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Chapter 1 Motivation and Objectives

Catalysis is a crucial method for accelerating chemical reactions. In
enzyme catalysis, the various chemical groups involved in the
catalytic site assemble in spatially close positions, leading to optimal
availability and often adaptive activity. This optimized self-assembly
of active groups is intrinsically dynamic, allowing accessibility to and
from the reactive site, and the realization of the reaction transition
state.? Although biomolecule-based catalysis is efficient and
fascinating, biomolecular catalysts are hindered by limitations such as
susceptibility to the reaction environment and the high costs
associated with their production and storage, which restrict their

application.

To overcome these shortcomings of biomolecular catalysts, chemists
have attempted, among other strategies, to utilize synthetic molecules
with catalytically reactive units for the purpose of creating catalytic
structures by self-assembly. This method allows for the construction
of dynamic active sites, which are essential for the development of
highly efficient catalysts reminiscent of biomolecular ones. A series of
synthetic catalysts relying on some form of self-assembly to create
catalytic sites have been developed, comprising peptides,®>1° DNA
scaffolds,!**” single-chain polymeric nanoparticles (SCNPs),¥2°
peptoids,?®?” metal organic frameworks (MOF),28-3° supramolecular
polymers,® foldamers,*?32 and helical (supramolecular) polymers.3-
37 However, high catalytic efficiency via the self-assembly of active
groups similar as what happens in enzymes, remains challenging in
synthetic molecular catalysts. Nevertheless, the pursuit of improving
artificial enzymes has remained uninterrupted. For instance, it was

demonstrated that supramolecular and covalent macrocycles can be
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synthesized to create catalytic sites involving the concerted action of
different functional groups,*®*2 because cyclic configurations
decrease the accessible molecular conformational space and thereby
increase the probability to bring catalytically-active groups in spatially-
close positions. These inspiring examples motivated us to try and
synthesize molecules capable to self-assemble in dynamic catalytic
supramolecular macrocycle structures, simultaneously allowing
accessibility to and from the reactive site, while containing catalytic

groups in close position.

More precisely, the main goal of this thesis is to design precision
oligomers and use them to construct self-assembled supramolecules
with synergistic catalytic groups positioned in reactive pockets for the
aerobic oxidation of alcohols, as shown in Figure 1.1. To create the
catalytic pocket, two base pairs were selected as recognition units:
guanine (G)/cytosine (C) and 2,6-diaminopyridine derivative
(D)/thymine (T). The complementary bases are individually inserted at
the ends of two strands to realize the self-assembly of the oligomers.
The cooperative catalytic groups involved in the copper-catalyzed
aerobic oxidation of alcohols, which are distributed between the two
oligomers, include Tempo (2,2,6,6-tetramethylpiperidinyl-1-oxy, M),
pyridine (P) and imidazole (l). By properly designing the sequence
order of the functional moieties to form supramolecular macrocycles,
we wanted to demonstrate that it is possible to reach an efficient
spatial positioning of the cooperative catalytic residues within a

confined space.

To achieve this, two sub-objectives are proposed in this text. In
chapter 3, we describe the methodology to synthesize the sequence-
defined oligomers, including a description of fluoride-mediated

desilylation of alkynes, and the application of copper-catalyzed azide—



alkyne cycloadditions (CuAAC), as well as the verification of their
structures and sequence orders, including by nuclear magnetic
resonance spectroscopy (NMR), mass spectrometry (MS), and
qualitative tandem liquid chromatography quadrupole time-of-flight
mass spectrometry (LC-QTOF-MS/MS). We then wuse this
methodology to synthesise a series of short oligomers substituted by
nucleic acid bases to demonstrate the versatility of our synthetic route.
Moreover, these oligomers were used in an independent study to
investigate recognition processes between flexible short oligomers
equipped with complementary and non-complementary nucleobase

analogues.

In chapter 4, we switch to our main goal which is to design precision
oligomers with complementary hydrogen-binding recognition units
and cooperative catalytic groups involved in the copper-catalyzed
aerobic oxidation of alcohols, investigate their self-assembly
behaviour including with molecular dynamics (MD) simulations
performed in collaboration with the group of Mathieu Surin from
University of Mons, and study and model their catalytic activity.

Before detailing this work, Chapter 2 briefly reviews the background
knowledge related to self-assembly, notably based on H-bonding,
synthetic methods and characterization of precision macromolecules
as well as their applications including the aerobic oxidation of
alcohols. Chapter 5 finally summarizes the main results and
discussions derived from our work and presents outlooks for future

work.



Figure 1.1 Schematic representation of the objective of thesis.



Chapter 2 General Introduction and State-of-
the-Art

Abstract: In this chapter, the background and methodology related to
this thesis are presented. Since this thesis focuses on designing a
self-assembled sequence-defined catalytic pocket using precision
oligomers ended with DNA-like bases, a general introduction to self-
assembly and hydrogen based self-assembly is first given in Section
2.1. Then, the importance to control sequence and chirality, and
synthetic strategies to reach this aim, are discussed, before methods
of characterization and application of precision polymers are briefly
presented. Finally, systems mimicking enzymes involved in oxidation
of alcohols are discussed, and the copper/TEMPO-mediated aerobic
oxidation of alcohols, which is the specific catalytic reaction used to

demonstrate our concept, is introduced.



“In design, Mother Nature is our best teacher.”
— Van Day Truex

Nature has designed biomaterials using evolution for wide purposes,
such as catalysis, molecular recognition, and data storage. Those
sophisticated biomaterials are inspiring for scientists but are still too
complex to be synthesized from scratch. Among the lectures that

nature has given us, one of the most important parts is self-assembly.

2.1 Self-assembly

2.1.1 Introduction to self-assembly

The main idea of self-assembly is that disordered building
blocks/subunits spontaneously may form ordered structures owing to
local interactions among the components, without any external
work.4344 From the concept, we can easily find there are three critical
features for self-assembly. First, the free energy of the mixture of
building blocks and self-assembled system should reach a minimum
for a high concentration of self-assembled system (excluding kinetic
trapping and dynamic assembly from our discussion). Therefore,
assembly will be thermodynamically favored, and the lifetime of the
self-assembled system will be significant. Second, the building blocks,
which are very diverse, must comprise multiple chemical functions
and have complementary "shapes" that allow the self-assembled
system to be of low(er) energy, thereby favoring assembly despite it
is entropically disfavored. Third, self-assembly needs sufficiently
weak interactions compared to thermal energy, which allows the

system to remain dynamic and form reversible adjustable



associations before reaching the final state.

Self-assembly thus involves a balance of multiple intermolecular
forces, those forces being attractive (e.g., for stabilization of the
assembly) or repulsive (e.g., for driving assembly to specific
configurations). When the system has net interaction with an
equilibrium separation between components, aggregation take places,
as shown in Figure 2.1.%° During self-assembly, normally the
interactions are relatively weak interactions or weak covalent bonds,
such as van der Waals, hydrogen bonds, coordination bonds, etc.
(Table 2.1).% Self-assembly processes are thus determined by a
delicate balance of attractive and repulsive opposition forces. The
attractive force brings self-assembly building units together; the
repulsive force balances the attractive force to tune the dynamics and

configurations of self-assembled structures.

repulsion

v

energy

net interaction

o

e attraction

Figure 2.1 Typical scheme of the intermolecular or colloidal potential
energies depending on the distance between two components. Adapted

from4>

Because self-assembly processes are determined by multiple
intermolecular forces, the external environment can also influence
strongly self-assembly.***® For example, the polarity of the solvent

can affect the strength of hydrogen bonding interactions and of



hydrophobic interactions. A polar solvent can disrupt hydrogen
bonding interactions because it can solvate the hydrogen bond
donors and acceptors, weakening the interaction. In contrast, a non-
polar solvent, such as benzene, can enhance hydrogen bonding
interactions because it cannot solvate the hydrogen bond donors and
acceptors, leading to a stronger interaction. Hydrophobic interactions
are a type of non-polar interaction between non-polar molecules or
parts of molecules. A polar solvent can increase hydrophobic
interactions because it cannot solvate the non-polar molecules,
increasing their tendency to interact with each other. In contrast, a
non-polar solvent can decrease hydrophobic interactions because it
solvates the non-polar molecules, leading to a weaker interaction. pH
is also an external variable that can impact self-assembly through its
effect on the ionization state of functional groups on the molecules.
For example, in a system with molecules containing carboxylic acid
groups, as the pH is increased above the pKa of the carboxylic acid
group, the group becomes more deprotonated and negatively
charged. This can lead to repulsion between molecules containing
these groups and can disrupt a self-assembly process. Similarly, in a
system containing amine groups, as the pH is decreased below the
pKa of the amine group, the group becomes more protonated and
positively charged. This can also lead to repulsion between molecules
and disrupt self-assembly. Besides, ionic strength can also impact
self-assembly. The presence of ions can affect the solubility of the
molecules and their ability to interact with each other. For example,
increasing the concentration of salt in a solution leads to the
screening of electrostatic interactions between charged groups on the
molecules, reducing the strength of these interactions and potentially
disrupting self-assembly. On the other hand, in some cases, adding

salt can promote self-assembly by reducing the solubility of the
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molecules and promoting their aggregation (salting out effect). In
addition, temperature can affect self-assembly by influencing the rate
and extent of molecular motion. As temperature is increased, the
molecules in solution, on surface or in gas phase become more
energetic and can move more freely. This increased mobility can lead
to an increased rate of self-assembly and to the formation of larger,
more complex structures. However, if the temperature becomes too
high, the assemblies may be destabilized, due to the dominance of

entropy over energy at higher temperature.

Table 2.1 Typical weak interactions or weak covalent bonds and force types

in self-assembly. Adapted from4°

Attractive Force Repulsive Force

van der waals® Electric double-layer”
Solvation Solvation

Depletion Hydration

Bridging Steric

Hydrophobic

-7 stacking
Hydrogen bond
Coordination bond®

* Some cases of interaction between dissimilar colloidal objects can
be repulsive.

® This force sometimes can be attractive when (1) interaction
occurs between molecules or colloids with different charges, (2)
with the same charge but at very small separation, and (3) between
zwitterionic molecules and colloids.

¢ Coordination bond is a strong chemical bond compared with the
rest of the forces, but serves as a unique attractive force for some
of the supramolecular self-assembly systems.

Self-assembly is fascinating in nanotechnology because it allows for
the creation of complex structures with minimal human intervention by
controlling the molecular interactions and external environment, which

makes it possible to ideally design and create complex

9



nanostructures with precise control over their size, shape, and

properties.

2.1.2 Self-assembly driven by hydrogen bonds

Hydrogen bonding (H-bonding) is one of the most commonly used
weak interactions to drive self-assembly and form supramolecular
architectures; it has various advantages such as synthetic
accessibility, high directionality, and tunable strength.5%-52
Theoretically, any atom or group with a higher electronegativity than
its bonded hydrogen atom can create a dipole moment, allowing the
hydrogen to act as a donor (D) and form a hydrogen bond with
another more electronegative atom; however, such a weak bonding is
usually considered as a van der Waals interaction rather than as H-
bonding when the electronegativity difference is not large enough.®®
Therefore, standard hydrogen bonds are usually restricted to highly
electronegative atoms such as oxygen (O), nitrogen (N) and fluorine
(F) atoms.53

A single hydrogen bond is weak, with a typical energy of 5-30 kJ/mol,
which is not strong enough to fabricate stable assemblies. A
commonly used method to obtain more stable structures is to
increase bonding strength and directionality by forming hydrogen-
bonding arrays comprising multiple hydrogen bonds.>* A well-known
example is nucleobases of DNA (or of RNA), which are the basis of
its structure and functions. The base pairs in DNA include
adenine(A)/thymine(T) and guanine(G)/cytosine(G). They can form
double or triple hydrogen arrays, as shown in Scheme 2.1; the
binding constant of A/T and G/C are ~10% and ~10%in chloroform,
respectively.®® In fact, these natural nucleobases have already been

used to functionalize molecules and macromolecules and direct
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supramolecular self-assembly owing to their unique properties like
reactivity, responsiveness, biocompatibility, etc.5%5¢-%8 Although there
are other 28 possibilities for the binding of the four bases out of the
Watson-Crick base pairing with at least two hydrogen bonds,*® the
binding force of double hydrogen bonds is relatively weak.°
Therefore, much effort has been invested into developing multiple
hydrogen bond arrays with higher stability and orthogonality by
modifying existing bases or developing new heterocyclic subunits
mimicking the pairing of natural bases.®®® As non-exhaustive
example, Blight et al. reported a cationic AAAA-DDDD complex with
a binding constant up to 102 M-t in dichloromethane.” The multiple-
hydrogen-bonding arrays commonly used for self-assembly,
especially for supramolecular chemistry, include triple, quadruple and
sextuple hydrogen bonds; some typical examples are shown in Table
2.2. The binding constant of these multiple-hydrogen-bonding arrays
is related to the number of H-bonds and secondary electrostatic
interactions between adjacent hydrogen bonds;’* hence, there exists
various hydrogen-bonding motifs with appropriate binding strength

allowing to design a self-assembled structure according to the needs.

H /

h —H-------0, /N 0------H—N
A~ T
( / N------H—N < N—H-------N
R/N NJ >//N\R N S %N\R

A T G H Cc
Scheme 2.1 Chemical structure of DNA base pairs

As written before, H-bonds have many interesting properties, such as
being reversible, directional and strength-tunable, making them ideal

for creating dynamic, functional, and responsive materials. Self-
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assembly based on H-bonding is thus a versatile and powerful
approach that has already been widely used in fields ranging from
nanotechnology to biomedicine.”""

Table 2.2 Typical examples of multiple-hydrogen-bonding arrays and their
binding constants. Adapted from5*

Type Example

X 1XI

Triple

Quadruple

K, = 10" M K, = 107 M
Upy-Upyin CHCl;  DeAP-DeAP in CDCl;

0, (]

B it B
Hay Sy -H K,=10°M"!
R"“N»’?ﬁ%-"'"‘* in CDCI,

Cﬂ'vs

~b@ rh@:ﬂv @5

Ms kﬁﬂ‘“

Sextuple

K, = 10° M
in CHCI,
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2.2 Precision macromolecules

Natural molecules like DNA and proteins typically exhibit precise
molecular lengths, perfect sequence order and topological structures,
thereby acquiring specific biological functions.”®”® Such precision and
regularity of natural molecules is essentially dependent on their
primary structure.®’ Inspired by these natural polymers, sequence-
defined polymers (SDPs) were proposed to achieve similar precision.
Compared with natural macromolecules, synthetic SDPs have more
diverse backbones and side groups.®! By controlling the primary
structure of SDPs, the intramolecular conformations and
intermolecular interactions could potentially be further tuned to
achieve complex and predictable functional properties,®82 such as
data storage, catalysis, etc. However, to get these properties, we
need to be able to predict function from primary structure, which
requires understanding higher order structures, which remains very
difficult.

2.2.1 Effects of sequence and chirality on molecules

Sequence definition and stereochemistry are critical for precision
macromolecules. For biomolecules as well as for synthetic polymers
and small molecules, their functions, such as enzymatic activity,
binding affinity, or mechanical strength, are intimately tied to their
precise three-dimensional shape. Thus, controlling sequence and
chirality is essential for designing molecules with tailored properties

and functionalities for various applications.

Indeed, the sequence order of the monomer units (or primary

structure) directly decides the physicochemical properties of the

macromolecule, and influences the folding of the molecules into

specific secondary and tertiary structures, ultimately determining its
13



three-dimensional conformation and controlling functionality.®® For
example, a previous work in our group by Li et al. focused on the
preparation of a series of sequence-defined catalysts based on
TEMPO, imidazole, and pyridine-triazole (pyta)-Cu as catalytic units
(but of non-controlled chirality). Among these, the catalytic efficiency
of two catalysts having their two active sites switched in position,
differed by a factor of up to ten for the aerobic oxidation of benzyl

alcohol (BnOH) at a catalyst concentration of 5 mol%.8

Chirality can also significantly affect the shape and conformation of
the molecule by governing the spatial arrangement of atoms within
the molecule, resulting in enantiomers or diastereomers that can
exhibit vastly different biological activities, chemical reactivities, and
physical properties.®38 For instance, Clover et al.®® prepared
homochiral  counterparts LL(FKFEFKFE), DD(fkfefkfe) and
heterochiral counterparts LD(FKFEfkfe) and DL(fkfeFKFE) by
replacing one or two L-FKFE repeats in the amphiphilic peptide KFE8
(of sequence Ac-FKFEFKFE-NHz) by D-amino acids (“fkfe") of
opposite chirality. Although the homochiral counterparts formed easily
nanofibers, the heterochiral counterparts assembled into larger helical
tapes of large dimension and pitch. Through energy minimization
models, the authors speculated that the difference in behavior
originated from the appearance of kinks at the interface between
chirally-different blocks, and from the introduction of internal strains
which offset the natural distortion of the B-sheet structure and flatten it

out.

2.2.2 Synthesis methodologies

As was covered in the previous section, the synthesis of

monodisperse sequence-defined and stereo-controlled polymers is
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crucial to control their properties and to custom their structure and
functionality. Therefore, developing methods to efficiently synthesize
functional polymers while simultaneously controlling sequence and
chirality should be of high priority. A timesaving strategy for
synthesizing SDPs in a few steps is controlled polymerization, but the
polymers and sequences obtained by this method are usually not
monodisperse, and thus separation techniques like automated flash
chromatography systems are necessary to purify the products.’®8283
Therefore, although the synthetic protocol is simple and scalable,
controlled polymerization is usually only suitable for the synthesis of
sequence-defined oligomers, because the purification step is more
difficult for longer chains.®® To synthesize SDPs with a control of
chirality, living radical polymerization (LRP) might be used. For
example, vinyl monomers can be used to synthesize syndiotactic or
heterotactic polymers by adding different catalysts or tuning the
activity of the catalyst.®”® In addition, stereo-regular and sequence-
controlled polymers can also be prepared by stereoselective ring-
opening polymerization of racemic monomers containing chiral side
chains or ring-opening polymerization of chiral monomers.?®% The
isolation of monodisperse stereo-controlled polymers can be realized
by supercritical fluid chromatographic separation or column
chromatography, but is usually not applicable for copolymers with

different block lengths.8

Another more precise way to synthesize SDPs is more commonly
used, namely multistep synthesis. As the name implies, multistep
synthesis achieves precise positioning of functional groups by
coupling monomers or oligomers step by step. Due to the multistep
reaction, it is possible to synthesize SDPs with high sequence
complexity, comprising various monomers (functional groups), with
stereo-control, leading to diversified backbone structures.®?83 On the
15



other hand, multi-step reactions will result in a low total yield of the
final product due to the finite yield of each step and losses during
purification processes performed between each step. Because the
yield of each step strongly matters, highly efficient reactions like click
chemistry, thioacetone chemistry, Michael addition, etc. are usually
selected.”®® The strategies to synthesize SDPs by multistep
synthesis can be broadly categorized into support-free liquid-phase
synthesis and supported synthesis, including solid-supported and
soluble-supported synthesis.”®8 With these synthetic pathways,
various structural levels including backbones, side groups, and

stereochemistries can be controlled.

Support-free liquid-phase synthesis typically involves the use of low-
molecular-weight organic molecules as starting materials, using some
efficient chemical reaction such as CuAAC, where monomers or
oligomers are sequentially incorporated into the main chain. For each
elongation step, the intermediate product needs purification, often
through classical column chromatography. Therefore, this method is
intricate and time-consuming. However, the products synthesized by
this method have well-defined structures, facilitating relatively
straightforward analyses. Moreover, this approach is applicable to
large-scale synthesis. SDPs via support-free liquid-phase synthesis
methods include iterative stepwise growth (ISG), iterative exponential
growth (IEG), bidirectional growth or single-unit monomer insertions
(SUMI).”®8 As Figure 2.2 shows, the ISG method starts with a
monofunctional molecule and is followed by the progressive coupling
of individual monomers. Although more iterative steps are required for
SDPs via ISG, the ability to independently control the monomer
structure and function of each step allows for highly complicated
sequences.”® |SG is widely used in multicomponent reactions. For
example, Meier's group reported a series of multi-component
16



sequence-defined oligomers using Passerini three-component
reactions (P-3CR) and Ugi four-component reactions (Ugi-4CR); the
strategy is free of protecting groups or activating agents, and is
efficient and scalable.®>®? The IEG strategy, for its part, is usually
based on monomers protected orthogonally which, after deprotection
and activation, are coupled to elongate the main chain by a factor of
two. Compared with ISG, IEG needs less iterative steps for a similar
chain length, but the prepared sequences have higher repetitiveness.
Besides, group protection is necessary during the synthesis. Jamison
and Johnson et al. proposed a semi-automated method for the
synthesis by iterative exponential growth by combining continuous
flow chemistry with IEG.®® They employed an alkyl bromide and a
triisopropylsilyl (TIPS)-protected alkyne to accomplish CuAAC
coupling of monomers or oligomers via azide substitution and excess
fluoride-mediated desilylation. Additionally, they reported an iterative
exponential growth plus side-chain functionalization (IEG+) strategy
with  tert-butyldimethylsilyl (TBS) protected chiral monomers
synthesized by enantiomerically pure epichlorohydrin and propargyl
alcohol.®* Similar to the previous method, the monomer was
subjected to azide substitution/desilylation followed by a click reaction
to give sequence-defined and chiral-controlled macromolecules.
Meanwhile, this IEG+ allows the introduction of different functional
groups via acetyl (OAc) and benzyl (OBn) groups. However, Zhang et
al.®> have proposed a novel IEG strategy without protecting groups.
This approach employs three monomers with orthogonal reactive end
groups, including aldehyde-X-alkyne, azide-X-fluorosulfate, and tert-
butyldimethylsilyl ether-X-aniline. Through the parallel orthogonal
click reactions of CUAAC, sulfur-fluoride exchange reaction (SUFEx),
and Ugi-4CR, three SDPs with different repetitive main-chain

sequences were synthesized. For bidirectional growth synthesis, the
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starter is a bifunctionalized molecule, and the main chain is elongated
bidirectionally by the stepwise addition of two equivalents of
monomers. Similar to the IEG strategy, bidirectional growth can
achieve rapid chain growth with fewer steps compared to ISG.
However, the SDPs synthesized by bidirectional growth are
symmetric. The common strategy includes the use of oligo(ethylene
glycol)s (OEGs) coupling with monoprotected and mesylated or
tosylated OEGs, followed by deprotection and iteration;%8 or
photoligation, such as the bidirectional stepwise addition with a
molecule containing two maleimides at the end as a core.®*-1%! Zhao
et al.’%2 proposed a novel bidirectional synthetic strategy. They used
N,N,N’,N’-tetramethylethylenediamine as the starting unit, which
reacted with propargyl bromide to give an oligomer with azide groups
at both ends; this oligomer was then coupled with functional
monomers with an azide group and a N,N-dimethylamine group at the
chain ends. Through alternating Menschutkin reaction and CuAAC, a
series of sequence-defined multifunctional polymers with positively
charged main chains were obtained through precipitation in weak

polar solvents, without any protecting groups and solid support.

SUMI is typically based on a free radical addition mechanism, in
which individual vinyl monomers are sequentially incorporated into
the main chain by reducing the reactivity of chain ends. For example,
Huang et al.®® reported a SUMI methodology to synthesize
sequence-defined and stereo-controlled oligomers by sequential and
alternating insertion of stereospecific indene and N-substituted
maleimide derivatives. Recently, a novel SUMI based on a cationic
mechanism (cSUMI) by Tao et al.'% was introduced, enabling the
synthesis of vinyl ethers and styrene oligomers that are partially

inaccessible through conventional free radical SUMI methods.
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Figure 2.2 Synthesis of sequence-defined polymers by support-free liquid-

phase synthesis. A~ C, adapted from®; D, adapted from104

Solid-supported synthesis (Figure 2.3) refers to the initial anchoring of
the reactant onto a solid support, which is followed by stepwise
coupling of the protected monomer units and deprotection, or
coupling of subunits (monomers with reactive terminal groups or two
species with different end groups amenable to orthogonal coupling
reactions).1% When the synthetic steps are complete, SDP’s can be
released from the support by cleavage. Due to the heterogeneous
nature of the synthesis, side products and reagents can be easily
removed by simple filtration or washing. However, due to the
limitations in the loading capacity of the support or coupling efficiency,

solid-supported synthesis faces challenges in preparing high molar
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mass SDPs, and the mass scale of the product is relatively small.82105
Thus, a soluble-supported synthesis strategy was proposed by
combining the advantages of liquid-phase synthesis, for instance, low
reagent dosage, characterizability of intermediates, scalability, as well
as simple post-treatment with the benefits of solid-supported
synthesis. This approach utilizes a soluble carrier for the stepwise
coupling of monomeric units in a homogeneous system. Commonly
used soluble carriers include soluble fluorous tags and polymers.8?
However, because the system is homogeneous, the separation of the

resulting SDP and carrier is challenging after cleavage.®
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Figure 2.3 Synthesis of sequence-defined polymers by solid-supported
synthesis. Adapted from10>

There are also other methods to synthesize SDPs. For instance,
template synthesis, especially DNA-templated synthesis (DTS), in
which the template is pre-designed to interact with the introduced
monomers, leading to the same degree of ordered sequence in the
synthetic polymer.”®1% However, DTS is only suitable for systems
compatible with DNA."®
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2.2.3 Characterization of sequenced defined polymers

Characterization techniques are crucial for exploring molecular
structure and physicochemical properties. Methods for characterizing
SDPs encompass mass spectroscopy (MS), nuclear magnetic
resonance (NMR), nanopore sequencing, simulation, etc. These
techniques provide diverse information about the structure, sequence
order, morphology, and other aspects of SDPs. Detailed
presentations of these techniques can be found in some reviews;’8107
therefore, only a brief introduction will be given to those commonly

used in this work.

NMR is one of the most used and valuable techniques for structural
characterization. It relies on interactions between atomic nuclei with
non-zero magnetic moments, such as those with odd numbers of
protons or neutrons, like the common *H, *C, and *°F nuclei, and an
applied magnetic field; these nuclei absorb energy corresponding to
the energy difference between two levels in the presence of a strong
magnetic field, leading to the generation of a resonance spectrum.
Chemical shifts, scalar coupling, and spectral intensities in the
resonance spectrum can be used to identify chemical groups and
their bonding environments, thereby determining the molecular
structures.1%81%®  Additionally, in this thesis, diffusion ordered
spectroscopy (DOSY) has been used to analyze self-assembly
behavior. DOSY uses pulsed gradient field NMR to virtually separate
components with different diffusion coefficients (D), which depend on
molecule properties like size and shape, thereby providing

information such as molar mass or the formation of assembilies.

Tandem mass spectrometry (MS/MS) is another commonly used
technique for sequencing SDPs. lons with specific mass-to-charge

ratios (m/z) are fragmented after the ionization of the sample

21



molecule, and the resulting fragments are detected by the mass
spectrometer to generate MS/MS spectra. By analyzing the mass
differences between these fragments, sequence information for the
polymer can be inferred.’1% Additionally, the combination of standard
MS analysis with other techniques can also be utilized for sequencing.
For instance, mass spectrometry can be coupled with
chromatography, or backbone cleavage before standard MS

detection.”®

Computational modeling and theoretical simulations are also used in
SDP research. They can predict the differences between various
SDPs to optimize experimental design. Simultaneously, modeling
provides detailed insights into the relationships between structure,
property and reactivity.”®1% Additionally, for self-assembled systems,
thermodynamic and dynamic information is challenging to directly
infer from experimental measurements; however, theoretical

simulations can offer these details.*'!

Apart from structure and sequence order, the chiral purity is also an
important parameter for stereo-controlled SDPs, particularly the
enantiomeric excess (ee). There are many techniques used for chiral
detection, including chiral chromatography, such as chiral high-
performance liquid chromatography (chiral HPLC) and supercritical
fluid chromatography (SFC), spectroscopic methods such as circular
dichroism (CD) spectroscopy and NMR with chiral solvents or shift
reagents, electrochemical methods like electrochemical sensors, and
so on.}'2115 Among these, chiral HPLC is one of the most widely
used technology. Typically, chiral HPLC makes use of a chiral
stationary phase (CSP) or chiral mobile phase additive that interacts
differently with the enantiomers due to their chirality; these

differences in binding affinity allow the enantiomers to separate and
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elute from the column at different rates; a detector is used to identify
and quantify the enantiomers based on their retention times.16117
Chiral HPLC is widely used for chiral detection due to its high speed,

sensitivity, and reproducibility.14

2.2.4 Applications of sequence-defined polymers

SDPs have diverse backbones and complex functional groups ideally
with control chirality, providing a broad scope for customization, which
makes them useful for various applications in biomedicine,
nanotechnology, data storage, catalysis, etc. Since SDPs have a wide
range of applications and some reviews’®83107.118-123 haye already well
summarized these applications, only a few examples will be

discussed here.

SPDs provide a platform to create highly ordered structures for
complex functions like drug delivery and nanoreactors by precisely
controlling the interactions within and between SDPs by tuning the
backbone, side groups, stereochemistry, etc. For example, Kwon et
al.’» reported a crystallization-driven self-assembly of block
copolymers composed of monodisperse poly(lactic acid) (MPLA)
blocks with enantiomeric sequences and poly(ethylene glycol) (PEG).
The morphology of the self-assembled nanostructures varied from
nanoparticles to 2D triangles and vesicles, depending on the number

and sequence of enantiomeric lactic acid units.

Despite containing only four nucleotides, DNA is a natural memory
device that can store massive amounts of information about the entire
genome due to its various nucleotide sequences and chain lengths.
Compared with DNA, SDPs have more abundant monomers and
better stability, which enables them to store information at the

molecular level.'?> For example, Du Prez et al.'?® reported a strategy
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of chemical data storage by multifunctional SDPs synthesized with an
adapted peptide synthesizer. Fifteen acrylate monomers allowed to
generate different sequence-defined structures, which could be
converted into a machine-readable QR code with a data capacity of
1089 bits per a 33 x 33 QR code.

Self-assembly of SPDs mimicking enzyme structure is another
example of application. Enzymes can catalyze different reactions with
high specificity thanks to their stereo-regularity and amino acid
sequence, which allow the precise folding of proteins and the creation
of highly specific catalytic pockets.® Similar to enzymes, polymers
can theoretically fold into multiple shapes through intramolecular
interactions to form catalytic pockets suitable for specific substrates.
However, only a fraction of macromolecules can form the expected
folding due to the polydispersity of polymers.” 107127 Compared with
traditional polymers, SDPs can be tailored to precisely control the
position of catalytic units and control the folding of SDPs, thereby
forming more efficient enzyme mimics.”® In our group, the work of
Chandra et al. about the aerobic oxidation of alcohols with the solid-
supported precision oligomers catalysts containing the synergistic
catalytic units of TEMPO, NMI and pyridyl triazole (pyta) showed that
the restricted conformational space in grafted layers was beneficial to
enhance the interaction within oligomer chains,*?8'? and that the
sequence of the catalytic units was very important for catalytic
activity.™*® When the NMI was close to pyta, the catalytic activity was
the highest.’*® Another work in our group by Li et al.® already
mentioned in section 2.2.1, reached a similar conclusion for
homogeneous catalytic systems based on precise oligomers having
the same catalytic units. Stereocontrol is also important in catalysis,
especially for enantioselective transformations, because the relative
orientation of the catalyst and substrate may largely control the
24



catalytic process.®® Maayan et al.'® prepared a series of a
phenylethylamine peptoid catalysts with a TEMPO catalytic center
and investigated the role of the nano-environment of the catalyst on
the oxidative kinetic resolution of racemic mixtures of chiral
secondary alcohols when tuning the sequential position of TEMPO
and the chirality and helicity of the peptoid. They found that the
catalyst activity is sequence-dependent, with the catalyst having the
highest catalytic activity when TEMPO was at the end of the chain.
The chirality of the asymmetric environment generated by the helical

backbone was more selective for enantiomers of matched chirality.

2.3 Aerobic oxidation of alcohol

The selective oxidation of alcohols is a crucial class of oxidation
reactions in organic synthesis. The oxidation products, aldehydes or
ketones, can serve as intermediates for the preparation of various
organic compounds or industrial products; therefore, the alcohol
oxidation reaction has drawn significant attention.'32133 Initially, the
oxidation of alcohols was performed with inorganic oxidants such as
hexavalent chromium and manganese dioxide. But those inorganic
oxidants themselves are toxic. Besides, there are also other problems
like harsh reaction conditions, a lot of side products and waste.132134
With the progress of research, the conditions for alcohol oxidation
have been continually optimized, looking for milder and effective

catalysts.

2.3.1 Enzyme mimics for the aerobic oxidation of alcohols

Enzymes are effective natural catalysts; the enzyme residues with or
without cofactors create cooperative catalytic sites within a three-

dimensional cleft formed by assembly and folding. The cavity is
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designed for substrate binding and transition-state stabilization,
resulting in accelerated reactions and quickly adapting to
changes.®'* Therefore, enzymes are widely investigated and

mimicked.

Inspired by enzyme catalytic sites, the construction of dynamic active
sites within catalytic pockets by self-assembly or folding has been
investigated, as shown in Figure 2.4. For example, peptides are
promising candidates to produce self-assembled supramolecular
catalysts due to their strong biocompatibility and programmability.®® Li
et al.® used the co-assembly of peptides and Cu?* ions to produce
nanofibers mimicking peptidyl catecholase. The nanofibers have
switchable catalytic activity through reversible covalent modification
with kinases/phosphatases and high selectivity. Similarly, DNA
molecules are used as molecular scaffolds to construct dynamic
active sites thanks to their properties such as programmability and
ease of modification. Pimentel et al.'! prepared a DNA scaffold
catalyst by anchoring the catalyst TEMPO and co-catalyst Cu at the
two close ends of a double-stranded DNA chain, which maintained a
high turnover number after dilution; in addition, the introduction of
competing single-stranded DNA (ssDNA) could reversibly tune the
DNA assembly, thereby controlling the formation and closure of
cooperative catalytic sites and further controlling the catalytic reaction

rate.
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and realization of catalytic function. (B) Construction of supramolecular

catalysts based on peptide self-assembly. Adapted from 6

Without doubt, the utility of natural molecules such as DNA and
peptides to construct dynamic catalytic active sites is interesting, but
the application of natural molecules is still limited due to cost and
environmental constraints. To overcome the above limitations, an
alternative approach is to modify these natural molecules. For
example, Prathap et al. selected a peptoid having catalytic units
(ligand phenanthroline and TEMPQO) as side groups; thereby, they
developed a highly active Cu-TEMPO-based catalyst that can
achieve a low catalyst loading (0.1 mol%) and a high turnover number
in the catalytic oxidation of primary alcohols by tuning the spacing
and order of the catalytic groups.?’

In order to explore more possible catalytic conditions, scientists have
started to make use of synthetic macromolecular architectures to
construct active catalytic sites. Metal-organic frameworks (MOFs) are
one of the structures inspired by enzyme catalysis, in which a

confined environment similar to enzyme is provided by an ordered
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arrangement of metal active centers and multichelating organic
ligands in tunable cavities or channels.?®1%¢ Taher et al.’*” developed
an efficient MOF catalytic system with Cu®™ by anchoring copper
complexes through amine-functionalized MOF layers which, together
with the co-catalyst TEMPO, successfully achieved aerobic oxidation
of various alcohols even containing inactive heteroaryl and long-chain
alkyl units. Supramolecular catalysts were also developed to create a
stable microenvironment for the active site. Jiao et al.’*® fabricated a
host-guest complexed supramolecular catalyst incorporating TEMPO
and cucurbit[7]uril (CBJ[7]), which together with an oxidant sodium
hypochlorite (NaClO) was used in the biphasic oxidation of alcohols.
During the catalysis process, the electrostatic interaction between the
carbonyl portal of CB[7] and TEMPO™" favors the stabilization of
TEMPO?* in the aqueous phase, helping the oxidation of TEMPO by
NaClO into TEMPO* and inhibiting side reactions. When migrating
into the organic phase, TEMPO+ was separated from CBJ[7] due to
the insolubility of CB[7] in the organic solvent, and its high activity is
recovered to drive the fast oxidation of substrate. The adaptive
reactivity of the intermediate TEMPO* significantly improved the
turnover rate for various alcohols. There are also other reported
polymeric architectures that can self-assemble or fold to create a
catalytic pocket that resembles an enzyme, such as single-chain
polymeric nanoparticles (SCNPs),®-2% foldamer,323%  helical
(supramolecular) polymers, etc.3*3" No matter what kind of
macromolecular architecture is selected, the choice of polymeric
backbone, the selection of side chains, and the design of self-
assembly and folding are all important to the construction of the

active site.

In addition to structural mimicry, there are also various studies based
on the mimicry of enzyme functions; one of the most famous
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examples is galactosidase, whose active site is highly dependent of
the catalytic synergy between copper and the phenoxyl radical of the
cysteine-modified Tyrosine 272 residue,®*® as shown in Scheme 2.2.
This synergistic catalytic mechanism between metals and radicals
has been the inspiration for numerous systems for the aerobic
oxidation of alcohols. Cu/TEMPO is one of the most well-known
catalytic systems. This system can oxidize a variety of substrates, but
it usually works better for the oxidation of primary alcohols than
secondary alcohols.'#%142 Normally, the catalytic activity of the system
can be properly tuned by the source of copper, ligands, solvent and
base.*®* The Fe/TEMPO system is another metal-radical synergistic
catalytic system, which is usually used together with nitrate or nitrite
additives, but without base or organic ligand which are not
needed.#?14 Compared with Cu/TEMPO, the Fe/TEMPO system
oxidizes more readily secondary alcohols, which may be because the
nitrate or nitrite additives can oxidize TEMPO to oxyammonium salts;
there would be no need for the ligand, and the system would thus
have less steric hindrance.}#2145146 There also other transition
metal/TEMPO systems which have been reported, such as cobalt or
manganese and their co-catalysts with TEMPO,147-152
ruthenium/TEMPO,**31%5 etc. Although the choice of metal types is
diverse, copper and iron are among the most widely used metals
considering the catalytic effect, source, cost, safety and other aspects

of the metal.*?
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Scheme 2.1 Active site of Galactose oxidase. Adapted from?3°

Apart from the type of metal, free radicals are also an important part
of biomimetic catalysis. Among these, the most widely used are the
nitroxyl radicals due to their low sensitivity to air or water.’®® The
nitroxyl radicals are a free radicals containing a N,N-disubstituted -NO
group, which bears one unpaired electron. The nitroxyl radicals can
be divided into two categories: stable free radicals and reactive free
radicals, as shown in Figure 2.5.1%" Stable free radicals include
conjugated radicals like diphenyl-nitroxyl radicals or non-conjugated
radicals, such as di-tert-butylnitroxyl (DTBN) and TEMPO. For the
reactive nitroxyl radicals, the phthalimide N-oxyl radical (PINO)
obtained from N-hydroxyphthalimide (NHPI) is the most well-known
example. Although PINO-is more reactive, the relative stability of

stable radicals makes them more widely used.**’
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Figure 2.5 Typical examples of organic nitroxyl radical. Adapted from?15’

2.3.2 Cu(l)/ TEMPO-catalyzed aerobic alcohol oxidation

As mentioned before, galactose oxidase has already inspired the free
radical-coupled copper catalytic oxidation,'®® especially, the
CUu/TEMPO catalytic system has attracted much attention. On the one
hand, copper has wide availability, low cost and already exists in the
active sites of many enzymes.’*? On the other hand, TEMPO:- is a
stable radical, that can act as an oxidant itself capable of oxidizing
various functional groups.® Notably, TEMPO- exhibits high
selectivity in the oxidation of alcohols, typically converting alcohols
solely into the corresponding aldehydes or ketones, and it has high

coordination ability, allowing synergistic catalysis.**®

The Cu/TEMPO catalytic system was first reported in 1984 by
Semmelhack et al.*®® They used Cu’CI/TEMPO to oxidize benzyl
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alcohol and propargyl alcohol into the corresponding aldehydes in
N,N-dimethylformamide (DMF) solution under oxygen conditions at
room temperature (RT). Subsequently, Sheldon et al.'®* developed a
catalytic system utilizing CuBrs/TEMPO/KOtBu equipped with
bipyridine (bpy) as a ligand. This system was employed in a mixed
solvent of acetonitrile (ACN) and HO (2:1), and it can efficiently
oxidize various primary alcohols to aldehydes. In comparison to
previously reported systems, their catalytic system introduced a base,
which can facilitate the deprotonation of alcohol substrates to provide
alcoholates capable of coordinating with the Cu® center.*>® The
ligand is necessary for their system, because the ligand contributes to
enhanced solubility of Cu and provides beneficial electronic effects.6!
Based on Sheldon's catalytic system, Koskinen et al.’6? investigated
the catalytic conditions. To enhance the oxidation of hydrophobic
substrate alcohols, they replaced the catalytic solvent with ACN.
Additionally, they evaluated the type and amount of base, observing
that the base can significantly impact reactivity. Later, Stahl et al.
found that Cu® salts exhibit higher reaction rates than Cu(, and they
designed a (bpy)Cu®’/TEMPO/N-methylimidazole (NMI) catalytic
system, demonstrating effective oxidation of various primary
alcohols.'®*183 This ternary system has been applied in many
cases.84128130,164-169.174 |t s not only applicable to homogeneous
catalysis but also exhibits high efficiency in heterogeneous
catalysis.?81%4 Furthermore, it has evolved from an initial discrete
cooperative catalysis system into a multifunctional catalytic

system 84130

2.3.2 Mechanism

In the past decades, the oxidation mechanism of Cu/TEMPO has

32



been discussed. It was described by different mechanistic
pathways:**® oxoammonium,*® Cu™-TEMPO-H,*! Cu®-binuclears?
and Cu"-monomer.t® Here the Cu®™-binuclear mechanism is
presented to introduce the (bpy)Cu®’/TEMPO/NMI ternary system
(Figure 2.6), because our results are compatible with this mechanism.
Firstly, Cu® would form a coordination compound with bpy and NMI,
namely (bpy)(NMI)Cu®. This coordination compound reacts with O to
generate a Cu™ superoxide ((bpy)(NMDNCu®O,-*). Subsequently,
(bpy)(NMNCu™O,-* reacts with a second (bpy)(NMCu® to form a
peroxo-bridged binuclear Cu® dimer. Next, TEMPOH is oxidized by
the binuclear copper complex to give TEMPO-, and the hydrogen
atom is transferred to form a Cu" peroxo-hydroxide intermediate
(Cu™-OO0H). This process is accompanied by the generation of Cu®
as a byproduct. The intermediate Cu-OOH reacts with water (or
alcohol substrate) to produce Cu™-OH (or Cu-OCH:R) species and
H.0,, which will rapidly disproportionate. After that, the Cu™-OH
intermediate oxidizes the alcohol substrate, which creates a Cu(-
alkoxide through a step called equilibration. Upon removal of the
hydrogen atom by TEMPO-:, Cu-OH yields an aldehyde and
TEMPOH.
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Chapter 3 Methodology to synthesize
stereo-controlled and sequence-defined

oligomers

Abstract: In this chapter, we focus on the synthesis of stereo-
controlled and sequence-defined oligomers. We have investigated
ways to synthesize chains with a stable backbone, functionalized with
a controlled sequence of functional units. These functional units
include base pairs for self-assembly and catalytic units for aerobic
alcohol oxidation. To control their sequence and chirality, a chiral
precursor is used; the chirality of the oligomers is determined by this
precursor. Then, the monomers are functionalized with an alkyne
group for incorporation in oligomer backbones to give chiral
sequence-defined oligomers. The reactions involved in this synthesis
procedure include opening epoxides with azides, fluoride-mediated
desilylation of alkynes, and CuAAC. The general information on the
synthetic procedure is in Section 3.2. Before we start to synthesize
the oligomers, we prepared the functional units (Section 3.3). In
Section 3.4, the final oligomers we used are described and their
chemical structures and sequences are confirmed by NMR and TOF-
MS/MS, respectively. In section 3.5, we finally use this methodology
to prepare a series of oligomers substituted by nuclei acid bases.
Thanks to these highly efficient and orthogonal reactions, we
produced stereo-controlled and sequence-defined oligomers with

excellent yields together with good atom economy.
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3.1 Introduction

A The chirality and primary sequence of proteins have a significant
impact on their structure, reactivity, and functionality; they affect
everything from secondary, tertiary and even quaternary structures to
folding and assembly, which in turn control their function and
chemical interactions. Therefore, when synthesizing defined polymers,
it is important to not only control the sequence order but also the
chirality of the molecules to possibly mimic the assembly of natural
macromolecules and to replicate some of their functions such as

catalysis, as we want to do in this thesis.

