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I.INTRODUCTION

The design, synthesis and study of molecular receptors for anions is an ever-ex-
panding research area in supramolecular chemistry. Many receptor molecules in-
corporating functional groups such as urea, thiourea, indole, pyrrole, carbazole,
indolocarbazole, etc have been successful in selectively complexing a range of
anionic guests via hydrogen bonding. An important objective of supramolecular
analytical chemistry is to design synthetic receptors that could bind particular
analytes with both high sensitivity and selectivity. Selective anion receptors can
be utilized in anion sensing, extraction or transport. These techniques can find
direct application in determination of anions in real samples (by incorporating the
receptors into a sensor) or increasing the efficiency of sample preparation
procedures by using suitable receptors for selective extraction or transport.

The stability of a supermolecule is expressed by the binding constant
(association constant) K, (or its logarithm logK,s) between species involved
(often termed the host and guest). Binding constant is a key characteristic of a
supramolecular assembly. When measured for different systems the logK,s
values enable obtaining useful information for predicting properties of new
molecular assemblies. Developing a receptor molecule, which is specific to any
single anion is not easy and probably impossible for some (simpler) anions.
Therefore the focus of development has largely shifted to receptor arrays, where
a number of receptors are grouped, each of them being sensitive to a number
anions, but with different logK, values, enabling determining different anions
after mathematical treatment of data. The requirement is however, that the in-
volved receptors have different sensitivities towards the different anions.

In order to design receptor molecules with different sensitivities towards
different anions it is very useful to have extensive, accurate and comparable (i.e.
obtained in the same solvent) data on the binding affinity of different simpler
receptors/building blocks with different anions, which would enable to see
binding affinity trends depending on anion and receptor structure. Such data
have until recently been unavailable, in part because of absence of sufficiently
accurate measurement methods.

The general objective of this work was to synthesize a number of different
simple anion receptors, which could be regarded as building blocks for more
complex receptors, and accurately measure their binding affinity towards different
simple carboxylate anions. The specific aims of the thesis are the following:

e Synthesize different families of simple receptors based on the core
structures of indolocarbazole, urea, thiourea, carbazole, indole (and
their combinations).

e Develop a simple, robust, fast and accurate method for measuring the
binding affinity using relative measurement by NMR.

e Measure the binding affinities of the receptor molecules towards lactate,
benzoate, acetate and trimethylacetate anions.

e Study the structural and solvent effects on binding affinity.



2. LITERATURE OVERVIEW

2.1. Host-Guest Supramolecular chemistry

Supramolecular chemistry has been defined by Nobel laureate Jean-Marie Lehn
as “the chemistry of molecular assemblies and of the intermolecular bond”™ Tt
involves the non-covalent interactions between different species and formation
of supramolecular structures (supermolecules).? One of the first seminal contri-
butions to supramolecular chemistry was made in 1967 by Pedersen who
reported on a series of macrocyclic polyethers capable of binding potassium
ions.*> Later, Cram developed the concept of molecular recognition, self-orga-
nization, self-replication, self-assembly, transport and catalyst in supramole-
cular chemistry® ® Recently supramolecular chemistry has involved into an
interdisciplinary field with connections in biology, chemistry and physics.?

"WM Ks l
+
Host Guest molecules Host-guest complex

Figure 1. Host-Guest complex

Non-covalent interactions play a significant role in supramolecular chemistry.
The energies of non-covalent interactions are usually in the range of 4 to
120 kJ/mol. This is weaker than covalent bonds, which are typically in close
proximity to 350 kJ/mol for single bond.” In the following section different
types of intermolecular forces, which are often used in the formation host-guest
complex chemistry, are described.

Non-covalent interactions differ from covalent bonds in that they do not
involve sharing of electrons but involve a somewhat more “remote” interaction
between molecules or within molecules. Non-covalent interactions are respon-
sible for binding the components of supermolecules in supramolecular che-
mistry. Non-covalent interactions can be classified into the following catego-
ries: hydrogen bond interaction, electrostatic interaction, Van der Waal forces,
7-T interactions, hydrophobic interaction. It is important to stress that this is one
of the commonly used classifications and is not fully rigorous. For example,
hydrogen bonding involves charge-charge interaction: m-m interaction is a kind
of Van der Waals interaction, etc.



2.1.1. Hydrogen bond interaction

HB interactions occur between hydrogen bond donor and acceptor sites. The
donor site X-H has a positively polarized hydrogen atom. A HB donor molecule
(or a cation) can contain numerous donor sites. The acceptor site carries a
(partial) negative charge and has a lone electron pair or a 7 bond.'"'* A HB
acceptor molecule (or anion) can have numerous acceptor sites. The same
molecule can simultaneously contain both HB donor and HB acceptor sites.

Hydrogen

Covalent bond

Hydrogen } V \\\\\\\\

Oxygen

Oxyg
Hydrogen bond

Figure 2. Non covalent interaction between two atoms

The strength of HB can vary significantly. Strong HB can be almost as strong as
weak covalent bonds. Weak hydrogen bonds have similar strength to Van der
Waals interactions.'"'> Hydrogen bond energies usually are between 0.5 and
40 kJ/mol. The debate about the relative importance of electrostatic interaction
and overlapping of orbitals (i.e. chemical bonding) in HB is still ongoing,'® but
usually HB is nowadays considered as being more an electrostatic interaction
than a chemical bond. The most HB acceptors (important electron pair donors)
are the nitrogen atoms in amines and heterocycles as well as oxygen atoms in
alcohols, ethers and carbonyl compounds. Strong hydrogen bonds are formed
between the following fragments: N-H O, O-H O, F-H O etc. The main
factors influencing the strength of a HB interaction in a system R-H A, as well
as the distance between R—H and A are the partial charges on H and A, as well
as the steric factors (accessibility) and the bond angle between R, H and A. The
higher are the partial charges and the better the R-H and A can access each
other the stronger is the HB. HBs are directional interactions and will be
stronger when the R-H A angle is closer to 180°. In contrast, HBs of moderate
strength will be slightly bent with bond angles between approximately 130 and
180°, while weak hydrogen bonds can be between 90 and 150°.'"'* HB is
probably the most important non-covalent interaction in binding hosts and
guests in supramolecular chemistry.
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2.1.2. Van der Waals interactions

Van der Waals interactions involve dipole-dipole and dipole-induced dipole
interactions as well as the dispersion forces. These interactions are based on
partial charges in molecules (or ions) and polarizability of electron clouds.'**
Van der Waals forces can be either attractive or repulsive, depending on the
distance between the atoms involved. These interactions are attractive from a
distance and become more attractive as the molecules approach each other, but
as the molecules become very close together, the interactions become repulsive
due to repulsions between the electron clouds of the two molecules.”> Van der
Waals forces are in general weak, but if large parts of molecules are involved —
e.g. dispersion forces between large areas of molecules — then they can become
quite strong. In the context of binding hosts and guests in supramolecular
chemistry Van der Waals interactions usually have a helper role.

2.1.3. Charge-charge interaction

Charge-charge interactions occur between two oppositely charged species.®
These can generally include ion-ion, ion-dipole interactions. lon-ion interaction
is often the strongest non-covalent interaction with energy around 250 kJ/mol.
Ion-ion interaction is independent of direction, while ion-dipole interaction
needs particular orientation of the interacting species in order to attain the
maximum strength.® For example such interaction is observed in complexes
between cations and crown ethers'® and interaction between the cationic guest
and electron rich carbonyl-rim of cucurbit[xn]uril."” If ions are involved in
supermolecules then charge-charge interactions can be the dominant inter-
actions in keeping them together.

2.1.4. -t interaction

The term m-m interaction refers to interactions between aromatic rings. The
interacting rings can be oriented in different ways (Figure 3). The sandwich
interaction is the least favorable because of the electrostatic repulsion of the 7n-
clouds. The perpendicular and parallel-displaced orientations are energetically
favorable.' In the case of perpendicular geometry the positively polarized CH
bonds of one ring are oriented towards the partial negative charge on the =-
cloud of the other ring. This stacking geometry is observed in both the solid"’

and liquid® benzene.
&

cCO @O O

Sandwich Perpendicular Parallel-displaced

Figure 3. -7 stacking interaction between aromatic rings.

11



The perpendicular stacking geometry has a calculated stabilization energy of
~3 keal/mol in the gas phase” and 0.5 — 1.5 kcal/mol in the condensed phase.”
The parallel-displaced stacking geometry has similar interaction energy of
~2.5 kecal/mol in the gas phase, and is mainly attributed to dispersive interactions
between the aromatic rings. It is also the preferred type of m-stacking between
aromatic rings in water and is encountered in the hydrophobic interaction between
n-systems. The n-m interactions are increasingly used as binding interaction in
host-gu;st chemistry and they can be very efficient, especially in polar environ-
ments.

2.1.5. The hydrophobic effect

The hydrophobic effect refers to the tendency of nonpolar molecules (or non-
polar parts of molecules) to associate in water. It is not an independent inter-
molecular interaction but rather an “effect”, meaning that different interactions —
HB, dispersion forces, and n-n-interaction — are responsible for its occurrence.
Energetically, the hydrophobic effect is caused by the large amount of energy
required to form a cavity in the aqueous solution. Water molecules interact
strongly with other water molecules due to hydrogen bonding. When a hydro-
phobic solute is dissolved in water then these interaction are interrupted. In
addition, a cavity needs to be formed between water molecules in order to
accommodate the nonpolar solute. In addition, molecules of water are very
small, so that when even a solute molecule of modest size is added to water, a
large number of water molecules are affected (Figure 4). Nonpolar molecules
especially ones with aromatic rings have remarkable binding affinity with each
other in water.”* The hydrophobic effect is seen as the driving force for a variety
of phenomena, such as formation of micelles, protein folding and poor solu-
bility of non-polar solvent in aqueous media.*>*®

[ ] [ ]
e 0 -0
00,00
° ® o ° o%20% 0
([ ® [ : ®
a0 a0 @
) [ d o
water molecule ® (RS 'y
aermoecue. ° ....
oq0

Figure 4. The formation of hydrophobic interaction between three molecules

Hydrophobic effect is highly instrumental in supramolecular chemistry: binding
of a nonpolar guest into a hydrophobic receptor site of a host molecule is favor-
able due to the release of water molecules from the host’s receptor pocket,
which may result in increase of entropy and/or decrease of enthalpy.” The
enthalpy change is negative if the water molecules that are released from the
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host’s binding site can more readily form HBs with other water molecules in
bulk water.’

2.2, Carboxylate anions

Anions play key roles in many biological, chemical and industrial processes.”’
Carboxylate is a particularly common anionic functional group, both in
synthetic and biological molecules.”’” Extremely diverse residues X are found in
carboxylates X-COO™. Carboxylates where X is a short aliphatic chain (often
containing substituents) are important metabolites, while carboxylic acids with
long aliphatic chains are crucial in the formation of fats. All the amino acids
have carboxylate functional groups and are the building blocks of peptides and
proteins. Many widely used drugs such as aspirin and ibuprofen are carboxylic
acids.”® There are numerous anions such as succinate, fumarate and malate that
take part in citric acid cycle to generate energy.

