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To my parents

Meinen Eltern

If we knew what it was we were doing, it would et called research, would it?

Albert Einstein (1879-1955)
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Chapter 1

Introduction

The later Nobel Prize laureate Adolph von Baeyéteraeporting the condensation of
phenol and formaldehyde to yield a resinous tarid#el to change his field of research. He
could not foresee that some decades later, a wheteration of chemists in the then
emerging field of supramolecular chemistry wouldive this ‘simple’ chemistry on a new
class of compounds, the calixarefiésThe main achievements of these early scientigts ar
the elucidation of the chemical structure of thelicycondensation products of tért-
butylphenol and formaldehyde and even more imptgtahe fine-tuning of the reaction

conditions. Today, calix[4,6 or 8]arenes can belsgsized in high yield and with excellent

purity.5'7

One of the early pioneers, David Gutsche, becamegeeisted in calixarenes because he
wanted to mimic an aldolase with a completely mitf molecule and was looking for rigid
molecular platformslz. After calixarenes were discovered and reprodudirtecedures to
synthesize them were established, he developedudetb functionalize them and baptized
these molecules with the name they have todaiix(crateris the Latin word for certain
ancient Greek vases, see Figure 1.1). His work stisoulated other research groups to
spend some efforts in this new field of chemistinfortunately, after almost 30 years of
pioneering research in calixarene chemistry, theéemi@l enzyme mimic that was
synthesized by Gutsche and co-workers turned outonbe what the quest was about: an

aldolase model system.

Figure 1.1.A calix crater and the three-dimensional structfre calix[4]arene.



Biological Applications of Calixarenes

But happily, some twenty years after this early kydhere are not only enzyme mimics
based on the calixarene core, but also many mqgokcapons for this class of compounds
in chemistry, physics, biology, medicine and in marterdisciplinary fields 1°

Calix[n]arenes enable the synthetic introduction of astleddentical binding sites in
the same molecule and offer an additional bindiite ger se namely their hydrophobic

cavity. Therefore, multivalent targeting is possillty attaching various (identical or
different) binding motifs to the same calixarenaffald.** Other small scaffolds such as
benzene derivatives, cyclodextrins, monosaccharithesal complexes or azamacrocycles
quite often have the drawback that their seledtivetionalization is difficult and that they
do not enable the arrangement of receptors onahee scaffold in various conformations
(Figure 1.2). Furthermore, the larger calix[6 oar@hes are more mobile and can adjust
their conformation to a geometry that is requiredt fin efficient binding of the
target/substrate (induced fit).

At the same time, especially the smaller calix[éfeas are rather rigid molecules. This
allows preorientation of functional groups in aendimensional space. These properties
are almost unique in organic chemistry and predestialixarenes for use as artificial
receptors, substrates or enzyme mimics. In thipteharecent developments (since about

1999) in the biological and medical chemistry otahdinding calixarenes are highlighted.

cone partial cone (paco) 1,3-alternate 1,2-alternate

Figure 1.2.The four possible conformations of calix[4]arenes.
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Artificial lon Channels

The intra- and extracellular concentrations of pdlggically relevant metal ions differ very
often. One way how nature controls those conceotragradients is by the so-called
channel mechanisflon channels exist in every mammalian cell andvalibe passage of
typically 10 or more ions per second. In general, these champneVide a hydrophilic path
inside the hydrophobic cell membrane. Malfunctignaf these systems can lead to severe
diseases. Therefore there is a general interebetier understand transport processes of
metal cations across phospholipid bilayers. A majballenge in the design of model
systems is to develop compounds that do not odbwatharged metal ions to pass a
hydrophobic bilayer but that also show selecti¥ay a particular catiod? Especially the
alkaline metal cations Nand K are of great interest for studies on such modstesys
since the ratio of their concentrations in- andswmié cells is important for the proper
functioning of signal transduction in nerves.

Calixarenes and their derivatives are very suitabtedels for ion channefé13 In
addition to their relatively simple synthetic acsibgity, they are able to span phospholipid
bilayers and can bind metal ions selectively. Fanmtiore, there are strong indications that,
as a result of the size and the hydrophobicityhefdalix[4]arene backbone, the potassium
aquo ion is partly dehydrated prior to its trangplearough the cavity towards metal binding
functions on thdower rim. This dehydration capability occurs in natural @mnnels as

well and is of utmost importance for a successfmin >
Na" Channels

In a systematic study on the selectivity of thensgort of alkaline metal ions through a
phospholipid bilayer model by calixarengsof various sizes (from calix[4 to 8]arenes,

Figure 1.3), Jin et al. demonstrated that the tedraransports Naons twenty times better
than all other metal ions test%f‘jProbably, this calixarene forms a dimer within Hiayer

thus allowing efficient Natransport. The calix[5]arene has some selectifdtyK* ions,
whereas calix[6 and 7]arenes transport @s1s with some selectivity. However, the

octamer does not facilitate the transmembranaltiansport. The selectivies for certain
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alkaline metal ions can be rationalized by theedéht distances spanned by the chelating
ester and phenol ether groups: the small calixplarshows a preference for complexation
of the small Naion, whereas the larger calixarenes complex trgetaalkaline metal ions
better.

In studies of the parameters determining the mietal flux through artificial cell
membranes, it may be useful to have a possibititplock this transport. Therefore, the
photo-switchable artificial Nachannel was formed bX/.15 This compound has a similar
Na'-selectivity tol. Upon irradiation with UV-light (> 310 nm) the &nbyl units dimerize
and then block the way for diffusing metal ions.ddpswitching off the UV-light, the dimer
slowly falls apart and ion transport becomes pdssilgain.

The ionophore8a-ebearing cholic acid moieties (Figure 1.4) wereppred and their
ability to transport protons and Naons through liposomes was investigajfnghe
compounds irl,3-alternateconformation 8a-¢ are much more effective in ion transport
than theconeconformers. This indicates th&d and 3e form dimers in the membrane
whereas thé,3-alternateionophores can span the bilayer providing a mwetteb channel.

Acylation of the steroid moieties has only a mimdluence on the transport efficiency.

Figure 1.3.Na" selective calixarenes.
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/

2d R'=R"=Ac
2e R'=H; R"=Ac

Figure 1.4.Cholic acid containing ionophorési-e

Triton (Figure 1.5) is a well-known non-ionic swfant that is widely used to destroy

liposomes and cell membranes. Its ability to pextetsuch bilayers was the inspiration to

synthesise4.17 Unfortunately,4 did not show any activity, whereas its calix[6]age

analogue bearing methylated phenolic groups isaldda channel mimic. Selectivities

over other alkaline metal ions have not yet beponted.

Compounds of typ& showed poor or no activity, which was ascribethtir inability

to completely span the phospholipid bilayl/%rAnother reason could be that the long alkyl-

spacers do not provide a hydrophobic channel withénlipid bilayer.

Triton 4

Figure 1.5 Calix[4]arene based ionophores.
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K* Channels

The control of the N#K™ ratio inside artificial cells, requires not onlyaNbut also K
channels. Only a few reports on selectiveidhophores have been published and only little
is reported about the *Ktransport ability through phospholipids bilayess.promising
approach to mimic Ktransport was reported by Arduini et al., who skdwhat the tubular

6 (Figure 1.6) forms channels with about the lerib#t is required to span such a bila§/9er.

A four-fold symmetric arrangement of thr-val-gly-gly polypeptides forms the
selectivity filter of the K channel inStreptomyces lividansCompounds? are mimics of
this system and were used to learn more about dzhamism of cation transport and about
the origin of the selectivity of this systezr%.lnitially, the K" ion is bound by the phenolic
and the valine carbonyl oxygens of all compounddist. Hydrogen bonding was found to
be crucial in this system: for the tripeptide, tHg-HO=C, bonds are much stronger
than for the shorter peptides. This effect stabdithis species and as a result the metal
binding is relatively weak. This might facilitateet release of the ion and therefore, the ion

translocation.

Figure 1.6. Synthetic K channels.
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Figure 1.7. A K" selective calix[4]arene dimer.

A further possibility to span the bilayer by cafti@rene dimers is with compounds similar
to 8 (Figure 1.8) reported by Beer and co-workerghe elongation of the bridges between

the calixarene units @, by insertion of more ethylene glycol moieties,ynh& expected to

provide a channel for Kcation transportation that spans the bilayer.

Metalloenzyme Mimics

Enzymes are amongst the most selective catalysiikable. Their active sites provide a
variety of non-covalent interactions with substsatgat control the recognition process and
therefore, the selectivity of the enzyme. Thesduthe hydrogen bonding, charge/charge,
CH/m and cationit interactions. In order to learn from nature analbain an insight into

how enzymes work, simpler low molecular weight mMaetems are used. Many enzymes
contain metal ions that play a key role in the cttital organization of the peptide, in the
recognition processes of substrates or even asatiadytic centers in the active site. In the
latter case, the enzyme does not only act as alaegg ligand with preorganised metal

binding sites, but it also provides a cavity andaaridor that control the access of the
substrate and, therefore, the selectivity and #aetivity of the metal ion sitle.Enzymes

are complex systems that are not easy to studyeidre, there is a need for good mimics
of which the characterization is simpler. It is sotprising that calixarenes can be used as

building blocks for such metalloenzyme mimics. Ttag not only easy to functionalize
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but they also offer the possibility to prearrandpelating groups or bound metal ions in a
three-dimensional space. Furthermore, they cantadifiprent conformations (induced fit

or dynamic preorganisation) and can coordinate rothelecules to mimic hydrophobic

pockets of enzymegs.

Calix[4]arenes
Zn?*-Based phosphodiesterase and lipase mimics

Many metal containing phosphodiesterases use ereot three divalent metal centers
such as Z& for the activation of the substr&@®> The prearrangement of the metal
centers using synthetic spacers is crucial in msmitsuch enzymes since the tetrahedrally
coordinated Zfi centers are assumed to activate the phosphate @i a nucleophilic
water molecule, to stabilize the pentacoordinatesphorus transition state and possibly the
leaving group by cooperative actidhin studies of phosphatase activity, 2-hydroxyptepy
p-nitrophenyl phosphate (HPNP, Figure 1.8) is usad RNA model substrate, the
intramolecular cyclisation reaction and the releak@-nitrophenolate being the driving
forces of the reaction. Reinhoudt and co-workergestigated the performance of
calix[4]arenes10 - 13 as enzyme mimics. Although Znis chelated by non-natural
chelating units and the catalysis was performed MeCN/agueous buffer mixture, the
results gave information about the mode of actiénthe enzymes (Figure 1.8). The

chelating units were chosen because they are easilgssible and are able to complex a

variety of divalent transition metal ioAz.

N NO,
N N
\an/+
L o RTN\¢ O
Q In2¥ O OH N,,Zq
\/\N : \J\l

Figure 1.8 Possible mechanism for HPNP cleavage by trinugleasphatase models.
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12a R = H, ke = 23000 13, ky) = 32000
12b R = CH,NMe,, k,o| = 7400

Figure 1.9 Mono-, di- and trinuclear Zn(ll) phosphatase naisnand relative rate acceleration factogs k

The relative rate acceleration factors, which are defined as the ratio of the observed rate
constant of the reaction in the presence of thalystt and the rate constant of the
uncatalysed reaction, can be used to directly coenphe activity of catalysts. The
nonmacrocyclic9, for example, has a much lower catalytic activiigrt the mononuclear

calixarene basetll. This is a direct proof that the calixarene backbiself is involved in
the catalysis, probably by binding the substratsidimm the hydrophobic pockze‘f. The

dinuclear complexi2a shows a rate acceleration of 23000 in the traesésation of
HPNP over the uncatalyzed reaction, whereas theomarearl1 analogue is 50 times less

active. This suggests that the metal centers haeperative action and that the hydro-

10
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phobic cavity is involved in the binding of the stidate. On the basis of extensive kinetic
studies, the high catalytic activity dawas ascribed to the high affinity of the substtate
the binding site. It should be noted that the mfteconversion was moderate, the high
catalytic activity being a consequence of the hstdbility of the intermediate Michaelis-
Menten like substrate/receptor complex. The medmaris analogous to that depicted in
Figure 1.8, but now the phosphate function is bobma single metal ion. A more rigid
calixcrown model compoundlO exhibits a smaller substrate affinity and a lowatalytic
activity, which demonstrates the need for someilfiéity within the calixarene to enable
cooperative effects between the metal centers ¢ediit). The trinuclear complet3
induces a rate acceleration of 32000, which isonafized by the activation of the
nucleophile (water) by the third metal center. Ti@nal analogue ofl2a 14, shows less
activity probably due to weaker binding of the sule In a later study, it was found that
the trinuclear complex based a8 containing two ZA" and one Cti ion accelerates the
reaction even more and shows high selectivitiescétain RNA nucleotide® Probably,
this is caused by the synergy of the metal iond! Erads to good substrate binding,?Cio
high conversion.

The comparison with the natural system, where blaisiidine units often support the
catalysis by providing hydroxide ions, led to thevelopment of12b%? Rather than
activation of water by a third metal ion in therfoof a hydroxo complex, hydroxide was
generated by one of the tertiary amine groups oxiprity of the bound substrate. The
decrease in catalytic activity with respectl@ais caused by the weaker binding of HPNP
due to the partially blocked access to the hydrbghccavity as well as a slower
conversion. This can be ascribed to a less faverainiding geometry of the substrate. Both
facts can be explained by the steric demands oflithethylamino groups that hamper the
binding of the substrate and therefore, the simelbas binding of HPNP to both Zn-

centers.

11
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— o
\ O)J\ OH
o
+ MeOH + \OJ\
R R
15aR=H
15b R=COO"

Figure 1.10.Vicinal Zr?* complex14 and solvolysis reaction tested.

The ability of complexe8, 123 13 and14 to cleave esters was investigated by solvolysis
experiments in methanol (Figure 1.f6)Potentiometric titrations performed on the model
compound9 showed that the complex behaves as a weak acid avjiK, of 9.5 which
corresponds to the deprotonation of a metal bowheest molecule. This means that for
the di- and trimetallic Zn-complexes, one Zn-unitds a solvent molecule as its methoxide
whereas the second one is able to HiBH via its COO-function. As a result, in dinuclear
complexes, one metal ion preorganises the substoat¢he nucleophilic attack of the
activated solvent molecule that is provided by ttker metal. At the same time, the
binding of the carboxylate by the Zrcenter activates the substrate for nucleophitiacht
through the electron withdrawing effect of the gt metal ion. Ifl5a is used as the
substrate, the conversion is much slower sincédattieof a carboxylate group leads to less
efficient binding to the catalyst. Interestinglyydaopposite to what was found in the studies
with HPNP, the vicinal Zs14 is the much more active catalyst compared toritdagous
geminal Zp-12aisomer. The relatively high catalytic activity thfe vicinal isomer may be
caused by either better substrate binding or differconformation or hydration of the
catalyst in the different solvent systems (MeCNiufor transesterification of HPNP and

methanol for methanolysis). The general superiodfyvicinal compared to geminal
isomers in the solvolysis of phenol esters was falsnd in a later studf/? Similar pyridine
based calixarenes have been proposed as metalioenmyimics but no experimental

. . 28
evidence has been givén.

12
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N /\ / \
N/\B H\ IH R ,
H < 2+ H NN NN

Gy
2§
SR I

Figure 1.11.Azacrownether based metalloenzyme mimics.

Various azacrownethers attached to tipper rim of calix[4]arenes were used to chelate
zn2*?® 1,5,9-Triazacyclododecane has three binding dibesmetal coordination and,

therefore, is favorable for tetrahedral coordinaiid Zrf*. Since the mononuclear analogue
was not soluble in the solvent applied (MeCN/aguebuffer pH 7), compound6 was
chosen as a mononuclear reference. These compshaded only low catalytic activities
in the cleavage of HPNP. The fact that the acésitf the bimetallic complexds and18

after correction for the different metal concentma$ are not much superior to those of the
monomeric16 means that there is a lack of cooperation betwlenmetal centerd,
Nonetheless, the solvolysis of various phenol sstgr methanol using these complexes

was more successftll. As for the dimetallic compled4, one ZA" binds a methoxide,

13
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which can act as a nucleophile in the solvolysiactien of the coordinated substrate.
Phenol esters containing carboxylate functions \agaen found to be good substrates since
they provide a binding site for the second metateeand are activated upon binding to the
metal (see above).

The strong chelator 1,4,7,10-tetraazacyclodode¢eywen) complexes Zf resulting
in a rigid and bulky substituent attached to thiexaeene coré’ The steric demands of the
two chelates ir20 hamper the binding of the substrate and reducedtadytic activity very
efficiently. By contrast to the systems describédwe, the mononuclear analogue 2af

shows superior catalytic activity over the dinuci2@due to the reduced steric hindrance.

CUW?*-Based phosphatase mimics

The replacement of Zhby Cif* in ligands17, 18 and19 (Figure 1.11) leads to complexes
that are sufficiently soluble in water to studynsesterification without the need of
applying organic co-solvents, Although these complexes are less active tham #ei

analogues, they have the advantage over oth&kl@ised enzyme mimics that there is no
dimerisation of the copper centers leading to ghtallly inactive specie€” Model

reactions with HPNP revealed that there is no cdjpe action of the distally arranged
Cu-atoms inl7 but a strong synergistic effect in the vicinalnser 18. The trimetallic19

shows slightly less catalytic activity thak8, which indicates that two vicinal copper
centers perform the catalysis, whereas the bindfrihe substrate is slightly hampered by
the third chelate. Especially the trimetallic ;€19 catalyst shows remarkable selectivities
for certain diribonucleoside-2’,3'-monophosphatshijch represent better models for RNA
than HPNP and which enable to detect specific elgay if any. These compounds

appeared to be also very selective in the phosphtati cleavage of single-stranded RNA
oligonucleotides?’.2 The catalyst is highly efficient under close toygiblogical conditions

and resembles the natural RNAses A in their sefiggti

14
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21aR=H 22
21b R = CH,0H
21¢ R = CHoNH,

Figure 1.12.Bisimidazolyl-Cu-calixarenes.

Attempts to mimic metal enzymes more closely usigthyl-imidazole as histidine
analogue showed successfully that a cooperativecteff functional groups attached
adjacent to the metal centers can play an impontalg in catalysiss.3 The general
mechanism is similar to that shown in Figure 1@, difference being that the hydroxide is
not provided by a third metal center but by therdowmtion sphere of a Glicenter. When
the amino function ir21cis protonated, it can assist in the binding amadbiration of the

transition state. The corresponding?Z81c shows poor catalytic activity.

Mimic for CU" containing enzymes

In the reduced type 1 site (TIPR) in human ceralpin, a permanently reduced ‘Gsl
bound close to the active site although it probalalgs not participate in any catalysis. To
elucidate the role of the metal center, the bindingironment of the metal was mimicked
by attaching two histidine analogues and two cystenodels to thieower rim of calixarene
22. The metal is complexed by two imidazoles and @odfur atom leaving one
coordination site for a potential substrate. Unfodtely, apart from some structural details,

no further information on the performance of thismpound as enzyme mimic was
provided.34 Nevertheless, the fact that the metal is oxygebletas very promising for

future investigations.

15
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Ba®* complexes as acylase mimics

Many enzyme catalysed transacylation reactions ga@cvia a double-displacement
mechanism. This means that first an acylated enagteemediate is generated, which acts
as acylation agent for the nucleophilic substfat@his principle is known to organic
chemists for example from the pyridine catalyseteréication of activated carboxylic
acids. In such reactions, first the pyridine readth the acylation agent creating a highly
active species that subsequently transfers the groylp to an attacking nucleophile. In
mimics, the challenge is to achieve an efficiemnsfer of the activated acyl to the
nucleophile. Efficient acyl transfer can be reaclhgdusing phenolic alcoholates due to
their better leaving group character in comparisonalkoxides. In calixaren@3, the
phenolic groups can thus act as acyl-acceptorstmybrs, whereas the complexed*Ba
acts as activating Lewis acid. The protonated animmorfunction acts as intramolecular
proton donor that protonates the leaving group riplege) that is released in the first
acylation reaction. In comparison to derivativesatthdo not contain the amino
functionalities,23 does not show better catalytic activity, which veasribed to the steric
demands of the diethylamino groups.

In a later study, two B&ions were complexed by crown ether moieties onuibyeer
rim of calixarenes24 and 25 (Figure 1.12f6 In ethanolysis studies of different phenol
esters, it was found that the distance betweenntb&al ions determines the substrate

specificity of the catalyst. A similar reaction rh@nism as depicted in Figure 1.8 might

also be operative in these reactions.

23 24 25

Figure 1.12.B&* containing artificial acyl-transfera@8 and acylase®4 and25.

16
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Self-assembling supramolecular enzyme mimics

Many natural enzymatic systems consist of sevesHtaggregated subunits. Therefore,
there is a general interest in combining severdtlimg blocks to artificial assemblies that
have properties that neither of the single comptnéras. This approach is rarely
undertaken but there are some examples demongttitih calixarenes can be very usefull
in the design of such aggregates. A supramoletigdare mimic could be obtained by the
formation of a complex betwegnsulfonato calixaren26aand porphyrins (Scheme 1.317).
The strong charge/charge interactions lead to &sgmt constants of FOM™ in water,
sufficient water solubility being provided by theniale side chains. The formation of
ternary complexes with nitrogen containing compaudépends on the size of the base.
Whereas small bases like 4-methylpyridine are bousitle the cavity spanned between
the calixarene and the porphyrin, larger moleclikescaffeine are bound on the surface of
the assembly. The self-assembled‘Gmmplex shows a modest but significant facilitated

O-transport through membranes due to the reverbib#ing of oxygen to the complex.

it

A
(0]
26a R=CH,CH,0CH,CH; ﬁ‘” )\
N
O H
SO3” -
SOy sos] °  SOs zn?
A N !
/
g - R —
\ (') q
(0] N o]
R/ R/O R \R

26bR=H

Scheme 1.1Self-assembling metallo-enzyme mimics.

17
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An interesting approach towards self-assembledraazayimics was described by Nau and
coworkers:® The dynamic self-assembly pfsulfonato calix[4]aren@6b with an organic

guest and a divalent metal ion shows cooperativityghe binding (host-assisted metal-
ligand bond formation). This means that the apgiast provides an additional binding site
for the metal, which stabilizes its interactiontwthe ligand. This proof of concept might

lead to the development of a new generation of Inegtayme mimics.

Calix[6]arenes

Enzyme mimics based on the calix[4]arene coreageshown above, very well suitable to
study the effects of multinuclearity, the distafetween the metal ions, and the flexibility
of the linker on the catalytic activity and the esgivity. For monometallic enzymes,
calix[6]arenes are better platforms since they aloomly allow the binding of the metal in a
polydentate way, but they also provide a hydrophothiannel that is similar to the
hydrophobic pocket in enzyme active sijte@alix[G]arenes are in general less rigid than
calix[4]arenes and it is much more difficult todme them in a particular conformation. On
the other hand, they provide six phenolic oxygesmnet that can be functionalized in a
defined way and a hydrophobic cavity that is lardpam that in calix[4]arenes, which thus
enables the complexation of larger guests. Calfgjes can be methylated at three distal
positions leaving the three remaining positions tiee attachment of chelating groups.
Therefore, metal ions with coordination number fau ideal candidates to be complexed
since they can be bound very efficiently and sithibit one free binding site for e.g.
substrate binding. No catalytically active calidfdne system has been reported yet.
There are three generations of calix[6]arene ba&seryme mimics which are called
funnel complexes or calix-zymes, e way to fix the calix[6]arene platform in trewne
conformation that is best suited for metal and gaeemplexation is by the complexation
itself. These so-called first generation ligandig(Fe 1.14) were designed for this purpose
and allowed detailed investigations of coordinatityemistry, substrate binding and redox
activity of the metaf*® The second generation provides an additional bindiite for

metal complexation at tHewer rim. These ligands are able to complex divalent niete
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Figure 1.14 The three generations of calix[6]arene funnel glexes.

more efficiently than the first generation, blodgkipossible dimerisation and substrate
binding outside the cavity. Furthermore, they pdevihe possibility to attach redox active
ligands that are important in controlling the red@haviour of the complexed metal.

The most prominent limitations of the two first geation complexes are the relatively

weak binding of the metal ions due to the flexibddixarene core and the long distances
between the donor atorﬁsz.urthermore, oligonuclear species can be formedampresence

of, for example, bridging anions. In the third gext®n ligands, the calix[6]azacryptands,
the donor sites are connected to each other byidhf@oordinating atom, which at the

same time rigidifies the calixarene core in to@econformation.

Cu'/Cu**-Metalloprotein mimics

The pyridine based ligand&7 show poor binding of 77 but are very good ligands for
cu'! The steric protection of the metal centers and dberdination of a nitrile guest
stabilizes Ctiin this low oxidation state thus avoiding the atidn to CG* by molecular

oxygen and the dimerization of the metal i6Rghe Cd ion is tetrahedrally coordinated

by the three pyridine units and e.g. a solvent sk inside the cavity in a bicapped
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trigonal pyramidal coordination geometd'r%/.'l'he redox potential from Cuo CU* as well

as the substrate binding is controlled by the libas in the natural enzyrﬁé’.42 Due to the
transmission of the chiral coordination geometryh® calixarene backbone, G217 exists
as two different helical enantiomers at lower terapﬁfes‘.13 Effects of upper rim
substitution on the binding and exchange of guesleocules (MeCN, PhCN) were
investigated usin@7a and 27b* The steric demands of the drt-butyl groups in27a
lead to a preference for binding the smaller MeG@X&rdhCN. The opposite holds &7b
since the cavity becomes larger upon removal @fetart-butyl groups. The rate of MeCN
exchange is greatly enhanced #tb since there is no ‘closing of the door’ by the kyul
substituents.

The polyimidazole binding sites of peptides cambmicked by compound28. The
coordination geometry of their €ucomplexes is similar to that i67.%° The water

molecule located inside the cavity can selectividyexchanged by guest molecules like

nitriles. In the absence of coordinated solventanoles or a guest, di-, tri- and tetranuclear
clusters are formed™*® Cu'-28a is able to bind CO inside its cavity, thee@ stretch
vibration being a very sensitive tool to determinbanges in the supramolecular

environment like in copper proteiﬁg.The properties of complexes ®8a with C&* and

Ni?* are in line with these findingsso. The water soluble Ce28b is not only a stable Cu

R t-Bu R’ R
DUSYINIS
o] o._ '3 J:o o._ '3
= N N ’ N/
S | \__/
27aR='Bu 28aR=R'=Bu
27TbR=H 28b R=Br,R'=S0O;

Figure 1.15 Pyridine and imidazole based ‘Gunnel complexes of the first generation.
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complex in water that does not undergo oxidatiodiorerization, it is also a rare example
of three-coordinate Cuspeciess.1

The second generation ligar® has an additional phenolic oxygen atom for metal
binding.52 This model for a tyrosine binding site can be @eéd into the phenoxyl radical
and therefore play an important role in mimickingzgme catalysis. Indeed, GR9
undergoes fully reversible oxidation at low temperas and is able to oxidize benzyl
alcohol to benzaldehyde. The corresponding™Bound tyrosinyl radical mimic is stable
for hours and does not undergo reaction with bealrylhol.
The successful application of the generation ti@&€-30 complex to enzyme mimicry by
Izzet, Reinaud and co-workers is a clear highlightthis field of researcR® This
compound exhibits a remarkable stability and a J@gh affinity towards small neutral
guests such as water, EtOH, DMF, and MeCN. Theausgpcenter undergoes defined and
reversible redox chemistry. Thanks to the differfinities of Cd*/Cu’ to different guests,
an electrochemically controlled ligand exchangeld¢de performed: Cii-bound DMF is
expelled from the metal upon its oxidation and aeptl by MeCN, which remains metal
bound even after reduction. This may be consider®dantithermodynamical’ electro-

driven ligand exhange.

