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Abstract

Rosette Nanotubes (RNTs) are self-assembled architectures, generated from a
self-complementary guanine-cytosine (GAC) base. In solution, six GAC motifs
assemble to form hexameric rosettes, which stack to form the RNTs. Both single
or twin GAC-based (two GAC units connected by a spacer) RNTs have built-in
ability to self-assemble, however the latter have enhanced stability resulting from
twice the number of intermolecular hydrogen-bonding interactions, greater
preorganization and amphiphilic character as well as a lower charge density and
steric repulsion on their outer surface. In order to fully exploit these organic
materials for biomedical and other materials applications, an in-depth study of the
physical properties of the twin RNTs was necessary. This thesis explores several
newly synthesized GAC motifs, with variations in functionalization, core structure
and connectivity, which in addition to displaying novel self-assembly behaviour,

also show unique physical properties.

The first chapter introduces relevant literature examples of self-assembled
systems that exhibit supramolecular chirality. Notably, the sources of chirality
and characterization techniques along with different factors leading to reversible
supramolecular chirality inversions are presented. The second chapter describes
how functionalization and core modification of newly synthesized twin GAC
compounds along with solvent and counterions, can influence the stability of

RNTs, as indicated by their lengths at a given time. The third chapter examines



unique thermo-reversible circular dichroism activity shown by achiral twin GAC-
based RNTs. Evidence showing that real and reversible symmetry breaking could
occur using a mechanical vortex in intrinsically achiral RNT systems is presented.
Chapter four describes hypotheses behind the non-assembly of certain single
GAC-based modules and how higher pH and hydrogen-bond acceptor solvents
promoted the formation of nanostructures. The fifth chapter describes a novel
mode of self-assembly for a new analogue, having two twin GAC moieties
connected by an alkyl chain. Currently, this system shows comparable stability to
RNTs having only one twin GAC unit, but has the potential for increased
stabilization if functionalized with solubilising groups. Chapter six describes the
solid-phase synthesis and self-assembly characterization of two new twin GAC
motifs, bearing bioactive peptides for biological applications. Finally, an outlook

of this thesis is presented.
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Chapter 1

Supramelecular Chirality

1.1. Chirality and supramolecular chemistry

The right- or left-handedness, scientifically termed as chirality,' has always
fascinated scientists ever since the pioneering researches by Arago, Jean Baptiste
Biot and Augustin Fresnel on optical rotation. The concept of chirality gained
more attention and triggered more research when in 1848 Louis Pasteur
established that sodium ammonium tartrate crystals came in two asymmetric
forms that were mirror images of one another and solutions of one form rotated

polarized light clockwise, while the other form rotated light counter-clockwise.?

In a different part of the world in 1890, Hermann Emil Fisher proposed the ‘lock
and key’ model’ as the answer to the enzyme-substrate interactions. While at that
time covalent synthesis of molecules was an established discipline, scientists were
interested in the chemistry ‘beyond the molecule’.* One of the major
breakthroughs came when the structure of DNA was elucidated’ and it was
realized that the two strands were connected through hydrogen bonds. Eventually
chemists were inspired by these concepts, which were applied to the synthesis of
macrocyclic molecules that could selectively bind to other molecules via non-
covalent interactions® such as hydrogen bonding, m-n stacking and van der Waals
forces. The eminence of this field was recognized when Donald Cram, Jean-
Marie Lehn and Charles Pedersen were awarded the Nobel Prize in 1987 for their
pioneering work, and the field of “supramolecular chemistry” was officially
born.” With better understanding of how intra- and intermolecular interactions
govern the molecular recognition process, supramolecular chemistry has been
used for the generation of a plethora of intriguing functional structures on the

nanoscale level, which are supported primarily by non-covalent interactions.



The importance of chirality in life® is clear and having supramolecular chemistry
as a tool for non-covalent synthesis, chemists ventured in the creation of some
very challenging targets — artificial systems that would mimic nature. This
introductory chapter will focus on the supramolecular chirality of artificial
systems, and the common tools used for their detection. Since the amount of
relevant literature is so large, this chapter will only illustrate systems that give rise
to helical nanofibres formed in solution through self-assembly processes and are
maintained by non-covalent forces. In addition, only the most recent examples
relevant to this thesis will be discussed. Supramolecular chirality resulting from
the association of chiral components as well as from the dissymmetric interactions
of achiral components will be presented. Literature examples of supramolecular
chirality induction by external stimuli will also be discussed. The last part of this
chapter will be devoted mainly to reversible supramolecular chirality inversions,

triggered by various factors.

1.2. Supramolecular chirality

The supramolecular chirality’ of a system has been described as the chirality
resulting either from the association of chiral components or through the
dissymmetric interaction of achiral building blocks. In most cases,
supramolecular chirality is templated by the inherent chirality of the monomer (R
or S) or by chiral additives in an achiral environment to induce supramolecular
chirality in hydrogen-bonded assemblies, to give preferentially one of the two
possible diastereomeric forms (P or M-helicity). Being non-mirror images allows
these diastereomers to be present in unequal amounts due to their different free
energies. In the more unconventional cases, supramolecular chirality has been
reported in achiral systems, triggered by external stimuli. These factors allow the
selection of either the left- or right-handed conformation, leading to the creation

and amplification of optical activity.



1.3. Common tools for characterization of supramolecular chirality

The characterization of nanofibres is not an easy task. In addition to the
techniques used to characterize simple organic molecules (namely, mass
spectrometry, 1D- and 2D-NMR, elemental analysis), a number of other
techniques are required to characterize the nanostructures formed both in solution

phase as well as when cast on different substrates."’

The most prevalent technique used for determination of helicity in solution is
circular dichroism'! (CD). The latter is the difference in absorption of left- and
right-circularly polarized light and has been an essential tool in monitoring the
growth of supramolecular assemblies. When a chromophore, which is in a chiral
and non-racemic environment, interacts with a neighbouring chromophore,
absorption bands (also referred to as Cotton effects (CEs)) are obtained due to the
coupling of the chromophores’ transition dipoles. This spectroscopic method is
very popular for the investigation of secondary structures of biopolymers such as
DNA, peptides and nucleic acids."’ Though the presence of CEs generally imply
the existence or predominance of one helicity, it cannot be denied that the
spectrum can be flawed with artifacts. One such artifact, which is due to
alignment of the sample in solution, is linear dichroism'? (LD) - a spectroscopic
technique based on the difference in absorption of linearly polarized light parallel
and perpendicular to an orientation axis. LD is a common phenomenon observed
for intrinsically oriented systems such as liquid crystalline phases or those that are
oriented in solution during the experiment. Some reports have subtracted the LD
component from the signal obtained from the CD spectropolarimeter to reveal the
real CD component using the equation below, however this is acceptable only in

non-aligned and non-birefringent systems.
CDtrue = CDobs.= 0.02 (LDobs.)

It is also very crucial to obtain visual confirmation of the type of structures

resulting from a system. The most common way to visualize those structures is



by deposition of the corresponding solution on a substrate. Common substrates
used for this purpose are carbon coated copper grids, highly ordered pyrolytic
graphite (HOPG), mica and silicon. The dried samples are then analyzed via
various microscopy techniques. Though it is very common to observe the
presence of the fibres by transmission electron (TEM), scanning electron (SEM)
and atomic force (AFM) microscopies, the visualization and determination of the
helicity within the fibres and the bundles can be a real challenge, especially for

nanostructures below 5 nm in cross-section.

1.4. Different cases of supramolecular chirality

1.4.1. Supramolecular chirality due to chiral scaffolds

Nature is filled with various examples of supramolecular chiral architectures. It
all started with the homochirality in living organisms.® For instance, almost all
active forms of amino acids are of the L-form and most biologically relevant
sugars are of the D-form. These homochiral building blocks assemble to give
biomolecules of one preferred handedness as a result of chiral amplification and
transmission to the ensemble. In most of these cases, water is the medium, but
not limited to this function, where these biological processes occur. The elegance
and complexity of these natural homochiral architectures have inspired various
research groups who have mimicked these natural systems to develop interesting
artificial organic systems. In many cases a number of other solvents have been
exploited. This section presents some examples of chiral supramolecular
aggregates based on scaffolds possessing stereogenic centres. In most cases, CD
is the method of choice for demonstrating the existence of chiral architectures and
in these examples the CD signals result from inherently dissymmetric

chromophores.

Engelkamp and co-workers designed a disk-shaped molecule with chiral tails
(Figure 1.1), which self-assembled hierarchically in chloroform to give long fibres
of right-handed helicity as a result of m-m stacking interactions of the

phthalocyanine units."> In order to maximize the van der Waals interactions, two



of these right-handed fibres twisted around each other to produce superhelices of
left-handed helicity. The helicity in the self-assembled structures was due to
transfer of chiral information from the remote chiral centres to the cores and it
was possible to tune this resulting supramolecular chirality by the addition of
potassium ions. The alkaline metal ions formed stable complexes with the crown
ether fragments, thus preventing the transfer of chirality from the remote chiral
centres to the core of the molecule. A number of techniques were used to
characterize the nanostructures formed, but CD and the transmission electron
micrographs, in particular, depicted the helical nature of the resulting

nanostructures in solution.

Figure 1.1: Disk-shaped molecule with chiral tails, which self-assembled

hierarchically in chloroform to give long fibres.



Meijer and co-workers have reported a series of m-conjugated systems that
undergo hierarchical self-assembly to produce helical aggregates towards the

¥ The monofunctional oligo(p-phenylene vinylene)

development of nanowires.
(MOPV) functionalized with a ureido-s-triazine unit dimerized with another
MOPV through complementary quadruple hydrogen bonding, which then
subsequently stacked into cylindrical chiral stacks via m-m interactions of the
phenylenevinylene backbone. The presence of aggregates of one preferred
handedness was reflected by an intense CD signal. MOPV in dodecane was
molecularly dissolved at higher temperatures, while at lower temperatures it
existed in the aggregated phase. Time-dependent CD experiments showed that
the CD intensity decreased with increasing temperature, however, on cooling the

CD signal was restored, suggesting the full reversibility of the system.

Figure 1.2: Monofunctional oligo(p-phenylene vinylene) (MOPV) functionalized
with a ureido-s-triazine unit, which dimerized with another MOPV through

complementary hydrogen bonding.

1.4.2. Supramolecular chirality based upon the ‘Sergeants and Soldiers’
principle

Green and co-workers reported the amplification of chirality in the synthesis of
polyisocyanates.””> The latter are stiff helical polymers, which give rise to equal
amounts of left- and right-handed structures. However, in the presence of even a
small chiral bias, the achiral components follow the helicity induced by the chiral

components. This phenomenon is termed as the ‘Sergeants and Soldiers’



principle where the chiral building blocks (Sergeants) direct the achiral units
(Soldiers) to adopt a preferred helical sense. These types of chiral amplifications

have also been observed in noncovalent macromolecular systems.
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Figure 1.3: Extended core disc-shaped molecules, which organized themselves in

a columnar phase.

Meijer and co-workers applied the ‘Sergeants and Soldiers’ principle to a number
of self-assembling systems.'® For instance the extended core disc-shaped
molecules A and B shown in Figure 1.3 organized themselves in a columnar

162 The authors showed

phase with a 3.5 A disc-disc distance within the columns.
that the self-assembly of 100% of A result into equal amounts of the P- and M-
helicities, which showed no optical activity. However addition of only 2.5% of
chiral analogue B led to an extremely strong chiral amplification. By introducing
the chiral components B (Sergeants) into the achiral stacks of A (Soldiers), the
chiral components dictated the preferred helical sense of the entire stack. This was
reflected by CEs associated with the m-n~ absorption band of the bipyridine
moiety at A=387 nm and A=369 nm, which was similar in magnitude to that

obtained for pure B.



1.4.3. Induced supramolecular chirality and ‘chiral memory’ concept

Chiral recognition is of great importance in living systems, which tend to have
different pharmacological properties towards enantiomeric drugs.®  Similarly,
extensive research has been done on host-guest systems,'” which are capable of
opting for some molecules based on their chirality. In biological systems, often
the host molecules are chiral and upon interaction with the chromophores
possessing achiral guests, the host-guest complex will display an induced CD
(ICD)18 since the host-guest now has a preferred handedness.
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Figure 1.4: Helicity induced in achiral polymer poly((4-carboxyphenyl)acetylene)

by chiral amines, was memorized after replacing the latter with an achiral amine.

Okamoto and co-workers showed how the optically inactive polymer poly((4-
carboxyphenyl)acetylene) showed an ICD upon interaction with chiral amines.'’
The achiral polymer gave rise to helical structures and the resulting
supramolecular chirality was dictated by the molecular chirality of the chiral

amines. The authors used this system as a probe to assign the chirality of the



amines based on the sign of the ICD. They went a step further when they later
reported how this newly found helicity could be memorized when the chiral

amine was replaced by an achiral amine as shown in Figure 1.4.

The strong CD signal due to the interaction of the polymer with the chiral amine,
still persisted with almost the same intensity after being replaced with the achiral
amine. This implied that not only handedness was memorized, but there was also

no loss of macromolecular helicity.

The calixarene™ skeleton has been used by various research groups for the
demonstration of hydrogen-bonded assemblies and supramolecular chirality.
Whitesides,?! Lehn,?? Reinhoudt® and others have studied the use of melamine
moieties and barbituric or cyanuric acid derivatives for this purpose extensively.
Reinhoudt and co-workers designed a strategy whereby they first employed chiral
barbiturates (B) building blocks to induce supramolecular chirality in a hydrogen-
bonded assembly, and then substituted them by achiral cyanurate units (A).>*
The resulting assembly (X) was chiral, though it did not have any chiral building
blocks. Formation of such systems by use of only achiral units was not possible
since their corresponding enantiomers for such molecules have the same energy,
leading to a racemic mixture. The intensity of the CD signal did not increase
when chiral assembly X was allowed to interact with B. In fact, the intensity of

the CD signal was reduced to zero when a solution of X in benzene was heated in

the presence of B, and the CD signal was not restored upon cooling.

Fenniri and co-workers observed an ICD signal for their dynamic system, which
consisted of a self-assembling heterocyclic GAC module with the donor-donor-
acceptor face of guanine and the acceptor-acceptor-donor face of cytosine and an
amino-benzo-18-crown-6-ether.** These heterocyclic building blocks
spontaneously formed a hexameric rosette through the intermolecular hydrogen
bonding, followed by stacking of these rosettes to produce a racemic mixture of

P- and M- helical nanotubes via a dynamic self-assembly process. However,



upon addition of chiral amino acids such as L-alanine, only nanotubes of the M-
helicity were formed, which was reflected by a characteristic ICD. The L-alanine
was entrapped within the crown ether and created a chiral bias, which upon

amplification resulted in the formation of one-handed nanotubes.

N

RNTs of P heliclty

L-Alanine

RNTs of M helicity

RNTs of M helicity
Figure 1.5: Racemic mixture of P- and M- helical nanotubes favoured the M-

handedness upon addition of chiral L-alanine.

1.5. Supramolecular chirality in achiral systems

So far, all these supramolecularly chiral systems are either entirely or partly due
to chiral building blocks. In other words, in absence of a chiral bias, only a
racemic mixture will prevail, which is reflected by a CD silent spectrum. There
have been cases of spontaneous symmetry breaking resulting in an excess of one
of the enantiomers, however it is not possible to predict which enantiomer will
form. These types of chiral symmetry breaking have been reported in
crystallization® and liquid crystals.”® Other cases whereby achiral systems have
shown a preferred helical sense, have been due to the memorization of chirality,
which was templated by some chiral components. However defying all these
previous examples, Ribo and co-workers reported a system whose chirality could
be selected upon interaction with a macroscopic chiral factor, namely, the vortex
motion.”” Their system consisted of homoassociates of diprotonated meso-
sulfonatophenyl substituted porphyrins (Figure 1.6) formed in water, which
existed as a liquid crystalline phase at higher concentrations and as ribbon-like

aggregates at dilute concentrations. CD of these diluted solutions of these
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aggregates showed CEs, which were not a result of LD. This was achieved by
slow rotary evaporation (clockwise (CW) or counter-clockwise (CCW)) of very
dilute solutions of the diprotonated porphyrins. The direction of the vortex
motion dictated the chirality of the resulting aggregates. Since these samples did
not racemize on standing, the authors concluded that this was a case of symmetry
breaking.

~
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Figure 1.6: Diprotonated meso-sulfonatophenyl substituted porphyrins, which

give rise to J-aggregates upon self-assembly in water at dilute concentration.

Along the same lines, Aida and co-workers reported a system that formed J-
aggregates, which could temporarily align in a helical fashion in a vortex like
mesogenic molecules in a liquid crystalline mesophase.® The achiral dendritic
zinc porphyrin compound (Figure 1.7) formed nanofibres upon dissolution in
benzene and as expected, CD measurement showed no optical activity. However
stirring the sample during CD measurements gave rise to CD signals, whose

spectral sign was dependent on the stirring direction.

The intensity of the CD signal was also governed by speed of the mechanical
stirring of the solutions. Though a strong chiroptical activity was observed upon
stirring, when stirring was stopped, the spectrum obtained, was CD-silent.
Though the authors initially thought that the observed CD was due to helical
twisting of the nanofibres in the vortex, they later found that it was due to

macroscopic chiral alignment of the nanofibres. In fact, they showed that they

11



could create a similar effect by recording the CD from the overlapping of two

oriented films.
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Figure 1.7: Dendritic zinc porphyrin (top) formed J-aggregates through n-stacking
and hydrogen-bonded interactions (bottom).

Another system whereby an achiral derivative gave an unexpected CD signal in
presence of a macroscopic effect, and not due to the molecular chirality, was the
oligo(p-phenylene vinylene) molecule shown in Figure 1.8%° The oligo(p-
phenylene vinylene) module formed bundles of long fibres in dodecane. A dilute,
transparent and non-viscous solution of the molecule gave a monosignate CD

response upon slow cooling from 363 K to 293 K at a rate of 60 Kh™. The length

12



of the aggregates increased upon lowering of the temperature and at higher
temperatures both CD and LD were absent, which suggested that fibres of a
required length was needed to induce the LD and CD effects. The authors adopted
the stirring experiments from Aida’s laboratory (discussed previously), and on
stirring, bisignate CD signals with sign inversion were obtained. Like Aida,
Meijer too attributed the CD effects to the vortex flow created, which could also
be reproduced using two aligned films. In this case, the CD effect was attributed
to the convective flow resulting from the slow cooling of the solution. In
addition, since a monosignate CD signal was obtained, the authors interpreted the
CD effect as an artifact resulting from LD and linear birefringence (LB) and other
possible optical imperfections of the CD instrument.*’

Figure 1.8: Structure of the oligo(p-phenylene vinylene) which can self-assemble

in dodecane to produce fibres through dimerization and n-stacking.

1.6. Reversible supramolecular chirality switch

Manipulation of handedness is not an uncommon phenomenon. In fact, these
studies have generated a lot of interest, in particular, in molecular electronics,
where it is widely recognized that memory materials which can be reversibly
written and read have powerful advantages over conventional magnetic
materials.>’ The fundamental requirement for a reversible switch is bistability" -
the existence of two forms of a molecule or system, which can be interconverted

by external stimuli (Figure 1.9).
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X === Y

b

Figure 1.9: X and Y are two stable forms of a system. Under conditions a, X can

be converted to Y and the latter can be reverted back to X under conditions b.

The following section deals with chirality inversions in supramolecular systems.
Though such inversions can be triggered by a number of factors, only literature

examples relevant to this thesis are presented.

1.6.1. Light

Photochromism® is probably the most common form of chirality inversions.
Controlling chemical processes by light has been utilized for years due to the
ability of light to trigger a series of events, resulting in the amplification of a
photochemical reaction. The most famous example is probably photography,
where free metallic silver is released when silver salts are exposed to light, giving
rise to a stable form. As such, research towards the development of light-induced

bistable molecules for various applications has attracted a lot of interest.

Firstly, a chiral molecular switch can be obtained from photobistable
diastereomers of P and M”helicities, which can isomerize by irradiation of light of
two different wavelengths. Feringa and co-workers have worked extensively on
the generation of molecular switches based on the chemistry of sterically
overcrowded alkenes.*”*™3!® In 1999, the groups of Feringa and Harada came
up with a helical alkene, which could undergo a repetitive, monodirectional
rotation around the central carbon-carbon double bond to yield four discrete
isomers.”®> These isomerizations were triggered by ultraviolet light or a
temperature change of the system as illustrated in Figure 1.10. Irradiation of the
(P, P)-trans isomer at A = 280 nm and a temperature of -55 °C in hexane resulted
in the formation of 95% of the less stable (M, M)-cis isomer. Similarly irradiation
of the latter at A = 380 nm gave the former predominantly. NMR and CD

experiments were used to monitor this entire conversion, and the change in
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helicity (from P to M) was detected by measuring the CD. The (M, M)-cis
product was subsequently converted to the (P, P)-cis isomer irreversibly by
raising the temperature to 20 °C. The resulting (P, P)-cis isomer was converted
into (M, M)-trans isomer by irradiation of light of wavelength A = 380 nm. The
cycle of the unidirectional molecular rotor was finally completed when (M, M)-
trans isomer was converted to the more favorable (P, P)-trans isomer by heating

the solution to 60 °C.

= 280 nm

-—
= 380 nm

(P, P)-trans

60 °C 20°C

= 380 nm

= 280 nm

(M, M)-trans

Figure 1.10: Photochemical and thermal isomerization processes of (P, P)-trans

form of a sterically hindered olefin.

Secondly, bistable systems based on enantiomers can be achieved by irradiating a
racemic mixture with circularly polarized light of one handedness at a single
wavelength. The preferential absorption of either left- or right-circularly polarized
light can lead to enantioselective switching in either direction. The enantiomeric
excess at a photostationary state is given by:

€Cpss = /2
where g is the anisotropy factor, which governs CPL based enantioselective

switching.*®
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Figure 1.11: Photochemical interconversion of right-handed (P) and left-handed
(M) helices upon irradiation with /- or r-CPL.

Huck ef al. in 1996 reported the successful isomerization of the P into the M form
of a sterically hindered alkene upon irradiation with /-CPL at 300 nm in
hexanes.”” Irradiation of a racemic mixture containing 50% of each handedness
with /-CPL at 313 nm resulted into a CD signal comparable to the one obtained
for a M-enriched sample. Consecutive irradiation of the samples with CPL was
possible without loss in CD effects. The authors believed that this system could
be applied as a potential data storage device. Not only was it possible to dictate
the chirality of the system based on the handedness of CPL, it was also possible to
erase the existing chirality by irradiating the sample with linearly polarized light
(LPL). The authors also studied the photoisomerization of liquid crystals using
the alkene shown in Figure 1.11 as a dopant. When 4'-(pentyloxy)-4-
biphenylcarbonitrile and the racemic alkene were mixed, a stable nematic phase
was formed. Irradiation of the nematic phase with »~-CPL gave rise to cholesteric-

textured structures.

Schuster and co-workers® used similar concepts as the above-mentioned example
to generate a system that switched its helical sense upon irradiation with /- or r-
CPL. The styryl-substituted, axially chiral bicyclo[3.2.1]octan-3-one derivative
was attached as pendants to a polyisocyanate polymer. The resulting racemic
polymer obtained was then irradiated with CPL, leading to the emergence of CD
signals in the polymer backbone helix. The sign of the CD signal changed with a
change in the handedness of the CPL.
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Figure 1.12: Styryl-substituted, axially chiral bicyclo[3.2.1]octan-3-one
compound, which switched its chirality based on the sign of CPL.

1.6.2. Solvent

There are a number of literature examples for solvent-induced chirality inversions
and most of these reports involved however deal with host-guests complexes,
polymers or liquid crystals.*®**! Novel research done within the Fenniri group led
to the emergence of a system, which exhibited solvent-induced supramolecular
inversion. The guanine-cytosine motif depicted in Figure 1.13 self-assembled in
both water and methanol to give rise to RNTs of high aspect ratio as a result of
stacking of the hexameric rosettes. Based on the solvent used for the self-
assembly process, thermodynamically stable RNTs of opposite helices were
obtained. Johnson et al. introduced a new term (chiromer), which was used to
describe two conformational states that a molecule can adopt when it forms
supramolecular structures.*” “4 chiromer is a conformational supramolecular
isomer that arises when the molecules of a supramolecular structure express
multiple, thermodynamically stable, supramolecular chirality states under a given
set of physical conditions.” It was found that mirror image CD signals were
obtained for the water and methanol samples, implying that the RNTs adopted
different helices in either solvent. The free energy pathways were found through
molecular modeling and it was revealed that the water-chiromer was
thermodynamically more favourable in both solvents, but due an initial energy
barrier in methanol, in the latter solvent, formation of the water-chiromer was
disfavored. It was, however, possible to switch the helicity of the left-handed
RNTs in methanol by either heating the sample or adding catalytic amount of the
right-handed RNTs formed in water.
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Figure 1.13: Self-assembling guanine-cytosine motif, which formed RNTs of

opposite helices in water and methanol.

In 2009, Sakajiri and co-workers reported a solvent-induced chirality inversion for
a Ce-symmetric disk-like molecule.” The hexakis(phenylethynyl)benzene
derivative bearing chiral alanine fragments formed a stable helical columnar
assembly, fueled by various noncovalent interactions in hexanes. The resulting
helix was formed from stacking of a nearly planar hexakis(phenylethynyl)benzene
core. The authors predicted a disruption of this helical columnar assembly upon
the addition of the polar solvent CHCl;. However, it was experimentally
observed that upon addition of 8-15 vol% of CHCls, an opposite handed helix was
obtained. Addition of more CHCl; eventually led to the disruption of the
supramolecular chirality as the monomers became molecularly dispersed. In
CHCl;, the hexakis(phenylethynyl)benzene core adopted a propeller-like
conformation. It is interesting to note that the CD signals obtained had opposite
signals, however the assemblies existing in the different solvent compositions
were not even close to be mirror-image structures. In addition to CD, UV-vis,
fluorescence measurements and molecular modeling were used to predict the type

of structures present in the binary mixtures.
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Figure 1.14: The hexakis(phenylethynyl)benzene derivative bearing chiral alanine

fragments which can stack to form helices.

1.6.3. Temperature

The phenomenon of temperature-induced helix inversion has attracted a lot of
attention since its discovery™. Though most of the literature precedents dealt with
liquid crystalline phases, a few cases involving isotropic liquids of supramolecular
assemblies have also been reported. There have been some interesting reports of
irreversible temperature-induced supramolecular chirality inversion®’, however

reversible inversions remain more attractive.

In 2000, Fujiki reported a helical polymer comprising of flexible rodlike silicon
main chain and enantiopure alkyl side chains, which exhibited thermally-driven

helicity inversion -20 °C in isooctane. *

Figure 1.15: Optically active helical polymer poly{(S)-3,7-dimethyloctyl-3-
methylbutylsilylene}, which exhibited thermal chiroptical inversion.
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The polymer formed rodlike structures and had semiconducting properties. When
it was subjected to CD measurements, a positive-signed CD spectrum with a
Cotton effect at 320 nm was observed at a temperature of -40 °C in isooctane,
which was due to the o-c* transition from silicon. Similarly another CD
experiment at -5 °C in isooctane, revealed a negative-signed CD spectrum, which
had an extremum of 322 nm. This observation pointed to the existence of helical
structures, which were both energetically and spectroscopically inequivalent.
Though the authors did not fully understand the origin of the helicity change, they
predicted that this could be due to a shortening of Si-Si bond length due to
decrease in temperature because there were no significant changes in the CD and

UV absorption intensities.

In 2004, Masuda and co-workers reported the design of helical poly(N-
propargylamides) that underwent a helical switch with thermal stimuli.’ The
poly(1) from Figure 1.16 had a positive monosignate CD signal with a
pronounced CE at ca. 390 nm while the poly(2) had a similar but negative
monosignate CD signal. Both homopolymers 1 and 2 showed only a slight
decrease in the intensity of their respective CD signals when they were subjected
to a variable temperature (VT) CD measurements from 0-55 °C. This prompted
the authors to conclude that these two polymers, which had opposite helical sense

to each other, were thermally stable and did not show any thermal helix inversion.

= o] k:{n\ o)
_\N _{ Rh* catalyst N _{

H R (Co)polymerization |j| R

1:R= }LJ\/\/\/\/ 2:R= }'{Y\/w/

Figure 1.16: Helical homopolymer or copolymer of propargylamides formed from
polymerization of 1 and 2.

The authors then proceeded to conduct copolymerization of 1 and 2 at various

compositions. They found that copolymer of 68/32% of 1/2 transformed from one
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helical structure to another without going through a random coil conformation.
The copolymer 68/32 was subjected to a VT-CD experiment from 0-55 °C and it
was found that the copolymer adopted the helical sense similar to poly(1) at lower
temperatures and that of poly(2) at temperatures higher than the compensation

temperature.

1.7. Conclusion

Chirality is directly related to many aspects of life and it certainly remains one of
the main interests in science. Therefore, research to rationalize the many puzzles
involved in chirality and supramolecular chemistry remains a very important task.
Great progress has been made in development of different kinds of artificial
supramolecular chiral systems and on the way new and improved detection
techniques have emerged. The extrapolation of some of these findings has
allowed scientists to get insights on how nature functions, hovx‘fever, there still
remains a lot to be done. With increased understanding of supramolecular
chemistry, nanotechnology and the physical properties surrounding them, future
systems will emerge and allow us to understand and hopefully mimic the various

complex systems found in nature to a greater extent.
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Chapter 2
Investigation of the structural and electrostatic factors affecting the self-

assembly and stability of twin GA C-based rosette nanotubes

2.1. Introduction

Nature relies on a number of large and complex architectures to perform
sophisticated processes, which demand the co-ordination of both non-directional
and directional noncovalent interactions. In most cases, the existence of these
superstructures originates from the hierarchical self-assembly of relatively simple
monomeric building blocks like the DNA double helix' and the tobacco mosaic
virus.> Using noncovalent interactions, a variety of artificial self-assembled
structures such as capsules,” vesicles® and wires’ have emerged. However,
achieving the complexity and molecular recognition ability of natural systems
entail in-depth understanding of the forces and interactions that propel such
organization. The majority of self-assembled supramolecular systems have been
based on the built-in hydrogen bonding complementarity and directionality of the
monomers, hydrophobic effects® and aromatic stacking interactions.” While the
properties and stability of these and other supramolecular architectures largely
depend on the structure of the monomers themselves, the formation and strength
of the noncovalent bonds can be mediated by their surrounding environment. This
gives the opportunity for not only internal control (e.g. structure of the monomer),

but also external control (pH, solvent, temperature) of the self-assembly process.

About a decade earlier, our group reported a new class of organic materials,
termed rosette nanotubes (RNTs).> RNTs are obtained through self-assembly of
the heterobicyclic GAC motif - a self-complementary DNA base hybrid molecule,
which features the hydrogen-bonding arrays of both guanine and cytosine. The
versatility of the RNTs and ease of chemical modification have made them
suitable for various tissue engineering and drug delivery applications.” While
both the single and the twin GAC systems can self-assemble into RNTs, the twin

GAC variant is more robust, mainly due to its lower charge density, larger number

30



of hydrogen bonds per self-assembling motif and lower steric repulsion.’” The
optimal utilization of the twin base RNT system relies on a better understanding
of the factors that influence its stability, which include the solvent media,
counterions and the structure of the self-assembling motifs. Towards this goal,
we present a series of twin GAC compounds functionalized with a range of
substituents and variations in the core, along with their self-assembly behaviour in
solution. Our objective was to compare the length of the resulting RNTs, by
scanning electron microscopy (SEM) and atomic force microscopy (AFM), since
this parameter is proportional to their relative stability. This approach was
adopted because it was previously shown that increased hydrophobic stacking

interactions led to an increased stabilization in some systems.'’

Solvent

b
Rosette
Figure 2.1. Twin GAC motif G0'® (A), L-lysine functionalized single GAC motif

K18+ (B), twin rosette formed from the association of 6 twin GAC motifs (C) and
RNT assembled from twin rosettes (D).
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2.2. Design and synthesis of twin base monomers

O NH,
HN I =N
Htil)\\N N’ko
N, 9
Rl Nl,\/\NJ\
R I
N|\ NH,
NN N
H H
Entry* Nomenclature R’ Entry* Nomenclature R!
1 NH-TBL H 8 RTBL N
2 Eth-TBL \g‘\/\%s 9  STBL A
2 ®
T /u\/\/\/NH3
3 BWTBL A~ 10 GO # N
3
@
4 Hex-TBL \;\/\/\/\%Hs /?j\/\/\/®
11 K-TBL e~ NH;
Ho NH,
@

5 OHTBL  ¥o~""OH
12 DiMe-TBL §-CHs

6  Me-TBL §-CHs

13 Acr-TBL

7 PentTBL Yo~

* R2 = H except for 12, where R2= Me

Figure 2.2: Functionalized twin GAC motifs.

Thirteen twin GAC motifs were synthesized (Figure 2.2) that were both
unfunctionalized (entry 1) and functionalized with primary amines (entries 2-4),
alcohols (entry 5), aliphatic (entries 6-7, 12), chiral (entries 8-11) and aromatic
groups (entry 13). The key role of the amines was to connect the two GAC units.
However, the choice of the functional groups to be expressed on the surface of the
RNTs would allow investigation of structural and electrostatic effects on self-
assembly and predict the stability of the RNTs. For instance, entries 1-4
investigate the effect of hydrophobic tail size; entries 3, 5 and 7 probe the
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electrostatic nature of terminal atom; entries 6-9 and 12 examine the influence of
hydrophobic effect; entries 8-11 explore the effect of proximity of the chiral
centre to the GAC bases on the supramolecular chirality of the system; and finally
entry 13 examines the effect of additional stacking interactions on the RNT
surface. As a general nomenclature, the self-assembling motifs are referred to as

TBL, which stands for twin base linker.

o

O~/ DM POC CI\I(CI HN N ¢ \I(N\/\ MeNH,, THF CHIV N
l
g

HN\"/NH reflux, 83% N\ N CH.Cl,, 82% N\ 97%
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2.1 22 23 24
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H._O H._O ZN
y N BnO. N
BnOH, NaH BnO_ -~ N~ Boc,0, Et;N BnO._~ ‘ N~ NH20H, MeOH Bn | ~
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HN._ BocN BoeN_
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CN CN YT Ay
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TPAR THE_BnO, A\ N~ CICONCO BHO%(N\/\ NHs, MeOH UL
EtsN, reflux, 83% Ny N CHCl,, 91% Ny N 99% Boclil N” "N "0
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238 29 2.10
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——— P _— _—_— -
THF,75%  BocN™ "N™ "N" "0 tBuOH:H,0 BocN CH,Cly:H,0 Boclil N" N0
OH
211 ‘m 212K[ 2.13%
OH o

Figure 2.3: Synthesis of GAC aldehyde 2.13.

The main precursor for the synthesis of these twin GAC molecules is the
heterobicyclic GAC aldehyde 2.13, which was obtained in 12 steps with an
average stepwise yield of 87% (Figure 2.3), according to a previously reported
procedure.®®®  Barbituric acid (2.1) was first converted to 2,4,6-trichloro-
pyrimidine-5-carbaldehyde (2.2) under standard Vilsmeir-Haack formylation
conditions. Compound 2.2 was then reacted with allylamine to give compound

2.3 in 82% yield. The latter was then subjected to two consecutive nucleophilic
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aromatic substitution reactions (2.3 — 2.4 — 2.5) to afford the diamine derivative
2.5. Selective Boc protection of the methylamine fragment followed by oxime
synthesis gave rise to compound 2.7. Dehydration of compound 2.7 in the
presence of trifluoroacetic anhydride yielded nitrile 2.8. Subsequent reaction with
N-chlorocarbonyl isocyanate followed by cyclization in a methanolic solution of
ammonia produced compound 2.10. Standard Boc protection of the primary
amine of compound 2.10 afforded derivative 2.11, which was subjected to
Lemieux-Johnson conditions (2.11 — 2.12 — 2.13) to give the desired aldehyde
2.13 in excellent yield.

The general scheme for synthesis of the self-assembling motifs and their
intermediates is shown in Figure 2.4. The final compounds were obtained in three
to four steps starting from the amines and GAC aldehyde 2.13. A reductive
amination reaction between the amine and 2.13 produced the protected monobase,
which was then coupled with a second equivalent of 2.13 to yield the protected
twin-base derivative. In some cases, the protected monobase intermediates were
not isolated. The desired products were obtained as hydrochloride salts, after

deprotection in 95% TFA/thioanisole and anion exchange.

OBn NBoc, O NH,
OBn NBoc, N SN HN SN
R{NH,, Na{OAc)3;BH | i. 95% TFA/Thioanisole |
N X 1INH2 3
N ) /’L 1,2DCE Boclil)\N/ N’go ii.HCI HTJ\\N N,&O
BocN”~ N” 'N” "O
| X e hi§
213 '0 R1/N\/\N |N R1/u\/\N IN
Protected twin-base )N'\ Y~ "NBoc, TBL )NI\ )\r\NHg
NN NoBn SNTONT Yo
Boc H H
RiNH, OBn NBoc;,
Na(OAc);BH Q 2.13, Na(OAc);BH
1,2 DCE )NI\ = /’L 1,2 DCE
BocN” “N” “N" S0

HN.
N R,
Protected monobase

Figure 2.4: General scheme for the synthesis of the self-assembling motifs TBL
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The Figures 2.5 and 2.6 show the structures of the compounds isolated and their

corresponding yields.
Amine Protected monobase Protected twin-base TBL
0OBn NBoc; O NH;
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l |
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Figure 2.5: Compounds isolated and their corresponding yields
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Figure 2.6: Compounds isolated and their corresponding yields

The chiral analogue GO (2.45) was synthesized by another group member

according to a previously reported procedure.'® Both the TFA (2.45A) and the

HCIl (2.45B) salts were used for the experiments.

Another chiral analogue K-TBL (2.52), bearing L-lysine was synthesized (Figure

2.7). This molecule has the same chirality as GO and two extra carbon atoms in

the linker connecting the amino acid and the GAC bicycles. Coupling of (9H-

fluoren-9-yl)methyl 4-aminobutylcarbamate (2.46) and the di-Boc protected

lysine (2.47) gave rise to amide 2.48. Removal of Fmoc protecting group under

basic condition furnished the free amine 2.49, which was coupled to aldehyde
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2.13 to produce the lysine derivative 2.50. The latter was coupled with another
equivalent of 2.13 to yield the protected dimer 2.51. Subsequent deprotection of
2.51 in 95% TF A/thioanisole gave the TFA salt 2.52A, which was then converted
to the hydrochloride salt 2.52B in quantitative yield.
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Figure 2.7: Synthesis of K-TBL motif
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The Di-Me-TBL (2.54) variant was synthesized in two steps starting from dimer
2.32 (Figure 2.8). Methylation of the latter in the presence of a large excess of
methyl iodide under anhydrous conditions gave the dimethylated product 2.53 in
74% yield. Deprotection of 2.53, followed by anion exchange gave Di-Me-TBL
(2.54) as the hydrochloride salt in 90% yield.

OBn NBoc,

N)\/(‘QN J‘f\
0,
)|\ P /g i. 95% TFA/Thioanisole )\

232 Mel, Et,0, 74% BOCT N O i.HCI (90% over 2 steps) HN

Q
2.53 2.54
® @
NN oBn \N/'\N o
Boc H H

Figure 2.8: Synthesis of the Di-Me-TBL module

The acridine-functionalized motif 2.58 was synthesized as illustrated in Figure
2.10. Acridine-9-carboxylic acid (2.55) was coupled to (9H-fluoren-9-yl)methyl-
4-aminobutylcarbamate hydrochloride to give the Fmoc protected amide 2.56 in
59% vyield. Removal of the Fmoc group, followed by reductive coupling to
aldehyde 2.13 furnished dimer 2.57. Deprotection and anion exchange produced

the acridine derivative 2.58 as a hydrochloride salt in excellent yield.
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Figure 2.9: Synthetic scheme for Acr-TBL.
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2.3. Environmental and structural factors affecting self-assembly of twin
GA C-based RNTs
With compounds 1-13 in hand, we then investigated how the corresponding twin
RNT stability could be optimized. Along with analytical instrumentation, SEM
and AFM were used to obtain the length of the RNTs at a given time.
¢ Environmental factors:

o Solvent system

o Counterions
* Structural aspects:

o Nature of functional group attached to the twin GAC motifs

o Core structure of the self-assembling twin GAC motifs

Figure 2.10: SEM images of But-TBL in methanol (left) and water (right) (0.0125
mg/mL, 0.017 mM).

But-TBL (2.23) was used as the model compound to investigate the general mode
of self-assembly in most cases. Stock solutions of But-TBL (isolated as the HCI
salt) in methanol and water were prepared at a concentration of 0.5 mg/mL (0.685
mM) and 1.0 mg/mL (1.37 mM), and were aged for 1 day. The SEM samples
were prepared by diluting aliquots of the stock solution prior to depositing 2.0 pL
of the diluted solution on TEM grids. The sample was stained using 2% uranyl
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acetate solution for TEM visualization. For AFM, the sample was cast on a mica

substrate.

The SEM images revealed rosette nanotubes of high aspect ratio present in both
solvents, which could grow several micrometres in length. However, a difference

in morphology was observed, with shorter tubes in water.

TEM was used to obtain the diameter of these nanotubes and diameter
measurements showed no detectable differences in either solvent (3.5 nm + 0.2

nm).

Figure 2.11: TEM image (left) and AFM image (right) of But-TBL (0.0125
mg/mL, 0.017 pM) in methanol.

The AFM images obtained in tapping mode (TM-AFM) showed structures of high
aspect ratio (Figure 2.11) with heights 2.5 nm + 0.2 nm. This value is lower than
the average value obtained from TEM measurements and is most likely due to the
flattening of the soft organic RNTs under the AFM tip in tapping mode, thus

leading to a smaller measured height value.'?
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Previous work from our group predicted that self-assembly proceeded with
stacking of rosettes, formed from complementary hydrogen bonding of six twin
GAC motifs. These hexameric twin rosettes are maintained by 36 H-bonds.
Based on this work, we assume that the self-assembling modules discussed in this

chapter adopt a similar mode of aggregation.

The models generated for But-TBL was based on the most stable structure
obtained for the GO motif.'® The most stable conformation for a single But-TBL
motif had an eclipsed syn arrangement with a distance of 3.9 A between two GAC
bases. This conformer was used to build a six-fold symmetry twin rosette
maintained by 36 H-bonds, and further, a RNT with 7 double rosettes with an
inter-twin rosette distance of 3.3 A and a rotation angle of 30° per twin rosette.

The average outer diameter of the resulting rosette nanotube was 3.8 nm.

But-TBL Rosette Nanotube
Figure 2.12: Syn conformation of a twin GAC, leading to the formation of twin

rosettes, which then stack to give a rosette nanotube.

2.3.1. Effect of solvent and counterions
As with any self-assembled systems, the surrounding medium is critical to the
formation and stability of RNTSs, thus allowing for adjustments to be made to tune

the properties of these materials as required. In previously reported studies of GO
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(2.45A), the self-assembly was linked to the protonation sites of the L-lysine side
chain.'® Three different aggregation states corresponding to short well-dispersed
RNTs, ribbons and superhelices were observed under acidic (pH 4), neutral (pH
7) and basic (pH 11) conditions respectively. Temperature dependent CD studies
of GO as the TFA salt (2.45A) also showed that the RNTs are very stable even at
95°C.'

Along with pH and temperature, the solvent properties’ are equally crucial to the
self-assembly and stability of the RNTs. While these supramolecular structures
can be formed in both polar and non-polar solvents,* for biomaterials applications
self-assembly under physiological conditions is desired. In this environment, the
aggregation is driven by entropy, whereby water molecules are released into the

bulk solvent as rosettes stack to form RNTs.%

The difference in morphology
observed for the model compound But-TBL (2.23) from the SEM images in water
and methanol (Figure 2.10) was further investigated with the intent to optimize
the twin-RNT formation in the polar environment. As such, self-assembly of the
But-TBL was studied in neat and binary mixtures of MeOH (0%, 25%, 50%,

75%, 95% 99%) and water.

Stock solutions of But-TBL in methanol-water mixtures were prepared at 0.5
mg/mL (0.685 mM) and aged for 1 day. The SEM samples were prepared by
diluting aliquots of the stock solution to a concentration of 0.0125 mg/mL (0.017
mM) (using the respective solvent systems) prior to depositing 2.0 pL of the

diluted solutions on carbon grids.
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Figure 2.13: SEM images of But-TBL in MeOH-water mixtures: (A) 100% water
(B) 25% MeOH (C) 50% MeOH (D) 75% MeOH (E) 95% MeOH (F) 99%
MeOH after 1 day. Scale bar = 200 nm.

The graph (sigmoid fit) in Figure 2.14 depicts the percentage growth in total RNT
length (with respect to the 99% MeOH solution F) that is measured in each of the
SEM images A-E after 1 day of aging in the respective solvent systems. The
RNTs that are quantified in each image are only those, which have n-n stacked
into RNTs of detectable length. The growth kinetics of the RNTSs varies with the
solvent system and from the SEM images A-F, it is apparent that the growth is
faster with higher concentrations of MeOH. We propose that because of
decreased cation and anion solvation of the chloride and the ammonium ions in
MeOH, and the resulting tighter ion pairs, the charge density on the RNTs is

lower, leading to longer, faster forming and more stable RNTs.
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% Growth in total RNT length wrt 99% MeOH mixture
,

Yolums percent of MeOH

Figure 2.14: Percentage growth of RNTs with respect to 99% MeOH solution as a

function of methanol-water ratio after 1 day.

In addition to more abundant RNT density, the solvent system also affects the
length distribution of the RNTs. The RNT’s length was categorized into three
groups: 10-100 nm (short tubes), 101-300 nm (medium sized tubes) and 301-2000
nm (long tubes). It was found that the length of the RNT increased with
increasing amount of MeOH. The RNT length distribution is shown in the
histograms in Figure 2.15 (See experimental section for method of generating
histograms). About 90% of RNTs consist of short to medium-sized nanotubes
that are less than 300 nm for the 0-75% MeOH solution samples (A-D). In
contrast, 40.3% and 80% of the total visible RNTs range between 300-2000 nm
for E and F, which have a 95% and 99% MeOH ratio, respectively.
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Figure 2.15: Histograms (A-F) of But-TBL self-assembled in increasing

concentrations of MeOH.

