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1 Abstract 

A foldamer is a discrete chain molecule (oligomer) in chemistry that folds into a 

conformationally ordered state in solution. Local conformation preference is primarily 

responsible for the well-folded structure, however, hydrophobic effects also play a significant 

part in the folding process. As the secondary and tertiary structures of biomacromolecules have 

shown biological activity, the distinct aggregation patterns of foldamers that led to complex 

structures are significant. It may also result in the development of novel chemical or biological 

activities. Narrow helical foldamers have been intensively studied over the past decade, but a 

strategy for rapidly achieving a large cavity helix is still urgently required. The new building 

blocks not only alter the geometry of foldmers but also their aggregation behaviors; additionally, 

the novel features brought by the enormous diameter require additional investigation. 

This study introduces a novel class of aromatic δ-amino acid foldamers based on 7-amino-2-

quinolinecarboxylic acid (QH). It was proved that these more flexible units may be folded well-

ordered with more than two helical turns in water, with the stability increasing as the length of 

the main chain grew. The hydrophobic effects have a significant impact on the folding process; 

hence, the QH unit could not be folded in DMSO. In addition, a number of unique dimerization 

patterns (head-to-head, parallel double helix, and potential tetrameric helix) were discovered 

by altering the side chains, which may be attributed to electron repulsion and desolvation effect. 

Thus, these observations enable designs that enlarge the capsule cavity without modifying the 

capsule's backbone. In aqueous solution, the study discusses the discovery of a binding affinity 

between water-soluble guests and amphiphilic hosts. Due to the release of highly ordered water 

in the cavity, an unusual endothermic binding process that was entirely driven by entropy was 

observed. This particular molecular recognition can be utilized for molecular separation and 

reaction containers.  

In conclusion, our findings constitute a significant reference for the backbone flexible sequence 

helical folding and the construction of large cavity foldamers for guest binding in aqueous 

media. In addition, various aggregation patterns and the first capsule crystal grown in water 

were observed. The solid state and cavity binding affinity research could serve as a starting 

point for future designs and help develop several different capsules for specific purposes.  
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2 Introduction 

Molecular recognition in vivo could be achieved through the use of complementary shapes to 

carry out diverse biological functions, such as enzyme catalysis, signal transduction, antigen 

recognition, and substance transport, without the need for harsh conditions or transition metal 

catalysis, as in organic chemistry. Some enzymes can accelerate their substrate-to-product 

conversion by millions of times. Orotidine 5'-phosphate decarboxylase is an extreme example, 

as it permits a process that would ordinarily take millions of years to occur in milliseconds.1,2 

High specificity and structural diversity are necessary for achieving efficient and diverse 

catalytic processes. How can such structural variety be accomplished? The solution is given by 

the nature: folding. Using a combination of noncovalent interactions, various functional groups 

are positioned in distinct locations to produce various biological functions. To fully 

comprehend the folding process and establish novel structures and functionalities, a series of 

artificial backbone structures capable of folding into well-defined configurations have been 

constructed. Foldamers are a significant class of these chemicals. 

Foldamers have been utilized extensively in chemical catalysis, biomolecular simulation, 

functional materials, etc., in recent years. Water serves as the most prevalent chemical 

environment in biological systems, hence more and more researchers have been working on it. 

To imitate molecular recognition in vivo, it is necessary to have large cavities and higher-order 

structures. This thesis describes capsule structure procedures while concentrating primarily on 

aqueous solutions. The significant hydrophobic effect and intense hydrogen bond competition 

make the folding and aggregation behaviors of foldamers in water completely distinct from 

those in organic solvents. This study gives an introduction to foldamer science with an emphasis 

on aromatic amides as building blocks. 

  



2 Introduction 

7 
 

2.1 Introduction to binding cavity 

In biochemistry and molecular biology, a "binding site" refers to an area on a macromolecule, 

such as a protein, that binds specifically to another molecule. Most biomolecular binding 

cavities are only partially open, which facilitates binding and release. The binding site of a 

protein always possesses a pocket-like structure and catalyzes with great efficiency.3 To imitate 

natural functional binding sites, a series of hemi-opened artificial cavities were created. The lab 

of Wang-Mei reported the synthesis and structural analysis of the S6-Corona[3]arene 

[3]pyridazines macrocycle (Figure 1a), which can form stable 1:1 complexes with dicationic 

guest species by ionic bonding in water.4 And based on the architectures of Pillar[n]arenes 

(Figure 1b), a number of distinct substances exhibited affinity in various chemical environments 

due to π-π stacking, hydrophobic effect, etc.5 Bowl-type structures are another kind of cavity 

system. Sealing one side of the macrocycle increases the number of binding sites in the cavity. 

Professor Rebek and his colleagues used resorcinarene to construct the cavitands; the various 

wall constructions were stabilized by hydrogen bonds to prevent flipping and rotation (Figure 

1c).6 Self-assembly was also utilized in the formation of cavities. Through π-π stacking of 

distinct layer macrocycles, the group of Bing Gong showed the tubic type cavity. Using guests 

of certain lengths, the tube's length could be precisely regulated and unspecific polymerization 

could be prevented (Figure 1d).7 

 

Figure 1. Overview of different hemi-opened cavities. a) crystal structure of S6-Corona[3] 

arene [3] pyridazines macrocycle. b) crystal structure of Pillar[5]arenes macrocycle. c) crystal 

structure of bowl shape cavitand. d) minimized model for tubic cavity. 
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Meanwhile, totally sealed cavities were constructed by connecting two bowl structures via 

halogen bond interactions (Figure 2a).8 Self-assembly is an additional method for building a 

completely isolated system. Jonathan Nitschke and colleagues use in situ carbonyl-amine 

condensation to generate imines that chelate with metal ions and self-assemble into a cage 

structure that is separated from the bulky solvent environment (Figure 2b).9 It might be utilized 

to stabilize active intermediates and prevent their separation. Additionally, unnatural aromatic 

amides were employed to develop cavities. Conformational bias allows the aromatic peptide to 

fold into a well-ordered helical shape, resulting in a large cavity inside. Two hemi-capsule 

strands can form a double helix cavity by capping one helical terminal (Figure 2c).10 And upon 

capping both ends, a single helical aromatic amide capsule was formed (Figure 2d).11 By 

hydrogen bonding and the solvent's phobic effect, a number of polar compounds are able to 

form internal bonds.  

As a result of the variable geometry and rationally designable features of cavities, an increasing 

number of researchers are working on foldamers. In addition to aromatic amides, various other 

chemical units and linkages (e.g., hydrazide,12 urea,13 and alkyne14 groups) were employed to 

construct self-assembly and a well-defined structure, which incorporated varied chemical 

qualities into the binding cavities. 

 

Figure 2. Overview of different sealed cavities. a) Optimized structure of double bowl cavity. 

b) Crystal structure of metal coordinated cage. c) Crystal structure of a double helix aromatic 

oligoamide. The different strands were colored in white and cyan, respectively d) Crystal 

structure of a single helix aromatic oligoamide.  
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2.2 Application of supramolecular cavities 

The expression of biological processes such as enzyme catalysis,15 cargo transport,16 and 

immunological response17 in confined nanospaces, which have vastly different physical and 

chemical conditions than those of bulk solution, is fundamental to living organism. In past 

decades, the fabrication of artificial nanoconfined containers through the use of molecular 

engineering has become a prominent focus for many molecular scientists.18–20 These molecular 

cavities, which have specific structures that are stereochemically well-defined, have shown to 

be effective platforms for constructing restricted nanospaces.21 The synthetic freedom afforded 

by molecular containers enables us to control cavity sizes, functional group decoration, and 

electronic atmosphere distribution, hence enabling the creation of adaptable binding pockets 

whose characteristics and functionalities are tuned to meet specific requirements (Figure 3).22 

The fundamental mechanism of enzyme catalysis is stabilization of transition states and energy 

barrier reduction.23 At the binding sites, the stereoelectronic distributions display 

complementarity with the transition state of the substrate to advance the reaction toward the 

product. Simulating the catalytic properties of enzymes with simple synthetic receptors remains 

challenging. It has been proven that mechanical distortions affect the reactivity enhancement of 

a substrate within a molecular container.24 When the amide is encapsulated in the cavity, the 

solid-state analysis demonstrates that these containers favor the twisted conformation of the 

amide bond over the planar one. The encapsulated amides can be twisted by up to 34° which 

considerably increases their hydrolysis rates in the presence of bases (Figure 4a). 

 

Figure 3. a) Self-assembly of M4L6 cages from various ligands combinding dynamic covalent 

and metal coordination bonds. b) The different ligands can define the sizes, shapes, and 

apertures of the binding cavities. c) The diverse combinations of building blocks result in 

various metal-organic containers. 
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An artificial Diels-Alderase reactor also have been reported;25 the container polarizes the 

dienophile, hence activating its reactivity upon binding. Additionally, it can accommodate and 

stabilize the transition state (Figure 4b). In comparison to the uncatalyzed reaction in bulk 

solution, the cavities are capable of accelerating the reaction rate by up to a factor of 1,000. In 

addition to boosting the rate of the reaction, this container also alters the regio- and chemo-

selectivities.  

Additionally, the cavities can be used to stabilize reactive species. Once contained within the 

cavity, a reactive species is sheltered from the bulk environment, providing the foundation for 

its stability (Figure 4c). Hao Li's research has shown that synthetic containers may isolate the 

naphthalene diimide radical anion and prevent its dimerization in water; as a result, the radical 

anion is shielded against disproportionation in a noncovalent method.26 Additionally, 

encapsulation makes possible the investigation of an unstable molecule. Mass spectrometry 

study of sulfur clusters has been a technological difficulty due to their structural instability, 

which leads to their instantaneous and complete fragmentation. By encapsulating sulfur clusters 

in a container, fragmentation can be avoided (Figure 4d). A coordination container is capable 

of enclosing S6, S8, and S12 clusters, the complex could be observed by ESI-MS.27 

Highly ordered covalent organic frameworks of supramolecular cavities make the nanospace 

confinement possible in solid state study. Consequently, these extended frameworks have been 

utilized actively as porous materials, and their limited nanospaces have been used for 

applications in gas storage,28 molecular separation,29 and catalysis30. 

 

 

Figure 4. Representation of mechanism for supramolecular cavities catalyze reactions and 

stabilize reactive species. a) Twisted starting material to enhance cleavage reaction. b) Stabilize 

transition states to accelerate reactions. c) Isolated from solvent and get rid of 

disproportionation. d) Lock the cluster and avoid degregation.  
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2.3 Supramolecular Chemistry in water 

Supramolecular chemistry in water is a rapidly expanding field of study because noncovalent 

interactions in aqueous environments are crucial for gaining a deeper knowledge of and exerting 

control over the most fundamental processes in nature. Due to its numerous atypical features 

compared to organic solvent, water presents both obstacles and opportunity.31–33 Water is being 

utilized as a reaction medium since it is the most plentiful solvent on the earth and its use has 

minimal environmental impact.  

In solution phase, the hydrogen bonds between distinct water molecules construct an infinitely 

dynamic network.34 This extremely advantageous procedure is the primary cause of not only 

the bias of a number of its physical properties, but also the hydrophobic effect. Any operation 

that requires network disruption will incur enormous energy costs.35 On the other hand, polar 

molecules undergo intense hydration by water and participate in the hydrogen-bonding network, 

which has a significant effect on the characteristics of the solvated species. Related to these, the 

fundamental problems of supramolecular chemistry in water are the solubility of receptors in 

water and the considerable participation of water molecules in the noncovalent process. 

 

 

Figure 5. Crystal structure of double helix capsule: a) Side view shown in CPK representation. 

b) Side view with 10 encapsulated water molecules which highlight in yellow. Side chains have 

been omitted for clarity. 
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Multiple hydrogen bond interactions and the hydrophobic effect allow natural receptors such 

as enzymes and antibodies to form a robust and selective host–guest complex.36–38 These natural 

systems serve as a source of ideas for the rational design of synthetic receptors, which may be 

utilized to develop a knowledge of the binding forces that result in the formation of complexes. 

The majority of biological activities in nature occur in aqueous medium, but the significant 

proportion of synthetic receptors were restricted to organic solvents.39 To introduce synthetic 

receptors into water, it is necessary to overcome several obstacles. The water solubility of 

receptors drastically restricts the building blocks that may be employed in their synthesis. 

Introducing water-soluble side chains is a viable solution.40–42 In addition, the competing impact 

of water during the binding process is another challenge. Frequently, the cavity was filled with 

several water molecules (Figure 5).43 However, these water molecules in the cavities may also 

constitute the driving force behind the binding process through the "normal hydrophobic 

effect"44 and "high-energy water".45  

In enzyme mimic catalysis, water molecules not only participate in the binding process, but also 

play a crucial role in the catalytic activity itself. Protonation of the single hydrogen-bonded 

water determines the catalytic activity (Figure 6).46 Multiple guests are encapsulated within big 

water-soluble receptors, which is a significant characteristic.47 This facility permits the study 

of molecule interactions in limited spaces and the conduct of chemical reactions between them 

in aqueous solutions. A cavity guides and catalyzes synthesis, while simultaneously protecting 

the process from water.48 Steric factors, which invariably add chiral control, severely regulate 

the incorporation and subsequent chemical changes in limited spaces.49 

 

 

Figure 6. a) crystal structure of hexameric resorcin[4]arene capsule. b) The hydrogen-bond 

network and can function as hydrogen-bond donor at the inside of the cavity. 
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2.4 Challenges of establishing a large helical capsule 

Bing Gong’s research demonstrate that the helical folded structure could be stabilized by 

hydrogen bonds.50 Furthermore, local electrostatic attractions and repulsions involving amide 

groups and neighboring quinoline endocyclic nitrogen atoms have been revealed to be 

responsible for a significant conformational bias at rotatable bonds, resulting in well-defined 

curvature and subsequently encouraging helical folding.51 The novel 7-amino-2-

quinolinecarboxylic acid moiety (QH), with C- and N-termini at a larger angle of 120°, was 

developed by me to construct a helix shape with a large diameter for the formation of a capsule 

with a large cavity. And the water solubility was solved by cationic side chains. The amide 

group at position 2 has a strong conformational preference due to hydrogen bonding and 

electron repulsions. However, the 7-position amide is too far to interact with endocyclic 

nitrogen atoms; it has an equal chance of generating either cis or trans conformations (Figure 

7a). In a non-polar solvent, the rotatable position 7 bonds generate various conformations 

(Figure 7b, c), making it difficult to construct a helical conformation exclusively. Moore's 

research demonstrates that the cooperative folding process may be chain-length dependent.52,53 

Thus, we think that under the influence of the hydrophobic effect, an oligomer that has 

sufficient length will be capable of folding into a well-folded helix. Several experiments were 

done in this direction to confirm this hypothesis; the outcomes are described in Chapter 4.  

 

Figure 7. a) Different possible conformations for flexible 7-amino-2-quinolinecarboxylic acid 

moiety (QH) monomer. The two distinct folding order (b, c) related to QH conformational 

variation. 
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Although large cavity capsule foldamers have been thoroughly investigated by our lab,54–56 an 

aqueous phase cavity has not yet been established. And the entire research was conducted using 

a solution phase-assisted strategy, which was both complex and time-consuming (Scheme 1).54 

Oligomer synthesis often involves numerous deprotection, activation, and coupling processes. 

Purification is required after each coupling step, which drastically restricts the scope of solution 

phase synthesis, frequently necessitating the employment of convergent schemes or segment 

doubling condensation strategies. Different segments necessitate distinct protective group units 

for various functions. Monomer synthesis and purification need considerable time. While these 

methods can produce long oligomers,57 solution phase chemistry seldom permits the synthesis 

of sequences with a range of distinct side chains in arbitrary ordering. Since that, solid-phase 

synthesis is needed for rational foldamer capsule design. 

 

Scheme 1. Representation of one foldamer synthetic route for Solution Phase Oligoquinoline 

Synthesis 
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As solid phase peptide synthesis for peptides has been established, reagents and coupling 

conditions have been tuned for the use of α-amino acids with more reactive amine functions 

than most aromatic amines. A solid-phase synthesis protocol designed for rapid access and 

rational sequence design has been developed (Scheme 2).58,59 But limited to a few monomers 

that only can construct narrow helix. The new 7-amino-2-quinolinecarboxylic acid moiety (QH) 

is required to build up the central cavity part facilitating molecular recognition. When coupling 

onto aromatic amines, Fmoc-protected amino acids are converted in situ to their corresponding 

acid chlorides, whereas for aliphatic amines, conventional peptide coupling reagents are utilized. 

Additionally, while operating on a solid support, the folding of the molecule during synthesis 

becomes advantageous. In peptide synthesis, aggregation on the resin is a typical issue that 

hinders subsequent couplings. In contrast, the helical structure of quinoline-based oligomers 

allows them to protrude from the solid support, so resolving this issue, as well as the 

dimerization byproduct that occurred during solution phase synthesis.60  

 

 

Scheme 2. Synthetic strategies for Solid Phase Oligoquinoline Synthesis on Wang Resin 
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2.5 Dimerization of supramolecule 

In living organisms, biological supramolecular dimerization is a key process that enables 

molecules to form functional assemblies.61 Understanding and regulating the molecular 

mechanisms of protein dimerization and their function leads to innovative research62 and 

facilitates the development of several medicinal applications. Typically, non-covalent 

interactions, such as the hydrophobic effect and hydrogen bonds, maintain dimerization. 

Therefore, molecular glue,63 metal ions,64 host-guest complexes,65 and G-quadruplex66 have all 

been used to increase protein stability or to construct artificial quaternary structures (Figure 8). 

 

Figure 8. Representation of different methods of dimerization of proteins 

Furthermore, artificial supramolecular systems have been developed to carry out the enormous 

dimerization complex, which facilitates rational structure design. In addition to the double helix 

and double bowl dimerization patterns described in the preceding section, the Huc group has 

recently revealed a number of unique homodimerization conformations. Connected by 

carboxylic acid group at –C terminals, the discrete head-to-head dimer could be established in 

water (Figure 9a).67 Moreover, the incorporation of hydrogen-bonding capabilities at certain  

 

Figure 9. Overview of different dimerization pattern. a) Crystal structure of head-to-head dimer. 

b) Crystal structure of helix bundle. c) Crystal structure of catenane. d) Crystal structure of 

rotaxane. 
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positions on the backbones of abiotic foldamers that facilitate cooperative folding into two helix 

bundles in organic solvents (Figure 9b).68 Using molecular recognition and molecular self-

assembly methods, Stoddart and coworkers have achieved very efficient syntheses of 

mechanically interlocked molecular structures for heterodimer complexes. Catenanes are 

molecules with two or more interlocking rings (Figure 9c).69 It is impossible to separate the 

interlocking rings without destroying the covalent bonds of the macrocycles. For rotaxanes or 

foldaxanes, the macrocycle or foldamer helix70 is held in place by two large stoppers at the ends 

of the rod and interaction sites on the rod, which construct a stable dimer structure (Figure 9d).71  

According to the structures of dimerization, several applications have been established. An 

additional strand interaction can regulate the cavity size of a helical foldamer (Figure 10a,b).72 

The Yashima group demonstrated another spring-like motion based on dimerization 

conformation; the reassemblable dimer is essential for this twisting in one direction in a highly 

homotropic allosteric manner driven by metal ions and protonation (Figure 10c,d).73 In addition, 

Marc Sallé and coworkers reported redox-controlled guest release employing supramolecular 

dimers.74 The dissociation of this complex upon oxidation/dimerization of the tweezers 

provides a unique redox-activated molecular delivery mechanism. Additionally, 

heterodimerization structures might do additional difficult tasks. Rotaxane-based linear 

motors75 and catenane-based rotary motors76 have been established as micromachines that 

transform energy from an external source into unidirectional movement on a molecular scale, 

which might have medical applications. Moreover, dimerization-based polymerization provides 

an additional option in the field of material science. The Dong group reported the synthesis of 

linear supramolecular polymers by stacking one single-stranded helix on top of another.77 

 

 

Figure 10. Representation of spring-like motion based on dimerization conformations. a) 

Single helix with little space. b) Extended cavity with another strand. c) Extended structure in 

the deprotonated condition. d) Contracted structure in the protonated condition. 
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3 Guiding objective: design of helical capsule and molecular 

recognitions 

The development of water-soluble aromatic oligoamide helical capsules capable of recognizing 

hydrophilic guests in water served as a guiding objective throughout the research for this thesis. 

Although a few large cavity foldamers have been developed by our group utilizing solution 

phase synthesis and large diameter monomers, their application is limited by the lengthy 

synthesis and purification procedures. In order to produce a large cavity capsule in water 

employing solid-phase synthesis, a new extended-diameter monomer that can tolerate in-situ 

coupling conditions is required. Due to its large diameter, the new QH monomer can be used to 

construct a vast cavity in the initial helical capsule design, which consists of a cap and a cavity. 

And both ends can be closed by Q monomers, which will form a short, narrow helix and prevent 

the formation of a double helix (Figure 11). However, there is some uncertainty concerning the 

QH monomer. Because there is no conformational bias, each unit has two conformations (Figure 

7a). It was difficult to be well folded in an organic solvent. In water, we hypothesize that the 

strong hydrophobic effect can force the sequence to fold into a helix structure, which 

accumulates multiple layers of helical turns and exposes a minimal solvent-accessible surface. 

Charged water-soluble side chains were introduced to perform solution-phase experiments and 

combine with neutral side chains to optimize crystallization properties, thereby facilitating X-

ray analysis with high-quality crystals.  

 

Figure 11. Design strategies for the large cavity of helical capsule foldamers. The both ends 

are capped by Q monomer to close the cavity and avoid dimer formation. The central helical 

part is constructed by QH monomer that establish a considerable cavity by their large diameter. 
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Considering the hydrophobicity of the helical aromatic oligoamide turn cavity inside, 

comprising hydrophilic amide proton and endocyclic nitrogen from quinoline, and the 

lipophilic benzene ring (Figure 12), a series of amphiphilic guests were suspected to show 

binding affinity combining hydrogen bonds and hydrophobic effect. And shape 

complementarity could be used to accomplish selectivity. Surprisingly, additional experimental 

results presented in chapter 5 indicate that the enormous entropy produced by the release of 

highly ordered water molecules also played a crucial role in the binding process. This 

amphiphilic cavity has the advantage of not only being able to capture hydrophobic compounds, 

but also water-soluble guests. 

This project's typical methodology consisted of utilizing a predetermined design strategy and 

planning the precise sequence pertaining to the cavity geometry and hydrogen bonding 

positions. To avoid unnecessary titrations experiments, the molecular modeling tools (Maestro) 

was utilized to demonstrate the energy-minimized structure in various solvents and evaluate the 

shape complementarity of different sequences with distinct guests. Employing solid-phase 

synthesis techniques, potential candidates were synthesized and purified with semi-prep HPLC. 

After isolating the products, mass spectrometry and 1H NMR studies were conducted to 

determine the initial conformational behavior of the compound. To obtain precise structural 

information, the X-ray crystallographic data are required. The aforementioned data is also 

essential for improving shape complementarity through iterative design. 

