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Chapter 1

General Introduction

Biological systems generate and modify their structures with starling efficiency.
Natural receptors such as antibodies provide the perfect example, with four different
peptidic chains (two heavy (H) and two light (L) chains) that are held together mainly by
noncovalent interactions, reinforced by covalent disulfide bonds.! An assortment of the
heavy and light chains and random genetic recombinant processes select the best antibody
for the recognition of a particular antigen.

Recognition studies with synthetic molecules were pioneered by Pedersen,? Cram®, and
Lehn* in the early 1970s, for which they were awarded the Nobel Prize in 1987. This
chemistry of intermolecular binding was coined by Lehn* as Supramolecular Chemistry.
Initially, supramolecular chemistry” only dealt with the synthesis of artificial receptors for
cations, anions, and small molecules. The recognition of the small guests relied on more or
less preorganized molecular receptors. One step further was the design of assemblies that
undergo self-organization by the self-assembly of their components.® Only recently,” the
combination of self-assembly and molecular recognition led to the noncovalent synthesis of
receptor molecules, i.e. aggregates prepared by self-assembly that recognize other guest
molecules. Typical examples are the hydrogen-bonded capsules reported by Rebek,? the
molecular boxes of Fujita,® and the rosettes developed by Reinhoudt.™

Nowadays, the strategy in supramolecular chemistry is changing from rational
design to combinatorial chemistry, which is similar to the “trial-and-error” approach that
nature uses for the synthesis of antibodies. Combinatorial chemistry, first reported in the
early 1980s,* is the science of concurrently synthesizing and testing new substances in
large numbers rather than sequentialy, resulting in faster discovery of interesting lead
molecules for varied purposes such as receptors, drugs and catalysts. These libraries consist
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of large, static collections of discrete molecules synthesized by the methodologies of
molecular chemistry.*

Recently, the combination of combinatorial and supramolecular chemistry has led to
the new research field of dynamic combinatorial chemistry.®® This chemistry is based on
two main themes, viz self-assembly in the preparation of the library members and
molecular recognition in the interaction of these members with the target molecule* The
library is referred to as dynamic, because its components are formed by the reversible
combination (covalent or noncovalent) of building blocks under thermodynamic control.

Thus, taking advantage of the acquired knowledge through the last 25-30 years in the
field of supramolecular chemistry and with antibodies as a source of inspiration, the
research described in this thesis aims at the generation of dynamic combinatoria libraries of
self-assembled receptors held together by hydrogen bonds.

Chapter 2 starts with a brief literature overview about the covalent and noncovalent
synthesis of artificial receptors using arational design approach. The last part of this chapter
reviews the synthesis of artificial receptor molecules using “classical” (static) and dynamic
combinatorial chemistry.

Chapters 3 and 4 deal with the introduction of polar functionalities such as amides,
ureas, and amino acids (short peptides) on hydrogen-bonded platforms. The
thermodynamic stability of these hydrogen-bonded assembliesis studied in detail.

Chapter 5 describes the complexation of small phenol derivatives by self-assembled
receptors. These hydrogen-bonded assemblies function as endo- and exo-receptors,
depending on the position of the binding sites, which can be oriented towards the interior or
the exterior of the assembly, respectively.

Chapter 6 reports on the highly organized encapsulation of a hydrogen-bonded trimer
by a self-assembled receptor. The structure of the complex is studied by 'H NMR
spectroscopy and is confirmed by X-ray crystallography.

Finally, Chapter 7 describes the generation of small dynamic combinatoria libraries
based on hydrogen-bonded assemblies. The amplification of the concentration of the best
binder in the dynamic library upon addition of a guest molecule is studied in detail by *H
NMR spectroscopy.
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Chapter 2

Synthesis of Artificial Receptors

A brief literature overview is given about the different aspects and developments in
the field of covalent and noncovalent artificial receptors. Examples of the most
representative covalently synthesized receptor molecules, such as calix| 4] arenes, crown
ethers, and molecular tweezers, are described. The description of the synthesis of
noncovalent receptors by various interactions, such as metal coordination, ionic
interactions, and especially hydrogen bonds are explained in more detail; prominent
attention is given to the rosette motif. Furthermore, some general features of the
“classical” and dynamic combinatorial libraries for the preparation of artificial
receptors are reported, with special attention for peptidic libraries. In “classical”
combinatorial chemistry, libraries are synthesized via non-reversible covalent synthesis,
and are therefore static. In contrast, dynamic combinatorial libraries are synthesized by
reversible covalent or noncovalent synthesis. The main advantage of the dynamic
combinatorial libraries over the “classical” combinatorial libraries is the templation
ability of the added guest.
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2.1 Nature as an Inspiration: Antibodies

One of the most fascinating groups of natural receptors are the antibodies, which are
proteins formed in response to immunization. They are characterized by their
extraordinarily high binding affinity and selectivity for a target molecule known as an
antigen.* These qualities make the antibodies a great inspiration for the generation of
artificial receptors by the smple combination of different building blocks able to adjust
the appropriate binding sites around the guest molecul es.

The analysis of the structure of the antibody molecules began in 1959. Porter? found
that the immunoglobulin molecule (the antibody) consists of three fragments of about
equal size. Two fragments are referred to as Fab (fragment antigen binding) fragments
and a third fragment is called Fc (fragment-crystalizable). The Fab fragments both
possess one individual binding site. The Fc fragment is responsible for the biological
functions of the antibody molecule after the antigen has been bound to the Fab part of the
molecule. At the same time Edelman® discovered that by treatment with mercaptoethanol
(a reagent that breaks S-S bonds) the antibody fell apart into four chains; two identical
light (L) chains and two identical heavy (H) chains. These four polypeptide chains are
held together by a number of disulfide bonds (schematic representation, Figure 2.1). Each
antibody molecule has two identical binding sites.

H chain

COOH COOH

Figure 2.1. Schematic representation of an antibody.*
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The diversity in the antibody is obtained by, among other things, random genetic
recombinant processes which generate variation in the monomer sequence of the
polypeptide chains (built from the set of 20 natura amino acids) and by the random
assortment of the heavy and the light chains. Due to these diversity generation processes
an amost unlimited number of different antibodies can be produced. Subsequent
screening for a particular antigen binding affinity selects the best binding receptors from
all the possible receptors, and further optimization over severa cycles finally produces
the best binder.

In the interaction between the antibody and the antigen there are no covaent bonds
involved. The most important interactions are van der Waals forces, electrostatic forces
and hydrophobic forces.

2.2 Covalent Artificial Receptors”®

In general, the term host describes the ability of a molecular species to bind a guest
with preference over al others and with greater strength than commonly found as the
result of unspecific molecular interactions.® Cram’s “preorganization”” is often used as a
model to define structural features associated with an effective receptor, i.e. the substrate
has to fit both sterically and electronically, and the thermodynamic driving force for the
binding should be appropriate for the solvent used.

Different host classifications can be made, for example based on their type of
interaction, i.e. hydrogen bonding, m—m interaction, solvophobic and electrostatic
interaction of the host and the guest. In this section the classification of covaently
synthesized receptor moleculesis based on similarities in the shape (geometry) of the host
that isinvolved in the interaction with the guest molecule or the scaffold used to bring the
functional groups together.

Cyclodextrins® were the first molecules that were recognized and studied for the
purpose of binding organic molecules. They are cyclic oligosaccharides consisting of -
1,4-linked D-(+)-glucopyranose units. The hydrophobic cavity of the cyclodextrins makes
them particularly good hosts for hydrophobic organic moleculesin water.

A second class studied intensively are the crown ethers. Crown ethers are used as
receptors for cations, anions, and neutral species.” The complexation of ammonium
containing guest molecules within crown ethers has been studied extensively.'® Schneider
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et a.™ reported the synthesis of an artificial receptor containing an 18-crown-6 ether and
a peralkylammonium group for binding of the peptide N- and C-terminus, respectively. A
length-selectivity for the recognition of the peptides was observed.

Another class of molecules studied widely are the calix[n]arenes.> These molecules
are synthesized by condensation of phenols and aldehydes and exhibit enhanced cation-nt
interactions due to the preorganization of their core of aromatic units. For example,
Ungaro et al.*® reported the selective recognition of N,N,N-trimethylanilinium (TMA),
benzyltrimethylammonium (BTMA), and p-nitro-benzyltrimethylammonium (BTMAN)
cations by conformationally (cone) immobilized calix[4]arene 1a and 1b (Figure 2.2).
Calix[4]arene 1a selectively binds TMA by its N(CH3)s group, while calix[4]arene 1b
includes TMA by its aromatic ring. Receptor 1a also binds BTMA and BTMAN by their
N(CH3)3 groups. Receptor 1b, however, selectively binds BTMAN viaits N(CH3)s group,
while no binding selectivity is observed for BTMA. In addition to the recognition of
cations,** the calix[n]arenes are also used in the recognition of anions™ and neutral

DV,
(o] (o] (o] @ @CH o
o
oy
1b

TMA BTMA BTMAN

molecules.®

(o] (o] o) e
gl\\ °
oY o O»Oo_
la

Figure 2.2. Calix[4] arene 1a and 1b used for the selective recognition of tetraalkylammonium ions TMA,
BTMA, and BTMAN.

NO,

Ungaro and Reinhoudt!’ synthesized another receptor molecule that is based on
calix[n]arenes but combined this recognition group with a second function viz. crown
ethers. They reported the complexation of various alkali picrates by 1,3-alternate
calix[4]arenecrown-5 conformers. A log K, of 9.83 for K* in CHCl; saturated with H,O
at 295 K was obtained. The observed K* / Na' selectivity was higher than that observed
for valinomycin (active natural compound used to obtain K* / Na' selectivity).

Molecular tweezers are also used as host molecules. In the beginning, the term

molecular tweezers referred to molecules that could complex guests by 7t-sandwiching.*®
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Nowadays, also molecules containing a "headgroup” or “hinge” bearing two side arms
which provide binding interactions with the guest are referred to as tweezers.™® Klarner et
al.? reported the binding of electron-deficient aromatic and aliphatic substrates, such as
1,4-dinitrobenzene and p-benzoquinone, by molecular tweezers such as 2 (Figure 2.3).
Shinkai and co-workers™ constructed a highly selective “sugar tweezer” which has u—
oxobigporphinatoiron(l11)] as a basic platform and boronic acids as sugar-binding sites.
A binding constant of 1.5 x 10° M for glucose in water was obtained.

Similar host molecules are the clefts and clips. Nolte and co-workers® studied the
complexation of dihydroxybenzene derivatives by propanediurea-based molecular clips.
A binding constant of 2.4 x 10° M was found for 5-cyanoresorcinol.

{V-co 3
J /

2

Figure 2.3. Example of molecular tweezer used for complexation of electron-deficient aromatic guests.

Molecular containers®™ are host molecules that are characterized by the ability to
completely encapsulate guest molecules. For example, hemicarcerands®® encase and
liberate guests at elevated temperatures but form stable hemicarceplexes at ambient
temperature. Sherman and co-workers™ studied the template effect (of guest molecules)
on the formation of atetramethylene-bridged hemicarceplex. Other examples of container
molecules are cryptands,®® cryptophanes,?” and carceplexes (complexes that bind their
guestsirreversibly).?®

In addition to the classification based on shape, another way to classify receptor
molecules is based on the generic type of guests that are complexed. Due to the
importance of amino acids and peptides for the objective of the research described in this
thesis, only receptors that complex these guests are presented. A large number of receptor
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molecules for amino acids and peptides have been developed.? Kilburn et a.* reported
the acyclic thiourea derivative 3 (Figure 2.4), which is capable of binding N-protected
amino acid carboxylate salts. A good discrimination between the different amino acids
was observed (e.g. >30:1 selectivity for N-Ac-L-Trp-CO," over N-Ac-L-Ser-COy), but

only a moderate enantiosel ectivity was seen, with a general preference for L-amino acids.
S

Figure 2.4. Acyclic thiourea derivative 3 for the binding of N-protected amino acid carboxylate salts.

Still and co-workers® reported the synthesis of receptor 4 (Figure 2.5). Selectivity of
this receptor for amides of L-valine and L-phenylglycine, based on the steric requirements
of their sidechains, was reported. Furthermore an enantiosel ectivity of 99 % for L-amino

acids was observed.

o)
H
NHCO
NHCO N\W
H
o)

Figure 2.5. Synthetic receptor 4 for the recognition of amino acids and peptides designed by Still et al.
In the search for receptor molecules that bind a particular peptide sequence,

glycopeptide antibiotics were investigated intensively.® The antibacteria activity of
glycopeptide antibiotics of the vancomycin group (Figure 2.6a) probably results mainly

10
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from the binding to a D-Ala-D-Ala unit located at the terminus of the bacteria cell wall
precursor, resulting in inhibition of the cell wall growth, and finaly to lysis. Due to
resistance of bacteria against this class of antibiotics, synthetic analogues are needed.®
Calix[4]arenes bridged across the upper rim with diethylenetriamine connected via
amides in the cone conformation, such as 5 (Figure 2.6), showed an antimicrobia activity
only dlightly inferior to vancomycin® A log K, significantly higher than 4.0 was
estimated for the binding of N-acetyl-D-Ala-D-Ala to 5 in chloroform.** Many other
vancomycin mimics and anal ogues have also been reported (see also Section 2.4.1).%°

. OH
PNH,* HO ( CH,OH (\N/w
o) I o)
H,C 0 NH H HN
CH, 0 H,, «Me
(o) Me H
cl NH HN
o) o * o) o)

Cl
I;I O
\\\H
A
O H H
O
H2N
(@ (b)

Figure 2.6. (a) Chemical structure of vancomycin and (b) upper rim bridged calix[ 4] arene 5.

2.3 Self-Assembled Artificial Receptors

Until a number of years ago, artificial receptor molecules were only synthesized by a
covalent approach. Although this approach has led to the synthesis of impressive
chemical structures, as has been shown in the previous section, it has severe limitations in
terms of time requirements and product yields.*” The noncovalent approach, in which
nanoscale self-assembled aggregates are formed under thermodynamically controlled
conditions, is an attractive aternative for the synthesis of artificial receptor molecules.
The main differences between covalent and noncovalent synthesis are summarized in
Table2.1.

11
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Table 2.1. Main differences between noncovalent and covalent synthesis.

Characteristics Noncovalent Covaent
Building block Molecule Atom

Target Assembly Molecule

Bond type Metal coordination, ionic, hydrophaobic, Covalent

hydrogen bond
Bond energy 2 — 20 kcal/moal 35— 135 kcal/mol
AG® assembly/ molecule AH® ~ TAS® AH® >> TAS®

Kinetic stability Low (dynamic structures) High

Table 2.1 shows the different types of interactions that can be used for the self-
assembly of molecular receptors. The most important are metal coordination, hydrogen
bonding, and ionic and hydrophobic interactions.®® The potential of self-assembly for the
preparation of supramolecular receptors depends on the identification of noncovalent
structural motifs whose enthalpic driving force for self-assembly is sufficient to overcome
the unfavorable entropic consequences associated with the aggregation of several
components into a single supramolecular entity.’

2.3.1 Metal Coordination and lonic Interactions

In general, metal coordination can be used to assemble flexible ligands around the
coordination sphere of a metal ion. There are many examples of supramolecular
aggregates built up by metal coordination.®*® A typical example is the spontaneous
formation of a 2D lattice consisting of 9 pyridylporphyrin units held together by 12
palladium(ll) ions.*° In this section, only metal coordination used for the noncovalent
synthesis of molecular containers is discussed. As aready mentioned in Section 2.2,
molecular containers or capsules are receptors that completely surround guest
molecules®* Dalcanale and co-workers® reported the self-assembly of several
tetracyano functionalized cavitands (6) by transition metals with a sguare planar
coordination, such as Pd(I1) and Pt(ll) in CH,Cl,, CHCI3, and acetone (Figure 2.7). They
found that four structural parameters are important for the control of cage self-assembly:
(i) an angle close to 90° between the chelating ligand (L-M-L, see Figure 2.7), (ii) the use
of Pd or Pt as metal centers, (iii) the use of weakly coordinating counterions, and (iv)
preorganization of the tetradentate cavitand ligand.*® The assembly processis entropically

12
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driven; furthermore, selectivity in anion encapsulation for BF, over CF3SO3; and PFg™ at
300 K was observed.

M

(>

CH,CI,, 1t

6 62‘('\/”_ 2)4')(_

Figure 2.7. Formation of cavitand-based coordination cage 6.

Fujita et a.** showed the formation of a hexahedral coordination capsule by linking
planar organic compounds through metal coordination, a concept that is called molecular
paneling. The capsule is capable of complexing small guest molecules, such as CBry,
CHBr,, and CHCI3 by the formation of hydrophobic interactions. Many other examples
of capsule formation by metal ions have been reported.*

Additionally, ionic interactions can be used to form molecular containers.”® Some
ionic capsules are able to encapsulate small guest molecules, as was reported by
Reinhoudt and co-workers.*’” The capsule was formed by self-assembly of different
tetraamidinium calix[4]arenes and tetrasulfonato calix[4]arene in MeOH/H,O mixtures.
The capsules are capable of binding acetylcholine, tetramethylammonium, and N-
methylquinuclidinium cations. The same group® has also reported the recognition of 4-
methylpyridine and 1-methylimidazole by cage-like assemblies of anionic calix[4]arenes
and cationic porphyrins.

13



Chapter 2

2.3.2 Hydrogen-Bonded Assemblies

A large variety of hydrogen bond motifs are described in literature.*® Well known are
the three sets of hydrogen-bonded base pairs adenine and thymine, adenine and uracil,
and guanine and cytosine found in nature (DNA and RNA). Synthetic nucleotide
analogues are therefore studied intensively.® Not only “dimers’ but also higher
oligomers®® and miscellaneous motifs® have been investigated. One such example is an
oligomer arranged in a two-dimensional lattice in which six trimesic (benzene-1,3,5-
tricarboxylic) acid units form a cyclic hexamer.>®

In this section only hydrogen-bonded assemblies that were prepared for the purpose
of complexing guest molecules will be discussed. There are different types of hydrogen-
bonded receptors and among them, the ones most studied are capsules.> The capsules
found in literature can be divided into different classes (Figure 2.8) as detailed below.

(a) Capsules synthesized from two complementary building blocks; for example two
resorcarenes substituted with either four hydroxyl or four carbonyl functionalities.>
Rebek and co-workers™ reported many examples of this type of hydrogen bond directed
capsule formation. Calix[4]arene functionalized with secondary ureas at the upper rim
forms a dimeric capsule by the creation of 16 hydrogen bonds in the presence of an
appropriate guest molecule.® Different functional groups were connected to the distal
urea nitrogen atom.>***® The calixarene-based capsules containing charged guests were
characterized by electrospray ionization mass spectroscopy.> Extended cavities, with
calix[4]arenes™ and cavitands,®* have been prepared in asimilar way.

(b) The so-called “tennis ball” type of capsules, obtained by the dimerization of two
molecules of two glycoluril moieties®® connected via a spacer.®

(c) Capsules related to the “tennis ball” type of capsules reported by Rebek et al.,®*
are formed from four fragments containing both a sulfamide and glycoluril moiety.

(d) Assemblies formed from two equally functionalized building blocks that are
connected to each other by “connector” molecules.®®

Most of the reported studies with hydrogen-bonded motifs are performed in apolar
solvents because of the instability of these capsules in polar solvents. However, recently,
hydrogen-bonded capsules were reported that are stable in polar media ®
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Figure 2.8. Different strategies for the synthesis of hydrogen-bonded capsules.

Hydrogen bonding is also used in the formation of motifs that are not capsules. For
example, Davis et a. showed that the G-quartet, a macrocycle comprised of four
hydrogen-bonded guanosine units,®” is formed by self-association of lipophilic
nucleosides in the presence of metal ions in nonpolar solvents.®® With metal picrate salts
D4-symmetric hexadecamers of guanosine units are formed in the solid state (Figure
2.9).%° Two metal ions (M?") are complexed between two G-quartets and four anions
(picrate) are complexed by formation of four hydrogen bonds with the NH amino protons

of the two “inner” G-quartets.
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Figure 2.9. A lipophilic G-quadruplex that binds ion pairs.
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Rissanen et a.” reported the self-assembly of aminopyridine substituted anthracene
derivatives into 1- and 2-dimensional multicompartmental arrays by the formation of a
hydrogen-bonded network. The arrays are capable of forming clathrate-type inclusion
entities with guest molecules, such as nitrobenzene and perchloroethylene.

2.3.2.1 Rosettes

In the research presented in this thesis, the rosette motif that is formed by hydrogen
bonds between isocyanuric acids and melamines is used as the platform for the synthesis
of artificial receptors. Therefore, this rosette motif is discussed in more detail.

The three orthogonal ADA (Acceptor-Donor-Acceptor) hydrogen bonding arrays of
isocyanuric acid (CA) are mutually complementary to the three DAD hydrogen bonding
arrays of melamine (M). Mixing both compounds in a 1:1 ratio leads to an infinite 2D
lattice of alternating CA and M molecules held together by hydrogen bonds (Figure
2.10)."* In this 2D lattice three different submotifs can be identified, the infinite linear
and crinkled tapes, and the finite cyclic rosette motif. The cyclic rosette motif is the only
motif that has a defined shape and size, and was therefore studied in more detail.
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Figure 2.10. 2D lattice of alternating CA and M molecules hold together by hydrogen bonds. In light grey
isocyanuric acid (CA) and in dark grey melamine (M).

Whitesides™ and Lehn™ identified the complementary hydrogen bonding in the
melamine-cyanuric acid lattice and the selective synthesis of the cyclic rosette motif. In
1990, Whitesides’® and co-workers showed that through preorganization of three
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melamine units, by connecting them covalently through a centra “hub”, the rosette
structure could be formed selectively (Figure 2.11a). The formation of the rosette was
favored on entropic grounds. In 1994, the same group™ showed that components with
smaller substituents do not form well-defined rosettes. This was an indication that
molecular steric interactions around the periphery (peripheral crowding) of the rosette
might be used to selectively obtain cyclic rosette structures (Figure 2.11b). The evidence
for this peripheral crowding concept came from crystal structures. In these studies it was
assumed that the solid state data reflect the thermodynamic equilibrium in solution and
that the solubility of the tapes is much lower than that of the rosettes in apolar solvents.
These two assumptions are in a contradiction, since the first one is only valid when both
solubilities are comparable. Recent model calculations carried out in the group of
Reinhoudt™ showed that it is indeed possible to promote rosette formation over tape
formation by steric repulsion in the linear tapes, but the effect is not as large as previously
thought. The model further showed that the ratio of tape to rosette was mainly determined
by two thermodynamic parameters, i.e. the association constant between a melamine and
a cyanurate/barbiturate and the formation constant for the rosette from the linear hexamer.

! ! R = = )~C/H,

(@) (b)

Figure 2.11. Selective rosette formation by (a) covalent preorganization and (b) peripheral crowding.

While these assemblies exhibit a high thermodynamic stability, they are kinetically
labile. There is a continuous exchange of the individual components between the
assemblies. This exchange process is responsible for the self-correcting ability of these
assemblies. The exchange rate in these hydrogen-bonded assemblies is strongly
dependent on the number of hydrogen bonds that have to be broken. As a result of this
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kinetic instability, dynamic combinatorial libraries of these assemblies can be obtained by
mixing the appropriate number of components under thermodynamically controlled
conditions (Section 2.4.2).

As an extension of the rosette motif, Reinhoudt et al.” showed that calix[4]arene,
diametrically substituted with two melamine units at the upper rim forms the double
rosette assemblies in the presence of two equivalents of 5,5-diethylbarbuturic acid (DEB)
(see also Section 3.2 and 3.3). The double rosettes could be extended to tetra-, hexa-, and
octarosettes by connecting calix[4]arene dimelamine units covalently via a flexible linker
(Figure 2.12).” These assemblies have a high thermodynamic stability due to the
formation of 36 (double rosette), 72 (tetrarosette), 108 (hexarosette), and 142
(octarosette) cooperative hydrogen bonds, which renders these assemblies stable in
CDCl; even at concentrations of 10 M. In this thesis double and tetrarosette assemblies
asreceptor molecules are described.

2nd an
@ 1% floor 1* floor
7,* (DEB)y, 8,+(DEB),, 9,+(DEB)y, 10,+(DEB),,

Figure 2.12. Schematic representation of double rosette 7;2(DEB)g, tetrarosette 8;+(DEB),, hexarosette
9;¢(DEB)1s, and octarosette 10:¢(DEB),4, (Each floor represents a single rosette motif)

Recently, Fenniri and co-workers’® have used the same rosette motif for the self-
assembly of receptor functionalities. They generated a self-assembled helical rosette
nanotube from hetereocyclic base 11. First 11 underwent a hierarchical self-assembly
process in water to produce 11¢ (Figure 2.13). The aggregate 114 then underwent a second
level of organization (stacking) to yield a nanotube. Functionalization of 11 with a crown
ether gave a self-assembled structure that could complex chiral amino acids in their
zwitterionic form.”
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Figure 2.13. Hierarchical self-assembly of rosettes from module 11.

2.4 Combinatorial Chemistry for the Preparation of Artificial Receptors

Despite numerous efforts to mimic the binding properties of natural antibodies in
synthetic molecules, chemists have so far not been able to produce adequate artificia
substitutes for antibodies. The main reason is that chemists use a rational-based design
approach (Section 2.2), which is principally different from the combinatoria (*trial-and-
error”) strategy employed by nature. The latter is by far more efficient, because it samples
amuch larger structural space using random structural variation on the genetic level .

Combinatorial chemistry, invented in the early 1980s,%° comprises the generation of
large collections, or “libraries’, of compounds by synthesizing all possible combinations
of a set of smaller chemica structures, or “building blocks’. Instead of a reaction of A
with B to form one product AB, different building blocks of type A (A1-Ap) are reacted
with different building blocks of type B (B1-Bm) (Figure 2.14).

Al Bl AlBlAle vvvvvvvvvvvvvvvvvvvvvvvvvvvv Ale

A2 BZ AZBl A282 AzBm
+ 0,

A B ABi  AB; AB.

Figure 2.14. Concept of combinatorial chemistry
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The ability to determine the activity of new substances (“screening”) extremely fast,
has stimulated the development of new synthetic methods. The availability of compounds
rather than the screening capacity was the limiting factor in further development. In
combinatorial chemistry, many structurally defined substances are created simultaneously
instead of synthesizing one substance after another.

2.4.1 “Classical” Combinatorial Chemistry

Two principle steps are involved in combinatorial chemistry (CC) viz. the synthesis
of the library and the identification of the active compound(s).2* The generation of the
combinatoria libraries (CLs) can be performed either in solution or on solid phase. Both
techniques have advantages and disadvantages.®” The major advantage of synthesis on a
solid support is that isolation of the support-bound reaction products is accomplished by
washing away reagents from the support-bound material. The reactions can be driven to
completion by the use of excess reagents. Different strategies for the preparation of CLS,
both in solution and on solid phase, have been developed; two of which are very
important. One is the split synthesis method® pioneered by Furka®™ and co-workers for
the synthesis of large peptide libraries in 1988. This method is based on splitting-
coupling-and-recombine® The other method is parallel synthesis® where different
compounds are synthesized separately from each other.

Different techniques have been explored to identify the active compound in the
library.

(a) In deconvolution,®” wells of compounds are prepared such that each separate well
has a defined building block at one position, and all building blocks are incorporated at
the remaining positions. The second round is then performed with the selected building
block in place at the initially defined position, in order to select the optima building
block at the additionally defined position. This method is repeated until all positions are
defined.

(b) In positional scanning,® one position in a (peptide) sequence is held constant,
while the others are varied. Monitoring the activity of the different mixtures with the
same position constant (in every mixture a different amino acid) will yield the most
potent amino acid at that position. Thisis then repeated for all the positions.

() In tagging,®® readable tags that record the reaction sequence are attached to the
resin bead in accordance with the synthesis of the compound on the bead.
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(d) In chromatographic affinity, while passing through a column most of the active
compound will remain on the column phase as a complex with the attached target
molecule.

Furthermore, direct detection by using labeled target molecules such as fluorescent
guests is often used to identify host molecules attached to a solid support.**

In the remaining part of this section, the preparation of receptor molecules for the
recognition of peptides by “classical” static combinatorial synthesis is described. Recent
research on peptide receptors has mainly focused on “tweezer” receptors™ (Section 2.2),
which are highly selective for certain peptide sequences, despite their inherent flexibility.
Recently, Kilburn® and co-workers synthesized a library of “tweezer” receptors, which
contained a guanidinium “head group” and two peptide derived side arms (Figure 2.15).
Screening the library with various tripeptide derivatives in an agueous solvent system
(15% DM SO/H,0, pH 8.75) led to the identification of receptor 12 with aK, of 8.2 + 2.5
x 10* M™ for tripeptide 13. Liskamp et al. described the combinatorial synthesis of
receptor molecules containing a variety of peptide chains, for instance tweezers
containing peptidosulfonamide peptidomimetics™ or tripodal receptors, i.e. molecules
with three different amino acid or peptidic arms.*®

/ side arm HN=<NH HHN ,,,,, o~
Fige] — Cu
or %j
head guest substrate oO " "
\ - 0 s—
side arm 12
<Fo oy o] (

(a) (b)
Figure 2.15. (a) Schematic representation of a “ tweezer” receptor, and (b) “ Tweezer” receptor 12 and
tripeptidic guest 13.
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The synthesis of vancomycin mimics (Section 2.2) was also explored by
combinatorial approaches. Liskamp et al.*® reported the preparation of a 512-member
library of receptor molecules using a triazacyclophane scaffold,”” which is functionalized
with three peptide “binding arms’. So far no selective receptor has been found. However,
the article emphasi zes the absolute requirement for validation of the hits found during the
screening by resynthesizing and testing of the individua compounds. Ellman and co-
workers™® described an excellent example in which static combinatorial chemistry is used
to find a potent receptor. Their receptor design preserved the right-hand carboxylate
binding pocket of vancomycin (Figure 2.6a) and replaced the left-hand side of the
molecule with variable tripeptide units (Figure 2.16). A library of 39,304 theoretical
members was prepared by the split synthesis method and screened on solid support
against fluorophore-labeled L-Lys-D-AlaD-Lac (14) and L-Lys-D-Ala-D-Ala (15).
Active beads were decoded and two of them (AA;-AA,-AA; = L-Tpi-L-His-L-Dapa and
L-N-Me-Phe-D,L-Disc-L-Tyr) were resynthesized. The binding constant to 14 and 15 was
measured by microcalorimetry. This artificial receptor, as compared to vancomycin, was
found to have an enhanced binding affinity for 14.

Figure 2.16. Artificial receptor for guests 14 (shown) and 15 designed by Ellman et al.

Hamilton and colleagues used a calix[4]arene core as a template to bring together
four peptide loops for the recognition of protein surfaces.®® A concave molecular surface
of approximately 450-500 AZ for recognition was achieved. The best receptor acted as a
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potent inhibitor of o-chymotrysin by specific interaction with the exterior of the protein
(initia inhibition constant of K; = 0.81 uM and final of Ki* = 0.11 uM). They aso
reported the recognition of cytochrome c¢ by a tetraphenylporphyrin scaffold
functionalized with different hydrophobic amino acids or peptide amines.!® A
dissociation constant of K4 = 20 nM was obtained for the best binder.

Still et a.'® described the discovery of sequence-selective peptide binding to
synthetic receptors labeled with a dye by using encoded combinatorial libraries of these
peptides on polystyrene or poly(ethylene glycol)/polystyrene beads in both chloroform
and water. The library of peptides was mixed with the dye-labeled receptor and the beads
that were intensively coloured after 24h were identified. Many structural similarities
between the identified peptides were observed. They aso created a library of
peptidosteroidal receptor molecules, which was screened against a series of labeled
pentapeptides.’® The library consists of 10 members which al have a steroidal core
functionalized with two different tripeptide arms. The active compounds could be
detected by using the same solid phase color assay.

2.4.2 Dynamic Combinatorial Chemistry

Conventional static combinatorial chemistry is hampered by with the analytical
problems in identification of the active molecule due to the large number of compounds
generated. This problem of sheer numbers in combinatorial chemistry can be reduced by
the use of molecular systems that are able to amplify them selves, the so-called dynamic
combinatorial systems.’®® In Table 2.2 the main differences between the “classical” static
and the dynamic combinatorial libraries are summarized.'*
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Table 2.2. Main differences between dynamic and static combinatorial libraries.

Dynamic Combinatoria Library Static Combinatorial Library
Molecular or supramolecular constituents Molecular constituents
Virtual set Real set
Collection of components Collection of molecules
Covalent or noncoval ent Covaent
Reversible Non-reversible
Adaptive Neutral, uninformed
Recognition-directed Systematic
Self-assembled Preformed by synthesis
In presence of the target In absence of the target

Dynamic combinatorial chemistry (DCC) makes use of reversible connections

104 such

between the building blocks. These reversible connections can be either covalent,
as imines'™ or disulfides,"® or noncovalent, such as hydrogen bonds'®’ or metal-ligand
coordination'® (Table 2.3). This reversibility allows the library members to interconvert
through exchange processes to give a product distribution, which is at thermodynamic
equilibrium and can be influenced by template effects. These libraries are sometimes also
called “virtual” combinatorial libraries; al the possible combinations can be formed but
this is not necessary. Recently, many review articles™® about DCC have appeared in the

literature.

Table 2.3. List of reversible reactions that can be used for the generation of dynamic combinatorial
libraries (DCL).
Reversible covaent Noncovalent

Ester exchange'™®  Metal-ligand coordination
Transamination***  Hydrogen bond exchange
Transimination?
Oxime exchange*®
Hydrazone exchange
Olefin metathesis™
Disulfide exchange
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In the DCC concept three steps can be distinguished:
1. Selection of the initia building blocks that are capable of interacting reversibly
with one another.
2. Establishment of library generation conditions (conditions in which the building
blocks are allowed to interchange).
3. Subjection of the library to a selection process, based on binding strength to a
receptor.

The building blocks for a dynamic combinatorial library (DCL) should have
functional groups that can undergo reversible exchange. They should cover the
geometrical and functional space of potentia target sites, and their recognition groups
need to be organized geometrically for optimal binding. The main difference from
classical combinatorial chemistry is the amplification possibility in the DCL. Upon
addition of a guest molecule to alibrary of potential host molecules, the guest selects and
binds the best host. This binding event introduces a new equilibrium in the system, which
shifts in the direction of the best host at the expense of unfit hosts due to the additional
free energy of the binding event.

Huc and Lehn'® divided the templating of DCLs in two groups, ‘casting’ and
‘molding’. In ‘casting’ the cavity is provided by a macromolecule that traps the good
binders and leaves the poor binders in solution, which are re-equilibrated. In ‘molding’
the binder collects the optimum macromolecule around itself and thereby stabilizes the
assembly (Figure 2.17).
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Figure 2.17. Principle of (a) casting and (b) moldlng.

Examples of DCC generated by reversible covalent and noncovalent interactions and
particularly the guest templating in the DCL will be discussed in this section.

2.4.2.1 DCC with Receptors Based on Reversible Covalent I nteractions

In 1996, Sanders et al.*™ introduced the DCL concept with the thermodynamically-
controlled cyclisation and interconversion of oligocholates. Lehn and co-workers'®
synthesized alibrary of imines by areversible reaction between 3 aldehydes and 4 amines
(Figure 2.18). The preparation of the library was performed in the presence and in the
absence of carbonic anhydrase Il (CA) in water at pH 6 (20 mM phosphate buffer). HPLC
analysis of the resulting mixture of imines showed the amplification of one of the fifteen
possible products when the reaction was performed in the presence of CA. Compound 16
binds to CA; presumably, the binding affinity of the intermediate imines for CA
determines the abundance of the final product in the mixture.
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Figure 2.18. Precursor aldehydes and amines and the resulting amines after reaction and hydride
reduction. In the square the amplified product 16 in the presence of carbonic anhydrase Il is
shown.

Still et al.™® showed the template effect in a three-component library synthesized by
the reversible formation of disulfides (Figure 2.19). Addition of the tripeptide L-Pro-L-
Val-L-Vd shifted the equilibrium from 57% A-SS-A and B-SS-B / 43% A-SS-B to 85%
A-SS-A and B-SS-B.

27



Chapter 2

o] </:> o Q o}
N N Boc — [
H H H H
DnsHN(CH,),0 SH SH
H H
N N Boc—N N
o) ‘j o) :< o)
A-SH B-SH

Figure 2.19. Dynamic library based on the reversible formation of disulfides.

Sanders et al.''” prepared a 10-macrocycle library from a single dipeptide building
block, which contains both a hydrazide and a protected adehyde functionality.
Hydrazides were mixed under acid conditions with protected aldehydes to yield different
hydrazones.**® The resultant mixture was frozen upon neutralization of the solution. The
addition of Li* generated the most dramatic response from the library, amplifying the
cyclic trimer to account now for 98% of the peptide material in the library. The binding
constant of Li* with the trimer is4 x 10* M™ in CHCls/MeOH (98:2) (Figure 2.20).

The same hydrazone chemistry was also used for molecular amplification from a
DCL based on L-proline building blocks that selectively binds to acetylcholine and N-
methyl quinuclidinium salts™® Using these two salts Sanders et a. were able to
thermodynamically bias the product distribution of the dynamic combinatorial library
towards the cyclic trimer. They also showed that the large number of compounds
generated by the di-functionalized building blocks used could be analyzed by electro-
spray ionization Fourier-transform ion cyclotron resonance mass spectrometry (ESI-
FTICR-MS).'® They suspected that extension of the library size would make it difficult
to isolate and/or identify the selected receptors by conventional methods. Therefore,
Sanders et a. proposed the use of immobilized templates.’®® They showed that an
immobilized N-methyl ammonium ion template can select and amplify the cyclic trimer

from aDCL.***
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Figure 2.20. Dynamic library of hydrazone-based pseudopeptide macrocycles (a) before and (b) after
addition of Li*.

In addition to reversible covalent reactions, isomerization processes are also used to
generate a thermodynamically driven conformational and/or configurational dynamic
library. In 1997 Eliseev and Nelen'? showed that a mixture of components can be
enriched in the component that possesses the highest affinity for an added ligand.
Unsaturated dicarboxylate 17 can exist in three isomeric forms and interconverts by
irradiation with UV light (Figure 2.21). The cis,cis isomer has the ideal geometry for
complexation of the guanidinium moiety of arginine, illustrated by its significant
retention on an affinity column loaded with immobilized arginine. By using repetitive
isomerization-selection cycles the cis,cis receptor could be generated from the mixture in
high yield (85%).
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Figure 2.21. Interconvertion of unsaturated dicarboxylate 17 by UV light.

Lehn et al.’® also used isomerization to prepare a DCL for the induced fit selection
from a library of different condensation products of 5,5-dimethyl-1,3-cyclohexanedione
and 2-hydrazinopyridine upon addition of dibutylbarbiturate. In addition to
configurational isomerization of the dihydrazones leading to the favored (Z/Z) isomer, the
promotion of the reaction of the monocondensation products with the remaining
hydrazino-pyridine is also observed after the addition of the barbiturate.

2.4.2.2 DCC with Receptors Based on Noncovalent | nteractions

Thus far only reversible metal coordination™®* and hydrogen bonding,’®’ for the
purpose of generating DCLs through noncovalent interactions, has been described in the
literature. Hamilton reported a metal-template approach for the formation of libraries of
artificial receptor molecules® Different terpyridine subunits were used to obtain
octahedral Ru-bis-terpy complexes 18 in which two recognition sites are held in a fixed
relationship (Figure 2.22). A total of n(n+1)/2 different receptors are formed when n
different substituted terpyridines are combined. This library was screened for the binding
of bis(tetrabutylammonium) pimelate in DMSO and for the binding of pentane-1,5-
diylbis(ammonium)ions in 5% CH3CN/CHxCl,. The dynamic character of the libraries
achieved by metal coordination is not reported, but correlations to natural antibodies are
discussed.
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Figure 2.22. Combinatorial library of receptors 18 based on metal-templation.

Helicates are polynuclear metal complexes of helical shape, in which two or three
ligand strands wrap around a set of linearly disposed metal ions”® These metal
containing circular complexes are capable of binding anions inside their cavity. Lehn et
al. reported that depending on the size of the complexed anion a pentamer or hexamer is
formed (Figure 2.23).**’ Furthermore, they showed that addition of Cl” to the hexamer led
to the exclusive formation of the pentamer after heating the mixture at 170 °C. In addition
to a template effect by an appropriate guest molecule, changes in the concentration and
the solvent could also switch the equilibrium between polynuclear metallocyclophanes.'?®
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Figure 2.23. Self-assembly of the pentanuclear and hexanuclear circular helicates.
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Sasaki and co-workers'® described the amplification of a DCL of four
diastereomeric isomers (A-fac, A-fac, A-mer, and A-mer), consisting of three bipyridine-
modified 2-acetamido-2-deoxy-o-D-galactopyranose (GalNAc) ligands coordinated to
Fe(ll), by B4 lectin (Figure 2.24). The isomer A-mer provides better complementarity to
the multivalent carbohydrate binding site of B, lectin, and after addition of B4 lectin its
presence in the mixture isincreased from 15% to 85%.

Figure 2.24. Dynamic equilibrium of the diastereomers and spatial arrangement of the three GalNAc
residuesto fit into the multivalent carbohydrate binding site of B4 lectin.

Lehn et a. also prepared a DCL of coordination receptors bearing hydrogen bonding
units.** Amplification of the coordination receptor bearing the complimentary hydrogen
bond donor and acceptor pattern (DAD) was achieved after addition of the guest
containing twice the ADA hydrogen bonding pattern. Another example has been shown
by Fuijtaet a.*** in which asmall DCL of Pd(II)-linked cages derived from two different
ligands was prepared. Two homoleptic receptors and one heteroleptic were formed.
Addition of small or large guest molecules favored the homoleptic receptors, while
medium-sized guest molecul es preferred the heterol eptic receptor.

DCL are aso used for biological systems, such as selecting the best binder for a
particular DNA™? or RNA sequence. Miller and Karan'*® described the selection of a
salicylamide-Cu complex from a library of functionalized salicylamide-Cu complexes,
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that bind an RNA hairpin with high affinity and extraordinary selectivity relative to the
homologous DNA hairpin.

Our group™®” was the first to report the use of hydrogen bonding in the preparation of
DCLs. A four compound library was synthesized by mixing two double rosettes (Section
2.3.2.1), one functionalized with three Zn-porphyrin moieties both at the top and bottom
and one non-functionalized. Addition of 1,3,5-(4-pyridyl)-benzene to the library shifted
the equilibrium towards maximum formation of the strongest receptor (containing six Zn-

porphyrin moieties). Rebek and colleagues™*

also used hydrogen bonding for the
preparation of DCLs and showed that addition of an appropriate guest molecule induced a
shift in the composition of the DCL. Tetrameric capsules of 19 (Figure 2.25) were
135

prepared by simply mixing the building blocks,™ and the composition of the different
assemblies was studied by electro-spray mass spectroscopy.’®* Addition of

methylquinuclidinium cation favored the receptor consisting of four molecules of 19a.

1

S ron 19a R* =R’ = H; Ar= p-C,H,;Ph

H-N" N N, 0 b R" = R® = OH; Ar = p-C,H,,Ph
7,

Ar —>—<—Ar sl ¢ R'= R’ = OMe; Ar = p-C,,H,.Ph
H-N__N N o d R' = H; R* = OH; Ar = p-C,,H,.Ph

Y R2 H e R' = H; R* = OMe; Ar = p-C,H,.Ph

o)

Figure 2.25. Molecular structures of the monomers 19 used for tetrameric capsule formation.

Additional degrees of library diversification can be achieved by using two or more

reactions to connect the building blocks. Recently, Lehn'*

and co-workers prepared a
DCL which has two orthogona levels of diversity, i.e. exchange of terpyridine-based

ligands around the cobalt center and hydrazone exchange (Figure 2.26).
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Figure 2.26. Two orthogonal levels of diversity obtained by ligand-cobalt and hydrazone exchange.

As shown by the previous examples, DCLs allow amplification of the best binder in
the library, thus performing a self-screening by which the best binders are preferentially
expressed and retrieved from the DCL. Sometimes the amplification is not enough to
identify the active compound in the DCL, for instance when the number of compounds
become large. Therefore, Lehn and co-workers™® introduced the dynamic deconvolution
procedure, a technique based on the sequential removal of starting building blocks. A pre-
equilibrated library prepared from hydrazide and adehyde building blocks was screened
towards the inhibition of acetylcholinesterase. The deconvoluted libraries that showed an
increase of enzyme activity, indicated that the removed building blocks are important
binders. This technique is ideal to use when the conditions under which the library is
dynamic are not compatible with the conditions necessary for the stability of the guest, for
instance in the presence of an enzyme.

2.5 Conclusions and Outlook

In this chapter, a short overview of the development of artificial receptor molecules
was given. The overview started with rationally designed receptor molecules prepared by
covalent synthesis. Although this covalent approach has led to the synthesis of numerous
receptor molecules, for complex receptor molecules the more recent noncovalent
synthesis seems more promising because the receptors are formed under thermodynamic
equilibrium conditions and generally in quantitative yield.

A brief description of combinatorial synthesis and screening as an effective approach
for the synthesis of receptor molecules was presented. It has been shown that the
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synthesis of a large number of possible receptor molecules by “classical” static and
dynamic combinatorial chemistry increases the chance to find a good receptor.
Nevertheless, up till now dynamic combinatorial chemistry has mainly been used for the
preparation of small model libraries. These small libraries have shown promising results
towards the amplification of the best receptor. Future research will show if the
identification of the best receptor in large libraries still can be achieved by the
amplification of this receptor.