The importance of ion solvation on RNT stability is further highlighted from the
self-assembly of the chiral GAC bases from Figure 2.2 (Entries 8-11, namely
molecules R-TBL (2.40), S-TBL (2.44), GO (2.45), K-TBL (2.52)) in MeOH.
Anion exchange from TFA to chloride ions leads to a drastic change in the RNT
lengths. RNTs self-assembled with CF;COO™ ions (Figure 2.16, A-D) were
noticeably shorter in all cases compared to those with CI” ions (Figure 2.16, E-H).
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This was not surprising since the electrostatic interaction between CI' and the
ammonium group on the GAC base should be greater than with the more
polarizable CF3COQ". This observation is in contrast to the self-assembly of R-
TBL (or S-TBL) in water, which formed RNTs that were similar in length
regardless of the counterion. Compared to self-assembly in MeOH, there is
negligible difference in the RNT’s lengths between the chloride and TFA salts in
water, as seen in the SEM images in Figure 2.17. In this case, the electrostatic
interaction between the water molecules, which have a high dielectric constant,
and the individual ions of the GAC base salt are greater than the attraction

between the ion pairs regardless if CF3COO™ or Cl” ions are present.

Figure 2.16: SEM images of R-TBL, S-TBL, GO and K-TBL as the TFA salts (A-
D) and HCI salts (E-H) respectively, in MeOH after 1 day of aging. Scale bar 300

nm.
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Figure 2.17: SEM images of R-TBL (2.40) and S-TBL (2.44) as the TFA salts (A,
C) and HCI salts (B, D) respectively, in water after 1 day of aging. Scale bar 300

nm.

Along with solvent playing an important role in the RNT stability, it can also
dictate the supramolecular chirality of these self-assembled structures. We have
previously shown that a motif bearing a single GAC base functionalized with L-
lysine and self-assembled in water and MeOH gave RNTs with opposite

supramolecular chiralities.?®

Theoretical modeling revealed that the solvent
molecules located in the pockets of the RNT surface can trigger a molecular

switching, which result in conformers of opposite chiralities.

To verify whether a similar effect would occur with chiral twin-GAC motifs R-
TBL (2.40A), S-TBL (2.44A), GO (2.45A) and K-TBL (2.52A), CD spectroscopy
was used to study their self-assembly in water and MeOH (Figure 2.18). The
profiles and sign of the CD spectra of enantiomers R-TBL (2.40A) and S-TBL
(2.44A) were not altered by the solvent, when compared to each other and the
resulting RNTs had opposite helicities (reflected by the mirror-image CD signals)
as expected per the basic supramolecular chirality principles.* In a similar

manner, the CD of GO0 (2.45A) was not changed by the solvent environment.
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Figure 2.18: CD spectra for R-TBL, S-TBL, G0 and K-TBL as the TFA salts (A-
D, respectively) in MeOH (dash) and water (solid). Spectra of R-TBL and S-TBL
were obtained after 1 day of self-assembly and GO and K-TBL after 14 days. For
better visualization, the spectrum of K-TBL (D) in water was multiplied by a
factor of 20.

48



However, this was not the case for K-TBL (2.52A), which exhibited CD signals
of opposite signs in MeOH and water. This suggests that each of the two different
solvent molecules have a unique arrangement around the RNTs and that their
intermolecular interactions with the twin GAC motif dictate the RNT
supramolecular chirality.*® The CD spectra of K-TBL were always mirror image
of the spectra in MeOH, thus establishing that the supramolecular chirality
recorded is not a random process. This is the first reported example of a twin-
GAC motif that undergoes a similar solvent-induced chirality switching by an
achiral solvent. We presume that in this case too the orientation of the side-chain
dictates the supramolecular chirality, which are mirror-image conformers (also

termed as chiromers®®) in water and MeOH.

While it was evident from the previously discussed sections, that the nature of the
solvent can affect the output, size distribution and supramolecular chirality of
RNTs, the presence of trace amount of certain solvents can also affect the
formation and dispersion of the RNTs. Research done within our group has
demonstrated how the solvent molecules (as little as 1%) located in the pockets of
the RNT surface can switch the RNT supramolecular chirality.*® In this context,
we were interested in investigating if residual water present (accounting for less
than 1%) in the methanolic RNT solution could impact the self-assembly
behaviour. For this purpose, RNT monomers (Eth-TBL, But-TBL, S-TBL and K-
TBL as the HCl salts) were prepared in 99.8% HPLC grade methanol at a
concentration of 0.5 mg/mL. These stock solutions were then aged for 1 day and
aliquots were diluted to give 2 mL of 0.0125 mg/mL diluted RNT solutions.
Dried molecular sieves (3 A, 10 beads per sample) were added to the methanolic
solutions for removal of residual water. Drops of these samples were cast onto
TEM grids at 1 h and 1 day after the addition of molecular sieves. While prior to
addition of the drying agent, long and well-dispersed RNTs were observed
throughout the grid, after 1 h of the molecular sieves addition, the RNTs merged
into thick bundles. Upon standing for 1 day, almost no nanotubes were observed
by SEM imaging (Figure 2.25).
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Figure 2.19: SEM images of self-assembling modules Eth-TBL (A-C), But-TBL
(D-F), S-TBL (G-I) and K-TBL (J-L) as HCl salts in MeOH. The first column of
images (A, D, G and J) corresponds to the samples prior to the addition of
molecular sieves. The second column of images (B, E, H and K) corresponds to

the samples 1 h after the addition of molecular sieves. The third column of images
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(C, F, I and L) corresponds to the samples 1 day after the addition of molecular
sieves, showing the collapse of the RNT structure. Scale bar = 200 nm.

In some cases, the RNTs precipitated out of the methanolic solution and this was
visible to the naked eye. These results compelled us to believe that trace amount
of water is crucial for the self-assembly and dispersion process, since taking out
these water molecules from the pre-made RNTs led to its aggregation and
subsequent precipitation. It is postulated that trace water molecules present in an
ocean of methanol molecules are the ones that provide the first layer of solvation
in the pockets and around the RNT surface. The nanotubes are preferentially
solvated by water since the latter is a better solvent for ions than methanol.
Removal of this hydrophilic solvation shell leads to a less charged RNT species
since in methanol tighter ion pairs are formed. The dispersion, which resulted
from repulsion between the charged species, decreases as the amount of water in
the medium are greatly reduced, thus leading to thicker bundles. As the
remaining water molecules are sequestered by the drying agent, larger aggregates

are formed, which eventually precipitate out of solution.

2.3.2, Effect of functional group variation

Indeed the presence and nature of the solvent system dictates whether self-
assembly would occur, since in its absence, supramolecular architectures cannot
prevail. However the structure of the monomeric building blocks that makes up a
supramolecule is equally important. The functional groups expressed on the
periphery of the nanotubes, their hydrophobicity and charge strongly influence the
self-assembly process, particularly in highly polar solvents such as water and
MeOH. Self-assembly of the RNTs is usually faster in MeOH than in water. As
such, it was easier to distinguish the effect of different functional groups in water,

where the RNT growth rate was slower.

Stock solutions of the monomers (entries 1-7, 12, Figure 2.2) were prepared at 1.0
mg/mL in water and were aged for 1 day. The SEM samples were prepared by
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diluting aliquots of the stock solution to 0.05 mg/mL prior to depositing 2.0 pL of
the diluted solution on carbon grids (Figure 2.20).

Figure 2.20: SEM images of twin RNTs with the indicated side-chain in water,
aged for 1 day. Scale bar 200 nm.

In an attempt to quantify the self-assembly process, the RNT length distribution
was obtained and compared by making histograms for each sample. In the first
case, But-TBL (C) OH-TBL (E), Me-TBL (F) and Pent-TBL (G) were compared.
From the histograms (Figure 2.21), for Pent-TBL more than 53% of the RNTs
were greater than 300 nm in length, whereas for But-TBL and OH-TBL, this
corresponded to only 37% and 16% of the RNT population. All three monomers
have functional groups with the same alkyl chain length of 4 atoms, but have
either charged (But-TBL, NH3"), polar (OH-TBL, OH) or neutral (Pent-TBL, Me)
terminal ends. We presume that the hydrophobic nature of the pentyl group on the
self-assembly of Pent-TBL contributes to the enhanced association and growth of
the longer RNTs in the aqueous solvent. Such favourable interaction is missing
for the charged and polar side-chains of But-TBL and OH-TBL respectively. The
importance of the hydrophobic effect was further demonstrated with RNTs Me-
TBL and Pent-TBL. Both display non-polar alkyl groups (Me and pentyl
respectively) but differ by 4 carbon atoms. While Me-TBL has 16% percent of

52



RNTs greater than 300 nm in length and none larger than 1000 nm, the more
hydrophobic Pent-TBL has over three times the number of RNTs within this
range and quite notably, 5% which were significantly longer (1000 -2000 nm).
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Figure 2.21: Histograms of But-TBL (A), OH-TBL (B), Me-TBL (C) and Pent-
TBL (D). These histograms reveal that the percentage of RNTs greater than 300
nm is significantly greater for Pent-TBL with the neutral pentyl functional group
than for But-TBL and OH-TBL, which have charged (NH;") or polar side chains
(OH) of the same length.

Subtle changes in the charge density of the functional groups also have dramatic
effect on the self-assembly process as illustrated with Eth-TBL, But-TBL and
Hex-TBL (Figure 2.22). Although these monomers differ from each other by the
sequential addition of two methylene groups, the population of RNTs below 200
nm increased dramatically in water from 21% to 92% between Eth-TBL and Hex-
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TBL respectively. Most importantly in the case of Hex-TBL, there were no RNTs
greater than 300 nm in length. It was postulated that the difference in self-
assembly might arise from the ability of longer side-chains to form intramolecular

H-bonds with the GAC base, thereby hindering RNT formation.

O NH, 9 M,
H/NI\ N HN ] SN
- H o ‘0 H)‘J)\\N rll’go
A i B [¢]
35 4 HNS 35 o @ ®
NI~ N H;N’\/H\J/\NJL‘N
30 N 7 NH, 30 N Ny “NH,
~ ~
N” N TO
25 4 H H 254 Nye
ol L]
= e
Z 20 J
Zw ;z‘e 20
R
15 154
10 4 104
21%
0,
o] 17% 5
° L) L L] L) L] T L] ¥
010 1050  50-100 100-200 200.300 300-500 500-1000 1000-2000 0410 1050 50100 100-200 200-300 300-500 500-1000 1000-2000
Nanotube length / nm Nanotube length / nm
6 NH, 0 NH,
HN N HN N
j
HN’J\\N N/&O HNA\N N’go
C 40 | D 40 - {
[o]
® & @
354 HQN/\/\/H\/\N)LN 35 H;N/\/\/\/N\/\N’u‘iN
¥
N7 NH;
* L™ AT -
SNTNTY “NTONTo
H H
25 25 4
g [
Z 20 Z 04
® ®
15 15 4
104 10 4

L T 1 L] 1 1 1 L
0-10 1050  50-100 100-200 200-300 300-500 $500-1000 1000-2000 10-50 50-100  100-200 200-300 300-500 500-1000 1000-2000
Nanotube length / nm Nanotube length / nm

Figure 2.22: Histograms for the SEM images of NH-TBL (A), Eth-TBL (B), But-
TBL (C) and Hex-TBL (D). These histograms reveal that the percentage of RNTs
less than 200 nm in length increases from 21% to 56% and to 92 % for Eth-TBL
(B), But-TBL (C) and Hex-TBL (D) respectively.

A conformational search using molecular modeling resulted in the sampling of 8,
38 and 499 conformations for Eth-TBL, But-TBL and Hex-TBL respectively
(Figure 2.23). These conformations were subjected to 3D-RISM"’ calculations to

obtain the solvation free energies in water with chloride counterions. The most
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stable conformations obtained had the side-chains in the extended form, which
implies that intramolecular H-bonding may not be the cause for a difference in
RNT formation. At the same time, this also means that analogues with the longer
chains lack the diversity of the side-chain conformation. This conformational
entropic loss disfavours the self-assembly process for Hex-TBL. Interestingly,
the NH-TBL RNTs which lacks the side-chain, has approximately 17% of RNTs
below 200 nm, which is nearly identical to that observed with Eth-TBL after 1
day. Thus, there is very little difference in the RNT stability between the
unfunctionalized version (NH-TBL) with +1 net charge and the functionalized
derivative (Eth-TBL) with +2 net charge.
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Figure 2.23: Conformational search for Eth-TBL (left), But-TBL (middle) and
Hex-TBL (right).

shown.

The lowest energy conformer for each RNT monomer is

It is known that the structure of a molecule dictates its molecular chirality and
quite often this difference in molecular chirality is also expressed at the
macromolecular level. Such an example is illustrated by the mirror-image CD
signals, which is due to the RNTs of opposite helicities, for the analogues TBL-R
and TBL-S in either water or methanol (Figure 2.18 - A, B). Another such
example is the opposite Cotton effects seen for GO and K-TBL modules in MeOH
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(Figure 2.24). Though these two monomers have the same point chirality, it is the
orientation of the side-chain that dictates the RNT’s supramolecular chirality in

solution.
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Figure 2.24: CD spectra of GO (dash) and K-TBL (solid) as the TFA salts in
MeOH after 14 days of aging.

While studies up to this point focused on twin-motifs that featured one functional
group, bis-alkylated adducts such as Di-Me-TBL (2.54) which is dimethylated is
also an interesting candidate for self-assembly. With an interplanar separation
between the rosettes around 4.0 A,'®'® in theory, this pocket should be able to
accommodate functional groups with a diameter less than 4.0 A in order to
maintain the required m-m stacking interactions between the two GAC units
during rosette and nanotube formation. In the present case, which is the most
simple, SEM images of RNTs Di-Me-TBL (Figure 2.20, H) were very similar in
length compared to Me-TBL (Figure 2.20, F) which has only one methyl group
but has the same net charge. Similar RNT stabilities were expected since the
diameter of this methyl group in 2.54 is within the 4.0 A limit.!” However, if
bisalkylated adducts such as Di-Me-TBL have functional groups greater than 4.0
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A in diameter, we would expect a decrease in the stability of the RNTs, due to

disruption of the stacking interactions between the GAC units.

In order to further investigate the scope of these functional group studies, the
twin-motif Acr-TBL (2.58) coupled to acridine was explored. These aromatic
acridine molecules are significant for their antimicrobial and anticancer
properties.”® More pertinent to these studies however, is their known ability to
intercalate nucleic acids'® and exhibit several polymorphic structures in the solid

state due to strong electrostatic and -7t interactions.?’

Figure 2.25: SEM images of Acr-TBL after 1 day of aging in MeOH (A) and
water (D) and 14 days of aging in MeOH (B) and water (E). Helical bundles are
observed in MeOH (C) and water (F) after 3 days and 14 days of aging,

respectively. Scale bar =200 nm.

Self-assembly of Acr-TBL into single RNTs would demonstrate the selectivity
and stability of these architectures in the presence of the aromatic fragment, which

was expected to alter the self-assembly pathway and supramolecular structure
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formed. As shown in Figure 2.25, long and well-dispersed RNTs were observed
in both MeOH and water solvents after 1 day of aging, thereby confirming the
robust nature of the twin GAC design. As the stock solutions were aged over
longer time periods, thicker bundles emerged. Helical nanofibres were also
observed in both solvents. TEM images of Acr-TBL established that the outer
diameter of the RNTs was 5.2 = 0.2 nm, which is in agreement with the
theoretical value of 5.1 nm, whereby the acridine units are extended out from the

periphery of the RNT.

Figure 2.26: TEM image of Acr-TBL in (A) MeOH and (B) water after 1 day of
aging. Scale bar = 100 nm.

Morphologies similar to the ones observed during SEM and TEM imaging were

also found for the AFM images in both water and methanol.
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Figure 2.27: AFM image of Acr-TBL in MeOH (left) and water (right) cast on
HOPG after 1 day of aging.

The conformation adopted by Acr-TBL in solution was elucidated using
molecular modeling. By varying the dihedral angle indicated in Figure 2.28 (by
0°, 90°, 180° and 270°), the four initial conformations of the motif were

generated.

0°, 90°, 180°, 270°

Figure 2.28: Conformations of Acr-TBL

Using these four motifs, the four RNTs each consisting of 9 twin-rosette rings
were generated. The side-chain conformation was optimized with the top two and
bottom two twin-rosette rings as well as all GAC bases fixed to reduce the end

effect. After the minimization, the central twin-rosette in each four RNTs were
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taken to finally construct RNTs composed of N=1-9 twin-rosettes. A stacking
distance of 4 A and staggering angle of 30° between the twin-rosette rings was
applied.'®'® By applying Macromodel and 3D-RISM theory’ (in water + CI'), the
free energies of each RNTs were obtained. The graph in Figure 2.29 shows the
relative free energy as a function of the number of twin-rosette rings, N, with

respect to the free energy of #2 RNT.

60.0
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Figure 2.29: Relative free energy as a function of the number of twin-rosette rings

of Acr-TBL.

The most stable RNT was #3, and the conformation of the single motif, single

twin-rosette ring, and RNT are as follows.
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Figure 2.30: Most stable conformation of Acr-TBL #3 (A), Hexameric rosette (B)
of A, RNTs (C and D) comprised of n—x stacked twin-rosettes B.
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Figure 2.31: Association free energy of RNT #3.

The association free energy of this RNT shows that it can form RNT without any
potential barriers (Figure 2.31). The outer diameter of RNT #3 was calculated to
be 5.1 nm, which is in agreement with the diameter obtained from TEM
measurements. The calculated distance between the acridines is more than 10 A,

which indicates that interaction with neighbouring or adjacent acridine units is
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unlikely.

TEM measurement and the modeling method used were inadequate for predicting
that the acridine units were not intercalating between the GAC motifs within its
own RNT or with neighbouring RNTs as the bundles form over time. Thus the

self-assembly was monitored by UV-Vis spectroscopy.

Time dependent UV-vis spectroscopy was carried out in both water and MeOH
over a month to investigate the dynamics of the RNTSs' solutions. Stock solutions
at 0.5 mg/mL were prepared by dissolving the compound in water and MeOH.
The solutions were sonicated and aged at room temperature. Aliquots of the
solutions were taken at different time intervals (1 h, 1, 2, 4, 7, 14, 21 and 28 days)
and diluted to 0.0125 mg/mL with the respective solvent and the UV-vis spectra
were recorded. For the purpose of clarity, only data obtained at 1 h, 1, 4, 14 and
28 days have been plotted.
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Figure 2.32: Time-dependent UV-vis spectrum of Acr-TBL in water.
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Figure 2.33: Time-dependent UV-vis spectrum of Acr-TBL in methanol.

As shown in Figures 2.32 and 2.33, there were some spectral differences for Acr-
TBL when self-assembled in water and MeOH, which arise due to solvent
polarity.?! In the case of water, the absorbance bands arising from » — T
transitions within the twin RNTs were shifted to shorter wavelengths (Amax = 252
nm —> Amax = 246 nm, hypsochromic shift) as a result of increased solvation of the
carbonyl lone pair of electrons. For the m — 7 transitions, a bathochromic shift
(Amax = 283 nm — Amax = 286 nm) was observed due to attractive polarization
forces between the solvent molecules and the absorber, which lowers the energy
levels of both the excited and unexcited states. As such, the wavelength
difference between the » — " and m — m_ transitions increased in water as the
RNTSs grew over time (Amax = 252, 283 nm for 1 h — Apax = 246, 286 nm for 28
days). The reverse trend was observed for the RNTs in MeOH with 7 — 7" (Amax
=251 nm, 1 h — Amex= 253 nm, 28 days, and © —> 7t (Amax =292 nm, 1 h — Aoy
= 283 nm, 28 days) transitions. In the UV region from 200-300 nm, both acridine
and the bases have intense absorption bands, due to which this region was not
suitable to follow any acridine-base interaction. The acridine fragment also has
weak bands between 325 to 400 nm - a region free of GAC base residue
absorptions. Thus, it was chosen to monitor potential changes on the acridine

portion. It was speculated that if the acridine moiety inserted between two twin
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rosettes, a significant hypochromic effect would be observed due to stacking
interactions. The absence of hypochromism in this region for both water and
MeOH samples ruled out the possibility of intercalation. This also indicates that
stacking interactions between the GAC rosettes and acridine units of neighbouring
RNTs or between acridine units within the same RNT were not occurring during

RNT growth.

2.3.3. Modification to the core structure

So far we studied the effect of the side-chain on the central nitrogen atom
connecting the two GAC units and established that the nature of the side-chain
greatly influenced the self-assembly, aggregation and supramolecular chirality of
the RNTs. By molecular modeling, it was found that the twin GAC system self-
organizes into a syn conformer."” Though this syn conformer has favourable m-nt
stacking interactions, substitution on the exocyclic nitrogen can greatly affect the
self-assembly process. Thus we designed RNTs with different substituents on the
exocyclic nitrogen as compared to But-TBL. It was envisaged that a bulkier
group would increase the steric repulsion between the GAC moieties, thus
disfavouring RNT formation. We therefore embarked on making analogues of the
self-assembling building block But-TBL by varying the functionality on the

exocyclic nitrogen of the GAC heterocycles as shown below.

0 NH, 0 NH, O NH, O NH,
LY L T Y
HNTPNTONTT0 HNTTNT NS0 {7 NSNS0 HN N7 NS0
e \ 0 \ Q ) \ 0 H 0
Hsﬁ/\/\/N\/\NJ\N Hsﬁ’\/\/N\/\NJ\N Haﬁ/\/\/N\/\NJ\N Haﬁ/\/\/N\/\NJLI
N7 ONH, N7 NH, X7 NH, --_.\N)I‘\NHZ
\N’l,:l\u 0 HZN/“\N 0 /\”"JI\N 0 \u)l\”

But-TBL But-TBL-H But-TBL-E But-TBL-M
Figure 2.34: Variants of the twin RNT monomers with the modifications indicated
for the core structure.
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2.3.3.1. Synthesis of the modified core structures
The But-TBL-H analogue was synthesized as follows:

OBn NBoc, OBn NBoc, O NH;

NN N H

N N N SN

| 2.20, Na(OAc);BH )I\ i. 95% TFA/Thioanisole [
~ o N

BoczN)\N N’go 1,2DCE, 60% Boc,N” "N N’go ii.HCI (89% over 2 steps) HZNJ\N N’go

(o] (o]
|
@ ®
o BOCHN/\/\/N\/\N/U\N HsN/\/\/H\/\N/U\N
2.59 2.60 | 2.61 |
N™ NBoc, N
A - A
BocoN™ "N” "OBn HoN ﬁ [¢]

Figure 2.35: Synthetic scheme for the synthesis of But-TBL-H

Coupling of the aldehyde®® 2.59 with ferr-butyl 4-aminobutylcarbamate through a
reductive amination reaction gave the protected dimer 2.60 in 60% yield.
Removal of all the protecting groups using TFA, followed by anion exchange
gave rise to the hydrochloride salt 2.61 in 89% yield. Compared to But-TBL, in
this molecule the secondary methylamine group was replaced by a primary amino

group, hence it was sterically less hindered.

The main precursor to the synthesis of But-TBL-E was the aldehyde 2.70, which
was synthesized according to the synthetic plan illustrated in Figure 2.36. A
nucleophilic substitution reaction on 4-(allylamino)-2,6-dichloropyrimidine-5-
carbaldehyde  using ethylamine produced 4-(allylamino)-6-chloro-2-
(ethylamino)pyrimidine-5-carbaldehyde (2.62) in 74% yield. The product was
subjected to another nucleophilic substitution reaction using benzyl alcohol to
afford  4-(allylamino)-6-(benzyloxy)-2-(ethylamino)pyrimidine-5-carbaldehyde
(2.63) in 75% yield. The selective Boc protection of the exocyclic ethylamine
gave tert-butyl 4-(allylamino)-6-(benzyloxy)-5-formylpyrimidin-2-
ylethylcarbamate (2.64) in 90% yield. Subsequent reaction of the aldehyde
functionality with hydroxylamine hydrochloride gave rise to compound 2.65 in
90%, which was then subjected to a dehydration reaction using trifluoroacetic

anhydride to produce fert-butyl 4-(allylamino)-6-(benzyloxy)-5-cyanopyrimidin-
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2-ylethylcarbamate (2.66) in 93% yield. Reaction of 2.66 with N-
chlorocabonylisocyanate followed by cyclization in a concentrated methanolic
solution of ammonia gave rise to fert-butyl 1-allyl-4-amino-5-(benzyloxy)-1,2-
dihydro-2-oxopyrimido[4,5-d]pyrimidin-7-ylethylcarbamate (2.68) in 74% yield
over two steps. The primary amino group of the cyclized product 2.68 was
protected using Boc,O to give the desired compound 2.69 in 90% yield. Finally,
the allyl group was subjected to a Lemieux-Johnson transformation to furnish the

corresponding aldehyde 2.70 in 57% yield over two steps.

H._O H__O H. 0 H.__O
i H BnO N H
O AN O N A O G BrO AN
[ EtNH,, THF | BnOH, NaH Boc,0, DMAP |
Ny N Na N NQrN Na N
b 74% Y THF, reflux, 75% EtN, THF,90% |
cl HN HN\I BocNj
23
2.62 2.63 2.64
OH
O _NH
N 2
[ u ™ H BnO. ¥ T
NHOH.HCI BnO__~ ' N, TFAA E:N B"O\IZ\IrN\/\CICONCO, DCM " \%\l( ~
pyridine, 90% NQrN THF, 93% NQrN iPr,EN NYN
BocN Boch Boch
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i. NMMO, 0sO,
NH; in MeOH NI 7SN Boc,0, DMAP N " N  THF:BUOH:H,O N N
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74% (2 steps) BocN” N7 “N"SOEtN, THF, 90% BocN” N “N*"0ii.NalO,, DCM:H,0 BocN” N7 N’l*o

H| I\ ﬁ 57% (2 steps) K H(')

2.68 269 _ 2.70
Figure 2.36: Synthetic scheme for the synthesis of ethyl modified GAC aldehyde
2.70.

The aldehyde 2.70 was coupled to fert-butyl 4-aminobutylcarbamate through a
reductive amination reaction to produce the protected dimer 2.71 in 73% yield.
Deprotection using TFA in the presence of thioanisole, followed by anion

exchange gave rise to the hydrochloride salt 2.72 in 87% yield. While this new
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variant (But-TBL-E) possessed all the requirements for RNTs formation, it also

had a bigger steric bulk on the exocyclic nitrogen as compared to But-TBL.

OBn NBoc, O NH
Xy SN H
2.70, Na(OAc);BH /l\ /& i. 95% TFA/Thioanisole | /&
12DCE,73%  BocN O ii.HCI (87% over 2 steps) HN
HN A~ NHBoG J \ 5 k’
®
BocHN/\/\/N\/\NJ\'N H3N/\/\/N\/\N
2.20 2.1
N7 N oBn )\
Boc

Figure 2.37: Synthetic scheme for the synthesis of But-TBL-E (2.72).

The heterogeneous variant of But-TBL was synthesized using the aldehydes 2.59
and 2.13, whereby the molecule consisted of two different GAC moieties, with
one having a primary amino group and the other one possessing a secondary
methyl amino group. The aldehyde 2.59 was coupled to tert-butyl 4-
aminobutylcarbamate through a reductive amination reaction. Once the first
coupling was completed, the crude product was reacted with aldehyde 2.13 to
produce the heterogeneous dimer 2.73 in 40% yield. Cleavage of the acid-labile
protecting groups under the acidic conditions, followed by anion exchange gave

rise to the hydrochloride salt 2.74 in good yield.

OBn NBoc, O NH;
NN . HN
i. 2.59, Na(OAc);BH )l\ P /& i. 95% TFA/Thioanisole ~ | /&
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Figure 2.38: Synthetic scheme for the synthesis of But-TBL-M.
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2.3.3.2. Microscopy characterization of the RNTs with modified core
structures

Stock solutions of the monomers (But-TBL, But-TBL-H, But-TBL-E, But-TBL-
M), isolated as HCI salts were prepared at a concentration of 0.5 mg/mL in
methanol. The samples were aged and aliquots of the solutions were diluted to
0.0125 mg/mL and cast on TEM grids and freshly cleaved mica surfaces for the
morphology visualization. The SEM, TEM and AFM images (Figure 2.45) are
for samples aged for 3 days except for But-TBL-E module, which was aged for 14
days. Results from these characterization techniques and molecular modeling are

summarized in Figure 2.46.

The values obtained from AFM are lower than those obtained by TEM due to
compression arising from the interaction with the tip.!!  Although TEM
measurements revealed that the diameters of But-TBL (B), But-TBL-H (E), But-
TBL-E (H) and But-TBL-M (K) were of negligible difference, the lengths of But-
TBL-E RNTs, which feature the two ethyl groups, were shorter than the other
three as seen by the SEM and AFM images. This demonstrates that functional
groups on the exocyclic nitrogen larger than methyl do in fact destabilize the
RNTs as the rosettes m—m stack and thereby provides yet another alternative

means of tailoring the stability and length distribution of the RNTs.
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Figure 2.39: SEM (first column), TEM (second column) and AFM (third column)

images of But-TBL (first row), But-TBL-H (second row), But-TBL-E (third row)

and But-TBL-M (fourth row). The scale bars for the SEM images are 200 nm and
for the TEM images are 20 nm.
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Figure 2.40: Summary of diameters of compounds with modified core structures

using AFM and TEM imaging, along with their structures generated using

molecular modeling.
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2.4. Conclusion

The self-assembly of twin GAC motif-based RNTs with controlled stability
demands a delicate balance of both environmental factors and structural elements.
This chapter has introduced several newly synthesized twin GAC compounds with
different functional groups, core modification and steric bulk. The RNT forming
ability of these compounds were investigated under different conditions, including
solvent systems, charge density and counterions. The relative stability of the
RNTs was investigated by comparison of their abundance and length distribution
in solution. Solvent choice is one key component in the self-assembly process, as
it determines the extent of solvation of positively charged twin-motif and
negatively charged counterions present. In general, it was found that longer and
more abundant RNTs were formed in methanol than in water due to decreased
cation and anion solvation and tighter ion pairs. Less polarizable counterions,
such as chloride, led to the formation of longer RNTs. It was found that the
solvent system and counterions affected the supramolecular chirality of RNTs
derived from chiral twin GAC building blocks. The molecular structure of the
RNT forming motif also had a big impact on the length, abundance, dispersion
and supramolecular chirality of the higher order aggregates. Through UV-vis
study, it was found that the acridine moieties from the acridine functionalized
RNTSs was not intercalating between the rosettes. Although the aromatic acridine
unit does not appear to affect the n-n stacking of rosettes, bisalkylated adducts
(such as Di-Me-TBL) which have groups greater than 4.0 A in diameter, will
likely decrease the stability of the RNTs by disrupting these stacking interactions.
In a similar manner, changing the core structure of the motif from expressing a
methylamine to an ethylamine group undoubtly destabilizes the RNTs through a
similar mechanism. Finally, using results from this chapter, the polarity,

hydrophobicity and charge density could be tuned to generate longer RNTs.
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2.5. Experimental Section

2.5.1. General procedures

2.5.1.1. Self-assembly

Stock solutions of 0.5 mg/mL (average concentration of 6.68 x 10* M for
samples, except 4.92 x 10* M for GO, K-TBL and Acr-TBL) of RNTs or as
indicated in the results were prepared by dissolving the RNT-forming motifs
either in deionized water (dH,O) or HPLC grade methanol. The solutions were
then sonicated for 5 min, heated for 10 s using a heat gun and then filtered
through a 0.25 pm Whatmann filter membrane. The stock solutions were then
allowed to age at room temperature. Aliquots from these RNT stock solutions
were diluted and used for CD and UV-vis experiments as well as imaging by
AFM, SEM and TEM.

2.5.1.2. SEM imaging

Stock solutions of the twin bases (0.5 mg/mL, average concentration of 6.68 x 10
* M for samples, except 4.92 x 10* M for GO, K-TBL and Acr-TBL) of RNTs
were prepared by dissolving the RNT-forming motifs either in dH,O or MeOH.
The solutions were diluted to 0.025 or 0.0125 mg/mL with dH,O or MeOH (as
indicated) prior to imaging. The SEM samples were prepared by floating a
carbon-coated 400-mesh copper grid (Electron Microscopy Sciences) on a droplet
of the diluted RNT solution for 10 s. The grid was blotted using filter paper. The
RNT-coated grid was then air-dried and heated on a hotplate (100 °C) for 15 min
before imaging to remove any residual solvents. All SEM images were obtained
without negative staining (unless indicated otherwise), at 5 kV accelerating
voltage and a working distance of 5.0 mm or at 30 kV accelerating voltage and a
working distance of 7.0 mm on a high resolution Hitachi S-4800 cold field

emission SEM.
2.5.1.3. Histograms

The histograms correspond to the rosette nanotube length distributions for the

depicted SEM images. Though quantifying all the monomers involved in rosettes
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at all stages of self-assembly would be the ideal representation of self-assembly, it
is a challenging process due to the instrument limitations. As such, visible
nanotubes ranging from 10 - 2000 nm on the SEM images were measured. The
rosette nanotube formation is the consequence of stacking interactions between
the rosettes, which is fueled by a number of favourable interactions, and is a fair
approximation depicting the degree of self-assembly. The sum of the length of all
visible nanotubes by SEM imaging, was obtained. The percentage of each length
range was calculated and histograms representing the length distribution for the

images were obtained using OriginPro software.

2.5.1.4. AFM imaging

For AFM imaging, one drop of the diluted RNT solution was deposited onto a
freshly cleaved mica substrate (1 cm?®) for 10 s and excess solution was blotted
using filter paper. The sample surface was imaged using a Digital
Instruments/Veeco Instruments MultiMode Nanoscope IV AFM equipped with an
E scanner in tapping mode. Silicon cantilevers (MikroMasch USA, Inc.) with low
spring constants of 4.5 N/m, a scan rate of 0.5-1 Hz and amplitude setpoint of 1 V
were used. The diameter values obtained by AFM are lower than the average
value obtained from TEM measurements. This is most likely due to the flattening
of the soft organic RNTs upon the tapping of the AFM tip, thus leading to a

smaller measured diameter value.

2.5.1.5. TEM imaging

TEM imaging was performed on a Hitachi HF3300 microscope operating at 200
kV. Compounds were prepared as described in the self-assembly section and
aged for 2 weeks (unless indicated otherwise). An aliquot (0.02 mL) of each of
the solutions was deposited on a 400-mesh carbon coated grid (Electron
Microscopy Sciences), then blotted after 10 s using filter paper. The samples were
negatively stained with either 2% uranyl acetate. Uranyl acetate solutions were
prepared by dissolving uranyl acetate crystals in MeOH or in dH,O by sonicating
for 10 min. The stains were then filtered through a 0.25 pm Whatmann filter
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membrane and stored in the dark at room temperature for subsequent uses. All
samples were air-dried before imaging and heated on a hotplate (100 °C) for 15
min prior to imaging to remove any residual solvents. The average diameters of
the nanotubes were determined by randomly measuring individual assemblies

using Digital Micrograph software (version 3.9.3 by Gatan).

2.5.1.6. CD spectroscopy

All circular dichroism spectra were recorded on a JASCO J-810
spectropolarimeter. Samples were scanned from 350-200 nm at a rate of 100
nm/min. Stock solutions (0.5 mg/mL) of the chiral samples were prepared in
dH;O or MeOH aged for different time intervals at room temperature. Their CD
spectra were recorded by taking aliquots of the stock solutions and diluting them
to (0.025 mg/mL, 3.34 x 10 M for R-TBL, S-TBL and 2.46 x 10° M for GO, K-
TBL) at 10°C in dH,O or MeOH.

2.5.1.7. General methods

Unless otherwise noted, all reactions were performed under an atmosphere of N,
using oven-dried glassware equipped with a magnetic stirrer and rubber septum.
Reagent grade solvents CH,Cl,, THF, Et;0 and CH30H were purified on an
MBraun solvent purification system prior to use. All other commercial reagents
were used without purification unless otherwise stated. Reactions were monitored
by TLC analysis using silica-coated TLC plates and visualized under UV light. 'H
and C NMR spectra were recorded in the specified deuterated solvent. The
NMR data is presented as follows: chemical shift, peak assignment, multiplicity,
coupling constant, integration. Residual 'H shifts in CDCl; (7.24 ppm) and de-
DMSO (2.5 ppm) were used as the internal references where stated for 1H NMR.
The following abbreviations were used to explain the multiplicities: s = singlet, d
= doublet, t = triplet, m = multiplet, bs = broad singlet. CDCIl; (77.0 ppm), ds-
DMSO (39.5 ppm) were used as the internal references for *C NMR as stated.
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2.5.2 Synthesis of target molecules

2, 4, 6-trichloropyrimidine-5-carbaldehyde (2.3)*

H._O
ci %/m

Ny N

T

Cl
22

POCl; (300 mL, 3210 mmol), barbituric acid (60 g, 469 mmol) and N, N -
dimethylformamide (27.2 mL, 469 mmol) were added at room temperature and
stirred under N;. The mixture was allowed to reflux for 20 h and was then cooled
down to room temperature. Excess POCl; was then removed by simple
distillation, and the resulting brown viscous liquid was gently added to crush ice
(~1000 g) with continuous stirring. The resulting pale brown precipitate was then
filtered, washed with dH,O (2 L) and dried under high vacuum. Recrystallization
from EtOAc and hexanes gave the desired compound CsHCI;N,O (2.2) as pale
yellow crystals in 85% yield. Ry = 0.37 (10% EtOAc in hexanes); "H NMR (400
MHz, CDCl3): 6 = 10.42 (s, 1H).

4-(allylamino)-2, 6-dichloropyrimidine-5-carbaldehyde (2.3)8a

To a stirred solution of 2.2 (84 g, 397 mmol) in CH,Cl, at -78°C, allylamine (60
mL, 801 mmol) was added gradually under nitrogen. The resulting mixture was
stirred at -78 °C for 2 h and then allowed to -20 °C warm up for 3 h. The reaction
was then quench with dH,O and extracted with CH,Cl,. The organic layers were
combined and washed with dH,O (60 mL), brine (30 mL), and then dried over
anhydrous Na,SO; to yield a crude yellow solid. Recrystallization using CH,Cl,
and hexanes gave rise to the desired product CsH;CI,N3O (2.3) as a pale yellow
solid in 82% yield. Ry = 0.34 (10% EtOAc in hexanes); '"H NMR (300 MHz,
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CDCl;): & = 10.34 (s, 1H), 9.39 (bs, 1H), 5.97-5.86 (m, 1H), 5.32-5.22 (m, 2H),
4.26-4.21 (m, 2H).

4-(allylamino)-6-chloro-2-(methylamino)pyrimidine-5-carbaldehyde 2.4*

H_O
NN
24

Methylamine (2.0 M solution in THF, 15.6 mL, 432 mmol) was added to solution
of 2.3 (50.0g, 216 mmol) in THF 0 °C under N,. The reaction mixture was stirred
at 0 °C for 2 h. Removal of solvent under reduced pressure afforded the crude
product as off-white solid. Recrystallization using CH,Cl; and hexanes gave rise
to the desired product CoH;1N4O 2.4 as a white crystalline solid in 97% yield. Ry
=0.21 (10% EtOAc in hexanes); "H NMR (300 MHz, CDCL): & = 10.05 (s, 1H),
9.39 (bs, 1H), 6.00-5.90 (m, 1H), 5.74 (bs, 1H), 5.25 (d, /= 17.1 Hz, 2H), 5.17 (d,
J=10.2 Hz, 2H), 4.19 (t, /= 5.6 Hz, 2H), 3.01 (d, /= 4.8 Hz, 3H).

4-(allylamino)-6-(benzyloxy)-2-(methylamino)pyrimidine-5-carbaldehyde
2.5)%

Benzyl alcohol was added (27.3 mL, 264 mmol) to a solution of NaH (7.80 g, 325
mmol) in THF at room temperature under N, and stirred for 15 min. The solution
was cooled to 0 °C and then added gradually to a solution of 2.4 (30.0 g, 132
mmol) in THF. The mixture was warmed to room temperature and then refluxed
for 22 h, after which it was then cooled to 0°C and quenched with saturated
NH,4Cl1. Removal of solvent under reduced pressure gave a brown paste. The
latter was dissolved in DCM, washed with dH,O (100 mL), brine (50 mL) and
dried over anhydrous Na,SO4 Evaporation followed by flash column
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chromatography (0-5% EtOAc in hexanes) yielded the desired compound
CisH18N4O; as a pale yellow solid (2.5) in 77% yield. Rr= 0.45 (30% EtOAc in
hexanes); '"H NMR (400 MHz, CDCl3): 6 = 9.98 (s, 1H), 9.34 (bs, 1H), 9.17 (bs,
1H), 7.37-7.28 (m, 5H), 5.96-5.90 (m, 1H), 5.50 - 5.10 (m, 4H), 4.17 (m, 2H),
3.07 (d,J=5.2 Hz, 3H).

tert-butyl 4-(allylamino)-6-(benzyloxy)-5-formylpyrimidin-2-yl(methyl)-

carbamate (2.6)*

Na

BocN ~
26

4-N, N - dimethylaminopyridine (8.07 g, 66.0 mmol) and triethylamine (56 mL,
288 mmol) were added to a solution of 2.5 (39.5 g, 132 mmol) in THF at room
temperature under N;. After 5 min of stirring, Boc,O (57.6 g, 264 mmol) was
added and the reaction mixture was stirred for 24 h. The reaction was quenched
with dH,O (50 mL) and solvent was removed under reduced pressure. The crude
product was washed with dH,O (100 mL), 5% aqueous NaHCO; (100 mL) and
brine (100 mL), along with extraction using EtOAc. Drying over anhydrous
Na,SO,, followed by solvent removal under reduced pressure afforded a yellow
solid, which was purified by flash column chromatography (0-5% EtOAc in
hexanes). The desired compound C, H¢N4O4 was obtained as pale yellow solid
(2.6) in 88 % yield. Ry = 0.34 (10% EtOAc in hexanes); "H NMR (400 MHz,
CDCl): 8 =10.15 (s, 1H), 9.20 (t, J= 5.7 Hz, 1H), 7.42 - 7.30 (m, 5H), 5.94-5.87
(m, 1H), 5.49 (s, 2H), 5.25-5.12 (m, 2H), 4.19 (t, J = 5.6 Hz, 2H), 3.38 (s, 3H),
1.55 (s, 9H).
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(E)-tert-butyl-4-(allylamino)-6-(benzyloxy)-5-((hydroxyimino)methyl)-

pyrimidin-2-yl(methyl)carbamate (2.7)*
OH
_N

H
B“V@r”“\

Na N
BocN._

27
KHCO; (46.5 g, 465 mmol) and hydroxylamine hydrochloride (16.3 g, 232 mmol)
were added to a stirred solution of 2.6 (46.5 g, 117 mmol) in anhydrous methanol
(50 mL) at room temperature under N,. The resulting slurry was refluxed for 3 h
and then cooled to room temperature and the solvent was removed under reduced
pressure. The residual solid was dissolved in EtOAc (500 mL), washed with
dH,0 (50 mL) and brine (10 mL), and the organic layer was dried over anhydrous
Na,SO4.  Evaporation of the solvent gave rise to the desired compound
C21H7NOy4 as a white solid (2.7) in 88% yield. This material was used in the next
step without further purification. Ry = 0.51 (30% EtOAc in hexanes); 'H NMR
(300 MHz, CDCls): & = 8.56 (s, 1H), 8.03 (t, J = 5.3 Hz, 1H), 7.44-7.29 (m, 5H),
5.99-5.89 (m, 1H), 5.42 (s, 2H), 5.23-5.10 (m, 3H), 4.22-4.12 (m, 2H), 3.36 (s,
3H), 1.54 (s, 9H).

tert-butyl 4-(allylamino)-6-(benzyloxy)-5-cyanopyrimidin-2-yl(methyl)-
carbamate (2.8)

Ny N

BocN._
2.8

Compound 2.7 (42.6 g, 103 mmol), Et;N (50.0 mL, 364 mmol), and THF (700
mL) were cooled to 0°C, then trifluoroacetic anhydride (28.0 mL, 201 mmol) was
slowly added over 2 h. The reaction mixture was allowed to warm to room
temperature and was refluxed for 3 h. After cooling down to room temperature,
the reaction was quenched with dH,O and the solvent was removed under reduced
pressure. The residual solid was dissolved in EtOAc (300 mL), washed with dH,O
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(50 mL), 5% aqueous NaHCO; (20 mL), and brine (20 mL). The organic layer
was dried over anhydrous Na,SOy, filtered, and evaporated to yield a brown solid,
which was purified by flash chromatography (0-30% EtOAc in hexanes).
Purification of the orange crystals by recrystallizing from EtOAc and hexanes
gave the desired product C;1H2sNsO; as pale yellow crystals (2.8) in 83% yield.
Ry=0.63 (30% EtOAc in hexanes); '"H NMR (400 MHz, CDCls): & = 7.43-7.30
(m, 5H), 5.89-5.83 (m, 1H), 5.45 (s, 2H), 5.41 (t, J = 7.2 Hz, 1H), 5.25-5.15 (m,
2H), 4.15-4.12 (m, 2H), 3.38 (s, 3H), 1.52 (s, 9H).

tert-butyl-4-(1-allylureido)-6-(benzyloxy)-5-cyanopyrimidin-2-yl(methyl)-
carbamate (2.9)*

CNOY NH,

Bno\%YN\/\

Ny N

BocN ~
29

Freshly distilled N-chlorocabonylisocyanate (13.8 mL, 172.0 mmol) was added
dropwise to a solution of compound 2.8 (34.0 g, 86.0 mmol) in CH,Cl, (120 mL)
at 0°C over a period of 30 min under N,. The reaction mixture was allowed to stir
for another 2h at room tempertaure. The reaction mixture was cooled to 0°C and
carefully quenched with dH,O (50 mL, exothermic reaction). The product was
extracted with CH,Cl, (500 mL) and the resulting organic layer was washed with
dH,O (2 x 50 mL) and brine (50 mL) and dried over anhydrous Na,;SOj. Filtration
and evaporation of the organic solvents under reduced pressure yielded 2.9
C22H26N6O4 in 91% as a viscous liquid, which was used in the next step without
further purification. Ry = 0.16 (30% EtOAc in hexanes); 'HNMR (300 MHz,
CDCl3): 6 = 7.46-7.32 (m, 5H), 5.93-5.88 (m, 1H), 5.61 (s, 2H), 5.18 (m, 2H),
4.92 (m, 2H), 3.45 (s, 3H), 1.55 (s, 9H).
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tert-butyl-8-allyl-5-amino-4-(benzyloxy)-7-oxo0-7,8-dihydropyrimido[4,5-d]-

pyrimidin-2-yl(methyl)carbamate (2.10)**
OBn NH 2

NN
|
)\/N’J*o

Bocril N

210 |

Compound 2.9 (19.89 g, 45.4 mmol) was stirred in 7 M NH3 in CH30H (35 mL)
under N at room temperature for 3 h. Excess NH;3 in CH;0H was removed under
reduced pressure and the desired compound 2.10 C,HsN¢O,4 was obtained as a
white solid in 99% yield. This crude material was used for the next step without
further purification. Ry = 0.26 (EtOAc); '"HNMR (300 MHz, CDCL): & = 7.45-
7.31 (m, 5H), 5.91-5.80 (m, 1H), 5.52 (s, 2H), 5.30-5.15 (m, 2H), 5.15-4.92 (m,
2H), 3.40 (s, 3H), 1.52 (s, 9H).

