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Summary

The self-assembly of N,N’,N”-trialkylbenzene-1,3,5-tricarboxyamides (BTAs) has been reported to
lead to supramolecular columnar-stacked structures with attractive material properties. The
formation of the columnar liquid crystalline phases (mesophases) along a broad range of
temperature is one of the most interesting properties shown by BTAs. In this thesis, the formation of
dimeric structures from the BTA unit was carried out to investigate the stabilization effect on the

columnar supramolecular aggregation.

The first challenge concerned the functionalization of the BTA scaffold in order to introduce an
“anchoring site” and achieve the formation of dimers. In this context, in the literature, the
introduction of alkoxy groups has been demonstrated to reinforce the self-assembly process. For this
reason, we synthetized a mono-2-substituted BTA carrying a pentynyloxy group. We investigated the
aggregation process of the newly synthetized 2-substituted BTAs in the bulk and in solution by means
of DSC, POM, X-ray diffraction and concentration-induced *H-NMR experiments. The presence of this
single substituent significantly influenced the self-assembly process. Moreover, those measurements
revealed that the self-assembly was impaired by H-bond accepting substituents and strengthened by

non-H-bonding substituents.

In the second part, the 2-substituted BTA derivative was employed in the construction of covalently-
connected dimers. The study of the self-assembly process of the dimers was carried out in solution
by employing concentration-induced NMR analyses. These measurements revealed the
enhancement of the association process upon dimerization. However, none of the dimeric structures
presented liquid crystallinity. Therefore, we synthetized a library of 2-substituted BTA dimers with
different aromatic linkers and modifications on the amide side-chains. Finally, we screened the ability
of these dimeric compounds to form mesophases with the goal of establishing an empirical

structure-properties relationship.
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Chapter 1

Understanding the mechanisms that create molecular order from simple building-blocks is a
prerequisite for deepening our knowledge of fundamental processes in biological and material
sciences.™ The availability of new materials showing properties in a programmed fashion (e.g. charge
transporting materials, self-aggregating materials) could be exploited and utilized in a broad scope of
potential applications from photovoltaics to biomedical applications.?

Nowadays the majority of the synthetic organic materials that found industrial uses and large scale
applications are polymers. However, polymers are not good starting materials for creating ordered
structures due to lack of knowledge in their non-covalent aggregation mechanism. Therefore only
few examples of controlled supramolecular assembly of covalent polymers have been reported so
far.®

On the other hand the use of the self-assembly process leading to supramolecular (aggregated)
polymers could potentially solve the challenges in providing materials with controlled properties. The
self-assembly process occurs in natural biological systems (e.g. DNA, proteins) and it has already

been successfully used in abiotic artificial systems.™

Typically, the relatively small number of
interactions responsible for self-assembly is combined with the wealth of empirical data for the
creation of “designed” structures with predictable shapes and properties. “Our ability to predict the
structural features and the functional outcome of the assembled materials is still limited and most of
the learning is done in retrospect” . In-depth understanding of natural phenomena is the ultimate
goal of fundamental research. At the moment that the natural phenomenon is sufficiently mastered,
its exploitation in artificial applications on large scale will be possible. “An important prerequisite to
evolve from an academic curiosity into a viable platform for advanced, functional materials is the
synthetic accessibility of the supramolecular building blocks and an in-depth understanding of how
small changes in the molecular structure affect the aggregation properties”.®

The use of reversible non-covalent interactions toward the construction of supramolecular
architectures presents the advantages of reduced synthetic costs, high modifiability and rapid access
to new structures. Due to the pioneering work of the Nobel laureate Jean-Marie Lehn from the
University of Strasbourg, the understanding of supramolecular non-covalent interactions has
changed and evolved dramatically.”” Since then, a large variety of functionalized monomers have
been reported in the literature.’®! Different types of intermolecular forces that bind monomers to
form supramolecular polymers have also been identified. These interactions are mostly based on n—n

[10] ]

stacking,”” H—bonds,""® metal-ligand interactions!™"! or a symbiotic combination of several different

interactions (e.g. H-bonds and m—m stacking).

Trialkyl benzene-1,3,5-tricarboxamides BTAs: A journey into the
world of self-assembly.

Trialkyl benzene-1,3,5-triacarboxamides (or more simply and commonly called BTAs) are a promising
class of organic compounds used in the preparation of highly organized supramolecular structures
(Scheme 1). Although BTAs were synthesized for the first time in 1915 by Curtius™
in the field of supramolecular chemistry did not started until late 1980s. At that time the group of

! their application

Matsunaga discovered that BTAs form hexagonal columnar liquid crystalline phases (Col,)."® It has
been shown that BTAs organize in columnar mesomorphic phases over a wide temperature range
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when the three side chains R (Scheme 1) are composed of at least five carbon atoms (pentyl

group).[m]
R O _R
acs YOy
H
[e]

HN.__O

o ¥

R R
C=0-centered BTA N-centered BTA

IUPAC IUPAC

NN, NB-(trisubstituted)benzene-1,3,5-  NN.N'"-(benzene-1,3,5-triyl)triamide

tricarboxamide

R = side chains (alkyl, aryl)
Scheme 1. General structures of benzene triamide derivatives BTAs.

In the last decade, trialkyl benzene-1,3,5-triacarboxamides have become the subject of extensive
studies (Graph 1), mostly because of their potential technological applications (e.g. discotic liquid
crystals DLC, organogels, MRI contrasting agents).©

Publications per year

2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Graph 1. Number of publications per year presenting the concept of “Benzene-1,3,5-tricarboxamide”. The key word was
searched on the program Scifinder® chemical abstract on the 1% May 2015. A total of 92 publications were found.

The extensive use of BTAs in the design of materials for new applications became possible thanks to
the understanding of the mechanism of BTAs self-aggregation that results in well-defined
supramolecular architectures.™

columnar self-assembly O
R= Alkyl

Figure 1. Schematic representation of C=0O-centered BTAs columnar aggregation.
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The skeleton of benzene-1,3,5-tricarboxamide is composed of a central C3-symmetrically substituted
aromatic ring (discotic unit) functionalized by three amide groups (containing alkyl chains). The amide
groups can be connected to the aromatic ring in two different positions generating two distinct
isomers (Scheme 1). When the connection to the aromatic ring is made via the nitrogen atom,
N,N',N"-(benzene-1,3,5-triyl)-triamides, commonly called N-centered BTAs, are obtained. When the
connection is made via the carbonyl group however, Nl,N3,N5-(trisubstituted) benzene-1,3,5-
tricarboxamides, called C=0-centered BTAs, are formed. This study deals exclusively with C=0-
centered BTA derivatives, nonetheless for the sake of completeness, crystal structures, aggregation
mechanisms and major synthetic approaches of N-centered BTAs will be discussed as well. In a
simplified model, the aromatic rings are kept in place by a n—n stacking type of interactions. The
three amide groups stabilize the columnar intermolecular arrangement by forming H-bonds with
both neighbors (Figure 1). The process of aggregation was studied in the solid state, by means of X-
ray diffraction, and in solution using NMR and UV-spectroscopic techniques. The major results and
conclusions of the solid structure elucidation and of the analysis of the aggregation mechanism by
Meijer will be presented in this chapter.

X-ray structure

C=0-centered BTAs

More than hundred crystal structures of C=O-centered BTAs have been reported in the literature so
far. In this paragraph we focus the attention on the description of just a few BTA crystal structures to
explain the necessary parameters that enable columnar organization. In our approach we investigate
the influence of the intermolecular H-bonds on the conformation of amide group (N-H--O=C distance,
amide dihedral angle ¢, aromatic inter-ring distance and interplanar dihedral angle). The goal of the
discussion is to highlight the important factors deduced from the analysis of simple model
compounds.

Generally N-alkyl benzamides are showing a coplanar conformation between the aromatic mt-system
and the m-orbitals of the amide group, creating an optimal overlap (Scheme 2).

¢ X o
H[‘l-%\o 8 8,N—R
H4C H

¢ = amide dihedral angle
(Car-Car-C=0)

Scheme 2. Schematic representation of the benzamide torsion angle and the conjugation between the w-orbitals.

The planarity can be distorted by electronic effects or, especially, by the formation of strong H-bond
networks. Compiling the measured torsion angle of p-substituted N-methylbenzamide we found that
electron donating groups (e.g. -Me, -OMe and -OH) induce a small tilt (0°< ¢ <15°) from coplanarity
between the amide bond and the aromatic ring. On the other hand electron withdrawing groups like
-F or -CF3, consistently show a greater tilt (15°< ¢ <30°).
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The second important observation is that H-bond distances reported for the interaction N-H--O=C are
between 1.58 to 2.05 A.*

Since the publication of the pioneering work of Matsunaga, the columnar aggregation of BTA
molecules was proposed as model for the supramolecular structure. The occurrence of a helical
columnar aggregation was confirmed in 1999, by Lightfoot et al., when the X-ray structure of the
non-mesogenic N,N’,N”-(2-methoxy)-ethyl-BTA 1 was reported (Figure 2).**' Typical distances
compatible with H-bonds were measured for the N-H--O=C bonds (2.196, 2.127 and 2.092 A).
Surprisingly, very large torsion angles for the carbonyl groups with respect to the main aromatic
plane were measured (C-Ca-C=0 38°, 43° and 47°). The strong H-bond network twists the carbonyl
groups of 1 out of planarity. The large amide twist angle observed in 1 is the result of mutual
opposing effects: the conjugation between the aromatic ring and the amides favoring planarity and
the intermolecular H-bonds imposing a tilt of the amide groups. The fact that all the three amide
groups are tilted with roughly the same dihedral angle and that they orient towards the same
direction compared to the aromatic ring is due to the helicity and to the propeller-type columnar
organization (Figure 1 and 2).

J/OMe
o HN
MeO\/\N o
H
HN™ ~O
OMe

1

Figure 2. X-ray structure of the propeller-type crystal packing of the model-BTA derivative 1 reported by Lightfoot et al. el

Hydrogen atoms have been omitted for the sake of clarity. Black dashed lines represent intermolecular H-bonds. The
carbonyl groups are depicted in red and the N-H groups in blue in order to accentuate the helicity of the column (same
sense of propagation). The figure illustrates the large twist angles of the three amides.

The aromatic rings are separated by a short centroid inter-ring distance of 3.62 A and the measured
interplanar dihedral angle of 2.8° indicates good coplanarity between the aromatic rings. These two
observations are compatible with the occurrence of strong aromatic n—n stacking interactions.
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Figure 3. Cyclohexyl triamide 2 reported by Hamilton and co-workers. The figure was extracted from the original work of
Hamilton. 7

In 1995 the group of Hamilton reported an X-ray structure of the cyclohexyl triamide 2-the
hydrogenated derivative of 1 (Figure 3).*” The crystal structure analysis shows that the carbonyl
groups are all oriented in the same direction with respect to the main plane of the cyclohexyl ring
forming a torsion angle of 90°. This perpendicular arrangement maximizes the H-bond network. The
absence of the aromatic ring suppresses the effect of the conjugation between the amide groups and
the central ring. As a result, cyclohexyl triamide 2 demonstrates the strong stabilizing effect
originating from the simultaneous formation of the three intermolecular H-bonds. The arrangement
directs all the dipoles formed by the amide bonds of one column into the same direction.

