of the 400 receptor represented on top.

Finally, we report the IH NMR and the3lP NMR spectra of thetii stereoisomer.

Only onesinglet resonatingaty E y8py HBHBIi EO T AGAOOGAA &I O «
pyrrole protons of the two pyrrole rings not involved in the 14-member

i AAOT AUl AO 9610 ppmAdD Ae dodirary, the protons HOA OT T AOA A0
= 6.05 ppm. Themesoephenyl protons H, andHe are shifted upfield at 6.94 and 6.96

ppm respect to the 400 stereoisomer (K= 7.18 ppm and H = 7.22 ppm). We

attribute this change of chemical shift to the different environment that these

protons explore when the oxygens of the phosphonate groups point insdthe

cavity of the4ii isomer. The 31P NMR ofdii shows only one signal resonating adl =

14.64 ppm corresponding to the two chemically equivalent phosphorus nuclei.
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1H 31P
H, H. fel He
H
H, H, H Hj H\q h
YU
go 75 70 " 65 60 Ippml 420 1.5 [ppm]

Figure 2.6. Selected downfield region of the!H-NMR and3'P-NMR spectra (400 MHz) of thetii
stereoisomer at 298 K in DCM solution. The proton assignment is shown imet molecular structure
of the 4ii receptor represented on top.

The receptors showed a moderate tendency for aggregation in dichloromethane
solution. We performed dilution experiments in the range of 1 mM to 14 mM using
IH NMR spectroscopy. The fit of the chemical shift changes observed for selected
signals of the protons to a simple dimerization model allowed us to estimate
dimerization constant values of the order 1050 M1. We considered the tendency
to aggregation (< 10%) observed for these receptors to be negligible at the
concentrations (~ 1mM) typically used for the binding experiments. In particular,
OEA /EE O -pyiroic pvtords chemical shift of the 4io stereoisomer by
HyperNMR software allowed us to estimate a constant for the formation of the
dimer specie ~ 15 M. When the concentration of4io is ~ 5mM, that represents
the highest concentration at which we performed the experiments, ogl 13% of
dimer is formed in solution. The trimer specie stars to appear at a concentration

of 4io higher than 7mM with a constant K~ 100 M1,
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Figure 2.7. Speciation curve ofdio obtained by fitting the data of'H NMR diluion experiments.

YT OEA OAI A x Apyholicotdns deEndicalishilt ofatie Aoo and 4ii
stereoisomers by HyperNMR software revealed that the dimerization process
occurs with a constant of ~16 M1 and 32 M1, respectively. At a concentratiorof
receptor of ~ 5mM, only 14% and 20% of dimer is formed in solution. The trimer
specie start to appear at a concentration ofoo higher than 8 mM with a constant
K~ 100 M1,
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Figure 2.8. On the top: a) Speciation curvef 400 obtained by fitting the data of!H NMR dilution

experiments. On the bottom: b) Speciation curve oflii obtained by fitting the data of!H NMR

dilution experiments. At 5 mM of 4ii, that represent the highest concentration at which we
Performed the experiments, about 20% of the dimer specie is formed (k 32 M-1). The trimer is

ormed at a concentration ofdii higher than 10mM (K~ 1000 M1).

2.2. 3 Binding studies
Aryl-extended calix[4]pyrroleb

Before undertaking the studies of the binding properties of the series of
diastereoisomeric receptors 4 with alkylammonium salts in dichloromethane

(DCM) solution, we decided to investigate the complexation of these guests with
aryl-extended calix[4]pyrrole 6 (Figure 21). The goal of this study was twofold. On

the one hand, we wanted to determine or estimate the binding constant values of

the complexes formed between more conformationally flexible aryl extended
calixpyrrole 6 and the salts in ron-polar solvent to be able to use them as
references in the forthcoming study of receptorsd. On the other hand, we were

EAAT O AAOAOI ET A OEA EIT &£ OATAA OEAO OEA
constant values of6. Our previous studies with arylextended calix[4]pyrrole

receptors and chloride quaternary ammonium salts were performed in acetonitrile

j'#.qQ OI1 OOETT ATA xA AEA 110 AOAIXOAOA OE
It is worth noting that Sessler, Gale, Schmidtchen et?f recently described the
AGEOOAT AA 1T £ OOAOOAT OEAT AAOEI T80 OEUA 11A¢
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mesaeoctamethylcalix[4]pyrrole 2 with alkylphosphonium and alkylammonium

chlorides salts in nonpolar solventsi.e. DCM.

n
o O-R F,*
L - weN. ol
/P\Cl 7
7+Cl; TMPCI R = CgHy7; 9eCl; OTMACI

R = CyoHas:10eCl; DTMACI

R

\/\NHCI/ Huu-rL+ c”
A

© 6]
= . 11 .
R goci TBAGI 1= CsHiri 11+Cl; OAMCI

R<

a,a,a,a—ﬁ; R= CH2C02CH3

Figure 2.9. Line drawing structures of arylextended ¢
chloride gMPCI) 7TE#1 h OAOOCAAOOU]
chloride (OTMACN9E #| h AT AAAU

chloride (OAMCN11E # 1 8

The addition of less than one equivalent of TMP(Y, El, to a 1mM DCM solution of
6 produced separated proton signals for the free and bouh receptor. This
observation indicated that the chemical exchange between free and bound host is
slow on the IH NMR timescale. Similar exchange dynamics were observed in the
complexation of chloride with closely related arylextended calix[4]pyrrole
receptors in ACN solutior?® We determined the stoichiometry of the formed
complex as 1:1 and estimated an association constant valug.exp) larger than 104
M-1 because in the presence of one equivalent of TMPCllprihe signals for the
bound receptor were detected in thelH-NMR spectrum of the mixture. The
inclusion of the chloride in the deep aromatic cavity o6 was evidenced by the
observation of a strong downfield shift in the signal of the NH protons and

moderate upfield shifts for the phenyl protons of the bound receptor.
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Figure 2.10. Sections of thelH-NMR spectraacquired during the titration of 6 with TMPCI: a) 0
equivalents; b) 0.5 equivalents; c) 1 eguwalent; d) GOESY exjpeent with selective excitation of
the signal of the methyl protons of TMP of c. Top: Proposed binding geometries for the ipaired
TMPCI@ complex in DCM solution 1) iorseparated, 2) close contact.

Because we were working in a notpolar solvent (DCM), ve considered that the
1:1 complex should have an iofpaired nature. Evidence of the concomitant
complexation of the cation could be inferred from the upfield shift experienced by
the signal of the methyl groups of TMP. To map out the preferred location tife
TMP cation in the solution binding geometry of the 1.1 complex, TMPC&@we
performed GOESY (gradient enhanced nuclear Overhauser effect spectroscopy)
experiments (Figure 210 d). Selective irradiation of the gynal of the methyl
groups of bound TMP produced inverted signals for several protons of the bound
receptor. This result is indicative of the existence of intermolecular contacts
between the protons of TMP and the receptor due to their close spatial proxity

in the complex. In particular, the negativeNOET A O A O O A A -pyiEbleprodisA
and the mesemethyl groups suggested the placement of the TMP cation in the
shallow, electron rich aromatic cavity defined by the four pyrrole rings opposite to

the included anion. Likewise, irradiation of the signal for themesemethyl protons
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of 6 induced a weak but detectable negative intermoleculaNOEpeak to the TMP
protons. Taken together, these results gave support to a putative binding geometry
for the 1:1 ion-paired complex in DCM solution exhibiting an iorpair separated
arrangement (Figure 210 - 1). However, the same GOESY experiment also revealed
the existence of intermolecularNOEsbetween the TMP protons and the siggls of
the methyl and -methylene protons of the ester groups 06. These intermolecular
contacts suggested that, in solution, the TMP cation might also be complexed, to a
certain extent, close to the COOMe groups 6f(ion-dipole interactions and CH---O
hydrogen bonds). Based on the latter result, we propose an additional binding
geometry in solution for the 1:1 complex. In this alternative geometry the iopair
displays aclosecontactor intimate arrangement of the ions, both being included in
the deeparomatic cavity of receptor6 (Figure 210 - 2). Unfortunately, the relative
proportion of the two proposed binding geometries for the 1:1 complex, which
probably co-exist in solution, cannot be exactly determinedfrom the results

obtained in the GOESY experiment.

In striking contrast with the observations presented above, the addition of one
equivalent of TBACL Y El, to a 1 mM solution of6 in DCM did not produce
noticeable changes in the chemical shift values dfie proton signals of the aryi
extended calix[4]pyrrole receptor. In particular, thelH NMR titration of a 14.6 mM
solution of 6 with incremental amount of TBACI showed fast exchange dynamics
for most of the protons of the host. The titration data were fied by HyperNMR
software to a 1:1 binding model affording a Kexp= 1+0.2 x 16 M-1. We report in
Figure 211 the speciation curves corresponding to the titration. After addition of
10 equivalents of TBACI, only35% of host is present as complex (blue curve),

while the missing 75% is still free (green curve).
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Figure 2.11. Plot of the chemical shift changes experienced by the signal of the aromatic proton Hc
at)] 6B ppm in themeso-phenyl substituent of [6] = 14.6 mM (black circles) upon titration with
incremental amounts of TBACI.

This finding indicated that in DCM solution the binding affinity of receptor6 for
TBACI is strongly reduced compared to TMPCIlsAnentioned above, Sessler, Gale,
Schmidtchen et al. already noticed strong counter -catieaffects in the
complexation of 2 with ammonium salts. They reported association constants
values of the order of 168 M-1and 1% M-1 for the complexes of2 with OTMACI and
TBACI, respectively. A likely explanation for this significant countecation effect
was put forward by the same authors suggesting a stepwise binding mechanism,
whereby the calix[4]pyrrole receptor 2 binds the chloride anion initially to form a
cone-conformation 1:1 complex with an electronrich bowl-shaped cavity opposed
to the bound chloride. The formed 1:1 anionic complex subsequently interacts with

the cation to yield an iorpaired complex Scheme 23).
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A" = anion; C* = cation

Scheme 23. Proposed equilibria involved in the solution binding of ionpair salts in low dielectric
constant solvents with ditopic receptor meseoctamethylcalix[4]pyrrole 2.

The magnitude ofthe latter cation complexation is strongly dependent on the

i AOAE AAOxAAT OEA AAOEOU AT A OEA AAOEIT G860 «
is expected for both the organic salt and the 1:1 complex. The assumption that

relatively large cations are moreprone to dissociation in nontpolar DCM solution,

thus increasing the available concentration of free anion proved to be inconsistent

with the reported data and also with the results described here.

A mathematical treatment of the equilibria involved in thecomplexation of ionic
species in low dielectric constant media by neutral guest, which explicitly
considers both ion pairing processes (1) and (2) has been reported and validated
experimentally.22 The study demonstrated that the existence of ioipairing
processes in solution provokes that the experimentally determined values in the
form of Kaexp (3) are concentration dependent. For this reason, the application of
the complete equilibrium treatment requires the determination of Kaexpvalues in
different range of concentrations. In this and the following sections of the chapter,
we do not explicitly consider in the calculation of the reported association constant
values the ionpair dissociation equilibrium of the salt (1) or the ionpairing
equilibrium yielding the neutral 1:1 complex (2)22 We were restricted by the
solubility of the receptors and the sensitivity of!H NMR spectroscopy to use a

reduced range of concentrations for our investigations. For this reason and as
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frequently encountered in literature, the values reported here for the association
constant in DCM solutions correspond to experimental binding constankaexp, of

the form:
H (host) + CA = HECA:; Ka,exp= [H EC*A']/ [H] [C *AT] in M1 units (3)

This treatment implicitly assumes thatthe salt ion-pair is the active component
and that the complex is fully ionpaired (an equivalent expression applies when
both the guest salt and the complex are 100% dissociated (see solvent effect),

however, is quite improbable in low dielectric constah solvent).
Bisphosphonate calix[4]pyrrolegt

The interaction of the three stereoisomers o4 with TMPCI, x El, was probed in
DCM solution using!H NMR and3!P NMR titrations. We initially focused in the
evaluation of the binding properties featured by tle stereoisomer4ii, specifically
designed to function as a ditopic receptor for TMPCI. Nevertheless, we also
considered the binding properties of the other two stereisomergloo and 4io with
TMPCI. These two latter hosts were very useful in teaching us basessons on the
fundamental nature of the interactions driving ionpair recognition with bis-
phosphonate calix[4]pyrrole receptors 4. The three stereomeric caviatnds} are
readily soluble in DCM. Titration experiments were performed by sequentially
adding 0.5 and 1 equivalent of TMPCI to NMR tubes containing individual DCM
solutions of each stereoisomer. The initial addition of 0.5 equivalents of TMPCI to
4ii induced the appearance of a new set of proton signals in thel NMR spectrum
of the mixture and two new phosphorous signals in it$1P NMR spectrum. The new
signals in the31P NMR spectrum were assigned to the phosphorous atoms of
bound 4ii (broad, d= 12.9 ppm) and the phosphorous atom of TMRIE 24.3 ppm)
involved in the TMRO@4ii complex. The phosporous atoms of freedii and free
TMPd resonated atd = 14.6 ppm andd = 26.9 ppm, respectively. In turn, the new
set of proton signals was assigned to the protons of the bound receptor in the
TMPCIl@tii complex. The integral ratio of proton signals for tk free and bound4ii
was 1:1. The signals of the bound pyrrole NHs experienced significant downfield

shifts (Dd > 3.5 ppm) as a result of their involvement in the formation of hydrogen
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bonds with the included chloride. One of the signals of the-pyrrole protons and
all the signals of the aromatic protons of thenesephenyl substituents of4ii also
experienced noticeable upfield shifts in the bound receptor. On the contrary, the

signals of the phenylphosphonate protons were almost unaffectedKigure 212).
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Figure 2.12. Selected regionsof the 'H and 3P NMR spectra acquired during the titration o#ii
with CITMP: a) 0 equivalents; b) 0.5 equivalents; and c¢) 1 equivalent added.

