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Abstract

Calixarenes are versatile macrocycles formed froendondensation qfara-tert-
butyl-phenol and formaldehyd€hapter 1 describes the synthesis of these molecules
and how conformational control and selective furr@iisation can give an array of
molecules with customised properties; this allomsvarious applications including
those of biological relevance. The copper catalyséid/ne-azide cycloaddition
(CuAAC) reaction is also introduced as a tool fondtionalising calixarenes.

The phenomenon of cell penetration is of interesten® a molecule has an
intracellular target, for example gene therapyiveey of cytotoxic agents or cellular
imaging. Chapter 2 introduces the mechanisms of cell uptake and #sgd and
applications of cell penetrating peptides. Calixaseare presented as alternatives to
cell penetrating peptides and the work publishedate on intracellular delivery of
calixarenes is summarised. A synthetic route feixaeenes with variable fluorescent
dyes and different functionalities on the upper &m a common intermediate is
presented. Synthesis of an analogue featuring dumumin groups on the upper rim
was achieved using carboxybenzyl (Cbz) protectimmgigs as a less labile alternative
to butoxycarbonyl (Boc) groups. The syntheses @ilagues with varied linkers for
attachment of the dye are also presented. Biolbgigaluation revealed that the
dynamics of cellular uptake and the intracellulacalisation were sensitive to the
upper-rim functionalisation and the dye moleculae Tinker attaching the dye had
less impact.

Chapter 3 describes the suitability of calixarenes as std$foto form
glycoconjugates. These can be used to taRgetidomonas aeruginosa; research
towards development of novel treatments of infextiorom this pathogen is
summarised. A route that has been developed towhifusictional calixarenes
featuring a fluorescent tag and points of attachrf@rsugarsia CUAAC reactions is
presented. The use of alkyne protecting groupsaimtain the integrity of the scaffold

during transformations was found to be particulariportant.
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1.1 Calixarenes

Early investigation of the chemistry of phenolshwidrmaldehyde by Baeyer found
that strong-acid catalysed condensation betweenwhbeyielded a resinous, tar-like
substancé.Later, Baekeland found that carefully controllithg reaction conditions
and heating the intermediate resin yielded a maefull substance and led to the
advent of the plastic Bakelitd)(®

Following on from this, Zinke and cowork&rinvestigated the base-catalysed
condensation reaction usipgra-substituted phenol; this left only tloetho-position
free to react, thus controlling the outcome ofribgction. The products obtained using
various substituted phenols were proposed to bécctetramers Z) of repeating
phenol units linked by methylene bridges; althoughas later shown by Cornforet
al. that the reaction conditions produced multiple piad? this led to the extensive
investigation of the synthesis and properties es¢hmolecules.

These macrocycles have come to be known as catiesyea term coined by
Gutsche, derived from the Greekalix, meaning ‘vase’, to describe their basket-like
shape. The suffix ‘arene’ describes their compomeamatic units, with the number
of units indicated by the number between them;eflkample, the cyclic tetramer is
known as calix[4]arene. The synthesis and manifulaif these macrocycles will be
described in the following sections.

OH
o A HO
+ _
H™ H -H,0
)OL NaOH, A
+ _
H™ H

OH

Scheme 1.1: Condensation reactions of phenols faithaldehyde to give the cross-

linked polymer Bakelitelf and the cyclic tetramer calix[4]aren@)(

20




Chapter 1: Introduction

1.1.1 Synthesis

The problem of multiple products from the procedused by Zinkeet al. was
approached by investigating the effect of varyimg teaction conditions including the
temperature and the amount of base used. It waglfthat the latter was a critical
factor, with 0.03-0.04 equivalents of sodium hyddexbase giving the optimal yield
of calix[4]arene® whilst 0.3 equivalents of base gave calix[6]arersethe major
product’ This led to the modified one-pot Zinke-Cornfortiogedure for the synthesis
of tert-butyl-calix[4]arené which is commonly used for the synthesis of this
derivative due to its high yield and brevity of #yesis (in comparison to multi-step
procedures; see below).

Modifications of this procedure have been develofedjive other macrocycle
sizes. High-yielding methods for the synthesis alix¢6]-° and calix[8]arent are
available; however, the syntheses for caliX{5ind calix[7]aren® are less efficient.
Larger macrocycles, i.e. calix[9]- up to calix[1&ae have also been synthesised
using a base-catalysed procedtirbut acid-catalysis is more effective in producing
the larger calixarenes, up to calix[20]aréh&lodified procedures have also yielded
calixarenes in which the methylene bridge has beptaced with a heteroatom,
including oxa-*®> aza?® and thiacalixaren€’.

As an alternative to the one-pot methods, calix@seran also be synthesised in a
multi-step mannevia linear intermediates. The non-convergent stepsysghesis of
Hayes and Hunt&t had an early role in the confirmation of the oycletramer
structure and was improved upon by KamméteEonvergent synthesis was later
developed by Béhmer and co-workétsysing a fragment condensation approach.
However, although stepwise synthesis offers theodppity for diversification by
using different building blocks in each step, thegsetheses are longer and generally

give poorer yields. The one-pot methods are thezaformally preferred.

1.1.2 Conformation

Calixarenes are conformationally mobile due to ahdity of individual rings to
undergo transannular rotation. Although largerxzaknes can adopt a wide range of
potential conformers, calix[4]arene can adopt josir distinct conformations. These
are the cone?)), where all of the hydroxyl groups are pointingtle same direction;
partial cone ), where one phenol has rotated to point one hydignoup towards the
upper rim; 1,3-alternated), where two opposite phenols have rotated; and 1,2

alternate %), where two adjacent phenols have rotated (sag&ih1).
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Figure 1.1: Conformations of calix[4]arene: cong),( partial cone 8), 1,3-alternate
(4) and 1,2-alternatey).

These conformations are interchangeable in soljtiblwever the calixarene can
be locked into a particular conformation by preusptransannular rotation. This can
be accomplished by functionalisation of the lowen,reither by blocking the
calixarene cavity with a bridging chain between taeenol groups, or by sterically
hindering the movement of the phenol through theulurs. The latter can be achieved

223 Calixarenes can

by forming an ether with any aliphatic chain longean ethyf
therefore be synthesised in specific conformationslkylating the lower rim, with
the base utilised influencing the final conformatida metal templating effects:?

However other factors such as solvent and reatitiom can also have an effeét.

1.1.3 Functionalisation

Calixarenes can be independently functionaliseditaer of their rims, the side
bearing the phenol groups being termed the lowamow orendorim, whilst the
opposite is referred to as either the upper, widexo rim. This, combined with the
ability to control the conformation, allows for dmatic diversification of the simple

core molecule.

<«—— Upper (wide/exo) rim
ISV

<«——— Lower (narrow/endo) rim

Figure 1.2: Designation of calixarene rims.
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1.1.3.1 Lower-rim functionalisation

As noted previously, the lower rim can be functimea by alkyl or aryl ether6j
formation. Selective partial alkylation is possilidg utilising a specific base or
limiting the amount of alkylating agent availaBfawhilst alkyl chains can be used to
simply lock the conformation, various functionabgps can also be introduced by use
of suitably functionalised alkylating agents. Fertinore, multiple alkylation events
can be used to give diverse function on the lower r

Alternatively, the hydroxyl groups of the lower rican be removed (i.e. replaced
with H, as in7) via reductive cleavage of their phosphonate esfeféie hydroxyl

groups can also be replaced with a thi®J*€ or, via a monospirodienone intermediate
29,30

(8), be selectively replaced with amine, azide arldden functionalities9).

R = alkyl, aryl R =NH,, N3, Cl

6 7 9
Scheme 1.2: Routes for functionalisation of lovier. r

1.1.3.2 Upper-rim functionalisation

The main method for upper-rim functionalisation otwes electrophilic aromatic
substitution. Nitro groupslQ) can be introduced directly by usimgso-nitration to
replace thetert-butyl groups® which can easily be reducedlj to give access to
other functionalities, including amines, amides ajanidines 12). Sulphonate
groups {3) can also be introduced in a single stePther functionalities require the
prior removal of thetert-butyl groups using a reverse Friedel-Crafts reactvith
phenol®® The free positions on the upper rit#) can subsequently be converted to,
for example, bromo, cyano and carboxyl functiofdit (15).>* Also,
chloromethylation 15)* is possible and can be followed by nucleophilibssitution
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of the chloride to give access to various functiies with a methylene spacer to the
aromatic ring of the calixarene.

Other indirect methods of upper rim functionalisatinclude the use of tetra-allyl
ether of calix[4]arenelp), which undergoes heat-induced Claisen rearrangetoe
transfer the allyl moieties to the upper-ridi7 and can be reacted further to give
various functionalities 18) via ozonolysis of the double boridl.Alternatively, the
upper rim can be functionalised using an interntedialix-quinone 9); an example
of a product availableia this route 20) is shown in Scheme 1%3.

R — R=NO; —— R=NH; —— Amines,
10 11 amides,
O guanidines,
‘ > = R=SOsH etc, 12
R = tert-butyl, 2 —> R=H ——— R=Br,CN, CO;H,CHyCI
’ 14 15

Scheme 1.3: Routes to functionalisation of the uppe

1.1.4 Applicationsin biological systems

Various potential biological applications of caligaes have been found, either by
directly exploiting the properties of functionalisealixarenes or by using them as
scaffolds for controlled presentation of activeugp®s. Some of these applications will

be examined in the following sections.
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1.1.4.1 Artificial Receptors

Calixarenes can be used to present a binding suféaca target molecule and so
can mimic receptors. For example, a syntheticie@l) was synthesisédusing a
macrobicyclic calixarene with a peptide bridge bestw opposite aromatic units and a
phosphate group in the middle of this bridge toparate with the hydrogen bonding
of the peptide (see Figure 1.3). The lower rim wsater functionalised to provide a
means to immobilise the scaffold or alternativetuld be deprotected to reveal
charged moieties to increase solubility in water.

Lipophilic sugar derivatives were tested for ingdto 21 in organic media. The
receptor displayed good selectivity fBroctylglucoside over itx- form and also
selectivity overf3-octylgalactoside. Replacing the phosphate withaaid or methyl
ester reduced the association. It was concludedttigaphosphate group was most
important for strength of binding, with hydrogembang and steric factors governing
the selectivity.

Hamilton and co-workers constructed synthetic remrspfor proteins by targeting
the protein surface to modulate protein-substrateractions. Protein targets were
selected that had active sites that were formeadlofdrophobic region surrounded by
polar areas. This pattern could be matched toigacahe with polar arms surrounding
its hydrophobic cavity. These arms took the fornps#udocyclopentapeptides, which
formed a stable hairpin loop structure, whose tessctould be varied to give different
activities3¥™**

With an anionic GlyAspGlyAsp sequence, the calirareQ2) bound to
Cytochrome C, complementing a hydrophobic regiomosunded by cationic lysine
residues. This was found to disrupt the interactbrCytochrome C with reducing
agents’ Further investigation found that the interactiomswstrong enough to
compete with cytochrome C peroxidase and may be @bldisrupt the interaction
with Apaf-1 (apoptosis protease activating factpf’1

By changing Asp to Lys, a peptidomimetic capabléiotling to a patch of anionic
residues in vascular endothelial growth factor (E(Gwvas synthesised. This
prevents VEGF from binding to its receptor, Flktatgl liver kinase 1), thus halting
the VEGF stimulated tyrosine phosphorylation of trexeptor and subsequent
activation of other protein kinases. Antiangiogésesantitumorigenesis and
antimetastasis activities were foumdvivo. Binding to VEGF was highly selective,

with other growth factors remaining unaffected.

25




Chapter 1: Introduction

R! R' R’ ,
Q\)\/O /O :/O A
Ry— Qb | ﬂl; /)
' TY 7

O~ __NH

%‘/ 22

OLij

R = n-Bu R'= Q.7 _OEt NH3+C|_
°p NH*CI
IV\J\/VV‘
23 24 25

Figure 1.3: Calixarene based lectin mimetic21)*® calixarene with
pseudocylcopentapeptide upper rim featuring Asp&i#y sequence2?)® and

amphiphilic calixarenes with anioni€g) and cationic 24 and25) upper rims*

Synthetic receptors can also be constructed usintiphe calixarenes incorporated
into lipid monolayers, which can self-organise fimise binding of a protein. An
amphiphilic calixarene with butyl groups on the &wim and charged phosphonate
groups at the upper rin2%) was synthesised and incorporated into a lipid ofeyer
in a concentration dependent fashfdhe calixarenes were distributed evenly in the
monolayer, but addition of poly-arginine or largeeptides containing arginine or
lysine residues stimulated self-assembly and npalitt binding.

Similarly, by adorning the upper rim with catiomeoieties 24 and 25), acidic
proteins could be attracted to the monold¥én. both cases it is proposed that binding
occurs with excess calixarene in the aqueous pliebewed by embedding of the
ligand-protein complex in the monolayer.

It has been shown that cationic and anionic ligands be combined in the
monolayer to give a combined response to a givetepr. A fingerprint can be
obtained by measuring the response to anionicoraati polar and mixed bilayers,
allowing selective detection at nanomolar concéiatna*> By constructing vesicles

also containing polydiacetylene, a chromatic polyn@e colorimetric response was
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observed on protein binding and likewise a fingetpcould be obtained for a given
protein®*

Calixarenes can also bind to stabilise proteincttines. For example, the protein
p53, which protects against tumours by either imtu®NA repair or cell apoptosis,
contains a tetramerisation domain which is mutatedome cancers. The R337H
mutation destabilises the tetramer, but the intggan be recovered by using a ‘clip’
in the form of a cone calixarene with four guanativethyl groups on the upper rim
and hydrophobic loops on the lower rif36).*> Two of these bind per tetramer,
interacting with hydrophobic pockets between monsnaad with glutamate residues
above the pockets (see Figure 1.4b). The loopshenldwer rim help to restrict

conformational freedom, strengthening the binding.

a)

Figure 1.4: a) Tetraguanidinomethylcalixarene liga(26); b) Interaction of26 with
p53 tetramer (© 2008 by the National Academy oeigms of the United States of

America)®

1.1.4.2 Artificial Transporters

lon transporters are involved in a number of preessand their malfunction can be
associated with disease states, for example cy$tiosis. Synthesis of artificial
analogues is therefore of interest.

Transport of alkali metal cations across phospibliplayers has been achieved
using lower-rim ester-functionalised calixarenese($igure 1.5}° Selectivity and
efficiency was found to be dependent on macrocgite, with the calix[4]arene
derivative 27) having the best selectivity and transport efficieior Na', whilst
calix[5]arene and calix[6]/[7]arenes were also alie transport K and CS,
respectively.

Further work’ led to the synthesis of cholic acid derivativesboth cone and 1,3-
alternate conformations. Though both conformatioase able to mediate Nand H

transport across a phospholipid bilayer, the 158y was found to be more active;
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this, combined with the similarity in the length tbe calixarene and the thickness of
the vesicle, led to the conclusion that the 1,8ralite calixarene was able to span the
bilayer.

Anion transport has also been achieved. A calbarem the 1,3-alternate
conformation with a tetrabutyl amide functionalisesver rim £9)*® was found to
mediate Cltransport in liposomes, planar lipid bilayers amdHEK-293 cells, with a
concomitant change in pH. This may occur byGf symport or CIOH antiport.
Though this calixarene was not large enough to sparbilayer, it may have been
able to form aggregates (as observed with a tettayinamide derivative in HCI) to

allow it to form ion channels.

Figure 1.5: Artificial transporters based on es{é27),*® cholic acid £8),*" amide

(29)*® and spermidine3D)*° functionalised calixarenes.

It was also found that the activity of the corresgiag partial cone derivatives of
these tetra-amide calixarenes was influenced bypiper rim functionalisatiorf. The
para-tertbutyl and unfunctionalised calixarenes had differ@ystal packing, which

was proposed to be the reason for the inactivithefformer compared with the latter.
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The non-linear concentration dependence of thesp@m suggested that the calixarene
forms aggregates which are responsible for trans@aaggregates with the inactive
tert-butyl derivative inhibited transport. Althoughwas determined that the single
inverted amide of the partial cone was not requii@dtransport function, it was
suggested that this could be exploited for synghesdimers or oligomers.

Another 1,3-alternate calixarene, this time funudilcsed at the lower rim with
spermidine 30) was able to span the entire bilayer without forgnan aggregaf®. It
displayed some selectivity towardsahd Br over CI, whilst oxo-anions showed poor
transport. This calixarene also showed a moderatpraliferative effect against
murine monocyte/macrophage J774.A1 cancer cells.

1.1.4.3 Artificial Enzymes

The potential for calixarenes to act as enzyme nsnfly organising catalytic
moieties has also been investigated. For exampiéicial metallonucleases, which
cleave phosphodiester bonds in DNA and RNA, camyin¢hesised by pre-organising
catalytic Cu(ll).

To investigate this, cone calixarenes with one, dwthree copper centres tethered
to the upper rim via [12]-ane azamacrocyles wenethmsised’ A 10* fold rate
enhancement was achieved for the 1,2-81) @nd tri-copper derivatives and it was
concluded that there was cooperativity betweenntkéal centres in the cleavage of
the phosphodiester bond; however, the third metalegno additional rate
enhancement, excluding simultaneous cooperatiowdset all three. The 1,3-di-
copper species showed no cooperativity, indicatngensitivity to the distance
between the metal centres. It was proposed thatnoetal centre tethers the non-
reacting part of the molecule, whilst the otherivates the phosphoryl group for
cleavage.

For diribonucleoside monophosphates, it was fourat substrates containing a
uracil base gave the best activity with these yatsi” It was proposed that the uracil
may be deprotonated, providing an electrostatieraution between the base and the
metal centre. By contrast, for longer oligonucldesimonophosphates, greater
selectivity for bonds adjacent to adenosine anadsiye was found, with the most
scissile bond being 5’-pCpA. This mimics the agyivf ribonuclease A. In this case
the interaction with the terminal phosphate seemsddaminate, resulting in the

preferential cleavage of the naturally more lakifgA bond.
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A metal-free artificial phosphodiesterase has dleen synthesised, in this case
utilising upper-rim guanidinium moieties for catétyfunction®® In an investigation
of the catalytic activity towards the transestedfion of 2-hydroxypropylp-
nitrophenylphosphate (HPNP) it was found that adigBianidine calixarene3R)
gave much greater activity than the correspondiramomer, indicating a marked
synergistic effect, whilst a triguanidine derivatigave no further improvement. A
mechanism of action was proposed where a neutealidime acts as a general base
catalyst, whilst the other, protonated guanidinisenves to stabilise the negatively
charged transition stateéa a bidentate hydrogen bond. A third guanidine drdiaves
as a spectator and functionalisation with four ggiae moieties leads to steric

repulsion.

Figure 1.6: 1,2-difunctionalised artificial metatiocelease31)>* and 1,3-diguanidine

functionalised calixarene catalys39) in the catalytically active forrt

1.1.4.4 Anticancer applications

In addition to the potential applications coveredowe, other therapeutic
applications of calixarenes have been more direstiyestigated. This includes
targeting of cancer cells and the use of calixasesm® antimicrobials (see section
1.1.4.5).

CD69 is a C-type lectin-like receptor expressedmduactivation of T-lymphocytes
and natural killer (NK) cells. This was targetedngsa carboxylated thiacalixarene
(33) to disrupt the process of CD69-induced apopttisa is involved in tumour
immunology®* This calixarene was found to inhibit the binding ®@D69 to a
multivalent mimic of cancer cell sialomucins with@affecting another C-type lectin,
NKR-P1, displaying its potential as a selectivaiid. Moreover, it was able to protect
CD69"" lymphocytes from apoptosis induced by the sialdmumimic. It may
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therefore be able to intervene in tumour immunolbgypreventing inactivation or
apoptosis of CD69-bearing cells.

Calixarenes could also be utilised in cancer chaerapy indirectly, by mediating
delivery of cytotoxic agents. This could be accasi@d by using bifunctional
calixarenes decorated with folic acid moiefi2§hese groups bind with high affinity
to folate receptor, which is a marker for cancdlscand activated macrophages. A
folic acid functionalised calixaren&4), with triethylene glycol chains on the lower
rim, was developed to mitigate the poor bioavaligbof hydrophobic drug molecules
and was found to solubilise the drug indomethacin forming aggregates at
physiological pH. Such a system could potentialyused to both solubilise a drug

and to deliver it selectively to cancer cells.

Figure 1.7: CD69-binding carboxylated thiacalixaeer33)®>* and multivalent folic

acid conjugate34).>®

1.1.4.5 Antimicrobial activity

Calixarenes can be used as scaffolds to preseitiiatiat functionalities. One
example of this is a mimic of the antibiotic vangmm, synthesised using a
macrobicyclic calixarene3p) with a bridge between opposite aromatic uritShe
bridge was a pseudopeptide, to mimic the glycodep#ntiobiotic, formed of two
amino acids linked by a 1,3,5-diethylene triamipacer.

Vancomycin binds to mucopeptide precursors thahfgram positive bacterial cell
walls. The dipeptide N-Ac-Ala-Ala was used as a slaxf the peptidoglycan branch
and binding studies were carried out with this.was found that the scaffold
containing two alanine residues bound to the targete strongly than N-acetyl
alanine alone. It was concluded that the ligand alle to form both electrostatic
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interactions between its carboxylate group andatinenonium group of the host and
hydrogen bonds to the pseudopeptide bridge. Thgacahe displayed antibacterial
activity which was selective towards gram-posithaeteria.

A drug molecule can also be tethered to a calixartesing a labile linker. Aetra-
para-aminoethylcalixarene with a tethered nalidixicdamolecule 86) was found to
be highly stable as a solid, but released the dnotecule in biological mediurt.
Although the subsequent free alcohol of the cadimarwas considerably less active as
an antibiotic, a synergistic effect was found bemwéhe calixarene and nalidixic acid
against both gram-positive and gram-negative battrains.

Certain functionalised calixarenes have also beeund to have intrinsic
antimicrobial activity. For exampl@ara-sulfonato angara-phenylazocalixarenes in

particular were shown by Lamartiret al®®

to have antibacterial and antifungal
activities. More focussed investigation of agenggimast tuberculosis has also been
carried out, based on early observations that mnoglmon, a para-tert
octylcalix[8]arene functionalised on the lower rimth polyethylene glycol chains,
could be used to treat pulmonary tubercul3si.polyethylene glycol-functionalised
calix[6]arene 87) was found to reduce viable counts of mycobacteribungs and
spleens of infected mice by stimulating the hoatisimycobacterial mechanisms. A
host-mediated mechanism such as this could hedpdocome multi drug resistance.

Guanidine functionalised calixarenes have also bewerestigated for their
antimicrobial properties. para-guanidinoethylcalixarene3g) was found to exhibit a
significant effect against both gram-positive amdng-negative bacterial strains, with
much greater activity than the corresponding mondfheater studies indicated that
interactions of the calixarene with phospholipidaers were characterised by a
combination of electrostatic and apolar interaci@nd that both are required for
antibiotic activity; the monomer, lacking the apotore of the calixarene, is thus
unable to bring about the same intensity of efféct.

Anionic calixarenes have been investigated for rthmatential to treat viral
infections such as HIV. A set of calixarenes, idahg those functionalised with
sulphonate, carboxylate and phosphonate group$y some featuring bithiazole
moieties on the lower rim, were tested for theiti-8iV activity.®? Bithiazole
functionalisation was found to increase activitythwthe sulphonated derivativ89)
giving the best activity by interfering in earlyages of infection. They were also
found to have little or no cytotoxicity, indicatirtgeir potential applicability to anti-

HIV therapy.
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S R=BuorBz
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I CO,H
S \N N/ ,

39 40 COaH

Figure 1.8: Antimicrobial calixarenes: general stture of vancomycin mimi@%)
where AA = amino acit® nalidixic acid prodrug 86),>" macrocyclon analogue
(37),%® guanidinium antibacterial agent38),°° anti-HIV agent 89),°> and dual
function anti-HIV and —HCV agend@).®*

The problem of co-infection of HIV and hepatitisv@us (HCV) has led to the
search for anti-virals with activity towards bothtbese targets. A calixarene-based
antiviral agent 40)** has been found which meets this goal, displayintjvieal
activity in multiple cell lines. The isophthalic idchead groups were found to be
important for activity, along with the locking intbe cone conformation provided by

either butyl or benzyl ethers on the lower rim.
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1.1.4.6 Other applications

Medical diagnostics could be aided through the okealixarene-based DNA
chips. Songet al. developed a DNA chip using a monolayer of calirage
functionalised with anionic groups which were atbebind DNA appended with a
repeat of 9-guanines (9G-DNA chip). The chip wasvgito be able to selectively
bind a Cy5 labelled DNA sequence complementarnab bound to the calixaren®s.
They subsequently demonstrated the ability of aD3@\ chip to detect human
papillomavirus (HPV) in clinical sampl&8.

Other applications include the use of calixarenexal penetration agents, for
example for cellular imaging or their use in DNArisfection. This will be examined
in Chapter 2. Calixarene-based glycoconjugates hbeefound a number of potential

applications and will be examined in Chapter 3.

1.2 Click chemistry

Click chemistry is a term coined by Sharpless gt’ahe requirements for such a
reaction being that it must be modular, wide inpg;dhigh yielding, produce only
inoffensive by-products, be stereospecific, havepge reaction conditions, use
readily available materials and reagents, use beargeasily removed solvent and
give a product that is stable and easily purifiedactions that satisfy these criteria
include nucleophilic ring opening reactions (forample, those of aziridene®),
Michael additions (such as thiol-ene couplfigdnd cycloaddition reactions. The
most well-known example of the latter is a HuisgkeB-dipolar cycloadditiof?
reaction between azides and terminal alkynes te giazoles! Although thermal
activation gives a mixture of regioisomers, thiaateon gained renewed interest on
the discovery that the addition of copper(l) asatalyst gives specifically the 1,4-
regioisomer (see Scheme 174§ This is now known as the copper catalysed azide-
alkyne click (or CUAAC) reaction.

R
I

N. N._,

P . a)A NTUR
_“Z N=N=N. R
R R ,

b) Cu' N. N.
) Cu NVR

Scheme 1.4: Outcome of the 1,3-dipolar cycloaddlitelaction between an azide and

alkyne under a) thermal conditions, and b) copperalysed conditions.
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The copper catalyst can be added directly usingopper salt such as
copper(l)iodide in combination with a base suchlizpropylethylamine (DIPEAY
or can be generated in situ from copper(ll) sulphat adding sodium ascorbate as a
reducing agent® Addition of amine ligands can accelerate the ieadby stabilising
the active copper(l) species and improving its lsidity in organic solvent, with
tris(benzyltriazolyl)methyl amine (TBTAJ being particularly effective for this
purpose.

Due to experimental challenges the mechanism ofCih&AC reaction has been
difficult to elucidate. However, recent wdrkhas provided valuable insight into the
highly reactive, non-isolable reaction intermediatBased on the observation that
halo-acetylides, whilst formally internal alkynesre still able to undergo
cycloaddition, the authors tested the reactivitypo#formed copper(l)-acetylide and
found that without addition of exogenous copper rtb&ction did not proceed. This
demonstrates the necessity of a secarshund copper centre for the reaction.

Further work using an isotopically enriched coppatalyst on the copper(l)-
acetylide found that, unexpectedly, the copper{@eblide formed from the
cycloaddition was isotopically enriched 50% of ttime. This indicated that the
second copper centre was not simply acting asaund ligand. After excluding the
possibility of exchange occurring on the coppea@gtylide or after the formation of
the copper(l)-triazolide, this led to a proposedlicyintermediate after the first C-N
bond formation where the two copper centres becemeavalent. The subsequent
oxidation step is then facilitated by the coppentaes each acting as a stabilising
donor ligand for the other. The full proposed mexsia is shown in Scheme 1.5.

NZN‘N—R’
R&H R—="H (CuJ? [Cul®
[Cu] # R—='=—H

H* H*
’/N‘
NFR [Cu®
R —i1— a
(Cu] o R—==—1ICu]
R N
I TN
>—(<‘rlC“] N>\ [our
C \\/, = s _
[Cul R [Cu] R—="=—[Cu]? N3—R

Scheme 1.5: Proposed mechanism for the CUAAC ogelCti
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1.2.1 Click chemistry for calixarene functionalisation

The CuAAC reaction has been applied to a wide aofagifferent molecules,
including calixarenes. With their scope for selestfunctionalisation on both the
upper and lower rims, these macrocycles lend thieesewell to the modular
synthesis approach provided by click chemistryhdligh they can be furnished with
either azide or alkyne moieties on both upper ameet rims, this section will focus
on the use of lower-rim alkyne functionalised catenes due to their use in the

syntheses presented in this thesis.

1.2.1.1 Background

Prior to the development of the copper-catalysesior of the azide-alkyne
dipolar cycloaddition, this reaction was used tachionalise calixarenes under
thermal condition€® By combining a lower-rim 1,3-diazido calixarenél) with
either lower-rim mono- 42) or 1,3-dipropargyl 43) calixarenes, trimers44) and
doubly-bridged dimers4b) were synthesised, respectively. This providesearly
example of the use of cycloaddition chemistry tovite access to multicalixarenes.

However, without the copper catalyst, mixturesegfioisomers were obtained.

41:R=R'= (CH2) N3
42: R=H, R'= CH,CCH
43: R =R'=CH,CCH

OR OHOHRO

Toluene, reflux Toluene, reflux

6 days / \5 days

Scheme 1.6: Products of thermal cycloaddition rneast between azides and
alkynes’®
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Interestingly, although all possible isomers 45 were synthesised, only two
regiosomers o#l4 were obtained. In the latter case the isomersdcthérefore be
easily separated.

Several years later, after the advent of the CuAw@ction, Ryu and Zha&b
investigated the potential of this reaction. Thamn was to synthesise water-soluble
calixarenes through a modular approach that woulivige a route to various
functionalised calixarenes without the need for tgebon/deprotection steps.
Although they were able to introduce a varietywidtionalities (including sulfonates
and quaternary amines) to the lower nrma an azide-functionalised calixarengb),
attempts to furnish the lower rim with carboxylicidh moieties using tetra-propargyl
calixarene 47) were unsuccessful (see Scheme 1.7, compout@isand 49,
respectively). The authors suggested that siddiosscbetween alkyne groups were
responsible for the observed complex mixture ofipots and that for this reason, and
due to the greater ease and safety of storingdhieus alkyne-based small-molecule
precursors compared with azides, the azide-funalieed calixarenes were more

effective precursors.

OH OH OH

or SO3Na
or N*MejBr

48 49

Scheme 1.7: Lower-rim alkyne vs. lower-rim azideGoaAAC mediated synthesis of

water soluble calixarene¥.
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However, in 2006 Cheat al.’® demonstrated the successful use of tetra-propargyl
calixarene in CUAAC chemistry by functionalisingwitth triazole-linked aminoethyl
moieties, showing the applicability of the reactitm lower-rim alkynes. Such

molecules have since been widely utilised in th&&Q reaction.

1.2.1.2 Preparation of Lower-Rim- Alkynes

Lower-rim alkynes are easily accessible by utiisanWilliamson ether formation
between the phenols of the calixarene and propabggmide. The degree of
functionalisation and the conformation of the catene can be controlled to give
different arrangements of the functionalised sddffd The main methods of
accessing partially and fully propargylated calerees, as described below, are
summarised in Scheme 1.8.

Chetcuti et al’”® synthesised several different alkyne-functionalisalixarenes,
although they did not utilise them in a CUAAC réaict Mono, 1,3-di and tetra-alkyne
derivatives were synthesised by refluxing in acetaith K;CO; as a base to control
the conformation by forming electrostatic interant between Kand the oxygens of
the lower rim. The degree of functionalisation veastrolled by varying the amount
of alkylating agent, using 1, 3 or 6 equivalentpadpargyl bromide respectively, and
increasing the reaction time. The 1,3-alternatefaromation of the tetra-propargyl
derivative was obtained in a stepwise manner biyguie 1,3-dipropargyl calixarene
and treating it with excess propargyl bromide ia pnesence of G8E0O; as a base.

Matthews and coworkéls used a different approach to access partially-
propargylated derivatives. Instead of leaving fpbenols, the calixarenes were first
partially alkylated with propyl bromide. Using axtiure of Ba(OH) and BaO as a
base afforded the tripropyl, whilst the 1,3-diprbpsas accessible using,&O;. The
1,2-dipropyl was synthesised using NaH as the kbage 2.2 equivalents of propyl
bromide. In contrast with the method used by Chetet al, the mono-propyl
derivative was obtained using CsF as a weak badel dnequivalents of alkylating
agent. All of these derivatives were subsequendgtéed with an excess of propargyl
bromide in the presence of NaH to exhaustively lalieythe lower rim and lock the
final calixarene into the cone conformation, witle desired number of alkyne groups
present.

Tetra-propargylated derivatives were also syntleedfsThe cone conformer was
synthesised using the method of Ryu and ZHadilising NaH as a base instead of

the K;COs; used by Chetcutt al; the calixarene is held in the cone conformatioa i
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similar manner. The 1,3-alternate conformer wagh®gised using the same method
as Chetcuti; however in this case a mixture of potel was obtained, and therefore
also gave access to the partial cone conformeiiléiyn Puddephatet al.?! although
using KCO; as a base, also obtained a mixture of partial @k 1,3-alternate, in
ratios of 2:1 and 4:1 after 24 and 48 hours, raspdy. This suggests that the 1,3-

alternate conformation can convert into the moadlst partial cone with prolonged

heating.
o) e o) o
R Q9 R rR? QR
R R R R
NaH, R-Br NaH, R-Br
DMF DMF
C [ OH o) [ OH
0 o 0 . @ @
R 0O & RO R O O 200 &
R' R R R
NaH, R-Br NaH, R-Br
DMF K,CO,, R'-Br NaH, R™-Br DMF
Q MeCN, reflux DMF
o | OH o) [ OH
R QO Ba(OH) 8H,0 CsF R OHOH

DMF 30°C

NaH, R-Br
DMF

A-0

g

R

R

Cs,CO4 R-Br ¢ i o

Acetone, reflux Q + Q
R

OHO (O]
R R

OH [ oH = p-tert-butylcalix[4]arene R = Propargy!

' = Propyl
OHOH R'=Propy

Scheme 1.8: Summary of main methods that have ussehfor accessing partially
and fully propargylated calixarenes, with the latie different conformations.
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An alternative method for mono-alkylation was po®d by Bonnamouet al,? in
which the 1,3-dialkyl derivative is treated withCIj to furnish the mono-alkylated
calixarene. This was demonstrated for a numbeiffarent functionalities, including
but-3-ynyl.

These alkyne-functionalised scaffolds have foumiimber of applications, which

will be examined in the following section.

1.2.1.3 Applications

As noted in section 1.2.1.1, the work of Chenal’® led to the successful
functionalisation of lower-rim tetra-propargyl oarene. The triazole-linked
aminoethyl functionalised calixarenB0j was synthesised in cone and partial cone
conformers as part of a library of molecules. Twés aimed at creating topomimetics
of amphiphilica-helices and3-sheets for neutralisation of lipopolysaccharid® %l
endotoxin from Gram negative bacteria. Administnatof the cone conformer to mice
given a lethal dose of LPS fro8almonellaresulted in 100% survival, although it was
less effective against LPS from other strains atdyaa.

Click chemistry has also been applied to the folwnatof calixarene-based
cavitands and nanotubes. Morales Sanfretoal.?® following on from the previous
work using thermal cycloaddition conditioffsinvestigated the use of the CuAAC
reaction to react dipropargyl-functionalised cafenes with diazide-functionalised
calixarenes or bis-azidomethylbenzenes. In the éoroase only the tube-like dimer
(51) was formed. With the latter, in addition to thesuoled benzene-capped
calixarenes §2) a doubly-bridged dimer was formed. However, afgyence was
found for the product that formed by the secondkctieaction being intramolecular,
such that the doubly-bridged dimer was always thrnproduct.

Lower-rim propargylated calixarenes have also béecorporated into co-
polymers. For example, conjugation of 1,3-diproghicalixarene to a cyclodextrin
gave a product that was able to form a complex wdhmantyl units on poly-N-
isopropylacrylamide (poly(NIPAAM)? In another case the bifunctionality was
centred on the calixarene itseB3] by using ring-opening polymerisation with
caprolactone to give polycaprolactone (PCL) chdotlewed by click chemistry to

introduce polyethylene glycol (PEG) chalffis.
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Figure 1.9: Lower-rim triazole linked ethylamin&0j, calixarene-based cavitand

(52), calix-tube $1) and calixarene-centred copolymer (x = 25, y = £23).

The 1,3-dipropargyl calixarene in particular hasunfd extensive use in the
synthesis of ion sensors due to the ability ofztsla rings to bind cations. These
sensors commonly exploit a change in conformatiaie side-chains on ion-binding
to give a measureable change in fluorescence regper

Chung and coworkers have synthesised a numberlighiene-based molecules
capable of sensing catidfis® and anion¥ by functionalisation with triazole-linked
fluorescent moieties, such as anthracene and py&eweral of these sensors are
ditopic, utilising a second functionality to binaiather ion, for example combining
two triazole linked anthracenes with a calix-crostructure $4);%° this example is
also switchable, with a second binding event remgrithe change in fluorescence. A
1,2-difunctionalised sensor utilising pyrene wasoasynthesised and was found to

give superior binding to Agcompared with the 1,3-derivative.
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Figure 1.10: Examples of ion sensors synthesise@tung and coworker$4)®® and
Pathak et al. %5).**

Kim and coworkers have also synthesised dipyremetionalised calixarenes,
capable of binding Cd, Zr?* and 1.°>% During the course of developing the latter, a
mono-pyrene derivative was synthesised with a goatg amine on the opposite
calixarene ring; the amine was noted to behavenasteamolecular ligand during the
CUAAC reaction, enhancing the reactivity.

Other work on sensors includes that of Li and céers. A calixarene with a
bridging anthraquinone on the lower rim, linkea triethyleneglycol chains and
triazole rings, gave a switchable fluorescenceaese with selective binding of €a
and subsequent quenching by interaction of the t®mpith F.** Other ion binding
calixarenes have also been synthesised that haflearescent moiety, but have the
ability to extract cations from aqueous to orgatiase in a biphasic mixtuta®

The work of Pathakt al. on calixarene-based sensors has had more of@lual
focus. The sensors developed by this group aredbasea common motif: the 1,3-
dipropargyl calixarene is conjugated to benzaldehyaieties, which are then used to
form a Schiff-base to various molecules to divgrdiie scaffold (for example
compound55).°+9"1%° This has yielded sensors which bind cations usiag the
triazole moieties as noted previously, but the fbdisise groups.

A Zn** binding calixarene featuring imine-linked thiopkemnits has been
developed® which gives a switchable response, with increastubrescence on Zh
binding being reversed by addition of cysteine ithidthreitrol (DTT) due to ligand

displacement. Release of Zrfrom its complex with cysteine or DTT by additioh
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Cd?* or HE" and concomitant restoration of fluorescence was alemonstrated.
These two processes mimic metallothionein and nustixification, respectively.

Similarly, a Zrf* complex with a pyridyl-imine derivative providedetmeans for
selective recognition of cysteine by fluorescenegtching. This was shown to be
applicable to both the free amino acid and probeinnd cysteiné' This amino-acid
sensing application was extended further with @ztie-linked o-iminophenol
functionalised calixaren®® The function of this molecule was diversified loyrfiing
complexes with different metal cations, which wehewn to display selective sensing
properties towards different amino acids dependinghe incorporated metal, with
similarities to amino acid-metal ion pairs foundhetalloproteins.

Other work by Pathalet al. has demonstrated the applicability of switchable
sensors inside living cells. This will be examinedhapter 2.

Click chemistry also provides easy access to glyspmates. Galantet al**
synthesised lower-rim tetrapropargyl calixarene aone and partial cone
conformations as part of a larger library includingper- and lower-rim azide
functionalised calixarenes, which were then usedfaion glycoconjugates with
suitably functionalised lactose moieties for tegtas trypanocidal agents. Although
the partial cone showed little activity, the conenformer 66) showed activity

comparable to the established drug benznidazole.

R= OH_OH o
0 HO g
OHHO

56

Figure 1.11: Example of glycoconjugaf6) functionalised with lactose moietits.

Chinta and Ra8? used 1,3-dipropargyl calixarene to synthesise ayaggl and
lactosyl functionalised calixarenes. After testibgqnding to amino acids, which
interestingly showed that the triazole ring wasoimed in the interaction with
tryptophan, binding to the target protein, Jaciwas confirmed.

The various propargylated calixarenes synthesisetaithews and coworkéts

were also conjugated to sugars. By performing@kekaction between the calixarene
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scaffolds and azide-functionalised galactose, links triethylene glycol, water-
soluble glycoconjugates were synthesised with dffe valencies and conformations
for targeting the PA-IL lectin ofPseudomonas aeruginasahese, and other

glycoconjugates, will be examined in more detaiCimapter 3.

1.3 Overview of thesis

Chapter 1 has provided an overview of the key themes thapessent throughout
the thesis: calixarenes, their potential biologiagplications and the use of click
chemistry in combination with these scaffolds.

Chapter 2 will examine in more detail the concept of cellnpeation, cell
penetration agents and the use of calixarenesisnctintext. The present research
undertaken to add to this body of work will thendresented, including the synthesis
and biological evaluation of novel calixarene-basellipenetration agents.

Chapter 3 will explain the glycoside-cluster effect and howultivalent
glycocongugates can be used to exploit this. Tleeafiscalixarenes as a scaffold to
this end will be examined, particularly in the cmxit of targetingPseudomonas
aeruginosa A synthetic strategy towards bi-functional fluecent calixarene-based

glycoconjugates will be presented.
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2.1 Introduction

2.1.1 Mechanisms of cell uptake

Uptake of molecules or larger structures into catieoss the largely impermeable
cell membrane is essential for a number of prosesbBereign bodies such as
pathogens are removed and destroyed by phagocytegisist other endocytosis
mechanisms are involved in cellular signalling Bgulation of the number of
receptors on a cell’s surfaéd&ndocytosis can also be exploited by pathogemsito
entry to cells$ Endocytosis processes can be categorised inte tma&n groups:
clathrin-mediated, caveolae dependent and clathnd caveolae-independent (see
Figure 2.1). These will be examined further in fiblowing sections.

Phagocytosis Macropinocytosis

Particle Clathrin- Caveolin-
dependent dependent Clathrin- and caveolin-
% A endocytosis endocytosis independent pathways
Actin filaments Q ( i (! ) ‘ §
Caveolin
| } Vo

~®-

CLIG@
Lysosome Early endosome

Figure 2.1: Mechanisms of endocytosis. Reprinteddmnission from Macmillan
Publishers Ltd: Nature Reviews Molecular Cell B'gp}‘b@ 2007

2.1.1.1 Clathrin mediated endocytosis

Clathrin mediated endocytosis is involved in théennalisation of lipids and
proteins, such as a transmembrane receptor ahdaitsl, from the cell membrane. It
is utilised at nerve synapses where it has a rokhe recycling of synaptic vesicles
following the release of neurotransmitters and nspartant for proper signal
transmissioni. In the gut, it is involved in the uptake of irofor{ example by
transferrin), lectins and even virufeFhe endocytosis process is summarised in
Figure 2.2.

Clathrin mediated endocytosis requires the protéathrin to form a coat on the
cytoplasmic face of the membrane. The structueetisskelion with each of the three
arms consisting of a light chain and a heavy clodinlathrin; these molecules then
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form the lattice that coats the vesi€léd number of accessory proteins are also
required. These include adaptor proteins, suchR#, &vhich links the clathrin to the
cell membrane. For example, AP2 recognises thepiadmic face of transferrin and
links it to the nucleating clathrh.

The membrane becomes deformed at the site of iclathucleation, creating a
clathrin coated pit. More accessory proteins aithis deformation of the membrane.
For example, epsin type proteins partially insertaanphipathic helix into the cell
membrane, displacing lipid residues in a wedge-tileaner to create a curV&urther
polymerisation leads to constriction of the vesiodek. Dynamin, a GTPase, forms a
helical polymer around the neck, such that subsgq@IP hydrolysis results in
scission of the vesicle from the cell membranedonfa clathrin coated vesicl@.
Recruitment of dynamin is effected by amphiphysrhjch also binds to clathrin and
AP2M The protein coat is then removed by auxilin anatfs&ock cognate protein 70
kD (HSC70)* The vesicle can then undergo intracellular triffig followed by

fusion to the target membrane.

Linear reaction steps

Dynamin

assembly Auxmn
Clathrin H Y U W
AP2 —
Accessory Y
proteins

Figure 2.2: Scheme of key steps in clathrin mediadadocytosis. Reprinted by
permission from Macmillan Publishers Ltd: Natl@ 2007

2.1.1.2 Caveolae

Caveolae (‘little caves’) are flask-shaped invagores in the cell membrane,
forming a microdomain that is a type of lipid rafthey are particularly abundant in
smooth muscle, fibroblasts, adipocytes and epiheklls® but some cells such as
lymphocytes lack caveold@. Previously associated only with non-specific bulk
transfer of fluid-phase cargoes, caveolae deperafatucytosis is now implicated in a
number of processes. These include a role in calcediated signalling in
endothelial cells, both negative and positive ragoh of membrane bound receptors
and cholesterol homeostasts.

Caveolae are enriched with caveolin type prote®aveolinl (or caveolin3 in
muscle cells) is crucial for their formation. Calred has an intramembrane domain

that inserts into the cell membrane, forming a ghaidoop with bothN- and C-
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terminal domains in the cytoplasm. It is palmitdgth and can bind cholesterol and
fatty acids to stabilise its oligomel%.t is thought that caveolin itself effects the
curvature of the membrane in the formation of tteveolae. The amphipathic
structure can be seen as analogous to those ivolvdathrin mediated endocytosis,
with the inserted loop deforming the membrane. diditgon, the enrichment of

cholesterol within the membrane envelope may erghéire curvaturé.

Although dynamin is required for scission, it ha&sib shown that not all caveolae
pinch off from the membrane. Caveosomal structhi@sge been found distant from
the cell membrane that were still connected {6 styggesting that some caveolae are
stable structures that are not involved in endmsgto

2.1.1.3 Clathrin- and caveolin-independent pathways

It has been found that cells in which clathrin @asteolin have been depleted can
still undergo cholesterol dependent endocytosid-dBehored proteins (GPI-AP) are
not usually concentrated into clathrin coated pitsaveolae although the latter play a
role. Instead, clathrin-independent carriers (CLIG@an form and transfer the
structures to GPI-AP-enriched early endosomal cotpants (GEECSs), more tubular
in shape than typical vesicles. This pathway isulagd by the G-protein cdc4?.
This is a lipid raft associated process, with thistering of the GPI-APs dependent on
cholesterol® This does not create sufficient membrane curvasarether proteins
with Bin—Amphiphysin—Rvs (BAR)-type domains such@RAF1 are recruited to the
curved membrane and induce further curvature.

Another lipid-raft associated process is macropytmgis. This occurs when
protrusions in the cell membrane fuse back to ibie bilayer to form large, fluid-
filled macropinosomes, which is associated witlergive actin rearrangement to give
characteristic ruffle&’ It has been shown to be important in class Il MptBitive
cells in the uptake of antigefs.A number of enzymes have been shown to be
important for this process, including phosphoindsit3-kinase (PI3-K), the GTPase
Racl and ARF8>*The localisation of Racl and ARF6 to the membisgams to be
cholesterol dependent and cholesterol depletioibitstmacropinocytosié® However,
cholesterol depletion is a non-specific inhibitbmay be that the observed inhibition
is a secondary effect, for example due to interfegewith the actin cytoskeleton at the

cell membrané®
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2.1.2 Cell penetration agents

Many therapeutic targets lie within cells. As suiths essential for drugs or other
therapeutic agents to be able to cross the cellbream. In some cases this barrier
prevents the agent being available within the dell, example in the delivery of
nucleic acids in gene therapy. Therefore it is ingod to investigate ways to facilitate

the delivery of various molecules into cells.

2.1.2.1 Cell penetrating peptides

Some naturally occurring peptides are able to ctiesscell membrane. One early
observation of this was the Antennapedia homeodontiae DNA binding portion of
a transcription factor frorbrosophila which was found to penetrate cells in culttfre.
Further examples have also been found, includiegtiiinsactivator of transcription
(Tat) protein from HIV, from which the protein trsauction domain (Tatp) was
isolated®

The potential usage of such peptides as cell patra@iragents to deliver cargos
into cells has led to extensive investigation & thechanisms of their uptake into
cells and the essential features that allow thenptso. This has informed the design
of synthetic cell penetrating peptides and the stigation of potential applications.

These investigations will be examined in the follogvsections.

2.1.2.1.1 Cellular uptake mechanisms

In order to facilitate the design of cell penetigti peptides, their uptake
mechanisms into cells have been investigated. Badgk seemed to indicate an
energy-independent, non-endocytotic mechanism t@kapdue to the observation that
at 4 °C there was no inhibition of uptake into £&*°> However, subsequent work has
suggested that this was an artefact of the proesdused to fix the celf§.Fixation
using paraformaldehyde resulted in the cellular tm@ames becoming more leaky,
leading to release of the peptides from endosoroegive the observed diffuse
staining. Furthermore, excess peptide associateéd the external surface of the
membrane was able to leak into the cell even atiéomperature.

Following this, many studies have been carried mulive cells. Nakaset al?’
suggested that macropinocytosis was the dominachamésm of uptake based on the
observation that uptake of Tatp and other argimicte peptides was associated with
actin  rearrangement.  Also, inhibitors of macropyiosis such as

ethylisopropylamiloride inhibited their uptake. Hever, penetratin, a cell penetrating
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peptide derived from the third helix Antennapedmemieodomain, was not affected by
the same inhibitors except at high concentratiossggesting that multiple
mechanisms may be used by the same peptide.

They also suggested an important role of hepartphate proteoglycan (HSPG).
Deficiency of this cell surface structure led tacibased uptake efficiency and was
associated with a lack of induction of macropinosid by arginine-rich peptides,
although this effect was less prominent for thedéldue arginine oligomer, R8. They
suggested that HSPG may act as a receptor for piaoaytosis by concentrating the
cargo at the cell surface and stimulating the eylscs.

However, other studies of Tatp have shown coloa@tia with transferrin in HelLa
cells, implicating clathrin mediated proces&§e&onsistent with this, treatment with
chlorpromazine, an inhibitor of clathrin mediatewlecytosis, gave 50% inhibition of
uptake?® Other studies in the same cell line also foundecalisation with caveolini’
although inhibitors of caveolae such as filipin didt have a significant impact on
uptake?®

It has also been shown that a direct translocatienhanism may play a role, even
in live cells. Fretzt al® studied the uptake of octaarginine into cells undeying
conditions in CD34 leukaemia cells. It was found that at low tempeethere was
diffuse staining of the cytoplasm and localisattorthe nucleus, consistent with the
original assumptions about endocytosis-independemptake. At increasing
temperature, localisation to endocytotic vesiclesuored, whilst at 37 °C this was the
only staining present. A concentration threshold waplicated by the observation
that at higher concentrations of peptide diffusgngtg became evident once more.
Cholesterol depletion also gave diffuse stainingisTsuggests that either cholesterol
inhibits direct translocation, or that disruptiorf endocytosis necessitates an
alternative mechanism.

Cumulatively, the data suggests that multiple mems may be important,
perhaps even operating in a concerted manner. Meatlta studies have been
complicated by the fact that a number of factorffuamce the mechanism that a
peptide is taken up by. The type of cell, cell geateng peptide and cargo all have an
effect on the mechanisth.An example of the latter has been demonstrated by
Tunnemanret al*® who found that varying the size of a peptide-bassdo attached
to Tat from a peptide to a globular protein ledifferences in uptake. The globular
protein cargo was taken up only by endocytosis,redeethe peptide was also taken

up by an unknown, rapid mechanism of translocation.

