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The research described in this thesis covers the synthesis, characterization,
complexation, structural properties, and self-assembly of new amphiphilic
resorcinarenes, as well as their application as functional materials.

Resorcinarene octols and tetramethoxy resorcinarenes were used as a
macrocyclic platform for new amphiphilic hosts, resorcinarene bis-crowns,
resorcinarene octapodands and aminomethylated resorcinarenes. The
resorcinarene bis-crowns with preorganized and conformationally fixed
binding sites are selective cation hosts for caesium and silver forming 1:1 and
1:2 host-guest complexes in the solid state and in solution. The resorcinarene
octapodands contain flexible upper rims, and wundergo boat-to-boat
interconversion and rotation of the o-nitroaniline side arms. The complexation
and conformational properties were investigated in solution using NMR
spectroscopy and in the solid state by single crystal X-ray diffraction.

The lower rim alkyl chain length of the resorcinarene hosts had an effect
on their crystal packing and self-assembly, namely on the stability and density
of the Langmuir films and diameters of the solid lipid nanoparticles. The crystal
structure analysis of the resorcinarene bis-crowns and their alkali metal and
silver complexes showed that a pentyl group is the limiting alkyl chain length
for bilayered packing in the solid state.

Self-assembled monolayers of resorcinarenes and their interaction with
fluorescent dyes were studied in order to create functional materials and sensor
applications. The Langmuir-Blodgett films of resorcinarene bis-crown silver
complex provided antibacterial coatings, which inhibit the growth of E. coli
with nanomolar silver concentration. The interaction of aminomethylated
resorcinarenes with rhodamine B affects the lactone-zwitterion equilibrium and
thus the absorbance and emission of the dye. In addition, the fluorescence
intensity of anthracene resorcinarene conjugate can be enhanced by protonation
in an acidic medium.

Keywords: antibacterial silver, fluorescence spectroscopy, host-guest chemistry,
Langmuir-Blodgett film, NMR spectroscopy, resorcinarene, solid lipid
nanoparticle, structural chemistry, supramolecular chemistry, UV-vis
spectroscopy, X-ray crystallography
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1 LITERATURE REVIEW

1.1 Introduction

Resorcinarenes and calixarenes form a group of macrocyclic supramolecular
hosts, which consist of resorcinol- or phenol-derived aromatic rings connected
by carbon bridges.13 After the discovery of these synthetic oligomers as
condensation products of phenol, resorcinol and pyrogallol with aldehydes by
Adolf von Baeyer*® in the late 19t century, it took several decades before more
detailed analysis of resorcinarenes® and calixarenes” led to a proposal of their
macrocyclic structure.? The ability of calixarenes to form inclusion complexes
and retain water within their crystals was realized quite early,® but the modern
days of calixarene chemistry started at the turn of the 1970s and 1980s when
their potential as synthetic enzyme mimics was proposed by Gutschel? and the
first crystal structures of their solid state inclusion complexes were solved.1.12
Ever since, the unique properties of resorcinarenes and calixarenes, that is, a
hollow aromatic cavity inside the macrocycle, large but defined molecular size
and shape, and the possibility of different conformations, which direct the
orientation of the functional groups, have been intensively studied.!* These
properties, in addition to versatile synthetic routes that allow the introduction
of new features, such as water solubility,’315 as well as the affinity and
selectivity towards guest molecules and ions led to applications of calixarenes
and resorcinarenes in molecular recognition,'®1” ion transport,'81° catalysis20-22
and as enzyme mimics.?32

The emergence of nanoscience and nanochemistry in the 1990s, after the
development of scanning probe microscopic techniques, directed the chemistry
of calixarene type of macrocycles towards nanoscale materials and applications.
Research of resorcinarenes and calixarenes in the 21st century is based on self-
assembly?>2” as a method for the preparation of nanoscale materials,>3 such as
monolayers, thin films, micelles, vesicles and fibers, scaffolds for metal
nanoparticles?®® and preparation of crystalline solids.? The molecular
recognition properties enable the development of calixarene sensors for various
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analytes, as well as encapsulation and transportation of drugs, biomolecules
and ions.232430-32 The literature review of this thesis focuses on the structural
properties governing the self-assembly of amphiphilic resorcinarenes and
calixarenes, and how the complexation properties of these macrocyclic
compounds can be utilized in biochemical and sensor applications.
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1.2 Resorcinarenes and calixarenes as supramolecular hosts

1.21 Synthesis and structure

Resorcinarenes, also known as resorcarenes or calix[4]resorcinarenes, are
synthesized by an acid-catalyzed condensation of resorcinol and aliphatic or
aromatic aldehydes.!3 The major product is a tetrameric macrocycle 1 (Fig. 1),
which is derived in the aforementioned conditions under thermodynamic
control, but examples of five- and six-membered resorcinarenes are also
known.33-36 The most important structural features of the resorcinarenes include
the bowl-shaped, aromatic binding cavity, eight phenolic hydroxyl groups,
which form intramolecular hydrogen bonds at the upper rim of the
resorcinarene cavity, and pendant aliphatic or aromatic groups (R) attached to
the bridging methine carbons at the lower rim.!

Upper rim

Lower rim

Figure 1. Molecular structure of resorcinarene 1 and calix[4]arene 2, indicating their upper
and lower rims, p-H calix[6]arene 3 and p-H calix[8]arene 4.

Calix[n]arenes are synthesized by a base-catalyzed condensation of p-
substituted phenols, usually p-tert-butyl phenol, and formaldehyde, which
produces a tetrameric macrocycle (2, n = 4)3” along with larger hexameric (3, n =
6)10 and octameric (4, n = 8)38 structures depending on the reaction conditions
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(Fig. 1). In addition, 5-, 7- and 9-membered rings can be prepared.
Calix[4]arenes contain four phenolic hydroxyl groups located at the lower rim
(narrow rim) of the calixarene bowl, and the p-alkyl groups at the upper rim
(wide rim) of the calixarene.

Synthetic modifications of the resorcinarene upper rim can be divided into
three categories. First of all, resorcinarenes can be synthesized from 2-
substituted resorcinols, which have an electron donating group, such as
methyl,® ethyl,40 or hydroxyl* in ortho position to the hydroxyl groups,
whereas a condensation reaction with electron withdrawing groups (-Br, -NO,
-COOH) does not form tetrameric products (Scheme 1).3° The second method
comprises the functionalization of the hydroxyl groups at the resorcinarene
upper rim, which can be alkylated, acylated or tosylated.342 Examples of
regioselective functionalization of the four distal hydroxyl groups are also
known.#3 The third category of reactions includes electrophilic substitution of
the aromatic ring, for example, by bromination,#4> diazo coupling*¢4” and
Mannich reaction.®® The Mannich reaction with a secondary amine and
formaldehyde introduces tertiary amino groups at the 2-position of the
resorcinol ring. Similar and even more versatile synthetic routes are available
for calixarenes, which can be O-alkylated or acylated in a regioselective manner.
Combined with electrophilic substitution reactions to the upper rim p-position,
facile synthetic routes to numerous calixarene hosts are obtained.??
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X
HO OH
X =Br, NO, COOH
RCHO, H*
l RCHO, H*
X

5X=CH,
6 X = CH,CHs
7X=0OH

9 Y =CH,Br

Scheme 1. Synthesis of upper rim functionalized resorcinarenes by bromination (i,
NBS),444549 Mannich reaction (ii, NHR1R>, CH2O)# and O-acetylation (iii, Ac20).650

Resorcinarenes, which have been prepared from long chain aliphatic
aldehydes are inherently amphiphilic, which means that they contain a polar
and non-polar head within a single molecule (Fig. 2).5! The solubility of
resorcinarenes can be tuned by the choice of the lower rim alkyl chain length,
and the short alkyl chain derivatives, such as C-methyl resorcinarene, can be
made water soluble by the addition of polar or ionic groups at the upper rim.4
Water soluble calixarenes are prepared by functionalizing the upper or lower
rim with ionic groups, such as carboxylate,1352 sulfonyl, 415> phosphate,>3-5>
amino!® or amido’® groups. The addition of lipophilic alkyl or acyl groups to the
opposite rim of the calixarene makes them amphiphilic (Fig. 2).



16 X = SOz Na*, R = hexyl
17 X =NH, R = octyl
18 X = N(R);*CI", R = octyl

14 X =COOH,n=1
13 15a X = PO3H,, n =3
15b X = POgHy, n = 5

19 X = (CH,);S05Na*
20 X = CH,COOH

Figure 2. Amphiphilic C-undecyl resorcinarene 13,5 amphiphilic calix[4]arenes (14-
15)525556 and calix[6]arenes (16-18)1415 with polar groups at the upper rim; calix[4]arenes
with polar groups at the lower rim (19-20),315 p-acyl calix[4]arenes 21a-d and p-acyl
dihydroxyphosphoryloxy calix[4]arenes 22a-d.>

The lower rim of resorcinarenes can be functionalized by using
bifunctional aldehydes such as Q-alkene5’%° acetal protected 11-
hydroxydocecanal® or sodium 2-formylethane-1-sulfonate formed in situ,!” to
provide double bonds, hydroxyl or sulfonate groups at the lower rim,
respectively. The alkene functionality can be transformed into thiols®! or
thioethers®® (Scheme 2), which enables covalent attachment of the
resorcinarenes on gold to produce self-assembled monolayers (SAMs). Synthetic
transformations or attachment to surfaces often require protection of the upper
rim hydroxyls with acetyl® or silyl groups.®> The upper rim hydroxyl groups
can also be protected by covalent bridging of the adjacent hydroxyls, which
produces resorcinarenes with rigidified binding cavities, also called
resorcinarene cavitands (Scheme 2).444557



Scheme 2. Functionalization of the lower rim of C-(9-decenyl) resorcinarene 23 to produce
thiol terminated resorcinarene 24,61 resorcinarene cavitand 25 and thioether terminated
cavitand 26,5 and preparation of self-assembled monolayers (SAMs) on Au: i) thiolacetic
acid, AIBN, ii) NaOH, MeOH|, iii) BrCH.Cl, K>COs, iv) decanethiol, 9-BBN.

1.2.2 Conformational mobility

Resorcinarenes and calixarenes can exist in many conformations besides the
most common crown conformation of resorcinarene and the corresponding cone
conformation of calixarene (shown in Fig. 1).13 The resorcinarene configuration
is classified according to the orientation of the lower rim substituents, R, which
can be either axial or equatorial, endo or exo, relative to the resorcinarene cavity.
The resorcinarene conformation is assigned by the orientation of the aromatic
rings relative to the methine carbon plane. When all Rs are in the endo position,
which thermodynamically is the most stable orientation for aliphatic alkyl
chains, crown, boat and scoop conformations have been observed (Fig. 3).39:50,63-66
In the crown conformation, all hydroxyl groups point upwards forming a ring of
intramolecular hydrogen bonds which stabilizes the crown structure,® whereas
in the boat conformation two opposing aromatic rings face up and the another
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two lay almost parallel to the methine carbon plane.>063 The scoop is a hybrid of
the two previous conformations and it has been observed in the solid state.® By
studying the kinetic products of the resorcinarene condensation, where at least
one aliphatic R is in the exo orientation, chair and diamond conformations with
one or two aromatic rings pointing down, respectively, have been found.50.6465
However, since only all-endo conformations—crown, boat and scoop —provide
more or less bowl-shaped binding cavity, they are more favorable in host-guest
complexation.

scoop

OH /j OH
U) ~ \,/ \/
/  OH OH

cone partial cone 1,3-alternate 1,2-alternate

Figure 3. The resorcinarene and calixarene conformations.

A similar classification of conformations is applied to calix[4]arene
conformations with different names.?? In addition to the cone conformation
where all R substituents point up (Fig. 1), they can obtain partial cone, 1,3-
alternate or a less common 1,2-alternate conformation, in which one, the two
distal, or the two adjacent phenol rings, respectively, are rotated relative to the
methylene bridges (Fig. 3). The flattened cone conformation is reminiscent of the
resorcinarene boat conformation. For calix[6]arenes and larger calixarenes
(higher calixarenes), the up-down orientation of the phenol rings is no longer
sufficient to describe the conformation since the macrocycles can bend or fold
relative to the core, and the phenolic rings can tilt inward or outward.?
Therefore, in addition to larger cavity size, higher calixarenes also present
increased conformational flexibility.

Due to the relative flexibility of resorcinarenes and calixarenes, two or
more conformations can convert in equilibrium. True crown conformation can
be distinguished from a boat-to-boat conversion, where two different boat
conformations interconvert in equilibrium, by two sharp aryl proton signals in
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TH NMR spectra at a wide temperature range.®*%5 The boat-to-boat conversion,
also called pseudorotation, can be deduced from the collapse of the lower rim
aryl proton Hp and broadening of the upper rim aryl proton Ha (Fig. 3) close to
room temperature.5063 At lower temperatures the pseudorotation slows down
and the aryl signals separate into two singlets.50.63-65

Conformation and conformational mobility is an interesting structural
feature of resorcinarenes and calixarenes, which can be somewhat utilized and
controlled. It affects their host-guest complexation, and by restricting
conformational mobility—by covalent bridging, for example—higher
preorganization of the host and therefore improved selectivity and affinity can
be obtained.®””!1 In addition, conformational mobility also affects the self-
assembling properties of amphiphilic calixarenes and resorcinarenes, such as
water solubility,’>72 dimerization,”® shape and size of calixarene conjugates and
their aggregates,”>7476 and the flexibility and packing of monolayers.®® On the
other hand, self-assembly also reduces the conformational mobility of
resorcinarenes and calixarenes by, for example, directing the hydrophilic
groups towards water.”778 A controlled change in the conformation of the
resorcinarenes can also be utilized for creating molecular motors and
switches.”80

1.3 Self-assembly of amphiphilic calixarenes and resorcinarenes

1.3.1 Micelles!

The self-assembly of amphiphilic molecules into micelles —i.e. small molecular
aggregates with a hydrophobic interior in an aqueous solution (Fig. 4)—is a
spontaneous dynamic process which is usually said to occur when the
concentration of the amphiphile reaches the critical micelle concentration
(CMC). The conditions of self-assembly are controlled by several parameters,
with the conical shape of the amphiphile being considered as a prerequisite for
forming spherical micelles. Calixarenes and resorcinarenes offer intriguing
synthetic possibilities for preparing conically shaped amphiphiles, as
demonstrated, for instance, with mono-O-alkyl p-carboxymethyl (27) and p-
aminomethyl calix[4]arenes (28, Fig. 5).8182 The p-carboxymethyl calix[4]arenes
27 are ionic at the physiological pH 6-8, and their CMC values decrease with
increasing alkyl chain length, from C; to Ciz; this is a common trend for
surfactants.3! The aminomethylated calix[4]arenes 28 also formed micelles at
pH 2, where all aminogroups are protonated.8> However, their CMC values do
not follow a similar trend. At higher pH, where the amphiphiles are not ionic,
the short alkyl chain derivatives form larger aggregates with hydrodynamic
diameters >500 nm, whereas the long chain derivatives still assemble as
micelles. Based on these observations, the macrocyclic structure and aromatic
binding cavity of calixarenes and resorcinarenes differentiate them from linear
one- or two-legged surfactants.
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9P, Wil

B C

Figure 4. Schematic structure of A) a micelle, B) a reverse micelle and C) a vesicle.

HOOC

COOH  cooH
) /[l
| ) O
1
OR

S

Figure 5. Mono-O-alkyl p-carboxymethyl (27a-k) and p-aminomethyl calix[4]arenes (28a-k),
aR= CH3, b:R = C2H5, cR= C3H7, d:R= C4H9, e:R= C5H11, f:R= C6H13, g: R= C7H15, h:
R= C8H17, i:R= C9H19, ] R= C10H21, k:R= C12H25.81/82

The dynamic aggregation process can happen stepwise when the
monomers form dimers or trimers well below the CMC at a very low
concentration, and these precursors assemble as micelles when the
concentration is increased. For example, water soluble calix[4]arenes with four
2’-deoxythymidine (29a) or 2’-deoxyadenosine (29b) groups at their narrow rim
(Fig. 6) self-assemble as dimers, which aggregate into micellar structures with
hydrodynamic diameters (Du) of 3.8 and 3.9 nm, respectively.83 Adenine bases
show stronger n-stacking interactions which lead to lower CMC value of 29b
(0.22 mM) compared to the thymine functionalized amphiphile 29a (0.51 mM).
The micelles aggregate into larger clusters when dried on a solid substrate. In
the solid state, only 29b forms spherical and well-defined aggregates of 700 nm
diameter; in contrast, 29a tends to form smaller clusters which assemble into
grapelike superstructures, as observed by SEM.
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29a B= \ﬁNH
o
¢
NH,
- ~N
29b B= <gl | N/)

Figure 6. Molecular structure of calix[4]arene tetra-2’-deoxythymidine (29a) and tetra-2’-
deoxyadenosine (29b) conjugates.

Also gadolinium-chelating calix[4]arene 30 (Fig. 7) forms small
preaggregates, which assemble into micelles with a hydrodynamic radius of 2.2
nm.3 The calixarene conjugate was synthesized as a magnetic resonance
imaging (MRI) contrast agent, where the toxic gadolinium must be strongly
chelated to prevent its release in the body. Therefore, the chelator also has an
effect on the performance of the substance.?* The micellization of the calixarene
30 was found to improve its properties in MRI in comparison to the monomer.84

Figure 7. Structure of calix[4]arene gadolinium 1,4,7,10-tetra(carboxymethyl)-1,4,7,10-
tetraazacyclododecane (DOTA) conjugate 30.84

Aoyama et al.858¢ have studied water soluble, non-ionic amphiphiles,
which are synthesized from resorcinarenes and which contain extremely large
oligosaccharide head groups (Fig. 8). The conjugates do not affect the surface
tension of water due to rapid aggregation into micellar structures; this, however,
is a clear indication of their amphiphilic nature. The formation of micelles
cannot be explained by hydrophobic interactions alone, since the micelle
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formation is found to be irreversible even at very low concentrations and the
aggregates do not dissociate into monomers. Therefore, in addition to
aggregation due to hydrophobic effect between the lower rim alkyl chains,
steep curvature in the shape of the conjugates along with hydrogen bonding
between the oligosaccharide chains drives the formation of small micelles
consisting of 4-6 molecules instead of lamellar assemblies. Interestingly,
phosphate anions promote agglutination of the micelles (Fig. 9). 3P NMR
studies indicate that phosphate anions are effectively hydrogen-bonded by the
oligosaccharide moieties, precipitating two water-soluble species, sugar and salt,

out of the solution.
HO HO HO
OHO 0 o
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31 X= HN OH
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Figure 8. Molecular structure of oligosaccharide resorcinarene conjugates 31. The head
group contains 15-56 glucose residues giving MW of 4 000-10 000 g/mol for the
conjugates.8586

Figure 9. Schematic representation of the self-assembly and phosphate-induced
agglutination of amphiphilic resorcinarene oligosaccharide conjugates.t> (Reprinted with
permission from reference 85. Copyright (2003) American Chemical Society.)
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Another example of irreversible micellization in water was found with an
amphiphilic water soluble tris(hydroxymethyl)amide resorcinarene 32 (Fig. 10),
which is not surface active but nevertheless forms small aggregates as indicated
by the broad NMR resonances in D>0.87 The micelles consist of 3-4 molecules
based on PGSE NMR (diffusion) and molecular simulations, and they can be
destabilized with organic solvents, such as DMSO or DMF, leading to monomer
micelle exchange and reduced size of the aggregates.

OH OH

A

32aR= CSH17
32bR = C11H23

Figure 10. Tris(hydroxymethyl)amide resorcinarene 32a-b.8”

The dendrocalixarene 33 (Fig. 11) with a large anionic head group self-
assembles at neutral pH and very low concentration (<40 uM) into robust and
uniform micelles with hydrodynamic diameters of 6 nm.88 The structure of the
micelles was determined at 12 A resolution by cryo-TEM and 3D-reconstruction
(Fig. 12), and a model with seven subunits was proposed. The interior of these
micelles was disordered and not visible in the TEM images. Time-resolved
spectroscopy using pyrene as a guest molecule showed that a hydrophobic
guest can experience different environments inside the micelle, i.e. the aromatic
part of calixarene macrocycle in addition to the hydrophobic tails.?> However,
the calixarene 33 does not quench the pyrene fluorescence as efficiently as 2,6-
dimethylanisole, which was used as a non-macrocyclic control for the
calixarene walls, but instead protects the embedded fluorophore from the
quenchers present in the solution.
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33

Figure 11. Structure of amphiphilic dendrocalixarene 33.88

Figure 12. Electron micrographs of dendrocalixarene micelles and their 3D reprojections
(above), stereoview of the 3D structure (below).8 (Copyright © 2004 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim)
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The aggregation of amphiphilic resorcinarenes with carboxymethyl (34), 2-
hydroxyethyl (35), methylamino acetal (36) or dialkylaminogroups (37-38) was
studied in chloroform, where they form reverse micelles (Fig. 13).9091 The
reverse micelles form by intramolecular hydrogen bonding between the upper
rims, and all of the investigated derivatives show lower CMC values than
unsubstituted resorcinarene octol. In addition, the carboxymethyl (34) and
hydroxyethyl (35) resorcinarenes formed intramolecular hydrogen bonds more
efficiently than the aminomethylated derivatives, because the strong
intramolecular O-H---N hydrogen bonds of 37-38 compete with intermolecular
interactions.

OMe
OH OH MeO

HOOC COOH % H N
\ ~

37a R1 = -CGH13’R2 = -CH3 38a R1 = -CH3Y R2 = -C10H21
37b R1 = -CgH1g’ R2 = -CH3 38b R1 = -C11H23Y R2 = -C4H9
37c R1 = -C11H23, R2 = -CH3

37d R1 = -CgH»]g, R2 = -02H5

37e R1 = -C11H23’ R2 = -Csz

Figure 13. Structure of amphiphilic resorcinarenes 34-38.90.91

Calixarenes and resorcinarenes are convenient building blocks for
supramolecular amphiphiles, in which the hydrophobic and hydrophilic parts
of the supramolecule are linked by weak interactions. As a hydrophilic building
block, calixarenes and resorcinarenes can be utilized in the dispersion
hydrophobic pharmacological compounds.”? For example, a water-soluble
calix[4]arene PEG-conjugate 39 forms an inclusion complex with hydrophobic
phenyl palmitate (guest), and the complex forms aggregates in a mildly polar
medium (Fig. 14).2 The morphology of the aggregates can be controlled by
changing the ratio of hydrophobic and hydrophilic counterparts in the system.
Increasing the amount of hydrophobic guest changes the equilibrium from
vesicles with a diameter of 270 nm to micellar species with a diameter of 130 nm
at the 1:1 ratio. Finally, an excess of guest leads to the formation of fibrous
network aggregates.
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Hydrophobic

Figure 14. Schematic structure of a supramolecular amphiphile formed by an inclusion
complex of calix[4]arene PEG-conjugate 39 and phenyl palmitate.??

1.3.2 Vesicles!

Cylindrical amphiphiles can assemble as vesicles (or liposomes), which have
bilayered walls and a hydrophilic solvent-filled interior (Fig. 4). Unmodified
p-H calix[6]arene (3) forms unilamellar vesicles of 0.5-1 uM in diameter by
injection of THF solution in water.”” The shape of the calix[6]arene 3 is
cylindrical when all of the lower rim hydroxyl groups are directed towards
water, and the aggregation is promoted by mn-stacking interactions between the
aromatic walls of the macrocycle. p-tert-Butyl calix[6]arene did not form vesicles,
probably because the shape of the molecule is not perfectly cylindrical.

Resorcinarene octol (1) and pyrogallarene (7) with long Ci7 alkyl chains
formed vesicles by injection of THF solution in aqueous buffer.®* Small vesicles
with a mean diameter of 50 nm (range of 30-240 nm) were obtained. A reference
compound lacking the macrocyclic structure, 4-octadecylresorcinol, assembled
as micelles under identical conditions.

Relatively minor differences in the geometry of two structurally related
calix[4]arenes (40-41) lead to self-assembly, either into vesicles or into very
small aggregates, presumably micelles.®> The p-carboxylic acid derivative 40
(Fig. 15) spontaneously assembles as unilamellar but polydisperse vesicles with
a mean diameter of 8 nm in basic solution. The quaternary ammonium
derivative 41 did not form large vesicles; the authors suspected that the
aggregates were too small to be detected with their light scattering or TEM
equipment. It was concluded that the larger head group of the ammonium
derivative promotes the formation of micelles rather than vesicles even though
no direct observation of the micelles was made.
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40 R= C12H25 41a R= CgH17
41b R = C12H25

Figure 15. Amphipilic calix[4]arenes 40-41.9

When the polar head group contains ionic groups, the pH of the solution
affects the charge density and the shape of the molecules. If the amphiphiles do
not precipitate due to the pH change,?! they can form pH sensitive assemblies.
Lee et al.”> have studied aminoalcohol derivatives of calix[4]arene (42-44, Fig. 16)
and discovered that the length of the polar chains at the upper rim affects the
size distribution of the vesicles. The calixarene 42 with short 2-hydroxyethylene
chains apparently adopts a more cylindrical structure, since it assembled as
large vesicles (Du = 200 nm), than calixarene 44 with long tri(ethylene glycol)
chains, which formed micelles of 5-7 nm diameter. However, the intermediate
chain length produced the most interesting small vesicles, which, upon
protonation in acidic conditions, transformed into micelles. The pH-triggered
vesicle-to-micelle transition can be used to release hydrophilic guests carried by
the vesicles (Fig. 17).

42 R=H on
43 R=/\/O
44 R= """ "0n

Figure 16. Amphiphilic calix[4]arenes 42-44.7>
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pH drop

Figure 17. Schematic representation of the pH-controlled vesicle to micelle transition of
43.75 (Reprinted with permission from reference 75. Copyright (2004) American Chemical
Society.)

Calix[4]arene and calix[8]arene glycoconjugates (45-48) were synthesized
in order to compare their lectin binding abilities (Fig. 18).96%7 It was expected
that calix[8]arene derivatives (47-48) would show higher affinity, due to more
binding units within single host, but instead calix[4]arene derivatives (45-46)
were more efficient. It was proposed that the calix[4]arenes 45-46, which are
locked in the cone conformation had a more favorable presentation of N-acetyl-
glucosamine chains than the conformationally mobile calix[8]arenes 47-48. In
addition, it was shown that 47-48 aggregate spontaneously into vesicles. The
structure of the vesicles was investigated in more detail by varying the pH.” In
neutral and basic solutions, the vesicles had a diameter of 200-400 nm, but
below pH 3, the vesicles transformed to micelles with ca. 10 nm diameter. This
transition is most likely induced by increased positive charge density after
protonation of the thioureido groups, since the isoelectric point of the molecules
was at pH 3.2.

HO

HO OH
H
[0}
HO AcHN
HO OH
NH
HO
AcHN s
NH
NH
=\ o
NH NH

45 n=4 46 n=4
47 n=8 48 n=8

Figure 18. Structure of calix[4]arene glycoconjugates 45-46, and calix[8]arene
glycoconjugates 47-48.9697
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The tris(imidazolyl) calix[6]arene 49 with three anionic sulfonate groups at
the wide rim and three imidazolyl arms at the narrow rim formed aggregates
that are sensitive to pH and silver ions (Fig. 19).991% The conformation of 49 is
flexible and the imidazole groups point out of the calixarene cavity, creating a
roughly cylindrical shape for the amphiphile. The calixarenes assemble into
unilamellar 50 nm vesicles at pH 6.5 when the imidazole groups are partially
protonated, whereas at higher pH, polydisperse and less durable vesicles were
observed.” The shape of the calixarene became conical upon complexation to
Ag*, which directs all imidazolyl ligands inwards. The calixarene silver
complexes assembled into small (2.5 nm) micelles.

Figure 19. Tris(imidazolyl) calix[6]arene 49, complexation of Ag* changed the shape of the
molecule into conical.”

1.3.3 Solid lipid nanoparticles!

Solid lipid nanoparticles (SLN) differ from micelles by their larger diameter (50-
1000 nm) and from vesicles by containing a lipid-filled solid interior.11 Solid
lipid nanoparticles have been developed for drug carriers in pharmaceutical
and cosmetic products, where they have several advantages, such as increased
protection of a drug against the environment and flexible possibilities to control
the drug release.191.102 Solid lipid nanoparticles are prepared on an industrial
scale from solid lipids using high pressure homogenization and on smaller
scales by microemulsion techniques. The solvent replacement method, where
the amphiphile is first dissolved in an organic solvent and then rapidly mixed
with water, has been successfully applied for many amphiphilic
calixarenes®>103104 and resorcinarenes.105106
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p-Acyl calix[4]arenes (21a-d, Fig. 2) and p-phosphonate calix[4]arenes (15a-
b, Fig. 2) form monodisperse SLNs with hydrodynamic diameters of 130-150
nm.>5103107 The solubility and amphiphilic properties of these calixarenes favor
the preparation of SLNSs, since they are soluble in water miscible organic
solvents—such as THF, acetone and ethanol—and readily assemble into
nanoparticles without any need for cosurfactants.!” The acyl chain length (R =
CsH11-C11Hz23) had no effect on the nanoparticle size of the p-acyl calix[4]arenes
21a-d.107 For tetra p-phosphonate calix[4]arenes (15a-b), a minor increase in the
alkyl chain length from Cio to Ci2 affected their agglomeration, suggesting that
the shorter chained derivative produced slightly more densely packed and rigid
particles.5> Also p-acyl calix[9]arene (50a-e, Fig. 20) based SLNs have been
prepared, which had a negative correlation between the acyl chain length and
the SLN diameter —i.e. shorter chain lengths gave larger particles.1%® This could
result from the different conformation and packing of the larger and more
flexible calix[9]arene framework during the nanoparticle self-assembly.

o R

<>,

Figure 20. The p-acyl calix[9]arenes 50a-e.108
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The AFM images of dried nanoparticles on a solid substrate, such as glass
or mica, showed slightly flattened nanoparticles (Fig. 21).55193105 They can be
differentiated from collapsed vesicles by the much larger height of the
assemblies?* and by comparing their volume to the hydrodynamic diameters
measured in solution. The structure is amorphous,!? even though it probably
contains some degree of order due to the packing of the hydrophobic domains
of the amphiphiles.107
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Figure 21. An AFM image (5x5 pm) of solid lipid nanoparticles of 15a on mica.>> (Reprinted
with permission from reference 55. Copyright (2002) American Chemical Society.)