The research described in this thesis comprises the synthesis and complexation
abilities of hydrogen-bonded receptor molecules and the generation of dynamic
combinatoria libraries of these hydrogen-bonded receptors.
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Chapter 3

Self-Assembly of Polar Functionalities using

Hydrogen-Bonded Rosette Assemblies®

With the objective to generate noncovalent receptor assemblies, the formation and
stability of functionalized double rosette assemblies is investigated. In this chapter, the
thermodynamic stability of functionalized double rosette assemblies is described as
studied by *H NMR titrations with DMSO-ds, and by CD titrations with THF. Assemblies
containing six ureido or amido functionalities show a significantly higher stability than
the non-functionalized assembly. Structural analysis by *H NMR spectroscopy indicates
that the higher stability of the ureido and amido derivatives is the result of the formation
of an additional hydrogen bond between the urea or amide proton and the nitrogen atom
(N-1) of the triazinering.

* Part of thiswork has been published: Kerckhoffs, JM.C.A.; Crego-Calama, M.; Luyten, |.; Timmerman,
P.; Reinhoudt, D.N. Org. Lett. 2000, 2, 4121-4124.



Chapter 3

3.1 Introduction

The concave 3-D positioning of different amino acid residues around a central cavity
via noncovalent interactions provides the basis for natural receptors to bind substrates and
catalyze (bio)chemical transformations with exquisite regio- and stereoselectivity.’
Efforts to mimic such functional group arrays in covalent? or metal-coordinated systems®
have recently led to the synthesis of artificial protein receptors mimicking the binding
properties of natural antibodies.* One of the aternatives that has received increasing
atention is the synthesis of nanostructures using weak noncovalent interactions, like
hydrogen bonding.> Such structures are formed under thermodynamically controlled
conditions, generaly in quantitative yield. Biological systems construct and modify such
functional nanoscale structures with startling efficiency. Natural antibodies provide the
perfect example, since they consist of four different peptide chains (two heavy (H) and two
light (L) chains, Figure 3.1) that are held together mainly by noncovalent interactions, and
are reinforced by covalent disulfide bonds.®

For the design of synthetic receptors in our group, a strategy is used that is similar to
the natural self-assembly approach. Instead of utilizing the self-assembling properties of
high molecular weight polypeptides, synthetic self-assembling platforms are constructed
using multiple hydrogen bonds to give a double rosette motif (see Chapter 2).
Subsequently, functionalization of the individual building blocks with small oligopeptide
fragments (X or Y) would give noncovalent assemblies of oligopeptides that generate a
potential guest-binding site. Structural diversity in the guest-binding site can be generated
at a covalent (variation in amino acid sequence of the oligopeptides) or at a noncovalent
supramolecular level (by a combination of the different functionalized building blocks,
see Figure 3.1b).

The self-assembly of polar functionalities using noncovalent interactions has so far
received very little attention, presumably due to incompatibility with the noncovalent
scaffolds.” It is known that the attachment of hydrogen bond donating or accepting groups
to hydrogen-bonded capsules can break the assembly. However, Rebek and co-workers
successfully synthesized noncovalent capsules consisting of two calix[4]arenes
substituted with ureido functionalities at the upper rim and amide functionalities at the
lower rim.®
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oligopeptide units via synthetic self-assembling platforms.

The research stared out from the introduction of simple polar functionalities, like
amines, amides and ureas as model compounds (described in this chapter) and then
moved on to the introduction of amino acids and small peptide fragments (Chapter 4). In
this chapter, it is shown that hydrogen bond directed self-assembly (double rosette
assemblies, Section 3.2) can indeed be used to assemble simple polar functionalities.

Before discussing the results with polar group functionalized hydrogen-bonded
assemblies (Section 3.4), the formation (Section 3.2) and characterization (Section 3.3) of
the doubl e rosette assemblies are described.

3.2 Formation of Double Rosette Assemblies

Earlier work in our group has shown the noncovalent synthesis of double rosette
assemblies 132(DEB/CY A)g via the cooperative formation of 36 hydrogen bonds (AH® <
0), using the rosette motif introduced by Whitesides.” The assemblies are formed
spontaneously by mixing calix[4]arene dimelamines 1 with either 2 equivalents of
barbiturates (BAR) or cyanurates (CYA) in apolar solvents such as chloroform, toluene,
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or benzene (Figure 3.2). The assemblies consist of two flat rosette motifs connected via
the calix[4]arene moieties (see Section 2.2.3).

28¢5

0 03 Q

_—
4—
1a R'=H,R’= (CH,).CH,
b R'=NO,,R’= (CH,).CH,
+
oa\x’go
DEB: X = C(CH,CH,), 1,:(DEB),
P-Enantiomer E M-Enantiomer
mirror
D3

Figure 3.2. Formation of double rosette assembly 152(DEB)s, and the three isomeric forms: staggered (D3),
symmetrical eclipsed (Cs), and unsymmetrical eclipsed (Cy).

The assemblies can exist in three different isomeric forms (Figure 3.2). The D3
isomer (staggered), has the two melamines in an antiparallel orientation. Consequently,
the staggered assembly is chiral (for more details on chirality see Section 3.3). The Cg;,
isomer and the Cs isomer (both eclipsed), have both melamines facing the same side of
the calix[4]arene. The difference between Cs and Cg;, is the 180° rotation of one of the
calix[4]arene dimelamines in the case of the Cs. Both assemblies contain a horizontal
symmetry plane and are therefore achiral. Earlier studies'® showed that hydrogen-bonded
assemblies formed by the calix[4]arene dimelamines and 5,5-disubstituted barbituric acid
derivatives preferentially form the Ds-isomer. However, the structures of rosette
assemblies formed with 5-substituted cyanuric acid derivatives are less predictable. Steric
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factors play an important role in the distribution of the possible isomers. The D3 isomer is
the most common one and when not mentioned otherwise in this thesis, this is the isomer
that is formed.

3.3 Characterization of Double Rosette Assemblies

Double rosette assemblies can conveniently be characterized by 'H NMR
spectroscopy.® *H NMR titration experiments have clearly proven the 1:2 (calix[4]arene
dimelamine versus DEB/CYA) stoichiometry of the assembly. Upon formation of the
assembly the diagnostic signals of the imide NH protons of DEB/CYA are observed
between 6 = 13 and 16 ppm. Depending on the isomeric form of the assembly, 2 (for the
D3 and the Cgp,) or 6 (for the Co) different sets of signals for these imide NH protons are
observed.

Hydrogen-bonded assemblies are difficult to detect by mass spectrometry due to the
ease of destruction of the assemblies upon ionization by strong acids like TFA. Therefore,
Ag' labeling MALDI-TOF mass spectroscopy is used,™ a technique that is extremely
mild and provides a nondestructive way to generate charged assemblies. This method is
based on the high affinity of Ag® for avariety of aromatic n-donors and cyano groups.

Furthermore, the X-ray crystal structure of assembly 1bs¢(DEB)s shows that the
calix[4]arene molecules are fixed in a pinched cone conformation (Figure 3.3). This
conformation allows participation of the calix[4]arene units in both the upper and the
lower rosette motifs simultaneously. The two rosette motifs are stacked on top of each
other with a separation from 3.5 A at the edges to 3.2 A in the center of the rosette.

Figure 3.3. X-Ray crystal structure of assembly 1bse(DEB)e.
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X-Ray crystalography and NMR experiments showed that assembly 13¢(DEB)s
exists exclusvely as the D3 isomer, which means that this assembly displays
supramolecular chirality.®® The chirality is caused by the antiparallel orientation of the
two melamines, which can either be oriented clockwise (P) or counterclockwise (M). In
the absence of any other source of chirality, the assemblies exist as a racemic mixture of
the P- and M-enantiomers. The introduction of chiral substituents on the periphery of the
rosette leads to the formation of diastereomers instead of enantiomers. The degree of the
chiral induction depends on the difference in free energy at thermodynamic equilibrium.
The degree of induction is mainly effected by the proximity of the chira centers to the
core of the assembly and by the solvent.*? Circular dichroism (CD) spectroscopy, a
technique based on the different absorption of left- and right-handed circularly polarized
light by chiral molecules (e, # €r),*® can be used for the characterization of chiral rosette
assemblies. The chiral calix[4]arene double rosettes display highly characteristic CD
spectra, while the individual components are hardly CD-active.

3.4 Results and Discussion
3.4.1 Functionalization of Double Rosette Assemblies

In view of the objective to generate functional group diversity in or around
noncovalently assembled cavities for the synthesis of molecular receptors, the
thermodynamic stability of different functionalized assemblies was studied. Previous
work in our group showed that functionalization of position R* (see Chart 3.2) with
hydrogen bond donating or accepting or bulky groups significantly reduces the
thermodynamic stability of the assemblies.®* The hydrogen bond donating or accepting
groups can form intramolecular hydrogen bonds that interfere with the rosette platform
and the bulky groups can cause steric strain in the assembly. In this chapter the
thermodynamic stability of assemblies functionalized at the R? position is described
(Chart 3.1). First, the assembly of calix[4]arene dimelamines 2a-e carrying amino (2a),
ureido (2b), amido (2c), sulfonamido (2d), and phosphoramido (2€) functionalities that
are connected via a 2,2-dimethylpropyl spacer to the melamine units was studied (Chart
3.1). Furthermore, the influence of the spacer on the assembly formation was studied by
the use of a propyl spacer (3a-c) instead of the more bulky 2,2-dimethylpropyl spacer (2a-

e).
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L-PheCYA X=NCH(CH,(C,H,))(COOCH,)
L-ValCYA X=NCH(CH(CH,),)(COOCH,)

2,* (DEB)4/(CYA),
3,* (DEB)4/(CYA),
Chart 3.1. Molecular structures and schematic representations of the molecular components 2-3 and the
corresponding hydrogen-bonded assemblies 2;¢(DEB)g /(CYA)s and 332(DEB)g /(CYA)e.

3.4.2 Synthesis and Characterization of the Assemblies with Polar Functionalities

Dimelamines 1 and bis(chlorotriazine) 4 were synthesized following literature
procedures.”® Dimelamines 2 were synthesized starting from bis(chlorotriazine) 4 via
reaction with an excess of 2,2-dimethyl-1,3-propane diamine (2a, >95%), followed by
reaction with propyl isocyanate (2b, 78%), butyryl chloride (2c, 53%), butanesulfonyl
chloride (2d, 50%), or diethyl phosphoryl chloride (2e, 47%). Similarly, dimelamines 3
were synthesized by a reaction of bis(chlorotriazine) 4 with an excess of 1,3-propane
diamine (3a, >95%), followed by reaction with propyl isocyanate (3b, 89%), or butyryl
chloride (3c, 70%).
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Rl
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Chart 3.2. Molecular structures and schematic representations of the molecular components 1 and 4.

Without exception the 'H NMR spectra of the assemblies 2;+(DEB)g and 33¢(DEB)g
exhibit the diagnostic signals at 14.1-14.0 (H,), 13.3-13.2 (Hp), 8.6-8.4 (H,), 7.8-7.6 (Hy),
6.7 (He), 6.9-7.1 (Hy), 7.1-7.0 (Hy), 6.1-6.0 (Hn) (Figure 3.4). The assemblies are formed
in yields varying from 75-99% as determined by integration of the appropriate '*H NMR
signals.*

Characterization of the corresponding assemblies 23(CNCYA)s, and
3:*(PrCNCYA)s by MALDI-TOF using Ag*-labeling™* aso confirmed the successful
formation of the hydrogen-bonded assemblies (Table 3.1). The only exceptions are
assembly 2az*(CNCY A)g and 3age(PrCNCY A)s which are unstable due to proton transfer
between the strongly acidic PPrCNCYA (pK, ~ 4.7) and the basic amino function in the
melamine.

Table 3.1. MALDI-TOF mass spectrometry characterization of assemblies 2bze(CNCYA)s - 2e32(CNCYA)s,
3b3*(PrCNCYA)g, and 3cz*(PrCNCYA)s after Ag”-labeling.

Assembly Cac. Mass (Da) of  Observed Mass (Da)
Ag’-complex
2b3*(CNCYA)s 5029.4 5031.0
2c3*(CNCYA)s 4939.3 4942 .4
2d3*(CNCYA)s 5239.2 5240.1
2e32(CNCYA)s 5271.3 5274.6
3bz*(PrCNCYA)s 4657.3 4661.2
3cs*(PrCNCYA)s 4567.2 4572.2
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Figure 3.4. Characterization of assemblies 2bs*(DEB)s and 2cg+(DEB)s by *H NMR spectroscopy. Spectra
were recorded at 400 MHz in CDCl; at 303K.

3.4.3 Thermodynamic Stability

The spontaneous assembly of the calix[4]arene double rosettes in apolar solvents is
an enthal py-driven process that involves the cooperative formation of 36 hydrogen bonds.
However, the change in entropy is unfavorable, because upon assembly the trandational
and rotational degrees of freedom of 9 molecular components are significantly reduced.

The overall change in free energy (AG) is negative.
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The effect of amino (2a), ureido (2b) and amido (2c) functionalities on the
thermodynamic stability of the corresponding hydrogen-bonded assemblies was
investigated by *H NMR titrations with DMSO-ds (see Table 3.2)." It was found that the
stability of assemblies 2bs¢(DEB)s and 2cs¢(DEB)s, carrying six ureido and six amido
functionalities, respectively, is significantly higher (xpmso = 14 and 15) than the
corresponding assembly 13¢(DEB)s (xpmso = 10). The stability of assembly 2az*(DEB)g is
equal to that of 13¢(DEB)s, indicating that there is no effect of the amino substituents.

Table 3.2. Thermodynamic stability measurements of assemblies 2;*(DEB)s and 23¢(CYA)s.

As%rnbly XDMSO[a] As%rnbly XTHF[a]

lae(DEB)s 10 | lae(L-PheCYA); 34

2ag*(DEB)e 10 2bse( L-PheCYA)s 31

obgs(DEB)s 14 | 2cs(L-PheCYA)s 35

2cz*(DEB)g 15 2bse(L-VACYA)s 34
2cs(L-VaCYA)s 34 (29)

[dy = percentage of polar solvent at which 50% of the assembly is still intact.
¥ j ndependently determined by THF *H NMR titration.

Structural analysis of the assemblies 2bs*(DEB)s and 2cs*(DEB)s by H NMR
spectroscopy using 2D DQF™®, TOCSY!” and NOESY *8 experiments clarifies the reasons
for the improved stability. In both cases, the 2,2-dimethylpropyl side chain adopts a very
rigid conformation as judged from the presence of strong NOE connectivities between Hy
and H; and between H, and Hpm, respectively, and the absence of NOE connectivities
between Hy and H; and between Hy and Hp,, respectively (see Figure 3.4 for description of
the protons). For assembly 2bz¢(DEB)e, the two urea proton signals resonate at very
different chemical shifts in the *"H NMR spectrum, i.e. at 5.2 (Hm) and 2.4 ppm (H,) and
H, shows a distinguished NOE cross peak with one of the propoxy groups of the
calix[4]arene unit. Therefore, it was suggested that the side chain is folded back over the
calix[4]arene aromatic rings resulting in a highfield chemical shift for H, because of an
anisotropic shielding effect of one of the calix[4]arene aromatic rings. The folding back
can be explained by the fact that the other urea proton (Hp) is involved in hydrogen
bonding with one of the nitrogen atoms (N-1) of the triazine ring. This view is supported
by the fact that the urea proton signals do not shift at all upon the addition of chloride (1-
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2 equiv.) or carboxylate (1-2 equiv.) anions, while free urea groups normally interact
strongly with these anions, giving rise to 1-2 ppm downfield shifts'® Gas-phase
molecular modeling calculations (Quanta 97, CHARMm 24.0) in which the observed
NOE connectivities were used as distance constraints gave a structure in which the
propylureido groups fold back over the calix[4]arene units.

Structural analysis of assembly 2cz*DEBg showed similar results. The amide protons
(Hm) resonate at 6.33 ppm, while the double triplets observed for the methylene protons
(NHmC(O)CHH,) are strongly upfield shifted (6 = 1.4 and 0.6 ppm, respectively) from
their normal position between 2 to 3 ppm. These methylene protons also show an NOE
cross peak with one of the propoxy groups of the calix[4]arene unit which means that
they occupy a well-defined position on top of the electron-rich aromatic ring of the
calix[4]arene unit. Moreover, the NHC(O)CH,CH,CH3 protons also experience upfield
shifts (6 = 1.2 and 0.54 ppm), abeit much smaller. Also in this case, gas-phase molecular
modeling studies reproduce the hydrogen bonding interaction between the amide proton
and the triazine nitrogen (N-1) (Figure 3.5).

top view side view

Figure 3.5. Gas-phase-minimized structure of assembly 2cs¢(DEB)g using the observed NOE connectivities
as distance constraints. The dark grey parts represent the calix[4]arene dimelamine
components, the light grey parts the barbiturate fragments, and the black parts the amido side
chains.

The stability of the functionalized assemblies was also studied by CD spectroscopy
via the addition of THF (Table 3.2). These measurements are based on the fact that
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double rosette assemblies with chiral cyanurates, like L-ValCYA and L-PheCYA (see
Chart 3.1), display very intense and characteristic CD spectra, which are not observed for
the individual components.®®?° For assemblies 23¢(L-PheCYA)s and 2z¢(L-VaCYA)s
(Figure 3.6) with ureido (2b) and amido (2c) functionalities, the thermodynamic stability
is essentially equal to that of lage(L-PheCY A)s. The small difference in relative stability
of assemblies 2;¢(L-PheCYA)s and 23*DEBg is most likely due to steric interactions
between the more bulky side chains of L-VACYA or L-PheCYA and the 2,2-
dimethylpropyl spacer in 2b and 2c, which counterbalances the previously observed
stabilizing effect of the formation of the additional hydrogen bond. Assembly 2age(L-
PheCYA)s is unstable, even in neat chloroform, due to proton transfer between the
strongly acidic L-PheCY A (pKa ~ 4.7) and the basic amino function.
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Figure 3.6. Determination of the thermodynamic stability of assembly 2cse(L-ValCYA)s using CD
spectroscopy. Spectra were recorded in CH,Cl, /THF mixtures (1mM) at 298K.

As pointed out before, the 2,2-dimethylpropyl spacer adopts a very rigid
conformation. Therefore, calix[4]arene dimelamines with a propyl spacer were also
investigated in order to determine the influence of the spacer flexibility on the assembly
process. Structural analysis of both 3bse(DEB)s and 3cs*(DEB)s by 'H NMR
spectroscopy using 2D DQF and NOESY indicated that the assemblies are organized in
the same way. Both assemblies show NOE connectivities for the methylene
(NHmC(O)CHqH,) and the propoxy groups of the calix[4]arene unit. However, the NOE
connectivities are weaker, which indicates that the chain adopts a less rigid conformation
in comparison to the corresponding assemblies with 2,2-dimethylpropyl spacers.
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To determine the thermodynamic stability of the assemblies with the propyl spacer,
assemblies 3s¢(L-ValCYA)s were prepared. However, 'H NMR studies showed that the
degree of chiral induction is very low for these assemblies in CDCl3;, which makes
thermodynamic stability measurements relatively inaccurate.

The diastereomeric excess (d.e., ([M]-[P])/([M]+[P])*100%) of assemblies 3z¢(L-
VaCYA)s was determined using *H NMR spectroscopy, by means of integration of the
intensities of the cyanurate NH protons for both diastereomers. The accuracy of these
values is limited due to small fluctuations in the NH integral values. As a reference the
d.e. of assembly 1ag*(L-VaCY A)s was measured. The assembly showed almost complete
chiral induction, d.e>95%. It was found that chiral induction in assembly 3cze(L-
VaCYA)s is strongly solvent- dependent (Figure 3.7).

(@) JL
(b) _JL
N

16 14 3 (ppm)
Figure 3.7. Part of the 'H NMR spectrum of assembly 3cse(L-ValCYA)g in (a) chloroformrd;, (b) toluene-dg,
and (c) benzene-ds. All spectra are recorded at 1.0 mM concentrations at 298K.

For assembly 3cze(L-VaCYA)g, both P- and M- helices are present in almost equal
amounts in CDCls. However, in toluene-ds the d.e. is ~80%, while in benzene-dg, the
assembly exist as a mixture of both diastereomers (d.e. 0%). The polarity of toluene is
lower than the polarity of chloroform, however it is higher than the polarity of benzene;
therefore it can be concluded that the chira induction is not only dependent on the
polarity of the solvent. The chiral induction can also be dependent on the shape of the
molecules. Assembly 3bse(L-VaCY A)s showed a much higher degree of chiral induction
in CDCl3 (~55%) than assembly 3cze(L-VaCYA)e. In toluene-dg the d.e. of assembly
3bze(L-VaCYA)g is higher, ~90% (Table 3.3).
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Table 3.3. Diastereomeric excess in % for assemblies lag*(L-ValCYA)s 3bse(L-ValCYA)s, and 3cse(L-
ValCYA); in different solvents.

Assembly chloroform-d;  toluene-dg  benzene-ds
lag*(L-VaCYA)s >95

3bze(L-VaCYA)e 55 90

3cse(L-VaACYA)s 0 80 0

An explanation for the difference between the chiral induction of the assemblies
23¢(L-VaCYA)s and 33¢(L-VaCY A)e could be that the chiral cyanurate is not close to the
calix[4]arene dimelamine with the propylspacer (3) because of the absence of the two
methyl groups as in 2. Therefore no complete chiral induction is obtained. The fact that
assembly lage(L-VaCY A)g does show complete chiral induction is most likely due to the
freedom of the butyl chainsto rotate in such away that the chain can be close to the chiral
Cyanurate.

Another explanation can be that the difference in chira induction may be attributed
to a hydrogen bond between the carbonyl of the cyanurate and the proton of the
amide/urea functionality in the calix[4]arene dimelamine. Through this hydrogen bond
formation, one of the diastereomers which normally is thermodynamically unstable can
now probably be stabilized. The formation of this extra hydrogen bond is probably not
possible in the assembly with the 2,2-dimethylpropyl spacer because the rigidity of this
spacer precludes the ~120° rotation of the amide or urea chain needed for this additional
hydrogen bond.

3.5 Conclusions

In this chapter it has been shown that the formation of noncovalent hydrogen-bonded
assemblies can be used for the self-assembly of polar hydrogen bond donating and
accepting functionalities in solution. The results clearly show that the stability of the
assemblies is comparable to those of nonfunctionalized assemblies. This opens the way
for the synthesis of receptor molecules with polar functionalities (amino acids, small
peptide fragments) that more closely mimic antibodies.

The rigid 2,2-dimethylpropyl spacer pre-organizes the side chains such that the side
chain is folded back over the calix[4]arene aromatic rings. With the propane spacer the
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structural organization is the same, athough the side chains have more rotationa
freedom.

3.6 Experimental Section

'H NMR spectra were recorded at 400 MHz on a Bruker AMX 400, a Varian Unity
300, or a Varian Unity 400 WB spectrometer with tetramethylsilane (TMS) as interna
reference in CDCl3 solutions or the different solvents as an internal reference. The 2D
DQF-COSY consisted of 2048 datapoints in t; and 512 increments in t;. The data were
apodized with a shifted sine-bell square function in both dimensions and processed to a
4K x 1K matrix. For the TOCSY experiment, the total TOCSY mixing time was set to 65
ms. The spectrum was acquired with 1024 data points in t; and 512 FIDs in t;. The data
were apodized with a shifted sine-bell square function in both dimensions and processed
to a 2K x 2K matrix. The NOESY experiments were acquired with a mixing time of
150ms, 2K datapointsin t, and 512 incrementsin t;. FAB-MS spectra were recorded with
a Finnigan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA) as a matrix.
MALDI-TOF mass spectra were recorded on a PerSpective Biosystems Voyager-De-RP
spectrometer. A 337 nm UV nitrogen laser producing 3 ns pulses was used in the linear
and reflectron modes. CD spectra were measured on a JASCO J-715 spectropol arimeter
in 0.01 cm width cell.

Formation of assemblies 23¢(DEB)s /(CYA)s and 33¢(DEB)s /(CYA)s

Hydrogen-bonded assemblies 23¢(DEB)s and 33¢(DEB)s were prepared by mixing
calix[4]arene dimelamines 2 or 3 with 2.1 or 2.5 equivalents of DEB in CDCl; for 15
min. Similarly, assemblies 23*(CYA)s and 33¢(CYA)s were prepared by mixing the
corresponding calix[4]arene dimelamines with 2.1 or 2.5 equivalents of CYA in CDCl3,
toluene-dg, or benzene-dg for 15 min.

5,17-Bis({4-amino-6-[(3-amino-2,2-dimethylpropyl)amino]-1,3,5-triazine-2-yl}-

amino)-25,26,27,28-tetr apr opoxycalix[4]arene (2a). Bis(chlorotriazine) 4 (0.5 g, 0.57
mmol) and 2,2-dimethyl-1,3-propanediamine (10 mL) were heated at 90°C overnight.
Addition of H,O gave 2a as a white precipitate in 96% yield. FAB-MS Calcd for
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CseH7gH1404 m/z = 1010.6, Found m/z = 1011.7 [M+H]. Ana. Calcd for
CssH7sH14042H20, C=65.34; H=7.83; N=19.05, Found C=65.32; H=7.85; N=19.05.
Assembly 2ag(DEB)s: *H NMR (400 MHz, CDCl3, 298K) & = 14.12 (s, 2 H; H,), 13.33
(s, 2 H; Hy), 8.41 (s, 2 H; Hc) 7.60-7.58 (m, 2 H; Hg), 7.13-7.10 (m, 4 H; ArH), 6.95 (s,
2H; Hy), 6.88 (t, 2J(H,H)=7.6 Hz, 2 H; ArH), 6.66 (s, 2 H; Hy), 6.00 (s, 2 H; Hy), 4.53,
4.43, 3.15, 3.12 (2ABq, 2J(H,H)=13.6 Hz, 8 H; ArCH,Ar), 4.11-3.93 (m, 6 H; OCH,, H),
3.62 (t, %J(H,H)=6.4 Hz, 4 H; OCHy), 2.63 (d, J(H,H)=10.4 Hz, 2 H; H;), 2.34 (d,
2J(H,H)=13.6 Hz ,2 H; H,), 2.26-1.80 (m, 18 H; H;, CH,(DEB), OCH,CH,), 1.36-0.74
(m, 36 H; CHs).

5,17-Bis({4-amino-6-[(N-pr opylcar bamoyl-3-amino-2,2-dimethylpr opyl)amino]-
1,3,5-triazine-2-yl}-amino)-25,26,27,28-tetr apr opoxycalix[4]arene (2b). Calix[4]arene
dimelamine 2a (0.22 g, 0.22 mmol) was dissolved in THF (10 mL) and propy! isocyanate
(0.2 mL) was added. The mixture was stirred at rt for 2h. The mixture was evaporated to
dryness and CH,Cl, was added. The solution was washed with H,O and brine and dried
(N&:S0,). Evaporation of the solvent gave the crude product as a white solid, which was
purified by column chromatography (CH.Cl,:MeOH:NH,OH (90:9.5:0.5)) to give the
pure product in 78% yield. FAB-MS Calcd for CesHgoN160s Mz = 1180.7, Found nvz =
1181.7. Ana. Cacd for CegHgoN160ge2H,0O, C=63.13; H=7.95; N=18.41, Found
C=63.23; H=7.90; N=18.25.

Assembly 2bz(DEB)s: *H NMR (400 MHz, CDCl3, 298K) 6=14.04 (s, 2 H; Hy), 13.23
(s, 2H; Hp) 862 (s, 2 H; He) 7.81-7.78 (m, 2 H; Hg), 7.14-7.11 (m, 6 H; ArH, Hg), 7.00
(s, 2 H; Hy), 6.89 (t, *J(H,H)=7.4 Hz, 2 H; ArH), 6.71 (s, 2 H; Ho), 6.13 (s, 2 H; Hy), 5.24
(d, 3J(H,H)=10.4 Hz, 2 H; Hy), 4.51 (ABq, 2J(H,H)=13.2 Hz, 4 H; ArCH,Ar), 4.14-4.00
(m, 4 H; OCH,), 3.93 (m, 2 H; H;), 3.64 (t, 3J(H,H)=6.6 Hz, 4 H; OCHy,), 3.24-3.06 (m, 8
H; Hy, Ho, ArCHAT), 2.64 (d, 2J(H,H)=10.8 Hz, 2 H; H;), 2.48-2.45 (m, 2 H; H,), 2.37
(d, 2J(H,H)=12.8 Hz, 2 H; Hy), 2.18-1.84 (m, 18 H; H,, CH,), 1.15-0.82 (m, 40 H;
NHCH,CH,CHs, CHs), 0.66 (t, 2J(H,H)=7.2 Hz, 6 H; NHCH,CH,CHs).

General Procedure for the Preparation of Calix[4]arene Dimelamines 2c-2e.

Calix[4]arene dimelamine 2a was dissolved in CH,Cl, and the corresponding acid
chloride derivative (~50 equivalents) was added. The mixture was stirred at rt for 1h and
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then evaporated to dryness. The residue was taken up in Na,CO3 (4% w/w) solution and
heated for 10 min at 60°C in order to hydrolyze the excess of chloride. The product was
extracted with CH,Cl, and washed with water and brine and dried (NaSO.). Evaporation
of the solvent gave the crude product as a white solid, which was purified by column
chromatography or preparative TLC (CH,Cl,:MeOH:NH,OH (90:9.5:0.5)) to give pure
product in 47-53% yield.

5,17-Bis({4-amino-6-[ (N-pr opylcar bonyl-3-amino-2,2-dimethylpropyl)amino]-1,3,5-
triazine-2-yl}-amino)-25,26,27,28-tetr apr opoxycalix[4]arene (2c) was prepared from
calix[4]arene dimelamine 2a (0.10 g, 0.99 mmol) and butyryl chloride (0.2 mL) and
obtained as a white solid in 53% yield. FAB-MS Calcd for CgqHgoN140s Mz = 1150.7,
Found m/z = 1150.7 [M+H]. Anal. Calcd for CgsHgoN1406°2.5H,0, C=64.24;H=8.00;
N=16.39, Found C=64.04; H=7.98; N=16.23.

Assembly 2c3*(DEB)s: *H NMR (400 MHz, CDCls, 298K) & = 14.09 (s, 2 H; H,), 13.28
(s, 2 H; Hy), 8,58 (s, 2 H; He), 7.77 (M, 2 H; Hy), 7.13-7.02 (M, 8 H; Hy, Hg, ArH), 6.87 (t,
3J(H,H)=7.4 Hz, 2 H; ArH), 6.71 (s, 2 H; Ho), 6.33 (d, 2J(H,H)=8.8 Hz, 2 H; Hy), 6.06 (s,
2 H; Hp), 4.52, 4.46 and 3.10, 3.08 (2ABq, 2J(H,H)=13.2 and 13.6 Hz, 8 H; ArCH-A),
4.13-4.00 (m, 6 H; OCHj, H;), 3.60 (m, 4 H; OCH,), 3.42 (t, 2J(H,H)=9.0 Hz, 2 H; Hy),
2.66 (d, 2J(H,H)=8.4 Hz, 2 H; H;), 2.36 (d, 2J(H,H)=12.4 Hz, 2 H; H)), 2.17-1.83 (m, 18
H; CHy), 1.38-1.31 (m, 2 H; Hyo), 1.20-0.81 (m, 40 H; CH3, Np), 0.54 (m, 8 H; H,, Huo).

5,17-Bis({4-amino-6-[ (N-butylsulfonyl-3-amino-2,2-dimethylpr opyl)amino]-1,3,5-
triazine-2-yl}-amino)-25,26,27,28-tetr apr opoxycalix[4]arene (2d) was prepared from
calix[4]arene dimelamine 2a (0.10 g, 0.99 mmol) and 1-butanesulfonyl chloride (0.2 mL)
and obtained as a white solid in 50% yield. FAB-MS Calcd for CgqHgsN140sS, miz =
1250.7, Found m/z = 1251.7 [M+H]. Anal. Calcd for CgsHggN1405S,22.5H,0, C= 59.28;
H=7.70; N=15.12; S=4.95, Found C=59.66; H=7.28; N=14.62; S=4.43.

Assembly 2ds¢(DEB)s: *H NMR (400 MHz, CDCls, 298K) 8=14.01 (s, 2 H; Ha), 13.25
(s, 2 H; Hp) 852 (s, 2 H; Hc) 7.80-7.79 (M, 2 H; Hy), 7.13-7.04 (m, 4 H; ArH), 6.95 (s, 2
H; Hy), 6.89-6.83 (m, 4 H, Hg, ArH), 6.67 (s, 2 H; He), 6.04 (s, 2 H; Hy), 5.14 (m, 2 H;
NHp), 4.54, 4.48 and 3.28, 3.10 (2ABq, 2J(H,H)=13.6 and 14.0 Hz, 8 H; ArCH,Ar), 4.15-
4.02 (m, 4 H, OCH,), 3.91-3.82 (m, 4 H; H;, OCHy,), 3.61 (m, 2 H; OCH,), 2.76-2.58 (m,
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6 H; Hj, H, H), 2.41-2.34 (M, 2 H; Hy), 2.05-1.83 (M, 18 H; Ho, OCH,CH,, CH,(DEB)),
1.25-0.80 (M, 44 H; Hp, Hg, CH3), 0.73 (t, 3J(H,H)=7.4 Hz, 6 H; H,).

5,17-Bis({4-amino-6-[ (N-diethylphosphatyl-3-amino-2,2-dimethylpr opyl)amino]-
1,3,5-triazine-2-yl}-amino)-25,26,27,28-tetr apr opoxycalix[4]arene (2€) was prepared
from calix[4]arene dimelamine 2a (0.10 g, 0.99 mmoal) and diethyl chlorophosphate (0.2
mL) and obtained as awhite solid in 47% yield. FAB-MS Calcd for CgqHgsN140OgP, Mz =
1282.7, Found nvVz = 1283.7 [M+H]. Ana. Calcd for CesHgsN1409P2#2H,0, C=58.26;
H=7.64; N=14.86, Found C=58.67; H=7.48; N=14.77.

Assembly 2e;¢(DEB)s: *H NMR (400 MHz, CDCl3, 298K) 6=14.13 (s, 2 H; Hy), 13.34
(s, 2H; Hyp), 843 (s, 2 H; He), 7.67 (m, 2 H; Hg), 7.12 (m, 6 H; ArH + Hg), 6.90 (s, 2 H;
Hy), 6.86 (t, 2H, J = 7.4 Hz, ArH), 6.67 (s, 2 H; He), 6.03 (s, 2 H; Hy), 4.51, 4.47 (2d,
2J(H,H)=13.2 and 13.6 Hz, 4 H; ArCHAr), 4.14-3.64 (m, 18 H; OCH,, H;), 3.22-3.08
(m, 6 H; ArCH2Ar, Hy), 2.74-2.64 (m, 4 H; H;, H)), 2.10-1.83 (m, 16 H; OCH,CH,, CH,
(DEB)), 1.31-0.86 (m, 42 H; CHg), 0.81 (t, 2J(H,H)= 7.4 Hz, 6 H; CHs(ethyl)).

5,17-Bis({4-amino-6-[(3-aminopr opyl)amino]-1,3,5-triazine-2-yl}-amino)-
25,26,27,28-tetr apr opoxycalix[4]arene (3a). Bis(chlorotriazine) 4 (0.5 g, 0.57 mmol)
and 1,3-propanediamine (10 mL) were heated at 90°C overnight. Addition of H,O gave
3a as a white precipitate in quantitative yield. FAB-MS Calcd for Cs;H7oH1404 Mz =
954.6, Found m/z = 955.5 [M+H]. Anal. Calcd for Cs;H7oH1404¢10.3H,0, C=54.75;
H=8.00; N=17.19, Found C=54.64; H=7.90; N=17.50.

Assembly 3ags(DEB)s: *H NMR (300 MHz, CDCl3, 298K) & = 14.08 (s, 2 H; H,), 13.29
(s, 2H; Hyp), 834 (s, 2 H; He) 7.44-7.53 (m, 2 H; Hg), 7.08-6.79 (M, 6 H; ArH), 6.89-6.79
(M, 4H; ArH, Hy), 6.61 (s, 2 H; Ho), 5.96 (d, 2 H; *J(H,H)=2.0 Hz 2 H; Hy), 4.42 (1,
2J(H,H)=15.0 Hz, 4 H; ArCH,Ar), 4.00 (g, 4H; OCH,), 3.78 (m, 2H; H:), 3.56 (t,
3J(H,H)=6.3 Hz, 4 H; OCH,), 3.13-3.05 (m, 4H; ArCH,Ar); 2,70 (t, *J(H,H)=6.8 Hz, 4 H;
Hi, Hy), 2.03-1.62 (M, 22 H; Hy, H;, Hy, CH2(DEB), OCH,CHy), 1.05 (t, *J(H,H)=7.2 Hz,
6 H; OCH,CH,CH3) 1.08-0.70 (m, 18 H; CH3(DEB, OCH,CH,CHy3).

5,17-Bis({4-amino-6-[ (N-pr opylcar bamoyl-3-aminopr opyl)amino]-1,3,5-triazine-2-
yl}-amino)-25,26,27,28-tetr apr opoxycalix[4]arene (3b). Caix[4]arene dimelamine 3a
(0.20 g, 0.21 mmol) was dissolved in a mixture of THF/DMF (110 mL (8:3)) and propy!
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isocyanate (51.4 uL, 0.59 mmol) was added. The mixture was stirred at rt for 1h. H,O
was added to the solution. The mixture was evaporated to dryness and CH,Cl, was added.
The solution was washed with H,O and brine and dried (Na,SO,). Evaporation of the
solvent gave the crude product as a white solid, which was purified by column
chromatography (CH,Cl,:MeOH:NH4OH (90:9.5:0.5)) to give the pure product in 89%
yield. FAB-MS Calcd for CgoHgaN160s MYz = 1124.7, Found myz = 1125.56 [M+H]. Anal.
Calcd for CgoHgaN1606011.8H,0 C=53.86 ;H=8.11 ;N=16.75, Found C=53.68; H=8.17;
N=17.39.

Assembly 3bz(DEB)s: *H NMR (300 MHz, CDCl3, 298K) §=13.97 (s, 2 H; Hy), 13.20
(s, 2 H; Hp) 8.48 (s, 2 H; Ho) 7.51 (d, 3J(H,H)=5.1 Hz 2 H; Hg), 7.09-7.02 (m, 6 H; ArH,
Hg), 6.90 (s, 2 H; Hy), 6.83 (t, *J(H,H)=7.2 Hz, 2 H; ArH), 6.66 (s, 2 H; He), 6.04 (d,
3J(H,H)=2.4 Hz 2 H; Hy), 4.94 (d, 3J(H,H)=6.3 Hz, 2 H; Hy), 4.46 (ABg, 2J(H,H)=13.2
Hz, 4 H; ArCH,ATr), 4.10-3.86 (m, 6 H; OCH,, H;), 3.58 (t, *J(H,H)=6.5 Hz, 4 H; OCH,),
3.51-3.40 (m, 2 H; Hy), 3.20-2.90 (m, 10 H; H;, H,, Ho, ArCH2Ar), 2.72-2.61 (m, 2 H;
H)), 2.45-2.32 (M, 2 H; Hp), 2.10-1.74 (M, 16 H; CHx(DEB), OCH,CHy), 1.74-1.56 (m, 4
H; Hy, Hy), 1.21-1.10 (m, 4 H; H,, Hy), 1.06 (t, *J(H,H)=7.5 Hz, 6 H; OCH,CH,CHj), 0.93
(t, 3J(H,H)=7.2 Hz, 6 H; CH3(DEB)), 0.84-0.74 (m, 12 H; OCH,CH,CH3, CH3(DEB)),
0.67 (t, *J(H,H)=7.4 Hz, 6 H; Hy).

5,17-Bis({4-amino-6-[ (N-pr opylcar bonyl-3-aminopr opyl)amino]-1,3,5-triazine-2-yl}-

amino)-25,26,27,28-tetr apr opoxycalix[4]ar ene (3c). Calix[4]arene dimelamine 3a (0.20
g, 0.21 mmol) was dissolved in CH,Cl, (50 mL) and butyrylchloride (62.5 uL, 0.60
mmol) was added. The mixture was stirred at rt for 1h then H,O was added. The mixture
was evaporated to dryness and CH,Cl, was added. The solution was washed with H,0O
and brine and dried (NaSO,). Evaporation of the solvent gave the crude product as a
white solid, which was purified by column chromatography (CH2Cl,:MeOH:NH,OH
(90:9.5:0.5)) to give pure product in 70% yield. FAB-MS Calcd for CgoHgoH140s Mz =
1094.7, Found myz = 1095.6 [M+H]. Anal. Calcd for CgoHgoN1406211.5H,0 C=55.33;
H=8.12; N=15.05, Found C=55.23; H=8.03; N=15.29.

Assembly 3cz»(DEB)s: *H NMR (300 MHz, CDCls, 298K) & = 14.04 (s, 2 H; Hy), 13.25
(S, 2 H; Hy), 8.41 (s, 2 H; H,), 7.55-7.46 (m, 2 H; Hg), 7.08-7.00 (M, 6 H; Hg, ArH), 6.89
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(s, 2 H; Hy), 6.81 (t, *J(H,H)=7.4 Hz, 2 H; ArH), 6.65 (s, 2 H; He), 5.99-5.96 (m, 2 H; H}),
5.93(t, 2J(H,H)=6.0 Hz, 2 H; Hy), 4.43 (t, 2J(H,H)=14.4 Hz, 4 H; ArCH,Ar), 4.10-3.82
(m, 6 H; OCHy, Hi), 3.56 (t, 2J(H,H)=6.6 Hz, 4 H; OCHy), 3.50-3.36 (m, 2 H; H), 3.17-
3.01 (m, 6 H; ArCHzAr, H)), 3.00-2.86 (m, 2 H; H)), 2.04-1.62 (m, 20 H; Hs, Hy,
OCH,CH,, CH, (DEB)), 1.40-1.29 (m, 6 H; Huo, Hp, Hg), 1.06 (t, 3J(H,H)=7.5 Hz, 6 H,
OCH,CH,CHs), 0.98-0.72 (m, 18 H; CH3(DEB), OCH,CH,CHg), 0.69 (t, 2J(H,H)=7.2
Hz, 6 H; H,)).
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Chapter 4

Self-Assembly of Amino Acid and Peptide
Functions on a Noncovalent Platform

In Chapter 3 it was demonstrated that small polar functionalities can be introduced
onto the rosette platform. This chapter describes the introduction of amino acids at the
periphery of the hydrogen-bonded assemblies. The amino acids can be coupled to the
calix[ 4] arene dimelamines via an ureido or amide bond. The introduction of peptides or
bulky amino acids inhibits partially or completely the formation of the double rosette
assemblies. Thermodynamic stabilities of several amino acid functionalized hydrogen-
bonded assemblies were determined by CD titrations in CH,Cl, with THF. The stability
of the assemblies depends on the size of the side chain of the amino acids, the spacer that
connects the amino acids to the melamines, and the type of linker that connects the amino
acid and the spacer (ureido or amide).



Chapter 4

4.1 Introduction

Natural antibodies (Chapters 2 and 3) contain peptidic arms that recognize an
antigen. The simple combination of 20 natural amino acids allows the immune system to
create an astonishing variety of antibodies for the specific recognition of antigens. So far
the research towards the development of molecular receptors bearing peptides has been
mainly focused on the preorganization of the functionalities (amino acids/ peptides) using
covalent platforms.® An excellent example wherein four peptidic loops are arrayed around
a central calix[4]arene core is reported by Hamilton et al. (Figure 4.1).2 This synthetic
receptor binds to the surface of cytochrome ¢ in a manner similar to the natural protein

partners.
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Figure 4.1. Calix| 4] arenes functionalized with four peptide loops designed by Hamilton et al.

In this chapter, the focus is on the noncovalent synthesis of molecular receptors
bearing amino acids and peptides using the double rosette assembly as a platform. As
described in Chapter 3, structural diversity at the supramolecular level in the rosettes can
be generated in an extremely simple way by mixing the individual components under
thermodynamically controlled conditions.® Different polar functionalities (ureas, amides,
and amines) were attached to the double rosette without interfering with the formation of
the hydrogen-bonded network.

In this chapter, the synthesis of different amino acid or peptide functionalized
calix[4]arene dimelamines and their assembly formation with either DEB or CYA is
described. Furthermore, it is shown that the thermodynamic stability of these double
rosette assemblies Y 3¢(DEB)g (Y =1-5; Chart 4.1, 4.2; Figure 4.4, 4.5) is highly dependent
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on the bulkiness of the side chains and the linkage used for connecting the amino acids to
the double rosette platform.

4.2 Results and Discussion
4.2.1 Single Amino Acid Functionalized Calix[4]arene Dimelamines 2

The amido functionalities in 1c (Chart 4.1) significantly stabilize the corresponding
double rosette assembly due to the formation of an additional hydrogen bond between the
amide proton and one of the nitrogen atoms (N-1) of the triazine ring (see Section 3.4.3).
Thus, calix[4]arene dimelamines 2a-f that are functionalized with the N-t-Boc-protected
amino acids via an amide bond (Chart 4.1) were investigated as building blocks for the

formation of the corresponding assemblies 2;¢(DEB)g.

a R'=H

b R'= CONH(CH,),CH,
¢ R'=CO(CH,),CH,

d RR=H;R*=H

a R'=COCH,NHBoc

b R'=(COCH,NH),Cbz

¢ R'=CO-(S)-CH(CH(CH,),)NHBoc

d R'=CO-(S)-CH(CH,CH(CH,),)NHBoc

e R'=CO-(R)-CH(CH,CH(CH,),)NHBoc

f R'= CO-(S)-CH(CH,CH(CH.),)NHBoc; R* = H

DEB L-PheCYA

1, (DEB)¢/(CYA),
2.+ (DEB)¢/(CYA),

Chart 4.1. Molecular structures and schematic representations of the molecular components 1-2, DEB, and
L-PheCYA, and the corresponding hydrogen-bonded assemblies 1;¢(DEB)s /(CYA)s and
23‘(DEB)6 /(CYA)G

Dimelamines 2a-e were synthesized from amino substituted dimelamine 1a and the
corresponding N-t-Boc-protected amino acid (except for 2b that is Cbz protected; see
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Appendix for abbreviations), using standard peptide coupling conditions (EDC/HATU,
DIPEA, see experimental section). The hydrogen-bonded assemblies are formed
spontaneously by mixing calix[4]arene dimelamines 2a-e with either 2 equivalents of 5,5-
diethylbarbiturate (DEB) or cyanurates (CYA) in apolar solvents such as chloroform,
dichloromethane, and toluene.

