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Populérvetenskaplig sammanfattning

Supramolekyliar kemi kan beskrivas som “kemi bortom molekylen”. Det ir ett
forskningsomrade som fokuserar pé strukturer som bestar av flera molekyler som
halls samman av icke-kovalenta interaktioner sa som vitebindningar och hydrofoba
effekter. Till skillnad frén kovalenta bindningar, som uppstér genom att atomer delar
elektronpar mellan sig och bildar molekyler, si bestar icke-kovalenta interaktioner
av svagare, reversibla interaktioner mellan molekyler. Aven om icke-kovalenta
interaktioner oftast dr betydligt svagare &n kovalenta bindningar sa spelar de en
valdigt viktig roll i naturen, till exempel for DNA-molekylens dubbelhelixstruktur
och interaktioner mellan ldkemedelsmolekyler och deras avsedda receptorer.

Forskning inom supramolekyldr kemi handlar bade om att studera och forsoka forsta
dessa icke-kovalenta interaktioner och om att utveckla nya supramolekyléra system
och material. Sddana system kan till exempel bestd av syntetiska receptorer (virdar)
som innehaller bindningsstillen dir molekyler (géster) kan bindas in med hjilp av
icke-kovalenta interaktioner. Detta kallas ocksa for vérd-géstkemi eller molekylér
igenkdnning. Syntetiska receptorer kan till exempel anvdndas som forenklade
modeller for mer komplicerade biologiska system eller som sensorer for specifika
substanser. En annan typ av supramolekyldra system bestar av flera mindre
komponenter (monomerer) som spontant associerar och bildar storre strukturer, till
exempel kapslar eller ror.

Den hédr avhandlingen handlar om utvecklingen av nya supramolekyldra system
baserade pa en liten bicyklisk molekyl, bicyklo[3.3.1]nonan. Bicyklo[3.3.1]nonan
bestar av tva ringar som sitter ihop pa ett sitt som ger en stel, bojd molekyl. Den
vinklade molekylen &r en bra bas for supramolekyldra komponenter som kriaver en
specifik tredimensionell form. I forsta delen av den hir avhandlingen har den
bicykliska molekylen anvints for att utveckla en syntetisk receptor som kan binda
in olika positivt laddade joner. I en forsta studie anvindes receptorn for att studera
icke-kovalenta interaktioner mellan olika grupper och en opolédr del av receptorn,
liknande vad som kan aterfinnas mellan korta peptidkedjor och proteiner i naturen.
I en andra studie anvéindes samma receptor for att binda in kaliumjoner, dér olika
termodynamiska trender observerades och undersoktes. Bada dessa studier syftar
till att ge okad forstdelse for hur olika faktorer kan péaverka icke-kovalenta
interaktioner i viard-géstkomplex.

Den senare delen av avhandlingen beskriver utvecklandet av monomerer som kan
sjilvassociera via vitebindningar och bilda supramolekyldra ringar och nanorér.
Genom att sitta fast polyetylenglykolkedjor pA monomererna si kan deras 16slighet
i mer poldra losningsmedel, till exempel vatten, dkas. Mélet var att utveckla
monomerer som kan l9sas i vatten, dir vattenmolekylerna kommer hindra dem frén
att bilda vétebindningar och sjédlvassociera, och sedan overforas till ett organiskt
16sningsmedel, dédr de kan sjdlvassociera och bilda till exempel ror. En framtida



forhoppning &r att den hér typen av system ska kunna infogas i cellmembran, dér de
sjilvassocierade nanordren kan fungera som kanaler for transport av olika
substanser genom membranet.
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1 Introduction

1.1 Background

Supramolecular chemistry is an area of chemistry focused on molecular assemblies
formed by the association of two or more chemical species through non-covalent
interactions such as electrostatic and van der Waals forces, n-m stacking interactions,
solvophobic effects, and hydrogen bonding. These intermolecular forces play an
essential role in Nature, for example in substrate-enzyme interactions and the
formation of DNA double helices. The field of supramolecular chemistry is
concerned both with the study of these interactions in order to increase our
understanding of them, as well as with the design and synthesis of new non-natural
systems. Supramolecular systems based on non-covalent interactions can be used to
construct complex chemical architectures that would be difficult to prepare by
traditional covalent synthesis. In addition, the reversible nature of non-covalent
interactions allows for the development of stimuli-responsive systems.

There are several important factors to consider when designing the molecular
components of a supramolecular system. The molecular component needs to contain
suitable binding sites or recognition motifs. Of equal importance is the geometry
(shape and size) of the component, which determines the spatial arrangement of the
binding sites needed to enable the desired self-assembly. Bicyclo[3.3.1]nonane and
its heteroanalogue 1,5-diazabicycol[3.3.1]nonane (Figure 1.1) are examples of rigid,
concave structures that can be used to create cavity-containing compounds for

X )

C: bicyclo[3.3.1]nonane
N: 1,5-diazabicyclo[3.3.1]nonane

Figure 1.1 Structure of bicyclo[3.3.1]nonane and 1,5-diazabicyclo[3.3.1]nonane.

In this thesis, 1,5-diazabicycol[3.3.1]nonane (as incorporated in the Troger’s base
motif) and bicyclo[3.3.1]nonane are used as scaffolds in a small synthetic receptor
and in monomers capable of forming well-defined cyclic and tubular aggregates,
respectively (Figure 1.2). The supramolecular systems described herein utilize
aromatic interactions, electrostatic interactions, and hydrogen bonding, and have
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been used both to investigate the nature of these interactions and to construct new
kinds of supramolecular structures.

Figure 1.2 Schematic overview of uses of bicyclic compounds: as receptors for host-guest systems (top)
and as monomers for the formation of discrete supramolecular aggregates (bottom).

1.2 Thesis outline

This thesis is divided into two parts. The first part (chapter 2—4) focuses on a
synthetic receptor based on a Troger’s base motif fused with two crown ethers. Two
studies where the receptor is used to investigate non-covalent interactions are
described. Chapter 2 gives an introduction to synthetic receptors, with a special
focus on receptors based on the Troger’s base motif. In chapter 3, a study where the
receptor is used together with differently substituted bisammonium ligands is
presented. The receptor-ligand system is used as a model for studying aromatic
interactions such as can be found for example between a short peptide sequence and
an aromatic cavity of a protein. The binding between the bisammonium ligands and
the receptor is studied both quantitatively (binding energies) and qualitatively
(conformations) by NMR titrations and 2D NMR spectroscopy. The estimated
experimental values are also used to validate a few different computational methods.
In chapter 4, a study of the consecutive binding of potassium ions to the ditopic
receptor in water is described. A combination of isothermal titration calorimetry
experiments and computational simulations is used to measure and explain
thermodynamic trends. Different factors such as the counterion, solvation effects
and conformational changes and their influence on the binding are investigated.

The second part of the thesis (chapter 5—6) is focused on the design and synthesis
of hydrogen-bonding monomers capable of discrete cyclic and tubular self-
assembly. Chapter 5 describes different types of hydrogen-bonded aggregates and

16



gives an overview of previously reported supramolecular aggregates based on the
bicyclo[3.3.1]nonane scaffold. In chapter 6, the design, synthesis, and self-assembly
studies of new monomers designed to be soluble in water are described.
Polyethylene glycol chains are introduced to increase the solubility of the monomers
in more polar solvents, with the aim of developing amphiphilic monomers. The
hydrogen-bonded aggregation in different solvents is studied by various NMR
methods, including 'H NMR spectroscopy, 2D NMR methods, and diffusion-
ordered spectroscopy. The solubility and self-assembly behavior of the monomers
is compared to previously reported alkylated analogues and the influence of the
polyethylene glycol chains is discussed.

17
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2 Synthetic receptors

2.1 Receptors in Nature

In Nature, receptors are proteins located inside or on the surface of cells that can
receive and transduce signals. The signals are typically chemical messengers
(ligands) released by one cell to signal either itself or a different cell. The binding
of a specific signal to a receptor causes a conformational change in the receptor,
which in turn activates a physiological response." % In most cases, the binding of
the ligand to the receptor is governed by the size and shape of the ligand and non-
covalent interactions.”*’ The ligand must possess appropriate dimensions to interact
with the binding pocket of the receptor, and non-covalent interactions between the
ligand and the receptor are needed to ensure sufficient binding and prevent
unwanted dissociation of the receptor-ligand complex. The binding between a
ligand and a receptor typically involves a combination of various interactions,
including ionic interactions, hydrogen bonding, dipole-dipole interactions, van der
Waals forces, and solvophobic interactions.

Studying the binding of ligands to receptors is an important objective, both for the
development of new drugs, as well as for furthering our understanding of different
biochemical processes.”) The investigation of the fundamental thermodynamic
factors governing ligand-receptor interactions can also increase our knowledge of
related concepts such as entropy-enthalpy compensation!® 7 and binding
cooperativity.®! Synthetic receptors can be used as models for more complex
biological systems and offer a way to study the interactions and factors governing
receptor-ligand binding under controlled conditions, both experimentally and
theoretically.”!

2.2 Synthetic receptors

Synthetic molecular receptors are host molecules that contain one or several binding
sites for guest molecules or ions. The receptors are typically based on macrocyclic
or cleft-shaped scaffolds with a preorganized arrangement of functional groups.”
Common scaffolds include crown ethers, cyclodextrins and cyclophanes, as well as
acyclic, cleft-shaped molecules (Figure 2.1). In most synthetic receptors, the

19



scaffolds are further modified by covalently introducing features such as linkers for
increased solubility, functional groups for enhanced selectivity, or reporter groups
for sensing and signaling applications.!

Crown ethers Cyclodextrins Cyclophanes
OH

HO

[‘to & %»\»C L3
gw afP

Acyclic scaffolds

R R
R 4 “\/NH OY©YO =—c1
HNL/;;%EA rN Ny 0@ R %

Figure 2.1 Common scaffolds for synthetic receptors.

Synthetic receptors can also be based on metal coordination complexes, where a
transition metal with at least one available coordination site is used to bind electron-
rich guests.!'” '] Another strategy is to attach functional groups to larger scaffolds,
such as dendrimers or nanoparticles, to form multivalent recognition systems.!'> ']

In addition to being used as models for more complicated biological systems and
for studying non-covalent interactions, synthetic receptors have also found many
practically useful applications, for example as probes for imaging and sensing,!'*'®!
and E[lS ig)]nophores with antibiotic, antimicrobial and anticancer properties (Figure
2.2).117
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Figure 2.2 Examples of practical applications of synthetic receptors. a) Fluorescent receptor for glucose
sensing.[" b) Indicator ensemble for sensing of citrate.!'™! ¢) Cytotoxic ion channel.?”

2.3 Troger’s Base as a scaffold for synthetic receptors

Troger’s base (2,8-dimethyl-6H,12H-5,11-methanodibenzo[b,f][1,5]diazocine) was
first synthesized by Julius Troger in 1887 by the condensation of p-toluidine and
methylal in aqueous HCI (Figure 2.3).2") The C>-symmetric bicyclic scaffold gives
the molecule a cleft shape, with the two aromatic rings arranged nearly
perpendicular to each other.”” The chirality arises from the stereogenic nitrogen
atoms, which are configurationally blocked from inversion by the methylene bridge.
The resulting relatively rigid shape gives the molecule a well-defined hydrophobic
chiral cavity.

CH,(OCH
A s /©®©/
— >

N

Figure 2.3 Original synthesis of Troger’s base.

Until the 1980s, Troger’s base was mainly used as a model substance for the
evaluation of new chiral separation techniques.'*> ?¥ The use of Troger’s base as a
scaffold for molecular recognition was first envisioned by Wilcox and coworkers in
1985.1%*) The renewed interest in the molecule resulted in a fast development of new
methodologies for the synthesis of Troger’s base analogues. Today, Troger’s base
and its analogues have found applications in a number of different fields, including
as DNA-interacting probes,*® ?) in optoelectronic materials,*® ?! and in
catalysis.?%3%

In synthetic receptors, Troger’s base has been used both as a rigid structural element
onto which recognition motifs can be anchored, but also as an aromatic cavity which
can interact with unfunctionalized molecules. Since Troger’s base is a chiral
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molecule, the resulting receptors can potentially be used for enantiomeric
discrimination.**-!

One class of synthetic receptors based on Troger’s base are receptors containing
hydrogen-bonding motifs. Wilcox and coworkers reported carboxylic acid-
substituted receptor 1 (Figure 2.4), which could bind adenine and biotin
derivatives.’) Goswami and Ghosh synthesized receptors with pyridine amide
motifs for the complexation of dicarboxylic acids. Receptor 2 (Figure 2.4) was
shown to selectively bind suberic acid in the presence of other o,w-dicarboxylic

acids.[”>3®
2 p

Crossley and coworkers developed receptors with metal-containing porphyrins
(Figure 2.5). Zinc-porphyrin receptor 3a exhibited strong affinity towards diamine
guests, and the enantiopure receptor bound histidine esters with good
enantioselectivity.[*>*%4% Porphyrin receptor 3b containing dihydroxytin was found
to bind a number of a,w-dicarboxylic acids.[*") Manjula and Sastry synthesized a
Troger’s base receptor with monoaza crown ethers and studied its host-guest
interactions with primary bisammonium ions (4, Figure 2.5).The incorporation of a
flexible linker between the Troger’s base motif and the crown ethers resulted in a
preferential binding of bisammonium ions with shorter alkyl chain length.!*?!

Figure 2.4 Hydrogen-bonding receptors based on Troger’s base.

R 3a: X=2n R
3b: X = Sn(OH), K/0\)
Figure 2.5 Porphyrin- and aza-crown ether-containing receptors based on Troger’s base.

The Troger’s base motif has also been employed in macrocycles. Wilcox and
coworkers developed different water-soluble cyclophanes capable of binding
benzenoid substrates, menthols, and aromatic phosphates (5, Figure 2.6).1*]
Miyahara and Inazu, as well as Manjula and Nagarajan, combined the Troger’s base
motif with polyethylene glycol chains to form macrocyclic compounds (6, Figure
2.6).14 47 Investigation of the cation-binding properties revealed reasonably high
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binding affinities for several organic and inorganic cations, but no selectivity. The
lack of selectivity was explained by the highly flexible cavities.”!

N 220\
Loy G

HN__ N N
vV

Figure 2.6 Macrocycles based on Troger’s base.

As previously mentioned, another application of the Troger’s base scaffold is to use
the aromatic cavity to construct recognition sites for unfunctionalized molecules.
The binding of unfunctionalized guests mainly involves non-directional
solvophobic effects!*® and van der Waals interactions,*” and typically take place
on a suitable concave surface. If the surface is aromatic, 7-7°* ! and cation-nt**
interactions may also contribute. One strategy for constructing such recognition
sites has been to design receptors containing several fused Troger’s base units.
Although synthetically challenging due to the number of possible isomers, cleft-
shaped molecules based on linearly fused bis- and tris-Troger’s base analogues have
been reported by the groups of Pardo, Kral, and Wéarnmark, following different
synthetic strategies (7-9 in Figure 2.7).1**! Experimental and computational studies
by Kessler and coworkers have shown that this type of receptor can bind
tetracyanobenzene.*” In work by Kréal, Havlik, Anzenbacher and coworkers, bowl-
shaped receptors were synthesized by fusing three Troger’s base motifs to a central
unit (10 in Figure 2.7).%% In a recent report, receptor 10 was used as a fluorescent
sensor for nitroaromatic compounds.*”!
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Figure 2.7 Cleft- and bowl-shaped receptors based on fused Tréger’'s base analogues.