There are several methodologies to synthesize SDPs as discussed in
Section 2.2.2. Among these, an iterative exponential growth plus
side-chain functionalization (IEG+) route developed by Johnson et
al.**works well for controlling the sequence and stereochemistry of a
macromolecular chain, which should be important parameters for
assembly and catalysis. However, in the original scheme, an ester
function is created, which does not resist some deprotection steps. As
already discussed in previous work by our group, ester groups are not
stable under hydrolytic conditions and in the presence of TBAF
(tetrabutylammonium fluoride), which are used in deprotection
steps.1?8130.171 Therefore, in our lab, an improved route has been
developed, in which the ester is replaced by a more stable urethane
(carbamate) bond, and the sequence of chain elongation and side
chain installation are reversed compared to the original work of
Johnson et al. This development, presented in our published articles,
allowed us also to extend the range of functionalities of the produced
polymers.81’t Additionally, the carbamate may contribute to the
formation of H-bonded secondary structures in our precision

macromolecules, as peptide bonds in proteins.!’? These H-bond
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interactions may actually compete with the base pairing which we
plan to use to favor the assembly of different chains in a catalytically-
active center (see below); however, since base pairing is more stable
and specific due to existence of an array of hydrogen bonds, we
hypothesized that the addition of carbamate groups in the chain
backbones would not be an issue. The reactions involved in this
synthesis procedure include opening epoxides with azides, fluoride-
mediated desilylation of alkynes, and CuUAAC. Thanks to these highly
efficient and orthogonal reactions, we produced macromolecules with

excellent yields together with good atom economy.”3

In this work, we used this modified IEG+ strategy to synthesize both
stereo-controlled and sequence-defined chains, which can self-
assemble and form a multifunctional catalysis structure for the
aerobic oxidation of alcohols. For this, as mentioned above, we chose
hydrogen bond arrays (base pairs) to control the assembly of the
strands, because hydrogen bonds exhibit remarkable dynamics,
directionality, and selectivity.®* By playing with the number, direction,
and external environment, such as temperature and solvent, of the
hydrogen bonds, molecular assembly can be tuned.''*'"* However,
single hydrogen bonds are usually weak; therefore, hydrogen bonds
should preferably be used in the form of hydrogen arrays. For
example, in DNA, hydrogen bonds exist in base pairs. Using DNA as
a source of inspiration, we thus selected two base pairs to be
incorporated in the oligomer sequences for recognition and assembly
(Scheme 3.3.2). Within the constraints of the Watson-Crick rules, the
number of possible nucleobases is only twelve;'” however, these
rules can be relaxed to extend the pairing possibilities. According to
this, a 2,6-diaminopyridine derivative (D) was selected instead of
adenine (A) to form the second base pair with thymine (T) (Scheme
3.1). Indeed, in contrast with the A/T pair which leads to divalent
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hydrogen bonds, the D/A pairing results in the formation of trivalent
hydrogen bonds (ADA-DAD) that should reinforce the specificity of
the recognition process between the two oligomers.1’® The other base
pair is guanine (G)-cytosine (C) (ADD-DAA). We expect that these
base pairs will form H-bonds between complementary bases (scheme
3.1) and therefore control the assembly of strands equipped with
these complementary bases. To construct the catalytic site, we
selected a group of catalytic units as our synergistic catalysis center,
namely TEMPO (M), imidazole (I) and Cu-bipyridine (P), which
cooperate to realize the oxidation of alcohols. These three catalytic
units have been widely used for the aerobic oxidation of alcohols,
aiming to mimic the galactose oxidase free radical-coupled copper
catalytic oxidation.'®® Additionally, this catalytic system has been
proved to be highly efficient for the selective oxidation of alcohols.
Finally, alkyls chains (Cs) were also introduced on the chains to help
balance the hydrophobicity of the catalytic system and improve

solubility.
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Scheme 3.1 Chemical structure of selected base pairs.

As mentioned before, the catalytic site will be formed by self-
assembly of complementary chains, which together should bring all
the needed catalytic groups in close spatial proximity. This requires to

distribute all the needed functional moieties between the two chains.
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First of all, the two base pairs need to be well placed in the two
strands to allow the self-assembly of the complementary chains; we
thus decided to place the bases at the two ends of the chains. For the
catalytic center, it is critical for all catalytic units to be as close as
possible to form a complete active site. Therefore, the catalytic
groups were placed at the center of the chains. Then, the alkyl chains
were finally placed at the very ends of the chains, in order to avoid
disturbing the catalytic site and possibly contribute to reinforce chain

end assembly.

The mechanism of Cu®’/TEMPO-catalyzed aerobic oxidation of
alcohols proposed by Stahl et al.l®® involves a binuclear copper
complex comprising two bidentate nitrogen ligands (such as
bipyridine) and two auxiliary ligands (such as NMI). The catalytic
cycle also requires a TEMPO moiety (the simplified catalytic cycle is
shown in Figure 4.1.A). To confirm this mechanism, we designed
three different catalytic systems made of two chains, a system
including all the units needed to form a complete catalytic center
including two P, two | and one TEMPO, and two systems with
incomplete catalytic centers in which one P or one | is missing. The
catalytic units were then split and distributed between the two
oligomeric chains, making sure that no single chain would be capable
to catalyze significantly the oxidation reaction. In order to reduce
variables as well as have less synthetic work, we fixed the primary
structure of one chain, whose sequence is CsGMPTCs; the
complementary chains were then built with only the catalytic groups in
the center differing from system to system, leading to CsCI'IPDCs,
CesCIPDCs and CeClIDCs (the catalytic units are underlined) primary

structures.

Having selected how to split between the chains all the functional
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moieties and decided their relative position, we just needed to
incorporate them step by step to form catalytic precision poly(triazole-
carbamate) chains; as an example, the structure of the complete

catalytic system is shown in Scheme 3.2.

RCH,OH RCHO

Scheme 3.2 Structure of designed catalytic system.

3.2 General synthetic scheme of chiral precision

oligomers

As said before, we selected a modified IEG+ strategy to synthesize
both stereo- and sequence-controlled chains. During this synthesis,
the control of chirality and sequence is carried out by using chiral key
monomers. As shown in Scheme 3.3, (R)-3/(S)-3 (99.2% ee, details
are available in Annex 3.1) are the chiral precursors, whose chirality
is determined by the starting material epichlorohydrin. One can
estimate the chirality of the oligomers containing n such repeat units
(it was not possible to measure it directly). Suppose the enantiomeric
excess of each monomer unit is es; if we denote by pr and ps=1-pr
the probability of R and S enantiomers (identical to their molar

fractions) respectively, we can write:
€e1=pr-pPs=2pr-1 ,
leading to:

40



pr=(1+e1)2.

The coupling of n monomer units in a single chain will lead to a
collection of chains of different chirality. If we define the enantiomeric

excess of the R enantiomer in this collection as:

en = p(nR) ‘p(all other enantiomers) y

we can write;
en = Per) - (1- per) =2 pery - 1= 2 (pr)" -1 =2'" (1 + €1)" -1

Therefore, with e; = 0.992, one finds e; = 0.97, es = 0.95 and
e7 = 0.94 for the lengths of the oligomers which will be synthesized in

this thesis. These values indicate highly chiral oligomers.

These chiral monomers are then orthogonally
functionalized!’”1’8/deprotected, followed by fluoride-mediated
desilylation of alkynes and CuAAC of the intermediates. This process
results in the synthesis of polymers with precise sequences, uniform
masses, and defined stereo-configurations after elongation and
deprotection cycles. Here, we wanted to adapt this route for the
synthesis of a variety of precision oligomers capable to bind and
generate a catalytic site based on TEMPO (M), imidazole (I) and Cu-
bipyridine (P) as required for the aerobic oxidation of alcohols. This
requires to synthesize alkyne-substituted functional units M, P, I and I’
(Scheme 3.4), which are then linked on the monomers by CuAAC
(Scheme 3.3). For assembly, we select complementary base units
D/T and C/G (scheme 3.1); additionally, to favor solubility, we also
introduced hexyl side chains Cg in the SDPs. The general procedures

used for the synthesis of SDPs are listed below.
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Scheme 3.3 General synthetic route of the stereo-controlled and sequence-

defined oligomers.

Synthesis of (R)/(S)-1, (R)/(S)-2 and (R)/(S)-3 was performed

according to the literature done in our group!’*'”® and our previous

work,8® and during my PhD;®* the details of synthesis and

characteristics are in ESI section 3.1, 4 and 5.1 of our co-authored

article titled “Sequence Rules the Functional Connections and

Efficiency of Catalytic Precision Oligomers”.84
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The synthesis of monomers and other oligomers, as shown in blue in
scheme 3.3, relies on the coupling of azide-ended molecules and
alkyne-ended molecules in solution. This CuAAC reaction is highly
efficient, and the solvent used is a mixture of ethanol (EtOH) and
water, which is non-toxic and easily removed. Generally, azide
oligomers (1 mmol or depending on the needs) and alkyl-end
oligomers (1 equiv.) are added into a flask followed by adding EtOH
(7 mL) with stirring under a nitrogen atmosphere at 50 °C. Sodium
ascorbate solution (0.2 equiv.) and copper (ll) sulfate (CuSOy)
solution (0.1 equiv.) dissolved in MiliQ-water (3 mL) are successively
added to the reaction mixture. The mixture is stirred for 2 h followed
by cooling to room temperature. Ethyl acetate (EtOAc) or
dichloromethane (DCM) (30 mL) is added into the flask to extract the
organic products, which is followed by pouring
ethylenediaminetetraacetic acid disodium salt dihydrate solution
(Na2EDTA) (0.05 M, 30 mL) into the mixture to extract the copper
ions dissolved in agueous phase; this step is done while bubbling air
for 30 min to fully oxidize Cu(l) into Cu(ll) and quench the reaction.
Then, the mixture is transferred into a separatory funnel, the organic
phase is collected, followed by extraction (twice) with EtOAc, DCM or
chloroform (CHCIs) (depending on the solubility). The organic phases
are combined before being dried with sodium sulfate anhydrous
(NazS0.) and concentrated under vacuum. The residue is purified by
column chromatography to give the final product. The yield of CUAAC
reactions during the synthesis varies from 57% to quantitative. Some
click reactions have low yields because one of the amine protections,
the tert-butoxycarbonyl protecting (BOC) group, is partially
deprotected or the TEMPO radical is partially reduced during the

reactions.

For the elongation steps, as underlined in red in scheme 3.3, the
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hydroxyl group of the monomer or other oligomers is elongated with
an azide end or a benzyl, which is realized by the activation of alcohol
followed by an aminolysis reaction. During the elongation process,
the hydroxyl group is first reacted with 4-nitrophenyl chloroformate (4-
NPC) to give an activated carbonate intermediate, which is
subsequently attacked by the amine to form a carbamate bond. 4-
nitrophenyl group is a good leaving group that can be easily cleaved
in mild basic conditions, and the hydrolysis product 4-nitrophenol can
be removed by washing with water.’®® Therefore, these two steps
reaction is usually with high yield.'8* The only significant issue is the
toxicity of the chloroformate, which should preferably be banned in

future work.

In this thesis, oligomers with a hydroxyl end group (1 mmol or
depending on the needs) are dissolved in EtOAc or DCM (5 mL,
depending on solubility) in a flask followed by adding 4-nitrophenyl
chloroformate (1.5 monomer equiv. or 2 dimer and trimer equiv.) and
pyridine (1.5 monomer equiv. or 2 dimer and trimer equiv.). The
mixture is stirred under a nitrogen atmosphere at room temperature
for several hours (1 h and 2-4h for monomer and dimer or trimer,
respectively) followed by solvent evaporation. The residue is
dissolved in ACN (5 mL) again, followed by adding benzylamine (2
monomer equiv. or 3 dimer and trimer equiv.) or 3-azido-1-
propylamine (2 monomer equiv. or 3 dimer and trimer equiv.)
according to the aims, and triethylamine (EtsN) (3 monomer equiv. or
4 dimer and trimer equiv.). The mixture is stirred under a nitrogen
atmosphere at room temperature for lor 2 h followed by solvent
evaporation. The residue is dissolved in EtOAc or DCM (50 mL) and
washed with Mili-Q water (50 mL) three times to remove the 4-
nitrophenol; it is washed twice with brine (50 mL) before being dried
with Na SO, and concentrated under vacuum. The final product is
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obtained after passing the residue through a chromatography column.
The vyield of most elongation reactions is or is close to quantitative.
However, during some elongation process, one of the BOC groups
was deprotected; as a result, the yield of some reactions decreased
to 70-90%.

As underlined in green in Scheme 3.3, oligomers with tert-
butyl(dimethyl)silyl (TBS) protection need to be deprotected to free
the alkyne group for the following click reaction. A widely used
method is to use fluoride-mediated desilylation, typically adding TBAF.
Fluoride ions have a strong affinity for silicon atoms, allowing the
desilylation reaction to be very efficient.'® During the synthesis, TBS-
protected molecules (1 mmol or depending on the needs) are
dissolved in EtOAc or DCM (5 mL) followed by adding TBAF (1.5
monomer equiv., 3 dimer equiv., 3 or 5 trimer equiv.). The mixture is
stirred for 30 min or 1 h at room temperature under a nitrogen
atmosphere, then MeOH (5 mL) is added into the flask to quench the
reaction before solvent evaporation. The residue is dissolved in DCM
(50 mL) and washed thrice with brine (50 mL) to remove the side
products, which is followed by drying with Na,SO4 and concentration
under vacuum. The crude product is obtained without any further
purification and can directly be used for the click reaction, since we
checked that the following click reactions behave identically

irrespective of the fact that the product is or not purified.

In addition to the above-mentioned main reactions, the protection and
deprotection of amino groups and oxidation of chloropurine are also
involved during the synthesis process. The amino groups are
protected by a BOC group which is easily removed by trifluoroacetic
acid (TFA) treatment (if not properly discarded, TFA may pose

environmental problems, as it belongs to the category of forever
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chemicals). The deprotection of amino groups and oxidation of
chloropurine are normally performed once the desired sequences are
obtained. For example, oligomers with double BOC-protection
(Immol or depending on the needs) are dissolved in DCM (3 mL)
followed by the addition of TFA (1.5 mL) into the flask. The mixture is
stirred for 2 h at room temperature under a nitrogen atmosphere
before solvent evaporation. Then, the mixture is neutralized with
saturated sodium bicarbonate (NaHCOs3) solution to fully free the
amino groups and extracted thrice with DCM (50 mL). The organic
phase is washed twice with brine (50 mL) before being dried with
Na.SO, and concentrated under vacuum. The final product is
obtained after passing the residue through a chromatography column

or precipitation. The yield of this reaction varies from 44 to 98%.

For the oxidation of chloropurine, TFA was also used. Oligomers
containing chloropurine (Immol or depending on the needs) are
added in a flask followed by adding TFA (3 mL) and Milli-Q water
(ImL). The mixture is stirred for 48 h at room temperature. Then, the
mixture is neutralized with saturated NaHCO3 solution to fully free the
amino groups and extracted thrice with DCM (50 mL). The organic
phase is washed twice with brine (50 mL) before being dried with
Na,SO, and concentrated under vacuum. The final product is
obtained after passing the residue through a chromatography column
or purified through precipitation. The yield of this reaction varies from
51 to 92%.

3.3 Synthesis of precursors

3.3.1 Synthesis of catalytic side groups
As mentioned before, the(bpy)Cu/TEMPO/NMI catalytic system is
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suitable for the aerobic oxidation of alcohols. In our catalytic system,
we thus also selected TEMPO, pyridine and imidazole as catalytic
units. To incorporate the catalytic units in the oligomer backbone, we
functionalized these catalytic units with an alkyne group; the chemical
structure of these compounds is shown in Scheme 3.4, as reported in
my co-authored article®* and in previous work done in our
group.1?8164171.179 The detailed synthesis and characteristics are
reported in ESI section 3.1, 4 and 5.1 of my co-authored article
“Sequence Rules the Functional Connections and Efficiency of
Catalytic Precision Oligomers™* and in section 3 of the article
“Molecular Engineering of Trifunctional Supported Catalysts for the
Aerobic Oxidation of Alcohols” published by our group.'®* Note that
we explored two possible structures for the N-imidazole group (6 and
7), in order to permit the exploration of the different volumes of space
by the imidazole unit, which needs to complex with copper as shown
in Figure 2.5.1.

— N= N
\O{Eo- E/Q Z 0N 4/<\O 4Nl:/N
4

5 6 7

Scheme 3.4 Chemical structure of catalytic side groups.

3.3.2 Synthesis of base side groups

As already presented in section 3.1, the selected units for self-
assembly include 2,6-diaminopyridine derivative (D)/thymine (T) and
guanine (G)/cytosine (C) complementary pairs. As for the catalytic
units, these binding units need to be alkynylated to allow their
installation onto the backbone of the oligomers. Besides, the amino
groups of base G and C must be protected to avoid side reactions;

the deprotection is performed only after incorporation in the SDPs.
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More specifically, G and C need BOC-deprotection. Additionally, base
G is provided as a chloropurine which is later on oxidized into purine.
The structure of the alkynylated bases as shown in Scheme 3.5. The

synthetic details are available in Annex 3.2.
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Scheme 3.5 Chemical structure of alkynylated bases.

3.3.3 Synthesis of monomer units

The alkyne-modified side groups are then introduced on (R)-3 or (S)-
3 by CuAAC, using the functional procedure described in section 3.2.
The deprotection of precursors to bases G and C can be performed at
this step. As a typical, we provide here the synthesis of monomer 18
comprising base G. The synthesis of other monomer units
(compounds 11 to 20) is described in the Annex 3.1 and 3.2 at the

end of this chapter.

Compound (R)-3 (0.808 g, 3 mmol) and base G (1.224 g, 1 equiv.)
were added into a flask followed by EtOH (21 mL) with stirring. Water
(9 mL), sodium ascorbate solution (120 mg in 4 mL water, 0.2 equiv.)
and CuSOs solution (48 mg in 3 mL water, 0.1 equiv.) were
successively added to the reaction mixture. The reaction was stirred
for 2 h at 50 °C followed by cooling to room temperature. Then,
EtOAc (150 mL) and Na;EDTA (0.05 M, 200 mL) were added into the
mixture followed by air bubbling for 30 min. After that, the organic
phase was collected, and the water phase was extracted with DCM
(150 x 3 mL). The organic phases were combined, dried with Na;SO4

and concentrated under vacuum. The residue was purified by column
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chromatography (EtOAc /n-hexane = 5/5 to 0/10) to give the final
product 17 as foamy white solid (1.727 g, 85%). (R)-17, 'H NMR
(300 MHz, CDCl3) 6 8.32 (s, 1H), 7.92 (s, 1H), 5.53 (s, 2H), 4.53 (dd,
J = 14.0, 3.3 Hz, 1H), 4.34 (dd, J = 14.1, 7.7 Hz, 1H), 4.19 (s, 3H),
3.60 (dd, J = 9.7, 4.5 Hz, 1H), 3.49 (dd, J = 9.7, 5.6 Hz, 1H), 1.48 (s,
18H), 0.92 (s, 9H), 0.10 (s, 6H). 3C NMR (75 MHz, CDCls) & 151.98,
151.48, 151.00, 145.96, 125.12, 101.26, 84.04, 70.69, 69.17, 59.63,
53.36, 39.52, 28.05, 26.14, 16.55, -4.59. HRMS m/z= 677.2993
(calcd. for CaoHasCINgO6Si 677.2993 [M+H]*).

Compound (R)-17 (0.211 g, 0.3 mmol) was added in a flask followed
by TFA (3 mL) and Milli-Q water (1mL). The mixture was stirred for 48
h at room temperature. Then, the mixture was neutralized with
saturated NaHCO3 and extracted with DCM (3 x 50 mL). The organic
phase was washed with brine (2 x 50 mL), dried with Na,SO, and
concentrated under vacuum. The final product 18 was obtained after
passing the residue through a chromatography column (MeOH/DCM
= 0/100 to 15/85) as a white solid (0.126 g, 88%). 18, *H NMR (300
MHz, DMSO) & 10.57 (s, 1H), 8.01 (s, 1H), 7.77 (t, J = 6.2 Hz, 1H),
7.64 (s, 1H), 7.39 — 7.09 (m, 5H), 6.45 (s, 2H), 5.20 (s, 3H), 4.57 (t, J
= 6.3 Hz, 2H), 4.30 — 3.97 (m, 4H), 3.56 (td, J = 10.5, 9.9, 4.6 Hz, 2H),
0.90 (s, 9H), 0.08 (s, 6H). *C NMR (75 MHz, DMSO) 6 156.76,
153.73, 151.02, 142.34, 137.09, 124.34, 116.37, 103.17, 88.84, 71.27,
68.04, 58.58, 52.94, 37.82, 25.86, 16.12, -4.76. HRMS m/z=
459.2280 (calcd. for CaoHzoNgOsSi 459.2283 [M+H]").
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Scheme 3.6 Synthesis and deprotection of monomer 17 into monomer 18.

3.3.4 Termination of monomer units

The synthesized monomer units contain a hydroxyl group, which is
used for elongation of oligomer chains (Scheme 3.3). In some
circumstances, this -OH group must be transformed to avoid reacting
with the catalytic system (which oxidizes alcohols).

In this case, the hydroxyl group is reacted to form a benzyl carbamate
group. This is schematized below (Scheme 3.10) for the monomer
unit comprising base G; the case of other units (compounds 21, 22, M,
P, I, T, D, C and C) is detailed at the end of this chapter, in Annexes
3.1and 3.2.

Compound (R)-17 (260 mg, 0.38 mmol, 1 equiv.) was added in a flask
followed by DCM (5 mL), 4-nitrophenyl chloroformate (160 mg, 1.5
equiv.) and pyridine (64 pL, 1.5 equiv.). The mixture was stirred for 2
h at room temperature followed by solvent evaporation. The residue
was dissolved in ACN (5 mL) and added to a flask followed by
benzylamine (114 mg, 2 equiv.) and EtsN (221 uL, 3 equiv.). The
mixture was stirred for 1 h at room temperature, then EtOAc (50 mL)
and water (50 mL) were added to the mixture. The organic phase was
washed with water (2 x 50 mL) and brine (2 x 50 mL), dried with
Na.SO. and concentrated under vacuum. The final product 21 was
obtained after passing the residue through a chromatography column
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(EtOAc/n-hexane = 2/8 to 6/4) as foamy white solid (306 mg, 95%).
21, 'H NMR (300 MHz, CDCls) & 8.27 (s, 1H), 7.80 (s, 1H), 7.32 -
7.24 (m, 5H), 7.18 — 7.11 (m, 2H), 5.47 (dd, J = 15.5, 4.3 Hz, 3H),
5.16 (quint, J = 4.1 Hz, 1H), 4.71 — 4.46 (m, 2H), 4.28 — 4.01 (m, 4H),
3.72 — 3.54 (m, 2H), 1.48 (s, 18H), 0.92 (s, 9H), 0.10 (s, 6H). *C
NMR (75 MHz, CDCls) 6 155.12, 152.55, 151.53, 151.21, 145.97,
141.35, 138.12, 128.80, 127.67, 127.52, 124.90, 101.23, 90.89, 84.19,
71.25, 68.18, 59.65, 51.06, 45.03, 39.67, 28.06, 26.16, 16.56, -4.57.
HRMS m/z = 832.3337 (calcd. for C3sHs2CINgO7Si 832.3340 [M+Na]*).

Compound 21 (270 mg, 0.34 mmol, 1 equiv.) was added in a flask
followed by TFA (3 mL) and Milli-Q water (1mL). The mixture was
stirred for 48 h at room temperature. Then, the mixture was
neutralized with saturated NaHCO3; and extracted with DCM (3 x 50
mL). The organic phase was washed brine (2 x 50 mL), dried with
Na,SO, and concentrated under vacuum. The final product G was
obtained after passing the residue through a chromatography column
(MeOH/DCM = 3/97 to 8/92) as a white solid (0.16 g, 81%). G, *H
NMR (300 MHz, DMSO-d¢) & 10.57 (s, 1H), 8.01 (s, 1H), 7.77 (t, J =
6.2 Hz, 1H), 7.64 (s, 1H), 7.39 — 7.09 (m, 5H), 6.45 (s, 2H, Ha1), 5.20
(s, 3H), 4.57 (t, J = 6.3 Hz, 2H), 4.30 — 3.97 (m, 4H), 3.56 (td, J = 10.5,
9.9, 4.6 Hz, 2H), 0.90 (s, 9H), 0.08 (s, 6H). C NMR (75 MHz,
DMSO-ds) 6 156.75, 155.34, 153.63, 151.00, 142.51, 139.41, 136.93,
128.19, 126.83, 126.72, 124.23, 116.38, 102.74, 89.22, 70.49, 68.24,
58.59, 50.14, 43.66, 37.75, 25.81, 16.06, -4.81. HRMS m/z =
592.2811 (calcd. for C2sH37N9O4Si 592.2811 [M+H]").
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Scheme 3.7 Synthesis and deprotection of monomer 21.
3.4 Synthesis of precision oligomers

3.4.1 Precision oligomers decorated with nucleobases and

analogs

The specificity of DNA duplex formation has been used to develop
applications such as DNA origami and nanoparticle assembly.183-185
These rely on the formation of double helices, in which hydrogen
bonds between nucleobases on complementary strands and base-
stacking interactions, provide the stabilization mechanism for duplex
formation.®® The persistence length of single- and double-strand
DNA and the short distance between successive nucleobases along
the DNA backbone are important factors in this stabilization. Synthetic
oligomers bearing complementary recognition units can also form
sequence-selective duplexes.'®”1® Among those, a number of
synthetic sequence-defined oligomers bearing nucleobases or
analogous side groups have been demonstrated to form H-bonded
duplexes,8®1®  sometimes including  with  complementary

oligonucleotides; peptide nucleic acids are a well-known example.
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Most nucleobase-bearing synthetic systems have relatively rigid
backbones and/or moderate distances between successive bases,
leading to some preservation of the chemical (primary) sequence of
bases in the average three-dimensional conformation of the chains.
This partial spatial preservation of the chemically-encoded
information stored in the primary structure of the chain presumably
helps in the recognition of a complementary sequence. In the case of
our oligomers, however, the distances between bases and the
flexibility of the backbone may fully scramble the information
contained in the primary sequence of the chains. It is thus not clear
whether the blurring resulting from conformational fluctuations would

completely prevent recognition between complementary chains.

To answer this question, we synthesized flexible precise oligomers
with a well-defined sequence of nucleobases using the monomers
developed in the previous part of this chapter (section 3.3.3 and
3.3.4). To avoid other scrambling mechanisms than conformational
blurring, a complete control over molar mass, monomer sequence,
and chirality of the chains is needed. Our route provides such a
control. Therefore, we synthesized a series of complementary and
non-complementary nucleobase tetramers, with the aim of them
being grafted on surfaces to study recognition by ellipsometry. This
recognition part of the work was performed by another member of the
group and is thus not discussed in detail in this thesis. Here we focus

on the synthesis of the oligomers.

Synthesis of precision oligomers decorated with nucleobases or

analogues

The synthesis of sequence-defined oligo(urethane-triazole) tetramers
of controlled chirality was performed as shown in Scheme 3.3. The

monomers are equipped with guanine (G), cytosine (C), a 2,6-
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diaminopyrid

ine derivative (D) and thymine (T) side groups (Scheme

3.8); trivalent H-bonded duplexes can be formed between the

complementary base pair analogues C and G, or D and T (Scheme
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Scheme 3.8 General synthetic route of precision oligomers decorated with

nucleobases or analogues.

Six different tetramers were obtained from these monomer units; they

are designed by a succession of letters corresponding to the

successive nucleobases, starting from the alkyne end group and

ending in the hydroxyl terminal group. An all-R TGCT tetramer was

selected as target chain and end-grafted on a silicon surface

(Scheme 3.9), using its alkyne terminal group to click it onto a layer of
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11-azidoundecyltrimethoxysilane (AzUTMS). The four units and
sequence of this target chain were selected having in mind the
following considerations: 1. maximal sequence specificity but minimal
possible self-binding for the target and complementary probe chain;
therefore, there are only two complementary bases in the sequence,
and one repeated base; 2. no sequence symmetry to discriminate the
chain direction; 3. good solubility in the conditions of grafting. Four
different tetramers having an identical composition but different
sequences or chirality were synthesized as probe chains for
recognition (Scheme 3.9) to investigate the influence of sequence
and chirality: all-R DCGD, all-R DGCD (flipped version of the previous
one) and all-S DCGD chains that have a sequence fully
complementary to the target chain when in extended conformation,
and a permuted all-R GDDC sequence which can only form a partial
complementary duplex with the TGCT target chain unless a strongly
folded conformation is taken (Scheme 3.9). Additionally, a non-
complementary all-R TTTT chain which cannot form a duplex with the

probe chain was also synthesized.
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Scheme 3.9 Different sequences of synthesized tetramers and schematic
possible binding pattern between the target grafted chains and the different
probe chains. The pattern of hydrogen bonding between the nucleobases or
analogues installed on the tetramers is displayed in the top left box. The
alkyne end-group of the TTTT oligomer was not deprotected (as indicated by

the *’) to improve solubility; it is terminated by a tert-butyl-silyl group.

The chain structures were checked by NMR and tandem mass
spectrometry, as fully described in the Annex 3.3 (it is the ESI of my
co-authored article titled “Chain stretching in brushes favors
sequence recognition for nucleobase-functionalized flexible precise
oligomers”), in which the reader will have access to full synthetic
details. As a brief summary, the all-over yields of these tetramers,
starting from monomer units, are as follows: all-R TGCT, all-R DCGD,
all-S DCGD, all-R DGCD, all-R GDDC and all-R TTTT are 31%, 31%,
36%, 37%, 53% and 66%, respectively.

The work on recognition demonstrated the possibility to graft the
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target chains onto azide-modified silicon wafers in mushroom or
brush layer configurations. In the mushroom regime, the chains lack
recognition specificity due to competing hydrogen bonds with the
triazole-urethane backbone and spatial scrambling of nucleobases. In
the brush regime, recognition improves, with complementary probe
chains showing twice the binding probability of non-complementary
ones irrespective of their chirality or directionality, driven by partial
chain stretching and reduced scrambling. However, specificity
remains lower than DNA, which benefits from a rigid, charged
backbone and closer nucleobase spacing. While DNA-like
applications are unlikely, the observed irreversible binding suggests
potential for simpler uses, such as nanoparticle superlattices,
warranting further exploration of flexible precision oligomers as DNA
alternatives. These results are given in Annex 3.6, which is the
preprint of my co-authored article titled “Chain stretching in brushes
favors sequence recognition for nucleobase-functionalized flexible

precise oligomers”.

3.4.2 Synthesis of oligomers for catalysis

3.4.2.1 Synthesis strategy

We then concentrated on the synthesis of oligomers capable to
assemble to form a catalytically-active pocket involving three
functional groups (I, M and P as described previously — chapter 2,
section 2.3.2) for the aerobic oxidation of alcohols. The rationale
behind the selection of specific sequences to favor catalytic activity
will be discussed in the next chapter. Here, we only focus on the
synthetic pathway of the catalytic oligomers. We also need to point
out that all the sequences are in all-R configuration. This was
selected because homochiral polymers are more conducive to form
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stable secondary structures, which in turn may promote the formation

of stable functional entities.*%192

The general synthetic route is shown in Scheme 3.10; all the reaction
conditions have already been described in section 3.2. To make the
thesis more readable, here we will only briefly present how we
synthesized all the oligomers step by step; the rest of synthetic details
for all sequences are available in Annexes 3.3 and 3.4 at the end of

this chapter.

As mentioned in Section 3.1, the oligomers for self-assembled
catalytic pockets include CéGMPTCs, CeCI'IPDCs, CsCIPDCs and
CeClIDCs (the catalytic units are underlined). The synthetic methods
are essentially the same for these four sequences. The synthesis was
divided into the synthesis of a dimer or trimer (in red in Scheme 3.10)
and a tetramer (in blue in Scheme 3.10). The dimer or trimer was
synthesized sequentially, whereas the corresponding tetramer was
synthesized in reverse order. Then, the final sequenced oligomer was
obtained by the coupling of an elongated dimer or trimer with an
alkyne-ended tetramer. There are several reasons for this procedure:
first, both ends of each sequence are Cs; therefore, starting with two
chain ends is time saving. Besides, C¢cCI'IPDCs, CsCIPDCs and
CsClIDCs have the same first two functional groups and last two
functional groups in the sequence; therefore, our procedure allowed
us to spare a lot of synthesis work. Additionally, we found it easier to
perform the elongation of long chains in reverse order, adding the
TBS-protected monomer to the growing chains - which we thus did for
the tetramer. Once the desired sequence is ready, the BOC-
deprotection (in green in Scheme 3.10) is performed to get the final
products, except for CsGMPTCes, for which the oxidation of

chloropurine needs to be done before coupling with the tetramer to
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avoid oxidizing TEMPO. All the chain structures were checked by
NMR and tandem mass spectrometry, as fully described in Annex 3.3
and Sl of our published paper from section 2 to 4. In short, the
oligomers for the catalytic pockets were synthesized with reasonable
yields (21%, 39%, 25% and 26%, for CsGMPTCs, CsCI'IPDCs,
CesCIPDCs and CsClIDCs, respectively), starting from monomer units.
The synthesis was usually without problem, except longer chains for
which solubility issues appeared and for which purification became

increasingly tedious.
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The synthesis details of stereo-controlled and sequence-defined
oligomers for catalysis and all the intermediates are available in
Annexes 3.3, 3.4 and 3.5.

3.4.2.2 Sequence confirmation by TOF-MS/MS

As said in Section 2.2.3, MS/MS is a useful technique to analyse the
sequences by ionizing the given molecules and detecting the
corresponding fragments. Therefore, TOF-MS/MS was performed to
get sequence information for each oligomer chain. During the
ionization process, cleavage mainly happened at the ether bond of
the main chain, resulting in the molecule being split into two
complementary fragments. Since the synthesized molecules contain
several cations, multiple charging is also possible. Here we only take
CeGMPTCs as example, as shown in Figure 3.1. The sequence of
CeéGMPTCs reading from left to right was detected at m/z values
544.36, 1014.56, 1506.85, 1889.98 and 2355.15, respectively,
corresponding to the sequences Cs, CeG, CeéGM, CsGMP and
CsGMPT. Reading from the opposite direction, there is a fragment at
m/z=343.23, which corresponds to Cs. Thus, the whole sequence of
CsGMPTCs is found in the spectrum. When reading from right to left,
a similar conclusion can be obtained. Note that, during this process,
the fragment GMPTCs was doubly charged. In conclusion, these
fragments confirm that the desired sequence is obtained. Similarly,
we confirmed that the sequences of CesClIDCs, CsCIPDCs and
CeCI'IPDCs were well defined according to their TOF-MS/MS spectra.

The details of these oligomers are available in Annex 3.5.
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Figure 3.1 TOF-MS/MS of CeGMPTCes.

3.5 Conclusions

We synthesized nucleobase-substituted and multifunctional precision
poly(triazole-carbamate) chains with precise sequences, uniform
masses, and defined stereo-configurations. Those chains contain
self-assembly units or catalytic units. The NMR results confirm the
structure of the oligomers; stereochemistry was established in
previous work of Li et al.!’™* and their mass is confirmed by MS.
MS/MS results also show that the synthesized oligomers have the
proper sequence as designed. Those synthesized oligomers were
obtained with excellent yields together with good atom economy,
even though the purification was not always easy.

Our work thus demonstrates the feasibility of our route to provide
access to precision oligomers with a wide variety of functional groups.

Its main drawback is, however, the limited chain lengths that can be
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achieved, due to the solution synthesis and purification work needed.
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Annex 3.1 Chiral purity

The chirality of the chiral precursor is determined by the starting
material, epichlorohydrin, which was purchased from Sigma-Aldrich.
The chiral epichlorohydrin was modified and ring-opened to give the
chiral precursors (R)-3 and (S)-3, used in this thesis. The chiral purity
of the chiral precursors (R)-3 and (S)-3 were tested by coupling with
phenylacetylene to give chiral (R)-F and (S)-F, which were already
reported previous work done in our group.t™

Z OH , TBAHSO, 1) n-BuLi, THF
Cl. « NaOH solution / Pentane * -78 °C, 30 mi "
O 0°Ctort. (e] 2) TBSCI §I\ O
R11 -78°Ctort,3-4h (R)-2
R-(-)-epichlorohydrin - -
()-ep Y 67% Ry 82%
S-(+)-epichlorohydrin (S)1

-0

A(S. _ « OH Na Ascorbate, CuSO,4 A(S o
P Iﬁ _ — * N
| ?\,/\j 50°C, 2 h ! 0/\()? 3 75%
N
N _ (R)-3
(5)-3
(R)-F
(S)-F

Scheme A.3.1 Synthesis of (R)-F and (S)-F.

