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OBJECTIVES AND OUTLINE OF THE THESIS

Supramolecular chemistry serves as an excellent tool for the construction of
complex functional architectures at the molecular level. The interest in these
systems arises from the ability of small building blocks to spontaneously
arrange into highly organized systems driven by reversible noncovalent
interactions. Even though widely abundant in nature, self-assembly is still
underdeveloped and many challenges still need to be addressed in order to
achieve fully operational molecular devices. For instance, the smallest
building components have to be encoded with essential information required
to impose great level of control over spontaneous self-assembly. Hence, the
synthesis of monomers often can be quite challenging and time consuming.
A vast array of supramolecular architectures still partially relies on
conventional covalent bonds to ensure highly ordered systems with limited
dynamic properties. Therefore, it is essential to design structures fully based
on noncovalent interactions in order to achieve reversible biomimetic
systems which could operate in a controlled manner.

The main aim of this thesis is to develop discrete and tubular supramolecular
architectures exhibiting dynamic properties based on Cz-symmetric
bicyclo[3.3.1]nonane backbone with well-defined inner cavity which could
potentially serve as functional supramolecular materials in future
applications.

In order to achieve the set goals, self-complementary building blocks
comprising flexible linker were synthesized for hydrogen-bonded tubular
architectures in chapter 2. The precise tailoring of the linker is essential for
the reduction of the steric repulsion arising from overcrowded bulky
substituents in the periphery of a tubular polymer, which could prevent
further orthogonal propagation. The incorporation of nucleophilic anchor
into the scaffold opens up possibility for further introduction of various
functional chromophores. Furthermore, tubular polymer can be converted
into discrete cyclic tetramer by converting isocytosine moieties into
ureidopyrimidinones. The host-guest properties of the resulting aggregates
were probed by encapsulation of fullerene Cgo within its well-defined cavity.
Unprecedently, the obtained inclusion complex enhanced the propensity of
the fullerene to abstract electron from sulfide side chains even in the dark.
Owing to the fact that the application of fullerenes as catalysts for oxidation
of organic substrates has been previously investigated very scarcely, its
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potential as a green heterogenous photocatalyst was addressed in this work.
Blue light-mediated chemoselective oxidation of sulfides in the presence of
fullerene soot or fullerene nanodispersion yielded corresponding sulfoxides
in good yields.

In chapter 3 the main focus is on dynamic nature of concave capsule
comprising tetraphenyl porphyrin (TPP) moieties. During the complexation,
the cavity underwent conformational changes in order to provide suitable
shape for Ceo guest molecule. Conformational changes of the system were
achieved by guest induced cooperative effect of the tautomerization from the
keto to enolic form of ureidopyrimidinone alongside CH-m interactions
which offsets TPP units from the center of opening and provides the
entrance for the guest molecule.

In chapter 4 the hydrogen-bonded tubular polymer comprising segregated n-
and p-type channels was synthesized based on azabicyclo[3.3.1]nonane
backbone. Simultaneous orthogonal propagation was provided by the
combination of bifurcated hydrogen atoms situated on the rims of tetramer
and 7-m interactions occurring from newly incorporated planar
tetrathiafulvalene units. Tetrathiafulvalene scaffold could potentially exhibit
excellent hole mobility, whereas fullerene entrapped within cavity of
supramolecule would serve as a n-type channel.

Finally, reversibility of ureidopyrimidinone hydrogen-bonding site was
tackled in chapter 5. Tetrameric cyclic construct was transformed into
reversible supramolecular tweezer by employing heterocomplexation with
rival 2,7-diamino-1,8-naphthyridine agent. Full reversibility between the
tetrameric structure, the open-ended tweezer or the monomeric unit was
demonstrated by using chemical or light external stimuli.
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1. HYDROGEN-BONDED SUPRAMOLECULAR
ARCHITECTURES POSSESING WELL-DEFINED CAVITY

A new level of elegance and complexity has to be achieved in pursue of
immense technological advances. The emergence of supramolecular
chemistry as a concept of organized entities held together by weak
intermolecular forces has opened up the opportunities for scientists to take
the so-called “engineering up” approach to build new functional materials at
the molecular scale. The idea of self-assembly originally came by exploring
complex biological systems exhibiting high-level cooperativity and fidelity,
such as viruses, lipid membranes, nucleic acid duplexes and triplexes, folded
proteins, and their ability to associate into functional aggregates.’? Such pre-
organized entities might be essential for the emergence of life. Thus, by
learning fundamentals of self-assembly and self-organization we are one step
closer to understanding origin of life.?

The term self-assembly has been defined by George M. Whitesides as the
autonomous organization of components into patterns or structures without
human intervention.* In 1959 Richard Feynman in his famous lecture titled
“There is plenty of room at the bottom” envisioned the possibility to
manipulate matter at the atomic level to create small scale devices.® D. J.
Cram, J.-M. Lehn and C. J. Pedersen have fulfilled that vision by providing
foundation for supramolecular chemistry based on host-guest interactions
and self-assembly to produce functional superstructures.® However,
supramolecular architectures have to meet certain requirements to be able to
aggregate in well-defined, controlled manner and to overcome the entropic
penalty arising from the loss of disorder. The system has to organize itself to
attain the thermodynamic minimum with the highest complementary
interface. Therefore, the molecular component has to be encoded with all the
necessary information for anticipated aggregation mode to occur. These
instructions rely on noncovalent interactions such as metal-ligand
coordination, -m stacking, hydrophobic interactions and hydrogen bonds.!
The reversible nature of noncovalent bonding allows for error-checking and
elimination of defective features in the assembly (Figure 1).37 Thus, the
building blocks can re-adjust once in contact ultimately resulting in the most
stable arrangement.
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Figure 1. Schematic representation of irreversible and reversible aggregation
modes.

Perhaps the most prominent example of hydrogen-bonded structures in
living systems is the double-strand assembly of oligonucleotides in
deoxyribonucleic acid (DNA).2 The intermolecular hydrogen bonding in
Watson-Crick base pairs reinforced by other noncovalent forces such as n-n
interaction and hydrophobicity contribute to the association into the most
stable double helix structure at thermodynamic equilibrium.* Even though
some errors during nucleation of propagation might occur leading to the
formation of loops and hairpins, the reversible nature of assembly followed
by an error-checking allows the elimination of faulty patterns.® Due to high
selectivity and fidelity, the different sequences of base pairs reliably encode
genetic information within DNA.

Another example studied in great detail is rod-shaped tobacco mosaic virus
(TMV) with dimensions 300 nm by 18 nm comprising 2130 identical
subunits of 158 amino residues each (Figure 2). Protein units assemble
around a single strand of RNA by forming helical coat with size
corresponding to 16 1/3 subunits per turn. Utilization of single protein in the
outer layer is enough to ensure sufficient interactions between the subunits in
order to hold the whole structure together. Reversible noncovalent
interactions permit the virus to be dismantled by releasing its viral RNA
strand during the replication and to spontaneously re-assemble again into
functioning viral particle once the multiplication is complete.: 39
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Figure 2. Stepwise self-assembly of tobacco mosaic virus. Reproduced from ref.
9 with permission from Beilstein Institut, 2016.

Over the past decades combination of nature inspired self-assembly
alongside conventional synthetic methods have resulted in remarkable
progress towards functional nanoarchitectures, for example, helical
dendrimers??, gels!!, nanoribbons!?, nanowires'®, capsules'4, nanotubes?®, etc.
Such sophisticated multicomponent systems have led to broad application
ranging from medicinal chemistry to microelectronics or photonics. In the
latter fields, the major driving force for further improvements is to fulfill the
demands of decreasing devices’ dimensions with higher performance. Self-
assembly facilitates manufacturing of devices by offering economical and
flexible synthetic route from cheap-raw materials at the molecular level >
Furthermore, new supramolecular materials may pave the way as state-of-
the-art stimuli-responsive nanocarriers in drug delivery. Recently, stable
supramolecular micelles with high drug loading capacity were reported. In
vitro, they displayed an excellent control of drug release and were
successfully endocytosed by cancer cells showcasing its effectiveness.t” A
plethora of wvarious nanostructures have been developed utilizing
noncovalent interactions. Herein, however, the major focus will be on
hydrogen bonded supramolecular architectures.

1.1Hydrogen Bonding in Supramolecular Assemblies

Noncovalent interactions play an essential role in the development of
functional supramolecular structures. The main noncovalent interactions
employed in self-assembly include hydrogen bonding, dipole-dipole and
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ionic interactions, n-m stacking and metal coordination.’>!® Among them,
hydrogen bonds are the most commonly utilized due its strength?®,
reversibility, directionality’® and sensitivity to external stimuli like
solvent?®2, pH?223 and temperature?%,

According to the commonly accepted classification, the hydrogen bonds are
formed between a donor with a positively polarized hydrogen (D—H) and a
proton acceptor (A), where donors are typically an electronegative atoms,
such as O, N, S, C or halogens, and acceptors carrying nonbonding electron
lone pairs or a t-bond of an unsaturated systems.?’ Thus, hydrogen bond can
be simply described as a proton shared by two lone electron pairs.?®

The nature of hydrogen bonding is still discussed up to today, whether it is
predominantly electrostatic or partially covalent. Partially covalent character
of hydrogen bond was proven by Compton scattering? and NMR?®
experiments. Based on the so-called electrostatic-covalent hydrogen bond
model (ECHBM) described by Gilli et al., strong hydrogen bond is partially
covalent, but if bond strength decreases, covalent contribution is reduced and
the nature of bond becomes purely electrostatic interaction.2-% Typically,
the strength of hydrogen bond is characterized by bond energy and can be
classified as strong (14 — 40 kcal/mol), moderate (5 — 15 kcal/mol) and weak
(0 — 5 kcal/mol).?® However, the majority of supramolecular structures are
obtained in solutions, therefore the strength of an intermolecular hydrogen
bond in solution is defined by the association constant K, of the aggregate or
the change in Gibbs free energy. Thus, hydrogen bond strength depends not
only on its length and angle®!, but is affected by the nature of the solvent, i.e.
polar solvents compete with the solute molecules and suppress the
supramolecular interactions.?%:2

Typically, a single hydrogen bond is not strong enough to ensure well-
defined supramolecular assemblies. Therefore, multiple hydrogen bond
motifs come into play when stronger interactions are required. For example,
complementary base pairs of guanine 1 — cytosine 2 complex are two to
three orders of magnitude more stable in comparison to adenine 3 — thymine
4 pair (Figure 3).32*® Many more useful structures usually employ three to
four intermolecular hydrogen bonds since they assemble into robust yet
reversible supramolecular architectures.
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Figure 3. Schematic representation of DNA base pairs
1.1.1 Strength of hydrogen bonds

Even though higher number of hydrogen bonds establishes stronger
association in supramolecular arrays, this should not be used as a sole
guiding principle. Jorgensen and Pranata with co-workers have introduced
term of so-called secondary electrostatic interactions (SEI).3** According to
SEI model, stabilization arises from the proper arrangement of donors (D)
and acceptors (A), where attractive forces (Sl.) between positively and
negatively polarized atoms in adjacent hydrogen bonds predominate, and
repulsive forces (SIy) between two positively or negatively polarized atoms
are being minimized or diminished completely.*® Hence DDA-AAD array
will exhibit stronger association compared to DAD-ADA due to maximized
number of attractive interactions in the former array.?®*’” The most stable
structure is obtained when multipoint hydrogen-bonded arrays with
hydrogen donors are in one moiety while acceptors are in the another
because of all favorable secondary attraction forces (Figure 4). As shown by
Schneider, the strength of multiple hydrogen-bonded arrays can be
anticipated from empirical free energy increments based on total free
energies AG of 58 complexes in chloroform. Each primary and secondary
electrostatic interaction contribute 7.9 kJ/mol and £2.9 kJ/mol to AG,
respectively. Sign of the latter value depends on the nature of secondary
interactions 3238

D D A A D A
@ @ @ e ® <€——> hydrogen bond

‘ Y 'y XY .
' 4 A r
L A
v v .
> A " attractive SI
* A ’ LY
r L) ’ LY

....... repulsive S|

Figure 4. Schematic representation illustrating secondary electrostatic
interactions on linear arrays of hydrogen bonds.
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Jorgensen et al. have developed a series of triple hydrogen-bonded arrays
with corresponding association constants in full support of this concept.
Namely, ADA-DAD heterodimer 5:6 has a weakest affinity (K, = 140 M),
because it contains four repulsive SEI while AAD-DDA array’s 7:8
association constant is K, = 10* M due to secondary interactions canceling
each other out (Figure 5).3*** Zimmerman et al. reaffirmed previous reports
by obtaining consistent results which included at that time unknown DDD-
AAA dimer 13:14 that led to the strongest affinity because of all four
attractive secondary interactions.® In addition, extension of anthyridine
aromatic scaffold led to complex 15:16 with improved stability up to K, =
107 M in CH,ClI, due to increased planarity of the framework.*
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Figure 5. Linear arrays 5-16 comprising triple hydrogen bonds.

To improve the binding affinity further, the linear arrays comprising four
hydrogen bonds have been established. In general, four different dimers
DDDD-AAAA, DDDA-AAAD, DDAD-AADA and DAAD-ADDA may be
conceived. However, the self-complementary DDAA and DADA arrays are
significantly more important with respect to the application in
supramolecular chemistry. DADA-ADAD hydrogen-bonded dimers 17:17
and 18:18 which undergo self-assembly were initially reported by Meijer et
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al. (Figure 6a).%84142 The significant difference in their association constant
is due to pre-organization within molecule 18 by forming an additional
intramolecular hydrogen bond between the hydrogen of ureido moiety and
nitrogen atom of heterocycle ring which constrains the urea moiety in space
and makes the self-assembly more facile.
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Figure 6. Examples of quadruple hydrogen-bonded arrangements.

Furthermore, Meijer et al. introduced self-complementary molecules, based
on ureidopyrimidinone (Upy) backbone, which can dimerize using either
DDAA or DADA hydrogen-bonded arrays depending on the predominant
tautomeric form of Upy (Figure 6b).*? Typically, the more predominant
DDAA motif encompasses fewer repulsive secondary electrostatic
interactions compared to DADA complementary motif. Nevertheless, Upy
moiety can exist in either self-complementary keto or enolic forms which
undergoes association via pre-organized DDAA or DADA arrays,
respectively. The shift in tautomeric equilibrium can be controlled just by
changing the nature of substituents from electron-donating to electron-
withdrawing and vice versa.*® In order to address the issue of tautomerism,
Zimmerman et al. proposed a monomer 20, where the majority of tautomer
self-dimerize through DDAA hydrogen bond pattern despite negligible
amount of DADA array appearing as well (Figure 6¢).*
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Nevertheless, incorporation of all binding subunits into one linear backbone
is synthetically challenging. Therefore, changing the spacings between
hydrogen binding subunits represents an alternative approach. It leads to
elimination of secondary interactions; hence stability of the structure is
solely proportional to the number of hydrogen bonds. Gong et al. presented
highly cooperative self-complementary DDAA 21 and DADA 22
components with association constants in the range of 10* M (Figure 7a).*®
Changing the linker from glycine in 21:21 and 22:22 to rigid aromatic
linkers in 23:23 and 24:24 has no significant effect on the binding strength
(Figure 7b). Spacers can also be used to prevent homodimerization when
needed by alternating the gap between bonding units (Figure 7¢).*64” Longer
heterodimers comprising six or eight hydrogen bonds have also been
prepared with increased stability accordingly.*®4°

a)
Ri Ri
é LG G
N\)L RzJL’}l N\)L’\I! MR2
H Q H Q
H 8 & 0 H 0 H
e w(‘w W oy e "
o H o O Hy 0
Q Q i i
Rivg=p Ri R R R
DDAA:AADD 21:21 DADA:ADAD 22:22
Ky = 6:10% M Ky =410* M"
b) R R

"CHHCH2 Tr : )KQ)L : ‘n’ “CHyn-CsHy

DADA:ADAD 23:23
K, =3-10* M

c
R‘\

J\,N“,@;r

o gy

DADA:ADAD 25:26
K, =2:10* M

nCSHHCHZ : : /u\ /©\ ,U\::N CHZ” -CsHyyg

ADDA:DAAD 24:24
K, = 43104 M

)LEJW o ui& 5.
kﬁf”’\f 20 Y‘“IZKl

| |
Ry Rw Ry Ry

DDAADD:AADDAA 27:28
Ky =2.4-105 M

Figure 7. Molecular dimers with hydrogen-bonding arrays separated by spacers.
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Several possible tautomeric forms can have a negative impact on the binding
properties of a monomer which directly affects association constant of the
dimer.> Despite this caveat, Bell et al. have further improved association in
cationic DDD'-AAA systems by combining cooperative secondary
interactions with positively charged species which enhances proton acidity
of the donating unit while providing electrostatic stability arising from
favorable attractive interactions (Figure 8a).> However, for this particular
cationic complex 13:29 they could not accurately measure association
constant by employing different techniques, and therefore it was suggested
that due to lack of curvature in the binding isotherm, the association constant
must be greater than 5-10° M? in CH.Cl,. Leigh et al. measured the
remarkable association constant K, = 3-:10'° M of cationic complex 15:30
by fluorescence titration experiments performed in CH,Cl,.%°
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Figure 8. Cationic complexes comprising remarkably strong hydrogen-bonding
motifs.

To further enhance the association process, quadruple cationic hydrogen
bonded motifs have been proposed by Lining et al. where sulfurane 31
together with cationic counterpart 32 gives the desired hetero dimer DDDD*-
AAAA (Figure 8b). Unfortunately, 31:32 exhibits impeded dimerization
with a mediocre association constant due to lack of pre-organization in
cationic pyridine urea 32 which can undergo folding via single bond rotation
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resulting in the formation of an intramolecular hydrogen bond between the
protonated pyridine nitrogen and carbonyl groups.’> To overcome a
detrimental folding, readily accessible AAAA-DDDD* hydrogen bonded
array comprising planar rigid heteroaromatic system was reported.5®
Incorporation of two intramolecular hydrogen bonds into the backbone
restricts undesired tautomerization and together with enhanced donor
strength arising from positive charge promotes the formation of the well-
defined 33:34 arrays with remarkably high affinity (K, > 3102 M1 in
CH2Cl). Replacing two benzimidazole groups of the 33 to triazole moieties
35 results in reduced association due to changing NH---N hydrogen bonds to
two newly formed weaker CH*N interactions in a quadruple hydrogen-
bonded array 35:34. Additionally, such system could be disassembled and
re-assembled in fully reversible manner simply by deprotonation of
guanidinium moiety via successive addition of base and acid (Figure 8c).>*
Utilizing such supramolecular architectures controlled by simple stimulus
may broaden the scope of their application in self-healing polymers or other
functional materials.

Despite the SEI model’s effective estimates of the strength of hydrogen
bonds, many state-of-the-art quantum calculations and experimental
evidence have indicated that other key factors including charge-transfer
interactions, Pauli  repulsive interactions, dispersion interactions,
cooperativity and resonance-assisted hydrogen bonding (RAHB) reciprocate
in the formation of hydrogen bond.'*%%% |n accordance with Guerra et al.,
oversimplified secondary electrostatic interaction model is coinciding so
well with empirical methods due to its correlation with charge accumulation
in monomers. They pointed out that a larger charge accumulation at the
frontier atoms is obtained when proton donors and acceptors are grouped.
This leads to an improved orbital interaction and a decreased HOMO-
LUMO gap because a more positive donor atoms better stabilizes LUMO
while negatively charged acceptor atoms destabilizes HOMO. Thus,
tautomeric hydrogen-bonded DDAA arrays result in a higher binding affinity
due to a greater charge accumulation compared to DADA motifs.1>%% Their
findings are further supported by RAHB theory initially introduced by Gilli
et al., suggesting that in B-diketones partial charges are generated by =-
electron delocalization which enhances the strength of hydrogen bond
(Figure 9a). It follows from these insights that the basicity of hydrogen bond
donor can be increased by m-resonance assistance. Hernadndez-Rodriguez,
and Rocha-Rinza et al. proposed that hydrogen bond stability could be
refined by considering Brensted-Lowry acid-base properties of proton donor
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and acceptor moieties, respectively. Thus, the binding strength might be
modulated in a rational way by incorporating various electron-withdrawing
and electron-donating groups.®° In line with these ideas, Wu et al. found
that arrays comprising same SEI patterns can have different binding affinity
depending on the aromatic nature of the interacting dimers.®° The hydrogen
bond is reinforced if delocalized m-conjugation pattern coincides with
Hiickel’s rule and the number of m-electrons is equal to 4n+2. Such effect
can be observed in guanine 1 — cytosine 2 and adenine 3 — thymine 4
nucleobase pairs or Upy DDAA dimer 19:19 (Figure 9b).366%61 In sharp
contrast to the SEI model, extended m-conjugation in the quadruple
multipoint hydrogen bonded dimers can explain such tremendous difference
of association constants between complexes 36:37 and 36:38 despite having
the same DAAD-ADDA hydrogen bonding pattern (Figure 9c).51-62
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Figure 9. a) Resonance-assisted hydrogen bonding in B-diketones and GC and
AT base pairs; b) aromaticity modulated hydrogen bonding in GC base pair and
Upy dimer; ¢) changes in the aromatic character of heterocycles can affect
association between DAAD-ADDA arrays.

Clear exceptions to the SEI model were also explained by Lukin and
Leszynski, who noted that DAA-ADD hydrogen-bonded dimers form weak
complexes in comparison to DDD-AAA arrays due to solvation of DAA and
ADD units in wet polar solvents such as DMSO or even occasionally
chloroform might contain a significant amount of water which could
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interfere with the stability of hydrogen-bonded complexes.®® For instance,
binding energy can be increased by more than 3.5 kcal/mol upon changing
the nature of the solvent from dichloromethane to tetrachloroethane. These
examples highlight the more intricate solvent effects over hydrogen-bonded
structures. Hydrogen bond strength can be reduced in polar solvents since
they usually demonstrate the strongest release in enthalpy and entropy upon
associative interactions with the monomer, thus stabilizing the unbound
state.5% Therefore, nonpolar solvents have greatly facilitated the
development of hydrogen-bonded arrays.

Multipoint hydrogen-bonded arrays are of great interest in self-assembly due
to its capability to form well-defined larger entities from low molecular
weight components. However, structural information such as molecular
shape, placement of various functionalities and directionality has to be
encoded into the building blocks in order to obtain a supramolecular
structure with envisaged properties. In addition, for the effective
applicability in supramolecular chemistry, monomer should also possess
characteristics like readily accessible synthesis, high fidelity and complex
stability with tunable affinity. In search of desired synthons only few have
been shown to possess required key properties for the construction of self-
assembly systems. The widely exploited minority that fits the criteria are
ureidopyrimidinones, ureas, guanines, barbiturates, cyclic peptides and
deazapterins.

1.2 Development of ureidopyrimidinone as a hydrogen bonded
synthon

Among the multiple hydrogen-bonded arrays, the 2-ureido-4[1H]-
pyrimidinone (Upy) has taken a prominent position as a versatile building
block owing to its self-complementary nature, strong dimerization and
availability from cheap starting materials. Upy was initially developed in
1998 by Meijer et al. as a preorganized quadruple hydrogen-bonded DDAA
array. The Upy can be conveniently synthesized in a gram scale in two step
synthesis by reaction of B-keto esters with guanidine, followed by acylation
with isocyanate.®®¢-"1 As discussed above, its extremely high association
constant (K, > 10-M* in chloroform) could be justified by attractive
secondary electrostatic interactions which are supplemented by increased
aromaticity due to -electron delocalization in six membered rings.®*"?
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Despite its versatility, one important shortcoming of this hydrogen-bonding
motif cannot be ignored. Namely, the presence of different tautomeric forms
in Upy scaffold can cumber the formation of well-defined structures. Keto-
enol tautomerism is the most studied because it plays an essential role in the
interaction of active molecules with proteins, enzymes or other receptors. In
addition, tautomerism of base pairs in cells can cause improper recognition,
replication or transfer of genetic information. Hence, tautomerism
potentially can facilitate spontaneous point mutations in DNA.37

The ureidopyrimidinones can exist in three different tautomeric forms
depending on the polarity of solvent and the nature of substituents, among
which two tautomers 4-[1H]-pyrimidinone (4-keto) and pyrimidin-4-ol
(enol) are self-complementary and can form DDAA and DADA
homodimers, respectively (Figure 10).%73 For instance, in polar aprotic
DMSO solvent intermolecular hydrogen bonding is inhibited, thus Upy is
present in 6-[1H]-pyrimidinone (6-keto) monomeric form while a mixture of
4-keto and enol prevail in less polar solvents like toluene or CHCIs as a
result of acquired stabilization by self-association.71.73.76
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Figure 10. Tautomeric forms of ureidopyrimidinone (Upy) derivatives.

Study on various Upy monomers and their corresponding dimers by DFT
methods has given a more comprehensive insight how the change in
polarization of the surrounding environment affects tautomeric distribution.
It was shown that the order of tautomer stability changes from enol > 6-keto
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> 4-keto in vacuum to 4-keto > enol > 6-keto in chloform.” In addition,
Meijer et al. have deduced from *H NMR dilution experiments in dg-THF
that distribution of 4-keto and enol forms is concentration-dependent since
N-H resonances corresponding to 4-keto form do not shift while N-H and O-
H resonances belonging to enol form shift upon dilution. These findings
indicate higher robustness of the 4-keto tautomer.*> Moreover, the alteration
of substituents’ electronic properties can remarkably shift equilibrium
towards particular tautomeric form. For instance, Upy bearing electron-
withdrawing substituents like p-nitrophenyl- and trifluoromethyl- on the 6-
position of the isocytosine ring favors enol tautomer in chloroform while the
presence of electron-donating substituent favors 4-keto form,38:4270.7L73.76
Further control over tautomeric distribution can be obtained by incorporating
electron-withdrawing groups at the terminal urea nitrogen atom which leads
to even greater preference for 4-keto form.*? It was demonstrated that larger
substituents on 6-position promote the dimerization via DDAA — AADD
mode shifting the equilibrium towards 4-keto form. Computational
investigations on structural features of Upy showed that dimers bearing
adamantyl groups have shorter hydrogen bonds in comparison to methyl-
substituted congeners as evidenced by an apparent red shift in IR spectrum
indicating reduced stretching frequencies of hydrogen bonds.”

Tautomerization might lower association fidelity of the targeted DDAA
arrays by promoting undesired complex dimerization leading to complicated
supramolecular architectures. Therefore, Sanjayan et al. sought to eliminate
prototropy related issues by exploiting intramolecular bifurcated hydrogen
bonding to restrain proton transfer in self-assembling systems (Figure 11).

4-keto F|€1
1
R
DDAA array

Figure 11. Representative diagram of prototropy-free DDAA dimers.
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To this end, additional hydrogen bonding acceptors such as methoxy-,
quinoline and hydroquinone were introduced into 6-position of heterocycle
in order to form an additional hydrogen bonding with N-H of pyrimidine and
to prevent the proton shifting (Figure 12a). A single set of N-H peaks in *H
NMR spectra of 39:39, 40:40 and 41:41 dimers in CDCI; indicated a
formation of a self-complementary keto tautomers. The substantial
downfield shift of N-Hs is in accord with intramolecular hydrogen bonding
to two acceptors. The high stability of the complexes without competition
from parasitic tautomers was demonstrated by increasing DMSO-ds amount
up to 20 % in NMR dilution titration experiments with insignificant
chemical shifts of N-H involved in dimerization being observed.”” Dong et
al. developed Upy derivative 42 comprising pyridine moiety at 6-position
which embedded intramolecular hydrogen bonding amongst N-H of
pyrimidine with nitrogen atom of pyridine to promote desired 4-keto
tautomer shown to exist both in solution and solid phase.”
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Figure 12. a) quadruple hydrogen bonded dimers with inhibited prototropy; b)
unfolded and folded conformers of cytosine and dimerization of former
conformer to heterocomplex 43:44.

Another approach to prevent tautomerization is N alkylation in
ureidocytosine system introduced by Hailes et al. (Figure 12b). The lack of
intramolecular interactions resulted in flexible ureido scaffold and
appearance of two conformers, folded and unfolded. It was shown that dimer
of preferred unfolded form mainly exists in nonpolar solvents with
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association constant K, = 9-10° M? in C¢Ds as DDAA — AADD quadruple
hydrogen-bonded dimer. Furthermore, its potential to disrupt robust Upy
complex by heterocomplex formation was confirmed by *H NMR studies of
a 1:1 mixture unfolded 43 with UPy 44 in CDCls in ratio 5:6:5 of 43:43,
43:44, 44:44 accordingly.™

For further development of supramolecular structures, the dimeric
architectures comprising two bisureidopyrimidinone moieties 45 linked by
m-xylylene spacer were reported (Figure 13a). Even though more than three
isomers of this dimeric structure can exist, only two different conformers
were characterized by single-crystal X-ray analysis in solid state. The
interconversion between syn-conformer 1, with both Upy moieties on the
same plane, and anti-conformer Il, with Upy units on opposite sides of
plane, is fast, whereas equilibration into keto-enol configuration Il is
relatively sluggish process (Figure 13b).”° However, tautomerization
between keto-enol forms can be efficiently controlled by incorporation of
different substituents. 46 bearing alkyl chain mainly exists in 1l
configuration, whereas DDAA-AADD dimeric module is predominant in 47
due to additional intramolecular hydrogen bonding interlocking the system
in keto tautomer (Figure 13c).” Hence, it is necessary to find novel
strategies to gain superior control over tautomerization to establish well-
ordered architectures exhibiting higher degree of complexity.
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Figure 13. Supramolecular architecture comprising two bisureidopyrimidinone
moieties 45 linked via m-xylynene spacer.
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1.3 Supramolecular frameworks possessing cavity based on
discrete hydrogen-bonded building blocks

The creation of well-defined nanostructures with the same precision as
exhibited by nature is still a challenge. Although self-assembly of individual
components mostly rely on noncovalent interactions, further formation of
hierarchical 2D and 3D networks is reinforced by the so-called cooperative
effect, where a combination of two or more forces come into play. The
newly obtained structure may behave in a unique manner and exhibit
different properties with respect to its constituents. Cooperative effects can
be distinguished into 4 groups: cooperative aggregation, allosteric
cooperativity, interannular cooperativity and chelate cooperativity. The latter
applies for cyclic assemblies such as macrocycles, rosettes, capsules, cages,
nanotubes, etc., which benefit from increased thermodynamic stability
compared to linear open form species.®

1.3.1 Hydrogen bond driven cyclic aggregates

The primary rosette structures were elegantly introduced by the groups of
Lehn,8182 Mascal %384 Whiteside®>% and Fenniri®-%, The Janus-type fused
heterocycles form rigid cyclic hexamer utilizing hydrogen bonding pattern
DDA-AAD, in similar fashion to GC nucleobases.®® According to Lehn et
al., co-crystallization of triaminopyrimidines 48 with complementary
barbituric acid derivatives 49 gives rise to a mixture of ribbon-like polymeric
strands and hexameric macrocycles in solid state (Figure 14).8* Thus, fused
heterocycles 50 comprising two hydrogen bonding arrays on both ends with
120° angle geometry between complementary entities direct rosette-type
cyclization with enhanced chelate cooperativity and hindered formation of
linear strands.8284
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Figure 14. Examples of hexameric rosettes and ribbon-like polymer.

28



The prominent representatives of discrete rosette family comprising cyanuric
acid CA and melamine M derivative in solid state were designed by
Whiteside et al. Replacement of methyl groups on melamine with sterically
encumbering tert-butyl substituents impedes formation of other possible
supramolecular isomers.® Further, hierarchical supramolecular aggregates
necessitate at least some degree of pre-organization. BisM 51 and bisCA 52
units comprising various rigid linkers form nanotubes from preorganized
CA-M rosettes. Subsequently, it further assembles into mesoscopic
aggregates of rod structures due to attractive intermolecular van der Waals
interactions between adjacent lauryloxypropyl groups (Figure 15a).%
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Figure 15. Self-assembly of a) bisM with bisCA to give polymeric nanorods
which tend to aggregate into bundles of rods and b) GC fused heterocycles into
chiral tubular nanorods. Adapted from ref. 86, 89 with permission from
American Chemical Society, 1999 and 2002, respectively.

Janus-type hexameric macrocycles 53 comprising GC fused heterocycles
were later on exploited by Fenniri et al. to construct hierarchical tubular
architectures through n-m stacking and hydrophobic effect in organic and
aqueous media (Figure 15b). Electron-donor properties can be controlled by
modulation of inner cavity via extension of the bicyclic scaffold.
Incorporation of one or two pyridine rings increases cavity size to ca. 1.4 nm
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and 1.7 nm, respectively, without disrupting the topology of the rosette
macrocycle. Thus, enlarged cavity opens up the possibilities for larger guest
encapsulation and inner channel functionalization.®”#8 Chiroptical properties
and outer surface properties can be tuned by attaching various pendant
groups. For instance, incorporation of benzocrown ethers to its exterior
ensues prochiral binding sites to chiral auxiliary — L- or D-Ala amino acids
which induces a prominent Cotton effect in circular dichroism (CD) spectra,
whereas control experiments with only amino acid or crown ether derivative
do not exhibit any CD activity.®°

Some of the recent works on this subject are focused on the ability to control
topology of the secondary structure in order to develop 1D nanoassemblies
with high degree of internal order similar to proteins. Rosettes of barbiturate
derivatives 54 bearing naphthalene units can either stack with a small
inclination angle between adjacent macrocycles into windmill 55 or
watermill 56 shape in methylcyclohexane depending on its geometry (Figure
16). Stacking with rotational and translational offset or just only rotational
displacement corresponding to J- and H-type aggregation can lead to toroidal
or linear supramolecular polymers, respectively.*
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Figure 16. Impact of m-conjugated core on the secondary structure. Adapted
from ref. 90 with permission from American Chemical Society, 2019.
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Extension of aromatic scaffold to anthracene results in linear structure with
suppressed intrinsic curvature because of stronger n-m interactions leading to
smaller displacement of stacked rosettes. Surprisingly, a mixture of two
monomers comprising naphthalene and anthracene core exhibit narcissistic
self-sorting which generates segregated helical and linear topologies in a
single fiber.%!
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Figure 17. Examples of well-defined tetrameric aggregates.

An analogous Janus-type building block 57 comprising GC pair interlinked
with the pyrrole moiety was introduced by Perrin et al. Embedded pyrrole
governs both hydrogen bonding AAD and DDA arrays to associate through
90° angle into corresponding tetrameric macrocycle held by 12 hydrogen
bonds (Figure 17a). A novel tetrameric topology was elucidated by variable
temperature *H NMR, whereas NH unit of guanine resolves into two
distinct signals at 5.75 and 7.3 ppm at —65°C due to reduced rotation along
C-N bond, and at —10°C broad coalesced signal belonging to NH. of
cytosine split into two resonances at 6.8 and 7.5 ppm. The diffusion ordered
'H NMR spectroscopy (DOSY) revealed the presence of a single species
with corresponding diffusion coefficient D = 0.7-10%° 1 much smaller
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compared to monomeric carbazole reference (D = 1.43-101° m2s?). This
value is consistent with ESI-MS analysis which further corroborated the
formation of solely tetrameric assemblies.®? In this context, Mendoza et al.
designed Upy moieties embedded in carbazole scaffold 58 with methylene
linkers, which preferentially lead to well-defined tetrameric architectures
(Figure 17b). The binding sites are symmetrically arranged on the same
plane, facing the same direction with 90° angle and it favors belt-like
formation without torsional strain. Alkyl groups pointing outside towards the
bulk solvent decrease the steric hindrance while enhancing the solubility in
organic solvents. DOSY experiment revealed only one type of discrete
species assigned as tetramer with an approximate hydrodynamic radius of
9.29 A%
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Figure 18. a) Structure of rigid dinucleoside monomers GC, iGiC, AU; b)
equilibrium established between syn and anti-conformations; c) self-assembly of
GC monomer to form cyclic tetramer or linear oligomer. Adapted from ref. 94
with permission from John Wiley and sons, 2015.

Another synthetic strategy encompasses high-fidelity cyclic tetramers
through rationally designed GC 59, iGIiC 62, AU 63 monomers, where
chelate cooperativity is enhanced by incorporating linear p-diethynylbenzene
linker between nucleobases (Figure 18a). o-bonds in the spacer still allow
the rotation between nucleobases, thus monomer can adopt syn or anti
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conformations depending on mutual orientation of bases (Figure 18b). Its
rigid nature with reduced rotational motion to a certain extent is a key factor
to favor square-shape over polymerization in “all or nothing” fashion with
minimal conformation entropy loss and strain generated upon cyclization
(Figure 18c). The remarkable thermodynamic stability of the tetrameric
assembly was confirmed by competition studies. Addition of rival cytosine
in excess should interfere with tetramerization and compete with GC 59
monomer for binding to complementary hydrogen bonded array. Author
monitored competition by 'H NMR titrations and estimated that 60
equivalents of cytosine in CHCIs, 40 in THF or 35 in DMF were needed in
order to disrupt the macrocycle. AU 63 forms significantly less stable
tetramer due to weaker binding (K = 2.5-:10> M) which is two folds of
magnitude lower in comparison to GC 61 and iGiC 62.%*% Guanosine
arylation with electron-deficient substituents increased acidity of guanosine
amine GC 60 and GC 61 resulting in further enhanced stability.%

1.3.2 Hollow discrete host assemblies

Self-assembly of concave pre-organized molecules into discrete capsules or
cages comprising well-defined internal space has emerged as a fascinating
class of supramolecules due to their applicability in host-guest chemistry,
catalysis, drug delivery and molecular devices. The walls of host isolate
accommodated molecules by providing mechanical barrier to guest
molecules from the outer environment. Covalent macrocycles, including
cyclodextrins, cucurbiturils, calixarenes, pilaranes, resorcinarenes have been
utilized as a nanocontainers with high affinity for various small guest
entities. Although, covalently bonded architectures ensure well retained
shape of the inner space, the rigid scaffold limits the conformational freedom
needed in order to fit required guest molecule. Thus, more dynamic hosts
could be established utilizing supramolecular approach.

Rebek et al. have pioneered the construction of reversible molecular
capsules by presenting the so-called tennis ball, where the self-
complementary glycoluril scaffold 64 dimerizes into pseudospherical shape
held together by eight hydrogen bonds in chloroform (Figure 19a). The
curvature of monomers is ensured by methylene linkages between glycoluril
moieties.®” However, such closed shell cavity could not accommodate
molecules larger than ethane. The capsule with larger cavity was obtained by
fusing 13 rings together and extending the backbone of monomer 65 (Figure
19b). The substituents appended on the same plane to ethylene bridge ensure
that the backbone takes a lowest energy C shape conformation with R groups
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pointing outwards. Encapsulations of 1-ferrocenecarboxylic acid and
adamantane derivatives in para-xylene-dio were confirmed by the upfield
shifted signals observed in NMR spectrum due to anisotropic environment
induced by four benzene rings of the host. During encapsulation, favorable
host-guest interactions compete with entropy loss due to reduced freedom of
distinct components. Hence, guest molecules must possess the shape and
size complementarity to the cavity in order to maximize favorable van der
Waals interactions between host and guest for successful confinement of an
individual molecules within inner space.®® For instance, cylindrical capsule
with flattened interior cavity can trap two different disc-shaped molecules
like benzene, cyclohexane, etc (Figure 19c). Moreover, a preferential
confinement of benzene together with p-xylene is observed in a mixture of
benzene, toluene and p-xylene, because two benzene molecules are too small
for optimal filling of the cavity, whereas two p-xylene molecules are too
large.®®

Figure 19. Reversible capsules based on glycoluril backbone.

Symmetrical molecular capsules displaying a significantly larger cavity (ca.
1400 A®) were assembled by spontaneous association of resorcinarenes 67
and pyrogallolarenes 68 when proper guests are present (Figure 20a). The
latter is also a precursor for bowl-shaped cavitands, obtained by covalently
connecting hydroxyl groups on adjacent aromatic rings. Main difference
between the two is that pyrogallolarenes associate in both anhydrous and wet
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solvents, where eight water molecules, at each corner of the cage, are
essential to facilitate the construction of resorcinarene capsule.® In
another example, octameric hydrogen bonded capsule comprising cavity of
2300 A% volume were obtained by employing chiral-assisted aggregation
(Figure 20b). Using enantiopure (+)-(P)-isatin-69 building block instead of
racemate was envisioned to prevent the formation of ill-defined aggregates
and polymeric species. Additionally, the large tetrahexadecylammonium
cation was encapsulated successfully due to favorable cationic-r interactions
inside the cavity.1%

67a: R; = H, R = CHj;
67b: Ry =H, R=C4Hgy; 68b: Ry =H, R=C4Hg; (+)-(P)-isatin-69
67c: Ry =H, R =Cy4Hos; 68c: Ry =H, R =CyqHps;

Figure 20. a) Structure of resorcin[4]arenes 67, pyrogallol[4]arenes 68 and their
hexameric form; b) octameric capsule comprising isatin 69 building block.

Recently, the largest hexameric molecular cage was reported with
corresponding cavity volume of 2800 A3 based on resorcinarene building
block. Furthermore, encapsulation of Cg in CDCl; and Cy in toluene-ds
were confirmed by a downfield shift of the resonances corresponding to
encapsulated fullerene in *C NMR. However, the size of cage strongly
depends on the concentration. At higher concentration (5 mM in CDCl5) all
major signals belong to a single diffusion coefficient D = 2.39-10%° m?%,
whereas by lowering concentration a new set of peaks appears corresponding
to higher diffusion coefficient (D = 3.53-:101° m?s™), suggesting the presence
of a smaller monomeric species.*®

1.3.3 Hierarchical self-assembly of encoded synthons into organic nanotubes

Self-assembly has enabled the bottom-up approach for engineering the 1D
and 2D versatile architectures, such as spontaneously produced organic
nanotubes. Compared to capsules and cages, nanotubes comprising open
ends enable their potential application in size- and shape-discriminating
encapsulation, transport, separation or flowthrough catalysis, where guests
can move freely in and out of the cavity. In principle, several feasible
approaches to design open-ended tubular structures have been reported,
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including helical coiling of linear precursorsi®%, assembly of rod-like
monomers into barrels'®, orthogonal stacking of macrocycles'®*® and
hierarchical formation of supramolecular aggregates’*!°, For instance,
previously described mesoscopic nanorods consisting of rosette macrocycles
falls into the latter category, although it hardly offers any control of cavity
size and functionality, thereby only exceedingly small guest molecules can
be accommodated (Figure 14-16).
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Figure 21. a) Phenylacetylene oligomers folding into helical polymers; b)
encapsulation of chiral guest by enantiomeric M and P helical conformations; c)
CD spectrum of encapsulated (+)-a-pinene (red) and (-)-a-pinene (blue), free (-
)-a-pinene (yellow), oligomer (green). Adapted from ref. 104, 105 with
permission from AAAS, 1997 and American Chemical Society, 2000,
respectively.

Analogous to a-helix, where amino acids are encoded to arrange in helical
secondary structure of protein, synthetic polypeptide derivatives with
tendencies to fold into helical conformations have been reported. Linear
oligophenylacetylenes are guided into helical arrangement by local
constraints enforced upon rigid backbone in concert with further stabilization
of the secondary structure by intramolecular hydrogen bonds, hydrophobic
and van der Waals interactions (Figure 21a). The helix formation for
foldamers 70 (n > 8) in acetonitrile was inferred on the basis of *H NMR
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spectrum. Upfield shifts in the aromatic region are in accord with
solvophobically driven intramolecular stacking of phenyl rings which
maximizes collateral polar groups interaction with solvent while hindering
hydrocarbon backbone.’®* Encapsulation of various chiral monoterpenes
within well-defined inner hollow of dodecamer 70 (n=12) was assessed by
circular dichroism studies. Uncomplexed dynamic racemate of enantiomeric
M and P helical conformations results in a pair of diastereomers upon
trapping a chiral guest molecule (Figure 21b). (+)-a-pinene and (-)-a-pinene
induce CD signals with same intensity but in opposite direction (Figure
21c).18

Altering the backbone of P-peptides can exert rational control over
secondary structure resulting in helical nanotubes. For instance,
manipulating torsional preference of the backbone composed of cyclohexyl
or cyclopentyl amino acids facilitate stable helical assembly by adopting 14-
and 12-membered ring conformations, respectively (Figure 22). Trans-2-
aminocyclohexanecarboxylic acid derivatives 7la and 71b have high
propensity  to coil into 14-helix  form and trans-2-
aminocyclopentanecarboxylic acid derivatives 72a and 72b into 12-helical
shape in solid state, which is the most stable among helices bearing three-,
four-, five- and six-membered cycloalkyl rings according to molecular
mechanics studies. Stability of the conformers was further supported by
amide proton exchange experiments in methanol. Suppressed NH/ND
exchange rate indicated the presence of a stable helical conformation of
hexamer 71a held together by strong intramolecular hydrogen bonds.108-110
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71b,n=5;

o

72b, n = 5 71b Side view 71b Top view

72b Side \;}ew 72b Top view
Figure 22. Folding of linear monomers into helical nanotubes. Adapted from ref.
109 with permission from American Chemical Society, 1998.

Even number of alternating D- and L-amino acids form flat cyclic peptides
which can further stack in an antiparallel B-sheet manner to obtain hollow
tubular assemblies with inner cavity of 7-8 A. When glutamic acid is
protonated in an eight-residue cycle 73 -(D-Ala-Glu-D-Ala-Gln),-, it reduces
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charge repulsion between macrocycles and carbonyl units form
intermolecular hydrogen bonds with amide moieties from the opposite
macrocycles, while all the carboxylate groups protrude outwards in the same
plane as peptide rings to prevent steric interactions between lateral chains
(Figure 23a,b). Functional side chains of amino acids can be modified to
equip structure with necessary solubility or site-specific functionality.
Electron diffraction patterns exhibit 4.73 A axial periodicity which

completely coincide with packing of B-sheets.”

:(Oé\ ‘
PN, D "A’\;
© TN o

OH O CH, HoN

K
R% N NN
0

HOOH

RJKR/YNV“N'YNNLR

Ho OH HG OH

OH Ho OH HO
R“ﬁ%\'«m@ PRy

oH HO Om

fw :;m NR

HO OH H0 OH

Figure 23 a) Structure of D,L-alternating polypeptide 73; b) self-assembled
tubular structure stacked in an antiparallel B-sheet pattern; c) guest encapsulation
of polypeptide comprising pyridine group inside its cavity. Reproduced from ref.
111 with permission from the Royal Society of Chemistry, 2016; d) redox-
controlled nanotube aggregation and the model of self-assembled tubular
structure with stacking of NDI side groups. Reproduced from ref. 113 with
permission from Wiley-VCH Verlag GmbH & Co, 2005.

