Chapter 2

Lower rim guanidinium calix[4]arenes

for cell transfection®



2.1 Introduction

As shown in some examples reported in Qleapter 1, referring in particular to the

calixarene derivatives, the charged groups of thethgtic vector are constituted by
guanidinium units. The guanidinium groupjd. 2.1) for its structural and physico-chemical
properties, is widely used in supramolecular chemni®r the recognition of anionic species.
Thanks to resonance structures, the guanidiniuapgi® planar and it stays protonate in a
wide range of pH (pKa ~12.5). These properties mike group very versatile for the

recognition of tetrahedrical and Y-shaped ions, glexing them by exploiting the chelate
effect. Besides, oligoguanidinium compounds resultery interesting systems for the cell

membrane penetratiband for the transport of molecular species asteti® it.

Fig. 2.1. Interaction between the guanidinium group and thesphate ion.

The main part of my thesis was devoted to imprdneedfficiency and lower the toxicity of a
class of non-viral vectors having guanidinium miegtexposed on calixarene scaffolds,
trying also to understand the mechanisms of thesteztion process. Previous work showed
that calixjplarenes bearing guanidinium groups directly attdcbe the aromatic nuclei
(upper rim¥ are able to condense plasmid and linear DNA amfbpe cell transfection in a
way which is strongly dependent on the macrocyde, dipophilicity and conformation.
Unfortunately, these compounds are characterizgdow transfection efficiency and high
cytotoxicity, especially at the vector concentratieequired for observing cell transfection
(10-20 pM), even in the presence of the  helper Ilipid DOPE
(dioleoylphosphatidylethanolamin).

The first goal of this project was the synthesisnefv potential non-viral vectors for gene
delivery, based on the calix[4]arene scaffold b&xtkn the cone conformation, functionalized
with cationic guanidinium groups at the lower rim.particular, this new class presents an
inversion of the reciprocal position between thedrbphilic and hydrophobic regions

compared to the upper rim guanidinium calixarefié& aim was to evaluate if this structural
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modification would bring better results in DNA cargation and transfection and could

reduce the toxicity.

2.2 Results and discussion
The guanidinium moieties were attached to the pler@H groups of the calix[4]arene
through a three carbon atom spacer and the uppawnais unsubstituted or substituted with t-

butyl or hexyl chainsKig. 2.2).

Fig. 2.2. Structural formulas of the lower rim guanidiniwalix[4]areneba-c.

2.2.1 Synthesisof thelower rim guanidinium calix[4]ar enes 5a-c

The three new lower rim guanidinium calix[4]arersssc were synthesized in four steps
according tdScheme 2.1. The starting calix[4]arene platformiga,b are easily available, even
from commercial sources, whereas the hexyl devigdit had to be synthesized by acylation
of calix[4]arenelb at the upper rim with hexanoyl chloride, followled the reduction of the
acyl groups $cheme 2.2). The hexanoyl chloride was obtained treating eganoic acid
with (COCI), in dry CHCl, using DMF as catalyét.
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Scheme 2.1. Synthesisof the lower rim guanidinium calix[4]areném-c. i) N-(3-bromopropyl)phthalimide,
NaH, dry DMF, N, rt; ii) NHo.NH,-H,O, abs EtOH, ¥ reflux; iii) N,N'-di-Boc-N"-triflylguanidine, CHCI, (for
4a and4b), N,, rt; CHCE (for 4c), N,, rt; iv) HCI 37%, 1,4-dioxane, rt.
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Scheme 2.2. Synthesiof the p-hexyl guanidinium calix[4]arerie. i) hexanoyl chloride, AlG| nitrobenzene,
N,, rt; ii) CR;COOH, HSIi(GHs)o, rt.

The reduction of the acyl-derivativ@ was performed using HSi¢Hs); in CRCOOH?
However, in these conditions the reaction was ootgete even after a very long reaction
time and excess of silane, so column chromatograpay necessary to obtain the pure
compoundlc. The calix[4]areneda-c were then reacted (s&eheme 2.1) with N-(3-Br-
propyl)-phthalimide in dry DMF, in the presence M&H as base. The use of this base is
necessary to deprotonate all the OH groups antbtk the calix[4]arene in the desired cone
conformatior’, which for calix[4]arene&a-c was proved by examining thel NMR spectra.
The phthalimides were then removed in presence/@fazine to leave the aminda-c.® All

the operations necessary for the work-up veknee very quickly, to avoid a reaction between
the amino groups and the atmospheric,Gfiginating carbamates that would prevent the
further functionalization of 3a-c (see Paragraph 2.4). The amino groups were then
functionalized with Boc protected guanidines thtougeaction with N,N’-di-Boc-N’'-
triflylguanidine in chloroform or ChCl,,°? to obtainda-c. Finally the guanidine groups were
deprotected with HCI 37% in 1,4-dioxane to obtaénc.®® This reaction needed some days to
be completed and it was monitored by mass spectrgmall the compounds obtained,
including intermediates, were characterizedthNMR, *C NMR and ESI-MS.

Compoundsba-c resulted water soluble, an important feature fogirt use in biological
systems. ThéH NMR spectra in BO of compound$a and5b at room temperature show
sharp signals, at least up to a concentration(&ig 2.3) and 10 mM Fig. 2.4), respectively.
On the contrary broadening is observedsgrindicating significant aggregation favoured by
its higher amphiphilic character. At 5 mM and abmmotemperature the signals are so broad
that they often span few ppm, whereas at 363 Kpafih are still rather broad, they can be
assigned unequivocallfFig. 2.5). Nevertheless, at the very low concentratiori°(M) used

in the biological studies, no aggregation was takémaccount also for this compound.
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Fig. 2.3. '"H NMR spectrum (BO, 300 MHz, 298 K) oba.
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Fig. 2.4. '"H NMR spectrum (BO, 300 MHz, 298 K) ofb.
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Fig. 2.5. '"H NMR spectrum (BO, 300 MHz, 363 K) of compourft.

The spectrum obc registered in CBOD (Fig. 2.6) shows well resolved peaks and allows the

complete assignment for all signals and the défmidentification of the molecule.
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Fig. 2.6. '"H NMR spectrum (CBOD, 300 MHz, 298 K) of compourft.

2.2.2 Gemini-type derivatives

After the synthesis of the calixarer&sc, it was considered interesting to synthesize eser
of Gemini-type compounds, analogues of both theeupgnd lower rim guanidinium
calix[4]arenes, in order to compare the propertdsthe two classes of derivatives
(Calixarenes and Gemini-type) and to try to underdgtif the macrocyclic structure and the

multivalency could play an important role in thelbigical properties to be studied. The three
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lower rim guanidinium Gemini-type compounii4a-c (Fig. 2.7) are composed by two apolar
phenolic units and two charged guanidinium grouph@ end of the two propyl tails, while
the upper rim derivativ@5 has the two apolar phenolic units derivatized wittharged

guanidinium groups and apolar hexyl taisg. 2.7).

R R
N H,N

SFE=NH,+Cl- >=NH2+CI-
HN HN

H,

NH NH
Cl+HN=C -CI+H,N
NH, NH,
20a: R =tBu
20b:R=H
20c: R = Hex 25

Fig. 2.7. Structural formulas of the synthesized lower angangim guanidinium Gemini-type compounds.

2.2.2.1 Synthesis of the lower rim Gemini-type analogues

The synthetic strategy used for the preparatiolower rim Gemini compounds started with
the preparation of the corresponding bis[(2-hydrBxyethyl)phenyllmethane reagents
(Scheme 2.3). The first step was the formaldehyde-phenol casdBon using 4ert-butyl-2-
methylphenol 7). The presence of the methyl and tert-butyl groupgositions 2 and 4,
respectively, of the phenol nucleus, is also nergst® avoid a polycondensation reaction.
Since the procedure reported by Shinkai et ahjch uses NaOH to tranform the phenol into
its sodium salt, failed to give the desired dipHemgthane derivative, we performed the
condensation reaction using the phenoxymagnesiuomibe derivative of phenol®

obtaining8 in 22% yield.

i i O O i © ° iv
—_— —_— — —_—
22% O ‘ 69% /,\/’\ 40% O O 76% O O
OH OH OH OH OH
7 8 9 OH OH OH OH
10 11

Scheme 2.3. Synthesis of the Gemini compourgi®-11. i) 1) EtMgBr, dry THF; 2) paraformaldehyde, tohge
N,, 120 °C; ii) AICk, dry toluene, rt; iii) hexanoyl chloride, AlgInitrobenzene, ) 50-70 °C; iv) CRCOOH,
HSIi(CHs)s, rt.
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De-tert-butylation reaction to obtain compoufidoccurred treating8 with AICl3, in dry
toluene’ Similarly to the procedure used for the calix[4Jae series, introduction of the
chains at the aromatic nuclei was obtained throagh aromatic acylation of the
diphenylmethan® onto the 5 and 5’ positions with hexanoyl chloridéjich was performed
by heating the reaction mixture first at 50 °C, #meh at 70 °C.The productiO was obtained
in 40% vyield, after purification by column chromgtaphy. A previous attempt to perform
the reaction at room temperature, as successfoltye avith calix[4]arenédc, gave the pure
product only in 20% vyield, again after a column noedography purification, to remove
several by-productslp-16b) (Fig. 2.8), subsequently characterized by ESI-MS $4dMR.
'H NMR was particularly useful to distinguish moléssiwith the same molecular weight.

1T ?j R

o
3§°

Fig. 2.8. By-products of the Gemini acylation at room tempae

16 or (16b)

At this point, the 2,2'-dihydroxydiphenylmethaneidatives8, 9 and11 underwent the same

reactions (i-iv.Scheme 2.4) used for the calix[4]arene analogues, to prodifeec.
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Scheme 2.4. Synthesis of the lower rim Gemif0a-c. i) N-(3-bromopropyl)phthalimide, NaH, dry DMF ,Nt;
i) NH,NH,-H,O, abs EtOH, B reflux; iii) N,N'-di-Boc-N"-triflylguanidine, EN, CH,Cl,, N, rt; iv) HCI 37%,
1,4-dioxane, rt.

Crystals ofl7b, suitable for X-ray diffraction analysis, were aioted by fast evaporation of a
dichloromethane solutidr(Fig. 2.9). Even if this is not the final compound, it issséble to
obtain some interesting indications on the way ihiciw the two aromatic rings of the
phenolic groups are reciprocally oriented in thesies. The torsion angle C1A-C2A-C20A-
C6B (Fig. 2.10) is of 116.72(3)° and the two least-squares plgassing through the two
benzene rings form an angle of 89.30(5)°. A simdaentation can be also hypothesized for
the final product, where the presence of the clthrgeanidinium groups instead of the

phthalimido moieties should induce a similar remrif the two halves of the molecule.

8 The structure was determined by Prof. Franco Ugloar the Department of General and Inorganic Akt
of this University.
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Fig. 2.9. Two perspectives views of the molecular structfreompoundl7b showing the pseudd2 symmetry.
Hydrogen atoms have been omitted for clarity. Cadare as follows: C, grey; N, blue; O, red.

Cléa

Cl5a

Fig. 2.10. Ortep view (20% ellipsoid probability) of the cpound. Hydrogen atoms are omitted for clarity.

Molecular modelling calculation a20b supported this hypothesis as showifrig. 2.11.
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Fig. 2.11. Two views of the energy-minimized structure of GeinZ0b.

2.2.2.2 Synthesis of the upper rim Gemini analogue
Meanwhile, one Gemini at the upper rim was syn#teskito compare its properties with the
lower rim Gemini-type compounds and with its uppén guanidinium calix[4]arene

analogué.

BocHN
S=NH +C>:NH +Cl- BOCHN NBOC >=NBoc

NH, NH,

(0] (0]

25 24 23

Scheme 2.5. Synthesis of Gemir5. i) Hexl, NaH, dry DMF, N, rt; ii) NaNG;, TFA, rt; iii) NH,NH,-H,0,
Pd/C (10%), abs EtOH, Nreflux; iv) N,N'-di-Boc-N"-triflylguanidine, EN, dry CHCl,, N,, rt; v) HCI 37%,
1,4-dioxane, rt.

The synthesis is similar to that of the previouslported upper rim calixarene analoyaad
involves the transformation of 2,2'-diphenylmethalegivative 8 into its corresponding O-
alkylated derivativ®l by reaction with an excess of iodo-hexane and Matity DMF. Ipso-
nitration by NaNQ in CRCOOH gave the nitro derivativ&? in acceptable yields. Two by-
products26 and 27 (Fig. 2.12) were isolated and characterized from the crudetian

mixture, indicating an unusual reactivity of thébstrate during ipsonitration, which was not
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previously observed with calixarenes. Subsequehiateon of22 using NHNH,-H,O and a
catalytic amount of Pd/C (10%) in refluxing abselathanol led to the amino derivati2@.
The final guanidinium product was formed by the eameaction used for lower rim
calix[4]arene, with N,N'-di-Boc-N"-triflylguanidinebut in presence of g, yielding the
protected guaniding4; cleavage of the protective groups using HCI 37%,4-dioxane gave

NO, NO,
- —! ~ —l ~ NO,
OH o 0

the final produc®5.

