Copyright
by
Sung Kuk Kim
2011



The Dissertation Committee forSung Kuk Kim Certifies that this is the approved
version of the following dissertation:

Calix[4]pyrrole -Based lon Pair Receptors

Committee:

Jonathan L. SesslegBupervisor

Christopher W. Bielawski

Dionicio R. Siegel

Simon M. Humphrey

Sean M. Kerwin

Eric V. Anslyn



Calix[4]pyrrole -Based lon Pair Receptors

by

Sung Kuk Kim, B.S.; M.S.

Dissertation
Presented to the Faculty of the Graduate School of
TheUniversity of Texas at Austin
in Partial Fulfillment
of the Requirements

for the Degree of

Doctor of Philosophy

The University of Texas at Austin
August 2011



Dedication

In memory of my late mother

To my father



Acknowledgements

| would first like to thank my advisor, Jonathan L. Sessler for giving me an
opportunityto pursue the Ph.D degree under his supervi@ahfor his constant support
and encouragemeritcould not have obtained the Ph.D degree.

Dr. Vicent M. Lynch hasvorked for me on the Xay crystallography | really
appreciate his hard work and great helps.

| would also like to thanlall members of the Sessler group members, past and
present, forfriendship.|l also appreciate theollaborative efforts ofGabriela andDr.
Dustin E. Gross.

| would also like to give thanks to Profs. Jong Seung KiniKorea University
and ChangHee Leeof Kangwon National Universityor giving scientific suggestions
and discussions.

Special thanks go to Yerim and Dong Sub for their tneedeep friendship.

Finally but biggest, | would like to thank my father, my past mother, my brother

and my sisters whalwaystrust me.



Calix[4]pyrrole -Based lon Pair Receptors

Sung Kuk Kim, Ph. D.
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Supervisor: Jonathan L. Sessler

Compared with simple ion receptors, ion pair receptors display significantly
enhanced affinityto ions through allosteric effect and additional electrostatic
interactiors between the bound ionas well as hosguest interaction Talen in concert,
thesenecessarilypermita higher level of control over ion recognition anahsportthan
that obtainablefrom simple ion bindingHowever,in spite oftheir potential applications
in variousfields, such as salt solublization, extracti@md membrane transport, ion pair
receptos, which areable to form simulneous complexation with an anion and a cation
still remains in a relatively wxplored area in supramolecular chemistryrhis
dissertatiordescribesfforts to develop such systeros the basis of calix[4]arenes and
calix[4]pyrroles. Calix[4]pyrroles and calix[4]arene derivatives bearing crethers or
ester groups arknown to act as efficient receptdie anions and cations, respectively.
Therefore, he synthetic combinatioar modification of these two macrocyclic subunits
provides an entry intonovel ion pair receptorsThe focusof this dissertations on
matched systems thiirm strong angpecificcomplexes with cesiuror potassium salts,
depending on thexact structure imuestion The selectivitydemonstrated by these
receptors is ascribed to taning of the cation recognition sites arwbntrol of the
calix{4]arene conformation Solid state structuraand 'H NMR spectroscopi@nalyses

reveal thapotassiumandcesiumcations are bound to different sites within these ion pair
Vi



receptors A strongdependence on the counter anion (e.g., fluoride, chloride and nitrate
is also seenin some cases this dependence is-abapolute, thus mimickingND logic
gates.Noticeably,the ion pair receptaronsistingof a 1,3alterate calix[4]arene crowh
anda calix[4]pyrrole is able to extract various cesium and potassium saltsafveater
phase into an organic phase in various binding matiggending on the counter anions.
Furthemore,the extractionbehavior of this ion pair receptor towards such ion pairs can

be controlled by cation switching and the use of different solvents.
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Chapter 1: General introduction to ion pair receptors

1.1INTRODUCTION

Over the past several decades, a large numbeacgélic and macrocyclic
compounds have been synthesized as cation receptors and evaluated &ilitiesto
recognize cation¥® In recent years, as the importance of anions in biological and
environmentakystems habecomeincreasingly recognized, attention has bdeercted
towards the design and construction of anion receptors. As a conseduathceation
and anion recognitimare now welestablishedranches of supramoleculeiemistry***

From this body of work it has become increasingly apparent that counterions can play a
critical role in modulating the binding strength and selectivity of veipgteardo be the
simplestof ion receptors. This appreciation has, in turn, led to the consideration that more
elaborate systemsapable of forming simultaneously complexes with both a cation and
an anion might offer considerable advantages in terms of affinity or selectfify.
These seaalled pair receptors might also permit a greater level of control over ion
recognition, extraction and throughembranetransportthan simple ion receptors. In

fact, in many cases, ion pair receptors containing binding sites for both cattbasians
display affinities for ion pairs or their constituent pairs of ions that are enhanced relative
to simple ion receptors. Often this is the result of allosteric effects, such as those derived
from favorable electrostatic interactions between théamd ions*** However, in

spite of their potential applications imarious fields, such as salt solubilization,
extraction, and membrane transport, the number ofataliacterized ion pair receptors
remains limited. This could reflect a combinationsyhthetic challenges (the systems

reported to date have not been easy to prepare) and experiotenphéxitiesassociated

with trading multiple ionic speciesas well asthe high inherent lability omanyion
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pairs’?** Neverthelessthe potential impotance of the field leads us to propose that the
areacould benefitfrom additional contributionsBefore turning to the candiaiwork
along these lines, it is appropriate to review the prior literature. This is donwitiesn
emphasis on the underlgrbinding phenomena.

To effect aniorrecognition most ion pair receptors take advantagéyafrogen
bonding donors (urea, amide, imidazolium, pyrrole, hpdroxyl group), Lewis acidic
sites (boron, aluminum and uranyl), and positively charged polyammogriaups:** In
contrast, the majority of ion pair receptors rely on lone pair electron dovgusling
crown etherS and “-electron donorssuch as functionalized calixarendsr cation
recognitiont®*’

For ion receptors for either cations or anions, their binding constants have been
reported to vary significantly, especially in low dielectric constant media, depending on
receptor concentration, ionic guest and its counterion concentrations, and nature of
becausanteractiors between receptors or/and between guests often make a remarkable
influenceon the formation of host/guest compleXx&€ However, this disadvantage can
be somewhat overcome by decreasingctirecentratiorof free counter ions asresult of
complexing both cations and anions simultaneously using ditopic receptors or
molecularly separated binary host systems. This is attributable to the fact that the bound
ion pairs areprotectedbetter from the forced interaction with other frea pairs which
have been known to make an adverse effect on complexation between receptors and ions.

In the limit, ion pair receptors can be classified as binding ion pairs in either a
sequentiabr concurrent fashion. In the case of sequential bindirgrebeptor can bind
one ion of the ion pair on its own. Once bound, this 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 solvemtediagd electrostatic interaction with its
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counter ion*** By contrast, inthe 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 tletions of the ion pair are in direct contact

or spatially separateda one or more molecules of solvent orthg receptor skeletotf

14

(@) (b) (©)

Figure 1.1 Limiting ion-pair interactions relevant to receptoediated iorpair
recognition: (a) Contact, (b) solvebtidged, and (c) hosteparated. In this
schematic, the anion is shownfaso , the cation as AC+0,
i f present as fASO.

Another way of classifying ion pair receptors is by how they bind the cations and
the anions of targeted ion pairs. Here, three different binding modes can be defined.
These limiting modes ardepicted in Figure .1 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 a direct contact (Figurda); the second, termed a solventiged ion pair,
is where one or more solvent molecules bridges the gap between the anion and the co
bound cation (Figuré.1b), while the third consists of a hesgparated ion pair, wherein
the anion and the cation aseund relatively far from one another, usually by the receptor
framework (Figure1.1c)*?'* Depending on the identities of tmund ions, the

separation distance between ion pairs, the nature of the constituent recognition sites, and
3



the nature of the seénts, a given receptor can bind a given ion pair in one or more of

these limiting modes.

1.2 10N PAIR RECEPTORS BASED ON L EWIS ACIDIC GROUPS FOR ANION RECOGNITION

One of the earliest exampkof anion pairreceptorwas reported by Reetz and
coworkers in1991. In this system]l.1, a crown ether moiety introduced for cation
recognition was coupled to a Lewasidic boron center for anion recognition to provide
compoundl.1 (Figure 12).! It was demonstrated b{/B and *C NMR spectroscopy
that, in contrasto simple ionreceptos, such as a crown ether analogue without the
boronic center and an arylboroic acid ester without the crown ether, reteptorms a
1:1 complex with KF where the *Kcation is bound within the crown ether and the F
anion is covalently bound to the boronic cent@ne consequence is that this receptor
allows the otherwise insoluble salt, KF, to dissolve in dichloromethane withis Zte
crystal structure of the KF complex of receptbl was solvedvia standard Xray
diffraction means. It reveals that thé in is bound to the crown ether but interacts with
an F anion bound to a neighboring ion pair receptor. As the result of this close
intermolecular ion pair contact, a supramolecular polymer is stabilizee isolfd state.
This sameresearchgroup also reported in 1994 that ion pair receft@r(Figure 12),
consisting of an aluminum phenolate moiety surrounded by a crown ether, is able to bind
LiCl as an ion pair simultaneoushja interactions with the Lewi acidic aluminum
moiety and the crown ether ring. lon pair binding was seen both in solutiom &mel

solid stat€?
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Figure 1.2 Structures ofi.1, 1.1XF and1.2.

Reinhoudt and ceworkers reported the synthesis and the ion pair binding
property ofreceptor1.3 (Figure 13) in 1994% This systemcontainsa Lewisacidic
uranyl (UQ?") center coulently linked to two benzo[15]crowh units. Cyclic
voltammetry and FABnassspectrometrometric analysisvealedthat receptorl.3 can
complex K* and HPQ; concurrently”® In the resulting complexthe K* cation is
sandwichcompleed by the two crown ether ringsvhile the phosphateanioninteracts
with the Lewisacidicuranyl goup.This team alsoeportedon pair receptofL.4 in 1994.
This latter system employs a calix[4]arene tetraethylester subunit as a cation recognition
site, a subunit that is known to bind the"Mation selectively andtrongly In accord
with design expetations, this system was reported to capture” hiad HPO;
concurrently and to dso with a 1:1 (.4:NaH,PQ;) stoichiometry** Reinhoudt and
coworkersalso replaced the benzo[15]crowrof receptorl.3 with a calix[4]crown6, a
moiety known to complex thés" cation well. This gaveeceptorl 5.* Once in handthe
ability of 1.5 to transport CsCl and CsN@hrough a supported liquid membrane (SLM)
was assessedhis SLM containeda porouspolymeric suppori{Accurel) impregnated

with o-nitrophenyln-octyl ether (NPOE)Rs the hydrophobic barrieAlthough the CI



anion ismore hydrophilic than NQ, a higher rate of flux was observed through the
hydrophobic membrane for CsCl (1.20107 mol m? s%) than forCsNQ; (0.89 x 107

mol m? s?) in the presence df5.?° On the other handyhenmonofunctional analogues

of 1.5, control systems lacking the urarsdlophen complex subunit, were used,
selectivity for CsNQ over CsCl was seemhis observation was consded consistent

with the proposathat both binding sites are necessary to achieve efficient complexation

and transporof CsCI%

TNETY 0
K,o\)o \\/O\) J o r0 o1 0 § (% o)
o o
1.3 1.4 /

Figure 1.3 lon pair receptorg.3-1.5.

In 2003, Rissanewet al. described that uramgalophen complexe$.7 and 1.8
(Figure 14), receptors bearing appended aromatic groups, behave as ion pair receptors
for tetraalkylammonium halide saffsCompared with the control receptdr lacking
aromatic side arms, receptots/ and 1.8 were found to bind tetramethylammonium

chloride and tetrabutylammonium chloride with improved efficiency. Evidence for
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binding came frontH NMR spectroscopic studies, as well as from anax crystal
structure. These analyspsovidedsupportfor a stabilizing catiori interation between
the tetramethylammonium cations and #ppened aromatic rings. Evidence of Lewis

acid-anion (chloride) interactions were also séen.