Compound 2.11%*

OBn NBoc,
N“ "N

LA

Boclil N~ 'N” O
2.1 I

4 -N, N-dimethylaminopyridine (10.0 g, 82.0 mmol), Et;N (65.0 mL, 467 mmol)
and Boc,O (74.0 g, 308 mmol) were added to a stirred solution 2.10 (34.0 g, 77.5
mmol) in THF (100 mL), under N,. After stirring for 24 h at room temperature,
the reaction was quenched with dH,O (30 mL) and the solvent was removed
under reduced pressure. The residual solid was dissolved in EtOAc (300 mL),
washed with dH,O (25 mL), 5% aqueous NaHCO; (50 mL), brine (50 mL) and
dried over anhydrous Na,SO4. Removal of solvent afforded the crude product,
which was purified through column chromatography (0-50% EtOAc in hexanes)
to give the desired product 2.11 C3;Hi;NeOsg as a white foam in 75% yield. Ry=
0.65 (50% EtOAc in hexanes); 'H NMR (400 MHz, CDCl;): & = 7.43-7.29 (m,
5H), 5.97-5.89 (m, 1H), 5.54 (s, 2H), 5.17 (m, 2H), 4.92 (m, 2H), 3.43 (s, 3H),
1.56 (s, 9H), 1.30 (s, 18H).
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Compound 2.12%*
OBn NBoc;,
NN

Bocril)l\N/ N/&O
212
OH
50% aqueous N-methylmorpholine N-oxide (28.0, 59.0 mmol) was added to a
stirred solution of compound 2.11 (37.0 g, 57.9 mmol) in ~~-BuOH / dH,O (8:1,
1080 mL) at room temperature and stirred for 5 min. OsO4 (0.031 M solution in #-
BuOH, 30 mL, 0.932 mmol) was slowly added and the resulting brown solution
was stirred for 24 h. The reaction mixture was quenched with aqueous sodium
sulfite until all the excess OsO4 was destroyed (brown solution turns colorless).
Diol 2.12 was extracted in CHCl; (300 mL) and washed with dH,O (50 mL) and
brine (50 mL). The organic layer was dried over anhydrous Na,SO, filtered, and
evaporated under reduced pressure to yield the compound 2.12 C5;H44NgOjp as a
white foam in 91%. The crude product was used in the next step without further
purification. R/=0.15 (60% EtOAc in hexanes); 'H NMR (400 MHz, CDCl;): 6 =
7.43-7.34 (m, S5H), 5.56 (s, 2H), 4.59 (dd, J = 4.0, 4.0 Hz, 2H), 4.14 (q, J = 4.8
Hz, 1H), 4.08 (d, /= 5.2 Hz, 1H), 3.56 (q, J = 5.0 Hz, 2H), 3.47 (s, 3H), 3.28 (t, J
=17.0 Hz, 1H), 1.58 (s, 9H,), 1.35 (s, 9H), 1.34 (s, 9H).

Compound 2.13%
OBn NBoc;
N YN

)I\N/ N’J*o

243 )
0

Boclr

Sodium periodate (22.3 g, 104.4 mmol) was added to a stirred solution of
compound 2.12 (35.1 g, 52.2 mmol) in CH,Cl,/ dH,O (4:1, 925 mL) and stirred at
room temperature for 24 h. The mixture was then filtered through a pad of celite
and washed with CH,Cl, (200 mL). Separation and evaporation of the organic
layer under reduced pressure followed column chromatography (0-30% EtOAc in
hexanes) yielded compound 2.13 C;3;H4N¢Os as a white foam in 94% yield. R,=
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0.45 (30% EtOAc in hexanes); 'H NMR (400 MHz, CDCls): & = 9.62 (s, 1H),
7.43-7.32 (m, 5H), 5.56 (s, 2H), 5.12 (s, 2H), 3.37 (s, 3H), 1.55 (s, 9H), 1.32 (s,
18H).

Compound 2.14
OBn NBoc,
NTYSN

)l\N/ N’go

Boclil

Compound 2.13 (0.100 g, 0.155 mmol) was added to a solution of 7 M NH3; in
MeOH (0.022 mL, 0.155 mmol) in 1,2 DCE (20 mL) at room temperature under
N; and stirred for 30 min. Sodium triacetoxy borohydride (0.039 g, 0.186 mmol)
was added and the resulting mixture was stirred for an additional 2 h. Another
equivalent of 2.13 (0.100 g, 0.155 mmol) was added to the reaction mixture and
upon stirring for 30 min, sodium triacetoxy borohydride (0.039 g, 0.186 mmol)
was added. Stirring was maintained for an additional 15 h. The reaction mixture
was diluted with CH,Cl, (50 mL) and washed with water (10 mL), brine (15 mL),
dried over Na;SO,4 and concentrated. Flash chromatography of the residue over
silica gel (0-5% MeOH in CH,Cl,) gave 2.14 (0.150, 76%) as a white foam. R¢=
0.56 (5% MeOH in CH,Cly); 'H NMR (500 MHz, CDCL): 6 = 7.47-7.31 (m,
10H), 5.58 (s, 4H), 4.37 (t, J = 7.0 Hz, 4H), 3.50 (s, 6H), 2.90 (t, /= 6.9 Hz, 4H),
1.75 (bs, 1H), 1.56 (s, 18H), 1.30 (s, 36H); *C NMR (125 MHz, CDCls): =
165.6, 161.1, 161.0, 160.3, 155.8, 152.5, 149.2, 134.9, 128.6, 128.5, 128.4, 92.9,
83.6, 83.0, 70.0, 46.7, 43.1, 349, 28.1, 27.8 ppm; HRMS: calcd for
Ce2HgaN13016N [M+H]": 1266.6154; found: 1266.6159.
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Compound 2.15

O NH,
HN I <N
PN
HI]J N“ N0
X
®
HZN\/\N N
2.15 I
NI\ NH,
SNNTo
H H

Compound 2.14 (0.042 g, 0.033 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et;O (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;,0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,0 produced no UV active spot. The solid was dried and then
dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water under
reduced pressure. This process was repeated two more times before the solid was
dried under vacuo for 72 h to give 2.15 (0.022 g, 97%) as an off-white powder; 'H
NMR (600 MHz, ds-DMSO + 2 drops of TFA): § = 12.28 (bs, 2H), 9.20 (s, 2H),
8.87 (bs, 4H), 8.57 (app. q, 2H, J = 4.2 Hz), 4.32 (t, 4H, J= 5.1 Hz), 3.29 (m, 4H),
291 (d, 6H, J = 4.8 Hz); C NMR (150 MHz, de-DMSO): 6= 161.4, 160.5,
156.4, 156.0, 148.8, 83.0, 46.1, 39.0, 28.5 ppm; HRMS: calcd for CisH24N ;304
[M+H]": 486.2069; found: 486.2065; elemental analysis caled (%) for
Ci18H23N1304(HC14(H20)1 33(Et20)0.33: C 34.15, H 4.89, N 26.78; found: C 34.36,
H 4.49, N 26.40.

Compound 2.17
OBn NBoc,
N SN

)I\N/ N’go

Bocril

2.17
HN\/\NHBoc

Compound 2.13 (0.150 g, 0.234 mmol) was added to a solution of fert-butyl 4-
aminoethylcarbamate (0.43 mL, 0.263 mmol) in 1,2 DCE (20 mL) at room

temperature under N, and stirred for 30 min. Sodium triacetoxy borohydride
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(0.060 g, 0.286 mmol) was added and the resulting mixture was stirred for an
additional 15 h. The reaction mixture was diluted with CH,Cl, (50 mL) and then
washed with water (10 mL), brine (15 mL), dried over Na,SO4 and concentrated.
Flash chromatography of the residue over silica gel using (0-10% MeOH in
EtOAc) gave 2.17 (0.126 g, 69%) as a white foam. R¢= 0.42 (10% MeOH in
EtOAc); '"H NMR (500 MHz, CDCL): 8 = 7.45-7.31 (m, 5H), 5.56 (s, 2H), 4.94
(bs, 1H), 4.44 (t, J = 8.3 Hz, 2H), 3.46 (s, 3H), 3.17 (app. q, /= 7.0 Hz, 2H), 3.00
(t, J = 8.3 Hz, 2H), 2.75 (t, J = 7.3 Hz, 2H), 1.58 (s, 9H), 1.42 (s, 9H), 1.33 (s,
18H); *C NMR (125 MHz, CDCl;): 6 = 165.8, 161.2, 161.0, 160.4, 160.5, 156.1,
155.9, 152.6, 149.3, 134.9, 128.6, 128.5, 128.4, 93.0, 83.8, 83.1, 70.1, 48.8, 46.8,
43.2, 40.4, 349, 28.5, 28.2, 28.1, 27.8 ppm; HRMS: calcd for CisHs7;N3zOp
[M+H]" : 785.4192; found: 785.4195.

Compound 2.18
OBn NBoc,
N7 Y7 SN

)l\N/ N’&o

Boclil

BocHN/\/N\/\N
218 )j\/kNBocz
N /k

Compound 2.13 (0.041 g, 0.064 mmol) was added to a solution of 2.17 (0.050 g,
0.064 mmol) in 1,2 DCE (10 mL) at room temperature under N, and stirred for 30
min. Sodium triacetoxy borohydride (0.016 g, 0.076 mmol) was added and the
resulting mixture was stirred for an additional 15 h. The reaction mixture was
diluted with CH,Cl, (50 mL) and washed with water (10 mL), brine (15 mL),
dried over Na;SO4 and concentrated. Flash chromatography of the residue over
silica gel (0-70% EtOAc in hexanes) gave 2.18 (0.036 g, 40%) as a white foam.
Re= 0.30 (60% EtOAc in hexanes); '"H NMR (500 MHz, CDCly): é = 7.45-7.30
(m, 10H), 5.56 (s, 4H), 5.08 (bs, 1H), 4.39 (dd, J = 7.5 Hz, 7.5 Hz, 4H), 3.48 (s,
6H), 3.19 (m, 2H), 2.93 (dd, /= 7.5 Hz, 7.5 Hz, 4H), 2.83 (t, J= 6.3 Hz, 2H), 2.67
(m, 2H), 1.55 (s, 18H), 1.41 (s, 9H), 1.30 (s, 36H); °C NMR (125 MHz,
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CDCL): 6= 165.9, 161.5, 161.2, 160.9, 155.8, 152.7, 149.4, 135.2, 128.8, 93.1,
83.9, 83.1, 70.3, 51.4, 41.7, 35.3, 28.7, 28.3, 28.1 ppm; HRMS: calcd for
CeoHo7N 14015 [M]": 1409.7100; found: 1409.7102.

Compound 2.19

Compound 2.18 (0.036 g, 0.026 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et,O (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et,O, sonicated and centrifuged down. This process was repeated until the
spotting of the Et;O produced no UV active spot. The solid was dried and then
dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water under
reduced pressure. This process was repeated two more times before the solid was
dried under vacuo for 72 h to give 2.19 (0.036 g, 100%) as an off-white powder;
'H NMR (500 MHz, d¢-DMSO): 8 = 12.31 (s, 2H), 11.98 (bs, 1H) 9.19 (s, 2H),
8.80 (s, 2H), 8.38 (s, 2H), 8.05 (bs, 3H), 4.50-4.20 (m, 6H), 4.10-3.50 (m, 6H),
291 (d, J = 4.7 Hz, 6H); *C NMR (150 MHz, ds-DMSO): é = 161.4, 160.3,
156.5, 156.2, 148.4, 82.9, 50.6, 38.10, 30.9, 28.6, 28.4 ppm; HRMS: calcd for
Ca0H2oN1404 [M-H]' :529.2491; found: 529.2489; elemental analysis calcd (%)
for CyoH2sN1404(HCl)s(H,O)(Et20)025: C, 33.75, H, 5.06, N, 26.24; found: C
33.46, H 4.85, N 26.49.
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Compound 2.21
OBn NBoc,
NN

/&N/ N’J*o

Boclil

AN A~
221 NHBoc

Compound 2.13 (1.00 g, 1.57 mmol) was added to a solution of terr-butyl 4-
aminobutylcarbamate (0.30 mL, 2.95 mmol) in 1,2 DCE (30 mL) at room
temperature under N, and stirred for 30 min. Sodium triacetoxy borohydride
(0.395 g, 1.88 mmol) was added and the resulting mixture was stirred for an
additional 15 h. The reaction mixture was diluted with CH,Cl, (50 mL) and then
washed with water (10 mL), brine (15 mL), dried over Na,SO, and concentrated.
Flash chromatography of the residue over silica gel using (0-10% MeOH in
EtOAc) gave 2.21 (1.36 g, 93%) as a white foam. R¢= 0.25 (10% MeOH in
EtOAc); '"H NMR (500 MHz, CDCl): 6 = 7.44-7.32 (m, 5H), 5.56 (s, 2H), 4.75
(bs, 1H), 4.50 (t, /= 6.3 Hz, 2H), 3.46 (s, 3H), 3.07 (app. t, J = 6.0 Hz, 4H), 2.73
(t, J = 6.9 Hz, 2H), 1.58 (s, 9H), 1.54-1.44 (m, 4H), 1.42 (s, 9H), 1.33 (s, 18H);
3C NMR (125 MHz, CDCly): = 165.8, 161.2, 160.9, 160.5, 156.0, 155.9, 152.6,
149.3, 134.9, 128.6, 128.5, 128.3, 93.1, 83.8, 83.3, 70.1, 49.0, 47.0, 42.6, 40.2,
349, 284, 28.1, 27.8, 27.6, 26.3 ppm; HRMS: calcd for CsHg1NsO1o [M+H]+ :
813.4505; found: 813.4507.

Compound 2.22
OBn NBoc,
N

)I\N/ N’J\\o

Boclil
BocHN/\/\/N\/\N

o

Compound 2.13 (0.100 g, 0.155 mmol) was added to a solution of 2.21 (0.126 g,
0.155 mmol) in 1,2 DCE (10 mL) at room temperature under N, and stirred for 30
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min. Sodium triacetoxy borohydride (0.039 g, 0.186 mmol) was added and the
resulting mixture was stirred for an additional 15 h. The reaction mixture was
diluted with CH,Cl, (50 mL) and washed with water (10 mL), brine (15 mL),
dried over Na,SO4 and concentrated. Flash chromatography of the residue over
silica gel (0-50% EtOAc in hexanes) gave 2.22 (204 mg, 91%) as a white foam.
Re= 0.26 (50% EtOAc in hexanes); "H NMR (500 MHz, CDCl;): 6 = 7.46-7.33
(m, 10H), 5.57 (s, 4H), 4.87 (bs, 1H), 4.39 (t, J= 7.2 Hz, 4H), 3.48 (s, 6H), 3.06
(m, 2H), 2.90 (t, /= 7.3 Hz, 4H), 2.67 (m, 2H), 1.56 (s, 18H), 1.41 (s, 13H), 1.31
(s, 36H); °C NMR (125 MHz, CDCls): 8 = 165.7, 161.2, 161.1, 160.3, 156.1,
155.6, 152.6, 149.3, 135.0, 128.6, 128.5, 127.8, 114.0, 92.9, 83.7, 82.9, 78.8, 70.1,
53.9, 50.9, 41.3, 40.5, 35.0, 29.7, 28.5, 28.1, 27.9, 25.1 ppm; HRMS: calcd for
C71H100N14015Na [M+Na] " : 1459.7238; found: 1459.7238.

Compound 2.23
O NH,

HIEJ N~ 'N” "0

(0]
® ®
HsN/\/\/H\/\N)LlN
2,23
NS N,
N N N
H H

Compound 2.22 (0.106 g, 0.0737 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et;0 (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et,0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et;0 produced no UV active spot. The solid was dried and then
dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water under
reduced pressure. This process was repeated two more times before the solid was
dried under vacuo for 72 h to give 2.23 (0.051 g, 94%) as an off-white powder.
Decomposition = 296-301 °C; 'H NMR (600 MHz, ds-DMSO): 6= 12.32 (s, 2H),
11.63 (bs, 1H) 9.15 (s, 2H), 8.90 (s, 2H), 8.57 (app. q, J = 4.8 Hz, 2H), 8.11 (bs,
3H), 4.45 (bs, 2H), 3.46 (bs, 3H), 3.30 (bs, 4H), 2.95 (d, J = 4.7 Hz, 6H), 2.81-
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2.75 (m, 2H), 1.85-1.75 (m, 2H), 1.70-1.58 (m, 2H); *C NMR (100 MHz, ds-
DMSO): § = 160.3, 159.6, 155.9, 155.6, 147.6, 82.4, 51.2, 48.3, 37.8, 36.0, 27.7,
23.8, 19.7; HRMS: calcd for CyH33N1404 [M-H]+: 557.2804; found: 557.2803;
elemental analysis calcd (%) for Cy,H3:N1404(HC1)4(H20), 5: C 36.00, H 5.42, N
26.72; found: C 36.31, H 5.35, N 26.44.

Compound 2.25
OBn NBoc,
NN

)I\N/ N’J*o

Boclil

HN\/\/\/\NHBOC
2.25

Compound 2.13 (0.260 g, 0.406 mmol) was added to a solution of fert-butyl 6-
aminohexylcarbamate (0.092 g, 0.425 mmol) in 1,2 DCE (10 mL) at room
temperature under N, and stirred for 30 min. Sodium triacetoxy borohydride
(0.102 g, 0.486 mmol) was added and the resulting mixture was stirred for an
additional 24 h. The reaction mixture was diluted with CH,Cl, (50 mL) and then
washed with water (10 mL), brine (10 mL), dried over Na,SO4 and concentrated.
Flash chromatography of the residue over silica gel using (0-5% MeOH in
CH,Cl,) gave 2.25 (0.226 g, 66%) as a pale yellow oil. R¢= 0.40 (5% MeOH in
CH,Cl,); 'H NMR (400 MHz, CDCL): 6 = 7.46-7.31 (m, 5H), 5.57 (s, 2H), 4.52
(bs, 1H), 4.45 (t, J = 6.8 Hz, 2H), 3.46 (s, 3H), 3.08 (app. q, /= 4.3 Hz, 2H), 2.99
(t, /= 6.6 Hz, 2H), 2.63 (t, J = 7.2 Hz, 2H), 1.59 (s, 9H), 1.44 (s, 13H), 1.33 (s,
18H), 1.31-1.24 (m, 4H); *C NMR (125 MHz, CDCL:): §=165.7, 161.1, 161.0,
160.3, 156.0, 155.9, 152.6, 149.3, 134.9, 128.6, 128.5, 128.4, 93.0, 83.7, 83.0,
70.0, 49.6, 47.1, 43.1, 40.5, 34.9, 30.0, 29.9, 28.4, 28.1, 27.8, 26.9, 26.7 ppm;
HRMS: calcd for C4,HesNgO1o [M+H]": 841.4818; found 841.4815.
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Compound 2.25 (0.080 g, 0.095 mmol) was added to a solution of 2.13 (0.061 g,
0.095 mmol) in 1,2 DCE (10 mL) at room temperature under N, and stirred for 30
min. Sodium triacetoxy borohydride (0.024 g, 0.114 mmol) was added and the
resulting mixture was stirred for an additional 30 h. The reaction mixture was
diluted with CH,Cl; (50 mL) and washed with water (10 mL), brine (15 mL),
dried over Na,SO, and concentrated. Flash chromatography of the residue over
silica gel (0-50% EtOAc in hexanes) gave 2.26 (0.060 g, 43%) as a pale yellow
oil. Re= 0.54 (50% EtOAc in hexanes); "H NMR (500 MHz, CDCls): = 7.46-
7.31 (m, 10H), 5.57 (s, 4H), 4.63 (bs, 1H), 4.38 (t, /= 7.2 Hz, 4H), 3.49 (s, 6H),
3.08 (app. q, J = 6.5 Hz, 2H), 2.89 (t, J = 7.5 Hz, 4H), 2.65 (t, J = 7.5 Hz, 2H),
1.57 (s, 18H), 1.43 (s, 13H), 1.31 (s, 36H), 1.29-1.20 (m, 4H); °C NMR (125
MHz, CDCl3): 6= 165.6, 161.2, 161.0, 160.2, 155.6, 152.5, 149.2, 135.0, 128.5,
92.8, 83.6, 82.9, 70.0, 54.2, 51.0, 41.4, 40.7, 35.0, 29.7, 29.6, 28.4, 28.1, 27.8,
27.0, 26.8 ppm; HRMS: calcd for CrsHioaN1O1s [M]": 1465.7726; found:
1465.7727.
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Compound 2.26 (0.060 g, 0.041 mmol) was stirred in a 95% TFA in thioanisole

(10 mL) for 72 h. Et;0 (60 mL) was then added to the reaction mixture and the

NH,

precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,O produced no UV active spot. The solid was dried and then
dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water under
reduced pressure. This process was repeated two more times before the solid was
dried under vacuo for 72 h to give 2.27 (0.019 g, 59%) as an off-white powder; 'H
NMR (400 MHz, d-DMSO): § = 12.29 (bs, 2H), 11.56 (bs, 1H) 9.15 (s, 2H), 8.82
(s, 2H), 8.46 (s, 2H), 7.96 (bs, 3H), 4.45 (bs, 4H), 3.36 (bs, 6H, merged with H,O
peak), 2.95 (d, J = 4.7 Hz, 6H), 2.80 (m, 2H), 1.71 (m, 2H), 1.54 (m, 2H), 1.30
(m, 4H); *C NMR (100 MHz, ds-DMSO): 8 = 160.7, 159.8, 156.3, 155.8, 148.0,
82.6, 52.0, 48.5, 40.3, 38.5, 36.0, 27.9, 26.6, 25.5, 25.3 ppm; HRMS: calcd for
C24H37N1404 [M-H]": 585.3117; found: 585.3115; elemental analysis calcd (%)
for C2sH36N1404(HCI)s(H,0),: C 35.90, H 5.65, N 24.42; found: C 36.18, H 5.29,
N 23.99.
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4-Aminobutan-1-ol (0.016 g, 0.180 mmol) was added to a solution of 2.13 (0.100
g, 0.156 mmol) in 1,2 DCE (20 mL) at room temperature under N, and stirred for
30 min. Sodium triacetoxy borohydride (0.079 g, 0.376 mmol) was added and the
resulting mixture was stirred for 24h. 2.13 (0.100 g, 0.156 mmol) was again
added to the reaction mixture and stirred for 30 min, prior to the addition of
sodium triacetoxy borohydride (0.079 g, 0.376 mmol). The resulting solution was
then stirred for another 72 h. The reaction mixture was diluted with CH,Cl, (50
mL), washed with water (10 mL), NaHCO; (10 mL), brine (20 mL), dried over
Na,SO;4 and concentrated. Flash chromatography of the residue over slica gel (0-
7% MeOH in CH,Cl,) gave 2.29 (0.134 g, 64%) as a white foam. R¢= 0.24 (7%
MeOH in CH,Cl,); "H NMR (500 MHz, CDCl;): § = 7.45-7.31 (m, 10H), 5.56 (s,
4H), 4.43 (t, J=17.3 Hz, 4H), 3.54 (t, J = 5.8 Hz, 2H), 3.49 (s, 6H), 2.94 (t, J=17.3
Hz, 4H), 2.69 (t, 2H, J= 6.0 Hz), 1.55 (s, 18H), 1.53-1.47 (m, 4H), 1.30 (s, 36H);
3C NMR (125 MHz, CDCls): 6= 165.6, 161.2, 161.0, 160.3, 155.6, 152.5, 149.3,
134.9, 128.5, 92.9, 83.7, 82.9, 70.0, 62.6, 53.6, 50.7, 35.0, 28.1, 27.8, 26.1, 25.2
ppm; HRMS: calcd for CssHgyN13017 [M+H]": 1338.6725; found: 1338.6729.
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Compound 2.30

Compound 2.29 (0.126 g, 0.094 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et,O (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,O produced no UV active spot. The solid was dried and then
dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water under
reduced pressure. This process was repeated two more times before the solid was
dried under vacuo for 72 h to give 2.30 (0.062 g, 86%) as an off-white powder; 'H
NMR (600 MHz, d¢-DMSO): 6 = 12.33 (bs, 2H), 11.40 (bs, 1H), 9.17 (s, 2H),
8.86 (bs, 2H), 8.49 (bs, 2H), 4.46 (bs, 4H), 3.44-3.28 (m, 8H), 2.95 (d, J= 4.6 Hz,
6H), 1.85-1.73 (m, 2H), 1.46-1.41 (m, 2H); *C NMR (100 MHz, ds-DMSO): 8=
161.1, 160.3, 156.6, 156.3, 148.4, 83.1, 60.4, 52.6, 48.9, 36.6, 29.8, 28.4, 20.2
ppm; HRMS: calcd for CpH32N 1305 [M]+: 558.2644; found: 558.2641; elemental
analysis caled (%) for C22H31N1305(HCl)4 s(H20)1 5(Et20)025: C 36.01, H 5.39, N
23.73; found: C 36.17, H 5.02, N 23.88.
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Methylamine (2M in THF, 86.0 puL, 0.172 mmol) was added to a stirred solution
0f 2.13 (0.100 g, 0.156 mmol) in 1,2 DCE (20 mL) at room temperature under N,
and stirred for 30 min. Sodium triacetoxy borohydride (0.079 g, 0.376 mmol) was
added and the resulting mixture was stirred for 2h. 2.13 (0.100 g, 0.156 mmol)
was again added to the reaction mixture and stirred for 30 min, prior to the
addition of sodium triacetoxy borohydride (0.079 g, 0.376 mmol). The resulting
solution was then stirred for another 24 h. The reaction mixture was diluted with
CH,Cl; (50 mL), washed with water (10 mL), NaHCO; (10 mL), brine (20 mL),
dried over Na;SO4 and concentrated. Flash chromatography (0-100% EtOAc in
hexanes) gave 2.32 as a white foam in 46% yield, Rf = 0.23 (40% EtOAc in
hexanes) as well as the desired product minus Boc in 18% yield, R¢= 0.39 (5%
MeOH in CH,Cl,); 'H NMR (500 MHz, CDCL3): 6 = 7.45-7.29 (m, 10H), 5.56 (s,
4H), 4.39 (t, J = 7.3 Hz, 4H), 3.49 (s, 6H), 2.82 (t, J = 7.5 Hz, 4H), 2.49 (s, 3H),
1.57 (s, 18H), 1.30 (s, 36H); *C NMR (125 MHz, CDCL): 6 = 165.6, 161.1,
161.0, 160.2, 155.6, 152.5, 149.1, 134.9, 128.5, 92.9, 83.6, 82.9, 70.0, 54.2, 42.5,
41.1, 35.0, 28.1, 27.9 ppm; HRMS: calcd for Cs3HgeN13016 [M+H]": 1280.6310;
found: 1280.6309.
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Compound 2.32 (0.100 g, 0.078 mmol) was stirred in 95% TFA in thioanisole (10
mL) for 72 h. Et,0 (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;O, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,0 produces no UV active spot. The white solid was dried and
was then dissolved in 1 M hydrochloric acid (10 mL), followed by removal of
water under reduced pressure. This process was repeated two more times before
the solid was dried under vacuo for 72 h to yield 2.33 (0.055 g, 97%) as an off-
white powder; "H NMR (500 MHz, ds-DMSO + 2 drops of TFA): § = 12.23 (bs,
2H), 11.08 (bs, 1H), 9.12 (s, 2H), 8.84 (s, 2H), 8.53 (s, 2H), 4.42 (bs, 2H), 4.34
(bs, 2H), 3.51 (bs, 2H), 3.38 (bs, 2H), 2.92 (s, 3H), 2.91 (d, J = 2.1 Hz, 6H); "*C
NMR (125 MHz, ds-DMSO): 6= 160.7, 159.8, 156.2, 155.7, 148.0, 82.6, 52.2,
39.6, 36.5, 27.9 ppm; HRMS: calcd for C;sH26N1304 [M]+: 500.2225; found:
500.2230; elemental analysis calcd (%) CioH5N1304(HCD)s(H20);.5(Et20)025: C
33.03, H 4.92, N 25.03: found; C 33.45, H 4.65, N 24.29.
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Pentylamine (18 pL, 0.156 mmol) was added to a solution of 2.13 (0.100 g, 0.156
mmol) in 1,2 DCE (20 mL) at room temperature under N and stirred for 30 min.
Sodium triacetoxy borohydride (0.039 g, 0.186 mmol) was added and the
resulting mixture was stirred for an additional 12 h. The reaction mixture was
diluted with CH,Cl, (50 mL) and then washed with water (10 mL), brine (15 mL),
dried over Na;SO, and concentrated. Fresh 1,2 DCE (20 mL) and additional 2.13
(0.100 g, 0.156 mmol) was added to the residue and stirred for 30 min, prior to the
addition of sodium triacetoxy borohydride (0.039 g, 0.186 mmol), and stirring
was continued for another 15 h. The reaction mixture was diluted with CH,Cl, (50
mL) and washed with water (10 mL), NaHCO; (10 mL), brine (15 mL), dried over
Na,SO4 and concentrated. Flash chromatography of the residue over silica gel (0-
100% EtOAc in hexanes) gave 2.35 as a white foam in 46% yield, Rs= 0.61 (50%
EtOAc in hexanes) as well as the desired product minus Boc in 30% yield, R¢=
0.64 (EtOAc); 'H NMR (500 MHz, CDCL): § = 7.46-7.33 (m, 10H), 5.57 (s,
4H), 4.39 (t, J= 7.3 Hz, 4H), 3.50 (s, 6H), 2.90 (t, /= 7.5 Hz, 4H), 2.65 (t, J=17.5
Hz, 2H), 1.56 (s, 18H), 1.44-1.32 (m, 2H),1.31 (s, 36H), 1.29-1.18 (m, 4H), 0.86
(t, J= 7.3 Hz, 3H); °C NMR (125 MHz, CDCl;): = 165.6, 161.2, 161.1, 160.2,
155.6, 152.6, 149.2, 135.0, 128.5, 92.8, 83.6, 82.8, 70.0, 54.3, 51.0, 41.4, 35.0,
29.5, 28.1, 27.8, 27.5, 22.7, 14.1 ppm; HRMS: calcd for C¢7H9aN13016 [M+H]+:
1336.6936; found: 1336.6933.
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Compound 2.35 (0.096 g, 0.072 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et,0O (60 mL) was then added to the reaction mixture and the
precipitate formed was stirred for another 30 min, after which it was centrifuged
down. The residual solid was resuspended in Et,O, sonicated and centrifuged
down. This process was repeated until the spotting of the Et,O produces no UV
active spot. The white solid was dried and then dissolved in 1 M hydrochloric
acid (10 mL), followed by removal of water under reduced pressure. This process
was repeated two more times before the solid was dried under vacuo for 72 h to
yield 2.36 (0.051 g, 98%) as an off-white powder; 'H NMR (500 MHz, d¢-
DMSO): § =12.26 (bs, 2H), 11.05 (bs, 1H), 9.17 (s, 2H), 8.70 (bs, 2H), 8.22 (bs,
2H), 4.44 (m, 4H), 3.46 (bs, 4H, merged with H,O peak) 3.25 (m, 2H), 2.94 (d, J
= 4.4 Hz, 6H), 1.69 (m, 2H), 1.27 (m, 4H), 0.85 (t, J = 6.6 Hz, 3H); °C NMR
(100 MHz, d¢-DMSO): 6 =161.4, 160.5, 156.8, 156.5, 148.6, 83.3, 52.7, 49.2,
36.8, 28.8, 28.6, 22.9, 22.3, 14.4; HRMS: calcd for CxHiNi;304 [M+H]":
556.2851; found: 556.2853; elemental analysis calcd (%) for CH33Ni304

(HCI);(H0)3: C 38.42, H 5.89, N 25.32; found: C 38.78, H 5.53, N 25.08.
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(R)-butan-2-amine (26 pL, 0.352 mmol) was added to a solution of 2.13 (0.150 g,
0.234 mmol) in 1,2 DCE (20 mL) at room temperature under N and stirred for 30
min. Sodium triacetoxy borohydride (0.078 g, 0.371 mmol) was added and the
resulting mixture was stirred for an additional 24 h. The reaction mixture was
diluted with CH,Cl, (50 mL), washed with water (20 mL), brine (20 mL), dried
over Na,;SO4 and concentrated. Flash chromatography of the residue over silica
gel (0-5% MeOH in CH,Cl,) gave 2.38 (0.066 g, 40%) as a white foam. Ry= 0.39
(5% MeOH in CH,Cl,); [a]p” -2.4 (¢ 1.5, CHCl3); '"H NMR (400 MHz, CDCl;):
6 = 7.45-7.33 (m, SH), 5.56 (s, 2H), 4.47 (t, J = 6.6 Hz, 2H), 3.46 (s, 3H), 3.07
(m, 2H), 2.70 (m, 2H), 1.58 (s, 9H), 1.48-1.39 (m, 2H), 1.34 (s, 18H), 1.05 (d, /=
6.3 Hz, 3H), 0.85 (t, J = 7.5 Hz, 3H); *C NMR (100 MHz, CDCL): 6 = 165.7,
161.1, 160.9, 160.4, 155.8, 152.6, 149.2, 134.9, 128.6, 128.5, 128.3, 93.1, 83.8,
83.2, 70.1, 54.5, 44.2, 43.1, 34.9, 28.2, 27.8, 19.0, 10.2 ppm; HRMS: calcd for

C35H52N70g [M+H]+Z 698.3872; found: 698.3873.
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Compound 2.38 (0.150 g, 0.215 mmol) was added to a solution of 2.13 (0.138 g,
0.216 mmol) in 1,2 DCE (20 mL) at room temperature under N and stirred for 30
min. Sodium triacetoxy borohydride (0.051 g, 0.243 mmol) was added and the

97



resulting mixture was stirred for an additional 30 h. The reaction mixture was
diluted with CH,Cl, (50 mL) and then washed with water (2 x 10 mL), brine (15
mL), dried over Na;SO4 and concentrated. Flash chromatography of the residue
over silica gel (0-30% EtOAc in hexanes) gave 2.39 (0.103 g, 36%) as a white
foam. Ry= 0.44 (30% EtOAc in hexanes); [a]p”’ +10.6 (¢ 0.7, CHCL); 'H NMR
(600 MHz, CDCl3): 6 = 7.44-7.31 (m, 10H), 5.56 (s, 4H), 4.34 (m, 4H), 3.48 (s,
6H), 2.90 (m, 2H), 2.81 (q, J = 6.4 Hz, 1H), 2.73 (m, 2H), 1.55 (s, 18H), 1.48-
1.39 (m, 2H), 1.30 (s, 36H), 0.90 (d, J = 6.0 Hz, 3H), 0.86 (t, J = 7.2 Hz, 3H); *C
NMR (125 MHz, CDCl): §= 165.7, 161.3, 161.1, 160.3, 155.6, 152.6, 149.3,
149.2, 135.1, 128.7, 128.6, 92.9, 84.0, 82.8, 70.3, 54.0, 47.3, 43.0, 35.0, 29.5,
28.1, 27.9, 14.7, 11.7 ppm; HRMS: calcd for CssHgaN13016 [M+H]™: 1322.6780;
found: 1322.6783.

Compound 2.40
O NH,
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Compound 2.39 (0.066 g, 0.050 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et,O (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,O produced no UV active spot. The solid was dried and then
dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water under
reduced pressure. This process was repeated two more times before the solid was
dried under vacuo for 72 h to give 2.40 (0.033 g, 89%) as an off-white powder; 'H
NMR (600 MHz, ds-DMSO): = 12.30 (s, 2H), 11.50 (bs, 1H) 9.17 (s, 2H), 8.84
(bs, 2H), 8.43 (bs, 2H), 4.53 (m, 4H), 3.42 (m, 5H, merged with H,O peak), 2.95
(d, J = 4.8 Hz, 6H), 2.03 (m, 1H), 1.42 (m, 1H), 1.29 (s, 3H), 0.91 (s, 3H); *C
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NMR (150 MHz, d,-DMSO): 6= 161.3, 160.3, 156.6, 156.2, 148.3, 83.0, 60.6,
47.0, 46.8, 37.2, 28.4, 12.6, 10.8 ppm; HRMS: calcd for CpH33N1304 [M+H]"™:
543.2768; found: 271.6381; elemental analysis caled (%) for
C22H31N1304(HC1)4(H20)2(Et20)o.25: C 37.23, H 5.64, N 24.54; found: C 37.74, H
5.22,N 24.13.

Compound 2.42
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(S)-butan-2-amine (26 pL, 0.352 mmol) was added to a solution of 2.13 (0.150 g,
0.234 mmol) in 1,2 DCE (20 mL) at room temperature under N, and stirred for 30
min. Sodium triacetoxy borohydride (0.078 g, 0.371 mmol) was added and the
resulting mixture was stirred for an additional 24 h. The reaction mixture was
diluted with CH,Cl, (50 mL), washed with water (20 mL), brine (20 mL), dried
over Na,SO,4 and concentrated. Flash chromatography of the residue over silica
gel (0-5% MeOH in CH,Cl,) gave 2.42 (0.074 g, 45%) as a white foam. R¢= 0.39
(5% MeOH in CH,ClL); [a]p® +2.0 (¢ 2.4, CHCL); 'H NMR (400 MHz,
CDCl3): 6= 7.44-7.32 (m, SH), 5.56 (s, 2H), 4.47 (t, J = 6.7 Hz, 2H), 3.46 (s, 3H),
3.04 (m, 2H), 2.70 (m, 2H), 1.58 (s, 9H), 1.48-1.41 (m, 2H), 1.33 (s, 18H), 1.05
(d, J = 6.3 Hz, 3H), 0.85 (t, J = 7.5 Hz, 3H); >C NMR (100 MHz, CDCL): é =
165.7, 161.1, 160.9, 160.4, 155.8, 152.6, 149.2, 134.9, 128.6, 128.5, 128.3, 93.0,
83.8, 83.1, 70.1, 54.5, 44.2, 43.2, 34.9, 28.1, 27.8, 19.0, 10.1 ppm; HRMS: calcd
for C35sHs,N,0g [M+H]": 698.3872; found: 698.3876.
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Compound 2.42 (0.150 g, 0.215 mmol) was added to a solution of 2.13 (0.138 g,
0.216 mmol) in 1,2 DCE (20 mL) at room temperature under N, and stirred for 30
min. Sodium triacetoxy borohydride (0.051 g, 0.243 mmol) was added and the

~ “~0Bn

resulting mixture was stirred for an additional 30 h. The reaction mixture was
diluted with CH,Cl, (50 mL) and then washed with water (2 x 10 mL), brine (15
mL), dried over Na;SO4 and concentrated. Flash chromatography of the residue
over silica gel (0-30% EtOAc in hexanes) gave 2.43 (0.096 g, 34%) as a white
foam. Re= 0.44 (30% EtOAc in hexanes); [a]p> -11.1 (¢ 0.7, CHCl;); 'H NMR
(600 MHz, CDCl3): 6 = 7.45-7.31 (m, 10H), 5.56 (s, 4H), 4.36 (bs, 4H), 3.48 (s,
6H), 2.91 (bs, 2H), 2.83 (bs, 1H), 2.75 (bs, 2H), 1.55 (s, 18H), 1.47-1.38 (m, 2H),
1.30 (s, 36H), 0.92 (bs, 3H), 0.87 (t, J = 6.9 Hz, 3H); )C NMR (150 MHz,
CDCl3): 6=165.6, 161.2, 161.0, 160.2, 155.6, 152.5, 149.2, 149.1, 135.0, 128.5,
128.5, 92.8, 83.6, 82.8, 70.0, 53.4, 47.2, 35.0, 28.1, 27.8, 14.6, 11.6 ppm; HRMS:
calcd for CgsHooN 13016 [M+H]": 1322.6780; found: 1322.6779.

Compound 2.44
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Compound 2.43 (0.063 g, 0.048 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et;0 (60 mL) was then added to the reaction mixture and the
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precipitate formed, was centrifuged down. The residual solid was resuspended in
Et,O, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,0 produced no UV active spot. The solid was dried and then
dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water under
reduced pressure. This process was repeated two more times before the solid was
dried under vacuo for 72 h to give 2.44 (0.032 g, 93%) as an off-white powder; 'H
NMR (600 MHz, de-DMSO): 6 = 12.30 (s, 2H), 11.42 (bs, 1H), 9.17 (s, 2H), 8.84
(bs, 2H), 8.41 (bs, 2H), 4.53 (m, 4H), 3.38 (m, 5H, merged with H,O peak), 2.94
(d, J = 4.8 Hz, 6H), 2.00 (m, 1H), 1.45 (m, 1H), 1.29 (s, 3H), 0.91 (s, 3H); *C
NMR (150 MHz, d¢-DMSO): 6= 161.2, 160.3, 156.6, 156.3, 148.2, 83.0, 60.5,
47.0, 46.4, 37.2, 28.4, 12.6, 10.8 ppm; HRMS: calcd for C5H33N;30, [M+H]":
543.2768; found: 271.6382; elemental analysis caled (%) for
C22H31N1304(HCl); s(H,0)2(Et20)0.25: C 38.17, H 5.71, N 25.16, found C 38.01, H
5.39,N 25.24.

Compound 2.48

H NHBoc
N
FmocHN ™ ">~ \n/'\/\/\NHaoc
o

248
To a stirred solution of (9H-fluoren-9-yl)methyl 4-aminobutylcarbamate
hydrochloride (1.00 g, 2.89 mmol) in DMF (10 mL), DIEA (0.51 mL, 2.85 mmol)
was added and the mixture was stirred for 20 min at room temperature under N,.
The lysine derivative 2.47 (1.00 g, 2.89 mmol) and HBTU (1.64 g, 4.33 mmol)
were then added and the resulting mixture was stirred for another 7 h. The
reaction mixture was diluted with Et;O (50 mL) and then washed with water (2 x
10 mL), citric acid (10 mL), NaHCO; (10 mL), brine (15 mL), dried over Na;SO4
and concentrated. Flash chromatography of the residue over silica gel (10-100%
EtOAc in hexanes) gave 2.48 as an off-white foam in 92% yield. R 0.33 (50%
EtOAc in hexanes); 'H NMR (400 MHz, CDCL): 8 = 7.74 (d, J = 7.6 Hz, 2H),
7.58 (d, J= 7.6 Hz, 2H), 7.38 (t, J = 7.6 Hz, 2H), 7.29 (t, J = 7.0 Hz, 2H), 6.31
(bs, 1H), 5.12 (bs, 1H), 5.01 (bs, 1H), 4.61 (bs, 1H), 4.38 (d, J= 6.4 Hz, 2H), 4.19
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(t, J= 6.8 Hz, 1H), 3.99 (m, 1H), 3.26 (m, 2H), 3.19 (m, 2H), 3.08 (t, /= 6.4 Hz,
2H), 1.80-1.46 (m, 8H), 1.42 (s, 18H), 1.38-1.33 (m, 2H); "°C NMR (125 MHz,
CDCl3): 6 = 158.8, 158.0, 144.0, 141.4, 127.6, 127.0, 125.1, 119.9, 80.1, 79.2,
66.6, 47.3, 40.6, 39.9, 38.6, 31.9, 29.7, 28.4, 28.3, 27.3, 26.6, 22.7 ppm; HRMS:
calcd for C3sHsoN40O4 [M+Na]+: 661.3572; found: 661.3571.

(S)-tert-butyl 6-(4-aminobutylamino)-6-oxohexane-1,5-diyldicarbamate (2.49)

H NHBoc
HNT SN NHBoc
o}

2.49
To a stirred solution of 2.48 (1.19 g, 1.87 mmol) in DMF (10 mL), piperidine (1.6
mL) was added and the mixture was stirred for 2 h at room temperature under N,.
The reaction mixture was concentrated. Purification of the residue by flash
chromatography over silica gel (100-90% EtOAc in MeOH) gave 2.49 as a
colourless oil in 90% yield. R; = 0.21 (75% EtOAc in MeOH); '"H NMR (300
MHz, CDCl;): 6 = 6.89 (bs, 1H), 5.21 (bs, 1H), 4.72 (bs, 1H), 4.01 (q, /= 6.3 Hz,
2H), 3.26 (q, J = 5.7 Hz, 2H), 3.10 (q, J = 6.6 Hz, 2H), 2.75 (t, /= 6.2 Hz, 2H),
1.86-1.75 (m, 2H), 1.67 (s, 9H), 1.63-1.48 (m, 6H), 1.44 (s, 9H), 1.39-1.23 (m,
2H); *C NMR (100 MHz, CDCl): 8 = 172.0, 156.2, 155.2, 79.9, 79.0, 50.6, 41.2,
39.6, 39.1, 32.1, 29.9, 29.5, 28.3, 28.2, 26.7, 22.5 ppm; HRMS: calcd for
C0H4oN4O5 [M+H]": 417.3076; found: 417.3072.