26 27

Fig. 2.12. By-products isolated from the ipso-nitration i@t on compoun@l.
All the Gemini-type guanidinium derivativé®a-c and25 resulted soluble in wateld NMR

spectra in RO at room temperature show sharp signaa @t least until 1 mMFig. 2.13,

20b at least until 80 mMFig. 2.14). The two Gemin0c and 25 with longer alkyl chains
gave rise, on the contrary, to spectra with bragdass. These became sharp going down to
60 and 500uM for 20c (Fig. 2.15) and 25 (Fig. 2.16), respectively, revealing extended
aggregation phenomenona due to the larger apol@tiemof this compoundS§o, once again

at the lower concentration (£0M) used in the biological studies, no aggregatioms

observed for all the investigated compounds.

Fig. 2.13. 'H NMR spectrum (BO, 300 MHz, 293 K) 0R0a, 1 mM.
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Fig. 2.14. *H NMR spectrum (B0, 300 MHz, 293 K) 020b, 80 mM
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Fig. 2.15. '"H NMR spectra (BO, 300 MHz, 293 K) 020c. a) 60uM, b) 1 mM, c) 40 mM.
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Fig. 2.16. '"H NMR spectra o5 at a) 50QuM (D,0, 300 MHz, 293 K) and b) 50 mM ¢D, 300 MHz, 363 K).

2.2.3 DNA binding

The compounds obtained were preliminarly studietth wlifferent techniques to verify their
ability to interact with DNA, creating structurealled lipoplexes. All the experiments were
performed using the pEGFP-C1 plasmid DNA(4731 bygjich expresses for the Enhanced
Green Fluorescent Protein. The ability of compoubag, 20a-c and 25 to bind plasmid
PEGFP-C1 DNA was initially assessed through getted@horesis and ethidium bromide
displacement assays. Among Gem#tlb and25 were studied deeply, whereas for the other
Gemini compounds only transfection data were ctdlbqsee ahead). The electrophoretic
data revealed that the DNA mobility is stronglyeatied by the macrocyclic compoursisc
already at 5QuM (Fig. 2.17). The plasmids remain in the well and are notblsin the gel
because probably they are in highly condensed ggtge and the staining reagent (ethidium
bromide) can not penetrate them. Macrocysdeshowed a slightly stronger affinity since at
this concentration no evidence at all of DNA isgamt in the gel, while a certain amount of
plasmids is visible free fdsa and5c. Nevertheless, all the three calixarenes arelgleauch

more efficient than the Gemini analogues. As regghrfor example irFig. 2.17, the non
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macrocyclic ligand20b is not able to affect the run of plasmids ever2@@ uM. It is also
significant to notice that the efficiency of theksver rim guanidinium calix[4]arenes is
higher than that observed, always by EMSA, for thgper rim analogues, previously
described:.

5a 5b 5¢c

5 5 g

°

T = = = = = S T = = S
8§ 23 ss3 3 8 8 3131ss3 38 B 3z s 2 3 2
a 9 w 3 I o o T o v v 3 3 5 o E Q v v 3 o o© ¢
x N o & S <] x N & 1m0 o & & o ~x N & S & o
9 ©6 4 & 8 4 & o 4 © 4 & b A4 &« O o © «d N s & O

1 kb ladder
6.25 uM
12,5 uM
25uM

50 M

100 pM
200 pM
control

Fig. 2.17. Electrophoresis mobility shift assays performechvgtasmid DNA (pEGFP-C1) (25 nM) incubated
with guanidinium calix[4]aren€sa-c and Gemin20b, at increasing concentration (indicated above tle ghe
control is the plasmid without ligand.

A second set of experiments was based on EthiditomBle Displacement Assay. Ethidium
bromide (EtBr) intercalates between the base-paHithe double helix of the DNA. When
intercalation occurs its fluorescence yield, ané asnsequence, the fluorescence intensity of
the DNA-EtBr complex, increases. If the ligand l@rMalNA causing displacement of the EtBr,
the fluorescence decreases. The relative fluorescen600 nmX max), defined as the ratio
between the fluorescence of the complex EtBr-DNA presence of ligand and the
fluorescence of the complex EtBr-DNA, gives an dation of the interaction strength
between the ligand and the DNA. These experimergse veonducted titrating a 0.5 nM
solution of the DNA-EtBr complex with a 1 mM soloi of ligand. The spectrofluorimetric
titration showed an evident interaction betweeixaatnes and the DNAF(g. 2.18). The first
additions of5a-c to the ethidium bromide/DNA mixture resulted in eastic and regular

fluorescence quenching. However, at higher ligamtentrations (at N/P ratio of 4.2 foa,

48



8.5 for5b, and 5 forse, N/P = guanidinium/phosphate ratio), a marked gkan the slope of
the titration curve occurred. This is probably dadnteractions between ethidium bromide
and DNA-calixarene complex, which prevent a quatitie evaluation of the ligand affinity

for the plasmid.

Relative fluorescence at 600 nm

o +r-r—-r-r—r-r—r—rrrr—rrrrrr—rrrrrrrrrrr-rrerrrrrm

0 5 10 15 20 25 30 35 40

guanidinium concentration ( UM)

Fig. 2.18. Ethidium Bromide Displacement Assays. Relativeofescencevs guanidinium concentration.
Fluorescence studies (excitation at 530 nm, emissid®00 nm) were performed collecting the emissjpectra

of buffer solutions (4 mM Hepes, 10 mM NaCl) of ®®/ ethidium bromide (relative fluorescence = O)xtuie

of 0.5 nM plasmid DNA (pEGFP-C1) and 50 mM ethidilboromide (relative fluorescence = 1) and after
addition of increasing amounts of guanidinium ligado the DNA/ethidium bromide mixture. A steep dsge

in relative fluorescence indicates high efficiennyethidium bromide displacement and, consequeitilythe
DNA binding. Light blue line20b, red line:5a, violet line:5¢, green line5b, blue line:25.

Completely different is the efficiency in EthidiuBromide displacement between the two
Gemini 20b and25. In fact, while the formebinds DNA much less efficiently compared to
the guanidinium lower rim calix[4]aren&s-c, at least at guanidinium concentrations below
35 uM, the latter, with the guanidinium groups at thwpper rim” and bearing lipophilic tails,
originates a fluorescence quenching very closédb ¢aused by the macrocycles. Moreover,
Gemini 25 determines a complete quenching of the fluoresegmobably because in this
case, differently fromba-c, no new interactions between the ligand and tHeased

fluorophores can occur.
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In addition to Ethidium Bromide Displacement Assaii&e melting curves of pEGFP-C1
DNA plasmid in the linearized form were registelsdUV-VIS spectroscopy, in absence and
in presence of some of our ligandsd. 2.19) in order to understand if they stabilize or not

the double helix in the binding process.

Melting curves

0,3
— Preliminarly heated, l
linearized plasmid
0,25 1 —— Not preliminarly heated,
linearized plasmid
£ 02- + 20b
c
2 —+5¢
IS
< 0,15 -
0.1 1 T
0,05 T T T T T T
20 30 40 50 60 70 80 90

temp (T)

Fig. 2.19. Melting curves of the plasmid DNA previously hedit(blue), plasmid DNA not heated (orange),
plasmid DNA in presence of Gemi2db (light blue) and plasmid DNA in presence of calgdrenese (violet).

The melting curves, obtained following AbsorbandeaacertainA in function of the
temperature T, give in the case of very short oligdeotides the melting temperature, a
parameter which describes the stability of the d¢®oubelix studied, representing the
temperature value where 50% of the helix is deedturhis value was not determined in our
case since a long filament was used and, consdguanbtre than a single melting
temperature is presefftThe melting curves registered in the presenceuofligands were
compared with those relative to the DNA alone. Aparted for calixaren&c and Gemini
20a-c (Fig. 2.19) both type of ligands stabilize the double hekxen if, once again, the
macrocyclic compound seems more efficient tharitiear one.

Very interesting information on the DNA binding pegties of our ligands was obtained by
atomic force microscopy (AFM), a technique alreaslyccessfully used to study the
interaction between different synthetic ligands &A.* The experiments were performed
with the circular plasmid pEGFP-C1 DNA in tappingae on air. First, the images were
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recorded depositing the DNA onto mica in absenckgahd Fig. 2.20a) and using a buffer
rich of Mg?* ions necessary for retaining the filaments onstimace. The filaments appear in
the so called relaxed form. There is some overtgppilong the simple plasmids but their
circular structure can be easily distinguished.nfmages were collected relative to mixtures
of the DNA with our ligands after 5 min of incubati (Fig. 2.20b-d). In this way the
interaction calixarene-DNA and how it affects théasmid folding were immediately
visualized.

A rather intriguing and subtle dependence of theAlidndensation ability of compoun8a-

c on the alkyl substituent at the upper rim was oleerThe p-tert-butyl derivativéa forms
highly condensed, nanometric aggregates of singWA [plectomenes even at 046M
concentrationKig. 2.20b) with N/P = 0.5, whereas the hexyl derivathecondenses DNA at
a concentration of 2.gM (N/P = 2) and forms bigger condensates constting different
filaments Fig. 2.20c). On the contrary, the upper rim unsubstituted poamd5b does not
form tight condensates, although the single pleetwes are much more constrainédg(
2.20) with respect to their relaxed statéd. 2.20a), due to their interaction with the charged
guanidinium groups of the ligand. However, at coriaions ofsb higher than uM (N/P >

4), no DNA results deposited on the mica surfaggpakently, in these conditionsh causes
the complete masking of the DNA negative chargesvemting its deposition, or,
alternatively, very big aggregates are formed lnig@ll the DNA filaments in few regions of
the mica surface statistically difficult to be faliaut. The compact condensates forme&dy
and5c are partially relaxedHig. 2.20e and 2.20f, respectively) upon addition of 10% v/v of
ethanol in the buffer solution during incubatiomil® in the case of the para-unsubstitugbd
at 1.8uM (N/P = 1.5) the presence of the alcohol favoimes plasmid condensatiofig.
2.209).
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Fig. 2.20. AFM images showing the effects induced on plasmiAlby guanidinium ligand$a-c (upper row)
and effects induced by 10% ethanol (v/v) on theindensation activity (lower row). All images weretained
with the microscope operating in tapping mode maaid with supercoiled pEGFP-C1 plasmid depositett o
mica at a concentration of 0.5 nM. (a) Plasmid eld?Plasmid incubated with (Ba 0.6 uM; (c) 5¢c 2.5puM; (d)
5b 1.8 uM; (e) 5a 0.6 uM + 10% EtOH; f)5¢ 2.5 uM + 10% EtOH; g)5b 1.8 uM + 10% EtOH. Each image
represents a 2x2m scan.

Performing the same experiments on Gemini-typentigano DNA condensation at all was
observed witt20b (up to 50uM, N/P = 20) with or without ethanol, although tinéeraction
between our compound and DNA is clear, as showrthiey constrains observed in the
plectomenes deposited on the miEgg(2.21i). The other two “lower rim” Gemirk0a (Fig.
2.21a-d), and20c (Fig. 2.21e-g), and the “upper rim” Gemirit5 (Fig. 2.21h-j), which have a
bigger aliphatic region, at a concentration of 2\ and in presence of EtOH, are able to
condense the DNA in small mono-filament condensatesn if increasing amount of alcohol
from 5 to 10% the process seems to be favoure@Garand disfavoured foROc and 25.
Moreover, it can be noticed as a particular behavioat the Gemin20a at 5uM + 5% EtOH

gives toroidal condensatesig. 2.21c).*
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Fig. 2.21. AFM images showing the effects induced on plasmiNADby
guanidinium Gemin20a-c and25 and by variable concentration of ethanol (v/v)
on their condensation activity. All images wereaoéd with the microscope
operating in tapping mode in air and with supesmilpEGFP-C1 plasmid
deposited onto mica at a concentration of 0.5 nlslsiRid incubated with &0a

10 pM; b) 20a 40 uM; ¢) 20a 5 uM + 5% EtOH; d)20a 10 uM + 5% EtOH; e)
20c 2 uM; f) 20c 2 pM + 5% EtOH; g)20c 2 uM + 10% EtOH; h)25 10 uM; i)

25 10 uM + 5% EtOH; j)25 10 uM + 10% EtOH; k)20b 50 pM; I) plasmid
alone, at a concentration of 0.5 nlgach image represents a 2x8 scan.

2.2.4 Transfection properties

Encouraged by the biophysical evidence of DNA bigdand condensation, transfection

experiments were performed on RD-4 human rhabdoangoma cells using plasmid pEGFP-

C1 DNA (1 nM) which, as previously said, expressegreen fluorescent protein easily

detectable in the cell by fluorescence microscdpys cell line was chosen because, beyond
the medical relevance, it is easy to grow and reyly \easily transfectable by traditional

methods especially if compared to other cell limasye widely such as HEK 293 cells and

therefore they are useful to test the real tratisieccapability of the studied compounds.

Transfection and cytotoxicity studies were perfadm®y Prof. Gaetano Donofrio at the
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Department of Animal Health at the University ofrfda. A first important data is that no

transfection occurs when either DORRg, 2.22) or ligandsba-c are used alone.