17 1.8 1.9 1.10

Figure 1.4 Uranylsalophen based igrair receptors

Interestingly, unlikel.9, ion pair receptol.7 was found to form complexes with
alkaline halide salts. These complexes consist of contact ion pairs wherein the halide
anions are bound to the uranyl center and directly interact witHikhkna cationghat in
turn arebound to the oxygen atoms atite " -electron surfacgof the benzylic group
Solid state structural analyses reeethat KCI, RbCl, CsF, and CsClI form capslile
dimeric (2:2) complexewith 1.7, with the presence of a stabilizingmetal interaction
between the metal ions and the benzylic aromatic rings beiefically inferrred?’

Receptorl.10, having one benzylic side arm, was also found to bind the CsCl ion
pair but witha different binding stoichiometry. Specifically$-ray diffraction analysis
revealed thafl.10 forms a 4:2 1.10.CsCl) complex where four receptor molecules are

assembled to provide a capsiike arrangement.



As a complement to the above studfésNMR spectroscopic titrations df.7-1.9
were carried out with various quaternary ammonium and iminium salts, such as
acetylcholine chlorideN-methylpydinium iodide, andN-methylisoquinolinium iodide.
On the basis of these studies, it was concluded that recépi@nsd1.8, bearing pendant
aromatic rings, bind quaternary salts muciore effectivelythan does the control
compoundl.9, which lacks a cation recognition siteuch findings provideadditional
support for the conclusion that the enhanced binding abiéitgonstratedby 1.7 and1.8
reflects in part the stabilization provided byation interaction$®

In 1995, Shinkaket al. synthesized the Lewis acidic Zorphyrin 1.11 strapped
with calix[4]arene having a cation recognition gfégure 15).?° TheNa' and K’ cations
were found to bind to the upper amide groups thereby creating a bawigenthese
positively charged ions and Zn center of the porphyrin subunit. Taeidn was then
taken up into this cavity, being bound there d&gombination of hydrogen bonding
interactions involving the lower amide groups and direct coordination to thes laewidic
Zn-porphyrin center. Presumably, as the result of this latter bindiataction,a change
in the color of the system is inducd@rotonNMR spectroscopic analyses revealed that
the K" complex of1.11 binds the 1anion more efficiently than itdla’ counterpart, a
finding that is ascribable to the different electron accepting character of theatian

and the larger distance between thé diion andheZn(ll) center?



112 NaSCN

O
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Figure 15 lon pair receptorsdbasedon calix[4]arenes and Zporphyrins and their
proposed mode of interactiovith ion pais.

In 1995, the selissembled ditopicreceptor 1.124.13 (Figure 15) was
synthesized by Reinhoudt and cowork&rsThis self-assembledsystem and its
constituentsverethen evaluated for their ability to capture ion pairs. In the presence of
the Nd cation, receptofl..12 was found tanteract with the anion receptarl3 to form
the selfassembled systerh12A.13. This complex is stabilizedlia hydrogen bonding
interactions involving the diaminopyridine component and the thymine moiety. In the
absence of an appropriate cation bound in the ethyl ester chviBydoes not interact
with 1.13. Such a finding is ascribed to the fact that underethager conditions, the
diaminopyridine subunit is intramolecularly hydrogen bonded to the ester group and thus
less prone to interact with theythine group ofL.13. Complexation of the Nacation by
the ester groups af.12 serves to break the intramoldar hydrogen bonds and thus
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permits intermolecular sedssembly between receptofisl2 and 1.13. The self
assembled bifunctional receptbA2A.13 shows a higér affinity for the SCN anion K,
& 25,000 M%) as compared to the isolated anion recept8 (K, & 10 M™1).*°

In 2002, Honget al. synthesized the ditopic receptdrd4a,b (Figure 16) and
examinedheir interactions with various sodium saffsThese systemsonsistof a Lewis
acidic Znporphyrin covalently linked to a benzocrowrsubunitChanges ithe UV/Vis
spectra were used to monitor the resulting binding events. On this basis, it was concluded
that both of these receptors bind Na@Nchloroformwith high selectivty over other
sodium salts. This bindingf NaCN was accompanied bycalor change from red to
green as a result of the cyanide anion binding to the Lewis acidic Zn center. Upfield
shifts were also observed for the proton signals corresponding to the crown ether moiety.
These shifts were taken as evidence that the sodiuomadatbound to the crown ether
ring, implying that the NaCN is bound to recepttr$4a,b in a ditopic fashion. More
specific evidence for the strong nature of the complexation process came frgghase
extraction experiment. In notable contrast to wisaseen for normal Zporphyrins
without an appended crown ether moiety, recepfioiglap were found capable of
extracting NaCN from an aqueous phase into,@§ and forming kinetically stable

complexes on the NMR time scale.
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Figure 1.6 Ditopic receptors used for the recognition of sodium or potassium cyanide ion
pairs and schematic representations of their proposed binding. modes

1.14a: para-derivative 1.15a:n
1.14b: meta-derivative 1.15b: n

A similar approach to ditopic ion pair receptor constructios vegorted by Chen
et al in 20052 This research groupreparedand then studied the diazacrown ether
capped Zrporphyrinsl.15ab (Figure 16), focusing on KCN and NaCN recognition and
sensing. In this case, changes in UV/Vis aHINMR spectrum led to the suggestion
that, depending on the size of the crown ether ring, these receptors would selectively bind
NaCN and KCN in a ditopic binding fashion in methanol. Specifically, it was found that
receptorl.15a binds NaCN about 56 timewore strongly than KCN, whereas receptor
1.15b, a system having a bigger crown ether, is 13 times more selective for KCN than for
NaCN.

In 2003, Peacock and coworkers reported the vaatieible ion pair receptors
1.16 (Figure 17), which consists of a dénze24-crown8 subunit linked to a Zn(}®)-
complexed cyclewia a glycine bridgé?®Binding experiments, carried out usitid NMR
spectroscopy, UV/Vis spectroscopy, and ITC (Isothermal Titration Calorimetry),
revealed that receptotl.16 binds HPO 3-6 times more strongly than the
cyclen¥n(H,O) control compound.17. Thisfinding provides support for the suggestion

that an enhancement in the inherent affinity is obtained as the result of the ditopic binding
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mode permitted in the case dfl6 as the reglt of the crown ether ring. While both
sodium and potassiumphosphate were bound by receptdrl7 and with essentially
identical affinities, potassium phosphate was bound by receéd®approximately twice

as well as the corresponding sodium seft Table 1.1). This finding is rationalized in
term of the size of the crown ether present.it6, which was expected to favor the'K
cation over the Nacation. The difference iselectivityseen forl.16 and1.17 was taken

as evidence that the crown ring and the ZQ{Hcomplexed cyclen moieties bind the
potassium cation and the phosphate anion, respectively. It was thus concluded that
compoundl.16 works as an ion pair receptor. Analogous catiependant resultsere
observed for receptdr18 (Figure 17) having asmallercrown ethef* In this case, it was
found that the affinities for LibPOy, NaH,PQ,, and KHPO, displayed bythis two
component receptor were at least twice as high as those of thenddinpkexed
cyclen1.17; again, this was interpreted in terms of the crown ether ring playing a critical

role in recognizing these particular ion péits.

Table 1.1 Association constantrresponding to the interaction of recefd6 andthe
controlc y ¢ | e pOAstemi17 with NaH,PO, and KHPQ, in HEPES
buffer at pH 7.4 at RT.

Ligand Substrate K (M?
1.16 NaH,PO, (4.93 +0.72) x 1B
117 KH,PO, (9.32 + 1.60) x 1B
1.17 NaH,PO, (1.60 + 0.09) x 10
117 KH,PO, (1.52 + 0.19) x 1B
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Figure 1.7 Zn(H,O)-complexed cyclefbased water soluble ion pair receptors used for
therecognitionof cyanide alkali metal salts

In 2001, Willem and coworkers reported the synthesis of receftd@a,b
(Figure 18) comprised of a triphenyltin species linked to various sized benzocrown
ethersvia an ester bridge. These researchers demonstrated that these receptors were
capable of complexing thiocyanate anion salfthe resulting complexes were
characterized btheir unusual zwitterionic nature.€., a degree of intramolecular charge
separatiopy which isreflected ina relatively largedistancebetween the Nacationand
the formally negatively chargetin center®® A combination ofH NNR and*}’Sn NMR
spectroscopyas well as<-ray crystal structural analysesstablished that for NaSCN and
KSCN, respectively, the Naand K catiors are complexed by the crown ether

component, whereas the NGfiion interacts with the Sn atom (&rg 18).
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Figure 1.8 lon pair receptors based arcombination ofa Lewis acidic tincenteranda
benzocrown ether. Also shown aheir binding mods

In 2007, Jurkschagt al. reported thebis(organostannyfmethane derivativé.20
bearing a crown ethéf*” On the basis ofH, *C, *°F, and**°Sn NMR spectroscopy, as
well as ESI masspectrometryit was proposed that receptb20 binds NaF as an ion
pair in acetonitrile wherein the constituent ions aspatially separated by #h host
molecule. Presumably, as a consequence of being algffetti concurrent cation and
anion binding, receptdt.20 was found capable of dissolving solid NaF in acetonitrile, a
solventin which it is otherwise insoluble. On the other hand, aaoryétd structural
analysis revealed that, in the presence of methanol, thardiaF ions bound to receptor

1.20 are bridged by a methanol molecule, thus forming a sekeparated ion pair.
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Figure 1.9 Structure ofthe ion pair receptod..20. Also show are the proposeditopic
binding modes that are thought to pertaim acetonitrile and methanol
respectively.

1.3/ 0N PAIR RECEPTORS BASED ON UREA GROUPS FOR ANION RECOGNITION

The synthesis of the first urdmsed ditog ion pair receptors and their
interactions with alkalhalide salts were reported by Reinhoetltal in 1996 These
researchers attached either two or four urea moieties to the upper rim of a calix[4]arene
core that possessed the catienognizing t&a(ethyl ester) groups on the lower rim.
This gave the ion pair receptats2l and1.22a,b (Figure 110). In CDCl;, receptorl.2l
was found toadopt a pinched cone conformatiopresumably as the result of
intramolecular hydrogen bonding between tifamslike urea group$Figure 111). These
researchers proposed that these internal hydrogen bonds precludéiading o the
urea moieties in the absence of NHowever,in the presencefahe Na', catiorester
interactions atthe lower rim of the cé#ix[4]arene serve to altethe conformation of
calix[4]arene,as shown in Figur&.11. This proposed molecular motion serves to break

the hydrogen bonds between the urea groups. As a result, halide ions, sudnd<Bt|
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are bound to the urea groups dhe upper rim of the calixaren@s evidenced by
downfield shift of the urea protorsbservedin the 'H NMR spectralnterestingly, no
evidenceof Cs cation binding within the cavity was seen. Likelkis reflects the fact
that the C§ ion is too big tofit in the cavity. It was also showmia 'H NMR
spectroscopic analysis thagceptorsl.22a,b, as well asl.21, are able to extract certain
solid sodium halide salts into chloroform solution with seve@hssiumhalide salts
being partially solubilizedTable 1.2). Such findings are in agreement with the higher
affinity displayed by the calix[4]arene tetra(ethyl ester) derivatives towards the Na
cation than the Kcation®® The binding mechanisnproposed in thease of NaCl and
NaBris conceptuallysimilar to the allosteric action of enzymes and biological receptors
wheren the binding of one ion induces a major conformational change in the receptor

such thatheaffinity to the countefon issignificantlyimproved.

Table 1.2 Percentage of MX complex formed with2l and 1.22a,b after liquid-solid
extraction using chloroforras the organic phase.

1.21 1.22a 1.22b
Na’ K* Cs' Na" K* Cs' Na" K* Cs'
CI 100 T ) 100 29 ) 100 30 T
Br 100 16 ) 100 62 ) 100 75 T
I 100 100 T 100 100 ) 100 100 T
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Figure 1.10 Structures of ion paieceptorsl.2l and1.22a,b.
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Figure 1.11 Proposedon-induced molecular motions and associated binding modes for
receptorl.2l thought to pertaiin the presence ddacCl.