Chiral high-performance liquid chromatography (Chiral HPLC) was
performed on a Waters 600 Controller with a Waters 996 photodiode
array detector and a Waters 717 plus autosampler. A CHIRALPAK IA
column (4.6 x 250 mm) was used to separate samples under a
mobile phase of iso-hexane/EtOH mixture (v/v = 9/1) at a flow rate of
1 mL/min. The detection wavelength was set to 245 nm. As Figure
A.3.1 shows, the ee of both isomers (R)-Fand (S)-Fis 99.2%,
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showing that the chirality was well controlled under the synthetic
conditions. Through calculation, it can be inferred that the ee of the
hexamer and heptamer used for catalysis is 95.2% and 94.5%,
respectively (see main text).
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Figure A.3.1 Chiral HPLC traces of monomer (R)-F (A) and (S)-F (B) in
isohexane/EtOH (v/v = 90/10).
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Annex 3.2 Alkynylation of the bases

Thymine (5 g, 39.7 mmol) and KO3 (2.743 g, 19.8 mmol, 0.5 equiv.)
a added into a flask followed by adding DMF (200 mL) and propargyl
bromide (W% = 80% in toluene) (4.42 mL, 39.7 mmol, 1 equiv.), and
the mixture was stirred at 60 °C overnight.19%194 After that, the solvent
was removed under reduced pressure. Milli-Q water (250 mL) was
added into the residue and extracted with EtOAc (150x3 mL). The
organic phase was collected, and dried with Na.SO. before being
concentrated under reduced pressure. The crude product was
purified by flash chromatography on silica gel column (EtOAc /n-
hexane = 3/7 to 6/4) to give the final product base T as a white solid
(3.055 g, 47%). Base T, *H NMR (300 MHz, DMSO) & 11.36 (s, 1H),
7.56 (d, J = 1.3 Hz, 1H), 4.47 (d, J = 2.5 Hz, 2H), 3.39 (t, J = 2.5 Hz,
1H), 1.77 (d, J = 1.2 Hz, 3H). 3C NMR (75 MHz, DMSO) & 164.12,
150.35, 140.10, 109.37, 78.65, 75.63, 36.29, 11.90. HRMS m/z=
165.06593 (calcd. for CgHsN20, 165.06585 [M+H]")

= L

HNT e \N/\I

oA NN KoCOs, DMF o> N"0
H 65 °C, overnight H

47% Base T

Scheme A.3.2 Synthesis of base T.

5-hexynoic acid (3.24 g, 28.9 mmol) was added into anhydrous THF
(30 mL) followed by adding oxalyl chloride (5 g, 39.4 mmol, 1.4 equiv.)
dropwise at 0 °C. Then, a few drops of DMF were added into the
mixture, and the mixture was stirring at room temperature for 2 h.
After that, the mixture was concentrated via distillation in vacuo to
give the product 5-hexynoic chloride without further purification.®°
2,6-Diaminopyridine (3.976 g, 26.3 mmol) and triethylamine (3.992 g,
39.4 mmol, 1.5 equiv.) were dissolved in dry THF (80 mL), then the
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mixture was cooled to 0 °C in an ice bath. 5-hexynoyl chloride in
anhydrous THF (20 mL) was added dropwise within 1 h. Then the
mixture was stirred at 0 °C for 1 h followed by stirring at room
temperature overnight.’®® The solvent was removed under reduced
pressure, and then the residue was dissolved in DCM (100 mL) and
washed with 0.5 mol/L HCI (50x3 mL). NaOH aq (1mol/L) was used
to neutralize excess acid before washing with saturated NaCl. The
organic layer was collected, dried with Na,SO, and concentrated
under reduced pressure. The final product is a light-yellow solid (5.03
g, 78%) after recrystallization in EtOAc. Base D, *H NMR (300 MHz,
CDCIs) 6 7.88 (d, J =8.0 Hz, 2H), 7.69 (t, J = 8.1 Hz, 3H), 2.52 (d, J =
7.3 Hz, 2H), 2.32 (d, J = 2.6 Hz, 2H), 2.19 (s, 3H), 2.00 (t, J = 2.6 Hz,
1H), 1.97 — 1.88 (m, 2H).*C NMR (75 MHz, CDCIs) & 170.88, 168.66,
149.53, 149.43, 141.06, 109.59, 83.36, 69.64, 36.09, 24.88, 23.78,
17.89. HRMS m/z= 246.12346 (calcd. for Ci3HisN3O, 246.12370
[M+H])

e 28
l S
o CI)SO( o P H,N" N ”k
Z
HOW _ = CIW 4>TEA HE \/\)LN \N Nk
: H

0 °C — r.t,, overnight

78%

Scheme A.3.3 Synthesis of base D.

Compound 8 was synthesized according to the reported literature.*®’
8, 'H NMR (300 MHz, CDCls) & 8.39 (s, 1H), 6.46 (s, 1H), 1.49 (s,
18H).13C NMR (75 MHz, CDCls) 6 154.09, 151.45, 150.82, 150.70,
145.97, 129.33, 84.51, 28.01. HRMS m/z= 370.1275 (calcd. for
C15H20CINsO4 370.1277 [M+H]")

Compound 8 (4.24 g, 11.5 mmol) and K;O3 (0.794 g, 5.75 mmol, 0.5
equiv.) were added into a flask followed by adding DMF (60 mL) and
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propargyl bromide (W% = 80% in toluene) (1.28 mL, 11.5 mmol, 1
equiv.) with stirring at 60 °C overnight. The solvent was removed
under reduced pressure. Milli-Q water (100 mL) was added into the
residue and extracted with EtOAc (100x3 mL). The organic phase
was collected and dried with Na,SO. before being concentrated
under reduced pressure. The crude product was purified by flash
chromatography on silica gel column (EtOAc /n-hexane = 1/9 to 5/5)
to give a homolog white solid, namely the substitution by propargyl
occurred at both N and NH, with the product substituted by propargy!
at the N atom being dominant (2:1). Then we selected tert-butyl (tert-
butoxycarbonyl) (6-chloro-7-(prop-2-yn-1-yl)-7H-purin-2-yl) carbamate
as base G (1.88 g, 40%). Base G, 'H NMR (300 MHz, CDCl3) & 8.35
(s, 1H), 5.03 (d, J = 2.6 Hz, 2H), 2.58 (t, J = 2.6 Hz, 1H), 1.45 (s, 18H).
13C NMR (75 MHz, CDCl3) 6 152.27, 151.61, 150.75, 145.18, 130.16,
83.96, 76.17, 33.91, 28.04. HRMS m/z= 408.14340 (calcd. for
C18H22CINsO4 408.14331 [M+H]").

oél\o 65 °C, overnight

Vi
cl 1, B0c;0,THF, DMAP cl L = / cl L
(NfN M r.t., overnight < SN O Br f\N O . 0o
N N/)\NHz (2\HCOy, MeOH o A /& /&

SN
K,CO3, DMF )\

50 °C, 2h 27-
o

100%
8 Base G

40% 20%
Scheme A.3.4 Synthesis of base G.

Compound 9 was synthesized according to the reported literature.®’
IH NMR (300 MHz, CDCls) & 13.13 (s, 1H), 7.74 (d, J = 7.2 Hz, 1H),
7.12 (d, J = 7.1 Hz, 1H), 1.56 (s, 18H). 3C NMR (75 MHz, CDCls) &
163.80, 158.67, 149.59, 145.92, 96.90, 85.13, 27.84. HRMS m/z=
312.1553 (calcd. for C14H21N30s 312.1554 [M+H]*)
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The synthetic route of Base C was the same as base G. Compound 9
(4.98 g, 16mmol) was used. After the reaction, base C was obtained
as a light-yellow solid (3.86 g, 69%) purified by flash chromatography
on silica gel column (EtOAc /n-hexane = 1/9 to 5/5). Base C, *H NMR
(300 MHz, CDCl3) 6 7.92 (d, J = 7.5 Hz, 1H), 7.10 (d, J = 7.5 Hz, 1H),
4.67 (d, J = 2.6 Hz, 2H), 2.56 (t, J = 2.6 Hz, 1H), 1.55 (s, 18H). 13C
NMR (75 MHz, CDClz) 6 162.66, 154.54, 149.63, 145.89, 96.74,
85.15, 38.98, 27.83. HRMS m/z= 350.1712 (calcd. for Ci17H23N30s
350.1711 [M+H]")

///

H
Boc,0,THF, DMAP O _N

= O_N
HN_N_O (1) i Y ‘ Y
2N \I\TH r.t., overnight Ne | Br N \
S NaHCO3;, MeOH K,CO3, DMF
O_N_O 223 O_N_O
(2)  50°C,2h hiGnIg r.t., overnight
LUK rtovemight - >0 N
100% 9 69% Base C

Scheme A.3.5 Synthesis of base C.
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Annex 3.3 Report of synthesized intermediates
%sk/om:%o N-O

10

10, HRMS m/z= 479.3050 (calcd. for C24H43N4O4Sie 479.3048 [M+H]")

AR T Y
"

The compound 11 were reported in in previous works of Li et al.1"*

o™
>Ls|/ OH N N 0/\/NJ

12

12, 'H NMR (300 MHz, CDCls) & 7.47 (s, 1H), 7.24 (s, 1H), 6.87 (d, J
= 21.4 Hz, 2H), 4.58 (m, 3H), 4.25 (m, 4H), 4.03 (m, 2H), 3.83 (m,
2H), 3.63 (dd, J = 5.2, 3.7 Hz, 2H, Ha), 0.94 (s, 9H, Hy), 0.12 (s, 6H,
H). C NMR (75 MHz, CDCls) & 144.14, 137.30, 128.42, 124.42,
119.74, 101.69, 90.49, 71.29, 68.92, 68.72, 64.09, 59.61, 54.01,
47.50, 26.16, 16.57, -4.57. HRMS m/z= 420.2427 (calcd. for
C20H33Ns03Si 420.2425 [M+H]")

>L /\O
g oy
\/\
13 o

N
)

N

13, 'H NMR (300 MHz, CDCls & 7.77 (s, 1H), 7.47 (s, 1H), 6.96 (d, J
= 19.6 Hz, 2H), 4.67 (d, J = 0.6 Hz, 2H), 4.61 (dd, J = 13.9, 3.0 Hz,
1H), 4.34 (dd, J = 13.9, 8.0 Hz, 1H), 4.25 — 4.14 (m, 3H), 4.09 (dd, J =
5.6, 4.4 Hz, 2H), 3.76 — 3.70 (m, 2H), 3.68 — 3.55 (m, 14H), 0.93 (s,
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9H), 0.11 (s, 6H). 3C NMR (75 MHz, CDCls) & 144.74, 137.26,
128.07, 124.29, 119.63, 101.56, 90.35, 71.11, 70.72, 70.70, 70.55,
70.28, 69.73, 68.88, 64.67, 59.46, 53.46, 47.30, 26.03, 16.43, -4.70.
HRMS m/z= 552.3214 (calcd. for C2sHasNsO06Si 552.3212 [M+H]").

XSi/\O/YN\x’\,\’\
/A OH N=N

14

14, *H NMR (300 MHz, CDCls) & 7.39 (s, 1H), 4.50 (dd, J = 13.9, 3.5
Hz, 1H), 4.37 (d, J = 7.1 Hz, 1H), 4.20 (s, 3H), 3.64 — 3.44 (m, 2H),
3.35 — 2.84 (m, 1H), 2.76 — 2.61 (m, 2H), 1.63 (q, J = 7.7 Hz, 2H),
1.42 — 1.22 (m, 6H), 0.92 (s, 12H), 0.10 (s, 6H).*C NMR (75 MHz,
CDCls) & 148.35, 122.28, 101.48, 90.72, 70.83, 69.30, 59.63, 52.95,
31.69, 29.49, 29.07, 26.15, 25.74, 22.69, 16.55, 14.19, -4.59. HRMS
m/z= 380.2728 (calcd. for CaoHazNsO,Si 380.2728 [M+H]").

Si OH N N—
/N o%Q’
15 HN—

15, 'H NMR (300 MHz, CDCl3) & 9.05 (s, 1H), 7.90 (s, 1H), 7.35 (d, J
= 1.4 Hz, 1H), 5.01 — 4.88 (m, 2H), 4.56 (dd, J = 14.1, 3.2 Hz, 1H),
4.38 (dd, J = 14.0, 7.7 Hz, 1H), 4.22 (s, 3H), 3.67 — 3.47 (m, 2H), 1.89
(d, J = 1.1 Hz, 3H), 0.92 (s, 9H), 0.11 (s, 6H). 3C NMR (75 MHz,
CDCls) & 164.19, 151.13, 141.94, 140.43, 125.30, 111.46, 101.31,
90.94, 70.84, 69.27, 59.64, 53.35, 43.15, 26.15, 16.56, 12.43, -4.58.
HRMS m/z= 434.2218 (calcd. for CaoHsiNsO4Si 434.2218 [M+H]*).

>L /\O/\%N%/%H
Si OH N=N N
/N é N\

16 N~

O,

YNH

(R)-16, *H NMR (300 MHz, CDCls) & 8.39 (s, 1H), 8.17 (s, 1H), 7.85 (t,
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J = 7.3 Hz, 2H), 7.66 (t, J = 8.0 Hz, 1H), 7.48 (s, 1H), 4.53 (dd, J =
14.0, 3.4 Hz, 1H), 4.39 (dd, J = 14.0, 7.5 Hz, 1H), 4.21 (s, 3H), 3.68 —
3.50 (m, 2H), 2.79 (t, J = 6.9 Hz, 2H), 2.41 (t, J = 7.1 Hz, 2H), 2.20 (s,
3H), 2.14 — 2.01 (m, 2H), 0.92 (s, 9H), 0.10 (s, 6H).1*C NMR (75 MHz,
CDClIs) 6 171.97, 169.28, 149.76, 149.57, 146.88, 140.86, 123.08,
109.55, 101.31, 90.90, 70.96, 69.25, 59.65, 53.24, 36.37, 26.12,
25.18, 24.78, 24.25, 16.54, -4.60. HRMS m/z= 515.2800 (calcd. for
Ca2sH3sN6O4Si 515.2797 [M+H]*).

(S)-16, *H NMR (300 MHz, CDCl3) & 8.55 (s, 1H), 8.34 (s, 1H), 7.82 (t,
J = 8.4 Hz, 2H), 7.67 (t, J = 8.0 Hz, 1H), 7.49 (s, 1H), 4.54 (dd, J =
14.0, 3.3 Hz, 1H), 4.39 (dd, J = 14.0, 7.5 Hz, 1H), 4.21 (s, 3H), 3.67 —
3.52 (m, 2H), 2.80 (t, J = 6.9 Hz, 2H), 2.43 (t, J = 7.1 Hz, 2H), 2.21 (s,
3H), 2.08 (t, J = 7.0 Hz, 2H), 0.92 (s, 10H), 0.10 (s, 6H). 3C NMR (75
MHz, CDCls) & 171.96, 169.20, 149.40, 146.89, 142.65, 141.12,
123.10, 109.51, 101.32, 90.98, 70.95, 69.33, 59.70, 53.22, 36.39,
26.15, 25.19, 24.84, 24.23, -4.57. HRMS m/z= 537.2637 (calcd. for
Ca2sH3sN604Si 537.2640 [M+NaJ*).

The products (S)-17 was prepared following the same protocol as
(R)-17. (S)-17, *H NMR (300 MHz, CDCl3) 6 8.32 (s, 1H), 7.92 (s, 1H),
5.53 (s, 2H), 4.53 (dd, J = 14.1, 3.3 Hz, 1H), 4.34 (dd, J = 14.1, 7.7
Hz, 1H), 4.19 (s, 3H), 3.61 (dd, J = 9.7, 4.5 Hz, 1H), 3.49 (dd, J = 9.7,
5.6 Hz, 1H), 1.48 (s, 18H), 0.92 (s, 9H), 0.10 (s, 6H). 3C NMR (75
MHz, CDCl3) 6 152.47, 152.01, 151.49, 151.01, 145.94, 141.18,
130.15, 125.11, 101.27, 84.03, 70.70, 69.19, 59.64, 53.36, 39.54,
28.07, 26.15, 16.56, -4.58. HRMS m/z= 677.2990 (calcd. for
C30H4sCINgO6Si 677.2993 [M+H]").
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(R)-19, *H NMR (300 MHz, CDCl3) & 7.94 (s, 1H), 7.86 (d, J = 7.4 Hz,
1H), 7.04 (d, J = 7.3 Hz, 1H), 5.08 (s, 2H), 4.52 (dd, J = 14.0, 3.5 Hz,
1H), 4.36 (dd, J = 14.0, 7.4 Hz, 1H), 4.20 (s, 3H), 3.63 — 3.45 (m, 2H),
1.54 (s, 18H), 0.92 (s, 9H), 0.10 (s, 6H). 3C NMR (75 MHz, CDCl3) &
162.71, 155.08, 149.62, 148.01, 101.43, 96.84, 90.76, 85.12, 70.69,
69.20, 59.61, 53.31, 45.53, 27.82, 26.16, 16.56, -4.58. HRMS m/z=

619.3270 (calcd. for CaeHasNsO7Si 619.3270 [M+H]?).

(S)-19, 'H NMR (300 MHz, CDCls) & 7.93 (s, 1H), 7.85 (d, J = 7.4 Hz,
1H), 7.03 (d, J = 7.3 Hz, 1H), 5.09 (s, 2H), 4.51 (dd, J = 14.0, 3.5 Hz,
1H), 4.36 (dd, J = 14.0, 7.4 Hz, 1H), 4.20 (s, 3H), 3.66 — 3.43 (m, 2H),
1.54 (s, 18H), 0.93 (s, 9H), 0.11 (s, 6H). *C NMR (75 MHz, CDCl3) &
162.74, 155.05, 149.64, 147.96, 141.75, 125.84, 101.42, 96.83, 90.83,
85.11, 70.66, 69.24, 59.63, 53.28, 45.51, 27.84, 26.17, 16.57, -4.57.
HRMS m/z= 619.3270 (calcd. for CasHasNsO7Si 619.3270 [M+H]*).

NN O
Ry
\ \
20 NH,

20, 'H NMR (300 MHz, DMSO) & 7.92 (s, 1H), 7.66 (d, J = 7.2 Hz,
1H), 7.04 (d, J = 27.7 Hz, 2H), 5.66 (d, J = 7.2 Hz, 1H) , 5.36 (d, J =
5.7 Hz, 1H), 4.88 (s, 2H), 4.41 (dd, J = 13.9, 3.6 Hz, 1H), 4.23 (d, J =
11.9 Hz, 3H), 3.97 (ddd, J = 7.8, 5.6, 3.6 Hz, 1H), 3.41 (td, J = 9.7,
5.6 Hz, 2H), 0.91 (s, 9H), 0.09 (s, 6H). 3C NMR (75 MHz, DMSO) &
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166.00, 155.53, 145.77, 142.81, 124.51, 103.19, 93.57, 88.84, 71.28,
68.06, 58.58, 52.85, 43.43, 25.88, 16.14, -4.75. HRMS m/z=
419.2219 (calcd. for C19H30NsO3Si 419.2221 [M+H]").

M, HRMS m/z= 612.3579 (calcd. for C32Hs51Ns05Sie 612.3576 [M+H]*).

"0 N
AT A

NH

5o

P, 'H NMR (300 MHz, CDCls) & 8.56 (m, 1H), 8.18 (m, 2H), 7.78 (td,
J=7.7, 1.8 Hz, 1H), 7.25 (m, 6H), 5.30 (m, 2H), 4.73 (dd, J = 5.3, 2.3
Hz, 2H), 4.28 (dd, J = 31.8, 4.1 Hz, 4H), 3.66 (d, J = 4.9 Hz, 2H), 0.91
(s, 9H), 0.09 (s, 6H). ¥C NMR (75 MHz, CDCls) & 155.17, 150.38,
149.50, 148.57, 138.01, 137.06, 128.83, 127.72, 127.63, 123.26,
123.01, 120.46, 101.23, 90.92, 71.26, 67.97, 59.66, 50.64, 45.29,
26.16, 16.56, -4.60. HRMS m/z= 506.2584 (calcd. for Ca7HasNsOsSi
506.2582 [M+H]").

=0 NN =N
%SK/OQDA N%o/\/’“ 2

NH

2l

I, *H NMR (300 MHz, CDCls) & 7.23 (m, 8H), 7.06 (s, 1H), 6.99 (t, J =
6.0 Hz, 1H), 6.79 (d, J = 18.0 Hz, 2H), 5.12 (t, J = 4.9 Hz, 1H), 4.51
(m, 4H), 4.27 (t, J = 5.8 Hz, 2H), 4.07 (m, 2H), 3.96 (t, J = 4.9 Hz, 2H),
3.60 (m, 2H), 3.46 (m, 2H), 0.83 (s, 9H), 0.01 (s, 6H).23C NMR (75
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MHz, CDCls) & 155.59, 145.04, 138.76, 137.93, 128.97, 128.74,
127.75, 127.50, 123.48, 119.39, 101.41, 90.68, 70.74, 68.99, 67.90,
64.83, 59.60, 50.75, 47.28, 45.15, 26.17, 16.57, -4.57. HRMS m/z=
553.2953 (calcd. for C2sH40N6O4Si 553.2953 [M+H]Y).

O TN
>L/s|\ OQ(o Nh
NH

Cs

Ce, 'H NMR (300 MHz, CDCl3) & 7.43 — 7.13 (m, 6H), 5.24 (dd, J =
6.0, 4.6 Hz, 1H), 5.10 (d, J = 6.2 Hz, 1H), 4.61 (t, J = 5.9 Hz, 2H4.34
(d, J = 6.0 Hz, 2H), 4.21 (s, 2H), 3.63 (dd, J = 4.9, 2.9 Hz, 2H), 2.69 (t,
J=7.7 Hz, 2H), 1.63 (d, J = 21.7 Hz, 2H), 1.39 — 1.24 (m, 6H), 0.93
(d, J = 1.2 Hz, 9H), 0.90 — 0.84 (m, 3H), 0.11 (s, 6H). 3C NMR (75
MHz, CDCls) 6 155.27, 148.74, 128.89, 127.80, 127.62, 121.55,
101.30, 71.44, 68.20, 59.64, 50.21, 45.30, 31.72, 29.57, 29.08, 26.17,
25.82, 22.72, 16.57, 14.21, -4.56. HRMS m/z= 513.3260 (calcd. for
CasHasN4O3Si 513.3255 [M+H]*).

%SL/C;}»N@AO“QQ

NH H

5

T, *H NMR (300 MHz, CDCl3) 6 9.11 (s, 1H), 7.76 (s, 1H), 7.38 - 7.19
(m, 6H), 5.45 (t, J = 6.0 Hz, 1H), 5.22 (dd, J = 6.5, 4.2 Hz, 1H), 4.90
(d, J = 3.1 Hz, 2H), 4.63 (dd, J = 7.7, 5.4 Hz, 2H), 4.30 (dd, J = 6.1,
2.6 Hz, 2H), 4.20 (d, J = 2.5 Hz, 2H), 3.64 (dd, J = 4.9, 3.3 Hz, 2H),
1.86 (d, J = 1.2 Hz, 3H), 0.92 (s, 9H), 0.11 (s, 6H).3C NMR (75 MHz,
CDCl3) 6 164.15, 155.18, 142.14, 140.31, 128.85, 127.74, 127.59,
124.97, 111.43, 101.22, 90.93, 71.27, 68.10, 59.63, 50.81, 45.23,
43.16, 26.17, 16.56, 12.39, -4.57. HRMS m/z= 589.25680 (calcd. for
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CasH3sNs05Si 589.25652 [M+H]").

>L/Si\/ OO}/\'\I!\J/:\R/\/%

lo} AR
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D, H NMR (300 MHz, CDCls) & 8.47 (s, 1H), 8.01 — 7.74 (m, 3H),
7.66 (t, J = 8.1 Hz, 1H), 7.41 — 7.14 (m, 6H), 5.44 — 5.23 (m, 2H),
4.61 (d, J = 5.5 Hz, 2H), 4.31 (d, J = 6.0 Hz, 2H), 4.23 (s, 2H), 3.68 (d,
J=5.0 Hz, 2H), 2.77 (d, J = 7.8 Hz, 2H), 2.32 (t, J = 7.1 Hz, 2H), 2.21
—1.90 (m, 5H), 0.93 (s, 9H), 0.11 (s, 6H).1*C NMR (75 MHz, CDCls) &
171.79, 168.83, 155.39, 149.77, 147.21, 140.75, 137.94, 128.90,
127.81, 127.49, 122.42, 109.45, 101.14, 91.10, 71.56, 68.43, 59.74,
50.76, 45.22, 36.03, 26.16, 25.22, 24.80, 24.05, 16.57, -4.57. HRMS
m/z= 648.3327 (calcd. for CasHusN7OsSi 648.3324 [M+H]*).
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22, 'H NMR (300 MHz, CDCl3z) 6 7.83 (d, J = 7.1 Hz, 2H), 7.36 — 7.21
(m, 6H), 7.16 (d, J = 7.3 Hz, 1H, Hio), 5.34 (t, J = 6.0 Hz, 1H), 5.19 (q,
J =5.1 Hz, 1H), 5.07 (s, 2H), 4.62 (t, J = 5.1 Hz, 2H), 4.31 (t, J = 5.3
Hz, 2H), 4.20 (d, J = 3.2 Hz, 2H), 3.61 (dd, J = 4.9, 3.6 Hz, 2H), 1.49
(s, 9H), 0.92 (s, 9H), 0.11 (s, 6H). *C NMR (75 MHz, CDCl3) o
162.88, 155.16, 151.17, 148.33, 141.88, 128.83, 127.67, 127.64,
125.66, 101.28, 95.44, 90.87, 83.02, 71.17, 68.00, 59.62, 50.67,
45.42, 45.23, 28.16, 26.17, 16.56, -4.57. HRMS m/z= 652.3272
(calcd. for Cz2HasN706Si 652.3273 [M+H]").
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C, 'H NMR (300 MHz, CDCl3) & 7.82 (s, 1H), 7.50 (d, J = 7.2 Hz, 1H),
7.36 — 7.17 (m, 5H), 6.06 (s, 1H), 5.66 (dd, J = 11.7, 6.7 Hz, 2H), 5.20
(t, J = 5.6 Hz, 1H), 4.94 (s, 2H), 4.60 (d, J = 4.3 Hz, 2H), 4.37 — 4.05
(m, 4H), 3.60 (dd, J = 4.9, 2.7 Hz, 2H), 0.92 (s, 9H), 0.10 (s, 6H). 13C
NMR (75 MHz, CDCl3) 6 166.00, 156.45, 155.29, 145.91, 142.77,
138.36, 128.78, 127.60, 125.41, 101.32, 94.62, 71.17, 68.11, 59.60,
50.70, 45.14, 44.80, 26.17, 16.56, -4.57. HRMS m/z= 552.2752
(calcd. for C27H37N704Si 552.2749 [M+H]").
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23, 'H NMR (300 MHz, CDCls) 6 7.42 — 7.14 (m, 6H, H7, Hs, Hy and
Hio), 5.30 — 5.06 (m, 2H, Hsand Hs), 4.61 (dd, J = 6.8, 5.5 Hz, 2H,
Hio), 4.42 — 4.30 (m, 2H, He), 4.20 (d, J = 2.4 Hz, 2H, Hy), 3.62 (t, J =
4.7 Hz, 2H, Hs), 2.69 (t, J = 7.7 Hz, 2H, H1o), 2.44 (t, J = 2.4 Hz, 1H,
Hi), 1.73 — 1.49 (m, 2H, Hi3), 1.44 — 1.20 (m, 6H, Hi4, His and Has),
1.04 — 0.79 (m, 3H, Hi7). 3C NMR (75 MHz, CDCl3) 6 148.72, 128.89,
128.79, 127.81, 127.62, 121.70, 79.00,75.41, 71.34, 68.18, 58.85,
50.07, 45.29, 31.71, 29.53, 29.06, 25.78, 22.70, 14.20. HRMS m/z
399.2389 (calcd. for C32Hs1Ns05Sie 399.2391 [M+H]Y).
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24, *H NMR (300 MHz, CDCls) 6 9.50 (s, 1H), 7.78 (s, 1H), 7.34 (q, J
= 1.2 Hz, 1H), 5.35 (t, J = 6.0 Hz, 1H), 5.17 (h, J = 4.5 Hz, 1H), 4.94
(d, J=3.9 Hz, 2H), 4.71 — 4.53 (m, 2H), 4.20 (d, J = 2.5 Hz, 2H), 3.63
(dd, J = 4.8, 2.8 Hz, 2H), 3.43 — 3.13 (m, 6H), 1.89 (d, J = 1.2 Hz, 3H),
1.77 (dt, J = 9.9, 6.6 Hz, 2H), 0.92 (s, 9H), 0.10 (s, 6H). *C NMR (75
MHz, CDClz) 6 164.32, 155.19, 151.32, 142.17, 140.41, 124.98,
111.45, 90.91, 71.16, 68.11, 59.61, 50.83, 49.07, 43.25, 38.66, 38.11,
29.02, 26.14, 16.55, 12.43, -4.60. HRMS m/z= 560.2760 (calcd. for
C24H37N9OsSi 560.2760 [M+H]*).
H N=N H
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TCs, *H NMR (500 MHz, CDCls) & 9.51 (s, 1H), 7.77 (d, J = 20.6 Hz,
2H), 7.37 — 7.15 (m, 7H), 5.81 (t, J = 6.1 Hz, 1H), 5.64 (t, J = 6.0 Hz,
1H), 5.18 (dd, J = 11.4, 6.1 Hz, 2H), 4.88 (q, J = 15.0 Hz, 2H), 4.72 —
4.51 (m, 6H), 4.43 — 4.28 (m, 4H), 4.25 — 4.13 (m, 2H), 3.70 — 3.50 (m,
4H), 3.09 (p, J = 7.0 Hz, 2H), 2.65 (t, J = 7.7 Hz, 2H), 2.05 (d, J = 8.3
Hz, 2H), 1.84 (d, J = 1.2 Hz, 3H), 1.60 (q, J = 7.5 Hz, 2H), 1.28 (tt, J =
9.7, 5.2 Hz, 6H), 0.92 (s, 9H), 0.89 — 0.83 (m, 3H), 0.10 (s, 6H). 13C
NMR (126 MHz, CDCls) & 164.44, 155.61, 155.47, 151.21, 150.13,
149.45, 148.69, 148.35, 144.54, 144.24, 142.26, 140.38, 138.25,
137.18, 128.80, 127.66, 127.55, 125.27, 123.61, 123.58, 123.12,
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121.80, 120.32, 111.27, 101.20, 90.95, 71.40, 71.15, 70.89, 68.56,
68.38, 68.27, 64.93, 64.80, 59.62, 50.94, 50.41, 50.05, 47.45, 47.26,
45.14, 37.80, 37.72, 31.66, 30.28, 30.16, 29.48, 29.02, 26.13, 25.70,
22.67, 16.53, 14.19, 12.39, -4.62. HRMS m/z= 958.5074 (calcd. for
CasHe7N1305Si 958.5078 [M+H]").

25

The synthetic details of 25 are available in previous work done by our

group.3%3
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PTCs, *H NMR (500 MHz, CDCl3) & 9.79 (s, 1H), 8.58 — 8.47 (m, 1H),
8.33 (s, 1H), 8.08 (dt, J = 7.9, 1.1 Hz, 1H), 7.85 — 7.59 (m, 4H), 7.35 —
7.15 (m, 8H), 6.01 (t, J = 6.1 Hz, 1H), 5.89 (t, J = 6.2 Hz, 1H), 5.69 (t,
J=6.1Hz, 1H), 5.38 — 5.25 (m, 1H), 5.22 — 5.06 (m, 2H), 4.88 (s, 2H),
4.77 — 4.50 (m, 10Hs), 4.44 — 4.15 (m, 8H), 3.68 (dd, J = 6.8, 4.8 Hz,
2H), 3.54 (dd, J = 25.0, 6.3 Hz, 4H), 3.08 (ddd, J = 34.0, 26.4, 6.5 Hz,
4H), 2.63 (t, J = 7.7 Hz, 2H), 2.04 (dt, J = 13.2, 7.0 Hz, 4H), 1.89 —
1.78 (m, 3H), 1.58 (g, J = 7.5 Hz, 2H), 1.34 — 1.20 (m, 6H), 0.90 (s,
9H), 0.87 — 0.82 (m, 3H), 0.08 (s, 6H).*C NMR (126 MHz, CDCls) &
164.44, 155.61, 155.47, 151.21, 150.13, 149.45, 148.69, 148.35,
144.54, 144.24, 142.26, 140.38, 138.25, 137.18, 128.80, 127.66,
127.55, 125.27, 123.61, 123.58, 123.12, 121.80, 120.32, 111.27,
101.20, 90.95, 71.40, 71.15, 70.89, 68.56, 68.38, 68.27, 64.93, 64.80,
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59.62, 50.94, 50.41, 50.05, 47.45, 47.26, 45.14, 43.26, 37.80, 37.72,
31.66, 30.28, 30.16, 29.48, 29.02, 26.13, 25.70, 22.67, 16.53, 14.19,
12.39, -4.62. HRMS m/z= 1342.6734 (calcd. for CesHszN21:01Si
1342.6736 [M+H]*).

26, HRMS m/z = 605.3591 (calcd. for CzsHa9NsOsSie 605.3590
[M+H]*).
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MPTCs, HRMS m/z = 1833.9468 (calcd. for CesHi22N20016Sie
1833.9466 [M+H]").
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27, *H NMR (300 MHz, CDCls) & 7.31 (s, 1H), 5.20 (t, J = 5.5 Hz, 1H),
4.94 (d, J = 6.4 Hz, 1H), 4.69 — 4.48 (m, 2H), 4.20 (s, 2H), 3.61 (dd, J
= 5.0, 1.9 Hz, 2H), 3.35 (t, J = 6.5 Hz, 2H), 3.24 (d, J = 6.5 Hz, 2H),
2.74 — 2.59 (m, 2H), 1.70 (dt, J = 32.5, 7.1 Hz, 4H), 1.41 — 1.22 (m,
6H), 0.93 (s, 12H), 0.11 (d, J = 1.0 Hz, 6H). *C NMR (75 MHz, CDCls)
5 155.27, 148.74, 121.54, 101.25, 90.87, 71.25, 68.18, 59.63, 50.23,
49.13, 38.71, 31.71, 29.58, 29.07, 26.42, 26.16, 25.81, 22.71, 16.57,
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14.20, -457. HRMS miz= 506.3269 (calcd. for CauHasN7OsSi
506.3269 [M+H]*).
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CsG, 'H NMR (500 MHz, CDCls) & 8.35 (s, 1H), 7.93 (s, 1H, H2), 7.70
(s, 1H), 7.36 (s, 1H), 5.53 (s, 2H), 5.34 (s, 1H), 5.26 — 5.19 (m, 1H),
4.67 — 4.48 (m, 5H), 4.42 — 4.32 (m, 3H), 4.21 (d, J = 1.5 Hz, 2H),
4.17 — 4.11 (m, 1H), 3.69 — 3.53 (m, 3H), 3.47 (dd, J = 10.0, 5.5 Hz,
1H), 3.23 — 2.98 (m, 2H), 2.65 (t, J = 7.8 Hz, 2H), 2.07 (ddg, J = 27.5,
13.9, 6.9 Hz, 2H), 1.61 (p, J = 7.3 Hz, 2H), 1.46 (s, 18H), 1.35 — 1.22
(m, 6H), 0.92 (s, 9H), 0.88 — 0.83 (m, 3H), 0.10 (s, 6H). 1*C NMR (126
MHz, CDCl3) 6 155.51, 152.54, 151.99, 151.34, 150.95, 148.55,
146.18, 144.51, 141.04, 130.10, 125.16, 123.47, 121.93, 101.17,
90.99, 83.99, 71.48, 71.06, 69.20, 68.20, 64.78, 59.65, 53.21, 50.51,
47.42, 39.46, 37.80, 31.67, 30.41, 29.52, 29.02, 28.04, 26.15, 25.66,
22.68, 16.56, 14.19, -4.57. HRMS m/z= 1068.5326 (calcd. for

Ce3Hs7N21011Si 1068.5325 [M+H]*).
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28, H NMR (500 MHz, CDCls) & 8.35 (s, 1H), 7.83 (s, 1H), 7.70 (s,
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1H), 7.35 (s, 1H), 5.58 — 5.49 (m, 2H), 5.42 (t, J = 6.1 Hz, 2H), 5.22
(dd, J = 6.6, 4.5 Hz, 1H), 5.04 (d, J = 7.6 Hz, 1H), 4.68 — 4.46 (m, 6H),
4.38 (t, J = 6.6 Hz, 2H), 4.20 (d, J = 1.7 Hz, 2H), 3.60 (dd, J = 15.3,
4.8 Hz, 3H), 3.48 (dd, J = 10.3, 6.0 Hz, 1H), 3.29 — 2.97 (m, 6H), 2.66
(t, J = 7.8 Hz, 2H), 2.08 (tt, J = 13.8, 7.1 Hz, 4H), 1.62 (tt, J = 9.7, 6.9
Hz, 2H), 1.48 (s, 18H), 1.36 — 1.22 (m, 6H), 0.92 (s, 9H), 0.88 — 0.83
(m, 3H), 0.10 (s, 6H). 3C NMR (126 MHz, CDCls) & 155.51, 155.16,
152.57, 151.91, 151.42, 151.23, 148.64, 146.24, 144.35, 141.40,
130.23, 125.06, 123.48, 121.80, 101.19, 90.93, 84.25, 71.10, 70.98,
68.38, 68.19, 64.84, 59.63, 50.81, 50.39, 49.03, 47.40, 39.65, 38.51,
37.83, 31.67, 29.59, 29.54, 29.02, 28.96, 28.03, 26.14, 25.72, 22.67,
16.55, 14.18, -4.59. HRMS m/z= 1216.5685 (calcd. for
Cs2Hs0CIN16010Si 1216.5686 [M+Na]*).
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29

29, 'H NMR (500 MHz, CDCls) & 8.67 — 7.50 (m, 3H), 7.39 (s, 1H),
6.33 (d, J = 240.3 Hz, 2H), 5.15 (d, J = 40.1 Hz, 4H), 4.90 — 4.10 (m,
10H), 3.78 — 2.89 (m, 10H), 2.64 (S, 2H, Ha), 2.04 (s, 2H), 1.76 —
1.50 (m, 4H), 1.38 — 1.14 (m, 6H), 0.97 — 0.75 (m, 12H), 0.09 (d, J =
2.5 Hz, 6H). *C NMR (126 MHz, CDCls) & 155.67, 155.58, 148.66,
144.23, 121.98, 121.92, 101.34, 90.83, 71.05, 70.99, 68.22, 64.65,
59.61, 50.41, 49.01, 47.63, 38.48, 37.97, 31.68, 30.36, 29.54, 29.03,
26.15, 25.74, 22.68, 16.55, 14.20, -4.57. HRMS m/z= 976.5155
(calcd. for C42HesN1007 Si 976.5156 [M+H]").
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CeGMPTCs, TOF MS ES + m/z = 2695,3744 (calcd. for
C121H173N4s023Si* 2695,3685 [M+H]").
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CeC, 'H NMR (500 MHz, CDCls) 5 7.94 — 7.84 (m, 2H), 7.74 (s, 1H),
7.35 (s, 1H), 7.03 (d, J = 7.4 Hz, 1H), 5.53 (t, J = 6.2 Hz, 1H), 5.21
(dd, J = 6.9, 4.5 Hz, 1H), 5.08 (s, 2H), 4.67 — 4.46 (m, 5H), 4.45 —
4.31 (m, 3H), 4.20 (d, J = 1.5 Hz, 2H), 4.15 (g, J = 6.1, 5.7 Hz, 1H),
3.85 (d, J = 5.8 Hz, 1H), 3.72 — 3.43 (m, 4H), 3.10 (dt, J = 36.1, 7.2
Hz, 2H), 2.64 (t, J = 7.8 Hz, 2H), 2.07 (dt, J = 13.5, 6.8 Hz, 2H), 1.61
(dd, J = 9.2, 5.8 Hz, 2H), 1.52 (s, 18H), 1.41 — 1.22 (m, 6H), 0.92 (s,
9H), 0.88 — 0.83 (m, 3H), 0.10 (s, 6H).*C NMR (126 MHz, CDCls) &
162.69, 155.57, 155.06, 149.63, 148.64, 148.17, 144.69, 141.66,
125.79, 123.54, 121.79, 101.28, 96.80, 90.83, 85.10, 71.35, 71.16,
69.19, 68.27, 64.88, 59.62, 53.05, 50.38, 47.34, 45.53, 37.75, 31.68,
30.31, 29.55, 29.04, 27.81, 26.15, 25.75, 22.68, 16.56, 14.19, -4.57.
HRMS m/z= 1010.5606 (calcd. for C47H7sN13010Si 1010.5602 [M+H]*).