The guest inclusion into p-acyl calixarene cavities on the surface of the
particles has been studied for freeze-dried SLN powders by hyperpolarized
129Xe NMR.1% The results show that the cavities are to some extent available for
guest inclusion, depending on the acyl chain length. The longer and more
flexible the chains, the fewer cavities are free due to backfolding and
interdigitation of the aliphatic chains within the cavities. However, the SLNs
can undergo minor changes in the chain packing, which results in increased
volume of free cavities. The change was induced, for example, by absorbing
gaseous dichloromethane, DMSO, CHCl;, o- and p-xylene, or
tetrachloromethane in the SLNs, after which the signals for hyperpolarized Xe
in the cavities increased. Since these experiments were conducted with dried
SLNs, some of the observed intercalation of the alkyl chains may have taken
place during the removal of the solvent, whereas in the hydrated state some of
the cavities could be engaged in hydrogen bonding interactions with water.110

Very interesting results have been obtained with the apparently
hydrophobic p-H dodecanoyl calix[4]arene 51. Despite a lack of hydrophilic
groups, 51 showed surfactant properties, self-assembling into a well-packed
monolayer at the air-water interface, and formed SLNs with a Dy of 235 nm.!11
The crystal structure of the compound shows organized packing of the alkyl
chains with a head-to-tail arrangement of the amphiphiles (Fig. 22). Since the
acyclic reference compound dodecyloxybenzene showed no sign of surfactant
behavior, the amphiphilic nature of the calixarene 51 can be attributed to the

interactions of the macrocyclic aromatic cavity with water by mn-electron
cloud.110



32

51

Figure 22. Molecular and X-ray crystal structure of p-H dodecanoy]l calix[4]arene 51.111

The stability and toxicity of calixarene SLNs have been studied in order to
elucidate their biocompatibility and potential as drug carriers. Most of the
calixarene and resorcinarene SLNs are stable against UV-radiation and
physiological salt concentration at a pH range of 2-8.195107 The only structurally
weak point of the calixarene based SLNs is their limited stability against freeze-
drying and redispersion, where they tend to agglomerate.’%” For calix[4]arenes,
this can be prevented by using simple sugars, such as glucose, as
cryoprotectants.!’? The calix[4]arene SLNs showed no haemolytic tendencies up
to 150 mM concentration, since the parent calixarenes have no affinity to lipids,
especially to cholesterol of the cell membranes.!13

The surface of the L-prolyl resorcinarene (52) SLNs was coated with
bovine serum albumin, BSA, to produce SLNs for drug targeting.1% Bovine
serum albumin was linked to the surface of the particles using 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide (EDC) and N-hydroxysuccinimide
(NHS) coupling. The BSA on the surface of these particles was in its native
conformation and the protein-SLN conjugates were attached on a gold substrate
using an antibody (anti-BSA) linker. Successful preparation of the conjugates
showed that the resorcinarene SLNs maintain their shape and size well under
these reaction conditions (Fig. 23) and have significant potential for nano- and
bioapplications.
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52 R= C11H23

Figure 23. Structure of L-prolyl resorcinarene 52 and a SEM image of BSA-coated SLNs
(scale bar 1 uM).106

1.3.4 Fibers

Self-assembled nano- and microfibers enable preparation of fibrous materials
for applications in nanoscience and nanotechnology. Three types of fiber
forming calixarenes and resorcinarenes are discussed: cylindrical
p-phosphonate calixarenes (53),'4 relatively rigid and hydrophobic
calix[6]arene crown ethers (54-55),7¢ and N-(2-aminoethyl) acetamido
resorcinarenes (59-60) containing very large ionic head groups.!>

The self-assembly of the cylindrical p-phosphonate calix[4]arene (53) with
long Cis alkyl chains in the cone conformation was studied in toluene.!4
Toluene solution of the calixarene assembled as nanofibers when dried on
moderately polar mica or a less polar graphite surface, whereas hydrophilic
silicon oxide did not promote assembly into fibers. The fibers are uniform in
diameter (6 nm) with the proposed structure consisting of discs of micellar
assemblies stacked as long fibers with a 6-8 A pore in the middle (Fig. 24). Some
toluene is incorporated inside the tubes between the alkyl chains, and its
removal under high vacuum resulted in collapse of the fibers into small
particles of 3-4 nm in diameter. The assembly process is quite robust, and
presumably the calixarene forms micellar preaggregates in toluene, which
during toluene evaporation assemble into a fibrous network.
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Figure 24. The self-assembly of p-phosphonate calix[4]arene 53 into nanofibers.114

The water insoluble calix[6]arene bis-crowns in an 1,4-alternate
conformation containing polar N-(3-aminopropyl) acetamido arms (54, Fig. 25)
formed vesicles (Du = 290 nm) in ethanol-water solution, which changed into
fibers after an increase in the water content.”¢ The fibers were about 10 um in
length and 100-200 nm in width, and they contained a hollow interior. The
tibers showed a peak in the XRD pattern, indicating periodic order in the
packing.

The structural conditions for the vesicle-fiber transition was studied by
preparing a series of calixarenes (55-58, Fig. 25).76116 The crown ether loops
proved to be essential for the formation of fibers, since they provide sufficient
conformational rigidity to the calixarene framework. The transformation into
tibers can be attributed to minor conformational changes condensing the
hydrophobic parts of the molecule when the hydrophilicity of the solution is
increased. More importantly, the amido functionalities were discovered to be
crucial to the fiber structure: they form intermolecular hydrogen bonds visible
in IR spectra and in the X-ray crystal structure (Fig. 26). The hydrogen bonding
most likely rigidifies the structure of 54-55 in comparison to the calixarenes 57-
58, which can change their shape into a more curved structure and thus
compensate for the need for dense packing of the hydrophobic volume by
assembling into smaller vesicles in hydrophilic solvent. The vesicle-to-fiber
transition of 54 can be compared with the transition observed for
supramolecular amphiphile 39, in which the inclusion complexation of the
hydrophobic counterpart most likely provides similar rigidity to the structure.®
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The fibers formed also in the presence of caesium, an effective guest for 54. The
position of caesium within the fibers was not investigated, but it most likely
occupies the crown ether loops and aromatic cavity of the calixarene.
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Figure 25. Structure of calix[6]arene bis-crowns 54-58.76.116
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Figure 26. X-ray crystal structure of calix[6]arene bis-crown 55 showing intermolecular
hydrogen bonds.116

The self-assembly of resorcinarenes with eight N-(2-aminoethyl)
acetamido substituents at the upper rim was studied in water (59, Fig. 27).115
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The molecules are hydrogelators in their non-ionic form and soluble in water
when partially or completely protonated at acidic pH. The effect of lower rim
(hydrophobic) and upper rim (hydrophilic) chain length on self-assembly was
studied. During aging of the resorcinarene water solutions, a small fraction of
the resorcinarenes aggregated into larger clusters, which had a sheet-like
morphology. After four weeks, tubular assemblies emerged in solution. The
tubes were 1-2 pM in diameter, and had a soft and amorphous structure
consisting of multilamellar sheets and hydrogen-bonded water. The lower rim
alkyl chain length did not have any remarkable effect on the assembly of 59a-f,
whereas the upper rim 2-aminoethyl chains proved to be important as
hydrogen bonding units for the sheet-microtube transition. The amido groups
showed distinct shifts in the IR spectra indicating hydrogen bonds. When
replaced with hydrazine structure (60), only sheets but no tubes were formed.
Thus, it was concluded that the hydrophobic interactions and aromatic -
stacking of resorcinarene cavities are needed for aggregation in water, but the
hydrophilic head group dominates in the assembly of fibers.
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Figure 27. Resorcinarene N-(2-aminoethyl) acetamido derivatives 59a-f and N-amino
acetamido derivative 60.115

1.3.5 Langmuir-Blodgett films

The self-assembly of amphiphiles into well-organized monolayers at the air-
water interface has been observed for many calixarene and resorcinarene
derivatives.?? The most important structural features required for the
preparation of stable Langmuir films include hydrophilic groups, which point
towards water, and hydrophobic chains, which form intra- and intermolecular
hydrophobic interactions (Fig. 28). The monolayers of concave resorcinarenes
and calixarenes are porous, which makes them interesting materials for sensing
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and thin film materials.17118 The shape and flexibility of the aromatic cavity,
hydrophilicity of the head group functionalities, and length and branching of
the hydrophobic alkyl chains all affect the film properties, such as
compressibility, stability, density, transferability, and molecular recognition
properties.60,119-121

Figure 28. Schematic presentation of a resorcinarene monolayer at the air-water interface.

The limiting molecular areas at the condensed phase of monolayer depend
on the cross-sectional area of the molecule. For resorcinarene octols (1) and
pyrogallarenes (7) with unbranched alkyl chains, the macrocyclic cavity
determines the limiting molecular area.t%1?! Dense hexagonal packing occupies
approximately 130-140 A2 per molecule in the crown conformation, and it can
compress down to 110 A2 before collapsing. The area occupied by the alkyl
chains is smaller, and surface potential-area isotherms have shown that the
chains arrange in a tilted orientation relative to the surface normal during
compression!?? as well as in deposited Langmuir-Blodgett multilayers (55-60°).60
The lower rim alkyl chain length can vary from Cs to C11,60119122 or even from Cs
for pyrogallarenes,'?! or contain distal double bonds without severe effects to
the isotherms, whereas long Ci7 alkyl chains promote formation of a bilayer.®
The branching of the alkyl chains can increase the molecular areas or induce
tilted orientation of the molecules with respect to the surface normal.1?!

The esterification of the phenolic hydroxyl groups has significant effects
on the isotherms by increasing the molecular areas and decreasing the collapse
pressure.®0119120 The acetylated resorcinarenes (11) had a boat conformation at
the interface, which explains the enlarged molecular areas. Even when the
lower rim contains bulky azobenzene units, as in resorcinarene 61 (Fig. 29), the
cross-sectional area of the resorcinarene cavity determines the molecular
areas.!?> A comparison of octol 61 and the acetylated compound 62 revealed
that the larger molecular area of the acetylated resorcinarene allows more space
for the trans-to-cis photoisomerization in the compressed films.
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Figure 29. Azobenzene resorcinarenes 61 and 62.123

The rigidity of the resorcinarene cavitands induced steep isotherms, which
indicate high stability and relatively low compressability of the Langmuir
films.®© When the Langmuir-Blodgett multilayers of cavitand 63 (Fig. 30),
resorcinarene octols 13 (Fig. 2) and 23 (Scheme 2), and acetylated resorcinarenes
(64-65, Fig. 30) were deposited, the flexible acetylated resorcinarenes formed the
most ordered multilayers, whereas the rigid cavitand formed poorly organized
multilayers, as indicated by the X-ray diffraction peaks.®® The deposition of
Langmuir-Blodgett multilayers has also been successful with C-phenyl
resorcinarenes, providing that the head group has sufficient polarity, such as in
the aminomethylated resorcinarene 66.124

Figure 30. Resorcinarene cavitand 63 and acetylated resorcinarenes 64-65.%0
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66
Figure 31. Aminomethylated resorcinarene 66.124

O-alkylated resorcinarene octapodands with ester and amido
functionalities (67-68, Fig. 32) formed complexes with alkali and transition
metal cations mediated by ion-dipole and cation-i1 interactions to the carbonyl
groups and resorcinarene cavity.’® The podands differ in their molecular area
responses to the guest cations in the subphase. The ester derivative 67 showed
no change in the limiting areas, whereas the amide derivative 68 responded to
almost all investigated analytes. The rotation of the upper rim podand arms of
67 upon complexation induces only a small change in the cross-sectional area,
which explains the observation. UV-vis and IR spectra of the transferred films
indicated that the hosts are in the boat conformation for films deposited on pure
water, whereas they have a distorted conformation in films deposited on guest
ions. The ester and amide derivatives 67 and 68 formed complexes with Cu?*,
Cd?*, Na* and K*, but not with Ag* and Ba?*, as indicated by IR spectra of the
tilms. In addition, only 67 formed a complex with Hg?*.

Figure 32. Resorcinarene podands 67-68.120

The structure and the molecular recognition abilities of films prepared by
spin-coating and LB multilayer deposition of resorcinarene octol 13 were
compared using surface plasmon resonance (SPR).1> Both films respond
similarly to toluene vapor, indicating that they have similar short range
structures. It was proposed that the occurrence of head-to-head dimerization in
chloroform prior to spin-coating, followed by interdigitation of the alkyl groups,
creates small areas of stacked bilayers within the spin-coated film. Similar
interactions form during the Langmuir-Blodgett multilayer deposition,
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inducing long-range order for the films due to organized packing at the
interface.

1.4 Application of amphiphilic calixarenes and resorcinarenes

1.4.1 Ion channels

Amphiphilic calixarenes and resorcinarenes have numerous applications in
nanoscience and nanomaterials, biosensors, and biomimetic and biochemical
systems.232430-32 - Amphiphilic calixarenes, resorcinarenes and their assemblies
can interact with lipid membranes forming synthetic ion channels that allow the
passage of ions through lipid bilayers. Alternatively, they can inhibit the
function of biological ion channels.?32431 Synthetic ion channels, which show
selectivity towards Na*, K* or CI, are interesting as biological mimics for
understanding the mechanism of their biological counterparts.

Calixarenes and resorcinarenes are excellent compounds for synthetic
channel formers because their three-dimensional structure can be synthetically
controlled with high precision.?* Resorcinarene 1 with Cis alkyl chains formed a
potassium channel across soybean lecithin bilayers.1?¢ It was observed that the
long alkyl chains capable of spanning the bilayer were essential for the function
of the channel. Therefore, it was proposed that the structure of the ion channel
consists of a tail-to-tail resorcinarene dimer. Higher ion fluxes were obtained
with resorcinarene cavitands with Ci1 alkyl chains and amino acid residues at
the upper rim.'?” Consequently, instead of a dimeric structure the ion channels
were probably formed by aggregation of the resorcinarene cavitands, which
formed tetrameric, pentameric and hexameric pores through the membrane.

It is difficult to obtain direct information about the structure of ion
channels from ion current measurements. Therefore, research on the structure-
function relationship of synthetic channel formers can reveal new insights into
the interaction of amphiphilic calixarenes and resorcinarenes with the lipid
membranes. Davis et al.1? have studied calixarene based chloride channels and
shown that the conformation and small modifications in the structure of the
host can affect its function. In the case of a partial cone calixarene 69, addition of
p-tert-butyl groups (70) affects the conformation of the amide substituents,

leading to a different mode of assembly and a non-functional ion channel (Fig.
33).129
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Figure 33. Structure of the chloride channel-forming calix[4]arene 69 and a reference
compound 70.12

1.4.2 DNA transfection

Studies of cellular uptake of calixarenes,!3 calixarene-DNA aggregates’286,131,132
and DNA-loaded solid lipid nanoparticles'3 have been undertaken in order to
develop better transfecting agents and new biochemical imaging tools and to
discover the effects of calixarene conjugates on living cells. The resorcinarene
glycoconjugates 31 and their micelles shown in Fig. 8 form complexes with
DNA by means of sugar-phosphate hydrogen bonding.8¢ Cellobiose (pB-glucose)
resorcinarene conjugate 31a and DNA form small, 50 nm particles, which are
suitable for transfection, whereas a-glucose- (31b) and [-galactose-DNA
complexes aggregate, reducing their transfection efficiency.

Several cationic calixarenes bearing guanidinium (71-73) groups at the
upper rim have also been investigated (Fig. 34).”2 The amphiphilicity and
conformational mobility of the calixarene had a very important role, since only
the conformationally locked calix[4]arenes with long hexyl or octyl chains (71b-
c) at the lower rim were able to induce DNA transfection. The cone
conformation of 71 aligns the cationic groups in the same direction and the long
alkyl chains at the lower rim form hydrophobic interactions, which efficiently
condense DNA into small 50 nm clusters. Similar results have been obtained for
hydroxyethyl ammonium calix[4]arenes (74, Fig. 35) when propyl and octyl
derivatives were compared.!3> The conformationally mobile calix[6]arene- and
calix[8]arene-guanidinium derivatives (72-73) formed links between several
DNA strands, creating large aggregates unable to induce transfection.”?
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Figure 35. Hydroxyethyl ammonium calix[4]arene 74.152

Covalently linked calix[4]arenes or multicalixarenes were prepared by
connecting five cationic alkylamino and arylamino functionalized calix[4]arenes
either at symmetrical (75-76), or asymmetrical arrangement (77).131 The highest
DNA binding affinity was obtained with the amphiphilic, asymmetrical
multicalixarene 77. However, only the alkylamino derivative 76 —which had a
symmetrical structure —was able to induce gene transfection.
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1.4.3 Sensors

Numerous sensor applications have utilized the affinity and selectivity of
resorcinarene and calixarene based hosts for metal cations,120134135 anjons,136
carbon dioxide,'” organic acids,’3® chlorohydrocarbons,3%-141 alcohols,41.142
amines,43 aromatics!19125141,144 and other small organic
compounds,119.137,138140,141,144-147 sugars, 138,148 aminoacids,3132149 and
proteins.?33132150.151 Molecular recognition at the air-water interface illustrates
the role of an aqueous environment on the stability of the complex.148 Chiral
resorcinarene and cavitand conjugates recognize amino acids enantioselectively,
probably due to stereochemically different orientation of D- and L-amino acid
side chains, either into lipophilic layer or towards water.14%152 Mixed
monolayers of lipids and cationic and anionic calixarenes showed response in
the limiting molecular areas for nanomolar protein concentration.’> The
proposed response mechanism was based on partial water solubility of the
charged calixarenes, which formed neutral complexes with oppositely charged
proteins in water, and upon complexation returned to the lipid layer, increasing
significantly the molecular areas.

Calixarenes can also provide incomparable selectivity in guest binding
within their cavities, in comparison to bare Au or polymer coatings.#4 Self-
assembled monolayers of resorcinarenes and calixarenes on a gold surface
(Scheme 2) have been tested for quartz crystal microbalance (QCM)40.144147,137
and surface plasmon resonance sensors'?>140146153 for detection of organic
molecules in aqueous solutions!44146153 and in the gas phase.12>140147 The
specific binding of calixarenes provides low detection limits at the picomolar or
ppm range,!3>147 and enables the separation of closely related isomers.142144-146

The organization of films is important for selectivity when the binding
takes place within the cavity, which has been shown to be the case for p-tert-
butyl calix[4]arene films.1#* Well-organized SAMs of thiol-functionalized
calix[4]arene 78 had better selectivity between o-, m- and p-xylenes than spray
coated, amorphous layers of p-tert-butyl calix[4]arene (Fig. 37). Furthermore,
SAMs of resorcinarene tetrasulfide 79 prepared at room temperature were
poorly organized and showed irreversible binding behavior with a cyclic guest
molecule, a-hydroxy-y-butyrolactone.l> Therefore it seems that well-organized
SAMs form complexes within the calixarene or resorcinarene binding cavity,
whereas the disordered assembly of the monolayers enhances nonspecific
binding in the interstitial space.144153
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Figure 37. Thiol-functionalized calix[4]arene 78 and resorcinarene tetrasulfide 79 used in
the preparation of SAM sensing units.144153

On the other hand, variation in the strength of lipophilic interactions
between resorcinarenes and volatile organic compounds was utilized to build a
VOC sensor array based on a QCM sensor.14! The quartz crystals were spin-
coated with ethanol solutions of resorcinarene octols 1 with Ci, Cs, C11 and Ciy
alkyl chains, which had different responses to analytes. Even though the
selectivity of resorcinarene cavity was not utilized, pattern recognition with a
sensor array consisting of sensors coated with different resorcinarenes seems to
offer potential for VOC detection.

1.4.4 Ligands and scaffolds for metal nanoparticles

Resorcinarenes and calixarenes have unique properties as ligands for metal
nanoparticles in comparison to linear thiols.?® They are able to stabilize larger
(10-100 nm) Au particles; the chain spacing at the lower rim generates
conformational freedom which prevents aggregation, and co-operative binding
of the upper rim groups to the surface of the nanoparticle produces stable
bonds (Fig. 38).1541% In addition, resorcinarene ligands promote the assembly of
2D nanoparticle arrays for sensor applications,!>415 and thiacalixarenes can be
used as ligands and reducing agents in Au nanoparticle synthesis.15”
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80 X=SH
81 X =CH,SH 82

Figure 38. Resorcinarene ligands 80-82 for gold nanoparticles.155158

Self-assembled calixarene fibers can be used as templates for metal
nanoparticle synthesis.’> A mixture of amphiphilic calixarene 54 with metal salt
and NaBH4 produced gold nanoparticles with an average diameter of 3-8 nm,
depending on the calixarene/metal ratio during the nanofiber assembly. The
AuCl4- is coordinated to the amino groups of the calixarene, and after reduction
forms nanoparticles on the surface of the fibers. The nanoparticle fibers were
used as catalysts for hydrogenation.

Moreover, the pre-assembled resorcinarene microtubes of 59 were used to
stabilize Au nanoparticles.151600 When colloidal suspension of Au was mixed
with the microtubes, Au nanoparticles were attached only to the outer surface
of the tubes. The in situ formation of Au nanoparticles during the self-assembly
of Ci5 derivative 59f resulted in localization of the nanoparticles within the
tubes, indicating that the attachment of the nanoparticles preceded the
microtube assembly.160

1.5 Concluding remarks

Resorcinarenes and calixarenes are supramolecular hosts which offer unique
molecular recognition properties for metal cations, anions, organic molecules,
and small biomolecules, as well as for large biomacromolecules such as proteins
and DNA. Self-assembly of amphiphilic resorcinarenes and calixarenes
produces nanoscale materials with versatile shapes and morphologies, such as
micelles, vesicles, nanoparticles, fibers and monolayers. Self-assembly can be
controlled by the upper and lower rim functionalities and by conformation and
conformational mobility of the host—which affect the balance between
lipophilicity and hydrophilicity —and by the three-dimensional shape and size
of the calixarene type of compounds. Conical shape of the calixarenes and
resorcinarenes promotes the formation of micelles. Very large polar or ionic
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head groups induce self-assembly into small, monodisperse structures.
Cylindrical shape of the host promotes self-assembly into vesicles, and when
the polar head groups contain ionic functionalities whose charge density
depends on the pH of the medium, pH-sensitive vesicle-to-micelle transitions
are obtained.

The self-assembled calixarene and resorcinarene based materials are
useful in many biochemical, biomimetic and sensor applications, such as
synthetic ion channels, encapsulation and transportation of drugs and DNA,
and stabilization of metal nanoparticles in catalytic or sensor systems. The
selectivity of resorcinarene and calixarene hosts have been utilized in SAM-
based sensors, where the organized packing of the monolayers improves
selective binding of the analytes. In addition, functional materials which
respond to external stimuli—such as solvent, ionic strength, metal ions, or pH —
can be prepared by utilizing the selective binding sites, the conformational
changes of the calixarene or resorcinarene framework, and shape-changing
functionalities at the upper rim.
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2 RESULTS AND DISCUSSION

The structure of resorcinarenes with a concave, aromatic binding cavity and
tunable upper and lower rim functionalities makes them useful building blocks
for host-guest chemistry and self-assembling materials. Amphiphilic
resorcinarenes can be easily prepared by using long aliphatic aldehydes in their
synthesis. The upper rim of the resorcinarene bowl has an innate hydrophilic
character because of its derivation from the resorcinol; in addition, the upper
rim is readily available for further functionalization to improve binding affinity
and selectivity. The goal of this project was to study the complexation,
structural properties, self-assembly, and potential applications of amphiphilic
resorcinarenes. These goals were addressed by synthesizing three types of
resorcinarene hosts with different lower rim alkyl chain lengths™V:V and
studying their conformational and cation binding properties in solution by
means of NMR spectroscopy,!IV examining their solid state packing by single-
crystal X-ray diffraction,V studying their self-assembly and amphiphilic
properties by preparing Langmuir films1V and solid lipid nanoparticles, and
finally, testing their potential as antibacterial coatings and examining their
interaction with fluorescent dyes.V

2.1 Synthesis of the resorcinarenes

Resorcinarene octols 1 and O-methyl resorcinarenes (hence termed
tetramethoxy resorcinarenes, 83 in Fig. 39)161 were used as a macrocyclic
platform for new amphiphilic hosts. O-Alkylation of the upper rim hydroxyl
groups produced resorcinarene bis-crowns!!l and resorcinarene octapodands.lV
A major goal of this study was to explore the effect of lower rim alkyl groups on
the self-assembly and amphiphilic properties of resorcinarene hosts. Therefore,
resorcinarene bis-crowns and resorcinarene octapodands with identical upper
rim (binding site) and different alkyl groups at the lower rim were prepared.
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83

Figure 39. Structure of tetramethoxy resorcinarene (O-methyl resorcinarene) 83 showing
clockwise (cw) and counterclockwise (ccw) enantiomers.161

Resorcinarene bis-crowns were prepared by attaching two crown ether
bridges to the free hydroxyl groups of tetramethoxy resorcinarene 83, a
procedure which locks the resorcinarene in the boat conformation and creates
two binding pockets for complexation of cations. The resorcinarene bis-crowns
84-91 were synthesized with 15-30% yields using tetraethylene glycol
ditosylate and Cs,COj;, according to the procedure previously used for
resorcinarene bis-crown 84 (Scheme 3).11162

OH o

ﬁ \/\O O/¥o
HO OMe /—6\ /j\ | /——/
- o (o] 0 0
Cs,CO3, DMF Z O:r
—0=S== —
MeO OH : [e]

R R
HO OMe
R R
8 84 C,Hs 88 CqHys
85 CiHy 89 CgHyg
86 C4Hg 90 CioHy
87 CsHyg 91 CyiHys

Scheme 3. Synthesis of the resorcinarene bis-crowns 84-91 (cw enantiomers shown).!.162

O-alkylation of resorcinarene octol 1 with o-nitroaniline side arms breaks
the hydrogen bonded crown conformation of the octol and produces flexible
host structures, resorcinarene octapodands.lV Resorcinarene octapodands (92-
96) were prepared with 40-65%  yields using  o-nitro-N-(2-
toluenesulfonyloxyethyl)aniline or  o-nitro-N-(2-methanesulfonyloxyethyl)-
aniline, according to the procedure previously used to prepare resorcinarene
tetrapodands (Scheme 4).1V.163
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Scheme 4. Synthesis of the resorcinarene octapodands 92-96.1

Aminomethylation of resorcinarenes provides hosts which contain
hydrogen bonded, extended binding cavities in crown conformation.48164 The
tertiary amino groups can form hydrogen bonds with solvent or guest
molecules, and they can be protonated in acidic conditions. Aminomethylated
resorcinarenes 97-98 (Fig. 40) were prepared from resorcinarene octol 13,
secondary amine and formaldehyde.V-165

Figure 40. Aminomethylated resorcinarenes 97-98.V Dashed bonds depict intramolecular
hydrogen bonds.
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2.2 Cation binding of the resorcinarene bis-crowns!1I

Resorcinarene bis-crowns 84-91 have two preorganized binding pockets for
cationic guests. They form 1:2 host-guest complexes with alkali metal cations
and silver.162166-168 LIl The effects of the lower rim alkyl chain length of 85, 87
and 89-91 on complexation of CsPFs and AgPFs were investigated by NMR
titration in acetone-Ds, where binding constants for the Cs* and Ag* complexes
were obtained (Table 1).IlI1 Extraction of cations from water to chloroform upon
complexation was studied using picrate extraction (Table 2).I

Table 1. Binding constants as log K values in acetone-Ds at 30 °C. 2

Cs* Ag*

Host K1 K12 K11K12 K1 K12 K11K12
84 1.75166 - - 1.9168 - -

85 1.04 3.39 4.43 2.16 1.97 413
87 1.59 3.03 4.62 - - -

89 1.49 2.57 4.06 222 1.90 412
90 - - - 222 2.00 4.22
91 2.21 2.82 5.03 2.07 1.93 4.00

@Errors <15 %, R-values < 8 %. Data fitted using WINEQNMR2.169

Table 2. Picrate extraction % from water to chloroform (standard deviation <0.5%).

Guest 85 89 90 91
Agt 1.6 1.7 1.6 2.8
Cs* 10 10 10 10

The self-evident hypothesis was that the lower rim alkyl chains should not
affect the binding constants since they are not involved in guest coordination.
Indeed, the binding constants for the caesium complexes of 85, 87, 89 and 91
were between log K11K12 = 4.06-5.03, and for the silver complexes of 85 and 89-
91 between log K11K12 = 4.00-4.22,1 indicating that the lower rim alkyl chain
did not have a significant effect. The titration data fit well for the 1:2 binding
model, whereas the previously investigated 84 fit best for the 1:1 binding
model 166,168

The Job plot of 91 with Ag* indicated the simultaneous presence of 1:1 and
1:2 complexes, which is in agreement with the titration data, where the binding
constants for 1:1 and 1:2 complexes were almost equal. The Job plot of 91 with
Cs* also indicated the presence of 1:1 and 1:2 complexes. Previous experiments
with 84 have shown that when the intrinsic water concentration of the solution
exceeds 1 molar equivalent relative to host, 1:1 complex is dominant.1% For the
bis-crowns 85, 87, 89 and 91 such a strong trend was not observed, water
content being 1-2.5 molar equivalents —and even 13 molar equivalents for 91 in
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the titration. Therefore, the lower rim alkyl chains may have an indirect effect
on complexation by playing a role during the desolvation of the cation.

Picrate extraction of caesium picrate from water to chloroform with 85 and
89-91 was 10% regardless of alkyl chain length.l The extraction percentage for
silver picrate was lower (1.6-2.8%). However, the solid-liquid extraction of Cs*
and Ag* were 10% and 9%, respectively, indicating that the higher cation
dehydration enthalpy of silver'”? lowers the liquid-liquid extraction value of
Ag* in comparison to Cs*.

2.3 Crystal structures of the resorcinarene bis-crowns!!

The crystal structures of the resorcinarene bis-crowns were studied in order to
investigate the effect of lower rim alkyl chain length on crystal packing, where
it can (a) influence the conformation of the host and (b) induce a bilayer packing
when the hydrophobic effect of the alkyl chains becomes dominant. The
resorcinarene bis-crowns 86 and 87 were crystallized from ethanol without any
solvent inside the binding cavity or in the crystal lattice (Table 3, crystal
structure composition). Since the crown ether bridges are relatively flexible, the
molecules adopt a very compact structure where the upright aryl rings are
tilted towards the cavity with -8.3- -10.7° dihedral angles (Table 4), the crown
ether bridges are folded on top of the binding cavities, and the lower rim butyl
and pentyl chains fill the voids between the cavities. The resorcinarene
framework of 86, and especially 87, show slight twisting of the boat
conformation (Fig. 41). In 86, the molecules pack in a pillar-type fashion, where
separation into polar and non-polar regions does not occur. In 87, however,
molecules form a “squeezed” bilayer assembly, which shows clear separation of
polar and non-polar layers (Fig. 42). This is an indication of the pentyl chain
being a limiting size for amphiphilic bilayer packing in the resorcinarene bis-
Crowns.

a b

Figure 41. The twisted boat conformation of 87, (a) a front view shows tilting and (b) side
view twisting of the resorcinarene skeleton; (c) structure of the 87 viewed from top.
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Table 3. Crystal structure composition and codes.