Fig. 2.22. Transfection experiments performed to RD-4 humabdomyosarcoma cells with DOPE (gM)
alone. Cells are visualized with fluorescence nscopy (right column, cells in light green if theypeess the
enhanced green fluorescence protein EGFP) and pbasmast microscopy (left column).

On the contrary, the formulation ligand/DOPE (1/2lan ratio) especially at ligand (M
(N/P = 4) is quite effective. In these conditiof$g( 2.23), in particular compoungb is a

very efficient transfectant for RD-4 human rhabdosarcoma cells.

AR B cle 2PN N SOAE A i ©° VX : [ hk

Fig. 2.23. Transfection experiments performed with pEGFP-Cdsid 1 nM, guanidinium calixarer&a-
c/DOPE (1/2 molar ratio, 10/2@M), and lipofectamine LTX" formulations to rhabdomyosarcoma cells.
Transfected cells are visualized with fluorescemieroscopy (upper row, in light green because theyress
the enhanced green fluorescence protein EGFP) laambontrast microscopy (lower row).

Remarkably, Fig. 2.23 and2.24) the amount of transfected cells &y (48%) is higher than
that achieved by the commercially available lipedetineL TX ™ 2 (30%) containing DOPE
and by the previously investigated upper rim tateagdinium calix[4]arenes (less than 20%).
Moreover, little transfection activity is observed compoundsa (3-4%, Fig. 2.23) and5c
(6-7%,Fig. 2.23).
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Fig. 2.24. In vitro transfection efficiency as percentagetrainsfected cells observed upon treatment of RD-4
human rhabdomyosarcoma cells with guanidinium @irre/DOPE formulations and lipofectamine L

Quite rewarding was also the finding that the madive compoundb has a very low
cytotoxicity (Fig. 2.25) showing 75-80% of cell viability at 48 h from tisfection. Similar

results were obtained wika, while 5¢cis more toxic (60% of cell viability).

110 -
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5a 5b 5¢ LTX™

Fig. 2.25. Post-transfection cell viability in the presencdigénd alone (yellow bars), ligand/DOPE ({i®/20
uM) formulation (orange bars), DOPE alone (lighteéblbars), without any treatment (blue bars), antha
presence of LTX" (grey bar).
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All the “alkyl” Gemini 20a, 20c, 25 resulted quite toxic and probably for this reasoth a
very low transfection efficiencyHg. 2.26). They were incubated at a double concentration
with respect to the calixarene derivatives, to hidneesame N/P ratio. OnROb (ca. 6% at 20

pHM) and25 (ca. 14% at 2@M) resulted slightly efficientKig. 2.27).

Fig. 2.26. Transfection experiments performed with guanidini@emini20a, 20b, 20c, 25 (20 uM) and DOPE
(40 uM) to RD-4 human rhabdomyosarcoma cells. Cellsvisealized with fluorescence microscopy (first and

third columns, cells in light green if they expraébe enhanced green fluorescence protein EGFP)phase
contrast microscopy (second and fourth columns).
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Fig. 2.27. In vitro transfection efficiency as percentagetrafsfected cells observed upon treatment of RD-4
human rhabdomyosarcoma cells with guanidinium Gederivative/DOPE formulations.

Since it is well-known in the field of synthetic moral vectors that transfection efficiency
may depend on the type of cell used, our lead combb was testedn a varying cell line
setting using again LTX' as a referenceF{g. 2.28). Comparable results between the two
formulations were obtained with AUBEK and BoMAK kelwhereas LTX" is definitely
more active in the case of hMSC and N2a cell lifié® reverse is true for Vero cells which
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are not transfected at all by the commercial produ€X™, while 5b/DOPE gives

transfection (ca. 12%).

Fig. 2.28. Transfection experiments performed wibh/DOPE (1:2 molar ratio, 10/2QM) formulation and
LTX™ using different cell lines. Transfected cells aisualized with fluorescence microscopy{and &'
columns, in light green because they express tharered green fluorescence protein EGFP) and ploadeast
microscopy (I and 3 columns).

2.3 Conclusions

Comparison of the DNA condensation and cell trastgfa efficiency of the most active

compoundsb with its open chain analog®b, having a very similar lipophilic/hydrophilic

ratio, suggests a possible positive role of thero@elic scaffold on gene delivery to cell.

In general the linear Gemini analogues in viewheirtlow efficiency and, for the most apolar

character, of the high cytotoxicity, are not uséfulerms of transfection.
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From the AFM studies it was deduced that in theajadkyl substituted macrocycléa and

5c the primary electrostatic interaction between thegdinium groups and the DNA
phosphate anions is followed by hydrophobic inteoas between the alkyl chains at the
upper rim. The latter interactions, which induce formation of condensates, are partially
lost in hydroalcoholic solution. On the contrany the case o8b, which lacks alkyl chains at
the upper rim, only charge-charge interactions,civlare strengthened in the ethanol/water
mixture, control the DNA condensation process. @Vethe former “double interaction”
mechanism in DNA condensation is more efficientnththe latter “single interaction”
pathway, and this explains the AFM results.

It is not surprising that it was not found a staotrelation between the transfection efficiency
of the 5a-c/DOPE formulations and the ability of the ligandscondense DNA as disclosed
by AFM studies. In fact, cell transfection achiewsith cytofectin/DOPE formulations is a
complex supramolecular function, and many imporsdeps outside and inside the cell must
be positively affected to get the gdal.

Some hypotheses can be put forward to explain iticpéar the better performance of the
lower rim guanidinium calix[4]aren®&b as non viral vector compared to its upper rim
analogue. One is the presence of guanidinium gradpsh could have quite different pKa
values. In particular, not all the guandinium grewirectly linked to the aromatic ring could
be necessarily more protonated since they coulthdre acid due to resonance effects and to
the close proximity one to the other. If true, #ikylguanidinium derivativésb would have
an higher number of cationic units for the intei@ctwith the negatively charges of the
phosphates in the DNA double helix. A second reasard be the flexibility of the chains
bearing the guanidinium group &b which would favour it in the binding of DNA andlce
membrane phospholipid8 The third one could be related to the effect of flDn the ligand
activity, which is particularly marked in the caskthe lower rim ones. For this aspect, the
position of charged groups with respect to thexeaéine cavity and thus, the availability,
especially inSb, for interaction with the phospholipid helper tralBwing the formation of

peculiar supramolecular assemblies Calixarene-D@PBEe suitable for transfection.

Physico-chemical studies on this aspect are cuyrantprogress by Prof. Pietro Baglioni’'s
group at the University of Florence. In summarnaeting the guanidinium groups at the
phenolic oxygen atoms (lower rim) of calix[4]arerdiscloses the possibility to significantly
enhance the cell transfection ability of these lsgtit cationic lipids formulated with DOPE

and reduces their toxicity to cells, if comparedtite same macrocycles with the charged
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groups directly linked to the aromatic nuclei (uppm). The DNA binding and condensation
properties, cell transfection ability, and toxicgjown by the macrocyclic cytofectihs-c
strongly depend on the substituents at the upper of the calixarene. Notably, the
transfection efficiency of the little toxish/DOPE formulation is even higher than that of the
commercially available LTX' in the case of RD-4 human rhabdomyosarcoma and bt
lines. The results obtained warrant further studigsed at elucidating the mechanism of
cellular uptake and intracellular trafficking oigmovel DNA delivery system and its cargo to
establish a structure-activity relationship. Sorhthem are reported in the following chapter,

while others are ongoing in the group laboratory.

24 CO, Capture by Multivalent Amino-functionalized

Calixarenes

In the description of the synthetic proceduresofe#d to obtain our vectoBa-c and reported
above it was mentioned the need to prevent, inqudat during the work-up procedure for
their isolation, the undesired reaction betweenameo intermediate8a-c (Fig. 2.29) and
atmospheric C® Indeed, it was decided to investigate separad@lg more deeply this
behaviour also considering the interest for systabis to capture C{rom the environment.
There is little doubt, nowadays, that the level atfmospheric Cg one of the major
greenhouse gases, is dramatically increasing, gnainé to the burning of fossil fuels, to
cement manufacturing and to deforestatibfiherefore, any system able to trap and sequester
CO, from the environment or any process that utiliZ€®» as a substrate or a reactant are of
great importance.

Tetraamine3a, substituted at the upper rim with four t-butybgps, showed, despite its good
degree of purity, &H NMR spectrum, recorded immediately after its bests, that revealed
the presence of small peaks, corresponding to anstecies. Compourit, substituted at
the upper rim with four n-hexyl groups, even maselsad &H NMR spectrum containing a
two patterns of signals relative 3o and a second species in ~1:1 ratio (data not shown
Starting from the hypothesis that interactions wit®, was the basis of this experimental
evidence, the gas was bubbled through a solutioeach compoun®a-c in a deuterated
solvent for 10 min. After this time, the producfstize reaction were studied By NMR, *3C
NMR and 2D NMR, in particular in the case of tetmonderivative3b, confirming the

hypothesis done.
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3a R=1tBu 18a
3b R=H
3c R = hexyl

Fig. 2.29. Structural formula of amino calix[4]arengs, 3b, 3c and of diamino derivativ&8a.

In the presence of dissolved g@&he’H NMR spectrum of tetraaminocalixare8e in CDCk
appears in fact significantly transformegid. 2.30b). All the signals belonging t8b (Fig.
2.30a), disappear, replaced by a new set of resonandeshweflect a species of C2
symmetry compatible with compoura®, having two ammonium cations and two carbamate

anions in alternate positions instead of the fouina groups $cheme 2.6).

. %\\\\ o o%o%o\\\\

3b )/’O_ ©

Scheme 2.6. Reaction o8b with CO,(g) in CDCE, to give28.

The NH carbamate signal emerges as a triplet dtgpim, while the Nk group resonates as
a slightly broad signal at 9.35 ppm. Six signalgo(bf which are superimposed at 3.65 ppm)
for the methylene groups replace the three preseihe spectrum oBb, and are fully
assigned on the basis of a COSY spectrum through ctbss-peaks between the NH
carbamate proton and the iHorotons and the respectizcemethylene protons. In theéC

NMR spectrum the C=0 signal of the carbamate gaqpeared at 163.6 ppm and the signal
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of the dissolved free Cat 124.7 ppm. Two sets of signals are presenthiotwo different
aromatic units and chains. In particular, the grgignal of thex carbon is shifted and splitted
from 39.5 ppm in3b to 41.1 and 36.4 for the carbamate and the ammorgwup,
respectively. No precipitate is observed in theusoh after CQ exposure, ruling out the
formation of insoluble supramolecular poliméfsThe spectrum does not change by dilution
and also DOSY experiments confirmed the unimolecaiure (data not shown) of the
adduct.

Fig. 2.30. *H NMR spectra (300 MHz, CD€1298 K) of3b (a) and3b after saturation of the solution with €O
(b) with formation of28. Inset: curved arrows = COSY cross-peaks; dasheed arrow = HMBC cross-peak.

The aromatic protons, which Bb are isochronous, resonate &% in two systems separated
by ca 1 ppm KFig. 2.30b). Two reasons can in principle be attributed tg gplitting: the
presence of the two different substituents atdkeet rim, or a flattened cone conformation of
the calixarené® The latter possibility is the correct one, sincatie'H NMR spectrum (see
below, Fig. 2.31) of the CQ adduct of the non-cyclic model compouth (Scheme 2.8) the
signals of the aromatic protons are not shiftece Gbnclusion is then that calixarene scaffold
adopts a flattened cone conformation and moleculadelling predicts that the aromatic
groups linked to the carbamate-terminating chaires @ointing inwards, while the four

charged groups are connected by a circular arrdnydfogen bonds. Both ammonium groups
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are involved in two hydrogen bonds, whereas the C&i@ns participate in the network with
either a monodentated or a bifurcated hydrogen bohi$ pattern of strong hydrogen bonds
explains the high stability and inertness of add&:tin fact, once formed, the add8 is
highly stable both in solution and at the solidestZhe'H NMR spectrum of a sample 88
stored at room temperature remains unchanged fewaweeks and no modifications are
observed in the temperature range+=8IG °C. The release of G@an be achieved only upon
heating a solution at 60 °C while flowing.Mlternatively, the acidification of the solutiarh

28 with HCI results in the disruption of the adductiahe formation of the tetra-ammonium
cation of3b. Compound28 can be obtained also washing a dichlorometharehloroform
solution of 3b with a saturated solution of NaH@GOTreating the separated organic phase
with NaSO,, evaporating the solvent and drying the soliddesin vacuo does not affect the
product. Moreover, C@absorption from the laboratory air is observed 3orin the solid
state. Also calix[4]arene8a and 3c behave in a similar way, so calixareB@ in the 1,3-
alternate conformation analogue 8¢, was also synthesized, to evaluate the effect of
conformational changes on the £€&pture ability of the aminocalix[4]arenes.

The synthesis of the 1,3-alternate calix[4]arenéhg@imides Scheme 2.7) was achieved
using CsCO;s, to block the calix[4]arene in the desired confation. The yield is quite low
because it was difficult to totally functionalizéde molecule and because also the cone
conformation formed. The removal of the phthalimggeup to obtair80 was again done with
NH2;NH>-H,O in the conditions previously used to obtaindtieer amino derivatives.