29aR=NO,, R =H 30
29b R=R'='Bu

Figure 1.16 Second and third generation ligands.
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Cu'-30is able to activate molecular oxygen forming & '@uperoxide complex in a fast
and irreversible Wa)5/f1' In a coordinating solvent like MeCN, the superexisl released into
the solution and substituted by a solvent molecwbgereas in the non-coordinating
methylene chloride, the superoxide leads to oxyigsartion into the triethylene triamine
(tren) ligand. Density functional theory (DFT) aallations using the B3LYP basis set
performed on such systems were used to attribude etkperimental IR data to the
corresponding oxygen species bound to the metadimhto gain insight into mechanistic
details of the superoxide decompositir’<§r‘1‘r’.6

The coordination of anionic guests was not possiith the third generation tren
complex30. The pyridine analogue C31 is able to bind anions such as fluoride, azide,
chloride, hydroxide, or alkoxide very eﬁicienﬁ37/. This can be attributed to steric
differences between the complexes. Wherea8(Onthe phenolic oxygen atoms point
towards the free coordination site of the metal hachper the binding of anions by charge-
dipole interactions, this is not the caseih which consequently offers better access of the
guest to the binding site.

The replacement of the bridging N-atonBihby a phosphorous donor results in a very

special complex32 with a P-atom in axial trans-position to the bingiguestr’.g’59 This

leads to a higher selectivity for binding of titeaccepting DMF over MeCN or EtOH as
compared t@1

Figure 1.17. Pyridine based third generation ligands.
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Mononuclear ZA-metalloprotein mimics

Pyrazole, benzimidazole, or methylimidazole attacke the calix[6]arene platform can
form very stable, mononuclear complexes with tetdxhlly coordinated 745061
However, attached tertiary amines are too basic laad to hydroxide precipitation,

whereas pyridine forms very weak complegle?;'.he Zrt* complex of28aexists as its aquo

ion with the water molecule complexed inside thii!itya62 A second water molecule is
held inside the cavity by hydrogen bonds with thetah bonded water molecule and a
phenolic oxygen of the calixarene core and by ®$iabilization. The two water molecules
can be simultaneously replaced by amines, alcolmitisles or amide82%®4The sharp
lines in®™H NMR spectra for the encapsulated guest indidsethe exchange between free
and encapsulated guest is slow on the NMR timesscal

The replacement of thretert-butyl groups on theupper rim by primary amine
functions to give the water solub®3 opens the possibility for further coordinationafa
second Zf-atom or b) the encapsulated host leading to be|u;etcificity.6 4-66

When 33 is complexed with two Z# atoms, a binuclear complex is formed that
entraps an (§D,) ion as a kind of a bridging motif. The mononucl&af*-33, where the

imidazole units inside the cavity bind the metalable to bind larger guests than its hexa-

R
N
[N
t-Bu NH, t-Bu N

J O G

N“ N~ N7 N~

\—/ \—/

33 34

Figure 1.18 Ditopic ligands of the first generation.
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tert-butyl derivative28a,and complexes only a single water molecule. Thinamitrogen
atoms point towards the entrance of the cavitys thimcking its access for other guests.
Upon addition of a bulky guest, the cavity opend #me encapsulated water molecule is
exchanged by for example benzylamine resulting ilarge induced fit, whereas small
guests induce only a small induced fit of the comfation. Hydrogen bonding between the
aniline units in a MeCN complex leads to an inceeabaniline basicity with about three
pK, units thus providing, in addition to the metal tegrand the hydrophobic cavity, a third
recognition unit within the molecule.

The triazole containin@4 is able to bind a first Zfi ion inside the cavity through the
imidazole units, whereas a second equivalent oahieh can be bound to the triazofds.
Despite the closed cavity in the binuclear compkxitrile guest can be bound by the
imidazole-bound Z#. In contrast to Zp33, where the free coordination sites of the metals
point to each other, the second ZrB#hpoints outwards from the cavity and is able tadbin

a second guest on the periphery of the complex.

H2 N/’ N HZ\\N H2

/4
7 .
H-O,
Zn
z H,N NH
HoN' HaN NH, 2 N,HZ 2
X
X = PhCOO", AcO", MeSO,NH", RNH,
35

Figure 1.19 Coordination driven disassembly of the dimerimpéex 35.
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A bimetallic complex is obtained by coordinationtbé primary amino groups attached to
the calix[6]arene35 core with stoichiometric amounts of Zrunder the formation of p-
hydroxo—bridge‘?8 The coordination of a guest outside the cavitpassible because the
primary amines are sterically less demanding amg #ilow coordination of the metal
outside of the basket. The hydroxo-dimer can bevedad into monomeric complexes
using e.g. carboxylic acids, sulfonamides or pryrmamines. Guest binding studies of the
different dimer/monomers revealed that the seldgtifor guests can be efficiently
controlled by the charge of the resulting complExe second generation liga@@b forms
three different monomeric Zh complexese.9 The dicationic complex is formed by
complexation of the metal ion by the two imidazoléts and the phenolic hydroxide. The
latter can be deprotonated to yield the monocatiphienolate complex. The third species
can be obtained by addition of hydroxide or chleritiat coordinate to the metal center
from the outside of the cavity. In this neutral gmund the normally 5-coordinate metal
center undergoes a change of coordination numimen fiive to four by release of an
imidazole pendant arm. The affinity for the guestrases in the order dicationic >

monocationic > neutral.
The third generation ZB80 is stabilized by a coordinating MeCN molec(feThis

ternary compound is stable against anion coordinatinder basic conditions due to the

strong chelate effect of the tren unit.

Metalloenzyme Inhibitors

As decribed above, some phosphatases have ticiafrs in their active site. Compounds
that have high affinities to the metal centers &fatk the access of the substrate can

achieve an efficient inhibition of these enzymehisTis why calixarene86 and 37 are

good inhibitors for calf intestine alkaline phos 172 The methylenebisphosphonates

are able to interact with the enzyme’s active bifecomplex formation. The hydrophobic
calix[4]arene could provide additional interactiongh the pocket of the enzyme. Amino
functionalisation of the phosphonate pendant are@mld to chiral isomers that show

different activity depending on the absolute steheonistry.
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O OH
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Figure 1.19 Alkaline phosphatase inhibitors.

Agents for Radiotherapy and Medical Imaging

As already mentioned before, calix[4]arene derisggtiare able to form stable complexes
with metal ions. For some medical purposes, lantlegnor actinides are of great interest.

Already in the early days of calixarene chemisiryyas found that calixarenes can bind

those trivalent cations very efficientTff.

Radiotherapy

lonizing radiation can be used effectively in tleatment of cancer. To minimize the
damage of healthy cells, the radioactive metal iares complexed by strong chelators,
which are coupled to e.g antibodies or specificipeg. Crucial for a successful application
of such systems are bifunctional ligands that camttached to a targeting vector and form
very stable complexes with radionuclides. An ativacisotope for radiotherapy is tle
emitter’*Ac* which has a half-life time of 10 days. Calixarenésype 38 were prepared

and their A¢" coordination was studied. Immunoreactivity and imwgenicity of these

complexes were reportgé.
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Figure 1.21 Calixarenes for radiotherapy.

In vivo tests of38aand 38b in mice showed that the immunogenicity stronglpateds on
the nature of the targeting vector (antibodies eptiges), the dosage and the injection
method. The authors conclude that the conjugatfo8b to humanized antibodies will
probably not lead to an immune response, whilérttreunoreactivity will not be disturbed.
It can be doubted whether the complexation of*Ary the carboxylates and the amide
carbonyl of38 is strong enough to prevent leaching of the mietalunder physiological
conditions.
The most prominent transition metals used for rdi@py are®™Tc and thep-

emitting ***Re and'®®Re. Re(V) can be efficiently complexed by for exdenp,O,- or
N,S,-donors that are prearranged properly. Theref@@,and 40 were prepare(7f
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Unfortunally, apart from the information thd0 is stable in PBS, no further characteri-

zation towards possible applications was performed.

Luminescent agents

The lanthanides Eiiand TH" are widely used as luminescent probes. Becausheaf
toxicity, they need to be complexed by strong dloeta The complexation is also necessary
to shield the metal ions for coordination of wafEo. enhance their luminescent properties,
organic antenna molecules that bind to the meted &re used for effective sensitation. The
advantage of the lanthanide based probes comparedjanic agents is that the emission
bands are extremely narrow and therefore, thosetaigege more sensitive than organic
dyes.

Both the Ed" and TB* complexes of the bipyridyl containingl — 43have very
promising luminescence properties in acetonitsbgereas their solubility in water is not
sufficient’® It needs to be stressed that when a water molégideund to a luminescent
ion, it quenches its luminescence rather efficietherefore, studies need to be performed
in water to know whether these systems are suitfnldioimaging. Attachment of two
bipyridyl groups to a di-iminodiacetic acid califfdene backbone resulted in chelatéfs
and45that form very stable, strongly luminescent cometeespecially with T8.”" These
compounds are still not sufficiently water solublat the results of luminescence studies
performed in methanol, that has a quenching efeutlar to water, are very promising.
These studies also showed that the quantum yigltlependent on whether the bipyridyl

units are attached to the calixarene via theimr3+-position.

_u_
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W O
\ ! 7 N
O (CNge)
/O NZ
o O o) \]
4@ 42 43

Figure 1.22 Lanthanide chelators for luminescence studies.
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Figure 1.23 Strong chelators for luminescent lanthanide ions.

Magnetic resonance imaging (MRI)

The dose of a magnetic resonance imaging (MRI)rashtagent required to obtain good
contrast is much higher than for luminescence @wolbbe majority of these agents contain
Gd**-ions that are able to shorten therelaxation times of surrounding water molecules
very efficiently.78 This ability is expressed as longitudinal protetexivity (r1), which is
the relaxation rate enhancement of water protoss mM™ Gd®*. The thermodynamic and
kinetic inertness of the complexes is of utmostangnce to prevent adverse side effects to
the patient. Therefore, there is a need to devehgators that are able to bind Gaery
effectively.

In a first study towards calixarene based MRI casttagents, calix[4]arene tetraamide
46 was used to chelate &d° The relaxivity of this complex in a dmso/water nf1) at
20 °C and 400 MHz is 3.40'smM™, the stability constant is about 1000"MFor practical
applications, the stability and the water solupilitre much too low and, therefore, no

further studies on this compound were performed.
A more stable Gd-complex is formed witv.2 The additional presence of four

chelating groups results in the formation of araemordinated metal ion and an increase
of the stability constant to 2-AM™, which is still too low for practical applicationhis
compound interacts with human serum albumin (HS#J), aherefore, opens the way to the
development of new, water soluble calixarene baéRdangiography agents.

Casnati, Botta and co-workers used a di-imidodiacatid functionalized calixarene

48 for GF* complexation and found a stability constant of east 18 M8 The
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relaxivity of the free complex is 9.6'"®M™ at 20 MHz and 25 °C. The HSA-adduct is
rather stable (K= 2.4-16 M™) and has a relaxivity of as high as 6®r#1™. Interestingly,
the compound has three inner-sphere water mole¢gles3), whereas its HSA-adduct has
only one. This can be explained by the fact thahanfree form, the amide groups do not
participate in the metal binding whereas in the plex with albumin, for example
aspartate or glutamate binds to the metal and thasgases the stability of the protein
binding.

A probably very stable G complex can be formed with0.%% This compound is also
highly soluble in water, which makes it the onlyixarene based MRI contrast agent so far
reported that could be used farvivo studies. Unfortunately, no parameters descrildireg t

suitability of this compound as a contrast agenevggven.

o 0 ;\ 3 %o Ly }/_/\o 16 O%NJ
NH J; NH HN Z
NS 3 o o
N— —N N> COOH
/ \
I R HOOC /., COOH
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46 47 48
COOH HOOC HOOC COOH
HOOC k P COOH
HOOC COOH
HOOC._ N\/’\<©\ /©j/ \\/N COOH
HOOC COOH
HOOC\/N] NH HN N._COOH
N
Hooc” j/\@ j\ b AN g /©/\[ ~ “cooH
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Figure 1.24 Calixarene based chelators for MRI contrast agent
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Other Applications

Carboxylic acid based di- and tetranuclear Sn(I¥nplexes and their anticancer and
antibacterial activity are well documented in theerature®> In a recent paper, the
beneficial effect of such compoun&8 on the suppression of blood and tissue oxidative
stress caused by lead in male albino Wistar rae;iwaestigateg.d' The positive effect was
attributed to the binding d50 to cysteine moieties in peptides, which then hamplee
binding of lead.

One of the most prominent chemotherapeutics islat1i9p|m.85 Compared to cis-
platinum, 51 is less cytotoxic in human ovarian cancer cekdinSulfonatocalix[4]arene
26b was tested as a drug delivery agenbbfand for a possible activity enhancem@ht.
Compound51 interacts with the calixarene via ionic interangoas well as hydrogen
bonding between its amino groups and the sulfomatoeties of 26b, whereas, the
hydrophobic dipyrazolylmethane part is complexedh®y calixarene cavity. No change in
activity of 51 in the presence &f6b was observed which is caused by the low stalility

the complexn vitro.

NHs NH,
CI—F;t—NWN—F:t—CI
NHs NH NH NH3
50 51

Figure 1.25 Structures of a Sn(IV) based anti-lead agentadradcisplatinum derivative.
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Conclusions/Outlook

In summary, calixarenes are multifunctional buitdiblocks for many (biological)
applications. They show very good properties asicagal ion channels, metallo-enzyme
mimics/inhibitors and can be used in radiotheramyd anedical imaging. In many
applications, calixarenes are only used as sywthgttforms to prearrange functional
groups in a three-dimensional space. The ion t@hgprough artificial cell membranes
(partial dehydration of the ion) directly benefftem the presence of the hydrophobic
basket. In some cases, this is also beneficiathersubstrate binding in enzyme mimics.
Even though calixarene based ion channels aredgirgaite sophisticated, there are still
many challenges to be addressed by the enzyme mimithe case of calix[4]arene based
mimics, the catalytic properties of the complexes good but there are only a few cases
where the calixarene is more than a spacer betfugetional groups. Calix[6]arenes are
the more promising mimics since they show a dingg¢ of the calixarene itself with
surprising similarities to natural systems. To auhireal catalysis with these systems is a
challenge that remains to be tackled. In radiofmeend medical imaging, calixarenes will
likely never become more than synthetic platforevertheless, they have a great
potential to be used efficiently in these fieldscs they are able to carry a high payload of

metal ions and thus, to multiply the desired prapsrof mononuclear analogues.

Outline of the Thesis

In this thesis, the versatility of calix[4]arenedttwrespect to biological applications are
exploited. These compounds were used as synthetikbbnes of potential organo-

catalysts, artificial ion-channels and MRI contragénts.

In Chapter 2, the kinetic acidity of imidazoliumanig calix[4]arenes is evaluated by H/D
exchange measurements. The effect of the supraotateenvironement, the counter-ion as
well as the substitution pattern on the aciditghef C-proton is discussed. The knowledge
gained in this work can help to explain the perfance of the salts as precursors in
catalysis as well as the formation of side produdten imidazolium based ionic liquids are
used as solvents.
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In Chapter 3, a possibility is shown how to inceetise N selectivity of calixarene tetra
amides. Substituents on thpper rimare varied and the binding of alkaline metal ions
the lower rimis studied by liquid-liquid extraction. The potahtuse of this approach is in
the design of Naselective artificial ion channels.

Chapters 4 to 6 highlight the use of calixarenesbdadRI contrast agents. A first model
compound along with its synthesis, purificatiorpsumolecular chemistry and relaxometric
characterization is presented in Chapter 4. In @hap, the aim was to optimize the
relaxivity of this model by acceleration of the wmexchange. Therefore, the chelating
units based on DOTA-monoamides were substituted avipyridineN-oxide based DOTA
analogue. The self-aggregation and the interactiith bovine serum albumin of this
conjugate is described and full characterizatiothef compound concerning its suitability
as contrast agent in angiography is provided. Thmasnolecular chemistry of calixarene
based MRI contrast agents is investigated in metaildn Chapter 6. The incorporation of
a hydrophobic, non-charged Gd(lll)-binding calixageinto the bilayer of liposomes and
the effect on the morphology of the resulting aggtes is described. These systems have
the perspective to be studied in human clinicallgriwith regard to tumor imaging since

such liposomes accumulate in tumors.
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Chapter 2

Introduction

In 1958, Breslow was the first to postulate unckdrgucleophilic carbenes stemming from
the corresponding thiazolium salts as the activalysts in Stetter-type reactioh©nly
two years later, Wanzlick introduced cognatédeterocyclic carbenes (NHC) by trapping
the intermediate carbeAeThe inspiring idea that stable nucleophilic cadgsercould be
formed easily by dissociation of the*@roton was strongly supported by Olofson and
others who could prove the facile H/D exchange othbthiazolium and imidazolium
salts>* This early work came back into focus since theratimrization of a stable
crystalline NHC in 1992.Since then, a considerable amount of work has raessted in
the preparation and use of novel NHCs mainly aankf$ in transition-metal-catalyzed
reactions such as the Suzuki-Miyaura reaction amagolung catalysts in organo catalytic
processe8’

The formation of the NHC starting from a salt pmsow is often a decisive step in
catalytic reactions (Scheme 2.1). Despite the phatlof reports which exploit this basic
reaction scheme in catalytic applications consiolgréess information is available about
fundamental properties. Both experimental and #témal investigations characterize
nucleophilic carbenes as strong bases, ®R0-30) with high proton affinities above 1 kJ
mol*? Additionally, the rate of the formation of the iaet catalyst might indicate the
suitability of an imidazolium salt in catalysis. &eise protonation of the NHC is fast
compared to the formation of the NHC, the H/D-exw® rates of the ‘€H give an
indirect estimate for the reaction rate of its fation.

1 1
NE methanol-dj R

[+ [0
N By /
)

X=NRZ2 S

Scheme 2.1N-Heterocyclic carbenes as intermediates in H/D amgh reactions.

40



H/D Exchange Rates

Amyes et al. determined the rate constants of it d*change of some imidazolium salts
in D,O in the presence of Ofibns, and Diederich and Lutter measured this exgaeof
thiazolium cyclophanes in different buffér¥In contrast to these works, we decided not to
study the exchange rates in solutions with constamstrengths and various pD-values but
instead to determine rate constants under conditiaaually used for preparative

applications of NHCs in organo-catalytic or traissitmetal-catalyzed reactions.
Results and Discussion

Besides the simple structurgésand6 (Figure 2.1), calix[4]arene—based imidazolium salt
2-5 (Figure 2.1) have been synthesized to investijaeinfluence of preorientation and
cooperativity of the imidazolium unif3.In all experiments, we chose a 0.155 molar
solution of the imidazolium salt, in terms of imidium units, in methanol4tontaining
3% water without any further additives as the rieactmedium. The exchange was
followed by'H NMR spectroscopy over a period of 24 h at 300ykhe disappearance of
the C—proton. The rate constants were deduced from atdmuseudo first-order-plots. The
mean values of the rate constants of all compowamdsshown in Table 2.1 and some
remarkable trends are discussed.

MeO

X=Cl, Br

Figure 2.1.Imidazolium salts studied in this work.

41



Chapter 2

Table 2.1.Rate constants of the H/D exchange in MeQDbeditaining 3% of water at 300 K.

RM2 R? X ky / d?t Ky / Kia
la mes — Cl 1.060 + 0.150 =1
1b pr — cl 0.553 £ 0.061 0.52
1c cy — Cl << 0.001 0
1d ‘bu — cl << 0.001 0
le dip — Cl 2.850 £ 0.430 2.69
1f mes — Br 0.176 +0.008 0.17
1g ‘pr — Br <<0.001 0
1h cy — Br 0.246 + 0.009 0.23
1i ou — Br 0.158 £ 0.014 0.15
2a mes — Cl 0.603 + 0.009 0.57
2b CHs — Cl <<0.001 0
3a mes H cl 5.938 + 0.390 5.60
3b CH; H cl << 0.001 0
3c ‘pr H Cl 0.629 +0.043 0.59
3d cy H Cl 0.241 £0.024 0.23
3e ou H (o] << 0.001 0
3f dip H Cl <<0.001 0
39 mes CHOMe Cl << 0.001 0
3h ‘pr CHOMe  CI << 0.001 0
3i mes ‘ou Cl 3.903 +0.326 3.68
3j CH; ou Cl <<0.001 0
3k dip ou Cl 0.784 £0.130 0.74
4 mes — Cl 12.4+0.8/1.03 +£0.03
5 — — Cl << 0.001 0
6a mes mes Cl >>10 >>9.4
6b dip dip Cl << 0.001 0

3 dip=2,6-diisopropylphenyl; mes= mesityl; cy= cywxyl.
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With the exception of the methoxymethyl substitutatix[4]arene3g, mesityl imidazolium
salts (a, 1f, 2a, 34, 3i, 4, and6a) undergo a relatively fast H/D exchange. This exioa
might be explained by the fact that, in the moles®g and 3h, intramolecular hydrogen
bonds between EHes«O(CH,R)Me could be formed that stabilize the imidazolisaits
and hinder the formation of a carbene. Such atstreigs comparable with the adducts of
NHCs with phenol, amines, boranes or the bis—carbemton compleX It is obvious that
the preorientation of imidazolium units on the xatene backbone has a large influence on
the exchange rate. Whereas the monomesitylimidarolsalt 2a shows a moderate
exchange, the bifunctional calixareBa exhibits a tenfold higher rate. It is noticealiatt
calixarene—based imidazolium sal®a,(3a) exchange with significant different rates than
the open chain analofja presumably owing to a micro polarity effé€tFor the mono
substituted derivativ@a the H/D exchange is retarded slightly k;, ~ 0.6) and for3a
accelerated @¢ki, ~ 5.6). For calixarene® not only the influence of substituents directly
bound to the salt unit but also the influence dfssitution in positions 5 and 17 YRin the
calixarene backbone could be studied. As discubséare, the hydrogen bond accepting
CH,OMe unit suppresses the exchange. In the cag8k,ofhe tert-butyl groups increase
(compared ta3f), and in case 08i decrease the exchange rates (comparega}oThe
capping of the calixarene backbor® (ith an imidazolium group shielded thé-@roton

in such a way that no H/D exchange could be observe

2.5 2.5
2.0 2.0
w 1.5 _ 1.5
g 5
2 e
£ 1.0 = 1.0
0.5 0.5
0.0 T T T T T T 0.0 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
t/d t/d

Figure 2.2.H/D Exchange kinetics ef for Exp 1 (left) and Exp 2 (right). The line repeats the results from the
fittings.
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The H/D exchange of the tetraimidazolium calix[4]Jae4 did not obey simple pseudo-

first-order kinetic rates (Figure 2.2). Howeverg tlobserved data could be fitted by
assuming two independent first order processeg Sjuations 2.1 and 2.2.

— —10 0

lops =1, +1, =1 Jexp(&kt )+l 5 exdk 1) 2.1

obs
0 0 _
19+12=1, 2.2

In Equations 2.1 and 2.2, stands for the observed integral, wherbas the integral
resulting from the not exchanged imidazolium sidaridl, of side 2, respectively,;’ and
I, are the starting integrals for each sidg.is the integral obtained from the first
measurement (at time t=0) and was fixed to thisealuring the fittings. In Table 2.2, the
results of two independent experiments (Exp 1 ax E see Figure 2.2) and fittings are

presented.

Table 2.2. Parameters obtained from two independent fittinfy$wo different measurements of the exchange

kinetics of4 using Equations 2.1 and 2.2.

1° 1,° ke [d7] ko [d]
Exp 1 2.48 1.42 +0.07 11.6 £0.9 1.05+0.13
Exp 2 2.5 1.59 + 0.06 13.2 +0.89 1.01+0.13

3 Fixed to the integral measured at t=0.

The first exchange rate is high (12.4)dndicating some kind of a cooperative action of
two of the four imidazolium moieties. In contralie second exchange rate (1.039 &
similar to the one observed for monoimidazoliunss@la, 2a).

The influence of the counter ion on the H/D excleangs investigated for compounds
1. In no case were similar rate constants for brenadd chloride found in methanagj-d
containing 3% of water. The values differ by as mas a factor of 10. For the bromidds
and 1g the exchange rate dropped significantly compacedhé chloridesla and 1b.
However, in case of bulky substituentsc,(1h, 1d and 1i) the bromide salts showed a
higher exchange rate. A detailed investigation thirecognition properties of the studied

imidazolium salts towards anions must clarify thmsatter because it is known that
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imidazolium groups can be used as a recognitiomeh® in supramolecular anion

receptors:

Conclusions

The presented results show that the substitutiomiofazolium salts at the distal 5- and 17-
positions has a large influence on the H/D exchaatgs in wet methanol;dThese rates
play an important role in catalytic reactions, dserved for the Suzuki reaction. For
example, the mesitylimidazolium salts show the dsistexchange and also the highest
catalytic activity** This is in agreement with the high exchange raeoved for the IMes
ligand 6a known for its good performance as ligand precuiisaross coupling reactiofs.

In summary, measuring fundamental physicochemiagdqrties illuminated surprising
differences in the kinetic acidities of a seriesopen-chain and macrocyclic imidazolium
salts. Mesityl-substituted heterocycles showed highest H/D exchange rates whereas
alkyl substituents hampered this process. Additignthe anion had a distinct influence on

the exchange process.

Experimental

Compoundsl, 3a—d, 3f, and6 were synthesized according to literature procesfiré
Melting points were determined in open capillarggsl were not corrected. Infrared (IR)
spectra were obtained from KBr pellets unless etlsgr stated. Absorptions are given in
wave numbers (cif). NMR spectra were recorded at 400.13 MHz'férand 100.62 MHz
for 3C, 2—dimensional experiments were measured at 800Hz for 'H and 125.76 MHz
for 1*C. Tetramethylsilane was used for fift NMR spectra as internal standasd=0.00
ppm) and the solvent signals for tH€ NMR spectrad (CDCk) = 77.0,5 (DMSO-d) =
39.5,0 (methanol-g) = 49.3 ppm]. Chemical shift$))( are given in ppm and coupling
constantsJ) in Hz.