Later on, dimeric structures of alternating a,y-cyclopeptides 74 comprising
3-aminocycloalkanecarboxylic acid moieties were designed, which could
facilitate functionalization of internal cavity by attaching various entities
through simple ester linkage and allow encapsulation of various guests like
metal ions, alcohols and dicarboxylic acids (Figure 23c). Incorporation of
one pyridine unit per one peptide macrocycle via ester linker led to
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successful complexation of silver ion and oxalic acid inside the cavity of
dimeric structure.!'! The nanotube structure was probed via fluorescence
measurements of intermolecular charge transfer occurring between
naphthalene diimide (NDI) incorporated onto parallel cyclopeptides.!*? In
fact, intermolecular n-m interactions between NDI entities promote tubular
stacking of the macrocycles (Figure 23d). The reversible nature of such
aggregates can be manipulated in aqueous environment by
oxidation/reduction utilizing chemical and electrochemical methods.
Formation of radical anion increases NDI n-stacking behavior and reduces
the overall charge on cyclic peptide, whilst increasing length of aggregate.'*®

This concept was further developed by preparation of D,L-alternating eight-
residue building block comprising hydrophobic -Leu-Trp-Leu- motif linked
to hydrophilic (-Glu-His-),GIn amino acid residues. Well-thought-out design
of cyclopeptide with necessary information encoded into the amino acids
scaffold led to hierarchical self-assembly of the dynamic 2D nanosheets in
solution (Figure 24). Macrocycles are held together in an anti-parallel B-
sheet manner via eight hydrogen bonds between the adjacent rings. The
hydrophobic nature of Leu-Trp-Leu motifs forces the hollow nanotubes to
aggregate further into nanotube bilayers by alleviating unfavorable
interactions in aqueous media. The cooperativity effect of leucine zippers
alongside n-n stacking of tryptophan indoles provides additional stability for
this 2D architecture. !

[ Leu zipper ‘; O Trp stack
_HO_ A

— N @
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7 ﬁlf s ﬁif

1D self-assembly 2D self-assembly

Flgure 24 Multi-step self-assembly of cyclic peptides with increasing hierarchy.
Reproduced from ref. 114 with permission from American Chemical Society,
2022.

Recently, a promising approach to self-assembly of supramolecular
nanotubes from discrete components utilizing noncovalent interactions has
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been reported. Modification of initial building block at early stages
facilitates access to modulation of inner cavity’s size and functionality as
well as control over precise structure and dimensions of the tubular
aggregate. For instance, amino acids interlinked with NDI moiety tends to
adopt syn geometry in respect to NDI scaffold. The obtained monomer 76
can serve as a smallest building block and undergo isodesmic polymerization
into helical nanotubes (Figure 25). Supramolecular structure is held together
solely by intermolecular hydrogen bonds between carboxylic acids in
chloroform while the walls of nanotube encompassing NDI are reinforced by
two weak CH 'O hydrogen bond interactions. In aprotic environment 7-7
stacking is negligible due to electron deficient properties of NDI backbone
and steric hindrance associated with side chains of amino acids. The chirality
of nanotube is determined by stereochemistry of amino acids and ensues
uniform assembly into M-helical aggregates in solid state and aprotic
solvents like chloroform.1t5116 Helical nanotube comprises inner cavity with
a 12.4 A diameter which is well-fitting for Cg fullerene. An apparent color
change from pale yellow to dark orange of solution containing monomer and
Ceo clearly indicates a successful encapsulation in chloroform.t’
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Figure 25. NDI monomer 76 helical self-assembly into hollow nanotubes and
subsequential Cego encapsulation. Reproduced from ref. 116 and 117 with
permission from American Chemical Society, 2022 and John Wiley and Sons,
2007.

Subsequently, high chelate cooperativity displaying tetrameric macrocycle

was obtained from GC Watson-Crick hydrogen bonding through 90° angle.
Tetramer participated in collateral nanotube growth in orthogonal direction

40



guided by the hydrogen bonding between the peripheral amide units on the
adjacent macrocycles and =-m interactions (Figure 26). The well-
preorganized monomer consists of complementary guanine and cytosine
nucleobases connected through a rigid m-conjugated linker and equipped
with alkyl chains protruding outwards to increase its solubility in nonpolar
solvents. Temperature-dependent studies provided detailed information upon
process of polymerization. CD changes within 329 — 268K temperature
range could be fitted to a successive nucleation-elongation polymerization
model as was anticipated by the authors.!!8
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Figure 26. Structure of building blocks and their two-step hierarchical self-
assembly into tubular aggregates. Reproduced from ref. 119 with permission
from John Wiley and Sons, 2021.

Preparation of three monomers 77a, 77b, 77c featuring 0, 1 and 2 peripheral
amides demonstrated their vital role in the polymerization mechanism and
for the stability of the tubular structure. Expectedly, 77a did not participate
in macrocycle aggregation due to lack of an intermolecular hydrogen
bonding site, whereas 77b exhibited cooperative polymerization and 77¢
showed isodesmic polymerization. Differences between polymerization
mechanism of 77b and 77c were not expected to be observed, but the authors
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postulated it might be due to competition among intra- and intermolecular
hydrogen bonding arising from different pendent groups.°

Another example of stimuli-responsive tubular aggregation with dynamic
control over the stages of hierarchical assembly was reported by Yagai et al.
The monomer 78 comprising two alkoxyazobenzene entities linked with
3,4,5-(tridodecyloxy)-xylylene spacer tends to self-dimerize into cone-
shaped building block via m-m stacking in nonpolar methylcyclohexane
solution at 20 °C (Figure 27). Azobenzene functionalization with amide
groups prevents antiparallel stacking and promotes assembly into toroidal
shape by creating hydrogen bonding sites along the inner circle of newly
obtained structure. Upon cooling down solution to 0°C, large m-conjugated
surface acquired on the top and bottom planes of the toroid ensued further
orthogonal stacking of the rings into tubular rod-shaped architecture.
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Figure 27. Hierarchical self-assembly of monomer 78 into nanotoroids followed
by further aggregation to hollow nanotubes. Reproduced from ref. 120 with
permission from American Chemical Society, 2022.
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Solution aging resulted in elongated left-handed supercoils which were
intertwined and produced left-handed double helices. Reversible trans-cis
isomerization of azobenzene can be manipulated by an external light
stimulus; hence irradiation with 365nm UV light promotes trans to cis
isomerization and disrupts assembly into smaller components. Visible light
induced cis-trans isomerization results in the recovery of initial
supramolecular aggregate.*?°

43



2. Discrete supramolecular aggregates based on Cz-symmetric
bicyclo[3.3.1]nonane scaffold

An attractive concept for cyclic self-assembly utilizing enantiomerically
pure Cp-symmetric bicyclo[3.3.1]Jnonane framework encompassing non-
natural nucleobase isocytosine (ICyt) 79 was introduced by Orentas et al.
(Figure 28a). This approach is based on ability of ICyt to alternate between
N-H and N3-H tautomeric forms, thus offering DDA and AAD hydrogen
bonding patterns on the edges of same monomer and resulting in self-
complementary monomer of Ci-symmetry. Such homo-tautoleptic
aggregation facilitate the covalent synthesis of chiral building blocks since
only one type of monomer is needed. Furthermore, extensive preorganization
of rigid scaffold with ca. 90° angle between the hydrogen bonding arrays
results in exclusive tetrameric cyclization 794 in nonpolar organic solvents.

a) C1gH210, "
H \ / V; 1 I]“' 3H
- = "yLd g
& 79:(&@‘5
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Stage lll

Figure 28. a) Homo-tautoleptic aggregation of bicyclo[3.3.1]Jnonane monomer
79 possesing two isocytosine units; b) assembly of decameric capsule in three
distinct stages. Adapted from ref. 121, 122 with permission from John Wiley
and Sons, 2011 and American Chemical Society, 2015.
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Branched 3,5-didecyloxybenzyl groups were incorporated in the scaffold to
improve solubility in organic solvents. Topology and homoleptic
aggregation of belt-shaped tetramer 79, with high-fidelity were
unambiguously confirmed by 2D NMR, GPC, DOSY experiments in CDCls,
whereas hydrodynamic radius Ry = 13.2 A obtained from diffusion
coefficient (D = 2.71-10%° m?s?1) using Stokes-Einstein equation was
consistent with theoretical value obtained from molecular dynamics (MD)
simulations.'?* Subsequently, the obtained cyclic tetramer A2B; was able to
aggregate even further to produce unique decameric capsule [A2B2C]> in
nonpolar carbon disulfide by utilizing additional bifurcated hydrogen
bonding sites along the rim (Figure 28b). It was evident that supramolecular
structure consists of three different types of monomer with two distinct
aggregation modes, 2H-bonding between two N3-H keto forms and 3H-
bonding between N-H and N3-H keto forms. Thus, the final structure
consists of two tetrameric aggregates stacked on top of each other
comprising alternating 3H- and 2H-bonding of two ICyt tautomers and the
obtained octamer [A:B:]. is subsequently capped with two monomer
molecules with embedded N3-H keto tautomers on both sides of the
backbone. In addition, the resulting capsule can participate in host-guest
complexation by entrapping Ceo fullerene molecule inside its cylindrical
cavity.1?

Later on, the hydrogen bonding array was extended by incorporating
ureidopyrimidinone (Upy) module into chiral bicyclic structure, which
would enable structure and function modulation (Figure 29a). Unlike the
previous  supramolecular  structures, the enantiomerically pure
supramolecular tetrameric cycle 804 possessing large cavity, was assembled
using self-complementary quadruple hydrogen-bonding DDAA Upy motifs
in chloroform. However, in other less polar solvents like, toluene and
benzene, another type of pentameric aggregate 80s emerged, possibly
because less polar solvents can maintain larger deviations from 90°
hydrogen-bonding angle allowing larger undesirable structures (Figure 29b).
Nonetheless, fullerenes Cg and Czo were efficiently encapsulated by
tetramers 80as and 80bs, thus shifting equilibrium towards exclusive
formation of tetrameric inclusion complex Ceso@804 and removing parasitic
pentamers in toluene. The 1:1 host-guest stoichiometry between 80as and
both fullerenes was reaffirmed by molar ratio method utilizing 'H NMR
titration. The higher stability of complex C70@80as was corroborated by *H
NMR measurements of a 1:1 mixture of both fullerenes, showing the
formation of Ce@80as and C7@80as in 1:2 ratio. Higher stability of
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complex with Cz was observed arguably due to larger m-surface of Cqo
available for the interaction with isocytosine walls.'?

I H-bonding array
I bicyclic framework
Q R urea substituent
function
sensing self-|
sorting |

host-guest
interaction

Figure 29. a) Quadruple hydrogen-bonded belt-shaped tetrameric aggregate 804
with an inner cavity; b) solvent and guest controlled self-sorting between
tetrameric and pentameric forms; c) Rearrangement of octameric capsule into
tetrameric cycles due to Ceo encapsulation. Adapted from ref. 123, 124 with
permission from American Chemical Society, 2013 and John Wiley and Sons,
2015.

In the following studies, synthesis of unsymmetrical building block 81
containing Upy and ICyt on both sides was developed (Figure 29c). This
approach allowed the formation of octameric aggregate 815 with large cavity
from eight identical low molecular weight components. The assembly
between two tetrameric belts occurs because one proton of ICyt participates
in cyclic aggregation, while the bifurcated hydrogen maintains edge-to-edge
connection of two tetrameric cycles. Hypothetically, the length and open-end
topology of the cavity could allow for encapsulation of either two Cgo
molecules or one Ci2 molecule. However, the substantial simplification of
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H NMR spectrum in accordance with significant shift from 5.6 ppm to 11.0
ppm of NH proton corresponding to butyl urea group clearly indicates the
dismantling of the octameric structure into cyclic tetramer 81, with
entrapped Ceo Within the cavity. Additionally, bulky solubilizing substituents
like 3,5-bis-(decyloxy)benzyl hinders formation of octameric aggregate due
to steric repulsion occurring between the collateral chains of parallel
monomers.'?* Hence, manipulation of the size of substituents or its spatial
arrangement can provide the means to control successive stacking of the
cyclic tetramers into hierarchical tubular polymers (Figure 30a,b).
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Figure 30. a) Orthogonal aggregation of building block 82 comprising
isocytosine. Adapted from ref. 125 with permission from John Wiley and sons,
2018 ; b) three possible strategies for side-chain incorporation.
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An orthogonal tautoleptic aggregation was achieved using complementary
DDA-AAD hydrogen-bonding motifs between tautomeric forms of
isocytosine entity and reducing the size of the solubilizing groups to linear
decyl chains or, alternatively, by placing substituents into radial position of
the bicyclic monomer. Another approach was to incorporate flexible linker
between the bicyclo[3.3.1.Jnonane scaffold and bulky substituent, which
provides additional space for more favorable spatial positioning. Orthogonal
propagation was corroborated from the extremely broad signals in *H NMR
spectrum in chloroform and toluene which was consistent with high
viscosity of the solution. The evaluation of particle size by dynamic light
scattering (DLS) indicated distribution of aggregates 82a and 82b with
hydrodynamic radius of 250 nm and 50 nm, respectively.'?

The latter strategy will be further elaborated in this chapter by providing the
means for efficient incorporation of substituents of various size with
different functional properties via flexible linker to facilitate construction of
novel smart materials.

2.1Design and synthesis of self-complementary synthons
comprising flexible linkers

In this work the corresponding bicyclo[3.3.1]nonane derivatives have been
prepared on large scale based on previously developed and optimized
synthetic route by Orentas group.'?® This particular scaffold has attracted
attention due its ability to adopt V-shape when two heteroaromatic rings are
fused on opposing termini of backbone. Even though bicyclo[3.3.1]nonane
can exist in chair-chair, boat-chair, boat-boat conformations, cyclohexane
rings fused with aromatic rings are planarized and conformationally
restricted placing aromatic rings at 90° angle. Furthermore, utilization of the
enantiomerically pure synthons over the racemates is a necessity to prevent
unwanted linear assemblies over cyclic aggregates.

The synthesis was carried out first by obtaining Meerwein ester 83 in two
steps by a condensation of formaldehyde with dimethylmalonate in 67 %
yield. Subsequent decarboxylation while performing acidic hydrolysis
resulted in 54 % vyield of bicyclo[3.3.1]nonane-2,6-dione 85.
Enantiomerically pure (+)-85 was isolated in 48 % vyield from racemic
mixture by kinetic resolution using Baker’s yeast for sweet dough (Figure
31)'127
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Figure 31. SyntheS|s of enantiomerically pure diketone (+)-85.

The acylation of diketone (+)-85 was carried out in 50 % yield by treating
with dimethyl carbonate and NaH base in anhydrous DMF (Figure 32). The
isolated bis-p-ketoester (+)-86 was used in selenation reaction with
phenylselenyl chloride followed by oxidative elimination with hydrogen
peroxide. This step had to be repeated two times in order to obtain
unsaturated bis-p-ketoester (+)-87 in 52 %, otherwise even when using an
excess of PhSeCl only mono-selenated product was obtained.
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Figure 32. Synthesis of enantiomerically pure synthon required for tiol-ene click
reaction.

At this point, various solubilizing groups were incorporated into
bicyclo[3.3.1]nonane backbone to ensure the solubility of the building
blocks needed for further supramolecular assembly in nonpolar media. It was
accomplished by performing Michael 1,4-addition of organocopper reagents
to unsaturated (+)-87. This approach, however, necessitate the preparation of
organometallic reagent for each separate solubilizing chain, which
significantly complicates chemical diversification of the monomers. For this
reason, a universal “anchor” was envisioned to which freely modifiable side
chains could be connected. Moreover, the variety of substituents was limited
due to unfavorable steric repulsion occurring between sidechains. Placing
bulky groups too close to bicyclo[3.3.1] backbone prevents the cyclic
tetramer from further aggregation to supramolecular nanotubes,!?1:124125
Thus, we envisioned that steric overcrowding could be prevented by
introducing a flexible linker between backbone and bulky substituent. The
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introduction of nucleophilic anchor would provide the means to incorporate
various chromophores into the system without the tedious organometallic
chemistry. Hence, the development of novel and efficient synthetic pathway
was based on thiol-ene click chemistry between nonactivated double bond
and thiol. The divinyl diketone (+)-88 was obtained in 64 % yield by
performing Michael 1,4-addition reaction of vinyl cuprate at —78 °C. It is
known from our previous work in the group, that this type of addition occurs
only from the bridge side of the backbone providing exclusively an exo,exo-
disubstituted diastereomer.

The versatility of a thiol-ene reaction as a synthetic tool has been previously
demonstrated in material chemistry. Its application ranges from usage by
polymer chemists for synthesis of dendrimers and crosslinked networks to
implementation in lithography!?®, and even found its way as a chemical
ligation tool for peptides!?® and oligosaccharides'®. The great potential of
radical thiol-ene coupling was spotted because it can be initiated either
thermally or photochemically with a catalytical amount of photocatalyst
under mild conditions. Reaction exerts high tolerance for a wide range of
functional groups and does not require expensive toxic metal-based
catalysts. Thus, thioacetic acid™®! was selected for the photoinitiated radical-
based addition to divinyl diketone (+)-88 in order to obtain HS-precursor
bearing a nucleophilic site. At first, reaction was carried out by irradiating
reaction mixture with a UV lamp (254 nm) and using quartz cuvette as a
reaction vessel. Divinyl diketone was treated with 3 equivalents of thioacetic
acid in the presence of 20 mol% of benzophenone as a photoinitiator.
However, thioacetate 89 was obtained in low 36 % yield. Prolonging
reaction time or increasing excess of thioacetic acid still resulted in low
yields. Surprisingly, irradiation of (+)-88 with household UVA lamp (365
nm, 4 x 9W) in standard borosilicate glassware under inert atmosphere with
3 equivalents of thioacetic acid in toluene at room temperature produced
targeted product 89 in a presence of 10 mol% of azobisisobutyronitrile
(AIBN) as a photoinitiator (Figure 33). The reaction displayed high
reproducibility and excellent 90 — 99 % vyields.
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MeO,C OH MeO,C OH MeO,C OH
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Figure 33. Synthesis of nucleophilic thiolated precursor 90.
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Thiol-ene coupling proceeds via radical mechanism, where AIBN undergoes
homolytic cleavage generating two 2-cyanoprop-2-yl radicals which initiate
the reaction by abstracting hydrogen atom from thioacetic acid (Figure 34).
Activated thioacetic acid S-radical adds to alkene (+)-88 in anti-
Markovnikov regioselective fashion and proceeds to initiate reaction further
by removing hydrogen atom from another molecule of thioacetic acid.
Subsequently, the hydrolysis of the intermediate thioacetate 89 produced
targeted thiol. The hydrolysis can be accomplished either under basic
conditions with K>COs or acidic conditions with concentrated HCI in
MeOH. Performing the hydrolysis under acidic conditions, however, led to a
much greater yield (79 %) compared to basic conditions (57 %).
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Figure 34. Mechanism of radical thiol-ene coupling.

Newly synthesized thiolated 90 facilitated the incorporation of various
chromophores by simple nucleophilic substitution reaction utilizing the
corresponding bromides to obtain 91a-e (Figure 35). The substituents were
attached using mild conditions, i.e., treating 90 with 2.2 equiv. bromide
derivative and 2.2 equiv. K;COs in DMF at 80 °C for 1-3 hours. The groups
of different size and shapes ranging from linear tetraethylene glycol- to
branched 3,5-bis(decyloxy)benzyl- were successfully engaged in the
alkylation reaction. The above groups of varying size were chosen for
further evaluation of their impact on hierarchical assembly of tetrameric
cycles into greater aggregates.

The synthesis of 3,5-bis(decyloxy)benzyl bromide!®?, bis(MeO-PEG4)benzyl
bromide®* and 13-bromo-2,5,8,11-tetraoxatridecane®®* have been previously
reported in literature. Pyrene derivatives 92 and 93 were synthesized starting
from 1-pyrenecarboxaldehyde. First, it was reduced to the corresponding
alcohol in 82 % yield with NaBH, followed by addition of respective linker
via nucleophilic substitution to afford 92 and 93 in 77 % and 38 % yields,
respectively (Figure 36).
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Figure 35. Nucleophilic substitution reactions of 90a-e bearing thiol groups.
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Figure 36. Synthesis of pyrene derivatives 92 and 93 comprising linear alkyl and
tetraethylene glycol linkers.

Subsequently, self-complementary hydrogen bonding DDA-AAD sites were
embedded into enantiomerically pure bicyclo[3.3.1]Jnonane backbone at each
end through condensation of bis-B-ketoester 9la-e with excess of
guanidinium carbonate or guanidinium chloride and KOtBu in MeOH at 100
°C (Figure 37). The isocytosine moieties in 94a-e act as self-complementary
hydrogen bonding arrays due to their ability to alternate between N-H and
N3-H tautomeric forms. The resulting tetrameric cyclic aggregate can
undergo further orthogonal stacking through bifurcated hydrogens along
both rims (Figure 38). The formation of tubular polymers was apparent from
extremely broad signals in *H NMR spectra in nonpolar CDCIls and high
viscosity of solution. Further structural characterization using NMR was thus
not possible due to the absence of well-resolved resonances.
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Figure 37. Synthesis of enantiomerically pure Cp-symmetric synthon with
embedded self-complementary hydrogen bonded sites.

The orthogonal stacking of ICyt derivatives 94a-e were mitigated by
converting isocytosines into Upy derivatives 95a-e as a result of conversion
of -NH. group into the corresponding urea moiety. Resulting C,-symmetric
Upy building blocks were obtained in 73 — 97 % vyields by treating
corresponding ICyt with an excess of n-butyl isocyanate in presence of TEA
in THF at 80 °C for 24 — 72 hours. The self-complementary Upy moieties
possess quadruple DDAA hydrogen bonding sites which ensues association
into tetrameric cycles via self-dimerization. Therefore, these monomers were
used in the following aggregation studies in solution.
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Figure 38. Conversion between supramolecular tubular and tetrameric
architectures.
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2.2 Self-assembly and host-guest studies of tetrameric cavitands

To fully characterize obtained supramolecular tetrameric aggregate, NMR
was used as a primary tool. The high symmetry of 'H NMR spectrum
indicated the formation of a well-defined cyclic aggregate via self-
complementary quadruple hydrogen bonding motifs (Figure 39a). Dimeric
or polymeric association was dismissed straightaway due to geometric
preorganization of the bicyclo[3.3.1]nonane scaffold. Tetrameric cavitand of
monomer 95a was investigated as a representative example to provide
insight into aggregation mode of all monomers 95a-e. Single set of
downfield shifted NHs resonances at 12.93, 11.89, 9.64 ppm confirmed
intermolecular hydrogen bonding interactions between urea moieties in
chloroform (Figure 39b).
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Figure 39. a) Self-assembly of tetrameric aggregate; b) *H NMR spectrum of
10mM tetramer 95a4 in CDCls with DOSY trace stacked at the bottom; c) fitting
of signal decay to Stejskal-Tanner equation for each corresponding NH.
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In addition, to confirm the existence of a tetrameric aggregate as a single
species in solution, DOSY experiments were performed on a 10 mM
solution in CDCl; at 296 K. All proton resonances correspond to a single
diffusion coefficient D = 2.44-10° m??, which converts into the
hydrodynamic radius Rs = 16 A using Stokes — Einstein relation (D =
koT/6mnRH). The results obtained are in accordance to previously reported
values for structurally related tetrameric aggregates.'?'2 All three NH
resonances at 12.93, 11.89 and 9.64 ppm were analyzed to estimate the
average diffusion coefficient (Figure 39c). Based on literature, Upy motifs
can potentially self-aggregate by keto or enol tautomers via DDAA-AADD
or DADA-ADAD hydrogen-bonding modes, respectively (Figure 40a).

— J ;&\ i t120 = c-Hy,p [
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Figure 40. a) Schematic representation of through-bond and through-space
interactions for keto and enol tautomers of 95a in CDCl; (ROESY red arrows,
COSY blue arrows); b) main COSY and ROESY cross-peaks used for structural
assignment.

In our case, keto form was predominant based on through-bond and through-
space interactions in ROESY and COSY NMR spectra in CDCls (Figure
40b). NOE cross-peaks between the protons a-b and b-c, ¢c-Hs and a-Hs
fully corroborated involvement of the keto form in quadruple hydrogen
bonding while dismissing participation of the enolic form. Additionally,
interactions observed in ROESY and COSY spectra between urea NH proton
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¢ and N-CH; group of the butyl chain (C-Hi,H;) confirmed correct
assignment of the N-H resonances within the Upy fragment.

Other aggregates 95b-e4 in CDClIs displayed identical pattern in *H NMR
spectra with corresponding diffusion coefficients ranging between 2.12 —
2.17-10° m?s? (Figure 41a). Remarkably, the same pattern of quadruple
hydrogen-bonding mode occurs even in such polar solvents like acetonitrile
indicating high stability of the tetrameric aggregate (Figure 41b). On the
other hand, new set of signals was observed in a nonpolar benzene-ds. It is
known from previous studies by Orentas et al. that a mixture of tetrameric
and pentameric species can co-exist in toluene or benzene solutions (Figure
42a).1%

a) v

95b, b c

SR M
95¢, b c

_la kb & -
i 3 Jk L
Bl g L U

| A L

13.0 12.5 12.0 11.5 11.0 10.5 10.0 9.5 9.0 85 80 75 7.0 65 6.0 55 50 45 40 35 30 25 20 15 1.0 05 00 -0
ppm

=T
)

95a, CD,CN

I

95a, CeDs

A

| o

140 135 130 125 120 115 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
ppm

Figure 41. a) *H NMR spectra of tetramers 95b-e4 in CDCls b) *H NMR spectra
of tetramer 95a4 in CDCl3, acetonitrile-ds and benzene-de.

The possibility of the formation of enolic tautomer was initially ruled out by
DOSY based on the presence of two distinguishable species of different
sizes (Figure 42b). Apparently, stronger hydrogen bonding in less polar
CsDs allows higher deviation from planarity within Upy:Upy dimer
permitting association of larger supramolecular homologues. Diffusion
coefficients 2.09-10%° and 1.89-10"° m?s?* at 15 mM concentration were
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attributed to tetrameric and pentameric aggregates, respectively. Resulting
values were translated into hydrodynamic radii 15.8 A and 17.5 A for
tetramer and pentamer, respectively. The ratio of diffusion coefficients was
calculated to be 1.11, which is expected to be roughly equal to the reciprocal
ratio between molecular masses of the tetramer (Mr = 3939.6) and the
pentamer (Mp = 4924.5).1* The obtained values fitted within the range of
theoretical ratios estimated for spherical molecules by utilizing eqg.(1) and
were in agreement with previously reported experimental data and molecular

modeling. %3
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Figure 42. a) Schematic representation of cyclic tetramer and pentamer
aggregates in nonpolar solvents; b) DOSY spectrum of 15 mM 95a in CsDs
indicating two different species in solution; ¢) NH region of stacked 'H NMR
spectra of aggregates 95a-e in CgDes.
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However, single set of NHs resonances of other aggregates 95b-es
comprising bulkier substituents were observed in *H NMR implying
presence solely of one kind species in C¢Dgs (Figure 42c). In this case,
association of pentamers might be impaired due to increased unfavorable
steric repulsion emerging from overcrowding of large solubilizing groups in
periphery of the aggregate’s walls. Diffusion coefficients for 95c4 and 95ds
(D = 2.06:10% and 2.13-10* m?s?) suggested predominant presence of
tetrameric supramolecules, however, D = 1.715-10° and 1.874-10"%° m?s!
for 95bs and 95e; were obtained, which could be attributed to either
pentameric species or increased radius of tetramer due to greater rate of
solvation or spatial arrangement of larger substituents.

Additionally, the geometry of tetrameric cycle was calculated using semi-
empirical PM3 method as implemented in Spartan’14. The resulting
molecular model (MM) of tetramer 95, indicated the size of empty cavity to
be 13.4 A from face to face (Figure 43a). In all models, the solubilizing side
groups were omitted for clarity. The cavity can provide the means to
encapsulate Cgo since its dimensions almost perfectly coincide with the size
of guest molecule.

Side view Top view Side view Top view

|
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15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Figure 43. a) Molecular model (semi-empirical, PM3) of tetramer 954 and its
complex with Ceo; b) *H NMR spectra of 95a in Ce¢Ds in the presence of
0.25equiv. Cgo with DOSY stacked bellow. Red dot indicates resonances
corresponding to enol tautomer.
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The host-guest chemistry of 95a-e was carried out in benzene-ds and
acetonitrile-ds. Although, Ceo solubility in the latter solvent is poor,
encapsulation took place over time. Successful encapsulation of 0.25 equiv.
Ceo in 9 days was supported by apparent downfield shift of NHs proton
peaks in 'H NMR spectra upon complexation of guest with electron acceptor
character in benzene-ds (Figure 43b). Diffusion coefficient of complex
Ceo@95as was obtained identical to free tetramer (D = 2.08-10"° m?s), thus
indicating that host does not undergo any considerable structural changes. In
fact, the encapsulation imposed guest-controlled self-sorting of cavity size
and removed pentamer rendering tetramer as a prevailing species in the
solution (Figure 42a). A minor set of new resonances emerged in *H NMR
spectrum which could most likely be assigned to the enolic tautomer.

The encapsulation of Ceo in benzene-ds was completed with all aggregates
95a-e4 in 4 — 9 days. Unexpectedly, substantial degradation of the host-guest
complex was observed over time in all cases (Figure 44a).
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Figure 44. a) degradation of complex Ceo@95¢4; b) stacked 'H NMR spectra of
95b-¢e4 in presence of Ceo; €) stability of complex Ceo@95a4 over three years.
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The appearance of a new resonance at 9.64 ppm in the spectra and the
formation of an insoluble brown solid from the solution was observed
overtime. Thus, all host-guest experiments were repeated under argon
atmosphere in the dark to increase the stability of newly formed complex
(Figure 44b). Remarkably, complex Ceo@95a4 under argon was still intact
after three years based on obtained *H NMR spectrum in C¢Ds (Figure 44c).

In addition, cyclic tetramer 95a4 successfully entrapped Ceso Within cavity in
polar acetonitrile (Figure 45). The degradation of the tetramer was observed
instantly along with sluggish complexation; therefore, the experiment was
carried out under inert atmosphere in the dark while heating at 50 °C for 16
days. However, 95c¢4 did not fully encapsulate Ceo due to low stability of
formed complex even under argon.
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Figure 45. 'H NMR spectra of Cgo guest encapsulation by a) 95a4 and b) 95c4
CDsCN.

We speculated that introduction of fullerene guest molecule into the cavity
of our supramolecular aggregate locks side chains in proximity to guest and
enhances fullerene’s known ability to generate singlet oxygen!®® or to
abstract an electron®¥"13® from the sulfide without external stimuli which
generates sulfide cation radicals A in the collateral chains of the cyclic
tetramer (Figure 46a). Thus, cation radical can undergo oxidation with
molecular oxygen resulting in persulfoxide B, whereas labile acidic a-proton
are prone to abstraction which results to formation of
hydroperoxylsulfonium ylide C. The latter intermediate can rearrange into
hydroperoxysulfide D leading to hydrolysis and subsequent C-S bond
cleavage.**** Hence, ensuing degradation of the tetrameric capsule and
appearance of benzaldehyde corresponding to resonance observed at around
10 ppm in *H NMR spectrum. The control experiments were performed at
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daylight by treating keto ester 91c with Cgp in CDsCN and 95¢ with Cegg in
MeOD. In either case no apparent formation of benzaldehyde was observed
because ketoester cannot form cavitand or the association of tetrameric
aggregates was hindered by polar solvent, thus encapsulation could not take
place. Thereby, stability of complex Ceo@95a4 can be justified by the lack of
reactive benzylic site for oxidative cleavage.
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Figure 46. a) Proposed degradation of tetrameric complex mechanism; b)
Oxidation of PPhs in presence of molecular oxygen and complex Ceo@95a4 as a
catalyst in CD3CN; c¢) Stacked *H NMR spectra of PPh; oxidation over time in

CD3sCN.
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Furthermore, triphenylphosphine was selected as an inhibitor due its
efficient electron donating properties in order to prevent detrimental C-S
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bond cleavage reactions. Reduction of sulfide cation radical with PPh;
proceeds via single electron transfer (SET) to generate phosphine radical
cation (Figure 46b). The latter intermediate binds with molecular oxygen to
produce the dioxygen cation radical adduct which reacts with another
molecule of PPh; to yield two molecules of final oxidized product. Similarly,
a final oxygenated product can be obtained by a radical coupling between
phosphine cation radical and superoxide radical anion O, which is
produced by transferring electron from Cg* anion radical to molecular
oxygen.40-142 A mixture of monomer 95a, Cso and PPhs in ratio 1:0.25:1 in
CDsCN was sparged with oxygen and heated at 50 °C in the dark until all
PPh; was successfully converted into triphenylphosphine oxide. As seen in
spectra of *H NMR in Fig. 46c, oxidation did not occur without the presence
of complex Ceo@95a4. Once the complex started to form, the oxidation of
triphenylphosphine utilizing molecular oxygen took place without any other
external stimuli, such as light. The aforementioned electron transfer is
unique and was never reported before as it occurs between fullerene Ceo
forcibly positioned in close proximity to R-S-R and without any source of
light.

While there are a few attempts reported in oxidation of organic substrates
utilizing fullerene derivatives, overall, this topic is addressed very scarcely.
Thus, we decided to probe Cgo utility in detail as a heterogenous catalyst in
singlet oxygen mediated reactions.

2.3 Photooxidation of sulfides to sulfoxides using heterogenous
carbon-based catalyst

Catalysis research firmly stands at a forefront of chemistry which is reflected
by a plethora of publications being produced every year on various metal-
based catalysts like metal oxides!*, porous zeolites or metal organic
frameworks (MOFs)'4. Additionally, metal-based materials operating under
visible light in photoredox reactions have opened the door for more
sustainable chemical transformations with higher selectivity under mild
conditions.**>14¢ Though, environmentally benign metal-free catalysts still
remain largely underdeveloped, so the emphasis of this chapter is placed on
fullerene as a prospective carbon-based candidate in photoredox catalysis.
Prominent electron acceptor properties of Ce were exploited in
chemoselective oxidation of sulfides to corresponding sulfoxides using
oxygen as a terminal oxidant in order to expand the scope of green
photocatalytic synthesis.
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Oxidation of sulfides plays a significant role in numerous fields such as
wastewater treatment, chemical warfare agent disposal and fossil fuels
desulfurization. Various sulfoxides have biological activity and are
extensively used in pharmaceuticals.*-**® Thus, unquestionable importance
of these compounds is reflected in high demand from industry and academia.
It demonstrates necessity to develop the facile synthesis of sulfoxides
without toxic waste or overoxidation to unwanted sulfones, using renewable
catalyst with high stability; challenges that have not been fully solved so far.
Most common synthetic approaches rely either on hazardous oxidizing
agents like peroxides and hypervalent iodine reagents, require expensive and
toxic transition metals as catalysts®-1%2 or photosensitizers such as Rose
Bengal®®3, Eosin Y%, Bodipy'®®, etc. Nevertheless, poor chemoselectivity
and low catalytic activity still limit their prospective application.

To the best of our knowledge, there are a few attempts reported on fullerene
mediated oxidation which requires initial preparation of catalyst like
functionalization®®, incorporation into miceles'>” or covalent immobilization
on solid supports®®8, Herein, we utilize fullerene Ceo and fullerene soot (FS)
as an off-the-shelf photocatalyst without any prior modification. FS is a
cheap raw material obtained by vaporizing the pure carbon under inert
atmosphere and condensing the vapor to produce a wide range of structures
that include fullerenes Cgo and Cro. Further implementation of pristine Ceo in
the industry might be limited due its high price, thus we proposed FS as an
inexpensive alternative with hope it meets expectations concerning
catalytical activity, chemoselectivity and tolerance to various functional
groups.

To probe the substrate scope of blue light mediated oxidation, a collection of
sulfide derivatives was prepared having linear alkyl or branched tert-butyl
units and various functionalities like esters, amides, nitriles or oxidation
sensitive alkenes. The precursors 96a, b, e, f, j—-m, p, q for oxidation were
prepared simply by nucleophilic substitution reactions using bromide
derivatives and the corresponding thiols in the presence of K.CO; in DMF at
room temperature. The rest of sulfides 96c, d, n, o were readily synthesized
by treating thiols with acrylates or acrylonitriles, respectively, using
methoxide or triethylamine as a base. Additionally, in order to compare
effectiveness between fullerene Cgo and FS as heterogenous catalyst, FS was
used as a powder or suspension in toluene, whereas Ceo Was used as a stable
colloidal nanodispersion'®®. The latter was prepared by first dissolving
fullerene in toluene and then mixing with polar reaction medium. Oxidation
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reactions of each sulfide were carried out with all three mentioned forms of
catalyst in ethanol or acetonitrile sparged with oxygen and using blue LED
(100 W 450 nm) as an external light source with an air cooling. All the
obtained results are summarized in Figure 47.

Fullerene 0
R|~S~Rz __Source R"g‘Rz R'. R? = alkyl, PEG, alkene, nitrile, etc
450 nm

96 o o7
[FS] IFSinToll [Cgin Toll IFS1 IFSinToll [Cg in Toll
2 EtOH CHyON EtOH CHsCN EIOH GHoCN Q\,S\j\ EtOH CH;CN EOH CH;CN EtOH GHsCN

S OEt
9% 0%  97% 81% 78%  48% o7j 56% 0% 44% 18% 56%  21%
97a
A

2 S AL g 47% 0% 53% 16% 56% 96%

S
©/\’ CiaHlas 99% 0%  93% 82% 99%  60% -
97b

H
(‘"”“'s’\/NYO 72% 0% 98% 65% 95% O7%
o B o

0 Y\’SF 74% 0%  74% 55% B84% 85% ol
0
H
o7c ph‘/‘ﬁ’\’NYo\ﬁ 98% 0% 42% 78% 82%  60%
0
U 88% 0%  92% 78% 69% B86% o o7m ©
0 ~12"125
0
o7d g 67% 0% 96% B0% 92% 61%
(/\/\.,EE 77% 0%  BS% 94% 92%  59% NG Cabzg
S 97n
97e o]
o N 70% 0% 53% 59% 72% 89%
G s 81% 0%  90% 70% 68% 71% 970
a7f 0"
0 0
0 57
©\/§ \,@ 81% 0%  94% 0% 98% 69% E/\,O(\ CaHag 88% 79% 97% 82% 99% 80%
[¢]
979 .
0
n o]
§ 82% 0%  57% 90% 79% 93% i
R N S
oTh Collyg™ " Cohs 98%  85% 92% 82% 95% B80%
o 97q
BocH st o
q
~g NH |\ 35% 0%  92% 36% 73% 51% S <5% 0% <5% <5% <5% <5%
i
0 0 Ph ©’
97i o7r

Figure 47. Summarized results of blue light mediated sulfide oxidation to
sulfoxides.

The corresponding sulfoxides were obtained without any further
overoxidation to sulfones in moderate to high yields with all three types of
catalysts, whereas ethanol displayed slightly better performance due to its
ability to stabilize key intermediates involved in oxidation. In several cases
nanodispersion [FS in tol] outperformed Cgo, Which could be reasoned by
joint effect of Cgo and Cyo existing in soot. In order to confirm this point,
sulfide 96f oxidation using nanodispersion of Ceo/Cro (1:1 molar ratio) as a
catalyst produced sulfoxide in 5 % higher yield than using nanodispersion of
Ceo alone. However, FS as a powder exhibited lower activity in comparison
to colloidal solution. This could be accounted to a greater effective surface
area resulting from the finer powder obtained by stirring FS in toluene in
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relation to untreated FS. The difference in particle size from 1.43 um to 0.80
pum was observed in scanning electron microscopy (SEM) measurements
(Figure 48).1%° High tolerance towards steric hindrance was confirmed by
successful oxidation of sulfides comprising tert-butyl group. Sulfide 969 is
known to undergo visible light induced oxidative C-S cleavage to afford
benzaldehydes, but in this case corresponding sulfoxide 97g was obtained
without any noticeable degradation. Oxidation sensitive alkene moieties of
96e-f were not susceptible for oxidative cleavage under these mild
conditions. Unfortunately, lower yields were observed with 97j and 97k due
to increased acidity of the CH, protons between the sulfur atom and ester
group which contributes to enolization followed by substrate fragmentation.
Oxidation of sulfides was not observed in the absence of catalyst, light or
oxygen as indicated by control experiments. Furthermore, oxidation of
sulfide 96b with fullerene depleted FS afforded sulfoxide in a tremendously
decreased yield (20 %). Fullerene Ceo Was removed by continuous extraction
with 1,2-dichlorobenzene following previously reported procedure.!
However, carbon nanotube residue in fullerene depleted soot might be
accountable for minor sulfide oxidation, since using single walled carbon
nanotubes as a heterogenous catalyst produced sulfoxide 97b in 13 % vyield,
whereas activated charcoal did not display any catalytic activity.

= 1.00 um = 500 nm

Figure 48. SEM image of fullerene soot: commercial material (left) and from
toluene suspension (right). Significant particle size reduction is observed after
stirring fullerene soot in toluene.

In addition, the ability to recover and reuse a heterogeneous catalyst is of
great importance from the economical point of view. In this regard, FS
recyclability and stability were tested by performing oxidation of sulfide 96b
under general conditions. After each cycle, FS was recovered by
centrifugation and washed prior next reaction. At least 10 successive
oxidation cycles were completed without losing its intrinsic catalytic activity
(Figure 49). Raman measurements of fresh and recycled FS were carried
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out.'® Indistinguishable images of both samples imply robustness of FS as a
heterogeneous catalyst.
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Figure 49. a) recycling experiments of the FS heterogeneous catalyst; b) SEM
images of the FS powder before and after 10 cycles.

The sulfide photooxidation can take place by two different mechanisms:
either by energy transfer mechanism generating singlet oxygen or by an
electron transfer mechanism employing triplet oxygen. Oxidation can occur
via both mechanisms simultaneously or one of them might predominate over
the other depending on precursor’s structure or solvent. However, there is
still an ongoing debate over the exact mechanistic pathways and the
intermediates involved. Insights into possible intermediate species and
detailed mechanisms have been reported by Foote!®?, Clennan'®® and
Albinit®*1 et al. As far as we are concerned, fullerene acts as a
photocatalyst, where it absorbs light to give singlet excited state Cgo"
followed by intersystem crossing (ISC) to the triplet excited state 3Cgo”
(Figure 50a). The generated triplet excited state reacts with molecular
oxygen 30, by an energy transfer process producing singlet oxygen
10,.136.137.167 The resulting O, subsequently reacts with sulfide 96 to produce
two molecules of sulfoxide 97 via persulfoxide A intermediate. Foote et al.
had reasoned that formation of zwitterionic A is more plausible over
diradical or cyclic dioxirane species based on his intermediate entrapment
studies with trimethyl phosphite®® as well as observing increased rate of
oxidation in protic solvents. Protic polar solvent, for example ethanol, tends
to form hydrogen bonding with persulfoxide and reduces negative charge
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density on intermediate B, thereby, facilitates subsequent nucleophilic attack
by second sulfide.®
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Figure 50. Potential mechanism for Cgo-catalyzed sulfide oxidation.

In the electron transfer mechanism, excited Ceo” acts as a strong oxidant and
reacts with sulfide to form reduced fullerene radical anion C and sulfide
radical cation D. Then fullerene species transfer electrons to molecular O, to

generate superoxide radical anion O, E which combines with radical cation
D and produces identical persulfoxide A intermediate like in energy transfer
mechanism. On the other hand, Baciocchi et al. have argued that another
intermediate — thiadioxirane G is involved instead. For instance,
photooxidation of the same substrate PhSMe via electron transfer and 1O,
pathway resulted in different product distribution, whereas sulfone was only
detected in a singlet oxygen promoted reaction. Additionally, electrophilic
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diphenyl sulfoxide can capture persulfoxide A by converting itself to
diphenyl sulfone. In this case, trapping experiments of electron transfer
mediated oxidation did not result in diphenylsulfone formation, which
coincide with no occurrence of intermediate with nucleophilic nature.!™
Accordingly, cyclic adduct thiadioxirane G, possessing electrophilic
characteristics, can react with sulfide but not with diphenyl sulfoxide. On the
other hand, sulfide radical cation D can potentially react directly with
molecular oxygen vyielding persulfoxide radical H which interacts with
another sulfide and releases sulfoxide.

Sulfides 969, j-k bearing acidic a-proton are susceptible to abstraction of
labile proton which leads to hydroperoxylsulfonium ylide | formation
(Figure 50b). The latter intermediate can undergo oxidation to yield
sulfoxide or proceed through Pummerer rearrangement to form
hydroperoxide J which decomposes into aldehydes and other cleavage
byproducts.'’

In our case, to gain better insight into the contribution of energy and electron
transfer mechanisms in the photooxidation reaction, quenching experiments
using dialkylsulfide 96a with different additives were executed (Table 1).

Table 1. Control experiments of 96a oxidation using Ce in toluene
nanodispersion.

Entry Catalyst Solvent O: Quencher Yield
(%)
1 + EtOH + none 99
2 + EtOH + 2 equiv. TEMPO 29
3 + EtOH + 2 equiv. DABCO 41
4 + EtOH + 2 equiv. 14- 31
benzoquinone
5 + EtOH + 2 equiv hydroquinone 50
6 + EtOH + 6mol% Co(acac)s 41
7 + EtOH + 1,3-dinitrobenzene 90
8 + EtOH + 1,4-dimethoxybenzene 85

For instance, a well-known radical scavenger (2,2,6,6-tetramethylpiperidin-
1-yhoxyl (TEMPO) inhibits oxidation tremendously indicating the presence
of radical species. The singlet oxygen pathway was confirmed since
oxidation yield was noticeably suppressed with both O, quenchers — 1,4-
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diazabicyclo[2.2.2]octane (DABCO) and Co(acac)s, whereas sulfide radical
cation scavengers 1,4-dinitrobenzene and 1,4-dimethoxybenzene had almost
no influence on reaction yield whatsoever. Though, 1,4-benzoquinone,
responsible for superoxide radical anion entrapment, had suppressed
oxidation yield significantly. Thereby, in our case sulfide oxidation takes
place by combination of both mechanisms.