Reinhoudt and coworkers also investigated the ability of i) cation receptors
1.23ab, ii) a mixture of1.23 with 1.24, and iii) ditopic receptord.25ab to transport
salts through SLMgFigure 112)*° On this basis, they concluded that the mixture of
1.23a and1.24 transports CsCl more efficiently than the corresponding rionctional
calix[4]crown6 analogu€l.24 does on its alone. Moreover, ditopic receptbiZa and
1.25b proved capable ofransporting KCI and CsClI, respectively. Presumably, this
reflects the fact that these receptors can form complexes with both the constituent cations

17



and anions concurrently. It was also noted that recap#bb transports CsCl much more
efficiently than he cation carrief.23b or the anion carriet.24. By contrast, at higher
concentrations of KCIl,1.25a is less effective for transporting KCI| thais the
monofunctional cation carriek.23a. This finding was attributed to the very low rate of

diffusion ofthe bifunctional carrier compléeX.
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Figure 1.12 Cation, anion and ditopic carrggior cation and anion transport

In 2002, a similar synthetic strategy was applied by Machcoworkeraind used
to synthesize the ion pair recepth®6 (Figure 113).*! This system is based on a 1,3
alternate calix[4]arene skeleton strapped by a cfbwnbunit, a moiety that is known to
form very strong and very selective complexes with tHec&tion. Topermit anion
recognition, two urea moieties were introduced onto the calix[4]arene framework. In the
presence ofl.0 molar equiv. of KCIQ, the association constant&y) of 1.26 for CI
(5,420 MY, Br (1,550 MY, and 1 (808 M) were recorded to be 388 times larger
than thoseneasuredn its absenceA year later, it was reported that recefd#7, which
possesses a strong and selective binding site for thedtian, binds the Chnd the Br
aniors 7.1 and 20 times moreffectively, respectivelyjn the presence of the Naation

than it does in the absence of a cravaund catiorf?
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Figure 1.13 Calix[4]arene and urea based ion pair receftds-1.28.

In 2003, Webber and Beegportedthe calix[4]arenebased ion pair receptdr28,
a system thatonsists of a calix[4]semitube for cation binding and two urea groups for
anion recognition® On the basis ofH NMR spectroscopic studieseceptorl.28 was
found tobind a range of sodium and potassium halide and acetate saltsooperative
fashion inCDCI3/CDsCN (2/1, v/v). Anion binding enhancements of over thiftyd in
the case of Brwere seen Table 1.3). Extraction experimentsarried out by these
researcherslso reveaédthatthe ion pair receptat.28 cansolubilizecertainsodium and

potassium salts in chlorofor(of. Tablel1.4).

Table 1.3 Stability data for the anion comgdes of 1.28, [1.28MNa’] and [L.28K"] as
determinedn CDCL/CDs;CN (2/1, viv)

Ka (M)
Freel.28 [1.28ANa] [1.28K7]
cr 60 N/A > 730
Br 20 620 550
I’ 15 280 310
OAc 110 N/A 710
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Table 1.4 Solid-liquid extractiondata forGroup 1 halide and acetate sat#tsorded using
1.28 as the receptor an@DCl; as the solventThe results are given as the
percentage of complex formation

Complex(%) [lattice energy/kJ ma]

Na" K*
cr 0 [786] 0 [715]
Br 3 [747] 13 [682]
I 27 [704] 95 [649]
OAC 0 [763] 13 [682]

In 2003, Kilburn and coworkergeported ditopic receptdt.2 (Figure 114), a
system that coordinates alkatietal catios via the oxygen atomswhile binding the
anion in a hydrogen bondirdpnor pocket formed by the two thiourea groupsn the
absence of the Nacation, receptorl.29 binds the acetate anion selectively over the
diphenyl phosphate anion. However, in the presence of thealan, the selectivity is
reversed. These observations are rationalized as follows: In the absence of¢htdda
electrostatiaepulsion betwen the phenoxy groups of the diphenyl phosphate anion and
the ether oxygemtons of the receptor prevents the receptor from binding the diphenyl
phosphate anion. However, in the presence of tHechtion, the phenoxy groups interact
favorablywith the boumd Na cation, leading to the observed strong binding of the ion

pair.
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Figure 1.14 Structure of ditopic receptdr.20.

Nabeshimaet al synthesizedhe more sophisticatedritopic ion receptorl.30
(Figure 115) and examined the effects of cations onaitgon binding efficiency® This
receptor, reported in 2005, is composed of an ox@pmdantone calix[4]arene cavity
and two bipyridine groups for hard and soft cation recognition, respectively; it also
contans two appended urea moieties for anion recognition. It was demonstrated by
NMR spectroscopy thagither Nd cation binding to the calix[4]arene cavity or Ag
cation binding to the bipyridine moietemhance the affinity of1.30 for the NQ" and
CRSG; anions by a factor of 3000. This result was rationalized in terms of
preorganization of the urea groups into a faeéace arrangement as the result of cation
binding, as well as addition@hteractionsbetween the bound cations and the incoming
aniors. In the presence of both Nand Ad, the catiorinduced enhancement in the
association constant¥4) of 1.30 reaches a factor of 1,500 and 2,000 forsNénd

CFRsSOy, respectively?
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Figure 1.15 Tritopic receptorl.30 andthe binding modeghat are thought to pertain
the presence dia’, Ag" andvariousanions

Table 1.5 Associationconstants]JogK,, for the 1:1 hosgjuest complexes formed from
the neutral and catiebound forms of receptdr.30 and selected aniofis.

host NO3 CRSOy BF,
1.30 1.88+ 0.03 1.40+ 0.20 b
1.30Ag" 3.31+0.07 3.40+ 0.07 b
1.30ANa" 3.82+0.15 3.32+0.11 3.46+0.11
1.30Mg*ANa"  5.07+0.17 4.70+0.20 4.28+0.11

2 Determined by'H NMR spectroscopy400 MHz, CDCL/CDsCN (9:1), [host = 2.0 x
10° M). ® Not determined due tie small chemical shift change.

In 2005, Pappalardo and coworkegportedthe synthesis of receptr3l (Figure

1.16.® This system was designed for organic ion pair recognition. It conteios

convergent and conformationally fixed calix[5]arene subunits for cation recognition and
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an 1,4-bis(ureido)phenylene moiety capable of binding two anf8rdroton NMRand
TROESY (tansverse rotatinffame Overhauser effectNMR spectroscopy and
electrospray mass spectrometry provided support for the conclusion thbat
heterotetratopic ion pair receptdr3l is able to bind longhained andon-paired U -
alkanediyldammonium saltsefficiently (K, > 16® M for 1,12dodeca through 1,16
hexadecanediammonium dichloride salts in (GIMID;OD (2:1 v/v)). Three different
binding modes were suggesi@ependingn the length of alkyl chains and the number of
guest equivalents added. garupfield shifs in the signals for the methylene protons of
the guest molecule and significant downfield shdt the NH resonances of the host
molecule were seen the'H NMR spectra. This was taken as evidence that recégbr
recognizes the consient ions of the ion pair concurrently and that #memonium
cations and chloride anions are bound to the thoetigh” -cation and hydrogen bonding
interactions, respectively. These spectroscopic analyses also revealBmhgatained

U -alkanediyldammonium acetate and chloridaltsinduce remarkable downfield stsft

in the NH resonance of the urea moiety. These shifts are more substantial than what is
seen for TBACI (tetrabutylammonium chloride), whose catiahasight to beoo big to

be accommodted by the calix[5]arene unit.g., i = 0.75 and 0.77 ppm for TBACI and
ol = 2.37- 2.72 ppm folJ ¥ -alkanediyldammonium salts). These findisweretaken as
evidencethat receptod.31 forms stronger compleswith alkanediyldammonium salts
than with TBA®. Presumably, this reflects a cooperative interaction with the ion pairs,
which are eventually separated by the Hb3his chemistry is summarized in g

1.16.
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Figure 1.16 Proposed ecognition of longchain, ionpaired Uy -alkanediyldiammonium
salts by calix[5]arenebased heterotetratopic ion pair recedt.

In 2009, Secchiand coworkergdescribed the ion pair receptats® and 1.33,
where the upper rim of a cation recognizing coakx[4]arene moiety is covalently
connected with an anion recognizing urea grupugha methylene spacécf. Figure
1.17).* These workers demonstrated that these receptors display a binding baility t

enhanced by up to two orders of magnitude for organic salts, siémashylpyridinium
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and N,Na-dimethylviologen, with respect to the simple cation receptd®$ and 1.35.
Proton NMR and UV/Visspectroscpic and single crystal Xay diffraction analyses
providedsupport for the conclusiaat ditopic receptor$.32 and1.33 form cooperative
2:1 (host:guest) complex&ath such organic ion pairs. In thesulting complexes, the
cations are bound to the etsonrich arene rings of the calix[4]arene moiefia
cooperative CH and cation” interactions, while the anions interact with the urea
moiety via hydrogen bonds. By contrast, the monotopic receptdr?4 (and 1.35)
recognizethese organic saltga only CH-" and cation” interactions i(e., without the

benefitof additional aniorhost interactions) and form 1:1 (host:guest) complékes.
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Figure 1.17 Calix[4]arenebased monotopic and hetroditopic receptdr®-1.35 and
depictions of theN-methylpyridinium andN,N&dimethylviologen salts
used as guest molecules

Similarly, as reported by Ballistreri, a cone calix[5]arene derivative with a urea
and fourtert-butyl groups on the upper rim and five isohexyl groups on the lower rim

binds zwitterionic - and ¥-amino acids very efficientlyas compared with its
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calix[5]arene derivative without a urea grotipProton NMR spectrameasuredin a
solution of GD,Cl,/CDsOD (2/1) or GD.Cl, only revealed that the strong interaction
between the ureidocalix[5]arene with amino acidadBievedby the synergic action of

the cation binding site and the anion binding site where the carboxylate moiety of amino
acids is hydrogeionded tahe NH protonsof the urea group and its ammonium moiety

is boundto the calix[5]arene cavity through the hydrogen bonding piténolic oxygen

atoms as well as/ia “ -cation interactioa*®

Figure 1.18 Proposedrecognition of an dkyl ammonium salt(2-phenylethylamie
hydrochloridg by receptorl.36.

Also in 2009,Gargiulli et al. reported the synthesis of the ion pair recefit86
(Figure 118) which consists of a cation recognizing calix[5]arene or8wn the cone
conformationtethered to three anion recognizing urea uflits.was shown that this
system is capable ofapturing n-butylammonium chloride an@-phenylethylamie
hydrochlorideion pairs. The binding mode was inferred frdht NMR spectroscopic
analyses and semiempirical calculations carried dihied®M3 level. On this basis, it was
proposed that the ammonium cation is bound to the calix[5]arene cavity, while the
chloride anion is complexed by the three facing urea grogpshawn in Figre 118.

The net result is a receptseparatedon pair complex.
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Receptorl.37 (Figure 119) reported by Kubo and coworkars 2000 antedates
the above system# also works asnion pair receptor and is thought to operate on the
basis of an allosteric effett.In the presence of the*kcation, the dibenz80-crown-10
portion of this receptor wraps around th&i¢h. This brings the two thiourea moieties
into close proximity angbrovides a preorganized binding cavity for the phosphate anion.
Compared to the catieiree form of receptorl.37 (Ka1 = 490 M?Y), the association
constants are significantly enhanced for the phosphate anion in the presence of both K
(Ka1 = 9,200 MY andCs" (Ka1 = 3,200 MY). Prior to this work, it vasdemonstratedby
Nishizawa and coworkersthat the thiouredunctionalized benzd5-crown5 (1.33;
Figure 119) bindsa series of aniongia presumed cooperative interactions with a-pre
bound Na* cation®® Specifically, in the presence of.@ molar equiv. of Na(BFhy)
(conditions wherghe Na" complexation is> 95%), receptorl.38 in CDsCN exhibits an
approximate tetfold increase irits affinity for NO3 (KNO3z = 6.0M™ vs.KNO3 (Na') =
66 M*) and Bf (KBr = 25 M* vs.KBr (Na") = 260 M%), anda five-fold increase for’l
(KI = 4.3 M vs.KI (Na") =20 M.
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Figure 1.19 Simple crown etheureaand-thiourea based ion pair receptdr87-1.40.
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Almost a decade after these early reports, Nam and coworkers synthesized the
aniondependant colorimetric ion pair receptbr3 (Figure 119) and evaluated its
binding affinity for anions in the presence and absence of thed@mn>” This system
contans a nitrophenyl group attached to the thiourea moiety. It displays a color change
from colorless to yellow when treated with fheoride, acetate, benzoate and dihydrogen
phosphate anions in acetonitrile. However, the yellow color induced by fluorida ani
disappears and returns to colorless upon the addition of thec&tmn. This was
interpreted in terms of the fluoride anion leaving the thionurea moiety to form a contact
ion pair with the sodium cation bound to the crown ether. To the extent such an
interpretation is correct, receptbi39 exemplifiesa negative cooperative effect on anion
binding which is induced by Na Interestingly, the affinities towards other anions are
enhanced in the presence of the Nation (by 1.2 fold for thacetateanion, 1.1 fold for
the chloride anion, 1.6 fold for the bromide anion, 2.0 fold for the iodide anion, and 2.3
fold for the hydrogen sulfate anion).