Under physiological conditions, i.e. pH between 7 and 8, carboxylic acids
are predominantly in the anionic form. For this reason the receptors synthesized
for them should be capable of binding carboxylates.

While, carboxylate anions can have very different structures and geometries,
the geometry of the carboxylate group itself is fairly constant among different
anions. The carboxylate group has equal CO bond lengths (1.26 A in acetate)
and the bond angle between the CO bonds close to 120° (120.9° in acetate).”**°
distance between O atoms is 2.2 A. The negative charge of carboxylate ions is
largely localized on the oxygen atoms making these ions strongly solvated in
HBD solvents and especially in water.”> The importance of carboxylates has
triggered the development of a number of different approaches for their re-
cognition. Carboxylic acids are medium strong acids in aqueous media, they
deprotonate quite readily and the respective carboxylate anions do not protonate
so easily. The geometry of the carboxylate group enables simultaneous
formation of two HBs with receptors having suitably positioned HB donor sites,
such as urea and indolocarbazole receptors, as shown in Figure 5.

O34 0L 0

\ [\l N N
oo oo
he he
R R

Figure 5. The binding stoichiometry (1:1) of urea and indolocarbazole receptors: carbo-
xylate anions
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The design of synthetic receptors for selective and strong binding of carboxylate
anions is a challenging task in supramolecular chemistry for two main reasons:
(1) the geometry of the carboxylate group is very similar in different carbo-
xylates and (2) in protic solvents, most importantly — water, carboxylates are
strongly solvated.

For these reasons simple receptor molecules can be neither sufficiently
selective to differentiate between different carboxylates nor sufficiently sensi-
tive to strongly bind carboxylates in protic media. A simple receptor molecule
will interact first of all with the carboxylate centre. Although, the binding will
be influenced by the rest of the ion (the residue X), such influence and
consequently the possibilities of achieving selectivity will be limited by the
small size of the receptor. Also, simple receptors, not interacting directly with X
cannot achieve very strong binding. It is not difficult to fortify the HB ability of
a small receptor by incorporating electron-withdrawing groups, but this will
also increase the acidity of the receptor and eventually lead to proton transfer
from receptor to carboxylate and thereby loss of selectivity (if these species
diffuse apart in the solution).

Such small receptor molecules can, however, be regarded as building blocks
of more complex receptors. Understanding the relationship between molecular
structures and the binding behavior towards different carboxylate anions is
important for designing more complex receptors.

Acetate is one of the simplest and most important carboxylate anions in nature.
Acetate together with lactate, benzoate and trimethyl acetate were selected in
this work because they have different basicity, hydrophilicity, steric demand
and different biological functions and applications.”

2.3. Molecular receptors for anion binding

There are many examples in nature of anion binding by proteins with neutral
amide functions. The transport of sulphate or phosphate anions through cell
membranes is regulated by neutral anion binding proteins. The high specificity
is due to a recognition site in which the anion is completely desolvated and
bound by binding moieties of suitable properties and orientation. Neutral
receptors in both transmembrane and anion sensing such receptor will be
required in order to obtain good selectivity. For this reason variety of amide
based neutral receptor great interest in anion recognition chemistry.

Synthesis of neutral anion receptors for anion binding is quite a challenging
area in supramolecular chemistry. In 1968 the first synthetic anion receptor for
inorganic anion (selective binding of CI” anion) bind based on macrocyclic
diprotonated (1,11-diazabicyclo-[9.9.9]nonacosane) amines was developed by
Park and Simmons.>* The main binding interaction in that receptor was hydro-
gen bond. HBs are directional, therefore receptor with specific spatial arrange-
ment of hydrogen bond donor fragments can in principle distinguish between
anions of different geometry.” Several neutral hydrogen bond donor groups/
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fragments, such as urea,’****' thiourea,’” squaramide,*® pyrrole,” indole,"

carbazole,”*® indolocarbazoles,” and others have been used as HB donors for
binding different anions.

Hydrogen bond is the most frequently used interaction in anion binding
because of its relatively high interaction energy and it can be readily multiplied
by incorporating a number of binding centers. The accurate arrangement of
hydrogen bonding centres, supported by the rational design, potentially allows
the geometry of a binding pocket to be adjusted to the size and topology of a
desired anion, leading to its strong and selective binding. Many hydrogen bond
donor groups exist, such as -OH, -NH, -CH. However, the -OH groups,
especially if attached to CO or SO, deprotonate easily. The -CH group are
usually not enough polarized to form hydrogen bonds. Thus, although both OH
and CH groups are used as HB donor sites, the -NH group is by far the most
popular. The NH protons are well polarized and at the same time not strongly
acidic. The N-H fragments can be reliably oriented in a suitable way by
designing the molecule (as opposed to OH, which can freely rotate) and they are
not sterically hindered for anion (as opposed to many CH centers). In order to
make the hydrogen of the NH group more polarized there are three possibilities.
Firstly, electron withdrawing substituent’s (-NO,, -CN, -CF3) increase hydrogen
bond donicity. However, with very strong polarization of the NH bond there is a
strong risk of deprotonation. Secondly, incorporating N-H atom in to five-
member aromatic rings such as pyrrole, indole or carbazole, each of them
contains a single NH hydrogen bond donor and the NH protons are strongly
polarized. True, this increases also their acidity (pK, in DMSO: pyrrole 23.0,
indole 21.0 and carbazole 19.9) and thus also the danger of deprotonation.
Thirdly, as anions are naturally negatively charged an efficient way of achieving
anion binding is by the employment of positively charged species. Ammonium
and guanidinium groups have been widely used for this purpose.*

2.3.1. Amide-based anion receptors

The amide groups contain both hydrogen bond acceptor (carbonyl oxygen) and
hydrogen bond donor (NH) sites. A number of types of amide-based receptors
have been created and synthesized. The binding centers are based on urea,*
thiourea,’” isophthalamide,” sulphonamide,” squaramide,*® etc moieties. They
have been widely used as hydrogen bond donor sites due to their facile
synthesis and easily tunable NH acidity. These amide families have a diverse
range of binding geometries and affinities. The urea and thiourea type receptors,
as well as squaramide are capable of binding anions in bi-dentate fashion, which
by its geometry is very suitable for carboxylate anions. In the isophthalamide
structure there are also two NH bonds, but they are spatially much more
separated. Sulphonamide NH is more polarized than in the case of carboxylic
acid amides, but at the same time also more acidic, leading to the danger of
deprotonating the receptor by the anion.
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Urea and thiourea are perhaps the most widely used neutral building blocks
for easy synthesis of anion receptors.***” Urea and thiourea possess two NH
fragments which are able to interact simultaneously with a single anion such as
halides, carboxylates, phosphonates, etc. The interaction is especially strong
with carboxylates, both because of suitable geometry (leading to formation of
an eight-member cyclic complex), as well as the quite high basicity of carbo-
xylate anions. Thiourea is more acidic than urea, meaning that it also has more
danger of deprotonation. For achieving high binding affinity introducing strong
electron-withdrawing groups is efficient, as this decreases the electron density
on nitrogen atom and increases positive polarization of the attached H
atom 363749

In spite of the high diversity of urea and thiourea as binding fragments,
designing suitable receptors is not straight forward. One possible danger is
deprotonation of the receptor by the anion and loss of selectivity. This
illustrated by receptors 1-5.°**7 The strong electron-withdrawing groups -NO,
and -CF; lead to high binding affinity but at the same time to deprotonation of
some of these molecules (2, 3 and 5) by the acetate anion in the case of polar
solvent such as DMSO.>*!

Ry 8 s R
1 T@
11 12” H 103 /C\[/N >~NH HN‘{ NH HN
NH HN

1Ry =H, R, =H, X=0
2R;=4-NO, R,=9-NO, X=0
3R;=4NO, R,=9-NO, X=S
4Ry =4-CF3, R,=9-CFy

Cl Cl

X Q X o) o} o} Q o}
NH HN NH HN SnNH HN—4
O "0 O™ e O™ MO
8X=0 10 11
9X=8

Figure 6. Amide based urea receptors 1-11.

The non-straightforward nature of the binding interactions is illustrated by
compounds 8 and 9. In 0.5% H,O:DMSO-ds compound 8 binds AcO™ and BzO~
with the K, values 3210 M and 1330 M respectively.“o’42 the crystal
structure of compound 8 with benzoate complex shows that it has the ability to
form four complementary HB bind with BzO™ anion. The binding affinity
increased by introducing electron withdrawing groups (-Cl, -NO,), the receptor
10 and 11 the binding affinity towards the AcO™ and BzO™ anions (8079 M,
2248 M) and (4018 M™', 1399 M) respectively. It shows that compound 10
has higher binding affinity than compound 11, because the receptor 10 (-Cl)
groups on central ring induce formation of intramolecular hydrogen bonds
between central ring H atoms and urea carbonyl oxygen atoms. This leads to a
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preorganized conformation and decreases electron density on carbonyl groups.
In the case of receptor 11 the NO, groups introduced to the outer phenyl ring
induce similar hydrogen bonds with the outer rings, but their effect remains
weaker.** Although thioureas are more acidic, the binding is not stronger: in the
case of thiourea receptor 9 significantly lower binding affinity towards the
carboxylate anions was observed, due to the large sulphur atom altering the
shape of the binding site, hindering binding to the outer NH group.

The superiority of substituted ureas against simpler amides as binding
moieties can be seen e.g. on the example of compounds 6 and 7, which have
low binding affinity towards BzO™ and AcO™ anions: between 100-200 M 4

2.3.2. Combined anion receptors

A number of receptors containing the pyrrole fragment have been synthesized.
Simple pyrrole NH proton does not give strong hydrogen bond but inserting diffe-
rent substituent’s or combining pyrrole rings together (e.g. as calix[4]pyrroles™*)
leads to significant increase of HB donicity. Recently a number of receptors
based on indole and carbazole have been introduced to anion coordination che-
mistry.**" Carbazole and indole groups are more acidic than the pyrrole
group.* However, carbazole and indole contain only one HB donor groups. For
a more efficient binding multiple HB donor groups would be advantageous (see
e.g. Figure 7). In 2005 Beer and coworkers introduced the new family of
indolocarbazole type of receptors (Figure 8).*’ In addition to having two HB
donor centers indolocarbazole (20) has better hydrogen bond donating ability
than pyrrole, indole and carbazole also because of the higher acidity of its NH
protons.*’ The general way for synthesis of indolocarbazole involves a double
Fisher indolization reaction of phenylhydrazine and 1,2-cyclohexanedione
refluxed in an acidic medium. Indolocarbazole (20) contains a fused ring system
with two pyrrole rings that are preorganized very suitably (distance between
two H atoms is 2.60 A) for bidentate binding of anions.