The *H NMR spectrum of 2age(DEB)s (N-t-Boc-protected glycine side chains)
showed that the assembly is formed quantitatively in chloroform (Figure 4.2).
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Figure 4.2. 'H NMR spectrum of assembly 2ag*(DEB)g (1 mM) recorded in CDCl; at 300 MHz at 298 K.

The very close similarity between the 'H NMR spectra of 2ag*(DEB)s and
1cs*(DEB)s (described in detail in Chapter 3) suggested that both assemblies have very
similar structures. Moreover, the corresponding chiral assembly 2age(L-PheCYA)s
displayed a CD spectrum (Figure 4.3a) virtually identical to that of assembly 1cze(L-
PheCYA)s (see Sections 3.2 and 4.2.2.2 for a discussion about chiraity in double
rosettes).
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After confirming the successful assembly formation of 2aze(DEB)s, the assembly
formations of 2bs*(DEB)s and 2bse(L-PheCYA)g (Chart 4.1) were studied by *H NMR
and CD spectroscopy. The *H NMR spectrum of 2bs*(DEB)g, containing six triglycine
peptides for a total of 18 amide and 6 carbamate functionalities, clearly shows that the
assembly is formed in 80 % yield in chloroform (comparison of the intensities of the H,
and Hy, protons with the intensity of the signal from ArCH,Ar). The spectrum was slightly
broadened, most likely as a result of non-specific aggregation. Assembly 2bse(L-
PheCY A)g displays a CD spectrum characteristic of its formation (Figure 4.3a). The CD
intensity is 25 % lower than that of 2age(L-PheCY A)s, which corresponds well with the
yield determined by NMR, assuming that the molar CD-absorptivities of both assemblies
are comparable.

Subsequently, calix[4]arene dimelamines 2c-2e were studied to probe the effect of
the chain length and geometry of the amino acids on the assembly formation. For
dimelamine 2c, bearing the bulky isopropyl side chain of L-valine, the *H NMR spectrum
revealed that the formation of the assembly 2c;*(DEB)g in CDCl3 occurred only partially
(~ 40%), likely due to steric hindrance from the isopropyl group. In the *H NMR
spectrum in CDClI3 of assembly 2ds¢(DEB)s, which bear an even bulkier side chain (L-
leucine), signals for the hydrogen-bonded NHpgg-protons H, and Hy, were not observed,
indicating little or no formation of the double rosette. However, in a less polar solvent
such as toluene, the assembly is formed quantitatively (>95%). These results clearly show
that the formation and stability of assemblies 2;2(DEB)s is extremely sensitive to steric
effects and solvent polarity. However, it seems only marginaly affected by the presence
of the amide or carbamate functionalities.

The assemblies 2c3¢(DEB)s and 2d3¢(DEB)es display the highly characteristic CD
signal for calix[4]arene double rosette assemblies, which originates from the
diastereoselective formation of the P-isomer (Figure 4.3b).* Despite the fact that the
chiral centers in the side chains are six atoms away from the core of the assembly, the
induction of the P-helicity is virtually complete (>95%) as judged from the single set of
signals for the hydrogen-bonded H, and Hy, protons in the *H NMR spectrum. This fact
further emphasizes the close proximity of the chiral side chains to the assembly as
suggested in Chapter 3. As expected assembly 2e;¢(DEB)g, aso bearing leucine but with
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reversed stereochemistry (D-leucine) from 2ds¢(DEB)s, showed the opposite CD

spectrum (Figure 4.3b).
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Figure 4.3. CD spectra of assemblies (a) 2as*(L-PheCYA)s and 2bze(L-PheCYA)s, and (b) 2cs*(DEB)s,
2d3+(DEB)s, and 2e3*(DEB)e. Spectra were recorded in CH,Cl, (1.0 mM) at 298 K.

Assembly 2f;+(DEB)s (Chart 4.1), which bears a N-t-Boc-protected L-Leu as in
assembly 2ds¢(DEB)s but with a propyl instead of a 2,2-dimethylpropyl spacer, was
investigated by *H NMR spectroscopy. Surprisingly, the assembly 2f3+(DEB)g is formed
guantitavely (>95 %) in CDCIl3 according to the relative intensities of the hydrogen-
bonded NHpgg protons H, and Hp,. Thus, the absence of the geminal methyl groups in
assembly 2f;¢(DEB)s makes it possible to introduce amino acids with bulkier substituents
without destroying the rosette. The absence of the geminal methyl group increases the
conformational flexibility of the spacer allowing the bulky side chain of N-t-Boc-
protected L-Leu not to interfere with the rosette platform.

The results described in this section indicate clearly that the formation of the double
rosette assembly depends very much on the size of the side chain of the amino acid.
Furthermore, the difference between 2d;¢(DEB)s and 2fz;¢(DEB)e indicates that the
introduction of amino acids with bulky side chains is feasible when the spacer is more
flexible (see Scheme 4.1).

4.2.2 Formation and Stability of Assemblies of Amino Acid Functionalized
Calix[4]arene Dimelamines 3 and 4

As described in Section 4.2.1, amino acids bearing bulky side chains strongly

decrease the thermodynamic stability of the double rosette assemblies in CDCls.

Therefore, to probe the scope of the side chain influence, an extensive systematic study
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concerning the formation and stability of a series of amino acid functionalized double
rosettes was carried out (Scheme 4.1).

R = amino acid

apolar solvents
_
VAN —

DEB/CYA

Y+ (DEB)/(CYA),

0 DEB  X= C(CH,CH,),
— iy " RCYA  X= N(R)-CH(CH,)(Ph)
Ak SCGYA X=N(S)-CH(CH,)(Ph)
BuCYA X= N(CH,),CH,

Scheme 4.1. Formation of the double rosette assemblies Yz¢(DEB)g and Y3o(CYA)s (Y=1-5).

4.2.2.1 Synthesisand Characterization of Double Rosette Assemblies

Amino acid functionalized dimelamines 3 and 4 (Figure 4.4 and 4.5) were
synthesized starting from amino substituted calix[4]arene dimelamines 1a (2,2-dimethyl
propyl spacer) or 1d (propyl spacer).> Coupling of the corresponding amino acids to the
dimelamines 1a or 1d was performed either via a urea (3) or an amide (4) bond. Amino
acid functionalized dimelamines 3a-| (urea linkage)® were obtained in 36-90 % yield
(Figure 4.4) by reaction of 1a or 1d with the appropriate amino acid isocyanate derivative
OCN-X-OMe (X = Gly (3a,b), L-Ala (3c,d), L-Phe (3ef), L-Ser(tBu) (3g,i), L-GIn(Trt)
(3j, 3k), L-Lys(Boc) (31)) (only Gly is protected as an ethyl ester).” The reaction was
initiated with the synthesis of N-(4-nitrophenoxycarbonyl)amino acid esters by reaction of
the corresponding amino acid hydrochloride with 1 equiv. 4-nitrophenyl chloroformate in
the presence of 1 equiv. NaHCOs.? The isocyanates were generated in situ from the
corresponding N-(4-nitrophenoxycarbonyl)amino acid ester by reaction with 1 equiv.
DIPEA.
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() 1) NaHCO,
o NO,
0 2) C,)LOO/ o H
R H,0, CH,Cl, R O NO,
RO
(b) , NH,
5 '?
R" O NO,
—_—

R DIPEA, CH,CI,
2
R NH,

1a R’=CH, N—H

1
d R2=H Rlllll;o
RO

3a R'=H, R’=CH,, R’=CH,CH,(90%) 3
b R'=H, R’=H, R’=CH,CH, (86%)
¢ R'=CH,, R’=CH,, R’=CH, (80%) h R'=CH,OH, R’=CH,, R’=CH, (38%)"
d R'=CH,, R’=H, R’=CH, (46%) i R'=CH,O(tBu), R*=H, R’=CH, (83%)
e R'=CH,C,H,), R°=CH,, R’=CH, (62%)  j R'=CH,CH,CONH(Trt), R>=CH,, R’=CH, (36%)
f R'=CH,(C;H,), R’=H, R*=CH, (87%) k R'=CH,CH,CONH(Trt), R>=H, R’=CH, (82%)
g R'=CH,O(tBu), R>=CH,, R’=CH, (81%) 1 R'=(CH,),NH(Boc), R°=CH,, R’=CH, (87%)

Figure 4.4. Synthesis of (a) the N-(4-nitrophenoxycarbonyl)amino acid esters and (b) amino acid
functionalized calix| 4] arene dimelamines 3 via an ureido linkage.
(4 3h is synthesized from 3g by reaction with TFA.

Amino acid functionalized dimelamines 4 (amide linkage) were synthesized in 27-75
% yield (Figure 4.5) from amino substituted dimelamines 1a or 1d and the corresponding
N-t-Fmoc-protected amino acid Fmoc-X-OH (X =Gly (4a,b), L-Phe (4c,d), L-GIn(Trt)
(4ef), L-Lys(Boc) (4g,h), L-Cys(Trt) (4i,j), L-Ser(tBu) (4k), L-Met-OH (4m), L-His(Trt)
(4n), L-Arg(Pbf) (40,p)) using standard peptide coupling conditions (HBTU, DIPEA).
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Fmoc

o Y
HOJH/N\Fmoc
R‘l
—_—
HBTU, HOBL,
DIPEA, CH,Cl,
1a R’=CH,
d R’=H
4a R'=H, R=H (44%) 4
b R'=H, R’=CH, (27%)
¢ R'=CH,(C.H,), R’=H (58%) j R'=CH,S(Trt), R>=CH,(37%)
d R'=CH,(C.H,), R’*=CH, (56%) k R'=CH,O(tBu), R*=H (75%)
e R'=CH,CH,CONH(Trt), R’=H (54%) | R'=CH,OH, R’=H (61%)"
f R'=CH,CH,CONH(Trt), R°=CH, (66%) m R'=CH,CH,SCH,, R*=H (62%)
g R'=(CH,),NH(Boc), R*=H (73%) n R'=CH,(C-N-CH-N(Trt)-CH), R*=CH, (40%)
h R'=(CH,),NH(Boc), R°=CH, (71%) o R'=(CH,),;NHC(NH)(NH(Pbf), R*=H (65%)
i R'=CH,S(Trt), R’=H (54%) p R'=(CH,),NHC(NH)(NH(Pbf), R°=CH, (54%)

Figure 4.5. Synthesis of amino acid functionalized calix[ 4] arene dimelamines 4 via an amido linkage.
(3 4] is synthesized from 4k by reaction with TFA.

The formation of the corresponding hydrogen-bonded assemblies was studied by *H
NMR spectroscopy. For assemblies 43¢(DEB)g the percentage of assembly formed was
determined by comparing the intensities of the signals of the hydrogen-bonded NHpgg-
protons Ha and H, with those of the Fmoc signal at 7.62 ppm.° For the assemblies
33*(DEB)s the percentage of assembly was determined by comparison of the intensities of
the H, and Hy, protons with the intensity of the signal from ArCH.Ar. The assemblies
33*(DEB)s are formed in quantitative yield (>95 %) in contrast to the assemblies
43+(DEB)s (Table 4.1). From the values in Table 4.1 it can be seen that the rosette
formation for 4;¢(DEB)s is dependent on the size of the amino acid. The assemblies
functionalized with Gly (4a,b) are formed quantitatively (> 95%), while assemblies
bearing amino acids with a bulky side chain, e.g. 4d;*(DEB)s (L-Phe), 4gs*(DEB)s (L-
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Lys(Boc)), or 4j3¢(DEB)s (L-Cys(Trt)) are formed only partially. Furthermore, it seems
that the spacer also has some influence on the yield of the assembly. In general, the
hydrogen-bonded assemblies deriving from calix[4]arene melamines containing a propyl
gpacer as in 4c (L-Phe) and 4i (L-Cys(Trt)) are formed in a higher yield than the
assemblies containing a 2,2-dimethylpropyl spacer (4d (L-Phe) and 4j (L-Cys(Trt)). This
islikewise observed for the assemblies 2dz¢(DEB)s and 2f3¢(DEB)g (Section 4.2.1).

Table 4.1. Percentage of amino acid functionalized double rosette assemblies formed in CDCl; (1 mM, 298

K)
Assembly % Rosette |  Assembly % Rosette
Formation Formation
3ag*(DEB)s” Gly >95% | 4age(DEB)g Gly > 95 %
3bz*(DEB)g® Gly >95% | 4bsz*(DEB)s Gly > 95 %
3cz+(DEB)g” L-Ala >95% | 4cg*(DEB)g™ L-Phe > 95 %
3ds*(DEB)d®  L-Ala >095% | 4ds+(DEB)s L-Phe ~ 55 %4
3e;(DEB)g? L-Phe >95% | 4e*(DEB)g L-GIn(Trt)  not determined
3f3*(DEB)g” L-Phe >095% | 4f3+(DEB)s L-GIn(Trt)  not determined
30:*(DEB)s® L-Ser(tBu) >95% |4gs*(DEB)s  L-Lys(Boc)  ~52 %
3hz*(DEB)s? L-Ser(OH) >95% |4hs(DEB)s  L-Lys(Boc) not determined
3is(DEB)s®  L-Ser(tBu) >95% | 4iz(DEB)s®  L-Cys(Trt) ~90 %@
3i*(DEB)dY L-GIn(Trt) >95% | 4js+(DEB)dY  L-Cys(Trt) ~ 35 %
3kz*(DEB)¢® L-GIn(Trt) >95% |4k (DEB)s  L-Ser(tBu) > 95 %
3l3(DEB)dd L-Lys(Boc) >95% | 4l5+(DEB)s L-Ser(OH) > 90 %
4mge(DEB)g L-Met > 95 %
4n3¢(DEB)s L-His(Trt)  not determined
403(DEB)s L-Arg(Pbf) not determined
4ps*(DEB)s  L-Arg(Pbf) ~ 29 9%l

@ Due to complicated "H NMR spectra, the determination of the yields is not precise.

®1 3.0 mM rosette.

(91,0 mM rosette in CD,Cl,.

The effect of the deprotection of side group of 3h and 41 on the rosette formation was
found to be negligible. The 'H NMR spectrum of the corresponding assemblies
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3h3¢(DEB)s and 4l3¢(DEB)s showed that both assemblies were formed in > 95 % and >
90 % yield, respectively, and comparable to the fully protected assemblies 3g;¢(DEB)g or
4k 3+(DEB)s.

A possible explanation for the difference between the assemblies 33¢(DEB)s and
45+(DEB)g can be extracted after reexamination of the minimized structures obtained
from the gas-phase molecular modeling calculations (Quanta 97, CHARMm 24.0) of
assembly 1bse(DEB)g (bearing propyl urea) and 1cs*(DEB)g (bearing propyl amide) (see
also Chapter 3, Figure 4.6). Due to the presence of the urea linkage, the side chains of the
amino acids in assemblies 3;+(DEB)g are positioned one atom further from the core of the
rosette (Figure 4.6a) than in assemblies 43¢(DEB)s, bearing an amide linkage (Figure
4.6b). Therefore, the side chains in assemblies 3;¢(DEB)s are directed away from the
rosette plane while in assemblies 43¢(DEB)¢s the side chains are directed towards the
rosette plane. Steric strain due to the side chains pointing towards the double rosette plane

in assemblies 43¢(DEB)¢ shifts the equilibrium towards the building blocks.

Figure 4.6. Gas-phase-minimized structure of assembly (a) 1bss(DEB)g and (b) 1cz*(DEB)s, in which the
position of the side chains are colored in black. In (a) the functional groups will point away
from the rosette plane, while in (b) the functional groups will point towards the rosette plane.

These results indicate that the linkage type (ureido versus amido) has influence on
the formation of the double rosette assemblies. Ureido seems to be a better linker, due to
less steric strain between the amino acids side chain and the rosette platform. In
assemblies 4;¢(DEB)s the length and bulkiness of the side chain and the spacer between
the amino acid and the rosette platform seems to have an effect on the rosette formation.
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In comparison to the 2,2-dimethylpropyl spacer, the more flexible propyl spacer allows
better introduction of amino acids with bulky side chains.

4.2.2.2 Chiral Induction and Thermodynamic Stability

The double rosette structure is chiral as a result of the nonsymmetrical arrangement
of the building blocks. In the absence of any source of chirality, the assembly exists as a
racemic mixture of the M- and P-enantiomers (see Section 3.2). Chiral substituents at the
periphery of the rosette assembly can strongly induce the formation of only one
diastereomer. In this case, the double rosette displays a highly characteristic CD
spectrum, while the individual compounds are hardly CD active. The extent of chiral
induction can be quantified by 'H NMR spectroscopy. If the assembly is present as a
diastereomeric mixture (M- and P-), four signals for the NHpgg-protons H, and Hy, are
expected, while if only one diastereomer (M- or P-) is present, only two signals for the
NHpgg-protons H, and Hy, are expected. The integration of the signals of protons H, and
Hy, alows the facile determination of the diastereomeric excess (d.e.).

Assembly 3g3*(DEB)s (L-Ser(tBu) and 2,2-dimethylpropyl spacer) and 3j3z¢(DEB)e
(L-GIn(Trt) and 2,2-dimethylpropyl spacer) do not show complete chiral induction, while
assembly 3iz*(DEB)s (L-Ser(tBu) and propyl spacer) and 3ks¢(DEB)s (L-GIn(Trt) and
propyl spacer) do. These results indicate that the degree of chira induction is small for
the less flexible spacer. A possible reason for this observation is that the 2,2-
dimethylpropyl spacer, due to the steric bulk of the two geminal CH3 groups, adopts a
conformation in which the tBu-protected L-Ser and Trt-protected L-GIn units experience
steric hindrance regardless of the helicity of the rosette. Hence, the free energy difference
between the two diastereomersis smaller.

However, with R-CYA or SCYA (Scheme 4.1) instead of DEB the assembly
formation with calix[4]arene dimelamines 3g and 3i gave a quantitative chiral induction
and, as expected for enantiomers, the CD spectra of the assemblies 3gz*(R-CYA)s and
393*(SCYA)s display opposite signals. Thus, *H NMR spectroscopy combined with CD
spectroscopy showed that the R- or SCYA determines the helicity completely, without
interference of the chirality of the calix[4]arene dimelamine.
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The chiral induction of the assemblies 43¢(DEB)s was not studied in detail. In
general, the signals for protons H, and Hy, are broad in the *H NMR spectra, which makes
it difficult to determine how many signals are present in the spectra.

Thermodynamic Stability

The thermodynamic stability of an assembly is given by the difference in free energy,
AGP®, between the assembly and the free components. AH® is mainly determined by the
enthalpy of hydrogen bond formation and is therefore proportional to the number of
hydrogen bonds formed (ay X HB). AS’ is determined by the changes in translation and
rotation entropy, and the entropy (de)solvation. These are related to N-1, in which N isthe
number of components involved (a x (N-1)T). The difference in free energy is given by
AG® = ay X HB —a& x (N-1)T. The melting point index, |+m, corresponds to the temperature
at which the assembly would dissociate into its separate components. At this temperature
AG=0, thus AH = TAS. Therefore Whitesides and co-workers™ defined I+m = HB / (N-1)
as a measure for the stability of hydrogen-bonded assemblies. In order to reach AG=0
experimentally, the temperature can be increased (TAS), or AH can be decreased by
addition of a competing solvent.

'H NMR titrations with DM SO-ds have been used to measure the stability of the
assemblies' (see also Chapter 3). The thermodynamic stability of the assemblies is given
by x, in which the x-value represents the % of polar solvent present corresponding to the
formation of only 50% of the assembly. These measured values were in good agreement
with the calculated I+, values. Nevertheless, I+, values can only be used to compare the
thermodynamic stability of comparable structures. If the entropy of the individual
components is different, e.g. due to different flexibility, the calculated I+, values are not
comparable. The net enthalpy strongly depends on the hydrogen bond formed, i.e.
cyanurates form much stronger hydrogen bonds than barbiturates.™

The effect of the different functional groups of 3 and 4 on the thermodynamic
stability in CDCl;, of the corresponding hydrogen-bonded assemblies was investigated by
addition of THF and monitoring of the CD spectra (see Table 4.3). The results indicate
that the stability of assemblies depends on the side chain bulkiness of the amino acids.

Assemblies formed with 5,5-diethylbarbiturate (33¢(DEB)s, 2,2-dimethylpropyl
spacer), decrease in stability: 3cz*(DEB)s (xhr = 26; L-Ala) > 3e3*(DEB)g (yTHr = 20; L-
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Phe) and 3l3¢(DEB)s (ythF = 17; L-Lys(Boc)). A similar trend is observed for assemblies
formed with cyanurate (33*(R-CYA)s, 2,2-dimethylpropyl spacer). The highest
thermodynamic stability is observed for assembly 3az*(R-CYA)s (xtrr = 89; Gly), while
the thermodynamic stability of assemblies bearing a bulkier amino acid is significantly
lower (3gz*(RCYA)s (xrE = 54; L-Ser(tBu)), and 3j3*(RCYA)s (e = 59; L-GIn(Trt)).
Table 4.3 further indicates that assemblies of 3 with ureido linkages have a higher
thermodynamic stability than assemblies of 4 with an amido linkage (3az*(R-CYA)s (X tHF
= 89) versus 4bz*(R-CYA)s (xtur = 79) and 3iz*(DEB)s (ytur = 20) versus 4kz*(DEB)e
(xtur = 10), respectively). The results show once more that assemblies with cyanurates
(CYA) are more stable than with barbiturates (DEB) due to the formation of stronger
hydrogen bonds.**

Table 4.3. Thermodynamic stability measurements of assemblies 3;¢(DEB)g, 33(RCYA)s, 45(DEB)s, and

45(RCYA)s.
Assembly ATHA® Assembly ATHR

(ureido linkage) (amido linkage)

3az(R-CYA)s Gly 89 | 4bs*(R-CYA)s Gly 79
3b3*(R-CYA)s Gly 88 | 4cy*(DEB)s L-Phe 17
3cs*(DEB)s L-Ala 26 | 4ds+(DEB)g L-Phe 7t
3e3*(DEB)s L-Phe 20 | 4gs*(DEB)s L-Lys(Boc) 7"
3gs*(R-CYA)s  L-Ser(tBu) 54 | 4ks+(DEB)s L-Ser(tBu) 10
3hz*(R-CYA)s  L-Ser(OH) 62 | 4l3(DEB)g L-Ser(OH) 5t
3iz»(DEB)s L-Ser(tBu) 20

3jz( R-CYA)s  L-GIn(Trt) 59

3l3+(DEB)s L-Lys(Boc) 17

4y = percentage of polar solvent at which 50% of the assembly isintact.

) 1n 100% CH,Cl,, the assemblies are only partially formed, therefore y = percentage of polar solvent at
which 50% of the assembly that was present at 100% CH,Cl, is till intact.

[ No S-shape curve was observed.

The trend in the thermodynamic stability of the different assemblies 3;¢(DEB)s and

44+(DEB)s measured by CD is in agreement with the earlier 'H NMR measurements, i.e.
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(1) the bulkiness of the amino acid side chain decreases the stability of the assemblies, and
(i) assemblies with ureido linkages are more stable than with amido linkages.

4.2.3 Peptide Functionalized Calix[4]arene Dimelamines 5

Double rosette assemblies formed of dimelamines containing peptidic arms 5a-5e
(Chart 4.2) were investigated, because these would allow for a rapid increase in the
chemical diversity of rosette libraries (Chapter 7). Assembly 2bs¢(DEB)g with triamino
acid (GlysChbz) side chains is formed in high yield (80 %) in CDCl3 (see Section 4.2.1)
Therefore, the first approach to introduce different amino acids onto the rosette platform
concerned the assembly of calix[4]arene dimelamines containing linear peptides (5a-¢,
Chart 4.2). To avoid steric strain close to the rosette platform, Gly was aways chosen as
the first amino acid.

-

R‘
R?A(\'H i 5a R'=Gly-Gly-L-Phe-Boc, R*=H
NH NH b R =Gly-L-AlaL-L-Tyr(tBu)-L-Lys(Boc)-Gly-Boc, R’=H

.
.
'
.
’

NH ¢ R =Gly-L-Ala-L-Tyr-L-Lys-Gly-H, R’=H
NS NH d R =Gly-L-Asn(Trt)-Gly-L-Lys(Boc)-Gly-Boc, R’=H
~0

e R =Gly-L-Asn(Trt)-Gly-L-Lys(Boc)-Gly-Boc, R2=CH3
D\-AIa-Boc

, NA R NH 1 2
R NH | f R= ,R™=H
R? l1 R1 O/
R H

D-Ala-Boc
Chart 4.2. Molecular structure and schematic representation of peptide calix[4]arene dimelamine

derivatives 5.

The linear peptides were synthesized using solid-phase synthesis. The first amino
acid, Fmoc-Gly-OH (4 equiv), was coupled to the ArgoGel-OH resin by using 2,6-
dichlorobenzoylchloride (4 equiv) and pyridine (6.6 equiv). The following Fmoc-
protected amino acids (4 equiv) were coupled to the resin using HBTU (4 equiv), and
DIPEA (8 equiv) in an automated procedure.** Upon completion of the synthesis of the
desired peptide, cleavage from the solid support was accomplished with 10% EtsN in
MeOH, yielding the methyl ester protected peptide (Figure 4.7). Deprotection of the
methyl ester of the obtained peptide was achieved using LiOH (5 equiv) in a mixture of
THF/MeOH (1:1). Subsequently, the peptide was coupled to the calix[4]arene
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dimelamine 1a or 1d using standard peptide coupling conditions (HATU, HOBt, DIPEA,
see experimental section).

2,6-dichlorobenzoyl- O
chloride (4 equiv.) 1) 40% piperidine in NMP
.—- [Linker] \ —>
inke pyridine (6.6 equiv) ® e — AT 2) 20% piperidine in NMP

(4 equiv.)
H AR o) ®

HBTU (4 equiv.)
DIPEA (8 equiv.)

repeating deprotection
and coupllng cycle 10% EtaN in MeOH
Linker——V—2Va— ...

® ArgoGel-OH O Permanent protection, Boc, Trt, tBu

<—> Temporary protection, Fmoc A Amino acid

Figure 4.7. Solid-phase synthesis of the peptidic chains.

Assembly 5age(DEB)g containing triamino acid Gly,PheBoc is formed in ~ 80 %
yield according to the intensities of the signalsin the *"H NMR spectrum of this assembly.
Thisresult is comparable to Gly;Chz (2bze(DEB), Section 4.2.1).

In assembly 5az*(DEB)g the chain attached to the rosette platform is chiral (bearing
L-Phe) and therefore, the assembly could exist as a mixture of the P- and M-
diastereomers (see Chapter 3 and Section 4.2.2.2 for a more detailed discussion about
chirality), giving two signals for a single proton in the *H NMR spectrum. The spectrum
clearly shows two signals for both NHpgg-proton H, and the Hc proton, indicating that
indeed both diastereomers are formed (Figure 4.8). This result is expected because the
chiral centers in the assembly are twelve atoms away from the core of the double rosette.
Integration of the signals of the NHpgg-protons H, and H, should give the relative
concentration of the M- and the P-diastereomers formed. Unfortunately the 'H NMR
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signals for the diastereomeric protons overlap with each other, making the accurate
determination of the diastereomeric excess impossible. Nevertheless, CD spectroscopy of
assembly 5az*(DEB)s (1 mM in CDCl3) showed a maximum intensity of Ae =7 |-mol’
L.em™ at 290 nm. This small intensity indicates that both diastereomers must be present in
an almost equimolar amountsin CDCls.

b

free DEB

14 13 9 8 O (ppm)

Figure 4.8. Part of the 'H NMR spectrum of assembly 5ag*(DEB)s, showing the formation of the M- and P-
diastereomers (2 signals for NHpgg-proton H, and proton H)

Calix[4]arene dimelamines 5¢ and 5d (Chart 4.2) bearing pentapeptidic chains hardly
showed rosette formation (< 20 %) with either DEB or BUCYA in the 'H NMR spectrum.
Contrary to what is observed for the single amino acid functionalized calix[4]arene
dimelamines 4, assembly 5e3¢(DEB)s, containing the 2,2-dimethylpropyl spacer, is
formed in a high yield (> 80 %), while 5d, bearing the less sterically demanding propyl
spacer, does not form the rosette assembly.

A second approach for the introduction of multiple amino acids onto the rosette
platform was also investigated. Instead of alinear peptide, a phenyl ring meta-substituted
with amino acids was coupled to calix[4]arene dimelamines. In this way, additional
preorganized binding cavities on both the top and bottom of the double rosette are
introduced, thus reducing the loss in entropy upon complexation. The synthesis started
with the protection of the carboxylic acid of 3,5-diaminobenzoic acid as the methyl ester,
followed by the coupling of N-t-Boc-D-Ala-OH using standard peptide coupling
conditions (HBTU, HOBt, DIPEA) to yield 6. Deprotection of 6 by LIiOH yielded
carboxylic acid 7 (Figure 4.9), that is then coupled to the calix[4]arene dimelamine 1d
yielding 5f (Chart 4.2).
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o H
|
OsOH O OMe 1oy Nagos
% HSC—Q—SQH ?(/ £ (R1 = CH,)
e L -
H,N NH, MeOH,A H,N NH, HBTU, HOBt,
DIPEA, CH,Cl,
H O o H . H O o H
1 1 LiOH-H,O 1 1
74ON /é\JLN OX—2>7<ON /éJLN OX
YN N YN N
11 1 1 MeOH/THF 1 I ;
O R H H R O O R H H R O
6 7

Figure 4.9. Synthesis of the di-amino acid functionalized building block 7.

Calix[4]arene dimelamine 5f does not form the rosette assembly with DEB in CDCls3,
according to 'H NMR spectroscopy (no signals were observed at 13-15 ppm).
Fortunately, by changing to BUCYA (which forms stronger hydrogen bonds then DEB)™
and using a less polar solvent (benzene-dg), the assembly 5fz¢(BuCY A)g was formed in >
80 % yield.”®

4.3 Conclusions

The results shown in this chapter demonstrate that steric strain (i.e. the flexibility of
the spacer connecting the amino acid to the double rosette, and the nature of the linkage
connecting the amino acid to the spacer) in the assembly is an important factor that
determines to what extent an assembly is formed. The double rosette assemblies
33*(DEB)s (amino acids connected via an ureido linkage) are, in contrast to the
assemblies 432(DEB)s (amino acids connected via an amido linkage), al formed in
guantitative yield. The reason is that in assemblies 33¢(DEB)¢ the side chain is pointing
away from the rosette platform, while for assemblies 43¢(DEB)g, this side chain is
pointing towards the rosette. The chira induction is also strongly affected by the steric
strain in the assemblies. Assemblies 33+(DEB)g with propyl spacers show complete chiral
induction, while in assemblies with the 2,2-dimethylpropyl spacer the induction of
chirality is not always complete, i.e. more than one diastereomer is formed. Moreover, it
is aso shown that for the assemblies 33¢(CY A)s only the chiral center in the cyanurates
(R- or SCYA) determines the helicity and the degree of chiral induction of the assembly,
irrespective of the chirality of the calix[4]arene dimelamines.
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Furthermore, stability of the rosettes upon the introduction of longer peptidic chains
onto the hydrogen-bonded platform seems to depend on the same factors. Therefore, a
combinatorial approach towards the synthesis of hydrogen-bonded assemblies bearing
peptidic chainsisfeasible.

4.4 Experimental Section

'H NMR spectra were recorded on a Varian Unity 300 spectrometer using
tetramethylsilane (TMS) or the corresponding solvent as internal reference. The 2D DQF-
COSY consisted of 1024 datapointsin t, and 256 increments in t;. FAB-MS spectra were
recorded with a Finnigan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA) as a
matrix. MALDI-TOF mass spectra were recorded on a PerSpective Biosystems V oyager-
De-RP spectrometer. A 337 nm UV nitrogen laser producing 3 ns pulses was used in the
linear and reflectron modes. CD spectra were measured on a JASCO J715
spectropolarimeter in a 0.01 cm width cell at 298 K. The synthesis of compounds 1a-d is
described in Chapter 3.

Formation of assemblies Y3¢(DEB)s /(CYA)s (Y = 1-5)

Hydrogen-bonded assemblies Y 3¢(DEB)s were prepared by mixing calix[4]arene
dimelamines Y with 2.5 or 4 equivalents of DEB in CDCl3, CD,Cl, or THF for 15 min.
Similarly, assemblies Y3(CYA)s were prepared by mixing the corresponding
calix[4]arene dimelamines Y with 2.5 equivalents of CYA in CDCl3, CH,Cl,, CgDg oOr
THF for 15 min.

Calix[4]arene dimelamine 2a. Calix[4]arene dimelamine 1a (0.050 g, 0.049 mmol), N-
t-Boc-Gly-OH (0.019 g, 0.11 mmol), and DMAP (0.036 g, 0.30 mmol) were dissolved in
CH.Cl; (15 mL) and the mixture was stirred at 0 °C. EDC.HCI (0.038 mg, 0.11 mmol)
was added and the mixture was stirred 1 hour at 0 °C, followed by 1 week at room
temperature (after 3 days, extra DMAP (0.010 g, 0.082 mmol) and EDC.HCI (0.010 mg,
0.52 mmol) were added). The organic layer was washed with HCl (1N), H,O, sat.
NaxCO;3 solution, and brine and dried (MgSO,). Evaporation of the solvent gave the crude
product as a white solid, which was purified by preparative TLC (CH,Cl,:MeOH:NH,OH
(90:9.5:0.5)) to give pure product in 34% (0.022 g, 0.017 mmol). *H NMR (300 MHz,
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CDCls, 298K) & = 7.6 (br s, 1 H; NH), 7.1-6.7, 6.5-5.9 (br m, 21 H; NH, ArH), 4.37
(ABq, 2J(H,H)=13.2 Hz, 4 H; ArCH.Ar), 3.94 (t, *J(H,H)=6.9 Hz, 4 H; OCH,), 3.7 (br s,
2 H; CHH (Gly)), 3.59 (t, *J(H,H)= 6.3 Hz, 4 H; OCH,), 3.1-3.0 (m, 8 H; ArCH-Ar,
NCH.C), 2.9 (br s, 4 H; NCH.C), 2.4-2.0 (br s, 2 H; CHH (Gly)), 2.0- 1.7 (m, 8 H;
OCH,CHj), 1.40 (s, 18 H; Boc), 1.02 (t, 3J(H,H)= 7.4 Hz, 6 H; OCH,CH,CHs), 0.85-0.80
(m, 18 H; CCHs, OCH,CH,CHs). FAB-MS Calcd for CroHi00N16010 mMVz = 1324.8,
Found m/z = 1325.9 [M+H].

Calix[4]arene dimelamine 2b. Calix[4]arene dimelamine 1a (0.050 g, 0.049 mmol), N-
Cbz-Gly-Gly-Gly-OH (0.035 g, 0.11 mmol), and EtsN (0.028 mL, 0.20 mmol) were
dissolved in DMF (15 mL). HATU (0.041 mg, 0.11 mmol) was added and the mixture
was stirred 1 day at room temperature. The solvent was evaporated and the solid was
dissolved in CH,Cl,. The organic layer was washed with HCl (1N), H,O, sat. NaoCO3
solution, and brine. Evaporation of the solvent gave the crude product as a white solid,
which was purified by preparative TLC (CH,Cl:MeOH:NH4OH (90:9.5:0.5)) to give
pure product in 44% (0.035 g, 0.022 mmol). FAB-MS Calcd for CgsH108N20014 Mz =
1620.8, Found m/z = 1622.3 [M+H].

Assembly 2b3*(DEB)s: *H NMR (400 MHZ, CDCl3, 298K) & = 13.98 (s, 2 H; Hy), 13.19
(s, 2 H; Hp), 856 (s, 2 H; He), 7.77 (s, 2 H; Hy), 7.27-7.20 (m, 12 H; Cbz, ArH), 7.15-
6.82 (m, 10 H; ArH, H, NH), 6.71 (s, 2 H; He), 6.53 (s, 2 H; NH), 6.38 (s, 2 H; NH), 6.12
(s, 2 H; Hy), 5.69 (s, 2 H; NH), 4.49 (ABq, 2J(H,H)= 13.4 Hz, 4 H; ArCH-Ar), 4.16-3.78
(m, 16 H; OCH,, NCH, CH,(Cbz), CH(Gly)), 3.77-3.42 (m, 6 H; OCH,, CH(Gly)), 3.40-
2.94 (m, 8 H; NCH, CH(Gly), ArCH.Ar), 2.76-2.60 (m, 4 H; NCH, CH(Gly)), 2.47 (d,
2J(H,H)= 11.4 Hz, 2 H; NCH), 2.25-1.80 (m, 16 H; OCH,CH,, CHx(DEB)), 1.11 (t,
3J(H,H)= 7.3 Hz, 6 H; OCH,CH,CH3), 1.05-0.68 (m, 30 H; OCH,CH,CHs, CH3(DEB),
CHy). Integrals are not exactly due to only 80% formation of the assembly.

Calix[4]arene dimelamine 2c. Calix[4]arene dimelamine 1a (0.050 g, 0.049 mmol), N-
t-Boc-L-Va-OH (0.024 g, 0.11 mmol), and DMAP (0.036 g, 0.30 mmol) were dissolved
in CH,Cl; (15 mL) and the mixture was stirred at 0 °C. EDC.HCI (0.038 mg, 0.11 mmol)
was added and the mixture was stirred 1 hour a 0 °C, followed by 2 days at room
temperature. The organic layer was washed with HCI (1N), H,O, sat. Na,CO3 solution,
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and brine and dried (MgSO,). Evaporation of the solvent gave the crude product as a
white solid, which was purified by preparative TLC (CH.Cl,:MeOH:NH,OH
(90:9.5:0.5)) to give pure product in 37% (0.026 g, 0.018 mmol). *H NMR (300 MHz,
CDCl3, 298K) 6 = 7.9 (br s, 1 H; NH), 7.1-6.0, 5.6-4.8 (br m, 21 H; ArH, NH), 4.37, 3.06
(ABg, 2J(H,H)= 13.2 Hz, 8 H; ArCHAr), 4.0-3.6 (m, 12 H; OCH,, CH (Va)), 3.1-2.8
(m, 8 H; NCHy), 2.15-1.96 (m, 2 H; CH (Val)), 1.95-1.73 (m, 8 H; OCH,CHy), 1.37 (s,
18 H; Boc), 1.00 (br t, 6 H; OCH,CH,CHs), 0.95-0.70 (m, 30 H; CCHs, CHz(Val),
OCH,CH,CHj3). FAB-MS Calcd for CzsH112N16010 Mz = 1408.9, Found m/z = 1409.8
[M+H].

Calix[4]arene dimelamine 2d. Calix[4]arene dimelamine 1a (0.050 g, 0.049 mmol), N-
t-Boc-L-Leu-OH (0.025 g, 0.11 mmol), and DMAP (0.036 g, 0.30 mmol) were dissolved
in CH.Cl, (15 mL) and the mixture was stirred at 0 °C. EDC.HCI (0.038 mg, 0.11 mmol)
was added and the mixture was stirred 1 hour at 0 °C, followed by 2 days at room
temperature. The organic layer was washed with HCI (1N), H,O, sat. Na,CO3 solution,
and brine and dried (MgSQO,). Evaporation of the solvent gave the crude product as a
white solid, which was purified by preparative TLC (CH.Cl;:MeOH:NH,OH
(90:9.5:0.5)) to give pure product in 31% (0.022 g, 0.015 mmol). *H NMR (300 MHz,
CDCl3, 298K) § = 7.8 (br s, 1 H; NH), 7.0-6.0, 6.1-4.8 (br m, 21 H; ArH, NH), 4.37, 3.06
(ABg, 2J(H,H)= 13.2 Hz, 8 H; ArCH,Ar), 4.1-3.8 (m, 6 H; OCH,, CHCHy(Leu)), 3.6 (br
s, 4 H; OCHy), 3.1-2.8 (br m, 8 H; NCH,C), 2.0-1.7 (m, 10 H; OCH,CH,, CH(Leu)), 1.7-
15 (m, 4 H; CHy(Leu)), 1.44-1.32 (m, 24 H; Boc, CH3z (Leu)), 1.01 (br t, 6 H;
OCH,CH,CHj3), 0.90-0.76 (m, 30 H; CCH3, CH3 (Leu), OCH,CH,CH3). FAB-MS Calcd
for C7gH116N 16010 NMVz = 1436.9, Found mvz = 1437.7 [M+H].

Calix[4]arene dimelamine 2e. Calix[4]arene dimelamine 1a (0.050 g, 0.049 mmol), N-
t-Boc-D-Leu-OH (0.025 g, 0.11 mmol), and DMAP (0.036 g, 0.30 mmol) were dissolved
in CH,Cl; (15 mL) and the mixture was stirred at 0 °C. EDC.HCI (0.038 mg, 0.11 mmol)
was added and the mixture was stirred 1 hour a 0 °C, followed by 2 days at room
temperature. The organic layer was washed with HCI (1N), H,O, sat. Na,CO3 solution,
and brine and dried (MgSQO,). Evaporation of the solvent gave the crude product as a
white solid, which was purified by preparative TLC (CH.Cl,:MeOH:NH,OH
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(90:9.5:0.5)) to give pure product in 34% (0.024 g, 0.017 mmol). FAB-MS Calcd for
C73H116N16010 mz = 14369, Found m/z = 1437.8 [M+H] 1H NMR is identical to
calix[4]arene dimelamine 2d.

Calix[4]arene dimelamine 2f. Calix[4]arene dimelamine 1d (0.10 g, 0.11 mmol), N-t-
Boc-L-Leu-OH (0.055 g, 0.24 mmol), HBTU (0.18 g, 0.44 mmol) and DIPEA (0.08 mL,
0.44 mmol) were dissolved in CH,Cl, (20 mL) and the mixture was stirred for 2 days at
room temperature. The organic layer was washed with HCI (1N), H,0O, sat. NaCOs
solution, and brine and dried (MgSQ,). Evaporation of the solvent gave the crude product
as a white solid, which was purified by column chromatography (CH,Cl,:MeOH:NH,OH
(90:9.5:0.5)) to give pure product in 62% (0.102 g, 0.068 mmol). *H NMR (300 MHz,
DMSO-ds, 298 K) 6 = 8.6, 8.4, 7.8, 7.5, 7.4, 6.9-6.6, 6.3-6.0 (br s and m, 22 H; NH,
ArH), 4.31 (ABg, %J(H,H)= 12.6 Hz, 4 H; ArCH-Ar), 3.88 (t, *J(H,H)= 7.8 Hz, 4 H;
OCH,), 3.60 (t, 3J(H,H)= 6.6 Hz, 4 H; OCH,), 3.3-2.97 (m, 12 H; ArCH.Ar, NCH,),
1.96-1.75 (m, 8 H; OCH,CH,), 1.6 (br s, 4 H; CH,), 1.34 (s, 18 H; Boc), 1.06 (t,
3J(H,H)= 7.2 Hz, 6 H; OCH,CH,CH3), 0.87 (t, 3J(H,H)=7.2 Hz, 6 H; OCH,CH,CHs).
FAB-MS Calcd for C74H108N16010 mVz = 1380.8, Found m/z = 1381.8 [M+H].

N-(p-Nitr ophenoxycar bonyl)glycine ethyl ester. Glycine ethyl ester hydrochloride (0.70
g, 5 mmol) was suspended in CH,Cl, (10 mL). A solution of NaHCO;3 (0.42 g, 5 mmol)
in H,O (10 mL) was added. After 5 min of vigorous stirring NaCl (0.5g) was added.
Then, a solution of 4-nitrophenyl chloroformate (1.02 g, 5.05 mmol) in CH,Cl, (2 mL)
was added and the mixture was stirred overnight at room temperature. The aqueous layer
was extracted with CH,Cl, and the organic layers were combined and dried over MgSO..
The solvents were evaporated and the solid was recrystallized from CH,Cl, with hexane.
The product was obtained as a crystalline solid in 34% yield (0.45 g, 1.7 mmol). *H NMR
(300 MHz, CDCl3, 298K) & = 8.29 (d, %J(H,H)= 8 Hz, 2 H; ArH), 7.37 (d, J(H,H)=8 Hz,
2 H; ArH), 5.68 (s, 1 H; NH), 4.29 (q, 2J(H,H)=8 Hz, 2 H; OCH,), 4.11 (d, *J(H,H)= 8
Hz, 2 H; o-CH,), 1.37 (t, 3J(H,H)= 8 Hz, 3 H; OCH,CHs). FAB-MS Calcd for
C11H12N,0s m/z = 268.1, Found nvVz = 269.07 [M+H].
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N-(p-Nitrophenoxycarbonyl) phenylalanine methyl ester. A solution of L-
phenylalanine methyl ester hydrochloride (0.200 g, 0.93 mmol) and DIPEA (0.323 ml,
1.83 mmol) in CH.Cl, (50 ml) was added drop by drop to a solution of p-
nitrophenylchloroformate (0.374 g, 1.83 mmol) in CH,Cl, (50 ml). After stirring for 2 h
at room temperature, a few drops of acetic acid were added and the solvents were
evaporated. The crude product was purified by column chromatography (CH,Cl, : MeOH
: ACOH = 99.25:0.50:0.25 (v/v)). The product was obtained as a white solid in 60%
(0.192 g, 0.56 mmol) yield. *H NMR (300 MHz, CDCls, 298K) & = 8.25 (d, 2J(H,H)= 8
Hz, 2 H; ArH), 7.45-7.25 (m, 5 H; ArH), 7.20 (d, *J(H,H)= 8 Hz, 2 H; ArH), 5.63 (m, 1
H; NH), 4.74 (m, 1 H; a-CH), 3.83 (s, 3 H; OCH3), 3.40-3.00 (m, 2 H; ArCH,). FAB-MS
Calcd for Cy7H16N20s mVz = 344.34, Found m/z = 345.05 ([M+H].