2.3.1 Bis(18-crown-6) Troger’s base receptor

Crown ethers (cyclic oligomers of ethylene oxide) are amongst the most used host
compounds in supramolecular chemistry. Their ability to complex cations has been
extensively studied and it is well-known that the selectivity for different cations
depends on the relative size of the cation and the polyether ring.["! 18-crown-6 is
known to form strong complexes with alkali metal cations, particularly potassium
ions. In addition, 18-crown-6 can form inclusion complexes with ammonium and
primary alkylammonium ions, where three hydrogen bonds can form between the
ammonium hydrogens and alternating oxygens in 18-crown-6 (Figure 2.8).[62 6]

o

R O

(0] H
|/
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Figure 2.8 Complex between 18-crown-6 and an alkyl ammonium ion. Hydrogen bonds are indicated by
dashed lines.

The strength of the binding for the crown ether-cation complex can be measured by
the equilibrium constant (K) for the crown ether-cation complex:

K= kbind/krelease (1)

A vast number of equilibrium constants for complexes between different crown
ethers and cations have been measured by a number of different methods, including
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calorimetric titration techniques,'® potentiometric ~measurements,® and
spectroscopic methods.!® In general, the stability of the crown ether-cation
complex, as measured by the equilibrium constant, depends largely on the solvent,
with lower polarity solvents giving more stable complexes. Table 2.1 shows some
selected equilibrium constants for 18-crown-6 complexes.

Table 2.1 Equilibrium constants for 18-crown-6 complexes with different cations.

Cation Method logK (H20) logK (CH3;0H)
Na* Calorimetric titration 0.802 4.32°
Potentiometry <0.3° 4.36°
K+ Calorimetric titration 2.03? 6.10°
Potentiometry 2.06° 6.05¢
NH.* Calorimetric titration 1.232 4.?7C
Potentiometry 1.10°

aRef 04, b Ref 9], ¢ Ref 1971, ¢ Ref (681,

Ditopic receptor 11 consists of a Troger’s base motif with 18-crown-6 moieties
fused to each end of the aromatic cavity, and can be synthesized in one step from
commercially available 4-aminobenzo 18-crown-6 and formaldehyde in the
presence of HCI in ethanol (Figure 2.9).*Y The resulting receptor has a rigid
aromatic cavity, as well as two flexible crown ether moieties, with an average
distance of 10 A between the latter. In the following chapters, two studies using
receptor 11 to investigate different intermolecular interactions are described.

o CH,0, HCI
[O OD/NHZ EtOH /@J \Q\ o

77% O
<,o‘/ » ko

Figure 2.9 Synthesis of bis(18-crown-6) Troger’s base receptor 11.
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3 A model system for interactions
between non-polar substituents and
an aromatic cavity (Paper I)

3.1 Introduction

Non-covalent interactions involving aromatic rings play an important role in Nature,
both for the structure of biological macromolecules such as DNA and proteins, as
well as for the interaction between macromolecules and smaller molecules.!®! There
are many different types of aromatic interactions, including n-mt, cation-nt, and CH-
7 interactions. Although aromatic interactions are generally considered weak non-
covalent interactions, their collective strength is significant and they are one of the
most prevalent non-covalent interactions in both synthetic and natural systems.!”"’
Interactions between two aromatic systems (@-7 interactions) are amongst the most
studied of the aromatic non-covalent interactions. One explanation model for this
type of interaction was introduced by Hunter and Sanders in 1990. In their model,
an aromatic ring is described as a positively charged o-framework sandwiched
between two negatively charged m-electron clouds. The interaction between two
aromatic rings is mainly governed by polar electrostatic interactions.!”" This model
can be used to explain the preferred relative orientations of the aromatic rings, where
parallel-displaced or edge-to-face arrangements are more energetically favored than
a parallel stacked configuration (Figure 3.1).[° 72 Although this is the most widely
used explanation model, other models emphasizing other contributing factors than
electrostatic interactions have also been reported.l”*7!

o o ¢

H ! H
</L\> </:_\> </;\>
Parallel Parallel  Edge-to-face

stacked displaced

Figure 3.1 Possible arrangements for -1 interactions, exemplified by the benzene dimer.

The CH-m interaction is an attractive force occurring between an aliphatic or
aromatic hydrogen (soft acid) and a n-system (soft base) and is considered a weak
hydrogen bond. As opposed to classic hydrogen bonds, CH-n bonds are mainly
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governed by dispersion forces, with only a small contribution from electrostatics.!”®!

The interaction shown in the edge-to-face arrangement in Figure 3.1 can also be
classified as an aromatic CH-r interaction.

As previously mentioned, aromatic non-covalent interactions are widespread in
Nature. Several systematic studies of different databases have identified the role and
significance of m-m,"” cation-n®* and CH-nl"® ™ interactions in proteins and
peptides. Due to their importance in protein structure and protein-ligand
recognition, many model systems for the qualitative and quantitative investigation
of aromatic interactions have been developed. These model systems typically
consist of conformationally restricted molecules or complexes in which non-
covalent interactions can affect the conformational equilibrium or binding
affinity.*” Cozzi and Siegel designed several different model systems where the
measured barriers to rotation around an aryl-aryl bond were used to investigate
parallel -7 interactions (Figure 3.2a).®" %% Hunter and coworkers used hydrogen-

bonded molecular zippers in a chemical double-mutant cycle to study edge-to-face
- interactions (Figure 3.2b).1%¥ Wilcox designed molecular torsion balances based
on a Troger’s base motif which can interconvert between a folded and an unfolded
conformation through slow rotation around a C-C bond (Figure 3.2c). These torsion

balances have been used to study and quantify both aromatic and alkyl CH-n
[84-86]

interactions.

b) 0) o 0
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Figure 3.2. Model systems for studying a) parallel -1 interactions, b) edge-to-face 11-1r interactions,
and c) edge-to-face -1 and alkyl CH-1r interactions.

In this chapter, a system consisting of receptor 11 and differently substituted
bisammonium ligands is used as a model for interactions between an aromatic
receptor and an extended linear peptide chain. Interactions between proteins and
short peptide sequences are known to play an important role in cellular regulation
and signal transduction,’®”! and have been identified as a potential drug target.[* %!
A further aim of the study was to use the obtained experimental data to compare and
evaluate different computational methods. The benchmarking of theoretical
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methods is an important goal in and of itself, as computational chemistry has
become an essential tool for the modeling and prediction of complex systems and
non-covalent interactions.**"]

3.2 Description of the model system

The model system is shown in Scheme 3.1. As previously described (chapter 2.3.1),
receptor 11 contains a well-defined aromatic cavity, as well as two crown ether
moieties capable of complexing primary ammonium ions. Previous studies of the
binding of primary bisammonium chlorides of different lengths found that the
highest association constant was obtained for the complex between receptor 11 and
hepta-1,7-diyl bisammonium chloride 12 and that the heptane chain preferentially
adopts an extended (all-anti) conformation with the protons of the central methylene
group pointing towards the aromatic cavity.®¥ Building on this information, we
synthesized a number of hepta-1,7-diyl bisammonium ligands with different non-
polar substituents in the 4-position.

- @ SR

C = €+H3N\ /\)\/ NHs
< < J <

o\/ 1+(12-16) \’ \)

" ecr

12:.R=H
13: R=Me
14:R=Ph
15:R=Bn
16: R=Cy

Scheme 3.1 Binding of bisammonium ligands 12-16 to bis(18-crown-6) Troger's base receptor 11.

The expected major interactions in receptor-ligand complexes 11¢(12-16) are the
hydrogen bonds between the ammonium groups and the crown ethers. Interactions
between the substituents and the aromatic cavity are expected to be comparatively
weak. However, by measuring the discrimination of the ligands by the receptor
relative to unsubstituted ligand 12, the effect of the substituent and possible
conformational changes in the heptane chain can be investigated. If the
conformation of the heptane backbone of the ligands were to remain the same within
the series of ligands, the measured relative binding energies would represent how
strong the interaction of a specific "free" substituent would be with a "free" aromatic
cavity. However, the degree of freedom of the aliphatic backbones of the ligands,
although a better biological model for an unfolded peptide chains than a less flexible
backbone, makes the concept of a "uniform" conformation less likely. A more
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correct description in this case is that the relative binding energies sum up the
interactions between the substituent and the aromatic cavity, the rearrangement
energy of the ligand backbone to fit the receptor, and the solvophobic effect. An
obvious drawback of our model is that the individual contributions from different
effects to the binding cannot be readily separated. However, unlike many other
model systems where the primary goal is to extract information about and quantify
a specific interaction, our system offers a more holistic description of the effect of
side chains in peptides in their interactions with aromatic receptors.

3.2.1 Synthesis of bisammonium ligands

The synthesis of bisammonium ligands 12-16 is shown in Scheme 3.2. In the first
step, a bis-Michael addition between acrylonitrile and a nitro compound is
performed. The reaction is catalyzed by ‘naked’ fluoride, generated by KF and 18-
crown-6 in CH,Cl,."? In the next step, the nitro group is exchanged for a hydrogen
using tributyltin hydride and azobisisobutyronitrile (AIBN).*) In the final step, the
nitrile groups are reduced to amines, followed by acidification to obtain the chloride
salt. Investigation of different reducing agents found the use of borane-THF
complex to give the diamines in acceptable to good yields, and subsequent treatment
with hydrochloric acid in 1,4-dioxane afforded the corresponding bisammonium
chlorides. Isolation of cyclohexyl-substituted bisammonium salt 16 following the
same procedure proved difficult. The reduction was instead accomplished by
hydrogenation with Adam’s catalyst (PtO,). Following a procedure reported by
Secrist and Logue, the presence of a small amount of chloroform during the
hydrogenation led to the direct formation of the corresponding chloride salt 16.°%

CIHN T NHgrer
R

13 42%, 14 67%, 15 53%

iii, iv

NO, . NC CN i NC CN
r i \/W \/Y\/
R v

R R NO,

L ‘CI*H3N NH3*CI
13a: R =Me 72% 13b 84%
14a: R =Ph 60% 14b 95%
15a: R=Bn 81% 15b 89%
16b 91%

16a: R =Cy 69% 16

iv
HaN A~~~ NH —— ’C|+H3N/\/\/\/\NH3+C|'
12 72%

Scheme 3.2 Synthesis of bisammonium ligands 12-16. i) acrylonitrile, KF, 18-Crown-6, CH,Cl,; ii)
Bu3SnH, AIBN, benzene, reflu;. i) BHz, THF; iv) HCI (4 M) in dioxane; v) PtO,, H, (50 psi), CHCl;, MeOH.
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3.3 Experimental estimations of association constants
and binding energies

NMR titration methodology can be used to observe and quantify association
processes for host-guest systems that exhibit either a very slow or a very fast
exchange rate on the NMR time scale.l”! For our system, previous studies have
shown that the exchange rate is fast enough to allow for NMR titration methodology
to be used.**! The binding stoichiometry of the complexes was determined to be 1:1
by a Job plot constructed using chemical shift data from NMR titrations between
receptor 11 and ligand 12, and further corroborated by ESI-mass spectrometry. The
experiments were conducted in a 1:1 mixture of methanol and chloroform, as a
compromise between a solvent that would allow for similar solvophobic interactions
as what is present in living cells (methanol), and a solvent that could dissolve the
receptor to a degree needed for the measurements (chloroform).

Previous studies have shown that the association constants for the receptor-ligand
complexes are too high for direct determination (Kiz.12> 10° M™").5* Instead, the
NMR titrations of the bisammonium ligands were performed in competition with a
more weakly binding salt (methylammonium chloride) for which the association
constants could be determined by direct measurement. The equilibria between
receptor 11, the bisammonium guest x, and methylammonium chloride M are
described by equations 2—4.

11+x211x ()
1M+Ma11-M (3)
11'M +M 2 11-M, 4)

By combining expressions for association constants and total concentration of the
different species in the system, equations describing the concentrations of different
species can be derived (for further details, see Paper I).

Assuming a fast exchange rate on the NMR time scale, the observed chemical shift
of a given resonance in bisammonium ligand x (d0bs) can be described as a weighted
average of the chemical shift of the resonance in the unbound ligand (8x) and the
chemical shift of the resonance in the ligand bound to the receptor (d11.x). This is
described in Equation 5:

6obs:xx6)&_’_xll~)(811-x (5)

Whel‘e Xx = [X]/[X][otal and X11ex = [II'X]/[I 1]10{31.
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The NMR titration experiments were performed by adding specific amounts of a
solution of receptor 11 to a solution containing a bisammonium ligand and
monomethyl ammonium chloride. After each addition, the '"H NMR spectrum was
recorded. The titrations were repeated using different concentrations of
bisammonium ligand. The association constants were determined by an iterative
process, where chemical shifts were calculated based on assumed association
constants. The assumed association constants were then varied to minimize the
difference between the calculated chemical shifts and the experimentally observed
chemical shifts (for further details, see Paper I). The so-determined association
constants (expressed as relative association constants relative to unsubstituted
ligand 12) are shown in Table 3.1.

Table 3.1. Experimentally determined relative association constants Ki1.x/Ki1.12 and binding energies
AAG;; 44112 (kcal/mol) at 25 °C for the association of ligands 12-16 to receptor 11 in CDCly/MeOH-d,
(1:1).

Ligand (x) 12 13 14 15 16
KitxlK1122 1 1.74 5.25 0.74 0.28
K1 Kt1 -12° 1 1.96 3.85 0.58 0.35
DAAGqxa142 © 0 -0.40 -0.80 0.32 0.62

aValues obtained from NMR titrations with methyl ammonium chloride as competitor. ® Values obtained
from pair-wise competitive NMR titrations using ligand 14 as the competitor, recalculated relative to
ligand 12. ¢ Calculated using the relative association constants obtained from the pair-wise competitive
NMR titrations.

The differences between the estimated relative association constants were
comparatively small, so to further validate the data, pair-wise competitive NMR
titrations were performed, using ligand 14 as the common competitor. Relative
association constants could be obtained directly from the observed chemical shifts
and the known chemical shifts of the unbound and bound bisammonium ligands
using Equation 6:

Kiix

(8s, x~0x) (311-14-Bbs.14)= = (811x-Oobs.x ) (Sobs, 14-014) (6)
K114

Gratifyingly, the so-obtained relative association constants were in good agreement
with the relative association constants obtained from the NMR titrations with
methylammonium chloride as competitor (Table 3.1).

The relative association constants were converted into relative binding energies
using Equation (7). The relative binding energy (AAG®) is defined as the difference
between the standard free binding energy (AG®) of the complex between the
substituted ligand (13-16) and receptor 11, and the standard free binding energy of
the complex between unsubstituted ligand 12 and receptor 11, and can be calculated
directly from the relative association constant.
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AAGY 14 1112=AGY 1y — AGY 2= — RTIn—— (7

The relative association constants and binding energies suggest a weak but evident
discrimination in the binding process based solely on the substituent on the ligand
(Table 3.1). The strongest binding was observed for phenyl-substituted ligand 14,
followed by methyl-substituted ligand 13, unsubstituted ligand 12, benzyl-
substituted ligand 15 and cyclohexyl-substituted ligand 16. Two of the substituted
ligands (13 and 14) were found to bind more strongly to the receptor than
unsubstituted ligand 12, indicating dominating favorable interactions between the
substituents and the aromatic cavity. Rewardingly, the estimated relative binding
energies for complexes 11+13 and 11+14 (-0.40 and -0.80 kcal/mol, respectively) are
in the same range as values for CH-rt and edge-to-face n-m interactions obtained by
other synthetic model systems. Wilcox torsion balance (Figure 3.2¢) determined the
energy of a CH-m interaction to be -0.5 kcal/mol in CDCIl3 and -0.72 kcal/mol in
D,0.%® Hunter and coworkers estimated the energy of the edge-to-face m-m
interactions in their system (Figure 3.2b) to -0.33 kcal/mol in CDCl3,® which is
comparable to the value obtained from Wilcox torsion balance (-0.30 kcal/mol in
CDCls).*) The comparatively more negative AAG® value estimated for our phenyl-
substituted ligand (-0.80 kcal/mol) could be attributed to the phenyl substituent
interacting with both aromatic moieties of receptor 11, or that the interactions
between the substituent and the cavity are a combination of edge-to-face and parallel
7-w interactions. Another important factor is the solvent, as it has been shown that
the strength of non-covalent aromatic interactions are strongly dependent on the
solvent environment.”® Qur measurements were conducted in a 1:1 CDCl;/MeOH-
ds mixture, while the values for other model systems were obtained in pure CDCl;
(or pure D,0).