 

Figure 12. Representation of one helical aromatic oligoamide turn. a) The chemical formula of 

one helical turn. The colored circle presents the hydrophobicity of the cavity inside. The 

hydrophilic and lipophilic parts are highlighted in blue and grey, respectively. b) The surface 

present by residue charge. The carbon, oxygen and nitrogen are highlighted in grey, red and 

blue, respectively. 
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Numerous oligomers have been synthesized during the course of this research. As anticipated, 

NMR titration experiments revealed that a number of water-soluble guests exhibited binding 

affinity with the amphiphilic cavities, with the majority of them demonstrating only a single set 

of signals, indicating a fast exchange of binding species on the NMR timescale. By decreasing 

the temperature or increasing the number of binding positions, the exchange rate could be 

slowed down and showed two sets of signals. Although additional structural data from X-ray 

crystallography could not be obtained with the free host and host-guest complex, side chain 

optimization led to the discovery of novel aggregation patterns. (head-to-head dimer, parallel 

double helix, and tetrameric helix). The first aromatic oligoamide capsule crystal that grew from 

water was obtained from an aggregation species. The folding process, molecular recognition, 

and aggregation pattern have been published or submitted to peer-reviewed journals and will 

be discussed in the following chapters. (Note that compound numbering is not continuous and 

starts again at the beginning of each chapter). 
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4 Combining local conformational preferences and 

solvophobic effects in helical aromatic oligoamide 

foldamers 

Sequential Q units can form a narrow helix depending on conformational preference and avoid 

double helix formation.72,78,79 By increasing the angle between -C and –N terminals, the 

diameter of the helical structure can be extended and a large cavity developed. In light of this 

information and with the objective of generating a helical capsule, the designed amino group 

was relocated to position 7 (QH) to establish a 120° angle and optimize the helical diameter. As 

a reference, the same angle QF with conformational bias was synthesized (Figure 13a). Since 

the folding behavior of QH with a rotatable C-N bond is unknown, oligomers of varying lengths 

were investigated in a water/DMSO solvent mixture with varying proportions in order to 

comprehend the folding properties. 

The established Q unit synthetic protocol, which used to introduce aminomethyl side chains, 

needed highly toxic KCN and was not suitable for QH monomers; thus, a new synthetic route 

had to be developed to be able to simplify the synthetic steps. A Suzuki coupling reaction was 

selected to introduce a boc protected side chain with a boron reagent. By getting rid of the 

complicated protect and deprotect strategy that was performed in the previous QH synthetic 

route, the total synthetic steps were reduced to 7 steps (for more information see supplementary 

information section 2.3), leading to short and fast synthesis in the course of this work. 

The short and charged aminomethyl side chain was designed to provide excellent water 

solubility and crystal growth ability for our oligoamide foldamers. Although a well-defined 

helical capsule structure was characterized by NMR studies, the single helix crystal could not 

be obtained in water. The UV, NMR, and computational results have been summarized in a 

manuscript that has been published in Organic & Biomolecular Chemistry. The folding process 

in water is related to QH segment length, which means one helical turn (Figure 13b) is not 

enough to complete folding. Minimum of two helical turns are required to facilitate helical 

folding of the QH segment (Figure 13c), which is enabled by two layers of π-π stacking and 

hydrophobic effect. On the other hand, the QH segments prefer the extended state (Figure 13d) 

in DMSO which is proved by energy-minimized models and experimental results. A novel 

cooperative conformational transition was observed for these backbone flexible foldamers upon 

increasing water proportion in DMSO. This work develops a novel flexible backbone building 
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block and validates the folding process via solvent property transfer, demonstrating the 

possibility of various backbone units for foldamers. 

 

 

Figure 13. a) Structure of synthesized building blocks. b) Chemical formula of one minimum 

helical turn unit. Energy-minimized models of helical turn c) in water with side view and top 

view. d) in no solvent condition. Side chains have been omitted for clarity. 

 

Contribution: I conceived the ideas for this project in collaboration with I. Huc. Synthetic 

routes and conditions for Q and QH monomers were developed by me with suggestions from Y. 

Ferrand. The synthetic route of QF monomer was established by J. Atcher. Oligomer synthesis 

and analysis were done by me. Energy minimized model was done by me. L. Allmendinger was 
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1 Supplementary Schemes and Figures 

 
 

Scheme S1. Synthesis of Q monomer: (a) KF3BCH2NHBoc, Pd(OAc)2, SPhos, K2CO3, toluene, 

H2O, 85 °C; (b) Pd/C, H2, THF, MeOH; (c) LiOH, THF, H2O, 0 °C; (d) Fmoc-Cl, NaHCO3, 

dioxane, H2O, 0 oC to r.t.. 

 

 

 

 

 
 

Scheme S2. Synthesis of QH monomer: (a) Dimethyl acetylenedicarboxylate, MeOH; (b) 

PhOPh, reflux; (c) POCl3, DMF; (d) KF3BCH2NHBoc, Pd(OAc)2, SPhos, K2CO3, toluene, H2O, 

85 °C; (e) Pd/C, H2, THF, MeOH; (f) LiOH, THF, H2O, 0 °C; (g) Fmoc-Cl, NaHCO3, dioxane, 

H2O, 0 oC to r.t.. 
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Scheme S3. Synthesis of QF monomer: (a) KF, dry DMSO; 100 °C; (b) Fe, MeOH, AcOH, 

110 °C; (c) DIEA, valeric anhydride, 40 °C; (d) Pd/C, H2, AcOEt; (e) Dimethyl 

acetylenedicarboxylate, MeOH; (f) PhOPh, reflux; (g) Tf2O, Pyridine, DCM; (h) KCN, 

Pd(PPh3)4, toluene, 100 °C; (i) Boc2O, NH4HCOO, Pd/C, THF; (j) H2SO4, MeOH, reflux; (k) 

Boc2O, NaHCO3, DMF; (l) Fmoc-Cl, NaHCO3, dioxane, H2O, 0 oC to r.t.; (m) LiI, AcOEt. 
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Figure S1. Solvent accessible surface of two conformations: (a) side view and (b) top view 

of extended 2. Solvent accessible surface of: (c) side view and (d) top view of folded 2. Different 

elements have been marked by different colors (hydrogen: white, carbon: grey, oxygen: red, 

nitrogen: blue). Solvent-accessible surface area was calculated by discovery studio software 

with a radius of 1.4 Å. Short side chains have been removed for the surface estimation. The 

calculated solvent accessible surface for 2 of extended and folded state were found to be 

2578.08 Å2 and 1717.48 Å2, respectively. Thus, one can estimate that a folded 2 presents to the 

solvent about 67% of the surface presented by extended 2. 

 

 

Figure S2. Variable concentration 1H NMR spectra of compound 2. The spectra were 

recorded with a water suppression method (500 MHz, 10% D2O in H2O, 25 °C). 



Supplementary Information 

33 
 

 

Figure S3. DMSO-d6/CD3OH variation 1H NMR spectra of 2. Excerpts of 1H NMR (500 

MHz, water suppression) titration at 25 °C in DMSO-d6/CD3OH mixtures with different DMSO 

percentages. Note: 0% DMSO means that 1H NMR spectrum (500 MHz) of compound 2 was 

performed in CD3OH. Red and blue marked amide proton signals represent unfolded and folded 

conformations, respectively.  

 

Figure S4.  DMSO-d6/H2O variation 1H NMR spectra of 5. 1H NMR (500 MHz, water 

suppression) spectra at 25°C in DMSO-d6/H2O mixtures with different DMSO percentages. 

Note: 0% DMSO means that 1H NMR (500 MHz) spectra of compound 5 were recorded in 

90%H2O+10%D2O. 
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Figure S5. Water/DMSO proportion variation UV spectra of compound 1. UV spectra in 

different proportions of water/DMSO. 

  



Supplementary Information 

35 
 

 

Figure S 6.  Temperature variation UV of 2. (a) Variable temperature UV spectra of 

compound 2 in DMSO:H2O (75.5:24.5, v/v). (b) Plot of the absorbance at 357 nm vs 

temperature. 
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Figure S 7.  Temperature variation UV of 3. (a) Variable temperature UV spectra of 

compound 3 in DMSO:H2O (81.6:18.4, v/v). (b) Plot of the absorbance at 357 nm vs 

temperature. 
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Figure S 8.  Temperature variation UV of 4. (a) Variable temperature UV spectra of 

compound 4 in DMSO:H2O (83.3:16.7, v/v). (b) Plot of the absorbance at 357 nm vs 

temperature. 
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2 Materials and Methods 

 

Figure S9. Fmoc-acid building blocks used in this study. For a detailed procedure to Fmoc-

Q(Boc)-OH, Fmoc-QH(Boc)-OH and Fmoc-QF(Boc)-OH, see section 2.3. 

 

2.1 General 

General. Commercial reagents (Suppliers: Abcr, Fisher Scientific, Merck, Sigma-Aldrich, TCI, 

BLDpharm or VWR) were used without further purification unless otherwise stated. Wang 

resin LL (100–200 mesh) was purchased from Sigma-Aldrich. Peptide grade N,N-

dimethylformamide (DMF) was purchased from Carlo Erba. Anhydrous chloroform, 

triethylamine (TEA) and N,N-diisopropylethylamine (DIEA) were obtained via distillation over 

CaH2 prior to use. Anhydrous tetrahydrofuran (THF) and dichloromethane (DCM) were 

obtained via an MBRAUN SPS-800 solvent purification system. Ultrapure water was obtained 

via a Sartorius arium® pro VF ultrapure water system. Reactions were monitored by thin layer 

chromatography (TLC) on Merck silica gel 60-F254 plates and observed under UV light. 

Column chromatography purifications were carried out on Merck GEDURAN Si60 (40–63 

µm). Nuclear magnetic resonance (NMR) spectra were recorded on an Avance III HD 300 MHz 

Bruker BioSpin spectrometer or an Avance III HD 500 MHz Bruker BioSpin spectrometer 

equipped with a broad band observe 5-mm BB-H&FD CryoProbeTM Prodigy. Measurements 

were performed at 25 °C unless stated otherwise. Water suppression was performed with 

excitation sculpting method. Processing was done with MestReNova (v.12.0.0-20080) NMR 

processing software from Mestrelab Research. Chemical shifts are reported in ppm and 

calibrated via residual solvent signals or 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt 

(TMSP) when water suppression was applied. Signal multiplicities are abbreviated as s, singlet; 

d, doublet; t, triplet; q, quartet, and m, multiplet. Signals were assigned using 1H-13C HMQC 

and 1H-13C HMBC spectra. Electrospray ionization (ESI) mass spectra were recorded on Bruker 

microTOF II and Thermo Finnigan LTQ FT Ultra spectrometers. Electron ionization (EI) mass 

spectra were recorded on a Thermo Q Exactive GC Orbitrap or a Finnigan MAT 95 sector mass 
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spectrometer. Analytical and semi-preparative reversed phase (RP) high performance liquid 

chromatography (HPLC) was performed on a Thermo Fisher Scientific Ultimate 3000 HPLC 

System using Macherey-Nagel Nucleodur C18 Gravity columns (4 × 100 mm, 5 µm and 10 × 

250 mm, 5 µm) and Macherey-Nagel Nucleodur C8 Gravity columns (4 × 50 mm, 5 µm and 

10 × 100 mm, 5 µm) with different gradients of 0.1% TFA water and 0.1% TFA acetonitrile. 

All ultraviolet–visible (UV/Vis) absorbance measurements were done with a Jasco V-750 

spectrophotometer instrument using a 1 cm quartz cuvette. Measurements were performed at 

20 °C if not stated otherwise. Microwave-assisted solid phase foldamer synthesis (SPFS) was 

performed via a CEM® Discover Bio manual microwave peptide synthesizer. The temperature 

within the reactor vessel was monitored with an optical fiber probe. Automated SPFS was done 

on a PurePep® Chorus synthesizer (Gyros Protein Technologies) by applying an induction 

heating. 

 

2.2 Procedure for manual solid phase foldamer synthesis 

Oligomers were synthesized according to previously reported SPFS protocols,1 hereafter 

referred to as manual synthesis method. The automated synthesis protocol has been reported in 

previous work.2 

Final acetylation of the N-terminal aromatic amine: H2N-(Q)n-Wang resin and DIEA (6.0 

equiv.) were suspended in anhydrous THF (1.25 mL) then acetyl chloride (4.0 equiv.) in 

anhydrous THF (1.25 mL) was added. The reaction vessel was then placed under microwave 

irradiation (25 W, ramp to 50 °C over 5 min, then hold at 50 °C for 15 min). The resin was 

filtered off and washed with anhydrous THF (2 x 3 mL). The coupling step was repeated twice 

using the same conditions and number of equivalents of coupling reagents. 

 

Resin cleavage: The resin-bound foldamer was placed in a syringe equipped with a filter, 

washed with DMF (3 x 3 mL) and DCM (3 x 3 mL), and dried by passing N2 flow through it. 

It was then suspended in a solution of TFA/iPr3SiH/H2O (95:2.5:2.5, v/v/v). The resin was next 

shaken for at least 2 h at room temperature. The resin was filtered off and rinsed one time with 

TFA. The foldamer was precipitated from the TFA cleavage solution by adding cold Et2O and 

centrifugation to obtain a crude precipitate. 
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Compound 1: Compound 1 was synthesized starting from LL-Wang resin (0.44 mmol g−1, 25 

µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.31 

mmol g−1 (70%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 1 

as a yellow solid (15 mg, 19%). 

1H NMR (500 MHz, DMSO-d6) δ 12.40 (s, 2H), 12.24 (s, 1H), 12.12 (s, 1H), 11.70 (s, 1H), 

11.45 (s, 1H), 11.32 (s, 1H), 10.64 (s, 2H), 9.62 (s, 1H), 9.47 (s, 1H), 9.42 (s, 1H), 9.12 (d, J = 

7.6 Hz, 2H), 8.86 (s, 4H), 8.71 – 8.54 (m, 7H), 8.53 – 8.32 (m, 8H), 8.27 (m, 4H), 8.14 – 7.43 

(m, 29H), 7.40 (d, J = 9.2 Hz, 1H), 7.23 (s, 1H), 4.99 – 4.34 (m, 27H). 

HRMS: calcd. for C112H95N30O12 [M+H]+ 2051.7740; found 2051.8066. 

 

Compound 2: Compound 2 was synthesized starting from LL-Wang resin (0.44 mmol g−1, 17 

µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.27 

mmol g−1 (62%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 2 

as a yellow solid (16 mg, 21%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 12.19 (s, 1H), 12.04 (s, 1H), 12.01 (s, 1H), 11.58 (s, 

1H), 11.47 (s, 1H), 10.69 (s, 1H), 10.62 (s, 1H), 10.20 (s, 1H), 10.10 (s, 1H), 9.85 (s, 1H), 9.82 

(s, 1H), 9.48 (s, 1H), 9.37 (s, 1H), 9.11 (s, 1H), 8.83 (d, J = 9.3 Hz, 2H), 8.66 (m, 3H), 8.49 (d, 
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J = 9.7 Hz, 2H), 8.39 – 8.27 (m, 6H), 8.25 (d, J = 9.0 Hz, 3H), 8.15 (m, 10H), 8.09 – 7.98 (m, 

6H), 7.98 – 7.42 (m, 39H), 7.39 – 7.12 (m, 18H), 7.12 – 6.41 (m, 29H). 

HRMS: calcd. for C156H132N42O16 [M+2H]2+ 1424.5398; found 1424.5300. 

 

Compound 3: Compound 3 was synthesized starting from LL-Wang resin (0.44 mmol g−1, 23 

µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.31 

mmol g−1 (70%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 3 

as a yellow solid (42 mg, 32%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 12.03 (s, 1H), 11.95 (s, 1H), 11.86 (s, 1H), 11.38 (s, 

1H), 11.35 (s, 1H), 10.39 (s, 1H), 10.16 (s, 1H), 9.85 (s, 1H), 9.83 (s, 1H), 9.73 (s, 1H), 9.52 (s, 

1H), 9.43 (s, 1H), 9.38 (s, 1H), 9.31 (s, 1H), 9.11 (s, 1H), 9.03 (d, J = 4.6 Hz, 3H), 8.69 (d, J = 

8.1 Hz, 1H), 8.45 (d, J = 10.7 Hz, 1H), 8.40 – 8.30 (m, 3H), 8.16 – 8.00 (m, 4H), 7.99 – 7.87 

(m, 6H), 7.88 – 7.78 (m, 6H), 7.78 – 7.57 (m, 20H), 7.56 – 7.30 (m, 18H), 7.26 – 7.10 (m, 5H), 

7.08 – 6.75 (m, 18H), 6.68 (d, J = 9.1 Hz, 1H), 6.55 – 6.44 (m, 3H), 6.41 (s, 1H), 6.31 (d, J = 

9.0 Hz, 1H), 4.19 (d, J = 14.6 Hz, 1H), 4.01 (d, J = 14.9 Hz, 1H), 3.70 – 3.55 (m, 2H), 3.47 (m, 

1H). 

HRMS: calcd. for C200H168N54O20 [M+2H]2+ 1822.6889; found 1822.7448. 

 

Compound 4: Compound 4 was synthesized on Cl-MPA-Protide resin (0.17 mmol g−1, 24 

µmol scale) according to the automated synthesis method. Loading of the first monomer: 0.12 
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mmol g−1 (70%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 4 

as a yellow solid (25 mg, 15%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 11.81 (s, 2H), 11.76 (s, 1H), 11.19 (s, 1H), 11.15 (s, 

1H), 10.26 (s, 1H), 10.08 (s, 1H), 9.98 (s, 1H), 9.80 (s, 1H), 9.60 (s, 1H), 9.58 (s, 1H), 9.52 (s, 

1H), 9.48 (s, 1H), 9.35 (s, 1H), 9.32 (s, 1H), 9.25 (s, 1H), 9.12 (s, 1H), 9.01 (s, 1H), 8.98 (s, 

1H), 8.97 (s, 1H), 8.94 (s, 1H), 8.84 (s, 1H), 8.41 (d, J = 8.1 Hz, 1H), 8.25 – 8.10 (m, 3H), 8.02 

(d, J = 10.0 Hz, 1H), 7.92 – 7.74 (m, 6H), 7.73 – 7.50 (m, 26H), 7.50 – 7.40 (m, 14H), 7.40 – 

7.27 (m, 15H), 7.20 (m, 18H), 7.11 – 6.92 (m, 10H), 6.92 – 6.53 (m, 18H), 6.53 – 6.07 (m, 8H), 

3.44 (dd, J = 11.7, 4.3 Hz, 3H), 3.39 – 3.27 (m, 3H). 

HRMS: calcd. for C244H205N66O24 [M+3H]3+ 1480.8944; found 1480.9345. 

 

Compound 5: Compound 5 was synthesized starting from LL-Wang resin (0.40 mmol g−1, 15 

µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.33 

mmol g−1 (76%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 5 

as a yellow solid (5 mg, 10%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 11.94 (s, 1H), 11.92 (s, 1H), 11.62 (s, 1H), 11.49 (s, 

1H), 11.28 (s, 1H), 10.37 (s, 1H), 9.77 (s, 1H), 9.60 (s, 1H), 9.45 (s, 1H), 9.31 – 9.22 (m, 1H), 

9.20 – 9.11 (m, 1H), 8.60 (s, 1H), 8.49 – 8.31 (m, 5H), 8.23 – 8.14 (m, 3H), 8.12 (d, J = 8.4 Hz, 

1H), 7.87 (d, J = 8.6 Hz, 1H), 7.81 (d, J = 10.5 Hz, 1H), 7.70 – 7.47 (m, 9H), 7.42 (d, J = 8.2 

Hz, 2H), 7.36 (t, J = 8.2 Hz, 1H), 7.30 – 7.24 (m, 2H), 7.11 (s, 1H), 6.98 – 6.83 (m, 6H), 6.55 

(d, J = 9.3 Hz, 1H), 6.33 (t, J = 8.7 Hz, 1H). 

HRMS: calcd. for C112H92F4N30O12 [M+2H]2+ 1062.3718; found 1062.3538. 
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2.3 Monomer synthesis procedures 

 
Compound 6. Methyl 4-chloro-8-nitroquinoline-2-carboxylate3 (0.954 g, 0.0036 mol), 

KF3BCH2NHBoc (0.744 g, 0.0037 mol), Pd(OAc)2 (0.036 g, 0.00016 mol), SPhos (0.148 g, 

0.00036 mol) and K2CO3 (1.248 g, 0.011 mol) were added in a sealed tube and the mixture was 

purged 3 times with argon. Then toluene (9.6 mL) and water (2.4 mL) were added and the 

reaction mixture was heated to 85 °C for 18 h. After completion of the reaction that was 

confirmed by TLC, phosphate buffer (pH = 7) was added then the crude mixture was extracted 

with DCM. The combined organic layers were washed with water and brine, dried (Na2SO4) 

and then concentrated under reduced pressure. The resulting residue was purified by column 

chromatography to give 0.86 g (67%) of 6 as a white solid.  

1H NMR (500 MHz, DMSO-d6) δ 8.53 (dd, J = 8.6, 1.2 Hz, 1H), 8.39 (dd, J = 7.5, 1.2 Hz, 1H), 

8.13 (s, 1H), 7.93 (dd, J = 8.6, 7.5 Hz, 1H), 7.77 (t, J = 6.0 Hz, 1H), 4.77 (d, J = 6.0 Hz, 2H), 

3.96 (s, 3H), 1.43 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 164.6, 155.86, 149.0, 148.9, 148.6, 137.8, 128.0, 127.6, 

127.5, 123.9, 119.7, 78.6, 54.9, 53.0, 28.1. 

HRMS: calcd. for C17H19N3O6Na [M+Na]+ 384.1166; found 384.1180. 

 

Compound 7. Quinoline 6 (2 g, 0.006 mmol) was dissolved in a mixture of THF (133 mL)/ 

MeOH (200 mL) under N2. Then 10 wt.% Pd/C (1 g, 35% w/w) was added and N2 was replaced 

by H2. The mixture was stirred for 3 h at room temperature and the reaction was checked by 

TLC. After completion of the reaction, the mixture was filtered and concentrated then the 

residue was precipitated in diethyl ether to give 1.65 g (90%) of 7 as a yellow powder. 

1H NMR (500 MHz, DMSO-d6) δ 7.92 (s, 1H), 7.63 (t, J = 6.1 Hz, 1H), 7.44 (dd, J = 8.3, 7.7 

Hz, 1H), 7.22 (dd, J = 8.3, 1.1 Hz, 1H), 6.95 (dd, J = 7.7, 1.1 Hz, 1H), 6.14 (s, 2H), 4.58 (d, J 

= 6.0 Hz, 2H), 3.94 (s, 3H), 1.43 (s, 9H). 
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13C NMR (126 MHz, DMSO-d6) δ 165.5, 155.9, 146.8, 146.4, 143.3, 136.2, 130.3, 127.7, 124.9, 

117.7, 109.2, 108.6, 78.3, 52.5, 28.2. 

HRMS: calcd. for C17H22N3O4 [M+H]+ 332.1605; found 332.1600. 