In conclusion, the measured dihedral angle value of the amide group is an important indirect
indication of the strength of the intermolecular H-bonds.

Despite its columnar crystal packing, the model BTA 1 structure does not show mesomorphic
properties due to the short aliphatic side-chain. The crystallization of BTAs substituted with longer
alkyl side-chain is not an easy task owing to the disordered packing of the alkyl chains.

The group of Chu recently reported the crystal structure of the N,N’,N”-trioctyl-BTA 3."® The X-ray
diffraction of 3 shows nano-sheet structures (Figure 4) where every BTA is connected to six other
BTAs via H-bonds. The measured N--O=C distances are compatible with typical intermolecular
H-bond distances (Table 1), and they are slightly shorter when compared to the six H-bonds formed
in the helical structure of 1 (Table 1). In contrast to the model BTA 1, the structure of BTA 3 shows
that one of the amide groups points in the opposite direction compared to the plane of the aromatic
ring. This prevents the coherence of the H-bonds needed to create their helical arrangement. Despite
the difference in the X-ray structure, BTA 3 shows columnar liquid crystallinity over a broad range of
temperatures'’” (see Table 3). The crystal structure of 1 has been postulated to be representative of
the columnar organization despite the fact that compound 1 does not form mesophases. This
example emphasizes the difference between the solid state structures and the columnar
organization of BTA molecules in the mesophase.
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Figure 4. X-ray of the nano-sheet structure of 3 reported by Chu.™® Black dashed lines indicate intermolecular H-bonds. The
calculated interplanar dihedral angle is 0° indicating perfect coplanarity.

BTA™T R Torsion angle ¢ (°)  d H-bond (N-H--0=C) (A) Crystal packing
4™ gt -8; 14; 45 2.053, 2.040, 2.048 Supramolecular sheets
1" CH,-CH,-OMe 38;43; 47 2.196, 2.127, 2.092 Columns
308 CaHy, 15; 16; 34 2.103, 2.016, 2.047 Chiral nano-sheets

Table 1. Comparison of different trialkyl-substituted C=O-centered BTAs.

In 2009 Jimenez et al. reported the crystal structure of BTA 4 substituted by ethyl side chains
(Figure 5). As in the case of the trioctyl substituted BTA 3, the amide groups in 4 are slightly tilted
from the plain of the aromatic ring plane (Table 1). Also in this case one carbonyl group is oriented
towards the opposite side with respect to the aromatic plane. The measured interplanar dihedral
angle is equal to 0°, but the aromatic rings are too far away to exhibit n—r stacking. Therefore, the
crystal packings of BTA 3 and 4 are predominantly driven by the intermolecular H-bond interactions.
The columnar organization however is the result of co-operating effects between H-bonds and n-nt
interactions.

o) R
Ry o
H
HNT SO0
R
4R=C,Hg

Figure 5. X-ray structure showing the sheets formed by of triethyl-BTA 4. Black dashed lines refer to intermolecular
H-bonds. Hydrogens are omitted for simplicity.“g] The crystal structure shows the sheets induced by the intermolecular
H-bonds. The calculated interplanar dihedral angle is 0° indicating a perfect coplanarity
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N-centered BTAs

Only six crystal structures of N-centered BTAs have been reported in the literature so far. This lack of
data hinders extensive comparative studies as in the case of C=0O-centered BTA. The change in
connectivity of the amide groups in BTA derivatives (N- vs. C=0O-centered) strongly influences the
nature and the strength of the intermolecular interactions (in particular the H-bonds). To highlight
this differences, we present a comparison between the BTA structures 5 and 6 (Scheme 3). Both

compounds are substituted by tert-butyl groups either connected to a C=O-centered BTA5 ® or to a
N-centered BTA 6. 2!
>L Oﬁ)<
NH o]
H
o NJ< >H(N NH
H o)
5 6

C=0-centered BTA N-centered BTA

Scheme 3. The structures of the tert-butyl substituted C=O-centered 5 and N-centered 6 BTAs.
BTART Centroid Torsion angle @ H-bond distances (A) Crystal packing
distances (A)
6 3.402 31.63°; 31.46°; 34.56° 2.110; 2.044; 2.144 Columnar

Table 2. Crystallographic data of the N-centered 6 tert-butyl substituted BTAs.

The X-ray structures of 5 and 6 show that both BTAs present helical columnar packing similar to the
BTA derivative 1. The amide groups of the N-centered derivative have a slightly smaller torsion angle
with respect to the C=0O-centered BTA 4 analogue. ™ The distances found in the NH--O=C bonds are
0.3 A longer in 6 indicating weaker intermolecular H-bonds. This type of connectivity weakens the
intermolecular H-bonds as indicated by the longer N-H--O=C distances and the smaller amide torsion
angles characteristic for weaker interactions.

In conclusion, the helical columnar assembly of BTA derivatives has been well documented with the
help of data from the crystal structure of the model compound 1. The intermolecular H-bonds are
arranged as a triple helix around the aromatic core hold together by n-stacking interactions. The tilt
angle of the amide groups towards the plane of the aromatic ring is a good probe for the strength of
the intermolecular H-bonds. Deducing the propensity to form mesophases by analyzing the crystal
packing obtained from the XRD study is still difficult. The data available is not sufficient to predict the
mesophase formation with a high enough degree of certainty.

Mechanism of aggregation

Understanding the mechanism of the supramolecular aggregation should provide the rules needed
for rational design, controlled aggregation and thereby predicting the properties of the resulting
materials.¥

Different techniques have been used to monitor the BTA aggregation process, such as
concentration-dependent™ and temperature-dependent UV-vis spectroscopy?? as well as circular
dichroism (CD) spectroscopy studies on BTAs substituted with side chains containing chiral centers.”?
Considerable progress has been made at elucidating the mechanism of supramolecular

polymerization.”® Different mathematical models have been proposed to describe the formation of

8



Chapter 1

supramolecular aggregates.™ > The supramolecular aggregation of BTA derivatives follows one of
the two different mechanisms: Isodesmic or Cooperative mechanism (Figure 6).

Growing polymer
chains

a) Isodesmic

w ¥ wiE o<

Growing polymer
chains

L = /\

=
= B “:

b) Cooperative

Concentration

Temperature

Figure 6. Schematic representation of supramolecular polymerization. a) Isodesmic model. b) Cooperative supramolecular
. ) e . . . (14)
polymerization. The figure was extracted and modified from the original review of Meijer and co-workers.

Cooperative aggregation

Most of the BTA derivatives are found to polymerize according to the cooperative mechanism."™* This
type of aggregation proceeds via two distinct steps: nucleation step, characterized by an association
constant K,, followed by an elongation step with an equilibrium constant K.. As soon as the
concentration of the monomer species (or the temperature of the solution) enables the self-
assembly process, the formation of a first aggregated supramolecular oligomer takes place
(nucleation step) (Figure 7).

s ‘T—’ET—’ET—’ etc
Kn Ke Ke Ke

Figure 7. Schematic representation of cooperative supramolecular polymerization. The two different equilibrium
(association) constants, nucleation constant K, and the elongation constant K., are highlighted. The figure was extracted
from the review of Meijer and co-workers.™!

Once this first step is accomplished, the supramolecular polymerization continues with the second
step (elongation). The supramolecular polymerization constant, characterizing the elongation, is
higher in value than the nucleation constant (K. > K,,).*"
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Scheme 4. Different thermodynamic equilibrium constants as postulated for the cooperative mechanism are shown. The
scheme was extracted from the review of Meijer and co-worker.

To study the supramolecular polymerization mechanism of BTA derivatives temperature-dependent
circular dichroism (CD) and UV-Vis spectroscopy were used. These techniques allowed to distinguish
whether the aggregation follows the isodesmic or cooperative mechanism.?> %
Temperature-dependent UV spectra recorded for temperatures between 90 and 20 °C revealed
occurrence of a hypochromic shift in the absorption maximum indicating the formation of aggregates
(Figure 8a). Further investigations carried out for different concentrations of 3 revealed the
occurrence of two distinct events upon cooling the solution (Figure 8b and c). At higher temperatures
(around 90 °C) the absorbance value remains almost constant with changing temperature and then
drops upon further cooling. The first event corresponds to the nucleation step that is characterized
by an association constant K,. In this stage 3 is present in the non-aggregated (monomeric) form.
Temperature decrease enlarges the rate of spontaneous self-aggregation of 3. This is so-called
elongation step characterized by an association constant K. that has the same value for each
consecutive aggregation step but differs from K,,. The plotted curves show non-sigmoidal relationship
between absorbance and temperature. This is characteristic of a cooperative aggregation
mechanism. This result is in accordance with the findings from temperature-dependent CD
measurements for BTA 3 solutions.

When a chiral aliphatic amine ((R)-3,7-dimethyl-octylamine) was introduced as the side chain of 7,
the aggregation process was followed employing both temperature-dependent circular dichroism CD
and UV-vis experiments (Figure 8c). Non-sigmoidal curves, characteristic of a cooperative type of
assembly were obtained in both cases.

10
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Figure 8. a) Temperature-dependent UV-Vis absorption spectra of 3 at 3.5 x10° M from 90 °C to 20 °C (the arrow indicates
the direction of the heating) in heptane. b) Temperature-dependent UV-Vis adsorption spectra of 3 at 223 nm. (Black curve
4.2 x10° M; cyan curve 3.5 x10° M; green curve 2.2 x10° M; blue curve 1.8 x10° M). c) Temperature-dependent circular
dichroism e[);g)beriments of 7 at 223 nm at 1.4 x10° M. The figures were extracted from the original work of Meijer and
co-workers.
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Origin of the cooperativity

The origin of the cooperative nature of BTAs supramolecular aggregation were studied by de Greef
and co-workers employing quantum mechanical DFT calculations.”® 2" The results indicated a
concomitance of long range non-nearest neighbor dipole-dipole interactions and non-pairwise short
range polarization resulting from H-bonds. The calculated electron-density maps indicate a global
addition of the single induced-dipole moments redistributing the local polarization along the
supramolecular BTA aggregate (Figure 9).%”)

gt ..

?&Fe;géo
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Figure 9. Electron-density differences calculated by subtracting the electron density of the individual monomer from the
electron density of the constituting oligomer (dimer, trimer and hexamer). The figure was extracted from the original work
of de Greef and co-workers.””!

According to the quantum mechanical simulation, the first nucleation step produces an anisotropic
electron density and induces a macro-dipole moment?® variation in the BTAs dimer (n= 2). Once the
dimer is formed, the supramolecular growth (elongation) occurs without variation of the induced
macro-dipole moment or the electron density of the native polymer (n= 3 and n= 6). At this point all
further aggregation steps proceed as for the isodesmic mechanism (Scheme 5), where all the
polymerization steps have the same association constant.