Taken together, these observations suggested the existence of a conformational
change of the calix[4]pyrrole core in the freedii, probably from 1,3alternate to
cone, induced by complexation with TMPCI. The observation of separate proton
signals for the free andbound receptor 4ii indicated that the chemical exchange
between them is slow on thelH NMR timescale. We had observed a similar
exchange dynamics with aryl extended calix[4]pyrrole5. In addition, the signal of
the methyl protons of the TMP cation experieced a significant upfield shift ¢ =

1.16 ppm;Dd = - 1.01 ppm). The addition of one equivalent of TMPCI induced the
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exclusive observation of the signals assigned to the proton and phosphorous atoms
in the TMPCI@ii complex. This results indicated that thevalue of the
experimental association constantkaexp for the TMPCI@tii complex is higher than
104 M-t and cannot be measured accurately biH NMR titrations.When more than

1 equivalent of TMPCI was added the chemical shifts of the proton signals oéth
bound 4ii receptor were not affected, however, the proton signal of the methyl
groups of TMP cation and its phosphorous atom shifted downfield. This
observation was indicative of the existence of a fast exchange on thd NMR
timescale between free and bund TMP cations. The observation of different
exchange dynamics between free and bound receptor and between free and bound
cation pointed to the existence of two different exchange processes. Due to the
inclusion of the anion in the deep aromatic cavity ©4ii, the chemical exchange
between free and bound host requires a conformational change of the
calix[4]pyrrole core.24 Conversely, the chemical exchange between free and bound
TMP cation can occur without this requirement. The TMP cation is located at the
periphery of the anionic inclusion complex, either close to the phosphonato groups
of the upper rim or partially included in the shallow aromatic cavity distal to the
bound anion that is defined by the pyrrole rings of the calix[4]pyrrole core in cone
conformation. A 2D ROESY experiment carried out in the sample containing 1
equivalent of TMPCI revealed the existence of negative cross peaks between the
doublet of the methyl protons of TMP and the aromatipara protons (He) of the
mesephenyl substituent panting towards the upper rim of the receptor. The
existence of such intermolecular close€ontact testified for the preferred location

of the TMP cation close to the upper rim and the inwardly directed phosphonato
groups of 4ii, experiencing both cationdipole with the phosphonate groups and
charge-charge interactions with the included chloride. We concluded that the
preferred binding geometry of the TMPCI@ii complex in solution is that of a

closecontaction-pair arrangement.

77



Bis-Phosphonate Calix[4]pyrroles

H
H e
9
H, H,

£
Q
2
+ /\ E
TMP SRR A T ~
\J -
x
©
A °

meso-CH, (N

\V |
\J o
N
7.0 6.8 6.6 6.4 6.2 6.0 5.8 F2 [ppm]

Fi?ur_e 2.13. Selected region of a 2BROESY experiment performed on a 4/&M dichloromethane
solution of 4ii containing 0.9 equivalents of TMPCI.

Single crystals of the TMPCIdi complex suitable for Xray diffraction were grown
from dichloromethane solution. The binding geometry proposed in solution is
supported by the formation of theendo-cavity anionic complex TMPCI@ii in the
solid state. Unfortunately, the packing of the crystal showed the formation of a
columnar motif of TMPCI@ii complexesand did not provide an unambiguous
response to the preferred placement of the TMP cation with respect of the anion in
the solid-state (Figure 214).
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Figure 2.14. Section of the crystal packingf the TMPCI@ii complex. The columnar arrangement
of the TMPCI@ii complex does not allow distinguishing the preferred charge neutralization with
the TMP cation located in the upper rim or in the shallow aromatic opposite to the included anion.
For clarity, hydrogen atoms and solvent molecules are removed.

The general dynamics and thermodynamics trends observed in the NMR titrations
of stereoisomer4io and 400 with TMPCI paralleled those described above fofii .

It is worth noting, however, that when 0.5 @ 1 equivalents of TMPCI are added to 1
mM dichloromethane solutions of4io and 400 the chemical shift value of the
signal corresponding to the methyl groups the TMP cation is noticeably upfield
shifted (d° 0.67 ppm;Dd =- 1.5 ppm) compared to the one rgistered in the case
of 4ii (d=1.16 ppm;Dd=-1.01 ppm) as shown inFigure 215.

79



Bis-Phosphonate Calix[4]pyrroles

IH S‘P

d) ’
ﬂ Free TMPCI

c)

Aot et TMPCI @i

b) l
J ettt TMPCl@4io
a)
‘ ———\\—— —— — e : et ~ TMPCI@400
25 1.0 05  [ppm] 28 26 24 22[ppm]

Fig?ur_e 2.15. Selected regions of théH-NMR and3'P-NMR spectra of a 4.6nM dichloromethane
solution of a)400, b)4io and c)4ii with 0.5 equivalents of TMPCI added, d) free TMPCI.

2D ROESY experiments performed on equimolar dichloromethane solutions of the

receptors 4io or 400 with TMPCI displayed intense crosgpeaks between the signal

of the methyl protons of TMP and the signals of the -pyrrole protons of the

receptors (Figure 216). The observed intermolecularNOEcross-peak between the

protons of TMPPAT A @O O 1 EA DPOT O1 1T O4op indicatdthal Ad q T A
the cation is preferentially located in the calix[4]pyrrole cup opposite to the bound

chloride. For the 4io receptor a much weaker cross peak was also spotted between

the signals of TMP and thepara aromatic proton in two of the mesoephenyl

substituents, indicating that placement ofthe cation within the ion-paired complex

can take place in two possible binding sites
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Fi?ur_e 2.16. Selected region of a 2EROESY experiment performed on a 4:8&M dichloromethane
solution of: a) 4i0 with 1.0 equivalens of TMP Ib‘) Selected region of the 2EROESY experiment
performed on a 4.6mM dichloromethane solution of4oo with 0.5 equivalents of TMPCI.

Taken together, these results suggested that, in solution, for the 1:1 complexes
TMPCl@loo and TMPCl@io the TMP cation is preferentially located in the
shallow aromatic cavity defined by the pyrrole rings stabilized by catiomp
interactions. In the specific case of the TMPCHUa complex, the binding geometry
locating the TMP in the upper rim close to the inwardly mlected phosphonato
group was also detected. In short, the energetically favoured binding geometries
for the complexes TMPCl@o and TMPCI@oo in solution displayed an ionpair
separatedarrangement. The formation of chlorideendocavity complexes with4oo
and 4io receptors in solution was supported by the structures of the complexes
obtained in the solidstate. Disappointingly, the columnar motif displayed by the
packing of the crystals of the complexes TMPCHh@o and TMPCI@tio was not
conclusive in resolvng the issue of the preferred placement of the TMP cation also

in the solid state Figure 217).
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Figure 2.17. Sections of the crystal packing of the: a) TMPCH@o complex and b) TMPCl@io . For
clarity, hydrogen atoms and solvent molecules are removed. Chloride is shown as CPK model.

The results of1H and3IP titration experiments performed between the series of
receptors 4 and methyl pyridinium chloride as guest parallel the observation
made for TMPCI.

/0

MePyr@2o0 MePyr@2io MePyr@2ii

Figure 2.18. Sectiors of the crystal packing of the MethEIPyridinium Chloride@4o00,
MethylPyridinium Chloride@4io and MethylPyridiniumChloride@4ii . For clarity, hydrogen atoms
and solvent molecules are removedChloride is shown as CPK model.

The inclusion complexes formed in solution were supported by the obtained sokld

state structures. The columnar motifs displayed by the complexes in the packing of
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the crystals did not help in clarifying an unambiguous plagaent of the cation in

the complexes Figure 218).

The ditopic character of 400 was also evidenced in ESMIS experiments of a
solution containing TMPCI. We used negative and positive detection modes with
capillary voltages form 0500 V. We observed iofpeaks at m/z 1019

corresponding to the anionic complex C@400 in negative ESI

1 ppm CH3CN

111004m_2PO0oTMPCl-neg (0.000) Is (1.00,1.00) C60HS0NAOGP2CI TOF MS ES.
1019.3 3.76e12)
1004
1020.3
10213
LS
10223
10233
0
111004m_2P000TMPC-neg 216 (2.168) Cm (216:241-21:46x5,000) TOF MS ES-
1004 1092 8.33e3|
10202
10212
=|
1022.2
10z3:2 1024 1
101395106 10150 1070 1017710178 | 10197 1023.1. | 1023z O T08 40260 1074 ygp 1 j08a 1092
T T T T T T T T T T T T T T P E—
1014 1015 1016 1017 1018 1019 1020 1021 1022 1023 1024 1025 1026 1027 1028 1029 1030

Figure 2.19. Negative ESIMS Expansion at 5000V (at the bottom) and calculated isotopic
distribution (on th e top) for the ion peak with m/z 1019.2 corresponding to_the anionic complex
400 @Cl obtained by spraying a solution containing theloo sterecisomer and TMPCI.

While in positive ESI we detected the peak at m/z 1075 corresponding to the

cationic complex TMP@400.
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1 ppm CH3CN
111004m_2P00oTMPCI (0.000) Is (1.00,1.00) C60HS0N4O6P2C4H12P TOF MS ES+
1075.4 4.74e12|

100+

10764

10774

1078.4

o

111004m_2PQooTMPCI 350 (3.517) Cm (338:376-55:100x5.000) TOF MS ES+
1004 10753 2.81e4|

10763

1077.3

10715 10732 10743 10797

10783
1071.8 10727 1074.8 1078.2. 10783 1079.3 1081.1 10817 1082.3 10835,
1071 1072 1073 1074 1075 1076 1077 1078 1079 1080 1081 1082 1083

Figure 2.20. Positive ESIMS Expansion at 5000V (at the bottom) and calculated isotopic
distribution (on the top) for the ion peak with m/z 1075.3 corresponding to the cationic complex
400 @TMP obtained by spraying a stution containing the 400 stereocisomer and TMPCI.

In order to rank the magnitudes of the binding affinities of receptor seriegd with
TMPCI, we performed pairwise competitive binding experiments. We prepare€l
mM solutions containing a close to equimolamixture of two bis-phosphonate
receptors and TMPCI in deuterated dichloromethane. The extent of chloride
complexation attained by each receptor in the solution was assessed usitd and
31P NMR spectroscopy. As commented above, the interaction of receptdrsvith
chloride induced a considerable downfield shift of the NH proton signals. The NH
protons in chloride-bound receptors 4 resonated in the region of 1612 ppm
completely separated from the rest. In any combination of two receptors, we
observed two different sets of signals corresponding to the NH protons hydrogen
bonded to chloride in each one of the TMPCKcomplex (Figure 221). In the
aromatic region of thelH NMR spectra of the mixtures, we also could ideifi
separate signals for some protons in the free and bound state of both receptors. In
addition, the 31P NMR spectra of all solution mixtures displayed different signals
for the phosphorus atoms of the two receptors, both in the free and bound state.
The integral areas of selected proton signals for each receptor, in both free and
bound state, were used to calculate the ratio of association constant values for the
two TMPCI@! complexes present in the pairwise competitive experiments by

means of the followng equation (4):
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Ka,exd TMPCl@4xX)/ Ka,exd TMPCl@1yy )=
( FB(@xx)/FB(4yy) ) x ( FF@yy)/FF(4xx) ) (4)

FF= fraction free; FB= fraction bound

Because of uneverNOE enhancements of the signals by decoupling and long
longitudinal relaxation times, the 3P NMR spectra of the mixtures were only used
to qualitatively corroborate the relative extent in which the two TMPCI complexes
were formed in solution that we derived from thelH NMR analysis of the mixture.
We measured that Ka,exp(TMPCIdo) is approximately four-fold larger than
Ka,exp(TMPCI@ii) and that Ka,exp(TMPCl@io) is two-fold larger than to
Ka,exp(TMPCI@ii ). Consequently, Ka,exp(TMPCI&o) must be close to 2fold
larger than Ka,exp(TMPCI@io). The presumed ratio of constants was also
confirmed experimentally by a direct pairwise competition experiment between
400 and 4io. In short, the experimentally measured order of binding affinities for

the receptor series4 towards CITMP is as follows: Ka,exp(TMPCH@o0) °© 2 x
Ka,exp(TMPCI@#) ° 4 x Kagxp(TMPCIl@tii ).
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1 3
H P 4o00(bound)
a) M TMPCl@400
b) TMPCI + 400 + 4ii
4ii(free) 4o0(free)

c) TMPCl@4ii
4ii(bound)
I [ 1 [ ! T T T T T
116 11.0 [ppm] 14 12 [ppm]
4io(bound)
TMPCl@4io

J\J\_J\,__,WMMW

TMPCI + 4io + 4ii

dii(free)
Mm& 5

TMPCI@4ii
A 4ii(bound)
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Figure 2.21. Selected regions of théH and3P NMR spectra of: a) TMPCI@o b) TMPCI o0 +
4ii, c) TMPCI@ii , d) TMPCl@io, e) TMPCI #io +4ii, and f) TMPCI@ii .