An ostensibly similar receptor, the crownea systeni.40 (Figure 119), was
reported by Barboiu andoworkers in 2003 On the basis of Xay crystallographic
analyses andH NMR spectra recorded a&ariousconcentrations, it was concluded that
the free host.40 forms a tubular superstructure stabilizea headto-tail urea hydrogen
bonding, 7", andCHi " interactions with an internafan der Vdals diameter of 1.27A
and a spacing of 4.88 between parallel oftentered macrocycld&igure 120a) These
researchers also demonstrated that recdpdfris able to extract solid sodium salts, such
as NaF,NaCl, NaNQ, and NaCgS0; into CDCE solution. Membrane transport
experimentsprovided support for a direct relationship between the ability to effect
synergetic ion pair recognition and mediate ion transport. Interestingly, redefiiovas

found to bind sodium salts in two different modes depending on the natilmecoiunter
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anions. For example, a 2:1 (host:guest) complex is formed with NaCl in which the
constituent ions are separated by the receptouf&ig20b). In contrast, a 2:@ntact ion

pair complex is stabilized in the case of Naj\N&i least in the solid state (Eig 120c).

Figure 1.20 Crystal structures of (a) freeceptot.4Q (b) its NaCl complex, and (dhe
correspondindNaNQ; complex This figure was redrawn using coordinates
that were originallypublishedn ref. 53.

1.410N PAIR RECEPTORS THAT CONTAIN AMIDE GRO UPS FOR ANION RECOGNITION

Several groups have designed asyhthesizedcrown ether derivatives that
contain one or more amide groups strapp&da short linker and used the resulting
system as receptors for the recognition of contact ion pairs. The attraction of this
approach is that theartial destabilizatiorresulting from charge separation of ion pairs,
the secalled Columbicpenalty canbe avoided. Inan early exampleKilburn and ce
workersshowed hat compound..41 forms strong complexesith the monepotassium
salts of dicarboxylic acidand phenyl phospheate binding these guests contact ion
pairs (Figure 121).>* A series ofsolid-liquid and liquidliquid extraction experiments

provided support for the suggestidnat this ditopic receptor is able teffect the transfer
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of varying quantities othe monepotassium salts ofeweral dicarboxylic acids from

water into CDd.
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Figure 1.21 Chemical sructure ofthe ion pair receptorl.41 and its proposed binding
mode with monopotassium salts of dicarboxylic a¢mslic acid, malonic
acid, methylmalonic acid, benzylmalonic acid, maleic acid, fumaric acid,
succinic acid,Z-aminomalonic acidZ-aspartic acid, and-glutamic acid)
and phenyl phosphonate

Seven years latein 2000, Smith and ceworkers preparedthe preorganized
bicyclic macraenolecular ion paireceptorl.42 by combning adibenze18-crown-6 with
a 1,3phenyenalicarboxamide subunitF{gure 122)°>° Proton NMR spectroscopic
studies carried out in pure DMSd and in a 3:1 mixture oDMSO-ds/CD3CN,
combined with single crystal-Xay structuralanalyses, served to show theteptorl.42
is capable oforming a complex containing botilkali metal and chloride ioné series
of complexation experiments carried out in DM8§CD3;CN (3/1, v/v)provided support
for the suggestion thdt42 binds sodium chloride and potassium chloride in the form of
ion pairs and in a highly cooperative fashitmthe presence of@molar equiv of Na’
or K" (added as their tetraphenylborate saltisg chloride anion affinity is enhanced
relative to what is seen in the absenceaaation (Table 1.6). A single crystalX-ray

structural analysis of the NaCl complesvealedthat receptorl.42 binds NaCl as a
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solventseparated ion paiat leastn the solidstate. Asexpected, the Neacaion is bound
within the dibenzocrown unit, with an axial water molecule completing the coordination
sphere, whereas the'Ginionis hydrogerbondedto the two NH residueas well as to

the CH of a chloroform molecule that serves tolde the two ions of the ion paifrhe
central cavity is occupied by a CHCholecule or two molecules of water, with the-ion

ion separation being 7.31%A.
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Figure 1.22 Amide-capped bicyclic ion pair receptatsA2 and1.43.

Table 1.6 Association constants (¥} for the binding of halide anions to then pair
receptorl.42 for halides anion in the presence or absence of alkali metal ions
The values in parentheses are the changgerchemical shift of theNH

protons(imaxin ppm)*

anion$ 1.42 1.42+ Na™® 1.42+K* 1.42+Cs*
cr 50 (0.93) 410 (1.16) 470(1.28) 60 (0.95)
Br 9 (0.18) 27 (0.38)
I <1 (<0.01) 11 (0.03)

4T =295 K, [1.42] = 10 mM inDMSO-de¢/CDsCN (3/1, v/v)in the presence or absence of
1.0 molar equiv. ofthe designatednetal cationsAssociation constants are the average of
all receptor protonghat exhibit significant complexatiomnduced shifts; uncertainty
+15%. Theqmax Valuesrepresent the change ihe NH chemical shift afteadding10
molar equiv. of the indicatedanion. PAnion added as théetrabutylammonium salt.
“Caton added as thetraphenlyborate salt.
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A year latey the ion pairreceptorl.43 (Figure 1.22),an analogue oi.42, was
reported by the same grotfpReceptorl.43 was designed to have a smaller distance
between the cation and anion binding s&adto recognize sodium and potassium halide
salts as contact ion pairSingle crystal Xray diffraction structuresf the NaCl and KClI
complexes ofl.43 were solved, andevealed that this new receptor binds NaCl and KClI
salts as contact ion pairShis complexation mode stands in contrast to what is seen for
1.42, which binds NaCl as a solvent separated ion pair. The crystal structures of
1.43-NaCland1.43-KCl also showthat, relative to the KCI complexhe effective cavity
size of the diazacrown unitis reduced whernhe Nd cationis bound(average K@ A
distance is 2.77 Ass. 2.45 A for N&A@)An addition the average @@ distance in
43-NaCl is much shorter (4.20 A) than that observed i1.43-KCl (4.7 A). These
differences provide support for the appealing suggestibat once a Kcation is bound,
receptor1.43-K" is better able tdind the chloride counter anido form a favorable
contact iompair thanin the cae of 1.43-NaCl. Proton NMR spectroscopiditration
experimentscarried outin DMSO-ds revealed cooperative effects. Specifically, in the
presenceof either Na and K or CI, the associatiorconstants for complexation of the

corresponding counter ion increased significantly (Tatie

Table 1.7 Association constant&, (M), in DMSO at295 K2

K, for CI'P K, for Na'® K, for K*¢
1.43 1.43+ Na 1.43+K" 1.43 1.43+ CI 1.43 1.43+ CI

35 50 460 5 25 8 340

®Association constants are the average ofeaeptor protons which exhibgignificant
complexatiorinduced shifts;The initial [1.43] = 10 mM; uncertaintyt15%. °1.43/CI
association constant in the presence of 1 molar equiv. of metal tetraphenylborate.
©1.43/M™ association constant in the presence of 1 molar equiv. of tetrabutylammonium
chloride.
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It was also shown bysingle crystalX-ray diffraction analysisand ‘*H NMR
spectroscopy that receptdr43 can extracLiCl and LiBr from the solid state and bind
these saltes waterseparated ion pair©n the other hand, it was found that NaCl, KCI,
NaBr and KBr are bound as contact ion pair the solid statethe complexe$ormed
betweenl.43 and LiCl and LiClcontainthe Li" cationcoordinatedo three oxygen atoms
and one nitrogen atom of the six heteroatoms in the diazacrown ether,rasietgll as
to an additional oxygen atom provided by the water mole(ktilgure 1.23). In contrast
the CI and Br anions are hydrogeimonded to the two amide Nprotonsand one OH
protonfrom a water molecule. The averag@ @\, distancein both cases is 2.24 for
the three coordinating oxygen atoms. The averag@|.fe distances are 1.94 for the
LiCl complex and 1.93 for the LiBr complex. Tie Li-N distances for the coordinating
crown nitrogen are 2.34& for the LiCl complex and 2.38 for the LiBr complex In the
case ofthe chloridecomplexes the average Mit«eCl distances are 3.30A with the
average NH-Cl anglebeing177.% The CIl-Oyq distanceis 3.10 A. In the case ofhe
LiBr complex, theBr™ anion is bound téhe receptomwith distances of 3.4A and 3.293
being observedor the NymigeCl and Br-Oyater SEparations, respectivelyhe average N

H-Br angleis 176.%(Figure 123).
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(b)

Figure 1.23 Crystal structures of (&).43:LiCl-H,O and (b)1.43:LiBr-H,O. The lithium
cation is bound in the crown ether subunit in both caBlesse structures
were replotted using coordinates that were originally repamteef. 57.

Using a supported liquid membrane amdigh salt concentration in theource
phase Smith and coworkersarried out transport experimerhatinvolve the useof ion
pair receptorl.43 as a carrier for alkali halide saftOn the basis of these studies, it was
concludedthat the ditopic receptdrl.43) cantransport alkali halide salts up to-idid
more quicklythandoes themonotopiccationreceptorl.44 or theanion receptof.45 and
twice as fast asloesa 1:1 mixture of 1.44 and 1.45 (Table 1.8). The same qualitative
order of ion selectivitys observed in altransport systems; that is, for a constant anion,
the cation selectivity order is'K> Na > Li*, andfor a constant cation, the anion

transport selectivity order is* Br > CI.
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1.45

Figure 1.24 Structures of control monotopic recepttrg4 and1.45.

Table 1.8 Initial transportfluxes (x 16 mol m?s™h).2

Carrier 1.43 1.4
LiCl 61 6+1
NacCl 37+2 5+1
KCI 90+ 3 12+1
LiBr 10+1 6+1
NaBr 32+2 3+1
KBr 111 +3 20+ 1

Lil 7x1 71
Nal 43 £ 2 27 £ 2
Kl 160+ 5 40+ 2

#Source phase, 1 M salt; membrane, 50 mM recept&dQRE E-nitrophenyln-octyl
ethe); receiving phase, watef.= 25 °C.

Recent reports from the Smith group also show thatditopic receptorl.43
forms strong complexes with trigonal oxyanipssch as N@ and OAC, as well asvith
the halide anions? Proton NMR spectral studies provided confirmation that compound
1.43 is able to extract solid NaNCand KCI into chloroform Single crystal Xray
diffraction analyses further revealed that recegt®binds KOAc, NaN@, KNO3, and

NaNGQ; as contact ion parand LINQ as a watetbridged ion pair (Figure 25).
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Table 1.9 Initial transportfluxes for SLMs containing different receptdrs

1.43 1.44 1.45 1.44+1.45
Flux (x 10® mol m?s®) 90+ 3 12+1 18+ 1 50 + 2

@Source phase, 1 MCIl; membrane, 50 mM receptor NOPE receiving phase, watef.
=25°C.

Figure 1.25 Crystal structures of (a).43KOAc, (b) 1.43NaNG;, (c) 1.43 KNOg, (d)
1.43LINO3-2H,0, and (e)1.43NaNQG,. The cation is bound in the crown
subunit in # cases.This figure was produced using coordinates that
originally appeareth ref. .

