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2. Abstract 

Biopolymers are composed of different folded structural units, allowing them to perform various 

roles in biological processes. The study of foldamers is based on the concept that backbones chemically 

distinct from natural biopolymers can lead to different structures, properties, and unique functions. 

Aromatic backbone foldamers are particularly intriguing due to their unique properties. The folding 

behavior and resulting structures of these foldamers are more predictable, facilitating design. Over two 

decades, numerous simple artificial structures, such as macrocycles, helices, sheets, and knots, have 

been reported. However, the exploration of abiotic foldamers with complex and enriched topologies 

remains both challenging and highly appealing, as the functions of biopolymers typically emerge at 

their tertiary and quaternary structural levels. 

In this study, we describe the exploration of abiotic quaternary structures based on a previously 

reported heterochiral helix-turn-helix structure, as well as the design of a unimolecular tertiary fold 

based on a trimeric helical bundle. First, we modified the heterochiral helix-turn-helix structure by 

introducing additional hydroxy groups and hoped that two of the modified tertiary folds could dimerize 

via intermolecular hydrogen bonds to form an abiotic quaternary structure. However, the solid-state 

structure revealed a novel domain-swapping dimer. Next, we investigated the trimerization of the 

heterochiral helix-turn-helix structure through a known “shifted dimer” intermolecular interface. The 

self-assembly of designed sequences was investigated by NMR, CD and molecular dynamic simulations, 

which revealed that two stable aggregates corresponding to the designed trimer and to a dimer with 

water molecules bridging the intermolecular hydrogen bonding interface. Finally, we designed and 

synthesized two new turn units with different flexibilities that were expected to promote the formation 

of a unimolecular helix-turn-helix-turn-helix tertiary structure, stabilized by the previously reported 

“parallel trimer” intermolecular hydrogen-bonding pattern. Solution studies and crystal structures of 

two series of model sequences indicate that both turn units promote the formation of the heterochiral 

helix-turn-helix structure as anticipated. A fragment condensation strategy was employed in the 

preparation of the final 6.9 kDa unimolecular three-helix bundle sequences. Solution studies support 

the formation of the designed tertiary structure in sequences with rigid turn units, suggesting the 

flexibility in the turn units will bring obstacles in the formation of relatively complex tertiary folds. 

Overall, these results explored various complex aggregation modes based on the helix-turn-helix 

structure, providing a starting point for application development. The relationship between the 

flexibility of the turn units and tertiary structure formation offers insights for future linker design. 

Additionally, the use of a fragment condensation strategy paves the way for the synthesis of comparable 

or even longer sequences in the future.  
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3. Introduction 

Biopolymers, such as proteins (Figure 1b), nucleic acid (Figure 1c) and polysaccharides, serve 

diverse roles in the biological processes of organisms. Proteins have multiple functions such as 

catalysis,[1-3] providing structural support to cells and organisms,[4-6] and transporting small molecules 

or ions through cell membranes.[7-9] The essential functions of nucleic acids are to store and transmit 

genetic information.[10, 11] The fundamental reason for the significant differences in biopolymer 

functions lies in the structural diversity of their basic building blocks (Figure 1a). Different building 

blocks and backbones result in different folding principles and three-dimensional shapes, leading to 

distinct functions. The study of foldamers arises from the idea that backbones chemically distinct from 

those of biopolymers might produce novel shapes and functions beyond what natural biopolymers can 

achieve (Figure 1d, e, f). 

 

Figure 1. a) Chemical structure of amino acids and nucleotides. b) Structure of human proliferating cell nuclear 

antigen protein (PDB:1VYM). c) Structure of B-DNA. d) Crystal structure of an aromatic helical foldamer.[12] e) 

Crystal structure of a double-stranded foldamer.[13] f) Crystal structure of a foldamer sheet structure.[14] 

The design of foldamers is rooted in understanding the folding principles of biopolymers. Early 

studies focused on modified canonical monomers, such as amino acid analogues, whose oligomers are 

generally known as peptidomimetics.[15-17] They can mimic natural peptides in certain respects and 

generally exhibit greater stability and strong biocompatibility, making them valuable in drug 

development. For example, the modification by introducing artificial side chains can often maintain the 

folding of the main chain while providing different surface properties that can enhance their target 

affinity and selectivity.[18] The introduction of some side chains will enable the covalent linkage 
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between two residues that have proximity in the folded state but are distinct from the primary structure, 

thereby stabilizing the fold.[19]  

In addition to peptidomimetics, fully synthetic oligomers offer expanded structural and functional 

diversity. For example, aromatic oligomers possess predictable folding characteristics and unique 

properties, enabling them to remain folded even in organic solvents.[20-22] Various structure topologies, 

such as helices,[23-26] sheets,[14, 27, 28] and knots,[29-31] could be easily accessed. However, the research 

towards higher-hierarchy structures, such as tertiary or quaternary structure levels, to obtain true 

artificial protein-like objects remains a challenging yet attractive field, as sophisticated functions of 

proteins often arise from their tertiary or quaternary structure levels. Quinoline-based foldamer can 

form stable helical structures through intramolecular hydrogen bonding and π-π stacking across a wide 

range of solvent environments and temperatures.[32, 33] Their robust and predictable structures facilitate 

the precise introduction of side-chain residues that protrude from the helix. The first two abiotic helix-

turn-helix tertiary structures were achieved by tethering two hydroxy-functionalized quinoline-based 

helices by turn units. However, the removal of the turn unit leads to the formation of two unexpected 

aggregates: tilted dimers and a parallel trimer (see section 3.4 below).[34, 35] The research in this thesis 

focused on the exploration of aggregated tertiary structures to obtain a higher structure level and on the 

turn unit design to promote the formation of a unimolecular tertiary structure mediated by the parallel 

trimer pattern. This section provides a general introduction to the field of foldamer science. 

3.1. The folding principle, structures and function of biopolymers 

The rational design of foldamers relies on understanding the sequence-structure-function 

relationships of natural biopolymers, particularly nucleic acids and proteins. The double-stranded DNA 

helix is the most typical structure of nucleic acids, stabilized by base pair recognition between 

complementary strands and π-stacking between base pairs. The recognition of base pairs via Watson-

Crick base pairing is crucial for the functions of nucleic acids. Aptamers[36, 37] are nucleic acid-based 

artificial folded oligomers, i.e. foldamers, with the closest sequence-structure-function relationships. 

They typically fold into specific shapes, such as stem-loops,[38] hairpins,[39] pseudoknots[40, 41] and G-

quadruplexes,[42-46] through intramolecular base-pair recognition, with applications in biomarker 

detection,[47, 48] therapeutics,[49] drug delivery,[50-52] diagnostics.[53-55] DNA origami technology (Figure 

2a) is a recently developed technique that utilizes the properties of DNA base pair recognition to design 

nucleic acid sequences that can assemble into nanoscale three-dimensional structures, such as nanotubes, 

and nano-prisms. It is widely used in the field of nano-sensors, drug delivery, and bio-imaging.[56-62] 

Proteins have four structure levels: primary, secondary, tertiary and quaternary.[63] The primary 

structure is the linear sequence of polyamide composed of 20 different amino acids. Notably, the 

synthesis of the peptide sequences in cells by ribosomes is started from the N-terminus, while solid-

phase peptide synthesis (SPPS) progresses in the opposite direction, that is from the C-terminus to the 
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N-terminus.[64-66] The primary structure of proteins could be determined by sequencing using Mass 

spectrometry,[67, 68] or by other nanotechnologies, such as those based on nanopore.[69-71] 

 

Figure 2. a) Some structures of DNA origami.[59] b) Intramolecular hydrogen bond in α-helix. c) The top view of 

a α-helix down through the axis shows the positioning of the residues. d) Representation of the patterns of parallel 

and anti-parallel β-sheet.[91] e) Structural representation of β-turn.[91] f) Schematic representation of the tertiary 

structure of a protein, illustrating its composition of several secondary structure elements. g) The principle of 

quaternary structure, which involves the assembly of small protein motifs.[93] 

The secondary structures, including α-helix (Figure 2b), β-sheet (Figure 2d), β-turn (Figure 2e), 

collagen helix, etc., represent the local three-dimensional conformations of peptide chains.[72] Hydrogen 

bonds usually play a crucial role in the formation of secondary structures. The α-helix is the most 

common motif, where the peptide chain coils into a right-handed helix with 3.6 amino acid residues per 

turn (Figure 2b). The helical structure is stabilized by the hydrogen bonds between the carbonyl oxygen 

and the amide hydrogen of residues that four residues earlier in the sequence (Figure 2b). There are 13 

atoms involved in the ring formed by hydrogen bonds, the α-helix is also known as 3.613-helix.[73-76] The 

coiled-coil structure, one of the most widespread protein structural elements, consists of two or more 

α-helices coiled together through hydrophobic effects.[77] Due to their high stability, α-helices and 

coiled-coil structures play essential structural and functional roles in protein-protein interactions[78, 79] 

and DNA-protein interactions.[80, 81] Other helical secondary structures include the 310-helix[82-84] and π-
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helix.[85-87] The β-sheet (Figure 2d) is formed by two or three parallel or anti-parallel β-strands, held 

together by hydrogen bonds to form a stable sheet-like structure.[88-91] β-turns (Figure 2e) are short, 

flexible regions connecting adjacent β-strands, typically consisting of four amino acids and allowing 

the chain to reverse direction.[91, 92] β-sheets and β-turns are often located in the core of proteins, 

contributing to the overall structural stability. 

The secondary structures are crucial for the three-dimensional shape and function of proteins, as 

the combination and arrangement of multiple secondary structures within a single peptide chain form 

the tertiary structure of the protein (Figure 2f). The tertiary structure is stabilized by hydrophobic 

effects,[94] hydrogen bonds, salt bridges,[95] disulfide bonds[96] between different secondary structures. 

The tertiary structure is essential for function. Misfolded proteins, such as amyloid fibrils, are 

considered to be one of the causes of neurodegenerative diseases.[97] The quaternary structure, the 

highest level of protein structure classification, refers to the assembly of several protein motifs with 

tertiary structure into a larger complex (Figure 2g).[93, 98] Of note, not all the proteins have a quaternary 

structure, as many function as monomers. 

Techniques such as X-ray crystallography, NMR, and cryo-electron microscopy help determine 

the structure of proteins. In recent years, an in-depth understanding of the sequence-structure 

relationship and machine learning have driven the development of structure prediction software, such 

as AlphaFold[99], which can predict the protein structure with high accuracy. The targeted modification 

of natural proteins through mutation also relies on high-resolution structural analysis and precise 

structure prediction. Enzyme modification is a typical example.[100, 101] Enzymes with low 

regioselectivity may produce multiple products from a single substrate. By studying enzyme structures 

and their substrate recognition mechanisms, regioselectivity can be improved through mutations. In 

recent years, the de novo design of proteins has made significant progress. Woolfson and co-workers 

recently reported the rational design of oligopeptide sequences that can aggregate into stable 310 helices 

or membrane-less organelles.[102, 103] Baker and co-workers developed a series of software, such as 

Rosetta which could be utilized in the design of artificial proteins.[104, 105] Additionally, some peptide 

origami structures with supramolecular self-assembly properties have been reported, capable of forming 

various nanostructures for applications in drug delivery, molecular cages, and biosensors.[106] 

3.2. The design of peptidomimetics and aliphatic foldamers 

The limited library of canonical natural building blocks restricts the exploration of new structures 

and functions. Novel building blocks can endow oligomers with unique properties and functions. Thus, 

modifications of canonical monomers, such as synthetic L-α-amino acid analogues, have driven the 

research into peptidomimetics, which could be considered as foldamers with aliphatic backbones. 

Peptidomimetics represent an important field in chemistry, pharmacology and material science. 

Peptidomimetics are oligomers of modified natural amino acid analogues or a class of oligomers that 
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can mimic the folding of natural peptides but have entirely different backbones. Common modification 

strategies include amine alkylation, side-chain substitution, structural bond extension, cyclization, 

carbonyl replacement, and isosteric replacements. The side-chain substitution strategy largely preserves 

the secondary structure of the peptide while allowing different residue displays. By introducing thiol- 

or alkenyl-modified amino acids at specific sites, side-chain cross-linking strategies can be used to 

establish side-chain-to-side-chain bridges for cyclization, thereby stabilizing the folded secondary 

structure and enhancing binding affinity with the target. In some cases, dithiol- or trithiol-substituted 

small molecules can serve as a staple to stabilize the relatively complex structure via two or three 

thioether bonds (Figure 3a).[107, 108]  

 

Figure 3. a) The cross-link strategies to stabilize the fold via sidechain-to-sidechain bridges.[15] b) The oligo-urea 

can mimic the zinc finger of peptides.[15, 111] c) The chemical structure of β-peptide and peptoid. d) The residue 

positioning of a β-peptide bundle.[110] d) Molecular modelling of a peptoid octamer containing bulky, chiral S-1-

phenylethyl side chains.[113] 

The oligomers with entirely artificial aliphatic backbones can also mimic the surface of peptides 

but with distinct properties, such as increased stability and resistance to proteolytic degradation. The β-

peptide, which has a one carbon chain extension with respect to canonical amino acid, can fold into a 
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314-helix (Figure 3c, d).[109, 110] Oligo-ureas, which could be considered as a γ-amino acid analogue, can 

fold into a helical shape through intramolecular hydrogen bonds. Although its folding behavior differs 

from that of peptides, it can mimic structures that are similar to natural peptides, such as the zinc finger 

structure (Figure 3b).[111] The oligomer constituted by N-substituted amino acids will exhibit very 

different folding properties and residue arrangements, as the folding is not stabilized by intramolecular 

hydrogen bonds due to the absence of hydrogen bond donors from the amide group. The oligomer of 

N-substituted glycine (Figure 3c, e), which is known as oligo-peptoid, offers potential as a novel class 

of peptidomimetics for drug candidates.[112] 

3.3. Aromatic foldamers and folding principle 

Aromatic foldamers refer to foldamers containing aromatic monomers as the main component of 

their backbone. The folding of aromatic foldamers is similar to that of biopolymers, mainly driven by 

non-covalent interactions such as hydrogen bonds, electrostatic repulsion and π-stacking. However, the 

rigidity of the aromatic monomers significantly enhances the stability and predictability of aromatic 

foldamer structures.  

 

Figure 4. a) The representation showing the four conformations of N-phenylbenzamide. Since there are no 

restrictions applied on the pink-colored bonds, there is no preference. b) When the R3 is substituted by a methoxyl 

group, the intramolecular hydrogen bond and electrostatic repulsion will apply restriction on the 

(Ar)C−NH(COAr) bond (shown in bold). c) If the left aromatic ring is replaced by pyridine, the three-centred 

intramolecular hydrogen bond will restrict the rotation of all the bonds. 

The most common type of aromatic foldamers is aromatic oligoamides, in which aromatic 

monomers are connected through amide bonds. Due to the rigidity of the monomers, it is rarely observed 

that the amide proton forms a hydrogen bond with the carbonyl group of a few units earlier, unlike the 

behavior observed in peptide helices. Therefore, the (Ar)C−CO(NHAr) and (Ar)C−NH(COAr) bonds 

(the two bonds connecting the amide group and two adjacent aromatic monomers) can rotate, leading 

to four possible pseudo-conjugated conformations (Figure 4a). The lack of preference between these 

conformers hinders the formation of well-defined structures. Introducing a hydrogen bond acceptor at 
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one of the ortho-positions of the amide group will induce the formation of an intramolecular hydrogen 

bond which restricts the rotation of the amide group. Common hydrogen bond acceptors include oxygen 

and nitrogen. Effective strategies to introduce hydrogen bond acceptors to the aromatic monomers 

involve oxygen (ether group) substitution on the aromatic ring and incorporating nitrogen-containing 

aromatic heterocyclic systems, such as pyridine and quinoline. The electrostatic repulsion and 

intramolecular hydrogen bonds introduced by these modifications will favor specific amide 

conformations, thereby constraining the rotation of bonds within the rigid aromatic backbone (Figure 

4b,c). 

 

Figure 5. a) The dimer of 3-amino-2-methoxybenzoic acid has a crescent shape. b) The hexamer of 3-amino-2-

methoxybenzoic acid will form a helical shape [117] c) The repulsion between the carbonyl group and quinoline 

nitrogen. d) The dimer of 8-amino-2-quinoline carboxylic acid has a crescent shape. e) The tetramer of 8-amino-

2-quinoline carboxylic acid will form a helical shape. f) There is no preference for the M helical or P helical.  

By adjusting the size of the aromatic ring, as well as the position and conformation of the amide 

group, the distance and defined angle of two consecutive amide bonds can be varied. The angle between 

two amide bonds is usually less than 180° and the intramolecular hydrogen bond will lead the dimer to 

form a flat crescent shape (Figure 5a, d). When the oligomer exceeds one turn, the steric clash caused 

by two termini twists the amide bonds and induces the formation of a helical shape (Figure 5b, e). 

Notably, since there is no preference for the amide bond twisting either up or down, helical aromatic 

foldamer helices are generally racemic mixtures of P and M conformers (Figure 5f), which differs from 

natural helical peptides. The strategies to bias the handedness of an aromatic foldamer helix include 

introducing a chiral monomer analogue[114] within the sequence or a chiral group at the terminus.[115] In 
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the absence of aryl-amide bond conformational restriction, a guest molecule that can form 

intermolecular hydrogen bonds with the oligomer may still induce the formation of a helical 

structure.[116] 

 

Figure 6. The scheme representation of the cycle of solid phase foldamer synthesis 

The 8-amino-2-quinoline carboxylic acid (Q) is an aromatic δ-amino acid.[32] The oligoamide of Q 

units will fold into a 2.5 units per turn helical structure (Figure 5d, e) stabilized by electrostatic 

repulsion, intramolecular hydrogen bonding, and π-π stacking interactions. Due to the poor solubility 

of such an aromatic oligoamide, a side chain is often added to the 4-position to enhance solubility. The 

synthesis of amide oligomers is usually achieved by coupling an acid with an amine. However, due to 

steric hindrance caused by the helical conformation, synthesizing relatively long oligomers in solution 

is challenging: as the length of the oligomer increases, the deprotection and coupling of the N-terminal 

amine or C-terminal acid becomes more difficult. Relatively long oligoamide of Q units could be 

synthesized using solid phase foldamer synthesis (SPFS), similar to the method used in solid-phase 

peptide synthesis (SPPS).[118] Standard coupling reagents such as PyBOP and HBTU, widely used in 

peptide and some peptidomimetic synthesis, may create challenges in oligo-Q sequence synthesis due 

to the poor nucleophilicity of the aromatic amine. An in situ activation method based on the Appel 

reaction was developed to pre-activate the acid to form the corresponding acyl chloride. Notably, excess 

activation reagent does not react with the free amine, unlike other activation reagents such as (COCl)2 

or Ghosez’s reagent. The coupling reaction was generally performed under microwave conditions, and 

the corresponding oligomer could be cleaved from the solid support at the end of the synthesis. In this 

process, different Q units with different side chains could be introduced (Figure 6). 
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The inner diameter of oligo-Q is relatively small and filled with a hydrogen bond network. 

Nevertheless, metal ions, such as CuII, could coordinate by deprotonation of the amide group.[119] The 

modifications of the helix are generally applied to the outer rim of the helix, especially the 4-, 5- and 6- 

positions of the quinoline ring. For example, by introducing phosphonate groups at specific positions, 

the helix can mimic the negatively charged surface of B-DNA.[120, 121] The inner diameter can be 

adjusted by changing the position of the amine group on quinoline- or naphthalene-based monomers.[122] 

A larger diameter creates a cavity capable of binding certain guest molecules, such as sugars,[123] and 

also permits the formation of double helices.[124] 

3.4. Helix self-assembly, linker design and abiotic tertiary structure 

In nature, the advanced functions of biopolymers typically emerge at the tertiary or quaternary 

structural levels. Therefore, exploring the self-assembly and higher-order structural hierarchy of 

foldamers is both challenging and highly intriguing. Foldamers with tertiary structures and beyond are 

also known as "proteomimetics," as they share many common features with proteins.[15] 

Self-assembly is a common phenomenon in nature, where large and complex structures can be 

formed through the self-assembly of smaller modules. Quaternary structures are essentially self-

assembled from already complex subunits (tertiary structures). Examples from the field of 

peptidomimetics include a β3-residue helical oligomer that forms an octameric bundle [109, 125] and a 

urea-based helical oligomer that forms a hexameric assembly.[126] It is noteworthy that these self-

assemblies are not genuine quaternary structures, as they are assembled secondary (not tertiary) 

structures. 

The quinoline-based helical structures have advantages in exploring complex architectures due to 

their structural stability in various environments. In proteins, the most common tertiary structure motif 

is the helix-turn-helix (HTH) structure with a “U” shape. This motif consists of two α-helices connected 

by a short amino acid chain and typically serves as a DNA-binding domain. Research on higher-order 

structural levels of abiotic foldamers first investigated the connection of two helical structures via a turn 

unit (Figure 7).[127] The steric clash causes the two helices to point in opposite directions. Due to the 

intramolecular hydrogen bonds formed by the turn unit and the terminal amide bond, the two helices 

are heterochiral, while they do not interact directly with each other, resulting in a structure that deviates 

from the typical "U" shape of the protein HTH structure. 
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Figure 7. The structure of an aromatic di-amine turn unit (a) and an aromatic di-acid turn unit (b). They can tether 

the C-terminus or the N-terminus of two helices, respectively. The intramolecular hydrogen bonds are shown in 

dash lines. The arrow shows the handedness of the structures. The side view and top view of two Q4-turn-Q4 

structures. The turn units in (c) and (d) are shown in (a) and (b), respectively.[127] 

The exploration of the true abiotic tertiary structure was facilitated by using computational tools. 

A turn unit T1 was picked, and computational modelling was employed to connect two Q4 oligomers 

to the hydrazine groups of the turn unit (Figure 8a, 10d).[34] Due to the additional hydrazine groups, the 

two helices are slightly separated compared to the structure shown in Figure 7d, allowing them to point 

in the same direction (Figure 8c). The hydrogen bonds between the turn unit and the terminal amide 

groups provide rigidity to the turn unit and induce homochirality in the two helices (Figure 8a). The 

resulting molecular model revealed a proximity between the 4-position of one quinoline from one helix 

and the carbonyl group of the other helix (Figure 8c), which allowed the introduction of hydrogen bond 

donors by replacing a Q unit with a X unit (Figure 8b) to establish intramolecular but interhelical 

hydrogen bonds (Figure 8d). modelling indicated that when the oligomers were extended to the second 

layer, the aromatic ring of the Q unit could cause steric clashes, hindering the formation of the HTH 

structure (Figure 8e). Therefore, the corresponding X units were replaced with pyridine-based Y units 

(Figure 8b) to prevent the clash (Figure 8f). 
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Figure 8. a) The structure of the T1 turn (in green in the structure). The structure was stabilized by hydrogen 

bonds and induced the handedness and orientation of two helices connected. b) The structure of Q, X and Y units. 

c) The molecular model of Q4-T1-Q4 structure. The positions for the insertion of hydrogen bond donors due to 

proximity are highlighted. d) The molecular model of QXQQ-T1-QQXQ. The hydroxy proton of the X unit is 

shown in grey. e) The representation showing the potential steric clash when prolonging the oligomer, which 

could be prevented by replacing the X monomer with the Y monomer. f) The molecular model of YQXQQ-T1-

QQXQY. There are four intramolecular hydrogen bonds. 

The crystal structure of the oligomer revealed the formation of the HTH structure stabilized by six 

intramolecular hydrogen bonds as designed (Figure 9a). Surprisingly, the removal of the turn unit led 

to the formation of homochiral tilted dimers (Figure 9e) and homochiral parallel trimers (Figure 9f) 

through intermolecular hydrogen bonds. Notably, the parallel dimer pattern observed in the HTH 

structure was absent, indicating that this structure is not favored in the absence of T1 (Figure 9c). In 

later studies the hydrogen bond donors contributed by Y monomers in the middle layer was removed 

(Figure 9b).[128] The modified oligomer folded into a similar HTH structure without any loss of stability, 

while the helices adopted their natural curvature (Figure 9d, right). It was concluded that the helices of 

the original HTH structure underwent some spring torsional load (Figure 9d, left), suggesting the 

presence of potential conformational frustration. The helices in the tilted dimer and parallel trimer also 

maintained their natural curvature while forming the same number of hydrogen bonds, which could 

explain the preference for these two structures in the absence of turn unit. 
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Figure 9. a) The side view and top view of the crystal structure of homochiral HTH structure stabilized by six 

intramolecular hydrogen bonds. b) The side view and top view of the crystal structure of homochiral HTH 

structure stabilized by four intramolecular hydrogen bonds. c) The hydrogen bond pattern in (a). d) The top view, 

down through the axis of the helix, of the helix in (a, left) and in (b, right). The inner rim of the helix is shown in 

pink showing the potential torsional spring load of the backbone in (a). The crystal structure of tilted dimer (e) 

and parallel trimer (f). 

The helix-T1-helix structure is a symmetrical structure formed by linking two identical helices to 

a symmetrical T1 unit. When both the handedness and orientation of a helix are inverted, the side chain 

will align in a similar arrangement (Figure 10c). This transformation is also known as “retro inverso 

peptide” in the modification of peptides. An unsymmetrical turn unit T2 (Figure 10d) could be 

introduced between two heterochiral head-to-tail arranged helices to induce the formation of a 

heterochiral HTH structure[35] while maintaining a similar intramolecular hydrogen bond pattern to that 
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of the homochiral HTH structure[34] (Figure 9c). The turn unit T2 was prepared as a Fmoc-protected 

amino acid, facilitating the synthesis of the corresponding sequence based on the SPFS method. This 

well-defined heterochiral HTH structure represents an abiotic tertiary structure and serves as an 

excellent candidate for exploring the abiotic self-assemblies, that is, the genuine abiotic quaternary 

structures. Chapter 5 describes our success at getting such abiotic quaternary structures. However, 

research on abiotic quaternary structures designed using computational models has also led to the 

discovery of a novel domain-swapped structure, which will be discussed in Chapter 4. 

 

Figure 10. a) The crystal structure and cartoon representation of homochiral helix-turn-helix structure. b) The 

crystal structure and cartoon representation of heterochiral helix-turn-helix structure. The hydrogen bond is shown 

with a green dashed line. c) The cartoon representation showing the hydrogen bonding interface. The arrays of 

six hydrogen bond donors (yellow balls) and acceptors (red balls) are approximated to belong to two planes facing 

each other. The blue rod and pink rod represent the P helix and the M helix, respectively. Converting both the 

handedness and orientation of a helix will remain the arrangement and positioning of hydrogen bond donors and 

acceptors. d) The chemical structure of T1 and T2.  

The subsequent research focused on controlling the self-assembly of hydroxy group-decorated 

single helices, aiming either to quantitatively achieve one of two unexpected aggregates mentioned 

above, the tilted dimer and the parallel trimer, or to promote the formation of the parallel dimer observed 

in the homochiral HTH structure (Figure 9c). The hydrogen bonds contributed by the Y monomer 

induce a torsional spring load of the main chain within the HTH structure, potentially hindering the 

formation of the desired parallel dimer in the absence of turn unit. Therefore, Y monomers were 

replaced with non-hydroxy-substituted pyridine monomer P to reduce conformational strain. The 

sequence was also extended to favor parallel rather than tilted arrangement (Figure 11a).[129] However, 

the designed sequence aggregated into yet into new unexpected motifs, a homochiral shifted dimer 

(Figure 11b, d) and a heterochiral shifted dimer (Figure 11c, e).[129] The social or narcissistic chiral self-

sorting occurrence highly depends on the chlorinated solvent that is used: the homochiral shifted dimer 
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dominated in dichloromethane whereas the heterochiral shifted dimer dominated in chloroform. Since 

the helices in the helix-T2-helix structure are heterochiral, further research on promoting the self-

assembly of the heterochiral HTH structure via shifted dimer intermolecular interfaces will be discussed 

in Chapter 5. 

 

Figure 11. a) Schematic representation highlighting the positions of hydrogen bond donor removal (yellow 

circles). Schematic representation of the hydrogen bonding arrays of homochiral shifted dimer (b) and heterochiral 

shifted dimer (c), with overlaid view and open-book view. The N-terminus is shown with a blue ball. The P and 

M helices are shown with blue and red planes, respectively. The crystal structure of homochiral shifted dimer (d) 

and heterochiral shifted dimer (e).[129] 

Introducing linkers to bridge subdomains in the self-assembly is a common strategy for designing 

artificial tertiary structures. For example, Woolfson and co-workers started with a coiled-coil tetramer, 

establishing three connections between the C-terminus and N-terminus of two adjacent helices via short 

peptide chains to create a single-chain four-helix bundle.[130] As previously mentioned, the tilted dimer 

is a preferred self-assembly motif, making it a strong candidate for exploring tertiary structures 

mediated by this pattern. One reason for the particular focus on the tilted dimer pattern is the unique 

120° angle between the two helices, which is distinct from a parallel or antiparallel arrangement in other 

cases. Since the termini of the two helices are not on the same plane, a series of diethylene glycol chains 

of varying lengths were introduced as flexible turn units (T3, Figure 12a).[131] The sequences fold into 
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the desired HTH structure with good confidence despite lacking proof from a solid state structure 

(Figure 12b, c). However, X-ray diffraction of a single crystal of one sequence revealed an unexpected 

tetrameric, eight-helices bundle (Figure 12d, e). This bundle includes two “U”-shaped HTH sequences 

(colored in blue and green in Figure 12d, e) and two linear HTH sequences (colored in organ and red in 

Figure 12d, e), forming a quaternary structure-like object with a molecular weight of 12.9 kDa. Since 

the parallel trimer is also a preferred self-assembly motif, research on linker design to promote tertiary 

structures mediated by this pattern, following a similar strategy, will be discussed in Chapter 6. 

 

Figure 12. a) The representation of the design strategy. The energy mimized model of a helix-T3-helix structure 

is shown in a space-filling representation (b) and simplified representation (c, only the outer rim of the backbone 

is shown). Hydrogen bond donors and acceptors are shown as white and red balls, respectively. The crystal 

structure of a tetrameric, eight helices bundle is shown in a space-filling representation (d) and tube representation 

(e). Four identical sequences are colored in different colors. 
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4. Abiotic domain swapping structure in organic solvents 

The exploration of the abiotic helix-turn-helix structure was successfully advanced. By connecting 

the C-termini of two hydroxy group-decorated quinoline-based oligoamide helices to the di-amine 

groups of a symmetrical turn unit T1, a homochiral parallel helix-turn-helix structure stabilized by six 

intramolecular hydrogen bonds was formed. However, in the absence of the T1 unit, the helices tend to 

aggregate into tilted dimers or parallel trimers, while the parallel dimer arrangement was not observed, 

suggesting that the hydrogen bond pattern stabilizing the tertiary fold is not inherently preferred. 

Inverting the handedness and orientation of one helix will lead to a similar side-chain arrangement. This 

allowed the introduction of an unsymmetrical amino acid turn unit T2 between two heterochiral helices 

arranged in a head-to-tail manner leading to the formation of a heterochiral helix-turn-helix tertiary 

structure stabilized by a similar six hydrogen bond pattern. The synthesis of helix-T2-helix sequences 

benefits from the solid-phase synthesis strategy. Such a well-defined tertiary structure is a good 

candidate for modification to promote self-assembly, potentially leading to a true abiotic quaternary 

structure. With the aid of computational tools, three additional hydroxy groups were placed on one side 

of the helix-T2-helix tertiary structure to create complementary arrays of hydrogen bond donors and 

acceptors, which may promote the aggregation of tertiary structures. 

 

Figure 13. The cartoon representation shows the foldamer initially designed to form a quaternary structure in fact 

leads to a domain-swapped dimer. 

Our findings are summarized in a manuscript which is published by Angewandte Chemie 

International Edition. The single crystal X-ray diffraction and the 1H NMR analysis of the new 

compounds revealed a novel domain-swapping dimer structure different from the initial design (Figure 

13). Domain swapping is commonly seen in proteins, where the subdomains of the protein may bind to 

each other intramolecularly or may swap with another molecule and bind intermolecularly via the same 

or similar interaction pattern, leading to multimerization. In this study, intramolecular interactions that 

stabilize the tertiary fold were not observed; instead, a tilted dimer interface was formed 

intermolecularly. The diacylhydrazide group of the turn unit T2 underwent a significant conformational 

change, facilitating the formation of the domain-swapping dimer. The 1H NMR and CD spectra 

indicated that by slowly adding DMSO as a hydrogen bond disruptor into the solution of the domain-
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swapping dimer, the dimer dissociated to form a monomeric tertiary fold, and the tertiary fold was 

further disrupted at high proportion DMSO. 
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1 List of Abbreviations 

CD circular dichroism 

D 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM dichloromethane 

DIPEA N,N-diisopropylethylamine 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

DOSY diffusion ordered spectroscopy 

HR-ESI high resolution electrospray ionization 

eq. equivalent 

Fmoc fluorenylmethoxycarbonyl 

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HSQC heteronuclear single quantum correlation 

Me methyl 

MeOH methanol 

min minutes 

MS mass spectrometry 

MW microwave 

NMP N-methyl-2-pyrrolidone 

NMR nuclear magnetic resonance 

r. t. room temperature 

SPS solid phase synthesis 

tBu tert-butyl 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

UV/Vis ultraviolet–visible 
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2 Supplementary figures 

  

 

Figure S1. Chemical structure of Q and P units and the folding principle of their oligomers. a) Chemical 

structure of Q (or X with R = OH) and P (or Y with R = OH). b) Intramolecular H-bonding and helical folding 

principle of P/Q oligomers. Note that the amide carbonyl groups diverge from the folded structures and thus 

provide hydrogen bond acceptors. 
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Figure S2. H-bonding patterns involving X and Y units: a) as observed in the helix-turn-helix structure of 1;[21] 

b) and c) as observed in the solid state structure of (3b)2; d) as observed in clockwise tilted-dimer interfaces.[20] 
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Figure S3. Energy minimized models of dimerized helix-T2-helix structure. The side view (a) and bottom 

view (c) of the crystal structure of 1.[21] Parts shown as red tubes highlight aromatic rings that were removed to 

prevent steric hindrance in the design of 2b and 3b. The side view (b) and bottom view (d) of an energy-minimized 

model of monomeric 2b in the same (hypothetical) conformation as 1. The red balls represent H-bond acceptors 

intended for intermolecular interactions. The yellow balls represent H-bond donors. The side (e) and bottom (f) 

views of an energy-minimized model of dimerized 2b maintaining the helix-T2-helix structure of 1. The T2 linkers 

are colored in green. The N-termini are shown as blue balls. For clarity, only the outer rim of the helical backbone 

is shown in tube representation. Side chains of Q and T2 are omitted. 
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Figure S4. Crystal structure of a clockwise tilted dimer.[20] a) Two views of a clockwise tilted dimer as seen 

in the crystal. Yellow balls represent the hydrogen bond donors involved in helix-helix interactions. Blue balls 

highlight the N-terminus of the helix. For clarity, only the outer rim of the helical backbone is shown in tube 

representation. Side chains are omitted. b) Views of the H-bond patterns of the structure shown in a). c) Schematic 

representations in stacked view of a hydrogen-bonded parallel head-to-head arrangement and of the related 

clockwise and counter-clockwise tilted dimers. The top plane is transparent so that one can see the six hydrogen 

bonds (knobs into cups) and the plane behind. 