This result was completely unexpected fo us. In fact our expectations were
completely opposite. We thought that thetii stereocisomer capable of binding the
ion-pair of the salt in aclose contacarrangement and providing stabilizing catior
dipole and CH---O interactions to the bound TMP moietyhen located close to the
upper rim should afford the more energetically favourable 1:1 complex, probably
followed by the steroisomer 4io. We rationalized the experimentally measured
order of binding affinities of the receptor series4 towards TMPCI by irvoking an
stepwise binding mechanism, as previously proposed for octamethyl
calix[4]pyrrole receptor 2. In the case at hand, however, we surmise that the
magnitude of the initial binding of the chloride anion to form the 1:1 anionic
complex is strongly degndent on the spatial orientation of the phosphonate
bridging groups. The subsequent complexation of the TMP cation and its

placement within the ion-paired 1:1 complex, which is indeed mandated by the
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spatial arrangement of the phosphonate groups of the stoisomeric receptor vide
supra, provided an almost constant energetic contribution to the overall binding. In
the 4ii stereoisomer the two oxygen atoms of the phosphonate groups are pointing
inwardly with respect to the deep cavity in which the chlorice is included. Most
likely, the existence of repulsive electrostatic interactions between the partial
negative charges of the inwardly directed oxygen atoms of the phosphonate groups
and their dipoles with the included chloride is responsible for the energetc
disadvantage of TMPCI@i complex with respect to TMPClI@o0 and TMPCI@io.
The orientation of the dipole moment of the phosphonate groups changes
substantially on the basis of the molecular structure of stereocisomerd. In this
sense, for thedio aand 4ii stereocisomers one or the two negative ends of the
dipoles assigned to the phosphonate groups, respectively, point towards the
included chloride. However, for thedoo stereoisomer is the positive end of both
dipole moments of the phosphonate groups thatre directed towards the included
chloride. Isothermal titration calorimetry (ITC) experiments allowed to quantify
the magnitudes of the binding constants for the receptor seried with TMPCI in
DCM solution. From the results of these experiments we were sal able to
determine the thermochemical data for the complexation. In general, the binding
processes showed a reduced heat release (heattime). We obtained a good fit for
the integrated heat to a theoretical binding isotherm corresponding to the
formation of a 1:1 complex. The inflection point of the sigmoideal binding
isotherms coincides with a molar ratio value close to 1. The obtained trend and
ratio of the determined binding affinity values are in complete agreement with the
results obtained in the mirwise competitive experiments that were analyzed byH
NMR spectroscopy Ka,exd TMPCl@00)= 8 + 1 x 16 M-1; DG =z 8.0 kcal/mol; DH =

Z 3.3 kcal/mol; TDH =z 4.7 kcal/mol; Ka,exd TMPCI@4i0) =5 + 1 x 10 M1; DG =7
7.7 kcal/mol; DH =z 3.1 kcal/mol; TDH =z 4.6 kcal/mol; Kaexd TMPCl@4ii) = 2 +
0.5 x 16 M-1; DG =z 7.2 kcal/mol; DH =z 1.9 kcal/mol; TDH =z 5.3 kcal/mol). All
processes were both enthalpically and entropically driven. The strong and
favourable entropic component measured for all compbeation processes suggests

that solvation/desolvation effects must play a crucial role.
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Figure 2.22. Raw data and binding isotherm for the ITC titration of aY MPCI into4o0, b) TMPCI
into 4io and c) TMPCI into 4ii. The titrations were performed in dichloromethane at 28C. The
enthalpy of binding for each injection is plotted against the ratio of concentrations of TMP@/

Counter-ion effect

As commented above, we also wanted to evaluate the effect that the size of the

cation present in the ionpair of the chloride saltused as guest produced on the

absolute and relative binding affinities with the receptor series. For this reason, we
investigated the complexation properties of the receptor series4 with two

additional chloride salts: I-dodecyltrimethylammonium chloride, 10E# 1 h $4 - | #1
and tetrabutylammonium chloride 8E#1 h 4" ! #1 8 4EA OAOOI 00

experiments with receptor series4 and DTMACI (dynamics, thermodynamics and

88



Bis-Phosphonate Calix[4]pyrroles

complex geometries) were analogous to the ones we described above for TMPCI.

By means of pairwse competitive binding experiments we determined the
following relationship of binding constants for DTMACI as guest:
Ka,ex{DTMACI@100) © 2 x KaexdDTMACI@4i0) © 4 x Kaexd DTMACI@4ii ). The
analogy of the results obtained with DTMACI and TMPCI as guestdicated that
although the two cations of these salts have different sizes both can be similarly
accommodated in the cationic binding pockets of the receptors. That is, if the
DTMA cation directs the long alkyl chain away from the binding pockets of the
receptor it becomes almost equal in size and shape to the TMP catidrDue to
statistical effects, however, we surmise that the complexes of receptors with
TMPCI should be slightly more stable thermodynamically than with DTMACI.

'H p

c) DTACI@4ii f dii(bound)

»

DTACI + 400 + 4ii

T =

a) DTACI@400 4oo(bound)
J -
1) 11 6 [ppm] 14.0 13.0 12.0 [ppm]
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H p
c) DTACI@4ii dii{bound)
A g
e S
b) DTACI + dio + 4ii dio(free)
/ 4ii(fk
a) DTACI@4io dio(bound)
~
‘\ .
Jlm_t%“. i .y
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FI ure 2.23. Selected regions of theH-NMR and3!P-NMR spectra in DCMI; solutions of: 1 a)
DTACI@too, b) an qu uimolar mixture of DTACI 400 + 4ii, c) DTACI@ii ; 2) a) DTACI@io, b) an
equimolar mixture of DTACI Hio +4ii, ¢c) DTACI@ii .

The results obtained in the complexation experiments of the receptor serieswith

TBACI are worth to be commented in more detail. Addition of 0.5 equivalent of
TBACI to separated 1 mM deuterated dichloromethane solutions of the three
stereoisomers produced the appearance of diagnostic signals of complex

formation, in the correspondingH NMR spectra of the mixtures. For the three

cases, the exchange dynamics of the complexation processes were

slow/intermediate on the IH NMR timescale. We observed separatedgsals for
some protons in the free and bound receptors and broadening of other proton
signals. Integration of selected proton signals for free and bound receptor after
addition of 1 equivalent of TBACI, allowed us to estimate that the binding constants
Kaexpfor TBACI@t o0 is in the order of 1G* M-1. 2D ROESY experiment showsOEs
AAOxAAT OEA | Al Awitly the® Qyrr@i¢ pradonsi (H&) ot Bound
400 indicate that the cation is located in the cup of the calix[4]pyrrole opposite to

the bound anion.
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Figure 2.24. a) Selected re?ions of théH-NMR and3!P-NMR spectra ofa 3.45mM solution of 400
in DCM d2 after addition of 0.95 equivalents of TBAC| anth) 2D-ROESY experimentThe CAChe
energy minimized structure of TBACI@oo0 is shown at the right.

Conversely, the addition of 1 equivalent of BACI to the solution o#ii induced the
formation of the 1:1 complex TBACI@i
Kaexd TBACI@4ii ) © 5+1 x 102 M1, 2D ROESY experimentseveal no NOE cross

to a much reduced extent,

peaks between the protons of TBAand the signals o#ii .
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Figure 2. 25 a) Selected regions of théH-NMR31P-NMR spectra of a 3.0 mM DGk solution of 4ii
after addition of 1.0 equivalents of TBACI in dichloromethand)) 2D-ROESéxperiment performed
on a 3.6mM dichloromethane-d; solution of 4ii with 1.2 equivalents of TBACI.

While the Kyexpfor TBACI@tio had a value of 2£ 0.5 x 103 M-1. In this case, the2D-
ROESY experiment showslOESAAOx AAT OEA | AT +Avithithe p-OT OT T O
pyrrolic protons (Hgq) of bound4io indicating that the cation is located in the cup of

the calix[4]pyrrole opposite to the bound anion.
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Figure 2.26 . (a) Selected regions offie 'H-NMR and3'P-NMR spectra of a 3.45M solution of 4io
in DCMd: solution after addition of 1.0 equivalentof TBACland (b) 2D-ROESY experimentThe
CAChe energy minimized structure of TBACI@o is shown at the right.

We performed a pairwise competitive experiment between receptors4oo and 4io

with TBACI (Figure 227) demonstrating the superior binding affinity of 400 for
this salt (Kaexd TBACI@400)/K aexd TBACI@4io) © 5) in order to understand the

reason of the different binding strength in the two hosts These results

demonstrated that the general trend in binding affinities determined above for the

receptor series 4 with TMPCI and DTMACI was also maintained for the TBACI.

However, the magnitude of the bindingaffinities of 4ii and 4io towards TBACI
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were significantly reduced compared to those estimated for TMPCI and DTMACI.
Most likely, the mismatch that exists between the size of the TBA cation and that of
OEA OAAADOT 060 AET AET Ce andigeticof corBpkatiosE AAT O1 U

c) TBACI +dio 4io(bound)

dio(free)’s 4io(free)

4io(bound)

Sn__

b) TBACI + 400 +4io

Jbibmmd)

a) TBACI + 400

4o00(bound)
T LA | \\' — 1 T 1 T
1 8 7

6 [ppm]

4io + 400 (bound)
dio(free) l

\

doo(free)

dio(free)

‘II:'i XE:eI 3427. Selected regions of théH spectra of: a) TBACI +400, b) TBACI +400 + 4io and c)
io.

Remarkably, the magnitude of the binding affinity featured by the phosphonate
receptor 400 towards TBACI was three and two orders of magnitude larger than
those determined for the more conformationally flexible arylextended

calix[4]pyrrole 6 and the meseoctamethylcalix[4]pyrrole 2, respectively.

2.2.4 Conformational and Electrostatic factors influencing the complexation

process of receptor 400 with ion -pair salts.

In an attempt to dissect the electrostatic and conformational rigidity contributions
provided by the phosphonate groups of theloo receptor to the overall binding
energy of the TMPCI salt, we also determined the binding properties of the
synthesized cavitand calix[4]pyrrole 5 towards this salt. The comparison of the
binding properties exhibited by 5 with those of 400 should reveal the effect
provided mainly by the electrostaticfactors of the phosphonate groups to the ion

pair binding.
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Bismethylene bridged cavitand5 was synthesized from the reaction of h | i h |
tetrol with dibromomethane using dry potassium carbonate as base in dry DMSO
solution heated f @ 1fod 3 hours. The pure compound was isolated in 10%
yield using semipreparative reversephase HPLC. The presence of two methylene
bridges in the upperrim of 5 endorsed this cavitand with a conformational rigidity

similar to that of the phosphonatereceptor series4.

H
CHzBrz

cho3/ DMSO

a,a,o,0-1a

Figure 2.28. Synthetic schemes for the preparations & from precursor la.

Bismethylene bridged host5 formed a 1:1 complex with TMPCI in deuterated DCM
for which we could estimate, using 1H NMR titrations, a binding affinity constant
value Ka,exp(CITMP®) > 1 x 1¢* M-1. We observed slow exchange dynamics for
the binding process. The signal of methyl protons of bound TMP cation resonate at
d = 0.67 ppm suggesting its inclusin in the shallow aromatic cavity provided by
the pyrrole rings in cone conformation that is distal to the bound chloride. In the
downfield region of the IH NMR spectrum of the CITMP&complex, we detected
two signals for the pyrrole NH protons hydrogen baded to the chloride
resonating atd = 11.62 and 11.20 ppm. We performed competitive pairwise
binding experiments involving receptors6, 400 and 5 with TMPCI in DCM solution.
The ratio of the integrals for selected signals of the protons in the free and tod
receptors and the application of equation (1) allowed us to derive the following
relationship for the stability constants values of the complexes

Ka,exp(TMPG®400) ° 10 x Ka,exp(TMPCI®) © 40 x Ka,exp(TMPG@6).
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Figure 2.29. Selected regions of théH-NMR spectra in DCMi; solution of: 1? a) TMPCI@, b) an
equimolar mixture of TMPCI +6 + 400 and c) TMPCI@oo. 2): a) TMPCI@, b) an eqwmolar
mixture of TMPCI +6 +5 and ¢) TMPCI@.

Thus, we concluded that the bridghg phosphonato groups installed in the upper
rim of the 400 receptor offered electrostatic and conformational advantages
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compared to 6, which can be quantified in- 2.2 kcal/mol. The overall gain in
binding energy of4o0 with respect to 6 can be dissectedn the two components by
the use of receptor5 as reference. We had considered that recept@ioo and 5 are
similarly restricted conformationally (preorganized) for the binding of TMPCI.
Complexation of TMPCI with5, however, lacks of the electrostatic irgractions
provided by the phosphonate groups installed idoo. We assigned the measured
difference in the binding energies of TMPCI witldoo and 5, -1.4 kcal/mol, mainly
to the existence of electrostatic interactions in the TMPCl&o. Consequently, the
preorganization effect build into the scaffolds of bridged receptorsioo can be
quantified approximately as- 2.2 z ( -1.4) =- 0.8 kcal/mol using arylextended
calix[4]pyrrole 6 as reference. These back of the envelop calculations indicate that
both effects, preorganization and electrostatic interactions, are important for the
effective binding of organic ionpairs by receptor 400. For the TMPCl@oo
complex the TMP cation is not directly interacting with the phosphonato groups

but exhibiting a separated arralgement of the inpair in solution.

2.2.5 Recognition of primary alkylammonium salt by receptor series 4.

P=0 bridged cavitands derived from resorcin[4]arene are well known hydrogen
bonding receptors for alkylammonium ions2¢ By means of gasphase binding
studies, it was shown that the number and spatial orientation of the P=0O binding
groups in these receptors have a dramatic influence on their ability to form
hydrogen bonded complex with primary, secondary and tertiary
methylammonium ions.2728 Thus, we became interested in evaluating the effect
that the geometrical differences provided by the calix[4]pyrrole phosphonate
cavitand series4 produced in the complexation of octylammonium chloride OAMCI
ion-pair, 11E#1 h Al O1 E1We slsb-wantad tb Ge@eninédgif possible,
the relative thermodynamic stabilities of the complexes formed by the receptor
series 4 with primary and tertiary alkylammonium salts. Molecular modelling
studies indicated that OAMCI can be engaged in an interamt of its
alkylammonium group (hydrogen bonds, CH--O and catiendipole interactions)
simultaneously with the two P=0O groups of diastereoisomed#ii (Figure 230 a).
Geometrical constrains eliminate this bidentate mding possibility for the other

two diastereoisomeric receptors.
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We performed 1H NMR titration experiments by adding 0.5 and 1 equivalent of
OAMCI to separated 1 mM solutions of stereocisome#oo and 4ii in deuterared
DCM. We observed that both complexiamin processes featured slow exchange
dynamics on thelH NMR timescale. In particular, for stereocisomedii the addition
of 1 equivalent of the salt induced the exclusive observation of proton signals
corresponding to the bound host. This result indicatedhat the binding constant
value for the 1:1 complex of OAMCI@)i can be estimated as higher than ¥OM-1.
The complexation induced shifts observed for some signals of the protons in the
octylammonium cation 11 were significant. The signal of the ammonium gup
moved upfield Dd = - 2.0 ppm, as well as that of the methylene ip position, Ddj -
0.73 ppm, and the one for methylene,Ddf  -B.26 ppm. The placement of the
cation in the upper rim and the closecontact ion-paired geometry assigned to the
OAMCIl@ii complex (Figure 230b) were supported by the existence of
intermolecular close contacts between themesephenyl protons (para and meta)
and the methylene protons (mainly | and r) of the alkyl chain of 11, which

produced the corresponding crosspeaks in the ROESY spectrum of the cphex.