 

 

Compound 9. The protocol was modified from the reference (X. Hu, et al., Chem. Sci., 2017, 

8, 3741–3749.).3 Compound 7 (3.43 g, 0.01 mol) was dissolved in dioxane (206 mL) then 

LiOH∙H2O (0.65 g, 0.015 mol) in H2O (65 mL) was added slowly at 0 °C. The mixture was 

stirred for 1 h at 0 °C, then neutralized by 0.1 mol/L HCl. Then H2O (80 mL) and NaHCO3 

(2.61 g, 0.031 mol) were added and cooled to 0 °C. Fmoc-Cl (3.48 g, 0.013 mol) was added 

slowly as a solution in dioxane. The resulting mixture was stirred at 0 ° for 1 h and let to stir 

overnight at room temperature. After completion of the reaction that was confirmed by TLC, 

the solution was acidified to pH=4 using a saturated citric acid solution. Then water was added 

and the aqueous layers were extracted with DCM. The combined organic layers were washed 

with water and brine, dried (Na2SO4) and then concentrated under reduced pressure. The residue 

was precipitated in acetonitrile, filtered and washed with a small amount of acetonitrile to give 

4.36 g (78%) of 9 as a grey powder. 

1H NMR (500 MHz, DMSO-d6) δ 13.60 (s, 1H), 10.49 (s, 1H), 8.10 (s, 1H), 7.93 (dt, J = 7.5, 

0.9 Hz, 2H), 7.84 (d, J = 8.4 Hz, 1H), 7.78 (dd, J = 7.4, 1.0 Hz, 2H), 7.72 (t, J = 6.7 Hz, 2H), 

7.44 (t, J = 7.5 Hz, 3H), 7.36 (td, J = 7.4, 1.2 Hz, 2H), 4.70 (d, J = 6.0 Hz, 2H), 4.62 (d, J = 6.9 

Hz, 2H), 4.46 (t, J = 6.8 Hz, 1H), 1.43 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 165.5, 155.9, 153.5, 148.4, 144.9, 143.7, 140.8, 136.5, 136.3, 

129.5, 127.8, 127.3, 127.2, 125.2, 120.3, 118.1, 117.6, 116.5, 116.1, 78.4, 66.4, 46.6, 28.2. 

HRMS: calcd. for C31H30N3O6 [M+H]+ 540.2129; found 540.2138. 

 

 

Compound 10. The protocol was modified from the reference (N. D. Heindel, et al., J. Org. 

Chem., 1967, 32, 4155–4157.).4 3-Nitroaniline (20 g, 0.145 mol) was dissolved in MeOH (350 
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mL) under N2. The solution was cooled to 0 ˚C in an ice-bath and dimethyl 

acetylenedicarboxylate (26.7 mL, 0.217 mol) was added dropwise. The mixture was stirred at 

0 ˚C for 30 min and then at room temperature for 23 h, during which time the product 

precipitated. The suspension was cooled to 0 ˚C to introduce additional precipitation. The 

product was then filtered off and washed with cold MeOH to give 32 g (79%) of 10 as a white 

solid. 

1H NMR (500 MHz, DMSO-d6) δ 9.70 (s, 1H), 7.86 (ddd, J = 8.3, 2.2, 0.9 Hz, 1H), 7.81 (t, J = 

2.2 Hz, 1H), 7.55 (t, J = 8.1 Hz, 1H), 7.33 (ddd, J = 8.1, 2.3, 0.9 Hz, 1H), 5.57 (s, 1H), 3.71 (s, 

3H), 3.67 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 167.2, 164.2, 148.1, 144.5, 142.1, 130.2, 125.6, 117.4, 113.7, 

98.1, 53.2, 51.3. 

HRMS: calcd. for C12H12N2O6 [M]+ 280.0690; found 280.0692. 

 

 

Compound 11. The protocol was modified from the reference (N. D. Heindel, et al., J. Org. 

Chem., 1967, 32, 4155–4157.).4 Diphenyl ether (680 mL) was placed in a 1 L round bottom 

flask and heated using a heating mantle to its boiling point at 260 ˚C. Then compound 10 (32 

g, 0.114 mol) was added to the boiling solvent by means of a glass funnel. The mixture was 

kept boiling for 20 min; no condenser was used. The reaction mixture was left to cool down to 

room temperature. The product was filtered off, and the solid was washed several times with 

cyclohexane then dried under reduced pressure. The product was recrystallized from hot DMF 

to give 13.5g (48%) of 11 as a golden solid. 

1H NMR (500 MHz, DMSO-d6) δ 12.49 (s, 1H), 8.86 (d, J = 2.3 Hz, 1H), 8.27 (d, J = 8.9 Hz, 

1H), 8.07 (dd, J = 8.9, 2.3 Hz, 1H), 6.73 (s, 1H), 3.99 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 176.9, 162.2, 149.7, 139.8, 139.3, 128.7, 127.2, 117.5, 115.9, 

111.5, 53.8. 

HRMS: calcd. for C11H8N2O5 [M]+ 248.0428; found 248.0437. 

 



Supplementary Information 

46 
 

 
Compound 12. Compound 11 (8.86 g, 0.036 mol) was dissolved in dry DMF (93 mL) then 

POCl3 (3.66 mL, 0.039 mmol) was added slowly. The reaction mixture was stirred for 15 min 

at 80 °C. After completion of the reaction that was confirmed by TLC, the mixture was poured 

into ice and neutralised with saturated NaHCO3 solution. Then the mixture was extracted with 

DCM. The combined organic layers were washed with water and brine, dried (Na2SO4) and 

then concentrated under reduced pressure to give 8.18 g (86%) of 12 as a brown solid.  

1H NMR (500 MHz, DMSO-d6) δ 9.01 (dd, J = 2.3, 0.6 Hz, 1H), 8.59 (dd, J = 9.2, 2.3 Hz, 1H), 

8.54 (dd, J = 9.2, 0.6 Hz, 1H), 8.44 (s, 1H), 4.01 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 163.8, 150.0, 149.1, 146.6, 143.2, 129.6, 126.4, 126.0, 123.6, 

123.3, 53.2. 

HRMS: calcd. for C11H7ClN2O4 [M]+ 266.0089; found 266.0086. 

 

 

Compound 13. Compound 12 (0.954 g, 0.0036 mol), KF3BCH2NHBoc (0.744 g, 0.0037 mol), 

Pd(OAc)2 (0.036 g, 0.00016 mol), SPhos (0.148 g, 0.00036 mol) and K2CO3 (1.248 g, 0.011 

mol) were added in a sealed tube and the mixture was purged 3 times with argon. Then toluene 

(9.6 mL) and water (2.4 mL) were added and heated to 85 °C for 30 h. After completion of the 

reaction that was confirmed by TLC, pH = 7 phosphate buffer was added then the mixture 

extracted with DCM. The combined organic layers were washed with water and brine, dried 

(Na2SO4) and then concentrated under reduced pressure. The resulting residue was purified by 

column chromatography. The recovered quinoline derivative 12 was used to repeat the reaction 

again and the product that was obtained after column was precipitated in DCM/diethyl ether to 

give 0.729 g (56%) of 13 as white solid. 

1H NMR (500 MHz, DMSO-d6) δ 8.96 (d, J = 2.3 Hz, 1H), 8.52 (d, J = 9.2 Hz, 1H), 8.46 (dd, 

J = 9.2, 2.4 Hz, 1H), 8.15 (s, 1H), 7.78 (t, J = 5.9 Hz, 1H), 4.77 (d, J = 6.0 Hz, 2H), 3.99 (s, 

3H), 1.43 (s, 9H). 
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13C NMR (126 MHz, DMSO-d6) δ 165.3, 156.3, 150.2, 148.9, 148.8, 146.5, 130.6, 126.7, 126.5, 

122.2, 121.1, 79.0, 53.5, 41.1, 28.7. 

HRMS: calcd. for C17H19N3O6Na [M+Na]+ 384.1166; found 384.1170. 

 

 

Compound 14. Compound 13 (2.91 g, 0.008 mmol) was dissolved in mixture of THF (260 mL) 

and MeOH (390 mL) under N2. Then 10 wt.% Pd/C (1 g, 35% w/w) was added and N2 was 

replaced by H2. The mixture was stirred for 3 h at room temperature. After completion of the 

reaction that was confirmed by TLC, the mixture was filtered and concentrated then the residue 

was precipitated in diethyl ether to give 2.54 g (95%) of 14 as a yellow powder. 

1H NMR (500 MHz, DMSO-d6) δ 7.90 (d, J = 9.0 Hz, 1H), 7.61 (s, 1H), 7.59 (t, J = 6.1 Hz, 

1H), 7.14 (dd, J = 9.0, 2.3 Hz, 1H), 7.04 (d, J = 2.3 Hz, 1H), 5.95 (s, 2H), 4.56 (d, J = 6.1 Hz, 

2H), 3.91 (s, 3H), 1.43 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 166.4, 156.3, 151.0, 145.0, 147.5, 146.7, 124.4, 121.4, 119.8, 

114.2, 107.6, 78.7, 52.8, 40.8, 28.7. 

HRMS: calcd. for C17H22N3O4 [M+H]+ 332.1605; found 332.1608. 

 

  
Compound 16. Compound 14 (2.54 g, 0.0077 mol) was dissolved in dioxane (153 ml) then 

LiOH H2O (0.483 g, 0.0112 mol) in water (48 mL) was added slowly at 0 °C. The mixture was 

stirred for 1 h at 0 °C, then neutralized by 0.1 mol∙L-1 HCl. Then water (14 ml) and NaHCO3 

(1.93 g, 0.023 mol) were added and cooled down to 0 °C by ice-bath. Fmoc-Cl (2.58 g, 0.01 

mol) is added slowly as a solution in dioxane. The resulting mixture is stirred at 0 °C for 1 h 

and allowed to warm to room temperature overnight. After completion of the reaction that was 

confirmed by TLC, the solution was acidified to pH=4 using a saturated citric acid solution. 

Then water was added and the aqueous layers were extracted with DCM. The combined organic 

layers were washed with water and brine, dried (Na2SO4) and then concentrated under reduced 
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pressure. The residue was precipitated in acetonitrile then precipitated in DCM/diethyl ether to 

give 3.30 g (81%) of 16 as a yellow powder.  

1H NMR (500 MHz, DMSO-d6) δ 10.20 (s, 1H), 8.33 (s, 1H), 8.14 (d, J = 9.1 Hz, 1H), 7.93 (dt, 

J = 7.6, 0.9 Hz, 2H), 7.85 (s, 1H), 7.79 (dd, J = 7.5, 1.1 Hz, 3H), 7.65 (t, J = 6.1 Hz, 1H), 7.44 

(tt, J = 7.5, 0.8 Hz, 2H), 7.37 (td, J = 7.5, 1.2 Hz, 2H), 4.65 (d, J = 6.1 Hz, 2H), 4.60 (d, J = 6.5 

Hz, 2H), 4.36 (t, J = 6.5 Hz, 1H), 1.42 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 166.9, 156.3, 153.9, 149.1, 148.2, 147.4, 144.2, 141.3, 141.1, 

128.2, 127.6, 125.6, 124.6, 123.2, 121.9, 120.7, 116.9, 116.0, 78.8, 66.3, 47.1, 40.9, 28.7. 

HRMS: calcd. for C31H30N3O6 [M+H]+ 540.2129; found 540.2138. 

 

 

2-fluoro-3-nitroaniline (CAS: 21397-11-5) was synthesized as previously described5 (3 steps, 

only two are depicted in the scheme S1).   

 

 

Compound 17: Dry DIEA (12.5 mL, 90.0 mmol, freshly distilled over CaH2) was added to a 

suspension of 2-fluoro-3-nitroaniline (12.77 g, 81.8 mmol) in pentanoic anhydride (17.8 mL, 

90.0 mmol) under inert atmosphere of N2. The mixture was stirred at 40 ˚C for 19 h, after which 

complete conversion of the starting material was observed by TLC. The mixture was diluted 

with DCM, washed twice with 5% aqueous citric acid and several times with saturated aqueous 

NaHCO3, dried over MgSO4 and concentrated under reduced pressure, to obtain 19.66 g 

(quantitative) of compound 17 as a pale white solid.  

1H NMR: (300 MHz, CDCl3) δ 8.68 (ddd, J = 8.4, 6.6, 1.7 Hz, 1H), 7.73 (ddd, J = 8.6, 7.1, 1.7 

Hz, 1H), 7.51 (s, 1H), 7.26 (td, J = 8.3, 1.8 Hz, 1H), 2.46 (t, J = 8.5, 2H), 1.73 (ddt, J = 8.5, 7.3, 

6.4 Hz, 2H), 1.50 – 1.35 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H). 

13C NMR: (75 MHz, CDCl3) δ 171.9, 145.6 (d, JC-F = 260.3 Hz), 137.4, 128.9 (d, JC-F = 9.3 Hz), 

126.9 (d, JC-F = 2.3 Hz), 124.5 (d, JC-F = 5.2 Hz), 119.8 (d, JC-F = 3.1 Hz), 37.6, 27.5, 22.4, 13.9. 
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HRMS: calcd. for C11H14FN2O3 [M+H]+ 241.0983; found 241.0985. 

 

 

Compound 18: Compound 17 (10.92 g, 45.5 mmol) dissolved in 100 mL of degassed AcOEt 

was placed into a two-necked 500 mL round bottom flask equipped with a teflon-coated 

magnetic stirring bar. One of the necks was closed with a septum, N2 was flushed and 250 mg 

of Pd/C (10%) catalyst was added to the solution. The reaction flask was placed under a H2 

atmosphere by alternately purging the flask under vacuum, shaking it and filling the flask with 

H2 (3 times). The reaction mixture was vigorously stirred under H2 atmosphere (balloon 

pressure) at room temperature for 24 h, after which complete conversion of the starting material 

was observed by TLC. The solution was filtered through Celite® and solvent was removed 

under reduced pressure, to give 9.29 g (97%) of compound 18 as a pale white solid.  

1H NMR: (300 MHz, CDCl3) δ 7.65 (t, J = 7.4 Hz, 1H), 7.30 (s, 1H), 6.88 (td, J = 8.2, 1.7 Hz, 

1H), 6.51 (td, J = 8.4, 1.6 Hz, 1H), 3.71 (s, 2H), 2.38 (t, J = 7.6 Hz, 2H), 1.80 – 1.62 (m, 2H), 

1.40 (dq, J = 14.6, 7.3 Hz, 2H), 0.94 (t, J = 7.3 Hz, 3H). 

13C NMR: (75 MHz, CDCl3) δ 171.5, 142.1 (d, JC-F = 234.9 Hz), 134.2 (d, JC-F = 11.4 Hz), 

126.7 (d, JC-F = 8.1 Hz), 124.4 (d, JC-F = 4.4 Hz), 112.2, 111.5, 37.7, 27.7, 22.5, 13.9. 

HRMS: calcd. for C11H16FN2O [M+H]+ 211.1241; found 211.1243. 

 

 

Compound 19: Compound 18 (9.03 g, 42.9 mmol) was dissolved in 130 mL of degassed MeOH 

under inert atmosphere of N2. The solution was cooled down to 0 ̊ C in an ice-bath and dimethyl 

acetylenedicarboxylate (5.8 mL, 47.2 mmol) was added dropwise under stirring. The mixture 

was stirred at 0 ˚C for 30 min and then at room temperature for 22 h, during which time the 

product precipitated. Volatiles were partially evaporated and the resulting concentrated 
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suspension was cooled down to 5 ˚C to force the precipitation. The product was filtered off and 

washed with cold MeOH, to give 10.65 g (70%) of compound 19 as a white solid.  

1H NMR: (300 MHz, CDCl3) δ 9.53 (s, 1H), 8.06 (t, J = 7.7 Hz, 1H), 7.34 (s, 1H), 7.00 (td, J = 

8.2, 1.7 Hz, 1H), 6.59 (td, J = 8.0, 1.5 Hz, 1H), 5.54 (s, 1H), 3.75 (s, 3H), 3.72 (s, 3H), 2.40 (t, 

J = 7.6 Hz, 2H), 1.79 – 1.62 (m, 2H), 1.48 – 1.32 (m, 2H), 0.94 (t, J = 7.3 Hz, 3H). 

13C NMR: (75 MHz, CDCl3) δ 171.6, 169.9, 164.2, 147.1, 144.9 (d, JC-F = 241.6 Hz), 128.3 (d, 

JC-F = 10.0 Hz), 127.2 (d, JC-F = 8.9 Hz), 124.2 (d, JC-F = 4.7 Hz), 117.1 (d, JC-F = 19.9 Hz), 

95.3, 53.0, 51.5, 37.7, 27.6, 22.4, 13.9. 

HRMS: calcd. for C17H21FN2O5Na [M+Na]+ 375.1326; found 375.1389. 

 

 

Compound 20: Diphenyl ether (415 mL) was placed in a 1 L round bottom flask and heated to 

its boiling point at 260 ˚C with a heating mantle and without any reflux condenser or stirring 

bar. Then compound 19 (16.60 g, 47.1 mmol) was added to the boiling solvent by means of a 

glass funnel. The addition was done stepwise during 10 min to have control over the MeOH 

bubbling produced each time a portion of the starting material is added. The mixture was kept 

boiling for 20 min leaving the reaction flask open to allow MeOH vapors out. Then the heating 

mantle was removed and the reaction mixture was left to cool down to approximately 40 ˚C, 

observing the partial precipitation of the product. The cooled suspension was transferred to a 

bigger flask and cyclohexane (700 mL) was added to force the precipitation. The product was 

filtered off, washed thoroughly with more cyclohexane and dried under reduced pressure, 

obtaining 13.33 g of compound 20 (88%) as a light-gray solid.  

1H NMR: 1H NMR (300 MHz, CDCl3) δ 8.94 (s, 1H), 8.35 (dd, J = 9.1, 7.1 Hz, 1H), 8.07 (dd, 

J = 9.1, 1.7 Hz, 1H), 7.52 (s, 1H), 7.26 (s, 1H), 6.92 (d, J = 1.8 Hz, 1H), 4.05 (s, 3H), 2.48 (t, J 

= 7.6 Hz, 2H), 1.84 – 1.67 (m, 2H), 1.52 – 1.34 (m, 2H), 0.97 (t, J = 7.3 Hz, 3H). 

13C NMR: (126 MHz, CDCl3) δ 178.3, 171.7, 163.3, 140.5 (d, JC-F = 242.8 Hz), 136.1, 129.5 

(d, JC-F = 6.7 Hz), 128.9 (d, JC-F = 11.0 Hz), 123.0, 122.3 (d, JC-F = 4.2 Hz), 117.3, 112.5, 54.1, 

37.7, 27.5, 22.5, 13.9. 

HRMS: calcd. for C16H18FN2O4 [M+H]+ 321.1245; found 321.1339. 
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Compound 21: Dry pyridine (11.0 mL, 136 mmol) was added to a suspension of compound 20 

(8.69 g, 27.1 mmol) in dry DCM (100 mL) under inert atmosphere of N2. The slurry was cooled 

to –10 ˚C in an ice/NaCl-batch, and trifluoromethanesulfonic anhydride (Tf2O, 6.8 mL, 40.4 

mmol) was added dropwise under stirring. The resulting mixture was stirred at –10 ˚C for 2 h, 

after which complete conversion of the starting material was observed by TLC. Then the cold 

reaction mixture was poured into saturated aqueous NH4Cl. The product was extracted with 

DCM, washed with 0.1 M aqueous HCl and once with saturated aqueous NH4Cl, dried over 

MgSO4 and concentrated under reduced pressure, obtaining 11.95 g (97%) of compound 21 as 

a white-gray solid. 

1H NMR: 1H NMR (300 MHz, CDCl3) δ 8.99 (dd, J = 9.4, 6.8 Hz, 1H), 8.16 (s, 1H),7.90 (dd, 

J = 9.4, 1.8 Hz, 1H), 7.71 (d, J = 3.6 Hz, 1H), 4.10 (s, 3H), 2.54 (t, J = 7.6 Hz, 2H), 1.88 – 1.69 

(m, 2H), 1.55 – 1.33 (m, 2H), 0.99 (t, J = 7.3 Hz, 3H). 

13C NMR: (75 MHz, CDCl3) δ 172.1, 164.3, 153.4 (d, JC-F = 4.5 Hz), 149.8, 145.9 (d, JC-F = 

254.8 Hz), 139.6 (d, JC-F = 11.4 Hz), 128.7 (d, JC-F = 8.1 Hz), 124.9, 120.9, 119.2, 116.6 (d, JC-

F = 5.4 Hz), 111.8, 53.9, 37.8, 27.5, 22.5, 13.9. 

HRMS: calcd. for C17H16F4N2O6SNa [M+Na]+ 475.0557; found 475.0617. 

 

 

Compound 22: Compound 21 (4.00 g, 8.84 mmol) and KCN (3.46 g, 53.1 mmol) were 

suspended in 40 mL of dry THF under inert atmosphere of N2. The slurry was sonicated until 

the suspended particles of solid became very small. Then the solvent was evaporated leaving a 

slightly wet solid residue in the reaction flask. Dry toluene (150 mL) and Pd(PPh3)4 (817 mg, 

0.707 mmol) were added under inert atmosphere of N2. The resulting suspension was stirred at 
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100 ˚C for 7 h, after which complete conversion of the starting material was observed by NMR. 

Volatiles were evaporated under reduced pressure and the solid residue was dissolved in AcOEt, 

washed with saturated aqueous NaHCO3 and once with saturated aqueous NaCl, dried over 

MaSO4 and concentrated under reduced pressure. The crude residue was suspended in MeOH, 

filtered off, washed with more MeOH and dried under reduced pressure, obtaining 2.31 g (79%) 

of compound 22 as a pale white solid.   

1H NMR: (300 MHz, CDCl3) δ 9.05 (dd, J = 9.3, 6.8 Hz, 1H), 8.45 (s, 1H), 8.03 (dd, J = 9.3, 

1.7 Hz, 1H), 7.77 (s, 1H), 4.11 (s, 3H), 2.55 (dd, J = 8.2, 6.9 Hz, 2H), 1.78 (ddt, J = 8.5, 7.4, 

6.4 Hz, 2H), 1.53 – 1.38 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H). 

13C NMR: (75 MHz, CDCl3) δ 172.1, 164.2, 148.2, 146.0 (d, JC-F = 255.8 Hz), 137.6 (d, JC-F = 

11.2 Hz), 128.7 (d, JC-F = 8.1 Hz), 125.7, 124.5, 123.7, 120.6 (d, JC-F = 5.5 Hz), 120.1 (d, JC-F 

= 3.9 Hz), 114.8, 53.9, 37.8, 27.4, 22.5, 13.9. 

HRMS: calcd. for C17H16FN3O3Na [M+Na]+ 352.1068; found 352.1135. 