Scheme 2.7. Synthesis of compourfD. i) N-(3-bromopropyl)phthalimide, G8Os, dry THF, N, reflux; ii)
NH,>NH,-H,O, abs EtOH, N reflux.
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Then CQ(g) was bubbled into a solution 80 in CDCk, causing a broadening of tHl
NMR signals, which in this case can be interpretediue to the formation of a mixture of
intramolecular and intermolecular (polymeric) coexas.

The ability in capturing C®was studied also for model compouf@a. Bubbling CQ
through a solution of this compound in CR@sulted in a significant transformation of the
'H NMR spectrum Eig. 2.31), analogous to that observed &5, and compatible with the

formation of an alkylammonium and a carbamate gi@sheme 2.8).
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Scheme 2.8. Reaction ofi8a with CO,(g) in CDCk.

In particular, two broad signals appeared at 7188488 ppm, assigned to the NHind the
carbamate NH, respectively. Six signals for the hylene protons of the alkyl chains
replaced the three shown iga. Based on a COSY spectrum, three of these signale
assigned to the alkylammonium chain and the remgittiree to the carbamate chain. Two
different singlets appeared for the methyl Ar{3tgnals, two for the t-butyl signals and four
for the ArH protons, two of which are superimposedthe*C spectrum the C=0 carbamate
carbon atom resonates at 163.6 ppm.

The stability of thel8a-CO, adduct3l, however, is significantly lower than that 28. After
storage of a solution @1 in a stoppered NMR tube for a few days, the spettrevealed
that CQ was slowly released from the adduct and a mixtéird1 and fre€l8a are present.
Differently from 28, in the NOESY and ROESY spectra3if chemical exchange peaks are
present between the anda’, between thg3 and[3’ and between thg andy methylene
groups and between the two internal ArH protonglicating that the C@® molecule is
exchanging between the ammonium and the carbamatévioreover, never observed with
amino calix[4]arenes-Cfadducts, dilution of a 10 mM sample in CROF 31 to 0.1 mM

resulted in the disappearance of the signals oadlteict and the presence only of the signals
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of the free aminé8a, confirming the lower stability of this adduct. ¥hang a chloroform
solution of18a with NaHCQ 0.1 M did not result in the formation of the addaad no
spontaneous absorption of €fdom the laboratory air was observed, neitheraf@olution of
18a nor for the compound in the solid state. The déifice in stability between this adduct
and the one based on the calixarene is clearlytdute presence of a lower number of
hydrogen bonds between the ammonium and carbamaipsy

au U[J\J A

ol e

8.0 7.0 6.0 5.0 4.0 3.0 2.0

Fig. 2.31. 'H NMR spectra (300MHz, CDgI298K) of: a)18a; b) after saturation with CQwith formation of
31

In the presence d€0O, the aminocalixarene3a-c, 29 and the linear compountBa reacted
giving carbamates. The spatial proximity of the t@mmonium cations and the two
carbamate anions in the cone calix[4]arenes allfmwghe formation of a circular array of
strong hydrogen bonds, which explains the highilgtabnd inertness of, for example, adduct
calix[4]arene-CQ 28 compared td1, which derives from the linear compoub8a. The 1,3
alternate calix[4]arene, in presence of @iginates a mixture of inter and intramolecular

hydrogen bonded complexes.
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2.5 Experimental section

All the reactions were carried out under a nitroggmosphere. All dry solvents were
prepared according to standard procedures anddstmer molecular sieves. Melting points
were determined on an Electrothermal apparatusyiiilaries sealed under nitrogeil and
3C NMR spectra were recorded on Bruker AV300 and @ 3pectrometers (partially
deuterated solvents were used as internal standdedss spectra were recorded in ESI mode
on a single quadrupole instrument SQ Detector, Wateapillary voltage 3.8 kV, cone
voltage 30-160 eV, extractor voltage 3 eV, sourtmlb temperature 80 °C, desolvation
temperature 150 °C, cone and desolvation gakf(div rates 1.6 and 8 L/min, respectively).
UV and Fluorimetric experiments were performed enkih EImer UV-Vis Lambda BIO 20
spectrophotometer and LS55 Perkin Elmer fluorimetspectively. Elemental analyses were
performed using a Termoquest 1112 CHN instrumedtare reported as percentage. TLC
was performed on Merck 60 F254 silica gel and flaslumn chromatography on 230-240

mesh Merck 60 silica gel.

Synthesis of Hexanoyl Chloride (similar to a procedure in ref. 3).

To a solution of hexanoic acid (15 mL, 119.7 mmoiry CHCl, (13 mL), (COCI) (14 mL,
160.5 mmol) and DMF (8 drops) as catalyst were ddudal the mixture was stirred for 1 h at
room temperature. The product is obtained afterrémeoval of the solvent under reduced
pressure as a yellow liquid in 96% yield.

'H NMR (300 MHz, CDC}) §2.88 (t,J = 7.2 Hz, 2H, COEl,), 1.72 (quintJ = 7.3 Hz, 2H,
COCH,CHy), 1.37-1.31 (m, 4H, COC}€H,CH,CH,), 0.93-0.88 (m, 3H, Bs).

Synthesis of Big[(2-hydroxy-3-methyl-5-tert-butyl)phenyl]methane (8).

To a suspension of Mg (1.44 g, 60 mmol) in dry T@8B mL), a solution of EtBr (5.24 mL,

60 mmol) in dry THF (40 mL) was added dropwise. &dquently, a crystal of Wwas added
and the reaction mixture heated to reflux. Wherthal Mg was reacted, a solution ofeft
butyl-2-methylphenol (9.84 g, 60 mmol) in dry THF (60 mL) was added davige. After 2

min the solvent was removed under reduced pressutéhe remaining solid was dissolved in
toluene (200 mL). Paraformaldehyde (0.9 g, 30 mma@ily added to the stirring solution and
the reaction mixture was heated at 120 °C. Aftartbe reaction was quenched with 1 N HCI
(150 mL), and the water phase extracted with dietlyer (%100 mL). The organic layers
were combined, dried over anhydrous, 8@, and concentrated under reduced pressure. The
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product was crystallized from hexane to give theepcompound as a white solid in 25%
yield. Compound shows the same spectroscopic and physical datateelgn the literaturé.
13C NMR (75 MHz, CDCJ) 5 148.7, 143.5, 126.1, 125.9, 125.1, 123.3, 33.9, 3.5, 16.3.

Synthesis of Big[(2-hydroxy-3-methyl)phenyllmethane (9).

It was synthesized according to a literature pracednd shows the same spectroscopic and
physical propertieS.

13C NMR (75 MHz, CDC}) 5 151.0, 129.3, 128.4, 126.2, 123.9, 120.9, 31.(M.18S (ESI),
(negative ion mode): calculated for [M -"Hj)z = 227.1, foundn/z= 227.0.

Synthesis of Big[(2-hydroxy-3-methyl-5-hexanoyl)phenyl]methane (10).

It was synthesized according to a literature praoednd shows the same spectroscopic and
physical propertieS.

The crude was purified by flash column chromatogyapn silica gel (eluent: Ci€l,,
CH.Cly/MeOH= 98:2) to obtain the pure prodd€tas a white solid in 40% yield.

3¢ NMR (75 MHz, CDCJ) & 199.5, 155.4, 130.3, 130.0, 129.1, 125.7, 124.02,38L.5,
30.9, 24.3, 22.5, 16.0, 13.9. MS (ESI): calculdtedM - H]" m/z = 423.3, foundnwz = 423.2.

Synthesis of 5,11,17,23-Tetr a-n-hexyl-25,26,27,28-tetr ahydr oxycalix[4] ar ene (1c).

It was synthesized according to a literature prace@nd shows the same spectroscopic and
physical properties.

3C NMR (75 MHz, CDC}) 6 146.6, 136.3, 128.7, 128.0, 35.1, 31.9, 31.7, 3A94), 22.6,
14.0. MS (ESI): calculated for [M + Najn'z = 783.5, foundwz = 783.6.

Synthesis of Big[(2-hydroxy-3-methyl-5-hexyl)phenyllmethane (11). It was synthesized
according to a literature procedure for its caljaféne analogu®The crude was purified by
flash column chromatography on silica gel (elu€it,Cl,) to obtain the pure product as a
white solid in 79% yield.

Mp: 78-80 °C.*H NMR (300 MHz, CDC}) 36.97 (d,J = 1.8 Hz, 2H, AH), 6.82 (dJ= 1.8
Hz, 2H, AH), 6.22 (bs, 2H, @), 3.90 (s, 2H, Ar€Ar), 2.50 (t,J = 7.5 Hz, 4H, ArCG,),
2.21 (s, 6H, Ar®s), 1.58 (quint,J = 5.9 Hz, 4H, ArCHCH,), 1.40-1.30 (m,12H,
ArCH,CH,CH,CH,CH>), 0.92 (t,J = 6.5 Hz, 6H, CHCHs). **C NMR (75 MHz, CDC}) &
148.9, 135.3, 129.2, 128.1, 126.2, 123.8, 35.17,331.4, 29.0, 22.6, 16.0, 14.1. MS (ESI):
calculated for [M - Hlm/z = 395.3, foundn/z= 395.4.
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Synthesis of 5,11,17,23-Tetra-t-butyl-25,26,27,28-tetr akis(3-
phthalimidopropoxy)calix[4]arene (2a) and 25,26,27,28-tetr akis(3-
phthalimidopropoxy)calix[4]arene (2b) were synthesized according to literature

procedured®

General procedure for the alkylation of calix[4]arene 1c and Gemini 8, 9, 11 with N-(3-
bromoalkyl)phthalimide. A suspension ofc or 8, 9, 11 (4.70 mmol) in dry DMF (80 mL)
was stirred for 30 min, then NaH (60 wt.% in oil3 29. per OH group) was carefully added.
The mixture was stirred for 1 h at room temperaamd thenN-(3-bromoalkyl)phthalimide
(2.3 eq. per OH group) was added. After 6 daysdhetion was quenched by adding 1 N HCI
(70 mL) and the resulting solid was filtered on acBner funnel. The collected solid was
dissolved inCH,Cl, (70 mL) and was washed with 1 N HCI (3x50 mL). Tdrganic phase

was separated, dried over anhydrous3@ and the solvent removed under reduced pressure.

5,11,17,23-Tetr a-n-hexyl-25,26,27,28-tetr akis(3-phthalimidopr opoxy)calix[4] ar ene (1c).

The crude was purified by flash column chromatolgyageluent: hexane/ethyl acetate= 6:4)
to obtain the pure product as a white solid in 32éid.

Mp: 93-94 °C.*H NMR (300 MHz, CDC}) 5 7.73-7.69 (m, 8H, Pht), 7.61-7.55 (m, 8H, Pht),
6.39 (s, 8H, AH), 4.37 (d,J = 13.2 Hz, 4H, Ar®,Ar), 3.99 (t,J= 7.1 Hz, 8H, OEl,), 3.88

(t, J= 7.1 Hz, 8H, OCHCH,CHy), 3.06 (d,J = 13.2 Hz, 4H, Ar®i,Ar), 2.32 (quintJ= 7.1
Hz, 8H, OCHCH,), 2.22 (t, J = 7.1 Hz, 8H, ArCGd,), 1.451.20 (m, 32H,
ArCH,CH,CH,CH,CH,), 0.87 (t,J = 6.5 Hz, 12H, E3). °C NMR (75 MHz, CDC)) &
168.1, 154.0, 136.0, 134.2, 133.4, 132.2, 127.9,9.272.5, 35.6, 35.1, 31.7, 31.4, 31.0, 29.6,
29.0, 22.6, 14.0. MS (ESI): calculated for [M + Najz = 1531.8, founawz = 1532.1. Elem.
Anal. for GgH10eN40;2: calc. C 76.36, H 7.21, N 3.71, found C 76.52,.H37N 3.59.

Bis{[2-(3-phthalimidopr opoxy)-5-tert-butyl-3-methyl]phenyl}methane (17a).

The crude was purified by flash column chromatobyageluent: CH,Cl;). The pure
compoundl7a was obtained as a white foam in 45% yield.

Mp: 62-63 °C.*H NMR (300 MHz, CDC}) 5 7.83-7.78 (m, 4H, Pht), 7.71-7.65 (m, 4H, Pht),
6.98 (d,J= 2.4 Hz, 2H, AH), 6.83 (d,J = 2.4 Hz, 2H, AH), 4.01 (s, 2H, ArEi,Ar), 3.87 (t,

J = 6.5 Hz, 4H, OEl,), 3.78 (t,J = 6.3 Hz, 4H, OCHCH,CH,), 2.27 (s, 6H, Ar€ls) 2.14
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(quint,J = 7.7 Hz, 4H, OCHCH,), 1.18 (s, 18H{Bu). *C NMR (75 MHz, CDC}) 5 168.2,
153.4, 146.0, 133.7, 132.8, 132.1, 129.7, 125.8,512123.1, 70.1, 35.6, 34.0, 31.3, 29.5,
29.4, 16.7. MS (ESI): calculated for [M + Naijvz = 737.4, foundnwz = 737.5.