Qctyl Qctyl
Lk L T T ° °
NH “NH C NH “NH ) O NH  NH Q ‘O
NH NH O NH NH
NH NH NH NH

12X=0 14X=0 O:<R >:O
13X=S 15X=S R 19

16 R =n-butyl

17R=Ph

18 R = 2-pyrrole

Figure 7. Combined receptors containing indol or carbazole 12-19.

As said above, for achieving high binding affinity, receptors should have a
number of different hydrogen bond donor sites. As a result, almost all high-
affinity receptors for anions are designed by combining different binding
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moieties in order to support the formation of multiple hydrogen bonds. As an
example, 1,3-dicarbazoylurea receptor 12 is designed by combining urea with
carbazole. This receptor was titrated with different anions in 0.5% H,O:
DMSO-d,, followed by 'H NMR. It showed high binding affinity towards the
AcO™, H,PO, and HSO, with K, above 10*.*” The thiourea-based receptor 13
has somewhat lower binding affinity. The 1,3-diindolylurea and -thiourea type
receptors 14 and 15 have high binding affinity towards the AcO™ and H,PO,”
anions in 0.5% H,0: DMSO-dg above 10* and 10°, in both cases it is noted that
the urea group leads to stronger binding than thiourea. The binding affinity
differs by one order of magnitude due to the large S atom altering the shape of
the receptor molecule and hindering binding to the outer NH group. It is
observed that receptors 14 and 15 have different conformations in solution as
confirmed by NOESY experiment. It was observed that the anti-anti con-
formation is more stable in the free receptor and after formation of complex the
syn-syn conformation is more stable.’”

The receptors 16-18 show high binding affinity towards different oxoanions.”
In all cases the titration data fit to 1:1 binding stoichiometry in highly polar
solvent. The receptor 16 shows remarkably high binding affinity towards the
BzO™ and H,PO," anions. The n-butyl group in the amide substituent turns out
to be superior to the other groups used in receptors 17 and 18.* Comparing the
binding affinity data for receptors 17 and 18 reveals that introducing additional
pyrrole unit does not significantly alter the affinity towards anions. The fused
carbazole type receptor 18 to some extent resembles the indolocarbazole (20)
receptor, but the orientation of the NH groups is different. Receptors 19 and 20
have comparable binding affinities towards carboxylate anions in DMF, for
AcO™ and BzO™ anions. Receptor 19 binds AcO™ somewhat stronger than 20.>*
The main reason is the suitable angle between NH centers of carbazole rings. To
somewhat counterbalance this, there is additional interaction between the anions
and 19 via the aromatic CH protons in the ortho position relative to the NH
groups.

Indolocarbazole-based receptors 20-23 were found promising building
blocks in applications for chromogenic and fluorogenic receptor molecules.”
The binding studied of receptors 20-23 conducted by UV-vis titration, with
different solvents ACN and acetone indicated that they bind well with carbo-
xylates as well as halide anions (F~, CI", Br).**”* Interestingly, ref 56 reported
that some indolocarbazole-based receptor compounds have a higher binding
affinity for benzoate anion than for acetate anion, which is unusual. The simple
indolocarbazole receptors were studied by fluorescence spectroscopy and
significant fluorescence enhancement was observed when simple indolo-
carbazole receptors bound the F~ or C1” anions.” The addition of benzoate anion
quenched the fluorescence.
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Figure 8. Indolocarbazole type receptors 20-27.

For improving the binding affinity of receptors indolocarbazole different
substituents have been attached to the positions 1 and 10, resulting in receptors
24-27. The binding affinity of receptors 24-27 in ACN towards different anions
has been measured and by logK, towards BzO™ in ACN these compounds 24,
25 and 27 increase the unsubstituted indolocarbazole value by 2, 0.7 and 0.8
orders of magnitudes but receptor 26 for AcO™ anion decrease by around one
orders of magnitude due to the repulsion of two pyridine rings.’>’ These data
demonstrate that the preorganized indolocarbazole system enables increasing
the binding affinity.

Indolocarbazole was chosen as one of the core structures for the receptors in
this work, because of the following favorable properties: (1) rigid spatial
orientation of the two NH groups, which, in addition, is very suitable for
binding carboxylates and leads to good binding affinity towards carboxylates;
(2) absence of the possibility of intramolecular hydrogen bond formation (an
advantage, compared to e.g. urea-based receptors); (3) good spectral properties:
both UV- vis and fluorescence spectroscopy can be used. The disadvantages of
indolocarbazole as core structure are (1) limited solubility of many indolocarba-
zole derivatives in polar solvents (which is a problem for their investigation, but
not necessarily for the eventual use); (2) Not all substitution schemes are
synthetically easily accessible.

2.3.3. Other anion receptors

As anions are naturally negatively charged, an obvious way of achieving anion
binding is by introducing positively charged (cationic) groups (protonated
amine, imidazole or guanidinium)™*® to receptor molecules. Quaternary ammo-
nium based receptors have important advantages when compared with other
cationic receptors. In general, the extent of protonation and thereby also the net
charge and overall anion binding ability depend on pH. In contrast, the behavior
of receptors based on quaternary ammonium groups is usually pH-independent.
On the other hand, quaternary ammonium groups do suffer from the
disadvantage that they are unable to interact with the anion via hydrogen bond:
they simply lack the NH donor sites.
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Figure 9. Some examples of charged anion receptors 28 and 29.

Over the last few years many types of guanidinium-containing receptors have
been reported, of which many bind carboxylate anions,®"* The unsubstituted or
alkyl substituted guanidinium group does not have good affinity towards
carboxylate anions in DMSO solvent. The reason is the efficient charge
delocalization resulting in low acidity and low HB donicity. However, if the
acidity of the guanidinium group is increased by inserting carbonyl, pyrrole, etc
groups, then high affinity for carboxylate anions is obtainable, even in highly
competitive solvent.**** Receptors 28 and 29 bind carboxylates by ion pairing in
combination with multiple hydrogen bonds. The receptor 28 bind N-actylalanyl
(amino acid) carboxylate with logK,s value between 2.55 to 3.23 in water:
DMSO 40:60. The chiral receptor 29 has an extra amide group which lead to
some enantioselectivity.

Besides the tradeoff between the possible deprotonation and HB donating
ability of the cationic moiety of the receptor another disadvantage of charged
receptors is that they need to be used as salts and the counteranions may
potentially interfere with binding the analyte anions.

2.4. Binding affinity and its measurement methods
2.4.1. Definition of binding affinity

Binding constants (association constants) K, are equilibrium constants that are
used as a quantitative measure of the strength of the binding interaction between
a particular host and guest (logK,s is often used) in terms of complex formation,
under predefined conditions. The more favorable the interaction between a
given host and guest is, the higher the binding constant will be. The calculation
of the binding constant takes into account the activities of the free guest (that is
the unbound guest) and the free host, as well as the activity of the host-guest
complex. In the case of 1:1 complex formation the equilibrium is:

Kass
H+G —/——— HG (D

The binding affinity of a receptor H towards an anion G to form a receptor-
anion complex HG™ according to 1:1 stoichiometry is quantified by the binding
(association) constant K, according to the following equilibrium:
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where a, _,a, and a__denote activities of the species in the solution.

Instead of the logK,s value of a given receptor towards a given anion it is
possible to measure the AlogK, value — relative binding affinity of two
receptors towards the same anion. This way of measurement has several
advantages, is extensively used in this work and is described in section 4.

2.4.2. Methods for studying receptor-anion interaction

A number of analytical methods have been used for characterization of host-
guest interaction in supramolecular chemistry and for the measurement of
binding constants, such as NMR spectrometry, UV-visible spectrometry, mass
spectrometry, fluorescence, isothermal calorimetric titration etc. The
spectroscopic techniques utilize the changes in the spectroscopic features of
either the host or the guest, which may be observed upon complexation.
Depending on the system studied and the technique used different information
can be obtained. Most commonly the stoichiometry of the host-guest system
and the binding constant are determined. NMR enables also determining the
location of G~ within the host structure. Short descriptions of the two techniques
used in this work — NMR and UV-vis spectrometry — are given below, from the
point of view of studying anion-receptor interaction.

NMR Spectrometry

NMR spectrometry is widely used in organic chemistry as a multipurpose
characterization technique as well as in studies of equilibria and rates of
reactions. NMR has been frequently applied to study host-guest interactions in
supramolecular chemistry. The host-guest binding is observed by NMR via the
changes in chemical shifts (& values) of the protons directly involved in the
interaction. Different protons can be observed in the molecule which gives more
information than most techniques about the interaction between the host and
guest, e.g. which host protons interact with the guest molecule. The nature of
the changes of the & values of the host (and sometimes also the guest) and inten-
sities of the proton signals can vary depending on how fast the exchange
between the host and guest is with respect to the NMR timescale, which is much
slower than with most spectroscopic methods.®> In most cases the proton’s
exchange rate between two states (i.e. bound and unbound) is faster than the
difference in frequencies between the two states and the system called fast
exchange system in terms of the NMR timescale.®*® When the specific proton
in a supramolecular system displays fast exchange behaviour, the unbound and
bound proton peaks cannot be observed separately and are instead combined
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into one single peak. The chemical shift of that peak represents an average of
the bound and unbound proton peaks.”>% If the host-guest exchange rate is
similar to the NMR timescale then the peaks that correspond to the unbound and
bound nuclei will become broad, or even disappear. This peak broadening often
takes place when the proportion of host and guest is such that there is a mixture
of unbound and bound species present. When the species are either
predominantly unbound or bound, the peaks are typically sharp.

The main disadvantage of NMR is its low sensitivity compared to the UV-
vis or fluorescence. Measuring host-guest binding using the NMR method
requires larger quantities of compounds. If absolute logK,ss values are measured
then the low sensitivity complicates measuring logK, values higher than 4.
Use of solutions with high concentrations can also lead to emergence of
undesired side processes, especially in solvents of lower polarity, such as ion-
ion interaction, homoconjugation etc, which can change the free anion
concentration in the solution and make it difficult to calculate the binding
constants. The limitation of measuring high logK,s values can be avoided by
measuring the relative binding affinity of two or more receptors in one solution
(see section 4). Such relative measurement also eliminates the effect of several
side-processes. In addition, it is possible to independently observe the
respective receptor proton chemical shift values during titration, which is
impossible with, e.g., UV-vis or fluorescence.