 

Figure S5. The steric clash avoided by X7Y and Q13Y mutations in the DSD structure. Removing the 

benzenic rings at positions 7 and 13 was intended to prevent the steric clash that could occur in the dimerized 

helix-turn-helix structures according to the molecular model in the initial design (a). The crystal structure of DSD 

shows the X7Y (b) and Q13Y (c) mutations avoid steric clashes. 
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Figure S6. 1H NMR spectra of hydroxy-group-protected precursors. Extracts of the 1H NMR spectra (500 

MHz, CDCl3, 25 °C) of 2a, 3a, 4a and 5a. A major and a minor species coexist in all cases corresponding to two 

different conformers. 

 

Figure S7. 1H NMR spectra of 2b at different temperatures. Extracts of the 1H NMR spectra (400 MHz, 

CDCl3) of 2b at 328 K (a), 318 K (b), 308 K (c), 298 K (d), 283 K (e), 273 K (f) and 263 K (g). 
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Figure S8. 1H NMR spectra of 2b at different concentrations. Extracts of the 1H NMR spectra (500 MHz, 

CDCl3, 25 °C) of 2b at 1.0 mM (a), 0.5 mM (b), 0.25 mM (c), 0.1 mM (d), 0.05 mM (e) and 0.02 mM (f). 

 

Figure S9. 1H NMR spectra of 2b in varying CDCl3/CD2Cl2 mixtures. Extracts of the 1H NMR spectra (500 

MHz, 25 °C) of 2b in CDCl3/CD2Cl2 mixtures showing the amide and hydroxy proton resonances. The vol% of 

CD2Cl2 are 100 (a), 75 (b), 50 (c), 25 (d), and 0 (e). With other sequences, aggregation behavior or conformation 

has been observed to change radically between CDCl3 and CD2Cl2. 
[20,30] 
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Figure S10. Identification of the signals of hydrogen-bonded OH protons of 2b in CDCl3. Extract of the 1H15N 

HSQC NMR spectrum (500 MHz, CDCl3, 25 °C) of 2b. Only NH resonances correlate, red dots indicate the 

signals of H-bonded OH protons. The grey correlations are assigned to NH signals of the pyridine-based (Y) 

monomers. The green correlations are assigned to the NH-NH signals of T2 unit. 

 

Figure S11 Deuterium exchange experiment of 2b. a) Extract of the 1H NMR of 2b (500 MHz, CDCl3, 25 °C). 

The signals assigned to OH protons are marked with a red dot. b) Extract of the 1H NMR of 2b (500 MHz, 5% 

CD3OD/CDCl3, 25 °C).  
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Figure S12. Hydrogen bonding patterns: a) in the initially designed dimer of 3b based on the structure of 1 (see 

Figure S3 e, f). Red and blue arrows indicate intramolecular and intermolecular H-bonds, respectively. b) in the 

crystal structure of (3b)2. Red and blue arrows involve the same H-bond donors as in a). Two orphan H-bond 

donors are highlighted in yellow. 

 

Figure S13. Overlay of the structures of 1 and 3b in the solid state. Compound 1 is shown in red tube 

representation with a dark green T2 linker. Compound 3b is shown in light blue tube representation with a light 

green T2 linker. The N-termini are shown as blue balls. Only the outer rim of the helical backbone is shown in 

tube representation. Side chains are omitted for clarity. 
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Figure S14. Orphan OH proton in the solid state structure of (3b)2. The distance between the hydroxy group 

of unit 13 and the nearest carbonyl group is 4.4 Å, which is too far for H-bonding. 

 

Figure S15. Identification of free OH that is hydrogen-bonded to DMSO. Extract of the 1H15N HSQC NMR 

spectrum (500 MHz, in 4% DMSO-d6/CDCl3, 25 °C) of 2b. Only NH resonances correlate. Red dots on the 1H 

trace assign the signals of OH protons hydrogen bonded to carbonyl groups found at similar chemical shift values 

in the absence of DMSO-d6. The green dot indicates an OH resonance not visible in this region in the absence of 

DMSO-d6 that may be assigned to the OH of Y13. 
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Figure S16. 1H NMR observation of the DMSO-induced dissociation of (2b)2. Extracts of the 1H NMR spectra 

(500 MHz, 25 °C) showing amide resonances of 2b in CDCl3/DMSO-d6 mixture. The vol% of DMSO-d6 are 0 

(a), 4 (b), 6 (c), 8 (d), 10 (e), 12 (f), 14 (g), 16 (h), 18 (j), 20 (k) and 22 (l), respectively. The signals of DSD, 

helix-T2-helix tertiary structure (P-T2-M) and disrupted helix-T2-helix tertiary structure (P-T2-P) are colored in 

light blue, black and orange, respectively. m) Schematic representation of changes induced by the addition of 

DMSO to a solution of DSD. 
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Figure S17. Identification of the signals of hydrogen-bonded OH protons of 4b in CDCl3. Extract of the 1H15N 

HSQC NMR spectrum of 4b (500 MHz, CDCl3, 25 °C). Only NH resonances correlate, red dots indicate the 

signals of H-bonded OH protons. 

 

Figure S18. 1H NMR spectra of 4b at different concentrations. a) Extracts of the 1H NMR spectra of 4b (500 

MHz, CDCl3, 25 °C) at 0.8 mM (a), 0.5 mM (b), 0.25 mM (c), 0.1 mM (d), 0.05 mM (e) and 0.02 mM (f).  
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Figure S19. 1H NMR spectra of 4b in 6% DMSO-d6/CDCl3 at different concentrations. a) Extracts of the 1H 

NMR spectra of 4b (500 MHz, 6% DMSO-d6/CDCl3, 25 °C) at 0.8 mM (a), 0.5 mM (b), 0.25 mM (c), 0.1 mM 

(d), 0.05 mM (e) and 0.02 mM (f). 

 

Figure S20. 1H NMR observation of the DMSO-induced dissociation of (4b)2. Extracts of the 1H NMR spectra 

(500 MHz, 25 °C) showing amide resonances of 4b in CDCl3/DMSO-d6 mixture. The vol% of DMSO-d6 are 0 

(a), 4 (b), 6 (c), 8 (d), 10 (e), 12 (f), 14 (g), 16 (h), 18 (j), 20 (k) and 22 (l), respectively. The signals of DSD, 

helix-T2-helix tertiary structure (P-T2-M) and disrupted helix-T2-helix tertiary structure (P-T2-P) are colored in 

light blue, black and orange, respectively. 
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Figure S21. CD spectra observation of the DMSO-induced dissociation of (4b)2. a) The CD spectra of 4b, 0.1 

mM in CHCl3 with different proportions of DMSO. b) The Δɛ values at 400 nm extracted from a) as a function of 

the vol% of DMSO in CHCl3. 

 

3 Supplementary methods 

3.1 LC-MS analyses 

LC-MS spectra were recorded on a Bruker microTOF II in positive ionization mode. The instrument was 

calibrated in positive mode by direct infusion of a calibration solution (Agilent Technologies ESI-L Low 

Concentration Tuning Mix). The HPLC line was an Ultimate 3000 RP-HPLC system (ThermoFisher Scientific) 

equipped with a AerisTM Widepore C4 column (2.1 x 150 mm, 3.6 μm) at a flow rate of 0.25 mL/min. 0.1 % 

formic acid and 0.025% TFA was added to the aqueous mobile phase (solvent A) and to acetonitrile (solvent B). 

The gradient is: 0-5 min, 50% to 100% solvent B; 5-14 min, 100% solvent B at 50°C. The column eluent was 

monitored by UV detection at 214, 254, and 300 nm with a diode array detector. The sample was prepared by 

adding 10 µL of a solution of the sample in DCM (0.1 mg/mL) to 1 mL acetonitrile containing 0.05-0.1% formic 

acid. 

3.2 Molecular modeling 

Models were simulated by using Maestro version 11.5 (Schrödinger Inc.). Energy minimized structures 

were obtained using MacroModel energy minimization with the following parameters: force field: MMFFs; 

solvent: none; electrostatic treatment: constant dielectric; dielectric constant: 1.0; charges from: force field; cutoff: 

normal; Van der Waals: 7.0; electrostatic: 12.0; H-bond: 4.0; mini method: TNCG; maximum iterations: 2500; 

converge on gradient; convergence threshold: 0.05; constraints: distances. As a starting point, the coordinates of 

the crystal structure of 1 (CCDC entry # 1955168) was used. Some hydroxy groups were inserted and some 

aromatic rings were removed. The modified sequence was first energy-minimized. In a second round, two 

identical modified helix-turn-helix structures were placed in a plausible arrangement, and distance constraints 

between plausible hydrogen-bonding partners were set to 1.8 on purpose. While setting the constraints, it was 

important to match the hydroxy group to their correct hydrogen-bonding carbonyl partner. Then all constraints 

were removed, and energy minimization was repeated.  
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3.3 Nuclear magnetic resonance spectroscopy 

NMR spectra were recorded on different NMR spectrometers: (I) an Avance III HD NMR spectrometer 

500 MHz (Bruker BioSpin) with CryoProbe™ Prodigy for 1H NMR, 1H15N-HSQC, and DOSY spectra of 

foldamers. (II) a Bruker HD NMR spectrometer 400 MHz (Bruker BioSpin) for variable temperature 

measurements. Chemical shifts are described in part per million (ppm, δ) relative to the 1H residual signal of the 

deuterated solvent used – meaning DMSO-d6 (δ 2.50 ppm), CD2Cl2 (δ 5.32 ppm) and CDCl3 (δ 7.26 ppm). For 

the DMSO-d6 and CDCl3 solvent mixture, the chemical shifts were calibrated according to DMSO-d6 (δ 2.50 

ppm). For the CD2Cl2 and CDCl3 solvent mixture, the chemical shifts were calibrated according to internal 

standard tetramethylsilane (δ 0.00 ppm).1H NMR splitting patterns with observed first-order coupling are entitled 

as singlet (s), doublet (d), triplet (t), quartet (q) or multiplet (m). Coupling constants (J) are ported in Hz. 

The 1H NMR spectra of each sample were measured at different times respectively until no further change 

was observed within a week. We generally consider that at this point the compound reached equilibrium. When 

the sample reached equilibrium, re-dissolving the compound solid results in the equilibrated spectrum 

immediately without going through the equilibration process again. Complete disruption of the hydrogen bonds 

was achieved by dissolving the sample in polar solvents (such as DMSO, pyridine or MeOH/chloroform mixture), 

followed by removal of the solvent. When all of the hydrogen bonds were completely disrupted, it has to go 

through the equilibrium process again to reach the equilibrium. The equilibrium time (the measurement time gap 

between two different conditions) of 1H NMR spectra at different temperatures and in different proportions of 

DMSO-d6/CDCl3 solvent was usually several minutes. Due to similar properties of CDCl3 and CD2Cl2, the 

individual samples in different proportions of CDCl3/CD2Cl2 mixture were prepared and the 1H NMR spectra of 

all of the samples were measured over time whereas no change was observed. 

1H15N HSQC spectra were recorded with a phase-sensitive pulse sequence with sensitivity enhancement 

using trim pulses in inept transfer (hsqcetgpsi2) from the Bruker pulse program library. Data acquisition was 

performed utilizing non-uniform sampling (NUS; NUS amount: 50% with an automatically created NUSList) 

yielding 1024 (F2) x 128 (F1) data points in Echo/Antiecho gradient selection mode. The recycling delay was 2.0 

s and 64 transients per increment were applied at a sweep width of 2.5 kHz in F2 and 7 kHz in F1 resulting in an 

acquisition time of 0.1462 s. NUS processing was performed using the fully automated NUS processing tool 

provided by MestReNova. Zero filling in F1 has been used to yield a final matrix of 1K x 1K real points. 

The DOSY spectrum was recorded applying a pulse sequence with stimulated echo using stimulated echo 

for diffusion from the Bruker pulse program library (stegp1s). The diffusion delay Δ (big delta) was set to 220 ms 

and the diffusion gradient pulse length δ (little delta) was set to 1.0 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, 256 transients of 65K complex data points were acquired. DOSY processing was 

performed with the DOSY processing tool from MestReNova (v.12.x64) employing the “Peak Heights Fit” 

algorithm including the “overlapped peaks analysis” with 128 points in diffusion dimension and a window of 

1.00·10-16 to 1.00·10+03 cm2 s-1. 

3.4 CD studies 

The CD spectra of 2b were recorded on a Jasco J-1500 spectrometer with 1 mm quartz cuvette. The 

following parameters were used: wavelength range from 460 to 280 nm. Scan speed: 100 nm/min; accumulation: 
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2; response time: 1.0 s; bandwidth: 2; temperature: 20 °C; sensitivity: standard (100 mdeg); data pitch: 0.5 nm; 

nitrogen gas flow rate: 500 L/h. The CD spectra of 4b were recorded on a Jasco J-810 spectrometer with 1 mm 

quartz cuvette. The following parameters were used: wavelength range from 460 to 280 nm. Scan speed: 200 

nm/min; accumulation: 3; response time: 1.0 s; bandwidth: 2; temperature: 20 °C; sensitivity: standard (100 

mdeg); data pitch: 0.1 nm; nitrogen gas flow rate: 500 L/h. The sample solution of 2b and 4b was prepared in 

different proportions of DMSO/CHCl3 solvents. The concentration is 0.1 mM. Δε values (in cm2·mol-1) were 

obtained by using the formula: Δε = m°/(C.l.32980) where m = CD value in millidegrees; l = cuvette pathlength 

in cm; C = sample concentration in mol/L. 

3.5 X-ray crystallography 

A single crystal of (3b)2 used for the data diffraction experiment was obtained by slow evaporation of the 

undried chloroform/acetonitrile mixture. Data were collected at the IECB x-ray facility (CNRS UMS 3033 – 

INSERM US001) with a Rigaku FRX rotating anode (2.9 kW) diffractometer. CuKα radiation is monochromated 

with high flux Osmic Varimax HF mirrors. The x-ray source has a Dectris Pilatus 200K detector and partial chi 

goniometer. Crystal was kept at 100(2) K during data collection. The data were processed with the CrysAlis PRO 

software[38] with a multiscan absorption correction. Structure was solved using a dual-space algorithm with the 

ShelXT[39] structure solution program. Crystal model refinement was performed with the ShelXL[40] package using 

the Least Squares minimization. Both programs are implemented in Olex2.[41] 

For some side chains, not all C or O atoms were found. During refinement, anisotropic displacement 

parameters were used for most atoms of backbone and S atoms of side chains. The C- and N-bound hydrogen 

atoms were placed in an idealized position. The positions of hydrogen atoms of O-H groups and one H atom of 

water molecule were found based on possible hydrogen bonds. All H atoms were refined in the riding-model 

approximation, with Uiso(H)=1.2Ueq(CH, CH2, NH) and Uiso(H)=1.5Ueq (OH). EADP, DELU, SIMU and RIGU 

instructions were employed to model temperature parameters. The geometry of the molecules was improved with 

DFIX, FLAT or AFIX commands. 

Wide channels occupying about 33% of the unit cell volume are formed in the structure. These channels 

are filled with severely disordered solvent molecules removed using the solvent masking procedure implemented 

in Olex2. The solvent radius was set to 1.2 Å, and the calculated total potential solvent-accessible void volume 

and electron counts per unit cell were 8674 Å^3 and 2737. Considering the high number of electrons calculated 

for the channels and the variety of solvents used for crystallization (acetonitrile, water, chloroform), it is 

impossible to determine the solvent composition reliably. However, structure factors include contributions from 

the .fab file. 

The final cif files were checked using IUCR's checkcif algorithm. Due to the characteristics of the crystal, 

i.e. large volume fractions of disordered solvent molecules, weak diffraction intensity, incompleteness of the data 

and low resolution, many A - level and B - level alerts remain in the check cif file. These alerts are inherent to the 

data and refinement procedures and do not reflect errors. They are explicitly listed below and have been divided 

into two groups. The first group illustrates the poor quality of the data and refinement statistics compared to that 

expected for small molecule structures from highly diffracting crystals. The second group is connected to 

decisions made during 
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GROUP 1 

THETM01_ALERT_3_A The value of sine(theta_max)/wavelength is less than 0.550 

PLAT023_ALERT_3_A, B Resolution (too) Low [sin(theta)/Lambda < 0.6]. 

PLAT084_ALERT_3_A, B High wR2 Value (i.e. > 0.25) 

PLAT934_ALERT_3_A Number of (Iobs-Icalc)/Sigma(W) > 10 Outliers 

PLAT082_ALERT_2_B High R1 Value 

PLAT088_ALERT_3_B Poor Data / Parameter Ratio 

PLAT241_ALERT_2_B High ’MainMol’ Ueq as Compared to Neighbors 

PLAT242_ALERT_2_B Low ’MainMol’ Ueq as Compared to Neighbors 

PLAT340_ALERT_3_B Low Bond Precision on C-C Bonds 

 

GROUP 2 

PLAT201_ALERT_2_A Isotropic non-H Atoms in Main Residue(s) 

PLAT202_ALERT_3_A Isotropic non-H Atoms in Anion/Solvent 

As mentioned above, not all atoms were refined with ADPs 

 

PLAT306_ALERT_2_B Isolated Oxygen Atom (H-atoms Missing) 

Unrecognized electron density was introduced to the refinement as dummy oxygen atoms. 

 

PLAT315_ALERT_2_B Singly Bonded Carbon Detected (H-atoms Missing) 

Not all H-atoms were localized, but they were used in SFAC calculation[40] 

 

 

Table S1. Crystal data and refinement details.  

Identification code (3b)2 

Chemical formula 2(C208H200N36O45S7)·H2O·2(O)**, [+solvents]* 

Formula weight 8346.91 

Crystal system Triclinic 

Space group P-1 

Unit cell dimensions (Å) a= 26.866 (2),  

b=29.677 (2) 

c= 31.985 (2) 

Volume (Å3) 24326 (3) 

Z 2 

Radiation type Cu K  

Density (calculated) (Mg m-3) 1.140 

Absorption coefficient (mm-1) 1.22 

Crystal size (mm) 0.15 × 0.15 × 0.03 

Completeness  98.6 (up to 35.42°) 
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Reflections collected 68886 

Reflections observed 

[I > 2σ(I)] 

11712 

Rint 0.064 

Data/parameters/restrains 21353/2917/ 2518 

Goodness-of-fit on F2 2.17 

Final R indices [I > 2σ(I)] 0.1995, 0.5136 

R indices (all data) 0.2558, 0.5551 

Largest diff. peak and hole 0.79, -0.45 

CCDC # 2337052 

* A solvent mask was used to remove severely disordered solvent molecules. 

** Unrecognized electron density was introduced to the refinement as dummy oxygen. 

 

 

Table S2. Hydrogen-bond geometry. Atoms are named as in the cif. 

D—H···A D—H (Å) H···A (Å) D···A (Å) D—H···A (°) 

First group 

O18D—H18D···O3C 0.84 1.74 2.57 (2) 169 

O1D—H1D···O16G 0.84 1.82 2.62 (2) 161 

O3D—H3D···O19G 0.84 1.82 2.65 (3) 175 

O15D—H15D···O5C 0.84 1.73 2.57 (2) 171 

O17D—H17D···O8C 0.84 1.81 2.64 (3) 168 

O4D—H4D···O14G 0.84 1.86 2.69 (2) 168 

Second group 

O9D—H9D···O3G 0.84 1.84 2.66 (3) 165 

O10D—H10D···O16C 0.84 1.88 2.72 (3) 177 

O12D—H12D···O19C 0.84 1.78 2.62 (2) 174 

O6D—H6D···O5G 0.84 1.90 2.74 (3) 173 

O8D—H8D···O8G 0.84 1.80 2.63 (3) 176 

O13D—H13D···O14C 0.84 2.01 2.80 (2) 156 

Third group 

O14D—H14D···O7C 0.84 1.78 2.63 (3) 174 

O5D—H5D···O7G 0.84 1.82 2.65 (3) 168 

O12D—H12D···O19C 0.84 1.78 2.62 (2) 174 

O1D—H1D···O16G 0.84 1.82 2.62 (2) 161 

Symmetry code(s): (i) -x+2, -y+2, -z; (ii) -x+2, -y+2, -z+1 
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1. Synthetic Scheme of foldamer synthesis 

 

Scheme 1. Solid phase synthesis of aromatic oligomers. 
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4 Experimental Procedures 

4.1 General methods 

Commercially available reagents were purchased from Sigma-Aldrich, Alfa-Aesar or TCI and were used 

without further purification unless specified. HMBA-AM resin (200-400 mesh, loading 0.8–1.2 mmol/g) was 

purchased from Iris-biotech. THF, DCM and toluene were dried over alumina columns (MBRAUN SPS-800 

solvent purification system). N,N-Diisopropylethylamine and chloroform were distilled over CaH2 prior to use. 

Extra dry DMF was purchased from Sigma-Aldrich. Ultrapure water was obtained via a Stakpure OmniaPure-T 

UV-TOC ultrapure water system.  

Analytical reversed phase (RP) high performance liquid chromatography (HPLC) was performed on a 

Thermo Fisher Scientific Ultimate 3000 HPLC System using Macherey-Nagel Nucleodur C8 Gravity columns (4 

× 50 mm, 5 μm). UV absorbance was monitored at 300 nm and 254 nm, if not stated otherwise. The semi-

preparative HPLC was performed on a Waters system equipped with a 2545 Quaternary Gradient Module with 

automated fraction collector system on a XBridge® Prep C8 OBDTM column (19 × 150 mm, 5 μm) at a flow rate 

of 25 mL/min. 0.1 % TFA was added to the aqueous mobile phase (referred to as mobile phase A) and to 

acetonitrile (referred to as mobile phase B). The gradient is: 0-5 min, 90% to 100% solvent B; 5-25 min, 100% 

solvent B at r.t.. The column eluent was monitored by UV detection at 254 and 300 nm with a diode array detector. 

The ultraviolet–visible (UV/Vis) absorbance measurements were done with a Thermo Fisher Scientific 

Nanodrop One instrument using a 1 cm path length quartz cuvette. Circular dichroism (CD) spectra were measured 

on Jasco J-810 or Jasco J-1500 spectrometers. Measurements were performed at 20 °C if not stated otherwise. 

Solid phase synthesis (SPS) was performed manually under MW-irradiation on a CEM Discover (Liberty 

Bio) microwave oven using a reaction vessel and an internal fiber optic probe for temperature control, or with a 

fully automated synthesizer followed by previously reported protocol.[42] 

4.2 Synthesis of monomers 

The Fmoc-Y-OH,[21] Fmoc-T2-OH,[21] Fmoc-QDeg-OH,[30] Fmoc-X-OH[30] and Fmoc-P-OH[43] were 

synthesized according to literature. All of the Fmoc-protected monomers was ≥ 98% pure before used in the solid 

phase synthesis. 
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1.1 Solid phase synthesis general methods  

1.1.1 Loading of the resin via HBTU activation 

HMBA-AM resin (500 mg, 0.8-1.2 mmol, 1 eq.) was swollen in 5 mL DCM for 1 h, transferred to the 

microwave vessel and washed 3 times with extra dry DMF. DIPEA (170 µL, 1.0 mmol, 2 eq.) was added to a 

mixture of Fmoc-Gly-OH (134 mg; 0.45 mmol, 0.9 eq.) and HBTU (228 mg, 1.2 eq.) in extra dry DMF (5 mL) 

and the resulting solution was shaken for 30 s before to be poured to the resin-containing reaction vessel. The 

reaction mixture was subjected to treatment in a microwave oven (50 °C, 20 min, 25 W). The resin was filtered 

and washed with DMF (5 x 2 mL) and DCM (10 x 2 mL). Capping was performed by adding a mixture of 

DCM/pyridine/benzoyl chloride (3:1:1 (v/v/v), 5 mL) to the resin followed by shaking for 30 min at r.t., and 

subsequent washing with DCM (20 x 2 mL). For monitoring the efficiency of the 1st loading, small amount of 

resin (around 2 mg) was taken and dried under vacuum. The loading was estimated at this scale. 

1.1.2 Estimation of the loading 

To a small amount of resin-bound Fmoc-Gly (1–2 mg), a freshly prepared solution of DMF/piperidine (8:2 

(v/v), 3.0 mL) was added. The mixture was shaken and incubated for 5 min. Then the absorption was measured 

at 301 nm using a NanoDrop One Microvolume UV-Vis Spectrophotometer and a Hellma quartz glass cuvette 

104 (path length 10 mm). Three replicates were measured, then the loading was calculated with the following 

equation: 

                                                            loading (in 
mmol

g
) =

Abs301 nm×V

ε301nm× 𝑙 × m 
 

                                                         ε301nm=7800 L/mol/cm[44] 

1.1.3 Solid Phase Synthesis via in-situ-activation[42] 

Fmoc-Gly-HMBA-AM resin (100 mg, loading 0.3 mmol/g, 30 µmol) was first swollen in DCM (3 mL) 

for 1 h, the resin was transferred into the microwave vessel and washed 3 times with DMF and 3 times with NMP.  

The deprotection of the Fmoc group was performed by adding a solution of 2% DBU in NMP (3 mL) to 

the resin and incubation for 3 min. The resin was next filtered off and the deprotection step was repeated once. 

After filtration, the resin was washed with DCM (3 x 2 mL) and then with anhydrous THF (5 x 2 mL). This 

deprotection step was performed after each aromatic monomer coupling. 
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The resin was next suspended in anhydrous THF (1 mL) and 2,3,5-collidine (5 eq. with respect to the 

resin-loading) was added to the resin supernatant. The Fmoc-protected monomer (2 eq. with respect to the resin-

loading) and PPh3 (4 eq. with respects to the resin-loading) were successively added in a vial to be solubilized in 

freshly distilled CHCl3 (1 mL).  

Trichloroacetonitrile (4.5 eq. with respect to the resin loading) was next added to the vial and the resulting 

acid chloride solution was shaken for 30 s before to be poured to the resin-containing reaction vessel. The reaction 

vessel was then placed in the microwave oven and subjected to MW irradiation for 15 min (50°C, 50 W). The 

resin was then washed 3 times with anhydrous THF. This entire coupling step was then repeated once more. For 

the coupling of Fmoc-T2-OH, the same acid chloride activation process was followed but the coupling was, this 

time, performed at r.t. by shaking the resin for 2 h. Then the resin was washed with anhydrous THF (3 x 2 mL).  

For the final coupling of pivaloyl- (Piv-) or (1S)-camphanic ((1S)-C*-) amides, the resin was suspended 

in anhydrous THF (1 mL) and 2,3,5-collidine (5 eq. with respect to the resin-loading) was added to the resin 

suspensions. A solution of pivaloyl chloride (2 eq. with respect to the resin-loading) or (1S)-camphanic chloride 

(2 eq. with respect to the resin-loading, purchased from Sigma-Aldrich, 98%, ee: 99%) in freshly distilled CHCl3 

(1 mL) was added to the supernatant and the resin was shaken at r.t. for 2 h. The resin was filtered off, washed 3 

times with dry THF, and the same process was repeated once. After coupling, the resin was vigorously washed 3 

times with DMF and 3 times with DCM. 

1.1.4 Mini-Cleavage 

To perform a mini cleavage, the resin (1–2 mg) was swollen in 1 mL MeOH/DCM (1:1, v/v) solution 

followed by addition of 10 μL NaOMe (25% (m/m)) and incubated at r.t. for 10 min. The cleavage solution was 

diluted with DCM, washed with aqueous citric acid solution (5%), dried over MgSO4, filtered and the solvent was 

finally removed under reduced pressure.  

1.1.5 Full Cleavage[45] 

Preparation of cleavage solution: 200 mL dry MeOH was added to 200 mL dry DCM under N2 atmosphere. 

2 mL NaOMe (25% (m/m)) in methanol was added and the mixture was well-mixed by magnetic stirring. 

Sufficient amount of cleavage solution (at least 400 mL cleavage solution for 100 mg resin) was important to 

avoid the formation of oligomer acid as the side-product.  
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The resin (around 100 mg) was dried under vacuum and slowly added to 400 mL cleavage solution under 

N2 atmosphere. The mixture was stirred under N2 atmosphere for 2 h before it was added to 100 mL aqueous citric 

acid solution (5%). The aqueous layer was extracted with DCM(3 x 50 mL). The combined organic phases were 

washed with brine, dried over MgSO4, filtered and the solvent was evaporated under reduced pressure. The crude 

was recovered as solid. 

1.2 Synthesis of oligomers 

(1S)-Camph-QDXQDXYQDYQDX-T2-QDXYQDYQDX-Gly-OMe (2a): Compound 2a was synthesized using 

the SPS procedures reported in paragraph 5.3 on Fmoc-Gly-HMBA AM resin. The crude product was obtained 

after full cleavage and purification by RP-HPLC. (15 mg, 12%). 1H NMR (500 MHz, chloroform-d) δ 11.40 (s, 

1H), 11.38 (s, 1H), 11.28 (s, 1H), 11.24 (s, 1H), 11.01 (s, 1H), 10.96 (s, 1H), 10.79 (s, 2H), 10.62 (s, 1H), 10.43 

(s, 1H), 10.25 (s, 1H), 9.70 (s, 1H), 9.43 (s, 1H), 8.52 (t, J = 3.3 Hz, 1H), 8.27 (s, 1H), 8.26 (s, 1H), 8.20 (d, J = 

7.3 Hz, 1H), 8.14–8.11 (m, 2H), 8.05 (t, J = 3.3 Hz, 1H), 8.02 (s, 1H), 7.78 (s, 2H), 7.76 (s, 2H), 7.74 (s, 2H), 

7.73–7.70 (m, 6H), 7.66–7.61 (m, 4H), 7.59 (s, 1H), 7.56 (s, 2H), 7.54 (s, 3H), 7.47 (s, 2H), 7.45 (s, 2H), 7.42–

7.40 (m, 2H), 7.39 (s, 3H), 7.32–7.29 (m, 4H), 7.15 (s, 1H), 7.12 (s, 2H), 7.11 (s, 2H), 7.10 (s, 1H), 7.08 (s, 1H), 

7.07 (s, 2H), 7.05 (s, 1H), 6.93 (t, J = 7.8 Hz, 1H), 6.69 (s, 1H), 6.67 (s, 1H), 6.61 (s, 1H), 6.50 (s, 1H), 6.41 (s, 

1H), 6.40 (s, 1H), 6.37 (s, 1H), 6.33 (s, 1H), 6.29 (s, 1H), 6.26 (s, 1H), 6.18 (s, 1H), 5.93 (s, 1H). 4.33–4.27 (m, 

1H), 4.26–4.13 (m, 4H), 4.08–3.95 (m, 9H), 3.93–3.90 (m, 4H), 3.89–3.77 (m, 12H), 3.76–3.66 (m, 13H), 3.65–

3.58 (m, 8H), 3.57 (s, 3H), 3.54 (s, 3H), 3.52–3.49 (m, 4H), 3.47 (s, 3H), 3.46–3.44 (m, 6H), 3.43 (s, 3H), 3.42 

(s, 4H), 3.37 (t, J = 6.5 Hz, 3H), 3.33–3.18 (m, 12H), 3.16 (s, 3H), 3.01 (d, J = 16.0 Hz, 1H), 2.90 (t, J = 8.4 Hz, 

1H), 2.80 (d, J = 15.3 Hz, 1H), 2.58 (d, J = 14.6 Hz, 1H), 2.33 (d, J = 15.0 Hz, 1H), 2.03–1.99 (m, 3H), 1.95–1.85 

(m, 2H), 1.67 (s, 9H), 1.66 (s, 9H), 1.64 (s, 9H), 1.47 (s, 9H), 1.32–1.24 (m, 5H), 1.09 (s, 10H), 1.05–0.99 (m, 

4H), 0.91–0.82 (m, 2H), 0.70 (d, J = 7.2 Hz, 6H), 0.57–0.49 (m, 6H), 0.33 (s, 9H), 0.26 (s, 9H), 0.17 (s, 9H), 

0.13–0.04 (m, 2H), -0.03 (s, 9H). (mixture of two conformers in a ratio of 1:0.3, only the major peaks are reported.) 

HRMS (ESI+) calcd. for C253H292N36O47S7Si4 [M+2H]2+ 2461.9417, found 2461.8227. 

(1S)-Camph-QDXQDXYQDYQDX-T2-QDXYQDYQDX-Gly-OMe (2b): Compound 2a was treated with a 

solution of TFA/DCM (1:1 (v/v), 2 mL) at r.t. overnight. The solvent was removed under vacuum. The solid was 

precipitated from MeOH, was subsequently filtered and washed 2 times with MeOH to yield the desired product 

as a yellow solid. (13 mg, quant.) 1H NMR (500 MHz, chloroform-d) δ 12.61 (s, 1H), 11.69 (s, 1H), 11.46 (s, 



56 

 
 

1H), 11.22 (s, 1H), 11.11 (s, 1H), 11.08 (s, 1H), 11.05 (s, 2H), 10.77 (s, 1H), 10.72 (s, 2H), 10.68 (s, 1H), 10.60 

(s, 1H), 10.50 (s, 1H), 10.33 (s, 1H), 10.04 (s, 1H), 9.96 (s, 1H), 9.88 (s, 1H), 9.74 (s, 1H), 9.24 (s, 1H), 9.16 (s, 

1H), 8.73 (s, 1H), 8.68 (s, 1H), 8.64–8.59 (m, 2H), 8.54 (d, J = 8.0 Hz, 1H), 8.39–8.34 (m, 1H), 8.27–8.23 (m, 

3H), 8.20–8.18 (m, 2H), 8.15 (s, 1H), 8.11 (s, 1H), 8.10 (d, J = 2.9 Hz, 1H), 8.08 (s, 1H), 8.07–8.05 (m, 1H), 8.04 

(s, 1H), 8.02 (s, 1H), 7.96 (d, J = 7.0 Hz, 2H), 7.93–7.89 (m, 3H), 7.88 (s, 1H), 7.86 (s, 2H), 7.84 (s, 2H), 7.81 (d, 

J = 7.3 Hz, 2H), 7.78 (d, J = 6.7 Hz, 2H), 7.75 (s, 2H), 7.73 (s, 1H), 7.71 (s, 2H), 7.69 (s, 1H), 7.67 (s, 1H), 7.65 

(d, J = 8.0 Hz, 1H), 7.62 (d, J = 7.7 Hz, 2H), 7.56 (s, 1H), 7.54 (s, 2H), 7.52 (s, 1H), 7.51 (s, 1H), 7.47 (s, 2H), 

7.45 (s, 1H), 7.43 (s, 1H), 7.37–7.30 (m, 3H), 7.25–7.20 (m, 2H), 7.14–7.11 (m, 1H), 7.09 (s, 1H), 6.98 (s, 1H), 

6.94 (s, 1H), 6.90 (s, 1H), 6.83 (s, 1H), 6.76 (s, 1H), 6.54–6.51 (m, 2H), 6.31 (s, 1H), 6.15 (s, 1H), 4.31–4.18 (m, 

7H), 4.16–4.06 (m, 10H), 4.05–3.98 (m, 8H), 3.97–3.95 (m, 5H), 3.94–3.90 (m, 4H), 3.85–3.78 (m, 10H), 3.78–

3.71 (m, 4H), 3.70 (s, 3H), 3.68–3.63 (m, 6H), 3.61 (s, 3H), 3.56–3.48 (m, 6H), 3.46 (s, 6H), 3.42–3.32 (m, 5H), 

3.30 (s, 6H), 3.24 (d, J = 6.2 Hz, 3H), 3.15–3.00 (m, 4H), 2.85–2.80 (m, 2H), 1.53 (m, 2H), 1.27 (d, J = 15.6 Hz, 

12H), 0.87 (dd, J = 16.1, 9.4 Hz, 10H). HRMS (ESI+) calcd. for C213H204N36O47S7 [M+2K]2+ 2159.5994, found 

2159.5140. 