A more elaborated analogue of compound3 was introduced by Gale, Smith
and coworkers in 2003. These researchers useddidyiidopyrrole strap but otherwise
retained theame basic receptor design. This gave rise to the macrobicyclic retestor
which has an additional pyrrebterived hydrogen bond donor site. Proton NMR
spectroscopititrations revealed that the affinity of ditopic recepio6 for ClI is three
times tigher thant.43.°° Moreover, it was found that the addition of one equivalent of the
Na' cation fails to increase appreciably the affinity for.GHowever, adding one
equivalent of K to 1.46 enhances the binding affinity for halide anions substantily.

the context of this work it was also confirmei@ an X-ray crystallographic analysis of
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the NaCl complexX.46INaCl) that the receptaroordinate NaCl as a contact ion pair.
Such a coordination mode is consistent with the enhanced binding affinit¢lfor
observed forl.46 as compared witli.43. This same crystal structure alsgvealedthat
not only are the two amide NBlinteracting with the anion but also that the pyrrolic NH
proton participates in chloride recognitiaia hydrogen bonding interacins.

A somewhatanalogousion pair receptor, the ferrocestrapped systeni.47
having an electrochemicalgctive sensing unit, wagportedoy Tuntulaniet al in 2005
(Figure 126).°* In this case’H NMR spectroscopic titration of ions coupled with cyclic
voltametric analyses confirmed that recefd@’ is unable to interact with the Banion.
These same analyses also revealedlilf&tbinds the Branion K, = 16,096) selectively
and efficientlyin the presence of the Naation. Cyclic voltametric studies df.47
revealed reversible redox behavior and a valueEgt = 0.473 mV for the
ferrocene/ferrocinium couple. The addition of cations, such dsahe K', results in a
slight anodic shift offte CV wave. Conversely, the addition of théi@luces a cathodic
shift in the Fc/Ft redox couple with the wave disappearingtlas CI" concentration
increases. It is thought that the reversibility of the Fc/fetox wave is lost as a

consequence of iguair associatiomccurringwithin the receptof”

O! S/N\g !O Oﬂ FEQKO
E,NH H HN\} E NH  HN }
N N N N
S—o__o—~ S—o__o—

1.46 1.47

Figure 1.26 lon pair receptorg.46 and1.47.
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For the recognition of more specific ion pairs, Beer and coworkers synthesized
the ion pair receptot.48 (Figure 127).°2 This system, reported in 2007, contains a cone
calix[4]arene diester, a motif that is well known to bind thedrid N4 cations strongly
and selectively? It also has a strapith amide functionality for aniomecognition As
expected, in the presencktie Br anion, receptot.48 binds the LI cation K, > 10,000
M™) roughly five times effectively than its absenég € 2,840 M%), as determined by
'H NMR spectroscopic titrations carried out in acetdgeThis finding was considered
indicative of apositive cooperative interaction between the-lmmund ions and the
receptor. Interestingly, complexation Bf anion reduces the propensityreteptorl.48
to bind theNa" cation exhibiting<, value that is reduced by ca. a factodd relative to
whatis seen for fred.48. Conversely, preomplexation of Li and N4 cations (using
salts of the nomoordinating anionperchlorateserves to boost by a factor of @48 the

binding affinity of1.48 for the Br and I anions (Tabld..10).

Table 1.10 Association constants{) corresponding to the binding of halide anions by
receptorl.48 and itsmetal complexe8

Ka (M)

Freel.48  [1.48AiICIO,  [1.48MNaClO)]  [1.48KPF

TBACI 1,550 PP iP PP
TBABr 250 2,320 2,150 PP
TBAI 45 420 290 iP

Solvent:Acetoneds, 298 K, association constant errors <10%lo association constant
could be determined due to Hpairing that takes place upon theddition of first
equivalent of TBA salt.
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Similar binding behavior was observed for the ion pair recef.49a,b (Figure
1.27).%3% In this case, binding studies carried outietonitrileusing*H NMR and UV
spectroscopy, as well as supporting calculatioggealed that receptois49a,b are able
to bind an anion and cation simultaneously by stabilizing a contact ion pair within the
receptors. Ditopic receptors.49a,b do not bind small cations (NaK®, and NH")
effectively in the absence of the @hion. However, they form strorgpmgdexeswith
such cations in thpresencef the Cl anion and do so in a highly cooperative fashlon.
the solid state, Xay structuralanalyses confirmed that compoubd9a binds KCI and
NH4Cl as contact ion pairs. Interestingly, the resulting complekgslay 1:1 and 2:2
stoichiometry, respectively. Also noteworthy is that receptd®a binds KCI and NHCI
in accord withAND logic. That is, compound.49a, unable to bind either thadividual
K* or NH;" cations, nor the individual Chnion, is able to bind the ion pairs, KCI and
NH4CI, very strongly inacetonitrilebut only in the presence of both the constituent

cations and anion&%

b o b4 N
Wody ()
J J
% NH HN
Og\NH HNlO o o
X
148 L XN,

Figure 1.27 Structures of ion pair receptats48 and1.49a,b.

Quite early on (midl99(s), the Beer group detailed the synthesis of the

calix[4]arene derivatives containing benzo[15]crevmoietiesvia amide spacersl(50
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and1.51; Figure 128).° These systems were expected to recognize ion pairs on the basis
of apositiveallosteric effecf®> Proton NMR spectroscopic binding studies carried out in
acetonitrileds using various Naand K salts revealed that recept@r50 forms 1:5
(host:guest) amplexes with these cations, wherein the tetraamidéNld not cooperate

to bind an anion. On the other hand, recefitbét was found to form 1:1 complexes with

the K', B&*, and NH" cations in the same solvent. Here, it was proposed that the cations
are sandwiched between the two benzo[15]créavsubunits, aecognitionevent that
brings the amide N& into the closer proximity. This, in turn, provides a preorganized
cavity for anion recognition (Fige 128). Although receptot.51 in its free form was

not found to bind anions, in the presence potassiumand ammonium cations €0

complexes with anions, such as,®lO;, HSQ,, and HPQy, are stabilized®

/ ©o o7 Ty </o o IR T o o3
° o ° / 4 ° oj [0} \o o] @ (o]
(OJ &OUO/ Ouoj ~ Lo (j“@;/_\?} ) Lo/

9 Q} g@ Y Pl Lt
&O\JO o\\/o J Ko‘/) Qo) Ko;) Qo)

151

Figure 1.28 Receptorsl.50 and 1.51 andtheir proposedion binding modes for anions
or/andcations.
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In 2003, Evans and Beer described the ion pair receptd?sand 1.53 that
contain two benzo[15]crowh linked to the upper rim of a calix[4]arena amide
groups(Figure 129).%° A 'H NMR spectroscopititration study carried out in DMSO
de/CDsCN (1/1, v/v) shows that the Kcation significantly enhances the binding ability
of 1.52 and1.53 for CI', OBZ, and HPO,'. It is thought that this enhancement reflects the
formation of a sandwich complex withehwo benzo[15]crowsd that, in turn, serves to
provide a cavity appropriate for anion recognition. The result is ion pair binding that
benefits from a positive allosteric effect. On the contrary, thechiion exerts a negative
allosteric effect on aniobinding as can be seen from the affinity constants listed in
Table 111. The effect of the Nacation was rationalized in terms of these two receptors
(1.52 and1.53) forming 1:2 (host:guest) complexes wherein twd bitions are bound to
the receptori(e. one in each crown ether). Such a complexation mode, and the resulting
electrostatic repulsion between the bound Bltions, serves to separate the two amide
NH protors that link each crown ring to the calix[4]arene core. As a result, these protons

cannot bind the associated counter anions in a cooperative nfanner.

Table 1.11 Anion association constant&¥) for receptorsl.52 and1.53 andthat oftheir
corresponding Naand K complexegerrors <106).

Ka (M?)
1.52 [1.52RNa]  [1.52K"]  [1.53RN&]  [1.53K%]
cra 5 <5 15 <5 150
OBz*® 25 <5 270 20 205
H,PO,” 10 <5 60 <5 c

Solvent: DMSQdg/CDsCN (1/1, v/v).’Solvent: 100% DMS@is. “No satisfactory fit to
the data could be obtained using EQNMR
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Figure 1.29 Chemical structures obn pair receptor$.52-1.%4.

Receptorl.54 (Figure 129), reported by Stiboet al.in 1997 ,wasfound toform a
complex with the Na" cation and to bind various anions in a positive cooperative
manne.®’ Specifically, in the presence of the Neation, the affinities of receptdr.54
towardsBr, CI, and HSQ were found tobe increased by a factor 86f5 8, and 14
respectively.

In the late 1908, the heterodit@ic rhenium(l}bipyridyl-bis(benz§l8]crown-6)
receptorl.55 (Figure 130) was synthesized by Beer and coworkers with the goal of
exploiting positive bindingcooperatie effects to bind ion paif§:®® In the presence of
2.0 molar equiv. of the Kcation (added as the hexafluorophosphate, saléation that
forms 1:1 complexes with the benz¢l18]crown6 moiety, the Clanion affinity was
enhanced by-%old in DMSO. This enhancement was ascribed to favorable electrostatic
and conformationaleffects. Analogous ion pair receptors, nameB6 and1.57 (Figure
1.30), were prepared by linking twbenz¢l5]crown5 subunitsto ruthenium(ll} and
rhenium(I}bipyridyl groupsvia four amide groups. In this cgdbe crown ether moieties

were expected to form 2:1 (crown)Xsandwich compleaswith the K cation. Bnding
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of K™ servesnot onlyto inducean allosteric effecia preorganiation of thefour amide
groups into an orientation that favors anion bindingt alsoto causea switch inthe

inherentanion selectivity.

Figure 1.30 Chemical gructures of ion pair receptois5s-1.58.

In the absence ofhe K™ cation both receptorsbind the H,PO; anion more
selectively than th€l anion ina 1:1 stoichiometryfor 1.56, K; = 205 M? for H,PO,
vs. K, = 55 M? for CI' in DMSO-dg). However,the anion selectivity of both ion pair
receptors is reversedfter addition of K, presumably because the two pendant
benz¢l15]crown5 subunitform a sandwich complex with the'Kation. In thisnstance
the association constastof both receptordor H,PO, decrease whilehose for CI
increasgfor 1.56, in the presence of KK, = 35 M* for H,POy vs. K, = 300 M* for CI
in DMSO-dg). In a similar manner, adding 'Kto 1.58 serves to preorganize the four
amide groups for anion recognitisma formation of a crowsbased sandwich complex.
This gives rise to the result of enhancing the association constants for the acetate and

chloride anions by a factor of 1ahd1.8 respedvely.”
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Beer and caworkersalso synthesized the ion pair receptd® (Figure 131),a
tripodal tris(amido benzo[15]crows).”* This system, reported in 1999, was studied for
its ability to extract and transport sodium halide salts and sodium perrhémdtes
presenceof 1.0 equivalent of sodium picratepmpoundl.59 acts as alitopic receptor,
exhibitingenhanced affinitiefor CI', I' andReQ, (Table1.12). This result isascribedo
the cooperative binding of these aniosng co-bound sodium caties complexed by the
crown ether subunitsit was also found that receptdt.59 can extract sodium
pertechnetate (NaTgp from water and transport ifficiently under mixed organic
aqueousonditionsdesigned to simulateonditions that might by applicable to treatment

of aqueous waste streams containing th@oactivesalt

N
[O oj (OO Oc} Co Oj
\ ko‘) N

1.59

Figure 1.31 Tripodaltris(amido benzo[15]crows) ion pair receptot.59.
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Table 1.12 Binding constarg recordedfor 1.59 in the presence and absence of sodium
picrate in CDC.

Anions Ka (MY
cr 60°
Cl (+ Na")°® 52(F
I 30
I (+ Na")® 39¢F
ReQ, 40°
ReQy (+ N&)° 840

%Determined ©1298 K, errors estimated to #0%. "Titration carried out irthe presence
of 1.0 molar equiv. of sodium picrate’'Determined ©298 K, errors estimated to be
Q15%.