H, / 9 3

by Ho H H H g
e

B-CH—J|. { i
meso-CH, n‘ @ o
: 0 S
- Y Y i

o
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8.0 75 7.0 6.5 F2[ppm]

Figure 2.30. a) CAChe energy minimized structure (PM6) of the OAMCA@ complex highlig.htin%1
the bidentate blndln? mode of the alkylammonium cation located in the upper rim. For clarity, the
alkyl group shown for OAM cabn is ethyl and the salt ionpair is d|5ﬁlayed as CPK model; b)

Selected region of a 2BROESY experiment performed on a dichloromethane solution containing an
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ecgimolan mixture of 4ii and OMACI. Intermolecular (dotted lines) and intramolecular (solid ling)
NOEsare indicated by arrows in a

In striking contrast, the addition of 1 equivalent of OAMCI to the dichloromethane
solution of receptor 400 revealed the ceexistence of proton signals both for the
free and bound host. Integration of proton signals fofree and bound host allowed
us to determined the stability constant value for the 1:1 complex as
Ka,exd OAMCI@100) = 2+1 x 103 M-1. A careful analysis of théH NMR spectrum of
400 containing 0.5 equivalent of OMACI revealed that the signals of the metége
protons of the cation in| and r position with respect to the ammonium group
were massively upfield shifted,Dd, =- 2.2 andDd; =- 0.91 ppm, suggesting a deep
inclusion in the shallow and electron rich aromatic cavity opposed to the bound
chloride (Figure 231 a). The signal for the protons of the ammonium group of
OAMCIl also experienced a dramatic upfield shift Rd = - 5.6). Probably, the
complexation induced shift of the ammonium protons signals is partiafl caused by
the shielding effect of the aromatic cavity in which the cation is located.
Nevertheless, we propose that the change in geometry experienced by the -pair
of the salt from aclosecontact arrangement in the freestate to ion-separated
arrangement in the ion-paired complex OAMCI@ 0o must play an important role
in the observed chemical shift changeln complete agreement with the proposed
ion-separated binding geometry assigned to the OAMCl@oo, the ROESY
experiment carried out on a solution comaining an equimolar mixture of the two
binding partners (~ 75% complex formation) displayed the exclusive existence of
intermolecular cross peak between the signals of thp-pyrrole protons of the host

and the | methylene protons in the octylammonium cation Figure 231).
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Figure 2.31. a) CAChe energy minimized structure (PM6) of the OAMCGI@ complex with the
alkylammonium cation located in the electronrich aromatic cup distal to the bound chloride. For
clarity, the alkyl group shown for 11 is ethyl and the salt ionpair is displayed as CPK model; b)
Selected region of a 2ZBROESY experiment performed oa dichloromethane solution containing an
equimolar mixture of 400 and OAMCI. Separate signals for the free and bound protons of the
receptors are still distinguishable. Primed letters indicate proton signals of the free receptor.
Intermolecular (dotted lines) and intramolecular (solid lines)NOEsare indicated by arrows in a.

From all the results of the above experiments, we concluded that the spatial
location of the cation in the binding geometries of the 1.1 complexes formed by the
receptor series 4 and quaternary ammonium salts is analogous to that of the
complexes derived from a primary alkylammonium salt. Most likely, ioipole
with or without the assistance of hydrogen bonding interactions with the
phophonato groups are responsible to the selectivepsitial location of both types of
cations. Interestingly, the trend of the relative thermodynamic stabilities of the
complexes is complete reversed on changing from quaternary to primary
ammonium salts. Thus, quaternary ammonium salts formed the more
thermodynamically stable complexes with the4oo receptor. On the contrary, a
primary ammonium salt binds more tightly with the 4ii receptor. Favourable

hydrogen bonding interactions established between the primary alkylammonium
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residue and the phosphonate group® in the 4ii receptors compensate for the
reduced binding energy provided in the initial interaction of the chloride with this
receptor compared to 400. Unfortunately, pairwise competitive binding
experiments in solution were not conclusive for rating thebinding affinities of 4ii

with respect to TMPCI and OAMCI, that is quaternamersusa primary ammonium

salt.

2.2.6 Effect of the solvent in the binding of
tetralkylammonium/ammonium chloride salts

The nature of the solvents has a sing impact on the behavior of 1:1 electrolytes.
In low permittivity media, such as DCM, ion pair formation is likely to occur. The
extent of ion-pair formation is concentration dependent and, based on existing
information, it is reasonable to consider th&a at 1 mM concentration
alkylammonium salts are mainly ionpaired in DCM303132 On the contrary, in high
permittivity solvents, such as acetonitrile (ACN) alkylammonium salts at 1mM
concentration are predominantly ionic species. Conductance measurements are
practical in establishing these points. The absence of ions in solution correlates

with the observation of no conductance.

When the guest salt and the complex are both 100% dissociated equation (5)

applies referring to the 1:1 complexation process of a ano charged anion:

H+A=HE -;!KaexpE ¥ @/BH] [A ] in units of M (5)

The application of equation (5) explicitly assumes that the ligand is present as a
monomer and the cation is not participating in the binding process. The selection
of ACNas solvent allows the direct assessment of the selectivity of the receptor
series4 towards chloride without having to worry about the effect of the different
cations. At 298 K only receptor4oo0 is significantly soluble in ACN. The solubility of
receptor 4io was 0.5 mg/mL (~ 0.5 mM) and receptor4ii is not soluble enough to
be detected by!H NMR spectroscopy. ThéH NMR titrations of receptors4oo and
4io in ACN solution with TMPCI showed slow exchange dynamics for the binding
process. From the integral vales of selected signals for protons in the free and
bound receptors we calculated the following binding constants values
Ka,exd TMPCI@100) = 7.0£2 x 16 M-1and Kaexd TMPCI@4io) = 2.0£1 x 16 M. The
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magnitudes of the binding constants are significantlyeduced compared to the
values we estimated/determined in DCM solution, however, the ratio of binding
constant values K exd TMPCI@400)/K a,exd TMPCI@4i0) is similar to the one we

calculated in DCM solution.
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b) TMPCI + 4dic TMPCI(bound)
dio({bound)
dio(bound) s
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Figure 2.32. Sekcted regions oftH-NMR and3'P-NMR spectra of: J: 3.03mM solution of 400 in
ACNd; after addition of% 0 equivalents and b) 1.0 equivalent of TMPCI):20.3mM solution of 4io
in ACNds after addition of a) 0 equivalents and b) 1.0 equivalent of TMRC

This result is in support of our hypothesis stating that the binding of the
quaternary ammonium cation, in DCM solution, to the initially formed anionic
AT I Bl A @altiolgh aot being siteidentical was energetically very similar in
the three diastereoisomeric compexes. We postulated that the observed selectivity
for the three receptors in DCM derived directly from their affinity to the chloride

and was not influenced by the cation binding.

The two receptors, 400 and 4io, were also titrated against the battery of k
alkylammonium salts. In all cases, the interaction of the anion with the receptor
induced a large downfield shift of the NH protons and produced the observation of
two different set of proton signals assigned to the free and bound host. The values
of the measured binding constants were in the order of FOM-1, reinforcing the
idea that the cation is not significantly involved in the formation of iorpaired
complexes in ACN solution. For any salt, the value for the binding constant with the
400 receptor was between four to the fivefold larger than with 4io. In the specific
case of TBACI, this ratio was also evaluated through a direct pairwise competitive

experiment affording Ka,exd TBACI@400)/K aexd TBACI@4i0) © 5 (Figure 233).
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¢) TBACI + dio

b) TBACI + 400 + 4io
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Figure 2.33. Selected regions of theH sgIJ_ectra in ACN solution at 298 K of mixtures containing
equimolar amounts of : a) TBACI 400, b) TBACI #00 +4io, c) TBACI #io.

Finally, we performed aconductometric titration for the pair 400 and TBACI in

ACN. The plot of molar conductancé m(S cn? moll), against the receptor/ion
concentration ratio [400]¥ ¥ #1 Y E (Figu@eRI34 The BHservation of a

significant conductance value (158 S ctmoll) at [400]¥ ¢+ #1 Y E mnh xEEAE
close to theLm° value for TBACI in this solvent was a clear indication that ehsalt

was mainly in the form of ionic species3 The incremental addition of4o0 to the

ACN solution of [TBACI]= 9.8 x 10 M1 induced a decrease in the molar
conductance. This is due to the complexation of the chloride by the receptor. The

volume of thed 4®@o complex is larger than that of the free chloride. Therefore,

the diffusion rate of the complex in solution is reduced compared to that of the free

chloride. Theconductometric titration curve can be adjusted to two different linear

segments that inersect close to the expected value o#4po]¥ f #1 Y OAOET A&l
formation of a 1:1 complex. This result strongly supports the use of equation (5) in
determining binding affinity constant of receptors 400 and 4io with chloride in

ACN solution.
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gggsuke 2.34. Conductometrictitration curve of chloride anion (TBACI) with 400 in ACN solution at

2.3 Conclusions

We have designed and synthesized unprecedentedbis-phosphonate
calix[4]pyrrole cavitands 4. The synthetic methodology allowed the isolation of
three diastereomeric bisphosphonato cavitands that were fully characterized by a
combination of NMR spectroscopy and -Xay diffraction techniques. The three
diastereisomeric receptors differ by the relative spatial orientation of the two
phosphonate groups installed in the upper rim of the common arykxtended
calix[4]pyrrole scaffold. We have evaluated the binding properties of the three bis
phosphonate receptors with a series of tetraalkylammonium chlorid salts and one
primary alkylammonium chloride in DCM and ACN solutions. In DCM solution, the
three diastereomeric hosts formed thermodynamically (Ka > 10 M1) and
kinetically highly stable 1:1 ionpaired complexes with quaternary
trimethylphosphonium/amm onium chloride salts like TMPCI and DTMACI. In
solution, the relative orientation of the P=O groups with respect to the aromatic
cavity has a strong impact on the binding properties of the receptor and in the
geometry of its ionpaired complex. Thus, thetii stereocisomer with the two P=0O
groups inwardly oriented provided the smallest magnitudes in binding constant

for the 1:1 complex with the chloride quats and displayed aontactarrangement of
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the ion-pair. The4oo host featuring outwardly oriented P=O goups produced the
more thermodynamically stable 1:1 complexes with the same chloride salts and
displayed aseparatedarrangement of the ionpair. We rationalize the observed
trend in binding affinities as a consequence of stepwise binding mechanism. The
magnitude of the initial binding of the chloride to form the 1:1 anionic complex
must be strongly dependent on the spatial orientation of the phosphonate bridging
groups. The subsequent complexation of the quat cation and its placement within
the ion-paired 1:1 complex, which is indeed mandated by the spatial arrangement
of the phosphonate groups, should afford an almost constant energetic
contribution to the overall binding. The use of TBACI as guest provokes a reduction
in the thermodynamic stabilities of the corresponding 1:1 ionrpaired complexes.
For a primary alkylammonium chloride the arrangement of the iorpair in the
complexes is similarly controlled by the relative orientation of the P=0O groups in
the hosts. Surprisingly, however, the trend in bindingaffinities for their 1:1
complexes is reversed compared to that measured for the quaternary ammonium
salts. Favorable hydrogen bonding interactions established between the primary
alkylammonium residue and the phosphate groups in thdii receptors pay-badk
for the reduced binding energy provided by the initial interaction of the chloride
with this receptor compared to400. In ACN solution the alkylammonium chloride
salts and their complexes with the receptor series are mainly ionic species.
Consequently, bhe cation is not significantly involved in the binding process. In this
solvent, the binding affinities we determined for the bisphosphonate cavitands
with chloride salts having alkylammonium cations of different sizes or substitution
levels, quaternary o primary, are always of the order of 18 M-1. We measured that
Ka,exd TMPCI@400)/K a,exd TMPCI@4i0) © 4, both in DCM and ACN solutions. This
result supports the hypothesis that binding of the quaternary ammonium cation in
DCM solution even occurring at dferent sites of the host is energetically very

similar for the two diastereoisomeric hosts.
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2. 4 Experimental Section

General information and instrumentation

All syntheses were carried out using chemicals as purchased from commercial
sources unless otherwise noted. All commercial solvents and chemicals were of
reagent grade quality and were used without further purification except as noted.
When required, dried and deoxygenated solvents supplied by Signasfddrich
Solvent Purification §stem (SP&00-6) were used. Thirlayer chromatography
(TLC) and flash column chromatography were performed with D@lufolien
Kieselgel 60 F254 (Merck) and silica gel 60A for chromatography (SDS)
respectively. 1H and 3P NMR spectra were recorded on a Brek Avance 400
(400.1 MHz for 1H NMR) and Bruker Avance 500 (500.1 MHz fotH NMR)
ultrashield spectrometer; Mass Spectrometry experiments on a LCT Premier,
Waters-Micromass ESI or Autoflex, Bruker Daltonics MALDI. HR measurements
were carried out on a Buker Optics FTIR Alpha spectrometer equipped with a
DTGS detector, KBr beam splitter at 4 c#nresolution. Isothermal titration
calorimetry experiments (ITC) were performed using a Microcal V#TC
Microcalorimeter. The conductometric titrations were performed by Mettler-
411 AAT AT 1 AOAOCEI AOAOh OOET C A ywrtt37TAI
0.00056 M KCI solution.

Binding studies

1H NMR dilution experiments ofbis-phosphonate calix[4]pyrroles in DCM solution.

The *H NMR dilution experiments of4 were caried out on a Bruker 400MHz
spectrometer, at 298 K. Solutions were prepared by weighting separately the three
diastereoisomers in three different volumetric flasks of 1 mL in order to make a
moderately concentrated stock solution §ii: 13.2 mM;400: 17.6 mM; 4io: 14.2
mM). A 1H NMR spectrum of 0.5 mL o#lii, 400 and 4io stock solution was
recorded for each stereoisomer. Then each NMR tube solution was sequentially
diluted by transferring specific volumes of solvent by a volumetric pipette, for a

total of three sequential dilutions per host solution (8 mM; 5 mM; 1 mM). The
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oligomerization process shows a fast exchange in the NMR timescale in all cases,
and the constants were determined by monitoring the chemical shift changes of
O E A pyrrolic protons as incremental volume of solvent was added. The value of

the association constant was calculated using the software HyperNMR

1H NMR binding experiment of6 with TBACI in DCM solution.The complexation
behaviour of 6 toward TBACI was studied by!H NMR on a Bruke 400MHz
spectrometer, at 298 K. The association constant was determined by adding
aliquots of a 1.5 x 18 M solution of TBACI in CBCk into the NMR tube containing

a 1.46 x 1 M solution of 6 in the same solvent. The concentration of the receptor
was variable throughout the titration. The complexation of TBACI shows a fast
exchange in the NMR timescale. The association constant betweénand the
chloride anion was determined as Kexp = 1+0.2 x 1G M1 by monitoring the
chemical changes of the protongesonating at 6.80 ppm (hesephenyl protons)
and 4.65 ppm (methylene protons of the lateral chain) in théH NMR spectrum as
incremental amounts of the guest were added (0.5; 1; 2; 5; 10 equivalents of
TBACI). The value of the association constant was aalated using the software

HyperNMR. The data were fitted to a simple 1:1 binding model.