 

 

Compound 23: Pd/C (10%) (2.27 g) was added to a solution of compound 22 (3.25 g, 9.86 

mmol), di-tert-butyl dicarbonate (8.61 g, 39.4 mmol) and ammonium formate (3.73 g, 59.1 

mmol) in dry THF (190 mL), under inert atmosphere of N2. After 4 h stirring at 40 ˚C, the 

complete conversion of the starting material was observed by TLC. The reaction mixture was 

filtered through Celite® using DCM to completely wash out the product from the filter. The 

crude product was concentrated under reduced pressure and purified by flash chromatography 

(SiO2) using acetone/DCM as eluent (from 5% to 10% acetone) to give 3.32 g (78%) of 

compound 23 as a white solid. 

1H NMR: (300 MHz, CDCl3) δ 8.80 (dd, J = 9.4, 7.1 Hz, 1H), 8.12 (s, 1H), 7.81 (dd, J = 9.4, 

1.7 Hz, 1H), 7.68 (d, J = 3.4 Hz, 1H), 5.07 (s, 1H), 4.85 (d, J = 6.2 Hz, 2H), 4.07 (s, 3H), 2.52 

(t, J = 7.6 Hz, 2H), 1.85 – 1.69 (m, 2H), 1.48 (s, 9H), 1.43 (m, 2H), 0.98 (t, J = 7.3 Hz, 3H). 

13C NMR: (75 MHz, CDCl3) δ 172.1, 165.8, 155.9, 148.5, 146.6 (d, JC-F = 253.5 Hz), 146.3, 

137.7 (d, JC-F = 10.1 Hz), 126.8 (d, JC-F = 8.2 Hz), 124.6, 123.3, 118.5 (d, JC-F = 4.9 Hz), 118.4, 

80.6, 53.5, 41.6, 37.7, 28.5, 27.5, 22.5, 14.0. 
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HRMS: calcd. for C22H29FN3O5 [M+H]+ 434.2086; found 434.2147. 

 

Compound 25: Concentrated sulfuric acid (1.65 mL, 30.9 mmol) was added to a suspension of 

compound 23 (5.15 g, 11.9 mmol) in 110 mL of MeOH at room temperature under stirring. The 

mixture was refluxed for 16 h, during which time it turned from a white slurry to a red solution. 

The crude mixture was left to cool down to room temperature observing the formation of a red 

precipitate. The complete precipitation was forced by adding some Et2O and the supernatant 

was separated by decantation. The precipitate was washed twice with more Et2O, separating the 

supernatant by decantation, and dried under reduced pressure to obtain compound 24 as a red 

solid. Then di-tert-butyl decarbonate (2.65 g, 12.1 mmol), NaHCO3 (2.00 g, 23.8 mmol) and 

75 mL of dry DMF were added under inert atmosphere of N2. The resulting solution was stirred 

at room temperature for 26 h, after which complete conversion of the starting material was 

observed by NMR. The mixture was diluted with AcOEt, washed several times with saturated 

aqueous NaHCO3 to completely remove the DMF, dried over MgSO4 and concentrated under 

reduced pressure, to obtain 4.11 g (99%) of compound 25 as a yellow solid. 

1H NMR: (300 MHz, DMSO-d6) δ 7.78 (d, J = 9.1 Hz, 1H), 7.70 (s, 1H), 7.62 (t, J = 6.1 Hz, 

1H), 7.32 (dd, J = 9.1, 8.1 Hz, 1H), 5.94 (s, 2H), 4.58 (d, J = 6.0 Hz, 2H), 3.93 (s, 3H), 1.42 (s, 

9H). 

13C NMR: (126 MHz, DMSO-d6) δ 165.7, 155.9, 147.2, 146.9, 142.2 (d, JC-F = 242.8 Hz), 138.3 

(d, JC-F = 8.3 Hz), 136.5 (d, JC-F = 10.9 Hz), 121.7 (d, JC-F = 5.3 Hz), 119.2 (d, JC-F = 4.1 Hz), 

119.1, 114.4, 78.3, 52.5, 40.5, 28.2. 

HRMS: calcd. for C17H21FN3O4 [M+H]+ 350.1511; found 350.1583. 
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Compound 26: A suspension of compound 25 (4.11 g, 11.8 mmol) in 350 mL of water/1,4-

dioxane (3:4, v/v) was cooled down to 0 ˚C in an ice-bath. Then a solution of 9-

fluorenylmethoxycarbonyl chloride (Fmoc-Cl, 4.57 g, 17.6 mmol) in 50 mL of dioxane was 

added dropwise under stirring, during approximately 1 h. The reaction mixture was stirred at 0 

˚C for 2 h and then at room temperature for 5 h, after which some more Fmoc-Cl (1.52 g, 5.88 

mmol) dissolved in 10 mL of dioxane was added dropwise under stirring. After 16 h stirring at 

room temperature, again some more Fmoc-Cl (1.52 g, 5.88 mmol) dissolved in 10 mL of 

dioxane was added dropwise under stirring. 1 h later the complete conversion of the starting 

material was finally observed by NMR. The reaction mixture was diluted with DCM, washed 

with water, dried over MgSO4 and concentrated under reduced pressure. The crude product was 

purified by flash chromatography (SiO2) using acetone/DCM as eluent (from 0% to 10% 

acetone) to give 5.74 g (85%) of compound 26 as a white solid.  

1H NMR: (300 MHz, CDCl3) δ 8.53 (s, 1H), 8.12 (s, 1H), 7.84 (s, 1H), 7.80 (dd, J = 7.4, 1.0 

Hz, 2H), 7.65 (dd, J = 7.3, 1.0 Hz, 2H), 7.44 (tdd, J = 7.5, 1.2, 0.6 Hz, 2H), 7.35 (td, J = 7.4, 

1.3 Hz, 2H), 7.27 (s, 1H), 5.04 (s, 1H), 4.85 (d, J = 6.2 Hz, 2H), 4.63 (d, J = 6.6 Hz, 2H), 4.33 

(t, J = 6.6 Hz, 1H), 4.08 (s, 3H), 1.50 (s, 9H). 

13C NMR: (75 MHz, CDCl3) δ 165.8, 155.9, 153.1, 148.7, 146.4 (d, JC-F = 253.9 Hz), 146.3 (d, 

JC-F = 2.3 Hz), 143.6, 141.5, 137.8 (d, JC-F = 9.5 Hz), 128.1, 127.4, 126.6 (d, JC-F = 8.5 Hz), 

125.1, 124.3, 122.0, 120.3, 118.7 (d, JC-F = 4.5 Hz), 118.3, 80.6, 67.8, 53.4, 47.1, 41.6, 28.5. 

HRMS: calcd. for C32H31FN3O6 [M+H]+ 572.2191; found 572.2229. 

 

 

Compound 27: LiI beads (778 mg, 5.82 mmol) were added to a solution of compound 26 (1.11 

g, 1.94 mmol) in degassed AcOEt (110 mL, degassed by freeze-thaw). The solution was 

protected from light and heated to reflux temperature under inert atmosphere of N2. After 

stirring at reflux temperature for 19 h, the mixture was cooled down to room temperature, 

washed with 5% aqueous Na2S2O3 and 2% aqueous citric acid, dried over MgSO4 and 

concentrated under reduced pressure, washed twice with Et2O and dried in vacuo, to obtain 891 

mg (82%) of compound 27 as a white solid.  
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1H NMR (500 MHz, DMSO-d6) δ 13.55 (s, 1H), 10.04 (s, 1H), 8.03 (s, 1H), 7.99 (d, J = 7.4 Hz, 

2H), 7.92 (d, J = 7.6 Hz, 2H), 7.80 (d, J = 7.5 Hz, 2H), 7.70 (t, J = 6.1 Hz, 1H), 7.44 (t, J = 7.4 

Hz, 2H), 7.36 (t, J = 7.4 Hz, 2H), 4.68 (d, J = 6.0 Hz, 2H), 4.51 (d, J = 6.9 Hz, 2H), 4.35 (t, J = 

6.9 Hz, 1H), 1.43 (s, 9H). 

13C NMR: (75 MHz, DMSO-d6) δ 166.2, 155.9, 153.8, 148.9, 148.3 (d, JC-F = 256.5 Hz), 147.3, 

143.7, 140.8, 137.5 (d, JC-F = 9.1 Hz), 127.7, 127.1, 125.8 (d, JC-F = 9.8 Hz), 125.3, 124.9, 124.5, 

120.2, 118.8 (d, JC-F = 4.8 Hz), 117.9, 78.4, 66.4, 46.6, 40.6, 28.2. 

HRMS: calcd. for C31H29FN3O6 [M+H]+ 558.2035; found 558.2076. 

3 NMR structure elucidation of 2 in water 

Two dimensional NMR spectra were recorded on a Avance III HD 500 MHz Bruker BioSpin 

spectrometer equipped with a broad band observe 5-mm BB-H&FD CryProbeTM Prodigy. 

2D NOESY was recorded with a phase-sensitive pulse sequence with water suppression 

employing an excitation sculpting element from the Bruker pulse program library 

(noesyesfpgpphrs). Data acquisition was performed with 1K (F2) x 512 (F1) data points and a 

mixing time of 0.5 s. The recycling delay was 1.5 s and 16 transients per increment were applied 

at a sweep width of 8 kHz in both dimensions resulting in an acquisition time of 0.1204 s. The 

special acquisition parameters regarding the water suppression element of the pulse sequence 

were adopted from the optimized parameter set of the respective one-dimensional experiment. 

A 90° shifted sinesquare multiplication, an exponential window of 1.0 Hz as well as a gaussian 

window of 1 Hz in both dimensions prior to FT was applied. 

2D COSY was recorded using with water suppression using watergate W5 pulse sequence with 

gradients (cosygpphppw5) from the Bruker pulse program library. Data acquisition was 

performed with 2048 (F2) x 256 (F1) data points in States-TPPI mode. The recycling delay was 

1.0 s and 128 transients per increment were applied at a sweep width of 8 kHz in both 

dimensions resulting in an acquisition time of 0.1204 s. The TOCSY mixing time was set to 80 

ms. Special acquisition parameters regarding the water suppression element of the pulse 

sequence were adopted from the optimized parameter set of a respective one-dimensional 

experiment with a watergate W5 pulse sequence. A 90° shifted sinesquare multiplication was 

applied in both dimensions prior to FT. 

2D TOCSY was recorded with a phase-sensitive pulse sequence using composite pulse scheme 

MLEV with water suppression employing an excitation sculpting element (mlevesgpph) from 
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the Bruker pulse program library. Data acquisition was performed with 2048 (F2) x 256 (F1) 

data points in States-TPPI mode. The recycling delay was 2.0 s and 8 transients per increment 

were applied at a sweep width of 8 kHz in both dimensions resulting in an acquisition time of 

0.1283 s. The TOCSY mixing time was set to 80 ms. Special acquisition parameters regarding 

the water suppression element of the pulse sequence were adopted from the optimized 

parameter set of the respective one-dimensional experiment. A 90° shifted sinesquare 

multiplication was applied in both dimensions prior to FT. 

1H-13C HSQC and 1H-13C HMBC spectra were recorded using standard pulse sequences from 

the Bruker pulse program library applying standard processing parameters. 

  



Supplementary Information 

57 
 

a) 

 

b) 

 

Figure S 10.  a) Numbering of the units of compound 2 used in NMR assignment. b) 

Representative numbering of the carbon atoms in Q- and QH-units 
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Table S1. Assignment of the 1H chemical shifts of compound 2 in H2O/D2O (9:1, v/v) at 25 °C 

(500 MHz). 

Monomer Atom 1H (ppm) Monomer Atom 1H (ppm) 

 H3 7.09  H3 7.50 

 H5 7.38  H5 7.84 

Q1 H6 7.49 QH8 H6 8.21 

 H7 7.21  H8 6.36 

 NH 9.26  NH 9.00 

 AcNH 1.25    

 H3 8.05  H3 8.01 

 H5 7.12  H5 8.24 

Q2 H6 6.95 QH9 H6 8.72 

 H7 7.68  H8 7.92 

 NH 11.94  NH 9.74 

 H3 6.82  H3 7.70 

 H5 6.97  H5 8.21 

Q3 H6 6.59 QH10 H6 8.53 

 H7 7.55  H8 7.63 

 NH 11.90  NH 10.52 

 H3 7.90  H3 6.89 

 H5 7.48  H5 7.81 

QH4 H6 7.21 QH11 H6 7.74 

 H8 7.26  H8 6.47 

 NH 10.09  NH 9.37 

 H3 8.03  H3 7.51 

 H5 8.04  H5 6.69 

QH5 H6 8.38 Q12 H6 6.69 

 H8 8.09  H7 6.92 

 NH 9.71  NH 11.48 

 H3 8.21  H3 7.05 

 H5 8.04  H5 6.39 

QH6 H6 8.38 Q13 H6 6.53 

 H8 8.09  H7 8.73 

 NH 10.58  NH 12.08 

 H3 7.95  H3 6.83 

 H5 7.82  H5 7.48 

QH7 H6 8.58 Q14 H6 7.37 

 H8 6.73  H7 7.57 

 NH 9.99  NH 11.36 
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Figure S11. 1H-1H NOESY spectrum of 2 (0.5 mM, 500 MHz, H2O/D2O (9:1, v/v), 25 °C, 0.5 

s mixing time). 

 

Figure S12. 1H-1H COSY spectrum of 2 (0.5 mM, 500 MHz, H2O/D2O (9:1, v/v), 25 °C). 
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Figure S13. 1H-1H TOSY spectrum of 2 (0.5 mM, 500 MHz, H2O/D2O (9:1, v/v), 25 °C). 

 

Figure S14. 1H-13C HSQC spectrum of 2 (0.5 mM, 500 MHz, H2O/D2O (9:1, v/v), 25 °C). 
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Figure S15. 1H-13C HMBC spectrum of 2 (0.5 mM, 500 MHz, H2O/D2O (9:1, v/v), 25 °C). 
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4 Spectra and chromatograms of new compounds 

a)                                                                           b) 

 

c)  

 

 

d) 

 

Figure S16. Analytical data of compound 1. HPLC chromatograms (a) after cleavage from the 

resin (C18, 5 to 60 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 5 to 60 B% 

over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) Chemical structure 

of compound 1. (d) 1H NMR spectrum (500 MHz, DMSO-d6, 25 °C). 
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a)                                                                           b) 

 

c) 

 

 

 

d) 

  

Figure S17. Analytical data of compound 2. HPLC chromatograms (a) after cleavage from the 

resin (C18, 5 to 70 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 10 to 40 B% 

over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) Chemical structure 

of compound 2. (d) 1H NMR spectrum with water suppression (500 MHz, H2O/D2O = (9:1, v/v), 

25 °C). 
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a)                                                                           b) 

 

c) 

 

 

 

d) 

  

Figure S18. Analytical data of compound 3. HPLC chromatograms (a) after cleavage from the 

resin (C18, 5 to 60 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 5 to 60 B% 

over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) Chemical structure 

of compound 3. (d) 1H NMR spectrum with water suppression (500 MHz, H2O/D2O (9:1, v/v), 

25 °C). 
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a)                                                                          b) 

 

c) 

 

 

 

d) 

 

Figure S19. Analytical data of compound 4. HPLC chromatograms (a) after cleavage from the 

resin (C18, 5 to 100 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 5 to 100 B% 

over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) Chemical structure 

of compound 4. (d) 1H NMR spectrum with water suppression (500 MHz, H2O/D2O (9:1, v/v), 

25 °C). 
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a)                                                                        b) 

 

c)  

 

 

 

d) 

  

Figure S20. Analytical data of compound 5. HPLC chromatograms (a) after cleavage from the 

resin (C18, 5 to 40 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 5 to 40B% 

over 10 min, λ = 300 nm; A: 0.1% TFA water, B: 0.1% TFA acetonitrile). (c) Chemical structure 

of compound 5. (d) 1H NMR spectrum with water suppression (500 MHz, H2O/D2O (9:1, v/v), 

25 °C). 
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Figure S21. NMR spectra of compound 6: 1H NMR (500 MHz, DMSO-d6) and 13C NMR (126 

MHz, DMSO-d6). 
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Figure S22. NMR spectra of compound 7: 1H NMR (500 MHz, DMSO-d6) and 13C NMR (126 

MHz, DMSO-d6). 

 



Supplementary Information 

69 
 

 
 

 

Figure S23. NMR spectra of compound 9: 1H NMR (500 MHz, DMSO-d6) and 13C NMR (126 

MHz, DMSO-d6). 
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Figure S24. NMR spectra of compound 10: 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S25. NMR spectra of compound 11: 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S26. NMR spectra of compound 12: 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S27. NMR spectra of compound 13: 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S28. NMR spectra of compound 14: 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S29. NMR spectra of compound 16: 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S30. NMR spectra of compound 17: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S31. NMR spectra of compound 18: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S32. NMR spectra of compound 19: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S33. NMR spectra of compound 20: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S34. NMR spectra of compound 21: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S35. NMR spectra of compound 22: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S36. NMR spectra of compound 23: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S37. NMR spectra of compound 25: 1H NMR (300 MHz, DMSO-d6) and 13C NMR (75 

MHz, DMSO-d6). 
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Figure S38. NMR spectra of compound 26: 1H NMR (300 MHz, CDCl3) and 13C NMR (75 

MHz, CDCl3). 
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Figure S39. NMR spectra of compound 27: 1H NMR (500 MHz, DMSO-d6) and 13C NMR (75 

MHz, DMSO-d6). 
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5 Endothermic molecular recognition within helical 

aromatic oligoamide capsules in water 

The rational design (Figure 14a) of a helical-folded aromatic oligoamide sequence for high-

selectivity monosaccharide encapsulation in a non-polar organic solvent has been accomplished 

(Figure 14c).11 Further binding research has been attempted in a polar organic solvent with 

hydrophilic guests (Figure 14d).10 But the affinity completely disappeared when the higher 

polarity solvent was added, not to mention the more challenging work of encapsulating water-

soluble guests in water, which needs to resist a strong solvation effect. In order to achieve this 

objective, a series of novel helical folded capsules were synthesized with different cavity sizes 

facilitating the shape complementary. The folded capsule structures have been described in the 

previous chapter. According to the cavity properties with hydrophobic –CH groups from 

quinoline rings and hydrophilic endocyclic nitrogen and amide groups, several amphiphilic 

guests were performed to determine binding affinities.  

In comparison to energy-minimized models, the cap of helices containing only the Q3 caps and 

QH cavity segments was not centered. Monomers F and H (Figure 14b) were synthesized to 

extend the diameter for larger guests and optimize curvature to alter the location of caps. 

Utilizing the same side chain introduction protocol and selective saponification of one side ester 

group, the building block H with a large diameter was produced. The conformational bias is 

driven by the hydrogen bond between hydrazine and the methoxy group and the electron 

repulsion between endocyclic nitrogen and carboxylic acid oxygen. The relatively small F 

monomer can serve as a smooth transition between the narrow helical Q and the cavity building 

block QH, so modifying the overall shape of capsules and relocating the position of the cap. 

With the short and charged aminomethyl side chain, whole sequences could be well soluble in 

water and construct capsule structures. The NMR, ITC, computational results, and solid-state 

study were demonstrated in the following manuscript, which was submitted in Chemical 

Science. Several amphiphilic water-soluble guests showed strong binding affinity in water, 

which is considered challenging work. A unique endothermic binding process was discovered 

that was solely driven by releasing highly ordered water molecules to gain entropy. 

Conclusively, these cavities showed the possibility of binding highly solvated substrates in 

water and customization of the foldamer capsule shape for targeting distinct molecules. 

 



 

88 
 

 

Figure 14. a) Representation of the rational design to optimize the binding cavity by replacing 

the sequence component facilitating shape complementary. The guest is depicted in grey and 

the different sequence components with various shapes are colored in different colors. b) 

Structure of synthesized building blocks. c) Crystal structure of a rationally designed foldamer 

containing the β-D-fructopyranose, allowing for high binding affinity and selectivity. d) Crystal 

structure of a foldamer with the citric acid in the polar organic solvent. Side chains have been 

omitted for clarity. 

 

Contribution: I conceived the ideas for this project in collaboration with I. Huc. Synthetic 

routes and conditions for H and F monomers were developed by me with suggestions from Y. 

Ferrand. Oligomer synthesis and analysis were done by me. Energy minimized model and host-

guest titration were done by me. L. Allmendinger was involved in the design and execution of 

NMR experiments. The automated solid phase synthesis was done in collaboration with C. 

Douat. The manuscript was written by me in collaboration with I. Huc. 
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1 Supplementary figures 

 

 

Scheme S1. Synthesis of H monomer 15: a) K2CO3, MeI, DMF; b) Fe, CH3COOH, MeOH, 

65 °C; c) dimethyl acetylenedicarboxylate, MeOH, reflux; d) PhOPh, reflux; e) POCl3, DMF; 

f) KF3BCH2NHBoc, Pd(OAc)2, SPhos, K2CO3, toluene, H2O, 85 °C g) NaOH, DCM, MeOH, 

0 °C to rt.; h) NH2NH2, MeOH; i) Fmoc-Cl, dioxane, H2O, 0 oC. 

 

 

Scheme S2. Synthesis of F monomer 16: Fmoc-Cl, NaHCO3, dioxane, H2O, 0 oC to r.t.. 
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Figure S40. Chemical structural formula of double helix capsule crystal 6. 
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NMR titration spectra and plots 

 

Figure S41. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 1 (0.5 

mM) titrated with 4-pyridinemethanol. b) Plots showing chemical shift changes of 3 different 

amide protons upon addition of 4-pyridinemethanol. Red trace represents curve fitting using a 

1:2 host−guest binding model. The limiting chemical shifts for the selected protons are 9.48 

ppm, 9.71 ppm, and 10.44 ppm, respectively. The final constant value is an average of the three 

fit curve calculation. 
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Figure S42. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 2 (0.5 

mM) titrated with 3-pyridinemethanol. b) Plots showing chemical shift changes of 3 different 

amide protons upon addition of 3-pyridinemethanol. Red trace represents curve fitting using a 

1:1 host−guest binding model. The limiting chemical shifts for the selected protons are 10.76 

ppm, 10.00 ppm, and 10.47 ppm, respectively. The final constant value is an average of the 

three fit curve calculation. 
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Figure S43. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 2 (0.5 

mM) titrated with 2-pyridinemethanol. b) Plots showing chemical shift changes of 3 different 

amide protons upon addition of 2-pyridinemethanol. Red trace represents curve fitting using a 

1:1 host−guest binding model. The limiting chemical shifts for the selected protons are 10.76 

ppm, 9.63 ppm, and 10.47 ppm, respectively. The final constant value is an average of the three 

fit curve calculation. 
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Figure S44. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 2 (0.5 

mM) titrated with (R)-(+)-α-methyl-4-pyridinemethanol. b) Plots showing chemical shift 

changes of 3 different amide protons upon addition of (R)-(+)-α-methyl-4-pyridinemethanol. 