Compound 2.50

BocHN N/\/\/NH

To a stirred solution of 2.49 (0.288 g, 0.692 mmol) in 1,2 dichloroethane (20 mL),
2.13 (0.443 g, 0.692 mmol) was added at room temperature under N,. The

mixture was stirred for 30 min before addition of sodium triacetoxyborohydride

102



(0.176 g, 0.800 mmol) and the resulting mixture was stirred for an additional 15 h.
The reaction mixture was diluted with CH,Cl, (50 mL) and then washed with
water (2 x 10 mL), brine (15 mL), dried over Na,SO, and concentrated. Flash
chromatography of the residue over silica gel (0-3% MeOH in CH,Cl,) gave 2.50
as a white foam in 65% yield. R¢= 0.37 (5% MeOH in CH,Cl,); '"H NMR (500
MHz, CDCl;): § = 7.43-7.32 (m, 5H), 6.75 (bs, 1H), 5.56 (s, 2H), 5.31 (d, /= 8.0
Hz, 2H) 4.75 (bs, 1H), 4.50 (m, 2H), 4.03 (bs, 1H), 3.46 (s, 3H), 3.22 (m, 2H),
3.12-3.03 (m, 4H), 2.74 (m, 2H), 1.85-1.59 (m, 4H), 1.57 (s, 9H), 1.54-1.46 (m,
2H), 1.41 (s, 18H), 1.39-1.33 (m, 2H), 1.32 (s, 18H), 1.28-1.19 (m, 2H); *C NMR
(125 MHz, CDCl3): § = 172.5, 165.6, 161.0, 160.8, 156.1, 155.8, 155.7, 152.4,
149.3, 134.6, 128.5, 128.0, 127.6, 113.8, 93.3, 84.0, 83.5, 79.5, 78.8, 70.2, 54.3,
48.0, 46.3, 40.8, 40.0, 38.3, 35.0, 32.3, 29.3, 28.3, 28.2, 28.0, 27.7, 26.2, 23.8,
22.5 ppm; HRMS: calcd for Cs;HgiN;00;3 [M+H]": 1041.5979; found: 1041.5983.

Compound 2.51
OBn NBoc,

N YN

)I\N/ N/&O

0 0
H N
BocHN NN \/\NJ\N

H |
NHBoc
2.51 NI/%(kNBocz
<~

N~ N7 ~0Bn
Boc

Compound 2.13 (0.192 g, 0.298 mmol) was added to a solution of 2.50 (0.311 g,
0.299 mmol) in 1,2 DCE (20 mL) at room temperature under N> and stirred for 30
min. Sodium triacetoxy borohydride (0.074 g, 0.352 mmol) was added and the

Boclil

resulting mixture was stirred for an additional 15 h. The reaction mixture was
diluted with CH,Cl, (50 mL) and then washed with water (2 x 10 mL), brine (20
mL), dried over Na,SO4 and concentrated. Flash chromatography of the residue
over silica gel (10-80% EtOAc in hexanes) gave 2.51 (0.326 g, 66%) as a white
foam. Rs= 0.42 (70% EtOAc in hexanes); 'H NMR (500 MHz, CDCls): 8 = 7.45-
7.28 (m, 10H), 6.64 (bs, 1H), 5.57 (s, 4H), 4.77 (bs, 1H), 4.37 (m, 4H), 4.11 (m,
2H), 3.48 (s, 6H), 3.33 (m, 1H), 3.18 (m, 1H), 3.08 (m, 2H), 2.90 (t, /= 6.5 Hz,
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4H), 2.67 (app. q, J = 7.5 Hz, 2H), 1.62-1.58 (m, 2H), 1.56 (s, 18H), 1.54-1.43 (m,
6H), 1.42 (s, 9H), 1.41 (s, 9H), 1.32 (s, 18H), 1.31 (s, 18H); *C NMR (100 MHz,
CDCly): 6= 1722, 171.0, 165.5, 161.2, 160.9, 160.2, 156.2, 156.0, 155.6, 152.4,
149.2, 149.1, 134.8, 128.4, 128.3, 127.7, 113.8, 92.8, 83.6, 82.8, 70.0, 60.3, 54.4,
50.8, 41.1, 40.1, 38.9, 34.9, 32.4, 29.4, 28.3, 28.2, 28.0, 27.7, 26.7, 24.6, 22.7
ppm; HRMS caled for Cg;H;20N16021Na [M+Na]": 1687.8706; found: 1687.8700.

Compound 2.52
0 NH,

HN l
HTJ\\N

SN
N o

2.52 N™y" "NH,

NN

Compound 2.51 (0.093 g, 0.0558 mmol) was stirred in 95% TFA in thioanisole
(10 mL) for 72 h. Et;O (60 mL) was then added to the reaction mixture and the
precipitate formed was stirred for another 30 min, after which it was centrifuged
down. The residual solid was resuspended in Et,O, sonicated and centrifuged
down. This process was repeated until the spotting of the Et,O produced no UV
active spot. The white solid obtained (0.069 g, 91%) was dried (K-TBL-TFA,
2.52A) and part of the sample was then dissolved in 1 M hydrochloric acid (10
mL), followed by removal of water under reduced pressure. This process was
repeated two more times before the solid was dried under vacuo for 72 h to yield
the desired compound 2.52B as an off-white powder in quantitative yield; 'H
NMR (600 MHz, d¢-DMSO): é = 12.32 (s, 2H), 11.50 (s, 1H), 9.20 (s, 2H), 9.83
(bs, 3H), 8.46 (bs, 2H), 8.31 (bs, 3H), 8.03 (bs, 3H), 4.50 (bs, 4H), 3.77 (m, 1H),
3.52-3.40 (m, 6H, merged with water peak), 3.19-3.09 (m, 2H), 2.92 (d, J = 4.8
Hz, 6H), 2.79-2.74 (m, 2H), 1.82-1.65 (m, 4H), 1.61-1.43 (m, 4H), 1.41-1.32 (m,
2H); *C NMR (125 MHz, d-DMSO): & = 168.2, 160.7, 159.7, 156.2, 155.7,
148.0, 82.6, 51.8, 48.5, 38.1, 37.8, 30.2, 28.9, 28.5, 27.8, 26.1, 25.8, 21.1 ppm;
HRMS calcd for CagHysN160s [M-2H]": 685.3753; found: 685.3759; elemental
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analysis calcd (%) for CysHuN;605(TFA)ss(H20),: C 34.75, H 4.00, N 16.63;
found C 35.15, H 440, N 16.40; eclemental analysis caled (%) for
C2sHuN;605(HC)s(H20)3(Et20)0.25: C 33.20, H 5.81, N 21.36; found C 33.12, H
5.93,N 21.42.

Compound 2.53

OBn NBoc,
N™XY"SN

NJI\N/ N’J*o

Boc!

Methyl iodide (0.15 mL, large excess) was added to a solution of 2.32 (0.110 g,
0.086 mmol) in anhydrous Et;O (5 mL) at room temperature under argon and
stirred for 72 h. The reaction mixture then concentrated and flash chromatography
(0-5% MeOH in CHCl,) gave 2.53 (0.083 g, 74%) as a pale yellow foam. R¢=
0.29 (7% MeOH in CH,Cly); '"H NMR (500 MHz, CDCLy): & = 7.42-7.32 (m,
10H), 5.57 (s, 4H), 4.85 (t, J=7.0 Hz, 4H), 4.11 (t, J= 7.0 Hz, 4H), 3.68 (s, 6H),
3.51 (s, 6H), 1.53 (s, 18H), 1.33 (s, 36H); *C NMR (125 MHz, CDCL): 6=
165.7, 161.3, 161.1, 160.5, 155.2, 151.8, 149.2, 134.6, 128.6, 128.1, 93.3, 84.2,
83.4, 704, 61.2, 52.3, 374, 35.3, 28.1, 27.9, 27.8 ppm; HRMS: calcd for
Ce4HggN13016 T [M]: 1294.6467: found; 1294.6466.
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Compound 2.54

O NH,
HN | =N
PN
Hbll N N (o]

2

.54 Q
/T@/\NJLlN
RN

Compound 2.53 (0.041 g, 0.032 mmol) was stirred in 95% TFA in thioanisole (10
mL) for 72 h. Et;0 (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,O produced no UV active spot. The white solid was dried and
was dissolved in 1 M hydrochloric acid (10 mL), followed by removal of water
under reduced pressure. This process was repeated two more times before the
solid was dried under vacuo for 72 h to yield 2.54 (0.020 g, 90%) as an off-white
powder; "H NMR (500 MHz, d¢-DMSO): & = 12.36 (bs, 2H), 9.23 (s, 2H), 8.88
(bs, 2H), 8.47 (q, J = 4.6 Hz, 2H), 4.51 (t, /= 7.2 Hz, 4H), 3.64 (t, /= 7.3 Hz,
4H), 3.30 (s, 6H), 2.95 (d, J = 4.7 Hz, 6H); *C NMR (125 MHz, ds-DMSO): 8=
160.7, 159.5, 156.2, 155.8, 140.3, 129.5, 82.6, 50.8, 40.2, 39.6, 27.9 ppm; HRMS:
calcd for CyoHasN1304" [M]: 514.2382; found: 514.2382; elemental analysis calcd
(%) for CyoH,sN 1304 (HC14(H20)2.5: C 34.05, H 5.29, N 25.81, found C 34.55, H
4.68, N 25.46.

(9H-fluoren-9-yl)methyl 4-(acridine-9-carboxamido)butylcarbamate (2.56)

I/N

H [
FmocHN" "N \
0

2.56
DIEA (0.36 mL, 2.09 mmol) was added to a solution of (9H-fluoren-9-yl)methyl
4-aminobutylcarbamate hydrochloride (0.726 g, 2.09 mmol) in DMF (10 mL) and

was stirred for 10 min at room temperature under argon. Acridine-9-carboxylic
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acid (0.467 g, 2.09 mmol) and HBTU (1.19 g, 3.14 mmol) were then added and
the resulting mixture was stirred for another 5 h. The reaction mixture was
diluted with CH,Cl; (50 mL) and then washed with water (10 mL), NaHCOs (10
mL), brine (15 mL), dried over Na,SO, and concentrated. Flash chromatography
of the residue over silica gel (100% CHCl; to 5% MeOH in CH,Cl; to 5% DMF
in CH,Cl,) gave a yellow paste. The latter was dissolved in CH,Cl, (50 mL) and
washed with water (10 mL) to remove DMF and concentrated. Et,O was added to
the viscous oil to crash out 2.56 (0.640 g, 59%) as a yellow solid. Ry 0.42 (7%
MeOH in CH,Cl,); mp 173-174 °C; "H NMR (500 MHz, CDCls): §=28.03 (d, J =
9.0 Hz, 2H), 7.95 (d, J= 7.5 Hz, 2H), 7.70 (d, J= 7.5 Hz, 2H), 7.65 (t, /= 7.5 Hz,
2H), 7.53 (d, J= 1.5 Hz, 2H), 7.46 (t, J= 7.5 Hz, 2H), 7.33 (t, J = 7.3 Hz, 2H),
7.24 (t, J=17.3 Hz, 2H), 5.29 (bs, 1H), 4.32 (d, /= 7.0 Hz, 2H), 4.14 (t, /= 6.8
Hz, 1H), 3.67 (q, J = 6.0 Hz, 2H), 3.25 (q, J = 6.0 Hz, 2H), 1.83-1.76 (m, 2H),
1.72-1.63 (m, 2H); >C NMR (125 MHz, CDCL): § = 180.5, 156.6, 143.9, 141.2,
127.6, 127.1, 127.0, 125.8, 125.0, 122.2, 119.9, 66.5, 47.2, 40.5, 39.8, 27.6, 26.7
ppm; HRMS: calcd for C33H3oN;0; [M+H]': 516.2282; found: 516.2279.

Compound 2.57

OBn NBoc,
NN

|
Bocril/kN/ N’J“o

¥ ;
X N/\/\/N\/\NJ\N

T '
N™~% NBoc,
2.57 bt
SN N? 0B

N
Boc

20% piperidine in DMF (5 mL) was added to 2.56 (0.030 g, 0.058 mmol) and the
solution was stirred for 1 h at room temperature under N,. The reaction mixture
was concentrated, then diluted with CH,Cl, (20 mL) and washed with NaHCO;
(10 mL), brine (15 mL), dried over Na,SO4 and evaporated to yield a yellow oil.
1,2 DCE (20 mL) and 2.13 (0.037 g, 0.058 mmol) were then added to the yellow
oil, which was stirred for 30 min, prior to the addition of sodium triacetoxy

borohydride (0.013 g, 0.062 mmol) and stirring was continued for another 3 h
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(until all 2.13 was consumed). The reaction mixture was diluted with CH,Cl, (20
mL) and then washed with NaHCOj; (10 mL), brine (15 mL), dried over Na;SO4
and concentrated. Fresh 1,2 DCE (20 mL) and 2.13 (0.037 g, 0.058 mmol) were
then added to the yellow oil formed, which was stirred for 30 min, prior to the
addition of sodium triacetoxy borohydride (0.037 g, 0.058 mmol) and stirring was
continued for another 30 h. The reaction mixture was diluted with CH»Cl; (50
mL) and then washed with water (10 mL), NaHCO; (10 mL), brine (15 mL), dried
over Na,SO4 and concentrated. Flash chromatography of the residue over silica
gel (0-70% EtOAc in hexanes) gave 2.57 (0.078 g, 87%) a yellow foam. R¢=
0.29 (70% EtOAc in hexanes); '"H NMR (500 MHz, CDCl;): § = 8.13 (d, J = 9.0
Hz, 2H), 8.01 (d, /= 9.0 Hz, 2H), 7.73-7.69 (ddd, J= 9.0 Hz, 6.5 Hz, 1.5 Hz, 2H),
7.51-7.47 (ddd, J = 8.5 Hz, 6.5 Hz, 1.0 Hz, 2H), 7.42-7.38 (m, 4H), 7.35-7.30 (m,
6H), 7.15 (t, J= 5.8 Hz, 1H), 5.52 (s, 4H), 4.35 (t, /= 7.3 Hz, 4H), 4.64 (q, J =
6.5 Hz, 2H), 3.43 (s, 6H), 2.93 (t, /= 7.3 Hz, 4H), 2.77 (t, /= 6.8 Hz, 2H), 1.77-
1.74 (dddd, J = 7.5 Hz, 7.5 Hz, 7.0 Hz, 7.0 Hz, 2H), 1.61-1.56 (m, 2H), 1.53 (s,
18H), 1.25 (s, 36H); C NMR (125 MHz, CDCL): § = 167.0, 165.6, 161.1,
161.0, 160.2, 155.6, 152.4, 149.4, 148.6, 141.5, 134.9, 130.3, 129.6, 128.5, 128.5,
128.4, 126.6, 1254, 122.3, 92.8, 83.7, 82.9, 70.0, 53.8, 50.8, 41.2, 40.2, 34.9,
28.1, 27.9, 27.8, 27.2, 25.5 ppm; HRMS: calcd for CgoHjpoN5s017 [M+H]"™:
1542.7416; found: 1542.7407.

Compound 2.58

Compound 2.57 (0.075 g, 0.049 mmol) was stirred in 95% TFA in thioanisole (10
mL) for 48 h. Et;0 (60 mL) was then added to the reaction mixture to give a

yellow precipitate, which was centrifuged down. The residual solid was
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resuspended in Et,0, sonicated and centrifuged down. This process was repeated
until the spotting of the Et;O produced no UV active spot. The yellow solid was
dried, then dissolved in 1 M hydrochloric acid (10 mL) and evaporated. This
process was repeated two more times before the solid was dried under vacuo for
72 h to yield 2.58 (0.045 g, 93%) as a yellow powder; 'H NMR (600 MHz, ds-
DMSO): 6 = 12.30 (bs, 2H), 11.69 (bs, 1H), 9.27 (t, J = 4.8 Hz, 1H), 9.19 (bs,
2H), 8.83 (bs, 2H), 8.42-8.30 (m, 4H), 8.12-7.98 (m, 4H), 7.80 (bs, 2H), 4.51 (bs,
4H), 3.58-3.35 (m, 8H), 2.92 (d, J = 4.8 Hz, 6H), 1.92-1.84 (m, 2H), 1.79-1.73
(m, 2H); >C NMR (150 MHz, de-DMSO): 6= 165.5, 162.4, 161.2, 160.3, 159.5,
156.6, 156.2, 148.4, 128.1, 126.6, 122.3, 83.1, 52.4, 49.5, 49.0, 36.6, 28.4, 26.8,
21.0 ppm; HRMS: calcd for C;3;sH4oN150s [M]+: 762.3331; found: 762.3327,
elemental analysis calcd (%) for (C36H39N1505)(HCl)s(H20)2(Et20)0.25: C 44.50,
H 5.10, N 21.04; found: C 44.59, H5.11, N 21.03.

Compound 2.60
OBn NBocy

N X" N

)I\N/ N’J*o

BocoN

o

BocHN” "~ N\/\NJ\lN

2.60 N“ X NBoc,
Boc,N” N~ “OBn
Compound 2.59 (0.075 g, 0.103 mmol) was added to a solution of fert-butyl 4-
aminobutylcarbamate (0.020 mL, 0.103 mmol) in 1,2 DCE (20 mL) at room
temperature under N, and stirred for 30 min. Sodium triacetoxy borohydride
(0.023 g, 0.110 mmol) was added and the resulting mixture was stirred for 1.5 h.
The reaction mixture was diluted with CH,Cl, (50 mL) and then washed with
water (10 mL), brine (15 mL), dried over Na;SO4 and concentrated. Fresh 1,2
DCE (20 mL) and 2.59 (0.075 g, 0.103 mmol) was added to the residue and
stirred for 30 min, prior to the addition of sodium triacetoxy borohydride (0.023 g,

0.110 mmol) and stirring was continued for another 36 h. The reaction mixture
was diluted with CH,Cl, (50 mL) and washed with water (10 mL), NaHCO; (10
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mL), brine (15 mL), dried over Na,SO4 and concentrated. Flash chromatography
of the residue over silica gel using (0-3% MeOH in CH,Cl,) gave 2.60 (0.100 g,
60%) as a colourless oil. Rs=0.33 (5% MeOH in CH,Cl,); '"H NMR (600 MHz,
CDCl3): = 7.41-7.30 (m, 10H), 5.51 (s, 4H), 4.92 (m, 1H), 4.38 (t, / = 6.9 Hz,
4H), 2.91 (m, 2H), 2.90 (t, J = 6.9 Hz, 4H), 2.60 (m, 2H), 1.52 (s, 36H), 1.38 (s,
18H), 1.36-1.31 (m, 4H), 1.27 (s, 27H); *C NMR (150 MHz, CDCL): 6 = 167.7,
166.3, 161.3, 161.1, 160.0, 158.7, 158.6, 156.0, 155.1, 149.4, 149.2, 149.0, 134.4,
128.7, 128.6, 128.5, 94.1, 93.7, 84.5, 84.4, 83.9, 83.8, 70.4, 55.7, 53 4, 50.5, 41.3,
40.5, 30.7, 28.4, 27.8, 27.8, 27.7, 25.1 ppm; HRMS: caled for C79H;12N14022Na
[M+Na]": 1631.7968; found: 1631.8005.

Compound 2.61
O NH,

H,N” N7 N0

Q
(©] ®
HsN/\/\/N\/\N/U\N
2.61 |
N7 NH,

P

H,N" N0
H

Compound 2.60 (0.090 g, 0.056 mmol) was stirred in 95% TFA in thioanisole (10
mL) for 48 h. Et;,O (60 mL) was then added to the reaction mixture to give a
white precipitate, which was centrifuged down. The residual solid was
resuspended in Et;0, sonicated and centrifuged down. This process was repeated
until the spotting of the Et,O produced no UV active spot. The yellow solid was
dried, then dissolved in 1 M hydrochloric acid (10 mL) and evaporated. This
process was repeated two more times before the solid was dried under vacuo for
72 h to yield 2.61 (0.039 g, 89%) as an off-white powder; '"H NMR (600 MHz, ds-
DMSO): 6 =12.20 (bs, 2H), 11.08 (bs, 1H), 9.14 (bs, 2H), 8.77 (bs, 2H), 8.67 (bs,
2H), 8.01 (bs, 3H), 7.84 (bs, 2H), 4.34 (m, 4H), 3.48 (m, 4H), 3.01 (m, 2H), 2.81
(m, 2H), 1.79 (m, 2H), 1.64 (m, 2H); C NMR (150 MHz, d-DMSO): 6 = 165.5,
162.4, 161.2, 160.3, 159.5, 156.6, 156.2, 148.4, 128.1, 126.6, 122.3, 83.1, 524,
49.5, 49.0, 36.6, 28.4, 26.8, 21.0 ppm; HRMS: calcd for CoH29N1404 [M-H]+:
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529.2491; found: 529.2491; elemental analysis caled (%) for
(Conng1404)(HC1)6(H20)(Et20)0,251 C 32.18, H 4.95, N 25.02; found; C 32.19,
H 4.95, N 24.99.

4-(allylamino)-6-chloro-2-(ethylamino)pyrimidine-5-carbaldehyde (2.62)

Ethylamine (70% in H,O, 4.22 mL, 52.2 mmol) was added to a solution of 2.3
(6.06 g, 26.1 mmol) in THF (100 mL) at 0 °C under N, and the reaction mixture
was stirred at room temperature for 1 h. Upon removal of solvent, the residue was
washed with ice-cold Et;O to give 2.62 (6.02 g, 74%) as a white solid. Ry =0.61
(10% EtOAc in hexanes); mp = 144-145 °C; '"H NMR (600 MHz, CDCL): 8 =
10.02 (s, 1H), 9.36 (bs, 1H), 6.22 (bs, 1H), 5.94-5.87 (m, 1H), 5.22 (d, J = 18.0
Hz, 1H), 5.15 (d, J = 10.2 Hz, 1H), 4.15 (dd, J = 5.4 Hz, 5.4 Hz, 2H), 3.46 (m,
2H), 1.20 (t, J = 7.5 Hz, 3H); °C NMR (150 MHz, CDCls): & = 188.4, 165.5,
162.3, 160.8, 133.7, 1664, 101.7, 429, 364, 145 ppm; HRMS: calcd for
C10H13N4C1O [M]": 241.0851; found: 241.0852.

4-(allylamino)-6-(benzyloxy)-2-(ethylamino)pyrimidine-S-carbaldehyde
(2.63)

ﬁ/N

HN

2.63
Benzyl alcohol was added (2.50 mL, 24.2 mmol) to NaH (1.27 g, 52.9 mmol) in
THF (20 mL) at room temperature under N, and stirred for 15 min. The solution
was cooled to 0 °C and added gradually to a stirred solution of 2.62 (5.42 g, 22.5

mmol) in THF (100 mL). The mixture was warmed to room temperature and
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refluxed for 6 h, after which it was cooled to room temperature and quenched with
dH,O. Upon evaporation, the residue was dissolved in CH,Cl,, washed with
dH,O (20 mL), brine (20 mL) and dried over Na;SO4. Evaporation, followed by
flash chromatography over silica gel (0-5% EtOAc in hexanes) gave 2.63 (5.26 g,
75%) as a pale yellow oil. Ry = 0.78 (10% EtOAc in hexanes); 'H NMR (600
MHz, d-DMSO): é = (because of hydrogen bonding between the oxygen atom of
the aldehyde and the hydrogen atom of the allylic nitrogen, this compound
displays two sets of peaks) 9.85 (s, 1H, minor isomer), 9.82 (s, 1H, major isomer),
9.22 (t, J = 5.7 Hz, 1H, major isomer), 9.07 (t, J = 5.7 Hz, 1H, minor isomer),
7.77 (t, J = 5.7 Hz, 1H, major isomer), 7.74 (t, J = 6.0 Hz, 1H, minor isomer),
7.44-7.30 (m, 10H, major and minor isomers merged), 5.95-5.86 (m, 2H, major
and minor isomers merged), 5.44 (s, 2H, minor isomer), 5.38 (s, 2H, major
isomer), 5.17-5.12 (m, 2H, minor isomer), 5.10-5.07 (m, 2H, major isomer), 4.09
(t, J = 5.7 Hz, 2H, major isomer), 4.04 (t, J = 5.7 Hz, 2H, minor isomer), 3.37-
3.28 (m, 4H, major and minor isomers merged), 1.10 (t, J = 7.2 Hz, 3H, major
isomer), 1.06 (t, J = 7.5 Hz, 3H, major isomer); >*C NMR (150 MHz, d-DMSO):
6 = (this compound displays two sets of peaks for some carbons) 184.7, 184.6,
171.6,171.0, 163.2, 163.0, 162.4, 162.0, 137.3, 137.1, 135.6, 128.9, 128.8, 128.3,
128.2, 128.1, 115.9, 115.8, 92.4, 92.2, 67.4, 67.2, 42.5, 42.2, 36.0, 15.3, 14.9
ppm; HRMS: calcd for Cy7H21N4O» [M+H]+: 313.1659; found: 313.1656.

tert-butyl-4-(allylamino)-6-(benzyloxy)-5-formylpyrimidin-2-yl(ethyl)-

carbamate (2.64)
H._O

H
B"°%“V\

Ns N
BocN

A

2.64
4-N, N-dimethylaminopyridine (0.32 g, 0.039 mmol), triethylamine (16.2 mL,
83.3 mmol) and Boc,O (6.33 g, 29.0 mmol) were added to 2.63 (39.5 g, 132
mmol) in THF (100 mL) at room temperature under N, and stirred for 12 h. The
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reaction mixture was quenched with dH,O (20 mL) and evaporated. The residue
was washed with dH,O (20 mL), 5% aqueous NaHCO3 (20 mL) and brine (20
mL), along with extraction using EtOAc. Drying over Na,SO,, filtration and
evaporation, followed by flash chromatography of the residue over silica gel (0-
10% EtOAc in hexanes) gave 2.64 (5.72 g, 90%) as pale yellow oil. Ry= 0.50
(5% EtOAc in hexanes); "H NMR (600 MHz, CDCls): §=10.13 (s, 1H), 9.22 (t, J
= 5.4 Hz, 1H), 7.42-7.29 (m, 5H), 5.94-5.87 (m, 1H), 5.46 (s, 2H), 5.24-5.08 (m,
2H), 4.18-4.15 (m, 2H), 3.94 (q, /= 7.2 Hz, 2H), 1.54 (s, 9H), 1.23 (t, /= 6.6 Hz,
3H); °C NMR (150 MHz, CDCl;): § = 187.5, 171.4 162.8, 161.4, 153.4, 136.4,
134.1, 128.5, 128.3, 128.2, 128.1, 128.0, 116.1, 94.3, 81.7, 68.2, 43.0, 42.7, 28.2,
27.9, 27.8, 14.0 ppm; HRMS: calcd for Cp,HysN4O4 [M+H]": 413.2183; found:
413.2182.

(E)-tert-butyl-4-(allylamino)-6-(benzyloxy)-5-((hydroxyimino)methyl)-

pyrimidin-2-yl(ethyl)carbamate (2.65)
OH
_N

H
B"VKWNV\

Ns N

h

BocN

A

2.65
Hydroxylamine hydrochloride (1.84 g, 26.2 mmol) and KHCO; (5.26 g, 52.6
mmol) were added to a stirred solution of 2.64 (5.26 g, 12.3 mmol) in anhydrous
methanol (50 mL) at room temperature under N,. The resulting slurry was
refluxed for 3 h and cooled to room temperature. The residual solid obtained
upon evaporation, was dissolved in EtOAc (100 mL), washed with dH,O (20 mL)
and brine (20 mL), and dried over anhydrous Na,SO4. Evaporation of the solvent
gave rise to 2.65 (5.07 g, 90%) as a white paste, which was used in the next step
without further purification. Ry = 0.39 (20% EtOAc in hexanes); 'H NMR (600
MHz, CDCls): 8= 8.56 (s, 1H), 8.35 (bs, 1H), 8.07 (t, J= 5.4 Hz, 1H), 7.42-7.29
(m, 5H), 5.96-5.89 (m, 1H), 5.41 (s, 2H), 5.21-5.08 (m, 2H), 4.18 (t, /= 5.7 Hz,
2H), 3.91 (g, J = 6.8 Hz, 2H), 1.53 (s, 9H), 1.23 (t, J = 6.9 Hz, 3H); °C NMR
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(150 MHz, CDCl3): 6 = 167.3, 153.8, 146.5, 136.8, 134.9, 128.4, 128.0, 115.6,
87.4, 70.5, 68.0, 43.4, 42,7, 29.7, 29.3, 28.3, 14.1 ppm; HRMS: calcd for
C22H30N504 [M+H]+Z 428.2292; found: 428.2295.

tert-butyl-4-(allylamino)-6-(benzyloxy)-5-cyanopyrimidin-2-yl(ethyl)-
carbamate (2.66)

2.66
Trifluoroacetic anhydride (3.9 mL, 28.0 mmol) was slowly added to a stirred
solution of 2.65 (5.07 g, 11.8 mmol) and Et;N (8.2 mL, 59.7 mmol) in THF (100
mL) at 0°C over 30 min. The reaction mixture was warmed to room temperature
and refluxed for 3 h. Upon cooling to room temperature, the reaction mixture was
quenched with dH,O and evaporated. The residue was dissolved in EtOAc (100
mL), washed with dH,O (20 mL), 5% aqueous NaHCO; (20 mL), and brine (20
mL). The organic layer was dried over Na,SO, and evaporated to yield an orange
solid, which was purified by flash chromatography (0-20% EtOAc in hexanes).
The orange crystals obtained were further purified by recrystallization from
EtOAc and hexanes to give 2.66 (4.51 g, 93%) as pale yellow crystals. mp = 93-
94 °C; Ry= 0.58 (20% EtOAc in hexanes); "H NMR (600 MHz, CDCls): = 7.44-
7.30 (m, 5H), 5.93-5.85 (m, 1H), 5.45 (s, 2H), 5.43 (bs, 1H), 5.24 (dd, J = 16.8
Hz, 1.2 Hz, 1H), 5.18 (dd, /= 10.2 Hz, 1.2 Hz, 1H), 4.14 (t, J= 5.7 Hz, 2H), 3.91
(q, J = 6.8 Hz, 2H), 1.53 (s, 9H), 1.20 (t, J = 7.2 Hz, 3H); °C NMR (150 MHz,
CDCly): 6=170.3, 164.0, 160.4, 153.1, 136.0, 133.7, 128.5, 128.1, 127.9, 117.1,
114.8, 81.9, 69.0, 68.6, 43.7, 42.8, 28.2, 13.9 ppm; HRMS: calcd for C»HysNs0;
[M+H]": 410.2187; found: 410.2186.
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tert-butyl-4-(1-allylureido)-6-(benzyloxy)-5-cyanopyrimidin-2-yl(ethyl)-
carbamate (2.67)

CNOYNHZ

Freshly distilled N-chlorocabonylisocyanate (0.440 mL, 5.49 mmol) was added
dropwise to a stirred solution of compound 2.66 (0.750 g, 1.83 mmol) in CH,Cl,
(50 mL) at 0 °C over 30 min under argon. The reaction mixture was stirred for 2
h at room temperature, then cooled to 0°C and carefully quenched with dH,O (10
mL, exothermic reaction). The product was extracted with CH,Cl, (100 mL) and
the organic layer was washed with dH,O (20 mL), brine (20 mL) and dried over
Na,SO4. Evaporation of solvent gave 2.67 as a white paste, which was used in the
next step without further purification. R, = 0.58 (50% EtOAc in hexanes); 'H
NMR (600 MHz, CDCls): 6 =7.43-7.32 (m, SH), 5.89-5.82 (m, 1H), 5.50 (s, 2H),
5.26 (dd, J=17.4 Hz, 1.2 Hz, 1H), 5.17 (dd, /= 12.0 Hz, 1.2 Hz, 1H), 4.92 (d, J
= 4.8 Hz, 2H), 3.95 (q, J= 7.2 Hz, 2H), 1.54 (s, 9H), 1.22 (t, J= 7.2 Hz, 3H); *C
NMR (150 MHz, CDCL): § = 172.2, 163.1, 158.2, 155.3, 152.2, 135.3, 133.3,
128.7, 128.4, 1274, 116.9, 113.9, 83.2, 70.6, 69.6, 48.1, 42.6, 29.7, 28.0, 13.9
ppm; HRMS: caled for C23sHyoNsO4 [M+H]': 453.2245; found: 453.2245.

tert-butyl-8-allyl-5-amino-4-(benzyloxy)-7-ox0-7,8-dihydropyrimido[4,5-d]-

pyrimidin-2-yl(ethyl)carbamate (2.68)
OBn NH,
N SN

BocN)I\N/ N’go
2.68 |
Crude material 2.67 from the previous step was stirred in 7 M NH3 in CH;0H (15
mL) under N at room temperature for 3 h. Excess NH; in CH;0H was removed
under reduced pressure and 2.68 (0.620 g, 75%) was obtained as a white paste
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over 2 steps, which was used for the next step without further purification. Ry =
0.22 (7% MeOH in CH,Cl,); "H NMR (600 MHz, CDCls): 8= 7.47-7.37 (m, 5H),
7.12 (bs, 2H), 5.96-5.90 (m, 1H), 5.60 (s, 2H), 5.23 (d, /= 18.0 Hz, 1H), 5.15 (d,
J=10.2 Hz, 1H), 4.83 (d, J = 4.2 Hz, 2H), 4.01 (q, J = 6.8 Hz, 2H), 1.57 (s, 9H),
1.27 (t, J = 6.6 Hz, 3H); °*C NMR (150 MHz, CDCL): 6 = 166.5, 160.5, 160.4,
160.3, 155.3, 152.6, 134.8, 132.4, 129.0, 128.9, 128.7, 117.5, 82.5, 70.6, 70.2,
447, 43.0, 29.7, 28.1, 13.9 ppm; HRMS: calcd for CpHyNesOs [M+H]™:
453.2245; found: 453.2245.

Compound 2.69

OBn NBoc,
N” Xy SN

N/lN/ N/J*o

2.69 |
4-N, N-dimethylaminopyridine (0.180 g, 1.50 mmol), Et;N (0.761 mL, 5.48
mmol) and Boc,0 (1.32 g, 5.48 mmol) were added to 2.68 (0.620 g, 1.37 mmol)
in THF (50 mL) at room temperature under N, and stirred for 24 h. The reaction

Bocl

was then quenched with dH,O (20 mL) and the solvent was removed under
reduced pressure. The residual solid was dissolved in EtOAc (100 mL), washed
with dH,O (20 mL), 5% aqueous NaHCO; (20 mL), brine (20 mL), dried over
Na;SO; and evaporated. The residue was purified through flash chromatography
(0-40% EtOAc in hexanes) to give 2.69 (0.726 g, 78%) as a white foam. R,= 0.68
(50% EtOAc in hexanes); 'H NMR (600 MHz, CDCL): 6 = 7.41-7.29 (m, 5H),
5.96-5.89 (m, 1H), 5.53 (s, 2H), 5.18-5.13 (m, 2H), 4.89 (d, /= 5.4 Hz, 2H), 3.98
(q, J= 6.8 Hz, 2H), 1.55 (s, 9H), 1.30 (s, 18H), 1.24 (t, /= 7.2 Hz, 3H); °C NMR
(150 MHz, CDCl3): d = 165.7, 160.9, 160.7, 160.3, 155.4, 152.4, 149.2, 134.9,
131.2,128.5, 128.3, 117.9, 92.9, 83.6, 82.8, 70.0, 45.2, 43.0, 28.0, 27.9, 27.8, 13.8
ppm; HRMS: calcd for C33HysNsOg [M+H]": 653.3293; found: 653.3291.
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Compound 2.70
OBn NBoc,
N SN

AL AA

BocN™ "N "'N” "O

]
2.70 °

50% aqueous N-methylmorpholine N-oxide (0.420 mL, 2.15 mmol) was added to
2.69 (0.700 g, 1.07 mmol) in +-BuOH / dH,O / THF (10:1:2, 13 mL) at room
temperature and stirred for 5 min. OsOj4 (0.049 M solution in ~BuOH, 1.08 mL,
0.053 mmol) was slowly added and the resulting brown solution was stirred for 6
h. The reaction mixture was quenched with aqueous sodium sulfite until all the
excess OsO; was destroyed (brown solution turns colorless). The resulting diol
was extracted using CH,Cl, (100 mL) and washed with dH,O (20 mL), brine (20
mL), dried over anhydrous Na,SO,4 and evaporated to yield a pale yellow oil. To
the latter, sodium periodate (0.457 g, 2.14 mmol) in CH,Cl, / dH;O (4:1, 10 mL)
was added and stirred at room temperature for 18 h. The crude product was
washed with dH,O (20 mL), 5% aqueous NaHCO3; (20 mL), and brine (20 mL)
and extracted using CH,Cl, (100 mL), then dried over anhydrous Na;SOs.
Removal of solvent and purification through column chromatography (0 - 50%
EtOAc in hexanes) gave the desired product 2.70 (0.400 g, 57%) as a white solid.
R=0.58 (50% EtOAc in hexanes); '"H NMR (600 MHz, CDCly): 6= 9.64 (s, 1H),
7.44-7.33 (m, SH), 5.56 (s, 2H), 5.12 (s, 2H), 3.93 (q, J = 7.0 Hz, 2H), 1.56 (s,
9H), 1.35 (s, 18H), 1.22 (t, J = 7.2 Hz, 3H); *C NMR (125 MHz, CDCL): 6 =
193.7, 165.7, 161.1, 160.8, 160.6, 155.4, 152.1, 149.1, 134.8, 128.6, 128.2, 92.9,
83.9, 83.1, 70.2, 51.9, 43.0, 28.0, 27.8, 13.7 ppm; HRMS: calcd for C3;H43NeOy
[M+H]": 655.3086; found: 655.3088.
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Compound 2.71
OBn NBoc,
NN

/lN/ N’go

BocN

Compound 2.70 (0.080 g, 0.122 mmol) was added to a solution of tert-butyl 4-
aminobutylcarbamate (0.023 mL, 0.122 mmol) in 1,2 DCE (20 mL) at room
temperature under N, and stirred for 30 min. Sodium triacetoxy borohydride
(0.027 g, 0.129 mmol) was added and the resulting mixture was stirred for 3 h.
The reaction mixture was diluted with CH,Cl, (50 mL) and then washed with
water (10 mL), brine (15 mL), dried over Na;SO, and concentrated. Fresh 1,2
DCE (20 mL) and 2.70 (0.080 g, 0.122 mmol) was added to the residue and
stirred for 30 min, prior to the addition of sodium triacetoxy borohydride (0.027 g,
0.129 mmol), and stirring was continued for another 24 h. The reaction mixture
was diluted with CH,Cl, (50 mL) and washed with water (10 mL), NaHCO; (10
mL), brine (15 mL), dried over Na,SO,4 and concentrated. Flash chromatography
of the residue over silica gel using (0-65% EtOAc in hexanes) gave 2.71 (0.131 g,
73%) as a colourless oil. R¢=0.29 (50% EtOAc in hexanes); 'H NMR (600 MHz,
CDCls): 0 = 7.44-7.32 (m, 10H), 5.55 (s, 4H), 4.89 (m, 1H), 4.39 (t, J= 7.5 Hz,
4H), 4.04 (q, J = 7.0 Hz, 4H), 3.06 (m, 2H), 2.90 (t, /= 7.5 Hz, 4H), 2.68 (m, 2H),
1.56 (s, 18H), 1.45-1.42 (m, 4H), 1.41 (s, 9H), 1.32 (s, 36H), 1.26 (t, /= 6.9 Hz,
6H); *C NMR (150 MHz, CDCL;): 8 = 165.7, 161.1, 160.8, 156.0, 155.6, 152.2,
1493, 135.0, 128.5, 128.5, 128.3, 17.7, 92.9, 83.6, 82.7, 70.0, 53.8, 50.9, 43.0,
41.3, 40.5, 28.4, 28.0, 27.8, 25.1, 14.0 ppm; HRMS: calcd for C73H;0sN14013s
[M+H]": 1465.7726; found: 1465.7690.
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Compound 2.72
O NH,
HN

I
HN)\\N NAO

)

(o}
H3N/\/\/H\/\NJ\N
2.72 l
l\} = NH,
/\N)\N s}
H H

Compound 2.71 (0.120 g, 0.082 mmol) was stirred in 95% TFA in thioanisole (10
mL) for 48 h. Et;O (60 mL) was then added to the reaction mixture to give a
white precipitate, which was centrifuged down. The residual solid was
resuspended in Et,O, sonicated and centrifuged down. This process was repeated
until the spotting of the Et,O produced no UV active spot. The yellow solid was
dried, then dissolved in 1 M hydrochloric acid (10 mL) and evaporated. This
process was repeated two more times before the solid was dried under vacuo for
72 h to yield 2.72 (0.060g, 87%) as an off-white powder; '"H NMR (600 MHz, ds-
DMSO): 6 = 12.20 (bs, 2H), 11.20 (bs, 1H), 9.18 (bs, 2H), 8.93 (bs, 2H), 8.45
(bs, 2H), 7.88 (bs, 3H), 4.42 (m, 4H), 3.48-3.32 (m, 10H), 2.78 (m, 2H), 1.75 (m,
2H), 1.59 (m, 2H), 1.09 (t, J= 6.9 Hz, 6H); *C NMR (150 MHz, d¢-DMSO): 6=
161.0, 160.3, 156.6, 155.6, 148.4, 83.1, 51.6, 50.0, 38.5, 36.6, 36.4, 24.5, 20.3,
14.8; HRMS: calcd for CyHj3Nij404 [M+H]™: 585.3117; found: 585.3106;
elemental analysis calcd (%) for (C24H37N1404)(HC1)s(H20), 5(Et;0)0.25: C 35.37,
H5.64, N 23.10; found: C 35.48, H 5.46, N 22.72.
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Compound 2.73

OBn NBoc,
NN
BoczN/lN/ N’J*o
7
BocHN/\/\/N\/\NJLN

|
2.73 N~ “NBoc,
M

Bocfil N~ "OBn

Compound 2.59 (0.075 g, 0.103 mmol) was added to a solution of ferr-butyl 4-
aminobutylcarbamate (0.020 mL, 0.103 mmol) in 1,2 DCE (20 mL) at room
temperature under N, and stirred for 30 min. Sodium triacetoxy borohydride
(0.023 g, 0.110 mmol) was added and the resulting mixture was stirred for 1 h.
The reaction mixture was diluted with CH,Cl, (50 mL) and then washed with
water (10 mL), brine (15 mL), dried over Na;SO,4 and concentrated. Fresh 1,2
DCE (20 mL) and 2.13 (0.066 g, 0.103 mmol) was added to the residue and
stirred for 30 min, prior to the addition of sodium triacetoxy borohydride (0.023 g,
0.110 mmol), and stirring was continued for another 36 h. The reaction mixture
was diluted with CH,Cl, (50 mL) and washed with water (10 mL), NaHCO; (10
mL), brine (15 mL), dried over Na,SO,4 and concentrated. Flash chromatography
of the residue over silica gel using (0-50% EtOAc in hexanes) gave 2.73 (0.062 g,
40%) as a colourless oil. R¢=0.28 (50% EtOAc in hexanes); "H NMR (600 MHz,
CDCl3): 6 =7.44-7.30 (m, 10H), 5.56 (s, 2H), 5.51 (s, 2H), 4.92 (m, 1H), 4.38 (t,
J=6.9 Hz, 4H), 3.48 (s, 3H), 3.04 (m, 2H), 2.91 (t, J= 6.9 Hz, 2H), 2.87 (t, J =
7.2 Hz, 2H), 2.64 (m, 2H), 1.55 (s, 9H), 1.53 (s, 18H), 1.40 (s, 9H), 1.39 (s, 9H),
1.34-1.30 (m, 4H), 1.30 (s, 18H), 1.28 (s, 9H); '>*C NMR (150 MHz, CDCL;): 6 =
166.7, 166.3, 165.6, 161.3, 161.2, 161.1, 161.0, 160.2, 160.1, 158.6, 156.0, 155.5,
155.2,155.1, 149.4, 149.2, 149.1, 135.5, 134.4, 128.7, 128.6, 128.6, 128.5, 128.5,
128.4, 128.4, 94.1, 92.8, 84.6, 84.5, 83.9, 83.8, 83.6, 83.2, 82.8, 70.4, 70.0, 53.7,
51.0, 50.4, 41.3, 41.2, 40.5, 35.0, 28.4, 28.1, 27.9, 27.8, 27.8, 27.7, 27.6, 25.0
ppm; HRMS: calcd for C75H;0sN14020Na [M+Na]": 1545.7600; found: 1545.7582.
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Compound 2.74
O NH,
HNT N

NS

H,NT N N’J*o

(0]
] ®
HSN/\/\/ﬂ\/\NJ\,N

2.74 NN NH,

PR

HN™ "N™ ~O
| H

Compound 2.73 (0.055 g, 0.036 mmol) was stirred in 95% TFA in thioanisole (10
mL) for 48 h. Et;O (60 mL) was then added to the reaction mixture to give a
white precipitate, which was centrifuged down. The residual solid was
resuspended in Et,O, sonicated and centrifuged down. This process was repeated
until the spotting of the Et,O produced no UV active spot. The yellow solid was
dried, then dissolved in 1 M hydrochloric acid (10 mL) and evaporated. This
process was repeated two more times before the solid was dried under vacuo for
72 h to yield 2.74 (0.021 g, 70%) as an off-white powder; "H NMR (600 MHz, d¢-
DMSO): 6 =12.24 (bs, 2H), 11.32 (bs, 1H), 9.14 (bs, 2H), 8.77 (bs, 2H), 8.72 (bs,
1H), 8.33 (bs, 1H), 8.03 (bs, 3H), 7.91 (bs, 1H), 4.46-4.30 (m, 4H), 3.48 (bs, 6H,
merged with H,O peak), 2.95 (d, J = 3.5 Hz, 3H), 2.80 (m, 2H), 1.79 (m, 2H),
1.63 (m, 2H); °*C NMR (150 MHz, d¢-DMSO): 6= 161.4, 161.2, 160.7, 160.3,
157.5, 156.7, 156.5, 156.1, 148.6, 83.1, 38.5, 36.7, 28.4, 24.5, 20.4 ppm; HRMS:
caled for CyH3 N 1404 [M-H]": 543.2652; found: 543.2647; elemental analysis
caled (%) for (Ca1H3oN1404)(HCl)6 5(H20),.5(Et20)0.25: C 31.24, H 5.26, N 23.26;
found: C 31.24, H5.11, N 22.89.
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Chapter 3
Thermo-reversible suprameolecular chirality from achiral self-assembling

molecules

“Where nature finishes producing its own species, man begins, using natural
things and in harmony with this very nature, to create an infinity of species.”