Thioanisole resistance to oxidations limits the scope of our method to dialkyl
sulfides. To our delight, however, the addition of TEA as a mediator
significantly improved reaction outcome. Synergy between photocatalysts
and TEA as a redox mediator in sulfide oxidation reactions has been
reported previously'?'® Cgs comprises low reduction potentials, thus is
susceptible to electron transfer interactions with good electron donors, such
as tertiary aliphatic amines.'”*'”®> Presumably, fullerene can effectively
abstract electron from TEA resulting in amine radical cation which
subsequently transforms thioanisole to reactive sulfide radical cation while
restoring amine to initial form. Only catalytic amount (0.2 equiv) of TEA as
a mediator is needed to ensure high yields (>85%) of methylphenyl sulfoxide
derivates 97r-u (Figure 51).

a) o b)
s [Cgoin Tol] 4 4
@/ ~ TEA, O, ©/ ~ RSR RSR
Blue LED
o ~—<,
96t 95 % 97r TEA  TEA

o 0o °4 Cso Ceso
©:s\ o I /%ré\ >
7 QO —
CONEt, F O; 02

97s 97t 97u
89% 85% 90%

Figure 51. a) TEA mediated oxidation of thioanisole derivatives 96r-u under
blue LED irradiation; b) proposed mechanism of oxidation by cooperative Ceo
and TEA catalysis.

The synthetic potential of the blue light-mediated photocatalysis was
screened further by performing chemoselective oxidation of bisulfide 96v
containing both dialkyl and arylalkyl sulfide moities (Figure 52). To our
surprise, disulfoxides were successfully obtained with 68 — 81 % yield in
ethanol. Such chemoselective oxidation occurred indirectly due to
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intramolecular oxygen transfer from dialkylpersulfoxide intermediate to
arylalkyl sulfide. The effectiveness of this type of oxidation was evaluated
using a triphenylphosphite as an external nucleophilic quencher. No
substantial changes in the distribution of oxidated products were noted,
although P(OPh); is considered to be a much better electrophilic oxygen
acceptor in comparison to sulfide. Furthermore, diphenylsulfoxide did not
participate in co-oxidation as anticipated, sustaining the supposition of
electrophilic intermediate being involved. Yields of oxidation in acetonitrile
were somewhat lower owing to the lack of persulfoxide stabilization via
hydrogen bonds unlike with ethanol.

Catalyst
J\/\/ 0, Blue LED__

©\ J]\/\/
Solvent

NHCb NHCbz

C.(,-Hm Cans

EtOH:

[FS] 97v 72%, 97v/97w = 2.6

[FS in tol] 97v 68%, 97v/97w = 4.7
[Ceg in t0l] 97v 81%, 97v/97wW = 5.9

Ly @ I

NHCbZ
CeHm

CH3CN:

[FS] 97v 31%, 97v/97w = 1.4

[FS in tol] 97v 61%, 97v/97w = 1.5
[Cag In tol] 97v 45%, 97v/97w = 1.6

Figure 52. Chemoselective oxidation of bisulfide 96v via intramolecular oxygen
transfer.

2.3.1 Other environmentally friendly synthetic applications of heterogeneous fullerene
catalyst

In this context, other potential applications of the blue LED mediated
photooxidation using fullerene as a heterogeneous catalyst were explored. In
reference to previously distinguished ability of photo-excited fullerene to
abstract electron from TEA, the oxidative cyclization-addition between N,N-
dimethylanilines and maleimides were probed under environmentally benign
conditions. The necessary steps involved in the formation of
tetrahydroquinolines 99 were extensively studied by several groups using
different photocatalysts.t’®’” In suggested mechanism, photoexcited Ceo
produces a-aminoalkyl radical 98a through single electron transfer followed
by deprotonation (Figure 53). Resulting species 98a are capable to attack
double bond of electron deficient maleimides and further undergo
cyclization followed by successive electron and hydrogen atom transfer steps
to afford tetrahydroquinoline 99 as a final product.
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Figure 53. Reaction mechanism of radical cyclization

Furthermore, N-benzyl anilines can be easily converted into imines in a
similar manner, whereas amino cation radical undergoes a-deprotonation
followed by oxidation to yield the corresponding product.}’®18 To facilitate
imine 100b formation, the reaction efficiency was compared in EtOH,
CH3;CN and CHCI; (Figure 54a). Surprisingly, the latter solvent was the
most effective with yields ranging between 78 — 100 % with all three forms
of fullerene catalyst. The outcome might be associated with the longest
lifetime of 'O, in CHCI; while comparing to the rest of the solvents.

Subsequently, oxidative a-cyanation of tertiary amine 2-phenyl-1,2,3,4-
tetrahydroisoquinoline 10la was carried out with trimethylsilyl cyanide
(TMSCN) in presence of heterogenous fullerene catalyst to afford a-amino
nitrile 101b in moderate yields without further formation of dicyanated
products (Figure 54b). Such adaptation of our catalyst to already established
one-pot cyanation method provides the means for efficient synthesis of o-
aminonitriles which is used as a versatile intermediate for plethora of
bioactive compounds,180-182
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Figure 54. a) Blue-light mediated oxidation of N-benzyl anilines; b) oxidative a-
cyanation of 2-phenyl-1,2,3,4-tetrahydroisoquinoline.

In similar manner, heterogenous fullerene catalyst together with sterically
hindered DIPEA as an electron donor was effectively employed in ipso-
hydroxylation of aryl boronic acids 102a and 103a to corresponding phenols
(Figure 55).18318 photooxidative hydroxylation of arylboronic acid 102a
were performed in EtOH and CHCl3 in excellent yields, whereas pyridin-4-
ol 103b was obtained only in EtOH because it did not dissolve in neither
acetonitrile nor chloroform.

EtOH:
[FS] 102b 99%;

Fullerene [FSin tol] 102b 89%;

OH Cep in tol] 102b 96%;
CmHmO——@—vB ___source cmeo—QOH [Ceo in tol °
‘OH DIPEA, Solvent CHCly:
102a Blue LED, Oy, 1t 102b \ [FS]102b 93%;
i [FSin tol] 102b 59%;
i [Ceo in tol] 102b 48%;
oH Fullerene ' EtOH:
N/ N\ g source N/ N\ OH v [FS] 103b 63%,
— ' R )
=/ oH DIPEA, Solvent - i [FSintol] 103b 67%;
103a Blue LED, Oy, rt 103b E [Cgg in tol] 103b 100%;

Figure 55. Photoinduced hydroxylation of arylboronic acids to corresponding
phenols 102b and 103b.
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2.3.2 Development of continuous-flow strategy for sulfide photooxidation

Having established suitable sulfide oxidation conditions, the next step was to
achieve sulfide oxidation in gram scale. However, it is difficult to apply
photochemistry in batch reactions due to short penetration distance of light
into the reaction vessel. Thus, continuous-flow reactor was exploited as a
means to obtain high surface area to volume ratio which ensures uniform and
effective irradiation of reaction mixture.

In order to examine the feasibility of continuous-flow strategy application
for our environmentally benign method, flow reactor with a non-
immobilized heterogenous fullerene soot was assembled (Figure 56). In
comparison to previously reported flow reactors, it does not require any
additional modification or catalyst immobilization into stationary
phase_185,186

a) c)

Peristaltic Flow 30 ml/min
pump

Pressure
regulator Oxygen
inlet

————————

Fullerene
soot

Figure 56. a) Schematic representation of the continuous-flow system; b) setup
of flow reactor; close-up of fullerene soot flowing through the c) coil and d)
tubing; e) reservoir filled of reaction mixture comprising well-dispersed FS in
ethanol; ) flow reaction under irradiation.

The initial photoreactor consisted of 3 mm Teflon tubing attached to a mini-
peristaltic pump and passing through a reservoir of FS suspension in ethanol
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and a coil with high surface area for efficient irradiation. To irradiate the
reaction mixture, blue LED (100 W) with external fan was set up next to
coil, which was wrapped around condenser for additional water cooling. The
oxygen was supplied by an external oxygen tank connected to reservoir or
by additional mini-peristaltic pump which served as an inlet for atmospheric
oxygen. Moreover, efficient mixing of heterogenous catalyst within mobile
phase with negligible sedimentation was achieved by maintaining constant
flow rate of 30 mL/min. After extensive screening of continuous-flow
conditions, the benefit of using oxygen tank instead of atmospheric oxygen
was prominent since reaction time was reduced from 9 to 5 days and reaction
yield increased. A continuous-flow oxidation of sulfide 96b into sulfoxide
was obtained in gram scale in 94 % vyield.
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3. HYDROGEN-BONDED CAPSULE COMPRISING
CONFORMATIONALLY FLEXIBLE CAVITY

Biological processes inspired chemists to adapt E. Fischer’s ‘lock-and-key’
concept in pursue of synthetic receptors and catalysts based on host-guest
chemistry. The current findings emphasize more dynamic models of
molecular recognition in nature, such as induced-fit and conformational
selection. Both operate in combination of two consecutive reversible steps,
binding and conformational change, but in different order.!®” The latter
advances stress the necessity to go beyond conventional rigid
supramolecular capsules, and challenges to develop biomimetic
supramolecular architectures comprising conformationally flexible cavity.
Hence, in our case the cavity size of the supramolecular cavitands based on
bicyclo[3.3.1]nonane scaffold could be tuned by introducing different types
of hydrogen-bonding modes into the system. (Figure 57).
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Figure 57. Viable self-complementary hydrogen-bonding modes  in
supramolecular architectures.
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In relation to previous studies, we have gained insight that incorporation of
substituents by directly modifying ICyt wunits hinders orthogonal
propagation. Resulting Upy synthons exhibit strong aggregation via
quadruple DDAA hydrogen-bonding mode into discrete tetrameric structures
(Figure 57a). However, bicyclo[3.3.1]nonane synthons embedded with ICyt
and Upy units on opposite sides tend to assemble into octameric tubes as a
result of social self-sorting. Heterodimers are associated via triple hydrogen-
bonding pattern, whereas bifurcated hydrogens of ICyt engage in binding
two adjacent tetrameric cycles. Hence, the free energy of the entire system is
minimized whilst maintaining the highest possible number of hydrogen
bonds. However, upon encapsulation of fullerene Cg, octamer would
rearrange to tetrameric aggregates in order to better fit the guest molecules
(Figure 30c).1%

We envisioned, that varying the size of urea substituents could be used as a
straightforward approach to access different binding properties, without the
necessity to redesign the whole hydrogen-bonding motif. It would open
doors for easily obtainable supramolecular architecture with desired cavity
size for host-guest chemistry whilst comprising orientation, chemical nature
and number of substituents for preferred application in functional materials.

3.1Design and characterization of tetrameric architecture
comprising porphyrin moieties

In order to investigate this strategy, it was anticipated that incorporation of
four bulky substituents to urea scaffold would hinder orthogonal propagation
of tetrameric units, where steric crowding arising from substituents would
prohibit their superimposed arrangement on the same side (Figure 57b). For
this reason, tetraphenylporphyrin (TPP) urea substituent was introduced into
the monomer. In accordance with molecular modelling, TPP unit is wider
than the width of the hollow aggregate. Thus, unfavorable steric interactions
ought to impose distribution of substituents over both sides of the tetrameric
ring and additionally, promote narcissistic self-sorting of Upy and ICyt
fragments.

Monomers 106a-d were synthesized in few steps starting from easily
obtainable enantiopure enone (+)-87 (Figure 58). Various linear and
branched solubilizing groups were incorporated into 4,8-exo,exo positions of
bicyclo[3.3.1.]nonane scaffold in order to increase the solubility of the final
compound. It was achieved via copper mediated alkylmagnesium bromide
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addition to 87 affording bis-B-ketoesters 104a-d in 76 — 99% yields. The
latter intermediates were condensed with guanidinium chloride in presence
of strong base KOtBu in methanol to give bisiCyt 105 in good vyields. In
order to attain Upy moiety, 4-nitrophenylformate activated amino-TPP
derivative 109 was prepared.

R L, 104-106a, R = n-CygHo,

RMgBr 104-106b, R = 2-sthylhexyl
MeO-C 0 MeO-C. OH KOtBu, 100°C 4
2 @ CUCN, -78°C 2 24-36h 104-106¢, R =-(CHp)g (CHz)7CH3
T MeOH =/
0 CO;Me HO CO;Me 1041064, R= ¢ C/H,,
(+)-87 R 104a, 83 %;
104b, 76 %;
104c, 93 %;
jommmemmessssosomeneneae. - NHz 104d, 99 %;
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Figure 58. Synthesis of enantiopure synthons 106a-d comprising TPP unit.

Synthesis of porphyrin derivative 109 started from commercially available
meso-tetraphenylporphyrin -~ (H,TPP), which underwent electrophilic
regioselective nitration at para position using 1.8 equivalent of NaNO- in
TFA (Figure 59). Direct substitution at meso-(4-phenyl) position is favored
since beta-pyrrolic positions are deactivated due to subsequent protonation
of porphyrin rings in strongly acidic medium.® The crude of mononitroTPP
107 without any prior purification was reduced with SnCl; in concentrated
HCI to afford 5-(p-aminophenyl)-10,15,20-triphenylporphyrin 108 in 32 %
overall yield in two steps.

QA O QLA QA O

NaNQs, 15 min SnCl,,
10-15 °C 65°C,1.5h
—_—
TFA HCI
32%
TPP 107 NO, 108 NH,

Figure 59. Synthesis of tetraphenylporphyrin derivative 108.

The acylation of TPP-amine 108 using 4-nitrophenyl chloroformate resulted
in 95 % yield of corresponding TPP carbamate 109 (Figure 60). The latter
derivative was further subjected to coupling with ICyt 105a-d in the
presence of triethylamine. Two reaction pathways are possible: under mildly
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basic conditions the corresponding isocyanate can form from the carbamate
and react with ICyt in situ, or alternatively, the reaction can proceed via
direct addition of ICyt to carbamate. In either case, a mixture of mono and
bisUpy was obtained with one equivalent of TPP 109, and the final
unsymmetrical monomers 106a-d were obtained in moderate 11 — 44 %
yields.
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Figure 60. Acylation of amine 108.

In addition to its size, tetraphenyl porphyrin fragment was selected as
substituent due to its profound importance and versatility in construction of
photovoltaic devices'®, application in photodynamic therapy**® or molecular
sensor and recognition systems®®l. In addition, TPP derivatives might be
utilized as photocatalysts'®2. Many supramolecular functional devices mainly
rely on its strong aggregation mode while retaining its photophysical and
redox properties, owing to its intrinsic n-conjugated scaffold. Optoelectronic
properties can be easily tailored by incorporation of various metal atoms
within porphyrin scaffold.’®® Hence, it has a capacity to serve as a
component of various dyad, triad'** and other multicomponent systems'®® for
harvesting solar energy by replicating energy transfer and charge separation
processes occurring in natural photosynthesis.

As far as the scope of this work is concerned, the main focus remains on
porphyrin’s ability to serve as a donor in porphyrin — fullerene dyads.
Photoinduced charge separation can take place in discrete 1D nanostructures
through covalent linkers, intermolecular noncovalent interactions or host-
guest assemblies. However, major drawback of these systems arises from
inability to confine donor — acceptor separation and alignment in solutions or
solid surfaces.'®® Hence, the most important task is to gain control over dyad
geometry in order to be able to pursue more efficient photoinduced electron
transfer. For instance, Aida et al. have reported amphiphilic zinc porphyrin —
fullerene dyads covalently linked via racemic and enantiopure linkers.
Chirality of the linker dictate the aggregation mode of dyad wherein racemic
mixture produces spherical architectures with poor photoconductivity while
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enantiopure dyad assemble into photo-conducting nanofibers.**” Throughout
the years other types of conformations of porphyrin — fullerene dyads have
been reported, such as cyclophane!®®, parachute!®® or pacman?®,

Subsequently, incorporation of directional noncovalent interactions into the
system is an essential tool for constraining spatial separation of dyad
components (Figure 61). For instance, remarkably stable zinc porphyrin —
Ceo complexes 110 encompassing restricted flexibility were achieved
through two point binding mode by employing axial metal-ligand
coordination and cation-crown ether complexation.?®® Nonetheless,
directional Watson-Crick hydrogen-bonding motif was implemented by
attaching zinc porphyrin to cytidine unit and fullerene to guanosine . The
resulting architecture 111 exhibits long lived through-space charge
separation state which is essential for photoactive devices.?®> As a further
elaboration, incorporation of complementary Hamilton receptor and cyanuric
acid pair comprising six-point hydrogen bonding array has led to successful
self-assembly 112 of highly-organized donor — acceptor pair. Through-bond
electronic communication between porphyrin and fullerene components was
probed by time-resolved fluorescence and transient absorption
measurements.?%

Figure 61. Noncovalent interaction mediated porphyrin — fullerene dyads.
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Another approach was to utilize three-dimensional metal-organic cages
possessing internal cavity to enhance host-guest m-interactions between
porphyrin units with fullerene inside the inner space. The walls of a synthetic
capsule would provide the means to hinder the interference of the external
stimuli with guests bound within the cavity. Closed-face Fe''sLs cubic cages
were built through subcomponent self-assembly employing covalent and
coordinative bonds, wherein metalated porphyrin ligands serves as walls and
eight octahedral metal ions would be situated in a position of vertices
(Figure 62a).2%4 In similar fashion, tetrahedral Fe''sLs cage architecture was
built from a combination of Ni"-metalloporphyrin with Fe''(OTf), and 2-
formylpyridine (Figure 62b). All three diastereomers with a distinctive T,
Cs, Sssymmetry point groups were observed in *H NMR spectrum, which is
typical for such cages.?® Both entities demonstrated ability to trap fullerenes
Ceo and Cyo. However, tetrahedral cage would undergo guest induced
rearrangement to Fe''sL, cone-shaped complex upon encapsulation of Ce Or
C7o to maximize n-m interactions. Additionally, steric constraints imposed by
porphyrin scaffold prevent undesired helicate formation which can be often
observed with other types of tetrahedral cages.

Co@Fe'lgLg Guest@Fe'l,L¢
Figure 62. a) Host-guest chemistry of a) cubic Fe''sLs and b) Fe''sL¢ cages.
Adapted from ref. 204 and 205 with permission from John Wiley and Sons,
2011 and 2015, respectively.

To implement these design features towards concave capsules with well-
defined cavity, aggregation experiments of synthons 106a-e were first
conducted in CDCls. 'H NMR spectrum of 106a revealed the formation of
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cyclic tetramer via narcissistic self-sorting of alternating Upy-Upy and ICyt-
ICyt homodimeric pairs (Figure 63a,b). The symmetrical Upy-Upy and
ICyt-ICyt association was evident from the set of four downfield resonances
attributed to DDAA-AADD and DA-AD binding modes. The resonance at
5.0 ppm assigned to ICyt-NH, does not participate in hydrogen bonding,
thus its involvement in orthogonal stacking of tetrameric units is dismissed.
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Figure 63. a) Hydrogen bonding modes Upy-Upy and ICyt-ICyt of enantiopure
synthon 106. Arrows represent through-bond and through-space interactions; b)
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'H NMR spectrum of tetramer 106a4 in CDCl; with DOSY trace stacked at the
bottom; ¢) main COSY and ROESY cross-peaks used for structural assignment
of 106a4 (left) and *H->N HSQC spectrum showing NH resonances (right).

Owing to the fact that the only ROESY correlation observed between proton
d and ICyt-NH,, the former must be residing in the isocytosine ring (Figure
63c). NOE cross-peak with the CH at bridgehead position of bicyclic
scaffold allows unambiguous assignment of proton a. Correspondingly,
COSY and ROESY cross-peaks to TPP aromatic ring revealed proton c to
reside on nitrogen next to phenyl units, while NOE correlation between the
latter proton and the adjacent N-H corresponding to proton b further
corroborated Upy motif assignments. The N-'H heteronuclear single
guantum coherence spectroscopy (HSQC) confirmed the involvement of the
keto tautomer in dimerization indicating that all four downfield resonances
belong to N-H protons. Additionally, diffusion ordered spectroscopy
(DOSY) revealed the presence of solely tetrameric species with diffusion
coefficient D = 2.02-10° m2? which was translated into hydrodynamic
radius Ry = 21.3 A (Figure 63b).

In accordance with cross-peaks correlations in 2D 'H NMR, same Upy-Upy
and ICyt-ICyt hydrogen-bonding pattern was observed in all cases with other
monomers 106b-d (Figure 64). The aggregates obtained in CDCIl; were
assigned as tetramers based on NMR spectroscopy studies as all proton
resonances correlated to a single diffusion coefficient ranging between D =
2.03 -2.26:10m?s?, respectively.
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Figure 64. Stacked 'H NMR spectra in CDCI; belonging to enantiopure
synthons 106b-d.

The geometry of molecular model was optimized using MMFF force field

method as implemented in Spartan’14 (Figure 65). The two TPP pairs with
parallel arrangement of TPP at both ends of the tetramer are situated
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perpendicular to each other while solubilizing decyl chains embedded to
bicyclic backbone protrude outwards. Such aggregation mode as opposed to
octameric species could be favored due to additional stabilization arising
from n-n stacking of well-aligned porphyrin backbones. Additionally, four
porphyrins on the same plane would suffer from steric overcrowding by
enforcing distorted orientation of TPP scaffolds and resulting in disruption
of aromatic stacking. The molecular model of aggregate provided the
dimensions of the well-defined cavity with the inner diameter d = 12.6 A
from plane to plane. Likewise, the radius of the molecule from the furthest
points was estimated to be around 41.1 A in accord with an experimentally
obtained value from DOSY experiments.

Top view

Left sideview Right sideview
Upy-Upy ICyt-ICyt

Figure 65. Top and side views of the optimized molecular models of enantiopure
tetramer 106as comprising decyl solubilizing chains.

3.2 Encapsulation-induced conformational changes of dynamic
capsule

In order to probe dynamic host properties of a newly obtained concave
capsule, fullerene Ceo was chosen as a model guest because of its important
role in functional optoelectronic devices. Heating a mixture of tetramer
106a4 with 0.25 equiv. of Cgoin CDClz at 50 °C for 24 hours resulted in a full
conversion to inclusion complex Ceo@106a4 (Figure 66). The complexation
was mostly evident from the notable shifting of N-H protons involved in
hydrogen bonding. DOSY NMR analysis confirmed the presence of solely
tetrameric species since all resonances in the spectrum correlated to the same
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value of diffusion coefficient D = 2.07-10° m?s? which coincide with
previously described free tetramer.

DOSY
D = 2.02-10"° m?s™

Ru=21.3A . ) 1x10%
e W T — B

e -TPP NH
iC10 chain;

D = 2.07-10° ms!
Ry =209 A

Figure 66. Stacked 'H NMR spectra of tetramer 106as (top) complexation
experiment with Cgo (bottom) in CDCls.

The careful analysis of the 'H NMR spectrum, however, revealed the
involvement of Upy enol tautomer in the aggregation process (Figure 67a,b).
Namely, NOE cross-peaks to TPP aromatic ring and to CH next to alkyl
substituent in the bicyclic scaffold indicated that the most downfield
resonance ¢ corresponds to O-H proton. In addition, NOE correlation
between the latter proton with proton b corroborated ADAD-DADA bonding
mode (Figure 67a,c). The NOE cross-peak with the CH at bridgehead
position of bicyclic scaffold and TPP aromatic ring allowed the assignment
of the proton a to terminal N-H of the urea unit, which forms intramolecular
hydrogen bond with pyrimidine nitrogen. The absence of cross-peaks of
proton d in ROESY spectrum provides evidence for the N-H proton from
DA-AD binding mode. The resonances of the free NH, group of the
isocytosine ring is not seen in the spectrum, most likely due to broadening.
Furthermore, the absence of a cross-peak for ¢ resonance in *N-'H HSQC
spectrum fully corroborated the assignment and the presence of enol
tautomeric form of Upy. Such encapsulation-induced tautomeric shift is
expected to take place in order to affect structural rearrangements necessary
for efficient accommodation of the guest molecule. Most remarkably,
however, the resonances of a part of one of the decyl chains were found to
be highly shielded and appeared in the region -0.2 — -2.10 ppm. This
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observation indicates structural reorganization of the tetramer and possible
interaction of the alkyl chain with the aromatic plane of TPP upon

complexation.
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Figure 67. a) Hydrogen bonding modes of enolic DADA-ADAD and keto DA-
AD of inclusion complex Ce@106as. Arrows represent through-bond and
through-space interactions; b) *H NMR spectrum of tetramer Cgo@106as in
CDCI; with DOSY trace stacked at the bottom; ¢) main ROESY cross-peaks
used for structural assignment of Ceo@106as (left) and *H-°N HSQC spectrum
(right) showing NH resonances.
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Based on the molecular model (optimized using MMFF force field method
as implemented in Spartan’14), Ce locks host’s conformation by shifting
equilibrium from closed to open-ended form, which offsets TPP units from
the center of the tetramer openings (Figure 68). Such movement of TPP units
in response to tautomeric change places one of the alkyl chains in proximity
to TPP ring. The conformational plasticity enables additional stabilization
from CH-r interactions between peripheral alkyl chains (marked pink in
MM models) and TPP backbone. Together with non-covalent interactions
between the guest and the host components, it essentially alleviates entropic
penalty, which arises from the loss of external degree of freedom upon
complexation.

Left sideview ‘ =~ LRight sideview
DADA-ADAD < g DA-AD

Figure 68. Top and side views of the optimized molecular models (MMFF) of

complex Ceo@106as. Interacting part of alkyl chain with TPP backbone is

marked in pink.

Top view

To determine whether the observed CH-m interactions are merely the
consequence of the structural reorganization or in fact, are essential for
complexation, monomers with solubilizing chains of different length were
prepared. Monomer 106b comprising shorter solubilizing ethylhexyl chain
and 106d containing (Z)-1-nonene chain were subjected to complexation
experiment under the same conditions in chloroform. However, no shift or
change of resonances in *H NMR spectrum indicated that encapsulation of
Ceo did not take place. Molecular model of assumed complex Ce@106b4
revealed that alkyl chains are too short to be able to interact with porphyrin
(Figure 69). This confirms that encapsulation of the guest molecule requires
a cooperative action of tautomerization to the enol form and establishment of
the CH-z interactions. Despite longer (Z)-1-nonene chain, cis double bond
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restricts rotation of the alkyl chain and places it outwards from TPP
moieties, hence rendering tetramer 106d unsuitable for induced fit binding.

Top view Left sideview Right sideview
DADA-ADAD DA-AD
Figure 69. Top and side views of the optimized molecular models (MMFF) of

complex Ceo@106ba. Solubilizing hexyl chains marked in pink.

On the contrary, *H NMR spectrum of Ce@106cs4 displayed similar set of
signals to complex Ce@106as confirming successful complexation with
fullerene (Figure 70). Diffusion coefficient D = 2.11-:10° m?s? is in
accordance with previously obtained values for similar tetramers. Thus, nine
carbon atoms of oleyl chain in 106¢ is enough to interact with TPP backbone
and to promote Cg complexation, wherein double bond of cis configuration
situated on 9™ carbon. Taking everything into account, combination of
efficient CH-n interactions with tautomerization is essential to govern
induced-fit encapsulation.

DOSY
D =2.0810"" m?s™ !

Ri=219A } ; ) e —
Y O— T
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D =2.11-10"" m%"'
Ri=222A

Figure 70. 'H NMR spectra with DOSY trace stacked of tetramer 106c (top)
and complex Ceo@106¢4 (bottom) in CDCls,
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Based on the above findings, one may expect that the tetramer with largest
number of CH-r interactions should provide the strongest binding to Ceo.
The high integrity recognition was probed by the 0.25 equiv. of fullerene Ceo
addition into the 1:1 mixture consisting of 106a and 106b in CDClIs (Figure
71). This mixture resulted in scrambled tetrameric aggregates which is
suggested by reduced intensity of resonances belonging to initial homo-
aggregated tetramers. Self-sorting was observed upon addition of fullerene
Ceo and resulted in the selective formation of the complex Ceg@106as.
Heating the mixture at 40 °C for 3 days lead exclusively to an inclusion
complex Ceo@106a4 and free tetramer 106b,.
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Figure 71. Self-sorting of synthons 106a and 106b in the presence of Ceo as a
guest. In *H NMR spectra only NH region is shown for the clarity.

Similarly, self-sorting of scrambled 106a and 106d mixture took place upon
the introduction of fullerene (Figure 72). This indicated high fidelity of
monomer 106a for homoaggregation as a result of the necessity for CH-n
interactions to occur alongside higher order symmetry to provide suitable
cavity shape for guest molecule. Such selective molecular recognition in a
mixture of similar components is an attractive feature for responsive
functional materials.
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Figure 72. Self-sorting of synthons 106a and 106d in the presence of Ceo as a
guest. In 'H NMR spectra only NH region is shown for the clarity.

Circular dichroism (CD) spectroscopy provides the means to study chirality
of the system. Although porphyrin moieties are achiral molecules due to
planar backbone but embedded into chiral scaffold, they become intrinsically
optically active, thus CD signals can be detected. TPP chromophore has
intense absorption in Soret band region at ca. 417 nm (Figure 73). High Ae
values of bisignate CD signals observed in spectrum of tetramer in
chloroform indicate strong exciton coupling which occurs through space
between well-aligned TPP chromophores. Two symmetrical Cotton effects
of opposite signs correspond to helicity of enantiopure bicyclo[3.3.1]nonane
tetrameric cycle, hence no CD signal was detected in DMSO since capsule
collapses into monomeric species. Upon Cgo encapsulation, CD curve is blue
shifted with respect to tetramer 106as and, surprisingly, its intensity
increased which implies a change in the angle or distance between two TPP.
Even though, the exact geometry of the TPP moieties cannot be reliably
estimated, the increase of interchromophoric distance is compensated by the
more twisted geometry. It is known that exciton coupling is enhanced at ca.
55° angle between TPP units.?® The major spectral features clearly correlate
with the induced-fit conformational changes observed in NMR experiments
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demonstrating dynamic supramolecular capsule with adaptable cavity for
guest molecules.

— Monomer 106a in DMSO
— Tetramer 106a,

— Complex Ce,@106as
Ag €
5004 417 nm (+332) | x 105
1415 nm (1422
425 nm (-a26) | 10
-5004 421 nm (-596) B
//’,{‘:\\ B
-1000 TN, -
— —===pand
400 420 440
A, nm

Figure 73. CD spectra of monomer 106a, tetramer 106as and complex
Ceo@106as in chloroform with its UV spectra stacked at the bottom,
respectively.
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4. n-FUNCTIONAL SUPRAMOLECULAR STRUCTURES
COMPRISING 9-AZABICYCLO[3.3.1]NONANE SCAFFOLD

In relation to previous chapter which focused on how varying the spatial
arrangement and size of the solubilizing groups influences aggregation
modes of supramolecular synthons, the potential of enantiopure 9-
azabicyclo[3.3.1]nonane derivatives was utilized. Many natural alkaloids,
such as macroline, sarpagine, pavine, ajmaline, etc., contains azabicyclic
scaffold which displays a wide array of biological activities making it
attractive for synthetic chemists (Figure 74a).20"2% In our interest, latter
synthon provides access to otherwise inaccessible apex position of bicyclic
scaffold, wherein groups attached to nitrogen at 9 position are perpendicular
to the monomer backbone and pointing outward (Figure 74b). Moreover,
substituents are placed further away from the hydrogen bonding sites and
should not hamper orthogonal propagation of tetrameric cycles into tubular
polymers. In fact, further investigation of these derivatives was encouraged
by previously reported fruitful polymerization results of azabicyclic
hydrogen-bonding monomers bearing large second-generation Fréchet
dendron at the equatorial plane.'?®

Macrollne A]mallne
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Figure 74. a) Molecular structure of natural alkaloids; b) structure and molecular
model of 9-azabicyclo[3.3.1]nonane bearing substituent to nitrogen at 9
position; ¢) schematic representation of orthogonal polymerization reinforced by
©-7 stacking of aromatic substituents.
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Additionally, in comparison to monomers 95 comprising flexible linkers, the
direct incorporation promotes well-ordered spatial arrangement of the
substituents while restricting their movement (Figure 74c). Cooperative
interactions between large =n-systems appended at 9 position could
potentially come into play and promote the orthogonal stacking of tetrameric
units towards tubular polymers via supplementary n-n interactions of planar
aromatic substituents.

The simultaneous use of directional and strong hydrogen bonding in
conjunction with van der Waals interactions has offered a framework to
develop electronically active supramolecular structures possessing high
degree of internal order essential for functional materials. w-conjugated
systems are the subject of enormous interest as active materials for
application in (opto)electronic devices spanning from field-effect transistors
(OFETs), solar cells and light-emitting diodes (OLEDs) to photovoltaic
devices.?®® Compounds extensively employed for this purpose can be divided
into two categories: conjugated polymers, such as polythiophene,
poly(phenylenevinylene), polyphenylene and small discrete molecules, such
as oligothiophene, pentacene, tetrathiafulvalene, perylene, phthalocyanine,
diketopyrrolopyrrole.2®®2'! Electrical conductivity is realized by electron
delocalization between the overlapping orbitals of the conjugated entities.
Organic semiconductors can be labeled as p-type or n-type depending on
whether they can transfer holes or electrons, respectively. Ambipolar
materials exhibit the ability to transfer both electrons and holes.?*2 Charge
transfer can be realized either through intramolecular transport over linear -
conjugated backbone or intermolecular hopping between parallel stacked
conjugated entities. In the latter case, highly ordered packing systems with
planar and rigid backbone in close proximity for strong n-r interactions with
overlapping frontier orbitals are necessary to ensure efficient charge carrier
mobilities along stacking axis. The spatial arrangement of constituent
molecules is typically determined by intermolecular noncovalent forces,
such as van der Waals, dipole—dipole, n—x, and hydrogen-bond interactions.
Thus, the so-called “bottom-up” strategy provides the means to tailor
conducting properties of organic materials by controlling molecular
aggregation behavior in multicomponent systems and ensuring well-aligned
orientation, crucial to high mobility of charge carrier.
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4.1Recent developments for n/p-heterojunction materials

Materials possessing m-conjugated donor (D) and acceptor (A) arrays are
giving rise for high-performance charge transportation in p-type and n-type
semiconductors, consequently resulting in an immense interest to D-A
heterojunctions. Intrinsic close molecular packing of such systems ensures
the modulation of fundamental properties of molecular constituents
responsible for efficient charge transfer. Mixing different D—A components
opens up possibilities to easily control band gap of overlapping orbitals and
to tailor electronic characteristics accordingly. The design of such systems
simplifies the manufacturing of complementary integrated circuits by
removing additional steps required for coating two separate layers of p-
channel and n-channel materials (Figure 75a).2'?!3 For instance, one-step
solution processed ambipolar material was produced comprising electron
acceptor fullerene Ceo attached to oligothiophene moiety which is a well-
known excellent -electron donor in semiconductors.?** Another efficient n-
electron donor 9-(1,3-dithiol-2-ylidene)thioxanthene was connected to Ceo
via 1,3-dipolar cycloaddition. Although, they both exhibit ambipolar
properties, but separately they suffer from low charge mobilities.?'> Hence,
prevention of the interfering charge-transfer interactions between
neighboring donor and acceptor channels is essential for suppressing
unwanted charge carrier recombination while ensuring efficient electrons
and holes movement towards opposing electrodes. Consequently, the
development of ambipolar materials is falling behind due to their ambitious
architecture since individual n- and p- channels of segregated stacks are hard
to achieve.

One of the first instances of segregated heterojunctions was reported by
Shmidt-Mende featuring combination of solution processable components
like discotic liquid crystals from hexabenzocoronene HBC and crystalline
network-forming perylene diimide PDI (Figure 75b). In principle, HBC
discotic liquid crystals tend to spontaneously self-organize into one-
dimensional columnar mesophases via mesogenic forces, whereas PDI
molecules aggregate into micron-scale crystallites scattered across the layer.
Spin coating of these components resulted in vertically segregated materials
comprising large interfacial area between donor and acceptor units as seen
from AFM and SEM images and thus exhibiting good electronical properties
for thin-film photovoltaic devices (Figure 75c).?
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Figure 75. a) Schematic representation of bilayer (left) and bulk-heterojunction
(right) configurations in organic photovoltaic devices; b) tapping-mode AFM
images of pure HBC and PDI surfaces; c¢) tapping-mode AFM image (left) and
field-emission SEM image (right) of HBC-PDI mixture. a) and b), c) adapted
from ref. 213, 216 with permission from American Chemical Society, 2014 and
AAAS, 2001, respectively.

Unfortunately, prevalent interactions in aromatic stacking lack directionality,
thus D-A arrangement can adopt multitude of different packing modes
ranging from face-to-face parallel, alternating, slipped or face-to-edge.
Unfavorable entropic effects hinder segregated arrangement while
Coulombic interactions among donor and acceptor promotes heterotopic D—
A-D-A stacking. In addition, Hariharan et al. investigated total lattice
energy of tetrathiafulvalene — tetracyanoquinodimethane stacking mode
(Figure 76a). They stated that higher energy stabilization occurs between D—
A components in mixed arrangement.?!’ Interaction between frontier
molecular orbitals of D—A in a mixed packing can result in decreased energy
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difference to a certain extent, although, band gap is not diminished
completely. However, extended intermolecular electronic coupling along
stacking direction in segregated D-on-D/A-on-A arrangements leads to
negligible gap or even overlapping bands which resembles characteristics of
metallic bands.?®
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Figure 76. a) Segregated and mixed stacks of TTF-TCNQ heterojunction
architecture; b) molecular orientation of 113ampni and 113ix0 aggregates; c) self-
assembly of ambipolar coaxial nanotubes comprising HBC-Ceo scaffold.
Adapted from ref. 218, 219, 220 with permission from American Chemical
Society, 2021 (ref. 218), 2008 (ref. 219) and National Academy of Sciences,
2009 (ref. 220).

95



On the contrary, well-thought-out design of covalently connected donor and
acceptor entities ensures improved control over stacking while preventing
mixed assemblies. Subsequently, distinct morphologies can be reinforced by
additional side chain promoted amphiphilicity?*??, hydrogen bonding??*%%,
metal-coordination?* or even chiral auxiliaries'®” in conjunction to covalent
bonding. For instance, Aida et al. developed photoconductive liquid crystals
comprising segregated Cego—oligothiophene dyad 113ampni (Figure 76b).
Introduction of incompatible hydrophilic and lipophilic wedges on opposite
sides prevented D—A interactions, while promoting spontaneous tail-to-tail
arrangement. In comparison, incorporation of lipophilic substituents on both
sides resulted in poorly conducting liquid crystals of 113,i,. The broad
absorption band observed at 600 — 800 nm together with synchrotron
radiation small angle X-ray scattering (SAXS) profile suggested disordered
head-to-tail orientation.?*® In this context, side-chain amphiphilicity induced
association of fullerene Cgo with covalently linked hexabenzocoronene unit
114ce0 was reported, which co-assembled further into supramolecular
nanotubes displaying intrinsic properties of p/n-heterojunction (Figure 76c).
Hole transporting channels are sandwiched between electron transporting Ceo
layers, whereas paraffinic side chains together with phenylene units
embedded to hexabenzocoronene direct tubular assembly. Triethylene glycol
chains are not essential for the assembly into nanotubes, however, they
provide the site for introduction of various functional substituents needed for
tuning charge mobility.?2°

An elegant system of zipper assembly mediated through n-n stacking and
hydrogen bonding of covalently attached components was designed by
Matile et al. (Figure 77a). Highly ordered n/p-heterojunction consisted of
alternating building blocks with different naphthalenediimide chromophores
linked to rod-like p-oligophenyl or p-oligophenylethynyl h+ transporting
backbone, whereas n-acidity and planarity of NDI scaffold in concert with
intermolecular hydrogen bonding and ion pairing promoted face-to-face
packing of n-channel. Formation of zipper was initiated by deposition of the
first component p-quaterphenyl onto gold surface via disulfide linkage. Free
anionic ends of the initiator N- stacked with cationic lower half of
propagator Y+, whereas upper half would zip up with anionic component Y-.
The system was further subjected to dip-wash cycles with cationic R+ and
anionic R- components to propagate the architecture to certain length. NDI
zipper displayed increased photocurrent generation with smoother surface,
essential for solar cells, in comparison to drop casting layer-by-layer
assemblies of separated electron or hole-transport materials.?%:222
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Figure 77. a) Schematic representation of NDI zipper on gold surface; b)
columnar assemblies of b) T3C,4-TP and ¢) Hpz-Cn-TP. Adapted from ref. 222,
225, 226 with permission from American Chemical Society, 2010 (ref. 222),
2016 (ref. 225) and the Royal Society of Chemistry, 2021 (ref. 226).

However, such systems require thoroughly designed and structurally
complex molecular structures which are usually difficult to achieve. Hence,
supramolecular chemistry enables exploitation of smallest possible building
blocks of electronically decoupled D and A entities into hierarchical
assembly of well-ordered n/p-heterojunctions. In this respect, Giménez and
Sierra et al. developed hexagonal columnar ambipolar semiconductors
T3Cs,-TP  with mesomorphic properties using star-shaped
tris(triazolyl)triazine and triphenylene benzoic acids in 1:3 A:D ratio (Figure
77b). Hydrogen bonding together with mesogenic driving forces directed
hexagonal discotic columnar assembly with distinct n- and p-type channels.
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Although obtained values for hole and electron mobilities were 1 — 2 folds of
magnitude higher, lack of uniform orientation over large area of samples
caused the fluctuations of charge mobility in certain sections of the layer. On
the other hand, self-error correcting nature of supramolecular architectures
resulted in increased charge mobilities over time.??> Another group utilized
heptazine (Hpz) derivatives in similar fashion as an acceptor units for
discotic core (Figure 77c). Its Cs symmetric core consisting of six nitrogen
atoms were embedded with -NH outer groups which ensures hydrogen-
bonding with carboxylic groups of triphenylenes (TP). A series of n/p-
heterojunctions with varying distance between separated D and A units were
synthesized by incorporating different length of methylene spacers.
Although Hpz-C,-TP complexes with Cg and Co linkers exhibited improved
holes and electrons mobility, Hpz-Cs-TP did not exert ambipolar charge
transport behavior. It could be justified by poor alignment of channels based
on observations made from images of polarized optical microscopy.??® Self-
assembly of two complementary n-extended tetrathiafulvalene and
perylenebisimide fibers, appended with ionic groups of opposite charge,
such as carboxylic and guanidinium or quaternary ammonium salt, simplifies
a synthetic route for the preparation of building blocks (Figure 78a). The H-
stacking of PDI-exTTF complex was corroborated by the appearance of a
broad, blue-shifted peak at 500 — 520 nm in the absorption spectrum,
whereas well-resolved peak at 400 — 500 nm intrinsic to isolated PDI was
not observed unless the assembly was disrupted with MeOH. Well-oriented
n/p morphology was further verified using SEM, TEM and SAXS. SEM
images displayed vertically aligned fibers with diameters between 10 — 20
nm and with length up to several tens of micrometers. Additionally, AFM
images supported formation of fibers with height between 8 — 14 nm,
whereas single PDI component afforded structures with height just about 3.0
nm. Electron and hole mobility was examined in films in measurements of
flash-photolysis time-resolved microwave conductivity. The obtained values
of photo-conductivity transients (¢Zp)max Were one order of magnitude
higher than values for individual components. Enhancement of charge
transport properties was accomplished through parallel long-range n/p-
channels in well-ordered fibers.??

The work reported so far on segregated D-on-D/A-on-A arrangements is
shaping a vision for supramolecular n/p-heterojunction material, however,
this concept is still addressed scarcely in the field. Thereby, we propose a
rational strategy to create ambipolar supramolecular structures utilizing
azabicyclo[3.3.1]nonane scaffold based on its ability to form highly ordered
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tubular polymers (Figure 78b). We envisioned that orthogonal stacking of
cyclic tetramers should ensure face-to-face orientation of electron donor
appended in a radial position perpendicular to the tetramer. Thus p-type
channel would be situated in the outer periphery along the propagation axis,
whereas encapsulated fullerene Cg inside the cavity potentially would act as
a n-type channel. Nitrogen at 9" position of the azabicyclic backbone
enables incorporation of various m-conjugated donor units into a scaffold,
while facilitating preparation of hybrid architectures with tailored electronic
properties.
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Figure 78. a) Co-assembly of exTTF and PDI resulting in segregated n/p-
channels in supramolecular polymer; b) orthogonal aggregate Ceo@AzalCyt as
a potential n/p-heterojunction material for organic semiconductors. a) is adapted
from ref. 227 with permission from American Chemical Society, 2015.

4.2 Preparation of building block bearing n-conjugated system

Enantiomerically enriched azabicyclic precursor (-)-115 was synthesized
from commercially available 1,5-cyclooctadiene following previously
reported method by Michel and Rassat??®, which was adapted and further
developed in Orentas group. The enantiomerically pure diol was obtained
through kinetic resolution of the racemic diol utilizing lipase from Candida
rugosa.?’” N-benzyl protecting group was replaced with 4-bromobenzyl to
incorporate an anchor in order to enable straightforward introduction of
various functional substituents (Figure 79). Diol 116 was subjected to
catalytic hydrogenation using Pd/C in combination with H, in methanol,
followed by subsequent nucleophilic substitution reaction with 4-
bromobenzyl bromide in acetonitrile. Diol 117 was prepared in 91 % overall
yield in two steps. Swern oxidation at -78 °C for 24 hours afforded diketone
118 in high vyield. The latter intermediate was treated with lithium
bis(trimethylsilyl)amide at -78 °C, and the obtained dienolate was trapped
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with ethylcyanoformate in the presence of N,N’-dimethylpropyleneurea
giving bis-p-ketoester 119 in 42 % yield.
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Figure 79. Synthesis of enantiopure azabicyclo[3.3.1]nonane synthon 121
bearing self-complementary 1Cyt motif.

In order to incorporate w-conjugated system, tetrathiophene was selected due
to its known high potential in application of organic field-effect transistors or
photovoltaics devices.??® To begin with, bromination of 3-hexylthiophene
with NBS in acetic acid afforded 2-bromo-3-hexylthiophene 122 in good
yield (Figure 80). Palladium-catalyzed C-H homocoupling of thiophene 122
with AgNOs/KF system and PdCI»(PhCN), as a catalyst afforded the
corresponding bithiophene 123 in 72 % yield. The conjugated system was
extended further by C-C bond formation via Stille cross-coupling reaction in
presence of Pd(PPhs), at 85 °C in a moderate 60 % yield.?® Tetrathiophene
124 was subjected to regioselective monobromination using NBS. The initial
bromination reaction predominantly took place in a more activated o-
position, although dibrominated product could not be avoided diminishing
the vyield of 125. Lastly, the essential trimethylstannyl- group was
incorporated into activated a-position by the use of halogen-lithium
exchange with BuLi, followed by a nucleophilic substitution reaction with
trimethylstannylchloride in 99 % vyield. Although less noxious
tributylstannylchloride is more commonly used, trimethylstannylchloride
was exploited because of its higher solubility in water. As stannyl-
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derivatives tend to decompose on silica gel columns, an excess of unreacted
MesSnCl was conveniently removed by simple extraction with water
resulting in pure compound T4-126.
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Figure 80. Synthesis of n-conjugated tetrathiophene derivative T4-126.