Red trace represents curve fitting using a 1:1 host−guest binding model. The limiting chemical 

shifts for the selected protons are 10.80 ppm, 10.02 ppm, and 9.65 ppm, respectively. The final 

constant value is an average of the three fit curve calculation. 
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Figure S45. a) 1H NMR spectra (500 MHz, 15 mM acetic acid buffer (pH = 4.0)/D2O 90:10 

(v/v), 25 °C) of oligomer 1 (0.5 mM) titrated with pentafluorophenol. b) Plots showing chemical 

shift changes of 3 different amide protons upon addition of pentafluorophenol. Red trace 

represents curve fitting using a 1:1 host−guest binding model. The limiting chemical shifts for 

the selected protons are 11.22 ppm, 12.47 ppm, and 9.53 ppm, respectively. The final constant 

value is an average of the three fit curve calculation. 



 

107 
 

 

Figure S46. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 3 (0.45 

mM) titrated with 5-hydroxymethyl-2-methylpyridine. b) Plots showing chemical shift changes 

of 3 different amide protons upon addition of 5-hydroxymethyl-2-methylpyridine. Red trace 

represents curve fitting using a 1:2 host−guest binding model. The limiting chemical shifts for 

the selected protons are 10.76 ppm, 10.19 ppm, and 9.20 ppm, respectively. The final constant 

value is an average of the three fit curve calculation. 
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Figure S47. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 3 (0.5 

mM) titrated with (5-ethylpyridin-2-yl) methanol. b) Plots showing chemical shift changes of 

3 different amide protons upon addition of (5-ethylpyridin-2-yl) methanol. Red trace represents 

curve fitting using a 1:2 host−guest binding model. The limiting chemical shifts for the selected 

protons are 10.17 ppm, 9.93 ppm, and 9.67 ppm, respectively. The final constant value is an 

average of the three fit curve calculation. 
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Figure S48. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 3 (0.5 

mM) titrated with (5-ethylpyridin-2-yl) methanol. b) Plots showing chemical shift changes of 

3 different amide protons upon addition of (5-ethylpyridin-2-yl) methanol. Red trace represents 

curve fitting using a 1:2 host−guest binding model. The limiting chemical shifts for the selected 

protons are 10.09 ppm, 9.23 ppm, and 10.71 ppm, respectively. The final constant value is an 

average of the three fit curve calculation. 
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Figure S49. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 4 (0.5 

mM) titrated with 4,4′-dimethyl-2,2′-dipyridyl. b) Plots showing chemical shift changes of 3 

different amide protons upon addition of 4,4′-dimethyl-2,2′-dipyridyl. Red trace represents 

curve fitting using a 1:2 host−guest binding model. The limiting chemical shifts for the selected 

protons are 10.55 ppm, 9.46 ppm, and 6.69 ppm, respectively. The final constant value is an 

average of the three fit curve calculation. 



 

111 
 

 

Figure S50. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 4 (0.5 

mM) titrated with [2,2'-bipyridine]-4,4'-diyldimethanol. b) Plots showing chemical shift 

changes of 3 different amide protons upon addition of [2,2'-bipyridine]-4,4'-diyldimethanol. 

Red trace represents curve fitting using a 1:2 host−guest binding model. The limiting chemical 

shifts for the selected protons are 7.06 ppm, 9.10 ppm, and 10.53 ppm, respectively. The final 

constant value is an average of the three fit curve calculation. 
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Figure S51. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 4 (0.5 

mM) titrated with [2,2'-bipyridine]-5,5'-diyldimethanol. b) Plots showing chemical shift 

changes of 3 different amide protons upon addition of [2,2'-bipyridine]-5,5'-diyldimethanol. 

Red trace represents curve fitting using a 1:2 host−guest binding model. The limiting chemical 

shifts for the selected protons are 9.046 ppm, 6.297 ppm, and 7.043 ppm, respectively. The final 

constant value is an average of the three fit curve calculation. 
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Figure S52. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 5 (0.44 

mM) titrated with pyridine-2,5-diyldimethanol. b) Plots showing chemical shift changes of 3 

different amide protons upon addition of pyridine-2,5-diyldimethanol. Red trace represents 

curve fitting using a 1:1 host−guest binding model. The limiting chemical shifts for the selected 

protons are 10.81 ppm, 9.95 ppm, and 9.08 ppm, respectively. The final constant value is an 

average of the three fit curve calculation. 
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Figure S53. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 5 (0.5 

mM) titrated with 6-methylpyridine-3-carboxamide. b) Plots showing chemical shift changes 

of 3 different amide protons upon addition of 6-methylpyridine-3-carboxamide. Red trace 

represents curve fitting using a 1:1 host−guest binding model. The limiting chemical shifts for 

the selected protons are 10.79 ppm, 9.94 ppm, and 9.80 ppm, respectively. The final constant 

value is an average of the three fit curve calculation. 
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Figure S54. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 5 (0.33 

mM) titrated with N,N-diethylisonicotinamide. b) Plots showing chemical shift changes of 3 

different amide protons upon addition of N,N-diethylisonicotinamide. Red trace represents 

curve fitting using a 1:1 host−guest binding model. The limiting chemical shifts for the selected 

protons are 9.92 ppm, 10.24 ppm, and 9.71 ppm, respectively. The final constant value is an 

average of the three fit curve calculation. 
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Figure S55. a) 1H NMR spectra (500 MHz, H2O/D2O 90:10 (v/v), 25 °C) of oligomer 5 (0.25 

mM) titrated with cis-3,6-bis(2-hydroxyethyl)piperazine-2,5-dione. The two proton signals that 

became broad are pointed out by black circle. b) Plots showing chemical shift changes of 3 

different amide protons upon addition of cis-3,6-bis(2-hydroxyethyl)piperazine-2,5-dione. Red 

trace represents curve fitting using a 1:1 host−guest binding model. The limiting chemical shifts 

for the selected protons are 9.82 ppm, 9.97 ppm, and 10.00 ppm, respectively. The final constant 

value is an average of the three fit curve calculation. 
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Figure S56.  Host-guest complex in gas phase. ESI-MS spectrum of oligomer 3 and 5-

hydroxymethyl-2-methylpyridine complex (direct infusion of an aqueous sample). Peaks 

corresponding to free 3, guest ⊂ 3 and 2 guests ⊂ 3 are highlighted in red, blue and yellow, 

respectively. 

 

 

Figure S57. Computational modeling of the complex between oligomer 3 and different 

guests in 1:1 binding model. a) 5-hydroxymethyl-2-methylpyridine; b) (5-ethylpyridin-2-

yl)methanol; c) pyridine-2,5-diyldimethanol, respectively. The energy minimized models 

(MacroModel, MMFFs) of 1:1 host−guest binding models indicate that (5-ethylpyridin-2-

yl)methanol and pyridine-2,5-diyldimethanol can occupy more cavity space (red circle). Side 

chains have been omitted for clarity. 
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Figure S58. Computational modeling of the complex between oligomer 3 and different 

guests in 1:2 binding models. a) 5-hydroxymethyl-2-methylpyridine; b) (5-ethylpyridin-2-

yl)methanol; c) pyridine-2,5-diyldimethanol, respectively. Two (5-ethylpyridin-2-yl)methanol 

push the cap segment and slightly open the capsule (red circle), according to the energy-

minimized models (MacroModel, MMFFs) of 1:2 host-guest binding models. And binding two 

pyridine-2,5-diyldimethanol would slightly bend the central helical turn and increase distance 

(red arrow). Side chains have been omitted for clarity. 

 

 

 

Figure S 59.  Computational modeling of the complex between oligomer 3 and 6-

(trifluoromethyl)pyridine-3-methanol. a) front view and b) side view of energy minimized 

models (Maestro MacroModel, MMFFs) of 1:2 host−guest binding model indicate two 6-

(trifluoromethyl)pyridine-3-methanol can’t fit inside the cavity and destroy the helical structure. 

Side chains have been omitted for clarity. 

  



 

119 
 

 

Figure S60. Different temperature isothermal microcalorimetric profile of the titration. 

ITC data for the titration of compound 1 with 4-pyridinemethanol at a) 25 °C and b) 40 °C in 

H2O. The solid blue line represents the best-fitting curve obtained assuming a 1:2 host−guest 

sequential binding model. 

 

 

Figure S61. Isothermal microcalorimetric profile of the titration. Oligomer 5 (0.5 mM) 

titrated with cis-3,6-bis(2-hydroxyethyl)piperazine-2,5-dione at 25 °C. a) calorimetric trace 

subtracted by blank; b) The blue solid line represents the best-fitting curve obtained from a 

model assuming 1:1 stoichiometry. 
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2 Materials and Methods 

 

Figure S62. Fmoc-acid building blocks used in this study. Fmoc-QDap(Boc)-OH1, Fmoc-

QAla-OH2 and Fmoc-QH(Boc)-OH1 have been previously described. For a detailed procedure to 

Fmoc-H(Boc)-OH and Fmoc-F-OH, see section 2.3. 

 

2.1 General 

General. Commercial reagents (Suppliers: Abcr, Fisher Scientific, Merck, Sigma-Aldrich, TCI, 

BLDpharm or VWR) were used without further purification unless otherwise stated. Wang 

resin LL (100–200 mesh) was purchased from Sigma-Aldrich. Cl-MPA protide resin was 

purchased from CEM. Peptide grade N,N-dimethylformamide (DMF) was purchased from 

Carlo Erba. Anhydrous chloroform, triethylamine (TEA) and N,N-diisopropylethylamine 

(DIEA) were obtained via distillation over CaH2 prior to use. Anhydrous tetrahydrofuran (THF) 

and dichloromethane (DCM) were obtained via an MBRAUN SPS-800 solvent purification 

system. Ultrapure water was obtained via a Sartorius arium® pro VF ultrapure water system. 

Reactions were monitored by thin layer chromatography (TLC) on Merck silica gel 60-F254 

plates and observed under UV light. Column chromatography purifications were carried out on 

Merck GEDURAN Si60 (40–63 µm). Nuclear magnetic resonance (NMR) spectra were 

recorded on an Avance III HD 400 MHz Bruker BioSpin spectrometer or an Avance III HD 

500 MHz Bruker BioSpin spectrometer equipped with a broad band observe 5-mm BB-H&FD 

CryoProbeTM Prodigy. Measurements were performed at 25 °C unless stated otherwise. Water 

suppression was performed with excitation sculpting method. Processing was done with 

MestReNova (v.12.0.0-20080) NMR processing software from Mestrelab Research. Chemical 
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shifts are reported in ppm and calibrated via residual solvent signals or 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP) when water suppression was 

applied. Signal multiplicities are abbreviated as s, singlet; d, doublet; t, triplet; q, quartet, and 

m, multiplet. Signals were assigned using 1H-13C HMQC and 1H-13C HMBC spectra. 

Electrospray ionization (ESI) mass spectra were recorded on Bruker microTOF II and Thermo 

Finnigan LTQ FT Ultra spectrometers. Electron ionization (EI) mass spectra were recorded on 

a Thermo Q Exactive GC Orbitrap or a Finnigan MAT 95 sector mass spectrometer. Analytical 

and semi-preparative reversed phase high performance liquid chromatography (RP-HPLC) was 

performed on a Thermo Fisher Scientific Ultimate 3000 HPLC System using Macherey-Nagel 

Nucleodur C18 Gravity columns (4 × 100 mm, 5 µm and 10 × 250 mm, 5 µm) and Macherey-

Nagel Nucleodur C8 Gravity columns (4 × 50 mm, 5 µm and 10 × 100 mm, 5 µm) with different 

gradients of 0.1% TFA water and 0.1% TFA acetonitrile. All ultraviolet–visible (UV/Vis) 

absorbance measurements were done with a Jasco V-750 spectrophotometer instrument using 

a 1 cm quartz cuvette. Measurements were performed at 20 °C if not stated otherwise. 

Microwave-assisted solid phase foldamer synthesis (SPFS) was performed via a CEM® 

Discover Bio manual microwave peptide synthesizer. The temperature within the reactor vessel 

was monitored with an optical fiber probe. Automated SPFS was done on a PurePep® Chorus 

synthesizer (Gyros Protein Technologies) by applying an induction heating. 

 

2.2 1H NMR investigations for host-guest interactions 

1H NMR Titrations in water were performed at 25 ˚C on a Bruker 500 MHz system with a 

cryoprobe. Aliquots from a stock solution containing the appropriate guests were added 

sequentially to an NMR tube containing the solution of corresponding oligomers. The 1H NMR 

spectrum of the solution was acquired after each addition. The resulting NMR titration spectra 

were stacked by MestReNova software. Three protons’ chemical shift upon guests binding and 

was used to determine the binding constant Ka. The resulting titration isotherms were fitted to 

a 1:1 or 1:2 host-guest binding model using HypNMR2008. The fitting data were plotted using 

OriginLab (v2018) software. 
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2.3 Isothermal titration calorimetry (ITC) titration 

Isothermal titration calorimetry (ITC) titrations were performed by PEAQ-ITC 

microcalorimeter from Malvern at 25 ˚C. A Hastelloy cell was used with an active cell volume 

of 300 μL. The stirring speed was set at 750 rpm. Host and guest solutions were prepared in 

Milli-Q water using the Sartorius arium® pro VF ultrapure water system and allowed to 

equilibrate overnight if necessary. The hosts placed in the titration cell, and the guests were 

loaded into the titration syringe. In each titration experiment, 25 injections were performed with 

gradually decreased titration peaks. The heat of dilution was measured by titrating the guests 

into a blank solution. After subtracting the heat of dilution, the resulting data were analyzed 

with PEAQ-ITC software using a 1:1 host-guest binding model or 1:2 sequential binding model.  

 

2.4 Octanol-water partition coefficient (P) determination 

Octanol−water partition coefficient (log P) values were determined for guests that were used 

for host-guest interactions experiments. Each guest was dissolved in an octanol−water system 

and allowed to equilibrate (shaking overnight), and then both fractions were analyzed by UV 

spectroscopy or high-performance liquid chromatography. log P was calculated as log[ratio of 

the concentration in the octanol phase to the concentration in the aqueous phase]. 

2.5 Solid phase synthesis procedures 

Oligomers were synthesized according to previously reported SPFS protocols,3 hereafter 

referred to as manual synthesis method. The automated synthesis protocol has been reported in 

previous work.4 

Final acetylation of the N-terminal aromatic amine: H2N-(Q)n-Wang resin and DIEA (6.0 

equiv.) were suspended in anhydrous THF (1.25 mL) then acetyl chloride (4.0 equiv.) in 

anhydrous THF (1.25 mL) was added. The reaction vessel was then placed under microwave 

irradiation (25 W, ramp to 50 °C over 5 min, then hold at 50 °C for 15 min). The resin was 

filtered off and washed with anhydrous THF (2 x 3 mL). The coupling step was repeated twice 

using the same conditions. The resin was finally intensively washed with DCM, dried by passing 

N2 flow through it before to be submitted to TFA cleavage 
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Resin cleavage: The resin-bound foldamer was placed in a syringe equipped with a filter and 

was then suspended in a solution of TFA/iPr3SiH/H2O (95:2.5:2.5, v/v/v). The resin was next 

gently shaken for at least 2 h at room temperature before to be was filtered off and rinsed one 

time with TFA cleavage coktail. The foldamer was precipitated from the TFA cleavage solution 

by adding cold Et2O and centrifugation to obtain the crude precipitate.  

 

 

Oligomer 1: The synthesis of this oligomer has already been published previously.1 

 

 

Oligomer 2: The synthesis of this oligomer has already been published previously.5 

 

 

Oligomer 3: The synthesis of this oligomer has already been published previously.1 
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Oligomer 4: The synthesis of this oligomer has already been published previously.1 

 

 

Oligomer 5: Oligomer 5 was synthesized starting from Cl-MPA-Protide resin (0.17 mmol g−1, 

24 µmol scale) according to the automated synthesis method. Loading of the first monomer: 

0.12 mmol g−1 (71%). Final acetylation was carried out via the general acetylation method. 

After precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give 

the 5 as a yellow solid (16 mg, 12%). 

1H NMR (500 MHz, H2O/D2O = (9:1, v/v)) δ 12.14 (s, 1H), 11.72 (s, 1H), 11.29 (d, J = 18.2 

Hz, 1H), 11.06 (s, 1H), 10.67 (s, 1H), 10.24 (d, J = 4.8 Hz, 1H), 10.15 (s, 1H), 9.94 (d, J = 7.7 

Hz, 2H), 9.82 (s, 1H), 9.70 (d, J = 6.7 Hz, 1H), 9.64 (s, 1H), 9.61 (d, J = 4.0 Hz, 1H), 8.88 (s, 

1H), 8.83 (d, J = 10.0 Hz, 1H), 8.54 (d, J = 10.1 Hz, 1H), 8.47 (s, 1H), 8.36 (d, J = 9.6 Hz, 1H), 

8.34 – 8.28 (m, 4H), 8.26 – 7.98 (m, 9H), 7.97 – 7.69 (m, 14H), 7.69 – 7.22 (m, 23H), 7.22 – 
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6.45 (m, 26H), 6.10 (t, J = 8.2 Hz, 1H), 5.95 (t, J = 8.1 Hz, 1H), 3.82 – 3.54 (m, 3H), 3.18 (dd, 

J = 23.1, 16.0 Hz, 2H). 

HRMS: calcd. for C199F4H163N51O25 [M+2H]2+ 1871.1488; found 1871.1631. 

 

2.6 Monomer synthesis procedures 

 

Compound 7.  5-Nitrosalicilic acid (20 g, 0.109 mol) and K2CO3 (60 g, 0.434 mol) was 

dissolved in DMF (200 mL) and methyl iodide (27.2 mL, 0.437 mol) was added. The reaction 

mixture was stirred for 48 h at r.t.. After TLC confirmed the reaction completion, the mixture 

was diluted with water and the aqueous layer was extracted with ethyl acetate three times. The 

organic layers were washed with 0.5 N HCl and brine, dried (Na2SO4) and concentrated under 

reduced pressure to give 21 g (91%) of 7 as a yellow solid. 

 1H NMR (400 MHz, DMSO-d6) δ 8.48 (d, J = 3.0 Hz, 1H), 8.43 (dd, J = 9.3, 3.0 Hz, 1H), 7.40 

(d, J = 9.3 Hz, 1H), 3.98 (s, 3H), 3.84 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 164.3, 163.0, 140.0, 129.0, 126.5, 120.2, 113.5, 57.1, 52.6. 

HRMS: calcd. for C9H9NO5 [M]+ 211.0475; found 211.0470. 

 

 

Compound 8. Compound 7 (21 g, 0.099 mol) was dissolved in MeOH (200 mL) and 

CH3COOH (200 mL). Then, iron powder (28 g, 0.501 mol) was added in portion. The reaction 

mixture was stirred 5 h. at 65 °C. After TLC confirmed the reaction completion, the mixture 

was filtered over celite and water was added; the mixture was then extracted with ethyl acetate 

three times. The organic layers were washed with saturated NaHCO3 solution and brine, dried 

(Na2SO4) and then concentrated under reduced pressure to give 16.2g (90%) of 8 as a semi 

solid. 

1H NMR (500 MHz, DMSO-d6) δ 6.90 (d, J = 2.9 Hz, 1H), 6.86 (d, J = 8.8 Hz, 1H), 6.74 (dd, 

J = 8.8, 2.9 Hz, 1H), 4.88 (s, 2H), 3.75 (s, 3H), 3.68 (s, 3H). 
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13C NMR (126 MHz, DMSO-d6) δ 166.6, 149.6, 142.2, 120.5, 118.8, 115.7, 114.6, 56.5, 51.7. 

HRMS: calcd. for C9H11NO3 [M]+ 181.0733; found 181.0732. 

 

 

Compound 9. Compound 8 (8.50 g, 0.047 mol) was dissolved in methanol (135 mL) and 

dimethylacetylene dicarboxylate (7.77 g, 0.055 mol) was added. The resulting mixture was 

heated to reflux temperature for 12 h. After TLC confirmed the reaction completion, the 

reaction mixture was concentrated and purified by column chromatography to give 11 g (73%) 

of 9 as a yellow syrup.  

1H NMR (500 MHz, DMSO-d6) δ 9.55 (s, 1H), 7.26 (d, J = 2.9 Hz, 1H), 7.16 (dd, J = 9.0, 2.9 

Hz, 1H), 7.10 (d, J = 9.0 Hz, 1H), 5.24 (s, 1H), 3.79 (s, 3H), 3.78 (s, 3H), 3.65 (s, 3H), 3.65 (s, 

3H). 

13C NMR (126 MHz, DMSO-d6) δ 168.3, 165.6, 164.3, 155.0, 147.5, 132.9, 126.1, 123.1, 120.0, 

113.4, 92.3, 56.1, 53.0, 52.0, 51.0. 

HRMS: calcd. for C15H16NO7 [M-H]- 322.0921; found 322.0931. 

 

 

Compound 10. Diphenyl ether (350 mL) was placed in a 1 L round bottom flask and heated to 

its boiling point at 260 ˚C using a heating mantle. Then compound 9 (11 g, 0.034 mol) was 

added to the boiling solvent by means of a glass funnel. The mixture was kept boiling for 20 

min; no condenser was used. The reaction mixture was left to cool down to r. t.. The resulting 

solid was filtered off and washed with cyclohexane several times, then dried under reduced 

pressure. The product was purified by triturating in hot MeOH to give 4.3 g (43%) of 10 as a 

light yellow solid. 

1H NMR (500 MHz, DMSO-d6) δ 12.26 (s, 1H), 8.29 (s, 1H), 7.60 (s, 1H), 6.65 (s, 1H), 3.98 

(s, 3H), 3.91 (s, 3H), 3.88 (s, 3H). 
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13C NMR (126 MHz, DMSO-d6) δ 176.5, 165.6, 162.5, 153.8, 137.6, 133.5, 128.7, 126.6, 122.7, 

109.2, 104.9, 56.1, 53.6, 52.6. 

HRMS: calcd. for C14H13NO6 [M]+ 291.0737; found 291.0733. 

 

 

Compound 11. Compound 10 (2.30 g, 0.008 mol) was dissolved in dry DMF (23 mL) and 

POCl3 (0.8 mL, 0.009 mmol) was added slowly. The reaction mixture was stirred for 15 min at 

80 °C. After TLC confirmed the reaction completion, the mixture was poured onto ice and 

neutralised with saturated NaHCO3 solution. Then the mixture was extracted with DCM. The 

combined organic layers were washed with subsequently water and brine, dried (Na2SO4) and 

then concentrated under reduced pressure to give 2.20 g (90%) of 11 as a white solid. 

1H NMR (500 MHz, DMSO-d6) δ 8.43 (s, 1H), 8.29 (s, 1H), 7.60 (s, 1H), 4.06 (s, 3H), 3.97 (s, 

3H), 3.91 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 165.1, 164.2, 157.3, 146.1, 142.2, 140.7, 132.9, 129.3, 128.1, 

122.5, 102.6, 56.6, 52.9, 52.8. 

HRMS: calcd. for C14H12ClNO5 [M]+ 309.0399; found 309.0391. 

 

 

Compound 12. Compound 11 (0.92 g, 0.0030 mol), KF3BCH2NHBoc (0.62 g, 0.0031 mol), 

Pd(OAc)2 (0.036 g, 0.00013 mol), SPhos (0.123 g, 0.0003 mol) and K2CO3 (1.04 g, 0.009 mol) 

were added in a sealed tube and the mixture was purged 3 times with argon. Then toluene (9.6 

mL) and water (2.4 mL) were added and the reaction mixture was heated to 85 °C for 30 h. 