The conductometric titrations were performed in 25 mL vials equipped with a

magnetic stirring bar and placed on top of a stirring plate. The conductivity of a

pure acei T EOOEIT A O1T1 OOET 1T A&£EE OAAA A OAI OA 1T &
098x104- ET AAAOI TEOOEI A CAOGA A AT 1 AOAOEOEOU
20 mL of the above solution in the 25 mL vial and added incremental amounts of a

[400] = 1.7 x 103 M solution in the same solvent. After each addition the mixture

was stirred for 2 minutes to ensure a good mixing of all the components. The
measurement of the conductance of the solution was performed after switching off

stirring. The process of stirring axd measurement was repeated until a constant

value for the conductance was obtained.

The ESIMS experimentswere carried out using an Electrospray lonization source

combined with a Timeof-Flight mass spectrometer (ESTOF), operating in
negative and podive mode. The samples were continuously sprayed using

nitrogen as drying gas (desolvation at 510 L/hr). The injection rate was
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maintained constant at 20t , 1 ET 8 4EA Ol 1 OACA ADPDPI EAA
increased from OV to 500V, while a voltage of OV waapplied to the cone. The

source and desolvation temperatures were set to 128C and 200°C, respectively.
Synthesis

meso-Tetramethyltetrakis(hydroxyphenyl) calix[4]pyrrole l1a:

3-hydroxy acetophenone (6.0 g, 44nmol) was dissolved in HPLC grade MeOH
(200 mL) and methanesulfonic acid was added dropwise (1.4 mL, 22.G8mol).
The solution turned from pale yellow to red after addition of freshly distilled
pyrrole (3 mL, 44 mmol). The reaction was protected from light and refluxed for 3
hrs. Then quenched by adition of triethylamine (4 mL) and distilled water (200
mL). MeOH was evaporated and the aqueous solution extracted with AcOEt (3 x
200 mL). The collected organic fractions were dried over sodium sulphate and the
solvent removed under reduced pressure. Theesired isomer was filtered off by
crystallization of the reaction crude from CHCN (20 mL) as whitesolid with a
yield of 2%.1H-NMR (400 MHz, CB&# . @ ppm 7.96 (bs, 4H), 7.10 (t, 4H), 6.58 (dd,
4H), 6.51 (dd, 4H), 6.42 (bt, 4H), 6.04 (d, 8H), 2.15 (bs, 4H), 1.88 (s, 12H).

Bis-phosphonate cavitands 4:

To a solution of calix[4]pyrrole 1a (200 mg, 0.270mmol) in dry THF (10 mL) and
freshly distilled triethylamine (0.753 mL, 5.40 mmol), phenylphosphonic
dichloride (0.095 mL, 0.675 mmol) was added dropwise under argon atmosphere.
The reaction mixture was stirred for 2 hrs at room temperature. The solvent was
removed in vacuo and water (50 mL) was added to solubilise the
triethylammonium chloride salt. The suspension was extracted with CH¥hk (2 x 50
mL). The organic extracts were combined, dried, filtered and the solvent removed
in vacua ThelH-NMR spectrum of the residue indicated the presence of a nxe
of three diastereoisomers4io, 400, 4ii. The reaction crude was first purified by
Combiflash (Si@Q; CHCk: MeOH 99:1) in order to remove the oligomers/polymers
formed during the reaction with 60% overall yield. The fraction containing the
three diasereomers was purified by semipreparative HPLC (Spherisorb silica 250
p ¢m |1 h 2CHEL: MeOB #941) to yield each separated isomdio, 400
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and 4ii as a white solid (Retention times: 4.8 minutes, 6.19 minutes and 9.8
minutes, respectively). The isomersan be further purified by crystallization from

acetonitrile.

Experimental data4io (white solid, 30%). M.p.: T > 200°C (slow decomposition);

1H-NMR (500 MHz, CBECbh ¢uvJ#Qd 1 | BPBPiqQ E w8¢m j AOh p(
Shp~ 14 Hz,3H~ 7.3 Hz, v~ 1.2 Hz, 4H), 7.84 (bs, 1H), 7.71 (MHh-H~ 7.3 Hz,

‘h( Shp ~ 1.2 Hz, 2H), 7.61 (M3K-H~ 7.3 Hz,*p ~ 4.8 Hz, 4H), 7.32 (s, 2H),

7.25 (t,3Hn~ 7.98 Hz, 2H), 7.21 (t3+~ 7.98 Hz, 2H), 7.02 (d3}+~ 7.98 Hz,

2H), 7.01 (d,33n~ 7.98 Hz, 2H), 7.00 (d3J4.+~ 7.98 Hz, 2H), 6.95 (s, 2H), 6.83 (d,

ShHH~ 7.98 Hz, 2H), 6.23 (d4}1~ 2.17 Hz, 2H), 6.2 (d4J.1~ 2.17 Hz, 2H), 5.96 (t,

4341 B3Jn ~ 2.17 Hz, 2H), 5.91 (t23.n B3Jn ~ 2.17 Hz, 2H), 2.02 (s, 6H), 2.0 (s
6H).31P-NMR (500 MHz, CBCkh ¢ uvJ#Qqd | E | BPIi qQ puv8uvo jOj/
HR-MALDIMS:m/z calculated for GoHsoNsOsP2 984.32, found 984.31; FT) 2 o | Al

1) 3000 (P-CHar streaching, 1580 (RPAr aromatic ring in-plane stretching), 148G

1427 (P-Ar aromatic ring in-plane stretching), 1265,1228,1202 PO stretching; 942

(interaction between aromatic ring vibration and RC stretching); elemental

analysis calculated for €HsoN4OsP2 + (3 x CHOH) (%): C, 69.99; H, 5.78; N, 5.18;

found: C, 69.82; H, 5.34; N\6.81.

Experimental data4oo (white solid, 10%). M.p.: T > 180 °C (slow decomposition);

1H-NMR (500 MHz, CBCkh  cuvJ#dd 1 j PPi qQ E3Jw8mMHHz,j AOh ¢ (
83~ 7.3 Hz, 4~ 1.2 Hz, 4H), 7.70 (Mm3Jn~ 7.3 Hz,4d( Shp ~ 1.2 Hz, 2H),

7.60 (M,33.1~ 7.3 Hz,434p ~ 4.8 Hz, 4H), 7.49 (bs, 2H), 7.26 @L.u~ 7.7 Hz, 4H),

7.22 (d,3H.1~ 7.7 Hz, 4H), 7.18 (s, 4H), 6.86 (81~ 7.7 Hz, 4H), 6.32 (d4H-H ~

2.65 Hz, 4H), 5.50 (bs, 4H), 2.07 (s, 12HtP-NMR (500 MHz, CECkh ¢ uv J #dd
(ppm) = 12.5; HRMALDIMS: m/z calculated for GHs0N4OsP> 984.32, found

984.3; FF) 2 u 1) 3080 (P-CH stretching), 1580 and 14801427 (P-Ar

aromatic ring in-plane stretching), 1272,1232,1201 (PO stretching), 847
(interaction between aromatic ring vibration and RC stretching); elemental

analysis calculated for €oHsoN4OsP2 + (2 x CHOH) (%): C, 7098; H, 5.57; N, 5.34;

found: C, 70.03; H, 5.60; N, 5.38.
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Experimental data4ii (white solid, 22%). M.p.: T > 230°C (slow decomposition);
1H-NMR (500 MHz, CECb,c v J #Qq 1 | PPi Q E (pB8p-yld HzZAOh 1t (
331~ 7.3 Hz, 4lin~ 1.2 Hz, 4H), 7.71 (m3Jn~ 7.3 Hz,4d( Sp ~ 1.2 Hz, 2H),

7.61 (M,3n~ 7.3 Hz,43p ~ 4.8 Hz, 4H), 7.24 (3341~ 7.9 Hz, 4H), 7.02 (BJn ~

7.9 Hz, 4H),6.96 (d, 33+ ~ 7.9 Hz, 4H), 6.94 (s, 4H), 6.17 (d}in ~ 2.55 Hz, 4H),

6.05 (d,4J+H~ 2.55 Hz, 4H), 1.80 ppm (s, 12HPIP-NMR (500 MHz, CBCk.c U J # Q
(ppm): 14.64 (s, P(O)); HRMALDIMS: m/z calculated for GoHsoN4OsP> 984.32,
found: 984.32; FFI2 4 -1) 3800 (P-CHxr streaching), 1580 (RAr aromatic ring
in-plane stretching), 14801427 (P-Ar aromatic ring in-plane stretching),
1265,1228,1202 (PO stretching), 942 (interaction between aromatic ring vibration

and RC stretching); elemental analysicalculated for GoHsoN4OsP2 + (2 x CHCN)

(%): C, 72.04; H, 5.29; N, 7.88; found: C, 71.44; H, 5.27; N, 7.93.

Bis-methylene cavitand 5.

Calix[4]pyrrole l1la (0.300 g, 0.405mmol) and ovendried KoCQ (0.213 g, 1.539
mmol) were dissolved in dry DMSO (10 mL)CHBr. (57 pL, 0.806 mmol) was
added, under nitrogen, and the mixture was stirred at 8@ for 3 hrs. The solvent

was removed in vacuo and the crude was washed with water (5 mL) and extracted

with CH2Ck (3 x 5 mL). The residue was purified by semiprepatave HPLC
(Sunfire prepC 100 x 4.6nm, 5micron), using a 60:40 THE H,O mixture as eluant
(Retention time = 7.9 minutes). From the collected fraction containing the desired
compound, THF was evaporated under reduced pressure and the water fraction
was lyophilised yielding 5 as a yellowish solidn 10% yield. M.p.: decomposition at

T > 160°C. 1HNMR (400 MHz, CD2C? | | DPi Q@ x8¢x j AOh c¢(Qqh )
(t, 3J~7.55 Hz, 4H), 6.89 (d, 3J~7.55 Hz, 4H), 6.81 (d, 3J~7.55 Hz, 4H), 6.60 (bs,
4H), 6.14 (d, 4J~2.60 Hz, 4H), 5.88 (bs, 4H+2H), 5.55 (d, Jgem~7.18 Hz, 2H), 1.96
(s, 12H). 13G. - 2 jumn - ( Uh #$ @2 KB46092,105i75 D17.07, ¢ P
118.27, 121.21, 128.71, 137.2, 138.1, 150.7, 156.1; HRF ES m/z calculated for
GsoH4aN4Os ([M+H]+) 765.34, found 765.3 [M+H}.
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33 A DCM solution of [TBACI] = 1 xtOM-1 gave a reading of molaconductance ofLyn = 49 S cn?
mol--
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Tetra-Phosphonate Calix[4]pyrroles

3. 1 Introduction

The binding properties displayed by tetraphosphonate cavitands derived from
resorcin[4]arenes in the recognition of cations and hydrogerbond donor
moleculest234, as well & alcohol$ and ammonium substrate§’, prompted us to
further investigate the synthesis of tetraphosphonate calix[4]pyrroles derivatives.
We disclose here the synthesis and binding properties of a series of two
heteroditopic calix[4]pyrroles receptors 2, conformationally more rigid than the
bis-phosphonate counterparts described inChapter 2 due to the installation of
four phosphonate bridging groups at the upper rim. In addition, receptor® are
equipped with four long alkyl chains substituted in themes-carbons instead of
simple methyl groups (Figure 31). The presence ofmescalkyl substituents in the
lower rim renders receptors 2 to be significantly more soluble in DCM solution
than bis-phosphonates 1. The aim of the study of the binding properties of
receptors series 2 with alkylammonium salts is twofold. On the one hand, we
wanted to quantify the effect on the the binding strengh of iompaired complexes
with alkylammonium/ammonium chloride salts exerted by the four phosphonate
groups compared to two. On the other hand, we were interested in increasing the
solubility of the phosphonate calix[4]pyrroles in organic solvents in order to

evaluate their potential applications asmembrane transporters.

Figure 3.1 Energy minimized structure of: a) bisphosphonate calix[4]pyrrole 100 and b) tetra-
phosphonate calix[4]pyrrole 20000.
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3. 2 Results and discussion

3.2. 1 Synthesis

The installation of the four phosphonate walls in the upper rim of the lipophilic
octol precursor 382 was achieved following a synthetic procedure analogous to the
one described for the preparation obis-phosphonate cavitandsl (Scheme 3L). In
particular, octol § h 4 8 wiws jreacted with dichloro(phenyl)phosphane oxide, in
presence of triethylamine, in tetrahydrofuran solution. The pure stereoisomers,
20000 and 2000i, were isolated by semipreparative HPLC (Spherisorb silica 250 x
200 T h v tiq@ OOET CO0 %40 as duent dnd Arisiallizep from

acetonitrile solution in 3% and 9% yields, respectively.

Oy (CH2)11CH3

0 R,
R= (CHy)11CH3
HO OH

H* CeHsP(0)Cl, 7 \
+ —_— —_— Rz——P"R1 Ri—P—R;
THF/EBN \ /
H O (¢]
W
(0] R
\ ) 3/0
]
Ry
2
R1 Rs R3 Ry
20000 Ph =0 Ph =0
2000i Ph =0 =0 Ph

Scheme 31. Synthetic scheme for the preparation of tetrgphosphonate calix[4]pyrrole
diastereomers receptors?2.

Only two of the six possible diastereocisomers were isolated from the reaction
crude of the acid catalyzed condensation of pyrrol andhe lipohilic alkyl-aryl
ketonel011 We observed that the reaction produced mainly two diastereomers
displaying a clear preference to direct the oxygen atoms of the phosphonate
groups outwardly with respect to the calix[4]pyrrole cavity. We were able to
isolate from the crude reaction mixture the stereocisomer2o000(o=out) with the

four oxygens directed outside tle cavity of the receptor and the stereoisomer
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2000i (o=out; i=in) in which one of the three oxygens points towards the inner
cavity of the calix[4]pyrrole. This result was not completely unexpected. It is
reported in literature that the incorporation of four phosphate groups in the
resorcin[4]arene scaffold led to aslight preference for the outward orientation of
at least three of theP=Omoieties in spite of the steric hindrance experienced by
the inwardly directed phenyl groups. In the phosphonato cavitads derived from
existence of a strong preference of the molecules to fill the cavity with at least one
phenyl group. The selective preparation of the stereoisomer iiii has ben reported
only in presence of a specific template, usually a solvent and/or a reactant present

in the reaction mixture (i.e. pyridine, triethylamine, etc.y2.1314
3.2. 2 Configurational assignment

We performed the complete assignmenof the proton signals observed in the'H
NMR spectra of the two diastereoisomers by means of 2D experiments. Single
crystals of 20000 were grown by slow evaporation from acetonitrile solution and
corroborate the structural assignment Eigure 32). Crystals of2o000i were also
isolated from acetonitrile and dichloromethane solutions but they were not
suitable for X-ray crystalliographic analysis In the solid state, the 20000
calix[4]pyrrole receptor adopts the cone conformation with one molecule of
acetonitrile included in its aromatic cavity and hydrogen bonded to the four pyrrole
NHs. A second molecule of acetonitrile is located in the cupgwided by the four
pyrrole rings. The phenyl substituents in the phosphoras atoms are directed away
from the cavity. Moreover, the phophonate bridges introduced at the upper rim

significantly reduce the conformational flexibility of the cavitand receptor2000o0.
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Figure 3.2 Solid state structure of he diastereoisomer20000.