55




Chapter 2: Calixarene-Based Cell-Penetration Agents

In summary, the dependence of uptake on a numbear@bles precludes the use
of a single universal cell penetrating peptide. tB@ other hand, it may allow fine

tuning for selective applications.

2.1.2.1.2 Design of cell penetrating peptides

Much work has been carried out to determine whiehtures are essential for
cellular uptake in order to design optimised cedhgirating peptides. Studies of
individual segments of the Antennapedia homeodorfamind that a 16 amino acid
stretch corresponding to the thiadhelix without its N-terminal glutamate (now
known as penetratin) was the essential componeiitsfaranslocatios; However, the
a-helical structure is not essential for uptakeg¢simtroduction of 1-3 proline residues
to interrupt the secondary structure did not prewptake®*

In the case of Tatp, studies to determine the kajufes of the peptide determined
that translocation was due to a cluster of basimamcids (six arginines and two
lysines), whilst the amphipathac-helix, initially thought to be a key determinawt f
uptake, was not essentfallt has also been found that deletion of arginm&atp is
more detrimental to its cellular uptake efficiertbgin deletion of lysiné

The difference in acidities between lysine and gliaium cations has been
proposed as a reason for this effédtysine is sufficiently acidic to release a proton
to water in order to reduce charge repulsion widiginbouring cationic groups;
however, the guanidinium group of arginine is ndfisiently acidic to do the same.
Therefore in order to stabilise the positive chaggnine may instead act as an anion
scavenger. This may increase its tendency to lortde negatively charged phosphate
groups on the cell membrane.

It has also been proposed that arginine can cf@atessian negative curvature in
the cell membrane, which is associated with thenédion of pores, invaginations and
protrusions. Arginine can form both electrostatiteractions and multiple hydrogen
bonds, giving a bidentate mode of binding to midtipolar head groups of the cell
membrane, whereas lysine can only form a hydrogenl bThis allows poly-arginine
to give Gaussian negative curvattitélhe ability of poly-arginine to do this would
depend on the degree of intrinsic curvature inrtteenbrane and so depend on the
composition of the lipid bilayer, including the aumh of cholesterol, accounting for
some differences between cell types.

The length of an arginine oligomer is also impotrtaligomers of 5-20 residues

are taken up into cells, with maximum efficiencyl&targinine residues. However the
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R8 peptide has been most extensively studied@gseas a good compromise between
uptake efficiency and ease of synthés¥.

Further studies into the effects of modificatioriscell penetrating peptides found
that both D- and L-isomers were efficiently takgm into cells, indicating that the
backbone conformation of the peptide was not ingeartThis suggests that enzyme
interactions at the cell surface, which would depen chirality, are not responsible
for uptake. The D-isomer of an oligoarginine seeiteekave superior uptake, perhaps
due to its greater stability to proteolysis andglerin vivo lifetime 32

These observations led to the study of non-pepgdeanidinium-rich transporters,
such as those based on peptoids and carbamates$) lbk secondary structure and

have greater flexibility. These will be examinedtfier in section 2.1.2.2.

2.1.2.1.3 Applications

Cell penetrating peptides have been used to dediwariety of cargoes into cells
which would otherwise have poor uptake efficiermyno uptake at all.

Peptide-based therapies have great potential lkeuha@mpered by the inability of
most peptides to cross the cell membrane. Howegweptides lend themselves to
improvement with cell penetrating peptides as tledorporation can be included
during the peptide synthesis. An example of thishis targeting of Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2$® This binds to the anti-oxidant response element
(ARE) when not bound by its regulator Keapl andhs®interaction provides a target
for treatment of inflammation. A 14-mer peptidesid@ed to interact with Keapl,
when combined with Tatp was able to disrupt thiteraction in vivo, giving
downstream expression of heme oxygenase and sumgesgpression of tumor
necrosis factor, a pro-inflammatory cytokine.

A further example is provided by Psorban, a celigirating peptide conjugate that
is currently undergoing clinical trials. It is basen cyclosporine-A, a cyclic peptide
with anti-inflammatory effects that is used to trpaoriasis. It was conjugated to R7,
which allowed it to cross cutaneous barriers angefpate into the target T-cells in
inflamed skin, giving an anti-inflammatory responggen used topically and avoiding
the side-effects associated with systemicdse.

Nucleic acids can also be delivered, with poterglications in transfection and
gene therapy. One such cargo is siRNA, small sectod double-stranded RNA that
are capable of affecting the expression of targehpiementary genes by post-

transcriptional silencing. Both covaléht' and non-covaleft conjugates of cell
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penetrating peptides with siRNA have been invettdjaand gave successful gene
silencing, though vesicular accumulation was idettias a barrier in the latter case.
This led to the development of PepFett@his transportan 10-based peptide features
several trifluoromethylquinoline moieties, whose fidffering capability leads to
osmotic swelling and subsequent endosomal reldagas internalised into multiple
cell lines with low toxicity and gavie vivo gene silencing in mouse models. However
a more simple poly-arginine R15 was also able terimalise siRNA and give gene
silencing, with cellular localisation suggestingdesaomal escape, and gave reduction
in tumor growth in a mouse modél.

Another example of their use is aiding in the datwof small drug molecules by
improving their properties. For example, polyargaican be used to improve the
water solubility and uptake of paclitaXél A different facet of this is improving
availability of a drug by circumventing the actiofh efflux pumps which can give
resistance. To this end a doxorubicin-Tatp congigatas synthesised, which
successfully exerted a cytotoxic effect on resistaii lines?®

Cell penetrating peptides also have uses in cellaging. This is important
therapeutically for visualising diseased tissue alsd for improving understanding of
biological processes. Jiangt al*’ exploited the increased concentration of
extracellular proteases in tumour tissue by corjuogaa fluorescein peptide hairpin to
a polyarginine cell penetrating peptide with anoagged polyanionic segment.
Proteolytic cleavage of the anionic domain was nposiminent in the tumour tissue,
allowing internalisation of the probe and selectngialisation of the tumour cells.

MRI can also be used to visualise cells, relyingtba incorporation of MRI
contrast agents which enhance the magnetic spiplinguof protons in water. Tat-
iron oxide nanoparticles allow delivery of the aast agents into cells and have been
used for in vivo, real time tracking of T-cells wiho effect on the normal immune

function?®

2.1.2.2 Non-peptidic cell penetration agents

As noted in section 2.1.2.1.2, the ability of al qggnetrating peptide to resist
proteolysis influences the efficacy of its uptakée desire to find alternatives that
will remain stable for longer periods in living ehas led to the investigation of non-
peptidic systems.

Oligoarginine peptoids have the same 1,4-spacimglhfeir side chains as their

peptidic counterparts, but instead of the side rchseing attached to carbon, it is
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attached to the nitrogen (see Figure 2.3). Thimiehtes the secondary structure
formed by N-H hydrogen bonding and increases fié&ib It was found that these
structures were superior to Tatp in their uptake #rat increasing the chain length
between the backbone and the guanidinium moietiethdr increased uptake
efficiency. This suggests that greater flexibilgymportant in uptaké’
Oligocarbamates have also been investigated, whrehcharacterised by 1,6-
spacing between their side chains (see Figure @u8)erior uptake was found relative
to oligoarginine peptides. This shows that 1,4-Bgadbetween side chains is not

required for cell penetratiot.

H,N.__NH H,N.__NH Ho,N._NH
o NH, R_IN NH, R\ O INH,
: © X O X : © X
57 58 59
Figure 2.3: Oligoguanidinium compounds based ontigdep &7), peptoids $8) and
49,50

carbamatesH9).

Figure 2.4: Cell penetration agents based on a diemer (60)°* and an inositol dimer
(61).>> FITC = fluorescein isothiocyanate.
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Other systems that have been investigated includaidinium dendrimer$ and
carbohydrate based scaffoltiésee Figure 2.4). Macrocyclic scaffolds have &lsen
investigated, including those based on calixaremsch will be discussed in more
detail in the following section.

2.1.2.2.1 Calixarenes as cell penetration agents

Depending on their functionalisation, calixarenas dave low cytotoxicity and
immunogenicity>>° this, combined with the ability to create a dieemrange of
scaffolds, makes them an attractive choice forpetietration agents. Their properties
have been exploited in a number of ways. For exantpé ion sensing capabilities of
appropriately functionalised calixarenes can be tputvork inside of living cells.
Pathaket al. have synthesised several calixarenes based on m@onmtermediate
with a linker installedvia a CuAAC reaction, diversified by adding differemtad
groups with an imine linkage (see Figure 255§°

R R R R
Q /H\ R = tert-butyl
OHoy © R'= N N
N~ N~
7 N 62 63
N-N

0

N
N-N

s N

OH  HO m -
R R

_N N 64 65

R R

Figure 2.5: Cell permeable cation binders basedpgndyl (62, 63), thiophenyl §¢4)
and dimethylaminob) conjugates?>®

In all cases the fluorescence properties of theeoudé were modulated by cation
binding. In the absence of binding, the moleculad very weak fluorescence due to
excited state proton transfer between the sali¢yladd the imine-N. Cation binding
supresses this process and results in ‘switch-lugréscence which can then be
monitored.

For the pyridyl conjugate®, selective binding of both compoun@g and 63 with
Zn** over a variety of other cations was found, wittoisger binding 062 attributed
to a less distorted binding site. However, in a petitive binding assay the
fluorescence was quenched in the presence &f, Quecluding the use of these

conjugates as Zh sensors in the presence of ?Culn both cases thén vivo
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fluorescence was demonstrated by incubating Hella @est with the calixarene,
giving only weak observable fluorescence after wagh followed by 1:1
Zn*Ipyrithione, resulting in intense fluorescence.sT$fiowed that the calixarene was
penetrating inside of the cells and retained itsonabinding ability. It was also
demonstrated that in the case of the more weaklyitg compoun®3, Zr** could be
removed from the complex by competitive bindingthe metal by phosphate-based
ligands, resulting in loss of fluorescence. Howewerthis case this process was not
demonstrateth vivo.

Similar results were found for the thiophenyl cagte64, with selective binding
to Zrf* found®’ Fluorescence could be perturbed by addition ofsphate-based
ligands to the complex, with complete quenchingeobsd with pyrophosphate (PPi)
due to its strong Z1 binding capabiliies. The cell permeability wasaimg
demonstrated in HelLa cells, where fluorescencedcbel switched on as described
before and switched off by treating the cells viAthi.

For the dimethylamino conjuga6s,® the complex with Cd was investigated to
develop a sensor for cysteine by exploiting theaele soft ion binding of this amino
acid with Cd*. The fluorescence of the metal complex could bécked off by
adding cysteine, demonstrating binding to and rexhof/Cd* by the amino acid. The
binding of cysteine was competitive in the preseotcall other amino acids, which
had no significant effect on the fluorescence prioge and the ability of reduced
dithiothreitol but not its oxidised form to affeffttorescence shows that the thiol on
the cysteine is used for binding. The applicabitiylive cells was demonstrated by
the switch-on fluorescence associated with incalgaMCF-7 cells first with free
ligand, then with Cti/pyrithione after washing with buffer. The fluoresce could
then be switched off by further treatment of thesks with cysteine.

66
Figure 2.6: Cell permeable thiacalixarene based'Feensor §6).>°

Similarly, a tetra-pyrene appended thiacalixare®® Eynthesised by Kumaat
al.>® was shown to selectively bind to *Feout of a number of other metal ions
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including Fé*, this time resulting in quenching of fluorescentreubation of PC3
cells with the ligand alone resulted in fluoreseemathin the cells, demonstrating the
cell permeability of the thiacalixarene. This flascence could then be continuously
quenched by treating these cells with varying cotreéions of F&, showing
potential application as dn vivo Fe* sensor.

The potential cell permeability of calixarenes lés been demonstrated by their
ability to effect transfection. This has been acplished with single calixaren¥<®

and also multicalixarenés.

Figure 2.7: Glycine functionalised multicalixare(&y).®*

In a comparison of different multicalixarenes aime calixarenes, Laloet al®*

found that a multicalixarenéT) with its core in the 1,3-alternate conformatiorda

the pendent calixarenes functionalised with glyamaeties on their upper rims was
able to promote transfection of the plasmid pDs@miesulting in a fluorescent
protein inside the mitochondria. By comparison,asalogous multicalixarene with

aromatic amine functionalization and also a sirgglixarene appended with glycine
moieties, whilst able to bind to DNA, were unaldepromote transfection. However,
without a fluorescent marker the uptake and celltdde of these calixarenes was

unknown.
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In other work on single calixarenes, Sanseneal?® investigated the ability of
calixarenes functionalised with aromatic guanidmigroups on the upper rim to
effect transfection. They found that the rigid $olaf provided by calix[4]arene
coupled with hexyl or octyl chains on the lower ri{®8) gave a suitable, pre-
organised amphiphilic molecule capable of drivingNA condensation by a
combination of electrostatic and hydrophobic intéoms, and promoting transfection.
However, the transfection efficiency of pEGFP-C1plasmid coding for green
fluorescent protein (GFP), was low and the cytatibyxitoo high, with cell death
occurring at a concentration of 404. Further investigation of cell uptake was not
carried out on this compound.

Further worR* was carried out on calixarenes with the guanidinimoieties
placed on the lower rimia a C3 spacer. A calixarene of this form with no emppm
functionalization §9) exhibited low cytotoxicity, with 70-75% viable lteat 10uM
concentration. However, the presencedest-butyl or hexyl groups on the upper rim
gave molecules that, despite having similarly looxidity to 69 when simply
incubated with cells, suffered increased cytotdyiander transfection conditions.

In contrast with the poor transfection ability@8, when used with the helper lipid
DOPE (dioleoylphosphatidylethanolamin&® was able to efficiently transfect
pPpEGFP-C1 into RD-4 cells. It was rationalised thia¢ greater flexibility of the
cationic head groups when on the lower rim may ouprDNA binding. Also, the
hydrophobic cavity 069 may give better interactions with DOPE than itsnaatic
guanidinium counterpar68 (supported by the lack of any effect of DOPE on
transfection with the latter), giving an assembiyhwsuperior transfection properties
and lower toxicity.

The mechanism of uptake of the assembly was imgadstil by using inhibitors of
different pathways of endocytosis. It was foundt timhibitors of macropinocytosis
(wortmannin and amiloride) and caveolae (filipirgdhthe most effect on supressing
transfection, suggesting that these are the priraadysecondary uptake mechanisms,
respectively. No suppression of transfection wasndbwith inhibitors of clathrin
mediated endocytosis.

It was also found that replacing the guanidiniurougrs with amino moieties gave
poor DNA binding properties, an inability to conderDNA and a loss of transfection

capabilities. However the cellular uptake of thesidative is unknown.

63




Chapter 2: Calixarene-Based Cell-Penetration Agents

0 O o O NH2*CI'
R R ‘R R ‘CI*H, Nﬁ/
NH, CI"H, N NH, H,N NH or H2
R = octyl or hexyl 2

68 69
Figure 2.8: Upper rim §8)°° and lower rim 69)°* guanidinium functionalised

calixarenes.

Recent work by Bagnacareét al®® further investigated the use of cationic
calixarenes as transfection agents, this time usomgugation to amino acids to give
arginine or lysine functionalisation on the uppaddower rims; the upper rini7(Q)
and lower rim {1) arginine appended calixarenes are shown in Fiduge In
comparison witht68 and69, these derivatives bear an additional primary angroup

on each side-chain.

2 /g : '
.

R = Hexyl H,N
70 7

Figure 2.9: Upper rim 70) and lower rim {1) arginine functionalised calixaren&s.

Once again the DNA transfection ability seemed ¢orélated to the ability to
condense DNA. The lower-rim derivatives gave paangfection due to the lack of
amphiphilicity in comparison with the upper-rim oetives, which were
functionalised with hexyl groups on the lower ri@omparison with non-cyclic
derivatives showed the importance of the cycliodtire. The guanidinium function
was also again shown to be important for efficieabsfection: whilst the upper-rim
lysine was able to give some transfection in thes@nce of DOPE/0 gave superior

transfection without the adjuvant, interestinglyttwa loss in efficiency when DOPE
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was used. Remarkably,0 was superior or at least comparable with commigycia
available LTX lipofectamine in most cell lines tdf with similar impact on cell
viability under transfection conditions.

Another example of a cell permeable calixarene ns amphiphilic cationic
calixarene that was synthesised as part of a syotmembrané® A combination of
calixarenes functionalised at the upper rim witlméthylamine (cationic) or
phosphate (anionic) groups, with dodecyl chainshenlower rim, were used to form
vesicles that were stabilised by electrostatic raggons. Although the cationic
calixarenes on their own formed only micelles, & d@ppended analogu&?( see
Figure 2.10), with one cationic group replaced wihtriazole linked dye, was
synthesised and the cell permeability evaluatediak found to penetrate into PC-12
cells efficiently and localise within the cytoplaskiowever, the mechanism of uptake
was not investigated. The cytotoxicity of both ttaionic and anionic forms of these
calixarenes was relatively high. It was therefoexided that the less toxic octyl-
appended derivatives would be more suitable, afthaine toxicity of the dodecyl
derivatives could potentially be exploited if thesicles stayed intact until reaching

their target.

Figure 2.10: Amphiphilic dye-appended calixarerig2)f® amphiphilic micelle-

forming calixarene 13),°* vanadyl sulfonylcalixarene74),%®> nitrobenzoxadiazole-

(NBD)-appended cationic calixarengsj.>> %
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A similar calixarene was synthesised by Rodtkal® with octyl chains on the
lower rim and hydroxylethylammonium moieties on tgper rim 73). These, too,
formed micelles, but in this case the utility oktbationic micelles as transfection
agents was demonstrated. Octyl chains gave supesim®lle formation as well as
better DNA binding and condensation properties. WBBIA was bound, the micelles
were preserved, even in the presence of DOPE.dtpraposed that nanoparticles are
formed with the DNA molecules wrapped around anthiwithe micelles. These
nanoparticles were able to transfect DNA and thecess was followed with a
fluorescent DNA marker, showing slow adhesion ® ¢kll membrane, followed by
internalisation and ultimately accumulation arouhe nucleus. The slow uptake and
relatively low transection efficiency however shan& need for optimisation of the
structure in the future.

Vanadyl calixarenes have also been investigatedaltiee potential apoptotic and
anti-tumour  activities of vanadium compleXds. A fluorescent vanadyl
sulfonylcalixarene complex74) was found to penetrate into CHO cells with slow
uptake over 3-4 hours. Incubation with various ewytitic inhibitors (sucrose,
nystatin, monensin and methdeyclodextrin) found no inhibition of uptake,
suggesting direct translocation across the cell bmane. The complex localised
within the cytoplasm. This particular complex shawew toxicity in all cell types
screened, but other complexes investigated disglagiéferent cytotoxicities in
different cell lines, suggesting that vanadyl catenes may have potential use as
selective cytotoxic agents.

A more detailed analysis of cell uptake and loeaiosy was carried out in the case
of 75, a dye-appended cationic calixarene derivativah®gised as a mimic for cell
penetrating peptides with the cationic moietiestdted on a single face of a rigid
scaffold. Preliminary work on the this molecule, named NBDCalAm, investigated
the cellular uptake of the calixarene in formaldddyixed cells. It was found that
cellular uptake was rapid, with images availabld@minutes, and the fluorescence
from the probe was stable, with images still alddaafter 60 minutes. Furthermore
there was no cytotoxic effect from the probe at ¢bacentrations required for the
study.

The mechanism of cellular uptake was investigatéti whibitors of caveolae-
linked endocytosis and lipid raft processes (filipp-cyclodextrin) and clathrin
mediated endocytosis (sucrose). None of these mendeition of uptake, indicating
that the main endocytotic pathways were not resptendor uptake. Using a
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counterstain against a receptor localised on tHenwmbrane, it was found that the
probe accumulates in the cytoplasm and not in gleneembrane. It was also shown
that there was no accumulation in the nucleus.

Following on from this, studies were carried out live cells to ensure that the
uptake mechanism and localisation were not artefattthe fixing proces® The
rapid uptake (1-3 minutes), stable fluorescenceer(ewfter 72 hours) and low
cytotoxity were confirmed with live cells. Again hibitors of clathrin mediated
endocytosis (sucrose) and caveolae mediated pexeg§lipin, methylf-
cyclodextrin) failed to inhibit uptake, implicatingjrect translocation across the cell
membrane.

Co-localisation studies with Golgi apparatus argbgpome stains showed that the
probe initially localised to the Golgi apparatudtda 2-3 hours) then showed
localisation to the lysosomes (from 2-3 hours u@2dours). The route of transfer to
the lysosomes via the Golgi apparatus was confirbnyethe inhibition of the process
by brefeldin A and its lack of effect when the peolvas already localised within the
lysosomes prior to brefeldin A treatment. Furth&wrdsges with monensin (which
affects endosomal pH), bafilomycin (an inhibitorvacuolar ATPases) and sodium
azide (which depletes the available ATP pool) bptavented localisation in the
lysosomes and stimulated release of the probe fhin them. This indicates that
these three factors are important both for thesteanto and the retention within the
lysosomes.

To further this work, the effect of using differesdtionic groups on the upper rim
and introducing different dye molecules was ingg®d. This will be the subject of

the remainder of Chapter 2.

2.2 Aims

Based on the previous work of our research groupBBCalAm (as described in
Section 2.2.2.1), further investigation was reqliiiees to the effects of different
functionalization of the calixarene scaffold, baththe cationic groups on the upper
rim and in the cargo attached to the lower rim.

To alter the properties of the upper rim, two tésgeere proposed in addition to
the original aromatic amine: an aliphatic amineeasible by furnishing the upper rim
with glycine residues, and a guanidinium derivathigea mimic of poly-arginine cell

penetrating peptides. Although the syntheses df lagre previously attempted (R.
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Lalor, unpublished work), problems were met, patédy with the synthesis of the
guanidinium derivative.

The synthesis of NBDCalAm analogues required a ethsknine on the lower rim
of the calixarene in the form of propylphthalimidBor the synthesis of the
guanidinium derivative, this gave the intermediatenpound76 (see Figure 2.11).
The next step required removal of the phthalimid&qzting group in order to react
the free amine with NBD-chloride. However, reactwith hydrazine to effect this

transformation also removed half of the Boc protecgroups from the upper rim.

NBoc
BocN
BocN BocHN ™~ NH )\\NHBOC _—
HN
BocHN NH HN
NHBoc
O

Figure 2.11: Intermediate in the synthesis of tejtenidinium calix[4]arene with

NBD labelled lower rim.

In order to avoid this loss of integrity in the @ppim, it was decided to use a
different method to attach the dye. The CuAAC reacf{as described in Chapter 1)
was selected as a means of attachment that woglikreeno protecting group during
the functionalization of the amines on the upper @nd that would facilitate variation
of the lower rim cargo. Furthermore, the use o$ tl@action results in 1,2,3-triazole
linkers. These have topological and electronic Isinties with amide bonds and can
therefore be potentially used as bioisosteres ©f filnctionality, but with greater
chemical stability” For example, they have been shown to be an eféecti
replacement for the amide bond in amprenavir, an-Hprotease inhibito?®

Since use of the CUAAC reaction would give a ddferlinker to the dye compared
with the original NBDCalAm, a pair of analogues hvitdentical upper rims and
linkers but with two different dye molecules woull$o be required. This would allow

the effect of changing the linker to be evaluated.
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In summary, the aims for this project were as feo

* To synthesise three analogues with variation inughyer rim, i.e. aromatic
amine, aliphatic amine and guanidine functionalmgt with a dye
molecule added to the lower rim by click chemistry;

* To synthesise analogues of the aromatic aminedifittrent dye molecules
added to the lower rim by click chemistry;

* To synthesise a pair of analogues with aromaticmarfunctionalised upper
rims, with an identical linker on the lower rim bwith two different dye
molecules, one of which would preferably be thgioal NBD dye to allow

for comparison with NBDCalAm.
2.3 Results and Discussion

2.3.1 Synthesis of water soluble click conjugates

In order to add a dye molecule by the CUAAC reactether an alkyne or an azide
was required on the calixarene to react with eitirelazide or alkyne functionalised
dye. Since an alkyne could be easily added to #iigazene in a single step using
readily available propargyl bromide and azide dsiixes of several dye molecules

could be synthesised; *this is the route that was taken.

2.3.1.1 Synthesis of common intermediate

To introduce the required single propargyl grouphte lower rim of calix[4]arene,
two routes could have been followed. The firsbisrtono-propargylate the lower rim,
then add the three propyl chains to lock the can&tion. However, this method is not
ideal as some of the 1,3-dialkyl species can bedd’> Therefore it was decided to
use a selective tri-alkylation method, followed mmtroduction of the propargyl
group”® For both alkylations, the Williamson ether synteesan be used. This
involves treating an alcohol with a base to prodacalkoxide anion, then addition of
an alkyl halide, which reactsa an §2 type reaction.

The first step was to form the calix[4]arene staytmaterial using the method of

Gutscheet al’™

A mixture of para-tert-butyl-phenol, formaldehyde solution in water
and sodium hydroxide were heated to 120 °C and amecdlly stirred until the

intermediate polymer was formed. This was dissolvediphenyl ether, the water of
condensation driven off and the mixture heateceflux to form the cracked product.
Precipitation with ethyl acetate gaeas off-white crystals in 67% yield, which was

used without further purification.
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O 1. NaOH, water, 120 °C, 2 hours
HJLH 2. Diphenyl ether, reflux, 4 hours

OH

Scheme 2.1: Synthesis of tert-butyl-calix[4]areR}e (

In order to tripropylate€2, a mixture of barium hydroxide with barium oxidesv
used as a base. The phenoxide anions that aredayméhe calixarene interact with
B’ and in order to optimise these interactions théxasne is held in the cone
conformation. Subsequent addition mpropyl bromide resulted in alkylation. The
formation of the tetrapropyl product was suppresaedhe final phenoxide is too
strongly coordinated to reaCt.Aqueous workup and precipition from DCM with

methanol gav&7 as white crystals in 79% vyield.

1. BaO, Ba(OH),
2. n-PrBr

DMF, 30 °C

1. NaH
2. Propargyl bromide

DMF

95%
78

Scheme 2.2: Selective tripropylatiofY) and subsequent alkylatior8) of tert-butyl-

calix[4]arene @Q).

To introduce the propargyl group @@, sodium hydride was used as a base. The
Na' coordinates the phenoxide anions and holds théxatahe in the cone
conformation as before; however, the coordinationN& is weaker than Ba
allowing the final phenoxide to react. Propargydroide was added as the alkylating

agent. With the four alkyl chains in place, theristédoulk prevents transannular
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rotation, locking the conformation. Aqueous workapd column chromatography
over silica gel (eluting with 2:1 DCM/hexane) gak@ as off-white crystals in 95%
yield.

The 'H-NMR spectrum of compound8 (see Figure 2.12) confirms that the
product is in the cone conformation. Two pairs otiblets for the methylene bridge
protons are characteristic of this conformation aywhmetry and can be seen at 4.4
and 3.1 ppm; the latter pair is overlapping to giveingle doublet. These peaks arise
from the axial and equatorial hydrogens on the glette bridges being in different
environments (see Figure 2.12b), resulting in gamaoupling in the NMR with a
splitting of 13 Hz. Taking into account the symngetrf the molecule (see Figure

2.12a), this gives the observed four doublets.

b)

ArCHAr JJ\IL
SN

MU J M S M DU (VO
I T I T I T I T I T I T I T I T I T I T I T I T I T I T I
75 70 65 6.0 55 50 45 40 35 30 25 20 15 1.0 0.5
f1 (ppm)

Figure 2.12: a) Two dimensional model of compourg] showing rotational

symmetry plane, b) Positions of axial and equatanathylene bridge hydrogens, c)
'H-NMR spectrum 078 (CDC).

The presence of three propyl groups is confirmedheypresence of two peaks for
each position on thes&hain as there are two environments for eachtwioechains
adjacent to the propargyl group and the one oppdséde Figure 2.12a). These peaks
lie around 3.9-3.7 ppm, 2.2-1.9 ppm and 1.0 ppne pitopargyl peaks are at 5.0 and
2.4 ppm, corresponding to the €knd terminal carbons, respectively. Long range
coupling over the triple bond results in a douhled a triplet with & value of 2 Hz.
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With the conformation of the calixarene now lockadd the propargyl chain
introduced, the upper rim was next modified toafighe amine groups that would be
required to confer water solubility or be availafe further functionalisation. To this
end, nitro groups were first introduced to the upp®a, which could subsequently be
reduced to give the desired amino derivative.

To carry out thapso nitration which would replace thert-butyl groupspara to
the alkyl ethers with nitro groups, a number of Imoels for exhaustive nitration were
available. Kumaet al’™ evaluated a number of different nitrating mixtyriesluding
HNO3/Ac,0O, KNOy/AICI; and HNQ/CH3;COOH for the exhaustivpso-nitration of
calixarenes and found HN@H3;COOH to give the best yields. This method and a
variation using TFA instead of acetic acid wereemted. Although TFA gave a
reasonable yield of 61%, the reaction was slowan tivith acetic acid. It was
therefore decided to use the HMOH;COOH method.

Compound78 was stirred with excess glacial acetic acid and%d.00tric acid,
giving a characteristic colour change first to bhlack, then over time to bright
orange. Aqueous work up and precipitation from D@Nh methanol gav&9 as light
yellow crystals in yields up to 85%, sometimes wiitle need to purify by column

chromatography over silica gel (eluting with DCM).

AcOH,
100% HNO;

DCM

SnCl,, EtOH
— >
Reflux

Scheme 2.3pso-nitration of 78 and reduction t@&0.
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A number of methods were available for reductiothef nitro groups on the upper
rim. Methods previously used on calixarenes inclirseuse of hydrazine with Raney
nickel,”® palladium with either hydrazine or hydrodénr heating at reflux with tin
(I1) chloride in ethanol® The latter, being the favoured method of the graugs the
first method that was attempted and gave goodtsesul

Reduction off9was carried out by heating at reflux with tin ciderin ethanol for
24 hours, followed by aqueous work up with sodiuydrbxide. Compound®0 was

obtained as orange-brown glass in 98% vyield, whicks used with no further

purification.
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Figure 2.13: 'H-NMR spectra of afBu (78), b) nitro (79) and c) amino &0)
functionalised calixarenes in CD&LIPeaks corresponding to aromatic protons are

marked with an asterisk.
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The 'H-NMR spectra of78, 79, and 80 are shown in Figure 2.13. The peaks
corresponding to the aromatic protons (marked wwithasterisk) clearly show the
effect of the changing environment on the upper, fnth the electron-withdrawing
nitro groups of79 resulting in deshielding and a downfield shifjpm relative to the
tert-butyl groups and the amino groups86fgiving the opposite effect.

This amine was the common intermediate from whiah $yntheses of the dye-
conjugates diverged. It was either furnished withiree protecting groups for the

aromatic amine derivatives or functionalised furtfog variation of the upper rim.

2.3.1.2 Synthesis of dye molecules

3-Azido-7-hydroxycoumarin

In order to add the dye molecules to the calixasaadfold by click chemistry, it
was necessary to synthesise azido derivativeseobdtected dyes. The first was an
azido derivative of 7-hydroxy-coumarin, which daoed exhibit fluorescence until the
click reaction has taken place, giving a dye-coafagvith an emission wavelength of
around 500 nrit’

0O
| (0] Anhydrous
NaOAc
+ )LN/\COZH =
HO OH H Ac,0, reflux

NHAc 1. HCI:Ethanol (2:1) Ns
AcO 0 Yo 3. NaN; _ HO 0 N0

46% 41%
81 82

Scheme 2.4: Synthesis of 3-acetamido7-acetoxy-cou(@4) and 3-azido-7-hydroxy

coumarin 82).

The 3-azido-7-hydroxycoumarin8%) was synthesised in two stages, via 3-
acetamido-7-acetoxycoumari®l). The intermediate was synthesised according to
Kudaleet al.”® from 2,4-dihydroxy benzaldehydi;acetyl glycine and sodium acetate
by heating at reflux in acetic anhydride. Using greportions directed, the mixture
turned solid and the colour changed from salmork po orange-brown over the
course of 3.5 hours. Slightly increasing the volwhacetic anhydride used relative to
the published procedure prevented solidificatiod fatilitated stirring.

Water was added, the solid was filtered and wash#édwater, then triturated with
ethyl acetate and filtered, givirgi as a yellow powder in 46% yield. The synthesis of

82 was then completed according to Sivakumaal®® After heating81 at reflux in
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2:1 concentrated HCl/ethanol for 1 hour, water \wdded to the now red mixture,
which was cooled then treated with sodium nitrié this stage it was important to
keep the temperature below 5 °C as the diazonitenmediate could react with water
to form the undesired phenol.

After 10 minutes sodium azide was added, therestifor 15 minutes. Subsequent
filtration and washing with water ga®2 as a brown amorphous solid. Purification by
column chromatography over silica gel (eluting wif2 hexane/ethyl acetate) was
sometimes necessary, giving light-brown needlesclwbarkened over time. Yields

of up to 41% were obtained.

1-Azidomethylpyrene
The second dye that was synthesised was an azitlyylnpgrene, which has an
emission wavelength of around 400 fhit is also bulkier and less polar, allowing for
the comparison of potentially different dynamicsha cells.
OH

‘ PBr;, THF
D —

87% 88%

83 84

Scheme 2.5: Synthesis of 1-bromomethyl-pyr@8)eaid 1-azidomethyl-pyren84)

N3

NaN;, DMF ‘
— [

The required 1-azido methyl pyrenég4) was synthesised from 1-pyrene
methanol® by treating it with phosphorous tribromide. Theuking solid was filtered
and washed with diethyl ether to afford the intediate 1-bromo methyl pyren83)
as light yellow crystals in 87% yield. This wasrheeated with sodium azide at

for 12 hours. Aqueous work up ga®4é as a waxy yellow solid in 88% yield.

9-Azidomethyl-10-bromoanthracene

Informed by results later obtained from the pyrengjugate (See section 2.5.5) a
second non-polar dye was synthesised. An anthradengative was selected to
provide a dye with slightly less steric bulk thautd be compared with pyrene. The
starting material, 9-bromo-10-bromomethyl-anthrac@b) was kindly provided by

the research group of Professor Ganesan.
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Br N3
NaN3
) — Q0
DMF, 60 °C
Br Br
85 70%
86

Scheme 2.6: Synthesis of 9-azidomethyl-10-brontuacene 86).

The aliphatic halogen was displaced by a2 8action with sodium azide in the
same way as in the synthesisBdf Compound5 was heated with sodium azide at 60
°C for 18 hours, followed by aqueous workup to gBéas a yellow solid in 70%
yield. This was used directly in the subsequent 80Aeaction.

Following the synthesis of the various dye molesutbe different dye-appended
aromatic amine calixarene derivatives were synsieelsias well as a non-cationic

control.

2.3.1.3 Coumarin-appended neutral calixarene

To provide a non-cationic control, the coumarin eyas first added to compound
78. In order to carry out the CuAAC reaction, copfieris required as the catalyst.
This can be provided directly as a copper () satth as copper iodide (which also
requires a base such as DIPEA), or generatesitu from copper (II) sulphate by
maintaining reducing conditions with sodium ascteB The latter method was
selected as it is easier to maintain the copp#rarcatalytic form in the presence of a
reducing agent.

. \l/ B 4 \
o O O CuSO0,, 15 mol% o O¢g O
( ) \ NaAsc - ( )
N DMF, 90 °C NS

OH
Scheme 2.7: Click reaction @8 with 82 to give conjugat&7.
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A solution of78 and82 in DMF was treated with catalytic copper (II) Sujpe with
one equivalent of sodium ascorbate. The mixture ineated for 3 hours at 90 °C.
Aqueous work up followed by purification by columhromatography over silica gel
(eluting with 49:1 DCM/methanol) gad¥ as yellow glass in 60% yield.

a)
CH, adjacent to
triazole
. (@l
Triazole proton v‘\:
\
o \
=) L -
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! | h
T I P
} ‘ \ J I \‘
I e U
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Figure 2.14: a*H-NMR spectrum and b) 2D-HMBC &7 (CDCL).

The 'H-NMR spectrum 0of87 (see Figure 2.14a) confirms the successful click
reaction betwee@8 and82. The peak that corresponds to the methylene gtioaip
was previously part of the alkyne is now a singleb.2 ppm, indicating the loss of the
long range coupling. This is consistent with thewarsion from a triple bond to the

double bond that is now part of the triazole ring.
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In addition the peak arising from the proton on tf@zole ring can be identified.
There are two peaks downfield at 8.60 and 8.55 ppma, of which is the proton on
the triazole ring, whilst the other correspondgh®s uncoupled proton on the coumarin
dye. They can be differentiated by examining theHNABC spectrum (see Figure
2.14b). The proton peak at 8.60 ppm has a longeramgraction with a carbon peak
at 145.19 ppm, which in turn interacts with the tpro peak at 5.22 ppm that
corresponds to the methylene adjacent to the teamag. This confirms that the peak
at 8.60 ppm is the proton on the triazole ring.cBytrast, the proton peak at 8.55 ppm
has a long range interaction to a carbon peak atppsn, which shares long range
interactions with proton peaks corresponding ta@re on the coumarin around 7.5
and 7.0 ppm. This confirms that the peak at 8.5% g an aromatic proton on the

coumarin dye.

2.3.1.4 Coumarin-appended tetra-amino calixarene

With the structure of the non-cationic control aomkd, the water-soluble
derivatives were now synthesised. In preparationttie addition of the dye and to
protect it from degradation over time, for examphe reaction with atmospheric

CO,,*' the amino groups of80 were protected by introducing Boc groups.

82
.

Methodology based on work by Saadi@tial.”” was used, using 10 equivalents of

Boc anhydride with the addition of a non-nucleojghilase to improve the yield.

Boc anhydride,
DIPEA
—_—

DCM

80

Scheme 2.8: Protection of tetra amino calixare8@®.(

Tetra amino calixarene8(Q) was protected by stirring in DCM with Boc anhyliri
in the presence of DIPEA. The crude mixture wagfipdrby column chromatography
over silica gel (eluting with 15:1 DCM/ethyl acedgtgiving88 as off-white glass in
83% yield.
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Figure 2.15:'H-NMR spectrum d88 (CDCL).

A\
A\

The 'H-NMR spectrum 0of88 (see Figure 2.15) confirms the successful Boc
protection.Tertbutyl peaks, absent after thpso-nitration, are present once more with
the correct integration heights for tetra functisaion. However, the Botert-butyl
peaks are at slightly higher chemical shift (aroun8 ppm) compared with the
original tert-butyl peaks (1.2 and 0.9 ppm) indicating proximity the electron
withdrawing carbamate group. The four singlets esponding to the aromatic
hydrogens (around 7.0 and 6.25 ppm) are slightshiééded relative to the amino
derivative. The slightly broadened peaks correspantb N-H (6.4 and 5.9 ppm) are

also visible.
NHBoc
BocHN NHBoc  NHBoc
X
O
() @] 0 (@)
CuSOQy, 15 mol%
NaAsc N
> A\
DMF, 90 °C -N
65% /0O
89
OH

Scheme 2.9: Click reaction 88 with 82.

In order to add the dye to the Boc protected tatrano calixarene, the same
method as in section 2.3.1.3 was used. A solutfod8and82 in DMF was treated

with catalytic CuS@and one equivalent of sodium ascorbate. The nextas heated
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for 20 hours at 90 °C. Aqueous work up followed pyrification by column
chromatography over silica gel (eluting with 49:C/methanol) gave39 as light
yellow glass in 65% yield.

CH, adjacent to
triazole

, \
Al

8.5 8.0 7.5 7.0 6.5 6.0 55
f1 (ppm)

Figure 2.16:"H-NMR spectrum d89 (CDCL).

Triazole proton

A\

—8.50
V\

-—5.20

The 'H-NMR spectrum of89 (see Figure 2.16) confirms the successful click
reaction betwee®8 and82. The peak that corresponds to the methylene gtioaip
was previously part of the alkyne is now a single6.2 ppm and the peak arising
from the proton on the triazole ring can be seed.B® ppm, whilst the dye peaks lie
at 8.48, 7.5 and 6.8 ppm.

2.3.1.5 Pyrene-appended tetra-amino calixarene

For the CuAAC reaction to add the pyrene dyeé8& the same conditions as in
section 2.3.1.3 were used. A solution88fand84 in DMF was treated with catalytic
CuSQ and one equivalent of sodium ascorbate. The mexttas heated for 3 hours at
90 °C. Aqueous work up followed by purification bglumn chromatography over
silica gel (eluting with 97:3 DCM/acetone) ga®@as light yellow glass in 32% yield.
Some of the starting materials were also recovesgtth, approximately 20% of the

yield lost due to incomplete reaction.
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N3 NHBoc
BocHN NHBoc  NHBoc

T
o)
84 °
CuS0Oy, 15 mol% N

NaAsc

88 DMF,90°C 32%

Scheme 2.10: Click reaction 88 with 84.

The 'H-NMR spectrum oB0 is shown in Figure 2.17. It is worthy of note tliat
this case the pairs of doublets corresponding éontbethylene bridges (4.28 and 3.86
ppm, 3.00 and 2.41 ppm) have greater spacing batwemm compared with, for
example, compound8 (see Figure 2.12). This suggests a more dramdterehce
between the environments of the methylene bridgesirpal to the pyrene and those

distant from it.

CH, adjacent to CH, adjacent to
Triazole proton pyrene triazole

N

—6.90

-
|

T T T T T T T T T T T T T T T
8 7 6 5 4 3 2 1
f1 (ppm)

Figure 2.17:'H-NMR spectrum d30 (CDCL).

Identification of the methylene that was previoupgrt of the alkyne was less
straightforward in this case compared w&%h and 89 since in this case there is an
additional methylene group on the other side of ttiezole ring, linking it to the
pyrene. Additional information from 2D-NMR spectnas required to differentiate
the two methylene groups.
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Figure 2.18: a) 2D-HSQC and b) 2D-HMBC @3 (CDCL).

A 2D-HSQC spectrum identified two secondary carbowironments, at 52.29 and
66.00 ppm, that correlated to peaks in the aromagon (6.17 and 5.02 ppm,
respectively) in théH-NMR spectrum (see Figure 2.18a). These are likelge the
two methylene groups in question. These carbong@ake then examined in the 2D-
HMBC spectrum (see Figure 2.18b). The carbon pe&@R 29 ppm has a long range
coupling to a proton peak at 7.9 ppm which correslgdo a proton on the pyrene dye.
This suggests that the carbon peak at 52.29 ppdhs@the proton peak at 6.17 ppm,
corresponds to the methylene group adjacent tpythene ring.
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The proton peak at 5.02 ppm should, by eliminatibe,the methylene group
between the calixarene core and the triazole fgther information from the 2D-
HMBC shows a long range interaction between thagger environment and a carbon
at 149.96 ppm, which in turn has an interactiorhvat proton peak at 6.14, which
corresponds to an aromatic proton on the calixar€hies mutual interaction supports
this assignment of the peak at 5.02 ppm.

Finally, the 2D-HMBC also allows the peak corresgiog to the proton on the
triazole ring to be confirmed. The proton peak &06ppm which corresponds to a
single proton is a likely candidate. This peak &a#sng range interaction to the carbon
peak at 144.26 ppm. Since the proton peak at 502 @lso has an interaction with
this carbon, the peak at 6.90 ppm must correspotitkettriazole proton.

2.3.1.6 Anthracene-appended tetra-amino calixarene

For the CUAAC reaction to add the anthracene dyB8tthe same conditions as in
section 2.3.1.3 were used. A solution8&and86 in DMF was treated with sodium
ascorbate and catalytic Cushe mixture was heated for 3 hours at 90 °C. Agse
work up followed by purification by column chromgtaphy over silica gel (eluting
with 2:1 hexane/ethyl acetate) geé/eas yellow glass in 36% vyield.

NHBoc
NHBoc

NHBoc

CuSOy, 14 mol%

0 —-N
88 NaAsc, 70 mol% 47%
DMF, 90 °C 91 l ‘ O
Br

Scheme 2.11: Click reaction 88 with 86.

The 'H-NMR spectrum of91 (see Figure 2.19) shows that, as with the pyrene
derivative 00), the methylene bridges of the calixarene core giairs of doublets
that are relatively widely spaced (4.3 and 3.7 pBr,and 2.5 ppm). This suggests
that this feature arises from having a non-polametic moiety on the lower rim,
perhaps resulting from-stacking interactions between the dye and thexaane

core.
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Using 2D-NMR, the success of the click reaction wasfirmed by identifying the
methylene bridge that was previously part of theyrad as a singlet at 4.99 ppm,
whilst the methylene bridge connecting the triazatg to the anthracene was found
at 6.32 ppm. The proton on the triazole ring itees found at 6.60 ppm. The level of
deshielding experienced by the latter proto®@and91l is relatively low compared
with the coumarin derivative8g), where the triazole ring forms part of the cormjiagl

system of the dye.

CH, adjacentto CH; adjacent to
anthracene triazole
Triazole proton l /
29 <
7 Nl
||
I
M I /5
A 1
! T ! T ! T T T T T T T T T T
8 7 6 5 4 3 2 1
f1 (ppm)

Figure 2.19:'H-NMR spectrum dd1 (CDCL).

2.3.1.7 Coumarin appended tetra-glycine calixarene

With the Boc-protected aromatic amine derivativedhand, attention was turned
towards modification of the upper rim. In order ggnthesise an aliphatic amine
derivative, it was decided to use glycine as a Enspacer that is easy to introduce
via an amide bond.

Multiple methods are available for amide bond faiorathat can be applied to
calixarenes, including converting the acid to aidl abloridé® or an activated estét,
or using a coupling reagefitThe latter was selected as a simple, one pot ratfith
good tolerance to water and no requirement foatgmt of the activated intermediate.
Dicyclohexylcarbodiimide (DCC) was tried first asis a relatively cheap coupling

reagent, the by-product of which can be removesditmple filtration.
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Scheme 2.12: Coupling reaction8tf with Boc glycine.

CompoundB0was coupled to commercial Boc-glycine using DCGstiring them
together in DCM, with concomitant production of ehgble dicyclohexylurea as the
side product. The latter was removed by filtrateord the crude product purified by
column chromatography over silica gel (eluting witt1 DCM/methanol), givin@2
as a light yellow glass in 61% yield.

The *H-NMR spectrum 0f92 (see Figure 2.20) shows that the upper rim has
successfully been functionalised with Boc-glycifgne methylene groups of the
glycine moieties are visible at 3.85 and 3.64 ppime amide and carbamate protons
are involved in hydrogen bonding interactions witle deuterated methanol and so
cannot be seen in the NMR; this also eliminates possibility of seeing splitting
arising from coupling between the amide proton #rel adjacent methylene group.

The singlets from theert-butyl groups can be seen around 1.5 ppm.

Glycine CH

T T T T T T T T T T T T T T T T T T T T T T T T T T
70 65 60 55 50 45 40 35 3.0 25 20 15 1.0
f1 (ppm)

Figure 2.20:'H-NMR spectrum o32 (CD;OD).
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In order to add the dye @2, the same method as in section 2.3.1.3 was used. A
solution 0of92 and82 in DMF was treated with catalytic Cug@nd one equivalent of
sodium ascorbate, heating to 90 °C for 18 hoursiedgs work up in DCM/methanol
followed by purification by column chromatographyeo silica gel (eluting with 97:3
DCM/methanol) gav@3 as light yellow glass in 33% vyield.

The 'H-NMR of 93 (see Figure 2.21) confirms the successful clidctien. The
peak that corresponds to the methylene group thatpreviously part of the alkyne is
now a singlet around 5.2 ppm. In this spectrum pieks corresponding to the dye are
more clearly resolved. The spectrum of the dyeufest starting from high ppm, a
singlet, a doublet, a doublet of doublets and arottoublet. These can be seen at
8.54, 7.67, 6.87 and 6.79 ppm, respectively. Thglst at 8.55 ppm corresponds to
the triazole proton. The relatively broad peakst tbeerlap with the dye peaks

correspond to the aromatic protons on the calbairtself.

NHR
RHN NHR

0] @)
CuSOy, 15 mol%
NaAsc
N — NN

DMF, 90 °C \
33% NN
92 NHBoc 93 T %o
R =
O
OH
Scheme 2.13: Click reaction @2 with 82.
/ Triazole proto
Yol Coumarin %0 o
o o proton: R
N / /N
|
/ |
T T T T T T T T T T T T T
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Figure 2.21:'H-NMR spectrum 033 (CD;OD).
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2.3.1.8 Removal of Boc protecting groups

To remove the acid-labile Boc protecting group, shene method as employed in
the synthesis of NBDCalAm was us&dnstead of stirring directly in a mixture of
solvent and acid, such as aqueous HCI and dioXagaseous HCI can be bubbled
through a solution of the compound to rapidly remdiie Boc groups from the

compound. The solvent can be very easily removee tre reaction is complete.

HClg)
R R = NHBoc R =NH3"CI
DCM/MeOH
R' = 7-hydroxycoumarin 89 to 94, 99%
R' = 1-methylpyrene 90 to 95, 99%
R' = 9-methyl-10-bromoanthracene 91 to 96 99%
HClg)
‘ DCM/MeOH
R = NHCOCH,NHBoc R = NHCOCH,NH;*CI

R' = 7-hydroxycoumarin 93 to 97, 99%

Scheme 2.14: Deprotection reactions8390, 91 and93 to give94, 95, 96 and97.

Gaseous HCI, generated by dropwise addition of eatnated sulphuric acid to
solid sodium chloride, was bubbled through solgiohthe compounds in DCM, with
the exception 083, which required some methanol to dissolve. Affgoraximately
10 minutes, the hydrochloride salts of the free r@mibegan to precipitate from
solution; at this stage, methanol was added tossetlie the compounds, and the
reaction continued for a further 5 minutes.

Solvent was removed under reduced pressure totlggvaydrochloride salts of the
compounds in quantitative yields. Compou8dsand97 were isolated as amorphous
solids that were light orange-brown and beige ilowg respectively. Botl®5 and96

were isolated as brown amorphous solids.

2.3.2 Synthesis of the guanidinium click conjugate

The next target to be synthesised was the guaanidirderivative. This was an
important target since, as described previouslyy-payinine-type cell penetration
agents have been shown to be superior to poly-ammtheir ability to cross the cell
membrane. However, the synthesis posed variouteolgals. These will be examined

in this section.
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2.3.2.1 Synthesis of common intermediate — TBDMS route

The first issue to be addressed was a problemmagtfound in the synthesis of the
tetra-amine intermediate. At thpso-nitration stage, although the desired product
could normally be isolated in reasonable yieldereghwas sporadically an impurity
present that was very difficult to separate by ooluchromatography. This reduced
the yield and was costly in terms of time spenttos step. In addition, the purity of
the product obtained in the reduction step wasnaistent.

Other work within the group on tetra-alkyne denwves turned up similar issues
with theipso-nitration, although in this case the efficiencytié transformation was
even lower. The problem was addressed by use ghalkrotecting groups. It was
therefore decided to apply this to the current lsgsits.

The mono-alkyne 18) was synthesised as before. At this stage, théeqing
group was installed to improve the efficiency ot tfollowing steps.Tert-butyl-
dimethylsilane (TBDMS) was selected for its resisg&to hydrolysis. It can be put in
place using TBDMS-chloridevia an 2 reaction by removing the mildly acidic
terminal proton on the alkyne with a strong basem@ound78 was stirred with
lithium hexamethyldisilazane (LIHMDS) in THF at -7« to remove the terminal
proton. TBDMSCI was added and the reaction contdrateroom temperature for 18
hours. Aqueous work-up followed by trituration dfet residue with methanol to
remove excess reagent gave the protected ®8ras white crystals in 93% yield.

Successful protection of the alkyne was confirmgdHe '"H-NMR spectrum (see
Figure 2.22). The doublet that was previously gateel by the methylene group of
the alkyne has changed to a singlet with the I6$senlong-range coupling, whilst the
triplet from the terminal proton is absent. In duh, the integrals of the TBDMS
peaks (not shown) are of the correct proportiorafeingle protecting group.