Isodesmic aggregation

The isodesmic model is the second mechanism occurring in the aggregation process of BTA
derivatives. It is also called the “equal-K” model because it assumes that during the polymerization
every single step has the same association constant K value (Figure 10 and Scheme 5a). It represents
the linear supramolecular aggregation of a vast number of organic molecules (e.g. perylene bisimide
derivatives, Scheme 5b),* however only bipyridyl-substituted BTA derivatives were found to
aggregate according to the isodesmic model.®® From a mechanistic point of view, the initial
aggregate formation does not modify the affinity of the molecular assembly towards the
polymerization.

g I I I

I — P = *.—_’ -:’.:etc
K K K K

Figure 10. Representation of the isodesmic polymerization model, where all association constants K are equal. The figure
was extracted from the review of Meijer and co-workers.™

12
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The supramolecular aggregation proceeds following the same thermodynamic equilibrium constant
for all the steps (equal-K). The temperature-dependent UV-vis titration gives a sigmoidal curve from
which only one thermodynamic constant can be deduced (Figure 11b).

a) b)
K
M, +M, ==M,  [M,]KM, ]
. o o OC1sHps

K
M, + M, &—=M, [M,]=K*[M, T N 0.0 N
cmod=S

M, +M, éM, M)=K(KIM, D)’ i=1,2,.0 CioHpsO  OCiaHas Perylene bisimide 8

Scheme 5. a) Isodesmic polymerization mechanism. The thermodynamic equilibrium (aggregation) constant K is the same
for every polymerization step. The scheme was extracted from the review of Meijer and co-workers."™ b) Perylene bisimide
8, a molecule forming a discotic mesophase aggregating according to an isodesmic mechanism. %!

Ci2Hs0 OCioHzs

The three different bipyridyl-substituted BTAs 9-11 (Figure 11) have been found to aggregate
according to an isodesmic mechanism. When BTA 10 was analyzed by means of concentration and

temperature-dependent CD spectroscopy, the normalized curve of the e.e. vs. the net helicity gave a
).[30]

diagnostic sigmoidal curves, typical of an isodesmic aggregation mechanism (Figure 11
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Figure 11. BTA derivatives substituted by pyridyl side chains reported by Meijer and co-workers. a) Proposed model for the
self-assembly of the planar BTA. b) Normalized CD results of BTA 10 in octane at 20 °C. The sigmoidal curve clearly indicates
an isodesmic aggregation mechanism. The figure was extracted from the publication of Meijer and co-workers.®”!

This atypical self-assembly mechanism has been analyzed by quantum-mechanical ab initio
calculations. MP2 ab initio calculations indicated the formation of strong intramolecular H-bonds
between the N—H of the aromatic central core and the nitrogen atom on the bipyridine system.”
The result of these intramolecular interactions is a coplanar arrangement of the BTA derivatives,
where the dihedral angles of the three amides are almost 0° with respect to the plane of the central
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aromatic ring. The self-assembly process is not driven by intramolecular H-bonds but by n—mn stacking
and solvophobic effects.

Fully-substituted “crowded” arenes BTA

The study of BTA 10 showed that other intermolecular interactions like mt-stacking and solvophobic
interactions can be exploited to drive the self-assembly of BTA derivatives. H-bonds however still
play the major role in the self-assembly of BTA derivatives. Nuckolls and co-workers introduced three
substituents on the aromatic core of the BTA scaffold. By doing so they forced the amide groups out
of the planarity and they facilitated intermolecular H-bond formation. This approach lead to a new
class of 2,4,6-trisubstituted BTA called “crowded aromatics”.®? The first reported crowded aromatic
(2,4,6-trialkoxy-BTA) 12 showed an enhanced capability to form intermolecular H-bonds (Figure
12).53

Ry o R'= Ph
H \(
RO OR
[Nige} R=CyzHzs
& 12

Figure 12. Modeling of crowded arene BTA 12 showing the energy minimized structure. The figure was extracted from the
publication of Nuckolls and co-workers.®*!

Molecular mechanics energy minimization of 12 (Figure 12) indicated that the three amide groups
are tilted away from planarity (calculated dihedral angle of ~60°) facilitating the occurrence of
intermolecular H-bond interactions. The amide groups try to avoid steric strain by directing the N—H
group away from its nearest neighbor -the oxygen of the alkoxy group. Concomitantly, the oxygen
atom of the carbonyl group tries to avoid Coulomb repulsion with its neighbor thereby increasing the
forces preferring high dihedral angles. Temperature-dependent CD aggregation analyses on BTA 12
showed the cooperative nature of the supramolecular self-assembly mechanism of BTA 12.4

R= \rPh

R=Cy5Hzs

Figure 13. Crowded arene 13 substituted by the introduction of alkyne chains. The figure was extracted from the original
publication of Nuckolls and co-workers.®”

Another example of the crowded arene is 2,4,6-trialkynyl-BTA 13 (Figure 13).°* Analysis of the
aggregation employing fluorescence spectroscopy indicated the formation of supramolecular
architectures in dichloromethane. No aggregation was observed in an apolar solvent, such as
dodecane. If the supramolecular aggregation would have been driven by intermolecular H-bonds, the

14
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aggregation should be enhanced in apolar aprotic solvents like dodecane. The authors explained
their results as a consequence of enhanced solvophobic effects. Indeed, the apolar dodecane
stabilizes the monomer thereby decreasing length of the aggregate. This result indicates that both
H-bonds and solvophobic effects play a fundamental role in the self-assembly process.

Aggregation of N-centered BTA

Few studies on the supramolecular aggregation mechanism of N-centered BTA derivatives has been
carried out by Meijer and co-workers.?® The well-established temperature-dependent CD and UV-Vis
analysis was used to study the aggregation process of N-centered BTAs.2% Interestingly, the same
cooperative supramolecular aggregation mechanism, explainable by two association constants K,
and K., as for C=0-centered BTA was found. Quantitative spectroscopic analyses indicated a smaller
enthalpy change associated with the elongation step compared with the analog C=O-centered

derivative 1.
a) b)
N-centred
40 3
H Me
o
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(o] C-centred
)L H 4
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Figure 14. a) Torsion angle 6 of the C,-N and C,-C bonds of N-centered 14 and C=O-centered BTA 15 derivatives. b)
Potential energy profiles for the torsion angle between the C,.-N and C,,-C bonds of N-centered and C=0O-centered BTA
derivatives. The figures were extracted from the publication of Meijer and co-workers.®

Density functional theory DFT calculations were carried out in order to rationalize the reasons of the
observed phenomena. A lower cohesive energy for the aggregation process of 14 was found
compared with the C=O-centered 15 (AE of 10 kimol?). Temperature-dependent infrared
measurements and theoretical calculation indicated the occurrence of longer distances for the N—H
H--O=C bonds of N-centered BTA. This increased distance is interpreted as a sign of the decrease of
the intermolecular H-bond strength.®” These theoretical calculations showed that the rotation along
the Ca—N bond (N-centered BTA) is less favorable then the rotation of the C,,—C bond (C=0-
centered). At a dihedral angle of 40° the difference of energy induced by torsion strain between the
two types of BTA is 17 k) mol™ (Figure 14b).2 In accordance with these analyses the N-centered BTA
14 showed a reduced propensity and efficiency towards supramolecular aggregation when compared
to the C=0O-centered BTA 15 (Figure 14).
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Applications

The applications of BTA derivatives are closely related to the nature of the side chains. C=0 and
N-substituted BTAs carrying alkyl groups form hexagonal columnar liquid crystals, depending on the
length and the nature (linear or branched) of the alkyl chain." *¥! Matsunaga reported in his
pioneering work the effects of the chain length on the temperature range of mesomorphic behavior
of alkyl-substituted BTAs (Table 3)." The measured temperature for the melting to the isotropic
liquid phase transition of the different BTA derivatives is quasi constant (between 204 and 216 °C).
However the occurrence of the first liquid crystalline phase is correlated to the length of the chains.
This transition seems to go through a minimum for the chain length C,, and stabilizes around a
temperature between 73 and 88 °C. An alteration of the temperature between chain length
composed of a paired number of carbon atoms and chain length composed of an unpaired number of
carbon atoms can be observed. The temperature of 61 °C reported for the chain length C,, may be
an outlier.

R Transition Temperature (°C) AT (°C)
and Enthalpy (kJ mol™) Range of LC

CsHu Cr75(6) 119(10) Col,, 206(6) | 87 R
CeHus Cr 99(12) Col,, 205(22) I 106 o HN
CsHis Cr 116(16) Col}, 208(12) | 92 R‘N (o}
CgHyy Cr 102(19) Coly, 204(17) 1 102 H
CoHio Cr 65(17) Col,, 215(15) | 150
CioH21 Cr 49(47) Col,, 208(20) I 159 HN™ =0
CiHys Cr 72(32) Coly, 216(15) | 144 R
CiHys Cr21(11) 88(36) Coly, 212(16) 1 124
Cy3Hy Cr 32(7) 81(27) Coly, 216(13) 1 135 R= from pentyl (CsHy4) to
CiaHyg Cr 61(59) Coly, 209(15) 1 148 octadecyl (C1gHs7)
CisH Cr 88(56) Col, 214(14) | 126
CieHss Cr 73(68) Coly, 205(12) | 132
Cy7H3s Cr 87(66) Coly, 211(9) I 124
CigH3y Cr 78(68) Col,, 206(12) | 128

Table 3. Transition temperature and relatives enthalpy of alkyl BTAs extracted from the Matsunaga’s work." cr indicates
the crystal state. Col, indicate the columnar liquid crystalline state. | indicates the isotropic liquid state. AT expresses the
temperature difference (in °C) of the mesophases.

Liquid crystalline trialkyl benzene-1,3,5-tricarboxyamides (BTAs) have been reported to form a large
polarization of 10 mC/m? in the amorphous solid phase at 70 °C (below the mesophases formation

temperature).® Indeed BTAs are known to form a macro-dipole along the columnar axis (Figure
15).[28,40]

R. .H Hydrogen bonded
N o stacking

oy
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&ﬁ*( Columns:

Macrodipole

Figure 15. Schematic representation of the formed macrodipole along the supramolecular axis. The figure was extracted
from the publication of Sijbesma and co-workers.*%)

This property could be exploited for the fabrication of non-volatile memory devices."*!
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The BTA scaffold found other important applications. When the lateral chains consists of branched
alkyl groups, the formation of organogel (in organic solvents) is favored over liquid crystals.*? The
group of Palmans patented the use of BTA-based organogels to produce insulating layers for
electrical cables.™ When the branched side chains are polar enough to allow the dissolution of BTAs
in water, the formation of hydrogel is observed."*!

Fiber-like needles were obtained when the side chains are composed of a bulky aliphatic group such
as the tert-butyl group (e.g. 5 and 6). This property made such bulky substituted BTAs effective
nucleating agents for the clarification of isotactic polypropylene iPP.*) Adding a small amount of the
nucleating agent (ca. 200 ppm) the crystallization temperature of iPP increases making the material
less opaque. N-centered t-butyl BTA 6 was found to be an effective derivative for the clarification of
iPP.*! The German company BASF commerecialized 6 under the name of Irgaclear XT 386.

Recently water soluble BTA derivatives (gadolinium-based complexes) *”! found an application in the
biomedical field as contrasting agents for MRI diagnostic.“®! The use of BTA derivatives in the drug
delivery has also been studied. **

Exhaustive literature reviews have been published by the groups of Meijer®® and more recently of
Palmans'® working in Eindhoven.