UV-Visible spectrometry method

UV-vis spectrometry is broadly used for investigation of different binding
affinity measurement in supramolecular chemistry due to the simplicity,
robustness and accuracy.®® The sensitivity of UV-visible spectrometry is
higher than that of NMR, providing good signal to noise ratio even at low
concentrations. In simplified terms, the determination of binding affinity of a
receptor towards an anion by UV-vis spectrometry is measured by monitoring
the change in absorbance of solution of the receptor in the presence of different
concentration of the anion. Receptor concentrations in UV-visible spectrometry
are typically on the order of 107 to 10°® M, depending on the receptor’s molar
extinction coefficient. UV-visible spectrometry generally does not provide as
much information, e.g. about the location of the binding site, as NMR
spectrometry and at least one of the species — either the receptor or the anion —
needs to absorb radiation in the UV-visible spectral region, i.e. between
approximately 200 and 900 nm. In practice this means 250 to 900 nm because at
low wavelengths the probability of spectral interferences is high. As a result,
compounds with extensive m systems (e.g. aromatic rings) in their structures
will more readily be observed by UV-visible spectrometry. Because of the
possibility to work with dilute solutions logK,s values up to 6-7 are
measurable by UV-vis spectrometry.
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2.5. Solvent influence on Host-Guest
complexation equilibria

In the context of anion sensing, the polar solvents generally solvate H and G~
quite strongly, this is especially pronounced in the case of G~ because of its
charge. When host-guest complex HG™ is formed in solution a number of
solvent molecules previously solvating either H or G are freed. Although the
formed HG™ is also solvated, the number of solvent molecules is generally
smaller and because of the better charge delocalization the interactions are
usually weaker. As a result, in broad terms, the higher is the polarity, especially
the HB donicity, of the solvent the lower is the binding affinity: DCM > CHCl,
> CH;CN > DMSO > CH;O0H > H,0.”"

In order to be able to bind the anion in polar solvent the receptor-anion
interaction has to be sufficiently intense to compensate for the loss of solvation.
The most common way of achieving this is by formation of multiple hydrogen
bonds between H and G, but other interactions, such as charge-charge and
solvophobic interaction can also be important. In very broad terms, charged
receptors tend to have stronger interactions with anions. This advantage is
partially offset by the stronger solvation of charged receptors by solvent
molecules.

Pure water is the most interesting and at the same time the most challenging
medium for anion binding, because it is a highly competing solvent. Careful
design of the receptor is needed and their interactions besides HB, such as the
hydrophobic effect, are important. In spite of the efforts, synthetic anion
receptors that have high affinity in pure water remain relatively
underrepresented in the supramolecular literature.

DMSO acts as a both electron-pair donor and hydrogen bond acceptor by
virtue of oxygen and sulfur lone pair. DMSO with a small amount of water
added is a highly polar solvent, which at the same time dissolves many recep-
tors well and is not too strongly competing. This has been the reason why
DMSO, containing 0.5% of water by mass, is used for the majority of the
measurements in this work.
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3. INSTRUMENTS AND CHEMICALS

Instruments

All the synthesized molecules were characterized on a Bruker Avance II 400
NMR spectrometer or a Bruker Avance II 700 NMR spectrometer. Binding
NMR measurements were carried out on the same NMR instruments. Binding
UV-vis measurements were carried out on a Thermo Nicolet Evolution 300
double-beam spectrophotometer. Melting points were determined using a
BUCHI B-540 instrument in open capillaries and are uncorrected. The water
content of the DMSO and DMSO-d¢s was measured with a Mettler Toledo DL
32 coulometric KF titrator. High resolution mass spectra of all the synthesized
molecules were obtained on a Varian 910 FT-ICR mass spectrometer. For
ionization ESI or APCI source was used as described in I, II and III (the HRMS
measurements were carried out by Toiv Haljasorg or Charly Mayeux).
Purification of the synthesized compounds was carried out by column
chromatography on silica gel (pore size 60 A, 230—-400 mesh). Thin layer
chromatography (TLC) was conducted on TLC plates (silica gel 60 with
fluorescent UV,s4 marker on aluminum sheets).

Solvents and Chemicals

Chemicals used for synthesis were from Sigma-Aldrich, Alfa Aesar or Fluka.
The solvents used for synthesis were from Sigma Aldrich, Rathburn, Romil or
Lach-Ner. For synthesis dry THF was prepared from the Romil, 99.9% solvent
using the VAC (Vacuum Atmospheres Company Inc.) solvent purifier, which
utilizes continuous circulation of the solvent through a column filled with
alumina and delivers solvent with water content less than 5 ppm according to
coulometric Karl-Fisher titration. The solvent is eventually delivered inside a
glove-box. DCM, DMF, DMSO, toluene and acetone were dried as described in
ref 73. The solvents for binding measurements (DMSO with 0.5% of water) was
prepared using anhydrous DMSO 99.9% (for UV-vis measurements) or DMSO-
ds 99.8% (for NMR measurements) and water from MilliQ Advantage A10
system. The original water content in the solvent (as determined by the
coulometric KF method) was taken into account when calculating the amount of
water to be added to the solvent. The final water content of the solvent varied
somewhat between batches (as determined by the coulometric KF titration
method) but was always between 0.45% and 0.55%. Titrant solutions were
prepared from tetrabutylammonium (TBA) acetate (Sigma-Aldrich), TBA
benzoate (Sigma-Aldrich 99%), TBA lactate and TBA trimethylacetate salts
were prepared by Kristjan Haav as described in III. The following commercially
available receptor molecules were used: 3,4,4’-Cl;-diphenylurea (Sigma-
Aldrich, 99%), 1,3-diphenylurea (Sigma-Aldrich, 98 %). Receptors 12 and 14
were obtained from the group of Philip Gale.”” The synthesis of all the
remaining receptors has been described either in papers I, II or III.
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4. MEASUREMENT METHODS OF
BINDING CONSTANTS

Measurement of relative binding affinity by the NMR method

All the relative measurements were carried on 200 MHz or 700 MHz NMR
instruments at 25 °C under fast exchange condition as described in ref II and II1.
DMSO-dg with 0.5% of water was chosen as the solvent for binding affinity
measurements. The reasons for this solvent choice were the following: (1)
DMSO is a sufficiently polar solvent so that ionic equilibria can be easily
investigated; (2) Out of the polar solvents DMSO is solubility-wise one of the
best solvents for dissolving the receptors investigated in this work; (3) The
0.5% of water was added for the sake of reproducibility of water content in the
solvent (if only trace-level water is present in the solvent then there is a danger
for large variability of the results depending on the solvent batch and (4) This
solvent composition has been extensively used by other authors.

Measuring relative binding affinity of two hosts H; and H, towards the same
guest G is described by Equation (3). Importantly, all the species are dissolved
in the same solution. The relative binding affinity is expressed by AlogKi
defined in Equation (4).

AlogK s
H +HG <——’ HG+H, 3)
ay g ay,
AlogK, =logK,  (H,G)-logK,  (H,G)=log——— 4)

4,6,

From equations (3) and (4) it can be seen that the activity of the guest has been
eliminated from calculations. This means that the possible side-processes
involving the anionic guest, e.g. ion-pairing and homoconjugation, influence
binding to both hosts simultaneously, cancel out and thus do not affect the
measurement result. The activities of the free and bound hosts enter equation (4)
as ratios. Thus, possible effects affecting the hosts also largely cancel and the
composition of the solvent is automatically identical for both hosts.

A reasonable assumption to make is that the ratios of activity coefficients of
y(H,)/y(H,G) are similar for both host molecules.”>’® As a result the activities in
Equation (4) can be replaced with equilibrium concentrations:

(1,G) — log HHGIH:

Alog K _—
s [H,GI[H,]

=log K (H;G) —log K 5)

ass

Because many sources of error cancel with relative binding affinity measure-
ments it is possible to obtain highly accurate results. The proposed method has
been extensively used for relative acidity and basicity measurements
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776 and also competition

(determination of pK, values) in non-aqueous media,
experiments.’’
The degree of complexation of the anion by the receptor was calculated for

every titration point by the following equation.

o= [Rx] _ 5 - 5Rx (6)
[RJ+[RAT &, =6,

Where, J is the chemical shift of the monitored proton at the respective titration
step, 5Rx and §R - are the chemical shifts of the same proton in the free

receptor molecule and receptor-anion complex, respectively. By replacing the
equilibrium concentrations in equation (5) with the degrees of association H;
and H; (o and ay) gives the following equation AlogK s

(7

The receptors which were measured against each other were chosen according
to the chemical shift of the NH protons, avoiding strongly overlapping protons.
In some cases the overlap of chemical shifts can be tolerated, if the chemical
shifts of the two receptors change in different ways during the titration. The
stock solutions of the receptors were prepared in DMSO-ds with 0.5 % water
(m/m). The concentrations of receptor molecules in the stock solutions were in
the range of 0.006-0.009 M. The concentrations of the anionic titrant (TBA
lactate, TBA benzoate, TBA acetate, TBA trimethylacetate) solutions were in
the range of 0.17M — 0.44M and 0.65M - 1.41 M, for diluted and
concentrated titrant solutions, respectively. Initially, dilute titrant solution was
used to obtain the association degrees at different levels of anion concentration.
Near the titration endpoint concentrated titrant was added, so that eventually
virtually all receptor molecules in solution were converted to receptor-anion
complexes (9 to 10 equivalents of titrant was eventually added). In each
measurement series 12-20 spectra were recorded. The relative binding
measurements using NMR were done by the author, except 20-25 relative
binding measurements for lactate, benzoate and trimethylacetate, which were
done by Kerli Martin.

Measurement of absolute binding affinity by NMR

The solvent and working conditions used for NMR measurements of absolute
binding constants were the same as in measurements of relative binding
constants. The receptor concentrations were similar to the ones used in measure-
ments of relative binding constants. The concentration of TBA anions in the
dilute solution was in the range of 0.15 M — 0.5 M and in concentrated solutions
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in the range of 0.6 M — 1.4 M. Over the course of titration 12—17 spectra were
recorded. The spectrum of the free receptor was obtained before the first
addition of titrant. The spectrum of the receptor-anion complex was obtained at
the end of titration by adding a large excess (9—10 equivalents) of titrant. From
the weighing data the exact amounts of added titrant were found. The
dissociation degree of the complex is expressed through o in equation 6. Three
methods were used for calculation of absolute binding affinity. The assigned
binding constant values for each run were averaged from the results of the three
calculation methods taking into account their internal consistency.

The calculation from every individual titration point. The amount of free anion
added and the concentration of the free anion in each titration point were found
from titration data. Equation 2 was modified to obtain the equation for finding
the logK, values:

(=) Y

logkK,  =log —
a-[A]y,

®)

Y s - and y,_are the activity coefficients of receptor-anion complex and the

anion of interest respectively. The activity coefficients were calculated
according to the Debye-Hiickel equation®?, which for dimethyl sulfoxide reads
as follows:

111237

— 9
1+0.43a1 ©

logy =

Where [ is the ionic strength, z is the ion charge and a is the effective radius of
the ion. This equation is only a crude approximation under the conditions of our
work because the used DMSO contains a considerable amount of water. Also,
the ionic species in this work are not really spherical (which is an assumption of
the Debye-Hiickel theory).