General Procedure for the Preparation of N-(p-Nitrophenoxycarbonyl)amino Acid
Esters. The HCI salt of the corresponding amino acid (1.0 mmol) was suspended in
CH,CIl, and a solution of NaHCO3 (0.084 g, 1.0 mmol) in H,O was added. The mixture
was stirred vigoroudly for 5 min. and NaCl (0.5 g) was added, followed by the addition of
4-nitrophenyl chloroformate (0.20 g, 1.01 mmol) in CH,Cl,. The mixture was stirred
overnight and the aqueous layer was extracted with CH,Cl,, the organic layers were
combined and dried (MgSO,). Evaporation of the solvent gave the crude product, which
was recrystallized from CH,Cl, and hexane to give the pure product in yields varying
from 18-65 %.

N-(p-Nitrophenoxycar bonyl)alanine methyl ester. The product was obtained in 18 %
(0.049 g, 0.18 mmol) yield. *H NMR (300 MHz, CDCls, 298K) & = 8.28 (d, 2J(H,H)=9
Hz, 2 H; ArH), 7.36 (d, *J(H,H)= 9 Hz, 2 H; ArH), 5.76 (m, 1 H; NH), 448 (m, 1 H;
NCH), 3.83 (s, 3 H; OCH3), 1.70-1.50 (d, 3J(H,H)= 6 Hz, 3 H; CCH3). FAB-MS Calcd
for C11H12N206 MYz = 268.1, Found m/z = 269.0 ([M+H].

N-(p-Nitrophenoxycar bonyl)-O-(tert-butyl)serine methyl ester. The product was

obtained in 65% (0.220 g, 0.65 mmol) yield. *"H NMR (300, CDCl3, 298K) & = 8.28 (d,
3J(H,H)= 9 Hz, 2 H; ArH), 7.37 (d, 3J(H,H)= 9 Hz, 2 H; ArH), 6.02 (m, 1 H; NH), 4.52
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(m, 1 H; NCH), 3.92 (m, 2 H; CHy), 3.83 (s, 3 H; OCH3), 3.70 (m, 2 H; CHy), 1.27 (s, 9
H; CH3); FAB-MS Calcd for CysH2oN2O; mVz = 340.1, Found m/z = 341.1 ((M+H].

N*-(p-Nitrophenoxycar bonyl)-N*-(triphenylmethyl)glutamine methyl ester. The
crude product was obtained in 94% (0.532 g, 0.94 mmol) yield. The crude product was
used without further purification. *H NMR (300 MHz, CDCls, 298K) & = 8.26 (d,
3J(H,H)= 9 Hz, 2 H; ArH), 7.40-7.15 (m, 17 H; ArH), 6.81 (s, 1 H; N'H), 6.33 (m, 1 H;
N*H), 440 (m, 1 H; N*CH), 3.79 (s, 3 H; OCHs), 2.52 (m, 2 H; CH,), 2.28 (m, 1 H;
CH,), 2.13 (m, 1 H; CH,); FAB-MS Calcd for C3H2gN307 m/z = 566.2, Found m/z =
567.2 [M+H].

N*-(p-Nitr ophenoxycar bonyl)-N°®-(tert-butyloxycarbonyl)lysine methyl ester. The
product was obtained in 54 % (0.23 g, 0.54 mmol) yield. *H NMR (300 MHz, CDCls,
298K) & = 8.27 (d, 2J(H,H)= 9 Hz, 2 H; ArH), 7.36 (d, 2J(H,H)= 9 Hz, 2 H; ArH), 5.98
(m, 1 H; N®H), 4.62 (s, 1 H; N®H), 4.41 (m, 1 H; N*CH), 3.83 (s, 3 H; OCH3), 3.18 (m, 2
H; CHy), 2.05-1.75 (br m, 2 H; CH), 1.70-1.35 (br m, 13 H; CH,, CH3). FAB-MS Calcd
for C19H27N30g mVz = 425.2, Found m/z = 426.3 [M+H].

General Procedure for the Preparation of Amino Acid Functionalized Calix[4]arene
Dimelamines 3. Calix[4]arene dimelamine 1a or 1d (0.10 mmol) and DIPEA (0.21
mmol) were dissolved in CH,Cl, and cooled to —70 °C and a solution of the
corresponding N-(p-nitrophenoxycarbonyl)amino acid ester (0.21 mmol) in CH,Cl, was
added dropwise. The mixture was stirred 1 hour at —70 °C, followed by 1-2 days at room
temperature. A 25% NH4OH (aq) solution was added and the mixture was stirred for an
additional 10 minutes. The organic layer was washed several times with sat. NaHCO3 and
brine and dried (MgSO,). Evaporation of the solvent and purification by column
chromatography (if necessary) gave the product in yields varying from 36-90 %.

Calix[4]arene dimelamine 3a was prepared from calix[4]arene dimelamine 1a (0.10 g,
0.10 mmol) N-(p-nitrophenoxycarbonyl)glycine ethyl ester (0.56 g, 0.20 mmol) and the
crude product was obtained as a yellow solid in 90% vyield. FAB-MS Calcd for
CosHo2N 16010 Mz = 1269.5, Found m/z = 1269.80 [M+H].
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Assembly 3ag*(DEB)s: *H NMR (300 MHz, CDCl3, 298K) & = 13.98 (s, 2 H; Ha), 13.21
(s, 2 H; Hy), 8.67 (s, 2 H; He), 7.71 (m, 2 H; Hg), 7.13 (M, 6 H; ArH, Hy), 6.98 (s, 2 H;
Hr), 6.93-6.83 (t, 2 H; ArH), 6.75 (s, 2 H; He), 6.12 (S, 2 H; Hn), 5.58 (d, 2 H; Hr), 4.46
(ABg, 2J(H,H)= 12 Hz, 4 H; ArCH,Ar), 4.06 (m, 8 H; OCHy,), 3.92 (m, 2 H; CH(Gly)),
3.72 (m, 2 H; H;), 3.70-3.50 (br m, 4 H; OCH,), 3.30-3.12 (br m, 6 H; ArCHAr,
CH(Gly)), 3.04 (d, *J(H,H)= 12 Hz, 2 H; Hy), 2.82 (M, 2 H; Hy), 2.63 (d, 2J(H,H)= 12 Hz,
2 H; H)), 240 (d, 2J(H,H)= 12 Hz, 2 H; H)), 2.20-1.80 (br m, 16 H; OCH,CHj,
CH(DEB)), 1.30-1.17 (br m, 6 H; CH3), 1.17-1.06 (br m, 6 H; CHs), 1.06-0.96 (br m, 12
H; CHj3), 0.96-0.75 (br m, 18 H; CH3).

Calix[4]arene dimelamine 3b was prepared from calix[4]arene dimelamine 1d (0.10 g,
0.10 mmol) and N-(p-nitrophenoxycarbonyl)glycine ethyl ester (0.056 g, 0.20 mmol) and
obtained as a white solid in 86% yield. FAB-MS Calcd for CgHgsN16010 Mz = 1212.7,
Found myz=1213.74 [M+H].

Assembly 3bs*(DEB)s: *H NMR (300 MHz, CDCl3, 298K) & = 13.94 (s, 2 H; Hy), 13.19
(s, 2 H; Hyp), 8.45 (s, 2 H; He), 7.50 (m, 2 H; Hy), 7.10-6.98 (m, 6 H; ArH, Hg), 6.88 (s, 2
H; Hy), 6.93-6.83 (t, 2 H; ArH), 6.66 (s, 2 H; He), 6.02 (s, 2 H; Hy), 5.18 (m, 2 H; Hy),
4.46 (ABq, “J(H,H)= 15 Hz, 4 H; ArCH,Ar), 4.32-3.35 (m, 20 H; OCH, CH,), 3.18-2.97
(m, 6 H; ArCH,Ar, CHH), 2.75 (m, 2 H; CHH), 2.10-1.50 (m, 16 H; OCH,CHo,
CH(DEB)), 1.16 (t, *J(H,H)= 7 Hz, 6 H; CHs), 1.05 (t, *J(H,H)= 7 Hz, 6 H; CH3), 0.94
(br t, 6 H; CH3), 0.88-0.75 (m, 12 H; CHs).

Calix[4]arene dimelamine 3c was prepared from calix[4]arene dimelamine 1a (0.10 g,
0.10 mmol) and N-(p-nitrophenoxycarbonyl)alanine methyl ester (0.054 g, 0.20 mmol)
and obtained as a white solid in 80% yield. FAB-MS Calcd for CgsHgoN16010 MVz =
12695, Found m/z = 126871 [M+H]. Ana. Cacd for CgsHgoN1gO10
*0.17(CH,Cl,)=61.90; H=7.25; N=17.45, Found C=62.31; H=7.05; N=16.79.

Assembly 3cz*(RCYA)s: *H NMR (300 MHz, CD,Cl,, 298K) & = 14.38 (s, 2 H; Hy),
14.00 (s, 2 H; Hp), 8.83 (s, 2 H; Ho), 7.70 (m, 2 H; Hg), 7.48 (m, 4 H; ArH), 7.37 (m, 4 H;
ArH), 7.30-7.10 (m, 10 H; ArH, He, Hr), 6.92 (d, *J(H,H)= 6 Hz, 2 H; ArH), 6.70 (t,
*J(H,H)= 6 Hz, 2 H; ArH), 6.11 (g, J(H,H)= 8 Hz, 2 H; CH cyanurate), 6.04 (s, 2 H; Hy),
5.40 (M, 2 H; Hm), 4.48 (ABq, 2J(H,H)= 15 Hz, 4 H; ArCH.Ar), 4.20-3.85 (m, 8 H; Ho,
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OCHjy, H;), 3.60 (m, 4 H; OCH,), 3.53 (m, 6 H; OCHj3), 3.27 (d, 2J(H,H)= 15 Hz, 2 H;
ArCH,AT), 3.20-2.90 (m, 6 H; Hy, ArCH,Ar, Hy), 2.73 (d, 2J(H,H)= 13 Hz, 2 H; H;), 2.26
(d, 2J(H,H)= 14 Hz, 2 H; H)), 2.11 (d, 3J(H,H)= 6 Hz, 6 H; CH5 cyanurate), 2.00-1.70 (m,
8 H; OCH,CH,), 1.03 (m, 12 H; OCH,CH,CHs, CCHs), 0.91 (d, 3J(H,H)= 7 Hz, 6 H;
Hg), 0.78 (t, *J(H,H)= 7 Hz, 6 H; OCH,CH,CHs3), 0.70 (s, 6 H; CCHa).

Calix[4]arene dimelamine 3d was prepared from calix[4]arene dimelamine 1d (0.052 g,
0.055 mmol) and N-(p-nitrophenoxycarbonyl)alanine methyl ester (0.031 g, 0.11 mmol)
and obtained as a white solid in 46% yield. *H NMR (300 MHz, DMSO-ds, 298 K) & =
8.6, 8.4, 7.5, 7.4, 6.5-5.9 (br sand m, 22 H; ArH, NH), 4.13 (ABq, 2J(H,H)= 13.3 Hz, 4
H; ArCH,Ar), 4.13 (m, 2 H; CH(Ala)), 3.89 (t, 3J(H,H)= 8.6 Hz, 4 H; OCH,), 4.07-3.53
(m, 10 H; OCH,, OCHg), 3.2-2.93 (m, 12 H; ArCH,Ar, NCH,), 2.02-0.75 (m, 8 H;
OCH,CHj), 1.57 (br s, 4 H; CHy), 1.12 (br s, 6 H; CH3(Ala)), 1.06 (t, 2J(H,H)= 7.5 Hz, 6
H; OCH,CH,CHs), 0.88 (t, 3J(H,H)=7.5 Hz, 6 H; OCH,CH,CHs). FAB-MS Calcd for
Ce2HasN16010 Mz = 1212.7, Found m/z = 1213.9 [M+H].

Calix[4]arene dimelamine 3e was prepared from calix[4]arene dimelamine 1a (0.10 g,
0.10 mmol) and N-(p-nitrophenoxycarbonyl) phenylalanine methyl ester (0.68 g, 0.19
mmol) and obtained as a white solid in 80% yield. *H NMR (300 MHz, CDCl3, 298K) &
=7.60-7.06 (m, 18 H; ArH), 6.94 (m, 2 H; ArH), 6.40-6.00 (m, 4 H; NH), 4.80-4.60 (m, 2
H; 0-CH), 4.50 (d, 2J(H,H)= 12 Hz, 4 H; ArCH,Ar), 4.08 (t, *J(H,H)= 8 Hz, 4 H; OCH,),
3.80-3.50 (m, 10 H; OCH,, OCH3), 3.30-2.60 (m, 16 H; ArCH,Ar, ArCH,, NCH,), 2.20-
1.40 (m, 8 H; OCH,CH,), 1.13 (t, *J(H,H)= 8 Hz, 6 H; OCH,CH,CHj), 1.00-0.60 (m, 16
H; OCH,CH,CH3;, CCH3). FAB-MS Calcd for CzgH100N16010 MYz = 1420.76, Found nvz
= 1421.85 [M+H]. Anal. Calcd for CrzgH100N16010 C=65.89; H=7.09; N=15.76, Found
C=65.42; H=6.76; N=15.54.

Assembly 3e3*(DEB)s: *H NMR (300 MHz, CDCl3, 298K) & = 13.96 (s, 2 H; Hy), 13.25
(s, 2 H; Hp), 8.61 (s, 2 H; He), 7.80 (s, 2 H; Hg), 7.33 (s, 2 H; Hg), 7.20-7.10 (m, 10 H;
ArH), 7.03 (m, 4 H; ArH), 6.99 (s, 2 H; Hs), 6.86 (t, 3J(H,H): 7Hz, 2H; ArH), 6.74 (s, 2
H; He), 6.22 (s, 2 H; Hp), 5.32 (d, *J(H,H)= 9 Hz, 2 H; Hy), 4.56 (ABg, 2J(H,H)= 13 Hz,
4 H; ArCHAr), 4.35(q, 3J(H,H)= 8 Hz, 2 H; Hy), 4.20-3.90 (m, 6 H; OCHy, H;), 3.71 (m,
4 H; OCH,), 3.55 (s, 6 H; OCH3), 3.41 (d, *J(H,H)= 9 Hz, 2 H; H,), 3.29 (d, 2J(H,H)= 13
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Hz, 2 H; ArCH,AT), 3.20 (d,2 H; 2J(H,H)= 13 Hz, ArCH.Ar), 3.08 (m, 2 H; Hy), 2.79 (m,
2 H; Hy), 2.70 (d, 2J(H,H)= 11 Hz, 2 H; H;), 2.50 (d, 2J(H,H)= 11 Hz, 2 H; Hy), 2.36 (m, 2
H; H,), 2.02 (m, 8 H; OCH,CH,, CHx(DEB)), 1.93 (m, 4 H; OCH,CHy), 1.81 (m, 4 H;
CHx(DEB)), 1.15 (t, *J(H,H)= 6 Hz, 6 H; OCH,CH,CHs), 1.01 (m, 12 H; CHs,
CHs(DEB)), 0.86 (m, 12 H; CHs;, OCH,CH,CHs), 0.68 (t, 3J(H,H)= 6 Hz, 6 H;
CHs(DEB)).

Calix[4]arene dimelamine 3f was prepared from calix[4]arene dimelamine 1d (0.050 g,
0.050 mmol) and N-(p-nitrophenoxycarbonyl) phenylalanine methyl ester (0.036g, 0.10
mmol) and obtained as a white solid in 80% yield. *"H NMR (300 MHz, DM SO-ds, 298
K) 6 = 8.6, 8.4, 7.5-7.0, 6.9-6.0 (br sand m, 32 H; ArH, NH), 4.2-4.1 (m, 6 H; ArCHAr,
CH(Phe)), 3.90 (t, *J(H,H)= 7.2 Hz, 4 H; OCH,), 3.78-3.49 (m, 10 H; OCH,, OCHs), 3.4-
2.9 (m, 16 H; ArCHAr, CHy(Phe), NCH,), 2.0-1.7 (m, 8 H; OCH,CH,), 1.55 (br s, 4 H;
CHy), 1.13 (t, 3J(H,H)=7.5 Hz, 6 H; OCH,CH,CHs), 1.00-0.60 (t, *J(H,H)=7.5 Hz, 6 H;
OCH,CH,CH3). FAB-MS Calcd for Cz4HgN16010 Mz = 1364.7, Found m/z = 1399.20
[M+CI].

Calix[4]arene dimelamine 3g was prepared from calix[4]arene dimelamine 1a (0.050 g,
0.050 mmol) and N-(p-nitrophenoxycarbonyl)-O-(tert-butyl)serine methyl ester (0.036 g,
0.11 mmol) and obtained as a white solid in 81% vyield. FAB-MS Calcd for
Cr4H108N 16012 Mz = 1412.8, Found m/z = 1413.7 [M+H].

Assembly 3gz(R-CYA)s: *H NMR (300 MHz, CD,Cl,, 298K) & = 14.55 (s, 2 H; Ha),
14.12 (s, 2 H; Hy), 8.87 (s, 2 H; Ho), 7.72 (d, 2J(H,H)= 7 Hz, 2 H; Hy), 7.46, (d, 3J(H,H)=
7 Hz, 2 H; ArH), 7.39 (s, 2 H; ArH), 7.35-7.12 (br m, 6 H; ArH), 7.15 (d, 3J(H,H)= 6 Hz,
2 H; ArH), 6.86 (d, 2J(H,H)= 6 Hz, 2 H; ArH), 6.65 (t, 23J(H,H)= 6 Hz, 2 H; ArH), 6.15
(g, ®J(H,H)= 6 Hz, 2 H; CH cyanurate), 6.02 (s, 2 H; Hy), 4.84 (m, 2 H; Hy), 4.43 (ABq,
2J(H,H)= 14 Hz, 4 H; ArCH.Ar), 4.15-3.90 (br m, 8 H; Ho, OCH,, H;), 3.67-3.42 (br m,
10 H; OCH,, OCH3), 3.35 (M, 2 H; Hy), 3.20 (M, 4 H; ArCH,Ar, Hy), 3.10-2.85 (br m, 4
H; ArCHAr, Hy), 2.79 (d, 2J(H,H)= 14 Hz, 2 H; H)), 2.46 (d, 2J(H,H)= 14 Hz, 2 H; H),
2.08 (d, %J(H,H)= 8 Hz, 6 H; CH3 cyanurate), 1.77 (m, 10 H; OCH,CH,, H,) 1.05 (t,
3J(H,H)= 7 Hz, 6 H; OCH,CH,CHs), 1.00 (s, 18 H; tBu), 0.88 (s, 6 H; CCHs), 0.78 (t,
3J(H,H)= 7 Hz, 6 H; OCH,CH,CH3), 0.73 (s, 6 H; CCHy).
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Calix[4]arene dimelamine 3h. Calix[4]arene dimelamine 3g (70 mg, 50 wmol) was
dissolved in TFA (2 ml) and stirred overnight. The mixture was evaporated to dryness
and the residue was dissolved in CH,Cl; (10 ml). It was washed with NaOH (1N). After
column chromatography (CH,Cl, : MeOH : NH4OH (aq) = 90:9:1 (v/v)) the product was
obtained in 38 % yield (25 mg, 1.9 umol). FAB-MS Calcd for CesHgoN16012 Mz =
1300.7, Found mVz = 1302.2 [M+H].

Assembly 3hz*(R-CYA)s *H NMR (300 MHz, CDCls, 298K) & = 14.43 (s, 2 H; Ha),
13.98 (s, 2 H; Hp), 8.80 (s, 2 H; Ho), 7.72 (d, 2J(H,H)= 10 Hz, 2 H; Hy), 7.42 (m, 4 H;
ArH), 7.40-7.15 (br m; 8 H, ArH),7.11 (d, *J(H,H)= 8 Hz, 2 H; ArH), 6.91 (d, *J(H,H)= 6
Hz, 2 H; ArH), 6.67 (t, 2J(H,H)= 7 Hz, 2 H; ArH), 6.13 (g, 3J(H,H)= 8 Hz, 2 H; CH
cyanurate), 5.98 (s, 2 H; Hy), 5.38 (d, *J(H,H)= 10 Hz, 2 H; Hy), 4.44 (ABq, 2J(H,H)= 14
Hz, 4 H; ArCH,Ar), 3.99 (m; 6 H, OCH,, Ho), 3.80-3.45 (br m, 12 H; OCH,, OCHz),
3.41 (M, 2 H; Hy), 3.20 (M, 4 H; ArCHAT, Hy), 3.02 (M, 4 H; ArCHATr, Hy), 2.74 (d,
2J(H,H)= 14 Hz, 2 H; H)), 2.31 (d, 2J(H,H)= 14 Hz, 2 H; H)), 2.10 (d, *J(H,H)= 8 Hz, 6 H;
CHs cyanurate), 1.91 (m, 10 H; OCH,CH,, H;), 2.03 (m, 12 H; OCH,CH,CH3, CCHs),
0.79 (t, 3J(H,H)= 8 Hz, 6 H; OCH,CH,CHs), 0.68 (s, 6 H; CCHs).

Calix[4]arene dimelamine 3i was prepared from calix[4]arene dimelamine 1d (0.070 g,
0.073 mmol) and N-(p-nitrophenoxycarbonyl)-O-(tert-butyl)serine methyl ester (0.053 g,
0.15 mmol) and obtained as a white solid in 83% yield. *H NMR (300 MHz, DM SO-ds,
298 K) 6 = 8.6, 8.4, 7.5-7.4, 6.6-6.7, 6.4-6.0 (br sand m, 22 H; NH, ArH), 4.32 (ABq,
2J(H,H)=12.8 Hz, 6 H; ArCH.Ar; CH(Ser)), 3.89 (t, %J(H,H)=8.6 Hz, 4 H; OCH,), 3.68-
3.52 (m, 12 H; OCH,, OCHj3;, CH), 3.3-3.0 (m, 16 H; NCH, ArCH,Ar, CH), 2.00-1.76
(m, 8 H; OCH,CH,), 1.58 (br s, 4 H; CH,), 1.14-1.00 (m, 24 H; tBu, OCH,CH,CH3),
0.88 (t, *J(H,H)=8.5 Hz, 6 H; OCH,CH,CHs). FAB-MS Calcd for CzoH100N16012 Mz =
1356.8, Found mvVz = 1357.9 [M+H].

Calix[4]arene dimelamine 3] was prepared from calix[4]arene dimelamine 1a (0.065 g,
0.065 mmol) and N*-(p-nitrophenoxycarbonyl)-N'-(triphenylmethyl)glutamine methyl
ester (0.079 g, 0.14 mmol) and obtained as a white solid in 36% yield (Column
chromatography EtOAc:EtOH:H,O (50:7:4). FAB-MS Calcd for CiogH126N18012 Mz =
1867.0, Found nvVz = 1869.2 [M+H].
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Assembly 3j3*(RCYA)s. *H NMR (300 MHz, CD,Cl,, 298K) & = 14.38 (s, 2 H,; Ha),
14.01 (s, 2 H; Hp), 8.85 (s, 2 H; Ho), 7.77 (d, 3J(H,H)= 10 Hz, 2 H; Hg), 7.49 (m, 4 H;
ArH), 7.40-6.95 (br m, 38 H; ArH), 6.90 (d, 3J(H,H)= 8 Hz, 2 H; ArH), 6.81 (s, 2 H;
ArH), 6.73 (t, 2J(H,H)= 7 Hz, 2 H; ArH), 6.14 (q, 3J(H,H)= 8 Hz, 2 H; CH cyanurate),
6.02 (s, 2 H; Hy), 5.46 (d, *J(H,H)= 8 Hz, 2 H; Hy), 4.65-4.15 (m, 6 H; ArCH-Ar, Ho),
4.04 (m, 6 H; OCH, H;), 3.70-3.40 (br m, 10 H; OCH,; OCHs), 3.24 (d, *J(H,H)= 13 Hz,
2 H; Hy), 3.10-2.70 (br m, 6 H; ArCHAr, H;), 2.30 (m, 4 H; Hi, Hy), 2.12 (m, 6 H; CH3
cyanurate), 2.10-1.70 (br. m, 10 H; H;, OCH,CH>), 1.20 (m, 4 H; CHy), 1.04 (m, 12 H;
OCH,CH,CH3, CCH3) , 0.79 (m, 12 H, OCH,CH,CHs;, CCHj3).

Calix[4]arene dimelamine 3k was prepared from calix[4]arene dimelamine 1d (0.075 g,
0.079 mmol) and N*-(p-nitrophenoxycarbonyl)-N'-(triphenylmethyl)glutamine methyl
ester (0.13 g, 0.20 mmol) and obtained as awhite solid in 82% yield. *H NMR (300 MHz,
DMSO-ds, 298 K) 6 = 8.7-9.6, 8.4, 7.4, 7.3-7.1, 6.7, 6.4-6.0, 5.6 (br sand m, 54 H; NH,
ArH), 4.33 (ABg, 2J(H,H)= 12.8 Hz, 4 H; ArCHAr), 4.10 (m, 2 H; CH(GIn)), 3.87 (t,
3J(H,H)= 8.6 Hz, 4 H; OCH,), 3.69-3.53 (m, 12 H; OCH,, OCHj3, CH), 3.47-2.97 (m, 16
H; NCH, ArCHAr, CH), 2.3 (m, 4 H; CH), 2.00-1.73 (m, 8 H; OCH,CH,), 1.59 (br s, 4
H; CH,), 1.06 (t, 3J(H,H)= 7.7 Hz, 6 H; OCH,CH,CHs), 0.88 (t, *J(H,H)= 7.7 Hz, 6 H;
OCH,CH,CHj3). FAB-MS Calcd for Cyp4H118N18012 m/z = 1810.9, Found m/z = 1812.1
[M+H].

Calix[4]arene dimelamine 3| was prepared from calix[4]arene dimelamine 1a (0.15 g,
0.15 mmol) and N°-(p-nitrophenoxycarbonyl)-N°-(tert-butyloxycarbonyl)lysine methyl
ester (0.136 g, 0.32 mmol) and obtained as a white solid in 87%. FAB-MS Calcd for
CgoH12oN18014 Mz = 1582.9, Found nvVz = 1583.2 [M+H]. Anal. Calcd for CgH12oN18014
C=62.18; H=7.76; N=15.92, Found C=62.42; H=7.75; N=15.34.

Assembly 3lz+(DEB)s. *H NMR (300 MHZ, CDCl3, 298K) & = 13.84 (s, 2 H; H,), 13.16
(s, 2 H; Hp), 8.62 (s, 2 H; Ho), 7.87 (d, 2J(H,H)= 8 Hz, 2 H; Hy), 7.41 (s, 2 H; Hy), 7.19 (t,
3J(H,H)= 8 Hz, 4 H; ArH), 6.89 (t, 3J(H,H)= 6 Hz, 4 H; ArH), 6.72 (s, 2 H; NHBoc), 6.15
(s, 2 H; Hy), 5.56 (d, 2J(H,H)= 7 Hz, 2 H; Hy), 4.53 (M, 6 H; ArCH.Ar, Ho), 4.25-3.90 (br
m, 6 H; OCH,, H;), 3.85-350 (br m, 10 H; OCH,, OCHs), 3.40-3.20 (br m, 4 H;
ArCHATr, Hy), 3.20-2.95 (br m, 4 H; ArCH,Ar, Hp), 2.77 (d, 2J(H,H)= 13 Hz, 2 H; H)),
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2.53 (d, 3J(H,H)= 13 Hz, 2 H; H)), 2.25-1.85 (br m, 20 H; OCH,CH,, CH»(DEB), CH,),
1.44 (M, 26 H; C(CHs)s, CH,), 1.15-1.00 (br m, 12 H; OCH,CH,CHs, CH3(DEB)), 0.95-
0.80 (br m, 24 H; OCH2CH@3, CCHa, CH3(DEB))

General Procedure for the Preparation of Amino Acid Functionalized Calix[4]arene
Dimelamines 4. Calix[4]arene dimelamine 1a or 1d (0.15 mmoal), the corresponding
Fmoc-Amino Acid-OH (0.60 mmol), HBTU (0.23 g, 0.60 mmol), HOBt (0.080 mg, 0.60
mmol) and DIPEA (0.22 mL, 1.2 mmol) were dissolved in CH,Cl, and the mixture was
stirred at room temperature for 1-2 days. The organic layer was washed with HCI (1N),
H,0, NaHCO; and brine and dried (MgSQ,). Evaporation of the solvent and purification
by column chromatography (CH,Cl, : MeOH : NH4OH (aqg)) gave the product in yields
varying from 27-75 %.

Calix[4]arene dimelamine 4a was prepared from calix[4]arene dimelamine 1d (0.15 g,
0.16 mmol) and Fmoc-Gly-OH (0.19 g, 0.63 mmol) and was obtained as a white solid in
44% yield. MALDI-TOF-MS Calcd for CggHgsN16010 Mz = 1512.7, Found m/z = 1514.1
[M+H].

Assembly 4age(DEB)s: *H NMR (300 MHZ, CDCls3, 298K) & = 14.00 (s, 2 H; Hy), 13.23
(s, 2 H; Hp), 8.39 (s, 2 H; Ho), 7.66 (d, *J(H,H)= 7.8 Hz, 4 H; Fmoc), 7.54-7.40 (m, 6 H;
Fmoc, Hg), 7.30 (t, 3J(H,H)= 7.2 Hz, 4 H; Fmoc), 7.21 (t, *J(H,H)= 7.2 Hz, 4 H; Fmoc),
7.13 (m, 6 H; ArH), 6.87 (s, 2H; Hy), 6.80 (t, *J(H,H)= 7.2 Hz, 2 H; ArH), 6.66 (s, 2H;
He), 6.12 (br t, 2 H; NH), 6.01 (s, 2 H; Hp), 5.15 (m, 2 H; NH), 4.42 (ABq, J(H,H)= 13.2
Hz, 4 H; ArCHAr), 4.32-4.21 (m, 4 H; Fmoc), 4.18-3.90 (br m, 6 H; OCH,, Fmaoc),
3.90-3.72 (br m, 2 H; CH), 3.56 (t, 2J(H,H)=6.6 Hz, 4 H; OCH,), 3.50-2.95 (br m, 14 H;
ArCH-Ar, CH), 2.1-1.6 (m, 20 H; OCH,CH,, CH(DEB), CH,), 1.02 (t, 3J(H,H)= 7.2 Hz,
6 H; OCH,CH,CHj5), 0.98-0.65 (m, 18 H; OCH,CH,CHs, CH3(DEB)).

Calix[4]arene dimelamine 4b was prepared from calix[4]arene dimelamine 1a (0.15 g,
0.15 mmol) and Fmoc-Gly-OH (0.18 g, 0.60 mmol) and was obtained as a white solid in
27% yield. M.p. 153-155 °C. *H NMR (300 MHz, DMSO-ds, 298 K) & = 8.6, 8.5, 7.9 (br
s, 4 H; NH), 7.87 (d, J(H,H)=7.2 Hz, 4 H; Fmoc), 7.69 (d, *J(H,H)=7.2 Hz, 4 H; Fmoc),
7.6-7.4 (m, 6 H; ArH, NH), 7.40 (t, 3J(H,H)=7.2 Hz, 4 H; Fmoc), 7.30 (t, 3J(H,H)= 7.8
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Hz, 4 H; Fmoc), 6.8-6.6 (br m, 2 H; NH), 6.4-6.0 (m, 10 H; ArH, NH), 4.38-4.14 (m, 10
H; ArCH,Ar, CH(Fmoc), CH,(Fmoc)), 3.89 (br t, 4 H; OCHy), 3.72-3.52 (m, 8 H; OCHo,
CHx(Gly)), 3.20-2.86 (m, 12 H; ArCHAr, NCH,), 1.94-1.74 (m, 8 H; OCH,CH,), 1.05
(t, *JHH)=75 Hz, 6 H; OCHCH,CHgz), 0.87 (br t, JHH)=7.5 Hz, 6 H;
OCH,CH,CHj3), 0.80 (s, 12 H; CCH3). FAB-MS Calcd for CooH104N16010 Mz = 1568.8,
Found myz = 1569.3 [M+H].

Calix[4]arene dimelamine 4c was prepared from calix[4]arene dimelamine 1d (0.15 g,
0.15 mmol) and Fmoc-L-Phe-OH (0.23 g, 0.60 mmol) and was obtained as a white solid
in 58% yield. M.p. 135-138 °C. *H NMR (300 MHz, DMSO-ds, 298 K) & = 8.6, 8.4, 8.0
(br s, 4 H; NH), 7.85 (d, *J(H,H)= 7.8 Hz, 4 H, Fmoc), 7.67-7.06 (m, 28 H; ArH, NH),
6.5-6.7 (br m, 2 H; NH), 6.3-6.0 (m, 10 H; ArH, NH), 4.30 (ABq, 2J(H,H)= 13.2 Hz, 4 H;
ArCH-Ar), 4.2-4.0 (m, 8 H; CH(Phe), CH(Fmoc), CHx(Fmoc)), 3.87 (t, 2J(H,H)= 8.1 Hz,
4 H; OCHy), 3.59 (br t, 4 H; OCH,), 3.3-2.7 (m, 16 H; ArCH,Ar, NCH,, CH(Phe)),
1.96-1.75 (m, 8 H; OCH,CHy), 1.6 (br s, 4 H; CH,), 1.04 (t, *J(H,H)=7.5 Hz, 6 H;
OCH,CH.CHjs), 0.86 (t, *J(H,H)=7.5 Hz, 6 H; OCH,CH,CHs). MALDI-TOF-MS Calcd
for CiooH108N16010 NMVz = 1692.8, Found nvVz = 1695.7 [M+H].

Calix[4]arene dimelamine 4d was prepared from calix[4]arene dimelamine 1a (0.15 g,
0.15 mmol) and Fmoc-L-Phe-OH (0.23 g, 0.60 mmol) and obtained as a white solid in
56% yield. M.p. 151-154 °C. *H NMR (300 MHz, DMSO-dg, 298 K) & = 8.6, 8.5, 8.0 (br
s, 4 H; NH), 7.85 (d, *J(H,H)= 7.2 Hz, 4 H; Fmoc), 7.81-7.11 (m, 28 H; ArH, NH), 6.5-
6.7 (br m, 2 H; NH), 6.3-6.1 (m, 10 H; ArH, NH), 4.40-4.24 (m, 6 H; ArCHAr,
CH(Phe)), 4.21-4.08 (m, 6 H; CH(Fmoc), CH,(Fmoc)), 3.88 (t, *J(H,H)= 7.2 Hz, 4 H;
OCHy), 3.58 (m, 4 H; OCH,), 3.14-2.74 (m, 16 H; ArCH,Ar, NCH,, CH,(Phe)), 1.95-
1.75 (m, 8 H; OCH,CHy), 1.05 (t, 3J(H,H)= 7.5 Hz, 6 H; OCH,CH,CH3), 0.86 (br t,
3J(H,H)= 7.5 Hz, 6 H; OCH,CH,CHs), 0.82-0.71 (m, 12 H; CCHs). MALDI-TOF-MS
Calcd for Cyp4H116N16010 Mz = 1748.9, Found nm/z = 1752.2 [M+H].

Calix[4]arene dimelamine 4e was prepared from calix[4]arene dimelamine 1d (0.050 g,

0.052 mmol) and Fmoc-L-GIn(Trt)-OH (0.067 g, 0.11 mmol) and obtained as a white
solid in 54% yield. *"H NMR (300 MHz, CDCl3, 298 K) & = 7.65 (d, *J(H,H)= 7.8 Hz, 4

99



Chapter 4

H; Fmoc), 7.48 (d, J(H,H)= 6.6 Hz, 4 H; Fmoc), 7.3-6.5, 6.3-5.8, 5.2-4.6 (br m, 62 H;
NH, ArH), 4.42-4.22 (m, 8 H; ArCH,Ar, CH,(Fmoc)), 4.09 (t, 2J(H,H)= 6.3 Hz, 4 H;
CH(Fmoc), CH(GIn), 3.93 (t, *J(H,H)= 8.1 Hz, 4 H; OCH,), 3.58 (t, 3J(H,H)= 6.9 Hz, 4
H; OCH,), 3.26-2.98 (m, 12 H; ArCH,Ar, NCH), 2.28-1.70 (m, 16 H; CH,, OCH,CHy),
1.43 (br s, 4 H; CH,), 1.01 (t, *J(H,H)= 7.5 Hz, 6 H; OCH,CH,CHs), 0.81 (br t, 3J(H,H)=
7.5 Hz, 6 H; OCH,CH,CHs). FAB-MS Caled for CizoH134N1g012 mVz = 2139.0, Found
m/z = 2141.12 [M+H].

Calix[4]arene dimelamine 4f was prepared from calix[4]arene dimelamine 1a (0.050 g,
0.049 mmol) and Fmoc-L-GIn(Trt)-OH (0.064 g, 0.10 mmol) and obtained as a white
solid in 66% yield. *H NMR (300 MHz, DMSO-dg, 298 K) & = 8.6-8.0 (br m, 4 H; NH),
8.0-7.1 (m, 56 H; ArH, NH), 6.8-6.5 (br m, 2 H; NH), 6.4-6.0 (m, 10 H; ArH, NH), 4.4-
4.1 (m, 10 H; ArCH,Ar, CH), 4.1-4.0 (m, 6 H; OCH,, CH), 3.7-3.5 (m, 8 H; OCH,, CH),
3.2-2.9 (m, 12 H; ArCH,Ar, CH), 2.3 (br s, 4 H; CH), 2.0-1.6 (m, 10 H; OCH,CH,, CH),
1.05 (t, 3J(H,H)= 7.5 Hz, 6 H; OCH,CH,CHs), 0.86 (br t, 3J(H,H)= 7.5 Hz, 6 H;
OCH,CH,CHs), 0.82-0.71 (m, 12 H; CHs), 0.78 (s, 12 H; CCHs). FAB-MS Calcd for
CrasH14oN1501 MVz = 2196.7, Found m/z = 2198.9 [M+H].

Calix[4]arene dimelamine 4g was prepared from calix[4]arene dimelamine 1d (0.15 g,
0.16 mmol) and Fmoc-L-Lys(Boc)-OH (0.29 g, 0.63 mmol) and obtained as a white solid
in 73% vyield. M.p. 126-129 °C. MALDI-TOF-MS Calcd for CiosH130N18014 MYz =
1855.0, Found nVz = 1857.4 [M+H].

Assembly 4gz+(DEB)s. *H NMR (300 MHZ, CDCls, 298K) & = 14.06 (s, 2 H, Hy), 13.28
(s, 2 H, Hy), 8.33 (s, 2 H, Ho), 7.66 (d, 4 H, 3J(H,H)= 7.2 Hz, Fmoc), 7.60-7.42 (m, 6 H,
Fmoc, Hy), 7.30 (t, 4 H, 3J(H,H)= 7.2 Hz, Fmoc), 7.21 (m, 4 H, *J(H,H)= 7.2 Hz, Fmoc),
7.11-6.90 (M, 6 H, ArH; Hy), 6.84 (s, 2H, Hy), 6.78 (t, 2 H, 3J(H,H)= 7.5 Hz, ArH), 6.62
(s, 2H, He), 6.18 (br s, 2 H, NH), 5.97 (s, 2 H, Hp), 5.38 (m, 2 H, NH), 4.60-4.22 (m, 10
H, ArCH,Ar; CHo(Fmoc), CH(Lys)), 4.18-3.50 (m, 16 H, OCH,; CH), 3.40-2.88 (m, 16
H, ArCH,Ar; CH), 2.10-1.5 (m, 20 H, OCH,CH,; CH,(DEB); CH,), 1.33 (s, 18 H, Boc),
1.4-1.12 (m, 4 H, CHy), 1.02 (t, 6 H, 3J(H,H)= 7.2 Hz, OCH,CH,CHs), 0.96-0.64 (m, 18
H, OCH,CH,CH3; CH3(DEB)).
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Calix[4]arene dimelamine 4h was prepared from calix[4]arene dimelamine 1a (0.050 g,
0.052 mmol) and Fmoc-L-Lys(Boc)-OH (0.049 g, 0.10 mmol) and obtained as a white
solid in 71% yield. *H NMR (300 MHz, DMSO-dg, 298 K) & = 8.6, 8.4, 7.8 (br s, 4 H;
NH), 7.85 (d, 3J(H,H)=7.8 Hz, 4 H; Fmoc), 7.74-7.64 (m, 2 H; Fmoc), 7.50-7.33 (m, 10
H; ArH, NH), 7.29 (t, *J(H,H)= 7.5 Hz, 4 H; Fmoc), 6.8-6.5 (br m, 4 H; NH), 6.4-6.0 (m,
10 H; ArH, NH), 4.34-4.13 (m, 10 H; ArCH.Ar, CH(Fmoc), CH,(Fmoc)), 3.86 (t,
3J(H,H)=7.8 Hz, 6 H; OCH,, CH(Lys)), 3.58 (br t, 4 H; OCH,), 3.15-2.96 (m, 8 H;
ArCH,Ar, NCHy), 2.90-2.79 (m, 4 H; NCHy(Lys)), 1.94-1.76 (m, 8 H; OCH,CH,), 1.67-
1.42 (m, 4 H; CHa(Lys)), 1.38-1.15(m, 26 H; Boc, CHa(Lys)), 1.04 (t, 3J(H,H)= 7.5 Hz, 6
H; OCH,CH,CHs), 0.85 (t, 3J(H,H)=7.8 Hz, 6 H; OCH,CH,CH3), 0.81-0.70 (m, 12 H;
CCHgs). FAB-MS Calcd for CiogH1338N18014 Mz =1911.1, Found myz = 1912.94 [M+H].

Calix[4]arene dimelamine 4i was prepared from calix[4]arene dimelamine 1d (0.14 g,
0.15 mmol) and Fmoc-L-Cys(Trt)-OH (0.35 g, 0.59 mmol) and obtained as a white solid
in 54% yield. M.p. 137-138 °C. *H NMR (300 MHz, DMSO-ds, 298 K) & = 8.6, 8.4, 7.8
(br s, 4 H; NH), 7.84 (d, *J(H,H)=7.5 Hz, 4 H; Fmoc), 7.69 (d, 3J(H,H)=7.8 Hz, 4 H;
Fmoc), 7.66-7.13 (m, 44 H; ArH, NH), 6.7-6.5 (br m, 2 H; NH), 6.34-6.04 (m, 10 H;
ArH, NH), 4.31-4.13 (m, 10 H; ArCH,Ar, CH(Fmoc), CHx(Fmoc)), 4.02-3.90 (m, 2 H;
CH(Cys)), 3.86 (t, 2J(H,H)=8.1 Hz, 4 H; OCHy), 3.57 (br s, 4 H; OCH,), 3.26-3.12 (m, 4
H; CH,), 3.11-2.96 (m, 8 H; ArCH,Ar, NCHy), 2.44-2.29 (m, 4 H; SCH,), 1.93-1.73 (m,
8 H; OCH,CH,), 1.56 (br s, 4 H; CH,), 1.02 (t, *J(H,H)=7.2 Hz, 6 H; OCH,CH,CHs),
0.83 (m, 6 H; OCH,CH,>CH3). MALDI-TOF-MS Calcd for CipeH128N16010S, Mz =
2088.9, Found nVz=2091.1 [M+H].

Calix[4]arene dimelamine 4] was prepared from calix[4]arene dimelamine 1a (0.15 g,
0.15 mmol) and Fmoc-L-Cys(Trt)-OH (0.35 g, 0.59 mmol) and obtained as a white solid
in 37% yield. M.p. 165-169 °C. *H NMR (300 MHz, DMSO-dg, 298 K) & = 8.6, 8.5, 7.9
(br s, 4 H; NH), 7.83 (d, 3J(H,H)=6.9 Hz, 4 H; Fmoc), 7.7 (br s, 2 H; NH), 7.67 (d,
3)J(H,H)= 6.4 Hz, 4 H; Fmoc), 7.57-7.11 (m, 42 H; ArH, NH), 6.8-6.5 (br m, 2 H; NH),
6.3-6.0 (m, 10 H; ArH, NH), 4.31-4.19 (m, 10 H; ArCH,Ar, CH(Fmoc), CH,(Fmoc)),
4.03 (br s, 2 H; CH(Cys)), 3.86 (br t, 4 H; OCH,), 3.55 (br s, 4 H; OCHy), 3.28-2.68 (m,
12 H; ArCH,Ar, NCH,), 2.46-2.45 (m, 4 H; SCH,), 1.99-1.70 (m, 8 H; OCH,CH,), 1.02
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(t, 3J(H,H)=7.2 Hz, 6 H; OCH,CH,CHs), 0.83 (br t, 6 H; OCH,CH,CHs), 0.77-0.65 (m,
12 H; CCH3) MALDI-TOF-MS Calcd for Ci30H136N16010S miz = 2145.0, Found m/z =
2147.7 [M+H].

Calix[4]arene dimelamine 4k was prepared from calix[4]arene dimelamine 1d (0.104 g,
0.11 mmol) and Fmoc-L-Ser(tBu)-OH (0.088 g, 0.23 mmol) and obtained as a white solid
in 75% yield. M.p. 136-139 °C. FAB-MS Calcd for CgsH118N16012 MVz = 1688.1, Found
m/z = 1685.8 [M+H].

Assembly 4ks*(DEB)s: *H NMR (300 MHZ, CDCls, 298K) & = 14.07 (s, 2 H; Ha), 13.28
(s, 2 H; Hy), 8.35 (s, 2 H; Ho), 7.67 (d, 3J(H,H)= 7.2 Hz, 4 H; Fmoc), 7.53-7.40 (m, 6 H;
Fmoc, Hg), 7.31 (t, *J(H,H)= 7.2 Hz, 4 H; Fmoc), 7.26-7.14 (m, 4 H; Fmoc), 7.13-6.97
(m, 6 H; ArH, Hy), 6.84 (s, 2H; Hy), 6.79 (t, 3J(H,H)= 7.5 Hz, 2 H; ArH), 6.61 (s, 2 H;
He), 6.52 (br s, 2 H; NH), 5.98 (s, 2 H; Hy), 5.67 (m, 2 H; NH), 4.42 (ABq, 2J(H,H)= 15.0
Hz, 4 H; ArCH,Ar), 4.31 (d, 3J(H,H)= 7.2 Hz, 4 H; CHx(Fmoc)), 4.18-3.85 (br m, 10 H;
OCH,, CH(Fmoc), NCH), 3.80-3.50 (br m, 10 H; OCH,, CH(Ser), NCH), 3.34-3.18 (m,
6 H; CH(Ser), CH,), 3.18-3.00 (m, 6 H; ArCH,Ar, NCH), 2.08-1.7 (m, 20 H; OCH,CH,,
CH4(DEB)), 1.13-0.64 (br m, 42 H; OCH,CH,CHs, CH3(DEB), tBu).