- Leonardo da Vinci

3.1. Introduction

Circular dichroism' (CD) spectroscopy has emerged as a common probe for the
measurement of chiroptical data due to its great sensitivity related to chiral
perturbations of the system being studied. While it was initially developed for
evaluating molecular chirality of chromophoric molecules,'” it later evolved as a
method for the study of supramolecular chirality of self-assembling systems.” As
such, a number of reports pertaining to the expression of molecular chirality at
macromolecular level,' Sergeants and Soldiers’ principle’ and induced circular
dichroism (ICD)*'® appeared. There have been cases of spontaneous symmetry
breaking in crystallization'' and liquid crystals' resulting in an excess of one of
the enantiomers, however it was not possible to predict which enantiomer would
form. Defying these norms, achiral systems adopting a preferred helical sense as
a result of a macroscopic chiral bias have also been reported.””" In some cases,
the reliability of these data were questioned due to CD artifacts, which can greatly
affect the data.

This chapter introduces an achiral molecule (But-TBL) that has unexpectedly
shown CD activity in methanol. Variable temperature CD (VT-CD) experiments
revealed almost mirror-image CD profiles at 10 and 40 °C in certain solvents
upon self-assembly. Though, these data were initially treated as an artifact,
extensive experiments revealed that this was not the case. Consequently a number
of derivatives of But-TBL were synthesized,'® and found to display a similar

behaviour (Figure 3.1). These modules, which possess two donor-donor-acceptor
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H-bond arrays of guanine and two acceptor-donor-donor arrays of cytosine, have
been shown to undergo a dynamic self-assembly process to yield rosette
nanotubes (RNTs) of high aspect ratio.'” The RNTs were characterized
extensively using various microscopy and spectroscopic techniques for a better

understanding of this phenomenon.
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Figure 3.1: Achiral twin RNT monomers that give a CD signal in methanol upon

self-assembly.

3.2. Results

Compound But-TBL, which was isolated as the hydrochloride salt, is achiral and,
in principle, it was expected to give a CD-silent racemic mixture of P and M
RNTs. However when a CD measurement was carried out on a sample assembled
at 0.5 mg/mL (0.685 mM) in methanol and aged for 1 week, a strong negative
monosignate CD signal was observed at dilute concentrations (0.017 mM in
methanol). The measurement was carried out in a quartz cuvette of 1 cm

pathlength at 10 °C. At these concentrations, the GAC derivative 1 .undergoes the
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formation of a six-membered twin rosette, maintained by 36 H-bonds, which then
stacks into a tubular architecture with a 4 A stacking distance and an average

calculated outer diameter of 3.8 nm."®* The measured diameter obtained from

TEM measurements is 3.5 nm + (0.2 nm.
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Figure 3.2: CD at 10 °C (top left), SEM (top right), AFM (bottom left) and TEM

(bottom right) of RNTs derived from monomer But-TBL (1) in methanol.
Microscopy images show the formation of long nanotubes after aging for 1 week
at 0.5 mg/mL and then diluting to 0.0125 mg/mL (0.017 mM) in methanol. This
diluted solution also gave the CD profile indicated.
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3.3. Solution phase characterization

Time dependent UV-Vis and CD spectroscopies along with dynamic light
scattering (DLS) experiments were done to investigate whether the observed
CD signal, was related to the presence and growth of the RNTs. The stock
solution was assembled at 0.5 mg/mL in methanol and aged at room

temperature.

The UV-vis spectroscopy for But-TBL was monitored over time. But-TBL
absorbs UV light between 220-320 nm due to chromophores present in the GAC
base. A significant hyperchromic effect (0.5 h — 10 d) and a small
hypsochromic effect (Amax = 234 nm, 0.5 h — Ay = 229 nm, 10 d) were
observed. UV-vis spectroscopy has been used extensively for investigating
nucleic acid structure and stability. It is often predicted that a hyperchromic
effect is equivalent to the melting of DNA, however Williams' reported that in
some cases UV-vis spectroscopy fails to be an adequate technique in correlating
the hyperchromic effect to disassembly. In our case, RNTs formation in
methanol starts immediately after dissolution (as observed by SEM), so the UV
absorbance might just be associated with the formation of RNTs. Over time,
RNTs concentration and length increased, and this may be correlated to the
hyperchromic effect observed. This is also consistent with increased scattering

observed as the particles grow from shorter to longer tubes.
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Figure 3.3: Time-dependent UV-vis spectra of But-TBL in methanol - (0.01
mg/mL, 20 °C).

In addition, a new but relatively weak hypsochromic-shifted absorption band (A
= 266 nm) emerged upon interaction of the chromophores after 10 days. This
peak was absent from the spectrum obtained (0.5 h) at the beginning of
aggregation. We presumed that this new band could be due to H-type
aggregates.”’ Unlike J-type aggregates® (bathochromic shifted absorption
band) which stems from a head-to-tail configuration, H-aggregates result from a
face-to-face arrangement. For H-aggregates, an increase in the HOMO-LUMO
gap is observed when chromophores are in the aggregated state. The theory
behind the increase in HOMO-LUMO gap for H-aggregates and decrease in
HOMO-LUMO gap for J-aggregates upon aggregation was developed by
Kasha®® and was explained by exciton theory (Figure 3.4). Prior to excitation in
a system containing N chromophores, there is an N-fold degeneracy that exists.
However upon electrostatic perturbation resulting from intermolecular dipole-
dipole interaction of transition dipoles, an exciton band of N discrete exciton

states is produced.
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Figure 3.4: Exciton band structure for J- and H-aggregates.?

Though RNTs are the main aggregates in our system, formation of H-type
aggregates are still possible. The latter probably arise from the face-to-face
stacking of the two GAC units from the twin GAC monomer during the self-

assembly process.
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Figure 3.5: CD growth of But-TBL with time (CD recorded at 10 °C).

For the time dependent CD experiment, aliquots from the stock solutions were
taken at different time intervals and diluted to 0.0125 mg/mL (0.017 mM) with
methanol, before the CD spectra were recorded at 10 °C. No measurable CEs
were observed at the start of the self-assembly process, however as the sample

aged, a monosignate CD signal appeared, which intensified over time (Figure
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3.5). Unlike most optically active systems that give bisignated CE, having an
entirely negative CE initially seemed unusual, however a literature survey

revealed a number of such cases.?

A small aliquot (2.0 pL) from each solution used for the CD measurement was
deposited on a carbon-coated TEM grid at different time intervals and SEM was
done to confirm the presence and growth of the RNTs (Figure 3.6). At the
beginning of the self-assembly process, only a few long RNTs were observed and
the grid mostly consisted of short RNTs. After aging for 7 days, the RNTs were
longer and more abundant. Since the CD signal was absent at the beginning of the
self-assembly process, there seemed to be a correlation between the existence of

the RNTs and CD effects.

Figure 3.6: Growth of But-TBL RNTs after 30 min (left) and 7 days (right)
monitored by SEM.

A time-dependent DLS experiment was also used to determine the relative sizes
of the structures formed in methanol over time. The exact values for average
hydrodynamic diameter in this DLS experiment is not directly related to the RNT
size distribution but it follows the growth kinetics of the RNTs. The sample was
prepared at 0.5 mg/mL in methanol and filtered through a 200 nm pore-size

Whatmann filter, and the measurements were recorded at different time intervals
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at room temperature. The average hydrodynamic diameter values were plotted
against time (Figure 3.7) and a sigmoid curve was obtained (clearly visible from
the inset, which shows the growth of the RNTs within the first few hours),

1% The rate-determining step in

reflecting the autocatalytic nature of the RNTs.
the self-assembly process is most likely the formation of RNT seeds, which
catalyzes fhe growth process. The increased growth of the RNTs after one day is
most probably due to a larger number of seed aggregates, which template longer

RNTs and bundles in solution as the sample aged.
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Figure 3.7: Time-dependent DLS spectrum of But-TBL in methanol (sigmoid fit).

Simultaneous growths of the RNTs (demonstrated by the SEM images in Figure
3.6 and the DLS curve in Figure 3.7) and the CD signals over time suggest that
the existence of the CD signal is not a random process, but rather a process that
is directly related to the presence and abundance of the RNTs. The CD
dependence on the RNT’s abundance was further supported by the
disappearance of the CD signal upon disassembly of the RNTs via acidification.
As shown in Figure 3.8, TFA breaks up the RNTs, most likely by the
protonation of the Watson-Crick hydrogen bond acceptor sites, thus leading to a

CD silent spectrum.
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Figure 3.8: CD spectra of But-TBL before and after (10 min) addition of 10 uL of
neat TFA in 2 mL of But-TBL RNT solution in methanol of a 0.017 mM
concentration (A). The SEM images (B-F) show the RNT morphologies before
(B) and after addition of TFA at 5 min (C), 15 min (D), 30 min (E) and 1 h (F)

intervals. Scale bar = 200 nm.

3.4. Thermo-reversibility of the CD profiles

To verify the origin of the CD signal for But-TBL RNTs and their thermal
stability, 2 VT-CD experiment on a diluted But-TBL sample (0.0125 mg/mL,
0.017 mM in methanol) was performed. The supramolecular chirality of a RNT
sample with a built-in stereogenic centre in the monomer is biased by its point
chirality, which leads to one of the two possible diastereomeric forms.> The CD
spectrum monitors the formation and growth of these chiral supramolecular
assemblies by displaying a CE in the UV range. These CEs decrease in intensity
with increasing temperatures in a VT-CD experiment, due to disassembly of the
non-covalent assemblies.’* The chiral analogue K-TBL,? as its TFA salt, which

self-assembled readily in methanol, was subjected to a VT-CD experiment. This
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compound, with a built-in L-lysine moiety, was assembled at 0.5 mg/mL in
methanol and aged for 14 days. An aliquot of the stock solution was diluted to
0.0125 mg/mL in methanol and the measurement was carried out in a quartz cell
of 1 cm pathlength between 20 and 50 °C. The CEs observed at 234, 251 and 301
nm showed a decrease in intensity as the temperature was increased (Figure 3.9),

as expected for a chiral RNTs sample.**
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Figure 3.9: VT-CD of K-TBL (TFA salt) in methanol.

Similarly, But-TBL was subjected to a VT-CD experiment between 10 and 50 °C.
However in this case the results obtained were very different - a gradual inversion
of the CD signal was observed (Figure 3.10). The monosignate CD signal, which
had an intensity of about -160 mdeg at 239 nm at 10 °C, became CD silent at
about room temperature. As the temperature reached about 40 °C, a positive
monosignate CD signal emerged. This was a pseudo mirror image CD signal as
compared to the one obtained at 10 °C. The positive CD signal at 40 °C was
slightly lower in intensity as compared to the CD at 10 °C, which can be
attributed to disruption of some of the non-covalent assemblies at higher

temperatures.24
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Figure 3.10: VT-CD on But-TBL RNTs as the HCI salt in methanol.

Different batches of the But-TBL. monomer were screened and in each case the

RNTs still exhibited pseudo mirror-image CD signals at 10 and 40 °C. This

process was found to be reversible, albeit with a gradual loss of CD activity at

both temperatures (attributed to a slow disassembly of the RNTs) (Figure 3.11).
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Figure 3.11: Mirror image CD profiles at 10 and 40 °C (left) and graph showing

the CD intensities at 231 mdeg while But-TBL was subjected to a series of 300
VT-CD cycles at 10 and 40 °C (right).
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The density of the RNTs found in solution at the CD concentration was estimated
by casting these solutions on TEM grids before and after the continuous VT-CD
experiments. These cast samples were then visualized using SEM imaging
(Figure 3.12). Though at the end of the 300 cycles, there is still the presence of
long and well-dispersed RNTs, the density of the nanostructures on the carbon
coated TEM grid seems less than those obtained prior to subjecting the sample to
the VT-CD cycles.

Figure 3.12: SEM images of But-TBL RNTs in methanol before (A) and after (B)
300 VT-CD cycles from 10 to 40 °C. Scale bar = 200 nm.

3.5. RNTs derived from single GAC base systems do not show any CD
activity.

The CD behaviour discussed previously was observed for the twin base system.
To verify whether a similar phenomenon occurs for the monobase system, the CD

1% jsolated as a hydrochloride salt, was

and self-assembly of the K1 module,
monitored in methanol at a similar concentration as But-TBL. A stock solution of
0.36 mg/mL of K1 (0.685 mM in methanol) was prepared and aged at room
temperature. Aliquots from the stock solution were diluted to 0.017 mM and CD
measurements were carried out after 1 day and 1 week. The diluted solutions

were also cast on carbon-coated TEM grids for SEM visualization. While a CD
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signal is usually observed for the But-TBL solution at a similar concentration
after 1 day, for a 1-day old solution of the K1 module, no CD activity was
observed. From SEM imaging, no RNT structures were visible on the grid.
Aging the stock solution for a week did not promote a CD appearance. This result
correlated with the SEM images obtained, which showed the absence of long and
abundant RNTs, as in the case of But-TBL (Figure 3.13). While both monomers
had the built-in ability to form RNTs in solution, the twin base system gives more
stable RNTs at a faster rate due to lower functional group density, reduced net
charge, enhanced stability arising from preorganization, increased amphiphilic
character, greater number of H-bonds per module, higher H-bonds per rosette (36

H-bonds instead of 18), less steric congestion and lower electrostatic repulsion.”*

R R 2T s -

Figure 3.13: SEM images of K1 RNTs (left) and But-TBL RNTs (right) in

methanol at a concentration of 0.017 mM in methanol, after 1 week of aging.
Scale bar = 200 nm. The K1 module displays very short RNTs compared to the

TBL monomer.

3.6. Effect of solvent, side-chain, functional group and counterions

The CD experiments performed on But-TBL RNTs revealed interesting
behaviour, which had not been previously observed for any RNTs. At this point,
different hypotheses were made to rationalize the CD results and experiments

were designed to test the validity of each of these possibilities.
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One main concern was possible contamination of the But-TBL sample by chiral
impurities, resulting in the chirality induction and amplification to yield an
observable CD signal according to the Sergeants and Soldiers’ principle’. As
such, the synthesis of But-TBL was repeated six times to rule out the possibility
of errors and contamination from chiral compounds. The synthesis was also
carried out by another group member (Dr Ross S. Johnson). All the batches
synthesized gave similar CD results. Other derivatives synthesized (discussed in

section 3.6.2.) also showed similar CD effects.

3.6.1. Effect of solvent on CD activity

Due to solubility issues of some of the derivatives in methanol (see next section),
we probed the effect of binary mixtures of DMSO and MeOH on the CD signal.
All stock solutions were made at a concentration of 0.5 mg/mL in the respective
mixtures, which were diluted for CD and SEM (Figures 3.14, 3.15). While in the
100% DMSO stock solution, only a few RNTs were found, the DMSO-MeOH

mixtures gave long, abundant and well-dispersed RNTs.

Figure 3.14: SEM images of But-TBL from a 100% DMSO (left) and 75%
DMSO-MeOH stock solution
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Figure 3.15: SEM images of But-TBL from a 50% DMSO (left) and 25% DMSO-
MeOH stock solution

The CD spectra were also recorded for the DMSO and DMSO-MeOH mixtures.
For CD measurements, a 50 uL aliquot of the stock solutions (solutions prepared
in DMSO or DMSO-MeOH mixtures) was diluted to 2 mL using HPLC grade
methanol and the CD spectra were recorded at 10 °C. With the exception of the
100% DMSO solution, all the DMSO-MeOH samples (75%, 50% and 25%)
showed CD activity (Figure 3.16). The CD spectra resembled the CD profile
obtained in methanol only But-TBL solution and the intensities of the CEs were
proportional to the percentage of methanol within the mixture (i.e. the higher
MeOH content, the stronger the CE). The CD obtained for But-TBL in 25%
DMSO-MeOH was comparable to the signal obtained in neat methanol, and the
binary mixture also displayed similar thermo-reversibility properties. This system
was also very useful for the CD experiments of some analogues of But-TBL,

which had low solubility in pure methanol.
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Figure 3.16: CD spectrum of DMSO-MeOH mixtures (left) and VT-CD spectrum
for the 25% DMSO-MeOH solution (right) of But-TBL

Similar CD experiments were carried in binary mixtures of water and methanol.
Binary mixtures of methanol and water were made by preparing stock solutions in
the required ratio using 99.8% HPLC grade MeOH and deionized water. Aliquots
from the stock solution were taken at different time intervals and diluted with the
same solvent ratios. The CD measurements were carried out at 10 °C. Unlike the
MeOH-DMSO mixtures, the CD effects were greatly affected. As little as 5% of
water was enough to erase the CEs. In fact, 1% water-MeOH solution (Figure
3.18, A) resulted in about 66% decrease in CEs (Figure 3.17). A decrease in
length and abundance of the RNTs was observed with increasing polarity of the

solvent system.26
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Figure 3.17: CD profiles of But-TBL in neat MeOH at 10 °C after 1 day and 14

days of aging.
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Figure 3.18: CD profiles of But-TBL recorded at 10°C in binary mixtures of
MeOH and water: 99% MeOH (A), 95% MeOH (B), 75% MeOH (C), 50%
MeOH (D), 25% MeOH (E), 100% water (F) after 1 day and 14 days of aging.
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3.6.2. Effect of molecular structure on CD activity

We have previously shown that a single chiral molecule can express mirror image
conformers depending on how the side-chain orients itself upon interaction with
achiral solvent molecules.”” To gain more insight into how the CD behaviour may
be related to the structure and conformation of functional groups of the self-
assembling molecules, we designed a number of analogues (2-8, Figure 3.1) by
varying the nature of the side-chain. These derivatives were important targets, as
they allowed us to test the possible sources of anisotropy within the molecules and

resulting assemblies.

If the CD signal observed for the But-TBL sample was due to the protonation of
the central nitrogen atom connecting the two GAC units and the alkyl ammonium
chain or due to the disymmetric interactions between the two GAC cores, the
length of the linker chain should not affect the CD spectrum. This is because in
all these analogues, the chromophores would still be at the same distance from the
point of disymmetry. However, if the CE originates from the preferential
orientation of the alkyl ammonium chain (e.g. H-bonding between the ammonium
ions and solvent molecules and/or GAC moiety), the length of the side-chain
should affect the CD signal. A longer side-chain could act as a solvent molecule
and affect the CE."

The analogues Hex-TBL and Eth-TBL have a terminal ammonium ion as But-
TBL, but the charge is separated from the twin GAC motif by six and two
methylene units, respectively. In the monomer NH-TBL the alkyl ammonium

motif is missing.
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The OH-TBL derivative had the same number of side chain methylene units as
But-TBL, but no charge (OH instead of "NH;) at the end of the chain. While the
ammonium (But-TBL) will form stronger electrostatic H-bonds with acceptors in

MeOH, the hydroxyl group (OH-TBL) can provide H-bond acceptor sites.

0 NH, 0 NH,
HN I ~N HN ‘ ~N
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. AT - ﬁf
NH-TBL OH-TBL

The But-TBL, Hex-TBL, Eth-TBL, NH-TBL and OH-TBL modules all have an
ammonium or hydroxyl group that can be a potential site for hydrogen bonding.
As such the heteroatoms could possibly lead to a dominant conformer within the

RNTs sample.

The Pent-TBL, Me-TBL and Di-Me-TBL derivatives have no terminal
heteroatom on the side chain, and were synthesized to provide further insight into
the potential role of the side chain heteroatoms of But-TBL, Hex-TBL, Eth-TBL,
NH-TBL and OH-TBL.
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CD measurements were carried out on these analogues in methanol at 10 °C
(Figures 3.19-3.25). Due to lower solubility of NH-TBL, Me-TBL and Di-Me-
TBL, self-assembly was carried out in 25% DMSO-MeOH mixtures. Since
DMSO absorbs strongly in the UV region (< 240 nm), the CD spectra were
recorded from 240-350 nm.

Molecular modeling®® done on But-TBL and NH-TBL predicts that the two GAC
bases are syn to each other, however, if we overlook the computation and imagine
that the two bases are off-set relative to each other, in both the protonated or
unprotonated states, all the molecules (But-TBL, Hex-TBL, Eth-TBL, NH-TBL,
Pent-TBL and Me-TBL) can result in chiral assemblies. In all these cases, the
central nitrogen atom will be in an asymmetric environment within the RNTs. As
such, if this is really the source of the abnormal CD behaviour, the Di-Me-TBL
building block, which does not have the free lone pair of electrons and instead

bears two methyl groups on the nitrogen atom, should be CD inactive.
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Figure 3.19: SEM image of Hex-TBL at CD concentration (left) and its CD
spectrum at 10 °C in methanol after aging for 15 days (right).
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Figure 3.20: SEM image of Eth-TBL at CD concentration (left) and its CD
spectrum at 10 °C in methanol after aging for 1 day (right).
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Figure 3.22: SEM image of OH-TBL at CD concentration (left) and its CD
spectrum at 10 °C in methanol after aging for 3 days (right).
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Figure 3.23: SEM image of Pent-TBL at CD concentration (left) and its CD
spectrum at 10 °C in methanol for 7 days (right).
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Figure 3.24: SEM image of Me-TBL at CD concentration (left) and its CD
spectrum at 10 °C from a 25% DMSO-MeOH stock solution for 7 days (right).
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Figure 3.25: SEM image of Di-Me-TBL at CD concentration (left) and its CD
spectrum at 10 °C from a 25% DMSO-MeOH stock solution for 7 days (right).

The emergence of CEs for these monomers established that neither the
substitution on the nitrogen atom connecting the GAC units nor the side-chain

affected the CD behaviour.

3.6.3. Effect of counterions on CD activity

So far, all the CD results presented were for achiral self-assembling monomers
isolated as HCl salts. No CD activity was obtained for monomers isolated as TFA
salt. SEM was used to image the morphologies exhibited by the HCl and TFA
salts of But-TBL over time (Figure 3.26). Longer RNTs were observed from

monomers isolated as HCI salts.
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Figure 3.26: SEM of RNTs derived from But-TBL monomer as HCI (A, B) and
TFA (C, D) salts. All samples are at a concentration of 0.0125 mg/mL in
methanol after 1 day (A, C) and after a week (B, D) of aging the stock solution.
Scale bar =200 nm

The CD activity of But-TBL was also tested for the monomer isolated as HBr salt.
Like the HCI salt, in this case too a CD signal, including the thermo-reversibility
feature was obtained (Figure 3.27). SEM imaging of the RNT sample revealed
the presence of long RNTs (Figure 3.28), which was consistent with the
correlation we drew earlier about the CD signal and degree of aggregation of the
RNTs.
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Figure 3.27: CD at 10 °C (left) and VT-CD (right) spectra of RNTs in MeOH
derived from the But-TBL monomer isolated as HBr salt, aged for 5 days.

Figure 3.28: SEM of RNTs in MeOH derived from the But-TBL monomer
isolated as the HBr salt, after 5 days of aging.

3.7. Cotton effects in acridine functionalized RNTs

So far we have established that the CD behaviour observed is a property intrinsic
to this class of achiral twin RNTs. Compounds 1-8 (Figure 3.1) have the same
CD signature since they all possess the same chromophores. Molecule 9 (Acr-
TBL) which is endowed with an acridine chromophore attached to the twin GAC

side chain also shows the same CD profile in addition to new CEs at about 260
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and 360 nm, resulting from the aromatic tricycle. Contrary to the other
molecules, this molecule shows a bisignate CD signal (Figure 3.29).
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Figure 3.29: SEM image (left) after 3 days of aging and CD spectrum at 10 °C
(right) after 17 days of aging of Acr-TBL at a concentration of 0.025 mg/mL in

methanol.

A VT-CD experiment on the Acr-TBL RNTs in methanol revealed a thermo-

reversible CD profile, which mimicked similar properties as compounds 1-8.
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Figure 3.30: Comparison of CD spectra of But-TBL and Acr-TBL in methanol
(left) and VT-CD spectra for Acr-TBL in methanol (right).

3.8. Substitution on exocyclic nitrogen

The fact that the CD behaviour also manifests itself for NH-TBL and Di-Me-TBL
implies that the CD is directly related to the core of the twin GAC rosettes, which
are in turn responsible for RNT formation and stacking preferences. Speculation
that the CD effects might arise from the relative rotation of the rosettes within a
twin rosette assembly (Figure 3.31) prompted us to study the effect of substitution
on the exocyclic nitrogen theoretically and experimentally. For this theoretical
calculation, NH-TBL was used instead of But-TBL since it lacked the butyl

ammonium chain and was therefore easier to model.

Figure 3.31: Rotation of the GAC discs in NH-TBL
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We investigated the possibility of the sliding of one of the GAC units as being the
source of the chirality inversion by molecular modeling.® The NH-TBL motif
used had a syn conformation. The potential was found to be a symmetric double
well and the barrier height to overcome the sliding of the upper GAC base was ca.
20 kcal/mol. Replacing the methyl attached to the GAC base with hydrogen, or
turning off the partial charges of the motif, did not alter the potential height
(Figures 3.32 and 3.33).

Figure 3.32: Conformers of twin GAC with NHCH; (left) and NH; (right)

exocyclic substituent on the guanine face.

2500 — ——Ms 35 < W
e po Me et < o Me
— — no Me, no charge 30 — =~ no Me,no charge
2000 -
2 g 25
S1500 s
=3 £20-
5 z
§ 1000 _‘g 15
£ 10
= -
2 500 ~ ‘é
1<% et
a Q
o 5 J
04
04
T T T T T T T T T T 1
30 20 40 0 10 20 30 10 5 0 5 10

Angle () Angle (}

Figure 3.33: Potential barriers for rotation of most stable conformation of NH-
TBL motif (with Me, no Me and no Me + no partial charges). A section of the
graph (left) was magnified to show the symmetric double well potential (right).
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The above calculation was carried out using methanol and chloride ions at 10 °C.
The calculation was also performed in water under similar conditions, and both

results were in agreement.

The potential barriers to rotate the upper GAC base in each twin GAC motif in
one, two and three twin-rosette discs for NH-TBL were calculated at 10 °C. By
carrying out the conformational search for the five twin-rosette discs, the optimal

stacking distance and staggered angle between the discs were determined.

Figure 3.34: Conformational search to obtain the optimum values for the
staggered angle (6) and the stacking distance (D) between twin rosettes. The
optimum values calculated for NH-TBL were: 6 = 20° and D = 3.3 A.

Using 0 = 20° and D = 3.3 A, one, two, and three twin-rosette discs were
constructed. The upper GAC base in each twin GAC motif of the top twin-rosette

disc was then rotated while keeping the rest of the conformation intact (Figure
3.35).
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Figure 3.35: One (left), two (centre), and three (right) twin-rosette discs for NH-

TBL motif constructed using 6 = 20° and D =3.3 A.

It was found that the potential becomes asymmetric for the rotation in the case of

two or three twin-rosette discs. The most stable point in the potential curve

corresponds to the point in which the motif in the top disc takes the same

conformation as that of the lower discs (Figure 3.36). This can be considered as

the manifestation of the template effect on the top disc from the lower discs.
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Figure 3.36: Potential barriers for rotation of NH-TBL for 1, 2 and 3 rosette rings

at 10 °C. A section of the graph (left) was magnified to show how the symmetric

double well potential becomes asymmetric upon stacking of more rosettes (right).
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The potential barriers for 1, 2 and 3 rosette rings were also calculated at 40 °C,

however there was no change in the energy profiles (Figures 3.37-3.39).
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Figure 3.37: Potential barrier, internal energy and solvation free energy for NH-

TBL for 1 rosette ring at 10 °C (left) and 40 °C (right).
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Figure 3.38: Potential barrier, internal energy and solvation free energy for NH-
TBL for 2 rosette rings at 10 °C (left) and 40 °C (right).
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Figure 3.39: Potential barrier, internal energy and solvation free energy for NH-
TBL for 3 rosette rings at 10 °C (left) and 40 °C (right).

The effect of substitution on the exocyclic nitrogen was also studied
experimentally. Analogues of motif But-TBL (1) were synthesized” with the
substitution illustrated in Figure 3.40.

O NH,
Compound Nomenclature R® R*
HN I =N
HN)\\N N/go
F'{3 10 But-TBL-H H H
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R\H/k” o 12 But-TBL-M H Me

Figure 3.40: Core modification of the GAC motif of the twin RNTs monomers

Stock solutions of But-TBL-H (10) were prepared at a concentration of 0.5
mg/mL in methanol. Aliquots from the stock solutions were diluted and used for
CD measurements and imaging. SEM showed the presence of RNTs (Figure
3.41). The RNTs were observed at the beginning of the self-assembly process and
as the sample aged, the extent of aggregation increased. Time-dependent CD

study showed the presence of a strong CD signal, resembling the one obtained for
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But-TBL, but also had about the same intensity. The CD signal for But-TBL-H
also displayed the thermo-reversibility property when it was subjected to a VT-
CD experiment. These results were in agreement with the outcome predicted by
molecular modeling, whereby no difference was observed when the substitution

was changed.
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Figure 3.41: SEM image (left) and CD (right) of the HCI salt of But-TBL-H in
methanol after 4 days of aging.

Stock solution of But-TBL-E (11) was prepared at a concentration of 0.5 mg/mL
in methanol and the CD measurements were taken. As speculated, the spectrum
obtained at the beginning of the self-assembly process, was CD-silent. Through
SEM, it was possible to observe nanostructures similar to RNTs, however the
nanotubes looked shorter (Figure 3.42). But-TBL-E has an ethyl group on the
exocyclic nitrogen, which can increase the inter- and intra-molecular repulsion
between the rosettes. Formation of longer tubes is expected to be less stable. As
the methanol sample aged, no CD signal emerged, even after 2 weeks of aging.
As such, a more concentrated solution of But-TBL-E (1.0 mg/mL) was prepared
and the CD behaviour was monitored. However in this case too no CD signal
emerged, even after two months of aging. Results from this experiment and
others discussed previously strongly suggested that the RNT length was the key to

observing the anomalous CD signal.
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Figure 3.42: SEM image of HCI salt of But-TBL-E in methanol after 2 weeks of
aging.

Heterogeneous But-TBL-M would be more prone to give strong CEs due to
desymmetrization of the motif, provided long RNTs are formed. This sample
showed long RNTs and similar CD behaviour as But-TBL (Figure 3.43).

The intent behind the CD experiments of But-TBL-E (11) was to investigate
whether a potential barrier resulting from the staggered angle between the GAC

units, triggered by the methyl groups, was the root of the CD signal observed for
But-TBL. The RNTs derived from But-TBL-H (10) and But-TBL-M (12) showed
similar CD activity as RNTs derived from the But-TBL monomer (1), which
suggests that the substitution at this position does not have a role in the existence
of the CD signal. We had speculated that if But-TBL-E gave a CD signal, it
should be more pronounced due to a higher potential barrier. However we could
not verify this theory experimentally since But-TBL-E did not yield any

measureable CE, most probably due to the shorter nanotubes obtained.
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Figure 3.43: SEM image (left) and CD spectrum (right) of HCI salt of But-TBL-
M in methanol after 4 days of aging.

3.9. Comparing the TBL system to previously reported systems

Though the CD effects observed for But-TBL and related molecules are unique
and have not been reported previously, a number of features can be compared to
recent literature reports. These include work by Ribo and coworkers who were
able to disymmetrize homoassociates of diprotonated meso-sulfonatophenyl
substituted porphyrins by vortex forces.”” Aida and coworkers reported the
emergence of CD and LD signals when their nanofibres were stirred during
spectroscopic measurements.® Finally, Meijer and coworkers observed a CD
signal when their self-assembled fibres were slowly cooled.”® As such, some of
the experiments reported therein, have been adopted for comparison purposes.
These three reports (described in more detail in chapter 1, section 1.5 of this
thesis) invoked systems with macroscopic chirality - a spontaneous symmetry-

breaking scenario triggered by an external stimulus.

3.9.1. Effect of stirring on TBL’s supramolecular chirality

We suspected that our system too showed macroscopic chirality and to investigate
whether it was induced during the stirring or rotary evaporation (as in the case of
Ribo’s work where chirality in diprotonated porphyrins was induced during rotary

evaporation),”® a sample of But-TBL was synthesized by stirring in a counter-
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clockwise manner and evaporating in a clockwise fashion. Normally, most
magnetic stir plates stir in a clockwise manner, while the rotary evaporator spins
in a counter-clockwise manner. To reverse the direction of stirring and spinning
during the synthesis, the magnetic stir plate used was inverted upside down,
allowing the magnetic stir bar to spin in a counter-clockwise direction. The rotary
evaporator was manually spun in a clockwise direction to reverse the spin. The
centrifugation step for separation of the solid and liquid phases was replaced by

filtration.

The But-TBL product, obtained by reversing the direction of magnetic stirring
and rotary evaporation, was self-assembled in methanol and the CD was
monitored. Presence of RNTs, CD effects and thermo-reversibility of the CD
signal were observed, suggesting that stirring and removal of solvent using the
rotary evaporator in the opposite directions did not result in reversal of chirality.
These results also suggest that this system behaves differently from Ribo’s system
as the sign of the macroscopic chirality is independent of the stirring/spinning

direction.
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Figure 3.44: CD of But-TBL sample at 10 °C (0.0125 mg/mL, 0.017 mM, aged
for 5 days at room temperature) made by changing the direction of the vortex

during synthesis.
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3.9.2. Effect of temperature and stirring on the CD of the RNTs

To see the effect of stirring and temperature on self-assembly and CD, the But-
TBL salt was dissolved in HPLC grade methanol (0.5 mg/mL, 0.685 mM),
divided into five vials (A, B, C, D and E) and the solution in each vial was aged

under the conditions indicated below:

A: Vial kept at room temperature (21-23 °C).

B: Vial kept in the refrigerator (2-8 °C).

C: Vial kept in a warm oil bath (33-38 °C).

D: Vial contained a magnetic bar, which stirred the sample in the clockwise (CW)
direction at room temperature (21-23 °C).

E: Vial contained a magnetic bar, which stirred the sample in the counter-

clockwise (CCW) direction at room temperature (21-23 °C).

The spectroscopic measurements were carried out on unstirred and diluted
methanolic samples (0.0125 mg/mL, 0.017 mM) at 10 °C. Time dependent CD
and SEM were done to investigate whether the macroscopic chirality observed
was related to any external stimuli such as temperature and magnetic stirring.
Aliquots from the stock solutions were taken at different time intervals and
diluted with methanol, before the CD spectra were recorded at 10 °C. No
measurable CE was observed at the start of the self-assembly process. However,
as the sample aged, a monosignate CD signal appeared, which intensified over

time. This observation further confirms that the CD effects are due to the RNTs.

A small aliquot from each solution was deposited on a carbon-coated TEM grid at
different time intervals and SEM was done to confirm the presence and the
growth of the RNTs. The CD was monitored at 0.5, 5h and 1, 2, 4, 7, 10, 14, 21
and 30 days. However for simplicity in visualizing the CD signals, only 0.5 h, 1,
2,4,7, 14 and 30 days have been plotted. SEM images taken after 7 days growth

in each case did not show major differences in the type or extent of aggregation of
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the RNTs. The figures 3.45-3.49 show the CD growth and SEM images for the
diluted But-TBL samples aged under different conditions.
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Figure 3.45: CD growth of But-TBL sample A (stock solution aged at 21-23 °C)
with time (left) and SEM image of a 7-day diluted But-TBL sample (right).

O
——65h
] ) -1d
204 e ,_Mig
- -7d
-- 14d
40 4 —30d
o
@
-]
E'BD 7 160
o oy
o £
-80 =
£
=
~
100 - ﬁ
S 0 200 400 soo s00
Time/h
120

T i ) I 1 . )
220 240 260 280 300 320 340
Wavelength / nm

Figure 3.46: CD growth of But-TBL sample B (stock solution aged at 2-8 °C) with
time (left) and SEM image of a 7-day diluted But-TBL sample (right).
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Figure 3.47: CD growth of But-TBL sample C (stock solution aged at 33-38 °C)
with time (left) and SEM image of a 7-day diluted But-TBL sample (right).

Though A and B have similar CD growth trend, the rate of growth is slower in the
case of B since the sample was aged at a lower temperature (2-8 °C) than A (21-
23 °C). Higher temperatures tend to favour the self-assembly process of the
RNTs, which is why the sample C (aged at 33-38 °C) has the highest CD
intensity. Samples D and E follow similar CD growth and CD decay. Initially,
the CD intensity increased and this was most likely due to increased self-assembly
of the RNTs. However the intensities of both D and E are lower than A, implying
that stirring in either direction affects the CD signal. Both samples (D and E)
reached a CD maximum before undergoing a gradual decay. We propose that
stirring in either direction hinder RNTs growth or break the existing aggregation,
resulting in the CD decay. These stirring experiments suggest that unlike Ribo’s
work, this system does not memorize the stirring effect, and hence, it does not

assume any mechanically-induced supramolecular chirality.
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Figure 3.48: CD growth of But-TBL sample D (stock solution aged at 21-23 °C
and stirred CW) with time (left) and SEM image of a 7-day diluted But-TBL
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Figure 3.49: CD growth of But-TBL sample E (stock solution aged at 21-23 °C
and stirred CCW) with time (left) and SEM image of a 7-day diluted But-TBL
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3.9.3. Contamination of CD by LD

Linear dichroism'® (LD) is a spectroscopic technique based on the difference in
absorption of linearly polarized light parallel and perpendicular to an orientation

axis. This instrumentation is very useful for studying oriented samples. In a




number of reports, alignment of samples led to an apparent CD signal.*® In some
cases, the true CD was obtained by subtracting the LD component from the
observed CD. To verify whether the CD signal in our case was contaminated by a
LD component, both CD and LD of the But-TBL sample were measured. An
aliquot from the stock solution (0.5 mg/mL, aged at room temperature for 9 days)
was diluted with methanol (0.0125 mg/mL, 0.017 mM) and the corresponding CD
and LD spectra were recorded at 10 °C (Figure 3.50).

0.014 4

0.012 4
-10 -
0.010 4
-20 -
0.008

=30 I

CD / mdeg
LD/dOD

0.006
40

50 4 0.004

604 0.002 -

70 0.000

T T T T T T 1
220 240 260 280 300 320 340

1 1 T ¥ L] ] T
220 240 260 280 300 320 340
Wavelength {nm

Wavelength / nm

Figure 3.50: CD (left) and LD (right) of But-TBL methanolic solution at 10 °C.

Since the highest intensities for both CD and LD were mostly at 231 nm, the
contamination of CD by LD was calculated at that wavelength using the eqﬁations

1c,14
below. 11430

CDirue = CDibs - 0.02 (LDobs) (1)
% Contamination of CD by LD = 100 X (| CDgue - CDobs |/|CDobs|)  (2)

Maximum observed CD (A =231 nm, 10 °C) = -60.923 mdeg
Maximum observed LD (A =231 nm, 10 °C) = 0.0124 (equivalent to 40.92

mdeg)'®
Contamination of CD by LD (A =231 nm, 10 °C)=13%
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Similar to other systems,'® the CD signal obtained for the But-TBL sample had a
minor LD contribution. After unit conversion'® and applying the experimental
values to the above equation, the contamination of CD by LD in solution phase

was found to be 13%.

To further assess the origin of these CD effects, the But-TBL sample was dip-
coated from a two weeks aged 0.5 mg/mL methanolic solution onto a 1 mm thick
quartz substrate (experiment done in duplicate). The quartz slides were dipped
vertically into the RNT solution so as to preferentially align the nanotubes along
the dipping direction and the corresponding CD and LD for both films were
measured (Figures 3.51 and 3.52).

0.05 -
-5+ 0.04 -

o™

2

£ 0.03
o)

3]

LD/dOD

0.02 4

0.01 4

-30

0.00 =

1 L L} 1 1 ) 1
220 240 260 280 300 320 340 220 240 260 280 300 320 340
Wavelength / nm Wavelength / nm

Figure 3.51: CD (left) and LD (right) of But-TBL RNTs dip-coated film 1.
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Figure 3.52: CD (left) and LD (right) of But-TBL RNTs dip-coated film 2.

Applying equations 1 and 2, the contamination of CD by LD for both films were
found to be over 100% (118% and 103% respectively, calculated for A = 238 nm).
This implied that for the cast films, the CD signals observed were entirely due to
alignment of the RNTs on the quartz surfaces. Hence the apparent CD signals for
the cast substrates are not due to molecular anisotropy, but are rather the LD

components displayed by the cast samples as a result of alignment of the RNTs.

To further confirm that the RNTs were aligned along the dipping axis, the quartz
substrate was rotated by 90° relative to the beam of light and the LD spectrum
was recorded. An inversion of the LD spectral sign was observed (Figure 3.53),
which proved that the RNTs were anchored along the dipping direction of the
quartz slide.
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Figure 3.53: LD spectra of RNTs dip-coated film 1 recorded when the substrate

was at 0° and 90° relative to the beam of light.

Sometimes the presence of LD in a sample can give rise to an apparent CD signal.
Aida and coworkers observed CD signals when their sample made of nanofibres
was stirred during spectroscopic measurements.'* They found that the observed
CD obtained in presence of a vortex could be replicated by superimposing two
cast films. Similar experiments were performed to verify the angle dependency of

the optical activity and whether our system behaved in a similar fashion as Aida’s.

As such, two new films (F1 and F2) cast with But-TBL (by dip-coating) were
prepared. In these cases too, the CD signals were due to alignment
(contamination of CD by LD for F1 and F2 (at 238 nm) = 119%, 95%
respectively). The films were subjected to CD spectroscopy while varying the
dihedral angle (¢) as shown in Figure 3.54.
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Figure 3.54: Overlap of 2 films (cast with But-TBL RNTs) at different dihedral
angles, .

The spectra below show the LD obtained for the two films (F1 and F2). These
spectra were mathematically added and subtracted to reveal two new spectra
(Figure 3.55). The LD was also recorded for the two films by changing the
dihedral angle of the overlap. When the films were 90° to each other, the
spectrum was similar to F2 — F1 spectrum, while the 0°, 45°, -45° spectra were
closer to the F2 + F1 spectrum, notably due to alignment of the RNTs along the

same direction.
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Figure 3.55: LD spectra of But-TBL cast on films and upon overlap of two such
films by varying the dihedral angle.

13,14 was

The purpose of recording LD of two overlapped films in previous reports
done to reproduce the CD effect obtained in presence of a macroscopic factor

such as the vortex. In our case, with the exception of ¢ = 90°, all other angles
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gave fairly significant LD intensities, which was equivalent to at least LD of F1 +
F2.

While CD and LD measurements for the cast samples established that LD was the
sole contributor to the apparent CD signal, calculation of the contamination of CD
by LD for the samples in the solution phase only pointed to LD as being a minor
contributor. As such, it was important to evaluate the origin of the remaining CD

signal for those But-TBL methanolic solutions.
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Figure 3.56: CD spectra of But-TBL films cast on quartz slides and upon overlap

of two such films at various dihedral angles.

3.9.4. Effect of temperature and stirring while recording the CD spectra

Since the TBL samples exhibited temperature induced-spectroscopic reversibility
in solution, it was important to study the effect of stirring the samples in either
direction during CD measurement. Aida and coworkers observed CD signals
when their sample was stirred while the spectra were being recorded.”* Meijer
observed a monosignate CD profile when an achiral oligo(p-phenylene vinylene)
derivative (A-OPV) was slowly cooled (363 K to 293 K at a rate of 60 Kh™).
Stirring of these A-OPV nanofibres led to the emergence of very intense bisignate
CD profiles. In fact, like Aida, Meijer too was able to reproduce similar CD

signals (obtained upon stirring) by measuring the chiroptical activity using the
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angle dependence of two films. However both of these CD signals obtained (on
stirring or using two films) were different from the monosignate CD profile
obtained on cooling. This prompted the authors to conclude that the origin of the

CD effects for stirring and cooling were different.

Stirring experiments were carried out during spectroscopic measurements on But-
TBL at 10, 23 and 40 °C using a magnetic stir bar (0.9 cm x 0.35 cm), stirring at a
speed of 640 rpm. As discussed earlier, for the unstirred solutions, a strong
negative monosignate CD signal was obtained at 10 °C, while a similar but
positive CD signal prevailed at 40 °C. Stirring clockwise at any of these
temperatures gave negative CD signals while stirring counter-clockwise gave
positive CD signals (Figures 3.57 and 3.58). Generally, CD obtained for the

stirred samples had a higher intensity than the unstirred sample at any of these

temperatures.
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Figure 3.57: CD signals of stirred and unstirred But-TBL solutions at 10 °C (left)
and 40 °C (right).

CD measurement for the unstirred But-TBL solution at 23 °C gave no CD

activity. Stirring at this temperature in either direction resulted in the emergence

of CEs. However as soon as the stirring was stopped, the CD signal disappeared.

173



Though stirring induced CD signals at this temperature, there was no

memorization of the CD signal.
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Figure 3.58: CD signals of stirred and unstirred But-TBL samples at 23 °C.

-80 " vif—s‘:tr”ﬁiai-w“
L

-120 4

‘g b«y———}ﬁtf [N
-160 4 3

e e ISR I [

| I ] ) ¥ I 1
220 240 260 280 300 320 340
Wavelength / nm

Figure 3.59: CD signals of But-TBL at 10, 23 and 40 °C when stirred CW and
CCw.