Least squares fitting of the isotherm, without linearization. Based on Equa-
tions (2) and (6) it is possible to obtain the following equation of the binding
isotherm:

o AT
AG=AS,. T o (10)
1+K,, RS
yRHA’

K, was found by fitting the experimental data to this isotherm using the least

squares approach and taking AJ, . (equalto O, - — &y ) and Ko as adjust-
able parameters.
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Least squares fitting of the isotherm, with linearization, The Equation 10
was linearized as described by Benesi and Hildebrand *' to arrive at the
following Equation:

1 _ Y RHA- N 1 (11
5* _51:1H K (5RHA— — Oy )[A_]7A— ) Orp

RHA™

1 Y Rua-
By plotting Vs B
5ﬂ - 5]?]—[ [A ]]/A*

the chemical shift of the non-bound receptor, 5R - 1s chemical shift of the

K, can be found from the slope. o, is

receptor-anion complex and O is the absorbance of a solution containing both
the free receptor and receptor-anion complex. The absolute binding affinity
measurements by NMR were done by the author.

Measurement of absolute binding affinity UV-vis Method

Stock solutions of receptor molecules were prepared by weighing (1-3) mg of
the respective compounds and dissolving it in (1-3) ml of 0.5% H,O:DMSO
solvent. Additional dilution was made by transferring (0.1...0.2) g of the initial
stock solution to 2 ml vial and diluting it with (1-1.5) ml of 0.5% H,O:DMSO
solvents. The final concentration of the solutions were around (10*~107) M.
The concentration of TBA salts in the concentrated solutions was approximately
0.07 M and in diluted solutions approximately (1.5x107...2x107*) M in the case
of logK,s value measurement. During titration the spectrophotometric cell was
weighed before and after each titrant addition. Over the course of titration
around 12-17 spectra were recorded. The spectrum of the free receptor was
obtained before the first titrant addition. The spectrum of the receptor-anion
complex was obtained as the last stage of titration, after adding a large amount
of titrant. From the weighing data the exact amounts of added titrant were
found. The dissociation degree of the complex is expressed through a:

A A
_ [RH] _ A"~ A (12)
[RHJ+[RHA'] Ay — AL
Where, A" is absorbance at the titration step, and AQH and AQHA, are the

absorbances of free receptor and receptor-anion complex accordingly. The same
three methods (above mentioned) were used for calculation of the binding
constants. The assigned values for each run were averaged from the results of
the three calculation methods taking into account their internal consistency. The
absolute binding for UV-vis and fluorescence measurements were done by Kerli
Martin.
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5. RESULTS

Synthesis of molecular receptors

In very broad terms the two most used (neutral) HB-donating structural frag-
ments for binding anions are amides (especially ureas) and pyrrole derivatives
(pyrrole, indole, carbazole). For efficient binding usually multiple HBs are
needed and therefore different hybrid molecules, such as indolocarbazole and its
derivatives, hybrids of 1,2-phenylene diamines and urea, bis-carbazolyl-urea,
etc have been developed.

One of the objectives of this study was to synthesize different families of
receptors including indolocarbazole, urea, thiourea, o-phenylenediamine-urea,
indole, carbazole as well as other moieties as building blocks. Urea and
indolocarbazole were chosen as the main binding sites in this work. Both have
two HB donor sites. Urea’s are conformationally flexible and inevitably have
HB acceptor sites. These two properties together often lead to formation of
intramolecular hydrogen bonds and unfavorable orientation of NH groups in the
unbound receptors, At the same time urea fragments are easy to synthesize.
Indolocarbazole in contrast is rigid and devoid of HB acceptor sites, so that
intramolecular HBs cannot form. At the same time the indolocarbazole moiety
is more difficult for synthesis.

Urea and thiourea receptors were easily synthesized using different sub-
stituted anilines reacting with phenyl isocyanate or phenyl isothiocyanate.
Synthesis of unsubstituted indolocarbazole proceeds from phenylhydrazine
reacting with 1,2-cyclohexanedione in acidic medium. Substituted indolo-
carbazoles were prepared in similar way starting from substituted phenyl-
hydrazine. For 2,9-, 2,7- or 4,7- disubstituted indolocarbazoles different 3-sub-
stituted phenylhydrazine was used. For preparation of 1,10- or 3,8-disubstituted
indolocarbazoles 2- or 4-substituted phenylhydrazines, respectively, were used.

The main purpose for preparation of a large number of different receptor
molecules was to apply them for compiling anion binding scales with the rela-
tive binding measurement method using UV-vis or NMR technique.

Indolocarbazoles

The preparation of indolocarbazole compounds starts from substituted phenyl-
hydrazine and cyclohexane-1,2-dione,” which are refluxed in acidic medium
(acetic acid, Conc. HCI, Conc. H,SO, etc) in different protic solvents ethanol,
butanol, propanol etc. Scheme 1 demonstrates the synthesis of unsubstituted
indolocarbazole 20, the 5,6-dihydroindolocarbazole (30) and the compound 31
(2,3,4,9-tetrahydrocarbazol-1-one). This compound is important for synthesis of
unsymmetrical indolocarbazoles and by controlling the reaction conditions
either 20 or 31 can be the main product. A similar reaction Scheme 2 is used for
synthesis of disubstituted indolocarbazoles. Monosubstituted indolocarbazoles
are obtained from 31 and a suitable substituted phenylhydrazine according to
Scheme 3.
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In literature mostly 2- and 4-substituted phenylhydrazines have been used
because single structural isomers are obtained. We were interested in 2- and/or
9-substituted indolocarbazoles and we therefore used mostly 3-substituted
phenylhydrazines. As a result, either two (in the case of monosubstituted
indolocarbazoles) or three (in the case of disubstituted indolocarbazoles) struc-
tural isomers were obtained.

As shown in Scheme 1 the unsubstituted indolocarbazole was prepared from
phenylhydrazine and cyclohexane-1,2-dione, dissolved in acetic acid. The
mixture was stirred at reflux temperature for 40 h, until the disappearance of the
starting materials (monitored by TLC). The reaction mixture was cooled to
room temperature, quenched with NaHCO; solution. The formed precipitate
was extracted in ethyl acetate. The organic layer was concentrated under
reduced pressure to obtain the crude product as brown solid. The crude product
was separated by column chromatography (230—400 mesh silica, eluting with
5-10% ethyl acetate : hexane) into three different compounds 20, 30 and 31
Scheme 1.

Scheme 1. Synthesis of indolocarbazole.
Ol Ol i
NH, * reflux, 40 h ’ .
N ’ (0]
20 30 31

Slightly modified procedures were used for the synthesis of different mono and
di-substituted indolocarbazoles 32-51 (Scheme 2 and Scheme 3). They were
prepared from different 2- or 3-substituted (-OCHj3;, -CH;, -COOH, -Cl, -CF3)
phenylhydrazines reacted with 1,2-cyclohexanedione (disubstituted) or compound
31 (monosubstituted) by refluxing in acidic medium (acetic acid or conc. H,SO,)
in different protic solvents (ethanol, propanol, butanol). In some cases substituted
5,6-dihydroindolocarbazoles were obtained from this step, which were
dehydrogenated by 10% Pd/C or p-chloranil in dry toluene or DMF (32-51).

Scheme 2. Synthesis of di-substituted indolocarbazole molecules.
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32R=29-(OCHg), (21%) 39 R = 2,7-(COOBU), (11%)
R = meta -OCH3 33R=2,7-(OCHg), (17%) 40 R = 4,7-(COOBU), (12%)
R = meta -CHg 34 R = 4,7-(OCHg), (3%) 41 R = 2,9-Cl), (16%)
R = meta -COOH 35R=29-(CHg), (36%)  42R=27-(Cl), (39%)
R = meta -Cl 36R=27-(CHs), (25%) 43R =4,7-(Cl), (22%)
R = ortho -Cl 37R=47-(CH3), (7%) 44R=1,10-Ci),  (59%)
R = ortho -CF3 38R =2,9-(COOBU),(18%)  45R=1,10-(CF3), (28%)
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Scheme 3. Synthesis of mono-substituted indolocarbazole molecules.
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- } =2- 9 — 1.

R = ortho -CF 48R=2-NO; (11%) 51R=1-CF3 (52%)

During the synthesis of -NO, or -COOBu substituted indolocarbazole molecules
it was observed that electron-withdrawing groups, like -NO, and -COOH need

high-boiling solvents (i.e. higher temperature).

Scheme 4a presents the synthesis of different ester derivatives of mono-
substituted indolocarbazoles (52-62). They were prepared from 3-carboxy-
phenylhydrazine by reaction with 31 in n-butanol to form the butyl ester deri-
vatives of compounds 52 and 53. The compound 52 was hydrolyzed in KOH to
form the acid 54, which was thereafter coupled with different substituted benzyl
halides or alkyl halides (bromomethylbenzene, 1-(bromomethyl)-4-nitrobenze-
ne, 1-(chloromethyl)-4-methoxybenzene, 1-(chloromethyl)-3-methylbenzene,

iodoethane, and 2-iodopropane) in K,CO; to form compounds 55-62.

Scheme 4. Synthesis of ester derivatives of indolocarbazoles.
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Scheme 4b presents synthesis of compound 64 via demethylating 46 by BBr; in
dry DCM to form compound 63, which was coupled with boc-anhydride.

Amide-based receptors

Many procedures have been used for the synthesis of ureas with aryl sub-
stituents.”™® The most common procedure used for preparation of urea recep-
tors consists in reacting different substituted anilines with phenylisocyanate
(which can also be substituted). Depending on the type of aniline different
receptor families can be prepared.

In the case of o-phenylenediamine as aniline, the receptors 67-70 were pre-
pared by coupling with 2-nitro-phenylisocyanate to form compound 65, which
was then reduced with 10% Pd/C and hydrazine hydrate reflux in EtOH to form
66. After that 66 was coupled with different carboxylic acids (benzoic acid, 3-
phenylpropanoic acid, lauric acid) using the coupling reagent EDC-HCI and
DMAP to form 67—69. Compound 66 was also coupled with phenylisocyanate
to obtain compound 70.

Scheme 5. Synthesis of o-phenylenediamine-urea type molecules.

3
4 ! N\ , 2-Nitro phenylisocyanate

10% Pd/C, NpH,-H,0 o) o)
>\—NH HN%
NH HN

o) Q o]
1 DCM, reflux, 18 h, 87% >~NH HN EtOH, reflux, 24 h,
HN  NH, QNH 65 HN@ 84% 66

phenylisocyanate/ NO, OoN NH;
1-naphthylisocyanate
DCM, reflux, 24 h

HoN
EDC-HCI, DMAP,

HOBt
dry DMF, R-COOH

X, 0 Q 0
IR, S—NH HN—4
_ NH HN

R-NH HN-R H N
8 R =CO-NH-Ph X=H (96%) R R

71 R = CO-NH-Ph X = 3-CHs (93%) 67 R = CO-Ph (64%)

72 R = CO-NH-Naphthyl X=H (78%) 68 R = CO(CHy),Ph  (63%)

69 R = CO-(CHy)10-CHg (73%)

70 R = CO-NH-Ph (90%)

Compounds 8, 71 and 72 were prepared from substituted o-phenylenediamine
coupled with phenylisocyanate and 1-naphthylisocyanate in DCM as shown in
Scheme 5.
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Scheme 6. Synthesis of different substituted urea derivatives.
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Different substituted diphenyl urea derivatives 75, 77 and 78 were prepared.
The compound 75 was prepared from 3-nitroaniline reacted with
phenylisocyanate to form 73 then reduced in 10% Pd/C and hydrazine hydrate
to form 74, then coupled with methacrylic acid using EDC-HCI] and DMAP to
form compound 75. Compound 77 was prepared from 3-aminobenzoic acid
reacted with phenylisocyanate in THF to form 76 which is coupled with 3-
Pyridin-3-yl-propan-1-ol using DEAD and PPh; in dry THF to form compound
77. Compound 78 was prepared from 1-naphthylamine reacted with phenyliso-
cyanate in THF shown in Scheme 6.