3.4 Computational calculations of binding energies

As previously mentioned, one of the aims of the study was to use the experimental
results to evaluate different computational methods. A number of different
molecular mechanics (MM) and density-functional theory (DFT) methods were
employed to calculate relative binding energies (AAEy) according to Equation 8:

AAEg 11xa112 = AEg11x — AEo a1z = Eoiix — Eox = Eoniz + Eoiz (8)
where Ey corresponds to the calculated potential energy of the lowest energy
conformation of the ligand or receptor-ligand complex. By calculating the change

in binding energy relative to complex 11¢12, the potential energy of the
uncomplexed receptor is canceled out. This makes the comparison isodesmic and is
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expected to cancel out some of the systematic errors arising from for example
neglected entropy terms, as well as deficiencies in the calculation methods.

For the MM calculations, conformational searches were used to generate sets of
conformations for each ligand and receptor-ligand complex. The sets of
conformations were then minimized using three different force fields (MM3* 7]
MMFFs,”®! and OPLS3e!™ '), The minimizations were performed using both a
chloroform and a water solvent model. Since the relative binding energies (AAEy)
obtained from Equation 8 do not contain any entropic terms, they do not represent
free energies. To allow for a better comparison with the experimentally determined
AAG® values, the calculations were also performed with a Boltzmann correction
term, which sums up the energy contributions of all conformers within 5 kcal/mol
of the lowest energy conformation for each ligand and receptor-ligand complex.

DFT calculations were performed using the M06-2X-D3!""!"! and the ®B97X-D!%%
functionals, with the 6-31G** basis set and a Poisson-Boltzmann (PBF) continuum
solvation model'® for chloroform. The lowest energy conformations of the ligands
and receptor-ligand complexes obtained from the MM calculations were used as
input structures.

Table 3.2 Calculated AAE, values (kcal/mol) for receptor-ligand complexes 11+(12-16) using MM and
DFT calculations. For values from MM calculations, values calculated using Boltzmann correction are
included in parentheses. The DFT calculations were performed using the 6-31G** basis set.

Ligand (x) 12 13 14 15 16
Experimental
AAE vEIlUES 0 -0.40 -0.80 0.32 0.62
Force field Solvent model
o -0.52 -1.23 0.29 5.14
AL e el L (-0.54) (-1.25) (0.072) (4.53)
-1.06 -1.54 -2.10 3.14
Water 0 (-1.04) (-1.61) (-1.19) (3.63)
-1.00 -0.59 -2.27 2.36
MMFFs Chloroform 0 (-0.84) (-0.34) (-1.69) (2.09)
Water 0 -1.42 -2.34 -3.40 1.63
(-1.13) (-2.43) (-2.92) (1.68)
-0.73 0.39 -1.39 1.75
OPLS3e Chloroform 0 (-0.95) (0.44) (-1.32) (1.80)
-1.34 -1.02 -3.32 6.14
Water 0 (-1.45) (-1.78) (-2.90) (6.15)
Functional Solvent model
M06-2X-D3 Chloroform 0 -2.28 -4.30 -9.22 -6.73
Gas phase 0 -2.10 -0.13 1.53 -6.13
wB97X-D Chloroform 0 -2.73 -4.97 -11.22 -7.60
Gas phase 0 -2.37 -3.69 -0.47 -5.68

Table 3.2 shows the calculated relative binding energies (AAEy) obtained from the
MM and DFT calculations. In general, it was found that the MM methods predict
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the binding affinities significantly more accurately than the DFT methods. Amongst
the values obtained from the MM calculations, the MM3* force field with a
chloroform solvent model resulted in the most accurate predictions, both in terms
of absolute values and in terms of the relative binding affinities of the ligands to the
receptor. For all of the employed force fields, the calculations performed with a
chloroform solvent model gave more comparable results to the experimental values
than the calculations performed with a water solvent model. In most cases, the
inclusion of the Boltzmann correction did not significantly improve the overall
accuracy of the calculated binding energies. The DFT calculations using either
functional resulted in substantially less accurate binding energies and were also
unable to predict the relative binding affinity of the ligands to the receptor. This
could potentially be explained by the choice of functional and basis set, although
the investigated combinations are generally considered sufficiently accurate for
applications in organic chemistry. The current results indicate that the chosen
combinations might not be suitable for supramolecular interactions of the types
found in biomolecules. The differences between the results obtained from MM
calculations and DFT calculations are illustrated in Figure 3.3.
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Figure 3.3 Comparison of calculated AAE, values obtained from MM calculations (diamonds) and DFT
calculations (triangles) with experimentally determined AAG® values for receptor-ligand complexes
11+(12-16). The included AAE, values from MM calculations were obtained using a chloroform solvent
model and without the Boltzmann correction. The included AAE, values from DFT calculations were
obtained using the 6-31G** basis set and a chloroform solvent model. The diagonal line marks the
experimental values.
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3.5 Conformational analysis

As the aim of the study was to investigate the interactions between the substituents
and the aromatic cavity, conformational analyses of the ligands, both unbound and
bound to the receptor, were performed. For each receptor-ligand complex, the
position of the ligand substituent relative to the receptor cavity was investigated. In
addition, the conformation of the heptane backbone in both the unbound and bound
ligand was studied, in order to estimate the potential rearrangement energy required
for the ligand to fit the receptor.

Complexation-induced changes in "H NMR shifts (CIS) obtained from the "H NMR
titrations and cross peaks in the nuclear Overhauser enhancement spectroscopy
(NOESY) and rotating-frame nuclear Overhauser enhancement spectroscopy
(ROESY) spectra were used to suggest time-average conformations of the ligands.
The nuclear- or rotating-frame Overhauser effect (NOE or ROE) is the transfer of
nuclear spin polarization from one nuclear spin population to another via dipolar
cross-relaxation.'® NOESY and ROESY can be used to establish through-space
correlations between nuclei that are close in space (within 5 A) to each other. One
drawback of NOESY is that for larger molecules (typically 1000-3000 Da), the
NOE may be too weak to be detected.!'®! In such cases, ROESY can be used as an
alternative, as it has a difference dependence between the correlation time and cross-
relaxation rate constant.

For all of the ligands, the proton resonances of the heptane backbone were displaced
upfield upon complexation with receptor 11. The largest change was observed for
the d-protons, which were displaced upfield by 0.8—1.2 ppm. The resonances of the
a-, B-, and y-protons were displaced upfield by on average of 0.2, 0.6, and 0.4 ppm,
respectively. Taken together, this strongly indicates that all of the ligand backbones
adopt all-anti conformations when complexed by the receptor, with the - and 6-
protons pointing towards the receptor and thus experiencing the largest shielding
effect from the aromatic cavity (Figure 3.4a). Cross peaks in the NOESY spectra of
the unbound ligands also suggest that an all-anti conformation is preferred for all
ligands except cyclohexyl-substituted ligand 16.
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Figure 3.4 Structures of receptor-ligand complex a) 11+12 and b) 11+14 (lowest energy conformations
obtained from MM calculations with the OPLS3e force field and a chloroform solvent model).

The position of the substituents in the receptor-ligand complexes was proposed
based on a combination of CIS of the substituent protons and NOE correlations
between the substituent proton resonances and the cavity proton resonances (H-6¢ndo
and/or H-1, see Figure 3.4a). Methyl-substituted ligand 13 and phenyl-substituted
ligand 14, which exhibited the highest relative binding energies, appeared to form
rigid complexes with the substituent located inside or partially inside the receptor
cavity. Conversely, benzyl-substituted ligand 15 and cyclohexyl-substituted ligand
16, which exhibited lower binding affinities for the receptor, formed more dynamic
complexes, with the substituents interacting less with the cavity. For example, in the
ROESY spectrum of the complex with benzyl-substituted ligand 15, the ortho-
protons of the ligand show cross peaks with H-1 and H-6.n4 0f the receptor, as well
as with the crown-ether moieties of the receptor, which shows the dynamic behavior
of the substituent on the NMR timescale. In addition, the CIS indicates that at least
part of the benzyl group is pointing away from the receptor (as seen by downfield
displacement of the resonances of the meta- and para-protons).

The ligand conformations were also investigated computationally. The lowest-
energy conformations obtained from the MM calculations using a chloroform
solvent model and the three different force fields (MM3*, MMFFs, and OPLS3e¢)
were compared. In most cases, the three force fields gave similar conformations to
what was suggested by NMR data, both in terms of the conformation of the ligand
backbone and the position of the substituent. Molecular dynamics (MD) simulations
were also performed, which supported the findings from the NMR experiments. The
MD simulations of the receptor-ligand complexes showed that ligands 13 and 14
form more rigid complexes with the receptor, while the complexes with ligands 15
and 16 behave more dynamically, with both the ligand backbones and the
substituents exhibiting higher conformational flexibility during the simulations. The
findings from the NMR experiments, MM calculations, and MD simulations are
summarized in Table 3.3.
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Table 3.3. Summary of the conformational analysis of receptor-ligand complexes 11+(12-14) based on
NMR spectroscopy, MM calculations and MD simulations. anti and gauche refers to the conformation
around the C-C bonds of the heptane chain of the ligands. I, P, and O refers to the position of the
substituent (I = inside cavity, P = partially inside cavity, O = outside cavity). Extended and dynamic refers
to the behavior of the ligand during MD simulation (Extended = N-N distance close to 10 A during most
of simulation, dynamic = large variety in N-N distance or substitutent location during simulation).

NMR MM MD 2
H (AB) P 2D ¢ MM3* ¢ MMFFs ¢ OPLS3e ¢

1112 All-anti All-anti All-anti All-anti All-anti Extended
11413 All-anti All-anti All-anti All-anti All-anti Extended

I | (6] (6] P |
11-14 All-anti All-anti All-anti 1 gauche All-anti Extended

P | P P P P
1115 All-anti All-anti All-anti 2 gauche 2 gauche Dynamic
P P P P P Dynamic
11-16 Inconclusive © Inconclusive ¢ 2 gauche 2 gauche 2 gauche Dynamic
Inconclusive © P P (0] P Dynamic

2MD simulation performed with the OPLS3e force field and a methanol solvent model. ° Based on change
in chemical shift (A8) of signals corresponding to ligand protons upon complexation. ¢ Based on
crosspeaks found in NOESY/ROESY spectra. ¢ Based on lowest energy conformations obtained with a
chloroform solvent model. © Cannot be determined due to overlapping NMR peaks.

3.6 Conclusions

A bis(18-crown-6) Troger's base receptor and a number of 4-substituted hepta-1,7-
diyl bisammonium ligands were used to model the interactions between non-polar
side chains of peptides and an aromatic cavity of a protein. Relative association
constants (Ki1.x/K11-12) and binding energies (AAGjq.x.11.12) for the receptor-ligand
complexes were estimated using NMR titration methodology. A weak but evident
discrimination in the binding process based solely on the ligand substituent was
found. The strongest binding was exhibited by phenyl-substituted ligand 14,
followed by methyl-substituted ligand 13. Rewardingly, the estimated relative
binding energies for these complexes (-0.80 and -0.40 kcal/mol, respectively) were
comparable to energies for similar CH-n and edge-to-face n-m interactions estimated
using other synthetic model systems.®* %% Conformational analyses of the ligands,
both unbound and bound to the receptor, supported the finding that the phenyl- and
methyl-substituents are interacting strongly with the receptor cavity. For both these
ligands, the binding to the receptor does not seem to involve any substantial
rearrangement energy, as the conformations of the ligands are largely the same in
bound and unbound form. Taken together, we can conclude that the estimated
relative binding energies for these two ligands can been seen as a measurement of
the interactions between the respective substituents and the aromatic cavity of the
receptor.
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The experimental results were also used to compare and evaluate different
computational methods, with the conclusion that in this case, MM calculations gave
more accurate predictions of binding affinities than DFT calculations. MM
calculations performed using the MM3* force field and a chloroform solvent model
resulted in the most accurate predictions, both in terms of absolute values and in
terms of relative binding affinities of the different ligands to the receptor.

40



4 Consecutive binding of potassium
1ons to a ditopic receptor (Paper II)

4.1 Introduction

Electrostatic interactions play a key role in processes such as protein folding and
stability'®! as well as antibody-antigen interactions.'”” While it is typically the
electrostatic attraction between two oppositely charged ions that is observed (or the
repulsion between ions of similar charge), there are examples of like-charge ion
pairing, such as interactions between positively charged amino acids!'"® and
chloride-chloride pairs in aqueous solution.!'” This apparent attraction is usually
attributed to bridging water molecules allowing for stabilizing effects, which are
large enough to compensate for the charge-charge repulsion.!'*

One example of a synthetic system used to study cation-cation interactions was
reported by Piguet and coworkers, who developed double-stranded helicates based
on ligands containing a Trdger’s base motif (Figure 4.1)."'") By introducing
additional rigid alkynyl groups, the distance between the two Cu” ions could be
increased without changing the symmetry or binding sites of the helicate.
Spectrophotometric titrations revealed an apparent increased repulsion with
increasing intermetallic distance. It was concluded that the increased solvation free
energy of the larger helicates dominate over the Coulombic repulsion, resulting in
the apparent destabilization of the complexes with larger intermetallic distances.
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Figure 4.1 Ligand 17 (left) and double-stranded helicate (right). Intermetallic distance d marked in red.

In this chapter, a study of the consecutive binding of potassium ions to receptor 11
in water is described (Scheme 4.1). As previously discussed, receptor 11 contains a
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rigid Troger’s base motif which places the two crown-ether moieties (and any
potassium ions complexed to them) at a relatively fixed distance. The binding was
studied experimentally by isothermal titration calorimetry (ITC). An unexpected
observation that the binding of the second potassium ion is enthalpically favored
compared to the binding of the first was further investigated by a combination of
experimental results and computational simulations.
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Scheme 4.1 Sequential binding of potassium ions to bis(18-crown-6) Troger's base receptor 11.

4.2 Isothermal Titration Calorimetry

ITC is a technique that can be used to quantitatively study binding processes
between two or more species in solution. By measuring the heat released or absorbed
during changes in the composition of a system, thermodynamic parameters such as
association constants and binding enthalpies can be determined directly.!''" "2 A
typical ITC experiment consists of additions of aliquots of a ligand solution to a
receptor solution, followed by curve fitting of the calorimetric data using a suitable
model to obtain the thermodynamic parameters. ITC experiments are preferentially
performed on high affinity systems, as this means that the receptor can be saturated
by addition of only a few equivalents of ligand. However, it has been shown that
ITC experiments can also be used for low affinity systems, as long as a sufficient
portion of the binding isotherm is covered, the binding stoichiometry is known, and
the concentrations of the ligand and receptor are known with adequate accuracy.''?!