Closing Remarks

A large amount of research has been done so far on BTA derivatives and a lot of empirical data are
available in the open literature. This was possible because the synthesis of the BTA derivatives is easy
and the structural variations are simple. The formation of H-bonds has been postulated to be the key
factor responsible for the supramolecular assembly of BTAs. This proposition has been largely
corroborated by spectroscopic and diffraction analyses. The effects of the side chains on the crystal
packing and, consequently on the supramolecular organization has been demonstrated. In
conclusion, the properties of the BTA could be designed by modifying the nature of the lateral chains
introduced on the amide group.
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BTAs as building blocks forming columnar liquid crystals

Generality and Classification of Columnar Liquid Crystals
The liquid crystalline phase is a state of the matter intermediate between solid and liquid. Liquid
crystalline materials belong to the family of soft matter where the distinctive properties of both the
liquid and the crystal phases are combined: rigidity from the solid and flexibility from the liquid
(Scheme 6).

Liquid Crystal

Flexible Rigid

N T L
i T

Rigid = component responsible for solid character
Flexible = component responsible for liquid character

Flexible

Scheme 6. Generic representation of a (columnar) liquid crystalline compound as a combination of order (rigidity) and
disorder (flexibility).

The identification of the liquid crystalline (LC) phase was achieved almost hundred and thirty years
ago by the German chemist Otto Lehmann.®® Since that time the world of liquid crystals evolved
from a pure academic research into a field with many important industrial applications. This new
type of phase was classified in a systematic fashion.

The first classification is based on the nature of the mesophase formation. This can be induced either
by varying the concentration of the self-assembling molecules (lyotropic LCs) or by changing the
temperature (thermotropic LCs). Examples of the first class are micelles made of amphiphilic
tensioactive phospholipids.

Our description of the systematic classification refers to thermotropic LCs exclusively which is the
largest family of mesomorphic compounds.

Depending on the shape of the molecules, different types of mesophases are formed (Figure 16).
Rod-like molecules give rise to nematic phases; disk-like molecules generate discotic liquid crystals
(=DLC) (Figure 16). Each type of LC presents its own characteristic and potential applications (Figure
16). We focused exclusively on discotic liquid crystals (DLCs) since BTAs form thermotropic columnar
mesophases.
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Figure 16. Schematic classification of the different types of thermotropic liquid crystals and their applications. The dashed
red square indicates the family of DLC, which are of interest to us. The figure was extracted and modified from the original
publication of Goodby. 1

Discotic Liquid Crystals
Chandrasekhar observed in 1977 for the first time a discotic liquid crystalline phase DLC.*? He
analyzed the mesomorphic properties of the benzene-1,2,3,4,5,6-hexacarboxylic acid hexalkyl ester
(Figure 17a). This first molecule defines the typical morphology that enables the formation of
columnar organizations:

v’ arigid aromatic central core

v’ flexible lateral alkyl chains (typically longer than five carbons)

0-40 A
conducting core

insulating chains” ¥y

o~
S3SAE R

i
-

*harge migration

charge mugratior "y
-
n

a) R= CgH;3 Cr68 Col 931 b)

Figure 17. a) Structure of the benzene-1,2,3,4,5,6-hexacarboxylic acid hexalkyl ester.? b) Schematic representation of the
columnar liquid crystals. The central aromatic cores are surrounded by the flexible aliphatic chains. Figure 17b was
extracted from the review of Kumar.*?
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The aromatic central cores drive the columnar assembly by forming m-n interactions (“rigid”
contribution) whereas the aliphatic lateral chains contribute to the “flexibility”. Disk-shaped
molecules can exhibit three different mesophases:

v" Nematic: The following classes have been observed: Nematic Discotic Np, Chiral Nematic Np*
and Columnar Nematic N¢,.

V' Lamellar

v Columnar: This type is divided into the following classes: Hexagonal Col,, Rectangular Col,,
Oblique, Plastic Col, and Helical (Figure 18).

columnar
oblique

(LA

(A

(CC
(({

columnar plastic helical columnar lamellar
Figure 18. Schematic representation of the different types of columnar phases. The figure was extracted and modified from
the original review of Kumar."**

Characterization of the Liquid Crystalline Phase

Liquid crystals are organic molecules and consequentially they can be characterized using the
classical analytical techniques such as NMR, IR, and MS spectroscopy. Characterization of the
supramolecular structures and their material properties necessitates the use of specialized
techniques.

Polarized Light Microscope (POM) and Small Angle X-ray Scattering (SAXS)

Typically, the first test carried out on a sample expected to form mesophases is to examine the
birefringence of the compound. When a polarized light beam crosses an anisotropic material
birefringence is observed. The refractive index of such material depends on the polarization and on
the direction of the light propagation. Therefore an incident light beam is split in two components
with different propagation speed. Liquid crystals are anisotropic materials, therefore birefringent,
and they split the incident light beams in different components depending of the local polarization of
the LCs. The light passing a sample containing a LC material creates textures and colors, which can
be easily observed. Columnar liquid crystalline compounds are known to be birefringent materials
that form characteristic pseudo-focal conic textures (Figure 19a). This type of analysis of the liquid
crystalline phase is extremely powerful because it is inexpensive and fast. It allows to identify
different mesophases by evaluating the observed textures which are specific for a given type of
mesophase.
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Figure 19. a) Typical pseudo-focal conic texture of the chiral BTA derivative 16 at 217 °C. 138) b) Chemical structure of 16. c)
Example of 2D lattice of columnar mesophases adapted from the publication of Laschat et al. 54

Unfortunately this technique is not adapted to determine the symmetry of the supramolecular
structure (2D lattice). For example BTA derivatives form hexagonal columns. The POM analysis shows
the typical pseudo-focal conic textures. To gain information on the symmetry of the columns
(2D lattice) other techniques have to be used (Figure 19c). In order to determine the symmetry of the
hexagonal columns Small Angle X-ray Scattering (SAXS) analyses are required.” This technique is
based on the recording of the elastic scattering of X-ray radiation at very small angles (0.1° — 10°)
through the analyzed sample. The scattering of the X-ray radiation by the material depends of the
density and geometry of the packing. This technique enables the structural determination of
heterogeneous and disordered materials.

Differential Scanning Calorimetry (DSC)

The DSC is a calorimetric method used to analyze quantitatively the temperature and the enthalpy of
a thermal phase transition. DSC measures the transition temperature and the associated relative
energies (exchanged heat AH) for the LCs studied. In a typical DSC analysis a heating cycle followed
by a cooling cycle are recorded. A thermal transition (e.g. melting point) is expected to be present in
both cycles. Such transitions are called enantiotropic. However there are cases where such phase
transition is observed exclusively on the heating or cooling cycle. Those types of transitions are called
monotropic.

Importance of Columnar Discotic LC (DLC): organic semiconductors

Nematic liquid crystals were the first class of LCs that found industrial application in the sixties of the
last century. Today fluorinated nematic LCs are employed on a large scale in electronic devices like
liquid crystal displays (LCD).*® Discotic Liquid Crystals (DLC) are promising candidates for
organic-based semi-conducting materials replacing expensive inorganic semiconductors. Therefore
DLCs are objects of intensive research in academia. This class of LCs shows charge transport along
the columnar axis.”” This feature might be exploited for the fabrication of photovoltaic systems
(PV)®® and field-effect transistors (FETs).*® When the aromatic cores in DLCs are separated by a
distance of around 3.5 A, an overlap between the m#—m* LUMOs (Lowest Unoccupied Molecular
Orbital) along the columnar axis occurs forming a conducting bands facilitating charge mobility
(Figure 20a).
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Figure 20. a) Schematic representation of the energy separation of the conducting bands in discotic liquid crystals. The
columnar aggregation of the discotic units allows the overlap of the n*-n* LUMO of each unit forming a conduction band
along the columnar axis. b) Schematic representation of TOF experiment. The figure was extracted from the review of
Laschat and co-workers.®")

a) b)

When a photoactive material is irradiated, electrons (e’) can be promoted into the conduction band
leaving an electron hole in the valence band (p*). The generated electric charges can be transported
and thereby separated along the organic material. If full charge separation is achieved, the
photovoltaic device can generate electric current. The recombination of electrons and holes in
organic semiconductors has been used to create organic light emitting diodes (OLED).

The transport of the electric charge in organic materials (semiconductors) can take place by two
mechanisms: i) hole migration or ji) electron migration. Hole migration occurs typically in
electron-rich aromatics that are able to stabilize the electric holes, called p-type organic
semiconductors. The most important examples of p-type semiconductors are 2,3,6,7,10,11-
hexalkoxy-triphenylene derivatives, coronene, hexabenzocoronene HBC (Scheme 8).

: o R _o
OR i
RO. ' H
98¢ oCr I
) G O
RO
OR H
H 07N "0
H R
coronene HBC 2,3,6,7,10,11-hexalkoxytriphenylene E N,N-dialkylperylene bisimide
hexabenzocoronene :
p-type organic semiconductor : n-type organic semiconductor

Scheme 7. Examples of p-type (left) and n-type (right) DLCs as organic semiconductors.

Electron migration is typical for electron poor aromatics, called n-type organic semiconductors.
Representative examples of n-type semiconductors are perylene derivatives (Scheme 7).

Precisely measuring the charge transport is of fundamental importance. Two different techniques
have been developed to reliably measure the charge transport in organic materials. The first
technique is the time-of-flight (TOF) electron mobility measurement (schematic representation of the
apparatus system shown in Figure 20b)"*. The mesomorphic material, in its liquid crystalline state, is
irradiated by a pulsed light producing the formation of electric charges in the sample. An external
electric field is applied to induce the charges to move. The transient current is recorded. These types
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of measurements allow to identify the charge carrier (holes or electrons). The charge mobility can be
determined as well. To obtain reliable results from TOF electron mobility measurements good
alignment of the molecules in the mesophase is crucial.