The synthesis of 9-azabicyclo[3.3.1]nonane, having m-conjugated
tetrathiophene incorporated in the scaffold, was performed utilizing Stille
cross-coupling reaction between 119 and organotin T.-126 derivatives in
DMF at 85 °C for 1.5 hours which resulted in 64 % yield. The monomer 121
was obtained in 39 % yield via condensation of 120 with guanidinium
chloride in the presence of KOtBu as a base at 100 °C in MeOH.
Unfortunately, close packing enhanced by conjugated system caused poor
solubility of the corresponding ICyt 121 in organic solvents and therefore, it
could not be used for further association studies in solution. To increase the
solubility, various bulky groups had to be incorporated into bicyclic scaffold.
For example, incorporation of 3,5-dibromobenzyl instead of 4-bromobenzyl
enabled the synthesis of more branched derivative. Regrettably, Stille cross-
coupling between 9-(3,5-dibromobenzyl)-9-azabicyclo[3.3.1]nonane and T.-
126 did not yield the desired product. Additionally, there were attempts to
attach tetrathiophene entities through thiol linkers to bicyclo[3.3.1]nonane
90, however, without any success. Hence, another strategy was utilized in
order to add dithiafulvenyl unit bearing decyl chains at the terminal o-
position of tetrathiophene (Figure 81). For this purpose, aldehyde-capped
tetrathiophene 130 was prepared by Vilsmeier-Haack formylation reaction
according to previously reported procedure.?! The dithiafulvenyl fragment
was obtained in moderate yield from DMF-mediated sodium metal reduction
of carbon disulfide. 1,3-dithiole-2-thione-4,5-dithiolate was isolated as zinc-
coordinated tetraethylammonium salt 127. The zinc salt 127 was subjected to
nucleophilic substitution reaction with 1-bromodecane in 26 % yield.?*
Resulting dithiafulvenyl derivative 128 was condensed with tetrathiophene
129 in neat P(OEt)sin 21 % yield. The decisive step was the incorporation of
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the solubilizing fragment into azabicyclo[3.3.1]nonane 131a scaffold. Boc
protecting group was removed using TFA and the resulting 131a salt was
directly  subjected to  reductive  amination  using  sodium
triacetoxyborohydride in the presence of triethylamine. However, reaction
did not proceed as expected, probably because of electron-donating nature of
130 fragment. Therefore, anticipated product was not obtained.
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Figure 81. Synthesis of 9-azabicyclo[3.3.1]nonane synthon comprising -
conjugated substituent.

Instead, it was chosen to incorporate tetrathiafulvalene (TTF) in place of
tetrathiophene unit because of its exceptional m-electron donating
characteristics. Precursor 134 was synthesized in three steps starting from
dibromoethane according to reported procedure (Figure 82).2%-2% TTF 135
was obtained by using unsymmetrical cross-coupling involving 128 and 2-
thioxo-1,3-dithiole 134. Despite the formation of symmetrical TTF from
self-condensation between 128 or 134, the corresponding product 135 was
isolated in 51 % yield. Treatment of the diester 135 with LiBr at 85 °C for 3
hours yielded selective monodecarboxylation in 87 %. However, prolonging
reaction time would lead to complete removal of carboxylate groups.
Subsequent ester hydrolysis in the presence of LiOH aqueous solution in
dioxane afforded monoacid 137 in 98 % yield. The latter intermediate was
treated with oxalyl chloride in the presence of a catalytic amount of pyridine
to provide the acyl chloride derivative TTF-138 in surprisingly low yield.
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Figure 82. Synthesis of tetrathiafulvalene derivative TTF-138.

Synthetic route for the desired monomer was initially optimized utilizing
racemic derivatives and then employed to obtain the final enantiopure ICyt
140b building block (Figure 83). Boc group was removed by treating 131
with TFA, followed by acylation using TTF-138 acylchloride in the
presence of TEA as a base. The racemic and enantiopure amides 139a and
139b were obtained in 67 % and 80 % vyields, respectively. Lastly,
condensation with guanidine carbonate at 100 °C in MeOH yielded
monomers 140a and 140b in 52 % and 61 % vyield, respectively. The
solubility of the ICyt derivatives 140 was greatly improved in comparison to
previously obtained monomer 121, thus it was subjected further to
aggregation studies and host-guest chemistry.
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Figure 83. Synthesis of targeted 9-azabicyclo[3.3.1]nonane synthon comprising
TTF scaffold.

4.3 Self-assembly of chiral tubular polymer

Tautoleptic aggregation of novel enantiopure TTF-ICyt synthon 140b was
achieved via self-complementary DDA-AAD hydrogen bonding units
between two N!-H and N3-H tautomeric forms attached on the opposite
edges of bicyclic scaffold (Figure 84a). Simultaneously orthogonal
propagation of newly formed cyclic tetramer was further directed by the
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bifurcated hydrogen bonds along the rims of the tetramer. The robustness of
the whole supramolecular system benefits from n-m interactions occurring
from newly incorporated planar TTF units. Tubular polymeric architecture
resulted in gel-like highly viscous solution in either chloroform or toluene.
Therefore, it could not be further characterized at the molecular level due to
broadened signals in *H NMR spectrum in chloroform and toluene, however
the formation of viscous solution itself is indicative of the formation of
polymeric aggregates (Figure 84b). Highly polar DMSO decreases stability
of aggregate by suppressing hydrogen bonding, therefore, sharp resonances
were observed in *H NMR spectrum which could be clearly attributed to
monomeric species.

a) H

Orthogonal
propagation

interactions

T T T T T T T T
10.0 9.0 8.0 7.0

Figure 84. a) Orthogonal aggregation of TTF-azabicyclo[3.3.1]nonane 131; b)
IH NMR spectra of synthon 140b in CDCls, toluene-ds and DMSO with
assigned proton’s resonances.
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Additionally, molecular modeling was used to further support aggregation of
TTF-ICyt 140b synthon into tubular polymers. The geometry of tetrameric
aggregate was calculated using semi-empirical PM3 as implemented in
Spartan’14 (Figure 85a). As seen from the molecular model, the width of the
cavity is 12.3 A, a perfect fit for fullerene Ceo as a potential guest in host-
guest studies. Molecular electrostatic potential surface of tetramer 140b,
helps to visualize the charge distribution in the corresponding aggregate,
where dark blue and deep red corresponds to electron deficient and electron
rich regions, respectively (Figure 85b). Top and bottom rims of the structure
have opposing electron density distribution which is one of the driving
forces for orthogonal propagation (Figure 86a).

‘7*- Top view
oW 8 -&W,
ol Side view

Figure 85. a) Top and side views of the optimized molecular models of
enantiopure TTF-ICyt 140bs; Alkyl chains were replaced with CHs for the
clarity; b) Top and bottom view of molecular electrostatic potential map of
tetrameric cycle; red color corresponds to electron rich areas, blue — electron
deficient.

Furthermore, optimized molecular model of tetrameric species was utilized
to assemble a tubular polymer. In this case, molecular mechanics MMFF
force field method was used instead to optimize the obtained nanotube due
to high number of atoms that increases computation time tremendously. As
was anticipated, despite the long alkyl chains, planar TTF moeities are
nearly perpendicular to the azabicyclo[3.3.1]Jnonane scaffold and are able to
stack efficiently along propagation axis with 6.3 A space between the
bicyclic backbones (Figure 86b). Though, TTF units are slightly shifted
downwards in the same direction.
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Figure 86. a) Side view of molecular electrostatic potential map of tubular
nanotube; blue color corresponds to electron rich areas, red — electron deficient;
b) Top and side views of the optimized molecular models of enantiopure
polymer; Alkyl chains were replaced with CHs for the clarity; H-bonds are
presented by black dashed lines.

Subsequently, as a mean to probe the host-guest chemistry of tubular
supramolecule, fullerene Ceo Was complexed within its well-defined inner
space (Figure 87a). We envisioned, that inclusion complexes with fullerene
would be energetically favored due to the presence of van der Waals
interactions between -Cgo-Ceo- inside the cavity. Considering that size of Ceo
matches dimensions of the hollow, in theory, the tetramer could encapsulate
guest in 1:1 ratio. However, exact ratio could not be determined. The
optimized lowest energy molecular model suggests, however, that terminal
guest molecules are glued to the rims of polymer, instead of being fully
within cavity (Figure 87b,c).

Encapsulation experiments were performed by heating enantiopure TTF-
ICyt 140b monomer in toluene at 90 °C until all precipitate dissolved.
Allowing the obtained orange solution (¢ = 11mM) to cool down undisturbed
at room temperature would result in the formation of a gel. Then, in respect
to the tetramer 140ba, 1.0 equivalent of guest Ceo Was added and the mixture
was heated at 90 °C until no insoluble residue was left. Successful
encapsulation was evident from the change of the color from orange to
brown, which is typical for Ceo complexes (Figure 87d). The obtained brown
solution was left to cool down to room temperature and resulted in the
formation of a gel confirming that the polymer was still intact. Additionally,
guest complexation was further corroborated by UV-vis spectroscopy.
Absorption spectrum in toluene displayed hypsochromic shift of Cgo
absorption band by 3 nm to 333 nm, whereas absorption band of the free
guest is at 336 nm (Figure 87e). No change in band attributed to TTF unit at

106



300 nm confirms that it does not interact with guest molecule, fullerene
being completely entrapped in the cavity.
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Figure 87. a) Schematic representation of supramolecular aggregation followed
by guest encapsulation; b) Top and side views of space filling model of complex
Ceo@(140bg)n; ¢) Top and side views of molecular model of complex
Cs0@(140by)n; d) gels of (140bas), (left) and Ceo@(140ba4)n (right) in toluene (c
= 11mM); €) normalized UV spectra of (140b4)n, Ceo and Ceo@(140b4)n (c =1
UM) in toluene.

Control experiments of the complexation were performed with the racemic
TTF-ICyt 140a as well. As anticipated, due to completely different
aggregation mode it failed to produce gels in chloroform and toluene, thus
resulted in precipitation of the compound. The racemic mixture of synthon
140a may undergo heterochiral aggregation between two different
enantiomers and form zig-zag structures, which could propagate further into
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two-dimensional sheets via hydrogen bonding between adjacent isocytosine
moieties (Figure 88a). Moreover, encapsulation of guest molecule did not
take place while heating synthon 140a together with Cgo in neither toluene
nor chloroform .

a) b)
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Figure 88. a) Schematic aggregation of racemic TTF-ICyt 140a synthon; b)
enantiopure complex TTF-ICyt Ceso@(140b4)n as a synthon for supramolecular
n,p-heterojunction material.

The results obtained so far highlight the potential of TTF-1Cyt Ceo@(140ba)n
tubular polymer as a candidate for novel supramolecular n,p-heterojunction
material comprising electronically decoupled n- and p-type channels (Figure
88b). Alignment of the channels is ensured by hydrogen bonding in
conjunction with favorable - & interactions between planar TTF entities in
radial positions of nanotube. Fullerene entrapped within the cavity is
perfectly suitable as an electron transport material since it is well-known for
electron acceptor properties, whereas TTF units stacked in face-to-face
orientation should potentially exhibit excellent hole mobility.
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5.DYNAMIC CHIRAL MOLECULAR TWEEZER

Supramolecular chemistry has grown tremendously by implementing
insights acquired from biological processes into state-of-art architectures at
the molecular level. The next stage is to introduce function into
supramolecular systems; hence it is essential to gain control over dynamicity
and reversibility of the system. Host-guest chemistry has made a significant
contribution towards fit-induced receptors and recognition systems.
However, the construction and use of a recognition element that can
reversibly change its geometric form, electronic  properties,
complementarity, and affinities in response to an external agent is essential
for future applications in smart materials, systems chemistry and biology.

Meanwhile various strategies are being employed to utilize tautomerization
as a mean to control self-association which would open up a possibility to
alter the composition of supramolecular copolymers based on the recognition
behavior of the complementary units. Potentially, 2,7-diamino-1,8-
naphthyridine (DAN) 142 comprising pre-organized DAAD array disrupts
Upy homodimer 141:141 favoring the anticipated DAAD:ADDA
heterodimer interaction between DAN and Upy moieties 141:142 (Figure
89a). The obtained DAN-Upy heterocomplex comprising additional
stabilizing intramolecular hydrogen bond in Upy motif has a remarkably
high association constant K, > 10* M™.2%27 Fyrther studies exploiting
differing levels of fidelity and association in quadruple hydrogen-bonded
systems were carried out. Addition of AUPy 145 into a pre-mixed solution
containing DAN-Upy 143:144 led to a disassembly of the former
heterocomplex followed by formation of a new dimer DAN-AUPy 143:145
and narcissistic regeneration of Upy-Upy 144:144 (Figure 89b). The
necessity to maximize number of hydrogen bonds to ensure the stability of
the entire system promotes a self-sorting network. The challenge here is to
imitate transitions occurring between different components of protein
assemblies in biological systems.?®® Likewise, self-sorting could be triggered
by external stimuli unmasking hydrogen bonding pattern in one of the
motifs. A photochromic switch 146 comprising azobenzene unit attached to
Upy derivative can be utilized to facilitate assembly of smart supramolecular
architectures. Photo-locking strategy is based on ability of azobenzene
chromophore to undergo reversible trans — cis isomerization in response to
light. The ability to participate in association for Upy moiety in E-Azo-Upy
is hindered by intramolecular hydrogen bonding with azobenzene unit. UV
light-mediated isomerization uncovers complementary hydrogen bonding

109



site by changing its conformation which results in an enhanced
heterodimerization with DAN 147 (Figure 89c). Upon visible light
irradiation, the system switches back to the initial state suppressing any
association.?® Such recognition systems are ought to permit modulation of
self-assembly networks in a novel manner for the development of various
receptors.
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Figure 89. a) Heterodimerization between Upy and DAN units; b)
rearrangement of heterodimers driven by self-sorting behavior; ¢) a photo-
switchable heterodimerization comprising photoactive azobenzene unit.

We introduce a strategy solely based on hydrogen-bonding to transform
tetrameric aggregates via external stimuli into an open-ended supramolecular
construct, the so-called tweezers. Molecular tweezers pioneered by Whitlock
are U-shaped tubular architectures with an open cavity between two
interaction sites which provide a more facile entry for the guest molecules
and can potentially serve as synthetic molecular receptors.*
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The tetrameric Upy-Upy. components are bound together by strong
quadruple hydrogen bonds which are hard to outcompete, especially when
the process is entropically unfavored. Thus, for this purpose a Ci-symmetric
monomer Pupy-Upy was employed. Owing to electronic factors,
ureidopyrimidinones fused with electron-rich pyrrole ring favor ADDA over
DDAA or DADA hydrogen-bonding arrays. Previously developed in
Orentas group, Pupy-Pupy synthon has served as an excellent building block
for various supramolecular structures providing 2D H-bonding network
between orthogonally located 2H-bonding sites.?*! By introducing the 2H-
bonding Pupy unit into the tetrameric aggregate, cooperativity could be
potentially disrupted at two point hydrogen-bonding site. DAN ought to
primarily prefer heterodimerization with Pupy unit via DAAD — ADDA
hydrogen-bonding array leaving Upy unaffected. The propensity of the
system to maximize the number of hydrogen bonds could in theory push
equilibrium towards the cleft structure. Hence, in our group earlier
synthesized monomer Pupy-Upy 148 was selected as a suitable candidate
towards entirely supramolecular hydrogen-bonded tweezer. The synthesis of
monomer was presented in recent publication.?*?

Surprisingly, characterization of tetrameric cycle Pupy-Upys using 1D and
2D NMR spectroscopy revealed the presence of quadruple hydrogen-
bonding mode between Pupy units via enolic tautomer instead of the
envisioned two hydrogen-bonding (Figure 90). Enolic form was exposed by
the absence of the most downfield shifted cross-peak in *H — **N HSQC
spectrum. In the ROESY spectrum, the corresponding proton f at 14.03 ppm
showed through-space interactions with the benzylic proton Har and protons
H and H; residing on the bicyclic backbone. Proton a at 13.14 ppm gives
correlation to the proton Har as well to Hi, H, indicating that they are on the
same side. Hence, this proton resides on a nitrogen atom. NOE cross-peak of
proton f with adjacent proton e confirms the presence of DADA-ADAD
binding mode between Pupy motifs. Proton d at 9.86 ppm was assigned to
terminal urea on Pupy side due to its interactions with N-methyl from the
pyrrole ring and protons Hs from the butyl chain. Lastly, proton ¢ at 10.22
ppm was assigned to NH resonance of terminal urea on Upy side due to its
NOE interaction with Hs from the butyl chain and the neighboring proton b.
DOSY experiment confirmed the presence of only one type of discrete
species with an approximate hydrodynamic radius of 20 A since all
resonances correlated to same value of diffusion coefficient D = 2.05-101°
m2sL,
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Figure 90. a) Quadruple hydrogen bonding modes of cyclic Pupy-Upys with
main through-bond and through-space interactions indicated by arrows (left) and
its molecular model (semi-empirical, PM3; substituents are removed for clarity);
b) 'H NMR spectrum of tetramer Pupy-Upys in CDCls with DOSY trace
stacked at the bottom; ¢) main ROESY cross-peaks used for structural
assignment.

Subsequently, tetrameric aggregate was subjected to selective transformation
into a tweezer upon introduction of a rival noncovalent agent. The newly
obtained tetramer Pupy-Upys was mixed with stoichiometric amount of
DAN in CDCI; (Figure 91a). As anticipated, a new set of eight downfield
NH resonances appeared in *H NMR spectrum which indicated formation of
a new species (Figure 91b). The **N-tH HSQC further elaborated that all
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eight downfield resonances belong to N-H protons, thus enolic binding mode
can be dismissed. Alongside *®N-H HSQC experiment, a newly obtained
Pupy-DAN dimer in DAAD-ADDA hydrogen bonding arrangement was
corroborated by ROESY cross-peaks, where protons g, h show correlation
with a-protons of amide chain in DAN and to adjacent resonances of NH in
Pupy unit, respectively.
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Figure 91. a) Reversible formation of the so-called tweezer (DAN:Pupy-Upy).
via competitive non-covalent interactions; b) *H NMR spectra of tetramer Pupy-
Upys (top), tweezer (DAN:Pupy-Upy). (middle) and a mixture of tetramer
Pupy-Upyas with Pupy*:DAN (bottom) in CDCls; ¢) DOSY traces of tetramer
Pupy-Upyas with Pupy*:DAN mixture.

113



The chemical nature of protons e, f was corroborated by labelling
isocytosine ring of Pupy unit with °N isotope. The corresponding protons
on labeled nitrogen atoms split into triplets and the chemical shift of N
attached to proton e at 147 ppm coincided with typical shift attributed to
H[3] keto form of isocytosine ring. Hydrodynamic radius Ry = 17.3 A
obtained from DOSY experiment revealed the presence of smaller
aggregates compared to tetramer, which is in line with the expectations since
longer Pupy-Pupy side is dismantled upon DAN induced rearrangement.

Subsequently, addition of excess of competing Pupy! converted
supramolecular tweezer back into cyclic tetramer, thus rendering topology of
the system to be fully reversible. Reemergence of signals characteristic to
the tetramer Pupy-Upy. together with additional peaks attributed to
DAN:Pupy! corroborated high fidelity for homo-aggregation. In DOSY
experiment, the presence of both species can be observed with corresponding
diffusion coefficient D = 1.90-10° m?s? and 3.63-10%° m?s? for tetramer
and DAN:Pupy?, respectively (Figure 91c).

Furthermore, topology of the system could be manipulated by external
stimuli-induced masking of hydrogen bonding pattern in one of the units.
For this purpose, redox-active DAN component, pioneered by Zimmerman
et al.?*® was selected. Quadruple DAAD hydrogen bonding array in red-
DAN can be transformed to noncomplementary DAA array in iminoguinone
(ox-DAN) under oxidative conditions in the presence of cobalt salcomine
and molecular oxygen in benzene. The broadened resonances in *H NMR
spectrum were observed upon addition of red-DAN into a solution of
tetramer Pupy-Upy. in benzene, as a result of the formation of isomeric
tweezers due to nonsymmetric nature of red-DAN (Figure 92). The
formation of exclusively tweezer architecture is corroborated by the
disappearance of resonances corresponding to tetramer in *H NMR as well
as diffusion coefficient D = 2.30-10"° m%s* (Ry = 15.7 A), consistent with
previously obtained values for the cleft architecture. Adding stoichiometric
amount of Co(salen), into oxygen sparged reaction solution resulted in red-
DAN conversion to ox-DAN. As follows, ox-DAN is no longer
complementary to Pupy moiety and the tweezer is reverted back to the
tetramer. Although resonances are broadened in *H NMR spectrum due to
existence of paramagnetic Co?* species in the reaction mixture, characteristic
set of signals for tetramer can be clearly observed.
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Figure 92. Reversible formation of tetramer into tweezer and vice versa as a
result of chemically induced interconversion of red-DAN and ox-DAN. 'H
NMR in C¢Ds of tetramer Pupy-Upya, tweezer (red-DAN:Pupy-Upy). (middle)
and recovered tetramer (bottom).

Both above methods provide the control over the topology by employing
chemical stimuli to target selectively DAN:Pupy pair without the necessity
to incorporate responsive unit into a scaffold. However, disassociation of
Upy-Upy pair needs to be addressed in an effort to fully disrupt the inner
cavity within tubular architecture. Hence, we introduce light-modulated
proton transfer as an unconventional method to exert control over self-
association of Upy motifs in a fully reversible manner. Zwitterionic
protonated merocyanine photoacids are known for their ability to release
proton upon blue light-mediated nucleophilic cyclization. Resulting cyclic
spiropyran thermally recover to the open form by abstracting proton from the
protonated species in the dark.?** Promising results were obtained from
initial experiments with dimer Upy':Upy!. A mixture of 1.0 equiv. Upy?
with 2.0 equiv. PA in CDCls were irradiated for 1h with 100W blue LED
(Figure 93). Insoluble PA dissolved upon photoinduced cyclization while the
color of solution changed from colorless to orange. Appearance of a new set
of signals corresponds to a newly formed cyclic spiropyran. The
disappearance of the downfield NH resonances in 'H NMR spectrum
corroborated the protonation of Upy' moiety. Dimer Upy!:Upy! was
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recovered after standing overnight in the dark while protonated PA
precipitated.
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Figure 93 Blue Ilght mediated reversible protonation of dimer Upy!:Upy? in
CDCls.

In order to probe the selectivity of PA, photoinduced protonation was carried
out in a mixture of dimers DAN*:Pupy! and Upy*:Upy! with 1.0 equiv. PA
(Figure 94). According to *H NMR spectrum, protonation occurred only on
Upy! moiety since no change to resonances assigned to DAN!:Pupy* was
observed. Additional low intensity resonances indicated that small amount of
degraded PA was left in solution.
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Figure 94. Blue light-mediated selective protonation of Upy*:Upy! in a mixture
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of dimers DAN!:Pupy* and Upy*:Upy* in CDCls. PA residue marked with red
dot.

Subsequently, the application of the photoacid was further extended to our
supramolecular architecture. A mixture of tweezer (DAN*:Pupy-Upy). with
photoacid PA were irradiated under blue light in CDCl; for 1h (Figure 95a).
Dissociation of Upy:Upy motif was apparent from extremely broadened
resonances whilst a distinct set of DAN:Pupy signals remained unaffected
(Figure 95b). In comparison to tweezer, reduced value of hydrodynamic
radius (R4 = 11 A) was obtained from diffusion coefficient (D = 3.70-10°
m?2s1) which indicated the presence of smaller species. Subsequently, leaving
reaction mixture in the dark overnight resulted in completely recovered
tweezer.

[E=2

\ = B OCgHs ;
— (DAN:Pupy-Upy), —2 DAN':Pupy-Upy*-H

013 ghp e ¢ 4
T

+PA, 1h
Blue LED {

11 11
11 11
11 11
11 11
11 11
11 11
+PA,2ah | ! !
inthedark § 8 9Py o . . . oo

13.5 12.5 1.5 10.5 9.5 8.5 7.5 6.5 55 4.5 3.5 2.5 1.5 0.5
ppm

Figure 95. a) Supramolecular tweezer dissociation via selective protonation
of Upy motif; b) stacked *H NMR spectrum of reversible dissociation. New
resonances emerging from PA marked with red dot.
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Taken together, rational strategies were developed to control the topology of
supramolecular structures ranging from tetrameric or tweezer to monomeric
form without the cavity via chemical or light external stimuli. The
development of fully reversible supramolecular aggregates opens the door
for their further application in selective binding, guest release or other
stimuli-responsive materials.
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CONCLUSIONS

1. The strategy to facilitate incorporation of various chromophores into
supramolecular scaffold was developed by introduction of nucleophilic thiol
anchor via tiol-ene ‘click’ chemistry. This allowed the extension of the
collection of possible supramolecular monomers, including those with bulky
substituents.

2. Tubular polymerization of tetrameric aggregates was accomplished by
alleviating steric repulsion between peripheral bulky substituents via
introduction of flexible linker. Resulting tubular architecture was converted
into discrete tetrameric capsules and its capacity to participate in host-guest
chemistry was investigated using fullerene Cgo encapsulation.

3. Fullerene soot and fullerene nanodispersion were successfully employed
as a reusable metal-free heterogeneous photocatalysts in blue light-mediated
chemoselective oxidation of sulfides to the corresponding sulfoxides in
excellent yields. The versality of this environmentally benign catalyst was
effectively demonstrated in radical cyclization, imine formation and boronic
acid oxidation reactions. Additionally, its readily implementation in
continuous-flow system solved the low scalability issue typical for
photochemical reactions, allowing gram scale reactions.

4. Dynamic tetrameric capsule comprising tetraphenyl porphyrin moieties
displayed cavity flexibility by induced tautomerization of hydrogen-bonding
sites upon fullerene encapsulation. Energetic cost of the rearrangement is
fully compensated by CH-x stabilization occurring between peripheral alkyl
chains. Fullerene Ce promotes high fidelity self-sorting of this novel
supramolecular aggregate from a mixture of scrambled similar components.

5. Tubular polymer based on azabicyclo[3.3.1]nonane backbone was
synthesized as a novel supramolecular n,p-heterojunction material
comprising electronically decoupled n- and p-type channels. Cooperative
effect of directional hydrogen bonding between ICyt moieties and zn-n
stacking between planar tetrathiafulvalenes ensures high degree of internal
order with well-aligned n/p channels which is essential for functional
materials exhibiting high mobility of charge carriers.

6. The strategy exploiting differing fidelity levels of Upy-Pupy hydrogen
bonding modes was introduced as a means to obtain dynamic
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supramolecular tweezer. Newly obtained tweezer was assembled solely
employing hydrogen bonds. Its reversibility between tetrameric and open-
side arrangement was probed using chemical or light external stimuli.
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6. EXPERIMENTAL

General. All chemicals were used as received from commercial suppliers.
Compounds 83-85'?7, 86'%, 87-88'?5-his(decyloxy)benzyl bromide!®,
bis(MeO-PEG4)benzyl bromide**, 13-bromo-2,5,8,11-tetraoxatridecane'®,
1-pyrenemethanol®s, 1088 12520 1272%2 13112 1322 133% were
prepared according to reported procedures. All moisture sensitive reactions
were carried out under an argon atmosphere using oven-dried glassware.
Anhydrous tetrahydrofuran was distilled from benzophenone-sodium.
Anhydrous dichloromethane, triethylamine, dimethylformamide, pyridine
were distilled from calcium hydride and toluene was distilled from sodium.
Yields refer to chromatographically and spectroscopically homogenous
material. Reactions were monitored by thin layer chromatography (TLC)
carried out on 0.25 mm Merck silica plates (60F2s4), using UV light as the
visualizing agent and/or aqueous solutions of vanillin, phosphomolybdic
acid, KMnO, and heat as a developing agent. Flash silica gel
chromatography was performed using Fluorochem silica gel (60, particle
size 0.043 — 0.063 mm). NMR spectra were recorded at ambient probe
temperature on Bruker Avance Il 400 MHz (9.0 T) instruments in
deuterated solvents and were calibrated using residual undeuterated solvents
as an internal reference (CDCls: *"H NMR & = 7.26 ppm, *C NMR § = 77.16
ppm, ds-DMSO *H NMR § = 2.50 ppm, *C NMR & = 39.52 ppm, CD,Cl, *H
NMR & = 5.32 ppm, *C NMR & = 53.84 ppm, CD;0D 'H NMR § = 3.31
ppm, *C NMR & = 49.00 ppm). The following abbreviations were used to
explain NMR peak multiplicities: s = singlet, d = doublet, t = triplet, q =
quartet, p = pentet, m = multiplet, br = broad. H and C peaks were
assigned with the aid of additional information from 1D and 2D NMR
spectra including H,H-COSY, ROESY, HSQC and HMBC. High resolution
mass spectra (HRMS) were recorded on an Agilent LC/MSD TOP mass
spectrometer by electrospray ionization time-of-flight (ESI-TOF) reflectron
experiments or on Thermo Fisher Scientific Q Exactive PLUS hybrid
quadrupole-Orbitrap mass spectrometer instrument via direct infusion.
Scanning electron microscopy (SEM) images were taken for the morphology
characterization with Hitachi SU-70 SEM. Samples for SEM
characterization were prepared by dispersing particles on a carbon plate.
Melting points were recorded with a Gallenkamp apparatus and are not
corrected. The absorption spectra were recorded with a Perkin-Elmer
Lambda 35 spectrometer. CD spectra were recorded on Jasco J-810
spectrometer in millidegrees and normalized into Aemax [L Mol™ cm™]/A[nm]
units.
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Diffusion ordered NMR spectroscopy (DOSY). DOSY experiments were
performed on a 400 MHz Bruker Avance NMR spectrometer equipped with
an Accustar z-axis gradient amplifier and an ATMA BBO probe with a z-
axis gradient coil. All experiments were run using insert tubes and without
spinning to avoid convection. All calculations were performed using
standard applications in Bruker Topspin and MestReNova software.
Diffusion was measured at 25 °C using standard Bruker pulse sequence,
stegpls, employing a stimulated echo sequence and 1 spoil gradient with a
diffusion gradient, d, set to 2 ms and the diffusion time, A, to 120 ms. The
rectangular gradient pulses applied S3 ranged from 2% — 98% of the
maximum gradient output of 48.15 Gauss/cm. The number of gradient steps
was set to be 32. Individual rows of the quasi-2-D diffusion databases were
phased, baseline corrected and aligned. At least three peaks were analyzed
for each compound to obtain the average.

6.1 Experimental section for Chapter 2: Hydrogen-Bonded
Supramolecular Architectures Possessing Well-Defined Cavity

HO CO,Me
o s

A

MeO,C OH
89

(1R,4S,5R,8S)-dimethyl-exo,ex0-4,8-bis(2-(acetylthio)ethyl)-2,6-
dihydroxybicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 89. Under inert
atmosphere a mixture of compound 88 (501 mg, 1.56 mmol, 1.0 equiv) and
AIBN (26 mg, 0.15 mmol 0.10 equiv) was dissolved in freshly distilled
toluene (5.0 mL). Reaction mixture was sparged with argon for 15 minutes
and thioacetic acid (0.66 mL, 9.38 mmol, 6.0 equiv) was added. The reaction
was irradiated with UV household lamp (365 nm, 4 x 9 W) with continuous
stirring at room temperature. After 4 hours additional 6.0 equiv of thioacetic
acid and 0.1 equiv AIBN were added, and the reaction mixture was
irradiated with UV lamp for another 4 hours. Then reaction mixture was
diluted with water and extracted with EA. Organic phase was washed with
water and brine, dried over anhydrous Na,SO4 and evaporated to dryness.
The crude was purified by column chromatography on silica gel (PE:EA
10:1, R = 0.15) to afford 700 mg (95 %) of 89 as a colorless oil.

'H NMR (400 MHz, CDCls): § 12.28 (s, 2H), 3.75 (s, 6H), 3.04 (ddd, J =
13.4,9.7, 4.8 Hz, 2H), 2.85 (ddd, J = 13.4, 9.3, 7.1 Hz, 2H), 2.70 (dt, J = 9.8,

b

(e}
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2.3 Hz, 2H), 2.57 — 2.48 (m, 2H), 2.33 (s, 6H), 1.91 (dddd, J = 13.9, 9.9, 7.2,
2.8 Hz, 2H), 1.84 (t, J = 3.1 Hz, 2H), 1.59 (tq, J = 9.5, 4.9 Hz, 2H).
HRMS-ESI*: m/z [M+H]* calcd. for 473.1298; found 473.1298.

HO CO,Me
SH
HS

MeO,C OH
90

(1R,4S,5R,8S)-dimethyl-exo,ex0-4,8-bis(2-mercaptoethyl)-2,6-dihydroxy
bicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 90. Under inert atmosphere
to a stirred solution of 89 (81.6 mg, 0.17 mmol, 1.0 equiv) in MeOH (5.0
mL) was added dropwise an excess of conc. HCI (0.15 mL). Reaction
mixture was heated for 2 hours at 90 °C. Then, the reaction mixture was
cooled down to room temperature and the solvent was removed under
reduced pressure. The crude was dissolved in EA and washed with sat.
NaHCOs solution and brine, dried over anhydrous Na;SO4 and evaporated to
dryness. The crude was purified by column chromatography on silica gel
(PE:EA 10:1, Rf = 0.23) to afford 53 mg (79 %) of 90 as a white solid.

'H NMR (400 MHz, CDCls): & 12.31 (s, 2H), 3.76 (s, 6H), 2.85 — 2.74 (m,
2H), 2.74 — 2.54 (m, 4H), 2.45 (q, J = 2.1, 1.4 Hz, 2H), 1.94 (dddd, J = 14.0,
9.3,7.3,2.9 Hz, 2H), 1.81 (t, J = 3.1 Hz, 2H), 1.66 (dddd, J = 13.9, 10.1, 8.7,
5.1 Hz, 2H), 1.46 (t, J = 7.6 Hz, 2H).

3C NMR (101 MHz, CDCls): 5 173.85, 172.98, 100.18, 51.81, 38.10, 36.73,
36.17, 23.12, 18.59.

HRMS-ESI*: m/z [M-H] calcd. for 387.093; found 387.0942.

General procedure A for 9la-e. Under inert atmosphere a mixture of
compound 90 (1.0 equiv), the corresponding RBr (2.2 equiv) and K>COsz (2.2
equiv) in anhydrous DMF was heated at 80 °C for 1-3 hours. Then the
reaction mixture was cooled down to room temperature, diluted with 1.0 M
HCI solution and extracted with EA. Organic phase was washed with 1.0 M
HCI solution, water and brine, dried over anhydrous Na,SO4 and evaporated
to dryness. The crude was purified by column chromatography on silica gel
(CHCI5:MeOQH) to afford product 91a-e.
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HO CO,Me
S
LO\AS V\O‘Z
q

MeO,C OH
91a

(1R,4S,5R,8S)-dimethyl-exo,ex0-4,8-di(2,5,8,11-tetraoxa-14-
thiahexadecan-16-yl)-2,6-dihydroxybicyclo[3.3.1]nona-2,6-diene-3,7-
dicarboxylate 91a. Following general procedure A, a mixture of 90 (60 mg,
0.15 mmol, 1.0 equiv), 13-bromo-2,5,8,11-tetraoxatridecane (92 mg, 0.34
mmol, 2.2 equiv), K:.CO; (47 mg, 0.34 mmol, 2.2 equiv) in anhydrous DMF
(5.0 mL) was heated at 80 °C for 1 hour. The crude was purified by column
chromatography on silica gel (CHCI;:MeOH 40:1, R = 0.12) to afford 116
mg (98 %) of 91a as a colorless oil.

'H NMR (400 MHz, CDCls): § 12.31 (s, 2H), 3.74 (s, 6H), 3.71 — 3.60 (m,
24H), 3.54 (dd, J = 5.7, 3.6 Hz, 4H), 3.37 (s, 6H), 2.79 — 2.66 (m, 8H), 2.59
(ddd, J = 12.5, 9.5, 6.9 Hz, 2H), 2.46 (q, J = 2.6 Hz, 2H), 1.93 (dddd, J =
16.7, 9.6, 6.7, 2.7 Hz, 2H), 1.81 (t, J = 3.1 Hz, 2H), 1.58 (dtd, J = 14.5, 9.8,
5.0 Hz, 2H).

13C NMR (101 MHz, CDCl3): 6 173.90, 173.00, 100.28, 72.06, 71.06, 70.74,
70.71, 70.65, 70.47, 59.16, 51.76, 37.17, 36.14, 33.76, 31.57, 30.97, 18.52.
HRMS-ESI*: m/z [M+H]* calcd. for 769.3497; found 769.3499.

OC,oH
HO CO,Me 1o
CioH240. s
MeO,C OH
CIOH21O 91b

(1R,4S,5R,8S)-dimethyl-exo,ex0-4,8-bis(2-((3,5-bis(decyloxy)benzyl)thio)
ethyl)-2,6-dihydroxybicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 91b.
Following general procedure A, a mixture of 90 (20 mg, 0.052 mmol, 1.0
equiv), 3,5-bis(decyloxy)benzyl bromide (55 mg, 0.11 mmol, 2.2 equiv),
K>CO;z (16 mg, 0.11 mmol, 2.2 equiv) in anhydrous DMF (2.0 mL) was
heated at 80 °C for 2 hours. The crude was purified by column
chromatography on silica gel (PE:EA 30:1, R = 0.45) to afford 47 mg (76
%) of 91b as a colorless oil.

'H NMR (400 MHz, CDCls): 6 12.31 (s, 2H), 6.45 (d, J = 2.3 Hz, 4H), 6.33
(t, J = 2.3 Hz, 2H), 3.92 (t, J = 6.6 Hz, 8H), 3.74 (s, 6H), 3.65 (s, 4H), 2.70
(dt, J=10.1, 2.2 Hz, 2H), 2.51 (qdd, J = 12.9, 10.7, 5.9 Hz, 4H), 2.40 (g, J =
2.5 Hz, 2H), 1.94 (dtd, J = 13.9, 6.8, 3.4 Hz, 2H), 1.75 (dt, J = 9.6, 6.7 Hz,
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10H), 1.58 — 1.49 (m, 2H), 1.42 (td, J = 8.8, 8.1, 4.7 Hz, 8H), 1.37 — 1.21 (m,
48H), 0.88 (t, J = 6.8 Hz, 12H).

3C NMR (101 MHz, CDCls): & 173.99, 173.05, 160.50, 140.53, 107.42,
100.30, 99.95, 68.17, 51.75, 37.14, 36.51, 36.13, 33.43, 32.04, 29.73, 29.71,
29.56, 29.47, 29.44, 26.21, 22.83, 18.48, 14.26.

HRMS-ESI*: m/z [M-H] calcd. for 1191.7929; found 1191.8160.

hw
o)
od
HO CO.Me
\lLo o] S
e -y
) MeO,C OH
JX} 91c
o]
N-

(1R,4S,5R,8S)-dimethyl-exo,exo-4,8-bis(2-((3,5-bis(2,5,8,11-
tetraoxatridecan-13-yloxy)benzyl)thio)ethyl)-2,6-dihydroxy
bicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 91c. Following general
procedure A, a mixture of 90 (61 mg, 0.16 mmol, 1.0 equiv), bis(MeO-
PEG4)benzyl bromide (201 mg, 0.35 mmol, 2.2 equiv), K:COs; (48 mg, 0.35
mmol, 2.2 equiv) in anhydrous DMF (7.0 mL) was heated at 80 °C for 2
hours. The crude was purified by column chromatography on silica gel
(CHCI5:MeOH 50:1, Rf = 0.33) to afford 189 mg (87 %) of 91c as a yellow
oil.

'H NMR (400 MHz, CDCls): 6 12.30 (s, 2H), 6.48 (d, J = 2.3, 4H), 6.37 (t, J
= 2.2 Hz, 2H), 4.08 (dd, J = 5.8, 4.0 Hz, 8H), 3.83 (dd, J = 5.7, 4.0, 8H),
3.74 (s, 6H), 3.73 — 3.69 (m, 8H), 3.69 — 3.61 (m, 36H), 3.57 — 3.51 (m, 8H),
3.37 (s, 12H), 2.75 — 2.66 (m, 2H), 2.58 — 2.43 (m, 4H), 2.43 — 2.39 (M, 2H),
1.99 — 1.87 (m, 2H), 1.79 — 1.74 (m, 2H), 1.53 (dtd, J = 14.1, 9.5, 4.9 Hz,
2H),

C NMR (101 MHz, CDCls): & 173.97, 173.03, 160.08, 140.66, 107.83,
100.30, 100.25, 72.08, 70.94, 70.77, 70.76, 70.75, 70.66, 69.82, 67.56,
59.17, 51.79, 37.05, 36.50, 36.11, 33.28, 29.66.

HRMS-ESI*: m/z [M+H]* calcd. for 1393.6643; found 1393.6665.

125



MeO,C OH
91d

(1R,4S,5R,8S)-dimethyl-exo,exo-2,6-dihydroxy-4,8-bis(2-((8-(pyren-1-
ylmethoxy)octylthio)ethyl)bicyclo[3.3.1]nona-2,6-diene-3,7-
dicarboxylate 91d. Following general procedure A, a mixture of 90 (47 mg,
0.12 mmol, 1.0 equiv), pyrene bromide 92 (113 mg, 0.27 mmol, 2.2 equiv),
K>COsz (37 mg, 0.27 mmol, 2.2 equiv) in anhydrous DMF (5.0 mL) was
heated at 80 °C for 3 hours. The crude was purified by column
chromatography on silica gel (PE:EA 5:1 — 3:1, Rf = 0.33) to afford 88 mg
(67 %) of 91d as a yellow oil.

'H NMR (400 MHz, CDCls): § 12.34 (s, 2H), 8.37 (d, J = 9.2 Hz, 2H), 8.28
—8.10 (m, 8H), 8.09 — 7.96 (m, 8H), 5.21 (s, 4H), 3.73 (s, 6H), 3.60 (t, J =
6.5 Hz, 4H), 2.82 — 2.69 (m, 2H), 2.67 — 2.39 (m, 10H), 1.93 (dddd, J = 13.1,
9.7, 6.5, 2.6 Hz, 2H), 1.85 — 1.74 (m, 2H), 1.66 (p, J = 6.8 Hz, 4H), 1.54 (p,
J=17.9,6.9Hz, 4H), 1.45—1.19 (m, 18H).

C NMR (101 MHz, CDCls): & 173.92, 173.02, 131.93, 131.36, 131.31,
130.95, 129.45, 127.70, 127.54, 127.43, 127.01, 126.01, 125.27, 125.27,
125.05, 124.86, 124.59, 123.65, 100.33, 71.61, 70.61, 51.71, 37.25, 36.12,
33.71, 32.25, 30.49, 29.93, 29.67, 29.41, 29.31, 28.99, 26.29, 18.46.
HRMS-ESI*: m/z [M-H]" calcd. for 1071.4897; found 1071.5496.

4
MeO,C OH “
91e O

(1R,4S,5R,8S)-dimethyl-exo,exo-2,6-dihydroxy-4,8-bis(2-((8-(pyren-1-
ylmethoxy)2,5,8,11-tetraoxatridecan-13-yloxy)thio)ethyl)
bicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 91e. Following general
procedure A, a mixture of 90 (67 mg, 0.17 mmol, 1.0 equiv), pyrene bromide
93 (180 mg, 0.38 mmol, 2.2 equiv), K.CO3 (53 mg, 0.38 mmol, 2.2 equiv) in
anhydrous DMF (6.0 mL) was heated at 80 °C for 3 hours. The crude was
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purified by column chromatography on silica gel (CHCIs:EA 3:1, Rf = 0.12)
to afford 167 mg (82 %) of 91e as a yellow oil.

'H NMR (400 MHz, CDCls): § 12.30 (s, 2H), 8.40 (d, J = 9.2 Hz, 2H), 8.19
(t, J = 6.9 Hz, 4H), 8.14 (dd, J = 8.5, 2.3 Hz, 4H), 8.09 — 7.95 (m, 8H), 5.28
(s, 4H), 3.80 — 3.55 (m, 36H), 2.69 (t, J = 6.9 Hz, 6H), 2.66 — 2.60 (m, 2H),
2.55 (td, J =12.2, 10.8, 7.1 Hz, 2H), 2.39 (t, J = 2.4 Hz, 2H), 1.95 - 1.79 (m,
2H), 1.50 (dtd, J = 14.5, 9.7, 4.9 Hz, 2H).

3C NMR (101 MHz, CDCls): & 173.89, 172.98, 131.54, 131.41, 131.37,
130.95, 129.53, 127.78, 127.55, 127.53, 127.18, 126.06, 125.33, 125.05,
124.84, 124,59, 123.69, 100.25, 71.99, 71.01, 70.89, 70.81, 70.79, 70.73,
70.45, 69.66, 51.76, 37.11, 36.08, 33.66, 31.53, 30.94, 18.42.

HRMS-ESI*: m/z [M-H] calcd. for 1167.4592; found 1167.4362.

O O’Hgsr
se)

1-(1-Pyrenyl)-2-oxa-10-bromodecane 92. Under inert atmosphere to a
stirred suspension of NaH (60% dispersion in mineral oil) (790 mg, 19.80
mmol, 10.0 equiv) in anhydrous THF (30.0 mL) was added 1-
pyrenemethanol (460 mg, 1.98 mmol, 1.0 equiv) and 1,8-dibromooctane
(1.86 mL, 9.90 mmol, 5.0 equiv). Reaction mixture was heated at 70 °C for 4
hours. The reaction mixture was cooled down to room temperature,
guenched with H,O and extracted with DCM. Organic phase was washed
with water and brine, dried over anhydrous Na,SO. and evaporated to
dryness. The crude was purified by column chromatography on silica gel
(PE) to afford 615 mg (77 %) of 92 as a yellow solid.

Spectral data were in accordance with a literature.?*’

O o /\'),4Br
se)

1-(1-Pyrenyl)-13-bromo-2,5,8,11-tetraoxatridecane  93. Under inert
atmosphere to a stirred suspension of NaH (60% dispersion in mineral oil)
(707 mg, 17.69 mmol, 10.0 equiv) in anhydrous THF (30.0 mL) was added
1-pyrenemethanol (411 mg, 1.77 mmol, 1.0 equiv) and 1,11-dibromo-3,6,9-
trioxaundecane (3.11 g, 9.72 mmol, 5.5 equiv). Reaction mixture was heated
at 70 °C for 6 hours. The reaction mixture was cooled down to room

127



temperature, quenched with H,O and extracted with DCM. Organic phase
was washed with brine, dried over anhydrous Na,SO4 and evaporated to
dryness. The crude was purified by column chromatography on silica gel
(PE:EA 2:2—1:1, R¢= 0.44) to afford 314 mg (38 %) of 93 as a yellow solid.
!H NMR (400 MHz, CDCls):  8.41 (d, J = 9.3 Hz, 1H), 8.23 — 8.12 (m,
4H), 8.08 — 7.99 (m, 4H), 5.29 (s, 2H), 3.79 — 3.69 (m, 6H), 3.69 — 3.64 (m,
4H), 3.64 — 3.57 (m, 4H), 3.41 (t, J = 6.3 Hz, 2H).