After TLC confirmed the reaction completion, phosphate buffer pH = 7 was added and the 

mixture extracted with DCM. The combined organic layers were subsequently washed with 

water and brine, dried (Na2SO4) and then concentrated under reduced pressure. The resulting 

residue was purified by column chromatography on silica. The recovered quinoline derivative 
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11 was used to repeat the reaction and the product that was obtained after column was 

precipitated in DCM/diethyl ether to give 0.8 g (66%) of 12 as white solid. 

1H NMR (500 MHz, DMSO-d6) δ 8.36 (s, 1H), 8.01 (s, 1H), 7.70 (t, J = 6.1 Hz, 1H), 7.60 (s, 

1H), 4.70 (d, J = 6.1 Hz, 2H), 4.02 (s, 3H), 3.95 (s, 3H), 3.89 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 165.5, 165.3, 156.2, 155.9, 145.9, 145.7, 141.6, 132.8, 129.8, 

126.7, 119.8, 103.0, 78.5, 56.5, 52.7, 52.6, 40.8, 28.2. 

HRMS: calcd. for C20H25N2O7 [M+H]+ 405.1656; found 405.1659. 

 

 

Compound 13. Compound 12 (2.63 g, 0.0065 mol) was dissolved in DCM (105 mL) and NaOH 

(0.281 g, 0.007mol) in MeOH (25 mL) was added slowly at 0 °C. The mixture stirred for 3 h at 

0 °C and allowed to warm to r.t. overnight. After TLC confirmed the reaction completion, 

solvent was evaporated then water was added. The aqueous layer was washed with DCM and 

neutralized by 0.1M HCl to allow precipitate formation, the mixture was filtered and dried 

under reduced pressure to give 2.1 g (83%) of 13 as white solid. 

1H NMR (500 MHz, DMSO-d6) δ 8.35 (s, 1H), 8.01 (s, 1H), 7.69 (t, J = 6.0 Hz, 1H), 7.60 (s, 

1H), 4.69 (d, J = 6.0 Hz, 2H), 4.02 (s, 3H), 3.89 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 166.4, 165.6, 156.0, 155.9, 145.4, 141.4, 132.8, 129.6, 126.3, 

120.0, 103.0, 78.4, 56.4, 52.6, 40.9, 28.2. 

HRMS: calcd. for C19H23N2O7 [M+H]+ 391.1500; found 391.1502. 

 

 

Compound 14. Compound 13 (1.69 g, 0.0043mol) was dissolved in methanol (17 mL) and 

cooled down to 0 °C. Hydrazine (2.02 mL, 0.042mol) was added slowly and the mixture was 

stirred for 3 h at r. t.. After HPLC confirmed the reaction completion, the solvent was 

evaporated and the residues was dried under reduced pressure over night to obtain 1.69 g (99%) 

14 as white solid. 
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1H NMR (500 MHz, DMSO-d6) δ 9.50 (s, 1H), 8.19 (s, 1H), 7.94 (s, 1H), 7.61 (t, J = 6.1 Hz, 

1H), 7.47 (s, 1H), 4.61 (d, J = 6.2 Hz, 2H), 3.97 (s, 3H), 1.43 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 166.9, 164.3, 155.9, 155.6, 144.7, 144.1, 141.9, 131.7, 129.1, 

128.5, 119.7, 102.2, 78.3, 56.2, 40.9, 28.3. 

HRMS: calcd. for C18H23N4O6 [M+H]+ 391.1612; found 391.1614. 

 

 

Compound 15. Compound 14 (1.73g, 0.0044 mol) was dissolved in dioxane (137 mL) and 

water (103.7 mL). The mixture was cooled to 0 °C by ice-bath and a solution of Fmoc-Cl (1.49 

g, 0.006 mol) in dioxane (17.3 mL) was added slowly. The resulting mixture is stirred at 0 °C 

for 2 h. After TLC confirmed the reaction completion, the mixture was frozen in liquid nitrogen 

and lyophilized. The obtained powder was precipitated in acetonitrile then precipitated in 

DCM/diethyl ether to give 2.1 g (80%) of 15 as a white powder. 

1H NMR (400 MHz, DMSO-d6) δ 10.21 (s, 1H), 9.61 (s, 1H), 8.24 (s, 1H), 8.01 (s, 1H), 7.92 

(d, J = 7.5 Hz, 2H), 7.78 (d, J = 7.3 Hz, 2H), 7.70 (t, J = 6.1 Hz, 1H), 7.59 (s, 1H), 7.44 (t, J = 

7.5 Hz, 2H), 7.36 (t, J = 7.3 Hz, 2H), 4.70 (d, J = 6.1 Hz, 2H), 4.40 (d, J = 7.0 Hz, 2H), 4.31 (t, 

J = 7.0 Hz, 1H), 4.02 (s, 3H), 1.43 (s, 9H). 

13C NMR (126 MHz, DMSO-d6) δ 175.4, 166.7, 165.2, 156.5, 156.4, 156.4, 150.5, 147.1, 145.9, 

144.2, 142.1, 141.2, 132.5, 129.7, 129.2, 128.2, 127.6, 125.8, 120.7, 120.0, 103.1, 78.9, 66.8, 

56.8, 47.0, 41.3, 28.7. 

HRMS: calcd. for C33H33N4O8 [M+H]+ 613.2293; found 613.2381. 

 

 

Compound 16. 3-Amino-2-fluorobenzoic acid (5 g, 0.032 mol) was dissolved in dioxane (500 

mL) and water (350 mL) and cooled to 0 °C by ice-bath. A solution of Fmoc-Cl (10.84 g, 0.042 

mol) in dioxane (100 mL) was added slowly. The resulting mixture was stirred at 0 °C for 1 h 

and allowed to warm to r.t. overnight. After TLC confirmed the reaction completion, the 

solution was acidified to pH = 4 using a saturated citric acid solution. Then water was added 
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and the aqueous layers were extracted with DCM three times. The combined organic layers 

were washed with water and brine, dried (Na2SO4) and then concentrated under reduced 

pressure. The residue was precipitated in acetonitrile then precipitated in MeOH to give 9.2 g 

(76%) of 16 as a white powder. 

1H NMR (500 MHz, DMSO-d6) δ 13.28 (s, 1H), 9.60 (s, 1H), 7.91 (dt, J = 7.6, 1.0 Hz, 2H), 

7.75 (d, J = 7.6 Hz, 2H), 7.58 (ddd, J = 8.1, 6.5, 1.8 Hz, 1H), 7.43 (tt, J = 7.5, 0.8 Hz, 2H), 7.34 

(td, J = 7.5, 1.2 Hz, 2H), 7.21 (t, J = 7.9 Hz, 1H), 4.45 (d, J = 7.0 Hz, 2H), 4.31 (t, J = 7.0 Hz, 

1H). 

13C NMR (126 MHz, DMSO-d6) δ 164.9, 164.9, 153.9, 143.7, 140.8, 127.7, 127.2, 127.1, 127.1, 

126.8, 125.3, 123.9, 123.8, 120.2, 119.9, 119.8, 66.3, 46.5. 

HRMS: calcd. for C22H16FNO4Na [M+Na]+ 400.0956; found 400.0963. 
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3 Spectra and chromatograms of new compounds 

a)                                                                          b) 

 

c) 

 

 

d)  

 

Figure S63. Analytical data of oligomer 5. HPLC chromatograms (a) after cleavage from the 

resin (C8, 5 to 30 B% over 10 min, λ = 300 nm) and (b) after purification (C8, 5 to 60 B% over 

10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) Chemical structure of 

oligomer 5. (d) 1H NMR spectrum with water suppression (500 MHz, H2O/D2O = (9:1, v/v), 

25 °C). 

5 
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Figure S64. NMR spectra of compound 7 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR (126 

MHz, DMSO-d6). 
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Figure S65. NMR spectra of compound 8 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR (126 

MHz, DMSO-d6). 
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Figure S66. NMR spectra of compound 9 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR (126 

MHz, DMSO-d6). 
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Figure S67. NMR spectra of compound 10 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S68. NMR spectra of compound 11 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S69. NMR spectra of compound 12 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S70. NMR spectra of compound 13 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S71. NMR spectra of compound 14 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S72. NMR spectra of compound 15 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S73. NMR spectra of compound 16 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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6 Controlling aromatic helix dimerization in water by 

tuning charge repulsions 

The secondary and tertiary structures of biomacromolecules are essential to their biological 

activity. As a crucial aggregation pattern for constructing functional structures, the dimerization 

method has been employed in a variety of ways. The halogen bonds could be utilized to connect 

two bowl-shaped segments and accomplish dimerization (Figure 15a).8 Another strategy is 

increasing the helical diameter by altering backbone units (Figure 15b) which decreases the 

stereo hindrance between two different strands, the π-π stacking and hydrophobic effect will 

facilitate double helix formation automatically.80 In addition, using a type of force to bind two 

strands together is an effective approach; salt bridges81 and metal ion chelation82 can function 

as molecular glue to facilitate dimerization (Figure 15c, d). Although many investigations have 

been done on dimerization, side-chain optimization studies that facilitate dimer formation is 

still rare. To obtain helical capsule crystals in water, the side chain variation sequences were 

synthesized, and surprisingly, multiple unique dimerization patterns were observed without any 

backbone modification. 

Although the investigation of oligoamide helical capsules in the solution state was conducted 

effectively in water, solid-state research was not possible due to the extremely water-soluble 

aminomethyl side chain. Thus, a new synthetic route needs to be developed for solubility 

optimization. The established synthetic protocol, which is employed to introduce sulfonic and 

methoxy side chains, was used to synthesize negatively charged and neutral QH monomers. The 

whole sequence synthesis was performed by solid phase synthesis with in situ Appel condition. 

The first aromatic oligoamide foldamers capsule crystal that grew from water was obtained 

when negative side chain was performed. 

As described in the following submitted in Chemical Science, these dimerization patterns were 

facilitated by electron repulsion and hydrophobic effect. A head-to-head dimer was produced 

by substituting methoxy side chains at both ends, which decreased the charge at the C terminal. 

After introducing a stereo hindrance to prevent head-to-head dimerization, the other two 

methoxy side chains at the central QH segment resulted in the formation of parallel double 

helices. This aggregation pattern had never previously been observed. The hemi-capsule 

sequences with flexible backbone can also form double helices in water. By variation of side 

chains, a new aggregation species appeared. Using an energy-minimizing model, the tetrameric 
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helix model was developed in relation to the crystal structure of the parallel double helix. In 

conclusion, our study highlighted the distinct aggregation behaviors in water for flexible 

backbone foldamers, which will guide the design of oligoamide helical capsules in the future. 

 

 

Figure 15. Overview of different strategies to carry out dimerization. a) Link two segments by 

halogen bonding. b) Increase the helical diameter to promote double helix formation. c) 

Construct double helix by introducing salt bridges between two strands. d) Promote 

dimerization by utilizing guests as a molecular glue.  

 

Contribution: I conceived the ideas for this project in collaboration with I. Huc. Synthetic 

routes and conditions for sulfonic and methoxy side chains QH monomers were developed by 

me. Oligomer synthesis and analysis were done by me. Energy minimized model was done by 

me. L. Allmendinger was involved in the design and execution of NMR experiments. 

Crystallization experiments were conducted in collaboration with P. K. Mandal. X-ray 

measurements were done with assistance of Dr G. Leonard, and the structure was refined by P. 

K. Mandal. The automated solid phase synthesis was done in collaboration with C. Douat. The 

manuscript was written by me and in collaboration with I. Huc and P. K. Mandal. 
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1 Supplementary Schemes and Figures 

 

Scheme S1. Synthesis of QhSul monomer: a) POBr3, DMF; b) thiourea, acetone, reflux; c) 

NaOH, MeOH/H2O, r.t.; d) 30% H2O2, formic acid, 48 °C; e) Pd/C, H2, MeOH; f) Fmoc-Cl, 

NaHCO3, dioxane, H2O, 0 oC to r.t.. 

 

 

 

Scheme S2. Synthesis of QhAla monomer: a) PPh3, MeOH, DIAD, THF; b) Pd/C, H2, 

MeOH/THF; c) LiOH, THF, H2O, 0 °C; d) Fmoc-Cl, NaHCO3, dioxane, H2O, 0 oC to r.t.. 
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Figure S74. ESI-MS spectrum of oligomer 2 (direct infusion of an aqueous sample). Peaks 

corresponding to monomeric and dimeric species are highlighted in red and blue, respectively. 

The [M+2H]2+ peak is superimposed by the [2M+4H]4+ peak. 

 

 

 

Figure S75. The comparison between oligomer 3 and monomeric oligomer 2. Excerpts of 
1H NMR (500 MHz, water suppression) at 25 °C: a) 3 at 0.5 mM and 2 at b) 0.5 mM and c) 4 

mM in 45 mM sodium acetate aqueous buffer pH 4.0. Signals corresponding to monomeric and 

dimeric species are highlighted in red and blue, respectively. 
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Figure S76. Computational analysis of the fragment of the helix–helix binding interface. 

The models showed the C-terminal monomers in space-filling representation in a) chemical 

structural formula, b) energy minimized model in CPK style and c) the calculated solvent 

accessible surface. Side chains are omitted for clarity. Solvent-accessible surface area was 

calculated using discovery studio software with a radius of 1.4 Å. The assignment of the 

carboxylic acid and carboxylate function is tentative, based on orientation. 

 

 

 

Figure S77. Dilution experiments of oligomer 2. Excerpts of 1H NMR (500 MHz, water 

suppression) at 25 °C of oligomer 2 in H2O/D2O (9:1, v/v). a) no difference in NMR of 2 at 2 

mM was observed in variable incubation time (0.5 h, 1 h and 4 h, only 4 h is shown). b) The 

NMR was immediately measured after diluting 2 mM of 2 to 0.2 mM and showed dimer to 

monomer equilibrium. c) A diluted solution of 2 was incubated for 36 h and showed no 

proportion change between the two species. This means that 2 reached monomer-dimer 

equilibrium immediately upon being dissolved . Peaks corresponding to monomeric and 

dimeric species are highlighted in red and blue, respectively. 
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Figure S78. ESI-MS spectrum of oligomer 4 (direct infusion of an aqueous sample). Peaks 

corresponding to monomeric and dimeric species are highlighted in red and blue, respectively. 

The [M+2H]2+ peak is superimposed by the [2M+4H]4+ peak. 

 

 

Figure S79. Variable incubation time 1H NMR spectra of 4. Excerpts of 1H NMR (500 MHz, 

water suppression) at 25 °C of oligomer 4 at 0.5 mM in 13.5 mM sodium acetate aqueous buffer 

pH 4.0 obtained after varying incubation times. Signals corresponding to monomeric and 

dimeric species are highlighted in red and blue, respectively.  
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Figure S80.  1H NMR spectra of oligomer 5 in buffered water. 1H NMR spectrum of 

oligomer 5 at 0.125 mM with water suppression (500 MHz, 13 mM ammonium acetate aqueous 

buffer pH 8.5/D2O (9:1, v/v), 25 °C). 

 

 

Figure S81. Cavity volume calculation of (5)2. The front view, side view, and top view of (5)2 

are shown in tube representation where the cavity volume of 346 Å3 is shown as a transparent 

yellow isosurface (a, b, c). In all representations, each strand is colored in green and grey, 

respectively. Side chains and N-terminal Deg tail were omitted for clarity. 
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Figure S82. Solvent accessible surface of two conformations of 5: (a) front view, b) side 

view and c) top view of single helix 5. Solvent accessible surface of: (d) front view, e) side 

view and f) top view of duplex (5)2. All solvent accessible surfaces are shown as transparent 

yellow isosurfaces. Solvent-accessible surface area was calculated by discovery studio software 

rolling ball method with a radius of 1.4 Å. The solvent accessible surface was predicted to be 

2690 Å2 for the double helix state and 1790 Å2 for the single helix. Side chains have been 

removed for the surface estimation. 
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Figure S83. ESI-MS spectrum of oligomer 6 (direct infusion of an aqueous sample). Peaks 

corresponding to monomeric and dimeric species are highlighted in red and blue, respectively. 

The [M+H]+ peak is superimposed by the [2M+2H]2+ peak, while the mass envelope suggests 

a major population of the [2M+2H]2+ species. 

 

 

Figure S84.  Variable concentration 1H NMR spectra of oligomer 6. The spectra were 

recorded with water suppression (500 MHz, H2O/D2O (9:1, v/v), 25 °C). 

  



Supplementary Information 

161 
 

 

Figure S85. ESI-MS spectrum of oligomer 7 (direct infusion of an aqueous sample). Peaks 

corresponding to monomeric and dimeric species are highlighted in red and blue, respectively. 

The [M+H]+ peak is superimposed by the [2M+2H]2+ peak. 

 

 

Figure S86.  Variable concentration 1H NMR spectra of oligomer 7. The spectra were 

recorded with water suppression (500 MHz, H2O/D2O (9:1, v/v), 25 °C). 
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Figure S87. Solvent accessible surface of three conformations of oligomer 7: (a) front view, 

b) side view and c) top view of duplex (7)2. Solvent accessible surface of: d) front view, e) side 

view and f) top view of single helix 7. Solvent accessible surface of: g) front view and h) top 

view of extended state 7. All solvent accessible surfaces are shown as transparent yellow 

isosurfaces. Solvent-accessible surface area was calculated by discovery studio software rolling 

ball method with a radius of 1.4 Å. The solvent accessible surface was predicted to be 1680 Å2 

for the double helix state, 1380 Å2 for the extended monomer and 1160 Å2 for the single helix. 

Thus, it can be estimated that the double helix form exposes to the solvent only around 61% or 

71% of the area exposed by two individual monomeric species. Side chains have been removed 

for the surface estimation. 
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Figure S88. Hybridization experiments of 6 and 7. Excerpts of 1H NMR (500 MHz, water 

suppression) at 25 °C of oligomer 6, oligomer 7, and the mixture of two oligomers at 0.5 mM 

in a) DMSO-d6 and b) H2O/D2O (9:1, v/v). Signals corresponding to oligomer 6 and 7 are 

marked in circles and diamonds, respectively. 

 

Figure S89. ESI-MS spectrum of oligomer 6 and 7 mixture (direct infusion of an aqueous 

sample). Peaks corresponding to monomeric and dimeric species are highlighted in red and blue, 

respectively. 
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Figure S90.  Variable concentration 1H NMR spectra of oligomer 8. The spectra were 

recorded with water suppression (500 MHz) in 12 mM ammonium acetate aqueous buffer pH 

8.5 at 25 °C. 

 

 

Figure S91. DMSO-d6/H2O variation 1H NMR spectra of 8. 1H NMR (500 MHz) spectra at 

25 °C of oligomer 8 in DMSO-d6/H2O mixtures with different DMSO contents. Signals 

corresponding to monomeric and dimeric species are highlighted in red and blue, respectively. 

Note: 0% DMSO means 1H NMR (500 MHz) spectra of oligomer 8 in H2O/D2O (9:1, v/v). 
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Figure S92. ESI-MS spectrum of oligomer 8 (direct infusion of an aqueous sample). Peaks 

corresponding to monomeric and dimeric species are highlighted in red and blue, respectively. 

The [M-H]- peak is superimposed by the [2M-2H]2- peak. 

 

 

Figure S93. ESI-MS spectrum of oligomer 9 (direct infusion of an aqueous sample). Peaks 

corresponding to monomeric and dimeric species are highlighted in red and blue, respectively. 

The [M-H]- peak is superimposed by the [2M-2H]2- peak. 
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Figure S94. Variable incubation time 1H NMR spectra of 9 in buffer solution. Excerpts of 
1H NMR (500 MHz, water suppression) at 25 °C of oligomer 9 at 5 mM in 48 mM ammonium 

acetate aqueous buffer pH 8.5 in the different incubation times. 
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Figure S95. Solvent accessible surface of two conformations of 9: (a) front view, b) side 

view and c) top view of duplex (9)2. Solvent accessible surface of: d) front view, e) side view 

and f) top view of tetrameric helix (9)4. All solvent accessible surfaces are shown as transparent 

yellow isosurfaces. Solvent-accessible surface area was calculated by discovery studio software 

rolling ball method with a radius of 1.4 Å. The solvent accessible surface was predicted to be 

3210 Å2 for the tetra helix state and 1810 Å2 for the double helix state. Thus, it can be estimated 

that the tetra helix form exposes to the solvent only around 89% of the area exposed by two 

individual double species. 
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2 Materials and Methods 

 

Figure S96. Protected Fmoc-acid building blocks used in this study. Fmoc-QDap(Boc)-OH1, 

Fmoc-QAla-OH2, Fmoc-QSul-OH3, Fmoc-QAsp(tBu)-OH4, Fmoc-QhDap(Boc)-OH1 and Fmoc-

QfDap(Boc)-OH1 have been described previously. For detailed synthetic procedures to prepare 

Fmoc-QhAla-OH and Fmoc-QhSul-OH, see section 2.3. 

 

2.1 General 

General. Commercial reagents (Suppliers: Abcr, Fisher Scientific, Merck, Sigma-Aldrich, TCI, 

BLDpharm or VWR) were used without further purification unless otherwise stated. LL Wang 

resin (100–200 mesh) was purchased from Sigma-Aldrich. Cl-MPA protide resin was 

purchased from CEM. Peptide grade N,N-dimethylformamide (DMF) was purchased from 

Carlo Erba. Anhydrous chloroform, triethylamine (TEA) and N,N-diisopropylethylamine 

(DIEA) were obtained via distillation over CaH2 prior to use. Anhydrous tetrahydrofuran (THF) 

and dichloromethane (DCM) were obtained via an MBRAUN SPS-800 solvent purification 

system. Ultrapure water was obtained via a Sartorius arium® pro VF ultrapure water system. 

Reactions were monitored by thin layer chromatography (TLC) on Merck silica gel 60-F254 

plates and observed under UV light. Column chromatography purifications were carried out on 

Merck GEDURAN Si60 (40–63 µm). Nuclear magnetic resonance (NMR) spectra were 

recorded on an Avance III HD 400 MHz Bruker BioSpin spectrometer or an Avance III HD 

500 MHz Bruker BioSpin spectrometer equipped with a broad band observe 5-mm BB-H&FD 

CryoProbeTM Prodigy. Measurements were performed at 25 °C unless stated otherwise. Water 

suppression was performed with excitation sculpting method. Processing was done with 
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MestReNova (v.12.0.0-20080) NMR processing software from Mestrelab Research. Chemical 

shifts are reported in ppm and calibrated via residual solvent signals or 3-

(trimethylsilyl)propionic-2,2,3,3-d4 acid sodium salt (TMSP) when water suppression was 

applied. Signal multiplicities are abbreviated as s, singlet; d, doublet; t, triplet; q, quartet, and 

m, multiplet. Signals were assigned using 1H-13C HMQC and 1H-13C HMBC spectra. 