T T T T T T T T T T T
5.0 4.5 4.0 3.5 3.0 2.5
f1 (ppm)

Figure 2.22:'H-NMR spectrum of aJ8 and b)98 (CDCL) showing loss of terminal
alkyne triplet (circled) and conversion of methyeatoublet to singlet.
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1. LIHMDS
2. TBDMSCI
THF,-70°CtoRT O 9 0o  ©
§ ( ) N\
939% TBDMS
98
AcOH,
100% HNO, SnCl,, EtOH
B — _—
DCM Reflux

Scheme 2.15: Synthesis80ffrom 78 via TBDMS protected route.

The nitration was carried out the same as befoompEdund98 was stirred with
excess glacial acetic acid and 100% nitric acidingi a characteristic colour change
first to blue-black, then over time to bright orangqueous work up and trituration of
the residue with methanol gave the tetra-nitratedipct99 as light yellow crystals in
86% yield. No further purification was necessary.

For the reduction99 was heated to reflux with tin (ll) chloride in atiol for 24
hours, followed by aqueous work up with sodium loyiie. Tetra-amino compound
100was obtained as orange-brown glass in 90% yield;wivas used with no further
purification.

To carry out the desilylation ofl00 a source of fluoride is needed.
Tetrabutylammonium fluoride (TBAF) was selectedaasnild fluoride source that
does not preclude the use of glass reaction vesdetscompound was stirred with a
solution of TBAF in THF for 18 hours, followed bygaeous work-up. In this case the
cleaved TBDMS cannot be separated from the depsate@ompound using methanol,
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since both are soluble in this solvent. The braadhslity of TBDMS was exploited
instead. By triturating with hexane, the TBDMS w&eparated from the amine. The
deprotected compound, now identical80, was isolated as light brown powder in
quantitative yield.

2.3.2.2 Guanidinylation — Boc protection route

A number of methods for guanidinylation of amines available which have been
utilised in synthesis of guanidinium calixarenetie3e include: the use of Boc-
protected triflyl guanidine on its owH,relying on a good leaving group to drive the
reaction; Boc-protected thiourea with an activatirgagent such as Mukaiyama
reagent (2-chloro-1-methylpyridinium iodide) or rmery chloride®® or the use of a
Boc-protected isothiourea with mercury chlorfd&he latter method was selected for
the commercial availability and relatively low cadtthe reagents.

Compound80 was stirred with a mixture of N,N’-di-Boc-S-metisdthiourea,
HgCl, and triethylamine in dry DMF for 48 hours. The byguct, HgSMe, appeared
as a white precipitate over this time and was sylsatly removed by filtration.
Recrystallisation from hexane allowed the majornty the excess reagent to be
removed prior to purification by column chromatqgrg over silica gel.

However, the purification of this compound reveadeproblem: the Boc protecting
groups were surprisingly labile, leading to degteataon the mildly acidic silica. This
could be mitigated by use of triethylamine in thieeat (8:1:1 hexane/diethyl
ether/triethylamine), allowind 01 to be isolated as white solid, but in poor yield
(13%).

BocN
N,N-di-Boc-S-  —°C
methylisothiourea,
HgClz, EtsN

DMF

Scheme 2.16: Synthesislofi from 80.

With the addition of the coumarin dye, an acidiempdlic proton is introduced into
the molecule. Triethylamine would therefore notdugtable as a component of the

eluent for purification of the dye conjugate asvduld form a salt with the dye and
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cause the compound to stick to the silica. Newfamina was another option for
column chromatography; however, TLC with this matfor compound101 also
showed degradation.

An alternative approach was therefore investigaReinoval of the Boc groups
after guanidinylation would yield a stable compowamdi prevent loss of product due
to degradation. The CuAAC reaction could then bdopmed in aqueous medium.
With this in mind, it was decided to use the TBDMf&tected tetra aminel@0)
instead, since this could improve the integrity tife molecule during the
guanidinylation reaction. The synthesis could tfaeeetake two routes:

1. Guanidinylation, followed by removal of the TBDMS3ogp then the Boc
groups;

2. Guanidinylation, followed by removal of the Boc gps then the TBDMS
group.

Both of these routes were attempted.

Route 1:

Compound100 was stirred with a mixture of N,N’-di-Boc-S-metigdthiourea,
HgCl, and triethylamine in dry DMF for 48 hours. The byguct was removed by
filtration. At this stage the correct product wasfirmed by NMR spectroscopy.

The 'H-NMR spectrum is shown in Figure 2.23. The methgldridges of the
calixarene around 4.5 and 3.2 ppm show that thempapduct is a single calixarene,
rather than a mixture with different symmetries.tiBthe guanidinium N-H peaks
(around 11.6 ppm) and the aryl N-H peaks (aroun@ add 9.5 ppm) can be seen,
with the peak pattern showing correct symmetry thiedintegrals showing the correct
number of protons for tetra-functionalisation, donfng that the tetra-guanidinium
derivative (02 has been synthesised.

Although excess reagent can be seen in the NMRsrtitde compound was of high
purity compared with the crude compout@L This displays the utility of keeping the
TBDMS group in place during guanidinylation. Thisude material was carried
through to the next step with a view to removing #xcess reagent at a later stage,

rather than losing material due to degradationrdupiurification at this stage.
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Figure 2.23:'H-NMR spectrum of cruded2 (CDCL).

The TBDMS group was removed frob@2 by stirring it with TBAF in THF for 18
hours. Agqueous work-up grave the crude desilylgpeaduct 103 The cleaved
TBDMS group could not be separated from the produyctrituration with either
methanol or hexane, since the product was solubleoth of these solvents. After
confirming that the free alkyne was present 'B¥NMR spectroscopy, the crude
product was taken through to the next reactiongagain avoiding subjecting it to
column chromatography over silica gel.

Finally, gaseous HCI was bubbled through a solutdri03 in DCM, adding
minimal methanol when the product began to preaipitin contrast with the previous
Boc-deprotection reactions carried out in this waynuch longer reaction time was
needed; it took around 2 hours before there wermoetert-butyl peaks present in
the *H-NMR spectrum. This was unexpected from the appaebility of the Boc-
protecting groups in previous steps. It could ke the second Boc protecting group
on each guanidinium group is more difficult to remothan the first, which is
supported by finding of R. Lalor that treatmenttioé guanidinium intermediafé6
with hydrazine removed half of the Boc-protectingups from the molecule in a

symmetrical fashion, i.e. one from each position.
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NHBoc

BocN

N,N'-di-Boc-S-
methylisothiourea,
HgClz, Et3N

Y

HCl(g)

DCM/MeOH TBAF, THF

21% over 3 steps 23% over 3 steps

104
Scheme 2.17: Two possible routes for the syntloé&i4, via 102 followed by103 or

105.

Due to the high polarity of this compound, evemautral form, it is unsuitable for
purification by column chromatography over silical.gTherefore to remove the
excess thiourea reagent (now also deprotected)ttmdleaved TBDMS, reverse-
phase column chromatography was used, elutingavijfadient of methanol in water.
Pure fully deprotected compourdd4 was obtained as off-white solid in 21% yield
over 3 steps. This is favourable when compared thighsynthesis of compourddl,

which was isolated pure in only 13% yield in a &&nstep.
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Route 2:

The first step in this route required removal & Boc groups. Gaseous HC| was
bubbled through a solution of compoud@®2 in DCM, with methanol added to
redissolve any precipitate that was formed. As wikie Boc-deprotection of
intermediate103 complete removal of all Boc groups to gi¥85 took around 2
hours. Although the compound could be subjectad\erse-phase chromatography at
this stage to remove the deprotected reagent,aimpaund was otherwise pure, with
only a single calixarene species apparent. It wasidéd therefore to limit the
purification to a single step to maximise the eé#ficy of the process.

Crude 105 was stirred with TBAF in THF for 18 hours. Afteu@nching the
reaction with saturated ammonium chloride, sometled ammonium chloride
precipitated and could be removed by filtrationwéwer, at this stage the presence of
the water-soluble guanidinium compound precludes uke of agueous work-up to
remove excess reagent. The crude residue was dherefibjected to reverse-phase
column chromatography to purify the product and oeenall excess reagents and
cleaved TBDMS, eluting with a gradient of methaimoWater. Pure fully deprotected
compoundlLO4was obtained as off-white solid in 23% yield o8esteps.

Although this is a higher yield than obtained fromate 1, such a small difference
in yield may not be significant. Route 2 posed mareblems, particularly with not
being able to remove the excess tetrabutylammoueixrept by reverse phase column
chromatography. However, the crude final producthiy route was more pure than
that of route 1. Therefore both routes have botbblems and merits, but
fundamentally both gave the desired product puikianbetter yield than could be
obtained by attempting to manipulate the Boc-pitetéorm.

2.3.2.3 Attempted CuAAC reaction with deprotected guanidinum

derivative

In order to add the dye 04, it was hoped to use a similar strategy to theipus
CUuAAC reactions. A mixture 0104 and 82 was stirred with sodium ascorbate and
catalytic copper sulphate at 90 °C in several dffieé solvent systems to test which
was most effective. Ethanol, DMgert-butanol and 1:1 ethanol/water were tested; the
latter gave the best conversion to prodi@ according to the crude NMR (see Figure
2.24). Confirmation of the reaction was given bg kbss of the alkyne triplet around 3
ppm and the conversion of the alkyne doublet ardbigpm to the singlet of the
methylene adjacent to the triazole ring. Dye peaksalso be seen downfield.

94




Chapter 2: Calixarene-Based Cell-Penetration Agents

MT 7 A { r
o Og O 82 o Oqg ©O
\ CuSOy, 15 mol%
N\ NaAsc, 70 mol% N
104 1:1 EtOH/H,0, 90 °C 106 Bk
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R= H,N__NH,"CI

o

Scheme 2.18: Click reaction 894 with 82.

OH

b)

Figure 2.24:*"H-NMR-spectrum of a)04 and b) crudel06 (CDsOD) showing loss of
terminal alkyne triplet (circled) and conversionméthylene doublet to a singlet.

At this stage there was brown, amorphous solidgmtethat was poorly soluble in
both organic solvent and water unless treated diltiie HCI. Reverse-phase column
chromatography was attempted, but solubility proideled to blockage of the
column. No fractions were recovered that resemthlegroduct.

Attention was turned to an alternative method fanifging the product. Since there
should only be a single product from the CUAAC teeax; the presence of multiple
products in the NMR could be attributed to the po# of the guanidinium groups to

95




Chapter 2: Calixarene-Based Cell-Penetration Agents

interact with copper in the reaction, as well asdifferent anions present, resulting in
a mixture of different species. The use of an anioesin to bind the guanidinium
product would allow the excess dye and the ascabid to be readily removed as
these would not bind to the resin. The productadén be separated from the copper
catalyst, which would also bind to the matrix, bypleiting their different binding
strengths. The compound would be eluted from thenao in a single salt form with

only one type of counter-anion (see Scheme 2.19).

Impure X* Increasing [HCI]

Oy__ONa* O._OX* O ©H
Y 4%, Y &\' &\' - Y
Neutral/anionic Cationic x*

impurities impurities

Scheme 2.19: Principle of purification by ion-exafa chromatographyX(= 106).

Commercially available cation-binding resins in@uthose featuring strongly
acidic groups such as sulphonic acid and weaklgi@a@roups such as carboxylic
acid. Since four guanidinium moieties are clustesedeach molecule, it would be
expected that a strong-cation binder such as éenip acid resin would bind the
compound too strongly leading to harsh conditionselute it. Therefore it was
decided to use a carboxylic acid resin (AmberlRE150) as a weak cation binder.

The crude product was applied to the sodium forrthefresin. After washing with
water, increasing concentrations of HCI solutionravapplied to the column to
displace cations from the resin. However, even 2® failed to elute the product.
Increasing concentrations of first ammonium chleyithen sodium chloride, up to
saturated solutions of each, also failed to disptae product. The strength in binding
could be attributed to a combination of the inhetendency of guanidinium moieties
to bind anions, as described previously, along i clustering of four of these
groups onto a single face of a molecule, with tbéeptial to give binding that is
greater than the sum of its parts.

Since applying cations to displace the product aatssufficient, it was reasoned
that if the guanidinium groups of the compound dobk deprotonated, then the
binding strength could be lessened, allowing thelpct to be eluted. By using dilute
sodium hydroxide, fluorescent fractions were indesdted from the column;
however, the material recovered was a complex mexby *H-NMR with no major
species, suggesting significant degradation ofptiogluct. At this stage an alternative

route to the product was sought.
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2.3.2.4 Guanidinylation — Cbz protection route

Since the deprotected compound gave unforeseeteprstand the Boc protecting
groups were too labile for the synthesis, the gy of using alternative protecting
groups was investigated. A check of the commeicialailable thiourea- and
isothiourea-type guanidinylation reagents turnedwup additional possibilities in the
form of carboxybenzyl (Cbz) and benzoyl (Bz) prigelcderivatives, both of which
should have superior stability to the reaction padfication conditions than the Boc
form. Since Cbz protecting groups have more optiavailable for their cleavage
compared with Bz groups, it was decided to follbvg route.

Compound80 was stirred with a mixture of N,N’-di-Cbz-S-metisgthiourea,
HgCl, and triethylamine in dry DMF for 24 hours. The byguct, HgSMe, appeared
as a white precipitate over this time and was syesetly removed by filtration. The
crude product was purified by column chromatograplgr silica gel, eluting with
hexane/ethyl acetate (4:1 then 3:1) to gM& as white crystals in 26% vyield.
Although the yield was relatively low, it is stiligher than in the synthesis of pure
101, which gave only 13% yield. This demonstratesuhkdity of this approach in
increasing the stability of the fully protected sigs.

NH NHCbz
2 NHCbz NHCbz
2 HN~ ~NCbz
CbzN™ "NH HN">NCbz
- N,N'-di-Cbz-S-
\ / methylisothiourea,

T HgCly, Et;N

. o
P P 0 O\ DMF
» C)N

80

Scheme 2.20: Synthesisloi from 80.

Confirmation of the correct product was providedtbg *H-NMR spectrum (see
Figure 2.25). The guanidinium N-H peaks can be ssennd 11.8 ppm whilst the
aryl N-H peaks are further upfield around 10.0 8rislppm. The aromatic hydrogens
of the protecting groups give a complicated grotipeaks around 7.2 ppm, whilst the
methylene groups joining them to the carbamatesyend 5 ppm, slightly downfield

of the methylene of the alkyne.
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Guanidine NH ArNH
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Figure 2.25:"H-NMR spectrum af07 (CDCL).
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2.3.2.5 Coumarin appended tetra-guanidine

With the stable guanidine compound in hand, the ADAreaction was
implemented. A solution 0107 and82 in DMF was treated with sodium ascorbate
and catalytic CuS§) heating at 70 °C for 2 hours. Aqueous work upofeéd by
purification by column chromatography over silical geluting with 5-10% ethyl
acetate in DCM) gave08as light yellow solid in 32% yield.

It was thought that the low yield was due to degtiah of the product, so the
reaction was repeated at room temperature for 2dsh® modified work-up was
used. Following removal of the DMF under reduceesspure, the solid was triturated
with water and filtered to remove the catalyst|daed by washing with methanol to
remove excess dye, exploiting the poor solubilityhe Cbz protected compound in
this solvent. After verifying that no product hadem lost in the methanol wash, the
product was purified by column chromatography osiéica gel, eluting with 19:1
DCM/ethyl acetate to give08in 74% yield.

The correct product was confirmed Hy-NMR (see Figure 2.26). The methylene
group adjacent to the triazole ring can no longediferentiated from those of the
Cbz groups around 5.1 ppm. However, the protonhenttiazole ring itself can be
seen at 8.54 ppm, confirmed by 2D-NMR. The dye peak also in evidence around
8.35 and 6.6 ppm, with the remaining dye peak alestby the aromatic protons of
the Cbz groups. In this case the guanidinium Nebtgms give rise to one broad
singlet, in contrast withl07, possibly due to intermolecular interactions wikte

coumarin dye.
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NHR NHR

\ 7 ; \
O O (@) (@) o) (0]
CuSQy4, 15 mol%
\\ NaAsc, 70 mol% N7
\ _—N O

% \
107 DME 74% N
108 o
R = CszN: jNCbz [
OH

Scheme 2.21: Click reaction &7 with 82.
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Figure 2.26:'H-NMR spectrum of08 (CDCL).

2.3.2.6 Deprotection of Cbz protected guanidine derivative

A number of methods are available for cleavage bt @rotecting groups. For
aromatic Cbz-protected guanidines, catalytic hydnmjysis with palladium on
carbori® is the dominant literature method. However, thisnisuitable in this case due
to the presence of the coumarin dye, which carebeaed under these conditidfis.

For aliphatic Cbz-protected guanidines, methods thewve been applied for
removal of the protecting groups include the usklBf in acetic acitf or thioanisole
in TFA®* both of which utilise a combination of acidic citimhs to protonate the
carbonyl of the carbamate and a nucleophile taclatthe methylene of the benzyl
group. Another method simply heated the protectedpound to reflux in 6 M HCI to

remove the Cbz groupéhowever it was decided to avoid such harsh canti
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The first attempt at removal of the protecting gr®urom 108 was made by
stirring the compound with HBr in acetic acid. Afte8 hours, DCM was added to
precipitate the product to separate it from thenabel benzyl groups. However, the
solid that precipitated was found to be a compléxtume of products byH-NMR,
suggesting considerable degradation of the product.

Following this, deprotection was attempted by stgrl08 with thioanisole in TFA.
The colour of the solution immediately changed frgeflow to green. After 24 hours
the solvent was removed under reduced pressurthandsidue triturated with diethyl
ether. The progress of the reaction was assessit-R\R, which showed a mixture
of products with benzyl peaks still present, sugggsncomplete deprotection. After
a further 48 hours under the same conditions trectien still seemed to be
incomplete, so the reaction mixture was heated0t8Cl for 48 hours, during which
time the colour changed to grey-blue. This time tHeNMR spectrum showed
decomposition of the product.

At this stage, an alternative method was investiatwhich uses
iodotrimethylsilane (TMSI), where TMS acts as a iewacid instead of a Brgnsted
acid, with iodide as a nucleophif2¢ Although TMSI is commercially available, it is
commonly stabilised with copper, which could bimdthe free guanidinium groups
and cause problems with purification. TMSI can heevebe easily generated situ
from TMSCI and anhydrous sodium ioditfewith concomitant generation of sodium
chloride. Anhydrous conditions are desirable fas treaction as TMSI is readily
hydrolysed, generating HI, which could lead to ekl side-reactions.

The reaction was first attempted @08 by stirring the compound with sodium
iodide in acetonitrile under argon, followed by #&d of TMSCI, resulting in a
colour change to yellow-orange and precipitatiosadium chloride. After stirring at
room temperature for 4 hours, methanol and dilgteeaus HC| were added to cleave
the TMS still bound to the carbamate to allow deoaylation to take place.

After removing the solvent under reduced pressune taiturating with diethyl
ether, the'H-NMR spectrum showed that the integration heighthe benzyl peaks
had been halved, whilst the symmetry of the mokeeus the same, suggesting that
one Cbz had been removed from each guanidine. i$htensistent with previous
observations suggesting that the half-deproteqtediss is more stable than the fully

protected compound.
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OH
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Scheme 2.22: Deprotection 108.

In an attempt to push the deprotection through dmpletion, two modified
procedures were used. First, thioanisole was atiwl#te reaction mixture to provide
an additional nucleophile and a cation scavengewe¥er, after stirring overnight at
room temperature the reaction still proceeded balfway.

Second, the reaction was heated to 60 °C for 24shthis gave a complex mixture
of products by NMR, suggesting decomposition of pheduct. This is likely due to
side-reactions stemming from the variety of potnteactions that TMSI can carry
out, including cleavage of lactones and etfiéighe cleavage of ethers on calixarenes
by TMSI has in fact previously been investigatedaasoute towards mono-alkyl
derivatives’ Therefore more caution is required to prevent sindd side-reactions.

Although it has been reasoned that acetonitrildigypates in the reaction by
forming a complex with the TMSE resulting in the observed colour-change, it was
decided to investigate DMF as an alternative sdlvEne deprotection was attempted
at different temperatures and varying reaction $imalthough reaction at room
temperature gave only half-deprotected product &dehours, heating to 50 °C gave
the fully-deprotected product that could, for thestf time in this synthesis, be
distinguished in théH-NMR spectrum.

101




Chapter 2: Calixarene-Based Cell-Penetration Agents

Stirring for 8 hours or 24 hours both gave fullypdeected product as the major
species, but longer reaction times generally gan®mie complex mixture of products
due to side-reactions. Reacting for 24 hours seetoegive the best compromise
between maximising the desired product and avoididg-products. The conditions

that were tested for this deprotection are sumradiiis Table 2.1.

Table 2.1: Conditions used in the deprotectiod@d with TMSCI/Nal

Solvent Temperature |/Time /| Result
°C h
Acetonitrile 25 4 Half deprotected
Acetonitrile (with thioanisole) 25 18 Decomposition
Acetonitrile 60 24 Decomposition
DMF 25 24 Half deprotected
DMF 50 8 Fully deprotected
DMF 50 24 Fully deprotected
DMF 50 96 Fully deprotected, some
decomposition

It is clear that DMF is a more appropriate solverthis case than acetonitrile. It is
possible that the complex that is formed betweerSTRhd acetonitrile activates the
reagent, so that when it is heated to allow theenstable half-protected species to
react, the incidence of side-reactions increasesiderably. Without this activation,
as with DMF, the reaction barrier of the half-paigsl species can be overcome with
heating without compromising the rest of the molecu

To obtain pure product, reverse-phase column chimgnaphy was necessary to
remove any side-products. To avoid loss of prodeing work-up, it was therefore
decided to proceed to purification directly aftemoval of solvent under reduced
pressure, so that impurities and cleaved proteajiogips could be removed in the
same step. lodine also seemed to be generatedydermoval of the solvent and this
could also be removed during purification. The maidvas purified by reverse-phase
column chromatography, eluting with a gradient @tinanol in 60 mM aqueous HCI.
Pure deprotected compoufh@9was isolated as off-white solid in 22% yield.

The *H-NMR of 109 is shown in Figure 2.27. The methylene adjacenth®
triazole ring can now be resolved and is around gpB. One methylene bridge

doublet of the calixarene core is obscured by #sdual methanol peak and was
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found using 2D-COSY NMR to be at 3.3 ppm. In thase the peaks around 8.6 ppm
corresponding to the proton on the triazole rind ane of the dye protons can barely
be resolved as separate peaks and so cannot beedifated due to the insufficient
resolution of the 2D-NMR experiments.

CH, adjacent
to triazole

53

UMUL L
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Figure 2.27:*H-NMR spectrum af09 (CD;OD).

2.3.3 Synthesis of dye-conjugates with variable linkers

In order to investigate the potential effect of mfiag the linkage method to a
triazole ring, two compounds that were identicatept for the type of linker were
required. This gave two immediate possibilitieslaswn in Figure 2.28.

'\7\’\/‘
a) X7 %0 b) T 0

(@)
N,
~ § {
N O

NH
_N, 7 o
_ O

N

NO

2 OH

N
i/"?‘\ N O
N H
N / o
/N\
_ 0O
N
NO, OH
Figure 2.28: Analogues with NBD and coumarin dyekdd by a) triazole rings and

b) secondary amines.

In order to make an analogue to a previously swslkd molecule with a different
dye but the same linker, a triazole-linked NBD cbhé synthesised to compare with
compound 94, or an amine-linked coumarin to compare with NBDQ®Oa
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Investigation of the former showed that, whilst eridative of NBD with an azide
para to the nitro group can be synthesised, upon faomadf the triazole ring the
fluorescence is considerably quencf2d.was therefore decided to pursue the latter
route.

Whilst the synthesis of the amine-linked NBD isagghtforward due to thpara-
nitro group activating NBD-chloride to an/&r reaction, the analogous reaction with
3-halo-coumarin would require palladium catalySisFurthermore, there is no
apparent evidence of such a reaction being caromd on 7-hydroxy-coumarin
derivatives. A more straightforward synthesis wous@ 3-amino-7-hydroxycoumarin,
which can easily be made from the previously sysigeel81.”° This could then be
reacted with an alkyl halidesig an &2 reaction) or an acid (to give an intermediate
amide bond) attached to the calixarene core tothwelesired amine linkage.

2.3.3.1 Amine-linked coumarin via alkyl halide

The first route that was attempted was the formatiban amine-linked coumarin
via an §2 reaction. This required an alkyl halide on thixeaene core, which could
easily be installed on compoufid using 1,3-dibromopropane in the ether formation
reaction. In order to minimise dimerization of thalixarenes by reaction of the
starting material with the product, a large exadsalkylating agent was used.

Compound77 was treated with sodium hydride followed by 1,Brdmopropane.
After 24 hours, aqueous work-up followed by pustion by column chromatography
over silica gel, eluting with 8:3 hexane/DCM. Cotedn with an unknown impurity,
even with varying eluents, made for inefficientifioation, giving110as a powder in
39% yield.

1. NaH
2. 1,3-dibromopropane

DMF

Scheme 2.23: Alkylation @7 to givell0.
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Figure 2.29:'H-NMR spectrum of10.

The 'H-NMR spectrum ofL10is shown in Figure 2.29. In contrast#@, there is
now an extra propyl chain, but since this is cappdith an electron-withdrawing
halide there are now two extra triplets in the spge around 3.75 ppm. Examination
of the 2D-COSY spectrum allows these to be diffeaded. It shows a mutual
interaction of the peaks at 3.89 and 3.76 ppm whth multiplet around 2.0 ppm,
which in turn shares a cross-peak with the;Qiiplets obscured by theert-butyl
peaks around 1.0 ppm. These must therefore comdgjpothe three unfunctionalised
propyl chains.

The triplets at 4.01 and 3.70 ppm have a mutuaraation with the multiplet
around 2.7 ppm. These must correspond to the pddake bromopropyl group. Since
the protons closest to the oxygen will be more wédbd compared with those
adjacent to the bromine, the triplet at 3.7 ppmtroasrespond to the latter.

The conversion to the Boc-protected amine spegésscarried out the same as in
the synthesis 088. Compoundl10 was first nitrated by stirring with glacial acetic
acid and 100% nitric acid for 6 hours, followed &yueous work-up and trituration
with methanol to give sufficiently pure tetra-nted productlll as a light-orange
powder in 87% vyield.

This was then reduced by heating it to reflux inaabl with tin chloride for 48
hours, followed by aqueous work-up with sodium loyale. The tetra-amine product
112 was isolated as brown-glass in 90% crude yieldh@lgh the purity of this
product was less than in previous reductions usirsgmethod, the crude material was

taken through to the next reaction, after whiatoitld be more easily purified.
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Compoundl12 was stirred with Boc-anhydride and DIPEA in DCM 8 hours.
The product was purified by column chromatograpbgrailica gel, eluting with 19:1

DCM/ethyl acetate, giving the protected tetra-aniid@ as off-white glass in 59%

yield.
S NO,
N f NO, o,
/ AcOH, | [/
' 100% HNO, : YY" S SnCl,, EtOH
_— O 0) —_—
§ iOJ O@ DCM § (O) % Reflux
110 Br 87% Br
111
NHBoc

BocHN NHBoc NHBoc

i

60% Br
113

Scheme 2.24: Conversiond0 to 113 via nitration, reduction and Boc protection.

With the alkyl-halide functionalised calixarene €an hand, the amino-coumarin
was next synthesised. This was available in twpssteom compoundl using the
hydrolysis-free synthesis of Kudalet al, which avoids the formation of 3-
hydroxycoumarin which can occur under aqueous tiomgi’®

Compound31 was first stirred with Boc-anhydride and DMAP iRF to afford an
intermediateN-Boc imide, during which time the yellow suspensitumned to a
clearer brown solution. Hydrazine and methanol wiren added to selectively
hydrolyse the acetyl moieties whilst leaving thecBpoup in place. AqQueous work-up
followed by column chromatography over silica galljting with 3:2 hexane/ethyl
acetate gave the Boc-protected intermedidteas light yellow solid in 62% vyield.

The Boc protecting group was then removed by strtil4in a mixture of TFA in
chloroform for 6 hours. The product was purified dglumn chromatography over
silica gel, eluting with 1:1 hexane/ethyl acetajejing 115 as light orange-brown
solid in 81% yield.
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N NHAc 1. DMAP, Boc,0, THF N NHBoc
2. H,NNH,, methanol m
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Scheme 2.25: Synthesisldb from 81 using a hydrolysis-free method.

The conjugation of the dye with the alkyl-haliden¢tionalised calixarene to form
the amine-linked coumarirl{6 could now be attempted. First, a similar method t
that used for the conjugation of NBD-chloride to amino-calixaren® was
attempted. Compoundkl3 and 115 were stirred together at 70 °C in ethyl acetate,
with pyridine added as a mild base. However, aft8r hours only the starting
materials were present. It was reasoned that axgdrobase may be required.
However, due to the acidity of the phenolic protam the coumarin dye, use of a
stronger base could lead to deprotonation of thusitipn and subsequent ether
formation. Therefore it was decided to add a ghgtecting group to this phenol.

First, the same method used in the silylation78fwas attempted. However,
stirring 115 with LIHMDS gave an instant colour change to awmasolution. After
stirring with TBDMSCI for 18 hours, followed by agous work up, no coumarin
peaks could be discerned in tH&-NMR spectrum. It was reasoned that the pyrone
portion of the coumarin could be acting as a Mitheeeptor, giving rise to side-
products.

The reaction was attempted again with a singlevedgemt of base added to a pre-
mixed solution of115 with TBDMSCI, so that the deprotonated phenol doul
immediately react with the silylating reagent rattien with the coumarin itself. This
however gave no reaction. The same method withipleikquivalents of base gave a

mixture of products.

TBDMSCI, LiIHMDS
t

NH NH
HO (@) (@) TBDMSO (@) (@)

TBDMSCI, EtzN
115 > 79%

THF 117
Scheme 2.26: Silylation @15 using TBDMSCI.
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Examination of the literature revealed that siiglatof 7-hydroxy coumarin had
been accomplished, but with milder bases suchiethytamine®® It could be that
LIHMDS is simply too strong a base for this reactiand is deprotonating the
aromatic amine, allowing additional side-reactiofifie protection was attempted
once more by adding triethylamine to a solutionl@b and TBDMSCI, this time
giving no colour change. After stirring for 24 heyaqueous work-up followed by
purification by column chromatography over silioal,geluting with 1:1 hexane/ethyl
acetate, gavél7 as yellow needles in 79% yield.

Further attempts were now made at reacting the@oimmarin with the calixarene
core. A solution ofl13 and 117 in acetone was heated to reflux with potassium
carbonate for 18 hours, followed by removal of escbase by filtration and aqueous
work-up. Only starting materials were recovered.

Finally, it was decided to attempt the alkylatiosing LIHMDS, based on the
observation that this seemed to be able to depatgaihe amine of the coumarin and
may therefore provide a stronger nucleophile. Tsolaition of113 and117 in THF
was added LIHMDS and the mixture stirred for 18 diso®Wnce again, after aqueous
work up there proved to have been no reaction.

It was concluded that the lone pair of the nitrogmam the coumarin is too
delocalised over the ring system to be an effeativeleophile. At this stage it was

decided to try an alternative approach.

.- NHBoc
115, pyridine  BocHN NHBoC  NHBoG
—X—>
EtOAc, 70 °C |

Acetone, reflux

HN O
113  Br R =H (116) or /
117, LIHMDS R =TBDMS (118)
— X >
THF

OR
Scheme 2.27: Conditions for the attempted syntloédis6 or 118 by reaction ofl13

with 115 or 117.
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2.3.3.2 Amine-linked coumarin via amide

Although carrying out a simpley3 reaction with the aminocoumarin proved to be
problematic, the formation of amide bonds with thype of compound has been
accomplished®® This could be reacted with an acid moiety on thkxarene core
and the intermediate amide bond could then be extluc the desired secondary
amine.

To form an end product with the correct lengthiokér, a G-acid was required on
the calixarene. Initial attempts at installing tlgsoup were made using ethyl 3-
bromopropanoate. Compoufid was stirred with sodium hydride in DMF for 1 hour
before adding the alkylating agent; at this stajiervescence was observed. After 4
hours only starting material was present in thetrea mixture and the odour of ethyl
acrylate could be detected. It was concluded thaaadic hydrogen adjacent to the
carbonyl in the alkylating reagent was being rendolsg the sodium hydride, with
evolution of hydrogen gas, followed by eliminatioihbromide to give ethyl acrylate.

To try to overcome this problem different reactmonditions were tested. Stirring
with potassium carbonate as a weaker base in acgeore no reaction, either at room
temperature or at reflux. Using sodium hydride, batrying out the addition of
alkylating reagent at O °C, still gave evolutionhydrogen and likewise there was no

ether formation.

1. NaH
2. Ethyl 3-bromopropanoate
. >
DMF
1. NaH
2. Ethyl 3-bromopropanoate
- 0 O O
DMF, 0 °C to RT, 6 hr § (
1. K,CO4 0
77 2. Ethyl 3-bromopropanoate 119 (@)

- )

Acetone, RT 6 hr, reflux 72 hr

Scheme 2.28: Attempted synthesisl8fwith ethyl 3-bromopropanoate.

Since some of the base would be consumed in theteation of the phenol, it
was expected that some of the ethyl 3-bromoproganesauld remain intact to react
with the calixarene. The lack of any reaction atcauld be due to the phenoxide
anion generated in the first stage of the readiming sufficiently basic to deprotonate
the alkylating agent rather than giving the desig®l reaction.
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Since ethyl 3-bromopropanoate could not be usedctly;, the possibility of
carrying out a conjugate addition of the phenottuncalixarene to ethyl acrylate was
investigated. Since stirring with base alone wasifiicient, as demonstrated by the
lack of product in the reactions where ethyl adg/formed, it was decided to use a
catalysed method.

Reaction of a number of different nucleophiles widthyl acrylate was

demonstrated by Yaref al!®*

using potassium fluoride supported on aluminactvhi
could be prepared by stirring potassium fluoridéhwieutral alumina in water then
drying thoroughly*°? Compound77 was then stirred with ethyl acrylate and 10 mol%
of this catalyst in acetonitrile. After stirring rf@ hours, no reaction had occurred,
raising concerns over the solubility of the calew@® in acetonitrile. Acetone was
added to improve solubility and stirring continued 18 hours. However after this

time there was still only starting material present

Ethyl acrylate,
KF/alumina 10 mol%

Y S
> 0]

!
0 o O
MeCN, 3 hr, acetone, 18 hr
@)
)

Scheme 2.29: Attempted reactiorv@éfwith ethyl acrylate catalysed by KF/alumina.

At this stage the strategy for creating two molesulvith identical linkers was
reconsidered. The problems surrounding the use ®tarbon acid could be easily
circumvented by attaching a 4-carbon acid to thkxa@ne instead; the extra
methylene between the-position and the halide leaving group would redtive
acidity of thea-hydrogen and make elimination less favourableoriter to have an
analogue of this with a different dye, the origi\BDCalAm could be resynthesized

using a 4-carbon linkaria commercially available 4-bromobutylphthalimide.

2.3.3.2.1Synthesis of NBD-conjugate with 4-carbon linker

The same strategy was used as for the synthesfie afriginal NBDCalAnT> The
primary aliphatic amine required for the conjugatiof the NBD dye would be
installed using a phthalimide that could later bprdtected with hydrazine.

Compound77 was stirred with sodium hydride in DMF for 30 mies, followed
by 4-bromobutylphthalimide for 24 hours. After revab of solvent under reduced
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pressure and aqueous workup, the crude residuetniasted with hot methanol,
filtered, and washed several times with methan@m@ound120 was obtained as
white solid in 51% vyield.

The correct product is easily confirmed by th&-NMR spectrum (see Figure
2.30), which shows a characteristic pair of doulblietdoublets for the phthalimide
group around 7.8 ppm. The peaks arising from tlopyrand butyl chains can be
differentiated using a 2D-COSY spectrum which shansinteraction between the
triplet at 3.88 ppm with the multiplet at 2.08 ppwhich in turn interacts with the
multiplet at 1.08 ppm. This latter peak has a fertimteraction within the cluster of
peaks at 3.81 ppm. These must correspond to thy prdks, whilst the remainder of
the cluster at 3.81 ppm, along with the multiple220 ppm and the overlapping
triplets at 0.97 ppm must correspond to the propgins.

1. NaH
2. 4-bromobutylphthalimide

[

DMF

Scheme 2.30: Synthesis of compole@

CHs (propyl)
OCH, (propyl) ™
o~
OCH,..N  and NCH CHz (propyl) o

Phthalimide CH, (butyl)
protons

\
_~3.88
381

2.08
—~2.00
N 1.80

i U\MMJ

T T T T T T T T
75 70 65 60 55 50 45 40 35 30 25 20 15 1.0
fl (ppm)

Figure 2.30:'H-NMR spectrum af20.
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Elucidation of which peak corresponds to which mgkethe in the butyl chain
requires a 2D-HSQC spectrum (see Figure 2.31). ibaion of the peaks around 3.8
ppm reveals that within the cluster at 3.81 ppnneh& an interaction with a secondary
carbon that has a much lower chemical shift contparigh the other carbon peaks
that have interactions with this cluster. This sgjg that this carbon is adjacent to a
nitrogen, whereas the others around 75 ppm areadjso oxygen. This identifies the
peak at 3.88 ppm as the methylene adjacent toxygea in the butyl chain, which in
turn allows the differentiation of the peaks 2.0&14l.80 ppm as the centre two

methylene groups closest to the oxygen and theggtr, respectively.

(3.77,37.951 40
50
e
(o8
=
60
(3.88,74.48 70
i (3.80,76.96} |
d_
80

T T T [ T T I T T
395 390 385 380 375 3.70
2 (ppm)

Figure 2.31: 2D-HSQC spectrum 120.

Conversion to the Boc-protected amine was carrigdas previously. Compound
120 was stirred with 100% nitric acid and glacial &etcid in DCM for 4 hours
before quenching with water. Aqueous work-up fokalby trituration with methanol
gave sufficiently pure tetra-nitrated proddétl as light-yellow solid in 87% yield.

This product was heated to reflux in ethanol with ¢hloride for 48 hours,
followed by aqueous work-up with sodium hydroxidde tetra-amine produdi22

was isolated as brown glass in 88% yield

112




Chapter 2: Calixarene-Based Cell-Penetration Agents

" O,N No, NO,
|
AcOH, : \

' T ]\‘ 0 r
o 0 5 o 100% HNO; o 0 G o) SnCl,, EtOH
§ ( ) DCM § ( ) Reflux
120 87%
121
N
N_o

Scheme 2.31: ConversionI#0 to 123 via nitration, reduction and Boc protection.

Compoundl22 was stirred with Boc-anhydride and DIPEA in DCM £ hours.
The product was purified by column chromatograpbgrailica gel, eluting with 19:1
DCM/ethyl acetate, giving the protected tetra-anii@8 as off-white glass in 67%
yield.

The required lower-rim amine was next unmasked legving the phthalimide.
Compound123 was stirred with hydrazine in ethanol for 18 houFbe resulting
precipitate was removed by filtration and the sotw@moved from the filtrate under
reduced pressure. Due to the poor solubility ofgfeluct in organic solvent, aqueous
work-up was avoided by precipitating the produanir minimum methanol with
water, filtering and drying under vacuum. Somehs# $olid was too fine to separate
from the solvent by filtration so was salvaged byracting from water with 10%
methanol in ethyl acetate. The free-amib24)was isolated as off-white solid in 72%
yield and was carried forward as the crude product.

This product could now be reacted with the dga a nucleophilic aromatic

substitution reaction. Compouri®4 was stirred with sodium hydrogencarbonate in
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acetonitrile and a solution of NBDCI in acetondrivas added dropwise, resulting in
the formation of an intense brown-orange coloue Trixture was heated to 60 °C for
4 hours. Aqueous work-up followed by column chramgaaphy over silica gel,
eluting with 7:3 hexane/DCM, afforded the dye-caggte (125) as a bright-orange
solid in 53% yield.

NBDCI,
NaHCO;

MeCN

o N__o 124 NH,

DCM, MeOH
53%

Scheme 2.32: Synthesis1@6 from 123 via phthalimide cleavage£8r reaction and

removal of Boc groups.

NBD proton NBD proton
=3 =0
0 0 O O
Y J e
T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
8.8 8.4 8.0 7.6 7.2 6.8 6.4 6.0
f1 (ppm)

Figure 2.32:'H-NMR spectrum of25.
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The 'H-NMR spectrum ofL25 (see Figure 2.32) confirms the incorporation @ th
NBD dye. At 8.50 ppm there is a doublet arisingrfrone of the two aromatic protons
on the dye. The 2D-COSY spectrum shows that thensedoublet is at 6.16 ppm.
The former, being more deshielded, must be theadjecent to the nitro group.

Finally, the water soluble tetra-amine salt wasred by bubbling HCI gas through
a solution of125 in DCM for 10 minutes, followed by addition of rhanol to
dissolve the resulting precipitate and continuing teaction for a further 20 minutes.
The product was purified by reverse-phase coluntarohtography over C18, eluting
with a gradient of 0-100% methanol in 60 mM aquebl@. Compoundl26 was
isolated as a bright-orange solid. Due to lossemduypurification, the final yield was
just 20%.

2.3.3.2.2Synthesis of amide-linked coumarin

The required butanoic acid group on the calixangas put in place using ethyl 4-
bromobutanoate. This ester can be hydrolysed ohee upper rim has been
functionalised with Boc-protected amines to expiteeacid for the amide coupling.
The synthesis of gara-nitro functionalised calixarene with a singlg-&id on the
lower rim has been previously report&d.

Compound?7 was stirred with sodium hydride in DMF for 30 mies, followed
by addition of ethyl 4-bromobutanoate. After 18 tmuhe solvent was removed under
reduced pressure. Aqueous work-up followed byraatian with methanol gave27 as
white powder in 68% yield.

This was then converted to the Boc-protected anmrke same manner as before.
Compoundl27was stirred with 100% nitric acid and glacial acercid in DCM for 4
hours before quenching with water. Following aqueowork-up, the residue was
triturated with methanol to giviE28 as light-orange powder in 92% yield.

Compoundl28was heated to reflux in ethanol with tin chlorfde 48 hours. After
aqueous work-up with sodium hydroxide, the tetrar@nproductl29 was isolated as
light-brown solid in 79% yield.

Finally, 129 was stirred with Boc anhydride and DIPEA in DCM f&2 hours.
Purification by column chromatography over silica, gluting with 19:1 DCM/ethyl

acetate gav&30as off-white glass in 78% vyield.
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1. NaH
2. Ethyl 4-bromobutanoate

[
Y

DMF

NO
o2 fo,
AcOH, /
SnCly, E1OH

100% HNO3

DCM Reflux
92% 79% 0O
128 129 0™\
BocHN
Boc,0, DIPEA
—_—
DCM

Scheme 2.33: Conversion o7 to 130 via alkylation, nitration, reduction and Boc
protection.

The ester that was masking the acid moiety could he cleaved by base-
catalysed hydrolysis. Although this has been acdigimgd on calixarene-based
molecules using sodium hydroxidf¥,in this case a satisfactory solvent system that
balanced the solubility of the sodium hydroxide #mel calixarene could not be found
at room temperature. Therefore it was decided te tetramethylammonium
hydroxide, which has been shown to be effectivetliis transformation and which
can be used in organic solvent aldfre.

To a solution of compound30 in THF was added tetramethylammonium
hydroxide solution in methanol and the mixture retir for 6 hours at room
temperature. After checking that no more startirgjemal was present by TLC, the
mixture was acidified with dilute HCI and extractedth ethyl acetate. Compound
131was isolated as light-yellow glass in 96% yield.
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With the free acid now present on the calixarene,amide bond could be formed
to the coumarin dye according to the literaflir€alixarene131 was stirred with
coumarin115 and EDCI, using 30% pyridine in DCM as the solydat 18 hours
before removing the solvent under reduced presdbileate HCl was added and
extraction attempted with ethyl acetate; this gameemulsion that could only be
broken by slowly adding methanol until two layeesalved. The solid isolated from
the organic layer was purified by column chromaapdry over silica gel, eluting with
3:2 hexane/ethyl acetate, giving the amide-linkednearin132 as off-white solid in
49% vyield.

O
EDCI § Q )
-
30% pyridine/DCM \ O
49% o
N
H

Scheme 2.34: Synthesis ©82 from 130 via ester hydrolysis and amide bond

formation.

Amide NH e

'
I

T T T T T T T T T T T T T T T T T T T T T T T T T
86 84 82 80 78 76 74 72 70 68 66 64 62
f1 (ppm)
Figure 2.33:'H-NMR spectrum of32.
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The'H-NMR spectrum (see Figure 2.33) confirms thatdbemarin is present and
joined by an amide bond. The characteristic pedkdhe coumarin can be seen: a
downfield singlet around 8.7 ppm, a doublet arouhd@ ppm, and a doublet of
doublets next to a further doublet around 6.8 ppwo peaks are present at 8.25 and
7.66 ppm that give rise to no peaks in the 2D-HSQ@gesting that these are the NH
of the amide bond and the OH of the coumarin. Adicgy to the 2D-HMBC
spectrum, the proton peak at 8.25 ppm and the pm¢aks corresponding to the butyl
chain share a long-range interaction with a high#ghielded carbon. This suggests
that this carbon is the carbonyl of the amide anthe proton peak at 8.25 ppm would
be the NH of the amide. By elimination, the peak .&6 ppm must be the OH of the

coumarin.

2.3.3.2.3Reduction of amide-linked coumarin

The reduction of an amide to an amine could thexat be accomplished using a
strong nucleophilic reducing agent such as lithialaminium hydride. However,
amides are more difficult to reduce in this waynthesters due to the increased
electron density at the carbonyl; therefore in pinesence of an ester, it will be the
latter that will be reduced first. The presencetlod lactone in the coumarin dye
precludes the use of such a method in this case.

Multiple methods exist for the selective reductiminamides in the presence of
other functional groups, including esters. Thesduste transition metal catalysed
hydrosilation'® treatment with tetrabutylammonium hydrit!é, conversion to a
thioamide prior to reductidf® and reduction with borart® The latter selectively
delivers hydride to amide bonds in preference terssby forming a coordination
complex to the more electron-rich amid®Borane reduction has been applied to a
coumarin, albeit for the reduction of a carboxydid instead of an amide, without
reducing the lacton€?! For this reason, this reagent was selected foretiaction of
the coumarin-amide.

A solution 0f132in dry THF was cooled to 0 °C and stirred undeyoarwhilst
borane-THF complex was added. This was then hdat&® °C for 4 hours before
quenching with methanol. At this stage th&NMR spectrum showed a complex
mixture of products; this was also the case whenr¢laction was allowed to proceed
at room temperature for 18 hours.

A mixture of products could arise from excess berforming a complex with the

carbamates on the upper rim. A mild method fordleavage of borane adducts was
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found which utilises palladium on carbon or Ranegkel as a catalyst for
methanolysis, which can otherwise require a vergglgoeriod of stirring in
methanol** The crude product was therefore stirred in methavith 5 mol% of

Raney nickel for 18 hours, followed by removal be tcatalyst by filtration. The
borate now present in the product was removed lepteaping several times with
methanol. However, the light-yellow glass that wdsained still proved to be a
complex mixture byH-NMR.

NHBoc NHBoc

BocHN NHBoc NHBoc BocHN NHBoc NHBoc
| |

~
1. BH3.THF, THF, 60 °C T 4

- 0] Op O
( ) i 2. Raney Ni, MeOH § ( )
H
JC(I ° X
HO 0" "0 HO 0" "0

132 133
Scheme 2.35: Attempted synthesis33fby reduction ofi.32.

Although examples are present in the literatur@amafde reductions being carried

out in this way in the presence of Boc protectimgugs:*®

it would appear in this
case that the carbamates are not stable to thesktions. However, if these were
removed then the resulting free amines would née¢sshe use of a greater excess of
borane, due to their propensity to form adductd wite reagent, and subsequently
would poison the catalyst used to effect methammly&n alternative method of
reduction would therefore be more suitable.

However, at this stage due to time constraintsa$ wecided to proceed with the
removal of the Boc protecting groups frdi@2to provide a cationic molecule with an
amide-linked coumarin. The cell-uptake propertiesild then be investigated to

provide a comparison with the original triazolekial coumarin.

2.3.3.2.4Deprotection of amide-linked coumarin conjugate

Removal of the Boc protecting groups frdiB2 was initially attempted using the
same procedure as in section 2.3.1.8.§®&s bubbled through a solution T82in
DCM for 10 minutes, followed by addition of meth&ramd stirring for a further 5
minutes. However, the solid obtained was a mixafrevo distinct products byH-
NMR; when the reaction was continued for a furtteminutes, the minor component
increased in concentration. This led to the conatughat the deprotection conditions
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were also cleaving the amide bond to the coumarin.

A different deprotection protocol was thereforeeatpted, following the method
used in the synthesis of the aminocoum&ti@ompoundl32was stirred in a mixture
of TFA and DCM for 2 hours. This time a single protiwas obtained b{H-NMR.
The product was then purified by reversed-phasenwolchromatography over C18,
eluting with a gradient of 0-100% methanol in 60 raifueous HCI. This purification
also converted the product to the hydrochloride aatl confirmed that the single
product had not arisen from complete cleavage @fcttumarin. Compounti34 was
isolated as pale-orange solid in 88% vyield.

NH,*CI-

-1+ -
CI*H3N NH3"CI™ . cr

i

132

Scheme 2.36: Boc-deprotectionl8R to givel34.

2.3.4 Biological analysis

The collection of compounds taken through to bimalanalysis are summarised
in Figure 2.34. These are the triazole-linked caoumappended calixarene®7 (non-
cationic control),94 (aromatic amine functionalised7 (glycine functionalised) and
109 (guanidine functionalised); triazole-linked pyrer{@5) and anthracene-appended
(96) calixarenes; NBD-appended calixarene withli@ker (126); and amide-linked

coumarin-appended calixareri34).

2.3.4.1 Toxicity assays

In order to assess the cell uptake and localisgiroperties of these compounds,
the effect of the compounds on the viability okligells first needed to be determined.
Cell proliferation can be measured using a coloiimeassay by monitoring
conversion of a tetrazolium dye to its formazandpi by intracellular enzyme
activity. For example, MTS (3-(4,5-dimethylthiazdlyl)-5-(3-carboxymethoxy-

phenyl)-2-(4-sulfophenyl)-2H-tetrazolium) can bedsn conjunction with phenazine
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methosulphate (PMS). The activity of oxidoreductaseymes, which is indicative of
live cells, converts MTS to its formazan productgiee an absorbance increase at
490-500 nm that is proportional to the number g kells presertt:*

Selected cell-lines were incubated with increasimigcentrations of the compounds
to be tested for 72 hours before carrying out thESMissays. Compoun@d, 95, 96,
97, 126 and134 were compared to a control where only sterile wates added. Due
to their poor solubility in water, compoun8g and109 were dissolved in DMSO and
therefore this was used as the control.

The results of the MTS assays in THP-1 cells amvshin Figure 2.35 and are

representative of the other cell lines tested.

R='Bu 87

NH;*CI- 94

o)
%NJ\/NH{CI‘

H 97
H,N

N=NH,*CI
%-NH 109
NH,*CI

NH;*CI" NH,*CI

e

NH,*CI
NH,*CI

Figure 2.34: Summary of compounds subjected tovimtesting.
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Figure 2.35: MTS assays performed on THP-1 ce)l€@mpound7; b) Compounds
94, 95 and97; ¢) Compound$6, 126 and134; d) Compound09.
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In comparison with NBDCalAm® which was only toxic at high concentrations
(around 100 mM), most of the compounds began tibinbell proliferation at much
lower concentrations (of the order of A 10° M) . One explanation for this could
be the change in dye molecule: compoufids95 and 96, with a coumarin, pyrene
and anthracene dye respectively, all began to ajjspjtotoxic effects at around 10
M. However, the dye molecule clearly is not theyofactor, as exemplified by the
lower apparent toxicity of compour@7, which in particular displayed no toxicity
towards Hela cells at the concentrations tested, the lack of dose-dependent
behaviour of compound87 and 109 at the concentrations used. These all bear a
coumarin moiety, but the difference in functionalim the upper rim compared with
the aromatic amine @4 seems to influence the toxicity; compousidfeatures only
tert-butyl groups, whilst97 and 109 are functionalised with aliphatic amine and
aromatic guanidine groups, respectively.