Due to the limited solubility of receptor 11 in water and the comparatively small
expected association constants, we performed the ITC experiments by adding a
highly concentrated ligand solution into a receptor solution with a much lower
concentration, in order to ensure that a sufficient receptor saturation could be
achieved. The method was validated by using the same experimental setup to
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determine the association constant of a known system (18-crown-6 and potassium
ion).

The ITC experiments were performed using four different potassium salts (KCl, K1,
KSCN and K»>SO4). Two different curve fitting models were employed; a sequential
binding sites model and a single set of identical sites model. In the former, it is
assumed that the binding of the first potassium ion will affect the binding of the
second potassium ion and as a result two association constants (K; and K>) are
estimated. In the latter, the binding sites are considered identical and independent
and only one association constant is estimated. To compare the two models, reduced
chi-squared statistics (y2/v) were calculated, which gives the ratio of the fitting
error and the measurement error. The closer the y2/v value is to one, the better the
fit. A y2/v value significantly less than unity could imply that the model is over-
fitting the experimental data or that the estimated measurement errors are
overestimated. As can be seen in Figure 4.2, for the ITC experiments with KCl, the
sequential binding sites model gave a significantly lower y2/v value than the single
set of identical sites model (12.02 compared to 318.80). The same was found for the
other salts.
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Figure 4.2 a) Heat flow diagram from consecutive additions of potassium chloride solution (247 mM) to
a solution of receptor 11 (0.39 mM) in water at 25 °C. b,c) Normalized, integrated heats (average from
three experiments). The solid lines show the fit of a sequential binding sites model (b) and a single set
of identical sites model (c) to the data. Predicted parameters and reduced chi-squared statistics (y?/v)
for each model are included.

Table 4.1 shows the thermodynamic parameters estimated from the ITC
experiments with receptor 11 and the different potassium salts using a sequential
binding sites model. The estimated association constants for the binding of the first
potassium ion (K;) are similar to reported association constants for the binding of
potassium to 18-crown-6 (K = 100).1°¥ For a ditopic receptor with two identical non-
interacting binding sites, statistical factors dictate that the association constant for
the binding of the second ligand (K>) should be four times lower than the association
constant for the binding of the first ligand (referred to as statistical binding).!'"* If
the relationship between the two association constants deviates from this ratio, the
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binding sites are either not identical or exhibit cooperative binding (i.e. the binding
of one ligand influences the binding affinity for the second ligand). In our case, the
association constants for the binding of the second potassium ion are lower than the
statistical binding (K>/K; < 0.25), indicating negative cooperativity.

Table 4.1 Association constants, standard free binding enthalpies and standard free energies for the
binding process between receptor 11 and potassium ions in water at 25 °C, obtained from ITC
experiments using different potassium salts.

KClI Kl KSCN K2SO,
Ki 1199 103+ 6 139+ 14 133+ 6
K 172+23 156 £0.6 18.1+1.7 15.9+1.4

AG°; (kcal/mol) -2.83 £0.05 -2.74 £ 0.03 -2.92 + 0.06 -2.90 £ 0.03
AG®; (kcal/mol) -1.69 £ 0.08 -1.63 £ 0.02 -1.72 £ 0.05 -1.63 £0.05
AAG?® (kcal/mol)° 1.14 £ 0.09 1.12 £ 0.04 1.21 £0.06 1.26 £ 0.06
AH°; (kcal/mol) -4.12 £ 0.31 -4.54 +£0.19 -3.61+0.36 -3.83+0.14
AH®; (kcal/mol) -6.76 £ 0.07 -7.35+0.27 -8.88 £ 0.14 -7.62 £ 0.30
AAH° (kcal/mol)? -2.64 £ 0.31 -2.81+£0.33 -5.27 £0.39 -3.79+0.34

EAAHQ:AHOZ_AHO,l_ bAAGO=AGoz-AGO1

Looking at the standard free energies and enthalpies, the binding of the first
potassium ion is, as expected, energetically more favorable than the binding of the
second potassium ion (AAG® > 0, Table 4.1). However, surprisingly, the ITC
experiments showed that the binding of the second potassium ion is enthalpically
favored (AAH® < 0, Table 4.1). These trends (AAG® > 0 and AAH® < 0) were
reproduced for all potassium salts, indicating that the observed thermodynamic
trends are independent of the counterion. While the difference in free energy for the
binding of the first and second potassium ion is relatively small and similar for all
counterions (AAG® = 1.14-1.26 kcal/mol), the difference in binding enthalpy is
surprisingly large (AAH® = -2.64 to -5.27 kcal/mol). The estimated positive AAG®
values indicate a large entropic penalty associated with the binding of the second
potassium ion, which compensates for the negative AAH® values. The difference in
entropy (for KCl: TAAS® = AAH®-AAG® = -3.78 kcal/mol) shows that the binding of
the second potassium ion is associated with an entropy decrease that is 3.78 kcal/mol
larger than that of the first. Of these 3.78 kcal/mol, 0.8 kcal/mol can be attributed to
the previously mentioned statistical factors associated with binding a second ion to
the ditopic receptor (K> = Ki/4), whereas the rest must be a consequence of
additional entropic losses, such as reduced flexibility of the complex or increased
ordering of water around the binding sites. Comparing the estimated AAH® values
for different potassium salts, the enthalpic trend (AAH® < 0) is more pronounced
with thiocyanate as the counterion than with the other counterions (-5.27 kcal/mol
for KSCN, compared to -2.64 kcal/mol for KCl), indicating counterion effects.
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4.3 Explaining the observations

The origin of the negative AAH® values was investigated further by combining the
experimental results with continuum electrostatic theory and molecular dynamics
simulations. While the counterion appears to contribute largely to the observed
negative AAH® (through stabilization of the positively charged potassium-receptor
complex), there also appears to be contributions from favorable intrinsic interactions
between the two potassium-coordinated crown-ethers. The investigations are
described in more detail below.

4.3.1 The role of the counterion

The first ITC experiments were performed using KCl as the potassium source and,
as described above, showed that the binding of the second potassium ion is
enthalpically favored. One possible explanation for this could be that either the
counterion or water molecules are stabilizing the complex through some kind of
bridging interaction between the two cations. To probe the possible role of the
counterion, the experiments were repeated with different potassium salts (KI,
KSCN, and K>SOs). If the observed thermodynamic trend had been completely
independent on the counterion, the estimated binding enthalpies and energies would
have been similar regardless of what counterion was used. Conversely, if the trend
had been dependent on the counterion, results would have varied significantly and
the same trend (AAH® < 0) might not have been observed for all counterions. One
way to specifically investigate whether the observed stabilization is caused by
bridging interactions involving the counterion would have been to use a potassium
salt with a non-coordinating counterion. To this end, attempts were made to perform
the ITC experiments with KPFs. Unfortunately, due to the previously mentioned
restriction in terms of receptor solubility, we were unable to find experimental
conditions that could cover enough of the binding isotherm and give reproducible
results.

As previously mentioned, all the investigated potassium salts gave negative AAH®
values, although the absolute values varied somewhat depending on the counterion.
While KCI and KI gave similar values (-2.64 and -2.81 kcal/mol, respectively),
KSCN gave a more negative AAH® value (-5.27 kcal/mol). The divalent sulfate ion
of K»SO4 gave an intermediate AAH® value of -3.79 kcal/mol. All in all, this
indicates that there is a stabilizing counterion effect present, which is more
pronounced with thiocyanate ions than with chloride, iodide, or sulfate ions. One
explanation of the observed difference could be the solvation of the counterions.
The thiocyanate ion is known to be weakly hydrated in water and to possess a higher
affinity for nonpolar surfaces than the more hydrated chloride, iodide, and sulfate
ions.[''* 131 A higher accumulation of thiocyanate ions around the receptor would
stabilize the positive charge that is built-up through the binding of potassium ions
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to the receptor, which could explain the additional enthalpic stabilization observed
for KSCN. This was also investigated computationally by analyzing the distributing
of the counterions around the receptor surface. The calculations showed that
chloride, iodide, and thiocyanate are all enriched around the receptor (compared to
water). However, amongst the studied anions, thiocyanate showed a significantly
higher degree of accumulation around the receptor. Previous studies of the complex
between KSCN and 18-crown-6 have shown the thiocyanate ion to either only
interact weakly with the complex,!"'” or to interact primarily through the nitrogen
atom.!"'”) Interestingly, our calculations found that the thiocyanate ion preferentially
orients itself with the sulfur atom pointing towards the receptor, although it should
be noted that our analysis looked at the average distance between the counterion and
the receptor surface as a whole and not specifically the crown-ether moieties.

4.3.2 Continuum electrostatic theory

The binding of cations to a ditopic receptor includes a contribution from the free
energy of interaction between the cations (G++), which depends on the distance
between the cations (r) and the temperature (7). This energy can be estimated using
Coulomb’s law, which for two monovalent ions is described as:

G _ eZNAV (9)
T 4neger

where e is the elementary charge, Nay is the Avogadro constant, ¢ is the vacuum

permittivity, ¢ is the relative dielectric constant of the solvent and r is the distance

between the ions. The relative dielectric constant ¢ is temperature-dependent and

G+(r,T) should be regarded as a free energy. The enthalpy of interaction (H++) can

be described as:

_0(Gyy/T) dlne, (10)
Hiv = a1/ ++( +6lnT)

The dielectric constant of water is known to have a significant negative temperature
.. 01 .
response, with ﬁ =-1.37 at 25 °C.""® This means that at 25 °C, the enthalpy of

interaction will take the opposite sign compared to the free energy of interaction:
H=-037G+ (Figure 43)
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Figure 4.3 Thermodynamic parameters for the interaction of two monovalent cations in water at 25 °C
as a function of distance, calculated according to Equation 9 and 10.

Using Equation 9 and 10 with » = 11.5 A (the average distance between the
potassium ions bound to the receptor determined from simulations), G+ and H++ for
our system are calculated to 0.37 and -0.14 kcal/mol, respectively. Although the
predicted changes in enthalpy and entropy upon bringing the potassium ions from
infinite separation to the average separation in the receptor are comparatively small
(H+ = -0.14 kcal/mol and -TS:+ = 0.51 kcal/mol), they can explain parts of the
experimentally estimated values (for KCl: AAH® =-2.64 kcal/mol and -TAAS® =3.78
kcal/mol).

4.3.3 Conformational dynamics of the receptor

For the system with the receptor and KCIl, replica exchange molecular dynamics
(REMD) simulations were employed to study the conformational dynamics of the
receptor during the binding process. Principal component analyses (PCAs) of the
simulated conformations of the free receptor and the complexes with one and two
potassium ions bound were performed. Four well-defined conformations separated
by notable energy barriers were identified: one with both crown ether moieties bent
out from the cavity (EXT), one with both crown ether moieties bent in towards the
cavity (COL), and two conformations with one crown ether bent in and one bent out
(SK1 and SK?2) (Figure 4.4).

Probabilities for each conformation obtained from the PCAs showed that with no
potassium ion bound, the receptor preferentially adopts the EXT conformation,
while the COL conformation is least favored (Figure 4.4). Upon binding of the
potassium ions, the probability of the COL conformation increases. The successive
stabilization of the COL conformation indicates that there are some favorable
interactions introduced when the cations bind, either due to increased solvation or
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due to interactions between the binding sites. With one potassium ion bound, one
can imagine stabilizing interactions between the bound potassium ion and the
opposite free crown ether. The added stabilizing of the COL conformation for the
complex with two potassium ions bound indicates potential attractive interactions
between the two crown-ether-K" moieties. This would be in line with the predictions
from continuum electrostatics and could thus partly explain the estimated large
negative AAH° values.
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Figure 4.4 Integrated probabilities for the four conformations obtained from the PCAs of receptor 11 with
no, one and two potassium ions bound. SK1/SK2 = skewed, EXT = extended, COL = collapsed.

4.3.4 Internal energies of the complexes

The experimentally estimated change in enthalpy (AH®) is also related to a change
in the internal potential energy of the system, AUsys (AHsys = AUsgys + APV). Given
the finding that the probability of the COL conformation increases upon the
successive binding of potassium ions, while the probability of the EXT
conformation decreases (Figure 4.4), the changes in internal potential energies upon
binding of the first and second potassium ion were analyzed. The internal potential
energies were calculated as average energies of the system obtained from the REMD
simulations, excluding water and counterions. As such, the calculated internal
potential energies include the bonded and non-bonded interaction within the
receptor, and non-bonded interactions between the receptor and the bound
potassium ions. Both the energy of adding a first (AU:) and a second (AU)
potassium ion are negative (Table 4.2). The difference between the two changes in
energy (AAU = AU, - AU)) can be interpreted as a measure of the contribution to the
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potential energy solely from interactions between the two potassium-bound binding
sites. The negative AAU value indicates that favorable interactions between the two
binding sites contribute to the overall negative AAH® value. As opposed to the results
obtained from continuum electrostatics, where the enthalpic stabilization is a solvent
effect, the AAU is calculated excluding water and thus gives the internal energy
within the complex in vacuo. Continuum electrostatics predict a positive interaction
enthalpy between two positive charges in vacuo, so the negative sign of the AAU
must be a result of attractive interactions within the complex large enough to
overcompensate for the electrostatic ion-ion repulsion.

Table 4.2. Calculated changes in internal potential energy of the complexes upon binding of a first and
second potassium ion.

AU; (kcal/mol) AU, (kcal/mol) AAU (kcal/mol)
-103.75 £ 0.07 -103.94 £ 0.07 -0.19 £0.13

To understand the origin of the negative AAU, it was decomposed into contributions
from the four different conformations (EXT, COL, SK1, and SK2). Weighing the
internal potential energies of each conformation and bound state (no, one or two
potassium ions bound) with their respective probabilities revealed that the negative
AAU (and by extension the AAH®) stems exclusively from a large negative
contribution from the increasingly populated COL conformation, while the other
conformations yield positive contributions to AAU. This finding points to the
presence of intrinsic favorable interactions between the two potassium-bound
crown-ethers, which are independent of the solvent and the counterion (as these
were excluded from these calculations).

4.3.5 Solvation effects

Previous studies have found the apparent cation-cation attraction to primarily be a
result of a change in solvation.!''> '] To determine the influence of solvation effects
in our system, the solvent response upon binding of the first and second potassium
ion to receptor 11 was investigated computationally. The calculated distribution of
angles between the dipole moment of water molecules in the solvation shell around
each binding site was compared for each bound state (with no, one or two potassium
ions bound). Only subtle changes in the average angle between the dipoles were
observed and it was concluded that solvent reorganization is likely not a significant
contributor to the observed enthalpically favorable binding of the second potassium
ion.
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4.4 Conclusions

The consecutive binding of potassium ions to ditopic receptor 11 was studied by
ITC, revealing that, counterintuitively, the binding of the second potassium ion is
enthalpically favored over that of the first, despite of the expected electrostatic
repulsion between the two cations. The experimentally determined thermodynamic
trends (AAG® > 0 and AAH® < 0) were reproduced with four different potassium salts
(KCl, KI, KSCN, K,S0s), i.e., the trends are independent of the counterion.
However, the magnitude of the enthalpic stabilization was found vary with the
counterion, indicating stabilizing counterion-dependent effects. Thiocyanate gave
the most negative AAH° value, which could potentially be explained by a
comparatively higher affinity of the weakly hydrated thiocyanate ion for the
receptor, compared to the more hydrated chloride, iodide, and sulfate ions. To fully
elucidate the effect of counterion stabilization, further experiments and analyses are
needed. This could include performing the experiments with a broader range of
counterions, or more detailed studies into the location of the counterions in relation
to the receptor.