Receptor20000 presents alH NMR spectra compatible with a & symmetry and a

reduced number of proton signals compared t@oooi. Due to the symmetry of the

molecule, the NH protons appearsOET C1 A OECT Al OAOI 1T AGET ¢ AO
pyrrolic protons Hp appear as a doublket atd = 6.17 ppm. Using 2D ROESY
experiments it was also possible to assign themesearomatic protons H and Hy to

the signals resonating atd = 7.37 ppm and 6.36 ppm, @spectively. Theortho-

protons Hq show a J.p coupling ~ 14 Hz and resonate ad = 8 ppm. The3lP NMR

spectrum of 20000 displays one signal atd = 13.63 ppm corresponding to the four

chemically equivalent phosphorus atoms.
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31P

1 12 [ppm]

Figure 3.3. Selected downfield region of the'H and 3P NMR spectra (400MHz) of the2ooo0
stereoisomer at 298 K in CDGlsolution. The proton assignment is shown in the structure of the
20000 receptor represented at the top.

The downfield region of thelH NMR spectra of the2o00i stereocisomer having G

symmetry is shown inFigure 348 4 EOAA AOT AA OOEDPI AOO OAOQIT £
and 7.72 ppm with relative intensities 1:2:1 were assigned to the NH protons ¢H

Hoo HQ T £ OEA AAl E@+ 1 Y D UO pyriok pratdnOB8nvodd A OECT A
in the fourteen-membered macrocyclic unit with the inwardly orientated P=0O

COi 0P xEOE OAOPAAO O OEA AAOEOwrmkEO OEE£ED
protons having oux AOAT U T OEAT OAOAA O0OE/ e6®bpmO AT A O
The ortho-protons Hx, H, and H are chemically norequivalent and show a Jp

coupling ~ 14 Hz and resonate at 8 ppm. Th&P NMR spectrum oRoooi displays

only two different but broad signals resonating at d = 14.37 and 12.96 ppm
corresponding to the three chemically norequivalent phosphorus nucki. Based on

integration values, the phosphorus atoms with oxygens outwardly directed with

respect to the calix[4]pyrrole cavity resonated at higher fiél with respect to the

one with the oxygen inwardly directed.
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Figure 3.4. Selected downfield region of thelH and 3P NMR spectra (400MHz) of the2000i
stereoisomer at 298 K in CDCI3 solution. The proton assignment is shown time molecule of the
2000i receptor represented in the top.

3.2.3 Binding studies in dichloromethane

The interaction of the two stereocisomers2oooo and 2o0ooi with TMPCI was
probed in DCM solution through direct and pairwise competitte experiments,
using IH and31P NMR spectroscopic techniquesThe results derived from the31P
NMR spectra were used only for a qualitatively analysis arntd corroborate the data
obtained in1H NMR spectra. Direct titration experiments were performed bydding
two doses of 0.5 equivalent of TMPCI to NMR tubes containing individual DCM
solutions of each stereoisomer. The initial addition of 0.5 equivalents of TMPCI to
20000 induced the appearance of new proton signals in thtH NMR spectrum and
two new phosphorous signals in the3lP NMR spectrum. The observation of
separate proton signals for the free and bound recepto2oo00 is indicative of the
existence ofslow chemical exchange between them on the NMR timescale. The new

signals observed in theelP NMR pectrum were assigned to the phosphorous atoms
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of bound 20000 (broad, d= 11.5 ppm) and the phosphorous atom of bound TMRI (

= 22.9 ppm) involved in the TMPCI@oooo complex. The phosphorous atoms of
free 20000 and free TMPCI resonated ad = 13.0 ppm andd = 26.9 ppm,
respectively. The integral ratio of proton signals for the free and boun@oooo0
resulted 1:1. The signals of the bound pyrrole NHs experienced significant
downfield shifts (Dd ~ 4.15 ppm) as a result of the formation of hydrogen bonds
withthe ET AT OAAA AEIT T OE A Apgrrold giofons@itl @Il tieisignald o OE A
the aromatic protons of themesephenyl substituents of2o000 experienced upfield
shifts in the bound receptor. Whilke the signals of the pherydhosphonate protons
resulted slightly shifted upfied, they were almost unaffected by the complexation
(Figure 3.5). The signal of the methyl protons of the TMP cation experienced a
significant upfield shift (d = 0.659 ppm;Dd = - 1.471 ppm). Theaddition of one
equivalent of TMPCI induced the exclusive observation of the signals assigned to the
proton and phosphorous atoms of the TMPCl@»ooo complex. These observations
indicated that the value of the experimental association constant,ak, for the
TMPCIl@o0000 complex can be estimated as higher than 3GVt and cannot be
measured accurately by'H NMR titrations. When more than 1 equivalent of TMPCI
was added, the chemical shifts of the proton signals of the bourbooo receptor
were not affected However, the proton signal of the methyl groups of TMP cation
and the signal of its phosphorous atom shifted downfield. This observation was
indicative of the existence of a fast exchange on thel NMR timescale between free
and bound TMP cations. The aervation of different exchange dynamics between
free and bound receptor and between free and bound cation confirmed the
existence of two different exchange processes as we already discussed for e
phosphonate calix[4]pyrroles 1. Also in this case, tk selfexchange of the included
anion or the exchange of a solvent molecule by an anion requires a conformational
change of2o0000. On the contrary, the chemical exchange between free and bound

TMP cation can take places directly.
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Figure 3. 5. Selected regions of théH and3'P NMR spectra of the titration oRoooo with TMPCI: a)
0 equivalents; b) 0.5 equivalents; and c) 1 equivalent added.

A 2D ROESY experiment carried out in DCdlution containing equimolar amounts

of 20000 and TMPCI revealed the existence of negative cross peaks between the
doublet of the methyl protons of 4 - 0 AT A-py@olicAprotpns (Hp) of the
receptor. Consequently, we postulate that the preferred binding geometry for the
TMPCI@0000 complex in solution is that of a receptorseparated ion-pair

arrangement (Figure 36).
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Figure 3.6. Selected region of the 2IROESY experiment performed on a dichloromethane solution
of 20000 with 1.0 equivalents of TMPCI. The observed intermoleculdOEcross-peak between the
protons of TMPPAT A @¥arAlic protons (Hb) of bound 20000 indicate that the cation is located
In the calix[4]pyrrole cup opposite to the bound chloride.

IH and 31P NMR titration experiments performed between2oooi and TMPCI
indicated that the binding process occurs follbwing e same dynamic and
thermodynamic trends observed forthe formation of TMPCI@o0000. Interestingly,
when 1 equivalent of TMPCI is added to a dichloromethane solution @booi, the
chemical shift value of the signal corresponding to the methyl groups of thEMP

cation is still noticeably upfield shifted d° 0.663 ppm;Dd=-1.43 ppm).
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Figure 3.7. Selected regions of théH-NMR and3'P-NMR spectra of a dichloromethane solution of
2000i after the addition of a) 0, b) 0.5 and c).0 equivalent of TMPCI.

A 2D ROESY experimenperformed with a dichloromethane solution containing
equimolar amounts of the receptors2oooi and TMPCI salt displayed intense cross
peaks between the signal of the methyl protons of TMP and the signals of the
pyrrole protons of the receptors. Taken together, these results suggest that the
TMPCI@000i complex also adopts aseparatedion-pair arrangement in solution.

The presence of a single phosphonate group with an oxygen atom inwardly
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oriented is not enoughto induce the switching in the binding modeof the complex

(Figure 38).

€
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Figure 3.8. Solid state structure of theion-pair complex TMPCI@ooo0i and selected region of the
ZDART(R/IEPS(; expénent of a dichloromethane solution containing an equimolar mixture of 2000i
an .

The formation of the ionpair complex TMPCI@ooo0i in solution was also
supported by solid state data (Figure 38). Single crgtals suitable for Xray
diffraction analysis grew from a dichloromethane solution containing equimolar
amounts of 200oi and TMPCI. The solution of the diffractin data revealed the
existence of the inclusion complex TMPCIZdooi also in the solid state.
Unfortunately, the columnar packing of theTMPCIl@oo00i complex in the crystal
did not provide an unambiguous answer for the preferred placement of the TMP

cation with respect the deep included anion in the solid state.

Pairwise competitive binding experimeris were carried out in order to measure the

relative binding affinities of the two stereoisomers2 with TMPCI. We prepared~1
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mM solutions containing a close to equimolar mixture of the tweéetra-phosphonate
receptors 2 and TMPCI in deuterated dichlorometAne. The binding process was
monitored using H and 3P NMR spectroscopy, similarly to the case of the direct
tiration experiments commented above. The interaction of receptors2 with
chloride induced a considerable downfield shift of the NH pyrrole signe. We
observed different sets of signals corresponding to the NH protons hydrogen
bonded to chiloride for each TMPCI@ complexes Figure 39). In the aromatic
region of theH NMR spectra of the mixture, we also cdil identify separate signals
for some protons of the free and bound state of both receptors. In addition, ti§&P
NMR spectrum displayed different signals for the phosphorus atoms of the two

receptors, both in the free and bound state.

c) TMPCI@2o00o0i

TMPCI(bound) 2000l{bound)

b) TMPCIl+ 20000 + 2000i

2000i(free)
20000(free)

J_JL_MMLAU&L I Y

a) TMPCI@20000

L

1.4 8.0 7.0 6.0[ppm] 2214 10 [ppm]

20000(bound)

F|gure 3.9. Selected regions of theH and31P NMR spectra of: a) TMPCIZ»oo0; b) TMPCI 20000
000i; and c) TMPC|&OOOI

The integral values of selected proton signals for each receptor, in both free and
bound state, were used to calculatehe ratio of association constant values. We
measured that kK exd TMPCI@20000) is approximately four-fold larger than
Ka,exd TMPCI@2000i). This result did not surprise us. As we already learned
through the study of simpler bis-phosphonate calix[4]pyrroles 1, the magnitude of
the binding constant for the ionpaired complex TMPCI@ are correlated well with

the strengh of the initial interaction of the chloride anion to form the 1:1 anionic
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complex. In turn, this latter interaction strenght is strongly dependenon the spatial
orientation of the phosphonate bridging groups, whilke thecomplexation of the TMP
cation provides an almost constant energetic contribution to theoverall binding. We
have assigned to the existence of repulsive electrostatic interactionsetwveen the
partial negative charges of the inwardly directed oxygen atoms of the phosphonate
group and their dipoles with the included chloride a destabilizing effect.
Consequently, the TMPCIl@booi complex was expected to be energetically less
favorable than the TMPCI@oooo complex. The value obtained for the ratio of
stability of the tetraphosphonato receptor series encouraged us to perform
additional competitive experiments between thetetra-phosphonate calix[4]pyrrole

20000 and the simpler bis-phosphonate stereoisomer 1oo counterparts. We

selected TMPCI as a guest and performed a pairwise competitive experiment. The

IH NMR andlP NMR spectra of a DCBblution containing an equimolar mixture of
the two receptors and TMPCI showed protons signals correspomd) to the
exclusive formation of the TMPCI@o000 complex and the expected signals for the
protons of 1loo free cavitand. Consequentlyy, we estimated that
Ka,exd TMPCI@20000) must be 10Gfold larger than Kaexd TMPCl@L00). It is worth
noting that in the 31P NMR spectrum of the above mixture the signal of the
phosphorus atom for 100 showed a reduced upfiedD E E £0O - 0.34) ppnd
compared to the chemical shift measured in a solution containingjoo alone. Most
likely, this shift is produced by the existence oaggregation processes between the

bisand tetra-phosphonate receptors.

129



Tetra-Phosphonate Calix[4]pyrroles

1H 31
C) TMPCI@100 100(bound)

P
b) TMPCI+ 20000 + 100

1o0(free)

e e

a) TMPCI@20000 20000(bound)
TMPClI(bound)
ﬁL_\ FURE U S ",
11 8 7 6 24 22 12 [ppm]

Figure 3.10. Selected regions of théH and 3!P NMR speata at 298 K of DCM solutions ofa)
TMPCI@o0000; b) TMPCI 420000 + 100; and c) TMPCI@oo.

An aralogous competitive experiment performed between2oo0oi and 100 using
TMPCI as guest was used to cakulate,&{TMPCI@2000), that is approximately
80-fold larger than Ka,exd TMPCI@L00).
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Figure 3.11. Selected regions of théH-NMR and3'P-NMR spectra of DCMI, solutions of a)
TMPCI@o000i ; b) an equimolar mixture of2o000i, 100 and TMPCI; ¢) TMPCl@o.