Resorcinarene Composition Crystal structure Reference
84 84-(KPFg)2 84K?2 1I
85 85-(CsPFe)2-(EtOH)>-HO 85Cs2 11
85 85-(AgPFe)2-(CH;CH2CH2OH)2 856Ag2 111
86 86 86 11
87 87 87 11
87 87-(KPFe)2 87K2 1I
90 90-(CsPFe)2 90Cs2 I
91 91.(AgPFe)-[(CD5)2COJ2 91Ag 111
92 92 92a 1A\Y
92 92.(CHz).CO 92b v
93 93-(CHs3).CO 93a 1A\Y
93 93-(CHs3).CO 93b v
93 93 93¢ v
93 93.CH3;CN 93d 1A\Y
96 96-(H20)15 96 1\Y

@ Disordered solvent molecule removed using SQUEEZE.1"!

Table 4. Conformational properties of the resorcinarene bis-crowns.

867

I II 87
Crystal packing pillar pillar squeezed bilayer
Conformation boat boat twisted boat
Tilt/° 3.7 5.7 8.9
Twist/° 3.9 5.7 8.7
Distance/ A 4.79 / 8.01 4.87 / 8.00 480/ 7.98
Dihedral angle/°* -10.7 / 175.2 -8.3 /173.3 -10.3 / 167.3

@ Two molecules in the asymmetric unit. * Between opposite aromatic ring centroids. ¢ Between
opposite aromatic ring planes: upright/ horizontal.
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Figure 42. Pillar-packing of 86 (a) and squeezed bilayer packing of 87 (b).

Long chain bis-crowns 89, 90 and 91 crystallized readily from ethanol in a
monoclinic lattice. The structures had well-organized alkyl groups in a
bilayered assembly at the lower rim but very severe disorder at the crown ether
bridges (Fig. 43). This can be interpreted as stronger hydrophobic interactions at
the lower rim, which drive the alkyl chains into ordered packing, whereas the
crown ether bridges have more conformational freedom.
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Figure 43. Bilayered packing of 89 (disorder not shown).

A comparison of the crystal structures of the bis-crowns shows that the
conformation and twisting of the resorcinarene core mainly depends on the
overall packing of the molecules, not on the alkyl chain length, and thus,
twisting of the boat conformation is not limited to short ethyl chains.162166,167,172
However, twisting is more likely with short and medium C-Cs alkyl chains,
since the pronounced bilayer packing associated with the longer alkyl chains
seems to direct the resorcinarene skeleton closer to a symmetrical boat
conformation.

24 Crystal structures of the resorcinarene bis-crown
complexes!LI

Crystal structures of the alkali metal (Cs*, K*) and silver complexes of the
resorcinarene bis-crowns were investigated in order to obtain detailed
information about guest coordination and to investigate the role of cation size
and lower rim alkyl chain length on the conformation of the host and on the
crystal packing of the complexes. Although the affinity of the bis-crowns
towards K* in solution is quite low,1%¢ they form solid-state potassium
complexes.162 The structural properties of the K* complexes were compared to
the Cs* complexes with the purpose of exploring alternative crystal packing
forms due to smaller cation radius (K* 1.52 A, Cs* 1.81 A).173 As a transition
metal cation, silver has different coordination properties, and thus, not only
cation size (1.23 A)!7 but coordination to the solvent affects the crystal packing
of the Ag* complexes.167
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Crystallization of the resorcinarene bis-crowns 84, 85, 87 and 90 with
excess of potassium, cesium or silver hexafluorophosphate from alcohols
provided 1:2 host-guest complexes (Table 3).Il1 Crystallization of the bis-crown
91 with 1.5 molar equivalents of AgPFs yielded a 1:1 host-guest complex.!!
Cations bind to the host by M*.--O coordination to the methoxy groups and to
the crown ether bridge oxygens, and by cation---i1 interaction to the horizontal
aryl rings (as illustrated in Fig. 44 for 84K2, 85Cs2 and 85Ag2). Alkali metal
cations reside roughly in the center of the aromatic rings by 1n° coordination,
whereas silver is coordinated to the aromatic rings by n! coordination.

Figure 44. Cation coordination in K*, Cs* and Ag* complexes 84K2, 85Cs2 (H2O excluded
from the picture) and 85Ag2 from left to right; front, side and top views illustrate the size of
the binding cavity and the twisted boat conformation of the host in Cs* and Ag*
complexes LI

The binding pockets of the bis-crowns are able to adjust their size slightly
according to the size of the guest cation giving K* complexes smaller cavity
diameters than Cs* complexes (Table 5). In the alkali metal complexes, a PFs¢
anion is coordinated between the two cations inside the binding pocket, which
reduces the charge repulsion between the cations. Instead of an anion, silver
complexes 856Ag2 and 91Ag have a solvent molecule coordinated to each cation
inside the binding cavity. This enlarges the size of the binding cavity of these
complexes and induces twisting of the boat conformation in 85Ag2, which
contains two propanol molecules inside the resorcinarene cavity. Furthermore,
85Cs2 also has a twisted boat conformation, which is caused by a water molecule
coordinated to the cation and crystal packing into anion/solvent-coordinated
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shifted capsules. Based on the results, it seems that the size of the cation does
not have a direct influence on packing or the conformation of the host. Instead,
solvent coordination, together with cation size, plays a more important role on

packing.

Table 5. Conformational properties of the resorcinarene bis-crown complexes.

84K2 85Cs2 85Ag2

Crystal packing layer layer/ layer
shifted capsule

Conformation boat twisted boat twisted boat
Tilt/° 14 7.0 7.6
Twist/° 21 6.4 6.2
Distance/ A 5.28/7.98 5.46/7.95 6.15/7.56
Dihedral angle/°® 14.4/151.4 22.2/148.8 31.3/168.5
Cavity diameter/ Ac 4.80/5.15 5.42/5.28 6.184
Average M+..O/ A 2.86/2.98 3.17/3.28 2.564
M*---Ar/ Af 3.05/3.03 (Ct) 3.30/3.30 (Ct) 2.55 (n1)¢

87K2 90Cs2 91Ag
Crystal packing bilayer/ bilayer/ bilayer

shifted capsule shifted capsule

Conformation boat boat boat
Tilt/° 3.3 1.1 5.9
Twist/° 3.5 0.5 5.0
Distance/ As 5.26/7.98 5.49/7.94 5.81/7.84
Dihedral angle/°? 11.8/147.0 21.1/148.3 34.2/143.7
Cavity diameter/Ac 4.90/4.69 5.08/5.23 5.54/6.06¢
Average M+..O/ A 2.87/3.01 3.15/3.07 2.66
M+.-Ar/ Af 3.11/3.07 (Ct) 3.22/3.26 (Ct) 2.37 (")

@ Between opposite aromatic ring centroids. * Between opposite aromatic ring planes: upright/
horizontal. ¢ Average cavity diameter measured as O-O distances. ¢ Identical due to symmetry. ¢
Ellipsoidal. f Ct = aryl ring centroid.
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84K2 and 85Cs2 complexes with short ethyl and propyl chains,
respectively, pack in a layered assembly without separation into polar and non-
polar sides (Fig. 45). 85Ag2 forms a layered packing, which differs from the
other layered assemblies by the relative positions of complexes to each other.
Within a layer, each complex is surrounded by six adjacent complexes that form
a ‘chain mail’ pattern (Fig. 46).

Figure 45. Side view of layered packing in 84K2 (a) and 85Cs2 shifted capsules (b), all ccw
enantiomers colored green.

Figure 46. Side (a) and top (b) views of 85Ag2 layers, ccw enantiomers in green, anions
omitted for clarity.

The resorcinarene bis-crowns 87, 90 and 91 with longer pentyl, decyl and
undecyl chains at the lower rim, formed complexes 87K2, 90Cs2 and 91Ag,
which pack in bilayered fashion with alternating polar and non-polar layers
(Fig. 47). Thus, the effect of alkyl chain length on inducing bilayered packing
and on conformation of the complexes is similar to the effect observed with the
resorcinarene bis-crown structures 86 and 87. Complexation of cations in the
binding pocket rigidifies the crown ether bridges, reducing the disorder
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observed in the crystal structures of long chain bis-crowns 89-91 and enabling
the crystal structure analysis of these molecules.
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Figure 47. Bilayered packing of (a) 87K2 and (b) 90Cs2.

2.5 Conformational properties of the resorcinarene octapodands!V

The resorcinarene octapodands 92-96 display a flexible boat-to-boat
interconversion of the resorcinarene skeleton due to the absence of an
intramolecular hydrogen bonding network, or bridging, which restricts the bis-
crowns in a fixed boat conformation (Fig. 48). The speed of the conversion is
affected by temperature, medium polarity and lower rim alkyl chain length.
This can be deduced from the ™H NMR spectra as broadened resorcinol ring
proton signals in a non-polar solvent, CDCls, in comparison to polar solvents
such as acetone or DMSO (Fig. 49). The octapodand 92 with methyl groups at
the lower rim had a distinctively reduced speed of conversion in comparison to
longer alkyl chain podands, as observed by the presence of two sets of aromatic
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proton signals as a description of C2, symmetrical boat conformation in CDCl; at

30 °C (Fig. 50).
Upright side arms — @ @
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Figure 48. Schematic presentation of the boat-to-boat conversion of resorcinarene
octapodands.
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Figure 49. TH NMR spectra of 96 in a) DMSO-Ds, b) acetone-Ds, c) CDCl3 at 30 °C from 2.9-
8.5 ppm.

In addition to the changes in the resorcinarene conformation, the o-
nitroaniline side arms are able to rotate around the -OCH>CH2N- linkers, which
in coordination to the boat-to-boat conversion produces particular
conformational mobility. However, since the eight o-nitroaniline side arms are
confined in close contact to one another, the rotation around the linkers is
restricted by sterical proximity of the other side arms in comparison to a
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reference compound, 1,3-bis-2-(N-(2-nitrophenyl)-amino)-ethoxy benzene (99,
Appendix). Whereas 99 shows well-resolved triplet and multiplet patterns
for -OCH2CH2N- linker protons, the linker protons in octapodands have broad
signals resulting from decelerated rotational movement.

50C

30C

. N

i T

30C T

Figure 50. 'H NMR spectra of 92 (top) and 96 (bottom) in CDCl; at different temperatures,
labeled as in Fig. 49.
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2.6 Crystal structures and polymorphism of the resorcinarene
octapodands'v

Crystal structures of the resorcinarene octapodands show the three-dimensional
design of the macrocycles in the boat conformation. The octapodands 92 and 93
crystallized quite readily from acetone, acetonitrile, nitromethane, and from
their mixtures with CHxCL (Table 3). Two different crystal forms were found
for octapodand 92, 92a without the solvent in the crystal lattice, and 92b with an
acetone molecule trapped between the upright side arms, forming a clathrate
(Fig. 51). The two crystal forms may be called pseudopolymorphs when the
focus is on the crystal structure and conformation of the octapodand.

a

Figure 51. Crystal structures of a) 92a top view and packing with m---m1 interactions as
dashed lines, b) 92b, where acetone molecules are shown in green.

Octapodand 93 crystallized as acetone (934, 93b) and acetonitrile (93d)
solvates (or clathrates). The conformational polymorphs 932 and 93b formed
concomitantly in the same crystallization batch, where 932 was obtained from a
plate and 93b from a needle crystal. The difference between 934 and 930 is in the
relative orientation of upright side arms and intermolecular interactions
between a pair of octapodands (Fig. 52). The upper rim interface of 93a is
connected by intermolecular hydrogen bonding between the o-nitroaniline side
arms, whereas in 93b the upper rim interface is connected by - ‘11 interactions.
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Figure 52. Crystal structure of two polymorphs of 93 acetone solvate, 93a and 93b;
intermolecular hydrogen bonds marked with dashed lines.

The effect of crystallization conditions on the relative abundance of 93a
and 93b crystal forms was investigated by powder XRD. Crystallization of the
octapodand 93 from acetone was repeated by changing solvent quantity, speed
of evaporation and temperature. A comparison of powder XRD data with
calculated diffraction patterns of 93a and 93b by Rietveld refinement!”> showed
that both forms were always present, and that 93b was more abundant at
crystallization performed at 4 °C, whereas 932 was more abundant in samples
which were crystallized at ambient temperature (20 °C). However, the
experiments did not lead to unambiguous control over a single crystal form.

In all crystal structures of 92 and 93, the upper rims of the podands face
against upper rims, forming a head-to-head assembly which provides favorable
-1 interactions. The upper rim of the octapodands is sterically crowded, as
seen in the space-filling model of 92a and 92b (Fig. 51). In all crystal structures
except 92a, the octapodands formed row-like assemblies, which are held
together by n-stacking interactions between the horizontal side arms. Similar -
stacking was observed for octapodand 96 with long 1-decenyl alkyl chains at
the lower rim (96, Fig. 53). In addition, 96 shows bilayered packing typical of
amphiphilic molecules, forming alternating aliphatic (hydrophobic) and
aromatic (more hydrophilic) layers.

Figure 53. Crystal structure of 96 (a, top view) and bilayered packing (b,c).
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2.7 Self-assembly of resorcinarenes

2.71 Langmuir filmstV

The self-assembly of resorcinarene bis-crown 91 and resorcinarene octapodands
93-96 as a monolayer at the air-water interface was studied with the Langmuir-
Blodgett trough.llV Resorcinarene bis-crowns and resorcinarene octapodands
are non-ionic amphiphiles with a different upper rim polarity and
conformational flexibility. However, both resorcinarene octapodands and bis-
crowns self-assembled as monolayers at the air-water interface as observed
from their 11/ A isotherms, which indicates their surfactant properties.

The lower rim alkyl chain length of the resorcinarene octapodands had a
significant influence on their 1/ A isotherms (Fig. 54).IV The octapodand 93 did
not form a monolayer on water due to weak hydrophobic interactions between
the short ethyl chains. The octapodand 94 with pentyl groups at the lower rim
formed a monolayer, but the collapse pressure was lower and the molecular
areas were larger than in the monolayer of 95 with nonyl groups at the lower
rim (Table 6). The terminal alkene functionality in 96, on the other hand,
lowered the collapse pressure and increased the molecular areas (in comparison
to 95) by disturbing the organized packing of the alkyl chains.
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Figure 54. Langmuir isotherms of a) the octapodands 94-96, b) bis-crown 91 on water (solid
line) and on 100 pM AgNO:s (dashed line).
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Table 6. Langmuir isotherm data for resorcinarene octapodands 94-96 and bis-crown 91 on
water and on aqueous AgNOs (100 pM).2

94 95 96 91 91
Subphase water water water water AgNO:s (aq)
[1e 9 18 13 33 35
A 191 157 166 157 163
Alim? 221 187 197 174 181

2 Surface tension values are expressed in mN m and areas in A2/molecule. ? Surface pressure at
the collapse point, ¢ molecular area at the collapse point, ¢ extrapolation of the linear part of the
isotherm on the x axis.

The resorcinarene bis-crown 91 with the longest alkyl chains was chosen
for the preparation of Langmuir and Langmuir-Blodgett films to optimize the
monolayer stability. Accordingly, 91 formed well-organized and stable
monolayers, which collapsed at 33 mN m surface pressure and show less
compressibility than the octapodand 95 (Fig. 54, Table 6). Whereas the
molecular areas at the collapse are the same (157 A2/molecule) the increase in
collapse pressure and decrease in the limiting molecular area of 91 probably
results from the increased polarity and decreased flexibility of the head group
in comparison to the octapodand 95.

The complexation of silver in a monolayer of 91 was investigated by
recording 11/ A isotherms with 100 uM AgNOs in the subphase (Fig. 54, Table 6).
The slight increase in surface pressure as well as the increase in surface area,
indicates that the bis-crown is interacting with silver ions at the air-water
interface. The increase of molecular area of pure host, from 157 A2/molecule to
163 A2/molecule with silver in the subphase, is consistent with the difference of
pure host (159 A2/molecule) and 1:1 silver complex (166 A2/molecule) in the
crystal structure, suggesting that 1:1 complexation is plausible also at the
monolayers.

2.7.2 Solid lipid nanoparticles!!

The ability of the resorcinarene bis-crowns 84-91 to form solid lipid
nanoparticles (SLN) was tested in order to assess their self-assembling
properties in water. Bis-crown SLNs were prepared by solvent diffusion
(solvent replacement) method,'”” where a few milligrams of bis-crown was
dissolved in a small amount of THF and water was added to the solution by
vigorous stirring. The resulting cloudy suspension indicated the formation of
SLN. The diameters of the SLNs were analyzed by dynamic light scattering
method, which gave hydrodynamic diameters of 220-320 nm (Fig. 55) and
polydispersity indexes of 0.05-0.34. Particle shape and size were confirmed by
SEM images, which revealed spherical particles at a size distribution
corresponding to the DLS measurements (Fig. 56).
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Figure 56. SEM images for SLNs a) 85, b) 91 (scale bar 1 pm).

It is noteworthy that bis-crowns 84-86 with short C;, Cs and Cs alkyl
chains also formed nanoparticles. Previously, SLNs have been prepared with
calixarenes and resorcinarenes with at least five carbon atoms in the alkyl or
acyl chains.19” The ability of the short alkyl chain bis-crowns 84-86 to form SLNs
probably arises from their macrocyclic structure, which separates the
hydrophilic side of the compound from the hydrophobic side.

The diameter of the SLNSs slightly increased when the length of the lower
rim alkyl chain increased, which is in fact the opposite result from that obtained
by Coleman et al.1% for p-acyl-calix[9]arene SLNs. However, calix[9]arenes have
a larger, nine-membered macrocyclic ring with enhanced conformational
flexibility, which can lead to different arrangement of the amphiphiles during
their self-assembly.
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2.8 Antibacterial properties of the bis-crown silver complexes!!

The antibacterial effect of Langmuir-Blodgett films of resorcinarene bis-crown
silver complex deposited on a solid substrate was tested on E. coli (isolated from
human intestinal flora bacteria) using the setup shown in Fig. 57. The area
covered by E. coli was measured from the microscopic images after incubation
(Fig. 58). Comparison of the resorcinarene bis-crown silver complex 91-Ag to
the reference samples, a hydrophobic glass slide, a monolayer of 91 without
silver, and a hydrophobic glass dipped in AgNOs; without resorcinarene,
showed almost tenfold reduction in the bacterial growth in the LB film of the
bis-crown silver complex. This clearly indicates that the antibacterial effect
results from the presence of silver in the LB films, not from the resorcinarene
alone. The slight reduction of bacterial viability on top of the hydrophobic glass
slide dipped in AgNOs3 may be attributed to the presence of hydrophilic areas
on the glass slide that bind silver ions via electrostatic interactions and release it
when in contact with bacteria.
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Figure 57. A schematic representation of the experimental setup used to test the
antibacterial properties of the 91-Ag complex.

100
80 -
60 -

40

Bacterial growth (%)

20 -

.| -

C11BC5-Ag C11BC5 Ag Glass

Figure 58. E. coli growth (normalized results) on a agar plate submitted to a Langmuir-
Blodgett multilayer of 91 transferred from a sub-phase containing silver (C11BC5-Ag) or
pure water (C11BC5); hydrophobic glass slides (glass) and hydrophobic glass slides dipped
in silver nitrate (100 pM, Ag).
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The antibacterial effect of the LB films is remarkable because of the very
low silver concentration of the films. Even if the “best-case” scenario where 91
forms a 1:1 complex at the interface were fulfilled, the density of silver ions at
the surface would be approximately 0.4 nmol/cm?, giving a bulk concentration
in the medium of 90 nM; this value is 210-fold lower than the complete
inhibitory concentration of silver for E. coli (CIC = 189 pM).1”> The low
concentration does not allow a bulk effect of silver ions in the culture medium,
but instead suggests that the antibacterial effect results from close contact
between the 91-Ag layer and the bacteria, where the silver is released from the
bis-crown complexes in the presence of thiol groups on the bacterial surface.
This leads to bacterial death and inhibits overall bacterial growth, as observed
in these experiments. The antibacterial effect of 91-Ag complex serves as proof
of principle for the development of supramolecular antibacterial materials,
which may well find applications where low silver concentrations are preferred
and where silver nanoparticles would be too toxic or silver salts too prone to
diffusion.

2.9 Interaction with fluorescent dyesY

Aminomethylated resorcinarenes 97 and 98 with N,N-diethyl or N-methyl-N-
methylanthracene funtionalities are basic compounds, which can be protonated
at the tertiary amino groups. Fluorescent dyes, on the other hand, are useful
counterparts for acid-base reactions because they are quite often prepared and
used as hydrochloride salts, and their reactions can be followed with UV-vis or
fluorescence spectroscopy. In addition, since the fluorescent dyes are sensitive
to their chemical environment, deprotonation of the dye can dramatically
influence its absorption and emission spectra.

Rhodamine B belongs to a group of xanthene dyes which are known for
their special chemical equilibrium between open, zwitterionic, and closed
lactone form.176177 Rhodamine B is stable both as a hydrochloride salt (always
present in the zwitterionic form) and rhodamine B base, which has zwitterion
and lactone isomers (Fig. 59). The chemical equilibrium between the lactone and
zwitterion forms can be changed by protonation, and it is sensitive to solvent
polarity and temperature.178-180 The lactone ring of rhodamine B base opens in
protic solvents, such as alcohol or water, and the colorless lactone form is
observed in aprotic solvents, such as chloroform.
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Figure 59. Rhodamine B isomers.

The effect of aminomethylated resorcinarenes 97-98 on rhodamine B
absorbance and fluorescence was investigated by UV-vis and fluorescence
measurement, and the structures of the reaction products were studied using
NMR spectroscopy. When aminomethylated resorcinarenes were added to the
solution of rhodamine B hydrochloride in chloroform, a rapid decrease of
rhodamine B absorbance at 552 nm was observed, which corresponds to the
lactone ring closure of the rhodamine B.

The reaction is more effective with resorcinarene 97 than with 98 (Fig. 60)
which probably results from the stronger basicity of 97, whereas Job’s method
indicated that both have the same 1:2 host-dye stoichiometric ratio. In a protic
solvent (MeOH-CHClIs 1:1), the lactonization does not occur, but an 8 nm blue
shift was observed instead. This corresponds to the absorbance of zwitterionic
rhodamine B base and shows that deprotonation of the rhodamine B
hydrochloride has occurred. In addition, the NMR spectra of the host 97 in the
presence of rhodamine B hydrochloride closely resembles the NMR spectra of
protonated host 97, which was prepared by treating the host 97 with HCL.
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Figure 60. UV-vis spectra of rhodamine B solutions in chloroform titrated with
resorcinarenes 97 (a) and 98 (b), units in molar equivalents.
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Aminomethylated resorcinarene 98 contains fluorescent anthracene
groups at the upper rim of the resorcinarene framework, and itself it can be
used as a fluorescent sensor. The fluorescence intensity of the anthracene
groups is quenced by a photoinduced electron transfer process (PET), which is
caused by the presence of tertiary nitrogen atoms containing a free electron pair
next to the fluorophore in host 98. The quencing is reduced by protonation of
the nitrogens, which was observed as approximately 95% increase in the
fluorescence intensity by 10 molar equivalents of HCl (Fig. 61). The same
phenomena was observed when the fluorescence of host 98 was measured after
addition of rhodamine B hydrochloride, which gives yet further evidence of the
acid-base reactions between resorcinarene 98 and the dye.
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Figure 61 Fluorescence spectra of 98 in chloroform (solid line) at 258 nm excitation, a) with
10 molar equivalents of HCI (dotted line), b) with rhodamine B (1 eq. dotted and 2 eq.

dashed line).
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3 SUMMARY AND CONCLUSIONS

In this thesis, the self-assembly and complexation properties of eight
resorcinarene bis-crowns and five resorcinarene octapodands with identical
binding sites and varying alkyl chain lengths were studied. The resorcinarene
bis-crowns with preorganized and conformationally fixed binding sites
selectively complex caesium and silver cations, forming 1:1 and 1:2 host-guest
complexes in the solid state and in solution, regardless of lower rim alkyl chain
length. However, the lipophilicity—and thus, the self-assembly of the
resorcinarene bis-crowns—can be tuned by changing the length of the lower
rim alkyl chains. Long alkyl chains provided strong hydrophobic interactions,
which along with the conformationally rigid and polar head group led to well-
organized Langmuir monolayers with high stability and low compressibility. In
addition, resorcinarene bis-crowns assembled as solid lipid nanoparticles,
potential drug carrier structures, in which the particle diameters increased with
increasing lower rim alkyl chain length. The crystal structure analysis of two
resorcinarene bis-crown structures and six alkali metal and silver complexes
revealed interesting details about the packing and amphiphilic nature of the
molecules, for instance showing that a pentyl group is the limiting alkyl chain
length for bilayered packing in the solid state.

In addition to the lower rim alkyl chain length, the mobility and structure
of the resorcinarene upper rim affects the self-assembly of resorcinarenes.
Resorcinarene octapodands contain a flexible upper rim binding site, which
undergoes boat-to-boat interconversion, and rotation of the o-nitroaniline side
arms around the ethylene linkers. The rate of the conformational movement
depends on temperature as well as medium polarity, increasing in more polar
solvents. The mobile and relatively non-polar upper rim reduced the stability of
the Langmuir monolayers of the octapodands in comparison to the
conformationally locked resorcinarene bis-crowns. Seven crystal forms obtained
for the resorcinarene octapodands, including solvates and conformational
polymorphs, illustrated that the upper rim podand arms can appear in different
orientations relative to the resorcinarene cavity also in the solid state.

Self-assembled monolayers of the resorcinarenes and their interaction with
fluorescent dyes were studied in order to create functional materials and sensor
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applications. The Langmuir-Blodgett films of the resorcinarene bis-crown silver
complex provided antibacterial coatings which inhibit E. coli with nanomolar
silver concentration. The interaction of aminomethylated resorcinarenes with
rhodamine B affects the lactone-zwitterion equilibrium and, accordingly, the
absorbance and emission of the dye. In addition, the fluorescence intensity of
anthracene resorcinarene conjugate can be enhanced by protonation in an acidic
medium.
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The calixarenes and resorcinarenes are macrocyclic phenolic molecules that can be modified

“a facon” and a wide range of chemical modification strategies have been published over the

last 30 years. Because of their remarkable structural properties and their relative ease of chemical
modification, they represent excellent and highly versatile bases to design complex building blocks
capable of self-assembly and molecular recognition. They have been widely studied for their

ability to form supramolecular structures targeting a wide range of applications. The possibility to

regio(rim)-selectively modify these macrocycles with different polar and apolar moieties provides

synthetic chemists with an unlimited range of possibilities for the design of complex amphiphiles
with a high control over the position of the grafted moieties in the three dimensions. These
amphiphiles have been shown to possess outstanding self-assembling and/or molecular recognition

properties. This short review describes the developments of the chemistry of amphiphilic

calixarenes and resorcinarenes with a clear focus on the synthetic paths used for their production

and their self-assembly properties in water.

1. Introduction
1.1 Amphiphiles

Self-assemblies of amphiphiles, in addition to their tremendous
theoretical interest, have found their place in the exponentially
growing fields of drug delivery' and more recently of bio-
nanotechnology.” Indeed, these assemblies give the possibility
to encapsulate a pharmaceutically active compound in their
core (or at their surface) and to cargo this compound to its
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therapeutic target.> This strategy presents the following
advantages: (i) protection of the carried compound against
degradation (e.g. enzymatic); (ii) possibility of controlled or
triggered release; (iii) transport of the drug to its therapeutic
target with the main benefit to decrease the doses given to the
patient and therefore the possible side effects of these
compounds.

In addition to a vast series of natural amphiphiles, a number
of “engineered” synthetic amphiphiles have been designed.
They include large molecules such as polymers* and peptides,’
amphiphiles designed using a macrocyclic core such as
cyclodex‘urins,6 and crown-ethers,’ to name but a few. An addi-
tional class of macrocycle that can serve as a basis to design
amphiphiles are the calixarenes; the present review focuses on
the use of calixarene (or resorcinarene) as an organizing basis
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for the design of synthetic amphiphiles and the study of the
self-assembly of these molecules in water.

1.2 Introducing calixarenes and resorcinarenes

Generalities. The historical origin of calixarenes and
resorcinarenes might be attributed to Adolf von Baeyer and
the results he reported in 1902 on the reaction of pyrogallol
and resorcinol with aldehydes.® The development of calixarene
chemistry has seen the involvement of a number of chemists
over the 20th century such as Lederer and Manasse, Baeckeland,
Zinke and Ziegler, to name but a few. The detailed history
of the discovery of calixarenes has been described in detail
elsewhere.” The modern age of calixarene chemistry certainly
started with the understanding and rationalization of the
synthetic procedures by Gutsche and Muthukrishnan in the
late 1970s.' The 1980s have seen the emergence of supra-
molecular chemistry'! as a field of modern chemical sciences
and a proof of the recognition of this new field is the Nobel
prize shared by Lehn,'? Cram'® and Pedersen'* for their
pioneering work in the field. Supramolecular chemistry aims
at designing complex multi-molecular systems where all the
components are held together by non-covalent interactions.'!
As these interactions are widespread in biological systems,
supramolecular chemistry largely overlaps biomimetic chemistry
and numbers of supramolecular architectures mimicking or
inspired by natural systems have been developed.'® In this
context, the calixarenes, because of their outstanding structural
properties, rapidly took a predominant position in the field.

Calix[n]arenes'®!” are macrocyclic molecules produced by
the base-catalyzed reaction of para-substituted phenols and
formaldehyde; n refers to the number of phenolic units that
form the macrocycle and depends on the synthetic conditions
and the ionic template used for their synthesis, cf. Fig. 1. The
most commonly studied calixarenes, certainly because of their
ease of synthesis, are that composed of 4, 6 or 8 phenolic units;
their chemical modifications have been widely studied and
reviewed recently.'® The resorcinarenes (also called resorcino-
larenes or resorcarenes) are commonly produced by the
Brensted acid-catalyzed reaction of resorcinol and an aromatic
or aliphatic aldehyde in the absence of template;'® synthetic
strategies based on Lewis acid-promoted condensation have
also been reported, ¢f. Fig. 1.%°

Synthetic strategy. The use of macrocyclic compounds as a
basis to design synthetic amphiphiles is mainly driven by the
possibility given by these molecules to act as organizing
entities for introducing and orienting, in the same complex

MO0 e
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Fig. 1 Molecular formulas of calix[4]arene (a), calix[6]arene (b),
calix[8]arene (c) and general formula of resorcinarenes (d).