The second technique developed is called pulse-radiolysis time-resolved microwave conductivity
technique PR-TRMC.'*" The electric charge is generated by exposing the sample to a very short and
very intense electron pulse (0.5 — 50 ns of 3 MeV). This pulse perturbs the microwave absorbance of
the analyzed material. The charge transport can be calculated from the observed change in
microwave absorption. PR-TRMC techniques do not require the perfect alignment of the aromatic
molecules in the columnar mesophases.
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A key feature of BTAs in the context of material sciences is the formation of columnar discotic LCs
(DLCs). The ferroelectric nature of those columnar DLC produces a macroscopic dipole moment along

W The electron poor aromatic system confers to the materials made from

the supramolecular axis.
the BTA scaffold the status of good candidates for the construction of n-type heterojunction
materials for photovoltaics (PV) and field-effect transistor (FETs)? or for non-volatile memory
devices.”! All of these potential applications depend strongly of the ability of BTAs to self-aggregate
in a highly organized supramolecular arrangement. Organic molecules show very low charge mobility
(ca. 10° cm?V's™) compared to inorganic conducting materials like graphite (3 cm?V’s™)." This lack
of charge transport (either electron transport or hole transport) is due to defects in the packing.'®
Recently the group of Millen demonstrated that discotic columnar liquid crystals could show
extremely high charge transport when packing defects are suppressed.” Improving this parameter is
a key factor to introduce elements made from organic molecules into organic-based electronic
devices. An established approach to enhance the quality of the columnar organization of discotic
liquid crystals is the formation of dimers with the goal to reduce the degree of freedom and stabilize
the columnar organization (Figure 1).*!
type organic semiconductors.”) Our group recently reported a successful example of increased

This strategy has been extensively applied in the domain of p-

organization in p-type triphenylene dimers (Scheme 1).%

Z OR
o _Z CuSO; 5H0, Na Asc O O
OO NN RO O / NMN/»’J .
Q o

OR THF/H,0 1:1
"o rt, 16h O
(40%)
OR RO OR
R=CgH1s
Comparison of
Cr75°Cl -— Liquid Crystalline R — Col 153°C |
no mesophase Temnperature Range liquid crystal

Scheme 1. Example of discotic unit dimerization by “CUAAC” chemistry employment from our research group.“o]

Unfortunately only few examples of dimers employing n-types discotic liquid crystals have been
successfully synthesized so far. Problems related to the synthesis of the precursors and the lower
stability of the molecules used affected the development of n-type DLC dimers. Both p-type and n-
type materials are needed for the construction of organic-based photovoltaic systems (Figure 1). The
aggregation mechanism and the solid structures of BTA based materials are well-known, which
makes them ideal candidates for the manufacturing of n-type organic semiconductors.

L —— - a — - = m—
— D e S e —— g D R A e
—_— VYYD NPV = - = —
. furth
el B e I —— e - a= e —
—— direction
heteroditopic dimer:
monomer: dimer:
columnar organization highly-organized columnar organization < n-type semiconductor (electron poor)
<> p-type semiconductor (electron rich)
low charge transport high charge transport
+10cm? V151 ~0.1-1 cm?Vv-1s

Figure 1. Schematic representation of the long term goal of this work.
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Our main goal is exploiting BTAs as compounds for the fabrication of discotic columnar liquid
crystalline materials. Concomitantly we wish to obtain the required material’s properties based on
the rational design of the dimer structures and a meticulously controlled process forming the desired
supramolecular arrangement. To the best of our knowledge rules for the construction of n-type
dimers are still missing. Once our studies will have revealed the requisite design features for reaching
our goal, we will have to envisage replacing the aromatic BTAs ring with a well-known conducting n-
type discotic system such as the N, N-dialkyl perylene bisimide.'* The goal of this next step will be to
transfer the lessons learned from small aromatic BTA rings to organic compounds with higher
inherent conductivity.

The general design is based on the creation of ditopic, covalently linked dimers of p-type/n-type
forming columnar systems suitable for the application in photovoltaics (Figure 1).

Predicted Changes in the Material Properties Induced by Dimerization

expected AS of NO expected A5 of NO expected AS of
the aromatlc signals the aromatic signals the aromatic signals

S+ | - |
Mmﬂ

NO expected AS of
the aromatic signals
) ideal columnar-like b) rod-like
supramolecular aggregation supramolecular aggregation

Scheme 2. Anticipated supramolecular arrangement of BTA dimers. The aromatic ring introduced in the middle of the linker
will be used as a probe to study the supramolecular self-assembly. The chemical shift of the protons in the aromatic ring will
be good sensors for the aggregation process. Concentration dependent NMR analysis is expected to be a sensitive and
concise method to characterize the type and strength of the aggregation process.

The aromatic ring was introduced in the middle of the linker as a probe to study of the self-assembly
mechanism. In the case of ideal columnar aggregation (Scheme 2a), the expected additional n—n
stacking will induce shielding effect on the 'H NMR signals of the aromatic ring.
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Synthesis of the Dimers
The following synthetic challenges have to be solved before being able to study the material
properties:

v’ Strategy: How do we connect the discotic units?
v’ Anchoring Site: Where do we functionalize the BTA scaffold in order to make dimers?

v’ Linker Length: What is the optimal length of the linker?

Strategy
H J_/_/
N
[¢]
H_x ; OJ_/_/
N N N o]
L\_xo J&NW@MEWOEIN N
N H ‘\—\_\
H o
N.
H
H

/_/_f double 1,3-dipolar cycloaddition

(¢]
o
CuAAC
\_\—\; o] =
o] -
N+ N;, +
o N \/\Jﬂ@ﬂ’\/\ “N;, -
N N N
o]
NI
N
H
o

H
N
H
N\
H
e}
| H
H
N
o

Scheme 3. Schematic representation of the synthetic approach toward the formation of covalently linked BTA dimers.

H

N

-

p

Our strategy for the synthesis of dimers is based on the copper-catalyzed click chemistry (Scheme 1).
We planned to connect the two functionalized discotic units in a convergent scheme (Scheme 3) by
forming the triazole moiety (vedi infra). This key reaction forming the dimer has great functional
group tolerance. The synthesis of the two precursors is easy. The synthesis of the bisazido
compounds has already been reported. Furthermore these compounds are described to be relatively
stable molecules. The alkyne counterpart has not been reported and the selective mono-
functionalization of the BTA scaffold might be problematic.
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Choice of the Anchoring Site

H H
H
07 "N
Nuckolls and This work
co-workers Meijer and
co-workers

Scheme 4. Schematic representation of the possible “anchoring” sites for dimerization.

The functionalizations of BTAs scaffold and the introduction of an anchoring group is the major
synthetic and design challenge. We imposed some limitations for the choice of the potential
anchoring site:

v" Minimum “perturbation” of the starting BTA scaffold

v Easy introduction

v" Convenient modulation of the spacer length

v’ Facile introduction of functional groups compatible with CUAAC

The functionalization of BTAs reported so far are exploiting the lateral side chains as the “anchoring”
point (see publications by Meijerm] and Nuckolls™) (Scheme 4). Our design is based on the
introduction of one alkoxy group, used as the connecting site for the dimer formation (Scheme 3).
Alkylation of 2-hydroxy BTA derivatives can be done using an appropriate alkyne compound,
introducing the triple bond required for the application of click chemistry. Nuckolls reported that the
presence of alkoxy, or alkoxynyl derivatives, will increase the torsion angle of the adjacent amide
groups in substituted BTA molecules, causing a strengthening of the intermolecular H-bonds.

Reflexions on the Linker Length:

The literature precedence on the dimerization of p-type discotic molecules gave us guidelines for the
dimer construction of our n-type discotic BTA derived molecules.

Kumar and co-workers recently reviewed a series of triphenylene dimers highlighting the importance
of the length (a) of the flexible linker related to the length of the aliphatic side chains (b) (Scheme
5)."%1 The best linker length (a) is reached when the linker length and the length of the side chains (b)
are comparable (ratio a/b > 1). Shorter linkers were found to prevent the formation of the
supramolecular structures needed for obtaining mesomorphic properties.™*®
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Scheme 5. Schematic explanation of the ration a/b

a
Entry X (n° of carbons Phase transition (°C)
on the linker chain)
1 1 3 Cr8ll
2 2 5 Crogl
3 5 7 Cre9l
4 6 8 Cr 58 Col, 911
5 7 9 Cr72Col, 921
6 8 10 Cr 50 Col}, 104 1
7 10 12 Cr 68 Coly, 107 |
8 14 16 Cr41Col, 841

Table 1. Transition temperatures of triphenylene dimers with different linker lengths as reported by Boden et al

Precise prediction of the best linker-design based on the actual knowledge is not possible. We
therefore envisaged an empirical approach constructing a small library of dimers in order to optimize
the properties “a posteriori”.
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The Concept of Click Chemistry

Introduction of the Concept of Click Reactions

In 2001 the group of Sharpless from the Scripps Research Institute presented a new concept to
rapidly and easily make large libraries of molecules. They proposed what is nowadays generally called
“click chemistry” approach.” Sharpless et al. defined as a “click chemistry” approach reactions with
the following properties: wide scope of the reaction, high degree of variability, high
(stereo)selectivity, high atom economy and high functional group tolerance on the reaction pathway.
This approach favors the formation of C-X bonds (carbon-heteroatom) rather than C-C bonds.
Carbon-heteroatoms bonds are generally thermodynamically and kinetically easier to make than C-C
bonds. An enumeration of reactions employed in click chemistry is listed below:

v Cycloaddition like 1,3-dipolar cycloaddition reaction, Diels-Alder cycloaddition

v Nucleophilic ring-opening of strained small ring, e.g. epoxides, aziridines, etc.

v’ Electrophilic addition on carbon-carbon multiple bonds, e.g. epoxydation, dihydroxylation,
aminohydroxylation, etc.

v Carbonyl chemistry of the non-aldol type, e.g. formation of oximes, hydrazones, etc.

Based on the goals defined by Sharpless et al. the use of Huisgen alkyne-azido 1,3-dipolar
cycloaddition reactions flourished again. This reaction presents the advantage of linking two
independent molecules respecting the aforementioned conditions. Before the introduction of the
concept of click chemistry this reaction did not find extensive application in organic synthesis, or in
biological or material sciences. The thermal instability of azido compounds was certainly one of the
main reasons, why their use was limited. Since the CuAAc catalyzed version was introduced the
number of scientific papers and citations grew spectacularly (Graph 1). Simultaneously, it was found

(18]

that triazoles are interesting units in organic synthesis, medicinal chemistry and material

science.

"Click Chemistry" publications per year

2000
1500
1000

500

5 o«
8383
] R g

2014
2015

Graph 1. The graph shows the distribution of the number of scientific publications, dealing with the concept of “click
chemistry” per year. The number of publications has been searched by the key word “click chemistry” using the database
SciFinder® on the 1% May 2015. A total of 11627 publications were found.
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Copper Catalyzed Azido-Alkyne Cycloaddition CuAAC: an Efficient Example
of the Click Chemistry

In 1963 Huisgen published a review concerning the reaction between azido derivatives (R-N3) and

alkynes forming five-membered heterocyclic rings by a formal [3+2] cycloaddition (Scheme 6).%%)

(_\\\ [:4s+:25]
©\/NQ\5’:‘)R _— ©V ’/<N + ?\“/N\

NN
1,4-cycloadduct 1,5-cycloadduct

Scheme 6. Alkyne-azido [3+2] cycloaddition reported by Huisgen. The thermal version of the reaction leads to the formation
of both possible regioisomers. The reaction is called [3+2] because it leads to the formation of a five-membered
heterocyclic ring; however the transformation is a formal [4+2] reaction (4 m, from the dipole and 2 n, from the
dipolarophile).

21 and leads to

This [4s + 2] transformation is allowed by the Woodward-Hofmann rules
heteroaromatic 1,2,3-triazoles. In the original Huisgen’s version the thermal reaction proceeds
without control of the regioselectivity. Substituted acetylene moieties react under thermal
conditions to form both possible 1,4- and 1,5-1,2,3-triazole regioisomers (Scheme 6). The thermal
azido-alkyne 1,3-DCR (DCR = dipolar cycloaddition reaction) developed by Huisgen does not fulfil the
conditions for a good click reaction since both possible regioisomers are produced in comparable
yields. In 2002 the group of Meldal®? in Denmark and the group of Sharpless® reported
independently the copper (I) catalyzed version of what is generally called “copper-catalyzed alkyne
azido click chemistry” or just CUAAC. The addition of a catalytic amount of a copper salt enhanced
dramatically the kinetics of the reaction and formed the products with high regioselectivity (only the
1,4 regioisomer is formed).