The linker could also be a factor, since compo®95 and96 all have triazole-
linked dyes, compared with the amine-linked dyeN&DCalAm. Compoundl34,
which has an amide-linked coumarin, in comparisath ®4, begins to inhibit cell
proliferation at a higher concentration in THP-1éf the order of 18 M compared
with 10° M), although this effect was not observed with Heells. The sensitivity to
the linker is particularly apparent in the casel@d6 which provides an interesting
comparison with NBDCalAm. Although the only struetudifference between these
two compounds is an increase in the length of lifkem G to G, 126 displays
cytotoxic effects at much lower concentrationsttef order of 18 M). The increased
length of linker may allow the calixarene to formeractions that could not be made
by NBDCalAm, resulting in increased impact on eglbility.

It is important to note that full characterisatiaf the cytotoxicity of these
compounds would require collection of data at gdamumber of concentrations, in
order to determine l§g values. Nevertheless, this data does reveal thaul-
micromolar concentrations the cells remained viakith no significant change in
morphology (see section 2.3.4.2). Investigatiorcaf uptake and localisation could

therefore be carried out with low concentrationshef compounds.
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2.3.4.2 Cellular uptake

The ability of the tested compounds to penetratadi cells was subsequently
tested. CHO cells were cultured on a glass coyefsliowed by addition of the
selected fluorescent compound and incubation fee intervals up to 72 hours. After
washing to remove excess compound, these covecsligd directly be mounted onto
glass slides and examined by fluorescence micrgscop

The non-cationic control8f) did not exhibit observable uptake into cells. sThi
could be due to the particularly poor water soltpof this calixarene. Unexpectedly,
of the seven cationic compounds tested, two of dbmpounds did not exhibit
observable uptake. After incubation with the pyrexmmjugate 95) for 48 hours,
fluorescence could only be observed inside of thlés dy increasing the exposure
time of the camera; however, under the same comditthe control, to which only
water had been added, also displayed intracelfiil@rescence (see Figure 2.36).
Therefore, the possibility that the observed flsoence fo®5 was due to background
fluorescence from the cells could not be ruled diis led to the investigation of
anthracene as an alternative hydrophobic dye feesiigation of dye effects.
However, the anthracene conjuga@é)(likewise did not give rise to any intracellular

fluorescence, even after 48 hours.

Control

Figure 2.36: Cellular uptake &5 after 48 hours of incubation with CHO cells.

The lack of increase in intracellular fluorescemekative to the controls for both
compounds95 and 96 could be due to either lack of uptake or poor msoence
properties inside of cells. Given that Kumat al®® demonstrated intracellular
fluorescence of a non-cationic tetra-pyrene apperoddixarene, it is unlikely that a
single pyrene unit would prevent cellular uptakenpared to the coumarin-appended
calixarenes \ide infrg. However, it is possible that the lack afzx stacking
interactions that occur with multiple pyrene utitesults in insufficient intensity of
emission to visualise in living cells. A similaripciple could also apply to the
anthracene-appended calixarene. Compo@dand 96 are therefore unsuitable for

cellular imaging applications and were not investiegl further.
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By contrast, the coumarin-appended tetra-aminoxaane 94) showed clear
uptake into CHO cells after 1 hour (see Figure R.3Bfie initially diffuse intracellular
fluorescence became more punctate after 24 houtsemen more so from 48-72
hours. This suggests gradual sequestration of thmpound into intracellular
compartments.

Compound97, the tetra-glycine coumarin-appended derivativenileted slower
cellular uptake tha®4 (see Figure 2.38). At 1 hour, few cells showedaicellular
fluorescence and at a lower intensity compared W#h This increased over the
examined time intervals, but the uptake betweeferdint cells in the same culture
remained inconsistent. From 24 hours onwards thele that had taken U@/ began
to show punctate rather than diffuse patterns wiréscence. From 48 to 72 hours
most cells were displaying uptake of the compound.

The guanidinium derivativelQ9 also seemed to be taken up more slowly into
cells (see Figure 2.39). Interestingly, from 1-4itsofluorescence was only visible in
globular structures that appeared to be dying addmlls. Since the MTS assays for
this compound indicated low toxicity relative toetidPMSO control, this suggests
accumulation ofl09in such cells rather than cytotoxic action. Frogrh®urs onwards
an increasing number of live cells exhibited ineemgracellular fluorescence, with a
more punctate pattern as time went on.

The different dynamics 034, 97, 109 demonstrates the importance of upper-rim
functionalisation in cellular uptake. Although tpeevious work on cell penetrating
peptides suggests that guanidine groups give supeptake to simple amines (see
section 2.1.2.1.2), in this case the guanidine tfanalised calixarenelQ9 did not
give more rapid uptake compared widd or 97 as was expected. However, the
aromatic guanidine groups df09 may give different dynamics to the aliphatic

guanidines of poly-arginine cell-penetrating pegsid
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Figure 2.37: Cellular uptake d#4 at given time intervals after addition of compound
to CHO cells.

Control

Figure 2.38: Cellular uptake 7 at given time intervals after addition of compound

to CHO cells.
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Figure 2.39: Cellular uptake df09 at given time intervals after addition of compound
to CHO cells.

Control

e

Figure 2.40: Cellular uptake df26 at given time intervals after addition of compound

to CHO cells.
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Control

Figure 2.41: Cellular uptake df34 at given time intervals after addition of compound
to CHO cells.

Compound126 allowed the effect of an increased length of Imke be tested
compared with its previously investigated counterpiBDCalAm®® Although the
increase in linker length resulted in higher cykxitdy, the cellular uptake seemed to
be similar: uptake was rapid, with intracellulandtescence clearly visible after 1
hour and intense fluorescence exhibited after 4rdyoand increasingly punctate
patterns visible from 24 hours onwards (see Figu40).

Compound134, despite the change of linker from triazole to @nidisplayed
similar uptake t94 (see Figure 2.41). Some intracellular fluorescewes visible
after 1 hour, increasing in intensity over timethwihe diffuse pattern changing to
more punctate from 24 hours onwards. This suggisis the more rapid uptake
exhibited by the NBD-appended compourd@§ and NBDCalAm compared wite4
could be due to the effect of the dye rather tha of the triazole ring.

It is important to note that these uptake studigs gnly qualitative information
about the relative rate of uptake. In order to wb&ccurate measurements of uptake
kinetics, flow cytometry experiments would be reqdi However, the above
experiments do reveal that an incubation time ohd8rs gives good uptake of all

compounds and is therefore a suitable amount @& tovallow in further experiments.
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2.3.4.3 Mechanism of uptake

Incubation of cells with different inhibitors of éncytosis followed by incubation
with the compounds under investigation allows threchanism of their uptake to be
investigated. As discussed in section 2.1.1, treerhajor pathways of endocytosis are
via clathrin-coated pits or caveolae. Processes imlthe latter can be inhibited by
interfering with the function of cholesterol in thmembrane. Suitable inhibitors
115

include methylB-cyclodextrin (MCD),™ which forms soluble inclusion complexes

with cholesterol and so extracts it from the membraand the polyene antibiotics

® and nystatit!’ which perturb the function of membrane domains by

filipin **
sequestering cholesterol within the membrane.

Clathrin-mediated processes can be inhibited byetigpic sucrose, which
disperses clathrin latticé&® The antibiotic monensin can also be used. Thispbore
dissipates the proton gradient in lysosomes aradferes with transfer of compounds
to these intracellular compartments; it therefaraibits receptor-mediated uptake by
interfering with receptor recycling?%°

Investigations were carried out with these fiveilitors by incubating CHO cells
grown on coverslips with each inhibitor followed [agdition of the calixarene
compounds under investigation and incubation flurtner 48 hours. Excess inhibitor
and calixarene was removed by washing before mogirdn slides for imaging. In
some cases incubation with monensin or MCD for d&r& reduced cell viability and
gave rounded dead or dying cells. In these casegebults are omitted since the
possibility that uptake was due to the loss of Nigtcould not be excluded.

The results for compoun@4 are shown in Figure 2.42. Both MCD and nystatin
resulted in a lower level of intracellular fluoresce, whilst filipin gave greatly
diminished fluorescence. Conversely, monensin aledose had no inhibitory effect.
This suggests that clathrin-mediated processesairenvolved and that pathways
involving caveolae are dominant in the uptak®4finterestingly, although monensin
and sucrose did not prevent uptake, both resultedltered distribution of the
calixarene within the cell. Whilst the cells treht@ith monensin displayed widely
distributed fluorescence as in the control, theriscence seemed to be beginning to
form into more aggregated structures. This canttoiated to perturbed intracellular
trafficking due to dispersion of proton gradientihim the cell®®® Treatment with
sucrose on the other hand gave a dramatically imonetate pattern of fluorescence;
this could be due to side effects of hypertonicrese which include potential

stimulation of rearrangement of the actin cytostelé?!
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Methylp-cyclodextrin

Filipin

Monensin

Figure 2.42: Uptake of compoud after incubation with specified inhibitors.

Methyl-p-cyclodextrin

Nystatin Filipin

-

Monensin

Figure 2.43: Uptake of compoud after incubation with specified inhibitors.
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A different effect was observed with compou@d (see Figure 2.43). Although
treatment with MCD resulted in less intense, maftuse intracellular fluorescence,
both nystatin and filipin exhibited no inhibitoryfect and did not alter the puntate
pattern of fluorescence. However, the cells wertectearly visible when treated with
monensin prior td7. Interestingly, in some cases punctate fluoresoetiines of
cells were observed, suggesting that the calixanadebecome bound to the exterior
of the cell but not internalised. Sucrose also leixédl a negative effect on uptake,
generally giving greatly diminished and diffuseddiescence with only a few cells
showing a small amount of the familiar punctateofescence. This suggests that in
this case clathrin and receptor-mediated processe=ghe dominant mechanism of
uptake, whilst caveolae seem to not be involveat: d@iminished fluorescence in the
case of MCD could be due to the potential for thisbitor to also have an impact on
invagination of clathrin-coated pit&?

The difference in apparent uptake mechanism betWdeand 97 highlights the
importance in the upper rim functionalisation ie tmode of internalisation. This also
provides sharp contrast with NBDCalAthwhich despite being furnished with the
same aromatic amines 84 appeared to be taken up by direct translocatiberéfore
the change from NBD to triazole-linked coumaringmathas an impact on uptake

mechanism.

Control

Methyl-p-cyclodextrin

Filipin

Figure 2.44: Uptake of compourd@9 after incubation with specified inhibitors.
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In the case 0fl109 none of the inhibitors seemed to have any impact
internalisation. MCD, filipin, nystatin and sucroségave comparable fluorescence to
the control (see Figure 2.39), although in someexasapturing the true level of
fluorescence was difficult due to rapid photobleagh This suggests a lack of
involvement of endocytotic mechanisms in the uptake this calixarene and
potentially a direct translocation mechanism as alzserved with NBDCalAm. This
was unexpected, since the triazole-linked coumdrad resulted in uptake by
endocytosis foB4 and97. The clustered guanidine residues therefore seeatidw
this cargo to be directly translocated, althoughhwslower apparent uptake than
NBDCalAm.

As was observed for NBDCalAff, internalisation of compound26 was not
significantly affected by the inhibitors testedggasting a similar direct translocation
across the membrane. As with compoud monensin and sucrose altered the
distribution of the probe; this was particularhadratic for the former, which gave the
appearance of network-like structures within thiésc&his could be due to inhibition
of transfer to lysosomes from other cellular compants such as the Golgi
apparatus, which was previously observed for NBB@alon treatment with

monensirt®

Control

Monensin

Figure 2.45: Uptake of compourd@6 after incubation with specified inhibitors.
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For compoundl134, no inhibition was observed with monensin or ssefo
suggesting that clathrin-mediated processes aremolved in uptake, although they
did alter the distribution as observed for compa®@dland126. However, although
nystatin and filipin gave no significant effect agve to the control, MCD gave a
different result. Some rounded cells were presmggesting loss of viability of these
cells as discussed previously. However, there vedse cells present with normal
morphology, which exhibited greatly diminished ftascence relative to the control.
This is unexpected, even with the potential for M@D effect both clathrin and
caveolae mediated processes, given that the othaitors of both of these types of
endocytosis did not impact on uptake. This couladdmunted for if both mechanisms
were in use, resulting in a compensatory effectrwbiee of the two was inhibited.
However, given that some cells in the sample wdready dead or dying, the
anomalous result could simply be due to the remgirtells suffering non-visible
abnormalities.

It does seem that the change in linker from a ¢t@ro an amide has an impact on
the uptake mechanism. Compoutigh is otherwise identical t84 but uptake of the
latter was inhibited by both nystatin and filipiahilst 134 was not affected by either.

The method of attachment of the cargo is thereditge an important factor.

Control Methyl p-cyclodextrin

Filipin

Monensin

Figure 2.46: Uptake of compourid4 after incubation with specified inhibitors.
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2.3.4.4 Intracellular localisation

To determine if the cellular fate of the compourtdsted was the same as the
previously investigated NBDCalAm, cells were inctdshwith the compounds for 48
hours followed by use of a selective lysosome stalaakly basic fluorescent probes
are useful for this purpose, due to the tendencyeékly basic compounds to
accumulate in lysosomé&’ LysoTracker Red was used in this case. Doubleestiai
cells were then photographed using a combinatioam gifeen excitation filter (for the
LysoTracker) followed by either a UV (for the coumnaappended calixarenes) or
blue (for the NBD probe) excitation filter. By coaming the two images and
examining the overlay of the two, the degree obplae overlap could be determined.
Overlay of the red and blue emissions resultspmé& colour, whereas overlay of red
and green emissions gives yellow.

The results for compoun@4 are shown in Figure 2.47. In general, the punctate
fluorescence from the LysoTracker a®dl overlays, indicating co-localisation of the
two compounds. However there is some diffuse blueréscence that does not
overlay with red fluorescence of a similar intepsithis suggests that although some

of 94 accumulates in acidic vesicles, not all of it @y so.

LysoTracker

Figure 2.47: Co-localisation 094 with LysoTracker Red. White arrows indicate a
pink spot of overlaid fluorescence (a) and an aofablue fluorescence with poor

overlay (b).

Compound97 displayed more inconsistent results between céligure 2.48a
shows a sample which exhibited good overlay ofriisoence as indicated by the high
proportion of pink punctate colouring, although soimlue fluorescence is visible
between these pink spots suggesting that not &If bias localised into the lysosomes.
However, Figure 2.48b shows a sample where ovevks relatively poor; although
there is some pink overlaid fluorescence, therevary spots of blue fluorescence, so
some of the apparent overlay could be due to adémtal overlay in different planes

of the three dimensional structure of the cell.
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VIl LysoTracker Overlay

LYI Ly soTracker Overlay

Figure 2.48: a) Co-localisation d37 with LysoTracker Red; white arrow indicates a
pink spot of overlaid fluorescence. b) Cells shgniimited overlay; white arrow

indicates spot of blue fluorescence with no overlay

This inconsistency in localisation may correlatethie inconsistent rate of uptake
observed for this compound (see section 2.3.4 @)den cells in the same sample and
suggests that uptake and localisation could betsenso the state of the cell. If one
cell begins to take up the calixarene before amdthéhe sample, it stands to reason
that the compound would reach its final cellulazaition earlier. Further experiments
would be needed to confirm this; for example, sasplould be taken at different
time intervals to test for the proportion of cealisplaying lysosome localisation. Co-
localisation studies of other cellular compartmensh as the Golgi apparatus could
also help to elucidate the pathwaydgafinside the cell.

The results for compourtD9 are shown in Figure 2.49. In this case, althobhgiet
are areas of pink colour indicating overlay of et blue fluorescence, there are
numerous spots of blue fluorescence without overfaythermore, in some of the
pink areas there are spots that appear bluer sucolhis suggests that the apparent
overlay could be coincidental. As a preliminary ules this suggests lack of
localisation ofL09in lysosomes. This could be confirmed using coalf@gicroscopy,
which would allow individual planes of space thrbutpe cell to be sampled and
allow apparently overlapping organelles to be défeiated. Further experiments with
stains of other compartments would be requireceterchine the cellular fate aD9.
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LysoTracker Overlay

Figure 2.49: Limited overlay df09 with LysoTracker Red; white arrow indicates spot

of blue fluorescence with no overlay.

Compound126 showed consistently good overlay with LysoTraclsse Figure
2.50). Although the staining from the LysoTrackeasanot as efficient in this case,
resulting in lower intensity of red fluorescencedartonsequently a less dramatic
yellow colour in the overlay, comparison of the oilascence images from
LysoTracker and.26 shows an almost identical pattern of stainingsThggests that

like its analogue, NBDCalAn1,26localises within acidic vesicles.

LysoTracker Overlay z

3 %
£
-

v
-

Figure 2.50: Co-localisation ofi26 with LysoTracker Red; white arrow indicates

yellow spot of overlaid fluorescence.

The results for compounti34 (see Figure 2.51) are similar to those9df The
fluorescence from the calixarene generally overlajth that of the LysoTracker,
although some areas of diffuse blue fluorescenceod@verlay with red fluorescence
of a similar intensity. This suggests that most, bot all, of 134 has localised in
acidic vesicles and that the change in linker frivisgzole to amide does not have a
noticeable impact on localisation after the 48 haaubation time.

As noted previously, the three dimensional naturehe cell means that the
possibility of coincidental overlay cannot be rulmat. To confirm the obtained results
and to obtain a quantitative measure of the degfeactual co-localisation of the
compounds with LysoTracker, confocal microscopy Mdoe required. From these
preliminary results, it seems that the change rgec&om NBD to coumarin, whether
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it is linked by a triazole or an amide bond, resuit a slightly lower degree of
localisation to acidic vesicles, although this cbobrrelate to the slower uptake of the
latter. Change in upper rim functionalisation framomatic amine to aliphatic amine
results in more inconsistent degree of localisationacidic vesicles, whilst the
guanidinium derivative did not seem to localiseaaidic vesicles at all. This suggests

that upper rim functionalisation has an impact gnaanics within the cell.

LysoTracker 34 Overlay

Figure 2.51: Co-localisation af34 with LysoTracker Red; white arrow indicates pink

spot of overlaid fluorescence.

2.4 Conclusions and further work

A method of synthesising diverse scaffolds has limreloped using a common
intermediate. This features aromatic amines onugiger rim which give access to
other basic functionalities and an alkyne on theelorim to which azide derivatives
of various dyes (or potentially other cargo) canattached using a CUAAC reaction.
The utility of alkyne protecting groups in facilitag the synthesis of this intermediate
in high purity has been demonstrated.

The synthesis of multifunctional scaffolds featgriaromatic guanidines on the
upper rim is challenging due to the lability of tbemmonly utilised Boc protecting
groups on this derivative. The validity of usingzZQfrotected guanidinylation agents
has been demonstrated and has been shown to givevied integrity relative to the
Boc protected analogue, allowing further reactitmsake place on the guanidine-
furnished scaffold. This may allow more complex mjdaylated calixarenes to be
synthesised as analogues of cell penetrating peptadthough deprotection conditions
must be carefully optimised to avoid degradatiorthef molecule. The suitability of
the different deprotection methods available wapend on the nature of the cargo.

This approach may also allow the synthesis of tlgDMppended guanidinium
derivative to be revisited. The decreased labuitthe Cbz-protected guanidines on

the upper rim should allow the phthalimide on tbedr rim to be cleaved to expose
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the amine required for coupling the NBD dye. Askanalogues to compare with the
coumarin-appended calixarenes could be thereforsybéhesised to determine if
upper-rim functionalisation also effects the uptaked localisation of the NBD
derivative.

Since the uptake and intracellular dynamics ofél@ebes seems to be sensitive to
the upper rim functionalisation, it is of interest create an expanded library of
compounds to test. Using the common intermedidie, amines on the upper rim
could be coupled to alternative amino acids toigk/cfor example lysine; such upper

rim functionalisation has been accomplished by Bagniet al®?

Similarly, coupling
to arginine would provide a calixarene with alipba@uanidine groups.

Alternatively, functionalisation with aliphatic goigines could be achieveda
chloromethylation of the upper rim followed by cemsion to methylamines and
ultimately guanidines. Previous work on this rowiéhin the group has encountered
difficulties, with side reactions occurring duriggloromethylation on the lower-rim
functionalised calixarene and also if alkylationtb& lower rim is attempted after
chloromethylation. However, this synthesis coulddohieved using the method of
Mourer et al.?® which involves completing the guanidinylation b&tupper rim prior
to any functionalisation of the lower rim.

Biological tests of the compounds showed that the-cationic control was not
taken up into the cells tested, presumably dubdgbor water solubility. The pyrene
and anthracene derivatives proved to be unsuifableellular imaging, although it is
possible that installation of multiple dye units tre lower rim may improve the
fluorescence properties by allowinestacking between them.

The coumarin derivatives were visibly taken up bifscand revealed sensitivity of
the uptake, mechanism and localisation to the uppefunctionalisation. All of these
derivatives were taken up more slowly than the Niipended calixarenes, but
unexpectedly the guanidinium derivative seemedédaddken up most slowly, with
probe only accumulating within dead or dying cellghin the first 24 hours. The
aliphatic amine derivative gave inconsistent upta&iveen cells in the same sample
within this time frame, whilst the aromatic aminehiited the fastest uptake of the
three.

Caveolae mediated processes were implicated inptaeke of the aromatic amine,
whilst the aliphatic amine seemed to be takenvigpclathrin coated pits and the
guanidinium derivative did not seem to be takenbypeither endocytotic pathway.
Localisation of the calixarenes seemed to be mogtlyin the lysosomes in the case
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of the aromatic amine, whilst localisation of tHglaatic amine seemed to be more
inconsistent. The guanidinium derivative did noerseto localise within acidic
vesicles.

Comparison of the g£linked NBD derivative with NBDCalAm revealed no
considerable difference in uptake or localisatalthough toxicity was increased. This
suggests that increasing the length of the linlkesdnot affect uptake mechanism or
localisation and therefore allows the amide-linleaimarin, featuring a Llength
linker, to be compared with the triazole-linked owrin, which has a{dength linker.

The triazole linker seemed to have no effect oatingd rate of uptake or cellular
localisation, since the amide-linked derivative walken up in a similar time-frame
and also seemed to localise within acidic vesidiesyever, it resulted in uptake that
was apparently not by endocytosis. The impact ef tiimzole ring was therefore
limited. This suggests that the rapid uptake of NBDAM may have been due to the
NBD dye, since the coumarin derivatives were tadprmore slowly whether they
featured a triazole or amide linker. The comparisbthe triazole- and amide-linked
compounds is also valuable in that it suggeststtiwatriazole may be a suitable amide
bioisostere in these compounds, although it cdnente the mechanism of uptake.

To gain more information about the dynamics of ¢hesobes, flow cytometry
experiments will be required to allow comparisortled quantitative uptake kinetics.
Further investigation of the cellular localisatismeeded for those probes that did not
fully localise in the lysosomes, for example byngsa Golgi apparatus stain such as
BODIPY TR ceramid&® For those that did colocalise with LysoTrackernfosal
microscopy experiments will be required to quanttify true degree of colocalisation.

In general, the current progress has elucidatec srthe factors that influence the
uptake and intracellular dynamics of calixareneedascell-penetration agents.
Synthesis of additional derivatives may allow mofehe subtleties of the behaviour
of such molecules to be determined. This in turfi imform the design of cell-
penetration agents based on these scaffolds fegtather cargos such as antiviral or

anticancer agents, or development of novel celinhaging agents.
2.5 Experimental

2.5.1 General procedures - chemistry

All chemicals were purchased from Sigma-Aldrichfadhesar, Acrés Organics or
Novabiochem and were used without further purifarat Deuterated solvents for

NMR use were purchased from Cambridge Isotope laaboes or Sigma-Aldrich.
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Dry solvents were purchased from previously lissegppliers. Analytical thin layer
chromatography (TLC) was performed using Merck @ackkry-Nagel Alugram silica
gel 60 ksq4 plates, with visualisation by UV light (254 nm)oldmn chromatography
was run using silica gel 60 (230-400 mesh). NMRcspewere acquired using a
Varian Unity Plus spectrometer (operating at 4002Vl proton and 100 MHz for
carbon), a Gemini 2000 spectrometer (operatingd@tNMHz for proton and 75 MHz
for carbon) or a Bruker Avance 400 Ultrashield spmoeter (operating at 400 MHz
for proton or 100 MHz for carbon). Chemical shifise referenced relative to
tetramethylsilane (TMS) as the internal referertemdard and expressed in parts per
million (ppm ord) downfield from the standard. Coupling constadjsafe expressed
in Hz. Multiplicities are abbreviated as follows:(singlet), br s (broad singlet), d
(doublet), t (triplet), m (multiplet), app (appaterMALDI-TOF mass spectra were
recorded using a Kratos Axima CFR MALDI Mass Spatieter usingu-cyano-4-
hydroxycinnamic acid as matrix. APCI and ESI or M&iss spectra were recorded by
the EPSRC National Mass Spectrometry Service, Sy@anblelting points were
measured using an electrothermal Mel-temp® melfoaynt apparatus and are
reported uncorrected. Infrared spectra were recouseng a Perkin Elmer Spectrum
BX or Spectrum 65 spectrometer fitted with an ATtRiehment and are expressed in

wavenumbers (ci.

2.5.2 Synthesis

5,11,17,23p-tert-Butylcalix[4]arene (2)"

In a 3 L flange flaskp-tert-butyl phenol (200.00 g, 1.33 mol), NaOH (2.40 @, 6
mmol) and 37 wt% formaldehyde (130 mL, 1.74 molyeveeated to 120 °C with
mechanical stirring over 2 h. The resultant yellsalid was dissolved in diphenyl
ether (980 mL). Water of condensation (100 mL) weasoved by distillation under a
stream of air, following which the solution was tezhto reflux for 3 hours. After
cooling, ethyl acetate (750 mL) was added to pratgthe crude product, which was
collected by filtration, washed with ethyl aceté®ex 150 mL), acetic acid (2 x 150
mL), water (2 x 150 mL) and acetone (1 x 150 mL)giee 2 as off-white crystals
(143.63 g, 67%)Mp 338-340 °CJR v 3158.5, 3052, 3028.5, 2952.5, 2903.5, 2864.5,
1738, 1604, 1592, 1586, 1481.5, 1463, 1428, 1408392, 1361.5, 1306, 1299,
1285.5, 1240.5, 1229.5, 1199, 1158.5, 1124, 11a839 cni; *H-NMR (400 MHz,
CDCl3) 5 10.34 (s, 4H, @), 7.05 (s, 8H, Af), 4.26 (d,J = 13 Hz, 4H, ArGi,Ar),
3.49 (d,J = 13 Hz, 4H, Ar®i,Ar), 1.21 (s, 36H, C(83)3).
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5,11,17,23-Tetratert-butyl-25,26,27-tripropoxy-28-hydroxy-calix[4]arene
(77)73

p-tert-Butylcalix[4]arene ) (20.11 g, 31.03 mmol) was dissolved in DMF (300
mL) and heated to 30 °C. BaO (7.15 g, 46.78 mmodt) Ba(OH).8H,0O (33.82 g,
107.35 mmol) were added and the mixture stirred3fbmins. n-Propyl bromide (60
mL, 660 mmol) was added and the mixture stirredli®hrs. The solution was diluted
with water (200 mL) and the product extracted wiEM (3 x 100 mL). After
washing with water (2 x 200 mL) then brine (200 nmhg organic layer was dried
(MgSQy) and the solvent removed under reduced pressoeeipRation from DCM
with methanol and filtration gavé7 as white crystals (18.37 g, 79%jp 172-174
°C; IR v 3479, 2956, 2898, 2684, 1584, 1480, 1462, 14385,18360, 1295, 1239,
1194, 1121 cit; '"H-NMR (400 MHz, CDCY) 6 7.07 (s, 2 H, AH), 6.99 (s, 2 H,
ArH), 6.45 (s, 4 H, Ad), 4.30 (d,J = 13 Hz, 2 H, Ar®1,Ar), 4.27 (d,J = 13 Hz, 2 H,
ArCH,Ar), 3.78 (t,J = 8 Hz, 2 H, O®,CH,CHs), 3.69 (t,J = 7 Hz, 4 H,
OCH,CH,CHj3), 3.17 (d,J = 13 Hz, 2 H, ArGl,Ar), 3.10 (d,J = 13 Hz, 2 H,
ArCH,Ar), 2.36-2.26 (m, 2H, OCHCH,CHs;), 1.99-1.78 (m, 4 H, OCI€H,CHj),
1.28 (s, 9 H, C(B3)3), 1.27 (s, 9 H, E3), 1.03 (t,J =7 Hz, 6 H, OCHCH,CH3), 0.89
(t, J=8 Hz, 3 H, OCHCH,CH3), 0.76 (s, 18 H, C(83)3).

5,11,17,23-Tetratert-butyl-25,26,27-tripropoxy-28-propargyloxy-calix[4Jarene
(78)124

Compound7/7 (12.51 g, 16.42 mmol) was dissolved in DMF (330)m\laH (1.54
g, 64.17 mmol) was added and the mixture stirredlftvour before addition of n-
propargyl bromide (8.06 g, 80% w/w in toluene, ®4r@mol). After stirring for 72
hours, the solution was diluted with water (200 nand the product extracted with
DCM (3 x 100 mL). After washing with water (2 x 2@€L) then brine (200 mL), the
organic layer was dried (MgSPand the solvent removed under reduced pressure.
Purification by column chromatography over silietuént: 1:1 DCM/hexane) gavé
as off-white crystals (12.60 g, 95%lp 203-205°C; IR v 3539, 3285, 3261, 2950,
2900, 2860, 2123, 1585, 1582, 1477, 1391, 13609,12858, 1237, 1193, 1120 &m
'H-NMR (400 MHz, CDCJ): 6 7.02 (s, 4 H, Ar), 6.58 (dJ = 2 Hz, 2 H, AH), 6.52
(d,J=2Hz, 2 H, AH), 4.97 (dJ =2 Hz, 2 H, OEI,CCH), 4.51 (dJ =12 Hz, 2 H,
ArCH,Ar), 4.43 (d,J = 13 Hz, 2 H, Ar®l,Ar), 3.90 (t,J = 8 Hz, 2 H, OE1,CH,CHj),
3.73 (t,J =7 Hz, 4 H, OCI,CH,CHs), 3.14 (d,J = 13 Hz, 2 H, Ar®l,Ar), 3.13 (d,J =
12 Hz, 2 H, ArG,Ar), 2.38 (t,J = 2 Hz, 1 H, OCHCCH), 2.14 (sextet) = 8 Hz, 2H,
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OCH,CH,CHs), 2.04-1.91 (m, 4 H, OC}€H,CHs), 1.27 (s, 9 H, C(B3)3), 1.26 (s, 9
H, C(CHa)s), 1.05 (1, J = 7 Hz, 6 H, OCHCH,CHs), 0.99 (t,J = 8 Hz, 3 H,
OCH,CH,CHs), 0.99 (s, 18 H, C(83)x).

5,11,17,23-Tetranitro-25,26,27-tripropoxy-28-propagyloxy-calix[4]arene (79)
Compound/8 (3.25 g, 4.00 mmol) was dissolved in 130 mL DCMadtl acetic
acid (21.5 mL) and 100% nitric acid (21.5 mL) werdded and the resulting blue-

black solution was stirred until the colour changetright orange. Iced 4@ (45 mL)
was added to quench. The product was extracted B@M (3 x 100 mL) then
washed with water (3 x 200 mL) then brine (200 mAjter drying (MgSQ) the
solvent was removed under reduced pressure angraéldect precipitated from DCM
with methanol to give79 as light yellow crystals (2.61 g, 85%)lp > 180 °C
(decomp.);IR v 3285, 3069, 2959, 2921, 2867, 1722, 1638, 15983,15514, 1449,
1338, 1301, 1262, 1205, 1156 ¢ntH-NMR (400 MHz, CDCJ): § 8.07 (s, 2 H,
ArH), 8.06 (s, 2 H, Ad), 7.16 (s, 4 H, AH), 4.92 (dJ =2 Hz, 2 H, OEI,CCH), 4.60
(d,J =14 Hz, 2 H, Ar®i,Ar), 4.55 (d,J = 14 Hz, 2 H, Ar®l,Ar), 4.14 (t,J=8 Hz, 2
H, OCH,CH,CHg), 3.82 (t,J = 7 Hz, 4 H, OEI,CH,CHj3), 3.44 (d,J = 14 Hz, 2 H,

ArCHAr), 3.42 (d,J = 14 Hz, 2 H, Ar®lAr), 2.51 (t,J = 2 Hz, 1 H, OCHCCH),
1.98-1.87 (m, 6 H, OC¥CH,CHz), 1.10 (t,J = 8 Hz, 6 H, OCHCH,CH3), 0.97 (t,J =

7 Hz, 3 H, OCHCH,CH3); *C-NMR (100 MHz, CDC}) & 162.8, 160.9, 160.2,
143.8, 142.9, 137.9, 136.6, 134.5, 134.2, 124.8,712123.4, 123.3, 78.2, 78.2, 78.0,
77.1,60.7, 31.5, 31.1, 23.5, 23.4, 10.6, 188t-MS m/z: [M]* 768.2.

5,11,17,23-Tetraamino-25,26,27-tripropoxy-28-propayyloxy-calix[4]arene
(80)

Compound79 (2.4 g, 3.13 mmol) and Sn&2H,0 (18.42 g, 81.64 mmol) were
heated to reflux in ethanol (215 mL) for 48 houkfier removing the ethanol under
reduced pressure, 10% NaOH (300 mL) was added, ttteeproduct extracted with
DCM (3 x 100 mL). The organic layer was washed wiidter (200 mL) and brine
(200 mL). After drying (MgS@) and removing the solvent under reduced pres80re,
was obtained as an orange-brown glass (1.98 g,.98#%)180 °C (decomp.)iR v
3310, 2966, 2934, 2878, 1737, 1608, 1469, 1387),1R485, 1215, 1158, 1129 ¢m
'H-NMR (300 MHz, CDC}): & 6.41 (s, 4 H, AH), 5.78 (s, 2 H, AH), 5.77 (s, 2 H,
ArH), 4.77 (dJ = 2 Hz, 2 H, O®&,CCH), 4.39 (dJ = 14 Hz, 2 H, ArGl,Ar), 4.32
(d, J =13 Hz, 2 H, Ar®,Ar), 3.86 (t,J = 8 Hz, 2 H, OGI,CH,CHs), 3.61 (t,J =7
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Hz, 4 H, OGH,CH,CHs), 2.95 (d,J = 14 Hz, 2 H, ArG®i,Ar), 2.92 (d,J = 13 Hz, 2 H,
ArCH,Ar), 2.31 (t,J = 2.4 Hz, 1 H, OCLCCH), 1.88 (sextet] = 8 Hz, 2 H,
OCH,CH,CHs), 1.84 (sextet) = 7 Hz, 4 H, OCHCH,CHz), 1.04 (tJ =7 Hz, 6 H,
OCH,CH,CHs), 0.97 (t,J = 8 Hz, 3 H, OCHCH,CHs); *C-NMR (100 MHz,
CDCL): & 150.6, 149.6, 147.9, 141.4, 140.4, 139.2, 138T,1, 134.3, 134.1, 116.2,
116.0, 115.8, 81.4, 74.2, 59.5, 31.6, 31.0, 23351,210.9, 10.1HRMS (NSI) m/z:
[M+H]* Calcd for GoHagN4O4 649.3748; Found 649.3745.

3-acetamido-7-acetoxy-chromen-2-one (8%)

4-Hydroxysalicylaldehyde (6.91 g, 50.01 mmadWsacetyl glycine (5.85 g, 50.00
mmol), anhydrous sodium acetate (16.4 g, 19.99 maral acetic anhydride (40 mL)
were heated to 120 °C for 5 hours. Ice-coldDHvas added and any solid broken up.
After vacuum filtration and washing 3 times withic¢cavater, the solid was air dried
then triturated with ethyl acetate. Filtration ungtacuum and air drying ga&i as a
yellow powder (6.33 g, 49%Mp > 240 °C (decomp.)}R v 3339, 3088, 1757, 1716,
1676, 1611, 1531, 1430, 1352, 1283, 1251, 1199411517 crit; *H-NMR (400
MHz, CDCh): & 8.67 (s, 1 H, Ai), 8.04 (s, 1 H, M), 8.51 (d,J = 8 Hz, 1 H, AH),
7.12 (d,J = 2.3 Hz, 1 H, AH), 7.07 (ddJ = 8, 2.3 Hz, 1 H, A), 2.34 (s, 3 H, E3),
2.25 (s, 3 H, Ely).

3-Azido-7-hydroxy-chromen-2-one (82

Compoundl (1 g, 3.83 mmol) was heated to reflux in a solutad 37% HCI and
ethanol (2:1, 11 mL) for 1 hour. Iced®l (15 mL) was added and the mixture cooled
in an ice bath. NaN£&(1 g, 14.5 mmol) was added in small portions tsemed for 10
minutes. After adding NaN(1.4 g, 21.5 mmol) in small portions the mixturaswy
stirred for a further 15 minutes then vacuum fdter Washing with water several
times then air drying gave cru@@ as a brown powder (0.64 g, 83%). Purification by
column chromatography over silica (eluent: 3:2 mexethyl acetate) gave puse as
yellow-orange needles (0.18 g, 23%fp 100-102 °CJR v 3276, 3047, 2105, 1679,
1609, 1593, 1449, 1370, 1340, 1315, 1256, 12173,11519 cril; 'H-NMR (400
MHz, DMSO) § 10.52 (s, 1H, Ar®), 7.59 (s, 1H, Ar), 7.48 (d, J = 8.5 Hz, 1H,
ArH), 6.81 (dd, J = 8.5, 2.3 Hz, 1H, A, 6.76 (d, J = 2.3 Hz, 1H, A).
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1-Bromomethylpyrene (83)°

To a stirred suspension of 1-pyrene methanol (1.6.83 mmol) in THF (8 mL)
was added PBr(2.77 g, 10.25 mmol). After 30 minutes the solidswfiltered and
washed with diethyl ether to gi\88 as light yellow crystals (1.76 g, 87%Jp 150-
152 °C;IR v 3333.5, 3037, 2892.5, 2836, 1602, 1588.5, 149464, 1435.5, 1418.5,
1386.5, 1373, 1312.5, 1269, 1243, 1222.5, 1204180,11138, 1107, 1093.5, 1083,
1027.5 crit; *H-NMR (300 MHz, CDCY): & 8.41 (d,J = 9 Hz, 1 H, AH), 8.27-8.21
(m, 3 H, AH), 8.14-8.01 (m, 5 H, At), 5.26 (s, 2 H, &).

1-Azidomethylpyrene (84§°

To a stirred suspension 88 in DMF (9 mL), NaN (0.49 g, 7.54 mmol) was added
and the mixture heated at 60 °C for 16 hours. Tbhdyrct was extracted into ether and
washed with water 3 times. After drying and remgvihe solvent under reduced
pressuref84 was obtained as a waxy yellow solid (1.1 g, 8884). 63-65 °C;IR v
3041, 2992, 2942, 2888.5, 2507, 2482, 2455.5, 22299, 2079.5, 1925.5, 1901.5,
1875.5, 1861, 1793.5, 1724, 1678, 1652.5, 16036,15989, 1509.5, 1489, 1456.5,
1435.5, 1418.5, 1392.5, 1372, 1340, 1314.5, 127AR52.5, 1245, 1226.5, 1194.5,
1181, 1169.5, 1150.5, 1136.5, 1100, 1059.5, 102§ &hNMR (300 MHz, CDC)):
§8.31-8.17 (m, 5 H, Afl), 8.13-7.98 (m, 4 H, M), 5.05 (s, 2 H, €,).

Coumarin appendedtert-butyl calix[4]arene (87)

A solution of 78 (0.5 g, 0.62 mmol)82 (125 mg, 0.62 mmol), sodium ascorbate
(132 mg, 0.67 mmol) and Cug6H,0 (0.024 g, 0.095 mmol) in DMF (19 mL) was
heated to 90 °C and stirred for 3 hours. Afterliogp water (25 mL) was added and
the product extracted with DCM (3 x 25 mL), washeth water (2 x 25 mL) then
brine (25 mL), dried and the solvent removed un@eluced pressure. The product
was purified by column chromatography over silieuént: 49:1 DCM/methanol) to
give 87 as a light yellow glass (0.38 g, 60%)p 175-180 °CjR v 2955, 2867, 1736,
1610, 1514, 1480, 1387, 1360, 1298, 1233, 11961 tha"; 'H-NMR (300 MHz,
CDCl;) & 8.60 (s, 1H, Afltiazod, 8.55 (S, 1H, Aflcoumar), 7.55 (d,J = 9.2 Hz, 1H,
ArHcoumarin, 6.97-6.93 (m, 2H, Aflcoumarin, 6.83 (s, 4H, AlH), 6.74 (s 2H, AH), 6.70
(s, 2H, AH), 5.22 (s, 2H, 08,C), 4.39 (dJ = 12.4 Hz, 2H, ArEi,Ar), 4.36 (d,J =
12.4 Hz, 2H, Ar®i,Ar), 3.83-3.73 (m, 6 H, OB,CH,CHj3), 3.10 (d,J = 12.4 Hz, 4H,
ArCHAr), 2.06-1.85 (m, 4 H, OCKH,CHj3), 1.11 (s, 18H, C(83)3), 1.03 (s, 9H,
C(CHa3)3), 1.01(s, 9H, C(B3)s), 0.88-0.81 (m, 9 H, OCH#LH,CHs); *C-NMR (100
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MHz, CDCk): § 162.8, 162.2, 159.8, 157.0, 155.0, 154.1, 15468,6, 152.2, 152.0,
151.5, 145.6, 145.4, 145.2, 145.2, 144.6, 144.8,4,4135.1, 134.4, 134.1, 134.0,
133.8, 130.6, 125.3, 125.1, 125.0, 119.4, 115.6,5,1110.9, 103.2, 102.8, 77.1, 66.5,
62.8, 34.1, 34.0, 32.0, 31.7, 31.6, 31.6, 31.53,329.3, 23.7, 23.7, 23.4, 23.4, 10.7,
10.6, 10.4, 10.3, 10.3JALDI-TOF m/z: [M+Na] 1039.95.

5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-28fppargyloxy-
calix[4]arene (88)

To a solution 08B0 (0.58 g, 0.89 mmol) in DCM (25 mL), Boc anhydride99 g,
9.12 mmol) and DIPEA (0.33 mL, 2.00 mmol) were atid&fter stirring for 24 hours,
the solvent was removed under reduced pressuréhangroduct purified by column
chromatography over silica (eluent: 15:1 DCM/ethgktate) to giv88 as off white
crystals (0.78 g, 83%Mp 179-181 °C;IR v 3433, 3294, 2967, 2924, 2870, 1693,
1595, 1514, 1467, 1413, 1375, 1364, 1289, 12261,12146 crt; 'H-NMR (400
MHz, CDCk) 6 7.05 (s, 2 H, A), 7.04 (s, 2 H, Ad), 6.37 (s, 2 H, M), 6.26 (s, 2 H,
ArH), 6.24 (s, 2 H, A), 5.90 (s, 2 H, M), 4.85 (d,J = 3 Hz, 2 H, OEi,CCH), 4.43
(d,J = 13 Hz, 2 H, ArGl,Ar), 4.36 (d,J = 13 Hz, 2 H, ArG®i,Ar), 3.92 (t,J = 8 Hz, 2
H, OCH,CH,CHs), 3.63 (t,J = 6 Hz, 4 H, OEi,CH,CHs), 3.10 (d,J = 13 Hz, 2 H,
ArCHAr), 3.08 (d,J = 13 Hz, 2 H, Ar®l,Ar), 2.31 (t,J = 3, 1 H, OCHCCH), 1.96-
1.81 (m, 6 H, OCKCH,CHj3), 1.53 (s, 9 H, C(83)3), 1.53 (s, 9 H, C(H3)3), 1.43 (s,
18 H, C(QH3)3), 1.02 (t,J = 7 Hz, 6 H, OCHCH,CH3), 0.90 (t,J = 7 Hz, 3 H,
OCH,CH,CHs); **C NMR (100 MHz, CDC}): & 153.4, 153.3, 153.1, 152.3, 150.8,
137.7, 136.6, 133.9, 133.6, 133.3, 132.4, 131.0,31220.2, 119.5, 119.0, 80.9, 80.3,
79.9,77.2,76.0, 74.7,59.5, 31.7, 31.0, 28.%,22%3.1, 10.8, 10.HIRMS (NSI) m/z:
[M+NH,4]" Calcd for GoHgsNs012 1066.6111; Found 1066.6101.

Coumarin appended tetra-Boc-amino calix[4]arene (8P

A solution of88 (0.5 g, 0.48 mmol)82 (0.15 g, 7.43 mmol), sodium ascorbate
(0.10 g, 0.52 mmol) and Cuga®H,0 (0.018 g, 0.074 mmol) in DMF (15 mL) was
heated to 90 °C and stirred for 20 hours. Waterni®() was added then the product
extracted with DCM (3 x 25 mL), washed with watem(25 mL) then brine (25 mL)
before drying and removing the solvent under redugeessure. The product was
purified by column chromatography over silica geluént: 49:1 DCM/methanol) to
give 89 as a light yellow glass (0.39 g, 65%)p 170-172 °CjR v 2962, 2919, 2865,
1689, 1602, 1514, 1466, 1412, 1365, 1290, 12193,12149 crif; 'H-NMR (300
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MHz, CDCk) & 8.51 (s, 1H, A iazo), 8.49 (s, 1H, Acoumariy, 7.50 (d,J = 8 Hz,
1H, ArHcoumariy, 6.89-6.84 (m, 2H, Alcoumari), 6.71 (S, 4H, All), 6.52 (s, 4H, A),
6.28 (s, 2H, M), 6.21 (s, 2H, M), 6.13 (s, 4H, W), 5.21 (s, 2H, 08.C), 4.37 (dJ

= 13 Hz, 2H, Ar®l,Ar), 4.25 (d,J = 13 Hz, 2H, ArGi,Ar), 3.85 (t,J = 8 Hz, 2H,
OCH,CH,CHz), 3.67 (t,J = 7 Hz, 4H, O®I,CH,CHs), 3.07 (d,J = 13 Hz, 2H,
ArCHAr), 3.02 (d,J = 13 Hz, 2H, Ar®.Ar), 1.90 (sextet,J = 8 Hz, 2H,
OCH,CH,CHs), 1.81-1.70 (m, 4H, OCHH,CHs), 1.50 (s, 9H, C(83)3), 1.49 (s,
9H, C(MH3)a), 1.47 (s, 18H, C(B5)3), 0.96 (t,J = 7 Hz, 3H, OCHCH,CHs), 0.86 (t,J

= 8 Hz, 6H, OCHCH,CHs); **C-NMR (100 MHz, CDC}): & 163.1, 162.8, 156.6,
155.0, 153.9, 153.8, 153.7, 153.1, 153.0, 151.2.614136.1, 135.7, 135.1, 135.0,
134.7, 132.8, 132.1, 132.0, 130.4, 124.7, 120.9,312120.1, 119.4, 115.2, 110.7,
103.2, 80.4, 77.3, 77.1, 77.0, 66.0, 37.0, 31.%,331.3, 28.6, 23.4, 23.2, 10.5, 10.5;
MALDI-TOF m/z: [M+Na] 1274.96.

Pyrene appended tetra-Boc-amino calix[4]arene (90)

A solution of88 (0.69 g, 0.66 mmol)34 (0.18 g, 0.69 mmol), sodium ascorbate
(0.13 g, 0.66 mmol) and Cug6H,0 (0.025 g, 0.099 mmol) in DMF (20 mL) were
heated to 90 °C and stirred for 3 hours. After reahcf solvent under reduced
pressure, water (20 mL) was added then the pragdcicted with DCM (3 x 25 mL),
washed with water (2 x 25 mL) then brine (25 mLjobbe drying and removing the
solvent under reduced pressure. The product waieguby column chromatography
over silica gel (eluent: 19:1 DCM/acetone) to gd@as light yellow crystals (0.28 g,
32%).Mp 175-177 °CjJR v 3499, 3480, 3445.5, 3416, 3323.5, 3292, 2973.3229
2872.5, 1698.5, 1694, 1605.5, 1595.5, 1519.5, 14456, 1415, 1390, 1365.5, 1293,
1241, 1214.5, 1150.5, 1059, 1045, 100855:NMR (400 MHz, CDC}) & 8.28-8.25
(m, 3H, AHpyrend, 8.17-8.14 (m, 3H, Atlpyrend, 8.11-8.06 (M, 2H, Adlpyrend, 7.90 (d,

J = 8 Hz, 1H, AHpyend, 6.90 (S, 1H, Afriazoe, 6.58 (s, 2H, AH), 6.53 (s, 2H,
ArH), 6.17 (s, 2H, @), 6.12 (s, 2H, Afd), 6.10 (s, 1H, M), 6.04 (s, 2H, Af), 5.98
(s, 2H, NH), 5.84 (s, 1H, M), 5.02 (s, 2H, 08,C), 4.28 (d,J = 13 Hz, 2H,
ArCH>Ar), 3.86 (d,J = 13 Hz, 2H, Ar®,Ar), 3.73 (t,J = 7 Hz, 2H, O®,CH,CHj3),
3.61-3.49 (m, 4H, OB,CH,CHj), 3.00 (d,J = 13 Hz, 2H, Ar®,Ar), 2.41 (d,J = 13
Hz, 2H, ArCH>Ar), 1.82 (sextet) = 7 Hz, 2H, OCHCH,CHz), 1.68 (sextet) = 7 Hz,
4H, OCHCH,CHjs), 1.55 (s, 9H, C(H3)3), 1.48 (s, 18H, C(H3)s3), 1.45 (s, 9H,
C(CH3)3), 0.91 (t, J = 7 Hz, 3H, OCHCH,CH3), 0.77 (t, J = 7 Hz, 6H,
OCH,CH,CH3). *C-NMR (100 MHz, CDC}) & 153.43, 153.36, 153.22, 152.77,
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150.13, 144.43, 135.66, 135.19, 135.16, 134.91,3132132.13, 131.99, 131.94,
131.24, 130.77, 129.29, 129.17, 128.43, 127.86,4827126.67, 126.08, 125.13,
124.58, 123.45, 122.29, 119.87, 119.81, 119.49,401%0.07, 80.05, 80.01, 77.36,
76.93, 76.72, 65.94, 52.40, 31.26, 31.14, 28.65H6828.52, 23.26, 22.98, 22.98,
10.47, 10.30, 10.3WALDI-TOF m/z: [M+Na] 1329.41.