The results obtained in the experiments described above testify the superior
binding properties of the tetra-phosphonate calixp]pyrroles 2 receptors for the
ion-paired complexation of TMPCI with respect to thebis-phosphonates 1. We
attribute the higher binding strength displayed by2 in the complexation of TMPCI to
the existence of an increased number of electrostatic interactis and the higher
conformational rigidity imparted by the four phosphonate groups (instead of two)
in the complexation of the TMPCI salt. These effects are maximized in the case of the
20000 stereoisomer. ESIMS experiments performed using negative and pds/e
detection modes and capillary voltages in the range ofB00 V confirmed the NMR
data. We also performed sothermal titration calorimetry (ITC) experiments at 298

K to quantify the binding constants of the receptor serie with TMPCI in DCM
solution. We obtained a good fit for the integrated heat data to the theoretical
binding isotherm for the formation of a 1:1 complex. We calculated that
Ka,exd TMPCI@20000) is 5 £ 3.5 x 10 M-1while Kaexd TMPCI@2000i) is 1.5 + 0.2 x
107 M1, The ratio of the expgerimentally determined binding constant values is in
complete agreement with the results obtained from the NMR pewise competitive
experiments. These experiments were also useful for the calculation of values of

the thermodynamic constants of the complex@on processes. In general, the
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binding processes showed a small heat release (heattime). The complexation of
TMPCI by the receptors serie was both enthalpically and entropically driven.
The strong and favourable entropic component measured for thetwo

complexation processes suggests that solvation/desolvation effects must play a

crucial role.
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Figure 3.12. Top: Raw data heat vs time. Bottom: Fit of the integrated heat (squares) to the
theoretical binding isotherm for a 1:1 complex formation of a)TMPCI titrated into a DCM solution of

20000 and b)TMPC] titrated into a DCM_solutign oRoqgoj. The titrations were performed at 25 C.
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We were also interested in evaluating the effect that the addition of two
phosphonate groups at the upper rim of the calix[4]pyrrole could have on the
complexation of a primary ammonium salt i.e. octylammonium chloride (OAMCI).
We knew that OAMCI esblished hydrogen bonds, CH--O and catiahpole
interactions with the two P=0O groups of the bisphosphonatéii diastereoisomers.
In this sense the OAMCI@i complex is the more thermodynamically stable
complex formed by the bis-phosphonate receptor series 1. These favorable
interactions are responsible for the exclusiveclosecontact arrangement of the ion
pair in the OAMCI@.ii complex. We performed IH and 3P NMR titration

experiments by sequential addition of two doses of 0.5 equivalent of OAMCI to
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individual 1 mM DCM(d;. solutions of stereoisomers20000 and 2000i. In both
cases, the complexation process showed slow exchange on & NMR timescale
and the addition of 1 equivalent of the salt induced the exclusive observation of
proton signals correspondirg to the bound host. This latter observation indicated
that the binding constantvalues for the 1:1 complexes OAMCI®are higher than
104 M-1, A pairwise competitive experiments ofthe two stereocisomers with OAMCI
evidenced that the 2000i stereoisomer was a slightly better receptor for the
primary ammonium chioride salts than the 20000 stereoisomer (Figure 313).
Integration of selected proton signals allowed us to calculated the following
relationship: Ka,exp(OAMCG@2000i ) > 2 Kaexp(OAMCI@0000).

1|_| Ip
c)OAMCI@20000 2ooo00o(bound)
b)OAMCI + 2o00i + 20000 2000i{fr?e)
|
20000(free) |
W Ll
a) OAMCI@2000i 2000i(bound)
A % \
" 10 8 7

6 [ppm] 14 12 [ppm]

OAMCI G001 1) equimeiat mixiure of OAMG] L0001 + 20000: and c) OAMGT @s000. O *)
The IH NMR spectrum ofthe OAMCI@oo00i complex indicated that the signal of

OEA T AOEUI AT A DOl OI T O e nitrppgerdiod BfGhE DAMCx E O E
shifted upfiedtod=¢ 8 v v D B40.45 ppm). In the case of th€oooo receptor

the same methylene signal resonateat d = 0.79 pppm{ 33 - 2.2 ppm). Taken in
concert, these observations strongly support the existence in solution of a

significant increase in the binding geometry having aclose-contact ion-pair
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arrangement for the complex formed bytetra-phosphonate cédix[4]pyrroles 2oo0o0i
with OAMCI compared to the OAMCI@»ooo complex. Moreover, the difference in
the magnitudes of the association constants we determined for th@AMCI@2000i
and OAMCI@2oo000 is comparable with thebis-phosphonate calix[4]pyrroles. The
asscaiation constant value for the OAMCI@o complex was twofold higher than
OAMCI@oo. A pairwise competitive experiment performed using a ~ ImM
solution of the 2o000i and lio receptors containing 1 equivalent of OAMCI
demonstrated the superior binding properties of the 2o000i receptor,
Ka,exd OAMCI@000i ) > 10 Kaexp (OAMCI@Lio). This is not a surprising result if one
simply considers the conformational advantages installed in th&etra-phosphonate
receptors compared to thebis-phosphonate cavitands.Finally, we performed a
pairwise competitive experiment in an equimolar mixture of thetetra phosphonate
calix[4]pyrrole 2o000i, the bis phosphonate calix[4]pyrrole 1ii and OAMCI We
calkulated the following relationship for the stability constants K exp, (OAMCI@Lii ) >
2 Kaexp (OAMCI@000i). This result indicates that the conformational rigidity
(preorganization) of the receptor is not the only factor that is important for the
increase in the binding affinity of the OAMCI with phosphonate calix[4]pyrroles.
Clearly, the existence of ditopic electrostatic interactions between the primary
alkyammmonium cation and two phosphonate inwardly directed groups

outperforms the conformational advantaggFigure 314).
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Figure 3.14. Selected regions of théH and3'P NMR spectra of DCM solutions of: a) OAMCI®@ b)
equimolar mixture of OAMCI +lii +2000i; and c) OAMCI @000i .

3.2.4 Studies of tetra -phosphonate calix[4 ]pyrroles as sal t solubilizers and

membrane transporters

The ionpair recognition process occurring between tetra phosphonate
calix[4]pyrroles 2 and quaternary ammonium salts was further investigated with
acetylcholine chloride (AcChCl), a biological active molecule inw@d in processes
of transport of neuronal information1516 and memoryt’. Several examples of
macrocycles are already reported in literature for the recognition in solution of
this guests like cyclophane host$920, calixarene$! and resorcarene$2232425,
Direct binding experiments between the2 serie with AcChCIl showed dynamics,
thermodynamics and geometries for AcChCl@similar to TMPCI@ complexes.tH
and 31P NMR experiments show association constants >4M-1. The AcCh cation,
although has different size respet to TMP cation, is easily accommodateith the
calix[4]pyrroles cavity. We were interested in evaluating the ability oftetra
phosphonate calix[4]pyrroles 2 in the extraction of acetylcholine chloride from

agueous solution and in the transport through merbranes. We chose the
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stereoisomer 2000i since it was the one available in higher amount at the moment

of the experiments.

We already discussed in théseneral Introductionof Chapter 1 that ion pairing is
strongly dependent on the polarity of the solventThus, the general equation for

the transfer of ion pairs between immiscible solvents involves the equilibrium:

C* o+ Ang C* Aorg 1)

where Craqand Aaq represent the individual cation and anion in the aqueous phase
and CA-gthe cation andanion involved in the formation of the ion pair complex,
in the organic phase. Subsequently, the extraction of acetylcholine chloride
(AcChCl) into an organic phase mediated by a salt receptor2¢o0i in our case)
occurs through a twostep process. The fst equilibrium, Kewxp, involves
partitioning of the salt into the organic phase and the second equilibrium, K
concerns association of the partitioned salt with the receptor. These steps occur
simultaneously and involve the CI anion binding through the yrrolic NHs of the
receptor and the AcCh cation accommodation in the electron rich cup of the

calix[4]pyrrole 26.

;,.Q) & CI‘) 7 e—_ ‘3@)
aq aq org

Figure 3.15. Two-process step for the extraction of AcChCl using a salt receptor.

The ability displayed by ionpairs receptors 2 to increase the apparent solubility of
salts in organic solvents (as shown for the cases of TMPCI and AcClkChased on
these equilbria and bodes well for their application in the development of salt

solubilization agents2’” We also wanted to evaluate the ability of2000i as ion-pair
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carrier (AcChCl) in transport experiments between two aqueous solutions
separated by a dichloromethane layer acting as a simple modei a lipohilic liquid
membrane282® The U-tube-OUPA 0 OAOOI AT  dishbotoinethared O E
membrane was used to study the transport of AcChl chloride and is represented in
Figure 316. It consists of a Lube with an Q 6or Gource phaséconsisting of 10 mL
of a 5.78mM water solution of AcCChCI. And &) 6or Qeceiving phasé containing 10
mL of MilliQ water. The organic transport layer consisted on a dichloromethane
solution, placed between the two aqueous phases, 46ld more diluted (0.5 mM)
than the source phase and exclusively contaiimg receptor 2000i. The Utube-type
cell was equipped with a magnetic stirrer to ensure constant stirring of the
membrane phase. We followedhe transport of AcChl chloride between the two
arms (limbs) of the cell using conductimetry measurementsThe chorce of this
technique was dictated by the advantages provided by conductivity measurements
in the quantification of the concentration of ionpairs in solution compared to other
techniques like UWis or HPLC. Conductimeters are quite inexpensive and
commerdal available. The newgeneration of advanced instruments ensuresigh
accuracy in the conductivity measurements. Moreover, conductimetry can be
applied for the determination of concentrations of all electrolytes in almost any
solvent and over wide rangesof temperature and pressure. The sensibility of the
new conductimeters allows measurements to be performed at relatively low

concentrations of the electrolytes (around 16 M).
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a-arm (donating) R-arm (accepting)

aqueous solution

5.5 mM AcChClI

aqueous solution .
0.5 mM 2o000i

dichloromethane solution

Magnetic stirrer

Fi?ur_e 3.16. Utube-type cell used for the studyof transport experiments of a 5.5 mM aqueous
solution of acetylcholine chloride through a 0.5 mM dichloromethane solution @&oooi .

The transport experiment consisted in monitoring the change in the conductimetry
values at both arms of the Wube type cll during 24 hours. Preliminary
conductometric measurements performed as blank with they and  arms
containing only MilliQ water and no receptor in the organic phase, afforded
AT T AOAOEOEOU OAI OAO jvyq I p 3EAI AT 08 4EA
solution of AcChCl resulted of 352 Siemens.

In the initial phases of the transport eperiment, the AcChCl molecules diffuse
quickly from the donating phase solutionto the organic layerresulting in a decrease

of conductivity from 352 Siemens to 112 Siemens. We observed an analogous drop
of conductance value for the source phase in the ciool experiment performed in

the absence of added receptor in the organic phase. We must conclude that the
liquid/liquid partitioning process must play the most important role in the
extraction process between the source and membrane layer for both the sxEnce

and the receptor mediated systems.
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In the receiving phase thetransport of guest in absence of host seems to be slighty
slower than in the presence of host, although in both cases similar amounts of
acetylcholine chloride are extracted at the end of the transport experimenihis
result might suggestthat the receptor has a moderate effect on the rate of guest
transport through the membrane. Linear plots of conductance variation versi
time for the receiving D Eah O beginning of the experiment both in the
absence and in presence of theeceptor indicated that the transport processes
reaches equilibrium after two hours. Probably, the concentrations we selected for
the source and the membrane phases wer&o low to measure any relevant
difference or even sigificant values for transport and extraction in the experiments

we performed.
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Figure 3.18. Conductance measurements of acetylcholine chloride agi OO0 OT1 1 OOET 1T AO

(receiving aqueous solution) of the ktube.

We must conclude that, at the concentration at which we workedietra-
phosphonate calix[4]pyrroles did not result excellent membrane carriers.
Moreover, the strong binding between 2oo00i and the acetylcholine chloride des

not favor the release of the guest into the receiving phase.
3.2.5 Solvent effect : binding studies in acetonitrile

The experiments performed in dichloromethane allowed us to study the tetra
phosphonate receptors 2 as ionpair receptors. In polar solvents, such as
acetonitrie (ACN), it is possible to analyzethe binding and selectivity of the
receptors 2 towards chloride without having to worry about the effect of the cation.
Binding studies perfomed in ACN allowed us to compare the binding strength of a
tetra-phosphonate cavitand2 versus a bisphosphonate cavitand1l. We chose to
compite the 20000 and 1oo stereoisomers, because they were the best receptors
in dichloromethane solution among their seies of stereoisomers. The solubility of
receptor 20000 in ACN at 298 K is 0.1 mg/mL~« 0.1 mM). While 2000i is not
soluble enough to be detected byH NMR spectroscopy TheH NMR spectrum of
receptor 20000 in ACN solution suggested that thistereoisomer adopts the cone
conformation and includes one solvent yielding the ACN#Zdooo complex. The

inclusion of one molecule of ACN in the aromatic cavity @booo was alsoobserved

140



Tetra-Phosphonate Calix[4]pyrroles

in its solid state structure. The addition of less than 1 equivalent of TMPCI pnacked

a slow chemical exchange on NMR timescale betarethe free and bound receptor.
From the integral values of selected signals for the protons in the free and bound
receptors we calculatedthe binding constant value as Kexp (Cl@20000) = 1.4+2 x
104 M-1. As expected, the magnitude of the binding constant is significantly reduced
compared to the value we estimated/determined in DCM solution. The TMP cation
is not significantly involved in the formation of the complex, as can be inferred from
the slight upfield shift experienced by the protonss &£ OEA 4-0 AAOEI]
31 - B06 ppm). However, it is important to note that the association constant
value for TMPCI@oo000 complex (1.4+2 x 16 M) is two-fold larger than the one
calkulated thebis-phosphonate cavitandloo in the same solvem (7+2 x 108 M-1). A
pairwise competitive experiment between 20000 and loo with TMPCIl was
performed to corroborate the ratio of the stability constants The integration values
of signals for the protons in free and boun@ooo0 and 100 after the addition of ~ 1
equivalkent of TMPCI were used to calculated a value of,&{TMPCl@20000)/
Kaexd TMPCl@Loo) ~ 6.0, which is in line with the result derived from direct

titration experiment of each stereoisomer with TMPCItigure 319).
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Figure 3.19. Selected regions of théH NMR spectrum of: a) TMPCI + 40000; b) TMPCI + 20000 +
1o0; and c) TMPCI + 1o acetonitrile-ds.

3. 3 Conclusions

A series of twotetra-phosphonate @vitands based on calix[4]pyrrolescaffold have
been synthesized. The two diastereoisomers form 1:1 complexes with
alkylammonium/ammonium chloride salts with association constants larger than
104 M-1. In the case of TMPCI as guest, the existence of onegaxypointing inside
the calix[4]pyrrole cavity in the stereoisomer 2000i reduces the strength of
binding, probably due to the existence of electrostatic repulsion between the
inwardly oriented oxygen and the included chloride. These data confirm the fully
outwardly oriented phosphonate stereoisomer20000 the best receptor for ion
pairs between thetetra-phosphonate series. Subsequently, the geometry adopted
by TMPCI@ complexes is aseparatedarrangement in which the TMP cation is
located in the electron ich cup of the calix[4]pyrrole. When OAMCI is used as
guest, the OAM cation is preferentially locked in the upper rim &oooi in which it
establishes hydrogen bonding interactions with the inwardly oriented

phosphonate group. In this case, the OAMCR@oo0i complex adoptsa closecontact
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geometry. In polar solvents like acetonitrile the association constants are strongly
reduced as consequence of the ion pair dissociation and removal of the cation
effect on the overall binding. Competitive experiments perfaned betweentetra-
phosphonate and bis-phosphonate calix[4]pyrroles toward
alkylammonium/ammonium chloride salts reveal the former having association
constants 100 fold(alkylammonium chloride salts) and 10 foldhigher (ammonium

chloride salts)than the latter.