Bis{[3-methyl-2-(3-phthalimidopr opoxy)]phenyl}methane (17b).

The crude was purified by flash column chromatobyageluent: CH,Cl;). The pure
compoundl7b was obtained as a white foam in 54% yield.

Mp: 51-52 °C.*H NMR (300 MHz, CDC})  7.83-7.78 (m, 4H, Pht), 7.71-7.66 (m, 4H, Pht),
6.96-6.78 (m, 6H, Ad), 4.01 (s, 2H, ArE,Ar), 3.88 (t,J = 7.1 Hz, 4H, OEly), 3.79 (t,J =
6.5 Hz, 4H, OCHCH,CH,), 2.27 (s, 6H, ArEl3), 2.14 (quint,J = 7.4 Hz, 4H, OCHCH,).
13C NMR (75 MHz, CDCJ) 4 168.2, 155.6, 133.8, 133.7, 132.1, 130.9, 129.8,412123.7,
123.1, 70.2, 35.5, 29.6, 29.4, 16.5. MS (ESI): waled for [M + Na] mvz= 625.2, foundwz

= 625.3. Elem. Anal. for £H34N,0s: calc. C 73.74, H 5.69, N 4.65, found C 73.70,.AL5

N 4.72.

Bis{[2-(3-phthalimidopropoxy)-5-hexyl-3-methyl]phenyl}methane (17c). The crude was
purified by flash column chromatograpligluent: CH,Cl,). The pure compound7c was
obtained as a colourless oil in 38% vyield.

'H NMR (300 MHz, CDC}) 57.84-7.75 (m, 4H, Pht), 7.71-7.63 (m, 4H, Pht)g6(d,J = 1.9
Hz, 2H, AH), 6.60 (d,J = 1.9 Hz, 2H, AH), 3.96 (s, 2H, ArEl,Ar), 3.88 (t,J = 7.1 Hz, 4H,
OCHy), 3.76 (t,J = 6.3 Hz, 4H, OCHCH,CH,), 2.39 (t,J = 7.5 Hz, 4H, ArC,), 2.25 (s, 6H,
ArCHs) 2.12 (quint,d = 7.4 Hz, 4H, OCHCH,), 1.53-1.42 (m, 4H, ArC}kCH,), 1.36-1.18
(m, 12H, ArCHCH,CH,CH,CH,), 0.85 (t,J = 6.4 Hz, 6H, CHCHs). *C NMR (75 MHz,
CDCl;) 6168.2, 153.5, 138.0, 133.7, 133.4, 132.1, 130.8,9,2128.3, 123.1, 70.1, 35.5,
35.2, 31.6, 31.5, 29.4, 28.9, 22.5, 16.5, 14.0.(ESl): calculated for [M + N&]m/z = 793.4,
foundm/z = 793.6.

Synthesis of Big[(2-hexyloxy-3-methyl-5-tert-butyl)phenyllmethane (21).

The product was obtained according to the litemjpuncedure of alkylation of calixaren@s.

A suspension of Gemiid (0.8 g, 2.35 mmol) in dry DMF (24 mL) was stirrext 80 min and
then, at 0 °C, NaH (60 wt.-% in oil, 0.57 g, 14rhghol) was added.

The mixture was stirred for 0.5 h and then 1-iodaime 98+% (2.13 mL, 14.12 mmol) was

added. After 1 h the ice bath was removed andehetion mixture was stirred for one day.
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The reaction was quenched with 1 N HCI (70 mL) ahne resulting solid filtered on a
Buchner funnel. The crude product was dissolve@iCl, (70 mL) and washed with 1 N
HCIl (3x50 mL). The organic phase was separatecedddver anhydrous N8O, and
evaporated under reduced pressure to obtain awshmil. The residue was purified by flash
column chromatography on silica gel (eluent:,.CH and CHCI,/MeOH= 99:1) to obtain the
pure product as a colourless oil in 90% yield.

'H NMR (300 MHz, CDCY) 5 7.12 (d,J = 2.3 Hz, 2H, AH), 6.98 (d,J = 2.3Hz, 2H, AH),
4.16 (s, 2H, Ar®lLAr), 3.82 (t,J = 6.7 Hz, 4H, OEl,), 2.40 (s, 6H, Ar€El3), 1.86 (quintJ =
7.0 Hz, 4H, OCHCH;), 1.55 (bquint, 4H, OCHKCH,), 1.49-1.32 (m, 12H,
OCH,CH,CH,CH,CH,), 1.31 (s, 18HtBu), 0.99 (tJ = 6.8 Hz, 6H, CHCH3). *C NMR (75
MHz, CDCk) 6 153.8, 145.8, 133.1, 129.8, 125.7, 125.6, 72.81,331.8, 31.5, 30.5, 29.6,
25.9, 22.7, 16.7, 14.1. MS (ESI): calculated forfNWa]  nvz = 531.4, foundwz = 531.5.

Synthesis of Bis(2-hexyloxy-3-methyl-5-nitrophenyl)methane (22).

The product was obtained according to the generategolure for the ipso nitration of
calixarene$? To a solution 021 (1.05 g, 2.065 mmol) in trifluoroacetic acid (4L, 61.17
mmol), NaNQ (3.45 g, 40.7 mmol) was added and the mixture thorange. After one night
the reaction was stopped with addition of watelO(hfL) and extracted with Gi&l, (2x50
mL). The separated organic layer was washed witte@5 mL), dried over anhydrous
NaSO, and concentrated under reduced pressure. Thaueesids purified by flash column
chromatography on silica gel (eluent: hexane/esltgtate= 98:2) to obtain the pure product
as a light yellow oil in 60% vyield.

'H NMR (300 MHz, CDCY) 5 7.99 (d,J = 2.8 Hz, 2H, AH), 7.77 (d,J = 2.8 Hz, 2H, AH),
4.10 (s, 2H, ArCEl,Ar), 3.81 (t,J = 6.6 Hz, 4H, OCl,), 2.38 (s6H, ArCHs), 1.79 (quintJ =
6.6 Hz, 4H, OCHCH,;), 1.47-1.37 (m, 4H, OCKCH,CH,), 1.37-1.29 (m, 8H,
OCH,CH,CH,CH,CH,), 0.89 (t,J = 6.7 Hz, 6H, El3). **C NMR (75 MHz, CDC}) 5 161.4,
143.5, 134.0, 132.8, 125.3, 123.6, 73.4, 31.6,,3B0, 25.6, 22.5, 16.8, 13.9. MS (ESI):
calculated for [M + Na]m/z = 509.3, foundwz = 509.4.

Synthesis of 5,11,17,23-Tetra-t-butyl-25,26,27,28-tetr akis(3-aminopropoxy)calix[4]arene

(3a) and 25,26,27,28-tetrakis(3-aminopropoxy)calix[4]arene (3b) were synthesized

according to literature procedur®<*
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General procedurefor theremoval of the phthaloyl protecting groups.

A solution of calix[4]arene2c or linear compoundl7a-c (1.70 mmol) and hydrazine
monohydrate (50 eq. per phthalimide group) in eth&0 mL) was refluxed overnight. The
solvent was then removed under reduced pressueeredidue was dissolved @H,Cl, (50
mL) and washed with water (40 mL). The organic tayas separated and the water phase
was extracted withCH,Cl, (3x40 mL). The combined organic layers were droackr
anhydrous Ng50O, and the pure compounds were obtained after evaporaf the solvent

under reduced pressure.

5,11,17,23-Tetr a-n-hexyl-25,26,27,28-tetr akis(3-aminopr opoxy)calix[4]arene (3c). The
pure compound was obtained as a light yellow 0856 yield.

'H NMR (300 MHz, CDCJ) 56.42 (s, 8H, AH), 4.29 (d,J = 12.8 Hz, 4H, ArG,Ar), 3.88
(t, J = 6.9 Hz, 8H, OCly), 3.04 (d,J = 12.8 Hz, 4H, Ar®i,Ar), 2.88 (t,J = 6.9 Hz, 8H,
OCH,CH,CHy), 3.05 (bs, 8H, N_), 2.24 (t,J = 7.3 Hz, 8H, Art,), 2.06 (quintJ= 6.9 Hz,
8H, OCHCHy), 1.501.15 (m, 32H, ArCHCH,CH,CH,CH>), 0.88 (t,J = 6.8 Hz, 12H, El3).
3¢ NMR (75 MHz, CDGJ) 5 153.9, 136.0, 134.2, 127.9, 72.6, 39.2, 35.1, 3R177, 31.4,
30.8, 29.6, 29.0, 22.7, 14.1. MS (ESI): calculated[M + H]" mVz = 989.9, foundwz =
990.0, calculated for [M + N&m/z = 1011.8, foundmyz = 1011.9. Elem. Anal. for
CosH100N4O4: calc. C 77.68, H 10.19, N 5.66, found C 77.52,021, N 5.79.

Big[2-(3-aminopr opoxy)- 5-tert-butyl-3-methylphenylmethane (18a).

The pure compound was obtained as a colourless giantitative yield.

'H NMR (300 MHz, CDC}) 5 7.02 (d, 2HJ = 2.4 Hz, AH), 6.86 (d, 2H,J = 2.4 Hz, AH),
4.04 (s, 2H, Ar®lAr), 3.77 (t,J = 6.2 Hz, 4H, OGEi,), 2.90 (t,J = 6.8 Hz, 4H,
OCH,CH,CHy), 2.30 (s, 6H, ArEi3), 1.88 (quintJd = 6.5 Hz, 4H, OCHCH,), 1.40 (bs, 4H,
NH,). **C NMR (75 MHz, CDCJ) & 153.5, 146.0, 132.8, 129.8, 125.8, 125.5, 70.65,39.
34.2, 34.1, 31.3, 29.6, 16.6. MS (ESI): calculated[M + H]" m/z = 477.3, foundwz =
477.4.

Big[2-(3-aminopr opoxy)-3-methylphenyljmethane (18b).

The pure compound was obtained as a colourless 61% yield.

'H NMR (300 MHz, CDC}) 87.04-6.84 (m, 6H, At), 4.05 (s, 2H, Ar€,Ar), 3.80 (t,J =
6.2 Hz, 4H, O®l,), 2.91 (t,J = 6.8 Hz, 4H, OCHCH,CHy), 2.30 (s, 6H, Ar€ls), 1.89 (quint,
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J= 6.5 Hz, 4H, OCHCH,), 1.60 (bs, 4H, N). **C NMR (75 MHz, CDC}) 5 155.7, 133.8,
130.9, 129.2, 128.4, 123.8, 70.7, 39.4, 34.1, 28643. MS (ESI): calculated for [M + Hiwz

= 343.2, foundnz = 343.3. Elem. Anal. for £H3oN,O5: calc. C 73.65, H 8.83, N 8.18, found
C 73.73, H 8.94, N 8.25.

Big[2-(3-aminopr opoxy)-5-hexyl-3-methylphenylmethane (18c).

The pure compound was obtained as a colourless giantitative yield.

'H NMR (300 MHz, CDCJ) 56.84 (s, 2H, AH), 6.64 (s, 2H, AH), 3.99 (s, 2H, ArEl,Ar),
3.75 (t,J = 6.1 Hz, 4H, OEl,), 2.90 (bs, 4H, OCKCH,CH,), 2.43 (t,J = 7.3 Hz, 4H,
ArCH,), 2.27 (s, 6H, Ar€ls3), 2.00 (bs, 4H, N;), 1.95-1.80 (m, 4H, OC}CH,), 1.60-1.42
(m, 4H, ArCHCH,), 1.42-1.22 (m, 12H, ArCKCH,CH,CH,CH), 0.85 (t,J = 6.7 Hz,
CH.CHa). *C NMR (75 MHz, CDCJ) 5 153.6, 138.1, 133.3, 130.3, 129.0, 128.3, 70.5,39.
35.2, 34.1, 31.6, 31.5, 29.3, 28.9, 22.5, 16.40.1KIS (ESI): calculated for [M + H]m/z =
511.4, foundwz=511.5.

Bis(5-amino-2-hexyloxy-3-methylphenyl)methane (23).

The product was obtained according to the genemateolure for the nitro reduction of
calixarenes? To a solution 022 (0.22 g, 0.45 mmol) and hydrazine monohydrate2(®a2.,
4.52 mmol) in ethanol (14 mL), a catalytic amouftRal/C was added and the reaction
mixture was stirred and refluxed overnight. Thevent was then removed under reduced
pressure, the residue dissolvediH,Cl, (50 mL) and the catalyst filtered off through gea
filter. The organic layer was dried over anhydrdiesSO, and pure amin@3 was obtained
after evaporation of the solvemder reduced pressure as a light yellow oil in Z&8id.