Electrospray ionization (ESI) mass spectra were recorded on Bruker microTOF II and Thermo 

Finnigan LTQ FT Ultra spectrometers. Electron ionization (EI) mass spectra were recorded on 

a Thermo Q Exactive GC Orbitrap or a Finnigan MAT 95 sector mass spectrometer. Analytical 

and semi-preparative reversed phase (RP) high performance liquid chromatography (HPLC) 

were performed on a Thermo Fisher Scientific Ultimate 3000 HPLC System using Macherey-

Nagel Nucleodur C18 Gravity columns (4 × 100 mm, 5 µm and 10 × 250 mm, 5 µm) or 

Macherey-Nagel Nucleodur C8 Gravity columns (4 × 50 mm, 5 µm and 10 × 100 mm, 5 µm) 

with different gradients of 0.1% TFA water and 0.1% TFA acetonitrile. All ultraviolet–visible 

(UV/Vis) absorbance measurements were done with a Jasco V-750 spectrophotometer 

instrument using a 1 cm quartz cuvette. Measurements were performed at 20 °C if not stated 

otherwise. Microwave-assisted solid phase foldamer synthesis (SPFS) was performed with a 

CEM® Discover Bio manual microwave apparatus. The temperature within the reactor vessel 

was monitored with an optical fiber probe. Automated SPFS was done on a PurePep® Chorus 

synthesizer (Gyros Protein Technologies) by applying induction heating. The DOSY spectra 

were recorded on a Avance III HD 500 MHz Bruker BioSpin spectrometer equipped with a 

broad band observe 5-mm BB-H&FD CryProbeTM Prodigy with a pulse sequence with 

stimulated echo using bipolar gradient pulses for diffusion and a 3-9-19 watergate solvent 

suppression pulse sequence from the Bruker pulse program library (stebpgp1s19). The diffusion 

delay Δ (big delta) was set to 175 ms and the diffusion gradient pulse length δ (little delta) was 

set to 1.1 ms. The number of gradient steps were set to 32 with linear spacing starting from 2% 

reaching 95% of the full gradient strength in the final step. For each of the 32 gradient 

amplitudes, 128 transients of 32k complex data points were acquired. DOSY processing was 

performed with the DOSY processing tool from MestReNova (v.12.0.0-20080). 

2.2 Solid phase synthesis procedures 

Some oligomers were synthesized according to previously reported SPFS protocols,5 hereafter 

referred to as manual synthesis method. Of note, in the case of QSul and QhSul-containing 

sequences, 2% DBU in NMP was employed for Fmoc deprotection, thus avoiding the additional 
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washing steps with 20% DIEA in NMP like previously reported.5 Other oligomers were 

prepared using the automated foldamer solid phase synthesis protocols recently reported.6 

Final acetylation of the N-terminal aromatic amine: H2N-(Q)n-Wang resin and DIEA (6.0 

equiv.) were suspended in anhydrous THF (1.25 mL) then acetyl chloride (4.0 equiv.) in 

anhydrous THF (1.25 mL) was added. The reaction vessel was then placed under microwave 

irradiation (25 W, ramp to 50 °C over 5 min, then hold at 50 °C for 15 min). The resin was 

filtered off and washed with anhydrous THF (2 × 3 mL). This acetylation step was repeated 

once using the same conditions. 

 

Resin cleavage: The resin-bound foldamer was placed in a syringe equipped with a filter, 

washed with DMF (3 × 3 mL) and DCM (3 × 3 mL), and dried by passing N2 flow through it. 

It was then suspended in a solution of TFA/iPr3SiH/H2O (95:2.5:2.5, v/v/v). The resin was next 

gently shaken for at least 2 h at room temperature, then filtered off and rinsed one time with 

TFA. The foldamer was precipitated from the TFA cleavage solution by adding cold Et2O and 

centrifugation to obtain a crude precipitate. 

 

 

Oligomer 1: The synthesis of this oligomer has already been published.1 
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Oligomer 2: Oligomer 2 was synthesized starting from LL-Wang resin (0.37 mmol g−1, 25 µmol 

scale) according to the manual synthesis method. Loading of the first monomer: 0.25 mmol g−1 

(70%). Final acetylation was carried out via the general acetylation method. After precipitation 

in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 2 as a yellow 

solid (48 mg, 45%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 12.11 (s, 1H), 12.03 (s, 1H), 12.01 (s, 1H), 11.56 (s, 

1H), 11.33 (s, 1H), 10.72 (s, 1H), 10.54 (s, 1H), 10.37 (s, 1H), 10.20 (s, 1H), 10.03 (s, 1H), 

10.00 (s, 1H), 9.54 (s, 1H), 9.47 (s, 1H), 9.38 (s, 1H), 9.34 (s, 1H), 8.82 – 8.71 (m, 2H), 8.61 

(d, J = 10.7 Hz, 1H), 8.52 (d, J = 11.9 Hz, 2H), 8.39 – 7.99 (m, 18H), 7.99 – 7.71 (m, 13H), 

7.71 – 7.52 (m, 12H), 7.52 – 7.07 (m, 26H), 7.07 – 6.85 (m, 12H), 6.84 – 6.57 (m, 6H), 6.56 – 

6.27 (m, 6H), 3.53 (s, 3H), 3.21 (s, 3H). 

HRMS: calcd. for C156H129N40O18 [M+H]+ 2850.0403; found 2849.9474. 

 

 

Oligomer 3: Oligomer 3 was synthesized starting from LL-Wang resin (0.37 mmol g−1, 23 µmol 

scale) according to the automated synthesis method. Loading of the first monomer: 0.26 mmol 

g−1 (70%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 3 

as a yellow solid (56 mg, 56%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 12.07 (s, 1H), 12.03 (s, 2H), 11.47 (s, 1H), 11.10 (s, 

1H), 10.72 (s, 1H), 10.50 (s, 1H), 10.41 (s, 1H), 10.28 (s, 1H), 10.03 (s, 1H), 9.84 (s, 1H), 9.68 

(s, 1H), 9.47 (s, 1H), 9.36 (s, 1H), 8.77 (d, J = 10.7 Hz, 1H), 8.74 – 8.63 (m, 2H), 8.53 (d, J = 

10.6 Hz, 1H), 8.46 (d, J = 10.1 Hz, 1H), 8.37 (s, 1H), 8.34 – 8.14 (m, 8H), 8.10 – 7.99 (m, 5H), 

7.98 – 7.58 (m, 16H), 7.58 – 6.85 (m, 27H), 6.74 – 6.44 (m, 7H), 6.33 (d, J = 9.0 Hz, 1H), 3.49 

(s, 3H), 3.22 (s, 3H), 1.32 (s, 3H), 0.72 (s, 3H), 0.45 (s, 3H). 
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HRMS: calcd. for C160H137N41O19 [M+2H]2+ 1468.0502; found 1468.1223. 

 

 

Oligomer 4: Oligomer 4 was synthesized starting from LL-Wang resin (0.37 mmol g−1, 29 

µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.28 

mmol g−1 (76%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 4 

as a yellow solid (42 mg, 36%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 11.70 (s, 1H), 11.22 (s, 1H), 10.89 (s, 1H), 10.55 (s, 

1H), 10.48 (s, 1H), 10.43 (s, 1H), 10.19 (s, 1H), 9.65 (s, 1H), 9.50 (s, 1H), 9.10 (s, 1H), 8.65 (d, 

J = 7.8 Hz, 1H), 8.46 (s, 1H), 8.41 (d, J = 10.1 Hz, 1H), 8.31 (s, 1H), 8.29 – 8.06 (m, 7H), 7.89 

(d, J = 9.7 Hz, 1H), 7.76 – 7.47 (m, 21H), 7.46 – 7.17 (m, 22H), 7.17 – 6.81 (m, 20H), 6.81 – 

6.46 (m, 12H), 6.45 – 6.17 (m, 7H), 6.15 – 6.00 (m, 2H), 3.90 (s, 3H), 3.22 (s, 3H), 3.04 (s, 3H), 

1.82 (s, 3H). 

HRMS: calcd. for C160H135N39O21 [M+2H]2+ 1469.0342; found 1469.0595. 
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Oligomer 5: Oligomer 5 was synthesized starting from Cl-MPA-Protide resin (0.15 mmol g−1, 

20 µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.13 

mmol g−1 (86%). After precipitation in cold Et2O, the crude mixture was purified by semi prep 

RP-HPLC to give the 5 as a yellow solid (15 mg, 22%). 

1H NMR (500 MHz, ammonium acetate aqueous buffer pH 8.5/D2O (9:1, v/v)) δ 11.85 (s, 1H), 

11.70 (s, 1H), 11.56 (s, 1H), 11.37 (s, 1H), 10.48 (s, 1H), 10.33 (s, 1H), 9.92 (s, 1H), 9.66 (s, 

1H), 9.52 (s, 1H), 9.28 (s, 1H), 9.04 (d, J = 9.7 Hz, 1H), 8.85 (d, J = 9.4 Hz, 1H), 8.74 (s, 1H), 

8.70 – 7.75 (m, 29H), 7.69 (d, J = 8.7 Hz, 2H), 7.50 – 7.03 (m, 19H), 7.01 – 6.11 (m, 21H), 

5.94 (s, 2H), 4.00 (s, 4H), 3.43 (s, 5H), 3.10 (m, 13H), 2.62 (s, 3H), 2.34 (d, J = 18.6 Hz, 8H), 

1.21 (m, 16H), 0.75 (s, 6H). 

HRMS: calcd. for C160H119N29O48S6 [M-2H]2- 1702.8038; found 1702.7972. 

 

 

Oligomer 6: Oligomer 6 was synthesized starting from LL-Wang resin (0.44 mmol g−1, 26 

µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.32 

mmol g−1 (74%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O to give the 6 as a grey solid (47 mg, 78%). 

1H NMR (400 MHz, H2O/D2O (9:1, v/v)) δ 12.10 (s, 1H), 12.02 (s, 1H), 11.34 (s, 1H), 10.71 (s, 

1H), 9.60 (s, 1H), 9.35 (d, J = 5.5 Hz, 2H), 8.43 – 8.31 (m, 2H), 8.23 (s, 1H), 8.09 (d, J = 7.3 

Hz, 1H), 7.98 (s, 1H), 7.94 (s, 1H), 7.89 (s, 1H), 7.86 (s, 1H), 7.77 – 7.63 (m, 6H), 7.63 – 7.54 

(m, 3H), 7.53 – 7.40 (m, 7H), 7.26 (d, J = 9.8 Hz, 3H), 7.20 (s, 1H), 7.04 (d, J = 8.5 Hz, 2H), 

6.96 – 6.80 (m, 3H), 6.73 (d, J = 9.0 Hz, 1H), 6.45 (d, J = 8.2 Hz, 1H), 6.08 (t, J = 8.3 Hz, 1H), 

4.05 (m, 1H), 3.72 (d, J = 14.8 Hz, 1H), 3.47 (q, J = 7.3 Hz, 1H), 2.74 (d, J = 16.4 Hz, 1H), 

1.75 (s, 3H). 

HRMS: calcd. for C79H64F4N21O9 [M+H]+ 1526.5127; found 1526.5634. 
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Oligomer 7: Oligomer 7 was synthesized starting from LL-Wang resin (0.44 mmol g−1, 23 

µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.31 

mmol g−1 (70%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O to give the 7 as a grey solid (30 mg, 88%). 

1H NMR (500 MHz, H2O/D2O (9:1, v/v)) δ 12.18 (s, 1H), 11.94 (s, 1H), 11.49 (s, 1H), 10.77 (s, 

1H), 9.91 (s, 1H), 9.53 (s, 1H), 8.73 (d, J = 8.1 Hz, 1H), 8.36 (d, J = 10.3 Hz, 1H), 8.13 (s, 2H), 

8.04 (t, J = 4.5 Hz, 2H), 7.98 – 7.70 (m, 10H), 7.69 – 7.42 (m, 8H), 7.40 – 7.19 (m, 3H), 7.14 

(s, 2H), 6.85 (m, 6H), 6.62 (d, J = 8.9 Hz, 2H), 6.43 (s, 1H), 6.37 (s, 1H). 

HRMS: calcd. for C79H68N21O9 [M+H]+ 1454.5503; found 1454.5802. 

 

 

Oligomer 8: Oligomer 8 was synthesized starting from Cl-MPA-Protide resin (0.15 mmol g−1, 

20 µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.14 

mmol g−1 (90%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 8 

as a yellow solid (5 mg, 15%). 

1H NMR (500 MHz, ammonium acetate aqueous buffer pH 8.5/D2O (9:1, v/v)) δ 12.19 (s, 1H), 

11.53 (s, 1H), 11.30 (s, 1H), 10.49 (s, 1H), 9.23 (s, 1H), 9.16 (d, J = 8.5 Hz, 1H), 8.66 (s, 1H), 

8.34 (d, J = 9.9 Hz, 1H), 8.29 – 8.02 (m, 6H), 7.97 (s, 1H), 7.87 – 7.61 (m, 6H), 7.54 (s, 1H), 

7.34 – 7.22 (m, 4H), 7.07 (s, 1H), 7.03 – 6.87 (m, 3H), 6.79 (d, J = 10.9 Hz, 1H), 6.17 (s, 1H), 

4.14 (s, 1H), 4.11 (s, 1H), 3.15 (s, 3H), 1.38 (s, 3H), 1.18 – 1.12 (m, 1H). 
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HRMS: calcd. for C75H51N14O24S4 [M-H]- 1659.2078; found 1659.2261. 

 

 

Oligomer 9: Oligomer 9 was synthesized starting from Cl-MPA-Protide resin (0.15 mmol g−1, 

18 µmol scale) according to the manual synthesis method. Loading of the first monomer: 0.11 

mmol g−1 (75%). Final acetylation was carried out via the general acetylation method. After 

precipitation in cold Et2O, the crude mixture was purified by semi prep RP-HPLC to give the 9 

as a yellow solid (10 mg, 33%). 

1H NMR (500 MHz, ammonium acetate aqueous buffer pH 8.5/D2O (9:1, v/v)) δ 11.53 (s, 1H), 

10.72 (s, 1H), 10.55 (s, 1H), 10.28 (s, 1H), 9.40 (s, 1H), 9.27 (s, 1H), 9.25 (s, 1H), 8.94 (s, 2H), 

8.80 (t, J = 12.3 Hz, 2H), 8.71 (d, J = 10.0 Hz, 1H), 8.60 – 8.51 (m, 2H), 8.37 (d, J = 10.8 Hz, 

1H), 8.06 (s, 1H), 7.70 (s, 1H), 7.61 (t, J = 9.0 Hz, 2H), 7.54 (s, 1H), 7.39 (s, 1H), 7.31 – 7.17 

(m, 3H), 6.90 (d, J = 8.3 Hz, 1H), 6.87 – 6.78 (m, 3H), 6.49 (s, 1H), 6.18 (d, J = 10.5 Hz, 1H), 

6.13 (s, 1H), 5.90 (d, J = 7.3 Hz, 2H), 5.68 (s, 1H), 4.07 (s, 3H), 3.61 (s, 3H), 3.45 (d, J = 1.9 

Hz, 3H), 3.12 (s, 3H), 2.32 (d, J = 2.0 Hz, 3H). 

HRMS: calcd. for C82H62N15O23S2 [M-H]- 1688.3579; found 1688.3416. 

 

2.3 Monomer synthesis procedures 

 
Compound 10. Methyl 7-nitro-4-oxo-1,4-dihydroquinoline-2-carboxylate (4.20 g, 0.017 mol) 

was dissolved in dry DMF (42 mL) under N2. Then POBr3 (6.45 g, 0.022 mol) was added. The 

reaction mixture was stirred for 5 h at 80 °C. After TLC confirmed the reaction completion, the 

mixture was poured into ice and neutralised with saturated NaHCO3 solution. Then the mixture 

was extracted with DCM. The combined organic layers were washed with water and brine, 
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dried (Na2SO4) and then concentrated under reduced pressure to give 4.8 g (92%) of 10 as a 

solid. 

1H NMR (500 MHz, DMSO-d6) δ 8.98 (d, J = 2.2 Hz, 1H), 8.59 (s, 1H), 8.58 (dd, J = 9.1, 2.2 

Hz, 1H), 8.47 (d, J = 9.1 Hz, 1H), 4.00 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 163.6, 149.8, 149.1, 146.3, 134.7, 131.1, 129.0, 127.3, 126.1, 

123.5, 53.2. 

HRMS: calcd. for C11H7N2O4Br [M]- 309.9584; found 309.9594. 

 

 

Compound 11. Compound 10 (4.76 g, 0.015 mol) and thiourea (2.33 g, 0.031 mol) were 

dissolved in acetone (75 mL). The reaction mixture was refluxed under N2 for 3 h. After TLC 

confirmed the reaction completion, the reaction mixture was left to cool down to r.t.. The 

precipitate was filtered and washed with acetone and then dried under reduced pressure to give 

5.47 g (93%) of 11 as a white powder. 

1H NMR (500 MHz, DMSO-d6) δ 9.26 (s, 2H), 9.14 (s, 2H), 9.08 (d, J = 2.3 Hz, 1H), 8.67 (s, 

1H), 8.63 (dd, J = 9.2, 2.3 Hz, 1H), 8.51 (d, J = 9.2 Hz, 1H), 4.03 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 167.0, 164.0, 149.9, 149.0, 146.8, 134.9, 132.6, 132.3, 127.1, 

126.3, 123.7, 53.3. 

HRMS: calcd. for C12H11N4O4S [M+H]+ 307.0496; found 307.0496. 

 

 

Compound 12. Compound 11 (5.47 g, 0.014 mol) was dissolved in MeOH (55 mL), then NaOH 

(2.83 g, 0.071 mol) in H2O (17.6 mL) was added slowly. The mixture was stirred for 3 h at r.t.. 

After NMR confirmed the reaction completion, 1 M HCl was then added to acidify the mixture 

to approximately pH 4 to allow for full precipitation. The precipitate was filtered and washed 

with a small amount of water and then dried under reduced pressure to give 3.5 g (99%) of 12 

as a dark red solid. 
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1H NMR (500 MHz, DMSO-d6) δ 9.00 (d, J = 2.3 Hz, 1H), 8.75 (d, J = 9.2 Hz, 1H), 8.19 (dd, 

J = 9.2, 2.4 Hz, 1H), 7.81 (s, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 195.2, 163.1, 149.7, 136.0, 135.5, 133.3, 130.3, 126.2, 119.3, 

117.4. 

HRMS: calcd. for C10H5N2O4S [M-H]- 248.9965; found 248.9978. 

 

 

Compound 13. A solution of 30% H2O2 (4 mL, 0.04 mol) in formic acid (29 mL) was stirred 

at room temperature under N2 for 1 h. Then a suspension of compound 12 (2.00 g, 0.008 mol) 

in formic acid (18 mL) was added carefully. The reaction mixture was stirred for 5 h at 48 °C 

under N2. After HPLC confirmed the reaction completion, the reaction mixture was cooled to 

0 °C by ice-bath and then NaCl solid was added slowly until a white precipitate formed. The 

precipitate was filtered while it was still cold. The solid was washed with a small amount of 

cold water and then dried under reduced pressure to give 1.00 g (40%) of 13 as a white powder. 

1H NMR (500 MHz, DMSO-d6) δ 9.06 (d, J = 9.3 Hz, 1H), 8.67 (s, 1H), 8.92 (d, J = 2.4 Hz, 

1H), 8.49 (dd, J = 9.3, 2.4 Hz, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 165.5, 153.5, 151.0, 148.0, 146.7, 129.7, 128.0, 125.4, 121.4, 

120.1. 

HRMS: calcd. for C10H5N2O7S [M-H]- 296.9812; found 296.9824. 

 

 

Compound 15. Compound 13 (0.96 g, 0.003 mol) was dissolved in MeOH (221 mL) under N2. 

Then 10 wt.% Pd/C (0.34 g, 35% w/w) was added and N2 was replaced by H2. The mixture was 

stirred for 4 h at r.t. and then another 10 wt.% Pd/C (0.34 g, 35% w/w) was added and the 

mixture was stirred for another 4 h. The resulting mixture was filtered through celite and 

solvents were evaporated under reduced pressure to give 14 as a bright yellow powder which 

was used directly in the next step without further purification. 14 was dissolved in 10% (w/w) 

NaHCO3 solution (58 mL) and the mixture was cooled down to 0 °C. Fmoc-Cl (1086 mg, 0.004 
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mol) in dioxane (34 mL) was added dropwise at 0 °C to the resulting slurry over 1 h. The 

mixture was stirred at 0 °C for another hour, and allowed to warm to room temperature 

overnight. After TLC confirmed the reaction completion, the solution was acidified to pH = 4 

using 1 M HCl solution. The aqueous mixture was washed several times with Et2O until 

precipitation formed. The solid was filtered and washed with Et2O and a small amount of H2O. 

The resulting solid was dried under reduced pressure to give 860 mg (56%) of 15 as a yellow 

powder. Note: Additional experiments indicated the product contains some sodium salt; 

nevertheless, the salt doesn’t affect the use of SPS. 

1H NMR (500 MHz, DMSO-d6) δ 10.21 (s, 1H), 8.73 (d, J = 9.3 Hz, 1H), 8.34 (s, 1H), 8.23 (s, 

1H), 7.93 (dt, J = 7.6, 1.0 Hz, 2H), 7.81 (dd, J = 7.5, 1.1 Hz, 2H), 7.77 (d, J = 9.4 Hz, 1H), 7.45 

(td, J = 7.7, 1.1 Hz, 2H), 7.38 (td, J = 7.5, 1.2 Hz, 2H), 4.58 (d, J = 6.6 Hz, 2H), 4.37 (t, J = 6.6 

Hz, 1H). 

13C NMR (126 MHz, DMSO-d6) δ 166.5, 153.9, 153.5, 148.9, 148.9, 144.2, 141.3, 141.0, 128.3, 

128.2, 127.6, 125.7, 121.9, 121.1, 120.7, 116.7, 115.2, 66.4, 47.1. 

HRMS: calcd. for C25H17N2O7S [M-H]- 489.0751; found 489.0763. 

 

 

Compound 16. Methyl 7-nitro-4-oxo-1,4-dihydroquinoline-2-carboxylate (1 g, 0.040 mmol), 

PPh3 (1.59 g, 0.061 mmol) and MeOH (245 μL, 0.060 mmol) were dissolved in THF (30 mL) 

under N2. Then diisopropyl azodicarboxylate (1.2 mL, 0.060 mmol) was added dropwise. The 

mixture was stirred for 14 h at r.t.. After TLC confirmed the reaction completion, the mixture 

was filtered and concentrated. The residue was precipitated in MeOH to give 600 mg (57%) of 

16 as a white solid. 

1H NMR (500 MHz, DMSO-d6) δ 8.86 (d, J = 2.1 Hz, 1H), 8.43 (d, J = 9.2 Hz, 1H), 8.39 (dd, 

J = 9.2, 2.2 Hz, 1H), 7.72 (s, 1H), 4.20 (s, 3H), 3.99 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 164.9, 162.9, 151.4, 148.7, 146.8, 125.1, 124.7, 124.1, 120.9, 

102.9, 57.0, 53.0. 