Figure 3.59 summarizes the CD effects of But-TBL upon stirring at different
temperatures. In all cases, strong CEs emerged. While stirring CW led to the
emergence of negative CD signals, stirring CCW gave positive CD signals
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exclusively. The effect of stirring became more pronounced at lower

temperatures, irrespective of the stirring direction.

Since stirring at 10 °C in either directions gave the highest CD intensities among
the three temperatures chosen, the ability to memorize the CD effects at this
temperature was tested by stirring But-TBL from clockwise to counter-clockwise
direction alternatively while the CD signal was being recorded (Figure 3.60).
Though it was not verified experimentally, it is anticipated that the CD signals
will follow an exponential decay as in the case of the CD recorded for the
continuous VT-CD experiment at 10 and 40 °C (Figure 3.11). This is because at
this concentration, the RNTs will slowly disassemble and stirring will only

contribute to the disassembly process, leading to CD loss.
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Figure 3.60: CD signals of But-TBL samples when stirred clockwise and counter-
clockwise alternatively at 10 °C.

Stirring in opposite directions gives mirror-image CD signals, similar to Aida’s
work'* and in absence of any vortex flows, the CD persists (at 10 and 40 °C), as
observed for Meijer’s system. However our system differs from these two
systems in several ways. But-TBL gives more intense CD signal upon stirring,

however, a monosignate CD profile still exists (at 10 and 40 °C) when stirring is
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stopped. In addition, the fact that the CD effects obtained in the presence of
convective or vortex flows have similar profiles, suggests that the CD spectrum
induced by stirring must follow similar mechanism as the one induced by

convective flows.

The LD experiments were also performed while stirring in the clockwise and
counter-clockwise direction alternatively at 10 °C (Figure 3.61). Unlike the CD
experiments, the LD spectral sign was independent of the stirring direction,
implying that stirring in either direction does not alter the alignment vector,
however, an increase in the intensity of the LD signals (102% for CW and 117%
for CCW) was observed. Since the LD spectral sign for the film (RNTs were
aligned along dipping axis) and stirred solution are the same, the RNTs are most
likely aligned along the vortex created during stirring. The contamination of CD
by LD was found to be 9% (CW) and 12% (CCW) at 10 °C.
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Figure 3.61: LD signals of But-TBL samples at 10 °C when unstirred, stirred in

clockwise and stirred in counter-clockwise directions.
The LD signal was also measured upon addition of TFA (Figure 3.58) and a

significant reduction of the LD effects (75%) was observed. This confirmed that
the LD observed originated from the alignment of the RNTs in solution and since
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TFA is known to disrupt self-assembly (see Figure 3.8), the alignment was greatly

reduced.
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Figure 3.62: LD signals of But-TBL samples at 10 °C before and after TFA

addition.

To gain more insight on how the RNTs were aligning themselves in the solution
during stirring, we recorded the LD spectra with the optical cell selectively
masked in the centre or along the edges (Figure 3.63), as per the published work
of Aida.'* Aida used this experiment to demonstrate that their sample was

aligning along the vortex created when the solution was stirred.

Figure 3.63: Edge mask (left): the edges of the cuvette were masked using 4 mm

wide black tapes on both sides leaving a 2 mm central slit; and Central mask
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(right): the centre of the optical faces was masked by 6 mm wide black tape,

leaving 2 mm margins on each side of the optical windows.

As a control experiment, the LD signal for the unmasked cuvette was also
measured and a positive monosignate signal was obtained. Since LD has the
same spectral sign as those obtained for the cast films, the RNTs were primarily
aligned along the walls of the cuvette, which is perpendicular to the beam of light.
The LD of the cuvette masked along the edges gave a LD spectrum similar to the
unmasked cell, which implied this LD signal could be treated as a representation
of the whole system. While the LD signal for the centrally masked cuvette was
lower in intensity, it also had the opposite sign as the signal observed for the
whole solution (Figure 3.64). This finding pointed towards the horizontal
alignment of the RNTs, found close to the edges of the optical windows.
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Figure 3.64: LD signals of But-TBL samples at 10 °C when the optical cell was

unmasked, masked on the edges and in the centre.

3.10. Mueller matrix and standard commercial CD instrument

The optical properties of our RNTs were studied with a home-built spectroscopic
polarimeter,”’ which uses the configuration known as two-modulator generalized
ellipsometer (2-MGE).>> The optical characterization was based on the

spectroscopic measurement of the Mueller matrix® of the samples. The
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transmission Mueller matrix is 4 x 4 real-valued matrix (Figure 3.65) that
describes the transformation of an incident polarization state after it traverses an
optical medium. The polarization-dependent properties of the medium are
contained in its Mueller matrix. For a non-depolarizing system six parameters®*
are used, namely, CD, circular birefringence (CB), two parameters that define the
projection of linear birefringence at 0° and 45° (LB and LB’) and two parameters
for the projection of linear dichroism at 0° and 45° (LD and LD’). In general none
of the 16 elements of the Mueller matrix (Figure 3.66) are simply related to any of
these polarization effects, although in some circumstances, especially for non-
oriented samples, it is possible to find that certain elements of the Mueller matrix
are mostly contributed by one single effect.”> In our case, the relevant optical
effects were obtained by the analytic inversion of the Mueller matrix of a

homogeneous medium.>

Myp My My 23
My My My Mg

Figure 3.65: Mueller matrix — a 4 x 4 matrix

1+41/2(LD? + LD?) -LD -LD' CD + 1/2 (LBLD' - LB'LD)
-LD 1+1/2 (LD?-LB?) CB + 1/2 (LBLB' + LDLD") LB
M=eg%
-LD' -CB+ 1/2 (LBLB'+LDLD") 1+ 1/2(LD2-LB?) -LB
CD - 1/2 (LBLB' - LB'LD) -8 LB 1+1/2(LB2 + LB?)

Figure 3.66: The Mueller matrix for a general sample with mixed anisotropies

In general, fused quartz cuvettes used for CD measurement show low

birefringence values. However, some degree of strain-induced birefringence in
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the walls of the cuvette is always present, which becomes significant in the UV
region. This birefringence is expected to vary with the quality of cuvette, but
sometimes even higher-grade cuvettes are not exempt of birefringence. The
combination of linear birefringence of the walls of the cuvette, and the linear
dichroism of an oriented sample can give rise to a measureable CD signal when
using a commercial instrument.’® While we initially attempted to subtract the LD

1437 we later

contamination from CD as previously done in a number of reports,
realized that this was not the correct approach. This is because the remaining CD
component obtained upon extraction of the LD component could still contain a
LB component. To avoid these undesired artifacts,’® the Mueller matrix
approach®® was used for CD measurement. Standard CD instruments such as our
Jasco 810 spectropolarimeter, typically measure the My; element of the Mueller
matrix (Figure 3.66), where Mg; = CD + %(LBLD’ - LB’LD). The measurement
of Mueller matrix allows the use of model descriptions for the light propagation
through the medium, and when properly used, permits a complete and accurate

identification of the polarization effects contained in the sample.

Measurements were taken in situ while stirring the RNT solutions with a magnetic
stirrer, capable of stirring in CW and CCW directions. The light beam was
incident to the central part (1.5 mm in diameter) of the cuvette at about 10 mm
above the stirrer bar. Samples were scanned from 235-340 nm and the
spectroscopic Mueller matrix normalized to the Mg element for the stirred and

unstirred But-TBL was obtained (Figure 3.67).
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Figure 3.67: Mueller matrix obtained for But-TBL RNTSs at room temperature
(23°C).

The CD profiles of the RNTs (Figure 3.68) were calculated from the analytical
inversion of the Mueller matrix from Figure 3.67 and evidence of chiral induction
as function of the direction of stirring was found.® The total in-plane linear
dichroism LDy, is taken as LD,=(LD*+LD’?)"? and the total in-plane linear
birefringence LBy, is LBm=(LB2+LB’2)1/ 2 and are shown in Figure 3.68 (B and C)
respectively. The higher values of LD, and LB,, obtained for CW and CCW
stirring show that the RNTs have a greater degree of orientation with respect to

the stagnant configuration as result of the vortex flows.
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Figure 3.68: Optical effects derived from the Mueller matrix obtained for But-
TBL RNTs at 23 °C when stirred CW (solid), CCW (dash) and when unstirred

(dot).

CD measurement of the unstirred RNTs sample with 2-MGE (Figure 3.68) did not
yield any discernible value of CD at room temperature. These results were in
agreement with the spectra obtained on our commercial Jasco J-810
spectropolarimeter, with only subtle difference in intensities (Figure 3.58).
Stirring CW gave negative monosignate CD signals while stirring CCW produced
positive CD profiles. The difference in intensities at different temperatures (see
Figure 3.59) clearly depicted a thermally induced phenomenon in addition to the
vortex triggered CD behaviour.

3.11. Convection and interaction with quartz surface

In most cases, we obtained a strong negative monosignate CD signal at 10 °C and
a positive CD profile at 40 °C when carrying out CD measurements on a Jasco
810 spectropolarimeter. The thermal control during CD measurement was
achieved using a Peltier accessory, which operates with an external circulation
bath. Unless stated otherwise, the cuvette used had a rectangular shape (see Figure
3.63), with a pathlength of 1 cm and fits exactly into the sample holder shown in
Figure 3.69. The latter shows the sample holder used for CD and LD
measurements in the solution phase. Light passing through the aperture is
incident on the optical windows on the C and D faces. The water circulation

(used for cooling) is closer to the face A, while the thermocouple is found next to

182

Ll
340



the face B. Any temperature change will therefore affect the solution next to the

cuvette wall on the A face first.

light

Figure 3.69: Top view of the sample holder used for CD and LD measurements in

the solution phase.

The temperature of the circular bath was set to room temperature (23 °C),
resulting into a temperature gradient. We presumed that the CD effects could be
related to the convection flows present in the cuvette, which were responsible for
the orientation of the RNTs in solution. When the temperature of the circulation
bath is similar to that of the Peltier accessory, the temperature gradient in the
cuvette is lower, leading to less oriented particles. This hypothesis was further
supported by the opposite preferential orientations at 10 and 40 °C (obtained the
LD and LD’ values) that could be attributed to the different sense of the
convection flows when cooling or heating (Figure 3.70). As such, the source of
the macroscopic chirality for the unstirred TBL samples could arise from the

convective flows created in the RNT solutions.
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Figure 3.70: Average preferential orientations of But-TBL at 10 and 40 °C

CD measurements for the unstirred solutions with 2-MGE at 10, 23 and 40 °C

(Figure 3.71) gave essentially no CD signal due to the absence of a temperature

gradient (temperature of circulation bath was set at 10, 23 and 40 °C respectively).

T ) T l
240 260 280 300 320 340
Wavelength/ nm

T
240

T ¥ 1
260 280 300
Wavelength: nm

T
320

T i T T T 1]
340 240 260 280 300 320 340
Wavelength nm

Figure 3.71: Optical effects — CD (left), LD (centre) and LD’ (right) obtained
from the analytical measurements using the 2-MGE at 10, 23 and 40 °C for the

unstirred methanolic But-TBL sample and when stirring CW and CCW at 23 °C.

So far all the CD studies were conducted with pre-formed RNTs aged at room

temperature and aliquots of those stock solutions were diluted prior to the CD

measurements at 10 °C. The growth of RNTs is an autocatalytic process'® (DLS,

Figure 3.7) and in principle, if the CD effects arise from the intrinsic chirality of
the nanotubes, the CD should also follow a sigmoidal growth. The CD activity of

a freshly made RNTs solution (0.3 mg/mL in methanol) was monitored at a

constant temperature of 10 °C over 2 weeks in a cuvette having a pathlength of

0.1 cm. No CD signal emerged during this time interval. This result reiterates the
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importance of a convection flow as the key to observing a CD signal for the

unstirred But-TBL sample.

The thermo-reversibility of the CD profiles was also affected when using a
cuvette of a smaller volume (0.45 mL) and a shorter pathlength (0.3 cm). Though
an intense CD signal was observed at 10 °C, the temperature-induced CD switch
in this cuvette occurred at a lower temperature (Figure 3.72) compared to the

previously used cuvettes (3.5-5 mL volume, 1 cm pathlength).
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Figure 3.72: VT-CD signals of But-TBL in methanol in a cuvette having a volume
of 0.45 mL and a pathlength of 0.3 cm.

Generally, the CD measurements for cuvettes of 1-cm pathlength had a volume of
3.5-5mL. A sample volume of 2 mL was used for spectroscopic measurements.
The CD activity was however not affected when the measurement was carried out
with the cuvette (3.5 mL) filled up to the rim. Though the solution level affects

the convective flows in the medium, it does not have an impact on the CD activity
(Figure 3.73).
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Figure 3.73: CD profiles of But-TBL in methanol in the rectangular cuvette of 1-
cm pathlength. The measurements were recorded with 2 mL and 3.5 mL (full) of

solution.

CD measurements were also conducted in a cylindrical quartz cuvette (1-cm
pathlength). The geometry of this cuvette allows limited heat conduction,
resulting into a lower degree of fluctuation in temperature. This decrease in the
convective flows led to a lower CD intensity for unstirred But-TBL as compared
to a similar measurement carried out in the rectangular cuvette at 10 °C (Figure

3.74).

Similar CD experiments carried out for the stirred But-TBL sample showed no
major difference for measurements carried out in the cylindrical or rectangular
cuvette (Figure 3.75). This implied that unlike the convective flows, the shape of

the cuvette did not affect the vortex flows created upon stirring.
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Figure 3.74: CD spectra of But-TBL RNTs, recorded in cylindrical and
rectangular cuvettes at 10 °C. Both cuvettes have pathlength of 1 cm.
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Figure 3.75: CD profiles of But-TBL RNTs upon stirring (at 640 rpm) CW and
CCW in cylindrical and rectangular cuvettes at 10 °C.

At this point, the effect of stirring speed on the CD signals was also investigated.
Since no major difference was observed between the two cuvettes upon stirring,
the next experiment was carried out in the cylindrical cuvette in an attempt to
eliminate any CD effects created by convective flows. CD measurements were
carried out when the sample was stirred in the clockwise direction at 10 °C using

a magnetic stir bar (0.8 cm x 0.1 cm x 0.2 cm). The CD effects initially increase
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with increasing revolutions per minute (rpm) until a maxima is reached, after
which an exponential decay is observed (Figure 3.76). Most CD measurements
obtained upon stirring were carried out in the region where there were minimal

CD fluctuations.
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Figure 3.76: CD signals of But-TBL samples at 10 °C when stirred in clockwise

direction at varying stirring speeds in the cylindrical cuvette.

Certainly the convective flows had a role in the macroscopic chirality observed
for the unstirred RNT solution, however, it was not the only cause of the CD
effects. A difference in the intensity of the CD signals based on the cuvette used
prompted us to believe that the surface of the optical cell might play a role in the
CD activity. As such, CD signals of a 20-day old But-TBL solution were
recorded in two cuvettes having a 1 cm pathlength. Though the CD profiles were

similar, the intensities were clearly different (Figure 3.77).
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Figure 3.77: CD signals of But-TBL in methanol at 10 °C in cuvette 1 (left) and
cuvette 2 (right) having 1-cm pathlength

Similar CD fluctuations were observed when our collaborator, Dr Nathan
Cowiesson from Monash University carried out the CD measurements in
Australia.** We were able to rule out the effect of the Earth’s magnetic field* on
our sample since we obtained similar CD and VT-CD profiles as the ones
obtained in our laboratory. However, obvious intensity differences were observed

when the measurements were repeated using a different cuvette (Figure 3.78).
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Figure 3.78: VT-CD signals of But-TBL in methanol in cuvette 3 (left) and
cuvette 4 (right) having 1-cm pathlength. The measurements were carried out in

Australia.

Some materials are known to preferentially adhere to the hydrophilic quartz
surfaces.” We anticipate that the preferential interaction between the RNTs and
the quartz surface, coupled with linear dichroism, linear birefringence and the
convective flows are the causes for the CD effects observed for the unstirred
solutions at 10 °C (or 40 °C). When the sample is subjected to a VT-CD
experiment, the direction of the alignment changes with the convective flows,

resulting in opposite CD signal at 40 °C.

3.12. Effect of chiral substituents

In the case of the achiral monomers, it was clear that the CD for the unstirred
samples was derived from LB present in the walls of the quartz cuvettes and the
orientation of RNTs as a result of convective flows. However separation of this
CD (termed artifactual CD - a combination of the macroscopic chirality resulting
from the convective flows, alignment (LD) of the RNTs and LB of the optical
windows) from the real CD of the chiral RNTs (due to molecular anisotropy)

(Figure 3.79) was important in evaluating the supramolecular chirality of such
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systems. It was suspected that the artifacts due to LB and LD resulting from long

fibres were masking the chirality due to the anisotropy from the molecules.
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Figure 3.79: Functionalized chiral twin RNTs monomers.*

We initially recorded the CD of RNTs derived from monomers G0** (13) and K-
TBL (14), which were isolated as HCI salts. CD signals resembling the CD
profiles of RNTs 1-8 were obtained.

T 1 1 T ) ) 1
220 240 260 280 300 320 340
Wavelength / nm

Figure 3.80: SEM image of the HCI salt of GO (13) in methanol (left) and its CD
spectrum at 10 °C (right) after 7 days of aging.
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Figure 3.81: SEM image of the HCIl salt of K-TBL (14) in methanol, aged for 1
day (left) and its CD spectrum at 10 °C (right) after 7 days of aging.

The artifactual contributions to the CD signals were dominant for RNTs 13 and 14
as the chiral centres were further away from the chromophores (Figures 3.80 and
3.81). Studying the CD effects for R-TBL (15) and S-TBL (16) RNTs was more
successful since the point of chirality was closer to the chromophores. R-TBL and
S-TBL have mirror-image structures and in principle, their RNTs should exhibit
opposite supramolecular chirality’ (Figures 3.82 and 3.83).

In both cases, CD measurements after 1 day of aging resulted in intense CEs.
However only R-TBL was suitable for our CD study as S-TBL RNTs displayed
mostly negative CEs, which was hard to differentiate from the artifactual CD
(Figure 3.83). R-TBL RNTs initially showed mostly positive CEs after 1 day of
aging (Figure 3.82). This CD signal can be considered to arise from anisotropy
due to the chiral centre within the motif. This is because upon VT-CD, the CD
intensity at 40 °C is lower than that obtained at 10 °C, which can be related to a
phenomenon similar to the melting of DNA (Figure 3.84). The signal arising
from the anisotropy in the monomer was gradually taken over by the artifactual
negative monosignate CD. This is apparent from the decrease in intensity of the

CD signal at 10 °C as the sample was aged from 1 to 3 days. In addition, a more
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positive CD signal was observed for the 3-day solution at 40 °C during the VT-

CD experiment.
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Figure 3.82: SEM image of the HCI salt of R-TBL (15) (left) and CD signal at 10
°C (right) after 1 day of aging in methanol.
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Figure 3.83: SEM image of the HCI salt of S-TBL (16) (left) and CD signal at 10
°C (right) after 1 day of aging in methanol.
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Figure 3.84: VT-CD spectra of the HCI salt of R-TBL in methanol for a 1-day
aged solution (left) and for a 3-day aged solution (right).

As the sample was aged for a longer time, the positive CEs turned into an

exclusively monosignate negative CD signal, which underwent thermo-reversible

CD switch at 40 °C (Figure 3.85), similar to what was observed for But-TBL and

related RNTs.
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Figure 3.85: VT-CD spectra of the HCl salt of R-TBL in methanol for a two-

month aged solution.
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This experiment has allowed us to establish that the CD effects are present for
both the achiral and chiral twin RNTs (unstirred samples). The only way these
two groups seems to differ is that for the achiral RNTs only the artifactual
chirality (macroscopic chirality from convective flows coupled with LD and LB)
is observed, while in the case of the chiral RNTs the CD signal is a combination
of the intrinsic chirality resulting from molecular anisotropy and artifactual

chirality of the twin RNTs system.

One way to suppress the artifactual component of CD for the intrinsically chiral
RNTs was to control the length of the RNTs, thus restricting the degree of
alignment. This was possible by using the monomers as the TFA salts, whereby
the resulting RNTs are much shorter and are devoid of artifacts when recording
their CD activity. Figures 3.86-3.89 show the morphologies and CD signals of

the RNTs with trifluoroacetate counterions, recorded at 10 °C in methanol.
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Figure 3.86: SEM image of the TFA salt of GO in methanol (left) aged for 2 days
and its CD (right) 14 days of aging.
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Figure 3.87: SEM images of the TFA salt of K-TBL in methanol (left) for 1 day,
CD after 14 days of aging.
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Figure 3.88: SEM images of the TFA salt of R-TBL in water (left) and in

methanol (right).
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Figure 3.89: SEM images of the TFA salt of S-TBL in water (left) and in
methanol (right).

3.14. Conclusion

An achiral molecule, shown to self-assemble into RNTs, gave an unexpected CD
signal in methanol at 10 °C. The CD profiles at 10 and 40 °C were thermo-
reversible and mirror-image. We demonstrated that the presence of CD for these
samples was not a random process, but rather a consequence of self-assembly.
These CD effects amplified with RNT growth, but were absent when RNT growth
was sluggish or disrupted. These CD effects were presented for a number of
achiral twin RNT forming analogues. RNTs derived from the single GAC motif
failed to show similar CD activity. With the exception of one module (ethyl-
substituted derivative on the exocyclic nitrogen, which formed shorter
nanostructures), the RNTs derived from the modified core structure also showed

similar CD properties.

These achiral RNTs also displayed mirror-image thermo-reversible CD signals
when the samples were stirred in the clockwise and counter-clockwise directions.
The Mueller matrix approach was adopted to verify the authenticity of the CD
signals and it was found that macroscopic factors such as vortex produced true

supramolecular chirality. While for the stirred solutions data from the commercial
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and the custom-made instruments were in agreement, no measureable CD was
detected for the unstirred solution on the home-built spectroscopic polarimeter in
the absence of convective flows. The CD obtained on the commercial Jasco
instrument for the unstirred samples was attributed to linear dichroism arising
from the alignment of the long RNTs and the birefringence of the optical cell

walls and the convective flows in the medium.

With the exception of a higher intensity upon stirring, the CD profiles obtained in
the presence of convective or vortex flows were similar. This implies that
temperature change and mechanically stirring create the same type of flow. The
flows created during stirring are stronger, leading to more intense CEs.
Simulations are currently being run to obtain more details about the flows created
in the medium under various conditions and how these flows may affect the

supramolecular chirality.

Similar CD effects were also observed for unstirred chiral samples, which
overshadowed the molecular anisotropy. One way to observe the supramolecular
chirality of the chiral RNTs was to control the length of the nanostructures formed
and this was done by self-assembling the TFA salt of the monomers. As such
these shorter RNTs showed negligible alignment in solution and therefore
displayed the true chirality of the system, which could be recorded by a

commercial CD instrument.

In summary, this project involved the observation of unique optical properties
present for a class of achiral and chiral twin RNTs. The study of this system
established the presence of vortex induced supramolecular chirality for the achiral
twin RNTs. It would be interesting to attempt organic reactions in the presence of
these RNTs while stirring in the clockwise and counter-clockwise directions.
Since these RNTs adopt a preferred helical sense on stirring in either direction,
interaction of the reactants with the RNTs might result in a transfer of chirality

from the supramolecular RNTs to the molecular products.
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3.15. Experimental section

3.15.1. CD spectroscopy

All circular dichroism spectra were recorded on a JASCO J-810
spectropolarimeter. Samples were scanned from 350-205 (All samples except
Acr-TBL) or 450-205 nm at a rate of 100 nm/min. The stock solutions were
prepared at a concentration of 0.5 mg/mL (unless stated otherwise) in HPLC
grade MeOH or MeOH-DMSO mixtures or dH,O or dH,O-MeOH mixtures and
aged for different time intervals at room temperature. Their CD spectra were
recorded at 10 °C by taking aliquots of the stock solutions and diluting them to
0.025 mg/mL using MeOH or other solvent mixtures as indicated. In most cases,
the CD spectra were recorded in cuvettes of 3-5 mL with a pathlength of 1 cm.
For the VT-CD experiments, the measurement was carried out from 10 to 50 °C,
at a heating rate of 2 °C/min and the spectra were recorded at 5 or 10 °C intervals.
For the stirring experiments on the Jasco instrument, magnetic stir bars of 2 x 7

mm dimensions were used.

3.15.2. DLS measurements

A dynamic light scattering experiment (DLS) was used to determine the relative
sizes of the structures formed in methanol over time. The exact values for
average hydrodynamic diameter in this DLS experiment do not reflect the actual
sizes of the structures formed in methanol since the RNTs are non-spherical.
Howeyver, the change in the average hydrodynamic correlated with a change in
size of the RNTs. The sample was prepared by dissolving 1.5 mg in 3 mL of
methanol by sonication for 10 min. The solution was then filtered into a 12 x 75
mm glass culture tube through a 0.2 pm pore diameter non-sterile PVFD
membrane filter (Whatman) and capped. The growth of the RNTs was monitored
by recording measurements at different time intervals at room temperature. DLS
experiments were performed from 0.25-504 h (74 measurements were carried out
at 24 different time intervals) using a Brookhaven BI-200SM Multi-angle Light
Scattering System working at a 90° scattering angle at 23° C. The instrument is

equipped with a 40 mW He-Ne laser (A = 632.8 nm) and an avalanche photodiode
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detector. Size distributions were calculated using an inverse Laplace transform
algorithm, and the hydrodynamic radii were calculated using the Stokes-Einstein

equation. The average hydrodynamic diameter values were plotted against time.
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Chapter 4
Solvent effects on the self-assembly of RNTs

4.1. Introduction

The creation of supramolecular structures from the interaction of two or more
neutral or charged species, held together by noncovalent intermolecular forces,
has been thoroughly investigated due to its importance of molecular recognition in
biochemical processes.” Such activities have been primarily observed in aqueous
medium, however other solvents are also known to have a great impact on the
stability of such superstructures.> The function of such solvent systems is not just
limited to the dissolution of the solute in the medium. They also contribute
immensely to the existence and stability of such architectures by favourable

solute-solvent interactions.

The first RNT system made up of a GAC® moiety was formulated from a water-
soluble module, K1 (Figure 4.1).* This molecule possessed an amino acid
fragment (L-lysine) attached via an ethylene linker to the GAC core. Another
important RNT system that followed from the Fenniri group was the GO module.’
The latter had two GAC bases connected to an ethylene linker, which was in turn

linked to the carboxy terminus of the lysine moiety.

O NH,
N
0 N HN | N
HN)\\N N’go
HN | =N |
HN)\\N NAO @ 2 Py
| HzN N/\/%H\/\N N
H |
®
HsN \“gHz gm /h]ll\)Y\NHz
o0 o H H

Figure 4.1: Water-soluble K1 module bearing a single GAC unit (left) and GO
analogue with two GAC units (right). Both motifs contain a L-lysine pendant.
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Figure 4.2: Self-assembling modules K1 (A) and GO (B). Single (C) and twin (D)
rosettes obtained from the self-assembly of K1 and GO, respectively. RNTs
obtained from K1 (E) and GO (F). The figures are not drawn to scale.

While both molecules had the built-in ability to form RNTs in solution, GO had a

number of advantages over K1 - (a) the functional group density and the net
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charge were lower (b) the RNTs had enhanced stability as a result of
preorganization, increased amphiphilic character, and greater number of H-bonds
per module, (c) the rosettes were maintained by 36 H-bonds instead of 18, and (d)
the RNTSs were sterically less congested, resulting in lower electrostatic repulsion.
Nevertheless, both modules formed RNTs readily in solution and the mode by
which they self-assembled are shown in Figure 4.2.

Another molecule (4.1) possessing some of the structural features of the above
two compounds was synthesized.>®  According to the initial studies on this
compound, it was found that this motif, which had only one GAC base as K1 and
similar lysine attachment as GO, did not self-assemble in solution. One of the
hypotheses put forward to explain this behaviour was the possibility of
intramolecular hydrogen bonding, which could prevent the cytosine face of the
GAC base from engaging in intermolecular hydrogen bonding as shown in Figure
4.3.% Another possibility for the non-assembly of the monomers could be related
to the structural (net charge of monomer) and environmental factors (such as
solvent properties), which could dictate the stability and self-assembly of the
RNTs. Compared to K1, which has net charge of +1, 4.1 has net charge of +3.

O NH,
H., .H
HN <N *N°
A LA LA, %
HT N °'N" "0 HN | \N----H’@I\/\/ 3
® o H HNJ\\N N/gﬁ HN" 0
2
HaN\/\/Yu\N/\/gHz I K/N\)
H <)
NH,
@

Figure 4.3: Structure of 4.1 and intramolecular hydrogen bonding, which could
prevent the cytosine face of the GAC base from engaging in intermolecular

hydrogen bonding.
In this chapter we test the possible hypotheses resulting in the non-assembly of

the monomers. In this process, other molecules possessing only one GAC core,

different side-chains and varying net charge were synthesized. The self-assembly

210



of these monomers were then investigated in various solvent systems. In addition,
two dimensional nuclear magnetic resonance (2D-NMR) experiments were
carried out to verify if the monomers were engaging in intramolecular hydrogen
bonding. From these experiments, it was found that these monomers were not
involved in intramolecular hydrogen bonding and exhibited nanostructures when
they had minimal net charge or when they were self-assembled in hydrogen-bond

acceptor (HBA) solvents.

4.2. Results
The table below shows all the molecules that are discussed in this chapter, along

with their net charge.

Entry Structure Net charge | Entry Structure Net charge
O NH; O NH,
HN =N HN <N
WA NG
PN s A
HN” N7 N
41 | ° +3 | as | HNTONTONTTO +1
: \
o)
NH, 1
@
O NH, O NH,
L LI
HN" N7 N Yo HNJ\\N N0
4.2 o | \ +3 4.7 | +1
@
H3N\/\/\ru\N/\/\/gH2 /\/\/NHZ
g
O NH, O NH,
}-ﬂ\l\ | <N HN | =N
HN” N N’go HN/k\N N’J*o
43 | +2 4.16 | 0
® .

Figure 4.4: Table showing the molecules studied in this chapter
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Molecule 4.1 did not show higher order aggregation in physiological conditions
and it was presumed that this was due to either the net charge on the monomer or
the presence of a hydrogen bond donor atom, which could engage in
intramolecular hydrogen bonding. As such compounds with similar net charge
(4.2) as well as those with lower net charges (4.3, 4.5, 4.7 and 4.16) were
designed. In addition, modules 4.2, 4.3 and 4.5 possessed flexible side-chains
with one or more hydrogen-bond donating sites, which could block the cytosine

face of the GAC motif. In both molecules 4.7 and 4.16 this feature was absent.

4.2.1. Synthesis of the monomers

OBn NBoc;, O NH,
N% | <N i. 95% TFA/Thioanisole HN | N
Boc,il )\\N y ’l*o ii.HCI (91% over 2 steps) N )\\N \ ,go
o} ® o} !
BocHN N/\/\/NH H3N\/\/\ru\N/\/\/gH2
NHBoa NH, 1
250 ® 42

Figure 4.5: Deprotection of precursor 2.50° to give the GAC analogue 4.2.

Compound 4.2 was obtained from the protected derivative 2.50” upon cleavage of
the acid labile protecting groups under acidic conditions, followed by anion
exchange producing the hydrochloride salt in 91% yield (Figure 4.5). The main
structural difference between analogues 4.1 and 4.2 is the presence of two extra

carbon atoms in the linker connecting the GAC to the L-lysine moiety in 4.2.

0Bn NBOC; ; g54, TFA/Thicanisole O NH
)NI\ Y7 SN ii.HCI (88% over 2 steps) HN | =N
Bocril N/ N/go HN)\\N N/&O
|
H ®
BocHN”~"~N HsN/\/\/gHz
2.21 4.3

Figure 4.6: Deprotection of molecule 2.21° to give the GAC analogue 4.3
P
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Molecule 4.3 was obtained upon deprotection of its precursor 2.21% using 95%
TFA/thioanisole, and was subsequently converted to the hydrochloride salt via
anion exchange in 88% yield (Figure 4.6). This analogue has a terminal
ammonium group, which can act a H-bond donor to any structurally accessible H-

bond acceptor site available on the GAC core.

OBn NBoc, OBn NBoc, O NH,

§ N A i. 95% TFA/

N SN HN A~C~oy N N Thioanisole HN SN

M AN = L A I

BocN” N7 N7 Y0 Na(OAc);BH BocN™ N° "'N” ~O ii.HC, quant. HN™ "N” "N” SO
| 1,2 DCE, 65 % ' |

CHO
HO/\/\/NH HO/\/\/NH
213 4.4 45

Figure 4.7: Synthetic scheme for GAC analogue 4.5

The commercially available 1,4 aminobutanol was reductively coupled with
aldehyde 2.13° to afford 4.4 in 65% yield. The acid labile protecting groups were
cleaved under acidic conditions, after which the TFA salt was converted to the
hydrochloride salt via anion exchange in 95% yield (Figure 4.7). The analogue
4.5 has a terminal hydroxyl group, which possesses both H-bond donor and

acceptor sites.

OBn NBoc, O NH,
2.43, Na(OAc)sBH (A - 95% TFAThioanisole
1,2 DCE, 86% N N §i.HCI (75% over 2 steps) HN =N
HN _~_~ i P /g (75% ps) s | /&
BoeN” "N” ~N"0 HN” N7 N0
| |
A NH /\/\/gH2
2.34 46 47

Figure 4.8: Synthetic scheme for GAC analogue 4.7

Commercially available pentylamine 2.34 was reductively coupled to aldehyde
2.13° to produce 4.6 in 86% yield. Removal of all protecting groups from
compound 4.6 under acidic conditions, followed by anion exchange afforded the
derivative 4.7 as the hydrochloride salt in 75% yield (Figure 4.8).
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Figure 4.9: Synthetic scheme for GAC analogue 4.16

The monomer 4.16 was obtained as per the synthetic scheme shown in Figure
4.9.'° Nucleophilic aromatic substitution reaction of 2,4,6-trichloro-pyrimidine-5-
carbaldehyde (2.2)° to trimethylsilylethylamine hydrochloride afforded 2,4-
dichloro-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-carbaldehyde (4.8). The
latter was then subjected to another nucleophilic aromatic substitution reaction to
afford  4-chloro-2-(methylamino)-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-
carbaldehyde (4.9) in 88% yield. Subsequent reaction with benzyl alcohol under
basic conditions produced 4-(benzyloxy)-2-(methylamino)-6-(2-
(trimethylsilyl)ethylamino)pyrimidine-5-carbaldehyde (4.10). Selective Boc
protection of the methylamine fragment in 4.10 gave rise to #-butyl 4-(benzyloxy)-
5-formyl-6-(2-(trimethylsilyl)ethylamino)pyrimidin-2-yl{methyl) carbamate
(4.11). Oxime synthesis followed by a dehydration process using trifluoroacetic
anhydride yielded t-butyl 4-(benzyloxy)-5-cyano-6-(2-
(trimethylsilyl)ethylamino)pyrimidin-2-yl(methyl) carbamate (4.12) in 79% over
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2 steps. Reaction with N-chlorocarbonyl isocyanate produced #-butyl 4-
(benzyloxy)-5-cyano-6-(1-(2-(trimethylsilyl)ethyl)ureido)pyrimidin-2-
yl(methyl)carbamate (4.13), which was then cyclized in a methanolic solution of
ammonia  to give t-butyl  4-amino-5-(benzyloxy)-1,2-dihydro-1-(2-
(trimethylsilyl)ethyl)-2-oxopyrimido[4,5-d]pyrimidin-7-ylmethylcarbamate
(4.14). Deprotection of the protected derivative 4.15 under acidic conditions
afforded 4-amino-7-(methylamino)-1-(2-(trimethylsilyl)ethyl)pyrimido{4,5-
dlpyrimidine-2,5(1 H,6H)-dione (4.16) in good yield.

4.2.2. Self-assembly

Similar to compound 4.1, which did not show the formation of RNTs in
water,”® modules 4.2 and 4.3 also did not form any nanostructures in the
aqueous media. We therefore proceeded in studying the molecule 4.7,
which did not possess any hydrogen bond donor atom at the end of the side-

chain.

Figure 4.10: SEM images of 4.7 in water at a concentration of 0.33 mg/mL
(left) and stained using 2% uranyl acetate solution in water (right, TE

mode).
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Attempts to self-assemble analogue 4.7 in water proved to be successful. A
1.0 mg/mL solution was prepared in water and the sample was aged for 1
day. An aliquot of the solution was then diluted to 0.33 mg/mL and was
cast on carbon-coated TEM grid. Visualization of the latter revealed

structures that resemble bundles or sheets of RNTs (Figure 4.10).

To improve the dispersion of the RNTs, the extent of aggregation of 4.7 in
water was reduced by sonication of a more dilute nanotube solution.
Sonication successfully dispersed the RNTs more evenly in the solution by

breaking the intermolecular interactions between the RNTs (Figure 4.11).

Figure 4.11: SEM images of 4.7 in water at a concentration of 0.1 mg/mL,
stained with 2% uranyl acetate solution in water in SE mode (left) and in

TE mode (right).
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Figure 4.12: Initial conformations (4x3x3x3 = 108) were generated by varying

the dihedral angles around the four bonds indicated by arrows.

Molecular modeling was conducted by Dr Takeshi Yamazaki on compound 4.7.
In this process, 108 RNTs were generated with a staggered angle of -20° and the
stacking distance of 4.8 A between the rosette rings (Figure 4.12). The RNT
conformation was then optimized and RNTs composed of one to ten rosette stacks

using the optimized conformer was generated using Macromodel and 3D-RISM
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Figure 4.13: Association free energy (left) and solvation free energy (right) of the
most stable RNT in water.

The association free energy and the solvation free energy were obtained for the

most stable RNT in water (Figure 4.13). The negative trend for the association
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free energy graph suggests that RNT formation of this motif in water is preferable
with increasing number of rosettes. The opposite trend was observed for the
solvation free energy of this RNT, which implies that water does not like to

surround the RNT due to which this RNT tends to aggregate.

As seen for the RNT generated by molecular modeling in Figure 4.14, there is a
dense network of aliphatic chains hanging around the nanotube. These side-
chains are hydrophobic and therefore the RNTs arrange themselves in such a way
as to minimize interactions with water molecules. The solvation free energy trend
calculated for this RNT justifies the bundles and sheets of nanostructures

observed by the microscopy techniques.
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Figure 4.14: Formation of rosette and a nanotube from the assembly of the most

stable conformer of molecule 4.7 in water.

Most of the RNTs made earlier have been known to self-assemble readily in
both water and methanol, giving rise to long, abundant and well-dispersed
nanostructures within hours of dissolution.?**%!2 The formation of RNT in
methanol are generally faster and give rise to longer nanostructures than in
water due to the decreased solvation of the donor and acceptor sites on the
GAC cores. However attempts to observe any nanostructures or other types

of aggregates for 4.7 failed in methanol.
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The self-assembly of compound 4.5 was also investigated in water and methanol.
In water, no self-assembly was observed. The self-assembly process was
attempted in methanol. A 0.5 mg/mL methanolic solution of 4.5 was prepared
and aged for 2 days. The sample was then diluted to 0.05 mg/mL and deposited
on a TEM grid. The sample was stained using a 2% uranyl acetate solution in

methanol. The SEM images (Figure 4.15) depicted morphologies similar to

rosette nanotubes, however, these nanostructures were not very long and well-
5,12

dispersed as the rosette nanotubes resulting from the twin-base system.

Figure 4.15: SEM images of 4.5 at a concentration of 0.05 mg/mL in methanol in
TE mode (left) and in SE mode (right).

Unlike the SEM images, the AFM images obtained displayed a denser network of
bundles of rosette nanotubes, when visualized on a mica substrate. This was
presumably due to the stronger interactions (including hydrogen-bonding)
between the hydroxyl group of the nanostructures and the mica substrate. For the
sample cast on the TEM carbon grid, such favourable sample-substrate

interactions were missing.
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Figure 4.16: AFM image of 4.5 at a concentration of 0.05 mg/mL in methanol,

cast on a freshly cleaved mica substrate.

The self-assembly of the neutral molecule 4.16 was also investigated. A 1.0
mg/mL solution of 4.16 was prepared in methanol and the sample was then
allowed to age. Aliquots of that stock solution was diluted and then cast on
carbon-coated TEM grids. Visualization of the cast samples using SEM revealed
RNTs of high aspect ratio. Compared to the positively charged salts, this
monomer gave rise to long and well-dispersed nanofibres as seen with the images
obtained through SEM (Figure 4.17) and AFM imaging (Figure 4.18). Though
we had expected the presence of aggregates in the aqueous medium, solubility

issues related to compound 4.16 in water prevented its self-assembly.
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Figure 4.17: SEM images of compound 4.16 aged for 4 days in methanol and
diluted to 0.2 mg/mL (left) and 0.1 mg/mL (right).

T Height 1. . 2. fanplitude.

Figure 4.18: AFM images of compound 4.16 aged for 4 days in methanol and

diluted to 0.2 mg/mL. Sample was cast on a mica substrate.

The sample was also imaged using scanning tunneling microscopy (STM). STM
is a powerful tool, which is used to image surfaces at the atomic level.'”> While
we had tried STM imaging for other samples, the experiments were not very
successful due to the non-conductivity of the samples. Compound 4.16 has
silicon (a metalloid) atoms on the periphery of the RNTSs, resulting in more

electron tunneling between the tip and the sample, leading to a current that can be
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measured. As the tip is moved across the sample, changes in current occur, which

can be mapped into images.

S8 am 31 Hiighl BH8 am

Figure 4.19: STM images of compound 4.8 aged for 4 days in methanol and
diluted to 0.2 mg/mL. Sample was cast on HOPG.

So far, whenever aqueous solutions of the monomers were prepared, the pH of the
resulting solutions was acidic (pH ~ 4) since the compounds were isolated as
hydrochloride salts. In an attempt to promote self-assembly of the monobase
derivatives, their respective solutions of a concentration of 0.5 mg/ml. were
prepared in CAPS (0.05 M) buffer at pH 11. At this pH, most of the nitrogens
would be unprotonated, thus reducing the charge repulsion, leading to promotion
of self-assembly.’ Initial investigation of one-month old solutions, which were
diluted to 0.05 mg/mL, showed aggregates only for compounds 4.5, 4.7 and 4.16
(Figure 4.20). From the previous experiments at pH 4, only monomer 4.7 had

shown aggregation.
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Figure 4.20: SEM images of 4.5 (left), 4.7 (centre) and 4.16 (right) at pH 11

So far, only the molecules with the lowest net charges (4.5, 4.7 and 4.16) showed
higher order aggregation. We proceeded in attempting the self-assembly of 4.1,
4.2 and 4.3 in other solvent systems. Solutions of these compounds were
prepared in DMF at a concentration of 0.5 mg/mL and aged for 1 day. The
solutions were cast on carbon-coated TEM grids, which were then visualized by
SEM. For compound 4.1, no self-assembly was observed at this concentration,
however, both 4.2 and 4.3 showed morphologies resembling single RNTs or RNT
bundles.

Figure 4.21: SEM images of 4.2 at a concentration of 0.5 mg/mL in DMF upon
aging for 1 day (left) and 3 days (right).
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Figure 4.22: SEM images of 4.3 at a concentration of 0.5 mg/mL in DMF upon

aging for 1 day and stained using uranyl acetate (left), and after 3 days of aging
(right).

We attempted to self-assemble molecule 4.1 at a higher concentration (2.0
mg/mL) in DMF. The sample was then aged for 1 day. An aliquot of the solution
was diluted to 0.5 mg/mL and then cast on a TEM grid. SEM imaging of the
sample showed RNTs of high aspect ratio as well as agglomerates of RNTs. We
believe that the self-assembly of molecule 4.1 did not proceed at the lower stock
concentration as the monomers 4.2 and 4.3, is because compound 4.1 was used in
the form of the TFA salt. As shown in chapter 2 of this thesis work, monomers
isolated as hydrochloride salts tend to self-assemble to a greater extent as

compared to the TFA counterparts.
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Figure 4.23: SEM images of 4.1 in DMF upon aging for 1 day at a concentration
of 2.0 mg/mL (left) and diluting the 2.0 mg/mL solution into 0.5 mg/mL (right).

We also investigated the self-assembly of the samples in DMA. We initially
prepared 0.5 mg/mL solutions, but none of these samples displayed
nanostructures visible through SEM imaging. We thus attempted to make 2.0
mg/mL solutions, however only 4.1 formed a homogeneous solution in DMA.
For samples 4.2 and 4.3, we opted for a concentration of 1.0 mg/mL and due to
the solubility issues, these compounds formed a suspension in DMA. These
samples were aged for 1 day and aliquots of these samples were diluted to 0.5

mg/mL for SEM imaging.

Figure 4.24: SEM images of 4.1 at a concentration of 0.5 mg/mL in DMA upon

aging for 1 day, visualized at different locations on the same TEM grid.
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Figure 4.25: SEM images of 4.2 at a concentration of 0.5 mg/mL in DMA upon
aging for 1 day, showing agglomerates of short and long RNTs.

Figure 4.26: SEM images of 4.3 at a concentration of 0.5 mg/mL in DMA upon
aging for 1 day, visualized at different locations on the same TEM grid.

Unlike the DMF and DMA samples, the DMSO samples failed to display any

nanostructures.
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4.2.3. NMR experiments

We had successfully self-assembled all the monobases by varying the solvent
systems, which indicated that the intramolecular H-bonding between the side-
chain and the endocyclic nitrogen of the cytosine ring was unlikely. Nevertheless,
2D-NMR experiments were carried out to confirm the absence of such interaction.
NOESY experiment was initially run on compound 4.1 in 90% H,0/D,0. Under
these conditions it was difficult to identify the exchangeable amino protons, since
some of the peaks were either absent or very broad in the proton NMR spectrum.
Consequently, the data obtained were inconclusive and unreliable. We therefore
carried out those NMR experiments in deuterated DMSO to suppress proton
exchange, which was prevalent in the aqueous medium. DMSO does not have
exchangeable protons. TROESY experiments for the newly synthesized
molecules 4.1, 4.2, 4.3 and 4.5 were carried out in deuterated DMSO. The
NOESY, ROESY and TROESY are similar 2D-NMR techniques that provide
correlations ‘based on through-space interactions of protons as opposed to
correlations based on through bond interactions.* In our case, the NOESY
experiment was undesirable since under certain combination of field and
molecular weight, the NOE can be zero despite the close proximity of the protons
in space. The ROESY and TROESY experiments do not possess this undesirable
feature, however the TROESY is preferred over the ROESY. This is because
ROESY sometimes includes some unwanted contributions from coupling in
. addition to the through-space correlations. The NOESY experiments are best
suited for small or large molecules. Since molecules 4.1, 4.2, 4.3 and 4.5 did not
self-assemble in DMSO, the existence of any correlation would be easy to detect
since the analogues would exist in the monomeric state. As a result, the TROESY

experiment was best suited for our medium sized molecules.