H N=N H
o__N N_ O_N N
>L./O/\;j(\/\/\)ﬁo/\i/w\/\/3
Si ;7 O ;O
/N N N
I N /N
N N
N_O
Y
_N

O_N_O
n T
30, 'H NMR (500 MHz, CDCls) & 7.92 — 7.76 (m, 3H), 7.35 (s, 1H),
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7.04 (d, J = 7.3 Hz, 1HHz, 1H), 5.71 (t, J = 6.2 Hz, 1H), 5.38 (t, J =
6.0 Hz, 1H), 5.22 (t, J = 5.7 Hz, 1H), 5.15 — 5.00 (m, 3H), 4.62 (dd, J
= 34.8, 6.1 Hz, 6H), 4.41 (t, J = 6.5 Hz, 2H), 4.19 (d, J = 1.8 Hz, 2H),
3.70 — 3.01 (m, 10H), 2.66 (t, J = 7.8 Hz, 2H), 2.10 (dd, J = 10.5, 3.7
Hz, 2H), 1.82 — 1.69 (m, 2H), 1.61 (d, J = 7.3 Hz, 2H), 1.52 (s, 18H),
1.36 — 1.23 (m, 6H), 0.92 (s, 9H), 0.89 — 0.83 (m, 3H), 0.10 (s, 6H).
13C NMR (126 MHz, CDCls) & 162.74, 155.54, 155.16, 149.60, 148.68,
148.21, 144.55, 141.66, 126.15, 123.56, 121.72, 101.24, 96.84, 90.86,
85.11, 71.16, 70.60, 68.27, 68.07, 65.01, 59.61, 50.32, 50.22, 47.35,
45.79, 38.63, 37.99, 37.79, 31.68, 30.23, 29.57, 29.10, 29.05, 27.80,
26.15, 25.78, 22.68, 16.55, 14.19, -4.58. HRMS m/z= 1136.6147
(calcd. for CsiHeiN1701:Si 1136.6144 [M+H]*).
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CeCl, *H NMR (500 MHz, CDCls) & 7.91 — 7.84 (m, 2H), 7.80 (d, J =
5.2 Hz, 2H), 7.52 (s, 1H), 7.36 (s, 2H), 7.04 (d, J = 7.4 Hz, 1H), 6.89
(d, J = 21.4 Hz, 2H), 5.94 (dt, J = 12.2, 6.0 Hz, 2H), 5.22 (t, J = 5.6 Hz,
1H), 5.13 — 4.98 (m, 3H), 4.73 — 4.49 (m, 11H), 4.45 — 4.28 (m, 5H),
4.24 — 4.10 (m, 3H), 4.05 (dd, J = 6.1, 3.9 Hz, 2H), 3.84 — 3.73 (m,
2H), 3.67 — 3.44 (m, 6H), 3.10 (dg, J = 18.5, 6.9, 6.1 Hz, 4H), 2.65 (1,
J = 7.8 Hz, 2H), 2.13 — 2.01 (m, 4H), 1.61 (p, J = 7.8, 7.1 Hz, 2H),
1.51 (s, 18H), 1.35 — 1.22 (m, 6H), 0.92 (s, 9H), 0.88 — 0.82 (m, 3H),
0.10 (s, 6H). 3C NMR (126 MHz, CDCls) & 162.72, 155.59, 155.48,
155.18, 149.59, 148.66, 148.37, 144.77, 144.47, 144.16, 124.50,
123.69, 123.63, 121.79, 101.25, 96.90, 90.86, 85.20, 71.84, 71.03,
70.73, 69.08, 68.90, 68.26, 64.92, 64.20, 59.61, 53.63, 50.37, 47.53,
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47.42, 45.77, 37.80, 31.68, 30.34, 30.27, 29.56, 29.04, 27.79, 26.15,
25.76, 22.69, 16.56, 14.21, -4.58. HRMS m/z= 1441.7629 (calcd. for
CesH100N22014Si 1441.7631 [M+H]").
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31

31, *H NMR (500 MHz, CDCl3) & 7.92 — 7.73 (m, 4H), 7.54 — 7.39 (m,
2H), 7.35 (s, 1H), 7.19 (s, 1H), 7.07 — 6.86 (m, 3H), 5.90 (dt, J = 71.8,
6.3 Hz), 5.33 — 4.89 (m, 5H), 4.79 — 4.32 (m, 16H), 4.30 — 4.02 (m,
4H, Hs and Has), 3.78 — 2.97 (m, 14H), 2.65 (t, J = 7.8 Hz, 2H), 2.20 —
1.93 (m, 7H), 1.66 — 1.57 (m, 2H), 1.51 (s, 18H), 1.36 — 1.19 (m, 8H),
0.92 (s, 9H), 0.88 — 0.82 (m, 3H), 0.10 (s, 6H). 3C NMR (126 MHz,
CDCls) & 162.72, 155.67, 155.57, 155.46, 155.09, 149.60, 148.68,
148.29, 145.08, 144.50, 141.65, 126.15, 123.71, 123.61, 121.74,
101.25, 96.82, 90.85, 85.14, 71.10, 70.28, 69.01, 68.27, 67.91, 64.95,
64.84, 59.60, 50.66, 50.33, 49.14, 47.47, 47.39, 45.74, 38.46, 37.82,
31.68, 30.27, 29.57, 29.10, 29.05, 27.79, 26.15, 25.77, 22.69, 16.56,
14.21, -4.58. HRMS m/z= 1567.8190 (calcd. for CeoH106N26015Si
1567.8173 [M+H]*).
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(R)-32, *H NMR (300 MHz, CDCls) 6 8.44 (br s, 1H), 8.10 — 7.75 (m,
3H), 7.67 (t, J = 8.1 Hz, 1H), 7.38 (s, 1H), 5.28 (quint, J = 5.2 Hz, 1H),
5.13 (t, J = 6.1 Hz, 1H), 4.59 (d, J = 5.6 Hz, 2H), 4.23 (s, 2H), 3.66 (d,
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J =49 Hz, 2H), 3.43 - 3.13 (m, 5H), 2.81 (t, J = 6.9 Hz, 2H), 2.51 —
2.27 (m, 2H), 2.19 (s, 3H), 2.08 (td, J = 6.9, 2.5 Hz, 2H), 1.81 — 1.66
(m, 2H), 0.93 (s, 9H), 0.11 (s, 6H).'*C NMR (75 MHz, CDCls) &
171.77, 168.85, 158.29, 155.32, 149.74, 147.21, 140.78, 122.41,
109.60, 109.48, 101.07, 91.09, 71.41, 68.37, 59.73, 50.76, 49.10,
38.73, 36.07, 28.99, 26.15, 25.22, 24.82, 24.09, 16.57, -4.58. HRMS
m/z = 641.3337 (calcd. for C29H44N1005Si 641.3338 [M+H]Y).

(S)-32, *H NMR (300 MHz, CDCls) 6 8.60 (s, 1H), 8.17 (s, 1Hg), 7.91
—7.77 (m, 2H), 7.68 (t, J = 8.0 Hz, 1H), 7.39 (s, 1H), 5.37 — 5.12 (m,
2H), 4.59 (d, J = 5.6 Hz, 2H), 4.22 (s, 2H), 3.65 (d, J = 4.9 Hz, 2H),
3.33 (t, J = 6.5 Hz, 2H), 3.21 (q, J = 6.5 Hz, 2H), 2.90 — 2.71 (m, 2H),
2.39 (t, J = 8.0 Hz, 2H), 2.19 (s, 3H), 2.09 (g, J = 7.0 Hz, 2H), 1.73 (p,
J = 6.5 Hz, 2H), 0.92 (s, 9H, Hj), 0.11 (s, 6H). 3C NMR (75 MHz,
CDCl3) 6 171.96, 169.08, 161.28, 155.34, 149.62, 147.20, 140.93,
122.46, 109.47, 101.07, 91.08, 71.38, 68.35, 59.72, 50.75, 49.09,
38.72, 36.06, 28.98, 26.13, 25.19, 24.79, 24.09, 16.56, -4.59. HRMS
m/z= 641.3338 (calcd. for C29H44N1005Si 641.3316 [M+H]").
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DCs, *H NMR (500 MHz, CDCl3) & 8.64 (s, 1H), 8.37 (s, 1H), 7.84 (s,
2H), 7.73 (s, 1H), 7.64 (s, 1H), 7.40 (s, 1H), 7.34 — 7.19 (m, 6H), 5.63
(g, J = 6.2 Hz, 2H), 5.23 (dt, J = 27.2, 6.2 Hz, 2H), 4.68 — 4.50 (m,
6H), 4.42 — 4.17 (m, 6H), 3.78 — 3.47 (m, 4H), 3.26 — 2.90 (m, 2H),
2.87 — 2.54 (m, 4H), 2.34 (s, 2H), 2.16 (s, 3H), 2.00 (d, J = 7.4 Hz,
2H), 1.59 (d, J = 7.7 Hz, 2H), 1.37 — 1.21 (m, 6H), 0.92 (s, 9H, Hy),
0.89 — 0.81 (m, 3H), 0.11 (s, 6H). *C NMR (126 MHz, CDCls) &
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171.93, 169.21, 155.52, 149.95, 149.80, 148.72, 147.26, 144.46,
140.64, 138.17, 128.82, 127.72, 127.56, 123.67, 122.54, 121.84,
109.57, 101.13, 91.05, 71.46, 71.30, 68.48, 64.90, 59.71, 50.89,
50.05, 47.39, 45.18, 37.83, 36.06, 31.67, 30.18, 29.49, 29.04, 26.14,
25.71, 25.21, 24.71, 24.23, 22.68, 16.55, 14.19, -4.58. HRMS m/z=
1039.5657 (calcd. for Cs1H74N1405Si 1039.5657 [M+H]*).
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33, 'H NMR (300 MHz, CDCls) & 7.56 (s, 1H), 7.22 (s, 1H), 7.04 (s,
1H), 6.92 (dd, J = 6.7, 2.6 Hz, 1H), 6.77 (t, J = 5.9 Hz, 1H), 5.32 —
5.05 (M, 1H), 4.71 — 4.50 (m, 4H), 4.26 — 4.04 (m, 4H), 3.75 (ddd, J =
6.5, 4.2, 2.3 Hz, 2H), 3.62 — 3.48 (m, 2H), 3.41 — 3.21 (m, 4H), 1.81 (,
J = 6.7 Hz, 2H), 0.92 (s, 9H), 0.11 (s, 6H). 1*C NMR (75 MHz, CDCl3)
0 155.55, 144.97, 128.43, 126.34, 123.51, 115.93, 101.35, 90.70,
70.61, 68.94, 67.87, 64.81, 59.59, 50.91, 50.80, 49.14, 47.48, 38.53,
29.10, 26.15, 16.56, -4.59. HRMS m/z= 546,2971 (calcd. for
C24H39NoO4Si 546,2967 [M+H]").
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IDCs, *H NMR (500 MHz, CDCl3) 6 8.83 (d, J = 62.4 Hz, 2H), 8.08 (s,
1H), 7.79 (d, J = 35.8 Hz, 4H), 7.62 (t, J = 8.1 Hz, 1H), 7.48 (d, J =
7.0 Hz, 2H), 7.35 — 7.19 (m, 6H), 7.07 (d, J = 33.5 Hz, 2H), 6.93 (d, J
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= 6.5 Hz, 1H), 6.30 (s, 1H), 5.80 (t, J = 6.0 Hz, 1H), 5.19 (d, J = 6.9
Hz, 3H), 4.70 — 4.49 (m, 12H), 4.44 — 4.11 (m, 10H), 3.82 — 3.44 (m,
8H), 3.27 — 2.95 (m, 4H), 2.85 — 2.53 (m, 4H), 2.48 — 2.26 (m, 2H),
2.16 (s, 3H), 2.04 (dtd, J = 32.1, 13.1, 12.6, 6.5 Hz, 6H), 1.74 — 1.48
(m, 2H), 1.37 — 1.18 (m, 6H), 0.91 (s, 9H), 0.88 — 0.81 (m, 3H), 0.09
(s, 6H). 3C NMR (126 MHz, CDCls) & 172.19, 169.62,155.77, 155.56,
150.13, 149.95, 148.76,147.17, 144.51, 144.36, 144.20, 140.55,
128.80, 127.67, 127.54, 124.14, 123.94, 123.78, 121.93, 120.69,
109.58, 109.51, 90.82, 71.44, 71.14, 70.83, 68.63, 68.39, 68.17,
64.84, 64.71, 64.46, 59.60, 50.95, 50.12, 47.65, 45.10, 37.83, 36.06,
31.67, 30.34, 30.18, 29.50, 29.04, 26.15, 25.71, 25.06, 24.65, 22.68,
16.55, 14.21, -4.58. HRMS m/z= 1470.7658 (calcd. for
CooHooN23012Si 1470.7686 [M+H]*).
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34, 'H NMR (500 MHz, CDCls) & 9.10 (d, J = 33.7 Hz, 2H), 7.92 —
7.69 (m, 9H), 7.61 (t, J = 7.3 Hz, 3H), 7.42 (d, J = 11.6 Hz, 3H), 7.34
(d, J = 8.1 Hz, 3H), 7.30 — 7.13 (m, 6H), 6.95 (d, J = 21.3 Hz, 4H),
6.37 (d, J = 25.7 Hz, 2H), 6.11 — 5.87 (m, 2H), 5.26 — 4.97 (m, 8H),
4.74 — 4.15 (m, 42H), 4.14 — 4.03 (m, 4H), 3.77 — 3.34 (m, 16H), 3.21
—2.87 (M, 12H), 2.64 (dt, J = 15.3, 9.0 Hz,,4H), 2.34 (s, 2H), 2.14 (s,
3H), 2.12 — 1.88 (m, 12H), 1.59 (h, J = 8.0 Hz, 4H), 1.46 (d, J = 8.4
Hz, 9H), 1.35 — 1.18 (m, 12H), 0.90 (s, 9H), 0.87 — 0.81 (m, 6H), 0.09
(s, 6H). 3C NMR (126 MHz, CDCls) & 169.57, 163.33, 155.88, 155.88,
155.86, 155.71, 155.62, 155.56, 155.56, 148.63, 147.17, 144.84,
144.23, 140.55, 138.34, 137.79, 128.75, 128.10, 127.60, 127.51,
125.86, 123.99, 123.86, 123.71, 122.82, 121.87, 121.74, 119.83,
109.56, 101.22, 90.85, 82.87, 71.43, 70.98, 70.62, 69.00, 68.36,

64.71, 64.60, 59.57, 50.65, 50.35, 50.10, 47.66, 47.53, 47.37, 45.89,
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45.07, 37.83, 36.03, 31.65, 30.31, 30.20, 29.54, 29.48, 29.02, 28.13,
26.13, 25.74, 25.09, 24.60, 22.66, 16.54, 14.19, -4.59. TOF MS ES +
m/z= 2822.6011 (calcd. for CizgH184N4gO25Si 2822.4444 [M+H]").
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CeClIDCs, 'H NMR (500 MHz, CDCl3) & 9.09 (s, 2H), 7.90 — 7.68 (m,
8H), 7.61 (dt, J = 16.1, 9.4 Hz, 3H), 7.52 (d, J = 6.9 Hz, 1H), 7.48 —
7.31 (m, 5H), 7.31 — 7.16 (m, 5H), 6.96 (d, J = 15.8 Hz, 6H) 6.54 (d, J
= 31.6 Hz, 2H, Hz2 and Hao), 6.20 (s, 1H, Hes), 6.05 (s, 1H, He), 5.79
(d, J = 6.8 Hz, 1H), 5.33 — 4.79 (m, 8H),4.76 — 4.16 (m, 40H), 4.14 —
4.03 (m, 4H), 3.75 — 3.39 (m, 16H), 3.07 (d, J = 29.6 Hz, 10H), 2.63
(g, J = 8.2, 7.7 Hz, 4H), 2.33 (s, 2H), 2.13 (s, 3H), 2.11 — 1.87 (m,
12H), 1.58 (dt, J = 16.3, 8.0 Hz, 4H), 1.35 — 1.18 (m, 12H), 0.91 (s,
9H), 0.86 — 0.81 (m, 6H), 0.09 (s, 6H). *C NMR (126 MHz, CDCls) &
172.24, 171.33, 165.68, 156.15, 155.90, 155.78, 155.66, 150.02,
148.65, 147.18, 144.79, 144.21, 140.97, 140.47, 138.40, 137.75,
128.76, 127.92, 127.60, 127.51, 124.13, 123.94, 122.90, 121.94,
121.86, 119.93, 109.61, 101.26, 95.08, 90.89, 71.46, 71.00, 70.72,
69.04, 68.64, 68.25, 64.67, 64.52, 59.60, 50.63, 50.47, 50.33, 50.14,
47.68, 47.60, 47.40, 45.05, 38.61, 37.86, 31.67, 30.30, 29.78, 29.54,
29.04, 26.15, 25.74, 24.59, 22.68, 16.55, 14.21, -4.57. TOF MS ES +
m/z= 2723.4556 (calcd. for Ci2oH175N4s02:Si 2723,3873 [M+H]").
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PDCs, 'H NMR (500 MHz, CDCls) & 8.83 (s, 1H), 8.67 (s, 1H), 8.49 (d,
J = 4.9 Hz, 1H), 8.27 (s, 1H), 8.07 (d, J = 7.9 Hz, 1H), 7.88 — 7.69 (m,
5H), 7.61 (s, 1H, Hao), 7.49 (s, 1H), 7.33 (s, 1H), 7.31 — 7.16 (m, 6H),
6.29 (d, J = 6.4 Hz, 1H), 6.05 — 5.73 (m, 2H), 5.32 (dd, J = 7.6, 4.0
Hz, 1H), 5.18 (q, J = 6.9, 6.1 Hz, 2H), 4.79 — 4.47 (m, 10H), 4.43 —
4.13 (m, 8H), 3.73 — 3.39 (m, 6H), 3.20 — 2.94 (m, 4H), 2.79 — 2.53 (m,
4H), 2.35 (s, 2H), 2.15 (s, 3H), 2.03 (ddd, J = 29.4, 13.9, 7.0 Hz, 6H),
1.70 — 1.48 (m, 2H), 1.34 — 1.18 (m, 6H), 0.89 (s, 9H), 0.87 — 0.82 (m,
3H), 0.08 (s, 6H). 3C NMR (126 MHz, CDCls) 6 172.04, 169.45,
155.71, 155.54, 150.08, 149.43, 148.66, 148.41, 147.12, 144.37,
144.22, 140.47, 138.28, 137.12, 128.78, 127.65, 127.53, 123.89,
123.76, 123.12, 121.89, 120.33, 109.48, 101.16, 90.95, 71.47, 71.09,
68.58, 68.23, 64.88, 59.62, 59.08, 50.94, 50.07, 47.26, 45.11, 37.86,
37.71, 36.11, 31.66, 30.21, 29.49, 29.03, 26.13, 25.71, 24.66, 24.11,
22.67, 19.85, 14.19, -4.62. HRMS m/z= 1423.7313 (calcd. for
CesHoaN22011Si 1423.7314 [M+H]*).
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IPDC;

IPDCs, *H NMR (500 MHz, CDCls) & 8.75 (d, J = 48.8 Hz, 2H), 8.50
(d, J = 4.9 Hz, 1H), 8.24 (s, 1H), 8.04 (d, J = 7.9 Hz, 1H), 7.92 — 7.66
(m, 6H), 7.62 (t, J = 8.0 Hz, 1H), 7.55 — 7.36 (m, 2H), 7.34 — 7.12 (m,
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8H), 6.94 (d, J = 40.8 Hz, 2H), 6.23 (t, J = 7.0 Hz, 2H), 5.80 (t, J = 6.0
Hz, 1H), 5.32 — 5.06 (m, 4H), 4.75 — 4.47 (m, 15H), 4.41 — 4.02 (m,
12H), 3.76 — 3.44 (m, 10H), 3.27 — 2.92 (m, 6H), 2.79 — 2.54 (m, 4H),
2.33 (s, 3H), 2.15 (s, 3H), 2.13 — 1.90 (m, 8H), 1.58 (q, J = 7.5 Hz,
2H), 1.34 — 1.18 (m, 6H), 0.91 (s, 9H), 0.87 — 0.81 (m, 4H), 0.09 (s,
6H). °C NMR (126 MHz, CDCls) & 172.15, 169.52, 155.79, 155.57,
150.14, 149.99, 149.92, 149.34, 148.71, 147.16, 144.92, 144.39,
144.21, 144.17, 140.54, 138.27, 137.36, 128.79, 127.66, 127.53,
123.92, 123.77, 123.71, 123.23, 122.91, 121.92, 120.42, 109.58,
109.48, 101.31, 90.78, 71.41, 71.11, 70.98, 70.69, 69.04, 68.60,
68.39, 68.05, 64.83, 64.75, 64.64, 59.59, 50.84, 50.42, 50.09, 47.63,
47.38, 45.11, 37.83, 36.08, 31.66, 30.37, 30.17, 29.48, 29.03, 26.15,
25.70, 25.06, 24.62, 24.34, 22.68, 14.20, -4.58. TOF MS ES + m/z=
1855,0697 (calcd. for CesH110N21015Si 1854,9344 [M+H]?).
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35

35, 'H NMR (500 MHz, CDCls) & 9.03 (dd, J = 59.8, 34.3 Hz, 2H),
8.47 (s, 1H), 8.30 (s, 1H), 8.13 — 7.42 (m, 15H), 7.38 — 7.13 (m, 10H),
7.11 — 6.98 (m, 2H), 6.67 — 6.16 (M, 3H), 6.12 — 5.83 (M, 2H), 5.37 —
4.92 (m, 8H), 4.80 — 4.12 (m, 42H), 3.78 — 3.37 (M, 14H, Ha, H1z, Hzo,
Has, Has, Has and Heo), 3.24 — 2.95 (m, 10H), 2.80 — 2.48 (m, 6H), 2.34
(s, 2H), 2.08 (d, J =51.0 Hz, 15H), 1.59 (g, J = 8.2 Hz, 4H), 1.49 (s,
9H), 1.35 — 1.18 (m, 12H), 0.90 (s, 9H, Hi), 0.84 (t, J = 3.3 Hz, 6H),
0.09 (s, 6H). 3C NMR (126 MHz, CDCls) & 172.31, 169.33, 155.86,
155.83, 155.66, 155.64, 150.22, 149.99, 149.60, 149.36, 148.65,
148.62, 147.16, 144.28, 144.20, 144.19, 144.07, 144.01, 140.52,
140.48, 138.39, 137.41, 137.39, 128.73, 127.56, 127.52, 127.46,
124.05, 123.82, 123.30, 123.22, 123.11, 123.02, 121.97, 121.94,
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121.85, 109.52, 109.43, 101.23, 90.86, 85.30, 85.27, 77.39, 77.14,
76.88, 71.42, 71.12, 70.93, 68.74, 68.52, 68.19, 64.68, 59.57, 50.46,
50.35, 50.14, 47.59, 47.45, 45.96, 45.94, 45.02, 37.80, 36.08, 31.64,
30.24, 29.80, 29.51, 29.01, 28.10, 27.75, 26.12, 25.71, 25.02, 24.55,
22.65, 14.19, -4.58, -4.59. TOF MS ES + m/z= 2776,6165 (calcd. for
C126H178N4s024Si 2776,4026 [M+H]").

>L /0/\/0 N\/\/Nyﬁ NO NWN% NO N\/\/Nﬁo/\/o NWNJﬁO/\/o N\/\/Nh ,\,o N
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C4CIPDC

CsCIPDCs, *H NMR (500 MHz, CDCls) & 9.02 (d, J = 18.7 Hz, 2H),
8.48 (d, J = 4.9 Hz, 1H), 8.29 (s, 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.89 —
7.57 (m, 11H), 7.55- 7.32 (m, 6H), 7.31 — 7.12 (m, 6H), 7.04 — 6.35
(m, 6H), 6.16 (s, 1H), 5.98 (s, 1H), 5.77 (d, J = 7.6 Hz, 1H), 5.29 —
4.84 (m, 8H), 4.77 — 4.02 (m, 42H), 3.73 — 3.38 (m, 14H), 3.06 (d, J =
34.4 Hz, 10H), 2.73 — 2.58 (m, 6H), 2.33 (s, 2H), 2.18 — 1.87 (m, 12H),
1.60 (g, J = 7.9 Hz, 4H), 1.35 — 1.18 (m, 15H), 0.91 (s, 9H), 0.87 —
0.81 (m, 6H), 0.10 (s, 6H). *C NMR (126 MHz, CDCls) & 172.25,
169.76, 155.89, 155.85, 155.82, 155.66, 155.62, 150.22, 149.98,
149.42, 148.64, 148.15, 147.17, 146.13, 144.31, 144.19, 144.09,
142.66, 140.48, 138.40, 137.28, 128.75, 127.73, 127.59, 127.49,
124.21, 124.08, 123.86, 123.79, 123.21, 122.96, 121.96, 121.88,
120.37, 119.96, 109.59, 109.50, 101.26, 90.89, 71.45, 71.12, 70.99,
70.78, 69.02, 68.74, 68.58, 68.23, 64.79, 64.70, 64.48, 59.60, 53.57,
50.84, 50.32, 50.15, 47.61, 47.42, 45.04, 37.88, 36.09, 31.66, 30.26,
29.82, 29.54, 29.49, 29.03, 26.14, 25.73, 25.10, 24.58, 22.67, 14.21, -
4.57. TOF MS ES + m/z= 2676,3304 (calcd. for Ci21H170N02,Si
2676,3501 [M+H]*).
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CeCl’ , 'H NMR (500 MHz, CDCls) 6 7.92 — 7.74 (m, 5H), 7.51 (s, 1H),
7.36 (s, 1H), 7.06 — 6.88 (m, 3H), 5.94 (dd, J = 32.4, 6.2 Hz, 2H), 5.21
(d, J = 5.4 Hz, 1H), 5.13 — 4.97 (m, 3H), 4.71 — 4.51 (m, 11H), 4.39 (q,
J = 6.9 Hz, 5H), 4.22 — 4.06 (m, 4H), 3.75 — 3.46 (m, 21H), 3.11 (ddq,
J =21.8, 14.4, 6.7 Hz, 4H), 2.65 (t, J = 7.8 Hz, 2H), 2.13 — 2.00 (m,
4H), 1.66 — 1.56 (m, 2H), 1.51 (s, 18H), 1.35 — 1.21 (m, 6H), 0.92 (s,
9H), 0.88 — 0.83 (m, 3H), 0.10 (s, 6H). 3C NMR (126 MHz, CDCl3) &
162.72, 155.59, 155.49, 155.20, 149.60, 148.66, 148.40, 144.79,
144.76, 144.49, 141.60, 128.67, 126.22, 124.55, 123.69, 123.63,
121.79, 119.77, 101.26, 96.91, 90.85, 85.20, 71.79, 71.04, 70.78,
70.66, 70.61, 70.49, 69.82, 69.10, 68.25, 64.92, 64.71, 59.60, 53.38,
50.36, 47.51, 47.42, 47.28, 45.77, 37.79, 31.68, 30.32, 29.56, 29.04,
27.79, 26.15, 25.75, 22.69, 16.56, 14.21, -4.58. HRMS m/z=
1573.8422 (calcd. for C71H112N2,017Si 1573.8418 [M+H]").

H N=N H N=N H
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36, 'H NMR (500 MHz, CDCls) & 7.94 — 7.74 (m, 4H), 7.66 (s, 1H),
7.56 (s, 1H), 7.36 (s, 1H), 7.07 — 6.96 (m, 3H), 6.04 (dt, J = 47.0, 6.0
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Hz, 2H), 5.86 (t, J = 6.1 Hz, 1H), 5.26 — 4.94 (m, 5H), 4.72 — 4.51 (m,
12H), 4.46 — 4.33 (m, 4H), 4.20 (d, J = 2.2 Hz, 2H), 4.10 (t, J = 5.1 Hz,
2H), 3.77 — 3.42 (m, 20H), 3.32 (t, J = 6.6 Hz, 2H), 3.23 — 2.99 (m,
6H), 2.65 (t, J = 7.8 Hz, 2H), 2.17 — 2.00 (m, 4H), 1.68 (dt, J = 62.8,
7.1 Hz, 4H), 1.51 (s, 18H), 1.35 — 1.23 (m, 6H), 0.92 (s, 9H), 0.88 —
0.83 (m, 3H), 0.10 (s, 6H). *C NMR (126 MHz, CDCls) & 162.72,
155.58, 155.50, 149.59, 148.67, 148.36, 145.17, 144.50, 144.38,
141.63, 137.67, 128.97, 126.20, 124.10, 123.78, 123.61, 121.76,
119.75, 101.25, 96.87, 90.85, 85.17, 71.08, 70.98, 70.75, 70.69,
70.67, 70.62, 70.58, 69.83, 68.47, 68.26, 64.94, 64.65, 59.60, 50.36,
49.05, 47.46, 47.40, 47.20, 45.77, 38.50, 37.79, 31.68, 30.27, 29.57,
29.04, 27.79, 26.14, 25.77, 22.68, 16.55, 14.20, -4.58. HRMS m/z=
1699.8971 (calcd. for CzsH118N2601sSi 1699.8959 [M+H]*).
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S
37, *H NMR (300 %\@AHZ, CDCls) & 8.98 (t, J = 42.6 Hz, 2H), 8.48 (d, J
= 5.0 Hz, 1H), 8.27 (s, 1H), 8.03 (d, J = 7.9 Hz, 1H), 7.95 — 7.50 (m,
15H), 7.48 — 7.10 (m, 11H), 7.08 — 6.85 (m, 5H), 6.71 — 5.75 (M, 5H),
5.31 — 4.94 (m, 9H), 4.79 — 4.46 (m, 31H), 4.43 — 4.15 (m, 16H, Hs,
Ho, H17, Has, Has, Haz, Haz and Hss), 4.43 — 4.01 (m, 20H), 3.89 — 3.31
(m, 30H), 3.29 — 2.95 (M, 12H, H7, His, Has, Ha1, Hae and Ha7), 2.82 —
2.25 (m, 13H), 2.09 (d, J = 54.3 Hz, 16H), 1.58 (p, J = 8.3 Hz, 4H),
1.50 (s, 16H), 1.35 — 1.19 (m, 12H), 0.91 (s, 9H), 0.87 — 0.79 (m, 6H),
0.09 (s, 6H). 3C NMR (75 MHz, CDCls) & 169.59, 162.68, 155.88,
155.78, 155.60, 149.61, 149.43, 148.67, 148.31, 147.16, 145.02,
144.89, 144.37, 144.27, 144.20, 144.16, 141.68, 140.53, 140.49,
138.20, 137.61, 137.23, 128.77, 128.43, 127.62, 127.52, 124.36,

123.99, 123.96, 123.92, 123.86, 123.72, 123.18, 122.89, 121.90,
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121.80, 120.32, 119.91, 119.78, 109.58, 109.48, 101.26, 96.86, 90.84,
85.20, 71.43, 71.04, 70.65, 70.62, 70.54, 70.43, 69.79, 69.08, 68.66,
68.24, 64.75, 64.60, 64.50, 59.58, 50.81, 50.67, 50.43, 50.32, 50.10,
47.66, 47.54, 47.45, 47.37, 47.27, 45.07, 37.82, 36.07, 31.66, 30.26,
29.81, 29.55, 29.48, 29.02, 28.13, 27.77, 26.13, 25.74, 25.71, 25.08,
24.61, 22.67, 16.54, 14.20, -4.59. TOF MS ES + m/z= 3439,0331
(calcd. for CissH223Ns57033Si 3439,7366 [M+H]Y).
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CsClIPDCs, *H NMR (500 MHz, CDCIs) 6 9.11 (d, J = 20.3 Hz, 2H),
8.47 (d, J = 4.9 Hz, 1H), 8.30 (s, 1H), 8.02 (d, J = 8.0 Hz, 1H), 7.92 —
7.64 (m, 11H), 7.62 — 7.12 (m, 14H), 7.03 — 6.79 (m, 5H), 6.61 (d, J =
45.4 Hz, 4H), 6.13 (d, J = 68.9 Hz, 2H), 5.71 (d, J = 7.1 Hz, 1H), 5.29
—4.78 (m, 7H), 4.90 (d, J = 35.3 Hz, 2H), , 4.76 — 4.43 (m, 32H), 4.42
—4.16 (m, 16H), 4.07 (d, J = 6.1 Hz, 4H), 3.73 — 3.38 (m, 30H), 3.07
(dd, J = 13.6, 6.4 Hz, 12H), 2.63 (q, J = 11.2, 9.7 Hz, 8H), 2.06 (d, J =
58.1 Hz, 16H), 1.59 (d, J = 6.0 Hz, 4H), 1.35 — 1.19 (m, 12H), 0.91 (s,
9H), 0.84 (t, J = 6.5 Hz, 7H), 0.09 (s, 6H). *C NMR (126 MHz, CDCl3)
6 13C NMR (126 MHz, CDCI3) & 155.79, 155.60, 150.05, 149.61,
149.43, 148.66, 145.02, 144.89, 144.37, 144.27, 137.23, 128.77,
128.43, 127.62, 127.52, 123.86, 123.74, 123.18, 121.90, 121.80,
120.32, 85.20, 71.43, 71.07, 70.65, 70.62, 70.60, 70.54, 70.43, 69.79,
69.08, 68.66, 68.24, 64.76, 64.50, 59.59, 50.67, 50.43, 50.10, 47.66,
47.54, 47.28, 45.07, 37.82, 36.07, 31.66, 30.25, 29.81, 29.55, 29.48,
29.02, 28.13, 27.77, 26.13, 25.74, 25.71, 25.08, 24.61, 22.67, 16.54,
14.20, -459. TOF MS ES + m/z= 3239.6485 (calcd. for
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C145H207Ns57026Si 3239.6317 [M+H]").
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TG, *H NMR (500 MHz, CDCl3) & 9.69 (s, 1H), 8.38 (s, 1H), 7.95 (s,
1H), 7.78 (s, 1H), 7.69 (s, 1H), 7.30 (d, J = 1.5 Hz, 1H), 5.62 (t, J =
6.2 Hz, 1H), 5.55 (s, 2H), 5.18 (dd, J = 7.2, 4.0 Hz, 1H), 4.94 — 4.82
(m, 2H), 4.69 — 4.59 (m, 4H), 4.51 (dd, J = 14.0, 3.7 Hz, 1H), 4.32—
4.41 (m, 3H), 4.25 - 4.16 (m, 2H), 3.70 — 3.57 (m, 3H), 3.51 — 3.46 (m,
1H), 3.08 (g, J = 6.3 Hz, 2H), 2.08 — 1.99 (m, 2H), 1.85 (d, J = 1.2 Hz,
3H), 1.46 (s, 18H), 0.92 (s, 9H), 0.10 (s, 6H). *C NMR (126 MHz,
CDClIs) 6 164.49, 155.41, 152.55, 151.96, 151.31, 151.15, 150.98,
146.32, 144.54, 142.26, 141.09, 140.56, 130.09, 125.26, 125.10,
123.53, 111.28, 101.17, 90.97, 84.03, 71.60, 71.19, 69.15, 68.22,
64.64, 59.64, 53.19, 50.90, 47.39, 43.35, 39.41, 37.70, 28.48, 28.05,
26.16, 16.57, -4.57. HRMS m/z= 1122.4815 (calcd. for
CagHesCIN17011S11122.4815 [M+H]").

H N=N H
ﬁ\Si/O/\}/OEN\/\/N%O/Y_OTNWNa

s, 0O

/ N\ /[NN /NN
N ¢l /EN
O.
ey o T
A DUy
(o]
o” o

/}\ 38
38, 'H NMR (500 MHz, CDCls) & 9.55 (s, 1H), 8.40 (s, 1H), 7.86 (s,
1H), 7.78 (s, 1H), 7.72 (s, 1H), 7.35 — 7.28 (m, 1H), 5.68 — 5.42 (m,
4H, He), 5.19 (s, 1H), 5.07 (s, 1H), 4.98 — 4.82 (m, 2H), 4.72 — 4.51
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(m, 6H), 4.40 (t, J = 6.7 Hz, 2H), 4.27 — 4.14 (m, 2H), 3.73 — 3.42 (m,
4H), 3.31 — 3.22 (m, 2H), 3.18 — 2.98 (M, 4H), 2.06 — 1.96 (m, 2H),
1.87 (d, J = 1.1 Hz), 1.66 — 1.59 (m, 2H), 1.49 (s, 18H), 0.92 (s, 9H),
0.10 (s, 6H). 3C NMR (126 MHz, CDCls) & 164.43, 155.38, 155.20,
152.59, 151.87, 151.39, 151.26, 151.14, 146.43, 144.45, 142.30,
140.46, 130.22, 125.21, 125.08, 123.56, 111.28, 101.19, 90.93, 84.28,
71.13, 70.95, 68.43, 68.18, 64.84, 59.62, 50.88, 49.01, 47.39, 43.30,
39.54, 38.49, 37.78, 30.27, 28.94, 28.47, 28.04, 26.15, 16.56, 12.43, -
4.58. HRMS m/z= 1248.5367 (calcd. for Cs;HssCIN19015Si 1248.5356
[M+Na]*).

39, 'H NMR (300 MHz, CDCls) & 7.84 (t, J = 3.7 Hz, 2H), 7.05 (d, J =
7.4 Hz, 1H), 5.25 — 5.10 (m, 2H), 5.07 (d, J = 5.2 Hz, 2H), 4.71 — 4.55
(m, 2H), 4.20 (d, J = 4.0 Hz, 2H), 3.60 (d, J = 4.2 Hz, 2H), 3.43 — 3.32
(m, 4H), 1.83 — 1.73 (m, 2H), 1.54 (s, 18H), 0.92 (s, 9H), 0.11 (s, 6H).
13C NMR (75 MHz, CDCl3) & 162.73, 158.39, 155.11, 149.58, 148.01,
141.70, 125.76, 101.23, 96.89, 90.83, 85.15, 71.00, 68.00, 59.59,
50.66, 49.08, 38.65, 37.98, 29.08, 27.80, 26.15, 16.55, -4.59. HRMS
m/z= 745.3810 (calcd. for CasHsoN10OsSi 745.3812 [M+H]*).
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° 4 x cT

CT, *H NMR (500 MHz, CDCl3) & 9.36 (s, 1H), 7.94 — 7.84 (m, 3H),
7.79 (s, 1H), 7.37 — 7.31 (m, 1H), 7.04 (d, J = 7.4 Hz, 1H), 5.59 (t, J =
6.1 Hz, 1H), 5.20 — 5.01 (m, 3H), 4.93 (s, 2H), 4.70 — 4.49 (m, 5H),
4.47 — 4.34 (m, 3H), 4.26 — 4.13 (m, 3H), 3.71 — 3.60 (m, 2H), 3.58 —
3.45 (m, 2H), 3.21 — 2.92 (m, 2H), 2.05 (m, 2H), 1.88 (d, J = 1.2 Hz,
3H), 1.51 (s, 18H), 0.92 (s, 9H), 0.10 (s, 6H). °C NMR (126 MHz,
CDCl3) 6 164.32, 162.74, 155.51, 155.27, 151.06, 149.60, 148.39,
144.50, 142.04, 141.68, 140.43, 126.10, 125.26, 123.72, 111.28,
101.25, 97.00, 90.88, 85.26, 71.49, 71.12, 69.25, 68.20, 64.78, 59.62,
53.11, 50.76, 47.45, 45.75, 43.15, 37.76, 30.33, 27.80, 26.16, 16.56, -
4.57. HRMS m/z= 1064.5099 (calcd. for Ca7HesN15012Si 1064.5092
[M+H]*).
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40, *H NMR (500 MHz, CDCls) & 10.27 — 9.98 (m, 2H), 8.43 (s, 1H),
7.98 — 7.68 (m, 8H), 7.36 — 7.28 (m, 2H), 7.02 (d, J = 7.3 Hz, 1H),
6.31 — 5.94 (b, 3H), 5.61 — 5.34 (s, 2H), 5.23 — 4.80 (m, 9H), 4.58 (m,
13H), 4.44 — 4.27 (m, TH), 4.25 — 4.09 (m, 3H), 3.74 — 3.41 (m, 8H),
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3.16—-2.90 (m, 5H), 2.09 — 1.89 (m, 6H), 1.86 — 1.77 (m, 6H), 1.56 —
1.40 (m, 36H), 0.91 (s, 9H), 0.09 (s, 6H). *C NMR (126 MHz, CDCl5)
0 164.68, 162.68, 155.61, 155.49, 155.22, 152.64, 151.27, 151.14,
149.60, 148.60, 146.72, 144.53, 144.27, 144.18, 143.31, 142.30,
142.03, 141.69, 141.38, 140.64, 140.53, 126.03, 125.27, 125.14,
123.85, 111.09, 101.26, 96.90, 90.84, 85.21, 84.17, 71.57, 71.14,
69.17, 68.74, 68.33, 64.73, 59.59, 53.25, 50.97, 50.52, 47.49, 45.60,
43.16, 39.46, 37.83, 30.23, 29.82, 28.47, 28.03, 27.78, 26.15, 16.55,
12.40, -457. TOF MS ES + m/z= 2199.0055 (calcd. for
Co3H129CIN36024Si 2198.9545 [M+H]").
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TGCT ,'H NMR (500 MHz, DMSO) & 11.30 (s, 2H), 11.06 (s, 1H),
8.19 — 7.85 (m, 7H), 7.78 — 7.48 (m, 3H, Has, Hazand Hsy), 7.46 — 7.32
(m, 2H), 7.11 (d, J = 124.8 Hz, 1H), 6.68 (s, 2H), 5.31 (d, J = 5.6 Hz,
1H), 5.21 (s, 2H), 5.09 (s, 3H), 4.88 (d, J = 4.2 Hz, 6H), 4.64 — 4.46
(m, 12H), 4.42 (dd, J = 13.9, 3.5 Hz, 1H), 4.36 — 4.20 (m, 7H), 4.17 (d,
J = 2.4 Hz, 2H), 3.96 (s, 1H), 3.62 — 3.39 (m, 8H), 2.98 — 2.79 (m,
6H), 2.46 (t, J = 4.0, 2.0 Hz, 1H), 1.95 — 1.80 (m, 6H), 1.78 — 1.68 (m,
6H). *C NMR (126 MHz, DMSO) & 166.10, 166.01, 164.33, 155.60,
155.20, 151.23, 150.77, 145.90, 145.74, 143.67, 143.40, 142.96,
142.41, 142.13, 141.15, 141.01, 124.53, 124.45, 124.28, 124.13,
108.84, 93.62, 79.82, 77.68, 71.62, 70.43, 68.67, 68.21, 63.87, 57.92,
54.93, 52.90, 50.06, 48.61, 46.96, 42.15, 37.41, 29.95, 26.24, 11.98.
HRMS m/z= 1665,6914 (calcd. for Ce7HgaN36017 1665,6888 [M+H]").
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(R)-41,'H NMR (500 MHz, CDCl3) & 8.81 (s, 1H), 8.55 (s, 1H), 8.00 —
7.58 (m, 6H), 7.46 (d, J = 7.0 Hz, 1H), 7.04 (d, J = 7.3 Hz, 1H), 5.64
(b, 1H), 5.26 (d, J = 5.9 Hz, 1H), 5.10 (s, 2H), 4.70 — 4.31 (m, 8H),
4.29 — 4.08 (m, 3H), 3.77 — 3.60 (m, 2H), 3.57 — 3.42 (m, 2H), 3.22 —
2.94 (m, 2H), 2.80 — 2.64 (m, 2H), 2.39 (s, 2H), 2.20 (s, 3H), 2.09 —
1.93 (m, 4H), 1.51 (s, 18H), 0.92 (s, 9H), 0.10 (s, 6H).3C NMR (126
MHz, CDCls) & 172.08, 169.25, 162.70, 155.59, 155.19, 149.67,
148.28, 147.31, 144.91, 144.67, 144.18, 141.69, 140.75, 125.73,
123.69, 122.63, 109.53, 101.19, 96.85, 90.98, 85.28, 71.43, 71.24,
69.17, 68.50, 64.81, 59.70, 53.10, 50.90, 47.45, 45.68, 37.83, 36.17,
30.27, 27.80, 26.15, 25.15, 24.72, 24.41, 16.57, -4.56. HRMS m/z=
1145.5678 (calcd. for Cs;HzeN16012Si 1145.5671 [M+H]").