HRMS: calcd. for C12H11N2O5 [M+H]+ 263.0662; found 263.0769. 
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Compound 17. Compound 16 (3.97 g, 0.015 mmol) was dissolved in THF (266 mL) and 

MeOH (400 mL) under N2. Then 10 wt.% Pd/C (1 g, 35% w/w) was added and N2 was replaced 

by H2. The mixture was stirred for 3 h at room temperature. After TLC confirmed the reaction 

completion, the mixture was filtered and concentrated to give 3.49 g (99%) of 17 as a yellow 

powder. 

1H NMR (500 MHz, DMSO-d6) δ 7.85 (d, J = 8.9 Hz, 1H), 7.20 (s, 1H), 7.03 (dd, J = 8.9, 2.2 

Hz, 1H), 6.95 (d, J = 2.2 Hz, 1H), 5.89 (s, 2H), 4.02 (s, 3H), 3.90 (s, 3H). 

13C NMR (126 MHz, DMSO-d6) δ 166.0, 162.4, 151.1, 150.4, 148.7, 122.1, 119.6, 112.9, 106.8, 

96.8, 55.9, 52.4. 

HRMS: calcd. for C12H12N2O3Na [M+Na]+ 255.0740; found 255.0739. 

 

 

Compound 19. Compound 17 (3.81 g, 0.016 mol) was dissolved in dioxane (324 mL) then 

LiOH∙H2O (1.03 g, 0.024 mol) in water (102 mL) was added slowly at 0 °C. The mixture was 

stirred for 1 h at 0 °C, then neutralized by 0.1 mol∙L-1 HCl. Then water (120 mL) and NaHCO3 

(4.13 g, 0.049 mol) were added and cooled down to 0 °C by ice-bath. Fmoc-Cl (5.52 g, 0.02 

mol) is added slowly as a solution in dioxane. The resulting mixture is stirred at 0 °C for 1 h 

and allowed to warm to room temperature overnight. After TLC confirmed the reaction 

completion, the solution was acidified to pH = 4 using a saturated citric acid solution. Then 

water was added and the aqueous layers were extracted with DCM. The combined organic 

layers were washed with water and brine, dried (Na2SO4) and then concentrated under reduced 

pressure. The residue was triturated and sonicated in DCM, acetonitrile and water. The final 

slurry was lyophilized to give 5.06 g (70%) of 19 as a yellow powder. 

1H NMR (500 MHz, DMSO-d6) δ 10.23 (s, 1H), 8.30 (s, 1H), 8.09 (d, J = 9.0 Hz, 1H), 7.92 (d, 

J = 7.5 Hz, 2H), 7.78 (d, J = 7.4 Hz, 2H), 7.73 (d, J = 8.2 Hz, 1H), 7.45 (s, 1H), 7.43 (t, J = 7.5 

Hz, 2H), 7.36 (td, J = 7.4, 1.2 Hz, 2H), 4.59 (d, J = 6.5 Hz, 2H), 4.36 (t, J = 6.5 Hz, 1H), 4.10 

(s, 3H). 
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13C NMR (126 MHz, DMSO-d6) δ 165.9, 163.1, 153.4, 150.9, 147.8, 143.7, 141.4, 140.8, 127.7, 

127.2, 125.1, 122.3, 120.4, 120.2, 116.8, 114.2, 99.1, 65.8, 56.4, 46.6. 

HRMS: calcd. for C26H21N2O5 [M+H]+ 441.1445; found 441.1447. 
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3 X-ray crystallographic analysis of the structure of (5)2 

Aqueous solution of (5)2 was prepared by dissolving the lyophilized powder in water to a final 

concentration of 5mM. Crystallization trials were carried with commercial sparse matrix 

screens using standard sitting drop vapor diffusion method at 293 K. X-ray quality crystals were 

obtained after three weeks by the addition of 0.8 µl of (1)2 and 0.8 µl of 15% w/v polyethylene 

glycol 8000, 100 mM MES buffer at pH 6.5 and 200 mM calcium acetate in the reservoir. For 

low temperature diffraction measurement, a crystal was fished using a microloop, cryo-

protected using 30% v/v polyethylene glycol 400 and plunged into liquid nitrogen.  

X-ray diffraction data was collected at the ID30B7 beamline in European Synchrotron 

Radiation Facility (ESRF), Grenoble. Diffraction data was measured at T = 100 K, λ = 0.9184 

Å. The crystal was exposed for 0.02 s and 0.2° oscillation per frame and a rotation pass of 360° 

was measured using a EIGER2 X 9M 450µm Si sensor (Dectris) detector. Diffraction data was 

processed using the program XDS8. The crystal belonged to the space group P-1 with unit cell 

parameters: a = 25.288 (3) Å, b = 27.896 (4) Å, c = 41.288 (2) Å, α = 90.710 (4)°, β = 99.819 

(1)°, γ = 116.180 (1)°; V = 25629 (6) Å3 and two helices per asymmetric unit (Z = 4, Z’ = 2). 

The structure was solved with SHELXT9 structure solution program using Intrinsic Phasing and 

refined by full-matrix least-squares method on F2 with SHELXL-201410 within Olex211. After 

each refinement step, visual inspection of the model and the electron-density maps were carried 

out using Olex211 and Coot12 using 2Fo − Fc and difference Fourier (Fo − Fc) maps. The initial 

structure revealed all main-chain atoms of a double-helical capsule. The CH3 group of 

diethylene glycol tail was severely disordered in both helices and omitted. AFIX, SADI, DFIX 

and FLAT instructions were used to improve the geometry of molecules. Restraints on 

anisotropic displacement parameters were implemented with DELU, ISOR and EADP 

instructions. All non-H atoms were refined with anisotropic displacement parameters. After 

several attempts to model the disordered side chains and diethylene glycol tail, the SQUEEZE13 

procedure was used to flatten the electron density map. Very disordered solvent molecules were 

removed. Calculated total potential solvent accessible void volume and electron count per cell 

are 7403.1 Å3 and 2220 respectively. Hydrogen atoms for (5)2 were placed at idealized 

positions.  

Statistics of data collection and refinement of (5)2 are described in Table S1. The final 

cif file of (5)2 was examined in IUCr’s checkCIF algorithm. Due to the large volume fractions 

of disordered solvent molecules, weak diffraction intensity and poor resolution, a number of A- 

and B- level alerts remain in the checkCIF file. These alerts are inherent to the data set and 
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refinement procedures. They are listed below and were divided into two groups. The first group 

demonstrates weak quality of the data and refinement statistics when compared to those 

expected for small molecule structures from highly diffracting crystals. The second group is 

concerned to decisions made during refinement and explained below. Atomic coordinates and 

structure factors of (5)2 was deposited in the Cambridge Crystallographic Data Centre (CCDC) 

with accession code 2216788. The data is available free of charge upon request 

(www.ccdc.cam.ac.uk/). 

 

CheckCIF validation of (1)2:  

Group 1 alerts (these illustrate weak quality of data and refinement statistics if compared to 

small molecule structures from highly diffracting crystals):  

THETM01_ALERT_3_A  The value of sine(theta_max)/wavelength is less than 0.550 

            Calculated sin(theta_max)/wavelength =    0.4762 

PLAT029_ALERT_3_A _diffrn_measured_fraction_theta_full value Low .     0.917  

PLAT084_ALERT_3_B High wR2 Value (i.e. > 0.25) ...................       0.44 Report 

PLAT241_ALERT_2_B High   'MainMol' Ueq as Compared to Neighbors of  Check 

PLAT242_ALERT_2_B Low    'MainMol' Ueq as Compared to Neighbors of   Check 

PLAT260_ALERT_2_B Large Average Ueq of Residue Including O0F5     0.353 Check 

PLAT260_ALERT_2_B Large Average Ueq of Residue Including O0F9     0.310 Check 

PLAT340_ALERT_3_B Low Bond Precision on  C-C Bonds 0.01725 Ang.   

PLAT414_ALERT_2_B Short Intra XH3 .. XHn     H30C ..H302 1.75 Ang. 

PLAT430_ALERT_2_A Short Inter D...A  Contact O016  ..O277 2.76 Ang. 

 

Group 2 alert (is connected with decision made during refinement and explained below): 

PLAT196_ALERT_1_B No TEMP record and _measurement_temperature .NE. 293 Degree 

 Measurement temperature was 100 K.  

PLAT306_ALERT_2_B Isolated Oxygen Atom (H-atoms Missing ?)   Check 

 Dummy O atom was introduced into refinement. 

PLAT780_ALERT_1_B Coordinates do not Form a Properly Connected Set     

 The connected set is through individual helices in the double helical capsule. 

  

http://www.ccdc.cam.ac.uk/
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Table S1. Crystallographic data and refinement details for (5)2.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S97.: Single crystal of (5)2 observed under cross-polarizing microscope 

Identification code (1)2 

Emperical formula C159 H108.5 Ca N29 O62.5 S6 

Formula weight 3657.68  

Temperature 100 K 

Wavelength 0.9184 Å 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions a = 25.288 (3) Å  

b = 27.896 (4) Å  

c = 41.288 (2) Å 

α = 90.710 (4)° 

β = 99.819 (1)° 

γ = 116.180 (1)° 

Volume 25629 (5) Å3 

Z 4 

Density (calculated) 0.948 g/cm3 

Absorption coefficient 0.266 µ/mm-1 

Colour and shape Pale yellow, prism 

Crystal size 0.200 x 0.100 x 0.050  mm 

Index ranges -23 ≤ h ≤ 23 

-26 ≤ k ≤ 26 

-39 ≤ l ≤ 39  

Reflections collected 137893 

Rint 0.0663 

Data/restraints/parameters 42538/223/4438 

Goodness-of-fit on F2 1.909 

Final R indexes [I > 2σ (I)] R1 =  0.1361 

wR2 =  0.4112 

Final R indexes [all data] R1 =  0.1527 

wR2 =  0.4398 

Largest diff. peak and hole 1.16/-0.65 e Å-3 

CCDC # 2216788 
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4 NMR spectra and RP-HPLC chromatograms of new 

compounds 

a)                                                                  b) 

 

c)  

 

d) 

 

Figure S98. Analytical data of compound 2. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 5 to 100 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 

5 to 100 B% over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) 

Chemical structure of compound 2. (d) 1H NMR spectrum with water suppression (500 MHz, 

H2O/D2O = (9:1, v/v), 25 °C). 

2 
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a)                                                                           b) 

 

c)  

 

 

 

d) 

 

Figure S99. Analytical data of compound 3. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 5 to 100 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 

5 to 100 B% over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) 

Chemical structure of compound 3. (d) 1H NMR spectrum with water suppression (500 MHz, 

H2O/D2O (9:1, v/v), 25 °C). 

 

3 
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a)                                                                           b) 

 

c)  

 

 

 

 

d) 

 

Figure S100. Analytical data of compound 4. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 5 to 100 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 

5 to 100 B% over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% TFA acetonitrile. (c) 

Chemical structure of compound 4. (d) 1H NMR spectrum with water suppression (500 MHz, 

H2O/D2O (9:1, v/v), 25 °C). 

4 
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a)                                                                           b) 

 

c)  

 

 

 

 

d) 

 

Figure S101. Analytical data of compound 5. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 30 to 80 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 

10 to 40 B% over 10 min, λ = 300 nm; A: 13 mM ammonium acetate aqueous buffer pH 8.5, 

B: acetonitrile). (c) Chemical structure of compound 5. (d) 1H NMR spectrum with water 

suppression (500 MHz, ammonium acetate aqueous buffer pH 8.5/D2O (9:1, v/v), 25 °C). 

5 
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a) 

 

b)  

 

 

 

 

c)  

 

Figure S102. Analytical data of compound 6. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 5 to 60 B% over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% 

TFA acetonitrile. (b) Chemical structure of compound 6. (c) 1H NMR spectrum with water 

suppression (400 MHz, H2O/D2O (9:1, v/v), 25 °C). 

 

6 
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a) 

 

b)  

 

 

 

 

c) 

 

Figure S103. Analytical data of compound 7. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 5 to 60 B% over 10 min, λ = 300 nm); A: 0.1% TFA water, B: 0.1% 

TFA acetonitrile. (b) Chemical structure of compound 7. (c) 1H NMR spectrum with water 

suppression (500 MHz, H2O/D2O (9:1, v/v), 25 °C). 

 

7 
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a)                                                                           b) 

 

c)  

 

 

 

 

d) 

 

Figure S104. Analytical data of compound 8. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 10 to 80 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 

10 to 80B% over 10 min, λ = 300 nm; A: 13 mM ammonium acetate aqueous buffer pH 8.5, B: 

acetonitrile). (c) Chemical structure of compound 8. (d) 1H NMR spectrum with water 

suppression (500 MHz, ammonium acetate aqueous buffer pH 8.5/D2O (9:1, v/v), 25 °C). 

8 
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a)                                                                           b) 

 

c)  

 

 

 

 

d) 

 

Figure S105. Analytical data of compound 9. RP-HPLC chromatograms (a) recovered crude 

from TFA cleavage (C18, 10 to 60 B% over 10 min, λ = 300 nm) and (b) after purification (C18, 

10 to 80B% over 10 min, λ = 300 nm; A: 13 mM ammonium acetate aqueous buffer pH 8.5, B: 

acetonitrile). (c) Chemical structure of compound 9. (d) 1H NMR spectrum with water 

suppression (500 MHz, ammonium acetate aqueous buffer pH 8.5/D2O (9:1, v/v), 25 °C). 

9 
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Figure S106. NMR spectra of compound 10 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S107. NMR spectra of compound 11 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S108. NMR spectra of compound 12 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S109. NMR spectra of compound 13 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S110. NMR spectra of compound 15 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S111. NMR spectra of compound 16 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S112. NMR spectra of compound 17 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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Figure S113. NMR spectra of compound 19 : 1H NMR (500 MHz, DMSO-d6) and 13C NMR 

(126 MHz, DMSO-d6). 
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7 Conclusion and Perspectives 

7.1 Conclusions from published/submitted work 

This work resulted in the synthesis of a new 7-amino-2-quinoline carboxylic acid monomer 

(QH) with C and N terminals at a wider angle of 120°, capable of constructing a large diameter 

cavity. In Q and QH synthesis, a new protocol for aminomethyl side chain introduction was 

implemented to avoid a nitrile reduction that is ineffective in the QH synthetic route. The 

partially conformational bias of QH units can nevertheless promote helical folding in water, 

which is proportional to the length of the helix. Minimum segment length consists of two helical 

turns, which facilitates π-π stacking between distinct layers. When water was added to foldamer 

solutions in DMSO, a cooperative conformational transition was observed that has never been 

reported for foldamers with rigid backbones in organic solvents. The NMR and UV data 

revealed two well-defined stages relating to the transformation from the stretched to the folded 

state. Using bidimensional NMR measurements, the helical structure assignment was 

elucidated; the NOE correlations between distinct aromatic layers and the same layer provide 

strong evidence for helical order and folded structure. These results demonstrate conclusively 

the folding potential of non-fully locked building blocks, which inspired the backbone 

alternatives for future foldamer design. 

Utilizing established water-soluble aromatic oligoamide helical capsules, a number of studies 

on guest binding were conducted in water. As demonstrated by NOESY and titration 

experiments, a variety of pyridine analogue guests exhibit 1 to 2 host-guest binding models 

with foldamer capsules in water. Fluorine compounds capable of forming hydrogen bonds with 

the endo-capsule amide group and highly water-soluble cyclic dipeptides with excellent shape 

complementarity show affinity for the amphiphilic cavity. In spite of the significant solvation 

of water-soluble guests, the capsule is still capable of achieving strong binding affinity and 

selectivity through the cooperation of hydrophobic effects and hydrogen bonds. Due to the 

release of highly ordered water in the cavity, an uncommon endothermic binding process that 

was solely driven by entropy was observed. The presence of water molecules in the crystal 

structure of a capsule with similar properties confirms this hypothesis. In addition, varied 

helical diameter building blocks were used to execute the rational shape design. In conclusion, 

our investigations solve the difficult work that binds water-soluble guests in water, which has 

potential implications in biological systems. 
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In order to reduce water solubility and facilitate crystal formation from water, the side chains 

have been iteratively optimized, resulting in a number of different dimerization patterns. After 

decreasing electron repulsion at the C terminal by substituting the charged aminomethyl side 

chain with a methoxy side chain, concentration-dependent and DOSY NMR revealed a head-

to-head dimer. After preventing the head-to-head dimer with C terminal stereo hindrance, 

solution and solid-state studies identified a parallel double helix generated by the replacement 

of two negative side chains with neutral side chains. It was the first time that the crystal structure 

of a water-growing aromatic oligoamide helical capsule was determined. Furthermore, the 

backbone flexible QH segment performed helical folding in water which constructs a double 

helix structure as rigid building blocks. The side chain triggered aggregation was also observed 

in hemi-capsule sequence. Based on the related parallel double helix crystal structure, an 

energy-minimized model shown that four individual strands stack to produce a unique 

tetrameric helix. These distinct dimerization patterns illustrate the significant impact of 

sequence side chains and enable the construction of diverse secondary and tertiary abiotic 

structures by varying side chains. 

7.2 Continuing challenges for foldamer capsules 

Common issues in foldamer research include the limited number of functional groups that can 

be carried out in foldamer synthesis and the lack of commercially available building blocks. 

For helical capsule foldamers, there are particular requirements that must be met. Although a 

few monomers with a large helical diameter have been synthesized, the present building blocks 

all have disadvantages. The QF monomer, for instance, will occupy the cavity space with a 

fluorine atom; the naphthyridine monomer always presents synthetic issues in solid phase 

synthesis; and the QH monomer has a flexible backbone that cannot be folded in organic 

solvents. In addition, crystal growth for a single helix capsule has not yet been achieved due to 

the formation of aggregation by side chain alteration, and the capsule's flexible nature may 

further impede crystal growth or the refinement of X-ray diffusion data. Possible future plans 

are enhancing structural rigidity. Incorporating side chains into the capsule structure to 

immobilize the helical structure and prevent the formation of aggregates is a viable method 

(Figure 16a). Developing a new building block with a complete conformational bias via 

hydrogen bonding or metal chelation is an alternative strategy that will result in the 

development of new synthetic routes. In rigid capsule fabrication, additional work must be 

expended.  
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Figure 16. Overview of future helical capsule design. a) Lock capsule structure by rigid side 

chain to avoid dimerization and immobile structure. b) Introduce the boronic acid group to 

strongly bind carbohydrates in water. c) Elongate the helix to increase the number of interaction 

positions and capsulate more water molecules which can be released during the binding process 

and serve as an entropy driving force.  

 

Carbohydrate binding with water-soluble oligoamide capsules in water is another difficult task 

that has not been completed. As an essential component of human metabolism, carbohydrate 

recognition in vivo promotes a variety of biological functions. Despite the fact that natural 

receptors can bind carbohydrates with high affinity and selectivity, chemical abiotic receptors 

that can bind carbohydrates specifically in water are still rare due to the strong solvation effect. 

Utilizing established capsules, NMR titrations were performed to determine binding affinity 

with carbohydrates in water, but no obvious chemical shift was observed. Extremely high water 

solubility necessitates enormous energy expenditures when the guest moves inside the cavity, 

making the operation challenging. As observed in the large cavity capsule, which can bind with 

the highly water-soluble cyclic dipeptide, the amphiphilic cavity only shows a low affinity. 

Introducing hydrophilic groups, which can form more hydrogen bonds, is a method for 

enhancing affinity. Because the cavity side group is tied to the backbone structure, it required 

multiple new synthetic routes to modify the backbone of the monomer. The introduction of a 

boronic acid group (Figure 16b), which can develop strong interactions with all types of 

carbohydrate within the capsule, is an alternative option. It is possible to acquire a high affinity, 

but the selectivity will be low. As demonstrated by ITC titrations, the binding process could be 

facilitated by releasing encapsulated water molecules in order to gain entropy. The third 
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possibility is increasing the length of the QH segment (Figure 16c), which can exclude more 

water molecules while the guest is bonded. In addition, the expanded interface offers more 

interaction positions, which increases binding affinity. In the future, it may be possible to 

achieve the extremely selective and strong affinity bonding of carbohydrates with aromatic 

helical foldamers by combining multiple strategies. 

7.3 Potential applications and outlook 

Aromatic helical foldamers derived from monomers with conformational bias regularly 

generate stable, difficult-to-disrupt helices, which is advantageous for rational design and the 

construction of complex tertiary structures under diverse environments. In contrast to rigid 

helices, foldamers containing several successive QH monomers are capable of entirely reversing 

their conformational state by modifying the solvent characteristics, which can be utilized for 

the regulation of guest release. Nitschke's group has described a molecular cargo employing 

coordination cages83 dependent on this mechanism; the same application might also be applied  

 

Figure 17. Overview of potential helical capsule applications. a) The triphasic system arranged 

in a U-shaped tube and the possible mechanism for selective transport via capsules (◇). At the 

interface of the feedstock and aqueous membrane layers, the target guest is encapsulated. The 

capsules and their cargos diffuse through the aqueous layer to the phase boundary of the 

receiving phase. The encapsulated cargoes are subsequently released into the receiving organic 

phase from the capsule cavities. b) The stretched and folded states control the catalysis 

components' (represented as a yellow ball) exposure or masking. c) Two guests are encapsulated 

in the capsule cavity, facilitating intermolecular reactions.  
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to helical capsules (Figure 17a). In relation to the stretched structure of QH capsules, the guest 

release can be completed in contrast to cage structures, which could result in more efficient 

transportation. The coordinated conformational transition property can also be exploited to 

regulate the masking or exposure of catalysis components within the capsule, so constructing a 

switch that monitors the reaction by varying the solvent (Figure 17b). In addition, the unique 1 

to 2 binding model reveals the potential for a reaction container that increases the coupling 

reaction ratio by pre-locating two molecules together, and a chiral catalysis reaction might be 

accomplished by the stereo hindrance in the cavity (Figure 17c).  

Foldamer is expensive due to its noncommercial building blocks and time-consuming synthesis 

and purifying operations, which necessitates its recycling. As a recyclable catalyst, affixing 

foldamers to a solid support is a viable solution (Figure 18a). And if it were utilized as a 

selective separate column, the foldamer capsule would capture the target compound in an 

aqueous solution and release the guest when washed with an organic solvent, which efficiently 

purifies a mixture via the incubation and washing steps. However, the method for installing 

aromatic helical foldamers to solid support still involves considerable effort. And self-healing 

materials are a potential future application for foldamers. The two large-diameter helical 

segments (Figure 18b) that can form a double helix assist polymerization and a rod-like 

structure can be formed. By combining to form a double helix, the two sticky ends allow for 

the reconstruction of any portion of the material. Despite the fact that a substantial amount of 

fundamental mechanism study must be conducted, the possibility exists.  

 

 

Figure 18. Overview of future foldamer designs. a) Set the capsule on a solid support. b) The 

building block design for polymer material. The large diameter helical part (pointed out by blue 

lines) could form two double helix with other units and endlessly elongate the rod-like structure. 
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