3C NMR (101 MHz, CDCls): & 131.54, 131.45, 131.39, 130.97, 129.57,
127.81, 127.56, 127.24, 126.09, 125.35, 125.09, 124.87, 124.61, 123.73,
72.02, 71.29, 70.90, 70.83, 70.82, 70.73, 70.64, 69.67, 30.43.

HRMS-ESI*: m/z [M+H]* calcd. for 471.1165; found 471.1192.

ICyt 94a. A mixture of 91a (130 mg, 0.17 mmol, 1.0 equiv), guanidinium
chloride (81 mg, 0.85 mmol, 5.0 equiv) and KOtBu (95 mg, 0.85 mmol, 5.0
equiv) in MeOH (13.0 mL) was heated at 100 °C for 24 hours. Then the
reaction mixture was cooled down to room temperature and the solvent was
removed under reduced pressure. The crude was diluted with 1.0 M HCI
solution and extracted and washed with DCM. The aqueous phase was
basified to 9-11 pH with sat. NaHCOs solution and extracted with DCM.
The crude was precipitated with Et,O, filtered and washed with Et,O to
afford 103 mg (77 %) of 94a as a yellow solid.

'H and C NMR could not be acquired due to strong aggregation.
HRMS-ESI*: m/z [M+H]* calcd. for 787.3729; found 787.3727.

OC1gHz1

CioH210
OCgHa4

CigHo10O

94b  NH,

ICyt 94b. A mixture of 91b (47 mg, 0.039 mmol, 1.0 equiv), guanidinium
carbonate (35 mg, 0.20 mmol, 5.0 equiv) in MeOH (5.0 mL) was heated at
100 °C for 24 hours. Then reaction mixture was cooled down to room
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temperature and the solvent was removed under reduced pressure. The crude
was diluted with 1.0 M HCI solution and extracted with DCM. Organic
phase was washed with brine, dried over anhydrous Na,SO,4 and evaporated
to dryness. The crude was precipitated with MeOH, filtered and washed with
MeOH to afford 32 mg (68 %) of 94b as a white solid.

'H and **C NMR could not be acquired due to strong aggregation.
HRMS-ESI*: m/z [M+H]* calcd. for 1211.8314; found 1211.8285.

ICyt 94c. A mixture of 91c (161 mg, 0.12 mmol, 1.0 equiv), guanidinium
chloride (110 mg, 1.16 mmol, 10.0 equiv) and KOtBu (114 mg, 1.16 mmol,
10.0 equiv) in MeOH (10.0 mL) was heated at 100 °C for 24 hours. Then the
reaction mixture was cooled down to room temperature and the solvent was
removed under reduced pressure. The crude was diluted with 1.0 M HCI
solution and extracted with CHCIls. Organic phase was washed with brine,
dried over anhydrous Na,SO4 and evaporated to dryness to afford 160 mg
(98 %) of 94c as a colorless oil. The crude was used without further
purification.

'H and **C NMR could not be acquired due to strong aggregation.
HRMS-ESI*: m/z [M-H] calcd. for 1409.6717; found 1409.6725.

ICyt 94d. A mixture of 91d (87 mg, 0.081 mmol, 1.0 equiv), guanidinium
chloride (78 mg, 0.82 mmol, 10.0 equiv) and KOtBu (92 mg, 0.82 mmol,
10.0 equiv) in MeOH (10.0 mL) was heated at 100 °C for 36 hours. Then
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reaction mixture was cooled down to room temperature and the solvent was
removed under reduced pressure. The crude was diluted with 1.0 M HCI
solution and extracted with CHCIs. Organic phase was washed with brine,
dried over anhydrous Na,SO, and evaporated to dryness to afford 64 mg (72
%) of 94d as a yellow oil. The crude was used without further purification.
'H and C NMR H and *C NMR could not be acquired due to strong
aggregation.

HRMS-ESI*: m/z [M+H]" calcd. for 1091.5286; found 1091.533.

ICyt 94e. A mixture of 91e (115 mg, 0.098 mmol, 1.0 equiv), guanidinium
chloride (66 mg, 0.68 mmol, 7.0 equiv) and KOtBu (77 mg, 0.68 mmol, 7.0
equiv) in MeOH (10.0 mL) was heated at 100 °C for 24 hours. Then reaction
mixture was cooled down to room temperature and the solvent was removed
under reduced pressure. The crude was diluted with 1.0 M HCI solution and
extracted with CHCI;. Organic phase was washed with brine, dried over
anhydrous Na;SO4 and evaporated to dryness. The crude was purified by
column chromatography on silica gel (CHCls:MeOH 50:1—20:1—10:1, R¢=
0.35) to afford 65 mg (56 %) of 94e as a white solid.

'H and **C NMR could not be acquired due to strong aggregation.
HRMS-ESI*: m/z [M+H]"* calcd. for 1187.4981; found 1187.4980.

General procedure B for 95a-e. Under inert atmosphere a mixture of
corresponding 94a-e (1.0 equiv), BUNCO (4.0 equiv) and freshly distilled
anhydrous NEts (4.0 equiv) in anhydrous THF was heated at 80 °C for 24 -
72 hours. Then reaction mixture was cooled down to room temperature and
the solvent was removed under reduced pressure. The crude was diluted with
1.0 M HCI solution and extracted with CHCIs. Organic phase was washed
with brine, dried over anhydrous Na,SO4 and evaporated to dryness. The
crude was purified by column chromatography on silica gel (CHCIls:MeOH)
to afford product 95a-e.
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HN-Bu
Monomer Upy 95a. Following general procedure B, a mixture of 94a (103
mg, 0.13 mmol, 1.0 equiv), BUNCO (0.06 mL, 0.52 mmol, 4.0 equiv) and
freshly distilled anhydrous NEt; (0.07 mL, 0.52 mmol, 4.0 equiv) in
anhydrous THF (7.0 mL) was heated at 80 °C for 24 hours. The crude was
purified by column chromatography on silica gel (CHCl;:MeOH
100:1—50:1, Rs= 0.44) to afford 121 mg (93 %) of 95a as a colorless oil.
'H NMR (400 MHz, CDCls): 6 12.93 (s, 2N-H), 11.89 (s, 2N-H), 9.63 (d, J
= 5.4 Hz, 2N-H), 3.77 — 3.60 (m, 24H), 3.60 — 3.51 (m, 4H), 3.37 (s, 6H),
3.31-3.11 (m, 4H), 3.00 — 2.73 (m, 12H), 2.48 — 2.28 (m, 2H), 2.01 (s, 2H),
1.64 — 1.50 (m, 6H), 1.44 — 1.32 (m, 4H), 0.93 (t, J = 7.3 Hz, 6H).
¥C NMR (101 MHz, CDCl3): § 171.78, 156.34, 153.88, 147.16, 115.69,
72.09, 71.01, 70.76, 70.71, 70.68, 70.46, 59.18, 39.73, 38.07, 34.20, 31.62,
31.42, 31.03, 20.30, 14.01.
HRMS-ESI*: m/z [M+H]* calcd. for 985.5097; found 985.5146.

CigH210

Monomer Upy 95b. Following general procedure B, a mixture of 94b (32
mg, 0.027 mmol, 1.0 equiv), BUNCO (8.0 pL, 0.067 mmol, 2.5 equiv) and
freshly distilled anhydrous NEtz (9.2 pL, 0.067 mmol, 2.5 equiv) in
anhydrous THF (3.0 mL) was heated at 80 °C for 24 hours. The crude was
precipitated with MeOH, filtered and washed with MeOH to afford 32 mg
(85 %) of 95b as a white solid.

'H NMR (400 MHz, CDCls): § 12.97 (s, 2N-H), 11.88 (s, 2N-H), 9.72 (s,
2N-H), 6.49 (s, 4H), 6.32 (s, 2H), 3.90 (s, 8H), 3.73 (s, 4H), 3.20 (s, 4H),

131



2.99 — 2.56 (m, 8H), 2.42 (s, 2H), 1.87 (s, 2H), 1.73 (s, 10H), 1.32 (d, J =
58.3 Hz, 64H), 0.87 (s, 18H).

3C NMR (101 MHz, CDCls): & 171.73, 160.47, 156.33, 153.89, 147.23,
140.70, 115.61, 107.47, 100.00, 68.15, 39.77, 37.87, 36.41, 33.88, 32.04,
31.56, 30.07, 29.73, 29.71, 29.55, 29.47, 29.43, 26.21, 22.82, 20.26, 14.25,
13.94.

HRMS-ESI*: m/z [M+H]* calcd. for 1409.9682; found 1409.9655.

Bu—NH Pk
N J
o =N fo)
HN o
*o (0] 8
/\7: (S 0‘{'\/0*
= 4
o NH
0 N= o
JX” 95¢c  HN—
0 HN-Bu

Monomer Upy 95c. Following general procedure B, a mixture of 94c (24
mg, 0.017 mmol, 1.0 equiv), BUNCO (5.0 pL, 0.043 mmol, 2.5 equiv) and
freshly distilled anhydrous NEt; (6.0 pL, 0.043 mmol, 2.5 equiv) in
anhydrous THF (3.0 mL) was heated at 80 °C for 24 hours. The crude was
purified by column chromatography on silica gel (CHCl3:MeOH 50:1—20:1,
R¢= 0.58) to afford 27 mg (98 %) of 95c¢ as a colorless oil.

'H NMR (400 MHz, CDCls): & 12.95 (s, 2N-H), 11.88 (s, 2N-H), 9.68 (s,
2N-H), 6.50 (d, J = 2.2 Hz, 4H), 6.36 (t, J = 2.1 Hz, 2H), 4.16 — 3.98 (m,
8H), 3.92 — 3.77 (m, 8H), 3.77 — 3.60 (m, 44H), 3.60 — 3.48 (m, 8H), 3.36 (s,
12H), 3.26 — 3.14 (m, 4H), 2.99 — 2.87 (m, 2H), 2.82 (s, 2H), 2.78 — 2.60 (M,
4H), 2.51 — 2.36 (m, 2H), 1.92 (s, 2H), 1.66 — 1.44 (m, 6H), 1.29 (dt, J =
17.4, 8.7 Hz, 4H), 0.86 (t, J = 7.3 Hz, 6H).

C NMR (101 MHz, CDCls): & 171.78, 160.02, 156.30, 153.84, 147.26,
140.79, 115.64, 107.85, 100.22, 72.03, 70.89, 70.71, 70.61, 69.79, 67.51,
59.13, 39.72, 37.74, 36.42, 33.89, 31.50, 30.23, 20.24, 13.96.

HRMS-ESI*: m/z [M+H]* calcd. for 1609.8243; found 1609.8253.
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Monomer Upy 95d. Following general procedure B, a mixture of 94d (64
mg, 0.059 mmol, 1.0 equiv), BUNCO (0.02 mL, 0.15 mmol, 2.5 equiv) and
freshly distilled anhydrous NEt; (0.02 mL, 0.15 mmol, 2.5 equiv) in
anhydrous THF (10.0 mL) was heated at 80 °C for 24 hours. The crude was
precipitated with MeOH, filtered and washed with MeOH to afford 55 mg
(73 %) of 95d as a yellow oil.

!H NMR (400 MHz, CDCls): § 12.82 (s, 2N-H), 11.75 (s, 2N-H), 9.63 (s,
2N-H), 8.31 (d, J = 9.6 Hz, 2H), 8.23 — 8.05 (m, 8H), 8.04 — 7.89 (m, 8H),
5.17 (s, 4H), 3.71 — 3.47 (m, 4H), 3.37 — 3.05 (m, 4H), 2.96 — 2.65 (m, 6H),
2.64 — 2.47 (m, 4H), 2.29 (s, 2H), 2.13 - 1.75 (m, 6H), 1.72 — 1.45 (m, 10H),
1.43 - 1.07 (m, 22H), 1.01 — 0.75 (m, 6H).

13C NMR could not be obtained due to high degree of aggregation.
HRMS-ESI*: m/z [M+H]* calcd. for 1289.6654; found 1289.6638.

Bu—NH

Monomer Upy 95e. Following general procedure B, a mixture of 94e (65
mg, 0.055 mmol, 1.0 equiv), BUNCO (0.015 mL, 0.14 mmol, 2.5 equiv) and
freshly distilled anhydrous NEt; (0.02 mL, 0.14 mmol, 2.5 equiv) in
anhydrous THF (10.0 mL) was heated at 80 °C for 72 hours. The crude was
precipitated with MeOH, filtered and washed with MeOH to afford 59 mg
(78 %) of 95e as a yellow oil.

'H NMR (400 MHz, CDCls): § 12.70 (s, 2N-H), 11.62 (s, 2N-H), 9.56 (s,
2N-H), 8.34 (d, J = 9.2 Hz, 2H), 8.21 — 8.05 (m, 8H), 8.05 — 7.91 (m, 8H),
5.24 (s, 4H), 3.91 — 3.54 (m, 28H), 3.19 (d, J = 35.9 Hz, 4H), 2.93 — 2.65 (m,
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8H), 2.65 — 2.56 (m, 2H), 2.51 (s, 2H), 2.33 — 2.06 (m, 2H), 1.70 — 1.46 (m,
6H), 1.36 (g, J = 7.6 Hz, 6H), 0.93 (t, J = 7.3 Hz, 6H).

3C NMR (101 MHz, CDCls): & 171.35, 156.08, 153.43, 146.76, 131.48,
131.18, 130.77, 129.28, 127.64, 127.41, 127.35, 126.92, 125.91, 125.18,
125.16, 124.84, 124.65, 124.49, 123.50, 115.17, 71.80, 70.94, 70.78, 70.72,
70.66, 70.38, 69.65, 39.61, 37.72, 33.76, 31.50, 31.30, 30.75, 30.68, 29.72,
20.21, 13.92.

HRMS-ESI*: m/z [M+H]" calcd. for 1385.6307; found 1385.6308.

6.2 Experimental section for Chapter 2.3: Photooxidation of
sulfides to sulfoxides using heterogenous carbon-based catalyst

SR}

tert-Butyl(2-phenylethyl)sulfide 96a. A mixture of 2-methyl-2-propanethiol
(0.4 mL, 3.51 mmol, 1.3 equiv), 2-phenylethylbromide (0.37 mL, 2.70
mmol, 1.0 equiv) and K,CO; (0.49 ¢, 3.51 mmol, 1.3 equiv) in DMF (7.0
mL) was stirred at room temperature for 24 hours. The reaction mixture was
diluted with 1.0 M HCI solution and extracted with EA. The organic phase
was washed with 1.0 M HCI solution and brine, dried over anhydrous
Na,SO; and evaporated to dryness. The crude was purified by column
chromatography on silica gel (PE:EA 100:1, Rs = 0.29) to afford 503 mg (96
%) of 96a as a colorless oil.

Spectral data were in accordance with a literature.?*8

SN
@N C12H25
96b

n-dodecyl(2-phenylethyl)sulfide 96b. A mixture of 1-dodecanethiol (0.84
mL, 3.51 mmol, 1.3 equiv), 2-phenylethylbromide (0.37 mL, 2.70 mmol, 1.0
equiv) and K»COs (0.49 g, 3.51 mmol, 1.3 equiv) in DMF (7.0 mL) was
stirred at room temperature for 24 hours. The reaction mixture was diluted
with 1.0 M HCI solution and extracted with EA. The organic phase was
washed with 1.0 M HCI solution and brine, dried over anhydrous Na;SO4
and evaporated to dryness. The crude was purified by column
chromatography on silica gel (PE:EA 100:1, R¢ = 0.30) to afford 760 mg (92
%) of 96b as a colorless oil.

Spectral data were in accordance with a literature.*°
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Isobornyl-3-(tert-butylthio)propionate 96¢. Under inert atmosphere tert-
butylthiol (1.1 mL, 9.60 mmol, 2.0 equiv) and catalytic amount of NaOMe
(78 mg, 1.44 mmol, 0.3 equiv) were dissolved in anhydrous MeOH (20 mL).
The reaction mixture was cooled down to 0 °C and isobornyl acrylate (1.0
mL, 4.80 mmol, 1.0 equiv) was added dropwise over a period of 10 min. The
reaction mixture was allowed to warm up to room temperature overnight.
The solvent was removed under reduced pressure. The crude was dissolved
in CHCI; and washed with H,O and brine, dried over anhydrous Na,SO4 and
evaporated to dryness. The crude was purified by column chromatography
on silica gel (PE:EA 100:1, R = 0.33) to afford 1.23 g (86 %) of 96¢ as a
colorless oil.

'H NMR (400 MHz, CDCls): & 4.76 — 4.62 (m, 1H), 2.78 (dd, J = 8.2, 7.3
Hz, 2H), 2.55 (dd, J = 8.2, 7.1 Hz, 2H), 1.90 — 1.62 (m, 4H), 1.62 — 1.49 (m,
1H), 1.32 (s, 9H), 1.21 — 1.02 (m, 2H), 1.02 (s, 3H), 0.83 (s, 3H), 0.82 (s,
3H).

13C NMR (101 MHz, CDCls): & 171.58, 81.37, 48.79, 47.03, 45.14, 42.42,
38.90, 35.51, 33.83, 31.02, 27.14, 23.63, 20.22, 20.03, 11.60.

HRMS-ESI*: m/z [M+Na]* calcd. for Ci7H3:03SNa 337.4732; found
337.1809 (only sulfoxide formed during the measurements can be detected

with ESI).
kom/\/stm%s

© g6d

Isobornyl-3-(n-dodecylthio)propionate 96d. Under inert atmosphere a
mixture of 1-dodecanethiol (0.83 mL, 2.88 mmol, 2.2 equiv), isobornyl
acrylate (0.3 mL, 1.44 mmol, 1.0 equiv) and triethylamine (0.48 mL, 2.88
mmol, 2.2 equiv) in anhydrous THF (5.0 mL) was heated at 70 °C for 48
hours. The reaction mixture was cooled down to room temperature and
solvent was removed under reduced pressure. The crude was purified by
column chromatography on silica gel (PE:EA 100:1, Rs = 0.33) to afford 413
mg (58 %) of 96d as a colorless oil.

'H NMR (400 MHz, CDCly): 5 4.74 — 4.64 (m, 1H), 2.76 (t, J = 7.5 Hz, 2H),
2.57 (t,J =7.5Hz, 2H), 2,51 (t, J = 7.4 Hz, 2H), 1.85 - 1.65 (m, 4H), 1.62 —
1.51 (m, 3H), 1.36 (t, J = 7.5 Hz, 2H), 1.32 (s, 16H), 1.19 — 1.03 (m, 2H),
0.97 (s, 3H), 0.88 (t, J = 6.9 Hz, 3H), 0.84 (s, 3H), 0.83 (s, 3H).

135



3C NMR (101 MHz, CDCls): & 171.59, 81.48, 48.82, 47.08, 45.18, 38.95,
35.48, 33.87, 32.26, 32.06, 29.80, 29.78, 29.75, 29.70, 29.68, 29.50, 29.38,
29.03, 27.29, 27.17, 22.84, 20.25, 20.06, 14.27, 11.63.

HRMS-ESI*: m/z [M+Na]* calcd. for CzsHs7O3SNa 449.6892; found
449.3056 (only sulfoxide formed during the measurements can be detected
with ESI).

(/\/\/

S

96e \[<
tert-butyl(oct-7-en-1-yl)sulfane 96e. A mixture of 8-bromo-1-octene (0.5 g,
2.62 mmol, 1.0 equiv), 2-methyl-2-propanethiol (0.38 mL, 3.40 mmol, 1.3
equiv) and K,COs (0.47 g, 3.40 mmol, 1.3 equiv) in DMF (7.0 mL) was
stirred at room temperature for 24 hours. The reaction mixture was diluted
with 1.0 M HCI solution and extracted with EA. The organic phase was
washed with 1.0 M HCI solution, water and brine, dried over anhydrous
Na,SO; and evaporated to dryness. The crude was purified by column
chromatography on silica gel (PE:EA 100:1, Rs = 0.47) to afford 523 mg (99
%) of 96e as a colorless oil.

Spectral data were in accordance with a literature.?*

S.
A CyoHas
96f

Allyl-n-dodecylsulfide 96f. A mixture of allyloromide (0.36 mL, 4.13
mmol, 1.0 equiv), n-dodecanethiol (1.29 mL, 5.37 mmol, 1.3 equiv) and
K>CO3 (0.742 g, 5.37 mmol, 1.3 equiv) in DMF (7.0 mL) was stirred at room
temperature for 24 hours. The reaction mixture was diluted with 1.0 M HCI
solution and extracted with EA. The organic phase was washed with 1.0 M
HCI solution, water and brine, dried over anhydrous Na,SO4 and evaporated
to dryness. The crude was purified by column chromatography on silica gel
(PE, Rs = 0.54) to afford 994 mg (99 %) of 96f as a colorless oil.

'H NMR (400 MHz, CDCly): & 5.89 — 5.73 (m, 1H), 5.18 — 5.02 (m, 2H),
3.12 (d, J=7.2 Hz, 2H), 2.44 (t, J = 7.5 Hz, 2H), 1.54 (q, J = 7.6 Hz, 2H),
1.41 —1.33 (m, 2H), 1.26 (m, 16H), 0.88 (t, J = 6.7 Hz, 3H).

B3C NMR (101 MHz, CDCls): 5 134.76, 116.80, 34.92, 32.07, 30.88, 29.80,
29.78, 29.75, 29.68, 29.49, 29.49, 29.41, 29.06, 22.84, 14.26.

HRMS-ESI*: m/z [M+H]* calcd. for CisH3:S 243.2141; found 243.2131.
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(R)-tert-Butyl (1-(methylthio)-4-oxo-6-(phenethylthio)hexan-3-
yl)carbamate 96i. A mixture of N-((tert-butyloxy)carbonyl)-L-methionine
p-nitrophenyl ester (600 mg, 1.622 mmol, 1.0 equiv), 2-(2-
phenylethylsulfanyl)ethanamine (300 mg, 1.655 mmol, 1.02 equiv) and TEA
(0.24 mL, 1.72 mmol, 1.04 equiv) in DMF (5.0 mL) was stirred at room
temperature for 24 hours. The reaction mixture was diluted with water and
extracted with EA. The organic phase was washed with water and brine,
dried over anhydrous Na,SO, and evaporated to dryness. The crude was
purified by column chromatography on silica gel (DCM, Rt = 0.19) to afford
530 mg (79 %) of 96i as a yellow solid. M.p. 48 — 50 °C.
!H NMR (400 MHz, CDClg): & 7.33 — 7.27 (m, 2H), 7.24 — 7.18 (m, 3H),
6.51 (s, 1H), 5.17 (s, 1H), 4.35 — 4.16 (m, 1H), 3.59 — 3.27 (m, 2H), 2.92 -
2.84 (m, 2H), 2.83 — 2.74 (m, 2H), 2.65 (t, J = 6.5 Hz, 2H), 2.62 — 2.47 (m,
2H), 2.10 (s, 3H), 2.09 — 2.03 (m, 1H), 1.97 — 1.85 (m, 1H), 1.44 (s, 9H)
13C NMR (101 MHz, CDCl): & 171.61, 155.67, 140.33, 128.65, 126.59,
80.32, 53.62, 38.48, 36.33, 33.32, 31.95, 31.80, 30.37, 28.46, 15.43.
HRMS-ESI*: m/z [M+Na]+ calcd. for CooH32N203S,Na 435.5962; found

: ~ \)I\OEt

96j

Ethyl(benzylthio)acetate 96j. Under inert atmosphere a mixture of ethyl
mercaptoacetate (0.46 mL, 4.16 mmol, 1.0 equiv), benzylbromide (0.49 mL,
4.16 mmol, 1.0 equiv) and K>COs (0.63 g, 4.16 mmol, 1.0 equiv) in DMF
(7.0 mL) was stirred at room temperature for 24 hours. The reaction mixture
was diluted with water and extracted with EA. The organic phase was
washed with water and brine, dried over anhydrous Na,SO4 and evaporated
to dryness. The crude was purified by column chromatography on silica gel
(PE:EA 50:1, Rf = 0.29) to afford 727 mg (83 %) of 96j as a bluish oil.
Spectral data were in accordance with a literature.?

Et 0

Bu’J\/ S\)LOET

96k

Ethyl(2-ethylhexylthio)acetate 96k. Under inert atmosphere a mixture of
ethyl mercaptoacetate (0.46 mL, 4.16 mmol, 1.0 equiv), 2-
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ethylhexylbromide (0.74 mL, 4.16 mmol, 1.0 equiv) and K,COs (633 mg,
4.16 mmol, 1.1 equiv) in DMF (7.0 mL) was stirred at room temperature for
24 hours. The reaction mixture was diluted with water and extracted with
EA. The organic phase was washed with water and brine, dried over
anhydrous Na;SO4 and evaporated to dryness. The crude was purified by
column chromatography on silica gel (PE:EA 100:1, R = 0.2) to afford 938
mg (91 %) of 96k as a colorless oil.

'H NMR (400 MHz, CDCls): & 4.19 (q, J = 7.2 Hz, 2H), 3.18 (s, 2H), 2.62
(d, J =6.3 Hz, 2H), 1.58 — 1.46 (m, 1H), 1.45 — 1.17 (m, 11H), 0.99 — 0.82
(m, 6H).

13C NMR (101 MHz, CDCls): & 170.81, 61.39, 39.01, 37.34, 34.42, 32.47,
28.94, 25.63, 23.10, 14.33, 14.22, 10.87.

HRMS-ESI*: m/z [M+H]* calcd. for C12H250,S 233,1570; found 233.1556.

H

CaHorg N O

96l I \|<

tert-Butyl-(2-(butylthio)ethyl)carbamate 96l. A mixture of 2-[(tert-
Butoxycarbonyl)amino]-1-ethanethiol (300 mg, 1.70 mmol, 1.0 equiv), n-
butylbromide (0.22 mL, 2.03 mmol, 1.2 equiv) and K.CO; (280 mg, 2.03
mmol, 1.2 equiv) in DMF (5.0 mL) was heated at 70 °C for 48 hours. The
reaction mixture was cooled down to room temperature and it was diluted
with water and extracted with EA. The organic phase was washed with water
and brine, dried over anhydrous Na:SO. and evaporated to dryness. The
crude was purified by column chromatography on silica gel (PE:EA 30:1, R¢
= 0.45) to afford 113 mg (29 %) of 961 as a colorless oil.
'H NMR (400 MHz, CDCls): & 4.92 (s, 1H), 3.31 (q, J = 6.3 Hz, 2H), 2.63
(t, J = 6.5 Hz, 2H), 2.52 (t, J = 7.3 Hz, 2H), 1.61 — 1.50 (m, 2H), 1.45 (s,
9H), 1.44 — 1.34 (m, 2H), 0.91 (t, J = 7.3 Hz, 3H).
B3C NMR (101 MHz, CDCls): & 155.92, 79.53, 39.86, 32.44, 31.91, 31.65,
28.54, 22.09, 13.80.
HRMS-ESI*: m/z [M+H]* calcd. for CiiHuNO,S 234.1522; found
234.1524.

H
Pha~g NP
s
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96m

tert-Butyl-N-[2-(2-phenylethylthio)ethyl]carbamate 96m. A mixture of 2-
[(tert-Butoxycarbonyl)amino]-1-ethanethiol (237 mg, 1.33 mmol, 1.0 equiv),
2-phenylethylbromide (0.24 mL, 1.74 mmol, 1.3 equiv) and K,COj3 (240 mg,
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1.74 mmol, 1.3 equiv) in DMF (5.0 mL) was heated at 70 °C for 48 hours.
The reaction mixture was cooled down to room temperature and it was
diluted with water and extracted with EA. The organic phase was washed
with water and brine, dried over anhydrous Na,SO. and evaporated to
dryness. The crude was purified by column chromatography on silica gel
(PE:EA 30:1, Rf = 0.12) to afford 165 mg (44 %) of 96m as a colorless oil.
'H NMR (400 MHz, CDCls): § 7.34 — 7.27 (m, 2H), 7.25 — 7.18 (m, 3H),
4.88 (s, 1H), 3.31 (g, J = 8.1, 6.3 Hz, 2H), 2.99 — 2.84 (m, 2H), 2.84 — 2.75
(m, 2H), 2.65 (t, J = 6.5 Hz, 2H), 1.44 (s, 9H).

3C NMR (101 MHz, CDCls): & 155.85, 140.38, 128.60, 128.59, 126.52,
36.38, 33.42, 32.55, 28.50, 28.48, 28.29.

HRMS-ESI*: m/z [M+H]" calcd. for CisHuNO,S 282.1522; found
282.1522.

s
NC”™""~Cy,Hy5
96n

3-(n-Dodecylthio)propanenitrile 96n. 1-dodecanethiol (4.5 mL, 18.86
mmol, 2.0 equiv) and NaOMe (146 mg, 2.70 mmol, 0.05 equiv) were
dissolved in MeOH (20 mL) and the solution was cooled down to 0 °C in an
ice bath. Acrylonitrile (0.61 mL, 9.43 mmol, 1.0 equiv) was added dropwise
over a period of approx. 10 min. The reaction was allowed to reach room
temperature overnight. The reaction mixture was evaporated to dryness.
Then the crude was dissolved in CHCI; and washed with washed with water
and brine. The crude was purified by column chromatography on silica gel
(PE:EA 40:1, Rf = 0.33) to afford 2.31 g (96 %) of 96n as a white solid.
Spectral data were in accordance with a literature.?%

NC/\/S\K
960

3-(tert-Butylthio)propanenitrile 960. 2-methyl-2-propanethiol (2.1 mL,
18.86 mmol, 2.0 equiv) and NaOMe (146 mg, 2.70 mmol, 0.05 equiv) were
dissolved in MeOH (20 mL) and the solution was cooled down to 0 °C in an
ice bath. Acrylonitrile (0.61 mL, 9.43 mmol, 1.0 equiv) was added dropwise
over a period of approx. 10 min. The reaction was allowed to reach room
temperature overnight. The reaction mixture was evaporated to dryness.
Then the crude was dissolved in CHCIz and washed with water and brine.
The crude was purified by column chromatography on silica gel (PE:EA
40:1, Rf = 0.33) to afford 1.05 g (78 %) of 960 as a white solid.

Spectral data were in accordance with a literature.?3
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n-Dodecylmethyl-2,5,8,11-tetraoxatridecane-13-sulfide 96p. A mixture of
1-dodecanethiol (0.13 mL, 0.538 mmol, 1.0 equiv), 1-bromo-
tetraethyleneglycol monomethyl ether (146 mg, 0.538 mmol, 1.0 equiv) and
K2COs (82 mg, 0.592 mmol, 1.1 equiv) in DMF (4.0 mL) was stirred at
room temperature for 24 hours. The reaction mixture was diluted with water
and extracted with EA. The organic phase was washed with water and brine,
dried over anhydrous Na,SO, and evaporated to dryness. The crude was
purified by column chromatography on silica gel (PE:EA 1:1, Rf = 0.25) to
afford 166 mg (78 %) of 96p as a colorless oil.
!H NMR (400 MHz, CDCls): 6 3.71 — 3.60 (m, 12H), 3.58 — 3.51 (m, 2H),
3.38 (s, 3H), 2.70 (t, J = 7.1 Hz, 2H), 2.53 (t, J = 7.24 Hz, 2H), 1.61 — 1.52
(m, 2H), 1.41 - 1.19 (m, 18H), 0.87 (t, J = 6.64 Hz, 3H).
B3C NMR (101 MHz, CDCls): § 72.11, 71.19, 70.79, 70.76, 70.70, 70.46,
59.20, 32.76, 32.07, 31.53, 29.98, 29.81, 29.78, 29.76, 29.69, 29.50, 29.41,
29.04, 22.84, 14.27.
HRMS-ESI*: m/z [M+H]* calcd. for C21H1s04S 393.3033; found 393.3037.

SJ
CgHiz™ “CioHas
96q

n-dodecylhexylsulfide 96g. A mixture of 1-dodecanethiol (0.59 mL, 2.47
mmol, 1.0 equiv), 1-bromohexane (0.35 mL, 2.47 mmol, 1.0 equiv) and
K>COs (0.44 g, 3.21 mmol, 1.3 equiv) in DMF (7.0 mL) was stirred at room
temperature for 24 hours. The reaction mixture was diluted with water and
extracted with EA. The organic phase was washed with water and brine,
dried over anhydrous Na,SO., and evaporated to dryness. The crude was
purified by column chromatography on silica gel (PE, Rs = 0.34) to afford
635 mg (90 %) of 96q as a colorless oil.

'H NMR (400 MHz, CDCls): 6 2.50 (t, J = 7.4 Hz, 4H), 1.63 — 1.52 (m, 4H),
1.43-1.33 (m, 4H), 1.33 - 1.21 (m, 20H), 0.94 — 0.83 (m, 6H).

3C NMR (101 MHz, CDCls): & 32.36, 32.07, 31.63, 29.91, 29.87, 29.81,
29.79, 29.76, 29.69, 29.50, 29.42, 29.12, 28.80, 22.84, 22.72, 14.27, 14.19.
HRMS-ESI*: m/z [M+H]* calcd. for CigH3SO 303.2716; found 303.2718
(only sulfoxide formed during the measurements can be detected with ESI).
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1-(2-(methylthio)phenyl)pentan-1-one 96u. Under inert atmosphere 1-(2-
mercaptophenyl)pentan-1-one (300 mg, 1.54 mmol, 1.0 equiv) was added to
a suspension of NaH 60 % (62 mg, 1.54 mmol, 1.0 equiv) in anhydrous THF
(5.0 mL) and the mixture was stirred for 10 min. Then Mel (0.12 mL, 1.85
mmol, 1.2 equiv) was added and the reaction mixture was stirred at room
temperature for 24 hours. The reaction mixture was quenched with H,O and
extracted with DCM. The organic phase was dried over anhydrous Na;SO4
and evaporated to dryness. The crude was purified by column
chromatography on silica gel (PE:EA 100:1, Rs = 0.22) to afford 267 mg (83
%) of 96u as a yellow oil.

'H NMR (400 MHz, CDCls): 6 7.82 (dd, J = 7.8, 1.5 Hz, 1H), 7.46 (td, J =
7.5 Hz, 1.5 Hz, 1H), 7.33 (d, J = 8.0 Hz, 1H), 7.19 (td, J = 7.5, 1.2 Hz, 1H),
2.95 (t, J = 7.4 Hz, 2H), 2.43 (s, 3H), 1.72 (p, J = 7.5 Hz, 2H), 1.46 — 1.35
(m, 2H), 0.94 (t, J = 7.3 Hz, 3H).

3C NMR (101 MHz, CDCls): & 202.01, 142.20, 135.06, 132.06, 130.12,
125.37, 123.63, 40.00, 26.70, 22.62, 16.20, 14.09.

HRMS-ESI*: m/z [M+H]* calcd. for C12H1,0S 209.0995; found 209.0994.

@NNJH/\/S\
S NHCbz
CBH13 96V

(S)-benzyl (1-((2-(hexylthio)phenyl)amino)-4-(methylthio)-1-oxobutan-2-
yl)carbamate 96v. Under inert atmosphere a mixture of 2-(hexylthio)aniline
(300 mg, 1.43 mmol, 1.5 equiv), N-Carbobenzyloxy-L-methionine (270 mg,
0.96 mmol, 1.0 equiv), DIPEA (0.18 mL, 1.05 mmol, 1.1 equiv) and HATU
(400 mg, 1.05 mmol, 1.1 equiv) in anhydrous DCM (5.0 mL) was stirred at
room temperature for 24 hours. The reaction mixture was diluted with water
and extracted with DCM. The organic phase was washed with water and
brine, dried over anhydrous Na,SO4 and evaporated to dryness. The crude
was purified by column chromatography on silica gel (CHCl;:MeOH 100:1,
Rt = 0.44) to afford 380 mg (56 %) of 96v as a yellow solid. M.p. 59 — 61
°C.
'H NMR (400 MHz, CDCls): 6 9.12 (s, 1H), 8.36 (dd, J = 8.0, 1.0 Hz, 1H),
7.50 (dd, J = 7.6, 1.5 Hz, 1H), 7.42 — 7.28 (m, 6H), 7.07 (td, J = 7.6, 1.4 Hz,
1H), 5.63 (d, J = 8.1 Hz, 1H), 5.15 (s, 2H), 4.59 (d, J = 7.2 Hz, 1H), 2.81 -
2.47 (m, 4H), 2.33 - 2.18 (m, 1H), 2.12 (s, 3H), 2.10 — 2.01 (m, 1H), 1.51 (p,
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J=7.4Hz, 2H), 1.34 (p, J = 9.2, 8.3 Hz, 2H), 1.29 — 1.17 (m, 4H), 0.86 (t, J
= 6.9 Hz, 3H).

3C NMR (101 MHz, CDCls): & 169.44, 156.17, 138.86, 136.18, 135.14,
129.53, 128.70, 128.40, 128.24, 124.57, 123.95, 120.33, 67.40, 55.22, 36.35,
31.73, 31.43, 30.27, 29.61, 28.46, 22.64, 15.44, 14.13.

HRMS-ESI*: m/z [M+H]" calcd. for CzsHisN20sS, 475.2084; found
475.2086.

General procedure C for photocatalytic oxidation of sulfides:

a) Using Ceo solution in toluene (5.0 mg in 2.0 mL) as a catalyst. The
substrate (0.05 — 0.2 mmol) was dissolved in 2.0 mL of the solvent (EtOH or
CH3CN) and the solution of Cg was added (50 pL). Then the reaction
mixture was irradiated with a Blue LED (450 = 10 nm, 100 W) with
continuous stirring at room temperature. The progress of the reaction was
monitored by TLC. After the complete conversion was achieved, the solvent
was removed under reduced pressure. The crude was purified by column
chromatography on silica gel (eluent CHCI; or CHCI3:MeOH 100:1).

b) Using Ceo soot powder as a catalyst. The substrate (0.05 — 0.2 mmol) was
dissolved in 2.0 mL of the solvent (EtOH or CH3CN) and 1.0 mg of Cgo soot
was added. Then the reaction mixture was purged with O, for 15 minutes
and was irradiated with a Blue LED (450 + 10 nm, 100 W) with continuous
stirring at room temperature. The progress of the reaction was monitored by
TLC. After the complete conversion was achieved, the solvent was removed
under reduced pressure. The crude was purified by column chromatography
on silica gel (eluent CHCI; or CHCl35:MeOH 100:1).

¢) Using Ceo soot suspension in toluene (2.0 mg in 4.0 mL) as a catalyst.
The substrate (0.05 — 0.2 mmol) was dissolved in 2.0 mL of the solvent
(EtOH or CH3CN) and the solution of Cepsoot was added (100 pL). Then the
reaction mixture was purged with O, for 15 minutes and was irradiated with
a Blue LED (450 + 10 nm, 100 W) with continuous stirring at room
temperature. The progress of the reaction was monitored by TLC. After the
complete conversion was achieved, the solvent was removed under reduced
pressure. The crude was purified by column chromatography on silica gel
(eluent CHCI; or CHCI3:MeOH 100:1).

S

(2-(tert-Butylsulfinyl)ethyl)benzene 97a. The product was obtained as a
colorless oil following the general procedure C: a) in EtOH irradiated with a
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Blue LED for 24 hours (yield 78 %) or in CH3;CN irradiated with a Blue
LED for 48 hours (yield 48 %); b) in EtOH irradiated with a Blue LED for
96 hours (yield 93 %); c) in EtOH irradiated with a Blue LED for 24 hours
(yield 97 %) or in CH3CN irradiated with a Blue LED for 96 hours (yield 81
%).

Spectral data were in accordance with a literature.®*

O

97b

(2-(n-Dodecylsulfinyl)ethyl)benzene 97b. The product was obtained as a
white solid following the general procedure C: a) in EtOH irradiated with a
Blue LED for 24 hours (yield 99 %) or in CH3CN irradiated with a Blue
LED for 48 hours (yield 60 %); b) in EtOH irradiated with a Blue LED for 5
days (yield 99 %); c¢) in EtOH irradiated with a Blue LED for 24 hours (yield
93 %) or in CH3CN irradiated with a Blue LED for 48 hours (yield 82 %).
M.p. 66 — 68 °C.

'H NMR (400 MHz, CDCls): § 7.35 — 7.29 (m, 2H), 7.27 — 7.22 (m, 3H),
3.20 — 3.03 (m, 2H), 3.01 — 2.84 (m, 2H), 2.78 — 2.68 (m, 1H), 2.67 — 2.56
(m, 1H), 1.83 — 1.69 (m, 2H), 1.52 — 1.37 (m, 2H), 1.25 (s, 16H), 0.88 (t, J =
6.7 Hz, 3H).

3C NMR (101 MHz, CDCls): & 139.17, 128.93, 128.71, 126.90, 53.93,
52.75, 32.05, 29.75, 29.67, 29.49, 29.47, 29.33, 29.02, 22.83, 22.77, 14.26.
HRMS-ESI*: m/z [M+H]" calcd. for CHss0S 323.2403; found 323.2403.

LOE/\/%\K
o7¢c

Isobornyl 3-(tert-butylsulfinyl)propionate 97c. The product was obtained
as a colorless oil following the general procedure C: a) in EtOH irradiated
with a Blue LED for 48 hours (yield 84 %) or in CH3CN irradiated with a
Blue LED for 48 hours (yield 35 %); b) in EtOH irradiated with a Blue LED
for 48 hours (yield 74 %); c) in EtOH irradiated with a Blue LED for 48
hours (yield 74 %) or in CHsCN irradiated with a Blue LED for 48 hours
(yield 55 %).

'H NMR (400 MHz, CDClg): 6 4.77 — 4.64 (m, 1H), 2.95 — 2.77 (m, 3H),
2.75—2.55 (m, 1H), 1.90 — 1.66 (m, 4H), 1.58 — 1.48 (m, 1H), 1.27 (s, 9H),
1.21-1.03 (m, 2H), 0.96 (s, 3H), 0.84 (s, 6H).

w=
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3C NMR (101 MHz, CDCls): & 171.24, 82.06, 82.01, 53.42, 48.91, 48.89,
47.08, 45.15, 45.14, 40.88, 38.88, 38.86, 33.83, 28.77, 28.75, 27.14, 22.93,
20.21, 20.07, 11.63, 11.62.

HRMS-ESI*: mfz [M+Na]* calcd. for Ci7H:0sSNa 337.1808; found

337.1812.
e
0\[]/\/8‘C12H25

© 97d

Isobornyl 3-(n-dodecylsulfinyl)propionate 97d. The product was obtained
as a white solid following the general procedure C: a) in EtOH irradiated
with a Blue LED for 24 hours (yield 69 %) or in CHsCN irradiated with a
Blue LED for 48 hours (yield 86 %); b) in EtOH irradiated with a Blue LED
for 48 hours (yield 88 %); c¢) in EtOH irradiated with a Blue LED for 48
hours (yield 92 %) or in CH3CN irradiated with a Blue LED for 48 hours
(yield 78 %). M.p. 70 — 74 °C.

'H NMR (400 MHz, CDCls): 6 4.70 (dt, J = 7.1 Hz, 3.1 Hz, 1H), 3.11 - 2.93
(m, 1H), 2.93 — 2.77 (m, 3H), 2.77 — 2.59 (m, 2H), 1.88 — 1.61 (m, 6H), 1.61
—1.50 (m, 1H), 1.50 — 1.39 (m, 2H), 1.25 (s, 16H), 1.19 — 1.04 (m, 2H), 0.96
(s, 3H), 0.92 - 0.77 (m, 9H).

3C NMR (101 MHz, CDCls): 8 170.98, 82.13, 82.10, 52.92, 48.91, 48.89,
47.08, 47.04, 45.13, 38.84, 33.82, 32.04, 29.74, 29.66, 29.48, 29.47, 29.32,
28.98, 27.57, 27.12, 22.82, 22.76, 20.20, 20.06, 14.25, 11.61.

HRMS-ESI*: m/z [M+Na]* calcd. for CzsHsO3SNa 449.3060; found
449.3049.

8-(tert-Butylsulfinyl)oct-1-ene 97e. The product was obtained as a yellow
oil following the general procedure C: a) in EtOH irradiated with a Blue
LED for 24 hours (yield 92 %) or in CH3CN irradiated with a Blue LED for
24 hours (yield 59 %); b) in EtOH irradiated with a Blue LED for 72 hours
(yield 77 %); c) in EtOH irradiated with a Blue LED for 24 hours (yield 85
%) or in CH3CN irradiated with a Blue Led for 24 hours (yield 94 %).

'H NMR (400 MHz, CDCls): § 5.79 (ddt, J = 16.9, 10.1, 6.7 Hz, 1H), 5.06 —
4.89 (m, 2H), 2.44 (t, J = 7.7 Hz, 2H), 2.04 (q, J = 6.8 Hz, 2H), 1.95 - 1.72
(m, 2H), 1.57 - 1.32 (m, 6H), 1.23 (s, 9H).
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3C NMR (101 MHz, CDCls): & 138.99, 114.51, 52.81, 45.76, 33.74, 29.01,
28.82, 28.75, 23.85, 23.02.
HRMS-ESI*: m/z [M+H]* calcd. for C12H2s0S 217.1621; found 217.1621.

%\/S\CQHZS
o7f

Allyl(n-dodecyl)sulfoxide 97f. The product was obtained as a yellow solid
following the general procedure C: a) in EtOH irradiated with a Blue LED
for 24 hours (yield 68 %) or in CH3sCN irradiated with a Blue LED for 72
hours (yield 71 %); c) in EtOH irradiated with a Blue LED for 72 hours
(yield 90 %) or in CH3CN irradiated with a Blue Led for 72 hours (yield 70
%). M.p. 56 — 60 °C.
Using Cego/C7 nanodispersion: The substrate (35.4 mg, 0.146 mmol) was
dissolved EtOH (2.0 mL) and the solution of Ceo/C70 (1.0 mg/1.0 mg in 0.8
mL toluene) was added (50 pL). Then the reaction mixture was irradiated
with a Blue LED (450 £ 10 nm, 100 W) with continuous stirring at room
temperature for 24 hours. The reaction course was monitored by TLC. After
the complete conversion was achieved, the solvent was removed under
reduced pressure. The crude waas purified by column chromatography on
silica gel (CHCl3:MeOH 100:1) to afford 28.3 mg (75 %) of 97f.
'H NMR (400 MHz, CDCls):  5.88 (ddt, J = 17.6, 10.2, 7.5 Hz, 1H), 5.47 —
5.32 (m, 2H), 3.55 — 3.34 (m, 2H), 2.75 — 2.60 (m, 2H), 1.82 — 1.68 (m, 2H),
1.52 - 1.37 (m, 2H), 1.25 (s, 16H), 0.86 (t, J = 6.7 Hz, 3H).
13C NMR (101 MHz, CDCls): § 126.05, 123.42, 55.94, 51.16, 32.02, 29.71,
29.64, 29.47, 29.44, 29.32, 28.98, 22.79, 22.58, 14.23.
HRMS-ESI*: m/z [M+H]* calcd. for C1sH3:0S 259.2090; found 259.2090.