Sharpless and Fokin proposed a mechanism involving a copper (I) species (Figure 2).2* The copper (1)
inserts into the C-H alkyne bond forming an organocopper species (2). The azido compound reacts
with the metallic center forming a six membered intermediate (4) that immediately rearranges to
form the five-membered triazole ring maintaining the copper-carbon bond. The elimination of
copper (I) regenerates the catalyst.

R!
N, N- 2
b .
R1
N\\N /:‘\RZ 5
c T [LaCul*
Rl—== CluLn.2
-R2
—ch
® B ° =—Culp.
3 Ns§.N\ .

Figure 2. Schematic representation of CUAAC mechanism proposed by Sharpless and Fokin. The figure was copied from the
work of Fokin and co-workers. "
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The active catalyst in the catalyzed reaction is the copper (I) salt. A common source of copper (1) is
Cul, also widely used for the generation of Gilman’s cuprates.”™ Sharpless et al. introduced the in situ
generation of the copper(l) species by reduction of the much less expensive and much more stable
copper sulfate pentahydrate CuSO, 5H,0 with sodium ascorbate (NaAsc). This procedure avoids the
use of the oxygen sensitive and expensive Cul.

In 2013 the group of Fokin published a detailed study on the mechanism of CuAAC (Figure 3). The
group proposed the involvement of a dinuclear copper complex in the formation of the transition

state by running labeling experiments and by studying the heat flow with calorimetry.?®
ZN
N=N

RA\{ [Cul 4\._-_ 1 [Cul®
H Rl—=—H
H* )/- \g H*

R2

R o No

"\ 7(l‘-:>,[CU] < N \'LCu]h
RGN 1'\_

[Cul R'—=— CuJ®
Figure 3.[§ZuAAC dinuclear mechanism proposed by Fokin in 2013. The figure was copied from the work of Fokin and co-
workers .
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BTA synthesis (monomer synthesis)
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Reported Synthesis of BTAs core

The synthesis of BTA scaffolds is simple and uses easily accessible starting materials and the
connection between the aromatic ring and the three amide groups can be N-centered or C=0-
centered. The two types of BTAs impose different synthetic strategies (Scheme 1).

[o} MN'R H Oy R
R N ° R\n/N NH
H
[o]
HN__O

o7 W Y
R
C=0-centered N-centered

Scheme 1. General structure of C=0 and N-centered BTAs.

N-centered BTAs

In our work we did not explore N-centered BTAs. For the sake of completeness we present a brief
overview of the synthesis of N-centered BTAs. The first synthesis of N-centered BTAs was reported by
Gill et al. in 1949. They performed a catalytic hydrogenation of 1,3,5-trinitrobenzene on Ni-Raney®
followed by the acylation of the resulting 1,3,5-triaminobenzene giving the N-centered BTA
derivative (Scheme 2).!! Few years later palladium on carbon was used as an effective catalyst for a
similar transformation.”

[e] _«O
R
ON NO HoN NH.
2 2 H,, Ni-Raney 2 2 RJ\CI o] NH
i . r{
NO. o NH " o}
2 2
Pd/C N

Scheme 2. Schematic synthesis of N-centered BTAs by reduction of 1,3,5-trinitrobenzene.

The manipulation of 1,3,5-trinitrobenzene is reported to be dangerous, due to the known instability
and the propensity to explode of poly-nitro aromatic compounds. Moreover the 1,3,5-
triaminobenzene are prone to degradation by easy oxidation. To prevent this degradation an in-situ
acylation of the aromatic amines is required (Scheme 2).

o
T

HOHN NHOH  § OH oH q
N NH
ﬁ \n,N NHOH 1 pyic N 5 N
o] - 0 —
NHOH g
NH
a) Pphloroglucinol NHOH A \f
trioxime
HoN NO. o H " R'\ O
’ : R)LCI \n/N NO,  1)H,Pdic RN NH
— 5 Pl
NO 2) R-COCI
. NO, HN__O
b)  3,5-dinitroaniline
R

Scheme 3. a) Synthesis of N-centered BTAs by Maramatsu.” b) Synthesis of desymmetrized N-centered BTAs reported by
Meijers and coworkers.'")

The group of Maramatsu solved this problem, employing phloroglucinol trioxime as a safe starting
material for the controlled reduction followed by acetylation (Scheme 3a)."™! The synthetic procedure
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of Maramatsu allows the formation of C3;-symmetric N-centered BTA, where all three substituents
must be identical. Meijer proposed an alternative approach to the synthesis of a desymmetrized
N-centered BTA starting from 3,5-dinitroaniline (Scheme 3b)."”) Today these two synthetic procedures
are most often used in the synthesis of N-centered BTA derivatives.

C=0-centered BTAs

Compared to the first description of BTAs, the interest of the community in BTAs and their properties
came very late. Intensive studies of BTAs started in the late eighties, when the group of Matsunaga
reported the capability of BTAs to form columnar LC. As a result of these extensive material property
studies important improvements of the synthetic methodologies capable to prepare BTAs were

reported.
o) OH o Ny o NH,

HO 0 Ny 0 reduction HoN o)
O~ "OH 07 "Ny 07 "NH,

17 18 19
Scheme 4. Reduction of the acyl-azido 18 discovered in 1915 by Curtius.

The first synthesis of C=0-centered BTAs was accomplished by Curtius in 1915 with the synthesis of
the primary benzene-tricarboxamide 19 (Scheme 4).! Curtius’s synthesis transformed trimesic acid
17 into the triacyl azido 18 followed by reduction (Scheme 4). The major limit of this methodology is
the explosive nature of the triacyl azido derivative 18 when isolated in the solid state.'
synthesis uses the thermally stable” benzene-1,3,5-benzentricarbonyl trichloride (or trimesoyl
chloride) 21 as starting material (Scheme 5). The synthesis of 21 is accomplished from mesitylene 20,
which is oxidized to trimesic acid 17 followed by treatment with SOCI, converting it to trimesic
chloride 21. Most of the reported synthesis of C=0-centered BTAs are obtained from the reaction of
trimesic chloride with an amine in presence of a base, typically a tertiary amine (Scheme 5). Trimesic
acid 17 and trimesoyl chloride 21 are commercially available.

Modern

R
o al o HN
HOOC COOH R.

Oxidation socl, ¢l O RNH, N o

Base
COOH
o7 ¢l O” "NH
20 17 21 R

Scheme 5. General synthesis of C=0-centered BTAs.

The literature reports many examples using different amines for the preparation of a multitude of
BTA derivatives. This approach allowed to introduce chiral side chains,’® modifying the polarity using
highly hydrophilic chains®® and extending the n—system using gallic acid derivatives™®

derivatives™,

or porphyrin

This synthetic pathway can only be used to synthesize Cs-symmetric BTA derivatives. If BTAs
substituted with different amines at the 1,3,5 position are needed, the synthesis is more tedious and
requires additional steps. For example Meijer and coworkers reported the synthesis of a
C,-symmetric 3,5-(methoxycarbonyl)-isophthalic acid 23 from the controlled hydrolyses of trimethyl
trimesic acid 22 (Scheme 6).1%
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N-CeH7 -Gt

CsH”\ CeHn\
26qNaOH 1) (COC), 1) LiOH
Meo So 2 CattirNH: Meo” S0 2w

0~ "OMe

23

Scheme 6. Synthesis of C,-symmetric BTA derivative 25 reported by Meijer and coworkers.?

This procedure allows the synthesis of desymmetrized BTAs carrying different side chains. Only a few
examples are reported where the aromatic ring is functionalized.

BTA'’s Aromatic Core Modifications
The group of Nuckolls reported pioneering work functionalizing the aromatic core of his BTA
derivatives. They synthesized a family of 2,4,6-trisubstituted N,N’,N”-trialkyl 1,3,5-

benezentricarboxamide, which they called “crowded arenes” (Scheme 7).1**!

O OR OMe O ORHN’
O j i \ Rsn o R'= Ph
_ B H \‘/
FeCI3 OR 1) NaOH RO OR
RO OR 1) t-BuLi _
RO 2) CICOOMe 2)sOcCl, R=CyzHps
Br MeO 3) R-NH HNT o
a) 2 R
12
Ph Ph 1) KOH
Oy OMe - 2)S0Cl,
Pd°, Cu 3) R-NH,
MeO
— meo =—Sn(Bu);
Br OAc Br OMe

Scheme 7. a) Synthesis of 2,4,6-alkoxy-substituited-1,3,5-BTA 12,11 b) Synthesis of 2,4,6-alkynyl-substituited-1,3,5-BTA
[13b)
13.

The introduced substituents in 2,4,6 position could be alkoxy groups (Scheme 7a) or alkyne groups
(Scheme 7b). The work of Nuckolls allowed the formation of symmetrically fully substituted BTAs. He
demonstrated that the introduction of substituents in positions 2, 4 and 6 was beneficial for the
columnar organization of the obtained material (see Chapter 1). To the best of our knowledge the
“Nuckolls” compounds are the only examples of fully substituted BTA reported so far in literature.
More interesting in the context of our own project is the case of 2-monosubstituted and 2,4-
disubstitued BTAs. To the best of our knowledge 2,4-disubstited BTAs scaffolds have not been
employed in the field of liquid crystals. No other applications of this type of compounds have been
reported in literature.

Only very few examples of 2-substituted BTAs (= monosubstituted BTAs) are reported in the
literature. The first example of a 2-functionalized-BTA was published in 1967 by the group of

Wallenfels, synthesizing a 2-bromo-BTA 28 (Scheme g).1l
Br

Br NH, Br
KMnO,, HO POCI3 NC CN
NaOH 1) somz LIOH
2) NHy CN
26 29

Scheme 8. 2-bromo-benzentriamide 28 synthesns reported by Wallenfels et al.[“]
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The benzylic oxidation of the 2-bromo-mesitylene 26 furnished the triacid 27, which was converted
to the primary benzene triamide 28 (Scheme 8). The 2-bromo-tricyano benzene 29 was successively
used by the group of Fendler to study the Meisenheimer complex as an intermediate in the aromatic
nucleophilic substitution.™

The group of Raymond from Berkley reported the synthesis of the fluorescent 2-hydroxy-substituted
BTA (Scheme 9). They used this fluorescent system as an “antenna” ligand for lanthanide
complexation using europium or lanthanum.™® The commercially available cresol 30 is protected as
methyl ether 31 and then oxidized to the corresponding 2-methoxy-1,3,5-benzentricarboxylic acid 32
using KMnO, in basic conditions. Oxalyl chloride converted the triacid 32 to the triacyl chloride that
was transformed to the corresponding 2-methoxy BTA derivative by adding the desired amine. The
methyl ether cleavage was accomplished by using BBr; at low temperature (see Scheme 14).