Calix[4]arene dimelamine 4l. Caix[4]arene dimelamine 4k (0.044 g, 0.026 mmol) was
dissolved in TFA (4 mL) and stirred overnight. The TFA was evaporated and the solid
was dissolved in CH,Cl, and washed with NaHCO3, H,O, and brine and dried (NaSO,).
Evaporation of the solvent and purification by column chromatography (CH.Cl,: MeOH:
NH4OH (aq) (95:4.5:0.5)) gave the product as a white solid in 61% yield. FAB-MS Calcd
for CggH102N16012 NMVz = 1574.8, Found myz = 1573.5 [M+H].

Assembly 4l3+(DEB)s. *H NMR (300 MHZ, CDCl3, 298K) § = 14.07 (s, 2 H; Hy), 13.27
(s, 2 H; Hy), 8.32 (s, 2 H; Ho), 7.67 (d, 3J(H,H)= 7.2 Hz, 4 H; Fmoc), 7.53-7.47 (m, 6 H;
Fmoc, Hg), 7.30 (t, 3J(H,H)= 7.2 Hz, 4 H; Fmoc), 7.21 (t, *J(H,H)= 7.2 Hz, 4 H; Fmoc),
7.12-6.96 (M, 6 H; ArH, Hy), 6.87 (s, 2H; Hy), 6.80 (t, 3J(H,H)= 7.5 Hz, 2 H; ArH), 6.62
(s, 4H; He, NH), 5.97 (s, 2 H; Hy), 5.77 (m, 2 H; NH), 4.47-4.31 (m, 8 H; ArCH-ATr,
CHy(Fmoc)), 4.14-3.73 (br m, 14 H; OCH,, CH(Fmoc), CH(Ser), CH,(Ser), NCH), 3.65-
3.42 (m, 6 H; OCH,, NCH), 3.34-3.04 (br m, 10 H; ArCH,Ar, NCH, CH,), 2.06-1.68 (m,
18 H; OCH,CH,, CH,(DEB)), 1.02 (t, 3J(H,H)= 7.5 Hz, 6 H; OCH,CH,CHs), 0.96-0.66
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(m, 18 H; OCH,CH,CH3, CH3(DEB)). (Due to broad and overlapping signals, the OH
signal could not be interpreted)

Calix[4]arene dimelamine 4m was prepared from calix[4]arene dimelamine 1d (0.11 g,
0.11 mmol) and Fmoc-L-Met-OH (0.093 g, 0.24 mmol) and obtained as a white solid in
62% yield. FAB-MS Calcd for CgoH10sN16010 MYz = 1660.9, Found m/z = 1661.9 [M+H].

Assembly 4mz+(DEB)s: *H NMR (300 MHZ, CDCls, 298K) & = 14.05 (s, 2 H; Ha), 13.26
(s, 2 H; Hy), 8.3d (d, 3J(H,H)= 6.6 Hz, 2 H; H), 7.66 (d, 2J(H,H)= 7.2 Hz, 4 H; Fmoc),
7.58-7.40 (m, 6 H; Fmoc, Hy), 7.30 (t, *J(H,H)= 7.2 Hz, 4 H; Fmoc), 7.21 (t, 3J(H,H)= 7.2
Hz, 4 H; Fmoc), 7.12-6.95 (m, 6 H; ArH, Hy), 6.85 (s, 2H; Hy), 6.80 (t, 3J(H,H)= 7.2 Hz,
2 H; ArH), 6.63 (s, 2 H; He), 6.25 (s, 2 H; NH), 5.98 (s, 2 H; Hy), 4.42 (ABq, 2J(H,H)=
14.1 Hz, 4 H; NH), 4.34-4.24 (m, 6 H; CH,(Fmoc), NCH), 4.16-3.86 (m, 8 H; CH(Fmoc),
NCH, OCHy,), 3.84-6.66 (m, 2 H; NCH) 3.57 (br t, 4 H; OCH,), 3.36-2.78 (m, 10 H; CH
(Met), NCH, ArCH,Ar, CH,), 2.46-2.24 (m, 4 H; SCH5), 2.10-2.66 (m, 26 H; OCH,CHs,
CH,(DEB), CHx(Met), SCH3), 1.10-0.68 (m, 24 H; OCH,CH,CH3, CH3(DEB)).

Calix[4]arene dimelamine 4n was prepared from calix[4]arene dimelamine 1a (0.11 g,
0.11 mmol) and Fmoc-L-His(Trt)-OH (0.14 g, 0.22 mmol) and obtained as a white solid
in 40% yleld FAB-MS Calcd for Ci132H134N20010 mz = 2159.1, Found m/z = 2159.3
[M+H].

Calix[4]arene dimelamine 40 was prepared from calix[4]arene dimelamine 1d (0.15 g,
0.15 mmol) and Fmoc-L-Arg(Pbf)-OH (0.39 g, 0.59 mmol) and obtained as a white solid
in 65% yield. *H NMR in CDCI3 is too broad for accurate interpretation. MALDI-TOF-
MS Calcd for Ci20H146N22016S, MYz = 2215.1, Found nvVz = 2217.8 [M+H].

Calix[4]arene dimelamine 4p was prepared from calix[4]arene dimelamine 1a (0.075 g,
0.078 mmol) and Fmoc-L-Arg(Pbf)-OH (0.20 g, 0.31 mmol) and obtained as a white
solid in 54% vyield. *H NMR (300 MHz, DMSO-dg, 298 K) & = 8.6, 85, 7.9 (br s, 4 H;
NH), 7.86 (d, *J(H,H)=7.8 Hz, 4 H; Fmoc), 7.76-7.20 (m, 18 H; ArH, NH), 6.8-6.1 (m, 16
H; ArH, NH), 4.38-4.14 (m, 10 H; ArCH,Ar, CH(Fmoc), CH,(Fmoc)), 3.40 (br s, 2 H;
CH(Arg)), 3.88 (t, *J(H,H)=8 Hz, 4 H; OCHy), 3.57 (br s, 4 H; OCH,), 3.20-2.98 (m, 12
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H; ArCH,Ar, NCH,), 2.91 (s, 6 H; CHs(Pbf)), 2.47 (s, 6 H; CHa(Pbf)), 2.41 (s, 6 H;
CHa(Pbf)), 1.98 (s, 6 H; CH3(Pbf)), 1.94-1.71 (m, 8 H; OCH,CH,), 1.70-1.31 (m, 12 H;
CHy), 1.37 (s, 6 H; CHs(Pbf)), 1.04 (t, 2J(H,H)=7.5 Hz, 6 H; OCH,CH,CHs), 0.86 (t,
3J(H,H)=7.8 Hz 6 H; OCH,CH,CHj3), 0.79 (s, 12 H; CCHs). MALDI-TOF-MS Calcd for
CroaH154N2016S, M/z = 2272.8, Found m/z = 2273.3 [M+H].

Loading of the ArgoGel-OH. ArgoGel-OH (10 g) and Fmoc-Gly-OH (5.11 g, 17.2
mmol) were dried over P,Os in a desiccator connected to a vacuum pump overnight and
DMF (50 mL) was added. Pyridine (2.3 mL, 28.3 mmol) and 2,6-dichlorobenzoylchloride
(2.48 mL, 17.2 mmol) were added to the “mixture” and the mixture was shaken
overnight. The resin was filtered and washed with DMF (3x), MeOH (3x), CH,Cl, (3x),
and Et,0 (3x) and dried over P,Os in a vacuum desiccator. The loading of the resin was
determined by measuring the UV absorbance at 301 nm after deprotection of the Fmoc
group by piperidine. A loading of 0.34 mmol/g was determined.

Synthesis of pentapeptides. the peptide chemistry was carried out according to the
following protocol by using an automated system (Syro Robot Synthesizer, Multisyntech,
Witten, Germany, software: Syro 2000):

1. Fmoc-deprotection

The resin was treated with a 40 % solution of piperidine in NMP (2.2 mL, 6 min),
followed by treatment with a 20 % solution of piperidine in NMP (2.0 mL, 6 min). This
solution was removed by filtration, followed by washing with NMP (5 x 2.2 mL, 1 min).
2. Coupling Fmoc-protected amino acid

Fmoc-X-OH (4 equiv; 0.55 M in NMP), HBTU (4 equiv; 0.37 M in NMP), and DIPEA (8
equiv; 1.37 M in NMP) were added to the resin. The mixture was allowed to react for 75
min. at rt. Subsequently, the solution was removed by filtration, followed by washing
with NMP (3x 2.2 mL, 2 min).

3. Cleavage and purification

The resin was treated with a 10 % solution of EtzN in MeOH (3.5 mL, 3.5 h). Theresin
was removed by filtration and washed with MeOH (2 x 2.5 mL, 3min) and CH.Cl, (2 x
2.5 mL, 3min). The filtrate was evaporated to dryness and the solid was triturated in an
appropriate solvent.
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N-t-Boc-Gly-L-Lys(Boc)-L-Tyr(tBu)-L-Ala-Gly-OMe: Purity HPLC (35% H,0, 65%
MeCN (containing 0.1% TFA) > 95%. MALDI-TOF-MS Calcd for Cz7H7oNgO13 miz =
774.5, Found m/z = 787.4[M+Na).

N-t-Boc-Gly-L-Lys(Boc)-Gly-L-Asn(Trt)-Gly-OMe:  Purity HPLC (35% H,O, 65%
MeCN (containing 0.1% TFA) > 92%. MALDI-TOF-MS Calcd for CssHeiN7O013 miz =
887.4, Found nVz =910 [M+Nal.

Deprotection of the methyl ester: the protected peptide was dissolved in a mixture of
THF/MeOH (6 mL, 1:1) and cooled at 0-5 °C. LiOH (5 equiv.) in H,O (2 mL) was added
and the mixture was stirred for 3 h at 0-5 °C. The mixture was acidified with HCI to pH 4
and the solvent was evaporated. The solid was redissolved in EtOAc and washed with
HCI (1 M), H20, and brine and dried (NaxSO,).
N-t-Boc-Gly-L-Lys(Boc)-L-Tyr(tBu)-L-Ala-Gly-OH was obtained in 89% yield. Purity
HPLC (35% H»0, 65% MeCN (containing 0.1% TFA) ~ 95%. MALDI-TOF-MS Calcd
for CzsHesNgO11 MYz = 760.5, Found m/z = 773.6 [M+Na].
N-t-Boc-Gly-L-Lys(Boc)-Gly-L-Asn(Trt)-Gly-OH was obtained in 77% yield. Purity
HPLC (35% H,0, 65% MeCN (containing 0.1% TFA) > 90%. MALDI-TOF-MS Calcd
for C4sHs9N7O11 mVz = 873.4, Found nvVz = 896.5 [M+Na].

Calix[4]arene dimelamine 5a. Calix[4]arene dimelamine 1d (0.039 g, 0.041 mmol) was
dissolved in CH,Cl, (15 mL) and N-t-Boc-L-Phe-Gly-Gly-OH (0.062 g, 0.16 mmoal),
HATU (0.062 g, 0.16 mmol), HOBt (0.022 g, 0.16 mmol) and DIPEA (0.14 mL, 0.082
mmol) were added and the mixture was stirred at room temperature for 1 week. The
organic layer was washed with HCI (1N), H,O and brine and dried (N&SO,). Evaporation
of the solvent and purification by column chromatography (CH,Cl, : MeOH : NH,OH
(ag) (90: 9.5: 0.5)) gave the product in 63 % yield (0.043 g, 0.026 mmol). M.p. 152-154
°C. 'H NMR (300 MHz, DMSO-ds , 298K) & = 8.6 (br s, 1 H; NH), 8.4 (br s, 1 H; NH),
8.3 (brt, 2 H; NH), 8.1 (br t, 2H; NH), 7.8-7.6 (br s, 2 H; NH), 7.5-7.4 (br m, 4 H; NH)
7.3-7.0 (m, 12 H; ArH), 6.9-6.6 (br m, 2 H; NH), 6.4-6.0 (m, 10 H; ArH, NH), 4.33
(ABg, 2J(H,H)= 12.9 Hz, 4 H; ArCH,Ar), 4.24-4.16 (m, 2 H; CH (Phe)), 3.90 (t,
3J(H,H)= 7.8 Hz, 4 H; OCHy), 3.7 (br m, 4 H; CH; (Gly), 3.72-3.57 (m, 8 H; OCH,, CH,
(Gly)), 3.4 (m, 4 H; NCH,), 3.19-2.99 (m, 12 H; ArCH,Ar, NCH,, CHH (Phe)), 2,74 (t,
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2J(H,H)= 13.5 Hz, 2 H; CHH (Phe)), 2.0-1.8 (m, 8 H; OCH,CH,), 1.28 (s, 18 H; Boc),
1.08 (t, %J(H,H)= 7.5 Hz, 6 H; OCH,CH,CH3), 0.89 (t, %J(H,H)=75 Hz, 6 H;
OCH,CH,CH3). MALDI-TOF-MS Calcd for CggH118N20014 MVz = 1678.9, Found nvz =
1680.2 [M+H].

Calix[4]arene dimelamine 5b. Calix[4]arene dimelamine 1d (0.028 g, 0.029 mmol) was
dissolved in CH,Cl,; (10 mL) and N-t-Boc-Gly-L-Lys(Boc)-L-Tyr(tBu)-L-Ala-Gly-OH
(0.059 g, 0.064 mmol), HATU (0.025 g;, 0.064 mmol), HOBt (0.009 g, 0.064 mmol) and
DIPEA (0.076 mL, 0.59 mmol) were added and the mixture was stirred at room
temperature for 1 week. The organic layer was washed with HCI (1IN) and brine and dried
(N&S0O,). Evaporation of the solvent and purification by preparative TLC (CH.Cl; :
MeOH : NH4OH (aqg) (90 : 9.5: 0.5)) gave the product in 27 % yield (0.019 g, 0.0078
mmol). M.p. 159-163 °C. MALDI-TOF-MS Calcd for CiooHo0sN26024 Mz = 2419.6,
Found m/z = 2422.9 [M+H]. *H NMR spectrum is too complicated for interpretation.

Calix[4]arene dimelamine 5c. Caix[4]arene dimelamine 5b (0.012 g, 0.0050 mmol)
was dissolved in a TFA : HO (9 : 1) (1 mL) mixture and stirred for 2 hours a room
temperature. Evaporation of the solvent and addition and subsequent evaporation of
toluene (2x) gave the product in quantitative yield. ). M.p. 127-129 °C.MALDI-TOF-MS
Calcd for CgH 154N 28016 MYz = 1907.2, Found m/z = 1908.6 [M+H]. 'H NMR spectrum is
too complicated for interpretation.

Calix[4]arene dimelamine 5d. Calix[4]arene dimelamine 1d (0.010 g, 0.010 mmol) was
dissolved in CH,Cl, (10 mL) and N-t-Boc-Gly-L-Lys(Boc)-Gly-L-Asn(Trt)-Gly-OH
(0.037 g, 0.042 mmol), HATU (0.016 g; 0.042 mmol), HOBt (0.006 g, 0.16 mmol) and
DIPEA (0.035 mL, 0.20 mmol) were added and the mixture was stirred at room
temperature for 1 week. N-t-Boc-Gly-L-Lys(Boc)-Gly-L-Asn(Trt)-Gly-OH (0.018 g,
0.022 mmol), HATU (0.008 g;, 0.022 mmol), HOBt (0.003 g, 0.08 mmol) and DIPEA
(0.035 mL, 0.20 mmol) were added for the second time and stirred for another 2 days at
room temperature. The organic layer was washed with 1M HCI, H,O and brine and dried
(N&S0O,). Evaporation of the solvent and purification by column chromatography
(CH2Cl, : MeOH : NH4OH (ag) (90 : 9.5 : 0.5)) gave the product 41 % yield (0.011 g,
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0.0042 mmol). M.p. 167-170 °C. MALDI-TOF-MS Calcd for CisoH184N25024 Mz =
2665.4, Found m/z = 2667.6 [M+H]. '"H NMR spectrum is too complicated for
interpretation.

Calix[4]arene dimelamine 5e. Calix[4]arene dimelamine 1a (0.014 g, 0.014 mmol) was
dissolved in CH,Cl, (10 mL) and N-t-Boc-Gly-L-Lys(Boc)-Gly-L-Asn(Trt)-Gly-OH (0.05
g, 0.057 mmol), HATU (0.022 g;, 0.057 mmol), HOBt (0.008 g, 0.057 mmol) and DIPEA
(0.0505 mL, 0.28 mmol) were added and the mixture was stirred at room temperature for
2 weeks. The solvent was evaporated and the product redissolved in EtOAc. The organic
layer was washed with HCI (1N), H,O, and brine and dried (Na,SO,). Evaporation of the
solvent and purification by column chromatography (CH.Cl, : MeOH : NH4OH (aq) (95 :
4.5:0.5)) gave the product 52 % yield (0.02 g, 0.007 mmol). M.p. 165-167 °C. MALDI-
TOF-MS Calcd for CiagH10oN2s024 Mz = 2721.4, Found nmvz = 2726 [M+H]. *H NMR
spectrum is too complicated for interpretation.

3,5-diaminobenzyl ester. 3,5-diaminobenzoic acid (5.0 g, 33 mmol) was dissolved in
MeOH (50 mL) and p-toluenesulfonic acid (12.5 g, 66 mmol) was added. The mixture
was refluxed for 24h and was evaporated to dryness and EtOAc was added. The solution
was washed with NaHCO;, H,O, and brine and dried (N&SO,). Evaporation of the
solvent gave the crude product, which was suspended in NaHCO; (ag) and washed with
CHCIl3. The organic layers were combined and washed with H,O and brine and dried
(Na,S0,). The crude product was obtained in 37% yield. M.p. 130-132 °C. *H NMR (300
MHz, DMSO-ds, 298K) & = 6.63 (s, 2 H; ArH), 5.62 (s, 1 H; ArH), 4.58 (s, 3 H; OMe).
3C NMR (75 MHz, DMSO-ds , 298K) & = 167.2, 149.3, 130.5, 103.6, 51.4. FAB-MS
Calcd for CgH100, m/z = 166.2, Found m/z = 168.1 [M+D].

3,5-di-(D-Ala-Boc)benzyl ester 6. 3,5-diaminobenzyl ester (0.10 g, 0.6 mmol) was
dissolved in CH.Cl; (10 mL) and HO-D-Ala-Boc (0.34 g, 1.8 mmol), HBTU (0.68 g, 1.8
mmol), HOBt (0.24 g, 1.8 mmol), and DIPEA (1.0 mL, 6.0 mmol) were added. The
mixture was stirred at room temperature overnight and washed with citric acid, HCI (1
M), H,O, and brine and dried (N&SO,). Evaporation of the solvent gave the crude
product, which was purified by column chromatography (EtOAc:hexane (1:1)) to give the
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crude product in quantitative yield. M.p. 104-105 °C. *H NMR (300 MHz, CDsOD,
298K) & = 8.08 (s, 1 H; ArH), 7.95 (m, 2 H; ArH), 4.02-4.18 (m, 2 H; CH(Ala)), 3.85 (s,
3 H; OMe), 1.28-1.40 (m, 24 H; Boc, CH3(Ala)). *C NMR (75 MHz, CD30D , 298K)
§=172.5, 166.0, 155.8, 138.5, 130.5, 115.8, 115.2, 78.8, 50.8, 50.3, 26.8, 16.4. FAB-MS
Calcd for Cp4HzsN4Og mVz = 508.3, Found nvz = 508.2 [M™].

3,5-di-(D-Ala-Boc)benzoic acid 7. 3,5 di-(D-Ala-Boc)benzyl ester 6 (0.26 g, 0.52 mmol)
was dissolved in a mixture of THF/MeOH (6 mL, 1:1) and cooled to 0-5 °C. LiOH (0.087
g, 2.1 mmol) in H,0O (2 mL) was added and the mixture was stirred for 5 h at 0-5 °C. The
mixture was acidified with HCI to pH 4 and the solvent was evaporated. The solid was
redissolved in EtOAc and washed with HCI (1 M), H,0, and brine and dried (N&SOs).
Evaporation of the solvent gave the product in 60 % yield. M.p. 155-157 °C. *H NMR
(300 MHz, CD30D, 298K) 6 = 8.08 (s, 1 H; ArH), 7.88 (m, 2 H; ArH), 4.01-4.20 (m, 2
H; CH(AlQ)), 1.23-1.42 (m, 24 H; Boc, CH3(Ala)). *C NMR (75 MHz, CDs0OD, 298K)
6= 1725, 167.2, 155.2, 138.8, 131.1, 116.2, 115.2, 78.8, 50.3, 26.8, 16.5. FAB-MS
Calcd for Cp3H3sN4Og miz = 494.2, Found nvz = 495.1 [M+H].

Calix[4]arene dimelamine 5f. Calix[4]arene dimelamine 1d (0.025 g, 0.026 mmol) was
dissolved in CH,Cl, (3 mL) and 3,5 di-(D-Ala-Boc)benzoic acid 7 (0.05 g, 0.10 mmal),
HBTU (0.035 g, 0.10 mmol), HOBt (0.015 g, 0.10 mmoal), and DIPEA (0.1 mL, 0.53
mmol) were added. The mixture was stirred at rt overnight. Evaporation of the solvent
gave the crude product, which was purified by column chromatography
(CH2Cl2:MeOH:NH4OH (90:9.5:0.5)) to give the pure product in 48 % yield. M.p. 178-
179 °C. *H NMR (300 MHz, DMSO-ds, 298K) & = 10.02 (s, 4 H; NH), 8.6 (br s, 1 H;
NH), 8.5-8.3 (br m, 3 H; NH), 8.07 (s, 2 H; ArH), 7.67 (s, 4 H; ArH), 7.5-7.4 (m, 4 H;
NH/ArH), 7.05(d, 2J(H,H)= 5.7 Hz, 4 H; NH), 6.8-6.0 (br m, 12 H; NH, ArH), 4.31
(ABg, 2J(H,H)= 12.3 Hz, 4 H; ArCH,Ar), 4.11 (t, 3J(H,H)=7.5 Hz, 4 H; CH(Ala), 3.84 (t,
3J(H,H)=7.5 Hz, 4 H; OCH,), 3.60 (br t, 4 H; OCH,), 3.4-3.3 (m, 8 H; NCH,), 3.15
2.97(m, 4 H; ArCHAr), 2.0-1.7 (m, 12 H; OCH,CH,, CHy(spacer)), 1.4-1.1 (m, 52 H;
Boc, CHs(Ala)), 1.05 (t, *J(H,H)= 7.2 Hz, 6 H; OCH,CH,CHs), 0.87 (t, 3J(H,H)=7.5 Hz,
6 H; OCH,CH,CH3). MALDI-TOF-MS Calcd for CogH130N2,018 Mz = 1907.0, Found
m/z = 1909.5 [M+H].
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The first attempt for the synthesis of calix[4]arene dimelamines 3 was the activation
of calix[4]arene dimelamine 1a or 1d by 4-nitrophenol chloroformate and DIPEA as
a base. Unfortunately, the desired product could not be isolated due to the base-
catalyzed reaction of a carbamate to an isocyanate, liberating free 4-nitrophenol
during evaporation of the solvent, even after acidification of the crude mixture. The
isocyanate immediately reacted with the basic groups present the solution (for
instance NH, protons of the calix[4]arene dimelamines). Similar synthesis reported
in Matthews, S.E.; Pouton, C.W.; Threadgill, M.D. New J. Chem. 1999, 23, 1087-
1096.
The formed product is base labile; upon washing with NaOH (1 M) a side product
with a mass of the desired product minus 32 was formed. The loss of 32 mass units
can be explained by the formation of a hydantoin (Boeijen, A.; Liskamp, R.J.M. Eur.
J. Org. Chem. 1999, 9, 2127-2135)

O
x)k/ _ O>\_NH

—> —> X—N
- % B
o R

X = melamine
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8 Pope, B.M.; Sheu, J-M.; Stanley, R.L.; Tarbell, D.S.; Yamamoto, Y. J. Org. Chem.

1978, 43, 2410-2414.

Unfortunately sometimes the Fmoc-signal overlaps with other signalsin the 'H NMR

spectrum.

10 Mammen, M.; Simanek, E.E.; Whitesides, G.M. J. Am. Chem. Soc. 1996, 118,
12614-12623.

1 Bielgjewska, A.G.; Marjo, C.E.; Prins, L.J.; Timmerman, P.; de Jong, F.; Reinhoudt,
D.N. J. Am. Chem. Soc. 2001, 123, 7518-7533.

12 “Syro” provided by Multisyntech, Witten, Germany. Software version: Syro 2000.

3 Dueto overlapping signals of the peptide and the calix[4]arene, the exact yield of the

assembly formation could not be determined.
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Appendix

Abbreviations

Boc
Fmoc
tBu
Trt
Pbf
Chz
EDC
HBTU

HATU

HOBt
DIPEA
DMAP
NMP

Butoxycarbonyl

9-Fluorenylmethoxycarbonyl

t-Butyl

Trityl

2,2,4,6,7-Pentamethyl dihydrobenzofuran-5-sulfonyl
Benzyloxycarbonyl

1-[3-(Dimethylamino)propyl]-3-ethyl carbodiimide hydrochloride
2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate
2-(1H-9-Azabenzotriazole-1-yl)-1,1,3,3-tetramethyluronium
hexafluorophosphate

N-Hydroxybenzotriazole

Diisopropylethylamine

4-Dimethylaminopyridine

N-Methylpyrrolidine
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Chapter 5

Complexation of Phenolic Guests by Endo- and

Exo-Hydrogen-Bonded Receptors®

In this chapter the complexation of small, neutral phenols by hydrogen-bonded
receptors is described. The phenol receptors are formed by the self-assembly of
calix[4] arene dimelamines or tetramelamines with 5,5-diethylbarbiturate (DEB) or
cyanurate derivatives (CYA). The double rosette assemblies have their phenol-binding
functionalities (ureido groups) both at the top and bottom of the double rosette. These
double rosettes can be considered as exo-receptors. The tetrarosette assemblies form a
cavity with binding sites between the two double rosettes for guest encapsulation. The
tetrarosettes function as endo-receptors.

* This work has been submitted for publication: Kerckhoffs, JM.C.A.; Ishi-l, T.; Parachiv, V.;
Timmerman, P.; Crego-Calama, M.; Shinkai, S.; Reinhoudt, D.N.



Chapter 5

5.1 Introduction

Molecular recognition of substrates (guests) by receptors is a topic studied
intensively in (bio)chemistry.! Compared to natural systems, most synthetic receptors”
described in the literature support only a limited number of weak interactions. These
synthetic receptors are usually capable of binding a single guest, be it a cation,® an anion,*
or asmall neutral molecule.® Furthermore, the labor-intensive synthesis of these covalent
receptors has been for decades based on rational design, where the focus is on
optimization of the electronic and steric complementarity between the synthetic host and
the targeted guest molecule.* However, natural receptors can selectively bind much larger
and more structurally complex substrates than the smaller synthetic receptors. This is
possible because natural receptors use multiple interactions to enhance the binding
strength and selectivity,® simple by combination of the basic set of natural “tools’ such as
amino acids and nuclectides.” In proteins, the binding strength of a molecule to atarget is
increased when the target displays multiple sites for binding and the protein contains
severa discrete binding sites.®

In attempts to mimic Nature, interest is now focused more on diversity generation of
synthetic multivalent receptors (and ligands) rather than on their rational design.” For
example, Still and co-workers™ have reported the synthesis of 10* receptors for N-
acylated °Leu enkephalin methyl ester from an A,B-cis cholic core by variations in the
tripeptidic arms. Also, recently our group showed that the binding affinity for caffeine in
water varies significantly upon random combinations of the side chains of a tetracationic
porphyrin receptor. Hamilton et al.*? showed a nice example of functional diversity in
developing a multivalent calix[4]arene based ligand bearing four peptidic loops that is
able to bind to the surface of cytochrome c. Although the covalent approach has led to the
synthesis of many effective receptors, our group™ and others'** have recently focused
their effort on the creation of diversity in receptor molecules by using noncovalent
synthesis. Noncovalent synthesis allows chemica diversity to be achieved much more
readily by the simple combination of molecular building blocks.

Our group has previously reported the noncovalent synthesis of a great variety of
hydrogen-bonded double™® and tetrarosettes,'’ consisting of 9 or 15 building blocks held
together by 36 or 72 cooperative hydrogen bonds, respectively (Scheme 5.1). The
assemblies are formed by mixing calix[4]arene dimelamines with 2 or 4 equivaents of
DEB (5,5-diethylbarbiturate) or CYA (cyanurate derivatives) in apolar solvents. These
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rosette assemblies are used as a simple platform to bring together multiple ligand binding
sites, that are attached to the melamine units. The approach can be used even with polar
hydrogen bond donor and acceptor groups, such as small peptides.'® The main advantage
of this noncovalent approach is that a library of potential receptors can be easily
generated in solution by simply mixing different calix[4]arene dimelamines with 2 or 4
equivalents of DEB or CYA under conditions that allow for the reversible exchange of
the melamine derivatives."®

These noncovaent receptors are mainly designed for the complexation of a single
guest. In this chapter the objective was to use the noncovalent synthesis for the generation
of multivalent receptors,*® and results are presented of the complexation ability of the
functionalized double and tetrarosette assemblies as exo- and endo-receptors for multiple
phenolic guests, respectively. The interest in phenol moieties resides in the fact that they
are important parts of different biomolecules such as adrenergic receptors® and
flavones.?! Furthermore, phenols have been widely studied in physical-organic research
and for their binding to natural receptors,? and are therefore excellent model compounds.
Despite the fact of their importance for biochemical purposes, there are few examples of
synthetic receptors for phenolic guests.?®

5.2 Results and Discussion

Assemblies 33¢(DEB)g/(CY A)g are exo-receptors in which guest recognition occurs at
the bottom of the first floor and at the top of the second floor. Assemblies
43+(DEB)12/(CYA);2 can be seen as endo-receptors in which recognition occurs in the
cavity between the two double rosettes (between the second and third floors) (Scheme
5.1).17
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2nd
CDCI
1St floor
DEB/CYA

3(DEB)g/(CYA)q (R = binding sites)

exo-receptors
@ i @;
. %
1 floor
4 4.+(DEB),,/(CYA),, (X = binding sites)
endo-receptors

DEB/CYA

"U“ w
W ‘

Scheme 5.1. Formation of exo-and endo-hydrogen-bonded receptors 3;¢(DEB)g /(CYA)s and 45¢(DEB);,
/(CYA)12.

In the double rosette 33¢(DEB)g/(CYA)s, and tetrarosette 4z#(DEB)1o/(CYA)1o, the
multiple phenol binding sites are brought together by simply mixing the corresponding
building blocks in apolar solvents, such as chloroform or toluene.®® (Scheme 5.1).
Specifically, exo-receptors 33¢(DEB)s/(CYA)s are formed by mixing the corresponding
calix[4]arene dimelamine 3 bearing the phenol recognition sites R, with 2 equivalents of
DEB or CYA. Similarly, endo-receptors 4;+(DEB)1,/(CY A)12 are formed by mixing the
corresponding tetramelamine 4 (containing two caix[4]arene dimelamine units
covalently connected by a flexible linker bearing the phenol binding sites X) with 4
equivaents of DEB or CYA. These assemblies have a high thermodynamic stability due
to the formation of 36 (double rosette) and 72 (tetrarosette) cooperative hydrogen bonds,
which renders these assemblies stable in CDCl; even at concentrations of 107 M.

5.2.1 Synthesis of Double- and Tetrarosette Assemblies
Calix[4]arene dimelamines 2'® and 3a'® were synthesized by reaction of
bis(chlorotriazine) 1la with an excess of butylamine and 2,2-dimethyl-1,3-propane

f18

diamine, respectively. Compounds 3b-f were synthesized by reaction of 3a with the
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corresponding isocyanate or acid chloride derivative. Calix[4]arene tetramelamine 4a*™

was synthesized by a reaction of 3g*™®

with 0.5 equiv of 1,4-diaminobutane bis(p-
nitrophenyl dicarbamate). Compound 4b*™ was synthesized by reaction of 1b first with
an excess of 2,2-dimethyl-1,3-propane diamine, followed by reaction of the intermediate
with 0.5 equiv of 1,4-diaminobutane bis(p-nitrophenyl dicarbamate). All compounds
were fully characterized by *H NMR, FAB MS, and elemental analysis or *C NMR.

r!
NH,
NN N
NH
‘/NHZ
Rz

R

Z—20

H

1a R'=R’=CI
b R*=Cl, R*=(R)-CH(C,H.)CH, N#NH
2
2 R'=R’=NH(CH,),CH,
O
g NH X
NH, ——
o =1

X
R' g

o R
NH

4a R=CH,C(CH,),CH,NHBoc,
R NH, X=NHCONH
b R=(R)-CH(C¢H.)CH,, X=NHCONH
~\0 NH
3aR'=R’=H ‘NHQ

b R'=R’=CONH(CH,),CH,

¢ R'=R*=CSNH(CH,),CH, I
d R'=R’=CO(CH,),CH,
e R'=R’=S0,(CH,),CH, 9 DEB  X= C(CH,CH,),
f R'=R’=PO(OCH,CH,), H\NJLN’H — A PheCYA X= NCH,(CH,)
g R'=H, R’=Boc BuCYA X=N(CH,),CH,

Q,
x
[}

Chart 5.1. Molecular structures and schematic representations of molecular compounds 1-4.

5.2.2 Complexation Studies with Exo-Receptors

The detailed structural analysis of the assembly 3bs*(DEB)s by H NMR
spectroscopy showed that the 2,2-dimethylpropyl side chain adopts a rigid conformation
(see Chapter 3). As previously explained, in the assembly this ureido side chain is folded
back over the calix[4]arene aromatic rings due to hydrogen bond formation between one
of the urea NH protons (Hm) and one of the nitrogen atoms of the triazine ring (Figure
5.1).*® This back-folding of the ureido side chains results in the formation of potential
binding pockets for the phenol guests at the top and bottom of the doubl e rosette.

Complexation of 4-nitrophenol (5a, see Figure 5.1 for molecular structure) by the
double rosette assembly 3bse(DEB)s (in CDCl; a 293 K) was studied by *H NMR
spectroscopy. Upon addition of 5a, (ca. 60 equiv) to 3bs*(DEB)s (1 mM), a ~ 0.45 ppm
downfield shift of one of the two ureido protons (Hy) was observed (Figure 5.1), while
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the downfield shift of the other ureido proton (H,) was smaller but still significant (~ 0.2
ppm). The shifts of the other rosette signas were much smaler (< 0.08 ppm).
Furthermore, upon addition of 1 equiv of 5a to 3bz*(DEB)s, the ArH signal (ArH next to
Ar-NOy) of this guest showed an upfield shift of 0.085 ppm. This upfield shift is probably
due to the expected formation of the hydrogen bond between the hydroxyl of 5a and the
urea carbonyls of 3bz¢(DEB)s.

As a control experiment, 7 equiv of 4-nitroanisole (6, see Chart 5.2) were added to
assembly 3bs*(DEB)s (1 mM). No significant changes in the *H NMR spectrum of
assembly 3bze(DEB)s were observed. This experiment indicates that the hydroxyl group
of 5a isimportant for the binding of 5a to 3bsz¢(DEB)s, supporting the hypothesis that the
complexation occurs via the hydrogen bond formation between the carbonyl of the ureido
functionality of 3b and the hydroxyl of the phenol 5a.

e il

M .
J o A M
oo U A N

5a a b
I | T T T T I 1 T T T T I T T T T T
14.0 13.0 5.0 2.2 §(ppm)

Figure 5.1. Parts of the *"H NMR spectra of 3bg*(DEB)s (1 mM) in CDCl; at 293K: (a) O, (b) 1, (c) 10, and
(d) 60 equivalents of 5a.

The binding affinity of 5a to the assembly 3bs¢(DEB)g was determined by a*H NMR
titration experiment in CDCl;3 (1 mM, 293 K). The chemical shift of the urea NH proton
Hmn was monitored during the titration (Figure 5.2). Severa binding models for the
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binding of 5a to 3bz*(DEB)s can be envisioned. Two binding models will be discussed in
detail: (i) a 1:2 (3bz*(DEB)s : 5a) binding model, where phenol complexation occurs in
the binding pockets above and beneath the double rosette, and (ii) a multivalent 1:6
binding model due to the presence of the 6 ureido groups in the assembly (3 at the top and
3 at the bottom of the double rosette). An intrinsic K, of 134 M™* was estimated by using
a non-cooperative 1:2 binding model, and an intrinsic K, of 202 M™* was estimated by
using a non-cooperative 1:6 binding model (Table 5.1, see aso Appendix).®* The
calculated K, values are on the same order as reported K, values for the complexation of
phenol derivarives to urea carbonyl groups.”® Thus, no significant cooperativity is
observed for the complexation of 5a to 3bz*(DEB)s. Nevertheless, assembly 3bs¢(DEB)e
has an advantage when compared with the phenol complexation to a single urea
molecule. Assembly 3bs¢(DEB)s has six independent binding sites that are well oriented
and preorganized. They are arranged in such a way that they might bind to adjacent sites

of larger guest molecules.®?

| |
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*
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014 = 3b,(DEB),
f & 3b,-(BUCYA),
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[5a]/[assembly] (mol/mol)

Figure 5.2. Plot of the induced shifts (A0NH,,) of the *H NMR signal NH,, versus [5a] /[ 3bz*(DEB)g] (m)
and versus [5a] /[ 3bz(BUCYA)s] (®) in CDCl; (1 mM for assembly).

Further conformation of the complex stoichiometry was provided by Ag" labeling
MALDI-TOF Mass Spectrometry.”® This is a relatively soft ionization method that
provides a nondestructive way to generate charged species for the estimation of the
stoichiometry of a complex. In carrying out the MALDI-TOF experiments, different
concentrations of rosette assembly, ranging from 10 mM to 0.1 mM of 3bz¢(DEB)s, and
different equivalents of phenol guest 5a (10, 30, and 60 equiv) were used.?” As shown in
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Figure 5.3a, the mass spectrum of the sample containing 3bz*(DEB)s (10 mM) and 5a (10
equiv) showed a relatively intense signal at m/z 5589.2 (calcd for 3bze(DEB)e*5as°Ag’ =
5587.8) and a smaller signal at m/z 5452 (calcd for 3bs+(DEB)g*5as*Ag’ = 5448.8). The
mass spectrum of the sample containing 1.0 mM of the complex and 10 equiv of 5a
showed two signals of similar intensity at nvVz 5310 (calcd for 3bze(DEB)ge5ascAg” =
5309.7) and mvz 5171 (calcd for 3bse(DEB)e*5az*Ag” = 5170.7). Also, among other
signals, three smaller signals at m/z 5034, 5451, and 5588 corresponding to the
complexation of 2, 5, and 6 equiv of 5a, respectively, were present. The mass spectrum of
the most dilute sample (0.1 mM, 10 equiv 5a) showed a relatively intense signal at m/z
4894 (calcd for 3bze(DEB)g*5acAg’ = 4892.6) and smaller signals at mvz 4753 and 5033,
corresponding to the free host (3bs+(DEB)s*Ag*) and the complexation of 2 molecules of

5a (3bz*(DEB)ge5a,°Ag") respectively (Figure 5.3b).

(@ 100 5590
3b,(DEB)s5a,Ag"
80
>
% 60
[}
£
s 40 3b,+(DEB)y-5a.Ag"
5452
0 b= st ‘ '
4500 4800 5100 5400 5700 6000
Mass (m/z)
(b) 100 4894 .
3b,(DEB)g5a-Ag
80
>
@ 60 .
5 3b(DEB)sAg
£ 4753
< 40 5033 .
°© 3b,(DEB)s5a,,Ag
20
0 . . ‘ .
4500 4800 5100 5400 5700 6000

Figure 5.3. MALDI-TOF mass spectra by using Ag’-labeling technique for the complexations of (a)
3bs+(DEB)g with 5a (10 mM, 10 equiv 5a), and (b) 3bs*(DEB)g with 5a (0.1 mM, 10 equiv 5a),
in CH,Cl..
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In summary, these results showed that at higher concentrations of double rosette
more guest molecules are complexed. The distribution of the different complexes found
in the MALDI-TOF MS experiments is in agreement with the expectations based on the
non-cooperative 1:6 binding model using an intrinsic K, of 202 M™ obtained
experimentally from the 'H NMR titration (Figure 5.4). Furthermore, MALDI-TOF MS
experiments where the concentration of 3bz*(DEB)s was kept constant and the number of
equiv of phenol 5a (30 and 60 equiv) was increased, have been performed. In these
experiments, formation of the higher molecular weight complexes were observed upon
addition of more equiv of 5a.

(a) 12
' 10 mM rosette
= 10 -
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Figure 5.4. Distribution of the different complexes 3bs*(DEB)g*5a, at different concentrations of total host,
(a) 10 mM, (b) 0.1 mM, and 10 equiv of 5a using a non-cooperative 1:6 binding model with a
K, of 202 M. H = 3bg*(DEB)s and G = 5a.

To determine the effect of a possible change in the geometry of the complex due to

the substitution of CY A for DEB on the complexation of phenol 5a, the complexation of
5a to assembly 3bs*(BUCY A)g was also studied by *H NMR. The geometry of the double
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rosette plane is different when DEB or CYA are part of the assembly due to the different
electron distributions. We aso observed a downfield shift of H, after addition of 5a to
3b3*(BUCY A)e (AS 0.25 ppm; 10 equiv 5a). The data obtained form the titration (1 mM
rosette in CDCl3, 293 K) were fitted using the 1:6 binding model described above to give
an intrinsic K, of 239 M™. Thus, no significant difference between the complexation of
5a to 3bs¢(DEB)gs or to 3bz¢(BUCY A)s was observed. This result showed that the effect of
the geometry of the rosette plane on the complexation is minimal.

The data that have been presented above indicate that hydrogen bond formation
between the guest’s hydroxyl group and the receptor’s ureido carbonyl groups are the
driving force for phenol complexation by 3bsz¢(DEB)s. To confirm the importance of this
ureido side chain in promoting phenol recognition by the assembly, the interaction of 5a
with 23¢(DEB)s, an assembly that lacks the ureido groups, was studied. A *H NMR
titration of double rosette 232(DEB)s (1 mM, 293 K) with 5a showed no significant
changes in the chemical shifts for the *H NMR signals of either 5a or 23;¢(DEB)g. Because
assembly 23¢(DEB)g lacks the ureido protons Hy,, one of the aromatic signals of 5a (ArH
next to Ar-NO,) and proton Hq (one of the NH protons of the melamine unit, see Figure
5.1 for similar description) were monitored to compare 3bz*(DEB)s and 23¢(DEB)s. NO
significant change in the chemical shift of the aromatic protons of 5a is observed upon
addition to 23¢(DEB)g, while in the case of assembly 3bs¢(DEB)s a Ad vaue of -0.085
ppm was observed. Also when proton Hy is followed, only small shifts (< 0.025 ppm
upfield) are visible during the titration with 23¢(DEB)g, while larger shifts (A 0.05 ppm,
10 equiv 5a) were observed in the case of 3bz*(DEB)s.

Furthermore, the intensities of the diagnostic NHpgg-protons, Ha and Hy, (see Figure
5.1 for similar H description), for the assembly 2;¢(DEB)s decrease after addition of 10
equiv of phenol 5a, suggesting that assembly dissociation occurs upon phenol addition.?®
The dissociation as revealed by *H NMR spectroscopy is accompanied by a color change
of the solution from colorless to yellow, consistent with deprotonation of phenol 5a.%° In
sharp contrast, when up to 60 equiv of 5a is added to 3bz*(DEB)s, no color change or
change in the *H NMR of the H, or Hy, signals is observed, indicating that dissociation of
the assembly does not occur. Therefore, it seems likely that assembly 2;¢(DEB)s is less
stable and dissociates more readily than 3bs*(DEB)s, thereby liberating the free
calix[4]arene dimelamine in solution, that can deprotonate 5a.
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The complexation of 5a by several functionalized double rosettes has also been
studied. Addition of 5a to the thioureido assembly (3cs*(DEB)s) showed only a small
shift of Hy, (A 0.06 ppm, 10 equiv). This observed shift is much smaller than the shift of
Hn, for assembly 3bse(DEB)s (Ad 0.26 ppm) upon addition of 10 equiv 5a. Addition of ~
10 equiv 5a to 3e3*(DEB)s (sulfonamide) and 3fz¢(DEB)s (phosphoramide) did not shift
any signals in the 'H NMR spectrum. The NMR data suggest that there is no
complexation of 5a by 3e;*(DEB)s or 3fz*(DEB)s. This could be because the hydrogen
bond acceptor ability (or electron density) of the phosphoramide and sulfonamide
ogygens and the sulfur of the thiourea™ is too low to enable detectable complexation by
phenol 5a. Addition of 5a to assembly 3dz¢(DEB)s, containing an amide in the side chain,
showed a similar shift (Ad 0.25 ppm, 10 equiv) as was seen for the ureido-containing
assembly 3bs*(DEB)s. The 'H NMR titration of the addition of 5a to assembly
3ds*(DEB)s yielded an intrinsic K, of 155 M, a value that is on the same order of
magnitude as the K, for binding of 5a by 3bsz¢(DEB)s.