Anthracene appended tetra-Boc-amino calix[4]arened(l)

A solution of 9-bromomethyl-10-bromoanthracene $0310.70 mmol) and sodium
azide (0.23 g, 3.50 mmol) in DMF (1.26 mL) wasrstr under argon at 60 °C for 18
hours. After removal of the solvent under reducezsgure, water (20 mL) was added
and the product extracted with ethyl acetate (30xniL). The combined organic
extracts were washed with water (20 mL) then b(g@&mL), dried over MgS©and
the solvent removed under reduced pressure to &fvas a yellow solid (0.12 g,
70%).*H-NMR (400 MHz, CDC}) 6 8.67 — 8.63 (m, 2H, At), 8.33 — 8.29 (m, 2H,
ArH), 7.66 — 7.62 (m, 4H, At), 5.32 (s, 2H, @,). A solution 0f88 (0.22 g, 0.21
mmol), 86 (0.054 g, 0.17 mmol), sodium ascorbate (0.032 .46 dnmol) and
CuSQ.5H,0 (0.008 g, 0.032 mmol) in DMF (3 mL) were heate®0 °C and stirred
for 3 hours. After removal of solvent under redugedssure, water (20 mL) was
added then the product extracted with DCM (3 x 25,nwvashed with water (2 x 25
mL) then brine (25 mL) before drying over Mgsé@nd removing the solvent under
reduced pressure. The product was purified by colahmomatography over silica gel
(eluent: 2:1 hexane/ethyl acetate) to gddeas light orange crystals (0.096 g, 47%).
Mp 182-184 °C;IR v 3416, 3325, 2970.5, 2930.5, 2874.5, 1698.5, 159539,
1470.5, 1415, 1390, 1365.5, 1324.5, 1292.5, 1222511151, 1062, 1001 ¢hm'H-
NMR (400 MHz, CDC}) & 8.70-8.68 (m, 2H, Aflanthracend, 8.32-8.30 (m, 2H,
ArHanthracend, 7.69-7.62 (m, 4H, Afanthracend, 6.71 (S, 2H, AH), 6.60 (s, 1H,
ArHrriazold, 6.49 (s, 2H, AH), 6.40 (s, 2H, AH), 6.32 (s, 2H, @&,), 6.24 (s, 2H,
ArH), 6.17 (s, 1H, M), 5.97 (s, 3H, M), 4.99 (s, 2H, 08,C), 4.30 (d,J = 13 Hz,
2H, ArCHAr), 3.81 (t,J = 8 Hz, 2H, OEI,CH,CH3), 3.76 (d,J = 13 Hz, 2H,
ArCH>Ar), 3.52-3.39 (m, 4H, OB,CH,CHj3), 3.02 (d,J = 13 Hz, 2H, Ar®,Ar), 2.49
(d, J = 13 Hz, 2H, Ar®,Ar), 1.90-1.90 (m, 2H, OCHCH,CHs), 1.66-1.55 (m, 4H,
OCH,CH,CHj3), 1.57 (s, 9H, C(85)3), 1.49 (s, 9H, C(B3)3), 1.44 (s, 18H, C(B3)3),
0.90 (t,J = 7 Hz, 3H, OCHCH,CHa), 0.75 (t,J = 7 Hz, 6H, OCHCH,CHa). **C-
NMR (100 MHz, CDC}) 6 153.37, 153.25, 152.87, 152.83, 152.43, 149.92,1D4
136.07, 135.51, 134.47, 134.26, 132.40, 132.00,7631130.99, 130.22, 128.81,
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127.83, 127.23, 126.03, 124.78, 123.29, 122.60,9119119.76, 119.58, 118.70,
79.89, 79.85, 79.74, 76.64, 76.56, 65.31, 60.34014631.05, 30.97, 28.48, 28.36,
23.01, 22.85, 10.27, 10.2MALDI-TOF m/z: [M+Na] 1383.67.

5,11,17,23-Tetra-Boc-glycine-25,26,27-tripropoxy-2propargyloxy-
calix[4]arene (92)

A solution of DCC (1.71 g, 8.29 mmol) in DCM (8 miwas added to a solution of
Boc-glycine (1.45 g, 8.29 mmol) in DCM (8 mL). Thisxture was added to a stirred
solution of80 (0.6 g, 0.92 mmol) in DCM (8 mL). After 48 houlsetprecipitate was
removed by filtration and the solvent removed unaeluced pressure. The product
was purified by column chromatography over silieh @luent: 19:1 DCM/methanol)
to give 92 as a light orange glass (0.71 g, 61%p 158-160 °C;IR v 3292, 2968,
2925, 2869, 1668, 1599, 1501, 1465, 1416, 138%,1B#68, 1242, 1211, 1157 &m
'H-NMR (300 MHz, DMSO)5 9.77 (s, 2 H, ArMi), 9.31 (s, 2 H, ArM), 7.29 (s, 4
H, ArH), 7.05 (t,J = 6 Hz, 2 H, CHINH), 6.80 (sJ = 6 Hz, 2 H, CHNH), 6.60 (s, 4
H, ArH), 4.94 (dJ =2 Hz, 2 H, OEI,CCH), 4.41 (d,J = 13 Hz, 2 H, Ar®i,Ar), 4.35
(d,J =13 Hz, 2 H, Ar€®i,Ar), 3.92 (t,J = 8 Hz, 2 H, OEi,CH,CHjz), 3.69-3.61 (m, 8
H, CH,NH), 3.55-3.50 (m, 4 H, B,NH), 3.09 (d,J = 13 Hz, 4 H, ArE,Ar), 1.99-
1.81 (m, 6 H, OCKCH,CHjz), 1.40 (s, 18 H, C(B3)3), 1.36 (s, 18 H, C(B3)3), 1.03
(t, J = 7 Hz, 6 H, OCHCH,CHz), 0.91 (t,J = 7 Hz, 3 H, OCHCH,CHs); *C NMR
(100 MHz, CROD): 6 168.9, 168.5, 157.3, 152.6, 151.5, 137.5, 13633,7, 133.5,
133.3, 132.5, 132.0, 120.9, 120.5, 120.4, 80.%,7™.3, 77.3, 77.0, 75.4, 59.5, 53.7,
43.8, 43.5, 31.5, 30.8, 27.6, 27.5, 23.4, 23.31,19.3;HRMS (NSI) m/z: [M+NH,]"
Calcd for GgHgsNgO16 1294.6970; Found 1294.6967.

Coumarin appended tetra-Boc-glycine calix[4]areneq3)

A solution 0of92 (0.39 g, 0.31 mmol)32 (0.13 g, 0.64 mmol), sodium ascorbate
(0.06 g, 0.30 mmol) and Cug6H,0 (0.012 g, 0.04 mmol) in DMF (10 mL) were
heated to 90 °C and stirred for 18 hours. After oeah of solvent under reduced
pressure, water (20 mL) was added. The product wsasacted with 4:1
DCM/methanol before drying and removing the solwemtler reduced pressure. The
product was purified by column chromatography owdica gel (eluent: 97:3
DCM/methanol) to give93 as a light yellow glass (0.15 g, 33%lp >250 °C
(decomp.);IR v 3301, 2981, 2939, 2883, 1682, 1609, 1519, 1478314394, 1368,
1226, 1164 cil; *H-NMR (400 MHz, CROD) § 8.58 (s, 1 H, Aflriazod, 8.57 (s, 1
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H, ArHcoumari), 7.70 (d,J = 9 Hz, 1 H, AHcoumari), 6.96-6.85 (m, 10 H, Ad), 5.28
(s, 2 H, OGI,C), 4.49 (d,J = 13 Hz, 2 H, ArGi,Ar), 4.40 (d,J = 13 Hz, 2 H,
ArCH,Ar), 3.93 (t,J = 7 Hz, 2 H, O®,CH,CHg), 3.83 (t,J = 8 Hz, 4 H,
OCH,CH,CHs), 3.77 (s, 8 H, €,NH), 3.14 (d,J = 13 Hz, 2 H, ArG,Ar), 3.10 (d,J
=13 Hz, 2 H, ArGi,Ar), 2.04 (sextet] = 7 Hz, 2 H, OCHCH,CHs), 1.97-1.85 (m, 4
H, OCHCH,CHg), 1.49 (s, 36 H, C(B5)s), 1.08 (t,J = 7 Hz, 3 H, OCHCH,CH3),
0.96 (t,J = 8 Hz, 6 H, OCHCH,CH3); **C-NMR (100 MHz, CROD): § 168.7,
163.1, 157.3, 156.7, 155.2, 153.4, 153.2, 151.8,214135.6, 135.0, 132.8, 132.1,
130.9, 125.3, 120.6, 119.3, 114.5, 110.7, 102.23,810.6, 77.0, 66.1, 43.7, 31.3,
30.9, 29.6, 27.7, 23.4, 23.1, 9.9, WALDI-TOF m/z: [M+Na]' 1503.38.

Coumarin appended tetra-amino calix[4]arene 4HCI) (94)

HCl) was bubbled through a solution&9 (0.16 g, 0.13 mmol) in DCM (12 mL).

After 15 minutes, methanol (5 mL) was added toahssthe precipitate and after a
further 5 minutes the solvent was evaporated te @vas light orange-brown powder
(0.12 g, 99%)Mp 280 °C (decomp.)R v 3391, 3064, 2958.5, 2927.5, 2872.5, 2589,
1729, 1699, 1608, 1575, 1516, 1466.5, 1386, 1311®2B1.5, 1228, 1217, 1148.5,
1124.5, 1042, 1000.5 ¢cm*H-NMR (400 MHz, CQOD) & 8.54 (s, 2H, Acoumarin
and AHtriazo, 7.67 (d,J = 9 Hz, 1H, AHcoumari), 6.92 (dd,J = 9, 2 Hz, 1H,
ArHcoumarin, 6.84-6.79 (m, 9H, A# and AHcoumari), 5.30 (s, 2H, O6,C), 4.54 (dJ
= 13 Hz, 2H, Ar®,Ar), 4.45 (d,J = 14 Hz, 2H, Ar®,Ar), 3.98 (t,J = 7 Hz, 2H,
OCH,CH,CHj3), 3.88 (t,J = 7 Hz, 4H, OEI,CH,CHj3), 3.36 (d,J = 13 Hz, 2H,
ArCHzAr), 3.32 (d,J = 14 Hz, 2H, Ar®l,Ar), 2.01 (sextet,J = 7 Hz, 2H,
OCH,CH,CH3), 1.94-1.85 (m, 4H, OC¥H,CHj), 1.07 (t, J = 7 Hz, 3H,
OCH,CH,CHj3), 0.95 (tJ = 7 Hz, 6H, OCHCH,CHs); **C-NMR (100 MHz, CROD)
d 164.53, 158.16, 158.08, 157.96, 156.57, 156.14,464 138.37, 137.70, 137.58,
137.23, 132.03, 126.86, 126.47, 125.87, 125.82,5124124.44, 124.40, 120.59,
115.72, 111.91, 103.45, 78.70, 78.63, 67.43, 3B9%K2, 24.53, 24.30, 10.77, 10.59;
HRMS (NSI) m/z: [M+H] Calcd for GgHs4N,O; 852.4079; Found 852.4055.

Pyrene appended tetra-amino calix[4]arene-4HCI) (95)

HClg) was bubbled through a solution®d (0.16 g, 0.12 mmol) in DCM (12 mL).
After 15 minutes, methanol (5 mL) was added toalissthe precipitate and after a
further 5 minutes the solvent was evaporated te §vas a brown solid (0.13 g,
99%).Mp 280 °C (decomp)R v 3382, 2958, 2919.5, 2870, 2594.5, 1603.5, 1586.5,
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1523, 1465.5, 1385, 1309.5, 1280, 1249, 1216.57.514129.5, 1062.5, 1041 &m
'H-NMR (400 MHz, CQOD) 6 8.38 (d,J = 9 Hz, 1H, AHpyend, 8.30-8.03 (m, 8H,
ArHpyrend, 7.84 (s, 1H, Alfltiaza, 6.81 (d,J = 2 Hz, 2H, AH), 6.75 (dJ = 2 Hz, 2H,
ArH), 6.69 (s, 2H, A), 6.67 (s, 2H, A), 6.39 (s, 2H, ), 5.06 (s, 2H, OB,C),
4.36 (d,J = 13.5 Hz, 2H, Ar@,Ar), 4.11 (d,J = 13.5 Hz, 2H, Ar@i,Ar), 3.79 (t,J =

7 Hz, 2H, O®,CH,CHs), 3.54-3.41 (m, 4H, OB,CH,CHz), 3.21 (d,J = 13.5 Hz,
2H, ArCH,Ar), 2.95 (d,J = 13.5 Hz, 2H, Ar€lAr), 1.83 (sextet] = 7 Hz 2H,
OCH,CH,CHz), 1.52-1.42 (m, 4H, OCHCH.CHs), 0.94 (t, J = 7 Hz, 3H,
OCH,CH,CH3), 0.52 (t,J = 7 Hz, 6H, OCHCH,CH3); *C-NMR (100 MHz,
CDs;OD) § 157.92, 157.44, 155.80, 144.63, 137.67, 137.60,513 137.08, 133.30,
132.40, 131.73, 130.22, 129.85, 129.19, 129.02,9528128.27, 127.47, 126.91,
126.74, 126.20, 126.10, 125.96, 125.68, 125.64,4025124.45, 124.34, 124.15,
123.23, 78.43, 78.13, 67.31, 53.17, 31.73, 31.3812 23.85, 10.75, 10.28{RMS
(NSI) m/z: [M+H]" Calcd for G7HgsoN704 906.4701; Found 906.4691.

Anthracene appended tetra-amino calix[4]arene-dHCI) (96)

HCl) was bubbled through a solution ®1 (0.096 g, 0.075 mmol) in DCM (2
mL). After 15 minutes, methanol (5 mL) to dissothe precipitate and after a further
5 minutes the solvent was evaporated to §&as a brown solid (0.077 g, 99%)p
240 °C (decomp.)IR v 3390, 2958.5, 2921, 2871.5, 2592.5, 2356.5, 23883.5,
1526, 1465.5, 1445, 1385, 1323, 1310, 1280, 1292%56.5, 1147.5, 1129.5, 1117.5,
1063, 1038 ci; *H-NMR (400 MHz, CROD) & 8.69-8.66 (m, 2H, Aflanthracen),
8.59-8.57 (M, 2H, Afantracend, 7.74-7.71 (m, 5H, MAanthracend, 7.59 (S, 1H,
ArHriiazold, 6.80 (d,J = 2.0 Hz, 3H, AH), 6.73 (s, 2H AH), 6.71 (d,J = 1.9 Hz, 2H,
ArH), 6.67 (s, 2H, €,), 6.59 (s, 2H, A), 5.00 (s, 2H, O8,C), 4.38 (dJ = 13.5
Hz, 2H, ArCH.Ar), 4.02 (d,J = 13.5 Hz, 2H, ArGl,Ar), 3.79 (t,J = 7 Hz, 2H,
OCH,CH,CHs), 3.58-3.41 (m, 4H, OB,CH,CHs), 3.23 (d,J = 13.5 Hz, 2H,
ArCH.Ar), 2.83 (d,J = 13.5 Hz, 2H, Ar€l,Ar), 1.84 (sextet,d = 7 Hz, 2H,
OCH,CH,CHs;), 1.50-1.40 (m, 4H, OC}H.,CHz), 0.96 (t, J = 7 Hz, 3H,
OCH,CH,CH3), 0.53 (t,J = 7 Hz, 6H, OCHCH,CH3); *C-NMR (100 MHz,
CDs;0D) ¢ 157.96, 157.58, 155.75, 144.60, 137.75, 137.62,508 137.25, 132.55,
131.69, 129.78, 129.04, 128.58, 127.07, 126.76,8125125.27, 125.17, 124.42,
124.32, 124.18, 78.53, 78.23, 67.24, 47.37, 313145, 24.41, 23.94, 10.76, 10.41,;
HRMS (NSI) m/z: [M+H] Calcd for GsHseBrN;,O4 960.3806; Found 960.3810.
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Coumarin appended tetra-glycine calix[4]arene-@HCI) (97)

HCl) was bubbled through a solution 8 (0.088 g, 0.059 mmol) in DCM (6
mL). After 15 minutes, methanol (5 mL) to dissothe precipitate and after a further
5 minutes the solvent was evaporated to §ivas beige powder (0.072 g, 99%)p
>300 °C (decomp.)H-NMR (400 MHz, CROD) & 8.56 (s, 1H, Afltriazad, 8.56 (S,
1H, ArHcoumarin, 7.67 (d,J = 9 Hz, 1H, AHcoumarin, 6.97 (s, 2H, A), 6.95 (s, 2H,
ArH), 6.91 (dd,J = 9, 2 Hz, 1H, AHcoumarin, 6.91 (s, 2H, A), 6.90 (s, 2H, AH),
6.83 (d,J = 2 Hz, 1H, AHcoumarin, 5.27 (s, 2H, 0O8,C), 4.49 (d,J = 13 Hz, 2H,
ArCH,Ar), 4.41 (d,J = 13 Hz, 2H, Ar®,Ar), 3.91 (t,J = 8 Hz, 2H, O®,CH,CHj),
3.82 (t,J = 8 Hz, 4H, OE1,CH,CHs), 3.76 (s, 8H, €,NH3"), 3.14 (dJ = 13 Hz, 2H,
ArCH.Ar), 3.11 (d,J = 13 Hz, 2H, Ar®,Ar), 2.06-1.97 (m, 2H, OCKCH,CHj3),
1.94-1.83 (m, 4H, OCHCH,CHs), 1.05 (t,J = 7 Hz, 3H, OCHCH,CH3), 0.93 (t,J =
7 Hz, 6H, OCHCH,CH-); **C-NMR (100 MHz, CROD) & 164.93, 164.39, 157.98,
156.48, 154.75, 154.62, 152.94, 145.22, 137.00,8P36136.40, 136.26, 136.21,
133.59, 132.90, 131.99, 126.57, 121.78, 120.61,651311.92, 103.42, 78.30, 67.20,
42.12, 32.43, 32.01, 24.53, 24.29, 10.86, 10MBAL.DI-TOF m/z: [M+H]" 1081.17,
[M+Na]* 1103.16.

5,11,17,23-Tetratert-butyl-25,26,27-tripropoxy-28-ftert-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (98)

To a stirred solution of8 (7.31 g, 9.00 mmol) in THF (63 mL) cooled to -8D °
was added 1 M LIHMDS in THF (9.45 mL, 9.45 mmol)t& 5 minutes, TBDMSCI
(2.03 g, 13.50 mmol) in 3 mL of THF was added drizgwThe reaction mixture was
allowed to warm to room temperature and stirred 8rhours. The reaction was
guenched with saturated ammonium chloride, extdagith DCM (3 x 100 mL) and
the combined organic extracts washed with watef (2QL) then brine (200 mL).
After drying over MgSQ@ the solution was concentrated under reduced pessian
orange oil an®8 was precipitated with methanol as white crystéal3{ g, 93%)Mp
152-154 °CjR v 2957.5, 2933.5, 2902.5, 2873, 2860, 2175.5, 16A583.5, 1505,
1480, 1470.5, 1415, 1389.5, 1361, 1300, 1279, 12289.5, 1200, 1121, 1105.5,
1070.5, 1045, 1032.5, 1010 ¢mH-NMR (400 MHz, CDC}) & 7.42 (s, 2H, Af),
7.36 (s, 2H, AH), 6.89 (d,J = 2 Hz, 2H, AH), 6.82 (d,J = 2 Hz, 2H, AH), 5.42 (s,
2H, OMH,C), 4.83 (d,J = 12.5 Hz, 2H, ArE®lAr), 4.77 (d,J = 12.5 Hz, 2H,
ArCHAr), 4.30 — 4.26 (m, 2H, Od,CH,CHj3), 4.09 — 4.00 (m, 4H, Q&;CH,CHs),
3.48 (d,J = 12.5 Hz, 2H, ArEl,Ar), 3.46 (d,J = 12.5 Hz, 2H, ArEi,Ar), 2.52— 2.42
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(m, 2H, OCHCH,CHs), 2.39 — 2.24 (m, 4H, OGIEH,CHs), 1.65 (s, 9H, C(H3)3),
1.64 (s, 9H, C(Bl3)s), 1.42 (tJ = 7.5 Hz, 6H, OCKCH,CHs), 1.32 (t,J = 7.5 Hz, 3H,
OCH,CH,CHs), 1.22 (s, 18H, C(Ba)3), 1.17 (s, 9H, SiC(Ba)s), 0.37 (s, 6H, Sigl3);
3C-NMR (100 MHz, CDCJ) § 154.56, 153.23, 151.74, 145.34, 144.75, 144.13,
136.69, 135.59, 132.62, 132.27, 125.46, 125.11,612424.47, 104.31, 89.73, 77.54,
59.48, 34.17, 33.73, 32.37, 31.87, 31.81, 31.7065131.49, 31.35, 31.11, 26.13,
23.78, 23.63, 16.56, 10.90, 10.21, -4.5RMS (NSI) m/z: [M+NH]* Calcd for
Co2He404SiN 944.6947; Found 944.6936.

5,11,17,23-Tetranitro-25,26,27-tripropoxy-284ert-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (99)

Compoundd8 (4.08 g, 4.40 mmol) was dissolved in 100 mL DCMadtal acetic
acid (23 mL) and 100% nitric acid (23 mL) were adidad the resulting blue-black
solution was stirred until the colour changed tmlr orange. Water (100 mL) was
added to quench. The product was extracted with D3@M 100 mL) then washed
with water (3 x 200 mL) and brine (200 mL). Afteryoshg over MgSQ the solvent
was removed under reduced pressure and the provducated with methanol to give
99 as light yellow powder (3.22 g, 83%)lp 238-240 °CJR v 3079.5, 2958.5, 2936,
2927.5, 2877.5, 2857, 2170, 1609, 1586.5, 15231555, 1343.5, 1299.5, 1286.5,
1263.5, 1233, 1209.5, 1202, 1159, 1096.5, 10601.504018.5 cr; *H-NMR (300
MHz, CDCBk) 6 8.08 (s, 2H, Ald), 8.07 (s, 2H, AH), 7.16 (s, 4H, AH), 5.00 (s, 2H,
OCH,C), 4.57 (dJ = 14 Hz, 2H, Ar®,Ar), 4.54 (d,J = 14 Hz, 2H, ArGi,Ar), 4.15
- 4.10 (m, 2H, OE,CH,CHj3), 3.87 — 3.75 (m, 4H, O4€,CH,CH3), 3.41 (d,J = 14
Hz, 2H, ArCHAr), 3.41 (d,J = 14 Hz, 2H, Ar¢l,Ar), 2.00 — 1.84 (m, 6H,
OCH,CH,CHg3), 1.10 (t,J = 7 Hz, 6H, OCHCH,CH3), 0.97 (t,J = 7 Hz, 3H,
OCH,CH,CHs), 0.80 (s, 9H, SiC(B5)3), 0.01 (s, 6H, Sifs); **C-NMR (100 MHz,
CDCls) 6 162.81, 160.84, 159.81, 143.75, 143.08, 138.36,6113 134.62, 134.08,
124.85, 124.46, 123.45, 123.32, 99.91, 93.45, 787Br02, 60.79, 31.64, 31.07,
25.84, 23.53, 23.34, 16.36, 10.63, 10.02, -4HRMS (NSI) m/z: [M+H]" Calcd for
CaeH55N4012Si 883.3580, Found 883.3586.

5,11,17,23-Tetraamino-25,26,27-tripropoxy-28tgrt-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (100)

A solution 0of99 (2.86 g, 3.24 mmol) and Sn&H,O (19.01 g, 84.24 mmol) in
ethanol (216 mL) were heated to reflux for 48 hoéifter removing the solvent under
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reduced pressure, 10% NaOH (200 mL) was added,ttreeproduct extracted with
DCM (3 x 100 mL). The organic layer was washed widter (200 mL) and brine
(200 mL). After drying over MgS©and removing the solvent under reduced pressure,
100 was obtained as an orange-brown glass (2.22 g).90% 157-159 °C;IR v
3415.5, 3349, 3215.5, 2999.5, 2958.5, 2926, 29804 22853.5, 2171, 1608, 1467.5,
1384.5, 1361.5, 1304.5, 1281, 1247, 1212, 11641%211130.5, 1106.5, 1068,
1035.5, 1026, 1005.5 ¢m*H-NMR (400 MHz, CDCY) & 6.37 (s, 2H, Ar), 6.33 (s,
2H, ArH), 5.80 (s, 2H, Ad), 5.80 (s, 2H, A), 4.81 (s, 2H, 08,C), 4.36 (dJ = 13

Hz, 2H, ArCHAr), 4.32 (d,J = 13 Hz, 2H, Ar®Ar), 3.86 — 3.82 (m, 2H,
OCH,CH,CHj3), 3.61 (t,J = 7 Hz, 4H, OGI,CH,CH3), 2.92 (d,J = 13 Hz, 4H,
ArCH,Ar), 1.95 - 1.81 (m, 6H, OC#€H,CHj), 1.02 (t,J = 7 Hz, 6H, OCHCH,CHj3),
0.90 (t,J = 7.5 Hz, 3H, OCHCH,CHj3), 0.85 (s, 9H, SiC(Hs)s), 0.03 (s, 6H, Si€l3);
13C-NMR (100 MHz, CDCY) 6 150.63, 149.37, 147.76, 141.10, 140.46, 140.40,
138.19, 137.07, 134.48, 133.97, 115.95, 115.67,5819.15.44, 104.19, 89.26, 77.12,
76.84, 59.85, 31.86, 31.10, 26.05, 23.51, 23.13%0610.84, 10.23, -4.6HRMS
(NSI) m/z: [M+H]" Calcd for GeHeaN404Si 763.4613; Found 763.4613.

5,11,17,23-Tetraamino-25,26,27-tripropoxy-28-propayloxy-calix[4]arene
(80)

To a stirred solution 0100 (1.05 g, 1.38 mmol) in THF (10 mL) was added 1 M
TBAF in THF (6.9 mL, 6.9 mmol) and the mixture stil for 18 hours. The reaction
was quenched with saturated ammonium chlorideaetad with DCM (3 x 100 mL)
and the combined organic extracts washed with w@@ mL) then brine (200 mL).
After drying over MgSQ the solvent was removed under reduced pressurehand
residue triturated with hexane. After filtrationdaair drying80 was obtained as light
brown powder (0.7 g, 79%Mp >180 °C (decomp.)}iR v 3310, 2966, 2934, 2878,
1737, 1608, 1469, 1387, 1310, 1285, 1215, 11589 r12'; 'H-NMR (300 MHz,
CDCl3): 6 6.41 (s, 4 H, Ad), 5.78 (s, 2 H, Ad), 5.77 (s, 2 H, Ad), 4.77 (dJ =2
Hz, 2 H, O®,CCH), 4.39 (dJ = 14 Hz, 2 H, Ar®i,Ar), 4.32 (d,J = 13 Hz, 2 H,
ArCH,Ar), 3.86 (t,J = 8 Hz, 2 H, O®,CH,CHs), 3.61 (t,J = 7 Hz, 4 H,
OCH,CH,CHj3), 2.95 (d,J = 14 Hz, 2 H, Ar®Ar), 2.92 (d,J = 13 Hz, 2 H,
ArCHAr), 2.31 (t,J = 2.4 Hz, 1 H, OChCCH), 1.88 (sextetd = 8 Hz, 2 H,
OCH,CH,CHj3), 1.84 (sextet) = 7 Hz, 4 H, OCHCH,CH3), 1.04 (tJ =7 Hz, 6 H,
OCH,CH,CH3), 0.97 (t,J = 8 Hz, 3 H, OCHCH,CH3); *C-NMR (100 MHz,
CDCls): 6 150.6, 149.6, 147.9, 141.4, 140.4, 139.2, 1387,11, 134.3, 134.1, 116.2,
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116.0, 115.8, 81.4, 74.2, 59.5, 31.6, 31.0, 233%],210.9, 10.1HRMS (NSI) m/z:
[M+H] " Calcd for GoHdN4O4 649.3748; Found 649.3745.

5,11,17,23-Tetrakis[(N,N-di-Boc)guanidine]-25,26,27-tripropoxy-28-
propargyloxy-calix[4]arene (101)

A mixture of80 (0.30 g, 0.46 mmol), bis-Boc-methylthiopseudoui@é&4 g, 2.21
mmol) and HgCl (0.6 g, 2.21 mmol) were stirred under argon in BMF (10 mL).
Triethylamine (0.77 mL, 5.52 mmol) was added arartixture stirred for 48 hours.
The solvent was removed under reduced pressuréhangroduct dissolved in DCM
(10 mL). The HgSMe was removed by filtration, washeath DCM and the filtrate
washed with water (100 mL) and brine (100 mL). Aftkying over MgSQ@, the
solvent was removed under reduced pressure andsdhe recrystallized from
minimum hexane, the excess reagent filtered o tthe filtrate purified by column
chromatography over silica gel (eluent: 8:1:1 hexdiethyl ether/triethylamine) to
give 101 as white crystals (0.10 g, 13%IR v 3263, 2972, 2878, 1716, 1621, 1455,
1409, 1393, 1366, 1249, 1214, 1142, 1102, 10573;I166NMR (400 MHz, CDC})

6 11.62 (s, 1H, Nguaniding, 11.60 (s, 1H, Nguaniding, 11.46 (s, 2H, Ncuaniding, 10.22
(s, 1H, ArNH), 10.14 (s, 1H, ArHl), 9.41 (s, 2H, ArMl), 7.20 (s, 2H, AH), 7.19 (s,
2H, ArH), 6.63 (dJ = 2.4 Hz, 2H, AH), 6.56 (dJ = 2.4 Hz, 2H, AH), 4.94 (dJ =2
Hz, 2H, OGH,CCH), 4.44 (d,J = 13 Hz, 2H, Ar®,Ar), 4.36 (d,J = 13 Hz, 2H,
ArCH,Ar), 3.96 — 3.90 (m, 2H, O&,CH,CHj3), 3.60 (t,J = 7 Hz, 4H, OG1,CH,CHj),
3.12 (d,J = 13 Hz, 2H, ArGi,Ar), 3.11 (d,J = 13 Hz, 2H, ArG,Ar), 2.27 (t,J = 2
Hz, 1H, OCHCCH), 2.00 — 1.79 (m, 6H, OCGEH,CHzs), 1.46 (s, 18H, C(Ck}y),
1.44 (s, 9H, C(Ch)s), 1.43 (s, 9H, C(CH)3), 1.39 (s, 18H, C(Ch)3), 1.36 (s, 18H,
C(CHa)3), 0.97 (t,J = 7 Hz, 6H, OCHCH,CH3), 0.87 (t, J = 7 Hz, 3H,
OCH,CH,CHs); **C-NMR (100 MHz, CDC}) & 163.64, 163.47, 154.43, 153.66,
153.39, 153.33, 153.19, 152.87, 151.88, 137.02,8835133.22, 133.12, 131.91,
130.93, 130.67, 123.35, 122.90, 122.30, 83.28,8382.77, 81.07, 79.33, 79.26,
78.93, 77.44, 76.87, 74.83, 59.38, 31.95, 31.2122828.15, 28.06, 23.37, 23.04,
10.63, 9.96MALDI-TOF m/z: [M+NH,]* 1634.9.

5,11,17,23-Tetraguanidine-25,26,27-tripropoxy-28-mpargyloxy-calix[4]arene
(104)

Route 1:

A mixture of100(0.50 g, 0.66 mmol), bis-Boc-methylthiopseudoui@82 g, 3.17
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mmol) and HgCl (0.86 g, 3.17 mmol) were stirred under argon yn DMF (9 mL).
Triethylamine (1.10 mL, 7.92 mmol) was added arerthixture stirred for 24 hours.
The solvent was removed under reduced pressur¢hanproduct dissolved in DCM
(10 mL). The HgSMe was removed by filtration, wakleth DCM and the filtrate
washed with water (2 x 100 mL) and brine (100 nAfter drying over MgSQ), the
solvent was removed under reduced pressure toagiigit orange solid, the identity
of which was verified byH-NMR as102 with residual reagentH-NMR (400 MHz,
CDCl3) 8 11.68 (s, 1H, Mguanidging, 11.64 (s, 1H, MNguanigind, 11.53 (s, 2H,
NHouanigind, 10.20 (s, 1H, ArM), 10.17 (s, 1H, ArM), 9.52 (s, 2H, Ard), 7.28 (s,
2H, ArH), 7.21 (s, 2H, A), 6.74 (d,J = 2 Hz, 2H, AH), 6.65 (d,J = 2 Hz, 2H,
ArH), 4.99 (s, 2H, 08,C), 4.51 (d,J = 13 Hz, 2H, Ar®,Ar), 4.42 (d,J = 13 Hz,
2H, ArCHAr), 3.99 — 3.95 (m, 2H, O&,CH,CHz), 3.67 (t,J = 7 Hz, 4H,
OCH,CH,CHs), 3.17 (d,J = 13 Hz, 2H, Ar®Ar), 3.16 (d,J = 13 Hz, 2H,
ArCHAr), 2.01 — 1.88 (m, 6H, OCI€H,CH3), 1.52 (s, 9H, C(CH)3), 1.51 (s, 9H,
C(CHg)3), 1.49 (s, 9H, C(CH)3), 1.49 (s, 9H, C(CHJ3), 1.45 (s, 18H, C(Ck)s), 1.43
(s, 18H, C(CH)3), 1.02 (t,J = 7 Hz, 6H, OCHCH,CHg3), 0.93 (t,J = 7 Hz, 3H,
OCH,CH,CHz3), 0.87 (s, 9H, Si(CkJ)3), 0.05 (s, 6H, Si€3). Half of this material was
dissolved in THF (3 mL) and stirred with TBAF (318, 1 M in THF, 3.3 mmol) for
18 hours. The reaction was quenched with satudedous ammonium chloride and
the product extracted with diethyl ether (3 x 50)mAfter washing with water (100
mL) then brine (100 mL) and drying with Mg%Qhe solvent was removed under
reduced pressuréH-NMR verified the reappearance of the terminalyatk The
residue was redissolved in DCM (10 mL) and [g@&ubbled through the solution for
30 minutes. Methanol was added to dissolve thdthegiprecipitate and the solution
stirred for a further 1.5 hours. The solvent wanaeed under reduced pressure and
the product purified by column chromatography o@é&8 (eluent: methanol in water,
5-65%, 65%, then 65-100%) to gii®4 as off white solid (0.07 g, 21% over three
steps).

Route 2:

A mixture 0f100(0.70 g, 0.92 mmol), bis-Boc-methylthiopseudou®eao g, 4.14
mmol) and HgCl (1.12 g, 4.14 mmol) were stirred under argon ynOMF (25 mL).
Triethylamine (1.53 mL, 11.04 mmol) was added drerixture stirred for 24 hours.
The solvent was removed under reduced pressur¢hanproduct dissolved in DCM
(10 mL). The HgSMe was removed by filtration, washeath DCM and the filtrate
washed with water (2 x 100 mL) and brine (100 nAfter drying over MgSQ), the

155




Chapter 2: Calixarene-Based Cell-Penetration Agents

solvent was removed under reduced pressure toagiigit orange solid, the identity
of which was verified by*H-NMR as 102 with residual reagent. The solid was
dissolved in DCM (30 mL) and H¢gj bubbled through the solution for 30 minutes.
Methanol was added to dissolve the resulting predgand the solution stirred for 1
hour. Removal of solvent under reduced pressures gavdight grey-green solid.
Complete removal of Boc groups was verified'BlyNMR. The solid was suspended
in THF (9 mL) and stirred with TBAF (9.2 mL, 1 M ifHF, 9.2 mmol) for 18 hours.
The reaction was quenched with saturated aqueousoaimam chloride and the
precipitate filtered and washed with THF. The sotweas removed from the filtrate
under reduced pressure and the residue purifiezbloynn chromatography over C18,
0-100% methanol in water to giviD4 as off-white solid (0.21 g, 24% over three
steps)Mp 280 °C (decomp.)R v 3310.5, 3144.5, 2961, 2934.5, 2874.5, 1667, 1651,
1644.5, 1633.5, 1621.5, 1615, 1581.5, 1463.5, 13886, 1218.5, 1175.5, 1123.5,
1104.5, 1065, 1042, 1001 &m'H-NMR (400 MHz, CROD) § 7.07 (s, 2H, AH),
7.06 (s, 2H, AH), 6.36 (s, 4H, A), 4.99 (d,J = 2 Hz, 2H, OEI,CCH), 4.62 (dJ =

13 Hz, 2H, ArGH,Ar), 4.54 (d,J = 13 Hz, 2H, Ar®Ar), 4.11 — 4.07 (m, 2H,
OCH,CH,CHg3), 3.82 (t,J = 7 Hz, 4H, OCGI,CH,CHz), 2.95 (t,J = 2 Hz, 1H,
OCH,CCH), 2.12 — 1.95 (m, 6H, OGEH,CHs), 1.13 (t, J = 7 Hz, 6H,
OCH,CH,CH3), 1.02 (t,J = 7 Hz, 3H, OCHCH,CH3); C-NMR (100 MHz,
CD;0OD) 6 157.97, 157.86, 157.78, 157.49, 156.19, 155.49,763 138.63, 136.49,
136.24, 131.09, 130.18, 129.84, 127.32, 126.87,6129.25.56, 80.87, 78.60, 78.42,
77.35, 61.23, 32.09, 31.47, 24.49, 24.44, 11.1438MHRMS (NSI) m/s: [M+H]
Calcd for G4Hs7N1204 817.4620; Found 817.4603.

Coumarin appended tetraguanidine calix[4]arene (106

A mixture of 104 (0.050 g, 0.052 mmolB2 (0.013 g, 0.062 mmol), CugGH,0O
(2 mg, 8 umol) and sodium ascorbate (7 mg, 0.036 mmol) weireed in 1:1
ethanol/water (2 mL) at 90 °C for 4 hours. The mmigtwas allowed to cool to room
temperature before filtering off the brown insokibhaterial and washing it with
ethanol. Solvent was removed under reduced predsome the filtrate.'H-NMR
confirmed reaction had taken place. Attempted matiion by column
chromatography over C18 (eluent: 0-100% methanatater) and by ion exchange
chromatography over Amberlite IRC-50 resin failedjive product.

156




Chapter 2: Calixarene-Based Cell-Penetration Agents

5,11,17,23-Tetrakis[(N,N-di-CBz)guanidine]-25,26,27-tripropoxy-28-
propargyloxy-calix[4]arene (107)

A mixture of80 (0.60 g, 0.92 mmol), bis-CBz-methylthiopseudouiea8 g, 4.42
mmol) and HgCl (1.20 g, 4.42 mmol) were stirred under argon ymOMF (13 mL).
Triethylamine (1.53 mL, 4.42 mmol) was added ararthixture stirred for 24 hours.
The solvent was removed under reduced pressuréhangroduct dissolved in DCM
(10 mL). The HgSMe was removed by filtration, wakleth DCM and the filtrate
washed with water (2 x100 mL) and brine (100 mLjteAdrying over MgS@ the
solvent was removed under reduced pressure andesiidue purified by column
chromatography over silica gel (eluent: 4:1 to I3ekane/ethyl acetate) to git87 as
white crystals (0.5 g, 28%Mp 105-107 °CjJR v 3280.5, 3164, 3092, 3064.5, 3034,
2960, 2936, 2875, 1724.5, 1622, 1575, 1497.5, 145822.5, 1380, 1367.5, 1335.5,
1309.5, 1250.5, 1234.5, 1204.5, 1167, 1103, 108053.5, 1028.5, 1003 cim'H-
NMR (400 MHz, CDC}) & 11.79 (s, 2H, NMouanidind, 11.69 (s, 2H, Nouanigind, 10.07
(s, 1H, ArNH), 10.03 (s, 1H, ArMNl), 9.48 (s, 2H, Ar), 7.35 — 7.14 (m, 44H, At
and OCHArH), 6.55 (s, 2H, A), 6.52 (s, 2H, A), 5.14 — 5.12 (m, 8H, O€Ar),
5.03 (s, 4H, OB,Ar), 4.93 (s, 4H, OE,Ar), 4.83 (d,J = 2 Hz, 2H, OEGI,CCH), 4.47
(d, J = 13.5 Hz, 2H, ArBi,Ar), 4.40 (d,J = 13 Hz, 2H, ArGi,Ar), 3.98 — 3.94 (m,
2H, OCH,CH,CHs), 3.66 (t,J = 7 Hz, 4H, OGI,CH,CHs), 3.10 (d,J = 13.5 Hz, 2H,
ArCH,Ar), 3.08 (d,J = 13 Hz, 2H, Ar®,Ar), 2.31 (app. s, 1H, OGIECH), 1.95 —
1.82 (m, 6H, OCKCH,CHg), 1.03 (t,J = 7 Hz, 6H, OCHCH,CH3), 0.89 (t,J = 7 Hz,
3H, OCHCH,CHs); **C-NMR (100 MHz, CDC}) § 164.07, 163.92, 155.11, 153.85,
153.51, 153.45, 153.39, 153.27, 153.10, 152.58,35637137.13, 136.90, 136.23,
134.64, 134.53, 133.79, 133.59, 131.35, 130.48,37¥30128.88, 128.76, 128.63,
128.48, 128.40, 128.31, 127.97, 127.95, 127.85,6827127.43, 123.25, 122.79,
122.47, 122.43, 80.73, 77.36, 77.24, 76.99, 746884, 68.32, 68.17, 67.45, 67.37,
67.08, 59.82, 31.71, 31.64, 31.22, 23.47, 23.14/9,010.05;ESI-MS m/z: [M+H]"
1889.8.

Coumarin appended tetrakis[(N,N-di-CBz)guanidine-calix[4]arene (108)

A mixture of 107 (1.02 g, 0.54 mmol)382 (0.13 g, 0.65 mmol), CuSGH,O
(0.027 g, 0.11 mmol) and sodium ascorbate (0.07638 mmol) were stirred in DMF
(20 mL) for 24 hours at room temperature. Solvewis wemoved under reduced
pressure and the residue triturated with water reefiiering. The solid was washed
with H O (2 x 10 mL) and methanol (10 mL) then purified lplumn
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chromatography over silica gel (eluent: 19:1 DCHkiyétacetate) to giva08as a light
yellow solid (0.83 g, 74%)Mp 133-135 °C;IR v 3275.5, 3164.5, 3087.5, 3065,
3033.5, 2961, 2934.5, 2874, 1727.5, 1621.5, 1524197, 1455, 1417.5, 1380, 1367,
1335, 1311, 1292, 1234, 1205, 1167.5, 1155.5, $10B081.5, 1053.5, 1028.5,
1001.5 crit; *H-NMR (400 MHz, CDC}) 6 11.81 (br s, 4H, Nguanigind, 9.80 (s, 2H,
ArNH), 9.74 (s, 2H, ArM), 8.54 (s, 1H, Aftiazold, 8.35 (s, 1H, Atdcoumarin, 7.32 —
7.17 (m, 41H, AHcoumarinand OCHATrH), 6.84 (s, 2H, AH), 6.81 (s, 2H, A), 6.75
(s, 2H, AH), 6.72 (s, 2H, Af), 6.63 (ddJ = 8, 2 Hz, 1H, AHcoumari), 6.58 (d,J = 2
Hz, 1H, AHcoumari), 5.09 — 5.05 (m, 18H, G&GAr and OCH,C), 4.33 (dJ = 13 Hz,
2H, ArCH,Ar), 4.25 (d,J = 13 Hz, 2H, ArG,Ar), 3.79 (t,J = 7 Hz, 2H,
OCH,CH,CH3), 3.64 — 3.53 (m, 4H, O&CH,CHs), 3.05 (d,J = 13 Hz, 2H,
ArCH.Ar), 3.02 (d,J = 13 Hz, 2H, Ar®,Ar), 1.86 (sextet,J = 7 Hz, 2H,
OCH,CH,CH3), 1.75 — 1.57 (m, 4H, OCGEH.,CH3), 0.95 (t,J = 7 Hz, 3H,
OCH,CH,CHs), 0.74 (t,J = 7 Hz, 6H, OCHCH,CHz3); **C-NMR (100 MHz, CDC})

0 163.96, 163.84, 162.69, 156.34, 154.61, 154.33,88 153.68, 153.57, 153.04,
144.29, 136.70, 136.57, 135.44, 135.13, 135.04,8634134.49, 134.35, 130.67,
130.07, 129.84, 129.67, 128.83, 128.73, 128.58,3128127.96, 127.89, 127.83,
124.23, 123.61, 123.47, 123.20, 119.00, 115.17,161A03.22, 77.36, 76.89, 68.37,
67.37, 60.50, 31.43, 31.22, 23.25, 23.03, 21.11261410.38, 10.12ESI-MS m/z:
[M+H] " 2092.8.

Coumarin appended tetraguanidine-calix[4]arene 4HCI) (109)

A mixture of 108 (25 mg, 12umol) and Nal (57 mg, 38(mol) was stirred under
argon in dry DMF (0.5 mL). To this was added drjocbtrimethylsilane (48.L, 380
umol) and the mixture heated to 50 °C for 24 holtsthanol (1 mL) and dilute HCI
(5 mL) were added and the mixture stirred for 1Butes. Solvent was removed under
reduced pressure and the major impurities remoyecblumn chromatography over
C18 (eluent: methanol in 60 mM Hgg, 30-70%) to give crude product (40 mg,
93%). This was purified by further column chromatghy over C18 (eluent:
methanol in 60 mM HGl 0-50%) to give purd09 as off-white powder (9.3 mg,
22%). Mp 280 °C (decomp.)iR v 3312, 3142, 2965.5, 2934, 2874, 1733, 1668.5,
1606.5, 1582.5, 1516.5, 1464, 1429, 1385.5, 1328511219, 1170.5, 1154.5, 1116,
1043 cm'; 'H-NMR (400 MHz, CROD) & 8.59-8.58 (2s, 2H, Adcoumarin and
ArHtiazod, 7.68 (d,J = 8.5 Hz, 1H, AHcoumari), 6.92 (dd,J = 8.5, 2 Hz, 1H,
ArHcoumari), 6.84 (d,J = 2 Hz, 1H, AHcoumari), 6.79 (S, 2H, A), 6.77 (s, 2H, Afr),
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6.60 (s, 2H, AH), 6.57 (s, 2H, AH), 5.32 (s, 2H, O8,C), 4.52 (d,J = 13 Hz, 2H,
ArCH,Ar), 4.31 (d,J = 13 Hz, 2H, ArG1,Ar), 4.02 (t,J = 7 Hz, 2H, OE1,CH,CHs),
3.86 (t,J = 7 Hz, 4H, O®I,CH,CHs), 3.32 (d,J = 13 Hz, 2H, Ar®i,Ar), 3.18 (d,J =
13 Hz, 2H, ArGH,Ar), 2.09 (sextet) = 7 Hz, 2H, OCHCH,CHz), 1.91 (sextet) = 7
Hz, 4H, OCHCH,CH), 1.10 (t,J = 7 Hz, 3H, OCHCH,CHs), 0.97 (t,J = 7 Hz, 6H,
OCH,CH,CHs). **C-NMR (100 MHz, CROD) § 164.56, 158.19, 158.07, 157.91,
157.79, 157.32, 156.97, 156.58, 155.53, 144.73,5638137.92, 137.32, 137.23,
132.10, 130.55, 129.89, 129.76, 127.39, 127.07,9826126.53, 126.38, 120.59,
115.73, 111.92, 103.43, 78.59, 78.46, 67.17, 3R0L3, 24.63, 24.37, 10.75, 10.68;
MALDI-TOF m/z: [M+H]" 1020.78.

5,11,17,23-Tetratert-butyl-25,26,27-tripropoxy-28-bromopropoxy-
calix[4]arene (110§

To a stirred solution of 7 (2.00 g, 2.58 mmol) in DMF (60 mL) was added NaH
(0.25 g, 10.32 mmol) and the mixture stirred forrhutes before addition of 1,3-
dibromopropane (5.26 mL, 51.60 mmol). The mixtur@svstirred for 24 hours then
the solvent was removed under reduced pressureer\({2810 mL) was added and the
solid filtered, washed with water (3 x 50 mL) anddried. The product was purified
by column chromatography over silica gel (eluen8 Bexane/DCM) to givd10 as
white powder (0.91 g, 39%Mp 209-211 °CJR v 3039, 2959, 2903.5, 2873, 1601.5,
1578, 1480, 1463, 1434, 1415, 1388, 1360, 12999,12755.5, 1248, 1237, 1198.5,
1122.5, 1107.5, 1068.5, 1037.5, 1009 ciH-NMR (400 MHz, CDC}) & 6.90 (s,
2H, ArH), 6.90 (s, 2H, Ai), 6.67 (d,J = 2.5 Hz, 2H, AH), 6.64 (d,J = 2.5 Hz, 2H,
ArH), 4.42 (d,J = 12.5 Hz, 2H, Ar€@i,Ar), 4.35 (d,J = 12.5 Hz, 2H, ArEl,Ar), 4.01
(t, J =7 Hz, 2H, OG®I,CH,CH,Br), 3.91 — 3.87 (m, 2H, O&,CH,CHs), 3.78 — 3.74
(m, 4H, OH,CH,CHs), 3.69 (t,J = 7 Hz, 2H, OCHCH,CH,Br), 3.14 (d,J = 12.5
Hz, 2H, ArCH,Ar), 3.12 (d,J = 12.5 Hz, 2H, Ar@i,Ar), 2.65 (quintet] = 7 Hz, 2H,
OCH,CH,CHBr), 2.02 — 1.93 (m, 6H, OGIEH,CHz), 1.18 (s, 9H, C(CH)3), 1.17 (s,
9H, C(CHp)3), 1.03 — 0.97 (m, 27H, OGBH,CH3 and C(CH)s).

5,11,17,23-Tetra-nitro-25,26,27-tripropoxy-28-brompropoxy-calix[4]arene
(111)

To a stirred solution ofi10 (0.58 g, 0.68 mmol) in DCM (40 mL) was added
glacial acetic acid (4 mL) and 100% nitric acidnfd). After 6 hours water (100 mL)
was added to quench. The organic layer was sepaasig washed with water (2 x
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200 mL) and brine (200 mL). After drying over Mg§@he solvent was removed
under reduced pressure and the residue trituratdd methanol. The product was
filtered and air dried to giv&11 as light orange powder (0.50 g, 87%Mp 270 °C;
IR v 3075, 2968.5, 2932, 2877, 1607, 1585, 1513.5, ,14880.5, 1435, 1385.5,
1341, 1303, 1287, 1262.5, 1221.5, 1211, 1160.54,10960, 1034.5 cih "H-NMR
(400 MHz, CDC}) 6 7.58 (s, 2H, AH), 7.58 (s, 2H, A), 7.57 (s, 4H, Ai), 4.53 (d,

J = 14 Hz, 2H, Ar®,Ar), 4.50 (d,J = 14 Hz, 2H, Ar®i,Ar), 4.17 (t,J = 7 Hz, 2H,
OCH,CH,CH,Br), 4.01 — 3.93 (m, 6H, O€;CH,CH3), 3.57 (t,J = 6.5 Hz, 2H,
OCH,CH,CH.Br), 3.44 (d,J = 14 Hz, 2H, Ar®,Ar), 3.41 (d,J = 14 Hz, 2H,
ArCHAr), 2.43 (quintet,J = 6.5 Hz, 2H, OCKCH,CH,Br), 1.96 — 1.85 (m, 6H,
OCH,CH,CHg3), 1.03 (t,J = 7 Hz, 6H, OCHCH,CH3), 1.02 (t,J = 7 Hz, 3H,
OCH,CH,CHs); *C-NMR (100 MHz, CDC}) & 161.74, 161.71, 161.28, 143.17,
142.95, 135.60, 135.55, 135.39, 124.20, 124.17,0824.24.06, 77.88, 73.95, 32.52,
31.20, 29.11, 23.40, 23.29, 10.29, 10.28RMS (APCI) m/z: [M]" Calcd for
CaoH43BrN4O12 850.2055; Found 850.2058; [M+H]Calcd for GoHasBrN4O12
851.2134; Found 851.2129.