'H NMR (300 MHz, CDC}) 5 6.35 (d,J = 2.6 Hz, 2H, AH), 6.19 (d,J = 2.6 Hz, 2H, AH),
3.90 (s, 2H, Ar@i,Ar), 3.69 (t,J = 6.6 Hz, 4H, OEl,), 3.32 (bs, 4H, M), 2.23 (s,6H,
ArCHg), 1.76 (quintJ = 6.9 Hz, 4H, OCHCH,), 1.51-1.41 (m, 4H, OC}€H,CH,), 1.35-
1.28 (m, 8H, OCHCH,CH,CH,CH,), 0.91 (t,J = 6.7 Hz, 6H, CHCH5). *3C NMR (75 MHz,
CDCls) & 148.5, 142.0, 134.6, 131.4, 115.7, 115.0, 73.28,330.3, 29.6, 29.0, 25.8, 22.6,
16.4, 14.0. MS (ESI): calculated for [M + H}vz = 427.3, foundwz = 427.5 calculated for
[M + Na]” nvz = 449.3, foundn/z = 449.5.

General procedure for the guanidilation of calix[4]arenes 3a-c and linear compounds
18a-c.
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To a solution of calix[4]arene3a-c or non-macrocyclic compoundsa-c (0.168 mmol) in
dry CHCI, (4.5 mL), N,N’-Bistert-butoxycarbonyl)-N"-triflylguanidine (97%) (0.91ce per
NH, group) was added and the mixture was stirred fbr BAnother 0.5 eq. aliquot of N,N’-
Bis(tert-butoxycarbonyl)-N"-triflylguanidine was then addeohd after 5 h the mixture was
transferred to a separatory funnel and washed 2vithaqueous sodium bisulfate (5 mL) and
with saturated sodium bicarbonate (5 mL). Each agsdayer was extracted with QEl,
(2x5 mL). The combined organic phases were washid krine (5 mL), dried over

anhydrous Ng50O, and concentrated under reduced pressure.

5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetr akig 3-(bis-Boc-
guanidine)propoxy]calix[4]arene (4a). The residue was purified by flash column
chromatography on silica gel (eluent: from & to CHCl,/MeOH= 99:1) to obtain the
pure product as a colourless oil in 63% yield.

'H NMR (300 MHz, CDC}) 3 11.49 (s, 4H, BocN), 8.37 (t,J = 4.8 Hz, 4H, CHNH), 6.77
(s, 8H, AH), 4.33 (d,J = 12.6 Hz, 4H, ArGi,Ar), 3.95 (t,J = 7.2 Hz, 8H, OEl,), 3.58
(quint,J = 5.9 Hz, 8H, OCHCH,CH,), 3.14 (d,J = 12.6 Hz, 4H, ArGi,Ar), 2.27 (quintJ =
7.2 Hz, 8H, OCHCH,), 1.47 (s, 36HtBu), 1.46 (s, 36HtBu), 1.07 (s, 36HtBu). 1*C NMR
(75 MHz, CDC¥%) 6 163.6, 156.1, 153.2, 153.0, 144.5, 133.6, 125.(8,828.9, 72.3, 38.0,
33.7, 31.3, 31.0, 29.8, 28.2, 28.0. MS (ESI): dal@d for [M + H] m/z = 1846.2, foundn/z
= 1846.4, calculated for [M + NaJjwz = 1868.1, foundwz = 1868.3.Elem. Anal. for
Cio0H156N12020: calc. C 65.05, H 8.52, N 9.10, found C 64.98,.HLN 8.99.

25,26,27,28-T etrakig[ 3-(bis-Boc-guanidine)propoxy]calix[4]arene (4b). The residue was
purified by flash column chromatography on silical g(eluent: from CHCl, to
CH,CIl,/MeOH= 99:1) to obtain the pure product as a cdésgroil in 62% vyield.

'H NMR (300 MHz, CDC}) 3 11.48 (s, 4H, BocN), 8.38 (t,J = 5.2 Hz, 4H, CHNH), 6.61-
6.53 (m, 12H, AH), 4.38 (d,J = 13.4 Hz, 4H, Ar®i,Ar), 3.97 (t,J = 7.1 Hz, 8H, OEl,),
3.56 (quintJ = 5.9 Hz, 8H, OCHCH,CHy), 3.18 (d,J = 13.4 Hz, 4H, ArCGi,Ar), 2.18 (quint,
J = 7.1 Hz, 8H, OCHCH,), 1.47 (s, 36H{Bu), 1.46 (s, 36HBu). *C NMR (75 MHz,
CDCl;) 6 163.6, 156.1, 156.0, 153.2, 134.9, 128.3, 122.39,80.0, 72.1, 37.9, 31.0, 29.9,
28.3, 28.1. MS (ESI): calculated for [M + Hjvz = 1621.9, foundn'z = 1621.8, calculated
for [M + NaJ" m/z = 1643.9, foundwz = 1643.9. Elem. Anal. for &H124N1:050: calc. C
62.20, H 7.71, N 10.36, found C 62.34, H 7.87, NL&0
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5,11,17,23-Tetra-n-hexyl-25,26,27,28-tetr akis[ 3-(bis-Boc-

guanidine)propoxy]calix[4]arene (4c). The residue was purified by flash column
chromatography on silica gel (eluent: from £ to CH.Cl,/MeOH= 99:1) to obtain the
pure product as a colourless oil in 95% yield.

'H NMR (300 MHz, CDC}) 5 11.48 (s, 4H, BocN), 8.37 (t,J = 4.9 Hz, 4H, CHNH), 6.41
(s, 12H, AH), 4.28 (dJ= 13.2 Hz, 4H, Ar®,Ar), 3.91 (t,J = 6.8 Hz, 8H, OEl,), 3.553.53
(m, 8H, OCHCH,CH,), 3.07 (d,J = 13.2 Hz, 4H, Ar®1,Ar), 2.232.16 (m, 16H, OCKCH,
and ArCHy), 1.651.20 (m, 32H, ArCHCH,CH,CH,CH>), 1.45 (s, 36HtBu), 1.46 (s, 36H,
tBu), 0.87 (t,J = 6.4 Hz, 12H, E3). *C NMR (75 MHz, CDCJ) & 163.5, 156.1, 153.7,
153.1, 136.1, 134.1, 128.0, 82.8, 78.8, 72.1, 359, 31.7, 31.4, 30.9, 29.8, 29.0, 28.2, 28.0,
22.6, 14.1. MS (ESI): calculated for [M + Najvz = 1980.3, foundwz = 1980.3. Elem.
Anal. for GpgH172N12020: calc. C 66.23, H 8.85, N 8.58, found C 66.15,.9B8N 8.47.

Bis{ 3-methyl-2-[3-(bis-Boc-guanidine)propoxy)]-5-tert-butylphenyl}methane (19a).

The crude was purified by flash column chromatolyagn silica gel (eluent: from GEl,to
CH.Cly/MeOH= 99:1) to obtain the pure product as a cdéssroil in 94% yield.

'H NMR (300 MHz, CDCY) 5 11.49 (bs, 2H, BocN), 8.51 (t,J = 5.2 Hz, 2H, CHNH), 7.01

(d, 2H,J = 2.3 Hz, AH), 6.85 (d, 2H,J = 2.3 Hz, AH), 4.00 (s, 2H, ArE,Ar), 3.76 (t,J =

6.1 Hz, 4H, OEly), 3.62 (q,J = 6.8 Hz, 4H, OCHCH,CH,), 2.28 (s, 6H, ArEl3), 2.00
(quint,J = 6.6 Hz, 4H, OCHCH,), 1.49 (s, 18HiBuBoc), 1.47 (s, 18H{BuBoc), 1.19 (s,
18H, tBu). **C NMR (75 MHz, CDCJ) & 163.6, 156.1, 153.3, 153.1, 146.0, 132.8, 129.8,
125.9, 125.5, 82.8, 79.0, 69.8, 38.1, 34.0, 31%8,229.7, 28.2, 28.0, 16.7. MS (ESI):
calculated for [M + N&]m/z = 961.6, foundwz = 961.6.

Bis{ 3-methyl-2-[3-(bis-Boc-guanidine)pr opoxy]phenyl}methane (19b).

The crude was purified by flash column chromatolgyapn silica gel (eluent: from GiEl,to
CH.Cly/MeOH= 99:1) to obtain the pure product as a cdéssroil in 98% yield.

'H NMR (300 MHz, CDCJ) & 11.48 (bs, 2H, BocN), 8.55 (t,J = 5.0 Hz, 2H, CHNH),
7.03-6.83 (m, 6H, Atl), 4.01 (s, 2H, Ar€l,Ar), 3.79 (t,J = 6.2 Hz, 4H, OGl,), 3.63 (quint,

J = 5.4 Hz, 4H, OCHCH,CH,), 2.29 (s, 6H, Ar€ls), 2.02 (quint,J = 6.5 Hz, 4H,
OCH,CH,), 1.49 (s, 18H}Bu), 1.46 (s, 18H{Bu). °*C NMR (75 MHz, CDC}) & 163.6,
156.1, 155.5, 153.1, 133.8, 130.9, 129.2, 128.3,8182.9, 79.1, 70.0, 38.1, 29.7, 29.5, 28.2,
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28.0, 16.4. MS (ESI): calculated for [M + Naivz = 849.5, foundwz = 849.5. Elem. Anal.
for C43H66N6010: calc. C 62.45, H 8.04, N 10.16, found C 62.58.66, N 10.19.

Bis{ 3-methyl-2-[3-(bis-Boc-guanidine)propoxy)]-5-hexylphenyl}methane (19c).

The crude was purified by flash column chromatolgyapn silica gel (eluent: Ci€l, and
CH.Cly/MeOH= 99:1) to obtain the pure product as a cdéssroil in 88% yield.

'H NMR (300 MHz, CDCY) 5 11.49 (bs, 2H, BocN), 8.53 (t,J = 5.1 Hz, 2H, CHNH), 6.82
(d,J = 1.8 Hz, 2H, AH), 6.63 (d,J = 1.8 Hz, 2H, AH), 3.96 (s, 2H, ArE,Ar), 3.74 (t,J =
6.1 Hz, 4H, OGl,), 3.61 (q,J = 5.6 Hz, 4H, OCHCH,CH,), 2.42 (t,J = 7.5 Hz, 4H, ArG1,),
2.26 (s, 6H, Ar€ls), 1.99 (quintJ = 6.6 Hz, 4H, OCHICH,), 1.49-1.46 (m, 4H, ArCkCH,),
1.49 (s, 18H{Bu), 1.46 (s, 18HtBu), 1.29-1.25 (m12H, ArCH,CH,CH,CH,CH,), 0.85 (t,J

= 6.5 Hz, 6H, CHCHs). *C NMR (75 MHz, CDCJ) & 163.6, 156.1, 153.5, 153.1, 138.0,
133.4, 130.3, 129.0, 128.3, 82.9, 79.1, 69.9, 31, 31.6, 31.5, 29.7, 29.4, 28.9, 28.2, 28.0,
22.5,16.4, 14.0. MS (ESI): calculated for [M +Hyz = 995.7, foundn/z = 995.9.

Synthesis of Bis{2-hexyloxy-3-methyl-5-(bis-Boc-guanidine)phenyl}methane (24).

To a solution of Gemin23 (50 mg, 0.12 mmol) in dry Ci&l, (3 mL), EgN (35 pL, 0.25
mmol) and N,N’-Bis{ert-butoxycarbonyl)-N"-triflylguanidine (91 mg, 0.24nmol) were
added and the mixture was stirred overnight. Anogltiguot of EtN (17 L, 0.12 mmol) and

of N,N’-Bis(tert-butoxycarbonyl)-N"-triflylguanidine (40 mg, 0.065mmol) were
subsequently added. After other 7 h the mixture tnaassferred to a separatory funnel and the
organic layer washed with 2 M aqueous sodium kasell{5 mL) and with a saturated sodium
bicarbonate aqueous solution (5 mL). Each aqueaysr Iwas extracted with CHEC(2x5
mL). The combined organic phases were washed witte {5 mL), dried over anhydrous
NaSO, and concentrated under reduced pressure. Theaueesids purified by flash column
chromatography on silica gel (eluent: hexanefClk+ 1:1) to obtain the pure product as a
colorless oil in 42% vyield.

'H NMR (300 MHz, CDCY) 5 11.61 (bs, 2H, BocN), 10.03 (s, 2H, ArM), 7.37 (dJ = 2.4

Hz, 2H, AH), 6.81 (d,J = 2.4 Hz, 2H, AH), 3.98 (s, 2H, Ar@,Ar), 3.67 (t,J= 6.5 Hz, 4H,
OCH,), 2.28 (s,6H, ArCHs), 1.73 (quint,J = 6.8 Hz, 4H, OCHCH,), 1.58-1.25 (m, 4H,
OCH,CH,CH,CH,CH>), 1.50 (s, 18H}Bu), 1.46 (s, 18H{Bu), 0.89 (t,J = 6.5 Hz, 6H,
CH,CHa3). °C NMR (75 MHz, CDC}) & 153.5, 153.2, 152.8, 134.1, 131.9, 131.4, 123.7,
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122.4, 83.4, 79.2, 72.9, 31.7, 30.3, 29.4, 28.10,285.8, 22.6, 16.6, 14.0. MS (ESI):
calculated for [M + Na]m/z = 933.6, foundwz = 933.6.