AL

Dibenzylsulfoxide 97g. The product was obtained as a white solid following
the general procedure C: a) in EtOH irradiated with a Blue Led for 24 hours
(yield 98 %) or in CHsCN irradiated with a Blue LED for 4 days (yield 69
%); b) in EtOH irradiated with a Blue LED for 6 days (yield 81 %); c) in
EtOH irradiated with a Blue LED for 24 hours (yield 94 %).

Spectral data were in accordance with a literature.?
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Dibutylsulfoxide 97h. The product was obtained as a colorless crystals
following the general procedure C: a) in EtOH irradiated with a Blue LED
for 24 hours (yield 79 %) or in CH3CN irradiated with a Blue Led for 24
hours (yield 80 %); b) in EtOH irradiated with a Blue LED for 7 days (yield
82 %); ¢) in EtOH irradiated with a Blue LED for 24 hours (yield 57 %) or
in CH3CN irradiated with a Blue LED for 72 hours (yield 90 %).

Spectral data were in accordance with a literature.?%

BocHN (\s"o
NH

3
& o7i O Ph

tert-Butyl((3R)-1-(methylsulfinyl)-4-oxo-6-(phenethylsulfinyl)hexan-3-
yl)carbamate 97i. The product was obtained as a white solid following the
general procedure C: a) in EtOH irradiated with a Blue LED for 24 hours
(yield 73 %) or in CH3CN irradiated with a Blue LED for 24 hours (yield 51
%); b) in EtOH irradiated with a Blue LED for 24 hours (yield 35 %); c) in
EtOH irradiated with a Blue Led for 24 hours (yield 92 %) or in CHsCN
irradiated with a Blue LED for 24 hours (yield 36 %). M.p. 78 — 86 °C.

IH NMR (400 MHz, CDCls): § 7.77 (d, J = 36.4 Hz, 1H), 7.30 (t, J = 7.5
Hz, 2H), 7.25 - 7.20 (m, 3H), 5.82 (d, J = 39.8 Hz, 1H), 4.33 (s, 1H), 3.83 —
3.59 (m, 2H), 3.17 — 2.90 (m, 5H), 2.91 — 2.71 (m, 3H), 2.58 (s, 3H), 2.35 —
2.07 (m, 2H), 1.42 (s, 9H).

13C NMR (101 MHz, CDCl): & 171.77, 155.76, 138.65, 128.94, 128.68,
126.98, 80.25, 53.99, 52.99, 51.57, 34.29, 34.20, 28.85, 28.46, 27.18, 26.21.
HRMS-ESI*: m/z  [M+H]"caled. for  CasH3sN20sS; 507.1982;

found 507.1982.
Qi
S OEt

97j

Ethylbenzylsulfinylacetate 97j. The product was obtained as a white solid
following the general procedure C: a) in EtOH irradiated with a Blue LED
for 24 hours (yield 59 %) or in CH3sCN irradiated with a Blue LED for 24
hours (yield 21 %); b) in EtOH irradiated with a Blue LED for 48 hours
(yield 58 %); ¢) in EtOH irradiated with a Blue LED for 48 hours (yield 44
%) or in CH3CN irradiated with a Blue LED for 48 hours (yield 18 %).
Spectral data were in accordance with a literature.?®

~
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2-Ethylhexylethoxycarbonylmethylsulfoxide 97k. The product was
obtained as a colorless oil following the general procedure C: a) in EtOH
irradiated with a Blue LED for 24 hours (yield 56 %) or in CHsCN irradiated
with a Blue LED for 72 hours (yield 36 %); b) in EtOH irradiated with a
Blue LED for 72 hours (yield 47 %); c) in EtOH irradiated with a Blue LED
for 24 hours (yield 53 %) or in CH3CN irradiated with a Blue LED for 72
hours (yield 16 %).
'H NMR (400 MHz, CDCls): 6 4.25 (q, J = 7.1 Hz, 2H), 3.68 (d, J = 1.2 Hz,
2H), 2.86 (dt, J = 13.0, 4.3 Hz, 1H), 2.73 (ddd, J = 13.0, 9.1, 6.9 Hz, 1H),
2.02 - 1.90 (m, 1H), 1.57 — 1.37 (m, 4H), 1.31 (t, J = 7.1 Hz, 7H), 0.97 —
0.87 (m, 6H).
3C NMR (101 MHz, CDCls): & 165.34, 62.25, 58.87, 58.73, 56.87, 56.84,
34.55, 34.29, 32.85, 32.20, 28.64, 28.37, 26.32, 25.32, 23.01, 22.94, 14.28,
14.15, 10.71, 10.27.
HRMS-ESI*: m/z [M+H]" calcd. for C12H2503S 249.1519; found 249.1519.

H
CaHg g AN O
A
tert-Butyl(2-(butylsulfinyl)ethyl)carbamate 971. The product was obtained
as a white solid following the general procedure C: a) in EtOH irradiated
with a Blue LED for 24 hours (yield 96 %) or in CHsCN irradiated with a
Blue LED for 24 hours (yield 97 %); b) in EtOH irradiated with a Blue LED
for 5 days (yield 72 %); c) in EtOH irradiated with a Blue LED for 24 hours
(yield 98 %) or in CH3CN irradiated with a Blue LED for 24 hours (yield 65
%). M.p. 48 - 52 °C.
'H NMR (400 MHz, CDCls): § 5.29 (s, 1H), 3.62 (q, J = 6.0 Hz, 2H), 2.96
(dt, J =12.9 Hz, 1H), 2.85 — 2.73 (m, 2H), 2.73 — 2.60 (m, 1H), 1.83 — 1.67
(m, 2H), 1.57 — 1.36 (m, 11H), 0.95 (t, J = 7.3 Hz, 3H).
3C NMR (101 MHz, CDCls): & 156.04, 79.83, 52.55, 51.77, 35.41, 28.47,
24.71, 22.13, 13.78.
HRMS-ESI*: m/z [M+H]* calcd. for CiuH2NOsS 250.1471; found
250.1465.
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97m
tert-Butyl(2-(phenethylsulfinyl)ethyl)carbamate 97m. The product was
obtained as a white solid following the general procedure C: a) in EtOH
irradiated with a Blue LED for 24 hours (yield 82 %) or in CH3CN irradiated
with a Blue LED for 24 hours (yield 60 %); b) in EtOH irradiated with a
Blue LED for 24 hours (yield 98 %); c) in EtOH irradiated with a Blue LED
for 48 hours (yield 42 %) or in CH3CN irradiated with a Blue LED for 24
hours (yield 78 %). M.p. 58 — 60 °C.
'H NMR (400 MHz, CDCls): § 7.36 — 7.29 (m, 2H), 7.25 (dd, J = 7.5 Hz,
5.7 Hz, 3H), 5.23 (s, 1H), 3.64 (g, J = 6.1 Hz, 2H), 3.17 — 3.02 (m, 3H), 3.02
—2.91 (m, 2H), 2.80 (dt, J = 13.1 Hz, 5.4 Hz, 1H), 1.43 (s, 9H).
3C NMR (101 MHz, CDCls): & 156.01, 138.75, 128.97, 128.70, 127.01,
79.94, 54.21, 51.96, 35.45, 28.97, 28.49.
HRMS-ESI*: m/z [M+H]* calcd. for CisHNOsS 298.1471; found
298.1469.

S\
NC”73C oHos
97n

(n-Dodecylsulfinyl)propanenitrile 97n. The product was obtained as a
white solid following the general procedure C: a) in EtOH irradiated with a
Blue LED for 48 hours (yield 92 %) or in CH3CN irradiated with a Blue
LED for 24 hours (yield 61 %); b) in EtOH irradiated with a Blue LED for
48 hours (yield 67 %); c¢) in EtOH irradiated with a Blue LED for 24 hours
(yield 96 %) or in CH3CN irradiated with a Blue LED for 48 hours (yield 80
%). M.p. 72 - 74 °C.

'H NMR (400 MHz, CDCl3): & 3.04 — 2.93 (m, 1H), 2.93 — 2.84 (m, 3H),
2.84 — 2.75 (m, 1H), 2.74 — 2.62 (m, 1H), 1.87 — 1.68 (m, 2H), 1.56 — 1.38
(m, 2H), 1.25 (s, 16H), 0.86 (t, J = 6.7 Hz, 3H).

3C NMR (101 MHz, CDCls): & 117.60, 52.76, 46.56, 31.98, 29.67, 29.58,
29.40, 29.23, 28.82, 22.76, 22.67, 14.20, 11.10.

HRMS-ESI*: m/z [M+H]* calcd. for C1sH3oNOS 272.2043; found 272.2043.

(o]
NGNS
970\ﬁ
(tert-Butylsulfinyl)propanenitrile 970. The product was obtained as a
yellow oil following the general procedure C: a) in EtOH irradiated with a
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Blue LED for 48 hours (yield 72 %) or in CH3CN irradiated with a Blue
LED for 48 hours (yield 89 %); b) in EtOH irradiated with a Blue LED for
72 hours (yield 70 %); c) in EtOH irradiated with a Blue LED for 48 hours
(yield 53 %) or in CH3CN irradiated with a Blue LED for 72 hours (yield 59
%).

'H NMR (400 MHz, CDCls): 8 2.96 — 2.61 (m, 4H), 1.25 (s, 9H).

B3C NMR (101 MHz, CDCls): § 117.67, 54.00, 40.97, 22.73, 12.56.
HRMS-ESI*: m/z [M+H]* calcd. for C;H14NOS 160.0791; found 160.0783.

o) e
[O/\/O 612"'25
97p

n-Dodecyl-2,5,8,11-tetraoxatridecane-13-sulfoxide 97p. The product was
obtained as a yellow solid following the general procedure C: a) in EtOH
irradiated with a Blue LED for 24 hours (yield 99 %) or in CHsCN irradiated
with a Blue LED for 24 hours (yield 80 %); b) in EtOH irradiated with a
Blue LED for 72 hours (yield 88 %) or in CH3CN irradiated with a Blue
LED for 9 days (yield 79 %); c) in EtOH irradiated with a Blue LED for 72
hours (yield 97 %) or in CHsCN irradiated with a Blue LED for 72 hours
(yield 82 %). M.p. 38 — 40 °C.
'H NMR (400 MHz, CDCls): 6 3.90 (dd, J = 7.0, 4.3 Hz, 2H), 3.73 — 3.59
(m, 10H), 3.57 — 3.51 (m, 2H), 3.36 (s, 3H), 2.97 (dt, J = 13.7, 7.0 Hz, 1H),
2.83 (dt, J = 13.3, 4.3 Hz, 1H), 2.78 — 2.63 (m, 2H), 1.85 — 1.67 (m, 2H),
1.53 - 1.37 (m, 2H), 1.25 (s, 16H), 0.86 (t, J = 6.7 Hz, 3H).
13C NMR (101 MHz, CDCls): & 72.07, 70.80, 70.75, 70.73, 70.66, 70.57,
63.85, 59.15, 53.09, 52.79, 32.01, 29.72, 29.66, 29.48, 29.44, 29.34, 28.97,
22.79, 22.78, 14.22.
HRMS-ESI*: m/z [M+H]* calcd. for C21H4s0sS 409.2982; found 409.2983.

O
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n-Dodecylhexylsulfoxide 97qg. The product was obtained as a white solid
following the general procedure C: a) in EtOH irradiated with a Blue LED
for 24 hours (yield 95 %) or in CHsCN irradiated with a Blue LED for 48
hours (yield 93 %); b) in EtOH irradiated with a Blue LED for 96 hours
(yield 98 %) or in CHsCN irradiated with a Blue LED for 72 hours (yield 85
%); ¢) in EtOH irradiated with a Blue LED for 48 hours (yield 92 %) or in
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CHsCN irradiated with a Blue LED for 48 hours (yield 82 %). M.p. 63 — 64
°C.

!H NMR (400 MHz, CDCl3): 8 2.81 — 2.70 (m, 2H), 2.70 — 2.59 (m, 2H),
1.85-1.68 (m, 4H), 1.55 — 1.38 (m, 4H), 1.37 — 1.20 (m, 20H), 0.95 — 0.83
(m, 6H).

3C NMR (101 MHz, CDCls): § 52.38, 32.05, 31.51, 29.75, 29.68, 29.51,
29.48, 29.35, 29.02, 28.69, 22.83, 22.78, 22.74, 22.55, 14.26, 14.11.
HRMS-ESI*: m/z [M+H]* calcd. for C1gH300S 303.2716; found 303.2716.

g\

Osm
Methyl phenyl sulfoxide 97r. Solvent in the reaction vial was purged with
O, for 15 minutes. Thioanisole (45.4 mg, 0.37 mmol, 1.0 equiv) and TEA
(10 pL, 0.073 mmol, 0.2 equiv) was dissolved in 2.0 mL of the solvent. Then
solution of Ceo in toluene was added (50 pL) and the reaction mixture was
irradiated with a Blue LED (450 = 10nm, 100W) with continuous stirring at
room temperature for 5 days. The reaction course was monitored by TLC.
After the complete conversion was achieved, the solvent was removed under
reduced pressure. The crudes were purified by column chromatography on
silica gel (CHCIs:MeOH 100:1, Rs = 0.1) to afford 49 mg (95 %) of 97r as a
yellow oil.
Spectral data were in accordance with a literature.?%’

N
©:CONEt2
o7s

N,N-diethyl-2-(methylsulfinyl)benzamide 97s. Solvent in the reaction vial
was purged with O, for 15 minutes. N,N-diethyl-2-(methylthio)benzamide
(36 mg, 0.16 mmol, 1.0 equiv) and TEA (3.2 mg, 0.032 mmol, 0.2 equiv)
was dissolved in EtOH (2.0 mL). Then solution of Ceo in toluene was added
(50 pL) and the reaction mixture was irradiated with a Blue LED (450 +
10nm, 100W) with continuous stirring at room temperature for 7 days. The
reaction course was monitored by TLC. After the complete conversion was
achieved, the solvent was removed under reduced pressure. The crudes were
purified by column chromatography on silica gel (CHCl;:MeOH 100:1, Rs =
0.1) to afford 34 mg (89 %) of 97s as a yellow oil.

'H NMR (400 MHz, CDCls): § 8.12 (dd, J = 7.9, 1.3 Hz, 1H), 7.64 (td, J =
7.7, 1.3 Hz, 1H), 7.51 (td, J = 7.5, 1.3 Hz, 1H), 7.29 (dd, J = 7.5, 1.3 Hz,
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1H), 3.64 (dqg, J = 14.2, 7.1 Hz, 1H), 3.44 (dq, J = 14.0, 7.1 Hz, 1H), 3.21
(gd, J=7.2, 4.5 Hz, 2H), 2.85 (s, 3H), 1.25 (t, J = 7.1 Hz, 3H), 1.11 (t, J =
7.1 Hz, 3H).

B3C NMR (101 MHz, CDCls): & 167.63, 144.09, 134.07, 130.81, 130.43,
125.79, 123.84, 44.37, 43.38, 39.37, 14.14, 12.63.

HRMS-ESI*: m/z [M+H]" calcd. for Ci2H1sNO,S 240.1053; found

240.1053.
o 0
=
=
F 97t

1-(5-fluoro-2-((3-(2-(methylsulfinyl)phenyl)prop-2-yn-1-
yl)oxy)phenyl)ethenone 97t. Solvent in the reaction vial was purged with
O, for 15 minutes. 1-(5-fluoro-2-((3-(2-(methylthio)phenyl)prop-2-yn-1-
ylhoxy)phenyl)ethenone (37 mg, 0.12 mmol, 1.0 equiv) and TEA (2.4 mg,
0.024 mmol, 0.2 equiv) was dissolved in EtOH (2.0 mL). Then solution of
Ceo in toluene was added (50 pL) and the reaction mixture was irradiated
with a Blue LED (450 £ 10 nm, 100 W) with continuous stirring at room
temperature for 8 days. The progress of the reaction was monitored by TLC.
After the complete conversion was achieved, the solvent was removed under
reduced pressure. The crudes were purified by column chromatography on
silica gel (CHCIl3:MeOH 100:1, R¢= 0.1) to afford 33 mg (85 %) of 97t as a
yellow oil.

'H NMR (400 MHz, CDCls): & 7.94 (d, J = 7.7 Hz, 1H), 7.66 — 7.54 (m,
1H), 7.52 — 7.40 (m, 3H), 7.25 — 7.16 (m, 1H), 7.09 (dd, J = 9.1, 4.1 Hz,
1H), 5.05 (s, 2H), 2.65 (s, 3H), 2.62 (s7, 3H).

C NMR (101 MHz, CDCls): & 198.01, 198.00, 158.73, 156.32, 152.81,
152.79, 147.91, 133.07, 130.63, 130.50, 123.51, 120.12, 119.89, 117.85,
117.11, 116.87, 115.10, 115.02, 91.51, 82.98, 57.48, 42.32, 31.88.
HRMS-ESI*: m/z [M+H]" calcd. for CigHisFOsS 331.0799; found
331.0798.

1-(2-(methylsulfinyl)phenyl)pentan-1-one 97u. Solvent in the reaction vial
was purged with O, for 15 minutes. 1-(2-(methylthio)phenyl)pentan-1-one
(33 mg, 0.16 mmol, 1.0 equiv) and TEA (3.2 mg, 0.032 mmol, 0.2 equiv)
was dissolved in EtOH (2.0 mL). Then solution of Ceo in toluene was added
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(50 pL) and the reaction mixture was irradiated with a Blue LED (450 + 10
nm, 100 W) with continuous stirring at room temperature for 4 days. The
progress of the reaction was monitored by TLC. After the complete
conversion was achieved, the solvent was removed under reduced pressure.
The crudes were purified by column chromatography on silica gel
(CHCI5:MeOH 100:1, R = 0.1) to afford 32 mg (90 %) of 97u as a yellow
oil.

!H NMR (400 MHz, CDCls): 6 8.36 (d, J = 7.8 Hz, 1H), 7.97 (dd, J = 7.8,
1.3 Hz, 1H), 7.80 (td, J = 7.6, 1.3 Hz, 1H), 7.59 (td, J = 7.6, 1.3 Hz, 1H),
2.99 (td, J = 7.3, 4.0 Hz, 2H), 2.81 (s, 3H), 1.73 — 1.62 (m, 2H), 1.38 (h, J =
7.4 Hz, 2H), 0.92 (t, J = 7.3 Hz, 3H).

3C NMR (101 MHz, CDCls): & 201.14, 150.29, 134.00, 133.76, 130.29,
129.73, 124.65, 44.46, 38.77, 26.28, 22.41, 13.96.

HRMS-ESI*: m/z [M+H]" calcd. for C12H170.S 225.0944; found 225.0944.

@uo I + @J\/\/

CGHH’S“O NHCbz C6H13 NHCbz

Bisulfoxide 97w and 97v. a) Using Ceo solution in toluene (5.0 mg in 2.0
mL) as a catalyst. The substrate 96v (0.08 mmol) was dissolved in 2.0 mL of
the solvent (EtOH or CH3;CN) and solution of Cgo was added (50 pL). Then
the reaction mixture was irradiated with a Blue LED (450 + 10 nm, 100 W)
with continuous stirring at room temperature for 24 hours. The progress of
the reaction was monitored by TLC. After the complete conversion was
achieved, the solvent was removed under reduced pressure. The crudes were
purified by column chromatography on silica gel (CHCl;:MeOH 50:1 to
40:1, Rf=0.13 and 0.2) to afford 97v (yield 81 % in EtOH; 46 % in CH3sCN)
and 97w (yield 14 % in EtOH; 28 % in CH3CN) as yellow oils.

b) Using Ceo SO0t powder as a catalyst. The substrate 96v (0.08 mmol) was
dissolved in 2.0 mL of the solvent (EtOH or CH3CN) and 1.0 mg of Cgo soot
was added. Then the reaction mixture was purged with O, for 15 minutes
and was irradiated with a Blue LED (450 + 10 nm, 100 W) with continuous
stirring at room temperature for 5 days in EtOH and 9 days in CH3;CN. The
progress of the reaction was monitored by TLC. After the complete
conversion was achieved, the solvent was removed under reduced pressure.
The crudes were purified by column chromatography on silica gel
(CHCI5:MeOH 50:1 to 40:1, Rs = 0.13 and 0.2) to afford 97v (yield 72 % in
EtOH; 31 % in CH3CN) and 2w (yield 28 % in EtOH; 22 % in CH3sCN) as
yellow oils.
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¢) Using Ceo soot suspension in toluene (2.0 mg in 4.0 mL) as a catalyst.
The substrate 96v (0.08 mmol) was dissolved in 2.0 mL of the solvent
(EtOH or CH3CN) and the suspension of Cgo soot was added (100 pL). Then
the reaction mixture was purged with O, for 15 minutes and was irradiated
with a Blue LED (450 + 10 nm, 100 W) with continuous stirring at room
temperature for 3 days. The progress of the reaction was monitored by TLC.
After the complete conversion was achieved, the solvent was removed under
reduced pressure. The crudes were purified by column chromatography on
silica gel (CHCls:MeOH 50:1 to 40:1, R = 0.13 and 0.2) to afford 97v (yield
68 % in EtOH; 61 % in CHsCN) and 2w (yield 15 % in EtOH; 39 % in
CH3CN) as yellow oils.

'H NMR of 97v (400 MHz, CDCls): § 11.17 (d, J = 51.6 Hz, 1H), 8.53 —
8.29 (m, 1H), 7.47 (t, J = 7.9 Hz, 1H), 7.43 — 7.23 (m, 6H), 7.20 — 7.12 (m,
1H), 6.56 — 6.18 (m, 1H), 5.33 — 5.00 (m, 2H), 4.46 (s, 1H), 3.30 — 3.01 (m,
1H), 2.99 — 2.69 (m, 3H), 2.55 (s, 3H), 2.48 — 2.22 (m, 2H), 2.06 (s, 2H),
1.39 (g, J =7.5Hz, 2H), 1.34 — 1.10 (m, 4H), 0.97 — 0.80 (m, 3H).

BC NMR of 97v (101 MHz, CDCls): & 170.03, 169.88, 169.70, 169.67,
156.52, 156.31, 139.75, 139.69, 136.35, 132.44, 128.62, 128.60, 128.29,
128.26, 128.24, 128.22, 127.44, 126.54, 126.41, 124.22, 124.17, 124.08,
124.06, 123.02, 122.93, 67.31, 67.29, 55.20, 55.00, 54.80, 50.11, 38.69,
38.60, 38.45, 38.36, 31.44, 31.42, 28.27, 28.24, 26.19, 25.79, 25.48, 23.21,
23.14, 22.49, 22.47, 14.06.

HRMS-ESI* of 97v: m/z [M+H]* calcd. for CasH3sN20sS; 507.1982; found
507.1982.

'H NMR of 97w (400 MHz, CDCl3): 6 10.33 (d, J = 17.1 Hz, 1H), 8.44 (t, J
= 8.6 Hz, 1H), 7.87 (d, J = 7.9 Hz, 1H), 7.63 (t, J = 7.9 Hz, 1H), 7.44 — 7.27
(m, 6H), 6.53 (dd, J = 29.0, 7.3 Hz, 1H), 5.36 — 5.01 (m, 2H), 4.61 — 4.36
(m, 1H), 3.05(q, J = 9.7, 9.2 Hz, 2H), 2.98 — 2.71 (m, 2H), 2.56 (s, 3H), 2.51
—2.33 (m, 2H), 1.70 — 1.53 (m, 2H), 1.38 — 1.13 (m, 6H), 0.83 (t, J = 6.8 Hz,
3H).

B3C NMR of 97w (101 MHz, CDCls): & 169.98, 169.90, 169.07, 156.77,
136.70, 136.68, 136.19, 136.17, 135.24, 130.46, 130.45, 129.34, 128.87,
128.85, 128.68, 128.66, 128.40, 128.38, 128.35, 128.24, 128.23, 126.62,
124.81, 124.76, 124.62, 124.61, 122.91, 122.82, 120.72, 120.61, 67.62,
67.59, 67.39, 55.99, 55.32, 55.22, 50.12, 38.44, 38.32, 36.06, 31.44, 31.27,
29.83, 29.58, 28.47, 27.91, 26.00, 25.48, 25.28, 22.64, 22.44, 22.40, 14.14,
14.03.
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HRMS-ESI* of 97w: m/z [M+H]* calcd. for CzsH3sN204S2 491.2033; found
491.2033.

Q H

Ph—N

o
99
(3aS*,9bR*)-5-Methyl-2-phenyl-3a,4,5,9b-tetrahydro-1H-pyrrolo[3,4-
c]quinoline-1,3(2H)-dione 99. a) Using Ceo solution in toluene (5.0 mg in
2.0 mL) as a catalyst. N-Phenylmaleimide (0.2 mmol, 1.0 equiv) and N,N-
dimethylaniline (2.0 equiv) was dissolved in 3.0 mL of the solvent (EtOH,
CHsCN or CHCIs). Then solution of Cey was added (50 pL) and the reaction
mixture was irradiated with a Blue LED (450 = 10 nm, 100 W) with
continuous stirring at room temperature for 5 days in EtOH, 2 days in
CHsCN or 12 days in CHCIs. The progress of the reaction was monitored by
TLC. After the complete conversion was achieved, the solvent was removed
under reduced pressure. The crudes were purified by column
chromatography on silica gel (CHCls, Rr = 0.22) to afford 99 (yield 75 % in
EtOH; 56 % in CH3CN; 73 % in CHCIls) as a yellow solid.
b) Using Ceo soot powder as a catalyst. N-Phenylmaleimide (0.2 mmol, 1.0
equiv) and N,N-dimethylaniline (2.0 equiv) was dissolved in 3.0 mL of the
solvent (EtOH, CHsCN or CHCIs). Then 1.0 mg of Cg soot was added and
the reaction mixture was irradiated with a Blue LED (450 + 10 nm, 100 W)
with continuous stirring at room temperature for 5 days in EtOH, 15 days in
CHsCN or 12 days in CHCIs. The progress of the reaction was monitored by
TLC. After the complete conversion was achieved, the solvent was removed
under reduced pressure. The crudes were purified by column
chromatography on silica gel (CHCls, Rr = 0.22) to afford 99 (yield 71 % in
EtOH; 68 % in CH3CN; 45 % in CHCls) as a yellow solid.
¢) Using Ceo soot suspension in toluene (2.0 mg in 4.0 mL) as a catalyst N-
Phenylmaleimide (0.2 mmol, 1.0 equiv) and N,N-dimethylaniline (2.0 equiv)
was dissolved in 3.0 mL of the solvent (EtOH, CHsCN or CHCIs). Then
suspension of Ceo soot was added (100 uL) and the reaction mixture was
irradiated with a Blue LED (450 + 10 nm, 100 W) with continuous stirring at
room temperature for 4 days in EtOH, 3 days in CHsCN or 12 days in
CHCIl;. The progress of the reaction was monitored by TLC. After the
complete conversion was achieved, the solvent was removed under reduced
pressure. The crudes were purified by column chromatography on silica gel
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(CHCl3, R = 0.22) to afford 99 (yield 68 % in EtOH; 51 % in CH3CN; 46 %
in CHCI3) as a yellow solid.
Spectral data were in accordance with a literature.1’

©/\\N/\©

100b

N-Benzylidenebenzylamine 100b. a) Using Cgo solution in toluene (5.0 mg
in 2.0 mL) as a catalyst. Dibenzylamine (0.16 mmol) was dissolved in 3.0
mL of the solvent (EtOH, CH;CN or CHCIs). Then activated molecular
sieves 4 A and the solution of Cg (50 pL) was added. The reaction mixture
was purged with O for 15 minutes and was irradiated with a Blue LED (450
+ 10 nm, 100 W) with continuous stirring at room temperature for 3 days in
EtOH or CHsCN and 1 day in CHCls. The progress of the reaction was
monitored by TLC. After the complete conversion was achieved, the solvent
was removed under reduced pressure to afford 100b (yield 88 % in EtOH; 86
% in CH3CN; 100 % in CHCIs) as a yellow oil.

b)Using Cg soot powder as a catalyst. Dibenzylamine (0.16 mmol) was
dissolved in 3.0 mL of the solvent (EtOH, CH3;CN or CHCIs). Then activated
molecular sieves 4 A and the Cg soot (1.0 mg) was added. The reaction
mixture was purged with O, for 15 minutes and was irradiated with a Blue
LED (450 £ 10 nm, 100 W) with continuous stirring at room temperature for
4 days. The progress of the reaction was monitored by TLC. After the
complete conversion was achieved, the solvent was removed under reduced
pressure to afford 100b (yield 0 % in EtOH; 0 % in CH3CN; 78 % in CHCIs)
as a yellow oil.

¢) Using Cgo soot suspension in toluene (2.0 mg in 4.0 mL) as a catalyst
Dibenzylamine (0.16 mmol) was dissolved in 3.0 mL of the solvent (EtOH,
CH3CN or CHCls). Then activated molecular sieves 4 A and the suspension
of Cgo soot (100 pL) was added. The reaction mixture was purged with O;
for 15 minutes and was irradiated with a Blue LED (450 + 10 nm, 100 W)
with continuous stirring at room temperature for 17 days in CHsCN or 8
days in CHClIs. The progress of the reaction was monitored by TLC. After
the complete conversion was achieved, the solvent was removed under
reduced pressure to afford 100b (yield 0 % in EtOH; 85 % in CH3CN; 91 %
in CHCI5) as a yellow oil.

Spectral data were in accordance with a literature.1’
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101b cN
2-phenyl-1,2,3,4-tetrahydroisoquinoline-1-carbonitrile 101b. a) Using
Ceo solution in toluene (5.0 mg in 2.0 mL) as a catalyst. 2-phenyl-1,2,3,4-
tetrahydroisoquinoline (0.16 mmol, 1.0 equiv) and TMSCN (2.5 equiv) was
dissolved in 3.0 mL of the solvent (EtOH, CH3CN or CHCIz). Then activated
molecular sieves 4 A and the solution of Ce (50 pL) was added. The
reaction mixture was purged with O for 15 minutes and was irradiated with
a Blue LED (450 + 10 nm, 100 W) with continuous stirring at room
temperature for 1 day in EtOH or 2 days in CH3;CN. The progress of the
reaction was monitored by TLC. After the complete conversion was
achieved, the solvent was removed under reduced pressure. The crudes were
purified by column chromatography on silica gel (PE:EA 40:1, Rs = 0.17) to
afford 101b (yield 70 % in EtOH; 63 % in CH3CN; 0 % in CHCIs) as a
yellow oil.
b) Using Ce soot powder as a catalyst. 2-phenyl-1,2,3,4-
tetrahydroisoquinoline (0.16 mmol, 1.0 equiv) and TMSCN (2.5 equiv) was
dissolved in 3.0 mL of the solvent (EtOH, CH3;CN or CHCIs). Then activated
molecular sieves 4 A and the Cg soot (1 mg) was added. The reaction
mixture was purged with O, for 15 minutes and was irradiated with a Blue
LED (450 £ 10 nm, 100 W) with continuous stirring at room temperature for
17 days in EtOH or 7 days in CHCIs. The progress of the reaction was
monitored by TLC. After the complete conversion was achieved, the solvent
was removed under reduced pressure. The crudes were purified by column
chromatography on silica gel (PE:EA 40:1, R¢ =0.17) to afford 101b (yield
86 % in EtOH; 0 % in CH3CN; 84 % in CHCIs) as a yellow oil.
¢) Using Ceo soot suspension in toluene (2.0 mg in 4.0 mL) as a catalyst 2-
phenyl-1,2,3,4-tetrahydroisoquinoline (0.16 mmol, 1.0 equiv) and TMSCN
(2.5 equiv) was dissolved in 3.0 mL of the solvent (EtOH, CHsCN or
CHCIls). Then activated molecular sieves 4 A and the suspension of Ceo Soot
(100 pL) was added. The reaction mixture was purged with O, for 15
minutes and was irradiated with a Blue LED (450 £ 10 nm, 100 W) with
continuous stirring at room temperature for 17 days in EtOH, 6 days in
CHsCN or 2 days in CHCIs. The progress of the reaction was monitored by
TLC. After the complete conversion was achieved, the solvent was removed
under reduced pressure. The crudes were purified by column
chromatography on silica gel (PE:EA 40:1, Rs = 0.17) to afford 101b (yield
74 % in EtOH; 52 % in CH3CN; 65 % in CHCI5) as a yellow oil.
Spectral data were in accordance with a literature.?®®
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General procedure D for photoinduced hydroxylation of arylboronic
acids:

a) Using Cgo solution in toluene (5.0 mg in 2.0 mL) as a catalyst. The
substrate (0.1 — 0.25 mmol) was dissolved in 2.0 mL of the solvent (EtOH or
CHCI5), then DIPEA (2.0 equiv) and the solution of Cg was added (50 uL).
The reaction mixture was purged with O, for 15 minutes and was irradiated
with a Blue LED (450 + 10 nm, 100 W) with continuous stirring at room
temperature. The progress of the reaction was monitored by TLC. After the
complete conversion was achieved, the solvent was removed under reduced
pressure. The crude was purified by column chromatography on silica gel.

b) Using Ceo soot powder as a catalyst. The substrate (0.1 — 0.25 mmol) was
dissolved in 2.0 mL of the solvent (EtOH or CHCIs), then DIPEA (2.0
equiv) and 1.0 mg of Cg soot was added. The reaction mixture was purged
with O, for 15 minutes and was irradiated with a Blue LED (450 + 10 nm,
100 W) with continuous stirring at room temperature. The progress of the
reaction was monitored by TLC. After the complete conversion was
achieved, the solvent was removed under reduced pressure. The crude was
purified by column chromatography on silica gel.

¢) Using Ceo soot suspension in toluene (2.0 mg in 4.0 mL) as a catalyst.
The substrate (0.1 — 0.25 mmol) was dissolved in 2.0 mL of the solvent
(EtOH or CHCIy)), then DIPEA (2.0 equiv) and the suspension of Ce soot
was added (100 pL). The reaction mixture was purged with O, for 15
minutes and was irradiated with a Blue LED (450 + 10nm, 100W) with
continuous stirring at room temperature. The progress of the reaction was
monitored by TLC. After the complete conversion was achieved, the solvent
was removed under reduced pressure. The crude was purified by column
chromatography on silica gel.

C1UH21O—©—OH

102b

4-Decyloxyphenol 102ba. The product was obtained following the general
procedure D for photoinduced hydroxylation of arylboronic acids: a) in
EtOH irradiated with a Blue LED for 4 days (yield 96 %) or in CHCI;
irradiated with a Blue LED for 48 hours (yield 48 %); b) in EtOH irradiated
with a Blue LED for 13 days (yield 99 %) or in CHClIs irradiated with a Blue
LED for 48 hours (yield 93 %); ¢) in EtOH irradiated with a Blue LED for
10 days (yield 89 %) or in CHCI; irradiated with a Blue LED for 24 hours
(yield 59 %). The crudes were purified by column chromatography on silica
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gel (CHCI; to CHCIs:MeOH 100:1, Rf = 0.45) to afford 102b as a white
solid.
Spectral data were in accordance with a literature.?*

103b

Pyridin-4-ol 103b. The product was obtained following the general
procedure D for photoinduced hydroxylation of arylboronic acids: a) in
EtOH irradiated with a Blue LED for 48 hours (yield 100 %); b) in EtOH
irradiated with a Blue LED for 9 days (yield 63 %); c) in EtOH irradiated
with a Blue LED for 9 days (yield 67 %). The crudes were purified by
column chromatography on silica gel (CHCIs:MeOH 5:1, Rs = 0.09) to
afford 103b as a white solid.

Spectral data were in accordance with a literature.?®

6.3 Experimental for Chapter 3: Hydrogen-Bonded Capsule
Comprising Conformationally Flexible Cavity

General procedure E for 1,4-addition of RMgBr to enones. Under inert
atmosphere Mg turnings (1.05 equiv) in anhydrous THF were activated by
addition of I, crystal and refluxing for 30 min until brown color of iodine
faded away. A solution of RBr (1.0 equiv) in THF was added dropwise over
15 min at room temperature and reaction mixture was refluxed for 30 min
until Mg dissolved. After cooling down to room temperature, the mixture
was diluted with anhydrous THF to afford 0.5 M RMgBr solution.

Under inert atmosphere to a suspension of CUCN (4.2 equiv) in anhydrous
THF 0.5 M RMgBr solution (4.0 equiv) was added dropwise over 10 min at
-30°C. The mixture was stirred for 10 min at -30°C and 15 min at room
temperature resulting in deep brown solution. The mixture was cooled to -
78°C and a solution of bicyclo[3.3.1]nona-3,7-diene-2,6-dione (+)-87 (1.0
equiv) in anhydrous THF was added dropwise. After 10 min, cooling bath
was removed, and the reaction mixture was quenched with 1.0 M HCI
solution. The mixture was diluted with H,O and extracted with EA.
Combined organic phase was diluted with H,O (100 mL) and white
precipitate was removed by filtration through CELITE. Organic phase was
washed with sat. NaHCOj3 solution and brine, dried over anhydrous Na;SO4
and evaporated to dryness. The crude was purified by column
chromatography on silica gel (PE:EA) to afford 104a-d as a white solid.
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HO CO;Me
CioH2
CioHas

MeO,C OH
104a

(1R,4S,5R,8S)-dimethyl-exo,exo-4,8-didecyl-2,6-dihydroxy
bicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 104a. Following general
procedure E, under inert atmosphere Mg turnings (153 mg, 6.28 mmol, 1.05
equiv) in anhydrous THF (0.7 mL) were activated by addition of I, crystal. A
solution of decyl bromide (1.24 mL, 5.98 mmol, 1.0 equiv) in THF (4.0 mL)
was added dropwise over 15 min at room temperature and reaction mixture
was refluxed for 30 min until Mg dissolved. The mixture was diluted with
anhydrous THF (7.3 mL) prior next step to afford 0.5 M fresh solution of
decylmagnesium bromide.

To a suspension of CUCN (527 mg, 5.88 mmol 4.2 equiv) in anhydrous THF
(3.5 mL), 0.5 M decylmagnesium bromide solution (11.2 mL, 5.60 mmol,
4.0 equiv) was added dropwise over 10 min at -30°C. A solution of
bicyclo[3.3.1]nona-3,7-diene-2,6-dione (+)-87 (370 mg, 1.40 mmol, 1.0
equiv) in anhydrous THF (3.5 mL) was added dropwise. The crude was
purified by column chromatography on silica gel (PE:EA 100:1 , Rf = 0.31)
to afford 641 mg (83 %) of 104a as a white solid.

'H NMR (400 MHz, CDCls): 6 12.28 (s, 2H), 3.74 (s, 6H), 2.60 (d, J = 10.1
Hz, 2H), 2.50 — 2.43 (m, 2H), 1.79 (t, J = 2.8 Hz, 2H), 1.69 — 1.58 (m, 2H),
1.49 — 140 (m, 2H), 1.27 (s, 32H), 0.88 (t, J = 6.8 Hz, 6H).

3C NMR (101 MHz, CDCls): 5 174.28, 173.43, 100.98, 51.54, 37.59, 36.10,
33.78, 32.07, 29.82, 29.78, 29.69, 29.51, 28.07, 22.84, 18.27, 14.26.
HRMS-ESI*: m/z [M-H] calcd. for 547.4004; found 547.4021.

HO CO,Me

MeO,C OH
104b

(1R,4S,5R,8S)-dimethyl-exo,exo-4,8-bis(2-ethylhexyl)-2,6-dihydroxy

bicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 104b. Following general
procedure E, under inert atmosphere Mg turnings (174 mg, 7.15 mmol, 1.05
equiv) in anhydrous THF (0.7 mL) were activated by addition of I, crystal. A
solution of 2-ethylhexylbromide (1.2 mL, 6.81 mmol, 1.0 equiv) in THF (4.0
mL) was added dropwise over 15 min at room temperature and reaction
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mixture was refluxed for 30 min until Mg dissolved. The mixture was
diluted with anhydrous THF (8.9 mL) prior next step to afford 0.5 M fresh
solution of 2-ethylhexylmagnesium bromide.

To a suspension of CUCN (427 mg, 4.77 mmol 4.2 equiv) in anhydrous THF
(3.5 mL), 0.5 M 2-ethylhexylmagnesium bromide solution (9.1 mL, 4.54
mmol, 4.0 equiv) was added dropwise over 10 min at -30°C. A solution of
bicyclo[3.3.1]nona-3,7-diene-2,6-dione (+)-87 (300 mg, 1.13 mmol, 1.0
equiv) in anhydrous THF (3.5 mL) was added dropwise. The crude was
purified by column chromatography on silica gel (PE:EA 100:1 , Rf = 0.11)
to afford 424 mg (76 %) of 104b as a white solid.

'H NMR (400 MHz, CDCls): § 12.28 (s, 1H), 12.25 (s, 1H), 3.73 (s, 6H),
2.71 (dt, J = 10.9, 2.1 Hz, 2H), 2.45 (d, J = 3.6 Hz, 2H), 1.82 (t, J = 3.1 Hz,
2H), 1.54 — 1.08 (m, 22H), 0.95 - 0.81 (m, 12H).

3C NMR (101 MHz, CDCls): & 174.49, 174.46, 173.36, 173.35, 101.03,
100.99, 51.41, 51.36, 37.53, 37.52, 37.35, 37.21, 37.21, 36.63, 36.06, 35.93,
35.50, 35.36, 33.62, 31.63, 29.45, 27.84, 27.07, 24.29, 24.27, 23.39, 23.21,
17.93, 14.36, 14.30, 11.52, 9.56.

HRMS-ESI*: m/z [M-H]  calcd. for 491.3378; found 491.3386.

HQ COMe ¢y

—

8
=

CaHr MeOZC OH
104c

(1R,4S,5R,8S)-dimethyl-exo,ex0-4,8-di((Z)-octadec-9-en-1-yl)-2,6-
dihydroxybicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 104c. Following
general procedure E, under inert atmosphere Mg turnings (111 mg, 4.56
mmol, 1.05 equiv) in anhydrous THF (0.7 mL) were activated by addition of
I> crystal. A solution of oleyl bromide (1.44 g, 4.35 mmol, 1.0 equiv) in THF
(5.0 mL) was added dropwise over 15 min at room temperature and reaction
mixture was refluxed for 30 min until Mg dissolved. The mixture was
diluted with anhydrous THF (4.0 mL) prior next step to afford 0.5 M fresh
solution of oleylmagnesium bromide.

To a suspension of CUCN (409 mg, 4.56 mmol 4.2 equiv) in anhydrous THF
(3.5 mL), 0.5 M oleylmagnesium bromide solution (8.7 mL, 4.35 mmol, 4.0
equiv) was added dropwise over 10 min at -30°C. A solution of
bicyclo[3.3.1]nona-3,7-diene-2,6-dione (+)-87 (287 mg, 1.09 mmol, 1.0
equiv) in anhydrous THF (3.5 mL) was added dropwise. The crude was
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purified by column chromatography on silica gel (PE:EA 60:1, Rt =0.18) to
afford 779 mg (93 %) of 104c as a white solid.

'H NMR (400 MHz, CDCls): 6 12.28 (s, 2H), 5.35 (t, J = 4.9 Hz, 4H), 3.74
(s. 6H), 2.61 (dt, J = 10.0, 2.1 Hz, 2H), 2.46 (q, J = 2.6 Hz, 2H), 2.02 (9, J =
7.1, 6.6 Hz, 8H), 1.79 (t, J = 3.1 Hz, 2H), 1.68 — 1.58 (m, 2H), 1.50 — 1.39
(m, 2H), 1.38 — 1.20 (m, 48H), 0.88 (t, J = 6.7 Hz, 6H).

¥C NMR (101 MHz, CDCls): & 174.28, 173.42, 130.10, 130.00, 100.97,
51.54, 37.59, 36.11, 33.79, 32.76, 32.06, 29.95, 29.93, 29.86, 29.82, 29.68,
29.50, 29.48, 29.34, 28.07, 27.38, 22.84, 18.27, 14.26.

HRMS-ESI*: m/z [M-H] calcd. for 767.6184; found 767.6211.

HO Cone
CrHi5 X
S CeHys

MeO,C OH
104d

(1R,4S,5R,8S)-dimethyl-exo,ex0-4,8-di((Z)-non-1-en-1-yl)-2,6-dihydroxy
bicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 104d. Following general
procedure E, under inert atmosphere Mg turnings (153 mg, 6.28 mmol, 1.05
equiv) in anhydrous THF (0.7 mL) were activated by addition of I, crystal. A
solution of (Z)-1-bromo-1-nonene (1.22 g, 5.98 mmol, 1.0 equiv) in THF
(4.0 mL) was added dropwise over 15 min at room temperature and reaction
mixture was refluxed for 30 min until Mg dissolved. The mixture was
diluted with anhydrous THF (7.3 mL) prior next step to afford 0.5 M fresh
solution of (Z)-1-nonene magnesium bromide.

To a suspension of CUCN (527 mg, 5.88 mmol 4.2 equiv) in anhydrous THF
(3.5 mL), 0.5 M (Z)-1-nonene magnesium bromide solution (11.2 mL, 5.60
mmol, 4.0 equiv) was added dropwise over 10 min at -30°C. A solution of
bicyclo[3.3.1]nona-3,7-diene-2,6-dione (+)-87 (370 mg, 1.40 mmol, 1.0
equiv) in anhydrous THF (4.0 mL) was added dropwise. The crude was
purified by column chromatography on silica gel (PE:EA 100:1, Rf = 0.37)
to afford 721 mg (99 %) of 104d as a white solid.

'H NMR (400 MHz, CDCls): § 12.28 (s, 2H), 5.46 — 5.29 (m, 4H), 3.69 (s,
6H), 3.65 (dd, J = 8.7, 1.8 Hz, 2H), 2.42 (q, J = 2.5 Hz, 2H), 2.27 — 2.16 (m,
4H), 1.88 (t, J = 3.1 Hz, 2H), 1.47 — 1.21 (m, 20H), 0.95 — 0.85 (m, 6H).

B3C NMR (101 MHz, CDCls): & 173.51, 173.37, 131.86, 131.42, 99.69,
51.56, 40.54, 35.54, 32.03, 29.70, 29.51, 29.43, 27.44, 22.84, 19.39, 14.26.
HRMS-ESI*: m/z [M-H] calcd. for 515.3367; found 515.3394.
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H,N
=N
HN o]

CioHa1

CioHa

© N=<NH 105a

NH,
ICyt 105a. A mixture of 104a (610 mg, 1.11 mmol, 1.0 equiv), guanidinium
chloride (531 mg, 5.56 mmol, 5.0 equiv) and KOtBu (623 mg, 5.56 mmol,
5.0 equiv) in MeOH (10 mL) was heated at 100 °C for 24 hours. The
reaction mixture was diluted with 1.0 M HCI solution. The resulting white
precipitate was filtered and washed with 1.0 M HCI solution, water and
MeOH to afford 552 mg (88 %) of 105a as a white solid. The crude was
used without any further purification.
HRMS-ESI*: m/z [M+H]* calcd. for 567.4381; found 567.4388.