5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-28rbmopropoxy-
calix[4]arene (113)

A mixture of 111 (0.45 g, 0.50 mmol) and SrfdH,0 (2.93 g, 13.00 mmol) was
heated to reflux in ethanol (30 mL) for 48 hourfieTsolvent was removed under
reduced pressure and 10% NaOH (100 mL) added. Tdougt was extracted with
DCM (3 x 100 mL) then washed with water (2 x 200)mahd brine (200 mL). After
drying over MgSQ, the solvent was removed under reduced pressuggvéothe
intermediate tetra-amind.12) as a brown glass (crude yield: 0.33 g, 908}NMR
(400 MHz, CDC}) 6 6.15 (s, 2H, AH), 6.14 (s, 2H, AH), 5.98 (app. s, 2H, At),
5.97 (app. s, 2H, Af), 4.30 (d,J = 13 Hz, 2H, ArG,Ar), 4.25 (d,J = 13 Hz, 2H,
ArCHAr), 3.92 (t,J = 6.5 Hz, 2H, OE,CH,CH,Br), 3.77 — 3.74 (m, 2H,
OCH,CH,CHj3), 3.69 (t,J = 7 Hz, 4H, O®I,CH,CHg), 3.60 (t,J = 6.5 Hz, 2H,
OCH,CH,CH.Br), 2.94 (d,J = 13 Hz, 2H, Ar®,Ar), 2.92 (d,J = 13 Hz, 2H,
ArCHAr), 2.42 (quintet,J = 6.5 Hz, 2H, OCKCH,CH,Br), 1.90 — 1.79 (m, 6H,
OCH,CH,CHg), 0.97 (t,J = 7 Hz, 6H, OCHCH,CH3), 0.93 (t,J = 7 Hz, 3H,
OCH,CH,CHj3). A solution of crudel12 (0.28 g, 0.38 mmol), Boc-anhydride (0.66 g,
3.04 mmol) and DIPEA (0.25 mL, 3.04 mmol) in DCM)(inL) was stirred for 48
hours. After diluting with DCM (20 mL), the produstas washed with water (2 x50
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mL) then brine (50 mL) before drying over Mg&Qhe solvent was removed under
reduced pressure and the product purified by colahromatography over silica gel
(eluent: 19:1 DCM/ethyl acetate) to gild3 as off-white glass (0.26 g, 60%®p
231-233 °C;IR v 3425.5, 3340, 3318.5, 3253, 3164, 2972.5, 293854, 1698,
1595.5, 1532, 1511, 1470.5, 1416.5, 1389.5, 13@94.5, 1241, 1214.5, 1151,
1060.5, 1036.5, 1003.5 ¢m'H-NMR (400 MHz, CDC}) & 6.71 (s, 4H, AH), 6.51
(s, 4H, AH), 6.18 (s, 2H, M), 6.06 (s, 2H, M), 4.36 (d,J = 13 Hz, 2H, ArE,Ar),
4.32 (d,J = 13 Hz, 2H, Ar®Ar), 3.97 (t,J = 7 Hz, 2H, OEI,CH,CH,Br), 3.82 —
3.78 (m, 2H, OEI,CH,CHs), 3.73 (t,J = 7 Hz, 4H, O®1,CH,CHs), 3.57 (t,J = 7 Hz,
2H, OCHCH,CH.Br), 3.11 (d,J = 13 Hz, 2H, Ar®Ar), 3.09 (d,J = 13 Hz, 2H,
ArCH-Ar), 2.42 (quintet,J = 7 Hz, 2H, OCHCH,CH,Br), 1.96 — 1.76 (m, 6H,
OCH,CH,CHs), 1.50 (s, 18H, C(Ch)s), 1.47 (s, 18H, C(Ch)s), 0.97 (t,J = 7 Hz, 6H,
OCH,CH,CHs), 0.93 (t,J = 7 Hz, 3H, OCHCH,CHz); **C-NMR (100 MHz, CDC})

o 153.50, 153.41, 153.37, 152.88, 152.52, 152.48,583 135.49, 134.90, 134.67,
132.54, 132.18, 132.09, 120.12, 119.99, 119.89,771%0.10, 80.04, 79.98, 76.89,
76.72, 72.83, 32.97, 31.12, 30.36, 28.48, 23.232210.45, 10.31IMALDI-TOF
m/z: [M+Na] 1154.49.

(7-Hydroxy-2-ox0-2H-chromen-3-yl)carbamic acid t-buyl ester (114)°

To a stirred solution d81 (3.00 g, 11.49 mmol) and DMAP (0.28 g, 2.30 mniol)
THF (60 mL) was added Boc anhydride (10.53 g. 48260l). After stirring for 30
minutes, hydrazine hydrate (7.02 mL, 114.90 mmol anethanol (50 mL) were
added and stirring continued for 20 minutes. Sdlweas removed under reduced
pressure and the residue dissolved in DCM (100 mhg product was washed with
dilute HCI (100 mL), 1 M CuS©(100 mL) saturated NaHC£(100 mL) then brine
(100 mL). After drying over MgS§) the solvent was removed under reduced pressure
and the product purified by column chromatograpiwerosilica gel (eluent: 3:2
hexane/ethyl acetate) to gité4 as light yellow solid (0.36 g, 62%Ylp 163-165 °C;
IR 3314.5, 3080, 2999, 2978.5, 2933, 1719.5, 1701681, 1651, 1633, 1607.5,
1534, 1510.5, 1455, 1392.5, 1366, 1341, 1288, 1PA&2, 1224, 1198.5, 1159, 1124,
1045, 1020.5 ciy *H NMR (400 MHz, CDCJ) § 8.23 (s, 1H, ®), 7.33 (dJ = 8 Hz,
1H, ArH), 7.28 (s, 1H, M), 6.83 (d,J = 2 Hz, 1H, AH), 6.81 (ddJ = 8, 2 Hz, 1H,
ArH), 5.73 (s, 1H, AH), 1.53 (s, 9H, C(CH)3).
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3-Amino-7-hydroxy-2H-chromen-2-one (115Y

A solution 0f114(1.29 g, 4.65 mmol) in 15% TFA/chloroform (57 mAgs stirred
for 6 hours. The solvent was removed under redpeessure and the product purified
by column chromatography over silica gel (eluent: hexane/ethyl acetate) to give
115 as light orange-brown solid (0.67 g, 81%Mp 250-252 °C;IR v 3435, 3343.5,
3210.5, 1678.5, 1651, 1615, 1605.5, 1556.5, 15@855, 1416.5, 1360, 1330.5,
1280.5, 1241.5, 1197.5, 1152, 1124.5"%crtH-NMR (400 MHz, DMSO0)5 9.80 (s,
1H, OH), 7.23 (d,J = 8 Hz, 1H, AH), 6.70 — 6.65 (m, 3H, M), 5.22 (s, 2H, N.,).

5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-28-[’-hydroxy-2’-oxo-2H-
chromen-3’-ylamino)propoxy-calix[4]arene (116)

A stirred solution of113 (0.05 g, 0.044 mmol)115 (0.016 g, 0.088 mmol) and
pyridine (3.9uL, 0.044 mmol) in ethyl acetate (1 mL) was heated@ °C for 18
hours. Removal of solvent under reduced pressuve gamixture of the starting

materials with no product.

3-Amino-7-(tert-butyl-dimethyl)silylether-2H-chromen-2-one (117)

To a stirred solution a15(0.5 g, 2.82 mmol) and TBDMSCI (0.64 g, 4.23 mmol)
in THF (14 mL) was added triethylamine (0.59 mL23.mmol) and the mixture
stirred for 24 hours. Saturated ammonium chlorid® (ML) was added and the
product extracted with ethyl acetate (3 x 50 mlgnttwashed with water (150 mL)
and brine (150 mL). After drying over MgQ0Othe solvent was removed under
reduced pressure and the product purified by colahromatography over silica gel
(eluent: 1:1 hexanel/ethyl acetate) to ghir as yellow needles (0.65 g, 79%)p
109-110 °C;IR v 3452.5, 3405, 3354, 2954, 2929, 2883.5, 2858.89,16634,
1615.5, 1593.5, 1504.5, 1471, 1432, 1408, 13891,18835.5, 1309.5, 1298, 1269.5,
1258, 1250.5, 1199.5, 1159, 1118.5, 1008.5, 1003" ctH-NMR (400 MHz,
CD;OD) 8 7.23 (d,J = 8 Hz, 1H, AH), 6.78 — 6.73 (m, 3H, At), 1.00 (s, 9H,
SiC(CHg)s), 0.22 (s, 6H, SiCH; *C-NMR (100 MHz, CROD) 6 161.34, 155.91,
150.99, 132.23, 126.92, 118.63, 117.21, 112.30,08026.08, 19.06, -4.38JRMS
(NSI) m/z: [M+H]" Calcd for GsH2,NO3Si 292.1363; Found 292.1364.

5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-28-(tert-butyl-
dimethyl)silylether-2’-oxo-2H-chromen-3’-yl)amino]propoxy-calix[4]arene (118)
Method A: A stirred solution 0fLl13 (0.046 g, 0.041 mmol317 (0.012 g, 0.041
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mmol) and KCOs; (0.017 g, 0.12 mmol) in acetone (1 mL) was heate@flux for 18
hours. After cooling to room temperature, exces€® was removed by filtration.
Water (20 mL) was added and the product extractidl ethyl acetate (3 x 20 mL)
then washed with water (50 mL) and brine (50 mLjteAdrying over MgS@ the
solvent was removed under reduced pressure toagivexture of starting materials
and no product.

Method B: To a stirred solution 0£13(0.030 g, 0.027 mmol) antiL7 (0.015 g,
0.053 mmol) in THF (1 mL) was added 1 M LiHMDS imF (0.053 mL g, 0.053
mmol) and the mixture stirred for 18 hours. Thectem was quenched with saturated
ammonium chloride (20 mL) and the product extraetétl ethyl acetate (3 x 20 mL)
then washed with water (50 mL) and brine (50 mLjteAdrying over MgS@ the
solvent was removed under reduced pressure toagivexture of starting materials

and no product.

5,11,17,23-Tetratert-butyl-25,26,27-tripropoxy-28-[(ethoxycarbonyl)propoxy-
calix[4]arene (119)

Method A:

To a stirred solution of7 (5.00 g, 6.45 mmol) in DMF (150 mL) was added NaH
(0.62 g, 25.80 mmol) and the mixture stirred fondur before addition of ethyl 4-
bromopropionate (3.30 mL, 25.80 mmol). The mixtwas stirred for 6 hours before
addition of water (150 mL). The resulting precifatavas filtered and washed with
methanol*H-NMR showed starting material only.

Method B:

A stirred solution of77 (5.00 g, 6.45 mmol) in DMF (150 mL) was cooleddt6C
before adding NaH (0.62 g, 25.80 mmol). After 3hsnethyl 4-bromopropionate
(3.30 mL, 25.80 mmol) was added. The mixture wasest for 6 hours before
addition of water (150 mL). The resulting precifatavas filtered and washed with
methanolH-NMR showed starting material only.

Method C:

A mixture of 77 (5.00 g, 6.45 mmol) and X 0Os; (3.57 g, 25.80 mmol) was heated
to reflux in acetone (100 mL). After 30 mins et@dbromopropionate (3.30 mL,
25.80 mmol) was added. The mixture was stirred7f@dtours then cooled to room
temperature. After removal of base by filtratiohe tproduct was precipitated with
water (100 mL), filtered and washed with methan®i-NMR showed starting

material only.
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Method D:

A mixture of 77 (1.00 g, 1.29 mmol), KF/AD3 (21 mg, 0.13 mmol) and ethyl
acrylate (0.28 mL, 2.58 mmol) was stirred in acétoe for 3 hours. Acetone (5 mL)
was added to improve solubility and the mixturerstl for a further 18 hours. The
catalyst was removed by filtration and the produecipitated with water (20 mL),
filtered and washed with methandi-NMR showed starting material only.

5,11,17,23-Tetratert-butyl-25,26,27-tripropoxy-28-phthalimidobutoxy-
calix[4]arene (120)

To a stirred solution of7 (5.00 g, 6.45 mmol) in DMF (200 mL) was added NaH
(0.62 g, 25.80 mmol) and the mixture stirred for rAthutes before addition of 4-
bromobutylphthalimide (4.55 g, 16.13 mmol). The e was stirred for 24 hours
then the solvent was removed under reduced presBheeresidue was dissolved in
DCM (100 mL) and washed with water (3 x 200 mL)rtHarine (200 mL). After
drying over MgSQ, the solvent was removed under reduced pressutehansolid
triturated with hot methanol, filtered, washed witlethanol and air dried to give0
as white powder (3.19 g, 51%)p 108-110 °C;IR v 2958, 2904, 2871.5, 1773.5,
1714.5, 1480.5, 1467, 1437, 1394.5, 1360, 12998.521247.5, 1196, 1122.5, 1108,
1088, 1069, 1043, 1009 €m *H-NMR (400 MHz, CDC}) & 7.86 (dd,J = 5.5, 3.0
Hz, 2H, AHphthaiimiad, 7-72 (dd,J = 5.5, 3.0 Hz, 2H, Aflphthaimiad, 6.79 — 6.76 (m,
8H, ArH), 4.41 (d,J = 12.5 Hz, 2H, ArEl,Ar), 4.38 (d,J = 12.5 Hz, 2H, ArEi,Ar),
3.88 (t,J = 7.5 Hz, 2H, OEI,CH,CH,CH;N), 3.83 — 3.76 (m, 8H, O&;CH,CHs and
OCH,CH,CH,CH:N), 3.11 (d,J = 12.5 Hz, 4H, ArEl,Ar), 2.12 — 1.96 (m, 8H,
OCH,CH,CH,CH;N and OCHCH,CHj), 1.84 — 1.76 (m, 2H, OGIEH,CH,CH,N),
1.08 (s, 18H, C(B3)3), 1.07 (s, 9H, C(H3)3), 1.06 (s, 9H, C(83)3), 1.02 — 0.96 (m,
9H, OCHCH,CH3). *C-NMR (100 MHz, CDCJ) & 168.34, 153.74, 153.69, 153.50,
144.38, 144.20, 133.90, 133.85, 133.79, 132.26,98624124.94, 124.90, 123.22,
77.42, 77.10, 77.02, 76.78, 74.55, 38.07, 33.8553131.13, 27.59, 25.46, 23.42,
23.36, 10.41, 10.37HRMS (APCI) m/z: [M+H]" Calcd for GsHgsNOs 976.6450;
Found 976.6447.

5,11,17,23-Tetranitro-25,26,27-tripropoxy-28-phthamidobutoxy-
calix[4]arene (121)

To a stirred solution 0120 (2.00 g, 2.05 mmol) in DCM (300 mL) was added
glacial acetic acid (11 mL) and 100% nitric acid (hL). After 4 hours water (200
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mL) was added to quench. The organic layer wasraggghand washed with water (3
x 300 mL) and brine (300 mL). After drying over M@§ the solvent was removed
under reduced pressure and the residue trituratdd methanol. The product was
filtered and air dried to giv&21 as light yellow powder (1.67 g, 87%)p 164-166
°C; IR v 3075, 2963, 2934.5, 2876, 1770, 1710.5, 1607.85,15518, 1448.5, 1434.5,
1396, 1340.5, 1302.5, 1286.5, 1262.5, 1209.5, 5170159, 1092, 1038 ch ‘H-
NMR (400 MHz, CDCY}) 6 7.84 (ddJ = 5.5, 3.0 Hz, 2H, Aflenthaimiad, 7.74 (ddJ =
5.5, 3.0 Hz, 2H, Aflphthalimidd, 7.66 — 7.64 (m, 4H, Af), 7.49 (s, 2H, Ald), 7.46 (s,
2H, ArH), 4.51 (d,J = 14.0 Hz, 2H, ArEi,Ar), 4.48 (d,J = 14.0 Hz, 2H, ArE,Ar),
4.01 (t,J = 7.0 Hz, 2H, OE,CH,CH,CHN), 3.98 — 3.90 (m, 6H, O€,CH,CHj),
3.75 (t,J = 7.0 Hz, 2H, OCHKCH,CH,CHN), 3.40 (d,J = 14.0 Hz, 2H, ArEi,Ar),
3.39 (d,J = 14.0 Hz, 2H, ArE®lAr), 1.97 — 1.77 (m, 10H, OCIEH,CH; and
OCH,CH,CH,CHN), 1.03 (t,J = 7.5 Hz, 3H, OCKCH,CHj3), 0.97 (t,J = 7.5 Hz, 6H,
OCH,CH,CHs); **C-NMR (100 MHz, CDCJ) & 168.35, 162.00, 161.61, 161.30,
142.91, 142.84, 142.82, 135.72, 135.67, 135.29,2634131.96, 124.20, 124.17,
123.87, 123.85, 123.32, 77.87, 77.80, 75.33, 3B48,9, 31.15, 27.40, 25.14, 23.34,
23.29, 10.28, 10.0MRMS (APCI) m/z: [M+H]" Calcd for GgHsoNsO14 932.3349;
Found 932.3348.

5,11,17,23-Tetraamino-25,26,27-tripropoxy-28-phthahidobutoxy-
calix[4]arene (122)

A mixture of121 (1.50 g, 1.61 mmol) and Sr¥dH,O (9.44 g, 41.86 mmol) was
heated to reflux in ethanol (90 mL) for 48 hourfieTsolvent was removed under
reduced pressure and 10% NaOH (300 mL) added. Tdwugt was extracted with
DCM (3 x 100 mL) then washed with water (200 mLddmrine (200 mL). After
drying over MgSQ, the solvent was removed under reduced pressuyeéd 22 as
brown glass (1.15 g, 88%Mp 154-156 °C;IR v 3418.5, 3347.5, 3210.5, 2956.5,
2930.5, 2873, 1769, 1707, 1607.5, 1465.5, 13960.5371333, 1306, 1279, 1260,
1213.5, 1188.5, 1169, 1149, 1130, 1106, 1088.57,10840.5, 1007 cth *H-NMR
(400 MHz, CDC}) 6 7.85 — 7.83 (m, 2H, Adpnhthaiimidd, 7.72 — 7.69 (m, 2H,
ArHphthaiimiad, 6.07 (s, 4H, AH), 6.03 — 6.02 (m, 4H, Af), 4.30 (d,J = 13.0 Hz, 2H,
ArCHAr), 4.27 (d,J = 13.0 Hz, 2H, Ar@,Ar), 3.79 (t, J = 7.0 Hz, 2H,
OCH,CH,CH,CH:N), 3.75 — 3.70 (m, 8H, O€,CH,CH; and OCHCH,CH,CH,N),
291 (d,J = 13.0 Hz, 4H, ArE@,Ar), 1.95 — 1.73 (m, 10H, OCKEH,CH; and
OCH,CH,CH,CH;N), 0.98 — 0.89 (m, 9H, OGIEH,CH3); *C-NMR (100 MHz,
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CDCl;) 6 168.29, 150.07, 150.01, 149.74, 140.21, 140.08,753 135.69, 135.57,
135.53, 133.87, 132.15, 123.16, 115.90, 76.68,97438.00, 31.14, 27.48, 25.50,
23.13, 10.43, 10.344RMS (NSI) m/z: [M+H] Calcd for GgHsgNsOs 812.4382;
Found 812.4380.

5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-28kthalimidobutoxy-
calix[4]arene (123)

A solution of122 (1.00 g, 1.23 mmol), Boc anhydride (2.15 g, 9.8daot) and
DIPEA (0.81 mL, 4.92 mmol) in DCM (34 mL) was s#éd for 24 hours. The solvent
was removed under reduced pressure and the progucfied by column
chromatography over silica gel (eluent: 19:1 DCMyétcetate) to givd23 as light-
yellow glass (0.99 g, 67%Mp 146-148 °C;IR v 3332, 2975, 2931, 2874, 1772,
1708.5, 1596, 1519, 1468, 1415, 1392, 1365.5, B294P41, 1214.5, 1151, 1061.5,
1042.5, 1002 cify *H-NMR (400 MHz, CDCJ) § 7.84 (dd,J = 5.5, 3.0 Hz, 2H,
ArHphthalimidd, 7-70 (ddJ = 5.5, 3.0 Hz, 2H, Aflphthaiimidd, 6.63 (s, 2H, Ar), 6.62 (s,
2H, ArH), 6.57 (s, 2H, AH), 6.56 (s, 2H, Ald), 6.16 (s, 2H, M), 6.13 (s, 1H, M),
6.12 (s, 1H, M), 4.35 (d,J = 13 Hz, 2H, ArG-Ar), 4.32 (d,J = 13 Hz, 2H,
ArCH,Ar), 3.82 (t,J = 7 Hz, 2H, O®,CH,CH,CH,N), 3.77 — 3.71 (m, 8H,
OCH,CH,CH3; and OCHCH,CH,CH2N), 3.07 (d,J = 13 Hz, 4H, ArGi,Ar), 1.95 —
1.73 (m, 10H, OCKCH,CHz; and OCHCH,CH,CHN), 1.48 (s, 18H, C(Ck)s), 1.48
(s, 18H, C(CH)3), 0.95 (t,J = 7.5 Hz, 3H, OCKCH,CH3), 0.91 (t,J = 7.5 Hz, 6H,
OCH,CH,CHs); **C-NMR (100 MHz, CDCJ) & 168.40, 153.52, 153.47, 152.98,
152.90, 152.63, 135.45, 135.37, 135.24, 135.19,0034132.25, 132.09, 123.31,
119.98, 119.94, 80.09, 76.84, 74.40, 38.02, 3128%6, 27.53, 25.53, 23.24, 23.21,
10.48, 10.36MALDI-TOF m/z: [M+Na] 1235.48, [M+K] 1251.52.

NBD appended tetra-Boc-amino calix[4]arene (125)

To a solution 0fl23 (0.9 g, 0.74 mmol) in ethanol (5 mL) was addedrhythe
hydrate (0.14 mL, 80%, 2.22 mmol) and the mixtutieres for 24 hours. The
resulting precipitate was removed by filtration\&at was removed from the filtrate
under reduced pressure and the residue dissolvednimum methanol followed by
precipitation of the product with water. After segigon of the product by filtration,
the filtrate was extracted with 10% methanol inykethcetate (3 x 10 mL). After
removal of solvent from the organic extracts uneketuced pressure, the solid was
combined with the previously isolated product ahé two dried under reduced
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pressure to give crudk24 as off-white solid (0.57 g, 72%). To a stirred tave of
this intermediate and NaHG@45 mg, 0.53 mmol) in acetonitrile (4 mL), NBDCI
(0.12 g, 0.58 mmol) in acetonitrile (2 mL) was adldéropwise. The mixture was
stirred at 60 °C for 4 hours. Water (20 mL) waseatldnd the product extracted with
DCM (3 x 20 mL), then washed with brine (20 mL).té&fremoval of solvent under
reduced pressure, the product was purified by colahmomatography over silica gel
(eluent: 7:3 hexane/DCM) to givi5 as bright orange solid (0.35 g, 53%)p 154-
156 °C;IR v 3328, 2975, 2926, 2875, 2854, 1726.5, 1696, 162%86.5, 1517.5,
1472, 1414.5, 1388, 1365.5, 1349.5, 1296.5, 122245, 1151.5, 1063.5, 1035 ¢m
'H-NMR (400 MHz, CDC}) & 8.50 (d,J = 8.5 Hz, 1H, AHngp), 6.70 (s, 4H, AH),
6.53 (s, 2H, AH), 6.51 (s, 2H, AH), 6.22 (s, 2H, M), 6.20 (s, 1H, M), 6.16 (dJ =
8.5 Hz, 1H, AHgp), 6.11 (s, 2H, W), 4.34 (d,J = 13 Hz, 2H, Ar®,Ar), 4.32 (d,J

= 13 Hz, 2H, ArG,Ar), 3.95 (t,J = 7 Hz, 2H, O®,CH,CH,CH,N), 3.81 — 3.67 (m,
6H, OCH,CH,CHs), 3.52 (g,J = 7 Hz, 2H, OCHCH,CH,CH:N), 3.11 (d,J = 13 Hz,
2H, ArCHAr), 3.09 (d, J = 13 Hz, 2H, ArGl,Ar), 2.06 — 1.99 (m, 2H,
CH,CH,CH,CH,), 1.91 — 1.79 (m, 8H, C&H,CH,CH, and OCHCH,CHy), 1.50 (s,
18H, C(CH)3), 1.48 (s, 18H, C(Chs), 0.96 — 0.91 (m, 9H, OGIEH,CHs); *C-
NMR (100 MHz, CDC}) 6 153.55, 153.50, 152.78, 152.57, 152.46, 144.23,974
136.61, 135.25, 135.21, 134.97, 134.67, 132.34,1932132.10, 123.39, 120.10,
119.94, 119.86, 98.68, 80.09, 80.01, 76.69, 73484)7, 31.15, 31.05, 28.41, 27.37,
25.23, 23.16, 23.06, 10.39, 10.3WALDI-TOF m/z: [M+Na] 1268.99, [M+K]
1285.02.

NBD appended tetra-amino calix[4]arene-@HCI) (126)

HCl) was bubbled through a solution 25 (0.22 g, 0.18 mmol) in DCM (16
mL). After 10 minutes, methanol was added to dissdhe precipitate and stirring
continued for 30 minutes. After removing solventenreduced pressure the product
was purified by reverse-phase column chromatograpler C18 (eluent: 0-100%
methanol in 60 mM HCI) to givé26 as bright orange solid (30 mg, 20%/)p 245 °C
(decomp.);IR v 3379, 3196, 3134, 2921, 2873, 2592, 1617, 1578629, 1507,
1496.5, 1405, 1385, 1349.5, 1293, 1253.5, 12175.518146.5, 1131, 1103, 1065.5,
1035.5 crit; *H-NMR (400 MHz, CROD) § 8.51 (d,J = 9 Hz, 1H, AHngp), 6.86 (S,
2H, ArH), 6.85 (s, 2H, Ald), 6.77 (s, 4H, AH), 6.40 (d,J =9 Hz, 1H, AHngp), 4.50
(d, J = 13 Hz, 2H, Ar®,Ar), 4.47 (d,J = 13 Hz, 2H, Ar®Ar), 4.03 (t,J = 7 Hz,
2H, OCH,CH,CH,CH;N), 3.91 — 3.86 (m, 6H, O€;CH,CHs), 3.66 (app br s, 2H,
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OCH,CH,CH,CH,N), 2.12 — 2.05 (m, 2H, CIH,CH,CH,), 1.98-1.85 (m, 8H,
CH,CH>CH,CH, andOCH,CH,CHs), 1.02 (t,J = 7 Hz, 3H, OCHCH,CHs), 0.94 (t,J

= 7 Hz, 6H, OCHCH,CH3); *C-NMR (100 MHz, CROD) § 157.98, 157.78, 157.67,
146.52, 145.84, 145.53, 138.47, 137.75, 137.64,4237125.93, 125.89, 125.83,
124.54, 124.49, 124.42, 124.37, 122.99, 99.68, 77878.51, 76.42, 44.61, 31.69,
31.57, 28.74, 26.03, 24.41, 24.36, 10.79, 10:63MS (NSI) m/z: [M+H] Calcd for
CaHs7NsO; 845.4345; Found 845.4345.

5,11,17,23-Tetratert-butyl-25,26,27-tripropoxy-28-[(ethoxycarbonyl)butocy-
calix[4]arene (127§

To a solution of77 (5.00 g, 6.45 mmol) in DMF (200 mL) was added Nat62 g,
25.80 mmol) and the mixture stirred for 1 hour Ibefcaddition of ethyl 4-
bromobutyrate (3.7 mL, 25.80 mmol). The mixture stiged for 18 hours then the
solvent was removed under reduced pressure. Tlkieewas dissolved in DCM (100
mL) and washed with water (200 mL) then brine (B@0. After drying over MgSQ
the solvent removed under reduced pressure anesitie repeatedly triturated with
methanol until a solid was obtained, which wasefdd and air dried to givE27 as
white powder (3.92 g, 68%Mp 122-124 °C;IR v 2959, 2903.5, 2872.5, 1737.5,
1604, 1582, 1480, 1390.5, 1373, 1360.5, 1299, 12287.5, 1197.5, 1175.5, 1123,
1109, 1090, 1069.5, 1036, 1009 &mH-NMR (400 MHz, CDC}) & 6.80 (s, 2H,
ArH), 6.79 (s, 2H, AH), 6.75 — 6.75 (m, 4H, Af), 4.42 (d,J = 13 Hz, 2H,
ArCH>Ar), 4.38 (d,J = 13 Hz, 2H, Ar®,Ar), 4.17 (q,J = 7 Hz, 2H, CQCH,CHj3),
3.89 (t,J = 7.5 Hz, 2H, OE,CH,CH,CO,), 3.85 — 3.79 (m, 6H, O&;CH,CHs), 3.12
(d,J = 13 Hz, 2H, Ar®,Ar), 3.11 (d,J = 13 Hz, 2H, Ar®l,Ar), 2.52 (t,J = 7.5 Hz,
2H, OCHCH,CH,CQO;), 2.33 (quintetJ = 7.5 Hz, 2H, OChKCH,CH,CO,), 2.06 —
1.95 (m, 6H, OCHCH,CHs), 1.28 (t,J = 7 Hz, 3H, CGCH,CHs), 1.10 (s, 9H,
C(CHa)3), 1.09 (s, 9H, C(B3)3), 1.06 (s, 18H, C(H3)3), 0.99 (t,J = 7.5 Hz, 6H,
OCH,CH,CH3), 0.99 (t,J = 7.5 Hz, 3H, OCKCH,CH3).

5,11,17,23-Tetra-nitro-25,26,27-tripropoxy-28-[(etbxycarbonyl)butoxy-
calix[4]arene (128§

To a stirred solution 0127 (2.36 g, 2.65 mmol) in DCM (300 mL) was added
glacial acetic acid (15 mL) and 100% nitric aci® (hL). After 4 hours water (200
mL) was added to quench. The organic layer wasratgghand washed with water (3
x 300 mL) and brine (300 mL). After drying over M@§ the solvent was removed
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under reduced pressure and the residue trituratdd methanol. The product was
filtered and air dried to giv&28 as light orange powder (2.06 g, 92%/Mp 240-241
°C; IR v 3078, 2969.5, 2934.5, 2877, 1731, 1609, 1585.5915451, 1386, 1341.5,
1301.5, 1286, 1262.5, 1210, 1180, 1092, 1061.54 108" '*H-NMR (400 MHz,
CDCls) & 7.62 (s, 4H, A), 7.54 (s, 4H, AH), 4.52 (d,J = 14 Hz, 2H, ArE,Ar),
4.50 (d,J = 14 Hz, 2H, Ar®,Ar), 4.16 (q,J = 7 Hz, 2H, CGCH,CHs), 4.02 (t,J = 7
Hz, 2H, OGH,CH,CH,CG,), 3.99 — 3.93 (m, 6H, Od€;CH,CHj3), 3.41 (d,J = 14 Hz,
2H, ArCHAr), 3.41 (d,J = 14 Hz, 2H, Ar®lAr), 245 (t,J = 7 Hz, 2H,
OCH,CH,CH,CGQ,), 2.21 (quintet) = 7 Hz, 2H, OCHCH,CH,CQO;), 1.95 — 1.85 (m,
6H, OCHCH,CHj3), 1.26 (t,J = 7 Hz, 3H, CQCH,CH3), 1.03 (t,J = 8 Hz, 3H,
OCH,CH,CH3), 1.01 (t,J = 8 Hz, 6H, OCHCH,CH3).

5,11,17,23-Tetra-amino-25,26,27-tripropoxy-28-[(ettxycarbonyl)butoxy-
calix[4]arene (129)

A mixture 0of128(2.06 g, 2.44 mmol) and SndH,0 (14.31 g, 63.44 mmol) was
heated to reflux in ethanol (140 mL) for 48 hourbe solvent was removed under
reduced pressure and 10% NaOH (300 mL) added. Tdougt was extracted with
DCM (3 x 100 mL) then washed with water (200 mLddsrine (200 mL). After
drying over MgSQ, the solvent was removed under reduced pressuyvéd 29 as
light brown solid (1.39 g, 79%Mp 139 °C;IR v 3418.5, 3344.5, 3214.5, 2958.5,
2930.5, 2873.5, 2736, 1730, 1607, 1465, 1383, 531346, 1302.5, 1279.5, 1258.5,
1213.5, 1175.5, 1131.5, 1106.5, 1096, 1067, 103867 cni; *H-NMR (400 MHz,
CDCl) 6 6.07 (s, 4H, AH), 6.04 (s, 2H, Ad), 6.03 (s, 2H, AH), 4.30 (d,J = 13.5
Hz, 2H, ArCHAr), 4.27 (d,J = 13.5 Hz, 2H, ArEl,Ar), 4.14 (q,d = 7 Hz, 2H,
CO,CH,CHs), 3.79 (t,J = 7 Hz, 2H, OGI,CH,CH,CO,), 3.74 — 3.70 (m, 6H,
OCH,CH,CHs), 2.92 (d,J = 13.5 Hz, 2H, ArE@,Ar), 2.91 (d,J = 13.5 Hz, 2H,
ArCHAr), 2.46 (t, J = 8 Hz, 2H, OCHCH,CH,CO,), 2.20 — 2.12 (m, 2H,
OCH,CH,CH,CO,), 1.90 — 1.79 (m, 6H, OGIEH,CHg), 1.25 (t,J = 7 Hz, 3H,
CO,CH,CH3), 0.95 (t,J = 7 Hz, 3H, OCHCH,CH3), 0.94 (t,J = 7 Hz, 6H,
OCH,CH,CH3); "®C-NMR (100 MHz, CDC}) 5 173.45, 149.94, 149.64, 140.53,
140.29, 135.70, 135.63, 135.54, 135.51, 115.85,81315.78, 76.74, 76.70, 73.83,
60.26, 31.29, 31.14, 30.93, 25.52, 23.13, 14.25411010.32;HRMS (NSI) m/z:
[M+H] " Calcd for GsHs/N4Os 725.4273; Found 725.4282.
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5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-284gthoxycarbonyl)butoxy-
calix[4]arene (130)

A solution 0f129 (1.39 g, 1.92 mmol), Boc anhydride (6.70 g, 30n7%o0l) and
DIPEA (1.27 mL, 7.68 mmol) in DCM (50 mL) was s#d for 72 hours. The solvent
was removed under reduced pressure and the progucfied by column
chromatography over silica gel (eluent: 19:1 DCMyétcetate) to givé30as an off-
white glass (1.68 g, 78%Mp 144-146 °C;IR v 3446, 3328, 2975, 2930.5, 2875.5,
1698.5, 1597.5, 1519.5, 1470.5, 1415.5, 1390, B365291.5, 1241.5, 1214.5,
1150.5, 1061.5, 1037, 1004 ¢mtH-NMR (400 MHz, CDCY) § 6.62 (s, 4H, A),
6.59 (s, 4H, AH), 6.16 (s, 2H, M), 6.15 (s, 2H, M), 4.36 (d,J = 13 Hz, 2H,
ArCH,Ar), 4.33 (d,J = 13 Hz, 2H, ArG,Ar), 4.14 (g,d = 7 Hz, 2H, CGCH,CHs),
3.83 (t,J = 7.5 Hz, 2H, OE,CH,CH,CO,), 3.48 — 3.74 (m, 6H, O€,CH,CHs), 3.09
(d, J = 13 Hz, 2H), 3.08 (dJ = 13 Hz, 2H), 2.45 (tJ = 7.5 Hz, 2H,
OCH,CH,CH,CQO,), 2.17 (quintet) = 7.5 Hz, 2H, OCKLCH,CH,CQ,), 1.85 (sextet)
= 7 Hz, 6H, OCHCH,CH3), 1.48 (s, 18H C(CHs), 1.48 (s, 18H, C(Chs), 1.25 (t,J
= 7 Hz, 3H, CQCH,CH3), 0.95 (t,J = 7 Hz, 3H, OCHCH,CH3), 0.94 (t,J = 7 Hz,
6H, OCHCH,CHs); *C-NMR (100 MHz, CDC}) § 172.95, 153.42, 153.39, 152.47,
152.22, 134.97, 134.90, 134.80, 132.21, 132.01,781919.72, 79.66, 76.53, 73.68,
60.10, 30.98, 30.92, 28.28, 25.28, 22.89, 14.0417,010.09;MALDI-TOF m/z:
[M+Na]" 1148.15, [M+K] 1164.17.

5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-28iydroxycarbonyl)-
propoxycalix[4]arene (131)

A solution 0f130(1.30 g, 1.06 mmol) and tetramethylammonium hydtex2.23
mL, 2.2 5.30) in THF (10 mL) was stirred for 6 heuwater (50 mL) was added and
the pH adjusted to < 7 by addition of dilute HChelproduct was extracted with ethyl
acetate (3 x 50 mL) then washed with water (100 auhd brine (100 mL). After
drying over MgSQ, the solvent was removed under reduced pressugiwed 31 as a
light yellow glass (1.12 g, 96%Mp 165-167 °C;IR v 3444, 3327.5, 2975, 2930.5,
2875.5, 1698, 1596.5, 1518, 1470, 1414.5, 13905.5361292.5, 1242, 1214.5,
1150.5, 1063, 1036.5, 1002 ¢mtH-NMR (400 MHz, CDCY) § 6.63 (s, 4H, A),
6.60 (s, 2H, AH), 6.55 (s, 2H, Ad), 6.30 (s, 1H, M), 6.29 (s, 1H, M), 6.22 (s, 2H,
NH), 4.36 (d,J = 13 Hz, 2H, Ar®i,Ar), 4.33 (d,J = 13 Hz, 2H, ArEi,Ar), 3.88 (t,J
= 7.5 Hz, 2H, OE@I,CH,CH,CO,), 3.79 — 3.73 (m, 6H, O&CH,CHj3), 3.09 (d,J =
13 Hz, 2H, ArGH,Ar), 3.08 (d,J = 13 Hz, 2H, ArGi,Ar), 2.50 (t,J = 7.5 Hz, 2H,
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OCH,CH,CH,CO,), 2.20 (quintet] = 7.5 Hz, 2H, OCHCH,CH,CO,), 1.90 — 1.81
(m, 6H, OCHCH,CHs), 1.48 (s, 9H, C(CHJs), 1.48 (s, 27H, C(Ck)), 0.94 (t,J =7
Hz, 6H, OCHCH,CHs3), 0.94 (t,J = 7 Hz, 3H, OCHCH,CH3); *C-NMR (100 MHz,
CDCly) & 178.42, 153.64, 152.74, 152.71, 152.45, 135.25,173 134.98, 132.36,
132.06, 119.88, 80.11, 76.78, 76.70, 73.84, 3130208, 28.44, 25.22, 23.11, 23.06,
10.32, 10.29MALDI-TOF m/z: [M+Na] 1120.45.

5,11,17,23-Tetra-Boc-amino-25,26,27-tripropoxy-28--hydroxy-2-oxo-2H-
chromen-3-yl)carbamoyl]propoxy-calix[4]arene (132)

A solution 0f131 (0.84 g, 0.77 mmol)115 (0.32 g, 1.82 mmol) and EDEICI
(0.34 g, 1.82 mmol) in 30% pyridine in DCM (43 miyas stirred for 18 hours.
Solvent was removed under reduced pressure anté didGl (100 mL) was added
followed by ethyl acetate (200 mL). Methanol wasrttadded in small portions, with
shaking, until the mixture resolved into two layefse organic layer was collected,
the solvent removed under reduced pressure angrtauct purified by column
chromatography over silica gel (eluent: 3:2 hexeigl acetate) to givé32 as off-
white solid (0.48 g, 49%Mp 175-177 °CJR v 3327.5, 2975, 2930.5, 2875.5, 1685,
1607.5, 1521.5, 1476.5, 1465.5, 1414.5, 1388, 5368319, 1293, 1242.5, 1214.5,
1151.5, 1063.5, 1035.5, 1002 ¢mH-NMR (400 MHz, CDC}) & 8.69 (s, 1H,
ArHcoumari, 8.25 (s, 1H, @), 7.66 (s, 1H, Mcoumari), 7.32 (d,J = 8.5 Hz, 1H,
ArHcoumari), 6.80 (dd,J = 8.5, 2 Hz, 1H, Afcoumai), 6.73 (d,J = 2 Hz, 1H,
ArHcoumari), 6.62 (s, 2H, AiH), 6.58 (s, 4H, AH), 6.57 (s, 2H, A), 6.27 (s, 1H,
NH), 6.19 (s, 2H, M), 6.17 (s, 1H, M), 4.34 (dJ = 13 Hz, 4H, ArGi,Ar), 3.90 (t,J
= 7.5 Hz, 2H, OEI,CH,CH,CO,), 3.82 — 3.64 (m, 6H, Od,CH,CHj3), 3.06 (d,J =
13 Hz, 4H, ArGH,Ar), 2.54 (t,J = 7.5 Hz, 2H, OCKCH,CH,CO,), 2.26 (quintet,) =
7.5 Hz, 2H, OCHCH,CH,COy,), 1.94 — 1.72 (m, 6H, OCGIEH,CH3), 1.49 (s, 9H,
C(CHg)3), 1.49 (s, 27H, C(CHs), 0.95 (t,J =7 Hz, 3H, OCHCH,CH3), 0.92 (tJ=7
Hz, 6H, OCHCH,CHs). *C-NMR (100 MHz, CDC}) & 171.94, 159.28, 159.22,
153.87, 153.74, 153.69, 152.85, 152.67, 151.47,2535135.21, 135.02, 132.02,
131.91, 131.87, 128.73, 125.00, 120.99, 120.41,2120120.09, 119.97, 114.29,
112.25, 102.89, 80.40, 80.24, 73.99, 34.32, 3128445, 25.83, 23.13, 23.07, 10.39,
10.32;MALDI-TOF m/z: [M+Na] 1279.74, [M+K] 1295.77.
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5,11,17,23-Tetra-amino-25,26,27-tripropoxy-28-[(7ydroxy-2-oxo-2H-
chromen-3-yl)amino]butoxy-calix[4]arene

A solution 0f132 (20 mg, 0.016 mmol) in THF (1 mL) was cooled t6@ before
addition of BH.THF (0.16 mL, 1 M in THF, 0.16 mmol) under argdre mixture
was heated to 60 °C and stirred for 4 hours. Adtesling to room temperature, the
reaction was quenched with methanol and the solventoved under reduced
pressure. Methanol (1 mL) was added followed byeyamckel (1 mg, 0.&mol) and
the mixture stirred for 18 hours. After removalloé catalyst by filtration, solvent was
removed from the filtrate under reduced pressuceransidual borate removed by co-
evaporation with methanol three time$i-NMR showed a complex mixture of

products.

5,11,17,23-Tetra-amino-25,26,27-tripropoxy-28-[(7ydroxy-2-oxo-2H-
chromen-3-ylcarbamoyl)butoxy-calix[4]arene (4HCI) (134)

A solution 0f132(0.20 g, 0.16 mmol) in 2:1 DCM/TFA (3 mL) was std for 2
hours. The solvent was removed under reduced peessul the product purified by
column chromatography over C18 (eluent: 0-100% aregthin 60mM HCI) to give
134 as pale orange solid (0.14 g, 88%f0p 260 °C (decomp.)iR v 3390, 2958.5,
2920.5, 2870.5, 2847, 2584.5, 1685, 1607.5, 1576523, 1465, 1374, 1309.5,
1263.5, 1249.5, 1216.5, 1180, 1148.5, 1127.5, B)8%35.5, 1000 ci *H-NMR
(400 MHz, CXOD) 6 8.56 (s, 1H, Aflcoumarin, 7-40 (d,J = 8.5 Hz, 1H, AHcoumarin,
6.91 (s, 2H, AH), 6.90 (s, 2H, Afd), 6.82 (ddJ = 8.5, 2 Hz, 1H, Aflcoumarin, 6.79 (S,
4H, ArH), 6.73 (d,J = 2 Hz, 1H, AHcoumari), 4.55 (d,J = 13.5 Hz, 2H, ArEl,Ar),
4.54 (d,J = 13.5 Hz, 2H, ArEi,Ar), 4.09 (t,J = 7 Hz, 2H, OE®,CH,CH,CQO,), 3.97
(t, J =7 Hz, 2H, OEGI,CH,CH3), 3.91 (t,J = 7 Hz, 4H, O®I,CH,CHy), 3.36 (d,J =
13.5 Hz, 2H, Ar®,Ar), 3.34 (d,J = 13.5 Hz, 2H, Ar@l,Ar), 2.61 (t,J = 7 Hz, 2H,
OCH,CH,CH,CO,), 2.33 (quintet) = 7 Hz, 2H, OCHCH,CH,CG;), 2.02 — 1.91 (m,
6H, OCHCH,CHs), 1.04 (t,J = 7 Hz, 9H, OCHCH,CHs); *C-NMR (100 MHz,
CD;0OD) 6 173.97, 161.48, 160.19, 158.02, 157.86, 157.83,41%5 137.89, 137.86,
137.47, 137.43, 130.07, 127.83, 126.09, 125.90,8425124.66, 124.57, 124.46,
124.44, 122.21, 114.99, 113.18, 103.33, 78.74,7{8/5.92, 34.06, 31.73, 31.63,
26.98, 24.49, 24.38, 10.85, 10.80RMS (NSI) m/z: [M+H] Calcd for GoHsgNsOs
856.4280; Found 856.4268.
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2.5.3 General procedures - biology

THP-1, HL60, HeLa RC-49 and CHO.CCR5 cells have nbedescribed
previously>>*?**?” CHO-K1 cells were purchased from ATCC. THP-1 cellere
cultured in RPMI medium (Invitrogen) with 10% boeircalf serum, 100 units of
penicillin/mL, 100 pg of streptomycin/mL and 2 mMgdlutamine at pH 7.4. The
remaining cell lines were cultured in DMEM mediumvitrogen) with 10% bovine
calf serum, 100 units of penicillin/mL, 100 pg dfeptomycin/mL and 2mM L-
glutamine at pH 7.4. All cell lines were incubat&d37 °C in a water-saturated 5%
CO, atmosphere. Nystatin, filipin, sucrose and mefhgl/clodextrin were purchased
from Sigma-Aldrich. Monensin was purchased fromb@athem. LysoTrack&rRed
(Invitrogen) was purchased from Molecular ProbegmRining chemicals and
reagents were purchased from Fisher Scientificorélscence images were obtained

using a Leica DM IL HC microscope.

2.5.4 Toxicity assays

MTS assays were performed using a CellTite? 8&,c0us Non-Radioactive Cell
Proliferation Assay (Promega). THP-1 cells werepsusled in RPMI medium and
HL60, HeLa RC-49 and CHO.CCR5 cells were suspendedDMEM at a
concentration of 1 x POcells/mL. Cell suspension (100L) was incubated with
calixarene (2uL) dissolved in sterile water or DMSO (fo87 and 109 at
concentrations of 200M, 20 uM, 2 uM, 0.2uM and 0.02uM. After 72 hours, 10 pL
(for compounds7, 96, 109, 126 and134) or 20uL (for compound®4, 95 and97) of
MTS was added followed by incubation for 4 hourbsérbance readings were taken

at 492 nm using a BMG Labtech Fluostar Galaxy 98 plate reader.

2.5.5 Cellular uptake

CHO.CCRS5 cells were grown on coverslips in 3 mDOEM for 24 hours then
incubated with calixarene (1,0M) for time periods of 1, 4, 6, 24, 48 or 72 hours.
After removal of medium, the cells were washed wptihosphate buffered saline
(PBS) (3 x 1 mL) and applied to glass slides witRXDmounting medium for

imaging.

2.5.6 Inhibition studies

CHO.CCRS5 or CHO-K1 cells were grown on coverslipSimL of DMEM for 24
hours then incubated with monensin (p@/mL), sucrose (0.4 M), methg-
cyclodextrin (10 mM), filipin (5ug/mL) or nystatin (5ug/mL) for 1 hour. This was
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followed by incubation with calixarene (LOM) for 48 hours. After removal of
medium, the cells were washed with PBS (3 x 1 nrid applied to glass slides with

DPX mounting medium for imaging.

2.5.7 Co-localisation studies

CHO.CCR5 or CHO-K1 cells were grown on coverslipSimL of DMEM for 24
hours then incubated with calixarene (i®1) for 48 hours. The cells were then
incubated with LysoTrack&mRed (50 nM) for 15 minutes. After removal of mediju
the cells were washed with PBS (3 x 1 mL) and &gpto glass slides with DPX

mounting medium for imaging.
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3.1 Introduction

Protein-carbohydrate interactions are involved irarge of biological processés,
including binding of bacterial toxins to cells, bexial adhesion, viral infection,
leukocyte trafficking and the response of the immsgstem to pathogens. Although
the interactions of individual carbohydrate moigtiean be weak, when they are
clustered on a single scaffold the increase inibmdtrength can be much greater
than that associated with an equivalent increas®meentration of the monomer; this
is termed the glycoside cluster effédhis occurs due to pre-arrangement of multiple
binding moieties so that they are optimally presdnib a multivalent target.

Due to the biological relevance of such interacjdhere has been much interest in
producing synthetic glycoconjugates to target dmebiological processes. Various
types of scaffold have been exploited to this d@ndjuding proteins, polymers’
dendrimers and fullerene§. Calixarenes are also an attractive choice as fiokta
since the conformation and the type and degrearaftionalisation can be controlled,
allowing the synthesis of glycoconjugates with stdd valency and finely tuned
orientation and flexibility of the presented sugasieties in space.

The use of these scaffolds as multivalent glycaegaties will be examined in the

following sections.

3.1.1 Calixarene-based glycoconjugates

A number of different biological targets have beemsued using calixarene-based
glycoconjugates. For example, C-type lectin-likeeqgors found on the surface of NK
cells have been targeted as they are involveddrathivation of the immune response
against tumours and intracellular pathogens, sichiases.N-acetylglucosamine
(GIcNACc) based glycoconjugates were synthesised! tested against NKR-P1 and
CD69 receptors. Although binding was observed ithhmases, a glycoside cluster
effect was only observed with the latter. The cgaje with the greatest binding
strength, compound35 (see Figure 3.1), was also able to stimulate Nkhated

cytotoxicity against tumor cells.
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Figure 3.1: Calixarene-based glycoconjugates for receptor binding (135)°, an
artificial antibody (136)2, antiviral activity (137)° and toxin binding (138).*°
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Certain cell-surface glycosyltransferases are weal in cell adhesion and
mediation of cell-matrix interactions and have erdeml expression on metastatic
cells, their activity being associated with incessnvasiveness. A calix[8]arene
analogue of compound35 was tested against rat glioma cells and was faond
inhibit wound closure in a scratch-wound model, hwigreater efficacy than
monomeric GIcNAc even at high concentrations of thger! Although this
conjugate was found to affect proliferation of thells as well as migration,
comparison to a butyl-ureido control suggested that sugar moieties were not
responsible for this inhibition.

A further potential anti-cancer application is thenstruction of an artificial
antigen. A tumor associated antigen, Tn, is ovaesged on epithelial cancer cells
due to incomplete glycosylation on the cell surfdemvever, it is a weak immunogen.
To overcome this, glycoconjugal@6 (see Figure 3.1), featuring Tn moieties on the
upper rim and tripalmitoyl-S-glycerylcysteinylsezirfCS) on the lower rim as an
immunoadjuvant, was synthesisedlhis combination resulted in stimulation of
antibody production in mice with an apparent glydeluster effect when compared
with a monovalent analogue.

The use of glycoconjugates as antiviral agentsnagaBK virus (BKV) and
influenza A has also been investigaleBKV is known to bind to the sialic acid 5-
acetylneuraminic acid (Neu5Ac) on host cells. laflaa A also forms interactions
with this epitopesia hemagluttinin (HA) and a glycosidase (NA), allogithe virus to
bind to host cells and proliferate. To interferetnwthese processes, tetrameric
sialoside clusters were synthesised; the lowertetravalent clustet37is shown in
Figure 3.1.

Although these conjugates displayed binding towds#d/, the opposite of the
glycoside cluster effect was achieved, with a loisactivity per sugar unit relative to
the monomer. This was attributed to a low concéotraf viral hemagglutinin on the
virus surface. However, a moderate glycoside cdlusfeect was apparent for the
binding to influenza A. For both BKV and influenzg infection of cells could be
prevented by pre-incubation with the glycoconjugalbis demonstrates that the
infection process can be interfered with by conmgetvith the natural ligands of the
viral proteins.