X — LIPOPHILIC FUNCTIONS

MACROCYCLE

+——— SPACER

POLAR UNITS

Fig. 2 Schematic representation of a macrocyclic amphiphile.

molecule, lipophilic and polar (molecular recognition) functions.
Good candidates should exhibit, in addition to a relative
conformational rigidity, the possibility to be chemically modified
in a regio-selective fashion. The synthetic strategy may then be
adapted in order to introduce on one rim of the macrocycle the
needed lipophilic moieties and on the other rim the polar
molecular recognition functions with or without spacing
groups; a schematic representation is given in Fig. 2.

The calix[4]arenes, composed of four phenolic units, form a
fairly rigid truncated cone-shaped molecule when adequately
modified to “lock” the structure to avoid conformational
changes to partial cone conformations.'® In this molecule,
the aromatic alcohol functions are exposed at the narrow rim,
and the para-phenolic positions at the wide rim. Applying
different chemistries, the macrocycle can be selectively modified
either on one rim or the other. The regio-selectivity of the
chemical modifications is not restricted to the selection of the
modified rim, the number and the position within a rim could
also be controlled.

The resorcinarenes, in addition to their rigid structure and
the possibility to perform rim-selective modification, possess
the advantage to exhibit, on the wide rim, sites of different
chemical nature which may thus be differentially modified,
giving the possibility to access more straightforwardly the
molecules having on their polar side two different kinds of
hydrophilic functions. Indeed, the native macrocycle, in addi-
tion to the 8 aromatic alcohol functions, can be also modified
at the ortho-position in order to introduce up to 4 additional
polar functions. A number of synthetic routes to amphiphilic
calixarenes and resorcinarenes have been published and their
self-assembly in water as liposomes, micelles and nanoparticles
studied. The present manuscript will detail those three different
classes of self-assembly; the formation of amphiphilic con-
centrated phases such as liquid crystalline phases will not be
reviewed here.

2. Calixarene-based vesicles

The first report describing the possibility to form unilamellar
vesicles with calixarenes has been published by Regen er al.?!
The self-assembly of the native calix[6]arene (unmodified on
both rims) has been achieved by injecting a tetrahydrofuran
(THF) solution of this macrocycle in water. Dynamic light
scattering and transmission electron microscopy (TEM)
revealed the monolamellar vesicular structure of the formed

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2010
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objects with a broad size distribution ranging from 0.5 to
1 um in diameter. Regarding resorcinarenes, the first report
describing the possibility to self-assemble an amphiphilic
derivative in water was published by Tanaka er al.** In this
paper, it was described that a resorcinarene bearing C;¢ alkyl
chains at the lower rim, previously shown to form ion channels
when embedded in lipid bilayers,?® has the ability to form
vesicular systems in water. The self-assembly process used is
fairly simple and similar to that used by Regen et al*' The
amphiphile, dissolved in THF, was injected in a buffer at 60 °C
which spontaneously led to the formation of a colloidal
suspension. After removal of the organic solvent, the formed
objects had been analyzed by negative staining TEM and
atomic force microscopy (AFM). The results confirmed the
unilamellar structure of the produced vesicles that, when dried
on a surface, are flattening to form structures having a height
of around 4 resorcinarene molecules (ca. 10 nm, 2 bilayers).

Lee et al. have demonstrated that a series of calix[4]arenes,
bearing aliphatic (C;() chains at the lower rim and tertiary
amino-alcohol functions at the upper rim, possess amphiphilic
self-assembly properties in water.”* The modification of the
parent calix[4]arene has been carried out as follows: (i) alkyla-
tion of the lower rim in basic conditions; (ii) chloromethyla-
tion of the para-positions; (iii) nucleophilic substitution of the
chlorine by an amino alcohol, ¢f. Fig. 3.

The self-assembly of these amphiphiles in water had been
studied by photon correlation spectroscopy, scanning and
transmission electron microscopy. The results showed that
these amphiphiles can self-assemble into stable colloidal
suspensions with a narrow size distribution and decreasing
hydrodynamic diameter (Dy) with increasing the size of
the hydrophobic moieties. Indeed, when R’ = H (la),
the vesicles have a Dy of 200 nm; while the amphiphiles with
R’ = (CH,),OH (1b) and R’ = (CH,),O(CH,),OH (1c¢) self-
assemble in structures having Dy values of 36 and 6 nm,
respectively. The evidence that 1a and 1b form vesicles was
obtained from the contrast observed in TEM, c¢f. Fig. 4.
Because of the small Dy measured for le that corresponds
to the double length of the amphiphile, the authors postulated
on the micellar structure of the formed aggregates. Using
calcein as a hydrophilic fluorescent tag encapsulated into the
vesicles, it was demonstrated that the amphiphiles undergo a
phase transition and the vesicles transform into micelles of
smaller Dy.

Two calix[8]arenes bearing 8 propyl chains at the lower rim
and 8 N-acetyl glucosamine functions at the upper rim have

(CH2),0R’
]

cl N
‘}/é;(j;z»OR
a b c
—_— —_— e
OH ? ° 9
R R R

R=CioHz3 R=H (1a)

= (CHa):20H (1b)

= (CH0(CH20H (19)
Fig. 3 Synthetic route to amino-alcohol-modified calix[4]arenes 1a,
1b and 1c¢ [a: n-CoH»3Br, NaH; b: CICH,OCgH,7, SnCly, ¢: Na,COs,
BuyNI, (R’O(CH,),),NH].

100 nm 50 nm

Fig. 4 TEM images of p-amino-alcohol-modified calix[4]arenes self-
assembled in water (a: 1a, b: 1b and c: 1¢, as described in Fig. 3).
[Reproduced with permission from ref. 24. Copyright 2004, the
American Chemical Society.]

been synthesized,?® ¢f. Fig. 5. The synthetic route followed
consists of an ipso-nitration of the O-alkylated p-tert-butyl-
calix[8]arene and the catalytic reduction of the para-nitro
functions to yield the para-amino derivative that can be
further modified to introduce the N-actetyl glucosamine units
on the upper rim of the macrocycle. The produced molecules
have been shown to form vesicles at neutral and basic
pH. Interestingly, these assemblies are undergoing a vesicle-
to-micelle phase transition at acidic pH. This phenomenon
was attributed to the protonation of the polar groups of the
amphiphiles and the changes of surface charge density.
Reinaud and co-workers have produced?’ 2 and studied the
self-assembly in water of a calix[6]arene functionalized at the
lower rim with three imidazolyl moieties and at the upper rim
with sulfonato groups.®® The synthesis was achieved by first
alkylating the lower rim of the macrocycle at three alternate
positions following the procedure described by Janssen et al.*®
The modification of the three remaining phenolic functions
had been carried out using sodium hydride as basis and
2-chloromethyl-1-methyl-1H-imidazole hydrochloride.?® The
ipso-substitution of the positions in para of the methylated

NO, NHa
a b c
8 8
OH o 0 8 & 8
i
A R &
d
HO
HO, OH f
o HO
AchN HO, OH
0
NH Boc AcHN
T
SANH HN
;\ NH
o7 NH 07 "NH §7 'NH
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<2
8 8 8
o © 9
F"r Pr Pr
2¢ 2b 2a

Fig. 5 Synthetic route to N-acetyl-glucosamine-bearing-calix[8]-
arenes 2a, 2b and 2c¢ (a: NaH, nPrl; b: HNO3, AcOH; c: Pd/C, H,;
d: N-Boc-Gly; e: TFA, f: sugar-NCS).>
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Fig. 6 Synthetic route to imidazolyl-sulfonato-calix[6]arenes, 3
(a: K,COs3, Mel; b: NaH, 2-chloromethyl-1-methyl-1H-imidazole,
c: CISO,OH; d: TRIS).

3

phenols had been carried out using chlorosulfonyl acid,
¢f. Fig. 6.

In addition to their properties of biomimetic receptors for
neutral molecules, it has been demonstrated that this macro-
cycle, even if it does not have a “typical” amphiphilic structure,
does self-assemble as fairly polydisperse multilamellar vesicles.
Ultrasonic treatment of this colloidal suspension has been
shown to cause a diminution not only of the size of these
assemblies but also of the polydispersity of the suspension. It
has also been demonstrated that while decreasing the pH,
monodisperse small vesicles are produced, an increase of pH
causes the formation of giant vesicles (450 nm). The presence
of silver ions drastically affects the self-assembly process
causing the formation of micelles. This was attributed to the
fact that the complexation with silver ions causes a conforma-
tional change of the calixarene which has a more pronounced
conical shape and therefore is more prone to form micellar
than layered systems, as schematized in Fig. 7.

Calix[4]arenes, modified at the upper rim with carboxy-
functions, have been shown to form vesicles in water; interestingly
at high concentrations they form layered lyotropic liquid
crystalline phases.>! A calix[4]arene, modified with perfluoro-
alkyl chains, has also been shown to form vesicles in water
while forming fiber-like structures in methanol.*

Ag

2.5nm

micelles

vesicles

Fig. 7 Schematic representation of the effect of silver ions on the
self-assembly of an imidazolyl-modified calix[6]arene. [Reproduced
with permission from ref. 30. Copyright 2007, the American Chemical
Society.]

i u d
-
e Oxp 2
~o0
4 4
0
4a 4b

Fig. 8 Methylammonium (4a) and phosphonate (4b) modified
calixarenes.

The group of Schrider has developed a series of charged
calixarene bearing phosphonate (4a) or methylammonium
(4b) groups. It has been shown that these receptors, when
embedded in membranes, have the ability to form a “‘charge
imprint” of the target proteins, ¢f. Fig. 8.3 Using a similar
approach but embedding the calixarenes in vesicles comprising
phospholipids and a chromatic polydiacetylene polymer, it has
been demonstrated that micromolar protein concentrations
cause a specific colorimetric response.

3. Micelles

The self-assembly of amphiphilic molecules into micellar
structures in aqueous solution is a spontaneous dynamic
process which is usually described to occur when the concen-
tration of the amphiphile reaches the critical micelle concen-
tration (CMC). The conditions of self-assembly are controlled
by several parameters in which the conical shape of the
amphiphile is considered as a prerequisite for forming
small spherical micelles. Calixarenes offer intriguing synthetic
possibilities for achieving this condition, which has been
demonstrated for instance by functionalizing monoalkylated
calix[4]arenes with hydrophilic groups by Coleman et al.>* A
possible synthetic route to mono-alkylated aminomethyl (5a)
and carboxymethyl (5b) calixarenes is given in Fig. 9. A
systematic study of the effect of alkyl chain length and

LA

OH OH 5 OH OH HO
b
mCOOH m
OH OH b OH OH R
5b 5a

Fig. 9 Synthesis of monoalkylated calix[4Jarene amphiphiles with
dimethylaminomethyl (5a) and carboxymethyl (5b) functionalities,

= CH;, GHs, C3Hy, C4Hy, CsHyy, CeHis, C7Hys, CsHyg, CoHyo,
C]()HQ[, C12H25; a: K2C03, RI, or CSF, RI, b: NH(CH;)z, CH3COOH,
HCHO; c: CH;l; d: KOH.*
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hydrophilic group on the aggregation properties of the amphi-
philes in water revealed that all the calixarene amphiphiles
bearing carboxylic acid groups studied form small micelles at
physiological pH (i.e. 6-8) with CMC values depending on the
alkyl chain length—for dodecyl group the value was identical
to that of a common surfactant dodecylmaltoside, 0.1 M. In
contrast, for amphiphiles containing less polar aminogroups
the micellization does not follow a similar trend.

Water-solubility can be conferred to the calixarenes and
resorcinarenes by attaching polar groups to the molecules,
which is an appealing approach since it might simultaneously
confer the macrocycle the ability to interact with biomolecules
and therefore to show a biological activity.>>* Amphiphilic
calix[4]arenes with four 2’-deoxythymidine or 2’-deoxyadenosine
groups were synthesized by linking four phosphoramidite
activated nucleotides at the calix[4]arene lower rim (¢f. Fig. 10)
and these molecules were shown to inhibit in vitro DNA
replication.’” In aqueous solution, these molecules self-assemble
as dimers, which aggregate into micellar structures with Dy of
3.8 and 3.9 nm, respectively.*® Adenine bases show stronger
n-stacking interactions which lead to lower CMC value of 6b,
0.22 mM compared to 0.51 mM of the thymine functionalized
amphiphile 6a. In the solid state, only 6b forms spherical well
defined aggregates of 700 nm diameter whereas 6a tends to
form smaller clusters which assemble into grapelike super-
structures, as observed by SEM.

Multistep synthesis, starting from hydroxy group alkylation
of undecyl resorcinarene to produce resorcinarene octaamines
which further reacted with maltooligosaccharide lactones,
yields amphiphilic resorcinarenes with eight oligosaccharide
groups attached at the upper rim with amide linkages, as
shown in Fig. 11.** The so-produced oligosaccharide conju-
gates do not show surfactant properties when surface tension
is considered but they aggregate in micellar structures in water
which is a clear indication of their amphiphilic nature.

In addition, the apparently huge oligosaccharide part with
16-56 glucose residues strongly promotes the formation of
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Fig. 10 Synthetic conditions for preparing calixarene nucleotide
conjugates starting from p-(fert-butyl)-O-(2-hydroxyethyl) calix[4]arene
and protected 2’-deoxynucleoside phosphoramidite; a: tetrazole; b: 15;
c: 30% NH4OH, pyridine; d: 30% CH3;COOH. Adenosine base (6b) is
protected with benzoyl group in the starting material.>’
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Fig. 11 Synthetic strategy leading to resorcinarene oligosaccharide
conjugates; a: BrCH,CO,CHj3, K,COjs, acetone; b: LiAlH4, THF;
c: phthalimide, diethyl azodicarboxylate (DEAD), PPhs;, THF;
d: NH,NH,-H,0, THF/EtOH; e: MeOH or MeOH/ethylene glycol.39

small micelles consisting of 4-6 molecules instead of lamellar
assemblies. The formation of micelles cannot be explained by
hydrophobic driving forces alone, since the micelle formation
is found to be irreversible and the aggregates are not dissociating
into monomers, but interactions between oligosaccharide
moieties must also play a role. Phosphate ions promote aggluti-
nation of the micelles which indicates that this anion is effectively
hydrogen bonded by the oligosaccharide moieties (Fig. 12). The
glycosaccharide micelles and their interaction with DNA to form
“artificial viruses” have been reviewed elsewhere.*

Careful adjustment of the polarity of both the amphiphile
and the environment can offer control over the aggregation
and micelle formation as observed in systematic experiments
conducted with resorcinarenes bearing carboxymethyl (8),
2-hydroxyethyl (9), methylamino acetal (10) or dialkylamino
groups (11-19) in chloroform and 1,4-dioxane where they
form inverted micelles (Fig. 13).*"** In addition, mixed
micellization of tris(hydroxymethyl)amide resorcinarene with
a common cationic surfactant cetyl trimethylammonium
bromide has been shown to increase the catalytic activity of
the micelles of hydrolysis of phosphoric ester in water when
compared to a pure resorcinarene amphiphile (Fig. 14).*

Even though aggregation might be considered as a purely
random and anarchic way of forming polydispersed material,
scientists have recently put a lot of effort in attempts to control
the aggregation of many interesting amphiphilic compounds in

Fig. 12 Schematic representation of the self-assembly and phosphate
induced agglutination of amphiphilic resorcinarene oligosaccharide
conjugates.®® [Reproduced with permission from ref. 39. Copyright
2003, the American Chemical Society.]
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Fig. 13 Structures of amphiphilic resorcinarenes 8-19.4> 44
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Fig. 14 Tris(hydroxymethyl)amide resorcinarene, 20 and 21.%

order to fully exploit their potential. Aggregation of calix[4]-
arene gadolinium chelate conjugates (Fig. 15) into micelles
with a hydrodynamic radius of 2.2 nm has a remarkable
consequence in improving their properties as a MRI contrast
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Fig. 15 Structure of calix[4]larene Gd—-DOTA conjugate, DOTA =
1,4,7,10-tetra(carboxymethyl)-1,4,7,10-tetraazacyclododecane, 22.%°
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Fig. 16 Structure of amphiphilic dendrocalixarene, 23.4¢

agent when compared to the monomer.*’ In MRI imaging, the
toxic gadolinium must be strongly chelated to prevent its
release in the body and therefore the chelator also has an
effect on the performance of the substance. In the current
study, relaxivity of 18.3 s™! per mM Gd at 37 °C and 20 MHz
was obtained for Gd bound to micelles, about twice as much
when compared to the monomer.

Another example of micelles forming calixarenes with
perfect structural uniformity is presented by the self-assembly
of seven subunits of dendrocalixarene (Fig. 16) in aqueous
solution into robust and uniform micelles.*® The structure of
the micelles was determined at 12 A resolution by cryo-TEM
and 3D-reconstruction, c¢f. Fig. 17. The interior of these
micelles was then probed using pyrene labels for time resolved
spectroscopy experiments.*’ The results showed how hydro-
phobic guest molecule can experience environments inside the
micelle, i.e. the aromatic part of calixarene macrocycle in
addition to the hydrophobic tails. However, calixarene does
not quench the pyrene fluorescence as efficiently as 2,6-di-
methylanisole, which was used as a model for the calixarene

Fig. 17 Electron micrograph of dendrocalixarene micelles;

reprojections.*®
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Fig. 18 Demicellization and complexation of calixarenes with
y-cyclodextrin.*®

walls but rather protects the embedded fluorophore from the
quenchers present in the solution. In this study, the CMC
of the amphiphiles was found to be only 40 uM, which is
200 times less than for sodium dodecyl sulfate.

Formation of host—guest inclusion complexes in the presence
of aggregates has been investigated using calix[4]arene bearing
carboxylate groups and cyclodextrins in aqueous solution.*®
Fig. 18 shows a schematic representation of the complexation,
where demicellization precedes the 1: 1 complexation. The
study revealed that initial micellization of the amphiphilic
calixarenes (guest) did not disturb the inclusion complexation
of phenyl groups of the guest inside y-cyclodextrin cavity, and
therefore equilibrium constants for the system could be deter-
mined reliably using isothermal titration calorimetry (ITC).

Calixarenes and resorcinarenes can be utilized as building
blocks for true supramolecular amphiphiles, i.e. the hydro-
phobic and hydrophilic parts of the supramolecule are linked
through weak force interactions.*>® Yu er al. demonstrated
that a hydrophilic calix[4]Jarene PEG-conjugate forms an
inclusion complex with hydrophobic phenyl palmitate (guest),
which further assembles in water into vesicles, micelles or
network like structure,® ¢f. Fig. 19. The elegance of this
system lies in the simple way of controlling the equilibrium
between each species by changing the ratio of hydrophobic
and hydrophilic counterparts in the system. Increasing the
amount of hydrophobic guest changes the equilibrium from
vesicles with a diameter of 270 nm to micellar species with a
diameter of 130 nm at the 1 : 1 ratio and finally the excess of
guest leads to the formation of network aggregates.

Hydrophobic

Fig. 19 Structure of a supramolecular amphiphile formed by inclusion
complex of calix[4]arene PEG-conjugate and phenyl palmitate.'’

4. Nanoparticles

The first calix-arene-based solid lipid nanoparticle systems
were developed by one of us in the group of Anthony
W. Coleman. Using a method pretty similar to that used by
Tanaka ef al. for producing resorcinarene-based liposomes,*
and inspired from the work done in the group with amphiphilic
cyclodextrins,’! the self-assembly of a series of p-acyl-calixarenes
in water was studied.’? Briefly, the preparation method
consists of adding water into a solution of the amphiphile
dissolved in THF, to keep the formed suspension under
stirring for a short time (typically 1 min) and to evaporate
the organic solvent under reduced pressure.’* The AFM
studies> of these nanoparticles revealed some clear differences
with the behaviour of the resorcinarene liposomes described
by Tanaka et al.** Liposomes, when dried on a surface, either
collapse to form supported bilayers™ or get significantly
flattened (down to the length of four constitutive amphiphiles
in the case of unilamellar liposomes). For the studied systems,
not a drastic flattening was observed and the particles revealed
a very high stability over time. Indeed, AFM imaging on
samples prepared for more than 12 months did not show
any difference with the initial images of the fresh samples.
From these considerations was postulated a non-lamellar
structure of these systems that were then classified as nano-
particles. Additional '>’Xe NMR brought additional insights
on the structure of these self-assemblies.>® Having produced a
series of p-acylated calix[4]arenes as analogues of natural
phospholipids modified regioselectively at the lower rim with
two phospho-ester groups,® it was demonstrated that all these
amphiphiles have the ability to self-assemble as stable nano-
particles, c¢f. Fig. 20.

p-Acyl calixarenes have shown remarkable characteristics
including high temporal and physical stability,>* no hemolytic
activity,”’ no aggregation in contact with serum albumin,®
possibility of freeze-drying® or possibility of integration in
gels used for formulation of topical creams.®® This work has
been recently summarized in a review article and will not be
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Fig. 20 Synthetic route to p-acyl-phospho-calixarenes 26a—d
(a: AIkCOCI, AICl;3; b: CIPO(OEt),, Et;N; c: (1) BrSiMe;, (2) MeOH;
Alk = CH5(CHy),, n = 5,7,9, 11).
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Fig. 21 Synthetic route to p-phospho-calix[4]arenes (a: (1) PO(OiPr3),
NiBr,, (2) Me;SIBr).**

detailed here.®! In a similar approach, the self-assembly of
p-phospho-calix[4]arenes in water has been studied. Produced
by the reaction of the p-bromoalkoxycalix[4]arenes with tri-
isopropyl phosphite in the presence of NiBr, and consecutive
deprotection with bromotrimethylsilane and methanol, these
amphiphiles have been shown to self-assemble as nanoparticles,
¢f. Fig. 21.9

This self-assembly method has been expanded to a series of
other calixarenes and resorcinarenes. For instance, a synthetic
route to a chiral prolyl-bearing resorcinarene has been developed
(Fig. 22). In addition to the proof of the chiral recogni-
tion properties of these molecules when self-assembled as
Langmuir monolayer at the air—water interface via the formation
of a ternary complex with Cu®”" ions,*® we demonstrated that
these molecules self-assemble as stable solid lipid nanoparticles.®*
We have also shown that the formed SLNs can be further
modified, using a typical aqueous amide coupling proce-
dure using N-hydroxysuccinimide (NHS) and a water soluble
carbodiimide (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide),
at their surface with proteins. The integrity of the nanoparticles
has been demonstrated by PCS. The native state of the protein
at the surface of the SLNs has been shown by showing the
ability of an antigene directed against this protein to recognize
these proteo-SLNs, as demonstrated by surface plasmon
resonance experiments.

The high stability of these nanoparticles also allowed us to
image them without any further treatment to stabilize the
SLNs by means of SEM, c¢f. Fig. 23.

The interest of calixarenes for biomedical applications has
shown rapid development during the past decade for applica-
tions including anti-viral,%® anti-thrombotic activities,®® enzyme
inhibition®” and protein complexation.®® The first report on
the interaction of calixarenes with nucleic acids dates back to
1999 when Shi and Schneider published the synthesis of four
different calixarenes bearing (trimethylammonium)-methyl
groups at the upper rim of the macrocycle.® It was demonstrated

OH
)
N
HO OH HO OH
—
4 4
Alk Alk
28
Fig. 22 Synthetic route to prolyl-modified resorcinarenes

(HCHO, L-Pro).

Fig. 23 Chemical modification of prolyl-bearing calix[4]arenes SLNs
with serum albumin (top) and scanning electron micrograph of these
SLNs spread on a mica surface at a pressure of 107> Pa (a: 1-ethyl-3-
(3-dimethylaminopropyl) carbodiimide, N-hydroxysuccinimide; b:
bovine serum albumin).

that the two calix[4]arene derivatives produced show greater
binding properties than linear polyamines (e.g. spermine)
which also bear 4 amino functions, suggesting that the inter-
action was improved by a cooperative effect of the amine
groups.®” Based on these findings and the recent results published
by Ungaro et al. on the possibility to compact DNA with
cationic calixarenes,”® the self-assembly properties of a poly-
cationic calixarenes, 5,11,17,23-tetramino-25,26,27,28-tetra-
dodecyl-oxycalix[4]arene, at the air—water interface and in
water have been studied. The results revealed the ability of
these molecules to interact with DNA not only when self-
assembled at the air—water interface but also in the form of
SLNs.”! With the ambition to use these systems to cargo DNA
for therapeutic purposes, a solution was needed to avoid the
exposure of the DNA molecules at the surface of the SLNs to
nucleases attacks. It was decided to wrap the DNA with an
additional polyelectrolyte (chitosan) layer bound to the DNA
via electrostatic interactions, this positively charged layer gives
the possibility to add, via an iterative process, additional layers
of DNA, as schematized in Fig. 24.7> This approach, also
known as layer-by-layer (LBL) assembly,”® additionally allows
a significant increase of the quantity of DNA loaded at the
surface of the carrier; the choice of the polyelectrolyte used
might also favor the uptake of the colloidal particles in the
cells. It was demonstrated for the first time the possibility to
load calixarene-based SLNs via a layer-by-layer assembly

DNA Chitosan
[ —_—

Fig. 24 Schematic representation of the LBL coating of amino-
calixarenes.
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Fig. 25 Synthetic route to morpholine or pyrrolidine modified
resorcinarenes; (a) LiOH, H,O/THF, HCI; (b) SOCl,, reflux;
(c) pyrrolidine, RH, NEt;, CH,Cl,, rt; (d) morpholine RH, NEt;,
CH,Cl,, rt [from ref. 74].

process and the ability of these systems to enter mammalian
cells to release the DNA loaded at their surface.

Thiacalix[4]arenes bearing p-tert-butyl groups at the upper
rim and functionalized at the lower rim with secondary amide
groups have been studied for their ability to dimeric complexes
and to recognize metal ions (Li*, Na®™, K*, Cs*, Mg>",
Ca2+, Ba2+, Al3+, Pb2+, Fe3+, C03+, Ni2+, Cu2+, Ag+,
Cd>", Hg?>") by the picrate extraction method and photon
correlation spectroscopy. Whereas the extraction capabilities
have been shown to be fairly poor, these molecules have been
shown to form nanoparticulate assemblies in water (Fig. 25).

We have recently reported on the self-assembly of
5,11,17,23-tetra-carboxy-25,26,27,28-tetradodecyloxycalix[4]arene
at the air-water interface as monomolecular Langmuir layers
and in water.”” It has been demonstrated that these mono-
layers have the ability to interact with salicylic acid, acetyl-
salicylic acid and acetaminophene. As mentioned above,
Meier et al. demonstrated that this calix-arene has the ability
to self-assemble as monomolecular vesicular structures in
aqueous medium when dissolved in aqueous ammonia.?!
When using the nanoprecipitation method, the formed assem-
blies possess properties that suggest that they possess a
nanoparticulate structure. Nevertheless, AFM investigations
of this calixarene revealed the presence of layered structures
coexisting with the nanoparticles at the surface of mica after
drying, ¢f. Fig. 26.

Among the relevant number of examples of calix-arenes and
forming nanoparticles, one example can be considered non-
typical because the macrocycle used as a building block is not
amphiphilic but hydrophobic. Indeed, it was demonstrated
that O-dodecyl-calix[4]arene, even if it does not possess polar
functions can self-assemble as fairly stable nanoparticles.”®
This observation might have led to the conclusion that these
nanoparticles are formed only because of the insolubility of
the lipophilic macrocycle in water. Nonetheless, a series of
observation including the ability of this calix-arene to form
Langmuir monolayers and that incapacity of the non-cyclic
building block (dodecyl-phenol) to form neither Langmuir

Fig. 26 Supported layer formed by 5,11,17,23-tetra-carboxy-
25,26,27,28-tetradodecyloxycalix[4]arene on a mica surface imaged
by non-contact AFM in air (2 X 2 pum scan range). [Reproduced
with permission from Chimia.”> Copyright 2010, the Swiss Chemical
Society.]

Fig. 27 Molecular formula of O-dodecyl-calix[4]arene shown to
possess “pseudo-amphiphilic’” properties.

monolayers nor nanoparticles brought us to qualify this molecule
as “pseudo-amphiphilic” (Fig. 27). In other word, the amphi-
philic behaviour of this molecule is not due to the presence of
polar function but to the capacity of the calix-arene macrocycle
to interact with water.”’

5. Summary and outlook

Since the first proof of the possibility to self-assemble amphiphilic
calixarenes in water, a relevant number of publications reported
the ability of these systems to form self-assemblies in water.
Nevertheless, compared to the wide amount of known calixarenes
and resorcinarenes and the almost unlimited possibilities given
by these macrocycles to design amphiphiles, one can realize
that the amount of amphiphilic derivatives is still fairly limited.
A more systematic approach of the structure/self-assembly
property relations of a wider range of amphiphiles based on
macrocyclic molecules might allow us to produce a set of
general rules that would help to predict the self-assembly
properties of this class of complex amphiphiles and thus allow
a rational design of new amphiphiles possessing the desired
properties.

As the foremost interest of producing synthetic amphiphilies
is oriented toward the use of these self-assemblies for drug
transport and targeting, one explanation of the limited
amount of data available regarding amphiphilic calixarenes
and resorcinarenes is the suspected toxicity of phenolic
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compounds and their derivatives. Therefore, we believe that
the development of new amphiphilic calixarenes should be
accompanied by toxicity tests to definitely open the fertile
ground that can represent the chemistry of self-assembled
calixarenes and their applications.
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A group of seven resorcinarene bis-crown ethers (CNBCS5) with two polyether bridges at the upper rim
and either propyl, butyl, pentyl, heptyl, nonyl, decyl or undecyl groups at the lower rim were
synthesized and their binding properties with Cs™ were investigated by NMR titration. The bis-crowns
form 1:2 complexes with Cs™* with binding constants of log K 4-5. Crystal structures of bis-crowns
and their Cs™ and K+ complexes were studied and different packing motifs were found depending on
the alkyl chain length. Short ethyl, propyl and butyl alkyl chains gave a layer or pillar packing where
the polar and non-polar regions cannot be distinguished, whereas longer pentyl and decyl chains
formed bilayers. Amphiphilic properties and self-assembly in water were studied by preparing solid
lipid nanoparticles (SLNs) from the bis-crowns. All investigated compounds formed stable SLNs
showing amphiphilic character, which in the case of the short chain bis-crowns probably arises from

their locked boat conformation separating the polar face of the molecule from the non-polar face.