ICyt 105b. A mixture of 104b (390 mg, 0.79 mmol, 1.0 equiv), guanidinium
chloride (378 mg, 3.96 mmol, 5.0 equiv) and KOtBu (444 mg, 3.96 mmol,
5.0 equiv) in MeOH (5.0 mL) was heated at 100 °C for 36 hours. Then
reaction mixture was diluted with 1.0 M HCI solution and extracted with
CHCI;. Organic phase was washed with water and brine, dried over
anhydrous Na,SO., and evaporated to dryness. The crude was triturated in
MeOH, filtered and washed with MeOH to afford 319 mg (79 %) of 105b as
a white solid. The crude was used without any further purification.
HRMS-ESI*: m/z [M+H]* calcd. for 511.3755; found 511.3753.
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N:(NH 105¢c

NH,
ICyt 105c. A mixture of 104c (760 mg, 0.988 mmol, 1.0 equiv),
guanidinium chloride (472 mg, 4.94 mmol, 5.0 equiv) and KOtBu (554 mg,
4.94 mmol, 5.0 equiv) in MeOH (8.0 mL) was heated at 100 °C for 24 hours.
The reaction mixture was diluted with 1.0 M HCI solution. The resulting
white precipitate was filtered and washed with 1.0 M HCI solution, water
and MeOH to afford 686 mg (88 %) of 105c as a white solid. The crude was
used without any further purification.
HRMS-ESI*: m/z [M+H]* calcd. for 787.6572; found 787.6570.

NH
N=( 105d
NH,

ICyt 105d. A mixture of 104d (715 mg, 1.39 mmol, 1.0 equiv), guanidinium
chloride (662 mg, 6.93 mmol, 5.0 equiv) and KOtBu (777 mg, 6.93 mmol,
5.0 equiv) in MeOH (8.0 mL) was heated at 100 °C for 24 hours. The
reaction mixture was diluted with 1.0 M HCI solution. The resulting white
precipitate was filtered and washed with 1.0 M HCI solution, water and
minimum amount of MeOH to afford 401 mg (54 %) of 105d as a white
solid. The crude was used without any further purification.

HRMS-ESI*: m/z [M+H]* calcd. for 535.3755; found 535.3765.

QLA

O 109 ujé/@,l\@z

4-nitrophenyl N-[4-(10,15,20-triphenylporphyrin-5-yl)phenyl]
carbamate 109. A mixture of TPP amine 108 (400 mg, 0.635 mmol, 1.0
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equiv), 4-nitrophenylchloroformate (192 mg, 0.953 mmol, 1.50 equiv) and
pyridine (0.1 mL, 1.27 mmol, 2.0 equiv) in DCM (10 mL) was stirred at
room temperature for 1.5 hours. The reaction mixture was diluted with water
and extracted with DCM. The organic phase was washed with water and
brine, dried over anhydrous Na;SQO4, and evaporated to dryness. The crude
was purified by column chromatography on silica gel (PE:CHCIs 1:1 , Rf =
0.25) to afford 477 mg (95 %) of 109 as a purple glass.

Spectral data were in accordance with a literature.?®

General procedure F for monoUpy 106a-d. Under inert atmosphere a
mixture of corresponding 105a-d (1.0 equiv) and freshly distilled anhydrous
NEt; (10.0 equiv) in anhydrous THF was heated at 90 °C for 10 minutes
until 1ICyt 105 dissolved. Then reaction mixture was cooled down to room
temperature and TPP 109 (1.10 equiv) was added. Reaction was heated at 90
°C for 24 hours. After cooling down to room temperature, the solvent was
removed under reduced pressure. The crude was dissolved in toluene and
filtered through CELITE. Then subjected to size-exclusion column (Bio
Beads SX-3) using toluene as an eluent. Subsequently, the crude was
purified by column chromatography on silica gel (CHCIs:MeOH) to afford
product 106a-e as a purple solid.

HoN
=N
HN (0]
CigHa1
CioHa
(o] NH
N= O
HN—{
HN

Mono Upy 106a. Following general procedure F, under inert atmosphere a
mixture of 105a (55 mg, 0.097 mmol, 1.0 equiv), freshly distilled anhydrous
NEtz; (0.14 mL, 0.97 mmol, 10.0 equiv) and TPP 109 (85 mg, 0.11 mmol,
1.10 equiv) in anhydrous THF (7.0 mL) was heated at 90 °C for 24 hours.
Then subjected to size-exclusion column using toluene as an eluent and
subsequently was purified by column chromatography on silica gel
(CHClI3:MeOH 70:1—50:1—30:1—20:1, R¢= 0.08) to afford 102 mg (44 %)
of 106a as a purple solid.
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IH NMR (400 MHz, CDCls): § 13.60 (s, 1N-H), 13.07 (s, IN-H), 12.94 (s,
IN-H), 12.59 (s, IN-H), 8.98 (s, 2H), 8.92 — 8.76 (m, 7H), 8.24 (br. s, 6H),
8.12 (br. s, 4H), 7.79 (s, 4H), 7.52 (s, 4H), 4.89 (s, 2N-H), 3.16 — 2.72 (m,
4H), 2.27 (br. s, 2H), 2.11 (br. s, 4H), 1.56 — 1.01 (m, 24H), 0.94 — 0.73 (m,
4H), 0.70 — 0.40 (m, 8H), 0.26 (s, 2H), -2.71 (s, TPP 2N-H).

13C NMR (101 MHz, CDCls) could not be acquired due to low solubility
and strong aggregation.

HRMS-ESI*: m/z [M+H]" calcd. for 1222.6753; found 1222.6777.

Mono Upy 106b. Following general procedure F, under inert atmosphere a
mixture of 105b (100 mg, 0.20 mmol, 1.0 equiv), freshly distilled anhydrous
NEt; (0.27 mL, 1.96 mmol, 10.0 equiv) and TPP 109 (171.2 mg, 0.22 mmol,
1.10 equiv) in anhydrous THF (10 mL) was heated at 90 °C for 24 hours.
Then subjected to size-exclusion column using toluene as an eluent and
subsequently was purified by column chromatography on silica gel
(CHCI5:MeOH 100:1—50:1, Rs= 0.15) to afford 102 mg (44 %) of 106b as
a purple solid.

IH NMR (400 MHz, CDCls): & 13.79 (s, 1N-H), 13.32 (s, 1N-H), 13.03 (s,
IN-H), 12.52 (s, 1N-H), 8.97 (s, 2H), 8.87 — 8.63 (m, 6H), 8.33 — 8.16 (m,
6H), 8.12 — 7.93 (m, 4H), 7.88 — 7.71 (m, 4H), 7.59 — 7.31 (m, 5H), 4.71 (d,
J =15.9 Hz, 2N-H), 3.12 (s, 1H), 3.03 (d, J = 10.1 Hz, 1H), 2.89 (d, J = 20.6
Hz, 2H), 2.24 - 2.05 (m, 3H), 1.97 — 1.78 (m, 3H), 1.54 — 1.37 (m, 6H), 1.37
—1.16 (m, 10H), 1.12 (s, 2H), 1.05 — 0.70 (m, 10H), 0.61 (s, 2H), -2.72 (s,
TPP 2N-H).

3C NMR (101 MHz, DMSO-dg): & 164.92, 164.86, 162.79, 162.74, 154.09,
154.05, 154.01, 141.68, 135.26, 135.20, 134.67, 131.59, 128.54, 127.45,
120.47, 120.42, 120.21, 120.19, 118.67, 118.64, 118.56, 118.53, 118.48,
111.46, 111.22, 37.01, 36.13, 33.73, 33.55, 32.07, 31.69, 29.26, 27.47,
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27.22, 26.95, 24.31, 23.45, 23.29, 22.98, 18.58, 14.62, 14.50, 14.42, 11.79,
11.71, 9.62.
HRMS-ESI*: m/z [M+H]"* calcd. for 1166.6127; found 1166.6189.

Mono Upy 106c. Following general procedure F, under inert atmosphere a
mixture of 105¢ (70 mg, 0.089 mmol, 1.0 equiv), freshly distilled anhydrous
NEt; (0.12 mL, 0.89 mmol, 10.0 equiv) and TPP 109 (78 mg, 0.098 mmol,
1.10 equiv) in anhydrous THF (7.0 mL) was heated at 90 °C for 24 hours.
Then subjected to size-exclusion column using toluene as an eluent and
subsequently was purified by column chromatography on silica gel
(CHCI5:MeOH 100:1—70:1—50:1—20:1, Rf= 0.12) to afford 14 mg (11 %)
of 106c as a dark red solid.

'H NMR (400 MHz, CDCl3): & 13.65 (s, IN-H), 13.06 (s, 1N-H), 12.95 (s,
IN-H), 12.60 (s, IN-H), 9.06 — 8.94 (m, 2H), 8.92 — 8.73 (m, 6H), 8.37 —
8.06 (m, 10H), 7.89 — 7.72 (m, 5H), 7.64 — 7.44 (m, 4H), 5.43 — 5.26 (m,
1H), 5.22 — 4.99 (m, 2H), 4.86 (s, 2N-H), 4.82 — 4.58 (m, 1H), 3.09 — 2.77
(m, 5H), 2.18 — 1.82 (m, 14H), 1.80 — 1.58 (m, 9H), 1.53 — 1.33 (m, 14H),
1.18 — 0.98 (m, 18H), 0.91 — 0.86 (m, 6H), 0.86 — 0.67 (m, 6H), -2.70 (s,
TPP 2N-H).

13C NMR (101 MHz, CDCls) could not be acquired due to low solubility
and strong aggregation.

HRMS-ESI*: m/z [M+H]" calcd. for 1442.8944; found 1442.8833.
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Mono Upy 106d. Following general procedure F, under inert atmosphere a
mixture of 105d (100 mg, 0.19 mmol, 1.0 equiv), freshly distilled anhydrous
NEt; (0.26 mL, 1.87 mmol, 10.0 equiv) and TPP 109 (164 mg, 0.21 mmol,
1.10 equiv) in anhydrous THF (10 mL) was heated at 90 °C for 24 hours.
Then subjected to size-exclusion column using toluene as an eluent and
subsequently was purified by column chromatography on silica gel
(CHCl3:MeOH 100:1—70:1—50:1—20:1, R¢= 0.12) to afford 68 mg (31 %)
of 106d as a dark red solid.

'H NMR (400 MHz, CDCls): & 13.46 (s, 1N-H), 13.44 (s, 1IN-H), 12.91 (s,
IN-H), 12.60 (s, IN-H), 9.04 — 8.92 (m, 2H), 8.92 — 8.74 (m, 6H), 8.34 —
8.12 (m, 8H), 8.14 — 8.01 (m, 2H), 7.89 — 7.69 (m, 5H), 7.59 — 7.41 (m, 4H),
5.86 —5.35 (m, 4H), 4.91 (s, 2N-H), 4.06 (d, J=8.5Hz, 1H), 3.94 (d,J=8.5
Hz, 1H), 2.90 (s, 1H), 2.82 (s, 1H), 2.69 — 2.39 (m, 4H), 2.30 — 1.93 (m, 4H),
1.30 - 1.19 (m, 6H), 1.15 — 0.96 (m, 8H), 0.95 — 0.70 (m, 4H), 0.65 — 0.47
(m, 4H), 0.39 - 0.22 (m, 2H), -2.70 (s, TPP 2N-H).

13C NMR (101 MHz, CDCls) could not be acquired due to low solubility
and strong aggregation.

HRMS-ESI*: m/z [M+H]* calcd. for 1190.6127; found 1190.6156.

6.4 Experimental for Chapter 4: n-Functional Supramolecular
Structures Comprising 9-Azabicyclo[3.3.1]nonane Scaffold

@_.\OH
Ho™

116
(1R,2R,5R,6R)-9-azabicyclo[3.3.1]nonane-2,6-diol 116. A solution of diol
115 (1.0 g, 4.05 mmol, 1.0 equiv) in MeOH (50 mL) and acetic acid (0.70
mL, 12.16 mmol, 3.0 equiv) was vacuumed and flushed with argon several
times. Then 10% Pd/C (80 mg, 10% w/w) was added, and reaction mixture
was vacuumed and flushed with H; several times. The resultant suspension
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was stirred overnight at room temperature under an atmosphere of hydrogen.
After filtration through CELITE, the solvent was removed under reduced
pressure and dried under vacuum. The crude was used without any further

purification.
wOH
(A
Ho™

117

Br
(1R,2R,5R,6R)-9-(4-bromobenzyl)-9-azabicyclo[3.3.1]nonane-2,6-diol
117. A mixture of diol 116 (4.05 mmol, 1.0 equiv), 4-bromobenzyl bromide
(1.21 g, 4.86 mmol, 1.20 equiv), K:COs (1.11 g, 8.09 mmol, 2.0 equiv) in
CH3CN (100 mL) was refluxed for 24 hours. After cooling down to room
temperature, the solvent was removed under reduced pressure. Resulting
crude was diluted with water and extracted with DCM. Organic phase was
washed with water, dried over anhydrous Na,SO4 and evaporated to dryness.
The crude was purified by column chromatography on silica gel (EA, Rf =
0.36) to afford 1.20 g (91 %) of 117 as a white solid.

IH NMR (400 MHz, CDCly): & 7.43 (d, J = 8.1 Hz, 2H), 7.24 (d, J = 9.1 Hz,
2H), 4.18 — 4.08 (m, 2H), 3.91 (s, 2H), 2.72 (s, 2H), 1.98 (tt, J = 12.8, 6.6
Hz, 4H), 1.87 (td, J = 14.1, 13.2, 6.3 Hz, 2H), 1.71 (qd, J = 12.4, 6.7 Hz,
2H).

3C NMR (101 MHz, CDCls): & 132.61, 131.58, 131.13, 130.08, 68.13,
55.91, 54.98, 30.23, 20.22.

HRMS-ESI*: m/z [M+H]* calcd. for 326.0750; found 326.0747.

(0]
N
0
118

Br
(1R,5R)-9-(4-bromobenzyl)-9-azabicyclo[3.3.1]Jnonane-2,6-dione 118. To
a solution of oxalyl chloride (0.79 mL, 9.19 mmol, 2.5 equiv) in anhydrous
DCM (30 mL) was added a solution of anhydrous DMSO (1.18 mL, 16.55
mmol, 4.5 equiv) in anhydrous DCM (2.6 mL) at -78 °C under inert
atmosphere. After stirring for 30 min at the same temperature, a solution of
diol 117 (1.2 g, 3.68 mmol, 1.0 equiv) in anhydrous DMSO/DCM (5.7 mL,
1:2 v:v) was added. After stirring for 45 min at -78 °C, Et;N (5.4 mL, 38.62
mmol, 10.5 equiv) was added. Reaction mixture was stirred for 1 hour at the

168



same temperature and slowly reached room temperature while stirring for
another 1 hour. After diluting with water, the resultant mixture was extracted
with CHCIs. Combined organic phase was washed with brine, dried over
anhydrous Na;SO4 and evaporated to dryness. The crude was purified by
column chromatography on silica gel (PE:EA 2:1, Rs = 0.68) to afford 1.04 ¢
(88 %) of 118 as a white solid.

'H NMR (400 MHz, CDCls):  7.46 (d, J = 8.1 Hz, 2H), 7.19 (d, J = 7.9 Hz,
2H), 3.77 (d, J = 4.1 Hz, 2H), 3.36 (d, J = 6.7 Hz, 2H), 2.82 — 2.64 (m, 2H),
2.56 — 2.38 (m, 4H), 2.01 (t, J = 10.1 Hz, 2H).

¥C NMR (101 MHz, CDCls): & 211.67, 136.08, 131.87, 130.39, 121.70,
63.07, 55.89, 35.39, 24.19.

HRMS-ESI*: m/z [M+H]* calcd. for 322.0437; found 322.0435.

EtO,C OH
| N
HO CO,Et

119

Br
(1R,5R)-diethyl9-(4-bromobenzyl)-2,6-dihydroxy-9-
azabicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate  119. Under inert
atmosphere, to a solution of LIHMDS (7.9 ml, 7.99 mmol, 1.0 M, 2.5 equiv)
in anhydrous THF (40 ml) diketone 118 (1.03 g, 3.19 mmol, 1.0 equiv) in
anhydrous THF (10 ml) was added dropwise at -78°C. Some white
precipitate of dienolate of 118 formed shortly after addition and the viscosity
of the solution markedly increased. To complete enolization, the mixture
was allowed to warm to RT for 15 min and then brought back to -78°C.
DMPU (0.96 ml, 7.99 mmol, 2.5 equiv) was added followed by ethyl
cyanoformate (0.79 ml, 7.99 mmol, 2.5 equiv). Reaction mixture was stirred
for 30 min at -78°C and quenched by adding sat. NH.CI aqueous solution
into reaction mixture. Crude product was extracted with DCM, dried over
anhydrous Na;SO4 and evaporated to dryness. The crude was purified by
column chromatography on silica gel (PE:EA 15:1, Rt = 0.40) to afford 0.64
g (42 %) of 119 as a white solid.

'H NMR (400 MHz, CDCls): 6 12.02 (s, 2H), 7.44 (d, J = 8.3 Hz, 2H), 7.23
(d, J =8.3 Hz, 2H), 4.21 (qd, J = 7.2, 1.2 Hz, 4H), 3.66 (dd, J = 16.3, 13.5
Hz, 2H), 3.39 (d, J = 6.0 Hz, 2H), 2.66 (d, J = 6.3 Hz, 1H), 2.62 (d, J = 6.4
Hz, 1H), 2.44 (s, 1H), 2.40 (s, 1H), 1.31 (t, J = 7.1 Hz, 6H).

¥C NMR (101 MHz, CDCls): & 171.85, 168.09, 135.82, 132.00, 131.96,
130.39, 94.92, 61.06, 55.39, 53.95, 24.66, 14.32.

HRMS-ESI*: m/z [M-H] calcd. for 464.0703; found 464.0721.
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(1R,5R)-diethyl-9-(4-(3',4""-dihexyl-[2,2":5',2"":5" ,2"""-quaterthiophen]-5-
yDbenzyl)-2,6-dihydroxy-9-azabicyclo[3.3.1]nona-2,6-diene-3,7
dicarboxylate 120. A mixture of compound 119 (60.7 mg, 0.13 mmol, 1.0
equiv), 5-trimethylstannyl quaterthiophene 126 (128 mg; 0.19 mmol, 1.5
equiv) was dissolved in anhydrous DMF (4.0 mL) under argon
atmosphere. The mixture was sparged with argon for 15 min and
Pd(PPh3)4 (15 mg, 0.013 mmol, 0.10 equiv) was added. Then reaction
mixture was heated at 85°C for 1.5 hours. The reaction was allowed to
reach room temperature and then diluted with water and extracted with
EA. Combined organic phase was washed with brine, dried over anhydrous
Na,SO4 and evaporated to dryness. The crude was purified by column
chromatography on silica gel (PE:EA 10:1, Rs = 0.35) to afford 73.7 mg (64
%) of 120 as an orange solid.

IH NMR (400 MHz, CDCls): § 12.05 (s, 2H), 7.61 — 7.54 (m, 2H), 7.38 (d, J
= 8.2 Hz, 2H), 7.31 (dd, J = 5.1, 1.2 Hz, 1H), 7.28 — 7.25 (m, 1H), 7.14 (tt, J
= 4.1, 2.2 Hz, 1H), 7.12 — 7.05 (m, 2H), 7.04 — 6.99 (m, 2H), 4.23 (qd, J =
7.1, 1.4 Hz, 4H), 3.73 (g, J = 13.3 Hz, 2H), 3.46 (d, J = 6.0 Hz, 2H), 2.90 —
2.62 (m, 6H), 2.47 (s, 1H), 2.43 (s, 1H), 1.68 (tdd, J = 10.7, 9.0, 7.9, 4.7 Hz,
4H), 1.46 — 1.39 (m, 4H), 1.32 (td, J = 7.2, 3.5 Hz, 14H), 1.01 — 0.82 (m,
6H).

BC NMR (101 MHz, CDCls): & 172.28, 170.53, 143.78, 140.52, 140.50,
137.25, 136.09, 135.50, 134.97, 134.96, 133.44, 129.80, 129.75, 129.47,
127.58, 126.71, 126.64, 126.54, 125.93, 125.83, 125.46, 123.55, 94.94,
60.76, 55.79, 54.09, 31.81, 31.79, 30.66, 30.61, 29.65, 29.50, 29.39, 29.37,
24.92, 22.77, 22.76, 14.37, 14.26, 14.24.

HRMS-ESI*: m/z [M-H] calcd. for 882.2996; found 882.3023.
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Monomer 121. Under inert atmosphere a mixture of 120 (19 mg, 0.021
mmol, 1.0 equiv), guanidinium chloride (10.2 mg, 0.11 mmol, 5.0 equiv) and
KOtBu (12 mg, 0.11 mmol, 5.0 equiv) in MeOH (3.0 mL) was heated at 100
°C for 24 hours. The solvent was removed under reduced pressure. The
crude was diluted with water and pH was adjusted to 7 using AcOH. The
resulting orange precipitate was filtered, washed with MeOH, and
subsequently was purified by column chromatography on silica gel
(CHCI3:MeOH:AcOH 50:1:1, Rs = 0.65) to afford 8.6 mg (46 %) of 121 as
an orange solid.

IH NMR (400 MHz, CDCl3 + AcOH): & 7.57 (d, J = 7.7 Hz, 1H), 7.36 —
7.28 (m, 3H), 7.15 — 7.08 (m, 3H), 7.06 (d, J = 4.6 Hz, 1H), 6.99 (s, 1H),
6.79 (d, J = 8.3 Hz, 2H), 4.17 (dd, J = 10.9, 2.1 Hz, 1H), 4.08 — 4.02 (m,
1H), 3.93 (dd, J = 10.8, 5.6 Hz, 1H), 3.84 — 3.72 (m, 2H), 3.72 — 3.61 (m,
1H), 3.39 — 3.29 (m, 1H), 2.95 — 2.65 (m, 4H), 2.57 — 2.52 (m, 1H), 1.72 -
1.63 (m, 2H), 1.49 — 1.15 (m, 14H), 0.95 — 0.76 (m, 6H).

3C NMR could not be obtained due to its poor solubility and high
aggregation.

HRMS-ESI*: m/z [M+H]* calcd. for 874.3060; found 874.3044.

CeHia

I N s M N__s
Me3Sn S \/ S \/

CgH1s T,-126
(3',4"-dihexyl-[2,2":5',2":5" 2" "-quaterthiophen]-5-yl)trimethylstannane
126. Under inert atmosphere 5-bromo quaterthiophene 125 (203 mg, 0.35
mmol, 1.0 equiv) was dissolved in anhydrous THF (5.0 mL). The mixture
was cooled to — 78°C and 2.5 M butyllithium solution in hexane (0.16 mL,
0.40 mmol, 1.15 equiv) was added dropwise. After stirring the mixture for
1.5 hours at — 78°C, the solution of trimethyltin chloride (80.5 mg, 0.40
mmol, 1.15 equiv) in anhydrous THF (2.0 mL) was added in one portion at —
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78°C. The mixture was slowly warmed up to room temperature. After
stirring overnight at room temperature, the mixture was diluted with sat.
NH.CI solution and extracted with ethyl acetate, then washed with water and
brine. Combined organic phase was washed with brine, dried over anhydrous
Na;SO4 and evaporated to dryness to afford 229 mg (99 %) of 126 as a
brown oil. The crude was used without any further purification.

S
S “CigHa
Sa/ I[
s ~g-CroHa1
128

4,5-bis(decylthio)-1,3-dithiole-2-thione 128. A mixture of 127 (3.0 g, 4.19
mmol, 1.0 equiv), 1-bromodecane (4.34 mL, 20.99 mmol, 5.0 equiv) in
CH:CN (40 mL) was refluxed overnight. After cooling down to room
temperature, the reaction mixture was filtered through CELITE and
evaporated to dryness. The crude was purified by column chromatography
on silica gel (PE:EA 100:1, R = 0.41) to afford 1.06 g (26 %) of 128 as a
yellow oil.

Spectral data were in accordance with a literature.?®

0]

~
o s
| >=0
L S
o 134

4,5-bis(methoxycarbonyl)-1,3-dithiole-2-one 134. Hg(OAc). (1.15 g, 3.62
mmol, 2.0 equiv) was added to a solution of 133 (453 mg, 1.81 mmol, 1.0
equiv) in CHCIJ/AcOH 20 mL/7.0 mL mixture. The resulting suspension
was stirred at room temperature overnight. Afterwards the mixture was
filtered through CELITE and evaporated to dryness. The crude was purified
by column chromatography on silica gel (PE:EA 10:1, R¢ = 0.40) to afford
417 mg (99 %) of 134 as a white solid.

Spectral data were in accordance with a literature.?®

o]
S.
(o} ES: ‘SI CioHz1
(o) T g g-CroHz1

S
< 135
@]

~

4,5-bis(thiodecyl)-4',5'-bis(methoxycarbonyl)tetrathiafulvalene 135.
Under inert atmosphere a mixture of 128 (1.03 g, 2.16 mmol, 1.0 equiv) and
134 (0.66 g, 2.80 mmol, 1.3 equiv) in P(OEt)s (15 mL) were heated at 80 °C
for 4 hours. After cooling down to room temperature, the solvent was
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removed under reduced pressure. The crude was purified by column
chromatography on silica gel (PE:EA 60:1—20:1, R¢ = 0.25) to afford 0.73 ¢
(51 %) of 135 as an orange solid.

'H NMR (400 MHz, CDCls): & 3.85 (s, 6H), 2.79 (br.s, 4H), 1.64 (s, 4H),
1.48 —1.36 (m, 4H), 1.32 — 1.17 (m, 24H), 0.88 (t, J = 6.7 Hz, 6H).

3C NMR (101 MHz, CDCls): & 199.35, 160.12, 132.16, 128.11, 113.16,
53.51, 36.59, 32.04, 29.89, 29.70, 29.67, 29.46, 29.26, 28.65, 22.83, 14.26.
HRMS-ESI*: m/z [M+H]* calcd. for 665.1949; found 665.1912.

O
\o’U\[S S5 CioHs
l sﬁ;SIS»Cmsz
4,5-bis(thiodecyl)-4'-(methoxycarbonyl)tetrathiafulvalene 136. Under
inert atmosphere a mixture of 135 (463 mg, 0.70 mmol, 1.0 equiv), LiBr
(605 mg, 6.96 mmol, 10.0 equiv) in anhydrous DMF (9.0 mL) was heated at
85 °C for 3 hours. The reaction was cooled down to room temperature and
then diluted with water and extracted with EA. Combined organic phase
was washed with water and brine, dried over anhydrous Na,SO, and
evaporated to dryness. The crude was purified by column chromatography
on silica gel (PE:EA 60:1, R = 0.17) to afford 395 mg (94 %) of 136 as an
orange oil.
'H NMR (400 MHz, CD,Cl,): & 7.35 (s, 1H), 3.79 (s, 3H), 2.81 (td, J = 7.3,
3.0 Hz, 4H), 1.61 (p, J = 7.3 Hz, 4H), 1.39 (p, J = 6.8 Hz, 4H), 1.33 - 1.21
(m, 24H), 0.87 (t, J = 6.7 Hz, 6H).
3C NMR (101 MHz, CDCl,): 6 160.07, 132.20, 128.71, 128.57, 128.05,
112.30, 110.14, 36.73, 32.33, 30.21, 30.18, 29.98, 29.94, 29.74, 29.52,
28.88, 23.10, 14.29.
HRMS-ESI*: m/z [M+H]* calcd. for 607.1895; found 607.1885.

(@]

HO S S —5°CyoHyy
4,5-bis(thiodecyl)-4'-carboxytetrathiafulvalene 137. Aqueous solution of
1.5M LiOH (3.5 mL, 5.21 mmol, 5.0 equiv) was added into a mixture of 136
(632 mg, 1.04 mmol, 1.0 equiv) in 1,4-dioxane (20 mL). Reaction mixture
was stirred at room temperature for 15 hours. Then 5.0 M HCI aqueous
solution (1.2 mL) was added, and the solution was stirred for 15 min.
Reaction mixture was diluted with water and EA and the pH of solution was
adjusted to pH = 1-2 with solution of 5.0 M HCI. The mixture was extracted
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with EA. Combined organic phase was washed with 1.0 M HCI and water,
dried over anhydrous Na,SO., and evaporated to dryness. The crude was
precipitated with water, filtered and washed to afford 603 mg (98 %) of 137
as an orange solid.

'H NMR (400 MHz, CD,Cly): & 7.49 (s, 1H), 4.15 (br.s, 1H), 2.83 (s, 4H),
1.62 (dd, J = 13.9, 7.2 Hz, 4H), 1.49 — 1.16 (m, 28H), 0.89 (t, J = 6.6 Hz,
6H).

3C NMR (101 MHz, CDCl,): & 138.08, 129.20, 128.95, 128.73, 128.31,
128.05, 127.81, 32.35, 30.01, 29.97, 29.77, 29.55, 28.95, 28.93, 23.13,
14.32.

HRMS-ESI*: m/z [M-H] calcd. for 591.1593; found 591.1597.

o]
cl S S~ % ~Cyohyy

)J\Es>_;_8<SISaCmH21
4,5-bis(thiodecyl)-4'-(carbonylchloride)tetrathiafulvalene  138. Under
inert atmosphere 137 (603 mg, 1.02 mmol, 1.0 equiv) was dissolved in
anhydrous DCM (50 mL) and anhydrous DMF (seven drops). Then oxalyl
chloride (0.17 mL, 2.03 mmol, 2.0 equiv) was added dropwise and the
mixture was stirred at room temperature overnight. Then reaction mixture
was filtered, and the collected filtrate was evaporated to dryness. The crude
was purified by column chromatography on silica gel (PE:EA 80:1, Rf =
0.20) to afford 244 mg (39 %) of 138 as a purple solid.
'H NMR (400 MHz, CD.Cl,): 6 7.82 (s, 1H), 2.83 (td, J = 7.3, 3.2 Hz, 4H),
1.63 (p, J = 7.3 Hz, 4H), 1.41 (p, J = 7.0, 6.2 Hz, 4H), 1.34 — 1.21 (m, 24H),
0.88 (t, J = 7.0 Hz, 6H).
3C NMR (101 MHz, CDCl,): 6 138.09, 129.20, 128.96, 128.72, 128.30,
128.06, 127.82, 36.81, 32.34, 30.21, 29.99, 29.94, 29.76, 29.52, 28.87,
23.12, 14.30.
HRMS-ESI*: m/z [M+H]* calcd. for 611.1399; found 611.0568.

EtOQC

COQEt
CioH21™ I
CioHz1~g 139b

(1R,5R)-diethyl 9-(4,5-b|s(th|odecyl)tetrath|afuIvalene carbonyl)-2,6-
dihydroxy-9-azabicyclo[3.3.1]nona-2,6-diene-3,7-dicarboxylate 139b.

Under inert atmosphere to a solution of (-)-131b (71 mg, 0.18 mmol, 1.0
equiv) in anhydrous DCM (3.0 mL) was added TFA (0.68 mL, 8.93 mmol,
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50 equiv) dropwise. The mixture was stirred at room temperature for 3 hours
and then evaporated to dryness. Under inert atmosphere the solid residue
was dissolved in anhydrous THF (3.0 mL) followed by the addition of Et;N
(0.02 mL, 0.18 mmol, 1.0 equiv) and a solution of TTF-carbonylchloride
138 (131 mg, 0.21 mmol, 1.2 equiv) in anhydrous THF (3.0 mL). The
reaction mixture was stirred at room temperature for 4 hours and then
evaporated to dryness. The crude was purified by column chromatography
on silica gel (PE:DCM 1:1-DCM, Rt = 0.23) to afford 225 mg (80 %) of (-
)-139b as an orange solid. Racemic 139a was synthesized using same
method in 67 % yield.

'H NMR (400 MHz, CD,Cly): 5 12.12 (s, 2H), 6.73 (s, 1H), 4.93 (br. s, 2H),
4.23 (qt, J = 7.1, 3.3 Hz, 4H), 2.90 (m, 6H), 2.68 (s, 1H), 2.64 (s, 1H), 1.63
(p, J=7.4Hz,4H), 1.40 (q, J = 7.2 Hz, 4H), 1.35 - 1.18 (m, 30H), 0.89 (t, J
= 6.6 Hz, 6H).

B3C NMR (101 MHz, CD:Cl,): & 172.21, 168.27, 138.09, 129.20, 128.96,
128.73, 128.29, 128.06, 127.82, 95.96, 61.53, 36.78, 32.34, 30.21, 29.99,
29.96, 29.76, 29.55, 28.91, 23.12, 14.36, 14.31.

HRMS-ESI*: m/z [M+H]* calcd. for 872.2845; found 872.2815.

S
CioHaz4
CioHai~

S

Monomer ICyt 140b. A mixture of 139b (103 mg, 0.12 mmol, 1.0 equiv),
guanidinium carbonate (106 mg, 0.59 mmol, 5.0 equiv) in MeOH (8.0 mL)
was heated at 100 °C for 24 hours. Then reaction mixture was cooled down
to room temperature and was diluted with water. The resulting orange and
washed with water and methanol. Additionally, the crude was precipitated
with MeOH, filtered and washed with MeOH to afford 62 mg (61 %) of
140b as an orange solid. Racemic 140a was synthesized using same method
in 52 % yield.

'H NMR (400 MHz, DMSO-ds): & 10.99 (s, 2H), 7.37 (s, 1H), 6.47 (s, 4H),
5.18 — 4.67 (m, 2H), 2.84 (g, J = 6.7 Hz, 4H), 2.61 (d, J = 14.7 Hz, 4H), 1.73
— 1.47 (m, 4H), 1.40 — 1.29 (m, 4H), 1.28 — 1.07 (m, 24H), 0.83 (t, J = 6.6
Hz, 6H).

3C NMR (101 MHz, DMSO-de): & 160.01, 158.78, 157.06, 154.49, 128.16,
127.48, 126.99, 125.15, 112.40, 106.93, 104.27, 35.34, 31.26, 31.24, 29.14,
28.89, 28.86, 28.81, 28.70, 28.63, 28.36, 28.33, 27.52, 22.04, 13.89.
HRMS-ESI*: m/z [M+H]* calcd. for 862.2763; found 862.2739.
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SANTRAUKA
IVADAS

Supramolekuliné chemija yra puikus jrankis kuriant sudétingas funkcionalias
medziagas  molekuliniame  lygmenyje. =~ Gamtoje = gausu  tokiy
supramolekuliniy struktiry, pavyzdziui, virusai, lastelés membranos,
fermentai ar DNR gradinés.!? Susidoméjimas tokiomis sistemomis atsirado
dél mazy molekuliy gebéjimo spontani$kai sudaryti tvarkias struktiiras
sujungtas nekovalentinémis saveikomis, tokiomis kaip vandenilinis rysys,
dipolio — dipolio, elektrostatiné, m-m saveika ar metalo — ligando
koordinacija.*>*® Vandenilinis rySys yra dazniausiai naudojamas dél savo
stiprumo'®, grjztamumo, kryptingumo!® ir galimybés valdyti iSoriniais
dirgikliais, pvz. kei¢iant tirpiklio poliskumg?*?, pH*2® ar temperatiirg?*%,
Sukurti tokio pat sudétingumo nanostruktiiras kaip, kad randamos

VW =

Ivairios supramolekulinés kapsulés ir tus€iavidurés polimerinés struktiiros
yra patrauklios dél galimybés jas pritaikyti ,,Seimininko-svecio* kompleksy
formavimui, katalizéje, bei vaisty ir Zymekliy pernasai organizme. Kapsulé,
suteikdama mechaninj barjera, apsaugo viduje esancias molekules nuo
neigiamy aplinkos veiksniy. Daugumos tokiy kapsuliy karkasa sudaro
kovalentiniais  rySiais  sujungti makrociklai, pvz. ciklodekstrinai,
kukurbiturilai, kaliksarenai ar pilarenai, kurie uztikrina vidinés ertmés
tvirtumg. Taciau tai riboja kapsulés galimybes erdviskai prisitaikyti prie
svecio molekulés, kad galéty jj efektyviai sukompleksuoti ir po to reikiamu
momentu iSlaisvinti. Todél yra ypa¢ svarbu sukurti dinamines struktiras,
sudarytas pilnai i§ nekovalentiniy sgveiky, kuriy forma galéty Kkisti
priklausomai nuo sveéio ar aplinkos veiksniy. Visa reikalinga informacija
sékmingai agregacijai turi bati i§ anksto uzprogramuota supramolekuliniy
sistemy komponentuose, todé¢l tokiy monomery sintez¢ yra komplikuota.

Siekiant sukurti dinamines supramolekulines sistemas buvo pasirinktas
enantiomeriskai grynas V formos biciklo[3.3.1Jnonano monomeras, turintis
komplementarius izocitozino (ICyt) irfar ureidopirimidinono (Upy)
fragmentus. Susidarant vandeniliniams rySiams tarp komplementariy DAA-
ADD tautomeriniy formy yra gaunami cikliniai tetramerai, kurie toliau
agreguojasi | supramolekulinius vamzdelius del papildomy ortogonaliy
vandeniliniy rySiy tarp gretimy tetramery. Manipuliavimas pakaity
prigimtimi, dydziu ar erdviniu iSsidéstymu leidzia ne tik kontroliuoti
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agregacijos laipsnj ar darinio topologija, tafiau ir pacios sistemos
elektronines savybes kuriant iSmanigsias supramolekulines medziagas.

Pagrindinis Sio darbo tikslas yra sukurti supramolekulines dinamines
kapsules ir vamzdelinius polimerus, sudarytus i§ biciklo[3.3.1]nonano
karkaso, kurie galéty buti ateityje pritaikyti organinéje elektronikoje kuriant
funkcionalias medZiagas.

Tikslui jgyvendinti buvo suformuluoti Sie uzdaviniai:

1. Susintetinti monomerus, turin¢ius komplementarius izocitozino ir/ar
ureidopirimidinono fragmentus bei lanksty jungtuka, kuris leisty lengvai
inkorporuoti jvairius chromoforus ar kitus funkcinius elementus j sistema.

2. Susintetinti asimetrinius monomerus, funkcionalizuojant vieng i$
izocitozino fragmenty, prijungiant didelj tetrafenilporfirino pakaita, kurie
bty pritaikyti kuriant dinamines kapsules.

3. Pademonstruoti, kad tus¢iavidurés kapsulés gali | vidy jterpti fulereno Ceo
molekule.

4. Sukonstruoti vamzdelinius supramolekulinius agregatus turinCius -
konjuguota sistemg ir pasizymincius aukstu savitvarkos laipsniu.

5. Pademonstruoti galimybe griztamai valdyti agregato virtimg tarp ciklinio
tetramero, dimeriniy Znypliy ar pavienio monomero naudojant cheminj ar
Sviesos stimula.

Mokslinis naujumas:

Siame darbe sukonstruoti nauji supramolekuliniai nanovamzdeliai ir
diskretiskos kapsulés, turinCios lanks¢ius jungtukus, kurie leidzia lengvai
jvesti jvarius chromoforus reikalingus kuriant funkcionalias medziagas.
Atrasta Seimininko-svec¢io komplekse unikali tamsoje vykstanti elektrony
pernasa tarp artimai erdvéje iSsidésciusiy jungtuky turinciy sulfidines grupes
ir sve&io — fulereno Ceo molekule. Siame kontekste pademonstruota galimybé
fulereng Ceo ir jo pigia zaliava — fulereno suodzius pritaikyti zalioje
chemijoje kaip tvary heterogeninj katalizatoriy atliekant chemoselektyvia
sulfidy oksidacijg iki sulfoksidy naudojant molekulinj deguonj. Taip pat
buvo sékmingai sukonstruota dinaminé supramolekuliné kapsulé
funkcionalizuota tetrafenilporfirinais, kurios ertmé atitinkamai persigrupuoja
tautomerizacijos proceso metu, kad galéty efektyviai sukompleksuoti svecio
molekulg. Vamzdeliniai polimerai azabiciklo[3.3.1]nonano pagrindu,
turintys n-konjuguotus tetratiafulvaleno fragmentus, buvo pritaikyti kuriant
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potencialius organinius puslaidininkius. Tokia savitvarké sistema uztikrina n
ir p tipo kanaly atskyrima, kuris yra reikalingas efektyviai skirtingy kraviy
pernaSai organinéje elektronikoje. Galiausiai, pirma karta pademonstruota
galimybé grjztamai manipuliuoti supramolekulinio biciklo[3.3.1]Jnonano
agregato asociacijg tarp ciklinio tetramero, dimeriniy Znypliy ar pavienio
monomero naudojant cheminj ar §viesos stimulg.
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TYRIMU REZULTATAI

1. Diskrecios vandeniliniais rysiais sudarytos kapsulés
enantiomeriSkai gryno biciklo[3.3.1]nonano pagrindu

Supramolekulinéms strukttiroms sukurti buvo pasirinktas enantiomeriskai
grynas V formos biciklo[3.3.1]Jnonano monomeras, turintis komplementarius
izocitozino (ICyt) ar ureidopirimidinono (Upy) fragmentus. Susidarant
vandeniliniams rySiams tarp komplementariy tautomeriniy formy yra
gaunami cikliniai tetramerai, kurie toliau agreguojasi | supramolekulinius
vamzdelius dél papildomy ortogonaliy vandeniliniy rySiy tarp gretimy
tetramery. Modifikuojant ICyt fragmenta galima uZzblokuoti ortogonalig
agregacija, ir tokiu blidu yra gaunami diskretiis cikliniai tetramerai turintys
Upy fragmentus. Siam tikslui buvo susintetinti biciklo[3.3.1]nonano
monomerai, remiantis sintezés metodika, kuri buvo sukurta ir optimizuota E.
Orento grupéje.t?612” |5 ankstesniy darby yra zinoma, kad dideli pakaitai
prijungti tiesiogiai prie monomero karkaso neleidzia susidaryti
vamzdelinéms  struktiroms dél  atsirandan¢iy  steriniy  trukdziy.
Manipuliavimas pakaity dydziu, lankstumu ar erdviniu iSsidéstymu galéty
leisti selektyviai kontroliuoti tetramery agregacija j sudétingesnius darinius,
todél buvo nuspresta tarp didelio pakaito ir biciklo[3.3.1]Jnonano pagrindo
jvesti lanksty jungtuka, kuris leisty palankiai i$sidéstyti Soninéms grupéms
erdvéje (1 pav.).

a) Dideli pakaitai 5 +

Lankstus Hierarchiné
Q b)| jungtukas s savitvarka

Pakaito
padétis ir dydis,
0

C

<

" |

@-~=co

ICyt funkcionalizavimas

1 pav. Pavyzdziai kaip keiCiant pakaity dydj (a), lankstuma (b) ar erdvinj
iSsidéstyma (c) galima kontroliuoti supramolekulinio darinio agregacijos laipsnj.

Tiolo grupe turintis jungtukas jvestas geromis iSeigomis (90 — 99%) atliekant

fotocheming ,,click reakcijg tarp neaktyvuoto dvigubo rySio ir tioacto
rugsties (2 pav.). Gautas tioacetatas gali biiti suhidrolizuotas tiek ragstingje
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tiek bazinéje terpéje, taGiau atliekant hidrolize riigtinémis salygomis yra
gaunama didesné iseiga (79 %).

(o]

HQ coMe Asu HQ CO,Me HQ CO.Me

AIBN, rt o < o
N 365 nm 3 konc. HC\!
X Toluenas )LS Y MeOH HS
90-99 % 79 %
MeO,C OH MeO,C OH MeO,C OH
(+)-88 89 0

2 pav. Monomero 90 turin¢io nukleofilinj jungtukg sintezé.

Gautas nukleofilinis jungtukas jgalina supaprastintg jvairaus dydZio pakaity
jvedimg j sistema atlickant nukleofilinio pakeitimo reakcijas su atitinkamais
bromidais (3 pav.). Buvo prijungti jvairiis pakaitai, nuo linijiniy
tetraetilenglikol- iki Sakoty 3,5-bis(deciloksi)benzil-, kad jvertinti jy daroma
itaka cikliniy tetramery hierarchinei agregacijai | supramolekulinius
vamzdelius.

HO CO,Me HO CO,Me
sH RBr, KoCOg s
O,
1-3 h, 80°C R R
HS DMF ‘s
MeO,C OH MeO,C OH
90 9la-e
X
(o)
C1gHa210 o
. =R.91b 76 % ¥ =R,91c87 %
for =Rotasms ()T o
CyoH210 o

o A
}'S
0 =R,91d67 % =R,91e82%
4 o’\%\

3 pav. Nukleofilinio pakeitimo reakcijos tarp monomero 90 ir atitinkamy
bromidy 91a-e.

Tiksliniai monomerai, turintys komplementarius izocitozino fragmentus,

buvo susintetinti kondensuojant atitinkamus ketoesterius 91a-e su guanidino
chloridu bazinéje terpéje (4 pav.).
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HO CO.Me il

NH. "
KOtBu, 100°C BUNCO, 80°C
R BN 24-36h S\R NEty, 24 - 72h
s WeOH T
MeO,C OH
91a-e
)rO
CioHz0, _\,lo
% =R,84a77 % =R,94b 68 % 7 =R.94c 98%
O A 95a 93 % 95b 85 % e o8 ot
CigH210 o
10H21 Xo—ﬁa

OsH}/ =R,94d 72 % 0,\45\= R,94e 56 %
95d 73 % 4 950 78 %

4 pav. Komplementarius vandenilinius ry$ius sudaranciy enantiomeriskai gryny
monomery 95a-e sintezé.

Monomerai 94a-e nepoliniuose organiniuose tirpikliuose asocijuojasi j
tetramerinius darinius dél susidariusiy DDA-AAD vandeniliniy rysiy tarp
komplementariy izocitozino tautomeriniy formy (5 pav.). Tolimesnés
agregacijos metu gaunamos vamzdelinés struktiiros susidarant papildomiems
ortogonaliems vandeniliniams rySiams tarp gretimy tetramery. Polimeriniy
struktiry susidarymas daznai stebimas plika akimi, susidarant geliams.