In 2001,Beerand coworkers also demonstratezbiive binding cooperativityn
the case ofhe bis(calix[4]arene) rhenium(Bipyridyl receptorsl.60a,b (Figure 132).”
In the presence d@.0 molar equiv. of alkali metalions such asLi®, Na', andK”, the
binding affinitiesfor iodide were observed to increase by a factor of 4.5, &14,1.5,
respectively. This finding was attributed to tt@mplexatiorof the metal cationwith the
ester group# thelower rim of the calix[4]arene. This complexation fixéee calixarene
scaffoldin a more rigid conformatiqrthereby preorganizingpe central cavity for iodide
recognition It was found thatcalix[4]arene tetraester1.60b shows the greatest
enhancement in thé binding affinity in the presence of Nén the presencef NaClO;,
K, = 320 M* for TBAI vs.K, = 40 M™ in its absenceor I'in CDsCN). lon pair receptors
1.61a,b, in whichcalix[4]arene esterarelinked to a single ruthenium(H)pr rhenium(l}
bipyridyl metal site, were also reported by Beeal in 20007 It was found byseparate
'H NMR titration experimentscarried out iracetonitrileds, thatreceptorsl.6la,b form
1:1 complexeswith the Br  and I anions(as the tetrabutylammonium sajtandthe Li*

and N4 cations(as the perchlorate salthe pesenceof 1.0 equiv. of the alkali metal
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cations significarly increases theBr and [ affinities of receptorsl.6la,b. The
enhancement in these aniaffinities seenin the presence of thpre-bound cationis
ascribed ta) the attraction between dwound opposite chargedns, ii) the preorganized
cavity, andiii) theincreased strengtbf the hydrogen bondnteractonswith the bound
anion This latter benefit is thought to result frooation complexatiorthat serves to
disruptthe intramolecularhydrogen bonslbetween theroximal amide NH protorand

one or more of thealix[4]arene estepxygen atoms

1.61a: M = Re(CO);Cl
1.61b: (bipy)Ru?*(PFg),

1.60a:R=H
1.60b: R = CH,CO,Et

Figure 1.32 Calix[4]arenebased ion pair receptoistla,b and1.61a,b.

In 2008, Le Gac andJabin reported the synthesis of calix[6]cryptamidé2
(Figure 133), a receptor that was put forward as a host for neutral molecules and
alkylammonium chloride ion pairs (alkyl = ethyl and prop§IReceptorl.62 containsa
calix[6]arene subunit that is designed to act as a cation recognition site. This core is

linked to a cyclotriveratrylene skeletatia three diamide groups, thereby picing an
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anion recognition site. Upon addition of excess (up to 15 molar equiv) of ammonium
salts RNH'CI" (R = ethyl or propyl) to a chloroform solution df62, the resonance of

the amide M protons nearest to the calix[6]arene backbone undergoes a significant
downfield shift ¢pi> 0.5 ppm) whereas the peaks of alkyl protonstbé ammonium
cations appear in abnormally low field & -1.0 and-2.0 ppm forthe methylene protons

of propylammoium chloride). Such findings provide support for the notion that the
alkylammonium chloride ion pairs are included in the receptor. That is, the chloride anion
is hydrogen bonded to the amide groups and the alkylammonium cation is bound to the
calix[6]arere cupvia hydrogen bonds to the ethereal oxygen atoms, as well as CH
interactions. Interestinglyneitherthe chloride anion nor the propylammonium cation
with noncoordinating counterions, such as the tetrabutylammonium cation or the picrate
anion, wasbound to the receptor. This selectivityasnsistentwith the conclusion that

this system is highly cooperative, and that interaction between tiwwwa ions is

essential for the formation of a stable hgsest ion pair compleX.

Figure 1.33 Calix[6]arenebased ion pair receptdr62 and its proposed mode of binding
for alkylammonium chloride contact ion pair
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Ditopic receptordl.63a-c (Figure 134) were also synthesized Ilye Jabin group
in 2003™ These systems contain three urea or thiourea groups attached to the
calix[6]arene skeleton. In the presence of various anion salt$aining the non
coordinatingcountercationtetrabutylammonium (TBA, a significant downfield shift of
the urea or thioea NH resonances is seen in tHeNMR spectum. This observation is
consistent with the receptors being able to recognize directly the,BxcO, and HSQ@
anions. In contrast, nchemicalshift change is observed in the presence of an excess of
the propylammonium picrate, a finding interpreted in terms of these receptors being
unable to bind alkyl ammonium cations as independent substrates. On the other hand, the
addition of tetrabutylammonium chloride to a mixture of receptbi&a-c and
propylammaium picrate produces a remarkable upfield shift in the propylammonium
resonance (tai & -1.0 and-2.0 ppm for the propyl C¥H, signals) as well as large
downfield shifs in the urea or thiourea NH signals. Such large, correlated changes in the
'H NMR spectrum were taken as evidence that both the chloride anion and the
propylammonium cation are bound concurrently to the receptors. To the extent this
interpretation is correct, it implies that the chloride anion plays a crucial role in cation
binding and that the system benefits from a positive cooperative interaction. Support for
this appealing conclusion comes from studies of receptr (Figure 134), a system
that bears an independent recognition site for ammonium cations. As expectidethis
receptorwas found to form a 1:1 complex with propylammonium chloride and to do so

with a positive cooperativit{
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1.64

Figure 1.34 Calix[6]areneurea based ion pair rece@dr.63a-c and1.64.

A different type of recefor, namelyl.65a-e (Figure 135), containing amides and
designed for organic ion pair recognitjavas reported by Atwoodt al First reported in
2002, these systems are based on resorcin[4]arene frameworks that are linked to
additional aromatic ringsia a Mannich reaction to provide a hydrophobic caVit{?
Four amide groups on the upper rim of the capbkde molecule then complete the
structure. In a mixture ofl..65a-c in chloroform containing an excess of TMACI
(tetramethylammonium chloride), @éhproton peak of the TMAcation appears at = -

0.57 in the'H NMR spectrumwhile the NH signals appear @6 ppm These correspond

to upfield and downfield shifts o#1.6 and -1.6 ppm, respectively. These findings
provide support for the conclusion ththe TMA" cation is encapsulated in the cavity
while the chloride anion is hydrogen bonded to the amide NH protons. -FTag ¢fystal
structureof 1.66aAMACI wassolved(Figure 136). It revealed that the receptor forms a
simultaneous complex with bothd cation and the anion as a contact ion pair. In the
presence of excess TMACI, tegistenceof two sets ofdistinguishableroton peaks for
the TMA cation (one for the complethe other for the free)s seen in theH NMR

spectrum. This is consistentith the equilibrium between the complexed and the
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uncomplexed TMA cation being slow on the NMR time scale and that the complex is
kinetically and thermodynamically stable. Compouhd®d,e, having more acidic N&,
were thought on the basis %1 NMR spectroscopic studies to fornméon pair complex
with other tetramethylammonium halides, such as TMABr and TMAI, as well as

TMACI. "8

1.65a: R, = CHg, R, = Et

1.65b: Ry = CHy, R, = i-Bu

1.65¢c: Ry = CHz, R, =Bu
O _NH 1.65d: Ry = Ph, R, = i-Bu
Y 1.65e: R; = Ph, R, = Et

Figure 1.36 Two different views of the Xay crystal structure df.65aAMACI (TMA ™ =
tetramethylammonium)This figure was produced using coordinates that
originally appeared inef. 77.
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In 2005, Fronteraet al. reported that a squaramide moiety connected to a
[18]crown-6 subunit (receptat.66; Figure 137) is able to bind both the Kor Na' cation
and the acetate (OAcanion concurrently, as evidenced ¥y NMR spectroscopy and
supporting PB86/optimized structurésReceptor1.66 was also found to dissolve

otherwise insoluble carboxylate salts, such as sodium benzoate and sodium acetate in

Q O. (o]
Y oy “ﬁf“

chloroform.

H H /~o
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1.66 @ =Na* or K*

Figure 1.37 Chemicalstructureof the cowned squaramide ion pair receplo86 and its
prediced binding mode for NaOAc or KOAc contact ion pair

Another approach to bim ion pairs involves the usaef cyclopeptides. These
systems are mulamides and can thus interact with aniershydrogen bond donating
NH residues and cationga carbonyllone pair electrons. A pioneer in this area is Kubik,
who synthesizedhe cyclopeptidd..67 (Figure 138).2° This receptor containis-glutamic
acid and 3Zaminobenzoic acid subunits linked in an alternating sequence. It was
examined for its ability to bindoth anions and cations. For instanée, NMR
spectroscopic analyses revealdtht receptorl.67 forms a 1:1 complexwith n-
butyltrimethylammonium iodideBTMAI). An upfield shift in the proton resonance of

the BTMA' cation in conjunction with an unchanged NH peak in'theéN\MR spectrum
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was taken as evidence that macrocyck¥ is able to recognize the ammonium catua

a’ -cation interaction, = 300 M%), but not the lanion.

1.67: R = CH,CH,COOCH(CHs), 1.68 1.69

Figure 1.38 Cyclopeptidebased ditopic receptolis67-1.60.

In addition to the BTMA cation, receptol..67 was found to bind certain anions,
including tosylates angbhosphatesvia hydrogenbonding interactions involving the
amide NH protons and the bound anions. It was also noted that in the presence of the
tosylate anion, the affinity of cyclopeptides? for the BTMA", Na', and K’ cations was
significantly enhanced. This increagep to afactor of 16-10% was ascribed to an
increase in the preorganization of the cyclopeptide by the bound anion, as well as to an
enhanced electrostaticteractionbetweenthe anions and cationic substrates in the final
complex. That is, the binding of thesylate aniorvia interaction with the six amide NH
protons serves to enforeecalix[4]arenelike coneconformation,i.e., one, in which all
the carbonyl oxygen atoms, as well as aromatic groups, padihé same direction. The
net result is the stakgiation of a bowlkshaped cavity suitable for cation binding.
Accordingly, substrate binding is highly cooperative.

Kubik, togethemwith Goddard, also synthesized cyclopeptidé8 (Figure 138),

which containsL-proline and3-aminobenzoic acidsubunits linkedin an alternating
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sequencé&" With most ion pairs tested, compoufid8 was found to display binding
behavior similar to that of compoudds’. An exception to this generalization is BTMAL.
Receptor1.68 was found to recogniz8TMAI in a hghly cooperative fashion, as
evidenced by the observation of a significant upfield shift in the proton resompiice (
1.1 ppm forl.68 and g U= -0.02 for1.67) of the ammonium cationn both cases the
chemical shifts of theN-methyl protonswere monitoed). The stability constant of
cyclopeptide1.68 (K, = 21,100M™) for BTMAI is almost two orders ofmagnitude
higher than that of .67 (K, = 300M™).

In 2005, Gibb and Gong reported that the macrocyclic compausgd(Figure
1.38), composed of aripyridyl unit cyclized with a diamide linkeacts as an ion pair
receptor for monoalkylammonium salts, being especially effective for saltk- of
phenylalanine methyl est& Little or no change in théH NMR spectrum was seen in
the presence of anionspaired with the nowoordinating counter cation,
tetrabutylammonium. This observation led these authors to suggest that the anions were
not bound strongly to the receptor. In contrast, when salts of smaller-aligmo
ammonium cations were used, relativédyge downfield shifts was seen for both the
amide ¢pu> 0.5 ppm) and pyridylcpt= 0.1 - 0.2 ppm) signals. These spectroscopic
changes were interpreted in terms of both the anion and the cation being bound to the
receptor. Compared to what was seen foom@s studied using necoordinating counter
cations, the enhancement in the association constants seen when these ion pairs were used
with 1.69 is remarkable. Nosurprisingly this increase was ascribed to cooperative
interactions between the tmund ims (see Tablé.13). To the extent thimterpretation
is true, it shows that when both components of ion pairbe@ued concurrentlymuch

stronger complexes can be attained.
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Table 1.13 Association constants betwegr® and various ammonium safts

Newsal k) NHCHEICOME e gy Sooper,
F 110 F [ [
Cr 63 Ccr 12,100 190
Br 40 Br 1,900 48
I 32 I 400 13
NOs 70 NOs 18,400 257
CRCOy 52 CRCOy 6,300 121
TsO 42 TsO 1,500 36

At 298 K, initial [1.69] = 1.0 mM in CDC4. Error aret10%. "Kaamino acidfKacreay ‘Guest
insoluble in CDG!. “No binding observed.