Scheme 7 presents the synthesis of carbazole derivatives 82—-85, 87. They
were prepared from carbazole via several steps. Firstly, carbazole was reacted
with tert-butylchloride in the presence of AICl; in nitromethane to form the
compound 79. This was followed by nitration using conc. HNO; to form 80.
Then nitro groups were reduced by 10% Pd/C and hydrazine hydrate reflux in
EtOH to form compound 81.
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Scheme 7. Synthesis of different substituted carbazole molecules.
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Compounds 82-85 were prepared from 81 using different reactants such as
Boc,0, phenylisocyanate, 1-naphthylisocyanate and 1-pyrenebutyric acid as
shown in Scheme 7. For preparation of dicarbazolylurea derivatives one amino
group in 81 was protected by boc-anhydride to form compounds 82 and 86. The
86 was coupled with CDI to form the symmetrical boc-protected compound 87.
Compounds 12,46 14,47 88,78 89,79 9080, 92" were prepared by literature
methods.
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Scheme 8. Structures of the investigated anions.
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Scheme 9. All the receptors measured towards the lactate, benzoate, acetate and
trimethylacetate anions.
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Relative binding affinity measurement using NMR method
On the basis of the UV-vis spectrophotometric relative binding measurement
method,' in this work the NMR-based relative binding affinity measurement
method (described in detail in the measurement method section) was
developed."™™

It was discovered that while the previously developed UV-vis spectrometric
method was able to measure the relative binding affinity between two receptors
with consistency parameter 0.04 log units, the NMR method offered signifi-
cantly better consistency, 0.01 log units, and therefore much better accuracy.
Furthermore, it enabled measuring a number of receptors in one solution (still
maintaining the excellent consistency). Relative binding (AlogK, values)
between three or four receptors (Figure 10) is routinely measurable, leading to 3
or 6 AlogK,s values, respectively from one measurement series. In one case it
was possible to measure the relative binding affinity combinations between six
receptors simultaneously, leading to 15 AlogK,ss values from a single measure-
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ment series! In the NMR method the binding process of each receptor towards
the guest can be followed separately from the proton chemical shift of the
respective HBD groups, which is not possible by the UV-vis method. As a
further advantage of the NMR method, it can give additional information on the
investigated process and possible side-processes. It can show whether the anion
partially deprotonates the receptor or whether an aromatic CH proton interacts
with the anion via a weak hydrogen bond. The NMR technique (although not in
the relative measurement mode) can also give information about the orientation
of receptor-anion in solution (using the NOESY technique). In addition,
differently from the absolute NMR method it is possible to measure very high
binding affinities with the relative method.

For the above described reasons it was first of all the NMR method that was
used in the subsequent large-scale binding studies with the four carboxylate
anions (lactate, benzoate, acetate, trimethylacetate) in DMSO-ds:H,O
(99.5%:0.5% m/m).

Table 1 presents an example of the so-called binding affinity scale (“ladder”)
composed of in total 89 relative binding affinity measurements of benzoate
anion with 38 receptors. The resulting relative binding affinity scale of benzoate
spans for 2 orders of magnitude. Each double-headed arrow in the scale
corresponds to a measured difference in absolute binding affinity between two
receptor molecules in logarithmic scale expressed as AlogK,s values. Each
additional measurement contributes to the circular validation™ of the whole
scale. The absolute binding affinities of the receptors on the scale were obtained
by a least squares procedure, by minimizing the sum of the squares of the
differences between directly measured AlogK,s values and the differences
between the respective assigned logK, values, which is denoted as SS in the
following equation:”®

SS = Z {alogk' —[logk ., (H,G)-logk ., (H,G)]f (13)

i=1

Each AlogK! value corresponds to a directly measured relative binding
affinity of the receptors Hy and Hy. The absolute logK, values were anchored
to the logK,s values of indolocarbazole (20) measured separately using the
absolute measurement method (see the Table 3). The internal consistency of the
assigned absolute logK,s values with the measured AlogK, values was
evaluated by the consistency standard deviation (consistency parameter) of the
scale s,”® which is found according to the following equation:

SS

(14)
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Where n,, = 89 is the number of AlogK,; measurements and n. = 38 is the
number of absolute logK,s values that were determined. The s value of the
NMR results was 0.01, which means high consistency of the results and good
agreement between obtained data. The high consistency of the results enables
differentiating between receptors with binding strength difference less than 0.05
logK.ss unit. This differentiating ability is significantly better than in the case of
absolute binding measurement.
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Figure 10. '"H NMR spectra of relative binding affinity measurement between receptors
12, 14, 40 and 66 in DMSO-d¢:H,O (99.5%:0.5% m/m) with benzoate. Titration
proceeds from bottom to top. The bottom-most spectrum corresponds to solution
without titrant added.

As a demonstration the method’s capability of measuring multiple AlogK,g
values simultaneously, Figure 10 demonstrates the measurement of relative
binding affinity between four different receptors (indolocarbazole, 1,3-
dicarbazolylurea, 1,3-diindolylurea, o-phenylene-urea) 12, 14, 40 and 66 for
benzoate anion in the same solution. In the case of all receptors their NH
protons were deshielded upon addition of the benzoate anion. The relative
binding affinity difference can be calculated according to equation 7. The 'H
NMR spectrum on the bottom of the figure corresponds to the mixture of
unbound receptors. Upon the addition of the benzoate anion each receptor’s NH
protons’ chemical shifts increase (i.e. move downfield). Generally, the higher is
the binding affinity of a receptor the bigger are the (relative) shifts of the NH
protons in the NMR spectrum upon addition of the first portions of the titrant.
The Figure 10 demonstrates the receptor 12 has two different NH proton
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signals, which exhibit the strongest shifts upon the first additions of benzoate
anion. The overall shifts of chemical shift (Ad,.x) observed for each receptor
were the following: 12 (Ad = 0.95 & 2.25 ppm), 14 (AS = 1.49 & 1.06 ppm), 66
(Ad = 3.5 ppm) and 40 (AS = 0.99 & 2.14 ppm). As a result of calculations the
binding affinity differences in the receptor pairs 12 and 14, 12 and 66, 12 and
40, 14 and 66, 14 and 40, 66 and 40 were found as 0.07, 0.95, 1.06, 0.85, 0.99
and 0.20 respectively. It is observed that receptors 12 and 14 have distinctly
higher binding affinity towards the benzoate anion, than 40 and 66.

Separate 'H NMR measurements with receptors 12 and 14 (in separate
solutions) towards the trimethylacetate anion indicated that in receptors 12 and
14 the aromatic CH protons located in position 2 relative to the urea NH group
(proton H-3 in Figure 11) are slightly deshielded due to the different structural
conformers.”® The receptor 14 was reported to have three different confor-
mations (syn-syn, anti-syn and anti-anti) with acetate anion in solution.”> The
anti-anti conformation is the most stable one for the free receptor and for the
complex the syn-syn conformation is the most stable. The same interaction was
observed in the case of receptor 12 with trimethylacetate anion. These
observations were confirmed by computations as described in III.
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Figure 11. Receptor 14, 'H NMR spectra towards the trimethylacetate anion in DMSO-
dg:H,0 (99.5%:0.5% m/m), Titration proceeds from bottom to top.

The same relative binding measurement method was applied for lactate, acetate
and trimethyl acetate anions.” A number of relative binding affinity measure-
ments have been performed: 77, 125 and 86 towards lactate, acetate and
trimethyacetate anion, respectively. The binding affinity measurement results
are given in table 2. Each scale is anchored to the absolute logK, value of the
respective anion to indolocarbazole (20).
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Table 2. Binding constants of carboxylate anions in H,O: DMSO-d4 (99.5%:0.5% m/m)

at 25 °C

Receptor Lactate anion anion Acetate anion Trimethylacetate anion

logk,,  ul | u’  logKy  ul | u’ | logK  ul | u’  logK ul | ul

Receptor 84 3.38 0.02 0.05 3.88 0.01 0.05 4.67 0.01 0.09 4.88 0.01 0.06
1,3-dicarbazolylurea 12 3.25 0.01 0.05 4.08 0.01 0.05 4.56 0.01 0.09 5.33 0.01 0.06
1,3-diindolylurea 14 3.19 0.01 0.05 4.01 0.01 0.05 4.63 0.01 0.09 5.07 0.01 0.06
Receptor 87 3.17 0.01 0.05 3.96 0.03 0.06 4.94 0.01 0.09 4.95 0.01 0.06

Receptor 91 2.87 0.01 0.05 3.53 0.01 0.05 4.13 0.01 0.08 4.16 0.01 0.06
1-(3-NO,-phenyl)-3-phenyl urea 73 2.68 0.01 0.05 3.34 0.01 0.05 3.90 0.01 0.08 3.98 0.01 0.06
4-NO,-indolocarbazole 49 2.58 0.01 0.05 3.22 0.01 0.05 3.88 0.01 0.08 3.85 0.01 0.06
Receptor 69 2.55 0.01 0.05 3.27 0.01 0.05 3.88 0.01 0.09 4.08 0.01 0.06
4,7-(BuOCO),-indolocarbazole 40 2.53 0.01 0.05 3.16 0.01 0.05 3.77 0.01 0.08 3.81 0.01 0.06
Receptor 08 2.53 0.01 0.05 3.11 0.01 0.05 3.70 0.01 0.08 4.03 0.01 0.06
2,7-(BuOCO),-indolocarbazole 39 2.52 0.01 0.05 3.18 0.01 0.05 3.79 0.01 0.08 3.84 0.01 0.06
2,9-(BuOCO),-indolocarbazole 38 2.51 0.01 0.05 3.17 0.01 0.05 3.82 0.01 0.08 3.82 0.01 0.06
2,7-Cly-indolocarbazole 42 2.45 0.01 0.05 3.07 0.01 0.05 3.67 0.01 0.08 3.72 0.01 0.06
Receptor 71 2.44 0.01 0.05 2.99 0.01 0.05 3.64 0.01 0.09 3.96 0.01 0.06