Common targets for glycoconjugates are lectins.s&hare proteins that are
characterised by binding to specific sugars withck of catalytic activity and are not
the product of an immune resportéd=or example, the cholera toxin, a pentavalent
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protein-based toxin, presents sugar-binding sitesacsingle face of the molecule
which it uses to bind to host cells. This procesmediated by the ganglioside GM1,
which interactsia terminal galactose and sialic acid groups. Toeftlgjs interaction,
a GM1 oligosaccharide (GMlos) mimicl3® was synthesisédl with two
pseudotrisaccharide moieties presented at the uppeof a calixarene core, using
long linkers to give the necessary flexibility (séegure 3.1). This divalent
glycoconjugate demonstrated superior binding tolerho toxin compared with
GM1los, and was also better able to inhibit bindoigcholera toxin to its natural
target. Such a conjugate could potentially be applo modulating the effect of such
toxins.

The targeting of lectins could potentially have laggtions in treatment of bacterial
infections, for exampld’seudomonas aeruginosa. This will be examined in more

detail in the following section.

3.1.2 Glycoconjugates againsPseudomonas aeruginosa

Pseudomonas aeruginosa is an opportunistic pathogen that is capable fecimg
most tissues when their defences are compronifsids the predominant cause of
nosocomial pneumoniaand lung infections in cystic fibrosis patieftst is a highly
adaptable pathogen and multiple drug-resistaninstizgave developed.This, along
with its ability to form biofilms® makes treatment of infections with antibiotics
difficult. This has led to the investigation ofeahative means of treatment.

Amongst the virulence factors Bf aeruginosa are two lectins, PA-IL and PA-IIL
(sometimes referred to as LecA and LecB, respdygjivBoth are homo-tetramers
featuring one Cd dependent carbohydrate binding site per mononeer Eigure 3.2).
PA-IL is selective forb-galactose and its derivatives, which it binds witbhderate
affinity, whereas PA-IIL has wider specificity, thgh it binds most strongly to-
fucose and its derivatives. Both of these lectmsehhemagglutination activity.

These lectins have inherent cytotoxicity and cdmnbin ciliary beating. However,
they are primarily implicated in the early staget iofection by binding to
glycoconjugates on host cells, allowing other \ende factors to reach their targets.
They have been shown to contribute to pathogenwstign acting in synergy with
other factors® PA-IIL in particular has also been shown to playrade in the

formation of protective biofilms®
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b)

Figure 3.2: Crystal structures of a) PA-IL (PDB code: 10KO) and b) PA-IIL (PDB
code: 1UZV) showing Ca®* binding sites in yellow and ball and stick representations

of monosaccharides.

Their contribution to pathogenicity makes thesdimscattractive targets. Early
investigation showed the potential to inhibit theeraction of the lectins with the host
cells using their natural ligands vivo tests with lung epithelial cells showed reduced
cytotoxicity in the presence of the preferred ligawhilst tests in a mouse model
showed a reduction in bacterial load and lung injatong with improved survivaf
Investigations were also carried out with cystlrdisis patients, who were treated by
inhalation of fucose or galactose; each of theselted in reduction of bacterial load,
although combination with antibiotic therapy didt gve any further improvement,
possibly due to antibiotic-related suppressioreofih synthesis’

Together, these studies showed that there was t@dtém treat infections byp.

aeruginosa by competitive inhibition of lectin binding. Hower; the binding
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strengths of the individual monosaccharides woulikenthis an inefficient process.
This led to the investigation of the use of ari#icglycoconjugates to exploit the
glycoside cluster effect. Those clusters utilisoadixarene scaffolds will be the focus
of the remainder of this chapter.

An early attempt at exploiting the glycoside clusedfect with a multivalent
calixarene was made with a scaffold functionaliasédhe upper rim with galactose
using click chemistry® The calixarenel39 was conformationally locked using three
propyl chains on the lower rim with the remainirtgepolic position providing a linker
to an oligonucleotide, which in turn was used tndbthe scaffold to a DNA-based
microarray (see Figure 3.3). A fluorescent dye (Gy3 the oligonucleotide was used
to confirm the presence of the glycoconjugates,Iswta different fluorescent dye
(Alexa947) on PA-IL was used to measure the degfdanding between the lectin
and the glycoconjugates. However, no binding of IPAwvas observed with the
calixarene-based scaffold. It was concluded thatdteric hindrance caused by the
short linkers to the sugars was responsible farldtk of binding to the lectin.

Following on from this, lower rim functionalised le@renes were synthesised
using propargylated scaffolds and sugars withhtyleheglycol linkers, to give greater
flexibility whilst improving water solubility* A variety of scaffolds were synthesised
with different valencies (mono-, 1,2-di-, 1,3-di¥j- and tetra-functionalised) and
geometries (tetra-functionalised in cone, partimlecand 1,3-alternate conformations).
The 1,3-alternate tetravalent scaffolddQ) is shown in Figure 3.3. The monovalent
calixarene was insufficiently water-soluble for tbeg. Out of the remainder, the
tetravalent conjugates gave the best binding tollPAmeasured by isothermal
titration calorimetry, ITC) and displayed a glyatsicluster effect when compared to
the corresponding monomer. A mannose-functionalesealogue gave no binding,
confirming that there was no non-specific binding the calixarene core.

The 1,3-alternate compound gave the strongestrigraf all and it was found that
all four galactose moieties were each binding te mmonomer. Since the geometry of
the lectin would not allow for the simultaneousding of all four sugars to a single
lectin and the aggregation that would be expectethay were binding to four
different lectins was not observed, an aggregathedate binding mode was proposed
where the two pairs of sugars were each bindingn® face of two different lectins.

Molecular modelling supported this binding mdde.
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Figure 3.3: Calixarene-based glycoconjugates for targeting Pseudomonas aer uginosa
lectins: compounds 139,%° 140,%* and 141%% and the variable linkers* applied to 140.
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An analogue of the cone conformer b0 based on calix[6]arene was also
synthesised® Although this gave superior binding to PA-IL adatiog to ITC and
surface plasmon resonance (SPR), a hemagglutinatibibition assay (HIA)
suggested that this hexavalent glycoconjugate wabeatter than a porphyrin-based
tetravalent cluster that was also tested. This inex& scaffold also lacks the
conformational control that is possible with cadiirene.

Further investigation of the binding mode Hb40 was carried out using atomic
force microscopy (AFM¥> A 1:1 mixture of PA-IL and.40with CaC} was deposited
on mica and dried. This revealed long filamenthwitcasional branch-points. It was
proposed that these arose from rare defects isymnetry of the conjugate, giving
one free galactose that could bind to a third medtlolecular modelling confirmed
that this was possible.

Finally, work was carried out to attempt to optimithe interactions of this
conjugate with PA-IL by varying the linker armstt® sugar$® It was postulated that
greater rigidity would reduce the entropic costimgirmultivalent binding and also
provide additional contacts for binding. A serielsfour linkers were tested: the
original triethyleneglycol (Eg), diethyleneglycol with an amide bond (ESAz,
where NAz isN-azidoacetyl), ethyleneglycol with two amide bor{@85-Gly-NAz)
and a phenyl linker with an amide bond (Ph-NAz)e Btructures of these linkers are
shown in Figure 3.3.

Although the monosaccharide featuring the Ph-NAkdr gave the strongest
binding out of the set of monomers, the calixareasjugates featuring this linker
resulted in haemolysis in HIA and were insufficlgrgoluble for ITC studies. In some
cases, for example with the partial cone and lig+ate scaffolds with the EG-Gly-
NAz linker, there was a change in binding stoichetry, with binding to 2-3
monomers instead of 4 as with the Eldker. However, with the 1,3-alternate
scaffold with the EGNAZz linker, the 1:4 stoichiometry was retainedistivas also
the highest affinity glycol-conjugate to be syniked thus far, with a §of 90 nM.
Contrary to the objective of the investigation, gregropic cost of binding had greatly
increased relative t@40, however this failed to counterbalance the ineeasthe
enthalpic contribution observed with this conjugatestulated to be due to hydrogen
bonds between the amide of the linker with the baok of the lectin.

Calix[4]arene glycoconjugates based on the propargy scaffold are currently

subject to a pateit. The scope of this covers variation of the suggues linkers, the
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functionalisation of the calixarene upper-rim anl$oathe substitution of the
calixarene methylene bridges with heteroatomic gsou

Although PA-IIL has received less attention witlite scope of calixarene-based
glycoconjugates, some investigation has taken piaitek a fucose-functionalised
calixarene 141).? The sugars were installeth an amide bond to the upper rim, with
glycine as a spacer. The calixarene was conformatio locked by exhaustive
propylation of the lower rim. Although the conjugahhad no direct antimicrobial
effect, it was able to inhibit biofilm formation & dose-dependent manner. With only
the free amines on the upper rim, inhibition onbcwrred at higher concentrations,
and to a lesser degree than the glycoconjugats.rékearch suggests that PA-IIL is a
valid target, as well as PA-IL.

It might be assumed that targeting both lectinsldigive an even more effective
treatment. However, the experiments with the figgass in the mouse model showed
no improvement when both galactose and fucose wsed. Although a multivalent
scaffold could behave differently, there is litkwidence of heteroglycoconjugates
targeting PA-IL and PA-IIL in the literature. Nomlixarene based examples of
glycoconjugates bearing both fucose and galactéwmv sthat although such a
glycoconjugate can simultaneously bind both lectthere is in fact a slight loss of

27,28

binding affinity:

3.2 Aims

Although the probable binding mode of compou®d to free PA-IL in solution
has been determined, and the ability of a fucogeogbnjugate X41) to inhibit P.
aeruginosa biofilm formation has been demonstrated, no dizservation of the
binding of a calixarene-based glycoconjugate to libeterium has been made. To
confirm the binding of a glycoconjugate to cellfage exposed lectins, a bifunctional
conjugate featuring a fluorescent tag in additmmhe sugar units would be desirable.
This would allow binding to bacterium, instead usfj the free lectins, to be observed.

The aim of this chapter was to synthesise a can@rcore featuring attachment
points for sugarsvia a CuAAC reaction, preferably by propargylation thfe
calixarene, and to also attach a fluorescent dyefegably on the opposite face to
avoid interference with the binding of the sugawsthe target lectin, PA-IL. The
sugars could then be attached to the scaffold liatmaration with the research group

of Sebastien Vidal in Lyon.
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In summary, the aims are:
« To suitably functionalise a calixarene for a CuAAgaction;
* To install a fluorescent dye on the calixarenefgredle on the opposite
face to the groups installed for the CUAAC reaction
» To attach sugars via an ethyleneglycol linker, fiomalised for the CUAAC

reaction.
3.3 Results and Discussion

3.3.1 Design of the fluorescent glycoconjugate

In order to synthesise the fluorescent glycocortgigattachment sites for both the
sugars and the fluorescent dye were needed. Ideided to use the methodology of
Vidal and coworker? to install the sugars, i.e. by using a CUAAC rieacbetween
propargyl groups on the calixarene and an azid&edinto the sugawnia a
triethyleneglycol chain. This linker would improw®lubility and give the requried
flexibility in the arrangement of the sugars.

The required propargyl groups are easily instalted the lower rim of the
calixarene using an ether formation as describedChapter 2. The dye should
therefore be placed on the upper rim to avoid faterg with the binding of the sugars
to PA-IL, with the mode of attachment being dependam the dye. A preference was
expressed for fluorescent dyes with emission wanghes above 570 nm, preferably
red. Although red fluorescent dyes are commerciagilable, those commonly used
for biological applications such as Cy5 and AlexaoF 633 were prohibitively
expensive in this case. It was therefore decidexymthesise a suitable dye.

Various Nile Red derivatives have been synthe&isedth different emission
wavelengths. Of these, derivatitd?2 (see Figure 3.4) displayed suitable properties
for this synthesis, with a carboxylic acid groupyding a convenient point for
attachmentwia an amide coupling reaction, and with an emissi@velength of its
amide conjugates of around 580 nm. The synthedisi®dye uses a straightforward,

one-pot procedure.

Figure 3.4: Nile Red derivative (NRD) 142.
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With the selection of this dye, an amine is reqlin the upper rim of the
calixarene. This is easily accessible by reductibrthe corresponding nitro group.
The requirement for a single nitro group on thearppm leads to two possibilities:
regioselective nitration, using the functionalisatiof the lower rim to control the
substitution reaction, or non-selective nitratimntrolled by reaction time. Both of

these routes will be examined.

3.3.2 Route 1: Regioselective mono-nitration

By selectively alkylating the lower-rim of the oarene, the subsequent
electrophilic aromatic substitution reaction candoatrolled by the greater electron
density donated by a free phenol compared with lalithers. This has been
demonstrated for the selective mono-nitration dikeeenes using a multistep process
involving temporary installation of benzoyl groups the lower rint’ and also more
directly by nitratiofi or ipso-nitratior®® of the desired alkyl ether. The latter
procedure, containing the fewest synthetic steps, selected.

The required tripropargyl ether for the selectipso-nitration was available from
tetratert-butylcalix[4]arene 2) using a selective trialkylation as described magter
2. Compound2 was stirred with a mixture of barium oxide anditiar hydroxide,
followed by addition of propargyl bromide. The mir¢ was stirred for 18 hours.
Aqueous work up followed by column chromatographkerosilica (eluting with 2:1
DCM/Hexane) gava43in the cone conformation as a white powder in 388id.

Compound143 was then reacted with a mixture of glacial aceitd and 65%
nitric acid in proportions used in the literatdfelhe nitric acid was added dropwise
over 2 minutes, then the solution stirred for ahfer 4 minutes, during which time the
reaction mixture gained a blue-black colour, befqeenching. Aqueous work up
followed by purification by column chromatographyeo silica (eluting with 2:1
DCM/Hexane) gavéa44 as yellow crystals in 44% vyield.

The'H-NMR spectrum ofl44 (see Figure 3.5b) confirms the correct symmetrdy an
the successful mono nitration. The single plangyaimetry results in a pair of triplets
around 2.5 ppm corresponding to the terminal hyeinggof the alkynes, one for the
propargyl groups adjacent to the phenol ring anel fon the distal propargyl group.
However, the same pattern is not observed for teéhylene groups of the propargyl
ethers.
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Figure 3.5: a) Diagram of 144 showing diastereotopic hydrogens on the propargyl

groups adjacent to the nitrophenol group; b) *H-NMR spectrum of 144 (CDCl5).
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The doublet corresponding to the distal proparggthylene is seen at 5 ppm. The
proximal propargyl groups instead give rise to @ padoublet of doublets at 4.73 and
4.59 ppm, the latter overlapping slightly with cofethe methylene bridge doublets at
4.57 ppm. This occurs because the hydrogens opridpargyl methylenes adjacent to
the nitrophenol are diastereotopic (see Figure)3tbes was not observed f@a3 but
seems to be enhanced by the presence gfatteenitro group on the adjacent phenol
in 144. Therefore there are two couplings, one long raiogthe terminal hydrogen
(with aJ value around 2.4 Hz) and a second to the gemidholgen (with a larged
value of around 16 Hz). This gives one doublet mildets for # and a second one
for H°. The mono-nitration is confirmed by the shift afecof the aromatic peaks to
around 8.1 ppm. This shift to higher ppm resultsrirthe deshielding effect of the
nearby nitro group.

With the mono-nitro compound in hand, the lower mow required exhaustive
alkylation. The obvious choice was to use sodiundric, as in the complete
alkylations of Chapter 2. However, previous attesriptcarry out this reaction within
the group were met with limited success, achiewrads of less than 5% of the
desired tetra-propargyl derivative. Although alkidas on partially nitrated
calixarenes have been demonstratedthere is no evidence in the literature of this
being accomplished with propargyl groups. The difiies associated with installing
the final propargyl group could be due to the prgpbethers that are already present
on the calixarene; under basic conditions, it isgtnle to effect isomerisation to an
allene® facilitated by the phenolic oxygen. Therefore, dail alkylation conditions
were sought to achieve this transformation.

The Mitsunobu reaction presented one possible roufelly alkylating the lower
rim. In this case, alkylation can be achieved usngixture of triphenylphosphine
(TPP) and a dialkylazodicarboxylate to mediate a2 §pe reaction between a
nucleophile and an alcohol, using the loss of phimepoxide as a leaving group as a
driving force. TheO-alkylation of calix[4]arene with allyl and benzglcohols using
the Mitsunobu reaction has previously been investidt® The reaction has also been
used to apply a bridging crown ether between twenplic units of a calixarer®.In
this case, it was hoped that propargyl alcohol @dad coupled to phenol, using the

latter as the nucleophile.
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Propargyl alcohol

: TPP, DEAD
0] O o HO > 0] Op O
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144 145

Scheme 3.2: Attempted synthesis of 145 via a Mitsunobu reaction on 144.

Propargyl alcohol was treated with TPP and diispplezodicarboxylate (DIAD);
the latter was added dropwise to the cooled reaanixture. After stirring for 10
minutes 144 was added and the mixture stirred overnight atmraemperature.
Trituration with MeOH/HO gave only starting material. The same procedwsis w
attempted with diethylazodicarboxylate (DEAD) iredeof DIAD and with no
cooling. The reaction mixture was stirred for 3 slayrituration with MeOH/HO
gave an oil, so the product was extracted into D@Mugh this again gave a red-
brown oil. The'H-NMR spectrum showed starting material.

The lack of reactivity ofl44 may be due to the inactivation of the phenol iyg
the electron withdrawing nitro group in thpara position. This would reduce the
reactivity of the phenolic oxygen as a nucleophgach that even the activated
intermediate provided by the Mitsunobu reactionldmot promote the reaction. At
this stage, instead of pursuing this route it wasided to attempt the alternative, non-
selective method.

3.3.3 Route 2: Non-selective mono-nitration

In order to access the desired upper-rim mono-g#éfixarene, the reaction can be
performed in a non-selective manner, controlling firoportions of the different
products of the nitration by varying the amountiofe allowed for the reaction. The
optimisation of such a reaction by monitoring ieo¥ime has been demonstrated on
calix[4]arene with na-butyl groups on the upper rim, where during tharcle for
optimal yield of trinitro product it was found thataximum yield of mono-nitro
(38%) could be achieved at around 25 minutes, Withreturn of 45% of starting
material®®
It was decided to attempt to carry out this trammeftion on a similarly

unfunctionalised calixarene, which required the geah of thet-butyl groups from the
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previously synthesise@. This could be accomplisheda a reverse Friedel-Crafts
reaction with AIC} and phenof?

To a stirred mixture o2 and phenol in toluene was added Al® small portions.
After 4 hours the cloudy suspension had turned brovhe reaction mixture was
poured onto ice followed by extraction of the prodwith DCM. After removal of
solvent under reduced pressure, trituration ofrésdue with methanol gavi216 as
off-white powder in 79% vyield.

This calixarene could be exhaustively alkylatedtte lower rim with sodium
hydride as described in Chapter 2, using sodiunritigdfollowed by propargyl
bromide. After stirring for 72 hours, aqueous waogk-followed by column
chromatography over silica gel (eluting with 2:1x&ee/toluene) gavé47 as white
powder in 37%.

The mono-nitration reaction was then tested. Afgiring 147 in DCM with
glacial acetic acid and 65% nitric acid for 30 mas) the reaction was quenched.
Aqueous work up gave only the starting material.

It was decided to use a stronger nitrating mixtanel monitor the reaction over
time by TLC. To a solution af47in DCM, 100% nitric acid and a few drops of 95%
sulphuric acid were added, giving an immediate wothange to purple-black. After
stirring for 1 hour the reaction was quenched wititer; aqueous work up followed
by purification by column chromatography over sili@luting with 1:1 DCM/hexane)
gavel48as light yellow solid and returndd7in 60% vyield.

1. NaH

Phenol, AICI3 f “\ 2. Propargyl Bromide
>
> Toluene OH H DMF
OH OHgy HO OH  OHoHHO
9 146

‘ﬂ ( W T f |ﬂ Oﬂ ﬂl o

147 148
37% 21%

Scheme 3.3: Synthesis of 148 from 2 via de-tert-butylation, tetraalkyation and time-

controlled nitration.
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Purification in this way was complicated by an uokn impurity that co-eluted
with the product. This problem could be mitigatgdre-crystallising impure column
fractions from DCM/methanol, but it still led tgoaor yield (total 21%) and made the
synthesis less efficient. Once again, in theNMR spectrum the pattern of two
doublets of doublets for the alkyne methyleneshenpositions adjacent to the nitrated
ring was observed.

Although the overall yield over the three steps Veager than that achieved so far
from the first route, the latter synthesis was mptete. The final alkylation would
have needed to have a yield of at least 50% to aoenfavourably, assuming that a
successful method could be found. The second ikl potentially be improved if
the number of steps was reduced by carrying oupsmnitration on thetert-butyl
derivative. However, at this stage, the synthesis @ontinued with produd48

3.3.3.1 Dye synthesis

The selected NRD was synthesised according toitdrature?® A mixture of 2,3-
dichloro-1,4-napthoquinone, 4-amino-3-hydroxybenzacid and sodium acetate in
methanol was heated to reflux for 24 hours, duvigch time the suspension turned
from yellow to red. After cooling in ice, the soldbs filtered and washed with water.
The solid was triturated with hot methanol, fil@ér@nd washed with further methanol
to givel42as brick-red solid in 66% vyield.

0
NH, Cl KOAc
w T D —
OH I MeOH
o) o)

Scheme 3.4: Synthesis of NRD 142.

3.3.3.2 Sugar synthesis

To selectively synthesise the targgétanomer of the azide-derivatised sugar,
neighbouring group participation can be exploiteelwis-acid promoted elimination
of the leaving group at the anomeric centre caadmmplished with sugar-halides,
for example using silver or mercury saftdiowever, for the installation of the azido-
triethyleneglycol linker, it has been found thakt thse of peracetylated sugar in
combination with tin (IV) chloride and silver trfbroacetate gave superior yield of
the desired anomer with short reaction times ankme scale&*
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1. SnC|4, AgCOZCFa

/\/O\/\ /\/CI
OA OAc HO o) OA OAc
Q oA O o 0
AcO ¢ DCM AcO 0NN TN
OAc > OAc o
2. NaN3, BU4N| 149
DMF, 70 °C 52%

Scheme 3.5: Synthesis of 149 from pentaacetyl-f-D-gal actose.

To a stirred solution of pentaacep/b-galactose, AgCE&CFR; and 2-[2-(2-
chloroethoxy)ethoxy]ethanol in dry DCM, Sn@las added dropwise. After 2.5 hours,
the reaction was quenched with sodium hydrogenoceate and stirred for a further
12 hours. After aqueous work-up, the intermedidyeagylated product was isolated
as a yellow oil. This was stirred with Naldnd BuNI in DMF for 18 hours at 70 °C.
After filtration of excess reagent, aqueous workamgd flash column chromatography
over silica gel (eluting with 1:1 petroleum ethém¢ acetate), 149 was isolated as

viscous, light yellow oil in 52% yield.

3.3.3.3 Conjugation of the dye

In preparation for the reaction with carboxyliccagroup of142 the nitro group of
148 was next reduced to the amine. As in the redustcamried out during Chapter 2,

the tin (1) chloride method was used.

N

SO

150
63%
0
e
/@[\ QO o Cl
HO,C o) 0 Y N= 0
Cl (142) o O0og O
EDCI.HCI, HOBt hydrate, NMM ( ( W 1 O
T
151

DMF
37%

Scheme 3.6: Reduction of 148 and subsequent conjugation with 142 to give 151.
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A mixture of 148 and SnCJl was heated to reflux in ethanol for 48 hours. Afte
removal of solvent under reduced pressure, aqu&ouds-up with sodium hydroxide
gave the mono-aminks0 of moderate purity as brown glass in 63% yieldisTdiude
product was taken through to the next step witlorther purification to minimise
loss of product.

Procedures that have been applied to the conjugafi®42 to amines include the
use of amide coupling reagents and a one-pot ddaiide mediated coupling using
Ghosez's reagefit.Due to availability of reagents, amide couplingngsEDCI was
used.

A mixture of150, 142, EDCI, HOBt andN-methylmorpholine (NMM) were stirred
in DMF for 18 hours. Aqueous work-up followed bylwmn chromatography over
silica gel (eluting with DCM) gav&51 as brick-red solid in 37% vyield.

The correct product was confirmed Hy-NMR spectroscopy. The protons on the
dye give rise to two multiplets around 8.5 ppm arduster of peaks around 8.0 ppm.
The N-H of the amide bond can be observed at 78, @mnd the aromatic protons
adjacent to this on the calixarene are visible amglet at 7.03 ppm, separated from
the cluster corresponding to the other aromatictom® around 6.75 ppm.
Interestingly, in the'H-NMR spectra of both the amine and the amide, paks
corresponding to the alkyene methylene groups dogine@ rise to the previously
observed doublets of doublets; this indicates & laicinequivalence between the

protons on the methylene bridges adjacent to tieeaghpended ring.

ArH adjacent
to NH

z
T
A\
-—7.03
N

AN {

85 80 75 70 65 60 55 50 45 40 35 3.0 25
f1 (ppm)

Figure 3.6: *H-NMR spectrum of 151 (CDCls).
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At this stage, a serious problem with this scaffels identified; although the dye
absorbed long-wave UV light, there was no fluorasee The previously synthesised
fluorescent amide-conjugates df42 were synthesised using aliphatic amines;
therefore it was concluded that the loss of fluceese was due to the extension of the
conjugation onto the aromatic ring of the calixaeihe design of the scaffold
therefore needed to be modified.

However, with both a dye-conjugated scaffold arel ibbquired sugars in hand, it
was decided to test the applicability of the suganjugation and deacetylation to this
new scaffold.

3.3.3.4 Sugar conjugation

It was decided to first test the CuAAC conditionseypously used for the
conjugation ofl49to alkyne-functionalised calixaren&sThis method utilised copper
() iodide to directly provide the catalytic coppefhis method also exploited
microwave heating to accelerate the reaction.

A mixture of 149, 151, Cul and DIPEA in DMF was heated to 100 °C for 20
minutes. To avoid loss of product during aqueouskwup, the solvent was removed
under reduced pressure and the residue directigaed to column chromatography
over silica gel. After eluting the excess sugahvat2 ethyl acetate/petroleum ether,
the polarity was increased to first neat ethyl aigeind finally a gradient of methanol
in ethyl acetate (1-13%) to elute the product. Heavethis failed to give pure product
according to'H-NMR and low-resolution mass spectrometry showeahigture of
products with lower than expected mass, suggestiagthe scaffold had not been
fully functionalised.

The presence of poorly-soluble red material alsgethconcerns as to the stability
of the dye conjugate to these conditions. Therefatehis stage it was decided to
carry out the reaction at room temperature, withorg reaction time to allow
complete functionalisation. It was also decideduse copper (Il) sulphate with
sodium ascorbate fan situ generation of the copper catalyst, as this galiabte

results in Chapter 2.
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NHR
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Scheme 3.7: CuAAC reaction between 149 and 151 to give 152.

A mixture of 149 and151 were stirred with sodium ascorbate and catalytper
sulphate in DMF for 24 hours, followed by additioh fresh catalyst and49 and
stirring for a further 24 hours. The product wasifed by column chromatography
over silica gel (eluting with 1:1 ethyl acetatefpé&tum ether, ethyl acetate, and 19:1
ethyl acetate/methanol) to give a dark-orange sélidl substitution was confirmed
by low resolution mass spectrometry indicating ttfs had been isolated. The yield
of 44% is comparable with the yield previously am¢af’ for conjugation ofL49 to
the tetra-propargyl calixarene in the cone confiram the lower yield obtained for
this conformation compared with the others was psed to be due to steric
hindrance on the lower rim.

The correct product is further confirmed by tReNMR spectrum (see Figure 3.7).
The characteristic pair of multiplets on the dya t® seen at 8.74 and 8.34 ppm,
whilst the remaining dye peaks are around 7.9 pglong with the protons on the
newly-formed triazole rings. The NH of the amider dse seen as a broad singlet at
8.14 ppm. Interestingly, the aromatic protons aghado the NH appear as a pair of
peaks around 7.1 ppm instead of just a singleixpsated from the symmetry of the
molecule. The lack of any correlation to other meak the 2D-COSY spectrum
suggests that these are two singlets rather thaoublet, although the loss of
symmetry that would give two environments for thpsatons is not observed in the

rest of the spectrum.
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Figure 3.7: *H-NMR spectrum of 152 (CDCls).
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The sugar peaks are present as a complex serrasiltplets due to the multiple
environments on the lower rim of the calixareneeSéhobscure the methylene peaks
between the triazole ring and the calixarene caovaral 5.1 ppm, and also one of the
calixarene methylene bridge peaks around 4.2 pgra. peaks corresponding to the
ethylene glycol linker are present around 3.6, & 4.5 ppm, with the latter two
multiplets overlapping with two of the sugar enwinoents. Finally, the acetyl

protecting groups on the sugars can be seen a@Qrgpm.

3.3.3.5 Deprotection

The protecting groups on the sugars could now Ipeoved to give the final
product. Commonly employed methods for deacetytatibsugars include the use of
sodium ethoxide in metharf8lor triethylamine catalysed methanolySisThe latter
method was selected as this was previously emplayede synthesis of galactose
functionalised calixarenes. It provides simple,dmgaction conditions with reagents
and byproducts that are easily removed under vacuum

A solution of 152 in a mixture of triethylamine, methanol and wates stirred
under argon for 42 hours before removing solvemteumeduced pressure. However,
at this stage both th#l-NMR and low resolution mass spectra indicatedieure of
products and were inconclusive. The reaction waretbre continued for a further 48
hours to ensure that the compound had been fullgetglated as partial deprotection
would give rise to a wide range of different progud@heH-NMR spectrum showed
little change.
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Purification by reversed-phase column chromatogramprer C18 (eluting with a
gradient of 5-95% methanol in water) failed to gpere product. In addition, a
fraction containing an unknown aromatic compoundh&smajor component raised

concerns as to the stability of the dye under g@atection conditions.

NHR

1:2:1
Et;N/MeOH/H,0
153 (R" =H)

Scheme 3.8: Attempted deacetylation of 152 to give 153.

At this stage, further investigation of the effeaft the relative proportions of
triethylamine, methanol and water may have yielgigidable deprotection conditions
whilst maintaining the integrity of the dye-conjugad scaffold. Alternatively,
deacetylation of the sugars prior to carrying @t CUAAC reaction may circumvent
the problem of instability of the scaffold to dettation conditions; this procedure
has been utilised in the synthesis of fullerenesbagycoconjugateSHowever, it was
decided to focus attention on the synthesis ofadfad with the correct fluorescent
properties, which could then be conjugated to thgass utilising the knowledge
attained in sections 3.3.3.4 and 3.3.3.5.

3.3.4 Route 3: Non-selective mono-nitration ortert-butyl calixarene

In response to the loss of fluorescence on theugatipn of142 to the aromatic
amine, it was decided to put in place an aliphéitiker in the form of a glycine
residue, which could be added via an amide bonthéomono-amine funtionalised
calixarene. This would interrupt the extended cgajion across the amide bond and
on to the aromatic ring of the calixarene. Thi®gisovided the opportunity to revisit
the synthesis of the mono-nitrated product.

To increase the efficiency of the synthesis ofdbaffold, it was decided to attempt

the mono-nitration directly on théert-butyl calixarene. A time-controlledpso-
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nitration has been accomplished previously usirggi@a@acid and 100% nitric acid in
much smaller amounts than used in the corresporiraynitratior:>

Compound2 was first tetra-alkylated in the same way as m skinthesis ol47.
After stirring the reaction mixture for 48 hoursetiproduct was precipitated with
excess water, filtered and washed with water t@ 44 as light-brown powder in
53% yield. This product was sufficiently pure teus further reactions.

The nitration reaction was tested b4 by stirring it in DCM with acetic acid and
100% nitric acid. After a 30, 60 or 90 minutes, thaction was quenched by addition
of water. After aqueous washes, the product (nemtidal to145, the synthesis of
which was previously attempted in section 3.3.2)swaurified by column
chromatography over silica gel (eluting with 8-1@¥yl acetate in hexane) and the
proportions of starting material and products wasgessed.

The results are shown in Table 3.1. A reaction tiohe30 minutes gave the
optimum yield of145 whilst returning maximall54. Longer reaction times did not
improve the yield of product, whilst returning lestarting material. At 90 minutes, a

significant amount of material was lost to a migtof over-nitrated products.

Table 3.1: Change in proportions of product 145 and recovered 154 over time.

Reaction time/ mins % recovery of 154 % yield of 145
30 40 26
60 13 23
90 2 22

In addition to removing one step from the synthesiaoteworthy improvement in
this route was the ease of purification relativehiat of148 This made this synthetic
step a much more simple and efficient process.

Reduction was carried out as in section 3.3.3. Gam@145was heated to reflux
with SnC} in ethanol for 18 hours, followed by removal ofvemt and aqueous work
up with sodium hydroxide, givin@55 as yellow solid in 83% yield. However, in this
case, a small amount of unknown impurity was caestl/ found in the product.
When the reaction was allowed to continue for 48rbothe purity of the product was
greatly diminished. Therefore 18 hours seems tthéeptimum to allow the reaction

to run to completion without diminishing the yielde to impurities.
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AcOH,
100% HNO3

=

145 155
26% 83%

Scheme 3.9: Synthesis of 155 via alkylation, mono-nitration and reduction.

The addition of the glycine linker was accomplisheda similar manner to the
conjugation of the dye molecule. To a stirred migtwf Boc-glycine, EDCI and
HOBLt in dry DMF under argon was add&slsin DMF, followed by DIPEA. This was
stirred for 24 hours, followed by aqueous work-upd gourification by column

chromatography over silica gel (eluting with 5-7%ay& acetate in DCM) to givé56

; e O
DMF o Qo O
|ﬂ |ﬂ “I ﬂl

R=Boc 156, 64%
RIpC 350%% X tea oM

Scheme 3.10: Synthesis of 156 by amide coupling reaction of 155 with Boc-glycine;

as yellow solid in 64% yield.

BocGly, EDCI.HCI,
HOBt, DIPEA

attempted deprotection to give 157.

The 'H-NMR spectrum ofL56 (see Figure 3.8) shows a doublet corresponding to
the methylene of the glycine group at 3.71 ppm,cWwhs coupled to the Gly-NH
visible at 5.00 ppm as a broad singlet. The aramidil proton is visible at 7.23 ppm.
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The methylenes of the alkynes adjacent to the fomalised ring once again give rise
to a pair of doublet of doublets around 4.9 ppmyénwner, in this case there is a
pronounced ‘rooftop’ effect due to the proximity thie two multiplets. The doublets
of the other two alkynes are overlapping with ofmehe methylene bridge peaks at

4.60 ppm.
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Figure 3.8: *H-NMR spectrum of 156 (CDCls).

In order to perform the conjugation reaction wii#2, the Boc protecting group
next needed to be removed to reveal the requiredearBased on the deprotection of
the amide-linked coumarin conjugat8p) carried out in Chapter 2, it was decided to
use the TFA deprotection method instead of usirsgas HCI as this appeared to be
a milder method and better suited to compoundsffiegt amide bonds. Compound
156 was stirred with TFA in DCM, resulting in a changecolour of the light orange-
yellow solution to orange then brown, finally gaigia pink hue. After 40 minutes the
reaction was quenched with water to give a greylsiou The acid was neutralised
with saturated aqueous NaHg;@n shaking the emulsion resolved to give an cgang
organic layer. However, the isolated orange-browhdsproved to be a complex
mixture of products byH-NMR.

It was unclear exactly what unexpected transfornatvas taking place in this
reaction. However, it was reasoned that such a mpixture would likely arise
from side-reactions of the alkynes. The potentiaprmpargyl ethers to give rise to
side-reactions was noted in Chapter 2. It was fberedecided to synthesise an
analogous structure with TBDMS-protected alkyneddtermine if these groups were

resulting in the failure of this Boc deprotecti@action.
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3.3.5 Route 4: Synthesis of scaffold using TBDMS-protectealkynes

The TBDMS groups could be installed as in Chaptasig LIHMDS as a strong
base and TBDMSCI as a silylating reagent. This fivasattempted on compourid5
as this compound was already available.

To a solution 0f145 in THF, cooled to -70 °C, LIHMDS solution in THFas
added followed by TBDMSCI, also dissolved in minimurHF. The mixture was
allowed to warm to room temperature and stirred2ébbhours. After aqueous work-up
with saturated NKCI, a dark orange oil was isolated, from which gmeduct could
not be precipitated with methanol. Instead of tHBDMS protected mono-nitro
product (58, the 'H-NMR spectrum of this residue revealed a compléxture of
products, which could not be accounted for by nmrieguof partially protected products

since the triplets corresponding to the terminiayia¢ protons were not present.

1. LIHMDS
2. TBMDSCI
- o 0Oo
( ( W THF, -70 °C to RT H || H H
([ Teoms|  Teowms
145 TBDMS TBDMS

158

1. LIHMDS
2. TBMDSCI
. 0
( ( W THE,70°CtoRT || || I I
[/ [ TBDMS|  TBDMS
154 TBDMS  TBDMS

159
88%

Scheme 3.11: Attempted TBDMS protection of 145 to give 158; analogous protection
of 154 to give 159.

Due to the apparent incompatibility of the protectireaction with the nitrated
calixarene, the TBDMS groups were applied insteaithé¢ precursot54. To a stirred
solution of this compound in THF, cooled to -80 1@IMDS solution in THF was
added followed by TBDMSCI, also dissolved in minimurHF. The mixture was

allowed to warm to room temperature and stirredl#hours. After aqueous work-up
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with saturated NLCI, the product was precipitated from the isolatedidue with
methanol to givd59 as light brown powder in 88% yield.

The 'H-NMR spectrum ofL59 compared with that of54 (see Figure 3.9) shows
exhaustive protection of the lower rim alkynes. Hoeblet around 4.8 ppm is now a
singlet, and the triplet corresponding to the teahialkyne position around 2.4 ppm
is now absent. The symmetry of the molecule isgiesl, giving rise to just two
doublets for the methylene bridges due to the edemce between each pair of
diastereotopic hydrogens. Finally, the integralshef TBDMS peaks (not shown) are

correct for 4 protecting groups.

T T T T T T T T T T T T T T T T T T T T T T T T T
48 4.6 44 42 40 38 36 34 32 30 28 26 24
fl (ppm)

Figure 3.9: "H-NMR spectra of a) compound 154 and b) compound 159 showing loss
of terminal alkyne triplet (circled) and change of methylene doublet in a) to singlet in
b).

The mono-nitration ol59 was then performed as in 3.3.4. To a stirred soiudf
159 in DCM was added glacial acetic acid and 100%imiacid. After 45 or 60
minutes, the reaction was quenched by addition atew After agueous washes the
product was purified by column chromatography aikca gel (eluting with 4:1 then
2:1 hexane/DCM) and the proportions of starting aniat and products assessed.
Slightly longer reaction times were required instisase with 60 minutes being the

optimum, as shown in Table 3.2.

Table 3.2: Change in proportions of product 158 and recovered 159 over time.

Reaction time/ mins % recovery of 159 % yield of 158
45 71 15
60 70 29
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The H-NMR spectrum of158 (see Figure 3.10a) shows that the singlet
corresponding to the protons on the nitrated riag been shifted downfield to 7.37
ppm as expected. The methylene groups of two oalkynes give rise to singlets at
4.78 and 4.58 ppm; however, the other two peaksnaral.94 ppm have satellite
peaks. This indicates the presence of diasterentogirogens on the two alkynes
adjacent to the functionalised ring as previousbsesved for the non-TBDMS
protected compounds. In this case, with the lostheflong range coupling to the
terminal alkyne position, a pair of doublets is @fved, with a pronounced ‘rooftop’

effect due to their proximity to one other.
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Figure 3.10: a) *H-NMR spectrum and b) 2D-HMBC spectrum of 158.
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Although the methyl peaks of the TBDMS groups amsilg identified around 0
ppm, in this instance thert-butyl peaks on the protecting groups are in thaeesa
region as the aromatiert-butyl peaks. These can be differentiated using2be
HMBC spectrum (see Figure 3.10b). This shows a lamge interaction of the proton
peak at 0.73 ppm with a carbon at 33.5 ppm, whscshared by one of the aromatic
proton peaks at 6.35 ppm. Likewise, the proton petak.28 ppm and the aromatic
proton peaks around 7.0 ppm share a mutual interawtith a carbon at 34.3 ppm.
This indicates that the peaks at 0.73 and 1.28 ppmrespond to the aromatiert-
butyl peaks; by elimination, those of the TBDMS gge must give rise to the singlets
at 0.93 and 0.85 ppm.

The reduction was next carried out by heat®@ with SnC} in ethanol to reflux
for 24 hours. Following removal of solvent and amusge work-up with sodium
hydroxide,160 was obtained as light yellow solid in 80% yield.dontrast with the
reduction of 145 the product was isolated in good purity, suggestihat the
impurities present il55were due to side-reactions of the unprotectedna&yThis is
consistent with the findings in Chapter 2 that TBSMbrotection of the alkyne
improved the purity of the product of Sn@hediated reduction.

~

Wre!
OOOO

7 AcOH,
. 100% HNO4
. 159
70%
DCM
(I [
TBDMS TBDMS TBDMS TBDMS
TBDMS TBDMS TBDMS TBDMS
159 158
29%
/E[‘ N,
SnCly, ethanol Q | O /) BocGly, EDCI,
’ T Y HOBt, DIPEA
— Ty 6! baing
Reflux DMF
(1 {1
TBDMS TBDMS TBDMS TBDMS
TBDMS TBDMS TBDMS TBDMS
160 161
80% 71%

Scheme 3.12: Synthesis of 161 via mono-nitration, reduction and amide coupling to
Boc-glycine.
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The Boc-glycine residue could now be installed. itare of Boc-glycine, EDCI
and HOBt were stirred together in dry DMF underoargollowed by addition 0160
in DMF and finally DIPEA, before stirring for 24 bcs. Aqueous work-up followed
by purification by column chromatography over sligel (eluting with 14:1
DCM/ethyl acetate) gave61las yellow solid in 71% yield.

The stability of161to the conditions used for removal of the Boc groauld now
be tested, initially using the original method @sgous HCI. Through a solution of
161in DCM was bubbled HCI gas, monitoring the reattoy TLC until all starting
material was consumed. This took 1.5 hours, whiels an unexpectedly long period
of time for the removal of a single Boc group. Tgreduct also remained soluble in
the DCM. Following this, the compound was neuteisvith saturated NaHGO
solution and extracted with DCM. The deprotecteddpct 162 was isolated as
colourless glass of satisfactory purity in 82% ¢ielt was decided to purify this
compound at the next stage in the synthesis todalass of the amine during

purification.

TBDMS TBDMS TBDMS TBDMS
TBDMS TBDMS TBDMS TBDMS
162
161
82%
@)

Cl (142 ©
EDCI. HCI, HOBt hydrate, DIPEA Iﬂ I 1
- Il

DMF R R R R

163 R =TBDMS

51% TBAF
THF

164 R=H

Scheme 3.13: Synthesis of 163 via Boc-deprotection of 161 followed by conjugation

with 142 and attempted synthesis of 164 by removal of TBDMS groups.

212




Chapter 3: Calixarene-Based Glycoconjugates

The same deprotection with TFA was also testederAd5 minutes, all starting
material was consumed; however, the product that is@lated was of significantly
lower purity than that obtained with gaseous HQle Tormer therefore seems to be
the better method in this case, with the TBDMS grbhg groups preventing the
degradation previously observed in the Boc deptiaiec

The TBDMS groups could be removed either at thagestor after the conjugation
reaction with the dye. It was decided to follow th#er route in the belief that the
TBDMS groups would help to give a purer conjugatooduct.

A mixture of162 142 EDCI, HOBt and DIPEA were stirred in DMF undegan
for 18 hours. Aqueous work-up followed by colummrrazhatography over silica gel
(eluting with 47:3 DCM/ethyl acetate) gau&3 as a red solid in 51% vyield. In
contrast withl51, this product was fluorescent.

The correct product was confirmed from fieNMR spectrum (see Figure 3.11).
The peaks arising from the aromatic protons ordgfeecan be found between 7.7 and
8.8 ppm. The two NH protons are both now linkedaajugated systems and so are
both around 7.1 ppm. They can be distinguishedhbycbupling experienced by the
NH adjacent to the methylene of the glycine linkbese give a broad triplet at 7.19
ppm and a doublet at 4.08 ppm, respectively. Théhylenes of the alkynes are
visible around 4.94 and 4.62 ppm; there seems ftdtleeinequivalence between the

protons on the alkyne adjacent to the functiondlrsgg in this case.
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Figure 3.11: *H-NMR spectrum of 163 (CDCl5)
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The TBDMS groups could now be removed using TBAKiasussed in Chapter 2.
However, when a solution d63 was stirred with TBAF in THF, there was a colour
change from red to darker red brown, and follonaogieous work-up with saturated
NH,4CI the orange-brown powder that was isolated prdedae a complex mixture of
products. Repeated reaction with a larger exces$B#F gave a more complex
mixture, indicating that the mixture was not dugéstial deprotection, and was rather
due to degradation of the product. This conclusias supported by the concomitant
loss of fluorescence in the product.

It was therefore concluded that the TBDMS protertynoups would need to be
removed prior to conjugation of the dye. In thised 62 was used directly as the
hydrochloride salt and was isolated as off-whitkdso 95% yield following reaction
with gaseous HCI. This was stirred with TBAF in TH®& 18 hours, followed by
aqueous work-up with saturated MH. Trituration of the residue with hexane

removed the cleaved TBDMS groups, givitij’ as white powder in 78% yield.

HClg), DCM TBAF, THF
R =Boc R=H o
R'= TBDMS R'=TBDMS R=R=H
161 162 157
95% 78%

Cl (142)
EDCI. HCI, HOB hydrate, DIPEA

\J

DMF

164
48%

Scheme 3.14: Synthesis of 164 from 161 via Boc-deprotection, removal of TBDMS

groups and conjugation with 142,

The H-NMR spectrum 0of157 is shown in Figure 3.12. The terminal alkyne
protons are present once again and the tripletegmonding to these can be seen
around 2.5 ppm. Two of the associated doubletsbeaiseen overlapping with the

methylene bridge peaks of the calixarene at 4.63, pphilst the two doublet of
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doublets corresponding to the alkyne methyleneacadt to the functionalised ring

are overlapping at 4.88 ppm, giving rise to a proreed ‘rooftop’ effect.
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Figure 3.12: *H-NMR spectrum of 157 (CDCl5).

The dye molecule could now be installed. A mixtafd42 EDCI and HOBt were
stirred in dry DMF under argon. To this was addé&d in DMF followed by DIPEA.
After 18 hours, aqueous work-up was carried oudgisiodium hydroxide to remove
the excess ofil42 After extracting the poorly soluble product widxcess ethyl
acetate, the isolated solid was subjected to colahmomatography over silica gel
(eluting with 3:2 hexanel/ethyl acetate) to remowgurities of higher Rthan the
product. Due to the poor solubility of the prodaatusing significant smearing on the
silica, it was then removed from the column usititylkeacetate. This partially purified
product was finally triturated with DCM to remowveet final impurity, givingl64 as
bright-orange powder in 47% yield.

The *H-NMR spectrum ofl64 (see Figure 3.13) confirms the correct produce Th
dye peaks can be seen between 8.8 and 7.8 ppmiNHihgeaks are shifted further
downfield than they were ih63 and lie beyond the dye peaks. This could be due to
the use of DMSO instead of CDCIAgain, they can be distinguished from one
another by the coupling of one of the NH protonghe methylene bridge of the
glycine linker, giving a broad triplet at 9.08 ppand a doublet at 3.97 ppm. The
terminal alkyne peaks are visible as a set off#etts at 3.43 ppm, with the methylene
groups of the alkynes giving poorly resolved dotgol@round 4.7 ppm. In this case
there appears to be no inequivalence between titenm on the alkynes adjacent to

the functionalised ring.
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Figure 3.13; *H-NMR spectrum of 164 (DMSO-d6).

This final route therefore successfully gave aahléd fluorescent scaffold to
synthesise a bi-functional glycoconjugate. Compaoltiwas subsequently passed on
to the research group of Sebastien Vidal to und#érgdinal conjugation reactions to

the sugar149 using CuUAAC chemistry.

3.4 Conclusions and further work

In this chapter, a suitable synthetic route to furwtional calixarene, with a
fluorescent dye on the upper rim and alkynes fgasattachment on the lower rim,
was developed. This synthesis allows for the difieagion of the scaffold; different
dyes could be conjugated to the upper rih®%, whilst different azide-functionalised
sugars could be conjugated to the lower rim. Aosetompounds could potentially be
synthesised with different fluorescence wavelengtbsociated with different sugar
conjugates to allow visualisation of multiple sugganding targets.

The utility of protecting the alkynes with TBDMS ayps was demonstrated in
their ability to improve the purity of products abted in key transformations and,
more importantly, to allow Boc-deprotection to barreed out on the upper rim
without significantly degrading the product. Thadpng with the results obtained in
Chapter 2, demonstrates that silylation of proplaaglgers has general utility in the
synthesis of functionalised calixarenes.

An optimised procedure for the conjugation of tlugas moieties remains to be
found. As discussed in section 3.3.3.5, this waelguire investigation of a method
for deacetylation of the sugar-conjugate withoutmpoomising the dye-linked
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scaffold, or alternatively the conjugation of destzed sugars. Whilst the latter
method would circumvent the problem of degradatminthe molecule under
deacetylation conditions, the purification of thenpigate could prove to be
challenging. It can be expected that such a reaetmuld not be completely efficient
due to the aforementioned steric hindrance of tree conformer; although52 could
be successfully purified, an analogous purificatigrreversed-phase chromatography
would be more difficult to optimise.

Once the bifunctional scaffold has been succegstyihthesised in its deacetylated
state, the biological tests will be carried out drworkers of Sebastien Vidal in
Grenoble. This will allow confirmation of the bimdj to the conjugate to the free

lectins, followed by investigation of the bindingR. aeruginosa.