General procedure for the reaction of benzyl halide with 1-substituted 1-imidazoles

To a solution of the benzyl halide in dry CH@las added the corresponding 1-substituted
imidazole. After heating the solution for 1-5 de tholvent was removed under reduced

pressure, diethyl ether was added, and the mixtaeheated for 2—3 h. After cooling the
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mixture, the formed colorless hygroscopic prectpitaias collected by filtration, washed
with several portions of ED and dried in a desiccator.
5-(1-Mesitylimidazolium)methyl-25,26,27,28-tetrapr@poxycalix[4]arene-chloride (2a)
5-Chloromethyl-25,26,27,28-tetrapropoxycalix[4]azen (2.00 g, 3.12 mmol),
1-mesitylimidazole (652 mg, 3.50 mmol), and Chjgl, (20 mL) were refluxed for 1 d.
After stirring in boiling EfO (70 mL), a colorless product was obtained (708 h§6
mmol, 27%). Mp 153-155 °C. IR (KB}l max 3147 (M), 2962 (s), 2932 (s), 2875 (s), 1587
(W), 1546 (m), 1457 (s), 1384 (m), 1302 (m), 12¢8H,(1203 (s), 1160 (m), 1087 (m), 1008
(s), 891 (w), 850 (w), 761 (s)H NMR (400 MHz, CDCJ): 5 = 0.96 (t,J = 7.5 Hz, 6 H),
1.04 (t,J = 7.5 Hz, 3 H), 1.05 (] = 7.3 Hz, 3 H), 1.87-1.94 (m, 4 H), 1.96—2.04 4nh{),
2.08 (s, 6 H), 2.34 (s, 3 H), 3.14 (b 13.4 Hz, 2 H), 3.18 (dl = 13.1 Hz, 2 H), 3.75 (1]

= 7.3 Hz, 2 H), 3.78 (t) = 7.2 Hz, 2 H), 3.91-4.02 (m, 4 H), 4.46 {d= 13.3 Hz, 2 H),
4.47 (d,J = 13.0 Hz, 2 H), 5.45 (s, 2 H), 6.39 (s, 2 H),3%-8.47 (m, 2 H), 6.51-6.53 (m, 2
H), 6.67 (t,J = 7.5 Hz, 2 H), 6.77 (d]l = 7.6 Hz, 1 H), 6.78 (d] = 7.5 Hz, 1 H), 6.85 (d]
=7.5Hz, 1 H), 6.86 (d] = 7.5 Hz, 1 H), 6.93 (1] = 1.8 Hz, 1 H), 7.00 (s, 2 H), 10.67 (s, 1
H). ¥Cc NMR (100 MHz, CDQ): & = 9.9, 10.4, 17.6, 21.0, 23.0, 23.3, 30.8, 30335
76.5,77.1,77.2,121.4,122.0, 122.1, 122.2, 1228.6, 128.1, 128.3, 128.5, 129.7, 130.7,
134.2, 134.5, 135.3, 135.4, 135.8, 138.7, 141.6,115156.7, 156.8. MS (MALDI-TOF):
Calcd for (GgHesO:Ny): 791.5. Found: m/z 791.8 [(M—CIJ]. Anal. Calcd for
(Cs3Hgz04NLCl x 1.1 HO): C 75.13%, H 7.76%, N 3.31%. Found: C 74.92%,.656%, N
3.61%.

5-(3-Methylimidazolium)methyl-25,26,27,28-tetrapropxycalix[4]arene-chloride (2b)
5-Chloromethyl-25,26,27,28-tetrapropoxycalix[4]azen (2.00 g, 3.12 mmol),
1-methylimidazole (276ul, 3.50 mmol), and CHGlys) (20 mL) were refluxed for 1 d.
After stirring in boiling E2O (70 mL), a colorless solid was obtained (1.08.§0 mmol,
48%). Mp 146 °C. IR (KBr)¥ max 3142 (m), 3060 (m), 2962 (s), 2932 (s), 2874 18R5
(W), 1627 (W), 1586 (w), 1458 (s), 1385 (m), 1284),(1247 (m), 1197 (s), 1163 (m), 1008
(s), 890 (w), 838 (w), 759 (m)H NMR (400 MHz, CDCJ): 8 = 0.94 (tJ = 7.3, 6 H), 1.03
(t, J=7.5Hz, 3H), 1.04 ( = 7.5 Hz, 3 H,), 1.85-2.01 (m, 8 H), 3.15 (psetidb= 12.6
Hz, 4 H), 3.36 (dJ = 7.1 Hz, 2 H), 3.75 (d] = 7.0 Hz, 2 H), 3.88-3.99 (m, 4 H), 4.05 (s, 3
H), 4.44 (d,J = 13.3 Hz, 2 H), 4.45 (dl = 13.3 Hz, 2 H), 4.95 (s, 2 H), 6.32 (s, 2 H),06.4
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(dd,J = 2.3 Hz, 6.2 Hz, 1 H), 6.43 @,= 1.6 Hz, 1 H), 6.46—6.48 (m, 2 H), 6.73& 7.3
Hz, 2 H), 6.81 (dJ = 7.5 Hz, 1 H), 6.82 (dl = 7.5 Hz, 1 H), 6.87 (dl = 7.5 Hz, 1 H), 6.88
(d,J=7.5Hz, 1 H), 7.19 (] = 1.5 Hz, 1 H), 10.28 (s, 1 HC NMR (100 MHz, CDGJ):

6 = 10.0, 10.4, 23.0, 23.2, 23.3, 30.8, 30.9, 363%1, 76.5, 77.0, 121.1, 121.4, 122.2,
122.8, 125.2, 127.7, 128.2, 128.4, 128.7, 134.5,3,3135.6, 135.9, 137.7, 156.0, 156.8,
156.9. MS (MALDI-TOF): Calcd for (GHssO4N,Cl): 687.4. Foundm/z687.4 [(M—CI}].
Anal. Calcd for (GsHssO4N,Cl x 1.7 HO): C 71.68%, H 7.81%, N 3.72%. Found: C
71.61%, H 7.86%, N 3.69%.
5,17-Bis[(3-tert-butylimidazolium)methyl]-25,26,2728-tetrapropoxycalix[4]arene-
dichloride (3e):.

5,17-Bis(chloromethyl)-25,26,27,28-tetrapropoxyxfdllarene (2.00 g, 2.90 mmol), and
1-tert-butylimidazole (745 mg, 6.00 mmol) and CHgk,(20 mL) were refluxed for 1 d.
After stirring in boiling EXO (70 mL), the colorless product was obtained (Z52.76
mmol, 95%). Mp 200—202 °C. IR (KBIJI max 3061 (M), 2963 (s), 2933 (s), 2875 (s), 1626
(W), 1586 (W), 1554 (m), 1463 (s), 1381 (m), 1288,(1204 (s), 1133 (s), 1153 (m), 1008
(s), 889 (w), 836 (w), 758 (mjH NMR (400 MHz, CDCJ): & = 0.89 (t,J = 7.6 Hz, 6 H),
1.11 (t,J = 7.3 Hz, 6 H), 1.70 (s, 18 H), 1.85-2.01 (m, 8 3417 (dJ = 13.6 Hz, 4 H), 3.70
(t, J=6.8 Hz, 4 H), 4.02 (] = 7.8 Hz, 4 H), 4.46 (d] = 13.4 Hz, 4 H), 4.93 (s, 4 H), 6.20
(s, 4 H), 6.69 () = 1.8 Hz, 2 H), 6.95 (t) = 7.3 Hz, 2 H), 7.13 (d] = 7.6 Hz, 4 H), 7.86
(t, J=2.0 Hz, 2 H), 10.51 ( = 1.5 Hz, 2 H)**C NMR (100 MHz, CDG)): 8 = 9.6, 10.6,
22.7, 23.3, 29.9, 30.7, 52.7, 60.0, 76.4, 77.2,.22020.7, 122.5, 124.8, 128.6, 129.1,
134.8, 134.8, 136.2, 156.5, 157.3. MS (MALDI-TORalcd for (GeH74N4O4Cl): 901.5.
Found:m/z 901.7 [(M—CI}]. Anal. Calcd for (GgH74N4O4Cl, x 2.6 HO): C 68.29%, H
8.10%, N 5.69%. Found: C 68.23%, H 8.00%, N 5.58%.
5,11,17,23-Tetrakis[(1-mesitylimidazolium)methyl]-5,26,27,28-tetrapropoxycalix[4]-
arenetetrachloride (4)
5,11,17,23-Tetrakis(chloromethyl)-25,26,27,28-tetogpoxycalix[4]arene (823 mg, 1.05
mmol), 1-mesitylimidazole (1.49 g, 8.00 mmol) andCsps)(10 ML) were refluxed for 2
d. After stirring in boiling E£O (30 mL), a light brown solid was obtained (1.561¢)2
mmol, 97%). Mp > 220 °C (decomp.). IR (KBHY: 1o 2960 (S), 2926 (s), 2873 (s), 1607
(m), 1545 (s), 1464 (s), 1386 (w), 1289 (w), 126p (157 (s), 1066 (m), 1007 (m), 854
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(m), 754 (m), 669 (w)'H NMR (400 MHz, CDCJ): & = 1.00 (t,J = 7.5 Hz, 12 H), 1.88—
2.00 (M, 8 H), 1.97 (s, 24 H), 2.31 (s, 12 H), 3(@4) = 13.0 Hz, 4 H), 3.82 (] = 7.5 Hz,

8 H), 4.42 (dJ = 13.0 Hz, 4 H), 5.61 (s, 8 H), 6.95 (s, 8 H),97(6 J = 1.8 Hz, 4 H), 7.26
(s, 8 H), 8.41 (t) = 1.7 Hz, 4 H), 10.34 (] = 1.5 Hz, 4 H)**C NMR (100 MHz, CDG)):
0=10.2,17.5, 21.0, 23.2, 30.4, 52.8, 76.9, 12928,.2, 128.2, 129.3, 129.7, 130.9, 134.2,
135.6, 137.4, 140.9, 156.8. MS (MALDI-TOF): Calaat {CoH10d04Ns): 1389.9. Found:
m/z1390.5 [(M — 4 CIj]. Anal. Calcd for (GH10d04ClsNg x 5 H,0): C 68.13%, H 7.33%,
N 6.91%. Found: C 68.03%, H 7.25%, N 6.67%.

Distal bridged imidazoliumcalix[4]arene-chloride (5:

A solution of 5,17-bis(chloromethyl)-25,26,27,28tg@ropoxycalix[4]arene (2.00 g, 2.90
mmol) in CHC} (10 mL) was added slowly to a solution of imidaz€1.97 g, 29.0 mmol)
in CHCl; (50 mL). After stirring for 4 h at rt the mixtungas heated under reflux for an
additional hour. The organic layer was separatetiveashed (50 mL 3 N NaOH, 4 x 50
mL H,0). The obtained solid was suspended for 4 h ituxiefy EtOAc, isolated by
filtration, and dried in vacuo (1.40 g, 1.94 mm®I%). Mp > 280 °C (decomp.). IR (KBr):
V max 3160 (m), 3069 (m), 2960 (s), 2932 (s), 28731614 (m), 1586 (w), 1564 (m), 1464
(s), 1385 (m), 1326 (w), 1281 (m), 1218 (s), 11, (1133 (s), 1008 (s), 891 (w), 835 (W),
778 (m).*H NMR (400 MHz, CDCJ): 8 = 0.93 (t,J = 7.5 Hz, 6 H), 1.12 () = 7.3 Hz, 6
H), 1.88-1.97 (m, 4 H), 2.00-2.10 (m, 4 H), 3.22Xe 13.4 Hz, 4 H), 3.70 (] = 7.0 Hz,

4 H), 4.12 (tJ = 8.5 Hz, 4 H), 4.51 (d] = 13.1 Hz, 4 H), 4.85 (s, 4 H), 5.00 (s, 1 H),7.3
(s, 4 H), 6.92 (t) = 7.5 Hz, 2 H), 7.13 (d] = 7.6 Hz, 4 H), 8.12 (d] = 1.5 Hz, 2 H)*°C
NMR (100 MHz, CDC})): 6 = 9.7, 10.6, 22.8, 23.4, 30.8, 53.1, 76.6, 7723.2, 123.8,
124.2, 129.2, 129.9, 131.1, 135.6, 136.2, 156.4.85MS (MALDI-TOF): Calcd for
(C4sHs3N20,): 685.4. Foundm/z685.6 [(M — ClJj]. Anal. Calcd for (GsHssN,O,Cl x 1.9
H,0): C 71.53%, H 7.58%, N 3.71%; found: C 71.51%.683%, N 3.74%.
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Appendix

With the exception of imidazolium sadt all compounds studied exchange with pseudo-

first-order kinetics according to Equation 2.3.

v=———==K] 2.3

In Equation 2.3y is the reaction ratek the rate constant arjit] the integral of the €

proton. To determine rate constants k, Equatiom&8 solved as follows:

[1] d[l] __'f

“J;OW- !kdt 2.4
In[1] =kt +In[ 1], 25
[1]1=[1]5*e™ 26

The experimental data were fit using Equation 2ith {i] , fixed to the experimental value
at t=0.

The rate constants for each salt were determinedabyleast three independent
measurements of a 0.155 M solution of the salt deoring imidazolium units). Some

examples for the determinationlef/alues are given in Figure 2.3 and Figure 2.4.
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Figure 2.3. Examples for the H/D exchange of the open-chaidazolium saltsla (squares)lb (triangles),le
(dots) andLf (diamonds). The solid lines were obtained by aigsdirst-order non-linear curve fit with Equation
2.6.

t/d
Figure 2.4. Examples for the H/D exchange of the calixarenetasnidazolium salt®2a (hexagons),3a

(squares)3c (triangles),3d (dots) and3i (diamonds). The solid lines were obtained by aigsdirst- order non-

linear curve fit with Equation 2.6.
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Additional Comments

The reasoning why certain imidazolium salts unddiagter H/D exchange than others is
not trivial. Since the results presented in thipgrawere published, a series of other
imidazolium salts was synthesized by Schatz andiaders and their kinetic acidity was
investigated. In many cases, aryl groups directtgched to the imidazolium backbone
accelerate the exchange, whereas alkyl substititianost cases has only a small or no
influence on the exchange rates. The attachmemhid&zolium units to other molecular
platforms than calix[4]arenes, such as benzenesritgads to dramatic changes in the
kinetic acidity.

If we assume that the intermediate carbene is dimske transition state in the H/D
exchange reaction (see Scheme 2.1), then theissdioih of this carbene should accelerate
the reaction because of the decreased activatiemggnT hat means that substituents on the
imidazolium core that have a positive inductiver@someric effect lead to faster exchange
compared to for example proton substituents whishrédflected in Table 2.1. The
mesomeric effect of aromatic substituents could de supported by additional data
collected in the Schatz group. The trend tirétho-substitution is less beneficial thareta
or para-substitution, especially in the case of bulky grewsuch as diisopropyl or nitro,
indicates that the angle between the imidazoliurg &nd the aromatic group and therewith
the mesomeric conjugation between the two changfbsswbstitution as was already found
in the solid state (phenyl ca. 30°, mesityl 60-aBd 2,6-diisopropylphenyl 80-90°). The
finding that the supramolecular surrounding hasig ibfluence on the rates can be
reasoned for example by different solvation ofith&lazolium salts or the complexation of
the counter ion that might act as a base or haitgemteraction with solvent molecules
that might be needed for the deprotonation.

In summary, some trends can be found for the differH/D exchange rates of
imidazolium salts in methanol;but the number of exceptions is too large to emabl
better understanding of the exchange process. dtuitivestigations should be directed
towards the understanding of e.g. a possible aiioel between thermodynamic and
kinetic acidity, the influence of the anion on tegchange and the validation of the

assumption that the protonation of the carbenassdompared to its formation.
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Chapter 3

Introduction

lon channels play a key role in the transport okiacross cell membranes. The best known
result of such transport is the difference in coticgion of alkaline metal ions between the
inside and the outside of cells: the extracellg@ncentrations of Naand K are 140 mM
and 5 mM, respectively, whereas the intracellutaroentrations in humans have about the
opposite magnitude (5 mM and 150 mMYature has developed very effective strategies to
control this concentration difference in order s@re a proper functioning of cells.

To gain more insight into the mechanism of how ¢hestural systems function,
supramolecular chemists try to develop artificiaddal systems mimicking the action of
ion channels or ion transportation systems. Sombefmajor challenges are the design of
synthetic channels with high metal binding selegtjvthe possibility to include these
compounds into artificial bilayers and the needdmpletely span this bilayer (~40 AAn
approach to fulfil these requirements is to includ@ecules that have proven to bind ions
with good selectivity into liposomal bilayers thaerve as model compounds for cell
membrane$. Amongst other good chelators such as crown etrsm)e calix[4]arene
derivatives are known to bind ions while maintagnitheir hydrophobicity and thus their
ability to be included into bilayers. Therefore, i$ not surprising that this class of
compounds found some application in the design ufficgal transmembrane ion
transporters:®

Previously, it has been shown tlcainecalix[4]areneamides are able to complex metal
ions and therefore, they found applications in oasi fields™* Especially,
calix[4]arenetetraamides (Figure 3.1) show inténgsteatures in the complexation of'Li
Na’" and K ions and therefore, they were used as lead stescta artificial transmembrane
ion transport systerrls:>*®

An easy and fast way to screen the binding alslité this type of compound is by
performing extraction experiments of metal saltsrfran aqueous solution into a solution
of the metal binding compound in an organic solvéhie absolute values of the extraction
efficiency are of minor importance for applicatias ion transporters whereas the

selectivity factors for certain ions are of bigergst for this application. The preference of
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Figure 3.1 Structures of some metal chelators based on[4}denes.

compounds for particular metal ions can be exprebygeselectivity factors S. For example,
the selectivity for alkaline metal ions ly(see Figure 3.1) can be given by the ratio of the
mole percent extraction NKianole percent extraction MM = Li, K).}” As shown in Table
3.1, variation of theN-substituents irl leads to significant changes in the selectivity in

picrate extraction experiments.

Table 3.1 Selectivity factors S for picrate extraction tai picrates from HO into CHCI, at 20 °C.

Chelator S (NEK™)? S (Na/Li")?
la 1.3 15
1b 1.6 1.9
1c 1.2 1.3
1d 1.2 14
le 14 2.3
1f 6.7 8.8
1g 1.4 2.2
2 1.7 2.5

#Values calculated from ref. [17,18]

The influence ofupper rim substitution on the metal complexation at tbwer rim is
demonstrated by the selectivity factorafompared to those of its alkylated derivathee
both selectivity factors show thathas a higher selectivity for Nghanla This difference
has been attributed to the larger conformationability of 2 and to its better solvation

which decreases its binding ability towards allalinetal cations®
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The finding that weaker complexation might leadetthanced selectivity inspired us to
synthesize new calix[4]arenetetraamides bearinigreifit substituents on thgper rimof
the molecule. We introduced electron-withdrawingugps (Br, CN) to decrease the electron
density at the phenolic oxygen atoms or phenylsit@ mimic steric effects that might

occur upon changing the substitution pattern.

Results and Discussion

Synthesis

Tetrabromo-calix[4]aren8& was obtained by bromination &fusing N-bromosuccinimide
(NBS). The Pd(PPR)y catalyzed Suzuki reaction with phenylboronic adid a
toluene/methanol mixture yieldedScheme 3.1).

Bisprotected calix[4larene 5 was prepared by bisbenzoylation of
tetrahydroxycalix[4]arene in distal position (Schen8.2). During the subsequent
bromination to the dibromo derivativ& it turned out that the excess of bromine in the
reaction mixture could be more easily removed bgialyexene than with the commonly
applied sulfur based quenching agents. Deprotedtioboiling ethanol/water proceeded
smoothly and calixareng was obtained after alkylation witk,N-diethylbromoacetamide
in DMF/THF using a standard protocdIN,N-Diethylbromoacetamide was prepared by a
modified literature procedure with a change in Wk-up enabling the synthesis of this

compound on a large scale and with high pufity.

Scheme 3.1 Synthesis of8 and 4. i) NBS, butanone, 5 d, rt, 51%; ii) PhB(QHPd(PPH4, CsCOs, PhCH,
MeOH, 16 h, 70 °C, 72%.

58



Information Transfer in Calixarenes

Scheme 3.2Synthesis of and8. i) PhCOCI, TEA, MeCN, 3 d, rt, 70%; ii) BrCHCE, 1 d, rt, 85%; iii) NaOH,
EtOH, HO, 95%; iv) BrCHCONES, NaH, DMF, THF, 4 d, rt, 54%; v) CuCN, NMP, 22280 °C, 11%.

While a previous attempt of another group to sysite dicyano-calix[4]aren@ by a
palladium catalyzed reaction was not successful,caudld obtain this compound using
CuCN in NMP although the yield was rather p&tf This reaction was not optimized

further since a sufficient amount®ftould be obtained by this methodology.

Extraction Studies

Extraction of metal picrate salts from aqueous iotganic solution is a powerful, fast,
reliable and well-established method in supramdéathemistry. From its early days until
today, this technique has found many applicatféns.

Our main interest lies in the complexation of pbiagically relevant alkaline metal

ions. Therefore, the extraction experiments werdopmed with lithium, sodium and
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potassium picrate. The extractions were performedmf agueous solution into
dichloromethane at 20 °C (Table 3'2).

The binding stoichiometry of the complex betweea thlixarenetetraamide and the metal
ions is 1:1, which was exemplarily confirmed by @b’'3 plot analysis for2 (data not
shown) as well as by literature dat&’ The extraction percentages obtained for ligand
are consistent with the literatute.

Table 3.2 Mole percent extraction (%Epf alkali picrates from O into CHCl, at 20 °C.

Chelator  Lf Na' K* S Sel S Sel
(Na'/Li") (Na'/K")

2 38.5 91.4 55.2 2.4 =1 1.7 =

3 6.3 54.7 8.5 8.7 3.6 6.4 3.8

4 31.0 87.7 36.5 2.8 1.2 2.4 1.4

7 17.5 78.1 23.3 4.5 1.9 3.4 2.0

8 5.6 41.8 4.1 7.5 3.1 10.2 6.0

3 Mean value of at least three independent expetsn&nrors of %E generally 2%.

To the best of our knowledge, the influence of citainmodifications on one side of the
calix[4]arene backbone on the guest binding orotker side has been rarely studied. An
early example published by Ungaro and co-workerthés complexation of anions b8

bearing a thiourea unit as a binding motif for asi@and the tetraamide pattern also used in
the present work:

HN—Ph

\
o
EtzN/E o

Et;N

NEt,

! 7
oO;\ 0
/LO NEQ\

(0]
e}
9

Figure 3.2.Anion recepto® as published by Ungaro et?al.
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In the presence of Ndons, 9 binds anions stronger and shows a lower selegtigivards
e.g. acetate than in the absence of-Nas. The authors attributed this to an electron-
withdrawing effect and rigidification of the calibene backbone upon complexation.
Furthermore, changes in the solvation might couatelio the observed increase in binding
capability®

The changes in the extraction behavior as shownhaisle 3.2 are a consequence of the
same phenomena, which makes a quantitative evatuatipossible. Qualitatively, it can
be concluded that also B 4, 7 and8 an ‘information transfer’ occurs between the two
different rims of the calixarene backbone.

Comparison of the sodium ion selectivity of the dfemark ligand2 with the
functionalized ligands, 4, 7 and8 shows that electron withdrawing substituents iasee
the sodium selectivities overKand Li" roughly by a factor of 2—6 as expressed by the
relative selectivity factors,s This can be rationalized by the electron withdreyeffects
of the bromo and cyano groups3n7 and8, which decrease the electron density at the
phenolic oxygen atoms and therefore, weaken thdifgnability of the receptors towards
cations. The strong decrease in mainl{ land K'-binding leads to better selectivity in all
cases. The selectivity for Nas qualitatively correlated with the number of lsuedectron-
withdrawing groups. For example, dibromo ligaficexhibits only about twice the Na
selectivity compared to the unsubstituted ligghdwvhereas tetrabromo-calixarefehas
about fourfold selectivity. Comparison of ligandand8 clearly shows that the mesomeric
effect of the nitrile groups on the binding abd#i of the phenolic oxygen atoms is more
effective than the inductive effects caused by hrambstitution and leads to a better
sodium selectivity compared to both, lithium andgssium. Dicyano-calixarerg is the
only compound studied which shows a highef/Kathan N&/Li" selectivity. This may be
explained by additional steric reasons and posdilifierent solvation. The CN-groups
exhibit a strong electron-withdrawing effect pagliéld by less sterical demand compared to
the bromo group. Therefore, the ligand sphere émtat thdower rim is less distorted by
the nitrile substituent and the general sodium cseiéy resulting from an increasing
electron-withdrawing effect can be deployed mofeaively.

We explain the small differences betwezand4 by mainly steric interactions of the
phenyl groups with each other leading to a chamgéhé geometry of the ligand. The

repulsion between the phenyl rings seems to leadréaluced size of the cavity spanned by
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the amide groups on thewer rim of calixarene4, since the biggest ion {Kexperiences a
significant decrease in affinity td. Changes in solvation and minor electronic effects

cannot be excluded.

Conclusions

In conclusion, we synthesized new calix[4]arengatehides and performed extraction
experiments towards GBI, of biologically relevant alkaline metal ions iretform of their
picrate salts in water. The decreased bindingtgltdwards these cations leads to enhanced
Na’" selectivity over Li and K in extractions. This is attributed mainly to theone
dramatic decrease in Lor K" binding compared to NaHowever, this general trend is
fine-tuned by a subtle interplay between the etsitr and steric effects exerted by the
substituents located at thpper rimwhose characteristics are transferred to the binsite

at thelower rim by the calix[4]arene backbone acting as an eleitrand steric "hinge".
Besides, changes in the flexibility and solubiliaatof the various compounds can play an
additional role in the metal ion binding. The nempre selective cation receptors or
derivatives thereof have potential to be includ®d liposomes giving access to models for

cation transportation across lipid bilayers.

Experimental

The extraction studies were performed accordingrigaro et at® Equimolar solutions of
calixarene in ChCl, and picrate in water (2.5-10M) were mechanically shaken for 3 min
and then stirred vigorously for 30 min at 25. The amount of picrate remaining in the
aqueous phase was determined by UV measureme3ts atm. Compound was prepared
using a literature procedufé Tetrahydroxycalix[4]arene is readily availableldoting a
known method?

N,N-Diethylbromoacetamide

A solution of bromoacetyl bromide (53.0 mL, 608 mjrin CH,CI, (400 mL) was added to
a solution of diethylamine (63.0 mL, 608 mmol) andthylamine (85.0 mL, 608 mmol) in
CH,CI, (800 mL) at 0 °C. After stirring for 2 h at ambigemperature, the solution was
washed with 2 N HCI (250 mL) and brine (1.00 L).eT$olution was dried over anhydrous
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N&aSQO, and the solvent was removed. The slightly yellowdpct (75.4 g, 388 mmol,
64%) was obtained by distillation (88 °C, 0.17 mb#R (KBr, U max): 2975, 2935 (s) 1645
(s), 1463 (s), 1381 (m), 1362 (m), 1312 (m), 690559 (m)."H NMR (400 MHz, CDC}):
51.15 (3 H, tJ= 7.1 Hz, CHCHj), 1.27 (3 H, tJ= 7.2 Hz, CHCH3), 3.40 (2 H, gJ)= 7.1
Hz, CH,CHy), 3.41 (2 H, gJ= 7.2 Hz, &1,CH,), 3.89 (2 H, s, Br-a.).