Receptor 68 2.44 0.01 0.05 3.18 0.01 0.05 3.85 0.01 0.09 3.99 0.01 0.06

Receptor 67 2.43 0.02 0.05 2.89 0.01 0.05 3.62 0.01 0.09 3.75 0.01 0.06

Receptor 77 2.42 0.01 0.05 3.08 0.01 0.05 3.58 0.01 0.09 3.66 0.01 0.06

Receptor 56 2.39 0.01 0.05 291 0.01 0.05 3.59 0.01 0.08 3.58 0.01 0.06

Receptor 59 2.39 0.01 0.05 2.98 0.01 0.05 3.54 0.01 0.08 3.60 0.01 0.06

Receptor 52 2.39 0.01 0.05 2.95 0.01 0.05 3.58 0.01 0.08 3.59 0.01 0.06

Receptor 66 2.37 0.01 0.05 3.00 0.02 0.05 3.67 0.01 0.09 3.93 0.01 0.06

Receptor 55 2.35 0.01 0.05 2.93 0.01 0.05 3.55 0.01 0.08 3.54 0.01 0.06

Receptor 73 2.30 0.01 0.05 3.25 0.01 0.05 3.74 0.01 0.09 4.22 0.01 0.06

Receptor 62 2.29 0.01 0.05 2.94 0.01 0.05 3.56 0.01 0.09 3.55 0.01 0.06
1,3-diphenylurea 1 2.27 0.01 0.05 2.82 0.01 0.05 333 0.01 0.08 3.39 0.01 0.06
Receptor 75 222 0.01 0.05 273 0.01 0.05 3.24 0.01 0.09 3.23 0.01 0.06

Receptor 64 2.18 0.01 0.05 2.76 0.01 0.05 3.36 0.01 0.09 3.36 0.01 0.06
Indolocarbazole 20 214 0.01 0.05 2.70 0.01 0.05 3.27 0.01 0.09 3.28 0.01 0.06
2,9-(MeO),-indolocarbazole 32 2.13 0.01 0.05 2.63 0.01 0.05 3.26 0.01 0.08 3.14 0.01 0.06
Receptor 85 2.05 0.01 0.05 2.96 0.01 0.05 3.38 0.01 0.09 3.76 0.01 0.06

Receptor 63 1.96 0.01 0.05 2.63 0.01 0.05 3.16 0.01 0.09 321 0.01 0.06

Receptor 88 191 0.01 0.05 2.49 0.01 0.05 3.09 0.01 0.09 3.40 0.01 0.06
1-Naphthalen-1-yl-3-phenyl-urea 78 1.89 0.01 0.05 2.44 0.01 0.05 2.85 0.03 0.09 3.02 0.01 0.06
1-Cl-indolocarbazole 50 1.85 0.01 0.05 2.48 0.01 0.05 2.89 0.01 0.08 3.01 0.01 0.06
1-Benzyl-3-phenyl-thiourea 90 1.74 0.01 0.05 2.31 0.01 0.05 2.80 0.01 0.09 2.90 0.01 0.06
Receptor 82 1.65 0.01 0.05 2.27 0.01 0.05 241 0.01 0.09 3.03 0.01 0.06
1-Benzyl-3-phenyl-urea 89 1.62 0.01 0.05 2.08 0.01 0.05 251 0.01 0.09 2.57 0.01 0.06
1,3-Di-naphthalen-1-yl-urea 92 1.62 0.01 0.05 2.11 0.01 0.05 245 0.01 0.09 2.72 0.01 0.06

® Standard uncertainties for comparing logK,s values within the same scale. °
Standard uncertainties for comparing logK, values between different scales or with
those from other research groups (see II and I1I for details).

Absolute binding measurements

All the relative binding measurements ladders were anchored to absolute logK s,
values of indolocarbazole (20). In order to improve accuracy, for each anion the
logK.ss value was measured on different days and with most anions different
techniques (NMR, UV-vis, and in one case fluorescence) were used. The
binding affinity scale of acetate anion was anchored to three different receptors
20, 40 and 44. Very good consistency between the absolute and relative
measurement results was observed in the case of these receptors. The logK,g
value of receptor 20 with lactate was obtained using the UV-vis method and
logK.s values of benzoate was obtained using NMR, UV-vis and fluorescence
method, for acetate and trimethylacetate the logK,ss value were obtained with
using both NMR and UV-vis methods. Several independent datasets were
obtained on each day and for each of the data sets three calculation procedures
were applied (see II and III for details). The results of the measurements are
presented in Table 3.
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Table 3. Results of absolute logK,; value measurements with indolocarbazole (20) in

DMSO-dg:H,0 (99.5%:0.5% m/m).

Anion Method 101;255 s? n? A;:;%:?i © g,z)b
Lactate anion UV-vis 2.14 0.07 5 2.14 0.09
UV-vis 2.71 0.01 2
Benzoate anion NMR 2.79 0.01 2 2.7 0.08
Fluorescence 2.66 0.02 2
. UV-vis 3.33 0.02 5
Acetate anion NMR 317 0.25 4 3.27 0.13
Trimethylacetate UV-vis 3.35 0.02 3 398 0.13
anion NMR 3.16 0.06 2 ) )

¢ Standard deviation of values from independent experiments and numbers of
independent experiments (on different days). ° Assigned logK,, values and 95%
confidence intervals of the assigned values.
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6. DISCUSSION

General

In this work the binding affinity of four carboxylate anions — lactate, benzoate,
acetate and trimethylacetate — towards different families of receptors was
studied. The observed binding affinity first of all depends on the anion basicity.
Table 2 and Figure 12 indicate that in broad terms the binding affinity follows
the pK, values of anions: the higher the pK, value the stronger the binding
affinity. It was observed that the binding affinity decreases in the row
trimethylacetate > acetate > benzoate > lactate. In very broad terms the
receptors binding strongest to one anion also bind strongly to the three others.
However, there are a number of occasions where binding order changes are ob-
served. These small differences can be revealed thanks to the very high
accuracy of the NMR-based relative binding measurement method. The most
prominent binding affinity order changes are observed in the case of acetate and
trimethylacetate anions. It is observed that besides anion basicity the binding
affinity also depends on anion’s steric demand.

Binding of carboxylates by different receptor families

With most of the indolocarbazole receptors 20, 32-58 binding affinity order
depends on the anion basicity towards the carboxylate anions, but in some cases
(e.g. with indolocarbazole receptors 32, 49, 55-58) the binding of acetate is
roughly equal towards acetate and trimethylacetate. Figure 12 displays that
receptors 32, 49 and 55 bind acetate even slightly higher than trimethylacetate.
However the uncertainties of logK,s values of the anchor compounds are of the
same order of magnitude as the differences, thus it is not possible to state this
with confidence.

The most prominent binding affinity towards all four anions is displayed by
receptors 12, 14, 84 and 87. The high binding affinity is presumably caused by
strong hydrogen bonding (facilitated by favourable orientation of the binding
NH groups), modulated by solvophobic interaction and suitable binding pocket
(cavity) configuration. It can be seen from Figure 12 that these receptors are
able to discriminate to some extent between the carboxylate anions. Receptor 12
has the strongest binding affinity towards the benzoate and trimethylacetate
anions compared to the rest of the receptors. The binding affinity difference of
12 between acetate and trimethylacetate anion is around 0.70 log units. At the
same time in the case of receptor 87 this difference is only around 0.01 log
units. Based on the computational geometry analysis the receptor 12 has a
suitable cavity for accommodating trimethylacetate anion and partial shielding
of its hydrophobic part from the polar solvent without introducing steric stain.
Receptor 87, according to computational geometry analysis it has a cavity, but it
is considerably smaller, crowded by the substitutents. As a result, the binding of
trimethylacetate anion is sterically hindered, but not the binding of acetate
anion, which fits better due to its small size. The receptor 84 is relatively the
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strongest lactate binder of all studied receptors. In the case of benzoate and
trimethylacetate anions it is surpassed by receptors 12, 14 and 87. The
computational geometries of the receptors show that the strong binding is
caused by numerous suitably located hydrogen bond donor sites leading to
tetradentate binding and suitable size of the pocket for fitting the different
anions, so that a nearly planar structure with little steric strain is formed.

In the simple phenyl and/or naphthyl substituted urea receptors 1, 78 and 92
it was found that binding affinity decreases when replacing the phenyl rings by
naphthyl rings, although naphthyl rings are more electronegative than phenyl
rings. Computational data indicate that this is caused by the steric strain forcing
the naphthyl ring out of the plane when binding to the anion. Adding each
naphthyl ring to 1 (to get 78 and 92) decreases the logK, value by around 0.2—
0.5 log units. The reversed situation is observed in the case of the tetradentate
system o-phenylenediamine urea type receptors 8 and 72. Replacing phenyl
rings by naphthyl rings leads to binding affinity increase of around 0.2-0.3 log
units. Examining the geometries of the receptors and the complexes reveals the
reasons: (1) Even the non-complexed receptors are sterically strongly strained
and binding the anion does not increase the strain markedly and (2) because of
the larger size of the binding pocket the naphthyl rings do not come as close to
the anions as in 78 and 92.

It is interesting to compare the binding affinity differences between acetate
and trimethylacetate anions. This difference is 0.06, 0.17 and 0.27 in the case of
1, 78 and 92, respectively. Increase of the relative affinity towards the more
hydrophobic trimethylacetate anion with increasing the number of naphthyl
rings indicates a small share of hydrophobic interaction in binding. Similar
situation is observed when comparing binding affinities between acetate and
benzoate anions.
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Figure 12. Comparison of the binding affinity of carboxylate anions towards selected
receptors.

The binding affinities of the (1,8-disubstituted carbazole) type receptors 82, 84
and 85 differ widely because of the different substituents. 84 is clearly the
strongest binder of the three towards all carboxylate anions by around 2 orders
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of magnitude. This is caused by five HB donor sites, which, according to
computations all participate in binding. Interestingly, in the case of lactate anion
one of the NH groups (near naphthyl ring) gives a hydrogen bond to the lactate
OH group (which acts as HB acceptor). The receptors 82 and 85 are tridentate
(three NH groups). The data suggest that these receptors have relatively strong
binding affinity towards trimethylacetate and benzoate anions and relatively
weaker binding affinity towards the acetate and lactate anions. Receptor 82
displays an interesting behaviour — it is the one where the logK,s difference
between acetate and benzoate is only 0.14 log units — the smallest of all
receptors — and the difference between trimethylacetate and acetate is 0.62 log
units (second highest). Thus, it has disproportionately low binding affinity
towards acetate. The origin of this is not fully clear.

The o-phenylenediamine-diphenylurea combined receptors 67—69 have
bulky and hydrophobic substituents in the second position of the terminal
phenyl rings, linked by NHCO groups. The hydrophobic substituents can be
oriented around the large hydrophobic parts of trimethylacetate and benzoate
anions, in such way that hydrophobic/solvophobic interactions take place, The
binding affinity differences between acetate to trimethylacetate are 0.1-0.2 log
units, and between benzoate and acetate around 0.5-0.7 log units. The small
difference between acetate and trimethylacetate around 0.1-0.2 log units reveals
that either the hydrophobic interaction between trimethylacetate anion and the
receptor is weak or the cavity is too small for the trimethylacetate anion, while
at the same time being very suitable for the acetate anion.