General procedurefor theremoval of the Boc protecting groups.

Concentrated HCI (1 equiv for each Boc group) wdded dropwise to a solution of the
protected guanidinium calix[4]arenda-c or Gemini derivatived9a-c and24 in 1,4-dioxane
(0.1 mmol/10 mL). The reaction mixture was stirfed24-72 h, and the solvent was removed

under reduced pressure to obtain the pure product.

5,11,17,23-Tetra-tert-butyl-25,26,27,28-tetr akis(3-guanidiniumpr opoxy)calix[4]ar ene,
tetrachloride (5a).

The pure compound was obtained as a white powdgurantitative yield. Hygroscopic.

Mp: > 250 °C dec’H NMR (300 MHz, CROD) 8 6.84 (m, 8H, AH), 4.39 (d,J = 12.5 Hz,
4H, ArCH,Ar), 4.02 (t,J = 7.5 Hz, 8H, O€ly), 4.02 (t,J = 7.5 Hz, 8H, OCHCH,CH), 3.19
(d,J = 12.5 Hz, 4H, Ar®,Ar), 2.32 (quint,J = 7.5 Hz, 8H, OCHKHCH,), 1.08 (s, 36Ht{Bu).
H NMR (300 MHz, DO) & 7.02 (m, 8H, AH), 4.33 (d,J = 12.3 Hz, 4H, ArGl,Ar), 3.99 (t,
J= 7.7 Hz, 8H, OG®l,), 3.383.29 (M, 12H, OChKCH,CH, and ArCH,Ar), 2.292.25 (m, 8H,
OCH,CH>), 1.10 (s, 36H{Bu). **C NMR (75 MHz, CROD) & 158.7, 154.4, 146.1, 135.0,
126.4, 73.4, 40.0, 34.8, 32.3, 32.0, 30.9. MS (ESd)culated for [M + H - 4HCIm/z =
1045.7, foundwz = 1045.7. Elem. Anal. for §gHgsN1204Cl4x4H,0: calc. C 57.04, H 8.30, N
13.30; found C 56.90, H 7.95, N 12.92.

25,26,27,28-Tetr akis(3-guanidiniumpropoxy)calix[4]arene, tetrachloride (5b). The pure
compound was obtained as a white powder in quéingtgield. Hygroscopic.

Mp: > 250 °C dec'H NMR (300 MHz, CROD) & 6.68-6.54 (m, 12H, Af), 4.41 (d,J =
13.3 Hz, 4H, Ar®i,Ar), 4.08 (t,J = 7.0 Hz, 8H, OEl,), 3.39 (bt, 8H, OCKCH,CH,), 4.41
(d, J= 13.3 Hz, 4H, Ar®,Ar), 2.24 (quintJ = 6.9 Hz, 8H, OCHCH,). *H NMR (300 MHz,
D,0) & 6.86-6.70 (m, 12H, Af), 4.40 (d,J = 13.3 Hz, 4H, ArG1,Ar), 4.08 (t,J = 7.0 Hz,
8H, OCH,), 3.40-3.33 (m, 12H, OCEH,CH,, ArCH»Ar), 2.25 (quint,J = 6.9 Hz, 8H,
OCH,CHy). ¥C NMR (75 MHz, CROD) d 158.7, 157.2, 136.0, 129.6, 123.6, 73.2, 40.0,
32.1, 30.9. MS (ESI): calculated for [M + H - 4HCi{vVz = 843.6, foundwz = 843.6. Elem.
Anal. for GisHgaN1204Clsx4H,0: calc. C 54.66, H 6.67, N 17.38, found C 54.516.49, N
17.28.

75



5,11,17,23-Tetra-n-hexyl-25,26,27,28-tetr akis(3-guanidiniumpr opoxy)calix[4] ar ene,
tetrachloride (5¢). The pure compound was obtained as a white powdguantitative yield.
Hygroscopic.

Mp: >250 °C dec'H NMR (300 MHz, CROD) & 7.75 (t,J = 5.4 Hz, 4H, NHCH,), 6.47 (s,
8H, ArH), 4.35 (d,J = 13.0 Hz, 4H, Ar®,Ar), 3.99 (t,J= 7.2 Hz, 8H, OEl,), 3.46-3.35 (M,
8H, OCHCH,CHy), 3.13 (d,J = 13.0 Hz, 4H, Ar®,Ar), 2.32-2.15 (m, 16H, OC}H, and
ArCH,), 1.50-1.16 (m, 32H, ArCyCH,CH,CH,CH,), 0.89 (t,J = 6.5 Hz, 12H, El3). *H
NMR (300 MHz, DO, 353 K)5 6.49 (bs, 8H, AH), 4.42 (bs, 4H, Ar€l,Ar), 4.08 (bs, 8H,
OCHy), 3.45 (bs, 8H, OCKCH,CH,), 3.21 (bs, 4H, Ar@,Ar), 2.31 (bs, 16H, OCKH, and
ArCHy), 1.60-1.20 (bs, 32H, ArCi€H,CH,CH,CH,), 0.96 (bs, 12H, Bs). *C NMR (75
MHz, CD;OD) 6 159.0, 155.4, 137.8, 135.8, 129.7, 73.5, 40.3,,38363, 33.1, 32.3, 31.1,
30.3, 24.2, 14.9. MS (ESI): calculated for [M + MHCI]" m/z = 1157.8, founan/z = 1158.0.
Elem. Anal. for GgH112N1,04Clsx4H,0: calc. C 59.37, H 8.79, N 12.22, found C 59.14, H
8.52, N 12.03.

Big[5-tert-butyl-2-(3-guanidiniumpr opoxy)-3-methylphenyllmethane, dichloride (20a).
The pure compound was obtained as a white powdgrantitative yield. Hygroscopic.

Mp: > 250 °C dec’H NMR (300 MHz, CROD) & 7.08 (d,J = 2.3 Hz, 2H, AH), 6.93 (s,
2H, ArH), 4.02 (s, 2H, Ar@,Ar), 3.80 (t,J = 5.9 Hz, 4H, OGl,), 3.41 (t,J = 6.8 Hz, 4H,
OCH,CH,CH,), 2.29 (s, 6H, Ar€ls), 2.04 (quintJ = 6.3 Hz, 4H, OCHCH,), 1.19 (s, 18H,
tBu). 'H NMR (300 MHz, DO) & 7.21 (s, 2H, AH), 6.93 (s, 2H, Ar), 4.01 (s, 2H,
ArCH,Ar), 3.79 (bt, 4H, OEl,), 3.35 (t,J = 6.0 Hz, 4H, OCHCH,CH,), 2.27 (s, 6H,
ArCHs), 2.07-1.90 (m, 4H, OC}H,), 1.17 (s, 18HBu). *C NMR (75 MHz, CRQOD) &
159.0, 154.7, 148.1, 134.4, 131.5, 127.6, 127.®M, 40.3, 35.3, 32.1, 31.2, 30.8, 28.4, 17.1.
MS (ESI): calculated for [M + H - 2HCIlJm/z = 539.4, foundwz = 539.5.

Bis{[2-(3-guanidiniumpropoxy)-3-methyl]phenyl}methane, dichloride (20b). The pure
compound was obtained as a white powder in quéingtgield. Hygroscopic.

Mp: > 250 °C dec!H NMR (300 MHz, CROD) & 7.06 (dd,J = 7.4 Hz,J = 1.1 Hz, 2H,
ArH), 6.92 (t,J = 7.4 Hz, 2H, AH), 6.84 (ddJ = 7.4 Hz,J = 1.1 Hz, 2H, AH), 4.03 (s, 2H,
ArCH,Ar), 3.82 (t,J = 6.1 Hz, 4H, OEl,), 3.39 (t,J = 6.9 Hz, 4H, OCHCH,CH,), 2.29 (s,
6H, ArCHz), 2.03 (quintJ = 6.4 Hz, 4H, OCKCH,). *H NMR (300 MHz, DO)  7.17 (d,J
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= 7.4 Hz, 2H, AH), 7.00 (t,J = 7.4 Hz, 2H, AH), 6.88 (d,J = 7.4 Hz, 2H, AH), 3.99 (s,
2H, ArCH,Ar), 3.82 (t,J = 6.2 Hz, 4H, OEl,), 3.33 (t,J = 6.7 Hz, 4H, OCHCH,CH,), 2.29

(s, 6H, Ar(Hs), 2.02 (quint,J = 6.4 Hz, 4H, OCKCH,). °C NMR (75 MHz, CROD) &
159.0, 156.9, 135.3, 132.4, 130.9, 130.0, 125.6),748.4, 40.2, 31.1, 30.8, 21.1, 16.9. MS
(ESI): calculated for [M + H - 2HCI|mVz = 427.3, foundmwz = 427.5. Elem. Anal. for
Ca3H3eNO.Clx2H,0: calc. C 51.59, H 7.53, N 15.69, found C 51.72,.66, N 15.58.

Big[2-(3-guanidiniumpropoxy)-5-hexyl -3-methylphenyl]methane, dichloride (20c).

The pure compound was obtained as a white powd&s%h yield.

Mp: > 250 °C dec'H NMR (300 MHz, CROD) 86 7.44 (t,J = 5.1 Hz, 2H, CHNH), 6.86 (d,
J= 1.9 Hz, 2H, AH), 6.63 (d,J = 1.9 Hz, 2H, AH), 3.98 (s, 2H, Ar€l,Ar), 3.78 (t,J= 5.9
Hz, 4H, OGHy), 3.42-3.32 (m4H, OCHCH,CHy), 2.43 (t,J = 7.3 Hz, 4H, ArC,), 2.27 (s,
6H, ArCHs), 2.02 (quint,J = 6.3 Hz, 4H, OCHCH,), 1.55-1.40 (m, 4H, ArCyCH,), 1.32-
1.16 (m,12H, ArCH,CH,CH,CH,CHy), 0.86 (t,J = 6.5 Hz, 6H, CHCHs). 'H NMR (300
MHz, D,O) 6 7.07 (s, 2H, AH), 6.78 (s, 2H, A), 3.99 (s, 2H, ArE,Ar), 3.82 (t,J = 6.6
Hz, 4H, OQHy), 3.35 (t,J = 6.9 Hz, 4H, OCHCH,CH,), 2.52 (t,J = 6.9 Hz, 4H, ArCi,),
2.28 (s, 6H, ArCEl3), 2.12-1.97 (tJ) = 6.1 Hz, 4H, OCHCH,), 1.62-1.48 (m, 4H, ArCkCH,),
1.29-1.12 (m, 4H, ArCKCH,CH,CH,CH,), 0.83 (tJ = 6.9 Hz,6H, CH,CH3). **C NMR (75
MHz, CD;0D) & 159.0, 154.8, 139.9, 134.9, 132.0, 130.7, 129.9),74D.4, 36.5, 33.2, 33.0,
31.0, 30.8, 30.1, 24.0, 16.9, 14.8. MS (ESI): dal@d for [M + H - 2HCI[ m/z = 594.9,
foundm/z = 595.6.

Bis(5-guanidine-2-hexyloxy-3-methylphenyl)methane, dichloride (25).

The pure compound was obtained as a white powdgrantitative yield.

Mp: > 250 °C dec'H NMR (300 MHz, CROD) & 7.01 (d,J = 2.6 Hz, 2H, AH), 6.81 (d,J
= 2.6 Hz, 2H, AH), 4.07 (s, 2H, Ar€l,Ar), 3.79 (t,J = 6.4 Hz, 4H, OGl,), 2.31 (s, 6H,
ArCHs), 1.78 (quintJ = 6.8 Hz, 4H, OCHCH,), 1.49 (bquint, 4H, OCCH,CH.), 1.42-1.25
(m, 8H, OCHCH,CH,CH,CH,), 0.92 (t,J = 6.9 Hz, 6H, CHCHz). *H NMR (300 MHz,
D,0) 5 7.13 (s, 2H, AH), 6.90 (s, 2H, A), 4.06 (s, 2H, Ar€l,Ar), 3.85 (t,J = 6.0 Hz, 4H,
OCH,), 2.29 (s, 6H, ArEBls), 1.76 (quint,J = 6.6 Hz, 4H, OCHCH,), 1.50-1.23 (bs, 12H,
OCH,CH,CH,CH,CH,), 0.87 (t,J = 6.6 Hz, 6H, CHCH3). *C NMR (75 MHz, CROD) &
158.4, 156.8, 136.8, 134.9, 131.6, 128.2, 127.(4,3b.6, 33.2, 31.7, 31.3, 27.3, 24.0, 16.9,
14.7. MS (ESI): calculated for [M + H - 2HCHvz = 511.4, foundwz = 511.7.
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X-ray Crystallographic Studies.

Crystal data, experimental details for data caitecand structure refinement are reported in
Table X. Intensity data and cell parameters wecerded at room temperature (293 K) on a
Enraf-Nonius CAD4 diffractometer using graphite mmohromated Cu-K radiation. The
intensities were corrected for Lorentz, polarizatmd absorption effects.