%C NMR (100 MHz, CDGJ): & 12.26, 14.13 (CbCHs), 26.11 (BrCH,), 40.44, 42.84
(CH,CHy), 165.91 (C=0). MSn/z (CI): calcd. for (GH-BrNO), 194, found 194 (N).
Anal. calcd. for GH,BrNO: C, 37.13%; H, 6.23%; N, 7.22%. Found: C, 8%4l H,
6.22%; N, 7.19%.
5,11,17,23-Tetrabromo-25,26,27,28-tetrakidN,N-diethylamino-carbonylmethoxy)-
calix[4]arene (3).

To a stirred solution of 25,26,27,28-tetrakigN-diethylaminocarbonylmethoxy)-
calix[4]arene 2) (19.3 g, 22.0 mmol) in butanone (1.00 L), NBS.(6§, 331 mmol) was
added. After stirring for 5 d at ambient temperatwyclohexene (50 mL) was added and
the solvent was partially removed-Hexane (500 mL) was added and the precipitated
yellow solid was recrystallized from CHZMeOH to yield the product (13.2 g, 11.1 mmol,
51%) as a white solid. Mp. 251 — 260 °C. IR (KBrgay: 2973 (s), 2930 (s) (C-H); 1656
(s), 1461 (m) (C-H); 1379 (m), 1359 (m), 1304 (267 (m), 1203 (m), 1147 (m), 855
(w). *H NMR (400 MHz, CDCJ):  1.07 (12 H, tJ = 6.9 Hz, CH-CH3), 1.14 (12 H, tJ) =
7.1 Hz, CH-CH,), 3.15 (4 H, dJ) = 13.6 Hz, Ar-G1,°%Ar), 3.28 (8 H, q,J = 7.2. Hz, Gl,-
CHg), 3.32 (8 H, gJ = 6.9 Hz, G1,-CHy), 4.89 (8 H, s, O-H,), 5.29 (4 H, dJ = 13.6 Hz,
Ar-CH,®-Ar), 6.81 (8 H, s, AH). °C NMR (100 MHz, CDG)): 3 13.02, 14.24 (CH
CHs), 31.63 (ArCH,-Ar), 39.96, 40.77CH,-CH;), 71.63 (O€H,), 115.40, 131.20, 136.35,
155.78 (ArC), 168.13 C=0). MSm/z(MALDI-TOF): calcd. for (G,He:BrsN.Og), 1192.7,
found 1192.3 (M). Anal. calcd. for (GHesBrsN4sOg): C, 52.37%; H, 5.41%; N, 4.70%.
Found: C, 52.43%; H, 5.43%, N, 4.76%.
5,11,17,23-Tetraphenyl-25,26,27,28-tetrakisN(N-diethylamino-carbonylmethoxy)-
calix[4]arene (4).

Under argon, 5,11,17,23-tetrabromo-25,26,27,2&ké&r(N,N-diethylamino-carbonyl-
methoxy)-calix[4]arened) (1.50 g, 1.26 mmol) and €305 (4.20 g, 12.6 mmol) were
dissolved in dry toluene (25 mL) and Pd(RRH152 mg, 0.13 mmol) was added. The
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solution was degassed and phenylboronic acid (d.342.6 mmol) dissolved in anhydrous
MeOH (25 mL) was added. After stirring for 16 h7& °C, the suspension was cooled to
ambient temperature. After filtration, the solvewsre removed and the crude product was
dissolved in CHGI (60 mL). This solution was washed with 1 N HCI30 mL) and HO

(2 x 60 mL) and dried over anhydrous,N@y. The product 1.07 g (0.91 mmol, 72%) was
obtained by treating the oil with boilinghexane, filtration and drying in vacuo. Mp. 224 —
226 °C. IR (KBr,p may: 3028 (w), 2972 (m), 2929 (m), 1662 (s), 1467,(880 (w), 1359
(w), 1310 (m), 1266 (m), 1231 (m), 1180 (m), 114%,(1082 (m), 1055 (m), 947 (w), 874
(w), 762 (m), 697 (M)*H NMR (400 MHz, CDCJ): & 1.11 (12 H, tJ = 7.2 Hz, CH-CH),
1.18 (12 H, tJ = 7.2 Hz, CH-CH,), 3.33 — 3.40 (20 H, m, Ar48,**Ar and (H,-CHy),
5.07 (4 H, s, O-6), 5.45 (4 H, dJ = 13.4 Hz, Ar-G1,”-Ar), 6.95 (8 H, s, ArH), 7.08 —
7.12 (20 H, m, AH). **C NMR (100 MHz, CDGJ): & 13.10, 14.31 (CHCHSs), 32.30 (Ar-
CH,-Ar), 39.88, 40.83¢H,-CHy), 71.73 (O€H,), 126.08, 126.61, 127.31, 128.23, 134.80,
135.34, 141.08, 156.31 (AB), 168.74 C=0). MS m/z (MALDI-TOF): calcd for
(CreHguN4Og), 1181.5, found 1181.8 (M Anal. calcd for (GgHgN4Og) 0.2-CHCY: C,
75.93%; H, 7.04%; N, 4.65%. Found: C, 76.02%; 189%, N, 4.47%.
25,27-Dibenzoyloxy-26,28-dihydroxycalix[4]aren (5).

Benzoyl chloride (17.7 mL, 152 mmol) was added to smspension of
tetrahydroxycalix[4]arene (25.0 g, 58.9 mmol) aridthylamine (81.8 mL, 587 mmol) in
acetonitrile (1150 mL). After stirring for 3 d ambient temperature, the precipitate was
filtered off and recrystallized from CHZMeOH. The colorless solid was dried at 60 °C in
high vacuo to give 26.2 g (41.5 mmol, 70%) of theplotected calix[4]arene. Mp 264.3 —
264.6 °C. IR (KB, ma): 3519 (br s), 3022 (m), 2926 (s), 2854 (s), 1{89 1584 (m),
1462 (m), 1318 (m), 1265 (s), 1242 (s), 1204 (m){3L(s), 1146 (s), 1082 (m), 1048 (s),
1020 (s), 904 (w), 864 (w), 799 (m), 754 (s), 781 {H NMR (400 MHz, CDCJ): & 3.53

(4 H, d,J = 14.1 Hz, Ar-&1,°%Ar), 4.00 (4 H, dJ = 14.1 Hz, Ar-G1,-Ar), 5.50 (2 H, s,
OH), 6.71 (2 H, tJ = 7.5 Hz, ArH), 6.79 — 6.83 (2 H, m, Ar), 6.89 (4 H, dJ= 7.5 Hz,
Ar-H), 7.05 (4 H, dJ = 7.6 Hz, ArH), 7.54 (4 H, tJ = 8.0 Hz, ArH), 7.72 (2 H, ttJ= 7.5

Hz and 1.13 Hz, AH), 8.38 (4 H, ddJ = 8.5 Hz and 1.4 Hz, Ar). *C NMR (100 MHz,
CDCly): & 32.48 (ArCH»-Ar), 119.91, 126.66, 128.14, 128.93, 128.99, 1£291129.23,
130.55, 132.32, 133.88, 145.46, 152.83 Q)-164.82 C=0). MS m/z (MALDI-TOF):
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calcd. for (G,H3.0g), 632.7, found 632.3 (). Anal. calcd. for GH3,05-0.05 CHCY: C,
79.08%; H, 5.06%. Found: C, 79.07%; H, 5.22%.
5,17-Dibromo-25,27-dibenzoyloxy-26,28-dihydroxycat[4]arene.

To a solution of 25,27-dibenzoyloxy-26,28-dihydroajix[4]arene §) (25.0 g, 39.5 mmol)
in CHCL; (675 mL) bromine (32.5 mL, 639 mmol) was slowlydad. After stirring for 1 h
at ambient temperature, cyclohexene (300 mL) wate@dvery slowly and stirred for
another 15 min. This solution was washed with 1 Gl k2 x 300 mL) and KD (2 x 300
mL). The organic solvent was evaporated to givetittee compound (26.5 g, 33.6 mmol,
85%). Mp. 305 — 306 °C. IR (KBI7 max ): 3504 (br s), 3062 (m), 2916 (s), 1706 (s), 1599
(W), 1583 (W), 1454 (m), 1313 (m), 1270 (s), 1261),(1170 (s), 1089 (m), 1064 (s), 1021
(s), 920 (w), 861 (m), 790 (m), 753 (m), 711 ($).NMR (400 MHz, CDCJ): & 3.53 (4 H,

d, J = 14.4 Hz, Ar-®1,°%Ar), 3.85 (4 H, dJ = 14.4 Hz, Ar-G,*“Ar), 5.20 (2 H, s, @),
6.92 — 7.01 (2 H, m, AH), 7.00 (4 H, dJ = 6.8 Hz, ArH), 7.11 (4 H, s, AH), 7.62 (4 H,
t,J = 7.8 Hz, ArH), 7.76 (2 H, tJ = 7.5 Hz, ArH), 8.25 (4 H, d,J = 8.1 Hz, ArH). °C
NMR (100 MHz, CDCY): 6 33.07 (ArCH,-Ar), 111.75, 126.72, 128.58, 129.26, 129.66,
129.84, 130.44, 131.73, 132.02, 134.00, 146162.02 (ArC), 164.52 C=0). MS m/z
(MALDI-TOF): calcd. for (GoHsBr,0g), 790.5, found 813.1 ((M+N§) Anal. calcd. for
(Ca2H30Br,0g)-0.3 CHCY: C, 61.49%; H, 3.70%. Found: C, 61.58%; H, 3.83%.
5,17-Dibromo-25,27,26,28-tetrahydroxycalix[4]aren¢6)

A solution of 5,17-dibromo-25,27-dibenzoyloxy-26;@Bydroxycalix[4]arene (22.7 g,
28.67 mmol) and NaOH (80 g, 2.00 mol) in EtOH (1LGnd HO (1.00 L) was stirred for
3d at 70 °C. After the addition of 2 N HCI (1.5 the precipitate was collected, dissolved
in CHCl; and dried over anhydrous PO, After the removal of the solvent, the
deprotected calix[4]arené (15.8 g, 27.2 mmol, 95%) was obtained as a cderkolid.
Mp. 341 — 343 °C. IR (KBrjJ max ): 3144 (br s), 2947 (s), 1468 (s), 1449 (s), 140),
1371 (m), 1262 (m), 1240 (m), 1210 (s), 1068 (V@0 9s), 917 (w), 877 (m), 858 (m), 828
(m), 783 (m), 750 (m), 724 (m)H NMR (400 MHz, CDC)): 5 3.49 (4 H, br s, Ar-8,°%
Ar), 4.20 (4 H, br s, Ar-8,%-Ar), 6.79 (2 H,J = 7.6 Hz, ArH), 7.07 (4 H, dJ = 7.6 Hz,
Ar-H), 7.15 (4 H, s, AH), 10.04 (4 H, s, €). °C NMR (100 MHz, CDGJ): & 31.44 (Ar-
CH,-Ar), 114.02, 122.50, 127.46, 129.30, 130.19, 1311%17.88, 148.77 (A€). MS m/z
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(MALDI-TOF): calcd. for (GgH»Br,0,), 582.3, found 582.0 (M. Anal. calcd. for
(CogH2Br,0,): C, 57.76%; H, 3.81%. Found: C, 57.57%; H, 3.90%.
5,17-Dibromo-25,26,27,28-tetrakisN,N-diethylamino-carbonylmethoxy)-

calix[4]arene (7).

To a stirred solution of 5,17-dibromo-25,26,27,28ahydroxycalix[4]arene6] (23.4 g,
40.3 mmol) in dry THF (730 mL) and DMF (150 mL), N412.0 g, 304 mmol, 60% in
mineral oil) was added and the suspension wasdtiior 0.5 h at ambient temperature.
N,N-Diethylbromoacetamid (47.8 g, 246 mmol) was sloatided. After stirring overnight
at room temperature, another portion of NaH (5.0®@38 mmol) was added and the
reaction was continued for 3 d. After the additioh2 N HCI (1.00 L), the THF was
removed by evaporation, the precipitate collectgdiltration and dissolved in CHg(700
mL). The organic phase was washed witfOH3 x 500 mL) and dried over anhydrous
NaSQ,. The resulting oil was treated with boiling,8tfor 4 h. The product (23.7 g, 22.9
mmol, 57%) was obtained by filtration and driedhigh vacuo to yield a colorless solid.
Mp. 211 — 214 °C. IR (KBIJ max ): 2975 (S), 2928 (s) , 1661 (s), 1458 (m), 137y, (L358
(m), 1305 (m), 1265 (m), 1201 (m), 1146 (m), 869.(k NMR (400 MHz, CDCJ): 5 1.07

(6 H, t,J = 7.1 Hz, CH-CH3), 1.08 (6 H, tJ = 6.9 Hz, CH-CH3), 1.13 (6 H, tJ = 7.1 Hz,
CH,-CH3), 1.14 (6 H, tJ = 6.9 Hz, CH-CHy), 3.19 (4 H, dJ = 13.6 Hz, Ar-Gi,°*Ar),
3.24 — 3.33 (16 H, m, 8,-CHy), 4.82 (4 H, s, O-8,), 4.99 (4 H, s, O-8,), 5.27 (4 H, d

= 13.6 Hz, Ar-G1,*“Ar), 6.54 (6 H, s, AH), 6.91 (4 H, s,. AH). *C NMR (100 MHz,
CDCly): 6 13.04, 14.27 (CKHCHy), 31.75 (ArCH,-Ar), 39.85, 39.93, 40.74, 40.8ZH{,-
CHy), 71.40, 71.66 (Q=Hy), 114.76, 122.74, 128.50, 131.10, 133.70, 13746H.05,
156.24 (ArC), 168.20, 168.500=0). MSm/z(MALDI-TOF): calcd. for (G,HeeBr.N4Os),
1034.9, found 1034.4 (WM. Anal. calcd. for (GHgeBr.N4Og): C, 60.35 H, 6.43%; N,
5.41%. Found: C, 60.22%; H, 6.35%, N, 5.36%.
5,17-Dicyano-25,26,27,28-tetrakisN,N-diethylamino-carbonylmethoxy)-calix[4]aren

(8).

A suspension of 5,17-dibromo-25,26,27,28-tetrakisN¢(diethylamino-carbonylmethoxy)-
calix[4]aren ) (1.5 g, 1.93 mmol) and CuCN (552 mg, 7.16 mmoINMP (14 mL) was
reacted for 22 h at 200 °C. After cooling to ambiemperature, Fe€{880 mg, 5.4 mmol)
dissolved in 2 N HCI (40 mL) was added. The resgltuspension was stirred for 2 h at rt
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and the dark brown solid was removed by filtratitthwas dissolved in CHgl washed
with H,O and dried over anhydrous }$0,. The solvent was removed and the crude
product was purified by column chromatography (Eé&ittylamine 9:1) on silica. The
purified oil was treated with boiling-hexane. The white solid (200 mg, 0.22 mmol, 11%)
could be obtained by filtration. Mp. 231 — 233 1R.(KBT', UV may: 2974 (s), 2932 (s), 2219
(s), 1661 (s), 1466 (m), 1380 (w), 1358 (w), 1368,(1270 (m), 1223 (m), 1200 (m), 1134
(m), 1088 (m), 1052 (m), 947 (w), 897 (w), 802 (K1 (w), 751 (w)'H NMR (400 MHz,
CDCly): 61.08 (12 H, tJ = 6.5 Hz, CH-CH3), 1.15 (12 H, tJ = 7.2 Hz, CH-CH3), 3.21 —
3.36 (20 H, m, Ar-G&,°*Ar and (H,-CHs), 4.79 (4 H, s, 0-8,), 5.13 (4 H, s, 0-8,),
5.32 (4 H, dJ=13.6 Hz, Ar-G1,*Ar), 6.47 (4 H, dJ = 7.3 Hz, ArH), 6.55 (2 H, ddJ =

8.3 and 6.6 Hz, AH), 7.14 (4 H, s,. AH). *C NMR (100 MHz, CDG)): 5 12.99, 14.23
(CH,-CH3), 31.61 (ArCH,-Ar), 39.89, 40.01, 40.65, 40.7&€K,-CH5), 71.60, 71.72 (O-
CH,), 105.49 CN), 119.29, 123.09, 128.60, 132.52, 133.18, 136196,07, 160.81 (AE),
167.86, 168.06 ¢=0). MS m/z (MALDI-TOF): calcd. for (G4HgsNOg), 927.2, found
927.7 (M). Anal. calcd. for (GHeeNeOg)-0.05 CHCY: C, 69.57%; H, 7.13%; N, 9.01%.
Found: 69.56%; H, 7.19%, N, 8.81%.
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Chapter 4

Introduction

Magnetic resonance imaging (MRI) is one of the miogtortant techniques in medical
imaging. It is noninvasive, avoids problems ocagrin other imaging techniques such as
scattering (optical imaging) or high-energy radiaticomputed tomography (CT) or X-
ray), and enables the production of three-dimerdiomages of various tissues. The
contrast is generated by differences in the prdtmsity between tissues and differences in
T, or T, relaxation times? To enhance the contrast h-weighted images, Gd(lll)-
complexes are often administered because the pgratia metal ion (Gd(Ill) has ari-f
configuration) accelerates the relaxation time ke tvater protons in its proximity very
efficiently.”* The challenge is to prepare complexes that daelease the toxic metal ion
in vivo and yet are efficient contrast agehtsTo achieve high stability of the complexes,
mainly two different chelators and their derivasveare in wuse, namely
diethylenetriaminepentaacetic acid (DTPA) and 1l#etra(carboxymethyl)-1,4,7,10-
tetraazacyclododecane (DOTA).

In general, the relaxivity as a function of the e water residence lifetime,f®)
depends on the magnetic field and has, for instaacgharp optimum at 20-40 ns at 60
MHz. Long rotational correlation timesg) are favorable for enhanced relaxivities, which
means that large rigid molecules have to be prepdrkis has already been achieved by
attaching low molecular weight chelators to, foraewple, dendrimers, nanoparticles,
polysaccharides, or peptides giving rather rigiow/ tumbling conjugate3.A nonco-
valent approach is to prepare amphiphilic compoutitg form aggregates such as
micelles, liposomes or adducts with, for examgie, tydrophobic transport protein human
serum albumin (HSA) or cyclodextrifi$. Furthermore, targeted contrast agents usually
have (besides other advantages such as lower eelgdimses) higher relaxivities when
interacting with the target due to the restrictidrthe rotational motion upon bindifig.

In MRI, an ongoing trend is to apply higher magoefield strengths (>1.5 T).
However, commonT; contrast agents do not perform optimally at thislkl strengths.
Therefore, there is a quest to develop novel centigents for these applications. This can
be achieved by optimizing the average water resieldifietimezy to even shorter values

than that predicted of 20 - 40 ns for high molecweight agents and the molecular
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tumbling time 7z to around 400 ps at 400 MHZ° To optimize 7z, not only the slowing
down of the motion of the molecule in solution lalgo the decrease of motion within the
molecule itself is essentifll.The practical consequence of these theoreticaligiiens is
that for high-field applications, medium-sized amgid contrast agents exhibiting a fast
water exchange rate need to be designed.

One of our approaches to find systems with optimals to use the rather rigid
calix[4]arene core as a synthetic platfofnCalix[4]arenes have already been used in MRI
with the aim of finding novel chelators for efficiecomplexation of Gd(Il1}**° So far,
complex stability and/or poor water solubility haveen the limiting properties of
compounds of this type. To the best of our knowedbe only calix[4]arene based Gd-
complex reported to have good stability and gootewsolubility has been described in a
patent, but no information about its relaxivity wgisen!® To overcome the stability issue,
we decided to bind DOTA-moieties, which are knownfarm highly stable complexes
with lanthanide(lll) ions, to the calix[4]arene eolAt the same time, the hydrophilicity of
these groups was expected to ensure that the pondisig conjugate had good water
solubility.

Calixarenes generally enable the introduction déast two different functions, one at
the upper(wide) rim and the other one at thawer (narrow) rim. For synthetic and rigidity
reasons, we attached the chelating units onugmger rim In principle, all kinds of
functions can be introduced to the other side @hstonjugates enabling the control of
physical, biological and pharmacological properti€sr the first model compound
presented in this study (Scheme 4.1), propyl grovg® attached to tHewer rimto lock

the calix[4]arene in theoneconformatiort.’

Results and Discussion

Synthesis

Amide coupling of calix[4]aren@ with tert-butyl-DOTA monoacid3 using 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (Ep&hd a stoichiometric amount of 1-
hydroxybenzotriazole (HOBt) resulted in the cormsting conjugate which was purified

by ultrafiltration over a 1 kDa membrane (see Saheni)'®!® The use of at least seven

equivalents oB and long reaction times were found to be crudafdll conversion of to
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Scheme 4.1Preparation of. i) EDC, HOBt, DIPEA, DMF, 2d, rt, 71%, ii) TFA/C)El, 50:50, overnight, rt, iii)
GdChk-6H,0, pH 6, 57% over 2 steps.

the tetraamide. Cleavage of the protectem-butyl-groups was achieved in a 1:1-mixture
of TFA/CH,CI, at ambient temperature overnight. The complexatiotine lanthanide was
performed by portionwise addition of Gd@H,O to an aqueous solution of the free ligand
maintaining the pH at 6. The excess of the Gdasadt other inorganic salts formed during
the complexation were removed by ultrafiltrationheT yield for the diprotection/
complexation was limited to 57% as small amount$ péssed through the membrane used

for the ultrafiltration.
Aggregation

Amphiphilic calix[4]arenes have a tendency to aggte in water, so dynamic light
scattering (DLS) and cryo-TEM were performed in@mus solutio’ The concentration
of 1 (cy) in this sample was 0.93 mM, which corresponds tgadolinium concentration
(ceg) of 3.73 mM. The presence of small aggregatesréaechydrodynamic radius of 2.2
nm as determined by DLS, see Figure 4.1), the nasipe distribution and the cryo-TEM
image strongly suggest the presence of sphericall®s under the conditions applied.
The self-association leads to an increasagimf the paramagnetic complex, which
according to the relaxation theory should be rédldcin an increase in relaxivity. We
exploited this phenomenon for the determinationttad critical micelle concentration
(cmg.” The relaxometric data were acquired at 37 °C @hMPiz by observing the effect
of variation ofcgg on the paramagnetic relaxation r&geof the water protons (see Figure

4.1). The curve oR; as a function ofgq shows a clear change of slope aroogg= 1 mM,
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which suggests that themcis about that value. Equation 4.1 descriBesis a function of

Ceq above themg whereas Equation (4.2) is valid belov'it?

—=——-——=R=cmc¢ " +( g~ cmx* f (4.1)

R=Gs* 1™ (4.2)

In Equation 4.1,T; is the paramagnetic contribution to the longitadirelaxation time,
T1.005iS the measured longitudinal relaxation time dngd, is the diamagnetic contribution
(the T, of pure water)r,"® is the relaxivity of the nonaggregated compounénehs,® is
the relaxivity of the aggregates. Here, the reliéiv; is defined as the longitudinal
relaxation rate enhancement of the water protons JpemM concentration of the
paramagnetic metal ion, compared to a diamagnedaium (water).

From the relaxation rates of the initial part o€ tburve (see Figure 4.1),"% was
estimated to be 8.22'"sM™. A fit of the experimental data with Equations 4dd 4.2

using thecmcandr,* as adjustable parameters gave an optimal ficfoc= 0.84 + 0.14
mM (concerning Gd, 0.21 mM concernifiyandr,;® of 18.3 + 0.8 3mM™ at 37 °C and 20
MHz.

60
B C
> 40+
Z ] -
8] JCA
£] o 20
0 5 10 15 20 0.1 1
radius [nm] Cg, [MM]

Figure 4.1.(A) Cryo-TEM image, (B) DLS curve and (C) depenckenfR; on thecgq as determined at 37 °C and
20 MHz (the curve represents a fit of the experitaledata with Equations 4.1 and 4.2).
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During the fitting,r,"® was fixed to 8.22°§nM™ to improve the accuracy of the fit. This
was justified, since the relaxivities determinedvery low concentrations€q < 0.47 mM)
were found to be identical within the error ran@&e cmc obtained is comparable with
previously published values for calix[4]arenes iatev>*

The dependence &; on the concentration df is not perfectly linear betweesy =
0.47 mM and themg which suggests that the relaxivity of the sanghlanges already at
concentrations below tlmmc This is most probably due to the formation of-pggregates
such as dimers, trimers etc. which in this casenatibe observed by either DLS or cryo-
TEM but leads to significant changes in the relaxabehavior due to increases ir*
Nevertheless, the existence of such pre-aggregatgd result in a different biodistribution

than for the pure micellar system offy.

Variable temperature O NMR measurements

The influence of the paramagnetic compound ort #8eNMR reduced angular frequency
(4a) and the transverse relaxation rak€r§,) at different temperatures was determined for

an aqueous solution &fcontaining 74.5 mM of Gd (see Figure 4.2).

1_1)p1 1
T, PlT T (4.3)
Aw :Pi(w—a)A) (4.4)

m

In Equations 4.3 and 4.4, the variablBg and ¢ stand for the corresponding values
measured for the reference (acidified water) wreTgand ware the experimental values
for the solution containing. Py, is the mole fraction of bound watd?.(= mole fraction of
Gd if g = 1, for whichqg = number of Gd-bound water molecules in the complBrcause
the concentration of the sample was far abovethe it may be assumed that compleis
almost exclusively present as micelles. The dattaiobd (see Figure 4.2) contain

information particularly on the hyperfine couplingnstant A/) and the average residence
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Figure 4.2. Temperature dependence of reduced transvérgptélaxation time and angular frequengid) of a

74.5 mM aqueous solution tfat 7.5 T (curves represent results from the §)n

life time at 298 K *°®. Under the assumption that1, these variable temperatulf®©
NMR data give a good fit with the appropriate etra for the parameters compiled in
Table 4.1 The corresponding calculated curves are showrigar€ 4.2.7,2% was found

to be in the expected range for DOTA-monoamidess Tdie is rather different from the
value for which an optimum relaxivity is predicté2D to 40 ns at 60 MHZf. Within the
experimental error, the hyperfine coupling constgnidentical to commonly observed
values for oxygen atoms directly coordinated to Elis indicates that the assumption of
the number of first-sphere water moleculgs=(1) was correct; any deviation would have

been reflected in a different best-fit value £Adh.

Table 4.1.Parameters obtained from simultaneous fittindefuariable temperatutéd NMR data ofl.

parameter Best-fit value
> [us] 1.20+0.12
AHF [kJ mol']® 29455
Alh [10° rads'] -3.7+0.6
1T 28 [10° s 0.46+0.11
Enn [kIJmol'] 16.2 £3.7

1l AH* is the enthalpy of activation of the exchange pssc
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Nuclear Magnetic Relaxation Dispersion (*H NMRD)

Nuclear magnetic relaxation dispersion (NMRD) gaaverful technique for characterizing
MRI contrast agents. The field dependence of tHaxrgty (NMRD profile) gives
important information on the extent to which paréeng such as electronic relaxation,
rotational correlation time and water exchange catgribute, to the relaxivity. To evaluate
these parametersi NMRD profiles were measured for samples with @miations ¢gq)

of 0.47 and 3.73 mM (see Figure 4.3). At 0.47 mkk nhon-aggregated is present
exclusively, whereas at concentrations abovecthe(cgy > 0.84 mM), both monomer and
micelles contribute to the observed relaxivity. Hample at 0.47 mM was measured at 6,
15, 37, and 50 °C and the sample at 3.73 mM coration at 37 °C.