Efforts to apply ion pair recognitioprinciplesto the synthesis of more elaborate
systems, such as rotaxanes and catenanes, were made by Beer and c&i#bhkerbat
is arguably the first example of work along these lines, the pseudorothx@n&igure
1.39) was made by mixing macrocyclic compall.70, acting as an ion pair receptor,
with the organic ion paifl..71. In acetone solution, this organic ion pdit7l) threads
through the ion pair receptorl.f0). Presumably, this threading is driven by
complementary chloride binding by the NH protons1of0 and 1.71, as well as by
additional hydrogenbonding interactions involving the positively chargBemethyl
protons and the crown ether ring (&ig 139). In addition, a charg&ansfercomplex,
stabilized by” donoracceptor interactions between the pyridinium cation and the two
hydroquinone moieties 01.70, provides another driving force for thermation of

psedorotaxané.72. Theformationof this latterproduct is evidenced by the appearance
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of a broad band at approximately 370 nm in the UV/Vis spectrigatures that
correspond to color change from colorless to pale yellow. Consistent with this proposed
mechanism, it was found that pseudorotaxan® is not formed in protic solvents

because of competition from the solvetit¥.

L 171

Figure 139 Formation of pseudorotaxanel.72 via cooperative ion pair 1(71)
recognition byl.70.

In contrast the permanently interlocked [2|and [3}catenaned.74 and1.75 can
be formed from the ion pair receptbr70and the organic ion pait.73 by ring-closing
metathesis (Figre 139)# In dichloromethangthe addition of 10 wt % Grubbsatalyst
to the preformed pseudootaxane betweed.70 and 1.73 gives [2} and [3}catenanes
1.74 and1.75 in 45% and <5% yield, respectively (kig 140). Furthermoreremoval of
the CI template from catenarfe74 by AgPFs provides the anioffree catenane, which is

able toact as anion receptor for OH,PQy’, and OAc anions>
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Figure 1.40 Formation of [2} and [3}catenane4.74 and1.75 by ring-closing metathesis
usingGrubb$catalyst

In 2007,the Beer group further reported the usfea calix[4]arens strapped with
a diamide ring(e.qg.,1.74) for ion paired thread recognition instead of comporye.®
The oxygen atoms of this calix[4]arene in the cone conformation bind the positively
chargedN-methyl group of appropriately chosen substratasydrogen bonds, whereas
the amides recognize the chloride anion to form pseudorotaxsus asl.76 (Figure
141). Finally, catenand.77 could be formed fromthe starting diamidecalixarene
receptorvia the combined use of a functionalized substrate and Gdalbalyst (Figire

141).
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Figure 141 Pseudorotaxang.76 and catenané.77 formedusing acalix[4]arenebased
ion pair receptor andppropriately chosepairs of anions and cations

1.5 10N PAIR RECEPTORS BASED ON POSITIVELY CHARGED COMPONENTS FOR ANION
RECOGNITION

Subunits that provide positively charged centers have proved effective for the
construction of ion pair receptors. Several that rely on padéahammoniums have
proved useful at low pH. An early example, dating from 1992, was reporteddihart
et al. These researchers synthesized compaol@d (Figure 142), consisting of two
benzo[5]crowrl5 moieties linkedria a tetraammonium spacemd examined its ability
to bind KCI (Figire 142)%¥ Detailed**Cl NMR and**K NMR spectroscopic analyses
providedsupportfor the notionthat receptof.78 forms a complex with the KCI, wherein
the central tetraammoniutmker wraps eaund theCl anion so asto bring the two
benzd5]crown15 ether ringnto closer proximity. Thisvrappingallows theK™ caion to
be bound in disandwichliked fashion In this casejon pair binding to receptorl.78

takes place on the basis of a positive allosteric effect.
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Figure 142 An lon pair receptofor KCI, 1.78, that operateat low or neutral pH

In 1999, White and coworkers reported an ion pageptorthat can be used for
the separation of transition metal salts’{M?] through solvent extraction. This system,
receptorl.79 (Figure 143), incorporaes into a lipophilic framework a dianionic binding
site for transition metal cations aadlicationic binding site for aniorf& . Transition metal
catiors, such as Ctl and Ni?*, are boundto the salefbased catiomecognition site,
inducing proton transfer from thghendic ring to the nitrogen atoms of the morpholine
moieties This provides positively charged ammonium speeaiedalso serves tdring

the twoammonium unit$nto proximity for cooperative aniorecognition (Figire 143).

1.79

Figure 143 lon pair receptol.79 and its binding mode for NiSO

As evidenced byhe X-ray crystal structuref 1.79-NiSQ,, in the solid stat¢he

sulfate dianionand Nf* cation are spatially separated, beimgund to theprotonated
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centralaminesvia two hydrogen bondand the deprotonated phenol units of the salen
subunit, respectivelySulfate anion binding is presumably reinforced bgceostatic
interactionsinvolving the salerbound Nf* cation Liquid-liquid extraction experiments
were alsocarriedout and served tdemonstrag that ion pair receptorl.79 is able to
extract CuSQ@into chloroform from an aqueous solution of CuS®pH 3.8.

In 2001, Tuntulaniet al. reported thesynthesisof the ion pairreceptorl.80
(Figure 144), a tripodal aza crowrther calix[4]arene, and its interaction with halide
anions and lkali metal cation&® In this caseH NMR spectroscopic analgs revealed
that compound..80 can form complexes with anions such asa®d|™ but not F, as well
aswith cations, such as Nand K’ cations in 100% DMS@ls and in a mixture of CDGl
and COD. In the presence of the'Keation, the association constant of compoflrgd

for the Br anion was found to be enhanced by nearly 1.5 fold.

1.80

Figure 144 Tripodal aza crown ether calix[4]arehe30 containing both cation and anion
binding sites

For recognition of zwitterionic amino acids, Schmidtchen synthesized the ditopic
receptorl.81 (Figure 145)*°This system, reported in 1986, contains a triaza[18]ci®wn
subunit covalently linked to a tetraammonium macrocylic anion recognition w@t#
para-xylene tether. In this case,® NMR spectroscopidinding study revealed that

receptorl.8l is able to bind certain zwitterionic amino acids, sucb-ainobutyric acid

59



and 6aminohexanoic acid in 90% aqueous methanol. The association corktaras
compoundl1.8l for some primary ammonium guests as determined from competition
experiments were found to be reduced as compared to those obtained with the monotopic
control compoundL.8. The selectivity of ditopic receptdr.81 for zwitterionic amno

acids is, however, increased by a factor of 2.5 as compared to the monotopic receptor

1.82.
(\O/\ o,
C
o D ~
N H O
*N (I:HB N +N'Hﬁ} g\ K
/ /J H''Ng=
/( \ “0,CCH,CH,CH,NHs" /( \ o (N
X —— G S [O Oj
)?(’C/\N\X /‘;C/\N\Q;( \ he N Ny
H c;l{l;xsﬂ C'Nﬁxsl\k : K/ \) °
3 SCHg 3 CH
1.81: X = -(CHy)s- 1.82

Figure 145 Ditopic receptorl.81 and its predicted binding mode for a zwitteriomie
amino carboxylateAlso shown is theontrolmonotopic receptot.82.

In an effort to produce a more sophisticated receptor for amino acids, Mendoza
and coworkerprepared the chiral receptdr83 (Figure 146)°! This system, reported in
1992, contains a guanidinium group for carboxylateoranrecognition and a
monoaza[18]crows6 for ammonium cation recognitich. The appended aromatic
naphthalene ring was designed to provide an additional interaction with the side chain of
aromatic amino acidsvia - interactions. The chiral nature of reter 1.83 was
expected to provide for the enantioselectieognitionof phenylalanine and tryptophan.

The affinity of compoundl.83 towards amino acids was determined by ligiigdid
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single extractionexperiments using water and &h. The extractiorefficiencies {.e.,

fraction of receptor molecules occupied by substrate) in the organic phase, determined by
integrationof the NMR spectra wereca. 40% for bothL-Trp andL-Phe. On the other
hand,L-Val without an aromatic side chain was not extractedrt appreciable extent.

This led to the conclusion that the aromatic naphthalene pendant plays a critical role in
recognizing aromatic amino acids. Enantioselective recognitidnTop andL-Phe by
(S,9-1.83 was confirmed by'H NMR spectroscopic analysi Conversely, the other
antipode, receptoRR)-1.83, was found to extract selectiveDsTrp andD-Phe, but not

their corresponding-enantiomers.
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Figure 1.46 Ditopic receptor $,9-1.83 and its proposed binding mode fotryptophan

lon pair receptors, suitably functionalized with a fluorophore or chromopteme
actas optical sensors for ion pairs, exhibitingeasilydetectable signal change in color
or fluorescence intensity. An example of such a system comes from de Silva and
coworkers who synthesized the fluorogenic compaligd (Figure 147).% This system,
reportedin 2003, contains both anion and cation bindéitgs, namely a Neselective
benzo[15]crowrb moiety and a HPO,-selective polyammonium group linkada an

anthracene fluorophore. In the absence of substrates (ions), the fluorescence intensity of
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receptorl.84 is inherently low because of PET (phetaluced electron transfer) from

both the benzo[15]crowh and the benzylic amine lone pair to the anthracene. The PET
processes can be inhibited bgmplexation of theNa" cation by thebenzo[15]crowrb

and BPOy binding to the polyammonium moiety, respectively. Thus, in the presence of
both ions the fluorescence is enhanced. However, in the presence of a single ion (either
Na" or H,POy studied using a nenoordinating counter ion), the fluorescence is still
weak Presumably, this ibecausePET from either the benzylic amine lone pair or the
benzenering of the crown ether suffices to quench the intensity of the anthracene
fluorescence. Only the simultaneous complexation of both*achtion and an PO,

anion gves rise to fluorescence enhancemehherefore receptor1.84 acts as a

rudimentary photoioni@ND logic gate.

+NHj
o
¢ {
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Figure 147 Fluorescent ion pair sensbi4 that functions as aAND logic system

1.6 PHOSPHINE OXIDE AND SULFOXIDE -BASED ION PAIR RECEPTORS

An alternative approach to the design of ion pair receptors involves the use of
phosphine oxide and sulfoxide groups as cation recognition sites. These are moieties that
are known to bestrong hydrogen bond acceptomsut weak Bgnsted base®™

Recognizing the utility of these motifs, Gellmah al synthesizedthe macrocyclic

62



phosphine oxide disulfoxid&.85 (Figure 148). This system, first reported in 1993, was
found to bind monoalkylammonium cations and certhamlide anionswith non
coordinating counter ionsia hydrogenbondings and through interactions with the
positive ends of the S=0O and P=0 dipoles, respectively. In the case of
monoalkylammonium halidéon pairs,'"H NMR spectroscopic studies revealed that
receptor1.85 is able to bind the monoalkylammonium catigia hydrogenbonding
interactions with the three oxygen atoms present on the sulfur and phosphorus atoms.
These interactions serve to indyms®arization ando preorganize the receptdihe result

is a cavity better suited to bind t&#, Br or I counter ion on theppositefaceas shown

in Figure 148 %%

Figure 148 Macrocyclic phosphine oxide disulfoxide ion pair recepio85 and its
proposedinteractions with monoalkylammonium cations, halide anions,
and ion pairs containing these species
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1.7AN ION PAIR RECEPTOR THAT IS BASED ON HAL OGEN BONDING TO ACHI EVE ANION
RECOGNITION

In 2005, Resnati and coworkers reported the tripodal ion pair ceck@6 that
relies on halogen bonding (XBdr the recognition of anions, such as halides (Feg
1.49)% The four strong electrewithdrawing fluorine atoms on the aromatic ring of
receptor86 make the iodine atom an effective XB donor. Array crystal structure of
the Nal complex revealed that in the solid state, recep8rbinds both the Nacation
and the Tanion concurrentlyHowever, as can be inferred from an inspection ofiféig
1.50, theselatter species are spatially separated by the recetardistance of ca. 5.59
A. This structure alsoevealedthat the N& cation is completely encompassed by the
arms of the receptor and that the anion is bound to the iodine atom of the
tetrafluoroaromatic ringvia an XB interaction. Compared to that of compounéy,
which lacks an XB donoi, = 1.3x 10* M™), the binding constant of receptbi8s was
found to be 20 times largeK{ = 2.6x 10° M™). On this basis, it was concluded thfa

IAIAXB interaction has a positive effect on the"Minding in the case of receptbss.