In addition to the counterion stabilization, other factors were also found to
contribute to the observed negative AAH®. In water at 25 °C, continuum
electrostatics theory predicts a small enthalpic attraction between two monovalent
cations. An analysis of simulated conformations of the receptor revealed that the
binding of potassium ions leads to a successive increase of the probability of a more
collapsed conformation, where the two crown-ether moieties are closer to each
other. The stabilization of the collapsed conformation indicates stabilizing
interactions introduced upon binding the ions, either between the two binding sites,
or between the solvent (water) and the receptor in its collapsed conformation. While
an analysis of the solvation shells around the binding sites showed only a subtle
solvent response upon binding of the ions, an evaluation of the internal potential
energies within the complexes (excluding water and counterions) found a
contribution to the negative AAH® stemming from intrinsic interactions between the
two potassium-bound crown-ether moieties in the receptor in the collapsed
conformation.

In summary, this study is an attempt to explain an unexpected observation; an
enthalpic stabilization of the binding of a second potassium ion to a ditopic receptor.
By a combination of experiments and simulations, the influences of a number of
different factors were investigated. Although further investigations are needed to
fully understand all of the factors contributing to the binding process, the herein
described results can hopefully provide valuable insight into the thermodynamic
factors governing receptor/ligand interactions in water.
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5 Discrete hydrogen-bonded
supramolecular aggregates

5.1 Hydrogen bonding in supramolecular assemblies

Hydrogen bonds are ubiquitous in Nature and amongst the most utilized non-
covalent interactions in supramolecular systems. The hydrogen bond is defined as
an attractive interaction between a hydrogen atom covalently bound to a more
electronegative atom (hydrogen bond donor, D) and an electronegative atom
(hydrogen bond acceptor, A).['*”! Common donor atoms include oxygen, nitrogen
or halogens, but also less electronegative elements such as carbon can serve as
hydrogen bond donors. The acceptor is typically an electronegative atom bearing a
lone pair of electrons, such as a carbonyl oxygen, but can also be an electron-rich
n-bond.!"?!"! Hydrogen bonding is primarily considered an electrostatic interaction,
but can also include contributions from other factors such as covalent and resonance
effects.'* 12} The bond energy of a hydrogen bond can vary between 1 and 40
kcal/mol and depends on the nature of the hydrogen bond donor and acceptor, and
the bond geometry (length and angle). In solution, the strength of the hydrogen bond
is strongly affected by the solvent, as polar solvent molecules can also form
hydrogen bonds and thus compete with the solute molecules, resulting in a
weakening or destruction of the hydrogen bonds between the solute molecules.!'*!!

In supramolecular assemblies, a single hydrogen bond is usually not enough to
ensure the formation of a well-defined construct. Instead, multiple hydrogen bonds
arranged in specific motifs, or systems combining hydrogen bonding and other non-
covalent interactions, are often employed. Even though a higher number of
hydrogen bonds results in a stronger association, the arrangement of the hydrogen
bond donors and acceptors also play an important role. The concept of secondary
electrostatic interactions (SEI), first introduced by Jorgensen and coworkers, uses
the diagonal interactions between adjacent hydrogen bonds to rationalize the
preferred arrangement of donors and acceptors (Figure 5.1a).'** '] For a triple-
bonded array, the strongest association would be obtained with an AAA-DDD
motif, which only contains attractive SEIs, while the weakest complex would be
obtained with a ADA-DAD motif, in which all of the SEIs are repulsive. This has
also been shown experimentally, by comparing the association constants of
complexes with different hydrogen-bonding motifs (Figure 5.1b).[!?126]
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Figure 5.1 a) Schematic representation of secondary electrostatic interactions (SEls). b) Examples of
ADA-DAD, AAD-DDA, and AAA-DDD hydrogen-bonded complexes.

In order to achieve a predictable, strong aggregation, a certain level of pre-
organization is typically required in the monomers. To this end, hydrogen-bonding
monomers often include rigid, flat heteroaromatic systems, where the hydrogen
bond donors and acceptors are part of the ring system. Intramolecular hydrogen-
bonds can also be used to reduce the flexibility of the system and ensure maximum
overlap between the binding sites. The latter was shown experimentally by Meijer
and coworkers, who developed self-complementary quadruple hydrogen-bonding
monomers. The higher stability of dimer 19, compared to dimer 18, was attributed

to intramolecular hydrogen bonds fixing the carbonyl groups in the plane of the ring
(Figure 5.2).1127-128]
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Figure 5.2. Comparison of quadruply hydrogen-bonded dimers without and with preorganizing
intramolecular hydrogen bonds.
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Compound 19 contains one of the most common hydrogen-bonding motifs,
ureidopyrimidinone (UPy). UPy is a versatile building block for hydrogen-bonded
self-assembly, owing to its self-complementary nature, ability to dimerize via a
strong quadruple hydrogen-bonding motif, and synthetic accessibility.!'*”) One
drawback of UPy as a hydrogen-bonding motif is that it has three tautomeric forms,
of which two are self-complementary and can dimerize through AADD or ADAD
arrays (Figure 5.3a).'" The preference for one tautomer over another is governed
by the polarity of the solvent and the nature of substituents on the pyrimidinone
ring.["*" In polar solvents such as DMSO, where intermolecular hydrogen bonding
is suppressed, UPy is present in its 6-[ 1 H]-pyrimidinone monomeric form (6-keto
in Figure 5.3a). In less polar solvents such as chloroform or toluene, a mixture of
dimeric 4-[1H]-pyrimidinone (4-keto) and pyrimidin-4-ol (enol) is present. The
relative amount of each dimer depends on the electronic properties of the
substituents on the pyrimidinone ring, with electron-withdrawing groups in the 6-
position favoring the enol tautomer while weakly electron-donating groups favor
the keto tautomer.'” Further strategies to completely control the keto-enol
tautomerization by restricting the intramolecular proton transfer include using
bifurcated hydrogen bonds [P* B (Figure 5.3b) and replacing the
ureidopyrimidinone with an N-alkylated ureidocytosine!'*?! (Figure 5.3c).
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Figure 5.3. a) Tautomeric forms of ureidopyrimidinones (UPys). b) AADD-DDAA dimer with bifurcated
intramolecular hydrogen bonds. c) AADD-DDAA dimer with N-alkylated ureidocytosine.

Although the presence of different tautomeric forms is an issue that needs to be
considered when designing supramolecular systems containing UPy units, the
tautomerization can also be seen as an asset which could allow for the construction
of systems capable of stimuli-responsive switching between different tautomeric
forms leading to different self-assembled structures.

5.2 Discrete aggregates

The formation of discrete supramolecular aggregates relies on careful design of the
molecular components (monomers). In order to ensure predictable and controlled
self-assembly, the monomers have to be encoded with all of the necessary
information. Both the choice of binding motif and the shape and geometry of the
monomer are important for generating well-defined aggregates. The self-assembly
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of monomers into a larger aggregate is associated with an entropic penalty arising
from the increased order of the system, which has to be overcome for spontaneous
self-assembly to occur. Rigid monomers with a higher degree of preorganization
can be used to minimize the reorganization needed for and the strain introduced by
self-assembly, making the aggregation more favorable. While the aggregation of
more flexible monomers is associated with a larger loss of conformational freedom,
they can potentially be used to create more dynamic supramolecular system.

5.2.1 Cyclic aggregates

One type of discrete hydrogen-bonded aggregates are self-assembled macrocycles.
This type of aggregate requires a monomer with more than one binding site, where
the binding sites are positioned at an angle relative to one another. The preferential
formation of cyclic aggregates over linear ones can be attributed to a cooperative
effect known as chelate or intramolecular cooperativity, which is caused by the
additional binding event taking place in the cyclization process.!'**

The importance of preorganization in self-assembled macrocycles can be illustrated
by the two examples in Figure 5.4. Lehn and Mascal reported hexameric
macrocycles (rosettes) self-assembled from Janus-type monomers containing two
complementary hydrogen-bonding motifs. The relative position of the hydrogen-
bonding motifs lead to the exclusive formation of hexameric macrocycles (Figure
5.4a).3*13 Perrin and coworkers developed a similar system, where the
introduction of a central pyrrole unit resulted in monomers with the hydrogen-
bonding motifs oriented at a 90° angle. These monomers self-assemble into
tetrameric rosettes in solution (Figure 5.4b).["*7)
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Figure 5.4 a) Hydrogen-bonded hexameric macrocycle. b) Hydrogen-bonded tetrameric macrocycle.
Angle between hydrogen bonding motifs marked in pink and green, respectively.

5.2.2 Capsules

Another type of discrete hydrogen-bonded aggregates are capsules formed from the
self-assembly of concave monomers. The well-defined internal space of capsules
makes them interesting for applications in host-chemistry (as nanocontainers) and
catalysis (as nanoreactors).!'* % The construction of reversible molecular capsules
was pioneered by Rebek and coworkers and their “tennis ball”: a pseudospherical
dimer consisting of two glycoluril-based monomers held together by eight
hydrogen-bonds (Figure 5.5a). The small cavity size of capsule 20, allows for the
encapsulation of one small molecule, such as methane or ethane.'* By extending
the backbone of monomer 20, a dimeric capsule with a cavity large enough to
encapsulate two benzene molecules or one molecule of adamantane was
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obtained.['"*"I Rebek and coworkers also reported a dimeric cylindrical capsule based
on monomer 21 with a resorcinarene scaffold (Figure 5.5b). The cavity of the
capsule is large enough to encapsulate for example two aromatic molecules.
Interestingly, when both benzene and p-xylene were added to the solution, only
capsules containing one benzene molecule and one p-xylene molecule were
observed. This indicates that the optimal occupancy of the cavity is obtained with
the hetero-guest pair, while two benzene molecules leave too much empty space and
two p-xylene molecules makes the cavity too crowded.['"*?
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Figure 5.5 Glycoluril-based monomers capable of forming dimeric capsules. a) Monomer 20 and “tennis
ball” capsule. b) Monomer 21 and cylindrical capsule. Adapted from refl'3],

Hydrogen-bonded capsules with larger cavities have also been reported. Mastalerz
and coworkers synthesized an octameric capsule with a 2300 A® cavity (Figure
5.6a).!"* Enantiopure tris(isatin) monomer 22 was used to prevent the formation of
unwanted oligomeric or polymeric species. The capsule was able to encapsulate
several different cationic guests, the largest being the tetrahexadecylammonium
cation. The formation of the host-guest complexes was favored by cation-n
interactions inside the cavity. The largest cavity size of a hydrogen-bonded capsule
reported to date belongs to a hexameric cage reported by Tiefenbacher and
coworkers (Figure 5.6b).!'"*) The capsule, formed from resorcinarene monomer 23
with amide functionalities, has a 2800 A’ cavity volume and was shown to
encapsulate Cg and Cr fullerenes through dispersive and n-x interactions between
the guest and the cavity. The formation of the hexameric capsule was found to be
strongly concentration-dependent, with higher concentrations favoring the
hexameric capsule and lower concentrations resulting in mainly smaller species.
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Figure 5.6. a) Enantiopure tris(isatin) monomer 22 and octameric capsule. b) Resorcinarene-based
monomer 22 and hexameric cage. Adapted from refl'4],

5.2.3 Self-assembled nanotubes

In Nature, hollow tubular structures are involved in diverse biological functions,
including as channels for the transport of chemicals across cell membranes!'*% 147!
and as reaction chambers for protein folding!"*® '** and protein degradation!'>*'*!],
The construction of synthetic open-ended nanotubes has received much attention
due to their many potential applications, for example as reaction vessels for flow-
through catalysis and for size- and shape-discriminating separation and
detection.!' Several different approaches for the construction of tubular
assemblies based on hydrogen bonding have been reported, including helical coiling
of a linear precursor and stacking of covalent or non-covalent macrocycles (Figure
5.7). Some selected examples of hydrogen-bonded nanotubes are discussed below.
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Figure 5.7 Schematic representation of some general strategies for the design of self-assembled
nanotubes. Adapted from refl!s3,

Gellman and coworkers developed short B-peptides with unnatural backbones which
were shown to fold into stable helical nanotubes (24, Figure 5.8a). The incorporation
of cyclohexyl or cyclopentyl groups into the backbone provided substantial rigidity
and facilitated the formation of a specific helix. The helical foldamer is stabilized
by multiple intramolecular hydrogen bonds.!'>* !> Sanders and coworkers reported
amino acid-functionalized naphthalenediimide (NDI) monomer 25 which could
polymerize into helical nanotubes (Figure 5.8b). The monomeric units are held
together by hydrogen bonds between the carboxylic acid moieties and the helical
structure is reinforced by CH-O hydrogen bonds between aromatic hydrogens and
carbonyl groups.!*® 1*"! The inner diameter of the helical nanotube (12.4 A) allowed
for the encapsulation of Ceo fullerenes.!'>® In a more recent example, Dong and
coworkers developed hydrogen-bonded helical nanotubes that could be inserted into
lipid bilayers and used to transport glucose across the membrane. A combination of
a rigid phenanthroline backbone and robust intramolecular hydrogen bonds was
used to control the orientation of the two UPy moieties, ensuring helical self-
assembly (26, Figure 5.8c).
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Figure 5.8 a) Linear B-peptide 24 capable of folding into a helical nanotube. b) NDI monomer 25 capable
of forming polymeric helical nanotube. Hydrogen bonds involved in the polymerization marked in pink,
CH-O bonds reinforcing the helical structure marked in green. ¢) Monomer 26 capable of helical self-
assembly. AADD hydrogen bonding motifs marked in pink.

An even number of alternating D- and L-amino acids can form cyclic peptides
capable of stacking through backbone-backbone hydrogen bonding. This concept,
first proposed by DeSantis,!'*”) has been used by Ghadiri and coworkers to form
hollow tubular structures with the amino acid side chains on the outside of the
nanotube (Figure 5.9).1'5%) In their first report, octapeptide cyclo[-(L-GIn-D-Ala-L-
Glu-D-Ala),-] was shown to assemble into a stacked tube by careful acidification of
a basic solution.!"®”! The inner diameter of the tube could be controlled by varying
the size of the peptide ring, with octa-, deca-, and dodecapeptides giving structures
with an inner diameter of 7, 10, and 13 A, respectively.!'""? Modification of the
cyclic peptide also enabled the formation of tubular dimers with functionalized
cavities. By attaching different groups to the inside of the tube, the properties of the
cavity could be modified, leading to preferential encapsulation of different
guests.!'®") Nanotubes based on cyclic peptides bearing hydrophobic side chains
have also been inserted into lipid bilayers to form transmembrane channels. Self-
assembled channels based on an octapeptide displayed ion-transport activities for
K" and Na" rivaling the performance of naturally occurring ion channel gramicidin
A" Larger-cavity channels based on decapeptides showed efficient transport of
glucose!'™ and glutamic acid.'"* Amphiphilic cyclopeptides have also been
employed as antibacterial agents, displaying potent in vitro activity against Gram-
positive and Gram-negative bacteria by disrupting the cell membrane and causing
rapid cell death.!'®! Furthermore, specific glycosylation of the cyclopeptides was
found to decrease the cell toxicity in mammalian cells while maintaining the
bactericidal activity.['®!
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Figure 5.9 Cyclic octapeptide consisting of alternating D- and L-amino acids and self-assembled
hydrogen-bonded nanotube.