O  OMeOH RNH omMe 0 Renn o o

OH
NR
HO OH H
Me,SO, KMnO, 1) (coc),
K,CO4 KOH HO 2) Amine O "NH
R
30 31 32 2-hydroxy-BTA

Scheme 9. Synthesis of 2-hydroxy BTA derivative reported by Raymond.“s]

The synthetic approaches reported by Wallenfels and Raymond are not suitable for the easy
modification of the substituent on the aromatic ring.
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Synthesis of Novel Functionalized BTA-Monomer(s)

Synthesis of 2-substituted BTAs

OMe 1) SOC (soivent) Et< P _Et Et< P! -Et
HOOC COOH g0 °C, 4 hours ” H + H H
THP, 18 . e -
N 33 34a

Scheme 10. Preliminary study on the activation of trimesic acid by thionyl chloride.

The synthesis of the 2-methoxy-1, 3, 5-benzenetricarboxylic acid 32 was accomplished according to
the procedure published by Raymond (Scheme 9). Activation of 32 as triacyl chloride and further
conversion into amides was found to be a tricky reaction. In our hands boiling 32 in thionyl chloride
as solvent, followed by the addition of ethyl amine gave a mixture of the chloro-derivative 33 and the
desired methoxy-BTA 34a in ratio of 3 : 4 (Scheme 10)."” We assumed the formation of the highly
reactive triacyl chloride being the first step (Scheme 11). The excess of chloride may react as
nucleophile in a Sy aomaic addition/elimination reaction generating the highly stabilized
Meisenheimer complex (Scheme 11)."* To reinstate the aromaticity either chloride or the methoxide
group can be ejected leading either to the desired product 34a or to the side product 33. The ejected
methoxide will be trapped by the excess of SOCl,. We supposed that this side reaction is
thermodynamically driven by the formation of chlorosulfinate 35.

Oy O _NH
0 cl . ('s? Et-NH, o
O Cl Oy Cl c-Se © cl o el oM n‘a
Cr Cl
MeO. o o 35
—> |MeO - MeO" 0 45 ©
Cl Cl Cl Cl
o o o o \ Et
2-methoxy O ¢ o. rllH
triacyl chloride Meisenheimer MeO Et-NH.
complex + or —72,  MeO
Cl Cl H H
o) o Et” “Et
o [¢]
34a

Scheme 11. Proposed mechanism of demethoxylation side reaction.

The Meisenheimer complex formation has been invoked in the thionyl chloride-mediated
demethoxylation reaction reported on similar electron poor polynitro-substituited anisole (Scheme
12).“8] Indeed the addition-elimination mechanism, forming the Meisenheimer complex, in Sy aromatic
can be invoked when the aromatic substrate is strongly activated (= electron poor).

OMe Cl

MeQ NO, OMe Cl NO, OMe
ON NO,  soCl, DMF ~ O:N NO, SOCl,, DMF
Sl on{ ) o ol
cl Iolueznr?, 110°C cl toluene, 110 °C
ours NO. 2 hours NO
NO, (88%) NO, 2 (95%) ?

Scheme 12. Reported demethoxylation of activated aromatics described by Bellamy et all®

The formation of the side-product was avoided by running the reaction with a stoichiometric amount
of thionyl chloride. 2-methoxy-1, 3, 5-benzenetricarbonyl trichloride was isolated without
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purification and the spectroscopic data (*H-NMR spectra) were in agreement with the data reported
by Raymond (Scheme 13).

R
M H \
1) SOCI,, 110 °C Q. Qued R , R 2 ™% R N0
toluene. 2 hours N ” 1 eq. thiophenol ” ” 5-chloro-1-pentyne O\/\/
32 - —_— —— > H
2)R-NH, 1.2 eq. KoCO3 C5,C03, DMF, I'ourco - N o
o nR NMP, 150 °C o NR T(0), time (h) 5 "
H 2h H R
34a-d 36a-d 37a-d

a) R= ethyl, b) R= hexyl, ¢) R= dodecyl, d) R= octadecyl!
Scheme 13. Synthesis of 2-alkoxynyl substituted BTAs 37a-d.

Aliphatic side chains

Formation of methoxy-BTA 34a-d

The 2-methoxy-triacyl chloride reacted with the corresponding aliphatic amines (Table 1). The
acylation reactions were carried out in THF where the triacyl chloride is well soluble. In the case of
the ethyl- and hexyl-amine derivatives, a large excess (eight equivalents) of the amines were used to
trap the formed hydrochloric acid. When dodecyl- and octadecyl-amines were used, the hydrochloric
acid was neutralized by the addition of four equivalents of triethylamine (TEA). The octadecylamine
was found to be poorly soluble in THF and therefore the solvent was replaced with chloroform. The
2-methoxy BTA 34a-d were easily purified by chromatography on silica gel (Table 1) and BTA
derivatives 34a-c were finally isolated in good yield. In the case of the longest octadecylamine the
resulting BTA 34d was isolated in lower yield.

BTA amine solvent base time (hours) yield
34a ethylamine (sol. 70% in H,0) C,Hs THF/H,0 none 4 64%
34b hexylamine CgH13 THF none 18 64%
34c dodecylamine Cj,H s THF TEA 48 44%
34d Octadecylamine CygHs; CHCl3 TEA 18 16%

Table 1. Synthesis and experimental conditions of 2-methoxy BTA 34a-d.

Nucleophilic Demethylation of 34a-d Affording 36a-d

O OMeO O OH O
HO OH HCl or HBr or HI
or NaOH
07 0H (high yields)
a) Freeman, 1950

o)
NH V' HN
I HN—
BB, 78°C OH HO
(70%)

NH

o)

b) Raymand, 2009

Scheme 14. a) Demethylation conditions reported on 2-methoxy 1,3,5 tricarboxilic acid 32.% The authors reported that the
demethylation reaction take place under acidic or basic conditions with extreme ease. b) Demethylation condition reported
for the BTA dimer derivative.””
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The demethylation of the 2-methoxy-1,3,5-benzentricarboxylic acid 32 to the corresponding
2-hydroxytrimesic acid 38 was reported to proceed very easily by Freeman under acidic conditions
(HCI, HBr or HI) or under basic condition (NaOH) (Scheme 14a)."® In 2009 Raymond reported the
demethylation reaction of a BTA dimer derivative using BBr; at low temperature (Scheme
14b).*Despite these successfully previously reported examples, our preliminary essays, on selective
demethylation using these reported conditions failed. We then decided to adopt less sensitive and
milder cleavage conditions. The group of Chakraborti reported a thiophenol-based nucleophilic
cleavage methodology on aryl methyl ether (Scheme 15).12"

SK* SMe
PK=8
O OMeO o OoK'o
R
N N R R‘N N R
H H H H
O 'N R [e] N'R
H H
pK, <8

Scheme 15. Adapted demethylation mechanism according to the procedure reported by Chakraborti.”"!

The reported version of the reaction employed only a catalytic amount of base (K,CO3). Indeed the
potassium salt of the phenol (pK, = 10) is able to deprotonate the more acidic thiophenol (pK, = 8)
and reinstalls the thiophenolate anion. In our case we needed a stoichiometric amount of base due
to the higher acidity of the corresponding 2-hydroxy-BTAs 36a-d. The 2-hydroxy derivatives 36a-d
were then regenerated by protonation of their potassium salt format at the end of the reaction.
Highly polar solvent, like N-methyl-2-pyrrolidone, and high temperature as 150 °C were required to
run the reaction in good to excellent yields in two hours (Table 2).

BTA R yield
36a CyHs 61%
36b CeHi3 78%
36¢ CiHos 72%
36d CigH3y 90%

Table 2. Demethylation reaction of 2-methoxy BTAs 36a-d.

Alkylation of 36a-d affording 2-pentynyloxy BTA derivatives 37a-d

The final step of the preparation of 2-alkoxynyl substituted BTAs derivatives consisted of the
alkylation of 36a-d by using 5-chloro-1-pentyne. Despite the fact that the alkylation reaction was
pushed using the ion-pair separating solvent (DMF), large radii cation (Cs*) and high temperatures,
the alkylation furnished 37a-c only in poor yields (Table 3). Moreover, the octadecyl-BTA 36d was
insoluble in DMF (event its cesium salt) therefore the alkylation did not occur. The estimated low pK,
of the phenol 36a-d (<7.5) stabilizes the negative charge of the phenoxide and limited the alkylation
of 36a-d. We postulated that the generated negative charge on the oxygen could be stabilized by a
double intramolecular H-bonds formation with the two adjacent secondary amide groups. The X-ray
structures of the 2-hydroxy-isophthaloyl amide 39 and its tetramethyl ammonium salt 40 reported
by Ueyama (Scheme 16) are supporting this hypothesis.?
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Scheme 16. Double intramolecular H-bonds formation and amide bonds rotation reported by Ueyama.lz2

39
pK,=75

Chapter 3

Figure 1. X-ray structure of the hydroxy-isophthaloyl amide derivative 39 reported by Ueyama.[u] Magenta dashed lines
indicate intramolecular H-bonds.

Figure 2. Double intramolecular H-bonds from a 2-oxy-isophthaloyl amide derivative 40 reported by Ueyama.m] The

tetramethylammonium counterion is missing for clarity. Magenta dashed lines indicate intramolecular H-bonds.

In the crystal structure of the deprotonated form of the 2-hydroxy-1,3-benzendicarboxamide
derivative 40 the double intramolecular H-bonds (N-H--OAr d 1.848 A, Figure 2) have clearly been

identified.
BTA R T(°C) time (hours) yield
37a C,Hs 60 48 17%
37b CeHys 60 48 42%
37c CioHys 75 72 22%
37d CigH3y 80 96 trace

Table 3. Alkylation reaction conditions.
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Other reasons that could explain the low yield of the reaction are the reversibility of the reaction and
the weak electrophylicity of the alkynyl halide (Scheme 17).

o o o R
R R HN.__O
N N =
4
H H . (_I, M " Ej\/\/ s CstI
R &N o
N ) HN

Scheme 17. Possible mechanism of ether cleavage of 2-alkoxy-BTA derivatives.

2-Bromo BTA

In order to facilitate the study of the material and self-assembly properties of 37a-c, the synthesis of
2-bromo BTA 41 was envisaged. The bromine in 41 is not a H-bond acceptor. Compounds 41 can
therefore be used as a comparison for the analysis of the 2-pentynyloxy substituted BTA derivatives.
Employing transition metal-catalyzed coupling reactions the synthesis of homodimeric structures
starting from the 2-bromo derivative can be envisaged. The 2-bromotrimesic acid 27 was prepared

according to the work previously reported by Wallenfels.™!

O Br OH

CgH13-NH
HO O EDC, N-hydroxysuccimide
B O NH
DMF, 40 °C Br
18 hours
HO™ "0 (18%) R K
NN NN
[e]
27 41

Scheme 18. EDC-mediated synthesis of the 2-bromo BTA derivative 41.

The triacid 27 was converted into the tricarboxamide 41 employing 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride EDC as coupling reagent® and an activating agent
N-hydroxysucinimide in DMF (Scheme 21). The condensation product was isolated in acceptable yield
of 18%.