In the context of the receptors and anions studied in this work the most
important structural aspects for high binding affinity for carboxylate ions are the
following:

e The negative charge in carboxylate anions is quite strongly localized on the
carboxylate group and the HB interaction with it is the main binding force. It
is therefore important that the HB donating groups of the receptor form
strong HBs with the carboxylate group. The urea derivatives seem to have a
slight advantage over indolocarbazole — diphenyl urea (1) binds all anions
slightly stronger than indolocarbazole (20). However, this binding strength
can be strongly modified with substituents. Inserting just one -NO, group in
indolocarbazole (receptor 49) increases its binding affinity to all anions by
almost an order of magnitude. Similar effect is achieved on adding three -Cl
groups to diphenyl urea (receptor 91).

e It is critical that the HB donating NH bonds are oriented in a suitable way so
that multiple HBs with the anion can indeed form. Both urea and indolo-
carbazole building blocks are very suitable in this respect. Out of the more
complex receptors 1,3-diindolylurea (14) and 1,3-dicarbazolylurea (12)
feature (in the receptor-anion complex) four suitably positioned NH bonds
and four HBs are formed, leading to high binding affinity. At the same time
in receptors based on 1,2-phenylenediamine (e.g. 72 and 69) the two NH
fragments attached to the phenyl ring suffer from steric repulsion and the
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placement of the NH bonds in the complex is not optimal (they are twisted
with respect to each other).

Substituent effects on binding affinity of indolocarbazole towards carbo-
xylate anions

Binding affinity depends on the hydrogen bond donicity of the receptor.
Introducing electron withdrawing groups into the receptor increases the positive
partial charge on the NH proton and thereby also the binding affinity. The
opposite holds for the electron donating groups. Table 2 enables comparing
indolocarbazole (20) with substituted indolocarbazoles, both with electron-
donating and electron-withdrawing groups. The receptors with electron-
donating groups, such as -CH; and -OCHj; (receptors 32—-37, 46—47), display
binding affinity almost equal to indolocarbazole (20). The receptors with
electron withdrawing groups such as -Cl, -CF3, -NO, and -COOBu (receptors
38-45, 48-62) including mono or disubstituted indolocarbazole receptors have
binding affinities higher than 20 by around 0.3-0.8 log units. The binding
affinity of indolocarbazoles disubstituted with -COOBu or -Cl groups (38—43)
is almost equal to mono-NO,-substituted indolocarbazole receptors 48 and 49.
In broad terms one -NO, group is as powerful as two -CI and -COOBu groups
because of the very strong electron-withdrawing ability of the NO, group. In the
case of mono substitution by a -COO-spacer (receptors 52-58) the binding
affinity does not differ from that of -COOBu.

The position of the substituent in the indolocarbazole moiety is also
important. In our case if the EWGs are in 1 and 10 positions of indolocarbazole
(receptors 44 and 45, -Cl and -CF; groups, respectively) then the binding with 2
NH groups is crowded, which hinders anion binding, so that instead of
increasing the binding affinity decreases by around 1-1.5 log units compared to
indolocarbazole (20). When replacing one -Cl in position 1 by -CF; then logKs
with acetate decreases by 0.27 log units in DMSO-ds:H,0 (99.5%:0.5% m/m).
When replacing two -Cl substituents in 1 and 10 positions by -CF; groups then
the binding affinity decreases by 0.46 log units.

Differences between logK, in 0.5% H,0:ACN and 0.5% H,0:DMSO

The binding affinity differences of simple receptors in 0.5%H,0:ACN and 0.5%
H,O:DMSO were investigated on the example of substituted indolocarbazoles
and two urea-based receptors Table 4. Generally the anion-binding ability of
receptors becomes weaker upon increasing solvent polarity. The same is ob-
served here — the logK, values in the more polar DMSO:H,O mixture are
lower by 1-1.5 orders of magnitude. The correlation between the logK,ss values
in these two media (logK,ss in ACN against logK,s in DMSO) is good, with
R*=0.96 and slope = 0.9. The slope value means that the DMSO:H,0 mixture
has ca 10% better ability to differentiate between the binding affinities. Table 4
demonstrates that the difference of binding affinities between substituted
indolocarbazoles in ACN:H,O and DMSO:H,O increases with increasing
number of electron-withdrawing groups (EWGs) and thus also with increasing
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positive partial charge on the NH groups. This can be interpreted as follows. As
the number of EWGs increases, the HB donicity of the NH protons also
increases, leading to stronger binding of anions. On the other hand, this also
increases the binding efficiency of solvent molecules competing with anions.
This effect is more pronounced with DMSO as DMSO is a stronger HB
acceptor than ACN. Thus, the stronger is the receptor, the more of its binding
strength is “taken away” by DMSO and the difference between the logK,ss
values in ACN and DMSO increases.

Table 4. Binding affinity difference towards the acetate anion in ACN and DMSO.

Receptor logHass
0.5 H,0:DMSO | 0.5 H,0:ACN Difference
1,3-diphenylurea 1l 3.33 4.28 0.95
Receptor 91 4.13 5.20 1.07
Indolocarbazole 20 3.27 4.46 1.19
2,7-(Me0),-indolocarbazole 33 3.26 4.46 1.20
2-MeO-indolocarbazole 46 3.27 4.50 1.23
1-Cl-indolocarbazole 50 2.89 4.24 1.35
4-NO;-indolocarbazole 49 3.88 5.24 1.36
2,7-Cl,-indolocarbazole 42 3.67 5.05 1.38
2-NO;-indolocarbazole 48 3.69 5.09 1.40
2,9-(Cl),-indolocarbazole 41 3.52 4.95 1.43
4,7-(Cl),-indolocarbazole 43 3.74 5.20 1.46
1,10-(CF3),-indolocarbazole 45 1.81 3.36 1.55
1,10-(Cl),-indolocarbazole 44 2.27 3.84 1.57

47



SUMMARY

This thesis focuses on synthesis and accurate binding affinity measurement of
molecular receptors towards carboxylate anions. The work is divided in two
major sections: in the first section synthesis different receptor families (indolo-
carbazoles, urea, thiourea, carbazoles, amide based receptors and their combina-
tions) is described. In the second section the measurements of the binding
affinities of all the receptors towards carboxylate anions using the NMR based
relative binding affinity measurement method are presented.

In the first section the synthesis of different substituted indolocarbazole
receptors as well as receptors based on other binding moieties (urea’s, thiourea,
o-phenylene bis-urea, carbazole, indole) and/or their combinations is presented.

In the second section the relative binding affinity measurements method by
NMR developed in this work is presented. By measuring the binding affinity
differences instead of absolute binding affinities it is possible to obtain highly
accurate results, because many sources of uncertainties (ion pairing, homo-
conjugation, deviation of the actual water content in solution from the nominal
one, etc) cancel out (either fully or partially). The method was applied to the
measurement of 38 synthetic receptors towards the acetate, benzoate, lactate and
trimethylacetate anions in 0.5% H,O:DMSO-ds with excellent consistency
parameters of the order of 0.01. The obtained scales were anchored to directly
measured the logK,s values of indolocarbazole. As a result such binding scales
for different anions can be constructed under the same experimental conditions
which allow direct comparison of their binding affinity. The scales serve also as
tools for determination of binding constants for new receptors. The results
reveal that binding affinity depends on the anion basicity, anion size and
properties of the receptor (number and donicity of the HB donor centres and
their spatial positions in the receptor molecule).

The applicability of NMR method for measuring the relative binding mea-
surement has been demonstrated and its advantages have been outlined: No
need to measure the anion and receptor concentration, high accuracy (many
error sources cancel), robustness, possibility to detect deprotonation and the
possibility to measure up to six receptors in one solution with high consistency.
The scales created in this work can be helpful as anchoring systems for future
measurements of accurate binding affinities of newly developed receptors.
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SUMMARY IN ESTONIAN

Anioonide retseptorid: Siintees ja seondumise tippism66tmised

Kéesolev t60 keskendub karboksiilaatanioonide molekulaarretseptorite siintee-
sile ja seondumise mdotmistele. T66 on jagatud kahte ossa. Esimene osa kirjel-
dab erinevate retseptoriperekondade (indolokarbasoolid, uuread tiouuread,
karbasoolid, amiidid ja nende erinevad kombinatsioonid) siinteesi. Teine osa
kirjeldab NMR-pdShist seondumiskonstantide tipsete vidrtuste modtemeetodit
ning selle abil loodud retseptorite ja nelja karboksiilaataniooni vahelise seon-
dumise skaalasid.

Mootes absoluutsete seondumiskonstantide asemel nende erinevusi on vdi-
malik saada vdga korge tdpsusega andmeid, sest paljud mdoteméddramatuse
allikad (ioonpaardumine, homokonjugatsioon, veesisalduse mdningane erinevus
etteantust, ...) taanduvad tdielikult vOi osaliselt vilja. Vilja tootatud mdoote-
meetodit rakendati 38 siinteetilise retseptori ja nelja karboksiilaataniooni
vaheliste seondumiskonstantide méaaramiseks 0.5% H,O:DMSO-ds lahuses.
Koigi nelja skaala kooskolalisuse standardhdlve on véga hea, suurusjargus
0.01 log tihikut. Skaalad on ankurdatud absoluutsel meetodil méddetud indolo-
karbasooli logK,s vadrtuste kiilge. Sellised skaalad, mis on koostatud eri anioo-
nide jaoks samadel tingimustel ning mille sisemised kooskolalisused on viga
kdrged, on hésti kasutatavad retseptorite vOrdlemiseks sama aniooni seondu-
misel ning ka erinevate anioonide seondumiste vordlemiseks erinevate
retseptoritega. Sellised skaalad on véga kasulikuks todriistaks, et mdota uute
retseptorite logK, vadrtusi. Tulemused néitavad, et logK, vdartused sdltuvad
aniooni aluselisusest ja suurusest ning retseptori HB tsentrite donoorsusest,
arvust ja paigutusest.

Loodud NMR meetodi rakendatavus suhteliste seondumisafiinsuste modt-
misel on saanud kinnituse ja selle eelised on vélja toodud: ei ole vaja teada
anioonide ega retseptorite tipseid kontsentratsioone lahuses, korge tdpsus
(mitmed méadramatuse allikad taanduvad vilja), lihtsus kasutuses, vOimalus
detekteerida retseptorite deprotoneerumist ja vGimalus moota mitme (kuni kuue)
retseptori suhtelist seondumist samas lahuses. Loodud skaalad on kasulikud kui
ankur-siisteemid tulevasteks seondumise mootmisteks uute retseptoritega.
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