Introduction

Combining host—guest chemistry and surfactant properties into a
single molecule by structural design of supramolecules, nanoscale
materials, i.e. films, particles or gels, with host—guest function-
ality can be obtained. Calixarenes and resorcinarenes are macro-
cyclic supramolecular hosts well suited for this task since they
have a concave binding cavity capable of binding various guest
molecules or ions.! Resorcinarenes can be easily converted into
amphiphilic molecules using long aliphatic aldehydes in their
synthesis resulting in hydrophobic chains below the binding site.
The upper rim of the resorcinarene bowl has innate hydrophilic
character because of the OH-functionalities derived from the
resorcinol, and in addition, the upper rim is readily available for
further functionalization to improve the binding affinity and
selectivity. The self-assembly of amphiphilic calixarenes and
resorcinarenes in water and at interfaces into mono/bilayers,
thin films, vesicles and micelles, and properties of these assem-
blies have been studied avidly to extend the use of calixarenes.*
Some recent examples of their potential applications include gene
delivery,>® catalytic activity,” liquid crystals® and VOC sensing.’

Nanoscience Center, Department of Chemistry, University of
Jyvdskyld, P.O. Box 35, Jyviskyld FI-40014, Finland.
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+ Electronic supplementary information (ESI) available: Synthetic
procedures, SEM images for SLN and details of crystal structure
refinement. CCDC reference numbers 854053-854058. For ESI and
crystallographic data in CIF or other electronic format see DOI:
10.1039/c2nj2098 1k

In addition to host—guest properties, environmentally responsive
functionalities, which change the organized structures from
micelles into larger vesicles according to pH, have been
prepared.'® 12

Solid lipid nanoparticles (SLNs), or particles prepared from
solid lipids, are the latest addition to the family of drug carrier
structures since the introduction of liposomes and polymeric
nanoparticles, which are prepared from liquid lipids."* The
preparation process of SLNs leads to particles with diameters
from tens to few hundred or thousand nanometres, which can
be loaded with drugs or other sensitive compounds and
used for their protection and transport. Since calixarenes and
resorcinarenes are usually solid materials at room temperature,
they can be used for preparation of solid lipid nanoparticles and
studies of their potential in encapsulation of biologically impor-
tant guests, DNA for cell transfection and surface modification
for drug targeting have been published.'* !

Calixarenes and resorcinarenes with crown ether bridges
connecting the hydroxyl groups are very selective cation
receptors called calixcrowns.'® Depending on the number of
oxygen donors and thus the length and geometry of the crown
bridge, calixcrowns have very good affinity towards alkali and
alkaline earth metal cations and ammonium ions.® Resorcin-
arene bis-crowns and their K™, Cs™, Rb* and Ag™ complexes
have shown very interesting structural properties such as
formation of layers, capsules and nanorods.?*2* Therefore, we
have been interested in studying the effect of alkyl chain length
on the crystal packing of the resorcinarene bis-crowns and their
metal complexes, where it can (a) influence the twisting of the
resorcinarene framework and (b) induce a layer or bilayer

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012
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packing when the hydrophobic effect of the alkyl chains
becomes strong enough. The alkyl chain length also affects
the amphiphilic properties and self-assembly in water, which
was studied by preparing SLNs from a series of resorcinarene
bis-crowns with short, medium and long alkyl chains.

Results
Synthesis and complexation studies

A group of seven resorcinarene bis-crown ethers or CNBCS,
where N denotes the number of carbons at the lower rim alkyl
group and 5 the number of oxygen donors in each polyether
bridge, were prepared by O-alkylation of the free hydroxyl
groups of various tetramethoxy resorcinarenes® (Fig. 1).
Propyl, butyl, pentyl, heptyl, nonyl, decyl and undecyl groups
at the resorcinarene lower rim were chosen for structural
comparison with the previously synthesized C2BC5**?! and
to create amphiphilic bis-crowns. Synthesis was carried out in
dry dimethyl formamide (DMF) using Cs,COj3 and ditosylated
tetra(ethylene glycol) yielding tetramethoxy resorcinarene
bis-crown ethers after purification in 15-30% yields.
Complexation of the bis-crowns with an alkali metal cation,
caesium hexafluorophosphate, was carried out using NMR
titration in order to investigate if the lower rim alkyl chain
length has an effect on the binding affinity. C3BCS5, C5BCS5,
C9BC5 and CI1BCS bind Cs™ with the affinity of log K,
1.0-2.2 and a total binding constant of log K;;K;, 4.0-5.0
(Table 1). C2BCS5 has a binding constant of log K;; 1.75 for a
1:1 complex,?' which falls at the same magnitude of order as

B/D plane

A/C plane

Fig. 1 Structure of the resorcinarene bis-crowns CNBC5, R =
CyHon+y where N = 2,3, 4,5, 7,9, 10, 11 with selected crystal-
lographic numbering. ¢w and ccw enantiomers are shown; the A/C
plane runs through the upright aryl rings (A and C) and the B/D plane
through parallel aryl rings (B and D) respective to the methine plane
C7-C14-C21-C28.

Table 1 Binding constants for Cs* complexes in acetone-D6*

C3BC5 C5BC5 C9BC5 C11BC5
log K" 1.04 £0.18 1.59 £0.41 149 +0.60 221+ 0.09
log K Kp»° 443 +£0.03 4.62+0.10 4.06+0.19 503 + 0.04
log K;»¢ 3.39 3.03 2.57 2.82

“NMR titration at 30 °C, R-values <7%.” Binding constant for
reaction H + G < HG. ¢ Total binding constant for H + 2G «
HG>. “ Ki» = K Kip/Kiy.

now determined log K, values. The second binding constant
log K, is larger than the first binding constant for all inves-
tigated complexes. In the case of C2BCS5, K;, was not deter-
mined because the Job plot showed that intrinsic water
concentration over 1 molar equivalent relative to the host
leads to 1: 1 complexation. For C3BC5-C11BCS5 such a strong
trend was not observed, the water content being 1-2.5 molar
equivalents except for the 13 mol. equiv. for C11BCS5. In all
cases a 1:2 binding model gave better fits than the 1: 1 model.

Crystal structures

Resorcinarene bis-crowns. Single crystals of resorcinarene
bis-crowns were grown by slow evaporation from alcohol
solutions. C4BCS5 (structure C4) and C5BCS5 (C5) crystallized
in a triclinic PT without any solvent in their binding cavity or
in the crystal lattice. Analysis of the conformational properties
of individual molecules (Table 2) revealed that the bis-crowns
are in a boat or slightly twisted boat conformation and upright
aryl rings (A and C) are tilted towards the cavity with —8.3—to
—10.7 dihedral angles. Crown ether bridges are folded on top
of the binding cavities closing the space inside.

The crystal packing of C5 can be described as a ‘“‘squeezed
bilayer” where the upper rim interface of two opposing rows
appears as if compressed into one layer (Fig. 2). However, the
polar and non-polar layers can still be distinguished. Rows are
aligned parallel to the A/C aryl plane direction (later A/C
direction, Fig. 1). The clockwise (c¢w) counterclockwise (ccw)
enantiomers of the bis-crowns are related by inversion symmetry.
In C5, cw and cew enantiomers alternate in each bilayer in such a
way that each cw is facing up and is surrounded by a ccw facing
down on both sides. C4 has two molecules in the asymmetric
unit, I and II, which could be assigned either a boat or a slightly
twisted boat conformation. Molecules pack in a pillar assembly
with alternating I and IT molecules (Fig. 3). Each pillar consists
of either cw enantiomers or cew enantiomers, which in turn form
layers of cw and ccew enantiomers, but separation into polar and
non-polar regions does not occur.

Long chain bis-crowns C9BCS, C10BC5 and C11BCS crystal-
lized readily from ethanol in a monoclinic lattice (Z = 8).
Interestingly, most of these structures showed straight alignment
of the alkyl groups in the bilayer assembly without disorder but
had unresolvable disorder at the crown ether bridges and therefore
these structures can only be considered as preliminary structures.f

$C9: C2e, a = 52218(1), b = 14.63373), ¢ = 21.2980(5), f =
101.245(1), ¥ = 15962.2(6); C10: C2/c, a = 54.931(2), b = 14.5212(5),
¢ = 21.35748), B = 102.354(2), V = 16641.4(1); C11: C2/c, a =
57.4342), b = 14.5337(4), ¢ = 21.1864(7), f = 100.590(1), V =
17383.6(1).
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Table 2 Conformational properties of the resorcinarene bis-crowns and their alkali metal complexes

Cc4°

1 11 C5 C2K2 C3Cs2 C5K2 C10Cs2
Crystal packing Pillar Pillar Squeezed bilayer Layer Layer/shifted capsule Bilayer/shifted capsule Bilayer/shifted
arrangement capsule
Conformation Boat Boat Twisted boat Twisted boat Boat Boat
Tilt/® 3.7 5.7 8.9 7.0 33 1.1
Twist/® 3.9 5.7 8.7 . 6.4 35 0.5
Distance/A” 4.79/8.01 4.87/8.00  4.80/7.98 5.28/7.98  5.46/7.95 5.26/7.98 5.49/7.94
Dihedral angle between —10.7/175.2 —8.3/173.3 —10.3/167.3 14.4/151.4 22.2/148.8 11.8/147.0 21.1/148.3
opposite rings/® ¢
Dihedral angle against 80.0/89.1,  88.9/82.9, 86.4/83.2, 96.5/97.9, 100.3/101.5, 96.4/95.3, 100.6/100.5,
methine plane/°“ 175.6/176.5 176.2/176.3 173.2/174.0 165.9/165.5 168.3/160.5 166.5/160.5 163.2/165.1
Cavity diameter/A° 5.17/5.11 5.26/5.21  4.59/4.79 4.80/5.15  5.42/5.28 4.90/4.69 5.08/5.23

@ C4 has two molecules in the asymmetric unit. * Between opposite aromatic ring centroids. ¢ Between opposite aromatic ring planes A and C, B
and D. ¢ Aromatic ring planes A, C, B, D against the methine plane C7-C14-C21-C28. ¢ Average cavity diameter measured as O—O distances.

Fig. 2 Crystal packing of CS, a flattened bilayer, in a stick model (A)
with cw enantiomers in light and ccw in dark green, respectively, and a
CPK representation (B), where the polar and non-polar regions are
clearly visible. Disorder not shown for clarity.

Alkali metal complexes. Alkali metal complexes of the
bis-crowns were studied by crystallizing CNBCS5s with an
excess of potassium or caesium hexafluorophosphate in alcohols
yielding 1:2 (host—guest) complexes. When the binding pockets
of the host are filled with cations the dihedral angles of A/C aryl
rings are 11.8-22.2° and cavity diameters between 4.69-5.23 A.
The binding pocket of the bis-crowns is flexible and able to adjust
its size slightly according to the size of the guest cation giving
smaller cavity diameters for K™ than Cs™ complexes. Cations
bind to the host with cation-t (n° interaction with a
centroid—cation distance of 3.0-3.1 A for K" and 3.2-3.3 for
Cs™, and with M " -0 interactions with methoxy group oxygens
and 3-4 coordination bonds to the bridge (O-M " 2.70-3.54 A).
One of the PF¢™ anions is coordinated between the two cations
inside the binding pocket, which helps reduce the charge

A

Fig. 3 Crystal structure of C4 (disorder not shown). C4 has two
molecules, I (A) and II (B) in the asymmetric unit, the twist angle in
II indicated. (C) Pillar packing of C4: c¢w (up, purple) and ccw (down,
green) enantiomers are separated in pillars with alternating I (dark
shade) and II (light shade). Each pillar consists of a single enantiomer
with the methine plane angle (43.6°) and distances indicated; a top
view shows pillars of cw and ccw enantiomers in dark and light color,
respectively.

repulsion between the cations. The other anion is located outside
the cavity and creates short contacts between the complexes.
Depending on the structure, alkyl chain length and the cation,
the complexes pack in shifted capsule, layer or bilayer assemblies.

C2BCS5 has been previously crystallized as a KPF¢ complex
in a capsule assembly.?® Now, another packing for the C2BC5-
2KPFs complex (C2K2) was obtained, forming layered packing
without the capsule formation. When viewed on top, each cw
enantiomer alternates with ccw enantiomers within a layer, and
therefore polar and non-polar sides cannot be distinguished.
A side view (B/D direction) of the packing reveals that ¢w and
ccw enantiomers are separated on their own stacks in a parallel
alignment (Fig. 4).

C3BC5-2CsPF¢ (C3Cs2) crystallized with ethanol as a solvate
in the crystal lattice. The conformation of the host is a twisted
boat in contrast to the boat conformation of all the other
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32A
Fig. 4 Side and top views of the crystal packing of C2K2 layers (A, B)
and C3Cs2 shifted capsules/layers (C, D); side view: ccw enantiomers

facing down (green); top view of a layer: outlying anions and ethanol
molecules (in D, green) shown as a stick model.

Fig. 5 C3Cs2 shifted capsule consisting of ¢w and ccw enantiomers,
short contacts to the solvent and anions shown in dashed lines, atoms
labelled with an asterisk are generated by a symmetry operation —x + 1,
—y + 2, —z + 1. Disorder not shown for clarity.

complexes, which can be understood by analyzing the anion/
solvent coordination of the cation. One of the PF4 anions is
coordinated between the two Cs ™ inside the cavity. In addition,
a water molecule, not found in the other structures, is coordi-
nated to Cs2 with 3.13 A Cs—O distance and has a short contact
0£2.99 A to the F10A of the (disordered) second PF¢~, which in
turn is located close to the crown ether bridge of the opposite
enantiomer with an FSA—C59 distance of 3.12 A (Fig. 5). A pair
of complexes, cw and ccw enantiomers, form a shifted capsule
connected by the solvent—anion contacts. The top view of the
complexes shows a similar alternating pattern of ¢w and cew
enantiomers as in C2K2, and the side view from the B/D
direction shows a layered packing, where shifted capsules form

Fig. 6 C5K2: a front view of an offset capsule and a bilayer packing
(A); C10Cs2: a front view of a bilayer (B). ccw enantiomers in green
color; outlying anions and disorder not shown.

diagonal lines through the crystal. The role of the ethanol
solvate is to fill the voids at the B/D edges of the complexes,
where they form H-bonded circles of four ethanol molecules
without connecting to the host-guest complex.

The C5BCS5-2KPFg complex (C5K2) forms layers of single cw
or ccw enantiomer which consist of rows aligned in the A/C
direction with a 2.43 A shift between the molecules (15% of
complex width) and in the B/D direction with a 3.28 A (35%)
shift. In contrast to C5, all alkyl chains are oriented straight below
the methine plane forming a clear bilayer packing. The upper rim
interface of C5K2 forms shifted capsules with a 2.80 A dislocation
of the B/D planes accounting for 30% of the width of a molecule
(Fig. 6A). Similar packing was obtained for the C10BC5-2CsPF¢
complex (C10Cs2) despite the difference in cation size and thus
larger cavity diameter, but the longer alkyl groups expand the
thickness of the bilayer up to 27.39 A (Fig. 6B).

Solid lipid nanoparticles

The ability of CNBCS5’s to form solid lipid nanoparticles was
tested to assess their self-assembling properties in water.
Previously, calixarenes and resorcinarenes bearing long alkyl
chains and hydrophilic functionalities at the upper rim have
been used to prepare stable SLN’s by a solvent diffusion
(solvent replacement) method.?>?® The same method was
applied for the CNBCSs, where approximately 5-7 mg of
CNBCS was dissolved in a small amount of THF and water

792 | NewJ.Chem., 2012, 36, 789-795

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2012



WD=85mm EHT=2023kV SignalA=SE1  Date:7 Oct2011

Time :14:26:27

Fig. 7 SEM image of C11BCS5 SLN on SiO,; spherical particles with
a mean diameter of 300 nm are shown.
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Fig. 8 SLN diameters for all CNBC5 (mean of the size distribution
from DLS showing standard deviation). SLNs with a constant 0.1 mM
concentration (black) and with a constant mass 100 mg L™ (grey)
show increasing diameter for longer alkyl chains.

was added to the solution by vigorous stirring, after which a
cloudy suspension was formed. The size of the SLN’s was
analyzed using dynamic light scattering, which gave hydro-
dynamic diameters of 220-320 nm for the particles with
polydispersity indexes of 0.04-0.34. The particle shape and
size was confirmed by SEM images, which revealed spherical
particles at a size distribution corresponding to the DLS
measurements (Fig. 7). For calixarenes and resorcinarenes, it
has been discovered that the size of the SLNs is affected by
several parameters: THF /water ratio, stirring speed, pH of the
solution, and length of the alkyl chains of the calixarene.?>*
However, changes in the particle size are mostly affected by the
final concentration of the calixarene in the suspension. There-
fore in this study, other parameters except the length of the
alkyl chains and final concentration of the resorcinarene
suspensions were kept constant. In the first series (Fig. 8) the
molar concentration of the bis-crowns was constant and the
diameters of the particles increase when the amount of carbon
atoms at the alkyl chains increases. In the second series SLNs
were prepared keeping the mg L~! concentration constant to
make sure that the increased particle diameter was not origi-
nating from the increased amount (in milligrams) of bis-crown

in the suspensions. The second series (Fig. 8) has very similar
particle sizes than the first one, which indicates that the change
in the amount of bis-crowns between the two series has a
negligible effect. The variation in the particle size, although
quite modest, is most likely caused by the different alkyl chain
lengths of the bis-crowns, which affect their amphiphilic
properties.

Discussion

Resorcinarene bis-crowns were shown to bind Cs™ as 1: 1 and
1:2 complexes in solution, 1:2 being the dominant species.
There is some variation especially between the log K;, values,
giving 1.04 for C3BC5 and 3.31 for C11BCS. However, the
higher log K|, value for C3BCS5 partly compensates this
difference when the total binding constants are examined. In
contrast to the previously examined C2BCS5, all compounds
gave 1:2 complexes when more than 1 molar equivalent of
water relative to the host was present in the solution. There-
fore, what at first glance appears to be the effect of the alkyl
chain length may well be the indirect result of desolvation of
the cation. The sensitivity of the measurement towards water
may explain some of the observed differences in the binding
constants between the experiments.

Since the affinity of C2BC5 towards K * is very low, log K of
0.23 for the 1:1 complex,21 the binding constant was not
determined for the other bis-crown potassium complexes.
However, the structural properties of solid state K™ complexes
were compared to the Cs* complexes with the purpose of
exploring alternative crystal packing forms due to different
cation size. Based on the results it seems that the size of the
cation does not have a direct influence on the packing, since
similar structures were obtained for the different cations (C2K2
and C2BC5-CsPF, complex;?! C5K2 and C10Cs2). Instead,
solvent coordination together with the cation size has a more
important role in the packing, which is seen by comparing the
C2K2 and C3Cs2 and a capsule structure of C2BC5-2KPF¢*°
with a water molecule coordinated inside the cavity. C3Cs2 also
contains water, which is involved in the shifted capsule coordi-
nation. The larger diameter of Cs™ probably prevents similar
coordination of water and the tilted angle of PF¢~ between the
cations inside the binding pocket as in C2BC5-2KPF capsules,
and now coordination takes place outside the binding pocket.

Twisting of the resorcinarene skeleton was observed in C4,
C5 and C3Cs2, and is therefore not limited to short alkyl chain
bis-crowns. Rather, all interactions in the lattice determine the
conformation of the resorcinarene to provide optimal close
packing.

The effect of the lower rim alkyl chain length is connected to
the amphiphilic nature of the bis-crowns. When alkyl chains
are 2—4 carbon long, they have not been found to form bilayer
packing with separated polar and non-polar parts. Instead,
layers with alternating upper and lower rims in neighboring
molecules or complexes are seen, and in addition, C4 formed a
pillar type assembly with tilted methine carbon planes. For
C5BCS5 a squeezed bilayer in C5 and a bilayer in C5K2 were
found, which shows that five carbons is a limiting alkyl chain
length for the bilayer type packing. For the long chain
bis-crowns increased molecule size made crystallization more
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difficult and the structures also tend to show more disorder
either at the lower rim alkyl chains or at the crown ether
bridges or both. Since CO9BCS5-CI11BCS5 had a very bad
unresolvable disorder at the upper rim polyether bridges but
quite well organized alkyl groups at the lower rim, this can be
interpreted as an indication of stronger hydrophobic inter-
actions at the lower rim, which drives the alkyl chains in the
ordered packing, whereas the crown ether bridges have more
conformational freedom. As a result, complexation of cations
in the binding pocket was attempted in order to rigidify the
crown ether bridges and, thus, enable the crystal structure
analysis of these molecules. This strategy has so far provided
the structure of Cs* complex of CI0BC5 which has a very
similar packing compared to C5K2.

The second goal of this study was to investigate the self-
assembly of CNBCS5s in water by preparing SLNs. Bis-crowns
are neutral amphiphilic molecules without H-bond donors at
their polar part. It is noteworthy that also bis-crowns with C,,
C; and C,4 alkyl chains, which do not arrange in a bilayered
packing, indicating their amphiphilic character in the solid
state, form these particles. In addition, SLNs with shorter than
C4 alkyl or acyl chains have not been previously reported for
calixarenes or resorcinarenes to the best of our knowledge.
The ability of these molecules to form SLNs probably arises
from the macrocyclic effect and the locked boat conformation,
which separates the hydrophilic side of the compound from
the hydrophobic side.

The diameter of the SLNs increased for the longer alkyl
chains, which is in fact opposite result to those Coleman
et al®” have obtained for the para-acyl-calix[9]arene SLNis.
para-Acyl-calix[4]arenes on the other hand have not shown a
clear trend in the SLN size for different alkyl chain lengths.?

Table 3 Crystal structure parameters?

Calix[9]arenes have larger, nine membered macrocyclic rings
with enhanced conformational flexibility compared to resorcin-
arenes and calix[4]arenes, which can lead to a different arrange-
ment of the amphiphiles during their self-assembly.

The prepared SLNs were stable enough to survive the
vacuum treatment needed for the SEM sample preparation
(gold coating) and in most cases the SLN suspensions were
stable over several months. Some exceptions to this rule were
observed, a couple of times the samples formed a visible
precipitate within a week or two accompanied with particle
size increase. In the SEM images some of the samples showed
signs of early aggregation tendency, and in a couple of samples
complete assimilation of the smaller <1 pm particles into the
substrate was seen. Also, the nature of the substrate has an
effect during the sample preparation since on the hydrophobic
carbon tape most of the particles deformed in contrast to the
hydrophilic SiO, surface, where hydrophilic interactions with
the surface could help maintain the integrity of the particles.
According to the preliminary results C11BC5 seemed to give
the most stable SLN’s. However, further studies are needed to
establish a more systematic survey on the properties of the
resorcinarene bis-crown SLNs.

In conclusion, resorcinarene bis-crowns bind Cs*t in
solution and form solid state complexes with Cs* and K.
The lower rim alkyl chains affect the crystal packing and the
amphiphilic properties since C2BC5-C4BC5 form layered
packing, whereas a bilayered packing typical for amphiphilic
molecules is observed with Cs and longer alkyl chains. The
locked boat conformation of CNBC5 makes also the short
chain derivatives behave as amphiphilic molecules, which form
stable solid lipid nanoparticles with slight dependence between
the SLN size and the alkyl chain length.

C4 cs’ C2K2 C3Cs2 C5K2 C10Cs2

[K2(PFs) [Cs2(PF6)(CeoHgaO14)  [K2(PFe) [Csa(PFs)

Composition CeaHox014 CesHinoO14 (CssH76019)PFs  (H;0)PFe2CoHeO  (CosH 00019)IPFq (CsgH140014)]PFg

FwW 1085.38 1141.48 1341.31 1695.18 1509.62 1977.76

Crystal system Triclinic Triclinic Monoclinic Triclinic Triclinic Triclinic

Space group Pl Pi C2fe P1 P P1

alA 15.5428(4) 14.0441(5) 36.7201(7) 12.5169(3) 10.1107(5) 10.4675(4)

b/A 16.2070(5) 16.3664(6) 19.6013(5) 17.8145(5) 17.014(1) 16.8329(7)

c/A 28.1062(9) 16.5780(6) 19.4874(6) 18.0005(5) 22.918(1) 27.588(1)

o/ 78.135(2) 99.948(2) 90 70.468(2) 109.330(3) 96.549(2)

p/° 88.922(2) 104.812(2) 116.801(1) 79.987(2) 95.789(3) 97.404(2)

y/° ) 62.066(2) 112.067(2) 90 82.768(1) 89.952(3) 93.961(2)

Volume/A* 6096.8(3) 3256.7(2) 12519.6(6) 3715.3(2) 3698.9(3) 4771.6(3)

Z 4 2 8 2 2 2

Deatea/Mg m ™3 1.182 1.164 1.423 1.515 1.355 1.377

F(000) 2352 1240 5600 1732 1592 2056

p/mm~! 0.661 0.641 2.676 8.867 2.323 6.958

Crystal size/mm 0.15 % 0.10 x 0.07 0.26 x 0.20 x 0.10 0.15 x 0.10 x 0.05 0.30 x 0.20 x 0.10 0.10 x 0.10 x 0.05 0.20 x 0.08 x 0.06

Mean reflns 29260 15745 17010 45717 16 668 19576

Indep. reflns 20072 10590 10802 12755 11625 13472

Rint 0.0909 0.0593 0.0589 0.0587 0.1246 0.0927

R, [ > 20(])] 0.0792 0.0852 0.0788 0.0449 0.0969 0.0826

WR, [I > 20(1)] 0.1761 0.2238 0.2001 0.1125 0.2355 0.1656

GooF on F* 1.063 1.025 1.029 1.044 1.074 1.055

Largestodiff. peak and  0.470, —0.378 0.580, —0.335 0.713, —0.646 0.882, —1.338 0.828, —0.457 1.027, —0.634

hole/e A~

@ Unit cell dimensions for C9BCS5, CI0BC5 and C11BC5 at the endnotes. ” Isomorphous structures obtained from fers-butanol/methanol,

iso-butanol/methanol, and ethanol solutions.
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Experimental
X-Ray crystallography

Single crystal X-ray data were recorded on a Nonius Kappa
CCD diffractometer with an Apex II detector using graphite
monochromatized CuK, (4 = 1.54178 A) radiation at a
temperature of 173 K. The data were processed and absorption
correction was made to all structures with Denzo-SMN v.0.97.638%
unless otherwise mentioned. The structures were solved by direct
methods (SHELXS-97) and refined (SHELXL-97) against F> by
full-matrix least-squares techniques using the SHELX-97 software
package (Table 3).° The hydrogen atoms were calculated to their
idealized positions with isotropic temperature factors (1.2 or
1.5 times the C temperature factor) and refined as riding atoms.
Crystal structure analysis was done using Mercury CSD 24
software.*® CCDC 854053-854058.

NMR titration

4 mM CNBCS5 was titrated with CsPF¢ solution in acetone-D6
and the '"H NMR spectra were recorded after each addition at
30 °C. The shift in the aromatic resorcinarene signal at
6.005 ppm for the free host was followed and the binding
constants were calculated using WinEQNMR2 software.?!

SLNs

Solid lipid nanoparticles were prepared by a solvent replace-
ment method.*> 5 mg (or 5.27 pmol, 5.2-7.8 mg) of CNBC5
was dissolved in 1.5 ml of THF and 50 ml of purified water
(Millipore, resistivity > 18 MQ) was added at a constant flow
during 10 s into the organic solution under vigorous stirring at
800 rpm with a magnetic stirrer. A cloudy suspension formed
immediately. The suspension was stirred for an additional
minute and THF was removed under reduced pressure by a
rotary evaporator (44 °C, 60-70 mbar). The volume of the
suspension was adjusted to 50 ml giving the final nanoparticle
concentration of 100 mg L™" (or 0.1 mM). The hydrodynamic
diameter of the nanoparticles was measured using dynamic
light scattering (Beckman Coulter N5 Submicron Particle Size
Analyzer) at a 90° angle in water using plastic cuvettes (3 min
equilibration, 3 min measurement). Three samples for each
SLN were measured. The morphology and size of the SLN’s
were analyzed using scanning electron microscopy (Zeiss EVO
50). Sample preparation: a drop of SLN suspension was
pipetted on a piece of silicon wafer attached by carbon tape
to the sample holder and dried under ambient conditions.
Samples were coated with gold (JEOL Fine coat Ion Sputter
JFC-1100) prior to imaging.
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Silver complexes of a cation binding supramolecular host, resorcinarene bis-crown (CNBCS5) with propyl,
nonyl, decyl and undecyl alkyl chains were investigated by NMR titration, picrate extraction and single
crystal X-ray diffraction. Binding studies showed that both 1: 1 and 1:2 (host-Ag") complexes are
present in solution with only a slight effect of the lower rim alkyl chain length on the binding constants
(log K 4.04.2 for 1 : 2 complexes). Solid state complexes of the resorcinarene bis-crowns bearing either
C; or Cy; chains were obtained. Single crystal X-ray analyses showed that both derivatives bind silver
ions by metal-arene and Ag---O coordination from the crown ether bridges and from the solvent, and
pack in layered or bilayered fashion. Furthermore, the amphiphilic nature of C11BCS was demonstrated
using the Langmuir balance technique. Langmuir—Blodgett films of the amphiphilic C11BC5-Ag
complex were transferred onto a substrate and shown to possess antibacterial activity against E. coli.

Introduction

Calixarenes and their close relatives, resorcinarenes, are a struc-
turally versatile group of macrocyclic supramolecular hosts with
a concave binding cavity and high affinity towards various
guests, such as cations (alkali and alkaline earth metals, tran-
sition metals, ammonium ions), anions and small organic
molecules.' The calixarene framework (Fig. 1) can be easily
modified to enhance the binding selectivity and affinity towards
cations, for example, by adding polyethylene glycol bridges to
the hydroxyl groups at the calixarene lower rim or at the resorci-
narene upper rim, binding pockets with tunable size and number
of oxygen donors are created.® These compounds are called
calixcrown ethers,’ or calixarene bis-crowns® when two such
bridges are attached to a single host, and they have proven to be
very effective and selective hosts e.g. for caesium in nuclear
waste treatment.” Resorcinarene bis-crown ethers®™® differ from
the calixarene bis-crowns by confining both of the crown bridges
on top of the binding cavity and having pendant alkyl groups
below the binding site, forming an amphiphilic structure,
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PO. Box 35 Jyviskyld FI-40014, Finland. E-mail: maija.nissinen@,
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1 Electronic supplementary information (ESI) available: Titration curves,
Job plot, data for picrate extraction; crystallographic data and figures.
CCDC reference numbers 833089 and 833090. For ESI and crystallo-
graphic data in CIF or other electronic format see DOI: 10.1039/
c20b06920b

whereas the calixarene bis-crowns usually exhibit 1,3-alternate
conformations in the calixarene skeleton, which directs the two
binding pockets to opposite sides of the molecule.