Piv-QDXQDXYQDYQDX-T2-QDXYQDYQDX-Gly-OMe (3a): Compound 3a was synthesized using the SPS 

procedures reported in 5.3 on Fmoc-Gly-HMBA AM resin. The crude product was obtained after full cleavage 

and purified by RP-HPLC. (11 mg, 9%). 1H NMR (500 MHz, chloroform-d) δ 11.37 (s, 1H), 11.28 (s, 2H), 10.99 

(s, 1H), 10.96 (s, 1H), 10.80 (s, 1H), 10.79 (s, 1H), 10.78 (s, 1H), 10.57 (s, 1H), 10.39 (s, 1H), 10.25 (s, 1H), 9.71 

(s, 1H), 8.69 (s, 1H), 8.54 (t, J = 3.3 Hz, 1H), 8.35 (d, J = 3.3 Hz, 1H), 8.27 (s, 1H), 8.25 (s, 1H), 8.21 (d, J = 3.3 

Hz, 1H), 8.16–8.11 (m, 4H), 8.04–8.01 (m, 3H), 7.93–7.88 (m, 5H), 7.82–7.77 (m, 3H), 7.76–7.75 (m, 2H), 7.75–

7.73 (m, 2H), 7.71 (dd, J = 7.6, 4.8 Hz, 2H), 7.63 (s, 1H), 7.62–7.59 (m, 3H), 7.58 (s, 1H), 7.55 (d, J = 8.1 Hz, 

3H), 7.46–7.43 (m, 2H), 7.42–7.37 (m, 4H), 7.32 (d, J = 7.5 Hz, 2H), 7.30 (s, 2H), 7.21 (s, 1H), 7.20 (s, 1H), 

7.19–7.16 (m, 2H), 7.15 (s, 1H), 7.13 (s, 1H), 7.12 (s, 1H), 7.10–7.09 (m, 2H), 7.06 (s, 1H), 6.93 (t, J = 7.8 Hz, 

1H), 6.68–6.67 (m, 1H), 6.62 (s, 1H), 6.60 (s, 1H), 6.48 (s, 1H), 6.46 (s, 1H), 6.42 (s, 1H), 6.36 (s, 1H), 6.34 (s, 

1H), 6.31 (d, J = 2.4 Hz, 1H), 6.26 (s, 1H), 6.19 (s, 1H), 5.93–5.91 (m, 1H). 4.32–4.14 (m, 5H), 4.08–3.91 (m, 

9H), 3.89–3.77 (m, 18H), 3.76–3.66 (m, 12H), 3.65–3.59 (m, 16H), 3.57 (s, 3H), 3.54 (s, 3H), 3.50 (s, 4H), 3.47 

(s, 3H), 3.44 (s, 5H), 3.43 (s, 3H), 3.42 (s, 3H), 3.40–3.17 (m, 7H), 3.16 (s, 3H), 2.97 (s, 2H), 2.90 (s, 2H), 2.80 

(d, J = 14.6 Hz, 1H), 2.54 (d, J = 15.5 Hz, 1H), 1.72 (s, 9H), 1.66 (s, 9H), 1.65 (s, 9H), 1.63 (d, J = 2.4 Hz, 2H), 

1.60 (s, 2H), 1.50 (s, 2H), 1.47 (s, 9H), 1.38–1.20 (m, 4H), 1.12 (s, 9H), 1.07 (s, 9H), 1.05–0.97 (m, 1H), 0.86–
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0.81 (m, 1H), 0.71–0.67 (m, 1H), 0.57 (s, 9H), 0.50 (t, J = 7.4 Hz, 2H), 0.32 (d, J = 2.3 Hz, 9H), 0.25 (s, 9H), 0.17 

(s, 9H) (mixture of two conformers in a ratio of 1:0.3, only the major peaks are reported). HRMS (ESI+) calcd. 

for C248H288N36O45S7Si4 [M+2H]2+ 2413.9311, found 2413.8372. 

Piv-QDXQDXYQDYQDX-T2-QDXYQDYQDX-Gly-OMe (3b): Compound 3a was treated with a solution of 

TFA/DCM (1:1 (v/v), 2 mL) at r.t. overnight. The solvent was removed under vacuum. The solid was precipitate 

from MeOH and recovered by filtration. The solid was washed with MeOH for another 2 times. The compound 

was obtained as a yellow solid. (9.5 mg, quant.) 1H NMR (500 MHz, chloroform-d) δ 12.43 (s, 1H), 11.60 (s, 

1H), 11.22 (s, 1H), 11.09 (s, 1H), 11.06 (s, 1H), 11.04 (s, 1H), 10.97 (s, 1H), 10.80 (s, 1H), 10.79 (s, 1H), 10.76 

(s, 0H), 10.69 (s, 1H), 10.64 (s, 1H), 10.36 (s, 1H), 9.99 (s, 1H), 9.98 (s, 1H), 9.78 (s, 1H), 9.75 (s, 1H), 9.16 (s, 

1H), 8.93 (s, 1H), 8.76 (s, 1H), 8.64 (s, 1H), 8.63–8.60 (m, 3H), 8.60 (s, 2H), 8.58–8.57 (m, 1H), 8.52–8.49 (m, 

2H), 8.39 (d, J = 8.0 Hz, 1H), 8.31 (d, J = 8.0 Hz, 1H), 8.28–8.25 (m, 2H), 8.22 (s, 1H), 8.18 (s, 1H), 8.14 (d, J = 

8.2 Hz, 1H), 8.09–8.05 (m, 3H), 8.04 (s, 1H), 8.02 (s, 1H), 8.00 (s, 1H), 7.96 (s, 2H), 7.94 (s, 1H), 7.92 (s, 1H), 

7.91–7.90 (m, 2H), 7.90 (s, 1H), 7.89 (s, 2H), 7.87 (s, 1H), 7.87–7.86 (m, 2H), 7.85–7.83 (m, 2H), 7.82 (s, 1H), 

7.79–7.77 (m, 2H), 7.75–7.73 (m, 2H), 7.72–7.71 (m, 2H), 7.70 (d, J = 7.3 Hz, 1H), 7.67 (s, 1H), 7.66 (s, 1H), 

7.56 (d, J = 2.2 Hz, 1H), 7.54 (s, 1H), 7.52 (s, 1H), 7.48 (s, 1H), 7.45 (d, J = 2.7 Hz, 1H), 7.44–7.42 (m, 1H), 

7.36–7.34 (m, 2H), 7.19 (s, 1H), 7.18 (s, 1H), 7.08 (s, 1H), 6.97 (s, 1H), 6.94 (s, 1H), 6.91 (s, 1H), 6.85 (s, 1H), 

6.72 (s, 1H), 6.55 (d, J = 7.2 Hz, 2H), 6.28 (d, J = 1.3 Hz, 2H), 6.04 (s, 1H), 5.77 (s, 1H), 5.49 (s, 1H), 4 4.30–

4.18 (m, 2H), 4.21–4.14 (m, 3H), 4.13–4.05 (m, 3H), 4.06–3.88 (m, 18H), 3.88–3.77 (m, 12H), 3.79–3.71 (m, 

6H), 3.69 (s, 3H), 3.69–3.60 (m, 10H), 3.61 (s, 3H), 3.60 (s, 3H), 3.54 (s, 3H), 3.54–3.47 (m, 3H), 3.46 (s, 3H), 

3.46 (s, 3H), 3.29 (s, 3H), 3.28–3.22 (m, 3H), 3.13 (s, 3H), 3.08–3.03 (m, 3H), 3.00–2.94 (m, 2H), 2.89–2.82 (m, 

1H), 2.62–2.57 (m, 1H), 2.38–2.33 (m, 1H), 2.02–1.99 (m, 1H), 1.28 (s, 9H), 1.26–1.22 (m, 10H). HRMS (ESI+) 

calcd. for C208H200N36O45S7 [M+2H]2+ 2073.6329, found 2073.6093. 

(1S)-Camph-QDXQDXYQDYQDX-T2-QDXPQDYQDX-Gly-OMe (4a): Compound 4a was synthesized using 

the SPS procedures reported in 5.3 on Fmoc-Gly-HMBA AM resin. The crude product was obtained after full 

cleavage and purified by RP-HPLC. (18 mg, 15%). 1H NMR (500 MHz, chloroform-d) δ 11.40 (s, 1H), 11.37 (s, 

1H), 11.27 (s, 1H), 11.25 (s, 1H), 11.01 (s, 1H), 10.93 (s, 1H), 10.79 (s, 1H), 10.75 (s, 1H), 10.63 (s, 1H), 10.42 

(s, 1H), 10.25 (s, 1H), 9.70 (s, 1H), 9.43 (s, 1H), 8.48 (t, J = 3.3 Hz, 1H), 8.28–8.24 (m, 2H), 8.22–8.19 (m, 2H), 

8.14 (d, J = 7.4 Hz, 1H), 8.04–8.01 (m, 3H), 7.96 (d, J = 7.3 Hz, 1H), 7.88 (s, 2H), 7.86 (s, 1H), 7.82 (d, J = 8.1 

Hz, 1H), 7.77–7.74 (m, 3H), 7.73–7.72 (m, 2H), 7.71–7.70 (m, 2H), 7.69–7.67 (m, 2H), 7.65 (s, 1H), 7.63 (s, 2H), 
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7.61 (s, 1H), 7.60 (s, 1H), 7.58 (s, 1H), 7.57–7.55 (m, 1H), 7.54 (s, 2H), 7.49 (dd, J = 12.7, 7.7 Hz, 2H), 7.45 (s, 

1H), 7.39 (d, J = 8.0 Hz, 2H), 7.34 (s, 3H), 7.30 (s, 3H), 7.28 (s, 2H), 7.25 (s, 1H), 7.16–7.14 (m, 2H), 7.14–7.13 

(m, 1H), 7.12–7.10 (m, 2H), 7.10 (s, 1H), 7.08 (s, 1H), 7.07–7.06 (m, 2H), 6.95–6.91 (m, 2H), 6.68 (s, 1H), 6.63 

(s, 1H), 6.49 (s, 1H), 6.41 (s, 1H), 6.39 (d, J = 4.8 Hz, 2H), 6.33 (s, 1H), 6.27 (s, 1H), 6.17 (s, 1H), 5.93 (s, 1H), 

5.87 (d, J = 7.8 Hz, 1H), 4.29 (d, J = 8.3 Hz, 1H), 4.23–4.13 (m, 4H), 4.06–4.02 (m, 4H), 4.01–3.96 (m, 6H), 

3.93–3.90 (m, 4H), 3.89–3.76 (m, 16H), 3.76–3.73 (m, 2H), 3.73–3.66 (m, 8H), 3.64–3.58 (m, 9H), 3.57 (s, 3H), 

3.54 (s, 2H), 3.52 (s, 1H), 3.50 (s, 3H), 3.47 (s, 2H), 3.44 (s, 5H), 3.43 (s, 3H), 3.42 (s, 3H), 3.38–3.18 (m, 14H), 

3.16 (s, 2H), 3.14 (s, 1H), 3.00 (d, J = 16.4 Hz, 1H), 2.90 (t, J = 8.4 Hz, 1H), 2.77 (d, J = 14.9 Hz, 1H), 2.61 (d, J 

= 14.9 Hz, 1H), 2.32 (d, J = 13.8 Hz, 1H), 1.86–1.75 (m, 1H), 1.66 (s, 9H), 1.66 (s, 9H), 1.63 (s, 9H), 1.46 (s, 

9H), 1.35–1.22 (m, 9H), 1.09 (s, 9H), 1.05–0.99 (m, 1H), 0.86–0.78 (m, 2H), 0.70 (t, J = 7.2 Hz, 2H), 0.55 (s, 

3H), 0.52 (s, 3H), 0.32 (t, J = 7.4 Hz, 4H), 0.25 (s, 9H), 0.17 (s, 9H), -0.03 (s, 9H). (mixture of two conformers in 

a ratio of 1:0.3, only the major peaks are reported.) HRMS (ESI+) calcd. for C248H280N36O46S7Si3 [M+2H]2+ 

2403.9088, found 2403.8301. 

(1S)-Camph-QDXQDXYQDYQDX-T2-QDXPQDYQDX-Gly-OMe (4b): Compound 4a was treated with a 

solution of TFA/DCM (1:1 (v/v), 2 mL) at r.t. overnight. The solvent was removed under vacuum. The solid was 

precipitate from MeOH and recovered by filtration. The solid was washed by MeOH for another 2 times. The 

compound was obtained as a yellow solid. (15.8 mg, quant.) 1H NMR (500 MHz, chloroform-d) δ 12.59 (s, 1H), 

11.86 (s, 1H), 11.52 (s, 1H), 11.19 (s, 1H), 11.07 (s, 2H), 10.97 (s, 1H), 10.80 (s, 1H), 10.73 (s, 1H), 10.70 (s, 

1H), 10.65 (s, 1H), 10.61 (s, 1H), 10.33 (s, 2H), 10.00 (s, 1H), 9.98 (s, 1H), 9.95 (s, 1H), 9.77 (s, 1H), 9.24 (s, 

1H), 9.20 (s, 1H), 8.77 (s, 1H), 8.73 (s, 1H), 8.69 (s, 1H), 8.66–8.61 (m, 2H), 8.56–8.53 (m, 2H), 8.41–8.35 (m, 

2H), 8.26 (d, J = 8.0 Hz, 1H), 8.23–8.18 (m, 4H), 8.17 (s, 1H), 8.14 (d, J = 7.8 Hz, 1H), 8.08–8.05 (m, 3H), 8.03 

(d, J = 7.0 Hz, 1H), 7.97–7.93 (m, 3H), 7.92–7.88 (m, 2H), 7.86–7.81 (m, 5H), 7.79–7.77 (m, 2H), 7.76–7.74 (m, 

2H), 7.73 (s, 1H), 7.69 (t, J = 4.1 Hz, 2H), 7.64 (d, J = 7.8 Hz, 1H), 7.57–7.54 (m, 3H), 7.52 (d, J = 7.6 Hz, 1H), 

7.50–7.44 (m, 5H), 7.42–7.35 (m, 4H), 7.33–7.27 (m, 2H), 7.25–7.20 (m, 3H), 7.14 (s, 1H), 7.07 (d, J = 8.4 Hz, 

2H), 6.94 (s, 1H), 6.87 (d, J = 13.8 Hz, 2H), 6.80 (s, 1H), 6.58 (d, J = 8.1 Hz, 1H), 6.51 (s, 1H), 6.48 (s, 1H), 6.31 

(d, J = 1.6 Hz, 1H), 6.17 (s, 1H), 4.33–4.28 (m, 1H), 4.26–4.20 (m, 4H), 4.14 (dd, J = 10.1, 4.4 Hz, 8H), 4.08–

3.90 (m, 16H), 3.85–3.82 (m, 3H), 3.81–3.76 (m, 9H), 3.74–3.71 (m, 5H), 3.69–3.64 (m, 10H), 3.62 (s, 3H), 3.57 

(s, 3H), 3.54–3.51 (m, 3H), 3.48 (s, 3H), 3.46 (s, 3H), 3.46 (s, 3H), 3.43–3.35 (m, 6H), 3.29 (s, 3H), 3.24 (s, 3H), 

3.09 (dd, J = 18.5, 4.2 Hz, 2H), 3.05–3.00 (m, 1H), 2.89–2.80 (m, 2H), 2.42–2.38 (m, 1H), 1.63–1.44 (m, 1H), 
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1.25 (s, 10H, overlap with impurities), 0.92–0.79 (m, 8H, overlap with impurities), 0.67 (s, 3H), 0.60 (s, 2H). 

HRMS (ESI+) calcd. for C213H204N36O46S7 [M+2H]2+ 2113.6460, found 2113.6315. 

Piv-QDXQDXYQDYQDX-T2-QDXPQDYQDX-Gly-OMe (5a): Compound 5a was synthesized using the SPS 

procedures reported in 5.3 on Fmoc-Gly-HMBA AM resin. The crude product was obtained after full cleavage 

and purified by RP-HPLC. (16 mg, 14%). 1H NMR (500 MHz, chloroform-d) δ 11.37 (s, 1H), 11.27 (s, 1H), 

11.26 (s, 1H), 10.99 (s, 1H), 10.93 (s, 1H), 10.79 (s, 1H), 10.78 (s, 1H), 10.75 (s, 1H), 10.58 (s, 1H), 10.38 (s, 

1H), 10.25 (s, 1H), 9.70 (s, 1H), 8.69 (s, 1H), 8.48 (t, J = 3.3 Hz, 2H), 8.26 (t, J = 3.3 Hz, 2H), 8.26–8.24 (m, 1H), 

8.20 (t, J = 3.3 Hz, 1H), 8.17–8.12 (m, 2H), 8.04–8.00 (m, 3H), 7.96 (d, J = 7.2 Hz, 1H), 7.92–7.89 (m, 1H), 7.88 

(s, 2H), 7.86 (s, 1H), 7.80 (d, J = 8.3 Hz, 1H), 7.78–7.75 (m, 2H), 7.75 (s, 2H), 7.73 (s, 1H), 7.71–7.67 (m, 2H), 

7.64 (d, J = 3.5 Hz, 1H), 7.63 (s, 2H), 7.61 (s, 1H), 7.60–7.59 (m, 2H), 7.58 (s, 1H), 7.56 (s, 2H), 7.55 (d, J = 1.8 

Hz, 1H), 7.48 (d, J = 8.1 Hz, 1H), 7.44 (s, 1H), 7.39 (d, J = 7.9 Hz, 2H), 7.35 (s, 3H), 7.32 (d, J = 6.3 Hz, 2H), 

7.30 (s, 2H), 7.24 (s, 1H), 7.19–7.17 (m, 1H), 7.16 (s, 2H), 7.15 (s, 2H), 7.14–7.13 (m, 1H), 7.11 (s, 2H), 7.07–

7.06 (m, 2H), 6.95–6.91 (m, 2H), 6.65 (s, 1H), 6.63 (s, 1H), 6.49 (s, 1H), 6.42 (s, 2H), 6.38 (s, 1H), 6.33 (s, 1H), 

6.27 (s, 1H), 6.17 (s, 1H), 5.92 (d, J = 1.3 Hz, 1H), 4.29 (q, J = 8.0 Hz, 1H), 4.17 (dd, J = 19.6, 8.8 Hz, 4H), 4.07–

4.02 (m, 4H), 4.01–3.94 (m, 5H), 3.93–3.90 (m, 4H), 3.88–3.83 (m, 9H), 3.81–3.77 (m, 9H), 3.76–3.73 (m, 3H), 

3.72–3.67 (m, 10H), 3.63–3.59 (m, 7H), 3.57 (s, 3H), 3.54 (s, 3H), 3.52–3.48 (m, 4H), 3.47 (s, 3H), 3.44 (s, 3H), 

3.43 (s, 3H), 3.42 (s, 3H), 3.38–3.35 (m, 2H), 3.33–3.29 (m, 2H), 3.28–3.18 (m, 8H), 3.16 (s, 1H), 2.98 (d, J = 

15.9 Hz, 1H), 2.90 (t, J = 8.4 Hz, 1H), 2.77 (d, J = 14.7 Hz, 1H), 2.60 (d, J = 15.3 Hz, 1H), 2.30 (d, J = 13.6 Hz, 

1H), 1.83 (d, J = 14.0 Hz, 1H), 1.71 (s, 9H), 1.66 (s, 9H), 1.66 (s, 9H), 1.59 (s, 3H), 1.50 (s, 3H), 1.46 (s, 9H), 

1.37–1.29 (m, 5H), 1.09 (s, 9H), 0.72–0.68 (m, 2H), 0.56 (s, 9H), 0.52 (d, J = 7.4 Hz, 2H), 0.32 (t, J = 7.4 Hz, 

2H), 0.25 (s, 9H), 0.16 (s, 9H), 0.06 (s, 9H). (mixture of two conformers in a ratio of 1:0.3, only the major peaks 

are reported.) HRMS (ESI+) calcd. for C243H276N36O44S7Si3 [M+2H]2+ 2355.8982, found 2355.8719. 

Piv-QDXQDXYQDYQDX-T2-QDXPQDYQDX-Gly-OMe (5b): Compound 5a was treated with a solution of 50% 

TFA/DCM (2 mL) at r.t. overnight. The solvent was removed under vacuum. The solid was precipitated from 

MeOH and recovered by filtration. The solid was washed by MeOH for another 2 times. The compound was 

obtained as a yellow solid. (14 mg, quant.) 1H NMR (500 MHz, chloroform-d) δ 12.46 (s, 1H), 11.88 (s, 1H), 

11.11 (s, 1H), 11.07 (s, 1H), 11.05 (s, 2H), 10.88 (s, 1H), 10.80 (s, 1H), 10.76 (s, 1H), 10.73 (s, 1H), 10.71 (s, 

1H), 10.63 (s, 1H), 10.56 (s, 1H), 10.36 (s, 1H), 9.96 (s, 1H), 9.96 (s, 1H), 9.90 (s, 1H), 9.85 (s, 1H), 9.21 (s, 1H), 

8.72 (s, 2H), 8.66 (s, 1H), 8.64–8.61 (m, 2H), 8.59 (s, 1H), 8.57 (d, J = 7.3 Hz, 1H), 8.54 (d, J = 8.4 Hz, 1H), 8.44 
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(d, J = 7.1 Hz, 1H), 8.35 (d, J = 8.1 Hz, 1H), 8.29 (d, J = 8.2 Hz, 2H), 8.21 (s, 1H), 8.17 (d, J = 7.0 Hz, 3H), 8.13 

(s, 1H), 8.12–8.06 (m, 3H), 7.97–7.93 (m, 4H), 7.92 (s, 1H), 7.91–7.88 (m, 3H), 7.87–7.84 (m, 2H), 7.84–7.83 

(m, 1H), 7.83–7.80 (m, 3H), 7.78 (d, J = 7.8 Hz, 2H), 7.76 (s, 2H), 7.71 (s, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.58 (s, 

1H), 7.56 (d, J = 8.3 Hz, 1H), 7.53 (d, J = 7.7 Hz, 1H), 7.50–7.44 (m, 5H), 7.42–7.40 (m, 1H), 7.39–7.37 (m, 1H), 

7.36 (d, J = 2.0 Hz, 1H), 7.34 (s, 1H), 7.33–7.29 (m, 3H), 7.28 (s, 1H), 7.23 (d, J = 9.1 Hz, 1H), 7.09–7.05 (m, 

2H), 6.95 (s, 1H), 6.90 (s, 2H), 6.79 (s, 1H), 6.53 (s, 1H), 6.48 (s, 1H), 6.45 (d, J = 8.0 Hz, 1H), 6.29 (d, J = 1.4 

Hz, 1H), 6.06 (s, 1H), 5.45 (s, 1H), 4.24 (s, 3H), 4.20–4.09 (m, 4H), 4.07–4.04 (m, 1H), 4.03–3.98 (m, 6H), 3.97–

3.95 (m, 4H), 3.94–3.91 (m, 3H), 3.85–3.82 (m, 3H), 3.81–3.76 (m, 8H), 3.73 (d, J = 4.4 Hz, 3H), 3.71 (s, 3H), 

3.69 (s, 1H), 3.68–3.67 (m, 2H), 3.67 (s, 2H), 3.66 (s, 1H), 3.66 (s, 3H), 3.65–3.63 (m, 3H), 3.62 (s, 3H), 3.61–

3.58 (m, 2H), 3.57 (s, 3H), 3.56–3.49 (m, 8H), 3.49 (s, 3H), 3.47 (s, 3H), 3.45 (s, 3H), 3.42 (d, J = 4.0 Hz, 2H), 

3.41–3.38 (m, 3H), 3.38–3.35 (m, 1H), 3.29 (s, 3H), 3.20 (s, 3H), 3.19–3.17 (m, 1H), 3.09 (d, J = 4.4 Hz, 1H), 

3.07–2.99 (m, 2H), 2.87–2.83 (m, 1H), 1.65–1.54 (m, 1H), 1.28 (s, 9H), 1.27–1.22 (m, 10H). HRMS (ESI+) calcd. 

for C208H200N36O44S7 [M+2H]2+ 2065.6355, found 2065.6050. 
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5 NMR spectra of new compounds 

 

 

Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 2a. 
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Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 2b. 
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Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 3a. 
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Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 3b. 
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Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 4a. 
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Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 4b. 
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Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 5a. 
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Chemical structure and 1H NMR spectrum (500 MHz, CDCl3, 25 °C) of 5b. 
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5. Abiotic foldamer quaternary structures 

As mentioned in Chapter 3, the absence of the T1 turn unit in the helix-T1-helix structure leads to 

the formation of unexpected aggregates, including tilted dimers and parallel trimers. These two distinct 

aggregates typically coexist in solution. Inspired by the critical role of the Y unit in the helix-T1-helix 

structure and considering that longer helices favor parallel arrangements to reduce the number of un-

bonded hydroxy groups, several sequences were designed by removing the hydroxy groups on the Y 

monomer and extending its length to better control aggregate formation. The single crystal X-ray 

diffraction and 1H NMR studies on the new sequences revealed a series of novel shifted dimer 

structures, which can be used for quaternary structure design. In our first attempt to drive aggregation 

of abiotic tertiary folds, an unexpected domain-swapped dimer structure was discovered (Chapter 4). 

Due to the absence of a true tertiary structure (i.e., no interactions exist between two secondary 

subdomains), this domain-swapped dimer, despite its structural complexity, is not defined as a genuine 

quaternary structure. Here, we attempted to introduce hydroxy groups as H-bond donors at other 

position of the helix-turn-helix than the positions that led to the formation of the domain swapped dimer 

structure. Specifically, we intended to promote the aggregation of three tertiary folds into a C3-

symmetrical true abiotic quaternary structure through intermolecular shifted dimer interfaces. 

 

Figure 14. The cartoon representation shows the modified helix-turn-helix tertiary fold could aggregate in 

chloroform to produce two genuine quaternary structures which were assigned to initially designed trimer and 

unexpected hydrated dimer. 

Our findings are summarized in a manuscript which is accepted by Angewandte Chemie 

International Edition. The results of the 1H NMR analysis of the new compounds revealed two sets of 

signals, with their ratios changing according to temperature or water content in the chlorinated solvent. 

The DOSY, CD and 1D-NOESY spectra suggested that the two species are both aggregated heterochiral 

helix-turn-helix tertiary structures. However, the larger aggregate is favored at higher temperatures or 

in dried chloroform, which seems to conflict with the expected effect of entropy. A molecular model of 
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a hydrated dimer could be built by inserting several water molecules between the intermolecular 

interface to serve as a bridge. Our results suggest that the larger aggregate is the designed C3-

symmetrical trimer, while the smaller aggregate is a hydrated dimer (Figure 14). Molecular dynamics 

simulation of the hydrated dimer showed that water molecules have a high tendency to leave the 

intermolecular interface at a high temperature, leading to the formation of a shifted dimer interface and 

causing the angle between the two tertiary structures to approach 60°. This phenomenon was not 

observed at a lower temperature. The 2D-NMRs also helped us identify specific NOE correlations 

between CH2/OH within both aggregates, which highly supports our conclusion. 

Contributions: The project was planned by I. Huc. Synthetic monomer precursors have been provided 

by D. Gill. Monomer synthesis have been performed by me, F. Menke and D. Gill. Foldamer synthesis 

was performed by me. C. Glas, L. Allmendinger and me carried out NMR measurements. The 

measurement of CD spectra was performed by me. The LC-MS analysis was performed by C. Douat. 

Me, I. Huc and L. Allmendinger contributed to experiment design and interpretation. The research was 

supervised by I. Huc. The manuscript was written by me and I. Huc. Me, I. Huc and L. Allmendinger 

proofread and improved the manuscript. This work was supported the China Scholarship Council (CSC, 

predoctoral fellowship to S. W.). 
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1. List of Abbreviations 

 

CD circular dichroism 

D 
COSY correlated spectroscopy 

DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM dichloromethane 

DIPEA N,N-diisopropylethylamine 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

DOSY diffusion ordered spectroscopy 

DSD domain swapping dimer 

eq. equivalent 

Fmoc fluorenylmethoxycarbonyl 

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HR-ESI high resolution electrospray ionization 

HSQC heteronuclear single quantum correlation 

Me methyl 

MeOH methanol 

min minutes 

MS mass spectrometry 

MW microwave 

NMP N-methyl-2-pyrrolidone 

NMR nuclear magnetic resonance 

NOESY nuclear overhauser effect spectroscopy 

r.t. room temperature 

SPS solid phase synthesis 

tBu tert-butyl 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

UV/Vis ultraviolet–visible 
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2. Supplementary figures 

 

Figure S2. Chemical structure of Q and P units and the folding principle of their oligomers. a) Chemical 

structure of Q (or X with R = OH) and P (or Y with R = OH). b) Intramolecular H-bonding and helical folding 

principle of P/Q oligomers. Note that the amide carbonyl groups diverge from the folded structures and thus 

provide hydrogen bond acceptors. 

 

Figure S2. Crystal structures of helix-T2-helix and DSD folds showing two different conformations of T2. 

Crystal structures of: a) the helix-T2-helix fold of sequence 1[21]; and b) the DSD.[25] The side chains of QD and 
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QB and T2 are omitted for clarity, T2 is colored in green. c) The flat anti conformation of T2 observed in the 

structure of sequence 1. d) The gauche ~90° torsion about the N-N bond of T2 observed in the DSD. 

 

Figure S3. Crystal structures of homochiral and heterochiral shifted dimers.[19] Side (a) and top (b) views of 

a heterochiral shifted dimer structure. Side (b) and top (d) views of a homochiral shifted dimer structure. The 

protons of OH hydrogen bond donors are shown as yellow balls. P helices are colored in blue and M helix are 

colored in red. The arrows in (c) and (d) show that the relative angles of two interfaces are different. H-bond 

patterns of the heterochiral shifted dimer (e) and the homochiral shifted dimer (f). The units that belong to P 

helices are colored in blue and the unit belonging to an M helix is colored in red. 
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Figure S4. Quaternary structure design. a) Energy minimized model of (2b)2 (MMFFs, TNCG). The 

intermolecular interface consists of a heterochiral shifted dimer pattern. The angle between two helix-turn-helix 

structures is around 54°. A slight conformational change of the intermolecular interface with presumably minimal 

energy penalty enables the formation of a C3-symmetrical trimer with an exact 60° angle between two tertiary 

folds. b) Energy minimized model of (2b)3 (MMFFs, TNCG). The C3 axis is at the centre of the trimer. Identical 

sequences are colored in pink, cyan and grey, respectively. T2 is colored in green. Bottom view (c) and side view 

(d) of the overlay of molecular models in (a) and (b) colored in red and blue, respectively. The third tertiary 
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structure in the model of (2b)3 is shown in a blue colored line representation for clarity. e) Crystal structure of 

sequence 1, highlighting the aromatic rings (colored in red) that were removed in sequences 2b and 3b by Q (or 

X) to P (or Y) mutation. f) Molecular model of sequence 2b highlighting the H-bond donors that were introduced 

for intermolecular interactions. 

 

 

Figure S5. Extracts of 1H NMR spectra (500 MHz, CDCl3) of hydroxy group-protected precursors 2a (a) 

and 3a (b). In both cases, there is a major and a minor species corresponding to two different conformers. 

 

 

Figure S6. Extracts of 1H NMR spectra (500 MHz 0.35 mM) of 2b in different wet CDCl3 and dried CDCl3 

mixtures. The proportions (%, v/v) of wet CDCl3 in dried CDCl3 are 0 (a), 10 (b), 15 (c), 20 (d), 30 (e), 50 (f) 

and 100 (g). By increasing the amount of wet CDCl3, a quantitative transition was observed, indicating that the 

red-colored species contains water molecules. For the preparation of wet/dried CDCl3 see section 5.1. 
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Figure S7. Extract of the 1H,15N HSQC spectrum (500 MHz, dried CDCl3) of 2b. Only NH resonances are 

correlated. The green colored correlations were assigned to the NH-NH signals of T2 unit by 1H,1H COSY, which 

showed the corresponding vicinal NH-NH coupling (Figure S18). No NOE interaction of these two protons was 

observed suggesting the diacyl hydrazine group adopting a flat anti conformation (Figure S19). The correlation 

of NH signals of the glycine is presumably hidden because it overlaps with the signal of CHCl3. Red diamonds 

indicate the signals that were assigned to hydrogen-bonded OH protons. The OH signal that has a chemical shift 

value of δ 7.88 ppm was assigned to Y5-OH by 1H,1H NOESY spectrum (Figure S20), indicating a weaker 

hydrogen bond. For the assignment of NH signal see section 3.5. 
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Figure S8. Extract of 1H,15N HSQC spectrum (500 MHz, wet CDCl3) of 2b. Only NH resonances are 

correlated. The green correlations were assigned to the NH-NH signals of T2 by 1H,1H COSY which showed the 

corresponding NH-NH coupling (Figure S21). No NOE interaction of these two protons among each other was 

observed suggesting that the diacyl hydrazine group adopts a flat anti conformation (Figure S22). Red diamonds 

indicate the signals assigned to hydrogen-bonded OH protons. For the assignment of NH signal see 3.5. 

 

l

 

Figure S9. Deuterium exchange experiment. a) Extract of the 1H NMR spectrum of 2b (500 MHz, dried CDCl3). 

The signals assigned to OH protons are marked with a red dot. b) Extract of 1H NMR spectrum of 2b (500 MHz, 

0.5%CD3OD/dried CDCl3). Due to the slight shifts in the peaks caused by the change in solvent composition, the 
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exchange of OH assigned to Y5 (Figure S20) cannot be clearly assigned. c) Extract of the 1H NMR spectrum of 

2b (500 MHz, wet CDCl3). The signals assigned to OH protons are marked with a red dot. d) Extract of 1H NMR 

spectrum of 2b (500 MHz, D2O saturated CDCl3). For the preparation of D2O saturated CDCl3 see section 5.1. 