Concluding Remarks

The synthetic approach based on the phenols 38 and their alkylation, introducing an alkynyl function,
allowed us to synthesize three derivatives of 2-monosubstitued BTA derivatives. The length of the
amide side chains can be modulated. The introduction of the pentynyloxy group made BTA
derivatives available which can be used for dimer formation using click chemistry. On the other hand,
the 2-bromo substituted BTA might be used in the future in the formation of dimeric structures by
employing transition metal catalyzed cross-coupling transformation, such as Sonogashira type

coupling.”
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Chapter 4

Association Constant Determination by
Solution NMR Techniques
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Chapter 4

The analysis of the chemical equilibrium is important in the study of a large variety of chemical
systems such as host-guest interactions,™
aggregates)” and often to study reaction intermediates.”™ The chemical equilibrium describing the
aggregation between two (or more) molecules of A; forming the aggregated species A, is
represented in Equation 1. Such equilibria can be described by defining its equilibrium (or

supramolecular entities (supramolecular polymers,

association) constant (Equation 2):

k:
i k;

. Aq 1 .
A;+A; 2 Aggq (Equation 1) K, = [Eqi]g[jgl =T (Equation 2)

=1

where A; is the monomeric species (or more generally the non-aggregated species) and A,g is the
product species (aggregated form), k; and k_ are the kinetic constants, K, is the dissociation constant
for the overall equilibrium. Hereafter the equilibrium constant is called association constant K, and it
is defined as K,= 1/K4.""! The equations are valid at constant temperature (isothermal). The challenge
consists in determining the concentration of the chemical species A; and A, involved.

Nuclear Magnetic Resonance

Nuclear Magnetic Resonance (NMR) approach for measuring K, is based on the observation of the
chemical shift variation (8) of the chemical species present in solution as a function of the
concentration of the molecule. For fast exchange processes the plot of [A] versus the chemical shift &
allows the determination of K,.* These variations of the chemical shift can be induced by varying the
concentration of the solutes, the temperature or by addition of external reagents (e.g. ligand). This
spectroscopic technique has important advantages for the determination of binding constants."
Compared to other analytical techniques (especially fluorescence and UV/Vis spectroscopy) the
presence of eventual impurities minimally affects the result of the titration compared to other
techniques. Moreover, the quantitative information can be obtained via integration of the signal with
no need to construct a calibration curve. On the other hand, the major limitation of the NMR based
techniques is the low detection limit. For example with a 400 MHz instrument the detection limit is in
the range of 10 M. NMR techniques can measure association constants on the order of K,<10° M.
Stronger binding constants are difficult to measure.

'H is the most studied nucleus in NMR experiments due to its high abundance and sensitivity (high
gyromagnetic ratio 42.576 MHzT™). Observations of **C nuclei are subject to practical limitations like
long measuring times, low abundance of the nucleus (*3C is only 1% of the isotope distribution) and
much smaller sensitivity compared to *H nuclei (low gyromagnetic ratio 10.705 MHzT). On the other
hand, experiments carried out on *°F nuclei are used more frequently due to the fact that fluorine is a
very sensitive nucleus (gyromagnetic ratio similar to hydrogen 40.052 MHzT?). The drawback is the
need to introduce a fluorine atom on the molecular skeleton. The presence of fluorine can generate
significant variations on the physical behavior of the molecule (solubility, lipophilicity, H-bond
formations, etc.). We will concentrate our discussion on *H-NMR experiments.
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1H-NMR

Concentration-induced shift experiments

Here we present a typical example of concentration-induced shift experiments used to study the
aggregation process driven by m-stacking and intermolecular H-bonds (Figure 1).”) The group of
Meijer synthesized a series of Ureido-Pyrimidinone derivatives and they studied the association
process of the dimer formation in such molecules (Figure 1).

n—n stacking H-bonds
(upfield shift) (downfield shift)

*
. (U2l

IJLA__ﬁK'A Y N T,

s

0.5 mm

10mm

50 mm

©
~-
3
2

a) & (ppm)
Figure 1. a) Concentration-induced 'H-NMR shift experiments on ureido-pyrimidinone derivative reported by Meijer. The
dimer formation (aggregation) induces downfield shifts for N-H protons (intermolecular H-bond) and upfield shift for C-H
aromatic protons (m-w stacking). b) Chemical structure of the ureido-pyrimidinone dimer. The different types of protons
(N-H and C-H are indicated with the symbols e, ¢, A and =) Both figures have been extracted and adapted from the original
work of Meijer and co-workers."”!

The dimer formation (aggregation) was studied by employing concentration-induced 'H NMR.
Increasing the concentration of the ureido-pyrimidinone derivative causes an enhancement of the
intermolecular H-bonds between the N-H (donor) and the C=0 (acceptor) groups. When a hydrogen
atom is involved in H-bond interaction, the electron density on the nucleus of this atom is reduced
(deshielded) consequentially its resonance frequency is downfield shifted.® Figure 1a shows how
increasing the concentration, the N-H protons of the urea groups shift downfield (A3 ~1.5 ppm for =
and ~1 ppm for @ from 0.14 to 50 mM in CDCls). With the aggregation process a small upfield shift
for the aromatic protons of the pyrimidinone could be observed (A3 ~0.1 ppm for A from 0.14 to 50
mM in CDCl3), whereas the aromatic protons on the benzene ring show downfield shift (A3 ~0.1 ppm
for ¢ from 0.14 to 50 mM in CDCl3). The proposed interpretation invokes that increasing the
concentration produces m-stacking resulting in a ring current effect on the pyrimidinone proton

signals.”

Exchange rate

An important factor that can affect the concentration or temperature-induced NMR experiments is
the chemical exchange rate of the reversible process under analysis. Any (reversible) chemical
process is described by a thermodynamic constant K., (or K,) and the corresponding two kinetic
constants k; and k_; respectively (Equation 1 and 2). If the rate constant of the reversible association
process
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k (= ki+k_) is much larger than the difference of the chemical shift (AS= Smon-Oagg) €xpressed in Herz
(k >> Ad), we observe a situation of fast exchange (Figure 2). In this case the observed resonance
signal (3.s) is the weighted average of the chemical shift of the monomer (8,,0,) and the aggregated
(Dagg) Species:

Bobs = SmonYomon + zSaggxagg (Equation 3)
where ) mon, agg are the molar fraction of the monomeric and aggregated species respectively; Smon, age
are the chemical shift of the monomeric and aggregated species respectively.

1= Ymon * Xage @Nd Ymon =1 - Yage (Equation 4)
Substituting Equation 4 is into Equation 3:

8obs = Smon (1 - Xagg) + Saggxagg
Sobs — Omon = Xagg (Sagg - 6mon)
AS = Xagg(gagg - 6mon) (Equation 5)

The Equation 5 links the molar fraction y ., of the aggregates present in solution with the chemical
shift difference. This equation allows determining the molar fraction of monomer and aggregates
present in solution. 8o, and d, can be determined by fitting of the experimental curve obtained by
plotting Sy vs. concentration (vide infra).

On the other hand, when k<<Ad we observe a situation of slow exchange and Equation 5 is no longer
valid. In this case the resonance lines of the two different components in equilibrium (monomer and
aggregate) will separately appear. Under such circumstances it is possible to measure directly the
concentration of Ayo, and A,g, from the integral of the separated signals.'%!

Slow exchange
k<<A3

Intermediate
exchange
k=A8

AL
N
iy —
N

Fast exchange
k>>A8

Figure 2. Schematic representation of the chemical exchange rate. The figure was extracted and modified from the web

site: http://mri-g.com/chemical-exchange.html

If k~A3 we observe the situation of intermediate exchange. In this case we typically observe the
phenomenon of strong line broadening of the signals.

Data fitting

In order to solve Equation 2 and calculate K, we need to know 8,5 and 8, Separately. However,
under conditions of fast exchange, it is not possible to measure directly both 8.5, and mon from the
spectra. The plot concentration of the chemical species vs. the observed chemical shift (30bs) gives
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the binding isothermal curve for 1:1 interaction (1 monomer for 1 dimer) that describes the binding
process (Figure 3b).

A
' \A Added
X \Y% E ligand
N N
B B

2
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s Ve FN_H (eqivalent) 012 b

c E \L )

a)
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AL et e e = G5 /
1 97 0.08
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) 58 0.06
- A L . SN - . /
- 172 ”
N A SR S ER—— max 0.04
i
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| A A A 5 observed
B O S W I 0.02 /
A A v, A 8 /
) SRS | TR S, S—
A B c D |E F 0 0.00
0.00 0.10 020 0.30 0.4

Ligand added (mol/L)

Figure 3. a) Stacked spectra of concentration-induced shift of proton NMR signals as function of the addition of a ligand. b)
Overlap between experimental points and the fitting curve. The figures were extracted and modified according to the
original data reported.[n]

The association (equilibrium) constant K, is equivalent to the inverse of the concentration that
produces one-half of the chemical shift variation. The way to determine this value is to fit the
experimental points by the curve and to extrapolate the values of 3,4, and 8o, from the curve fitting.
In Figure 3a the stacked spectra obtained by adding a D-glucose to the receptor molecule are
reported. The addition of the ligand produces a shift of the proton signal under a fast exchange
regime. Plotting the chemical shift vs. the concentration is compatible with an isothermal curve
describing the binding process (Figure 3b). The fitting employing non-linear least-square fitting
equation simulates the experimental curve enabling the calculation of the association constant.

In our NMR study "2 we used the logistic fitting packet,*® of the computer program OriginLab®, for
the fitting of the experimental data (Equation 7).

(41-43)

=4, + Az
y 2 [1+(%)p]

where  y(xg) = A% and x5 = K, (Equation 7)

where A; isy at x=0, A, is x= =0 and p is the slope or the Hill factor of the fitting curve. Replacing the
value of A; and A, with 8o, and 3,4 respectively it is possible to adapt the general logistic fitting
equation to the specific case of concentration-induced NMR experiments:
(8mon=Bagg)

[+

The logistic fitting model has the advantage to better describe hyperbolic curves that are typical of
the binding processes. Another important advantage of using the logistic fitting equation is that one
obtains a value of the slope deduced from the curve. This value is interpreted as the cooperativity of
the binding process. For example Hill developed this approach to determine the cooperative nature
of the oxygen binding in the hemoglobin. He determined the slope of the fitted curve obtained by
plotting the partial pressure of oxygen (pO,) vs. percentage of saturation (Equation 9).*314

[L]P [L]P 1

9= Kot LP — KPP = (%)pﬂ (Equation 9)

Bops = Sagg + (Equation 8)
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where ¥ is the fraction of the ligand-binding sites of the receptor occupied, [L] the concentration of
the free ligand, K, and K4 the association and the dissociation constant (K,=1/K4) and p is the Hill
factor. This approach can be extended to study any other binding process and it is very useful to
determine the cooperativity. Using this fitting approach it is possible to characterize the cooperativity
p of an aggregation process. When p is >1 the aggregation shows a positive cooperativity
characterized by a sigmoidal curve (hemoglobin case) and vice versa for p< 1 a negative
cooperativity. When p= 1 no-cooperativity is observed for this aggregation process and in this case
the curve has a hyperbolic shape. In conclusion the logistic fitting equation is broadly applicable for
the fitting of different type of curves.

If the aggregation mech