%4a-e,

Ortogonali

agregacija “

Steriné
sgveika

n

5 pav. Cikliniy tetramery 94a-e4 ortogonali agregacija j vamzdelinius polimerus.
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Tolimesnis polimery charakterizavimas nebuvo jmanomas dél didelio tirpaly
klampumo ir taip pat iSplitusiy signaly BMR spektruose. Polimerai buvo
paversti | diskre¢ius tetramerinius Kkavitandus blokuojant vandenilius
esancius ICyt fragmente, kurie dalyvauja vandeniliniy rysiy susidaryme tarp
gretimy tetramery (Ic pav). Nauji monomerai 95a-e, turintys
ureidopirimidinono fragmenta, buvo gauti geromis iSeigomis (73 — 97 %)
veikiant ICyt 94a-e n-butilo izocianatu ir trietilaminu THF tirpiklyje. Siy
monomery agregacijos procesai toliau buvo tyrinéti organiniuose
nepoliniuose tirpikliuose.

1.1Tusc¢iaviduriy kapsuliy pritaikymas svecio-Seimininko
kompleksams

Tu$Ciaviduriai cikliniai tetramerai buvo gauti susidarant DDAA-AADD
keturgubiems vandeniliniams rySiams tarp sau komplementariy Upy
fragmenty esan¢iy monomeruose 95a-e (6a pav.). 'H BMR spektrai
chloroforme patvirtina tetrameriniy agregaty 95, susidaryma (6b pav.).
Signaly rinkinys (12,93, 11,89, 9,64 m.d.) silpnuose laukuose junginio 95a
spektre priskirtas atitinkamiems NH protonams, kurie dalyvauja susidarant
vandeniliniams rySiams tarp ureidopirimidinono fragmenty. DOSY spektre
visi signalai yra priskiriami tokiam paciam difuzijos koeficientui — D =
2,44-10° m?s, kuris atitinka 16 A hidrodinaminj spindulj sferinés dalelés.
Tai patvirtina vienos rusies agregato egzistavimg chloroforme. Taip pat,
gauta verté atitinka anksciau apraSyty supramolekuliniy tetramery spindulio
verte. 1?1128 Kity tetramery 95b-e4 *H BMR spektruose chloroforme stebimi
analogiski signaly rinkiniai, kuriy difuzijos koeficientai yra tarp 2,12 — 2,17
m2s? (6¢c pav.). Remiantis erdvinémis sgveikomis stebimomis 2D COSY ir
ROESY spektruose, nustatyta, kad monomeras egzistuoja keto tautomerinéje
formoje, kuris sudaro DDAA-AADD vandenilinius ry$ius dimerizuojantis
komplementariems Upy fragmentams.
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8 8 2 A
* T r T T T T T T T T T T T T T T T T T T T T T v T T T
13.0 12.5 12.0 11.5 11.0 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00 -0.

DOSY 'cnc,a
110
e )+
Dayg= 2.44:10"" m’s?! 1x10%
Ry=16 A
c) u
95b, 2 b c
AN N J .
95¢, 2 b ¢
| 1 A -
a b
95d, ¢
. S —
a b
= ., | J -
A A { )
13.0 12,5 12.0 11.5 11.0 10.5 100 9.5 90 85 80 75 7.0 65 60 55 50 45 40 35 3.0 25 20 15 10 05 0.0 -0
m.d.

6 pav. a) monomero 95a asociacija j tetramerines kapsules; b) tetramero 95as
(10 mM) 'H BMR ir DOSY spektrai CDCls; ¢) tetramery 95b-e4 'H BMR
spektrai CDCls.

Supramolekuliniy cikliniy tetramery susidarymas net tokiuose poliniuose
tirpikliuose kaip acetonitrilas patvirtina didelj tokiy struktiry stabiluma.
Benzene monomeras 95a sudaro du skirtingo dydzio agregatus — tetramerg ir
pentamerg, kuriy hidrodinaminiai spinduliai atitinkamai yra 15,8 A (D =
2,09-10° m?sY) ir 17,52 A (D = 1,89-10"° m%™) (7a,b pav.).
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a)

95
CEDE —|— @ Svecio @
indukuota

savitvarka Coo @95,

ale)
J LR , \

3D =1.89-10" m?%s™

T T T T T T T T T T T T T T T T T T T T
135 13.0 125 12.0 115 110 105 100 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00
m.d.

7 pav. a) Monomero asociacija ] ciklinius tetramerus ir pentamerus nepoliniuose
tirpikliuose; b) 95a4 (15 mM) 'H BMR ir DOSY spektrai C¢Ds.

IS molekulinio modelio (optimizuoto PM3 metodu naudojant Spartan’14
programa) buvo nustatyta, kad kapsulés ertmés diametras yra 13,4 A (8a
pav.), pakankamo dydzio fulereno Cg svecCio kompleksavimui. Inertinéje
atmosferoje visi monomerai 95a-e sékmingai sudaré jterpimo kompleksus
Ceo@954 ds-benzene ir ds-acetonitrile. Komplekso Ceo@95as difuzijos
koeficientas (D = 2,08:10° m?s?!) parodo, kad gautas vienos risies
agregatas, kurio matmenys yra identiski laisvam tetramerui (8b pav.). Jdomu
tai, kad vyksta fulereno indukuota savaiminé saviatranka, kuri yra pagrjsta
ertmés dydziu. Tai rodo, kad proceso metu parazitiniai pentamerai yra linke
persitvarkyti | termodinamiskai stabilesnius tetramerus ir yra paSalinami.
Tadiau buvo pastebéta, kad laikui bégant vyksta Seimininko-sveéio
komplekso degradacija, jeigu néra pasalinamas deguonis i§ atmosferos.
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Vaizdas Vaizdas
i§ ono i§ virsaus Vaizdas i$ virsaus
i$ Sono

8 pav. a) Tetramero 954 ir komplekso Ceo@954 molekuliniai modeliai; b) laisvo
tetramero ir komplekso Ceo@954 *H BMR ir DOSY spektrai CeDs. Raudonais
taskais pazyméti signalai yra priskiriami enolinei formai.

Kadangi sukompleksuota fulereno molekulé pozicionuojama arti sulfidiniy
grupiy, tai jgalina elektrono pernasg i$ sulfido donoro j fulereno akceptoriy,
netgi nenaudojant $viesos Saltinio (9a pav.). Tamsoje susidares sulfido
katijono radikalas A gali toliau reaguoti su molekuliniu deguonimi.
Rigstinis a-protonas persulfokside B lengvai atskyla, todél tarpinis junginys
persitvarko j hidroperoksisulfida D. Jis toliau hidrolizuojasi suyrant anglies-
sulfido rySiui, atskylant benzaldehidui bei susidarant jvairiems sulfidy
dariniams.

Trifenilfosfinas yra geras elektrony donoras, todél buvo nuspresta ji
pritaikyti kaip inhibitoriy. Sulfido katijono radikalas yra suredukuojamas
vykstant elektrono pernasai i§ PPhs (9b pav.). Gautas fosfino katijono
radikalas toliau reaguoja su molekuliniu deguonimi. Susidares aduktas,
perduodant vieng deguonies atoma, suoksiduoja kita PPh; molekule. 'H
BMR protony spektre matome, kad acetonitrile buvo sékmingai pasiekta
pilna PPh; konversija j trifenilfosnino oksida (9¢ pav.). Si tamsoje vykstanti
elektrony pernasa yra unikali, kadangi pagrista erdviniu Cego ir sulfido grupiy
artumu ir jai néra reikalingas joks Sviesos Saltinis.
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a)

C,,@95a-¢,

%O

RSSR
RS(O)SR ¢

or
RS(0),SR

b)

ey o o+
PhsP PhyP

€) C,@95a,

r1
La

5 4 13 12 1 w0 9 8 7 6 5 4 3 2 1 o
ppm
9 pav. a) Spekuliatyvus mechanizmas pagal kurj vyksta tetramero degradacija;
b) PPhs oksidacija esant kompleksui Ceo@95a4 ir molekuliniam deguoniui; c)

PPhs oksidacija stebima *H BMR spektruose CD3CN.

1.2 Chemoselektyvi sulfidy fotooksidacija iki sulfoksidy
naudojant heterogeninius fulereno pagrindu katalizatorius

Nors keli bandymai panaudoti fulereng kaip katalizatoriy oksidacijos
reakcijose yra aprasyti, daznu atveju reikalingas papildomas fulereno darinio
paruodimas, pvz. funkcionalizavimas®®, jvedimas | miceles®™ ar
imobilizacija ant kietos fazés'®®. Dél &ios priezasties buvo nuspresta
pademonstruoti nemodifikuoto fulereno potenciala kaip heterogeninio
katalizatoriaus selektyvioje sulfidy oksidacijoje iki sulfoksidy naudojant
molekulinj deguonj. Fulerenas yra ganétinai brangus, todél tuo paciu buvo
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pasirinkta iStirti pigios fulereno Zzaliavos fulereny suodziy (FS) aktyvuma
sulfidy oksidacijoje. Siame kontekste parodyta galimybé fulereng Ceo ir FS
pritaikyti Zalioje chemijoje kaip tvary heterogeninj katalizatoriy. Fulereno
suodziai buvo naudojami kietoje busenoje arba kaip suspensija toluene.
Toluene istirpintg fulereng supylus j polinj reakcijos tirpiklj buvo gauta
stabili koloidiné nanodispersija. Naudojant melyng $viesa (100 W 450 nm)
buvo sékmingai suoksiduoti jvairtis sulfidai turintys linijinius ar $akotus
alkil- pakaitus, taip pat jvairias funkcines grupes, pvz. esterius, amidus,
nitrilus ar net alkenus (10 pav.). Sulfidy fotooksidacija gali vykti dviem
skirtingais mechanizmais: elektrony pernasos mechanizmu arba energijos
perdavimo mechanizmu, kuris generuoja singletinj deguon;j.'®?% Daznai abu
S§ie mechanizmai operuoja vienu metu.

Fulereno Q
91-5~Rz ﬂ) R1,§~R2 R szalk\\,FEG‘alkenas nitrilas ir t t
%450 nm
%6 o a7
[FS] FSinToll [Cgin Toll IFS] IFSin Toll [Cg in Toll
Q EtOH CHsCN EtOH CHsCN EIOH CHaCN Q\,E\j EIOH CHsCN EIOH CHaCN EtOH CHsCN
5 QEt
93% 0%  97% 81% 78%  48% o7j 58% 0% 44% 18% 56% 21%
97a
B oo o
(o]

HUJ\,S\)LOH 47% 0% 53% 16% 56% 36%

©/\’ Cigblos 99% 0%  93% 82% 99%  60% -
o7b

H
LM“F]’\’NYU\ﬁ 72% 0% 98% 65% 95% 97%
[¢]

0
NG 74% 0%  74% 55% B4%  95% °
0
T Ph o
87c ST \ﬁ 98% 0% 42% 78% 82% 60%
0
o~ 88% 0%  92°% 78% 69%  86% ® otm
x C1aHas
o
o7 I 67% 0% 96% B80% 92% 61%
z o S
(/\/\/" 7% 0%  B5% 94% 92%  59% Ne Ciaas
S 97n
97e o]
o NeS 70% 0% 53% 59% 2% 89%
G 81% 0%  90% 70% 68% 71% 070
o7t o7
0 0
9 o = b L 0 (\3\4 /. /. ) .
s 81% 0%  94% 0% 9B8% 69% LD G 88% 79% 97% 82% 99% 80%
0
97g 97p
(o]
n o]
§ 82% 0%  57% 90% 79% 93% i
R N
oTh Gl CoaHas 98%  85% 92% 82% O5% 80%
97q
BocH (‘s’p Q
~g NH H 35% 0% 92% 36% 73% 51% @,5\ <5% 0% <5% <5% <5% <5%
5
6 0 Ph
o7i o7r

10 pav. Geromis iSeigomis suoksiduoti sulfidai turintys linijinius ar Sakotus
alkil- pakaitus, bei jvairias funkcines grupes.

Deja, dialkilsulfidams optimizuotomis sglygomis tioanizolo dariniai pasirodé

esa neaktyviis, dél per auksto jy oksidacijos potencialo. Si problema buvo
i8spresta panaudojant tretinio amino mediatorius, kurie jgalina ypa¢ sparcig
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elektrono pernasa j fulereng. Tioanizolo dariniai buvo suoksiduoti puikiomis
iSeigomis (>85 %) naudojant katalitinj kiekji TEA (11a pav.). Fulereno
potencialas kaip heterogeninio katalizatoriaus buvo taip pat pademonstruotas
chemoselektyviai oksiduojant bisulfida 96v, turintj dialkil- ir arilalkil-
sulfido grupes (11b pav.). Disulfoksidai buvo sékmingai gauti gera iSeiga
(68 — 81 %) etanolyje. Nors be trietilamino arilsulfidy oksidacija nevyksta,
tac¢iau chemoselektyvi oksidacija jvyko netiesiogiai dél deguonies atomo
vidujmolekulinés pernasos nuo dialkilpersulfoksido tarpinio junginio j
arilalkilsulfida.

a)

s [CinTol ?
©/ ~  TEA O, ©/S\
_=AG
Melg:{a}sl_lLED CONEt2
9er 95 % arr 97s o7t 97u
89% 85% 90%
b)
o Q
NJK/\/S\ EtOH:
e H fices [FS] 97v 72%, 97v/97w = 2.6
o CeHy3” 70 [FS in tol] 97v 68%, 97v/97w = 4.7
R Kantqael‘-‘é?]?s"ufé[?z 97v [Ceg i tol] 97v 81%, 97v/97w = 5.9
N—_—
H = Tirpiklis + CHACN:
s NHCbz o o 3CN:
CgHia " [FS] 97v 31%, 97v/97w = 1.4
96v NJ\/\,S\ [FS in tol] 97v 61%, 97v/97w = 1.5
S RHCh2 [Cep in tol] 87V 45%, 97v/97w = 1.6
6" 13
97w

11 pav. a) Suoksiduoti tioanizolo dariniai naudojant katalitinj kiekj TEA kaip
elektrony mediatoriy; b) oksidacija bisulfido 96v, turin¢io dialkil- ir arilalkil-
sulfidines grupes.

Norint pademonstruoti fulereno kaip heterogeninio katalizatoriaus
universaluma, jis buvo pritaikytas fotooksidacingje prisijungimo-ciklizacijos
reakcijoje  tarp  N,N-dimetilanilino ir maleimido (12 pav.).
Tetrahidrochinolino darinys 99 buvo gautas 68 — 75 % iSeigomis etanolyje.

Fu\ereno saltlms

©/ d _© anpnkhs
Mélynas LED

12 pav. Fotooksidaciné ciklizacijos-prisijungimo reakcija tarp N,N-
dimetilanilino ir maleimido.

[FS]171%
[FS in Tol] 68%
[Cgo in Tol] 75%
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Taip pat, veikiant mélyna $viesa N-benzilaminai buvo lengvai paversti |
atitinkamus iminus, susidariusiame amino katijono radikale pirmiausiai
vykstant a-deprotonizacija ir po to sekanciai oksidacijai (13a pav.). Atlikus
reakcija EtOH, CH3CN ir CHCIs tirpikliuose buvo pastebéta, kad
efektyviausiai reakcija vyksta chloroforme 78 — 100 % iSeigomis. Manoma
tai susije su tuo, kad Siame tirpiklyje singletinio deguonies O, gyvavimo
trukmé yra ilgiausia. Analogiskai buvo jvesta nitrilo grupé j tretinj aming 2-
fenil-1,2,3,4-tetrahidroizochinoling naudojant TMSCN (13b pav.). Tokia
vieno indo reakcija leidzia efektyviai ir selektyviai sintetinti a-aminonitrilus,
kurie naudojami kaip universalGs prekursoriai jvairiy bioaktyviy produkty
gamybai 180182

a) Fulereno
N Saltinis \N
H — T ™
MS 4A, Tirpiklis
100a Mélynas LED, O,, rt 100b
EtOH: CH,CN: CHCls:

[FS] 100b 0%
[FS in tol] 100b 0%;
[Ceo in tol] 100b 88%;

b)

EtOH:

[FS] 101b 86%;

[FS in tol] 101b 74%;
[Ceo i t0l] 101b 70%;

[FS] 100b 0%;
[FS in tol] 100b 85%;

[Cégp in tol] 100b 86%;

Fulereno $altinis,
TMSCN
MS 4A, Tirpiklis
Mélynas LED, O,, 1t

CH,CN:
[FS] 101b 0%:

[FS in tol] 101b 52%;

[Cgp in tol] 101b 63%,;

[FS] 100b 78%;
(FS in tol] 100b 91%;
[Cep In tol] 100k 100%;

CHCly:

[FS] 101b 84%;

[FS in tol] 101b 65%;
[Cap in tol] 101b 0%;

13 pav. a) N-benzilamino fotooksidacija j imina; b) ciano grupés fotooksidacinis
ivedimas | tretinj
TMSCN.

aming 2-fenil-1,2,3,4-tetrahidroizochinoling naudojant

Galiausiai, veikiant mélyna S$viesa atliktas arilboronio rags¢iy ipso-
hidroksilinimas, esant DIPEA elektrony donorui (14 pav.). Fotooksidacinio
hidroksilinimo metu 4-deciloksifenolis sékmingai gautas geromis iSeigomis
EtOH ir CHCIs tirpikliuose, taciau dél prasto piridilboronio ragsies tirpumo,
tikslinis produktas piridin-4-olis buvo gautas tik etanolyje.
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: EtOH:
1 [FS]100b 0%;
Fulereno

OH  galtinis : [FS in tol] 100b 0%;
CioH o—< >— __SAuns o g H O—@—OH ! [Cep in tol] 100b 88%:
1o B‘OH DIPEA, Tirpiklis 10721 : [Ceo in tol] ;

1028 Mélynas LED, Oy, rt 102b ! CHCIy:
! [FS]100b 78%;
[FS in tol] 100b 91%;
[Ceo in tol] 100b 100%;

Fulereno :
OH i i EtOH:
/4 '
NC\>—Bf _balinis N\/:\>—OH ! [FS]101b 86%:
=/ oH DIPEA, Tirpiklis = ! [FSintol] 101b 74%;
103a Melynas LED, O, rt 103b ! [Ceo in tol] 101b 70%:

14 pav. Arilboronio rigséiy ipso-hidroksilinimas naudojant DIPEA Kkaip
elektrony donorg.

2. Dinaminé supramolekuliné kapsulé gebanti konformaciskai
prisitaikyti prie sve¢io molekulés

Biologiniuose atpazinimo procesuose veikiantis “spynos — rakto” modelis
buvo plagiai pritaikytas siekiant sukurti sintetinius receptorius ir
katalizatorius, kurie biity pagristi Seimininko ir sve¢io komplekso
susidarymu. Taciau pastaruoju metu didelis démesys skiriamas dinaminiams
molekulinio atpazinimo modeliams biologinése sistemose, kurie yra pagrjsti
indukuoto atitikimo (angl. induced-fit) ar konformacinés atrankos
mechanizmais (angl. conformational selection).’®” Todél, norint sukurti
panasias  biomimetines  sistemas, reikia  susintetinti  lankscias
supramolekulines sistemas, kurios jterpiant sveéio molekule galéty
konformaciskai pasiekti optimalig geometrijg.

Siam tikslui buvo susintetinti asimetriniai enantiomeriskai gryni monomerai
106a—-d, turintys Sonuose prijungtus Kkomplementarius izocitozino ir
ureidopirimidinono motyvus (15 pav.). Pirmiausiai, naudojant atitinkamus
alkilmagniobromidus ir vario cianida, prie ketoesterio buvo prijungti jvairaus
ilgio tirpuma gerinantys alkil- pakaitai. Alkil- pakeisti ketoesteriai buvo
kondensuojami  su guanidino hidrochloridu.  Galiausiai  selektyviai
modifikuojant izocitozing, buvo suformuotas uréjos fragmentas turintis
didelj tetrafenilporfirino (TPP) chromofors.
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+ -
NH,CI

R iy 104-106a, R = n-CygHa,
AMgBr R 104-106b, R - 2-ctilheksi
MeO,C o} MeO,C OH  KOtBu, 100°C ~106b, i = 2-
2 @ CUCN, -78°C 2 24-36h 104-106¢, R =-(CHy)s (CH2)7CH;
THE MeOH =/
0 CO,Me HO COMe 1041064, R= ¢ c/H,g
(+)-87 R 104a, 83 %; =
104b, 76 %;
NH, 104c, 93 %;
R ERRREEREEEEEEEEEEEE . " 104d, 99 %;
: Ph Ph N o R H
; R X 108, NEt,, N.__NH
e ‘o o 90°C, 24h N g
| = ! - -
: . N R THE A | N 105a, 88 %:
: LN HN" N 105b, 79 %;
P }‘/NH 106a, 20 %; R O 105c, 88 %;
L) 108b, 44 %; 105d, 54 %:
'

N
1 H ¥ 106¢c, 11 %;
106d, 31 %;

H-N

PP
15 pav. Asimetrinio monomero, turin¢io ICyt ir Upy fragmentus, sinteze.

I§ ankstesniy darby Zinome, kad ureidopirimidinono grupé nesudaro
ortogonaliy vandeniliniy ry$iy ir negali polimerizuotis. Tadiau asimetrinis
monomeras, turintis Upy ir ICyt fragmentus, gali sudaryti oktamerinius
darinius, nes heteroasociacijos metu susidaro papildomi tarpmolekuliniai
ortogonalils vandeniliniai rysiai tarp izocitozino grupiy (16a pav.)'?4,

HoH
N-

I

ICyt monomeras  §jo darbo tikslas:

Sterinés
saveikos

a)

I
2 eq..NcoJ/ 1 eq..Nco\ll

. .=

16 pav. Galimos supramolekulinio agregato struktaros priklausomai nuo pakaito
dydzio prijungto prie ICyt fragmento.
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Buvo nuspresta patikrinti, ar galima kontroliuoti §j agregacijos process,
jvedant erdviskai ekranuojancius pakaitus j Upy fragmentg. Siekiant iStirti
Sig strategija buvo inkorporuoti tetrafenilporfirinai, kurie yra didesni net uz
patj tetramerg (16b pav.). Cikliniuose tetrameruose 106a-d. porfirinai
pasiskirsté skirtingose kapsulés pusése dél atsiradusios nepalankios erdvinés
saveikos tarp dideliy pakaity, ir neleido susidaryti oktamerinéms strukttiroms
(17a pav.). Gautas diskretiSkas tetrameras yra papildomai stabilizuojamas
atsiradusiy m-m sgveiky tarp TPP aromatiniy ziedy. Kapsuliy *H BMR
spektruose matome 4 signaly rinkinius silpnesniuose laukuose, kurie yra
priskiriami ~ protonams esantiems Upy ir ICyt fragmentuose,
dalyvaujanéiuose homoasociacijoje susidarant DDAA-AADD ir DA-AD
vandeniliniams rySiams (18a pav.). Vienas signalas ties 5,0 m.d., kuris
priskirtas izocitozino NH; protonams, rodo, kad ICyt Ziedo aminogrupé
nedalyvauja susidarant vandeniliniams rySiams ir oktameras nesusidaro. I$
tetramero 106as eksperimentiskai gauto difuzijos koeficiento D = 2,02:10%°
m?s, pagal Stokso-Einsteino lygtj paskai¢iuotas hidrodinaminis spindulys
Ru = 21,3 A, kuris atitinka teorinj diametra d = 41,1 A, gauta remiantis
optimizuotu molekuliniu modeliu.

a)

HoN
R =CqoHzy

Ce@106a,

17 pav. Tetramero 106as (a) kompleksacija su sveéio Ceo molekule susidarant
kompleksui Ceo@106a4 (b) CDCls.
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DOSY
D =2.02:10™° m?s"

D = 2.07-10° mzs"
Ru=20.9A

18 pav. Tetramero 106as (a) ir komplekso Ceo@106as (b) *H BMR ir DOSY
spektrai CDCls.

Tetramerai 106a4 ir 106¢4 chloroforme su svecio Ceo molekulémis sékmingai
sudaré jterpimo kompleksus Ceo@1064, kuriy difuzijos koeficientai sutampa
su laisvy tetramery vertémis (17b, 18b pav.). Taciau buvo pastebéta, kad
sveCio  kompleksacija sukelia  konformacijos  pokycius, kuomet
tautomerizacijos metu keto forma Upy fragmente virsta j enoline. 1§ *H-°N
HSQC spektro matyti, kad nebeliko saveikos tarp vieno vandenilio ir azoto,
kuri buvo stebima laisvame tetramere esant keto formai. *H BMR spektre
taip pat stebima naujai atsiradusi saveika tarp porfirino ir alkil- pakaity, nes
dél stipraus ekranavimo matomas CH; grupiy poslinkis j stipresnius laukus
(-0,2 — -2,10 m.d) (18b pav.). Tokie patys rezultatai gauti su ilgus decil- ir
oleil- pakaitus turin¢iais monomerais 106a ir 106c, tac¢iau monomeras 106b
su trumpesne 2-etilheksil- grandine nekompleksavo fulereno. Remiantis
molekuliniu modeliu, porfirino fragmentai tautomerizacijos metu yra
priversti issisukti i plokstumos, kad fulerenas galéty bati inkorporuotas j
viding ertme (19a pav.). Taciau vien tautomerizacijos neuztenka komplekso
stabilumui uztikrinti ir yra reikalinga papildoma stabilizuojanti n-CH saveika
tarp porfirino Ziedo ir alkilo grupiy. Si papildoma saveika taip pat
kompensuoja ir entropijos sumazgjima, susijusj su kompleksavimo procesu.
Kadangi, 2-etilheksil- pakaitas yra per trumpas, kad galéty saveikauti su
porfirino fragmentu, todél néra galimybés papildomai stabilizuoti komplekso
ir kompleksacija nejvyksta (19b pav.). Nors monomeras 106d turi
pakankamai ilga (Z)-1-noneno pakaitg, ta¢iau cis dvigubas rySys neleidzia
alkilo grandinei laisvai suktis ir uzrakina jg padétyje nukreiptoje j iSor¢ nuo
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TPP fragmenty. Sgveika tarp alkilo pakaito su TPP néra galima, todél
monomeras 106d kompleksacijoje taip pat nedalyvauja. Taigi, su
monomerais 106a ir 106c buvo sékmingai gauti dinaminiai
supramolekuliniai kavitandai, kuriy ertmés atitinkamai persigrupuoja, kad
galety efektyviai sukompleksuoti sveéio molekule.

\ Co Y 3
Vaizdas Vaizdas N Vaizdas TP aizdas )
i$ virsaus i& Sono - IS virsaus i§ Sono
Tetrameras Cq@106a, ’ Tetrameras C¢o@106b, DADA-ADAD

DADA-ADAD

19 pav. Molekuliniai modeliai kompleksy a) Ceo@106as ir b) Ceo@106b..
Rausva spalva pazymétos atitinkamai Cio ir 2-etilheksil alkily grandinés.

3. n-Konjunguotos supramolekulinés struktiiros 9-
azabiciklo[3.3.1]nonano pagrindu

Ankstesniuose skyriuose jsitikinome, kad manipuliavimas pakaity dydziu,
lankstumu ar erdviniu i$sidéstymu leidzia selektyviai kontroliuoti tetramery
agregacijos laipsnj ir dariniy topologija, todél Siame kontekste buvo
pasirinktas enantiomeriskai grynas 9-azabiciklo[3.3.1]Jnonano karkasas, nes
prie 9-toje padétyje esanfioS amino grupés galima prijungti jvairius
funkcinius chromoforus. Pakaitai yra iSsidést¢ statmenai monomero ir
nukreipti j iSor¢. Jie yra toliau nuo komplementariy vandeniliniais rySiais
sujungty izocitozino fragmenty, tad jy dydis neturi jtakos ortogonaliai
cikliniy tetramery agregacijai, kurios metu nepoliniuose organiniuose
tirpikliuose susidaro vamzdeliniai polimerai (20 pav.). Taipogi, jvestos
didelés m-konjuguotas sistemos 9-toje pozicijoje turi teigiama efekta
polimero savitvarkai, nes struktira Yyra papildomai stabilizuojama
atsiradusios m-m sgveikos tarp ploksciy aromatiniy ziedy.
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20 pav. 9-azabiciklo[3.3.1]nonano monomero agregacija j supramolekulinj
tusc¢iavidurj vamzdel;.

Kooperatyvus efektas, tarp kryptingy stipriy vandeniliniy ry$iy ir van der
Waals saveiky, jgalina elektroniskai aktyviy supramolekuliniy struktiry
kairima, kurios pasizymi aukstu savitvarkos laipsniu. n-konjuguotos sistemos
yra pla¢iai naudojamos kaip aktyviosios medziagos jvairiuose
(opto)elektroniniuose jrenginiuose, pvz. lauko efekto tranzistoriuose
(OFET), saulés elementuose, Sviesos dioduose (OLED) ir fotovoltiniuose
prietaisuose.?®

Siam tikslui buvo pasirinktas tetratiafulvalenas (TTF) dél jo gery skyliy
laidumo savybiy. Pirmiausiai 1,3-ditiol-2-tiono fragmentas 128 buvo
susintetintas geromis iSeigomis atlieckant anglies disulfido redukcijg
naudojant metalinj natrj su dimetilformamidu ir po to nukleofilinio
pakeitimo reakcija su n-deciloromidu (21 pav.). Atliekant asimetrinio
kopuliavimo reakcijg tarp 1,3-ditiol-2-tiono 128 ir 1,3-ditiol-2-ono 134 buvo
gautas TTF fragmentas 94 % iSeiga. Toliau buvo atliktas
monodekarboksilinimas veikiant junginj 135 LiBr. Gautas esteris 136 buvo
suhidrolizuotas su LiOH vandeninéje terpéje ir galiausiai paverstas j tikslinj
prekursoriy acilchlorida 138 naudojant oksalilchloridg su piridinu
tetrahidrofurane. TTF 138 buvo prijungtas prie azabiciklo ketoesterio 139 ir
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galiausiai suformuotas komplementarus izocitozino fragmentas naudojant
guanidino  karbonatg.  Nauji  monomerai  140a ir 140b 9-
azabiciklo[3.3.1]Jnonano pagrindu buvo susintetinti naudojant atitinkamai
raceminj ir enantiomeriskai gryna ketoesterius 131a ir 131b.

-
s, 8 1) ZnCl. 5.5 Na 4 Na
5, w5 g 2) Et,NBr I 0°C, 16 h
; s -0
1-BICy gy, 345\,'( o ]:5>=5 EUN H,0, MeOH =<S I SN DMF +
85°C, 16| peo, s s 2 73% g 4cs;
CH,ON 127

S.
= CioHz1
=1
S 5'C|DH2|
128

LiBr, 3h, 85°C
ME
o 135 94% 136
~
(o] S,
| =0
A~ s Oksalilchloridas
o 134 Piridinas, 3h, 45°C
THF
39% 137
TTF-138 5
+
Guanidino o H
EtO,C. OH 1) TEA, 3h, 1t karbonatas
X @ DCM EIO:(‘I@:OH 9ih, 100°C H)N\ Y N N
—_— S
HO COEt  2) TTF-138, 1t MeOH 2, N
\Boc TEA, THF HO COEt HNTTN
131arac ] 00
131b (-) 139a rac 67% 140a rac 52%
139b (-) 80% 140b () 61%

21 pav. Raceminio ir enantiomeriskai gryno monomery 140a ir 140b sintezé.

Enantiomeriskai grynas monomeras 140b tautoleptinés agregacijos metu
susijungé j ciklinius tetramerus ir po to j supramolekulinius vamzdelius
susidarant tarpmolekuliniams vandeniliniams rySiams tarp gretimy
tetramery. Dél stiprios agregacijos nepoliniuose tirpikliuose susidaro
klampus gelis ir yra stebimas signaly i$platéjimas 'H BMR spektruose (22
pav.). Poliniame DMSO tirpiklyje vandeniliniai rySiai yra suardomi ir
supramolekulinis agregatas disocijuoja | monomerg.

ds-Toluenas f J m
e
DMSO a d 3
M . o Y ~8 @
e R e - S R R
110 100 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1

22 pav. Polimero (140bs), *H BMR spektrai CDCls, dg-toluene ir monomero
140b *H BMR spektras DMSO.
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Tetramero 140bs molekulinis modelis buvo optimizuotas pusiau empiriniu
PM3 metodu naudojant Spartan’14 programa. IS Siy tetramery sukonstruotas
tuS¢iaviduris supramolekulinis vamzdelis (140bs),, kuris optimizuotas
molekulinés mechanikos jégos lauko MMFF metodu. Elektrostatinis
potencinio pavirSiaus zemélapis parodé, kad auksto ir Zemo elektrony tankio
van der Waals pavir$iai yra i$sidéste prieSingose ciklinio tetramero pusése
(23a pav.). Toks priesingas elektrony tankio pasiskirstymas lemia dipolio
momento atsiradima iSilgai vamzdelinés struktiiros ir skatina ortogonalia
agregacija ta pacia kryptimi. Taipogi, i§ molekulinio modelio matome, kad
periferijoje iSsidéste ploksti TTF =m-konjuguoti fragmentai yra beveik
statmeni azabicklo[3.3.1]Jnonanui ir gali efektyviai susipakuoti iSilgai
sklidimo asies (23b pav.).

a) b) c)

Vaizdas
18 virSaus

i Tetrameras 140b,

Vaizdas
i§ apacios

5
E Polimeras (140b,), Polimeras (140b,),

23 pav. a) Tetramero 140bs ir supramolekulinio vamzdelio (140bs)n
elektrostatiniai potenciniai pavirSiaus Zemélapiai; b) vamzdelinio polimero
(140b4)n molekulinis modelis.

SveCio Cgo iterpimo eksperimentai buvo atlikti kaitinant enantiomeriskai
gryna monomerg T TF-ICyt 140b kartu su fulerenu 90 °C temperatiiroje
toluene (24a pav.). Sékmingas polimerinio komplekso Cgo@(140b4)n
susidarymas buvo akivaizdus dél spalvos pasikeitimo i§ oranzinés i ruda,
kuri bidinga Ceo kompleksams (24b pav.). Gautas rudas tirpalas buvo
paliktas atvésti iki kambario temperatiros ir susidares gelis patvirtino, kad
polimeriné struktiiros topologija nebuvo pazeista. Absorbcijos spektre
toluene uzfiksuotas komplekso absorbcijos maksimumo 3 nm
hipsochrominis poslinkis lyginant su laisvu fulerenu esanciu ties 336 nm
(24c pav). TTF fragmento absorbcijos smailé liko nepakitusi, vadinasi jis
nesgveikauja su sve¢io molekulémis, kurios yra vamzdelio ertméje.
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Kontroliniai eksperimentai atlikti su raceminiu monomeru TTF-1Cyt 140a
parodé, kad vykstant heterochiralinei agregacijai tarp dviejy skirtingy
enantiomery ciklinés struktiiros nesusidaro, tadiau gaunamos zigzaginés
struktiros. Jos gali toliau asocijuotis | dvimates lakStines struktiiras
susidarant  tarpmolekuliniams  vandeniliniams  rySiams.  Kadangi,
susidariusios struktiiros neturi ertmés j kurig galéty jterpti sveéio molekule,
fulereno kompleksavimo eksperimentai toluene buvo nesékmingi.

Siame skyriuje apradytas vamzdelinis polimeras galéty potencialiai biti
puikus kandidatas kaip naujas supramolekulinis n,p-heterosandiiros
puslaidininkis, kur p ir n tipo kanalai yra pilnai atskirti. Vandeniliniai rys$iai
kartu su m-7 sgveikomis uztikrina tvarkingg chromofory i$sidéstyma. ISoréje
esantys TTF fragmentai pasizymi geru skyliy laidumu, o ertmeéje esantis
fulerenas puikiai tinka kaip elektrony perneSimo medziaga, dél savo
elektrony akceptoriniy savybiy.

n,p-heterosandiros
puslaidininkio modelis

1.2+ — TTF-ICyt 140bs
w— Cs0

— TTF-ICyt Cso@140b4

T 1 T T
300 320 340 360 380 400 420
Bangos ilgis [nm]

TTF-ICyt C,,@(140b,),

TTF-ICyt (140b),

24 pav. a) Svecio Cep molekuliy jterpimas i supramolekulinj vamzdelj toluene;
b) susidare polimero (140bas)n (kairéje) ir polimerinio komplekso Ceo@ (14004)n

227



(desingje) geliai (c = 11 mM) toluene; ¢) absorbcijos spektrai polimero (140b4)n,
laisvo fulereno ir komplekso Ceo@(140b4)n toluene (c = 1 uM).

4. Dinaminés supramolekulinés znyplés

Sekantis zingsnis norint sukurti funkcionalias supramolekulines strukttiras
yra gebéjimas kontroliuoti sistemos dinamiskuma ir griztamuma. Miisy
pasirinkta strategija rémési galimybe valdyti pusiausvyra tarp skirtingy
tautomeriniy formy veikiant sistemg iSoriniu cheminiu ar $viesos stimulu.
Siam tikslui pasiekti buvo susintetintas C;-simetrijos monomeras Pupy-Upy
148. Pupy fragmente ureidopirimidinonas yra sukondensuotas kartu su
elektrony turtingu pirolo ziedu. Monomeras asocijuojasi | ciklinj tetramera
susidarant DDAA-AADD vandeniliniams rySiams tarp Upy fragmenty keto
formoje ir DADA-ADAD tarp Pupy fragmenty enolinéje formoje (25 pav.).
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25 pav. a) Monomero Pupy-Upy 148 asociacija j ciklinj tetramera; b) tetramero
Pupy-Upya 1484 'H BMR spektras CDCls.

Tafiau jeigu sistemoje yra papildomas monomeras, sudarantis
komplementarius DAAD tipo rySius, tada Pupy fragmente dominuoja
ADDA tipo keturgubi vandeniliniai rysiai vietoje jprasty DDAA ar DADA.
Taigi, naujai gauta tetramera Pupy-Upys sumaiSius Su stechiometriniu
kiekiu 2,7-diamino-1,8-naftiridino 149 (DAN), buvo selektyviai suardytas
Pupy-Pupy homodimeras ir naujai susidaré¢ DAAD-ADDA tipo Pupy-DAN
heterodimeras. Jvedant konkuruojantj DAN 149 motyva, uzdaro ciklinio
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agregato topologija buvo transformuota j atviros formos dimerines Znyples
(26 pav.). Sistemos polinkis sudaryti didziausia galimy vandeniliniy rysiy
skai¢iy pastimé dinaming pusiausvyra link supramolekuliniy Zznypliy
susidarymo. ‘H BMR spektre CDCl; taip pat stebimas silpnesniuose
laukuose naujai atsirades 8 NH rezonansy rinkinys. Remiantis stebimomis
erdvinémis sgveikomis COSY ir ROESY spektruose, Sie signalai yra
priskiriami vandeniliams, kurie dalyvauja susidarant dimerams Upy-Upy ir
heterodimerams Pupy-DAN. *H-*N HSQC spektras patvirtino, kad nebeliko
enolinés tautomerinés formos, nes stebimos visos saveikos tarp atitinkamy
vandeniliy ir azoto atomy. Hidrodinaminis spindulys Ry = 17,3 A
apskaiciuotas i§ difuzijos koeficiento (2,38:10° m?s) parodé mazesnio
agregato susidarymg lyginant su eksperimentiniu tetramero Pupy-Upya
spinduliu (R4 = 20A), kadangi ilgesnioji Pupy-Pupy tetramero krastin¢ yra
suardoma vykstant heterodimerizacijai su DAN 149.

a) [ o
— R
7 N\ h; N-HCmHmC’ Br
q "
O #FYR o N_ N ‘H . N
RuNmN"R R H wf, H...
H H g9 e N a
DAN 149 b’-{
; ; Bu d
Pupy':DAN § "
A5
Ol NN )
B \.B = Pupy-Upy, 4 " A= et 2
b) 148, Pu;‘;‘ﬁo (DAN:Pupy-Upy), =

f

"’. \i a b © ¢ d
L oA J

Q o j{‘b A A
Ty

f a b & ¢ d
+ Pupy' JL I A A
Pupy':DAN J

150 145 140 135 130 125 120 115 11.0 105 100 95 90 85 80 75 70 65 6.0
ppm

26 pav. Grjztamoji ciklinio tetramero agregacija i supramolekulines Znyples
pridéjus konkuruojan¢io DAN 149 motyvo CDCls.

Supramolekulinés Zznyplés buvo suardytos pridéjus pertekliy konkuruojanéio

junginio Pupy? 150 j Pupy-Upy ir DAN 149 miginj. I§ *H BMR spektro
CDCls matome, kad susidaré pirminis ciklinis tetrameras Pupy-Upy, ir
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heterodimeras DAN-Pupy!. DOSY spektre stebimos dviejy dydziy dalelés,
kuriy difuzijos koeficientai D = 1,90-10"° m?s ir D = 3,63-10%° m%s* buvo
priskirti atitinkamai tetramerui ir DAN-Pupy!. Pridéjus konkuruojantj
fragmentg buvo indukuota monomery saviatranka j homodimerus. Tai
pademonstruoja galimybe griztamai valdyti supramolekulinio agregato
topologija tarp uzdaros ir atviros formos.

AnalogiSkai, griztamai manipuliuoti supramolekulinio agregato asociacija
tarp ciklinio tetramero ir dimeriniy znypliy galima uzmaskuojant vieng i$
komplementariy vandeniliniy rysiy motyvy (27 pav.). Siam tikslui buvo
pasirinktas redokso aktyvus junginys red-DAN 151. Kadangi naudojamas
asimetrinis red-DAN, tai heteroasociacijos metu gaunamas znypliy
izomerinis misinys ir *H BMR spektre C¢Ds stebimas signaly iSplatéjimas.
Toliau, red-DAN yra paverciamas j iminochinong (0X-DAN) oksidacinémis
saglygomis, naudojant Co(salen), ir molekulinj deguon;j. Tokiu bidu DAAD
vandeniliniy ry$iy motyvas yra transformuojamas i nekomplementary DAA
motyva, kuris negali asocijuotis su Pupy. Supramolekulinis agregatas yra
atgal paver¢iamas j ciklinj tetramers.
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27 pav. Ciklinio tetramero Pupy-Upys griztama asociacija j dimerines znyples
pridéjus redokso aktyvaus junginio red-DAN 151.
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Norint pilnai valdyti supramolekulinés struktiiros topologija ir grjztamai
suardyti viding ertmg, reikia uZblokuoti Upy-Upy homodimero asociacijg.
Tam buvo puikiai pritaikyta Sviesa aktyvuojama cviterjoniné merocianino
rugstis, kuri mélynos S$viesos indukuotos nukleofilinés ciklizacijos metu
iSlaisvina protong. Supramolekulinése znyplése esantis Upy-Upy fragmentas
yra suardomas selektyviai protonizuojant Upy motyva. I§ DOSY
eksperimento apskaiciuotas hidrodinaminis spindulys (R = 11 A) patvirtina
mazesniy daleliy buvima, nes S§i vert¢ yra daug mazesné uz ciklinio
tetramero ar znypliy spindulio vertg. Tamsoje supramolekuliné strukttira
agreguojasi atgal | znyples, nes gautas fotorfig§ties ciklinis spiropiranas
termiskai griZta i merocianino cviterjona atimdamas protong i§ protonizuoto
Upy fragmento.
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28 pav. Supramolekuliniy znypliy disociacija naudojant Sviesa aktyvuojama
cviterjoning merocianino ragstj.
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Apibendrinant, buvo sukurtos racionalios strategijos, kurios jgalina grjztamg
kontroliavimg tarp skirtingy supramolekuliniy struktiiry topologijy naudojant
cheminj ar Sviesos stimulg. Toks griztamy pilnai nekovalentiniais rySiais
pagristy agregaty kirimas atveria duris tolimesniam struktiiry pritaikymui
medziagy pernerSimui ir selektyviam islaisvinimui, taip pat kuriant jvairius
cheminius receptorius ar kitas iSmanias ] dirgiklius reaguojancias medziagas.
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ISVADOS

1. Siame darbe buvo sukurti supramolekuliniai vamzdeliai ir diskretiskos
kapsulés, turintys lanksty nukleofilinj jungtukg, kuris buvo prijungtas
atliekant fotochemine ,,click™ reakcija. Taip pat pademonstruota, kad gautas
nukleofilinis jungtukas jgalina supaprastinta jvairaus dydZio chromofory
jvedimg  sistema, kurie neturi jtakos agregacijos laipsniui.

2. Buvo pademonstruota, kad gautos tusciavidurés kapsulés gali j vidy jterpti
sve¢io Ceo molekule nepoliniuose tirpikliuose — chloroforme, benzene ir
poliniame — acetonitrile. Atrasta S$eimininko-sve¢io komplekse unikali
tamsoje vykstanti elektrony pernasa tarp artimai erdvéje iSsidésCiusiy
jungtuky turin¢iy sulfidines grupes ir svecio fulereno Cgo molekule.

3. Fulerenas ir jo pigi Zaliava, fulereno suodziai, buvo sékmingai pritaikyti
kaip heterogeniniai katalizatoriai chemoselektyvioje sulfidy fotooksidacijoje
iki sulfoksidy puikiomis iSeigomis. Siy katalizatoriy universalumas buvo
pademonstruotas juos pritaikant radikalinés ciklizacijos, aminy pavertimo j
iminus ir boro rugsties oksidacijos reakcijose. Sukonstruotas srautinis
reaktorius leido reakcijas vykdyti gramy skaléje.

4. Buvo pademonstruotas dinaminés kapsulés, funkcionalizuotos
tetrafenilporfirino fragmentais, gebéjimas pritaikyti lanks¢ig viding ertmg
efektyviam sve€io molekulés jterpimui. Svec¢io Cs kompleksavimo metu
vyksta monomero tautomerizacija i§ keto j enoling formg. Konformacijos
poky¢iy metu papildomai atsiradusi n-CH sgveika kompensuoja energetinius
nuostolius ir entropijos sumazgjimg, bei stabilizuoja naujai susidariusj
kompleksa.

5. Sukonstruoti vamzdeliniai polimerai azabiciklo[3.3.1]Jnonano pagrindu,
turintys m-konjuguota tetratiafulvaleno chromofora. Vandeniliniai rySiai
kartu su papildomomis 7w-m sgveikomis tarp ploksciy konjuguoty pakaity
uztikrina auksta savitvarkos laipsnj. Tokia savitvarké sistema uztikrina n ir p
tipo kanaly atskyrima, kuris yra reikalingas skirtingy kruviy efektyviai
pernasai kuriant ambipolinius organinius puslaidininkius.

6. Sukurta unikali strategija, kuri leidzia grjztamai kontroliuoti agregato
topologijg tarp ciklinio tetramero, dimeriniy znypliy ar pavienio monomero.
Si strategija paremta galimybe selektyviai valdyti vandenilinius ry3ius
sudaran¢iy fragmenty Upy ir Pupy tautomerizacijos pusiausvyrg naudojant
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konkuruojan¢io monomero komplementary fragmenta, taip pat cheminj ar
Sviesos stimulg.
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