 

Figure S10. Extract of a 1H DOSY spectrum (500 MHz, dried CDCl3) of a 4 to 1 mixture of 2a (colored in 

green) and 2b (colored in blue). The blue-colored signals indicate a species that has a higher hydrodynamic 

radius although its molecular weight is smaller. 
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Figure S11. Extracts of 1H NMR spectra (400 MHz, CDCl3 from the bottle, 2.2 mM) of 2b at different 

temperatures. The temperatures were 328 K (a), 318 K (b), 308 K (c), 298 K (d), 283 K (e), 273 K (f), 263 K 

(g), 253 K (h), 243 K (i) and 233 K (j). At higher temperatures, 2b aggregates as a trimer and releases water 

molecules from the intermolecular interfaces. At lower temperatures, water molecules will bridge the H-bond 

interfaces, leading to the formation of the dimer.  

 

Figure S12. Extracts of 1H NMR spectra (400 MHz, wet CDCl3, 2.2 mM) of 2b in at different temperatures. 

The temperatures were 328 K (a), 318 K (b), 308 K (c), 298 K (d), 283 K (e), 273 K (f), 263 K (g), 253 K (h), 243 

K (i), 233 K (j) and 223 K (k). The transition temperature varies depending on the water content. In wet CDCl3, 

the transition temperature is above 328 K. 
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Figure S13. Extracts of 1H NMR spectra (400 MHz, dried CDCl3, 6.8 mM) of 2b in at different 

temperatures. The temperatures were 328 K (a), 318 K (b), 308 K (c), 298 K (d), 283 K (e), 273 K (f), 263 K 

(g), 253 K (h), 243 K (i), 233 K (j) and 223 K (k). The transition temperature varies depending on the water 

content. In dried CDCl3, the transition temperature is below 223 K. The signals assigned to the dimer still appear 

at low temperatures since the CDCl3 is not completely dry. 
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Figure S14. Stochastic dynamic simulation of (3b)2•(H2O)6 at different temperatures. The overlay of ten 

snapshots of a 1 ns MD simulation of (3b)2•(H2O)6 at 200 K (a), 300 K (b), 400 K (c) and 500 K (d). The tertiary 

folds are relatively stable at all temperatures. The water molecules have a tendency to leave the intermolecular 

interfaces when temperature increases. All water molecules remain in place at the intermolecular interface at 200 

K. All water molecules leave the intermolecular interface at 500 K. The leaving of the water molecules leads the 

transition from water bridging shifted dimer interactions (e) to shifted dimer-like interactions (f) with torsions of 

the tertiary structures. 
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Figure S15. Stochastic dynamic simulation of a modified (2b)2•(H2O)3 complex. The hydrogen bond donors 

and water molecules at one of the two intermolecular interfaces (highlighted by yellow shadow in (b)) have been 

removed before the MD simulation. a) Overlay of ten snapshots of the 1 ns MD simulation of modified 

(2b)2•(H2O)3 at 400 K. b-e) Four snapshots showing the process of water leaving the interface which lead the 

transition from water-bridged shifted dimer interface (Figure 1e) to shifted dimer interface (Figure 1d). The angle 

between two tertiary folds adjusted back to near 54° at the end of the simulation. f) Overlay of (e) (colored in 

blue) and the molecular model from Figure S4a (colored in red). g) Overlay of ten snapshots of the 5 ns MD 

simulation of modified (2b)2•(H2O)3 at 300 K. h-k) Four snapshots showing the process of the simulation. Only 
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one water molecules leave the interface and the relative angle of two tertiray structures remains. l) Overlap of 

molecular model before (colored in blue) and after (colored in red) the MD simulation. 

 

Figure S16. CD spectra of 2a and 2b in chloroform. The CD spectra of 2a (0.1 mM) and 2b (0.1 mM). The Δε 

value of 2a and 2b at 400 nm have been extracted. The 1H NMR of sidechain protected sequence 2a showed two 

species, which are signed to PP (major species) and PM (minor species) diastereomeric conformers. A relatively 

strong positive CD band was observed as expected. The CD intensity of 2b is relatively weak suggesting that 

sequence 2b is P-turn-M and CD contributions of the two helices cancel each other. Because the P helix has more 

Q units than the M helix, the CD signal is not fully cancelled. 
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Figure S17. CD spectra of 2b in chloroform at different temperatures. The CD spectra of 2b (0.1 mM) 

measured at different temperatures showed no significantly change. 

 

Figure S18 1H,1H COSY spectrum of 2b (500 MHz, dried CDCl3). The correlations belonging to the HN-NH 

moiety are colored in cyan. For the assignment of CH2 signals see section 3.5. 
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Figure S19 1H,1H NOESY spectrum of 2b (500 MHz, dried CDCl3). The region highlighted with a green 

dashed box is shown in Figure 3c. For the assignment of NH signals see sectio 3.5. 

 

 

Figure S20 Tracing down the non-hydrogen-bonded OH signal in the region below δ 8.5 ppm. a) Assignment 

strategy for the "missing" OH signal (usually findable downfield shifted above 8.5 ppm) based on the structure of 
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the Y moiety of 2b. For the Y moiety (as well as the P moiety) correlations should be visible caused by the J-

coupling of the NH protons with each of the unisochronous protons of the CH2 group in the 1H,1H COSY spectrum. 

Furthermore, the CH2 protons should yield NOE correlation with the aromatic proton of Y at position 5. This 

aromatic proton should then finally exhibit an NOE with the nearby OH proton. b) Excerpt of a 1H,1H COSY 

spectrum of 2b (500 MHz, dried CDCl3) showing the visible correlations of protons of the CH2 group with the 

NH proton, as explained in the assignment strategy under a). c) Two excerpts of a 1H,1H NOESY spectrum of 2b 

(500 MHz, dried CDCl3) confirming the assignment strategy by showing the NOE correlation of OH 

proton/aromatic 5-H (colored in blue), and aromatic 5-H/CH2 correlations (colored in cyan), respectively. 

 

Figure S21 1H,1H COSY spectrum of 2b (500 MHz, dried CDCl3). The correlations of HN-NH are colored in 

cyan. For yhe assignment of CH2 signals see section 3.5. 
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Figure S22 1H,1H NOESY spectrum of 2b (500 MHz, wet CDCl3). The part highlighted with a green dash line 

box is shown in Figure 3d. For the assignment of NH signals see sectio 3.5. 
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Figure S23 Determination of the conformation of T2 moiety. a, b) Two plausible conformations of P-turn-M 

structure. (c) and (d) Excerpts from the structure of (a) and (b), which illustrate the proton proximities of Q11 and 

T2 within the two conformers and the resulting expected NOEs. The rotatable bond that causes the conformational 

change is highlighted by a black arrow. The NH of Q11 shows an NOE with the nearest aromatic proton of T2 in 

both cases. In the U-shape conformation (a), the NH of Q11 will have an NOE with the proton in position 5 of 

T2, which should be a singlet, since there is no proton in ortho-position and the meta-coupling to H-7 is usually 

not detectable due to the small coupling constant. In contrast, in the stretched conformation (b), the NH will show 

an NOE with the proton in position 7 of T2, whose signal should be a doublet due to one coupling partner in ortho-

position (here, of course, the probable meta-coupling which would ultimately result in doublets of doublets, is 



97 

 
 

also not expected). The side chain of T2 is replaced by –OMe and side chain of Q unit is omitted for clarity. 1D 

NOESY spectra (500 MHz) of the respective species in dried CDCl3 (e) and wet CDCl3 (g) showing the responses 

upon selective irradiating the NH resonances at δ 9.47 ppm (e) and δ 9.37 ppm (g), respectively. The signal marked 

with irradiation arrow in both 1D NOESYs illustrating which signal is irradiated. In both cases, the resonance of 

the proton in the aromatic region experiencing the NOE is a singlet, confirming the U-shape conformation of the 

P-turn-M structure. The 1H NMR (500 MHz) of 2b in dried CDCl3 (f) and wet CDCl3 (h). 

 

Figure S24. Extracts of 1H NMR spectra (500 MHz, 0.35 mM) of 2b in different mixtures of dried CD2Cl2 

in dried CDCl3. The proportions (%, v/v) of dried CD2Cl2 in dried CDCl3 are 100 (a), 75 (b), 50 (c), 25 (d), 0 (e). 

No obvious change was observed indicating that the trimer formation is independent of the type of chlorinated 

solvents. For the preparation of dried CD2Cl2 see section 5.1. 
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Figure S25. Extracts of 1H NMR spectra (500 MHz, 0.35 mM) of 2b in different mixtures of wet CD2Cl2 in 

wet CDCl3. The proportions (%, v/v) of wet CD2Cl2 in wet CDCl3 are 100 (a), 75 (b), 50 (c), 25 (d), 0 (e). No 

obvious change was observed indicating that the dimer formation is independent of the type of chlorinated 

solvents. For the preparation of wet CD2Cl2 see section 5.1. 

 

Figure SX. Extracts of 1H NMR spectra (500 MHz, dried CDCl3) of 2b at different concentration The 

concentrations of 2b are 1.0 mM (a), 0.5 mM (b), 0.25 mM (c), 0.1 mM (d), 0.05 mM (e) and 0.02 mM (f), 

respectively. 

 

Figure SX. Extracts of 1H NMR spectra (500 MHz, wet CDCl3) of 2b at different concentration. The 

concentrations of 2b are 1.0 mM (a), 0.5 mM (b), 0.05 mM (b) and 0.02 mM (c), respectively. 
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Figure S26. Extracts of 1H NMR spectra (500 MHz) of 2b in mixtures of DMSO-d6 in dried CDCl3. The 

proportions (%, v/v) of DMSO-d6 in dried CDCl3 are 0 (a), 2 (b), 4 (c), 8 (d), 12 (e), 16 (f), 20 (g), 24 (h), 28 (i), 

32 (j) and 36 (k). The signals belonging to species assigned to the trimer are colored in cyan, the signals for the 

monomeric tertiary structure in orange. With a DMSO content of more than 20%, the intramolecular H-bonds are 

disrupted. The broad NMR lines could be due to the equilibria between different conformers associated with 

flexible pyridine-based units. DMSO-induced dissociation and disruption are observed. 

 

 

Figure S27. Extracts of 1H NMR spectra (500 MHz) of 3b in and wet CD2Cl2 (a) wet CDCl3 (b). Dimer 

formation appears to be independent of the type of chlorinated solvent. 
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Figure S28. Extract of a 1H,15N HSQC spectrum (500 MHz, wet CDCl3) of 3b. Only NH resonances are 

correlated. Red diamonds indicate the signals of H-bonded OH protons. The green correlations are assigned to the 

NH-NH signals of T2 unit in analogy to 2b (see Figure S8). 
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Figure S29. Extracts of 1H NMR spectra (500 MHz) of 3b in different wet CDCl3 and dried CDCl3 mixtures. 

The proportions (%, v/v) of wet CDCl3 in dry CDCl3 are 0 (a), 5 (b), 10 (c), 15 (d), 20 (e), 30 (f), 50 (g) and 100 

(h). A drier solvent might lead to some type of polymerization which is reflected in broad NMR signals. As the 

amount of water increases, the NMR signals are getting sharper and showing a spectrum that is more indicative 

of a dimer, suggesting that the water leads to the formation of a water-mediated dimer. 

 

Figure S30. Extracts of 1H NMR spectra (500 MHz, 0.35 mM) of 3b in different dried CDCl3 and CD2Cl2 

mixtures. The proportions (%, v/v) of dry CD2Cl2 in dry CDCl3 are 100 (a), 75 (b), 50 (c), 25 (d), 0 (e). No 
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significant change was observed suggesting that the plausible polymerization is independent of the type of 

chlorinated solvent. 

 

Figure S31. Molecular model of 3b enantiomers and possible aggregation mode. The energy-minimized 

models of MP-3b (a) and PM-3b (b). The top view (c) and side view (d) of a plausible MP-3b and PM-3b 

aggregation mediated by a head-to-tail heterochiral shifted dimer pattern, showing the possibility of 
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polymerization through two open ends. The P helices and M helices are shown in blue and red tube representation, 

respectively. The free H-bond donors and H-bond acceptors are shown as yellow balls and red balls, respectively. 

The N-terminus are shown as a blue ball. T2 units are colored in green. 

 

Figure S32. Extracts 1H NMR (400 MHz, wet CDCl3) spectra of 3b at different temperatures. The 

temperatures were 328 K (a), 318 K (b), 308 K (c), 298 K (d), 283 K (e), 273 K (f), 263 K (g), 253 K (h), 243 K 

(j) and 233 K (k). The signals get broad as temperature increases, suggesting a polymerization similar to that 

observed by reducing the water content in chloroform. 

3. Supplementary methods 

3.1. LC-MS analyses 

LC-MS spectra were recorded on a Bruker microTOF II in positive ionization mode. The instrument was 

calibrated in positive mode by direct infusion of a calibration solution (Agilent Technologies ESI-L Low 

Concentration Tuning Mix). The HPLC line was an Ultimate 3000 RP-HPLC system (ThermoFisher Scientific) 

equipped with a AerisTM Widepore C4 column (2.1 x 150 mm, 3.6 μm) at a flow rate of 0.25 mL/min. 0.1 % 

formic acid and 0.025% TFA was added to the aqueous mobile phase (solvent A) and to acetonitrile (solvent B). 

The gradient is: 0–5 min, 50% to 100% solvent B; 5–14 min, 100% solvent B at 50 °C. The column eluent was 
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monitored by UV detection at 214, 254, and 300 nm with a diode array detector. The sample was prepared by 

adding 10 µL of a solution of the sample in DCM (0.1 mg/mL) to 1 mL acetonitrile containing 0.05–0.1% formic 

acid. 

3.2. Molecular modelling 

Models were simulated by MacroModel version 11.1 (Maestro, Schrödinger Inc.). Energy minimized 

structures were obtained using MacroModel energy minimization with the following parameters: force field: 

MMFFs; solvent: none or CHCl3; electrostatic treatment: constant dielectric; dielectric constant: 1.0; charges 

from: force field; cutoff: normal; Van der Waals: 7.0; electrostatic: 12.0; H-bond: 4.0; mini method: TNCG; 

maximum iterations: 2500; converge on gradient; convergence threshold: 0.05; constraints: distances. As a 

starting point, the coordinates of the crystal structure of 1 (CCDC entry # 1955168) was used. Some hydroxy 

groups were inserted and some aromatic rings were removed. The modified sequence was first energy-minimized. 

In a second round, two identical modified helix-turn-helix structures were placed in a plausible arrangement, and 

distance constraints between plausible hydrogen-bonding partners were set to 1.8 on purpose. While setting the 

constraints, it was important to match the hydroxy group to their correct hydrogen-bonding carbonyl partner. Then 

all constraints were removed, and energy minimization was repeated offering the molecular model in Figure S4a. 

A third identical sequence was imported and placed in a plausible arrangement. The distance between all the 

plausible hydrogen-bonding partners (including all the intermolecular H-bonds and intramolecular H-bonds) were 

set to 1.8 on purpose. Then all constraints were removed and the energy minimization was repeated and obtaining 

the molecular model in Figure S4b. To obtain the molecular model of (2b)2•(H2O)6 (Figure 3b), six water 

molecules were placed in between the intermolecular interfaces. The distance constraints between plausible 

hydrogen-bonding partners (the hydroxy hydrogen to water oxygen atom, and the water hydrogen to carbonyl 

oxygen atom) were set to 1.8 on purpose. Then all constraints were removed, and energy minimization was 

repeated. 

3.3. Molecular dynamic simulations 

Molecular dynamic simulations were carried out using MacroModel version 11.1 (Maestro, Schrödinger 

Inc.). Energy minimized molecular model of (2b)2•(H2O)6 from 3.2 was used as the object for the MD simulation. 

At one intermolecular interface of the molecular model of (2b)2•(H2O)6, three water molecular were removed and 
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three hydroxy groups were replaced by hydrogen, obtaining the MD simulation object (2b)2•(H2O)3. Stochastic 

dynamic simulations were obtained using MMFFs force field, CHCl3 as solvent, extended cutoff and TNCG 

method. The simulations were performed for 1 ns or 5 ns at different temperatures (200 K, 300 K, 400 K and 500 

K), time step of 1.5 fs and 1 ps as equilibration time. During the simulation, 10 structures were sampled and the 

sampled structures were minimized. 

3.4. Nuclear magnetic resonance spectroscopy 

NMR spectra of 2a, 2b, 3a and 3b were recorded on different NMR spectrometers: (I) an Avance III HD 

NMR spectrometer 500 MHz (Bruker BioSpin) with CryoProbe™ Prodigy for 1H NMR, 1H,15N-HSQC, 1H,1H 

COSY, 1H,1H NOESY and DOSY spectra of foldamers. All NMR measurements were performed at 25 °C, unless 

otherwise stated. (II) a Varian NMR spectrometer 400 MHz (Varian, Inc.) for variable temperature measurements. 

Chemical shifts (δ) are described in part per million (ppm) relative to the 1H residual signal of the deuterated 

solvent used, i.e., DMSO-d6 (2.50), CD2Cl2 (5.32) and CDCl3 (7.26). For the DMSO-d6 and CDCl3 solvent 

mixture, the chemical shifts were calibrated according to DMSO-d6 (2.50). For the CD2Cl2 and CDCl3 solvent 

mixture, the chemical shifts were calibrated according to internal standard tetramethylsilane (0.00).1H NMR 

splitting patterns with observed first-order coupling are entitled as singlet (s), doublet (d), triplet (t), or multiplet 

(m). Coupling constants (J) are ported in Hz. 

Complete disruption of the hydrogen bonds was achieved by dissolving the sample in polar solvents (such 

as DMSO, pyridine or MeOH/chloroform mixture), followed by removal of the solvent. We usually measured the 

1H NMR spectra of the sequences at different times until no further change was observed. We generally consider 

that at this point the sequences reached equilibrium. Sometimes sequences need days to weeks to reach 

equilibrium. This is not the case here. Here, the time for complete equilibration is short and a stage prior to this 

can hardly be detected with NMR, as there are no significant changes in the spectra recorded after a few minutes 

compared to those obtained up to a week after resolving the sequence. This is independent of whether the solvent 

was wet or dry. A similar behavior was also observed for sequence 1, which suggesting that the formation of the 

tertiary structure is relatively fast. 

The equilibrium time (the measurement delay between the two different condition sets) for 1H NMR 

spectra measurements for varying temperatures and different proportions of DMSO-d6/CDCl3 mixtures was 

usually several minutes. Due to similar properties of CDCl3 and CD2Cl2, the individual samples in different 



106 

 
 

proportions of CDCl3/CD2Cl2 mixtures were prepared separately, and the 1H NMR spectra of all of the samples 

were measured after equilibrate the sample at r.t. overnight. 

1H,15N HSQC spectra were recorded with a phase-sensitive pulse sequence with sensitivity enhancement 

using trim pulses in inept transfer (hsqcetgpsi2) from the Bruker pulse program library. Data acquisition was 

performed utilizing non-uniform sampling (NUS; NUS amount: 50% with an automatically created NUSList) 

yielding 1024 (F2) x 128 (F1) data points in Echo/Antiecho gradient selection mode. The recycling delay was 2.0 

s and 64 transients per increment were applied at a sweep width of 2.5 kHz in F2 and 7 kHz in F1 resulting in an 

acquisition time of 0.1462 s. NUS processing was performed using the fully automated NUS processing tool 

provided by MestReNova. Zero filling in F1 has been used to yield a final matrix of 1K x 1K real points. 

1H,1H COSY spectra were recorded with a phase-sensitive pulse sequence from the Bruker pulse program 

library (cosygpppqf). Data acquisition was performed with 1K (F2) x 512 (F1) data points and a mixing time of 

0.2 s. The recycling delay was 1.5 s and 32 transients per increment were applied at a sweep width of 7.5 kHz in 

both dimensions resulting in an acquisition time of 0.14 s. A 90° shifted sine-square multiplication in both 

dimensions prior to FT and zero filing was applied to yield a final symmetrical 2D matrix of 4K x 4K data points. 

1H,1H NOESY spectra were recorded with a phase-sensitive pulse sequence from the Bruker pulse program 

library (noesygpph). Data acquisition was performed with 1K (F2) x 512 (F1) data points and a mixing time of 

0.2 s. The recycling delay was 2 s and 16 transients per increment were applied at a sweep width of 7.5 kHz in 

both dimensions resulting in an acquisition time of 0.15 s. A 90° shifted sine-square multiplication in both 

dimensions prior to FT and zero filing was applied to yield a final symmetrical 2D matrix of 2K x 2K data points. 

1D NOESY spectra were recorded with a pulse sequence with selective refocusing by a shaped pulse from 

the Bruker pulse program library (selnogpzs.2). Data acquisition was performed using a Gaus1_270.1000 shaped 

pulse on the selected resonance with a mixing time of 0.2 s. The recycling delay was 1 s and 128 transients were 

applied. An exponential window function of 1 Hz was applied to the raw fid.DOSY spectra were recorded 

applying a pulse sequence with stimulated echo using stimulated echo for diffusion from the Bruker pulse program 

library (stegp1s). The diffusion delay Δ (big delta) and the diffusion gradient pulse length δ (little delta) were set 

as follows: 250 ms and 1.0 ms. (Figure 4e); 50 ms and 1.0 ms (Figure 4f); 250 ms and 2.4 ms (Figure S10). 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, 256 transients of 65K complex data points were 

acquired. DOSY processing was performed with the DOSY processing tool from MestReNova (v.12.x64) 
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employing the “Peak Heights Fit” algorithm including the “overlapped peaks analysis” with 128 points in 

diffusion dimension and a window of 1.00·10-10 to 1.00·10+03 cm2 s-1. 

3.5. Assignment of NH and CH2 signals 

 

Figure S33. The structure of 2b and the numbering of the units used in NMR assignment. 

3.5.1. Assignment of NH signals  

The assignment of the NH signals of the species of 2b in dried CDCl3 is based on the fact that the NH 

protons of two consecutive units are close to each other due to intramolecular H-bonding (Figure S34b) and will 

therefore have an NOE interactions. The signal assignments of two helices are achieved separately since no NOE 

can be observed across T2. First, the X2-NH was assigned due to the NOE correlation with one of the methyl 

groups of the N-terminal (1S)-camphanyl group (Figure S34c, d). The assignment of the N-terminus helix starts 

from X2-NH and follows the light blue dashed line to T2-HN-NH (Figure S34a). The Gly19-NH could be assigned 

based on the characteristic chemical shift at δ 7.30 ppm, which is not observed with sequences without Gly at C-

terminus, such as sequence 1. The assignment of the C-terminal helix starts from Gly19-NH following the green 

dashed line to Q11-NH (Figure S34a). The chemical shifts of each NH signals are reported in Table S1. 

The assignment of the NH signals of the species of 2b in wet CDCl3 is based on the same strategy. The 

X2-NH and Gly19-NH (chemical shift value at δ 7.17 ppm) were assigned using the same method as mentioned 

above. The NOE network of the NHs of the N-terminal helix is highlighted with light blue dashed lines, that of 

the C-terminal helix with green dashed lines (Figure S35). The chemical shift values of each NH signals are 

reported in Table S2. 
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Figure S34. Assignment of NH signals by NOESY. a) Extract of an 1H,1H NOESY (500 MHz, dried CDCl3) of 

2b. The NOE network of the NHs of the N-terminal helix is highlighted with light blue dashed lines, that of the 

C-terminal helix with green dashed lines. b) Arbitrary segment of the helical structure exemplarily illustrating 

intramolecular NOEs between one NH and NHs from two consecutive ones with cyan arrows. c) Structure 

illustrating the strategy for assigning the X2-NH signal. d) Corresponding cross peak from the NOESY spectrum 

confirming the strategy. 
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Figure S35. Assignment of NH signals by NOESY. Extract of an 1H,1H NOESY (500 MHz, wet CDCl3) of 2b. 

The NOE network of the NHs of the N-terminal helix is highlighted with light blue dashed lines, that of the C-

terminal helix with green dashed lines. 

3.5.2. Assignment of CH2 signals  

For the pyridine-based monomers (P and Y), correlations should be visible caused by the J-coupling of the 

NH protons with each of the unisochronous protons of the CH2 group in the 1H,1H COSY spectrum (Figure S20a). 

The signal assignment of the species of 2b in dried CDCl3 is shown in Figure S36 and Figure S37 and the chemical 

shifts are reported in Table S1 and Table S2, respectively. 
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Figure S36. Assignment of CH2 signals of the P and Y units by COSY. Extract of an 1H,1H COSY (500 MHz, 

dried CDCl3) of 2b. 

  



111 

 
 

 

 

Figure S37. Assignment of CH2 signals of P and Y units by COSY. Extract of an 1H,1H COSY (500 MHz, wet 

CDCl3) of 2b. 

3.5.3. Supplementary tables 

Table S1. Assignment of the chemical shifts of the species of 2b in dried CDCl3. 

Monomer Moiety 1H (ppm) 15N (ppm) 

X2 NH 9.73 119.52 

X3 NH 12.21 123.18 

Q4 NH 11.71 120.97 

Y5 NH 9.07 103.86 

 CH2 4.12, 4.09  

P6 NH 8.54 102.98 

 CH2 4.38, 3.64  

X7 NH 11.14 115.25 

X8 NH 11.57 119.67 

Q9 NH 11.11 116.01 

T2 T2-HN-NH- 9.57 126.33 
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 T2-HN-NH- 10.49 128.27 

Q11 NH 9.50 116.41 

Y12 NH 9.72 104.23 

 CH2 4.31, 2.51  

Q13 NH 11.95 122.27 

X14 NH 11.32 116.64 

Y15 NH 8.63 101.36 

 CH2 4.20, 3.84  

Q16 NH 9.97 112.89 

Y17 NH 9.55 108.62 

 CH2 4.40, 3.45  

Q18 NH 11.78 120.97 

Gly19 NH 7.30 95.4 

 CH2 3.72, 3.50  

Table S2. Assignment of the chemical shifts of the species of 2b in wet CDCl3. 

Monomer Atom 1H (ppm) 15N (ppm) 

X2 NH 9.59 119.27 

X3 NH 12.14 123.00 

Q4 NH 12.00 120.94 

Y5 NH 9.49 106.01 

 CH2 4.23, 4.07  

P6 NH 8.56 102.65 

 CH2 4.28, 3.68  

X7 NH 10.43 113.54 

X8 NH 11.76 121.03 

Q9 NH 10.88 116.45 

T2 T2-HN-NH- 9.58 126.21  

 T2-HN-NH- 10.45 128.00 

Q11 NH 9.39 116.67 

Y12 NH 9.43 102.92 

 CH2 4.17, 2.55  

Q13 NH 12.04 123.00 

X14 NH 10.87 115.76 

Y15 NH 8.49 100.26 

 CH2 4.19, 3.17  

Q16 NH 10.54 114.66 

Y17 NH 9.74 106.55 

 CH2 4.31, 3.76  
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Q18 NH 11.63 120.99 

Gly19 NH 7.17 94.98 

 CH2 3.69, 3.13  

3.6. Circular dichroism spectroscopy 

The CD spectra of 2a and 2b were recorded on a Jasco J-1500 spectrometer with 1 mm quartz cuvette. The 

following parameters were used: wavelength range from 460 to 280 nm. Scan speed: 100 nm/min; accumulation: 

2; response time: 1.0 s; bandwidth: 2; temperature: 20 °C (unless specified); sensitivity: standard (100 mdeg); 

data pitch: 0.5 nm; nitrogen gas flow rate: 500 L/h. The concentration is 0.1 mM. Δε values (in cm2·mol-1) were 

obtained by using the formula: Δε = m°/(C.l.32980) where m = CD value in millidegrees; l = cuvette pathlength 

in cm; C = sample concentration in mol/L. 
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4. Synthetic scheme of foldamers synthesis 

 

Scheme 1. Solid phase synthesis of aromatic oligomers. 
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5. Experimental procedures 

5.1. General methods 

Commercially available reagents were purchased from Sigma-Aldrich, Alfa-Aesar or TCI and were used 

without further purification unless specified. HMBA-AM resin (200-400 mesh, loading 0.8–1.2 mmol/g) was 

purchased from Iris-biotech. The anhydrous THF was dried over alumina columns (MBRAUN SPS-800 solvent 

purification system). DIPEA and chloroform were distilled over CaH2 prior to use. Extra dry DMF was purchased 

from Sigma-Aldrich. Ultrapure water was obtained via a Stakpure OmniaPure-T UV-TOC ultrapure water system.  

The CDCl3 (99.80% D), CD2Cl2 (99.80% D) and DMSO-d6 (99.80% D) for NMR measurement were 

purchased from Eurisotop®. The wet CDCl3 and wet CD2Cl2 were prepared by shaking the chlorinated solvents 

with H2O. It could be considered as water-saturated CDCl3 or CD2Cl2 solution. The dried CDCl3 and dried CD2Cl2 

was prepared by stirring the chlorinated solvent with pre-dried basic Al2O3 overnight. The pre-dried basic Al2O3 

was prepared by placing basic Al2O3 at 120°C overnight. Note that “dried” chlorinated solvent does not imply 

rigorously dry. The D2O saturated CDCl3 was prepared by shaking the dried CDCl3 with D2O. 

Analytical reversed phase (RP) high performance liquid chromatography (HPLC) was performed on a 

Thermo Fisher Scientific Ultimate 3000 HPLC System using Macherey-Nagel Nucleodur C8 Gravity columns (4 

× 50 mm, 5 μm). UV absorbance was monitored at 300 nm and 254 nm, if not stated otherwise. The semi-

preparative HPLC was performed on a Waters system equipped with a 2545 Quaternary Gradient Module with 

automated fraction collector system on a XBridge® Prep C8 OBDTM column (19 × 150 mm, 5 μm) at a flow rate 

of 25 mL/min. 0.1% TFA was added to the aqueous mobile phase (referred to as mobile phase A) and to 

acetonitrile (referred to as mobile phase B). The gradient is: 0-5 min, 90% to 100% solvent B; 5-25 min, 100% 

solvent B at r.t.. The column eluent was monitored by UV detection at 254 and 300 nm with a diode array detector. 

The ultraviolet–visible (UV/Vis) absorbance measurements were done with a Thermo Fisher Scientific 

Nanodrop One instrument using a 1 cm path length quartz cuvette. Circular dichroism (CD) spectra were measured 

on Jasco J-1500 spectrometers. Measurements were performed at 20 °C if not stated otherwise. 

Solid phase synthesis (SPS) was performed manually under MW-irradiation on a CEM Discover (Liberty 

Bio) microwave oven using a reaction vessel and an internal fiber optic probe for temperature control, or with a 

fully automated Chorus PurePep ® synthesizer followed by previously reported protocol.[32] 
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5.2. Synthesis of monomers 

The Fmoc-Y-OH,[21] Fmoc-T2-OH,[21] Fmoc-QDeg-OH,[19] Fmoc-X-OH[19] and Fmoc-P-OH[33] were 

synthesized according to literature. All of the Fmoc-protected monomers was ≥ 98% pure before used in the solid 

phase synthesis. 

5.3. Solid phase synthesis general methods 

5.3.1. Loading of the resin via HBTU activation 

HMBA-AM resin (500 mg, 0.4-0.6 mmol, 1 eq.) was swollen in 5 mL DCM for 1 h, transferred to the 

microwave vessel and washed 3 times with extra dry DMF. DIPEA (170 µL, 1.0 mmol, 2 eq.) was added to a 

mixture of Fmoc-Gly-OH (134 mg; 0.45 mmol, 0.9 eq.) and HBTU (228 mg, 1.2 eq.) in extra dry DMF (5 mL) 

and the resulting solution was shaken for 30 s before to be poured to the resin-containing reaction vessel. The 

reaction mixture was subjected to treatment in a microwave oven (50 °C, 20 min, 25 W). The resin was filtered 

and washed with DMF (5 x 2 mL) and DCM (10 x 2 mL). Capping was performed by adding a mixture of 

DCM/pyridine/benzoyl chloride (3:1:1 (v/v/v), 5 mL) to the resin followed by shaking for 30 min at r.t., and 

subsequent washing with DCM (20 x 2 mL). For monitoring the efficiency of the 1st loading, small amount of 

resin (around 2 mg) was taken and dried under vacuum. The loading was estimated at this scale. 

5.3.2. Esimation of the Loading 

To a small amount of Fmoc-Gly-HMBA AM resin or Fmoc-QB-SASRIN resin (1–2 mg), a freshly prepared 

solution of DMF/piperidine (8:2 (v/v), 3.0 mL) was added. The mixture was shaken and incubated for 5 min. Then 

the absorption was measured at 301 nm using a NanoDrop One Microvolume UV-Vis Spectrophotometer and a 

Hellma quartz glass cuvette 104 (path length 10 mm). Three replicates were measured, then the loading was 

calculated with the following equation: 

                                                            loading (in 
mmol

g
) =

Abs301 nm×V

ε301nm× 𝑙 × m 
 

                                                         ε301nm=7800 L/mol/cm[34] 
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5.3.3. Solid phase synthesis via in-situ activation 

Fmoc-Gly-HMBA-AM resin (100 mg, loading 0.3 mmol/g, 30 µmol) was first swollen in DCM (3 mL) 

for 1 h, the resin was transferred into the microwave vessel and washed 3 times with DMF and 3 times with NMP.  

The deprotection of the Fmoc group was performed by adding 3 mL DBU/NMP (2:98, v/v) to the resin 

and incubation for 3 min. The resin was next filtered off and the deprotection step was repeated once. After 

filtration, the resin was washed with DCM (3 x 2 mL) and then with anhydrous THF (5 x 2 mL). This deprotection 

step was performed after each aromatic monomer coupling. 

The resin was next suspended in anhydrous THF (1 mL) and 2,3,5-collidine (5 eq. with respect to the 

resin-loading) was added to the resin supernatant. The Fmoc-protected monomer (2 eq. with respect to the resin-

loading) and PPh3 (4 eq. with respects to the resin-loading) were successively added in a vial to be solubilized in 

freshly distilled CHCl3 (1 mL).  

Trichloroacetonitrile (4.5 eq. with respect to the resin loading) was next added to the vial and the resulting 

acyl chloride solution was shaken for 30 s before to be poured to the resin-containing reaction vessel. The reaction 

vessel was then placed in the microwave oven and subjected to MW irradiation for 15 min (50 °C, 50 W). The 

resin was then washed 3 times with anhydrous THF. This entire coupling step was then repeated once more. For 

the coupling of Fmoc-T2-OH, the same acid chloride activation process was followed but the coupling was, this 

time, performed at r.t. by shaking the resin for 2 h. Then the resin was washed with anhydrous THF (3 x 2 mL).  

For the final coupling of pivaloyl- (Piv-) or (1S)-camphanic ((1S)-C*-) amides, the resin was suspended 

in anhydrous THF (1 mL) and 2,3,5-collidine (5 eq. with respect to the resin-loading) was added to the resin 

suspensions. A solution of pivaloyl chloride (2 eq. with respect to the resin-loading) or (1S)-camphanic chloride 

(2 eq. with respect to the resin-loading, purchased from Sigma-Aldrich, 98%, ee: 99%) in freshly distilled CHCl3 

(1 mL) was added to the supernatant and the resin was shaken at r.t. for 2 h. The resin was filtered off, washed 3 

times with dry THF, and the same process was repeated once. After coupling, the resin was vigorously washed 3 

times with DMF and 3 times with DCM.  