The TROESY spectra of the compounds displayed clear cross-peaks, which
corresponded to the nuclei being considered or were due to exchange. The dark
cross-peaks were real correlation, which implied closeness in space. The figures
4.27-4.30 show the TROESY spectra obtained for molecules 4.1, 4.2, 4.3 and 4.5
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in deuterated DMSO. In all cases, interaction between the cytosine nitrogen and

the side-chain might result into the formation of a 12-membered ring.

For compound 4.1, intramolecular hydrogen bonding, if present, can occur
between the ammonium ion of the lysine moiety and the endocyclic nitrogen of

the cytosine ring, as shown below (Figure 4.27).
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Figure 4.27: TROESY spectrum for molecule 4.1 in deuterated DMSO. The clear
cross-peaks correspond to the nuclei being considered and dark cross-peaks

signify ROE correlations due to close proximity in space.
As seen from the TROESY spectrum, no ROE correlation was observed between

H® and H°. The only correlation, which existed, was between the geminal protons

H® and HP due to their close proximity in space.
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For molecule 4.2, interaction (if any) resulting from intramolecular hydrogen-
bonding would occur between the endocyclic nitrogen and the amide proton.

From the TROESY spectrum such correlation was absent between the protons Hy,
and H,. As in the case of 4.1, the only observed ROE was for H, and H,.
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Figure 4.28: TROESY spectrum for molecule 4.2 in deuterated DMSO

Similar experiment carried out on molecule 4.3, showed the absence of ROE
between Hy, and H., which proves that there is no interaction between the cytosine

ring and the ammonium ion.
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Figure 4.29: TROESY spectrum for molecule 4.3 in deuterated DMSO

TROESY experiment was also conducted on monomer 4.5. Unlike the
derivatives 4.1, 4.2 and 4.3, which were potential proton donors due to accessible
NHs on the side-chain, 4.5 had a hydroxyl group, which could serve a proton.
From the 2D spectrum obtained no ROE was observed between Hy, and H.. The

only existing ROE for the exchangeable protons were between H, and Hy.
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Figure 4.30: TROESY spectrum for molecule 4.5 in deuterated DMSO
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4.3. Discussion
A summary of the self-assembly behaviour of the monomers in different solvent

systems is illustrated in the table below.

Molecule 4.1 4.2 43 45 4.7 4.16
Net charge +3 +3 +2 +1 +1 0
Self-assembly in H,O (pH 4) No No No No Yes No
Self-assembly in CH;0OH No No No Yes No Yes
Self-assembly at pH 11 No No No Yes Yes Yes
Self-assembly in DMF Yes Yes Yes

Self-assembly in DMA Yes Yes Yes

Self-assembly in DMSO No No No

Figure 4.31: Table summarizing the net charge of the monobases and their self-

assembly behaviour in methanol or in the aqueous media.

For most derivatives (with the exception of 4.7), no self-assembly was observed
upon dissolution in water. From Figure 4.31, a trend is observed between the net
charge on the monomers and their ability to self-assemble. Since the monomers
were isolated as either HCl or TFA salts, the pH of the resulting solutions is about
4. Under these conditions, the nitrogen atoms on the side-chain of the monomers
exist in the protonated form, leading to high charge repulsion, which hinder RNT

formation.

Despite lower net charge as compared to 4.7, monomer 4.16 failed to show
aggregation due to its limited solubility in water. Similarly though compound 4.5
had similar net charge as 4.7, no nanostructures were observed in solution. This
could be related to the stability and solvation of the monomer, resulting from the
hydrophilicity of the terminal hydroxyl group in the medium. In water,
aggregation is driven by entropy and water molecules are released into the bulk
solvent as rosettes are sequestered onto the growing RNTs. In addition, the

hydrophobic nature of the side-chain in 4.7 contribute to the self-assembly.'
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Evidence that the net charge plays a significant role in the self-assembly of these
monomers was demonstrated by successful RNT formation in the case of 4.5 and
4.16 at pH 11. Under basic conditions, most of the nitrogens would be
unprotonated, due to which electrostatic repulsion is reduced, thus leading to self-
assembly.” However these conditions were still not favourable for the self-
assembly of 4.1, 4.2 and 4.3.

In methanol, there are stronger electrostatic interactions between the ammonium
groups on the GAC base and the chloride anions than in water due to decreased
cation and anion solvation.'® The charge neutralization resulting from the tighter
ion pair, reduces the charge density on the RNTs. This justifies the presence of
nanostructures for 4.5 in methanol and its non-assembly in water. Decreased
solvation of the donor and acceptor sites on the GAC heterocycles, which
stabilizes the hexameric rosettes within the RNTs through stronger H-bonding
interactions, along with improved solubility of 4.16 in methanol RNTs led to the

observation of RNTs.

So far, only the molecules with the lowest charge density (4.5, 4.7 and 4.16)
showed higher order aggregation. Compared to these three molecules, the
monomers 4.1 and 4.2 have higher functional group densities, which can lead to a
sterically more congested supramolecule. We had utilized water, methanol or
alkaline buffer conditions (pH 11) as solvent media for triggering the self-
assembly resulting from solvophobic effects. @ Water and methanol are
amphiprotic solvents, which can act both as a hydrogen-bond donor (HBD) and
hydrogen-bond acceptor (HBA)."” We envisaged that the high positive charge
density on the RNTs would be better stabilized in a HBA solvent. We thus
investigated dimethyl sulfoxide (DMSO) and N, N-dimethylformamide (DMF) and
N,N-dimethylacetamide (DMA) as solvents for the self-assembly of compounds
4.1, 4.2 and 4.3. Liquid DMF is a dipolar aprotic solvent and possesses both
donor and acceptor properties. However the absence of a strong proton-donor

group limits the extent of H-bonding due to which liquid DMF does not form
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chains or lattices. As such, DMF can be considered as a HBA solvent.'” The

table in Figure 4.32 shows the structure and some of the physical properties of the

solvents investigated.

Polarity Boiling Dipole Dielectric| Solvent
Solvent P
index pt/°C moment | constant type
0.
H™H 9 100 1.85 784 HBA/HBD
Water
H4C-OH
5.1 68 1.70 33 HBA/HBD
Methanol
N__O
e 6.4 153 4.82 383 HBA
H
DMF
v O
N 6.5 166 47 37.8 HBA
DMA
0
S\ 7.2 189 3.96 47.2 HBA
DMSO

Figure 4.32: Table showing some of the physical properties of the solvents used."’

One of the most striking differences in the physical properties of water and DMF
(from Figure 4.32) is the dielectric constant. The higher the dielectric constant,

existence of ion pairs would be less prevalent due to the greater charge separation.

In addition, the partial molar volume of ions determines the type and the strength

of the ion-pair in solution. In water, the chloride ion displays a partial molar

volume of 24.3 cm’mol”, whereas in DMF the partial molar volume is 2.8

cm’mol”’. While the change in partial molar volume of the chloride ion from

water to DMF is quite alarming (20.5), the difference in partial molar volume of
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the cations is relatively small. For instance, the difference in partial molar volume
of tetramethylammonium ions is only 1.1."* The lower solvation in DMF and
DMA leads to a tighter ion pair between the ammonium and chloride ions, thus

leading to more stable RNTs due to less electrostatic repulsion.

Unlike the DMF and DMA samples, the DMSO samples failed to display any
nanostructures. Though, we do not have a definite answer to the non-assembly
under these conditions, we presume that it could be related to the polarity of the
solvent. Compared to DMF and DMA, DMSO has a higher dipole moment,
which can lead to more interference with the H-bonding pattern within the

rosettes and the stacking of the RNTs.

From the 2D NMR experiments carried out on 4.1, 4.2, 4.3 and 4.5, we failed to
observe any through space correlation, which could justify intramolecular
hydrogen bonding within the monomers. As such we can state that the non-
assembly of the monomers discussed in this chapter relied on their net charge and

the solvent effects.

4.4. Conclusion

We have demonstrated how the net charge and the functional group density can
affect the self-assembly of RNTs. The formation of RNTs relies on a favourable
association free energy for the system, which is highly dependent on the solvation
energy, which in turn has to compensate for the solute-solute and solvent-solvent
interaction energies. In case of unfavourable structural features, hydrogen bond
donor/acceptor properties of the solvent can be successfully utilized to trigger the
self-assembly of RNTs. It was found that higher pH and HBA solvents led to
higher order aggregation. Absence of through space correlation from the
TROESY spectra negates the intramolecular hydrogen-bonding hypothesis of the
monomers in solution. This work also highlights the importance of careful
structural design for monomers aimed for biological applications, in which self-

assembly under physiological conditions is a requirement.
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4.5. Experimental section

Compound 4.2
O NH,
HNT SN
s
Hlil N“ N0
o}
®
HBN\/\/\rU\N/\/\/gHz
NH, M
JHa 42

Compound 2.50 (0.447 g, 0.429 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et;0 (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et,O, sonicated and centrifuged down. This process was repeated until the
spotting of the Et;0 produced no UV active spot. The white solid was dried
under vacuo and was then dissolved in 1 M hydrochloric acid (20 mL), followed
by removal of water under reduced pressure. This process was repeated two more
times before the solid was dried under vacuo for 72 h to yield the desired
compound 4.2 (0.262 g, 91%) as a white solid; '"H NMR (600 MHz, d¢-DMSO): &
=12.31 (s, 1H), 9.18 (s, 1H), 9.13 (d, J = 9.0 Hz, 2H), 8.87 (s, 1H), 8.74 (t, J =
5.4 Hz, 1H), 847 (q, J= 5.4 Hz, 1H), 8.30 (d, /= 4.2 Hz, 3H), 8.03 (bs, 3H), 4.37
(t, J=5.4 Hz, 1H), 4.72 (q, J = 5.4 Hz, 1H), 4.21 (m, 2H), 4.12 (q, J = 6.6 Hz,
2H), 2.99 (d, J = 4.8 Hz, 2H), 2.91 (m, 2H), 2.74 (m, 2H), 1.73-1.69 (m, 2H),
1.67-1.62 (m, 2H), 1.60-1.53 (m, 2H), 1.50-1.43 (m, 2H), 1.37-1.31 (m, 2H); *C
NMR (125 MHz, de-DMSO): 8 = 168.6, 161.0, 160.3, 156.4, 156.1, 148.4, 82.9,
52.2, 46.8, 44.8, 38.6, 38.5, 38.1, 30.5, 28.3, 26.5, 26.0, 23.0, 21.4; HRMS calcd
for C19H35N100; [M-H]+ 451.2888, found: 451.2892; elemental analysis calcd (%)
for CioH33N100;(HCl)s(H20), C, 34.12, H, 6.48, N, 20.94, found C, 34.36, H,
6.47, N, 20.87; elemental analysis calcd (%) for C;9H33N1003(TFA)45(H20) C,
34.26,H,4.16, N, 14.27, found C, 34.28, H, 4.33, N, 14.54.
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Compound 4.3
O NH,
HN SN

|
Htil/l\\N N’J“o

Hﬁ/\/\/g'*z
43

Compound 2.21 (0.055 g, 0.0677 mmol) was stirred in a 95% TFA in thioanisole
(10 mL) for 72 h. Et,O (40 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et;O produced no UV active spot. The white solid was dried
under vacuo and was then dissolved in 1 M hydrochloric acid (10 mL), followed
by removal of water under reduced pressure. This process was repeated two more
times before the solid was dried under vacuo for 72 h to give 4.3 (0.028 g, 88%)
as an off-white powder; "H NMR (600 MHz, d¢-DMSO): & = 12.30 (s, 1H), 9.16
(s, 3H), 8.90 (s, 1H), 8.53 (q, J = 4.8 Hz, 1H), 8.04 (bs, 3H), 4.37 (t, J = 6.6 Hz,
2H), 4.21 (t, J= 5.7 Hz, 2H), 2.99 (d, J = 4.8 Hz, 3H), 2.91 (app. q, /= 5.4 Hz,
2H), 2.77 (app. q, J = 7.2 Hz, 2H), 1.72-1.65 (m, 2H), 1.62-1.56 (m, 2H); *C
NMR (125 MHz, ds-DMSO): = 161.4, 160.8, 156.9, 156.6, 148.8, 84.3, 46.9,
45.3,39.1, 38.7, 28.7, 24.7, 24.1; HRMS calcd for C;3H23NzO; [M-H]™ 324.1939,
found 324.1938; elemental analysis calcd (%) for C;3H2NgO(HC1)4(H20)033 C,
32.93,H, 5.67,N, 23.63 , found C, 33.07, H, 5.65, N, 24.35.

Compound 4.4
OBn NBoc,

N™ YN

)l\N/ N’J*o

HO A~ NH
4.4

To a stirred solution of 2.13 (0.100 g, 0.157 mmol) in 1,2 DCE (20 mL), 1,4
aminobutanol (17 pL, 0.188 mmol) was added at room temperature under N,.

The mixture was stirred for 30 min before sodium triacetoxy borohydride (0.036
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g, 0.186 mmol) was added and the resulting mixture was stirred for an additional
15 h. The reaction mixture was diluted with CH;Cl, (50 mL) and then washed
with water (2 x 10 mL), brine (15 mL), dried over Na,SO, and concentrated.
Flash chromatography of the residue over silica gel (0-10% MeOH in CH,CL,)
gave 4.4 (0.072 g, 65%) as a white foam. R¢= 0.24 (8% MeOH in CH,Cl,); 'H
NMR (500 MHz, CDCl;): & = 7.42-7.29 (m, SH), 5.55 (s, 2H), 5.16 (bs, 1H), 4.57
(t,J=6.0 Hz, 2H), 4.51 (t, /= 5.5 Hz, 2H), 3.48 (s, 3H), 4.20 (t, /= 6.0 Hz, 2H),
2.88 (t, J = 6.2 Hz, 2H), 1.74-1.67 (m, 2H), 1.62-1.57 (m, 2H), 1.55 (s, 9H), 1.31
(s, 18H); ®C NMR (125 MHz, CDCl;): 8 = 165.7, 161.1, 161.0, 160.0, 155.9,
152.4, 149.4, 134.8, 128.6, 128.3, 94.1, 84.0, 84.2, 70.2, 62.0, 48.9, 46.3, 41.6,
35.0, 30.8, 28.1; 27.8, 26.0; HRMS calcd for CssHsN,0p [M+H]" 714.3810,
found 714.3818.

Compound 4.5
O NH,

w L
HNT N7 NS0
HO "2
45

Compound 4.4 (0.065 g, 0.091 mmol) was stirred in a 95% TFA in thioanisole (10
mL) for 72 h. Et;,0 (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et,0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et,0O produced no UV active spot. The white solid was dried
under vacuo and was then dissolved in 1 M hydrochloric acid (10 mL), followed
by removal of water under reduced pressure. This process was repeated two more
times before the solid was dried under vacuo for 72 h to yield the desired
compound 4.5 (0.040 g, 95%) as an off-white powder; 'H NMR (500 MHz, ds-
DMSO): 4 = 12.30 (bs, 1H), 9.17 (s, 1H), 8.94 (bs, 2H), 8.85 (bs, 1H), 8.42 (app.
q, J=4.5 Hz, 1H), 4.37 (t, J= 5.5 Hz, 2H), 3.40 (t, /= 6.3 Hz, 2H), 4.22 (1, J =
5.0 Hz, 2H), 2.99 (d, /= 5.0 Hz, 3H), 2.93 (app. q, /= 5.0 Hz, 2H), 1.68-1.61 (m,
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2H), 1.46-1.40 (m, 2H); C NMR (125 MHz, de-DMSO): § = 160.8, 160.0,
156.2, 155.7, 148.3, 82.5, 60.0, 47.0, 44.5, 38.3, 29.3, 27.9, 22.4; HRMS calcd for
C13HN;03 [M]" 324.1779, found 324.1779; elemental analysis calcd (%) for
C13H21N;03(HCD)s 67 C, 33.94, H, 5.42, N, 21.31, found C, 34.84, H, 5.31, N,
22.34.

Compound 4.6
OBn NBoc,
N XYSN

J'\N/ N/&O

Bocril
A NH
46

To a stirred solution of 2.13 (0.200 g, 0.313 mmol) in 1,2 DCE (20 mL),
pentylamine (43 pL, 0.376 mmol) was added at room temperature under N,. The
mixture was stirred for 30 min before sodium triacetoxy borohydride (0.078 g,
0.371 mmol) was added and the resulting mixture was stirred for an additional 12
h. The reaction mixture was diluted with CH,Cl, (50 mL) and then washed with
water (2 x 10 mL), brine (15 mL), dried over Na;SO4 and concentrated. Flash
chromatography of the residue over silica gel (0-5% MeOH in CH,Cl,) gave 4.6
as a white foam in 86% yield. R¢= 0.43 (5% MeOH in CH,Cl,); '"H NMR (500
MHz, CDCL): 8 = 7.44-7.32 (m, 5H), 5.56 (s, 2H), 4.48 (t, J = 6.5 Hz, 2H), 3.46
(s, 3H), 3.04 (t, /= 6.5 Hz, 2H), 2.67 (t, J= 7.3 Hz, 2H), 1.58 (s, 9H), 1.48-1.44
(m, 2H), 1.32 (s, 18H), 1.30-1.22 (m, 4H), 0.86 (t, /= 7.0 Hz, 3H); *C NMR (125
MHz, CDCl): 8 = 165.7, 161.2, 161.0, 160.4, 155.8, 152.6, 149.3, 134.9, 128.6,
128.5, 128.3, 94.3, 84.8, 84.1, 70.1, 49.5, 47.0, 42.9, 34.9, 29.3, 29.2, 28.1, 27.8,
22.5, 14.0; HRMS calcd for C3¢Hs4N;03 [M+H]" 712.4028 , found 712.4026.
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Compound 4.7
O NH,

HNNTNTS0
SR
47
Compound 4.6 (0.190 g, 0.267 mmol) was stirred in a 95% TFA in thioanisole (20
mL) for 72 h. Et;0 (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;0, sonicated and centrifuged down. This process was repeated until the
spotting of the Et;,0 produced no UV active spot. The white solid was dried
under vacuo and was then dissolved in 1 M hydrochloric acid (10 mL), followed
by removal of water under reduced pressure. This process was repeated two more
times before the solid was dried under vacuo for 72 h to yield the desired -
compound 4.7 (0.079 g, 75%) as an off-white powder; '"H NMR (500 MHz, de-
DMSO): & = 12.30 (bs, 1H), 9.14 (s, 1H), 8.90 (bs, 2H), 8.81 (bs, 1H), 8.36 (bs,
1H), 4.36 (t, J = 5.5 Hz, 2H), 4.22 (t, J = 5.0 Hz, 2H), 2.98 (d, J = 4.5 Hz, 3H),
2.92-2.86 (m, 2H), 1.61-1.58 (m, 2H), 1.29-1.22 (m, 4H), 0.86 (t, J= 6.8 Hz, 3H);
BC NMR (100 MHz, de-DMSO): & = 160.6, 159.8, 156.1, 155.5, 148.3, 82.3,
46.7, 44.3, 38.1, 27.8, 27.7, 24.8, 21.4, 14.5; HRMS calcd for C14H24N70, [M]"
322.1986, found 322.1986, elemental analysis calcd (%) for Cy4H,3N,0,(HCI), C,
42.65,H, 6.39, N, 24.87, found C, 42.34, H, 6.52, N, 24.17.

2,4-dichloro-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-carbaldehyde (4.8)

H__O
cl N
Z ~""SiMes
cl

438
A solution of 2,4,6-trichloropyrimidine-5-carbaldehyde (300 mg, 1.42 mmol) in
CH,Cl, (2 mL) at -78°C was treated with DIEA (0.30 mL, 1.7 mmol) followed by
a solution of trimethylsilylethylamine hydrochloride (0.260 g, 1.69 mmol) in
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CHxCl, (2 mL). After stirring for 2 h, the reaction was warmed to room
temperature and stirred for an additional 12 h. The solvents were then removed
under reduced pressure and the product was purified by flash chromatography on
silica gel (5-8% EtOAc in hexanes) to provide 4.8 as a white solid (0.250 g, 60%).
R¢=10.61 (15% EtOAc in hexane), mp = 159-161°C; "H NMR (300 MHz, CDCl;):
0 =10.25 (s, 1H), 9.22 (bs, 1H), 3.61-3.53 (m, 2H), 0.96-0.88 (m, 2H), 0.06 (s,
9H); *C NMR (125 MHz, CDCL): 6 = 188.1, 165.4, 161.8, 160.5, 101.5, 37.8,
17.7, -1.68; HRMS calcd mass for [M+H'] 292.0434, found 292.0432.

4-chloro-2-(methylamino)-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-

carbaldehyde (4.9)
H._O

H

NjN/\N
49

A solution of 4.8 (0.750 g, 2.57 mmol) in THF (10 mL) was treated with
methylamine (2.86 mL, 2M in THF, 5.72 mmol) at 0°C and then warmed to room
temperature. After stirring for 2 h, the reaction was quenched with a saturated
aqueous solution of NH4Cl1 (1 mL) and the product was extracted with CH,Cl,
(3x). The combined organic phases were washed with water and brine, dried over
anhydrous Na,SO4, filtered and concentrated. Purification by flash
chromatography on silica gel (10-20% EtOAc in hexanes) provided 4-chloro-2-
(methylamino)-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-carbaldehyde (4.9)
as a white solid (0.650 g, 88%). R¢ = 0.38 (10% EtOAc in hexanes), mp = 178-
180°C; '"H NMR (400 MHz, CDCl): & = 10.03 (s, 1H), 9.30 (bs, 1H), 5.50 (bs,
1H), 3.65-3.52 (m, 2H), 3.01 (d, J= 4.8 Hz, 3H), 1.04-0.91 (m, 2H), 0.06 (s, 9H);
C NMR (100 MHz, CDCL): & = 188.2, 165.3, 161.7, 161.4, 101.4, 36.9, 28.1,
17.4, -1.7; HRMS calcd mass for [M+H'] 287.1095, found 287.1090.
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4-(benzyloxy)-2-(methylamino)-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-

carbaldehyde (4.10)

H__O
BnO N
NS " siMes

Benzyl alcohol (0.046 mL, 0.45 mmol) was added to a suspension of NaH (0.013
g, 0.52 mmol) in THF (1 mL) at room temperature. After stirring for 15 min, a
solution of 4-chloro-2-(methylamino)-6-(2-(trimethylsilyl)ethylamino)pyrimidine-
5-carbaldehyde (0.130 g, 0.456 mmol) in THF (1 mL) was added and the mixture
was refluxed for 24 h. After cooling down to 0°C, the reaction was quenched with
a saturated aqueous solution of NH4Cl and the product was extracted with EtOAc
(3x). The combined organic layers were washed with water and brine, dried over
anhydrous Na,SO,, filtered and concentrated. Purification by flash
chromatography on silica gel (3-5% EtOAc in hexanes) provided 4.10 (0.125 g,
77%) as an oil. Re= 0.60 (5% MeCN in benzene); "H NMR (400 MHz, CDCl): &
=9.99 (s, 1H), 9.29 (bs, 1H), 7.40-7.29 (m, SH), 5.46 (bs, 1H), 5.34 (s, 2H), 3.59-
3.46 (m, 2H), 2.96 (d, J = 5.2 Hz, 3H), 0.99-0.92 (m, 2H), 0.06 (s, 9H); °*C NMR
(100 MHz, CDCl;): 6 = 185.5, 171.3, 162.8, 162.5, 136.5, 128.2, 127.7, 92.4,
67.1, 36.4, 27.9, 17.6, -1.8; HRMS calcd mass for [M+H'] 359.1903, found
359.1895.

tert-butyl 4-(benzyloxy)-5-formyl-6-(2-(trimethylsilyl)ethylamino)pyrimidin-
2-yl(methyl)carbamate (4.11)

H_O
H
BrO~ N N s
Ny N

BocN ~
4.1

Boc,O (0.288 g, 1.32 mmol) was added to a solution of 4-(benzyloxy)-2-
(methylamino)-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-carbaldehyde (0.400
g, 1.11 mmol), DMAP (0.013 g, 0.11 mmol) and Et;N (0.46 mL, 3.3 mmol) in
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THF (4 mL) at room temperature. After stirring for 24 h, the reaction was
quenched with water and the product was extracted with EtOAc (3x). The
combined organic layers were washed with water and brine, dried over anhydrous
Na,S0,, filtered and concentrated. Purification by flash chromatography on silica
gel (2-3% EtOAc in hexanes) provided #-butyl 4-(benzyloxy)-5-formyl-6-(2-
(trimethylsilyl)ethylamino)pyrimidin-2-yl(methyl) carbamate (0.480 g, 94%) as a
foam. R¢= 0.62 (15% EtOAc in hexanes); 'H NMR (400 MHz, CDCls): & = 10.12
(s, 1H), 9.09 (bs, 1H), 7.44-7.33 (m, 5H), 5.47 (s, 2H), 3.60-3.54 (m, 2H), 3.39 (s,
3H), 1.55 (s, 9H), 0.97-0.93 (m, 2H), 0.05 (s, 9H); *C NMR (100 MHz, CDCL):
0=187.2,171.3,162.1, 161.7, 153.6, 136.2, 128.3, 128.0, 127.8, 93.9, 81.5, 68.0,
36.9, 34.4, 28.0, 17.6, -1.8; HRMS calcd mass for [M+H'] 459.2422, found
459.2420.

4-(benzyloxy)-2-(methylamino)-6-(2-(trimethylsilyl)ethylamino)pyrimidine-5-

carbonitrile (4.12)
CN

H
B"O\%YN\/\SiMea

Ny N

Y

HN__
412

NH,OH-HC1 (243 mg, 3.50 mmol) was added to a solution of fers-butyl 4-
(benzyloxy)-5-formyl-6-(2-(trimethylsilyl)ethylamino)pyrimidin-2-yl(methyl)

carbamate (0.800 g, 1.75 mmol) in pyridine (5 mL) at room temperature. After
stirring for 3 h, the pyridine was removed under reduced pressure and the product
was extracted with EtOAc (3x). The combined organic layers were washed with
saturated aqueous solution of NaHCOs3, followed by water and brine, dried over
anhydrous NaySOs, filtered and concentrated. The crude product (0.735 g, 1.55
mmol) was then dissolved in THF (5 mL), cooled to 0°C and treated with Et;N
(0.65 mL, 4.7 mmol). TFAA (0.33 mL, 2.3 mmol) was then added and the
mixture was stirred for 15 min at 0°C, followed by 5 h at 80°C. After cooling to
room temperature, EtOAc (60 mL) was added and the organic layer was washed

with water and brine, dried over anhydrous Na,SO,, filtered and concentrated.
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Purification by flash chromatography on silica gel (5-8% EtOAc in hexanes)
afforded 4.12 as a paste (0.530 g, 79%). R¢ = 0.53 (15% EtOAc in hexanes); 'H
NMR (400 MHz, CDCls): 6 =7.39-7.27 (m, 5H), 5.42 (s, 2H), 5.34 (m, 1H), 3.53-
3.48 (m, 2H), 3.32 (s, 3H), 1.50 (s, 9H), 0.90-0.86 (m, 2H), 0.02 (s, 9H); *C
NMR (100 MHz, CDCl): 6 = 170.2, 163.7, 160.8, 153.5, 135.9, 128.4, 128.1,
127.9, 114.8, 81.8, 68.7, 68.4, 38.0, 34.5, 28.1, 17.8, -1.7; HRMS calcd mass for
[M+H'] 456.2426, found 456.2425.

tert-butyl-4-(benzyloxy)-5-cyano-6-(1-(2-(trimethylsilyl)ethyl)ureido)-

pyrimidin-2-yl(methyl)carbamate (4.13)
CN CONH,

BnO 3 I NV\SiMea
Nx_N

h

BocN__

413
N-chlorocarbonylisocyanate (0.025 mL, 0.30 mmol) was added dropwise to a
solution of 4.12 (70 mg, 0.15 mmol) in CH,Cl, (3 mL) at 0°'C. After stirring for 2
h, the reaction was warmed to room temperature and stirred for an additional 3 h.
The mixture was then cooled to 0°C and quenched with water. The product was
extracted with CHCl; (3x) and the combined organic layers were washed with
saturated aqueous NaHCO; and brine, dried over anhydrous Na,;SOy filtered and
concentrated to provide 4.13 (0.060 g, 78%) as a white solid. The product was
used in the next step without further purification. R¢ = 0.27 (5% MeOH/CH,Cl,).
mp = 165°C-166 C; 'H NMR (400 MHz, CDCL): & = 7.46-7.32 (m, 5H), 5.51 (s,
2H), 4.30-4.26 (m, 2H), 3.41 (s, 3H), 1.53 (s, 9H), 1.04-1.01 (m, 2H), 0.06 (s,
9H); >C NMR (100 MHz, CDCL): 8 = 172.3, 163.3, 158.7, 155.6, 152.6, 135.4,
128.8, 128.6, 127.8, 113.8, 83.5, 69.8, 43.9, 34.6, 28.2, 17.6, -1.4; HRMS calcd
mass for [M+Na'] 521.2303, found 521.2303.
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tert-butyl-5-amino-4-(benzyloxy)-7-0x0-8-(2-(trimethylsilyl)ethyl)-7,8-
dihydropyrimido[4,5-d]pyrimidin-2-yl(methyl)carbamate (4.14)

OBn NH,
NN

L AGA

Bocr?l N~ "N” "0

4.14 SiMey

A solution of 4.13 (0.060 mg, 0.12 mmol) in MeOH (2 mL) and treated with 7N
NH; in methanol (1 mL) at room temperature. After stirring for 3 h, the solution
was concentrated and the yellow solid was washed with Et;O, centrifuged,
collected and dried under high vacuum to furnish ters-butyl 4-amino-5-
(benzyloxy)-1,2-dihydro-1-(2-(trimethylsilyl)ethyl)-2-oxopyrimido[4,5-
d]pyrimidin-7-ylmethylcarbamate (4.14) as a solid (0.060 g, 97%). R¢= 0.55 (5%
MeOH in CHCl;), decomposes > 315 "C; '"H NMR (600 MHz, CDCL): & = 7.71
(bs, 1H), 7.46-7.35 (m, 5H), 7.00 (bs, 1H), 5.62 (s, 2H), 4.26-4.23 (m, 2H), 3.44
(s, 3H), 1.57 (s, 9H), 1.04-1.01 (m, 2H), 0.07 (s, 9H); *C NMR (150 MHz,
CDClL3): 6 = 166.4, 160.8, 160.7, 160.2, 155.8, 152.9, 135.1, 128.82, 128.80,
128.6, 86.1, 82.3, 69.8, 39.4, 34.8, 28.2, 16.2, -1.7; HRMS calcd mass for [M+H']
499.2489, found 499.2484.

Compound 4.15
OBn NBoc,
N XYSN

JI\N/ N’&o

4.15

Boclil

SiMe;
(Boc):0 (210 mg, 0.96 mmol) was added to a solution of 4.14 (0.120 g, 0.240
mmol), Et;N (0.10 mL, 0.72 mmol) and DMAP (0.030 g, 0.24 mmol) in THF (4
mL). After stirring for 12 h, the reaction was quenched with water and the product
was extracted with EtOAc (3x). The combined organic layers were washed
successively with saturated aqueous NaHCOj solution, water and brine, dried over

anhydrous Na,SO4 filtered and concentrated. Purification by flash
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chromatography on silica gel (15-20% EtOAc in hexanes) provided #-butyl 4-
(benzyloxy)-5-(di-tert-butylaminodicarbonate)-7-oxo-8-(2-(trimethylsilyl)ethyl)-
7,8-dihydropyrimido[4,5-d]pyrimidin-2-yl(methyl)carbamate (4.15) (0.135 g,
79%) as a white foam. R¢ = 0.67 (50% EtOAc in hexanes); 'H NMR (300 MHz,
CDCl): 6 = 7.44-7.32 (m, 5SH), 5.57 (s, 2H), 4.37-4.34 (m, 2H), 3.47 (s, 3H), 1.59
(s, 9H), 1.32 (s, 18H), 1.09-1.06 (m, 2H), 0.09 (s, 9H); *C NMR (100 MHz,
CDCL): 6 =165.7, 161.1, 160.5, 159.9, 155.4, 152.5, 149.2, 134.9, 128.5, 128.43,
128.39, 93.0, 83.5, 82.8, 69.9, 40.5, 34.8, 28.1, 27.8, 15.8, -1.7; HRMS calcd
mass for [M+Na'] 721.3357, found 721.3351.

4-amino-7-(methylamino)-1-(2-(trimethylsilyl)ethyl)pyrimido[4,5-d]-

pyrimidine-2,5(1H,6H)-dione (4.16)
O NH,

Hlil N™ "N” ~O

4.16 Lite,
A solution of 4.15 (0.200 g, 0.286 mmol) in 4N HCI in dioxane (1.5 mL) was
stirred for 4 h at 45°C. The solution was then concentrated and Et,0 was added.
The resulting mixture was centrifuged and the solid was collected, washed with
Et,O and centrifuged again. After repeating the process 3 times, the white solid
was dried under high vacuum to provide 4.16 (0.088 g, 80%); 'H NMR (400
MHz, ds-DMSO): 6 = 12.23 (bs, 1H), 9.14 (s, 1H), 8.55 (s, 1H), 8.01 (s, 1H), 4.08
(m, 2H), 2.93 (s, 3H), 0.94 (m, 2H), 0.04 (s, 9H); °C NMR (100 MHz, ds-
DMSO): 6 =161.6, 159.7, 156.0, 155.8, 147.7, 82.4, 69.9, 27.9, 15.6, -1.9; HRMS
calcd mass for [M+H'] 309.1490, found, 309.1493; elemental analysis calcd (%)
for C12H20N60,S8i(H20)1/3(Et20)15(HCl)43 C, 41.30, H, 6.59, N, 21.67, found, C,
41.27,H, 6.25,N, 21.44.
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Chapter 5
Self-assembling system with four Ga C bicycles

5.1. Introduction

So far we had investigated the self-assembly of systems with single and double
GAC units." Though both systems have the built-in ability to engage in
intermolecular hydrogen-bonding, the twin base system gives more stable RNTs
at a faster rate due to lower functional group density, reduced net charge,
enhanced stability arising from preorganization, increased amphiphilic character,
greater number of H-bonds per module, higher H-bonds per rosette (36 H-bonds
instead of 18), less steric congestion and lower electrostatic repulsion.’’ This
design of the twin RNTs is so robust that it can withstand big steric bulk and other
competing interactions such as m-n interactions on the periphery of the RNTs as
seen in the case of the Acr-TBL variant in Chapter 2.2 While on a quest to
develop systems which could outweigh the twin base system, we probed systems

having more than two GAC units within one molecule.

In this chapter, we designed a molecule (GAC-4) bearing four GAC moieties
connected through an alkyl chain. Unlike the single and twin GAC motifs that
have six and twelve sites available for intermolecular hydrogen bonding, the
GAC-4 module boasts up to twenty-four H-bonds per molecule (Figure 5.1).
Based on this design, though a number of possible modes of interactions could be
possible in solution, it was difficult to predict which one would prevail for tetra-
GAC system due to a number of favourable and unfavourable intramolecular
interactions. In addition, the study of this new system could shed light on how the
GAC core behaves when interacting with more than one GAC moiety within the

same molecule.
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Figure 5.1: Hydrogen bonding patterns in single (A), twin (B) and tetra (also
named GAC-4, C) GAC systems.

The GAC-4 module (5.3) was synthesized in 2 steps starting from GAC aldehyde
2.13'* (Figure 5.2). The latter was coupled with the commercially available
butane-1,4-diamine through a reductive amination reaction. Though this coupling
procedure was quite lengthy, it was possible to obtained the protected tetra-GAC
compound 5.2 in 62% yield. Removal of the protecting groups under harsh acidic
conditions, followed by anion exchange from the trifluoroacetate salt to the
chloride salt using a 1 M hydrochloric acid gave rise to the desired GAC-4 module
5.3 as the hydrochloride salt in quantitative yield.
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Figure 5.2: Synthetic scheme for the formation of the GAC-4 module

The investigation of the self-assembling ability of the GAC-4 module (5.3)
required the dissolution of the compound in different solvents. An initial
solubility test indicated that this compound had limited solubility in water and
methanol compared to compounds having the single and double GAC fragments.
This was most probably due to the absence of solubilising functional groups. As

such, sample manipulation and solubility posed a major challenge.

5.2. Characterization of the GA C-4 module in solution

Stock solution of GAC-4 module 5.3 was prepared in water at a concentration of
0.25 mg/mL and was aged for 1 day. At this concentration, the compound was
not fully dissolved and existed as a suspension though sonication and heating
were used to aid the solubility. An aliquot of the stock solution (2.0 puL) was
deposited on carbon-coated TEM grids. The sample was then visualized using

SEM imaging.
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Figure 5.3: SEM images of GAC-4 module 5.3 in water

The stock solution was also cast on a freshly cleaved mica surface for

visualization of the morphology by AFM imaging.

A dam
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Figure 5.4: AFM images of the GAC-4 module 5.3 in water

These nanostructures looked larger in diameter than the single or twin RNTs both
by SEM and AFM imaging. For a better visual comparison of the dimensions of
these aggregates, GAC-4 and But-TBL® modules were imaged on the same
carbon-coated TEM grid. This was done by first casting a diluted But-TBL RNT
solution (0.0125 mg/mL). The excess solution was blotted and an aliquot of the
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GAC-4 solution in water was then deposited on the dried grid. Again the excess

solution was blotted and the sample was then imaged by SEM.

From the SEM images, there seemed to be two distinct dimensions for the
nanostructures. While But-TBL had a diameter 3.5 + 0.2 nm (obtained from TEM

measurements), the GAC-4 module appeared larger in diameter.

Figure 5.5: SEM images of the GAC-4 (5.3) and But-TBL modules in water cast

on the same grid.

The GAC-4 module was also studied in DMSO, in which it had a higher solubility
than in water. Stock solution of the salt was prepared in DMSO at a concentration
of 0.25 mg/mL and was aged for 1 day. An aliquot of the stock solution (2.0 uL)
was deposited on carbon-coated TEM grids. The sample was then visualized by
SEM. On certain parts of the grid, this concentration seemed to be too high to
fully evaluate the type of nanostructures formed (Figure 5.6), thus part of the
sample was diluted to 0.05 mg/mL.
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Figure 5.6: SEM images of the GAC-4 5.3 in DMSO (0.25 mg/mL)

At this diluted concentration in DMSO, a better picture of the self-assembly
occurring in solution was obtained (Figure 5.7). Though SEM imaging is not the
best technique for estimating the dimensions, the nanostructures were similar in
size as the ones obtained in water. However, unlike in water where the structures

look more discrete, in DMSO the nanostructures had a tendency to bundle.

X : &

Figure 5.7: SEM images of the GAC-4 5.3 in DMSO (0.05 mg/mL)

The GAC-4 5.3 was also studied in methanol and unlike the solvents discussed

previously the solubility in methanol was very minimal. Stock solution of the salt
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was prepared in methanol at a concentration of 0.1 mg/mL and was aged for 1
day. Despite heating and sonicating the suspension to aid dissolution, the
solubility of the compound did not seem to improve. Nevertheless, an aliquot of
the stock solution (2.0 puL) was deposited on carbon-coated TEM grids. The
sample was then imaged by SEM. Since no nanostructures were observed after
aging for 1 day, the sample was aged for 14 days. The older sample was cast on a
TEM grid and imaged by SEM. This sample was more difficult to image due to
the presence of insoluble material. Still, the presence of nanostructures seemed
quite obvious (Figure 5.8). These aggregates appeared to have similar dimensions

as the single or twin RNTs (about 4 nm).

Figure 5.8: SEM images of the GAC-4 5.3 in methanol

For a better comparison of the dimensions of the nanostructures resulting from the
GAC-4 module in water and methanol, TEM imaging was required. However due
to the presence of a lot of insoluble material in the methanolic sample, it was
difficult to conduct both TEM and AFM imaging. As a result, only the water
samples were successfully visualized using TEM (Figure 5.9). For TEM, the
sample was prepared in a similar fashion as for the SEM sample in water. The
cast sample was then stained using 2% uranyl acetate solution in water. The TEM

images showed aggregates with an average diameter of 7.3 = 0.3 nm. This
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measured value is about twice the measured diameter for But-TBL (3.5 + 0.2 nm).
Initially it was speculated that this higher value corresponded to the diameter of
the self-assembled structures, however a more careful analysis of the TEM data
revealed images that this larger structure was actually made up of two thinner
aggregates. The average diameter of these smaller aggregates was 3.2 = 0.1 nm.
This dimerization in water could be an attempt to minimize the interaction of the

hydrophobic pockets with the water molecules.

Figure 5.9: TEM images of the GAC-4 5.3 in water

5.3. Molecular modeling of the GA C-4 module

Molecular modeling* was used in an attempt to predict how the compound was
self-assembling. The computation section was conducted by Dr Takeshi
Yamazaki. The conformational search for GAC-4 module in the case of models 1-
3 have been done in the gas phase, and therefore most of the atomic sites which
carry relatively large partial charges try to establish coulombic interactions with

each other.
5.3.1. Model 1

Starting from the initial structure shown below (Figure 5.10), the conformational

search for this motif was carried out in gas phase, with fixing one side of two
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GAC bases and the conformation around the nitrogen atom linking the two GAC
bases (circled part) as in the case of the twin GAC system. For the other two GAC
bases, the separation distance was the only constraint put on that part. The

conformational search was then carried out.

Figure 5.10: Initial structure of the GAC-4 module from model 1

The most stable conformation obtained is shown in Figure 5.11. It appeared that
there were strong hydrogen bonds between the ammonium ion and the cytosine

oxygen, and between the cytosine oxygen and guanine NH,.

.

Figure 5.11: Most stable conformation of the GAC-4 module obtained from the

above set parameters from model 1.
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Based on this conformation, a rosette consisting of four motifs was made (Figure
5.12). In this rosette, the motifs were arranged in such a way that they could have
intermolecular hydrogen bonds. The outer diameter of this ring was found to be
3.6 nm, which is close to the diameter value obtained from the TEM
measurements in water. However, this arrangement was unlikely because of the
symmetry of the H-bonds formed. In addition, this structure did not exploit the
number of hydrogen-bonding sites fully.

< >
3.6 nm

Figure 5.12: Rosette ring from the most stable conformation of the GAC-4 module

from model 1.

5.3.2. Model 2

Another conformational search was carried out whereby the only constraint
imposed on the monomer was the GAC base separation. The most stable motif
was symmetric (Figure 5.13) and it had intramolecular hydrogen bond between
the ammonium ion (the nitrogen is protonated) and the oxygen. From this

conformer, a helical arrangement of the monomer was obtained whose diameter

258



ranged from 3.5-7 nm (Figure 5.14). While this structure seemed very interesting,
it was quite unlikely to prevail since the interactions binding the structure together

were relatively weak, hence more likely to collapse upon solvent interactions.

Figure 5.13: Most stable symmetrical conformation of the GAC-4 module (from

model 2), while maintaining only the GAC base separation.

Figure 5.14: Helical tube of the GAC-4 module from model 2

5.3.3. Model 3

Another conformational search of the GAC-4 module was carried out in water and

the conformer obtained is shown in Figure 5.15. In this structure, there was no
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hydrogen bond between the ammonium ion and the oxygen atoms. The hydrogen

atom of ammonium ion was facing outside to interact with water. Based on this

structure, a rosette ring and rosette nanotube were constructed (Figure 5.16).

3.

Figure 5.16: Different views of a rosette constructed from the self-assembly of six

GAC-4 modules in water from model 3.

A tube with an outer diameter of 5.1 nm was obtained (Figure 5.17). This
arrangement was unlikely in our case since two of its four GAC units were not
engaged in the rosette formation. As such, these free hydrogen-bond donor and
acceptor sites might engage in inter- and intramolecular hydrogen bonding and,

instead of having discrete architectures, a network was most likely to prevail.
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Figure 5.17: Different views of a nanotube constructed from the stacking of the

rosettes shown in water from model 3.

5.3.4. Model 4

We envisaged that the most simple way that the system could yield a diameter
value in agreement with the TEM measurements (3.2 + 0.1 nm) was to mimic the
self-assembly of the twin base system. In the latter, the two GAC motifs from
one molecule of a twin RNT monomer stack by adopting a syn conformation. Six
molecules of the twin RNT monomer then formed an array of H-bonds to produce
a rosette, which was held together by 36 H-bonds.'"> In the GAC-4 module, there
are four GAC units, which can be considered as a pair of twin GAC stacks tethered
by a hydrophobic linker. Due to the favourable n-n interactions between the GAC
units and intermolecular hydrogen bonding, we presumed that the four GAC units
would stack into a pile. However, the length of the linker also implied that there
would be a certain degree of strain exerted on such a structure due to the limited
flexibility. In an attempt to counter-attack this strain, the GAC units would align
themselves in a displaced stacking fashion. Six molecules of the GAC-4
compound (each adopting a 4-fold stack) would then form a hexamer, held

together by 72 H-bonds. This hypothesis was verified computationally.
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Starting from a quad-rosette ring consisting of all-syn stack motifs, the geometry
of the ring was optimized in water / CI' model with a nitrogen-nitrogen distance of
3.0 A. A stacking distance of 3.3 A was used between the two twin GAC systems
(Figure 5.18), similar to the inter-rosette distance in single and twin GAC system.
The stacking distance between the first and second GAC units were maintained at

3.9 A, as in the case of the twin GAC system.

3.3 A

Figure 5.18: Side view of an all-syn quad-rosette from the GAC-4 monomer,
showing a stacking distance of 3.3 A between the second and third GAC moieties
(model 4).