(S)-41, *H NMR (500 MHz, CDCl3) & 9.07 — 8.43 (m, 2H), 7.94 — 7.59
(m, 6H), 7.52 — 7.40 (m, 1H), 7.05 (d, J = 7.4 Hz), 5.77 (b, 1H), 5.37 —
5.21 (m, 1H), 5.10 (s, 2H), 4.67 — 4.29 (m, 8H), 4.28 — 4.10 (m, 3H),
3.77 — 3.58 (M, 2H), 3.57 — 3.40 (m, 2H), 3.25 — 2.93 (m, 2H), 2.85 —
2.66 (M, 2H), 2.40 (s, 2H), 2.20 (s, 3H), 2.10 — 1.89 (m, 4H), 1.51 (s,
18H), 0.92 (s, 9H), 0.10 (s, 6H). 3C NMR (126 MHz, CDCl3) & 171.99,
169.21, 162.71, 155.61, 155.25, 149.66, 148.33, 147.29, 144.82,
144.64, 144.29, 141.64, 140.79, 125.72, 123.69, 122.67, 109.49,
101.21, 96.90, 90.95, 85.29, 71.47, 71.21, 69.15, 68.48, 64.78, 59.68,
53.12, 50.90, 47.47, 45.68, 37.83, 36.17, 30.26, 27.79, 26.15, 25.10,

24.69, 24.43, 16.57, -4.57. HRMS m/z= 1145.5672 (calcd. for
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Cs2H76N16012Si 1145.5671 [M+H]").
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(R)-42,'H NMR (500 MHz, CDCls) & 8.92 — 8.38 (m, 2H), 7.97 — 7.64
(m, 6H), 7.44 (s, 1H, Hio), 7.07 (d, J = 7.3 Hz, 1H), 5.92 — 5.54 (b, 2H),
5.26 (d, J = 6.2 Hz, 1H), 5.17 — 5.05 (m, 3H), 4.68 — 4.51 (m, 6H),
4.39 (t, J = 6.6 Hz, 2H), 4.22 (d, J = 2.3 Hz, 2H), 3.80 — 3.58 (m, 2H),
3.54 — 3.39 (m, 2H), 3.33 (t, J = 6.6 Hz, 2H), 3.25 — 3.10 (m, 3H),
3.08 — 2.96 (m, 1H), 2.88 — 2.67 (m, 2H), 2.38 (s, 2H), 2.20 (s, 3H),
2.13 — 1.96 (m, 6H), 1.78 — 1.70 (m, 2H), 1.52 (s, 18H), 0.92 (s, 9H),
0.10 (s, 6H). 3C NMR (126 MHz, CDCls) & 172.27, 169.45, 162.75,
155.56, 155.33, 155.25, 149.92, 149.66, 148.34, 148.17, 147.28,
144.44, 141.73, 140.72, 125.92, 123.74, 122.61, 109.51, 101.17,
96.93, 91.00, 85.28, 71.23, 70.64, 68.47, 68.13, 64.88, 59.69, 50.86,
49.05, 47.42, 45.77, 38.57, 37.84, 36.08, 30.20, 29.05, 27.79, 26.14,
25.23, 24.72, 24.31, 16.56, -4.58. HRMS m/z= 1271.6209 (calcd. for
CsoHs2N20015Si 1271.6212 [M+H]*).

(S)-42, *H NMR (500 MHz, CDCl3) & 9.13 — 8.20 (m, 2H), 7.97 — 7.59
(m, 6H), 7.46 (d, J = 6.8 Hz, 1H), 7.07 (t, J = 8.3 Hz, 1H), 5.93 — 5.55
(b, 2H), 5.26 (d, J = 5.6 Hz, 1H), 5.18 — 4.99 (m, 3H), 4.68 — 4.50 (m,
6H), 4.40 (t, J = 6.6 Hz, 2H), 4.30 — 4.16 (m, 2H), 3.80 — 3.60 (M, 2H),
3.56 — 3.39 (m, 2H), 3.33 (t, J = 6.6 Hz, 2H), 3.25 — 3.11 (m, 3H), 3.02
(dd, J = 14.0, 6.5 Hz, 1H), 2.85— 2.67 (m, 2H), 2.40 (s, 2H), 2.21 (s,
3H), 2.14 — 1.94 (m, 4H), 1.74 (p, J = 6.6 Hz, 2H), 1.52 (s, 18H), 0.92
(s, 9H), 0.11 (s, 6H). 3C NMR (126 MHz, CDCls) & 172.29, 169.78,
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162.54, 155.67, 155.63, 155.19, 150.28, 150.11, 149.64, 148.63,
146.48, 144.57, 141.82, 140.20, 126.32, 124.18, 123.55, 109.30,
101.32, 96.85, 90.62, 85.08, 71.42, 70.84, 69.04, 68.08, 64.76, 59.54,
53.00, 50.76, 47.43, 45.01, 37.65, 36.11, 35.97, 30.17, 28.08, 27.74,
26.11, 25.09, 24.67, 24.38, 16.50, -4.62. HRMS m/z= 1271.6187
(calcd. for CseHg2N20013Si 1271.6212 [M+H]*).
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(R)-43, *H NMR (300 MHz, CDCl3) 6 8 8.30 (s, 1H), 7.81 (s, 1H), 5.53
(s, 2H), 5.28 (t, J = 6.0 Hz, 1H), 5.09 (dd, J = 8.4, 4.2 Hz, 1H), 4.69 —
4.41 (m, 2H), 4.18 (d, J = 3.6 Hz, 2H), 3.69 — 3.54 (m, 2H), 3.23 (t, J
= 6.5 Hz, 2H), 3.13 - 2.89 (m, 2H), 1.62 — 1.54 (m, 2H), 1.51 (s, 18H),
0.92 (s, 9H), 0.10 (s, 6H). ¥C NMR (75 MHz, CDCIl3) & 155.009,
152.57, 151.93, 151.56, 151.31, 146.06, 141.39, 130.31, 125.02,
101.20, 90.84, 84.35, 71.18, 68.22, 59.63, 51.10, 49.04, 39.79, 38.49,
28.95, 28.07, 26.15, 16.55, -4.57. HRMS m/z= 803.3535 (calcd. for
C34Hs51CIN1207Si 803.3534 [M+H]")

(S)-43, *H NMR (300 MHz, CDCls) & 8.30 (s, 1H), 7.81 (s, 1H), 5.53
(s, 2H), 5.27 (t, 3 = 6.0 Hz, 1H), 5.09 (dd, J = 8.1, 4.0 Hz, 1H), 4.72 —
4.45 (m, 2H), 4.18 (d, J = 3.6 Hz, 2H), 3.63 (dd, J = 9.0, 4.6 Hz, 2H),
3.30 - 3.19 (m, 2H), 3.12 — 2.90 (m, 2H), 1.83 — 1.68 (m, 2H), 1.51 (s,
18H), 0.92 (s, 9H), 0.10 (s, 6H). *C NMR (75 MHz, CDCls) & 155.09,
152.57, 151.92, 151.56, 151.31, 146.06, 141.38, 130.32, 125.02,
101.19, 90.84, 84.35, 71.18, 68.22, 59.63, 51.10, 49.04, 39.79, 38.49,
28.95, 28.07, 26.15, 16.56, -4.57. HRMS m/z= 803.3534 (calcd. for
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C34H51CIN1207Si 803.3534 [M+H]")
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(R, R)-GD, 'H NMR (500 MHz, CDCl3) & 8.95 — 8.42 (m, 2H), 8.38 (s,
1H), 7.90 — 7.74 (m, 3H), 7.70 — 7.62 (m, 2H), 7.50 (s, 1H), 5.76 (t, J
= 6.0 Hz, 1H), 5.52 (d, J = 4.5 Hz, 2H), 5.15 (dd, J = 8.3, 4.1 Hz, 1H),
4.70 — 4.09 (m, 11H), 3.72 — 3.41 (m, 4H), 2.97 — 2.86 (M, 2H), 2.74 (t,
J=7.0 Hz, 2H), 2.40 (t, J = 7.2 Hz, 2H), 2.20 (s, 3H), 2.04 (p, J = 7.0
Hz, 2H), 1.97 — 1.82 (m, 2H), 1.49 (s, 18H), 0.91 (s, 9H), 0.09 (s, 6H).
13C NMR (126 MHz, CDCls) & 172.23, 169.35, 155.45, 152.59, 151.90,
151.34, 151.31, 149.77, 149.58, 146.82, 146.55, 144.53, 141.31,
140.90, 130.16, 125.19, 123.44, 123.18, 109.51, 109.48, 101.12,
90.95, 84.45, 71.37, 71.17, 69.27, 68.30, 64.70, 59.63, 52.96, 51.18,
47.45, 39.69, 37.76, 36.30, 30.17, 28.06, 26.14, 25.11, 24.77, 24.28,
16.55, -4.57. HRMS m/z= 1225.5204 (calcd. for Cs3H7z5CIN1gO11Si
1225.5213 [M+Na]")

(S, S)-GD, *H NMR (500 MHz, CDCls) & 9.13 — 8.47 (m, 2H), 8.39 (s,
1H), 7.94 — 7.73 (m, 3H), 7.69 — 7.62 (m, 2H), 7.51 (s, 1H), 5.85 —
5.74 (t, 1H), 5.53 (d, J = 3.4 Hz, 2H), 5.15 (dd, J = 7.9, 3.9 Hz, 1H),
4.74 — 4.06 (m, 11H), 3.71 — 3.43 (m, 4H), 2.99 — 2.86 (M, 2H), 2.74 (t,
J = 6.9 Hz, 2H), ), 2.40 (t, J = 7.2 Hz, 2H), 2.20 (s, 3H), 2.04 (g, J =
7.2 Hz, 2H), 1.89 (p, J = 27.5, 6.8 Hz, 2H), 1.49 (s, 18H), 0.91 (s, 9H),
0.09 (s, 6H). 3C NMR (126 MHz, CDCls) & 172.14, 169.55, 155.45,
152.58, 151.87, 151.33, 151.29, 149.69, 149.48, 146.79, 146.59,
144.50, 141.30, 141.01, 130.14, 125.21, 123.47, 123.22, 109.48,

103



109.44, 101.11, 90.93, 84.46, 71.40, 71.15, 69.24, 68.28, 64.67,
59.63, 52.98, 51.17, 47.45, 39.67, 37.74, 36.26, 30.16, 28.05, 26.13,
25.07, 24.75, 24.27, 16.54, -4.58. HRMS m/z= 1203.5392 (calcd. for
Cs3H7sCIN15011Si 1203.5393 [M+H]*)
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(R)-44, 'H NMR (500 MHz, CDCl3) & 9.48 — 8.48 (m, 4H), 8.41 (s, 1H,
Hss), 8.01 — 7.57 (m, 12H), 7.51 (s, 1H, Hsa), 7.44 (s, 1H, Hs), 7.08 —
6.99 (M, 1H), 6.38 — 5.91 (b, 3H), 5.61 — 4.91 (m, 7H), 4.87 — 4.02 (m,
25H), 3.77 — 3.41 (m, 8H), 3.30 — 2.86 (M, 6H), 2.76 — 2.64 (M, 4H),
2.43 — 1.87 (m, 20H), 1.59 — 1.38 (m, 36H), 0.91 (s, 9H, Hy), 0.10 (s,
6H). 13C NMR (126 MHz, CDCls) & 172.31, 169.26, 161.91, 155.85,
155.76, 155.73, 155.11, 152.56, 152.00, 151.12, 150.94, 149.69,
148.80, 147.28, 147.09, 146.71, 144.54, 144.17, 144.12, 141.90,
141.37, 125.68, 125.19, 123.53, 123.44, 123.32, 122.71, 109.54,
109.49, 101.30, 96.84, 90.86, 84.16, 83.25, 77.00, 71.12, 71.06,
71.01, 70.91, 70.88, 69.11, 68.69, 68.49, 64.85, 64.78, 64.64, 59.65,
53.07, 50.94, 50.89, 50.66, 50.64, 47.59, 45.94, 37.83, 37.79, 36.15,
36.08, 30.20, 30.15, 29.82, 28.13, 28.02, 26.15, 25.17, 25.01, 24.64,
2451, 16.55, -4.56. TOF MS ES + m/z= 2360.1295 (calcd. for
Ci103H145CIN35024Si 2360.0668 [M+H]*).

(S)-44, *H NMR (500 MHz, CDCl3) & 8.90 9.42 — 8.42 (m, 4H), 8.41 (s,
1H, Hs1), 7.98 — 7.39 (m, 14H), 7.04 (d, J = 7.4 Hz, 1H), 6.41— 5.90 (b,
3H), 5.52 (s, 2H), 5.30 — 5.21 (m, 1H), 5.16 — 4.93 (m, 4H), 4.77 —
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4.11 (m, 25H), 3.80 — 3.36 (m, 8H), 3.22 — 2.87 (m, 6H), 2.77 — 2.63
(m, 4H), 2.48 — 1.86 (m, 20H), 1.52 — 1.42 (m, 36H), 0.91 (s, 9H),
0.10 (s, 6H). 3C NMR (126 MHz, CDCls) & 172.25, 169.71, 162.73,
155.71, 155.64, 155.59, 155.30, 152.63, 151.86, 151.23, 151.15,
149.67, 148.60, 147.28, 146.82, 146.71, 144.50, 144.21, 144.12,
141.72, 141.28, 125.87, 125.27, 123.89, 123.69, 123.21, 122.66,
109.50, 109.46, 101.19, 96.99, 90.97, 85.37, 84.31, 71.54, 71.44,
71.15, 70.88, 70.86, 69.17, 68.72, 68.49, 64.73, 64.63, 64.53, 59.67,
53.03, 50.96, 50.89, 50.55, 50.52, 47.51, 45.67, 39.52, 37.88, 37.77,
36.25, 36.12, 30.24, 30.10, 29.82, 28.03, 27.77, 26.14, 25.16, 25.06,
24.66, 24.43, 16.55, -4.57. TOF MS ES + m/z= 2360.1712 (calcd. for
C103H145CIN35024Si 2360.0668 [M+H]*).

DCGD

(R, R, R, R)-DCGD, *H NMR (500 MHz, DMSO) & 11.10 (s, 1H),
10.03 (dd, J = 24.4, 7.6 Hz, 4H), 8.13 — 8.06 (m, 3H), 7.95 (d, J =
14.5 Hz, 2H), 7.78 (s, 2H), 7.74 — 7.64 (m, 8H), 7.40 (dg, J = 15.9, 5.6
Hz, 3H), 7.22 (s, 2H), 6.69 (s, 2H), 5.68 (d, J = 7.2 Hz, 1H), 5.21 (s,
2H), 5.09 (it, J = 8.4, 4.9 Hz, 3H), 4.93 — 4.83 (m, 2H), 4.62 — 4.47 (m,
14H), 4.39 (dd, J = 13.9, 3.7 Hz, 1H), 4.31 (dd, J = 7.2, 5.0 Hz, 6H),
4.18 (d, J = 2.5 Hz, 2H), 4.10 (d, J = 5.5 Hz, 1H), 3.60 — 3.40 (m, 8H),
2.97 — 2.84 (m, 6H), 2.63 (td, J = 7.7, 5.2 Hz, 4H), 2.45 (g, J = 7.9 Hz,
5H), 2.09 (s, 6H), 1.88 (g, J = 7.5, 6.8 Hz, 10H).3C NMR (126 MHz,
DMSO) & 172.17, 169.67, 166.31, 157.51, 155.49, 153.92, 151.43,
150.51, 150.44, 146.66, 146.31, 146.15, 143.96, 143.65, 143.61,
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143.12, 142.80, 140.22, 137.53, 124.78, 124.64, 124.38, 123.12,
123.07, 109.19, 109.08, 94.22, 80.09, 77.80, 71.81, 70.77, 68.84,
68.55, 68.47, 64.01, 58.14, 52.89, 50.28, 50.06, 48.85, 47.21, 43.65,
37.61, 35.83, 35.73, 30.14, 25.04, 24.69, 24.65, 24.20.

(S, S, S, S)-DCGD, H NMR (500 MHz, DMSO) & 11.03 (s, 1H),
10.03 (dd, J = 24.2, 7.5 Hz, 4H), 8.14 — 8.05 (m, 3H), 7.95 (d, J =
14.7 Hz, 2H), 7.80 (d, J = 12.8 Hz, 2H), 7.75 — 7.60 (m, 8H), 7.41 (dt,
J=16.9, 5.2 Hz, 3H), 7.22 (s, 2H), 6.66 (s, 2H), 5.76 (s, 1H), 5.68 (d,
J=17.2Hz, 1H), 5.29 (d, J = 5.5 Hz, 1H), 5.21 (s, 2H), 5.09 (tt, J = 8.7,
4.7 Hz, 3H), 4.95 — 4.81 (m, 2H), 4.67 — 4.44 (m, 12H), 4.39 (dd, J =
13.9, 3.7 Hz, 1H), 4.31 (g, J = 6.9 Hz, 6H), 4.24 — 4.14 (m, 3H), 4.10
(d, J = 5.1 Hz, 2H), 3.96 (s, 1H), 3.64 — 3.44 (m, 6H), 3.40 (td, J =
11.9, 10.9, 5.5 Hz, 2H), 2.91 (td, J = 14.2, 12.2, 6.5 Hz, 6H), 2.63 (td,
J=7.7,5.4 Hz, 5H), 2.44 (t, J = 8.0 Hz, 4H), 2.09 (s, 6H), 1.94 — 1.80
(m, 10H). ¥C NMR (126 MHz, DMSO) & 171.87, 169.28, 166.08,
157.19, 155.20, 153.71, 151.19, 150.36, 150.27, 146.38, 146.02,
146.00, 145.87, 143.70, 143.70, 143.39, 142.97, 142.66, 139.86,
137.14, 124.47, 124.31, 124.12, 122.80, 122.76, 109.00, 108.87,
93.82, 79.84, 77.67, 71.66, 70.52, 68.64, 68.33, 68.23, 63.85, 57.91,
52.69, 49.99, 49.78, 48.61, 46.95, 43.39, 37.41, 35.57, 35.48, 29.96,
24.86, 24.54, 24.50, 24.00.

DG, 'H NMR (500 MHz, CDCls) 5 9.14 (d, J = 105.7 Hz, 2H), 8.43 (s,
1H), 7.99 (s, 1H), 7.80 (d, J = 9.4 Hz, 3H), 7.65 — 7.51 (m, 2H), 6.14 (t,
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J = 6.1 Hz, 1H), 5.51 (s, 2H), 5.27 — 5.14 (m, 1H), 4.84 (d, J = 5.8 Hz,
1H), 4.66 — 4.07 (m, 11H), 3.72 — 3.40 (m, 4H), 3.23 — 3.16 (m, 3H),
2.75 - 2.62 (m, 2H), 2.37 (g, J = 7.1 Hz, 2H), 2.16 (s, 3H), 2.07 — 1.91
(m, 4H), 1.43 (s, 19H), 0.90 (s, 9H), 0.09 (s, 6H). *C NMR (126 MHz,
CDCls) & 172.23, 169.58, 155.64, 152.58, 151.93, 151.12, 150.93,
150.07, 147.23, 146.57, 144.44, 140.82, 140.50, 129.97, 125.23,
123.82, 122.88, 109.46, 101.20, 90.91, 84.00, 71.53, 71.20, 69.09,
68.45, 64.67, 59.02, 53.26, 50.89, 47.47, 39.32, 37.77, 36.20, 30.27,
28.00, 26.13, 25.12, 24.70, 24.49, 16.54, -4.59. HRMS m/z=
1203.5397 (calcd. for CssHzsCIN1s011Si 1203.5393 [M+H]*)
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45, *H NMR (500 MHz, CDCls) & 8.61 (s, 1H), 8.40 (d, J = 7.8 Hz, 2H),
7.84 (s, 3H), 7.71 (s, 1H), 7.65 (s, 1H), 7.42 (s, 1H), 5.61 (t, J = 6.0
Hz, 1H), 5.55 (dd, J = 10.1, 4.6 Hz, 2H), 5.28 (t, J = 5.8 Hz, 1H), 5.10
(s, 1H), 4.74 — 4.11 (m, 10H), 3.86 — 3.37 (m, 4H), 3.32 — 2.87 (m,
6H), 2.74 (d, J = 9.2 Hz, 2H), 2.36 (d, J = 4.7 Hz, 2H), 2.20 (s, 3H),
2.02 (t, J = 7.7 Hz, 4H), 1.62 (d, J = 1.4 Hz, 2H), 1.48 (s, 19H), 0.92
(s, 9H), 0.10 (s, 6H). 3C NMR (126 MHz, CDCls) & 171.92, 169.21,
155.52, 155.27, 152.59, 151.91, 151.41, 151.29, 149.96, 147.29,
146.41, 144.30, 141.36, 140.67, 130.19, 125.12, 123.62, 122.57,
109.61, 101.10, 91.10, 84.33, 71.31, 70.97, 68.45, 68.38, 64.79,
59.74, 50.87, 49.02, 47.42, 39.59, 38.50, 37.85, 36.07, 30.30, 28.94,
28.08, 28.04, 26.15, 25.22, 24.77, 24.27, 16.57, -4.57. HRMS m/z=
1329.5743 (calcd. for Cs;Hs1CIN2201,Si 1329.3935 [M+H]*)
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CD, *H NMR (500 MHz, CDCls) & 9.26 (d, J = 18.1 Hz, 2H), 8.12 (s,
1H), 8.01 (t, J = 3.7 Hz, 2H), 7.80 (t, J = 7.0 Hz, 2H), 7.70 — 7.51 (m,
2H), 6.98 (d, J = 7.4 Hz, 1H), 6.57 (s, 1H), 5.12 (s, 4H), 4.71 — 4.32
(m, 8H), 4.16 (d, J = 13.5 Hz, 3H), 3.68 — 3.45 (m, 4H), 3.06 (dd, J =
14.4, 6.6 Hz, 2H), 2.73 (t, J = 6.8 Hz, 2H), 2.38 (dt, J = 7.2, 3.2 Hz,
2H), 2.18 (s, 3H), 2.04 (dt, J = 21.5, 7.3 Hz, 4H), 1.49 (s, 18H), 0.89
(s, 9H), 0.08 (s, 6H). 3C NMR (126 MHz, CDCls) § 172.22, 169.68,
162.72, 155.66, 155.24, 150.00, 149.70, 149.66, 148.36, 147.32,
144.39, 143.61, 141.74, 140.65, 125.67, 123.74, 122.60, 109.54,
101.17, 96.92, 85.28, 68.48, 64.88, 61.72, 59.69, 50.86, 50.47, 49.05,
47.64, 45.68, 38.57, 37.84, 36.10, 28.13, 27.79, 26.40, 26.15, 25.21,
24.64, 24.30, 16.56, -4.57. HRMS m/z= 1145.5679 (calcd. for
Cs2H76N16012Si 1145.5671 [M+H]*).

N=N N=N N=N
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= » o K

46, 'H NMR (500 MHz, CDCls) & 9.00 — 8.67 (m, 4H), 8.43 (s, 1H),
7.94 — 7.38 (m, 14H), 7.02 (d, J = 7.3 Hz, 1H), 6.31 — 6.06 (m, 2H),
5.93 (s, 1H), 5.52 (s, 2H), 5.38 — 4.95 (m, 5H), 4.77 — 4.08 (M, 24H),
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3.78 — 3.41 (m, 8H), 3.25 — 2.87 (m, 6H), 2.69 (d, J = 7.8 Hz, 4H),
2.44 — 1.83 (m, 20H), 1.48 (d, J = 17.5 Hz, 36H), 0.91 (s, 9H), 0.09 (s,
6H). 3C NMR (126 MHz, CDCls) & 172.15, 169.58, 162.69, 155.66,
155.27, 152.63, 151.87, 151.21, 151.15, 150.10, 149.91, 149.68,
148.58, 147.29, 146.83, 146.74, 144.48, 144.24, 144.09, 141.70,
141.29, 140.57, 130.06, 125.86, 125.24, 123.79, 123.19, 122.65,
109.54, 101.17, 96.93, 91.00, 85.36, 84.29, 71.42, 71.16, 70.93,
69.20, 68.62, 68.46, 64.65, 59.68, 53.00, 50.87, 50.56, 47.54, 45.60,
39.47, 37.82, 36.24, 36.11, 30.28, 30.17, 29.81, 28.02, 27.77, 26.13,
25.17, 25.09, 24.65, 24.42, 16.55, -4.58. TOF MS ES + m/z=
2360.1666 (calcd. for C10sH143CINss024Si 2360.0668 [M+H]").
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DGCD

DGCD, *H NMR (500 MHz, DMSO) & 11.17 (s, 1H), 10.03 (dd, J =
24.2, 8.0 Hz, 4H), 8.18 — 8.02 (m, 3H), 7.95 (d, J = 16.5 Hz, 2H), 7.86
— 7.59 (m, 10H), 7.48 — 7.32 (m, 3H), 7.22 (s, 1H), 7.05 (d, J = 49.0
Hz, 1H), 6.72 (s, 1H), 5.68 (d, J = 7.2 Hz, 1H), 5.37 — 5.02 (m, 6H),
4.87 (dd, J = 8.7, 6.1 Hz, 2H), 4.70 — 4.43 (m, 13H), 4.39 (dd, J =
13.9, 3.7 Hz, 1H), 4.31 (p, J = 8.2, 7.3 Hz, 6H), 4.24 — 4.15 (m, 3H),
4.11 (d, J = 5.2 Hz, 1H), 3.95 (d, J = 15.6 Hz, 1H), 3.61 — 3.39 (m,
8H), 3.03 — 2.78 (m, 6H), 2.70 — 2.56 (m, 4H), 2.45 (d, J = 8.3 Hz, 4H),
2.09 (s, 6H), 1.97 — 1.75 (m, 10H). 3C NMR (126 MHz, DMSO) &
171.88, 169.29, 166.02, 155.25, 155.22, 150.37, 150.29, 146.39,
146.02, 145.92, 145.75, 143.68, 143.39, 139.88, 137.12, 124.54,
124.13, 122.82, 122.77, 116.28, 109.02, 108.88, 93.85, 79.85, 79.56,
79.27, 77.69, 71.65, 70.48, 68.34, 68.24, 63.85, 57.92, 54.94, 52.70,
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48.62, 46.96, 37.42, 35.58, 35.49, 29.99, 24.88, 24.55, 24.50, 24.01.

H N=N

O__N N A o_N N
7
>L = O/\_/ T ~ N\ O/\f \ﬂ/ ~ N3
Si s 0O /0O

] QNH
IS o
47, 'H NMR (500 MHz, CDCls) & 8.42 (s, 3H), 7.99 — 7.55 (m, 5H),
7.41 (s, 1H), 5.78 (d, J = 77.3 Hz, 2H), 5.53 (s, 2H), 5.16 (d, J = 4.8
Hz, 2H), 4.78 — 4.44 (m, 6H), 4.38 — 4.02 (M, 4H), 3.69 — 3.57 (M, 2H),
3.33(t, J = 6.5 Hz, 2H), 3.21 (q, J = 6.5 Hz, 2H), 3.09 (qd, J = 7.3, 4.7
Hz, 4H), 2.74 (d, J = 7.2 Hz, 2H), 2.38 (t, J = 7.4 Hz, 2H), 2.19 (s, 3H),
2.08 — 1.89 (m, 4H), 1.73 (q, J = 6.6 Hz, 2H), 1.48 (s, 18H), 0.90 (s,
9H), 0.08 (s, 6H). *C NMR (126 MHz, CDCIl3) 6 172.05, 169.39,
155.44, 152.60, 151.87, 151.26, 151.26, 149.88, 149.69, 147.09,
146.58, 144.27, 141.31, 140.72, 130.14, 125.15, 123.65, 122.74,
109.50, 101.11, 90.90, 84.37, 71.06, 68.25, 68.14, 64.69, 59.61,
51.13, 50.22, 49.07, 47.44, 39.63, 38.62, 37.76, 36.13, 30.11, 29.03,
28.08, 28.03, 26.11, 25.04, 24.71, 24.30, 16.52, -4.60. HRMS m/z=
1329.5933 (calcd. for Cs7Hg1CIN2201,Si 1329.5935 [M+H]").
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48, 'H NMR (500 MHz, CDCls) & 9.02 (s, 4H), 8.44 (s, 1H), 8.02 —
7.54 (m, 12H), 7.46 (d, J = 7.4 Hz, 2H), 7.03 (t, J = 7.2 Hz, 1H), 6.36
(s, 2H), 5.86 (s, 1H), 5.54 (s, 2H), 5.12 (d, J = 46.0 Hz, 5H), 4.70 —

110



4.09 (m, 23H), 3.79 — 3.42 (m, 4H), 3.17 — 2.83 (M, 6H), 2.67 (s, 4H),
2.26 (d, J = 96.5 Hz, 10H), 1.98 (s, 10H), 1.49 (d, J = 5.7 Hz, 36H),
0.90 (s, 9H), 0.08 (s, 6H). 3C NMR (126 MHz, CDCls) & 172.35,
169.72, 155.80, 155.46, 155.24, 152.63, 151.86, 151.30, 151.18,
150.24, 149.69, 148.53, 147.19, 146.77, 144.60, 144.12, 141.63,
141.36, 140.64, 125.66, 125.26, 123.94, 123.78, 122.91, 109.64,
101.16, 96.88, 90.90, 85.33, 84.41, 71.55, 71.06, 69.08, 68.67, 68.31,
64.71, 64.53, 59.61, 53.19, 51.17, 50.52, 47.58, 45.56, 39.62, 37.85,
37.78, 36.06, 28.35, 28.05, 27.78, 25.05, 24.61, 24.46, 16.54, -4.58.
TOF MS ES + m/z= 2360.2353 (calcd. for CiosH1ssCINssO24Si
2360.0668 [M+H]").
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GDDC, H NMR (500 MHz, DMSO) & 10.97 (s, 1H), 10.04 (d, J = 29.5
Hz, 4H), 8.16 — 8.05 (m, 3H), 8.02 (s, 1H), 7.91 (s, 1H), 7.84 — 7.57
(m, 9H), 7.44 (t, J = 6.0 Hz, 3H), 7.13 (d, J = 79.0 Hz, 2H), 6.95 —
6.65 (M, 2H), 5.69 (d, J = 7.2 Hz, 1H), 5.20 (s, 2H), 5.08 (dg, J = 9.1,
4.7 Hz, 3H), 4.88 (d, J = 2.5 Hz, 2H), 4.73 — 4.04 (m, 22H), 4.00 —
3.89 (m, 1H), 3.60 — 3.42 (m, 8H), 2.91 (g, J = 6.4 Hz, 6H), 2.61 (t, J
= 7.7 Hz, 5H), 2.44 (t, J = 7.4 Hz, 4H), 2.08 (d, J = 3.4 Hz, 6H), 1.87
(dt, J = 13.9, 7.0 Hz, 10H). *C NMR (126 MHz, DMSO) & 171.92,
169.36, 166.08, 155.30, 155.22, 153.93, 150.39, 150.30, 146.40,
145.87, 143.71, 143.42, 142.80, 139.90, 137.06, 124.53, 124.45,
124.21, 124.12, 122.81, 109.03, 108.90, 93.78, 79.84, 79.28, 77.71,
71.62, 70.64, 68.66, 68.23, 63.85, 57.94, 52.83, 50.03, 49.98, 49.87,
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48.62, 46.99, 43.50, 37.43, 35.53, 30.03, 24.89, 24.52, 24.04.

H N=N
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Si ; O ;

/ N\

TT

TT, *H NMR (500 MHz, CDCl3) & 10.26 (s, 1H), 10.05 (s, 1H), 7.98 (d,
J =5.2 Hz, 2H), 7.84 (s, 1H), 7.39 — 7.31 (m, 2H), 6.18 (t, J = 6.0 Hz,
1H), 5.16 (d, J = 3.6 Hz, 1H), 4.91 (d, J = 12.8 Hz, 4H), 4.72 — 4.35
(m, 9H), 4.25 — 4.13 (m, 3H), 3.72 — 3.47 (m, 4H), 3.08 (dd, J = 16.5,
6.4 Hz, 2H), 2.12 — 1.97 (m, 2H), 1.84 (dd, J = 7.8, 1.1 Hz, 6H), 0.91
(s, 9H), 0.09 (s, 6H). 3C NMR (126 MHz, CDCls) & 164.82, 164.76,
155.60, 151.57, 151.49, 144.53, 142.26, 141.91, 140.67, 125.56,
123.88, 111.33, 111.27, 101.31, 90.78, 71.59, 71.13, 69.09, 68.27,
64.66, 59.59, 59.12, 53.15, 50.99, 47.49, 43.19, 37.74, 30.21, 26.15,
19.88, 16.54, 12.39, -4.58. HRMS m/z= 879.4043 (calcd. for
CasHssN1406Si 879.4040 [M+H]").
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49, 'H NMR (500 MHz, DMSO) & 11.30 (s, 2H), 8.12 — 7.96 (m, 3H),
7.56 (dd, J = 2.3, 1.3 Hz, 2H), 7.37 (d, J = 41.9 Hz, 2H), 5.24 — 4.99
(M, 2H), 4.88 (t, J = 1.7 Hz, 4H), 4.70 — 4.46 (m, 6H), 4.40 — 4.16 (m,
4H), 3.70 — 3.46 (m, 4H), 3.29 (t, J = 6.7 Hz, 2H), 3.02 — 2.81 (m, 4H),
1.93 — 1.83 (m, 2H), 1.74 (dd, J = 5.6, 1.2 Hz, 6H), 1.56 (t, J = 6.8 Hz,
2H), 0.89 (s, 9H), 0.07 (s, 6H). 1*C NMR (126 MHz, DMSO) & 164.28,
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155.16, 150.72, 143.42, 142.39, 142.34, 141.03, 124.41, 124.12,
108.85, 102.78, 89.27, 70.49, 70.44, 68.70, 68.27, 63.87, 58.61,
50.12, 48.18, 46.97, 42.01, 37.52, 37.42, 29.99, 28.49, 25.85, 16.11,
11.96, -4.79. HRMS m/z= 1005.4585 (calcd. for Cas2HsoN18O10Si
1005.4582 [M+H]").

TTTT

TTTT, *H NMR (500 MHz, DMSO) & 11.30 (d, J = 2.1 Hz, 4H), 8.10 (d,
J = 3.3 Hz, 3H), 8.05 — 7.94 (m, 4H), 7.63 — 7.53 (m, 4H), 7.41 (d, J =
4.3 Hz, 3H), 5.17 — 5.06 (m, 3H), 4.88 (d, J = 6.1 Hz, 8H), 4.65 — 4.46
(m, 13H), 4.45 — 4.20 (m, 10H), 3.96 (ddt, J = 7.1, 4.7, 2.4 Hz, 1H),
3.56 (dtd, J = 24.1, 10.6, 4.7 Hz, 6H), 3.44 — 3.36 (m, 2H), 2.90 (d, J
= 7.4 Hz, 6H), 1.94 — 1.82 (m, 6H), 1.78 — 1.67 (m, 12H), 0.88 (s,
10H), 0.07 (s, 6H). 3C NMR (126 MHz, DMSO) & 164.28, 155.21,
150.72, 143.70, 143.41, 142.38, 142.13, 141.04, 124.47, 124.43,
124.14, 108.86, 102.78, 89.27, 71.64, 70.56, 68.69, 68.21, 63.87,
58.61, 54.94, 52.90, 50.11, 46.96, 42.15, 42.03, 37.41, 29.97, 25.84,
16.10, 11.95, -4.79.
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Annex

3.4 Characteristics

intermediates

of

synthesized

Oligomer Purification Y(i(;)l)d Product status
10 EtOAc/n-hexane = 1/9 to 5/5 77 Brown oil
12 MeOH/DCM = 0/100 to 5/95 100 Yellow oil
13 MeOH/DCM = 2/98 to 8/92 93 Yellow oil
14 EtOAc/n-hexane = 0/10 to 4/6 92 Colorless oll
15 Washed with n-hexane 100 White solid
(R)-16 Crystallized from cold EtOAc 98 Yellow solid
(S)-16 Crystallized from cold EtOAc 100 Yellow solid
(8)-17 EtOAc /n-hexane = 5/5 to 0/10 93 Foamy-white solid
(R)-19 EtOAc /n-hexane = 5/5 to 0/10 75 | Foamy-yellow solid
(5)-19 EtOAc /n-hexane = 5/5 to 0/10 81 | Foamy-yellow solid
20 MeOH/DCM = 2/98 to 7/93 100 |Foamy-yellow solid
M EtOAc/n-hexane = 1/9 to 5/5 97 Brown oil
P EtOAc/n-hexane = 1/9 to 5/5 91 White solid
I MeOH/DCM = 0/100 to 5/95 100 Yellow oil
Cs EtOAc/n-hexane = 1/9 to 7/3 99 Colorless oll
T MeOH/DCM = 0/100 to 3/97 100 White solid
D EtOAc/n-hexane = 25/75 to 100/0 | 100 White solid
22 EtOAc/n-hexane = 5/5 to 10/0 95 | Foamy-white solid
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C MeOH/DCM = 2/98 to 7/93 98 |Foamy-yellow solid
23 EtOAc/n-hexane = 1/9 to 4/6 100 Brown ol
24 MeOH/DCM = 0/100 to 3/100 100 | Foamy-white solid
TCs MeOH/DCM = 1/99 to 5/95 92 Foamy-white solid
PTCs MeOH/DCM = 2/98 to 6/94 95 Foamy-white solid
26 EtOAc/n-hexane = 2/8 to 7/3 98 Pink oil
MPTCs MeOH/DCM = 2/98 to 6/94 57 | Foamy-white solid
27 EtOAc/n-hexane = 0/10 to 5/5 100 Colorless oll
CeG MeOH/DCM = 0/100 to 4/96 86 Foamy-white solid
28 MeOH/DCM= 0/100 to 5/95 100 |Foamy-yellow solid
29 MeOH/DCM = 0/100 to 12/88 70 Yellow solid
CsGMPTCe MeOH/DCM = 0/100 to 5/95 49 | Foamy-white solid
CeC MeOH/DCM = 0/100 to 5/95 76 Foamy-white solid
30 MeOH/DCM = 0/100 to 12/88 100 Yellow solid
CeCl MeOH /DCM = 2/98 to 10/90 82 | Foamy-white solid
31 MeOH /DCM = 2/98 to 10/90 83 | Foamy-yellow solid
(R)-32 MeOH/DCM= 0/100t0 7/93 | 100 | ~oamy-white solid
(S)-32 MeOH/DCM= 0/100 to 5/95 100 | Foamy-white solid
DCe MeOH/DCM = 0/100 to 5/95 | g3 | Foamy-white solid
33 MeOH/DCM= 0/100 to 7/93 go | Foamy-white solid
IDCs MeOH/DCM = 2/98 to 10/90 63 | Foamy-white solid
34 MeOH/DCM = 2/98 to 10/90 70 | Foamy-white solid
CeCIlIDCs Washed with Et20 83 | Foamy-white solid
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PDCs MeOH/DCM = 2/98 to 6/94 100 | Foamy-white solid
IPDCs MeOH/DCM = 3/97 to 10/90 84 | Foamy-white solid
35 MeOH/DCM = 3/97 to 10/90 84 | Foamy-white solid
CesCIPDCs Washed with Et20 44 | Foamy-white solid
CeCr MeOH /DCM = 0/100 to 9/91 85 | Foamy-white solid
36 MeOH /DCM = 0/100 to 10/90 80 | Foamy-white solid

37 MeOH /DCM = 3/97 to 15/85 84 | Foamy-white solid
CsCI'lPDCes Washed with Et20 90 | Foamy-white solid
TG MeOH /DCM = 2/98 to 6/94 90 Foamy-white solid

38 MeOH/DCM= 0/100 to 6/94 75 | Foamy-yellow solid

39 EtOAc/n-hexane = 5/5 to 10/0 100 | Foamy-fellow solid
CT MeOH /DCM = 2/98 to 6/94 96 | Foamy-white solid

40 MeOH /DCM = 2/98 to 12/88 65 Foamy-white solid

Neutralization by saturated
TGCT |NaHCOs before washing with brine,| 71 | Foamy-yellow solid
water, acetone and Et2O

(R)-41 MeOH /DCM = 2/98 to 6/94 70 | Foamy-white solid
(S)-41 MeOH /DCM = 2/98 to 6/94 72 Foamy-white solid
(R)-42 MeOH/DCM= 3/97 to 8/92 100 | Foamy-white solid
(S)-42 MeOH/DCM= 3/97 to 8/92 88 Foamy-white solid
(R)-43 MeOH/DCM= 3/97 to 8/92 100 | Foamy-white solid
(S)-43 MeOH/DCM= 3/97 to 8/92 88 Foamy-white solid
(R, R)-GD MeOH/DCM= 3/97 to 8/92 90 |Foamy-yellow solid
(S, S)-GD MeOH/DCM= 3/97 to 8/92 79 |Foamy-yellow solid
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All-R 44 MeOH/DCM= 3/97 to 8/92 87 |Foamy-yellow solid
All-S 44 MeOH/DCM= 3/97 to 8/92 88 |Foamy-yellow solid
All-R Neutralization by saturated
DCGD |NaHCO:s before washing with brine,| 51 | Foamy-yellow solid
water, acetone and Et.O
All-S Neutralization by saturated
NaHCOs before washing with brine,| 92 | Foamy-yellow solid
DCGD
water, acetone and Et.0
DG MeOH /DCM = 2/98 to 8/92 81 |Foamy-yellow solid
45 MeOH/DCM= 3/97 to 8/92 100 |Foamy-yellow solid
CD MeOH/DCM= 3/97 to 8/92 60 Foamy-white solid
46 MeOH /DCM = 3/97 to 12/88 75 | Foamy-yellow solid
All-R Neutralization by saturated
NaHCOz3 before washing with brine,, 83 | Foamy-yellow solid
DGCD
water, acetone and Et.O
47 MeOH/DCM= 2/98 to 6/94 100 | Foamy-white solid
48 MeOH /DCM = 3/97 to 14/86 87 | Foamy-yellow solid
All-R Neutralization by saturated
NaHCOz3 before washing with brine,/, 87 | Foamy-yellow solid
GDDC
water, acetone and Et20O
TT MeOH /DCM = 2/98 to 10/90 87 | Foamy-white solid
49 MeOH /DCM = 2/98 to 10/90 87 Foamy-white solid
All-RTTTT MeOH /DCM = 3/97 to 14/86 87 | Foamy-white solid
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Annex 3.5 TOF-MS/MS
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Figure A.3.2 TOF-MS/MS of CesCIIDCe.
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Abstract

Six different flexible stereocontrolled oligo(triazole-urethane)s
substituted by precise sequences of nucleobases or analogs are
synthesized. Molecular dynamics simulations indicate that the
flexibility of the backbone leads to unspecific complexation of pairs of
oligomers, irrespective of the complementarity of their sequences.