5.2.3 Complexation Studies with Endo-Receptors

To assess the difference between exo- and endo-receptors, recognition studies of 5a
by tetrarosette assemblies 4az*(DEB);, were performed under the same experimental
conditions as for 3bs*(DEB)e. For 4az+(DEB)12, the urea NH,, proton signal at 5.20 ppm
(Figure 5.5) showed a significant downfield shift upon addition of 5a (Ad 0.375 ppm, 10
equiv 5a). On the other hand, the induced shift of the NHg signal of the terminal
carbamate moiety is much smaller (Ad 0.02 ppm, 10 equiv 5a). These results indicate that
the hydroxyl group of 5a interacts predominantly with the internal ureido carbonyl groups
that are positioned within the cavity formed by 4age(DEB);,.%

To demonstrate that the phenol guest complexation occurs in the cavity between the
two double rosettes, the signals of the H, and Hy, protons were monitored in a typical
NMR titration experiment (Figure 5.5). Interestingly, upon addition of 10 equiv of 5a the
only significant shifts were for the NHz (AS -0.095 ppm) and NHy, signals (Ad -0.05
ppm) of the second and third floors of the tetrarosette. In contrast, the corresponding
guest-induced shifts for the first and fourth rosette floors were much smaller (Ad +0.01
ppm for NHy and —0.02 ppm for NHp;, 10 equiv 5a). These data clearly indicate that
phenol 5a is complexed within the assembly’s cavity, between the second and the third
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floors of the tetrarosette. Similar results were also found for 4age(BuCYA)io,
4b3¢(DEB);2, and 4bsz+(BUCYA);, assemblies. This is to be expected since the ureido
carbonyls in the linker are positioned between the 2™ and 3 floors.

1%and 4 floor 2"4nd 3 fldor
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Figure 5.5. Parts of the '"H NMR spectra of 4ag*(DEB);, (1 mM) in CDCl; at 293K: (a) 0, (b) 2, (c) 6, (d)
10, and (e) 20 equivalents of 5a.

Generaly, for barbituric acid-based assemblies (4az*(DEB)1> and 4bze(DEB);,) the
NH.; and NHp; peaks on the first and fourth floors tended to broaden upon the addition of
5a (Figure 5.5). This peak broadening is ascribed to proton exchange between the OH of
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5a and the NHa1/NHp;. % The peak broadening, indicative of significant proton exchange
in the barbituric acid-based chiral assembly 4bs¢(DEB);,, is consistent with the lower
stability of this DEB-based assembly. Additional proof of the lability of the tetrarosette
assembly 4bze(DEB);, was gathered by the disassociation of the assembly upon the
addition of excess 5a.** The more stable cyanuric acid-based® assembly 4bze(BUCY A)1,
did not show the broadening of the NHy and NHy,; signals, indicating the inhibition of the
amide NH - phenol OH proton exchange due to the larger stability of the rosette’s
hydrogen bonding network.>*

In contrast to the double rosette system, a 1:4 stoichiometry of the tetrarosette
4ag+(DEB);, complexation with 5a was estimated. A Job plot * indicates amaximum at a
1:4 molar ratio of 4az*(DEB)1, and 5a (Figure 5.6).
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Figure 5.6. Job plot for the complexation of 4az+(DEB);, with 5a: the sum of [4as*(DEB),,] and [5a] was
maintained constant (4 mM) in CDCl; at 293K.

Only four 5a guest molecules could be complexed within the cavity® rather than six,
probably due to space limitations. The intrinsic K, was estimated from *H NMR titration

data (Figure 5.7) by using a non-cooperative 1:4 complex model. The estimated values
aresummarized in Table 5.1.
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Figure5.7. Plots of the induced shifts (40NH,,) of the NMR signal NH,, versus [ 5a] /[ assembly] in CDCl; (1
mM for assembly) for: (a) 4a;*(DEB);, () and 4as*(BUCYA);, + free DEB (A), (b)
4b3'(DEB)12 (.), 4b3’(BUCYA)12 (A), and 4b3'(BUCYA)12 + free DEB (I)

Table 5.1. Intrinsic binding constants (K,)/@ for the complexations of double and tetra rosette assemblies
(1 mM) with 5ain CDCl; at 293K

Assembly Ka (M™)
1:4 model 1:6 model

3bs*(DEB)s - 202 (195)9
3bs*(BUCYA)s - 239
3ds*(DEB)s - 155
4az+(DEB);» 286 -
daz(BUCYA), 116 -
4b3+(DEB)1, 2994 -
4bz*(BUCYA);, 137 -150 -

[a] Numbers of binding constants are not measured precisely.

[b] K, values were estimated by nonlinear least-square method using non-cooperative 1:4 and 1:6 complex
models.

[c] 5¢c was used as a guest molecule.

[d] ref 36.

Guest encapsulation in tetrarosette assemblies was also supported by MALDI-TOF
mass spectrometry using the Ag'-labeling technique. For 4bs*(DEB)1», in the presence of
12 equiv of 5a, the ion peak for the parent assembly 4bs¢(DEB);, (calcd. for
4by(DEB)1*Ag" = 8913.7) was observed as the major species. Under the same
experimental conditions 4bz*(BuCYA)q, afforded the ion peaks for the 1:2 and 1:3
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complexes with 5a (calcd. for 4bse(BUCYA);*5a,Ag” = 92037 and
4b3e(BUCY A)1p*5az°Ag” = 9342.8, respectively). No pesk of the parent assembly
4bz+(BUCYA);, was observed (calcd. for 4bze(BUCYA)1*Ag™ = 8925.7). More
interestingly, upon the addition of a large excess of 5a (45 equiv) the 1:4 complex (cald.
for 4bze(BUCY A)12*5a4°Ag" = 9481.8) was detected as the main species, a stoichiometry
that coincides with the results from the Job plot.

Generally, the K, values (286-299 M™) for the barbituric acid-based 43+(DEB)1,
tetrarosettes are larger compared to those for the cyanuric acid-based tetrarosettes
43+(BUCY A)12 (116-150 M ™). This observed difference in phenol binding strengths may
be attributed to structural differences between barbituric- and cyanuric acid-based
assemblies. Somehow, the structure of DEB, with its tetrahedral sp*-carbon in the 6-
membered ring in host 43¢(DEB)1, shows better complementarity for guest 5a than host
45(BUCYA)1,, containing CYA with its flatter sp*-nitrogen. In contrast, the K, values
obtained for the complexation of 5a to exo-receptors 3bz¢(DEB)s and 3bze(BUCY A)g are
similar (see above), providing another indication that binding of 5a to assembly
4ag+(DEB)1, does not occur on the outer rosette platforms (1% and 4™ floors).

UL L A
OO o Ll

13.0 " T30 s(ppm)
Figure 5.8. Parts of the *H NMR spectra of 4ag*(DEB), (1 mM) in CDCl; in the presence of 5a (0, 3, and
10 equiv): (a) 293, (b) 273, and (c) 233 K (For assignment, see structurein Figure 5.5).
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Strong evidence for the encapsulation of guest 5a within the 2™ and 3™ floors of
tetrarosette 4az*(DEB);, was gathered from variable temperature (VT) NMR
measurements. For tetrarosette assembly 4as*(DEB);», splittings of *"H NMR signals Ha,
Ha, Hp1, Hp2, and NH,, were observed in the presence of 5a (3 and 10 equiv) at low
temperature (< 273K, Figure 5.8). This signal splitting is ascribed to the presence of more
than one species in solution on the NMR time-scale, namely the different complexed
daz*(DEB)12*5a, (n = 1-4) and uncomplexed 4bs¢(DEB);, assemblies in solution. In the
absence of phenol guest 5a no splitting of the NMR signalsis found (Figure 5.8). Similar
phenomena were also observed in 4az*(BUCY A)1, and 4bsz¢(DEB)1, systems. In contrast
to these VT results with the tetrarosette, the VT *H NMR spectra of 3bs*(DEB)s with
either 3 or 10 equiv of 5a (between 243K and 333K) did not show splitting of the H, and
Hy, signals. For the double rosette fast exchange between the complexed guest and the free
guest occurs at an even lower temperature (243K), and only averaged NMR signals are
observed.

5.2.4 Selectivity Studies with Exo- and Endo-Receptors

Various substituted phenol derivatives 5 (Chart 5.2) were selected as possible guest
molecules and the induced shifts of the NHpy, signal (AONHy,) for 3bz¢(DEB)s (Table
5.2) and 4a3*(DEB)1, were carefully checked.
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Chart 5.2. Molecular structures of compounds 5-7.

The ASNHy, values (in experiments with 1.0 mM and 10 equiv of 5) were plotted

against Hammett parameters o, or oy, (Figure 5.9).” The 6, or o, parameters are
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quantified descriptors of the ability of an organic functional group to affect the electron
density distribution of an aryl group. While Hammett plots have been routinely used in
physical organic chemistry, they have also found increasing use in supramolecular

38
systems.
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Figure 5.9. Hammett plots for the NMR signal of NH,y, in the assemblies (a) 3bs*(DEB)s and (b)
4az*(DEB)1, (1 mM) in the presence of 5a-b, 5d, and 5f-j (10 equiv) in CDCl; at 293K.

For both assemblies, the Hammett plot showed larger *H NMR chemical shift
changes upon addition of more acidic phenols with stronger el ectron withdrawing groups,
like NO, (5a), CF3; (5d) and COOMe (5f). These results indicate, once again, the
importance of the acidity of the OH group in interacting with the urea carbonyl groupsin
3b3*(DEB)s and 4aze(DEB)1,. Furthermore, for assembly 3bs¢(DEB)s a good linear
correlation between ASNH, and 6,/cr, was observed for 5a, 5b, 5g, 5h, and 5i (bearing
p-NO,, m-NO,, p-Br, p-F, and H respectively). For 5j (bearing an electron donor group
p-OMe) the observed shift is larger than expected based on the Hammett parameter o,
suggesting that the OMe-group may interact positively with 3bz¢(DEB)s.

For assembly 4az*(DEB);,, a good linear correlation between ASNH,, and 6p/om was
also observed for phenols 5a, 5b, 5f, 5g, 5h and 5i (bearing p-NO,, m-NO,, p-COOMe,
p-Br, p-F, and H substituents, respectively). Again the observed shift was larger when
using 5j (bearing p-OMe) than expected based on the Hammett parameter c,,.

The Hammett plotsin Figure 5.9 clearly show that the hydroxyl group’s acidity is of
great importance for phenol complexation by receptors 3bse(DEB)s and 4aze(DEB)1».
Thisimportance is further emphasized by the other phenol derivatives. The addition of 10
equiv of phenol (5i) (pKa = 9.89) showed a shift of 0.06 ppm for Hy, in the 'H NMR
spectrum. The addition of other less acidic phenols with pK, values around 10, such as p-
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cresol (5e) and 4-fluorophenaol (5h), showed much smaller shifts for Hy,. Addition of 4-
cyanophenol (5c), with a pK, of 7.97, showed a large downfield shift for Hy, (Ad 0.22
ppm, 10 equiv 5c), comparable to the Hy, shift caused by addition of p-nitrophenol 5a (10
equiv, pK, = 7.15). Determination of the binding constant of 5c¢ to assembly 3bz¢(DEB)e
by a 'H NMR titration (1 mM, CDCls, 298 K) yielded an intrinsic K, of 195 M™ for
formation of the 1:6 complex, avalue that is on the same order as the intinsic K, obtained
for 5a (202 M™).

The complexation of guest molecules containing two hydroxyl groups was also
studied. The addition of catechol (5m, 9-10 equiv), which has a pK, of 9.85, showed a
downfield shift of the urea NH signal Hy, of 0.19 ppm. The obtained shift of H, is larger
than expected based on the pK, value of this phenol guest. However, pK, values are
generally measured in agueous solutions, where the intramolecular bond between the two
hydroxyl groups does not occur. In apolar solutions, such as chloroform, this
intramolecular hydrogen bond is formed and therefore the proton that is not involved in
the hydrogen bond becomes more acidic. Catechol (5m) is unique in that it has two
hydroxyl groups ortho to each other. Therefore in principle two hydrogen bonds to the
carbonyl of the ureido functionality can be formed by 5m. If two hydrogen bonds are
formed one would expect the complex to be stronger. Because of the low solubility of 5m
in CDCl5, the intrinsic K, could not be determined by *H NMR titration. If the two
hydroxyl functionalities are further apart, as in resorcinol (51, pK, = 9.81), the observed
shift of Hy, after the addition of 5 is much smaller (Ad 0.07 ppm, 8 equiv). The formation
of the second hydrogen bond is probably not possible because of the geometry of the
complex. Also the intramolecular hydrogen bond acidifying the other proton cannot
occur.

Upon addition of 7 (bearing 2 OH-groups, 10 equiv) to assembly 3bz¢(DEB)s, a0.16
ppm downfield shift was observed for NH,. The observed shift is larger than expected
based on the acidity of 7 (pK, estimated around 10). The two hydroxyl functionalities are
too far apart to form either an intramolecular hydrogen bond or two hydrogen bonds with
the same carbonyl functionality as for 5m, therefore we suggest a two-point interaction
(with two different carbonyl functionalities).
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Table 5.2. Changes of chemical shifts (45) for the complexation of guest molecules to 3bs*(DEB)g (1 mM,

CDCl; at 293 K).

Guest pKd? oy on” A8 (ppm) equiv | Guest pKa oy om A8 (ppm) equiv
5a 7.15 0.81 0.26 10 5i 9.89 0 0.06 10
5b 8.28 0.71 0.24 10 5] -0.28 0.05 10
5c 7.97 0.70 0.22 10 5k -0.38 0.05

5d 0.53 0.15 10 5l 9.81 0.13 0.07

5e 10.17 -0.14 0.06 14 5m 9.85 0.19 10
5f 0.44 0.15 10 6 0.0 7
59 026 011 10 |7 016 10

[a] values were obtained from D.R. Lide, Handbook of Chemistry and Physics, 83" ed. CRC press LLC,
2002, pp 8-46 — 8-56.
[b] values were obtained from ref 37.

5.3 Conclusions

Complexation of phenol derivatives 5 is achieved by using both double and
tetrarosettes. For the exo-receptors 3bs*(DEB)s/(CYA)s and 3ds*(DEB)s a 1:6 binding
stoichiometry is observed. The guest molecules are complexed on both the top and
bottom of the assembly. In contrast 43#(DEB)12/(CYA)12 are endo-receptors that show a
1:4 binding stoichiometry as determined by Job plot and MALDI-TOF MS. The
complexation of 5a inside the cavity between the second and third floors of the
tetrarosette is supported by VT NMR measurements. Splitting of the 'H NMR signals for
the NHpgg-protons was observed at low temperatures upon addition of 5a, indicating
dow exchange between the free host 43¢(DEB)i, and different complexed hosts
45+(DEB)1z*5a, (n= 1-4).

The pK, of the phenol derivatives is important for the complexation to the ureido
carbonyls in the double and tetrarosettes. Acidic phenol derivatives with pK, values
between 7.0-8.0 are the best guests. Phenol acidity, however, is not the only factor that
influences binding to the rosette assemblies. Structural constraintsin the guest can also be
important. Thus catechol, a relatively poor acid with a pK, of 9.85 is a good binder to
3bs¢(DEB)s, probably due to the formation of two-point hydrogen bonds to the ureido
group or to an intramolecular hydrogen bond. Addition of 7 clearly shows that formation
of two hydrogen bonds strengthens the binding. The pK, of the hydrogen bond accepting
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atom is also important for the binding. Acceptor atoms with alow electron density are not
capable of a strong complexation of 5a. Furthermore, it has been shown that the double
rosette contains six independent and well organized binding sites and it has good
potential as a noncovalent assembly for multivalent molecular recognition.

5.4 Experimental Section

'H NMR spectra were recorded on a Varian Unity 300 spectrometer or on a Varian
Unity 400 WB spectrometer. Residual solvent protons were used as an internal standard
and chemica shifts are given relative to tetramethylsilane (TMS) or to the residuad
solvent protons. FAB-MS spectra were recorded with a Finnigan MAT 90 spectrometer
with m-nitrobenzyl acohol (NBA) as a matrix. Laser desorption ionization mass
spectrometry was performed using a modified MALDI-TOF instrument (V oyager RP-DE,
Perseptive Biosystems/Applied Biosystems, Framingham, MA, USA), equipped with
delayed extraction. A 337 nm UV nitrogen laser producing 2 ns pulses and the mass
spectrawere obtained in the linear mode. No organic acid matrix could be used during the
experiments due to instability of the assemblies. An 8-10 pl of the sample of a known
concentration was deposited on the (cold) spot-well, adding a 0.5 ul of a 10° molar
solution of AgOOCCF;. The samples were covered by a non-acidic liquid polymer-film,
not interacting or mixing with the samples. In order to avoid crystalization of the
samples, the pressure in the ion source was reduced drastically, keeping the pressure in
the time-of-flight region under relatively high vacuum. The samples were introduced via
a sample-plate insertion system at near atmospheric pressure. Threshold laser energies
were used in order to avoid fragmentation due to high-energy laser power. After each
experiment internal calibrations were performed using a mixture of known proteins
(ACTH 1-36, Bovine Insulin B oxidized, Bovine Insulin, Myoglobin (horse heart) and
Cytochrome C (horse heart)) of the selected mass range. CD spectra were measured on a
JASCO J-715 spectropolarimeter in a 0.01 cm width cell. Compounds 1a,*%® 1b,}™ 21,
3a-3b,%® and 3d-3f,*® 39,1 and 4a-4b*™ were prepared according to methods described
previously.
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Formation of assemblies 23¢(DEB)g, 332(DEB)s/(CYA)s, and 43¢(DEB)1,/(CY A)12

Hydrogen-bonded assemblies 23¢(DEB)s, 3:¢(DEB)s and 4s¢(DEB)1> were prepared
by mixing calix[4]arene dimelamines 2 or 3 or calix[4]arene tetramelamine 4 with 2.5
and 4 equivalents of DEB, respectively, in CDCl; for 15 min. Similarly, assembly
3b3¢(CYA)s was prepared by mixing calix[4]arene dimelamine 3b with 2.5 equivalents
CYA in CDCls. Assemblies 432(CYA)1, were either prepared from 43¢(DEB)» by
exchange of DEB with CYA or by direct mixing of calix[4]arene tetramelamine 4 with 4
equivalents CY A and heating at 328K for 1 week.

5,17-Bis({4-amino-6-[ (N-propylcar bothioyl-3-amino-2,2-dimethylpr opyl)amino]-
1,3,5-triazine-2-yl}-amino-25,26,27,28-tetr apr opoxycalix[4]arene (3c). Calix[4]arene
dimelamine 3a (0.150 g, 0.15 mmol) was dissolved in THF (25 mL) and propyl
isothiocyanate (0.15 mL, 1.4 mmol) was added. The solution was stirred for 1 h. The
solvent was evaporated and the residue redissolved in CH,Cl, and washed with water (3
times) and brine and then dried on MgSO,. The crude product was purified by column
chromatography (SiO,, CH.ClJ/MeOH/NH,OH = 90/9.5/0.5). Dimelamine 3c was
obtained as a white solid (0.142 mg, 79%) MS (FAB): m/z 1213.6 ([M+H]", calcd
1212.7). **C NMR (75 MHz, CDCls, 298K) & 180.2, 166.8, 166.6, 164.1, 158.3, 151.8,
137.2, 136.6, 134.4, 133.2, 132.2, 131.8, 128.9, 121.1, 120.8, 120.3, 49.1, 48.1, 46.6,
37.2,31.1, 23.8, 235, 23.0, 22.7,11.3, 10.8, 9.8.

Assembly 3cz*(DEB)s: *H NMR (75 MHz, CDCl3, 298K) § 13.96 (s, 2 H; Ha); 13.12 (s,
2 H; Hyp); 8.58 (s, 2 H; He); 7.90-7.81 (M, 2 H; Hg); 7.09-7.04 (m, 6 H; ArH, Hg); 6.96 (s,
2 H; Hy); 6.84 (t, *J(H,H)= 7.5 Hz, 2 H; ArH); 6.69 (s, 2 H; He); 6.40 (br d, 2 H; Hy); 6.08
(s, 2 H; Hy); 4.46 (ABq, 2J(H,H)= 12.9 Hz, 4 H; ArCH.Ar), 4.07-3.54 (m, 14 H; OCHj,
Hi, Hi, Ho), 3.05 (ABg, 2J(H,H)= 13.5 Hz, 4 H; ArCH,Ar), 2.77-2.64 (m, 4 H; H;, Hy),
2.37-230 (m, 2 H; H)), 222-1.75 (m, 18 H; H, CH)), 1.21-0.74 (m, 40 H;
NHCH,CH,CHs, CH3), 0.64 (t, *J(H,H)= 6.6 Hz, 6 H; NHCH,CH,CH).
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Besides large intensity signals, corresponding with the protonated and Ag'-
cationized molecules of the building blocks (at m/z 1181 and m/z 1288
respectively), clusters of ions (intensities of TIC (Total lon Current) between < 1%
and 12%) could be observed in the high mass range. Among unidentified signals in
the mass range 3000-7000, the signals for the complexes of 3bz*(DEB)s with 5a
were detected, which were al in agreement with their theoretical mass assignment
according to their isotopic pattern. In al experiments no quantitative observations
could be made due to ion fluctuations of the clusters observed in the high mass
range.

Broadening of protons Hayp (NH protons of DEB) is aso observed in assembly
23*(DEB)e. This indicates that this proton is in fast exchange. This observed
broadening is also an indication for the lower stability of 23¢(DEB)e.

pK, of N,N’-dibutylmelamineis 5.78,1**¥ and pK, of 5ais 7.15.

a) Murray, B.A.; Whelan, G.S. Pure & Appl. Chem. 1996, 68, 1561-1567; b)
Gieling, G.T.W.; Scheeren, H.W.; Isradl, R.; Nolte, R.J.M. Chem. Commun. 1996,
241-244,

Gas-phase molecular modeling calculations (Quanta 97, CHARMm 24.0) of the
empty assembly showed that the cavity between the second and third floors is
completely shielded from the environment and that the six ureido carbonyl groups
are pointing toward the center of this endohedral cavity.

In a control system, the assembly 83¢(DEB):», where tetramelamine 8 does not bear
ureido moieties (for drawing of compound 8 see: compound 2b in ref 17a), the
broadening of the NHy and NHyp; peaks occurred along with no shifts upon the
addition of 5a (8y2, from 5.6 Hz to 26 Hz for NH*, 10 equiv. 5a). On the other
hand, such a broadening does not occur for the second and third floors (812, 5.4 Hz
for NHp, O and 10 equiv. 5a). The results suggest that the proton exchange
occurres between the OH proton of 5a and the NHx4/NHp; protons of the first and
fourth floors. For 4bz¢(DEB);,, the peak broadening (812, from 8.4 Hz to 26 Hz for
NHa, 10 equiv. 5a) was more significant compared to that of achiral 4age(DEB);2

137



Chapter 5

33

34

35

36

37

38

138

system (812, from 6.0 Hz to 8.4 Hz for NHg, 10 equiv. of 5a), indicating the
facilitation of the proton exchange in the chiral system. For 4bze(BUCYA)1, the
peak broadening of the NHy and NHy; was hardly observed (812, from 6.4 Hz to
6.7 Hz for NHy, 10 equiv. 5a).

In the absence of 5a, 4bs*(DEB);, is strongly CD active due to the asymmetric
arrangement of the many different chromophoric units within the assembly (Prins,
L.J.; Huskens, J.; de Jong, F.; Timmerman, P.; Reinhoudt, D.N. Nature 1999, 398,
498-502). The strong CD band around 290 nm decreased upon the addition of 5a,
indicating the decomposition of the tetrarosette assembly initiated by the significant
proton exchange. The CD intensity was reduced to ca. 40% (20 equiv. 5a), which is
comparable to the assembly formation of 40% estimated from the '"H NMR method.
On the other hand, for 4bzs(BUCYA)12, the CD intensity around 290 nm hardly
decreased upon the addition of 5a. This phenomenon is ascribed to the high stability
of 4b3+(BUCY A)1, as suggested by the *H NMR study.

a) Mascal, M.; Falon, P.S.; Batsanov, A.S.; Heywood, B.R.; Champ, S.; Colclough,
M. J. Chem. Soc., Chem. Commun. 1995, 805-806; b) Bielgewska, A.; Marjo, C.;
Prins, L.J.; Timmerman, P.; de Jong, F.; Reinhoudt, D.N. J. Am. Chem. Soc. 2001,
123, 7518-7533.

Connors, K.A. Binding Constants, Wiley, New Y ork, 1987.

The large K, value of 299 mol™dm? in the 4bs*(DEB)1, system is not very reliable
because 4bs¢(DEB);, dissociated upon the addition of more than 10 equiv 5a.
March, J. Advanced Organic Chemistry, 4™ ed. Wiley, New York, 1992, pp 278-
286.

Ashton, P.R.; Fyfe, M.C.T.; Hickingbottom, SK.; Stoddard, J.F.; White, A.J.P,;
Williams, D.J. J. Chem. Soc., Perkin Trans. 2 1998, 2117-2128.
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Appendix
The 1:6 Binding model
For the calculation of Ky-values for the double rosette 33¢(DEB)s a non-cooperative 1.6
binding model was used. The cartoon of this model is presented below.

6k, 5k,
—> —>
«— «—
Ky 2 kg 3 kd

Skd 6kd

The first guest molecule has six possibilities to bind to hexa-valent receptor and only one
possibility to dissociate. The K; istherefore 6 x K, (Ka=Ka/ky). All the K-values are related
to theintrinsic binding constant K, in the following way:

K2=5/2x K, Ks=2/5x K,

The different K values are now related to each by the following equation:
K1:12/5X K2:9/2X K3=8xKs=15x Ks=36 x Kg
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Chapter 6

Self-Organization of Guest Molecules in Self-
Assembled Capsules: Artificial Viruses

In this chapter the encapsulation of three alizarin dye molecules by a self-assembled
receptor is described. Encapsulation occurs in a highly organized manner, i.e. a
noncovalent hydrogen-bonded trimer of the dye is formed. The encapsulation is highly
cooperative and upon complexation the conformation of the double rosette changes from
staggered to symmetrically eclipsed. The structure as determined by 'H NMR
spectroscopy of the assembly in solution is the same as the structure in the solid state,
which was determined by X-ray diffraction studies. Addition of BUCYA to the rosette with
the encapsulated dye trimer releases the dye from the rosette. The alizarin dye is also
encapsulated in a tetrarosette composed of two double rosettes covalently connected by a
flexible linker. Two noncovalent alizarin trimers, one in between the 1% and 2™ floors and
one in between the 3" and 4™ floors, are encapsul ated.



Chapter 6

6.1 Introduction

Biological systems such as cells and viruses encapsulate entities within their
structure.* The level of self-organization and encapsulation in biological processes are
still far beyond the synthetic abilities of chemists. Nevertheless, the use of sdf-
assembling systems for encapsulation represents nowadays an ambitious goa for the
synthesis of large organized structures. The advantage of these self-assembled systemsis
their ability to “proof-read” and correct mistakes.

In the field of self-assembly, encapsulation of guest molecules is a topic studied
intensively.? The capsules can either be formed by covalent® or noncovalent synthesis®
(see also Chapter 2). While capsules synthesized in a covalent manner should contain a
“door” through where the guest molecule(s) can enter the capsule, the noncovalent
capsules can complex the guest molecule(s) by (re-)assembling the capsule around these
guest molecule(s). Thus, the noncovalent approach facilitates the synthesis of molecular
capsules dramatically. Capsules have many potential applications, ranging from drug
delivery and molecular recognition to molecular reaction chambers for catalysis and
stabilization of reactive intermediates.”

As aready pointed out, nature shows excellent examples of encapsulation of guest
molecules. One of the most simple examples of encapsulation in nature are viruses. These
consist of anucleic acid surrounded by a protein coat, a capsid, which protects the nucleic
acid (see Figure 6.12a). Some viruses have a lipid membrane that surrounds the protein
coat. The protein coat is self-assembled from many copies of one or a few polypeptide
chains and is highly symmetrical. The encapsulated species in these and other natural
systems are highly organized. The organization and complexity found in biological
systems are as yet beyond the ability of chemists. So far organization of guest molecules
in synthetic capsules is mainly achieved by steric constraints, i.e. size-dependent
encapsulation.® There are not many examples known wherein the organization of the
enclosure occurs via noncovaent interactions. One such instance was reported by Fujita
and co-workers’ concerning the formation of hydrophobic dimers of cis-stilbene
derivativesin self-assembled coordination cages.

In this chapter, the highly ordered organization of three guest molecules (via the
formation of three intermolecular hydrogen bonds between the guests) within a
noncovalent capsule formed by a double rosette, is described. Even though the design is
very primitive, this complex shows some interesting structural similarities with the
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viruses found in nature. The double rosette can be seen as a capsid, the protecting shell of
the self-assembled guest molecules. The double rosette itself is aso self-assembled from
multiple copies of two building blocks, forming a highly symmetrical capsule. The
encapsulated molecules form a noncovalent trimer by intermolecular hydrogen bonds,
similar to the hydrogen-bonded double stranded DNA.

6.2 Results and Discussion
6.2.1 Synthesis and Formation of Double Rosette Assembly

In Chapter 5, the complexation of phenol derivatives by double rosettes acting as
exo-receptors was described. The functionalities on the top and bottom of these double
rosettes are used as hinding sites. The X-ray crystal structure® of assembly 1bse(DEB)s
described in Chapter 3 (Chart 6.1) showed that the two rosettes are tightly stacked on top
of each other with a separation of 3.5A at the edges and 3.2A in the center of the rosettes.
Therefore, flat (guest) molecules might be encapsulated in the cavity between the two
rosette layers. In this way, the double rosette assemblies can be regarded as endo-
receptors. The dye alizarin (2a) was chosen because this guest molecule has a large flat
aromatic structure and additionally can be used as a probe for UV spectroscopy (UV
maximum 420-430 nm).

As was reported in the previous chapters, double rosettes 13¢(DEB)s/(CYA)s are
formed by mixing the corresponding calix[4]arene dimelamine 1 with 2 equiv of 5,5-
diethylbarbiturate (DEB) or cyanurate derivatives (CYA) in apolar solvents, such as
chloroform, toluene, or benzene. Calix[4]arene dimelamines 1 (Chart 6.1) were
synthesized according to literature procedures.®®
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1a R'=NH(CH,),CH,
b R'=NH(CH,),CH,, R*=NO,
¢ R'=NH(CH,),CH=CH,

DEB  X= C(CH,CH,),
BUCYA X= N(CH,),CH,

1,*(DEB),/(CYA),

Chart 6.1. Molecular representations of compounds 1 and the corresponding hydrogen-bonded assemblies
13‘(DEB)6 /(CYA)G

6.2.2 Encapsulation of Alizarin (2a) by laz(DEB)g

Upon the addition of alizarin (2a, 4 equiv, Figure 6.1) to assembly laz*(DEB)s (1.0
mM in CDCls), remarkable shifts in the *H NMR signals of nearly al protons, both of
assembly laz*(DEB)s and of guest 2a (Figure 6.1), were observed. Furthermore,
integration of the signals in the 'H NMR spectrum clearly showed a 3:1 complexation of
2a to assembly laze(DEB)s. The symmetry of the complex, reflected by the relatively
simple *H NMR spectrum, indicated that three molecules of 2a should be complexed in
between the two rosette layers. If the three molecules of 2a would have been complexed
on top and/or bottom of the double rosette, the symmetry of the assembly would be
broken, giving rise to afar more complicated *H NMR spectrum.
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Addition of 0-3 equiv of 2a showed the 'H NMR signals of 1ag*(DEB)g*2a3 as well
of laz*(DEB)s, indicating slow exchange between free laze(DEB)s and the complex
lag*(DEB)g*2a3 on the NMR time-scale. Heating the sample to 60 °C still showed the *H
NMR signals for 1lage(DEB)g*2az and lag*(DEB)s separately. Thus, the formed assembly
laz*(DEB)g*2a3 has a high kinetic stability. No other significant signals were observed,
e.g. for complexes with only one or two molecules of 2a; thus the complexation of 2a
seems to be strongly cooperative. After the addition of 4 equiv. of 2a only the chemical
shifts of the complex lage(DEB)g*2az and the free 2a were observed in the H NMR
spectrum. Thus, these preliminary observations indicated that the complex has a structure
of three molecules of 2a encapsulated between the two rosette layers of assembly
laz*(DEB)g (see Figure 6.5).

All the signals in the '"H NMR spectrum (Figure 6.1) of complex las(DEB)ge2as (1
mM, CDCls, 298 K) were assigned by using 2D *H NMR (2D DQFY, TocsY*! and
NOESY ™) experiments. The large shifts observed for the alizarin protons (> 3 ppm)
clearly indicate encapsulation of the guest molecules. The aromatic protons H,, Hs, and H;
of 2a (ring A, see Figure 6.1) shifted 3.28-3.88 ppm upfield, indicating that ring A is
partialy included in the calix[4]arene cone. The observed shift is due to the anisotropy
provided by the numerous aromatic rings that line the interior of the capsule’®
Furthermore, the NHpgg-protons H, and Hy in the complex lage(DEB)ge2a; are shifted
upfield in comparison with the free host 1ag*(DEB)s, 0.58 ppm for H, and 0.30 ppm for
Hp. The signals of H; and Hq (also hydrogen-bonded) are shifted 0.44 ppm upfield and
0.13 ppm downfield, respectively. Protons He and H, situated in the internal part of the
rosette cavity, show alarge upfield shift of 0.71 and 0.84 ppm, respectively. In summary,
all these shifts confirm the encapsulation of 2a between the two rosette planes. All the
data point to a complex of a possible trimer of alizarin (2ag) in between the two rosette
layers.

However, if encapsulation of trimer 2a; occurred in the staggered conformation of
the doubl e rosette one would expect four instead of two signals because in a D3 complex
the symmetry between H, and Hy (or Hy and Hy) in the two planes of the rosette is
broken by the nonsymmetrical trimer of alizarin. Figure 6.1 shows only two signals for
the NHpgs-protons (Ha and Hp) in the *H NMR spectrum. This suggests a conformational
change of the assembly lage(DEB)s from staggered D3 to symmetrical eclipsed Cg;, for the
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complex lage(DEB)ge2a; (Figure 6.2). The number of signals corresponding to the
NHpgg-protons in the 13-15 ppm region reflects the symmetry of the assembly. In the
staggered isomer the two melamines on each calix[4]arene are oriented anti-parallel with
respect to each other. In the eclipsed isomers the melamines on each calix[4]arene unit
are facing the same side of the calix[4]arene. (For more details about symmetry see also
Section 3.2 and 6.2.3).

& B B 8

P-Enantiomer E M-Enantiomer
mirror

Ds

Figure 6.2. Schematic presentation of the three conformational isomers of 1as*(DEB)s.

6.2.3 Symmetry of the Complex laz*(DEB)g2a3

Complexation of 2a3 to the double rosette 1age(DEB)gs breaks the D3 symmetry of the
rosette in the assembly (see Figure 6.4).%* The D3 symmetrical structure has one C; axis
(perpendicular to the plane of the page) and three C, axes perpendicular to the Cs. For the
D3 isomer two signals for the NHpgg-protons H, and Hy, are expected because the three
substituents on the dimelamines render these NHpgg-protons nonequivalent in the
assembly (Figure 6.3).

H
|
Y %/N O
N\ b a /N\";/E
N
H\N N’H
O{ oz
Figure 6.3. Structure of a part of assembly 1aze(DEB)ge2a3 showing the NHpgg-protons H, and Hy, and the
three different substituents on the dimelamine.
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The two rosette layers are interconverted via a Cy-axis, rendering the protons in one
rosette layer homotopic compared to the protons in the other rosette layer and giving
identical resonances in the spectrum. Encapsulation of the trimer 2az in the Ds
conformation would result in a structure with the C; axis but without the C, axes. Only a
Cs axiswould lead to four signals for the NHpgg-protons, two for each rosette. However,
only two signals for these protons were observed in the *H NMR spectrum (Figure 6.1).
This indicated that there must be another element of symmetry rendering the two rosette
layers symmetrically related to each other. The presence of only two signals in the *H
NMR spectrum could only be explained by the presence of a horizontal plane of
symmetry. The two rosette layers are then enantiotopic, giving the same resonances in the
NMR spectrum. Consequently, the presence of the horizontal symmetry plane (o)
between the two rosette layers implies that upon encapsulation of 2az a conformational
change of the calix[4]arene melamine from staggered to eclipsed must have occurred
(Figure 6.4).

a) D,-symmetry b)  C_-symmetry (staggered)

1 C3-axis
no Cz-axis
(4 signals)

1 C3-axis

3 C_-axis C)

2
(2 signals)
c, G,
1 C_-axis
(¢} pr— 3
h  — 1 ch-plane

(2 signals)

Figure 6.4. Symmetry groups for the (a) assembly 1az*(DEB)s, (b) assembly lase(DEB)g after complexation
of 2a, and (c) after complexation of 2a and change of the conformation in the calix[4] arene
dimelamines.
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The eclipsed calix[4]arene dimelamine can form two rosettes, one with the
melamines all in the same direction, the Cz,-isomer, and one in which one of the
calix[4]arene dimelamines is rotated 180°, the Csisomer (see Figure 6.2). While both
rosettes have a horizontal plane of symmetry, the Csy-isomer has also a Cs-axis and
therefore only two signals for the NHpgg-protons. Six signals are expected for the Cs
isomer. In summary, upon complexation of 2a by lag*(DEB)s the conformation of the
rosette changes from staggered to symmetrical eclipsed. The possible mechanism for
complexation is depicted in Figure 6.5.

2a

A =

Chloroform
or Toluene

+ 2/ \
rt

1a (staggered) DEB 1a (eclipsed) DEB

Tl Chloroform Tl Chloroform

or Toluene or Toluene

Figure 6.5. Proposed mechanism for the complexation of 2a by 1a;s(DEB)s,

Additional proof for the conformational change of assembly lage(DEB)s from
staggered to symmetrical eclipsed after complexation comes from a ring closure
metathesis (RCM) reaction (Figure 6.6). As described previously by our group,®*®
assembly 1cz*(DEB)g (Chart 6.1), with oct-7-enyl side chain substituents on the melamine
ring, forms a cyclic trimer (covalent linkage of the three calix[4]arene units) in the
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presence of the Grubbs catalyst™® in CD,Cl. It was shown by *H NMR and modeling that
assembly 1cz¢(DEB)s is exclusively present in the staggered conformation (D3 isomer).
After the RCM reaction, the exclusive formation of the cyclic trimer (Figure 6.6) was
proven by the presence of only the trimer signal at m/z 3100 (calcd for CigoH240N36012°H”
= 3100) in the MALDI-TOF mass spectrum. Moreover, the formation of the cyclic trimer
was also proven by *H NMR spectroscopy. The terminal vinylic protons at § 5.0 and § 5.8
ppm disappeared during the reaction while a new broad signal at 6 5.5 ppm for the
internal vinylic protons in assembly 1cz*(DEB)e appeared.

(a) Staggered Rosette (D,)

CH,)5
PCy, )CH ) \\\
ch | Ph
c 'T”_< CH )
PCy,
—_—
CD,Cl,, 1t
(CH,)e
(CH)Q__,/
1c,+(DEB), Cyclic Trimer
(b) EcIipsed Rosette (Cy,)
1c;- (DEB)g- 2a, Cyclic Monomer

Figure 6.6. Metathesis reaction of assembly 1cz*(DEB)s in the (a) staggered conformation yielding the
cyclic trimer, and (b) symmetrical eclipsed conformation yielding the cyclic monomer.

In the staggered D3 conformation the two alkene chains connected to the same
calix[4]arene are too far apart for an intramolecular reaction (Figure 6.7). Thisresultsin a
geometry of the complex where the alkene chains connected to the melamines at different
calix[4]arenes are close enough for an “intermolecular” reaction, yielding the cyclic
trimer instead of the cyclic monomer. In the eclipsed conformation the two melamines on
the same calix[4]arene are close enough for an “intramolecular” reaction, yielding the
cyclic monomer.
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CH)

CH) (CHi\

/(CHQ)6 2 6\ \Q\

V4

staggered eclipsed

Figure 6.7. Staggered and eclipsed orientation of the two melamine units of calix[ 4] arene dimelamine 1c.

Therefore, the complexation behavior of 1cze(DEB)s, containing oct-7-enyl side
chain substituents, with 2a was studied by *H NMR spectroscopy. This study showed the
same complexation behaviour as laz*(DEB)s. Upon complexation the two initial signals
for the NHpgg-protons at 14.05 and 13.25 ppm in 1c3*(DEB)e disappeared while two new
upfield shifted signals at 13.48 and 12.99 ppm for these protons emerged (Figure 6.8).
The presence of only 2 signals for the NHpgg-protons suggested again that the
conformation of the calix[4]arene dimelamines changes from staggered to (symmetrical)
eclipsed upon complexation of 2as. Subsequently, the ring closure metathesis (RCM)
reaction with complex 1cz*(DEB)g*2as was studied by *H NMR spectroscopy and
MALDI-TOF mass spectrometry. In the *H NMR spectrum of the sample after the RCM
reaction with 1cz*(DEB)g*2as, the signas for the two terminal vinylic protons at 5.8 and
4.9 ppm disappeared, and a new signal for internal vinylic protons at 5.6 ppm devel oped.
MALDI-TOF mass spectrometry showed mainly the mass signal (m/z = 1034.3; calcd for
CeoH20N120142H" = 1033.6) corresponding to the monomer. An almost negligible signal
for the cyclic dimer (~ 5%), and the cyclic trimer (< 1%) was observed, probably from
some traces of assembly 1cze(DEB)g without 2a. Thus, the formation of the monomer is
only possibleif in 1cz*(DEB)g*2a; the calix[4]arene dimelamines exist in a (symmetrical)
eclipsed conformation instead of in a staggered conformation. Consequenly, the RCM
reaction gave an indirect proof of the conformational change in assembly laz*(DEB)s
from staggered (D3) to symmetrical eclipsed (Cah) upon encapsulation of 2as.
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Figure 6.8. Parts of the 'H NMR spectra of (a) assembly 1cz*(DEB)s, (b) 1cs*(DEB)g+2a; before, and (c)
lcs*(DEB)ge2a; after metathesis reaction. Vinylic protons are marked with *. Spectra were
recorded at 300 MHz in CD,Cl, at 298K.

6.2.4 Detailed Studies on the Encapsulation of Alizarin (2a) by laz*(DEB)s

Interestingly, the alizarin hydroxyl OH, resonates at 6.24 ppm in free 2a, while a
shift to 9.87 ppm (Ao 3.63 ppm) was observed upon complexation by assembly
laz*(DEB)gs (Figure 6.1). This large shift suggested that OH, is involved in hydrogen
bond formation, probably with the carbonyl functionality of an adjacent 2a molecule. The
other hydroxyl OH,, which is aready involved in an intramolecular hydrogen bond before
complexation hardly shifted (Ao -0.02 ppm). As visualized in Figure 6.9, 2a could be
complexed between the double rosette with the OH functionalities pointing either
outward or inward with respect to the rosette. Further structural analysis of assembly
laz*(DEB)g*2a3 in CDCl3, by NOESY experiments, revealed connectivities between OH,
and H,, and between OH,, and H,
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@)

Figure 6.9. Formation of the trimer of 2a with (a) hydroxyl functionalities pointing outwards and (b)
inwards related to the rosette plane. (Only the bottom floor of the rosette is shown for clarity
reasons.)

If the hydroxyl functionalities were pointing inwards, an NOE connectivity only
between the OH, and Hq would be expected. If the hydroxyl functionalities were pointing
outwards, an NOE connectivity between OH, and Hq of the same molecule 2a, and an
NOE connectivity between OH, and H, of the neighboring molecule 2a would be
expected. Thus, the NOESY experiment indicated that complexation of 2a occurs with
the OH functionalities pointing outwards with respect to the rosette (Figure 6.9). It thus
seems that the noncovalent combination of three molecules of aizarin in the trimer is
totally regioselctive, i.e. only one of the two possible regioisomers is formed. To prove
the templation role of the double rosette in the formation of the trimer 2a;, an NOESY
experiment with 2a in the absence of the capsule was performed. The NOESY
experiment of 2a did not show NOE connectivities between the hydroxyl OH, and other
protons, indicating that the hydroxyl OH,, in the absence of the template is not hydrogen-
bonded, ruling out the formation of the trimer in the absence of the rosette.

Gas-phase molecular modeling calculations (Quanta 97, CHARMm 24.0) aso
support the formation of the alizarin trimer 2az as depicted in Figure 6.10. While the
minimization of the rosette with the structure depicted in Figure 6.9b led to the capsule
destruction, the minimization of the rosette with the encapsulated 2agz, where the hydroxyl
functionalities point outwards, left the capsule intact. Thus, modeling also showed that
the double rosette assembly is capable of regioselectively templating trimer 2ag.
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Figure 6.10. Gas-phase-minimized structure of assembly lazs(DEB)ge2az with (a) hydroxyl groups pointing
outwards and (b) pointing inwards the rosette plane. The 2a molecules are presented in CPK
style, assembly 1az*(DEB)g is presented by lines.

In summary, *H NMR data showed that the addition of alizarin (2a) to lag*(DEB)s
results in the formation of a complex where three molecules of 2a are encapsulated
between the two rosette layers of the hydrogen-bonded assembly lage(DEB)s. Thereby,
the formation of a hydrogen bond network between the carbonyl functionality of one
alizarin molecule and the hydroxyl of the adjecent alizarin molecule explains the strong
cooperativity observed in the complexation process. Besides the formation of the three
hydrogen bonds, the n-nt stacking of 2a with the triazine, barbiturate and the aromatic
rings of the calix[4]arenes stabilizes the complex.