Using this unoptimized conformation, a quad-rosette ring was constructed using
six GAC-4 molecules (Figure 5.19), such that each molecule would be involved in
24 H-bonds. With this arrangement, there was an optimal use of the hydrogen-

bond donor and acceptor sites. There were 72 H-bonds per rosette.
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Figure 5.19: Top view, showing only the first rosette ring (A) and side view (B) of
the unoptimized quad-rosette ring from GAC-4 (model 4).

Figure 5.20: Top view (A) and side view (B) of the optimized quad-rosette ring
with a syn-syn-syn conformation from GAC-4 (model 4).

Upon optimization, it was found that the GAC units aligned themselves in a
displaced stacking fashion, as suspected. This was clearly visible from the
arrangement of the methyl groups, which adopted a zig-zag type of alignment
(Figure 5.20). In this conformation, all the GAC units are syn to each other (syn-
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syn-syn or SSS) and the outer diameter of this quad-rosette was calculated to be

3.1 nm.

A similar quad-rosette ring was constructed with a syn-anti-syn (SAS)
arrangement of the GAC moieties (Figure 5.21) to give a rosette ring with an outer

diameter of 3.1 nm.

Figure 5.21: Top view (A) and side view (B) of the optimized quad-rosette ring
with a syn-anti-syn conformation from GAC-4 (model 4).

Nanotubes (with an outer diameter of 3.1 nm) constructed from quad rosettes of

SSS and SAS arrangements are shown below (Figure 5.22).
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a

Figure 5.22: Nanotubes made up of 7 quad-rosettes from GAC-4 module with SSS
(A) and SAS (B) arrangements of the GAC units. In both cases, the calculated

diameters of the nanotubes were 3.1 nm.

The negative association free energies of the nanotubes obtained from the
stacking of 7 quad-rosettes with SSS and SAS arrangements (in water and CI’)

imply that the formation of such superstructures is experimentally possible
(Figure 5.23).
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Figure 5.23: Association free energies of nanotubes from GAC-4 module with
SSS and SAS arrangements of the GAC units with increasing number of rosette

stacks.

To gain more insight on the stability of these nanostructures from GaC-4, their
association free energies (Figure 5.26) was compared to the twin GAC motif NH-
TBL.’ The stacking arrangements adopted by SSS GAC-4, SAS GAC-4 and NH-

TBL are shown in Figure 5.24, which were used to construct the nanotubes
(Figure 5.25)
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Figure 5.24: Molecular conformation adopted by SSS GAC-4 (A), SAS GAC-4
(B) and NH-TBL (C)

Figure 5.25: Nanotubes made up of 7 quad-rosettes from GAC-4 module with SSS
(A) and SAS (B) arrangements of the GAC units, and nanotube derived from NH-
TBL (C), generated by the stacking of 14 twin-rosettes.

The association free energies of GAC-4 module with SSS and SAS arrangements
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of the GAC units and NH-TBL were calculated and compared. In an attempt to
make a valid comparison, each GAC-4 rosette ring accounted for two twin rosette

rings.

3 0.0 +=
=

=

S

=<  -5000.0
>

o

()]

C

W _10000.0 -
()]

v

Li.

c

S -15000.0
O

(W)

2

£ -200000 -T——F————

2 4 6 8 10 12 14
Number of Twin-Rosette Disks

Figure 5.26: Comparison of association free energies of nanotubes from GaC-4
module with SSS and SAS arrangements of the GAC units with increasing

number of rosette stacks (up to 7 stacks), and association free energy of NH-TBL
(up to 14 stacks).

From the association free energy plot, it was found that NH-TBL and the two
possible conformers of GAC-4 module had comparable stabilities. This result was
very promising since the GAC-4 motif gave a stable association free energy in

spite of having a fairly strained structure, originating from the hydrophobic butyl
linker.
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5.4. Conclusion

A new self-assembling molecule (GAC-4) having four GAC moieties was
synthesized, which displayed different types of morphologies depending on the
solvents. TEM results revealed that the larger aggregates formed in water were
actually made of two thinner tubes, implying that a similar mode of self-assembly
existed in methanol and water. The most plausible mechanism for self-assembly
was model 4. Using molecular modeling, two possible molecular conformers were
obtained, which could engage in rosette and nanotube formation. The nanotube
diameter obtained by TEM measurements (3.2 + 0.1 nm) was in agreement with
the predicted value of 3.1 nm. In both cases, stable association free energies were

obtained, which were comparable to the NH-TBL twin base system.

The main goal in making a tetra-GAC system was to improve the stability of such
self-assembling systems. Though along the way two possible modes of self-
assembly were established, a more detailed study is desired. The main difficulty
in handling the GAC-4 module was related to the limited solubility of the GAC-4
motif. The design and synthesis of analogues with improved solubility can be
achieved by substituting the alkyl chain connecting all the GAC units with an
ether linkage. Another way to tweak the solubility properties is to change the

substitution on the exocyclic nitrogen of the GAC moiety.

With the current structure, the scope of the GAC-4 module is fairly limited.
However, structural diversity is possible by reductive amination of the GAC
aldehyde with functionalized diamines. Since the GAC-4 has a higher number of
hydrogen bonds, less steric congestion and lower electrostatic repulsion, the
resulting nanotube will be able to support a much higher steric bulk on the
periphery of the nanotube than the twin base system. In addition, the proper
functionalization of the GAC-4 system will ease sample manipulation due to
improved solubility. It is also possible to reduce the strain in the molecule by

using a longer linker or another GAC aldehyde derivative.
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5.5. Experimental procedure

Compound 5.2
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5.2
To a stirred solution of 2.13 (0.200 g, 0.313 mmol) in 1,2 DCE (20 mL), 1,4
diaminobutane (0.015g, 0.170 mmol) was added at room temperature under No.
The solution was stirred for 30 min before sodium triacetoxy borohydride (0.070
g, 0.333 mmol) was added and the resulting mixture was stirred for an additional
24 h. The reaction mixture was diluted with CH,Cl, (50 mL) and then washed
with water (10 mL), NaHCO; (10 mL), brine (15 mL), dried over Na,SO4 and
concentrated. Fresh 1,2 DCE (20 mL) and 2.13 (0.200 g, 0.313 mmol) were then
added to the pale yellow foam and stirred. Sodium triacetoxy borohydride (0.075
g, 0.357 mmol) was then added in aliquots (0.025 g each) at 0.5 h, 4 h and 24 h.
The resulting solution was stirred for another 24 h. The reaction mixture was
diluted with DCM (50 mL) and then washed with water (10 mL), NaHCO; (10
mL), brine (15 mL), dried over Na,SO4 and concentrated. Flash chromatography
of the residue over silica gel (0-70% EtOAc in hexanes) gave 5.2 as a white foam
in 62% yield, R¢= 0.53 (70% EtOAc in hexanes); "H NMR (500 MHz, CDCL): &
= 7.46-7.29 (m, 20H), 5.57 (s, 8H), 4.38 (t, J= 7.5 Hz, 8H), 3.50 (s, 12H), 2.88 (t,
J=1.5 Hz, 8H), 2.71 (bs, 4H), 1.55 (s, 36H), 1.48 (m, 4H), 1.30 (s, 72H); *C
NMR (125 MHz, CDCl3): 6 = 165.5, 161.2, 161.0, 155.5, 152.5, 149.1, 135.0,
128.6, 128.5, 128.5, 128.5, 127.9, 126.9, 92.8, 83.5, 82.8, 70.0, 65.3, 54.8, 51.0,
41.7, 35.0, 28.1, 27.8, 27.8, 25.3; HRMS calcd for CjzH;73N26032[M+H]"
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2586.2704, found 2586.2716; elemental analysis calcd (%) for Ci25H;72N2603; C,
59.43,H, 6.70, N, 14.08, found C, 59.62, H, 6.83, N, 13.14.

Compound 5.3
O NH, H H
H/Nk Ay _N IN o
HN™ N N/KO 7 N2
| \ N\n/N
o N\/\/\NJ/ o

NH, O

Compound 5.2 (0.123 g, 0.048 mmol) was stirred in a 95% TFA in thioanisole (10
mL) for 72 h. Et,0O (60 mL) was then added to the reaction mixture and the
precipitate formed, was centrifuged down. The residual solid was resuspended in
Et;O, sonicated and centrifuged down. This process was repeated until the
spotting of the Et;0O produced no UV active spot. The white solid was dried
under vacuo and was then dissolved in 1 M hydrochloric acid (10 mL), followed
by removal of water under reduced pressure. This process was repeated two more
times before the solid was dried under vacuo for 72 h to yield the desired
compound 5.3 (0.066 g, 100%) as an off-white powder; 'H NMR (600 MHz, ds-
DMSO): 6 = 12.26 (bs, 4H), 9.21 (s, 4H), 8.96 (s, 4H), 8.15 (s, 4H), 4.45 (s, 8H),
3.54 (s, 8H), 3.78 (s, 4H), 3.30 (s, 6H), 2.90 (d, J = 1.8 Hz, 12H), 1.80 (s, 4H); ’C
NMR (150 MHz, ds-DMSO): 6 = 161.2, 160.3, 156.6, 156.2, 148.5, 83.1, 52.0,
49.6, 49.1, 36.7, 28.5; HRMS calcd for C4Hs53N2603 [M+H]+ 1025.4534, found
1025.4526; elemental analysis calcd (%) for CioHszN2sOs(HCl)s(H20)3(Et20)0.5
C, 35.83,H, 5.08, N, 25.87, found C, 35.32, H, 4.86, N, 25.99.
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Chapter 6
Peptide modified rosette nanotubes for improved orthopedic applications

6.1. Introduction

The adult human body consists of 206 bones. They provide us with structural
support, allow us to move and protect various organs of the body. Our bones
behave as ball and socket joints, which control our movements, but if our bones
are injured or damaged due to a number of bone disorders such as bone fractures,
infections and osteoporosis, these bones no longer function properly. Instead they
rub against each other in a very painful manner, due to which surgery is required
to replace the damaged parts with artificial implants. These implants are
commonly made of the titanium metal or its alloys. Frequently the body does not
treat the implant in the same way as it is used to treat the bone and this leads to
inflammation, infection and implant loosening. Unlike the natural bone that has
the ability to repair itself, the artificial implant cannot do so." Even in cases
where the body does not seem to reject the metal implant, the relatively short
longevity of orthopedic implants (mainly due to poor bone-implant integration)
necessitates revision surgeries. For instance, in 2006 there were nearly 77,000
knee and hip revision surgeries performed in the United States.” The leading
cause for implant failure is believed to be insufficient osseointegration — limited

bonding between the implant material and the juxtaposed bone.’

Studies have shown that creating nano-surface roughness on artificial implant
surfaces can promote bone deposition and this can be achieved by materials with
nanoscale surface properties.* One obvious way to tackle the short lifetime of
the metal implants is to increase the affinity between the implants and bone cells.
This can be achieved by coating the titanium implants with materials that mimic
the properties of the bone. The bone is composed of nanoscale constituents such
as collagen and hydroxyapatite. As such the design of biologically inspired
coating materials that can transform inert titanium surfaces into biomimetic

nanostructured interfaces can enhance bone cell adhesion and osseointegration.
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Rosette nanotubes (RNTs) are biologically inspired nanomaterials, which are
formed from synthetic DNA base analogues, namely the guanine-cytosine motif
(GAC).” In water these RNTs self-assemble to give nanostructures that mimic
collagen in the bone. Furthermore, the ability to tailor the physical properties of
the RNTs by easy chemical functionality modifications, make them suitable for a

number of potential applications.

Previous studies have demonstrated favourable cytocompatibility of RNTs for
various tissue-engineering applications.*>*! Chun et al. showed that RNTs
functionalized with lysine (K1) promoted osteoblast (bone-forming cell) adhesion
when coated on titanium at low concentrations.*® In addition, it was shown that a
mixture of K1 RNTs and nanocrystalline hydroxyapatite in hydrogels led to a
two-fold increase in osteoblast adhesion when compared to hydrogel controls.”
In another study, Journeay et al. showed how RNTs have low acute toxicity in
vivo.? As such, it was envisioned that if the RNTs were functionalized with
bioactive fragments that are known to enhance cell adhesion, they might be used
as potential implant coating materials, which can also act as display/delivery

system for osteogenic peptides.

The arginine-glycine-aspartic acid (RGD) peptide is a popular peptide sequence
that has been widely studied for improving osteoblast adhesion. In fact, previous
studies from the Fenniri and Webster groups have demonstrated increased
osteoblast adhesion when lysine-serine-aspartic acid-glycine-arginine (KSDGR)
was functionalized with a single GAC motif.!! On the other hand, Dee and co-
workers have showed that lysine-arginine-serine-arginine (KRSR) peptides
immobilized on glass can selectively enhance osteoblast adhesion, without

12 The latter have a

causing an enhancement in endothelial cells or fibroblasts.
tendency to form fibrous soft tissue around implants and are therefore undesirable

for orthopedic applications.
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Figure 6.1: Attachment of a bioactive peptide sequence with two GAC units as

compared to when functionalized with one GAC unit.

While one can imagine it is theoretically possible to express any moiety
covalently attached to the GAC motif, onto the nanotube surface, it has been a
challenge to balance loss in enthalpy (H-bonds), stacking interactions,
hydrophobic interactions, steric and electronic factors.'*'* Furthermore, it was
found that KSDGR functionalized with a single GAC (GAC-KSDGR) unit did not
self-assemble on its own under neutral pH. It had to be co-mixed with a fairly
high concentration of K1 to give RNTs.!! Thus, functionalizing the twin base
(TB) with a peptide unit was envisaged to be a better candidate for self-assembly

as opposed to the functionalization of the mono base (Figure 6.1)."**

In this chapter, the synthesis and characterization of two new RNTs derivatives
functionalized with peptide units are presented. TB-KRSR was functionalized
with two GAC units and the KRSR peptide sequence while TB-KSDGR contained
the KSDGR peptide unit along with two GAC moieties (Figure 6.2).
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Figure 6.2: Structures of TB-KRSR and TB-KSDGR

6.2. General procedure for solid phase peptide synthesis of target molecules

Standard Fmoc solid-phase peptide synthesis (SPPS) was used to prepare the
target molecules.'>'® SPPS is a simple procedure, which allows rapid synthesis of
peptides in good yields.'” This method eliminates solubility, purification and
racemization issues, common with solution phase peptide synthesis. The carboxyl
groups of the first protected amino acid (Fmoc-X-OH) are first coupled to the
hydroxyl groups on the Wang resin having a loading capacity of 0.65 mmol/g.
The remaining free hydroxyl groups on the resin are then capped and the
substitution degree on the resin is determined by spectroscopic quantification of
the fulvene-piperidine adduct at 301 nm. The Fmoc group of X anchored to the
resin is then removed under basic conditions, after which it is subjected to
reaction with the second Fmoc-protected amino acid. The same procedure is
repeated for subsequent amino acid couplings. The terminal Fmoc group on the
Wang resin-supported peptide is removed and the resulting free amine is then
coupled to GAC aldehyde via a reductive amination reaction. The completion of
the amide coupling is verified using the Kaiser test."® A blue colour implies

incomplete reaction due to the presence of free amines in the system while a
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yellow colour implies that the amide coupling has completed. The target
molecule is obtained as a TFA salt upon deprotection and cleavage from the resin

under strongly acidic conditions.

6.3. Synthesis of TB-KRSR

Standard Fmoc SPPS was used to prepare the Wang resin-supported KRSR
peptide (Figure 6.3). The first amino acid to be anchored on the Wang resin (6.1)
was lysine. This was done by esterification of the hydroxyl groups found on the
Wang resin and the carboxyl groups of Fmoc-Lys(Boc)-OH (6.2). At the end of
the coupling, the resin was washed and treated with a solution of 50% acetic
anhydride in pyridine to cap the unreacted hydroxyl groups. The substitution
degree (0.52 mmol/g) was determined by spectroscopic quantification of the
fulvene-piperidine adduct at 301 nm on a resin sample. The terminal Fmoc group
on the Wang resin supported lysine (6.3) was removed under basic conditions and
the free amine was then coupled to Fmoc-Arg(Pbf)-OH (6.4) under amide
coupling conditions (HBTU, DIEA, DMF).  After the amide coupling, the resin
bearing the dipeptide 6.5 was washed and the absence of free amine was
confirmed using the Kaiser test. The Fmoc group in the resin supported dipeptide
6.5 was then removed and the resulting amine was coupled with Fmoc-Ser(‘Bu)-
OH (6.6). The resulting tripeptide 6.7 was then deprotected and coupled with
Fmoc-Arg(PBf)-OH to give the Wang-resin supported KRSR tetrapeptide 6.8. It
was possible to attempt coupling of the free amine of 6.8 to the GAC aldehyde
2.13, however the reductive amination reaction was envisaged to be synthetically
challenging due to the steric bulk of both compounds. As such, the free amine of
6.8 was coupled to the linker Fmoc-y-Abu-OH 6.9. The terminal Fmoc group
from resulting compound 6.10 was removed, after which the free amine was
coupled to the GAC aldehyde 2.13 via a reductive amination reaction using
sodium triacetoxyborohydride. The desired TB-KRSR (6.12) was obtained upon

deprotection and cleavage from the resin of 6.11 under acidic conditions.
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Figure 6.3: Synthetic scheme for the synthesis of TB-KRSR
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6.4. Characterization and visualization of TB-KRSR

The target molecule TB-KRSR was characterized by NMR spectroscopy, mass
spectrometry and elemental analysis. Though these techniques confirmed the
identity of the final product, it was important to know whether this molecule
would self-assemble into RNTs. Since the aim of this project was to verify the
application of nanomaterials for orthopedic applications, it was important that the

compound self-assembled in water.

It was predicted that the TB-KRSR modules would first form a hexameric
macrocycle (referred as rosette) due to complementary hydrogen bonding
patterns. These rosettes would then stack to form tubes of high aspect ratio. The

formation of the RNTs would be favoured both in terms of entropy and enthalpy.

TB-KRSR Rosette TB-KRSR RNT
Figure 6.4: Predicted mode of self-assembly of TB-KRSR modules to form the

corresponding RNTs.
A stock solution of TB-KRSR (1.0 mg/mL, 0.515 mM) was prepared in dH,O and

the solution was allowed to age for 2 days. An aliquot of the solution was diluted
to 0.1 mg/mL (0.0515 mM) with dH,O prior to imaging. SEM samples were
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prepared by floating a carbon-coated 400-mesh copper grid on a droplet of the
diluted RNT solution. Images revealed high aspect ratio structures, indicating that
RNTSs had formed.

§ g N ¥ A

Figure 6.5: SEM images of TB-KRSR in water

The TEM sample was prepared by first depositing 2.0 uL of the diluted RNT
solution (0.1mg/mL, 0.0515 mM), obtained from dilution of a 2-day old 1.0
mg/mL stock solution. The RNTs on the carbon grid were then negatively stained
using a 2% uranyl acetate solution in water. The TEM images' confirmed the
formation of RNTs. A series of measurements were performed on the images and
the average diameter of the nanotubes was found to be 4.4 + 0.2 nm. This value
obtained for the diameter is slightly lower than what can be predicted for a twin
RNT's with such a peptide sequence. For instance, the measured diameter of TBL
is 3.5 £ 0.2 nm. These values obtained for TB-KRSR RNTs can be justified by
folding of the peptide, which occur to give the most stable RNT conformer in

water.

280



Figure 6.6: TEM images of TB-KRSR in water

For AFM imaging, one drop of the diluted RNT solution (0.1 mg/mL, 0.0515
mM) was deposited onto a freshly cleaved mica substrate and excess solution was
blotted using filter paper. The sample surface was then imaged using the tapping
mode. The images obtained confirmed the presence of the RNTs as in this case
too, nanostructures of high aspect ratio were revealed. The height measurements
for the AFM images'® gave an average height of 3.7 = 0.2 nm. The average
height value corresponds to the diameter of the RNTs and these values were lower
than the values obtained from the TEM measurements. RNTs are soft materials
and when AFM measurements are carried out sample deformation from substrate
compression and interactions with the AFM tip can lead to flattening of the tubes,

thus resulting in an inferior value.?
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Figure 6.7: AFM images of TB-KRSR in water

6.5. Synthesis of TB-KSDGR

Similar to the synthesis of TB-KRSR, TB-KSDGR was also synthesized using
Fmoc SPPS, as shown in Figure 6.8. The first amino acid arginine was anchored
on the Wang resin by esterification of the hydroxyl groups on the Wang resin with
the carboxyl groups of Fmoc-Arg(Pbf)-OH (6.4). The resin was then treated with
a solution of 50% acetic anhydride in pyridine to cap the unreacted hydroxyl
groups, after which the substitution degree was determined by spectroscopic
quantification of the fulvene-piperidine adduct at 301 nm. The Fmoc group on
the Wang resin supported arginine (6.13) was removed under using a solution of
piperidine in DMF and the resulting free amine was coupled to Fmoc-Gly-OH
(6.14). The Fmoc group from resin-supported dipeptide 6.15 was then cleaved
and the resulting amine was coupled with Fmoc-Asp(‘Bu)-OH (6.16) to give the
tripeptide 6.17. Deprotection of the latter, followed by coupling with Fmoc-
Ser('Bu)-OH gave the tetrapeptide 6.18. The last amino acid was anchored after
liberating the free amine from tetrapeptide 6.18 and coupling it with Fmoc-
Lys(Boc)-OH (6.2) to give the Wang resin supported pentapeptide KSDGR. The
terminal Fmoc group from compound 6.19 was cleaved and the resulting free
amine was coupled to the GAC aldehyde 2.13 via a reductive amination reaction

to yield the twin GAC functionalized KSDGR compound 6.20. The latter was
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then subjected to deprotection and cleavage from the resin to give the desired TB-

KSDGR (6.21) as a TFA salt.
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Figure 6.8: Synthetic scheme for the synthesis of TB-KSDGR
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6.6. Characterization and visualization of TB-KSDGR

The molecule TB-KSDGR was characterized by NMR spectroscopy, mass
spectrometry and elemental analysis. The data from these experiments confirmed
the identity of the product formed. Another molecule bearing the KSDGR peptide
sequence but having only one GAC unit (GAC-KSDGR) was previously made in
the Fenniri’s group. However that molecule failed to self-assemble on its own
and self-assembly could only be triggered when it was mixed with another RNT
forming motif.!! As such it was important to know whether this molecule could

self-assemble on its own in water.

It was predicted that if the TB-KSDGR modules would self-assemble readily
without any help from other self-assembling modules, it would do so by first

forming rosettes, which would then form RNTs (Figure 6.9).

TB-KSDGR Rosette TB-KSDGR RNT
Figure 6.9: Predicted mode of self-assembly of TB-KSDGR modules to form the
corresponding RNTs.

A stock solution of TB-KSDGR (1.0 mg/mL, 0.580 mM) was prepared in dH,O
and the solution was allowed to age for 4 days. An aliquot of the solution was
diluted to 0.2 mg/mL (0.116 mM) with dH,O prior to imaging. SEM samples
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were prepared by depositing an aliquot of the diluting RNT solution onto a
carbon-coated 400-mesh copper grid. The excess solution was blotted. The
sample was then stained using 2% uranyl acetate solution in water by depositing
2.0 puL of the stain solution on the grid and the excess stain was removed by
blotting. This staining procedure was repeated to improve contrast during
imaging. Visualization of the RNT sample revealed images with high aspect ratio

structures, indicating that RNTs had formed.

Figure 6.10: SEM images of TB-KSDGR in water

The same samples prepared for SEM imaging, were also visualized using the
TEM technique. The TEM images'® also confirmed the formation of RNTs.
Diameter measurements performed on the images revealed an average diameter of

4.6 + 0.1 nm for the nanotubes.
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Figure 6.11: TEM images of TB-KSDGR in water

For AFM imaging, a stock solution of TB-KSDGR (0.5 mg/mL, 0.290 mM) was
prepared in dH,O and the solution was allowed to age for one month. An aliquot
of the stock solution was diluted to 0.1 mg/mL (0.058 mM) with dH,O. One drop
of the diluted RNT solution was deposited onto a freshly cleaved mica substrate
and the excess solution was removed by spin coating. The AFM images'
obtained confirmed the presence of the RNTs as in this case too, structures of high
aspect ratio were revealed (Figure 6.12). The height measurements in the AFM
images gave an average height of 3.9 + 0.2 nm, which was lower but in agreement
with the TEM measurements given the tendency of deformation of soft materials

due to interaction with the probe.?°
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Figure 6.12: AFM images of TB-KSDGR in water

6.7. Biological applications of TB-KRSR and TB-KSDGR

The preliminary cell adhesion studies done at Brown University in collaboration
with the Webster group revealed that TB-KRSR had excellent cytocompatibility.
The TB-KRSR RNTs were coated on titanium and the relative cell adhesion on
the surface was measured and compared to other RNTs and uncoated titanium. It
was found that TB-KRSR enhanced very high osteoblast densities compared to
untreated titanium. In addition, it was found that TB-KRSR selectively improved
osteoblast adhesion relative to fibroblast (soft-tissue forming cell) and endothelial
cell adhesions.?! These properties make TB-KRSR a good candidate for probing
its use as an implant-coating material.”> As for TB-KSDGR, the potential

applications are currently being tested by a number of our collaborators.

6.8. Conclusion

In this chapter, two new self-assembling molecules (TB-KRSR and TB-KSDGR)
were synthesized by SPPS, which allowed easy access to these derivatives. These
twin GAC compounds were functionalized with the tetrapeptide lysine-arginine-
serine-arginine and pentapeptide lysine-serine-aspartic acid-glycine-arginine,
respectively. These compounds can self-assemble readily under physiological
conditions to give abundant, long and well-dispersed RNTs. Collaborative work

showed that surface modification of titanium using RNTs revealed improved bone

287



forming cell adhesion. The preliminary cell adhesion studies look prospective for
the application of TB-KRSR as an improved implant coating material. Though
further studies is clearly required, the ease of chemical modification make RNTs a
promising material, geared towards orthopedic applications. Future work involves

making a library of bioactive RNTs for similar applications.
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6.9. Experimental section

6.9.1. Synthesis of TB-KRSR
HyN NH HoN NH
Y | oN
R
H o
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/
Z
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8
DMF (5 mL) was added to 12 mL disposable plastic syringe containing Wang
resin (0.650 mmol/g, 0.500 g, 0.325 mmol) and was shaken for 20 min. The
solvent DMF was then drained. A solution of Fmoc-Lys(Boc)-OH (0.610 g, 1.30
mmol) and DMAP (0.033 g, , 0.325 mmol) in DMF (8 mL) was then poured into
the syringe containing the resin. After activating the resin for 20 min, DIC (205
uL, 1.31 mmol) was added to the syringe and the reaction mixture was shaken for
6h. The resin was then filtered under vacuum, washed with (3 x 10 ml) DCM,
MeOH, DMF and then treated with 50:50 acetic anhydride/pyridine (5 ml, 1 x 10
min and 2 x 20 min) to cap the unreactive hydroxyl groups. The resin was then
filtered and washed with (3 x 10 ml) with DMF, DCM and MeOH and dried
under vacuum. The substitution degree was determined by spectroscopic
quantification of the fulvene-piperidine adduct at 301 nm, which was done by
recording the UV-vis spectra of three resin samples. The samples of mass 5.3 mg,
9.8 mg and 10.7 mg gave absorbance intensities of 0.207, 0.380 and 0.413
respectively. Using the expression below, a substitution degree of 0.502 mmol/g

was obtained, which corresponded to a yield of 77%.

Substitution degree = 101 x Absorbance

7.8 x mass of resin (mg)

The Fmoc protecting group from the Wang supported lysine derivative was

removed by incubation of the resin in a 20% piperidine solution in DMF (5 ml, 1
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X 5 min, 1 x 30 min). The resulting peptidyl resin was washed with (4 x 10 ml)
DCM, MeOH and DMF prior to the coupling with the second amino acid. A
mixture of Fmoc-Arg(Pbf)-OH (0.649 g, 1.00 mmol), HBTU (0.350 g, 0.951
mmol) and DIEA (310 pL, 2.00 mmol) in DMF (8 mL) was then poured to the
peptidyl resin and was shaken for 4 h. The reaction solution was drained and the
resin was washed with (4 x 10 ml) DCM, MeOH and DMF. The absence of free

amino groups was indicated by a yellow colour by Kaiser test.

The Fmoc protecting group from the Wang supported dipeptide was removed by
incubation of the resin in a 20% piperidine solution in DMF (5 ml, 1 x 5 min, 1 x
30 min). The resin was then washed with (4 x 10 ml) DCM, MeOH and DMF
prior to the coupling with the third amino acid. A mixture of Fmoc-Ser(‘'OBu)-
OH (0.385 g, 1.00 mmol), HBTU (0.350 g, 0.951 mmol) and DIEA (310 uL, 2.00
mmol) in DMF (8 mL) was then poured to the resin and was shaken for 4 h. The
resulting peptidyl resin was washed with (4 x 10 ml) DCM, MeOH and DMF and
a Kaiser test confirmed the completion of the amide coupling by displaying a

yellow colour.

The Fmoc group from the tripeptide was removed by shaking the resin in a 20%
piperidine solution in DMF (5 ml, 1 x 5 min, 1 x 30 min). The resin was then
washed with (4 x 10 ml) DCM, MeOH and DMF prior to the coupling with the
arginine derivative. A mixture of Fmoc-Arg(Pbf)-OH (0.649 g, 1.00 mmol),
HBTU (0.350 g, 0.951 mmol) and DIEA (310 pL, 2.00 mmol) in DMF (8 mL)
was then poured to the peptidyl resin and was shaken for 4 h. The reaction
solution was drained and the residual resin was washed with (4 x 10 ml) DCM,
MeOH and DMF. The absence of free amino groups was indicated by a yellow

colour by Kaiser test.
The Fmoc protecting group from the Wang supported tetrapeptide was removed

by incubation of the resin in a 20% piperidine solution in DMF (5 ml, 1 x 5 min, 1
X 30 min). The resin was then washed with (4 x 10 ml) DCM, MeOH and DMF
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prior to the coupling with a linker. Fmoc-y-Abu-OH (0.330 g, 1.00 mmol), HBTU
(0.350 g, 0.951 mmol) and DIEA (310 uL, 2.00 mmol) in DMF (8 mL) were then
poured into the syringe containing the resin and the resulting mixture was shaken
for 4 h. The resin was then washed with (4 x 10 ml) DMF, DCM and MeOH and

was dried under vacuum.

The Wang resin supported Lys-Arg-Ser-Arg-Abu (0.200 g, 0.100 mmol) was
transferred to a 5 mL disposable plastic syringe and treated with 20% piperidine
solution in DMF (5 ml, 1 x 5 min, 1 x 30 min) for the Fmoc group removal. The
resin was then filtered and washed with (3 x 10 ml) with DMF, MeOH and DCM
and dried. GAC aldehyde 2.13 (0.256 g, 0.400 mmol) and 1,2-DCE (5 ml) were
then added to the resin and the mixture was shaken for 4 h. Sodium triacetoxy
borohydride (0.042 g, 0.200 mmol) and DIEA (70 uL, 0.400 mmol)) were then
added and the mixture was shaken for 36 h. A second round of sodium triacetoxy
borohydride (0.042 g, 0.200 mmol) and DIEA (70 uL, 0.400 mmol)) were added
and the mixture was shaken for an additional 36 h. The reaction liquor was
drained and the resulting resin was washed with (4 x 10 ml) DCM, MeOH and
DMF, and dried under vacuum. Cleavage from the resin and deprotection was
achieved by the treatment with 95% TFA/H,O for 2 h. The beads were filtered
out over celite and the resulting filtrate was concentrated to a viscous solution by
rotary evaporation. Cold Et,0 was then added to precipitate crude product. The
precipitate was centrifuged, and the supernatant liquid was removed by
decantation. The residual solid was resuspended in Et;O (2 times), sonicated and
centrifuged down. The precipitate was dried to yield the desired product as an

off-white powder.

'H NMR (600 MHz, d-DMSO): & = 12.34 (bs, 2H), 9.24 (bs, 2H), 9.06 (bs, 2H),
8.97 (m, 1H), 8.26 (m, 2H), 8.13 (m, 2H), 8.08-7.98 (m, 2H), 7.65 (bs, 3H), 7.54-
7.50 (m, 2H), 7.39-7.16 (bs, 4H), 7.10-6.65 (bs, 4H), 4.43 (m, 4H), 4.35-4.27 (m,
3H), 4.12 (m, 1H), 3.62 (m, 1H), 3.59-3.47 (m, 4H), 3.33 (m, 1H), 3.08 (bs, 5H),
2.91 (d, J = 42 Hz, 6H), 2.74 (m, 4H), 2.34-2.23 (m, 2H), 1.90-1.86 (m, 2H),
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1.77-1.64 (m, 2H), 1.60-1.43 (m, 8H), 1.34-1.27 (m, 2H); *C NMR (150 MHz,
ds-DMSO): & =174.9, 174.1, 173.7, 172.0, 171.9, 170.4, 169.8, 162.6, 161.7,
160.3, 157.2, 156.7, 156.0, 148.6, 128.9, 128.7, 83.0, 82.2, 62.2, 55.4, 52.6, 52.5,
52.2, 52.0, 49.5, 40.9, 39.2, 39.1, 31.0, 30.7, 29.8, 29.5, 28.3, 27.1, 27.0, 25 .4,
25.3, 22.9; HRMS caled for C43H71N24011 [M+H]" 1099.5729, found 1099.5727;
elemental analysis calcd (%) for (C43H70N24011)(TFA)s(H20)3(H2S04)1 5(Et20) C,
35.22,H, 4.82,N, 17.30, S, 2.47; found: C, 35.21, H, 4.87, N, 17.29, S, 2.47.

6.9.2. Synthesis of TB-KSDGR

o] o] o]
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HN <~ o
H H

@
H2N" “NH, TB-KSDGR

DMF (5 mL) was added to 12 mL disposable plastic syringe containing Wang
resin (0.65 mmol/g, 0.600 g, 0.390 mmol) and was shaken for 20 min. The
solvent DMF was then drained and a solution of Fmoc-Arg(Pbf)-OH (1.01 g, 1.56
mmol) and DMAP (0.048 g, 0.39 mmol ) in DMF (8 mL) was added to the resin.
After shaking the resin for 20 min, DIC (205 pL, 1.31 mmol) was added to the
syringe and the reaction mixture was shaken overnight. The resin was then filtered
under vacuum, washed with (3 x 10 ml) DCM, MeOH and DMF. The resin was
treated with a 50% acetic anhydride solution in pyridine (5 ml, 1 x 10 min and 2 x
20 min) to cap the unreactive hydroxyl groups. The resin was then filtered and
washed with (3 x 10 ml) with DMF, DCM and MeOH and dried under vacuum.
The substitution degree was determined by spectroscopic quantification of the
fulvene-piperidine adduct at 301 nm. The samples of mass 7.9 mg, 9.6 mg and
10.1 mg gave absorbance intensities of 0.159, 0.192 and 0.241 respectively. A
substitution degree of 0.278 mmol/g was obtained, which corresponded to a yield
of 43%.
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The Fmoc protecting group from the Wang supported arginine analogue was
removed by treatment of the resin in a 20% piperidine solution in DMF (S5 ml, 1 x
5 min, 1 x 30 min). The resulting resin was washed with (4 x 10 ml) DCM,
MeOH and DMF. A mixture of Fmoc-Gly-OH (0.128 g, 0.430 mmol), HBTU
(0.163 g, 0.430 mmol) and DIEA (150 uL, 0.860 mmol) in DMF (8 mL) was then
poured to the peptidyl resin and was shaken for 4 h. The reaction solution was
drained and the resin was washed with (4 x 10 ml) DCM, MeOH and DMF. The
absence of free amino groups was confirmed by a yellow colour through Kaiser

test.

The Wang resin supported dipeptide was incubated in a 20% piperidine solution
in DMF (5 ml, 1 x 5 min, 1 x 30 min) for the Fmoc group removal. The resin was
washed with (4 x 10 ml) DCM, MeOH and DMF prior to the next coupling. A
mixture of Fmoc-Asp(‘'OBu)-OH (0.177 g, 0.430 mmol), HBTU (0.163 g, 0.430
mmol) and DIEA (150 uL, 0.860 mmol) in DMF (8 mL) was then added to the
resin and was shaken for 4 h. The resulting peptidyl resin was washed with (4 x
10 ml) DCM, MeOH and DMF and a Kaiser test confirmed the completion of the

amide coupling by displaying a yellow colour.

The Fmoc group from the tripeptide was removed by shaking the resin in a 20%
piperidine solution in DMF (5§ ml, 1 x 5 min, 1 x 30 min). The resin was then
washed with (4 x 10 ml) DCM, MeOH and DMF prior to the next coupling. A
mixture of Fmoc-Ser(OBu)-OH (0.165 g, 0.430 mmol), HBTU (0.163 g, 0.430
mmol) and DIEA (150 pL, 0.860 mmol) in DMF (8 mL) was then added to resin
and was shaken for 4 h. The solution was drained and the resin was washed with
(4 x 10 ml) DCM, MeOH and DMF. The absence of free amino groups was

indicated by a yellow colour by Kaiser test.

The Wang resin supported tetrapeptide was treated with a 20% piperidine solution

in DMF (5 ml, 1 x 5 min, 1 x 30 min) for the Fmoc group removal. The resin was
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then washed with (4 x 10 ml) DCM, MeOH and DMF prior to the coupling with
the lysine derivative. Fmoc-Lys(Boc)-OH (0.202 g, 0.430 mmol), HBTU (0.163
g, 0.430 mmol) and DIEA (150 pL, 0.860 mmol) in DMF (8 mL) were then added
to the resin and the resulting mixture was shaken for 4 h. The resin was then

washed with (4 x 10 ml) DMF, DCM and MeOH and was dried under vacuum.

The Wang resin supported Arg-Gly-Asp-Ser-Lys (0.226 g, 0.147 mmol) was
transferred to a 5 mL disposable plastic syringe and was shaken with 20%
piperidine solution in DMF (5 ml, 1 x 5 min, 1 x 30 min) to remove Fmoc
protecting group from the terminal amine functionality. The resin was then
filtered and washed with (3 x 10 ml) with DMF, MeOH and DCM and dried.
GAC aldehyde 2.13 (0.256 g, 0.400 mmol) and 1,2-DCE (5 ml) were added for
coupling with the free amine on the resin by shaking for 4 h. Sodium triacetoxy
borohydride (0.026 g, 0.123 mmol) and DIEA (20 pL, 0.123 mmol) were then
added and the mixture was shaken for 36 h. A second round of sodium triacetoxy
borohydride (0.026 g, 0.123 mmol) and DIEA (20 pL, 0.123 mmol) were added
and the mixture was shaken for an additional 36 h. The reaction liquor was
drained and the resulting resin was washed with (4 x 10 ml) DCM, MeOH and
DMF, and dried under vacuum. Cleavage from the resin and deprotection was
achieved by the treatment with 95% TFA/H;O for 2 h. The resin beads were
filtered out over celite and the resulting filtrate was evaporated to give a viscous
solution. Cold Et,O was then added to the resulting solution and a precipitate was
formed. The latter was centrifuged, and the supernatant liquid was removed by
decantation. The residual solid was resuspended in Et,0 (2 times), sonicated and
centrifuged down. The precipitate was dried to yield the desired product as an

off-white powder.

'H NMR (600 MHz, ds-DMSO): 8 = 12.39 (bs, 2H), 9.23 (bs, 2H), 9.16 (bs, 2H),
8.61 (d, J=7.2 Hz, 1H), 8.43 (d, J = 8.2 Hz, 1H), 8.34 (app. d, /= 4.7 Hz, 2H),
8.13 (bs, 3H), 8.07 (d, J = 8.2 Hz, 1H), 7.94 (t, J = 5.6 Hz, 1H), 7.55 (t, J= 5.9
Hz, 2H), 7.39-7.16 (bs, 4H), 7.40-6.70 (bs, 4H), 4.57 (m, 1H), 4.41 (m, 4H), 4.17
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(m, 1H), 3.86 (m, 1H), 3.75-3.56 (m, 4H), 3.52 (m, 4H), 3.32 (m, 2H), 3.06 (m,
2H), 2.90 (d, J = 4.8 Hz, 6H), 2.68 (m, 2H), 2.53 (m, 2H), 1.78-1.63 (m, 4H),
1.61-1.51 (m, 1H), 1.50-1.41 (m, 2H), 1.40-1.30 (m, 1H); *C NMR (150 MHz,
ds-DMSO): & = 173.6, 172.3, 171.2, 170.1, 169.0, 168.9, 161.7, 160.3, 159.6,
157.2,157.2, 156.0, 83.0, 62.3, 55.3, 52.7, 52.4, 52.7, 52.4, 51.9, 50.0, 49.4, 42.2,
40.7, 40.5, 31.2, 28.7, 28.3, 25.5, 21.8; HRMS calcd for C3oHeoN1013 [M+H]"
1030.4674, found 1030.4671; elemental analysis caled (%) for
(C39HsoN31013)(TFA)4 s(H20)3(H2S04)0 75(Et20)0.75: C, 35.48, H, 4.58, N, 17.04,
S, 1.39; found: C, 35.79, H, 4.39, N, 17.11, S, 1.44.
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Significance of this thesis work and outlook

Nanomaterials have been the subject of enormous interest for the past two
decades because of their potential applications in the industrial, electronic and
biomedical fields. As such, the quest for new strategies has led to the emergence
of a number of novel functional materials, including self-assembled
supramolecules such as Rosette Nanotubes (RNTs). Large architectures made of
covalent bonds, though structurally more stable, are difficult to functionalize and
adapt to biological systems. Superstructures originating from noncovalent
interactions on the other hand, can be easily functionalized using the bottom up
approach. In biological systems, which have the great potential to disrupt the
noncovalent forces, the stability of these architectures is paramount. RNTs - a
nanomaterial with unique surface chemistry and biomimetic features is made up
of a self-complementary DNA base hybrid molecule and has been shown to have
low toxicity in vitro and in vivo. As a result, this novel material was tested and
studied for a number of biological applications. While the structural design of the
RNTs made chemical modification of both the single and twin GAC-based RNTs
a relatively easy task, the latter had a higher stability. As such, in an attempt to
fully exploit these organic materials for biomedical and other materials
applications, in-depth studies of the physical properties of the twin RNTs were

necessary.

Part of the initial goal of this thesis work was to design twin GAC-based self-
assembling modules with different functional groups, core modification and steric
bulk and test their RNT forming ability under different conditions including
solvent systems, charge density and counterions. The length distribution of the
RNTs and their relative stability (Chapter 2) was investigated and it was found
that polarity, hydrophobicity and charge density could be tuned to generate longer
RNTs. Along the same lines, the self-assembly behaviour of certain single GAC-
based modules was studied (Chapter 4). Single GAC-based modules, which did

not self-assemble in aqueous and/or methanolic media, underwent higher order
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aggregation at higher pH and in presence of hydrogen-bond acceptor solvents.
Results from these studies can be extrapolated to other RNTs or self-assembling
systems in an attempt to optimize their self-assembly behaviour under various

physical conditions.

While in the earlier chapters, the versatility and stability of the twin GAC-based
RNTs was evident, the design of an even stable system was our next challenge.
As such, a new self-assembling molecule (GAC-4) having two twin GAC units
was designed (Chapter 5). Based on our imaging and modeling studies, this class
of new modules formed quad-rosettes in solution, which then stacked into stable
nanotubes. Future work related to this new system involves side-chain
functionalization, which would allow bulkier substitutents to be expressed on the
periphery of the nanotubes, and further tuning of the length and nature of the

spacer between the interconnected twin GAC units.

We are surrounded by systems, made of chiral building blocks (including
proteins, sugars, amino acids, lipids). Though the advantages of living in a chiral
world over an achiral one are not clearly understood, a number of processes
proceed by favouring one of the two possible chiralities. The most significant
work from this thesis is the discovery of a unique CD activity exhibited by a class
of achiral twin GAC-based RNTs (Chapter 3), which had not been previously
reported. We have demonstrated that true supramolecular chirality emerged when
the achiral RNT samples were subjected to mechanically-induced symmetry
breaking on a macroscopic scale. In a field, which is highly dominated by
chiroptical properties and where the quest for the origin of homochirality is
always lurking, creation of chirality without the contribution of molecular
chirality is definitely a significant advance. We anticipate that the impact of this
work would be greater when such vortex-induced supramolecular chirality could
be successfully transferred from RNTs to neighbouring achiral molecular systems.
Using our system, we can generate RNTs of reversible chirality by stirring in

opposite fashion. Successful transfer of chirality will imply that any of the two
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enantiomers can be selected using one type of RNTs, unlike current catalysis
protocols that necessitate catalyst of a specific chirality for the generation of

enantiopure components.

The main motivation behind the sixth chapter of this thesis was to address a
challenging problem. Each year millions of people suffer from various bone
diseases often resulting in costly orthopedic implant surgeries, whereby the
injured bones are replaced by artificial metal implants. The limited lifetime of
these metal implants is due to insufficient bonding between the implant material
and juxtaposed bone. It was envisaged that biologically inspired coatings could
turn the metal surfaces into biomimetic nanostructured interfaces, hence
increasing the implant lifetime by enhancing the affinity between the bone cells
and implant. It was earlier shown that titanium coated with lysine functionalized
RNTSs promoted bone cell deposition. As such, the design of RNTs functionalized
with peptides known to promote bone cell adhesion, seemed a logical step. In
fact, KRSR functionalized RNTs selectively improved osteoblast adhesion
relative to fibroblast and endothelial cell adhesion. While, this invention is in
process of being patented and licensed, research is still ongoing. Future work
involves making a library of bioactive RNTs for similar applications, based on

peptides from the bone morphogenetic proteins.
Finally, this thesis work demonstrates extensive research on the complex

relationship between molecular structure and self-assembly of GAC systems. It

has also unraveled some novel properties of these self-assembling systems.
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