This is ascribed to the existence of other interactions between pairs of
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oligomers, as well as to the spatial blurring of the sequence order
encoded in the chemical structure of the chain due to its flexibility.
The same conclusions are drawn when investigating the irreversible
adsorption of different probe oligomers onto a layer of target
oligomers grafted by click chemistry in a mushroom configuration on
a silicon substrate. In contrast, when the target oligomers are grafted
in denser brush configurations, irreversible adsorption becomes more
specific, with probe chains of complementary sequence being twice
more probable to be irreversibly-bound to the layer of target chains
than those of non-complementary sequence. This is ascribed to
lateral excluded volume interactions between chains in the brush,
leading to partial chain stretching and increased spatial preservation
of the information contained in the monomer sequence of the chains.
At even higher grafting densities, however, the penetration of the
probe chains in the brush becomes increasingly difficult, resulting in a
loss of binding efficiency. Our work thus demonstrates the adverse
role of chain flexibility in the specificity of complexation between
nucleobase-functionalized oligomers and provides directions for an
improvement of specificity by tuning the grafting density of target

chains on a substrate.
Introduction

The specificity of DNA duplex formation has been used to develop
applications such as DNA origami,’® programmed nanoparticle
assembly** or molecular algorithms.® These rely on the formation of
double helices, in which hydrogen bonds between nucleobases on
complementary strands and base-stacking interactions provide the
stabilization mechanism for duplex formation.'® Importantly, the large
electrostatic persistence length of single-stranded DNA’ compared to

the distance between successive nucleobases along the DNA sugar-
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phosphate backbone results in substantial chain rigidity, which
contributes to the local spatial preservation of the chemical
information stored in the sequence of nucleobases along the chains.

Synthetic oligomers bearing complementary recognition units can
also form sequence-selective duplexes.'®2* Among those, a number
of synthetic sequence-defined oligomers bearing nucleobases or
analogous side groups have been demonstrated to form H-bonded
duplexes, sometimes including with complementary
oligonucleotides;*>2° peptide nucleic acids are a well-known
example.®® Most nucleobase-functionalized synthetic systems have
relatively rigid backbones and/or moderate distances between
successive bases, leading to the short-range spatial preservation of
the chemically-encoded sequence information contained in the
primary structure of the chains.?® This partial spatial preservation
presumably helps in the recognition of a complementary sequence.
Here, we want to address the issue of recognition when the distances
between bases and the flexibility of the backbone scramble more the
information contained in the primary sequence of the chains. Would
the blurring resulting from conformational fluctuations completely
prevent recognition between complementary chains and if this is the

case, what would be possible solutions to this issue?

To answer this question, we synthesized flexible precise oligomers
with a well-defined sequence of nucleobases. A variety of synthetic
routes towards precision oligomers are available, as reviewed in
recent articles;®*-% they differ in their scalability, tolerance towards
different functional groups, chemical stability of the products, and
ability to control chirality. Considering our aims, we selected a flexible
and tolerant synthetic route which offers a complete control over

molar mass, monomer sequence, and chirality, as demonstrated in
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our previous work (Scheme A.3.6).%¢3” Molecular dynamics (MD)
simulations of short oligomers prepared by this route have shown that
they tend to form random coils of small radius of gyration (in the
range of 1 nm and below) owing to the flexibility of their urethane-
triazole backbone.®-2° Therefore, owing to our precise control over
sequence and configuration, conformational blurring will be the only
scrambling mechanism that contributes to complicate sequence

recognition in this system.

Here, we use this route to synthesize a series of complementary and
non-complementary nucleobase tetramers, and we show by MD
simulations that chain pairing occurs in solution irrespective of the
sequence-complementarity of the chains. We confirm this conclusion
by studying with in situ ellipsometry the binding of complementary
and non-complementary probe chains in solution to a layer of target
chains grafted in the mushroom regime on a silicon surface. We then
show how the specificity (or selectivity) of the recognition process can
be substantially improved by playing with excluded volume
interactions in the grafted layer using the grafting density of the

chains as controlling parameter.

Results and Discussion

Synthesis of precision oligomers decorated with

nucleobases or analogues

The synthesis of sequence-defined oligo(urethane-triazole) tetramers
of controlled chirality was adapted from our previous work (Scheme
3.8 and ESI section S2).%63739 The monomers are equipped with
guanine (G), cytosine (C), a 2,6-diaminopyridine xenobase (D) or
thymine (T) side groups (Scheme A.3.6); trivalent H-bonded duplexes

can be formed between the complementary base pair analogues C
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and G, or D and T (Scheme A.3.7).
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Scheme A.3.6 General synthetic route of the nucleobase-functionalized

oligo(triazole-urethane) tetramers.

Six different tetramers were obtained from these monomer units; they
are designed by a succession of letters corresponding to the
successive nucleobases, starting from the alkyne end group and
ending in the hydroxyl terminal group (which defines the direction of
the chain). An all-R TGCT tetramer was selected as target chain to be
end-grafted on a silicon surface (Scheme A.3.7). Then, we prepared
three probe oligomers that have a sequence fully complementary to
the target chain when in extended conformation but differ in their
chirality or chain direction: all-R DCGD, all-R DGCD (flipped version
of the previous one) and all-S DCGD tetramers. Additionally, we
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prepared a permuted all-R GDDC sequence which can only form a
partial complementary duplex with the TGCT target chain unless a
strongly folded conformation is taken (Scheme A3.4.2). Finally, a non-
complementary all-R TTTT chain which cannot form a duplex with the
target chain was also synthesized as a negative control probe chain.
The chain structures were checked by nuclear magnetic resonance
(NMR) and tandem mass spectrometry as fully detailed in ESI

sections S2 and S3.

Tetramers o3'o .
in ACN:DMSO 5:1 %) )

\ AII-RE = &
LYY 7 B AlLs @000 All-R 0G0

N N
o oMo  ofo oo
o o ‘o
i i

OH = OH

OH

All-R TGCT brush on Si wafer J Al-RGOOG AII-i; 0000

Scheme A.3.7 Different sequences of synthesized tetramers and schematics
of possible binding patterns between the target grafted chains and the
different probe chains. The pattern of hydrogen bonding between the
nucleobases or analogues installed on the tetramers is displayed in the top
left box. The alkyne end-group of the TTTT oligomer was not deprotected
(as indicated by the *’) to improve solubility; it is terminated by a tert-butyl-

silyl group.

Binding constants of the monomer units
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NMR titration and dilution experiments at different temperatures were
used to investigate H-binding between the monomers in a 5:1 viv
mixture of acetonitrile (ACN) and dimethyl sulfoxide (DMSO) (ESI,
section S4). DMSO was added to ensure complete solubility of all
monomer units. The binding constants and standard binding
enthalpies and entropies of the different monomer units at 295K are
given in Table A.3.1, from which the binding constant between the
probe and target chains when four nucleobases are paired can be
estimated to be ca. 11000 L/mol at 295K. This estimation is very
imprecise, since it ignores other interactions between chains, the
decrease of the number of degrees of freedom resulting from the
restriction of the conformational space of the chains upon
complexation, the effects of chirality and chain direction, and
synergetic binding effects.

Table A.3.1 Binding constants (Ka) and standard binding enthalpies and
entropies of the different monomer units, obtained from NMR measurements
performed in deuterated ACN:DMSO 5:1 v:v at 295K. "-" indicates that no
measurement was performed but that the parameter is likely to be
negligeable; “0” indicates that a measurement was performed but that the
variations of NMR shift were too small to extract a significant value for the

parameter. The selected standard concentration is 1 M.

Complex Ka (L/mol) | AH° (kd/mol) | AS® (J/K-mol)
G-G 1.4+0.2 - -
Cc-C 0.1+0.1 - -
T-T 0 - -
D-D 0 - -
D-T 0.99+0.06 -24+4 -43+14
G-C 104+15 -5.7£2.3 -19+8
D-G 0 - -
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Molecular dynamics (MD) simulations of the interaction

between probe and target chains in solution

MD simulations of assemblies comprising the target chain in the
presence of each of the probe chains were performed over 1 ps time
scale with a 1 fs time step, using the AMBER package (details in ESI,
section 5).%° The simulations were carried out starting from the target
chain and the probe chain relatively distant (around 25 A), to avoid
any bias in the initial intermolecular contacts. All the simulations were
carried implicitly in acetonitrile, using a Generalized Born solvation
model considering the acetonitrile dielectric constant (37.5 at room
temperature).**=*3 This implicit solvent model is accurate to model
aprotic solvents and permits a large conformational sampling at
reasonable computational cost. At the early stages of the MD
simulations, the probe and target oligomers were found to rapidly
interact (in less than 1 ns) to form heteromolecular assemblies. In
each assembly, both chains were found to be very flexible and fold
into compact globular shapes, with an average radius of gyration Ry
~0.85 nm (ESI Fig.S5.1). The flexibility of the oligomeric chains is
also evident from the large variations of the chain end-to-end
distances with simulation time, ranging from 0.3 nm to ca. 3.9 nm
(ESI Fig.S5.2-3). Additionally, the chain-ends that are far apart in the
primary sequence remain, on average, close in the 3D structure
(average chain end-to-end distances of ca. 1.3 and 1.4 nm for target
and probe chains, respectively) (ESI Table S5.1). On average, the
assembly of the probe and target chains form compact assemblies in
which the two oligomers remain close together but keep a high
flexibility; a snapshot is shown in Fig.A.3.11.
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TGCT All-RDCGD

Y

Heteromolecular assembly

————— Intramolecular H-bonds (non-complementary bases)
Intermolecular H-bonds (complementary bases)

Aromatic interactions

Figure A.3.11 MD snapshots of the heteromolecular assembly of the target
chain, TGCT, and one of the probe chains, all-R DCGD. The backbones of
TGCT and all-R DCGD are coloured in black and grey, respectively. The
nucleobases are colored as follows: thymine (T) in purple, guanine (G) in red,
cytosine (C) in orange and the xenobase 2,6-diaminopyridine (D) in blue-
green. Top: starting structure of the target and probe chains, before their
assembly and folding. Bottom: one conformation of the heteromolecular
assembly, showing its globular shape. A zoom shows the four bases within

the assembly and the coloured dots highlight different types of interactions.

The occurrence of H-bonds and parallel stacking of aromatic cycles
was computed for each MD snhapshot (total of 4000 conformations for
each assembly), with on average 4.5-4.7 aromatic interactions and ca.
4.5 H-bonds per configuration. Less than 20 % of these H-bonds

occur between complementary base pairs (ESI Fig.5.6). Hence, in
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acetonitrile, the oligomers do not form well-organized duplexes with a
regular pairing, but rather form disordered assemblies, regardless of
the complementarity of the monomer sequences. This is due to the
high intrinsic flexibility of the chain backbones, the formation of a
competitive network of H-bonds (involving H-bonding units such as
triazole, carbamate and non-complementary bases), and significant
folding promoted by the stacking of aromatic cycles (Figure A.3.1
bottom). This folding also brings numerous intramolecular interactions
(around 40 % of the total H-bonds and around 46 % of the total
aromatic interactions). These results indicate that a specific
recognition of complementary tetramers is prevented by the flexibility

of the backbone of the oligomers which spatially blurs their sequence.

We surmised that a better recognition could be achieved by grafting
the target chains on a surface, which should restrict the available
conformational space of the chains provided the grafting density be
large enough. Indeed, in the brush regime in which the average
distance between the chains becomes lower than their unperturbed
radius of gyration, the chains should on average stretch vertically,
resulting in a vertical spatial distribution of the nucleobases on

average closer to the chemical sequence of the chains.
Grafting of target oligomers onto azido-silanized wafers

Therefore, we grafted the all-R TGCT target chains onto azido-
silanized silicon wafers, using their alkyne terminal groups to click
them wunto a monolayer of 11-azidoundecyltrimethoxysilane
(AzUTMS). A reproducible AzUMTS monolayer could be obtained
over the native oxide of Si wafers by overnight gas phase silanation
at 100°C, using a well-established silanation protocol.***° XPS
confirmed the grafting of the silane onto the silicon wafer (ESI section

7). Measurements of the layer thickness by spectroscopic
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ellipsometry provided an average thickness of 1.1+0.03 nm (standard
deviation 0.32 nm for 124 different samples prepared at different
times, each measured in triplicate). Additionally, x-ray reflectivity
(XRR) was performed on 35 different samples (ESI Fig.S6.1); from
the first minimum arising from destructive interference in the
reflectivity curves, an average thickness of 0.9+0.02 nm (standard
deviation of 0.12 nm) was found. The XRR data was fit to extract
electron density profiles (ESI Fig.S6.1) as described in previous
work,*” from which an average electron density profile was computed
(Fig.A.3.12). An average grafting density of 2.9+0.1 molecules/nm?
(0.32 molecules/nm? standard deviation) was obtained by integration
of the profiles after subtracting the one of a clean Si wafer,
considering that each grafted AzUMTS molecule contains 147
electrons. This is a typical grafting density for silanation in the gas
phase.** As a comparison, the chain areal density of a polyethylene
crystal over its ab plane (perpendicular to the chain axes) is ca. 5.5
molecules/nm?; hence, the layer is made of chains in a partially coiled
conformation. The average water contact angle of 82.8+0.2°
(standard deviation 2.1° for five measurements on 46 samples) is in

good agreement with what was reported before by Vos et al.>°

The alkyne-ended all-R TGCT target chains were then grafted by
Copper(l)-catalyzed Azide-Alkyne Cycloaddition (CuAAC), coupling
the terminal alkyne group of the all-R TGCT oligomers with the azide-
terminated AzUTMS layer. The grafting was performed overnight at
80°C in four solvents, DMF, DMF:DMSO 75:25, DMF:DMSO 50:50
v:v and DMSO. XPS again confirmed the successful grafting of the
TGCT chains (ESI section 7). Spectroscopic ellipsometry indicated an
average increase of the layer thickness upon reaction (Table A.3.2)
from 0.59+0.06 nm in DMF to 1.55+0.06 nm in DMSO, revealing a
higher number of grafted chains when the click reaction is performed
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in the presence of increasing DMSO content. Consistently, the water
contact angle (Table A.3.2) decreased from 60.5%£1.1° in DMF to
40.5+0.4° in DMSO, due to the higher number of grafted chains
whose terminal ends comprise a hydrophilic hydroxyl group and a
polar triazole-thymine side chain. The differences in the density of the
brush depending on the solvent used for the grafting process result
from differences in the ratio between intramolecular segmental
interactions and segment/solvent interactions depending on solvent
quality. DMSO being a better solvent, it favours segment/solvent
interactions, brush swelling and penetration of oligomers during the

grafting-to process, resulting in a higher final grafting density.

Table A.3.2 Morphological characterization of the target layer composed of

grafted all-R TGCT molecules, depending on the solvent used for the click

reaction.

DMF:D d erro | N¢ s error® | N¢ X q | ero | N¢
MSO | (nm)2 | P (molec/ (nm)e | (°)f e
vol:vol nm?)¢

100:0 0.6 0.06 | 15 0.30 0.11 2 1.8 605 | 1.1 | 25
75:25 1.1 0.12 | 12 519 | 2.1 | 19

9 9 9 9

5050 | 1.3 | 0.0 | 15| 0-09% | 0.06% 1481 13 Mo T11 |20
0:100 1.6 0.06 | 63 0.74 0.03 8 1.2 405) 04 | 70

(a) Average ellipsometric thickness of the grafted all-lR TGCT layer; (b)
standard error on the measurement (same units); (c) number of
measurements; (d) XRR-determined average number of grafted all-R TGCT
molecules per nm2; (e) average distance between grafted all-R TGCT
molecules, from XRR; (f) water contact angle; (g) the density profiles of
samples clicked in solvents containing from 25 to 50 vol% of DMSO were

averaged together.

The electron density profiles of all-R TGCT grafted layers prepared in
different solvents were obtained by XRR (Fig.A.3.12), confirming the
increasing grafting density when increasing the proportion of DMSO

in the solvent. Owing to the limited precision of XRR, and the
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proximity of the ellipsometry-derived thickness and contact angles of
samples clicked in solvents having from 25 to 50% DMSO, the
electron density profiles of these samples were averaged together.
For pure DMF and DMSO, the profiles of different samples were also

averaged to increase precision.

0.8 T I I T |
nan AZUTMS layer

—_~ + TGCT layer:
"¢ 06 =« = click in DMF .
- = = click in mixed solvent

® = click in DMSO

3 04

5 Si

8

2 02

100 10 20 30 40 50

vertical distance from substrate (A)

Figure A.3.12 Average electron density profiles of a bare Si wafer (gray), a
wafer silanized by AzUTMS, and a silanized wafer reacted with the all-R
TGCT oligomer by CuUAAC in DMF, DMSO, or mixtures of DMF and DMSO
containing from 25 to 50% DMSO. All XRR data and fits are shown in
Fig.S6.2 of the ESI.

The average grafting densities were then obtained by subtracting the
average electron density profile of the AzUTMS-silanized wafer,
integrating the subtracted profiles and dividing by the number of
electrons per TGCT molecule (874). This provided an average grafted
density s increasing from 0.30+0.11 molecule per nm? when the click
reaction is performed in pure DMF to 0.74+0.03 molecule per nm? in
DMSO (Table A.3.2). This corresponds to average distances
x= s V2 petween all-R TGCT grafted chains of ca. 1.2 and 1.8 nm for

DMSO and DMF, respectively, with an intermediate value for the
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mixed solvents. Given a radius of gyration Ry of 0.85 nm from the MD
simulations, the oligomer layers are in the brush regime (d < 2Ry)
when the click reaction is performed in pure DMSO, and in the
mushroom regime (d > 2Rgy) when performed in pure DMF.5! Hence,
by selecting the click conditions, the TGCT chains can be placed
under different lateral constraints, corresponding to more or less
stretched chain conformations, with consequently different degrees of

spatial memory loss of the primary sequence.

Recognition between sequence-defined oligomers and the
grafted all-R TGCT layers

The recognition experiments were performed at 25°C in a
temperature-controlled ellipsometry flow cell (Fig.A.3.13). Importantly,
all experiments were performed in ACN with 16.6 vol% of DMSO
added to ensure full solubility of the tetramers, irrespective of the
solvent previously used for the grafting of the target layer. The
experimental procedure involved flowing pure degassed solvent in the
ellipsometer cell, measuring a complete spectroscopic ellipsometry
spectrum of the grafted target layer (A in Fig.A.3.13), switching to a
0.4 mM solution of a probe tetramer in the solvent while monitoring
the evolution of the ellipsometric angle D at 400 nm with time until a
plateau was reached, switching to the pure solvent while monitoring D
at 400 nm until a plateau was reached, and finally measuring the
complete ellipsometry spectrum of the target layer plus irreversibly-

adsorbed probe layer in the pure solvent (B in Fig.A.3.13).
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Figure A.3.13 Top. Scheme of the ellipsometry flow cell used for the
measurement of adsorption (LS: light source, P: polarizer, C: (rotating)
compensator, A: analyzer, D: detector). Bottom. Typical variation of the
ellipsometric angle D measured at 400 nm during adsorption at 25°C of a
probe tetramer (here, all-R DCGD) on a substrate (here, a grafted target
layer of all-R TGCT of 0.74 molecule/nm?2 grafting density) from a 0.4 mM
solution in ACN:DMSO 5:1. A and B indicate the times at which complete

ellipsometric spectra were measured (two zone averaging).

The volume of irreversibly-adsorbed probe tetramer per surface area

of target layer (nm®nm?) was computed as V;,,. = c(Ag — A4), in

which A, and Ag are the ellipsometric angles measured at time A and

B, respectively, averaged over the 400-700 nm wavelength range.
This corresponds to a Taylor expansion limited to first order of the
ellipsometric angle versus surfacic adsorbed volume, which is valid
for limited thicknesses of the adsorbed layer as in our case. The

calibration constant c=-1/1.2615 nm/° was obtained from simulations

137



of ellipsometric angles depending on thickness and solvent content of
the adsorbed layer (ESI, section 8).

The results gathered in Fig.A.3.4 (left) show that substantial
irreversible binding occurs, confirming that the equilibrium is strongly
displaced towards complex formation despite the relatively moderate
binding constant estimated above. This is due to the locally very high
local concentration of nucleobases in the brush, to the existence of
other types of H-bonds in the system as shown by MD simulations, as
well as to the low probability to have a simultaneous release of the

four pairs of nucleobases.
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Figure A.3.14 (left) Volume Vi of probe chains irreversibly-adsorbed per

all-R DGCD
all-R GDDC

area of target chain layer, for different grafting densities o of the grafted all-R
TGCT target chains, depending on the sequence of the probe chains. The
experiments were performed at 25°C in ACN:DMSO 5:1 at a 0.4 mM
concentration of probe chains. (right) Binding selectivity and binding
efficiency of the target layer depending on its grafting density; the dashed

lines are parabolic fits drawn to guide the eye.
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We computed two indicators that quantify the recognition of the target
layer by probe chains. First, we defined the binding efficiency E as the
number of irreversibly-bound probe chains per target chain in the
layer, for fully complementary target and probe chains. It can be
estimated by the ratio of the average surfacic volume Vi, of
irreversibly adsorbed DCGD oligomers irrespective of chirality (hence
probe chains having strictly a complementary sequence and same
direction as the target chains), to the dry thickness d of the target

layer:

Va’rr(R—DCGD] + I’:'rr(s—ncsn]

E P
ZdR—TGCT

An efficiency E=1 is obtained when each TGCT target chain is

complexed by a complementary DGCD probe chain, whatever their

chirality; in contrast, when no complementary probe chain irreversibly

adsorbs in the target layer, E=0.

The second indicator is the binding selectivity S, defined as one
minus the ratio of the average irreversibly adsorbed surfacic volume
of fully non-complementary TTTT oligomers to the one of fully
complementary DCGD oligomers (whatever their chirality):

2Virr (R—TTTT)

S=1-
Virr(r-pcep) + I’:'rr(s—m;cn]

A selectivity S=0 indicates that fully non-complementary TTTT chains

adsorb identically to fully complementary DCGD chains, whereas S=1

when non-complementary chains do not adsorb at all. The binding

efficiency and selectivity are displayed in Figure A.3.4 (right) versus

the grafting density of the target layer.

Regarding the selectivity of the irreversible adsorption, when the all-R
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TGCT target layer is in the mushroom regime after having been
clicked in DMF (bottom panel in Fig.A.3.14 left), the adsorption is not
sequence-specific with, e.g., complementary all-R DCGD probe
chains being even less irreversibly-adsorbed than non-
complementary all-R TTTT probe chains. This is in good agreement
with expectations from the MD simulations. In contrast, for all-R TGCT
target chains in the brush regime (grafted in DMSO, top panel in
Fig.A.3.14 left), complementary probe chains (all-R DCGD, all-S
DCGD, and even al-R DGCD) are more bound to the layer,
irrespective of their chirality or directionality, compared to all-R GDDC
probe chains with a permuted sequence or completely non-
complementary all-R TTTT probe chains. The indicator of binding
selectivity in Figure A.3.14 (top right) confirms this conclusion, with
almost no selectivity at the lower grafting density whereas values of

ca. 0.6 are found for denser brushes.

Hence, these results indicate some sequence selectivity in the
recognition process when the target chains adopt a more stretched
average conformation in denser brushes, although it is not perfect
since fully non-complementary all-R TTTT probe chains still bind to
the all-R TGCT target layer (ca. 50% less than the complementary
probe chains). Clearly, the lateral constraints due to volume exclusion
in the brush, which result in thicker layers corresponding to more
extended average TGCT chain conformations, favour the sequence-
specificity of the recognition process. However, this effect remains
moderate, with probe chains having the proper sequence only
adsorbing approximately twice as much as chains of improper

sequence.

It would thus be tempting to try to increase further the grafting density

of the target chains to stretch them even more. This would not be
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easy to perform in a grafting-to process and might require grafting-
from strategies which are known to generally result in higher grafting
densities. However, this is not likely to be of much interest,
considering the way binding efficiency varies with grafting density
(Figure A.3.14, bottom right): when increasing too much the grafting
density of the target chains, the binding efficiency decreases due to
increased excluded volume interactions within the brush, which limits
the penetration of probe chains in the brush. As a result, even though
the binding selectivity might be better, the number of probe chains
bound per target chain will decrease, which will impair applications

requiring the binding of a substantial number of chains.
Conclusions

In this work, we have shown that flexible precision tetramers
substituted by nucleobases or analogs can be synthesized by a
versatile route leading to alkyne-ended chains that can be grafted
onto azide-modified silicon wafers in configurations ranging from
mushroom to brush layers. When in the mushroom regime, the chains
do not exhibit any recognition specificity towards probe chains in
solution. This is also the conclusion drawn from molecular modelling
simulations of the recognition process in solution, the reason being
the existence of numerous competing H-bonding interactions with the
triazole-urethane backbone of the oligomers as well as the complete
scrambling of the spatial positioning of the nucleobases due to the

flexibility of the backbone.

In contrast, when the target chains are grafted in the brush regime,
the recognition process becomes more specific, with probe chains of
complementary sequence being twice more probable to be
irreversibly-adsorbed than non-complementary sequences. This

undoubtedly results from lateral volume interactions between chains
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leading to partial chain stretching and a decreased scrambling of the
information contained in the chemical sequence of the chains.
However, although encouraging, this remains much less specific than
DNA, in which the charged chain backbone is of higher rigidity due to
electrostatic repulsion, and for which the distance between
successive nucleobases is smaller than in our synthetic system by a
factor of ca. 2. Simulations could be extended to other types of
synthetic backbones and recognition units to improve selectivity in the

brush regime.

It is thus very improbable that applications similar to DNA origami,
which need a high binding selectivity of specific nucleobase
sequences in the presence of many competitors, could be transposed
to more flexible precision oligomers. Nevertheless, the irreversible
binding of probe and target chains we have shown is probably strong
enough for simpler applications such as the formation of superlattices
of nanoparticles, because such applications do not require to single
out a specific sequence among many. Further work in these
directions is thus of interest to explore more completely the limits and
advantages of flexible precision oligomers as alternatives to DNA

strands.
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Chapter 4 Self-assembling chiral sequence-
defined oligomers for homogeneous

catalysis

This chapter is adapted from the article: Qin, Q.; Li, J.; Dellemme, D.;
Fossépré, M.; Barozzino-Consiglio, G.; Imane Nekkaa; Boborodea, A.;
Fernandes, A. E.; Glinel, K.; Surin, M.; Jonas, A. M. Dynamic Self-
Assembly  of  Supramolecular  Catalysts from  Precision
Macromolecules. Chem. Sci. 2023, 14 (35), 9283-9292.

Abstract: In this chapter, the catalysts generated by the self-
assembly of complementary precision oligomers were tested in the
aerobic oxidation of alcohols. The catalytic results show that only the
two self-assembled chains containing all the needed components for
catalysis can exhibit remarkable catalytic activity. In contrast, the low
efficiency of the systems in which the two chains lack one component
can be improved by introducing the missing unit as a free component
in the solution. These results support the formation of a binuclear
copper complex in the catalytic cycle. In section 4.3.2, molecular
dynamics (MD) simulations suggest that the complementary chains
can rapidly self-assemble into globules, in which different interactions
contribute to stabilization. Besides, network analysis indicates that the
base analogs at the ends of the strands provide a continuous
stabilization mechanism and connectivity between the catalytic
groups. Additionally, a mathematical model is developed to
quantitatively predict the self-assembly of catalytic species and the

catalytic properties of the resulting constitutional library in section
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4.3.4, thereby providing design rules for self-assembled

macromolecular catalytic systems.

* Binding affinity of recognition pairs, Cu/base interactions, and DOSY
experiments were done with the help of Dr. Jie Li; the corresponding
data analysis and mathematical models were performed by Prof.
Alain Jonas.

* Molecular dynamics simulations data are from Prof. Mathieu Surin
and Mathieu Fossépré in UMONS.
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4.1 Introduction

In biomolecular catalysts, the different chemical groups involved in
the catalytic site self-assemble in spatially close positions, resulting in
optimal availability and often adaptive activity. This optimized self-
assembly of active groups is intrinsically dynamic, enabling easy
access to and from the reactive site and facilitating the transition state
of the reaction.'? Achieving such efficient and dynamic self-assembly
of active groups, as well as the corresponding catalytic activity, is still

a significant challenge for synthetic molecular catalysts.

Here, we will demonstrate by molecular dynamics simulations and
experiments that, by designing sequence-defined oligomeric chains
equipped with functional catalytic groups and complementary
recognition units, it is possible to induce the dynamic self-assembly of
supramolecular cyclic structures displaying unusually high catalytic
efficiency at low concentrations. Importantly, we also show that the
catalytic properties of such oligomers can be accurately predicted by
a compact mathematical model, despite the multiplicity of their

possible assembly configurations.

As mentioned before, attempts to form catalytic sites by self-
assembly of synthetic macromolecules have been reported using
peptides, DNA scaffolds, supramolecular polymers,*3’ etc. Especially,
supramolecular and covalent macrocycles have been successfully
used to creat catalytic sites involving the concerted action of different

functional groups®-42 thanks to their cyclic configurations.

In this chapter, we combine these ideas by designing two precision
oligomers (Oa and Oy in Figure 4.1D) that can self-assemble in a
variety of configurations, including di(oligomeric) macrocycles (Figure

4.1E). All these supramolecular species possess the five cooperative
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catalytic groups involved in the copper-catalyzed aerobic oxidation of
alcohols (Figure 2.6 in chapter 2), which are distributed between the
two oligomers. We want to demonstrate the emergence of catalytic
activity from the formed dynamic constitutional library at low
concentrations, and that this activity mainly results from
supramolecular di(oligomeric) macrocycles that enable the ideal
positioning and connection of the cooperative catalytic residues within
a confined space. Additionally, a mathematical model will be
developed to quantitatively predict the self-assembly of catalytic
species and the catalytic properties of the constitutional library,
thereby providing designing rules for self-assembled macromolecular

catalytic systems.

4.2. Strategy

To demonstrate the possibility to self-assemble two properly-designed
precision oligomers into a catalytically-active superstructure, we use
the system developed for the sustainable aerobic oxidation of
alcohols based on TEMPO and Cu(" 133.143.163.170.198 Ajthough the
catalytic mechanism is still discussed,’° it was proposed®31% that
the catalytic cycle requires the formation of a binuclear copper
complex involving two bidentate nitrogen ligands (such as bipyridine)
and two auxiliary ligands (such as NMI) (Figure 4.1A). In support of
this hypothesis, recent findings have shown the effectiveness of
dinuclear copper complexes in the TEMPO-catalyzed aerobic

oxidation of alcohols.99:20

These five needed functional groups were precisely distributed
between two strands O, and Op, each strand having intrinsically a
very low catalytic activity, if any. Additionally, the two strands were

equipped with complementary hydrogen-binding recognition units at
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their ends to favor their assembly into a variety of configurations,
including supramolecular di(oligomeric) cycles, while avoiding the
formation of homo-oligomeric supramolecular structures (Figure 4.1B-
E). The first strand, O,, consists of a CscGMPTCs sequence (catalytic
groups underlined), complementary to the second strand, Oy, With a
CeClIPDCs sequence (Figure 4.1D). When self-assembled in a
di(oligomeric) cycle in the presence of Cu®, the two strands should
provide together the five groups needed for catalysis (Figure 4.1A).
To demonstrate the completeness of this self-assembled active site,
two other O, strands were also synthesized, both of which can only
form an incomplete catalytic site in combination with O,: a CsCIlIDCs
(On2) sequence that lacks a P group, and a C¢CIPDCs (Ops) sequence
that lacks a | group (Figure 4.1D). Due to the removal of one unit in
one strand of each of these two systems, the Oy, and Oypsz chains are
one unit shorter than the Op: chain of the complete system. The
libraries of self-assembled configurations that form from these three
systems are shown in Figure 4.1E.

The functional groups are attached as side chains to the
oligo(urethane triazole) backbone we described in chapter 3 (Figure
4.1B); the precise sequence of these complementary oligomers is
displayed in Figure 4.1D. The oligomers comprise complementary
nucleobase analogs (cytosine C, guanine G, thymine T and 2,6-
diamidopyridine D) acting as recognition units through G---C and D---
T pairing (Figure 4.1C). The catalytic groups comprise two
pyridyltriazole (P)-copper complexes, two imidazole co-ligands (I and
I’ having different spacer lengths for optimal accessibility), and one
TEMPO radical (M). Additionally, hexyl side chains (Cs) were added at
both ends of the chains to favor solubility in the acetonitrile
(ACN):dimethylsulfoxide(DMSQO) 95:5 v:v solvent system used for the
experiments and possibly contribute to stabilization of the self-
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assembled structures. The synthetic procedures and characterization
of the intermediary and final products by NMR and mass
spectrometry are described in chapter 3. Experimental conditions are

in Annex 4.1.
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Figure 4.1 Postulated mechanism of the Cu/TEMPO-catalyzed aerobic
oxidation of alcohols, and chemical structure of the oligomers and
constitutional libraries. A. Simplified catalytic cycle, adapted from
reference;1%3 the mechanism requires the cooperative action of 2 Cu® atoms,
2 pyridyltriazole ligands (P), 2 imidazole co-ligands (l), and one TEMPO
radical (M). B. Chemical structure of the oligomers (n=5 or 6). C. Hydrogen-
bond pairing of the recognition units. D. Sequence of the oligomers
synthesized in this study; two complementary chains of the Oa/Op1 system
contain all the needed catalytic groups when paired (2 x P, 2 x |, 1 x M),
whereas Oa/On2 or Oa/Obs paired chains lack one functional group, i.e., 1 P
or 11, respectively. E. Equilibrium constitutional library of co-existing species

in solutions.
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4.3 Results and Discussion

4.3.1 Binding constants of the recognition units

The two monomeric pairs can form a trivalent hydrogen-bonded
duplex, with two donor sites coming from one monomer and one

donor site from the other monomer, as illustrated in Figure 4.2.

A) _S§i—=—_ _~_OH B) /S\i%\oNOH

Figure 4.2 Chemical structure of the trivalent hydrogen-bonded duplex of the

monomeric pairs.

In addition to the desired trivalent duplex, monomers can form a
series of other hydrogen-bonded complexes. Here, we restrict
ourselves to measurements performed in hydrogen bond-accepting
solvents; therefore, the generic acceptor sites of the monomers are
completely negligible compared to the vast amount of accepting sites

of the solvent.

NMR titration and dilution experiments at different temperatures were
used to investigate the H-binding properties of the monomers in
mixtures of acetonitrile (ACN) and dimethyl sulfoxide (DMSO). The
detailed analysis is available in Annex 4.2. The binding constants and

standard binding enthalpies and entropies of the different monomer
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units at 295 K are given in Table 4.1.

Table 4.1 Binding constants and standard binding enthalpies and entropies
of monomeric pairs in deuterated ACN/DMSO at 295 K.

ACN/DMSO " Ao no
System () (L/mol) (ki/mol)  (JI/K-mol)
100:0 16+17 21457  -48+19

DIT 95:5 33+02 -61+18 -108+6
5:1 0.99+0.06 -57+23 -194+8
GIC 5:1 104+15  24+4  -42.7+14

* The errors on the fit parameters were estimated from the diagonal terms of

the covariance matrix, assuming a standard error on NMR shifts of 0.01 ppm.

Due to the limited solubility of the G/C monomeric pair, titration
experiments could not be performed in deuterated ACN/DMSO (v:v,
95:5), which is the solvent (in non- deuterated form) used for catalytic
experiments. Therefore, to predict the binding constant of the G/C
monomeric pair in deuterated ACN/DMSO (v:.v, 95:5), the effect of
DMSO content should be understood. For this, the effect of the
DMSO content on the formation of the D/T duplex was measured, as
summarized in Figure 4.3. It is obvious that lower DMSO contents
lead to stronger binding as expected. For the D/T duplex, the
reduction of concentration in DMSO from 16 to 5% results in a
multiplication of the binding constant by a factor of 3.3/0.99~3.3. If
this correction factor is applied to the G/C pair as well, the predicted
binding constant of the G/C pair in ACN/DMSO (v:v, 95:5) should be
ca. 343 L/mol. Since the binding constant of D/T at 295 K in
ACN/DMSO (v:v 95:5) obtained from the dilution experiment is 3.3
L/mol (Table 4.1), the binding constant of the O./Op pocket due only to
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independent D/T and G/C base pairing is obtained by the product of
the binding constants of the two pairs, ca. 1120 L/mol, corresponding
to a free energy of binding of ca. -17.2 kJ/mol at 295 K. These
parameters are large enough to create a relatively stable pocket,
compared to thermal energy RT = 2.5-2.8 kJ/mol between 30 and
60°C.
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Figure 4.3 The effect of DMSO content on D/T duplex formation at 295 K.

4.3.2 Molecular dynamics simulations

MD simulations of one O, and one Op: chains placed in an effective
solvent were performed as well as molecular network analysis to
predict conformation and interaction of chains. This was done in the

group of Mathieu Surin in UMons; details are in Annex 4.3.

MD simulations of one O, and one Oy chains placed in an effective
solvent indicate the rapid assembly of the oligomers in a stable
heteromolecular complex of ca. 1 nm radius of gyration as Figure
4.4.A shows (details in Annex 4.3 as well as ESI Section 10 of our
paper).2°! Inside this compact globule, the two strands remain flexible

and highly dynamic, allowing the different units to rearrange in space
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due to a vast network of interactions involving functional moieties
(catalytic groups and nucleobase analogs) as well as the carbamate
and triazole moieties of the backbone. Interestingly, the catalytic units
are among the less buried residues and are accessible at the

periphery of the globule (Figure A.4.6).