An interesting example of a nanotube formed through stacking of hydrogen-bonded
tetramers was reported by Gonzalez-Rodriguez and coworkers. Rigid monomer 27
consisting of complementary hydrogen-bonding motifs linked by a linear, m-
conjugated spacer self-assembled into tetrameric aggregates in THF (Figure 5.10).
When changing the solvent to a less polar THF/cyclohexane or THF/heptane
mixture, the tetramers were shown to stack into nanotubes. The stacking into
nanotubes was guided by hydrogen bonding between the peripheral amide groups
and m-w interactions.!'®” The peripheral amide groups play a vital role in the tubular
polymerization and the stability of the tube, as an analogous monomer without the
amide moieties, while capable of forming tetramers, did not exhibit any tubular
stacking.!'®®]
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Figure 5.10 a) Monomer consisting of complementary hydrogen-bonding motifs with rigid linker.
Hydrogen-bonding motif involved in formation of tetramer marked in pink, hydrogen-bonding motif
involved in polymerization and stabilization of nanotube marked in green. b) Two-step self-assembly into
nanotubes. Adapted from refl'68],
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5.3 Supramolecular aggregates based on a
bicyclo[3.3.1]nonane scaffold

The design and self-assembly of monomers based on the fusing of different
hydrogen-bonding motifs to an enantiopure C-symmetric bicyclo[3.3.1]nonane
scaffold has been extensively studied by Warnmark, Orentas and coworkers. The
rigid bicyclo[3.3.1]nonane backbone can adopt three different conformations: chair-
chair, boat-chair and boat-boat (Figure 5.11). However, by fusing aromatic rings to
the cyclohexane rings, the backbone is conformationally restricted, resulting in a
structure with the aromatic rings positioned at an ~90° angle. Additionally, the use
of an enantiopure bicyclic backbone ensures the exclusive formation of cyclic
aggregates over unwanted polymeric species. By incorporating different hydrogen-
bonding motifs, systems capable of self-assembling into cyclic tetramers and
pentamers,!'®'71capsules,!'’> ¥ molecular tweezers,'”" and tubular
aggregates!'>> 7> 3] have been achieved.

A

chair-chair boat-chair boat-boat

Figure 5.11 Conformations of bicyclo[3.3.1]Jnonane

In one of the first reported examples, isocytosine units were used as hydrogen-
bonding motifs, with branched 3,5-bis(decyloxy)benzyl groups added to the bicyclic
scaffold to ensure sufficient solubility (28, Figure 5.12a). The design of the
monomer is based on the ability of isocytosine to tautomerize. Self-assembly could
occur either by hetero-tautoleptic aggregation (i.e., aggregation between two
different monomers, each containing only one of the tautomeric forms) or by self-
complementary homo-tautoleptic aggregation (i.e., each monomer contains two
different tautoleptic forms). A combination of 'H and 2D NMR spectroscopy,
diffusion-ordered spectroscopy (DOSY) and gel permeation chromatography
(GPC) studies in chloroform indicated the exclusive formation of the homo-
tautoleptic tetramer shown in Figure 5.12.1'! In a later study, monomer 28 was
found to form a complex decameric capsule in CS,. NMR spectroscopy studies
revealed that the capsule consisted of three different tautomeric forms of the
monomer held together by a total of 36 hydrogen bonds (Figure 5.12c). The capsule
was able to encapsulate one molecule of Cg inside its cavity. ['7?
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Figure 5.12 a) Structure of isocytosins monomer 28 capable of homo-tautoleptic aggregation. b)
Molecular model of tetramer 28,. c) Molecular model of decameric capsule formed in CS,. Solubilizing
groups omitted for clarity. Adapted from refl!”2],

Extending the hydrogen-bond motif to a UPy unit by adding a urea group resulted
in monomer 29 with self-complementary hydrogen-bonding motifs (Figure 5.13a).
As previously mentioned, UPy has three tautomeric forms, of which two can
participate in self-complementary hydrogen-bonding. For monomer 29, self-
assembly was found to take place solely through the 4-[ 1 H]-pyrimidinone tautomer.
In chloroform, cyclic tetramers were formed. The high stability of the aggregate was
confirmed by dilution and variable temperature (VT) NMR experiments. In toluene
and benzene, a mixture of tetramers and pentamers was obtained (Figure 5.13b). It
was proposed that the stronger hydrogen bonding in less polar solvents leads to a
higher tolerance for distortions of the hydrogen bonding angle, thus allowing the
formation of pentameric aggregates. The tetrameric aggregates showed a high
affinity for Cso and Cso in aromatic solvents. Addition of Ce to a mixture of
tetramers and pentamers in toluene shifted the equilibrium towards the exclusive
formation of tetrameric inclusion complexes (Figure 5.13b).t!"")
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Figure 5.13 a) Structure of UPy monomer 29. R; = C4oH,1, Rz = Bn or Bu. b) Solvent- and guest-controlled
self-assembly of 29.

In an effort to obtain aggregates of a higher degree by the stacking of tetramers into
a tube, the bulkiness and position of the solubilizing groups were altered. In
monomer 30, the bulky 3,5-bis(decyloxy)benzyl groups were replaced by linear
decyl chains (Figure 5.14a). In monomer 31, instead of two solubilizing groups in
the 4- and 8-position, a single solubilizing group was attached to the bridging
methylene. In monomer 32, flexible linkers were introduced between the bicyclic
scaffold and the solubilizing groups. For all three monomers, formation of
polymeric aggregates was observed in both chloroform and toluene, as indicated by
broad and featureless 'H NMR spectra and high solution viscosity. The tubular
polymers were formed by homo-tautoleptic aggregation into cyclic tetramers,
analogous to what was observed for monomer 28 with more bulky solubilizing
groups, followed by further aggregation through stacking of the tetramers supported
by orthogonal hydrogen bonding (Figure 5.14b). Upon increasing the concentration,
turbid or transparent gels were obtained. The proposed gelation mechanism involves
the initial intertwining of the individual tubular polymer chains, followed by further
entanglement into a network. The inner diameter of the tubular polymers (~10 A)
allowed for the encapsulation of Ceo or C7o guest, as could be observed by a gradual
change of the color of the gel. The tubular polymers and gelation mechanism were
further studied by solid-state NMR and atomic force microscopy (AFM).!!**!
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Figure 5.14 a) Structures of isocytosine monomers 30-32 designed to reduce steric repulsion between
monomers. b) Two-dimensional hydrogen bonding leading to tubular monomers.

Linear decyl solubilizing groups were also employed to enable the formation of an
octameric tube from an unsymmetrical monomer containing one isocytosine moiety
and one UPy moiety (Figure 5.15a). The tubular aggregation relies on the amino
group of the isocytosine unit, where one of the protons is involved in the formation
of the tetramer and the other in the connection between two tetramers. Despite the
existence of several possible aggregation modes, monomer 33 was shown to form
the desired octameric tube in several different non-polar solvents. Monomers with
3,5-bis(decyloxy)benzyl groups instead of linear decyl chains showed no octameric
aggregation, most likely as a result of the steric repulsion between the bulky groups
hindering edge-to-edge interactions between tetramers. Addition of a Cg guest
resulted in the rearrangement from an octameric tube into a tetrameric inclusion
complex with a different hydrogen-bonding mode (Figure 5.15b).['7]
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Figure 5.15 a) Structure of isocytosine-UPy monomer 33. R = C4oH,1. b) Structural rearrangment from
octameric tube to tetramer upon Cg complexation. Solubilizing groups omitted for clarity. Adapted from
refl'7sl,

A different strategy for achieving tubular aggregates was to introduce a pyrrole unit
between the bicyclic backbone and the UPy motif (here referred to as a PUPy motif).
The incorporation of an electron-rich pyrrole results in the 6[1H]-pyrimidinone
form of the isocytosine unit becoming the most stable tautomer, with one of the
terminal urea protons hydrogen-bonded to one of the isocytosine nitrogen atoms
(Figure 5.16a). As previously discussed, this tautomer cannot participate in self-
complementary quadruple hydrogen bonding, but instead contains several 2H-
bonding sites positioned at different angles. The introduction of orthogonal
hydrogen bonding motifs was expected to enable aggregation into tubular polymers
(Figure 5.16b). In chloroform, the monomer self-assembled into cyclic tetramers, as
confirmed by 2D NMR spectroscopy and DOSY. In less polar solvent such as
toluene and benzene, extreme broadening or disappearance of the signals in the '"H
NMR spectrum indicated the formation of larger aggregates. The formation of
polymeric aggregates was confirmed by AFM, GPC and dynamic light scattering
(DLS). The polymerization could also be triggered in a more polar solvent
(chloroform) by the addition of C7 as a templating guest. Interestingly, the addition
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of a Ceo guest resulted in the formation of a single well-defined inclusion complex,
which was attributed to a capsule-like structure with the monomers arranged side-
to-side rather than end-to-end (Figure 5.16c).['"*!

a) :' b)

Figure 5.16 a) Structure of PUPy monomer 34. R = 3,5-bis(decyloxy)benzyl. b) Molecular model of
tubular aggregate, shown as octamer 34;. Solubilizing groups omitted for clarity. ¢) Solvent- and guest-
controlled self-assembly behavior of 34. Adapted from refl'”l.

The following chapter describes the design, synthesis and self-assembly studies of
hydrogen-bonding monomers based on monomers 29 and 34, where polyethylene
glycol (PEG) chains were added to improve the solubility of the monomers and their
aggregates in more polar solvents.
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6 Design and synthesis of
amphiphilic monomers (Paper 11I)

6.1 Introduction

PEG is an amphiphilic polymer consisting of repeating ethylene oxide units, with
molecular weights varying between 200 and 20 000 Da depending on the number
of repeating units.!'” Due to its high structural flexibility, non-toxicity, and bio-
compatibility, PEG has been exploited in various industrial and biochemical
applications.!"’”! The introduction of PEG chains is a known strategy for increasing
the solubility of compounds and has been employed in areas such as the
development of drugs with improved therapeutic effects and biocompatibility,!'™™
180) carbon nanotubes for applications as therapeutic and imaging tools,!'®" 2] and
water-soluble supramolecular polymers.[!831%

This chapter describes the design, synthesis and self-assembly studies of two new
PEGylated monomers. Monomers 35 and 36 were designed with the aim of
developing amphiphilic hydrogen-bonding monomers with good solubility in both
organic solvents and water (Figure 6.1). The structures are based on previously
reported UPy- and PUPy-based monomers 29 and 34, with the decyl chains replaced
by tetracthylene glycol monomethyl ether chains. The branched 3,5-substituted
benzyl solubilizing groups were chosen to allow for the introduction of a larger
number of PEG chains (four PEG chains per monomer, as opposed two PEG chains
per monomer if the PEG chains were attached directly to the bicyclic scaffold). In
addition, the benzyl groups act as short spacers between the PEG chains and the rest
of the monomer, which may benefit the self-assembly. The two monomers contain
different hydrogen-bonding motifs, with the UPy motif in monomer 35 enabling the
formation of cyclic tetramers through self-complementary 4H-bonding!'”” and the
PUPy motif in monomer 36 enabling the formation of cyclic tetramers through 2H-
bonding, but also the further stacking into tubular polymers through orthogonal 2H-
bonding.!'"”*) Monomers 35 and 36 were used to explore how the introduction of
PEG chains affects the solubility and self-assembly behavior. In addition, the choice
of two different hydrogen-bonding motifs allowed for an investigation into how the
hydrogen bond strength affects the stability of PEGylated hydrogen-bonded
aggregates.

71



Figure 6.1 Structures of PEGylated monomers 35 and 36.

6.2 Synthesis of monomers

The syntheses of monomers 35 and 36 are largely based on previously reported
procedures by the Warnmark and Orentas groups and include the construction of
the bicyclic scaffold, addition of the PEGylated solubilizing groups and introduction
of the hydrogen-bonding motifs.

6.2.1 Synthesis of enantiopure bicyclo[3.3.1]nonane scaffold

The enantiopure bicyclic backbone was synthesized following a reported procedure
(Scheme 6.1).1'%) Condensation of formaldehyde and dimethyl malonate, followed
by treatment with sodium methoxide and acidification with HCI gave Meerwein’s
ester 37. The product was collected by filtration after the acidification and required
no further workup or purification. The reaction could be performed on a 150 g-scale
without loss in yield. Subsequent decarboxylation by refluxing in acetic acid and
concentrated HCI gave racemic dione 38. Enantiomerically pure 38 (ee > 99%) was
obtained by kinetic resolution using Baker’s yeast for sweet dough. Baker’s yeast
(Saccharomyces cerevisiae) selectively reduces one of the enantiomers, leaving the
other unreacted. Performing two consecutive fermentations ensured the complete
conversion of one of the enantiomers into its reduced form (as determined by chiral
HPLC). The workup, which needs to be performed after each fermentation, is a
fairly time-consuming process, both due to the large scale of the reaction (50 g) and
the presence of remaining sucrose and a complex mixture of yeast cell lysate in the
reaction mixture.

72



COOMe

O O 0 i, ii, i MeOOC
+
MeOOCJ\/U\COOMe HJLH COOMe

MeOOC g7

Scheme 6.1 Synthesis of enantiomerically pure dione (+)-38. i) benzene, piperidine, reflux; ii) NaOMe,
MeOH, reflux; iii) HCI (aq.), 75% over three steps; iv) AcOH, HCI, reflux, 63%, v) Baker’s yeast for sweet
dough, sucrose, water, 40%.

As the solubilizing groups were introduced by 1,4-addition, dione 38 needed to be
converted into a Michael acceptor. For monomers containing UPy units, the dione
was first converted into bis-p-ketoester 39 by reaction with dimethyl carbonate and
sodium hydride in DMF. The bis-B-ketoester was then oxidized into a Michael
acceptor by a stepwise selenation-oxidation-elimination procedure (Scheme 6.2a).
The sequential introduction of the double bonds is necessary as direct bis-selenation
is not possible due to steric repulsion between the two endo-ester groups in the bis-
selenated reaction intermediate (41 in Scheme 6.2).'"" ") For monomers with the
PUPy motif, dienone 42 was synthesized directly from dione 38 by treatment with
methyl benzenesulfinate and sodium hydride followed by thermal elimination.
(Scheme 6.2b).
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Scheme 6.2 a) Synthesis of unsaturated bis-B-ketoester 40. i) (MeO),CO, NaH, DMF, 90%; ii) PhSeCl,
pyridine, CHyCl,, 0 °C to rt; iii) H.O,, CH.Cl,, 0 °C to rt, 39% over two steps. Inset shows sterically
hindered intermediate preventing the use of a direct bi-selenation strategy. b) Synthesis of dienone 42.
iv) PhSO,Me, NaH, THF, rt; v) Na,COs, toluene, reflux, 30 min, 84%.