MALDI-TOF mass experiments using Ag" to ionize the double rosette assemblies
were also used to characterize this double rosette complex.'” A sample of 1as(DEB)s (1
mM) and 2a (4 equiv.) showed an intense signal at m/z 4322 and a smaller signal at m/z
4557, indicating the formation of the 1:1 (calc. for [1age(DEB)g]*2asAg" = 4313), and the
1:2 (calc. for [1ag(DEB)g]*2ax*Ag” = 4553) complex. The signal for the 1:3 complex
formation (m/z 4795; calc. for lage(DEB)ge2az*Ag" = 4793) was hardly observed, while
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this is the only species observed by *H NMR spectroscopy. The influence of Ag" on the
formation of 1age(DEB)g*2as, was studied by adding a 10° M solution of AGOOCCF; to
an assembly of lag*(DEB)g*2a; and measuring the *H NMR spectra. Addition of 0.05
equiv. gave an identical spectrum as in the absence of AgOOCCEF;, while addition of 0.15
equiv. showed new signals in the *"H NMR spectrum. The formed complex is probably
not stable in the presence of a larger amount of Ag" in solution. Most likely, the
encapsulated guest 2a is partially removed from the complex.

6.2.5 Selectivity Studies with Receptor 1az*(DEB)s

A series of anthraquinones (2) (Chart 6.2) was selected as potential guest molecules
and the induced shifts of the proton signals of lag*(DEB)s and 2 or 3 in the 'H NMR
spectra were monitored.

Y o Y 2a Y'?=0OH, Y*°=H (alizarin)

¥ b Y'=OH, Y*°=H
QU0 3 000
Y’ d Y"°=0H, Y**=H
v o Y e Y"?=Y*=Y°=0H, Y’=Y°=H 3
f Y"™=H

Chart 6.2. Molecular structures of compounds 2 and 3.

Addition of anthracene (3), lacking both carbonyl and hydroxyl functionalities, did
not shift any signal in the *H NMR spectrum. Thus, the main driving force for the
complexation is not a simple n-n stacking between the guest molecules and the rosette
plane. Even anthraguinone (2f), lacking only the hydroxyl groups, did not show any shift
of the signalsin the '"H NMR spectrum, evidencing the importance of the hydoxyl groups
for the complexation. Subsequently, to test if both hydroxyl functionalities present in
dizarin are essential for the complexation, *H NMR studies with 1-hydroxyanthraquinone
(2b), containing only one OH group at position-1, and 2-hydroxyanthraquinone (2c),
containing only one OH group at position-2, were performed. Shifts of the signals are
only observed upon addition of 2c. Thus, the OH at position-2 (OHp) in aizarin is
important for the complexation, while the OH at position-1 (OH;,) is not. These
observations are in agreement with the proposed complex structure, so OH, isinvolved in
the formation of an intermolecular hydrogen bond with the carbonyl of the adjecent
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alizarin molecule, while OHp, is only involved in an intramolecular hydrogen bond with a
carbonyl.

In the binding model (Figure 6.9a), ring A is partially encapsulated in the
calix[4]arene cone. Therefore, substitutions in ring A (Chart 6.2) with, for instance,
hydroxyl functionalities should decrease the complexation ability. After addition of
1,2,5,8-hydroxyanthraguinone (2€) to lag*(DEB)s, no change in the chemical shifts of
either guest or host were observed, indicating that no complexation occured. Probably
substitution of the aromatic ring A with bulkier functionalities does not enable ring A to
penetrate into the calix[4] arene cone. Furthermore, when a new OH group was introduced
in ring C as in purpurin (2d), the complexation of the guest to laz*(DEB)s was not
substantially affected in comparison with the encapsulation of 2a.

The binding constant for the binding of 2a to lag*(DEB)s was determined by *H
NMR spectroscopy. An *H NMR titration (1 mM rosette in CDCl3) was performed by
monitoring the percentage of lag*(DEB)s and lage(DEB)g*2a; present in solution. A
binding constant K was estimated from *H NMR titration data by using the equations 1 to
4 (see below). Only two species, lag*(DEB)s and lag*(DEB)g+2as, were observed by *H
NMR spectroscopy (see above); therefore it was assumed that complex lage(DEB)ge2azis
formed in one step.

laz*(DEB)s + 3 2a laz*(DEB)g*2a3 ()
[1ag+(DEB)ee2a3]

K = [lag*(DEB)e][ 28]’ @)

[(1ag*(DEB)s)t] = [1as*(DEB)g] + [1ag*(DEB)s*2a3] ©)

[2a:0] = [2a] + 3[1as*(DEB)s2a3] (4

The amount of free guest 2a is difficult to measure precisely because it is hardly
present in the solution, therefore the K value cannot be calculated accurately. The
concentration of free guest is recalculated indirectly from the concentration of the
complex that is formed ([1ase(DEB)s*2as] equation 4). A K >10'° M was estimated. For
a more precise calculation of the binding constant K, a different experiment was carried
out with lower concentrations of (lag*(DEB)e)it and 2ay:. The H NMR spectrum of
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assembly 1ag*(DEB)s (0.1 mM in CDCl3) with 2 equiv. of 2a clearly showed the presence
of free 2a. The amount of H,0 that is present in the CDCl; at this concentration and the
lower concentration of building blocks 1a and DEB shifted the equilibrium to the
separate building blocks. Therefore, assembly lage(DEB)s at this concentration was not
formed quantitatively. Recalculation of the total concentration of lage(DEB)s by
integration of the NHpgg-protons and the ArCH,Ar-bridge protons gave a totd
concentration of the host assembly of 0.043 mM. The total guest concentration is constant
(0.20 mM). With these total host/guest concentrations a K-value of 10" M= was
estimated.

Calculation of the binding constants of 2b and 2c to 1ag*(DEB)s yielded comparable
K values.

6.2.6 Stability Studies with Complex laz*(DEB)s*2a3

Formation of the noncovalent trimer 2az inside the self-assembled capsid might
stabilize the hydrogen-bonded network of the rosette by m-m interaction between the
rosette layers and the 2a-trimer. As a consequence, the double rosette might be more
stable in polar solvents (DM SO-ds, CD30D). Therefore, the thermodynamic stabilities of
uncomplexed assembly laz*(DEB)s and complex assembly laze(DEB)e*2a; were
determined by 'H NMR titrations of laz*(DEB)g or lag*(DEB)e¢*2a; (CDCl3, 1 mM, 298
K) with DMSO-ds (using 1,4-dinitrobenzene (8= 8.3-8.4 ppm) as an internal standard).™®
The percentage assembly present in the CDCl3/DMSO-ds mixture was determined by
integration of the NHpgg-protons H, and H, (see Figure 6.1 for assignment). No
significant difference in thermodynamic stability between laze(DEB)s and
laz*(DEB)¢*2a; Was observed. H NMR titrations of laz*(DEB)s and lag*(DEB)ge2a3
(CDCl3, 1 mM, 298 K) with CD3;OD were carried out because CD;OD better allows
hydrophaobic interactions than DM SO-ds. The NHpgg signals characteristic for assembly
formation could not be monitored due to the exchange of these protons with the
deuterium of the solvent. Therefore ArHy, at 5.97 ppm (see Figure 6.1 for assignment) in
the free and 6.20 ppm in the complexed assembly were monitored. Unfortunately, the
ArHy, signals are overlapping with free NH and OH protons, which made the accurate
determination of the thermodynamic stability very difficult. Nevertheless, qualitatively no
difference between the thermodynamic stability of lage(DEB)s and lags(DEB)g*2as in
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CD30D is observed. m-mt interaction do not appear to be an important factor in the
complex stabilization.

6.2.7 X-Ray Crystal Structure of 1az*(DEB)s*2a3

Crystallization of assembly lags(DEB)ge2az from diffusion of hexane into a solution
of the complex in dichloromethane gave large single crystals suitable for X-ray
diffraction studies. The crystal structure (Figure 6.11) provides irrefutable solid state
evidence for the encapsulation of three molecules of 2a by assembly laze(DEB)e. In the
crystal structure of a double rosette without the trimer 2az encapsulated (Figure 3.3;
assembly 1bs¢(DEB)s in Chapter 3), the rosette layers are stacked on top of each other
with an intermolecular separation from 3.5 A at the edges to 3.2 A in the center of the
rosette.® The crystal structure of lage(DEB)ge2as, showed that upon encapsulation of 2a,
the intermolecular separation between to two rosette layers increases to 6.7 A at the edges
to 6.4 - 6.9 A in the center of the rosette. Furthermore, the crystal structure reveals that
the two melamines of one calix[4]arene are in a parallel orientation, as indicated by *H
NMR and RCM studies. In this way the electron deficient aromatic ring of 2a is stacked
in between the electron rich nitrogen atoms in the aromatic rings of the melamine. The
OH groups of 2a are pointing outwards with respect to the rosette as was aso indicated
by the NOE connectivities and modeling studies. The O-O distance (between the carbonyl
of one 2a and the hydroxyl of the other 2a) in the hydrogen-bonded network forming the
2a3 trimer is 2.7 A, which is within the hydrogen bond formation distance.
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(b)
Figure 6.11. X-ray crystal structure of complex laz*(DEB)ge2as. Both (a) top and (b) side view are shown.
Only the main component of the disordered butyl and propyl groups are shown.

6.2.8 Release of Alizarin (2a) from the Complex laz*(DEB)g*2a3

As aready discussed briefly in the introduction, complex lage(DEB)ge2az shows very
primitive structural similarities with viruses. The vira capsid is built in a highly
symmetrical way from many copies of a few polypeptides. Double rosette
lag*(DEB)g*2az aso displays a high level of symmetry (Cs) and is also spontaneously
self-assembled from the individual components. Double stranded DNA, self-assembled
by multiple hydrogen bonds, is encapsulated by the capsid of the virus. Also the alizarin
trimer encapsulated by the double rosette is held together by multiple hydrogen bonds.
Furthermore, the double rosette can be functionalized with recognition groups on the
outside of the rosette (see Chapter 3), mimicking the virus anchor points to the host cell.
Besides these structural similarities, one of the initial action mechanism of the virus, i.e.
release of the nucleic acid into the cell, was mimicked. Some of the naked viruses (i.e.
without the lipid membrane) release the genetic material after adsorption to the host cell
(Figure 6.12). In the capsules presented in this chapter, liberation of the encapsulated
material can also be achieved by an externa stimulus. Addition of BUCY A (for structure
see Chart 6.1) to complex lag*(DEB)g2a3 releases the guest molecules 2a (Figure 6.12),
resulting in a similar assembly lage(BuCYA)s without the encapsulated material. The
release is achieved because obviously assembly laze(BuCY A)s (bearing cyanuric instead

of barbituric derivatives) is not able to encapsulate 2a. Moreover, cyanurates form
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stronger hydrogen bonds with melamines than barbiturates, allowing DEB molecules to
be substituted by BUCY A.*° The rearrangement and release was confirmed by *H NMR.
The addition of 2.1 equiv BUCYA to complex lag(DEB)ge2a; showed an 'H NMR
spectrum where al the signals of lage(DEB)ge2az have disappeared and only signals
corresponding to assembly laze(BuCY A)g and free 2a can be seen.

@ # :‘ (i) @ (iii)

T T T

2a DEB

la +«(DEB) <2a la_+«(BuCYA)
3 6 3 3 6

R = anchor points of the rosette
Figure 6. 12. (a) Part of the replication cycle of naked viruses. (i) adsorption of the virus to a host (cell),
(i) rearrangement of the capsid proteins, (iii) release of the encapsulated genetic material;
(b) rearrangement and release of the encapsulated dye trimer by addition of BUCYA.

As a control experiment, 2a was added directly to assembly laz*(BuCYA)s (1 mM,
CDCl3, 298 K) and no changes in the chemical shifts of either the host 1aze(BuCY A)g or
the guest 2a were observed. Also, no extra set of signals for the assembly
laz*(BUCY A)ee2a; appeared. This different behavior of lage(BuCYA)s when compared
to lag*(DEB)s might be ascribed to structural differences between barbituric- and
cyanuric acid. Somehow, the structure of DEB, with its tetrahedral sp*-carbon alows a
better fit for the 2a trimer than CY A with its flatter sp*-nitrogen. This results in a smaller
distance between the two rosette layers for the capsule bearing CYA. Therefore, for the
complexation of 2a to occur the assembly 1lag*(BUCY A)g has to undergo larger structural
changes than assembly 1az*(DEB)s, disfavoring the encapsulation of 2a. These structural
effects were also supported by gas-phase molecular modeling cal culations.
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6.2.9 Encapsulation of Alizarin (2a) by Tetrarosette 43¢(DEB);,

As dready discussed in Chapter 5, the tetrarosette assembly behaves as an endo-
receptor, as evidenced by complexation of phenol derivatives in the cavity between the
2" and 3" floors. In the experiments described in this section, the tetrarosette 45+(DEB)1,
is also acting as an endo-receptor, but now using the cavities between the 1¥ and 2™ as
well as between the 3% and 4™ floors.

Tetrarosette 43¢(DEB);, is formed by mixing tetramelamine 4 (two calix[4]arene
dimelamine units covalently connected through a flexible linker) with 4 equiv of DEB

(Chart 6.3).
4th
3rd
X I
Xx
)ﬁ

d

2n

1* floor

4,+(DEB),,
NH,
N o)
~ Ng H J\ H
‘,NHz j\ N — i i
s o {go

4 R=CH,C(CH,),CH,NHBoc, X=NHCONH DEB X= C(CH,CH,),
Chart 6.3. Molecular representations of compound 4 and DEB and hydrogen-bonded assembly 4;¢(DEB)5,.

The formation of a complex of 2a with tetrarosette 44+(DEB);» was studied by *H
NMR spectroscopy. Upon addition of 2a to 43¢(DEB);, most of the signals showed
remarkable shifts in the 'H NMR spectrum, similar to what was observed for the double
rosette lag*(DEB)s. The NHpgg-protons (H, and Hy,) showed upfield shifts from 14.17,
13.73, 13.33, and 12.96 ppm to 13.11, 12.93, 12.84, and 12.66 ppm (Figure 6.13).
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Figure 6.13. "H NMR spectra of assembly 4.+(DEB),, with (&) 0 equiv. 2a, (b) 3 equiv. 2a, and (c) 6 equiv.
2a.

Also in this case the OH,, of 2a (see Figure 6.13 for proton assignment) was shifted
downfield to 9.58 ppm (Ad 3.34 ppm), which indicated the formation of a hydrogen bond
with the carbonyl of the adjacent 2a molecule. As was expected for an assembly with two
double rosettes, the integration of the 'H NMR signals yielded a 6:1 ratio for the
complexation (2a: 4s¢(DEB)12). Thus, two trimers of 2a were encapsulated by the
tetrarosette, one in between the 1% and the 2™ and one in between the 3 and the 4"
rosette floors (Figure 6.14).

'H NMR titration of the encapsulation of 2a (up to approximately 6 equiv®®) by
43¢(DEB);, (1.0 mM in CDCI3) showed two sets of new signals in the 14.4 — 12.4 ppm
region, as well as 2 signals around 9.7-9.5 ppm, after the addition of 3 equiv. 2a. One of
the sets corresponds to the formation of the assembly 4;¢(DEB)12*2as. The other set of
signals corresponds to the formation of a complex with only one 2a; trimer,
43+(DEB),*2a3. Based on the intensities observed for the NHpgg-protons, the relative
concentrations of the three different assemblies are 1:1:1 (63*(DEB)12) : (63*(DEB)12°2a3)
. (63*(DEB)12°2a5). These relative concentrations indicated that only the complexation of
2a within the trimer is strongly cooperative, while complexation of the first 2ag trimer

does not significantly influence the complexation of the second 2ag trimer.
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4th
_
<—
o CDCl, 1t
1% floor
4, (DEB),, 4,- (DEB),,*2a,

Figure 6.14. Encapsulation of two 2a trimers by tetrarosette 452(DEB).,.

For complex 44¢(DEB)12*2a6, four signals were observed in the *H NMR spectrum.
Earlier results™ showed that assembly 4;¢(DEB)1, exists in the SSS (staggered-staggered-
staggered) isomer (Figure 6.15). Encapsulation of two 2ag trimers by the tetrarosette in
this conformation would give 4 or 8 signals, depending on the direction in which the
second 2a trimer is encapsulated. Nevertheless, in addition to the SSS different other

isomers could also exist (see Figure 6.15).
(@) (b) (c) (d)

SSS SSS SES SES
8 4 4 8
(e) ® (h) (9)
ESE EEE SEE SEE
8 4 8 8
0} (0)] ]
2a
SSE SSE 4
8 8

Figure 6.15. Schematic representation of all possible isomers of a tetrarosette assembly. Only assemblies
with Cs-axes are considered, which means that all 3 tetramelamines have the same
orientation. The isomers are coded with 3 letters (S for staggered and E for eclipsed). The
number of signals expected for the isomer are given below the schematic representations.
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If a similar behavior is expected for tetrarosette 4;¢(DEB);, as for double rosette
laz*(DEB)e, encapsulation of 2a should change the conformation from staggered to
symmetrical eclipsed. Two different conformational isomers depicted in Figure 6.15
show a symetrical eclipsed conformation for the double rosettes, i.e. ESE (e) and EEE (f).
Based on four signals observed in the *H NMR spectrum, the EEE isomer is the most
likely to be formed.

6.3 Conclusions

In this chapter a novel type of guest complexation by double rosettes is described in
which guest molecules are complexed in between the two rosette layers of the double
rosette laz*(DEB)s. Three molecules of aizarin were complexed in a highly organized
manner (a noncovalent trimer) by the formation of a hydrogen bond network. Ring A of
the alizarin is pointing inwards the calix[4]arene cone. Thus, the double rosette
laz*(DEB)s is capable of templating the regioselective synthesis of the trimer 2ag, that is
not formed in the absence of assembly. The encapsulation process changes the
conformation of the calix[4]arene dimelamines from staggered to eclipsed. This trandates
into a symmetry change for the self-assembled capsule from D3 to Cgp in solution. This
solution state conformation is supported by the X-ray of the crystal structure.

Additionally, the complex laz*(DEB)ese2a3 is able to release the encapsulated
material upon addition of BUCYA.

Tetrarosette 43+(DEB)1, forms a 1.6 complex with 2a. In the complex
45+(DEB) 120236, two trimers are encapsulated in the two cavities between the 1% and 2™
floors and between the 3 and 4™ floors of the tetrarosette. The trimer formation is
strongly cooperative as revealed by the absence of encapsulation of only one or two
molecules of 2a. However, the encapsulation of the second 2a trimer occurs
independently from the encapsulation of the first trimer.

6.4 Experimental Section

'H NMR spectra were recorded at 300 or 400 MHz on a Varian Unity 300, or a
Varian Unity 400 WB spectrometer with tetramethylsilane (TMS) as an internal reference
in CDCl3 solutions or with CDCl3 as the interna reference. The 2D DQF-COSY
consisted of 2048 datapoints in t, and 276 increments in t;. For the TOCSY experiment,
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the total TOCSY mixing time was set to 65 ms. The spectrum was acquired with 2048
data points in t; and 276 FIDs in t;. The NOESY experiments were acquired with a
mixing time of 100ms, 2048 datapoints in t, and 276 increments in t;. FAB-MS spectra
were recorded with a Finnigan MAT 90 spectrometer with m-nitrobenzyl alcohol (NBA)
as a matrix. MALDI-TOF mass spectra were recorded on a PerSpective Biosystems
Voyager-De-RP spectrometer. A 337 nm UV nitrogen laser producing 3 ns pulses was
used in the linear and reflectron modes.

Compounds 1a-1b® 1c°, and 4** were prepared according to methods described
previously.

Formation of assemblies 13¢(DEB)s /(CY A)s and 43¢(DEB)12

Hydrogen-bonded assemblies 13¢(DEB)s and 43¢(DEB)s were prepared by mixing
calix[4]arene dimelamines 1 or tetramelamine 4 with 2.5 and 4.0 equivalents of DEB,
respectively, in CDCl3 and toluene-dg for 15 min. Similarly, assembly lag*(CYA)s was
prepared by mixing the calix[4]arene dimelamine 1a with 2.1 equivalents of CYA in
CDCl;3 for 15 min.

Ring Closure M etathesisreaction

Calix[4]arene dimelamine 1c (0.020 g, 0.019 mmol) and DEB (0.0086 g, 0.038
mmol) were dissolved in CD,Cl, (2 mL) and 2a (0.0060 g, 0.025 mmol) was added. The
Grubbs catalyst (0.0031 g, 0.0038 mmol) was added to the assembly. The mixture was
stirred at rt for 16h, and an additional amount of Grubbs catalyst (0.0016 g, 0.0019 mmoal)
was added. The mixture was stirred at rt for 24h before quenched by extensive bubbling
with oxygen.

Single Crystal X-Ray Diffraction

Crystal data and structure refinement for  3[CssH72N1204] -6] CsH12N204]
:3[C14Hg04] 4.5[CeH14] (laze(DEB)ee2az(hexane)ss, Mr=5193.44. Red, cube-shaped
crystals were obtained from diffusion of hexane into a solution of the complex in
dichloromethane. A crysta of dimensions 0.25 x 0.25 x 0.25 mm was selected for
measurement. This crystal was cubic, space group Pa 3(no. 205) with a=41.043(6),
V=69139.1(18) A3, z=8, D,=1.00 g cm™, F(000)=22248, u(Mo Ka)=0.06 mm™. Where
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relevant, the contribution of the disordered solvent molecules has been included in the
reported data (vide infra). 186112 Reflections were measured (R,=0.1117), 12481 of
which are independent (Ri=0.1886, 1.0° < 6 < 21.05°, -37 =< h =< 41, -41 =< k =< 28,
-41 =< | =< 39, T=150 K, Mo Ka radiation, graphite monochromator, 2=0.71073 A).
Data were collected on an Enraf-Nonius KappaCCD area detector on rotating anode. Data
were not corrected for absorption effects. The structure was solved by direct methods
(SHELXS-97), and refined on F? using SHELXL-97-2. A number of alkyl side chains
displayed disorder. For severely disordered side chains a two site disorder model with
refined occupancy was introduced. The remaining side chains were more satisfactorily
described with large anistropic displacement parameters. Mild distance restraints were
applied to the disordered regions, ensuring equal bond lengths and angles within an alkyl
chain. 35% of the unit cell volume is filled with severely disordered solvent. Atomic
positions could not be recognized. The contribution of this disordered density to the
scattered intensity was taken into account with the squeeze procedure, as implemented in
platon. A total electron count of 5360 e per unit cell was found in aregion with a volume
of 24257 A3 These values suggest that the disordered solvent is hexane rather then
dichloromethane. Hydrogen atoms, including those involved in hydrogen bonding, were
included in the refinement on calculated positions riding on their carrier atoms. Ordered
non-hydrogen atoms were refined with anisotropic displacement parameters. Disordered
non-hydrogen atoms were refined with a single isotropic displacement parameter for each
pair of mgjor and minor component atoms. Hydrogen atoms were refined with a fixed
isotropic displacement parameter related to the value of the equivalent isotropic
displacement parameter of their carrier atoms. Final wR2=0.2551, w=1/[c*(F?)+(0.1250
P)?], where P=(max(F.2,0)+2F%)/3, R1=0.0899 (for 5649 1>24(1)), S=1.053, 1009 refined
parameters, -0.30 < Ap < 0.43 ¢ A,

Complex lag*(DEB)ge2as: *H NMR (400 MHz, CDCl; (7.255), 298K) & = 13.59 (s, 2 H;
Ha), 13.08 (s, 2 H; Hp), 12.73 (s, 1 H; OH guest), 9.87(s, 1 H; OH guest), 8.07 (d,
3J(H,H)= 8.4 Hz, 2 H; ArH guest), 7.98 (s, 2 H; Hc), 7.60 (d, 3J(H,H)= 8.0 Hz, 2 H; ArH
guest), 7.71 (d, “J(H,H)= 2.4 Hz, 2 H; Hy) 7.65-7.59 (m, 2 H; Hg), 7.40-7.30(m, 4 H;
ArH), 7.07-7.04 (m, 3 H; ArH, ArH guest), 6.24 (d *J(H,H)= 2.0 Hz, 2 H; H}), 6.17 (s, 2
H; He), 5.80 (s, 2H; Hy), 5.02 (d, *J(H,H)= 7.2 Hz, 1 H; ArH guest), 4.65 (ABq, 2J(H,H)=
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12.4 Hz, 4 H; ArCH,Ar), 4.39 (t, 3J(H,H)= 8.6 Hz, 2 H; OCH,), 4.32 (t, *J(H,H)=8.4 Hz,
2 H; OCH,), 3.99-3.91 (m, 2 H; ArH guest), 3.72-3.50 (m, 8 H; OCH,, CH, butyl), 3.34
(ABq, 2J(H,H)= 12.6 Hz, 4 H; ArCH,AT), 2.44-2.20 (m, 8 H; CHx(DEB), OCH,CH,),
2.10-1.69 (m, 16 H; CHx(DEB), OCH,CH,, CH, butyl), 1.39 (t, *J(H,H)= 7.4 Hz, 6 H;
CHs (DEB)), 1.14 (t, *J(H,H)= 7.2 Hz, 6 H; CHs butyl), 1.10-0.99 (m, 12 H; OCH,
CH,CHs), 0.79 (t, 2J(H,H)= 7.4 Hz, 6 H; CH3 (DEB)).
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Chapter 7

Towards Artificial Antibodies: Small Dynamic
Combinatorial Libraries

In the first part of this chapter the encapsulation of the alizarin trimer 2az by
dynamic mixtures of up to 20 different self-assembled receptors is described. The relative
concentration of the best receptor in the mixture is amplified by the template effect
exerted by 2ag. In the second part, a library of different alizarin-like dye molecules was
added to the nonchiral self-assembled receptor lage(DEB)s. This receptor is able to
template the formation of the best fitting trimer. The highly organized encapsulation of
the alizarin trimer 2az by chiral self-assembled receptors R- or S-3z2(DEB)s is reported.
The encapsulation of the alizarin trimer 2a; by the racemic mixture of R- and S
33*(DEB)s is also investigated. Upon addition of 2a the R- and S-33¢(DEB)s form
heteromeric double rosettes, which is not the case in the absence of 2a.
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7.1 Introduction

Natural antibodies consist of an assembly of peptide chains that are built up from the
20 natura amino acids. The diversity in these antibodies is generated by random genetic
recombinant processes. By using a sdf-assembled scaffold to bring together multiple
binding sites, the diversity generation process of the antibodies can be mimicked. In the
research described in this thesis, double rosettes are used as the self-assembled platform. By
attaching oligopeptides (see Chapter 4) to the individua building blocks it is possible to
create hydrogen-bonded assemblies containing a potential binding site. The diversity of
these assemblies can be generated, as in the natural antibodies, at the covaent level (by
variation in amino acid sequence of the polypeptides) and at the noncovalent level (by
combination of the different individual building blocks).

Combinatorial chemistry (CC) can be seen as the process of diversity generation. CC is
now widely used in the search for biologically active compounds, new materias and
catalysts. Its combination with supramolecular chemistry (self-assembly directed by
molecular recognition) has led to a new research field of dynamic combinatorial chemistry
(DCC).! In DCC, the building blocks are connected to each other by reversible linkages.
These reversible linkages can be covalent,? such as the imines reported by Lehn et d.,% or
the hydrazones that were described by Sanders and co-workers.* Alternatively, the links
can be noncovalent as was shown by Fuijta et al.”> who used metal-ligand coordination,
and by our group® through the use of hydrogen bonds. (see Section 2.4).

The large advantage of DCC over CC is the template effect. When a guest molecule is
added to the dynamic combinatoria library (DCL), some of the building blocks present in
the library bind to it more strongly and these will be removed from the pool of
interconverting building blocks. In this way the thermodynamic equilibrium of the library
will shift, amplifying the good receptors.

The use of hydrogen bonds for the preparation of dynamic combinatorial libraries
(DCL) has not attracted much attention, probably because it is not very easy to find a
system that is self-assembled by hydrogen bonds and is able to recognize molecular
guests by noncovalent interactions. In this chapter, DCLs generated by the formation of
hydrogen bonds are described. In general, the hydrogen bonds have the advantages of
directionality, high selectivity, and comparable strength to one another. In Section 7.2.1
small DCLs of nonchiral double rosette assemblies are described of which the template
ability of an added guest (dizarin) is investigated. Nevertheless, with the final goa of
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synthesizing noncovalent receptors that mimic antibodies, peptides (amino acids) should
be attached to the rosette platform (Chapter 4). Because peptides are chiral, the
complexation behavior of double rosette assemblies bearing model chiral groups was
studied first (Section 7.2.2).

7.2 Results and Discussion
7.2.1 Small Dynamic Combinatorial Libraries of Hydrogen-Bonded Receptors
Structural diversity in calix[4]arene double rosette assemblies is generated simply by
mixing the appropriate number of components 1x (x=a,b...N) under thermodynamically
controlled conditions.? Since these hydrogen-bonded assemblies are kinetically labile, there
is a continuous exchange of components 1x between the different assemblies present. In this
way, a number of M heteromeric assemblies are formed in addition to N homomeric
assemblies. The total number of assemblies P (i.e., N + M) present in such alibrary rapidly
increases with an increasing number of components N and is given by the following formula
(EQ.1; seealso Figure 7.1).

L NIN-2)(N-2)

P=N* (1)
6
1 2 n
X X X /_\
+ +... —
DEB
1 2 n
X X X
N(N-1)(N-2)
N different compounds P=N+ 6 template-directed assembly
different assemblies of the best binder
2 4
3 10
4 20
10 220

Figure 7.1. The spontaneous generation of supramolecular diversity and templated synthesis of the best
binder.

Previous results in our group showed that by mixing the homomeric assemblies
laz*(DEB)g and 1bsz*(DEB)s (for chemical structures see Chart 7.1), additional heteromeric
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assemblies 1ay*1b;(DEB)s and 1a;¢1b,+(DEB)gs are formed spontaneoudly as aresult of the
continuous exchange of the individual components in CDCl5 or toluene-ds (Figure 7.2).°
The mixing process can be clearly followed by *H NMR spectroscopy in CDCls. The newly
formed heteromeric assemblies give rise to different signals for the NHpgg-protons that
have been fully assigned by 2D NMR spectroscopy. It has been shown that the calix[4]arene
dimelamines 1a and 1b are statistically distributed over the four assemblies. The statistical
ratio is 1:3:3:1 for lag(DEB)s, lay*1bi¢(DEB)s lajelb,*(DEB)s, and 1bze(DEB)s,

respectively.
CDCl, or @ @

tol -dg
e 1a,+(DEB), 1a,1b,+(DEB),

1a,+(DEB), 1b,+ (DEB),

1a,+1b,+(DEB); 1b,+(DEB),
Figure 7.2. Mixing the homomeric assemblies laz*(DEB)g and 1bs*(DEB)s yielded also the heteromeric
assemblies 1a2'1b1'(DEB)6 and la]_'lbz'(DEB)e.

Furthermore, our group showed the first example of guest-templated selection of a
hydrogen-bonded receptor in a dynamic noncovalent combinatorial library.” Mixing
equimolar solutions of the individual assemblies 1age(DEB)s and 43¢(DEB)s (bearing two
zinc porphyrin moieties, see Figure 7.38) in CDCl3 at room temperature gave an amost
statistical  composition of the mixture (30 % homomeric; 70 % heteromeric) 4.
n*la,*(DEB)gs (N = 0-3, see Figure 7.3b). Addition of the tripyridyl guest 5 to this dynamic
mixture shifted the equilibrium towards the maximum formation of the best receptor
43+(DEB)s. The amplification of this receptor is a factor of 3.3 ([43*(DEB)g] ~50 % after
addition and ~15 % before addition of 5).
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(b)

4-1a+(DEB),

1a,(DEB),

4,(DEB)s5, 1a,(DEB),
Figure 7.3. (a) Molecular and schematic representations of compounds 4 and 5; (b) Schematic
representation of the 4-component library 4n*la,*(DEB)s (n = 0-3) and templated
selection of the best receptor upon addition of guest molecule 5.

7.2.1.1 Dynamic Librariesfrom Functionalized Double Rosettes

The above example describes the selection of the best binder in a mixture of exo-
receptors, while in this section the amplification of an endo-receptor will be described
(see also Chapter 5 for exo- and endo-receptors). As described in Chapter 6, assembly
laz*(DEB)s templates the regiosel ective synthesis of the different guest trimers.

In contrast to the encapsulation of trimers by assembly laze(DEB)e described in
Chapter 6, the libraries described in this section are generated in toluene-dg. In general,
the signals observed in this solvent are sharper than in CDCls. The shifts of the 'H NMR
signals for the encapsulation of 2a by laze(DEB)s in toluene-dg differ slightly from those
observed in CDCl3 (see Chapter 6).
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Chart 7.1. Molecular structures and schematic representations of compounds 1 and the assembly
formations 13¢(DEB).

Encapsulation of 2a by assemblies 1az*(DEB)s and 1bse(DEB)s

The 'H NMR spectrum of the encapsulation of 2a (3.7 equiv) by assembly
laz*(DEB)s (2 mM in toluene-dg) showed for the OH, signal a downfield shift from
12.51 to 12.90 ppm (Ao 0.39 ppm). The signal of OH, appears at 10.00 ppm (downfield
shift of 4.57 ppm). The NHpgg-protons H, and Hy, shifted upfield after encapsulation of
2at0 13.78 (Ad 0.53 ppm) and 13.22 ppm (Ad 0.31 ppm), respectively (Figure 7.4).
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Figure 7.4. "H NMR spectrum of (a) assembly lag(DEB)s, and b) complex las*(DEB)g+2a;. Spectra were
recorded in toluene-dg at 400 MHz and 298 K.

Addition of the dye alizarin 2a (3 equiv) to assembly 1bs*(DEB)s (1.6 mM in
toluene-dg) showed similar shifts in the *H NMR spectrum as observed for lase(DEB)s.
An upfield shift occurred for the NHpgg-protons H, and Hy, to 13.62 (Ad 0.45 ppm) and
13.26 ppm (Ad 0.09 ppm), respectively. The OH, proton was downfield shifted to 9.33
ppm (Ad 3.90 ppm), while OHp, was shifted downfield to 12.81 ppm (Ad 0.30 ppm). The
main differenceisthat in the *H NMR spectrum of assembly 1ag*(DEB)s after addition of
3.7 equiv of 2a, only the signals for the complex laze(DEB)es*2a; were observed, while
the addition of 2a (3 equiv) to 1lbz*(DEB)s showed the formation of only 8 %
1bs(DEB)ge2a3z in addition to 92 % free assembly 1bz¢(DEB)s. Presumably, the bulky
NO, substituents on 1bze(DEB)g inhibit the alizarin guests from entering the cavity.
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B 5, .

1a,+(DEB),  1a,+1b,+(DEB),

toluene dg

1a,+(DEB), +2a, 1b,+ (DEB),

1a,+1b,+(DEB), ,+(DEB),

Figure 7.5. Schematic representation of the complete amplification of the best receptor laze(DEB)s upon
addition of guest molecule 2a from dynamic library 1a,21b3.q*(DEB)s (n = 0-3).

Dynamic library of four components 1a,°1b.n*(DEB)s (n=0-3)

The difference in encapsulation ability between lage(DEB)s and 1bz¢(DEB)s alows
the study of the possible template effect of 2a; (Figure 7.5). As described in Section
7.2.1, mixing double rosettes lag*(DEB)s and 1bz*(DEB)¢ yielded, in addition to these
homomeric assemblies, the heteromeric assemblies 1aye1b;¢(DEB)s and 1ase1b,*(DEB)g as
aresult of the continuous exchange of the individual components (Figure 7.2).° In toluene-
dg, the formation of the heteromeric assemblies is also clearly reflected in the '"H NMR
spectrum by new signals in addition to the resonances of the homomeric assemblies. The
mixing is clearly seen following protons H,, Hp, and H¢ (Figure 7.6).
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Figure 7.6. 'H NMR spectra of (a) assembly lag(DEB)g, (b) assembly 1bs*(DEB)s, and (c) the dynamic
mixture la,*1bs.,*(DEB)s (n= 0-3). The spectra were recorded at 400 MHz at 298 K in
toluene-ds.

The addition of 2a (1.2 equiv) to the dynamic mixture 1a,e1b(.n*(DEB)s (n=0-3) in
toluene-dg shifted the equilibrium to the best binder 1age(DEB)s, which is expected from the
complexation experiments performed with the individual assemblies. The appearance of
one signa for the OH, proton at 10.00 ppm in the 'H NMR spectrum clearly
demonstrates that only one complex isformed (Figure 7.7b). The resonance at 10.00 ppm
corresponds to complex lags(DEB)g*2a3 (Figure 7.7c). No resonances are evident between
9.0-10.5 ppm, which would correspond to a complex of 2ag with either 1bz¢(DEB)s (9.33
ppm) or the two heteromeric assemblies 1la,*1bzn*(DEB)s (n=1,2). Also, the NHpgg-
protons H, and H, show the amplification of the receptor lage(DEB)s in the mixture.
Integration of the NHpgg-protons H, and Hy showed that the complex lage(DEB)ge2a3
represents ~35 % of all the present assemblies. The enrichment of the best binder
laz*(DEB)s in the mixture is therefore a factor of 2.8 (from ~12.5 % before to ~35 %
after addition of 2a).
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Figure 7.7. 'H NMR spectra of dynamic mixture lay+1b.n)*(DEB)s (n= 0-3) (a) in the absence of 2a and
(b) in the presence 1.2 equiv. 2a; (c) complex las*(DEB)¢e2a;. The spectra were recorded at
400 MHz at 298 K in toluene-ds.

To verify that free assembly 1age(DEB)s was not present in the mixture, the signal of
proton H;, was monitored (Figure 7.8). This proton resonates at 8.55 ppm in the free
assembly (Figure 7.8a), while it resonates at 8.16 ppm in the complex lage(DEB)g*2as.
Therefore, the disappearance of the resonance at 8.55 ppm would prove that there is no
free assembly lage(DEB)s present in solution. Unfortunately, this signal overlaps with the
resonance for H in 1a;*1b,+(DEB)e.° However, integration of the different proton signals
for Hc indicated that free assembly lage(DEB)s was not present in solution in significant
amounts.
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(@)

(b)

8.8 8.4 d (ppm)
Figure 7.8. 'H NMR spectra of (a) assembly lage(DEB)g, (b) dynamic mixture la,+1b.n*(DEB)s (n= 0-3)
in the absence of 2a and (c) in the presence 1.2 equiv. 2a. The spectra were recorded at 400
MHz at 298 K in toluene-ds.

Encapsulation of 2a by assemblies 1cz¢(DEB)s and 1dz¢(DEB)g

To study the possible template effect of 2az in larger hydrogen-bonded libraries, first
the encapsulation of 2a by assemblies 1cz*(DEB)s and 1ds*(DEB)g bearing bromo and
iodo substituents, respectively, at the calix[4]arene moiety (see Chart 7.1) were studied
individually. In contrast to what occurred with lag*(DEB)s and 1lbz*(DEB)s, upon
addition of 2a (3.2 equiv for 1cs*(DEB)s and 2.7 equiv for 1dsz*(DEB)e), two new
different sets of signals (instead of one) appeared in the *H NMR spectrum for each
assembly (2 mM in toluene-dg). Each set of signals corresponds to two different 3:1
(1cs+(DEB)g*2a3) complexes (complex-1 and complex-2). Furthermore, the free assembly
is observed in both cases.

Asrevealed by the intensities of the 'H NMR signals for assembly 1cs(DEB)s, 38 %
of complex-1, 12 % of complex-2, and 50 % of the free assembly were observed after
addition of 2a (Figure 7.9b). The *H NMR spectrum of the encapsulation of 2az by
1cs+(DEB)g shows alarge downfield shift for hydroxyl OH,, to 9.46 (Ad 4.03; complex-1)
and to 9.88 ppm (Ad 4.45; complex-2). The observed downfield shifts for OH, were
smaller (0.42 ppm for complex-1 and 0.47 ppm for complex-2). The shifts for the NHpgg-

179



Chapter 7

protons H, and Hy, for complex-2 are also larger (A 0.48 for H, and 0.20 for Hy,) than for
complex-1 (As 0.38 for Hy and 0.10 for Hy; Figure 7.9b).

c
(a)
a b J
(b) ¢
a/b
n I m * n.
= m
WM J L
rrrrrrrrrrrrr ] Qrrrrrrr|
14 13 12 10 9 8.4 6 (ppm)

Figure 7.9. '"H NMR spectrum of (a) assembly 1cz*(DEB)s (2 mM) and (b) 1cs*(DEB)s + 4 equiv. 2a. 4
represents the free assembly 1cs*(DEB)g, m complex-1, and A complex-2. The signal marked
with * belongs to OH,,, of noncomplexed 2a. Spectra were recorded at 400 MHz in toluene-dg
at 298K.

Judging from the number of signals (two) in the *H NMR spectrum for the NHpgs-
protons in both complexes, the three 2a molecules are encapsulated by assembly
1cs*(DEB)s in a similar fashion as 1age(DEB)g*2as. Thus, the calix[4]arene dimelamines
arein asymmetrical eclipsed conformation respect to each other (see Section 6.2.3).

The structural difference between complex-1 and complex-2 could not be derived
from the 1D 'H NMR spectrum. A possible difference could be that in one of the
complexes the 2ag trimer is complexed with the hydroxyls pointing outwards (related to
the rosette plane), while in the other the hydroxyls are pointing inwards (see Section
6.2.1). Another possibility is that the 2az trimer is encapsulated in two different
directions, i.e. clockwise and counter-clockwise, giving two constitutional isomers
(Figure 7.10). Thus, the complex formation is not totally regioselective.
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Figure 7.10. (a) Clockwise and (b) counter-clockwise encapsulation of 2a by symmetrical eclipsed rosettes
13'(DEB)6.

For assembly 1ds*(DEB)s, 37 % of complex-1, 22 % of complex-2, and 49% of the
free assembly 1d3¢(DEB)s was present after the addition of 2a (2.7 equiv). Also for this
assembly a large downfield shift for OHp (Ad 4.06 ppm for complex-1 and 4.50 ppm for
complex-2) was observed. The other observed chemical shifts are comparable to the ones
observed for assembly 1cz*(DEB)s.

Dynamic library of four components 1a,°1¢z.n*(DEB)s (n=0-3)

Subsequently, the dynamic library 1a,e1c.n*(DEB)s (n = 0-3) was prepared by
mixing equimolar solutions of the individual double rosettes 1az*(DEB)s and 1c;*(DEB)s
in toluene-dg at room temperature. The formation of the heteromeric assemblies la,e1c.
n*(DEB)s (n = 1,2) could be concluded from the multiple (at least 7) signals observed for
Hc (8 = 8.67-8.50) in the '"H NMR spectrum (Figure 7.11c). This proton resonates as a
singlet at 8.55 and 8.60 ppm for both homomeric assemblies 1azs(DEB)s and 1cz*(DEB)s,
respectively (Figure 7.11a-b). Similar multiple resonances for other protons in the rosette
were observed. Integration of the signals observed for H; pointed to a more or less
statistical composition of the mixture [1:3:3:1 [(lag*(DEB)s) : (laz*lc;*(DEB)g) :
(1az°1c*(DEB)e) : (1cs*(DEB)6)]]-
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|
8.8 8.4 8(ppm)
Figure 7.11. Part of the '"H NMR spectra of assembly (a) las(DEB)g, (b) 1cz*(DEB)g, (C) dynamic mixture
lay+1Ci.q*(DEB)s (n= 0-3) and (d) dynamic mixture 1a,°1C.n*(DEB)s (n= 0-3) plus 2 equiv
of 2a. The spectra were recorded at 400 MHz at 298 K in toluene-dg.

Addition of 2a (2 equiv) to the dynamic mixture 1a,*1c.n*(DEB)s (n = 0-3) shifted
the equilibrium to the best binder 1az*(DEB)s. Integration of the signals in the *H NMR
spectrum of the rosette NHpgg-protons H, and Hy and of the guest 2a OH,,, and OH,,
protons showed the formation of ~ 48 % complex. The signals for the OH,, (Figure 7.12b)
indicated which complexes were formed with 2a.® Integration of the OH,, signals showed
that ~ 43 % of the complexes formed is the homomeric complex laz*(DEB)¢e2a3. The
heteromeric complex lazelc;*(DEB)e¢e2a3 is formed in ~ 47 % vyield and complex
1a;°1c,*(DEB)ge2a3 in ~ 10 % yield, while the formation of the homomeric complex
1cs*(DEB)g*2a3 is negligible. In the dynamic mixture la,*1csn*(DEB)s (n=0-3) before
the addition of 2a, assembly laz*(DEB)s is present in ~ 13 % yield, while, after addition
of 2a, complex laz*(DEB)e¢*2a; is present in ~ 21 % yield. Figure 7.11d shows that the
signal for proton H¢ in the homomeric assembly lase(DEB)s completely disappears,
which means that no free assembly lag*(DEB)s is present in solution. Thus, the
amplification of lagz*(DEB)s in the dynamic library is a factor 1.6. The observed
enrichment of lag*(DEB)e in the dynamic library 1ame1ciz.n*(DEB)s (n=0-3) is smaller
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than the enrichement in the dynamic library la,e1b.n*(DEB)e (n=0-3), indicating that
the difference in binding affinity between 1a and 1c is smaller than between 1a and 1b.

(@) a/b
(b) I
"
(c) a |b - .
15 14 13 12 10 9 9 (ppm)

Figure 7.12. 'H NMR spectra of dynamic mixture laye1cin*(DEB)s (n= 0-3) (&) in the absence and (b) in
the presence of 2a (2 equiv.) and (c) of complex las*(DEB)¢*2a; The spectra were recorded
at 400 MHz at 298 K in toluene-dg. m represents the complex laze(DEB)g*2as, A complex
la,e1c;*(DEB)ge2as and A complex 1a;°1c,*(DEB)ge2as.