3.5 Experimental

5,11,17,23-Tetratert-butyl-25,26,27-tripropargyloxy-28-hydroxy-calix[4]arene
(143

p-tert-Butylcalix[4]arene2 (20.10 g, 31.02 mmol) was dissolved in DMF (300)mL
and heated to 30 °C. BaO (7.15 g, 46.78 mmol) aa@Bl)».8H,0 (33.83 g, 107.39
mmol) were added and the mixture stirred for 30smmPropargyl bromide (94.29 g,
80% w/w in toluene, 660 mmol) was added and theuréxstirred for 18 hrs. Water
(200 mL) and dilute HCI (200 mL) were added and ggheduct extracted with DCM
(3 x 100 mL), then washed with water (200 mL) amchdo (200 mL). After drying
over MgSQ, the solvent was removed under reduced pressuriicBtion by column
chromatography over silica gel (eluent: 2:1 DCM/Hies) gavel43 as light yellow
crystals (6.7 g, 28%Mp 155-157 °C;IR v 1120, 1193, 1238, 1259, 1299, 1361,
1391, 1477, 1582, 1594, 2125, 2860, 2900, 29501,32B86, 3539 cifi *H-NMR
(400 MHz, CDC}): 8 7.10 (s, 2 H, A), 7.05 (s, 2 H, Ai), 6.56 (s, 2 H, Ad), 6.52
(s, 2 H, AH), 5.60 (dJ =2 Hz, 2 H, OCHCCH), 6.62 (dJ =2 Hz, 4 H, OCHCCH),
4.60 (d,J = 13 Hz, 2 H, ArGi,Ar), 4.345 (d,J = 13 Hz, 2 H, Ar®l,Ar), 3.275 (d,J =
13 Hz, 2 H, ArG,Ar), 3.19 (d,J = 13 Hz, 2 H, ArGi,Ar), 2.48 (t,J = 2 Hz, 2 H,
OCH,CCH), 2.42 (tJ =2 Hz, 4 H, OEGI,CCH), 1.31 (s, 9 H, C(83)3), 1.30 (s, 9 H,
C(CHa)3), 0.82 (s, 18 H, C(83)3).
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5,11,17-Tritert-butyl-23-nitro-25,26,27-tripropargyloxy-28-hydroxy-
calix[4]arene (144)

Compoundl43(1.00 g, 1.31 mmol) was dissolved in DCM (5 mL)a&al acetic
acid (3 mL) was added, followed by 65% nitric a¢@5 mL), dropwise over 2
minutes. After stirring for 4 minutes, the reactias quenched with 4@ (20 mL).
The product was extracted into DCM (20 mL), washaith water (2 x 20 mL) and
dried (MgSQ). Removal of solvent under reduced pressure fatbly purification
by column chromatography over silica gel (eluenft PCM/hexane) gavd44 as
yellow crystals (0.43 g, 44%Mp 195-197 °C;IR v 1100, 1118, 1192, 1247, 1288,
1327, 1361, 1391, 1435, 1474, 1510, 1592, 28610,28864, 2960, 3301, 3315 &m
'H NMR (400 MHz, CDCJ): § 8.07 (s, 2 H, Ar), 7.14 (s, 2 H, Ar), 6.62 (d,J =2
Hz, 2 H, AH), 6.52 (dJ = 2 Hz, 2 H, AH), 5.00 (dJ = 2 Hz, 2 H, OEI,CCH), 4.73
(dd,J =16, 2 Hz, 2 H, OH,CCH), 4.59 (ddJ = 16, 2 Hz, 2 H, O8,CCH), 4.58 (d,

J =13 Hz, 2 H, Ar®i,Ar), 4.41 (d,J = 14 Hz, 2 H, Ar®i,Ar), 3.43 (d,J = 14 Hz, 2

H, ArCH,Ar), 3.245 (d,J = 13 Hz, 2 H, ArGlAr), 2.56 (t,J = 2 Hz, 2 H,
OCH,CCH), 2.49 (tJ =2 Hz, 4 H, OCHCCH), 1.33 (s, 9 H, C(83)3), 0.84 (s, 18 H,
C(CHs)3); *C NMR (100 MHz, CDC})): 6 159.9, 152.2, 151.0 147.2, 147.0, 139.6,
136.1, 133.0, 130.6, 129.7, 126.2, 125.9, 124.8,5.281.7, 79.3, 76.2, 74.8, 63.1,
60.2, 53.7, 34.4, 34.0, 32.7, 31.9, 31.8, 3HRMS (APCI) m/z: [M+H] Calcd for
CagHs4NOg 752.3946; Found 752.3942.

5,11,17-Tritert-butyl-23-nitro-25,26,27,28-tetrapropargyloxy-calif4]arene
(145)

Method A: To a stirred solution of propargyl alcbl{@57 uL, 2.66 mmol) in
toluene (20 mL) was added TPP (0.70 g, 2.66 mmidig¢ solution was cooled in an
ice bath and DIAD (0.53 mL, 2.66 mmol) was addedpdrise. After stirring for 10
minutes, 144 (1.00 g, 1.33 mmol) dissolved in minimum toluenaswadded. The
mixture was stirred for 16 hours at room tempertlihe solvent was removed under
reduced pressure and the product triturated witOMIg1,0, then filtered*H-NMR
showed no reaction.

Method B: To a stirred solution of propargyl alcbl{810 pul, 5.32 mmol) in
toluene (20 mL) was added TPP (1.4 g, 5.32 mmollpwed by DEAD (0.84 mL,
5.32 mmol), dropwise. After stirring for 10 minute$44 (1.00 g, 1.33 mmol)
dissolved in minimum toluene was added. The mixiwes stirred for 72 hours at

room temperature and then the solvent removed uneldguced pressure. After
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attempted trituration with MeOHA®, the product was extracted into DCM and the
solvent removed under reduced presstieNMR showed no reaction.

Calix[4]arene (146}°

To a mixture oftert-butyl calix[4]arene2 (100 g, 154.08 mmol) and phenol (65
mL, 739 mmol) in 1 L of toluene was added AIC112.72 g, 133.34 mmol) in small
portions. After stirring for 4 hours the mixture svaoured onto ice, mixed, then left to
separate. The organic layer was decanted fromuttiece, washed with water, and the
product extracted with DCM. Solvent was removedain@duced pressure and the
product precipitated from the residue with methanogive 146 as off-white powder
(51.78 g, 79%)Mp 295-297 °C;IR v 3150.5, 3093, 3058.5, 2931.5, 2867, 2769.5,
2706.5, 1608, 1594, 1466, 1463, 1448, 1446.5, B4NURB76, 1299, 1267.5, 1259.5,
1245, 1236, 1213.5, 1202, 1194, 1145.5, 1094, B0, 'H NMR (400 MHz,
CDCl); 10.18 (s, 4H, Ar®), 7.04 (d, 8HJ = 7.5 Hz, AH), 6.72 (t, 4HJ = 7.5 Hz,
ArH), 4.25 (br s, 4H Ar€,Ar), 3.53 (br s, 4H, ArEl,Ar).

25,26,27,28- Tetra-propargyloxy-calix[4]arene (1473

To a stirred solution of calix[4]arend46) (10.00 g, 47.12 mmol) in DMF (400
mL) was added NaH (9.05 g, 376.96 mmol). The me&atirred for 30 minutes before
addition of propargyl bromide (56.05 g, 80% w/wtoluene, 376.96 mmol). After
stirring for 72 hours, the solvent was removed uneeluced pressure. Dilute HCI
(200 mL) was added and the product extracted wiMO3 x 100 mL), then washed
with water (200 mL) and brine (200 mL). After drgiover MgSQ, the solvent was
removed under reduced pressure. Purification bynenlchromatography over silica
(eluent: 2:1 hexane/toluene) gal47 as fine white powder (10.00 g, 379%)p 156-
158 °C;IR v 3298.5, 3278, 3058, 3010, 2982, 2972, 2950.5, 22847, 2117, 1585,
1455.5, 1428.5, 1364, 1295.5, 1278, 1268.5, 1228]1,11198.5, 1184.5, 1178, 1156,
1088, 1076.5 cify *H NMR (300 MHz, CDC}): § 6.75-6.65 (m, 12H, Adl), 4.78 (d,
J=2Hz, 2H, OEGi,CCH), 4.63 (d,J = 14 Hz, 4H, Ar®,Ar), 3.23 (d,J = 14 Hz, 4H,
ArCH,Ar), 2.47 (t,J = 2 Hz, 2H, OCHCCH).

5-Nitro-25,26,27,28-tetra-propargyloxy-calix[4]arere (148)

To a stirred solution af47 (1.5 g, 2.60 mmol) in DCM (150 mL) was added 100%
nitric acid (1.5 mL) and 95% sulphuric acid (6 dshpThe solution was stirred for 1
hour before quenching with,B® (100 mL). The product was extracted with DCM (3 x
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50 mL) then washed with water (3 x 100 mL) and ér(h00 mL). After drying over
MgSQ, the solvent was removed under reduced pressuréhangroduct purified by
column chromatography over silica gel (eluent: RaM/hexane) to givd47(0.93 g,
60%) and 148 (0.19 g, 12%). Impure fractions were recrystallizédm
DCM/methanol to give furthet48 as off-white crystals (0.15 g, 9%)lp 157-159
°C; IR v 1159, 1197, 1208, 1258, 1264, 1303, 1344, 1436514521, 1588, 2125,
2862, 2930, 2987, 3036, 3071, 3274, 3303"ctH NMR (400 MHz, CDCY): § 7.38
(s, 2H, AH), 6.94-6.82 (m, 6H, Af), 6.50-6.43 (m, 3H, At), 4.85 (ddJ =16, 2 Hz,
2H, OH,CCH), 4.81 (d,J = 2 Hz, 2H, O®,CCH), 4.75 (ddJ = 16, 2 Hz, 2H,
OCH,CCH), 4.71 (dJ = 14 Hz, 2H, ArG1,Ar), 4.65 (d,J = 2 Hz, 2H, OE,CCH),
4.56 (d,J = 14 Hz, 2H, Ar®,Ar), 3.28 (d,J = 14 Hz, 2H, Ar®i,Ar), 3.24 (d,J = 14
Hz, 2H, ArCH2Ar), 2.50-2.49 (m, 4H, OCKCCH); *C NMR (100 MHz, CDC}) &
159.99, 155.34, 154.78, 143.42, 137.03, 136.34,9¥734134.56, 129.44, 128.56,
128.19, 123.97, 123.46, 123.30, 80.42, 80.10, 79/®107, 75.12, 75.07, 61.69,
61.25, 32.08, 31.764RMS (APCI) m/z: [M+H] Calcd for GoH3:NOg 622.2224;
Found 622.2225.

6-Chloro-5-0x0-5H-benzo[a]phenoxazine-9-carboxyliacid (142§°

A mixture of 2,3-dichloro-1,4-napthoquinone (2.27 0 mmol), 4-amino-3-
hydroxybenzoic acid (1.53 g, 10 mmol) and potassagetate (1.96 g, 20 mmol) were
suspended in methanol (20 mL) and heated to reflitk, stirring, for 24 hours. The
resulting orange-red suspension was cooled to reomperature, filtered and washed
with water. The crude product was washed with hethanol to givel42 as red
powder (2.14 g, 66%Mp >320 °C (decomp.)R v 3066, 1615.5, 1593, 1561, 1557,
1479, 1470.5, 1446.5, 1411, 1372.5, 1362, 130&@83,11235, 1224.5, 1201.5, 1194,
1163, 1144, 1099, 1080, 1046, 1020.5'¢cfH-NMR (400 MHz, 7:1 Tol-¢DMSO-
ds) 6 8.53 — 8.51 (m, 1H, Ad), 8.30 — 8.28 (m, 1H, At), 8.10 (ddJ = 8.0, 1.5 Hz,
1H, ArH), 8.08 (d,J = 1.5 Hz, 1H, AH), 7.65 (d,J = 8.0 Hz, 1H, AH), 7.45 — 7.38
(m, 2H, AH).

1-Azido-3,6-dioxaoct-8-yl-2’,3',4’,6'-tetra-O-acety- B-D-galactopyranoside
(149"

To a stirred solution of 2,3,4,6-tetra-O-acediyD-galactopyranoside (15 g, 38.43
mmol), AgCQCFR; (12.72 g, 57.58 mmol) and 2-[2-(2-chloroethoxypatyjethanol
(8.40 mL, 57.79 mmol) in dry DCM (300 mL) under angwas added SnCl4 (1 M in
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DCM, 115.2 mL, 115.2 mmol) dropwise over 30 minutgfier 90 minutes, saturated
ag. NaHCQ was added to adjust pH to >8, and the solutionstia®d for 12 hours.
The biphasic solution was diluted with water (1080) and product extracted with
DCM (3 x 450 mL). The combined organic layers weseshed with saturated ag.
NaHCG; (450 mL), water (3 x 450 mL) and brine (2 x 450)mAfter drying over
NaSQy, the solvent was removed under reduced pressure. yEllow oil was
dissolved in DMF (450 mL) before adding sodium az{d2.48 g, 192 mmol) and
BuNI (14.19 g, 38.42 mmol). The mixture was stirred7@°C under argon for 18 h
then cooled to RT, filtered, and the solid was vealstith EtOAc (3 x 400 mL). The
filtrate was diluted with EtOAc (800 mL) then washeith saturated ag. NaHG@3

x 900 mL), water (3 x 1000 mL), and brine (1000 mAfter drying over Ng&SO,, the
solvent was removed under reduced pressure ancesidue was purified by flash
column chromatography over silica gel (1:1 petrolezther/ethyl acetate) to giud9
as viscous, light-yellow oil (10.01 g, 52% yieldR v 2937, 2871, 2102, 1743.5,
1436.5, 1367.5, 1214, 1174.5, 1132, 1122, 10735,106843.5 crit; *H-NMR (300
MHz, CDCk) 6 5.38 (dd,J = 3.4, 1.0 Hz, 1H, 8), 5.21 (dd,J = 10.5, 7.9 Hz, 1H,
CH), 5.01 (ddJ = 10.5, 3.4 Hz, 1H, B), 4.57 (d,J = 7.9 Hz, 1H, &), 4.20 — 4.08
(m, 2H, Hy), 3.99 — 3.88 (m, 2H, &, OCH,), 3.79 — 3.64 (m, 9H, Od3), 3.39 (t,J

= 5.0 Hz, 2H, EGi;:N3), 2.14 (s, 3H, E3), 2.06 (s, 3H, E3), 2.04 (s, 3H, E3), 1.98
(s, 3H, GHs); *C-NMR (100 MHz, CDC}) 6 169.80, 169.74, 169.52, 168.92, 100.77,
70.43, 70.20, 70.17, 70.14, 69.89, 69.54, 68.554(0(6866.75, 60.92, 53.37, 50.18,
20.21, 20.11, 20.09, 20.02.

NRD appended tetra-propargyloxy-calix[4]arene (151)

A mixture of 148 (0.58 g, 0.93 mmol) and Sn&&@H,O (1.37 g, 6.05 mmol) was
heated to reflux in ethanol (60 mL) with stirringr 48 hours. Solvent was removed
under reduced pressure and DCM (50 mL) added. Adteshing with 10% NaOH
(100 mL), the product was extracted with DCM (3xrBL) and washed with water (2
x 100 mL) then brine (100 mL). After drying over B@,, the solvent was removed
under reduced pressure to give a brown glass, whizhverified by'*H NMR as the
intermediate amin&50 (0.35 g, 63%)'H-NMR (400 MHz, CDC}) § 6.82 — 6.67 (m,
9H, ArH), 6.12 (s, 2H, AH), 4.84 (d,J = 2 Hz, 2H, OEI,CCH), 4.81 (dJ = 2 Hz,
2H, OH,CCH), 4.81 (d,J = 2 Hz, 2H, OGI,CCH), 4.75 (d,J = 2 Hz, 2H,
OCH,CCH), 4.69 (dJ = 13 Hz, 2H, Ar®.Ar), 4.60 (d,J = 13 Hz, 2H, Ar®,Ar),
3.28 (d,J = 13 Hz, 2H, Ar®,Ar), 3.15 (d,J = 13 Hz, 2H, ArG,Ar), 2.50 — 2.49 (m,
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4H, OCHCCH). The crude amine was stirred witt¥2 (0.19 g, 0.59 mmol),
EDCIHCI (0.25 g, 1.30 mmol), HOBt hydrate (0.17 g, 1r8éhol) and NMM (0.26
mL, 2.42 mmol) in DMF (6 mL) for 18 hours. Water svadded and the precipitate
filtered. The solid was dissolved in ethyl acetate washed with water (200 mL) and
brine (200 mL). After drying over MgSQthe solvent was removed under reduced
pressure and the solid purified by column chromatplgy over silica gel (eluent:
DCM) to give 151 as a red solid (0.20 g, 37%lp 250 °C (decomp.)IR v 3440,
3288.5, 3258, 3061, 3014, 2991, 2920.5, 2878.5128%27, 2112, 1675.5, 1673,
1640.5, 1628.5, 1604, 1592.5, 1587, 1565, 15341.553474, 1459.5, 1455, 1440,
1424, 1413, 1358.5, 1331.5, 1302.5, 1282.5, 1253@84.5, 1212.5, 1203.5, 1191,
1160, 1144.5, 1127.5, 1089, 1078, 1043.5, 10108385 cnt; *H-NMR (400 MHz,
CDCl) & 8.75 — 8.73 (m, 1H, Adnrp), 8.37 — 8.35 (m, 1H, Mrp), 7.93 — 7.76 (m,
5H, ArHnrp), 7.56 (br s, 1H, ArMNl), 7.00 (br s, 2H, Af), 6.84 — 6.79 (m, 4H, At),
6.74 — 6.71 (m, 4H, At), 6.67 — 6.62 (m, 1H, Af), 4.82 (d,J = 2 Hz, 2H,
OCH,CCH), 4.82 (dJ = 2 Hz, 2H, OGi,CCH), 4.78 (dJ = 2 Hz, 2H, OE{,CCH),
4.77 (d,J = 2 Hz, 2H, OCGI,CCH), 4.68 (dJ = 13 Hz, 2H, Ar®,Ar), 4.64 (d,J = 13
Hz, 2H, ArCH.Ar), 3.27 (d,J = 13 Hz, 2H, ArG,Ar), 3.25 (d,J = 13 Hz, 2H,
ArCH,Ar), 2.50 — 2.48 (m, 4H, OC}ECH). **C-NMR (100 MHz, CDC}) 6 177.35,
163.23, 155.08, 155.01, 152.35, 147.35, 146.40,3B43137.96, 136.34, 135.48,
135.44, 135.02, 134.28, 132.73, 132.57, 131.15,989129.76, 128.52, 128.38,
128.34, 126.71, 125.05, 124.43, 123.52, 123.22,602015.24, 114.86, 80.44, 80.33,
75.10, 74.88, 74.84, 61.34, 61.27, 61.21, 32.108HRMS (APCI) m/z: [M+H]'
Calcd for G7H40CIN2O7 899.2519; Found 899.2533.

NRD appended 25,26,27,28-Tetra-{1'-[(2"",3"",4"",6"'-tetra-O-acetyl- p-D-
galactopyranosyloxy)-3”,6"-dioxaoct-8"-yl]-1',2’,3’ -triazol-4’-yImethyleneoxy}-
calix[4]arene (152)

A mixture 0f149 (169 mg, 333.9amol), 151 (50 mg, 55.6umol), CuSQ (0.1 M
in water, 278uL, 27.83umol) and sodium ascorbate (17 mg, 8340l) in DMF (3
mL) was stirred at room temperature under argor24onours. Furthet49(28.17 mg,
55.66umol), CuSQ (0.1 M in water, 278L, 27.83umol) and sodium ascorbate (17
mg, 83.49umol) was added and stirring continued for 24 houtier removing
solvent under reduced pressure, the product waBeguby column chromatography
over silica gel (eluent: 1:1 petroleum ether/ethgétate, ethyl acetate and 19:1 ethyl
acetate/methanol) to givils2 as dark-orange solid (0.16 mg, 44%p 68-70 °C;IR
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v 2920.5, 2871.5, 1790, 1651, 1595.5, 1565.5, 1541460, 1435, 1367, 1301.5,
1218.5, 1176.5, 1134, 1045, 1018.55rtH-NMR (300 MHz, CDC}) § 8.75 — 8.72
(m, 1H, AHnrp), 8.37 — 8.34 (m, 1H, Adnro), 8.14 (s, 1H, W), 7.96 — 7.75 (m, 9H,
ArHnrp and AHtiiazod, 7.08 (s, 1H, AiH), 7.04 (s, 1H, AH), 6.70 — 6.52 (m, 9H,
ArH), 5.38 — 5.36 (m, 4H, @), 5.21 — 5.14 (m, 8H, i€ and O®4,C), 5.06 — 4.99 (m,
8H, CH and OQ®.C), 4.57 — 4.52 (m, 12H, K€ and CHN), 4.22 — 4.07 (m, 12H,
ArCH,Ar and (H,0OAc), 3.96 — 3.84 (m, 16H,KCand OQ®,), 3.72 — 3.55 (m, 28H,
OCH,), 2.97 (d,J = 13 Hz, 4H, ArG,Ar), 2.12 — 1.96 (m, 48H, Ig3); **C-NMR (75
MHz, CDCk) & 177.44, 170.46, 170.43, 170.29, 170.18, 169.64,.506 163.13,
155.12, 154.75, 152.13, 147.52, 146.70, 143.97,5B43138.05, 136.51, 135.86,
135.02, 134.62, 134.47, 132.80, 132.47, 131.37,0030128.42, 128.29, 128.15,
126.79, 125.16, 124.66, 122.88, 120.54, 115.25,1918.01.38, 70.92, 70.67, 70.52,
70.20, 69.58, 69.15, 68.84, 67.09, 66.84, 61.281%031.95, 31.44, 29.72, 29.39,
22.72, 20.85, 20.74, 20.72, 20.6ESI-MS m\z: [M+2H]* 1461.5, [M+2Na&]"
1483.5, [M] 2921.8, [M+Na] 2943.8.

NRD appended 25,26,27,28-Tetra-{1'-f{-D-galactopyranosyloxy)-3",6"-
dioxaoct-8"-yl]-1',2",3'-triazol-4’-ylmethyleneoxy} -calix[4]arene (153)

Compound 152 (62 mg, 21.22umol) was stirred in a mixture of 1:2:1
EtsN/methanol/water (2.2 mL) under argon for 42 hodingn the solvent removed
under reduced pressure. Attempted purification bgversed-phase column

chromatography over C18 failed to give the desmexdiuct.

5,11,17,23-Tetratert-butyl-25,26,27,28-tetra-propargyloxy-calix[4]arene
(154%*

To a stirred suspension tdrt-butyl-calix[4]arene2 (8 g, 12.33 mmol) in DMF
(160 mL) was added NaH (2.35 g, 97.92 mmol) andntirdure stirred for 1 hour.
Propargyl bromide (8.74 mL, 80% wi/w in toluene,12lmmol) was added and the
reaction stirred for 48 hours. Water was added thedprecipitate filtered, washed
with water twice and air dried to givib4 as light brown powder (5.55 g, 53%Wjp
204-206 °C;IR v 3309.5, 3283, 2965.5, 2951, 2921, 2906, 2861.52,18583.5,
1478.5, 1474, 1438, 1434.5, 1414.5, 1392.5, 136R299.5, 1273.5, 1261, 1237,
1192, 1121.5, 1107, 1019.5, 1009, 1003'ct-NMR (400 MHz, CDC}) § 6.79 (s,
8H, ArH), 4.80 (d,J = 2 Hz, 8H, OEI,CCH), 4.61 (d,J = 13 Hz, 4H, ArE,Ar), 3.17
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(d, J = 13 Hz, 4H, ArGhAr), 2.47 (t,J = 2 Hz, 4H, OCHCCH), 1.08 (s, 36H,
C(CH)a).

5,11,17-Tetratert-butyl-23-nitro-25,26,27,28-tetra-propargyloxy-calk[4]arene
(145)

To a stirred solution 0154 (1.00 g, 1.125 mmol) in DCM (72 mL) was added
glacial acetic acid (1.84 mL) and 100% HNQL.04 mL). After stirring for 30
minutes, the reaction was quenched with water (k). fhhe product was extracted
with DCM (3 x 50 mL), washed with water (3 x 200 jrand brine (200 mL). After
drying over MgSQ, the solvent was removed under reduced pressuaréharresidue
purified by column chromatography over silica geluént: 8-10% ethyl acetate in
hexane) to give recoverdd4 (0.4 g, 40%) as white powder ahd5 (0.26 g, 26%) as
a light yellow solid.Mp 87-89 °C;IR v 3296, 3156, 2961, 2934, 2874, 1731, 1669.5,
1609.5, 1583.5, 1518.5, 1478, 1463, 1437.5, 139861.5, 1341.5, 1308.5, 1261,
1231.5, 1194.5, 1162, 1117.5, 1089, 1043, 1002; ¢h-NMR (400 MHz, CDC}) &
7.37 (s, 2H, AH), 7.12 (d,J = 2 Hz, 2H, AH), 7.08 (d,J = 2 Hz, 2H, AH), 6.31 (s,
2H, ArH), 4.98 (dd,J = 16, 2 Hz, 2H, O8,CCH), 4.83 (ddJ = 16, 2 Hz, 2H,
OCH,CCH), 4.75 (dJ = 13 Hz, 2H, ArG1,Ar), 4.73 (d,J = 2 Hz, 2H, OE,CCH),
4.56 (d,J = 2 Hz, 2H, O®I,CCH), 4.51 (d,J = 13 Hz, 2H, ArG&i,Ar), 3.23 (d,J = 13
Hz, 2H, ArCH,Ar), 3.20 (d,J = 13 Hz, 2H, Ar®lAr), 2.50 (t,J = 2 Hz, 2H,
OCH,CCH), 2.50 (t,J = 2 Hz, 1H, OCHCCH), 2.47 (t,J = 2 Hz, 1H, OCHCCH),
1.32 (s, 18H, C(Ch)3), 0.69 (s, 9H, C(CHs). *C-NMR (100 MHz, CDC}) &
159.46, 153.05, 152.11, 146.81, 145.86, 143.39,3P36136.21, 134.74, 132.63,
126.68, 125.20, 124.80, 123.17, 81.28, 80.24, 798294, 74.87, 74.72, 62.09,
61.95, 60.73, 34.32, 33.44, 32.47, 32.12, 31.67]B®IRMS (APCI) m/z: [M+H]'
Cled for GHsgNOg 790.4102; Found 790.4110.

5,11,17-Tetratert-butyl-23-BocGly-25,26,27,28-tetra-propargyloxy-
calix[4]arene (156)

A mixture of 145 (1.02 g, 1.29 mmol) and SrifdH,O (2.91 g, 12.9 mmol) in
ethanol (70 mL) was heated to reflux for 18 hodilse solvent was removed under
reduced pressure and the residue stirred with 1@@HN(100 mL) for 5 minutes. The
product was extracted with DCM (3 x 100 mL) thersthved with water (200 mL) and
brine (200 mL). After drying over MgSQthe solvent was removed under reduced
pressure to give the crude intermediate anmbeas a yellow solid (crude yield: 0.81
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g, 83%)."H NMR (400 MHz, CDC}) § 7.02 (d,J = 2.5 Hz, 2H, AH), 6.94 (dJ= 2.5
Hz, 2H, AH), 6.42 (s, 2H, AH), 5.83 (s, 2H, Ad), 4.88 (d,J = 2 Hz, 4H,
OCH,CCH), 4.63 (dJ = 2 Hz, 2H, OE1,CCH), 4.62 (dJ = 12.9 Hz, 2H), 4.58 (d]

= 2 Hz, 2H, O®i,CCH), 4.54 (dJ = 13 Hz, 2H, Ar®,Ar), 3.18 (d,J = 13 Hz, 2H,
ArCH,Ar), 3.05 (d,J = 13 Hz, 2H, ArG&,Ar), 2.47 (t,J = 2 Hz, 1H, OCHCCH), 2.46
(t, J = 2 Hz, 2H, OCHCCH), 2.42 (t,J = 2 Hz, 1H, OCHCCH), 1.26 (s, 18H,
C(CHg)3), 0.86 (s, 9H, C(CH)3). A mixture of BocGly (0.70 g, 4.01 mmol),
EDCIHCI (0.85 g, 4.42 mmol) and HOBt hydrate (0.60 gi24mmol) were stirred
under argon in dry DMF (20 mL). To this was addéb in dry DMF (1 mL) and
DIPEA (1.44 mL, 8.24 mmol). The mixture was stirfed 24 hours and the solvent
removed under reduced pressure. The residue wasabekd in DCM (100 mL) and
washed with 10% NaOH (100 mL), water (100 mL) theine (100 mL). After drying
over MgSQ, the solvent was removed under reduced pressdréhanresidue purified
by column chromatography over silica gel (eluen%% ethyl acetate in DCM) to
give 156 as a light yellow solid (1.18 g, 1.29 mmaWp 106-108 °C;IR v 3405.5,
3290, 2954.5, 2931.5, 2906, 2866, 1685.5, 16033391 1505.5, 1476.5, 1437,
1417.5, 1392, 1363.5, 1285, 1274.5, 1251.5, 1241193.5, 1166, 1132.5, 1116,
1054, 1014 cit; *H-NMR (400 MHz, CDC}) & 7.23 (s, 1H, ArMi), 7.02 (s, 2H,
ArH), 6.97 (s, 2H, AH), 6.65 (s, 2H, Ad), 6.39 (s, 2H, AH), 4.99 (s, 1H, CbENH),
4.90 (ddJ = 16, 2 Hz, 2H, O8,CCH), 4.84 (ddJ = 16, 2 Hz, 2H, OB,CCH), 4.63
—4.57 (m, 8H, OB,CCH and ArC,Ar), 3.72 (d,J = 6 Hz, 2H, Gi,NH), 3.18 (d,J

= 13 Hz, 2H, Ar®Ar), 3.15 (d,J = 13 Hz, 2H, Ar®Ar), 2.49 — 2.47 (m, 3H,
OCH,CCH), 2.43 (t,J = 2 Hz, 1H, OCHCCH), 1.45 (s, 9H, CE@C(CHg)3), 1.26 (s,
18H, C(CH)3), 0.81 (s, 9H, C(CHs); *C-NMR (100 MHz, CDC}) & 166.70,
156.29, 153.10, 152.44, 151.38, 146.08, 145.31,7435135.26, 135.07, 133.37,
132.33, 125.90, 125.27, 124.85, 119.40, 81.45,33086.51, 80.38, 74.90, 74.66,
74.47, 61.79, 61.54, 60.84, 45.41, 34.18, 33.68443232.25, 31.67, 31.02, 28.41,
HRMS (NSI) m/z: [M+NHy]* Calcd for GoH72N307 934.5365; Found 934.5352.

5,11,17-Tetratert-butyl-23-Gly-25,26,27,28-tetra-propargyloxy-calixf{]arene
(157)

To a stirred solution af56 (1.06 g, 1.16 mmol) in DCM (8 mL) was added TFA (4
mL). After stirring for 40 minutes, the solution svdiluted with DCM (50 mL), then
water (50 mL) was added followed by sufficient sated NaHCQ@to adjust to pH >
7. After mixing thoroughly the emulsion separated ¢he product was extracted with
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DCM (3 x 50 mL) and washed with brine (100 mL). é&ftdrying over MgSQ the
solvent was removed under reduced pressure toagivarange-brown solid that was

revealed byH NMR to be a complex mixture of products.

5,11,17-Tritert-butyl-23-nitro-25,26,27,28-tetra-fert-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (158)

A solution 0f145(2.88 g, 3.65 mmol) in THF (25 mL) was cooled 8 °C. To
this was added 1 M LIHMDS in THF (21.9 mL, 21.9 mjnfollowed by TBDMSCI
(3.30 g, 21.9 mmol) in minimum THF. The mixture wakwed to warm to room
temperature and stirred for 24 hours before quagchvith saturated ammonium
chloride (100 mL). Water (200 mL) was added to tgiland the product extracted
with DCM (3 x 100 mL) then washed with brine (20Q)mAfter drying over MgSQ,
the solvent was removed under reduced pressurevéosticky dark-orange oif-H-
NMR showed loss of the terminal alkyne triplet Butomplex mixture of products.

5,11,17,23-Tetratert-butyl-25,26,27,28-tetra-fert-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (159)

A solution 0f154(10.00 g, 12.48 mmol) in THF (87 mL) was cooled&6 °C. To
this was added 1 M LIHMDS in THF (54.91 mL, 54.91mpol) followed by
TBDMSCI (11.29 g, 74.88 mmol) in minimum THF. Thaxture was allowed to
warm to room temperature and stirred for 18 ho@f®rie quenching with saturated
ammonium chloride (150 mL). The product was ex@datith ethyl acetate (3 x 150
mL), washed with dilute HCI (200 mL) and brine (2@8L). After drying over
MgSQO, the solvent was removed under reduced pressdréharproduct precipitated
from the residue with methanol to gii®9 as light brown powder (13.87 g, 88%).
Mp 219-221 °CjR v 2953, 2928.5, 2902, 2856.5, 2855, 2176, 1603, 15880.5,
1471, 1462.5, 1411.5, 1391, 1361.5, 1314.5, 13AR80, 1247.5, 1197, 1121, 1106,
1097, 1040.5 cift 'H-NMR (400 MHz, CDCY) & 6.75 (s, 8H, Arl), 4.82 (s, 8H,
OCH,), 4.52 (d,J = 13 Hz, 4H, Ar®,Ar), 3.11 (d,J = 13 Hz, 4H, Ar®i,Ar), 1.06 (s,
36H, C(MH3)3), 0.88 (s, 36H, SiC(B3)3), 0.08 (s, 24H, SiBs); *C-NMR (100 MHz,
CDCl) 6 152.09, 145.28, 134.79, 124.87, 103.58, 89.53%133.99, 32.75, 31.57,
26.30, 16.61, -4.43IALDI-TOF m/z: [M+Na] 1281.40.
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5,11,17-Tritert-butyl-23-nitro-25,26,27,28-tetra-fert-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (158)

To a stirred solution ofl59 (1.57 g, 1.25 mmol) in DCM (72 mL) was added
glacial acetic acid (1.85 mL) and 100% nitric agidd4 mL). The solution was stirred
for 1 hour before quenching with water (100 mL).eTproduct was extracted with
DCM (3 x 50 mL), washed with water (3 x 200 mL) arthe (200 mL). After drying
over MgSQ, the solvent was removed under reduced pressulettan product
purified by column chromatography over silica gduént: 4:1 then 2:1 hexane/DCM)
to give recovered59(1.10 g, 70%) as white powder ah88 (0.45 g, 29%) as a light
yellow solid. Mp 200-202 °C;IR v 2953, 2928, 2898.5, 2885, 2856.5, 2181, 1585,
1521.5, 1481, 1470.5, 1462, 1411.5, 1390.5, 1361381, 1312.5, 1278.5, 1256,
1249, 1205, 1195, 1158, 1116.5, 1085.5, 1035;citH-NMR (400 MHz, CDC}) &
7.37 (s, 2H, AH), 7.04 (dJ = 2 Hz, 2H, AH), 6.98 (d,J = 2 Hz, 2H, AH), 6.35 (s,
2H, ArH), 4.94 (s, 2H, 08,), 4.92 (s, 2H, 08,), 4.78 (s, 2H, 08,), 4.66 (d,J =
13 Hz, 2H, ArGH,Ar), 4.58 (s, 2H, OBl,), 4.44 (d,J = 13 Hz, 2H, ArCGi,Ar), 3.18
(d, J = 13 Hz, 2H, ArC®iAr), 3.16 (d,J = 13.3 Hz, 2H, ArEl,Ar), 1.28 (s, 18H,
C(CHa)3), 0.92 (s, 9H, SiC(83)3), 0.86 (s, 9H, SiC(H3)3), 0.85 (s, 18H, SiC(83)3),
0.73 (s, 9H, C(B3)3), 0.12 (s, 6H, Sid3), 0.07 (s, 6H, Si€3), 0.06 (s, 12H, Sids);
3C.NMR (100 MHz, CDC}) & 159.61, 152.12, 152.02, 146.36, 145.71, 143.27,
136.68, 136.36, 135.02, 133.08, 126.30, 124.88,7824123.08, 103.17, 102.70,
101.14, 91.45, 90.07, 89.95, 62.62, 62.53, 60.47263 33.52, 32.68, 32.33, 31.71,
30.87, 26.23, 26.21, 26.10, 16.58, 16.55, 16.4%1;4-4.61; MALDI-TOF m/z:
[M+Na]* 1270.37, [M+K] 1286.33.

5,11,17-Tritert-butyl-23-amino-25,26,27,28-tetratert-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (160)

A mixture of 158 (7.81 g, 6.26 mmol) and SrnfdH,O (14.12 g, 62.60 mmol) in
ethanol (330 mL) were heated to reflux for 24 hoilifge solvent was removed under
reduced pressure and the residue stirred with 1@@HNfor 5 minutes. The product
was extracted with DCM (3 x 100 mL) then washedhwitater (2 x 200 mL) and
brine (200 mL). After drying over MgSQthe solvent was removed under reduced
pressure to givé60as a light yellow solid (6.07 g, 80%lp 95-97 °C;IR v 2952.5,
2927.5, 2899.5, 2885, 2855, 2176.5, 1741, 16155.560589, 1479.5, 1471, 1463,
1411.5, 1390.5, 1361.5, 1317.5, 1303.5, 1281.58.524.194.5, 1137.5, 1116, 1028,
1005 cni; *H-NMR (400 MHz, CDC}) § 6.96 (d,J = 2.5 Hz, 2H, AH), 6.88 (d,J =
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2.5 Hz, 2H, AH), 6.41 (s, 2H, AH), 5.82 (s, 2H; AH), 4.93 (d,J = 1.5 Hz, 4H,
OCHy), 4.64 (s, 2H, 08,), 4.55 (s, 2H, O8)), 4.54 (d,J = 13 Hz, 2H, ArE,Ar),
4.45 (d,J = 13 Hz, 2H, Ar®l,Ar), 3.13 (d,J = 13 Hz, 2H, ArG,Ar), 3.00 (d,J = 13
Hz, 2H, ArCHAr), 2.87 (s, 2H, M), 1.24 (s, 18H, C(Hs)s), 0.93 (s, 9H,
SiC(CHa3)3), 0.92 (s, 9H, SiC(B3)s), 0.85 (s, 9H, C(El3)3), 0.85 (s, 18H, SiC(85)s),
0.11 (s, 6H, SiBls), 0.11 (s, 6H, Sifls), 0.04 (s, 12H, SiBs); **C-NMR (100 MHz,
CDCly) & 152.27, 152.25, 147.90, 145.36, 144.92, 140.96,443 135.90, 135.05,
133.61, 125.34, 124.85, 124.72, 114.86, 103.66,410303.14, 89.56, 89.52, 89.20,
62.47, 62.33, 60.51, 34.14, 33.75, 32.57, 32.54773131.71, 31.14, 26.27, 26.26,
26.24, 16.59, 16.58, 16.55, -4.45, -4.48, -4MBLDI-TOF m/z: [M+Na]" 1239.97,
[M+K] * 1255.95.

5,11,17-Tritert-butyl-23-BocGly-25,26,27,28-tetratfrt-butyl(dimethyl)silyl]-
propargyloxy-calix[4]arene (161)

A mixture of Boc-glycine (1.71 g, 9.78 mmol), EDC1.87 g, 9.78 mmol) and
HOBLt (1.32 g, 9.78 mmol) was stirred in DMF (10 miyder argon for 5 minutes. To
this was added a solution ©60 (5.95 g, 4.89 mmol) in DMF (40 mL) and DIPEA
(3.41 mL, 19.56 mmol). The mixture was stirred 2 hours, the solvent removed
under reduced pressure and water (200 mL) addesl .pfdduct was extracted with
DCM (3 x 100 mL), washed with water (2 x 200 mL)dabrine (200 mL). After
drying over MgSQ, the solvent was removed under reduced pressudréharproduct
purified by column chromatography over silica gauént: 19:1 DCM/ethyl acetate)
to give 161 as a yellow solidMp 114-116 °C;IR v 2952.5, 2927, 2898.5, 2855.5,
2173, 2160.5, 1731, 1701, 1698, 1685.5, 1680, 560558, 1539, 1504, 1478, 1470,
1462.5, 1420, 1417.5, 1390.5, 1361.5, 1314.5, 12848.5, 1210, 1194, 1169,
1132.5, 1115.5, 1028 ¢m*H NMR (400 MHz, CDC}) § 7.17 (s, 1H, ArM), 6.95
(s, 2H, ArH), 6.91 (s, 2H, AH), 6.63 (s, 2H, AH), 6.39 (s, 2H, AH), 5.01 (s, 1H,
CHyNH), 4.91 (s, 4H, 08,), 4.65 (s, 2H, 08,), 4.62 (s, 2H, 08,), 4.52 (dJ =13
Hz, 2H, ArCHAr), 4.51 (d,J = 13 Hz, 2H, Ar®,Ar), 3.73 (d,J = 6 Hz, 2H,
CH,NH), 3.13 (d,J = 13 Hz, 2H, ArGi,Ar), 3.10 (d,J = 13 Hz, 2H, ArG,Ar), 1.45
(s, 9H, NHCQC(CH3)3), 1.23 (s, 18H, C(H3)3), 0.91 (s, 18H, SiC(83)3), 0.85 (s,
18H, SiC(MHs)3), 0.82 (s, 9H, C(83)3), 0.11 (s, 6H, Sifs), 0.10 (s, 6H, Sif3),
0.05 (s, 12H, Sifl3); *C NMR (100 MHz, CDC}) & 166.45, 156.08, 152.09, 152.07,
151.43, 145.51, 144.84, 136.10, 135.32, 133.56,8831125.42, 124.78, 124.55,
119.38, 103.32, 102.90, 102.67, 89.70, 89.56, 8062116, 60.53, 60.40, 45.25,
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34.01, 33.55, 32.44, 32.33, 31.60, 30.95, 28.301®626.09, 16.45, 16.41, -4.64;
MALDI-TOF m/z: [M+Na]' 1397.63, [M+K] 1413.49.

NRD appended tetra-fert-butyl(dimethyl)silyl]propargyloxy-calix[4]arene
(163)

Through a stirred solution af61 (0.15 g, 0.11 mmol) in DCM (10 mL) was
bubbled HC}, for 1.5 hours, at which point no more starting enial could be seen
by TLC (19:1 DCM/ethyl acetate). Water (10 mL) waded then the pH adjusted to
above 7 with saturated NaHGO'he product was extracted with DCM (3 x 50 mL)
and washed with brine (100 mL). After drying oveg®0, the solvent was removed
under reduced pressure to give the intermediateeb8i2 as a colourless glass (crude
yield 0.11 g, 82%). To a solution of this in dry BPM1 mL) was added42 (0.085 g,
0.25 mmol), EDCHCI (0.10 g, 0.52 mmol), HOBt hydrate (0.11 g, Origol) and
DIPEA (0.059 mL, 0.34 mmol). The mixture was strrender argon for 18 hours.
Water (50 mL) was added and the product extracidd MCM (3 x 50 mL), washed
with 10% NaOH (50 mL), dilute HCI (50 mL) and briE00 mL). After drying over
MgSQ,, the solvent was removed under reduced pressdréhanproduct purified by
column chromatography over silica gel (eluent: 95®M/ethyl acetate) to giv63
as a red solid (0.07 g, 51%ylp 275-277 °C;IR v 3347, 2953, 2927.5, 2898.5,
2855.5, 2176.5, 1694, 1658, 1650, 1633.5, 1596655, 1537.5, 1510.5, 1478,
1470.5, 1462, 1435, 1418, 1390, 1361.5, 1301, 5278248.5, 1222.5, 1206.5,
1193.5, 1159.5, 1135.5, 1128, 1115.5, 1028, 10204 5 cni; *H-NMR (400 MHz,
CDCls) 6 8.76 — 8.74 (m, 1H, Adnrp), 8.38 — 8.36 (m, 1H, Adnrp), 7.93 — 7.91 (m,
2H, ArHnrp), 7.85 — 7.78 (m, 3H, Adnrp), 7.19 (t,J = 4.5 Hz, 1H, CENH), 7.07 (s,
1H, ArNH), 6.99 (d,J = 2 Hz, 2H, AH), 6.95 (d,J = 2 Hz, 2H, AH), 6.68 (s, 2H,
ArH), 6.36 (s, 2H, A), 4.94 (s, 4H, 08,), 4.63 (s, 2H, 08,), 4.62 (s, 2H, 08)),
4.55 (d,J = 13 Hz, 2H, ArGi,Ar), 4.51 (d,J = 13 Hz, 2H, ArGi,Ar), 4.09 (d,J = 4.5
Hz, 2H, H;NH), 3.14 (d,J = 13 Hz, 2H, ArGiAr), 3.12 (d,J = 13 Hz, 2H,
ArCHAr), 1.27 (s, 18H, C(B3)s3), 0.92 (s, 18H, SiC(B3)3), 0.85 (s, 18H,
SiC(CHa)3), 0.78 (s, 9H, C(H3)3), 0.11 (s, 6H, Si€3), 0.11 (s, 6H, Si€3), 0.05 (s,
12H, SitHs); **C-NMR (100 MHz, CDC}) § 177.38, 165.87, 165.66, 152.22, 152.18,
151.69, 147.83, 146.62, 145.70, 144.84, 143.65,4P36136.11, 135.52, 134.81,
133.58, 132.85, 132.17, 131.43, 130.09, 130.02,8926125.63, 125.31, 124.91,
124.66, 124.32, 119.21, 115.67, 115.51, 103.40,950202.66, 89.92, 89.78, 89.74,
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62.49, 62.38, 60.57, 44.80, 34.16, 33.63, 32.6243231.72, 31.06, 26.25, 26.21,
16.56, 16.54, -4.48, -4.5MALDI-TOF m/z: [M+Na] 1605.92, [M+K] 1621.92.

NRD appended tetra-propargyloxy-calix[4]arene (164)

To a stirred solution af63(0.04 g, 0.025 mmol) in THF (0.25 mL) was added 1
TBAF in THF (1 mL, 1 mmol). The solution was stuolréor 18 hours then quenched
with saturated ammonium chloride (10 mL). The priduvas extracted with DCM (3
x 20 mL), then washed with water (50 mL) and br{B® mL). After drying over
MgSQ, the solvent was removed under reduced pressuteéhenresidue triturated
with hexane to precipitate the product. This wésred, washed with hexane and air
dried to give a dark red-brown powdéH-NMR showed a complex mixture of

products.

5,11,17-Tritert-butyl-23-Gly-25,26,27,28-tetra-propargyloxy-calixfljarene
(157)

Through a stirred solution af62 (1.00 g, 0.73 mmol) in DCM (20 mL) was
bubbled HC}, for 3 hours, at which point no more starting matezould be seen by
TLC (19:1 DCM/ethyl acetate). Solvent was removedar reduced pressure to give
the hydrochloride salt of the intermediate amit&? as an off-white solid (crude
yield: 0.91 g, 95%)'H-NMR (400 MHz, CDC}) 6 6.92 (s, 2H, AH), 6.89 (s, 2H,
ArH), 6.87 (s, 2H, Ad), 6.49 (s, 2H, Ad), 4.91 — 4.82 (m, 4H, O&,), 4.72 (s, 2H,
OCH,), 4.65 (s, 2H, O8,), 4.52 (d,J = 13 Hz, 2H, ArGi,Ar), 4.50 (d,J = 13 Hz,
2H, ArCH,Ar), 3.82 (s, 2H, EI;NH), 3.13 (d,J = 13 Hz, 2H, Ar®,Ar), 3.10 (d,J =
13 Hz, 2H, ArGH,Ar), 1.18 (s, 18H, C(B3)3), 0.92 (s, 9H, C(B3)3), 0.90 (s, 9H,
C(CHag)3), 0.86 (s, 27H, C(B3)3), 0.10 (s, 6H, Si€3), 0.09 (s, 6H, Sid3), 0.06 (s,
12H, SiCHg3). To this was added 1 M TBAF in THF (27.6 mL, &/mmol) and the
solution stirred for 18 hours. The reaction wasngied with saturated ammonium
chloride solution (50 mL), diluted with water (16€L) and the product extracted with
DCM (3 x 50 mL) then washed with water (100 mL) dmihe (100 mL). After drying
over MgSQ, the solvent was removed under reduced pressuletla residue
triturated with hexane to precipitate the produdtis was filtered and washed with
hexane to givd57 as white powder (0.44 g, 78%)p 115-117 °CJR v 3293, 2953,
2926, 2906, 2862.5, 2113, 1682, 1604, 1526, 14485,11415, 1392.5, 1361.5,
1300.5, 1273, 1260.5, 1238, 1194, 1135.5, 11183511014 cnt; *H-NMR (400
MHz, CDCk) & 8.70 (s, 1H, ArMi), 7.01 (d,J = 2 Hz, 2H, AH), 6.99 (d,J = 2 Hz,
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2H, ArH), 6.75 (s, 2H, AH), 6.41 (s, 2H, AH), 4.90 (dd,J = 16.5, 2.5 Hz, 2H,
OCH,CCH), 4.85 (ddJ = 16.5, 2.5 Hz, 2H, OB,CCH), 4.64 (dJ = 2.5 Hz, 2H,
OCH,CCH), 4.63 (dJ = 2.5 Hz, 2H, O@,CCH), 4.62 (d,] = 13 Hz, 2H, ArGi,Ar),
4.60 (d,J = 13 Hz, 2H, ArG,Ar), 3.26 (s, 2H, E,NH,), 3.18 (d,J = 13 Hz, 2H,
ArCH,Ar), 3.17 (d,J = 13 Hz, 2H, ArG,Ar), 2.48 (t,J = 2.5 Hz, 1H, OCKCCH),
2.47 (t,J = 2.5 Hz, 2H, OCKLCCH), 2.42 (t,J = 2.5 Hz, 1H, OCKCCH), 1.26 (s,
18H, C((H3)3), 0.82 (s, 9H, C(B3)3); *C-NMR (100 MHz, CDCH) & 169.60,
153.04, 152.40, 150.99, 146.01, 145.18, 135.66,1535135.00, 133.32, 132.59,
125.77, 125.34, 124.81, 118.90, 81.44, 80.59, 8074180, 74.65, 74.44, 61.75,
61.51, 60.75, 44.93, 34.15, 33.62, 32.37, 32.23643131.03;HRMS (NSI) m/z:
[M+H] * Calcd for G4HgiN2Os 817.4575; Found 817.4565.

NRD appended tetra-propargyloxy-calix[4]arene (164)

A mixture 0f142(0.28 g, 0.86 mmol), EDEHCI (0.16 g, 0.86 mmol) and HOBT
(0.12 g, 0.86 mmol) was stirred in DMF (1 mL) fod ininutes before adding57
(0.39 g, 0.43 mmol) in DMF (3.5 mL). DIPEA (0.30 ;mL.72 mmol) was added and
the mixture stirred for 18 hours. The suspensios waxed with 10% NaOH (200
mL) and the product extracted with ethyl acetatex (300 mL), washed with water
(300 mL) and brine (300 mL). After drying over Mggs@he solvent was removed
under reduced pressure and the crude product $edjéx column chromatography
over silica gel (eluent: 3:2 hexane/ethyl acetdtentethyl acetate). The isolated
product was triturated with DCM, filtered and amedl to givel64 as bright orange
powder (0.23 g, 47%Mp 223-225 °CJR v 3338, 3321, 3311, 3282.5, 3266, 3260.5,
2966, 2951.5, 2920.5, 2909, 2863, 2113, 1686.51.563628.5, 1607.5, 1593, 1563,
1556, 1537.5, 1519.5, 1474.5, 1435.5, 1418, 138835, 1300, 1278, 1253.5,
1237.5, 1213, 1193, 1157.5, 1141.5, 1131.5, 111/%8, 1043.5, 1018.5 ¢ *H-
NMR (400 MHz, DMSO-d) & 9.50 (s, 1H, ArM), 9.08 (t,J = 6 Hz, 1H, CHNH),
8.71 (d,J = 7 Hz, 1H, AHyrp), 8.25 (ddJ =8, 1 Hz, 1H, AHRrp), 8.09 (dJ = 1 Hz,
1H, ArHnrp), 8.04 — 7.90 (m, 4H, Adwro), 7.03 (s, 2H, Ar), 6.91 (d,J = 2 Hz, 2H,
ArH), 6.80 (d,J = 2 Hz, 2H, AH), 6.63 (s, 2H, AH), 4.74 — 4.72 (m, 6H,
OCH,CCH), 4.67 (dJ = 2 Hz, 2H, O®,CCH), 4.48 (dJ = 13 Hz, 4H, Ar®,Ar),
3.96 (d,J = 6 Hz, 2H, Gi,NH), 3.46 (t,J = 2 Hz, 1H, OCHCCH), 3.43 (t,J = 2 Hz,
2H, OCHCCH), 3.39 (t,J = 2 Hz, 1H, OCHCCH), 3.18 (d,J = 13 Hz, 2H,
ArCHAr), 3.10 (d,J = 13 Hz, 2H, Ar®,Ar), 1.11 (s, 18H, C(H3)3), 0.93 (s, 9H,
C(CHa3)3); *C-NMR (100 MHz, DMSO)s 176.54, 166.39, 164.61, 152.32, 152.18,
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149.98, 147.36, 147.10, 144.86, 144.76, 143.03,5236134.79, 134.54, 133.99,
133.87, 133.63, 132.90, 132.63, 130.77, 129.84,3629125.91, 125.25, 124.92,
124.78, 124.64, 124.51, 118.51, 114.83, 112.993M®0.71, 80.53, 77.54, 77.45,
77.30, 61.02, 60.55, 60.49, 54.89, 43.40, 33.6238332.04, 31.67, 31.22, 30.86;
HRMS (NSI) m/z: [M+Na] Calcd for GiHesCINsOgNa 1146.4431; Found
1146.4403.
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