6.2.2 1,4-Addition of solubilizing groups

The solubilizing groups were introduced by 1,4-addition to dienone 40 and 42.
Conjugate addition of an organocopper reagent to an «,B-unsaturated carbonyl
compound is an important and frequently used reaction for creating carbon-carbon
bonds.!" 1 The organocopper reagent is typically formed in situ by
transmetallation between a copper(I) salt and a organometallic reagent. Commonly
employed organometallic reagents are Grignard (RMgX) and organolithium (RL1)
reagents. Depending on the method of preparation, different types of organocopper
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reagents with different reactivities are obtained. Combining a copper(l) halide with
two equivalents of an organolithium reagent results in a lower-order organocuprate,
also known as a Gilman reagent (R,CuLi). Two equivalents of organolithium are
necessary for the formation of the reagent but only one of them will participate in
the C-C bond forming reaction. As a way of avoiding wasting one equivalent of
organolithium, mixed organocuprates (R;R,Culi) containing a non-transferable
“dummy” ligand (for example an alkynyl group) have been developed.!"®” A special
type of mixed organocuprates are the cyanocuprates, which are formed by reacting
copper cyanide with one or two equivalents of an organolithium reagent and exhibit
different stability and reactivity than classical Gilman reagents. Addition of one
equivalent of organolithium results in a cyanocuprate containing one R groups and
one non-transferable CN ligand (RCu(CN)Li), with the cyano group coordinated to
the copper. Organocopper reagents formed from reaction with two equivalents of
organolithium were originally believed to be copper(l) dianionic complexes, also
referred to as higher-order cyanocuprates (R;Cu(CN)Li»)."** ! It has since then
been proven that the cyano group is not bound to copper and that the formed reagent
is instead a cyano-Gilman reagent (RoCuLi-LiCN).["* 3] Enantioselective 1,4-
additions using Grignard or dialkyl zinc reagents together with a catalytic amount

of copper and chiral ligands have also been reported.['** 1!

Due to their thermal instability and sensitivity to oxygen and moisture, the exact
structure and mode of operation of organocuprates, especially in solution, is difficult
to study and thus still under investigation.!"”! The widely accepted mechanism for
the conjugate addition of Gilman reagents to enones involves formation of a
reversible m-complex between the copper and the olefin, formal oxidative addition
to the p-carbon, and reductive elimination (Scheme 6.3).1'> "4l Addition of Lewis
acids such as BF3* OEt; and trimethylsilyl chloride (TMSCI) often results in
increased reaction rates and yields.!' ¢!
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Scheme 6.3 Proposed mechanism for 1,4-addition of Gilman reagents.

In general, the conjugate addition of benzyl groups is known to be more difficult
than the addition of alkyl- or aryl groups.'””) Benzylic cuprates are thermally
unstable and may decompose below the temperature necessary to effect the 1,4-
addition reaction.!"” In addition, the tendency of benzyl anions to form Wurtz
coupling products limits which organometallic reagents can be used for the
formation of the organocuprate.!'”- 2} As an example, treatment of benzyl bromide
with n-BuLi results primarily in the formation of the cross-coupling product through
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rapid reaction between formed benzyl lithium and unreacted benzyl bromide, even
at low temperatures (Scheme 6.4).1'%%-20!]

o o

Wurtz-coupling product
Scheme 6.4 Formation of Wurtz-coupling product.

In addition to the above-mentioned aspects, the additions of PEGylated benzyl
groups to dienones 40 and 42 are further complicated by the added bulkiness and
potential coordinating abilities of the PEG chains, as well as the required bis-
addition to the relatively small bicyclic dienones. For the previously reported
alkylated analogues of the monomers (29 and 34), the 1,4-addition was
accomplished by employing an organotin reagent, which was converted into an
organolithium reagent by tin-lithium exchange, followed by transmetallation to the
desired organocopper reagent.!'’™ ! Following the same strategy, PEGylated
organotin reagent 43 was synthesized and used in 1,4-additions to dienones 40 and
42 (Scheme 6.5). Organotin reagent 43 was transformed into the corresponding
organolithium compound by reaction with n-BuLi in THF at -78 °C. A solution of
CuCN-2LiCl complex was added to the so-formed organolithium reagent and the
temperature was slowly raised to complete the transmetallation. The CuCN-2LiCl
complex was used because of its solubility in THF (compared to CuCN which is
insoluble). After formation of the organocopper reagent, the dienone was added.
THF was the preferred solvent for the reaction as it has been shown to stabilize the
cuprate.”® Owing to the rigid concave shape of the bicyclic dienones, the 1,4-
additions is known to proceed exclusively from the external side of the dienone,
resulting in the desired exo,exo-disubstituted products.
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Scheme 6.5 1,4-addition of PEGylated solubilizing groups to dienone 40 and 42 using organotin reagent
43.

Both 1,4-additions were found to be highly temperature- and moisture-sensitive.
Reagents had to be added slowly to avoid temporary increase of the reaction
temperature. Dryness of the reagents and solvents was crucial for successful
reaction, and had to be ensured either by distillation, use of newly purchased
anhydrous reagents, or by drying compounds under vacuum before use. Factors such
as the humidity and temperature in the laboratory also affected and sometimes
impeded the reaction. After the addition of CuCN - 2LiCl, the temperature had to be
temporarily raised for the organocopper reagent to form. Optimization of the
temperature found that, in general, raising the temperature from -78 °C to
somewhere between -50 and -35 °C resulted in the best yields, and that the
organocopper reagent seems to decompose at temperatures above - 20 °C. The
addition of a Lewis acid together with the dienone was necessary for the 1,4-addition
to proceed. For dienone 40, the best results were obtained with BF3+ OEt,, while the
best results for dienone 42 were afforded with TMSCI. Even with optimization, only
poor to moderate yields were obtained (30% for 44 and 61% for 45).

As a result of these sensitive reaction conditions and varying yields, other methods
for the 1,4-additions were also investigated. Organozinc bromide, formed from the
direct insertion of zinc into the corresponding bromide, can be used to form a mixed
copper-zinc reagent (RCu(CN)ZnX) which can then react in the 1,4-addition. This
type of mixed organocopper reagent generally displays similar reactivity and
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slightly enhanced stability compared to organocopper reagents prepared from
organolithium.!'*> 22! Treatment of PEGylated benzyl bromide 46 with zinc
(activated with 1,2-dibromoethane and TMSCI!"*2%%)) at room temperature afforded
the corresponding organozinc bromide (Scheme 6.6). The so-formed organozinc
bromide solution was directly added to a solution CuCN-2LiCl at -60 °C. The
temperature was raised to -30 °C to ensure formation of the mixed copper-zinc
reagent. Addition of dienone 42 and TMSCI to the organocopper-zinc reagent
afforded 1,4-addition product 45 in 40% yield. It is expected that further
optimization of the reaction conditions would lead to yields comparable to those
obtained using the organolithium reagent described above (Scheme 6.5).

RO
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4 -60 °C = -30 °C R= Ef/\c))/
3) o fo) 4
46 42 . .
TMSCI, -60 °C O

OR

Scheme 6.6 1,4-addition of PEGylated solubilizing groups to dienone 42 using in situ formed mixed
copper-zinc reagent.

Other possible strategies for improving the yield include performing the 1,4-
addition with a simpler benzyl group and adding the PEG chains in a later step, or
introducing an electron-withdrawing bromide in the para-position of the benzyl
group, which has been reported to aid the formation of the corresponding
organocopper reagent.l'” These strategies, as well as further optimization of the
reactions described above, are currently being investigated.

6.2.3 Introduction of hydrogen-bonding motifs

6.2.3.1 UPy monomer 35

Condensation between PEGylated bis-p-ketoester 44 and guanidinium chloride with
potassium tert-butoxide in methanol at 100 °C gave isocytosine derivative 47
(Scheme 6.7). Subsequent addition of benzyl-substituted urea moieties by reacting
47 with benzylisocyanate in pyridine under microwave irradiation at 120 °C
afforded UPy monomer 35.
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Scheme 6.7 Synthesis of PEGylated UPy monomer 35. i) Guanidinium chloride, KOtBu, MeOH, 100 °C,
78%; ii) BhNCO, pyridine, 120 °C MW, 76%.

6.2.3.2 PUPy monomer 36

The PUPy hydrogen-bonding motifs were introduced by first reacting PEGylated
dione 45 with a slight excess of isocytosine hydrazine 48 in acetic acid (Scheme
6.8). The resulting mixture of £ and Z isomers of hydrazone 49 was put through a
short silica column to remove unreacted starting materials, then used directly in the
next step, where a thermal Fischer indole synthesis was performed by heating
hydrazone 49 to 200 °C in diphenyl ether overnight. It is also possible to perform
the hydrazone formation and Fischer indolization as a one-pot procedure by
refluxing a mixture of hydrazine 48 and the dione in diphenyl ether overnight,
although with a slight decrease in yield.'”" In the final step, the terminal urea
moieties were added by reacting isocytosine compound 50 with phenyl
chloroformate in pyridine for 6 hours, after which aqueous ammonia was added,
affording PUPy monomer 36.
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Scheme 6.8 Synthesis of PEGylated PUPy monomer 36. i) 48, AcOH, rt; ii) Ph,O, 200 °C, 55% over two
steps; iii) 1) PhCOCI, pyridine, 0 °C to rt, 2) NH3 (aq), rt, 79%.
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6.3 Self-assembly studies

The self-assembly behavior of the PEGylated monomers was studied primarily by
NMR spectroscopy methods. In a '"H NMR spectrum, the resonances of hydrogen-
bonded protons are expected to be shifted downfield compared to non-bonded
protons. The deshielding is believed to be caused by a loss of electron density
around the hydrogen-bonded proton.***! Protons participating in strong hydrogen
bonding are also expected to be less prone to exchange with for example solvent
molecules. In addition, VT and dilution '"H NMR experiments can be used to
investigate the stability of hydrogen-bonded aggregates. Through-space correlation
methods such as NOESY and ROESY can aid in determining the conformation and
position of hydrogen-bonding motifs within the monomer and in the larger
aggregates. DOSY is an NMR method used to determine diffusion coefficients for
individual resonances in a '"H NMR spectrum. The diffusion coefficient is inversely
related to the hydrodynamic radius of a (spherical) particle through the Stokes-
Einstein equation:

kT 11
6mnry

where D is the diffusion coefficient, kg is the Boltzmann constant, T is the
temperature, 7 is the viscosity of the solvent, and 7 is the hydrodynamic radius of
the solute. The Stokes-Einstein equation is defined for hard, spherical particles. For
non-spherical aggregates, the size can be determined by for example performing
DOSY experiments at different concentrations and extrapolating to determine a
diffusion coefficient at infinite dilution, which can be used to calculate the
hydrodynamic radius, or by performing MD simulations and using the simulated
conformations to determine the radius of gyration. Previously reported studies of
monomers 28 and 29 have shown that for aggregates based on these types of
monomers, although not spherical, hydrodynamic radii calculated with the Stokes-
Einstein equation were consistent with hydrodynamic radii estimated using MD
simulations.!'® ' To avoid any oversimplification, this chapter discusses the
relative sizes of the aggregates in terms of diffusion coefficients, which are
determined directly from DOSY experiments and compared with previously
reported or calculated diffusion coefficients.

The self-assembly behaviors of PEGylated monomers 35 and 36 were also
compared to the self-assembly behaviors of previously reported alkylated analogues
29 and 34, in order to investigate the potential influence of the PEG chains on the
hydrogen-bonded self-assembly.
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6.3.1 Self-assembly of UPy monomer 35

The 'H NMR spectrum of 35 in CDCl; shows three well-defined downfield
resonances which were assigned to the three NH protons of the UPy unit in its
AADD tautomeric form (Figure 6.2a). A combination of COSY, NOESY and
ROESY was used to assign the individual NH resonances (Figure 6.2). The chemical
shifts of the NH resonances (12.62, 11.93, and 10.11 ppm) and the high symmetry
of the 'H and *C NMR spectra indicated the formation of a single well-defined
cyclic hydrogen-bonded aggregate. This was further supported by a comparison
with NMR spectra of alkylated analogue 29, which is known to form tetrameric
species in CDCl3.l'""" The high stability of the aggregate was shown by '"H NMR
dilution experiments, where no shift or appearance of new resonances was observed
upon dilution of the sample. DOSY experiments of 35 in CDCl; showed that all 'H
resonances correlate to a single diffusion coefficient, indicating that a single
aggregate is formed. The determined diffusion coefficient (2.3510"'° m%s) is in
good agreement with the reported diffusion coefficient for the tetrameric aggregate
of alkylated 29 (2.93+10'° m?/s),!!"" taking into account the different size of the
solubilizing chains.

efe mo kb

'35 125 15 105 95 85 75 65 65 45 35 25 15 05
f1 (ppm)

Figure 6.2 'H NMR spectrum of PEGylated UPy monomer 35 in a) CDCl; and b) toluene-ds.
R = (CH,CH,0),CH;. Arrows in structure show observed cross peaks (red=COSY,
blue = NOESY/ROESY).
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"H NMR spectra of 35 in less polar solvents (benzene-ds and toluene-ds) show a
doubling of the NH resonances, indicating the formation of two different aggregates
(Figure 6.2b). This is similar to what has previously been reported for alkylated 29,
where the emergence of new resonances was attributed to the formation of a
pentameric aggregate, existing in equilibrium with the tetramer.'’” DOSY
experiments of PEGylated 35 in toluene-ds confirmed the presence of two
differently sized aggregates with diffusion coefficients of 2.28-10"" and 2.14-10"°
m?/s, respectively. The determined diffusion coefficients are in good agreement with
previously reported diffusion coefficients for tetrameric and pentameric aggregates
of alkylated analogue 29 in toluene (2.13 + 10" and 1.98 - 107 m?s,
respectively).l'’” The T-ROESY spectrum of 35 in toluene-ds shows no cross peaks
between the two sets of NH resonances, indicating that no or extremely slow
exchange between the two aggregates.

All in all, PEGylated monomer 35 exhibits very similar self-assembly behavior to
previously reported alkylated analogue 29, with highly stable cyclic aggregates
forming by quadruple self-complementary hydrogen bonding via the AADD
tautomeric form of the UPy units. Depending on the polarity of the solvent, either
exclusively tetramers or a mixture of tetramers and pentamers are formed.

6.3.2 Self-assembly of PUPy monomer 36

As opposed to PEGylated UPy-based monomer 35, a comparison of PEGylated
PUPy-based monomer 36 with its alkylated analogue 34 revealed large differences.
The '"H NMR spectrum of PUPy-based monomer 36 in CDCl; shows only very
broad downfield resonances (Figure 6.3a), which is in stark contrast from what was
observed for the alkylated analogue 34 (Figure 6.3b). For previously reported
alkylated 34, the four well-defined downfield peaks were assigned to four different
NH protons in a hydrogen-bonded tetrameric aggregate, with proton d participating
in intermolecular hydrogen bonding, and an intramolecular hydrogen bond between
proton a and the pyrimidinone nitrogen (Figure 6.3).l'"! The difference in chemical
shifts and the broadness of NH resonances in the '"H NMR spectrum of PEGylated
36 (Figure 6.3a) indicates that 36 either does not self-assemble into a well-defined
aggregate or that the formed aggregate is not stable on the NMR time scale. The NH
resonances in the "H NMR spectrum of 36 in CDCl; were assigned based on cross
peaks between ¢ and d, and between a/b and ¢ in the NOESY spectrum. The fact
that only one broad resonance is observed for the terminal urea protons (a/b)
indicates that the intramolecular hydrogen bonding observed for alkylated 34 is
significantly weakened or not present in PEGylated 36. The presence of chemical
exchange cross peaks between the NH resonances and residual water in the NOESY
and ROESY spectra of 36, which were not observed for UPy-based monomer 35,
also suggests a more dynamic behavior of the PUPy units.
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Figure 6.3 a) '"H NMR spectrum of PEGylated 36 in CDCls. R = (CH,CH,0),CHs. b) '"H NMR spectrum
of alkylated 34. R = CyoHy4. Arrows in structure show observed cross peaks for PEGylated 36 (purple)
and alkylated 34 (green).