Dynamic library of four components 1a,°1d(.n*(DEB)s (n=0-3)

The dynamic mixture 1lase1dsn*(DEB)s (n = 0-3) (total concentration 2 mM in
toluene-dg) showed the same behavior after addition of 2a as that of library laselcgs.
n*(DEB)s (n=0-3). Prior to the guest addition, at least 5 signals were visible for proton
H., and integration of these signals indicated a mixture close to the statistical distribution
of 1a and 1d over the different assemblies. After the addition of 2a (1.4 equiv) to
lan*1dzn*(DEB)s (N = 0-3), the 'H NMR spectrum showed a total of ~ 40 % formation
of complexes. Also here the resonances for the hydroxyl OH,, indicate which complexes
were formed with 2a. Complex lag*(DEB)s*2a;3 is present in 54 % yield, the heteromeric
complex lapeld;*(DEB)ge2az in 40 % yield, while the other heteromeric complex
la;e1d,+(DEB)ge2a3 is only present in 10 % vyield of the total complexes formed.
Assembly lazs(DEB)ee2a3 is present in ~ 22 % yield in the dynamic library after the
addition of 2a, indicating the enrichment of assembly laz*(DEB)e in the mixture by a
factor of 1.8.
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Dynamic library of ten components 1a,*1Cy*1d3.(n+mj*(DEB)s (n = 0-3; m = 0-3; (n+m)
<3)

Subsequently, the behavior of a 10-component dynamic library was investigated. The
dynamic mixture lap*1Cme1d[z (+my*(DEB)s (N = 0-3; m = 0-3; (n+m) < 3) was prepared
by mixing equimolar solutions of the individual double rosettes 1az*(DEB)g, 1c3¢(DEB)s,
and 1ds*(DEB)g in toluene-dg at room temperature. The *H NMR spectrum becomes too
complex for the calculation of the distribution of 1a, 1c, and 1d over the different
assemblies (Figure 7.13a). However, after the addition of 2a (0.7 equiv), the resonances
of OH, indicate the different complexes formed (Figure 7.13b). The total complex
formation is ~ 20 %. The homomeric complex laze(DEB)¢*2a3 (m) is present in ~ 39 %
yield, while the two heteromeric complexes lay*1c;*(DEB)¢*2a3 (A) and
laye1d:¢(DEB)g*2a3 (A) are both present in ~ 28 % yield of the total complexes (Figure
7.13b). If the distribution of the 1a, 1c, and 1d over the assemblies would be statistical,°
assembly lage(DEB)s would only be present in 3.7 % yield. After the addition of 2a,
complex lage(DEB)g*2as is present in ~ 7.8 % yield, showing an enrichment factor of ~ 2.

a/b
(a)M
(b) A
(C) Ea’ b’ m’ n
JL JL |
14 12 10 3(ppm)

Figure 7.13. 'H NMR spectra of dynamic mixture lagelcyeldis.(nemy*(DEB)s (n= 0-3; m= 0-3; (n+m)<3)
(a) in the absence and (b) in the presence of 2a (2 equiv) and (c) of complex 1az*(DEB)e2as,
The spectra were recorded at 400 MHz at 298 K in toluene-ds. m represents the complex
laz*(DEB)g*2a3, A complex lay1d;*(DEB)ge2a; and A complex 1ay21c,*(DEB)ge2as.
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Dynamic library of twenty components 1a,e10m21Co*1d;3.(n+m+o))*(DEB)s (N = 0-3; m = O-
3; 0=0-3; (n+n+0) <3)

Finally, the amplification in a 20-component dynamic library effected by trimer 2ag
was investigated. Statistically, assembly lag*(DEB)s would only be present for 1.7 %™ in
the dynamic mixture 1age1byelce*1d[3 (n+m+oj*(DEB)s (N = 0-3; m = 0-3; o = 0-3;
(n+m+0) < 3) as the individual assemblies are mixed in equal amounts (Figure 7.14a).
After addition of 2a (0.5 equiv.) to the dynamic mixture, the resonances for hydroxyl OH,
indicate which complexes are formed. In total ~ 10 % of the all assemblies encapsulated
the 2a3 trimer. The homomeric complex laze(DEB)s*2a; (m) is present in ~ 49 % yield
and the two heteromeric complexes 1ay*1ci¢(DEB)s*2a3 (A) and 1ay*1d;*(DEB)¢*2a3 (A)
are both present in ~ 25 % yield of the total amount of complexes (Figure 7.14b). Thus,
complex lag*(DEB)g*2az is present in ~ 4.7 % yield in the dynamic mixture after the
addition of 2a, showing an enrichment factor of ~ 2.8. Thus, trimer 2az is even capable of

selecting the best binder 1age(DEB)g in a 20-component library.
(@) a/b

(b)

-----

Figure 7.14. 'H NMR spectra of dynamic mixture 1a,1by*1Ce* 1[5 (ne mi oy *(DEB)s (N= 0-3; m= 0-3; 0= 1-
3; (Nt Mt 0)<3) (a) in the absence and (b) in the presence of 2a (2 equiv) and (c) of complex
laz*(DEB)g*2a; The spectra were recorded at 400 MHz at 298 K in toluene-dg. m represents
the complex 1az*(DEB)s*2a;, A complex lay1d;*(DEB)ge28; and A complex
la,*1c,*(DEB)¢e2as.
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7.2.1.2 Selective Noncovalent Synthesis by Receptor laz(DEB)s in a “Virtual
Library” of Self-Assembled Guest Trimers 23
Subsequently, the complex formation between one hydrogen-bonded receptor
(1az*(DEB)gs) and a mixture of dye molecules 2a-2d was studied. The four different
molecules 2a-2d chosen for this study are depicted in Chart 7.2.

2aY —OH Y = H(alizarin)

bY = OH v'=v*°=H
Y =OH, Y= H
Y=y 0H, Y’z H

Chart 7.2. Molecular structures of compounds 2a-d.

First, a mixture of only two guest molecules 2a and 2b and self-assembled receptor
laz*(DEB)s was studied. In Chapter 6, it was reported that this receptor can template the
formation of the noncovalent trimers 2az and 2bz with similar affinity. Thus, after the
addition of 2a and 2b four different complexes can be expected, two homomeric
(1ag*(DEB)g*2a3 and laze(DEB)e*2bs), and two heteromeric (lage(DEB)ge2a*2b and
lag*(DEB)g*2as2h,).

The library was obtained by mixing in a 1:1 ratio two previously prepared complex
solutions (1mM rosette in CDCl3, lage(DEB)s + 2a (4 equiv) and lag*(DEB)s + 2b (3.8
equiv)). The *H NMR spectrum of this mixture showed additional signals in comparison
to the '"H NMR spectrum of the two individual complexes (Figure 7.15), revealing the
formation of the heteromeric complexes lag*(DEB)g*2a,22bzn) (N=1,2). The hydroxyl
OHpm, present only in 2a, gave four different signals in the *"H NMR spectrum of the
library (Figure 7.15c). One of the signals clearly comes from the homomeric complex
laz*(DEB)e¢*2a3. The other three signals arise from the two heteromeric complexes, i.e.
one signal for complex lazs(DEB)e*2a;°2b, (only containing one molecule of 2a) and
two broader signals for lage(DEB)g*2aze2b; (containing two molecules 2a). The
intensities of all four signals are comparable. The signal derived from the homomeric
complex lags(DEB)g*2az accounts for three 2a molecules, and therefore its abundance is
three times smaller than the heteromeric complex. From the integration, it seems that the
relative concentrations of the four different complexes lage(DEB)s*2an22b3n) (N=0-3) in
the mixture is 1:3:3:X ([2a]3) : ([2a]2[2b]) : ([2a]*[2b]>) : ([2b]s), in agreement with the
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statistical distribution of the guest molecules 2a and 2b over the various assemblies (if X
= 1)."! Thus, there is no preference for the encapsulation of exclusively 2a or 2b. The
OH,, proton was expected to result in eight different signals, one for each homomeric
complex and three for each heteromeric complex. The expected signals partialy overlap
with each other, resulting in a set of signals that is difficult to analyze. Additionally
around 10 different signals for the NHpgg-protons H, and Hy, were observed.

(a) a b

(o]

m n
o ouMm
2a

(b) ay by I’]’ (@]
(@]
2b
(c) a/a’lb/b’
" O O
MM OH OHn
— , o oum
13.8 134 13 10 9 68 (ppm) 2a

Figure 7.15. Part of the *H NMR spectrum for the complexation of 1az*(DEB)s and (a) 2a, (b) 2b to and (c)
1:1 mixture of 2a and 2b.

Due to the complexity of the 'H NMR spectra, MALDI-TOF mass experiments using
Ag" to ionize the double rosette assemblies were also used to characterize the different
double rosette complexes.’? As already discussed in Chapter 6, the MALDI-TOF
spectrum of a sample containing complex lage(DEB)g*2a; showed an intense signd
corresponding to the 1:1 (1az*(DEB)s:2a) complex and a smaller signal corresponding to
the 1:2 (1ag*(DEB)s:2a) complex, while the signal for the 1:3 (1ag*(DEB)s:2a) complex
was hardly observed. Also, for the sample containing complex lags(DEB)ge2b3 a similar
signal distribution was found in the MALDI-TOF mass spectrum.

When the sample containing assembly lage(DEB)s (0.25 mM), 2a (3.8 equiv.), and
2b (2.6 equiv) was measured by MALDI-TOF MS, only signals corresponding to the
different combinations (homo- and heteromeric) of the 1.3 complexes
(lag*(DEB)e*2a,02b(3.y (n=0-3)) were observed in the m/z spectrum. No signals
corresponding to 1:1 and 1:2 complexes were found. Two different signals corresponding
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to the two homomeric complexes were observed a m/z 4798 (caled for
laz*(DEB)g*2az*Ag" = 4799) and at m/z 4753 (calcd for lage(DEB)ge2bseAg” = 4751),
and another two signals corresponding to the heteromeric complexes at m/z 4781 (calcd
for lage(DEB)ge2a,°20:°Ag" = 4783) and at Mz 4764 (calcd for lage(DEB)ge2a;:2bo2Ag"
= 4767). The different behavior observed between the complexes with one assembly and
only one type of guest molecule versus multiple guest moleculesis still unclear.

A similar mixture of guest molecules 2a and 2d was also investigated. A 1:1 mixture
of assembly 1ag*(DEB)s (1 mM in CDCl3) + 4 equiv 2a and of assembly lage(DEB)s (1
mM in CDCl3) + 3.8 equiv*® 2d was prepared. The 'H NMR spectrum of this mixture
showed only signals for the encapsulation of the 2az trimer by assembly 1ags(DEB)s, and
no signals for either the other homomeric complex lag*(DEB)ge2d; or the two
heteromeric complexes lag(DEB)g*2a,22d; and lage(DEB)s*2a;°2d, were observed
(Figure 7.16). Thus, guest 2d is not complexed by assembly laze(DEB)s. Additionaly,
the signals for the free assembly are visible in the 'H NMR spectrum as a consequence of
the equivalents of 2a (2 equiv) compared to the total amount of double rosette
laz*(DEB)es present. In conclusion, it is the first time that the selective noncovalent
synthesis by areceptor in avirtual library of self-assembled guests is achieved.

0
(a) a b m n
O onMm
2a
(b) m
o) o
a b n OH
- - QI
SO
o ouMm OH O oH™
WW“M'”WWW o Tl WM bt g Mo 2a 2d
14 13 10 3 (ppm)

Figure 7.16. Part of the 'H NMR spectrum for the complexation of (a) 2a to 1laz*(DEB)s and (b) a mixture
of 2a and 2d to 1az*(DEB)s.

Unfortunately, the *H NMR spectrum and the MALDI-TOF spectrum for the sample
in which assembly laz*(DEB)s and the four guest molecules 2a-2d were present was too
complicated to provide relevant information.
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7.2.2 Complexation of Alizarin 2a by Chiral Assemblies R-3az(DEB)s and S-
3bs«DEB)g
As described in the introduction, the final aim is to prepare libraries of noncovalent
receptor molecules mimicking the selective processes encountered in antibodies.
Therefore, the effect of chirality of the receptor libraries on the complexation behavior of
rosettes bearing smple chiral groups was studied.

'H NMR spectroscopy

As has dready been described, the double rosette lage(DEB)s in the staggered
conformation (Ds symmetry) displays supramolecular chirality (see Section 3.2).** The
chirality is caused by the antiparallel orientation of the two melamines, which can either
be oriented clockwise (P) or counterclockwise (M). In the absence of any other source of
chirality, the assemblies exist as a racemic mixture of the P- and M-enantiomeric helices
(showing only two signals in the 15-13 ppm region). The introduction of chira
substituents at the periphery of the rosette leads to the formation of diastereomeric instead
of enantiomeric helices (in the case of diastereomers, four signals should then appear in
the low field region, 13-15ppm).**

=

lag*(DEB)s/(CYA), j\ N — DEB  X=C(CH,CH,),
35*(DEB)s/(CYA)q N Ve — THPCYA X=N(CH,),C(Ph),

P N0

Chart 7.3. Molecular representations of compounds 1 and 3 and the corresponding hydrogen-bonded

To study the effect of a chiral environment on the encapsulation of alizarin 2a, the
addition of 2a to chiral rosettes 33¢(DEB)s (Chart 7.3), containing either an (R)-1-
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phenylethyl (R-3a) or an (S)-1-phenylethyl group (S3b), was investigated. Both rosette
assemblies form quantitatively in chloroform, toluene, and benzene as could be confirmed
by integration of the signals in the *H NMR spectra. The presence of only two signalsin
the 15-13 ppm region (instead of four as expected for the diastereomeric mixture) proves
that both double rosettes are present exclusively as one of the two possible diastereomers
(complete chiral induction). Assembly R-3az*(DEB)¢ exists only in the M-configuration
and assembly S-3bz*(DEB)g only in the P-configuration.** Therefore, due to the fact that
dimelamine derivatives R-3a and S-3b are enantiomers, the two assemblies are aso
enantiomers. Upon addition of 2a (3-4 equiv) to either R-3az*(DEB)s or S-3bs¢(DEB)s
(1.0 mM in CDCl; at 298 K), the initial two signals of the NHpgg-protons between 12-15
ppm disappeared, and four new signals in this area appeared (Figure 7.17). The NHpgz-
protons H, and Hy, resonated after complexation of 2a at 13.66, 13.42, 12.93, and 12.89
ppm. Additionally, a downfield shift of 3.79 ppm was observed for the OH,, proton of 2a.
Also, the changes in chemical shifts for the other protons of the guest 2a and the
assemblies 33¢(DEB)s are comparable to the shifts obtained for the protons in the
complexation of 2a with the achiral assembly 1age(DEB)s (see Chapter 6).

0
q p
s onN
b5 oum
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Figure 7.17. *"H NMR spectra of (a) assembly S-3bs¢(DEB)s, and (b) complex S-3bze(DEB)g*2a;. The signal
marked with * belongs to OH,, of free 2a. Spectra were recorded in CDCl; at 300 MHz at 298
K.

(@)
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The presence of four signals in the *H NMR spectrum potentially indicates that two
different symmetrical eclipsed complexes (Can) with 2a are formed (two sets of two
different signals) or that one staggered complex (Cs) isformed (four different signals, see
Chapter 6).

The symmetrical eclipsed rosette might complex clockwise and counter-clockwise
the trimer of 2a, which would give two constitutional isomers (for drawing see Figure
7.10). If two different constitutional isomers with Cgz,-Ssymmetry (symmetrical eclipsed)
are formed with 2a, the n-n stacking between 2a and 3 would probably stabilize one
constitutional isomer more than the other (partia regioselectivity). Nevertheless, all four
signals for NHpgg-protons H, and Hy have the same intensity, which would mean that
both constitutional isomers have the same free energy (zero regioselectivity) at the
thermodynamic equilibrium, which is not very likely. Furthermore, for the nonchiral
complex lag*(DEB)g*2as (Chapter 6) only one of the two possible constitutional isomers
was formed. More importantly, only one set of signals for the guest 2a is observed. In the
case that two constitutional isomers would be present in solution, also two sets of signals
for 2a should be expected. Therefore, it seems that only one complex is formed, with the
calix[4]arene dimelamines in a staggered conformation, and thus Cz-symmetry. Because
there is no horizontal symmetry plane o, that converts one rosette layer into the other
rosette layer, the protons in the two rosette floors resonate at different chemical shifts.
This explains the four signalsin the '"H NMR spectra. For this staggered conformation the
direction (clockwise or counter-clockwise) of the complexation of three 2a molecules
would result in the formation of identical assemblies (Figure 7.18).

(b)

Figure 7.18. (a) clockwise and (b) counter-clockwise encapsulation of the 2a; trimer by 3;¢(DEB)g, bearing
the calix[ 4] arene dimelamines in the staggered conformation.
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Additionally, total induction for complexes 33¢(DEB)g*2a3 is observed because the
formed complexes are only present as one diastereomer, as was proven by *H NMR
spectroscopy (only one set of four different signals). The 'H NMR spectra of assembly R-
3ag*(DEB)g*2az and S-3bz*(DEB)e¢*2a3 are identical, indicating that the two complexes
are indeed enantiomers. CD spectroscopy provided information about the rotation of the
diastereomers (a positive signal for the M-diastereomer (R-3az*(DEB)¢*2a3) and a
negative signal for the P-diastereomer (S-3bsz¢(DEB)g*2a3).

Furthermore, in 2D *H NMR spectroscopy, an NOE connectivity is observed
between OH,, and one of the chiral CH3z-groups of calix[4]arene dimelamine, which also
indicates that 2a is complexed with the hydroxyl functionalities pointing outwards with
respect to the rosette plane, asis the case for complex lage(DEB)g*2a3 (Figure 7.19).

Figure 7.19. Sde view of (a) complex lage(DEB)¢e2a3, and (b) R-3az(DEB)g*2as.

From these *H NMR studies it can be concluded that the encapsulation of 2ag trimer
by chiral double rosettes R- or S-33¢(DEB)g occurs with the hydroxyl groups pointing
outwards, and that upon encapsulation the calix[4]arene dimelamines still exist in the
staggered conformation, and thus do not change from staggered to eclipsed as for
laz*(DEB)s (see Chapter 6).

A possible explanation for the different conformation of the calix[4]arene
dimelamines in the complexes comes from earlier studies™ in our group. From these
studies, it is known that assembly type 13¢(DEB)s and 33¢(DEB)s exclusively form the D3
isomer, because steric hindrance between the 5-alkyl substituents of the barbiturate
fragments in the upper and lower rosette floors prevents the formation of the Cg, and Cs
isomers (see Figure 6.2). However, the assembly formed by calix[4]arene dimelamine 1a
with TripCYA (for molecular structure see Chart 7.3) exists 90% in the symmetrical
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eclipsed conformation (Cap), while the chira calix[4]arene dimelamines R- or S-3 with
TripCYA form exclusively the D3 isomer. The chiral substituents have a strongly
preferred orientation with respect to the rosette core and are unable to rotate as was
revealed by 2D 'H NMR ROESY experiments. This preferred orientation can only be
adopted in the D3 isomer and therefore the calix[4]arene dimelamines in the assembly R-
or S-33¢(DEB)s will not change to an eclipsed conformation upon complexation of 2a.
Therefore a different complexation behavior is observed for the achiral assembly
laz*(DEB)s and the chiral assemblies R- or S-3;¢(DEB)s. The different encapsulation
behavior is visualized in Figure 7.20, wherein gas-phase molecular modeling calculations
(Quanta 97, CHARMm 24.0) were used to obtain the minimized structure for both
complexes laz*(DEB)g*2a3 and R-3az*DEBg*2as.
@ o ®

i, ‘-_,’. A\
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Figure 7.20. Gas-phase-minimized structure of assemblies (a) las*(DEB)¢*2a; with the calix[4] arene
dimelamines in the eclipsed conformation (Cs.-symmetry) and (b) R-3aze(DEB)ge2a; with the
calix[ 4] arene dimelamines in the staggered conformation (Cs-symmetry). The 2a molecules
aredrawn in CPK style, the assemblies are represented by lines.

CD spectroscopy
CD spectroscopy performed with the samples containing complexes R- or S
33*(DEB)g*2a3 (1 mM assembly in CHCI3 or benzene-dgs at 298 K) is in agreement with
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the proposed staggered conformation of the dimelamines. When a fixed amount of 2a (4
equiv) is added to assemblies R- or S33¢(DEB)e, a CD signal is observed for complexed
assemblies R- or S-33¢(DEB)g*2a; (Figure 7.21). This means that the complexes R- or S
33¢(DEB)¢*2a3 are still chiral. Thus, it can be concluded that the melamines are in a
staggered conformation, because assemblies in the eclipsed conformation are not chiral

due to the horizontal plane and would be therefore CD silent.
150

00 L
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Figure 7.21. CD spectra of assemblies 3,¢(DEB),*2a, (n=0 or 3). All spectra were recorded in benzene-d,
(1.0 mM for the assemblies) at 298 K.
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Intriguingly, the subsequent addition of 2a to assemblies R- or S-33¢(DEB)s shows a
decrease in the CD signal. The CD signal of both assemblies is amost silent after
addition of 4 equiv 2a (Figure 7.21). The observed decrease in CD intensity is not due to
the destruction of the assemblies because™H NMR spectroscopy showed by integration of
the NHpgg-protons that the assemblies were still quantitatively present after alizarin
complexation. Furthermore, *H NMR spectroscopy showed that only one diastereomer is
formed (only four instead of eight signals observed), so the decrease cannot be due to
racemization. Thus, upon addition of 2a, the calix[4]arene cone in the double rosette R-
or S-3;3°(DEB)g probably has to widen to alow the complexation. Consequently, the two
melamine units must become further apart, decreasing the turn in the helix and therefore
decreasing the intensity of the CD signal.*® Gas-phase molecular modeling calculations
(Quanta 97, CHARMmM 24.0) of assemblies R- or S-33¢(DEB)s and complexes R- or S
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33*(DEB)e¢*2a; supported this hypothesis, showing aso a structure with a widened
calix[4]arene cone (Figure 7.22).

lR-3a3‘ (DEB)g* 2a, S-3b,* (DEB)(;‘ 2a,

Figure 7.22. Structure of calix[4] arene dimelamines R-3a (M-diastereomer) and S-3b (S-diastereomer)
(from the side view), generated by gas-phase molecular modeling calculations, showing the
widening of the calix[ 4] arene cone.

The binding affinity of 2a to assemblies R- or S-33¢(DEB)s (1 mM in either CHCI; or
benzene-ds) was determined by a CD titration experiment. The decrease in the CD
intensity was monitored during the titration (Figure 7.23) and a binding constant K, of 1.1
x 10" M for 2a to assembly R-3as*(DEB)s in CHCl; was estimated using the same
binding model as in Chapter 6 (formation of the complex in one step). In a similar
experiment, a K, of 7.5 x 10° M3 for the encapsulation of 2a by assembly S-3bs(DEB)s
in CHCI3 was calculated. In benzene-ds, K, values on the same order of magnitude were
observed.
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Figure 7.23. Plots of the observed CD intensity of assemblies 3;2(DEB)g versus [ 2a] /[ 3;¢(DEB)g] in CHCI3
and benzene-ds.

7.2.2.1 Dynamic Librariesfrom Chiral Rosettes R-3az*(DEB)s and S-3bz*(DEB)s

Suprisingly, mixing assemblies R-3ag*(DEB)s and S-3bz¢(DEB)s in a 1.1 ratio
showed a *H NMR spectrum that is identical to spectra of the separate assemblies, i.e.
only one set of signas for the NHpgg-protons H, and Hy,. No additional signals were
observed, indicating that the heteromeric assemblies R-3a,°S-3bz.n*(DEB)s (n=1,2) are
not formed.™® The preference for either the M- or P-helix of the chira calix[4]arene
dimelamine is too strong to form rosette assemblies containing both R-3a and S-3b, with
opposite chiraity (R and S). However, addition of 2a (3-4 equiv) to the mixture of
assemblies R- and S-3;*(DEB)s showed an additional set of signals in the *H NMR
spectrum when compared to the 'H NMR spectra of the isolated complexes R-
3az*(DEB)g*2az and S-3bz(DEB)s2as (Figure 7.24). The additional signals are from the
heteromeric complexes R-3a,*S-3b;¢(DEB)g*2a3 and R-3a;°S-3b,¢(DEB)g*2a3, which are
formed after the addition of 2a. The strong preference for either the M- or the P-helicity is
decreased upon encapsulation of 2ag, probably due to the decrease in the helix turn as
described in Section 7.2.2.
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Figure 7.24. 'H NMR spectra of assemblies (a) R-3a;*(DEB)s, (b) R-3a3¢(DEB)g*2as, (C) S-3bs*(DEB)s, (d)
S-3bs(DEB)ge2as, (€) R-3az*(DEB)s + S-3bs*(DEB)s, and (f) homomeric assemblies R-
3ag*(DEB)¢*28; and S-3bse(DEB)e*2a;, and heteromeric  assemblies R-3a,°S-3bs.
n*(DEB)g*2as; (n=1,2). Some of the signals for the heteromeric assemblies are marked with *.
Foectra wererecorded in CDCl; at 300 MHz at 298 K.

Thus, contrary to our expectations, instead of the template effect, after addition of the
guest to a dynamic mixture of chiral host assemblies selecting the formation of the
strongest receptor (see Section 2.4.2). The addition of a guest molecule to the “static”
mixture of chiral receptor molecules templated the formation of the “virtual” heteromeric
assemblies.’’

7.3 Conclusions and Outlook
In small dynamic combinatorial libraries from calix[4]arene dimelamines 1a-1d and
DEB, the selection of the best binder after guest addition is achieved. The largest

amplification factor (2.8) is observed after the addition of 2a to the four component
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library la,*1lbiny*(DEB)s (n = 0-3). Addition of 2a to the twenty component library of
1a,01bme1Ce*1d (3 (im0 *(DEB)s (N = 0-3; m = 0-3; 0 =0-3; (n+m+0) < 3) also showed
amplification of the best binder 1az*(DEB)s. Furthermore, the best receptor 1az*(DEB)s
allows the selective noncovalent synthesis of the best fitted guest from a library of
“virtual” self-assembled trimers. It was shown that characterization of the libraries by 'H
NMR spectroscopy becomes very complex as the libraries become larger. Also, MALDI-
TOF mass spectrometry is not an appropriate technique because the distribution of the
different assemblies in the spectra do not correspond to the abundance of the mixture in
solution, probably because the assemblies have a different energy of ionization.

Encapsulation of the 2ag trimer also occurs by chiral double rosettes R- or S
33*(DEB)s. In contrast to the encapsulation of the 2az trimer by the nonchiral assembly
laz*(DEB)s, the encapsulation process did not change the conformation of calix[4]arene
dimelamines from the staggered to eclipsed for assemblies R- or S 33¢(DEB)s. The
symmetry of the assembly is therefore changed from D3 to Cs. The addition of 2a to the
mixture of chiral homomeric assemblies R-3az*(DEB)s and S-3bse(DEB)s suprisingly
templated the formation of the “virtual” heteromeric assemblies R-3a,*S-3b,¢(DEB)s and
R-3a;°S-3b,*(DEB)s.

From the results presented in this thesis, it is concluded that hydrogen-bonded
assemblies can be functionalized with different polar and nonpolar functional groups
(Chapter 3 and 4). These functionalized hydrogen-bonded assemblies can act as endo-
and exo-receptors for the complexation of guest molecules (Chapter 5 and 6). Libraries of
hydrogen-bonded receptors can be prepared and addition of a guest molecule can
template the formation of the best receptor, thus mimicking the selection process of
antibodies.

7.4 Experimental Section

'H NMR spectra were recorded at 300 or 400 MHz on a Varian Unity 300, or a
Varian Unity 400 WB spectrometer with either tetramethylsilane (TMS) or the solvent as
internal reference. The 2D DQF-COSY consisted of 2048 datapoints in t; and 267
incrementsin t;. For the TOCSY experiment, the total TOCSY mixing time was set to 65
ms. The spectrum was acquired with 2048 data points in t, and 267 FIDs in t;. The
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NOESY experiments were acquired with a mixing time of 90 ms, 2048 datapoints in t,
and 267 increments in t;. MALDI-TOF mass spectra were recorded on a PerSpective
Biosystems Voyager-De-RP spectrometer. A 337 nm UV nitrogen laser producing 3 ns
pulses was used in the linear and reflectron modes.

Compounds (1a-1b, and 1d)*® 1c*, and 3'* were prepared according to methods
described previoudly.

Formation of assemblies 13¢(DEB)s and 33¢(DEB)s

Hydrogen-bonded assemblies 13¢(DEB)s and 33¢(DEB)s were prepared by mixing
calix[4]arene dimelamines 1 or 3 with 2.5 equivalents of DEB, respectively in CDCl3,
toluene-dg or benzene-ds for 15 min.

Formation of thelibraries of la,e1bme1Co*1d(s.(n+m+o)*(DEB)s and the addition of 2a

Separate assemblies (la-d);*(DEB)s were prepared as described above. The
appropriate amount of the different assemblies was mixed and left overnight to reach the
thermodynamic equilibrium. The correct number of equiv of 2a were directly added to the
NMR tubes and left overnight at 373 K to avoid crystallization of the assemblies. In all
the cases some solid 2a was still present in the tubes when the NMR spectra were
measured.

Complex 3ag(DEB)ge2as: *H NMR (400 MHz, CDCl; (7.255), 298K) & = 13.66 (s, 1 H;
He), 13.42 (s, 1 H; Har), 12.93 (s, 1 H; Hy), 12.89 (s, 1 H; Hpy),12.75 (s, 1 H; OHp),
10.03 (s, 1 H; OHy), 8.32-8.29 (m, 1 H; Hyy), 8.02 (d, *J(H,H)= 8.4 Hz, 1 H; H,), 7.97-
7.95 (M, 3 H; Hey, He, ArH), 7.86-7.78 (m, 3 H; Hep, Hgr, Hy), 7.68 (M, 1H; Hypy), 7.60-
7.52 (m, 4 H; ArH), 7.48-7.41 (m, 2 H; ArH), 7.32 (t, *J(H,H)= 6.8 Hz, 3 H; ArH), 7.14
(m, 2 H, ArH), 7.06-7.01 (m, 2 H; Hq, ArH), 6.90 (t, *J(H,H)= 7.6 Hz, 1 H; ArH), 6.30-
6.25 (M, 3 H; Hrg, Hna, Hiz), 6.11 (S, 1 H, Hr1), 5.95 (s, 1 H, He), 5.72 (S, 1 H, Her), 5.48
(t, 2J(H,H)= 7.6 Hz, 1 H, Hiy), 5.42 (t, *J(H,H)= 6.8 Hz, 1 H, Hi1), 5.07 (t, *J(H,H)= 4.4
Hz, 1 H, Hy), 4.64 (ABq, 2J(H,H)= 12.4 Hz, 4 H; ArCH,AT), 4.42-4.15 (m, 4 H; OCHy),
3.96-3.84 (M, 2 H; H,, Hy), 3.68 (t, 2J(H,H)= 7.2 Hz, 4 H, OCH,), 3.26 (ABq, 2J(H,H)=
12.6 Hz, 4 H; ArCH,Ar), 2.61-1.88 (m, 19 H; Hj; CH,(DEB), OCH,CH,), 1.69 (d,
3J(H,H)= 6.4 Hz, 3 H; H;1), 1.09 (m, 12 H; OCH,CH,CHj3), 0.88 (t, *J(H,H)= 7.2 Hz, 6
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H; CHs; (DEB)), 0.75 (g, *J(H,H)=7.6 Hz, 6 H; CH; (DEB)). (Due to broad and
overlapping signals, two ArH signals are not visible)
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The signal marked with m (Figure 7.12b) is clearly coming from the homomeric
complex lag*(DEB)g*2a; as can be seen from the 'H NMR spectrum of the
individual assembly (Figure 7.12c). The integration of the signals reveas that the
signals marked with a A belong to one complex and that the signals marked with A
belong to another complex. The fact that three signals belong to one complex mean
that these are heteromeric assemblies, giving separate signals for each OH,. The
signals marked with A probably belong to the complex lay*lc;*(DEB)ge2as,
considering that OH,, protons closer to calix[4]arene melamine l1a resonate at > 10.0
ppm and the that OH,, protons closer to calix[4]arene melamine 1c resonate at < 9.9
ppm. Following the same consideration, the signals marked with A belong to
complex 1laje1c,*(DEB)ge2a3. Consequently, it seems that calix[4]arene dimelamine
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1c in the dynamic mixture forms hetereomeric complexes that are similar to the
complex laze(DEB)g*2as.
®  For the ten component library, wherein the different components are mixed in

equimolar amounts, the statistical composition is as followed:

Assemblies Relative concentration of
each assembly
laz*(DEB)g, 1c3*(DEB)g, 1d3¢(DEB)s 1/27
lay*1c;*(DEB)g, 1a;°1c¢(DEB)g, 1aye1d;¢(DEB)s, 3/27
la;*1d,+(DEB)s, 1c*1d1*(DEB)g, 1c1¢1d,¢(DEB)s.

1a;e 1C1’1d 1'(D EB)6, 6/27

19 For the twenty component library, wherein the different components are mixed in

equimolar amounts, the statistical composition is as followed:

Assemblies Relative concentration of
each assembly

1&3'(DEB)6, 1b3’(DEB)6, 1C3'(DEB)6, ld3’(DEB)6 1/64

1ay*1b;+(DEB)s, 1ay+1b,%(DEB)s, 1ay*1c,*(DEB)s, 3/64
1as*1c,*(DEB)s, 1a+1d:¢(DEB)g, 1as*1d,+(DEB)s,
1h,%1C1#(DEB)g, 1b1+1C,#(DEB)gs, 1b,+1d1(DEB)s,
1b;+1d,%(DEB)s, 1C+1d1#(DEB)g, 1¢1+1d,¢(DEB)s,

1a1-1b1-1(:1-(D EB)@, 1a1°1b1-1d1-(D EB)@, 6/64
lase1cye 1d 1’(D EB)G, 1b1’1C1' 1d 1’(D EB)G,

1 Complex las*(DEB)e*2b; does not contain the OH., proton and therefore the
abundance of this complex could not be determined by the integration of this signal.
Integration of the OH, signals is difficult because these signals are partialy
overlapping.
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P.; Reinhoudt, D.N.; Angew. Chem. Int. Ed. 1998, 37, 1247-1251; b) Timmerman,
P.; Jolliffe, K.A.; Crego-Calama, M.; Weindmann, J.-L.; Prins, L.J.; Cardullo, F,;
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Summary

This thesis deals with the noncovalent synthesis of hydrogen-bonded assemblies and
their ability to function as synthetic receptors. The assemblies are formed spontaneously
by mixing calix[4]arene dimelamines with two equivalents of barbiturates (DEB) or
cyanurates (CY A) in apolar solvents. The assemblies have a high thermodynamic stability
as a result of the formation of 36 hydrogen bonds that bring together the 9 different
components.

In Chapter 2, the literature concerning the development of synthetic receptors is
described. The chapter starts with a general view of the most representative classes of
covalent receptors, followed by an overview of noncovalent receptors assembled either by
metal-coordination, ionic interactions or hydrogen bonds. The chapter ends with an
overview of the generation of synthetic receptors using combinatorial chemistry. Both
static and dynamic combinatorial libraries of potential receptors are described.

The synthesis of functionalized hydrogen-bonded assemblies is described in Chapters
3 and 4. Chapter 3 deals with the formation and stability of noncovalent assemblies
functionalized with polar groups, while Chapter 4 deals with amino acid functionalized
assemblies. Thermodynamic stability studies by *H NMR titrations with DMSO-ds and
CD titrations with THF showed that assemblies bearing six ureido or amido
functionalities have a significantly higher stability than the non-functionalized assembly.
This higher stability is the result of the formation of an extra hydrogen bond between the
NH proton of the ureido or amide group and one of the nitrogens (N-1) of the triazine
ring. The synthesis of assemblies with different spacers between the melamine and the
polar functionality was performed to evaluate their influence on the assembly formation.
When the 2,2-dimethylpropyl spacer is used the side chains fold back over the
calix[4]arene aromatic rings. A similar structural organization is observed for the propyl
spacer, athough the side chains contain more rotational freedom.

Thermodynamic stability studies of the amino acid functionalized assemblies
(Chapter 4) showed that steric strain is an important factor in the formation of the
hydrogen-bonded aggregates. The amino acids are introduced onto the rosette platform
either viaan ureido or amide bond. Introduction of bulky amino acids via an amide linker
partially or completely inhibited the formation of the double rosette assemblies, while



Summary

assemblies bearing amino acids attached to the melamine via an ureido linker are formed
in quantitative yield, due to a different orientation of the bulky R-group of the amino
acids. Furthermore, the nature of the spacer plays aso an important role in the assembly
formation. The synthesis of assemblies bearing peptides is also influenced by similar
factors, i.e. bulkiness of the amino acids and nature of the spacers.

Chapters 5 and 6 deal with the complexation abilities of these hydrogen-bonded
assemblies. The complexation of phenol derivatives by double and tetrarosettes is
described in  Chapter 5. The encapsulation of aizarin molecules (1,2-
dihydroxyanthraguinone) is discussed in Chapter 6. Double rosettes functionalized at the
top and the bottom with ureido functionalities complex six small, neutral phenols. For
instance, 4-nitrophenol is complexed by the ureido functionalized assembly with an
intrinsic binding constant K, of 202 M™. The complexation takes place on the top and
bottom of the rosette and therefore this assembly can be considered to be an exo-receptor.
Phenol complexation by tetrarosettes (two double rosettes connected to each other via a
flexible spacer) occur in 1:4 stoichiometry as determined from a Job plot and MALDI-
TOF MS. An intrinsic binding constant K, of 299 M™ for the complexation of 4-
nitrophenol by an ureido functionalized tetrarosette was obtained. Binding occurs within
the cavity between the 2" and 3" floor of the tetrarosette and thus these assemblies
behave as endo-receptors. The complexation studies with different substituted phenols
demonstrated that the acidity of the phenol derivative is important for the complexation.
Also the acidity of the hydrogen accepting atom was found to be significant.

Not only tetrarosettes but also the double rosette assemblies showed endo-receptor
abilities as reported in Chapter 6. Three alizarin molecules are encapsulated by the self-
assembled double rosette receptor in a highly organized and cooperative manner. As a
result a hydrogen-bonded trimer of aizarin molecules between the 1% and the 2™ floor of
the double rosette is formed. Upon the encapsulation, the hydrogen-bonded receptor
adopts a conformation (by changing from staggered to symmetrical eclipsed) that
optimizes the complementarity with the guest. The structure of the complex in solution as
determined by *H NMR studies is identical to the solid state structure obtained from X-
ray diffraction studies. Upon addition of BUCY A, which replaces the DEB fragments in
the rosette, the alizarin trimer is released from the hydrogen-bonded receptor giving an
empty assembly. Additionally, two trimers of aizarin, one in between the 1% and 2™ and
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one in between the 3 and 4™ rosette layer, are encapsulated in the tetrarosette assembly.
This encapsulation is also highly cooperative.

Encapsulation of guests by small dynamic libraries of the hydrogen-bonded receptors
is discussed in Chapter 7. Addition of alizarin to a four-component library of host
molecules, created by mixing two different rosette assemblies under thermodynamic
conditions, gave an amplification factor for the best receptor of 2.8. Similarly, the
addition of alizarin to atwenty-component library (mixing four different rosettes) showed
in the library enrichment of the best binder. Addition of alibrary of different aizarin-like
molecules to the best receptor was studied and showed that the receptor is able to select
the best fitting guest.
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Samenvatting

Dit proefschrift beschrijft de niet-covalente synthese van waterstofgebrugde
assemblages en hun eigenschappen als synthetische receptoren. Deze assemblages
vormen spontaan na menging van calix[4]areen dimelamines met twee equivalenten
barbituraten (DEB) of cyanuraten (CYA) in apolaire oplosmiddelen. De assemblages
hebben een hoge thermodynamische stabiliteit as gevolg van de vorming van 36
waterstofbruggen die in totaal 9 verschillende componenten samenbrengen.

In Hoofdstuk 2 is een literatuur overzicht gegeven over de ontwikkeling van
synthetische receptoren. Het hoofdstuk begint met een algemeen overzicht van de meest
representatieve categorieén van covalente receptoren. Vervolgens wordt een overzicht
van niet-covalente receptoren, geassembleerd hetzij via metaal-codrdinatie, ionische
interacties of waterstofbruggen gegeven. Het hoofdstuk besluit met een overzicht van de
ontwikkeling van synthetische receptoren via combinatoriéle chemie. Zowel statische as
dynamische combinatoriéle bibliotheken van mogelijke receptoren zijn beschreven.

In de Hoofdstukken 3 en 4 worden de synthese van gefunctionaliseerde,
waterstofgebrugde assemblages beschreven. Hoofdstuk 3 behandelt de vorming en
stabiliteit van niet-covalente assemblages gefunctionaliseerd met polaire groepen, terwijl
in Hoofdstuk 4 aminozuur-gefunctionaliseerde assemblages worden beschreven. Studies
van de thermodynamische stabiliteit met behulp van *H NMR titraties met DM SO-ds en
CD titraties met THF laten zien dat assemblages die zes ureido- of amidofunctionaliteiten
bezitten, een significant hogere stabiliteit vertonen dan de niet-gefunctionaliseerde
assemblage. Deze hogere stabiliteit is het gevolg van de vorming van een extra
waterstofbrug tussen het NH proton van de ureido of amido groep en één van de stikstof
atomen (N-1) van de triazine ring. De synthese van de assemblages met verschillende
spacers tussen het melamine en de polaire functionaliteit werd uitgevoerd om de invloed
op de vorming van de assemblages te bepalen. Wanneer de 2,2-dimethylpropyl spacer
wordt gebruikt, zijn de zijketens teruggevouwen over de calix[4]areen aromaatringen.
Een overeenkomstige structurele organisatie werd waargenomen voor de propyl spacer,
alhoewel de zijketens wel vrijer kunnen roteren.

Studies naar de thermodynamische stabiliteit, uitgevoerd met de aminozuur-
gefunctionaliseerde assemblages (Hoofdstuk 4) laten zien dat sterische beperking een
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belangrijke factor is voor de vorming van de waterstofgebrugde assemblages. De
aminozuren zijn via een urea- of amidebinding aan het rozetplatform gekoppeld. De
koppeling van volumineuze aminozuren via een amidebinding verhindert de dubbele
rozetvorming gededltelijk of geheel, terwijl assemblages waarin aminozuren gekoppeld
zijn via een ureabinding in kwantitatieve opbrengst gevormd worden. Dit laatste door een
verschillende oriéntatie van de volumineuze R-groep van de aminozuren. Het karakter
van de spacer speelt ook een belangrijke rol in de vorming van de assemblages. De
synthese van assemblages met peptiden wordt beinvioed door dezelfde factoren, de
omvangrijkheid van de aminozuren en het karakter van de spacer.

Hoofdstuk 5 en 6 behandelen het complexerend vermogen van deze
waterstofgebrugde assemblages. De complexering van fenol derivaten door dubbele en
tetrarozettes is beschreven in Hoofdstuk 5, terwijl het onderzoek in Hoofdstuk 6 zich
bezighoudt met het induiten van alizarine moleculen (1,2-dihydroxyanthrachinon).
Dubbele rozettes aan de boven- en onderkant gefunctionaliseerd met
ureidofunctionaliteiten kunnen kleine, neutrale fenolen complexeren. Zo wordt 4-
nitrofenol bijvoorbeeld gecomplexeerd door de ureido-gefunctionaliseerde rozet met een
intrinsieke bindingsconstante K, van 202 M. De complexering vindt plaats aan de
boven- en onderkant van de rozet en daarom kan deze assemblage gezien worden als exo-
receptor. Complexering van fenol door tetrarozettes (twee dubbele rozettes aan elkaar
verbonden door een flexibele spacer) vindt plaats in een 1:4 stoichiometrie zoals blijkt uit
een Job plot en MALDI-TOF MS. De intrinsieke bindingsconstante voor de
complexering van 4-nitrofenol door een ureido-gefunctionaliseerde tetrarozet is 299 M ™.
De binding vindt plaats in de holte tussen the 2° en 3° verdieping van het tetrarozet en
daarom zijn deze assemblages ook als endo-receptoren te beschouwen. Complexerings-
studies met verschillend gesubstitueerde fenolen hebben laten zien dat de zuurheid van
het fenol derivaat belangrijk is voor de complexering. Tevens is de zuurheid van het
waterstof accepterend atoom van belang.

Zods beschreven staat in Hoofdstuk 6 kunnen niet alleen tetrarozettes maar ook
dubbele rozet assemblages als endo-receptor fungeren. Drie alizarine moleculen worden
door de zelf-assemblerende dubbele rozet receptor in een zeer georganiseerde en
coOperatieve wijze ingesloten. Als resultaat wordt een waterstofgebrugd trimeer van
alizarine moleculen tussen de 1%¢ en 2° verdieping van de dubbele rozet gevormd. Tijdens
de indluiting, neemt de waterstofgebrugde receptor een conformatie aan waarin de
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complementariteit met de gast optimaal is (verandering van de melamines van anti-
parallelle naar parallelle oriéntatie ten opzichte van elkaar). De structuur van het complex
zoals bepaald in oplossing met behulp van *H NMR studies is gelijk aan de vaste fase
structuur verkregen met behulp van rontgenstraling diffractie. Na toevoeging van
BuCYA, welke de DEB-fragmenten in de rozet vervangt, wordt de alizarine trimeer door
de waterstofgebrugde receptor vrijgelaten. Bovendien worden twee alizarine trimeren, één

1%¢ en 2° en één tussen de 3° en 4° rozetlaag, in een tetrarozet ingesloten. Deze

tussen de
ingluiting is ook hier zeer codperatief.

Insluiting van gasten door kleine dynamische bibliotheken van waterstofbruggende
receptoren wordt besproken in Hoofdstuk 7. De toevoeging van alizarine aan een 4-
componenten bibliotheek van receptoren, verkregen na menging van twee verschillende
rozet assemblages onder thermodynamische condities, gaf een versterkingsfactor van 2.8
voor de beste receptor. Overeenkomstig gaf de toevoeging van alizarine aan een 20-
componenten bibliotheek (menging van vier verschillende rozettes) een verrijking van de
beste receptor in de bibliotheek. Tevens werd de toevoeging van een bibliotheek van
verschillende alizarine-achtige moleculen aan de beste receptor bestudeerd. Het bleek dat

de receptor het vermogen heeft om de beste complementaire gast te selecteren.
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