In cases where internal motions influence the reigx the Lipari-Szabo approach is
applied to describe the rotational dynamics. Thethod separates the motions in global
and local ones. An order paramef2quantifies these contributions’ =1 for an ideal rigid
system, wherea& =0 for a system where fast internal motions fullgtermine the
relaxivity." At first, we fitted the experimental data usingstlpproach but we always
found a value fors® of 1, which is consistent with the proposed higgidity of the
conjugates. Since local contributions to the rotal dynamics do not play a role in these
systems, we could use the standard approach. Dneréfie NMRD profiles obtained were
fitted with a set of equations based on the SoleBlmembergen-Morgan theory for the
inner sphere contribution and those of Freed feraihter sphere. The average residence life
time of a water molecule in the first coordinatigmhere ,>°% and its activation energy
AH* were fixed at the value obtained from tH® NMR measurements in the case of the
micellar and the HSA system, whereas they weravalibto vary during the fitting process
for the monomerid. This was done since the concentration used tot’@ measurements
was far above themcand to test whether the water exchange paramghargje upon self-
aggregation. A good fit was obtained for the partansecompiled in Table 4.2. The NMRD

profiles calculated with these parameters are alygul as curves in Figure 4.3. The best fit
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Figure 4.3.*H NMRD profiles of acsq =0.47 mM solution at 6 °C (full squares, dash&#)°C (empty triangles,
dashed-dotted), 37 °C ( empty squares, full limg) 30 °C (dots, dotted line) as well as the catedlgrofile for
the micellarl at 37 °C (diamonds). The curves indicate the tedrdm the fittings.

values obtained for monomericshow thatry is very close to the predicted optimal value
of around 400 ps for high-field contrast agefit¥he 7z of 1 can be estimated by the
Debye-Stokes-Einstein equation 4.5 (in whighs the microviscosityks the Boltzmann

constant and, the effective radius) to correspond with that o$pherical particle of a
diameter of 1.66 nm.

(4.5)

Molecular models show thdt measures about 2x82.1 x 1.2 nm, which is in agreement
with the size estimated fromy. This suggests that the molecule is very rigid #rad the
global motion of the molecule determines the rotadl correlation time, so local motions
do not play a role in the relaxation process.

The parameters determining the electronic relaratimmely the mean square zero-
field splitting energy 4%, and the corresponding correlation timg)(are in good
agreement with values found for other DOTA-monoamidased contrast agefts.

Intramolecular contributions to the electronic relion are negligible in the calix[4]arene
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Table 4.2.Parameters obtained from fitting '&f NMRD profiles of the monomeric, micellar and H®Aaund1.

parameter Monom&t Micellar 1™ HSA 1Y

1 [us] 1.28+0.11 0.79 0.7

AH* [kImolY] 17.7+1.3 - -

=% [ns] 0.39 £0.05 1.21+0.11 8.84+2.0
E: [kdmot] 8.58 +2.78 - -

2% [ps] 459+23 60.9+2.2 60.4+3.6
A [10%s7 1.07 £0.10 0.51+0.06 0.85 £ 0.05

1l values obtained by a simultaneous fit of the terapee dependent NMRD profiles (see Figure 4.3);
Pl values obtained from a fit of the calculated deofor the micellarl at 37 °C shown in Figure 4.3;

[ values obtained by a fit of the calculated profilethe HSA-bound. at 37 °C shown in Figure 4.5;

[ Fixed at the value calculated from tf@ data in Table 4.1.

system studied, since inspection of molecular modbbw that all Gd-Gd-distances in
are at least 8 nif. The average water residence lifetime obtained’®yNMR for the
micellar system £,°°*=1.20+0.12, determined at high concentration) isststent with the
results of the fitting of the NMRD profiles of thmonomer ,2°%=1.33+0.11, low
concentration) indicating that there is only a mghle effect of self-aggregation on the
water exchange dynamics.

In the profile for the 3.73 mM sample, there is aximum in relaxivity at about 20
MHz, which is a characteristic for compounds witghhzz values and therefore consistent
with self-association at that concentration. Usifguation 4.1, we calculated the NMRD
profile for the pure micelles at 37 °C (Figure 4 3)e parameters obtained from the fittings
are listed in Table 4.2.

The best-fit value fors, which can be calculated using Equation 4.5 (s&al€r4.2),
corresponds with that for a sphere with a diamet@.4 nm in agreement with the diameter
of the micelles as obtained from the DLS measurésn@ee above). This shows that also
the micelles are rather rigid and that there areinternal motions that influence the

relaxivity. Hirsch, Bottcher and co-workers havewh that a similar calix[4]arene forms
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extremely stable micelles (radius approx. 3 nm)ststing of exactly seven molecul@s.
Even when the solvent is evaporated, the micelegsigt and can be visualized by TEM
techniques. The strong interactions within micellss this type and the uncommon

aggregation geometry lead to the very rigid aggesyfound forl.

I nteraction with HSA

It has previously been shown that calix[4]arenesingeract with the hydrophobic transport
protein human serum albumin (HSA) due to their apditructuré®*® The affinity of
hydrophobic compounds to HSA is an ongoing topicnimdern MRI research since both,
relaxivity and pharmacokinetics, can be control®d non-covalent binding of contrast
agents to HSA**We therefore investigated the bindinglafc, = 25 umol, 37 °C) to HSA
by established methods involving variation of tleaentration of HSA in a solution df
and observing the increase of the paramagnetic rwaiaton relaxation ratdR; after
correction for the diamagnetic contribution of firetein (see Figure 4.4)

The increase in relaxivity is caused by the slowdogvn of the rotational motion upon
binding resulting in similar effects to those désed above for the micelle formation
(Equation 4.5). To compare our results with litarat data on calixarene-based Gd-
complexes interacting with HSA, we followed the gedure described for these systems
and assumed that there is, effectively, only alsimgnding site in HSAr{ was fixed to
1).***Thus we determined a binding constigtof (1.2+0.3)-18M™, a relaxivity for the
monomer (1) of 9.6+0.4 dmmol* and a relaxivity of the adduttHSA (,°) of 24.6+1.2 5
'mmol™ (corresponds to a relaxivity of 98.5+5.®nsmol™ in terms of1) at 37 °C and 20
MHz using Equation 4.8

Rlzloo({rlfcl_'_ (rlc_rlf )nl]:t—|SA+q+ KA_l_\/( nEZbHSA+ C+ K_j\.)z_49CHSA

(4.6)

In Equation 4.6y, is the relaxivity of free (non-aggregatel)and n is the number of

binding sites andysais the concentration of HSA.
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Figure 4.4.Changes iR, of a 25uM solution of1 upon variation of the concentration of HSA at & &nd 20

MHz (line represents the result from the fitting).

NMRD measurements at 37 °C of a solution contaiditgHSA (0.6 mM) and 0.47 mii
were performed. Using the binding constant caledlaarlier as well as the profile for the
monomer alone, we calculated the NMRD profile foz HHSA1 conjugate (Figure 4.3§°
For the parameters shown in Table 4.2, a goodd# @btained for this profile.

The electronic parameters are in the same rantfoas of the micellar aggregates and
for the monomer. The deviations can be attributethé insufficiencies in the model that is
used to describe the electronic relaxation pros#8sehe rotational correlation time is in

the range expected for conjugates with HSA.

28 -

0
‘-12’----ll-..

4
0.01 0.1 1 10
v 'HIMHz

Figure 4.5."H NMRD profiles of monomet (squares) and HSAconjugate (circles) at 37 °C (line represents the

result from the fittings).
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Conclusions

The novel noncharged self-aggregating calix[4]arkased MRI contrast agent described
here exhibits good relaxivities over a broad raofjeamor frequencies. Evaluation of the
parameters governing the relaxivity shows that limited by the average residence time of
water in the first coordination sphere of Gd(lIBoth the conjugate and its micellar
aggregates are highly rigid systems withzathat is very close to the predicted optimal
value for high-field contrast agents. ThereforatHer optimization of this type of contrast
agents is possible by changing the structure ofctieate in such a way that the rate of
water exchange increases and the rigidity is maieta Investigations to further improve

the efficiency of calix[4]arene-based MRI contragents along these lines are in progress.

Experimental

Sample preparation

An aqueous solution ofl was filtered with a syringe filter (0.2um). The exact
concentrationcgy of this solution was determined by measuring thék bmagnetic

susceptibility shift (BMS) ofert-butanol compared to an external standard.
Methods

DLS. Dynamic light scattering (DLS) was performed with DLS/SLS/ALV-5000
apparatus using a 35 mW HeNe laser with a wavdlemdt 633 nm. The intensity
autocorrelation function was measured at an anig®#® and analysed with the CONTIN
method. All samples were filtered through a syrinijeer (pore size 0.2um) and
centrifuged before the measurements in order t@verdust.

Cryo-TEM. A few microliters of a solution ofl (cgqg =3.73 mM) were placed on a
quantifoil 3.5/1 holey carbon/coated grid (Quaritifaicro tools GmbH, Jena, Germany).
The grids were automatically blotted and vitrifiesing the vitrobot (FEI, Eindhoven, The
Netherlands). Frozen hydrated specimen were obdemith a Gatan cryo-stage (Model
626, Gatan, Pleasanton, CA) in a Philips CM10 @atgmtron microscope (Philips,
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Eindhoven, The Netherlands) operating at 100 keYages were recorded under low-dose
conditions with a slow scan CCD camera (Gatan,dalg@n, CA).

NMR. The'’O NMR measurements were performed on a Varian h3®@aspectrometer.
The 'H NMRD measurements were performed on a Stelarrapgacovering a range of
0.01 — 10 MHz, th&; measurements at 20 and 60 MHz on Bruker Minisptaxometers
(mg20 and mg60) and those at 300 MHz at a VariaadfB00 spectrometer.

Fittings. For the fittings, the established equations wesed(f** The least-squares fit of
the 'O NMR and’H NMRD data were performed by the MicroMath progr&eientist
using known equation sefsFor some of the parameters describing the NMROilpso
commonly accepted values were used such as falistence between Gd(lll) and a proton
of coordinated waterrqy) 0.31 nm and the distance of the closest appro&aan outer
sphere water proton to Gd(lll) 0.35 nm. The actoraenergy for the electronic rotational
correlation time [£,) was fixed at 1 kJmdland the parameter determining the spin rotation
contribution ¢g,) at 0.021%° The diffusion coefficient and its activation engngere fixed

to the values of pure watér.
Synthesis

Materials. All reagents and anhydrous solvents were of comialequality.?2 and3 were
synthesised using slightly modified literature nuetblogies'®*°
5,11,17,23-Tetrakis(tris-4,7,1Qert-butoxycarbonylmethyl-1,4,7,10-tetraazacyclo-
dodec-1-yl-acetamidyl)-25,26,27,28-tetrapropoxy-cia[4]arene.

Under inert atmosphere, a suspension of tris-Zgt7butoxycarbonylmethyl-10-
carboxymethyl-1,4,7,10-tetraazacyclododecadje(1.55 g, 2.71 mmol), dry DIPEA (1.3
mL), HOBt (370 mg, 2.71 mmol) and EDC (520 mg, 2mdhol) in dry DMF (20 ml) was
stirred for 0.5 h at ambient temperature. To ttsilteng mixture, a solution of 5,11,17,23-
tetraamino-25,26,27,28-tetrapropoxy-calixare®)e(252 mg, 38umol) in dry DMF (5 ml)
was added and the mixture was stirred at ambiempéeature for 2 d. After the solvent was
removed in high vacuo, the residue was redissalvéddCM and washed twice with brine,
once with 0.1 N NaOH, and then with water until gt¢ of the aqueous phase was neutral.
The organic phase was dried oven8l@, and the solvent was evaporated. The product was

purified by ultrafiltration in EtOH using a 1 kDaembrane to give 0.79 g (71%) of the title
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compound*H NMR (300 MHz, DMSO-¢, 100 °C, TMS):d = 0.98 (12 H, tJ = 5.2 Hz,
CHy), 1.42, 1.46 (108 H, 2 s¢ert-Bu), 1.88 (8 H, sext) = 5.2 Hz, ®H,CHjy), 2.74 — 3.30
(100 H, N-GH,-CO, N-CH,-CH,, ArCH,Ar), 3.87 (8 H, tJ = 5.2 Hz, O®I,CH,), 4.43 (4
H, d,J = 9.9 Hz, ArG1,Ar), 6.86 (8 H, br. s, AH), 9.27 (4 H, br. s, N). ESI-HRMS:
calc.:m/z= 718.7185 (M+4HY, found: 718.7282.
5,11,17,23-Tetrakis(tris-4,7,10-carboxymethyl-1,4,I0-tetraazacyclododec-1-yl-
acetamidyl)-25,26,27,28-tetrapropoxy-calix[4]arene.

5,11,17,23-Tetrakis(tris-4,7, t@+t-butoxycarbonylmethyl-1,4,7,10-tetraazacyclododec-1
yl-acetamidylmethyl)-25,26,27,28-tetrapropoxy-cgljarene (481 mg, 1674umol) was
dissolved in DCM (10 ml) and TFA (10 ml) was adde¥fter stirring at ambient
temperature overnight, the liquids were removedhvat rotary evaporator. The solid
obtained in this way was not purified further. Rbe NMR characterization, a defined
amount of pyridine was added to the solution ineortb suppress protonation of the
substrate. The content of product in the solid determined to be 35%, by integration of
the proton resonances of the substrate with respékbse of pyridine. The rest of the solid
consisted of TFA and inorganic salts which couldilgabe removed after complexation
(see below). Therefore, the title compound was weilibut further purification'™H NMR
(300 MHz, DMSO-g, 100 °C, TMS)s = 0.89 (12 H, tJ = 6.9 Hz, ¢13), 1.80 (8 H, sext)

= 6.9 Hz, Gi,CHg), 3.01 — 3.61 (100 H, N4&,-CO, N-CH,-CH,, ArCH,Ar), 3.76 (8 H, tJ

= 6.9 Hz, OG®,CH;,), 4.32 (4 H, dJ = 12.3 Hz, ArG1,Ar), 6.91 (8 H, br. s, AH), 9.53 (4
H, br. s, NH).

Gd(lll)-complex of 5,11,17,23-tetrakis(tris-4,7,10carboxymethyl-1,4,7,10-tetraaza-
cyclo-dodec-1-yl-acetamidyl)-25,26,27,28-tetrapropg-calix[4]arene (1).
5,11,17,23-Tetrakis(tris-4,7,10-carboxymethyl-1,40¢tetraazacyclododec-1-yl-acetamid-
ylmethyl)-25,26,27,28-tetrapropoxy-calix[4]areny (445.3 mg, ~69.7umol) (as obtained
above) was dissolved in water (2.6 ml) and the 4 adjusted to 6. GdgbH,O (111.8
mg, 300umol) was added and the pH re-adjusted to 6. Theptmmwas purified by
ultrafiltration in water using a 1 kDa membraneyteld 108 mg (39.74umol, 57%) of the
titte compound after lyophilisation. ESI-HRMS: calen/z = 1408.3631 (M, found
1408.3879.
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Chapter 5

Introduction

Magnetic resonance imaging (MRI) is one of the mmsiverful techniques in medical
diagnostics. Usually, the watéH-signal is detected and the contrast is generhted
differences in proton density and longitudin@l)(or transverseTp) relaxation time. To
enhance the contrast in-weighted images, mainly gadolinium(lll) based cast agents
(CAs) are administered prior to the examinafi6rilo avoid the release of the toxic free
lanthanide ion, strong chelators such as 1,4, &tt@darboxymethyl-1,4,7,10-
tetraazacyclododecane (DOTA) and derivatives tHemem used. The contrast that can be
achieved with a certain amount of CA depends onctimce of the ligand because that
determines its physico-chemical properties andigigibution in the patient.

Good performance of the contrast agent per mmolsGikesirable i.e. the millimolar
longitudinal proton relaxivityrg) of the contrast agent has to be as high as gesdihe
two commonly used ways to optimize the relaxivitye a&o increase the rotational
correlation time {g) of the CA and to optimize the residence time ofater molecule
directly bound to the metal centeag,) to 20 - 40 ns (at 60 MHz and 25 °C).

Recently, we have shown that calix[4]arenes arsatge building blocks in the design
of MRI CAs."*® They allow the introduction of four chelating gpsuon theupper rim
enable further functionalization at tlewer rim and they turned out to be very rigid, which
has a beneficial effect on the valuergfand thus the relaxivityThe rigidity is mainly due
to the densely arranged chelators on the calixatetdeads to hindered rotation within the
molecule. The previously studietl (see Figure 5.1) showed micelle formation and
interaction with human serum albumin (HSA). Botfeefs result in a significant increase
of the molecular volume, which is reflected in aader 7z and, therefore, in a higher

relaxivity.

90



Calixarene based MRI contrast agents with fast makehange

COOH

Figure 5.1.Structures of calixarerieand PyNoxX2.

The relaxivity of1 is limited mainly by its longn,.” Therefore, we now decided to
replace the DOTA moieties i by chelator2 (Figure 5.1). The Gd(lll) complex of the
parent2 has ar, of 34 ns at 25 °C and therefore, is optimal its tieispect’3 The rigid
pyridine moiety, the presence of the carboxylidagioup attached to the pyridine ring and
the possibility to convert this group into an amwiéh partial double bond character makes
2 a good ligand for conjugation to other moleculgisst attempts to increase the relaxivity
of systems based dh by increasingrz were to couple it to PAMAM-dendrimet$.The
unexpectedly small increase in relaxivity of thosenjugates was attributed to local
motions in the rather flexible dendrimer core tfetuce the effective rotational correlation
time.

In this paper, we describe the synthesis3ofalong with the evaluation of its

relaxometric properties.

Results and Discussion

Synthesis

Conjugate3 was obtained from starting materials describecbredf'*> As previously
observed during the synthesis of compotnthe crucial step is the amide bond formation

of tetraaminocalix[4]arend and the carboxy functionalised chelator.
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Scheme 5.1Preparation o88: (i) TBTU, MeCN, 3d, nt; (ii) TFA/DCM 50:50, oveight, rt; (iii) GdCk-6H:0,
NaOH, HO, pH 7,1 d, rt.

The reaction was performed using six equivalen& as its Hunig's base (DIPEA) salt and
O-(benzotriazol-1-yl)N,N,N',N'-tetramethyluronium tetrafluoroborate (TBTU) at moo
temperature. After three days the conversion wamptete as monitored by HPLC. The
reaction mixture contained onfyand low molecular weight compounds that were resdov
by ultrafiltration. The mixture was dissolved im@thanolic NHOAc buffer to break ion
pairs between the chelator and hydroxybenzotriagd@Bt) and subjected to continuous
ultrafiltration first with this buffer and then witpure methanol. A smooth deprotection of
the tert-butyl ester groups by TFA and subsequent complexabf the unpurified
intermediate dodecaacid with an excess of G8E,O gave3, which was purified by

ultrafiltration after complexation of the excessGd(l1l) with EDTA.
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Aggregation

Previously, we have shown that above the criticakeitte concentrationcfng of 0.21 mM,
calix[4]arenel forms micelles with a radius of 2.2 nm in aquesakition’ Dynamic light
scattering (DLS) on a 3.7 mM sample3ét 25 °C (see Figure 5.2) illustrates that al$® th
compound self-aggregates. The presence of two peake DLS spectra shows that there
are two different aggregates present with hydrodyoaadii of 8.2 and 85.0 nm. Increase
of temperature to 50 °C did not result in significehanges indicating that these aggregates
are very stable. It needs to be stressed thantkedity weighted DLS spectra depicted in
Figure 5.2 do not reflect the quantitative compositof the solution. Particles that are a
factor of 10 larger than others scatter light agpnately one million times more than the
smaller aggregate$. This means thaB is almost exclusively present as small, 8.2 nm
micelles with only traces of larger aggregates. fherow size distribution for the small
aggregates is an indication that they are spheniieglles. This shape was confirmed by
cryo-TEM (data not shown). There is no evidencéaojer aggregates in the cryo-TEM,
which is another indication that the concentratbthese larger aggregates is negligible.
The cmc of the micelles was determined with the use ofaxeinetric NMR
measurement¥. This method makes use of the increase in relaxioft Gd-complexes
upon aggregation due to increasafTherefore, the paramagnetic relaxation reig as
measured as a function of the concentration of Gg) (in 3. In the absence of self
aggregation, a plot d®; versuscgg should be a straight line. If there is self aggtem, R,

is a sum of two linear relations, starting at ¢hec
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Figure 5.2. DLS (3.7 mM, 25 °C) (left) and relaxometfid NMR measurements & (25 °C, 20 MHz) (right).
The line indicates the results form the fittingtoé experimental data with Equations 5.1 and 5.2.
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—=——-—=R, =4cmc [, +(cg, —4cmc) [&; 5.1

R, = Cgy [, 5.2

Above thecmg Equation 5.1 describé¥ as a function of the concentration of @&d, the
relaxivity of the monomerr("?®) and the aggregatesd) as well as themc Equation 5.2
describesk; as a function ofg4 below thecmce

2 was determined to be 17.1'mM™ using an independent

The value ofr,™
measurement of the relaxivity of a sample well aefbecmc(6.25uM). The data from the
relaxometric measurements as a functiorcgfat 25 °C (Figure 5.2), were fitted using
Equations 5.1 and 5.2 keeping?® fixed to 17.1 gmM™. The best-fit value for themcis
35+5 M and that forr,? 33.5+0.5 dmM™ at 25 °C and 20 MHz. It should be noted that
only onecmcwas observed, which once again indicates thalatiyer aggregates detected
in the DLS are present in negligible amounts.

At 37 °C, a strictly linear dependenceRyfon the concentration was found for values
of cgq between 0.025 mM and 3.70 mM. This indicates thatcmcis even smaller at
higher temperatures; which is typical for nonchdrgerfactants.

The lowercmcof 3 compared td as well as the presence of a very small fracticano
additional type of larger aggregates suggests strahger hydrophobic interactions exist
among the chelate® This can be attributed to the relatively largeltophobic part in this
compound due to the presence of the pyridinexide moieties. In addition, this may give

rise to a different shape of the monomer and thukifferent geometries of the aggregates.

Water exchange

The most suitable technique to asses the wateraegehkinetics is variable temperature
0 NMR. From chemical shiftsad, longitudinal ;) and transverseT§) relaxation times
of the water'’O resonance, the reduced parametés, (T, T,) can be calculated by
using the mole fraction of the Gd-bound watey)(and the corresponding parameters of a

reference sampled, Tia Ton).™
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Aw :Pi(w- @,) (5.3)
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The measurements were performed at 7.05 T andasivedy high concentration (91.7 mM
Gd corresponding to 22.9 mM). At this high concentration, the contribution of
monomeric3 can be neglected and the data are representativaidellar3.

The almost constant value found fdey and the fact thal,, has no maximum in the

studied temperature range means #atin the fast exchange regime for all temperatures
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Figure 5.3. Temperature dependence of reduced longitudifg) énd transversalTf,) relaxation times and
angular frequencyNwy) of a 22.9 mM aqueous solution ®fat 7.05 T (curves represent results from thenfitt

see Experimental).
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The best fit-values obtained from a fitting of teeperimental data with the appropriate
equations of the temperature dependence of thdseed parameters are compiled in Table
5.1 The curves in Figure 5.3 are calculated with thedaes. The parameters describing
the water exchange kinetics and its activation enthalpgH” are in the expected range for
conjugates witt2.** The slightly longermy, found for3 can be attributed to the fact that the
conversion of the carboxylic acid to an amide hagffect on the electron density in the
aromatic ring and therefore also on the oxygen atmordinated to the metal center.
Similar effects were observed for PAMAM conjugatesh 2.** The best-fit values for the
rotational dynamics are in the expected range dgregates of this type and the electronic
parameters, namely the mean square zero-fieldtisglienergy 4% and its rotational

correlation time %%, are almost identical to those found for the pasysteng.***2

Table 5.1.Parameters obtained from simultaneous fittindefuariable temperatutéd NMR data oB.

AH” [kImorY] 38.4+28
2% [ns] 72.7+9.9
=28 [ps] 754 + 20

Eg [kImolY] 9.64 +0.72
A 10°sY 0.46 +0.04
7% [ps] 2.70 £0.20
A/h [10° rads'] -3.32+0.13

Relaxivity

Nuclear magnetic relaxation dispersion (NMRD) iswalely used technique in MRI
research. The relaxivity; as a function of the magnetic fiel@)(or the proton Larmor
frequency ¢(*H)) is called NMRD profile. From these profiles, inm@mt parameters such
as mainly the electronic parameters as wellzasan be obtained by fitting them with the
appropriate equatiort§.

Owing to the very loncmc of 3, it was not possible to measure NMRD profiles of
monomeric3. An NMRD profile of micellar3 was acquired at 92GM concentration

(Figure 5.4). It shows a peak around 20 to 40 MHuchy is typical for large, slowly
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tumbling systems. The relaxivity 8f(31.2 $mM™ per Gd* and 125 3mM™ per molecule

at 25 °C and 20 MHz) is about twice of that of cmates with generation 4 PAMAM
dendrimers (16 §nmol* for G4-Gd2) and is even more superior to the generation 1
analogue (G1-G@).* This can only be caused by either a highetdue to aggregation or
higher internal rigidity.

To gain more insight into the reasons for the enbdnrelaxivity of micellar3
compared to its PAMAM analogues, the NMRD profilasaanalysed with the Solomon-
Bloembergen-Morgan theory, extended by the Lipaat® approach, for the inner sphere
contribution and the Freed equations for the oaptere contributiof*® In the Lipari-
Szabo approachzz of slowly tumbling molecules is described by twifetent and
independent tumbling times that contribute to tlerall motion: a fast localz) and a
slower global ) correlation timé. The extent to which they contribute tpis expressed
by an order paramet& with $=1 for a perfectly rigid systenvi(is negligible) ands’=0
for flexible compounds where internal motions fullgminate the rotational dynamics. To
limit the number of parameters involved in theirigt the parameters that describe the
water exchange kinetics were fixed to the valuasndoby 'O NMR (Table 5.1). A
simultaneous fit of thé’O and NMRD data was not possible which might beilasd to
different aggregation behaviours at the differendtnaentrations needed for the
measurements. A good fit for the NMRD profile wadained for the values listed in Table
5.2. For comparison, previously published datalfand for PAMAM conjugates ot are
included in Table 5.2.