The recent rise of bacterial resistance to synthetic antibiotics
and hospital-acquired bacterial infections has promoted the

Upper rim

1,3-Alternate Boat

Fig. 1 Comparison of a calix[4]arene (left) with a resorcinarene (right)
in the cone conformation, and a p-fert-butylcalix[4]arene bis-crown-5°
with an amphiphilic resorcinarene bis-crown-5 in 1,3-alternate and boat
conformations, respectively.
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Fig. 2 General molecular formula of CNBC5, where N = 3, 9, 10, 11
according to the number of carbons in the alkyl group R, (R =
CyHaon1)- Both clockwise, ew, and counterclockwise, ccw, enantiomers
are shown.

research of alternative methods to control bacterial infections.
Silver, a long known antimicrobial agent, has therefore found
new applications in antibacterial materials for medical'®'* and
consumer products.'>'® Many of these products utilize silver
nanoparticles (AgNP), which provide an efficient Ag" release
from the surface and form direct interactions with the bacterial
cell wall.">'*17 However, silver nanoparticles also have toxic
effects on mammalian cells and an extensive release of the
AgNPs from the materials could lead to environmental
hazards.'®"?

Even though the exact mechanism of the antibacterial effect of
silver, especially silver nanoparticles, is not fully understood,
there is strong evidence that silver cations bind to the thiol
groups of the proteins in the bacterial cell membrane, penetrate
inside the cell and prevent normal cellular functions.'*'”-'%-°
The mechanism is non-specific and therefore effective against a
wide range of microorganisms. Since the toxicology and antibac-
terial effect of silver and AgNPs seem to depend on the particle
size and the ligand,?'* as well as matrix and substrate
properties,>>>® there is a continuous need for new potential anti-
bacterial materials and coatings. Several approaches have been
reported; some recent examples include Ag" complexes,? ?
silver clusters,®> AgNPs with B-cyclodextrin capping,** electro-
chemically produced silver ions® and genetically engineered
Ag" binding phage fibers.*

In supramolecular chemistry, silver complexes with macrocy-
clic hosts, such as crown ethers,”’ calixarenes and
resorcinarenes,m‘m and calixcrowns*>™*° are known. As a soft
acid, silver prefers coordination to soft (N, S) donors,>”#04344
but coordination to hard donors (O) and m-basic binding sites
has also been observed.>®3%414245 However, the antibacterial
activity of this kind of complex has been scarcely studied.*® In
the present manuscript, the ability of a series of resorcinarene

Table 1 Binding constants for CNBC5:Ag" complexes in acetone-D6“

C3BCS C9BCS C10BCS C11BCS
log K11” 2.16 2.22 2.22 2.07
log K1,K 15" 4.13 4.12 422 4.00

“NMR titration at 30 °C, R-values <4%, errors <8%. ” Binding constant
for the 1: 1 complex. ¢ Total binding constant for the 1 : 2 complex.

bis-crowns to complex silver(1) in solution, in the solid-state and
at the air—water interface is demonstrated. In addition, a new
approach for the preparation of antibacterial coatings based on
the use of self-assembled Langmuir-Blodgett (LB) films of an
amphiphilic bis-crown silver complex is reported. The antibacter-
ial properties of the LB films are assessed by applying the so-
produced surface on a bacterial culture of E. coli.

Results and discussion
Complexation studies in solution

Tetramethoxy resorcinarene bis-crown ethers, CNBCS’s, where
N denotes the number of carbons at the lower rim alkyl group
(Fig. 2), have two polyether bridges with five oxygen donors at
the resorcinarene upper rim and can thus incorporate either one
or two guests into the binding site. The amphiphilic properties of
the bis-crowns can be affected by selecting the length of the
lower rim alkyl chains. The resorcinarene bis-crowns are known
to complex alkali metal cations and silver inside their binding
cavity by cation—m or metal-arene interactions and M'---O
coordination.®>*7°° We have studied the silver binding proper-
ties of the bis-crowns (N =3, 9, 10 and 11) in solution by means
of NMR titration and picrate extraction. All of the resorcinarene
bis-crowns were observed to bind silver with the affinity of log
Ky 2.1-2.2 and log K{1K;; 4.0-4.2, demonstrating that the
length of the lower rim alkyl chain plays only a minor role in
binding (Table 1). According to the Job plot as well as the titra-
tion data, both 1:1 and 1:2 species are present in solution. In
an ideal Job plot, the maximum for the 1:1 complex should
appear at 0.50 and for the 1:2 complex at 0.33. However, the
obtained data show a maximum at 0.45, which can be interpreted
as an indication of an equilibrium between the 1:1 and 1:2
complexes.*®

Picrate extraction, where the transport of silver and caesium
picrates from water to a chloroform phase upon complexation,
was studied, and showed that the bis-crowns had a lower extrac-
tion ability towards silver (1.6-2.8%) than caesium (10%), an
alkali metal cation used for reference purposes. Nonetheless,
since solid liquid extraction in CDCl; showed similar complexa-
tion efficiency for both cations, the lower extraction value for
silver could be explained by the differences in the cation
hydration enthalpies, which are —483 kJ mol™' for Ag" and
—283 kJ mol™" for Cs", according to Ichieda et al.*’

Crystal structures

Details of the Ag” coordination in the bis-crown complexes were
studied using single crystal X-ray diffraction. Crystals of C3Ag2

2020 | Org. Biomol. Chem., 2012, 10, 2019-2025
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Fig. 3 Crystal structure of C3Ag2. (a) A side view showing tilt angle,
(b) a top view of both enantiomers, (c) packing of the bis-crown com-
plexes within a layer.

[C3BC5-(AgPFg), (C3HgO),] were grown with excess AgPFq
by slow evaporation from I-propanol, and Cl11Agl
[C11BCS5-AgPF¢(C3D60),] with 1.5 equivalents of AgPF¢ from
acetone-Do6.

In C3Ag2 the silver cation is coordinated by three Ag—O
bonds to the crown ether bridge with bond Ilengths of
2.44-2.68 A and to the 1-propanol with bond length of 2.29 A
(Fig. 3). In addition, Ag™ is bound by a metal-arene interaction
to a corner of the resorcinarene benzene ring with 2.55 A dis-
tance to the C11 (4-position, n'-coordination), whereas in alkali
metal complexes of the bis-crowns, the cation is usually located
symmetrically in the middle of the aromatic ring (n°-coordi-
nation).” The cavity diameter measured as an average of the
0-O distances is 6.18 A, comparable to the silver complexes of

AN
gy

*

Fig. 4 Bilayer packing of C11Ag1 with counter anions shown between
the layers.

C2BC5.* The coordination to the other cation is identical due to
symmetry. The resorcinarene core of the C3BCS5 is in a slightly
twisted boat conformation, which probably arises from the space
needed for including the solvent inside the cavity. Interestingly,
Ag" prefers coordination to alcohols over the PF¢~ anion, con-
trary to the K™ and Cs” complexes, where the PF¢~ usually coor-
dinates between the two cations inside the binding cavity.>*>°

C3Ag2 packs in parallel layers, which are separated by
10.51 A (methine carbon planes of superposed complexes).
Within a layer, each complex is surrounded by six adjacent com-
plexes with an identical chirality forming a beautiful “chain
mail” pattern (Fig. 3c). The counter anions contribute to the
crystal packing between the layers by forming short contacts
between the crown ether bridges and the lower rim alkyl groups.
Because the lower rim alkyl chains are only three carbons long,
the complexes form an up-down arrangement and separation into
hydrophobic and hydrophilic bilayers does not occur. The struc-
ture of C3Ag2 is similar to the 1-propanol and 2-propanol sol-
vates of C2BC5-2AgPF,,*” and therefore we can predict that the
addition of one carbon, from ethyl to propyl, in the lower rim
alkyl chains does not affect the crystal packing of the layered
structures.

The amphiphilic C11BCS crystallized as a 1: 1 complex with
silver (C11Agl), where Ag" has very similar coordination in
comparison to C3Ag2 with the exception of acetone instead of
I-propanol as the coordinating solvent (Ag-O 2.28 A). The
silver is bound between alkoxy substituents in the 5-position of
the resorcinol ring (2.37 A) instead of the 4-position observed in
C3Ag2, and coordinates to the three middle oxygen donors in
the crown ether bridge with distances of 2.46-2.84 A. This is
probably due to the increased space at the binding pocket in
comparison to C3Ag2, which additionally leads to a slight
decrease in twisting of the resorcinarene framework. The free
binding site is partly filled by a methoxy group C75 pointing
inside the cavity. The long alkyl chains of C11Agl1 pack in orga-
nized hydrophobic layers, whereas the upper rims of the com-
plexes are placed on top of each other and connected by the
anions, forming a bilayer structure clearly indicating the amphi-
philic nature of the complex (Fig. 4).

Langmuir—Blodgett films

The amphiphilic self-assembly properties of C11BCS were
studied by means of the Langmuir balance technique on water or

This journal is © The Royal Society of Chemistry 2012
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Table 2 Langmuir isotherm data of CIIBC5 on pure water and
100 uM AgNO5“

AgNO3b Hcc Acd Alime
0 33 157 174
100 35 163 181

“ Surface tension values are expressed in mN m™' and areas in A” per
molecule. bIn uM. “The surface pressure at the collapse of the
monolayer. “The surface area at the collapse of the monolayer.

¢ Extrapolation of the linear part of the isotherm on the x axis.

N
<]
|

N
S
|

Surface pressure (mN m™)

0 Tt T T T T T | L B
130 140 150 160 170 180 190 200 210
Apparent molecular area (/-\2 /molecule)

Fig. 5 [1/A4 isotherms of C11BCS on pure water (—) and 100 uM
AgNOs; (:++) sub-phases.

on an aqueous subphase containing 100 uM AgNO;. From the
results (in Table 2, Fig. 5) it could be seen that while the mono-
layer on pure water subphase collapses at 33 mN m™' at a
surface area of 157 A? per molecule, the presence of silver ions
causes a slight increase in the collapse pressure to a value of
35 mN m~! and an increase in the collapse area to a value of
163 A? per molecule suggesting interactions between the amphi-
philes spread at the interface and the silver ions. Since the struc-
ture of CI11BCS is relatively rigid, and the resorcinarene
framework is preorganized in the boat conformation for binding,
no dramatic changes in the molecular areas upon complexation
are expected. However, the 4, values measured are in excellent
agreement with the crystal structure packing. In the solid state
the pure C9BC5 shows an “apparent molecular area” of 159 A2,
and C11BC5 has a collapse area of 157 A? at the air—water inter-
face. Moreover, the molecular area of 163 A? at the air—water
interface when the amphiphile is interacting with silver is also
consistent with the solid-state packing with values of 166 A% and
179 A% for the 1: 1 and 1 : 2 complexes, respectively.

Antibacterial experiments

In order to study the potential antibacterial effects of the pro-
duced complexes, four layers of the C11BC5-Ag(1) complex (¥-
type) were transferred on hydrophobic glass substrates using the
Langmuir-Blodgett approach and applied on a bacterial (E. coli)
carpet grown on agar gel, as shown in Fig. 6. In addition to the
samples, control samples with the same treatment of C11BCS
but in the absence of silver were prepared, along with controls of
a glass slide dipped in 100 uM AgNOj; solution and a hydro-
phobic glass slide. The area covered by the bacteria on the agar

glass

[
A f C18 layer

--- —— E.Colilayer

Fig. 6 Schematic representation of the experimental set-up used to test
the antibacterial properties of C11BC5-Ag(1) complex.

80
60
40
20

0

C11BC5—Ag C11BC5 Glass

Bacterial growth (%)

Fig. 7 E. coli growth (normalized results) on an agar plate submitted
to a Langmuir—Blodgett multilayer of C11BCS transferred from a sub-
phase containing silver (100 pM, CI1IBC5-Ag) or pure water
(C11BCS); hydrophobic glass slides (glass) and hydrophobic glass
slides dipped in silver nitrate (100 uM, Ag).

gel was measured from microscope images after incubation of
the samples for 5 hours at 37 °C (93%) and was used to normal-
ize the measured data; the results are given in Fig. 7.

From the results it could be seen that the substrate dipped in
silver nitrate shows only a limited loss of bacterial viability with
a bacterial growth that remains as high as 72 + 4%. This result
may be attributed to the presence, at the surface of the glass
slide, of unmodified areas (hydrophilic) that bind silver ions via
electrostatic interactions and release it when in contact with bac-
teria. Nevertheless, the inhibitory effect observed for C11BC5—
Ag(1) is relevantly higher with a bacterial growth of only 7 + 2%
while the same LB film in the absence of silver shows a growth
of 88 + 7%. This clearly shows that the antibacterial effect
results from the presence of silver in the LB films. Taking into
account the isotherm data and assuming the “best case” scenario
where CIIBCS forms a 1:1 complex at the interface, the
density of silver ions at the surface of the treated substrate would
be approximately 0.4 nmol cm™2 giving a bulk concentration in
the medium of 90 nM; this value is 210-fold lower than the com-
plete inhibitory concentration (CIC) of silver for E. coli that has
been reported to be 18.9 uM.>"!

Conclusions

The resorcinarene bis-crowns bind silver in solution, in the solid
state as well as at the air—water interface on LB films. The lower

2022 | Org. Biomol. Chem., 2012, 10, 2019-2025
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rim alkyl chain length has an effect on the self-assembling prop-
erties of the bis-crowns, as well as their complexes. When the
bis-crowns are equipped with long alkyl chains (Cy;), they show
amphiphilic i.e. surfactant-like properties forming monomolecu-
lar Langmuir—Blodgett films, which enables their use in func-
tional coatings. The LB films of the C11BC5-Ag complex show
a relevant antibacterial effect against E. coli when compared to
pure hydrophobic glass. The solution studies show that the
binding constants for Ag" complexes are log K;; 2.1-2.2 and
log K11K1, 4.0-4.2, which means that the free host, the guest,
and the 1:1 and 1:2 complexes are in equilibrium and that the
silver binding is reversible. Since the estimated concentration of
silver in the LB films of the C11BC5-Ag complex is very low,
90 nM, it would not allow a bulk effect of the silver ions in the
culture medium, but instead suggests that the antibacterial effect
might be due to the close contact between the silver releasing
layer and the bacteria. It is also worth noting that the antibacter-
ial effect of silver includes a hypothesis that the Ag" ions bind to
the thiol groups on the surface of bacteria, which is supported by
the ability of the thiol-containing compounds to block the anti-
bacterial activity of silver,’> and that the affinity of silver for
sulfur is much higher than it is for oxygen. Therefore, it is
logical to assume that silver is released from the bis-crown com-
plexes in the presence of the thiol groups on the bacterial
surface, which leads to bacterial death and inhibits the overall
bacterial growth as observed in these experiments. Further exper-
iments are planned to obtain a more detailed understanding of
the antibacterial effect of the bis-crown silver complexes, and
whether the complex could be transported through bacterial cell
membranes, enhancing the toxicity of silver. The preliminary
results reported in this paper serve as a proof of principle for the
development of supramolecular antibacterial materials, which in
comparison to the free silver salts already show the possibility to
control the release of silver and the need for lower doses. Work
is underway to study the effect of thicker LB multilayers on
E. coli growth over longer periods of time.

Experimental
Materials

All reagents and solvents were purchased from Sigma-Aldrich
and VWR and used without further purification. NMR spectra
were recorded with a Bruker Avance DRX 500 spectrometer at
500 MHz for 'H at 30 °C. UV-vis spectra were measured using a
Perkin Elmer Lambda 850 spectrometer. Tetramethoxy resorci-
narene bis-crown ethers were synthesized according to a pre-
vious reference® from the corresponding  tetramethoxy
resorcinarenes.”  Characterization ~data were  published
elsewhere.™

Binding studies

4 mM CNBCS was titrated with AgPF solution in acetone-D6
and "H NMR spectra were recorded after each addition at 30 °C.
The shift in the aromatic resorcinarene signal at 6.005 ppm for
the free host was followed and binding constants were calculated
using WinEQNMR2 software.>* Job plot samples were prepared
from 4 mM solutions of CNBCS5 and AgPFg in acetone-D6 by

mixing host and guest at 9:1, 3:1,3:2,1:1,2:3,3:7,2:8
and 1 : 9 ratios while keeping the total concentration constant.

Crystallography

Single crystal X-ray data were recorded on a Nonius Kappa
CCD diffractometer with Apex II detector using graphite mono-
chromated CuKo: (4 = 1.54178 A) radiation at a temperature of
173 K. The data were processed and absorption correction was
made to all structures with Denzo-SMN v.0.97.638> unless
otherwise mentioned. The structures were solved by direct
methods (SHELXS-97) and refined (SHELXL-97) against F* by
full-matrix least-squares techniques using SHELX-97 software
package.56 The hydrogen atoms were calculated to their idealized
positions with isotropic temperature factors (1.2 or 1.5 times the
C temperature factor) and refined as riding atoms. Crystal struc-
ture analysis was done using Mercury CSD 2.4 software.’’
CCDC 833089-833090.

C3Ag2: Crystallization of C3BCS with excess AgPF¢ in 1-
propanol by slow evaporation afforded a colorless block crystal
(0.20 x 0.20 x 0.06). Orthorhombic Pbcn, a = 14.6967(5), b =
21.0360(7), ¢ = 23.8819(9), V = 7383.3(4) A%, CeoHs4O14
(AgPF(,)Q'(C3HgO)2, Z= 4, Dcalc = 1489, FW = 165514, Meas.
Reflns = 12333, Indep. Reflns = 6524, R;, = 0.0223, R[I >
20(D)] = 0.0503, wR,[I > 20(/)] = 0.1358, GooF = 1.029. Dis-
ordered 1-propanol over two positions: (C101-C106) with site
occupancy of A:B = 0.6:0.4. Atoms C104-C106 refined as
isotropic. Disordered atoms were restrained using DFIX, DELU
and SIMU.

C11Agl: Crystallization of C11BC5 with 1.5 equiv. of AgPFg
in acetone-D6 by slow evaporation afforded a colorless needle
crystal (0.30 x 0.04 x 0.04). Monoclinic P2,/n, a = 12.2817(4),
b= 60.688(2), c = 13.4217(4), B =97.516(2), V' =9918.0(5) A*,
ngH148014'AgPF6'(C3D60)2, Z = 4, Dcalc = ]245, FW =
1859.17, Meas. Reflns = 43546, Indep. Reflns = 14946, Ry, =
0.1307, Ry[I > 20(I)] = 0.0976, WR,[I > 20(])] = 0.2245, GooF
= 1.019. Absorption correction was made using SADABS.}
C32-C38 were restrained using SADI, DELU and SIMU.

Langmuir—Blodgett films

Experiments were performed using a NIMA 112D system. The
trough and the barriers were cleaned with analytical grade
chloroform and nanopure water (resistivity >18 MQ cm).
Surface tension was monitored using a Wilhelmy plate. Com-
pressions were performed in a continuous mode at a speed rate
of 5 cm? min™' either on pure water sub-phases or on silver
nitrate aqueous solutions (100 pM). All isotherms were
measured in triplicate to ensure their reproducibility. In order to
ensure the absence of surface-active molecules in the sub-phase,
compressions without C11BCS5 spread on the surface were per-
formed; in no case could a relevant change in surface tension be
observed.

LB transfer experiments were performed using a D1L-75 ver-
tical dipping system at a surface tension-controlled mode and a
speed rate of 5 mm min~'. The glass slides used as substrates for
the LB deposition were cleaned by immersing them in a piranha
solution (H,O,, H,SOy; 70 : 30, vol : vol)§ at 20 °C for 4 hours

This journal is © The Royal Society of Chemistry 2012
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followed by ultrasonic treatment in nanopure water for 30 min.
The cleaned glass slides were dried under nitrogen stream and
immersed in a 10 mM anhydrous heptane solution of octadecyl-
trichlorosilane (OTS) for 30 min at 20 °C. The glass slides were
thoroughly rinsed with heptane and chloroform, respectively,
and dried under nitrogen stream. Four Langmuir—Blodgett
monolayers (Y-type) of C11BC5:Ag were transferred onto the
hydrophobic glass slides at a surface tension 25 mN m™". Three
controls were prepared: a hydrophobic glass slide, a hydrophobic
glass slide dipped in the 100 uM AgNO; solution, and a hydro-
phobic glass coated with four LB monolayers of C11BCS in the
absence of AgNO;.

Antibacterial experiment

Liquid LB agar (14 mL) was poured into disposable sterilized
Petri dishes and allowed to solidify as thin (2.5 mm) LB agar
discs. E. coli isolated from human intestinal florabacteria was
cultivated in LB medium at 37 °C for 24 hour until reaching
ODgoo = 1. The bacterial suspension was then diluted 167 times
in the LB medium. Diluted bacteria (1 mL) were deposited on
the LB agar plate, spread uniformly and dried. The coated glass
slides with C11BC5:Ag Langmuir-Blodgett monolayers and the
three controls were gently deposited over the solidified agar gel.
The prepared samples were incubated at 37 °C. The antibacterial
effect was measured from the samples after a 5 hour incubation
using a Olympus BX51 light microscope equipped with a 40x
objective. The obtained images (6 per sample) were then ana-
lyzed using image processing software GIMP 2.6 and ImagelJ in
order to numerically evaluate the bacterial surface coverage. The
obtained data are presented normalized using the results obtained
for the unmodified hydrophobic glass slide.

Acknowledgements

This work was supported by the National Graduate School of
Organic Chemistry and Chemical Biology and the FHNW
research fund. We wish to thank M.Sc. Tahnie Barboza and Ms.
Héléne Campos Barbosa for their assistance in the synthesis.

Notes and references

1SADABS Area-Detector Absorption Correction, Siemens Industrial
Automation, Inc., Madison, W1, 1996.

§ Warning: piranha solution is highly oxidative; it could explode in
contact with organics and must be handled with extreme care.

1 P. Timmerman, W. Verboom and D. N. Reinhoudt, Tetrahedron, 1996, 52,
2663-2704.

2 Calixarenes in Action, ed. L. Mandolini and R. Ungaro, Imperial College

Press, Singapore, 2000, p. 271.

Z. Asfari, V. Bohmer, J. Harrowfield and J. Vicens, Calixarenes 2001,

Kluwer Academic Publishers, The Netherlands, 2001, p. 683.

4 C. Alfieri, E. Dradi, A. Pochini, R. Ungaro and G. D. Andreetti, J. Chem.

Soc., Chem. Commun., 1983, 1075-1077.

For a review of calixcrowns: K. Salorinne and M. Nissinen, J. Inclusion

Phenom. Macrocyclic Chem., 2008, 61, 11-27.

6 E. Ghidini, F. Ugozzoli, R. Ungaro, S. Harkema, A. Abu El-Fadl and

D. N. Reinhoudt, J. Am. Chem. Soc., 1990, 112, 6979-6985.

See for a review: J. Vicens, J. Inclusion Phenom. Macrocyclic Chem.,

2006, 55, 193-196.

8 K. Salorinne and M. Nissinen, Org. Lett., 2006, 8, 5473-5476.

9 K. Salorinne and M. Nissinen, Tetrahedron, 2008, 64, 1798—1807.

w

i

-

10 J. Ricco, J. Vasc. Surg., 2006, 44, 339-346.

11 M. D. Khare, S. S. Bukhari, A. Swann, P. Spiers, I. McLaren and
J. Myers, J. Infect., 2007, 54, 146—150.

12 K. Galiano, C. Pleifer, K. Engelhardt, G. Brossner, P. Lackner, C. Huck,
C. Lass-Florl and A. Obwegeser, Neurol. Res., 2008, 30, 285-287.

13 H. Cao and X. Liu, Wiley Interdiscip. Rev.: Nanomed. Nanobiotechnol.,
2010, 2, 670-684.

14 K. K. Y. Wong and X. Liu, Med. Chem. Commun., 2010, 1, 125-131.

15 H. Y. Ki, J. H. Kim, S. C. Kwon and S. H. Jeong, J. Mater. Sci., 2007,
42, 8020-8024.

16 T. M. Benn and P. Westerhoff, Environ. Sci. Technol., 2008, 42, 4133—
4139.

17 J. Liu, D. A. Sonshine, S. Shervani and R. H. Hurt, ACS Nano, 2010, 4,
6903-6913.

18 X. Chen and H. J. Schluesener, Toxicol. Lett., 2008, 176, 1-12.

19 C. Marambio-Jones and E. M. V. Hoek, J. Nanopart. Res., 2010, 12,
1531-1551.

20 N. Silvestry-Rodriguez, E. E. Sicairos-Ruelas, C. P. Gerba and
K. R. Bright, Rev. Environ. Contam. Toxicol., 2007, 191, 23-45.

21 N. V. Ayala-Nunez, H. H. Lara Villegas, L. d. C. Ixtepan Turrent and
C. Rodriguez Padilla, NanoBiotechnology, 2009, 5, 2-9.

22 A. Le, L. T. Tam, P. D. Tam, P. T. Huy, T. Q. Huy, N. Van Hieu,
A. A. Kudrinskiy and Y. A. Krutyakov, Mater. Sci. Eng., C, 2010, 30,
910-916.

23 H. Liu, S. A. Dai, K.-Y Fu and S. Hsu, Int. J. Nanomed., 2010, 5, 1017—
1028.

24 M. V. D. Z. Park, A. M. Neigh, J. P. Vermeulen, L. J. J. de la Fonteyne,
H. W. Verharen, J. J. Briedé, H. van Loveren and W. H. de Jong, Bio-
materials, 2011, 32, 9810-9817.

25 A. Travan, C. Pelillo, I. Donati, E. Marsich, M. Benincasa, T. Scarpa,
S. Semeraro, G. Turco, R. Gennaro and S. Paoletti, Biomacromolecules,
2009, 10, 1429-1435.

26 P. Pallavicini, A. Taglietti, G. Dacarro, Y. Antonio Diaz-Fernandez,
M. Galli, P. Grisoli, M. Patrini, G. Santucci De Magistris and R. Zanoni,
J. Colloid Interface Sci., 2010, 350, 110-116.

27 V. Sedlarik, T. Galya, J. Sedlarikova, P. Valasek and P. Saha, Polym.
Degrad. Stab., 2010, 95, 399-404.

28 X. Zan, M. Kozlov, T. J. McCarthy and Z. Su, Biomacromolecules, 2010,
11, 1082-1088.

29 L. Balogh, D. R. Swanson, D. A. Tomalia, G. L. Hagnauer and A.
T. McManus, Nano Lett., 2001, 1, 18-21.

30 S. Pal, E. J. Yoon, S. H. Park, E. C. Choi and J. M. Song, J. Antimicrob.

Chemother., 2010, 65, 2134-2140.

S. Patil, J. Claffey, A. Deally, M. Hogan, B. Gleeson, L. M. Menéndez

Meéndez, H. Miiller-Bunz, F. Paradisi and M. Tacke, Eur. J. Inorg. Chem.,

2010, 1020-1031.

32 C. Abbehausen, T. A. Heinrich, E. P. Abrdo, C. Costa-Neto, W. R. Lustri,
A. L. B. Formiga and P. P. Corbi, Polyhedron, 2011, 30, 579-583.

33 L. Tsyba, B. B. Mui, R. Bau, R. Noguchi and K. Nomiya, /norg. Chem.,
2003, 42, 8028-8032.

34 S. Jaiswal, B. Dufty, A. K. Jaiswal, N. Stobie and P. McHale,
Int. J. Antimicrob. Agents, 2010, 36, 280-283.

35 W. K. Jung, H. C. Koo, K. W. Kim, S. Shin, S. H. Kim and Y. H. Park,
Appl. Environ. Microbiol., 2008, 74, 2171-2178.

36 J. Y. Mao, A. M. Belcher and K. J. Van Vliet, Adv. Funct. Mater., 2010,
20, 209-214.

37 T. Nabeshima, J. Inclusion Phenom. Mol. Recognition, 1998, 32, 331—
345.

38 A.Ikeda and S. Shinkai, J. Am. Chem. Soc., 1994, 116, 3102-3110.

39 W. Xu, R. J. Puddephatt, K. W. Muir and A. A. Torabi, Organometallics,
1994, 13, 3054-3062.

40 A. F. Danil de Namor, O. E. Piro, L. E. Pulcha Salazar, A. F. Aguilar-
Cornejo, N. Al-Rawi, E. E. Castellano and F. J. Sueros Velarde, J. Chem.
Soc., Faraday Trans., 1998, 94, 3097-3104.

41 M. Munakata, L. P. Wu, T. Kuroda-Sowa, M. Mackawa, Y. Suenaga,
K. Sugimoto and I. Ino, J. Chem. Soc., Dalton Trans., 1999, 373-378.

42 P. Thuéry, M. Nierlich, F. Arnaud-Neu, B. Souley, Z. Asfari and
J. Vicens, Supramol. Chem., 1999, 11, 143—150.

43 J. Y. Lee, J. Kwon, C. S. Park, J. Lee, W. Sim, J. S. Kim, J. Seo, 1. Yoon,
J. H. Jung and S. S. Lee, Org. Lett., 2007, 9, 493-496.

44 J. Y. Lee, H. J. Kim, C. S. Park, W. Sim and S. S. Lee, Chem.—Eur. J.,
2009, 15, 8989-8992.

45 M. S. Wong, P. F. Xia, P. K. Lo, X. H. Sun, W. Y. Wong and S. Shuang,
J. Org. Chem., 2006, 71, 940-946.

46 Y. Yi, Y. Wang and H. Liu, Carbohydr. Polym., 2003, 53, 425-430.

3

—_

2024 | Org. Biomol. Chem., 2012, 10, 2019-2025

This journal is © The Royal Society of Chemistry 2012



47 K. Salorinne, O. Lopez-Acevedo, E. Nauha, H. Hikkinen and
M. Nissinen, CrystEngComm, 2012, 14, 347-350.

48 V.M. S. Gil and N. C. Oliveira, J. Chem. Educ., 1990, 67, 473—478.

49 N. Ichieda, M. Kasuno, K. Banu, S. Kihara and H. Nakamatsu, J. Phys.
Chem. A, 2003, 107, 7597-7603.

50 K. Helttunen, K. Salorinne, T. Barboza, H. Campos Barbosa, A. Suhonen
and M. Nissinen, New J. Chem., 2012, DOI: 10.1039/c2nj20981k.

51 G. Zhao and S. E. Stevens Jr, BioMetals, 1998, 11, 27-32.

52 S. Y. Liau, D. C. Read, W. J. Pugh, J. R. Furr and A. D. Russell, Lett.
Appl. Microbiol., 1997, 25, 279-283.

53 M. J. Mclldowie, M. Mocerino, B. W. Skelton and A. H. White, Org.
Lett., 2000, 2, 3869-3871.

54 M. J. Hynes, J. Chem. Soc., Dalton Trans., 1993, 311-312.

55 Z. Otwinowski and W. Minor, Methods Enzymol., 1997, 276, 307—
326.

56 G. M. Sheldrick, Acta Crystallogr., Sect. A: Found. Crystallogr., 2008,
64, 112-122.

57 C. F. Macrae, 1. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe,
E. Pidcock, L. Rodriguez-Monge, R. Taylor, J. van de Streek and
P. A. Wood, J. Appl. Crystallogr., 2008, 41, 466-470.