Network theory applied to the collection of conformations generated
over a 10 ps timescale indicates that interchain connectivity arises
dominantly through interactions between complementary bases,
whereas intrachain connectivity replicates the primary structure of the
chains as shown in Figure 4.4.B. Other parameters of the network
such as betweenness and average shortest path length provide
further support to the formation of a globule stabilized by interactions
between nucleobases (Figure A.4.8). A modular representation of the
network shows that the catalytic modules (M, I', I, P in Figure 4.4.C)
are connected via the connectivity between the bases. Analysis of MD
simulations indicates that the formation of this supramolecular
complex is driven both by hydrogen bonding and Tr-stacking
interactions (Figure 4.4.D).

Heatmaps enumerating the frequency of hydrogen bonds (Figure
4.4.E) show that C---G and D---T pairings provide an important but
not exclusive contribution to the persistence of the globular assembly,
with D---G pairing providing a significant but less frequent mechanism
of stabilization. Stacking interactions are far less specific, involving
numerous residues including triazole groups from the backbone and

aromatic catalytic units (I, I, P) (Figure A.4.5).
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Figure 4.4 Molecular simulations of the self-assembly of Oa and On:
oligomers. A. Molecular dynamics snapshot of a 3D conformation of the
complex, representative of the globular conformation. The two strands, Oa
and Ops, are depicted in pink and blue lines, respectively, and the functional
units are depicted in sticks and coloured according to the ball representation
as sketched above. B. Network representation of the system, highlighting the
persistent contacts observed during the MD simulation. Atoms (except H)
constitute the nodes of the network. The nodes belonging to the strand Oa
and Op: are circled in red and blue, respectively, with the same color code
for the functional groups. C. Modular representation of the network. The
modules in yellow contain backbone or chain-ends nodes. For clarity, the
primary structures of the two strands are sketched in dashed lines, showing
that the sequence order is preserved in this representation, except for the
complementary nucleobase analogs T and D, which are merged in the same
module. D. Distribution of the number of hydrogen-bonding and stacking
interactions for the 20,000 conformations from MD, showing that both H-
bonds and aromatic interactions strongly participate to the stabilization of the
system. E. Heatmaps showing the decomposition of the hydrogen-bonds by
pair of residues. Each square, localized at the crossing of a pair of residues,
indicates the number of interactions detected between the two residues over

the 20,000 conformations. White squares indicating the highest number of
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interactions are localized for the pairs G---C and T---D. Interactions are also
found for the pair G---D. F. Heatmaps showing the decomposition of the
enthalpy of binding by pair of residues, similarly as for Figure 2E. The most
stabilizing residue-residue interactions (dark blue squares) are localized for
the pairs G---D, T---D and G---C.

Heatmaps of the enthalpy of binding per residue provide a detailed
view on the stabilization per residue pair, globally showing the
stabilization of the supramolecular complex by interchain interactions
between the different bases. This indicates that when forming the
complex, intermolecular interactions outperform the intramolecular
interactions of each strand when alone. The same analysis was
performed on the O4/Op2 system and provided similar results, with the
same type of interactions stabilizing the formation of a globular
complex (Figure A.4.8).

4.3.3 Aerobic oxidation of benzyl alcohol by the self-
assembled oligomers

The catalytic systems were tested in the aerobic oxidation of benzyl
alcohol (BnOH) into benzaldehyde (BzH), for different temperatures
between 30 and 60°C and at different molar concentrations of catalyst.
Cu® was introduced in stoichiometric amount with respect to P
groups, and catalyst concentration is expressed as the content in M
units relative to the molar concentration of introduced alcohol (0.2
mol/L). Gas chromatography was used to monitor the appearance of
BzH; no other oxidation product could be found. Previous studies
indicated that the competition of urethane and triazole motifs for Cu
complexation is limited compared to P; additionally, competition of
base analogs for copper binding is also limited according to NMR

(Annex 4.4). Results from a typical catalytic experiment are displayed
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in Figure 4.5.A; similar graphs for all other conditions are in Annex 4.5.
From these kinetic data, the turnover frequencies (TOFs) were
obtained at different temperatures for the different oligomeric systems
at different concentrations. The TOF is defined as the slope versus
time of the BzH molar concentration at moderate conversion rates,
divided by the molar concentration in catalyst; it represents the

catalytic efficiency per mole of catalyst at low to moderate conversion.

The catalytic activity of a single oligomeric chain (Oa, Op1, Oz alone)
was first tested for the aerobic oxidation of BnOH. The limited
catalytic activity of a single strand is evident in Figure 4.5.D,
particularly at low temperatures. High temperatures accelerate the
chain dynamics and facilitate the crossing of energy barriers, thereby
generally increasing activity. At high temperatures, the presence in
the chains of TEMPO- which acts as a cooperating oxidizing agent
makes the catalytic activity of the TEMPO-containing single Oa chain
relatively higher compared to chains without TEMPO. However, in
any case, the oligomer alone lacks some of the necessary catalytic
groups, which explains the poor catalytic activity.

Based on the above results, the complementary oligomer was added
to the corresponding single oligomer chain. The catalytic activities of
these systems with complementary oligomers are very different
depending on whether the two chains together make up a full catalytic
system or not, as shown in Figure 4.5. Indeed, the collection of
poly(oligomers) of the incomplete systems in Oa/Op2; and Oa/Ops
solutions exhibit a very low TOF despite collectively comprising all the
groups needed for catalysis, as Figure 4.5.C shows. In contrast, the
library of poly(oligomers) of the complete O./Op1 system exhibits a
much higher TOF at low concentration displayed in Figure 4.5.B. In

addition, the catalytic rate and catalytic efficiency per mole of catalyst
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improve as the temperature increases for the different self-assembled
systems, as expected. However, the performance within the
concentration range varies among these systems. The optimized
catalytic concentration for the complete self-assembled catalytic
system O./Op; falls within the range of 1 mol%. Conversely, in the
case of the incomplete catalytic systems O./Opg, the efficiency of the
catalyst per unit of catalyst improves continuously as the
concentration increases. According to the simulation, O, and Oy, can
form a self-assembled pocket no matter what the catalytic center is.
In this case, the low catalytic activity of O./Op2 and O./Ops System is
thus due to incompleteness of the catalytic center (missing one

catalytic unit).

Additionally, to investigate the influence of covalent bonding and self-
assembly, a catalytic system made of monomer units with the same
constituent units as the complete O./Op1 System was introduced. The
catalytic activity of the separated monomeric catalytic system is
shown as crosses in Figure 4.5.D. Its performance rapidly decreases
upon dilution, owing to the decrease of the probability of chance
encounter of the catalytic groups. This is in marked contrast with the
complete O./Op: catalytic system that resists dilution and intriguingly
exhibits an optimum close to 1 mol% (Figure 4.5.B). Meanwhile, a
catalytic system composed of dimer MP and trimer I'IP, which
possesses the same catalytic center structure as the complete O./Op1
catalytic system but lacks the recognition units, was also tested to
make a comparison. Although the system consisting of the O, and Op;
oligomers devoid of H-binding G, T, D and C units and of hydrophobic
Ce units (pentagons in Figure 4.5.D) is very effective at high
concentrations due to its limited steric crowding, the TOF rapidly
decreases with concentration and becomes less efficient than the
hydrogen-bonded system below 1 mol% of catalyst. This
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phenomenon is caused by the lesser probability for the catalytic
groups to meet each other when diluting in the absence of
assembling units. In contrast, the assembling units serve to keep the

probability of meeting high, even at low dilutions.
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Figure 4.5 Catalytic properties of the libraries of self-assembled precise
oligomers. The catalyst concentration is expressed in mol% of M units
relative to a reference concentration of 0.2 M BnOH in ACN:DMSO 95:5. A.
Typical catalytic experiment: BzH yield versus reaction time for the
conversion of BnOH (0.2 M) in the presence of oxygen, 2.5 mol% of the
complete O4/Op1 catalytic system (with Cul), at four different temperatures.
The slopes give the catalytic rates which, once divided by the concentration

in catalyst, provide the TOF. B-D. TOF versus catalyst concentration at four
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temperatures (colors as indicated), for (B) the complete Oa/Op1 system, (C)
the incomplete Oa/On2 (circles) and Oa/Obs (Open triangles) systems, (D) a
mixture of monomer units with the same composition as the complete
oligomeric system (crosses), an equimolar mixture of MP dimers and II'P
trimers lacking the hydrogen-binding groups and hydrophobic Cs units of
O4/On1 (pentagons), and single oligomer chains at 2.5 mol% in the presence
of an equimolar amount of Cul (diamonds — blue 30°C, red 60°C). The
continuous curves fit the model of Figure 4.1E to the data, except in panel D

where they are power law fits.

The complete O./Op1 system is thus peculiar in its specific ability to
maintain catalytic activity at low dilutions. Whereas higher catalytic
activities can certainly be obtained for the other systems simply by
introducing larger amounts of catalytic components (such as for the
system made of separated monomer units or the MP/I'IP system), the
complete system is unique in its preservation of catalytic efficiency
when diluted.

4.3.4 Mathematical models of the composition and

properties of the constitutional libraries

To explain why the complete O./On system has such special
performance, we tried to analyze the composition of the system. The
oligomer chains dynamically bind in a variety of configurations shown
in Figure 4.1E, resulting in the coexistence of different species
including free oligomeric strands, linear poly(oligomer)s of varying
length and chain ends, and di(oligomeric) cycles. In the incomplete
04/On2 and O4/Op3 systems, self-assembly configurations comprising
at least three oligomers generally contain all groups needed for
catalysis, whereas di(oligomeric) configurations do not; as shown in

Figure 4.5C, these self-assembly configurations only provide
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mediocre catalytic efficiency at low catalytic concentration. The fully
different behavior of the complete O./Op: System thus necessarily
arises from di(oligomer) assemblies, which now comprise all needed
catalytic groups. Since these di(oligomeric) assemblies tend to easily
form self-assembled macrocycles as shown by molecular dynamics
simulations, it follows that the high -catalytic efficiency at low
concentrations of the O./Op1 system arises from the formation of

di(oligomeric) cycles.

Despite the virtually-infinite number of species in each constitutional
library, their composition and catalytic activity can be modeled in a
compact form by a mathematical model. Besides, the NMR data in
Figure A.4.10 (Annex 4.4). indicates that competition of base analogs
for copper binding is also limited. However, this limited competition
probably contributes to a decreased activity of catalytic sites,
therefore, it needs to be taken into consideration in setting up the
mathematical model. In brief, the mathematical model comprises a
small set of physically-meaningful parameters including two binding

constants, K, and K, associated to chain end pairing and a standard

entropy penalty AS. for cycle formation, common to all libraries,

temperatures and concentrations; the details are provided in Annex
4.6. The concentration in each species can be computed numerically
from this model, as well as their contribution to the turnover
frequencies at each temperature and concentration. This compact
mathematical model was simultaneously fitted to all experimental
catalytic turnover frequencies measured at different temperatures and
concentrations, for the two O./Op1 and O./Op, Systems taken together,
leading to a quantitative reproduction of the experimental data

(continuous line in Figure 4.5 B and C).
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However, the model needs to be validated by an independent
measurement of the concentration of each species in the solution.
These species are in constant dynamic equilibrium and cannot be
isolated; furthermore, the oligomers they contain are involved in
similar interactions in all species. Their concentrations are thus very
difficult to measure by any available technique. Nevertheless, each
species possesses its own molar mass and hydrodynamic volume.
The diffusion coefficient of a proton attached to an oligomer included
in a species of the constitutional libraries depends directly on the
hydrodynamic volume of this species, which can be computed from
its composition in each oligomer and from the hydrodynamic volume
of the oligomers. Additionally, the diffusion coefficient averaged over
all co-existing species only depends on the hydrodynamic radii and
concentrations in solution of these species. Hence, measuring the
average diffusion coefficient of the protons provides an elegant way
to check in situ the compositions of the constitutional libraries
predicted by our model.

The measured and predicted diffusion coefficients of the complete
0./On1 system were compared, using as parameters for the prediction
the fit parameters obtained from the analysis of the catalytic data in
Figure 4.5. The DOSY data is available in Annex 4.7. As shown in
Figure 4.6 (continuous line), the experimental data agree very well
with the predicted values assuming good solvent conditions. This
model was thus used to compute the distribution of O, oligomers
between the different species for the 0./O, systems, depending on
temperature and concentration (Figure 4.7 top row). Oligomers are
essentially free at very low concentrations, whereas they dominantly

belong to linear poly(oligomeric) chains above 1 mol% of catalyst.
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Figure 4.6 DOSY-measured average diffusion coefficient of the protons of
the oligomers in the complete Oa/Op1 system, depending on the
concentration in M units (circles). The standard error is smaller than the
point size. The curves are predictions based on the parameters from the fit
of the catalytic activity, assuming either good (continuous curve) or ® (dotted

curve) solvent conditions.

The decrease of the binding constants K, and K, with temperature

explains why the average degree of poly(oligomerization) of the linear
chains slightly decreases with temperature (inset in top row of Figure
4.7); however, the total amount of linear chains is very insensitive to
temperature (Figure 4.7, top right). Di(oligomeric) cycles slightly
dominate the constitutional libraries at intermediate concentrations
and lower temperatures, but this dominance is progressively lost as
temperature increases. The decreased amount of cycles as
temperature increases essentially results from the increased free

energy cost associated to the entropy penalty for cycle formation

(AS)).
The contributions of each species to the total catalytic turnover
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frequency of the complete O./Op: system, which is the product
between the amount of O, in each species and the turnover
frequency per O,, are collected in the bottom row of Figure 4.7. The
contribution of supramolecular di(oligomeric) cycles to the total
turnover frequency is the dominant factor that explains the high
catalytic activity of the complete system, even when the
supramolecular cycles do not dominate the composition (e.g., at
60°C). At this higher temperature, the relative proportion of cycles
decreases but their catalytic activity increases due to thermal
activation, resulting in an overall dominance of the cycles in the

catalytic performance.

Cycles are thus much better than linear chains to reach a high
catalytic activity, despite both configurations having all required active
groups. At the concentration maximizing di(oligomeric) cycles, the
ratio between the contributions to the catalytic activity of cycles
versus all linear chains is ca. 30 and 10, at 30 and 60°C, respectively.
This is due to the much higher probability for the catalytic groups to
be in an active site when assembled in a supramolecular cycle,
compared to when in linear chains. This demonstrates that, by
assembling the complementary strands in a supramolecular cycle,
and thereby maximizing the probability that the five required groups
meet in space, dramatic improvements of the catalytic efficiency by
more than one order of magnitude can be obtained compared to
linear configurations. In contrast, for the incomplete O./Op, system,
supramolecular cycles cannot form complete catalytic sites and
therefore do not contribute to the catalytic activity; consequently, this
system only exhibits low activity associated to the low probability of

formation of complete catalytic sites in linear poly(oligomeric) chains.
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Figure 4.7 Top row. Distribution of Oa oligomers between the different co-
existing species in the Oa/Opi systems (i=1 or 2), depending on temperature
and concentration, computed from the model. The inset in the right graph is
the average degree of poly(oligomerization) by number of the linear chains
vs catalyst concentration. Bottom row. Contribution of the different co-
existing species to the catalytic turnover frequency, in the complete Oa/Ob1
system.

4.3.5 Verification of the need to form binuclear copper
complexes for catalysis

The di(oligomeric) cycles formed in the O./Op1 System comprise two P
bidentate ligands, two | auxiliary ligands, and one TEMPO radical. In

contrast, the supramolecular cycles of the O./Oy, system lack one P-
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Cu, whereas the supramolecular cycles of the O./Oy3 system lack one
[, as shown in Figure 4.1. However, the O4/Op: System is much more
efficient compared with systems where one unit is missing. In
agreement with the catalytic models in section 4.3.4, a possible
reason is that a dinuclear copper complex needs to be formed in the
catalytic cycle. Therefore, experiments were performed in which one
equivalent of monomer P and copper was added to the O./Op, system,
and one equivalent of N-methyl imidazole (analogue to I) was added
to the O4/Ops system for a concentration in M units of 2.5 mol%. An
experiment in which one equivalent of N-methyl imidazole was added

to the O./Op2 system was also performed.

The TOFs of the different systems were compared before and after
addition of missing units in Figure 4.8. The incomplete O./Op, and
0./Op; systems have a much lower catalytic efficiency than the
complete O./Op1 system. Adding one P-Cu equivalent to the Oa/Op
system brings the TOF close to the one of the complete system,
whereas adding one NMI equivalent (light blue) does not change
significantly the TOF. Two ligands are needed in the catalytic cycle, to
form the binuclear copper complexes.*®* Therefore, for the Oa/Op.
system containing only one P-Cu unit, the addition of free P-Cu
contributes to the forming of the binuclear copper complex which
significantly improves the TOF of 0./On2 system. However, the
addition of NMI to O./Op, system does not change significantly the
TOF, which is expected since the two needed | units are already
available in the self-assembled di(oligomeric) cycles. In contrast,
adding one NMI equivalent to the O./Ops system which lacks one |
unit (light green) brings the TOF close to the one of the complete
system. The improvement of the TOF following the addition of the
NMI base results from the stabilization of the binuclear copper
complex.1431%6 |n each case, the addition of the missing unit results in
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an efficiency similar to the one of the complete system, which strongly
supports the need to form a binuclear copper complex involving two
bidentate P ligands and two auxiliary | (or NMI) ligands.

0.25 -
Concentration in M unit: 2.5 mol% relative to benzyl alcohol
m 0,/0,, (complete system)
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Figure 4.8 TOF of the three systems measured at different temperatures and
2.5 mol% concentration in M units. For the Oa/Ob2 and Oa/Obs systems which
form di(oligomeric) supramolecular cycles that lack either one P-Cu or one |
unit, one equivalent of free P-Cu and/or free NMI (analogue to |) was added

as indicated.

4.3.6 Aerobic oxidation of other alcohols

In addition to the aerobic oxidation of BnOH, the complete Oa/Op1
system was also utilized in the oxidation of other alcohols. The TOFs
of O./Op1 system for different alcohols are shown in Figure 4.9. The
catalytic results show that the complete O./Op1 System is applicable
for different primary alcohols, even though the catalysts are more
efficient with the activated alcohols like benzylic and allylic alcohols. It

may be due to the adjacent aromatic ring or double bond which
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stabilizes the transition state through conjugation to help the
formation of intermediates during oxidation.!®¢16° This catalytic
behavior is similar to the results of other reported metal/TEMPO
systems.1%5202203 Though the catalytic efficiency on these alcohols is
different, its temperature-dependence is preserved. Further
mechanistic studies are needed to explain these differences. Since
our catalyst is chiral, the aerobic oxidation of chiral alcohols should be
interesting. However, the oxidation of secondary alcohols is usually
much slower than primary alcohols; therefore, in this work, we only

focused on the oxidation of primary alcohols.
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Figure 4.9 TOF of Oa/Opn:1 system catalysing the oxidation of different
alcohols, measured at four different temperatures and 0.5 mol%

concentration in M units.

4.3.7. Aword on copper

Copper is a crucial component of the catalyst. However, as we
already discussed in sections 4.3.3 and 4.3.4, the bases may
compete with P as a ligand of copper, which would limit its availability

in the catalytic cycle. On the other hand, the complexation of copper
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with bases might favor the assembly of the complementary chains. It
would thus have been interesting to include copper in the molecular
dynamics simulations of the assembly of the oligomers. However, the
numerous oxidation states of copper made this simulation too

complex at this stage; this is clearly a limit of our study.

4.3.8 Comparison of the self-assembled catalysts with

other systems

It is tempting to compare the efficiency of our supramolecular catalyst
to other systems based on the same composition, in which the
different catalytic groups are positioned differently in space.?%
Depending on the sequence of units along chains®1302%° and on their
grafting configurations when heterogeneized,?8-130.164 catalysts based
on M, I and P units have been shown to exhibit very different catalytic
efficiencies, as judged from their initial TOF. Compared to systems
grafted on porous silica beads, the current supramolecular cycles are
generally slightly inferior, probably because of a smaller accessibility
of the substrates in the crowded globules of the cycles. In contrast, at
60°C and below 1 mol%, the current supramolecular catalysts are
better than any other homogeneous system tested so far in our group;
this advantage is rapidly lost as concentration increases, because
supramolecular cycles are disfavoured at higher concentrations while

the probability of encounter is increased for other systems.

4.3.9. Predictions for improved activity

As already discussed in section 4.3.4, there are three different
species co-existing in a solution, but the catalytic activity is dominated
by the di(oligomeric) cycles. To obtain better catalytic activity for the

system, strategies should thus be done to form more di(oligomeric)
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cycles. The mathematical model proposed in this thesis can be used
to predict directions for a larger range of conditions favouring the
formation of the catalytically-active self-assembled di(oligomeric)
cycles. For instance, increasing the chain end pairing constants by a
factor of ca. 10 compared to their current geometric average value at
30°C would result in a solution consisting almost exclusively of
supramolecular cycles below 1 mol% catalyst. To favor cycles at
higher concentrations, which would result in higher absolute catalytic
rates, a supplementary stabilization mechanism must be given to
cycles compared to linear chains. According to the mathematical
model, the number of the di(oligomeric) cycles in co-existing species

is related to the binding constants of the base pairs and the entropy

cost of cycle formation (AS;). Therefore, one way to achieve this is to

reduce the entropy cost of cycle formation (AS.), which might be

attained by increasing the rigidity of the oligomer backbones, for
instance by introducing more aromatic or rigid cyclic groups in the
backbones. However, this might be counter-productive with respect to
the probability to have the catalytic groups meet in space. Another
way would be to provide a supplementary enthalpy of stabilization
specific to macrocycles. One could think of using higher binding
affinity pairs like strong DDDD-AAAA quadruple hydrogen-bonding
arrays; however, this would simultaneously contribute to stabilize both
di(oligomeric) cycles and linear poly(oligomeric) chains. In order to
favor cycles over linear chains, one might attempt to use different
pairs of recognition units at each ends of the oligomers, which would
create a directionality in the pairing of ends and might thereby favor

cycles over linear chains.
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4.4 Conclusions

Our study investigated the self-assembly of complementary oligomers
into a dynamic library of poly(oligomeric) species, most of which
contribute little to catalytic activity. In this dynamic library,
di(oligomeric) cycles were demonstrated to be highly catalytically-
active, provided the two chains together comprise all the needed
elements for catalysis, as in the Oa/Opn1 system. When only one
element is missing as in O4/Op; and O./Ops, the activity drops very
significantly, despite all needed elements are present in the solution.
The activity can be recovered by adding the missing unit as a free
component in solution. These results support the assumption®® that
five functional groups, including a dinuclear copper complex, are
involved in the catalytic cycle.

Molecular dynamics simulations demonstrate that these self-
assembled cycles form globules in which different interactions
contribute to stabilization, even though the base analogs at the ends
of the strands provide a continuous stabilization mechanism and
connectivity between the catalytic groups, as shown by network
analysis. Measurement of hydrodynamic radius also provides

experimental support for the formation of di(oligomeric) cycles.

Hence, the primary structure of the oligomers is important for the
emergence of catalytic activity, because the presence or absence of
the needed catalytic groups on the strands directly affects the
efficiency of the di(oligomeric) cycles. However, it is likely that the
sequence order is not a critical factor at this stage, considering the
limited length of the investigated oligomers. Nevertheless, quaternary
structures are crucial for the emergence of catalytic activity, which
here arises dominantly from the self-assembly of the strands in
di(oligomeric) cycles. Interestingly, the self-assembly of di(oligomeric)
174



cycles happens in a relatively dilute range of concentrations, in which
cycles totally outperform simple mixtures of catalytic groups or any
combination of the catalytic groups in linear chains. This
demonstrates that an efficient catalytic activity can be obtained at
rather high dilutions in the presence of properly self-assembled

structures.

Our study also demonstrates that a small humber of experimental
parameters is sufficient to describe the mathematical complexity of
the dynamic constitutional library of species resulting from the
assembly of complementary oligomers. Indeed, the reproduction of
catalytic activities and diffusion coefficients by a compact
mathematical model is an important result, showing that the
complexity of this system is still amenable to a deterministic
description.
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Annex 4.1 Experimental conditions

Reagents and solvents were obtained from commercial sources and
used without further purification. All reactions were carried out under
argon atmosphere. Flash column chromatography was carried out
using silica gel 230-400 mesh (Sigma-Aldrich) as the stationary
phase. Milli-Q water (resistivity 18.2 MQ.cm) was obtained from a
Merck Millipore system. NMR spectra were recorded on Bruker-300
and Bruker-500 spectrometers. Chemical shifts () are reported in
parts per million (ppm) from low to high field and referenced to
residual solvent. Coupling constants (J) are reported in Hertz (Hz).
Standard abbreviations indicating multiplicity are used as follows: br =
broad, s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet,
m = multiplet. 2D NMR DOSY experiments were recorded on a
Bruker Avance 500 MHz Spectrometer equipped with a 5 mm BBO
probehead. All NMR samples were equilibrated at the measurement
temperature of 303 K for 5 min before data collection. Spinning was
deactivated to avoid convection. *H NMR spectra were acquired with
the zg pulse program from the Bruker library using 32 scans and
calibrated to the CDsCN residual signal (6 = 1.94 ppm) as an internal

reference.

2D H DOSY experiments were performed using the standard Bruker
ledbpgp2s pulse program with 16 t1 increments on 32 K data points.
The acquisition time was 2.04 s and the relaxation delay was 10.0 s
(D1). Diffusion time was set between 0.2 — 0.1 s (D20) and
rectangular gradient pulse duration was between 1.0 — 0.8 ms (P30).
Gradient recovery delays of 0.15 ms followed the application of each
gradient pulse. Data was accumulated by linearly varying the diffusion

encoding gradients over a range from 2 to 95 % for 16 gradient
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increment values with 32 scans each. Individual rows of the quasi-2D
diffusion databases were phased and baseline corrected. NMR data
processing was performed using Topspin software, and the actual
diffusion coefficients used for diffusion analysis were measured by

T1/T2 relaxation module.

The diffusion coefficient at 30°C measured over different

displacement ranges corresponding to protons of the oligomers were
averaged to obtain the average diffusion coefficient D . The

hydrodynamic radii of the single oligomers were obtained from DOSY
measurements performed at 30°C and 1 mM to avoid aggregation;

the radii were computed from the Stokes-Einstein equation using
I = 0.355 mPa.s for the dynamic viscosity.! The average diffusion

coefficient of equimolar mixtures of two oligomers were measured for
a molar concentration in each oligomer of 1, 2.5 and 5 mM,
corresponding to 0.5, 1.25 and 2.5 mol% relative to the (virtual)
concentration of 0.2 M in alcohol used in the catalytic experiments.

High-resolution mass spectra (HRMS) were measured on a Q-
Exactive (Orbitrap) from ThermoFisher using an atmospheric
pressure chemical ionization (APCI) source. Electrospray ionisation
mass spectrometry (ESI-MS) and ESI-MS/MS were performed on an
SYNAPT G2-Si high definition mass spectrometer (Waters) equipped
with a NanoLockSpray dual electrospray ion source (Waters). Precut
fused silica PicoTipR Emitters (outer diameters: 360 um; inner
diameter: 20 ym; 10 um tip; 2.5” length (Waters)) were used to carry

samples for nanoelectrospray injecting the test solution.

LC-QTOF-MS/MS analysis were performed on an SYNAPT G2-Si

high definition mass spectrometer (Waters) equipped with a

NanoLockSpray dual electrospray ion source (Waters). Samples were
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diluted 2 to 10 times in 50% (v/v) acetonitrile, 0.1% formic acid or in
50% (v/v) methanol, 0.1% formic depending on the quality and the
intensity of the signal. Coated fused silica PicoTip™ Econol12 Emitters
for nanoelectrospray, outer diameters: 1 um Tip (New Objective, USA)
were filled with 5 pyL of samples and placed on the Universal
NanoFlow™ Sprayer (Waters). The eluent was sprayed at a spray
voltage of 2.8 k. The source temperature was set to 100 °C. The cone
gas flow was 20 L/h with a nano flow gas pressure of 0.3 bar. MS
spectra were acquired and processed with MassLynx software
(Waters). Full scan MS and MS2 spectra (m/z 50 to 2000) were in
resolution mode (20,000 resolution FWHM at m/z 400) with a scan
time of 0.1 sec. Tandem mass spectra of the precursor were
generated in the trapping region of the ion mobility cell by using a
collision energy ramp from 10 V to 70 V. Charged ions are selected to
be submitted to the MSMS fragmentation over the m/z range from 50
to 2000 with a scan time of 0.25 sec. For the post-acquisition lock
mass correction of the data in the MS method, the doubly charged
monoisotopic ion of [Glu!]-fibrinopeptide B was used at 100 fmol/uL
using the reference sprayer of the nanoESI source with a frequency

of 30 s at 0.5 pL/min into the mass spectrometer.

Aerobic oxidation experiments were performed from 30 °C to 60 °C
under O bubbling (4.93 mL/min) using a SLA5850 thermal mass flow
controller from Brooks, in a 0.2M solution of alcohol in the mixture
solvent of acetonitrile (95%) and dimethyl sulfoxide (5%) (2 mmol of
alcohol in 1 mL mixture solvent). Different loadings of catalytic
oligomers were used, expressed in mol% relative to the amount of
alcohol, keeping a 1:1 pyridyltriazole (P):Cu molar ratio (except for
single oligomers missing P units, in which case Cu was introduced in
equimolar amounts as the oligomer). Before the experiments,
different catalytic oligomers were dissolved in acetonitrile or
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acetonitrile and dimethyl sulfoxide mixture solvent, and the Cul was
separately dissolved in acetonitrile at a suitable concentration (stock
solutions). For catalytic experiments, alcohol and p-xylene (used as
internal standard) was introduced into 2 mL vials, followed by catalytic
oligomers and an appropriate amount of acetonitrile and dimethyl
sulfoxide. The mixture was stirred to form a uniform solution, then a
controlled amount of Cul solution was added into the mixture under
stirring. The reaction time was counted when the mixture was at the
set temperature and O, was introduced. Although the solution was
turbid just after copper salt addition, it turned transparent and

greenish during reaction (Figure A.4.1).

Figure A.4.1 Picture of the catalytic medium during reaction at 30°C for the
Oa/Onp1 system, with 2.5 mol% M units.

10 uL aliquots were then taken at selected time points and diluted by
990 uL acetonitrile to prepare a gas chromatograph (GC) sample. GC
was performed on a Shimadzu GC-2010 equipped with an FID
detector, with p-xylene (internal standard) only used for the detection
of possible experimental problems. Benzaldehyde, benzyl alcohol,
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cinnamaldehyde, cinnamyl alcohol, trans 2-hexen-1-al, trans 2-hexen-
1-ol, octanal, octanol, cyclohexanecarboxaldehyde and
cyclohexanemethanol were detected at 9.1, 11.3, 5.74, 5.34, 7.47, 8.0,
3.1, 3.5, 3.2- and 2.9-min elution time, respectively. The yields were
computed as the ratios between the area below the aldehyde peak
and the sum of the areas below the aldehyde and alcohol peaks. No
other oxidation product than the aldehyde was detected in the
chromatograms. The slope of the yield versus time was defined as
the catalytic rate; the turnover frequency was obtained by dividing the
rate by the molar content in M units in the catalyst, except for single
oligomers with no M units, in which case the rate was divided by the

molar content in oligomer.
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Annex 4.2 NMR titration and dilution experiments

General formalism

Mass balance equations

Consider two molecules, A and B, which can form a trivalent hydrogen-

bonded duplex A->.B in which two donor sites of A (hereafter called Dn1 and
Dn3) and one donor site of B (hereafter called Dn2) are involved. The protons
associated to these sites are numbered 1 and 3 for A, and 2 for B. Recipro-
cally, A and B have one and two hydrogen bond-accepting sites, respectively,
hereafter called Ac2, Ac1 and Ac3, respectively. This is for instance the case
for the pairs of monomers D and T, and G and C, displayed in Figure 1.
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Figure 1 Chemical structure of the H-bonding monomers of this study, with

the main trivalent duplexes shown.

Additionally, there are ap and ag generic accepting sites Ac* not involved
in the main binding triad of A and B, respectively (here, we neglect the dual
donating/accepting character of Dn1, Dn2 and Dn3). Likewise, there are da
and dg generic donor sites Dn* in A and B, respectively. For instance, for the
D/T pair, ap = 5, at = 4, and dp = dr = 2; for the G/C pair, ag = 6, ac = 4,
and dg = dg = 2.

In addition to the desired trivalent duplex, A and B can form a series of
other hydrogen-bonded complexes. Here, we will we restrict ourselves to mea-
surements performed in hydrogen bond-accepting solvents ; therefore, the ge-
neric acceptor sites Ac* of A and B are completely negligible compared to
the vast amount of accepting sites of the solvent, and may be ignored in the
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equilibrium equations. The remaining possible hydrogen-bonded complexes
involving the sites of the trivalent duplex are :

1. the trivalent duplex of interest, A- ? -B;
2. possible trivalent self-duplexes A->.Aor Bf?’-B;
3. possible divalent A~?~B, A->.Aand B->-B duplexes;

4. a collection of simple complexes involving the accepting sites Ac1-—
3 and generic donating sites Dn*, such as A-%-Dn*, B(AcZ)-%-Dn*,
B(Ac3)- -Dn* and B~ -Dnj.

Given the impossibility to obtain separate values for all equilibrium

constants associated to all the possible complexes of the problem, we will
combine equilibrium constants in the following way, defining :

1. kap = Kap/(VC®), in which K 45 is the sum of all equilibrium constants
for the formation of A - - B duplexes, be them trivalent or divalent;

2. kaa = Kap/(VC?),inwhich K 4 4 is the sum of all equilibrium constants
for the formation of A- - - A duplexes, be them trivalent or divalent;

3. kgp = Kpp/(VC?),inwhich Kpp is the sum of all equilibrium constants
for the formation of B- - - B duplexes, be them trivalent or divalent;

4. k% = K3 /(VC®), in which K7 is the equilibrium constant for the forma-
tion of a simple A- '.Dn* complex;

5. k}; = K5 /(VC°), in which K} is the equilibrium constant for the forma-
tion of a simple B- ! -Dn* complex;

6. kp, = K5, /(VC°)?, in which K}, is the equilibrium constant for the for-

mation of a doubly bound B-?~Dn§ complex. For convenience, we define
ro = ng/k:]*g.
In these equations, V' is the volume of solution, and C° = 1 mol/L is the
standard concentration.

Suppose now that we introduce nga and ngg moles of A and B in the
solvent. The introduced number of moles of generic acceptor and donor sites
are thus noac- = aanoa + agnos and nj = nopp+ = danoa + dgnos, respectively.
The mass balance equations are :

oA

—= 1+ kapng +2kaana + kjn* (1)
A
noB * * *
n—:1+k‘ABnA—|—2k’BBTZB+k‘B(1+7’2n )77, (2)
B
n*
n_g =1+ kina+ k*B(l + 27*2n*)n5 (3)

in which na, ng and n* are the number of moles of non-complexed A, B and
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generic donor sites, respectively.

For a faster numerical solution of egs.(1)—(3), we first solve them when
the number of generating donating sites is vanishingly small (n§ ~ n* — 0),
using : "

2kAA’rL/2_\ + (1 + kABnB)TLA —noa =0 (4)
. 1+ kapna 8kppnos
with g = L ERamTa [y Shasos ) 5
"8 4kpp (1 + kABnA)z ( )
or, alternatively,
2kppng + (1 + kagna)ng —nog = 0 (6)
. 1+ kapng 8k AamoA
with = 1+ ——— -1 7
A 4k aa (\/ + (1+ kapng)? ) (7)

Once this approximative solution is found, the complete set of eqs.(1)—
(2) is solved numerically, starting from the approximate solution obtained for
ny ~n* — 0, and using eq.(3) to express n* as a function of na and ng :

e = L HanA+ Kpni ( 114 ke 2) (8)
4rokisng (1+ k%na + kxng)

with the following limit when ng tends to zero :

: ng
hm n* = —C!k
ng—0 1+ k4na

NMR displacements of protons 1-3

When the rate of exchange between the complexes is much faster than the
NMR characteristic time, the displacement ¢ of a proton involved in hydrogen
bonding is given by the molar average of the displacements of this proton in the
different coexisting species. The NMR displacements can then be expressed
from the knowledge of the composition of the solution (remember that protons
1 and 3 belong to A, while proton 2 belongs to B) :

2

nang _— n —_—
01 =010 + kan 1aA1AB + kaa—L-a1aaB 14 (10)
TLoA oA
2
nang _— n
0o = 020 + kaB a2aploap + kpp—t-applapp (11)
ToB noB
2
nang _— n
03 = 030 + kan a3aplaap +kaa—LzaaB3an (12)
oA oA

1+8k —1
1. When ngp = 0, no = Oandng = @. Likewise, when ngg = 0, ng =

- 4kpp

0and np = YESEaanoat 183
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In these equations, A;xy £ d;xy — dio in which &; is the NMR displace-
ment of proton i in the solvent, and 9, xy is an average NMR displacement
of proton i in the ensemble of XY duplexes, whose exact expression is com-
plex and not especially useful. The «;xy coefficients appearing in equations
(10)—(12) refer to the ratio between the number of times proton i is involved in
duplexes of type XY, and the number of such duplexes. These coefficients are
introduced to have the A, xy shifts normalized per proton, but are not per se
required. Examples will provided later on.

The previous equations are actually a simplification of a large ensemble of
equations. Actually, the average chemical shifts A;xy involve a family of du-
plexes, whose composition might vary slightly when in competition with other
species resulting in variations of A, xy. However, without this simplification,
the number of unknowns would be too large to extract reliable numbers from
experimental data.

Complexation of monomer units D & T

NMR displacements were obtained for a range of concentrations in deute-
rated acetonitrile (CD3CN) for temperatures ranging from room temperature to
333 K, in deuterated chloroform/deuterated dimethylsulfoxide (CD3CN:DMSO-
dg 95:5 and 5:1 v :v) at room temperature, and in CDCI3:DMSO-dg 5:1 v:v
at room temperature, 300 K and 333 K (Figure 2). Two types of experi-
ments were performed : dilution experiments of T or D alone, to check the
self-complexation of these molecules ; and titration experiments, in which the
concentration of one molecule was kept constant while the other’s was varied.

The possible bivalent and trivalent duplexes are shown in Figure 3. In the
formalism of the previous section, A=D and B=T, and ap = 5, atr = 4, dp =
dr = 2 as mentioned before. Proton 1 is involved twice in hydrogen bonds in
the possible two D- - - T duplexes; hence, a1 45 = 2/2. Likewise, it is involved
four times in the four possible D- - - D duplexes (once for ¢, once for d, and twice
for f); hence, anap = 4/4. Similarly, it can easily be found that asap = 2/2,
aspp = 8/4, azap = 2/2,and aszaa = 4/4.

The number of unknowns being large, simplifications have to be introdu-
ced to ensure statistical significance. The symmetry of the H-binding part of
monomer D results in very close NMR shifts for protons 1 and 3, with an iden-
tical variation with concentration or temperature. These displacements were
therefore averaged and the fits performed on the average only. Additionally,
K73 and K7 were invariably found to converge towards very small values, in-
dicating that the generic donor sites of the molecules can be ignored in the
equilibrium. Therefore, we set K}, = K4 = 1072% and r, = 1, with no depen-
dence on temperature.
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Figure 2 NMR shifts of protons 1 (blue symbols), 2 (green symbols) and 3
(red symbols) acquired at different temperatures for different concentrations

of D and T in different solvents, including simple dilution experiments of D

and T alone, and titration experiments. The shifts are plotted versus the

difference of concentration of D and T in mol/L. The continuous lines are fits

to the data using the model developed above, with fit parameters collected in

Table 1. Because protons 1 and 3 have similar NMR shifts, the fits were

performed on the average shift of these two protons (purple lines). The inset

in the top left panel is the temperature variation of the NMR shifts in

deuterated acetonitrile, together with the fits.
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Figure 3 Possible hydrogen-bonded duplexes of monomers D and T.

Furthermore, an inspection of the pattern of hydrogen bonds in the tri-
valent D---T and divalent D---D and T--- T duplexes (Figure) indicates that
Aipp ~ Aspr and that Ay ~ A;pr. Therefore, these equalities were en-
forced during the fits.

Finally, a linear dependence of the ¢;o’s was assumed with temperature,
with no temperature dependence of A;xy’s; the temperature dependence of
the equilibrium constants was taken into account using :

K(T) = K(Ty)exp (= ——(7 — =) (13)

in which Ty = 295 K is an arbitrarily-selected reference temperature and AH°
is the standard enthalpy of binding.

For experiments performed in the more hydrogen-binding CD3sCN:DMSO
solvents, we also observed that Kpp and Krr converged towards low va-
lues, presumably because divalent duplexes were essentially destroyed in
this solvent; they were therefore neglected as well. We also requested that
0,0 + A;pr in these mixed solvents be equal at 295K to the value found in
pure acetonitrile at this temperature. This corresponds to neglecting solvent
effects on the NMR shifts of the D--- T duplexes, which is reasonable since
the protons in duplexes are less prone to interact with solvent molecules.

As for experiments performed in CDCl;:DMSO, for which experiments were
only performed close to room temperature, all thermal dependences were
ignored.