The structure was solved by Direct methods usifRR804° and refined on £ by full-matrix
least-squares procedures, using SHELXI%9The structure shows a pseu@@ symmetry.
All the non-hydrogen atoms were refined with amgpic atomic displacements. The
hydrogen atoms were included in the last cyclehefrefinement at idealized geometry (C-H
and N-H 0.96 A) and refined in the “riding” modeltivisotropic atomic displacements 1.2

times theirUg, their parent atoms.

Crystal data

Empirical formula G7H34N206
Formula weight 602.685
Crystal system Monoclinic
Space group Pc
a(R) 10.389(1)
b (A) 12.373(1)
c(A) 13.047(1)
a(®) 90
L) 108.33(1)
y () 90

V (A3) 1592.0(2)
z 2

Deaic (g/cni®) 1.257
F(000) 636.0
Data collection

Temperature (K) 293

0 Range) 3.0, 70.0 (Cu-K)

Index ranges -12h<12 -15sk<14 -15<1<8
Refl. measured 3351

Indep. Refl. 3015 (R =0.022)
Obs. Refl. [Fo > 4 2200 Fo=40 (Fo)]
o(Fo)]

Data / Param. 30157408
Structurerefinement

Final R indice3 R1=0.144
(R1 obs. DatawR2 all) wR2 =0.374
Goodness of Fif’ 1.504

Min. and max. 1.03, -0.37

residualp (e/A%)
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Table 2.1. Crystal Data and Structure Refinement¥db. °R1 =% || Fo- | Fd)/ Z | Fd, wR2 = [Z w(F&*-Fc?)/
swFo0']*2 "Goodness-of-fis = [Z w(F&*-FA)?(n-p)]“?, wheren is the number of reflections apdhe number
of parameters.

DNA preparation and storage. Plasmid DNA was purified through cesium chloridadjent
centrifugatiorf? A stock solution of the plasmid 0.38M in milliQ water (Millipore Corp.,
Burlington, MA) was stored at -20 °C.

Electrophoresis mobility shift assay (EM SA)

Binding reactions were performed in a final voluafel4 uL with 10 pL of 20 mM Tris/HCI

pH 8, 1uL of plasmid (1pug of pEGFP-C1) and 3IL of compound at different final
concentrations, ranging from 25 to 2(M. Binding reaction was left to take place at room
temperature for 1 h; L of 1 g/mL in HO of glycerol was added to each reaction mixture
and loaded on a TA (40 mM Tris-Acetate) 1% agagmeAt the end of the binding reaction
1 L (0.01 mg) of ethidium bromide solution is addé&te gel was run for 2.5 h in TA buffer
at 10 V/icm. EDTA was omitted from the buffers besmut competes with DNA in the

reaction.

Ethidium Bromide Displacement Assays. Fluorescence studies (excitation at 530 nm,
emission at 600 nm) were performed collecting timéssion spectra of buffer solutions (4
mM Hepes, 10 mM NaCl) of 50 mM ethidium bromidedtere fluorescence = 0), mixture of
0.5 nM plasmid DNA (pEGFP-C1) and 50 mM ethidiunororde (relative fluorescence = 1)

and after addition of increasing amounts of guamioi ligand.

Sample preparation and AFM imaging. DNA samples were prepared by diluting the
plasmid DNA to a final concentration of 0.5 nM iepbsition buffer (4 mM Hepes, 10 mM
NaCl, 2 mM MgC}, pH = 7.4) either in the presence or absencegahlis. When needed,
ethanol at a defined concentration was added tadép®sition buffer prior to addition of
DNA and calixarenes. The mixture was incubatedSfanin at room temperature, then a 20
uL droplet was deposited onto freshly-cleaved rubgan{Ted Pella, Redding, CA) for 1.5
min. The mica disk was rinsed with milliQ water added with a weak nitrogen stream.
AFM imaging was performed on the dried sample @itianoscope IlIA Microscope (Digital
Instruments Inc. Santa Barbara, CA) operating ppitag mode. Commercial diving board

silicon cantilevers (NSC-15 Micromash Corp., Esédnivere used. Images of 512x512 pixels
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were collected with a scan size ofuth at a scan rate of 3-4 lines per second and were

flattened after recording using Nanoscope software.

Céll culture and transient transfection assay. The human rhabdomyosarcoma cell line RD-
4, obtained from David Derse, National Cancer tosti Frederick, Maryland, was
maintained as a monolayer using growth medium @oin 90% DMEM, 10% FBS, 2 mM
[-glutamine, and 100 IU/mL penicillin, 1@g/mL streptomycin. Cells were subcultured to a
fresh culture vessel when growth reached 70-90%lwmme (i.e. every 3-5 days) and
incubated at 37 °C in a humidified atmosphere 0%98air-5% CQ. Transfections were
performed in 6 well plates, when cells were 80%flo@mt (approximately 3x105 cells) on
the day of transfection. [3g of plasmid, and different concentration of ligavdere added to

1 mL of serum-free medium, mixed rapidly and indeblaat room temperature for 20 min.
Each mixture was carefully added to the cells foitgy the removal of the culture medium
from the cells. Lipoplex formulations were perfomnadding DOPE to plasmid-ligand
mixture at 1: 2 ligand: DOPE molar ratio, whereahg concentration was kept to fuM.
LTX ™ transfection reagent was used according to matwréats protocol as positive
transfection control. The mixture and cells wereulpated at 37 °C in a humidified
atmosphere of 95% air-5% G@r 5 h. Finally, transfection mixture was remowaetd 3 mL

of growth medium added to each transfected well laftdto incubate for 72 h. Five fields
were randomly selected from each well without vieyvthe cells (one in the centre and one
for each quadrant of the well) and examined. Thadfected cells were observed under
fluorescence microscope for EGFP expression. Eagerenent was done three times.
Statistical differences between treatments werecutatled with Student's test and
multifactorial ANOVA. Vero (African green monkey, TCC CRL-1586), BoMac (bovine
macrophage, obtained from J. Stabel, National AhDisease Center, Ames, IA, USA), N2a
(Mouse neuroblastoma, ATCC CCL-131), AUBEK (boviioetal kidney cell line, ATCC
CCL 163) and hMSC (human mesenchymal stem celtsjrodd from R. Sala, University of
Parma, ltaly) were grown in EMEM medium containibdEAA, 10% FBS, 2 mM |-
glutamine, 100 IU/mL penicillin and 1Q@y/mL streptomycin. All cultures were incubated at
37 °C in a humidified atmosphere containing 5% ,CDransfection were performed as
described for RD-4 cells.
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MTT survival assay for cell viability determination. Following transfection, complete
medium (90% DMEM, 10% FBS, 2 mM I-glutamine, and1Q@/mL penicillin, 10 ug/mL
streptomycin) containing MTT (5 mg/mL) was addedhe culture for 4 h. Then, after the
addition of an equal volume of solubilisation smat(10% SDS in HCI 0.01 M) cells were
incubated at 37 °C overnight. Specific optical dignsas measured at 540 nm, using 690 nm
as reference wavelength in an SLT-Lab microrea8atzpurg, Austria). Each experiment
was done three times and each treatment was pedomith eight replicates. Statistical
differences among treatments were calculated witdeht's test and multifactorial ANOVA.

Synthesis of 5,11,17,23-Tetr a-n-hexyl-25,26,27,28-tetr akis(3-
phthalimidopropoxy)calix[4]arene (1,3 alternate) (29).

The product was obtained according to the geneoaleplure for the synthesis of calixarenes
in 1,3-alternate conformatidn.

The crude was purified by flash column chromatolyyafeluent: ethyl acetate/hexane= 2.2 :
7.8 and then in CHLly) to obtain the pure product as a colourless olldfo yield.

'H NMR (300 MHz, CDC}) 57.87-7.75 (m, 8HPht), 7.72-7.65 (m, 8H, Pht), 6.79 (s, 8H,
ArH), 4.37 (s, 8H, Ar@,Ar), 3.62 (t,J = 6.9 Hz, 8H, OEl,), 3.39 (t,J = 7.4 Hz, 8H,
OCH,CH,CHy), 2.40 (t,J = 7.8 Hz, 8H, ArG4,), 1.70-1.40 (m, 16H, OCi€H, and
ArCH,CH,), 1.351.12 (m, 24H, ArCHCH,CH,CH,CH,), 0.87 (tJ = 6.5 Hz, 12H, E3). **C
NMR (75 MHz, CDC}) & 168.0, 154.2, 136.3, 133.7, 133.5, 132.1, 129.3,1158.4, 37.8,
35.4, 35.1, 31.7, 31.6, 29.4, 28.8, 22.7, 14.1. (&Sl): calculated for [M + N&]m/z =
1531.8, foundnwz = 1532.4.

Synthesis of 5,11,17,23-T etra-n-hexyl-25,26,27,28-tetr akis(3-aminopr opoxy)calix[4]ar ene
(1,3-alternate) (29). The product was obtained according to a generatepiare for the
removal of the phthaloyl protecting groups, mergabove folc.

The pure compound was obtained as a colourless giantitative yield.

'H NMR (300 MHz, CDCJ) 56.89 (s, 8H, AH), 3.77 (bs, 8H, Ar€Ar), 3.60 (bs, 8H,
OCHy), 2.62 (bs, 8H, OCKCH,CHy,), 2.56 (bs, 8H, Ar@l,), 1.57 (bs, 16H, OC¥H, and
ArCH,CH,), 1.25 (bs, 24H, ArChCH,CH,CH,CHy), 0.83 (bs, 12H, Bs). **C NMR (75
MHz, CDCk) 6154.7, 136.3, 133.7, 131.1, 129.5, 125.5, 68.92,3%8.3, 35.3, 31.7, 31.6,
29.6, 29.3, 22.5, 14.0. MS (ESI): calculated for #VH]" m/z = 989.9, foundwz = 989.8,
calculated for [M + Na]m/z = 1011.8, founaz = 1011.5.
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General procedurefor thereaction of amineswith CO,

COx(g) was bubbled with a needle through a solutionthef amine (~ 1-10 mM) in the
deuterated solvent in the NMR tube for 7-10 min. Rilgpectra were recorded immediately
after the bubbling.

Adduct 28.

The compound was obtained as a white solid in dguadint yield.

'H NMR (300 MHz, CDCY): 59.35 (bs, 6H, N3, 7.17 (dJ = 7.4 Hz, 4H, AH), 7.00 (t,J
= 7.4 Hz, 2H, AH), 6.20 (t,J = 7.5 Hz, 2H, AH), 6.06 (d,J = 7.5 Hz, 4H, AH), 4.74 (bt,
2H, NHCOO), 4.33 (d,J = 13.2 Hz, 4H, Ar@Ar), 4.08 (t, J = 7.5 Hz, 4H,
OCH,CH,CH,NH3"), 3.66 (bs, 8H, OB,CH,CH,NHCOO and OCHCH,CH,NHCOO),
3.17 (d,J = 13.2 Hz, 4H, ArChAr), 2.85 (bs, 4H, OCLCH,CH.NHs"), 2.41 (bs, 4H,
OCH,CH,CH;NHs"), 1.95 (bs, 4H, OCCH,CH,NHCOO ). *H NMR (300 MHz, DMSO-
ds): 66.76(bs, 4H, NH), 6.63-6.5Qm, 12H, AH), 4.30 (d,J = 13.0 Hz, 4H, ArEi,Ar), 3.85
(bs, 8H, OC®,), 3.14 (d,J = 13.0 Hz, 4H, Ar€El,Ar), 3.12 (bs, Gi,NHCOOH), 2.02 (bs, 8H,
OCH,CH,). *C NMR (75 MHz, CDGJ): 5163.6, 156.3, 154.2, 137.2, 132.6, 129.2, 127.6,
122.8, 122.3, 74.3, 72.5, 41.1, 36.4, 32.3, 303.2°C NMR (75 MHz, DMSOd): 5 157.5,
155.7,134.4,127.8, 121.7, 72.5, 37.2, 30.3, 30.1.

Adduct 31.

The compound was obtained as a white solid in dguadint yield.

'H NMR (300 MHz, CDCJ): 57.93 (bs, 3H, M), 6.98 (s, 2H, Afl), 6.94 (s, 1H, AH),
6.83 (s, 1H, AH), 4.88 (bs, 1H, NCOO), 3.98 (s, 2H, ArEAr), 3.78 (bs, 2H,
OCH,CH,CH,NHCOQ), 3.56 (bs, 2H, OHB,CH,CH,NH3"), 3.31 (bs, 2H,
OCH,CH,CH,NHCOO), 3.11 (bs, 2H, OCKCH,CH,NH3"), 2.23 (s, 3H, Ar€ls), 2.20 (s,
3H, ArCHs), 2.12 (bs, 2H, OCKCH,CH,NH3"), 1.90 (bs, 2H, OCCH,CH,NHCOO), 1.22

(s, 9H,tBu), 1.17 (s, 9H{Bu). *C NMR (75 MHz, CDCJ): 5163.6, 152.9, 152.7, 146.1,
146.0, 132.7, 132.3, 129.8, 126.0, 125.9, 124.9},89.4, 39.7, 37.1, 34.1, 31.3, 31.1, 29.6,
29.1, 28.9, 16.5.

2.6 References

SPartof the results reported in this chapter have béready published: see ref. 6a.
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