Interestingly, DOSY experiments revealed that all '"H NMR resonances could be
correlated to a single diffusion coefficient, D = 2.17-10'° m%/s. The value of the
determined diffusion coefficient is consistent with an aggregate significantly larger
than a monomeric species and is similar to what has been reported for the tetramer
of alkylated 34 (2.39 - 10" m?s).l"”") Comparison of calculated diffusion
coefficients for the monomer, dimer, trimer and tetramer of 36 (calculated using the
HYDRO software!?*>2%) also supported the formation of a tetrameric aggregate in
chloroform (Dealc, tetramer = 2.4+ 107° m?/s). DOSY experiments of 36 in CD;CN also
gave a single diffusion coefficient consistent with a tetrameric aggregate, indicating
that even though the hydrogen-bonded self-assembly of 36 appears to be
significantly weaker than in alkylated analogue 34, it is strong enough to afford
tetramers even in solvents as polar as acetonitrile.

"H NMR spectra of 36 in less polar solvents (toluene-ds and benzene-ds) showed an
extreme broadening and disappearance of signals (Figure 6.4a). This is similar to
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what was observed for alkylated 34, which was reported to stack into tubular
polymeric aggregates in aromatic solvents.!'’* The similarity of the 'H NMR spectra
of 36 and 34 in toluene-ds and the DOSY results showing formation of tetramers in
CDCl; and even CD3CN indicates that PEGylated 36 is also capable of forming
tubular aggregates in toluene-ds and benzene-ds. The stronger hydrogen bonding in
less polar solvents is expected to both stabilize the tetrameric aggregate and enable
stacking of the tetramers into tubular polymers. Further proof for the formation of
tubular aggregates was given by the extreme broadening and disappearance of the
resonances in the 'H NMR spectrum of 36 in CDCl; when C7o was added, indicating
that C7 can act as a template and trigger the tubular self-assembly even in more
polar solvents (Figure 6.4b). The inner diameter of the PUPy tetramer has previously
been shown to be well-suited for the encapsulation of Cg and Cs9, and similar
templating effects have been reported for alkylated 34 in CDCl;.['7*!
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Figure 6.4 a) '"H NMR spectrum of PEGylated 36 in toluene-ds. b) '"H NMR spectrum of PEGylated 36
CDCl3with 0.25 equiv of Cy.

6.3.3 Comparison of PEGylated monomers 35 and 36

In CDCl3, both of the PEGylated monomers (35 and 36), as well as their alkylated
analogues (29 and 34), form tetrameric cyclic aggregates. However, while the
introduction of PEG chains in UPy-based monomer 35 does not appear to affect the
stability of the formed hydrogen-bonded aggregates compared to alkylated analogue
29, the tetrameric aggregates of PEGylated PUPy-based 36 exhibit a significantly
less stable and more dynamic behavior than tetramers of its alkylated analogue 34.
The reduced stability of the hydrogen-bonded aggregate is assumed to be caused by
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interference from the PEG chains. Interactions between ethylene glycol chains and
urea groups have previously been investigated by Meijer and coworkers, who found
that attaching short ethylene glycol chains directly onto UPys or benzene-1,3,5-
tricarboxamides (BTA) resulted in significantly lowered association constants for
both the UPy dimerization and the formation of BTA stacks (Figure 6.5).2°2%) The
reduction in hydrogen bond strength was attributed to competitive intramolecular
hydrogen bonding between the ethylene glycol oxygens and the acidic NH protons
of the urea or amide units.

Cy3H O
a) 13 2:' |
Z N 0O | )N\H (0]
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Figure 6.5 Monomers exhibiting intramolecular hydrogen bonding between PEG chains and hydrogen-
bonding motif. a) Triethylene glycol monomethyl ether-substituted UPy. b) BTA containing one
tetraethylene glycol monomermethyl ether chain.

In monomers 35 and 36, the PEG chains are not added directly to the hydrogen-
bonding motifs, but rather as 3,5-substituents on benzyl groups which are attached
to the bicyclic scaffold (Figure 6.1). The observed self-assembly behavior of 35 and
36 compared to their alkylated analogues indicates that, despite the benzyl spacer
between the PEG chains and the hydrogen-bonding motifs, the PEG chains are
capable of interfering with the self-assembly. The difference in aggregate stability
between the two PEGylated monomers is attributed to the different hydrogen
bonding motifs. As previously described, UPys are known to form strong complexes
through self-complementary quadruple hydrogen bonding,!'** %! while the PUPy
units preferentially adopt a tautomeric form only containing self-complementary
2H-bonding sites (Figure 6.6).'””) Although the 2H-binding PUPy motif has
previously been shown to be sufficient to form tetramers of high stability for
alkylated 34,!'”*) the introduction of PEG chains is evidently enough to significantly
weaken the hydrogen-bonded aggregates. Another difference between 35 and 36 is
the benzyl substituents attached to the terminal urea nitrogens in 35, which can block
the hydrogen-bonding sites from the PEG chains (Figure 6.6a). In 36, the terminal
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urea groups are unsubstituted and not involved in the tetrameric hydrogen bonding,
which makes them more exposed to the PEG chains (Figure 6.6b). The stability of
the tetrameric aggregates and interactions between the PEG chains and the
hydrogen-bonding sites were also investigated by MD simulations. For 35, the
tetramer remained stable throughout the 40 ns simulation and the PEG chains, while
highly flexible, did not directly interfere with the hydrogen bonding (Figure 6.6a,
bottom). For 36, clear interactions between the PEG chains and the hydrogen-
bonding sites could be observed and the tetrameric aggregate was deformed over
the course of the simulation (Figure 6.6b, bottom).

Figure 6.6 a) Molecular model of 35, with 4H-bonding marked in green (top) and structure after 40 ns
MD simulation (bottom). b) Molecular model of 36, with 2H-bonding marked in green and urea moieties
not participating in hydrogen bonding marked in pink (top) and structure after 40 ns MD simulation
(bottom). MD simulations performed with a chloroform solvent model.

6.4 Solubility of PEGylated monomers

PEGylated 35 and 36 exhibited increased solubility in polar solvents, compared to
alkylated analogues 29 and 34, while still maintaining solubility in less polar
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solvents (Table 6.1). Of the two PEGylated monomers, 36 was fully soluble in
water, while 35 was insoluble even after extended heating and sonication. The
different solubility indicates that either the unsubstituted terminal NH, groups on
the urea moieties of 36 are needed for water solubility, or the additional benzyl
groups on 35 introduce enough of a lipophilic element to inhibit water solubility.

Table 6.1 Solubility of alkylated and PEGylated monomers in different solvents. S = soluble, L = limited

solubility (< 10 mg/mL), | = insoluble, n.d. = not determined. Symbols denotes formed aggregates (if
known): o = tetramer, & = pentamer, © = tubular polymer.
Alkylated PEGylated
Solvent
29 34 35 36
Toluene L oo Lo L oo SO
Benzene S oo S© S oo S©
Diethyl ether | | n.d. S
Dichloromethane L Lo So So
THF n.d. n.d. S S
Chloroform So So So So
Methanol L L S S
Acetonitrile n.d. n.d. S So
DMSO S S S S
Water | | | S

Water-soluble 36 could be efficiently extracted from an aqueous solution into a
chloroform solution (Figure 6.7). The amphiphilicity and self-assembly behavior of
36, where the monomer is fully soluble in water yet preferentially dissolves in less
polar solvents where hydrogen-bonded self-assembly can occur, opens up for future

biological applications.
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Figure 6.7 a) Schematic representation of extraction of water-soluble monomers into chloroform and the
formation of cyclic structures in the less polar environment. b) UV/Vis absorption spectrum of aqueous
solution of 36 (blue) and extracted chloroform solution (brown).
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6.5 Next generation

Monomer 36 containing PUPy units was shown to form tubular aggregates in
solvents such as toluene and benzene through orthogonal hydrogen bonding
between tetramers. However, as previously discussed, the tetrameric aggregates in
chloroform were destabilized by interference from the PEG chains. One strategy for
improving the stability of the aggregates is to incorporate alkyl spacers between the
PEG chains and the bicyclic backbone. This approach has been successfully
employed for the development of water-soluble supramolecular polymers.
Bouteiller and coworkers reported monomer 51 which was shown to form
hydrogen-bonded polymers in water, acetonitrile and toluene (Figure 6.8). The alkyl
spacer was necessary for self-assembly to occur. In water and acetonitrile, the alkyl
spacer was assumed to stabilize the aggregation by solvophobic interactions and by
creating a low-polarity microenvironment for the hydrogen bonds. In toluene, the
alkyl spacer stabilized the aggregate by removing the PEG chains from the bis-urea
motif and thus preventing competing intramolecular hydrogen bonding.!'**! Another
example comes from Meijer and coworkers, who designed BTA monomer 52 which
could self-assemble into long fibrillar aggregates in water through a combination of
intermolecular hydrogen bonding and solvophobic effects (Figure 6.8).['%
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Figure 6.8 Monomers containing alkyl spacer between hydrogen-bonding motif and PEG chains, capable
of supramolecular polymerization in water.

Inspired by these reports, new monomers 53 and 54 were designed to improve the
stability of the hydrogen-bonded self-assembly (Figure 6.9). In monomer 53, alkyl
spacers are added between the PEG chains and the benzyl groups. The synthetic
route would be very similar to the one employed for monomer 36, with the alkyl-
PEG chains introduced in the early steps of the synthesis of the benzyl reagent,
before the 1,4-addition. Another option is to add an alkyl spacer between the benzyl
group and the bicyclic scaffold, as seen in proposed monomer 54 (Figure 6.9). The
design of monomer 54 is based on a reported methodology for the incorporation of
ethyl thiol groups on the bicyclo[3.3.1]nonane scaffold via 1,4-addition of a vinyl
group, thiol-ene reaction with thioacetic acid, and hydrolysis to obtain the free
thiol.">* '% Nucleophilic substitution between the thiol and PEGylated benzyl
bromide would then afford monomer 54. The synthesis of these monomers is
currently underway.
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Figure 6.9 Proposed monomers with with alkyl spacers for improved stability of hydrogen-bonded
aggregates.

6.6 Conclusions

Two new hydrogen-bonding monomers containing PEG chains have been
synthesized. The monomers comprise a bicyclo[3.3.1]nonane scaffold appended
with either UPy or PUPy hydrogen-bonding motifs, with PEG-substituted benzyl
moieties added as solubilizing groups. The monomers were based on previously
reported monomers capable of self-assembling into cyclic and tubular aggregates.
The aim of introducing the PEG chains was to increase the solubility of the
monomers and their aggregates in polar solvents, including water, while still
maintaining the solubility in less polar organic solvents where aggregation is
expected to occur.

The self-assembly of the monomers was studied by a combination of 'H and 2D
NMR spectroscopy methods and DOSY experiments. The UPy-based monomer
formed tetrameric aggregates in CDCl; of similar stability as its previously reported
alkylated analogue. Also similar to the alkylated analogue, a mixture of tetramers
and pentamers was observed in less polar aromatic solvents (toluene-dgz and
benzene-ds). In general, the introduction of the PEG chains did not appear to
significantly affect the self-assembly behavior of the UPy-based monomer.

For the PUPy-based monomer, the introduction of the PEG chains resulted in
significantly weaker tetrameric aggregates in CDCl; compared to its alkylated
analogue, as indicated by a pronounced broadening of the NH resonances in the 'H
NMR spectrum and sensitivity to dilution and temperature. Despite the apparent
dynamic behavior, DOSY experiments confirmed the formation of a single
aggregate of a considerably larger size than the monomeric species. Comparison of
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the determined diffusion coefficient with calculated and previously reported values
supported the formation of tetrameric aggregate. Interestingly, despite the low
stability of the tetramers, further stacking into tubular polymers by orthogonal 2H-
bonding could be induced in the less polar solvents toluene-ds and benzene-ds, or
by introducing Cr as a templating guest. The reduced stability of the aggregates of
the PEGylated monomer compared to its alkylated analogue indicates substantial
interactions between the PEG chains and the hydrogen-bonding sites.

The level of interference from the PEG chains in the different tetrameric aggregates
could be explained either by the strength of the hydrogen bonding (number of
hydrogen bonds in the hydrogen-bonding motif) or by the presence of non-polar
groups in the vicinity of the hydrogen-bonding motif, as the UPy-based monomer
contained benzyl substituents on the terminal urea nitrogens while the PUPy-based
monomer had unsubstituted urea groups. Comparison of the two PEGylated
monomers could offer useful insights into different factors influencing hydrogen-
bonded self-assembly and how PEGylation affects the self-assembly and stability
of aggregates. Strategies for improving the stability of the PUPy-based aggregates
by introducing alkyl spacers between the PEG chains and the bicyclic scaffold are
being investigated.

Both PEGylated monomers exhibited increased solubility compared to their
alkylated analogues. Out of the two PEGylated monomers, only the PUPy-based
monomer was soluble in water, possibly due to the presence of unsubstituted urea
groups. Experiments showed that the PUPy-based monomer could be efficiently
extracted from an aqueous solution into a chloroform solution, where it self-
assembled into a tetramer. This type of amphiphilicity and self-assembly behavior
could be exploited in biological applications, where monomers could be introduced
into an aqueous system and subsequently self-assemble into functional aggregates
once they reach a less polar environment.
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7 Concluding remarks

In the work presented in this thesis, a small bicyclic molecule was utilized as a
scaffold to build different supramolecular components. The rigidity and bent shape
of the molecule was used to install different binding sites at fixed relative position,
which is necessary for reliable molecular recognition or self-assembly.

In the first part of the thesis, the bicyclic core, in the form of a Troger’s base motif,
was fused with two 18-crown-6 moieties to form a synthetic receptor. By combining
the receptor with differently substituted bisammonium salts, non-covalent aromatic
interactions between the substituents on the ligands and the aromatic cavity of the
receptor were investigated. The receptor-ligand binding was studied quantitatively
and qualitatively by various NMR methods. A weak but evident discrimination in
the binding process based solely on the substituent on the ligand, combined with
conformational analyses of the receptor-ligand complexes, allowed us to use the
system to estimate the free binding energy between a methyl or phenyl group and
an aromatic cavity. The experimental results were further used to compare and
validate different computational methods.

The same receptor was also used to study the consecutive binding of potassium ions
to a ditopic receptor in water by ITC experiments. Based on the counterintuitive
observation of an enthalpic stabilization associated with the binding of the second
potassium ion, experimental results and computational simulations were combined
to investigate how different factors contributed to the binding process. The
counterion was found to influence the size of the enthalpic stabilization, with the
weakly hydrated thiocyanate counterion resulting in a larger enthalpic stabilization
of the binding of the second potassium ion. Favorable intrinsic interactions between
the two potassium-bound crown-ethers were suggested based on simulated
conformations. Additionally, continuum electrostatics theory predicted a small
enthalpic attraction between two monovalent cations in water at 25 °C. Although
further studies are needed to fully elucidate and understand the binding process, the
presented results should provide valuable insights into host-guest interactions in
water.

The second part of the thesis describes the design and synthesis of hydrogen-
bonding monomers containing polyethylene glycol solubilizing groups. The aim
was to develop amphiphilic monomers, as well as to study the effect of PEGylation
on hydrogen-bonded self-assembly. Two monomers were synthesized and
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compared to their previously reported alkylated analogues. The comparison, both
between the two PEGylated monomers and between the PEGylated and alkylated
monomers, offered insights into the relationship between the hydrogen bond
strength and the influence of PEGylation on the hydrogen-bonded self-assembly.
One of the PEGylated monomers exhibited the desired amphiphilicity and could be
extracted from an aqueous solution into an organic solvent, where self-assembly
occurred. The next step is to design and synthesized new monomers with improved
aggregate stability, with the goal of developing PEGylated monomers and
aggregates which can be introduced into biological systems.
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