3. 4 Experimental Section

General information and instrumentation

All syntheses were carried out using chemicals as purchased from commercial
sources unless otherwise noted. When required, dried and deoxygenated solvents
supplied by a Solvent Purification System (SP&0-6) were used. Thirlayer
chromatography (TLC) and flash column chromatography were performed with
DCAlufolien Kieselgel 60 F254 (Merck) and silica gel 60A for chromatography
(SDS) respectivelylH and31P NMR spctra were recorded on a Bruker Avance 400
(400.1 MHz for 1H NMR) and Bruker Avance 500 (500.1 MHz fotH NMR)
ultrashield spectrometer; Mass Spectrometry experiments on a LCT Premier,
Waters-Micromass ESI or Autoflex, Bruker Daltonics MALDI. HR measuranents
were carried out on a Bruker Optics FTIR Alpha spectrometer equipped with a
DTGS detector, KBr beam splitter at 4 c#nresolution. Isothermal titration
calorimetry experiments (ITC) were performed using a Microcal VH#TC

Microcalorimeter.

Synthesis

To a solution of calix[4]pyrrole 3 (500 mg, 0.352mmol) in dry THF (10 mL) and
freshly distilled triethylamine (0.980 mL, 7.03 mmol), phenylphosphonic
dichloride (0.247 mL, 1.758 mmol) was added dropwise under argon atmosphere.

The reaction mixture was stired for 2 hrs at room temperature. The solvent was
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removed in vacuoand water (50 mL) was added. The grey precipitate was filtered
off and purified by Combiflash (Si@ CHChL) in order to remove the
oligomers/polymers formed during the reaction with 39% overall yield. The
fraction containing the two diastereomers was purified by semipreparative HPLC
(Spherisorb OET EAA ¢qumn p g @HCL1Hexane 6Qq:4D;Mowdfel 15
mL/min) to yield each separated isomer20000 and 2000i as a white solid Figure
3. 20, retention times: 4.3 minutes and 5.3 minutes, respective)y The isomers can

be further purified by crystallization from acetonitrile.

4P0Oo0o00I

4P0Ooo000

Figure 3. 20 Normal phase- HPLC chromatogram ofetra-phosphonates reaction crude using a
mixture of DCM : Hexane 60 : 40 as eluent

Experimental data 20000 (white solid, 3%). 1H-NMR (400 MHz, CDeh ¢ v J # Qdg,
(ppm) = 7.94 (Mm,3h.p~ 14 Hz,3h 1~ 7.3 Hz, 41~ 1.2 Hz, 8H), 7.65 (M3H.n~ 7.3

Hz,4h( Shp ~ 1.2 Hz, 4H), 7.53 (M3}n~ 7.3 Hz,hr ~ 4.8 Hz, 8H), 7.53 (bs,

4H), 7.37 (d,*}-1 ~ 1.75 Hz, 8H), 6.56 (t*+n~ 1.75 Hz, ), 6.17 (d,*n~ 2.27

Hz, 8H), 2.45 (m, 8H), 1.27 (m, 80H), 0.88 @}x~ 7.0 Hz, 12H).31P-NMR (400

MHz, CDGh c¢uvJ#dQd ) E MAEDIMB: npzo &alpwdaged for2
Ci16H144N4O12P4 1908.9731, found 1908.9699; FT) 2 u-1) 29212851 (P-CHar
streaching, 1592 (PAr aromatic ring in-plane stretching), 1426 (RAr aromatic

ring in-plane stretching), 1293 (PO stretching)elemental analysis calculated for
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Ci16H144N4O12Ps + GH12CbN2 (2 x CHCN) + CHCEk (%): C, 70.17; H, 7.47; N, 3.99;
found: C, 69%68; H, 7.99; N, 4.25.

Experimental data 2000i (white solid, 9%). 1H-NMR (400 MHz, CDeh ¢ v J # 4,

(ppm) = 7.97 (m,3hp~ 14 Hz,3.n~ 7.3 Hz, 41~ 1.2 Hz, 8H), 7.79 (t2hHn~ 2.3
Hz, 1H), 7.76 (tA3w.n~ 3.0 Hz, 2H), 7.72 (t*2ln ~ 2.3 Hz, 1H), 7.66 (M3L1n~ 7.3
Hz,2h( S%hp~ 1.2 Hz, 4H), 7.55 (m3H.1~ 7.3 Hz,*.p ~ 4.8 Hz, 8H), 7.46 (t!4H

~ 2.0 Hz, 2H), 7.46 (t4Jin~ 2.0 Hz, 2H), 7.46 (t33.1~ 2.0 Hz, 2H), 6.81 (t4dn~
2.0 Hz, 2H), 6.77 (*J4-1~ 3.3 Hz, 2H), 6.55 (t?2}h.n~ 3.3 Hz, 2H), 6.18 (d4}HH~ 2.3
Hz, 2H), 6.15 (t*h+~ 3.0 Hz, 2H),6.12 (t,4}.+~ 3.0 Hz, 2H), 6.08 (dt}.n~ 2.3 Hz,
2H), 2.45 (m, 8H), 1.27 (m, 80H), 0.89 (8}++~ 7.0 Hz, 12H);31P-NMR (400 MHz,
CDCh ¢uvJ#Qd 1 jPPIiQ E p18ox -MAIDFMSQm/E h
calculated for Ci16H144N4O12P4 1908.9731, found 1908.9866; FT) 2  u-1) 291
2850 (P-CHar stretching), 1593(P-Ar aromatic ring in-plane stretching), 1430 (RAr
aromatic ring in-plane stretching), 1294 (PO stretching); elemental analysis
calculated for Ci16H144N4012P4 + GHeN2 (2 x CHCN) (%): C, 72.34; H, 7.59; N, 4.22;
found: C, 71.65; H, 7.34; N, 3.54.

Binding studies

The ESIMS experimentswere carried out using an Electrospray loniation source

combined with a Timeof-Flight mass analyzer (ESTOF), operating in negative or
positive mode. The samples were continuously sprayed using nitrogen as drying
gas (desolvation at 510 L/hr). The injetion rate was maintained constant at
¢mnt , Ti ET8 4EA Oi1 OACA ApbPi EAA AO OEA
while a voltage of OV was applied to the cone. The source and desolvation

temperatures were set to 120 C and 200 C, respectively.
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CHAPTER IV

Synthesis of Triazolophane-based Receptors for
Linear Bifluoride lon s

' The work presented in this chapter has been carried otinh the laboratory of Prof. Amar Flood,in
Indiana University (USA)under the supervision of K. P. McDonald






Triazolophanes

4.1 Introduction

In Chapters 2and 3 we have presented the design, synthesis and binding studies of
calix[4]pyrrole-based ion pairs receptorsin order to bind chloride anions. The
binding process occursthrough the formation of H-bonds between the chloride
and the four polarized NH pyrrolic donors. We report here the design and
synthesis of a newtriazolophane-based receptor and the preliminary binding

studies toward monoanionic pseudohalidessuchasthe bifluoride ion HF2

Triazolophanes represent a new class of macrocycles in which the binding of

anions like chloride occurs by triazole and phenytlerived CH hydrogen bond
donors.12345678 These receptors show extraordinary binding constants, of the

order > 106 M1, and the binding affinities for chloride result two orders of
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process of complexation occurs by using weak CH hydrogen bonds. Recently, A.

Floodd §doup? has highlighted that both electrostatic and structural features of the
triazolophane-based receptors are responsible for the high binding strength,

selectivity and guest regulation. In particular, they showed that triazolophanes
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hydrogen bonding and the receptors do not requirea pre-reorganization to

achieve the chloride bindingl0.11.12 On the contrary, an energetic penalty of ~ one

third of the entire Ct stabilization energy is required by calix[4]pyrroles to

reorganize the macrocycle from 1,3&lternate to cone conformation and to

establish Hbonds with the anion, as described in tl previous chapters.

The work presented here consistedin the synthesis of a new triazolophane
derivative (Figure 4.1) for the binding of the monoanionic pseudohalide KIF)
anion usingH and1°F-NMR spectroscopyIn particular, the idea was to combine
the strongest hydrogerrbond (FH---F) with one of the weakest hydrogen bond
interactions that are provided by the CHs of a triazole unit. The structure of the
macrocycle is defined by three different types of €& hydrogen-bond donors: four
equivalent strong donors from the triazoles HT) and two pairs of weaker

phenylene GH donors, coming from the N-linked phenylenes (", north-south)

149



Triazolophanes

and from the Clinked phenylenes (S, eastwest). Moreover, the receptor presents

a dicyclohexylamido moiety on the two Ninked phenylenes (north and south

direction) which polarize the triazole GH hydrogen donors and increase the

solubility of the macromolecule in organic solventsTert-butyl groups on the G

linked phenylenes (east ad west direction) minimize OE An AOOAAEET ¢ AAOx/

the receptor molecules.

OxN(Cy)2 %:4/\4\/\;_;(

N. N,
N°_ N\' N
HT H
HC¢ HC
T HT
N. N N
N° N %
2
o) —C
a) (Cy)N b)

Figure 4. 1 Structure of the desired triazolophane §,0n the left) and the correspondingminimized
structure obtained by Spartan software b, on the right).

The inclusion of the "bifluoride" anion in the triazolophane skeleton has been
previously modeled and calculated inside th@arent triazolophane, as shown in

Figure 4.2.
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Fi%ure 4. 2 Structure of the parent triazolophane receptor(left) and minimized geometry of the
bifluoride” anion inside the parent triazolophane (right).

Inclusion of pseudohalides, in particular cyanide, witin a rigid macrocyclic
triazolophane receptor by using strong €H hydrogen bonds hasalready been
reported in Floodd Qroup and it has been corroboratedboth by theory and
experimental datal3 In the same way, examples of encapsulation of bifluoride are
reported for tricyclic hosts in the literature 14151617 The choice of developing
synthetic receptors for HR- recognition was dictated not only by our interest in
binding linear guests but also by the interesting properties that fluoride
compounds currently exhibit.1®8 Moreover, it is known that bifluoride HF>- anion
results more stable than fluoride Fin organic solvents!® In apolar media and in
the presence of water the following equilibrium takes place and results to be time

dependent:

2 TBAF + H,0O TBAHF, + TBAOH (1)

The water can be contained in the solvent or in the tetrabutylammonium fluoride
(TBAF) itself, being the salt commercially available asi hydrate (it is not easy to
produce dry TBARO because of its decomposition by Hoffmann elimination,
occurring even at room temperaturél). It has been observed that the proportion
of HR- increases drastically with dilution of fluoride solutions and usuallyfluoride
exists mainly in the bihalide form in 0.5 mM solution!® Subsequently, the HE

results highly stable in solution, even over time.
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4. 2 Results and Discussion

4.2.1 Synthesis

The synthesisof the desired triazolophanederivative 10 has beenachieved by
preparing the two main building blocks4 and 8, asreported in Scheme 41. The
N,N-dicyclohexyl-3,5-diazido-1-phenylamide 4 has been prepared from 3,5
diamino-1-phenyl carboxylic acidl by the formation of an azonium sdl, giving the
3,5-diazide-1-phenyl carboxylic acid2. The synthesis of2 resulted more successful
with a H2SQyag):Acetonitrile mixture than using CHCOOH! for the in situ
preparation of the nitrous acid The chloride derivative 3 of 3,5diazide-1-phenyl
carboxylic acid2 was directly reacted with the corresponding dicyclohexylamine
in presence of triethylamine to give4. The 3,5diethynyl-1-tert-butyl-benzene 8
building block was prepared from the 4tert-butyl-aniline 5. The corresponding
2,6-diiodo-4-tert-butyl-aniline 6 was reacted with NaNG/H 2SQ in boiling EtOH to
give the corresponding 3,5diiodo-1-tert-butyl-benzene7 in 50% yield. The same
reaction was carried out at room temperature and atmospheric presure, using
H2O; as source of nitrous acid and FBQ as hydrogen donor22 The reaction

resulted faster and easy in handling. Theert-butyl-diethynyl benzene 8 was

obtained through Sonogashira reaction followed by TMS deprotection. The two

components 4 and 8 were reacted together in a 1:10 ratioby click chemistry
generating the precursor9 as diethynyl derivative in which only five rings of the
eight required for the desired macrocycle are presen The final macrocyclization
reaction was carried out underpseudo-high dilution conditions reacting the pre-
macrocycle9 with N,N-dicyclohexyl-3,5-diazido-1-phenylamide 4 in 1:1 ratio. The
desired macrocycle wa isolated with low vyield (3%) exploring different

chromatographic conditions and characterized byH-NMR and ESMS.
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Scheme 4.1 Triazolophane 10 synthesis.Azide building block synthesis aR;M, glacial acetic acidt- .
butyl nitrite, 0°C, 1 h; sodium azide, 0°C, 5 hrs; b)zadéaq) - ACN, touty!
azide, 0°C, 2 hrs; ¢) SOCIDMF, THF, 50°Chrs; d) dicyclohexylamine, CHG| TEA, r.t., 24hrs.

Acdylene buildinﬁ b[ock s¥nthesis e) iodine, silver sylﬁhate, EtOH, r.t., 1h; 28(%, sodium nitrite,
Eﬁga/l\ﬁ%fgﬁ 'IZ'IA:| Fr,s’2hgr)s; i) CUT}ZSSU,-EJ_I'Eér{g,”lﬁP%Of’ ;-I—)MCSJI/BEIU ,F;gl(l%e,lzirllr??(')\lﬁc’ 01\/r(1arrnailgro1lt.
The yield related to thelast synthetic step, from which we isolated the desired
macrocycle 10, was low due to the difficulties encountered inthe purification of
the receptor. The H-NMR spectrum of triazolophanelO showed broad signals
when isolated by chromatography. However, addition of an excess of
tetrabutylammonium chloride (TBACI) salt to the host solution gave sharp signals
for the formation of the TBACI@O complex species. The excess of salt was
removed by washing the sample with water, even though traces of
tetrabutylammonium cation were still present in the 'H-NMR spectrum. The
downfield region of the 1H-NMR spectrum of10 presents four sets ofaromatic
protons, in which the peak for thetriazole CHs(H+) resonatesat] 95 ppm and

the protons of theinner phenylene CHs i and Hc@ A O  ppmEFinailyg pe
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