5.3.4. Mini-cleavage 

To perform a mini cleavage, the resin (1–2 mg) was swollen in 1 mL MeOH/DCM (1:1, v/v) solution 

followed by addition of 10 μL NaOMe (25% (m/m)) and incubated at r.t. for 10 min. The cleavage solution was 



118 

 
 

diluted with DCM, washed with aqueous citric acid solution (5%), dried over MgSO4, filtered and the solvent was 

finally removed under reduced pressure.  

5.3.5. Full-cleavage 

The resin (around 100 mg) was dried under vacuum and slowly added to 400 mL cleavage solution 

(preparation see below) under N2 atmosphere. The mixture was stirred under N2 atmosphere for 2 h before it was 

added to 100 mL aqueous citric acid solution (5%). The aqueous layer was extracted with DCM (3 x 50 mL). The 

combined organic phases were washed with brine, dried over MgSO4, filtered and the solvent was evaporated 

under reduced pressure. The crude was recovered as solid. 

Preparation of cleavage solution: 200 mL dry MeOH was added to 200 mL dry DCM under N2 atmosphere. 

2 mL NaOMe (25% (m/m)) in methanol was added and the mixture was well-mixed by magnetic stirring. 

Sufficient amount of cleavage solution (at least 400 mL cleavage solution for 100 mg resin) was important to 

avoid the formation of oligomer acid as the side-product. 

5.4. Synthesis of oligomers 

 (1S)-Camph-XXQDYPXXQD-T2-QDYQDXYQMYQD-Gly-OMe (2a): Compound 2a was synthesized using the 

SPS procedures reported in paragraph 5.3 on Fmoc-Gly-HMBA AM resin. The crude product was obtained after 

full cleavage and purification by RP-HPLC. (35 mg, 15%).1H NMR (500 MHz, CDCl3) δ 11.71 (s, 1H), 11.56 (s, 

1H), 11.37 (s, 1H), 11.31 (s, 1H), 11.02 (s, 1H), 10.95 (s, 1H), 10.86 (s, 1H), 10.60 (s, 1H), 10.52 (s, 1H), 10.19 

(d, J = 8.3 Hz, 1H), 9.81 (d, J = 6.3 Hz, 1H), 9.62 (s, 1H), 9.40 (s, 1H), 8.64 (t, J = 3.3 Hz, 1H), 8.61–8.58 (m, 

2H), 8.09–8.02 (m, 3H), 7.96–7.93 (m, 2H), 7.91–7.86 (m, 2H), 7.80–7.75 (m, 4H), 7.74–7.67 (m, 4H), 7.63 (d, 

J = 8.1 Hz, 1H), 7.61–7.57 (m, 3H), 7.57–7.51 (m, 5H), 7.49–7.46 (m, 5H), 7.44 (d, J = 7.9 Hz, 1H), 7.40 (d, J = 

7.0 Hz, 1H), 7.35 (s, 1H), 7.33–7.28 (m, 3H), 7.23 (dd, J = 7.6, 2.4 Hz, 2H), 7.19 (d, J = 1.9 Hz, 1H), 7.17 (s, 2H), 

7.13 (d, J = 6.5 Hz, 1H), 7.04–6.96 (m, 5H), 6.94–6.88 (m, 4H), 6.80 (s, 1H), 6.67 (s, 1H), 6.57 (s, 1H), 6.46 (s, 

1H), 6.44 (s, 1H), 6.42 (s, 1H), 6.36 (s, 1H), 6.29 (s, 1H), 6.25 (s, 1H), 6.16 (s, 2H), 5.63 (s, 1H), 4.25 (dd, J = 

16.2, 5.1 Hz, 1H), 4.10–4.02 (m, 5H), 4.00–3.86 (m, 25H), 3.81–3.74 (m, 12H), 3.72–3.65 (m, 9H), 3.63–3.60 

(m, 4H), 3.58 (s, 3H), 3.55 (s, 3H), 3.54 (s, 2H), 3.50 (s, 3H), 3.50 (s, 6H), 3.45 (s, 3H), 3.39 (s, 3H), 3.35–3.06 

(m, 11H), 3.02–2.88 (m, 3H), 2.45–2.39 (m, 1H), 2.16 (d, J = 15.0 Hz, 1H), 2.02 (d, J = 14.1 Hz, 1H), 1.97–1.93 

(m, 1H), 1.89–1.85 (m, 3H), 1.81 (s, 6H), 1.77 (s, 9H), 1.74 (s, 9H), 1.67 (s, 9H), 1.64 (s, 9H), 1.61 (d, J = 9.8 
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Hz, 6H), 1.49 (s, 2H), 1.13–1.00 (m, 2H), 0.70 (t, J = 7.4 Hz, 2H), 0.59 (s, 3H), 0.54 (s, 1H), 0.50 (t, J = 7.4 Hz, 

2H), 0.22 (s, 9H), 0.07 (s, 9H), -0.02 (s, 9H), -0.46 (s, 9H). HRMS (ESI+) calcd. for C241H274N36O44S5Si4 

[M+2H]2+ 2324.8841, found 2324.9068. 

(1S)-Camph-XXQDYPXXQD-T2-QDYQDXYQMYQD-Gly-OMe (2b): Compound 2a was treated with a 

solution of TFA/DCM (1:1 (v/v), 2 mL) at r.t. overnight. The solvent was removed under vacuum. The solid was 

precipitated from diethyl ether, was subsequently filtered and washed 2 times with diethyl ether to yield the desired 

product as a yellow solid. (30 mg, quant.). 1H NMR (500 MHz, dry CDCl3) δ 12.21 (s, 1H), 11.94 (s, 1H), 11.79 

(s, 1H), 11.71 (s, 1H), 11.56 (s, 1H), 11.45 (s, 1H), 11.32 (s, 1H), 11.12 (s, 1H), 10.91 (s, 1H), 10.51 (s, 1H), 10.47 

(d, J = 9.4 Hz, 1H), 10.34 (s, 1H), 10.15 (s, 1H), 9.98 (s, 1H), 9.90 (s, 1H), 9.73 (s, 2H), 9.58 (d, J = 8.3 Hz, 1H), 

9.55 (s, 1H), 9.50 (s, 1H), 9.28 (s, 1H), 9.23 (s, 1H), 9.09 (s, 1H), 8.71 (d, J = 6.7 Hz, 1H), 8.68–8.61 (m, 2H), 

8.56–8.53 (m, 2H), 8.46 (d, J = 6.3 Hz, 2H), 8.41 (d, J = 6.0 Hz, 1H), 8.37 (d, J = 6.7 Hz, 2H), 8.26–8.20 (m, 3H), 

8.17 (d, J = 8.2 Hz, 3H), 8.08–8.04 (m, 3H), 8.02 (d, J = 7.0 Hz, 2H), 7.97 (d, J = 7.1 Hz, 2H), 7.95 (s, 1H), 7.93 

(s, 1H), 7.91 (s, 1H), 7.90 (s, 1H), 7.88 (s, 1H), 7.86 (s, 1H), 7.83 (s, 1H), 7.81 (d, J = 2.3 Hz, 2H), 7.80 (s, 1H), 

7.79 (s, 1H), 7.76–7.72 (m, 2H), 7.69 (d, J = 4.3 Hz, 2H), 7.66–7.63 (m, 3H), 7.61 (s, 1H), 7.59–7.55 (m, 2H), 

7.53 (d, J = 8.6 Hz, 2H), 7.49 (t, J = 6.7 Hz, 2H), 7.45 (s, 2H), 7.40 (d, J = 7.9 Hz, 3H), 7.35 (dd, J = 5.2, 3.2 Hz, 

2H), 7.19–7.16 (m, 2H), 7.11 (s, 2H), 6.98 (d, J = 2.3 Hz, 2H), 6.71 (s, 1H), 6.17 (s, 1H), 5.86 (s, 1H), 5.37–5.30 

(m, 2H), 4.64 (s, 3H), 4.36–4.16 (m, 4H), 4.12–4.05 (m, 4H), 4.02–3.96 (m, 9H), 3.95–3.79 (m, 13H), 3.75 (s, 

3H), 3.75–3.72 (m, 4H), 3.69 (s, 3H), 3.66–3.63 (m, 4H), 3.54 (s, 3H), 3.49 (s, 3H), 3.48 (s, 3H), 3.47–3.35 (m, 

4H), 3.22 (s, 3H), 3.18–3.12 (m, 1H), 3.02–2.95 (m, 1H), 2.26–2.19 (m, 4H), 2.03–1.97 (m, 4H), 1.61–1.07 (m, 

20H), 0.83–0.53 (m, 4H). 1H NMR (500 MHz, wet CDCl3) δ 12.14 (s, 1H), 12.04 (s, 1H), 12.00 (s, 1H), 11.89 (s, 

1H), 11.80 (s, 1H), 11.76 (s, 1H), 11.63 (s, 1H), 11.43 (s, 1H), 11.22 (s, 1H), 10.88 (s, 1H), 10.86 (s, 1H), 10.53 

(s, 1H), 10.51 (s, 1H), 10.45 (d, J = 7.6 Hz, 1H), 10.42 (s, 1H), 10.32 (s, 1H), 9.77 (s, 1H), 9.73 (s, 1H), 9.58 (s, 

1H), 9.57 (d, J = 7.6 Hz, 1H), 9.48 (s, 1H), 9.42 (s, 1H), 9.38 (s, 1H), 8.91 (s, 1H), 8.70 (d, J = 7.0 Hz, 1H), 8.58 

(d, J = 7.5 Hz, 1H), 8.55 (d, J = 3.3 Hz, 1H), 8.51–8.47 (m, 2H), 8.44–8.41 (m, 2H), 8.40–8.35 (m, 3H), 8.34–

8.29 (m, 3H), 8.20 (d, J = 8.1 Hz, 1H), 8.16–8.10 (m, 3H), 8.02–7.97 (m, 5H), 7.96–7.91 (m, 5H), 7.88–7.84 (m, 

3H), 7.83–7.76 (m, 7H), 7.70–7.62 (m, 5H), 7.60 (t, J = 7.5 Hz, 1H), 7.57 (s, 1H), 7.45–7.42 (m, 2H), 7.40–7.32 

(m, 4H), 7.23 (d, J = 9.0 Hz, 2H), 7.15 (s, 1H), 7.12 (s, 1H), 7.07–7.04 (m, 2H), 7.02 (d, J = 7.5 Hz, 1H), 6.98 (d, 

J = 6.1 Hz, 2H), 6.95 (s, 1H), 6.88 (s, 1H), 5.79 (d, J = 6.9 Hz, 2H), 4.42–4.32 (m, 1H), 4.28 (s, 3H), 4.26–4.15 

(m, 4H), 4.15–4.10 (m, 5H), 4.07–4.02 (m, 4H), 3.99–3.93 (m, 8H), 3.87–3.73 (m, 10H), 3.72 (s, 3H), 3.70 (s, 
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3H), 3.70–3.68 (m, 4H), 3.65 (s, 3H), 3.64 (s, 3H), 3.62–3.60 (m, 3H), 3.59 (s, 2H), 3.55–3.53 (m, 1H), 3.51 (s, 

3H), 3.50–3.46 (m, 1H), 3.45 (s, 3H), 3.34 (t, J = 7.6 Hz, 1H), 3.26–3.18 (m, 5H), 3.11–3.04 (m, 2H), 2.93–2.84 

(m, 0H), 2.62 (s, 3H), 1.29–1.22 (m, 6H), 0.88 (t, J = 6.8 Hz, 3H), 0.71 (s, 3H), 0.64 (s, 3H), 0.60 (t, J = 7.5 Hz, 

3H), 0.39 (t, J = 7.4 Hz, 3H), 0.28 (s, 3H). HRMS (ESI+) calcd. for C201H186N36O44S5 [M+2H]2+ 1984.5326, found 

1984.6086. 

Piv-XXQDYPXXQD-T2-QDYQDXYQMYQD-Gly-OMe (3a): Compound 3a was synthesized using the SPS 

procedures reported in paragraph 5.3 on Fmoc-Gly-HMBA AM resin. The crude product was obtained after full 

cleavage and purification by RP-HPLC. (15 mg, 13%). 1H NMR (500 MHz, CDCl3) δ 11.71 (s, 1H), 11.41 (s, 

1H), 11.31 (s, 1H), 11.01 (s, 1H), 10.95 (s, 1H), 10.92 (s, 1H), 10.86 (s, 1H), 10.55 (s, 1H), 10.52 (s, 1H), 10.21 

(d, J = 7.1 Hz, 1H), 9.82 (d, J = 5.4 Hz, 1H), 9.61 (s, 1H), 8.66 (s, 1H), 8.63 (t, J = 3.3 Hz, 1H), 8.59 (s, 2H), 8.11 

(d, J = 7.3 Hz, 1H), 8.08–8.03 (m, 4H), 7.97 (t, J = 3.3 Hz, 1H), 7.91–7.85 (m, 4H), 7.80–7.77 (m, 2H), 7.76 (s, 

2H), 7.73 (d, J = 8.4 Hz, 1H), 7.70 (s, 1H), 7.69 (s, 1H), 7.65 (d, J = 8.0 Hz, 1H), 7.63–7.59 (m, 3H), 7.58–7.51 

(m, 4H), 7.47–7.38 (m, 5H), 7.31 (dd, J = 17.6, 7.9 Hz, 3H), 7.23 (d, J = 7.1 Hz, 2H), 7.19 (d, J = 1.7 Hz, 1H), 

7.16 (s, 2H), 7.13 (d, J = 7.1 Hz, 1H), 7.09–7.02 (m, 4H), 6.99 (d, J = 7.8 Hz, 1H), 6.96–6.89 (m, 5H), 6.80 (s, 

1H), 6.67 (s, 1H), 6.55–6.51 (m, 1H), 6.49 (d, J = 5.9 Hz, 0H), 6.46 (s, 1H), 6.43 (s, 1H), 6.42 (s, 1H), 6.36 (s, 

1H), 6.31–6.27 (m, 1H), 6.24 (s, 1H), 6.23–6.21 (m, 1H), 6.16 (s, 1H), 6.10 (d, J = 1.7 Hz, 1H), 5.60 (s, 1H), 4.25 

(dd, J = 16.1, 5.1 Hz, 1H), 4.10–4.03 (m, 4H), 4.02–3.93 (m, 9H), 3.92 (s, 3H), 3.91–3.85 (m, 8H), 3.82–3.74 (m, 

9H), 3.71–3.65 (m, 7H), 3.63–3.60 (m, 4H), 3.58 (s, 3H), 3.55 (s, 3H), 3.50 (s, 3H), 3.49 (s, 3H), 3.45 (s, 3H), 

3.44–3.39 (m, 2H), 3.38 (s, 3H), 3.35–3.20 (m, 5H), 3.19–3.15 (m, 2H), 3.15–3.06 (m, 5H), 3.01–2.88 (m, 2H), 

2.45–2.39 (m, 1H), 2.11 (d, J = 16.0 Hz, 1H), 2.02 (d, J = 13.5 Hz, 1H), 1.87 (s, 2H), 1.80 (s, 9H), 1.78 (s, 9H), 

1.77 (s, 6H), 1.74 (s, 9H), 1.74 (s, 9H), 1.64 (s, 9H), 1.61 (s, 2H), 1.50 (s, 2H), 1.14–0.99 (m, 4H), 0.69 (t, J = 7.4 

Hz, 2H), 0.58 (s, 9H), 0.50 (t, J = 7.4 Hz, 2H), 0.22 (s, 9H), 0.07 (s, 9H), -0.02 (s, 9H), -0.46 (s, 9H). HRMS 

(ESI+) calcd. for C236H270N36O42S5Si4 [M+2H]2+ 2276.8602, found 2276.8962. 

Piv-XXQDYPXXQD-T2-QDYQDXYQMYQD-Gly-OMe (3b): Compound 3a was treated with a solution of 

TFA/DCM (1:1 (v/v), 2 mL) at r.t. overnight. The solvent was removed under vacuum. The solid was precipitated 

from diethyl ether, was subsequently filtered and washed 2 times with diethyl ether to yield the desired product 

as a yellow solid. (13 mg, quant.). 1H NMR (500 MHz, wet CDCl3) δ 11.96 (s, 1H), 11.82 (s, 1H), 11.79 (s, 1H), 

11.76 (s, 2H), 11.72 (s, 1H), 11.67 (s, 1H), 11.56 (s, 1H), 11.11 (s, 1H), 10.81 (s, 1H), 10.78 (s, 1H), 10.47 (s, 

1H), 10.42 (d, J = 9.5 Hz, 1H), 10.39 (s, 1H), 10.33 (s, 1H), 10.25 (s, 1H), 9.70 (s, 1H), 9.64 (s, 1H), 9.47 (s, 2H), 
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9.36 (s, 2H), 9.32 (s, 1H), 8.87 (s, 1H), 8.81 (s, 1H), 8.65 (d, J = 7.2 Hz, 1H), 8.53 (d, J = 8.0 Hz, 2H), 8.45 (d, J 

= 7.5 Hz, 1H), 8.42 (s, 1H), 8.37 (s, 1H), 8.36 (s, 2H), 8.34 (s, 1H), 8.30 (d, J = 5.8 Hz, 2H), 8.28 (s, 1H), 8.27 (s, 

1H), 8.24 (d, J = 7.3 Hz, 1H), 8.13 (d, J = 8.3 Hz, 1H), 8.10 (d, J = 6.3 Hz, 2H), 8.05 (s, 1H), 7.97–7.91 (m, 3H), 

7.86 (p, J = 7.6, 6.6 Hz, 4H), 7.82–7.79 (m, 1H), 7.78 (s, 1H), 7.78–7.73 (m, 4H), 7.72–7.67 (m, 4H), 7.65–7.54 

(m, 6H), 7.38–7.35 (m, 3H), 7.35–7.31 (m, 1H), 7.30–7.28 (m, 2H), 7.27 (s, 1H), 7.14 (s, 1H), 7.08–7.05 (m, 1H), 

7.02 (dd, J = 8.5, 2.5 Hz, 1H), 7.00 (s, 1H), 6.99–6.96 (m, 3H), 6.92 (d, J = 6.9 Hz, 2H), 6.89 (d, J = 7.2 Hz, 1H), 

6.87 (s, 1H), 6.80 (s, 1H), 5.78 (s, 1H), 5.73 (s, 1H), 4.34–4.24 (m, 2H), 4.22 (s, 2H), 4.21–4.08 (m, 6H), 4.03–

3.95 (m, 6H), 3.93–3.86 (m, 9H), 3.82–3.68 (m, 10H), 3.65 (s, 3H), 3.65–3.61 (m, 3H), 3.59 (d, J = 2.0 Hz, 6H), 

3.56–3.53 (m, 2H), 3.50 (s, 3H), 3.46 (s, 3H), 3.44–3.40 (m, 1H), 3.39 (s, 3H), 3.37–3.34 (m, 1H), 3.31–3.21 (m, 

2H), 3.20–3.10 (m, 5H), 3.08–2.98 (m, 2H), 2.86–2.68 (m, 2H), 2.59–2.51 (m, 2H), 2.18–2.14 (m, 2H), 1.39–1.18 

(m, 20H). HRMS (ESI+) calcd. for C196H182N36O42S5 [M+2H]2+ 1936.5660, found 1936.5981. 
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6. NMR spectra of new compounds 

 

Chemical structure of 2a. 

 

1H NMR spectrum (500 MHz, CDCl3) of 2a. 
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Chemical structure of 2b. 

 

1H NMR spectrum (500 MHz, dried CDCl3) of 2b. 
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1H NMR spectrum (500 MHz, wet CDCl3) of 2b. 
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Chemical structure of 3a. 

 

1H NMR spectrum (500 MHz, CDCl3) of 3a. 
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Chemical structure of 3b. 

 

1H NMR spectrum (500 MHz, wet CDCl3) of 3b. 
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6. Design of an abiotic unimolecular three-helix bundle 

As mentioned in Chapter 3, the hydroxy group-decorated single helices will aggregate into 

homochiral tilted dimers and homochiral parallel trimers in the absence of the turn unit T1. Our previous 

study took the tilted dimer structure as the starting point to design and synthesize a series of helix-turn-

helix structures mediated by a tilted dimer interface. The design of a unimolecular three-helix bundle 

tertiary structure described in this chapter follows a similar strategy, using the parallel trimer structure 

as another favored aggregate. However, the three helices in the parallel trimer have the same handedness 

and orientation, resulting in the N-termini being distant from the C-termini of the two adjacent helices. 

Covalently connecting the N-terminus of a helix to the C-terminus of an adjacent helix would require a 

long and difficult-to-design linker. Nevertheless, inverting the orientation and handedness of one of the 

helices can solve this problem by reducing the distances between the N-terminus and C-termini of 

adjacent helices while maintaining a very similar side chain arrangement (Figure 15). With the help of 

simple computations, a molecular model of the heterochiral trimeric bundle can be built. The 

intermolecular hydrogen bond pattern of the heterochiral trimer model is very similar to that of 

homochiral trimer. Thus, two linkers with different flexibility were designed based on the heterochiral 

trimer model (Figure 15). 

 

Figure 15. The helices will aggregate in to parallel trimer in the absence of turn unit T1. Inverting the handedness 

and orientation of one helix will produce very similar intermolecular hydrogen bond patterns to those of parallel 

trimer. Two relatively simple liners could be designed based on the heterochiral trimer model, which could 

potentially promote the formation of three-helix tertiary structure. 

Our findings are summarized in a manuscript which is accepted by Chemical Science. Linker units 

with varying flexibilities were synthesized as Fmoc-protected amino acids, facilitating oligomer 

synthesis based on solid-phase synthesis. These linkers were validated with two series of model 

sequences, Q3-turn-Q3 and Q8-turn-Q8. The results from solution and solid-state studies indicated that 
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both linkers could promote the formation of the heterochiral helix-turn-helix structure as expected, 

although there were slight variations in the intramolecular hydrogen bond patterns. The final sequences 

were prepared using a fragment condensation strategy. Due to differences in the reactivity of the 

terminal amine groups on the linkers, the sequences with different linker units were split into different 

fragments. This approach simplified the purification process, yielding pure oligoamide sequences of 

6.9 kDa with 10% yield. Solution studies on the final sequences suggested that flexible linkers may 

hinder the formation of such complex tertiary folds. In contrast, the findings supported that sequences 

with rigid linkers folded into the designed structure (Figure 15). 

Contributions: The project was planned by I. Huc. Synthetic monomer precursors have been provided 

by D. Gill. Monomer synthesis have been performed by me, F. Menke and D. Gill. Foldamer synthesis 

was performed by me. C. Glas, L. Allmendinger and me carried out NMR measurements. 

Crystallographic studies and structure refinement were performed by J. Sigl. The measurement of CD 

spectra was performed by me. The LC-MS analysis was performed by C. Douat. Me, I. Huc and V. 

Mariout contributed to experiment design and interpretation. The research was supervised by I. Huc. 

The manuscript was written by me and I. Huc. All the authors proofread and improved the manuscript. 

This work was supported the China Scholarship Council (CSC, predoctoral fellowship to S. W.). 
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1 List of Abbreviations 

 

CD circular dichroism 

D 
DBU 1,8-diazabicyclo[5.4.0]undec-7-ene 

DCM dichloromethane 

DIPEA N,N-diisopropylethylamine 

DMF N,N-dimethylformamide 

DMSO dimethyl sulfoxide 

DOSY diffusion ordered spectroscopy 

HR-ESI high resolution electrospray ionization 

eq. equivalent 

Fmoc fluorenylmethoxycarbonyl 

HBTU 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate 

HSQC heteronuclear single quantum correlation 

Me methyl 

MeOH methanol 

min minutes 

MS mass spectrometry 

MW microwave 

NMP N-methyl-2-pyrrolidone 

NMR nuclear magnetic resonance 

r. t. room temperature 

SPS solid phase synthesis 

tBu tert-butyl 

TFA trifluoroacetic acid 

THF tetrahydrofuran 

UV/Vis ultraviolet–visible 
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2 Supplementary figures 

 

Figure S3. Chemical structure of Q and P units and the folding principle of their oligomers. a) Chemical 

structure of Q (or X with R = OH) and P (or Y with R = OH). b) Intramolecular H-bonding and helical folding 

principle of P/Q oligomers. Note that the amide carbonyl groups diverge from the folded structures and thus 

provide hydrogen bond acceptors. 

 

Figure S2. a) The side view of a helix-T1-helix tertiary structure and the chemical structure of T1.1 b) The 

side view of a helix-T2-helix tertiary structure and the chemical structure of T2.2 The N-terminus of each 

helix is highlighted with a blue ball. The hydroxy proton hydrogen bond donors are shown as yellow balls. Turn 

units are colored in green. Only the outer rim of the helix is shown. The side chains on the Q unit and turn unit 

are omitted for clarity. 
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Figure S3. Comparison of an abiotic three helix bundle and the Z domain derived from protein A. a) The 

structure of (1)3
1. b) A modified subdomain of protein A (b, PDB:2B89). The side view (c) and top view (d) of 

the overlay of the structures shown in (a) and (b). 
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Figure S4. Design of the unimolecular three helix bundle and of the turn units. The side view (a) and top 

view (c) of the crystal structure of (1)3.1 The side view (b) and top view (d) of an energy-minimised heterochiral 

trimer molecular model of sequence (Ac-QXQQYQXQ-OMe)3. The P helices are colored in blue and M helices 

are colored in red. The N-termini are shown as blue balls. Side chains are omitted for clarity. Side view (e) and 

top view (f) of the overlay of the structure in (b) and of the energy-minimised model of sequence 8b. The (Ac-

QXQQYQXQ-OMe)3 is colored in cyan and sequence 8b is colored in pink (helical segments) and green (T6r 

turn unit). 
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Figure S5. 1H NMR spectra of side chain protected sequences. a) Extracts of the 1H NMR spectra (500 MHz, 

CDCl3) of 2a, 3a, 4a, 5a, 6a, 7a and 8a. The sequences 2a, 3a and 4a show one set of signals because the 

equilibrium between their diastereomeric conformers is fast on the NMR timescale, not necessarily because only 

one species is present. Sequence 5a shows two sets of signals from two major species which were assigned to 

PP/MM and PM/MP conformers. Sequence 6a shows one major species assigned to the PP/MM conformer. 

Sequence 7a shows four sets of signals assigned to PPP, PMP, PPM and PMM conformers. Sequence 8a show 
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one major species assigned to the PPP conformer. The enlarged spectra of 5a (b) and 7a (c) show the presence of 

different isomers and their proportions. 

 

Figure S6. Excerpts of the 1H NMR spectra (500 MHz, CDCl3) of 2a, 3a, 4a, 2b, 3b and 4b. The singlet near 

3.6 ppm is the methyl ester resonance. The other singlet belongs to the QM methoxy side chain. The deshielding 

of the QM methyl group in 2b, 3b, and 4b is consistent with its proximity to the carbonyl group of the X unit on 

the other helix, as seen in the solid state structures of 2b and 3b. All other resonances belong to the diastereotopic 

CH2 groups of iBu side chains and T6f units. For 2a and 3a, CH2 groups appear as doublets indicating fast 

exchange between PP/MM and PM/MP conformers at 298 K. Note that in both cases, one CH2 group is broadened 

(coalesced) to such an extent that it is not visible. In 4b, the CH2 groups appear as doublets of doublets of 
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diastereotopic protons. This is a consequence of this molecule being chiral while exchange is still fast on the NMR 

timescale. In contrast, the doublet of doublets in the spectra of achiral 2b and 3b indicate slow exchange on the 

NMR time scale. In the slow exchange regime, a single set of signals indicates that a single, racemic, 

diastereomeric conformer is present. 

 

Figure S7. Indirect identification of the signals of the hydrogen-bonded OH proton of 2b. Extract of the 

1H,15N HSQC NMR spectrum (500 MHz, CDCl3) of 2b. Only NH resonances correlate, the red diamond indicates 

the signal of the hydrogen bonded OH proton. 
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Figure S8. Indirect identification of the signals of hydrogen-bonded OH proton of 3b. Extract of the 1H,15N 

HSQC NMR spectrum (500 MHz, CDCl3) of 3b. Only NH resonances correlate, the red diamond indicates the 

signal of the hydrogen bonded OH proton. 

 



150 

 
 

Figure S9. Indirect identification of the signals of hydrogen-bonded OH proton of 4b. Extract of the 1H,15N 

HSQC NMR spectrum (500 MHz, CDCl3) of 4b. Only NH resonances correlate, the red diamond indicates the 

signal of the hydrogen bonded OH proton. 

 

Figure S10. The crystal structure of a shifted dimer.3 The side view (a) and top view (b) of the shifted dimer 

structure. The backbones of P and M helices are colored blue and red, respectively. c) The intermolecular 

hydrogen bond pattern. 

 

Figure S11. Molecular dynamic (MD) simulation of 3b. The MD simulation was performed based on the crystal 

structure of 3b in Maestro (MMFFs, CHCl3, TNCG, 300 K, 1 ns). a) The overlay of ten structures sampled during 
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the MD simulation. b) The crystal structure of 3b. c) One helix-turn-helix structure mediated by the trimer pattern 

extracted from the MD simulation. The two patterns interconvert rapidly.  

 

Figure S12. Indirect identification of the signals of hydrogen-bonded OH protons of 5b in CDCl3. Extract of 

the 1H,15N HSQC NMR spectrum (500 MHz, CDCl3) of 5b. Only NH resonances correlate, red diamonds indicate 

the signals of hydrogen bonded OH protons. The correlation of the glycine NH signal is probably hidden under 

the streak of the t1 noise caused by the intense resonance of CHCl3. 
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Figure S13. Indirect identification of the signals of hydrogen-bonded OH protons of 6b in CDCl3. Extract of 

the 1H,15N HSQC NMR spectrum (500 MHz, CDCl3) of 6b. Only NH resonances correlate, red diamonds indicate 

the signals of hydrogen-bonded OH protons. The correlation of the glycine NH signal is probably hidden under 

the streak of the t1 noise caused by the intense resonance of CHCl3. 
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Figure S14. 1H DOSY spectrum (500 MHz, CDCl3) of a mixture of 6a and 6b with a ratio of 1/0.8. Some 

peaks assigned to 6a are highlighted in blue and those assigned to 6b are highlighted in red. Protected sequence 

6a is monomeric and its diffusion coefficient is substantially lower than that of 6b, indicating that the latter is also 

monomeric and supporting a compact helix-turn-helix conformation of 6b. 

 

Figure S15. 1H NMR spectra of 5b in CDCl3/CD2Cl2 mixtures. Extracts of the 1H NMR spectra (500 MHz) of 

5b in CDCl3/CD2Cl2 mixtures showing the amide and hydroxy proton resonances. The vol% of CD2Cl2 are 100 
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(a), 75 (b), 50 (c), 25 (d), and 0 (e). In other sequences, it was observed that the aggregation behavior or the 

conformation change radically with CDCl3 or CD2Cl2,1,3 but it is not the case for 5b. 

 

Figure S16. 1H NMR spectra of 6b in CDCl3/CD2Cl2 mixtures. Extracts of the 1H NMR spectra (500 MHz) of 

6b in CDCl3/CD2Cl2 mixtures showing the amide and hydroxy proton resonances. The vol% of CD2Cl2 are 100 

(a), 75 (b), 50 (c), 25 (d), and 0 (e). In other sequences, it was observed that the aggregation behavior or the 

conformation change radically with CDCl3 or CD2Cl2,1,3 but it is not the case for 6b. 
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Figure S17. 1H NMR spectra of 5b in DMSO-d6/CDCl3 mixtures. Extracts of the 1H NMR spectra (500 MHz, 

298K) of 5b in DMSO-d6/CDCl3 mixtures. The vol% of DMSO-d6 are 0 (a), 1 (b), 2 (c), 4 (d), 8 (e), 10 (f), 12 

(g), 16 (h), 20 (i), and 24 (j). The variation of the chemical shift of the signal marked with a blue box is shown in 

Figure 6c. 

 

Figure S18. 1H NMR spectra of 6b in DMSO-d6/CDCl3 mixtures. Extracts of the 1H NMR spectra (500 MHz, 

298K) of 6b in DMSO-d6/CDCl3 mixtures. The vol% of DMSO-d6 are 0 (a), 1 (b), 2 (c), 4 (d), 8 (e), 10 (f), 12 

(g), 16 (h), 20 (i), and 24 (j). The variation of the chemical shift of the signal marked with a red dot is shown in 

Figure 6c. 
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Figure S19. Molecular models of two conformations of 6b mediated different hydrogen bond patterns. 

Energy minimized model of conformer 6b-S mediated by shifted a hydrogen bonding pattern (a) and of conformer 

6b-T mediated by a three helix bundle pattern (b). The main chain in the P helix, the M helix and in T6r is colored 

in blue, red and green, respectively. The N-terminus is highlighted with a blue ball. The side views of 6b-S (c) 

and 6b-T (e) highlight the relative orientation of the helixes (axes shown as a blue arrow for the P helix and a red 

arrow for the M helix). The two helices are parallel in 6b-T, not in 6b-S. Views down the axis of the N-terminal 

helix of 6b-S (d) and 6b-T (f). The inner rim is highlighted in pink. It shows a 15-crown-5 shape in 6b-T, not in 

6b-S, hinting at potential strain in the latter. g) Overlay of molecular models of 3b-T (3b mediated by a three helix 

bundle pattern, by analogy with 6b-T, in green), 6b-T (in brown) and 8b (in blue).  
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Figure S20. Molecular dynamic (MD) simulation of 6b. The MD simulation in Maestro (MMFFs, CHCl3, 

TNCG, 300 K, 2 ns) was performed starting from the molecular model of 6b-S shown in Figure S19. The side 

view (a) and top view (b) of the overlay of ten structures sampled during the MD simulation. c-f) Four structures 

extracted from the MD simulation. The structure gradually converted to structures that were similar to 6b-T during 

the simulation. 
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Figure S21. 1H NMR spectra of 7b in CDCl3/CD2Cl2 mixtures. Extracts of the 1H NMR spectra (500 MHz) of 

7b in CDCl3/CD2Cl2 mixtures showing the amide and hydroxy proton resonances. The vol% of CD2Cl2 are 100 

(a), 75 (b), 50 (c), 25 (d), and 0 (e). 

 

Figure S22. The spectrum of 7b changes marginally with time. Extracts of the 1H NMR spectra (500 MHz, 

CD2Cl2) of 7b. The equilibration time was 1 h (a), 1 day (b), 5 days (c), 1 week (d), and 2 weeks (e). 
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Figure S23. 1H NMR observation of the DMSO-induced dissociation or disruption of 7b. Extracts of the 1H 

NMR spectra (500 MHz) showing amide resonances of 7b in CD2Cl2/DMSO-d6 mixture. The vol% of DMSO-d6 

are 2 (a), 4 (b), 8 (c), 12 (d), 16 (e), and 20 (f). 