Figure 5.4.NMRD profile of a 9251M solution of3 at 25 °C. The curve indicates the results fronfittieg.
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In comparison to micellat, not only 7y is much more favourable, but also the overall
rotational dynamics is improved. This is due to ldrger radius of the spherical micelles
formed by3 (8.2 nm compared to 2.2 nm fay. The rather small value faf indicates a
fast internal motion within the micelles and theref a loss in rigidity compared 1o The
order paramete® shows that the contribution of internal motionthe overall rotational
dynamics is significant and that the rotationsha& thelates around the connection point to
the calixarene are not hindered effectively. Thgda distance between the metal ion and
the platform leads to more flexibility due to ratets and/or vibrations. This can be
rationalized by the additional bonds between th&ahand the calixarene core that increase
the distance between the bulky chelates and therefdecrease the steric repulsions
between them. The electronic parameters follow tteed observed for Ga-and the
PAMAM conjugates. For G4-G#8; we assume a similar radius as found for other RAMM
dendrimers conjugated with DOTA based chelatorabafut 6 nm, whereas the generation
1 analogue measures around 2 firMicellar 3 measures 8.2 nm, which makes it the
largest particle studied up to now for conjugatés & Upon an increase of size, generally

A? descreases wheregdncrease$t

Table 5.2. Relaxometric parameters for selected Gd(lll) desla(underlined values were fixed during the

fittings).
16 Gd-2" G1-Gd2¢ G4-Gd 2 3

2% [ns] 1200 + 128" 34+0.1 55.5 55.5+2 727

% [ps] 1802 + 116 93+13 ,=570+30 7,=1040+100 7,= 2621 + 198
=190+13 =213+6 7= 163 + 5%

g - - 0.35+0.03 0.38£0.03 0.44 £ 0193

L1005 0.051+0.008 0.90+0.11  0.105+0.006  0.083 +0.002 0.042008¢

.% [ps] 619225 4.7£06 49 £2 56+1 95 4

r1 [s'mm) 18.3 5.7 11.0 15.6 31.2

Density of relax. 26.0% 8.7 13.5 17.7 39.2

[(g/)*s1®
T yalues adopted from Ref[7];
bl see Ref[11]; values obtained by a simultaneousf O and NMRD data;
[ see Ref[14]; values obtained by a simultaneousf fifO and NMRD data;
9 values obtained by a fit 6fO data;
©l values obtained by a fit of NMRD data of the mi@etompound at 25 °C;
T At 25 °C and 20 MHz;
19 At 37 °C and 20 MHz.
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The order paramete® for the micellar3 is in the same range as that found for the
PAMAM conjugates oR.* This means that the internal motions3imand the dendrimers
contribute to about the same extent to the oveosditional dynamics and that there is no
rigidification within 3. To confirm thatr is the main factor causing the two fold enhanced
relaxivity of the micellai3 with respect to that for the generation 4 dendrjraesimulation
was performed. All parameters f8rwere kept at the values mentioned in Table 5.2 wit
the exception ofry, which was changed to the value found for G425d-he simulated
relaxivity at 20 MHz and 25 °C is 18.2ramol™, which is very close to the value observed
for G4-Gd2 (15.6 s'mmol?) confirming that the increase of relaxivity for aallar 3 is
indeed due to its larger size.

For molecular imaging applications, the molar reldy, r; is not always the most
appropriate parameter to express the efficienagy GA. It is often more important to know
the payload of Gd that can be delivered per ma#safirCA. Therefore, thedensity of
relaxivity was introduced, which is defined as the relaxatete enhancement by a unity
mass of the CA? It is calculated by dividing the relaxivity perriale by its molecular
weight. Micellar3 has adensity of relaxivityof 39.2 (g/l)'s* at 20 MHz and 25 °C. This is
significantly higher than that of the benchmark aflestar (32.3 (g/lfs*) which has one of
the highestlensities of relaxivityeported so faf* The higherensity of relaxivityof 3 can

be attributed to both optimizeg; and rotational motions that even compensate tttettiat

the metallostar has two inner sphere water molscule

I nteraction with Bovine Serum Albumin

As shown in previous studies on lanthanide bindialixarenes, this class of compounds is
able to interact with albumir§>?* Therefore, binding studies with and bovine serum
albumin (BSA) were performed.The increase ofx upon binding oB to albumin leads to
an increase im;. A sample of3 with a concentration well below thanc (6.25 uM) was
titrated with BSA at 37 °C and 20 MHz. The peptacentration dgsp) was varied
between 0.1 and 2.0 mM (Figure 5.5). The relaxistyows a stepwise increase in
relaxivity upon an increase of the BSA concentrati& sample with a four times higher

concentration o8 showed a similar behaviour (data not shown). Ith loases, no plateau
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in the relaxivity was reached indicating that theding is rather weak, as was also
observed forl.” The stepwise increase of upon an increase of the protein concentration
might be rationalized by binding & to different binding sites in BSA, probably on the
surface of the protein.

Due to the weak binding, it was not possible t@datne accurate binding constant3ab
BSA. For practical applications, the observed ri@it (ri .9 Of the solution, which is
defined as the relaxivity o8 in the presence of the albumin after correction tfoe
diamagnetic contribution of the protein is of mugeater relevancg.For many albumin
targeted CAst, is rather high but due to relatively weak binding,sis in the range of 16
to 28 s'mM™ for solutions containing the physiological albunsoncentration (0.67
mM).” As shown in Figure 5.5, between 0.6 mM and 0.8 BSA concentration, the
relaxivity of a 6.25uM solution of 3 under these conditions has &fy,s of around 26
s'mM™, per gadolinium, which corresponds to a relaxivifyl04 $mM™ per mM3 and
per BSA binding site. The observed relaxivity coble further enhanced by shifting the
equilibrium to the BSA-bound form. This is demoastd by the fact that at higlasy a
relaxivity of 40.8 smM™ (per mM3 163.2 §mM™) was observed.

r,/s'mm*
n
L |

0.0 0.5 1.‘0 1.5 2.0
¢(BSA) I mM

Figure 5.5.Relaxometric BSA titration of a 6.28 solution of3 (37 °C, 20 MHz).
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Figure 5.6.NMRD profile of a 6.25uM solution of3 in the presence of 0.6 mM BSA at 37 °C.

To obtain more information about the relaxivity ®finderin vivo conditions, an NMRD
measurement 08 was performed in the presence of 0.6 mM albumiguife 5.6). The
rather narrow peak at around 20 MHz is a strondcattn for the formation of slowly
tumbling BSA adducts. Thereforg,has potential as an MRI contrast agent for apidioa

in angiography.

Conclusions

The compound presented in this study is a promisargdidate for MRI applications. Its
self-aggregation in water results in spherical fiese that appear already at low
concentration (<2pM at 37 °C). Thanks to an almost optimal valuenpf3 exhibits good
relaxivities both in monomeric and aggregated fasrwell as in the presence of BSA. The
high relaxivities of the supramolecular species due to their large sizes and not to an
intramolecular rigidification. With this compound, relaxivity of more than 163'mM™
per calixarene molecule could be achieved. Theigeokrelaxivity at 20 MHz and 25 °C
of this compound is extremely high (39.2 (d4}), which opens up possiblities to use

similar compounds in the molecular imaging of, deample, receptors on cell surfaces.
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Experimental

Compounds2 and 4 were readily available following literature procees™*® All other
chemicals were of commercial grade and were us#tbut further purification. The NMR

spectra were acquired on a Varian Inova-300 speetier.

Sample preparation

Compound3 was dissolved in water containing approximatel§29.of'’O-enriched water

andtert-butanol as internal standard. The gadolinium cotreion was determined by bulk
magnetic susceptibility (BMS) measurements usinglifed water containing a small
amount oftert-butanol as external internal stand&tdAll further measurements were

performed using this solution (91.7 mM Gd, 22.9 iBMas a stock solution.

Methods

0 NMR. These measurements were performed on a Variaa{800 spectrometer (40.7
MHz). T, relaxation times were measured by the standarérsion recovery pulse
sequenceT, relaxation times were determined by the Carr-Rukéeiboom-Gill spin echo
pulse sequence. No frequency lock was used anshtinples were not spun. The chemical
shifts (in ppm) were corrected for the BMS by usingeference of acidified water having
tert-butanol as internal standard. To ensure temperatquilibration, the samples were
kept in the probe for at least 10 minutes priothis measurements.

'H NMRD. The'H NMRD profiles were recorded on a Stelar SmarirddeC fast-field-
cycling relaxometer covering magnetic fields fror8%210" to 0.25 T, which corresponds
to a proton Larmor frequency range of 0.01-10 MmRke relaxivity at higher fields was
recorded using a Bruker WP80 with the Spinmastear8acer PC-NMR console at
variable field from 20 MHz to 80 MHz. The tempena&tuwvas controlled by a VTC90
temperature control unit and fixed by a gas flovheTtemperature was determined

according to previous calibration with a Pt resismtemperature probe. All samples were
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kept in the probe for at least 10 minutes to ebrale the temperature prior to the
measurment.

Fittings of NMR data. All fittings were performed using the Micromathi&atist program
with the least-square procedure and the commoredy esjuation sét:** For some of the
parameters describing the NMRD profiles, commondgepted values were used such as
for the distance between Gd(lll) and a proton afrdinated waterrgqy) 3.1 A and the
distance of the closest approach of an outer spivater proton to Gd(lll) 3.5 A. The
activation energy for the electronic rotational retation time E,) was fixed at 1 kmd
and the parameter determining the spin rotatiorritirtion (J,) at 0.021*° The diffusion
coefficient and its activation energy were fixedtie values of pure watéf.

DLS. Dynamic light scattering (DLS) was performed oAetasizer NanoZs, Malvern, UK
instrument. The samples measured prior to filtrattwough a 0.21m syringe filter showed

identical spectra than after filtration.

Synthesis

5,11,17,23-Tetrakis-{ert-butyl-DO3A-py " -acetamidyl)-25,26,27,28-tetrapropoxy-
calix[4]arene (6)

In an inert atmosphere, the DIPEA saltetf-butyl-DO3A-py**“-carboxylic acid- ) (292
mg, 367umol) and TBTU (162 mg, 36idmol) were stirred in anhydrous MeCN (8 ml) for
1 h. This was then added to a solution of 5,11 3-fefraamino-25,26,27,28-tetrapropoxy-
calix[4]arene 4) (40 mg, 61.3umol) in anhydrous MeCN (20 ml). After stirring the
mixture for 3 d at ambient temperature, the solweas removed and the product was
purified by ultrafiltration over a 1 kDa membranging continuous elution with a 0.05 M
NH4OAc solution in MeOH followed by pure methanol. éftevaporation of the solvent,
the product could be obtained as a fluffy slightBllow powder by lyophilisation from
benzene (176.3 mg, 54u4nol, 89%).

'H NMR (300 MHz, MeOD-g, 55 °C, TMS):3 = 1.06 (12 H, tJ = 7.4 Hz, ®&i3), 1.40,
1.46 (72 and 36 H, 2 &rt-Bu), 2.01 (8 H, sext) = 7.4 Hz, G1,-CHs), 2.81 — 3.02 (64 H,
m, N-CH,-CH,), 3.26 (4 H, dJ = 13.2 Hz, ArCl,Ar), 3.36, 3.43 (32 H, 2 br s, NHG;-
CO), 3.96 (8 H, tJ = 7.4 Hz, O®i,CH,), 4.60 (4 H, dJ = 13.2 Hz, ArCi,Ar), 7.18 (8 H,
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s, Ar-H), 7.80 (4 H, br m, Ar-H), 8.30 (4H, d= 6.9 Hz, Ar-H), 8.34 (4H, br s, Ar-H}>C
NMR (75 MHz, MeOD-d, 55 °C, TMS):5 = 9.63 (CHCHa;), 23.24 CH,CHs), 27.34
(OC(CHs3)3), 31.13 (ACHAr), 46.27, 50.39, 50.90, 53.75 QW¥,CH,N, NCH,COO), 77.09
(OCH,CH,), 81.37, 81.48 (O(CHs)3), 118.58, 121.05, 121.59, 132.24, 135.20, 143.79,
148.94, 154.00, 160.35 (Ar-C), 171.40, 171.8®1Bu), 178.99 CONH). ESI-MS: calc.:
m/z= 1660.08 (M+2K3", found: 1659.97.
5,11,17,23-Tetrakis-(DO3A-pY°“-acetamidyl)-25,26,27,28-tetrapropoxy-calix[4]arene
5,11,17,23-Tetrakistért-butyl-DO3A-py*>“-acetamidyl)-25,26,27,28-tetrapropoxy-
calix[4]arene 6) (99.0 mg, 30.5umol) was dissolved in a mixture of TFA/DCM 50:50 (6
ml). After stirring overnight, the solvents wereaporated and the product was lyophilized
from water to give the title compound (113.8 mg)tasTFA salt. The compound was not
purified since TFA as well as inorganic impuritiean easily be removed after the
complexation with G¥f by ultrafiltration.

'H NMR (300 MHz, RO, 90 °C):3 = 1.57 (12 H, tJ = 7.0 Hz, ®l3), 2.47 (8 H, sext] =
7.0 Hz, G1,-CHg), 3.81 — 4.99 (112 H, m, N¥G-CH,, ArCH,Ar, N-CH,-CO, OH,CH,),
7.68 (8 H, s, Ar-H), 8.37 (4 H, d,= 6.3 Hz, Ar-H), 8.62 (4H, s, Ar-H), 8.87 (4H, 3= 6.3
Hz, Ar-H). *C NMR (75 MHz, BO, 90 °C):6 = 10.9 (CHCHS,), 23.86 CH,CHs), 31.70
(ArCH,Ar), 50.91, 51.12, 53.52, 55.04, 55.700MN,CH,N, NCH,COO), 77.62 (CH,CH),
117.24 (quartd = 293 Hz, RCCOO), 122.12, 126.41, 128.62, 132.47, 135.06, 141.2
154.99 (Ar-C), 162.86 (quard,= 34.8 Hz, FCCOO), 171.70 CONH). ESI-MS: calc.m/z

= 857.93 (M+3HJ", found: 858.23.
5,11,17,23-Tetrakis-(DO3A-pY°“-acetamidyl)-25,26,27,28-tetrapropoxy-calix[4]arene
Gd-complex (3)

5,11,17,23-Tetrakis-(DO3A-PY S-acetamidyl)-25,26,27,28-tetrapropoxy-calix[4]arene
(88.8 mg of the crude compound) was dissolved itewg0 ml) and GdGI6H,0 (51.4
mg, 138umol) was added. The pH was slowly adjusted to Agiaiqueous NaOH and the
solution was stirred for 1 d. EDTA (40 mg, 138 0l) was added and the pH kept between
5.5 and 7.5. After stirring for further 3 h, the ¥5domplex was purified by ultrafiltration
(500 Da membrane, solvent: water) and obtained &ftehilisation as a yellow powder
(45.0 mg, ca. 60% yield). ESI-MS: calmiz= 1085.42 (M+3N&Y, found: 1085.25.
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Chapter 6

Introduction

Magnetic resonance imaging (MRI) is one of the mogtortant imaging techniques in
medical diagnostics. It makes use of the differeringproton densities and of longitudinal
and transversal relaxation times; (and T,, respectively) of water protons in different
tissues:® The resolution of this technique is high but imeeal, it is not very sensitive.
Therefore, contrast agents can be administerechdiease the differences i and T,
relaxation times of neighboring tissues, which &#ma better contrast. The quality Taf
weighted images can be enhanced by Gd(lll)-comgleXéney are applied since the
paramagnetic metal accelerates the relaxation tohegter protons in its proximity very
efficiently.’® Free Gd(lll) is toxic and therefore, complexestthse considered to be
appliedin vivo need to exhibit both high kinetic and thermodyrastability. In order to
achieve high stability of the complexes, mainlytljgenetriaminepentaacetic acid (DTPA)
and 1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetrapzlddodecane (DOTA) and their
derivatives are in useEspecially DTPA-bisamides are suspected of rabgasie metal ion
in vivoand of being a probable cause of Nephrogenic ByBibrosis (NSFY.

In general, high complex stability and small amsumf CA needed for the
examination are desirable. Two ways to decreasaut@unt of CA can be deduced from
Equation 6.1T,-Contrast agents act by shortening the observegitiatinal relaxation time
of water in the tissueT( .9, Which results in a bright spot in the MR imagénce the
diamagnetic relaxation timél{q;,) is an intrinsic property of the tissue under otagon,
the contrast needs to be generated by either émdgttge relaxivity (;) or the concentration
of the Gd complex[Gd]). The relaxivity is a property of the complex lfsend can be
modified by adjusting the rotational correlatiomé (7z), the average water residence
lifetime at the metal centersf) and the electronic parameters, (4. The local
concentration of contrast agent in the body cawedygrolled by introducing e.g. targeting

functions that deliver it specifically to the saéinterest.

1

=t enfed (6.1)

1,0bs 1,dia
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Probably the simplest way to increase the relaxidtthroughzz. The larger a particle is,
the slower it tumbles. This means thgt gets longer thus resulting in an enhanced
relaxivity compared to a smaller particle with demi electronic and water exchange
parameters. Covalent attachment of chelators wgelgrarticles is a synthetically rather
demanding approach. Self-assembly in water is @rraltive and more straightforward
method that leads to relatively large particleststg from small monomers just by
dissolution. Therefore, for example micelles om$pmes are interesting targets in MR
researcf® They have the additional advantage that due to #iee, they are able to
diffuse through the leaky vasculature into the turand accumulate there by enhanced
permeability and retention (EPR). The extent tochtthis occurs depends strongly on the
size of the aggregates and is optimal for partielth a radius of about 50 — 100 rim.
Liposomes can be prepared in defined sizes and #inesvidely used as for example drug
carriers or imaging agents! The attachment of targeting vectors to their sigfaan
enhance the tumor uptake even furtfeA widely used formulation of paramagnetic
liposomes consists of different kinds of lipids,oldsterol (to enhance their stability),
PEGylated lipids (to increase the average lifetimeblood) and DTPA-bistearylamide
(DTPA-BSA)® As mentioned before, DTPA-bisamides are considéoedave possible
toxic effects due to their comparably low stabilitgd therefore, there is a need to replace
compounds based on this moiety by stable chelatitinspreferably a higher relaxivity.

A factor limiting the relaxivity of paramagneticpbsomes is the slow diffusion of
water molecules across the lipid bilayé6d(Ill) that is entrapped inside the liposomes has
a significantly quenched relaxivity due to the lied amount of water molecules that can be
influenced by the metal ion. Thus, besides the lusptimizations of 7z and 7y, the
relaxivity of such liposomes can be enhanced bylaecating the water diffusion through
the bilayer. This can be achieved by, for examipldusion of unsaturated lipid chains into
the bilayer, which destructs the order within tagelr and thus, accelerates the diffusion of

water through it?
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Figure 6.1.Schematic representation of the surfactants disclis

Recently, we showed that the calix[4]arene based S@onoamidel has good relaxivity
and the tendency to aggregate in wateFhe finding thatl forms micelles in aqueous
solution with a critical micelle concentratioontg of 0.21 mM inspired us to test whether
the inclusion of the slightly modified paramagnetialix[4]arene2 into the liposomal
bilayer is possible. Calixarenes are able to trarispnetal ions and anions through
liposomal bilayers® Transport of the non-charged water molecules touhe
hydrophobic membrane appears to be easier tharothians. An increased diffusion of
water through the membrane will lead to an enhame&kivity of calixarene containing
paramagnetic liposomes. In this study, the inclugib2 into liposomal bilayers along with

its effect on the morphology of the aggregatesvgstigated.

Results and Discussion

Synthesis

Alkylation of 3 with octadecyl bromide using NaH as a base yieltted tetraalkylated
calixarene4 in the coneconformation (see Scheme 6.1). Tetranitro calixarga was
obtained as a slightly yellow resinous solid bysaduent ipso-nitration with fuming nitric
acid in a 1:1 mixture of glacial acetic acid andhiforomethane. The reduction of the four
nitro-groups was achieved with hydrazine as a rehién a boiling methanol/THF mixture
using a catalytic amount of Raney-nickel. Amide ging of calix[4]arene derivativéb

with tert-butyl-DOTA-monoacid using EDC and a stoichiometraamount of 1-

110
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hydroxybenzotriazole (HOBt) resulted in the corasfing conjugate. Purification was
achieved by ultrafiltration over a 1 kDa membra@empared to the synthesis hflonger

reaction times and a larger excesget-butyl-DOTA-monoacid had to be used for full
conversion. This might be caused by self-aggregaif® and the resulting steric crowding
around the aniline groups. Cleavage of the protedgrt-butyl esters was achieved by
stirring the ester in a 1:1-mixture of TFA/DCM amhient temperature overnight. The
complexation of the lanthanide was performed bytipowise addition of GdGI6H,O to

an aqueous solution of the free ligand adjustirgH to 4 — 4.5 after each addition of the
salt. The excess of the Gd salt and other inorgsalits formed during the complexation
were removed by ultrafiltration. The yield of theplotection/complexation was only 64%

since small amounts @fpassed the membrane used for the ultrafiltration.

\> ”

a4
R RR R

2 R=NO,; 5a
R=NH,; 5b

Scheme 6.1i) CigHs~Br, NaH, DMF, 24 h, rt, 48% ii) HNQ HOAc, DCM, 2.5 h, rt, 96%, iii) BH.-H,O, Raney-
Ni, THF/MeOH, 2 h, reflux, 86%, ivlert-butyl-DOTA-monoacid, EDC, HOBt, DIPEA, DMF, 9 d, 66%, V)
TFA/DCM 50:50, overnight, rt, vi) Gdg@BH,O, 64% over 2 steps.
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Self-Aggregation

As shown previously, calix[4]arerfieaggregates in aqueous solutid-herefore, dynamic
light scattering (DLS) was performed on an aquesnlstion containing 0.185 mmol &f
(Figure 6.2). Two different kinds of aggregateshwidii of 4.9 nm and 170 nm were found
in solution. The formation of larger aggregates wasobserved in the case bivhereas it
was detected on a different, non-charged calixaB@&A analogue (see Chapter 5 of this
thesis). Changes in the aggregation behaviour eaattibuted to the different size and
shape of the various calixarenes: larger monomeeasl Ito the formation of larger
aggregates. The DLS spectra (Figure 6.2) do nteatethe quantitative composition of the
solution. The intensity of such intensity-weightgukectra is proportional to the square of
the volume of the particles. This means that spheparticles that are ten times larger than
others scatter light by a factor of one million mofherefore, the aggregates with a radius
of 4.9 nm represent the main component in the isoluT his is also reflected in the cryo-
TEM image of an agueous solutiondfFigure 6.2). Whereas the small aggregates are wel
visible, there is no evidence of any larger one.

Upon self-aggregatiory is increasing and thus, the relaxivity of a santtontaining
micelles is increased compared to a solution befeacritical micelle concentratiorrfig
with only monomers presefiThis can be used to determine trac of self-aggregating
paramagnetic compounds of this typ@he cmc of 2 is so low, that it could not be
determined by relaxometric measurements since eéhaxivity of the solution did not
change upon dilution of the sampfésn general, it is difficult or even impossible to
determine such lovemc values also with other experimental techniquesh sag surface

tension measurement, fluorescence spectroscoppibrermal titration calorimetry (ITC).
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Figure 6.2.Dynamic light scattering (DLS) at 25 °C and cryBM image of a 18pM solution of2.

To get an insight into the parameters governing rédaxivity of 2, relaxometric NMR
measurements were performed. Nuclear magnetic atitex dispersion (NMRD) is a
powerful technique to characterize MRI contrastagie The field dependence of the
relaxivity (NMRD profile) gives important informatn on the extent to which the different
parameters such ag, &, 1z and 1y govern the overall relaxivity. To evaluate these
parameters, an NMRD profile of a 40/ solution of 2 was measured (see Figure 6.3).
Since thecmcof 2 is very low, the contribution of the monomer o tlelaxivity can be

neglected, and therefore, the NMRD profile measisehat of the aggregated system.
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Figure 6.3."H NMRD profiles of1 (diamonds, see Chapter 4) an®dbquares, 40QM) at 37 °C (lines indicate

the results from the fittings).
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The NMRD profile of the micella2 was fitted with a set of equations based on the
Solomon-Bloembergen-Morgan theory for the innerespltontribution and those of Freed
for the outer spher&.The diffusion coefficient was fixed to the valuepure water'? The
results are compiled in Table 6.1. For comparisba,previously reported values fbrare
included in this tablé>

The average water residence life time at 310r¢'0) of 2 is somewhat shorter than
that found forl, which possibly is due to a slightly higher stestiain around the Gd-bound
water molecules in the former micelles. The valeésthe parameters governing the
electronic relaxationz( and4?) are, within the accuracy, identical fbrand2. Simulations
of NMRD profiles with varyingr, and 7z values, while keeping the other parameters fixed
at the best-fit values df, demonstrate that tHagher relaxivity of2, as compared to that of
1, can be mainly attributed to the relatively higliue of 7 for 2.

Fitting of the NMRD profiles with the Lipari-Szatapproach gave similar resulfs.
This model separatez in a short local ) and a longer globalrf) rotational correlation
time. The extent to which those correlation timesitobute to the overall rotational
correlation time is expressed by the order fa&olif internal motions fully dominate the
rotational dynamicsS’ is zero, if internal motions are negligibl&, is one. The best-fit
value ofS* was always equal to 1, which is a strong indicatfmt the micelles formed &
are highly rigid. This is in line with the resutibtained for the micellat.*

Table 6.1.Parameters obtained from fitting of tHé NMRD profile of the micella2 (400 uM) at 37 °C along

with the parameters found for the micetlal®

1 2
7,1 [ns] 720+ 72 490 + 46
2% [ns] 1.21+0.11 2.47 +0.60
5,2%[ps] 60.9+2.3 59.0 +3.5
A 108 s7 5.10 £ 0.60 5.37 +0.20

[a] see Ref. 15.
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According to the Debye-Stokes-Einstein equatigypf a spherical particle is proportional
to ro° (ro is the effective radius of a particle). If the miles in both cases could be
considered spherical, an 11-fold increaseaofvould be expected going fromto 2 from
the DLS data, which is not in agreement with theults of the fittings (see above). This
discrepancy suggests that either the particlesnatespherical or that the Lipari-Szabo
approach is not adequate in the present case.récemt study on PAMAM dendrimers
loaded with chelates on their surface, a significviation of the values af, from those
expected based on the size of the particles wasdf§uThis was attributed to the fact that
the Lipari-Szabo model that was used to obtgiis not sufficient to discribe the motions
within a large particle. These motions cannot simpé separated into overall global
motions of the whole molecule and fast motionshef¢helate around the connecting bonds
to the dendrimer core. For example, motions of cammpents relative to each other are not
considered in the Lipari-Szabo model. The miceltesned by2 are even larger than the
generation four PAMAM conjugates described in tdger, so the motions may be even

more complex.

Liposome formulations

Liposomes are normally prepared starting from atunéxof lipids and cholesterol, which is
dissolved in either pure chloroform or a chlorofémmathanol mixture. Then the solvents
are evaporated to create a thin film of the lipidpon resuspension in an aqueous buffer
and treatment with ultrasound, this film is broketo multilamellar aggregates. Only after
extrusion of these aggregates through filters \aippropriate sizes, spherical and rather
monodisperse liposomes are obtaiffe@his procedure opens the possibility to include
lipophilic compounds into the bilayer at severalgsts of the preparation: a) the formation
of the lipid film, b) the extrusion and c) afteetformation of liposomes. The influence of
the formulation method on the loading of the lipmes with2 as well as the effect of the
loading method on the morphology of the aggregiates/estigated here.