This journal is © The Royal Society of Chemistry 2012

Org. Biomol. Chem., 2012, 10, 2019-2025 | 2025



IV

Conformational polymorphism and amphiphilic properties of
resorcinarene octapodands

by

Kaisa Helttunen, Elisa Nauha, Anni Kurronen, Patrick Shahgaldian & Maija
Nissinen, 2011

Org. Biomol. Chem. 9 (2011), 906-914, DOI: 10.1039/ COOB00602E.

Reproduced by permission of The Royal Society of Chemistry



Organic &
Biomolecular
Chemistry

Cite this: Org. Biomol. Chem., 2011, 9, 906

WWW.rsc.org/obc

Dynamic Article Links °

PAPER

Conformational polymorphism and amphiphilic properties of resorcinarene

octapodandsT

Kaisa Helttunen,” Elisa Nauha, Anni Kurronen,” Patrick Shahgaldian® and Maija Nissinen*“

Received 18th August 2010, Accepted 25th October 2010
DOI: 10.1039/c00b00602¢

o-Nitroaniline functionalized resorcinarene octapodands 1-5 with pendant methyl, ethyl, pentyl, nonyl

or 1-decenyl groups, respectively, were synthesized and their structural properties investigated using

X-ray crystallography and NMR spectroscopy. The upper rim of each podand is identical containing
flexible side arms, in which rotation around the -OCH,CH,N- linkers create excellent possibilities for
polymorphism. Two conformational polymorphs of acetone solvate of 2 were identified containing
different side arm orientation and crystal packing. Compound 1 crystallized from acetone and
nitromethane yielding two pseudopolymorphs with different packing motifs. The longer alkyl chains of
3-5 lead to differences in solubility and induce amphiphilic properties, which were studied at the
air-water interface using the Langmuir-film technique. Crystals of amphiphilic compound 5, which has
hydrophobic alkyl tails at the lower rim and hydrophilic nitroaniline groups at the upper rim, showed
an interesting packing motif with alternating aromatic and aliphatic layers. Versatile structures of the

octapodands in solid state and in solution serve as an example of how conformational flexibility can be

utilized in crystal engineering and creating self-assembling monolayer structures.

Introduction

Calixarenes and resorcinarenes are widely utilized building blocks
for designing supramolecular hosts and self-assembling struc-
tures since they offer a concave binding cavity and diverse
synthetic pathways for obtaining desired functionalities."® Re-
cently, work in this field has continued to produce increas-
ingly elaborate host molecules for cations,”** anions,"** ion-
pairs,’®!® neutral guests'®*!® and biomolecules."® In addition,
unique self-assembling properties of resorcinarenes have been
used to prepare novel nanomaterials with examples ranging from
gold/organic microtubular composites’®* and coated gold and
cobalt nanoparticles** to dimeric*>* and hexameric capsules”
and molecular containers.'™'? The design of amphiphilic cal-
ixarenes and resorcinarenes bearing long alkyl chains has provided
interesting applications,?** such as templating calcite crystalliza-
tion under monolayers® and preparation of solid lipid nanoparti-
cles which interact with DNA3-3! or proteins.*?

“Department of Chemistry, Nanoscience Center, University of Jyviskyld,
P.O. Box 35, FIN-40014, University of Jyvdskyld, Finland. E-mail: maija.
nissinen@jyu.fi; Fax: +358 14 260 4756, Tel: +358 14 260 4242

bSchool of Life Sciences, Institute of Chemistry and Bioanalytics, University
of Applied Sciences Northwestern Switzerland, Griindenstrasse 40, 4132,
Muttenz, Switzerland

T Electronic supplementary information (ESI) available: Synthetic pro-
cedures and NMR spectra for each podand; details of X-ray structure
analysis and crystallographic data. CCDC reference numbers 781919—
781925. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c00b00602e

Resorcinarenes and calixarenes seem to present unlimited
possibilities for crystal engineering and creating new supramolec-
ular architectures such as nanotubes,*?** preorganizing arrays of
fullerene Cg,*5% and benzil in resorcinarene matrices.’” However,
polymorphism, the existence of two or more different crystal
forms of one compound, which is considered a very important
aspect of crystal engineering,*® has hardly been studied in these
macrocyclic hosts. Resorcinarenes and calixarenes polymorphs
have been found by changing crystallization conditions, such as
solvent, temperature or pressure,*™* but to our knowledge, there
are not any reported cases where resorcinarenes or calixarenes are
able to form conformational polymorphs* in identical crystalliza-
tion conditions. However, for calixcrowns,* a thermally induced
conformational change has been reported, and a case of thermal
polymorphic change for amino acid derivative of calixarene
has been published.” Investigation of new polymorphs of a
known macrocyclic compound has already provided interesting
applications, such as gas absorption in the crystal lattice of
various calixarenes.**° In addition, development of new poten-
tially polymorphic compounds can lead the way to new material
innovations and deeper understanding of the principles directing
the crystallization process.

Our earlier work with tetramethoxy resorcinarenes has pro-
vided a selection of cation and anion binding receptors by
adding crown ether bridges or pendant groups in upper rim
hydroxyl groups.®™™* A similar synthetic approach has now
been applied to resorcinarenes with the objective of creat-
ing novel self-assembling properties for supramolecular hosts.
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Indeed, a selection of structurally flexible resorcinarene oc-
tapodands were obtained, which exhibit conformational poly-
morphism and in the case of long alkyl chain compounds,
amphiphilic properties, which were demonstrated by preparing
Langmuir-films at the air-water interface, as well as formation
of a crystal structure with alternating aromatic and aliphatic
layers.

Results and Discussion
Synthesis

Octapodands 3-5 bearing long alkyl chains were prepared by
attaching eight o-nitro-N-(2-hydroxyethyl)aniline units into a
resorcinarene platform using Cs,CO; or K,CO; as a base and
dibenzo-18-crown-6 as a phase transfer catalyst in refluxing
acetonitrile (Scheme 1).** The octapodands were obtained as
yellow amorphous powders with 40-65% yields. Instead of the
tosyl leaving group (compound 6), a mesyl group (compound 7)
can be used in the reaction as was discovered in the synthesis of
3 and 5. TG/DTA analysis of 5 showed gradual decomposition
between 273-600 °C without a clear melting point according to
the enthalpy values. Melting point measurements of each synthesis
batch varied between 56 and 77 °C and therefore the reported
melting points for amorphous podands should be considered as
rough estimates only.

1 and 2 with pendant methyl and ethyl groups, respectively,
were synthesized using the above mentioned reaction conditions,
but the product was collected from the filtered reaction mixture
by extraction with CH,Cl, unlike 3-5, which are soluble in
acetonitrile and were collected from the filtrate. In addition, 1
and 2 were recrystallized from hot acetone to provide orange
crystalline solids at 23-31% yield or alternatively treated as the

@ENOZ
(0)¢
N/\/

H

Cs,CO;, MeCN

6:X=Ts
7:X=Ms

long chain podands to produce amorphous powders at 44-54%
yield.§

Single crystal X-ray crystallography

The octapodands 1, 2 and 5 provided single crystals suitable for X-
ray analysis from nitromethane-CH,Cl, solution (structures 1A,
2C and 5A respectively). Crystallization from nitromethane was
a slow process, and took several months for all the investigated
compounds providing a selection of yellow needles, blocks, plates
and rods. 1A and 5A were crystallized without nitromethane in
the lattice but 2C, using acetone solvate as a starting material
incorporated two disordered nitromethane molecules per unit
cell. Structure 2D, which crystallized from acetonitrile-CH,Cl,
solution has an isomorphous unit cell and packing with 2C.
Compounds 1 and 2 crystallized from acetone and acetone-
CH,CI, solutions as acetone solvates (structures 1B, 2A and
2B), which were only poorly soluble in acetone. Interestingly,
2A and 2B formed simultaneously in the same test tube and
are conformational polymorphs of each other.§ Structure 2A was
obtained from a plate and structure 2B from a needle shaped
crystal. Obtaining several polymorphs simultaneously under the
same crystallization conditions is quite rare; an example of such
a macrocyclic compound is furanotribenzo-21-crown-7 in which
the conformation of the macrocycle is however unchanged.®
Crystallographic data of all structures are presented in Table 1.
The resorcinarene core of all octapodands is in a boat con-
formation since all phenolic hydroxyl groups are alkylated.* The
angle of the upright resorcinol rings C1-C6 and C15-C20 against

1 For some crystallization experiments the amorphous form of 1 and 2 was
used.

§ The original crystallization was made from acetone-DCM by dissolving
part of the sample in acetone and adding DCM until the sample was fully
dissolved. Later on pure acetone and acetone-DCM 3 : 1 were used.

NO,

@ 105-106

109-110
1. R= -CH3
2: R= -C2H5
3: R= -C5H11
4: R= -C9H1g
5: R= -(CH2)8CH=CH2

Scheme 1 Synthetic procedure and selected crystallographic numbering for octapodands.
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Table 1

X-ray structure parameters

1A 1B 2A 2B 2C 2D 5A
Crystallization nitromethane— acetone acetone—CH,Cl, acetone-CH,Cl, nitromethane— acetonitrile-CH,Cl, nitromethane—
solvent CH,Cl, CH,Cl, CH,Cl,
Crystal shape block plate plate needle needle block rod
Crystal 0.40 x 0.20 x 020x0.12x  0.18x0.14 x 0.20 x 0.08 x 0.24 x0.10 x 0.20x0.10%x 0.10 0.20x0.10%x 0.10
size/mm 0.20 0.08 0.02 0.02 0.04
Formula CosHosNi6054 CosHosNisOss CiooHi0aN16004- CiooHi0aN16054- CiooHi0aN16024° CiooHi0aNi6004- CinHig NigOns-
(CH;),CO (CH;),CO (CH;),CO C,H;N 1.5H, O
FwW 1857.89 1915.97 1972.07 1972.07 1913.99 1955.05 2381.78
a/é 12.2700(3) 11.8003(4) 11.1398(3) 11.8347(3) 11.9965(3) 12.0137(3) 12.6739(5)
b/A 19.6334(7) 20.6248(7) 22.0112(6) 20.5903(5) 20.2594(5) 20.2750(4) 20.5874(7)
/A 20.4221(6) 21.2868(8) 22.5117(6) 22.5132(7) 22.8564(5) 22.8339(4) 25.8506(9)
a(®) 75.230(2) 110.363(2) 113.189(2) 113.258(2) 114.695(1) 115.072(1) 77.841(3)
B(©) 72.675(2) 97.492(2) 100.427(2) 95.992(2) 96.9670(9) 96.578(1) 77.976(2)
¥ (©) 75.364(2) 99.820(2) 99.965(1) 100.282(2) 99.770(2) 99.681(2) 74.025(2)
Volume/A3 4457.3(2) 4683.8(3) 4804.5(2) 4865.6(2) 4857.9(2) 4857.3(2) 6257.4(4)
D./Mgm™ 1.384 1.359 1.363 1.346 1.308 1.337 1.264
u/mm- 0.842 0.826 0.820 0.810 0.787 0.802 0.719
Meas. reflns 22810 23546 23754 21729 24568 23282 20941
Indep. reflns 15349 15426 16232 14853 16100 16813 14939
R 0.0584 0.0833 0.1092 0.1283 0.0743 0.0789 0.1675
R, [I > 20(])] 0.0748 0.0824 0.0979 0.0935 0.0671 0.0651 0.1458
WR, [I >20(1)] 0.2233 0.2008 0.2643 0.2192 0.1581 0.1754 0.3528
GooF on F? 1.392 1.404 1.323 1.253 1.127 1.230 1.283
“ Disordered solvent molecules were removed using SQUEEZE.*
Table 2 The upright resorcinol ring tilt angles against the C7-C14-C21— 'top’
C28 plane —_—
Structure C1-C6 (°) C15-C20 (°) in
vertical
1A 76.2 87.1
1B 80.2 89.1 out
2A 84.4 88.3 vertical
2B 80.6 87.1
2C 81.2 86.7 horizontal
2D 81.2 87.0 vertical, up
5A 100.1 97.6
vertical, \/-8—
i . down
the methine carbon plane C7-C14-C21-C28 varies between 76.2° -
and 87.1° in structure 1A up to 100.1° and 97.6° in structure 5A T~ ‘alongside’ P horizontal

(Table 2), which is the only structure where both resorcinol rings
are pointing slightly outwards opening the resorcinarene cavity.
Structure SA differs from the other structures quite remarkably,
since 5 is the only podand that has long 1-decenyl groups at the
lower rim capable of packing next to each other due to van der
Waals interactions. The packing of short alkyl chain podands 1
and 2 is directed by intermolecular hydrogen bonding of nitro and
amine groups as well as T interactions between aromatic rings.

In general, the eight nitroaniline side arms at phenolic oxygens
can be divided into two groups depending on whether they are
bound to upright or horizontal resorcinol rings (Fig. 1): ‘top’
(04, 06, 018 and 020, named after the oxygen atom they are
attached to) which extend on top of the resorcinarene cavity and
‘alongside’ (O11, O13, 025 and O27) which point to the sides
of the cavity. Most structures have their ‘alongside’ side arms
in a vertical position but there is a little more variation in the
‘top’ side arm positions (see Table 3 for O-C-C-N distortion
angles). In addition, podands form an upper rim interface where
the resorcinarene cavities of two molecules approach each other,
and tail-to-tail interface, where alkyl chains of the podands face
each other.

Fig. 1 Different orientations of the ‘top” and ‘alongside’ side arms. The
horizontal conformation of ‘top’ side arms is either ‘in” or ‘out’ of the
resorcinarene cavity.

Structure 1A has three ‘top’ side arms in horizontal orientation
(04, 06 and O18), where side arms O4 and O6 form an intermolec-
ular m-stack at the upper rim interface (Fig. 2). The remaining
side arm 020 forms additional nt-stacking with the resorcinol ring
(C1-C6) not observed in other structures. Two of the ‘alongside’
side arms, O25 and 027 have twisted vertical conformations with
distortion angles 73.6° and —67.4°, respectively, and they form
intermolecular edge-to-face m-interactions between two parallel
molecules. In addition, the side arm O25 approaches the resorcinol
ring (C8-C13) forming another edge-to-face m-interaction at the
tail-to-tail interface. Side arm O13 is horizontally oriented forming
a mt-stack with side arm O18 of the neighboring parallel molecule.
Side arm O11, however, is between a horizontal and a vertical
conformation forming an edge-to-face m-interaction with C22—
C27 resorcinol ring of another molecule at the tail-to-tail interface,
which explains the twisted conformation of the side arm O11.
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Table 3 O-C-C-N distortion angles of the side arms

Structure 04---N1 06---N3 O11---N5 013---N7 018---N9 020---N11 025---N13 027---NI5
1A 55.3(4) -52.1(4) 84.1(4) —42.0(8) 74.5(4) 171.3(3) 73.6(3) —67.43)

1B —64.4(5) 56.8(4) 178.83) 135.1(8)" 63.7(5) -177.03) 150.0(5) ~51.6(9)
2A —63.1(5) -165.0(4) ~175.7(4) ~174.5(4) 171.7(4) ~72.7(5) 173.2(5) 75.8(7)

2B —62.8(6) 68.9(6) ~176.0(5) 152.1(6)° 61.0(7) 178.9(4) ~156.9(6) 173.2(4)

2C 61.5(4) -66.2(3) 168.3(3) ~170.4(3) -63.4(4) -176.2(3) 156.2(4) -179.2(3)
2D 60.4(4) -66.3(3) 168.3(3) -171.0(3) -62.8(4) -176.9(2) 160.1(3) 178.6(2)

5A —66.1(10) 70.9(10) 164.0(11) 176.9(8) 76.3(9) ~74.3(10) ~168.3(15) ~170.3(9)

“ For disordered side arms the distortion angle for the part with higher site occupancy is reported.

Fig. 2 Structure 1A (side view) and packing illustrating m—m-interactions between side arms ‘O4’ and ‘O6’, ‘011’ and C22-27, ‘020’ and C1-C6, ‘025’
and ‘027’ as well as ‘025’ and C8-13. n-stacking between side arms ‘013’ and ‘O18’ is not shown.

Altogether, the m—m interactions of 1A lead to a network like
packing instead of rows of parallel molecules found in all other
structures.

Acetone solvate 1B crystallized from acetone providing beau-
tiful block shaped crystals of relatively good quality. 1B has an
isomorphous unit cell and closely related structure to acetone
solvate 2B, structure 2C and acetonitrile solvate 2D. All of them
can be characterized by rows of molecules joined together by m-
stacks of four ‘alongside’ side arms (Fig. 3). Rows of podands pack
next to each other forming an edge-to-face m-interaction between
side arms O18 and O4. At the upper rim interface, rows are
shifted with respect to each other, and connect through intertwined
side arms O20 penetrating into the neighboring resorcinarene
cavity (edge-to-face interaction with side arm O18), as well as
04-.-04 n-stacking with another podand. At the tail-to-tail
interface intermolecular hydrogen bonds between side arms O11
(nitro and amine groups) of nearby molecules connect two layers.

In structure 2B, an acetone molecule is hydrogen bonded into
N-H (N15) group whereas in 1B the acetone molecule is simply
positioned between the side arms O4 and O6 on top of the cavity.
In 2A, which is a conformational polymorph of 2B, an acetone
molecule is hydrogen bonded into N5, and rows of podands pack
next to each other forming a more pronounced step like pattern
with intermolecular m-interactions between side arms O4 and

020 (Fig. 3). The upper rim interface of 2A is held together by
intermolecular hydrogen bonding between side arms O6 and side
arms O18 and 027 (N3-0103 and N15-0109) instead of pairing
through side arms 020 (Fig. 4).

Structure SA with pendant 1-decenyl groups at the lower rim
has a very symmetrical arrangement of the side arms with similar
n-stacking of four ‘alongside’ side arms as structures 1B and 2B—
D. In addition, the ‘top’ side arms are folded horizontally on top
of the cavity, where each podand finds a pair in the facing row
of podands through n—n-interactions of side arms O4 with O18,
and O6 with O20. The facing rows of podands pack next to each
other forming almost continuous layers of aromatic and aliphatic
components through the crystal (Fig. 5) and since the aromatic
part contains hydrophilic nitroaniline groups, compound 5 could
present amphiphilic properties.

An indication of the versatile possibilities for these molecules to
pack in the solid state is yet another structure of 1 obtained from
the same crystallization experiment as structure 1A containing a
disordered solvent molecule. The data completeness was too low
to provide decent temperature factors, but nevertheless, a different
unit cellq and packing motif were confirmed, where all side arms

Ta=14.6212(7) A, b=16.7373(7) A, ¢=19.5562(10) A, o' =75.57(3)°, B=
89.870(2)°, v = 87.986(3)°, V =4631.9(4) A’

This journal is © The Royal Society of Chemistry 2011
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Fig. 3 Packing of structures 2A (top), 2B, 2C, 2D and 1B (bottom)
showing intermolecular hydrogen bonding (donor—acceptor) and omitting
hydrogen atoms; solvent molecules are shown as CPK models except for
structure 2C, in which solvent molecules were removed by SQUEEZE.

have a vertical arrangement and podands are arranged in rows as in
acetone solvate 1B but where the upper rim interface is connected
by intermolecular hydrogen bonding as in acetone solvate 2A.

Powder X-ray diffraction

To elucidate the polymorphism and relative stability of the acetone
solvates 2A (plate) and 2B (needle) powder X-ray diffraction
experiments were carried out. Compound 2 was crystallized
several times from acetone varying the crystallization speed and
temperature. Fast crystallizations were conducted at room tem-
perature by letting acetone evaporate overnight, which provided
microcrystalline products. Slow crystallization was performed at

4 °C and crystals were filtered and dried briefly under vacuum.
The X-ray diffraction patterns were compared with the calculated
patterns of structures 2A and 2B showing that fast crystallization
produced more structure 2A and slow crystallization more struc-
ture 2B (Fig. 6).|| In addition, when acetone was removed rapidly
under vacuum, only amorphous product was obtained indicating
that crystallization process does not occur instantaneously.

When samples were placed under vacuum for more extended
period, their diffraction pattern changed due to the loss of
acetone and resulting changes in the lattice. After drying, unit cell
parameters for a plate and a needle were collected and the plate
matched still with the unit cell of 2A but the parameters for a needle
did not match either 2A or 2B, which indicates that structure 2A
might be more durable against collapse of the lattice when acetone
is removed since its upper rim interface is hydrogen bonded. Based
on these observations it seems that structure 2A forms faster than
2B when the system has more thermal energy (higher 7'), but both
2A and 2B are stable at room temperature and 4 °C, as well as
—100 °C where single crystal data were collected. However, visual
observation of the microcrystalline samples showed that they all
contained both plates and needles, and the amount of plates and
needles did not correspond to the ratio of 2A and 2B in the powder
diffraction pattern.

Amphiphilic properties

The structural mobility and amphiphilic properties of the resor-
cinarene octapodands in solution were examined using NMR
spectroscopy and Langmuir monolayer studies. Broad '"H NMR
resonances of 5 in CDCl; indicate that conformational changes
occur approximately at the NMR timescale. Cooling to sub-zero
temperatures slowed the movement below the NMR timescale
where individual conformers could be observed as separate
resonances appearing in the spectrum. Heating the sample to
60 °C, on the other hand, accelerated the movement which
was observed as sharpening of individual resonances as well as
improved resolution.

Interestingly, the rate of the conformational change could
be adjusted by dissolving 5 in a more polar solvent, such as
[Dglacetone, in which sufficient resolution could be obtained at
30 °C (Fig. 7). In [D¢]DMSO the effect was even more profound.
The behavior where polar solvent increases the mobility of polar
parts of the molecule is known for amphiphiles,*”® and is expected
to cause the observed changes for the octapodands as well.

For 3 and 4 the polarity of the solvent had a similar effect in the
"H resonances whereas for 2 the effect was not as clear. Podand
1, which contains short methyl groups at the lower rim, showed
separate 'H resonances for upright and horizontal resorcinol rings
at 30 °C indicating slower boat-to-boat interconversion than for
other podands. At —30 °C all nitroaniline protons except a proton
ortho to the -NH group appear as two separate patterns in the
spectrum and belong either to the upright or horizontal resorcinol
ring according to 'H, '"H COSY and NOE spectra. NMR spectra
are given in the ESL.¥

Amphiphilicity of the podands 3-5 was confirmed by recording
isotherms for monolayers of the podands on water, whereas 2 did

I Since powder X-ray patterns were measured at ambient temperature and
single crystal data at 173 K, it should be noted that comparison between
them has some limitations.
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Fig. 4 Comparison of polymorphs 2A and 2B; intramolecular hydrogen bonds are shown with dashed lines (donor-acceptor), hydrogens are omitted

for clarity.

C

S Za
¢ ® J

Fig. 5 Structure 5A top view as a CPK model (a), solvent molecules are omitted for clarity. Packing (omitting hydrogens) viewed perpendicular to the
plane of rows of podands (b), 90° rotation counterclockwise (c) illustrating m-interactions between pairs of podands. H,O is shown as a CPK model and

disorder is not shown for clarity.

T T T
5 10 15 20 25 30
Position [°2Theta] (Copper (Cu))

Fig. 6 Powder X-ray diffraction patterns (A) 2A calculated structure,
(B) fast crystallization of 2 at RT (C) 2B calculated structure, (D) slow
crystallization of 2 at 4 °C.

not form a monolayer on water due to the short ethyl chains at
the lower rim. Compounds 3 and 4 formed monomolecular layers
showing an increase in the collapse pressure from 8.6 to 18.2 mN

Table 4 Isotherm parameters of the monolayers, areas are given as
A?/molecule. A, is the extrapolation of the linear part of the isotherm
on the x axis, A, and A, represent apparent molecular areas for surface
tensions at 0 and 1 mN m™" respectively

3 4 5
collapse 8.6 18.2 12.8
pressure/mN m™!
collapse area/A? 191 157 166
Ay /A2 221 187 197
A,/ A 227 200 210
A /A 219 192 201

m™ with increasing chain length but monolayers of compound
5 collapsed at 12.8 mN m™ which is probably caused by the
disruption of terminal double bond to the aliphatic layer (Fig. 8).
Collapse areas varied between 157 and 191 A?/molecule (Table 4),
which are consistent when compared with the solid state structures
(~170-250 A2). The relatively low collapse pressures recorded for
these three octapodands can be interpreted as a consequence
of the high flexibility of their polar head group preventing the
amphiphiles from packing in a two dimensional interfacial solid
phase. For compound 4 unexpected behaviour was observed in
further studies with different alkali and earth alkali metal salts
dissolved in the subphase since the collapse area showed quite large
variation when recorded on subsequent days in water. A possible

This journal is © The Royal Society of Chemistry 2011

Org. Biomol. Chem., 2011,9, 906-914 | 911



T T T T T T T T T T T T
85 80 75 70 65 6.0 55 50 45 4.0 ppm

Fig. 7 'H NMR spectra of 5 in (A) [D6]DMSO, (B) [D6Jacetone and
(C) CDCl;; resonances at 2.9-8.7 ppm, a: NH, b: nitroaniline ArH, c:
OCH,CH,N, d: resorcinarene core ArH, e: ArCH, f: alkyl tail CH—CH,,
g: alkyl tail CH=CH,.

20—

18

16—

14

12—

Surface pressure [nNm™]

0 T l T I
140 160 180 200 220 240 260 280
Apparent molecular area [A?]

Fig. 8 Isotherms of podands 3, 4 and 5.

explanation could be found from the structural properties of the
compound, since different conformations of the polar and flexible
upper rim might lead to different packing also at the air-water
interface. However, further experiments are required to confirm
these preliminary observations.

Conclusions

Resorcinarene octapodands 1-5 exhibit versatile self-assembling
properties, and show high conformational mobility due to boat-
to-boat interconversion as well as the rotation around upper rim
side arm -OCH,CH,N- linkers. Structural mobility is observed
in the solid state as conformational polymorphism of 2, and as
disordered side arms and large temperature factors for nitroaniline
groups. The different packing motifs observed for compounds
1 and 2 suggests that there are more than one almost equally
favorable conformations in the solid state, probably depending
on whether m—m-interactions or H-bonds form first during the
crystallization process. The ratio of polymorphs 2A and 2B
can be controlled by changing crystallization conditions, namely
temperature and speed of solvent evaporation, which indicates
that these molecules approach the limit where further structural
flexibility leads to random precipitation instead of organized
crystal structures. The X-ray diffraction data obtained for 2A and
2B also implies that 2A with more extensive hydrogen bonding
at the upper rim might be more stable against collapsing when
acetone is removed from the lattice.

Compound 5 formed crystals from nitromethane—CH,Cl, with
continuous aliphatic and aromatic layers, where aliphatic groups
of the molecule as well as t-interactions between side arms control
the crystallization process. The conformational mobility, which
leads to polymorphism and versatile conformations of the side
arms observed in all crystal structures was further demonstrated
in solution by '"H NMR, where long chain octapodands 3-5
showed remarkable conformational flexibility and amphiphilic
properties, which were confirmed by forming Langmuir mono-
layers. In contrast to the solid state structures, where the binding
cavity of resorcinarenes was quite often blocked by side arms,
conformational mobility of boat-to-boat interconversion and side
arm rotation could lead to successive opening and closing of the
binding cavity of the podands in solution. NMR spectra recorded
in various solvents and temperatures showed how the energetics
of these events can be tuned when the lower rim substituents are
changed from methyl to ethyl or to longer alkyl chains.

Conformational polymorphism of resorcinarenes and other
macrocyclic compounds has remained largely unexplored even
though the importance of new polymorphs can be easily observed
in the field of host—guest chemistry. Further chemical modification
of the investigated podands could provide a variety of host
molecules in which the binding properties in the solid state could
be tuned by changing crystallization conditions. In addition,
the amphiphilicity could be utilized in preparing self-assembling
structures, such as monolayers, vesicles or micellar structures with
novel binding properties.

Experimental Methods
General

All chemicals and solvents were purchased from Sigma—Aldrich
and they were used as received. Acetonitrile was dried with CaCl,
and distilled over molecular sieves. NMR spectra were recorded
with a Bruker Avance DRX (500 MHz for 'H and 126 MHz for
BC) spectrometer at 30 °C unless otherwise stated. J values are
given in Hz. ESI-MS spectra were measured with a Micromass
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LCT (ESI-TOF) instrument. Melting points were determined
with a Metler Toledo FP62 apparatus and are uncorrected.
Elemental analyses were performed on a Vario EL III apparatus.
Thermogravimetric/differential thermal analysis was measured
with a Perkin Elmer Diamond TG/DTA. Samples were placed in
a platinum sample pan and measured with a temperature program
25-900 °C at 10 °C min™".

General procedure for resorcinarene octapodands

Resorcinarene, dibenzo-18-crown-6 (0.16 molar equivalents) and
dry Cs,CO; or K,CO; (16 molar equivalents) were suspended in
dry acetonitrile under nitrogen atmosphere and refluxed for 15
min followed by an addition of 8 molar equivalents of 6** or 7 in
acetonitrile. The yellow suspension was refluxed for 24 h, filtered
with suction and evaporated under reduced pressure. The residue
was suspended in water and extracted with dichloromethane; or-
ganic layer was dried over MgSO, and evaporated to dryness. The
product was purified with flash chromatography (SiO,; CHCl;—
MeOH), dissolved in acetone and precipitated from water with an
addition of NaCl, or recrystallized from acetone. The product was
filtered with suction and dried under vacuum. Detailed synthetic
procedure for each podand along with spectroscopic data is
provided in the ESI.{

o0-Nitro-V-(2-methanesulfonyloxyethyl)aniline 7

o-Nitro-N-(2-hydroxyethyl)-aniline’* (2.74 g, 15.0 mmol) was
dissolved in 5 ml of pyridine under nitrogen atmosphere and
cooled in an ice bath. Methanesulfonylchloride (1.4 ml, 18.1 mmol)
was added drop wise into the solution. After mixing one hour
in an ice bath and one hour in the room temperature, reaction
was quenched by adding 50 ml of water. The orange crystals
were filtered with suction, washed with water and dried under
vacuum. The product was recrystallized from hot chloroform—
hexane, filtered and dried under vacuum to afford yellow—orange
crystals (3.0 g, 76%). mp 82-83 °C; (Found: C, 41.55; H, 4.5; N,
10.8. CyH|;,N,O58S requires C, 41.5; H, 4.65; N, 10.8%); 8.(500
MHz, CDCL,) 3.05 (s, 3H; CH3), 3.73 (g, *J (H,H) = 5.7, 2H;
NCH,), 4.46 (t,°J (H,H) = 5.6, 2H; OCH,), 6.73 (m, |H; ArH),
6.89 (dd, *J (H,H)=8.6,*J (H,H) =0.9, 1H; ArH), 7.48 (m, 1H;
ArH), 8.18 (br, IH; NH), 8.20 (dd, *J (H,H) =8.6,*J (H,H) = 1.6,
IH; ArH); 6c(126 MHz, CDCl;) 37.9 (CH,), 42.1 (NCH,), 66.8
(OCH,), 113.5 (4rH), 116.5 (4rH), 127.3 (ArH), 133.0 (4rNO,),
136.6 (ArH), 144.7 (ArNH); m/z (ESI-TOF) 283 (M + Na*, 100%)
261 M + H*, 8), 187 (60), 165 (M* — SO,CHj, 38).