 

Figure S24. 1H NMR spectra of 8b in CDCl3/CD2Cl2 mixtures. Extracts of the 1H NMR spectra (500 MHz) of 

8b in CDCl3/CD2Cl2 mixtures showing the amide and hydroxy proton resonances. The vol% of CD2Cl2 are 100 

(a), 75 (b), 50 (c), 25 (d), and 0 (e). 
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Figure S25. Indirect identification of the signals of hydrogen-bonded OH protons of 8b in CDCl3. Extract of 

the 1H,15N HSQC NMR spectrum (500 MHz, CD2Cl2) of 8b. Only NH resonances correlate, red diamonds indicate 

the signals of hydrogen-bonded OH protons. The region highlighted with green dashed box is shown in Figure 

7d. 
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Figure S26. 1H DOSY spectrum (500 MHz, CD2Cl2) of a mixture of 8a and 8b in a ratio of 1/0.5. The peaks 

corresponding to 8a are highlighted in blue and those to 8b are highlighted in red. Protected sequence 8a is 

monomeric and its diffusion coefficient is substantially lower than that of 8b, indicating that the latter is also 

monomeric and supporting a compact helix-turn-helix-turn-helix conformation of 8b. 

 

Figure S27. 1H NMR spectra of 8b at different concentrations. Extracts of the 1H NMR spectra of 8b (500 

MHz, 4% DMSO-d6/CD2Cl2) at 1 mM (a), 0.5 mM (b), 0.25 mM (c), 0.1 mM (d), and 0.05 mM (e). No significant 

changes were observed. 
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Figure S28. 1H NMR observation of the DMSO-induced disruption of 8b. Extracts of the 1H NMR spectra 

(500 MHz) showing amide resonances of 8b in CD2Cl2/DMSO-d6 mixture. The vol% of DMSO-d6 are 1 (a), 2 

(b), 4 (c), 6 (d), 8 (e), 10 (f), 12 (g), 14 (h), 16 (i), 18 (j), 20 (k), 22 (l), and 24 (m).  
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3 Supplementary methods 

3.1 LC-MS analyses 

LC-MS spectra were recorded on a Bruker microTOF II in positive ionization mode. The instrument was 

calibrated in positive mode by direct infusion of a calibration solution (Agilent Technologies ESI-L Low 

Concentration Tuning Mix). The HPLC line was an Ultimate 3000 RP-HPLC system (ThermoFisher Scientific) 

equipped with a AerisTM Widepore C4 column (2.1 x 150 mm, 3.6 μm) at a flow rate of 0.25 mL/min. 0.1 % 

formic acid and 0.025% TFA were added to the aqueous mobile phase (solvent A) and to acetonitrile (solvent B). 

The gradient is: 0-5 min, 70% to 100% solvent B; 5–14 min, 100% solvent B at 50 °C. The column eluent was 

monitored by UV detection at 214, 254, and 300 nm with a diode array detector. The sample was prepared by 

adding 10 µL of a solution of the sample in DCM (0.1 mg/mL) to 1 mL acetonitrile containing 0.05–0.1% formic 

acid.  

3.2 Molecular modelling 

Models were simulated by using Maestro version 11.5 (Schrödinger Inc.). Energy minimized structures 

were obtained using MacroModel energy minimization with the following parameters: force field: MMFFs; 

solvent: none; electrostatic treatment: constant dielectric; dielectric constant: 1.0; charges from: force field; cutoff: 

normal; Van der Waals: 7.0; electrostatic: 12.0; H-bond: 4.0; mini method: TNCG; maximum iterations: 2500; 

converge on gradient; convergence threshold: 0.05; constraints: distances. As a starting point, the crystal structure 

of 1 (CCDC entry # 1955168) was used. The Y unit at the N-terminus was replaced by a nitro group and the 

handedness and orientation of one helix was converted. The molecular model shown in Figure 3a, S4b,d was 

obtained after energy-minimization. After inserting two T6r linker units to the heterochiral trimer molecular 

model, the structure was energy-minimized to obtain the molecular model of 8b shown in Figure 3d, 8a, S4e,f. 

As a starting point, the crystal structure of 3b (CCDC entry # 2391429) was used and the C- and N-terminus were 

prolonged. The molecular model of 6b-S shown in Figure S19a was obtained after energy-minimization. After 

removing the C-terminus helix and T6r unit of molecular model of 8b, the molecular model of 6b-T shown in 

Figure 6a, S19b was obtained after energy-minimization. The molecular model of 3b-T shown in Figure S19g 

was obtained using a similar approach. 
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3.3 Molecular dynamic simulations 

Molecular dynamic simulations were carried out using MacroModel version 11.1 (Maestro, Schrödinger 

Inc.). The crystal structure of 3b (CCDC entry # 2391429) and the energy-minimized molecular model of 6b-S 

and 6b-T were used as the object for the MD simulation. Stochastic dynamic simulations were obtained using 

MMFFs force field, CHCl3 as the solvent, extended cutoff and TNCG method. The simulations were performed 

for 1 ns or 2 ns at 300 K, the time step of 1.5 fs and 1 ps as equilibration time. During the simulation, 10 structures 

were sampled and the sampled structures were minimized. 

3.4 Nuclear magnetic resonance spectroscopy 

NMR spectra were recorded on different NMR spectrometers: (1) an Avance III HD NMR spectrometer 

400 MHz (Bruker BioSpin) for 1H NMR and 13C NMR spectra of some small molecules. (2) an Avance III HD 

NMR spectrometer 500 MHz (Bruker BioSpin) with CryoProbe™ Prodigy for 1H NMR, 13C NMR, 1H,15N HSQC, 

and DOSY spectra of some small molecules and foldamers. All NMR measurements were performed at 25 °C 

unless specified. Chemical shifts are described in part per million (ppm, δ) relative to the 1H residual signal of the 

deuterated solvent used – meaning DMSO-d6 (δ 2.50 ppm), pyridine-d5 (δ 8.74 ppm), CD2Cl2 (δ 5.32 ppm) and 

CDCl3 (δ 7.26 ppm). For the DMSO-d6/CDCl3 and DMSO-d6/CD2Cl2 solvent mixtures, the chemical shifts were 

calibrated according to DMSO-d6 (δ 2.50 ppm). For the CD2Cl2 and CDCl3 solvent mixture, the chemical shifts 

were calibrated according to internal standard tetramethylsilane (δ 0.00 ppm).1H NMR splitting patterns with 

observed first-order coupling are entitled as singlet (s), broad singlet (bs), doublet (d), triplet (t), doublet of 

doublets (dd) or multiplet (m). Coupling constants (J) are ported in Hz. 

The 1H NMR spectra of each sample were measured at different times respectively until no further change 

was observed within a week. We generally consider that at this point the compound reached equilibrium. When 

the sample reached equilibrium, re-dissolving the compound solid results in the equilibrated spectrum 

immediately without going through the equilibration process again. Complete disruption of the hydrogen bonds 

was achieved by dissolving the sample in polar solvents (such as DMSO, pyridine or MeOH/chloroform mixture), 

followed by removal of the solvent. When all of the hydrogen bonds were completely disrupted, it has to go 

through the equilibrium process again to reach the equilibrium. The equilibration time (the measurement time gap 

between two different conditions) of 1H NMR spectra at different temperatures and in different proportions of 

DMSO-d6/CDCl3 and DMSO-d6/CD2Cl2 solvents were usually several minutes. Due to similar properties of 
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CDCl3 and CD2Cl2, the individual samples in different proportions of CDCl3/CD2Cl2 mixture were prepared and 

the 1H NMR spectra of all of the samples were measured over time whereas no change was observed. 

1H,15N HSQC spectra were recorded with a phase-sensitive pulse sequence with sensitivity enhancement 

using trim pulses in inept transfer (hsqcetgpsi2) from the Bruker pulse program library. Data acquisition was 

performed utilizing non-uniform sampling (NUS; NUS amount: 50% with an automatically created NUSList) 

yielding 1024 (F2) x 128 (F1) data points in Echo/Antiecho gradient selection mode. The recycling delay was 2.0 

s and 64 transients per increment were applied at a sweep width of 2.5 kHz in F2 and 7 kHz in F1 resulting in an 

acquisition time of 0.1462 s. NUS processing was performed using the fully automated NUS processing tool 

provided by MestReNova. Zero filling in F1 has been used to yield a final matrix of 1K x 1K real points. 

The DOSY spectrum was recorded by applying a pulse sequence with stimulated echo using stimulated 

echo for diffusion from the Bruker pulse program library (stegp1s). The diffusion delay Δ (big delta) and the 

diffusion gradient pulse length δ (little delta) were set as follows: 100 ms and 2.0 ms for the DOSY of 6a/6b 

mixture, 150 ms and 2.0 ms for the DOSY of 8a/8b mixture. The number of gradient steps was 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, 256 transients of 65K complex data points were acquired. DOSY processing was performed 

with the DOSY processing tool from MestReNova (v.12.x64) employing the “Peak Heights Fit” algorithm 

including the “use existing peaks” and “autocorrect peak positions” with 128 points in diffusion dimension and a 

window of 1.00·10-10 to 1.00·10+00 cm2 s-1. 

3.5 CD studies 

The CD spectra of 4a and 4b were recorded on a Jasco J-1500 spectrometer with 1 mm quartz cuvette. The 

following parameters were used: wavelength range from 460 to 280 nm. Scan speed: 100 nm/min; accumulation: 

2; response time: 1.0 s; bandwidth: 2; temperature: 20 °C; sensitivity: standard (100 mdeg); data pitch: 0.5 nm; 

nitrogen gas flow rate: 500 L/h. The CD spectra of 8a and 8b were recorded on a Jasco J-810 spectrometer with 

1 mm quartz cuvette. The following parameters were used: wavelength range from 460 to 280 nm. Scan speed: 

200 nm/min; accumulation: 3; response time: 1.0 s; bandwidth: 2; temperature: 20 °C; sensitivity: standard (100 

mdeg); data pitch: 0.1 nm; nitrogen gas flow rate: 500 L/h. The sample solution of 4b and 8b in different 

proportions of DMSO/CHCl3 or DMSO/CH2Cl2 solvents was prepared separately. The concentration is 0.1 mM 

for 4a/4b and 0.05 mM for 8a/8b. Δε values (in cm2·mol-1) were obtained by using the formula: Δε = 
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m°/(C.l.32980) where m = CD value in millidegrees; l = cuvette pathlength in cm; C = sample concentration in 

mol/L. 

3.6 X-ray crystallography 

Crystals of 2b and 3b were grown via liquid-liquid diffusion in NMR tubes from CHCl3-MeCN and 

CH2Cl2-MeCN respectively. X-ray diffraction data was collected on a Rigaku XtaLAB Synergy R, HyPix-Arc 

150 with Cu-Kα radiation from a PhotonJet Rotating-anode X-ray Source at 100 K. Data processing was 

performed in CrysAlisPro (V. 1.171.43.130a).4 The structures were solved by direct methods and preliminarily 

refined in the AutoChem-65 pipeline in CrysAlisPro. Further refinements were carried out with the SHELXL6 

package through Olex2 1.5-ac6-0207. All non-hydrogen atoms were refined anisotropically. Hydrogen atom 

positions were calculated geometrically and refined using the riding model. DFIX restraints were used to optimize 

model geometry and RIGU instructions were applied to some sidechain atom groups. Due to the high content of 

disordered chlorinated solvents in both structures, solvent masking was implied using the BYPASS 

implementation in Olex2. In structure 3b, atoms beyond the ring adjacent oxygen (O00A) of the -OiBu sidechain 

on the iso-Quinoline linker were deleted, since no complete chain could be modelled due to disorder. Final cif 

files were evaluated with the checkCIF algorithm through the IUCR online tool. Atomic coordinates and structure 

factors were deposited to the Cambridge Crystallographic Data Centre (CCDC) and can be accessed under the 

CCDC codes 2391393 (2b) and 2391429 (3b). 

 

Table S1. Crystal data and refinement details 

Identification code 2b 3b 

Chemical formula C99H92N16O18 · CHCl3 solvent C102H92N16O18 · (CH2Cl2 3 MeCN) 

solvent 

Formula weight 1793.92 1829.95 

Crystal growth conditions liquid-liquid diffusion 

CHCl3-MeCN 

liquid-liquid diffusion 

CH2Cl2-MeCN 

Crystal size (mm3) 0.6 × 0.15 × 0.1 0.42 × 0.37 × 0.21 

Crystal system Triclinic 

Spacegroup P-1 

Unit cell dimensions (Å, °) a = 14.3247(2) a = 13.16060(10) 

 b = 17.1233(2) b = 17.3713(2) 

 c = 23.0646(2) c = 24.3400(2) 

 α = 96.8220(10) α = 95.6610(10) 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/d35188fb-a68b-ef11-96ca-00505695281c
https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/be7681fe-af8b-ef11-96ca-00505695281c
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 β = 98.8460(10) β = 93.9890(10) 

 γ = 108.1960(10) γ = 105.3540(10) 

Volume (Å3) 5226.07(11) 5307.66(7) 

Z 2 2 

ρ(calc) (g/cm3) 1.215 1.234 

Absorption coefficient (mm-1) 1.378 1.155 

F (000) 1998.0 2063.0 

Radiation Cu Kα (λ = 1.54184) 

T (K) collection 100.0 

2Θ range for data collection/° 6.188 to 151.082 6.82 to 151.304 

Reflections collected 106475 113760 

Independent reflections 20937 [Rint = 0.0359, Rsigma = 

0.0235] 

21386 [Rint = 0.0243, Rsigma = 0.0189] 

Data/restraints/parameters 20937/4/1305 21386/2/1335 

Goodness-of-fit on F2 1.052 1.073 

Final R indexes [I>=2σ (I)] R1 = 0.0761, wR2 = 0.2384 R1 = 0.0806, wR2 = 0.2312 

Final R indexes [all data] R1 = 0.0854, wR2 = 0.2489 R1 = 0.0864, wR2 = 0.2372 

Largest diff. peak/hole  0.87/-1.28 2.92/-1.53 

CCDC accession # 2391393 2391429 

Identification code 2b 3b 

Chemical formula C99H92N16O18 · CHCl3 solvent C102H92N16O18 · (CH2Cl2 3 MeCN) 

solvent 

Formula weight 1793.92 1829.95 

Crystal growth conditions liquid-liquid diffusion 

CHCl3-MeCN 

liquid-liquid diffusion 

CH2Cl2-MeCN 

Crystal size (mm3) 0.6 × 0.15 × 0.1 0.42 × 0.37 × 0.21 

Crystal system Triclinic 

Spacegroup P-1 

Unit cell dimensions (Å, °) a = 14.3247(2) a = 13.15900(8) 

 b = 17.1233(2) b = 17.36265(14) 

 c = 23.0646(2) c = 24.33049(17) 

 α = 96.8220(10) α = 95.6603(6) 

 β = 98.8460(10) β = 94.0009(5) 

 γ = 108.1960(10) γ = 105.3544(6) 

Volume (Å3) 5226.07(11) 5307.66(7) 

Z 2 2 

ρ(calc) (g/cm3) 1.215 1.280 

Absorption coefficient (mm-1) 1.378 1.176 

F (000) 1998.0 2139.0 

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/d35188fb-a68b-ef11-96ca-00505695281c
https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/be7681fe-af8b-ef11-96ca-00505695281c
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Radiation Cu Kα (λ = 1.54184) 

T (K) collection 100.0 

2Θ range for data collection/° 6.188 to 151.082 6.82 to 151.304 

Reflections collected 106475 113668 

Independent reflections 20937 [Rint = 0.0359, Rsigma = 

0.0235] 

21377 [Rint = 0.0281, Rsigma = 0.0203] 

Data/restraints/parameters 20937/4/1305 21377/67/1406 

Goodness-of-fit on F2 1.052 1.039 

Final R indexes [I>=2σ (I)] R1 = 0.0761, wR2 = 0.2384 R1 = 0.0691, wR2 = 0.2012 

Final R indexes [all data] R1 = 0.0854, wR2 = 0.2489 R1 = 0.0746, wR2 = 0.2070 

Largest diff. peak/hole  0.87/-1.28 1.36/-1.05 

CCDC accession # 2391393 2391429 

  

https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/d35188fb-a68b-ef11-96ca-00505695281c
https://www.ccdc.cam.ac.uk/mystructures/viewinaccessstructures/be7681fe-af8b-ef11-96ca-00505695281c


169 

 
 

4 Synthetic Schemes 

4.1 Synthesis of turn units 
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Scheme 1. Synthesis of linker units Fmoc-T6f-OH (22) and Fmoc-T6r-OH (24). 
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4.2 synthesis of foldamers 

 

Scheme 2. Synthesis of 2a, 2b, 3a, 3b, 4a, and 4b. 
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Scheme 3. Synthesis of 5a, 5b, 6a, and 6b. 
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Scheme 4. Synthesis of the fragments. 
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Scheme 5. Synthesis of 7a and 7b by fragment condensation strategy. 
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Scheme 6. Synthesis of 8a and 8b by fragment condensation strategy. 
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5 Synthetic Procedures 

5.1 General methods 

Commercially available reagents were purchased from Sigma-Aldrich, Alfa-Aesar or TCI and were used 

without further purification unless specified. HMBA-AM resin (200–400 mesh, loading 0.8–1.2 mmol/g) was 

purchased from Iris-biotech. SASRIN resin (200–400 mesh, 0.80-1.20 mmol/g) was purchased from Bachem. 

THF, DCM and toluene were dried over alumina columns (MBRAUN SPS-800 solvent purification system). N,N-

diisopropylethylamine and chloroform were distilled over CaH2 prior to use. Extra dry DMF was purchased from 

Sigma-Aldrich. Ultrapure water was obtained via a Stakpure OmniaPure-T UV-TOC 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).  

Analytical reversed-phase (RP) high-performance liquid chromatography (HPLC) was performed on a 

Thermo Fisher Scientific Ultimate 3000 HPLC System using Macherey-Nagel Nucleodur C8 Gravity columns (4 

× 50 mm, 5 μm). UV absorbance was monitored at 300 nm and 254 nm, if not stated otherwise. The semi-

preparative HPLC was performed on a Waters system equipped with a 2545 Quaternary Gradient Module with an 

automated fraction collector system on a XBridge® Prep C8 OBDTM column (19 × 150 mm, 5 μm) at a flow rate 

of 25 mL/min. 0.1 % TFA was added to the aqueous mobile phase (referred to as mobile phase A) and to 

acetonitrile (referred to as mobile phase B). The gradient is: 0–5 min, 90% to 100% solvent B; 5–25 min, 100% 

solvent B at r.t.. The column eluent was monitored by UV detection at 254 and 300 nm with a diode array detector. 

Preparative recycling gel permeation chromatography (GPC) was carried out on JAIGEL 20*600 mm columns 

(Japan Analytical Industry) in chloroform containing 1% ethanol and 0.25% trimethylamine as mobile phase, with 

a flow rate of 10 mL/min. Monitoring by UV detection was carried out at 214 nm, 254 nm, 300 nm and 400 nm. 

The ultraviolet-visible (UV/Vis) absorbance measurements were done with a Thermo Fisher Scientific 

Nanodrop One instrument using a 1 cm path-length quartz cuvette. Circular dichroism (CD) spectra were 

measured on Jasco J-810 or Jasco J-1500 spectrometers. Measurements were performed at 20 °C if not stated 

otherwise. 

Solid phase synthesis (SPS) was performed manually under MW irradiation on a CEM Discover (Liberty 

Bio) microwave oven using a reaction vessel and an internal fiber optic probe for temperature control, or with a 

fully automated synthesizer followed by previously reported protocol.8 

5.2 synthesis of monomers and the turn units. 

The Fmoc-Y-OH,2 Fmoc-QM-OH,9 Fmoc-QD-OH,3 Fmoc-QB-OH,10 Fmoc-X-OH3 and Fmoc-P-OH11 were 

synthesized according to literature. All of the Fmoc-protected monomers were≥ 98% pure before being used in 

the solid phase synthesis. 
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Compound 9. Diphenyl ether (200 mL) was heated to its boiling point, then dimethyl 2-

((3-nitrophenyl)amino)maleate12 (10 g, 35.7 mmol) was added. The reaction mixture was 

maintained at boiling for 20 min, after which it was allowed to cool to room temperature. 

Cyclohexane (200 mL) was added and the product was filtered off. The product was 

washed thoroughly with cyclohexane (100 mL × 3). DMF (100 mL) was added to the 

residue and the side product methyl 4-isobutoxy-7-nitroquinoline-2-carboxylate was precipitated and removed by 

filtration. The DMF solution was collected and concentrated in vacuo, yielding the desired compound as a 

brownish solid (3.62 g, 41% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.53 (s, 1H), 8.14 (d, J = 8.6, 1H), 7.83 

(dd, J = 8.6, 7.5 Hz, 1H), 7.59 (d, J = 7.5 Hz, 1H), 6.65 (s, 1H), 3.97 (s, 3H). 13C NMR (101 MHz, DMSO-d6) δ 

174.6, 162.1, 147.8, 140.9, 138.3, 132.7, 122.4, 118.1, 115.9, 111.5, 53.7. HRMS (ESI+) calcd. for C11H8N2O5 

[M+H]+ 249.0506, found 249.0505. 

Compound 10. Compound 9 (1 g, 4.0 mmol, 1 equiv.) and PPh3 (1.59 g, 6.0 mmol, 1.5 

equiv.) were dissolved in dry toluene (15 mL) under N2. Diisopropyl azodicarboxylate 

(1.23 mL, 6.0 mmol, 1.5 equiv.) was added dropwise to the solution. The mixture was 

stirred at 70 °C for 1 h and the formation of a white precipitate was observed. As 

isobutanol (0.6 mL, 6.0 mmol, 1.5 equiv.) was added the precipitation disappeared and 

the reaction mixture was stirred overnight at 70 °C. The solvent was removed and the 

crude product was purified by silica gel chromatography (EtOAc/cyclohexane 2:3). The product was crystallized 

from acetonitrile and obtained as a light-yellow solid (833 mg, 68% yield). 1H NMR (400 MHz, CDCl3) δ 8.37 

(dd, J = 8.6, 1.0 Hz, 1H), 7.77 (dd, J = 8.6, 7.5 Hz, 1H), 7.66 (s, 1H), 7.64 (dd, J = 7.5, 1.0 Hz, 1H), 4.09 (s, 3H), 

4.02 (d, J = 6.2 Hz, 2H), 2.19 (nonet, J = 6.6 Hz, 1H), 1.07 (d, J = 6.8 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 

165.6, 161.5, 150.6, 149.1, 146.5, 133.5, 129.2, 122.1, 113.7, 103.1, 76.7, 53.7, 28.2, 19.3. HRMS (ESI+) calcd. 

for C15H16N2O5 [M+H]+ 305.1132, found 305.1132. 

Compound 12. Ethyl 4-cyano-2-pyridinecarboxylate (300 mg, 1.7 mmol) and Boc2O (930 

mg, 4.3 mmol) were dissolved in dry MeOH (4 mL) under N2 atmosphere. Then the Pd/C 

(30 mg) was added and the N2 was replaced by H2. The reaction mixture was stirred at r.t. 

overnight under H2 atmosphere. The solution was then filtered and concentrated. The crude 

product was purified by silica gel chromatography (cyclohexane/EtOAc 2:3). The product 

was obtained as a white solid (320 mg, 67%). 1H NMR (500 MHz, CDCl3) δ 8.70 (d, J = 

4.9 Hz, 1H), 8.06–8.02 (m, 1H), 7.42–7.37 (m, 1H), 5.03 (s, 1H), 4.48 (q, J = 7.2 Hz, 2H), 4.43–4.38 (m, 2H), 

1.47 (s, 9H), 1.45 (t, J = 7.2 Hz, 3H). 13C NMR (126 MHz, CDCl3) δ 165.2, 155.9, 150.0 149.9, 148.5, 125.1, 

123.3, 80.3, 62.1, 43.4, 28.4, 14.4. HRMS (ESI+) calcd. for C14H20N2O4 [M+H]+ 281.1496, found 281.1467. 

Compound 14. Compound 12 (320 mg, 1.1 mmol) was dissolved in THF/H2O 5:1 (30 mL), 

then LiOH (55 mg, 2.2 mmol) was added. The reaction mixture was stirred at r.t. for 2 h, with 

completion indicated by TLC. The reaction mixture was diluted with water. The pH was 

adjusted to 4 by adding citric acid solution (5%, w/w). The product was extracted with DCM 

(3 x 50 mL). The organic layers were combined and dried over MgSO4, filtered and 

concentrated. The product 13 was obtained as a solid in almost quantitative yield and used 
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directly in the next step without further purification. Compound 13 (7.5 g, 29.7 mmol) was dissolved in DCM (37 

mL). TFA (12 mL) was slowly added to the solution and stirred at r.t. until TLC indicated complete Boc 

deprotection. The solvent was removed under reduced pressure to provide the amino acid as a TFA salt. Then the 

amino acid was dissolved in a mixture of 1,4-dioxane (300 mL) and saturated NaHCO3 solution (200 mL). The 

solution was cooled to 0 °C and a solution of Fmoc-OSu (11.0 g, 32.6 mmol, in 57 mL 1,4-dioxane) was added 

dropwise over 1 h. The reaction mixture was stirred at r.t. overnight. The resulting mixture was diluted with water 

and the pH was adjusted to 3 by dropwise addition of citric acid solution (5%, w/w). The precipitate was collected 

by filtration and washed with water. The product was obtained as a white solid. (6.8 g, 61%). 1H NMR (500 MHz, 

DMSO-d6) δ 8.63 (d, J = 5.0 Hz, 1H), 8.03 (t, J = 6.1 Hz, 1H), 7.97 (s, 1H), 7.89 (d, J = 7.5 Hz, 2H), 7.70 (d, J = 

7.5 Hz, 2H), 7.46–7.39 (m, 3H), 7.33 (t, J = 7.5, 2H), 4.38 (d, J = 6.9 Hz, 2H), 4.30 (d, J = 6.3 Hz, 2H), 4.25 (t, J 

= 6.9 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 166.2, 156.5, 150.4, 149.4, 148.5, 143.8, 140.8, 127.6, 127.1, 

125.1, 125.0, 124.7, 122.7, 120.2, 65.5, 46.8, 42.7. HRMS (ESI+) calcd. for C22H18N2O4 [M+H]+ 375.1339, found 

375.1338. 

Compound 15. (RS)-1,2,3,4-tetrahydroisoquinoline-3-carboxylic acid (5 g, 28.2 mmol) 

was dissolved in MeOH (200 mL) and the reaction solution was cooled to 0 °C. Thionyl 

chloride (10 mL, 51.3 mmol) was added dropwise. The reaction was stirred at r.t. 

overnight. The solvent was evaporated and excess thionyl chloride was removed in 

vacuo. The residue was washed with diethyl ether to afford the product as a white solid (5.4 g, 99%). 1H NMR 

(500 MHz, DMSO-d6) δ 10.22 (s, 2H), 7.26 (s, 4H), 4.57 (dd, J = 11.1, 5.1 Hz, 1H), 4.37–4.28 (m, 2H), 3.81 (s, 

3H), 3.30 (dd, J = 16.9, 5.1 Hz, 1H), 3.17 (dd, J = 16.9, 11.1 Hz, 1H). 13C NMR (126 MHz, DMSO-d6) δ 168.9, 

130.5, 128.8, 128.4, 127.5, 126.9, 126.6, 53.1, 53.0, 43.8, 28.0. HRMS (ESI+) calcd. for C11H13NO2 [M+H]+ 

192.1019, found 192.1018. 

Compound 16. Compound 15 (12.7 g, 66.5 mmol) was dissolved in DMF (250 mL) and 

the solution was cooled to 0 °C. KMnO4 (7.35 g, 46.5 mmol) was added slowly and the 

reaction mixture was heated to r.t., then stirred for 48 h. The solvent was removed in 

vacuo and the resulting solid was dissolved in a mixture of 10% MeOH in DCM. The 

solution was filtered through a celite pad to remove insoluble material. The filtrate was then concentrated and 

purified by silica gel chromatography (acetone/DCM 1:30) to offer the product (5.5 g, 53%). 1H NMR (500 MHz, 

CDCl3) δ 9.33 (s, 1H), 8.60 (s, 1H), 8.06 (m, 1H), 7.98 (m, 1H), 7.77 (m, 2H), 4.06 (s, 3H).  13C NMR (126 MHz, 

DMSO-d6) δ 165.7, 152.7, 141.1, 134.9, 131.5, 130.0, 129.5, 128.1, 127.7, 123.6, 52.4. HRMS (ESI+) calcd. for 

C11H9NO2 [M+Na]+ 210.0525, found 210.0525. 

Compound 17. Compound 16 (4.72 g, 25.2 mmol) was dissolved in concentrated H2SO4 

(47 mL) and the solution was cooled to 0 °C. NaNO3 (2.36 g, 27.8 mmol) was added 

slowly while maintaining the temperature below 5 °C. The reaction mixture was stirred 

at r.t. for 2 h and then poured slowly into ice water. The pH was adjusted to 7 by adding 

saturated NaHCO3 solution and the aqueous phase was extracted by a mixture of 10% MeOH in DCM (3 x 200 

mL). The combined organic layers were collected, dried over MgSO4, filtered and concentrated. The residue was 

washed with diethyl ether to afford the product as a yellow solid (4.67 g, 80%). 1H NMR (500 MHz, DMSO-d6) 
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δ 9.65 (s, 1H), 9.11 (s, 1H), 8.78 (d, J = 7.6 Hz, 1H), 8.72 (d, J = 8.1 Hz, 1H), 8.06 (t, J = 7.9 Hz, 1H), 3.97 (s, 

3H). 13C NMR (126 MHz, DMSO-d6) δ 165.6, 154.2, 145.2, 144.3, 135.9, 130.3, 130.2, 129.6, 127.7, 118.7, 53.3. 

HRMS (ESI+) calcd. for C11H8N2O4 [M+Na]+ 255.0376, found 255.0377. 

Compound 19. Compound 17 (2.27 g, 9.8 mmol) was dissolved in dry MeOH (30 mL) 

and dry DMF (30 mL) under N2. Then Pd/C (227 mg) was added and the N2 was replaced 

by H2. The reaction mixture was stirred overnight under H2 atmosphere, then filtered and 

concentrated. The product 18 was obtained with a quantitative yield and used directly in 

the next step. Compound 18 (1.5 g, 7.4 mmol) was dissolved in 1,4-dioxane (200 mL) and NaHCO3 solution (5%, 

w/w, 30 mL). The reaction mixture was cooled to 0 °C. A solution of Fmoc-Cl (2.11 g, 8.2 mmol) in 1,4-dioxane 

(50 mL) was added dropwise at 0 °C and the reaction mixture was stirred at r.t. overnight. The pH was then 

adjusted to 4 by adding 5% citric acid solution. The aqueous phase was extracted with DCM (3 x 100 mL). The 

combined organic phases were collected, dried over MgSO4, filtered and concentrated. The residue was washed 

with diethyl ether to afford the product as a white solid. (1.45 g, 78%).1H NMR (500 MHz, DMSO-d6) δ 10.14 

(s, 1H), 9.40 (s, 1H), 8.79 (s, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.92 (d, J = 7.5 Hz, 3H), 7.79 (m, 3H), 7.43 (t, J = 7.5 

Hz, 2H), 7.35 (t, J = 7.5 Hz, 2H), 4.53 (d, J = 6.9 Hz, 2H), 4.37 (t, J = 6.9 Hz, 1H), 3.95 (s, 3H). 13C NMR z(126 

MHz, DMSO-d6) δ 165.7, 154.6, 152.9, 143.8, 140.9, 140.8, 134.4, 130.0, 129.9, 129.4, 127.8, 127.2, 125.4, 

125.3, 124.3, 120.2, 118.9, 66.2, 52.5, 46.6. HRMS (ESI+) calcd. for C26H20N2O4 [M+H]+ 425.1496, found 

425.1492. 

Compound 20. Compound 19 (2.3 g, 5.4 mmol) and LiI (3.6 g, 26.8 mmol) were 

suspended in degassed EtOAc (40 mL) under N2. The reaction mixture was refluxed 

overnight. The solvent was removed in vacuo and the remaining solid was washed with 

aqueous citric acid solution (5%, w/w), then with aqueous Na2S2O3 solution (5%, w/w) 

and finally with water. The product was obtained after drying in vacuo (1.75 g, 79%). 1H NMR (500 MHz, 

DMSO-d6) δ 13.10 (bs, 1H), 10.12 (s, 1H), 9.40 (s, 1H), 8.80 (s, 1H), 8.04 (d, J = 8.1 Hz, 1H), 7.95-7.87 (m, 3H), 

7.82-7.75 (m, 3H), 7.43 (t, J = 7.4 Hz, 2H), 7.35 (t, J = 7.4 Hz, 2H), 4.51 (d, J = 7.0 Hz, 2H), 4.36 (t, J = 7.0 Hz, 

1H). 13C NMR (126 MHz, DMSO-d6) δ 166.7, 154.6, 152.6, 143.8, 141.9, 140.8, 134.4, 129.9, 129.7, 129.6, 

127.8, 127.2, 125.3, 124.3, 120.3, 118.6, 66.3, 48.6, 46.6. HRMS (ESI+) calcd. for C25H18N2O4 [M+H]+ 411.1339, 

found 411.1337. 

Compound 21. Compound 10 (1 g, 2.35 mmol) was dissolved in dry MeOH 

(7 mL) under N2 atmosphere. Then Pd/C (38 mg) was added and N2 was 

replaced by H2. The reaction was stirred at r.t. overnight under H2 atmosphere. 

After completion of the reaction, which was confirmed by TLC, the reaction 

mixture was filtered and concentrated. Compound 11 was obtained 

quantitatively and used directly in the next step. Compound 11 (506 mg, 1.85 

mmol), compound 14 (574 mg, 1.53 mmol) and PyBOP (1.6 g, 3.07 mmol) 

were dissolved in dry CHCl3 under N2. DIPEA (1.1 mL, 6.34 mmol) was added 

and the reaction mixture was stirred at r.t. for 48 h. The solution was diluted 

with CHCl3, and washed with citric acid solution (5%, w/w), then with NaHCO3 solution (5%, w/w). The organic 
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phases were combined and concentrated. The product was precipitated from diethyl ether as a pale-yellow solid 

(830 mg, 86%). 1H NMR (500 MHz, DMSO-d6) δ 12.36 (s, 1H), 8.97 (dd, J = 5.9, 3.1 Hz, 1H), 8.67 (d, J = 4.9 

Hz, 1H), 8.16 (s, 1H), 8.11 (t, J = 6.1 Hz, 1H), 7.93–7.83 (m, 4H), 7.71 (d, J = 7.5 Hz, 2H), 7.63 (d, J = 3.1 Hz, 

1H), 7.52 (d, J = 4.6 Hz, 1H), 7.42 (t, J = 7.4 Hz, 2H), 7.34 (t, J = 7.4 Hz, 2H), 4.40 (d, J = 6.8 Hz, 2H), 4.36 (d, 

J = 6.0 Hz, 2H), 4.33–4.29 (m, 2H), 4.26 (t, J = 6.8 Hz, 1H), 3.96 (s, 3H), 2.58 (nonet, J = 6.8 Hz, 1H), 1.00 (d, J 

= 6.6 Hz, 6H). (Mixture of two conformers with a ratio of 1:0.15, only the data of the major species is listed here). 