Probably the simplest method for inclusion of paagnetic compounds into the
liposomal bilayer is to mix all components befohe tipid film is made. This has been

done, for example, in the formulation of paramaignigiosomes containing DTPA-BSK.
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In this way, a relatively homogeneous mix withire tfilm is achieved. Three different
kinds of liposomes with varying amounts2present during the formulation (1.5 mol%, 5
mol% and 10 mol%) were prepared. It should be nttatithe amount of gadolinium in the
bilayer is four times higher than that ®fsince2 contains four Gd-atoms. Therefore, Gd-
loadings close to liposomes bearing DTPA-BSA (c@.m20l%) can be achieved with
relatively small amounts d2.®®* DLS measurements revealed that in all cases, agg®g
with a rather narrow size distribution having aygidpersity index (PDI) < 0.1 were
obtained after extrusions through polycarbonatersil with diameters of first 200 nm and
then 100 nm. The formulation with 10 mol% resulted in a suspension containing
liposomes and additional aggregates with an averadieis of 4.9 nm as shown by DLS
(data not shown). This is most probably due toinciuded micella2. For this reason, no

further characterization of this system was perfam

Figure 6.4.Liposomes with 0 mol% d? (A), 5 mol%?2 present during the lipid film preparation (B) 8rt|% 2
present during the extrusions (C) and 8.8 mal&tided after the liposome formation (D).
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In the cryo-TEM images of samples containing lipuss with2 present during the lipid
film preparation, spherical liposomes accompanigddisk-like micelles (bicelles) are
visible (Figure 6.4 B). The fraction of the bicallds increasing with increasing
concentration of. This surfactant is incorporated into the bilalgading to a destruction
of the vesicles due to bicelle formation. The fotioxa of bicelles in DSPC-based
liposomes was already described befdra possible explanation is th&t itself forms
small spherical aggregates and therefore, is abirdiice a high curvature in aggregates.
This is needed on the edges of the bicelles singiager cannot expose its hydrophobic
interior to the surrounding water. To cap this eadsurfactant is required that can form
such a high curvature.

To the best of our knowledge, there is just ondipation dealing with the formation
of paramagnetic bicell€8.The relaxivity of these bicelles is significantljgher than the
relaxivity of liposomes. This can be attributedhe fact that bicelles do not entrap water in
their interior and that all hydrophilic chelatorseaoriented towards the bulk water
surrounding the bicelles. Therefore, there is nenghing effect of the relaxivity due to
slow diffusion of water through the bilayer betwederide and outside as in the case of
liposomes. The fate of paramagnetic biceltegivo remains to be exploited.

The surfactan? was also added in later stages of the prepardiiaring the extrusion
process, the multilamellar aggregates are mechinimaken and reformed to finally yield
spherical vesicles with a size that is determingdhe filter used for the extrusion. This
breaking and reformation is a dynamic process hacefore, it allows the incorporation of
surfactants into the bilayer. This was exploredabdition of 8.8 mol%® to a resuspended
lipid film with the composition DSPC/DSPE-PEG20004€/cholesterol 56.8:37.2:6 (for
cryo-TEM of the blank see Figure 6.4 A). The exwmaswas performed well above the
expected phase transition temperaturg) @t 65°C and the suspension was stored for 2
days at 65°C to ensure equilibration. As depicted in Figuré, @he shape of the vesicles
obtained in this way is spherical and only a nelgllgamount of bicelles is formed. Some
micelles are visible in the cryo-TEM images. Théspirobably due to the presence2pf
which is not incorporated in the liposomes.

The incorporation of into already existing liposomes turned out to Kécdlt. The

surfactant2 was dissolved in EtOHA® 2:1 and added to a liposome suspension. A
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significant amount of micella? is present in suspension as illustrated by cryddT{Eigure
6.4 D). This means that a majoritydfvas not included using this method.

Since the first attempts to includ2 into liposomal bilayers by addition of the
calixarene before the extrusion were most succkss$fis process was optimized. To
accelerate the inclusion, the extrusion was perfariat 85 °C. The calixarene was directly
dissolved in a suspension containing DSPC/DSPE-RPEG®DMe/cholesterol 56.8:37.2:6
in order to give the inclusion some more drivingctn Whereag is already aggregated
into micelles in aqueous solution, it is amorphouthe lyophilized powder obtained from
the complex synthesis. Therefore, when the solltkar@ne is treated with a suspension
containing the resuspended lipid film, hydrophobiiteractions do not need to be first
broken and then reformed during the incorporation.

-0.6

-0.94

Intensity
Heat / pcalK™

T ]
1 10 100 1000 20 30 40 50 60 70 80
radius / nm

0.01 —
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Figure 6.5. Characterisation of the liposome formulation wa8 mol%2 present during the extrusion: DLS
spectra at 25 °C (top leftRpSC heating trace of a blank liposome formulatisalid line) and of the liposomes
(dashed line, top right), cryo-TEM (down left) aBBC (down right).
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The DLS of the system obtained (see Figure 6.5)vsheesicles with an average radius of
39.0 nm and a narrow size distribution (PDI < 0.Tp check whether2 is really
incorporated into the lipid bilayer, DSC measuretsamere performed to determine the
phase transition temperatur&,J of the vesicles (Figure 6.5). The blank vesicléthout
calixarene have &,, of 51.6°C, whereas there is a shift of about@ in the case of the
paramagnetic liposomes,( = 48.4°C) containing 8.8 mol% d?. Since the micella? has
no phase transition in the observed temperaturgerahe shift off,, is direct evidence for
incorporation oR into the bilayer. The cryo-TEM is almost identitalthat of a suspension
prepared in the absence of any calixarene. Thetfattno micellar2 can be observed
means that the inclusion g&finto the liposomes is close to quantitative aal$s illustrated
by SEC (retention time of the micellar34.1 min).

NMR characterization of the calixarene based liposomes

Further characterization of the paramagnetic lipos® was performed by relaxometric
NMR measurements. Especially the temperature depeedof NMRD profiles gives
important information on the effect of the wateffulion through the lipid bilayer on the
relaxivity. Strijkers et al. have shown that abdkie phase transition temperature of the
lipid bilayer, DSPC based paramagnetic liposomek ®TPA-BSA included in the bilayer
have about the same relaxivity as DOPC based aadlag do not have a phase transition
in the observed temperature range from 25 to°60* They ascribe this to the fast
diffusion of water through lipid membranes above fhase transition. Upon decrease of
temperature, the DOPC based liposomes have a drddagease in relaxivity due to an
increase ofry. By contrast, the relaxivity of suspensions of @3fased liposomes show a
steep decrease in relaxivity &, This is caused by an efficient slowing down oé th
diffusion of water molecules through the bilayeadng to quenching of the relaxivity
contribution originating from the Gd atoms insitle tesicles. The local maxima around 20
MHz in the NMRD profiles of the presently studiegstem, liposomes containir)(see
Figure 6.6), are significantly higher than thosettad previously studied systerfabout a
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Figure 6.6. NMRD profiles of liposomes containing 8.8 moP/at 25°C (triangles), 37C (squares) and 5%

(circles).

factor 3 at 37 °Cf*® This can be rationalized by either a relativelst faiffusion of water
through the bilayer of the liposomes already belaywor by a location of most of the Gd
ions on the outer surface of the liposomes. Siheeeixtrusion was performed at 85,
which is well above the phase transition, we thimkt even if the calixarene is originally
oriented outside the bilayer, there should be@fftip mechanism leading to about equal
amounts oR on the inner and outer surfaces of the bilayghefresulting liposomes.

We conclude that because of the presenc@,dhe permeability for water of the
liposomal bilayers is relatively large. Two possild@xplanations can be envisaged for the
effect of 2on the permeability:(i) it forms channels through the bilayer thaballwater
molecules to cross it or (ii) the calixarene molesuisturb the packing of the lipids in the
bilayer™ 1t should be noted that the channels formed by dhkxarenes are highly
hydrophobic, which may not be favorable for fastevdransport. Anyway, both possible
mechanisms would result in relatively fast watéfudion through the liposome membranes
and, therefore, enhanced relaxivities already belosvphase transition temperature. As
illustrated by Figure 6.6, there is only a minomperature effect on the relaxivity at low
Larmor frequencies (< 3 MHz), which is surprising view of the strong temperature

dependence of the relaxivity at higher frequenciégs indicates that at lower frequencies,
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the increase in relaxivity with temperature duethe increased permeability ang is
counteracted by a decrease due to another effexst kely, increased local motions result
in a decrease of the rotational correlation timg, with temperature, resulting in a
decreasing contribution to the over all relaxivifjttings of the NMRD profiles were not
attempted, because so far, there is no adequatel furdthe relaxivity of liposomes with

paramagnetic chelates incorporated in the membrane.

Conclusions

The synthesis of the amphiphilic calixareBeis presented here. This compound has
promising properties as an MRI CA. In water, itnfar micelles with a radius of 4.9 nm
above a very lovemc Those aggregates have enhanced relaxivity (2" at 20 MHz
and 37°C) compared to the aggregated model calixafefi&.8 $mM™ at 20 MHz and 37
°C) due to their larger size. Incorporation into thilayer of liposomes was investigated
using three different methods of inclusion. Mixi@gwith the corresponding lipids and
cholesterol prior to the lipid film formation leads a significant formation of bicelles.
Preparation by addition &to pre-formed liposomes is not efficient, but aiddi of 2 prior

to extrusion at 85 °C leads to almost quantitain@rporation of the surfactant into the
walls of the vesicles. Calixarerie accelerates the diffusion of water through thédlip
bilayer below its phase transition temperature.sTheisults in relatively high relaxivities
(21.2 'mM™ at 20 MHz and 37C) for these paramagnetic liposomes. The high netsx
per Gd and the high content of metal ions insidelithid bilayer means that the relaxivity
per liposome is high. Therefore, this system hasmnii@l in molecular imaging and it may
be of interest in the design of multimodality prepsince the cavity inside the liposomes is

available for a second modality.

121



Chapter 6

Experimental

Materials. All reagents and anhydrous solvents used durlmg gynthesis were of
commercial quality. 5,11,17,23-Tetree(t-butyl)-25,27-dihydroxy-26,28-dipropoxy-calix
[4]arene and tris-1,4,#rt-butoxycarbonylmethyl-10-carboxymethyl-1,4,7,10deizacy
clododecane were synthesised as described inténatlire®**° For the formulation of the
liposomes, cholesterol (Avanti polar Inc., Alabastl, USA), DSPC (1,2-distearoyr
glycero-3-phosphocholine) and DSPE-PEG2000-OMe -distaroylsnglycero-3-
phosphoethanolamind-[methoxy(polyethyleneglycol)-2000])  (Lipoid AG, @,

Switzerland) were used without further purification

Methods

DLS. Dynamic light scattering (DLS) was performed oAedasizer NanoZs, Malvern, UK
instrument.

Cryo-TEM. A few microliters solution were placed on a qugmiti 3.5/1 holey
carbon/coated grid (Quantifoil micro tools GmbH,nde Germany). The grids were
automatically blotted and vitrified using the vibat (FEI, Eindhoven, The Netherlands).
Frozen hydrated specimen were observed with a Gatgmstage (Model 626, Gatan,
Pleasanton, CA) in a Philips CM10 cryo/electron nmécope (Philips, Eindhoven, The
Netherlands) operating at 100 keV. Images wererdecbunder low-dose conditions with a
slow scan CCD camera (Gatan, Pleasanton, CA).

NMR. The'H NMRD profiles were recorded on a Stelar Smarir&eeC fast-field-cycling
relaxometer covering magnetic fields from 2.35'16 0.25 T, which corresponds to a
proton Larmor frequency range of 0.01-10 MHz. Thewperature was controlled by a
VTC90 temperature control unit and fixed by a das/f The temperature was determined
according to previous calibration with a Pt resis@atemperature probe. The longitudinal
relaxation times at 20 and 60 MHz were recorde®arker Minispec relaxometers (mq20
and m@g60). All samples were kept in the probe foleast 10 minutes to equilibrate the

temperature prior to the measurment.
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Determination of the Gd concentration The pH of the solution used for the NMRD
measurements was adjusted to 1 and the sampledhieatd h. The concentration was
determined by measuring the relaxation rate of gbhistion at 10 MHz and 25 °C. From
this and the previously determined relaxivity of #8d aquoion under the same conditions
(17.75 §mM™), the concentration was calculated.

Fittings. For the fittings, the established equations wesed '8 The least-squares fit of
the'H NMRD data were performed by the MicroMath progr@aientist.

SEC. Size exclusion chromatography was performed on adek¥aJltrahydrogel 1000
column at a flow of 0.6 ml/min and Z%. Elution was achieved in the standard HEPES

buffer. The fractions were detected at 254 nm.

Preparation of liposomes

a) Addition of 2 before the lipidic film preparation. DSPC, DSPE-PEG2000-OMe,
cholesterol an@ were dissolved in a mixture of chloroform (2 mL)damethanol (2 mL).
Two formulations were prepared with a total amoeintompounds of 5@umol and with
the following ratios;: DSPC/DSPE-PEG2000-OMe/chaestl 2.42/0.2/1.32/0.06
(containing 1.5 mol%?) and a second formulation: 2.28/0.2/1.32/0.2 (@miig 5 mol%
2).

The solutions were vacuum-dried to get a thin lipfdm. The film was then hydrated
and broken with a HEPES/NaCIl buffer (10 mM, 135 mdCI, pH=7.4), resulting in a
suspension of multi-lamellar layers of lipids. Thmixture was extruded through
polycarbonate membrane filters with a porosity 60 2m (10 times) and 100 nm (10
times), using a Lipofast extruder (Avestin, Canaddje temperature during the extrusion
was set at 55°C. The extruded solutions were obrarifuged for 1.5 h at 4°C on an
ultracentrifuge (Beckman L7, rotor 50Ti, 40Krpm,6880 g). The pellet was separated
from the supernatants and washed with 0.5 mL oéshfbuffer solution.

b) Addition of 2 during the extrusion. DSPC (52.1 mg, 66.a@mol), DSPE-PEG2000-
OMe (19.27, 7umol), and cholesterol (16.68 mg, 43.1Bnol) were dissolved in
chloroform (3 ml). After evaporation of the solvetite film was resuspended in HEPES
buffer (3 ml). After addition oR (12.04 mg, 3.72umol) dissolved in 10Qu of buffer to 1
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ml of this suspension, the mixture was extrude@5C first through a 200 nm filter (11
times) and then through a 100 nm filter (11 timeRjior to the characterization, the
suspension was stored at€5for 2 days.

¢) Incorporation of 2 into existing liposomesA solution of2 (12.23 mg, 3.78mol) in a
2:1 mixture of EtOH/HEPES buffer 2:1 (38) was added to 0.8 ml of the suspension
described in b) at 68C and immediately vortexed. Prior to the charaztgion, the
suspension was stored at€5for 2 days.

d) Optimization of the addition of 2 during the extrusion. DSPC (104 mg, 13amol),
DSPE-PEG2000-OMe (38.54, 14mol), and cholesterol (33.36 mg, 86u8nol) were
dissolved in chloroform (6 ml). After evaporatiofitbe solvent, the film was resuspended
in HEPES buffer (6 ml). Calixarer#(36.3 mg, 11.2uimol) was dissolved in 3 ml of this
suspension, the mixture was extruded af@3irst through a 200 nm filter (13 times) and

then through a 100 nm filter (13 times).

Synthesis

5,11,17,23-Tetrafert-butyl)-25,27-dioctadecoxy-26,28-dipropoxy-calix[4rene (4)

A suspension of 5,11,17,23-tetterf-butyl)-25,27-dihydroxy-26,28-dipropoxy-calix[4]-
arene (1.00 g, 1.36 mmol) and NaH (0.82 g, 20.5 m6@% in mineral oil) in DMF (20
ml) was stirred for 30 min at rt and 1-bromo-octatee (1.00 g, 2.99 mmol) was added.
After 24 h, 2 M HCI was carefully added until norther precipitation occurred. The
product was extracted with CHCAnd the aqueous phase washed with GHGle organic
phases were combined, dried overL3@, and then the solvent was removed. The residue
was treated with MeOH and the crude product wasré&t off. The pure product (0.80 g,
0.65 mmol, 48%) was obtained by column chromatduydpilica gel, hexane)

'H NMR (400 MHz, CDC}, 25 °C, TMS): = 0.88 (6 H, tJ = 7.1 Hz, ®5), 0.99 (6 H, t,]

= 7.6 Hz, ¢13), 1.08 (36 H, s, tert-Bu), 1.26 — 1.38 (60 H, ni,CH,CH,, CH,CH,CHj),
1.98 — 2.08 (8 H, m, OC§€H,), 3.10 (4 H, dJ = 12.5 Hz, Ar®,Ar), 3.81 (4 H,tJ=7.6
Hz, OCH,CH,), 3.84 (4 H, tJ = 7.6 Hz, O®i,CH,), 4.41 (4 H, dJ = 12.5 Hz, Ar®,Ar),
6.77 (8 H, s, Ar-H)*C NMR (400 MHz, CDGJ, 25 °C):5 = 10.36, 14.13 (OCKH,CHs),
22.70, 23.34, 26.26, 29.37, 29.67, 29.72, 29.76912930.27, 31.07 (C4LH,CH,,
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CH,CH,CHjy), 31.46 (ArCH»-Ar), 31.94, 33.79 (CLCH,CH,), 75.38, 77.97 (OH,CH,),
124.84, 133.84, 144.09, 153.72, 1543.76 (Ar-C).(KBr) v (cmi’): 2960 (s), 2921 (s),
2851 (s) (C-H), 1482 (m) (Ar-C-H), 1387 (s), 1362,1301 (m), 1248 (m), 12020 (s), 1125
(m), 1070 (m), 1045 (m), 1014 (m), 969 (m), 870 ,(M21 (m). Elem. analysis: calc.:
C,83.43%; H, 11.40%. Found: C, 83.41%; H, 11.36% [Waldi, DHB): calc..m/z =
1237.1 (GgH14¢004, M+H)*, found: 1237.1. mp: 62 — 63 °C.
5,11,17,23-Tetranitro-25,27-dioctadecoxy-26,28-dippoxy-calix[4]arene (5a)

To a solution of 5,11,17,23-tetrgeft-butyl)-25,27-dioctadecoxy-26,28-dipropoxy-calix{4]
arene 4) (2.01 g, 1.62 mmol) in DCM (17.5 ml) and glacadetic acid (17.5 ml) was
added fuming nitric acid (5.8 ml) at 0 °C. The etosolution was stirred for 2.5 h at room
temperature until it turned orange. Water was adttexiphases separated and the agueous
layer was extracted twice with DCM. The combinedamic phases were washed with
water and dried over N8O, After evaporation of the solvent, the remainint was
treated with MeOH in an ultrasonic bath and the Mefias decanted. This procedure was
repeated once and the remaining oil was dried auedor 3 h to yieldba (1.86 g, 1.56
mmol, 96% mmol).

An analytically pure sample could be obtained blem chromatography (silica gel,
DCM/MeOH 50:1).

'H NMR (400 MHz, CDC}, 25 °C, TMS): = 0.88 (6 H, tJ = 6.4 Hz, G13), 1.04 (6
H,t,J=7.4 Hz, G&i3), 1.25 - 1.37 (60 H, m, G&H,CH,, CH,CH,CH), 1.87 — 1.93 (8 H,
m, OCHCH,), 3.41 (4 H, dJ = 14.0 Hz, Ar®,Ar), 3.94 (4 H, tJ = 7.6 Hz, OGi,CH,),
4.00 (4 H,tJ=7.6 Hz, O®i,CH,), 4.52 (4 H, dJ = 14.0 Hz, Ar®,Ar), 7.54 (4 H, s, Ar-
H), 7.60 (4 H, s, Ar-H)*C NMR (400 MHz, CDGJ, 25 °C):6 = 10.12, 14.09GH3),
22.67, 23.27, 25.94, 29.34, 29.63, 29.69, 30.11,CEHCH,, CH,CH,CH;), 31.11 (Ar-
CHy-Ar), 31.90 (CHCH,CH,), 76.22, 77.70 (OH,CH,), 123.92, 124.02, 135.30, 135.47,
142.83, 161.58, 161.73 (Ar-C). IR (KBv)(cmi): 2924 (s), 2852 (s) (C-H), 1586 (m) (Ar-
C-H), 1526 (s) (N=0), 1458 (m) (Ar-C-H), 1347 (4801 (m), 1262 (m), 1210 (m), 1094
(m), 993 (m), 959 (m), 901 (m), 806 (w), 770 (w¥57(m). Elem. analysis: calc.:
C,70.44%; H, 8.78%, N, 4.69%. Found: C, 70.20%;8t83%; N, 4.68%. MS (Maldi,
DHB): calc.:m/z= 1193.8 (GoH10N4O12, M+H)", found: 1193.9.
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5,11,17,23-Tetraamino-25,27-dioctadecoxy-26,28-digpoxy-calix[4]arene (5b)

To a solution of 5,11,17,23-tetranitro-25,27-dialdeoxy-26,28-dipropoxy-calix[4]arene
(5a) (1.18 g, 0.99 mmol) and,N4-H,O (5.6 ml) in THF (40 ml) and MeOH (20 ml), Raney
nickel was added and the suspension stirred aixrddir two hours. The hot mixture was
filtered over celite and allowed to cool to rt. DCAhd 1 M NaOH were added and the
phases separated. The organic phase was driedNay80;. After evaporation of the
solvent the solid was dried in vacuo for 3 h tdd/keb (0.92 g, 0.85 mmol, 86% mmol).

'H NMR (400 MHz, CDC}, 25 °C, TMS): = 0.88 (6 H, tJ = 6.1 Hz, &l5), 0.95 (6 H, t,]

= 7.4 Hz, G43), 1.26 — 1.33 (60 H, m, GEH,CH,, CH,CH,CHz), 1.83 — 1.89 (8 H, m,
OCH,CH,), 2.91 (4 H, dJ = 13.2 Hz, ArG1,Ar), 3.17 (8 H, br s, Nd), 3.70 — 3.77 (8 H,
m, OCH,CH,), 4.31 (4 H, d, J = 13.2 Hz, AKGAr), 6.04 (4 H, s, Ar-H), 6.06 (4 H, s, Ar-
H). **C NMR (400 MHz, CDGJ, 25 °C, TMS)® = 10.42, 14.13GH5), 22.70, 23.17, 26.30,
29.38, 29.68, 29.74, 29.86, 29.88, 30.15 {CH,CH,, CH,CH,CHs), 31.17 (ArCH,-Ar),
31.94 (CHCH,CH,), 75.08, 77.24 (OH,CH,), 115.78, 135.65, 135.71, 140.24, 150.10,
150.13 (Ar-C). Elem. analysis: calc. 48112N40:5 + 0.5 THF): C,77.93%; H, 10.54%, N,
5.05%. Found: C, 77.78%; H, 10.65%; N, 4.79%. ES:Mcalc.: m/z = 1073.9
(CrgH11N4015, M+H)", found: 1073.9.
5,11,17,23-Tetrakis(tris-4,7,1Qert-butoxycarbonylmethyl-1,4,7,10-tetrazacyclododec-
1-yl-acetamidyl)-25,27-dioctadecoxy-26,28-dipropoxgalix[4]arene

Under inert atmosphere, a suspension of tris-Zgt7butoxycarbonylmethyl-10-
carboxymethyl-1,4,7,10-tetrazacyclododecane (1.52.g1 mmol), DIPEAys. (1.3 mL),
HOBt (370 mg, 2.71 mmol) and EDC (520 mg, 2.71 mnmIDMF,,s (20 ml) was stirred
for 0.5 h at ambient temperature. A solution ofl51¥,23-tetraamino-25,27-dioctadecoxy-
26,28-dipropoxy-calix[4]arenesb) (350 mg, 326umol) in THF,,s (3ml) was added. After
2 d stirring at rt, another portion of tris-1,4éfttbutoxycarbonylmethyl-10-carboxy-
methyl-1,4,7,10-tetrazacyclododecane (388 mg, ©M®l) was activated with HOBt (93
mg, 6.88 mmol), EDC (130 mg, 0.68 mmol) and DIREA0.33 ml) in DMFs and added
to the mixture. After 3 d, EDC (0.50 g, 2.61 mmahd DIPEAs were added and the
reaction was continued for another 4 d. Thereatfter solvent was removed in high vacuo,
and the residue purified by ultrafiltration usingrembrane with a cut-off of 1 kDa. The
solvent was changed from a 0.05 M M€OO buffer in MeOH to pure MeOH. After

evaporation of the solvent, the residue was frelims from benzene to yield a slightly
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brown powder of the conjugate (710 mg, 2iBol, 66%). No**C-NMR data could be
obtained because the compound decomposes durihgrif@eneasurements.

'H NMR (400 MHz, dmso-¢ 100 °C, TMS)5 = 0.88 (6 H, tJ = 6.4 Hz, ®&3), 0.98 (6 H,
t,J=7.2 Hz, ®3), 1.28 (60 H, m, CLCH,CH,, CH,CH,CH), 1.42, 1.47 (108 H, 2 s, tert-
Bu), 1.81 - 1.87 (8 H, m, OGBH,), 2.26 — 2.97 (64 H, m, N4&»-CH,), 3.04 (4 H, dJ =
13.2 Hz, ArGH,Ar), 3.16, 3.18 (32 H, 2 s, NH-CO), 3.80 (4 H, tJ = 7.2 Hz, OG1,CH,),
3.88 (4 H,t, J=6.8 Hz, G&CH,), 4.38 (4 H, dJ = 13.2 Hz, ArG1,Ar), 6.67 (4 H, br. s,
Ar-H), 6.67 (4 H, br. s, Ar-H), 10.02 (4 H, br. §H). ESI-MS: calc..m/z = 1098.11
(CigH31N2003+3H)*, found 1098.45.
5,11,17,23-Tetrakis(tris-4,7,10-carboxymethyl-1,4,70-tetrazacyclododec-1-yl-
acetamidyl)-25,27-dioctadecoxy-26,28-dipropoxy-caf4]arene
5,11,17,23-Tetrakis(tris-4,7,1@+t-butoxycarbonylmethyl-1,4,7,10-tetrazacyclododeg-1-
acetamidyl)-25,27-dioctadecoxy-26,28-dipropoxyxjdljarene (500 mg, 15mmol) was
dissolved in DCM/TFA 50:50 (20 ml) and stirred owight. After the liquids were
removed, the crude product was lyophilized fromewndb yield the title compound as its
TFA salt (556 mg). The compound was not purifiedttfer since the TFA as well as
inorganic impurities can easily be removed aftanplexation by ultrafiltration. The NMR
spectra were recorded in the presence of pyridireeder to obtain better spectra.