6 e a8
) ﬁ? N
g %J e

Figure 149 lon pair receptorl.8 and itsproposed Nal binding mode. Also shown is
control compound..87 that lacks arXB donor.
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Figure 150 Crystal structureof 1.86Mal. This figure was produced using coordinates
that originally appeared iref. 95.

1.8 AN ION PAIR RECEPTOR BASED ON HYDROXYL GR OUPS FOR ANION RECOGNITION

The hydroxyl group is also able to forimydrogenbonds with anions. This motif
was exploited by Pochini and coworkevgho in 2001 reported that the flexible cene
calix[4]arene {.88), bearing four 4hydroxybenzyl groups on the upper rim, can act as an
ion pair receptor for tetramethylammoniumits (Figure 151)% In this case!H NMR
spectroscopic studies carried autCDCl; providedsupport for the notion that receptor
1.88 binds the tetramethylammonium catieia CH-" interactions, while anions such as
OTs, CI, OAc, CRCOQ, and picrate are bounda hydrogen bonds involving the four
hydroxygroups. In contragb receptorl.88, the corresponding analogie39 showed no
tendency to bind such ion paifhese results are thesnsistent with the suggestion that
anion bindingoy thehydroxygroups present ifh.88 plays a crucial role in stabilizing the
receptofbound ion pair. While the simple ion recepfioB4 was found to form strong

complexes with loose ion paired tetramethylammonisaits, such as TMATFA or
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TMAPIc, receptorl.8 was found to form strong complexesth tightly bound ion pairs
such as TMACI and TMAOTSs. This observation led to the conclusion that redegor
binds such ion pairgia a cooperative interaction that involves the two binding sites and
the cebourd ions. Toobtain furthersupport for this suggestion, a dual host system,
consisting of a mixture of hostk.83 and 1.34, as well as the specific anion receptor
(1.90) for the CIlanion was analyze@Figure 151). In the presence of the chloride
receptor(1.90), the binding constantk{) of single ion receptofl.34 for TMACI in
chloroform is enhanced from 80" Mo 428 M*. This increase is attributed to a breaking
up of the ion pairingfMACI ion pair caused by complexation of the chloride anion by
receptor1.9Q0 In contrast, compound.34 serves to decreadbe binding constant of
receptorl.88 from 3,526 M" to 440 M*. Presumably, thiatter findingreflects the fact
that the Clanian is bound to thdéydroxy groups of1.88 less strongly as the result of

competition.

1.90

Figure 1.51 lon pair receptof.88 andcontrolsingle ion receptor$.84, 1.89 and1.90.
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1.910N PAIR RECEPTORS BASED ON G-QUARTETS

Guanine ncleotidesare known to bind alkali metal cations in watex formation
of inter alia G-quartes, wherein the cations are bound to four nucleetideved
carbonyloxygen atomsorientedtowards the center of what is a saffsembled core.
Thesecation-containingG-quartets stack to form octamers, dodecamers, hexadecamers,
and higher aggregates. In 2001, Davis and coworkers reported that the guanosine
nucleotidel.91 forms Gquadruplexbased hexadecamarsthe presence of BaRiand
SrPie. The resulting systems were proposed to consist of Gysymmetricl.91gM?*
octamers as shown in kige 152% An X-ray crystal structure provided support for this
conclusion and revealed that thegGartets within each octamer are stacked eddil
with a 3@rotation between the layers. As a result,dhalentBa?* and Sf* cations are
sandwiched between éhG-quartets and separated from their picrate counterion at a
distanceof > 8.5A. In contrast, the four picrate counter anions are involved in hydrogen
bonding interactions involving the outer bldf the amino group. The net result is two
metatilled octamers of formal stoichiometryl.91,6RM**APic. Proton NMR
spectroscopic analyses provided support for the conclusion that the picrate anions play a
critical role in maintainng the Gquadruplex insolution The kinetic stability of the
hexadecamer was ©firmed by a crossver experiment. In this experiment, crystalline
1.91, RSP APIc and 1.91,2B& APic were mixed in a 1:1 ratio in GBI, to give a
new Gquadruplex, namely the mixed helezaner 1.91RSr*A.9eRBL APic. 'H
NMR spectroscopyevealed the slow formation of the mixed hexadecatagr=(42 h),
aswould be expected for structurewherein the four picrate anions serves to hold the G
guardruplex together tightly in solution. By contrast, when the thiocyanate anion, a
species ingaable of bridging the.912M?* octamers as effectively ke picrate, was
used, the mixed hexadecamdr9lsRSF*A.91RBZ ASCN, is formed significantly
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faster {12 = 0.5 h). These findings lend credence to the proposal that the strength of the
anon binding interaction, as well d@ise natureof the cation, have a remarkable effect on

the kinetic stability of the hexadecaméts
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Figure 1.52 Guanosinel.91 (G 1) and the proposed binding mad#isplayed bythe G
guartetbuilt up from this monomen thepresence oBaPi¢ and SrPig.

In 2003,this same grouplso synthesized the calix[4]aregeanosine conjugate
1.2 (G 2) and investigated its properties of the formation ofquartet andts ability to
effect ion pair recognition (Figre 153)% This calix[4]arene nucleotid€l. 92 (G 2)) is
poorly soluble in dry CDGland gave an itesolved'H NMR spectrum in this solvent.
Such a finding is consistent with this nucleotitl®? (G 2) forming one or more
nonspecific aggregates in the absence of water. Nuclebti2e(G 2) is much more
solublein D,O-saturated CDGJ and undethese more polar solveobnditions gives two

sets of welresolved'H NMR signals for the guanosine moieti@#is latter observation
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let to the suggestion that the inherent D2 symmetry is destroyed antd 946G 2) is
dimerizedvia the formation of a Gjuartet (Figire 153). On the basis oiH NMR and 2

D NMR spectroscopic analyses, the resulting dime®2,AH,0), was found to bind
certain ion pairsaandto extract them from an aqueous environment into a chloroform
phase. The dimer is thought to recognize cations, such asnd&N4d, via the carbonyl
oxygen atoms of the @uartet formed under these condigpas well as anionsuch as

Br' and CI, via hydrogen bonds involving the amide NH protons and the anions.

Selectivity for K over Nd and B over Cl was seen in these extractions.
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Figure 153 Calix[4]arenebased guaosinel.R2 (G 2) and its watemediated ion pair
recognition

More recently, the Lippert group presented computational evidence that two
stacked DNAbase quartets, namely adBartet G 3); and an Aquartet A 1)4, are able

to bind the NaCl ion paiin a cooperative fashion (Fige 154)% Nucledase 1.93 and
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1.9 which combine to form a @uartet G 3)4, and an Aquartet A 1)4, respectively
recognize the Nacation and the Chnion. The ioffilled DNA-base quartets are thought

to stack so as to allow direct interaction between the bound Mation and Clanion

(Figure 154).
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Figure 154 G-quartet G 3); and Aquartet A 1), and their proposedcooperative
recognitionof NaCl.

1.1010ON PAIR RECEPTORS BASED ONPYRROLES AND INDOLES FOR ANION RECOGNITIO N

Pyrroles and indoles can also acthggrogenbond donors for anion recognition.
Not surprisingly, therefore, such motifs have been used to create ion pair receptors. One
recent example comes frodeongand coworkrs Specifically, in 2007 this group
reportedthe preparation ofeceptorl.9% (Figure 155) that containdoth a diazacrown
ether for cation binding anah adjacentrigid biindole scaffold for aniorrecognition®
Detailed 'H NMR titration experimentscarried outin DMSO-ds/CDsCN, provided
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evidencethat the presence of alkali metal iobsund withinthe azacrown ether ring
enhanceshe affinity of receptorl.95 for anions. For example, the associationstamt of

the complex of1.95Na’ for Cl'is ca. 2,000times higher than that dfie metalfree form

of 1.9 (Table 1.14). This increase in anion affinity was ascribed to the additional
electrostatic interaction between the-lmmund ions An energyminimized structure of
1.95NaCl generated witta MacraModel 9.1, MMFFsforce field provided support for

the proposalhat NaCl is bound to the receptor as a contact ion pair.

Figure 155 Biindole-diazacrowrbased ion pair receptdr.9% and diazacrowstapped
sapphyrinl.%.

71



Table 1.14 Association constants§, M™) between ion pair receptdr9% and halides
recordedn the presencand absencef alkali metal salts (D equiv) in 10%
(v/v) DMSO-dg/CDsCN at297+ 1 K.

Halide? Cation additive  Association constant (M
cr None 7
LiClO, 120
NaClO, 14,000
KPFs 6,200
Br None iP
LiClO, 24
NaClO, 600
KPFs 200
None iP
LiClO4 9
NaClO, 61
KPFs 45

®Halide anions were studied as the corresponding tetrabutylammonium “Séiés.
chemical shift changes during the titration were too small to deteratoerately an
association constant

Very early on (1995), Sessler and Brucker synthesized the diazacepped
sapphyrinl.96 (Figure 155) as a possible ion pair recept8tin this case’H NMR and
UV/Vis spectroscopic analysemrriedout in 10% CROD in CDCk revealed that the
diprotonated form of compourid9%6 (bis-HCI salt) is able to bind an ammonium cation
and a fluoride aniosimultaneously.

First reportedin 1886 by Bayet’? the tetrapyrrolic macrocycld.97 (Figure
1.56), calix[4]pyrrole, was found in 1996 by Sesshtral. to be able to bind certain
anions in organic solvent&® In 2005, Moyer, Sessler, Gale and coworkers reported that
calix[4]pyrrole 1.97 can act as an ion paieceptorfor various cesium salts and certain

organic halide salts in the solid state (Fig 156)X% X-ray crystal structures of several
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cesium and organic catiemontaning anion complexes of calix[4]pyrrolé.97 were
solved, Taken in concert, they revealed that the anions are bound to the pyrrolic NH
protonsvia hydrogen bonds. These interactions, which were expected on the basis of
prior studies, serve to fix the calix[4]pyrrole in the cone conformation. This
conformational lockingin turn, provides an electraich bowlshaped cavity into which,

e.g, cesium cation is bounda a combinationof “-metal and dipole interactions.

Further evidence that calix[4]pyrrole.97 is effective for ion pair recognition
camefrom liquid-liquid extractionstudies carried out by Wintergeestal'® This study
demonstrated that compouddd7 can extract CsCl and CsBr, but not CgN®om an
agueous phase into nitrobenzene, a relatively polar organic phase. The solvenbextracti
process was modeled in terms of three thermochemical stepsgHRi§7). The first of
these steps 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 such that it adopts the cone coafaym a geometry it
maintains as the result of halide anion binding. The third step involves the cesium cation
binding within the bowdshaped calix cavity created as the result ofdbeformational
change taking place in step 2. While thermodynamicallyivalent in terms of thénal
state, it wasppreciatedhat these steps could be taking place concurreftigkey point
is that underconditions ofthis extraction, calix[4]pyrrolel.97 binds both the cesium

cation and a halide anion (@ Br).
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Figure 156 Calix[4]pyrrole 1.97, its binding mode for CsX and the crystal structure of
1.97/CsF. The X-ray structure shown was produced using coordinates that
originally appeared iref. 104.

Figure 157 Proposedthermodynamicstepsused to modetesium salt extraction by
calix[4]pyrrole 1.97.

Very recently, transmembrane transport experiments were carriedvitut
calix[4]pyrrole 1.97.*" It was found thathis simpleto-obtain receptotransports CsCl

across phospholipid bilayers with significaselectivity and with an efficiency that is
74