13C NMR (126 MHz, DMSO-d6) δ 165.3, 163.4, 162.3, 156.5, 151.5, 149.6, 149.5, 148.7, 148.3, 143.9, 140.8, 

134.5, 130.8, 127.7, 127.1, 125.7, 125.4, 125.2, 120.5, 120.2, 118.2, 113.1, 102.1, 76.6, 65.6, 52.8, 46.8, 42.9, 

26.9, 19.1. HRMS (ESI+) calcd. for C37H34N4O6 [M+H]+ 631.2557, found 631.2542. 

Compound 22. Compound 21 (1.08 g, 1.71 mmol) was suspended in degassed 

EtOAc under N2. Then LiI (1.15 g, 8.60 mmol) was added and the mixture was 

refluxed overnight. The solvent was removed in vacuo and the remaining 

residue was washed with 5% aqueous citric acid solution, then 5% aqueous 

Na2S2O3 solution and water. The product was obtained as a pale-yellow solid 

after drying in vacuo (800 mg, 76%). 1H NMR (500 MHz, DMSO-d6) δ 12.42 

(s, 1H), 11.57 (s, 1H), 8.70–8.65 (m, 2H), 8.10–8.07 (m, 2H), 7.90 (d, J = 7.5 

Hz, 2H), 7.76–7.69 (m, 4H), 7.57 (t, J = 8.2 Hz, 1H), 7.45–7.38 (m, 2H), 7.34 

(td, J = 7.4, 1.3 Hz, 2H), 6.52 (s, 1H), 4.41–4.24 (m, 5H), 4.20–4.14 (m, 2H), 

2.58 (nonet, J = 6.8, 1H), 1.03–1.01 (m, 6H). 13C NMR (126 MHz, DMSO-d6) δ 164.1, 162.3, 156.5, 151.5, 149.5, 

148.2, 148.1, 143.9, 140.8, 139.5, 137.5, 134.4, 129.0, 127.7, 127.3, 127.1, 125.2, 121.4, 120.2, 120.1, 112.6, 

109.9, 101.5, 76.6, 65.6, 46.8, 42.9, 26.8, 19.0. HRMS (ESI+) calcd. for C36H32N4O6 [M+H]+ 617.2395, found 

617.2386. 

Compound 23. Compound 10 (1 g, 2.35 mmol) was dissolved in dry 

MeOH (7 mL) under N2 atmosphere. Then Pd/C (38 mg) was added 

and N2 was replaced by H2. The reaction was stirred at r.t. overnight 

under H2 atmosphere. After completion of the reaction, which was 

confirmed by TLC, the reaction mixture was filtered and concentrated. 

Compound 11 was obtained quantitatively and used directly in the next 

step. Compound 20 (1.3 g, 3.2 mmol) was dissolved in thionyl chloride 

(13 mL) under N2. DMF (0.1 mL) was added and the reaction mixture 

was stirred at r.t. for 2 h. Thionyl chloride and DMF were removed in 

vacuo overnight to afford the desired acyl chloride. To compound 11 (690 mg, 2.5 mmol) and DIPEA (1.3 mL, 

13.6 mmol) in dry CHCl3 (20 mL) was added dropwise a solution of previously prepared acyl chloride of 20 in 

dry CHCl3 (20 mL) under N2. The reaction mixture was stirred overnight at r.t. and the solvent was then removed 

in vacuo. The resulting crude was purified by silica gel chromatography (cyclohexane/EtOAc 1:1). The product 

was recrystallized from acetonitrile/DCM to obtain the product as a pale yellow solid (800 mg, 48%).  1H NMR 

(500 MHz, CDCl3) δ 12.56 (s, 1H), 9.20 (s, 1H), 9.11 (d, J = 7.7 Hz, 1H), 8.88 (s, 1H), 8.33 (bs, 1H), 8.04 (d, J = 

8.8 Hz, 1H), 7.88 (d, J = 8.1 Hz, 1H), 7.84–7.78 (m, 3H), 7.75 (t, J = 7.9 Hz, 1H), 7.69-7.63 (m, 3H), 7.53 (bs, 
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1H), 7.42 (t, J = 7.4 Hz, 2H), 7.34 (t, J = 7.4 Hz, 2H), 4.63 (d, J = 6.5 Hz, 2H), 4.33 (t, J = 6.5 Hz, 1H), 4.27 (d, 

J = 7.1 Hz, 2H), 4.10 (s, 3H), 2.76 (nonet, J = 7.0 Hz, 1H), 1.12 (d, J = 6.7 Hz, 6H). 13C NMR (126 MHz, CDCl3) 

δ 166.1, 164.0, 163.5, 154.0, 151.3, 150.4, 148.6, 144.3, 143.7, 141.5, 134.9, 133.9, 130.8, 130.3, 129.7, 128.0, 

127.3, 126.7, 125.1, 123.7, 120.2, 119.5, 114.6, 114.2, 102.0, 67.8, 53.5, 47.2, 27.5, 19.7. HRMS (ESI+) calcd. 

for C40H34N4O6 [M+H]+ 667.2551, found 667.2539. 

Compound 24. Compound 23 (600 mg, 0.9 mmol) and LiI (1.2 g, 9.0 

mmol) were suspended in degassed EtOAc (50 mL) under N2 and the 

reaction mixture was refluxed overnight. The solvent was removed in 

vacuo. The remaining residue was washed with citric acid solution 

(5%, w/w), Na2S2O3 solution (5%, w/w) and water. The product was 

obtained as a pale yellow solid after drying in vacuo (453 mg, 77%).1H 

NMR (500 MHz, DMSO-d6) δ 12.57 (s, 1H), 10.22 (s, 1H), 9.47 (s, 

1H), 9.04 (dd, J = 6.1, 3.0 Hz, 1H), 8.95 (s, 1H), 8.16 (d, J = 8.3 Hz, 

1H), 7.95–7.78 (m, 8H), 7.65 (s, 1H), 7.44 (t, J = 7.4 Hz, 2H), 7.37 (t, 

J = 7.4 Hz, 2H), 4.54 (d, J = 7.0 Hz, 2H), 4.37 (dd, J = 12.4, 7.0 Hz, 3H), 2.65 (nonet, J = 6.8 Hz, 1H), 1.04 (d, J 

= 6.6 Hz, 6H). 13C NMR (126 MHz, DMSO-d6) δ 166.1, 163.5, 162.7, 154.7, 151.6, 149.9, 149.3, 143.8, 143.0, 

140.8, 134.7, 134.5, 130.7, 130.2, 130.1, 129.5, 127.8, 127.2, 125.3, 125.3, 124.8, 120.2, 118.1, 116.3, 113.0, 

102.0, 76.5, 66.3, 46.6, 26.8, 19.1. HRMS (ESI+) calcd. for C39H32N4O6 [M+H]+ 653.2395, found 653.2385. 

5.3 Solid phase synthesis general methods  

5.3.1 Loading of the resin via HBTU activation 

SASRIN resin (500 mg, 0.4–0.6 mmol, 1 eq.) was swollen in 5 mL DCM for 1 h, transferred to the 

microwave vessel and washed 3 times with extra dry DMF. DIPEA (170 µL, 1.0 mmol, 2 eq.) was added to a 

mixture of Fmoc-QB/D/M-OH (0.45 mmol, 0.9 eq.) and HBTU (228 mg, 1.2 eq.) in extra dry DMF (5 mL). The 

resulting solution was shaken for 30 s before to be poured to the resin-containing reaction vessel. The reaction 

mixture was subjected to treatment in a microwave oven (50 °C, 20 min, 25 W). The resin was filtered and washed 

with DMF (5 x 2 mL) and DCM (10 x 2 mL). Capping was performed by adding a mixture of 

DCM/pyridine/benzoyl chloride (3:1:1, v/v/v, 5 mL) to the resin followed by shaking for 30 min at r.t., and 

subsequent washing with DCM (20 x 2 mL). To monitor the efficiency of the 1st loading, a small amount of resin 

(around 2 mg) was taken and dried in vacuo. The loading was estimated at this scale. 

HMBA-AM resin (500 mg, 0.8–1.2 mmol, 1 eq.) was swollen in 5 mL DCM for 1 h, transferred to the 

microwave vessel and washed 3 times with extra dry DMF. DIPEA (170 µL, 1.0 mmol, 2 eq.) was added to a 

mixture of Fmoc-Gly-OH (134 mg, 0.45 mmol, 0.9 eq.) and HBTU (228 mg, 1.2 eq.) in extra dry DMF (5 mL) 

and the resulting solution was shaken for 30 s before being poured into the resin-containing reaction vessel. The 

reaction mixture was subjected to a treatment in a microwave oven (50 °C, 20 min, 25 W). The resin was filtered 

and washed with DMF (5 x 2 mL) and DCM (10 x 2 mL). Capping was performed by adding a mixture of 

DCM/pyridine/benzoyl chloride (3:1:1, v/v/v, 5 mL) to the resin followed by shaking for 30 min at r.t., and 

subsequent washing with DCM (20 x 2 mL). To monitor the efficiency of the 1st loading, a small amount of resin 

(around 2 mg) was taken and dried in vacuo. The loading was estimated at this scale. 
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5.3.2 Estimation of the loading 

To a small amount of Fmoc-Gly-HMBA AM resin or Fmoc- QB/D/M-SASRIN resin (1–2 mg), a freshly 

prepared solution of DMF/piperidine (8:2 (v/v), 3.0 mL) was added. The mixture was shaken and incubated for 5 

min. Then the absorption was measured at 301 nm using a NanoDrop One Microvolume UV-Vis 

Spectrophotometer and a Hellma quartz glass cuvette 104 (path length 10 mm). Three replicates were measured, 

then the loading was calculated with the following equation: 

loading (in 
mmol

g
) =

Abs301 nm × V

ε301nm ×  𝑙 ×  m 
 

ε301nm=7800 L/mol/cm13 

5.3.3 Solid phase synthesis of monomer and turn units via in-situ activation 

For manual solid phase synthesis under MW-irradiation: The Fmoc- QB/D/M-SASRIN resin was 

swallowed in DCM (5 mL) for 2 h, and then transferred into the reaction vessel followed by washing with NMP 

(3 x 3 mL). The deprotection of the Fmoc group was performed by using a solution of 2% DBU in NMP (3 mL, 

3 min + 7 min). The resin was next filtered off and washed with DCM (3 x 2 mL) and then with anhydrous THF 

(5 x 2 mL). The Fmoc deprotection step was performed before each aromatic monomer coupling. The resin was 

then suspended in anhydrous THF (1 mL) and 2,3,5-collidine (5 eq. with respect to the resin-loading) was added 

to the resin supernatant. The Fmoc-protected monomer or turn unit (2 eq. with respect to the resin-loading) and 

PPh3 (4 eq. with respects to the resin-loading) were successively added in a vial to be solubilized in freshly distilled 

CHCl3 (1 mL). Trichloroacetonitrile (4.5 eq. with respect to the resin loading) was then added to the vial and the 

resulting acid chloride solution was shaken for 30 s before to be poured to the resin-containing reaction vessel. 

The reaction vessel was then placed in the microwave oven and subjected to MW irradiation for 15 min (50 °C, 

50 W). The resin was then washed 3 times with anhydrous THF. This entire coupling step was then repeated once 

more. For the final coupling of (1S)-camphanic acid, the resin was suspended in anhydrous THF (1 mL) and 

2,3,5-collidine (5 eq. with respect to the resin-loading) was added to the resin suspensions. A solution of (1S)-

camphanyl chloride (2 eq. with respect to the resin-loading, purchased from Sigma-Aldrich, 98%, ee: 99%) in 

freshly distilled CHCl3 (1 mL) was added to the supernatant and the resin was shaken at r.t. for 2 h. The resin was 

filtered off, and washed 3 times with dry THF, and the same process was repeated once. After coupling, the resin 

was vigorously washed 3 times with DMF and 3 times with DCM. 

The fully automatic solid phase synthesis on Chorus PurePep ® synthesizer followed previously reported 

procedures.8 

5.3.4 Fragment condensation via BOP activation 

The corresponding resin (cal. 100 mg) was swallowed in DCM (5 mL) for 2 h. The deprotection of the 

Fmoc group was performed by using a solution of 2% DBU/NMP (3 mL, 3 min + 7 min). The resin was next 

filtered off and washed with DCM (3 x 2 mL) and then with anhydrous THF (5 x 2 mL). DIPEA (2 eq. with 

respects to the resin-loading) was added to a mixture of Fmoc-protected fragment sequences (1 eq. with respects 
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to the resin-loading) and BOP (1.5 eq. with respects to the resin-loading) in anhydrous chloroform (5 mL) under 

N2. After activating for 1 min, the solution was added to the resin. The supernatant was shaken at r.t. overnight. 

The resin was filtered and washed with anhydrous chloroform (3 x 3 mL). To perform a capping step, the resin 

was suspended in anhydrous chloroform (3 mL) and DIPEA (4 eq. with respects to the resin-loading) was added. 

Acetyl chloride (2 eq. with respects to the resin-loading) was added to the supernatant and the resin was shaken 

at r.t. for 30 min. The resin was filtered and washed with DCM (3 x 2 mL), 20% DIPEA/NMP (3 x 2 mL) and 

DCM (10 x 2 mL). 

5.3.5 Mini-cleavage 

For SASRIN resin: To perform a mini cleavage, the resin (1–2 mg) was swollen in 1 mL TFA/DCM (1:99, 

v/v) solution and incubated at r.t. for 10 min. The DCM solution was washed with aqueous NaHCO3 solution and 

the solvent was removed under reduced pressure.  

For HMBA AM resin: To perform a mini cleavage, the resin (1–2 mg) was swollen in 1 mL MeOH/DCM 

(1:1, v/v) solution followed by the addition of 10 μL NaOMe (25% (m/m)) and incubated at r.t. for 10 min. The 

cleavage solution was diluted with DCM, washed with aqueous citric acid solution (5%), dried over MgSO4, 

filtered and the solvent was finally removed under reduced pressure.  

5.3.6 Full cleavage14,15
 

For SASRIN resin: A mixture of 1% TFA/DCM (2 mL) was added to the resin and stirred at r.t. for 1 min 

(x 10). The solution was directly quenched by sat. NaHCO3 solution. The organic phase was collected, dried over 

MgSO4, filtered and concentrated to afford the crude product as a yellow solid. 

For HMBA AM resin: The resin (around 100 mg) was dried in vacuo and slowly added to 400 mL cleavage 

solution (preparation see below) under N2 atmosphere. The mixture was stirred under N2 atmosphere for 2 h before 

it was added to 100 mL of aqueous citric acid solution (5%). The aqueous layer was extracted with DCM (3 x 50 

mL). The combined organic phases were washed with brine, dried over MgSO4, filtered and the solvent was 

evaporated under reduced pressure. The crude product was obtained as a solid. 

Preparation of the cleavage solution: 200 mL dry MeOH was added to 200 mL dry DCM under N2 

atmosphere. 2 mL NaOMe (25% (m/m)) in methanol were added and the mixture was mixed well by magnetic 

stirring. A sufficient amount of cleavage solution (at least 400 mL cleavage solution per 100 mg resin) was 

important to avoid the formation of oligomeric acid as the by-product. 

5.4 Synthesis of oligomers 

O2N-QBXQB-T6f-QBQMQB-OMe (2a) Compound 2a was synthesized on SASRIN resin (scale: 15 μmol) using 

SPFS procedure reported in paragraph 5.3. The crude product obtained after full-cleavage was dried in vacuo and 

dissolved in dry chloroform/MeOH 3:2 (3 mL) under N2. To this solution TMSCHN2 (2 M in n-hexane, 17.7 μL, 

60 μmol) was added dropwise. The reaction mixture was stirred at r.t. for 2 h. A few drops of acetic acid were 

then added and stirring continued for 30 min at r.t. to quench the excess amounts of TMSCHN2. Then the solution 

was diluted with DCM, washed with aqueous NaHCO3 solution, dried over MgSO4, filtered and concentrated. 

The crude product was purified by RP-HPLC. Compound 2a was obtained as a yellow solid (7.2 mg, 26%). 1H 

NMR (500 MHz, CDCl3) δ 12.58 (s, 1H), 12.33 (s, 1H), 12.15 (s, 1H), 12.03 (s, 1H), 12.01 (s, 1H), 12.00 (s, 1H), 

9.10 (dd, J = 7.6, 1.4 Hz, 1H), 8.96 (dd, J = 7.6, 1.3 Hz, 1H), 8.93 (dd, J = 7.7, 1.3 Hz, 1H), 8.69 (dd, J = 7.9, 1.2 
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Hz, 1H), 8.50 (dd, J = 8.3, 1.5 Hz, 1H), 8.31 (dd, J = 7.5, 1.3 Hz, 1H), 8.17–8.16 (m, 1H), 8.08 (dd, J = 7.8, 1.3 

Hz, 2H), 8.03–7.96 (m, 7H), 7.87 (dd, J = 8.3, 1.3 Hz, 1H), 7.79 (s, 1H), 7.78–7.71 (m, 2H), 7.66–7.61 (m, 2H), 

7.59–7.55 (m, 1H), 7.44 (s, 1H), 7.39 (dd, J = 8.4, 7.5 Hz, 1H), 7.29–7.25 (m, 1H), 7.15–7.13 (m, 1H), 6.94 (s, 

1H), 6.90 (s, 1H), 6.68 (s, 1H), 6.59 (t, J = 8.1 Hz, 1H), 6.35 (dd, J = 8.3, 1.2 Hz, 1H), 4.37–4.19 (m, 8H), 3.98 

(s, 3H), 3.89 (d, J = 6.5 Hz, 2H), 3.86 (d, J = 6.1 Hz, 2H), 3.52 (s, 3H), 2.69 (nonet, J = 6.9 Hz, 1H), 2.43 (m, 

2H), 2.30 (tt, J = 13.4, 6.6 Hz, 2H), 1.70 (s, 9H), 1.35–1.10 (m, 30H). HRMS (ESI+) calcd. for C103H100N16O18 

[M+Na]+, 1871.7294, found 1871.7320. 

O2N-QBXQB-T6f-QBQMQB-OMe (2b) Compound 2a (7.2 mg, 3.8 μmol) was treated with TFA/DCM 1:1 (3 mL) 

at r.t. for 2 h. The solvent was removed in vacuo. The residue was washed with diethyl ether, yielding the product 

as a yellow solid (7.0 mg, quant.). 1H NMR (500 MHz, CDCl3) δ 12.62 (s, 1H), 12.59 (s, 1H), 11.96 (s, 1H), 

11.90 (s, 2H), 11.79 (s, 1H), 10.24 (s, 1H), 9.19 (d, J = 7.5 Hz, 1H), 8.80 (d, J = 7.5 Hz, 1H), 8.68 (d, J = 6.9 Hz, 

1H), 8.64 (d, J = 7.9 Hz, 1H), 8.50 (dd, J = 8.4, 1.5 Hz, 1H), 8.30 (d, J = 7.5 Hz, 2H), 8.19–8.04 (m, 5H), 7.99–

7.92 (m, 4H), 7.85–7.80 (m, 4H), 7.75 (q, J = 7.6 Hz, 2H), 7.65–7.60 (m, 3H), 7.47 (d, J = 1.5 Hz, 1H), 7.38 (t, J 

= 7.9 Hz, 1H), 7.33 (t, J = 7.9 Hz, 1H), 6.90 (s, 1H), 6.69 (s, 1H), 6.61 (t, J = 8.1 Hz, 1H), 6.37 (d, J = 7.0 Hz, 

1H), 4.77–4.62 (m, 2H), 4.44 (s, 3H), 4.38–4.33 (m, 1H), 4.23 (m, 4H), 4.00–3.85 (m, 5H), 3.58 (s, 3H), 2.50–

2.29 (m, 5H), 1.36–1.13 (m, 30H). HRMS (ESI+) calcd. for C99H92N16O18 [M+H]+ 1793.6848, found 1793.6892. 

O2N-QBXQB-T6r-QBQMQB-OMe (3a) Compound 3a was synthesized on SASRIN resin (scale: 15 μmol) using 

SPFS procedure reported in paragraph 5.3. The crude after full-cleavage was dried in vacuo and dissolved in dry 

chloroform/MeOH 3:2 (3 mL) under N2. TMSCHN2 (2 M in n-hexane, 17.7 μL, 60 μmol) was added dropwise. 

The solution was stirred at r.t. for 2 h. A few drops of acetic acid were added and stirred at r.t. for 30 min to 

quench the excess TMSCHN2. Then the solution was diluted with DCM, washed with aqueous NaHCO3 solution. 

dried over MgSO4, filtered and concentrated. The crude was purified by RP-HPLC. The compound 3a was 

obtained as a yellow solid (13.2 mg, 47%). 1H NMR (500 MHz, CDCl3) δ 12.61 (s, 1H), 12.12 (s, 1H), 12.09 (s, 

1H), 12.04 (s, 1H), 12.03 (s, 1H), 11.75 (s, 1H), 10.73 (s, 1H), 9.24 (dd, J = 7.6, 1.3 Hz, 1H), 9.14–9.12 (m, 2H), 

8.56 (dd, J = 8.3, 1.5 Hz, 1H), 8.40 (dd, J = 7.9, 1.1 Hz, 2H), 8.37 (s, 1H), 8.33 (dd, J = 7.5, 1.4 Hz, 1H), 8.15 

(dd, J = 7.6, 1.3 Hz, 1H), 8.11–8.06 (m, 2H), 8.05–8.00 (m, 3H), 7.93 (s, 1H), 7.91 (dd, J = 8.3, 1.3 Hz, 1H), 7.83–

7.77 (m, 3H), 7.74 (t, J = 7.8 Hz, 1H), 7.67 (dd, J = 7.4, 1.5 Hz, 1H), 7.62–7.59 (m, 1H), 7.55 (s, 1H), 7.47–7.43 

(m, 1H), 7.35–7.29 (m, 3H), 7.16–7.12 (m, 2H), 6.80 (s, 1H), 6.70 (s, 1H), 6.59 (t, J = 8.0 Hz, 1H), 6.38 (dd, J = 

8.3, 1.1 Hz, 1H), 4.49 (d, J = 6.0 Hz, 2H), 4.27–4.14 (m, 4H), 3.99 (d, J = 6.1 Hz, 2H), 3.87 (d, J = 6.0 Hz, 2H), 

3.80 (s, 3H), 3.53 (s, 3H), 3.03–2.94 (m, 1H), 2.51–2.41 (m, 2H), 2.39–2.31 (m, 2H), 1.45 (d, J = 6.6 Hz, 6H), 

1.29 (d, J = 6.5 Hz, 6H), 1.26 (d, J = 6.8 Hz, 12H), 1.21 (d, J = 6.8 Hz, 6H), 1.10 (s, 9H). HRMS (ESI+) calcd. 

for C106H100N16O18 [M+Na]+ 1907.7294, found (HR-ESI) 1907.7255. 

O2N-QBXQB-T6r-QBQMQB-OMe (3b) Compound 3a (13.2 mg, 7.0 μmol) was treated with a TFA/DCM 1:1 (3 

mL) at r.t. for 2 h. The solvent was removed in vacuo. The residue was washed with diethyl ether, yielding the 

products as a yellow solid (12.8 mg, quant.). 1H NMR (500 MHz, CDCl3) δ 12.60 (s, 1H), 12.57 (s, 1H), 12.30 

(s, 1H), 11.83 (s, 1H), 11.75 (s, 1H), 11.66 (s, 1H), 11.37 (s, 1H), 10.15 (s, 1H), 9.22 (d, J = 7.4 Hz, 1H), 9.01 (d, 

J = 7.4 Hz, 1H), 8.75 (s, 1H), 8.58 (dd, J = 8.3, 1.5 Hz, 1H), 8.47 (d, J = 7.9 Hz, 2H), 8.40–8.35 (m, 2H), 8.22–

8.15 (m, 2H), 8.12–8.07 (m, 2H), 8.02–7.98 (m, 2H), 7.95 (dd, J = 8.3, 1.4 Hz, 1H), 7.90 (s, 1H), 7.86 (s, 1H), 

7.86–7.77 (m, 4H), 7.70 (t, J = 7.9 Hz, 1H), 7.66 (s, 1H), 7.64–7.61 (m, 3H), 7.43–7.39 (m, 1H), 7.35 (t, J = 7.9 
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Hz, 2H), 6.84 (s, 1H), 6.70 (s, 1H), 6.65 (t, J = 7.9 Hz, 1H), 6.40 (d, J = 7.9 Hz, 1H), 4.63–4.59 (m, 1H), 4.57 (s, 

3H), 4.42–4.38 (m, 1H), 4.27–4.19 (m, 4H), 3.98–3.85 (m, 4H), 3.57 (s, 3H), 2.91–2.82 (m, 1H), 2.57–2.48 (m, 

1H), 2.48–2.41 (m, 1H), 2.40–2.31 (m, 2H), 1.38 (d, J = 6.8 Hz, 3H), 1.33 (d, J = 6.8 Hz, 6H), 1.31 (d, J = 6.6 

Hz, 3H), 1.28 (d, J = 6.8 Hz, 3H), 1.26 (d, J = 2.4 Hz, 3H), 1.25 (d, J = 2.3 Hz, 6H), 1.23 (d, J = 1.8 Hz, 3H), 1.22 

(d, J = 6.8 Hz, 3H). HRMS (ESI+) calcd. for C102H92N16O18 [M+H]+ 1829.6848, found 1829.6872. 

C*-QBXQB-T6r-QBQMQB-OMe (4a) Compound 4a was synthesized on SASRIN resin (scale: 15 μmol) using 

SPFS procedures reported in paragraph 5.3. The crude after full-cleavage was dried in vacuo and dissolved in dry 

chloroform/MeOH 3:2 (3 mL) under N2. TMSCHN2 (2 M in n-hexane, 17.7 μL, 60 μmol) was added dropwise. 

The solution was stirred at r.t. for 2 h. A few drops of acetic acid were added and stirring continued at r.t. for 30 

min to quench the excess amounts of TMSCHN2. Then the solution was diluted with DCM, washed with aqueous 

NaHCO3 solution, dried over MgSO4, filtered and concentrated. The crude product was purified by RP-HPLC. 

The product was obtained as a yellow solid (13.2 mg, 43%). 1H NMR (500 MHz, CDCl3) δ 12.61 (s, 1H), 12.41 

(s, 1H), 12.08 (s, 1H), 12.05 (s, 1H), 12.03 (s, 1H), 11.95 (s, 1H), 10.77 (s, 1H), 9.99 (s, 1H), 9.12 (t, J = 7.5 Hz, 

2H), 9.05 (s, 1H), 8.76 (d, J = 7.5 Hz, 1H), 8.49 (d, J = 7.8 Hz, 1H), 8.38 (s, 1H), 8.34 (d, J = 7.6 Hz, 1H), 8.16 

(d, J = 6.5 Hz, 1H), 8.04–7.98 (m, 4H), 7.96 (d, J = 8.4 Hz, 1H), 7.92–7.89 (m, 2H), 7.86 (t, J = 7.8 Hz, 1H), 

7.83–7.81 (m, 2H), 7.78 (t, J = 7.9 Hz, 1H), 7.70 (t, J = 7.9 Hz, 1H), 7.66 (s, 1H), 7.61 (t, J = 7.9 Hz, 1H), 7.56 

(s, 1H), 7.32–7.11 (m, 4H), 6.93 (s, 1H), 6.81 (s, 1H), 6.70 (s, 1H), 6.61 (t, J = 8.0 Hz, 1H), 6.39 (d, J = 7.4 Hz, 

1H), 4.56 (s, 1H), 4.47 (t, J = 8.5 Hz, 1H), 4.39 (t, J = 7.1 Hz, 1H), 4.34–4.27 (m, 1H), 4.26–4.19 (m, 1H), 4.18–

4.11 (m, 1H), 3.99–3.93 (m, 2H), 3.90–3.84 (m, 2H), 3.80 (s, 2H), 3.73 (s, 1H), 3.69 (t, J = 4.8 Hz, 1H), 3.65 (s, 

3H), 3.53 (s, 3H), 2.57–1.98 (m, 5H), 1.37–1.21 (m, 42H), 0.94 (s, 6H). HRMS (ESI+) calcd. for C116H114N16O19 

[M+H]+ 2035.8519, found 2035.8703. 

C*-QBXQB-T6r-QBQMQB-OMe (4b) Compound 4a (13.2 mg, 6.5 μmol) was treated with TFA/DCM 1:1 (3 mL) 

at r.t. for 2 h. The solvent was removed in vacuo. The residue was washed with diethyl ether, yielding the product 

as a yellow solid (12.8 mg, quant.). 1H NMR (500 MHz, CDCl3) δ 12.66 (s, 1H), 12.60 (s, 1H), 12.51 (s, 1H), 

11.95 (s, 1H), 11.88 (s, 1H), 11.76 (s, 1H), 11.33 (s, 1H), 10.15 (s, 1H), 10.01 (s, 1H), 9.19 (d, J = 6.9 Hz, 1H), 

8.93–8.89 (m, 1H), 8.74 (s, 1H), 8.54 (dd, J = 5.9, 2.7 Hz, 1H), 8.44 (s, 1H), 8.31 (ddd, J = 9.8, 7.8, 1.3 Hz, 2H), 

8.20–8.16 (m, 2H), 8.12 (dd, J = 8.3, 1.3 Hz, 1H), 8.05–7.94 (m, 6H), 7.87–7.81 (m, 4H), 7.72 (dt, J = 13.3, 8.1 

Hz, 2H), 7.66 (s, 1H), 7.59 (s, 1H), 7.56 (s, 1H), 7.47 (s, 1H), 7.35 (t, J = 8.0 Hz, 2H), 7.31–7.27 (m, 1H), 6.78 

(s, 1H), 6.71 (s, 1H), 6.59 (t, J = 8.1 Hz, 1H), 6.33 (dd, J = 8.2, 1.2 Hz, 1H), 4.69 (dd, J = 8.7, 4.2 Hz, 1H), 4.48 

(s, 3H), 4.45 (dd, J = 8.7, 6.2 Hz, 1H), 4.27–4.19 (m, 4H), 3.98–3.88 (m, 4H), 3.60 (s, 3H), 2.61–2.05 (m, 9H), 

1.44–1.22 (m, 30H), 0.79 (s, 3H), 0.73 (s, 3H), 0.40 (s, 3H). HRMS (ESI+) calcd. for C112H106N16O19 [M+H]+ 

1979.7893, found 1979.7950. 

O2N-QBXQBQMPQBXQB-T6f-QBQMQBQBXQBQMQB-Gly-OMe (5a) Compound 5a was synthesized on Fmoc-

Gly-HMBA-AM resin (scale: 15 μmol) using SPFS procedures reported in paragraph 5.3. The crude product was 

purified by RP-HPLC after full-cleavage. The product was obtained as a yellow solid (12 mg, 19%). 1H NMR 

(500 MHz, CDCl3, mixture of three conformers in a ratio of 1:0.8:0.2, only the aromatic amide signals are 

reported.) δ 12.27 (s, 0.2H), 11.89 (s, 0.8H), 11.77 (s, 1H), 11.53 (s, 0.8H), 11.50 (s, 0.2H), 11.49 (s, 0.2H), 11.47 

(s, 0.8H), 11.46 (s, 2H), 11.44 (s, 1.8H), 11.42 (s, 1H), 11.40 (s, 1H), 11.32 (s, 0.8H), 11.31 (s, 0.2H), 11.28 (s, 

1H), 11.25 (s, 0.8H), 11.24 (s, 1H), 11.21 (s, 0.2H), 11.18 (s, 0.8H), 11.17 (s, 1H), 11.16 (s, 1H), 11.14 (s, 1H), 



188 
 
 

11.07 (s, 0.2H), 11.01 (s, 0.8H), 10.98 (s, 1H), 10.97 (s, 0.8H), 10.96 (s, 1H), 10.87 (s, 0.2H), 10.86 (s, 0.2H), 

10.82 (s, 0.8H), 10.82 (s, 1H), 10.80 (s, 0.8H), 10.79 (s, 1H), 10.77 (s, 0.2H), 10.70 (s, 0.8H), 10.68 (s, 1H), 10.66 

(s, 0.8H), 10.65 (s, 1H). HRMS (ESI+) calcd. for C232H223N37O38 [2M+2Na]2+ 2090.3220, found 2090.2690. 

O2N-QBXQBQMPQBXQB-T6f-QBQMQBQBXQBQMQB-Gly-OMe (5b) Compound 5a (12 mg, 2.9 μmol) was 

treated with a TFA/DCM 1:1 (3 mL) at r.t. for 2 h. The solvent was removed in vacuo. The residue was washed 

with diethyl ether, yielding the product as a yellow solid (11.5 mg, quant.). 1H NMR (500 MHz, CD2Cl2) δ 12.09 

(s, 1H), 11.53 (s, 1H), 11.52 (s, 1H), 11.41 (s, 2H), 11.22 (s, 2H), 11.05 (s, 1H), 10.99 (s, 2H), 10.90 (s, 1H), 10.79 

(s, 2H), 10.58 (s, 1H), 10.31 (s, 1H), 10.27 (s, 1H), 10.14 (s, 1H), 9.76 (s, 1H), 8.71 (t, J = 3.3 Hz, 1H), 8.64 (d, J 

= 7.3 Hz, 1H), 8.34 (dd, J = 7.9, 1.5 Hz, 1H), 8.29 (d, J = 6.9 Hz, 1H), 8.26 (d, J = 7.6 Hz, 1H), 8.25–8.20 (m, 

3H), 8.19–8.18 (m, 1H), 8.17 (s, 1H), 8.10–8.03 (m, 4H), 7.99 (d, J = 8.0 Hz, 1H), 7.98–7.94 (m, 3H), 7.91–7.89 

(m, 2H), 7.88–7.83 (m, 3H), 7.81 (dd, J = 8.0, 1.3 Hz, 1H), 7.78 (dd, J = 7.8, 1.4 Hz, 1H), 7.73 (d, J = 8.1 Hz, 

1H), 7.63 (s, 1H), 7.61 (d, J = 7.3 Hz, 1H), 7.59–7.54 (m, 2H), 7.53–7.41 (m, 7H), 7.41–7.34 (m, 5H), 7.32–7.24 

(m, 3H), 7.23 (s, 1H), 7.22–7.16 (m, 6H), 7.14 (s, 1H), 7.11 (d, J = 5.3 Hz, 3H), 7.10–7.03 (m, 5H), 6.83 (s, 1H), 

6.71 (d, J = 7.1 Hz, 1H), 6.59 (t, J = 7.8 Hz, 1H), 6.57 (s, 1H), 6.55 (d, J = 2.5 Hz, 2H), 6.51 (s, 1H), 6.41 (d, J = 

2.8 Hz, 2H), 6.14 (d, J = 8.3 Hz, 1H), 6.06 (s, 1H), 5.86 (s, 1H), 4.48 (s, 3H), 4.42 (s, 3H), 4.32 (s, 3H), 4.20–4.16 

(m, 2H), 4.15–4.05 (m, 2H), 4.03–3.96 (m, 5H), 3.93–3.88 (m, 2H), 3.83 (q, J = 7.0, 6.5 Hz, 2H), 3.78 (t, J = 7.0 

Hz, 1H), 3.72 (t, J = 5.8 Hz, 2H), 3.64–3.60 (m, 2H), 3.50 (dd, J = 17.6, 6.3 Hz, 1H), 3.09 (s, 3H), 2.89 (dd, J = 

17.5, 3.1 Hz, 1H), 2.62 (d, J = 9.3 Hz, 2H), 2.60–2.21 (m, 10H), 2.19–2.16 (m, 2H), 2.06–1.99 (m, 3H), 1.44–

1.11 (m, 60H). HRMS (ESI+) calcd. for C220H199N37O38 [2M+2H]2+ 1984.2461, found 1984.2511. 