The fits are displayed in Figure 2, and represent properly the experimental
data, testifying for the plausibility of the model. The resulting fit parameters are
collected in Table 1. The equilibrium constant K for the formation of the tri-
valent duplex remains small in the selected solvents, with a decrease of a fac-
tor of ca. 5 and 16 observed when adding 5 and 16% of DMSO to acetonitrile,
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respectively. The equilibrium constant in chloroform with 16% added DMSO is
ca. 20 times higher than in acetonitrile added with the same amount of DMSO,
which results from acetonitrile being a much stronger hydrogen bond acceptor
than chloroform.

Complexation of monomer units G & C

NMR displacements were obtained for a range of concentrations in a deu-
terated chloroform/deuterated dimethylsulfoxide mixture (CDCl3:DMSO-dg 5:1
v:v) at room temperature, and in CD3CN:DMSO-dg 5:1 v:v at room tempe-
rature, 300 K and 333 K (monomer G is not soluble in pure acetonitrile, nor
with only 5% of added DMSOQ). Again, two types of experiments were perfor-
med : dilution experiments of C or G alone, to check the self-complexation of
these molecules; and titration experiments, in which the concentration of one
molecule is kept constant while the other’s is varied (Figure 4).
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Figure 4 NMR shifts of protons 1 (blue symbols), 2 (green symbols) and 3
(red symbols) acquired at different temperatures for different concentrations
of G and C in different solvents, including simple dilution experiments of G
and C alone, and titration experiments. The shifts are plotted versus the
deference of concentration of G and C in mol/L. The continuous lines are fits
to the data using the model developed above, with fit parameters collected in
Table 2. In some experiments, the NMR signal of the primary amine protons
2 of C could be differentiated (triangles), in which case the fit was performed

on the average shift.
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The possible bivalent and trivalent duplexes are shown in Figure 5. In the
formalism of the previous section, A=G and B=C, and ag = 6, ac = 4, and
dg = dg = 2 as mentioned before. Proton 1 is involved four times in hydrogen
bonds in the possible four G- - - C duplexes; hence, a1ap = 4/4. Likewise, it
is involved six times in the five possible G- - - G duplexes; hence, a144 = 6/5.
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Figure 5 Possible hydrogen-bonded duplexes of monomers G and C.

Similarly, it can easily be found that asap = 3/4, aspp = 4/2, asap = 2/4,
and 3AA = 4/5

As before, simplifications were performed to increase the significance of
the fit parameters. Here again, K} and K} always converged towards very
small values; hence, we set K, = K} = 1072 and r, = 1, with no de-
pendence on temperature. Furthermore, we imposed Asgec = Ajge and
Asce = Araa, because protons 1 and 2 have similar NMR shifts and binding
patterns, and Asqc = Aszqe again because the binding pattern of proton 3 in
the C.--G and G- - - G duplexes is similar. Finally, no temperature dependence
was considered for experiments performed in CDCIl3; :DMSO, which were only
performed close to room temperature, whereas only the temperature depen-
dence of K¢, d10, 020 and d3o had to be taken into account in CD3;CN:DMSO.

The fits are displayed in Figure 4, and represent properly the experimen-
tal data, admittedly less so in CDCI;:DMSO. The resulting fit parameters are
collected in Table 2. The equilibrium constants K¢ for the formation of the tri-
valent duplex are similar for both solvents, and much larger than for the D--- T
case, showing the greater stability of G---C complexes compared to D--- T
complexes. Additionally, the self-complexation of G is significant, with a K¢a
constant only ca. 70 times smaller than Kq¢. This comes as no surprise, as
it is well-known that guanine has a strong tendency to form self-duplexes ; this
is most probably the cause for the insolubility of G in pure acetonitrile.
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Table 2 — Fit para meters for G---C complexation in different solvents (Fig.4).
The errors on the fit para meters were estimated from the diagonal terms of
the covariance matrix, assuming a standard error on NM shifts of 0.01
ppm; -’ in the error columns indicates that the corresponding parameter was
not fitted. The standard entropies of complexation were not fitted and are
computed from the equilibrium constants and the standard enthalpies of

complexation.

in CD3CN: in CDClj3:
DMSO-dg 5:1 DMSO-dg 5:1
Parameter at 295 K Error at 295 K Error
Koo 104 15 173 3
Kca 1.4 0.2 5.1 0.1
Kee 0.11 0.11 1029 -
AHg (kJ) -24 4 0 -
ASg.~ (J/K) -43 14 - -
010 (ppm) 6.05 0.05 5.661 0.004
020 (ppm) 6.53 0.03 6.315 0.003
030 (ppm) 10.62 0.03 10.293 0.006
L1 (ppm/K) -0.0061 0.0015 0 -
ﬁ (ppm/K) -0.0092 0.0011 0 -
722 (ppm/K) -0.0077 0.002 0 -
Aige (ppm) 1.36 0.09 1.572 0.009
Aige (ppm) 5.89 1.91 3.48 0.06
Asge (ppm) 5.10 0.25 6.54 0.03
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Annex 4.3 All-atom  molecular dynamics
simulations and molecular network analysis (from
UMons)

Simulation protocol

The oligomeric chains were built as a series of fragments, or residues,
with the Avogadro software (Figure A.4.2).20
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Figure A.4.2 Chemical structure of the complete Oa/Op1 catalytic system. The
two strands, Oa and Op1, are decomposed into a series of 28 residues,
separated by black dots. The residues containing the functional side-chains
are identified by letters.

These fragments were subsequently connected to one another to
form the complete strands. The calculations were then performed with
the AMBER16 simulation package, while free energy calculations
were performed with the 2020 version of ambertools.?°” The atomic
partial charges were assigned to the fragments using the
antechamber module®® of AMBER16 with the semi-empirical AM1-
BCC method.?® Structural parameters and partial charges of the
2,2,6,6-tetramethyl-1-piperidinyloxyl (TEMPO) radical were used as
reported by Stendardo et al. after an ab-initio re-parameterization.?°
Structural parameters and partial charges of the pyridyltriazole copper
ligands were obtained by calculations at the quantum-chemical level
191



using density functional theory (DFT) with the B3LYP/6-31G** model
and extra basis sets LanL2DZ and MIDI! for the copper and iodine
atoms, respectively. All other force-field parameters were given by the
General Amber Force-Field (GAFF) 2.1.21! The individual molecular
fragments were then connected in the desired sequence with the
LEaP module of AMBER16 to constitute the complete oligomeric
chains. When building the complete O./O, catalytic system, the
second strand was translated by 40 A in the x, y and z directions in
order to avoid contacts between the two oligomers in the starting
structure. A geometry optimization was then performed by molecular
mechanics, with a total of 10,000 steps distributed in 1,000 steps of
steepest descent and 9,000 steps of conjugated gradient, in order to
get a stable starting point for the subsequent MD simulations. These
were carried out with an implicit solvent model, the Generalized-Born
(GB) model, to ensure a sufficient conformational sampling in a
reasonable computational time.?!2 The dielectric constant was set as
the one of acetonitrile at 20 °C (¢ = 37.5). For the catalytic system,
constituted of the two strands O, and Oy, two replicas of 10 pus were
realized. Each oligomer was also simulated alone in two replicas of 5
Ms. The timestep was fixed to 1 fs and the temperature was
maintained at 300 K with a Langevin thermostat, with a collision
frequency of 1 ps™. A bond restraint was applied in the simulations of
the two strands to avoid that they translate in opposite directions and
never meet each other, as we are not in periodic conditions: when the
distance between the chains exceeds about 75 A, a force constant of
10 kcal.mol*.A? is activated to prevent the chains from moving
further away. An infinite cut-off was selected for the non-bonded
interactions. A snapshot was saved each ns during the MD
simulations and extracted for further analyses, giving a total of 20,000

conformations for the complete catalytic assembly and 10,000 for

192



each oligomeric chain alone. The GPU version of AMBER16 was
used for all minimizations and MD simulations.?®* PyMOL 2.5.4 was
used to visualize the snapshots and to extract images.?*

Analyses of the trajectories

The analyses were performed using the cpptraj program of AMBER16.
Mass-weighted radii of gyration (Rg) were computed with respect to
heavy atoms (all atoms except hydrogens). End-to-end distances
were calculated as the distance between the carbon directly linked to
the silicon in the tert-butyl moiety at one end, and the carbon in para
position of the phenyl ring at the other end. Hydrogen-bonds were
detected with the default cpptraj parameters, i.e., a distance cutoff of
3.0 A between the acceptor and the donor heavy atom and an angle
cutoff of 135° between the donor, the hydrogen atom and the
acceptor. Aromatic interactions (parallel stacking) were found with
geometric criterion: two aromatic units are considered in interaction if
the distance between their centres of mass is less than or equal to
5.0 A and if the angle between the normal vectors of their planes is
comprised between 45 and 135°. The heatmaps of H-bonds and
stacking interactions were built with in-house scripts. The residue
decomposition follows the sequence order and corresponds to the
fragments used to build the chains, as is represented in Figure A.4.2..
Solvent-accessible surface-area (SASA) values were calculated with
the LCPO model, as implemented within cpptraj.?'®> The per-residue
ASASA was simply computed as the difference between the SASA
calculated for a residue in the complex of two chains and the SASA
calculated for the same residue in the oligomer alone (the
conformations of the individual oligomers were, in this case, obtained
by removing the other chain in the trajectory of the complex). The

ASASA can only be inferior or equal to 0: a residue that would be
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located far from the interface of the two strands, without contact with
the second chain, would have a ASASA of 0, meaning that it is as
accessible with or without the second chain. In contrast, a residue
that would be buried at the interface would have a highly negative
ASASA, showing that it is much less accessible in the presence of the

second strand.

Binding enthalpy calculations were performed with the Molecular
Mechanics Poisson-Boltzmann Surface Area (MM-PBSA) method,
using the parallelized version of the Python program MMPBSA.py
14.0, implemented in Amber.?!® The binding enthalpy is given as the
difference between the energy calculated for the complex (here, the
complete catalytic system) and the sum of energies for the receptor
(Oa) and ligand (Oy) alone. The “multiple-trajectory” approach was
followed, which means that the conformations for the complex,
receptor and ligand were obtained by independent simulations.
MMPBSA.py post-processes the trajectories and calculates the
energy of each frame with an implicit representation of the solvent.
The energy is divided in two parts: an internal contribution and a
solvation contribution. The internal contribution was given by the
force-field and can be seen as the energy of the system in vacuum
(bonds, angles, dihedrals, van der Waals and electrostatics). The
solvation contribution is further divided into a polar and a non-polar
part. The polar part represents the electrostatic interactions between
the solute and the solvent and was obtained by solving the PB
equation with a finite difference method. The non-polar part was
calculated as the sum of a favourable “dispersion term” and an
unfavourable “cavity term”, representing the stabilizing solute-solvent
dispersion interactions and the cost of creating a cavity in the solvent,
respectively. These two terms are proportional to the SASA. Several
calculations were carried out by varying the internal dielectric
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constant, i.e., the dielectric constant of the solute, ranging from 1 to 4.

The default value is set to 1, but in some cases, a better agreement
with experimental results was obtained with higher values of the
internal dielectric constant.?*”?18 In our case, a better agreement was
reached with an internal dielectric value of 4. The first 100 ns of each
replica were skipped for the calculations to let the systems reach
equilibrium, giving a total of 19,800 conformations for the OJ/Op:
complex and 9,800 conformations for the oligomeric strands alone.
The external dielectric constant was fixed at 37.5, the one of
acetonitrile at room temperature, as was done during the MD
simulations. MMPBSA.py offers the possibility to decompose the
energy by residue and by pairs of residues (using the same residue
division as the one shown in Figure A.4.3). The residue pairwise
decomposition scheme was used to highlight pairs of residues playing
an important part in the binding of the two oligomeric chains.
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Avg. (A)  Std. Dev. (A) assembly) (A) Final ()
Replica 1 10.3 0.4 32.0 10.3
Replica 2 10.3 0.5 39.2 10.1

Figure A.4.3 Top: radii of gyration of the di(oligomeric) complex for the two

replicas as a function of the simulation time with a zoom on the first 30 ns on

195



the inset, showing the decrease of the Ry and its stabilization around 10 A,
related to the formation of the complex, in about 10 ns for each replica (left)
and distributions of the radii for the 10,000 conformations sampled in each
replica, with a bin size of 0.5 A (right). Bottom: average, standard deviation,

initial and final values of the radii of gyration for the two replicas.
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Figure A.4.4 Top: distributions of the end-to-end distances for the 20,000
conformations obtained during the simulation of the di(oligomeric) cycle, for
each oligomeric chain, highlighting the wide variety of conformations
accessible to the chains inside the complex. The distributions are similar for
the first and second halves of the simulation, showing that the strands
remain strongly flexible during the 10 ps. The bin size is 2 A. Bottom:
average, standard deviation, maximum and minimum values of the end-to-

end distance for each chain.
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Figure A.4.5 Heatmap showing the decomposition of the aromatic
interactions (parallel stacking) by pairs of residues. Each square, localized at
the crossing of a pair of residues, indicate, by its colour, the number of
interactions detected between two residues. The map is symmetric with
respect to the diagonal. The map is rather homogeneous, showing that most
aromatic units can be close to each other and stabilize the system, even
though the most persistent interactions usually involve at least one

nucleobase analogue.
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in each residue and averaged over the whole simulation, for the oligomeric
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the residue is hindered by the other strand in the di(oligomeric) complex, i.e.,
the more it is at the interface of the two strands. This graph shows that, for

each chain, the catalytic units (M, P, I, |) tend to be among the less buried
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residues. This makes them more accessible to the surrounding environment,

which could be catalytic substrates, for example.
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Figure A.4.7 Heatmaps showing the decomposition of the binding energy by

pairs of residues. The most stabilizing residue-residue interactions are

localized for the pairs G---D, T---D and G---C. This highlights again the role

of the nucleobase analogues in the stabilization of the complex. A. Internal
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Molecular network analysis

The 3D conformations were converted into 2D networks. In this
representation, all heavy atoms constitute nodes, and two nodes are
connected by an edge if their distance is inferior or equal to 5 A. This
cutoff value allows to take into account hydrogen bonding interactions
as well as aromatic stacking. In practice, one network file was created
for each conformation of the catalytic system 0O./O, from MD
simulation, as soon as the duplex was formed (interchain distance <
14 A) using in-house scripts, resulting in a total of 19,988 networks for
0./Op1 and 19,953 for 0O./Opn. These files, representing one
conformation each, have been used to build one global network for
each system, following this procedure: two nodes are considered
connected by an edge only if they have been in contact during at
least 10 % of the MD time, i.e., if their contact was detected in at least
10 % of the 19,998 conformations for O./Op; and of the 19,953
conformations for Oa/Op,. The resulting network is thus focusing on
persistent contacts and neglecting more transient interactions. All
edges are undirected and unweighted. To analyze and visualize the
network, the Cytoscape 3.9.1 software?® was used with its included
analyzer NetworkAnalyzer 4.4.8.2° Two descriptors were chosen to
characterize the nodes inside the network. The betweenness
centrality Cp, for one node relies to the number of shortest paths
connecting two other nodes passing through this node, i.e., the
importance of the node to put the other ones into communication. The
closeness centrality C. for one node reflects the reciprocal of the
average shortest paths length connecting this node to all the other
nodes in the network: the higher the closeness, the more “central” is
the node in the network, the more easily it communicates with the

other nodes.
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Figure A.4.8 Betweenness and closeness centralities for each node in the
Oa/Op1 network, presented with their z-values. The nodes belonging to the
four nucleobase analogs are highlighted. This graph shows that maxima of
C. (closeness centrality) and high values of Cy, (betweenness centrality) tend
to be located at or near the nodes of the bases, which demonstrates their

role in the assembly of the two chains.

The network file was then submitted to the Infomap algorithm, in
order to detect communities or modules, which are defined as highly
connected groups of nodes.??* The modular representation obtained
can thus be thought as a coarse-grained view of the previous network.
Various methods exist to decipher the modular topology of a network:
the one that we used is called the map equation.??222 |t is a flow-
based method, which means that it focuses on “how is flowing,
propagating the information from one node to another?”. The
propagation of information is materialized by a random walker that
can move on the links between nodes while an information cost, in
bits, can be associated with the movements of the walker. The main
idea behind the map equation is that finding modules in the network
can be seen as an encoding problem: to compress, reduce at best

the information cost, it is necessary to efficiently partition, modularize
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the network. The map equation, based on Shannon’s source coding
theorem, gives the theoretical lower limit of the information cost
associated with one step of the random walker, on average, on the
network.??* Infomap is the algorithm used to minimize the map
equation. The principle is as follows: each node begins in its own
module. Then, the nodes were moved into their neighbouring module
that reduces the most the map equation. This operation is repeated,
the newly formed modules are merged with their neighbours, until no
more minimization can be attained. The main goal of Infomap is thus
to find the best partition of the network, i.e., the optimal organization
of nodes inside the optimal number of modules, to reduce the most
efficiently the information cost associated with the movements of a
random walker. A two-level partition of the network was chosen, such
as there is only one layer of modules containing the nodes (no

possibility to have “module of modules”).

Visualization and analysis of the network was done with the 2.6.0
version of the web server utility of Infomap.
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Figure A.4.9 Molecular simulations of the assembly of Oa and Oz oligomers
into  catalytically-incomplete  supramolecular cycles. A.  Network
representation of the system, highlighting the persistent contacts observed
during the MD simulation. Heavy atoms constitute the nodes of the network.
The nodes belonging to the strand Oa are circled in red while the nodes
belonging to the strand On2 are circled in blue. The nodes belonging to
functional groups are identified by the corresponding code and colour. B.
Modular representation of the network. Modules are named and coloured
according to the functional unit included (but may contain other nodes). The
module in yellow contains backbone nodes. For clarity, the primary
structures of the two strands are sketched in dashed lines next to the
modular network. C. Heatmap showing the decomposition of the hydrogen-
bonds by pair of residues. Each square, localized at the crossing of a pair of
residues, indicates by the scale bar the number of interactions detected
between the two residues along the simulation. The residues from functional
units are annotated while the backbone and chain-ends residues are hidden,
for the sake of clarity. The map is symmetric with respect to the diagonal.
White squares indicating the highest number of interactions are localized for
the pairs G---C and T---D. Interactions are also found for the pair G---D. The
map is very similar to the one of the Oa/On1 system (Figure 4.4.E), showing
that the composition of the catalytic centre does not strongly modify the

interactions leading to the assembly of the chains.
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Annex 4.4 NMR study of copper/base interactions

Although the pyridyltriazole group is a strong ligand for Cu, the base
analogues may compete with it. Proton NMR experiments were thus
performed with monomer P combined with either monomers G, T, D,
or C (in 1:1 molar ratio) in the presence of increasing amounts of Cul.
Limited competing complexation of Cu® happens with monomers G
and to a lesser extent C, and negligible complexation of Cu®> happens
with D or T (Figure A.4.10). This limited competition probably
contributes to a decreased activity of catalytic sites, which is taken
into consideration in the factors pc, p. and pr in the expressions of the
turnover frequency of each species (Annex 4.6).
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Figure A.4.10 Variation of the proton NMR displacements in P:X 1:1
monomer mixtures, with X=G, D, T or C, in the presence of increasing
amounts of Cul. The left graph provides the NMR displacements of the
protons of the pyridyltriazole ligand; the right graph is for the protons of the
base analogues. The data indicate a small competition for copper by base G,
as testified by the slightly reduced variation of the chemical displacements of
the pyridyltriazole protons in the presence of Cu and G. The proton
displacements of C in the presence of Cu and P are also modified, indicating
also partial interaction with copper; however, this does not modify the effect

of Cu on the displacements of the pyridyltriazole.
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Annex 4.5 Graphs of yields

aerobic oxidation of alcohols
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Figure A.4.11 Catalytic activity of the different systems with Cul in the

aerobic oxidation of alcohols.
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Annex 4.6 Mathematical model

Composition of the libraries

The different species co-existing in a solution of O, and Oy oligomers,
each introduced at the initial molar concentration n, are listed in
Figure A.4.12.

Turnover frequency (per O, unit)

Free chains, Oa / okﬂ Oa / Obz

Oy

E
Prfoexp(— 57 0
Di(oligomeric) cycles
asg E
ket e Pefoexp(— ) 0

— C'w

Linear poly(cligomer)s

(K, K3)! p N
Sy [’M—\g
i=1..c0
(K, Ky)!
=" B
= E E,
i i i=le > Prifoexp(— i) pr2foexp(— i)
Ki—1Ki c E’V I RT RT
— .
— t i
KliKzi_l i=1..0
= D [,\M
i=1..00)

Figure A.4.12 Libraries of co-existing species in solutions of the

complementary oligomers, and parameters used to model the catalytic
activity of the system.

The binding constants for two complementary chain end segments
are K,, = exp(—(AH,, — TAS;)/RT), m = 1,2 with AH;, and AS;, the

standard enthalpy and entropy of binding (m=1 for G- and C-
containing end segments, and m=2 for D- and T-containing end

segments). Therefore, the equilibrium constant for cycle formation is
K* = K,K,exp(AS.) in which AS; is the standard entropy cost for cycle

formation; likewise, the equilibrium constants for the different linear
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poly(oligomers) are (K,K,)' for Ai and B, Ki~*K: for C; and KiKi~* for

D; (Figure A.4.12). Defining the molar concentration at equilibrium as
a for free O,, b for free Oy, n” for di(oligomeric cycles), a;, bi, ¢i and d;
for Ai, Bi, Ci and D;, respectively, and neglecting supramolecular rings
combining more than two strands as they are entropically much less
likely to form and are not expected to result in catalytic activities
significantly different from linear chains, the equilibrium equations are:

K n

ab
[:K1K2)i = a!-g::+1
[:K1K2)i = aﬂ_;bi
Ki-1Ki = 5
Kiki? =ai_—£')i_ i=1-00.

The mass balance equation for O, is:

n=n"+ a+Z(£+ 1)b; +Z£(ai- +c;,+d;)
i=1 i=1

a(l+K,K,b* + (K, +K,)b)

=K'ab +

for which we have used X2 ,ix'™t = (1 —x) % if x| < 1.
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A similar equation can be obtained from the mass balance on Op;
however, this second equation is redundant since the two oligomers
are introduced at the same concentration, and a=b at equilibrium.
Therefore, the equilibrium concentration in free O, oligomer, a, can be

obtained by solving:

a(l+ (K, + K;)a+ K,K,a*)

n=Ka*+
(1-K,K,a%)?

which is equivalent to numerically finding the physically-compatible
root of:

KIK:K*a® — (KiKin+ 2K, K,K)a* + K\ K,a® + (K" + K, + K, +
2K, K,n)a* +a—n=0

The fraction of O, oligomers in free chains, di(oligomeric) cycles and
linear chains is then a/n, K*a®/n and 1 — (a + K*a?) /n, respectively.

The average degree of poly(oligomerization) by number of the set of

linear chains, excluding free oligomers and cycles, is:

Yo, 2i(e; +d) + (20 + 1)(a; + by)
oGt d; +a; +b;
B 2 . K,K,(a+b)
1-K,K,ab K,+K,+K,K,(a+b)

<N >=

in which b=a at equilibrium.

Catalytic activity of the constitutional libraries

The different co-existing species each contribute to the measured

catalytic activity, here defined as the turnover frequency (f) measured
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by dividing the initial rate of oxidation (moles of alcohol converted per
unit time) by the number of moles of introduced catalyst (defined here
as the number of introduced M units).

Each member of the constitutional libraries has a specific probability
that its required catalytic groups meet in space, which depends on
conformational sampling and on the probability that two atoms of
copper be properly complexed in the site. Additionally, access of the
substrate to the catalytic site, and diffusion of the products from it,
may differ between species. Therefore, each species j existing into

the solution is assigned a specific turnover frequency, per O it
contains, f; = p;fy exp(—E,/RT), in which f, and E, are the intrinsic
frequency and activation energy associated to a complete catalytic

site, and p; takes into account the probability of formation of a

complete catalytic site for species j, as well as other factors such as
the ease of diffusion of substrate and products to and from the site,

etc.

For di(oligomeric) cycles, the contribution to the total turnover
frequency is thus f. = p.f, exp(—E,/RT) K*a*/n, with p. =0 if the
cycle does not contain the five groups required for the catalysis.

Linear chains collectively comprise all needed groups for catalysis.
Folding of the chains may bring these groups in close proximity;
additionally, the chains dynamically redistribute their component
oligomers intra- and inter-molecularly, thereby adding supplementary
degrees of freedom for the creation of a catalytically-active site.

Therefore, they are assigned a collective turnover frequency

fo = p.foexp(—E,/RT) (1 — (a+ K*a®)/n), with p, different for each
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considered system.

Free oligomer chains only contribute to catalysis when they encounter
by chance. For incomplete systems, this requires the random meeting
of three chains, which is improbable and neglected. For the complete

system, chance encounter of one O, and one O, is needed for

catalysis. Therefore, in this case, f; = psfy exp(—E,/RT) @’ /n. It
should be noted that the units of p; are different from the ones of p,

and p, .

Combining these expressions leads to the expression of the turnover

frequency of the catalytic solutions, f = f. + f; + f;.
For the complete O./Op1 System:

f = pfoexp(—E,/RT)K a*/n
+ Drafo exp(—E;/RT) (1—(a + K a*)/n)
+ pyfo exp(—E,/RT) a* [n

For the incomplete O4/Op, system:
f = Piafo exp(—=E,/RT) (1 - (a + K"a*)/n)

with n the number of moles of introduced O, and a the number of
free Oa chains at equilibrium, computed using the equations of the

previous section.
Fits of the model to the experimental catalytic data

The theoretical expressions for the turnover frequencies were fitted
simultaneously to all the experimental data acquired on both the
04/Opn1 and the OJ/Op2 systems, for the whole set of concentrations
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and temperatures. The fit parameters and their optimal values
obtained by the Marquardt-Levenberg fitting procedure are given in
Table A.4.1.

Table A.4.1 Parameters obtained from the fit of the catalytic data.[@

0Oa/On1 Oa/On2

AHS (kJ/mol, G---C pairing) -45.0+ 0.2 Same as for Oa/On1
AS§ (I/mol.K, G---C pairing) -82+10 Same as for Oa/On1
AHS (kd/mol, D---T pairing) -41.2+0.2 Same as for Oa/Om
ASZ (3/mol.K, D---T pairing) 72+ 11 Same as for Oa/Ob1
AS. (J/mol.K) -49 + 0.7 Same as for Oa/Ob1
Ea (kJ/mol) 5291 Same as for Oa/Ob1
e fo (1/min) 1.7x108 + 7.1x107 0

prifo (Umin), i=1,2 1.0x107 £ 0.4x107 1.2x107 + 0.4x107
Prfo (L/min.mol) 1.7x10° £ 1x10° 0

[a] The standard errors are the square roots of the corresponding diagonal

elements of the covariance matrix.

Model of the diffusion coefficients measured by DOSY NMR

Diffusion coefficients D are obtained from DOSY proton NMR
experiments, in which the signal intensity at a given chemical shift, I,
is fitted as a function of gradient strength g according to the Stejskal—

Tanner equation:??®

i)
1(g) = 1(0) exp (—D(mﬁ)z (a- 5))
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in which y is the proton magnetogyric ratio, § is the duration of a

pulse and A the time between two pulses. For a system composed of
different species in dynamic equilibrium at the timescale of the
experiment (ca. 0.1 ms), the diffusion coefficient D is an average

performed over the N different coexisting species:

3

- i I;(0) exp (—Dj— (yg6)? (.ﬁ. - g))

— 4
I(g) = 1(0) exp (—D(yga‘)? (A _ _))

in which I;(0) is the contribution of species j having diffusion

coefficient D;. Developing to first order leads to:

XL 0D X, gD
1(0) Xy

5:

with n; the molar concentration in species j, and ¢; the number of

equivalent protons of species j at the considered NMR displacement.

Suppose that there are go equivalent protons belonging to oligomer
O, and that we measure the diffusion coefficient at the NMR
displacement of these protons. The number of equivalent protons of
any species, g;, at this specific NMR displacement is then equal to the

product of go and the number of O, oligomers which this species

contains, No, ;:
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q; = qoNpa,;

Therefore, the average diffusion coefficient measured at this specific
NMR displacement only depends on the number of oligomers O, in
each species, and on the concentration of each species:

Z?:J_NOa.jnj D; ?:1 Noa,jm; D;

5 _ i _ J
D=y N, n, n
j=1Noa 1

with n the total initial concentration of O,, as before. At equilibrium,
the catalyst solution comprises free Oa and Oy, oligomers each at the

molar concentration a, cyclic di(oligomers) at the molar concentration

n* = K*a?, and linear poly(oligomeric) chains of different types, A, B;,
C and D, i=1...« , at the molar concentrations

a; = b; = (K,K,)'a**, ¢; = KI"*Kla®, and d; = ¢;K, /K,, respectively
(see companion article). Therefore,
_ 1 N . . .
D=- (aﬂm +n*D* + Z(m’ﬂ“” + (i + 1)b,Dg; + ic; D, + id, Dm))

n o~
- 1
D= —(aﬂm + K*a®D"

n

+ Z (i(K1K2)!'a2!'+15A1 + (i + 1)(K,K;)'a** ' Dg,
i=1

+ KT K3a* (D¢; + Dp; K, /K, )))

in which Dy, D*, D,;, Dg;, D¢;, Dp; are the diffusion coefficients of the
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oligomer O, di(oligomeric) cycles, and linear chains A;, B;, C; and D;,
respectively.

Since species Ai and Bi contain the same total number of oligomers,
D,; ~ Dg;; the same holds true for C; and D;, leading to Dy; = Dp;.

Defining

Dyp; = (Dy; + Dg;) /2 and

Dep; = [:Dc:' + DD:')/Z

+ ZE[:K]_KQ)!._lazl.KIZDC'D!'))

in which K, = (K, + K,)/2.

To progress further, expressions are needed for the diffusion
coefficients. In the non-draining approximation which applies to our
oligomers which form coiled globules (as indicated by molecular
dynamics simulations), the diffusion coefficient of a chain may be

estimated by the Stokes-Einstein equation:

kT

D =
Sy ThN Y
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in which k is the Boltzmann constant, T is temperature, yu, is the

viscosity of the medium (i.e., the solvent in our very dilute conditions),
and r is the hydrodynamic radius of the chain. The hydrodynamic radii

of the free oligomers, ra and r, for O, and Oy, respectively, can be
obtained by measuring their diffusion coefficients D,, and D, by
DOSY NMR at low concentrations.

The diffusion coefficients of the other species can then be obtained
from the hydrodynamic radii of the oligomers. In the non-draining limit,
the hydrodynamic radius of a poly(oligomeric) chain containing m Oa,
and n Oy, oligomers is:

v
1/v 1/v
Vimn = (]‘I‘I?’a'f + ?IT'bf )

in which v = 0.5 in a theta solvent and ~0.57 in a good solvent with

excluded volume interactions, according to numerical simulations.™*?l

If ra is close to r,, which is the case in our system, then:

A BYAS
.+ _
Ton M (%) (m+n)¥=r(m+n)"

in which 7 is the average hydrodynamic radius of the two oligomers.

Then, the diffusion coefficients of the poly(oligomeric) components of

the catalytic medium are:

kT 1
6T (20 + 1)V

Dy = Dp; = Dygp; ™
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kT 1
61 ,T (20)Y

De; =Dpy = Dep; ®

Likewise, the diffusion coefficient of the di(oligomeric) cycles is:

kT Mlel

Afv ””)Uh* " 6np:0*?2_”§

D*
6T g (?a +7

in which h* is the ratio between the hydrodynamic radius of a cyclic

di(oligomer) and a linear di(oligomer). According to numerical

simulations performed on flexible chains,*® h* ~ 0.82 in a theta
solvent and h* = 0.89 in a good solvent with positive excluded volume.

Introducing these diffusion coefficients in the expression of the
diffusion constant of the mixture, measured by DOSY on a proton
belonging to oligomer O, gives the diffusion coefficient of the

equilibrated mixture:

ET 1 K*a?
(a+

o T IR (i + DO (KK e +

(20) 4 (K, K, )!._1‘12!-5{12))

In this expression, the terms of the infinite series successively
correspond to dimers (2i=2), trimers (2i+1=3), tetramers (2i=4), etc.

The terms of this series will become negligible from some value

i=1i,, leading to:

ET 1 K*a?
(a+

VR + Ziozol((?.], + 1)(1—v] (Kle)i'a2!'+l +

(20) 4 (K, K, )!._1‘12!-5{12))
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The same equation is obtained if one considers a proton belonging to
the Oy, oligomer; therefore, this is the final expression for the average

diffusion coefficient of the mixture.
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Annex 4.7 DOSY results

Preparation of the O, (CeGMPTCs) NMR sample was carried out by
filling a 5 mm NMR tube with 0.50 mL of a solution of Oa in a 95:5 (v/v)
CD3:CN/DMSO-ds mixture (conc: 1mmol/L (=0.5 mol%)). The O
(CeClI''IPDC¢) NMR samples were instead prepared using two
equimolar amounts of phenylhydrazine. The two compounds were
mixed and then dissolved in 0.50 mL of a 95:5 (v/v) CD3sCN/DMSO-ds
mixture (conc: 1mmol/L (=0.5 mol%)). A series of NMR samples
containing an equimolar amount of O, and Op; was obtained by filling
5 mm NMR tubes with 0.25 mL of a solution of O, and 0.25 mL of a
solution of Oy, both prepared at the same concentration with a 95:5
(viv) CD3CN/DMSO-ds solvent mixture. The final NMR tube
concentrations are as follows: 1 mmol/L each (=0.5 mol%), 2.5
mmol/L each (=1.25 mol%) and 5 mmol/L each (=5 mol%). The
average diffusion coefficient of the pure monomers and their
hydrodynamic radii obtained from the Stokes-Einstein equation are in
Table S1. Tables of DOSY diffusion coefficients depending on NMR
displacement for samples O, Op and OJOp: at different
concentrations are available at
https://doi.org/10.14428/DVN/1XCNOK.
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Table A.4.2 Average diffusion coefficient D and hydrodynamic radius r of

oligomers Oa and O, measured by DOSY NMR in deuterated
acetonitrile:DMSO 95:5 vol:vol (1 mM).

04l Opafab!

1.26x10° + 3.4x1011 Meas. 1: 1.15x10° + 3.8x101*
.26x107 + 3.4X10 -
D + standard (2.3x1019)

- .2: 1. 9+ 3.6x1011
27\l (1.9x10°10) Meas. 2: 1.02x10

error (m?/s)lc —(2‘3)(10_10)

Average D 1.26x10° + 3.4x101* 1.09x10° + 2.6x1011

(m?2/s)

r+ standanc]i 05+001 Meas.1: 0.54 + 0.02

error (nm) Meas. 2: 0.61 + 0.02

Average r 0.5+0.01 0.57 +0.014

(nm)

[a] Standard deviations are indicated between parentheses. [b] Two
independent measurements were performed for Op:. [c] DOSY-average
diffusion coefficient; the averages and standard errors were computed from
the set of diffusion coefficients obtained for all protons. [d] DOSY-average
hydrodynamic radius computed from the average diffusion coefficients using

the Stokes-Einstein relationship.
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Figure A.4.13 *H DOSY NMR spectrum of Oa in 95:5 CD3CN/DMSO-ds at
0.5 mol%.
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Figure A.4.14 'H DOSY NMR spectrum of Ob1 in 95:5 CD3CN/DMSO-ds at
0.5 mol%.
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Figure A.4.15 'H DOSY NMR spectrum of Op: in 95:5 CD3CN/DMSO-ds at
0.5 mol%.
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Figure A.4.16 'H DOSY NMR spectrum of Oa+Op1in 95:5 CD3CN/DMSO-dg
at 0.5 mol%.
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Chapter 5 Summary and outlook

The high catalytic effectiveness and remarkable substrate specificity
of enzymes under mild conditions strongly depend on the chemical
structure of the active site formed by the folding of residues from the
primary sequence.??® Inspired by the relationship between enzyme
structure and catalytic activity, the mimicking of enzyme structure and
function by synthetic molecules has been widely studied. Self-
assembly of supramolecules and covalent macrocycles have proven
to be effective ways to construct catalytic sites. These ideas were
combined in this thesis to fabricate a CU/TEMPO catalytic system that
allows supramolecular cyclic structures to self-assemble in a dynamic

way for the aerobic oxidation of alcohols.

For this, sequence-defined poly(triazole-carbamate) chains equipped
with a variety of functional groups were synthesized. We showed that
our route could provide precision tetramers with a specific sequence
of nucleobases. These nucleobase-modified tetramers however
displayed limited specific recognition of complementary strands,
which was thus not discussed in this thesis. We then synthesized
chains equipped with functional catalytic groups and complementary
nucleobase recognition units. The catalytic moieties, which are
involved in the copper-catalyzed aerobic oxidation of alcohols, and
recognition pairs were distributed between two strands Oz and Oy for
assembly driven by recognition units. O, consists of a CcGMPTCs
sequence, complementary to Op (CsCI'IPDCs sequence), O
(CsCIlIDCs sequence) or Opz (CsCIPDCs sequence).

In Chapter 4, the self-assembly of complementary oligomers into a
dynamic library of poly(oligomers) and their catalytic activity were

investigated. In the dynamic library, di(oligomeric) cycles exhibit high
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catalytic, provided the two chains together comprise all the needed
elements for catalysis, as is the case for the O./Op: System. The lack
of a required cooperative catalytic unit leads to a significant drop of

catalytic activity, as shown for the O./Op2 and Oa/Opsz Systems.

The formation of rather stable di(oligomeric) cycles was demonstrated
by simulations, and we also showed how this complex catalytic
system could be modeled by a limited set of equations, allowing us to
predict properties and helping to suggest improvements. Although our
system is essentially a proof-of-concept rather than the most efficient
system one can devise, it is interesting to point that the system we
created is very flexible, theoretically allowing to introduce a very wide
variety of functional groups that could achieve an even more complex
catalytic cycle. We also would like to point out that the use of
precision oligomers for catalysis remains largely not explored, and
that the formation of supramolecular structures based on such
precision systems is a new field. This study has thus opened new
avenues for research in both supramolecular chemistry and catalysis.

On the negative side, it is important to recognize that the catalytic
cycle we selected, which involves the complexation of copper atoms,
is especially complex. There are a variety of sites with which copper
can interact in our systems; even though we checked that copper
does not very strongly interact with sites other than the pyridyl-triazole
group, it remains unclear whether the possible shuffling of copper
atoms does not play a role in the catalytic properties. Further studies
of copper complexation with our precision oligomers would thus be
useful. Additionally, the efficiency of our system is optimal at relatively
low concentrations, resulting in high TOFs but low rates, due to the
inherent dynamic nature of cycle formation, which is disfavored at

higher concentrations. As already discussed, there is little that can be
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done to solve this issue, except playing with binding constants and
entropy penalties. This is nevertheless easier said than done, and
further work is clearly needed here. Playing with spatial anchoring of
one end of the oligomers onto nanoparticles or introducing a
mechanism that would covalently stabilize the cycles once formed,

would be possible solutions.

More generally, one could wonder whether the synthetic effort needed
to generate precision oligomers is really useful, compared to simpler
methodologies that prove to be efficient, such as the grafting of each
required unit on porous silica beads. At the end of this thesis, this
remains an open question — although our work certainly provided
interesting scientific insights, its application to real systems still
remains elusive. Clearly, we are still far from reaching the sort of

efficiency exhibited by natural systems such as enzymes.

Precision polymers are truly fantastic due to the various chemical
synthesis methods utilized to strategically incorporate specific
functional groups into molecules, allowing for tailoring of
intramolecular conformation and intermolecular interactions.??’ This
flexibility facilitates applications in catalysis, molecular recognition,
data storage, and fabrication of complex self-assembled systems.
However, despite their potential, synthetic precision polymers face

challenges and complexities.

Efficient and simple synthesis methods need to be developed. The
current synthetic strategies have their limitations; for instance, as
discussed in chapter 2, solid-support synthesis is limited in scale, and
support-free liquid-phase synthesis has complex and time-consuming
purification procedures. Furthermore, even though backbone
extension processes have high atom utilization, the overall yield is

restricted after several chemical steps, consequently limiting the
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chain length of the precision polymers.

In recent years, the exploration of precision polymer focused not only
on sequence control but also on stereochemistry. Stereochemistry
plays a crucial role in determining the physical and chemical
properties of polymers, including thermal performance, folding, and
assembly.8® Stereocontrol is essential for creating macromolecules
with complex structures and functions akin biological macromolecules.
Methodologies to control stereochemistry often involve the utilization
of chiral building blocks; while methods like IEG+ or automated
synthesis can control chirality, challenges such as low yield and
limited chain length of final products persist again. Additionally, the
limited solubility of chiral-controlled polymers presents obstacles to

the efficient synthesis of stereo and sequence-defined polymers.8

In addition to the challenges mentioned, the applications of precise
polymers still need to be developed. Biomolecules have the capability
to perform intricate tasks like replication and transcription, however,
such applications currently are too far-reaching for synthetic precision
polymers. Besides, industrial applications of precision polymer are
limited due to elaborate production processes and high costs.
Simplifying production and reducing costs are necessary for the
industrial application of precision polymers. It is a rough road that
leads to the heights of greatness. With more significant time and
effort, we might finally achieve precise control over the sequence and
stereochemistry of synthetic molecules and reach functions similar to

biological macromolecules at affordable costs and efforts.
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