'H NMR (400 MHz, dmso-¢ 100 °C, TMS)5 = 0.90 (6 H, tJ = 7.5 Hz, ®&3), 0.99 (6 H,
t,J=7.5Hz, ®&3), 1.26 - 1.48 (60 H, m, CGl&H,CH,, CH,CH,CHj3), 1.89 (8 H, sext] =
7.2 Hz, OCHCH,), 2.93 — 3.16 (64 H, m, N#&-CH,, 4 H, ArCH,Ar), 3.59- 3.67 (32 H,
br s, N-GH,-CO), 3.81 (4 H, tJ = 7.2 Hz, O®i,CH,), 3.92 (4 H, tJ = 7.2 Hz, OGi,CH,),
4.40 (4 H, dJ =12.6 Hz, Ar®1,Ar), 6.97 (4 H, br. s, Ar-H), 7.12 (4 H, br. s, M), 9.66
(2 H, br. s, NH), 9.77 (2 H, br. s, NH). ESI-MSicam/z= 873.53 (GsH21N20052+3H)*,
found 873.88.
5,11,17,23-Tetrakis(tris-4,7,10-carboxymethyl-1,4,70-tetrazacyclododec-1-yl-
acetamidyl)-25,27-dioctadecoxy-26,28-dipropoxy-cafd]arene Gd-complex (2)
5,11,17,23-Tetrakis(tris-4,7,10-carboxymethyl-1,407tetrazacyclododec-1-yl-
acetamidyl)-25,27-dioctadecoxy-26,28-dipropoxyxdfjarene (500 mg) as obtained
above was dissolved in water and Gg&H,0O (326 mg, 86Qumol) was added in small
portions. After each addition, the pH was adjusted to 4.5 using aqueous NaOH during

which a solid precipitated. As soon as this solidsvdissolved again, a new portion of
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GdCk-6H,0 was added and the procedure repeated. After edenpbdition, the solution
was stirred overnight. The Gd(lll)-complex was fied by ultrafiltration (1 kDa
membrane, solvent: water) and obtained after lylgaltion as a white powder (296 mg,
64% vyield).

ESI-MS: calc.m/z= 1641.10 (GsH20:GdsN,c05+2Nay*, found 1640.80.
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Summary

Since their emergence in synthetic and supramaealkiemistry, calixarenes have found
broad application in for example physics, biologyd medicine. In general, calixarenes are
used either as synthetic platforms and/or as hydrbic baskets that can interact with
apolar guests. In Chapter 1 of this thesis, a shagtview of the biological applications of
metal binding calixarenes is given, ranging frotifiairal ion channels, enzyme mimics and
inhibitors to agents for medical imaging and raldéoapy.

Deprotonation of imidazolium salts d-heterocyclic carbenes is often a decisive step
in modern catalytic reactions. Those carbenes d#ereact as catalyst, for example in
umpolung reactions or as ligands in metal catalysadtions. Therefore, the H/D exchange
of the C—proton of 15 imidazolium substituted calix[4]arenand 11 non-macrocyclic
model compounds in methanol/water 97:3 at°g5is investigated in Chapter 2. The
influence of the counter ion, substitution directty the imidazolium unit or on the
prearranging calixarene backbone was studied. Soemgls can be seen comparing the
exchange rates: salts bearing aromatic units direttached to the imidazole units show
accelerated exchange compared to alkyl analoguesarigle between the imidazolium and
the aryl ring is relevant for the electronic stedaition of the intermediate carbene.
Counterions have an influence on the kinetic agiliit no trend is obvious. Anion binding
as well as solvation might play a role. Substitaani the calixarene backbone in proximity
of the exchangable protons can either acceleratappress the exchange.

As illustrated in Chapter 1, calixarenes can acaréificial cation transporters. Often,
the low selectivity towards a particular alkalinetal ion is a limiting factor in such ion
channel mimics. Chapter 3 deals with a way to eobathe sodium selectivity of
calix[4]arene amides. Their interaction with alkali metal cations has been evaluated
through extracting aqueous solutions of Li-, Na-d aK-picrates with solutions of
calix[4]arene amides in Gi&l,. Electron withdrawing groups on thepper rim of the
calix[4]arene scaffold were found to have a negaéiffect on the absolute amount of metal
ions extracted. The decreased extraction abilitadsompanied by a higher selectivity
towards sodium cations.

In medical diagnosis by magnetic resonance imadiuji-containing compounds are

used asl; contrast agents. Strong complexation of the metaby large and rigid ligand
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systems is a prerequisite for the design of higfficient contrast agents. In Chapter 4, the
preparation of an amphiphilic conjugate of a cdljafene with four Gd-DOTA chelates is
described. Its relevant properties for applicaisrMRI contrast agent were investigated by
NMR, DLS and cryo-TEM. The compound aggregates atewexhibiting a critical micelle
concentrationdmg@ of 0.21 mM (or 0.84 mM with respect to Gd) at®7. The relaxivity

of the aggregates at 37 °C and 20 MHz (18®M™) is about twice that of the monomer.
Nuclear magnetic relaxation dispersion (NMRD) desfi show the relaxivity of the
monomer to be almost independent of the magnetid fitrength up to 60 MHz. At higher
concentrations, the NMRD profiles exhibit a maximatrabout 20 MHz, which is typical
for high molecular volumes. The average water eggid lifetime is 1.2Qs at 25 °C as
determined by’O NMR. The rotational correlation time of the mor@n(390 ns at 37 °C)
is very close to the optimal value that was predicfor high-field contrast agents.
Monomer as well as micelles turned out to be végidrsystems with negligible local
contributions to the overall rotational dynamicseThinding to human serum albumin
(HSA) is significant K,=1.2-16 M) and the relaxivity of the HSA-adduct at 20 MHz is
24.6 SmM™.

The factor limiting the relaxivity of the model cpound presented in Chapter 4 is the
slow exchange between metal bound water and thk. Guiierefore, in Chapter 5 a
pyridineN-oxide functionalized DOTA analogue is conjugatedatcalix[4]arene and the
corresponding Gd-complex was evaluated with respedts suitability as MRI contrast
agent. The compound forms spherical micelles iremaftth acmcof 35uM and a radius
of 8.2 nm. The relaxivity of these aggregates i23mM™ at 25 °C and 20 MHz, which
corresponds to a molecular relaxivity of 125%™, The high relaxivity is mainly caused
by the short average residence time of a watereunt@deound to the metaj, (72.7 ns) and
the size of the micelles. The interaction with m@vserum albumin (BSA) was studied and
the observed relaxivity was up to 40:818V™ (163.2 §mM™ per binding site) at 20 MHz
and 37 °C in the presence of 2.0 mM protein.

The self-aggregation of the potential magnetic nasce angiography agents presented
in Chapters 4 and 5 was the inspiration to investigvhether similar systems can be
incorporated into the bilayer of liposomes. Thaxzakne presented in Chapter 6 exhibits

two aliphatic chains that were attached to fadditiis incorporation into the bilayer. This
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Summary

compound forms micelles below a very l@mc with a radius of 4.9 nm. The enhanced

relaxivity (27.9 §mM™ at 20 MHz and 37C) of these micelles compared to those formed
by the model compound characterised in Chaptendearationalized by the larger size of

the micelles.

For efficient tumor uptake, particles with a radiof about 50 nm are desirable.
Liposomes of this size are discribed in this chajpted methods to load them with the
amphiphilic calixarene are exploited. When the attdnt is present during the preparation
of the lipid film, a significant fraction of bica&f was obtained besides the liposomes. The
incorporation into existing liposomes is rather filetive whereas the addition of the
surfactant prior to the extrusion leads to sphétdipesomes and practically quantitative
incorporation of 8.8 mol% calixarene. This mearat th relatively high Gd loading of the
liposomes can be achieved rather easily. The calveafacilitates water diffusion through
the lipid bilayer resulting in an almost three tsrenhanced relaxivity at 20 MHz and 37 °C
compared to common paramagnetic liposomes. Thasieles are promising canditates for

molecular imaging applications of tumours due ®irthigh relaxivity per particle.
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Samenvatting

Sinds hun opkomst in synthetische en supramolgeutdiemie hebben calixarenen brede
toepassing gevonden in bijvoorbeeld fysica, bi@pgn medische wetenschappen. Over
het algemeen worden calixarenen gebruikt ofwel flathetisch platform en/of als
hydrofobe mandvormige verbinding voor interactie t negolaire gastmolekulen. In
hoofdstuk 1 van dit proefschrift wordt een Kkort meht gegeven van biologische
toepassingen van metaal-bindende calixarenen, readévan kunstmatige ionkanalen,
enzym "mimics" en inhibitoren tot medische imagargradiotherapie.

Deprotonering van imidazoliumzouten tdtheterocyclische carbenen is dikwijls een
beslissende reactiestap in moderne katalytischetiesa Die carbenen kunnen ofwel als
katalysator dienen in, bijvoorbeeld ‘umpolung’ rées of als liganden in metaal-
gekatalyseerde reacties. Daarom wordt in hoofd@tuke H/D uitwisseling van het’C
proton van 15 imidazolium gesubstitueerde calixjdi®n en 11 niet-macrocyclische
modelverbindingen in water/metanol 97:3 bij 25 °@derzocht. De invloed van het
tegenion en van substitutie direct op het imidadoinion of op het calixareenskelet, dat
voorgevormd wordt, werden bestudeerd. Bij vergilgkvan de uitwisselingssnelheden
werden enige trends zichtbaar: zouten met aronmatisgroepen, die direct aan de
imidazooleenheid zijn gebonden, vertonen een vitengtwisseling ten opzichte van hun
alkylanaloga. De hoek tussen de imidazolium- enadgringen is van belang voor de
electronische stabilisatie van het intermediairbean. Tegenionen hebben invioed op de
kinetische activiteit, maar daarin was geen duiklitrend te onderscheiden. Zowel
anionbinding als solvatatie spelen hierbij mogeliglen rol. Substituenten aan het
calixareenskelet in de buurt van de uitwisselbamomen kunnen de uitwisseling zowel
versnellen als vertragen.

Zoals weergegeven in hoofdstuk 1, kunnen calixarengls kunstmatige
kationtransporteur fungeren. Dikwijls is een lagelestiviteit voor een bepaald
alkalimetaalion de limiterende factor in dergelije@kanaal "mimics". Hoofdstuk 3 handelt
over een manier om de natriumselectiviteit vanxg4larenen te verhogen. Hun interactie
met alkalikationen is geévalueerd door extractes waterige oplossingen van Li-, Na- en
K-pikraten met oplossingen van calixareenamide@kiCl,. Electronenzuigende groepen

op de Upper rim' van het calixareenskelet bleken een negatiefceff de absolute
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hoeveelheid metaalionen, die geéxtraheerd wordbeldben. Het afgenomen extraherend
vermogen gaat vergezeld van een hogere seledtiviter natriumkationen.

In medische diagnose met MRI (Magnetic Resonaneaimg) worden Gt-houdende
verbindingen als contrastreagens gebruikt. Eerkesteomplexering van het metaalion in
grote en starre ligandsystemen is een voorwaarde et verkrijgen van een efficiént
contrastreagens. In hoofdstuk 4 wordt de bereidiag een amfifiel conjugaat van een
calix[4]areen met vier Gd-DOTA chelaten beschrewm eigenschappen relevant voor zijn
toepassing als MRI contrastreagens werden met NDS, en cryo-TEM onderzocht. De
verbinding aggregeert in water en heeft daarin3@ij°C een kritische micelconcentratie
(cmg van 0,21 mM (of 0,84 met betrekking tot Gd). Deléxivity" van de aggregaten bij
37 °C en 20 MHz (18,3snM™) is ongeveer twee keer zo groot als die van hetomzer.
"Nuclear Magnetic Relaxation Dispersion” (NMRD) fieten laten zien dat de "relaxivity"
van het monomeer tot 60 MHz bijna onafhankelijk ¥Bnmagnetische veldsterkte is. Bij
hogere concentraties vertonen de NMRD profielen mesimum bij ongeveer 20 MHz,
hetgeen karakteristiek is voor grote moleculairtunees. De gemiddelde verblijftijd van
een watermolecuul in de eerste coordinatiesfeerGediy zoals bepaald méfO NMR, is
1,20pus bij 25 °C. De rotatiecorrelatietijd van het moreen (390 ns bij 37 °C) is vlakbij de
voor hoog-veld contrastreagentia voorspelde op@mahkarde, Zowel monomeer als
micellen bleken erg starre systemen te zijn metvaarloosbare lokale bijdragen aan de
overall rotatiedynamiek. De binding aan menseljkusnalbumine (HSA) is aanzienlijKg
=1,2.16 M) en de "relaxivity" van het HSA-adduct bij 20 Miz24,6 $mM™.

De factor, die de "relaxivity" van de in hoofdstdkbesproken verbinding limiteert is
de langzame uitwisseling van water tussen de netagkcoordineerde toestand en de
bulk. Daarom wordt in hoofdstuk 5 een pyridiNesxide gefunctionaliseerd DOTA-
analogon geconjugeerd met een calix[4]areen. Hetsponderende Gd-complex werd
geévalueerd met betrekking tot zijn geschikthesl MRI contrastreagens. Het complex
vormt bolvormige micellen met eeamc van 35uM en een straal van 8,2 nm. De
"relaxivity" van deze aggregaten is 31,2m8VM™* bij 25 °C en 20 MHz, hetgeen
overeenkomt met een moleculaire "relaxivity" vas 2mM™. De hoge "relaxivity" wordt
voornamelijk veroorzaakt door de korte verblijftyjén het watermolecuul in de metaal-

gebonden toestandy( = 72,7 ns) en door de grootte van de micelleniriberactie met
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runder serumalbumine (BSA) werd bestudeerd en dargeaomen “relaxivity" in
aanwezigheid van 2,0 mM eiwit was tot 40/ 8™ (163,2 §mM™ per bindings site) bij
37°C en 20 MHz.

Geinspireerd door de in hoofdstukken 4 en 5 geptesede zelf-aggregatie van
potentiéle "magnetic resonance angiography" (MRASagentia werd vervolgens
onderzocht of soortgelijke systemen ingebouwd konm®rden in de dubbellaag van
liposomen. Het in hoofdstuk 6 gepresenteerde aaleraheeft twee alifatische ketens die
werden aangebracht om zijn inbouw in de dubbellaagvergemakkelijken. Deze
verbinding vormt micellen met een straal van 4,9emhet systeem heeft een erg lage
De hoge "relaxivity" (27,9 §mM™ bij 20 MHz en 37°C) van deze micellen ten opzichte
van die van de modelverbinding beschreven in hookd4 kan worden toegeschreven aan
de grotere omvang van de micellen.

Deeltjies met een straal van ongeveer 50 nm zijnegswvvoor een efficiéntere
tumoropname. De bereiding van liposomen van dezotigr is beschreven in dit
hoofdstuk, evenals methoden om ze te laden metahdifiele calixareen. Als deze
oppervlakteactieve stof aanwezig is tijdens de idarg van de lipidefilm, wordt naast de
liposomen een aanzienlijke fractie bicellen verkmegDe inbouw van calixaren in reeds
bestaande liposomen is tamelijk ineffectief, maawvbeging ervan voor de extrusie leidt tot
sferische liposomen en een vrijwel kwantitatievgoinw van 8,8% calixareen. Dit betekent
dat een relatief hoge Gd-belading van liposomerelifitmmakkelijk bereikt kan worden.
Het calixarene bevordert de diffusie van water dibeiipidedubbellaag, hetgeen resulteert
in een verhoging van de "relaxivity" bij 20 MHz &7 °C met bijna een factor 3 ten
opzichte van die van de gebruikelijke paramagnietisdiposomen. Omdat ze
een hoge "relaxivity" per deeltje hebben, zijn digzesomen veelbelovend voor toepassing

in "molecular imaging" van tumoren.

137






List of Publications

Publications

139

Second-Order Nonlinear Optical Properties efAlg(111)/Electrolyte Interface in
the Presence of Self-Assembled Monolayers Con@gi€ionjugated:-Systems.

I. a-Functionalized Terthiophene Films on Ag(111).

Santos, E.; Schihle, D. T.; Jones, H.; Schmickiér,

Langmuir, 2005 21, 6406-6421.

Synthesis of 1,2,2a,3-Tetrahydro-1,4,7b-triazkpentacd]indenes.
Schmid, S.; Schihle, D.; Steinberger, S.; XinAustel, V.
Synthesis2005 18, 3107-3118.

A Short and Convenient Synthesis of 3-Aminomleshimino-8-nitro-2,3-dihyd-
roimidazo[1,2-a]pyridines.

Schmid, S.; Schihle, D.; Austel, V.

Synthesis2006 12, 2031-2038.

Kinetic Acidity of Supramolecular Imidazolium I&a- Effects of Substituent,
Preorientation, and Counterion on H/D Exchange fate

Fahlbusch, T.; Frank, M.; Schatz, J.; Schuhle, D. T

Journal of Organic Chemistr2006 71, 1688-1691.

Thiophenes and their Benzo Derivatives: Appira.

Brendgen, T.; Schatz, J.; Schuhle, D. T.

Comprehensive Heterocyclic Chemistry — Ill, VoluBeChapter 3.12., Eds.
Katritzky, A.; Ramsden, Ch.; Scriven, E. F. V.; [dayR. J. K.; Jones, G2008
931-974.



List of publications

6. Information Transfer in Calix[4]arenes: Influenof Upper Rim Substitution on
Alkaline Metal Complexation at the Lower Rim.
Schihle, D. T.; Klimosch, S.; Schatz, J.
Tetrahedron Letter2008 49, 5800-5803.

7. Metathesis in Pure Water Mediated by Supramdde@dditives.
Brendgen, T.; Fahlbusch, T.; Frank, M.; SchuhleTDSeller, M.; Schatz, J.
Advanced Synthesis and Catalyg809 351, 303-307.

8. Calix[4]arenes as Molecular Platforms for MRIn@rast Agents.
Schilhle, D. T.; Schatz, J.; Laurent, S.; Vandet, Els Muller, R. N.; Stuart M. C.
A.; Peters, J. A.
Chemistry — A European Journ&l009 15, 3290.

9. Densely packed Gd(lll)-chelates with fast waéxchange on a calix[4]arene
scaffold: a potential MRI contrast agent.
Schilhle, D. T.; Polasek, M.; Lukes, I.; Chauvin, Tloth, E.; Schatz, J.; Hanefeld,
U.; Peters, J. A.

Submitted to Dalton Transactians
10. Biological Applications of Metal Binding Calis@nes.

Schihle, D. T.; Peters, J. A.; Schatz, J.

Invited for publication in Chemical Reviews

140



List of publications

Oral presentations

1. Calix[4]arenes as versatile building blocksha tesign of MRI contrast agents
Design&Synthesis, Structure&Reactivity and Biomallac Chemistry, Lunteren,
The Netherlands, October 30, 2007.

2. Calixarenes and their use in catalysis, moleadeognition and as MRI contrast
agents
Institute of Inorganic Chemistry, Charles UniveysiPrague, Czech Republic,
November 5, 2007.

3. Calixarenes as versatile building blocks indlesign of MRI contrast agents with
potential high field application
Meeting COST D38 ("Metal-based systems for molacuhaaging”) working
group "Magnetic Resonance Imaging Probes", Orldarasice, February 29, 2008.

4, Calixarenes as versatile building blocks indbsign of MRI contrast agents
Imagination 2008, Leiden, April 25, 2008.

5. Calixarenes as versatile building blocks indbsign of MRI contrast agents
Molecular Imaging, Magnetic Resonance, and Intemtityd Contrast Agent

Research, M bi-annual conference, Valencia, Spain, May 238200

6. Calix[4]arene based model compounds towardsrex@thMRI contrast agents
Meeting COST D38 ("Metal-based systems for moleaciaaging”) working
group "Magnetic Resonance Imaging Probes", Dedfbr&ary 20, 2009.

7. Calix[4]arene based model compounds towards rex@ta MRI contrast agents,

Annual workshop COST D38 ("Metal-based systems rfmiecular imaging"),
Warsaw, April 26, 2009.

141



List of publications

Posters

142

Novel modular calix[4]arene-based magnetic rasoa imaging (MRI) contrast
agents

Schihle, D.Hanefeld, U.; Peters, J.A.; Schatz, J.

8th International Conference on Calixarene Chemidtrague/Czech Republic,
June 25 — 29, 2005.

Calix[4]arene als Plattformen fir neue hochmolaie Kontrastmittel fur die
Kernspintomographie

Schilhle, D.Hanefeld, U.; Peters, J.A.; Schatz, J.

ORCHEM 2006, Bad Nauheim/Germany, September 720@6.

Towards MRI contrast agents for higher fields
Schihle, D.Hanefeld, U.; Schatz, J.; Peters, J.A.
Imagination 2007, Rotterdam, March 14, 2007.

Octreotide carrying liposomes for molecular gagton of somatostatin receptors
Abou, D; Schihle, D.; Peters, J.A; Wolterbeek, H.T.; Koni6.; Krijger, G.
Imagination 2007, Rotterdam, March 14, 2007.

Towards MRI contrast agents for higher fields

Schihle, D.Hanefeld, U.; Schatz, J.; Peters, J.A.

Annual workshop COST D38 ("Metal-based systems rfalecular imaging"),
Eindhoven, May 4 — 5, 2007.

Towards magnetic resonance contrast agentsgbehfields

Schihle, D.Hanefeld, U.; Schatz, J.; Peters, J.A.

Annual workshop COST D38 ("Metal-based systems rfalecular imaging"),
Lisbon, Portugal, April 27 — 29, 2008.




List of publications

10.

Modular Magnetic Resonance Imaging Contrast #gjeBased on the
Calix[4]arene Core

Schilhle, D.T..Peters, J.A.

Design&Synthesis, Structure&Reactivity and Biomallac Chemistry, Lunteren,
The Netherlands, October 20 — 22, 2008.

Modular Magnetic Resonance Imaging Contrast #fgjeBased on the
Calix[4]arene Core

Schiihle, D.T..Peters, J.A.

Biotechnical Sciences Delft Leiden Congress, D@lfte Netherlands, October 29,
2008.

Somatostatin receptor targeted liposomes for/BIRECT dual imaging probes
D. Abou, D; Schihle, J. A. Peter, H. T. Wolterbeek,
Meeting COST D38 ("Metal-based systems for moleciaaging”) working

group "Magnetic Resonance Imaging Probes", Delthe Netherlands, February
20, 20009.

Calix[4]arene Based Model Compounds TowardsaBoed MRI Contrast Agents
Schiihle, D.T,.Djanashvili, K.; Peters, J.A.
Gratama Workshop 2009, Delft, The Netherlands, 8eper 14 — 15, 2009.

143






Acknowledgements

At the end of my unforgettable PhD studies, ifnsetto think back. Having worked in two
different groups and countries was a challengeelitethe place to express my gratitude to
all those people who made it possible that | col@ddelop as a scientist and as a person, and
who made it a very precious experience to me ta BbD.

First of all, my heartfelt thanks to my supervidoop Peters: Joop, it was a pleasure to
work under your guidance and to learn from you. Yiare essential for this thesis and for
a great working atmosphere. Thank you for the tyma have invested in me, for your
support in business and private matters, your Hoieesibacks, your humorous view on
everything, your funny emails, for making me dags that are ‘good for my cv’' and for
having left many footsteps in my personality. | anoud to have you as a mentor and
example.

Thanks are also due to Jirgen Schatz, my promatdr taacher in calixarene
chemistry. It was a great time in Ulm where youdhgiven me the scientific basis to start
independent research. | would like to thank you Your scientific advices, for having
developed the idea for this project and for giving the opportunity to do a part of my
work abroad. And of course, thanks for all the riinee in- and outside the lab.

My promoter Roger Sheldon is gratefully acknowledider giving me the chance to
work in BOC, the funny conversations and remarks @@ interesting discussions about
my propositions.

Prof. V. Austel and Prof. G. Maas are gratefullkremwledged for having taught me
the beauty of organic chemistry.

Thomas, my dear school, university, house and lalbenmtogether, we have gone
through quite some good and challenging times. Khamn for being a loyal friend and
support.

| would like to thank all the members of the Ingiit Organic Chemistry | in Ulm for
the good time there. Special thanks go to ChristBwga, Holger and Stefan for being good
colleagues and even better friends. You have madeéme in Ulm very precious to me by
being there and who you are.

Antonia, thanks for your company from the verytfolay on in the ‘lonenlotto’ course.

145



Acknowledgements

Kristina, the time we have spent together at theahd at conferences gave me the chance
to learn a lot about science from you. More imputita you became an indispensable
friend and advisor to me. Thank you for all theuaddle help in my projects and in the
making of this thesis, for the precious discussiabsut science, life and nonsense and for
enriching my life in Delft with your humor and watim

It was a pleasure to be a part of BOC thanks topdsgple who are or have been
working there. Thanks to everybody from the ‘latstayirs’ for the very pleasant mood in
the lab and all the nice coffee breaks. My speitiahks go to Mieke van der Kooij and
Mieke Jacobs for all their help that was by far lioited to administration. Thanks are due
to Prof. van Bekkum for the thorough correctiongmfthesis.

Maria, Monica, Frank, Florian, Jeroen, Milos andfitas C., apart the work, we have
spent quite some free time together. You made ¥haings with you rush by and my stay
in Delft very pleasant. Many thanks also to you, dr your helpful scientific advices, the
funny and informative chats and the introducticio ithe Dutch culture.

Special thanks go to SAS group for the good tina the had together, inside and
outside the E-CAST. Aurélie, Patrick and Job, tlafdt your scientific advices and your
help with all kinds of measurement and computeblenos.

Thanks to all my collaborators: the groups in Peagdons and Orléans, Marc from
Groningen, and Diane, Bert and Martijn from Deffoy, it was great to have your support
in the lab during the final stage of this thesis.

The COST D38 family of lanthanide chemists is dtdlg acknowledged for the
unforgettable meetings with excellent science ag wice people. Carlos Geraldes, it is
amazing how you've always made sure that | endeéhugpood company during all the
conference dinners. Your guided city tours wereagbvhighlights during the conference.

At the end, | would like to extend my gratitudettmse people who did not directly
contribute to my scientific achievements. Hebs afaren, thanks for staying so close
despite the geographical distance. My old friemdénf Hochdorf and surroundings, | am
honored how natural it feels to still be a paryofi whenever | am at home.

Last but not least, will ich den beiden Menschenkéa, die es mir mdglich machen,
meine Traume zu leben. Mama und Papa, danke farlmdingungslose Unterstiitzung und

dafir, daB ihr mir nach wie vor das Gefiihl gebt,dveh ,daheim’ zu sein.

146



Curriculum Vitae

Daniel Schiihle was born on August 15, 1978 in Bibkran der Ri3 (Germany). He
obtained his secondary school diploma in 1998 atWieland-Gymnasium in the same
town and did his military service in the followingonths. Between 1999 and 2004, he
studied chemistry at the University of Ulm (Germpgyaduating with the thesis entitled
‘Towards ditopic receptors: functionalised caliddnes and their behaviour towards
complexation of alkaline metal ions’. This work waerformed under supervison of Prof. J.
Schatz. For his diploma, he was awarded the Drb&arMez-Starck award in the year of
his graduation. Then, he started his PhD studi¢keatUniversity of Ulm and spent half a
year in the Applied Organic Chemistry and Catalygisup at the Delft University of

Technology as a Marie-Curie fellow under supervisid Dr. J. A. Peters. During this stay,
he started a collaboration resulting in his secetay in Delft in the Biocatalysis and

Organic Chemistry group starting in November 20@&¢complish his PhD thesis in the

field of MRI contrast agents while taking advantagéis calixarene expertise.

147