O2N-QBXQBQMPQBXQB-T6r-QBQMQBQBXQBQMQB-Gly-OMe (6a) Compound 6a was synthesized on Fmoc-

Gly-HMBA-AM resin (scale: 15 μmol) using SPFS procedures reported in paragraph 5.3. The crude product was 

purified by RP-HPLC after full-cleavage. The product was obtained as a yellow solid (14 mg, 22%). 1H NMR 

(500 MHz, CDCl3) δ 11.58 (s, 1H), 11.44 (s, 2H), 11.30 (d, J = 1.6 Hz, 2H), 11.25 (s, 1H), 11.14 (s, 1H), 10.97 

(s, 1H), 10.96 (s, 2H), 10.82 (s, 1H), 10.77 (s, 2H), 10.64 (s, 1H), 10.63 (s, 1H), 10.06 (s, 1H), 8.69 (s, 1H), 8.28 

(dd, J = 8.1, 1.4 Hz, 1H), 8.21 (dd, J = 7.4, 1.3 Hz, 1H), 8.17 (dd, J = 8.0, 1.3 Hz, 1H), 8.11–8.05 (m, 5H), 8.04 

(s, 1H), 8.02 (s, 1H), 7.97–7.94 (m, 2H), 7.92–7.89 (m, 3H), 7.88–7.85 (m, 2H), 7.84 (d, J = 6.8 Hz, 1H), 7.81–

7.79 (m, 2H), 7.78–7.76 (m, 3H), 7.74 (t, J = 1.4 Hz, 2H), 7.73 (t, J = 1.5 Hz, 1H), 7.72–7.62 (m, 3H), 7.57–7.54 

(m, 2H), 7.49 (dd, J = 7.5, 2.3 Hz, 2H), 7.46–7.43 (m, 2H), 7.41–7.35 (m, 3H), 7.30–7.27 (m, 2H), 7.25–7.22 (m, 

2H), 7.22–7.20 (m, 2H), 7.19–7.15 (m, 2H), 7.14–7.07 (m, 4H), 7.05–6.99 (m, 5H), 6.96 (s, 1H), 6.96–6.86 (m, 

3H), 6.77–6.73 (m, 2H), 6.65 (s, 1H), 6.60 (s, 1H), 6.47 (s, 1H), 6.46 (s, 1H), 6.37 (s, 1H), 6.23 (s, 1H), 6.10 (t, J 

= 7.9 Hz, 1H), 6.05 (s, 1H), 5.94 (s, 1H), 5.85 (s, 1H), 5.79 (s, 1H), 5.62 (dd, J = 7.9, 1.2 Hz, 1H), 4.69 (t, J = 2.9 

Hz, 2H), 4.39–4.36 (m, 1H), 4.18–4.05 (m, 5H), 4.01–3.92 (m, 3H), 3.91–3.80 (m, 7H), 3.76 (s, 3H), 3.70 (t, J = 

7.9 Hz, 1H), 3.67–3.62 (m, 3H), 3.54 (d, J = 7.1 Hz, 6H), 3.26–3.21 (m, 1H), 3.00 (s, 3H), 2.96 (dd, J = 17.8, 3.1 

Hz, 1H), 2.53–2.12 (m, 10H), 1.69 (s, 9H), 1.52 (s, 9H), 1.43–1.07 (m, 60H), 0.78 (s, 9H). HRMS (ESI+) calcd. 

for C235H223N37O38 [2M+2H]2+ 2086.3400, found (HR-ESI) 2086.3175. 

O2N-QBXQBQMPQBXQB-T6r-QBQMQBQBXQBQMQB-Gly-OMe (6b) Compound 6a (14 mg, 3.3 μmol) was 

treated with a TFA/DCM 1/1 (3 mL) at r.t. for 2 h. The solvent was removed in vacuo. The residue was washed 

with diethyl ether, yielding the product as a yellow solid (13.4 mg, quant.). 1H NMR (500 MHz, CDCl3) δ 12.23 

(s, 1H), 11.68 (s, 1H), 11.45 (s, 1H), 11.44 (s, 1H), 11.39 (s, 1H), 11.12 (s, 1H), 11.08 (s, 1H), 11.05 (s, 1H), 11.00 
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(s, 1H), 10.96 (s, 1H), 10.92 (s, 1H), 10.87 (s, 1H), 10.59 (s, 1H), 10.47 (s, 1H), 10.16 (s, 1H), 10.11 (s, 1H), 10.06 

(s, 1H), 10.03 (s, 1H), 9.67 (s, 1H), 8.78 (s, 1H), 8.65 (d, J = 7.5 Hz, 2H), 8.38 (d, J = 7.3 Hz, 1H), 8.31–8.24 (m, 

5H), 8.23–8.14 (m, 4H), 8.11–8.07 (m, 5H), 8.06–8.03 (m, 2H), 8.01 (d, J = 7.3 Hz, 1H), 7.99–7.95 (m, 3H), 7.92 

(d, J = 6.5 Hz, 1H), 7.90–7.84 (m, 4H), 7.77 (s, 1H), 7.73 (s, 1H), 7.64–7.58 (m, 6H), 7.53–7.45 (m, 3H), 7.44–

7.40 (m, 2H), 7.39–7.34 (m, 3H), 7.34–7.29 (m, 3H), 7.25–7.18 (m, 3H), 7.17–7.12 (m, 3H), 7.12–7.07 (m, 4H), 

7.06–7.01 (m, 2H), 6.95–6.88 (m, 2H), 6.79 (s, 1H), 6.76 (s, 1H), 6.68 (d, J = 5.4 Hz, 3H), 6.63 (t, J = 7.5 Hz, 

1H), 6.41 (s, 1H), 6.31 (s, 1H), 6.20 (s, 1H), 6.12 (d, J = 7.6 Hz, 1H), 5.95 (d, J = 4.3 Hz, 2H), 4.69 (t, J = 3.1 Hz, 

2H), 4.47 (s, 3H), 4.40–4.37 (m, 2H), 4.32 (s, 3H), 4.27–4.23 (m, 1H), 4.18 (d, J = 12.1 Hz, 5H), 4.12 (t, J = 6.8 

Hz, 1H), 4.04–3.83 (m, 8H), 3.83–3.79 (m, 1H), 3.77–3.71 (m, 2H), 3.67 (dd, J = 7.8, 6.0 Hz, 1H), 3.62 (t, J = 

7.4 Hz, 1H), 3.53 (dd, J = 17.4, 6.1 Hz, 1H), 3.50–3.46 (m, 1H), 3.10 (s, 3H), 2.96 (dd, J = 17.3, 3.2 Hz, 1H), 

2.73–2.16 (m, 10H), 1.43–1.11 (m, 60H). HRMS (ESI+) calcd. for C223H199N37O38 [2M+2H]2+ 2002.2461, found 

2202.2471. 

Fmoc-QDXQDQMYQDXQD-OH (25) Compound 25 was synthesized on SASRIN resin (scale: 100 μmol) using 

SPFS procedures reported in paragraph 5.3. The crude product was purified by RP-HPLC after full-cleavage. The 

product was obtained as a yellow solid (196.4 mg, 82%). 1H NMR (500 MHz, CDCl3) δ 11.54 (s, 1H), 11.29 (s, 

1H), 11.27 (s, 1H), 11.11 (s, 1H), 10.92 (s, 1H), 10.65 (s, 1H), 8.22 (dd, J = 7.6, 1.3 Hz, 1H), 8.15 (t, J = 3.7 Hz, 

1H), 8.07 (dd, J = 7.5, 1.3 Hz, 1H), 8.03 (s, 1H), 7.98 (dd, J = 8.3, 1.3 Hz, 1H), 7.84–7.79 (m, 2H), 7.75–7.72 (m, 

2H), 7.69 (dd, J = 8.3, 1.4 Hz, 1H), 7.64 (dd, J = 8.3, 1.2 Hz, 2H), 7.58 (dd, J = 8.3, 1.3 Hz, 1H), 7.51 (t, J = 7.9 

Hz, 1H), 7.48–7.39 (m, 5H), 7.35–7.31 (m, 2H), 7.25 (t, J = 7.9 Hz, 1H), 7.22–7.17 (m, 4H), 7.13–7.11 (m, 2H), 

7.08–7.00 (m, 2H), 7.00–6.94 (m, 2H), 6.84 (s, 1H), 6.79 (d, J = 7.6 Hz, 1H), 6.63 (d, J = 6.1 Hz, 2H), 6.58 (d, J 

= 2.4 Hz, 1H), 6.52–6.50 (m, 1H), 6.46 (t, J = 7.5 Hz, 1H), 6.05 (s, 1H), 4.19 (m, 2H), 4.06–3.97 (m, 3H), 3.92–

3.77 (m, 10H), 3.73–3.65 (m, 10H), 3.61–3.58 (m, 3H), 3.53–3.50 (m, 2H), 3.49 (s, 3H), 3.48 (s, 3H), 3.41 (s, 

3H), 3.39–3.36 (m, 3H), 3.33 (s, 3H), 3.32–3.24 (m, 2H), 3.23 (s, 2H), 3.10 (td, J = 6.6, 2.8 Hz, 2H), 3.01 (dt, J = 

13.1, 6.6 Hz, 1H), 2.92 (dt, J = 12.9, 6.7 Hz, 1H), 2.23 (m, 1H), 1.62 (s, 9H), 1.53 (s, 9H), 1.32–1.28 (m, 2H), 

0.19 (s, 9H). HRMS (ESI+) calcd. for C126H130N16O23S4Si [M+H]+ 2391.8220, found 2391.7467. 

Fmoc-YQDXQD-OH (26) Compound 26 was synthesized on SASRIN resin (scale: 25 μmol) using SPFS 

procedure reported in paragraph 5.3. The crude product was purified by RP-HPLC after full-cleavage. The product 

was obtained as a yellow solid (22 mg, 66%).1H NMR (500 MHz, CDCl3) δ 12.24 (s, 1H), 11.75 (s, 1H), 11.70 

(s, 1H), 8.99 (s, 1H), 8.45 (d, J = 7.1 Hz, 1H), 8.25 (s, 1H), 8.00 (d, J = 7.8 Hz, 2H), 7.91 (d, J = 8.1 Hz, 1H), 7.77 

(d, J = 8.1 Hz, 1H), 7.73 (s, 1H), 7.70–7.60 (m, 5H), 7.36–7.29 (m, 4H), 7.24 (s, 2H), 7.12 (s, 1H), 6.98 (s, 2H), 

6.57 (s, 1H), 5.40 (s, 2H), 4.25 (t, J = 7.9 Hz, 2H), 4.10 (s, 2H), 3.90 (t, J = 6.2 Hz, 5H), 3.77–3.66 (m, 4H), 3.65–

3.55 (m, 5H), 3.44 (s, 4H), 3.31 (d, J = 10.0 Hz, 6H), 1.73 (s, 9H), 1.29–1.25 (m, 2H), 0.18 (s, 9H). HRMS (ESI+) 

calcd. for C71H76N8O13S2Si [M+H]+ 1341.4815, found 1341.4820. 

Fmoc-YQDXQD-T6r-QDXQDQM-OH (27) Compound 27 was synthesized on SASRIN resin (scale: 50 μmol) 

using SPFS procedure reported in paragraph 5.3. The crude product was purified by RP-HPLC after full-cleavage. 

The product was obtained as a yellow solid (72.8 mg, 52%).1H NMR (500 MHz, CDCl3) δ 12.02 (s, 1H), 12.01 

(s, 1H), 11.99 (s, 1H), 11.93 (s, 2H), 11.85 (s, 1H), 11.70 (s, 1H), 11.24 (s, 1H), 10.39 (s, 1H), 9.07 (s, 1H), 8.67 

(d, J = 7.5 Hz, 1H), 8.62 (d, J = 7.4 Hz, 1H), 8.56 (d, J = 7.5 Hz, 1H), 8.49 (d, J = 7.5 Hz, 1H), 8.29 (d, J = 7.8 

Hz, 1H), 8.23–8.20 (m, 2H), 8.14 (d, J = 7.4 Hz, 1H), 8.11–8.07 (m, 2H), 8.06–8.05 (m, 2H), 8.04–8.03 (m, 2H), 
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8.02 (s, 1H), 7.99 (d, J = 7.9 Hz, 1H), 7.94 (d, J = 8.3 Hz, 1H), 7.91–7.88 (m, 1H), 7.87 (s, 1H), 7.86 (d, J = 8.3 

Hz, 1H), 7.81 (t, J = 7.8 Hz, 1H), 7.75 (d, J = 8.0 Hz, 1H), 7.73–7.68 (m, 3H), 7.56 (d, J = 6.0 Hz, 2H), 7.55–7.53 

(m, 2H), 7.52–7.45 (m, 4H), 7.36–7.28 (m, 4H), 7.23–7.10 (m, 4H), 7.01 (s, 1H), 6.99 (d, J = 7.5 Hz, 1H), 6.86 

(t, J = 7.3 Hz, 1H), 6.74 (t, J = 7.4 Hz, 1H), 6.71 (s, 1H), 6.46 (t, J = 8.0 Hz, 1H), 6.39 (s, 1H), 6.26 (d, J = 8.1 

Hz, 1H), 5.22–5.19 (m, 1H), 4.60–4.47 (m, 2H), 4.28–4.19 (m, 3H), 4.11 (t, J = 6.6 Hz, 2H), 4.01 (s, 3H), 4.00–

3.93 (m, 5H), 3.91–3.78 (m, 13H), 3.71–3.66 (m, 14H), 3.61–3.58 (m, 2H), 3.51–3.48 (m, 4H), 3.48 (s, 3H), 3.47 

(s, 3H), 3.44 (s, 3H), 3.43–3.38 (m, 3H), 1.46 (s, 9H), 0.91 (s, 9H), 0.88 (t, J = 6.9 Hz, 2H), 0.14 (s, 9H). HRMS 

(ESI+) calcd. for C150H150N20O26S4Si [2M+2H]2+ 1402.4914, found 1402.4937. 

Fmoc-QDXQDQM-OH (28) Compound 28 was synthesized on SASRIN resin (scale: 25 μmol) using SPFS 

procedure reported in paragraph 5.3. The crude product was purified by RP-HPLC after full-cleavage. The product 

was obtained as a yellow solid (26.5 mg, 82%). 1H NMR (500 MHz, CDCl3) δ 12.27 (s, 1H), 11.85 (s, 1H), 11.29 

(s, 1H), 9.12 (d, J = 7.6 Hz, 1H), 8.58 (d, J = 8.1 Hz, 2H), 8.05 (d, J = 7.5 Hz, 1H), 7.99 (d, J = 7.4 Hz, 1H), 7.94–

7.90 (m, 2H), 7.82–7.76 (m, 4H), 7.72 (t, J = 8.0 Hz, 1H), 7.63 (d, J = 7.4 Hz, 1H), 7.59 (d, J = 7.4 Hz, 1H), 7.57–

7.54 (m, 1H), 7.44 (d, J = 7.1 Hz, 1H), 7.36–7.29 (m, 2H), 7.24–7.19 (m, 2H), 7.14 (t, J = 7.2 Hz, 1H), 6.86 (t, J 

= 7.2 Hz, 2H), 6.80 (s, 1H), 6.76 (d, J = 7.2 Hz, 1H), 4.18–4.14 (m, 2H), 4.08–4.04 (m, 5H), 3.90 (q, J = 6.6 Hz, 

2H), 3.83–3.80 (m, 2H), 3.77–3.75 (m, 2H), 3.69–3.63 (m, 5H), 3.61 (t, J = 6.6 Hz, 2H), 3.46 (s, 3H), 3.45 (s, 

3H), 3.34–3.26 (m, 2H), 1.74 (s, 9H). HRMS (ESI+) calcd. for C70H66N8O13S2 [M+Na]+ 1313.4083, found 

1313.4009. 

C*-QDXQDQMYQDXQD-T6f-QDXQDQMYQDXQD-T6f-QDXQDQMYQDXQD-Gly-OMe (7a) Compound 7a 

was synthesized on Fmoc-Gly-HMBA-AM resin (100 mg, 25 μmol) using SPFS procedure reported in paragraph 

5.3. Compounds 25, 22, 25, 22, 25 and (1S)-camphanic chloride were coupled accordingly. The coupling of 

compound 25 was carried out according to the procedure reported in 5.3.4. The coupling of compound 22 and 

(1S)-camphanic chloride was carried out according to the procedures reported in 5.3.3. The sequence was purified 

by GPC after full-cleavage. The product was obtained as a yellow solid (18.7 mg, 10%). 1H NMR (500 MHz, 

CDCl3, see section 7) showed four sets of signals with a ratio of 1:0.9:0.85:0.8 and is therefore not reported due 

its complexity. HRMS (ESI+) calcd. for C388H413N57O71S12Si3 [3M+3H]3+ 2492.2211, found 2942.1987. 

C*-QDXQDQMYQDXQD-T6f-QDXQDQMYQDXQD-T6f-QDXQDQMYQDXQD-Gly-OMe (7b) Compound 7a 

(15 mg, 2.0 μmol) was treated with a TFA/DCM 1/1 (3 mL) at r.t. overnight. The solvent was removed in vacuo. 

The residue was precipitated from diethyl ether to afford the product as a yellow solid (13.7 mg, quant.). 1H NMR 

(500 MHz, pyridine-d5, see section 7) showed four sets of signals with a ratio of around 1:0.9:0.85:0.8 and is 

therefore not reported due to its complexity. HRMS (ESI+) calcd. for C349H329N57O71S12 [3M+3H]3+ 2280.0251, 

found 2280.0125. 

C*-QDXQDQMYQDXQD-T6r-QDXQDQMYQDXQD-T6r-QDXQDQMYQDXQD-Gly-OMe (8a) Compound 8a 

was synthesized on Fmoc-Gly-HMBA-AM resin (100 mg, 25 μmol) using SPFS procedure reported in paragraph 

5.3. Compounds 26, 27, 27, 28 and (1S)-camphanic chloride were coupled accordingly. The sequence was cleaved 

and purified by GPC. The product was obtained as a yellow solid (17 mg, 9%).1H NMR (500 MHz, CDCl3) δ 

11.50 (s, 1H), 11.49 (s, 1H), 11.40 (s, 1H), 11.34 (s, 1H), 11.33 (s, 1H), 11.28 (s, 1H), 11.27 (s, 1H), 11.23 (s, 

1H), 11.21 (s, 1H), 11.19 (s, 2H), 11.05 (s, 1H), 11.04 (s, 1H), 10.94 (s, 1H), 10.82 (s, 1H), 10.77 (s, 1H), 10.68 

(s, 1H), 10.64 (s, 1H), 10.57 (s, 2H), 10.55 (s, 1H), 10.53 (s, 1H), 9.84 (s, 1H), 9.82 (s, 1H), 9.33 (s, 1H), 9.33 (s, 
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1H), 8.66 (s, 1H), 8.63 (s, 1H), 8.20 (d, J = 7.1 Hz, 1H), 8.15 (s, 1H), 8.12–8.09 (m, 2H), 8.07 (s, 2H), 8.05–7.98 

(m, 3H), 7.97–7.91 (m, 5H), 7.90–7.83 (m, 3H), 7.78 (s, 1H), 7.77 (s, 1H), 7.75–7.68 (m, 6H), 7.67–7.61 (m, 8H), 

7.60 (s, 1H), 7.59–7.56 (m, 5H), 7.55–7.52 (m, 2H), 7.51–7.46 (m, 7H), 7.46–7.40 (m, 3H), 7.38–7.33 (m, 4H), 

7.32–7.31 (m, 1H), 7.31–7.30 (m, 1H), 7.28–7.21 (m, 3H), 7.21–7.15 (m, 5H), 7.15–7.11 (m, 5H), 7.10–7.09 (m, 

4H), 7.08–7.05 (m, 2H), 7.04–7.01 (m, 2H), 6.99 (s, 1H), 6.96–6.91 (m, 3H), 6.86–6.80 (m, 4H), 6.70–6.63 (m, 

4H), 6.55 (s, 1H), 6.46 (d, J = 10.5 Hz, 2H), 6.36–6.30 (m, 2H), 6.25 (s, 1H), 6.23 (s, 2H), 6.21 (s, 1H), 6.17–6.13 

(m, 3H), 6.11–6.08 (m, 2H), 5.99 (s, 1H), 5.95 (s, 1H), 5.85 (s, 1H), 5.80 (d, J = 7.8 Hz, 1H), 5.74 (s, 1H), 4.28–

4.25 (m, 1H), 4.24–4.20 (m, 4H), 4.15 (s, 4H), 4.07–3.85 (m, 25H), 3.84–3.68 (m, 28H), 3.67–3.62 (m, 42H), 

3.61 (s, 3H), 3.60 (s, 3H), 3.57 (s, 3H), 3.57 (s, 3H), 3.55 (s, 3H), 3.50 (s, 3H), 3.49 (s, 3H), 3.45 (s, 3H), 3.44 (s, 

3H), 3.43 (s, 3H), 3.39 (s, 3H), 3.39 (s, 3H), 3.37–3.29 (m, 6H), 3.24 (d, J = 27.4 Hz, 4H), 3.11 (s, 3H), 3.04 (d, 

J = 33.1 Hz, 2H), 2.99 (s, 3H), 2.79 (dd, J = 17.4, 2.7 Hz, 1H), 2.69–2.61 (m, 2H), 2.34–2.30 (m, 4H), 2.24–2.19 

(m, 4H), 1.49 (s, 9H), 1.45 (s, 9H), 1.26 (d, J = 8.5 Hz, 35H), 1.05 (s, 9H), 0.64 (s, 9H), 0.48 (s, 9H), 0.18 (s, 9H), 

0.07 (s, 9H), 0.06 (s, 9H). HRMS (ESI+) calcd. for C394H413N57O71S12Si3 [3M+3Na]3+ 2538.2046, found 

2538.2031. 

C*-QDXQDQMYQDXQD-T6r-QDXQDQMYQDXQD-T6r-QDXQDQMYQDXQD-Gly-OMe (8b) Compound 8a 

(15 mg, 2.0 μmol) was treated with a TFA/DCM 1:1 (3 mL) at r.t. overnight. The solvent was removed in vacuo. 

The residue was precipitated from diethyl ether to afford the desired product as a yellow solid (13.7 mg, quant.).  

1H NMR (500 MHz, CD2Cl2, only the aromatic amide signals and H-bonded hydroxy group signals are reported.). 

δ 12.12 (s, 1H), 11.60 (s, 2H), 11.46 (s, 1H), 11.33 (s, 1H), 11.17 (s, 1H), 11.06 (s, 1H), 10.96 (s, 1H), 10.95 (s, 

1H), 10.93 (s, 1H), 10.81 (s, 1H), 10.75 (s, 2H), 10.56 (s, 1H), 10.53 (s, 1H), 10.51 (s, 1H), 10.42 (s, 2H), 10.40 

(s, 1H), 10.30 (s, 1H), 10.26 (s, 1H), 10.23 (s, 2H), 10.14 (s, 1H), 10.11 (s, 2H), 10.00 (s, 1H), 9.84 (s, 1H), 9.74 

(s, 1H), 9.39 (s, 1H), 9.31 (s, 1H), 9.25 (s, 1H), 9.00 (s, 1H), 8.80 (s, 1H). HRMS (ESI+) calcd. for 

C355H329N57O71S12 [3M+3H]3+ 2304.0251, found 2034.0625. 
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7 NMR spectra of new compounds 

 

 

1H NMR spectrum (400 MHz, DMSO-d6) and 13C NMR (101 MHz, DMSO-d6) of compound 9. 
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1H NMR spectrum (400 MHz, CDCl3) and 13C NMR (101 MHz, CDCl3) of compound 10. 
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1H NMR spectrum (500 MHz, CDCl3) and 13C NMR (126 MHz, CDCl3) of compound 12. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 14. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 15. 
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1H NMR spectrum (500 MHz, CDCl3) and 13C NMR (126 MHz, DMSO-d6) of compound 16. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 17. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 19. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 20. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 21. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 22. 
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1H NMR spectrum (500 MHz, CDCl3) and 13C NMR (126 MHz, CDCl3) of compound 23. 
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1H NMR spectrum (500 MHz, DMSO-d6) and 13C NMR (126 MHz, DMSO-d6) of compound 24. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 2a. 

 

1H NMR spectrum (500 MHz, CDCl3) of compound 2b. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 3a. 

 

1H NMR spectrum (500 MHz, CDCl3) of compound 3b. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 4a. 

 

1H NMR spectrum (500 MHz, CDCl3) of compound 4b. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 5a. 

 

1H NMR spectrum (500 MHz, CD2Cl2) of compound 5b. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 6a. 

 

1H NMR spectrum (500 MHz, CDCl3) of compound 6b. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 25. 

 

1H NMR spectrum (500 MHz, CDCl3) of compound 26. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 27. 

 

1H NMR spectrum (500 MHz, CDCl3) of compound 28. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 7a. 

 

1H NMR spectrum (500 MHz, pyridine-d5) of compound 7b. 
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1H NMR spectrum (500 MHz, CDCl3) of compound 8a. 

 

1H NMR spectrum (500 MHz, CD2Cl2) of compound 8b. 



215 
 
 

 

1H NMR spectrum (500 MHz, pyridine-d5) of compound 8b. 
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8 MS spectra of 7a, 7b, 8a and 8b 

 

HRMS (ESI+) of compound 7a. 

 

HRMS (ESI+) of compound 7b. 
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HRMS (ESI+) of compound 8a. 

 

HRMS (ESI+) of compound 8b. 
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7. Summary and Prospective 

7.1. Summary of publish/submitted works 

This work broadened the boundaries of structural complexity in abiotic foldamers and allowed us 

to gain comprehensive knowledge in how to better control the interactions between foldamer helices 

through hydrogen bonds. First, the aggregation of previously characterized helix-turn-helix tertiary 

structures was investigated. Three additional hydroxy groups were introduced and positioned on one 

side of the helix-turn-helix structure to create a complementary array of hydrogen bond donors and 

acceptors that can potentially promote the formation of dimerized tertiary structures, i.e. genuine abiotic 

quaternary structure. Notably, the dimerization intermolecular interface was predicted by molecular 

modelling and had not been observed before. Solution studies supported the aggregation behavior; 

however, solid-state structures revealed a domain-swapped dimer that differed from our initial design. 

The conformation of the diacylhydrazine group of the turn unit twisted by approximately 90°, allowing 

the intramolecular interaction interface in the initial design to swap with another oligomer and form two 

“tilted dimer” intermolecular interaction interfaces. The domain-swapping dimer formed even though 

two hydroxy groups were not involved in hydrogen bonds, possibly due to the tilted dimer pattern being 

favored over the parallel arrangement in the intramolecular interface of the initial design. Gradually 

disrupting hydrogen bonds by slowly increasing the proportion of DMSO in chloroform would first 

lead to the dissociation of the domain-swapping dimer and the re-folding of the helix-turn-helix tertiary 

structure, followed by the disruption of intramolecular hydrogen bonds, resulting in “opened” 

monomers. This work reflected the ability of a folded structure to respond to changes and revealed a 

domain-swapped dimer structure which is more commonly observed in protein science. 

Later, we explored the possibility of the trimerization of helix-turn-helix tertiary structures through 

intermolecular interfaces following a well-defined “shifted dimer” pattern. The intermolecular 

interaction interface between two helix-turn-helix structures was established by introducing two 

hydroxy groups at the N-terminus of one oligomer and one hydroxy group at the C-terminus of another 

oligomer. The molecular model of the dimer suggested the relative angle between two tertiary folds is 

close to 60°, which potentially allows the third tertiary fold to participate in the aggregation, leading to 

the formation of a symmetrical trimer. The molecular model of the corresponding trimer could be easily 

built with minimal conformational constraints. The oligomers were synthesized and the 1H NMR 

showed two sets of signals, the proportion of which varied depending on temperatures or the amount of 

water in the chlorinated solvent. Other solution studies supported that they are aggregated helix-turn-

helix structures in a “U” shape. Combined with molecular dynamic simulation studies, they were 

assigned to the initially designed trimer and unexpected hydrated dimer. 
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Finally, we aimed to design more complex unimolecular tertiary folds starting from existing 

aggregates. We selected a well-defined parallel trimer structure as our starting point and we planned to 

bridge the termini of adjacent helices to form a tertiary fold. Designing suitable linkers for the parallel 

trimer is particularly challenging because the three helix have the same handedness and orientation. By 

inverting the handedness and orientation of one helix, we can swap the C-terminus and N-terminus 

while preserving the side chain positioning. A molecular model of the heterochiral trimer was built, and 

its intermolecular interaction pattern is very similar to that of the homochiral trimer. Based on this 

model, we designed and synthesized two linkers with different flexibilities. The properties of the two 

linkers were first validated with two series of model sequences, Q3-turn-Q3 and Q8-turn-Q8. The solution 

studies and solid-state structures suggested both two linkers could promote the formation of heterochiral 

helix-turn-helix as expected, even though the hydrogen bond patterns slightly differed from the initial 

design. The final sequences are relatively long and non-polar, which posed challenges during 

purification. Therefore, we adopted a fragment condensation strategy: the final sequences were divided 

into different fragments based on the different linkers used. These fragments are relatively short and 

can be purified by RP-HPLC. The fragments were then coupled on the solid phase accordingly using 

BOP activation. The synthesized final sequences were cleaved from the solid phase and purified by size 

exclusion chromatography, such as gel permeation chromatography (GPC). This strategy allows high-

purity, relatively large oligomers (6.9 kDa) to be obtained in a relatively easy manner. Solution studies 

of the final sequences indicated that only the sequence with a relatively rigid linker could fold into a 

well-defined species, which could be assigned to the three-helix tertiary structure as designed. 

7.2. Continuing challenges and perspectives 

The synthesis of all Fmoc-protected monomers has been well-optimized. Synthesizing relatively 

long oligomers using solid-phase foldamer synthesis is no longer challenging (which was not the case 

when all oligomers were synthesized in solution), especially with the use of an automated foldamer 

synthesizer. The purification method using RP-HPLC is also well-established, allowing oligomers to 

be obtained with high purities. For the oligomers that are not compatible with RP-HPLC, the fragment 

condensation strategy that is developed and described in Chapter 6 provides a solution to such a 

problem. Overall, there are currently no serious barriers to the preparation of oligomer sequences in the 

5-10 kDa range. 

The challenges primarily focus on sequence design. All oligoamides in this series consist of four 

monomers (Q, X, Y, and P), occasionally incorporating one or more linker units. The different 

arrangements of these four monomers, the effects of the solvent, and the constraints imposed by the 

linker units lead to various hydrogen bond patterns, including the formation of tilted dimers (counter-

clockwise and clockwise), shifted dimers, parallel trimers, and parallel dimers. It is fascinating that such 

distinct structures can be obtained through different arrangements of a few monomers. However, on the 
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contrary, the sequence design is very delicate and small changes in sequence can lead to large changes 

in folding or aggregation. 

 

Figure 16. . a) The molecular model of the helix that has two hydrogen bond surfaces (the hydroxy proton is 

shown in yellow). The color code of the helix is consistent with that of the chemical structure shown in (b). The 

molecular model of tetramerized (a) through four clockwise tilted dimer intermolecular hydrogen bond 

interfaces. The N-terminus is shown as a blue ball. Four identical helices are colored red, blue, pink and cyan, 

respectively. (b) The chemical structure of the helix is shown in (a). c) Extract of 1H NMR (500 MHz, CDCl3, 

25°C) of sequence shown in (b). It shows two sets of signals which could be assigned to the helices colored in 

cyan/blue and red/pink, respectively.  

Moreover, while the influence of the solvent can be beneficial when we wish to drive the sequences 

to aggregate into different structures by altering the solvent, it also introduces instability and 

unpredictability. For example, different chlorinated solvents can quantitatively drive the formation of 

homochiral and heterochiral shifted dimers, respectively, while tilted dimers and parallel trimers often 

coexist. Controlling the quantitative formation of a particular interface is advantageous for designing 

self-assembled structures based on these interfaces. For instance, a tetrameric bundle stabilized by four 

tilted dimer interfaces could be computationally designed (Figure 16a,b). All parallel arrangements are 

prohibited due to steric clashes caused by the bulky groups (shown in pink in magenta in Figure 16a,b) 

located in the middle of the helix. The preliminary results (Figure 16c) are encouraging, and this project 

is currently being continued in our lab by Dr. Pronay Biswas. As we have seen in this thesis, when 
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targeting higher structural hierarchies and complex topologies, a lack of strong interaction pattern 

preference may lead to unexpected aggregation or folding. While extending the two termini of a helix 

can easily prevent parallel arrangements, as in the tetrameric bundle design shown in Figure 16, 

quantitatively preventing the formation of one of the two types of tilted dimers (counter-clockwise and 

clockwise) remains challenging. The research which is currently conducted in our lab by Dr. Pronay 

Biswas reveals that two sites of P-to-Q mutation at two termini can achieve this goal. 

 

Figure 17. a) The molecular model of domain swapping dimer with two termini prolonged with oligo-Q. b) The 

molecular model of domain swapping dimer with N-terminus prolonged with a turn-helix motif. Two identical 

sequences are colored in blue and grey, respectively.  

The sequence of the unexpected domain-swapped dimer contains two helices connected by a turn 

unit T2. In the domain-swapped dimer, the desired intramolecular hydrogen bond interface was shown 

not to form as designed; instead, intermolecular hydrogen bonding interfaces are formed. Since the four 

helices in the domain-swapped dimer point in four different directions, one possible design is to prolong 

the termini. The desired structure will contain four overhanging termini that facilitate modifications for 

further applications (Figure 17a). Another attractive design is to extend the N-terminus of the sequence 

with a helix-turn motif. The corresponding sequence is a helix-turn-helix-turn-helix structure. This 

sequence is expected to swap domains with another identical sequence three times to form a larger 

domain-swapping dimer (Figure 17b). 
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As reported in Chapter 5, the exploration of the aggregation of helix-turn-helix structures revealed 

the co-existence of trimers and hydrated dimers. The dimer may not be desired in projects that exploit 

the large cavity of the trimer. By introducing 6-bromo substituted X monomers (Figure 18a) into the 

sequence, modelling predicts that the formation of the hydrated dimer will be prevented due to steric 

hindrance, while not affecting the formation of the trimer (Figure 18b). Modification of the monomers 

toward the cavity will endow the aggregate with functions, such as catalysis. 

 

Figure 18. a) The structure of X monomer and 6-bromo substituted X monomer. b) Molecular model 

of helix-turn-helix structure with two 6-bromo substituted X monomers. The bromo atom is shown as 

a brown ball. The steric clash caused by the extra bromo atoms will prevent the formation of the dimer 

and favor the trimer. 
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