X-Ray crystallography

Powder X-ray diffraction patterns were measured on a PANalyti-
cal X’Pert Pro system in reflection mode using monochromatized
Cu-Ka radiation (1 = 1.54178 A) at ambient temperature. The 26
angle range was 3-30°.

Single crystal X-ray data were recorded on a Nonius Kappa
CCD diffractometer with Apex II detector using graphite
monochromatized Cu-Ko: [A = 1.54178 A] radiation at a tempera-
ture of 173 K. The data were processed and absorption correction
was made to all structures with Denzo-SMN v0.97.638.¢' The
structures were solved by direct methods (SHELXS-97) and
refined (SHELXL-97) against F*> by full-matrix least-squares

techniques using SHELX-97 software package.®® The hydrogen
atoms were calculated to their idealized positions with isotropic
temperature factors (1.2 or 1.5 times the C temperature factor)
and refined as riding atoms unless otherwise mentioned. All
compounds crystallized as triclinic P1 with Z = 2. Crystal
structure analysis was done using Mercury CSD 2.3 software.®
Crystallographic data (excluding structure factors) for the struc-
tures in this paper have been deposited with the Cambridge
Structural Data Center as supplementary publication nos. CCDC
781919-781925.7 Copies of the data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Langmuir monolayer studies

Langmuir isotherms were recorded using a 112D Nima Technol-
ogy (Coventry, U.K.) system. Spreading solutions were prepared
by dissolving 2-5 in chloroform at 2 mg ml™" concentration
and diluted to 0.5 mg ml™"' by weighing the amount of solvent.
Monolayers were prepared on purified water (Millipore Milli-Q
water system, resistivity 218 MQ-cm) by adding 20 ul of spreading
solution on the surface and recording the isotherm after 15 min
with compression rate set at 5 cm? min™' from 85 to 14 cm? or
until a collapse point was observed. Each isotherm was recorded
at least three times to ensure the reliability of the results.
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The interaction of aminomethylated resorcinarenes with a red xanthene dye, rhodamine B, was

investigated in chloroform, methanol and chloroform—methanol solutions using UV-vis, NMR
and fluorescence spectroscopy. Aminomethylated resorcinarenes 1 and 2 shift the rhodamine B
equilibrium from the zwitterion to the lactone form unlike reference compounds 3 and 4, which
do not contain tertiary amino groups at the upper rim, giving an example of how supramolecular

hosts can influence the equilibrium of rhodamine B isomers.

Introduction

Probing host—guest binding and molecular recognition events
using fluorescent dye molecules has proven to be a very
sensitive and useful technique, and numerous examples of the
complexation of fluorescent guests can be found in the
literature.! A typical example is the formation of an inclusion
complex in aqueous solution, where the hydrophobic inter-
actions act as a driving force to induce complexation, which
is often accompanied by an increase’ or decrease®* in the
fluorescence intensity resulting from a change in the
microenvironment of the dye. Different host molecules,
such as cyclodextrins,z’5 7 cucurbiturils,”® and water-soluble
calixarene,*>" and resorcinarene®' derivatives have been
used in these studies.

Inclusion of non-fluorescent guests can be monitored using
fluorescent probes, for example substituted 3H-indole with
cyclodextrins,!' or pyrene labeled guests with phosphonate
cavitands'?> or pyrogallarene capsules.'”> When the use of
fluorescent guests or probes is not feasible, host molecules
can be covalently modified using fluorescent groups, resulting
in fluorescence sensing multifunctional host molecules, such
as coumarin functionalized cavitand crown ethers'* or
calixarenes.'’

Rhodamine B, a strongly red xanthene dye, has been
commonly used in dye lasers'® and as a fluorescent label in
biological staining.!” The equilibrium of rhodamine B isomers,
i.e. red zwitterion and a colorless lactone form (Scheme 1), has
been an intensive target of research during the past fifty years
due to the need to understand the complicated behavior of the
dye in solution,'® in the solid state,'® and on catalyst coated
surfaces.”® Different optical properties of the isomers have
already been utilized in an ammonia fluorosensor application.?!
The equilibrium of the rhodamine B base isomers depends,
among other things, on the hydrogen bonding ability and
self-organization of the solvent, where protic solvents favor
the zwitterion and aprotic solvents favor the lactone form.*
However, in a contradicting study, rhodamine B base was
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found to exist as a zwitterion in chloroform.? The equilibrium
of rhodamine B hydrochloride salt lies strongly on the zwitterion
side in protic solvents as well as in aprotic solvents, such as
acetonitrile and chloroform, even though there has been some
ambiguity whether the strong red color observed in chloroform
results from the absorption of the zwitterion or from the
cation form (Scheme 1).%

Resorcinarenes are a widely studied group of supramolecular
hosts with a shallow and conformationally flexible binding
cavity at the upper rim, which is readily available for versatile
chemical modifications to introduce structural rigidity and
selectivity to the binding properties.”* Aminomethylation of
resorcinarenes using Mannich condensation®>?° extends the
upper rim of the macrocycle with tertiary amino groups, which
can be protonated by acidic compounds. Aminomethylated
resorcinarenes and their salts have been observed to complex
neutral organic guests, such as acetonitrile, formaldehyde and
alcohols.?”® The size of the amine used in the aminomethylation
can vary from simple diethylamine to bulky cyclic structures,
which enable the complexation of rather large, chiral
ammonium cations,? or tetramethylammonium cations with
their counter anions.*

In the current research we have investigated the interaction
of aminomethylated resorcinarenes 1-2 (Scheme 2) and their
reference compounds 3—4 with rhodamine B in solution using
spectroscopic methods. Special attention is paid to the effect of
the aminomethylated resorcinarenes to the rhodamine B
equilibrium in protic and aprotic solutions, since there
are only a very few examples of such research in aprotic
environments.”® The long alkyl chain resorcinarenes 1 and 2
were chosen as target compounds due to their known ability to
form self-assembled monolayers,’“'32 which could have further
been utilized in designing functional monolayers.

Results and discussion
Synthesis and characterization of hosts 1-4

Mannich condensation of undecylresorcinarene with 5-10
equivalents of formaldehyde and 4 equivalents of diethylamine
or 9-(methylaminomethyl)anthracene in ethanol afforded
hosts 1 and 2, respectively, in crown conformation.
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Scheme 1 The equilibrium of rhodamine B isomers.
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Scheme 2 Structures of aminomethylated resorcinarenes 1-2 and
reference compounds 3—4.

The conformation was confirmed by the "H NMR spectra,
where only one sharp aromatic proton signal arising from
the resorcinarene core was observed. The starting material,
undecylresorcinarene, has a hydrogen bonded upper rim that
keeps the molecule in the crown conformation, which after
aminomethylation is further supported by nitrogen atoms
participating in the hydrogen bonding array, as illustrated in
single crystal X-ray structures of closely related compounds
which show how the array of intramolecular hydrogen bonds
extends and rigidifies the binding cavity of the host.?62"-3

Reference compound 3 was synthesized according to the
literature procedure®* and compound 4 by heating the host 1
at reflux with 5 eq. of aqueous HCl in ethanol and removing
the solvent under vacuum. The compound 3 was chosen as a
reference compound instead of undecylresorcinarene because
of its potential as a starting material for sulfur-functionalized
resorcinarenes®> or for self-assembling monolayers on Si
surfaces.>® The results of the NMR experiments show that
the length of the alkyl chain or double bond functionality did
not have any observable effect on the interaction with
rhodamine B.

'H NMR spectroscopy

The interaction of aminomethylated resorcinarenes 1-2 with
rhodamine B hydrochloride was investigated in CDCl; by

titrating samples of rhodamine B with 1 and 2. The acquired
"H NMR spectra were compared with the spectrum of pure
rhodamine B hydrochloride and the spectrum of rhodamine B
base in lactone form.

Addition of compound 1 induces dramatic changes in the
rhodamine B signals (Fig. 1), indicating a transformation of
the rhodamine B zwitterion into the lactone form. In addition,
the aromatic proton signal of 1 is shifted from 7.10 to
7.30 ppm, value which corresponds to the aromatic proton
signal of reference compound 4 (Fig. 2). This indicates that
compound 1 is protonated and the simultaneous decrease in
the resolution of the upper rim proton signals at 1 : 1 ratio
with rhodamine B suggests that 1 has an equilibrium between
protonated and deprotonated forms and potentially some
interaction with rhodamine B.

Rhodamine B Rhodamine B

e T
0.80 M HI
0.60 _M_ M
o I

m
0.32
i o
0.24
A P I
0.16

0.10 /
. A e A
0.08

0.04

" J!\_ﬂf\

8.4 8.2 8.0 7.8 76 7.4 7.2 7.0 6.8 6.6 ppm

Fig. 1 NMR titration of rhodamine B hydrochloride in CDCl; with
1 showing lactonization of rhodamine B. Additions as molar
equivalents.
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Fig. 2 '"H NMR spectra in CDCl; of (A) 1, (B) 1 with 1 eq. of
rhodamine B hydrochloride, (C) 1 with 10 eq. of rhodamine B
hydrochloride, (D) 4, showing a downfield shift of the aromatic proton
signal of 1 and broadening of the upper rim signals upon the addition
of rhodamine B.

Rhodamine B lactonization was also observed in the
presence of 2, and the aromatic proton signal arising from
the host’s resorcinarene core was shifted downfield from
6.95 to 7.03 ppm at 1 : 1 ratio of rhodamine B. After addition
of excess rhodamine B, the signal was covered under broad
signals of the anthracene moieties. Even though the
overlapping of proton signals made the analysis of the NMR
spectra more complicated, compound 2 was chosen for further
study because of the possibility of the aromatic anthracene
moieties binding via m—m interaction to the rhodamine B
molecule, and because of the fluorescence properties of the
anthracene substituents. The reference compounds 3 and 4 do
not induce rhodamine B lactonization, which proves, as
expected, that the tertiary amino groups at the upper rim of
resorcinarenes 1-2 are required for lactonization.

Addition of rhodamine B hydrochloride into a sample of 4
does not change the spectrum of the host at all, whereas
addition of rhodamine B hydrochloride into a sample of 3
significantly reduces the resolution of all signals of host 3
and rhodamine B compared with the spectra of the pure
components. This indicates that the system involves unspecified
binding events close to the NMR timescale, which were further
studied by varying the temperature of the sample between —60
and 60 °C (Fig. 3). At 60 °C the resolution is partially restored
for the signals of 3, especially at the lower rim, but for the
rhodamine B signals no significant change was observed. The
interaction was too vague to be specified but it is likely
to involve the free hydroxyl groups at the upper rim of
resorcinarene 3, which could hydrogen bond to various
functional groups of rhodamine B, and n—m interaction
between aromatic rings of rhodamine B and 3.

The ability of compound 1 to interact with rhodamine B
hydrochloride in protic solvent was investigated by measuring
a sample of 1 with rhodamine B hydrochloride in deuterated
methanol. Protic solvents are known to shift the rhodamine B
equilibrium towards the zwitterion form, which is thought to
result from the ability of a protic solvent to stabilize the
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Fig. 3 "H NMR spectra of compound 3 with 1 eq. of rhodamine B
hydrochloride in CDCl; at —60, —30, 30 and 60 °C. The resolution of
the resorcinarene signals a (-CH=—CH,), b (-CH=CH,), c¢
(-CH,CH=CH;), d (Ar-CH) and e (Ar—-CHCH,) is increased at
60 °C and decreased at —60 °C, f from rhodamine B (-N-CH,CH3).

rhodamine B zwitterion through hydrogen bonding.?
Chemical shifts of rhodamine B hydrochloride proton signals
when 1 equivalent of 1 is added (Table 1) correspond quite
accurately to the chemical shifts of rhodamine B base in
methanol-ds. The solubility of compound 1 in methanol is
poor by itself, but the addition of rhodamine B improves the
solubility of 1 by protonation of the nitrogens since sufficient
amount of 1 was dissolved in the solvent to induce deprotonation
in rhodamine B hydrochloride.

Based on the NMR experiments, the observed interaction
between aminomethylated resorcinarenes 1-2 and rhodamine
B hydrochloride is an obvious example of an acid—base
interaction, where compounds 1-2 act as a base, and
rhodamine B hydrochloride acts as an acid, and the result of
this interaction is the lactonization of rhodamine B. However,
the additional changes in the NMR spectra of 1 mentioned
earlier indicate that there could be n—r interaction between the
aromatic ring structure of rhodamine B and the aromatic part
of resorcinarene, or interaction between the amino or acid
groups of rhodamine B and the upper rim of the resorcinarene
as observed with compound 3. To reveal these interactions and
eliminate the effect of lactonization in the spectra, rhodamine
6G (Scheme 3), which is an esterified analog of rhodamine B
and therefore incapable of forming a lactone ring structure,
was mixed with 1 in CDCl;. The resulting NMR spectra did
not show any changes in the chemical shifts of rhodamine 6G

Table 1 Comparison of the proton chemical shifts of pure rhodamine
B hydrochloride, rhodamine B hydrochloride with 1 eq. of 1 and pure
rhodamine B base (zwitterion) in methanol-dy

RhB-HCI + 1
RhB-HCI a:1n RhB base
-NCH,CH; (12 H) 1.31 1.29 1.29
-NCH,CH; (8 H) 3.68 3.65 3.66
Xanthene-H (2 H) 6.97 6.91 6.90
Xanthene-H (2 H) 7.03 6.99 6.99
Xanthene-H (2 H) 7.14 7.28 7.28
Phenyl-H (1 H) 7.41 7.25 7.24
Phenyl-H (2 H) 7.82 7.62 7.62
Phenyl-H (1 H) 8.34 8.09 8.09
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Scheme 3 Rhodamine 6G.

or aromatic proton signal of 1, which was slightly surprising
since protonation of 1 by rhodamine 6G hydrochloride could
have been expected. Therefore we can conclude that rhodamine
B hydrochloride has a much better ability to protonate
compound 1 than rhodamine 6G, and changes in the spectra
of rhodamine B hydrochloride in the presence of 1 in aprotic
solvent are induced by lactonization, not by deprotonation.

UV-vis spectroscopy

Rhodamine B hydrochloride presents an intense absorbance
maximum at 552 nm in CHCI; with a shoulder at 516 nm and
additional bands in the UV region at 353, 307, 282 and
261 nm, whereas the lactone form presents only UV absorbance
bands at 317, 278, and 242 nm (Fig. 4). Titration of rhodamine
B hydrochloride solution in chloroform with increasing
amounts of 1 or 2 showed a rapid decrease in the intensity
of the rhodamine B absorbance maximum at 552 nm and
bleaching of the pink color indicating a shift in the rhodamine
B equilibrium from the zwitterion to the lactone form. The
effect is comparable to that observed by Barra et a/. in a study
of rthodamine B with erythromycin A.*

Bleaching was more effective with host 1 than with host 2
when the same amount of host solution was added to the
sample (Fig. 5), which contradicts our preliminary idea that
the aromatic anthracene moieties of 2 would enhance interaction
with the dye. Job’s method® was used to determine the
stoichiometry of the investigated interaction and it was found
to be 1 : 2 (host-RhB) for both 1 and 2, which indicates that
one host molecule is able to deprotonate two rhodamine B
molecules.

Reference compounds 3-4 did not induce rhodamine B
lactonization, but addition of 3 to rhodamine B solution
shifted the absorbance maximum 1 nm to longer wavelength,
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Fig. 4 Absorption spectra of rhodamine B hydrochloride (dotted
line) and rhodamine B base in lactone form (solid line) at 1 x 107> M
concentration in chloroform.
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Fig.5 UV-vis titration of rhodamine B hydrochloride in CHCl; with
(A) 1 and (B) 2. Additions as molar equivalents.

which is an indication that a cation form of rhodamine B,
which exists in acidic conditions,'® is stabilized in the presence
of 3. In addition, a rhodamine 6G sample was titrated with
1 in CHCl;, but no change in the absorbance spectra of the dye
was observed, which together with the NMR experiments
confirms that rhodamine 6G does not interact with amino-
methylated resorcinarene 1.

The ability of the aminomethylated resorcinarenes to inter-
act with rhodamine B in protic solvent was also investigated
with UV-vis spectroscopy. Rhodamine B hydrochloride
samples were titrated with compounds 1-2 in CHCl;-MeOH
(1 : 1), and instead of bleaching, an 8 nm blue shift was
observed, which corresponds to the peak of zwitterionic
rhodamine B base in the same conditions.

The ability of 1, which was observed to be a stronger
lactonizing compound, and reference compound 3 to extract
rhodamine B into hexane phase from water phase was
examined using hexane-water extraction. Rhodamine B
hydrochloride is insoluble in hexane, whereas the long aliphatic
chains of resorcinarenes 1 and 3 make them very soluble in
non polar organic solvents, but insoluble in water. An aqueous
solution of rhodamine B was stirred with a hexane solution of
1 or 3, and after separation of the phases, the decrease in
the rhodamine B absorbance in the water phase was used
to calculate the amount of the dye transported. Compound 1
did not transport any rhodamine B but compound 3
transported 15.2 + 0.9% when the rhodamine concentration
was ten times higher than the host concentration. The results
show that resorcinarene 3, which has an open binding cavity,
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aggregates with rhodamine B as depicted in the NMR experiments
and therefore has better ability to transport rhodamine B than
1. In case of compound 1 the interaction between 1 and
rhodamine B is mainly acid—base interaction and requires that
the components are in the same phase.

Fluorescence spectroscopy

The effect of 1 in rhodamine B hydrochloride fluorescence
spectrum was investigated in CHCl;. Rhodamine B hydro-
chloride has an emission maximum at 580 nm, but in the
presence of compound 1, the maximum is shifted to 558 nm,
and the emission intensity is decreased close to the values
observed for rhodamine B base. Furthermore, rhodamine B
lactonization was confirmed as an appearance of a new
emission band at 487 nm at excitation wavelength 286 nm,
which corresponds to the maximum absorption of resorcinarene
core and rhodamine B lactone. With 350 nm excitation, which
corresponds to the absorption of rhodamine B hydrochloride,
the emission intensity was very low. The fluorescence spectra
of rhodamine B hydrochloride, rhodamine B base (lactone
form) and a sample of rhodamine B with 1 equivalent of 1 at
286 nm excitation are presented in Fig. 6.

Host 2, which contains four anthracene units connected
by —CH,-N(CH3)-CH,— bridges to the upper rim, has
fluorescence maxima at 395, 418 and 442 nm wavelengths in
CHCI;. Tertiary nitrogen atoms next to anthracene are
known to cause fluorescence quenching by PET (photoinduced
electron transfer) processes.’’” When acid was added to the
sample of 2 in chloroform, the fluorescence intensity was
increased. After 1 equivalent of HCI was added, the increase
of intensity was roughly 70% accompanied by a 1-2 nm red
shift of the fluorescence bands, and after 10 equivalents of HCI
were added, the increase was 95%. The observed increase is
likely induced by protonation of the nitrogens, which hinders
PET and therefore promotes fluorescence. When rhodamine B
hydrochloride was added to the sample of 2, the fluorescence
intensity of 2 was first increased as well (~25%), but after
addition of more than 1 eq. of rhodamine B, the fluorescence
intensity was decreased, which probably indicates that rhodamine
B absorbance becomes a dominating factor (Fig. 7).
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Fig. 6 Fluorescence spectra of rhodamine B hydrochloride (solid
line), rhodamine B base in lactone form (dotted line) and rhodamine B
hydrochloride with 1 eq. of host 1 (dashed line) in CHCI; at 286 nm
excitation. Concentration 5 x 10~% M, intensity values are normalized
to rhodamine B base intensity.
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Fig. 7 Fluorescence spectra of host 2 (1 x 107> M in CHCl;) at
258 nm excitation with addition of rhodamine B hydrochloride 0 eq.
(solid line), 1 eq. (dotted line) and 2 eq. (dashed line).

Conclusions

The interaction of rhodamine B hydrochloride with amino-
methylated resorcinarenes was investigated in solution using
spectroscopic methods. In aprotic media, aminomethylated
resorcinarenes 1-2 transformed the rhodamine B equilibrium
from the zwitterion into the lactone form. Since lactonization
was not observed in the presence of compounds 3—4, we can
conclude that the tertiary amine groups at the upper rim of
resorcinarenes 1-2 induce lactonization by acting as a base.
Lactonization was more effective with host 1 than host 2 based
on the UV-vis titration, and the stoichiometric ratio was found
to be 1 : 2 (host : RhB) determined by Job’s method. In protic
media, rhodamine B base as a zwitterion was observed.

In addition to acid—base interaction, clear evidence of n—r
interaction or inclusion-type complexation between hosts and
the dye was not obtained, which may partly be due to the
difficulty of observing weaker changes when lactonization of
rhodamine B is taking place. However, compound 3 showed
aggregation ability with rhodamine B, probably via m—n
interaction or hydrogen bonding, which was observed in
hexane-water extraction and '"H NMR experiments.

Experimental
General

All chemicals and solvents were purchased from Sigma-Aldrich
and they were used as received. NMR spectra were recorded with
a Bruker Avance DRX (500 MHz for 'H and 126 MHz for '*C)
spectrometer at 30 °C. J values are given in Hz. ESI-MS spectra
were measured with a Micromass LCT (ESI-TOF) instrument.
Melting points were determined with a Stuart Scientific SMP3
and a Metler Toledo FP62 apparatus and are uncorrected.
Elemental analyses were performed on a Vario EL III apparatus.
UV-vis spectra were measured with a Varian Cary 100 Conc
UV-vis spectrophotometer at RT using a 1 cm quartz cuvette,
and fluorescence spectra with a Perkin Elmer Luminescence
Spectrometer LS50B at RT using a 1 cm quartz cuvette.

NMR experiments

The "H NMR spectra were recorded in CDCl5 or in CD;0D at
500 MHz. The NMR titration was performed by adding
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increasing amounts of compound 1 or 2 in CDCI; to an
8.7 mM solution of rhodamine B hydrochloride in CDClj
and recording the spectra.

UV-vis experiments

UV-vis titration was performed by adding increasing amounts
of 1 x 107> M solution of 1 or 2 into 1 x 107> M solution of
rhodamine B hydrochloride in CHCIl; and recording the
spectra. Titration experiments in CHCl;-MeOH were
performed identically.

Job plot samples were prepared by mixing 1 x 107> M
solutions of rhodamine B hydrochloride and either 1 or 2 in
CHCl; in different ratios (9:1,4:1,7:3,3:2,1:1,2:3,3:7,
1:4,1:9) keeping the total concentration constant.

Extraction was performed by mixing 3 ml of 1 x 1072 M
rhodamine B hydrochloride in water and 3 ml of 1 x 107> M
resorcinarene 1 or 3 in hexane for 1 h. On the following day
the water phase was diluted 100 fold with water and analyzed
using a UV-vis spectrophotometer. Blank samples were
prepared identically as the actual samples but without
resorcinarene in the hexane phase. The percent of rhodamine
B transported was calculated by comparing the A43s4 of the
sample against the 4354 of the blank sample according to the
equation

transport% = [A3s4vlank) — A354(sample))/ A354(blanky X 100%.

Fluorescence experiments

Fluorescence spectra were recorded using 5 nm excitation and
emission slits and a 350 nm emission filter for 258 and 286 nm
excitation wavelengths, and a 390 nm emission filter for
350 nm excitation wavelength.

Acid titration of 2 in chloroform was performed by adding
increasing amounts of 1 x 107> M HCI solution in CHCl,
(prepared from conc. HCI) to a 1 x 107> M solution of 2
in CHCI; and recording the spectra at different excitation
wavelengths (258, 386 and 350 nm). Titration with rhodamine
B hydrochloride was performed identically.

Synthetic procedures

Aminomethylated resorcinarene 1 was prepared by Mannich
condensation of formaldehyde and secondary amine into the
resorcinarene  aromatic  ring.>>**  Undecylresorcinarene
(0.84 g, 0.76 mmol) was dissolved in a mixture of ethanol
(22 ml) and 37% formaldehyde (0.28 ml, 3.76 mmol).
Diethylamine (0.22 g, 3.0 mmol) was added dropwise under
vigorous stirring. After the addition of amine the stirring was
stopped and by next day crystals had grown. Crystals were
filtered with suction and dried under vacuum to give 1
(0.94 g, 85%) as a pale powder. 'H NMR (CDCl;,
500 MHz) 6 0.89 (t, J = 7.0, 12H), 1.10 (t, J = 6.8, 24H),
1.27 (m, 64H), 1.37 (m, 8H), 2.17 (m, 8H), 2.59 (m, 16H), 3.81
(m, 8H), 4.28 (t, J = 7.9, 4H), 7.10 (s, 4H) ppm. '*C NMR
(CDCls, 126 MHz) 6 11.0, 14.1, 22.7, 28.3, 29.4, 29.74, 29.77,
29.82, 29.86, 29.87, 32.0, 33.4, 33.5, 46.4, 51.3, 107.8, 121.9,
124.0, 150.4, 153.0 ppm. MS (ESI-TOF) m/z 1446.20 [M]™".
Anal. caled. for CooH;5¢N4Og: C 76.40%, H 10.87%, N
3.87%. Found C 76.11%, H 10.66%, N 3.49%. Mp 82 °C.

Aminomethylated resorcinarene 2 was prepared by stirring a
mixture of resorcinarene (0.3 g, 0.27 mmol), 9-(methylamino-
methyl)anthracene (0.35 g, 1.6 mmol) and formaldehyde
(2.0 ml, excess) in 10 ml of ethanol overnight. Yield 0.34 g
(62%)."H NMR (CDCls, 500 MHz) 6 0.85 (t, J = 7.1, 12H),
1.18 (m, 72H), 2.03 (m, 8H), 2.21 (s, 12H), 3.95 (m, 8H), 4.08
(t, J = 7.3, 4H), 4.64 (m, 8H), 6.95 (s, 4H), 7.55 (m, 8H), 7.61
(m, 8H), 8.05 (m, 8H), 8.36 (m, 8H), 8.46 (m, 4H) ppm. °C
NMR (CDCls, 126 MHz) 14.1, 22.7, 28.2, 29.4, 29.67, 29.69,
29.71, 29.77, 29.9, 31.9, 33.4, 33.6, 41.2, 53.4, 55.1, 108.0,
121.8, 123.5, 124.0, 125.1, 126.6, 127.8, 128.4, 129.3, 131.2,
131.4, 150.4, 151.7 ppm. MS (ESI-TOF) m/z 2038.37 [M] ™.
Anal. caled. for C140H172N403: C 82.47‘%), H 850%, N
2.75%. Found C 82.54%, H 8.84%, N 2.79%. Mp 140 °C.

Resorcinarene 3 was synthesized according to the literature
procedure.* To a mixture of resorcinol (4.0 g, 36.4 mmol) and
10-undecenal (7.5 ml, 36.1 mmol) in ethanol (125 ml),
concentrated HCI (7.0 ml) was added dropwise under nitrogen
atmosphere at 0-5 °C. The clear transparent mixture was
stirred in an ice bath for 1.5 h and subsequently refluxed for
26 h. The product was precipitated from water, filtered with
suction and dried under vacuum. The resulting yellowish
powder was recrystallized from acetonitrile, purified by
flash chromatography (SiO,, eluent CHCl;-MeOH, MeOH
gradient from 0% to 10% v/v) and recrystallized again from
acetonitrile—water. The resulting pale powder was filtered with
suction and dried under vacuum. Yield 3.4 g (36%). '"H NMR
(CDCl;, 500 MHz) 6 1.30 (m, 32H), 1.38 (m, 16H),
2.04 (m, 8H), 2.21 (m, 8H), 4.30 (t, J = 7.5, 4H), 4.93
(m, J = 10 and 1.2, 4H), 5.00 (m, J = 17, 2.2 and 1.6, 4H)
5.81 (m, 4H), 6.12 (s, 4H), 7.20 (s, 4H), 9.29 (m, 4H), 9.60 (m,
4H) ppm."*C NMR (CDCl;, 126 MHz) 6 28.0, 29.0, 29.1,
29.50, 29.54, 29.7, 33.1, 33.3, 33.8, 102.9, 114.1, 123.9, 124.9,
139.2, 150.4, 150.6 ppm. MS (ESI-TOF) m/z 1039.96
[M — H]7, m/z 519.48 [M]>~. Anal. caled. for CegHogOs:
H,O: C 77.09%, H 9.32%. Found C 77.14%, H 9.46%.
Mp > 300 °C.

Resorcinarene 4 was prepared by heating the compound 1
(0.2 g, 0.14 mmol) at reflux with 5 eq. of concentrated
hydrochloric acid (59 pl, 0.68 mmol) in ethanol (50 ml) for
1 h and removing the solvent under vacuum. The resulting
pale solid was dried under vacuum. 'H NMR (CDCls,
500 MHz) ¢ 0.88 (t, J = 6.9, 12H), 1.27 (m, 64H), 1.40
(m, 8H), 1.40 (t, J = 7.2, 24H), 2.18 (m, 8H), 3.15 (m, 16H),
4.18 (d, J = 5.8, 8H), 4.41 (t, J = 7.8, 4H), 7.30 (s, 4H), 9.33
(s, 8H), 10.2 (s, 4H) ppm. *C NMR (CDCls, 126 MHz) 6 8.9,
14.1, 22.7, 28.1, 29.4, 29.72, 29.76, 29.80, 29.81, 29.83, 32.0,
33.6, 34.8, 46.2, 47.8, 108.7, 125.6, 127.6, 151.2 ppm. MS
(ESI-TOF)  mjz 1446.00 [M]". Anal. caled. for
CooH60N405Cly: C 69.41%, H 10.13%, N 3.52%. Found C
69.38%, H 10.13%, N 3.27%. Mp 123 °C.
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